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Abstract

More than ten years ago, the discovery of ultraluminous X-ray sources (ULXs) has opened
up an entirely new field in astrophysics. Many ideas were developed to explain the
nature of these sources, like their emission mechanism, mass, and origin, without any
strong conclusions. Their discovery boosted the fields of X-ray binaries, accretion physics,
stellar evolution, cosmology, black hole formation and growth, due to the concept of
intermediate-mass black holes (IMBHs). Since their discovery is related to the domain
of X-ray astrophysics, there have been very few studies made in other wavelengths.
This thesis focuses on the multiwavelength nature of ultraluminous X-ray sources and
intermediate-mass black holes from various aspects, which help to overcome some diffi-
culties we face today.

First, I investigated the accretion signatures of a putative intermediate-mass black
hole in a particular globular cluster. To this purpose, I characterized the nature of the
innermost X-ray sources in the cluster. Then I calculated an upper limit on the mass of
the black hole by studying possible accretion efficiencies and rates based on the dedicated
X-ray and radio observations. The accreting properties of the source was described with
standard spherical accretion and in the context of inefficient accretion.

Secondly, I attempted to dynamically measure the mass of the black hole in a partic-
ular ULX via optical spectroscopy. I discovered that a certain emission line has a broad
component that markedly shifts in wavelength. I investigated the possibility whether
this line originates in the accretion disk, and thus might trace the orbital motion of the
binary system. I also characterized the parameters of the binary system, such as the mass
function, possible orbital separation, the size of the line-emitting region, and an upper
limit on the mass of the black hole.

Then I studied the environment of a number of ULXs that are associated with large-
scale optical and radio nebulae. I use these nebulae as a calorimeters to infer the total
intrinsic power of these ULXs, characterize the feedback on the environment, and com-
pare to Galactic sources. I also investigated the power mechanism of inflating a bubble by
jets. Then I discuss the current status of radio observations on ULXs, including ongoing
radio surveys.

Finally, I studied HLX-1, which is likely the first bona fide IMBH. This involves radio
observations and analysis of the radio data that led to a discovery of radio flares from
this source during an X-ray state transition. From the strength of the flares, I provided
additional constraints on the mass of the black hole and its accretion rate.
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Resumé

La découverte des sources X ultralumineuses (de l’anglais Ultraluminous X-ray sources,
ULXs) , il y a maintenant plus de dix ans, a contribué à l’éclosion d’un nouveau domaine
de l’astrophysique. Plusieurs idées ont été développées afin d’expliquer la nature de ces
sources, le mécanisme régissant leur émission, leur masse ou leur origine mais aucune
n’a réellement abouti. La découverte de ces objets, en lien avec le concept de trou noir de
masse intermédiaire, a accéléré l’étude des binaires X, de la physique de l’accrétion, de
l’évolution stellaire, de la cosmologie, de la formation et de la croissance des trous noirs.
Puisque leur découverte a été faite dans le cadre de l’astrophysique des hautes énergies,
très peu de travaux ont été réalisés dans d’autres domaines de longueurs d’onde. Cette
thèse s’articule autour d’une étude multi-longueurs d’onde des ULXs et des trous noirs
de masse intermédiaire et tente de surmonter quelques unes des difficultés inhérentes à
la compréhension de ces objets.

Dans une première partie, j’étudie les signatures des phénomènes d’accrétion d’un
probable trou noir de masse intermédiaire dans un amas globulaire donné. Ainsi, j’ai,
pour la première fois, caractérisé la nature de la source X centrale de cet amas. L’étude
de différents taux et efficacités d’accretion possibles, basés sur des observations X et ra-
dio m’a ensuite permis de proposer une borne supérieure à la masse du trou noir. Les
propriétés de l’accrétion de cette source ont été décrites grâce au modèle d’accrétion
sphérique ainsi que dans le contexte de l’accrétion inefficace.

Dans un deuxième temps, j’ai tenté de mesurer dynamiquement la masse du trou noir
dans une ULX donnée à l’aide de la spectroscopie dans le domaine visible. J’ai découvert
qu’une raie d’émission possède une composante large et décalée en longueur d’onde de
manière significative. J’ai étudié l’hypothèse que cette raie émane du disque d’accrétion
et qu’elle puisse ainsi rendre compte de la dynamique orbitale du système binaire. J’ai
également caractérisé les paramètres de ce système binaire tel que sa fonction de masse,
sa séparation orbitale, la taille de la région émettrice et le borne upérieure à la masse du
trou noir.

J’ai ensuite étudié l’environnement d’un certain nombre d’ULXs associés à des nébuleu-
ses visibles à grande échelle en optique et en radio. J’utilise ces nébuleuses en tant que
calorimètres afin d’en déduire l’énergie totale intrinsèque de ces ULXs, je caractérise la
rétroaction avec l’environnement et je compare ces sources à des objets observés dans
notre Galaxie. J’étudie également le mécanisme d’expansion des nébuleuses par jets. Par
ailleurs, je fais également l’inventaire des observations radio relatives aux ULXs.

Finalement, j’ai étudié la source HLX-1 qui est probablement un bon candidat trou
noir de masse intermédiaire en menant une campagne d’observations radio qui a abouti
à la découverte de sursauts radio provenant de la source durant un état de transitoire
d’émission X. L’intensité de ces sursauts m’a permis de contraindre davantage la masse
du trou noir et son taux d’accrétion.
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Kivonat

Az Ultrafényes Röntgenforrások (UR-ok; ULXs) több mint egy évtizeddel ezelőtti felfe-
dezése egy teljesen új asztrofizikai területet nyitott meg. Számos elméleti modellt dolgoz-
tak ki annak érdekeben, hogy leı́rják ezen források természetét, mint példaul a sugárzási
mechanizmusukat, tömegüket, eredetüket, de egyik sem vezetett kézzelfogható ered-
ményhez. Felfedezésük jelentősen kihatott a röntgen kettősök, az akkréciós fizika, a
kozmológia es a fekete lyuk keletkezési és fejlődési elméleteire abból kifolyólag, hogy
Közepes Tömegű Fekete Lyukakat (KTFLY-akat; IMBHs) felteteleznek e források mögött.
Mivel felfedezésük a röntgencsillagászat területéhez kötődik, kevés eddigi tanulmányt
végeztek más hullámhosszokon. A doktori dolgozat az Ultrafényes Röntgenforrások és
Közepes Tömegű Fekete Lyukak egyszerre több hullámhosszon mutatott viselkedésére
összpontosı́t, ami segı́t felülemelkedni néhány jelenlegi elméleti nehézségen.

Első lépésként egy potenciális közepes tömegű fekete lyuk akkréciós jeleit kutattam
egy gömbhalmazban. Ennek érdekében elsőként határoztam meg a halmaz legbelső
röntgenforrásainak természetét, majd felállı́tottam egy felső határt a fekete lyuk tömegére
vonatkozólag a lehetséges akkreciós hatásfok és ráta tanulmányozásával, amihez rádió és
röntgen adatot használtam. A forrás akkréciós tulajdonságait általános szférikus anyag-
befogással illetve alacsony sugárzási hatásfokú akkrécioval ı́rtam le.

Ezt követően, kı́séreltet tettem egy UR-ban lévő fekete lyuk dinamikai tömegének
meghatározására optikai spektroszkópiával. Felfedeztem, hogy egy bizonyos emissziós
vonalnak egy jelentősen kiszélesedett komponense van, ami számottevő hullamhosszel-
tolódást mutat. Azt kutattam, hogy ez a vonal származhat-e az akkréciós korongtól, ı́gy
esetlegesen reprezentálva a kettős rendszer keringési pályamozgását. Meghatároztam a
kettős rendszer olyan fizikai paramétereit, mint például a tömegfüggvényét, pályaszepa-
rációját, és a vonalat kisugárzó tartomány méretét.

Továbbá számos olyan UR közvetlen környezetét vizsgáltam, amelyek körül kiterjedt
optikai köd, illetve rádió nebula van jelen. Ezeket a nebulákat kaloriméterként használva
megh́atároztam az UR-ok összenergiáját, környezeti hatásukat, majd ezeket összevetet-
tem a Tejútrendszerben lévő hasonló forrásokkal. Továbbá azt kutattam, hogy milyen
energiamechanizmusai és egyéb jellemzői lehetnek egy plazmanyaláb által történő ne-
bulafejlesztésnek. Ezek után kitérek arra, hogy bemutassam az UR-ok jelenlegi összes
rádióészleléseinek helyzetét.

Végezetül, a HLX-1 nevű forrást tanulmányoztam, ami nagy valószı́nűséggel az első
igazi KTFLY. Ez olyan rádióészleléseket és adatanalı́zist foglal magában, ami rádió kitö-
rések felfedezéséhez vezetett a forrás röntgenállapotainak átmenetei alatt. A kitörések
nagyságából további megerősı́téseket tettem a fekete lyuk tömegét és annak akkréciós
rátáját illetően.
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1.1 Intermediate-mass Black Holes

Science is one of the methods we use to answer the ”big questions” such as: From where
do we come?, How was the world created?, What is our purpose? By applying the scien-
tific method, our knowledge has gradually increased from the era when people believed
that shiny bugs are stuck to the sky, to the embracing of concepts like the Big Bang, dark
matter, dark energy and black holes, which we do not yet fully understand. Approaching
the big questions from a scientific point of view means that we can use modern technol-
ogy to collect data and gain information from it, and then we organize this in a coherent
way, leading us to new findings towards the answers.

One possible approach is to investigate these questions within the wider concept the
entire Universe: its birth, evolution, and building blocks. Probably one of the most aston-
ishing fundamental interactions is gravity, which is extremely important as it regulates
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locally and globally our environment from everyday life to outer space and to the edge
of the Universe. One of the manifestations of gravity is the formation and evolution of
black holes throughout the cosmic history. Black holes and dark matter halos are the fun-
damental building blocks of galactic evolution, accretion, and represent matter under ex-
treme conditions (Volonteri, 2012). These objects provide the most extreme phenomenon
of the Universe as they convert surrounding matter into energy.

Due to the process of accretion, different parts of black hole systems radiate across
the entire electromagnetic spectrum. To study these objects holistically, multiwavelength
techniques are required, and this means the usage of a variety of space- and ground-
based instruments in nowadays astrophysics.

Black holes have so far been observed to exist in just two distinct mass classes. Su-
permassive black holes (SMBHs; 105 � 109 M�) exist in the center of galaxies and, when
activated by accretion, can be powerful enough to be detected from the edge of the visi-
ble Universe. Stellar mass black holes (StMBH; 3–20 M�) form in binary systems, and are
thus a natural stage of massive star evolution, existing throughout the Milky Way. Why
the largest mass detected is only around 20 M� is not fully understood but hints at an
upper limit to the mass of the precursor star and the effects of stellar mass loss through
winds. The origin and growth history of SMBHs is still unfolded.

Intermediate-mass black holes (IMBHs; 20 –105 M�) may be the missing link between
StMBHs and SMBHs. Proving the existence of IMBHs and revealing their nature would
result in a radical change in our understanding of the origin and evolution of black holes.
Proof of their existence would be a real challenge for theories of star formation, and have
important implications for gravitational wave research. IMBHs also provide the best way
out from the difficulties we face in black hole growth at early cosmological epochs.

Regardless of size and/or mass, black holes accrete material via accretion disks. Some
combination of angular momentum, strong gravity effects and magnetic fields leads to
the launching of relativistic jets (Fig. 1.1). Jets are extremely important to many fields,
because they are thought to be responsible for the acceleration of the highest energy par-
ticles in the Universe. Jets from SMBHs regulate their environments out to distances that
are comparable to the sizes of the host galaxies so that they can even change and alter
galaxy evolution. Jets carry away energy from the system, both in the form of matter and
electromagnetic fields. Furthermore, it is still unclear how they form and what is their
composition. With so many unknown parameters, the physics of accretion is still not
well understood and many hypotheses of models coexist. To understand the capability
of black holes’ jets to accelerate particles, as well as their feedback on their environment,
there is an urgent need in the community to determine the parameters governing of black
hole accretion and jet launching.

It has recently been proposed that the accretion physics around black holes can be
scaled to all sizes, which is supported by studies suggesting that at least sometimes
SMBHs act as scaled-up StMBHs (Merloni et al., 2003; Falcke et al., 2004; McHardy et al.,
2006). It means that, when the timescale of a physical process in StMBHs is equivalent
with the human timescale (e.g. weeks), the same process in supermassive ones happens
on a cosmic timescale, like in millions of years, because their characteristic time-scale is
proportional to their size which scales with black hole mass. However, there are many
questions around the upscaling phenomena, such as its universality in the various accre-
tion modes we witness in StMBHs. Thus if similar accretion processes exist in SMBHs, it
could be more easily revealed with an even distribution of black hole population. There-
fore, it is very interesting to investigate the nature of any IMBH, which may can fill the
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Figure 1.1: An artist’s impression of a stellar-mass black hole system. Material accreted
from the star forms an accretion disk around the black hole. A fraction of the accreted
material is expelled from near the event horizon in the form of relativistic jets, which
are comprised of particles and electromagnetic fields moving close to the speed of light.
http://cse.ssl.berkeley.edu/hessi epo/html/non-solar pics/blackholebinary.jpg

gap between the two types.

1.1.1 Candidate Intermediate-mass Black Holes

In the early Universe, black holes are thought to have been formed along with the earliest
collapse of matter into galaxies, as well as from the end product of the first massive
stars. These early black holes likely seeded the SMBHs found today in the centers of
almost all galaxies. These central black holes grew together with their galaxies, though
it is still unclear how and when the first seed black holes at high redshift formed, and
which accretion channel lead to > 109 M� SMBHs at z=6 (e.g. Ebisuzaki et al., 2001).
It has also been proposed that IMBHs could form from the remnants of the very first
generation, Population III stars (Madau & Rees, 2001) and have provided the seed for
building up a SMBH via merging galaxies, and accretion (Ebisuzaki et al., 2001). Though,
the viability of this view is not clear, and supporting evidence needs to be obtained from
a study of candidate IMBHs formed recently in nearby galaxies from massive stars or via
similar dynamical interactions. Considering a simple path of black hole growth via only
accretion, Ebisuzaki et al. (2001) have shown that the growth for a black hole can be given
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by:

tgrowth = 0.45 Gyr
✏

1 � ✏
��1 ln

✓
Mfin

Min

◆
(1.1)

where, Mfin is the final mass of the black hole, Min is the initial mass of the black hole,
✏ is the radiative efficiency, and � is the Eddington ratio (Lbol/LEdd). This would lead to
the conclusion that for an initial black hole formed at a high redshift (eg. z = 20), to reach
109 M� ⇠0.7 Gyr later, at z = 6, assuming standard ✏ = 0.1 and continuous accretion at
the Eddington-limit, it must have started with Min ' 100 M�.

However, the origin of the first massive stars with 100 M� challenges astrophysics.
Population III stars are though to be evolved in low metallicity environments of Z 
10�5Z� (e.g. Abel et al., 1998). If the metallicity is low, then line cooling is negligible in
the molecular clouds which results in higher temperature. Taking into account the scaling
of the Jeans-mass with temperature, MJ / T 3/2, one might conclude that Population III
stars could have much higher masses than a star can reach now. Furthermore, low (or
zero) metallicity has another consequence: the opacity is lower in the stellar envelope so
that it may be transparent to radiation pressure generated stellar winds, thus preventing
mass loss and allowing the formation of a massive progenitor star that could directly
collapse into a massive black hole (Fryer et al., 2001). However, the process of how a
massive star ends up as a (massive) black hole is not well understood. What is more,
after these early black holes are formed, they must grow quickly as shown above. Bondi-
Hoyle accretion is often used to model early black hole growth, which describes spherical
accretion of matter from the interstellar medium (ISM) onto a black hole:

Ṁ =
4⇡⇢G2M2

(c2
s + v2

rel)
3/2

(1.2)

where ⇢ and cs are the density and sound speed of the flow in the vicinity of the
black hole and vrel is the velocity of the black hole relative to the local flow. One of the
key problems with the growth of these early black holes is that accretion luminosity will
preheat the matter, thus increasing the temperature, and so reducing the accretion rate.
Also, the time needed for building up a SMBH is over the Hubble time and longer than
the survival time of a molecular cloud (see review Miller & Colbert, 2004). It is even more
challenging to explain how to secure a low temperature and high density environment
for an off-nuclear object (like a ULX, see later).

It is often thought that a third path to form massive black holes is through dense
stellar clusters. Depending on the initial conditions in a protogalaxy, e.g. in case of a
local instability, stars may form a dense stellar cluster (see review Volonteri, 2012). Porte-
gies Zwart & McMillan (2002) suggests that in these clusters, due to stellar dynamical
interactions, a massive star of a 1000 M� may form via mergers. Also, if the metallicity
is low, then this massive star may collapse directly into an IMBH by retaining most of
the progenitors mass. However, as mentioned above, at the current cosmological epoch,
the metal content of the Universe is much higher, which may cause strong mass loss via
stellar winds, thus preventing the massive star to form a massive black hole.

Another aspect of IMBHs is that they might probe various type of accretion. For
instance, black holes with a mass below 105 M� were predicted to accrete above their
Eddington-limit (see below) at a redshift of z⇠6 (Wyithe & Loeb, 2011). Moreover, in-
spiralling IMBHs are predicted to produce significant gravitational wave radiation, mak-
ing IMBHs important targets for the next generation of gravitational wave detectors (Ab-
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bott et al., 2009); they also have other cosmological implications such as the search for
dark matter annihilation signals (Fornasa & Bertone, 2008), and may have significantly
contributed to the cosmic reionisation (Wang et al., 2010; Mirabel, 2011).

1.1.2 Accretion and the Eddington-limit

In the following I briefly describe the basics of accretion (Frank et al., 2002) onto a (Schwarz-
schild) black hole. Considering a black hole system, the gravitational energy and the
angular momentum of the infalling matter are transformed into thermal energy and ra-
diation. To bring an object of mass m from R = 1 onto a circular orbit around a compact
object of the mass M , the following equation applies:

mv2

R
=

GMm

R2
(1.3)

The energy is released by friction in the accretion disk and can be described as:

Eacc = E1 � ER = 0 �
✓

1

2
mv2 � GMm

R

◆
=

1

2

GMm

R
=

1

2
|Epot| (1.4)

Substituting the Schwarzschild radius, RS = 2GM
c2

, into the above equation, the luminos-
ity is:

Lacc =
dEacc

dt
= ↵

RS

R

dm

dt
c2; ↵ <

1

4
(1.5)

For comparison, the efficiency of hydrogen burning is: LH ' 0.007ṁc2, so accretion is
the most effective way to transform mass into energy:

Lacc ' 4 · 1045

✓
ṁ

M�/yr

◆
erg/s (1.6)

The maximum energy rate (Eddington luminosity; LEdd) is reached when the radia-
tion pressure generated by the accretion is higher than the gravitational acceleration per
unit area. The energy flux through a surface with radius R is L

4⇡R2 , which results in a
radiation pressure of L

4⇡R2c
. Therefore, accretion stops when:

L

4⇡R2c
�e � GM

R2
(mp + me) , (1.7)

where �e = 8⇡
3

e4

m2
ec4

is the cross-section of Thomson-scattering. Thus the Eddington
Luminosity is

LEdd =
4⇡cGMmp

�e
= 1.3 · 1038

✓
M

M�

◆
erg/s (1.8)

Typical temperatures of accreting material can be derived by assuming that the energy
LEdd/2 is released through thermal emission between RS and 2RS :

LEdd

2
= �SBT 4

�
4⇡R2

S � ⇡R2
S

�
' �SBT 43⇡R2

S (1.9)

Then one obtains for a characteristic temperature:

T ' 3 · 107 K

✓
M

M�

◆�1/4

' 1 keV

✓
M

M�

◆�1/4

(1.10)
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1.2 Ultraluminous X-ray Sources

What is the nature of a nearby IMBH that we can study and deduce important informa-
tion from, to understand the early universe? Among the best candidate IMBHs are ultra-
luminous X-ray sources (ULXs). In this Section, I will discuss the aspects and properties
of ULXs and also show further reasons why (or why not) to consider them as IMBHs.

ULXs are thought to be good candidate IMBHs mainly because their X-ray luminosi-
ties exceed the Eddington limit of a 20-M� black hole. Therefore, by definition, ULXs
have a bolometric luminosity > 3 ⇥ 1039 erg/s. However, this luminosity could still be
reached by neutron stars or young supernova explosion events, so a bona fide ULX is de-
fined to have X-ray luminosities at or above 1 ⇥ 1040 erg/s. The maximum luminosity of
a ULX (found to date) reaches 1042 erg/s, which is already in the upper end of the X-ray
luminosities of low luminosity AGN (LLAGN). On the other hand, what makes a ULX
crucially distinguishable from LLAGN is that ULXs are non-nuclear sources, residing
outside of the core of the host galaxy.

Turning to a historical perspective (see review Miller & Colbert, 2004), ULXs were
first observed in the 1980s with the Einstein satellite (Fabbiano & Trinchieri, 1987). The
Einstein satellite discovered that beyond AGN, many spiral galaxies had bright X-ray
sources. Due to the insufficient resolution of the satellite (⇠1 arcmin), it was not possible
to distinguish between nuclear, non-nuclear, and multiple objects as the origin of these X-
ray sources. The idea that they could be supermassive black holes was challenged since
there was no evidence in the optical band for an AGN. Their nature remained unknown
due to the low quality X-ray spectral and imaging capabilities of the Einstein satellite.

The ROSAT X-ray satellite was launched in 1990, it had an angular resolution of 10-20
arcsec as well as a much improved sensitivity compared to the Einstein satellite. Many
more ULXs were discovered (e.g. Colbert & Mushotzky, 1999; Roberts & Warwick, 2000;
Lira et al., 2000; Colbert & Ptak, 2002) and it was found that some of these sources were
not located at the nucleus of the host galaxy. The ROSAT spectrometer was the best that
time, but only covered the 0.2-2.4 keV range, thus limiting the spectral study of ULXs.
Despite these inabilities, ROSAT surveys started to boost ULX research. The birth of
advanced X-ray telescopes like Chandra and XMM-Newton has led to a current survey
sample of about 300-400 ULXs (e.g. Miller & Colbert, 2004; Sutton et al., 2012).

1.2.1 X-ray Spectra of Ultraluminous X-ray Sources

To unveil the details of ULX X-ray spectra, I briefly discuss some of the physical back-
ground of accretion from an accretion disk.

A fraction of the gravitational energy is transformed due to the viscosity in the accre-
tion flow. In the standard disk model, the gravitational energy conversation to radiation
is efficient, resulting in a “cool disk” (T ⇠ 102 � 105 K), which is assumed to be geometri-
cally thin and optically thick. However, regardless of the disk model, the basic concept is
that a disk has a significant amount of angular momentum per unit mass which needs to
be eliminated to allow accretion by the central object (see review Armijo, 2012). Multiple
viscous disk layers are often considered. Due to shearing of these layers, friction heats
up the gas that cools by radiation. Friction also transports the angular momentum to the
outer regions of the disk, layer by layer, which causes the expansion of the disk.

In the following, I will briefly mention the characteristics of the disk, paying special
care to the assumptions and simplifications it involves, following Armijo (2012). Gener-
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ally, this physical system is characterized by the Navier-Stokes equation, describing the
motion of a viscous compressible fluid with a variable dynamic viscosity. Typically one
employs the mass conservation law and then the momentum conservation law:

⇢

✓
@

@t
v + (vr)v

◆
= rT + ⇢fe = �rp + r⌧ � ⇢r (1.11)

Here, T is the stress tensor in the form of T = �pI+⌧ , where I is the identity matrix, ⌧
is the viscous stress tensor in the form of ⌧ij = µ�ij , where µ is the dynamic viscosity and
�ij is the shear tensor. Furthermore, the internal forces acting on the fluid is �rp + r⌧ ,
while the external forces are from the gravitational potential �r .

Considering cylindrical coordinates and simplifying symmetries by approximating
vr(r, z) ' vr(z), v�(r, z) ' v�(r), vz ' 0, leads to a vertical integration over the vertical
coordinate with the scale of height of the disk as the integration limits: ±H(r)/2. Also,
this allows us to use quantities per unit surface instead of unit volume. Another simpli-
fying assumption is that we neglect the gas gradient pressure along the radial direction,
and assume Trr = Tr� = 0, which is a justified assumption due to the fact that v� >> vr.
This way, the only important viscous force is between r � dr, r creating a force per unit
surface that exerts a torque that transports angular momentum. Typically, the radial ac-
celeration due to the viscosity and the pressure gradient term is negligible compared with
the gravitational forces in the radial direction.

The condition vz ' 0 is equivalent to having a disk in hydrostatic equilibrium along
the z-axis, thus the disk is confined to the equatorial plane. Considering the axial com-
ponent of Eq. 1.11, and applying the condition leads to that the remaining terms are
the pressure force in the vertical direction balancing the gravitational forces (from the
compact object and from the disk):

1

⇢

@p

@z
= �@ 

@z
(1.12)

The pressure is typically composed as p = pgas + ptur + prad, where pgas = ⇢c2
s , ptur =

⇢ < vtur2 >, prad = aT 4/3. In other words:

p = ⇢c2
s(1 +

< v2
tur >

c2
s

+
2aT 4

3⌃c2
s

H) := ⇢c2
s(1 + ✏2 + �2H) (1.13)

Then one can calculate the effective scale height by writing H = �dp
d⇢

1
gz

where gz =

GMz/r3 + 2⇡G⌃z/H is the vertical acceleration. Thus:

H =
c2
s(1 + ✏2 + �2H)

2⇡G⌃+ ⌦2
KH

(1.14)

where ⌦K =
p

GM/r3 is the Keplerian angular velocity.
Typically, this general model allows H/r  1, while the Shakura-Sunyaev model

allows geometrically thin disks, i.e. H/r << 1. However, in the inner region of the
disk, where temperatures are high, H could be pumped up by the radiation pressure (i.e.
H ⇠ r). This force could create a small hot corona in this region. Further simplifications
can be made, such as assuming that radiation pressure is negligible, and the self-gravity
dominates the disk (e.g. circumplanetary disks), and assuming that the turbulent velocity
is in the order of the sound speed, which then leads to:

H ' c2
s

⇡G⌃
(1.15)
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When radiation pressure and the self-gravitation of the disk are negligible, we have:

H ' cs

p
1 + ✏2

⌦K
(1.16)

The so-called standard disk model (Shakura & Sunyaev, 1973) describes this latter
case, a geometrically thin non-self gravitating disk. This means that the scale height of
the disk is much smaller than the radial distance (H/r << 1) and the mass of the disk is
much smaller than the mass of the central object, so the gravitational influence of the disk
is negligible. In the standard disk the turbulent fluid is described with a viscous stress
tensor which is proportional to the total pressure:

⌧r� = ↵⇢c2
s = �↵p, (1.17)

where ↵ is a dimensionless constant between 0 and 1. The thin disk model describes the
viscosity as due to turbulent motion, and the length-scale of the turbulent cells is in the
order of the scale height (lturb ' H), and the turbulent motion is assumed to be subsonic
(vturb ' cs). The Navier-Stokes equation has to be supplemented with the specification
of the kinematic viscosity. Therefore, considering Eq. 1.17, one can obtain the z-averaged
(vertically integrated) kinematic viscosity as:

< ⌫ >= ↵csH (1.18)

The model further assumes that the turbulent viscosity scales with the velocity and
the size of the turbulent cells ⌫ / vturltur.

In summary, the standard disk model assumes that the disk is in local thermodynam-
ical equilibrium, does not advect heat inwards, and radiates the viscous heat efficiently
as a blackbody; the change in gravitational energy is determined by the central object,
and the disk is geometrically thin (H/r << 1), steady (@/@t = 0), and axissymmetric
(@/@� = 0); the azimuthal motion dominates over the radial (v� >> vr), hydrostatic
equilibrium is along the vertical axis, the viscous heat dissipation balances radiation out-
put; and there are no magnetic fields in the disk.

Now let’s consider the temperature profile of the disk. The viscous heat per unit
volume can be expressed as:

q = ⇢⌫

✓
r
d⌦K

dr

◆2

(1.19)

The radiative flux in the z-direction, in case of an optically thick disk is:

F = �D
@u

@z
= �4acT 3

3⇢

dT

dz
=

Z H/2

0
q dz = q z (1.20)

where D = �c/3 is the diffusion coefficient, and � = 1/⇢ is the photon mean free path, 
is the Rosseland-mean opacity, and u = aT 4 is the radiation energy density. The opacity
of the disk is related to the optical depth as ⌧ = ⌃/2. The right hand side of Eq. 1.20
shows that the radiated flux is compensated by the viscous dissipation heat (Qdiss =
Qrad).

The vertically integrated heat rate per unit area is:

Qdiss =

Z + inf

� inf
q dz =

3

2
⌫⌃⌦2

K = �3

2
Tr�⌦K = � 1

2⇡

r
GM

r3
Ṁ

✓
1 �

r
rlso

r

◆
. (1.21)
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On the other hand, Qrad = 2�SBT 4, thus T 4 = 1
2Qdiss leading to:

T 4 =
3GMṀ

8⇡�SBr3

✓
1 �

r
rlso

r

◆
. (1.22)

It is clearly seen that when far away from the last stable orbit (rlso), r >> rlso, the
temperature scales as:

T / r�3/4. (1.23)

This means that the inner disk is hotter then the outer disk, and this temperature profile
is the main characteristic of the standard model.

1.2.1.1 Multicolor Disk (MCD)

This model (e.g. Makishima et al., 2000; Pizzolato et al., 2010) is a superposition of multi-
ple blackbody up to a maximum color temperature (Tin). The model has two free param-
eters: the color temperature (Tin) at the innermost disk boundary, and the apparent inner
disk radius (Rin) related to the actual inner disk radius as:

Rdisk = ⇠2Rin (1.24)

and the local disk temperature is considered to scale as (see above, Eq. 1.23):

T (R) / R�3/4 (1.25)

Here,  = 0.41, a correction factor due to the fact that Tin occurs at a radius somewhat
larger than Rin. ⇠ is the so-called spectral hardening factor, the ratio of color temperature
to effective temperature and sensitive to the mass accretion rate, but insensitive to the
black hole mass and disk viscosity.

This model gives the bolometric luminosity as:

Lbol = 4⇡

✓
Rin

⇠

◆2

�SB

✓
Tin



◆
(1.26)

where �SB is the Stefan-Boltzmann constant.
Considering that the last stable Keplerian orbit is at 3RS , so Rin = 3↵RS , the bolo-

metric luminosity emitted by the accretion disk:

Lbol = 7.2 ⇥ 1038

✓
⇠

0.41

◆�2 ⇣ 

1.7

⌘�4
↵2

✓
M

10 M�

◆2✓ Tin

keV

◆4

erg/s. (1.27)

Using the Eddington-limit (Lbol = ⌘LEdd), one gets back Eq. 1.10 in a more sophisti-
cated way:

Tin = 1.2

✓
⇠

0.41

◆1/2 ⇣ 

1.7

⌘
↵�1/2⌘1/4

✓
M

10 M�

◆�1/4

keV (1.28)
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1.2.1.2 IMBHs inferred from X-ray spectral fitting

Historically, using the Einstein satellite, it was shown that some ULXs exhibit state tran-
sitions. The Japanese X-ray satellite, ASCA, had a spectral coverage of 0.4-10 keV, better
than the ROSAT coverage, though with a lower angular resolution of ⇠ 1 arcmin. The
ULXs spectra are typically fitted with a power-law, an MCD model for the disk, or both.
When fitting an MCD model, the flux can be written as:

f(E) =
cos i

R2

Z rout

rin

2⇡rBE(T )dr (1.29)

where i is the disk inclination,R is distance to the source, and B(T ) is the Planck
function. This can be transformed to integration by temperature (dr –> dT ), using Eq.
1.25. Thus, considering the thermal component of the spectrum, fitting an MCD model
provides an inner disk temperature. As a next step, from Eq. 1.10 or Eq. 1.28, it is clearly
seen, that StMBHs have hotter inner disk temperatures than SMBHs. Therefore, IMBHs
should have an inner disk temperature in the order of 0.1 keV. Also, after expressing the
Planck function at a given frequency (instead of energy or wavelength), one sees that
the luminosity scales as L⌫ / ⌫1/3, which is valid in regions far away from the central
object, where low temperature produces low-energy photons. Therefore, the MCD model
describes the soft (or thermal) component of the X-ray spectrum.

Continuing our ”time travel”, for these initial studies with ASCA, the X-ray fits re-
sulted in too high inner disk temperature for an IMBH, and it was also found that the
power-law component had a photon index softer than for Galactic black hole binaries
(Colbert & Mushotzky, 1999; Kubota et al., 2002). One particular explanation for this was
to relax the assumptions of the thin disk model (Makishima et al., 2000). For instance,
increasing  (see Section MCD model) will lead to higher masses and also will increase
the correction factor ⇠. The main problem with ASCA was that its PSF was so large that
the X-ray spectra were contaminated by some diffuse X-ray emission.

Turning to present day astronomy, many ULXs have high-quality Chandra or XMM-
Newton spectra. It turned out that these spectra can often be fitted with a single compo-
nent rather than two as in the ASCA era (Miller & Colbert, 2004). It was found that some
of the ULXs can be fitted with a single power-law with a photon index of � = 2 similar
to GBHBs, or with an MCD model with an disk temperature much less than obtained
before (e.g. Roberts et al., 2001, 2002b; Strickland et al., 2001; Foschini et al., 2002; Kaaret
et al., 2003). Another common feature of ULXs is that they do not show lines in their
X-ray spectra, probably due to their high distance. However, in case of M82 X-1, which is
a very strong and relatively nearby source, it shows a very broad Fe-K line (Strohmayer
& Mushotzky, 2003). The presence of this line rules out beaming explanation of this ULX
(see beaming later).

As mentioned above there is a relationship between the black hole mass and the inner
disk temperature. One of the main arguments for ULXs being candidate IMBHs is their
low inner disk temperature (Miller et al., 2004). This can be seen on Figure 1.2., which
shows that ULXs form a distinct class by having cooler disk than GBHBs and a higher
luminosity. This suggests that they may harbor IMBHs. Figure 1.2. also shows that when
GBHBs are in a low state they can have a disk temperature close to the one of ULXs,
but their luminosity is about two orders of magnitude less than the luminosity of ULXs
(Miller et al., 2004).

On the other hand, there is still an ongoing debate on interpreting ULXs spectra. This
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2 Cool Disks and IMBH Candidate ULXs

FIG. 1.— In the figure above, the X-ray luminosity of a number of extremely
luminous ULXs and stellar-mass black holes in their brightest phases are plot-
ted against disk temperatures inferred from X-ray spectral fits. The fact that the
ULXs are more luminous and yet have cooler disks than the stellar-mass black
holes suggests that they may harbor intermediate mass black holes.

This sample includes: LMC X-1, LMC X-3, 4U 1543!475,
XTE J1550!564, 4U 1630!472, GRO J1655!40, and
GRS 1915+105. These are among the best-studied stellar-
mass BHCs. It should also be noted that this sample includes
both persistent sources or sources undergoing very long out-
bursts (LMC X-1, LMC X-3, GRS 1915+105), and transient
sources (4U 1543!475, XTE J1550!564, 4U 1630!472, GRO
J1655!40) with outbursts which may last as much as a year (or
longer) followed by quiescent periods with fluxes 5–6 orders of
magnitude lower, lasting months to years. See Table 1 for a list
of references for these sources.

3. ANALYSIS AND RESULTS

The luminosity and disk temperatures we use in this paper
are those derived by the authors in the references listed in Ta-
ble 1 from their spectral fits to each source using a simple and
phenomenological model consisting of a multicolor disk black-
body (MCD; Mitsuda et al. 1984) and power-law spectral com-
ponents (both modified by neutral interstellar absorption).
The energy range over which the spectral fits were made to

the ULX sources and stellar-mass black hole sources differed
considerably, due to the different lower energy thresholds of
Chandra and XMM-Newton, and RXTE. In most cases, the ULX
spectra were fit in the 0.2–10.0 keV or 0.3–10.0 keV range. In
contrast, the stellar-mass black hole spectra were generally fit in
the 3.0–25.0 keV or 3.0–100.0 keV range. To perform a mean-
ingful comparison between these sources, we converted the flux
and luminosity measurements in the differing energy ranges to
the 0.5–10.0 keV range. This conversion was accomplished by
entering the exact spectral model for each published spectral fit
into XSPEC version 11.2 (Arnaud & Dorman 2000), and mea-
suring the “unabsorbed” flux of each model in the 0.5–10.0 keV
range. For the ULXs in particular, the 0.2–100.0 keV luminos-
ity — more representative of a bolometric luminosity —

FIG. 2.— In the plot above, a number of low-luminosity BHC data points
have been added to Figure 1, to illustrate that BHC disk temperatures only
approach those of the ULXs at luminosities that are generally 2 orders of mag-
nitude (or more) below the ULX luminosities.

is a few times higher than the 0.5–10.0 keV luminosity. In some
cases, the published disk temperatures were “effective temper-
atures” — converted from “color temperatures” by application
of a color correction factor, which attempts to account for ef-
fects such as spectral hardening from radiative transfer through
a disk (Shimura & Takahara 1995; Merloni, Fabian, & Ross
2000; Makishima et al. 2000). In these cases, we converted the
effective temperature to a color temperature. Color tempera-
tures are compared directly to color temperatures in this work.
This introduces no significant temperature bias; a recent study
has shown that the correction factor for IMBHs should be very
similar to that sometimes applied to stellar-mass black holes
(Fabian, Miller, & Ross 2004).
The lower energy bound of the 0.5–10.0 keV range is some-

what higher than the present lower energy bounds of Chandra
and XMM-Newton; however, history suggests that as all X-ray
detectors age, the lower energy bound gradually increases. This
range was chosen to be forward–looking, and to avoid any bi-
ases inherent in relying too heavily on the lowest bins in the
Chandra and XMM-Newton bandpasses.
To understand the properties of the ULX sources within the

context of BHCs in their brightest states, we plotted the lumi-
nosity and disk temperature of each ULX, and the correspond-
ing data for the five most luminous observations of each BHC
in our sample (see Figure 1). In selecting the brightest BHC
observations, we are attempting to select those phases wherein
each source is closest to its Eddington luminosity. In all cases,
the errors on the disk color temperatures are 90% confidence
errors. For the ULX sources, the luminosity errors are the 90%
confidence errors in the measured flux. A review of the liter-
ature shows that constraints on the distance to given Galactic
sources can change considerably over time with refined mea-
surements, especially when extinction is particularly high. To
be conservative, the luminosity errors on the stellar–mass black
holes were set by taking the best-fit measured flux, and enforc-

Figure 1.2: The image is taken from (Miller et al., 2004). The X-ray luminosity of a number of
luminous ULXs and stellar-mass black holes in their brightest phases are plotted against disk
temperatures. A number of low-luminosity black hole candidate are also added.

is primarily due to the co-existence of many accretion models, beyond the standard disk.
In the following, I will describe the basic properties of the some of these accretion models
concerned by ULXs.

1.2.1.3 Non-standard Disks and Accretion

These alternative models concern different accretion regimes: below, moderately and
highly above the Eddington limit, and typically involve inefficient accretion flows.

ADAF: A family of accretion models, called advection dominated accretion flow (ADAF),
exists in the sub-Eddington regime (Ṁ/ṀEdd < 0.1). These models were mainly devel-
oped by Narayan & Yi (1994) and their main characteristic is that they involve advection
into the transport equation. This means that instead having a balance between the heat-
ing by viscosity (q+) and cooling by radiation (q�), excess energy is stored in the gas and
transported with the flow, representing “advection” of energy (qadv). To compare with
the standard disk: q� ' q+ >> qadv, while in the ADAF model: q� << q+ ' qadv
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(Narayan, Lecture Notes 1). An ADAF can be radiatively inefficient either because the
heat rate of the gas is much less than the accretion time or the radiation is trapped in
the flow. The latter one is described by so-called slim disk model (Abramowicz et al.,
1988). An ADAF has high electron temperature of 109�11 K, geometrically thick (H/r ⇠
0.6), and has low optical depth therefore it well describes the power-law component of
the X-ray spectrum by Comtonization. Additionally, ADAF assumes a two-temperature
accreting plasma, because, otherwise the electrons become highly relativistic, that would
radiate so the flow would be radiatively efficient (Narayan, Lecture Notes).

Slim Disk: As mentioned above, if the radiation is trapped in the accretion flow, then
the accretion can be described with the a slim disk. Due to the radiation trapping, a slim
disk is still less luminous than the standard disk, even if the accretion rate is near or
above the Eddington limit 0.1 < Ṁ/ṀEdd < 10) (Sa̧dowski, 2009). The pressure gradient
in the disk plane direction is dynamically important, and the radial temperature profile
is nearly thermal:

T (R) / R�1/2 (1.30)

Hyperaccretion: When the accretion rate is highly above the Eddington-limit (the
mass inflow rate is up to 1000 Ṁ/ṀEdd), the accretion is called hyperaccretion or simply
super-Eddington accretion (Begelman, 2002; King, 2009). The prototype of this accretion
is SS433. The corresponding ”Polish doughnut” disk model describes an optically thick
torus. It is also associated with highly rotational funnels that channel the incoming ma-
terial along the poles, resulting in strong jets/outflows. So, the accretion is inefficient
due to the fact that these large scale outflows expel the material before reaching the black
hole.

In general, the bolometric luminosity can be written as:

Lbol ' Ledd

b

 
1 + ln

Ṁin

ṀEdd

!
(1.31)

where b is a beaming factor. (See later for a discussion on the importance of beam-
ing). Interestingly, this accretion regime was first described by Shakura & Sunyaev (1973)
along with the standard disk model. Another important feature is that King (2009) sug-
gested that the beaming factor scales as Ṁ�2 leading to:

L / T�4
in (1.32)

A recent study made by Gladstone et al. (2009) on ULXs spectra argues that models of
ULXs spectra are more physically motivated if fitted with a Comptonizing corona. How-
ever, it was found that the corona requires extremely high opacities (even higher than
obtained for Compton-thick AGNs). Although, moderately high opacities might not be
excluded for a hyperaccretion scenario (Poutanen et al., 2007). Furthermore, Gladstone
et al. (2009) found that the spectra show a soft excess and a turnover at ⇠4 keV which

1www.astro.iag.usp.br/⇠xiveaa/palestras/Narayan Lecture2.ppt
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might be indicative of new spectral features unique to ULXs. In this case, the soft excess
is argued to originate not from a disk, hence casting doubt on the IMBH interpretation.
On the other hand, fitting with an MCD + power-law model might result in a similarly
good fit in a statistical sense. Without entering the debate of interpreting ULX spectra, it
is clear that one need to develop an independent approach by using multiwavelength ob-
servations and studying the entire spectral energy distribution of ULXs (see e.g. Chapter
7) to avoid having to deal with these problems.

1.2.2 Properties of Ultraluminous X-ray Source Hosts and Environments

As noted by Miller & Colbert (2004), ULXs are hosted by all type of galaxies including,
spirals, ellipticals, and dwarf irregulars. Considering the time scale of dynamical fric-
tion, a supermassive black hole would sink to the center of the host galaxy within the
Hubble time. This means that the non-nuclear nature of the ULXs rules out that they
are supermassive black holes. The dynamical friction time can be expressed as (Binney,
1987):

tfric ' 5 ⇥ 109yr

ln⇤

✓
r

kpc

◆2✓ �

200 km s�1

◆✓
M

107 M�

◆�1

, (1.33)

where � is the velocity dispersion, r is the distance from the dynamical center of the
galaxy and ln⇤ is the natural log of the Debye number: ⇤ = 4⇡n�3

D, where n is the particle
number and �D is the Debye-length. For instance, this leads to tfric ' 1010yr(105M�/M)
for M82 X-1 (Kaaret et al., 2001). Another implication of Eq. 1.33 is that more massive
objects could be present at farther away from the center.

Furthermore, the most luminous ULXs were revealed in galaxies with high star for-
mation rate, e.g. in Antennae, M82, Cartwheel, and Apr 299 (Fabbiano et al., 2001; Kaaret
et al., 2001; Gao et al., 2003; Zezas et al., 2003). Later it was found that ULXs are also
present in giant elliptical galaxies, e.g. in NGC 1399, NGC 4697 (Sarazin et al., 2003; Jel-
tema et al., 2003). Moreover, a fraction of these lower luminosity ULXs were associated
with globular clusters (see Chapter 3 for further details on possible IMBHs in globular
clusters). Therefore, it is interesting to ask whether there is a link between globular clus-
ters and ULXs. It is particularly important to explore whether ULXs share some common
properties with low-mass X-ray binaries (LMXBs) that are thought to be older systems
and sometimes are associated with globular clusters (Sarazin et al., 2003). To understand
possible links between ULXs and LMXBs one needs to delve into disk irradiation.

1.2.2.1 Disk Irradiation

Disk irradiation (see review Czerny et al., 2008) modifies the spectrum of the standard
disk at X-ray and at optical/UV part of the spectrum. Here I will mostly concentrate on
the optical part of the spectrum. In the X-ray part of the spectrum, the disk emission
is modified, because it reflects the X-ray emission arriving from e.g. a hot corona sur-
rounding the disk. This leads to the so-called reflection component. This component can
arise either due to scattering or due to that the disk first absorbs and then re-emits the
radiation. As a result one can see a Compton hump and X-ray emission lines, which are
smeared and broadened due to o special and general relativistic effects.

Focusing on the optical part of the spectrum, beyond the X-ray irradiation, an irra-
diation due to the inner part of the disk is also present. Depending on the albedo of
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the neutral gas or the ionized medium, the ratio between reflection and thermalization
can be determined. This is particularly important, because the disk temperature can be
increased by the thermalized flux, thus modifies the disk continuum. there are also differ-
ences between black holes with different masses. For instance, GBHBs have hotter disks
than AGN and also have higher ratio of disk height to radius (H/r) at fixed Eddington
rate, thus direct irradiation is more important for GBHBs (Czerny et al., 2008).

To take into account disk irradiation, usually one adds the incident radiation flux –
which increases the disk temperature –, but still preserves the assumption of a local black
body emission. Thus one usually considers a standard disk with a temperature profile
(T (r)), height (H(r)) and a surface normal vector ŝ(r). Following Frank et al. (2002), the
X-ray flux crossing the disk surface at r is:

F =
LX

4⇡d2
(1 � �) cos⇥ (1.34)

where d = dd̂ = d̂
p

r2 + H2(r), the vector from the black hole to the surface element, �

is the albedo, and cos⇥ = �ŝ · d̂, the angle between the direction of the radiation and the
disk surface normal vector. The effective temperature due to irradiation is defined as:

T 4
Irr = F/�SB =

1

3
T 4

0 (rin/d2(1 � �) cos⇥ (1.35)

and the total temperature for the disk surface element:

T 4
d = T 4(r) + T 4

Irr (1.36)

One might also account for X-ray irradiation of the donor star, e.g. in black hole
binary systems. This happens in a similar way:

T 4
Irr,stellar =

1

3
Q�T 4

0 (rin/d2(1 � �) cos⇥ (1.37)

but now using a stellar surface normal vector in defining ⇥, Q is the transmission func-
tion, and � is the fraction of intercepted X-ray flux converted to thermal energy. The
transmission function describes how the X-ray is blocked by the accretion disk. The total
temperature of the stellar surface is:

T 4
stellar = T 4

grav + T 4
Irr,stellar (1.38)

where Tgrav is the surface temperature obtained by using Kurucz stellar atmosphere mod-
els.

Then the total flux can be computed as summing up all the surface elements of the
disk and the companion as:

F (�) =
X

i

Ii(�)
Ai cos⇥i

D2
(1.39)

where Ii(�) is the intensity, Ai cos⇥i is the surface element area projected along the line
of sight, and D is the distance to the observer. Typically the disk surface is treated as a
blackbody (Ii(�) = B�(Td)).
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A limited number of ULXs exist with suitable data to study disk irradiation in the
optical part of the SED. These studies (see Chapter 4 for further details) led to a possibly
common property that the optical counterpart of ULXs might be dominated by disk ir-
radiation similar to LMXBs. On the other hand, the luminosity function of ULXs shows
that bright ULXs could be also consistent with HMXBs (Figure 1.3.). Additionally, bright
ULXs are generally found in star forming galaxies, i.e. these galaxies seems to be more
efficient in producing ULXs, and a number of ULXs show correlation with the recent start
formation rate (Feng & Soria, 2011).

an IMBH of a few hundred solar masses via direct collapse
of the resulting superstar (Portegies Zwart & McMillan 2002;
Portegies Zwart et al. 2004; Freitag et al. 2006). In fact, most
ULX host galaxies do not even have stellar clusters su�ciently
massive and compact to satisfy the requirements for runaway
core collapse. In theory, IMBHs could be formed inside clusters
that have since dispersed. However, the evaporation timescale
of such clusters would be too long to explain the observed as-
sociation of many ULXs with young (. 20 Myr) stellar popu-
lations.

3.2. Specific frequency
Here, we further quantify the association between ULX pop-

ulations and host galaxy properties. Swartz et al. (2008, 2011)
studied 107 ULXs in a complete sample of 127 nearby galaxies
(d < 14.5 Mpc), selected to be above the completeness limit of
both the Uppsala Galaxy Catalog and the Infrared Astronomi-
cal Satellite (IRAS) survey. The total star formation rate (SFR)
of the galaxies in the sample is � 50M� yr�1 based on the
IRAS data, consistent with other measurements of star forma-
tion based on the H↵ and [O ii] indicators (Swartz et al. 2011).
This, in turn, corresponds to an SFR density � 0.01M� yr�1
Mpc�3 in the local universe. Finding � 110 ULXs in that vol-
ume, after correcting for incompleteness and background inter-
lopers, implies that we expect, on average, � 2 ULXs for a SFR
of 1M� yr�1, and 1 ULX in a volume of � 50 Mpc�3. This
is consistent with the HMXB luminosity function in local star-
forming galaxies: Grimm et al. (2003) find � 30 sources with
L2�10 & 5.5 ⇥ 1038 erg s�1 (corresponding to L0.3�10 & 1039
erg s�1 in the ULX definition used in Swartz et al. 2011) in a
sample of galaxies with a total SFR � 16M� yr�1.
The average specific frequency in star-forming galaxies, in

the local universe, is 1 ULX per � 1010M�, for galaxies
with dynamical mass of 1010M� (Swartz et al. 2008, 2011;
Walton et al. 2011). This rate decreases for increasing galaxy
mass, scaling as M�0.6 (Swartz et al. 2008; Walton et al. 2011).
In elliptical galaxies, the specific rate is 1 ULX per � 1011M�
(Walton et al. 2011). Thus, it appears that low-mass spirals and
irregulars are more e�cient at producing ULXs, per unit mass.
This is true at least down to galaxy masses ⇠ 108.5M�.
There may be two reasons why low-mass galaxies contain

more ULXs per unit mass (Walton et al. 2011). One is that
their SFR per unit mass is higher, so they are more e�cient
at producing ULXs. The other is that they have lower metal
abundances, which may favor the formation of heavier stellar
BHs from the collapse of massive O stars (Zampieri & Roberts
2009; Mapelli et al. 2009; Soria et al. 2005; Pakull & Mirioni
2002). However, it is suggested by Prestwich et al. (2010) that
the metallicity does not a↵ect the ULX production strongly af-
ter comparing two pairs of colliding galaxies.
Finally, it is often noted that many luminous ULXs reside

in colliding or strongly interacting galaxies: the Antennae
(Zezas et al. 2002; Zezas & Fabbiano 2002), the Cartwheel
(Gao et al. 2003; Wolter & Trinchieri 2004; Wolter et al. 2006;
Crivellari et al. 2009), the Mice (Read 2003), NGC4485/90
(Roberts et al. 2002), NGC7714/15 (Soria et al. 2004;
Smith et al. 2005), NGC 3256 (Lira et al. 2002), and a few

1 102 5 20

1
10

10
0

N
(>

L)

L(0.3−10 keV)/(1039 erg s−1)

N = 103.9 L39
−0.8

N = 97.6 L39
−0.5 exp(−L39/19.7)

Figure 1: Cumulative ULX luminosity function from the Chandra survey
of Swartz et al. (2011). For this sample, a cut-o↵ power-law with a break
� 2 ⇥ 1040 erg s�1 matches the observed distribution better than an unbroken
power-law, although the issue remains controversial (cf.Walton et al. 2011). At
the low-energy end, it also matches the slope and normalization of the HMXB
distribution below 1039erg s�1 (Grimm et al. 2003).

more Arp galaxies. This may simply be due to the fact that
colliding galaxies have the largest SFR, and the number of
ULXs scales with the recent SFR.

3.3. Luminosity functions
The cumulative luminosity function (LF) of a population of

accreting sources (also known as logN(> S )–logS curve) is
expected to have a break or cut-o↵ at the Eddington luminosity
of the most massive objects in the population. Therefore, in the
absence of direct mass measurements, the LF can be used as a
rough indicator of the maximum mass. In fact, things are not
so simple. The LF of X-ray binaries in our Galaxy and in other
nearby galaxies does not show any features at � 2 ⇥ 1038 erg
s�1, Eddington limit of the neutron star population. Moreover,
the location of the upper cuto↵ may be a function both of mass
(via the Eddington limit) and of the age of the population, since
the most luminous sources tend to have a shorter lifetime (Wu
2001; Kilgard et al. 2002). Thus, careful modeling is required
to interpret a LF.
With this caveat, we can use the ULX LF to test the sce-

nario that ULXs in star-forming galaxies are mostly the high-
luminosity tail of HMXBs (plus some additional LMXBs), and
ULXs in ellipticals are the high-luminosity tail of LMXBs.
Several Chandra and XMM-Newton surveys of discrete X-
ray sources in nearby galaxies have produced consistent re-
sults in agreement with this interpretation (Grimm et al. 2003;
Colbert et al. 2004; Swartz et al. 2004; Walton et al. 2011). In
summary, they have all found that the cumulative LF of young
X-ray populations in star-forming galaxies is a simple power-
law with a slope � 0.6–0.8, while the cumulative LF of old
X-ray populations in ellipticals and spiral bulges has a slope
of ⇠ 1.5. Thus, short-lived HMXB-like sources dominate the
high-luminosity end of the distribution. The normalization of
the HMXB LF is proportional to the SFR; the normalization of

6

Figure 1.3: Cumulative ULX luminosity function from the Chandra survey of Swartz et al. (2011).
At the low-energy end, it matches the slope and normalization of the HMXB distribution below
1039erg/s

It is often speculated that ULXs show connection with star clusters, like young star-
forming regions or globular clusters (Miller & Colbert, 2004). These clusters typically
have masses 104 � 105 M� e.g. in Antennae and M82, and 106 M� for massive globular
clusters. The mass of these clusters might already limit the maximum mass of an IMBH
to 105 M�. However, there can be significant differences in the cosmic evolution of these
clusters.

To study associations between ULXs and stellar clusters are particularly important
to test the formation hypothesis of massive black holes in young stellar clusters. Swartz
et al. (2009) found in a volume limited Chandra sample of 58 star-forming galaxies no
statistically significant associations. Therefore, the formation of a massive black hole in
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the core of young stellar clusters by stellar mergers and direct collapse (Portegies Zwart
& McMillan, 2002; Portegies Zwart et al., 2004) might not be relevant for ULXs if one
assumes that ULX systems contain a massive black hole. It was also found that most of
the stellar clusters are not massive and compact enough for this runaway core collapse
model (Feng & Soria, 2011). However, IMBHs formed this way could also be ejected by
the current epoch (Portegies Zwart & McMillan, 2002; Portegies Zwart et al., 2004), and
there are still a number of ULXs that could be associated to young stellar populations
(e.g. Grisé et al., 2012).

It was also suggested by Zampieri & Roberts (2009) that ULXs may form in sub-solar
metallicity environments, which would lead to the expectation that ULX contain black
holes between 30-90 M�, produced by stars with initial, main sequence mass above 40
M�. This is a very practical explanation, because the formation of these very massive
stellar remnant black holes would not require a special stellar evolution. Also, with such
massive black holes, ULXs would not violate the Eddington limit. Zampieri & Roberts
(2009) showed that a star with an initial mass of 100 M� would have a final mass of
3-6 M� for a metallicity of Z ' Z�, and would have a final mass of 30 � 70 M� for a
metallicity of Z ' 0.1Z� assuming that these massive stars collapse directly to form a
black hole.

1.2.3 Temporal Variability of ULX Binaries

There are objects like very young supernova remnants, or collections of X-ray binaries,
that can emit ⇠ 1039 erg/s in X-rays. But the point is that, a supernova remnant would not
be visible after a couple of years, and a cluster of normal X-ray binaries would not show
random or irregular variability. ULXs typically display irregular variability at the level
of > 50% on timescales of weeks to years (Miller & Colbert, 2004, and references therein).
Additionally, short-time variability on timescales of minutes has also been noted for four
ULXs (Feng & Soria, 2011, and references therein). The irregular variability indicates that
ULXs are likely accreting (binary) systems. Longer term periodic variability due to an
orbiting donor can be expressed as:

P = 2 ⇥ 10�10
⇣ a

km

⌘3/2
✓

M

M�

◆�1/2

day = 3.65 ⇥ 102
⇣ a

AU

⌘3/2
✓

M

M�

◆�1/2

day. (1.40)

Thus, for a black hole mass of 100 M�, monthly monitoring can sample orbits of > 1 AU.
There is no periodic variability found to date for ULXs (but see further details in Chapter
4).

Generally speaking, in a binary system the accretion is fed by the donor star. There
are two main mechanisms to feed the black hole. On the first hand, systems can be fed
by Roche-lobe overflow, which happens when the outer layers of the donor’s envelope is
pulled off by the gravitational force if the binary separation shrinks or the donor increase
its radius. On the other hand, supergiant stars eject their mass in the form of stellar wind.
A fraction of the material in the wind can serve as accreting material when captured by
black hole. These systems are called wind-fed. Given the possible link between ULXs
and LMXBs, it might be that ULX systems are also typically Roche-lobe fed.

The gravitational field created by the donor and the black hole can be described with
equipotential surfaces. The connected equipotentials are called Roche lobes. The point
where the two potential surface are connected is called the 1st Lagrange point and this is
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the point where mass transfer occurs. The shape of these equipotential surfaces is gov-
erned by the mass ratio (q) and the binary separation (a). If the actual size of the star is
less than (or just equal to) its Roche lobe, then mass transfer can only happen via wind
feeding, because at the surface of the Roche lobe the velocity and the pressure is zero.
Once the star fills its Roche lobe, mass transfer occurs through the L1 point. Follow-
ing Frank et al. (2002), the Roche lobe geometry can be described with an approximate
analytic formula:

R2

a
=

0.49q2/3

0.6q2/3 + ln(1 + q1/3)
(1.41)

Note that, a further simplification can be made for 0.1 < q < 0.8, the above equation
can be approximated as:
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As a consequence, the mean stellar density of the Roche lobe-filling donor is governed
by the binary period (after using Kepler 3rd law):

⇢mean = 3M2/4⇡R3
2 ' 35⇡/8GP 2 = 110P�2

hourg/cm3 (1.43)

As the mass transfer process will change the mass ratio, the period and separation
of the binary will also be changed due to momentum conservation. The orbital angular
momentum is:

J = (M1a
2
1 + M2a

2
2)2⇡/P = M1M2

✓
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M1 + M2

◆1/2

. (1.44)

Assuming that the mass lost by the donor is accreted by the black hole (Ṁ1 + Ṁ2 = 0,
Ṁ2 < 0). Then:
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If conservative mass transfer (J̇ = 0) takes place from the less massive to the more mas-
sive object then the binary system expands (ȧ > 0), conversely the binary separation
shrinks. This also affects the Roche lobe size. Differentiating Eq. 1.42 leads to:
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Ṁ2
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(1.46)

and combining this with Eg. 1.45 leads to:
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On the other hand, it cannot be excluded that ULXs are wind fed systems. Wind fed
systems typically involve an early type (O or B) star. The stellar-wind of an early type
star is intense (10�6 � 10�5 M�/yr), with supersonic velocities:

vw(r) ⇠ vescape(R⇤) =

✓
GM⇤
R⇤

◆1/2

(1.48)
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The capture of the wind will occur in a cylindrical region with an axis along the rela-
tive wind direction – relative to the orbital velocity of the compact object– at a radius of:

racc ⇠ GMBH/v2
rel. (1.49)

Assuming a simplification that the relative wind speed is vrel = vw, then the fraction of
the wind captured by the black hole can be obtained by comparing the mass-flux into the
accretion cylinder of radius racc, with the total mass loss rate (�Ṁw) of the star:

Ṁ

�Ṁw

' ⇡r2
accvw(a)

4⇡a2vw(a)
=

G2M2
BH

a2v4
w(a)

, (1.50)

where a is the orbital separation. From Eq. 1.49 we find that:
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For typical XRB parameters, this equation implies accretion rates of 10�4 �10�3 times the
wind mass loss rate, �Ṁw. Thus wind fed accretion is very inefficient compared to Roche
lobe overflow. Only because the mass-loss rates themselves are large, wind-fed sources
are observable. However, for ULXs the ”typical” binary parameters are unconstrained.

The observable quantities in a binary system are the period, radial velocity amplitude
and the mass function. The companion star has a circular motion about the center of
mass, so the radial velocity amplitude K2 is given by:

K2 =
2⇡

P
a2 sin i (1.52)

where a2 is the distance from the center of the companion to the center of mass, and i is
the inclination. Then using Kepler 3rd law and a2 = M1a/(M1 + M2) one can obtain the
mass function:

f2 =
M3

1 sin3 i

(M1 + M2)2
=

K3
2P

2⇡G
(1.53)

For a particular study of the binary parameters in a ULXs system proceed to Chapter 4.

1.3 Jets and Synchrotron Emission

Accreting objects are not just characterized by an accretion disk but also necessarily by
their jets. In this Section I briefly discuss the emission properties of an astrophysical jet.
Jets usually emit most prominently in the radio band and their emission mechanism is
due to non-thermal continuum radiation. In strong magnetic fields, the Lorentz force
accelerates the plasma particles to ultra-relativistic speed, which results in polarized syn-
chrotron radiation. A single particle, due the Lorentz force, moves on a helical path along
the magnetic field line with a gyration frequency of (e.g. Lang, 1999):

⌫g =
qB

2⇡�emec
sin , (1.54)

where q is the charge, B is the magnetic field, �e is the Lorentz factor (see later) of a
single particle, and  is the pitch angle, the angle between the magnetic field strength
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Figure 1.4: The figure shows the synchrotron spectrum of an individual electron and
the spectrum of an ensemble of electrons as building up from the individual spectra.
http://astronomy.swin.edu.au/cosmos/s/synchrotron+emission

(B) vector and the velocity vector. The radiation profile of a single particle is asymmetric;
the synchrotron emission has a maximum near a critical frequency :

⌫c =
3

4⇡

qB

mec
�2

e sin . (1.55)

With multiple particles, many harmonics of the gyrofrequency will appear, and these are
so close to each other that the resulting spectrum will necessarily be continuous. The (ra-
dio) plasma is a freely expanding supersonic jet which is responsible for the synchrotron
radiation.

Self-absorption of the emission happens below a frequency where the kinetic temper-
ature equals the brightness temperature. The radiation spectrum is the superposition of
self-absorbed synchrotron spectra. In jets, a ”core” is often defined as the surface corre-
sponding to the optical depth of ⌧ = 1 at a given frequency, therefore the position of the
core is frequency dependent.

In the case of synchrotron radiation the velocity of the plasma blob is � = v/c, and
the bulk Lorentz factor is:

� = (1 � �2)�1/2. (1.56)

The radiated power of the ultra-relativistic electrons is coming from a tiny solid angle that
is proportional to 1/�. Assuming that the distribution of the electrons are homogeneous
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and isotropic, then their energy distribution can be written in a power-law form:

N(E) = K0E
�p, (1.57)

as well as the distribution of their Lorentz factors:

N(�e) = N0�
�p
e . (1.58)

The flux density will depend on the p parameter of the energy distribution, and the SED
of the radiation can be approximated as S⌫ ⇠ ⌫↵ (see below), where S⌫ is the flux density,
⌫ is the frequency, and ↵ is the spectral index, which can be obtained as ↵ = (1 � p)/2.
The approximation of ↵ = (1 � p)/2 is valid in the optically thin case, in case of spatially
extended emission. In extended parts of the jet the radiating material cannot re-absorb its
own radiation, so the radiation is transparent. In the optically thick case, i.e. synchrotron
self-absorption, the electrons are able to emit and absorb photons, which give energy to
the charged particles. In the optically thick part of the spectrum, ↵ = 5/2. This value
has never been observed. The optically thick spectrum is typical for the compact, flat-
spectrum part of the jet. Additionally, the turnover frequency (where the kinetic and
brightness temperatures are equal) depends on the magnetic field and the optical depth
of the source. Note that, this is exactly why the single turnover frequencies are different;
if they were not different then the superposition of the spectra would never become flat.

The total energy loss rate by synchrotron radiation can be written as (when averaged
over an isotropic distribution of pitch angles) (Longair, 1994) :

�Ėsy =
4

3
�T cUmag�

2�2 Watt. (1.59)

Then the radiation spectrum of a power-law distribution in case of a random magnetic
field:

S(⌫) = a(p)
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where a(p) is a constant dependent on p (see this function in Chapter 5).
It is worth noting here that the loss rate of an ultra-relativistic electron (v –> c) by

inverse Compton scattering in a radiation field of energy density Urad is:

�ĖIC =
4

3
�T cUrad�

2, (1.61)

which has the same form as Eq. 1.59., only the source of the electric field is different (Urad

or Umag).
Inverse Compton emission is an important process particularly at high energies, as in

this process photons gain energy from moving electrons. Therefore this process needs a
”seed” radiation field. This seed field can have several origins, e.g. the cosmic microwave
background, or it can originate in the Galaxy, such as from optical photons due to all the
stars. Considering compact objects, e.g. GBHBs, the low energy thermal photons from
the disk are scattered to higher energies on an electron distribution called the ”corona”.
However, what might be more important, is that the seed photon field can originate from
the synchrotron photons as well. So, the synchrotron photons can be inverse Compton
scattered on their own electrons, which is called synchrotron self-Compton (SSC). There-
fore, the origin of a fitted power-law component can be purely from the jet, even without
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employing a corona (e.g. Markoff et al., 2001). Although, in this case, one needs to have
radio emission – particularly a jet – to ensure that the synchrotron process is present.
Then, depending on the Lorentz factors of the electrons, the radio (and infrared) photons
can be upscattered to X-ray and �-ray energies. In conclusion, the jet contribution to the
entire SED of e.g. compact objects, AGNs, due to these two processes is likely important.

1.3.1 Minimum Energy Condition

For extended sources with a volume V , the optically thin synchrotron luminosity can be
related to the energy spectrum of the ultra-relativistic electrons and the magnetic field,
L⌫ ⇠ ⌫�↵ (Longair, 1994), so that:

L⌫ = A(↵)V K0B
1+↵⌫�↵ (1.62)

where A(↵) is a constant. Writing the energy density in relativistic electrons ✏e, the total
energy present in the source responsible for the radio emission is:

Etot = V ✏e + V
B2

2µ0
(1.63)

So, if V is known, the radio luminosity is produced either by a large flux of relativistic
electrons in a weak magnetic field or vice versa. Between these two extremes of dominant
magnetic field and dominant particle energy, there is a minimum total energy require-
ment. One can also take account of the protons, assuming that they have energy � times
that of the electrons, then the total particle energy is ✏tot = (1 + �)✏e = ⌘✏e, so:

Etot = ⌘V

EmaxZ

Emin

K0EN(E)dE + V
B2

2µ0
(1.64)

We know that the maximum intensity of synchrotron radiation occurs at ⌫ = 0.29⌫c =
CE2B, where C = 1.22⇥1010/(m2

ec
4). So the relevant range of electron energies is Emax =p

⌫max
CB , and Emin =

p
⌫min
CB , where ⌫min and ⌫max are the frequency range where the radio

spectrum is known. After integrating, one can obtain Etotal. Minimising this function, a
minimum total energy can be found with respect to B. This particular magnetic field is
called the equipartition magnetic field and corresponds to approximate equality of the
energies in relativistic particles and magnetic field. This is referred as equipartition or
minimum energy condition. However, if one knows the radio luminosity only at one
frequency, then ⌫ = ⌫min can be set and can be obtained a lower limit to the energy
requirements, which should be considered as an order of magnitude estimate (Longair,
1994). Unfortunately there is no physical justification for the source components being
close to equipartition. Also, the amount of energy stored in protons is unknown. It also
has to be assumed that the particles and magnetic field fill the source volume uniformly.

1.3.2 Beaming

A further alternative explanation of the ULX phenomena exists, namely that the X-ray
flux could be enhanced due to beaming. There are two types of models that involve
beaming. The first one, as mentioned before, is mechanical beaming, and the second one
is relativistic beaming. The model of mechanical beaming is related to super-Eddington
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disks, that generate winds which are channelled along the poles, and may form jets or
outflows (Begelman, 1979). The other model invokes the standard relativistic beaming
(Körding et al., 2002), when the radiation is Doppler boosted due to small viewing angles
of relativistic jets. This model also assumes that the jet dominates in the X-rays. Given
the lack of jet emission among the majority of the ULXs in the radio band, the latter case
seems to be unlikely. The first model cannot be ruled out if mild beaming (a factor of
maximum 10) and super-Eddington accretion is assumed.

Another way to gain more information on whether ULXs are beamed is to study their
environment. There are a number of ULXs associated with optical and radio bubbles.
Most of these optical bubbles show strong He II �4686 Å emission. This high excitation
line is due to the strong X-ray/UV source. Given the morphology of these bubbles, one
can assume an isotropic optical luminosity. Employing irradiation models, from the in-
tegrated flux of the He II line, one can obtain the required X-ray ionizing rate needed to
excite this line. Pakull & Mirioni (2002) found that X-ray luminosities inferred this way
are consistent with the X-ray luminosity of the ULXs, and concluded that the X-ray ra-
diation is isotropic or at most mildly beamed. Later on, other studies confirmed these
findings (see Chapter 4 and Chapter 5).

Observations by Roberts et al. (2002a) show that fraction of ULXs are located in cavi-
ties that are not associated with emission-line optical nebulae. It could be that the gas is
cleared away by shocks as indicated by the presence of both photoionization and shock-
ionization (Pakull & Mirioni, 2003). This is especially interesting because the origin of the
optical bubble around IC 342 X-1 (Roberts et al., 2003), and MF16 in NGC 6946 (Roberts
& Colbert, 2003) was interpreted as due to supernova remnants. It is still an open ques-
tion whether jet ionization is a possible alternative to supernova shock ionization. See
Chapter 5 and 6 for further details. It is therefore interesting to investigate the total en-
ergy content of the shock-ionized bubbles, and compare to the energy content of SNe to
determine whether there is a substantial need for additional energy supply - other than
the putative initial explosion of a standard SN- in the form of jets.

In general, due to a supernova explosion, a large amount of kinetic energy is injected
to the environment. The gas in the environment can then be heated by other SN explo-
sions, stellar winds, collisions, resulting in a large-scale bubble, whose expansion will
depend on the ambient density as well as the total injected energy rate. In the model of
Weaver et al. (1977), three regions can be distinguished in the bubble as moving out from
the center: the region of the stellar wind or the source of kinetic power, the region of the
shocked stellar wind and the shocked interstellar gas. Other regions could be defined as
well, due to forward and reversed shocks; however, these regions are probably not rel-
evant in a later evolutionary stage. Basically three stages of evolution are considered in
an ideal model. In the first stage, the bubble is expanding so fast that radiative losses in
the gas are negligible, and the dynamics can be described with an adiabatic flow. In the
second stage, the bubble expands, cools by radiation and the swept-up interstellar gas
collapses into a thin shell in the region of the shocked interstellar gas. In this evolution-
ary stage, the region of the shocked wind still conserves energy, while in the final stage,
radiative losses affect the dynamics of the region of the shocked wind as well (Weaver
et al., 1977).

This idealized model concerns an isotropic input energy with a constant rate of in-
flation. The bubble is also assumed to expand in a spherically symmetric way into an
ambient medium with uniform density. This results in a ”self-similar” expansion. Given
that ULXs bubbles have large size but are still expanding, the suitable evolutionary stage
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is the second one, described above. In this phase the radius of the region where the source
of input energy dominates is much less than the radius to the thin shell. Due to the high
temperature between the two regions, the time for a sound wave to cross this region is
small compared with the age. So, in this entire region it can be assumed that the pressure
(p) is uniform and the thermal energy dominates over the kinetic energy. The mass of the
shell can be defined as m = 4⇡

3 R3⇢. Using energy and momentum conservation laws, the
momentum equation of the shell is (Weaver et al., 1977):

d

dt
(mṘ) = 4⇡R2p (1.65)

The mechanical and thermal energy (Eth) balance is:

dEth

dt
= L � 4⇡R2pṘ (1.66)

where L is the input energy rate. Combining the above equations and using that Eth =
3
2pV , the radius of the bubble can be found as:
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Also, using shock models for a one-dimensional radiative flow structure where the
rate of ionization, recombination, excitation and radiative transfer and cooling are solved
numerically (e.g. MAPPINGS) provide the velocity by comparing measured line flux
ratios (e.g. He II over H� etc.) in the optical spectrum (Dopita & Sutherland, 1996). The
total radiative flux and flux in the Balmer lines also scale with the shock velocity and
density, thus from Balmer line fluxes, the total radiative power can be obtained. With
these parameters all the physical characteristics (e.g. radius, expansion velocity, age,
mean density, input energy) of the bubble can be constrained (see Chapter 5).

1.4 Similarities between GBHBs, SMBHs and ULXs

In this section, I will highlight the possible common links between the behavior of GBHBs
and SMBHs. This is an important step in order to understand the nature of ULXs, i.e.
whether (or not) they can be treated as IMBHs.

1.4.1 Hardness Intensity Diagram and Jets

First of all, during an outburst of a GBHB it often shows a typical pattern. This pattern,
often referred as a ”turtle head”, is drawn on the hardness intensity diagram (HID). The
HID basically shows the X-ray evolution of an outburst (Figure 1.5.).

The HID can be divided into X-ray states on the basis of the X-ray hardness ratio
between the power-law (hard component) and the disk (soft component). Similarly, it has
two well-defined regions: the hard state and the soft state; it is similar to a disk fraction
luminosity diagram. Between these two states the physical background is rather unclear
(see review McClintock & Remillard, 2006) . Another important property of an X-ray
outburst is that a source during the hard state is associated with compact jets (see review
Fender et al., 2009), i.e. a synchrotron spectrum in the radio domain with a flat (or slightly
inverted) spectral index. During the evolution of the outburst, between state transitions
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Figure 1.5: The so-called ”turtle head” pattern is a schematic representation the evolutionary track
of an outburst of a GBHB. The image is from Belloni (2010).

from hard to soft states, the jet is quenched and reappears when the source transits back
to the hard state. Although, before the quenching of the jet, in the (hard) intermediate
state, the sources are associated with variable radio flares, jet ejections/blobs, rather than
steady compact jets. This manifests in an optically thin (steep-spectrum) synchrotron
radio emission.

Another important property of GBHBs regarding the HID is that an empirical corre-
lation between the X-ray and radio luminosity has been found (e.g. Corbel et al., 2003),
when the sources are in the X-ray hard state. This cast doubts about a full understand-
ing of the outburst behavior of an accreting system and demanded to consider jets as
essential elements of accretion.

1.4.2 Fundamental Plane of Black Holes: Mass Scaling

It is clear that an accreting (binary) system cannot be considered as just a disk (or disk
and corona), but that jets also need to be taken into account. The realization of this fact
prompted the consideration of accreting systems in a new manner. In 2003 and 2004, two
groups independently found that the above correlation is not just valid for GBHBs, but
also for SMBHs (Merloni et al., 2003; Falcke et al., 2004), although, it is not straightfor-
ward. First of all, the evolutionary and outburst time-scale of SMBHs are much longer
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Figure 1.6: The fundamental plane of black holes (Merloni et al., 2003). The figure shows the radio
luminosity as a function of X-ray luminosity ”corrected” with the mass of the black hole.

than for GBHBs, so it is difficult to have an HID for a single SMBH. One needs to con-
struct a sample that consists of radio loud objects as there is no correlation in GBHBs in
the soft state where jets are quenched (see later). Using a suitable sample, it was found
that a correlation holds when the correlation of the GBHBs is scaled by the mass of the
black holes, to SMBHs. This implied that the physical characteristics of an accretion sys-
tem scales by the mass of the black hole (whether linearly or not), which might not be
that surprising given that even Einstein predicted it. Moreover, later on it was found
that the correlation is much tighter when considering a sample of radio loud SMBHs that
can be treated as a scaled-up population of hard state objects (Körding et al., 2006a). For
instance, objects like low-luminosity AGN (LLAGN) and FR I galaxies, but not FR II and
Seyferts. In other words, it was realized that the physics is scaled not just by the mass
of the black hole but also by the accretion rate. In summary, the fundamental plane of
accreting objects is a correlation among the X-ray luminosity, radio luminosity and mass
of the black hole.

One of the most compelling models that links the physics between the disk and jet
components, describes a symbiotic behavior of the two components (Falcke & Biermann,
1995). This model basically connects the standard disk with a canonical conical jet model
(Blandford & Königl, 1979) in a way that the total jet power is a constant fraction of the
accretion power available in the disk. Similarly, there is another successful model, based
on the fact that the properties of an accreting system can be expressed in units of the grav-
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itational radius. It assumes that the jet structure and dynamics are invariant under the
changes of Rg / M and ṁ, i.e it employs a scale-invariant jet model (Heinz & Sunyaev,
2003). However, there is a major difference between the two models. The first one favors
a jet-dominated accretion flow (Falcke et al., 2004), the other prefers an ADAF (Merloni
et al., 2003). Due to the scatter on the fundamental plane and due to the similarity be-
tween the predicted scaling laws of these two models, it is not possible to distinguish
between the type of accretion flow from the fundamental plane alone. As a conclusion,
on the basis of the current theoretical interpretation, the fundamental plane works best
when considering sources in the hard state, i.e. when the accretion is radiatively ineffi-
cient, either jet or advection dominated.

Currently, the major research focus is to find good candidate IMBHs that could fill the
gap between the two populations of the black holes on the fundamental plane. Therefore,
ULXs are important not just because they are potential IMBHs, but they can serve as tests
for the above accretion models as well. This involves the search for potential IMBHs,
e.g. studying globular clusters by using the fundamental plane as a tool (see Chapter 3.).
Furthermore, the ultimate proof that a number of ULXs are indeed IMBHs, has to come
from a dynamical mass measurement (see Chapter 4.).

There are many open questions even regarding the standard picture of GBHBs. For
instance, in the soft state, where the sources are thought to be disk dominated, in certain
cases, one sees broad X-ray lines in the spectrum with P Cygni profiles, indicative of disk
winds (Neilsen & Lee, 2009). These winds may be important for understanding why jets
are quenched, which is unknown. This might also help to understand the X-ray spectra of
ULXs, given that the jet quenching process is related to the high or high/soft X-ray states.
This is interesting because there are no ULXs found to be associated with a compact jet
to date. Certain ULXs are only found to be associated with large scale optical and radio
bubbles, but some of them are possibly inflated by a jet (see Chapter 5). Also, there is one,
or rather the first exceptional case, where radio flares are detected from a ULX during an
X-ray state transition (see Chapter 7).
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In this Chapter I will introduce the main astronomical facilities, e.g. VLA, ATCA, VLT
and Chandra, that I have used for obtaining data or calibrated and analyzed it’s data for
my research. I have used data from the EVN, Hubble and Swift/XRT as well. Also, an
astronomical instrument is best characterized by its resolution and sensitivity, therefore I
will pay a special attention to this.

2.1 Radio Observatories

2.1.1 The Very Large Array (VLA)

The Very Large Array (VLA) 1 is operated by the National Radio Astronomical Observa-
tory (NRAO) in Socorro, New Mexico, US. The VLA has 27 antennas with a size of 25
meter that are linked with optical fibers. The Y-shaped array is situated on the Plains of
San Agustin. The array – in its most extended configuration – has resolution equivalent
with a single dish of a size of 36 km and has a sensitivity of a dish with a diameter of 130
meter. Additionally, this is the same telescope that Jodie Foster used in the movie called
Contact.

In recent years, the VLA has undergone a crucial technical development. Its receivers
were replaced. To reflect these upgrades it was renamed to the Extended VLA (EVLA)

1http://www.vla.nrao.edu/
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Figure 2.1: The Very Large Array showing the Y-shape. http://images.nrao.edu/Telesco-
pes/VLA

Table 2.1: Overall EVLA performance (goal)
Parameter VLA EVLA Factor
Continuum Sensitivity (1-�, 9 hr) 10 µJy 1 µJy 10
Maximum BW in each polarization 0.1 GHz 8 GHz 80
Number of frequency channels at max. BW 16 16384 1024
Maximum number of freq. channels 512 4194304 8192
Coarsest frequency resolution 50 MHz 2 MHz 25
Finest frequency resolution 381 Hz 0.12 Hz 3180
Number of full-polarization sub-correlators 2 64 32
Log (Frequency Coverage over 1-50 GHz) 22% 100% 5

and it is currently named the Karl. G. Jansky VLA (JVLA). The new receivers have 2–8
GHz bandwidth (BW) instead of 50 MHz, thus the sensitivity of the array is dramatically
increased, as are many other abilities of the array (see Table 2.1). Also, the VLA is pro-
viding almost the best angular resolution among the connected element arrays. Its reso-
lution covers a range of 46 arcsec to 43 milli-arcsec, depending on observing frequency
and array configuration (see Table 2.2).

The EVLA has other advantages over the VLA; for instance, it can perform imaging
of extended low-brightness sources with tens of arcsecond resolution and microKelvin
brightness sensitivity. Regarding its imaging capability, the achievable spatial dynamic
range is greater than 106, its frequency dynamic range is greater than 105, and its image
field of view is greater than 109 with full spatial frequency sampling. Additionally, it is
operated with dynamic scheduling, based on weather, array configuration, and science
requirements 2.

2http://www.aoc.nrao.edu/evla/
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Table 2.2: Configuration properties of the EVLA
Configuration A B C D
Bmax (km1) 36.4 11.1 3.4 1.03
Bmin (km1) 0.68 0.21 0.0355 0.035

Synthesized Beamwidth (arcsec)
74 MHz (4 band) 24 80 260 850
1.5 GHz (L) 1.3 4.3 14 46
3.0 GHz (S) 0.65 2.1 7.0 23
6.0 GHz (C) 0.33 1.0 3.5 12
8.5 GHz (X) 0.23 0.73 2.5 8.1
15 GHz (Ku) 0.13 0.42 1.4 4.6
22 GHz (K) 0.089 0.28 0.95 3.1
33 GHz (Ka) 0.059 0.19 0.63 2.1
45 GHz (Q) 0.043 0.14 0.47 1.5

2.1.2 The Australia Telescope Compact Array (ATCA)

Figure 2.2: The Australia Telescope Compact Array2

The Australia Telescope Compact Array3 is located near Narrabri, NSW, Australia. It
is similar to EVLA, a connected element array, with six 22-m radio antennas. ATCA is a
valuable array with which to observe sources on the Southern Hemisphere. It is operated
by the Commonwealth Scientific and Industrial Research Organisation (CSIRO).

A new broadband backend system, the Compact Array Broadband Backend (CABB),
was installed on ATCA. This provides an increased bandwidth of 2 GHz (from 128 MHz),
which is a factor of 16 improvement. Also, this resulted in an improved in continuum

3http://www.narrabri.atnf.csiro.au/
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Table 2.3: Properties of the ATCA

Band name 16cm 6cm 3cm 15mm 7mm 3mm
Band code L / S C X K Q W
Frequency range (GHz) 1.1-3.1 4.4-6.7 8.0-10 16-25 30-50 83 -105
Fractional frequency range 95% 39% 22% 44% 50% 24%
Primary beam 42’ - 15’ 9’ 5’ 2’ 70” 30”
Strongest confusing source (mJy) 140 - 24 2.3 0.4 – – –
Array assumed below 6km 6km 6km 6km 6km H214
Synthesized beam 9” - 3” 2” 1” 0.5” 0.2” 2”
Centre frequency assumed below (GHz) 2.1 5.5 9.0 17.0 40.0 95.0
Flux sensitivity (mJy/beam) (10 min) 0.03 0.05 0.06 0.05 0.10 0.73
Flux sensitivity (uJy/beam) (12 hr) 4 5 7 6 11 86

sensitivity by a factor of about four due to the higher data sampling. Regarding the
CABB-upgraded ATCA spectral line performance, there is also an improvement not just
at higher observing frequencies, but it also involves the possibility to study spectral lines
simultaneously using this wider bandwidth. A bandwidth of 2 GHz with 2048 ⇥ 1-MHz
channels or optionally a fine resolution of 0.5 kHz in up to 16 zoom bands in each IF is
available.

2.2 Optical Observatory

2.2.1 The Very Large Telescope (VLT)

Figure 2.3: The Very Large Telescope3

The Very Large Telescope array (VLT)4 is located at an altitude of 2635 m, in Cerro

4http://www.eso.org/public/teles-instr/vlt.html
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Paranal, Chile. The VLT is operated by the European Southern Observatory. It has four
Unit Telescopes (UT) with primary mirrors of 8.2-m and four movable Auxiliary Tele-
scopes with 1.8-m mirrors. The Unit Telescopes are named Antu, Kueyen, Melipal and
Yepun. The optical designs are Ritchey-Chretien reflectors with active optics. The tele-
scopes can be operated in an interferometer mode, with a maximum baseline of 130 me-
ter. On the other hand the Unit Telescopes can be operated individually and they can
successfully image a source with a magnitude down to 30 within an hour of exposure
time. It is interesting to note that with such an instrument one can see sources billion
times fainter than one could see with a human eye.

It has several instruments available, including spectrographs. I used the visual and
near-UV focal reducer and low dispersion spectrograph (FORS-2), mounted on UT1 (Antu).
Its field of view is 6.8 ⇥ 6.8 arcminute, in standard resolution mode, and 4.25 ⇥ 4.25 ar-
cminute in high resolution mode. Its wavelength range is between 330 and 1100 nm,
the mosaic detector has 2 ⇥ 2k ⇥ 4k pixel CCDs providing a pixel scale of 0.25 arcsec-
ond/pixel or 0.125 arcsecond/pixel, depending on the resolution mode. It has a spectral
resolution of 100 – 400, i.e. ⇠ 2 Å at best.

2.3 X-ray Observatory

2.3.1 Chandra

Figure 2.4: The Chandra X-ray Observatory4

Chandra5 was launched on July 23, 1999, and the Chandra X-ray Observatory is op-
erated by NASA. The Chandra telescope consists of four pairs of mirrors and their sup-
port structure. Chandra mirrors are required an unprecedented polishing process to a
smoothness of a few atoms and an alignment of a about a micrometer.

There are two imaging instruments with four CCDs at the focal plane, ACIS (Ad-
vanced CCD Imaging Spectrometer) and HRC (High Resolution Camera). These cameras
record the image focused by the mirrors, in a way that they register the number of X-ray
photons at a given position, energy and time. On the other hand the LETG (Low En-
ergy Transmission Grating Spectrometer) and HETG (High Energy Transmission Grating
Spectrometer) spectrometers consist of six CCDs and are used to study the X-ray spec-
trum in a way that these instruments diffract the X-rays, which depends on the energy of
incoming photons.

5http://chandra.harvard.edu/
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The CCDs are front-side illuminated and are sensitive to 0.2-10 keV X-ray energy
band. During the process of absorbing an X-ray photon in the silicon plate, a number
of electrons are produced. This number has statistical fluctuation that limits the energy
resolution of the ACIS CCDs. In general, the energy resolution is a function of the energy
band and the readout noise of the CCDs, but the latter one is at the theoretical limit due
to CCD fabrication techniques. The rms of the energy resolution is between 20 and 140
eV corresponding to an energy range of 0.1 – 10 keV. The on-axis effective area is 110 cm2

at 0.5 keV for the S3 chip, the maximum readout rate per channel is 100 kpix/s. It has a
point source sensitivity of 4 ⇥ 10�15 erg cm�2 s�1 in 104 second, and it has a pixel size of
0.49 arcsec.
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This chapter is based on the content of my first paper (Cseh et al., 2010).

Radio observations of NGC 6388: an upper limit on the mass of its central black
hole

D. Cseh, P. Kaaret, S. Corbel, E. Körding, M. Coriat, A. Tzioumis and B. Lanzoni
2010, MNRAS, 406, 1049

In this chapter I describe deep radio observations with the Australia Telescope Com-
pact Array (ATCA) of the globular cluster NGC 6388. My aim was to set constraints on
the mass of the putative IMBH located at the cluster center of gravity. To this purpose I
studied the accretion signatures. In first hand I analysed archival Chandra data in order
to reveal the nature of the innermost X-ray sources to constrain whether their position
match the cluster center of gravity and whether they exhibit an X-ray spectrum consis-
tent with a black hole. Then I showed that there is no radio source detected with a r.m.s.
noise level of 27 µJy at the cluster centre of gravity or at the locations of any of the Chan-
dra X-ray sources in the cluster. Due to the fact that the central X-ray sources have low
X-ray luminosities in Eddington units, I apply the formula from the fundamental plane
of accreting black holes, which is a relationship between X-ray luminosity, radio luminos-
ity and black hole mass. I place an upper limit of ⇠1500 M� on the mass of the putative
intermediate-mass black hole located at the centre of NGC 6388. On the other hand, the
X-ray luminosities are also consistent with the Bondi-Hoyle accretion process, therefore
I also discussed the observed accretion signatures in that framework. I discussed the un-
certainties of this upper limit and compared to the previously suggested black hole mass
of 5700 M� based on surface density profile analysis at the end of this Chapter as well as
the caveats of this method.
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3.1 Introduction and NGC 6388

Following the early discoveries of X-ray sources in globular clusters in the mid-1970s
(Clark, 1975), it was proposed that the X-ray emission of these clusters was due to accre-
tion of intracluster material released by stellar mass loss onto central black holes (Bahcall
& Ostriker, 1975; Silk & Arons, 1975). This initiated a debate about whether globular
clusters contain black holes of intermediate masses (i.e. greater than the ⇠ 30 M� limit
for black holes formed through normal single star evolution, but less than the 105 M�
seen in the smallest galactic nuclei). Considering the evolution of globular clusters, it
is expected that when they orbit through the Galactic plane they lose their light mass
content due to dynamical interactions. Given the ages of these clusters these interactions
can happen also multiple times resulting in a cluster that has a typically very low gas
content or density. Therefore detecting accretion signatures from black holes might be
challenging.

On the other hand, the evolution of globular clusters leaves open questions about the
black hole content and formation in these clusters. In general, the colour-magnitude di-
agram of Galactic globular clusters show a distinct main-sequence, main-sequence turn-
off, horizontal and giant branches of a single co-eval stellar population (Benacquista &
Downing, 2011). This means, stars only differ by their masses that is determined by the
initial mass function (IMF). In this model the stars or not massive enough to form black
holes, just to form neutron stars. On the contrary, observations showed systematic light
element variation from star to star, which led to models where a globular cluster experi-
ences several bursts of star formation leading to multiple stellar populations with sightly
different chemical compositions. The effect of relativistic binaries on these models is still
to be explored (see review Benacquista & Downing, 2011).

Black holes are strongly affected by mass segregation because they are much more
massive than the average mass of stars, and during their dynamical evolution they may
be exchanged to binaries in the dense cores of globular clusters (Benacquista & Downing,
2011). Using simulations, Portegies Zwart & McMillan (2000) found that only 8% of black
holes were retained by their parent clusters while 61% were ejected as singles and 31%
were ejected as binaries. Furthermore, Gültekin et al. (2004) found that it was not possible
to create a merged black hole with a mass >240 M�, because it was either ejected or
there were insufficient amount of gas to grow a massive black hole. On the other hand,
some study suggests that dynamical processes in the inner regions of globular clusters
may lead to the formation of black holes of ⇠ 103 M� (Miller & Hamilton, 2002). These
difficulties of stellar dynamics have prompted a search for accretion constraints on the
presence of intermediate-mass black holes.

Despite the theoretical difficulties, there are possibly several observational indications
for black holes in globular clusters. To date five good candidate stellar-mass black holes
(StMBHs) are known, based on their X-ray luminosity and X-ray variation (Maccarone
et al., 2011). However, the most interesting question arises about IMBHs, as indirect evi-
dence of the existence of IMBHs comes from the study of the central velocity dispersion
of stars in specific globular clusters. For example, by using velocity dispersion measure-
ments, it was proposed that IMBHs may exist in M 15, NGC 6752, ! Cen, 47 Tuc and G1
with masses of about 103-104 M�. Figure 3.1 shows the best candidate IMBH hosts that
are globular clusters. It also shows the expected mass of the IMBH at the cluster center
of gravity in NGC 6388 in red.

Considering the methods of detecting accretion signatures, it was pointed out by Mac-
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cal results of McLaughlin & van der Marel (2005, M/LV ⇠ 1.8)
but slightly lower than the value predicted by stellar population
models. According also to McLaughlin & van der Marel (2005),
we would expect a value of M/LV = (2.55 ± 0.28)M�/L� for
[Fe/H] = �0.6 dex and (13 ± 2) Gyr. Baumgardt & Makino
(2003) have shown that dynamical evolution of star clusters
causes a depletion of low-mass stars from the cluster. Since
these contribute little light, the M/LV value drops as the clus-
ter evolves. Dynamical evolution could therefore explain part of
the discrepancy between theoretical and observed M/LV values.

Summarizing, it can be said that the globular cluster NGC
6388 shows a variety of interesting features in its photomet-
ric properties (e.g. the extended horizontal branch) as well as
in its kinematic properties (e.g. the high central velocity dis-
persion or the rotation like signature in the velocity map). In
this work we investigated the possibility of the existence of an
intermediate-mass black hole at the center. With simple ana-
lytical models we were already able to reproduce the shape of
the observed velocity-dispersion profile very well if the clus-
ter hosts an IMBH. Future work would be to compute detailed
N-body simulations of NGC 6388 in order to verify whether a
dark cluster of remnants at the center would be an alternative.
Additionally, it is crucial to obtain kinematic data at larger radii
to constrain the mass-to-light ratio and the models further out.
Also proper motions for the central regions would further con-
strain the black hole hypothesis.

The study of black holes in globular clusters is currently lim-
ited to a handful of studies. For this reason, it is necessary to
probe a large sample of globular clusters for central massive ob-
jects in order to move the field of IMBHs from “whether” to “un-
der which circumstances do” globular clusters host them. Thus
tying this field to the one of nuclear clusters and super-massive
black holes. From the experience we gathered with NGC 6388,
we can say that the dynamics of globular clusters is not as simple
as commonly assumed and by searching for intermediate-mass
black holes, we will also be able to get a deeper insight into the
dynamics of globular clusters in general.
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Figure 3.1: This image was taken from Lützgendorf et al. (2011). The M-� relation for galaxies
at the high mass range (filled circles) and the first globular clusters with potential black hole
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carone (2004); Maccarone et al. (2005) that deep radio searches may be a very effective
way to detect intermediate-mass black holes in globular clusters and related objects. This
is because for a given X-ray luminosity, supermassive mass black holes produce far more
radio luminosity than stellar-mass black holes. In addition, the relation between black
hole mass and X-ray and radio luminosity empirically appears to follow a ”fundamental
plane” (see Chapter 1), in which the ratio of radio to X-ray luminosity increases as ⇠0.8
power of the black hole mass (Falcke & Biermann, 1996, 1999; Merloni et al., 2003; Falcke
et al., 2004). Also, as the luminosity of accretion onto a black hole decreases, the ratio of
radio to X-ray power increases (Corbel et al., 2003; Gallo et al., 2003).

Searches for radio emission from globular clusters have mostly yielded only upper
limits (Maccarone et al., 2005; de Rijcke et al., 2006; Bash et al., 2008; Cseh et al., 2010;
Lu & Kong, 2011; Wrobel et al., 2011) (Table 3.1). Although, the cluster G1 in M31 seems
to have evidence for harbouring an intermediate-mass black hole (Ulvestad et al., 2007),
including radio detection. I note that Miller-Jones et al. (2012) recently reported no radio
emission from G1 using sensitive EVLA (The Extended Very Large Array) measurements.
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Table 3.1: Recent radio continuum observations and upper limits on globular cluster black holes
Cluster Distance Fr,5GHz MBH,rad MBH,dyn

name (kpc) (µJy) (M�) (M�)
NGC 6388 11.6 <81 <735-1500 5700
(new values) - <42 <600 17000
! Cen 5.3 <20 <1100-5200 12000
47 Tuc 4.5 <40 <520-4900 1500
NGC 2808 9.5 <162 < 1800-8500 2700
M15 10.3 < 25 <700-4900 1000
M62 6.9 < 36 < 600-2900 3000
M80 10.0 <36 <1100-5300 1600
NGC 6397 2.7 < 216 < 900-4300 50
G1 780 <28 <4500 18000
M54 26.3 <51 <14500 9400

The majority of the values are taken from Lu & Kong (2011) (and references therein). For M54, the MBH,rad

was calculated based on values reported by Wrobel et al. (2011). The radio flux Fr,5GHz is the 3-� upper
limit except for G1. MBH,rad shows the upper limits on BH mass, estimated from accretion signatures and
MBH,dyn shows the dynamical mass estimates.

This casts further doubts about the possibility to detect accretion signatures. It cannot
yet be excluded that the radio emission from G1 is variable, or it could also be possible
that the previously detected radio emission originated from an extended object similar to
radio nebulae around ULXs.

Given the low gas density in a globular cluster, we also have to consider the Bondi ac-
cretion process, which is the spherical infall of the intracluster material onto a black hole.
Accretion theory suggests that the Bondi-Hoyle rate (Bondi & Hoyle, 1944) overestimates
the actual accretion rate by 2-3 orders of magnitude (Perna et al., 2003). Perna et al. (2003)
argues that this overestimation manifests in the fact there are no isolated neutron stars
detected at ROSAT sensitivity, despite their large number in the Galaxy and their pre-
dicted visibility in X-rays as a result of accretion from the interstellar medium. Thus, the
X-ray luminosities from accretion of the interstellar medium by intermediate-mass black
holes in globular clusters are likely to be well below detection limits of current X-ray ob-
servatories. Therefore it is interesting to calculate the Bondi-rate and examine whether
an X-ray source could potentially be an IMBH on the basis of the ”allowed” range of
Bondi-rates and efficiencies. On the other hand, considering the prediction of Miller &
Hamilton (2002), that the black holes should have about 0.1 per cent of the total cluster
mass, the radio luminosities of the brightest cluster central black holes may be detectable
with existing instrumentation (Maccarone, 2004).

I add here that beyond globular clusters, there are other possibilities for intermediate-
mass black holes. They may be produced in the core collapses of ⇠ 100� 1000-M� Popu-
lation III stars, e.g. Fryer et al. (2001) (Chapter 1). Other good candidates for hosting
intermediate-mass black holes are thought to be young dense star clusters (Portegies
Zwart & McMillan, 2002; Portegies Zwart et al., 2004; Gürkan et al., 2004) and ultralu-
minous X-ray sources (Chapter 1), whose X-ray luminosities well exceed the Eddington
luminosity of a ten solar-mass compact object (Kaaret et al., 2001; Zampieri & Roberts,
2009).
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Table 3.2: Properties of NGC 6388
Parameter Value
RA (J2000) 17h 36m 17s
DEC (J2000) -44� 44’ 08”
Galactic Longitude l 345.56
Galactic Latitude b -6.74
Distance from the Sun RSUN 11.6 kpc
Core Radius rc 7.2”
Central Concentration c 1.8
Heliocentric Radial Velocity Vr 81.2 ± 1.2 km/s
Central Velocity Dispersion � 18.9 km/s
Age 11.5 ± 1.5 Gyr
Metallicity [Fe/H] -0.6 dex
Integrated Spectral Type G2
Reddening E(B-V) 0.38
Absolute Visual Magnitude MV -9.42 mag

NGC 6388 is a typical globular cluster residing in our Galaxy. However, multiple
stellar populations are present. As noted above, globular clusters with multiple stellar
populations might be better candidates for containing black holes. Other evidence sup-
porting the idea that globular clusters, like NGC 6388, contains an IMBH comes from the
down-scaling of the M-� relation (see Fig. 3.1).

Furthermore, evidence favouring an intermediate-mass black hole in NGC 6388 is
that the observed surface density profile has a power-law shape with a slope ↵ = �0.2 in
the inner ten arcseconds of the cluster (Fig. 3.2). The surface brightness and the projected
density profiles of the majority of globular clusters can be fitted by models characterized
by King models (King, 1966) that usually consist of an extended isothermal core and a
tidally truncated envelope. However, there is a fraction (⇠15%-20%) of Galactic globular
clusters that do not exhibit an extended core; instead, they exhibit a power-law behav-
ior S(r) / r↵, with ↵ ranging from -0.8 to -1.0 (Lanzoni et al., 2007). These are called
post core collapse clusters, because this power-law behavior is thought to originate from
the evolution of stellar systems that have experienced the collapse of the core (Lanzoni
et al., 2007). On the other hand, the slope of NGC 6388 is shallower than expected for a
post core collapse cluster. Considering numerical and theoretical predictions, the slope is
consistent with the presence of an intermediate-mass black hole (Baumgardt et al., 2005;
Miocchi, 2007). However, it is worth adding that a recent simulation (Vesperini & Trenti,
2010) shows that shallow cusps in the surface brightness profile appear naturally during
the dynamic evolution of star clusters without an IMBH. Therefore their presence in an
observed profile cannot be used as a strong argument in favor of the presence of a cen-
tral IMBH, but it certainly does not rule it out. In any case, the surface density profile
provided an estimated mass of 5700 ± 500 M� (Lanzoni et al., 2007) for the central black
hole in NGC 6388 and it motivated us to propose radio observations of the source.

Here, I report on radio observations with the Australia Telescope Compact Array
(ATCA) of NGC 6388 that led to an upper limit on the mass of the putative intermediate-
mass black hole located at the centre of NGC 6388. I discuss the analysis of an archival
Chandra observation and our new ATCA radio observations of NGC 6388. Then, I discuss
the results of the X-ray and radio observations. Finally, I discuss the methodology for set-
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Fig. 1.—Color-magnitude diagrams for the four data sets used. The WFI
data are dominated by field contamination.

Fig. 2.—Observed surface density profile obtained by star counts from the
combined photometric data set: ACS/HRC (filled circles), WFPC2 (filled tri-
angles), ACS/WFC (filled squares), and WFI (open circles). The background
level (see § 4) has been subtracted. The single-mass King model that best fits
the profile, excluding the innermost ( ) points, is shown as a dashed line.′′r ! 1
It is characterized by a sizable core radius (rc p 7.2") and an intermediate
concentration ( ). The solid line shows the profile of the model includingc p 1.8
a BH in the cluster center (see § 5). The profile from Trager et35.7# 10 M,

al. (1995) is shown (dotted line) for comparison.

using several hundred astrometric reference stars from the new
astrometric 2MASS catalog,7 following the procedure de-
scribed, e.g., in Lanzoni et al. (2007), with a final astrometric
accuracy of the order of ∼0.3" both in R.A. and decl.
Additional images obtained with the ACS/High Resolution

Channel (HRC) have been retrieved from the ESO/ST-ECF Sci-
ence Archive. These data sample the cluster central region with
a field of view of and a spatial resolution of 0.027"′′ ′′26 # 29
pixel!1. The HRC data were obtained through filters F555W (V)
and F814W (I), with total exposure times of 620 and 3070 s,
respectively. After corrections for geometric distortions and ef-
fective flux (Sirianni et al. 2005), the photometric analysis was
performed by using SExtractor (Bertin &Arnouts 1996), adopting
a fixed aperture radius of 4 pixels (0.108"). The sample has then
been astrometrized and photometrically calibrated by using the
stars in commonwith theACS/WFC catalog. The color-magnitude
diagrams based on the data from all four data sets are shown in
Figure 1.

3. CENTER OF GRAVITY

Given the absolute positions of the individual stars in each
catalog, the center of gravity, , of NGC 6388 has beenCgrav
determined by averaging the coordinates a and d of all stars
detected in the highest resolution data set (the HRC sample).
In order to correct for spurious effects due to incompleteness
in the very inner regions of the cluster, we considered only
stars brighter than (roughly corresponding to the sub-V p 20
giant branch of the cluster). By following the iterative proce-
dure described in Montegriffo et al. (1995; see also Ferraro et
al. 2004), we found that the center of gravity is located at

, , with an uncer-h m s ′ ′′a p 17 36 17.23 d p !44!44 7.1J2000 J2000
tainty of 0.3" in both a and d. A careful examination of the
field inside the core radius shows that our determination of the
center is biased by neither the presence of very bright stars nor
the presence of a star clump. The derived is located ∼2.6"Cgrav

7 Available at http://irsa.ipac.caltech.edu.

southeast (Da p 3.4", Dd p !1.1") of that derived by Djor-
govski & Meylan (1993), using the surface brightness distri-
bution. An accurate comparison with the center adopted by
NG06 is not possible since the value listed in their Table 1 just
refers to the world coordinate system of a specific WFPC2
image; however, a visual inspection suggests that their center
is located ∼0.5" southeast of ours.

4. PROJECTED DENSITY AND SURFACE BRIGHTNESS PROFILES

We have determined the projected density profile of NGC
6388 by using direct star counts over the entire cluster radial
extent, from out to ∼1400". This distance is significantlyCgrav
larger than the expected cluster extension ( ; Harris′′r p 372t

1996). In order to avoid spurious effects due to possible incom-
pleteness, only stars brighter than have been consideredV p 20
(see E. Dalessandro et al. 2007, in preparation). There are more
than 58,000 stars in the entire (i.e., the combination of ACS,
WFPC2, andWFI) photometric data set. Following the procedure
described in Ferraro et al. (1999b), we have divided the sample
into 40 concentric annuli, each centered on . Each annulusCgrav
has been split into an adequate number of subsectors. The number
of stars lying within each subsector was counted, and the star
density was obtained by dividing these values by the corre-
sponding subsector areas. The stellar density in each annulus
was then obtained as the average of the subsector densities, and
the uncertainty in the average values for each annulus was es-
timated from the variance among the subsectors. The radius
associated with each annulus is the midpoint of the radial bin.
The outermost ( ) measures have an almost constant value,′r # 7
and their average has been used to estimate the Galaxy contam-
ination to be ∼56 stars arcmin!2. Subtracting this background
yields the profile shown in Figure 2.

Figure 3.2: This image was taken from Lanzoni et al. (2007). The surface brightness profile of NGC
6388 shows a clear cusp for the inner 10 arcseconds. The observed surface density profile obtained
by star counts from the combined photometric data set: ACS/HRC (filled circles), WFPC2 (filled
triangles), ACS/WFC (filled squares), and WFI (open circles). The single-mass King model that
best fits the profile, excluding the innermost (r  1”) points, is shown as a dashed line. It is
characterized by a sizable core radius (rc = 7.2”) and an intermediate concentration (c = 1.8). The
solid line shows the profile of the model including a 5.7 ⇥ 103 MBH in the cluster center.

ting an upper limit on the mass of a central black hole in NGC 6388 and the uncertainties.

3.2 Chandra Observation

NGC 6388 was observed with the Chandra X-Ray Observatory (Weisskopf et al., 2002)
using the Advanced CCD Imaging Spectrometer spectroscopy array (ACIS-S) in imaging
mode. The Chandra observation (ObsID 5055; PI Haldan Cohn) began on 21 April 2005
02:28:32 UT and had a useful exposure of 45.2 ks. Although an analysis of the Chandra
data was recently published by Nucita et al. (2008), we improved the localisation of the
X-ray sources in the centre of the cluster by removing the pixel randomisation1.

The Chandra data were subjected to standard data processing (CIAO version 4.1.2
using CALDB version 4.1.4) and then reprocessed to remove pixel randomisation because

1http://cxc.harvard.edu/ciao3.4/threads/acispixrand/
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Table 3.3: X-ray sources in the core of NGC 6388
S/N RA DEC Counts

1 17.7 17 36 17.683 -44 44 16.78 439
2 13.9 17 36 16.941 -44 44 9.90 289
3 10.3 17 36 17.332 -44 44 8.36 237
4 8.6 17 36 18.184 -44 43 59.53 114
5 8.1 17 36 17.518 -44 43 57.17 102
6 8.1 17 36 16.625 -44 44 23.43 130
7 7.1 17 36 17.312 -44 44 7.10 157
8 6.9 17 36 17.010 -44 44 3.06 84
9 6.8 17 36 17.243 -44 44 10.38 87

10 6.1 17 36 17.119 -44 44 12.83 77
11 5.3 17 36 17.161 -44 44 1.92 61
12 4.5 17 36 17.188 -44 44 7.61 69
13 4.4 17 36 17.346 -44 43 53.73 36
14 4.2 17 36 18.053 -44 44 4.30 32
15 4.1 17 36 17.401 -44 44 3.19 30
16 3.7 17 36 16.872 -44 44 12.85 35
17 3.6 17 36 17.325 -44 43 57.21 23
18 3.4 17 36 17.051 -44 44 12.44 41

we are interested in sources in the crowded region near the cluster centre. We also applied
an aspect correction as described on Chandra aspect webpages2. The total event rate on
the S3 chip was less than 1.7 c/s throughout the observation indicating there were no
strong background flares.

3.2.1 Chandra Imaging

We first constructed an image of the full area viewed by the ACIS-S3 chip using all valid
events in the 0.3–8 keV band. The Chandra aspect uncertainty is 0.600 at 90 per cent confi-
dence3. To attempt to improve on this we searched for X-ray sources with counterparts
(Kaaret, 2002) in the 2MASS catalogue of infrared sources with a J magnitude brighter
than 14 (Skrutskie et al., 2006). We excluded sources within 4000 of the cluster centre due
to the source crowding in that region. We choose X-ray sources which are likely fore-
ground stars by selecting those with soft spectra (Kong, 2007), specifically those with
more counts in the 0.5–1.5 keV band than in the 1.5–6 keV band (Grindlay et al., 2001).
There are 10 such sources with a detection significance above 3�. Of these 10, one at
↵J2000 = 17h36m4.s55, �J2000 = �44�45024.002 is located within 0.2300 of a 2MASS source
and a second at ↵J2000 = 17h36m25.s99, �J2000 = �44�47053.003 is within 0.3700 of a 2MASS
source. There are 636 such 2MASS sources in the search area of 2.25 ⇥ 105 002. With 10
X-ray sources, the probability of one chance overlap within 0.400 is 0.0014 and the prob-
ability of two chance overlaps is 2 ⇥ 10�4. Thus, the Chandra astrometry appears to be
accurate to within 0.400.

We then constructed images of a 3800 ⇥ 3800 region centered on the cluster core with
pixels which are 0.2500 ⇥ 0.2500 in the 0.3–8 keV and 2–10 keV bands. We searched for

2http://cxc.harvard.edu/ciao/threads/arcsec correction/index.html#calc corr
3http://cxc.harvard.edu/cal/ASPECT/celmon
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sources in the 0.3–8 keV image using the celldetect tool in CIAO. A list of detected sources
with significance of 3� or higher is given in Table 3.3.

Table 3.3 includes for each source: the source number; S/N – the significance of the
source detection as calculated by celldetect; RA and DEC – the position of the source in
J2000 coordinates - note that, while the relative positions should be accurate to 0.200, there
is an 0.400 overall astrometric uncertainty; Counts - total counts in the 0.3–8 keV band.

Fig. 3.3 shows an X-ray image of the core of NGC 6388 in the 2–10 keV band with
the position of the cluster center of gravity, ↵J2000 = 17h36m17.s23, �J2000 = �44�4407.001
(Lanzoni et al., 2007), superimposed. The radius of the circle is 0.500 which is equal to
the sum in quadrature of the Chandra aspect uncertainty of 0.400 (see above) and the un-
certainty of 0.300 in the position of the centre of gravity. Two of the Chandra sources lie
near the centre of gravity error circle. The error circle for source #12 overlaps the edge.
Source #7 lies 0.900 from the centre of gravity. If we use the coordinates calculated from
the 2–10 keV image (and not 0.3–8 keV as above), then source #12 moves inside the centre
of gravity error circle, while source #7 moves further away.

3.2.2 X-ray Spectra of Source 12 and 7

We extracted X-ray spectra for these two sources using circular extraction regions with
radii of 1.5 pixels centred on the coordinates given in Table 3.3. The extraction radius is
smaller than usual for Chandra sources, but this is necessary given the source crowding.
The 80 per cent encircled power radius is ⇠0.7 arcsec4 thus, the measured source fluxes
were increased by a factor of 1.2 to account for the flux outside the extraction region.
We fitted the X-ray spectra using the Sherpa spectral fitting package and response ma-
trices calculated using the mkacisrmf tool in CIAO. We used the �2-Gehrels statistic to
evaluate the goodness of fit due to the low numbers of counts in some spectral bins.

A good fit, �2/DoF = 2.9/8, was obtained for source #12 with an absorbed power-
law spectrum with a photon index, �=1.90±0.45 and an equivalent hydrogen absorption
column density of NH = (3.8±1.8)⇥1021 cm�2. The absorbed flux in the 0.3–8 keV band
was 2.4 ⇥ 10�14 erg cm�2 s�1 and the unabsorbed flux was 4.0 ⇥ 10�14 erg cm�2 s�1 in the
0.3–8 keV band and 2.15 ⇥ 10�14 erg cm�2 s�1 in the 2–10 keV band.

An absorbed power-law provided a good fit for the spectrum of source #7, �2/DoF =
7.8/16. The best fit parameters were a photon index, �=1.66 ± 0.27 and an equivalent
hydrogen absorption column density of NH = (3.5±1.3)⇥1021 cm�2. The lower bound on
NH = 2.2⇥1021 cm�2 was fixed to the Galactic HI column density along the line of sight.
The absorbed flux in the 0.3–8 keV band was 4.8⇥10�14 erg cm�2 s�1 and the unabsorbed
flux was 6.9 ⇥ 10�14 erg cm�2 s�1 in the 0.3–8 keV band and 4.6 ⇥ 10�14 erg cm�2 s�1 in
the 2–10 keV band.

3.3 ATCA Observations

We observed NGC 6388 with the Australia Telescope Compact Array in configuration
6D (baselines up to 6 km) between 24 and 28 December 2008. The data were obtained
simultaneously at 8384 & 9024 MHz and at 18496 & 18624 MHz with 16 h and 17 h on-
source integration time, respectively. We observed in phase-reference mode; the phase
calibrator was 1740-517 and the primary calibrator was PKS 1934-638. The data reduction
was performed using the MIRIAD software package (Sault et al., 1995) in a standard way.

4 http://cxc.harvard.edu/proposer/POG/pdf/MPOG.pdf; page 93; figure 6.7
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Figure 3.3: X-ray image of the core of NGC 6388 in the 2-10 keV band with pixel size of 0.2500. The
gray scale indicates X-ray intensity and ranges from 0 to 14 counts per pixel. The crosses mark
the positions of X-ray sources listed in Table 3.3. The circle indicates the error circle for the cluster
centre of gravity including the uncertainty relative to the Chandra reference frame.

3.3.1 Radio Non-detection

After reduction of the ATCA radio data, we found there are no radio sources detected in
association with the cluster centre of gravity nor at the locations of any of the Chandra
X-ray sources within the cluster (Fig. 3.4). We assumed a flat spectrum (as likely for
a low-luminosity accreting black hole) in order to combine the data sets to achieve the
best noise level. In naturally weighted maps, by combining 8.4 & 9 GHz data the rms
noise level was 27 µJy and combining 18.5 GHz & 18.6 GHz data the rms was 54 µJy.
Combining all of the datasets did not lead to better rms as the higher frequency data is
more noisy. Therefore, our best achieved rms noise level at radio frequencies is 27 µJy.

3.4 Discussion and Interpretation

Considering the best achieved r.m.s. value obtained from our ATCA radio observations
and adopting a 3� upper limit, the upper limit on the radio flux of any (undetected)
source is estimated to FR < 81 µJy/beam. The distance of NGC 6388 was adopted from
Dalessandro et al. (2008) with the value of 13.2 ± 1.2 kpc. Therefore, we obtained an
upper limit for the radio luminosity of the putative intermediate mass black hole in NGC
6388 of LR < 8.4 · 1028 erg s�1 at 5 GHz (LR = ⌫F⌫ , where we assumed a flat radio
spectrum, as is likely for a low-luminosity accreting black hole).
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Figure 3.4: The naturally weighted ATCA image of NGC 6388 combined at 8.4 GHz & 9 GHz.
The positive contour levels increase by a factor of 2. The first contours are drawn at -81 & 81
µJy/beam. (There are no higher contours than the first ones). The beam size is 2.1 ⇥ 1.5 arcsec
at a position angle of 6�. The central circle indicates the cluster center of gravity at ↵J2000 =
17h36m17.s23, �J2000 = �44�4407.001 with a radius 0.5” of the uncertainty. The crosses mark the
positions of the Chandra sources. The rectangle indicates the Chandra image showed previously.

Previously, Nucita et al. (2008) found that three of the Chandra sources (# 12, 7 and
3) coincide with the cluster centre of gravity. They did not attempt to resolve these three
sources spatially and therefore obtained one averaged spectra for the three sources. After
reanalysing the data and removing the pixel randomisation, we find that only one source
(#12) is consistent with the location of the centre of gravity (see Section 3.1). In addition,
we successfully measured the spectrum of each source individually. The unabsorbed X-
ray flux of source #12 is FX = 4.0 · 10�14 erg cm�2 s�1, and the corresponding X-ray
luminosity is LX = 8.3 · 1032 erg s�1 in the 0.3–8 keV band. We will use this value in all
subsequent analysis.
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3.4.1 Nature of the Innermost X-ray Sources

A study of the colour-colour diagram of the X-ray sources throughout the cluster revealed
that most of them seem to be low mass X-ray binary, one source is probably a high-mass
X-ray binary and four others are soft sources (Nucita et al., 2008). Nucita et al. (2008)
treated the three central Chandra sources as one and noted that the difference between
the X-ray flux of these sources measured by XMM-Newton in 2003 versus by Chandra in
2005 is a factor of only 1.11 . This may indicate that variability of the X-ray sources is
small, but there are only two observations.

From our X-ray data analysis, we managed to localise three separate sources in the
centre of the cluster. We studied their X-ray colours and used the source classification
method of Jenkins et al. (2005). This revealed that source #3 is very soft, probably a
cataclysmic variable. Source #7 seems to be an X-ray binary and source #12 is either an
absorbed source or an X-ray binary.

The X-ray luminosity of source #12 is consistent with the accretion luminosity of even
a 10 solar-mass black hole in quiescence. On the basis of the X-ray spectra, there is no real
clue to distinguish between an intermediate-mass black hole and low mass X-ray binary.
Source #12 has a power-law spectrum with � ⇡ 1.9 which is consistent with the spectra of
quiescent stellar-mass BH which have � ⇡ 2.0 (Hameury et al., 2003; Corbel et al., 2006,
2008), but is also consistent with the spectrum expected from a quiescent intermediate-
mass black hole. Thus, the localisation, the source categorisation of Jenkins et al. (2005),
and the X-ray spectrum all favour source #12 as the best candidate to be considered for
further analysis as a potential intermediate mass black hole.

3.4.2 Upper Limit on the Mass of the Central Black Hole

The fundamental plane of accreting black holes is a relationship between X-ray luminos-
ity, radio luminosity and black hole mass (Merloni et al., 2003; Falcke et al., 2004). The
relations between mass accretion rate and radio luminosity has been studied for black
hole X-ray binaries and low luminosity active galactic nuclei. It is found that the X-ray
luminosity is uniquely determined by the black hole mass and radio luminosity via a
linear equation in logarithm space. This relationship is referred as ”the black hole funda-
mental plane”. It is valid for hard state objects i.e. for objects accreting at low Eddington
value. This relation requires radiatively inefficient accretion, like advection dominated
or jet dominated accretion flows.

If one investigates in more detail whether the X-ray source satisfies the criteria for ra-
diative inefficiency, as required for application of the fundamental plane (Körding et al.,
2006a), we can conclude, that even if M = 10 M�, the ratio of X-ray luminosity to Edding-
ton luminosity, LX/LEdd ' 10�6. So, the source needs to be accreting at a low Eddington-
fraction. Taking this into account and assuming that the central source is a black hole, we
can set constraints on the mass of the black hole using the relationship found by Merloni
et al. (2003):

log M = 1.28 log LR � 0.76 log LX � 9.39 (3.1)
or the similar relation found by Körding et al. (2006a):

log M = 1.55 log LR � 0.98 log LX � 9.95. (3.2)

We note that the relation (Eq. 3.2) found by Körding et al. (2006a), which considered
flat spectrum, low-luminosity radio sources, such as those we expect in the centre of
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dwarf galaxies or globular clusters, more likely reflects the present case. However Eq. 3.1
provides results that are consistent within the uncertainties. As Eq. 3.2 gives a higher
mass and has less scatter than Eq. 3.1 (even than the equation found by Gültekin et al.
(2009)), we use the value given by Eq. 3.2 in all subsequent analysis.

Inserting the measured X-ray luminosity (LX ) of source #12 and the measured upper
limit on its radio luminosity (LR) into Eq. 2 leads to an upper limit for the mass M of the
central black hole of < 735 M�. However, we must consider the intrinsic scatter in the
measured fundamental plane relation of 0.12 dex (⇠ 32 per cent) within one � (and the
uncertainty of the distance). Therefore the result is M < 735 ± 244 M�. We adopt the 3-�
upper limit, ⇡ 1500M�, as a conservative limit on the black hole mass.

If source #7 actually lies at the cluster centre of gravity instead source #12, then we
note that source #7 has a harder spectrum than #12, being still consistent with a low
luminosity accreting black hole and that the difference between their X-ray flux is a factor
of 2. Thus, this would not change the results described above. If none of the X-ray sources
are associated with the cluster centre of gravity, then we can not use the fundamental
plane to obtain a limit on the black hole mass.

3.4.3 Bondi-Hoyle Accretion

In this section, we investigate more in detail the consistency of the X-ray emission of
source #12 with Bondi-Hoyle accretion and compare NGC 6388 with the cluster G1. For a
black hole of mass M moving with velocity v through gas with hydrogen number density
n and sound speed cs, the expected accretion rate via the Bondi-Hoyle process (Bondi &
Hoyle, 1944) is

Ṁ ' 4⇡(GM)2mpn(v2 + c2
s)

�3/2 (3.3)

where mp is the proton mass (Pooley & Rappaport, 2006). The expected X-ray luminosity
is then

LX ' ✏ · ⌘ · Ṁc2 (3.4)

and parametrized for NGC 6388 is

LX ' ✏ · ⌘ · 8.8 · 1036

✓
MBH

103M�

◆2✓ V

15km/s

◆�3 ⇣ n

0.1

⌘ erg

s
(3.5)

where V denotes (v2 + c2
s)

1/2, ✏ is the efficiency for converting accreted mass to radiant
energy in the accretion flow of the black hole, and ⌘ indicates the fraction of the Bondi-
Hoyle accretion rate that is accreted by the black hole.

The intracluster gas density can vary in the ⇠ 0.1�1 cm�3 range (Pooley & Rappaport,
2006). For NGC 6388 the gas density is not measured. Ionised gas with an electron
density of n ' 0.1 cm�3 has been detected in the globular cluster 47 Tuc (Freire et al.,
2001). Recent studies on their stellar populations find similar ages for NGC 6388 as 47
Tuc (Moretti et al., 2009), therefore we set n = 0.1 cm�3 for NGC 6388. (However a higher
gas content may be expected for NGC 6388). We also set v=0 km/s and cs = 15 km/s.

Now, the key factors determining the luminosity are the radiative efficiency of ac-
cretion (✏) and the fraction of Bondi-Hoyle accretion rate that reaches the black hole (⌘).
Considering our previously obtained 3-� upper limit on mass of ⇠1500 M� and taking
⌘ = 1, we find that the lowest allowed radiative efficiency is ✏ ' 10�4, similar values
have been found for other systems in the radiatively inefficient regime (Fender et al.,
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2003; Körding et al., 2006b). The highest value of radiative efficiency can be taken as 0.1,
i.e. for a radiatively efficient Schwarzschild black hole. So, ✏ can vary in the [10�4, 0.1]
range.

Perna et al. (2003) showed that the lack of detection of isolated neutron stars accreting
from interstellar medium implies a fraction of Bondi-accretion of the order of 10�3 �
10�2, see also (Pellegrini, 2005). However, there is evidence that the central black hole
of globular clusters can accrete at a higher fraction of the Bondi-rate than suggested by
Perna et al. (2003).

G1 is an enigmatic star cluster in M 31 thought by some to be a globular cluster, but by
others to be the core of a stripped dwarf galaxy (Meylan et al., 2001) and contains multiple
stellar populations. Dynamical evidence in G1 suggested the presence of a 20 000 solar
mass black hole (Gebhardt, Rich & Ho 2002, 2005). X-ray observations revealed an X-
ray source with a 0.2–10 keV luminosity of 2 · 1036 erg s�1 (Trudolyubov & Priedhorsky,
2004) and (Pooley & Rappaport, 2006). A radio source was also detected at the location
of the core of the cluster of G1. The measured radio flux (28 µJy) was in good agreement
with the predictions (30 and 77 µJy) (Maccarone & Koerding, 2006; Ulvestad et al., 2007).
Although, Kong et al. (2010) find that the X-ray emission is still consistent with a single
X-ray binary or a collection of X-ray binaries.

Ulvestad et al. (2007) find the most plausible scenario is that G1 accretes at closer to
0.1 of the Bondi-rate with a radiative efficiency under 0.01. It is therefore possible that
the fraction (⌘) of the Bondi-Hoyle accretion is as high as 0.1.

Taking the value - as there is no evidence for pulsar detection in NGC 6388 - obtained
by Perna et al. (2003) (see also (Pellegrini, 2005)) as a low end and the value of G1 as a
high end, the fraction of the Bondi-rate (⌘) can vary on the [10�3, 0.1] range.

Now, we discuss two scenarios: first, we set the fraction of the Bondi-rate to ⌘ = 0.1
and we assume inefficient accretion (✏ = 10�4) and secondly, we set ⌘ = 10�3 and we
assume efficient accretion (✏ = 0.1). Using Eq. 3.5, other cases will lead lower values
of black hole mass than derived from the fundamental plane. In order to reproduce the
measured X-ray luminosity (by using Eq. 3.5), the first scenario will give an estimate of
⇠3070 M� for the mass of the putative central black hole mass. Such a black hole mass
is inconsistent with the derived mass on the fundamental plane. Additionally, this value
is even higher than the value of 2600 M�, which one can obtain considering the raw esti-
mate that, the black hole mass is 1/1000 of the total stellar mass (2.6 · 106 M�; (Lanzoni
et al., 2007)) of the globular cluster (Miller & Hamilton, 2002); therefore this scenario is
less favourable. The second scenario will result in a black hole mass of ⇠970 M�. This is
formally consistent with the one-sigma value derived from the fundamental plane. Al-
though, given the high uncertainties of ✏ and ⌘ and the intrinsic scatter of the fundamental
plane, our conservative upper limit on the mass of the putative intermediate-mass black
hole is 1500 M�, the 3-� upper limit derived from the fundamental plane.

3.5 Summary and Conclusions

Lanzoni et al. (2007) reported the possible presence of a black hole with a mass of 5700
± 500 M� at the centre of the globular cluster NGC 6388. Chandra and XMM-Newton
observational data analysis were carried out by Nucita et al. (2008). Removing the pixel
randomisation allowed us to identify a unique source coincident with the cluster centre
of gravity with properties consistent with those expected for a black hole accreting at a
low rate. With the X-ray detection and optical surface density fit, the only missing piece
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of the puzzle was a radio detection. On the basis of the X-ray luminosity, Nucita et al.
(2008) predicted an upper limit of < 3 mJy radio flux on NGC 6388. Deep radio obser-
vations with the Australia Telescope Compact Array allowed us to reach a sensitivity of
27µJy/beam, but did not reveal any radio sources within the cluster. We interpreted the
radio non-detection by using the fundamental plane relating the radio and X-ray prop-
erties of black holes accreting at low rates, assuming that the X-ray flux is related to a
black hole accretion luminosity. We obtained an upper limit on the black hole mass of
M < 735 M�± 244 M� (1�). Taking into account the uncertainties on the radiative effi-
ciency of accretion and on the fraction of Bondi-Hoyle accretion rate reaching the black
hole, we concluded that the centre of NGC 6388 can not host a black hole with a mass in
excess of 1500 M� at a 3� confidence level.

More recent and deeper radio observations with the ATCA have been performed by
Bozzo et al. (2011) due to the CABB upgrade (Wilson et al., 2011).They found a more strin-
gent upper limit on the mass of the central BH of 600 M�, which is a factor of 2.5 lower
than my previously reported value. On the other hand, Lützgendorf et al. (2011) reports
a black hole mass of (17 ± 9) ⇥ 103 M�, much higher than reported by Lanzoni et al.
(2007). They estimate the mass using new spectroscopic data, containing integral field
unit measurements, providing kinematic signatures in the center of the cluster and also
photometric data that give information of the stellar density. Their value estimated from
surface density profile fitting and also from the M-� relationship seems to be consistent.

Any radio emission certainly could trace only the accretion signature of any kind
of black hole. However, because in globular clusters the gas content is pretty low, the
presence of low-accretion or quiescent black holes is not surprising. One can solve the
discrepancy between the mass estimates between the two methods by simply checking
the required accretion rate from a (17 ± 9) ⇥ 103 M� black hole. This high mass indicates
that both, the radiative efficiency and the Bondi-rate are small. Furthermore this mass
would imply very small values of radiative efficiency of 10�4 and of the Bondi-rate of
10�3. Additionally, this mass would imply an accretion rate of 10�10 in Eddington units,
if accretion does not happen via the Bondi-Hoyle process, and in this accretion regime
the fundamental plane has never been tested. Wrobel et al. (2011) also estimates accretion
rates of 10�10 for the globular cluster M54. These accretion rates certainly indicate black
holes in quiescence. However, Sgr A, A0620, V404 Cyg show radio emission at accretion
rates of 10�9 (Corbel et al., 2008), which could indicate that accretion does not happen
via an accretion disk in globular clusters. On the other hand, radio observations cannot
exclusively rule out the presence of an IMBH which is accreting at very low Eddington
rates, or being in quiescence in the sense of Bondi-accretion.
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This chapter is based on the content of my paper (Cseh et al., 2011).

Broad Components in Optical Emission Lines from the Ultraluminous X-ray
Source NGC5408 X-1

D. Cseh, F. Grise, S. Corbel, P. Kaaret
2011, ApJ, 728, L5

In this Chapter, I present a high-resolution optical spectra of the ultraluminous X-ray
source NGC 5408 X-1. It shows a broad component with a width of ⇠750 km/s in the
HeII and H� lines in addition to the narrow component observed in these lines and [O
III]. A new analysis of moderate-resolution spectra shows a similar broad component in
the HeII line. The broad component likely originates in the ULX system itself, probably
in the accretion disk. The central wavelength of the broad HeII line is shifted by 252 ±
47 km/s between the two observations. If this shift represents motion of the compact
object, then its mass is less than ⇠1800 M�. Furthermore, I briefly discussed the future
steps of reducing uncertainties in the parameter space of the binary system. This system
might serve as a unique possibility to dynamically constrain the mass of a ULXs.
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4.1 Introduction

Figure 4.1: The image is taken from Kaaret & Corbel (2009) and shows the spectrum of the optical
counterpart of NGC 5408 X-1. The dereddened flux is plotted vs. redshift-corrected wavelength.

NGC 5408 X-1 is one of the best intermediate mass black hole candidates because it
powers a radio nebula requiring an extremely energetic outflow (Kaaret et al., 2003; Soria
et al., 2006a; Lang et al., 2007). In addition, the photoionized nebula requires an X-ray
luminosity above 3 ⇥ 1039 erg s�1 (Kaaret & Corbel, 2009). Also, quasi-periodic X-ray
oscillations at low frequencies could suggest a high compact object mass (Strohmayer
et al., 2007).

The optical counterpart to NGC 5408 X-1 was identified by Lang et al. (2007) and opti-
cal spectra were obtained by Kaaret & Corbel (2009). Optical emission (Fig. 4.1) can arise
either from a companion star, from an accretion disk or from a nebula surrounding the
compact object. A blue or hot continuum and broad emission lines would be indicative
of optical emission from the accretion disk. Also, the observed continuum emission may
arise from a nebula or reprocessing of X-rays in an accretion disk. The study by Kaaret
& Corbel (2009), showed that there is no sign of any absorption lines. Instead, we found
high excitation lines, many of which are forbidden, indicating that the optical light arises
from a surrounding nebula that is X-ray and UV photoionized by a central source that
is truly ultraluminous; does not require significant beaming. The continuum emission is
consistent with an accretion disc.

Kaaret & Corbel (2009) found that the HeII line from NGC 5408 X-1 was broader
than the forbidden lines. Permitted lines produced in the high-density environment of
an accretion disk can be broad, reflecting the distribution of velocities within the optical
emitting regions of the disk. Furthermore, since the accretion disk moves with the com-
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Figure 1: Best fits for the simultaneous Chandra/HST X-ray - UV/optical/NIR data of NGC
5408 X-1 (Grisé et al. 2012, ApJ). Two accretion disk models extrapolated from the X-ray data
fit to lower energies are shown in green (dot-dashed line) and in blue (dashed line). They
underestimate the UV/optical/NIR fluxes. The best fitting model is an irradiated disk (red line)
that explains both the high energy and low energy data. The spectrum of a B0I supergiant star
(from the Castelli and Kurucz stellar atmosphere models, Castelli et al. 2004) is overplotted in
orange. It fits the HST data as well as the irradiated disk model. Note that the apparent gap
between 100 and 1000 Å is due to the extinction.

6

Figure 4.2: This image is taken from (Grisé et al., 2012) and shows the SED of NGC5408 X-1. The
green, solid line corresponds to a B0I supergiant, while the red, solid line corresponds to disk
irradiation model.

pact object, the line velocity shifts may provide means to constrain the compact object
mass. This technique was demonstrated by Hutchings et al. (1987) and Soria et al. (1998).
for the persistent black hole candidate LMC X-1.

4.1.1 Difficulties in Dynamical Mass Constraints

The most prominent difficulty arises from the fact that nearby ULXs are at a distance
of 3-5 Mpc. This results in dim (V⇠22-24 mag) optical counterparts. Also, Tao et al.
(2011) studied the variation and color of ULX counterparts using archival Hubble Space
Telescope data. They found that the flux of the counterparts are consistent with disk irra-
diation and there are only two cases (from 13) where the counterpart could be consistent
with a donor star.

Similarly, a detailed observational campaign covering X-rays, UV, optical and infrared
revealed that the SED of NGC 5408 X-1 (Fig. 4.2) can be consistent with a B0I supergiant
as well as with disk irradiation. Therefore, it is likely that the majority of ULXs act like
low-mass X-ray binaries (LMXBs) in terms of their optical spectra is dominated by disk
irradiation. Also, we note, there are two other ULXs whose optical spectrum possess
absorption lines from a donor: P13 (Motch et al., 2011) and M101 ULX-1. However, in
these cases the ULXs just hit the definition value of 3 ⇥ 1039 erg/s X-ray luminosity,
therefore they might not be representatives of bona fide ULXs.

On the other hand, given the lack of absorption lines, one has to find alternative ways,
such as the He II line. Despite the fact that it was shown that the He II line can trace the
orbital motion of certain binary systems, counterexamples as shown in Fig. 4.3 do exist.
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Fig. 2 Observed radial velocity shifts of the ULX coun-
terparts relative to the bubble nebulae, measured from the
broad He II 4686 Å line, over the observation campaign.
Top panel: Ho IX X-1. Lower panel: NGC 1313 X-2.

5 observations, in late December 2009 and February 2010.
Details of the data analysis will be presented by Gladstone
et al. (in prep.). In brief, spectra were extracted for both the
counterpart, and for the surrounding nebula. The redshift of
the region containing the ULX was constrained from the
(off-ULX) nebular emission line spectrum for each obser-
vation, and this was then used as a fiducial marker to search
for relative changes in the He II 4686 Å line centroid from
the contemporaneous counterpart spectrum.

3 Provisional results

The results we present here are based on an initial analysis
of the data, and focus primarily on NGC 1313 X-2. A fur-
ther, more complete analysis is in preparation by Gladstone
et al. and Roberts et al.

The preliminary results show that the campaignwas suc-
cessful on one count: we detected the anticipated shifts in
the He II 4686 Å line with respect to its local vicinity (see
Fig. 2), measuring velocity shifts of ±100 km s�1 for Ho
IX X-1, and up to ⇠ 200 km s�1 for NGC 1313 X-2. How-
ever, the data was not consistent with sinusoidal variations
in either case. Simple sinusoid fitting to both datasets re-
sulted in poor fits, with P = 1.73 days, K = 77 km s�1

and �2
� ⇠ 5 for Ho IX X-1; and P = 3.01 days, K =

Fig. 3 He II 4686 Å line profiles from the NGC 1313 X-2
data. The best fitting Gaussian profile is shown as a solid
blue line, and the data residuals to this fit as a dashed blue
line below the data. The vertical dashed and dotted lines
show the rest wavelength and the line centroid, respectively.
The relative flux is shown with the peak line flux normalised
to unity for all good (� 9�) line detections. The last two
detections have lower statistical significances, of 4 and 6�
respectively.

61 km s�1 and �2
� ⇠ 4 for NGC 1313 X-2. Given the lack

of evidence for sinusoidal (i.e. orbital) variations in the data,
we must therefore conclude that the data does not provide a
new, solid constraint on the mass function for either object.

Despite the lack of mass function measurements, the
data does reveal interesting behaviour from the ULX coun-
terpart. One notable feature is the highly variable nature
of the broad He II 4686 Å line. In Fig. 3 we show the
profile of this line in the 10 separate observations of NGC
1313 X-2. Over these observations, its FWHM varies from
a peak of ⇠ 900 km s�1 down to the instrumental resolu-
tion (< 290 km s�1), with variations of factor 2 seen in 24
hours. This dramatic variability implies at the minimum that
the broadHe II emission must be originatingwithin 24 light-
hours of the ULX.

Such variations might come from X-ray reprocessing in
the outer regions of the accretion disc. If so, the broad lines

www.an-journal.org c� 2006 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim

Figure 4.3: This image is taken from (Roberts et al., 2011), showing the ”radial velocity curve” of
ULXs Holmberg IX X-1 (top) and NGC 1313 X-2 (bottom).
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In these cases, the He II line does not trace the orbital motion, because the wavelength
shift of the lines are aperiodic. This could be due to several reasons, such as the random
motions in the disk, the He II line may originate other sites than the disk, or the nebular
and disk component of the He II line is blurred due to insufficient spectral resolution, or
due to differing viewing geometries of the system.

To study the HeII line profile of NGC 5408 X-1 in more detail, we obtained new ob-
servations using the FORS-2 spectrograph on the European Southern Observatory Very
Large Telescope (VLT) with a high resolution grism and reanalyzed our previous FORS-1
observations (Kaaret & Corbel, 2009).

4.2 Observations and Analysis

FORS-2 observations of NGC 5408 X-1 were obtained on 12 April 2010 using the GRIS 1200B
and GRIS 1200R grisms with a slit width of 1.000 covering the spectral range 3660�5110
Å and 5750�7310 Å with dispersion 0.36 Å pixel�1 and 0.38 Å pixel�1 and spectral res-
olution �/�� = 1420 and �/�� = 2140 at the central wavelength, respectively. The
observation block (OB) consisted of three 849 s exposures with a 12 pixel offset along the
spatial axis between successive exposures. CCD pixels were binned for readout by 2 in
both the spatial and spectral dimensions. We also reanalyzed all six OBs of the previous
FORS-1 observations (Kaaret & Corbel, 2009), hereafter the low resolution data (LRD),
taken using the GRIS 600B grism which has a spectral resolution of �/�� = 780 at the
central wavelength and with three shifted exposures per OB. The average seeing for our
new observations was 0.72 and 0.62 arcsecond for the blue and red spectra, respectively.
The average seeing of the six OBs of the LRD were 0.87, 0.82, 0.96, 1.28, 0.64, 0.57 arcsec-
ond, respectively.

Data reduction was carried out using the Image Reduction and Analysis Facility
(IRAF)1 (Tody, 1993). First, we created bias and flat-field images, then applied these to
correct the spectrum images. The three exposures in each OB were aligned then averaged
to eliminate bad pixels and cosmic rays using the imcombine task with the ccdclip re-
jection algorithm.

As the continuum emission of the ULX counterpart is faint, we could not trace its
spectrum. Following Kaaret & Corbel (2009), we used the bright nearby star at 2MASS
(Skrutskie et al., 2006) position ↵J2000 = 14h03m18.s97, �J2000 = �41�22056.006 as a ref-
erence trace. The trace position on the spatial axis varied less than half a pixel along
the whole length of the dispersion axis. The trace for the ULX counterpart was cen-
tered on the HeII �4686 emission line profile. The smallest possible trace width, 2 pixels
corresponding to 0.500, was used to best isolate the ULX emission from the nebular emis-
sion. Background subtraction was done with a nearby trace. The HgCdHeNeA lamp and
standard star LTT7379 were used for wavelength and flux calibration. An atmospheric
extinction correction was applied using the IRAF built-in Cerro Tololo Inter-American
Observatory (CTIO) extinction tables. To estimate the reddening, we used the Balmer
decrement of H�/H�, we find E(B � V ) = 0.08 ± 0.03 in agreement with Kaaret & Cor-
bel (2009). We corrected for reddening using the extinction curve from Cardelli et al.
(1989) with RV = 3.1.

To study the kinematics, we need to characterize the instrumental resolution in order

1IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universi-
ties for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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to obtain intrinsic line widths. After applying the dispersion correction to the lamp spec-
trum, we measured the full width at half maximum (FWHM) of several lines, excluding
saturated ones, by fitting Gaussians with the IRAF splot subroutine. The instrumental
FWHM was 2.24 Å and 5.08 Å for the high and low resolution data, respectively. The
error on the instrumental FHWM was estimated by finding the standard deviation of the
FWHM for several different lines.

For the HeII, H� and [OIII] emission lines, see Fig. 4.4, 4.5, 4.6 and Table 5.3, we first
fitted the continuum with a second order polynomial to a region around each line ex-
cluding the line itself by visual examination. We estimated the measurement errors by
calculating the root mean square deviation of the data in the same region. Then, we per-
formed a non-linear least squares fit using the LMFIT subroutine of the Interactive Data
Language version 7.0 and based on ”MRQMIN” (Press et al., 1992). We fitted the line
profiles iteratively, first using one Gaussian which converged on the narrow component,
then using a sum of two Gaussians with initial parameters adjusted to achieve conver-
gence. All six parameters in the two Gaussian fit were free to vary. The errors on the
parameters were calculated by the fitting routine in a way that the uncertainty for the
ith parameter derives from the square-root of the corresponding diagonal element of the
covariance matrix. The intrinsic line width was calculated assuming the measured line
width is the quadrature sum of the intrinsic and instrumental widths and the error on
the intrinsic line width included a term for the uncertainty in the instrumental FHWM.

For the H↵ line, we fitted the sum of four Gaussians, because the [NII] lines lie on
the red and blue parts of the line wing. Initial fits to the H↵ and red [NII] lines provided
initial values for a fit with four Gaussians. Because the blue [NII] line has very low signal
to noise ratio, the widths of the two [NII] lines were set equal, the wavelength offset
was fixed at �35.44 Å, and the amplitude of the blue line was set to 1/3 of the red line
(Osterbrock & Ferland, 2006).

4.3 Results

The improved resolution of the new data clearly resolves a broad component in the HeII
line profile, see Fig. 4.4, 4.5, 4.6. and Table 5.3. The centroid is shifted from the nebular
component by +0.87±0.26 Å in the red direction. We also searched for broad components
in other lines. H� has a broad component with a FWHM similar to the HeII line but
shifted by �0.52 ± 0.32 Å towards the blue, rather than the red. In contrast, a single
Gaussian provides a good fit to the forbidden [OIII] line and there is no evidence for a
broad component, as expected if the line is emitted only from the nebula.

Then we fitted the HeII line profiles of the six OBs of the LRD, see Fig. 4.7, 4.8, 4.9 and
Table 5.3. The flux variation of the overall line profiles correlates with the seeing, e.g. OB5
has the best seeing and the highest flux. We detected a broad component in the HeII line
in OB3, OB5, and OB6. We did not significantly detect a broad component in OB1, OB2
and OB4. This may be due to seeing or variations in the flux of the broad component.

We note that Kaaret & Corbel (2009) reported lower fluxes for HeII, [NeV], and the
continuum emission for OB4 (with by far the worst seeing) as compared to the other
OBs, while the other line fluxes remained relatively constant. Our new analysis suggests
that this is due to changes in the seeing. If the emitting region is smaller than the 0.5100
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Figure 4.4: HeII line from the new, high resolution data. Result of line fit with two Gaussian
components are shown as the separate components plotted with dashed-dot lines and the overall
fit plotted with dashed lines.

Table 4.1: Line fit results.
Line Wavelength (Å) FWHM (Å) Flux Velocity (km s�1) �2

⌫

HeII 4693.75 ± 0.04 2.54 ± 0.14 3.39 ± 0.13 76.3 ± 3.4 0.94
4694.62 ± 0.26 11.98 ± 0.74 1.19 ± 0.10 752.0 ± 46.4

H� 4869.73 ± 0.01 2.28 ± 0.05 8.37 ± 0.11 25.2 ± 3.3 1.08
4869.21 ± 0.32 12.49 ± 0.94 0.71 ± 0.07 756.9 ± 57.5

[O III] �4959 4967.52 ± 0.01 2.48 ± 0.03 8.42 ± 0.08 64.6 ± 1.7 1.08
HeII OB3 4693.90 ± 0.15 5.15 ± 0.52 1.34 ± 0.19 52.0 ± 33.3 1.04

4692.08 ± 0.77 11.09 ± 1.44 0.56 ± 0.20 630.5 ± 91.8
HeII OB5 4693.80 ± 0.12 5.81 ± 0.41 1.74 ± 0.17 179.8 ± 25.7 1.03

4690.03 ± 1.43 11.75 ± 1.33 0.49 ± 0.13 678.0 ± 84.7
HeII OB6 4693.97 ± 0.12 5.56 ± 0.46 1.70 ± 0.23 143.7 ± 29.5 0.95

4689.94 ± 1.70 10.82 ± 1.55 0.53 ± 0.15 610.7 ± 98.9
HeII AVG 4693.89 ± 0.08 5.50 ± 0.26 1.58 ± 0.10 135.0 ± 16.6 1.15

4690.82 ± 0.68 11.47 ± 0.73 0.53 ± 0.09 657.5 ± 46.3
The table gives the: line identification, central wavelength, measured FWHM, flux in units of 10�17 erg cm�2

s�1, intrinsic FWHM in velocity units, and �2
⌫ of the line profile fit. The first row for each spectral line shows

the parameters of the narrow component and the second row shows the parameters of the broad component
(except for [O III]).
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Figure 4.5: H� line from the new, high resolution data. Result of line fit with two Gaussian com-
ponents are shown as the separate components plotted with dashed-dot lines and the overall fit
plotted with dashed lines.

slit used for the LRD, then poor seeing will decrease the flux through the spectrometer.
If these emission components are enhanced close to the ULX system while the other line
emission is uniform, then the poor seeing in OB4 would produce the observed changes
in flux. Thus, there is no evidence for temporal variability of the continuum or line emis-
sion. However, the subtraction performed by Kaaret & Corbel (2009) to isolate contin-
uum emission arising from near the ULX is still justified; the separation of components
is spatial instead of temporal.

The HeII line parameters are consistent between OB3, OB5, and OB6. The wavelength
shifts of the HeII broad component of OB3, OB5 and OB6 relative to the narrow compo-
nent are �1.82±0.78 Å, �3.77±1.44 Å and �4.03±1.70 Å into the blue direction instead
of the red as in the HRD, and are consistent within one �. We averaged the spectra for
these three observations and fit the resulting line profile. The fit results are listed as HeII
AVG in Table 5.3. The shift of average line profile is �3.07 ± 0.68 Å.

The HeII broad component width is consistent between the new and old data. The
narrow component is wider in the old data because we do not resolve the nebular lines.
The line fluxes are higher in the new data, most likely due to the wider slit. The centroids
of the narrow component are consistent, while the wavelength shift of the HeII broad
component between the old and new data is�� = 3.94 ± 0.73 Å.

Fitting the H� line of the LRD, we did not get a good fit, due to the lack of spectral
resolution and the low broad to narrow flux ratio. We could not fit the bluer Balmer lines
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Figure 4.6: [O III] line from the new, high resolution data. Result of line fit with a single Gaussian
component is shown.

because of their low S/N ratios. We did fit the H↵ line in the new data. Although we do
not obtain a good fit (�2

⌫ = 4.9) because of the complicated line profile (i.e. the two [NII]
lines lie on the red and blue wing of the H↵ line), we find that there is a broad component
with a width of 19 Å, while the width of the nebular component is 2.7 Å. The [NII] lines
are narrow, with a typical width of 3 Å, quantitatively supporting that the forbidden,
nebular lines do not have broad components.

4.4 Discussion

Our new, high-resolution spectra show narrow nebular lines and broad components in
the HeII, H�, and H↵ lines. Our previous, moderate-resolution spectra show a broad
component in the HeII line. There is no broad component in the [O III] nebular lines in
either the new or old spectra. There is still no sign of any absorption lines in the new
spectra.

4.4.1 The Line Emitting Region

The broad components of both HeII and H� have widths ⇠750 km/s, consistent with
production in the accretion disk, and are roughly Gaussian, instead of having P-Cygni
profiles that would indicate origin in a wind. Following Porter (2010), we estimate the
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Figure 4.7: HeII line from the low resolution data: OB3. Result of line fit with two Gaussian
components are shown as the separate components plotted with dashed-dot lines and the overall
fit plotted with dashed lines.

size of the line-emitting region, Rle, by assuming the line-emitting gas is in Keplerian
orbits around a compact object, thus

Rle  GM/v2 (4.1)

We find Rle < 2.35
⇣

MBH
1500 M�

⌘
AU, which for a mass of 10 M� would give an upper limit

of 3.4 R�. This is consistent with origin of the broad HeII line in the accretion disk.
The broad line components are shifted relative to the narrow components. In the

new data, the shifts are small compared to the line width, +56 ± 17 km/s for HeII and
�33 ± 20 km/s for H�. These shifts are consistent only at the 3� level, which might
indicate a difference in the spatial origin of the lines. However, this is still consistent
with production of both lines within the disk since random motions within the disk and
variation between the emission regions could produce shifts that are small compared to
the line widths, as observed.

The central wavelength of the HeII broad component shifts markedly between the
odld and new data,�� = 3.94±0.73 Å or�v = 252±47 km/s. This shift is a substantial
fraction of the line width. The shift could be due to random motion within the disk,
differing viewing geometries (Roberts et al., 2011), or orbital motion of disk (and the
compact object). Alternatively, the shift could be due to a disk wind or a photoionized
stellar wind. If the shifts in the broad component of the HeII line are due to orbital
motion, then this would provide a means to determine the orbital period and would also



60 4.4. DISCUSSION

Figure 4.8: HeII line from the low resolution data: OB5. Result of line fit with two Gaussian
components are shown as the separate components plotted with dashed-dot lines and the overall
fit plotted with dashed lines.

provide a measurement of the mass function for the secondary star. Thus, a program of
monitoring NGC 5408 X-1 with high-resolution optical spectroscopic observations would
be important in extending our understanding of the physical nature of this system.

4.4.2 The Binary System

In this section, we make some speculations based on interpretation of the shift in the
broad component of the HeII line as due to orbital motion. One can express the mass
function and the compact object mass, Mx, in terms of the orbital period, P , the velocity
excursion, Kx, and the companion mass, Mc, as
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where i is the inclination angle and G is the gravitational constant. From the shift of
the HeII line quoted above, we constrain the semi-amplitude of the radial velocity Kx �
�v/2 = 126 ± 24 km/s. Thus, if the maximum mass of the companion and the orbital
period are known, then Eq. 2 leads to an upper bound on the mass of the compact object.
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Figure 4.9: HeII line from the low resolution data: OB6. Result of line fit with two Gaussian
components are shown as the separate components plotted with dashed-dot lines and the overall
fit plotted with dashed lines.

The binary system has a visual magnitude v0 = 22.2 that gives an upper limit on the
absolute magnitude of the companion of V0 = �6.2 at a distance of 4.8 Mpc (Karachent-
sev et al., 2002). Unfortunately, this places little restriction on the companion mass as
even O3V stars, with masses of 120 M�, are allowed. However, very high mass stars
have very short lifetimes, no more than a few million years. There is no evidence of a
dense stellar association near NGC 5408 X-1 and origin in the closest super-star cluster
would require a transit time to the present location on the order of 30 Myr (Kaaret et al.,
2004a). Thus, the companion mass is likely significantly lower, near 20 M� or less similar
to found from studies of the stellar environments of other ULXs (Grisé et al., 2008, 2011).
Figure 4.10. shows the upper bound on the compact object mass for donors of 120 M�
and 20 M� as a function of orbital period. High black hole masses are excluded, except
for very short periods. We note that the HeII line shift was the same in OB3 versus OB5
and OB6, taken one day apart, suggesting that the period is longer than few days. Thus,
the black hole mass is likely below ⇠1800 M�. The more probable companion mass of
20 M� or less would imply smaller black hole masses, less than 112 M�.

As a further constraint, we note that the orbital separation should be larger than the
size of the emitting region, calculated above. Assuming a circular orbit, the orbital sepa-
ration of the compact object is

a =

✓
G(Mc + Mx)P 2

4⇡2

◆ 1
3

(4.4)
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Figure 4.10: Properties of the binary system as a function of orbital period. The two solid lines
show the mass of the compact object; the upper line is for an 120 M� donor and the lower line is
for a 20 M� donor (left vertical scale). The orbital separation is shown as dotted lines with values
read on the right vertical scale; the upper line for an 120 M� and the lower is for 20 M� donor
(right vertical scale). The two dashed lines show the upper limit on the size of the line-emitting
region; the upper line is for an 120 M� donor and the lower line is for a 20 M� donor (right
vertical scale). The intercept of the dotted and dashed lines provides a limit on the period and
consequently on the mass of the black hole.

Figure 3. shows the the orbital separation as a function of period. Also shown is the size
of the line-emitting region, Rle, versus period. Both are calculated using the maximum
black hole mass for each period assuming an 120 M� or 20 M� donor. The orbital sep-
aration is greater than the upper limit of the size of the line-emitting region when the
compact object mass is below 875 M� for an 120 M� companion and below 128 M� for a
20 M� companion. These masses are reduced if the inclination is lowered. These results
suggest that the most probable black hole mass is at most a factor of several above the
usual stellar-mass black hole range.

Strohmayer (2009) proposed an orbital period of P = 115.5 ± 4.0 days for NGC 5408
X-1, based on variations in the X-ray emission. With P = 115.5 days, the mass function
is fx = 24.0± 13.4 M�, implying a lower bound on the companion mass Mc � 10.6 M�.
It is interesting to determine if this period is consistent with other constraints on the
system. An orbital period of P = 115.5 ± 4.0 days would require a mean stellar density
of ⇢ = 1.5⇥10�5 g cm�3 and, thus, a supergiant companion if mass transfer proceeds via
Roche-lobe overflow (Kaaret et al., 2006; Strohmayer, 2009). In particular, late F and early
G supergiants have densities close to that required, although we caution that the high
mass transfer rate needed to power the ULX may distort the spectral type of the star.
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Figure 4.11: The image is adapted from Grisé et al. (2012) and shows a massive star forming region
near NGC 5408 X-1.

Such stars have masses of 10–12M�, consistent with the minimum mass derived from
the mass function, and absolute magnitudes close to or below the upper limit quoted
above. The stellar radii are large, up to 0.7 AU, but smaller than the orbital separation for
this period and mass. However, a companion mass so close to the lower bound on the
mass function would require a very low mass compact object. For a companion mass of
10–12 M�, the compact object would have to be below 1 M�, which seems unlikely. For
a 5 M� black hole, one would need a donor of about 17 M� if the system is edge on. A
higher black hole mass or a less extreme inclination would require an even higher mass
companion. These high companion masses contradict the required stellar density; there
is no star with both Mc � 17 M� and ⇢ ⇠ 1.5 ⇥ 10�5 g cm�3. Thus, either the orbital
period is not near 115 days or mass transfer does not proceed via Roche-lobe overflow.
We note that Foster et al. (2010) have suggested that 115 day periodicity may, instead,
indicate a super-orbital period.

4.5 Conclusions: Towards a More Constrained Parameter Space

In summary, I set constraints on the binary system, in particular on the mass function and
orbital separation. However, the orbital period was not well constrained leading to high
uncertainties in the parameter space. In the near future, I will rely on more measurement
points in the velocity curve with a forthcoming ESO VLT program, and which will im-
prove the constraints. Also, recently Grisé et al. (2012) studied a massive star forming
region (SFR) nearby NGC5408 X-1 (Fig. 4.11). Using the color information of the stars,
we found that the SFR contains young massive stars. Therefore, it is likely that the ULX
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8. Description of the proposed programme and attachments

Fig. 1: The wavelength shift of the broad (accretion disc) component relative to the narrow (nebular) component
of the He II line is plotted against time. The plotted function is f(t) = A sin(2⇡(t�t0)/P ), where the amplitude
is A=1.65 Å, and the putative orbital period is P=20 day. The plot involves all high resolution observations: a
single observation from 2010 and our recent observations in 2011.

Fig. 2: The wavelength shift of the broad (accretion disc) component relative to the narrow (nebular) component
of the He II line is plotted against time. The plotted function is f(t) = A sin(2⇡(t�t0)/P ), where the amplitude
is A=1.65 Å, and the putative orbital period is P=20 day. The plot involves only the recent observations carried
out in 2011.
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Figure 4.12: Radial velocity curve of NGC 5408 X-1, covering 2010-2011.

8. Description of the proposed programme and attachments

Fig. 1: The wavelength shift of the broad (accretion disc) component relative to the narrow (nebular) component
of the He II line is plotted against time. The plotted function is f(t) = A sin(2⇡(t�t0)/P ), where the amplitude
is A=1.65 Å, and the putative orbital period is P=20 day. The plot involves all high resolution observations: a
single observation from 2010 and our recent observations in 2011.

Fig. 2: The wavelength shift of the broad (accretion disc) component relative to the narrow (nebular) component
of the He II line is plotted against time. The plotted function is f(t) = A sin(2⇡(t�t0)/P ), where the amplitude
is A=1.65 Å, and the putative orbital period is P=20 day. The plot involves only the recent observations carried
out in 2011.
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Figure 4.13: Radial velocity curve of NGC 5408 X-1, showing only the 2011 observations.

donor star also has similar age and mass, and so these observations can better constrain
the mass of the donor star.

Another important point is that my new measurements from 2011 (Fig. 4.12 and
Fig. 4.13) suggest that the shift of the broad component indeed might reflect the orbital
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motion of the disk. This is also a significant step forward as previously I had only two
measurements. The statistics are sparse due to the lack of observations, so the radial
velocity curve cannot be fitted at the moment. In Fig. 4.13. an overplotted curve is shown,
which seems to follow the measured points. On the other hand, the new data suggests
that the putative orbital period is less than ⇠40 days, thus excluding the periodicity of
115 days found by Strohmayer (2009) as orbital period. Furthermore, the shifts in the
wavelength are typically the same as found between the first two observations; however,
random motions still cannot be excluded until one constrains an orbital period.

Figure 4.14: Swift X-ray light curve of NGC5408 X-1.
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Figure 4.15: Power Density Spectra of NGC5408 X-1

Moreover, our recent SWIFT/XRT monitoring campaign (Fig. 4.14) also confirms that
there is no significant periodicity in the X-rays on a much longer temporal baseline. This
is shown in Fig. 4.15 provided by F. Grise. It is important to note that the X-ray light
curve shows a dipping feature. Although this dipping seems to be aperiodic, it might
set some constraints on the inclination of the system i.e. the disk might be more edge-on
than face-on. On the other hand, I also found during the 2011 VLT observations that the
broad component of the He II line occasionally disappears. This might affect the proper
sampling of the velocity curve in the coming period. We suspect that if the optical emis-
sion originates due to disk irradiation, then the disappearance of the broad component
happens when the X-ray count rate drops. This will be tested in the near future.

As a conclusion, using the 2011 data, I was able to set a more stringent limit on the
mass of the black hole using a periodicity of <40 days, and also better constrain the
parameters of the binary system (Cseh et al., 2011). The obtained mass function is fm =
4.35 ± 1.5M� assuming an orbital period of P = 20 days, which is plotted in Fig. 4.13.
With the conservative assumption on the donor mass of M = 20 M� (Grisé et al., 2012),
the mass function would imply an upper bound on the mass of the black hole of MBH 
70 � 90 M�.

Assuming that even if the line shifts represent random motions in the disk, one still
may constrain limits on the mass of the BH assuming that the random motions likely
follow a quasi-Keplerian orbit and that the size of line-emitting region should be smaller
than the orbital separation of the binary system (Cseh et al., 2011). Thus, NGC 5408
X-1 seems to have a black hole with a mass no greater than one can deduce from the
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Eddington limit. However, this needs to be tested more in detail, but the case of a 104-
M� black hole would be likely unphysical for this system.
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This chapter is based on the content of my paper (Cseh et al., 2012).

Black Hole Powered Nebulae and a Case Study of the Ultraluminous X-ray
Source IC342 X-1

D. Cseh, S. Corbel, P. Kaaret, C. Lang, F. Grise, Z. Paragi, A. Tzioumis, V. Tudose and H. Feng
2012, ApJ, 749, 17

In this Chapter, I present new radio, optical, and X-ray observations of three Ultra-
luminous X-ray sources (ULXs) that are associated with large-scale nebulae. I report the
discovery of a radio nebula associated with the ULX IC342 X-1 using the Very Large Ar-
ray (VLA). Complementary VLA observations of the nebula around Holmberg II X-1,
and high-frequency Australia Telescope Compact Array (ATCA) and Very Large Tele-
scope (VLT) spectroscopic observations of NGC5408 X-1 were also presented. I studied
the morphology, ionization processes, and the energetics of the optical/radio nebulae of
IC342 X-1, Holmberg II X-1 and NGC5408 X-1. The energetics of the optical nebula of
IC342 X-1 was discussed in the framework of standard bubble theory. The total energy
content of the optical nebula is 6 ⇥ 1052 erg. The minimum energy needed to supply
the associated radio nebula is 9.2 ⇥ 1050 erg. In addition, I detected an unresolved ra-
dio source at the location of IC342 X-1 at VLA scales. However, our Very Long Baseline
Interferometry (VLBI) observations using the European VLBI Network likely ruled out
the presence of any compact radio source at milli-arcsecond (mas) scales. Using a simul-
taneous Swift X-ray Telescope measurement, I estimated an upper limit on the mass of
the black hole in IC342 X-1 using the ”fundamental plane” of accreting black holes and
obtain MBH  (1.0 ± 0.3) ⇥ 103 M�. Arguing that the nebula of IC342 X-1 is possibly
inflated by a jet, I estimated accretion rates and efficiencies for the jet of IC342 X-1 and
compared with sources like S26, SS433, IC10 X-1.

Note that, the next chapter is closely related to the current one: I show results of
an archival analysis aiming to detect radio counterparts of other ULXs (with or without
known optical bubbles). I also proposed ATCA observations on a volume limited sample
to detect radio bubbles around ULXs and to detect possible compact jets or flares. Addi-
tionally, a peculiar a new (peculiar) radio source was found and investigated in detail.
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5.1 Introduction

Several ULXs show emission-line optical nebulae, which can be used as calorimeters to
infer the total intrinsic power of the ULX (Pakull & Mirioni, 2002, 2003; Russell et al.,
2011b). In general, the nebulae around ULXs are either photoionized due to the high
X-ray and UV luminosity of the compact object (Pakull & Mirioni, 2002, 2003; Kaaret
et al., 2004b; Kaaret & Corbel, 2009; Moon et al., 2011), or shock-ionized driven by jets,
outflows, and/or disk winds (Pakull & Mirioni, 2002; Roberts et al., 2003; Abolmasov
et al., 2007). In several cases, two-component optical line profiles are present, indicating
a mixture of the two mechanisms or alternatively that the narrow line could be due to the
shock precursor.

Another common feature is the presence of the high-ionization He II emission line.
It can have various origins: the nebula, the donor, the accretion disk, or a disk wind.
The ionizing photon rate needed to produce the narrow high-excitation He II line of the
nebulae in photoionized sources indicates that their X-ray emission is at most mildly
beamed (Pakull & Mirioni, 2002, 2003; Kaaret et al., 2004b; Kaaret & Corbel, 2009; Moon
et al., 2011).

Only a handful of radio detections of ULXs have been made so far, including NGC5408
X-1 (Kaaret et al., 2003; Soria et al., 2006a; Lang et al., 2007), Ho II X-1 (Miller et al., 2005),
and MF16 (van Dyk et al., 1994; Lacey et al., 1997), if it is not considered a supernova rem-
nant (Matonick & Fesen, 1997). Most of these sources show large nebulae (>⇠50 pc) that
are likely powered by continuous energy input from the ULX. Shock-dominated ones are
probably powered in the same manner as the W50 nebula is powered by the Galactic bi-
nary SS433 (Dubner et al., 1998). However, the ULX radio nebulae require greater total
energy content than W50. A similarly powerful nebula, S26, was found by Pakull et al.
(2010) in optical and Soria et al. (2010b) in radio. For other possible radio associations
with ULXs, we refer the reader to Sánchez-Sutil et al. (2006); Soria et al. (2006b); Mezcua
& Lobanov (2011), however, in these cases, the optical and radio counterparts do not
seem to match astrometrically.

The X-ray spectra of ULXs share some similar properties with the canonical black hole
states of Galactic black hole binaries (GBHBs). A number of ULXs show state transitions
(Kubota et al., 2001; Feng & Kaaret, 2006, 2009; Godet et al., 2009; Grisé et al., 2010; Servil-
lat et al., 2011). In GBHBs during the X-ray hard state, the sources are associated with
self-absorbed compact jets (Corbel et al., 2004; Fender et al., 2004). Given the similarities
between ULXs and GBHBs, it is interesting to investigate the presence of such compact
jets for ULXs with hard X-ray spectra.

Here, I present new radio and optical observations of two ULXs that are associated
with large-scale nebulae: Holmberg II X-1 (Ho II X-1) and NGC5408. In addition, I
present discovery of a radio nebula associated with IC342 X-1. Then the energetics of
the optical and radio nebulae and the jet properties of IC342 X-1 are investigated in de-
tail.

5.2 Observations, Analysis, and Results

5.2.1 VLA Observations of IC342 X-1 and Ho II X-1

Observations of IC342 X-1 and Ho II X-1 were carried out using the C- and B-array con-
figurations of the Very Large Array (VLA) of the National Radio Astronomy Observatory
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Table 5.1: Summary of observations
Source Inst.(Config.) Central On-source Observation Flux

Frequency Time Date
IC342 X-1 VLA (B) 4.8 GHz 3.2 h 6 Dec 07 2.0±0.1 mJy
IC342 X-1 VLA (C) 4.8 GHz 3.2 h 25 Apr 08 *
Ho II X-1 VLA (B) 4.8 GHz 3.2 h 8 Dec 07 613±61µJy
Ho II X-1 VLA (C) 8.5 GHz 3.2 h 21 Apr 08 395±40µJy
N5408 X-1 ATCA (6D) 5.5 GHz 12 h 23 Aug 09 226±33µJy
N5408 X-1 ATCA (6D) 9 GHz 12 h 23 Aug 09 137±36µJy
N5408 X-1 ATCA (6D) 17.9 GHz 12 h 23 Aug 09 76±20µJy
N5408 X-1 VLT (-) 575-731 nm 0.7 h 12 Apr 10 -
IC342 X-1 EVN (-) 1.6 GHz 12 h 15 Jun 11  21µJy**
IC342 X-1 Swift/XRT (PC) 0.3 - 10 keV 9.4 ks 15 Jun 11 2.67***

*B and C configuration data were combined.**Three-sigma upper limit.***Unabsorbed flux in units of 10�12

erg cm�2 s�1.

(NRAO). The observations were made at 4.8 and 8.5 GHz (VLA program code: AL711)
and the details are summarized in Table 1. Data calibration, combination in the (u,v)
plane and imaging were carried out using the NRAO Astronomical Image Processing
System (AIPS: e.g., Greisen (2003)). We adjusted the Robust weighting parameter be-
tween 0 and -2 to bring out the fine-scale radio emission and parameters are identified in
image captions.

5.2.1.1 Radio detection of IC342 X-1

Figure 5.1 shows the 5 GHz VLA B- and C-array combined image of IC342 X-1 with
Robust=0 weighting overlaid on the H↵ HST image of Feng & Kaaret (2008). Extended
radio emission is present surrounding the position of IC342 X-1. Diffuse emission is
detected at up to the 10-� level with peak intensity of ⇠120 µJy beam�1 and the estimated
total flux density in the nebula is ⇠ 2 mJy. The corresponding luminosity at a distance
of 3.9 Mpc (Tikhonov & Galazutdinova, 2010) is Lneb = 1.8 ⇥ 1035 erg s�1; with L =
⌫L⌫ . We find that the size of the nebula is 16” ⇥ 8”, which corresponds to 300 pc ⇥ 150
pc. We estimate the volume of the nebula by taking a sphere with a diameter of 12”.
Comparing the 5 GHz radio map to the H↵ image, the optical and the radio nebulae are
both elongated in the NE–SW direction, possibly exhibiting a shock-front. The size of
the radio nebula is consistent with the size of the optical nebula (Pakull & Mirioni, 2002;
Grisé et al., 2006; Feng & Kaaret, 2008).

Figure 5.2 illustrates a more uniformly weighted image of the 5 GHz radio emission
surrounding IC342 X-1. We weighted the radio image with a robust parameter of -2 in
order to resolve out the diffuse nebular emission and show the fine scale structure. The
strongest radio emission appears towards the NE of the ULX and is coincident with the
strongest H↵ emission. The radio emission extends farther to the NE in regions of little
or no H↵ emission.
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Figure 5.1: VLA 5 GHz image of IC342 X-1 overlaid on the H↵ HST image. Contours represent
radio emission and are drawn at 3, 4, 5, 6, 7, 8, 9, and 10 times the rms noise level of 11 µJy beam�1.
The peak brightness is 122.4 µJy beam�1. The resolution of the image is 2.3” ⇥ 1.6” at PA=-13�

and the image was made with Robust=0 weighting. The sign ’> <’ marks the X-ray position of
the ULX.

Table 5.2: Hubble images and source parameters
Name Narrow Band Centered on Ref. Dist. Optical Radio

Filter diam. diam.
IC342 X-1 F658N H↵ 1 3.9 Mpc 190 pc 225 pc
Ho II X-1 FR462N He II 2 3.39 Mpc 45 pc 60 pc
Ho II X-1 FR505N H� 2 - 101 pc -
N5408 X-1 F502N [O III]�5007 3 4.8 Mpc 60pc 40 pc

References: 1 - Feng & Kaaret (2008), 2 - Kaaret et al. (2004b), 3 - Grisé et al. (2012)

Figure 5.2 also reveals an unresolved radio source at the location of IC342 X-1. This
unresolved source is detected with a flux density of ⇠ 96.3 µJy at the 6.5-� level. The cor-
responding luminosity is 8.8⇥1033 erg s�1. The HST position of the ULX is RA=03h45m55.61s,
Decl.= +68�04’55.3” (J2000.0) with the 90% positional errors of 0.2 arcsec (Feng & Kaaret,
2008). We obtained the position of the radio peak of RA=03h45m55.54s, Decl.= +68�04’55.18”
using the MAXFIT task of AIPS. The distance between the two positions is ⇠0.4 arcsec.
Using the AIPS task JMFIT, we estimate a radio positional uncertainty of ⇠0.1 arcsec at
one sigma. Therefore the optical and radio positions are consistent using 90% positional
errors.
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Figure 5.2: VLA 5 GHz image of IC342 X-1 overlaid on the H↵ HST image shown in Figure 5.1.
This image was made with Robust=-2 weighting and therefore the largest extended features are
missing. The resolution is 1.6” ⇥ 1.1” at PA=�19�. Contours represent radio emission and are
drawn at 3, 4, 5, and 6 times the rms noise level of 15 µJy beam�1. The peak brightness is 96.3 µJy
beam�1. The sign ’> <’ marks the X-ray position of the ULX.

5.2.1.2 Multi-frequency radio observations of Ho II X-1

The radio nebula of Ho II X-1 was first detected at 1.4 and 5 GHz by Miller et al. (2005).
Here, we have conducted observations of Ho II X-1 at 5 and 8 GHz in order to constrain
the shape and spectrum of the radio nebula. Figure 5.3. shows the VLA images of Ho II
X-1 overlaid on HST He II and H� images from Kaaret et al. (2004b). On the left, the un-
weighted (Robust=0) 5 GHz B-array image is shown. The right panel shows a Robust=�1
image made at 8 GHz using the C-array configuration. The asymmetric morphology of
the nebula might indicate some outflows or ambient density gradient to the West.

Previously, the radio spectrum was not well constrained; Miller et al. (2005) had
high uncertainties on the flux at 5 GHz of Ho II X-1. However, we now have flux den-
sity measurements at three frequencies (1.4, 8 and 5 GHz, using the image from Miller
et al. (2005) at 1.4 GHz) and Figure 5.5. illustrates the fitted three-point spectral index
of ↵ = �0.53 ± 0.07, (S ⇠ ⌫↵). The radio spectrum is consistent with optically thin,
synchrotron emission, further constraining the nebular nature of the radio counterpart of
this ULX nebula. The integrated flux density of the nebula is 1.05±0.10 mJy, 613±61 µJy
and 395±40 µJy at 1.4, 5 and 8 GHz.
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Figure 5.3: The 5 GHz VLA B-array image of Ho II X-1 overlaid on the He II HST image. Contours
represent radio emission at levels of 3, 4, 5, 6 and 7 times the rms noise level of 14 µJy beam�1.
The peak brightness is 114 µJy beam�1. The image was made using Robust=0 weighting and the
resolution is 1.5” ⇥ 1.0” at PA=34�. The North direction is up.

5.2.2 Swift/XRT and EVN Observations of IC342 X-1

5.2.2.1 VLBI observation

We conducted simultaneous X-ray and radio measurements of the VLA core (see Sec.
2.2.1.) to test its compactness in order to estimate the mass of the BH (see Sec. 3.4) with
the minimum uncertainty. To check whether the VLA core is consistent with a compact jet
at 10 mas scale, we carried out European VLBI Network (EVN) observations (EVN pro-
gram code: EC032) at 1.6 GHz. The 12-hour observations were accommodated on June
15, 2011 from 03:30 to 15:30 (UT), simultaneously with the Swift/XRT observations. The
participating VLBI stations were Effelsberg (Germany), Jodrell Bank Lovell Telescope,
Cambridge (United Kingdom), Medicina, Noto (Italy), Toruń (Poland), Onsala (Sweden),
Urumqi (P.R. China), Svetloe, Zelenchukskaya, Badary (Russia) and the phased array of
the Westerbork Synthesis Radio Telescope (WSRT; The Netherlands). The aggregate bi-
trate per station was 1024 Mbps. There were eight 8 MHz intermediate frequency chan-
nels (IFs) in both left and right circular polarisations.

The source was observed in phase-reference mode. This allowed us to increase the
coherent integration time spent on the target source and thus to improve the sensitivity
of the observations. Phase-referencing involves regularly interleaving observations be-
tween the target source and a nearby, bright, and compact reference source. The delay,
delay rate, and phase solutions derived for the phase-reference calibrator (J0344+6827)
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Figure 5.4: The 8.5 GHz VLA C-array image of Ho II X-1 overlaid on the H� HST image. Contours
represent radio emission at levels of 3, 4, 5, 6 and 7 times the rms noise level of 15 µJy beam�1.
The peak brightness is 145 µJy beam�1. The image was made using Robust=-1 weighting and
the resolution is 2.36” ⇥ 1.75” at PA=3�. The sign ’> <’ marks the X-ray position of the ULX. The
North direction is up.

was interpolated and applied to the target within the target-reference cycle time of 5 min.
The target source was observed for 3.5-min intervals in each cycle.

AIPS was used for the VLBI data calibration following standard procedures (Dia-
mond, 1995). The visibility amplitudes were calibrated using system temperatures and
antenna gains measured at the antennas. Fringe-fitting was performed for the calibrator
sources using 3-min solution intervals. The calibrated visibility data were exported to the
Caltech Difmap program (Shepherd et al., 1994) used to make a naturally weighted VLBI
image. The achieved 1-� rms noise level was 7 µJy beam�1 and we did not detect any
source above the 3-� noise level in a field of view of 700 ⇥ 700 mas. Therefore, the VLA
core is likely to be a clump of emission from the nebula. Our EVN observation places a
3-� upper limit on the flux density of F⌫  21 µJy and on the luminosity of the putative
compact jet of  1.9 ⇥ 1033 erg s�1.

5.2.2.2 Swift observation

The Swift X-ray Telescope (XRT) obtained 9394 seconds of good exposure in its photon-
counting (PC) mode on June 15, 2011, from 02:57:31 to 17:47:47 (UT). We retrieved level
two event files and used the default data screening methods as described in the XRT
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Figure 5.5: The radio spectrum of the nebula of Ho II X-1. The best fit spectral index is ↵ =
�0.53 ± 0.07 for a flux density, S / ⌫↵.

user’s guide1. We extracted an X-ray spectrum for the source using a circular extrac-
tion region with a radius of 20 pixels (corresponding to 90% of the PSF at 1.5 keV); the
background was estimated from a nearby circular region with a radius of 40 pixels and
subtracted. We fitted the X-ray spectrum using the XSPEC (Arnaud, 1996) spectral fitting
tool and the swxpc0to12s6 20070901v011.rmf 2 response matrix.

Fitting the spectrum in the 0.3-10 keV band, with an absorbed power-law, leads to a
good fit with �2/DoF = 14.7/25 with a photon index of � = 1.57+0.29

�0.26 and an equivalent
hydrogen absorption column density of NH = 4.5+2.0

�1.5 ⇥ 1021 cm�2. The absorbed flux in
the 0.3-10 keV band was 1.97⇥10�12 erg cm�2 s�1. The source clearly has a hard X-ray
spectrum with a flux slightly lower than any of the previous XMM observations. The
column density is consistent within the errors with the XMM values from Feng & Kaaret
(2009). The unabsorbed flux is 2.67 ⇥10�12 erg cm�2 s�1, corresponding to an unabsorbed
luminosity of 4.86 ⇥ 1039 erg s�1 in the 0.3-10 keV band at a distance of 3.9 Mpc.

1http://heasarc.nasa.gov/docs/swift/analysis/
2http://heasarc.nasa.gov/docs/swift/proposals/swift responses.html



78 5.2. OBSERVATIONS, ANALYSIS, AND RESULTS

Figure 5.6: The 5.5 (red), 9 (black) and 18 (blue) GHz ATCA 6D-array image of NGC5408 X-1.
Contours represent radio emission at levels of 3, 4, 5, 6 and 7 times the rms noise level of 23, 17
and 13 µJy beam�1, respectively. The peak brightnesses are 208, 110, 66 µJy beam�1. The image
was made using uniform weighting at 5.5 GHz and natural weighting at 9 and 18 GHz and the
resolutions are 1.5” ⇥ 1.0” at PA=�9�, 2.6” ⇥ 1.5” at PA=�28�, 1.0” ⇥ 0.8” at PA=�1� at 5.5, 9 and
18 GHz, respectively.

5.2.3 ATCA Observations of NGC5408 X-1

The radio nebula of NGC5408 X-1 was the first detected radio counterpart of a ULX
(Kaaret et al., 2003). Later, it was confirmed that it is an extended source (Lang et al.,
2007). We obtained deep high-frequency ATCA CABB (Compact Array Broadband Back-
end) (Wilson et al., 2011) observations to better constrain the morphology and the high-
frequency part of the radio spectra of the nebula at 5.5, 9, and 18 GHz.

We observed NGC5408 X-1 with the CABB-upgraded ATCA in configuration 6D (base-
lines up to 6 km) on 2009 Aug 23 (program code: C1159). The data were obtained simulta-
neously at 5.5 & 9 GHz and at 17 & 19 GHz with 12 h on-source integration time for both
sets (Table 1.). We observed in phase-reference mode; the phase calibrator was 1424-418
and the primary calibrator was PKS 1934-638. The data reduction was performed using
the MIRIAD software package (Sault et al., 1995). We combined the 17 GHz and 19 GHz
images in order to enhance sensitivity.

Fig. 5.6 shows the ATCA images of the nebula surrounding NGC5408 X-1 at 5.5, 9 and
18 GHz. The 5.5-GHz image was uniformly weighted, and the 9 and 18-GHz maps were
naturally weighted in order to achieve the best sensitivity. Plotting the geometric mean
beam size vs. the flux density, Lang et al. (2007) found that the turnover indicates that the
radio emission is resolved with an angular size of 1.5–2.0 arcsec. Our new radio images
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Figure 5.7: The radio spectrum of the nebula of NGC5408 X-1. The best fit spectral index is ↵ =
�0.8 ± 0.1 for a flux density, S / ⌫↵.

show that the size of the nebula is consistent with the previously estimated angular size.
At 9 and 18 GHz the source extent is only slightly larger than the corresponding beam
sizes, but the elongated contours suggest that the nebula is resolved. This is typical for
a weak, optically thin, steep-spectrum source, i.e. going towards higher frequencies, one
gains resolution while the relative sensitivity decreases.

We used all available measurements to fit the radio spectrum. Fig. 5.7 shows previous
measurements (Lang et al., 2007) and our new ones; combined they cover the 1.4 – 18 GHz
frequency range. Our new flux densities are 226±33, 137±36, and 76±20 µJy at 5.5, 9, and
18 GHz, respectively. The fitted radio spectral index of NGC5408 X-1 is ↵ = �0.8 ± 0.1.
This is the best constrained spectrum of a ULX nebula to date and is consistent with
previous results suggesting optically thin synchrotron emission (Soria et al., 2006a; Lang
et al., 2007).

Fig. 5.8 shows the ATCA image at 18 GHz, overlaid on the HST image of the opti-
cal nebula of NGC5408 X-1 of Grisé et al. (2012). The HST filter was centered on the
forbidden [O III] nebular emission line (Table 2). The optical image shows a one-sided
shell-like structure displaced from the ULX which might be due to geometrical effects like
limb brightening towards the NE. We find that the radio emission at 18 GHz originates
”inside” the optical nebula, however it is possibly an effect of the steep radio spectrum.
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Figure 5.8: The 18 GHz ATCA 6D-array, naturally-weighted image of NGC5408 X-1 overlaid on
the [O III] HST image. The sign ’> <’ marks the X-ray position of the ULX. The North direction is
up.

5.2.4 ESO VLT Observations of NGC5408 X-1

As one can gain information about the ionization process from the line flux ratios of H↵
versus the forbidden sulphur lines, we conducted VLT observations. VLT FORS-2 ob-
servations of NGC5408 X-1 were obtained on 12 April 2010 using the GRIS 1200R grism
with a slit width of 1.000 covering the spectral range 5750�7310 Å with dispersion 0.38
Å pixel�1 and spectral resolution �/�� = 2140 at the central wavelengths, respectively.
The observation block (OB) consisted of three 849 s exposures with a 12 pixel offset along
the spatial axis between successive exposures. CCD pixels were binned for readout by 2
in both the spatial and spectral dimensions. The average seeing for our new observations
was 0.62 arcsecond.

Data reduction was carried out using the Image Reduction and Analysis Facility
(IRAF)3 (Tody, 1993). First, we created bias and flat-field images, then applied these to
correct the spectrum images. The three exposures in each OB were aligned then averaged
to eliminate bad pixels and cosmic rays using the imcombine task with the ccdclip re-
jection algorithm.

As the continuum emission of the ULX counterpart is faint, we could not trace its
spectrum. Following Kaaret & Corbel (2009), we used the bright nearby star at 2MASS

3IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universi-
ties for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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Figure 5.9: VLT optical spectrum of the nebula around NGC5408 X-1. The dereddened flux is
plotted vs. wavelength and no redshift correction was applied.

(Skrutskie et al., 2006) position ↵J2000 = 14h03m18.s97, �J2000 = �41�22056.006 as a refer-
ence trace. The trace position on the spatial axis varied less than half a pixel along the
whole length of the dispersion axis. A trace width of 8 pixels corresponding to 200 was
used in order to accept a large fraction of the nebular emission. Background subtraction
was done with a trace close by. The HgCdHeNeA lamp and standard star LTT7379 were
used for wavelength and flux calibration. An atmospheric extinction correction was ap-
plied using the IRAF built-in Cerro Tololo Inter-American Observatory (CTIO) extinction
tables. To estimate the reddening, we used the Balmer decrement of H�/H�, we find
E(B � V ) = 0.08 ± 0.03 in agreement with Kaaret & Corbel (2009). We corrected for
reddening using the extinction curve from Cardelli et al. (1989) with RV = 3.1.

Fig. 5.9 shows the optical spectrum of NGC5408 X-1. This portion of the optical spec-
trum shows the forbidden sulphur and nitrogen lines and the H↵ line. The lines are at
wavelengths of 6558.9 ([N II]), 6573.7 (H↵), 6594.4 ([N II]), 6727.6 ([S II]), and 6742.0 ([S II])
in units of Å. The corresponding fluxes are 0.46 ± 0.02, 33.1 ± 0.1, 1.07 ± 0.02, 1.57 ± 0.01,
1.15±0.01 in the units of 10�16erg s�1 cm�2. The Gaussian FWHMs of the lines represent
the instrumental resolution of ⇠2.4 Å.
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5.3 Discussion

5.3.1 The Optical Nebula Around IC342 X-1

In this section we use models developed for expanding bubbles to calculate parameters
of the nebula based on the observed optical properties. We follow the formalism devel-
oped by Weaver et al. (1977) and Ostriker & McKee (1988) describing the hydrodynamic
structure of a bubble. These formulae are valid for shock-dominated sources, i.e. jet or
wind inflated bubbles, but not for photoionized bubbles. As IC342 X-1 is considered to be
a shock-dominated source (Pakull & Mirioni, 2002; Roberts et al., 2003; Abolmasov et al.,
2007), we can apply the well-known self-similar expansion law as a function of time, t:

R =

✓
125

154⇡

◆1/5✓Ltot

⇢0

◆1/5

t3/5 (5.1)

where Ltot is the mechanical luminosity (corresponding to a jet or a wind or an initial
explosion energy), R is the radius of the bubble expanding with velocity vexp = Ṙ into the
ISM. The mass density ⇢0 is assumed to be constant and ⇢0 = µmpn, where µ = 1.38 is the
mean atomic weight, mp is the proton mass and n is the hydrogen number density. The
characteristic age of the bubble is ⌧ = 3R/5vexp. The kinetic energy carried by the swept-
up mass in the expanding shell is Ek = 15

77Ltott, while the energy emitted (the cooling) by
the fully radiative shock expanding into the ISM is Erad = 27

77Ltott. The thermal energy
of the gas between the reverse shock and the swept-up shell is Eth = 5

11Ltott. Thus, the
total energy is Etot = Ek + Erad + Eth = Ltott.

Feng & Kaaret (2008) found that the bright main body of the nebula has an angular
diameter of about 600 in the H↵ image. (Pakull & Mirioni, 2002; Grisé et al., 2006; Feng
& Kaaret, 2008) report an additional elongated structure to the South-West. Considering
the entire structure of the bubble, we estimate the volume of the optical nebula by taking
a sphere with a diameter of ⇠ 1000, which corresponds to ⇠190 pc at a distance of 3.9 Mpc
Tikhonov & Galazutdinova (2010).

The high flux ratio between the forbidden [S II] lines at 6,716 Å and 6,732 Å and the
Balmer H↵ line indicates the presence of shock-ionized gas. Abolmasov et al. (2007) infer
a shock velocity of vexp ' 20 � 100 km s�1; however, line ratios of a standard library
of radiative shock models, e.g. He II vs. H� is 0.036±0.015, suggest a shock velocity of
' 100 km s�1 (Allen et al., 2008). Using this velocity, we find the characteristic age of
the bubble is ⌧ = 5.6 ⇥ 105 yr. Feng & Kaaret (2008) found that the color-magnitude
diagram suggests that the minimum stellar age in the environment of the ULX is 10 Myr.
The characteristic age of the nebula is much shorter and might suggest that the nebula
formation is not related to the formation of the central BH or BH progenitor, instead it
might represent the actively accreting phase of the binary.

Recalling the scaling of the total radiative flux and the flux in the Balmer lines (Dopita
& Sutherland, 1996; Abolmasov et al., 2007) 4:

LH� = 6.53 ⇥ 10�3
⇣ vexp

100 km s�1

⌘�0.59
Lrad (5.2)

So, the total shock power represented as radiative losses is Lrad = 1.2⇥1039 erg s�1, using
the H� flux of Abolmasov et al. (2007) of 4.3 ⇥ 10�15erg s�1 cm�2. As a consequence,

4We note, that there is a typo in Eq. 3.3 of Dopita & Sutherland (1996) (and consequently in Eq. 1 of Abolmasov et al.
(2007)), pointed out to us by M. W. Pakull. The numerical factor should read 1.14 ⇥ 10�3 rather than 2.28 ⇥ 10�3 as
the maximum radiative flux is 1

2
⇢v3 and not ⇢v3.
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the total mechanical luminosity is Ltot = 77
27Lrad = 3.4 ⇥ 1039 erg s�1, and the total

kinetic power carried by the swept-up mass is Lk = 6.6 ⇥ 1038 erg s�1. Similarly, the
internal (thermal) luminosity is Lth = 1.5 ⇥ 1039 erg s�1. The energy, we see at t=⌧ is
Etot = Ltot⌧ = 6.0⇥1052 erg. From Eq. 1 one can derive that n = 1.0 cm�3 by substituting
R, ⌧, Ltot. The optical swept-up mass is then M = µnmpV = 2.4⇥1038 g or M = 1.2⇥105

M�.
IC342 X-1 is sometimes considered as a SN remnant (Roberts et al., 2003, eg.). Here

we intend to show that the total energy content does not depend significantly on the
interpretation of the origin of the bubble. A SNR in the pressure-driven snowplow stage
– ie. radiative dominant phase following the adiabatic phase – has an initial explosion
energy, Ei(Cioffi et al., 1988):

Ei = 6.8 ⇥ 1043

✓
R

pc

◆3.16 ⇣ vexp

km s�1

⌘1.35 ⇣ n

cm�3

⌘1.16
erg (5.3)

We have treated the metallicity correction factor, ⇣0.161
m , as 1 for clarity (Cioffi et al., 1988;

Thornton et al., 1998). Substituting R, v – and taking n = 1.0 cm�3 (see above), we obtain
Ei = 6.0 ⇥ 1052 erg. We note that a similar formula of Chevalier (1974) provides Ei =
5.0 ⇥ 1052 erg. This initial energy is remarkably high, although somewhat expected as a
single/simple SNR will not remain visible once it has expanded beyond R ' 100 pc with
a canonical Ei ' 1051 erg (Matonick & Fesen, 1997; Roberts et al., 2003). The estimated
energy is in good agreement with the total energy content of the bubble, Etot, within
model uncertainties. We note that an SNR nature for the nebula around IC 342 X-1 is
strongly challenged by its high shock velocity coupled with large size (Pakull & Grisé,
2008).

5.3.2 The Radio Nebula Around IC342 X-1

When radiation is via synchrotron emission, one can assume equipartition between en-
ergy of relativistic particles and the magnetic field. We calculate the minimum total en-
ergy of the radio nebula that corresponds to equipartition (Longair, 1994):

Emin = 3 ⇥ 1013⌘4/7
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where ⌘ � 1 is the ratio of energy in protons to relativistic electrons, V is the volume, ⌫ is
the observing frequency and L⌫ is the synchrotron luminosity. As is customary, we do not
account for relativistic protons, therefore ⌘ � 1 = 0 (eg. Fender et al., 1999). Substituting
the corresponding values of V ' 1.79 ⇥ 1056 m3, ⌫ = 5 ⇥ 109 Hz, L⌫ = 3.64 ⇥ 1018 W
Hz�1 and a filling factor of unity, we find the energy required to power the nebula is
Emin = 9.2 ⇥ 1050 erg. This suggests that the radio-emitting material carries a fraction
⇠ 10�2 of the initial energy. For comparison, the energy carried by mildly relativistic
material in normal Type Ic supernovae has been suggested to be at most 10�4 (Paragi
et al., 2010), while for the jet inflated bubble around the extragalactic microquasar S26,
this fraction is a few times 10�3 (Soria et al., 2010b). These fractions suggest that most of
the energy is stored in protons, nuclei, and non-relativistic bulk motion.

We calculate the magnetic field strength corresponding to the minimum energy con-
dition (Longair, 1994)

Bmin = 1.8 ⇥ 1010

✓
⌘L⌫
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◆2/7

⌫1/7 µG (5.5)



84 5.3. DISCUSSION

where the units and inputs are the same as above. We obtain Bmin = 7.4 µG.
Using the magnetic field strength we can estimate the total number of relativistic

electrons (Longair, 1994)

N =
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where
A(p) = 2.344 ⇥ 10�25(1.253 ⇥ 1037)

p�1
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Here me is the mass of the electron, e is the charge of the electron, c is the speed of
light and p = 2↵ + 1, where ↵ is the spectral index; and S ⇠ ⌫�↵ is assumed in the above
equation; the units are in SI. We assume, a spectral index of ↵ = �0.8, equivalent with the
value of NGC 5408 X-1, which has the best constrained radio spectra to date. The function
A(p) equals about 38113 for p = 2.6, where p corresponds to the assumed spectral index
of -0.8. We obtain the total number of relativistic electrons N = 1.6⇥ 1052. The total mass
of the relativistic matter accounting one proton for each electron, Msy = Nmp = 2.7⇥1028

g, or Msy = 1.3 ⇥ 10�5M�.
When energy loss is due to synchrotron radiation, the lifetime of an electron is (Lon-

gair, 1994; Tudose et al., 2006)
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Substituting ⌫ = 5 ⇥ 109 Hz and Bmin = 7.4 µG, we find ⌧sy = 18.8 Myr. So, consistently,
the cooling time-scale is ⇠34 times longer than the age of the bubble and ⇠2 times higher
than the minimum age of the ULX stellar environment.

We note that the value of ⌘, the energy ratio of relativistic protons to electrons, can
be estimated from the high-energy part of SNR spectra (Abdo et al., 2010; Acciari et al.,
2011). Assuming IC342 X-1 has a ratio similar to that found for a scenario in which the
high-energy gamma-rays from the Tycho SNR are produced by leptons (Acciari et al.,
2011), then ⌘ � 1 = 102 and the minimum energy obtained from Eq. 5.4 is increased by
a factor of ⌘4/7 = 1004/7 = 13.9. This would mean that Emin/Etot = 0.2. Instead, if the
gamma-ray emission from Tycho is from hadrons, then ⌘ � 1 = 2.5 ⇥ 103 and Emin/Etot

would be ' 1.3. Thus, if the high-energy gamma-ray emission of shock inflated bubbles
originates from the same electron distribution that produces the radio, then via the ⌘
parameter, the value of Emin could increase, but interestingly, does not violate the total
energy obtained from the optical.

5.3.3 The Radio and Optical Nebulae of Ho II X-1 and NGC 5408 X-1

5.3.3.1 Ho II X-1

Our new, higher resolution VLA radio observations clearly reveal that the morphology
of the radio nebula follows the structure of the optical one (Fig. 5.3). The radio nebula
is resolved with a size of 5.5” ⇥ 2.7”, corresponding to ⇠ 81 pc ⇥ 40 pc. One could



5.3. DISCUSSION 85

argue that this morphology reflects either a jet activity or an outflow. However, Pakull &
Mirioni (2002); Kaaret et al. (2004b) showed, that the nebula of Ho II X-1 is consistent with
photoionization by the central compact source. On the other hand, a complex velocity
structure in the inner regions of the optical nebula indicates the impact of the central
object also in the form of winds or jets (Lehmann et al., 2005). As the [S II] vs. H↵ ratio
is ⌧ 1 (Abolmasov et al., 2007), i.e. collisional excitation of the nebula is negligible, the
morphology probably reflects an outflow rather than a well-collimated jet. This outflow
is either relatively weaker than a jet – thus preventing shock-ionization – or the outflow is
more isotropic than collimated. We note that weakly collimated outflows, in addition to
jets, have been directly observed in SS433 with VLBI (Paragi et al., 1999). In addition, the
asymmetry of the outflow is probably due to the fact that the nebula is density bounded
to the East and South of the central object Pakull & Mirioni (2002); Kaaret et al. (2004b).

Furthermore, the minimum energy required to power the radio nebula of Ho II X-1
is 2.6 ⇥ 1049 erg with a magnetic filed strength of 13µG and the synchrotron lifetime is
⌧sy = 25 Myr (Miller et al., 2005). This energy requirement is a factor of 35 less than
needed for IC342 X-1, a shock-dominated source, which might also support a weak or
uncollimated outflow.

Interestingly, Grisé et al. (2010) studied an X-ray state transition of Ho II X-1 and
found that it is difficult to interpret the thermal component of the X-ray spectra as disk
emission or thermal Comptonization. On the other hand, this thermal component might
be linked to the complex velocity structure of the nebula, ie. it might be due to a disk
wind that results in a complex velocity structure of the nearby environment. We note that
disk wind signatures have been found for GRS1915+105 (Neilsen & Lee, 2009) and SS433
(Fabrika, 2004), i.e. for sources likely accreting above their Eddington-limit. Searching
for relativistic disk lines and/or Fe K absorption line variation in the X-ray spectrum of
ULXs might help disentangle whether some of these ULXs are similar to high-accretion
rate Galactic binaries.

5.3.3.2 NGC5408 X-1

Fig. 5.8. shows a shell-like optical morphology of NGC5408 X-1 and a filled structure of
the radio nebula with a maximum intensity near the ULX. The optical nebula is resolved,
with a diameter of ⇠ 2.5”, corresponding to ⇠ 60 pc (Grisé et al., 2012), which is much
smaller than the optical nebula of IC342 X-1. Probably, the nebula is powered only by
photoionization without any jet or outflow activity. Our optical spectra also suggest this,
as the [S II] vs. H↵ line ratio is ⌧ 1 (Fig. 5.9.). Furthermore, the energy needed to power
the radio nebula of NGC5408 X-1 is 3.6⇥1049 erg with an equipartition field of 16µG and
a synchrotron cooling time of ⌧sy = 20 Myr (Lang et al., 2007), which is, similar to Ho II
X-1, a factor of 25 less than the energy needed to power the radio nebula of IC342 X-1.

5.3.3.3 Comparison to Ho IX X-1 and MF16

It is interesting to note that similarly to Ho II X-1, Ho IX X-1 also shows dynamical motion
close to the center of the nebula (Moon et al., 2011). However, to argue that its origin is
due to outflows/disk winds is more challenging, because the [S II] vs. H↵ ratio in Ho IX
X-1 indicates shock ionization. It is also unknown if a velocity dispersion – on the order
of ⇠1000 km/s – is present, which could be indicative of a disk wind.

MF16 is shock-heated but also contains high excitation lines with two component
emission lines (Abolmasov et al., 2008). The radio counterpart shows a marginally re-
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solved radio source at ⇠ 1.1 arcsec resolution corresponding to ⇠ 25 pc (van Dyk et al.,
1994) with a spectral index of ↵ = �0.7. Because of the elongated nebula, Abolmasov
et al. (2008) argues that we see a similar system to SS433, but with a jet pointing close
to our line of sight. In addition, Kaaret et al. (2010) found the presence of a UV nebula
beyond the optical one. This is the only UV nebula found to be associated to a ULX, so it
is difficult to address its origin. Given the size of the radio and optical bubbles, it can be
still argued that the source is a result of an energetic supernova explosion.

5.3.4 Upper Limit on the Mass of the Black Hole in IC342 X-1

Self-absorbed compact jets are ubiquitous in the X-ray hard states of GBHBs (Corbel et al.,
2004; Fender et al., 2004). IC342 X-1 was found to have a hard X-ray spectrum in all avail-
able XMM-Newton and Chandra observations covering the period from 2001 to 2006
(Feng & Kaaret, 2008, 2009) as well as in our recent Swift/XRT measurement (see Sec.
2.4.1.). Thus, the presence of compact jets is expected if the hard X-ray spectrum is equiv-
alent to the canonical hard state of GBHBs.

In addition, the morphology of the radio nebula is somewhat similar to the system
SS433/W50 and may suggest a jet orientation along an axis slightly East of North (Feng
& Kaaret, 2008). As we pointed out earlier, an unresolved radio source is detected at the
location of the ULX. This morphology might argue against the notion that the compact
emission is the hot spot at the end of the jet pointing close to our line of sight. To test
the compactness of this emission, we conducted VLBI measurements using the EVN (Sec
2.2) and we did not detect any source above the 3-� noise level, so it is likely to be con-
sistent with a clump of emission from the nebula and might be an effect of a steep radio
spectrum. We can set an upper limit on the flux of the putative compact jet of 1.9 ⇥ 1033

erg s�1, using our 3-� noise level of 21 µJy.
When black holes are in the hard state, i.e. their accretion is radiatively inefficient

and perhaps advection dominated or jet dominated, a relationship holds between X-ray
luminosity, radio luminosity and black hole mass (Merloni et al., 2003; Falcke et al., 2004).
This relationship, the fundamental plane of black holes, has been studied on a wide mass
range from black hole X-ray binaries to low luminosity active galactic nuclei. Using the
correlation with the minimum scatter (Körding et al., 2006a):
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and our radio and X-ray measurements, one can estimate the upper limit of the mass of
the black hole in IC342 X-1. However, we must consider the intrinsic rms scatter in the
measured fundamental plane relation of 0.12 dex within one �. Substituting the upper
limit of radio luminosity of the putative compact jet (L = 1.9 ⇥ 1033 erg s�1) and the
simultaneously measured X-ray luminosity LX = 4.86 ⇥ 1039 erg s�1, we estimate the
mass of the black hole to be MBH  (1.0 ± 0.3) ⇥ 103 M�. This limit is valid only if IC 342
X-1 enters the canonical hard state. We note that further observations could help place
tighter constraints on the BH mass or help test if ULXs exhibiting hard X-ray spectra are,
indeed, in the radiatively inefficient, hard X-ray state (see section 3.5.1).

5.3.5 Comparison of IC342 X-1 with S26, IC10 X-1 and SS433

In this section we compare IC342 X-1 to sources whose jet power and accretion rate has
been estimated from extended emission in optical and/or radio. Table 5.3 shows the main
characteristics of the specific sources: the average X-ray luminosity (LX ), the jet power



5.3. DISCUSSION 87

Table 5.3: Comparison with X-ray sources embedded in nebula
Name LX (erg/s) Qj (erg/s) MBH (M�) Etot (erg) ⌧ (yr) Emin (erg)
IC342 X-1 1.6 ⇥ 1040 3.4 ⇥ 1039  1000⇤ 6.0 ⇥ 1052 5.6 ⇥ 105 9.2 ⇥ 1050

S26 6.2 ⇥ 1036 5 ⇥ 1040 n/a 3.16 ⇥ 1053 2 ⇥ 105 1050

IC10 X-1 1.5 ⇥ 1038 1.27 ⇥ 1039 23-34 2 ⇥ 1052 5 ⇥ 105 n/a
SS433 ⇠ 1036 2 ⇥ 1038 16 2 ⇥ 1051 2 ⇥ 105 1049⇤⇤

The Table shows the average X-ray luminosity (LX ), the time-averaged jet power estimated from the envi-
ronment (Qj), the mass of the black hole (MBH), the total energy content(Etot), the lifetime of the bubble
(⌧ ), and the minimum energy estimated from the radio counterpart of the nebulae (Emin). SS433 (Kirshner
& Chevalier, 1980; Begelman et al., 1980; Dubner et al., 1998; Blundell et al., 2008; Perez M. & Blundell, 2009;
Fabrika, 2004). S26 (Pakull et al., 2010; Soria et al., 2010b).IC10 X-1 (Lozinskaya & Moiseev, 2007; Bauer &
Brandt, 2004). *Estimated using the fundamental plane.**This value was calculated using Eq. 4 using the
parameters found by Dubner et al. (1998): a radius of ⇠30 pc, a distance of 3 kpc, a radio flux density of
71 Jy at 1.4 GHz, and taking a spectral index of -0.48 between 85 MHz and 5 GHz. We note that this value is
two orders of magnitude larger than that quoted by Dubner et al. (1998), however consistent with the value
of Begelman et al. (1980).

estimated from the environment (Qj), the mass of the black hole (MBH), the total energy
content (Etot), the lifetime of the bubble (⌧ ), and the minimum energy estimated from the
radio counterpart of the nebula (Emin).

The nebula around IC10 X-1 is sometimes considered to be the result of a hypernova
event (Lozinskaya & Moiseev, 2007). However, its size is much larger than allowed by
the surface brightness versus size (⌃-D) relation for explosive events, i.e. supernovae
(Yang & Skillman, 1993), suggesting that it is powered, instead, by the central BH (Bauer
& Brandt, 2004). S26 is another outlier source in the ⌃-D relation and it has been revealed
that the bubble is powered by a jet (Pakull et al., 2010; Soria et al., 2010b). Therefore, we
will consider IC10 X-1 as a black hole powered nebula. We note that “black hole powered
nebula” means there is a significant and continuing outflow from the central black hole
powering the nebula and does not argue against the formation of the black hole in a SN
explosion.

Considering S26, the X-ray photon index is � = 1.4 (Soria et al., 2010b), consistent
with a source being in the hard state. However, no radio core was detected with a 3-�
upper limit of 0.03 mJy, which is one third of the peak intensity of IC342 X-1; and the total
jet power of S26 is an order higher than for IC342 X-1 (Table 3). Using the fundamental
plane (Eq. 7.9), we obtain an upper limit on the mass of M ' (1.0 ± 0.4) ⇥ 107 M�.
Given that Qj / Ṁ in the hard state (Körding et al., 2006b, 2008b) and assuming similar
accretion efficiencies for IC342 X-1 and S26; then one can speculate on the basis of the
ratios of the jet powers that the average mass accretion rate of S26 is ⇠15 times higher
than that of IC342 X-1.

IC10 X-1 has an X-ray photon index of � = 1.83, potentially being in the hard state
(Bauer & Brandt, 2004). Using the fundamental plane and adopting the average X-ray
luminosity of 1.5 ⇥ 1038 erg s�1 and a mass of ⇠ 30 M� (Table 5.3), the expected core
radio flux is then ⇠ 10 µJy at a distance of 0.7 Mpc. Thus, the source could be detectable
with e-MERLIN or the EVLA.

5.3.5.1 Jet characteristics, accretion rates and efficiencies

In this and the following sections we investigate the possibility that the nebula around
IC342 X-1 is powered by a jet and the consequences regarding the jet properties.
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The elongated morphology of the nebula and its shock-ionized nature could be in-
dicative of jet inflation. If the nebula is inflated by a jet, then the total power available in
the bubble has to be equal with the time-averaged total jet power, ie. Qj=Ltot, derived
from the optical bubble (Pakull et al., 2010; Soria et al., 2010b) We note that calculating the
jet power using the minimum energy (Emin) derived from the radio bubble would lead
to an underestimation. One might account for the kinetic energy associated with the bulk
motion of the jet as Ej = (� � 1)Emin in the case that the jet consists of an e�e+ plasma
and a magnetic field. When accounting for one ’cold’ proton for each relativistic electron:
Ej = (� � 1)(Emin + Nmpc2) (Fender et al., 1999), where � is the Lorentz factor and c is
the speed of light. One would underestimate the total jet power required for Ej , because
the second term’s contribution with 2.6 ⇥ 10�2Emin is negligible, so the kinetic energy
of the bulk motion would be only Ej ' Emin, using a Lorentz factor of � = 2 � 5. This
underestimation could be either due to a mild deviation from equipartition, resulting in
Eradio,tot/Emin = 10� 100 (eg. Paragi et al., 2010) or due to the fact that the kinetic power
associated to the bulk motion is transferred to thermal ions also (Soria et al., 2010b).

In general, the total jet power is a constant fraction (f ) of the available accretion power
[however see Coriat et al. (2011) for possible variation of f ]. Thus, we can write

Qj = fQacc = fṀaccc
2, f < 1 (5.11)

where f is typically in the range of 10�3 to 10�1 (Falcke & Biermann, 1995, 1999).
Taking a constant rate of energy input that is characterized by the power of the jet,

the rest-mass transport along the jet, Ṁj , is (Kaiser & Alexander, 1997):

Ṁj =
Qj

(� � 1)c2
(5.12)

Taking a minimum Lorentz factor of � = 2 (Mirabel & Rodrı́guez, 1999; Fender, 2003),
we find Ṁj ' 6.0 ⇥ 10�8 M� yr�1 (3.8 ⇥ 1018 g s�1).

Körding et al. (2008b) found that the total jet power could be estimated from the flux
of the compact jet as:

Qj ' 7.2 ⇥ 1036

✓
Ljet,radio

1030 erg s�1

◆12/17

erg s�1 (5.13)

This relationship was found for FR I and FR II radio galaxies and scaled to Cyg X-1.
[See Gallo et al. (2005) and Russell et al. (2007) for the jet power estimation of Cyg X-1].
Substituting the total jet power obtained from the optical nebula (Qj = 3.4 ⇥ 1039 erg
s�1), we find that the expected average luminosity of the putative radio core would be
6.1 ⇥ 1033 erg s�1. Not detecting a compact jet with an upper limit of 1.9 ⇥ 1033 erg s�1

could mean that either its flux is variable, and currently below our detection limit but
with an average above, or the hard X-ray spectrum does not represent the canonical hard
state of GBHBs.

In addition, it is possible to estimate the accretion rate, for hard state objects, based
on the luminosity of the compact radio jet (Körding et al. (2006b, 2008b); and references
therein):

Ṁ ' 4 ⇥ 1017

✓
Ljet,radio

1030 erg s�1

◆12/17

g s�1 (5.14)

For IC342 X-1, we obtain an upper limit, due to the fact that we do not detect a compact
jet, of Ṁ  8.2 ⇥ 1019 g s�1 (1.3 ⇥ 10�6 M� yr�1). This rate is close to the Eddington
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rate for a 100M� compact object. Comparing the accretion rate to the jet mass loss rate
of Ṁj ' 3.8 ⇥ 1018 g s�1 leads to the conclusion that the jet efficiency is f � 0.046. This
would be a typical value for a jet efficiency and could be consistent with the assumption
of Körding et al. (2008b) of f=10�1 for obtaining the relationship of Eq. 5.14.

Let us compare IC342 X-1 to the peculiar sources SS433 and GRS1915+105. The jet
mass flow rate in SS433 is Ṁj = 5 ⇥ 10�7 M� yr�1 and the available accretion rate is
Ṁ = 10�4 M� yr�1 (Perez M. & Blundell, 2009; Fabrika, 2004), so the jet efficiency is
f = 5 ⇥ 10�3, which is also within the typical range for black hole jets. Comparing the
accretion rate of IC342 X-1 to SS433, we find ṀIC342X�1/ṀSS433 � 10�2. In contrast, the
accretion rate of IC342 X-1 might be an order of magnitude higher than the rate of GRS
1915+105 of ⇠ 1019 g s�1 (eg. Rushton et al., 2010). It is interesting to note that if one takes
the lifetime of the surrounding bubble, and assumes a constant accretion rate (Begelman,
2002), the compact object in SS433 could accrete ⇠20 M�. During the lifetime of the
nebula, the compact object in IC342 X-1 could accrete only 1 M� . This comparison
of accretion rates suggests that there is no need to invoke super-Eddington accretion for
IC342 X-1 if the mass of black hole is above '100 M�.

5.4 Conclusions

I studied the radio and optical nebulae of three ULXs. One of these ULXs, IC342 X-1, is a
newly discovered radio association.

• I confirmed that the radio spectra of the nebulae surrounding Ho II X-1 and NGC5408
X-1 are consistent with optically thin synchrotron emission.

• I estimated the energy needed to supply both the optical and radio nebulae around
IC342 X-1. The energy needed, 6 ⇥ 1052 erg, is ⇠ 2 orders of magnitude higher
than the explosion energy of a SN. By comparing the age of the bubble to the stellar
environment, I found that the nebula is much younger, indicating that the nebula
formation is not necessarily related to the formation of the black hole progenitor.

• I estimated that the minimum energy needed to power the radio nebula of IC342 X-
1 is 9.2⇥ 1050 erg, at least an order of magnitude higher than those of Ho II X-1 and
NGC5408 X-1. The fraction of energy carried by relativistic material is relatively
high.

• In addition to discovery of a radio nebula around IC342 X-1, I found a radio com-
ponent unresolved on VLA scales, that was not detected with VLBI. This puts an
upper limit on the flux density of a compact jet. The ULX was found with a hard X-
ray spectrum in observations spanning ⇠ 10 years. Use of the ’fundamental plane’
of accreting black holes, which is valid for hard state objects, would place an upper
limit on the mass of the black hole in IC342 X-1 of (1.0 ± 0.3) ⇥ 103 M�.

• According to the above properties of IC342 X-1, I argued that the nebula is possibly
inflated by a jet. I found that the calculated time averaged jet power, jet efficiency,
and available accretion power could be consistent with that the nebula is inflated
by a jet.

In summary, the energetics of the surrounding nebula along with the possible jet
properties and accretion rate support the idea that the nebula surrounding IC342 X-1
could be an inflated bubble driven by the jets from the central black hole.
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Another important point of my study was the attempt to link the ionization processes
of these nebulae to the X-ray spectral behaviour of the ULXs. I showed examples for
photoionization, shock-ionization and for the mixture of these two processes. For all
kinds of ionization processes, there is an example where a radio counterpart is present.
However, the morphologies of both optical and radio nebulae might reflect some connec-
tion with the central engine. One clear example could be Holmberg II X-1. For instance,
Gladstone et al. (2009) suggests that the source is in the ”ultraluminous” state, ie. soft
excess in a high/soft X-ray state, which is reminiscent of high or super-Eddington accre-
tion or Compton thick accretion. As mentioned in Chapter 1, usually super-Eddington
disks generate winds that are channelled along the poles, and may form jets/outflows
(Begelman, 1979). It has also been recently found for Galactic BH binaries (GBHBs), that
equatorial winds are associated with their thermal dominant X-ray state (Neilsen & Lee,
2009; Ponti et al., 2012). So it might be a viable explanation that the thermal component
of the X-ray spectrum of Holmberg II X-1 is also linked to the inner velocity structure of
the nebula, i.e. the thermal component might be due to winds. To test this hypothesis, I
have submitted a high-resolution EVLA proposal to directly image the putative outflow.
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In this Chapter, I present results of new and archival radio data analysis aiming to
detect new radio counterparts of known ULXs. To this purpose, I proposed an ATCA
survey on a volume limited sample to detect radio bubbles around ULXs and to detect
possible compact jets. This resulted in the strongest flux upper limits on the presence of
radio bubbles. Additionally, partial analysis of the ATCA survey data revealed a new
peculiar source in NGC 247. I present archival XMM-Newton, Chandra, and Hubble
observations of this new source to discuss its nature.



6.1. RADIO SURVEYS 93

6.1 Radio Surveys

To date, there have been no systematic radio surveys looking for ULXs. However, there
were a couple of cross-correlation made between some ROSAT and XMM-Newton ULXs
and the FIRST VLA catalog, and between some Chandra ULXs and the FIRST catalog
(Sánchez-Sutil et al., 2006; Pérez-Ramı́rez et al., 2011). Given that the FIRST catalog has a
sensitivity at a level of 1 mJy and a resolution of 5 arcsec, and given the relatively large
PSF of ROSAT and XMM-Newton, these correlations did not reveal any firm counterparts
(Sánchez-Sutil et al., 2006; Soria et al., 2006b; Mezcua & Lobanov, 2011). In fact, within
the handful of matches found, all have a position discrepancy from 1.5 arcsec to 5 arcsec.
This is relatively large compared to the size of an extended radio bubble of about 2 arcmin
(see previous Chapter). It is also worth noting that all the firm radio counterparts found
to date have a total flux density at or below 1-mJy. This prompted the need for systematic
radio surveys on ULXs.

Sensitive radio surveys are now possible with the e-MERLIN, EVLA and ATCA broad-
band receiver upgrades, providing a factor of 10 or better sensitivity. Additionally, e-
MERLIN has a much better angular resolution than ATCA or EVLA in the centimeter
bands. One of the e-MERLIN Legacy projects, called LEMMINGs, includes a survey of
nearby galaxies (including ULXs), but given the delay in e-MERLIN commissioning, it
has not yet provided results. This motivated us to propose a volume limited sample sur-
vey on nearby ULXs as complementary to the LEMMINGs survey. This proposal was
submitted to EVLA and ATCA to cover Northern and Southern hemispheres, and I am
the PI of the ATCA proposal. The proposed survey involves using the EVLA and ATCA
in their highest resolution configuration to improve the possible astrometry matches
compared to FIRST, and it only involves ULXs with a XMM-Newton (and Chandra) po-
sition.

The project aims to detect ULX radio bubbles, and possible compact jets and/or flares
from ULXs. Our sample is drawn from Winter et al. (2006), who examined archival XMM-
Newton data to construct a sample of ULXs within 4 Mpc. They required XMM-Newton
integration times greater than 10 ksec in order to fit the X-ray spectra of the candidates
accurately, and reached a sample of 32 galaxies (including some with no ULX). The X-
ray spectra were used to evaluate whether the candidates were formally ULXs in either
a ”high state” (luminous, thermal-dominated spectrum, accretion presumably near the
Eddington limit) or in a ”low state” (less luminous, power-law spectrum, sub-Eddington
sources), which might be analogous to the high/soft and the low/hard state of individual
Galactic BH binaries. To further justify this inclusion, different epochs of XMM-Newton
data for the source in Holmberg II show it to be a high-state ULX at one time and a low-
state ULX at another. Of the 32 galaxies in the Winter et al. (2006) sample, 4 contain ULXs
or candidate ULXs and lie at negative declinations, meaning that they are good targets
for the ATCA. These 4 galaxies provide a sample of 10 ULXs for ATCA observation,
including 8 high-state ULXs, and 2 low-state ULXs.

Additionally, during my PhD, I was continuously reducing archival radio data to
hunt for radio counterparts of known ULX optical bubbles. This was done in a way that
I reduced and analyzed several data sets, which involves the position of the ULX within
half of the primary beam. These individual archival data sets were stacked together to
reach the best sensitivity.
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6.2 Results and Discussion

This archival search and the partial analysis of the ATCA survey led to strongest upper
limits on radio flux, that I summarize in Table 6.1.

Table 6.1: Summary of radio counterparts of ULXs
Source Distance Optical Ionization Radio S5GHz Ref.

Neb. Process Neb. or 3-� limit
Mpc µJy

IC342 X-1 3.9 Y S Y 2 mJy 1, Chap. 5
Holmberg II X-1 3.4 Y P Y 610 1,2, Chap. 5
NGC5408 X-1 4.8 Y P Y 220 1,3, Chap. 5
MF16 5.1 Y S Y 740 4
Holmberg IX X-1 3.6 Y S N <20 Archive
M81 X-6 3.63 Y P - - -
M101 ULX-1 7.2 Y S N <30 Archive
NGC1313 X-1 3.7 Y P N <100 Archive
NGC1313 X-2 3.7 Y S N <100 Archive
NGC5204 X-1 4.3 Y S N <50 Archive
NGC4559 X-7 9.7 Y P? - - -
NGC4559 X-10 9.7 Y S - - -
ESO243-49 HLX-1 95 N - Flare 50 5, Chap. 7
M82 X-1 3.5 N - N <48 Archive
NGC247 XMM1 3.4 N - N <30 Survey
NGC247 XMM2 3.4 N - N <30 Survey
NGC247 XMM3 3.4 N - N <30 Survey
Circinus XMM1 4 N - N <330 Archive
Circinus XMM2 4 N - N <1.2 mJy Archive

The first three sources are already presented in the previous Chapter. The last part of the table shows
ULXs with no optical bubbles. The rest of the sources presented in this table have emission-line optical
nebula (Pakull & Mirioni, 2002, 2003; Abolmasov et al., 2007; Russell et al., 2011b; Tao et al., 2011, and
references therein). Additionally, I also show HLX-1 (see next Chapter) in this table. MF16 is a nebula
around NGC6946 ULX-1, M81 X-6 is also known as NGC3031 X-11 (and M81 X-9?). References: 1 (Cseh
et al., 2012), 2 (Miller et al., 2005), 3 (Kaaret et al., 2003), 4 (van Dyk et al., 1994), 5 (Webb et al., 2012).

This survey was partially motivated to understand why some optical nebulae do not
have any strong radio counterpart. As seen from Table 6.1., it cannot be said that a sig-
nificant number do not have such a counterpart. The most natural explanation could be
the limitation of the detection threshold. On the other hand, this might not be a viable
answer in view of the strong upper limits that resulted from my archival analysis (and
the survey). Comparing the fluxes of detected radio bubbles of > 200 µJy to the aver-
age upper limit obtained of about 50 µJy, might suggest that these radio counterparts do
not exist. However, given the low number of the sources in the sample, this statement
is statistically irrelevant at this stage. But for the time being, one might assume that the
above statement is correct. Then the question becomes what could be the reasons for the
non-existence of radio bubbles, and bubbles in general.
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Probably the most relevant parameter to form a bubble is the initial density of the
interstellar medium (ISM). If this density is relatively low at the beginning of the active
lifetime of the ULX, then it is possible that it will not develop a bubble. Or perhaps it
will develop a bubble with a short life time. Alternatively, some of the ULXs could be
too young to witness a developed bubble, sustained either by photo- or shock-ionization.
It could be also possible that certain ULXs are different from each other, meaning that
certain class of ULXs never enter a jet dominated phase. This could be tested by the
fractional number of shock-ionized bubbles of a larger sample. However, this latter ex-
planation might be too speculative, given that we do not have good knowledge from
bubbles of either GBHBs (or ULXs). Similarly, from about of 25 known GBHB, there are

F. Grisé et al.: The ultraluminous X-ray source NGC 1313 X-2 5

Fig. 1. Left panel: true color image (blue=F435W; green=F555W; red=F814W) of the region around X-2, from our HST/ACS observations. 100
represents 19.4 pc at the distance of NGC 1313. The stellar environment is mainly composed of red stars from an old population. Two blue-star
associations can be seen: the main one to the west of the ULX counterpart and the other (smaller) one to the south-east. Right panel: zoomed-in
view of the immediate vicinity of the counterpart, in the F435W filter. The ULX counterpart is the bright point-like source at the center of the
image. Contours of the H↵ emission (at 10, 30, 50, 70 and 90% flux level above the background) are overplotted, from our VLT observations. Both
young stellar associations are located or projected inside the H↵ nebula.

Fig. 3. Color distribution of the stars in our HST/ACS field, at two values of I: 0.5 and 1.0 mag below the TRGB. The vertical lines correspond to
the RGB position of three galactic globular clusters at di↵erent metallicities.

Table 4. Galactic globular clusters used for comparison with NGC 1313

Cluster [Fe/H] MI,TRGB
NGC 7078 (M15) -2.17 -4.095
NGC6752 -1.54 -3.948
NGC1851 -1.29 -4.039

population at the outskirts or in the halo of a disk galaxy. For
example, a relation between metal abundance of the halo pop-
ulation and absolute V magnitude of the host galaxy was high-
lighted by Mouhcine et al. (2005) (in particular, their Fig. 3). For
NGC 1313, which has MV = �18.72 mag (de Vaucouleurs et al.

1991), the expectedmetal abundance of its halo is [Fe/H] � �2–
�1.5, in agreement with the abundance we found for the old pop-
ulation in the ULX field.

At fainter magnitudes, MV >⇠ �2.5 mag, the RGB is very
spread out and there is a substantial contribution from stars with
0.5 <⇠ (V � I)0 <⇠ 1.0 (Fig. 3, right panel). They are consistent
with a population of younger stars, with ages around 1–2 Gyr.
Star formation in the field surrounding the ULX may have had
various episodes until as recently as 1 Gyr, before the last, lo-
calized episode, responsible for the formation of the few young
stars around the ULX (Fig. 1 and Sect. 4.3.1).

Figure 6.1: The figure is taken from (Grisé et al., 2008) and shows the HST image of the optical
nebula around NGC1313 X-2, using the F345W filter. 1” corresponds to 19.4 pc. The ULX counter-
part is the bright point-like source at the center of the image. Contours of the H↵ emission (at 10,
30, 50, 70 and 90% flux level above the background) are overplotted. The blue contours represent
two young stellar associations.
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Figure 6.2: The 5&9 GHz naturally weighted ATCA image showing the vicinity of the optical
nebula around NGC1313 X-2. The location of the optical nebula (see Fig. 6.1) is indicated by the
ractangle, the cross marks the position of the ULX. Contours represent radio emission at levels of
3, 4, 5, 6, 7, 8, 9 and 10 times the rms noise level of 30 µJy beam�1 (see Table 6.1).

only a few examples where the source is surrounded by a bubble. These are LMC X-1
(Pakull & Angebault, 1986), SS433, and Cyg X-1. These sources reside in relatively dense
regions of the Galaxy, so the importance of the initial density of the ISM might be sup-
ported. However, we might face even bigger difficulties when we take into account the
fact that SS433 is thought to be a super-Eddington accretor (Fabrika, 2004) and Cyg X-1
is not. Furthermore, there is no synchrotron radio bubble around Cyg X-1, just a shock
front which is aligned with the major axis of the compact jet (Gallo et al., 2005).

Taking the example of the optical bubble around NGC1313 X-2 (see Figure 6.1.), that
has a size of > 400 pc (Pakull & Mirioni, 2002), it might suggest that the bubble is too
large, and hence too old. If ULXs are at an old age, then one might not see any radio
counterpart – as shown in Fig. 6.2 – because they could already be cooled.
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I showed that radio bubbles are present regardless of the dominant ionization process
of the optical bubble. Here, I would conclude that we do not have enough sources from
the standard GBHB class that show associated optical or radio bubbles (Cseh et al., 2012).
One might take into account sources from outside the Galaxy to compare with ULXs,
but then we would have to face the same sensitivity limitations. There are at least two
examples, S26 and the bubble around IC 10 X-1, as presented in the previous chapter.
These cases are unclear. For instance, the mass of the black hole in S26 is unknown. It
is also unknown whether it is an extragalactic microquasar, a more massive black hole
(e.g. 100 M�) with obscured X-ray luminosity, or perhaps represents a new class of ultra-
powerful sources (UPSs), as presented by C. Motch at the Athena Paris Day in February
2012. Similarly, IC 10 X-1 is sometimes thought to be a hypernova remnant and it might
have a more massive black hole of 23-34 M�, which might complicate the picture. These
sources might be different due to their environment, or might indeed fall in the class of
UPSs due to a more massive black hole, and/or might represent a stellar evolution that
is not well known to date; similar to the stellar evolution of the progenitor of a ULX or
an IMBH.

Figure 6.3: Predicted radio flux densities for nearby ULXs using the fundamental plane.

Turning to jets and flares, there is no ULX associated with a compact jet or flare, with
the exception of HLX-1 (see next Chapter). Figure 6.3. shows the expected radio flux
densities at 5 GHz for nearby ULXs as a function of black hole mass using the fundamen-
tal plane. Applying the radio upper limits above, one might conclude that ULXs with
black hole masses of 104 M� can be ruled out. However, caution needs to be taken here,
as the X-ray and radio luminosities are not measured simultaneously, which might intro-
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duce an even larger error than the intrinsic scatter of of 0.12 dex within the fundamental
plane. Therefore, the deduced mass limits might be accurate to an order of magnitude.
Moreover, it is still not clear whether ULXs follow the same phenomenology as GBHBs,
and if they have X-ray hard state (see HLX-1 in next Chapter). Unfortunately, this limit
still involves the definition of an IMBH at the upper end of the mass range of 105 M�,
although, in several cases the radio upper limit of 20-30 µJy already implies an upper
limit on the black hole mass of 103 M�. The limit of 103 M� might imply lower ULX
masses than previously thought. However, any statements must be reserved until after
the full analysis of the EVLA and ATCA survey is complete, because at the moment we
lack good statistics with the few number of sources we have.

6.3 Data Analysis of a Radio Source Found in the ATCA Sur-
vey

Deep surveys are valuable not just because of their systematic nature, but also, sometimes
they might reveal previously unknown sources. In the following, I will describe my work
on a new radio source found in the survey sample, in NGC 247, which is a spiral galaxy
at a distance of 3.4 Mpc. Note that, the Hubble data reduction part, the X-ray spectral
fitting part, and the source interpretation benefited from discussions with F. Grise and S.
Farrell.

6.3.1 ATCA Observation

We obtained deep dual-frequency ATCA CABB (Compact Array Broadband Backend)
(Wilson et al., 2011) observations of NGC 247, as part of the radio survey. The CABB-
upgraded ATCA allowed us to reach unprecedented noise levels in the field. ATCA was
in 6A configuration (it’s highest resolution mode). The observation was made on 2011
Dec 15 (program code: C2588, PI: Cseh). The data were obtained simultaneously at 5.5 &
9 GHz with 12 h integration time. We observed in phase-reference mode; the phase cal-
ibrator was 0116-219 and the primary calibrator was PKS 1934-638. The data reduction
was performed using the MIRIAD software package (Sault et al., 1995). After the individ-
ual analysis of the separate bands, I also combined the 5 GHz and 9 GHz images in order
to enhance sensitivity.

I fitted the source with a point source model at 5&9 GHz, 5 GHz and 9 GHz. The
measured flux densities are 106 ± 13 µJy, 112 ± 20 µJy, 60 ± 19 µJy, respectively. The
corresponding two-point spectral index is �1.24+0.94

�1.09, S ⇠ ⌫↵. I also obtained the position
of the source at a location of RA=00h47m03.31s, Decl.= -20�45’46.21” (J2000.0), with a
positional error of 0.12” in RA and 0.48” in Decl. The 5-GHz flux would correspond to a
radio luminosity of 7.3 ⇥ 1033 erg s�1 at a distance of 3.4 Mpc.

6.3.2 Archival Search in Existing Catalogs

I first searched in general catalogs like NED and Simbad, that resulted in no matches.
Then I searched in X-ray catalogs, and the source was found in the Second ROSAT PSPC,
if the PSF of 10” is taken into account. The source was also found in the XMM-Newton
archive, if a search radius of 1.5” is taken into account. The source was not found at
any other wavelength covering radio to UV, in other existing catalogs. In summary, this
source is first detected in radio and has a possible X-ray counterpart.
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Figure 6.4: The 5&9 GHz ATCA 6A-array image of the source. Contours represent radio emission
at levels of 3, 4, 5, 6, 7 and 8 times the rms noise level of 12 µJy beam�1. The peak brightness is
91 µJy beam�1. The image was made using natural weighting and the resolution is 6.5” ⇥ 1.6” at
PA=2�.

I found and analyzed two archival XMM-Newton data sets and a recent, archival
Chandra observation. Given that faint sources are probably not in catalogs, I also ana-
lyzed the deepest Hubble observation available in the archive.

6.3.3 XMM-Newton

The first observation was performed on 2009 Dec 27 (PI: H. Feng), lasting for about 35 ks,
with the prime full window for the three cameras. The analysis of this data was partially
done before by Jin et al. (2011). However, in order to gain X-ray spectral information
on the source, I reanalyzed the full data set and extracted the spectrum of the source
following standard procedures 1. In this observation, the thin filter was chosen for the PN
and medium filter for the MOS. Event lists were created from the observation data files
using SAS with recent calibrations. To minimize background contamination, I selected
good time intervals (GTIs) where the 10-15 keV count rate of the whole CCD was lower

1http://xmm.esac.esa.int/sas/current/documentation/threads/
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0 8 33 74 132 207 298 405 529 669 826Figure 6.5: XMM-Newton EPIC PN image of the source in the 0.2-12 keV band with pixel size of
4 arcsec. The line in the bottom left corner has a size of 4 arcmin. The north direction is up.

than 0.5 for the MOS and 1.5 for the PN. This resulted in 23 ks of clean exposure for the
PN and 31 ks for the MOS.

Images in five energy bands, 0.2-0.5 keV, 0.5-1 keV, 1-2 keV, 2-4.5 keV, and 4.5-12 keV
were created for each CCD with a pixel size of 4.0” from events with FLAG = 0 and
PATTERN  4 for the PN or PATTERN  12 for the MOS. The edetect chain tool was
used to detect point sources simultaneously on the images. I detected the source on PN
and MOS2, but not on MOS1. Jin et al. (2011) report the detection of the source under
source number 33. They performed an astrometric correction and provide the source
position as RA=00h47m03.23s, Decl.= -20�45’45.9” (J2000.0) with an error of 1.2 arcsec. I
find a match in position within the error of 1.5 arcsec provided by edetect chain tool. The
position reported by Jin et al. (2011) is consistent with the radio position within the 1 � �
error.

The extraction radius is smaller than usual for PN sources, but this is necessary given
the crowded field. The 80 per cent encircled power radius is ⇠ 25 arcsec 2 so, the mea-
sured source fluxes were increased by a factor of 1.2 to account for the flux outside the
extraction region. The source was detected with 127 total counts in 22.85 ks, correspond-
ing to an average count rate of 0.00555. The obtained flux, using edetect chain, in the
0.2-12 keV band is (1.46 ± 0.48) ⇥ 10�14 erg cm�2 s�1, including the flux correction indi-
cated above. This value is consistent with the values reported by Jin et al. (2011).

The second data set was observed on 2001 July 08 (PI: M. Watson) with 17 ks. The

2http://xmm.esa.int/external/xmm user support/documentation/uhb 2.5/node17.html
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thin filter was chosen for the PN and also for the MOS. Due to strong background flares
during the observation, the resulted GTIs were 1.6 ks for the PN and 5.6 ks for the MOS.
I selected GTIs with a count rate lower than 1.5 for the PN and lower than 0.35 for the
MOS. Source detection was performed as described above. Due to the small GTIs, I did
not detect the source, either on PN or on MOS cameras.

6.3.4 X-ray Spectral Fitting

Due to the thin filter on the PN, the number of photons detected with the PN is about 2
times that with MOS2. I used both the PN and MOS data for spectral analysis. The energy
spectrum was extracted in the 0.3-10 keV band from events in a 25”-radius circular region
due to a crowded field with FLAG and PATTERN the same as those used in creating the
image. The background was subtracted from events in a nearby circular region with a
radius of 45” on the same CCD at a similar distance from the CCD center.

Figure 6.6: The PN and MOS spectra fitted with an absorbed powerlaw

I fitted the PN and MOS spectra simultaneously, using the XSPEC (Arnaud, 1996)
spectral fitting tool (Fig. 6.6.). I grouped the spectra with a minimum of 20 counts as
needed for �2 statistics and I used the Wilms abundances (Wilms et al., 2000).

Fitting the spectrum in the 0.3-12 keV band, with an absorbed (PHABS) power-law,
leads to a good fit with �2/DoF = 4.5/12 with a photon index of � = 2.94+3.50

�0.44 and
an equivalent hydrogen absorption column density of NH = 1.4+2.9

�1.1 ⇥ 1022 cm�2. The
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absorbed flux in the 0.3-12 keV band was 1.4⇥10�14 erg cm�2 s�1. The unabsorbed flux
is 7.9 ⇥10�14 erg cm�2 s�1, corresponding to an unabsorbed luminosity of 1.0 ⇥ 1038 erg
s�1 in the 0.3-12 keV band at a distance of 3.4 Mpc.

I use WebPIMMS to obtain upper limits on the PN flux for the second data set.
WebPIMMS requires that the input count rate is from an extraction radius of 15” (roughly
72% of the total counts) 3. The total counts found at the position of the source is 13. This
transfers to total counts of 27.91, which corresponds to a 0.9987 confidence, i.e. to a 3-�
upper limit (Gehrels, 1986). The corresponding upper limit on the average count rate
is 0.017 counts per second. Using the Galactic hydrogen column density calculator4, to-
wards the source, I obtain NH = 1.55 ⇥ 1020 cm�2. This is negligible compared to the
intrinsic column density obtained from the X-ray fit. Assuming an intrinsic column den-
sity and a power-law photon index obtained from the spectral fit, the 3-� upper limit on
the flux at the source location in the 0.3-12 keV band is 6.8 ⇥ 10�14 erg cm�2 s�1 and the
unabsorbed flux limit is 4.4 ⇥ 10�13 erg cm�2 s�1. Using the same inputs, a face value on
the net counts would correspond to a flux of 3.3 ⇥ 10�14 erg cm�2 s�1 and to an unab-
sorbed flux of 2.1 ⇥ 10�13 erg cm�2 s�1. This limit is at least a factor of three above the
flux deduced from the X-ray fit.

6.3.5 Chandra

0 0.34 1.4 3.1 5.4 8.5 12 17 22 28 34

N

CHANDRA

Figure 6.7: Chandra X-ray image of the source in the 0.3-10 keV band with pixel size of 0.5 arcsec.
The color-scale indicates X-ray intensity and ranges from 0 to 34 counts per pixel. The arrow
points to North and has a size of 20 arcsecond

3http://xmm.esac.esa.int/external/xmm products/slew survey/upper limit/UpperLimitServer userguide.shtml
4http://cxc.harvard.edu/toolkit/colden.jsp
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NGC 247 was observed with the Chandra X-Ray Observatory using the Advanced
CCD Imaging Spectrometer spectroscopy array (ACIS-S) in imaging mode. The Chandra
observation (ObsID 12437; PI H. Feng) began on 2011 Feb 01 14:31:09 UT and had a useful
exposure of 5 ks.

The Chandra data were subjected to standard data processing (CIAO version 4.3 us-
ing CALDB version 4.4.6). I checked for background flares on the S3 chip in the 0.3-10
keV band using a nearby region with a radius of 50 arcsec and found that there were no
strong background flares.

I then constructed images of the S3 chip with a pixel size of 0.5 arcsec in the 0.3-10 keV
bands. I searched for sources in the 0.3-7 keV band following standard procedures5, using
the wavedetect tool in CIAO with an exposure map created by the fluximage script. The
source was detected at RA=00h47m03.28s, Decl.= -20�45’45.89” (J2000.0) with a positional
error of 0.33 arcsec with a total of 5 counts at a S/N level of 2.5. This position is consistent
with the radio and XMM-Newton position within the errors.

The Chandra source had an average count rate of 0.001 in the 0.3-7 keV band. Using
WebPIMMS, with the same photon index and column density as above, the predicted
flux in the 0.3-12 keV is 9.4 ⇥ 10�15 erg cm�2 s�1 and the unabsorbed flux is 6.0 ⇥ 10�14

erg cm�2 s�1. This would correspond to an unabsorbed luminosity of 8.3 ⇥ 1037 erg s�1

in the 0.3-12 keV band at a distance of 3.4 Mpc. This value is consistent with the flux
obtained from the X-ray fit of the XMM data.

6.3.6 ROSAT

I found a nearby ROSAT source, cataloged as 2RXPJ004703.4-204544, with a count rate of
(1.5±0.6)⇥10�3 cts/s obtained with the PSPC instrument. Given that the ROSAT is sen-
sitive in the 0.3-2.4 keV band, I fitted the XMM spectra in this band. Using WebPIMMS,
with the obtained photon index of 2.6 and hydrogen column density of 1.2 ⇥ 1022 cm�2,
the predicted flux is (1.0±4.1)⇥10�13 erg cm�2 s�1, and the unabsorbed flux (3.8±1.5)⇥
10�13 erg cm�2 s�1, in the 0.3-12 keV band. This would correspond to an unabsorbed lu-
minosity of 5.3 ⇥ 1038 erg s�1 in the 0.3-12 keV band at a distance of 3.4 Mpc. However,
as the ROSAT band significantly differs from the band of XMM-Newton, it is not clear
whether the extrapolation is correct.

6.3.7 Hubble

Given the small error on the Chandra X-ray position and a good match with the ATCA
position, I attempted to find an optical counterpart of the source using archival Hubble
data.

First, I retrieved Level 5 file (ObsID 10915) made with the Advanced Camera for
Surveys (ACS) using the F814W filter, from the Hubble Legacy Archive (HLA)6. Dur-
ing the pipeline calibration, after drizzling, the geometric distortion is removed but the
sky remains flat so both surface and point-source relative photometry are correct in the
resulting files. The photometric zero point in the header allows conversion from elec-
trons/seconds to absolute flux units 7. The flux scale corresponds to 7.07236 ⇥ 10�20 erg
cm2 Ang�1 electron�1, the pivot wavelength is 8059.75 Å , and the total exposure was
1534 sec.

5http://cxc.harvard.edu/ciao4.4/threads/wavdetect/
6http://hla.stsci.edu/
7http://www.stsci.edu/hst/HST overview/instruments
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Figure 6.8: Hubble image of NGC247. The line in the bottom left corner has a size of 29.5 arcsec.
The red circle to the right indicates the location of the source of interest. The north direction is up.

Fig. 6.8 indicates the location of the source with respect to the core of NGC 247.
Figure 6.9 shows the nearby region of the source of interest with the ATCA and Chandra
positions. The intercept region of the two error circles might indicate an optical point-like
counterpart at the location of the source of interest.

I performed photometry on the above source. The zero point for F814W is ABmag=
25.51994 and STmag=26.78213, for observations after 2006 July 4 8. Note that, the 10-�
point-source detection limit is ABmag=25.8 for the F814W filter. Using the IRAF DAOPHOT
package, I determine the FWHM of the PSF as 2 pixels, which is a typical value for HST;
this represents an enclosed energy of 0.603 (Sirianni et al., 2005). The aperture correction
(AC) from 0.5” to infinity is 0.087±0.001 and at a pivot wavelength of 8069 Å, AC�=0.54
(Sirianni et al., 2005). Using DAOPHOT with a radius of 0.1”, I find an instrumental mag-
nitude (Imag) of the source of 16.41± 0.06. Then I use the following equation to calculate
the OB magnitude:

OBmag = �2.5 log(10�(Imag/2.5/Exposure) � AC � AC�. (6.1)

I find OBmag=-1.25. One need to add the corresponding zero point to obtain the magni-
tudes: M814W = OBmag + ZPT . So the Vega magnitude is M814W = 24.27 ± 0.06 and

8http://www.stsci.edu/hst/acs/analysis/zeropoints
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Figure 6.9: Hubble image of the source of interest. The line has a size of 1 arcsec and points
towards the North direction. The ATCA and the Chandra positions with error circles are also
plotted.

the ST magnitude is M814W,ST = 25.53 ± 0.06. Then the flux is calculated as:

F = 10(STmag+ZPT )/(�2.5) (6.2)

so, FF814W = 2.33 ⇥ 10�19 erg s�1 cm�2 Å�1.
In order to gain information on the optical color of the source, I retrieved Level 5 file

(ObsID 10915) made with the ACS using the F606W filter, from the HLA. The zeropoint
for F606W is STmag=26.67444 for observations after 2006 July 4 9. I find that the FWHM
of the PSF is 2 pixels, representing an enclosed energy of 0.656. The AC correction is
AC = 0.088 and AC� = 0.46 at pivot wavelength of 5918 Å. I find an instrumental
magnitude of 17.36 ± 0.15, which transfers to OBmag = �0.24. Therefore, the Vega
magnitude is M606W = 26.18 ± 0.015, and the ST magnitude is M606W,ST = 26.43 ± 0.015.
Then, the flux of the source is F606W = 9.7 ⇥ 10�20 erg s�1 cm�2 Å�1.

The source was detected in both F814W and F606W filters, but not in F475W. The
source appears to be of red color (F606W - F814W) ' 1.9.

6.4 Source Interpretation

Regarding the location of the source, the ATCA and Chandra positions are consistent
within the error circles. The ATCA and Chandra counterparts of the source are also
consistent with the XMM-Newton position within the errors, and could be consistent
with the ROSAT source within the ROSAT PSF. Using the 2MASS point source catalog

9http://www.stsci.edu/hst/acs/analysis/zeropoints
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and the USNO-B1.0 catalog, the astrometry of the Chandra data appears to be correct at
about 0.7 arcsec. Furthermore, the astrometry of the Hubble data appears to be correct
at about 0.5 arcsec, using the same catalogs. The chance probability to have a radio and
an X-ray source coincident is much lower than to have a radio source coincident with an
optical source. Therefore, in the following I assume that the radio and X-ray sources are
the counterparts of the same object. For the optical source, I will discuss separate cases
when a counterpart is assumed.

The radio spectral index has high errors, but seems to be consistent with a steep-
spectra, with optically thin emission. This spectral index could be consistent with a flare
from a stellar-mass black hole or with the core of an LLAGN.

Considering the X-ray measurements, the Chandra and XMM-Newton fluxes are con-
sistent with a constant within the errors. These measurements cover more than a year,
and given that there is no flux decrease in the X-rays, a putative SNR might immediately
be ruled out. Comparing the XMM-Newton flux to the ROSAT flux, it might indicate a
variability by a factor of 3-6. However, it is not clear whether the extrapolation to the 0.2-
12 keV band is correct. The X-ray photon index can also be consistent with a stellar-mass
black hole or with an AGN.

The positional uncertainty of the Hubble image and the relatively crowded field re-
quires to investigate three possibilities: 1) the radio source has a point-like optical coun-
terpart, 2) the radio source does not have an optical counterpart, and alternatively 3) the
radio source has a spatially resolved optical counterpart, as many of those are located
near the radio error circle.

1) The putative point-like optical counterpart is very faint, it is almost at the HST de-
tection limit. The color index of 1.9 indicates a red source. This color could be consistent
with a globular cluster (priv. com. S. Farrell) or a background AGN. 2) If there is no
optical counterpart, then an AGN and a globular cluster might be ruled out leaving the
only possibility of a microquasar. 3) Alternatively, a globular cluster might be resolved if
located within 4 Mpc. There are many resolved optical sources near the radio error circle,
which could indicate the presence of a globular cluster. However, the optical colors of
those sources were not calculated.

As a next step, I investigate whether the source could be located in the Galaxy. The
Galactic coordinate of NGC247 is 114, -83.5. Given the high longitude, it is unlikely
that we witness a compact Galactic object in the line of sight. Placing the source at 10
kpc, its X-ray luminosity would be ⇠ 1033 erg/s. In principle, this X-ray luminosity
might be consistent with an extreme cataclysmic variable (CV); however, most of the CVs
have an X-ray luminosity below 1029 erg/s and show a soft X-ray emission (Pretorius &
Knigge, 2012). Alternatively, the X-ray luminosity could be consistent with a magnetar
in quiescence (Levin et al., 2010). However, a radio loud magnetar has two orders of
magnitude higher radio flux and a highly inverted radio spectral index (Levin et al.,
2010). Therefore, a Galactic origin of the source of interest might be ruled out assuming
it is not a quiescent GBHB.

Placing the source at 3.4 Mpc, the X-ray luminosity would be of 1038 erg/s. This
luminosity is typical for stellar-mass black holes. Galactic black hole binaries show radio
flares at 1-10 Jy level. Scaling this radio flux by the distance of 3.4 Mpc would predict
a flaring flux of 0.01-0.1 mJy. This is in good agreement with the measured radio flux
of 112 µJy at 5 GHz. Therefore, a flaring microquasar, or a microblazar with beamed
radio emission is strongly supported by the X-ray and radio data. If there is no optical
counterpart or if the counterpart is consistent with an old cluster (either resolved or not)
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would also support the presence of a microquasar. Alternatively, the color index of 1.9
might be similar to a microquasar in a high/soft state (Russell et al., 2011a).

If the source is placed at 100 Mpc, its X-ray luminosity would be about 1041 erg/s.
LLAGNs are defined with an X-ray luminosity below 1042 erg/s (de Gasperin et al., 2011),
so the source could be consistent with an LLAGN. On the other hand, the putative optical
counterpart is very faint, appears to be of red color, and the source is not cataloged in
infrared or UV. Comparing the color index of 1.9 with typical colors of LLAGNs in the
same HST bands (González Delgado et al., 2008), I find that it is extremely red for a
LLAGN.

One could tentatively use the fundamental plane, with the caution that the X-ray
and radio measurements were not taken simultaneously. Also, the radio spectral index
does not indicate a compact jet. Assuming that the flaring emission is a factor of 100
stronger than the continuum emission, the obtained mass would be 267 ± 85 M� at 3.4
Mpc. This would rule out a background LLAGN. Placing the source at 100 Mpc and
using a face on value on the radio flux, the radio luminosity would be 6.7 ⇥ 1036 erg/s.
Then, the fundamental plane would predict a mass of (1.8 ± 0.6) ⇥ 107 M�. This mass is
consistent with a LLAGN. At this stage, a firm conclusion cannot be drawn by using the
fundamental plane.

In summary, the data supports a flaring microquasar or a microblazar with beamed
radio emission. The source could possibly be located in an old stellar cluster in NGC247.
Future deep, simultaneous X-ray and radio measurements could confirm the nature of
the source by using the fundamental plane and by studying possible variability in the
radio and the X-ray band.
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HLX-1

N. Webb, D. Cseh, E. Lenc,
O. Godet, D. Barret, S. Corbel, S. Farrell, R. Fender, N. Gehrels, I. Heywood
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In this Chapter, I focused on my contribution to the above paper. This involves ob-
servation, reduction and analysis of the radio data, preparation of the supporting online
material regarding the radio observations, and the preparation 50% of the figures and
100% of the tables that are involved in the main body of the paper. Moreover, I heavily
contributed to the preparation of the manuscript text and the interpretation of the results.
On the other hand, my contribution does not involve the analysis of the X-ray data.

Relativistic jets have been observed from stellar mass black holes (⇠3-30 M�) as well
as supermassive black holes (⇠106- 109 M�) found in the centers of most galaxies. Jets
should also be produced by intermediate mass black holes (⇠30-105 M�), although evi-
dence for this third class of black hole has until recently been weak. I report the detection
of transient radio emission at the location of the intermediate mass black hole candidate
ESO 243-49 HLX-1, which is consistent with a discrete jet ejection event. These observa-
tions also allowed to refine the mass estimate of the black hole to be between ⇠ 9 ⇥ 103

M� and ⇠ 9 ⇥ 104 M�. Furthermore, I concluded with possible future steps towards
unification of black holes with an evenly populated mass distribution.
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7.1 Introduction

7.1.1 Candidate Intermediate-mass Black Holes

Although one of the explanations of the ULXs phenomena is that their mass is consistent
with IMBHs, there are many other explanations, such as beaming or super-Eddington
accretion. On the other hand, there is an emerging subclass of ULXs, called hyperlumi-
nous X-ray sources (HLXs), with their major characteristic: an X-ray luminosity above
LX > 1041 erg/s. This extremely large luminosity cannot be explained either with beam-
ing or with super-Eddington accretion. In principle, even the combination of these pro-
cesses could lead to an X-ray luminosity of only LX ' 1041 erg/s. Thus, HLXs are the
best IMBH candidates to date. About ⇠ 18 such sources are known (Gao et al., 2003; Wal-
ton et al., 2011; Sutton et al., 2012); however, most of their distances are unconstrained,
i.e. some of them could be background, low-luminosity AGN (LLAGN).

Another important point is that all length scales of an accreting black hole system
can be expressed in units of the gravitational radii. This means that the kinetic power
output of any black hole is scale invariant (Heinz & Sunyaev, 2003). In this model, jets
are expected from every black hole system regardless of the mass of the black hole. The
presence of jets, however, depends on accretion rate. If one compares black holes at
similar accretion rates, then jet emission, which is most frequently detected through radio
emission, is not only to be expected from stellar mass black holes and supermassive black
holes, but from IMBHs as well. This includes ULXs, however, to date, no variable radio
emission associated with jets has been detected from ULXs, despite numerous observing
campaigns (Körding et al., 2005; Freeland et al., 2006). On the contrary, non-varying
nebula-like extended radio emission, which is likely to be powered by the central black
hole, has been detected around some ULXs (Kaaret et al., 2003; Miller et al., 2005; Cseh
et al., 2012).

7.1.2 HLX-1

ESO 243-49 HLX-1 (HLX-1) was discovered serendipitously using XMM-Newton on 23
November 2004 in the outskirts of the edge-on spiral galaxy ESO 243-49, 8” from the
nucleus (Farrell et al., 2009). The distance to HLX-1 measured from its H↵ emission line
confirms that ESO 243-49 is the host galaxy (Wiersema et al., 2010). HLX-1 therefore has a
maximum unabsorbed X-ray luminosity, assuming isotropic emission, of 1.1 ⇥ 1042 ergs
s�1 (Farrell et al., 2009). The non-nuclear location of this point source and the fact that it
exceeds the Eddington luminosity for a stellar mass black hole by three orders of mag-
nitude, qualify it as a ULX. From the X-ray luminosity and the conservative assumption
that this value exceeds the Eddington limit by at most a factor of 10 (Begelman, 2002),
a lower limit of 500 M� was derived for the mass of the black hole (Farrell et al., 2009).
The maximum mass, however, is not constrained. Because the X-ray to optical flux ratio
(Farrell et al., 2009; Soria et al., 2010a) is far greater than expected from an AGN without
an estimate of this maximum mass, it could still be argued that HLX-1 is a non-nuclear
supermassive black hole (e.g. Guedes et al., 2009). The optical SED of HLX-1 is likely
consistent with a young stellar cluster; however, it is strongly affected by disk irradiation
(Farrell et al., 2012).

HLX-1 is not only a ULX, but currently the best intermediate mass black hole can-
didate. The Swift/XRT lightcurve (Fig. 7.1) shows that HLX-1 is regularly undergoing
X-ray outburst. These outbursts show a FRED pattern, ie. a fast rise followed by an ex-
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Figure 1: Longterm Swift lightcurve showing the dates of the first two ATCA observations and
the period during which the subsequent five ATCA observations were taken. Three X-ray state
transitions from the low/hard state (count rate. 0.002, 0.3-10.0 keV) to the high/soft state (0.01
. count rate . 0.05, 0.3-10.0 keV) can be seen.
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Figure 7.1: Longterm Swift lightcurve showing the dates of the first two ATCA observations and
the period during which the subsequent five ATCA observations were taken. Three X-ray state
transitions from the low/hard state (count rate  0.002, 0.3-10.0 keV) to the high/soft state (0.01
 count rate  0.05, 0.3-10.0 keV) can be seen.

ponential decay, which is reminiscent to Galactic black hole binaries (GBHBs). If HLX-1
harbors an intermediate mass black hole, it accretes at comparable fractions of the Ed-
dington luminosity, as stellar mass black holes in binaries. Hence one expects HLX-1 to
display similarities with the latter class of objects (see also later). In that respect spectral
state transitions (Fig. 7.2) reminiscent of black hole binaries have already been reported
(Godet et al., 2009; Servillat et al., 2011). It is therefore an ideal object in which to search
for jet emission, in order to verify the scale-invariance of jets from black holes. Moreover,
HLX-1 follows the standard disk law (Fig. 7.3.), which makes the source even more close
to GBHBs. Also, this is another strong argument supporting the IMBH nature of HLX-1,
ruling out super-Eddington accretion.

7.2 Radio Observations and Analysis

HLX-1 in ESO 243-49 was observed with the Australia Telescope Compact Array (ATCA)
seven times as shown in Table 7.1, using the upgraded Compact Array Broadband Back-
end (CABB) (Wilson et al., 2011). The data were taken using the CFB 1M-0.5k correlator
configuration with 2 GHz bandwidth and 2048 channels, each with 1 MHz resolution.
Each observation was performed at the central frequencies of 5.5 GHz and 9 GHz simul-
taneously. During the first observation the array was in the 750 m configuration (giving
baselines up to 5 km when all 6 antennas are used). During the second and subsequent
observations it was in the 6 km configuration. The total on-source integration time was
⇠11 h for each observation. The primary calibrator PKS 1934-638 was used for absolute
flux and bandpass calibration, while the secondary calibrator 0048-427 was used for the
phase and antenna gain calibration. For each observation, we observed 1934-638 for 10
min and the phase calibrator was observed every 15 min.

The data reduction and analysis was performed with the Multichannel Image Re-
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Table 4
Results of the PDS Fitting

Obs CP �2
⌫ (⌫) C1/f (10�4, BPL) R2 (10�2, BLN) rms(%)

10�3 Hz 1 Hz 10�3 Hz 1 Hz
(1) (2) (3) (4) (5) (6) (7) (8)

XMM1 46.11±0.22 1.13(83) <98.8 <58.3 <4.2 <326.3 <32.3
XMM2 16.02±0.01 1.28(120) <2.7 <2.5 <0.49 <58.8 8.4+9.1

�8.4
XMM3 898.11±0.55 0.79(127) <646.8 <579.9 <79.2 <1293.7 <96.7

Note. — Columns: (1) Observations; (2) Best-fitting constant Poisson level in
[rms/mean]2 Hz�1; (3) Reduced �2 and degrees of freedom of the fits with a constant
Poisson level; (4) Best-fitting C1/f assuming a break frequency of 10�3 Hz; (5) Best-fitting

C1/f assuming a break frequency of 1 Hz; (6) Best-fitting R2 assuming a Lorentzian cen-

troid frequency of 10�3 Hz; (7) Best-fitting R2 assuming a Lorentzian centroid frequency
of 1 Hz; (8) Fractional rms variability within 0.0001–0.1 Hz, assuming the Poisson level
to be the average PDS above 1 Hz. All limits are at a 90% confidence level, except for
the fractional rms (column 8), which is 1�.

Figure 9. Models of X-ray spectra of HLX-1 in di�erent states as
obtained from the best fit to the data (see Table 2). For XMM3,
the abs(pow)+abs(mekal) model is shown as a dashed line, and the
model without the mekal component as a thick line. For Chandra,
the e�ect of pile-up has been corrected.

by Godet et al. (2009). However, fewer luminosity states
have been observed and therefore the diagrams are not
equally sampled than for GBHBs.

The high luminosity state of HLX-1 is well described
by an optically thick disk model with temperatures of
0.18 to 0.26 keV (Table 2). Moreover, the low variabil-
ity level in the XMM2 data (⇠10%) can reasonably be
ascribed to the dominance of the thermal disk compo-
nent. All this is consistent with HLX-1 being in a ther-
mal state. The temperature of the thermal component is
4 to 5 times lower than for typical GBHBs with stellar-
mass black holes (⇠ 1 keV, e.g. Remillard & McClintock
2006). If this soft component we measured is due to
emission from the inner region of an accretion disk, and
the disk extends close to the ISCO, then the temperature
is related to the mass of the black hole by the relation

Tin / M�1/4
BH (Makishima et al. 2000). It is thus possible

Figure 10. Hardness-intensity (top) and hardness-rms diagrams
(bottom) for HLX-1. This plot includes data from Swift, XMM-
Newton and Chandra. The hardness ratios and luminosities are
model dependent, and were obtained from the best fit of the spec-
tra or using a conversion factor for the Swift XRT. XMM3b cor-
responds to the model with the mekal component removed (see
Section 4). We show part of the HID with linear axes as an inset
to better follow the evolution of the source in the high state.

that the lower temperature is due to the presence of a
black hole with a higher mass — by a factor of ⇠ 200 to
500 — than a typical stellar-mass black hole (⇠ 10 M�),
leading to a possible mass of few 103 M�. This argu-
ment has already been used by Miller et al. (2004) for 6
bright ULXs (> 1040 erg s�1) to strengthen their classi-
fication as IMBH candidates even if the thermal compo-
nent was not dominant. In our observations of HLX-1 in
the thermal state, this component is clearly dominant.
A complementary study of HLX-1 in the thermal state
by Davis et al. (2011) using the relativistic disk model

Figure 7.2: Hardness intensity diagram (HID) of HLX-1 showing all the available Chandra and
X-ray measurements (Servillat et al., 2011).

construction, Image Analysis and Display (MIRIAD) software (Sault et al., 1995). We
loaded the data into MIRIAD using the ATLOD task with options birdie, xycorr, rfi-
flag, and noauto, which flags out the channels affected by self-interference, correcting
the phase difference between the X and Y channels, discarding any autocorrelation data,
and automatically flagging out frequency bands that are known to be heavily affected
by Radio Frequency Interference (RFI). The standard data reduction steps were flagging,
bandpass, phase and amplitude calibration, following the MIRIAD User Guide. We used
multi-frequency synthesis (MFS) methods (Wilson et al., 2011) to produce the dirty maps.
Imaging was carried out using the multi-frequency (Wilson et al., 2011) clean algorithms.
We note that imaging did not involve any self-calibration.

The detections with the associated 1 � noise level and the 3 � non-detections for the 5
GHz, 9 GHz and combined observations are given in Table 7.1. All the images were nat-
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Figure 11. Disk bolometric unabsorbed luminosity as a function
of disk temperature kTin (see values in Table 2). The best fit with
a fixed Ldisk � T 4

in is indicated with a dashed line. The XMM3
point should be taken with caution as the disk component cannot
be confirmed nor ruled out in the X-ray spectrum.

BHSPEC provided robust lower and upper limits with
3000 < M < 3 ⇥ 105 M�, firmly placing HLX-1 in the
IMBH regime. Godet et al. (2011, in preparation) tested
additional models to physically constrain the nature of
HLX-1 and they also found mass estimates in the IMBH
range.

We report in Figure 11 the temperature and bolo-
metric luminosity of the disk in the thermal state
from the S3, S7, Chandra, XMM2 observations (see
also Godet et al. 2011, in preparation). All those
measurements in the thermal state are consistent with
the correlation between luminosity and temperature ex-
pected from a geometrically thin, optically thick accre-
tion disk (L / T 4, Shakura & Sunyaev 1973). This
supports the idea of HLX-1 being in a generic ther-
mal state as this relation is also observed for GB-
HBs in this state (e.g. Kubota & Makishima 2004;
Remillard & McClintock 2006). It is however di�erent
to the ULX branch reported e.g. by Soria (2007), where
an anti-correlation between disk luminosity and temper-
ature is seen for two ULXs.

During the XMM3 observation at low luminosities, the
spectrum of HLX-1 is mainly described by a power law
model with a photon index that falls in the range 1.4
to 2.1 (Table 2), indicating a hard state as observed for
GBHBs (we presented preliminary results in Farrell et al.
2011). We could not constrain the rms variability of the
source during the XMM3 observation due to low statis-
tics. Therefore, a high rms value of ⇠30%, as observed
for GBHBs in the hard state (e.g. Belloni 2010), cannot
be ruled out and would be consistent with our data. As-
suming that this hard state is similar to the one observed
for GBHBs, one would expect enhanced radio emission
(Fender et al. 2004). Such a detection would further con-
firm this state as the canonical hard state of GBHBs and

would allow a mass estimate using the fundamental plane
(Merloni et al. 2003).

In the XMM3 spectrum, dominated by a power law
component, we found marginal evidence for a soft disk
component with temperature kTin = 0.07 ± 0.04 keV,
with a significance of 93%. Such a disk component would
be consistent with the L / T 4 relation reported in Fig-
ure 11, as the expected temperature for a disk unab-
sorbed luminosity of 4 ⇥ 1040 erg s�1 is 0.09 keV. A
disk could thus be either extending down to the ISCO,
or maybe truncated as the best fit temperature value is
lower than the temperature expected from the L / T 4

relation. This would again suggest a resemblance with
GBHBs.

During the XMM1 observation of HLX-1, the spec-
trum is found to be well fitted with a steep power law
of photon index ⇠3.5. Such a spectral state is also
observed for some GBHBs (steep power law state, e.g.
Remillard & McClintock 2006), supporting the similari-
ties between HLX-1 and GBHBs.

The HLX-1 long term variability seen in Figure 1
presents similarities with some lightcurves of GBHB (e.g.
Gierliński & Newton 2006; Done et al. 2007) and more
generally of soft X-ray transients when they show out-
bursts (King & Ritter 1998). We observed a fast rise
(⇠10 days or less), followed by an exponential decay (100
to 200 days) of the X-ray flux from HLX-1 (FRED-like
outburst). This could be explained by theoretical mod-
els of the hydrogen ionization instability controlling the
fast rise (King & Ritter 1998). The cause of this variabil-
ity has been investigated in more details by Lasota et al.
(2011). They concluded that HLX-1 is unlikely to be ex-
plained by a model in which outbursts are triggered by
thermal-viscous instabilities in an accretion disc (Lasota
2001), and they argue that a more likely explanation is
a modulated mass-transfer due to tidal stripping of a
star in an eccentric orbit around the IMBH. This would
still explain a change in the accretion rate, leading to
the state transitions we observe, and might also explain
the rarity of a source like HLX-1, which shows unique
properties for a ULX.

6.2. Comparison with other ULXs

It was suggested that most ULXs (few 1039 to
1041 erg s�1, with power law spectra) are stellar-mass
systems accreting at Eddington ratios of the order of
10–30, with mild beaming factors b & 0.1 (King 2009).
If a supercritical accretion disk — as proposed in the
Galactic system SS433 for example — is seen face-on,
the expected luminosity could indeed reach 1041 erg s�1

(Fabrika et al. 2007). In the case of HLX-1 in the highest
state, the Eddington ratio would reach 170 and the beam-
ing factor b ⇠ 2.5 ⇥ 10�3 (King 2011). Freeland et al.
(2006) calculated the broad-band radio–X-ray spectra
predicted by micro-blazar and micro-quasar models for
ULXs. They argued that a disk and a jet could be present
in the system in a high/hard state close to the Eddington
luminosity with a high accretion rate and gravitational
energy released all the way down to the ISCO, leading
to a hard spectrum (�=1.4–2.1) at high observed lumi-
nosities (> 4 ⇥ 1039 erg s�1). They also proposed the
existence of milli-blazars (IMBH and beamed emission)
with luminosities > 1041 erg s�1. The spectrum of HLX-

Figure 7.3: Disk luminosity of HLX-1 is plotted against the inner disk temperature (Servillat et al.,
2011).

urally weighted in order to reach the best sensitivity, with the exception of the September
2010 5 GHz (and the 5+9 GHz) image which was weighted with robust=0 due to the
lower resolution of this data. We also combined the 5-GHz and 9-GHz data sets in order
to enhance sensitivity.

We estimated the position errors by adding the errors due to phase calibration, the
position of the phase calibrator and the point-source model fit in quadrature. We note that
as we have a Very Long Baseline Interferometry measurement for the phase calibrator, its
positional error is negligible. The error due to phase calibration depends on the distance
between the target and the calibrator of 11.5 degrees which corresponds to a positional
uncertainty of ⇠0.2”. We find the error on the RA is 0.43” and on the dec. is 0.67”. We
verified that the radio source was consistent with a point-like object by comparing the
fluxes and the fitted point source model fluxes. For all of our detections, the radio source
was consistent with a point source.
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Table 7.1: Summary of radio observations
5 GHz flux (µJy/b.) 9 GHz flux (µJy/b.) 5+9 GHz flux (µJy/b.)

Observation Detection Non-det. Detection Non-det. Detection Non-det.
date (1 � rms) (3 �) (1 � rms) (3 �) (1 � rms) (3 �)

13 Sep. 10 45 (11) 36 50 (11)
3 Dec. 10 33 63 36

25 Aug. 11 36 45 30
31 Aug. 11 44 (11.5) 51 51 (10)
1 Sep. 11 36 48 31
3 Sep. 11 36 81(17) 45 (10.5)
4 Sep. 11 27 39 30 (7.5)

The 7 radio observations organised by date and showing the radio detection with the associated 1 � noise
level or the 3 � non-detection for the 5 GHz, 9 GHz and combined observations.

Figure 7.4: 5 and 9 GHz combined radio observations (contours: -3, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25
times the 1 � rms noise level (5.6 µJy/beam)) using the radio data taken on the 13th September
2010, 31st August 2011, 3rd and 4th September 2011 with the ATCA and superimposed on an
I-band Hubble Space telescope image of ESO 243-49 (inverted colour map). The beam size is
shown in the bottom left hand corner. The galaxy, ESO 243-49, is clearly detected in radio. An 8-�
point source falls at RA = 01h10m28.28s and declination = -46�04’22.3” (1 � error on the position
of RA=0.43” and dec.=0.67”), well within the 0.3” Chandra error circle of HLX-1.

7.3 Discussion

We observed HLX-1 with the ATCA in the 750 m configuration on the 13th September
2010, when our regular X-ray monitoring of HLX-1 with the Swift satellite (Gehrels et al.,
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Figure 7.5: 5 and 9 GHz combined radio observations (contours: -3, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20,
25 times the 1 � rms noise level (7.0 µJy/beam)) made from the 3rd December 2010, 25th August
2011 and 1st September 2011 ATCA observations and superimposed on the same I-band Hubble
Space telescope image of ESO 243-49. The galaxy ESO 243-49 is again clearly detected, but no
source is found within the Chandra error circle. Again the beam size is shown in the bottom left
hand corner.

2004) showed that HLX-1 had just undergone a transition from the low/hard X-ray state
to the high/soft X-ray state. The transition occurs for HLX-1 when the count rate in-
creases by more than a factor 10 in just a few days, see Figure 7.1 and (Servillat et al., 2011;
Godet et al., 2012). GBHBs are known to regularly emit radio flares around the transition
from the low/hard to the high/soft state, e.g. (Corbel et al., 2004; Fender et al., 2009).
These are associated with ejection events, where, for example, the jet is expelled which
can lead to radio flaring when the higher velocity ejecta may collide with the lower-
velocity material produced by the steady jet. As well as detecting radio emission from
the nucleus of the galaxy, we detected a radio point source at Right Ascension (RA) =
01h10m28.28s and declination (dec.) = -46�04’22.3”, coincident with the Chandra X-ray
position of HLX-1 (Webb et al., 2010). Combining the 5 GHz and 9 GHz data gives a
detection of 50 µJy/beam, and a 1 � noise level of 11 µJy, thus a 4.5 � detection at the po-
sition of HLX-1, at a time when such emission can be expected, see Figure 7.4 and Table
7.1.

The radio flares in Galactic black hole binaries are typically a factor 10-100 (and even
more) brighter than the non-flaring radio emission (Körding et al., 2005) and generally
last one to several days, e.g. XTE J1859+226 (Brocksopp et al., 2002). Once the high/soft
state has been reached, emission from the core jet is suppressed, e.g. (Fender et al., 2009).
To determine whether the radio emission that we detected was transient and thus associ-
ated with a radio flare, we made another observation with the ATCA in the 6 km config-
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Figure 7.6: ATCA observations to date covering the 2010 and the 2011 outbursts: 13 Sep 2010, 3
Dec 2010, 25 Aug 2011, 31 Aug 2011, 1 Sep 2011, 3 Sep 2011, 4 Sep 2011. The 7-GHz (combined
5 and 9 GHz) peak intensities are plotted with an uncertainty of 1-� rms noise level, or the 3-�
upper limit in case of non-detections. The dotted line indicates the average flux, the dashed line
indicates the 3-� upper limit of the EVLA.

uration on 3rd December 2010, when HLX-1 was declining from the high/soft state and
when no flaring is expected. This observation again showed emission from the nucleus of
the galaxy, consistent with that of the previous radio observation, but revealed no source
at the position of HLX-1. The 3 � non-detection for the combined 5 GHz and 9 GHz data
is 36 µJy/beam, see Figure 7.5 and Table 7.1. These observations suggest that the radio
source at the location of HLX-1 is variable.

To confirm the variability, we reobserved HLX-1 when it had just undergone a new
transition from the low/hard X-ray state to the high/soft X-ray state in August 2011, see
Figure 7.4. Five observations were made, see Table 7.1. All five of the 2011 observations
were made in a similar configuration to the December 2010 observation. The source was
again observed to be variable, with three non-contiguous detections (> 4 �) and two
non-contiguous non-detections, see Fig. 7.6 and Table 7.1. This points towards the idea
that two flares were detected during this period, and the variability observed rules out
emission from a nebula. Combining all of the detections (5 and 9 GHz), the source is
observed at 45 µJy/beam, with a 1 � noise level of 5.5 µJy, which shows a confident
detection at the 8 � level. Combining, in a similar fashion, the data in which no radio
emission was detected, we obtained a 3 � upper limit in the combined 5+9 GHz data of
21 µJy/beam. The observed point-like variable radio emission is then again consistent
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Figure 7.7: Comparison of the hardness-intensity diagram of GBHBs and HLX-1. The overplotted
so-called ”turtle head” represents the evolutionary track of an outburst. The image on the left is
from Belloni (2010) and the on the right is the previously shown HID (Servillat et al., 2011).

with a transient jet ejection event.

However, the more significant way to confirm variability is with a statistical test. To
this purpose, I used the actual flux values of HLX-1 in the case of the non-detections, and
not the 3 � � upper limits. I treated the errors as the 1 � � noise level. I performed a
�2 test to compare the measured fluxes with constant values. I added the error to the
constant test values randomly, using random generators to decide whether to add or
subtract the error and what amount of error. I tested this using 10000 trials. Thus, this
test is equivalent to Monte Carlo’ing 10000 test measurements to compare with the real
data by using a �2 test. Then, the result is obtained as the minimum �2 statistics among
the 10000. The result is a �2 statistic of 16.21, with a probability of 0.012 at a significance
level of 0.05. In other words, the hypothesis that the measured fluxes are constant has to
be rejected, further confirming the variability. Note that, using three times the noise level
as error on the measured values would not allow us to rule out constant fluxes using
the above statistical method. Similarly, considering only measurements made during
an outburst would not allow to prove variability during this period, but our aim is the
contrary, to prove variability during a state transition.

It has been shown that observations of supermassive black holes and stellar-mass
black holes support the scale invariance of jets (Merloni et al., 2003; Körding et al., 2006a).
This was done by comparing X-ray and radio measurements, tracers of mass accretion
rate and total jet power respectively, with the black hole mass, to form a ”fundamental
plane of black hole activity”. Under the hypothesis that HLX-1 is indeed an intermediate
mass black hole, we can test the proposed relation. We take what is generally considered
to be the maximum mass of intermediate mass black holes, ⇠ 1 ⇥ 105 M� (Miller & Col-
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bert, 2004), and the X-ray luminosity, 5.43 ⇥ 1041 erg s�1 (0.5-10.0 keV), determined from
the Swift X-ray telescope (Burrows et al., 2005) observations made at the same time as our
radio detection. Continuum (non flaring) radio emission could then be estimated with
the aforementioned relationship (Merloni et al., 2003), which is a sample that includes
black holes in all different X-ray states. Using their relation we determine continuum
radio emission at the ⇠20µJy level. This is slightly lower than the 3 � non-flaring upper
limit, suggesting that the mass of the black hole is likely to be less than ⇠ 1 ⇥ 105 M�.

As another approach, radio flares are seen to occur in GBHBs when the X-ray lumi-
nosity is 10-100 per cent of the Eddington luminosity (Fender et al., 2004). HLX-1 has
already shown similar behavior to the GBHBs, therefore assuming that the radio flares
that we observed also occur when the X-ray luminosity is 10-100 per cent of the Edding-
ton luminosity indicates a black hole mass between ⇠ 9.2 ⇥ 103 M� and ⇠ 9.2 ⇥ 104 M�,
commensurate with the mass estimate above and those of Servillat et al. (2011); Godet
et al. (2012); Davis et al. (2011).

I note that additionally, one can consider that typical GBHB flares have a radio flux
of 1-10 Jy at ⇠ 5 kpc. Scaling this flux by distance and linear mass, one obtains that the
expected mass of HLX-1 is between ⇠ 5⇥ 103 M� and ⇠ 5⇥ 104 M� (for a measured flux
density of ⇠45 µJy). This is also in good agreement with the above estimation.

We have thus demonstrated that the ULX HLX-1 shows transient radio emission dur-
ing a hard to soft state transition that is consistent with a jet ejection event. These ob-
servations reinforce the idea that this intermediate mass black hole candidate behaves
in a similar way to Galactic black hole binaries and supports the proposed scale invari-
ance of jets, relating the mass accretion to the power output for black holes in all mass
ranges. These observations have also allowed us to refine the mass estimate of the inter-
mediate mass black hole to be between ⇠ 9 ⇥ 103 M� and ⇠ 9 ⇥ 104 M�, confirming the
intermediate mass black hole status.

7.4 Black Hole Unification

Here I intend to show that HLX-1 is a very promising candidate for black hole unification.
HLX-1 is not just exhibiting X-ray state transition, but it likely follows the canonical X-
ray states of GBHBs (Fig. 7.7). Although, one can argue that the high/hard and low/soft
state is not measured, ie. parts of the ”turtle head” pattern are missing. There could
be several reasons for this, such as the fast rise of the X-ray flux and sensitivity limits,
and/or one would need to define different hardness ratio. Assuming that HLX-1 is an
IMBH that follows the standard disk law, then it is expected to have a lower inner disk
temperature than a GBHB. As a matter of fact, the inner disk temperature is indeed much
lower than 1-2 keV, as shown in Fig. 7.3. Thus, plotting the luminosity versus a hardness
ratio that clearly reflects the disk and power-law fraction of the X-ray flux, might help to
better ”sample” the HID pattern. In any case, there is certainly a good match with the
GBHB phenomenology.

It was also shown that the disk-fraction luminosity diagram shows the same pattern
(Fig. 7.8), not just for black holes, but also for other accreting objects like neutron stars
and cataclysmic variables. Therefore the common link between all accreting objects is the
universal disk/jet coupling and/or the same jet launching mechanisms (Körding et al.,
2008a).

The idea of the disk/jet coupling was developed even further for accreting black
holes. This means, when considering only black holes, a mass scaling of the disk/jet
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Astrophysical jets seem to occur in nearly all types of accreting objects, from supermassive black
holes to young stellar objects. On the basis of x-ray binaries, a unified scenario describing the
disc/jet coupling has evolved and been extended to many accreting objects. The only major
exceptions are thought to be cataclysmic variables: Dwarf novae, weakly accreting white dwarfs,
show similar outburst behavior to x-ray binaries, but no jet has yet been detected. Here we present
radio observations of a dwarf nova in outburst showing variable flat-spectrum radio emission
that is best explained as synchrotron emission originating in a transient jet. Both the inferred jet
power and the relation to the outburst cycle are analogous to those seen in x-ray binaries,
suggesting that the disc/jet coupling mechanism is ubiquitous.

Jets launched by accreting objects seem to
be a ubiquitous phenomenon, suggesting
that accretion and jet launching may be in-

trinsically coupled. Jet emission from accreting
white dwarfs (WDs) has been reported for super-
soft sources (WDs with thermonuclear burning)
(1) and symbiotic stars (highly accreting binary
systems) (2). However, no jets have been found
in cataclysmic variables (CVs), except perhaps
after Nova eruptions (3). In fact, the lack of jet
emission from dwarf novae (DNe), a class of
weakly accreting nonmagnetic CVs, has been
used as a constraint for jet-launching mechanisms
of accreting objects (4, 5). Radio emission, which
is often used as a tracer for a jet, has only spo-
radically been found for nonmagnetic DNe (6, 7),
and the radio detections are usually not repro-
ducible (8). It has thus been suggested that the
radio emission is correlated with the optical out-
burst (9). X-ray binaries (XRBs), which do show
jets, share many properties with DNe: The trig-
gering of an outburst as well as the subsequent
evolution of the accretion disc (for example, a
truncated disc) are thought to be similar (10).

XRBs can be well studied throughout a full
outburst cycle because the time scale from qui-
escence to the peak of the outburst and back
ranges from weeks to months (11). The accretor
in XRBs may be either a black hole or a neutron
star. One of the main results of the study of black
hole XRBs is the establishment of accretion
states (12), through which a source moves in a
predefined order (13), and their associated jet
properties. These states can be well separated on

a hardness-intensity diagram (HID) (11). At the
beginning of the outburst, the source shows a
hard x-ray spectrum and usually shows radio
emission originating from a jet (the hard state,
zone A in the left panel of Fig. 1) (14). The source
brightens while staying in the hard state until it
makes a transition to the soft state character-
ized by a soft x-ray spectrum. This transition is
typically accompanied by a bright radio flare
once the source crosses the jet line; after this,
the core radio emission is quenched in the soft

state (13). During the decay of the outburst the
source moves back to the hard state—albeit at
a lower luminosity than the hard-to-soft transi-
tion (13). Although the nomenclature of neutron
star XRB states is different, one can map the neu-
tron star states onto the black hole equivalents
(15). This can be visualized in a HID, where they
follow basically the same pattern (16) as shown
in the middle panel of Fig. 1. The main differ-
ence, with respect to their radio emission, is that
the radio emission is only suppressed by a factor
of ~10 when the source is in the analog state of
the soft state (17). The different behavior may
be due to the existence of a boundary layer in
neutron star XRBs, which does not exist in the
black hole case.

The analogy between XRBs and DNe can be
visualized by constructing a disc-fraction lumi-
nosity diagram (18) of a dwarf nova (DN) (Fig. 1,
right panel), which is a generalization of the HIDs
used for XRBs. For a DN, the inner region of
the accretion flow is truncated by the stellar sur-
face and its boundary layer. The boundary layer
is thought to be the origin of the x-ray and ex-
treme ultraviolet (UV) emission. The disc-fraction
plotted in Fig. 1 describes the optical depth of
the accretion flow for UVemission. The described
analogy between XRBs and CVs suggests that
radio emission from a DNe should be most prom-
inent during the initial rise (zone A in Fig. 1)
and the subsequent state transition to the soft
state. However, the time scale of this rise is

REPORTS

1School of Physics and Astronomy, University of Southampton,
Southampton SO17 1BJ, UK. 2National Radio Astronomy Ob-
servatory, 10003 Lopezville Road, Socorrow, NM 87801,
USA. 3American Association of Variable Star Observers, 49
Bay State Road, Cambridge, MA 02138, USA. 4University of
Manchester, Jodrell Bank Observatory, Macclesfield SK11
9DL, UK.

*To whom correspondence should be addressed. E-mail:
elmar@phys.soton.ac.uk

 1

 10

 100

 1000

 0  0.3  0.6

X
-r

ay
 c

ou
nt

s

X-ray hardness

Black Hole

AB

GX 339-4

 0.3  0.6  0.9
X-ray hardness

Neutron Star

AB

Aql X-1

 0  0.3  0.6  0.9
 0.01

 0.1

 1

O
pt

ic
al

 fl
ux

 in
 J

y

LPL/(LD+LPL)

White Dwarf

AB

SS Cyg

Fig. 1. HID for a black hole, a neutron star, and the DN SS Cyg. The arrows indicate the temporal
evolution of an outburst. The dotted lines indicate the jet line observed in black hole and neutron star
XRBs: On its right side, one generally observes a compact jet; the crossing of this line usually coincides
with a radio flare. For SS Cyg, we show a disc-fraction luminosity diagram. We plotted optical flux
against the power-law fraction measuring the prominence of the “power-law component” in the hard
x-ray emission in relation to the boundary layer/accretion disk luminosity. This power-law fraction has
similar properties to the x-ray hardness used for XRBs. The diagram is based on data from (16, 29), and
we used their conversion factors from extreme UV counts to disc/boundary layer luminosity LD. The x-ray
luminosity LPL for SS Cyg is for the 3 to 18–keV energy range. For the other objects, the hardness ratio
is defined as the ratio of the counts in the 6.3 to 10.5–keV range to the 3.8 to 6.3–keV range, and the
x-ray counts represent the 3.8 to 21.2–keV counts of the Rossi X-ray Timing Explorer.

6 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org1318
 o

n 
M

ar
ch

 2
2,

 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

Figure 7.8: Unification of HIDs in different type of compact objects (Körding et al., 2008a). For a
black hole (GX 339-4) and for a neutron star (Aql X-1) the HID is shown. For a white dwarf (SS
cyg) the disk fraction luminosity diagram is shown as an equivalence to the HID. The jet line is
also shown, to the left hand side from the jet line the jet is quenched.

coupling holds. This is manifested in the ”fundamental plane” of black holes, which re-
lates the radio core luminosity to the X-ray luminosity and scales by mass. Thus, broadly
speaking, it is valid for both SMBHs and StMBHs. However, the ultimate question is
whether this empirical relationship holds for IMBHs as well – in other words, whether
the fundamental plane is able to describe the entire black hole population. To this pur-
pose I tentatively plot the location of HLX-1 on the fundamental plane, see Fig. 7.9. As
the flux of the hard state compact jet is likely below our detection threshold, I assumed
a hard state flux of a factor of 10-100 lower than the flux of the flaring emission. Also,
the high uncertainty in the mass estimation leads to a ”zone” on the fundamental plane,
rather than a well-defined point. However, it is clear that if one could detect the flux
of the compact jet, then HLX-1 would indeed likely fall between the two well-known
population of black holes.

It is interesting to note that even taking a wide range of parameters for HLX-1, its
position seems to fall above the position of Sgr A*. This is because the inferred mass
of HLX-1 is only a factor of 10-100 below the mass of Sgr A*. Furthermore, Sgr A* is
thought to be in quiescence with very little accretion activity. The plotted value of Sgr
A* is coming from episodes when the central black hole shows radio flares. Additionally,
Sgr A* thought to accrete at or below a level of 10�9 Eddington units, while hard state
objects typically accrete in the regime of 10�1 �10�6 Eddington units. On the other hand,
there is no discrepancy, because the expected radio and X-ray luminosity scales with the
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Fig. 2. The fundamental plane of black hole activity. The radiative output in the radio band 
(LRadio) is shown as a function of the output in the X-ray band (LX-ray) that is corrected with the 
mass of the black hole (M). Cf.: Plotkin, Markoff, et al. 2011 

Fig. 1. Artist’s impression of a stellar-mass black hole system. Material accreted 
from the star forms an accretion disk around the BH. A fraction of the accreted 
material is expelled from near the event horizon in the form of relativistic jets, 
which are  comprised of particles and electromagnetic fields moving close to the 
speed of  light. 

HLX-1 

Figure 7.9: The fundamental plane of accreting black holes are shown (Plotkin et al., 2012). The
image also shows the overplotted, approximate position of HLX-1.

accretion rate, not just by mass. This is indeed also true for HLX-1, where the assumed
flux of the compact jet is a factor of 10-100 below the flaring activity, which is only an
approximation as I assumed a hard state accretion rate of 10�1 �10�2 in Eddington units.
It is clear that the accretion rate of Sgr A* is orders of magnitude lower than the accretion
rate of any of the objects plotted on Fig. 7.9.

7.5 Conclusion

HLX-1 is the best IMBH candidate to date, and it is showing a periodic outburst that
might correlate with the orbital period of the system (Lasota et al., 2011). It is also un-
dergoing X-ray state transitions, and when in a thermal state, it is best described with
the standard disk model. Therefore, it likely shows the same phenomenology as GBHBs
during an X-ray outburst. Its mass is estimated to be ⇠ 104 M� from several multiwave-
length observations, however we are lacking a dynamical mass measurement. We de-
tected for the first time radio flares from HLX-1 during its state transition from low/hard
to high/soft state. This further confirms that HLX-1 is a good candidate to fill the gap
between StMBHs and SMBHs.

In the future, I intend to study the evolution of the flares, i.e. the variability timescale,
and also to better confirm the radio spectral index of the flares.
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8.1 Conclusions

8.1.1 Dynamical Mass Constraints on NGC 5408 X-1

In this thesis various aspects of ultraluminous X-ray sources and intermediate-mass black
holes were investigated. From the optical side, there is crucial need to measure the dy-
namical mass of ULXs to break down the degeneracies between the numerous theoretical
models. To this purpose several attempts have been made, but none resulted in firm mass
estimate. This is because the majority of the ULXs are too faint, and in most cases the op-
tical emission is dominated by disk irradiation and not the donor star (see Chapter 4).
Furthermore, there are very few examples where the absorption lines from a donor star
can be seen (e.g. Motch et al., 2011). This boosted the idea that a dynamical mass might
be obtained by using the He II line, because this line traces the orbital motion of the sys-
tem in certain cases of X-ray binaries. Despite some early measurements demonstrated
random variations of this line (e.g. Roberts et al., 2011), in the case of NGC5408 X-1 we
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might be able to obtain the orbital periodicity of the system. I discovered that between
the observing runs the HeII line is markedly shifted in wavelength. I revealed that the
line profile has two components, a broad and a narrow, and showed that the broad com-
ponent can be consistent with an origin in the accretion disk. This is the main reason why
we might be able to trace the orbital motion, because in early measurements the width of
the He II line was not consistent with an origin in the accretion disk.

Using the velocity of the broad component, I determined the size of the line-emitting
region as a function of the black hole mass. I used the mass function and determined
the upper limit on the mass of the black hole as a function of orbital period. Moreover,
I determined the possible orbital separation between the donor star and the black hole
as a function of the orbital period, from which I also set upper limits on the mass of the
black hole. For the previously inferred orbital period, I showed that it is likely not valid if
the black hole is Roche-lobe fed and if the line shift truly traces the orbital motion of the
system. Assuming a reasonable mass for the donor star and considering some dynamical
arguments, I set an upper limit on the mass of the black hole, which is of the order of 100
M� (Cseh et al., 2011).

8.1.2 An Intermediate-mass Black Hole in the Globular Cluster NGC 6388?

Several studies were made on globular clusters, young stellar clusters and dwarf irreg-
ulars aiming to detect accretion signatures from predicted IMBHs. These predictions
are typically related to the downscaling of the M � � relationship and to other optically
determined dynamical constraints on the masses in clusters. For globular clusters, the
dynamical mass estimates predict much higher mass for IMBHs than seen from accre-
tion signatures. Also, deep radio observations already start to set strong constraints on
the masses (or accretion rates) below these predictions (see Chapter 3). In particular, I
placed an upper limit on the mass of the putative central intermediate-mass black hole
(IMBH) in the globular cluster NGC 6388. First, I revealed three previously unknown
X-ray sources in the center of the cluster and showed that one of these sources can be
consistent with a black hole. Then I showed that none of the X-ray sources have radio
counterpart at a flux level of 81 µJy. Using the X-ray flux and the radio upper limit on the
putative IMBH, I determined an upper limit on its mass by using the fundamental plane
of accreting black holes, an empirical correlation between the X-ray, and radio luminos-
ity, and the mass of the black hole. I also showed that the X-ray source can be consistent
with spherical accretion from the interstellar medium onto a black hole (Bondi-Hoyle
accretion). By calculating the allowed accretion rates and accretion efficiencies I also ob-
tained an upper limit on the mass of the black hole, which is consistent with the one
obtained from the fundamental plane of 735± 244 M�. (Cseh et al., 2010). A more recent,
deeper radio observation placed an upper limit of 600 M� (Bozzo et al., 2011). Further-
more, a new optical study estimates the mass of the putative IMBH to be (17 ± 9) ⇥ 103

M� (Lützgendorf et al., 2011), which is a factor of 3.5 higher than previous predictions
from dynamical arguments. In general, the high difference between the dynamical and
radiative method can be made consistent with an accretion rate of 10�10 in Eddington
units. These accretion rates certainly indicate black holes in quiescence. However, Sgr A,
A0620-20 and V404 Cyg show radio emission at accretion rates of 10�9, which could indi-
cate that accretion does not happen via an accretion disk in globular clusters. Therefore,
current radio observations cannot exclusively rule out the presence of an IMBH which
is accreting at very low Eddington rates, or being in quiescence (if Bondi-accretion is a
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valid assumption).

8.1.3 Black Hole Powered Nebulae Around ULXs – Inflation by Jets?

A way to gain more information on whether ULXs are beamed is to study their environ-
ment. There are a number of ULXs associated with bubbles. Since the optical luminosity
is isotropic, it places a lower limit on the X-ray luminosity illuminating the nebula. Based
on models of X-ray reprocessing where the X-ray source is located inside the nebula, early
studies concluded that the optical radiation is consistent with an isotropic X-ray source
and not with significant beaming (e.g. Pakull & Mirioni, 2002). On the other hand, the
precise mechanism for the ionization is not well established. Jet ionization is a possible
alternative to supernova shock ionization. I studied both, photo- and shock-ionization
in three ULX bubbles. We discovered a radio bubble around IC342 X-1 and I investi-
gated the total energy content of this shock-ionized bubble (see Chapter 5). I compared
its energy content of 6⇥1052 erg to a canonical initial energy of a SN of 1051 erg, which in-
dicates that there is a substantial need for additional energy supply, possibly in the form
of jets. Then I showed that the age of the bubble is much less than the age of the stellar
environment, which might indicate that the formation of the nebula is not necessarily re-
lated to the formation of the black hole progenitor. I also showed that the energy carried
by the relativistic material in IC342 X-1 is even higher than in sources like S26 and a Type
Ic supernova remnant. This might also favor jet inflation. Interestingly, I showed that the
minimum energy content of IC342 X-1 might not violate the total energy content if rela-
tivistic protons are present inside the bubble, (i.e. proton acceleration might be possible)
(Cseh et al., 2012).

Using the fundamental plane of accreting black holes, I also set an upper limit on the
mass of the black hole of 1000±300 M�. I also determined the time-averaged jet accretion
rate of IC342 X-1 as well as an upper limit on the mass accretion rate of 8.2 ⇥ 1019 g s�1,
which might indicate that super-Eddington accretion is not necessary to explain IC342
X-1 if it has a black hole mass at or above 100 M� (Cseh et al., 2012).

8.1.4 Early Results on ULX Radio Surveys

Using archival and new data I set the strongest upper limits on the fluxes of possible radio
bubbles associated to existing optical ULX bubbles. I also set upper limits on putative
compact jets associated to ULXs and showed that (future) deep radio surveys could rule
out black hole masses above ⇠ 1000 M� for a large number of ULXs (see Chapter 6).
Additionally, I found a new radio source in our ULXs survey and argued that it might be
consistent with a flaring extragalactic microquasar.

8.1.5 Jet Ejection Events from the Best Candidate IMBH HLX-1

There is an emerging subclass of ULXs, called hyperluminous X-ray sources (HLXs), with
their major characteristic: an X-ray luminosity above LX > 1041 erg/s. This extremely
large luminosity cannot be explained either with beaming or super-Eddington accretion,
or with even the combination of these processes (see Chapter 7). Given that relativistic
jets have been observed from stellar mass black holes and supermassive black holes, jets
should also be produced by intermediate mass black holes as well, due to the (predicted)
scale invariance of jets (e.g. Heinz & Sunyaev, 2003). Although evidence for compact ra-
dio emission from either ULXs/HLXs or IMBHs have recently been weak. I observed and
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analyzed ATCA data of HLX-1 to detect the source in the radio band. We discovered vari-
able radio emission associated to HLX-1 during X-ray state transitions from low/hard to
high/soft state (Webb et al., 2012). I determined the mass of the black hole with the
method of scaling the flux of the flares of Galactic sources by distance and linear mass.
This estimates the mass to be between 5 ⇥ 103 M� and 5 ⇥ 104 M�, which is consistent
with previous estimates from other wavelengths. HLX-1 is showing a periodic outburst,
undergoing X-ray state transitions, and when in a thermal state, it is best described with
the standard disk model. These properties, in addition to the flaring behavior, are consis-
tent with the same phenomenology as GBHBs during an X-ray outburst. Then, I showed
that HLX-1 is probably a very good candidate for black hole unification and it fells be-
tween stellar-mass and supermassive black holes on the fundamental plane, if a compact
jet flux is assumed to be a factor of 10-100 lower than the flaring flux.

8.2 Perspectives

8.2.1 Visible and NIR Wavelengths

Concerning the future perspectives from the optical side, the European Extremely Large
Telescope (EELT) is currently being considered with a primary mirror of a diameter of 39
meters. This telescope will be able to collect 26 times more light than VLT, and probably
will reveal emission light from the donor star in a ULX system, thus allowing to measure
mass functions and deduce black hole masses. This would immediately solve many the-
oretical questions (see Chapter 1). Additionally, the James Webb Space Telescope (JWST)
is also under construction and it is supposed to be launched in 2018. This NIR telescope
will help to study the SED of ULXs and to distinguish between emission from a donor
star or disk irradiation. This might allow us to determine whether ULXs are more similar
to LMXBs or rather to HMXBs. This is particularly important from the aspect of the age of
ULXs, because knowing their age could shed light on their origin and evolution as well
as on the importance of their feedback, e.g. on their active lifetime, their contribution
at the Epoch of Reionization. Moreover, JWST might be valuable to study jet emission
from ULXs, which might dominate the SED in certain cases. This is important because
the high-frequency break in the synchrotron spectrum of a jet is predicted to scale with
the mass of the black hole and the accretion rate. With this knowledge, distinguishing
between the sub- and super-Eddington scenarios would be possible.

8.2.2 The Radio Domain

From the radio side there is plenty of place to improve the science case of ULXs and
IMBHs. It is very interesting to see whether future observations could rule out the pres-
ence of IMBHs in globular clusters, or will support the idea that, these black holes cannot
accrete at a high rate from the ISM due to the low gas content. This would be an im-
portant knowledge for related fields, such as galaxy evolution and black hole formation
and growth. Moreover, these future observations might be able to disentangle between
different type of accretion processes, like Bondi-Hoyle or inefficient accretion from a disk.

It is also important to continue the research on the environment of ULXs and discover
more and more optical and radio bubbles. Certainly, in-depth study of the ionization pro-
cesses and the total energy contents of these bubbles can further constrain the significance
of beaming, the jet characteristics over the lifetime of the bubble, the formation of these
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bubbles and perhaps the formation of the progenitor black hole as well. These calorime-
ters are also important because they provide means to constrain the average accretion
rate needed to supply or inflate the bubble, which is crucial to discriminate between the
various accretion scenarios, e.g. sub- or super-Eddington. Moreover, they might also
help to establish a link between the physical parameters of these bubbles and the nature
of the central X-ray sources.

To this purpose, systematic optical and radio surveys are planned or already on the
way, such as the LeMMINGs key science project with e-MERLIN (Multi-Element Ra-
dio Linked Interferometer Network), or the pilot surveys carried out with ATCA and
EVLA. Furthermore, the nature of these bubbles are completely unknown in the millime-
ter, submillimeter domain. The Atacama Large Millimeter/submillimeter Array (ALMA)
is currently under construction and will operate in full swing in the next coming years.
Thanks to the spatial and energy resolution of ALMA, measuring the ionized emission
line widths coming from a small spatial region, one might be able to gain more informa-
tion on the dynamics or velocity distribution inside the bubbles, which could constrain
the properties of the outflows from the central engine. Similarly, by using line diagnos-
tics and PDR/XDR codes like MAPPINGS and CLOUDY, one can learn more about the
ionization processes. Additionally, the Low-Frequency Array (LOFAR) could pioneer in
the search for ULX radio bubbles, because LOFAR operates at few tens of MHz frequen-
cies, where synchrotron sources dominate the sky. Given that the radio spectrum of ULX
bubbles is optically thin, their emission is much stronger at low frequencies.

There have been no compact jets or flares detected from ULXs until now. The detec-
tion of compact radio emission from ULXs opens up an entirely new window. This could
mean that some of them behaves similarly to GBHBs, and may be used to fill the gap
between the two populations of stellar-mass and supermassive black holes. Addition-
ally, deep radio surveys will either detect further jets and/or will rule out masses above
1000 M� for ULXs. In the long term, using ULXs on the fundamental plane might help
better constrain the predicted scaling laws with accretion rate and mass, so that it will
be possible to distinguish between advection and jet dominated accretion flows for hard
state objects. As seen from HLX-1, we detected transient radio emission. This opens up
the possibility to increase the number of potential transients on the radio sky. One of
the main key science projects of LOFAR is to detect radio transients, which is also one
of the aims of the planned arrays of MeerKAT and ASKAP, the precursors of the Square
Kilometer Array (SKA). These facilities will bring new possibilities to detect transient
emission from ULXs, which might constrain their outburst and jet properties. With this
knowledge, the physics behind the jet line of the Hardness Intensity Diagram might be
revealed as well as the mystery of the jet quenching.

8.2.3 The X-ray Band

On the other hand, further important knowledge can be obtained on the X-ray prop-
erties of ULXs. Three missions will start soon, NuSTAR (Nuclear Spectroscopic Tele-
scope Array), eROSITA (extended ROentgen Survey with an Imaging Telescope Array)
and ASTRO-H. These telescopes, particularly ASTRO-H, might be sensitive enough in
a broader energy band allowing to better constrain models of the X-ray spectra. The
broadband X-ray behavior properties of ULXs could also shed light on new features e.g.
hard tail which might be indicative of jets as in the case of Cyg X-1. Additionally, a
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broadband and sensitive X-ray spectrum could also better constrain the presence of op-
tically thick outflows. One of the best hopes from these instruments is to detect further
Hyperluminous X-ray sources out to far distances. A growing number of HLXs would
certainly support the idea that there is a significant number of sources in the ULX popula-
tion which cannot be explained with beaming or hyperaccretion. This population might
also represent an entirely new class of black holes, bringing us towards revealing the
Unknown.
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Grisé, F., Kaaret, P., Corbel, S., et al. 2012, ApJ, 745, 123
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Grisé, F., Pakull, M., & Motch, C. 2006, in ESA Special Publication, Vol. 604, The X-ray Universe 2005, ed.
A. Wilson, 451
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Tao, L., Feng, H., Grisé, F., & Kaaret, P. 2011, ApJ, 737, 81

Thornton, K., Gaudlitz, M., Janka, H.-T., & Steinmetz, M. 1998, ApJ, 500, 95

Tikhonov, N. A. & Galazutdinova, O. A. 2010, Astronomy Letters, 36, 167

Tody, D. 1993, in Astronomical Society of the Pacific Conference Series, Vol. 52, Astronomical Data Analysis
Software and Systems II, ed. R. J. Hanisch, R. J. V. Brissenden, &amp; J. Barnes, 173

Trudolyubov, S. & Priedhorsky, W. 2004, ApJ, 616, 821

Tudose, V., Fender, R. P., Kaiser, C. R., et al. 2006, MNRAS, 372, 417

Ulvestad, J. S., Greene, J. E., & Ho, L. C. 2007, ApJ, 661, L151

van Dyk, S. D., Sramek, R. A., Weiler, K. W., Hyman, S. D., & Virden, R. E. 1994, ApJ, 425, L77

Vesperini, E. & Trenti, M. 2010, ApJ, 720, L179

Volonteri, M. 2012, Science, 337, 544

Walton, D. J., Roberts, T. P., Mateos, S., & Heard, V. 2011, MNRAS, 416, 1844

Wang, Y.-Y., Wang, L., Xiang, S.-P., et al. 2010, Research in Astronomy and Astrophysics, 10, 199

Weaver, R., McCray, R., Castor, J., Shapiro, P., & Moore, R. 1977, ApJ, 218, 377

Webb, N., Cseh, D., Lenc, E., et al. 2012, Science, 337, 554

Webb, N. A., Barret, D., Godet, O., et al. 2010, ApJ, 712, L107

Weisskopf, M. C., Brinkman, B., Canizares, C., et al. 2002, PASP, 114, 1

Wiersema, K., Farrell, S. A., Webb, N. A., et al. 2010, ApJ, 721, L102

Wilms, J., Allen, A., & McCray, R. 2000, ApJ, 542, 914

Wilson, W. E., Ferris, R. H., Axtens, P., et al. 2011, MNRAS, 416, 832

Winter, L. M., Mushotzky, R. F., & Reynolds, C. S. 2006, ApJ, 649, 730

Wrobel, J. M., Greene, J. E., & Ho, L. C. 2011, AJ, 142, 113

Wyithe, S. & Loeb, A. 2011, ArXiv e-prints, 1111.5424W

Yang, H. & Skillman, E. D. 1993, AJ, 106, 1448

Zampieri, L. & Roberts, T. P. 2009, MNRAS, 400, 677

Zezas, A., Ward, M. J., & Murray, S. S. 2003, ApJ, 594, L31



Appendix

137



138 BIBLIOGRAPHY



A&A 523, A34 (2010)
DOI: 10.1051/0004-6361/201015145
c� ESO 2010

Astronomy
&

Astrophysics

Radio interferometric observations of two core-dominated triple
radio sources at z > 3

D. Cseh1, S. Frey2,4, Z. Paragi3 ,4, L. I. Gurvits3 ,5, and K. É. Gabányi2 ,4

1 Laboratoire Astrophysique des Interactions Multi-echelles (UMR 7158), CEA/DSM-CNRS-Université Paris Diderot,
CEA Saclay, 91191 Gif-sur-Yvette, France
e-mail: david.cseh@cea.fr

2 FÖMI Satellite Geodetic Observatory, PO Box 585, 1592 Budapest, Hungary
e-mail: [frey;gabanyik]@sgo.fomi.hu

3 Joint Institute for VLBI in Europe, Postbus 2, 7990 AA Dwingeloo, The Netherlands
e-mail: [zparagi;lgurvits]@jive.nl

4 MTA Research Group for Physical Geodesy and Geodynamics, PO Box 91, 1521 Budapest, Hungary
5 Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 3-1-1 Yoshinodai Chuo-ku,

Kanagawa, Sagamihara 252-5210, Japan

Received 3 June 2010 / Accepted 5 August 2010

ABSTRACT

Aims. We selected two radio quasars (J1036+1326 and J1353+5725) based on their 1.4-GHz radio structure, which is dominated by
a bright central core and a pair of weaker and nearly symmetric lobes at ⇠1000 angular separation. They are optically identified in
the Sloan Digital Sky Survey (SDSS) at spectroscopic redshifts z > 3. We investigate the possibility that their core-dominated triple
morphology can be a sign of restarted radio activity in these quasars, involving a significant repositioning of the radio jet axis.
Methods. We present the results of high-resolution radio imaging observations of J1036+1326 and J1353+5725, performed with
the European Very Long Baseline Interferometry (VLBI) Network (EVN) at 1.6 GHz. These data are supplemented by archive
observations from the Very Large Array (VLA). We study the large- and small-scale radio structures and the brightness temperatures,
then estimate relativistic beaming parameters.
Results. We show that the central emission region of these two high-redshift, core-dominated triple sources is compact but resolved at
⇠10 milli-arcsecond resolution. We find that it is not necessary to invoke large misalignment between the VLBI jet and the large-scale
radio structure to explain the observed properties of the sources.

Key words. radio continuum: galaxies – galaxies: active – galaxies: jets – quasars: general – quasars: individual: J1036+1326 –
quasars: individual: J1353+5725

1. Introduction

Active galactic nuclei (AGNs) are believed to be powered by
mass accretion onto supermassive (from ⇠106 up to ⇠1010 M�)
black holes. However, only a small fraction of them (less than
10%) appear luminous at radio frequencies. A typical lifetime of
a radio-loud quasar is ⇠106 yr, so the radio jet activity can be
regarded as intermittent in the whole lifetime of an object.

We use the term “restarted activity” for a re-occurence of ra-
dio activity over the lifetime of a source. This can involve inter-
ruption and re-ignition of the radio activity (Kaiser et al. 2000),
which can be episodic or not. This does not necessarily involve
a complete cessation of the radio activity (Schoenmakers et al.
2000b).

The most spectacular examples of recurrent activity in radio-
loud AGNs demonstrate rare double-double (e.g. Lara et al.
1999; Schoenmakers et al. 2000a,b; Kaiser et al. 2000) or triple-
double (Brocksopp et al. 2007) radio galaxies. In these objects,
the inner and outer pairs of lobes have a common centre and
are generally well aligned (within 8�). The only double-double
radio quasar candidate to date, 4C 02.27, has been identified
by Jamrozy et al. (2009). A recent review of recurrent activ-
ity in AGNs, along with a list of known double-double sources
has been published by Saikia & Jamrozy (2009). The two

highest redshift objects known with confirmed episodic activ-
ity are 3C 294 (z = 1.877) and J1835+6204 (z = 0.51) (Saikia &
Jamrozy 2009).

A modest fraction of AGNs exhibit triple structures at
⇠1000 angular separation with fainter, nearly symmetric extended
lobes, and relatively bright compact cores. We call these core-
dominated triple sources (CDTs, Marecki et al. 2006). The
cores of these sources are typically unresolved (<500) in the
NRAO1 Very Large Array (VLA) Faint Images of the Radio
Sky at Twenty-centimeters (FIRST) survey (White et al. 1997)
at 1.4 GHz. In a 1.4-GHz VLA imaging survey of a complete
flux-density limited sample of powerful core-dominated sources
(with core flux density S 5 GHz > 1 Jy), Murphy et al. (1993)
found that less than 10% of the sources showed similar triple
structures below z ⇠ 1.5. No CDTs were found above this red-
shift among their 87 sources.

The CDT structure has been interpreted as a possible signa-
ture of once ceased and then restarted activity. It could be cou-
pled with the repositioning of the central radio jet axis (Marecki
et al. 2006). A plausible explanation is that new infalling

1 The National Radio Astronomy Observatory (NRAO) is a facility of
the National Science Foundation operated under cooperative agreement
by Associated Universities, Inc.
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material from, e.g., a galaxy merger triggers the re-occurence
of accretion. The process could eventually result in the merger
of the central supermassive black holes. The coalescence of the
black holes might cause a sudden flip in the black hole spin, con-
sequently in the orientation of the jet axis (e.g. Merritt & Ekers
2002; Gergely & Biermann 2009). The jet reorientation could
also be caused by the precession of the spin axis. According to
the standard unified model of radio-loud AGN (Urry & Padovani
1995), emission from relativistic jets pointing close to our line of
sight will be Doppler-boosted. A change in jet orientation thus
may lead to an observed increase in core dominance. Very Long
Baseline Interferometry (VLBI) can provide information on the
milli-arcsecond scale (mas) properties of these compact jets.

When an extended radio source lacks fuelling from the cen-
tral engine, it may eventually become an ultra-steep-spectrum
source (Röttgering et al. 1994; De Breuck et al. 2000). Deep,
low-frequency surveys that are sensitive to this di↵use emis-
sion have not provided clear signatures of earlier activity cycles
(Cohen et al. 2005; Mack et al. 2005; Sirothia et al. 2009). This
suggests that restarted activity is a rather rare phenomenon.

Here we report on radio-interferometric observations of two
high-redshift quasars, J1036+1326 (z = 3.10) and J1353+5725
(z = 3.46). We observed these sources with the European VLBI
Network (EVN) at 1.6 GHz. We compared their high-resolution
radio images with those obtained from archive VLA data on
the arcsecond scale. In Sect. 2, we describe the selection of
the two target sources. In Sects. 3 and 4, we present our ob-
servations and describe the radio properties of the two quasars.
Finally, we estimate the viewing angles and analyse the source
parameters in the context of possibly restarted activity (Sect. 5).
Throughout this paper we assume a cosmological model with
H0 = 70 km s�1 Mpc�1, ⌦m = 0.3, and ⌦⇤ = 0.7.

2. Target selection

We searched for those compact, high-redshift (z > 3) radio
sources that are unresolved (<500) in the FIRST survey cata-
logue2 (White et al. 1997), that have an integral flux density
S 1.4 GHz > 20 mJy, and that are optically identified with quasars
in the Sloan Digital Sky Survey3 (SDSS). Their spectroscopic
redshifts were taken from the 4th edition of the SDSS Quasar
Catalog (Schneider et al. 2007) which consists of objects in the
SDSS 5th Data Release (DR5). The ultimate goal was to define a
sample of radio-loud, optically identified, high-redshift quasars
that are good candidates for VLBI imaging observations. Earlier
experience gained from the Deep Extragalactic VLBI-Optical
Survey (DEVOS, Mosoni et al. 2006; Frey et al. 2008) suggests
that the majority (nearly 90%) of the carefully pre-selected com-
pact FIRST-SDSS objects show compact mas-scale radio emis-
sion and thus are suitable targets for VLBI imaging observations
at centimetre wavelengths, regardless of spectral index.

We found two peculiar objects (J1036+1326 and
J1353+5725) in the sample of ⇠100 compact high-redshift
radio quasars selected using the method above. Although they
are catalogued as close pairs of separate, unresolved sources in
FIRST, the analysis of archival 1.4-GHz VLA A-array images
clearly revealed extended triple structures (see Sect. 3). Both of
the bright quasars are associated with weaker two-sided radio
lobes; i.e., they satisfy the criteria for CDT sources. We did not
apply any selection based on the radio spectrum.

2
http://sundog.stsci.edu

3
http://www.sdss.org

3. Observations and data analysis

3.1. VLA observations

The quasar J1036+1326 was observed with the VLA on 1991
July 8 (project code: AT126). The source J1353+5725 was ob-
served on 1991 June 29 (project code: AR250). For both experi-
ments, the array was in its most extended A configuration, which
provided angular resolution of 100�1.006. The observing frequency
was 1.4 GHz. The total on-source integration times were 16 min
and 2.5 min for J1036+1326 and J1353+5725, respectively.
The data sets were obtained from the NRAO Data Archive4.
For spectral information, we also obtained and analysed archive
8-GHz VLA observations of J1036+1326 (project AR415; 1999
August 9) and 5-GHz VLA observations of J1353+5725 (project
AW748; 2008 October 15). The on-source integration time in
these two last experiments were 1 min and 9.5 min, respec-
tively. The data calibration was performed using the NRAO
Astronomical Image Processing System (AIPS, e.g. Greisen
2003) in a standard way. The 1.4-GHz VLA images of the two
sources are shown in Figs. 1 and 2.

3.2. EVN observations

To check whether the VLA cores of J1036+1326 and
J1353+5725 are resolved (for example, show a small separa-
tion double structure, thus indicating a restarting AGN activ-
ity) or unresolved (thus showing evidence of a compact jet)
on 10 milli-arcsecond scales, we carried out EVN observa-
tions at 1.6 GHz. The 6-h observations were accommodated
in the 2009 September 10–11 e-VLBI run. The data were
transferred from the telescopes in real-time to the EVN Data
Processor at the Joint Institute for VLBI in Europe (JIVE) in
Dwingeloo, the Netherlands (Szomoru 2008). The participating
VLBI stations were E↵elsberg (Germany), Jodrell Bank Lovell
Telescope, Cambridge (United Kingdom), Medicina (Italy),
Toruń (Poland), Onsala (Sweden), Sheshan (PR China), and
the phased array of the Westerbork Synthesis Radio Telescope
(WSRT; The Netherlands). The total aggregate bitrate per station
was 512 Mbps. There were eight 8 MHz intermediate frequency
channels (IFs) in both left and right circular polarisations.

The sources were observed in phase-reference mode. This
allowed us to increase the coherent integration time spent on the
target source and thus to improve the sensitivity of the observa-
tions. Phase-referencing involves regularly interleaving observa-
tions between the target source and a nearby, bright, and compact
reference source (e.g. Beasley & Conway 1995). The delay, de-
lay rate, and phase solutions derived for the phase-reference cal-
ibrators (J1025+1253 and J1408+5613 in our experiment) were
interpolated and applied to the respective target within the target-
reference cycle time of 7 min. The target source was observed for
5-min intervals in each cycle. The total accumulated observing
time on each target source was 1.6 h.

The AIPS was used for the VLBI data calibration follow-
ing standard procedures (e.g. Diamond 1995). The visibility am-
plitudes were calibrated using system temperatures and antenna
gains measured at the antennas. Fringe-fitting was performed for
the calibrator sources using 3-min solution intervals. The cali-
brated visibility data were exported to the Caltech Difmap pro-
gram (Shepherd et al. 1994) where the VLBI images (Figs. 3, 4)
were made after several cycles of CLEAN and phase-only (later
amplitude and phase) self-calibration iterations.

4
http://archive.nrao.edu
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Fig. 1. The naturally-weighted 1.4-GHz VLA A-array image of
J1036+1326. The first contours are drawn at ±0.25 mJy/beam. The pos-
itive contour levels increase by a factor of 2. The peak brightness is
48 mJy/beam. The Gaussian restoring beam displayed in the lower-left
corner is 1.006 ⇥ 1.005 (full width at half maximum, FWHM) at a major
axis position angle PA = 17�.
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Fig. 2. The naturally-weighted 1.4-GHz VLA A-array image of
J1353+5725. The first contours are drawn at ±0.6 mJy/beam. The pos-
itive contour levels increase by a factor of 2. The peak brightness is
172 mJy/beam. The Gaussian restoring beam is 1.002⇥ 1.000 at PA = �29�.

4. Results

Observing in phase-reference mode allowed us to determine
accurate coordinates of the target sources. For J1036+1326,
we obtained right ascension 10h36m26.s88565, declination
+13�26051.007598 with an error of 1 mas. For J1353+5725, we
obtained 13h53m26.s03368, +57�25052.009097 with an error of
2 mas.

Fig. 3. The 1.6-GHz VLBI image of the core of J1036+1326. The first
contours are drawn at ±0.71 mJy/beam. The positive contour levels
increase by a factor of 2. The peak brightness is 50 mJy/beam. The
Gaussian restoring beam is 33 mas ⇥ 6 mas at PA = 12�.

Fig. 4. The 1.6-GHz VLBI image of the core of J1353+5725. The first
contours are drawn at ±1.7 mJy/beam. The positive contour levels in-
crease by a factor of 2. The peak brightness is 197 mJy/beam. The
Gaussian restoring beam is 21 mas ⇥ 4 mas at PA = 12�.

The angular extent of the large-scale 1.4-GHz radio struc-
ture of J1036+1326 (Fig. 1) is 15.008, which corresponds to a
projected linear size of ⇠120 kpc at z = 3.10. For the quasar
J1353+5725 (Fig. 2), the angular size is 12.0023, and the linear
size is ⇠90 kpc at z = 3.46.

To characterise the source brightness distributions on the
VLA scale with simple models, we used Difmap to fit circu-
lar Gaussian model components to the self-calibrated interfer-
ometric visibility data. The flux density of the best-fit model
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Table 1. Observed and derived parameters of the two quasars from the
VLA measurements.

Name Component S 1.4 GHz S 5/8 GHz ↵
[mJy] [mJy]

J1036+1326 Core 50.4± 1.1 62.6± 1.3 +0.1
North 27.8± 0.6 2.9± 0.2 �1.2
South 13.0± 0.4 1.7± 0.2 �1.1

J1353+5725 Core 177.9± 3.6 144.9± 2.9 �0.2
North 18.6± 0.7 3.9± 0.5 �1.3
South 94.0± 2.0 20.9± 0.7 �1.3

Notes. S 1.4 GHz is the flux density at 1.4 GHz (in the L band), while
S 5/8 GHz denotes the 8 GHz (X-band) flux density in the case of
J1036+1326, and the 5 GHz (C-band) flux density in the case of
J1353+5725.

Table 2. Observed and derived parameters of the two quasar cores from
the EVN measurements.

Name Redshift* S 1.6 GHz [mJy]** # [mas] Tb [K]
J1036+1326 3.10 58.1± 2.9 4.7 5 ⇥ 109

J1353+5725 3.46 231.1± 11.6 2.2 1 ⇥ 1011

Notes. * 4th edition of the SDSS Quasar Catalog (Schneider et al.
2007); ** errors correspond to 1-�.

components are listed in Table 1, along with two-point spectral
indices derived from the flux densities measured at di↵erent fre-
quencies. The spectral index (↵) was calculated by assuming a
power-law dependence of the flux density (S ) and the observing
frequency (⌫): S ⇠ ⌫↵. The flux density errors were estimated
following the approach by Fomalont (1999) and correspond to
1-�. The 1-� error of the spectral indices is less than 0.05.

In Table 2, we list the parameters of the circular Gaussian
models (flux density, size) fitted to the 1.6-GHz EVN visibility
data in Difmap. We also derived the brightness temperatures ac-
cording to the following formula (e.g. Condon et al. 1982):

Tb = 1.22 ⇥ 1012(1 + z)
S
#2⌫2

[K] (1)

where S is the flux density (Jy), ⌫ is the observed frequency
(GHz) and # the FWHM size of the Gaussian (mas).

5. Discussion

5.1. Large-scale morphologies and viewing angles

In order to investigate whether the large-scale morphology is
dominated by beamed or unbeamed emission, we estimated the
arm-length ratio. The latter corresponds to the light travel time
for the radio emission morphological components on the ap-
proaching and receding sides. We assumed that the observed
arm-length ratios are the result of relativistic motions over the
lifetime of the sources rather than the di↵erence in the envi-
ronment on the two sides. The 1.4-GHz VLA images (Figs. 1
and 2) allowed us to determine the arm-length ratios (R) of the
north and south components. For the sources J1036+1326 and
J1353+5725, we get R1 = 1.15 and R2 = 1.84, respectively.

To place approximate limits on the expansion speed and the
viewing angle we used

� cos� = (R � 1)/(R + 1), (2)

where � = 3/c is the velocity of the plasma blob (3) expressed
in the units of the speed of light (c), and � is the angle between

the approaching jet direction and the line of sight (e.g. Taylor &
Vermeulen 1997).

We can thus derive a lower limit to � (because cos�  1),
and an upper limit to � (because � < 1). For J1036+1326, the
constraints (�1 < 86� and �1 � 0.07) are not very strict, but for
J1353+5725 (�2 < 73� �2 � 0.30) they are more meaningful.
In particular, from the arm-length ratio alone, we can infer that
there is mildly relativistic motion in the case of J1353+5725.
This method is valid regardless of the specifics of the jet model.
It remains valid for the spots or discrete blobs in the head of the
jet created by shocks (Schoenmakers et al. 2000b) and for pairs
of unequally-sized edge-brightened lobes of an FR-II morphol-
ogy (Fanaro↵& Riley 1974).

5.2. Small-scale morphologies and viewing angles

As a starting hypothesis, we assume that the inner radio jets that
remain compact with VLBI (Figs. 3 and 4) are well aligned with
the ⇠100-kpc scale radio structure we see in the VLA images
(Figs. 1 and 2). Using the range of the allowed viewing angles
(�1 < 86� and �2 < 73�) estimated above, we can calculate the
Doppler boosting factors (�) and compare the expected bright-
ness temperatures with our measured values (Table 2, Col. 5), in
order to determine whether we need to introduce large misalign-
ments to describe the observed morphology.

The observed and intrinsic brightness temperatures are re-
lated as

� = Tb/Tb,int, (3)

where � is the Doppler factor. Here we assume a typical in-
trinsic brightness temperature of Tb,int ' 5 ⇥ 1010 K, which is
valid if energy equipartition holds between the magnetic field
and the particles in the radio source (Readhead 1994). We obtain
Doppler factors �1 = 0.1 (which in fact means de-amplification)
and �2 = 2 for J1036+1326 and J1353+5725, respectively.

The Doppler boosting factor can be expressed as

� =
1

�(1 � � cos�)
, (4)

where the Lorentz factor is � = (1 � �2)�1/2.
For J1036+1326, �1 = 0.1, and even the possible maximum

value of �1 = 86� can be made consistent if the bulk speed in the
inner jet is �inn = 0.9957. It would correspond to a Lorentz factor
� ' 11, a value often measured in other radio-loud AGNs (e.g.
Lister et al. 2009). However, models of the inner jet with much
higher Lorentz factors, hence smaller viewing angles, should be
considered because of the quasar identification of the source. If
we allow for a very high � ' 30, the misalignment would be
⇠40�. For comparison, the largest measured misalignment be-
tween the inner and outer lobes in 3C 293, a double-double radio
galaxy, is ⇠35�, although this is higher than the typical values
(Saikia & Jamrozy 2009, and references therein). In our case,
the pc-scale structure detected is insu�cient for making defini-
tive conclusions about alignment of pc- and kpc-scale structures.

In the case of J1353+5725, the measured Doppler factor
(�2 = 2) implies a maximum of 30� for the viewing angle be-
cause sin�  1/� (e.g. Urry & Padovani 1995). Thus we cannot
assume �2 = 72� for the inner jet, i.e. we cannot use the same
approach as in case of the first source. We can construct a set of
reasonable physical and geometric parameters which does not
require jet repositioning and is fully consistent with our obser-
vations. On the other hand, the largest possible misalignment
could reach about 70�.
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In addition, we can set a boundary for the outer � parame-
ter by considering the outer structure as an FR-II, since the hot
spot advance speeds for high-luminosity FR-II radio galaxies is
� <⇠ 0.3 (e.g. Liu et al. 1992; O’Dea et al. 2009). Even if we
use this boundary, we can explain the source without any mis-
alignment; e.g., if the approaching inner and outer jets are both
inclined by � = 20� to the line of sight, then a bulk jet speed
�inn = 0.9903 would be consistent with the measured Doppler
factor in the inner region (Eq. (4)). The corresponding Lorentz
factor is � ' 7. On the other hand, �out = 0.31 and � = 20� would
be consistent with the observed arm-length ratio (Eq. (2)) of the
outer structures of J1353+5725 where the jet flow most likely
becomes mildly relativistic. Therefore, the observed morpholo-
gies do not require invoking the concept of jet repositioning,
although our data cannot rule out the possibility of misaligned
inner and outer structures.

5.3. The radio spectra

We obtained a two-point radio spectral index of each component
in our VLA images (Figs. 1 and 2) and listed in Col. 5 of Table 1.
In general, the steep spectra of the outer components (↵ ' �1.2)
may indicate radiative losses. The steep-spectrum sources are
good candidates for finding fossils from earlier episodic activity
(Sirothia et al. 2009). However, it is not convincing that we see
relic lobes in the present case, because, at least for J1036+1326,
there is a clear indication of a jet-like feature connecting the
core and the northern lobe in the VLA image (Fig. 1). In addi-
tion, the core dominance of these sources is somewhat expected
at high redshift because the relatively high emitted (rest-frame)
frequency is (1 + z) times the observing frequency. Considering
the steep spectra of the radio lobes (Table 1), if one places these
sources at e.g. z ' 0.5, then the (observed) 1.4-GHz flux density
of the brighter lobes in these objects would far exceed that of the
flat-spectrum core.

6. Conclusions

We used radio interferometric imaging observations to study the
structure of two high-redshift quasars, J1036+1326 (z = 3.10)
and J1353+5725 (z = 3.46). Archive VLA data show that the
sources are extended to ⇠100 kpc projected linear sizes. They
are dominated by a bright central core and a pair of weaker and
nearly symmetric lobes. On the other hand, EVN observations
at angular resolution that is almost three orders of magnitude
higher confirmed that the central jets are compact, at least on
⇠10 pc linear scales. CDT sources are sometimes interpreted as
examples of once ceased and then restarted radio-loud AGNs.
It has been claimed that the reignition of their central engine
could be coupled with a change in the spin axis of the central
accreting, supermassive black hole, hence with the repositioning
of the radio jet direction.

We described a general method for testing the misalign-
ments between the small- and large-scale structures of triple ra-
dio sources, using VLA and VLBI imaging observations. We
applied this method for two CDT quasars at high redshift (z >
3), J1036+1326 and J1353+5725. There is no evidence that
their morphology would require any misalignment between their
characteristic inner and outer radio structures, although mis-
alignments cannot be ruled out by our data.

Considering the radio spectra of the sources we concluded
that the core-dominance of these sources can be explained by
their high redshift. The relatively high emitted frequency is (1+z)
times the observing frequency. Taking the steep spectra of the
radio lobes into account, if placed to z ' 0.5, the 1.4-GHz flux
density of the brighter lobes in these objects would far exceed
that of the flat-spectrum core.
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ABSTRACT

We obtained three epochs of simultaneous Hubble Space Telescope (HST)/Wide Field Camera 3 and Chandra
observations of the ultraluminous X-ray source (ULX) NGC 5408 X-1. The counterpart of the X-ray source is seen
in all HST filters, from the UV through the near-IR (NIR), and for the first time, we resolve the optical nebula
around the ULX. We identified a small OB association near the ULX that may be the birthplace of the system. The
stellar association is young, ∼5 Myr, contains massive stars up to 40 M#, and is thus similar to associations seen
near other ULXs, albeit younger. The UV/optical/NIR spectral energy distribution (SED) of the ULX counterpart
is consistent with that of a B0I supergiant star. We are also able to fit the whole SED from the X-rays to the NIR
with an irradiated disk model. The three epochs of data show only marginal variability and thus, we cannot firmly
conclude on the nature of the optical emission.

Key words: accretion, accretion disks – black hole physics – X-rays: binaries – X-rays: individual
(NGC 5408 X-1)

Online-only material: color figures

1. INTRODUCTION

Ultraluminous X-ray sources (ULXs) are extragalactic
sources that are not at the nucleus of their galaxy and emit
well above the Eddington limit of a 20 M# black hole (LX ∼
3 × 1039 erg s−1). The most important, still unresolved ques-
tion is whether these objects contain intermediate-mass black
holes—IMBHs—(M > 100 M#) or stellar mass black holes
with super-Eddington or beamed emission.

A direct answer regarding the mass of compact objects in
ULXs would be possible if a radial velocity curve of absorption
lines from the companion star, or emission lines coming from the
accretion disk, could be obtained. To date, this has proven to be a
real challenge due to the lack of absorption lines in ULX optical
spectra and what seem to be non-periodic variations of the only
traceable emission line, He iiλ4686, in Holmberg IX X-1 and
NGC 1313 X-2 (Roberts et al. 2011). The only exception, to date,
is the optically very luminous source P13 in NGC 7793 (Motch
et al. 2011) where absorption lines from a late B supergiant star
(in addition to an He ii emission line) have been observed. This
is a very promising candidate to constrain the mass function of
the system. However, this is the only example out of more than
10 identified optical counterparts.

In all other ULXs, the true nature of the donor star is mostly
unknown. The X-ray light curve of M82 X-1 shows a 62 day
periodicity consistent with a strictly periodic signal and hence
is likely the orbital period of the binary system (Kaaret & Feng
2007). If the companion star fills its Roche lobe, this means that
such star has to be of low-density and hence would be a giant
or supergiant star (Kaaret et al. 2006). Other constraints on the
nature of the donor stars rely on studies of their environment.
Indeed, some counterparts belong to or are located nearby small
stellar associations (Soria et al. 2005; Grisé et al. 2008, 2011),
where it is possible to constrain the association age, and thus
the maximum mass for a member star. This has led to maximum
mass estimates of 15–20 M# that apply as well to the donor star

of the ULX systems, if mass transfer did not play an important
role. In some other cases (Feng & Kaaret 2008; Yang et al.
2011), the constraints arise from field stars in the absence of
such associations. But these estimates are based on indirect
evidence and the precise stellar type of those stars remains
unknown.

The most obvious problem in identifying the companion star
in the optical emission of ULXs is that the flux contribution
coming from the accretion disk (direct and irradiated) is not
known but is definitely present in some sources. The best hint
comes from NGC 1313 X-2, where its optical light curve is
contaminated by short-term, stochastic variations that are likely
due to X-ray reprocessing in the accretion disk (Grisé et al. 2008;
Liu et al. 2009; Impiombato et al. 2011) and also from X-ray
heating in the companion star (Zampieri et al. 2012). Broad He ii
emission lines with equivalent widths up to 10 times higher than
in the brightest Galactic high-mass X-ray binaries are present
in the optical spectrum of some counterparts (e.g., Pakull et al.
2006; Roberts et al. 2011; Cseh et al. 2011) and are also a direct
proof of significant X-ray reprocessing in these systems.

The counterpart optical colors have often been used to
place constraints on the companion star. The high optical/UV
luminosities and blue colors suggest early-type, OB stars (e.g.,
Liu et al. 2002; Kaaret et al. 2004; Soria et al. 2005). But, as
suggested by Kaaret (2005) and Pakull et al. (2006), the optical
light may be contaminated, or even dominated, by the irradiated
accretion disk (Kaaret & Corbel 2009; Tao et al. 2011). This is
similar to active low-mass X-ray binaries, although ULXs have
higher X-ray luminosities and may have more massive donor
stars. Unfortunately, the optical spectral energy distributions
(SEDs) of hot, irradiated disks look rather like those of OB
stars.

Our present work is devoted to a well-studied ULX,
NGC 5408 X-1 (hereafter N5408X1), located at 4.8 Mpc
(Karachentsev et al. 2002). N5408X1 is a bona fide ULX
with an average luminosity (0.3–10 keV) of 1 × 1040 erg s−1
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(Strohmayer 2009) that displays clear variability within a factor
of ∼2 (Kaaret & Feng 2009; Strohmayer 2009; Kong 2011).
Intensive Swift monitoring of the source has been used to in-
fer a ∼115 day period that has been interpreted as the orbital
period of the ULX system (Strohmayer 2009), although Foster
et al. (2010) suggests that this modulation may instead be su-
perorbital. The X-ray spectrum of N5408X1 does not seem to
vary much (Kaaret & Feng 2009). All observations performed
to date show a soft spectrum Γ ∼ 2.5 and the presence of a soft
component. Different interpretations have been put forward: if
interpreted in the framework of Galactic black hole binaries
(GBHBs), standard models (power law plus disk component)
point to the presence of a massive black hole if the temperature
of the disk scales as in Galactic counterparts (Kaaret et al. 2003;
Soria et al. 2004; Strohmayer et al. 2007). The power law would
be in that case the signature of a corona as seen in GBHBs.
Instead, the interpretation in the context of super-critical accret-
ing systems would mean that the black hole is much smaller,
with the possibility that a strong wind is the origin of the soft
component, while the high energy part of the spectrum would
be due to disk emission inside the spherization radius (Poutanen
et al. 2007). Alternatively, the soft component may represent
emission from the outer disk with the hard emission associated
with thermal Comptonization (Gladstone et al. 2009; Middleton
et al. 2011). Finally, the soft excess may arise from reflection
from the disk (Caballero-Garcı́a & Fabian 2010).

N5408X1 is also one of the few ULXs where quasi-periodic
oscillations (QPOs) have been discovered (Strohmayer et al.
2007; Strohmayer 2009). Analogous to GBHBs, Strohmayer
(2009) have interpreted this feature as a type C low-frequency
QPO (LFQPO), which would indicate that N5408X1 hosts an
IMBH. Middleton et al. (2011) have challenged this conclusion
and concluded that even the most super-Eddington BHB, GRS
1915+105, is not really a good match to the properties of
N5408X1. They hypothesized that the temporal and spectral
properties are more consistent with the feature seen in some
Narrow Line Seyfert 1 galaxies which are supposed to be even
higher super-Eddington sources, which would indicate a black
hole with mass .100 M#. But the large uncertainties associated
with the black hole masses in those systems avoids any definitive
conclusion.

N5408X-1 is also seen at other wavelengths. This source is
one of the few ULXs detected in radio, the emission being
consistent with a powerful nebula surrounding the ULX (Kaaret
et al. 2003; Soria et al. 2006; Lang et al. 2007; Cseh et al. 2012).
This nebula is also detected in optical wavelengths (Pakull &
Mirioni 2003; Soria et al. 2006; Kaaret & Corbel 2009) where
the optical emission is consistent with X-ray photoionization.
The optical counterpart of the ULX, first uniquely identified
in a Hubble Space Telescope (HST)/WFPC2 image by Lang
et al. (2007) as a V0 = 22.2 mag object, has been subsequently
studied using Very Large Telescope spectroscopy by Kaaret &
Corbel (2009) and Cseh et al. (2011). The optical spectrum
of N5408X1 is similar to many other ULXs, displaying a blue
continuum with superimposed strong and narrow emission lines
coming from the nebula. Of prime interest is the presence of
broad components with widths of ∼750 km s−1 in the He ii
and Hβ lines (Cseh et al. 2011) that appear spatially point-like,
similar to the optical continuum of the counterpart. The radial
velocity of the broad He ii line varies, which may represent the
motion of the compact object or motions within the accretion
disk (see Roberts et al. 2011 for the behavior of this line in other
sources).

In this paper, we present new, simultaneous Chandra and
HST observations of N5408X1. HST observations that allow us
to present for the first time the SED of a ULX from the ultraviolet
(UV) to the near-infrared (NIR) wavelengths. Combined with
simultaneous X-ray data, we are able to show that an irradiated
disk model fits well all the data. We discuss other alternatives
and suggest a way to confirm this result with new observations.

2. OBSERVATIONS AND DATA ANALYSIS

We obtained three series of multiwavelength observations
using the recently installed Wide Field Camera 3 (WFC3)
instrument on board the HST (Program ID 12010, PI: P. Kaaret,
along with simultaneous Chandra X-ray observations (Program
ID 11400085, PI: P. Kaaret).

2.1. Optical Observations

Each HST visit consisted of observations in UV, optical, and
near-infrared filters. UV and optical observations were carried
out in the F225W, F336W, F547M, and F845M filters using the
WFC3/UVIS camera. We used the WFC3/IR camera for the
near-infrared observations, in the F105W and F160W filters. A
single observation was done with the WFC3/UVIS using the
narrow F502N filter to isolate emission due to the forbidden
[O iii]λ5007 line. A summary of the observations can be found
in Table 1.

We performed aperture and point-spread function (PSF) pho-
tometry on the drizzled images. Aperture photometry was done
only on the four UVIS images, since the crowding is really se-
vere in the infrared images, preventing any reliable photometry
in the region nearby the ULX with this method. We performed
the aperture photometry with SExtractor version 2.5.0 (Bertin &
Arnouts 1996), using an aperture 2 pixels in radius (i.e., 0.′′08).
The background was estimated by relying on the global map-
ping done by SExtractor. Aperture corrections were calculated
using relatively bright and isolated stars, performing photometry
using a 0.′′4 radius (i.e., 10 pixels).

PSF photometry was performed using DAOPHOT II (Stetson
1987) under ESO-MIDAS. For the UVIS images, we used a
2.5 pixel aperture (i.e., 0.′′10) which corresponds approximately
to 60%–70% of the enclosed energy (Kalirai et al. 2009b)
depending on the filter. The background was chosen to be a
10 pixel width annulus located at 15 pixels from the object
centroid. Given the use of a subarray for the UVIS observations,
we used a constant PSF across the frame. Aperture corrections
were calculated using the aperture photometry routine within the
DAOPHOT package in the same way as previously described.
A similar procedure was applied to the IR images, with a
2.0 pixel aperture (i.e., 0.′′26), corresponding to 70%–80% of
the enclosed energy (Kalirai et al. 2009a). The IR observations
were performed in full frame mode; thus we used a quadratically
varying PSF in the field. Aperture corrections were measured as
for the UVIS images. Finally, zero points calculated for a 0.′′4
radius were taken out of Kalirai et al. (2009a, 2009b) for UVIS
and IR observations.

It turns out that the main uncertainty in the photometry is due
to the aperture correction. Indeed, the use of a window for the
UVIS observations means that the number of bright stars is low,
which forces us to rely on fewer stars, or less bright stars, for
the correction.

In the rest of this paper, we will use the results coming from
the PSF photometry, but the two methods give consistent results
for bright or isolated stars, with differences below 0.1 mag.
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Table 1
The HST/WFC3 Observations for NGC 5408 X-1

ID Instrument Filter Date Exposure Time (s)

Epoch 1 ibde01030 UVIS F225W 2010 May 2 560
ibde01020 UVIS F336W 2010 May 2 280
ibde01010 UVIS F547M 2010 May 2 200
ibde01040 UVIS F845M 2010 May 2 280
ibde01060 IR F105W 2010 May 2 298.5
ibde01050 IR F160W 2010 May 2 498.5

Epoch 2 ibde02030 UVIS F225W 2010 May 15 560
ibde02020 UVIS F336W 2010 May 15 280
ibde02010 UVIS F547M 2010 May 15 200
ibde02040 UVIS F845M 2010 May 15 280
ibde02060 IR F105W 2010 May 15 298.5
ibde02050 IR F160W 2010 May 15 498.5

Epoch 3 ibde53030 UVIS F225W 2010 Sep 12 560
ibde53020 UVIS F336W 2010 Sep 12 280
ibde53010 UVIS F547M 2010 Sep 12 200
ibde53040 UVIS F845M 2010 Sep 12 280
ibde53060 IR F105W 2010 Sep 12 298.5
ibde53050 IR F160W 2010 Sep 12 498.5

ibde04010 UVIS F502N 2010 Dec 26 2600

2.2. X-Ray Observations

N5408X1 was observed with Chandra using the Advanced
CCD Imaging Spectrometer (ACIS) instrument. For each series
of HST observations, we obtained a simultaneous 12 ks Chandra
exposure. Given the high count rate expected of N5408X1, only
one chip (ACIS S3) was used, with a one-eighth subarray mode.
This reduces the frame time to 0.441 s which mitigates pile-up in
the data. The observed count rate in the three observations varies
from ∼0.3 to ∼0.4 counts s−1. Standard extraction of spectra
was done using the CIAO 4.3 package (Fruscione et al. 2006)
with CALDB 4.4.1. We rebinned the spectra to a minimum of
a 5σ significance per bin. All fitting was performed using ISIS
version 1.6.1-26 (Houck & Denicola 2000).

3. RESULTS

The optical counterpart of the ULX, as identified by Lang
et al. (2007), is visible in all the HST filters used in this study.
Figure 1 shows a composite image including the F225W, F502N
([O iii]) and F845M filters. Magnitudes and corresponding
fluxes of the ULX counterpart are presented in Table 2. This
image highlights the presence of a small stellar association,
close to the ULX at about 4′′ (∼93 pc) northeast with ∼20 bright,
resolved stars. In the field of view of our WFC3 observations,
the other nearest association is at ∼8′′ northwest from the ULX,
and is likely connected to the super star clusters that are located
farther north as seen on previous broadband HST and Subaru
images (Kaaret et al. 2003; Soria et al. 2006). This image also
shows the nebula to be well resolved, with a diameter ∼2.′′5
(∼60 pc), consistent with the size of the radio nebula (Lang et al.
2007; Cseh et al. 2012). From optical long-slit spectroscopy,
Kaaret & Corbel (2009) derived a size of 30 pc (FWHM) for
the He iii region along the slit. The size of the nebula in lower
ionization emission lines, e.g., [O iii], is broader, about 40 pc
(FWHM) with broad wings. This is quite consistent with the
HST imaging.

3.1. Stellar Environment

We used color–magnitude diagrams to investigate the stellar
environment of the ULX. Data have been corrected by the

reddening derived from the nebula surrounding the ULX,
E(B−V ) = 0.08 (Kaaret & Corbel 2009) using the extinction
law of Cardelli et al. (1989) with RV = 3.1. The metallicity of
NGC 5408 has been estimated to be about a tenth of the solar
metallicity, with 12 + log(O/H) = 7.99 (Mendes de Oliveira
et al. 2006), which translates into Z = 0.002 (based on a
standard solar composition, Grevesse & Sauval 1998). We note
that the age of the young and blue stars that are most common
in the color–magnitude diagrams are not really sensitive to
metallicity and therefore our age estimate does not depend on
this parameter. However, the stars on the red supergiant branch
are more sensitive to this effect; the red supergiants apparent
in the (F547M,F845M) diagram indicate a subsolar metallicity,
but with a best fit consistent with Z = 0.008.

Thus, we overplotted isochrones from the Padova library
(Bertelli et al. 1994; Marigo et al. 2008; Girardi et al. 2008,
2010) with a metallicity Z = 0.008. We present (Figure 2) three
diagrams using the F225W, F336W, F547M, and F845M filters.
The diagrams with blue colors (upper panels of Figure 2) show
that the stars associated with the relatively dense association
nearby the ULX form a young upper main-sequence/supergiant
branch that is well fitted by an isochrone of age ∼5 Myr. A
young age for the association is supported by the presence of
six bright (MF547M ∼ MV = −6 to −7) stars with blue colors
that are most likely blue supergiants. Again, we emphasize that
the age of these young stars does not depend much on the
metallicity, using Z = 0.008 instead of Z = 0.002 introduces
at most an uncertainty of 1 Myr, which is smaller than the
uncertainties due to photometric errors and isochrones models.
We also overplotted Padova evolutionary tracks with various
masses on the color–magnitude diagrams (Figure 3). From
those, it is apparent that numerous stars from the association
(and from the field) are massive objects with masses up to
30–40 M#.

3.2. ULX

We present (Figure 4) a detailed SED of this ULX, from 2400
to 15400 Å. The three SEDs taken at different epochs are very
consistent with each other. In each case, we fitted the SED by
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Figure 1. HST/WFC3 composite image (blue—F225W, green—F502N, red—F845M) of the field surrounding NGC 5408 X-1. 1′′ represents 23.3 pc at the distance
of NGC 5408 X-1. Overplotted are the radio positions from Very Large Array (yellow full circle) and ATCA observations (red dashed circle; Lang et al. 2007) with a
conservative error circle of 0.′′4 in radius. The white box (5.′′5 × 4.′′0) shows the nearby stellar association. Stars located inside this rectangle were plotted differently
in the color–magnitude diagrams (see Figures 2 and 3).
(A color version of this figure is available in the online journal.)

Table 2
Brightness of the ULX Counterpart in Different Filters, from the HST/WFC3 Observations

Filter Aperture Correction VEGAmag Flux
(10−18 erg s−1 cm−2 Å−1)

Epoch 1 F225W 0.44 ± 0.03 20.09 ± 0.04 (0.024) 38.60 ± 1.42
F336W 0.42 ± 0.06 20.64 ± 0.07 (0.029) 18.02 ± 1.16
F547M 0.53 ± 0.06 22.43 ± 0.07 (0.029) 3.91 ± 0.25
F845M 0.59 ± 0.04 22.42 ± 0.08 (0.067) 1.03 ± 0.08
F105W 0.06 ± 0.03 22.84 ± 0.09 (0.072) 0.34 ± 0.03
F160W 0.20 ± 0.05 22.48 ± 0.10 (0.091) 0.12 ± 0.01

Epoch 2 F225W 0.42 ± 0.04 20.04 ± 0.05 (0.034) 40.42 ± 1.86
F336W 0.45 ± 0.05 20.55 ± 0.05 (0.022) 19.58 ± 0.90
F547M 0.50 ± 0.06 22.30 ± 0.07 (0.026) 4.41 ± 0.28
F845M 0.54 ± 0.04 22.37 ± 0.07 (0.052) 1.08 ± 0.07
F105W 0.22 ± 0.07 22.63 ± 0.10 (0.090) 0.41 ± 0.04
F160W 0.22 ± 0.05 22.37 ± 0.10 (0.073) 0.14 ± 0.01

Epoch 3 F225W 0.49 ± 0.04 19.97 ± 0.04 (0.028) 43.11 ± 1.59
F336W 0.53 ± 0.08 20.56 ± 0.08 (0.021) 19.40 ± 1.43
F547M 0.51 ± 0.08 22.26 ± 0.08 (0.014) 4.58 ± 0.34
F845M 0.61 ± 0.04 22.26 ± 0.06 (0.038) 1.20 ± 0.07
F105W 0.16 ± 0.07 22.55 ± 0.12 (0.076) 0.44 ± 0.05
F160W 0.14 ± 0.06 22.44 ± 0.10 (0.100) 0.13 ± 0.01

Notes. Magnitudes are expressed in the HST/WFC3 Vegamag system. The errors on the magnitude include the aperture correction uncertainty. The
value between brackets is the photometric error, as derived by DAOPHOT.

using a simple power law with Fν ∝ να , Fν being the flux in
units of erg s−1 cm−2 Hz−1. The indices of the power-law fits
are, respectively, 1.37 ± 0.03, 1.33 ± 0.03, and 1.31 ± 0.03 for
SEDs 1, 2, and 3. However, these fits are unacceptable with χ2

ν
of 7.7, 7.7, and 5.0 for 4 degrees of freedom. Using only the
F336W, F547M and F845M values to constrain the fit, we obtain
a good fit with χ2

ν < 1. The indices are not too different, with
1.38 ± 0.08, 1.40 ± 0.07, and 1.28 ± 0.08 for SEDs 1, 2, and 3

and the normalizations at λ = 5500Å are, respectively, 4.87 ±
0.16, 5.30±0.15, and 5.54±0.17 in units of 10−18 erg s−1 cm−2.
This result is consistent with the index value found by Tao
et al. (2011; 1.41 ± 0.14) from four simultaneous observations
obtained by HST/WFPC2 in 2009 April and covering the same
wavelength range (3300-8000 Å). As can be seen on Figure 4,
those fits show a clear deviation from a straight power law
in the NIR wavelengths, and also show marginal evidence for a
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Figure 2. HST/WFC3 color–magnitude diagrams for the stellar field (512 × 512 pixels, i.e., 20′′ × 20′′) around the ULX. Padova isochrones for stars of different ages
are overplotted. Typical photometric errors are also plotted. Data have been corrected for an extinction of E(B − V ) = 0.08 mag, the bar at the bottom right corner
illustrating this effect. Upper left panel: Color–magnitude diagram in the (F225W, F336W) system. Upper right panel: Color–magnitude diagram in the (F336W,
F547M) system. Lower left panel: Color–magnitude diagram in the (F547M, F845M) system. The same isochrones are plotted in the three panels, i.e. for 5, 10, 20,
and 50 Myr at Z = 0.008. Filled green circles are stars in the field, red diamonds are stars located in a rectangle of 5.′′5 × 4.′′0 coincident with a nearby OB association.
The red star is the position of the ULX counterpart. In the bottom panel, we show as orange X’s stars from the OB association that are in common with the upper
panels. The smaller number of stars in common with the upper panels is simply due to the fact that we mainly see redder stars in the F845M filter that are not strong
UV emitters (and vice versa in the top panels where the strong UV emitters are not seen in the redder filters).
(A color version of this figure is available in the online journal.)

turn-off at the shortest wavelengths. Interestingly, the deviations
at these wavelengths seem to correspond to what is expected
from a B0I star (Figure 4, right panel). Only the flux at 15400 Å
does not follow the decreasing trend that should continue in the
infrared. We note that the power-law index of the continuum
in the 4000–6000 Å interval found by Kaaret & Corbel (2009)
(2.0+0.1

−0.2), is likely contaminated by the nebular emission. The
spatial resolution of HST/WFC3 allows us to measure the flux of
the continuum of the counterpart, with a very low contamination

of the nebula as can be seen in the composite image (Figure 1)
that contains the nebular [O iii] emission.

The three X-ray spectra observed simultaneously with the
HST data have count rates of 0.30, 0.32, and 0.42 counts s−1.
Their moderate exposure times imply that the number of counts
is limited (∼4000) and thus complex models such as used
recently in the literature (Gladstone et al. 2009; Caballero-
Garcı́a & Fabian 2010; Walton et al. 2011) cannot be constrained
accurately. Specifically, the lack of counts at high energy does
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Figure 3. HST/WFC3 color–magnitude diagrams with Padova evolutionary tracks for stars of different initial masses (7, 10, 15, 20, 30, and 40 M#) with Z = 0.008.
The legend is the same as Figure 2. Upper left panel: color–magnitude diagram in the (F225W, F336W) system. Upper right panel: color–magnitude diagram in the
(F336W, F547M) system. Lower right panel: color–magnitude diagram in the (F547M, F845M) system.
(A color version of this figure is available in the online journal.)

not allow one to see the high-energy curvature as shown by
Stobbart et al. (2006). We modeled the X-ray spectra using basic
models such as an absorbed power law and a power law plus
disk blackbody (DISKBB; Mitsuda et al. 1984) combination to
compare with previous results in the literature. Extinction was
modeled using the Tuebingen-Boulder ISM absorption model
(TBABS; Wilms et al. 2000). We used a fixed component related
to the Galactic extinction with nH = 0.057×1022 cm−2 (Dickey
& Lockman 1990), and let a second extinction component vary
freely. N5408X1 does not appear to show any strange behavior.
The fits parameters for these simple models (Table 4) are
in agreement with previous observations (Kajava & Poutanen
2009) where the authors argue that N5408X1 displays an LX–Γ
correlation, which holds here.

To further understand the whole SED and the effect of
X-ray emission at lower energies, we extrapolated the emission
of the disk component. As shown by Kaaret et al. (2004) in the
case of Holmberg II X-1, some precautions need to be taken
since the X-ray emission of most ULXs is largely dominated
by the power-law component and not the accretion disk, and
extrapolating the power law to lower energies would be non-
physical. In the case of N5408X1, the ratio between the two
components is about 50% (Table 3), requiring care. Following
Berghea et al. (2010), we modeled separately the power law and
the accretion disk component (Table 3). We fitted a power-law
model to the spectra between 1 and 7 keV, and a disk blackbody
model between 0.3 and 1 keV. As can be seen in Figure 5, the
extrapolated disk model underestimates the HST fluxes by about
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Table 3
Spectral Fit Parameters

No.a nH
b Γc (kTe)d Γnorm

e (Compt. Norm)f kTin
g Disknorm

h τ i Fluxj LX
k fXMCD

l χ2/DoFm

(1022 cm−2) (/keV) 10−4 (×10−12 erg s−1 cm−2) (×1040 erg s−1)

POWERLAW

1 0.044+0.014
−0.014 2.66+0.08

−0.08 5.8+0.3
−0.3 . . . . . . . . . 1.76+0.11

−0.14 0.63 +0.04
−0.04 . . . 154.36 (91)

2 0.03+0.02
−0.02 2.67+0.13

−0.12 5.9+0.5
−0.4 . . . . . . . . . 1.83+0.10

−0.14 0.79 +0.08
−0.05 . . . 121.0 (94)

3 0.10+0.02
−0.02 3.17+0.13

−0.12 9.9+0.2
−0.7 . . . . . . . . . 2.10+0.11

−0.12 1.54 +0.23
−0.17 . . . 136.5 (101)

POWERLAW + DISKBB

1 0.10+0.05
−0.04 2.43+0.12

−0.12 4.9+0.6
−0.6 0.15 +0.02

−0.02 284+577
−187 . . . 1.76+0.15

−0.76 0.85+0.44
−0.19 0.28+0.44

−0.18 132.03 (89)

2 0.07+0.07
−0.05 2.40+0.18

−0.19 4.7+0.9
−0.9 0.16 +0.04

−0.03 162+809
−129 . . . 1.86+0.1

−0.76 1.02+0.56
−0.25 0.36+0.51

−0.20 100.6 (92)

3 0.13+0.05
−0.05 2.85+0.18

−0.20 1.6+1.5
−1.5 0.15 +0.04

−0.02 427+1614
−327 . . . 2.15+0.31

−0.72 2.13+1.25
−0.62 0.48+0.52

−0.26 110.7 (99)

Modified POWERLAW + DISKBB

1 0.01+0.04
−0.01 2.51+0.11

−0.10 5.0+0.3
−0.3 0.27 +0.04

−0.05 18+48
−9 . . . . . . . . . . . . 85.7 (54) / 59.8 (38)

2 0.0+0.06
−0.0 2.51+0.11

−0.10 5.2+0.6
−0.3 0.26 +0.02

−0.02 23+34
−7 . . . . . . . . . . . . 61.7 (55) / 37.3 (39)

3 0.02+0.05
−0.02 2.92+0.10

−0.10 7.9+0.4
−0.4 0.26 +0.04

−0.04 39+80
−23 . . . . . . . . . . . . 69.9 (62) / 44.6 (40)

DISKPN + COMPTT

1 0.06+0.06
−0.05 1.1+37.2

−0.3 9.1+3.8
−9.1 0.15 +0.04

−0.03 3.5+12.2
−2.5 9.2+2.8

−9.2 1.69+0.11
−0.05 0.60+0.33

−0.03 0.42+0.37
−0.15 128.5 (88)

2 0.03+0.06
−0.03 1.0+3.5

−0.3 8.3+3.7
−2.8 0.17 +0.04

−0.03 2.0+6.9
−1.2 10.2+2.2

−7.3 1.80+0.1
−1.4 0.59+0.28

−0.03 0.43+0.57
−0.15 94.8 (91)

3 0.09+0.07
−0.06 9.8+17.2

−8.6 2.4+0.3
−2.4 0.14 +0.03

−0.02 10.1+18.0
−7.0 1.4+5.8

−1.4 2.14+0.35
−0.71 1.73+1.08

−0.56 0.56+0.44
−0.32 109.2 (98)

Notes. All errors are at the 90% confidence level.
a Spectrum index used in the text.
b External absorption column (in addition of the galactic extinction towards the source, nH = 0.057 × 1022 cm−2).
c Power-law photon index.
d Electron temperature in keV, for the Comptonization model.
e Power-law normalization.
f Comptonization normalization.
g Inner-disk temperature.
h Disk normalization (for the diskpn model, units are in terms of 10−3).
i Plasma optical depth.
j Absorbed flux (0.3–10 keV).
k Unabsorbed luminosity (0.3–10 keV) for D = 4.8 Mpc.
l Fraction of the total unabsorbed flux (0.3–10 keV) in the disk component.
m χ2 and degrees of freedom.
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Figure 4. Spectral energy distribution of NGC 5408 X-1 (corrected for extinction) for each observation (left), compared to stellar templates (right). SEDs 2 and 3
of NGC 5408 X-1 have been shifted down by 0.6 in log(Fν ) for clarity purposes. Fluxes of stellar templates in the HST/WFC3 filters have been calculated using
SYNPHOT and the Castelli and Kurucz stellar atmosphere models (Castelli & Kurucz 2004). In the right panel is overplotted (black dot dashed line) an average
power-law fit from the three HST observations.
(A color version of this figure is available in the online journal.)

Table 4
Spectral Fit Parameters of the Irradiated Disk Model

No.a nH
b diskirnorm

c Γd kTin
e kTe

f LC/LD
g rirr

h fout
i log(rout)j χ2/DoFk

(1022 cm−2) (keV) (keV)

DISKIR

1 0.16+0.06
−0.05 666+21

−470 2.42+0.16
−0.17 0.13+0.02

−0.02 50 0.57+0.56
−0.28 1.1 0.043+0.030

−0.022 3.04+0.27
−0.25 144.6 (93)

2 0.12+0.08
−0.05 401+1

−285 2.40+0.17
−0.19 0.14+0.02

−0.02 50 0.71+0.66
−0.37 1.1 0.046+0.027

−0.024 3.21+0.28
−0.28 101.7 (96)

3 0.16+0.07
−0.05 794+34

−557 2.82+0.18
−0.19 0.14+0.02

−0.02 50 0.43+0.25
−0.20 1.1 0.030+0.019

−0.018 3.07+0.27
−0.29 114.0 (103)

Notes. All errors are at the 90% confidence level.
a Spectrum index used in the text.
b Total absorption column, including the Galactic extinction toward the source (nH = 0.057 × 1022 cm−2).
c Model normalization.
d Power-law photon index.
e Innermost temperature of the unilluminated disk.
f Electron temperature.
g Ratio of luminosity in the Compton tail to that of the unilluminated disk.
h Radius of the Compton illuminated disk in terms of the inner disk radius.
i Fraction of bolometric flux which is thermalized in the outer disk.
j log10 of the outer disk radius in terms of the inner disk radius.
k χ2 and degrees of freedom.

an order of magnitude, by a factor ∼38/36/24 at 2400 Å and by
a factor ∼5/5/3 at 15400 Å. We also used a model that consists
of a disk plus a thermal Comptonization component (DISKPN
+ COMPTT, Table 3), as used in a recent study of N5408X1
(Middleton et al. 2011). The Comptonization component is a
better choice since it is negligible in the optical wavelengths, so
that there is no flux contamination in the disk component, as is
the case for the model based on a power law. Using that model,
we found that the extrapolated disk spectrum is 11/16/6 times
lower at 2400 Å and 5/8/3 times lower at 5400 Å compared
to HST fluxes. At 15400 Å the extrapolated disk is 1.5/2.3
lower in the two first observations and slightly above for the
third observation compared to HST fluxes (Figure 5). We note
that these extrapolations assume a very large outer disk radius
(&1 × 1013 cm). Assuming narrower disks (or truncated disks)
would reduce their flux in the IR, optical, and UV.

Reprocessed X-ray irradiation is likely to be significant
in ULXs, the optical light curves of, e.g., NGC 1313
X-2 (Grisé et al. 2008; Impiombato et al. 2011) show short-
term, stochastic variability that does not seem compatible with
solely the ellipsoidal variations due to a companion star. Thus,
following Kaaret & Corbel (2009), we fitted the X-ray and the

HST data with the irradiated disk model of Gierliński et al.
(2009), DISKIR. It is based on the standard DISKBB model
but includes effects due to disk irradiation and Comptoniza-
tion. The irradiated inner disk and the Comptonized tail illu-
minate the outer disk, which implies a higher luminosity for
this part of the disk. This model has been applied successfully
on a Galactic black hole binary (Gierliński et al. 2009) where
the authors conclude that the optical/UV emission in the soft
state is consistent with reprocessing of a constant fraction of
the bolometric X-ray luminosity. It has also been applied to the
microquasar GRS 1915+105 where the Rahoui et al. 2010 show
that an excess of mid-IR emission (∼4–8 µm) is probably re-
lated to some reprocessed soft X-ray emission in the outer part of
the disk.

The DISKIR model contains nine parameters with two of
them being constrained by the UV/optical/NIR measurements.
Three parameters were frozen: fin, the fraction of luminosity in
the Compton tail, which is thermalized in the inner disk, was set
to 0.1. The electron temperature and the irradiated radius were
found to be poorly constrained so we fixed them, respectively,
to 50 keV and 1.1 × Rin. The electron temperature does not
seem to have a strong impact on the other parameters. We tested
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Figure 5. Left: best fits for the simultaneous X-ray–UV/optical/NIR data of NGC 5408 X-1. The three plots correspond to the three independent observations. In
each plot, the two accretion disk models (see the text) extrapolated from the X-ray data fit to lower energies are shown in green (dot-dashed line) and in blue (dashed
line), respectively, corresponding to the disk model associated with a Comptonized component and the disk model associated with a power-law component. They
underestimate the UV/optical/NIR fluxes. The best fitting model is an irradiated disk (red line) that explains both the high energy and low energy data. This supports
the interpretation that a standard, thin disk is present in NGC 5408 X-1. The spectrum of a B0I supergiant star (from the Castelli and Kurucz stellar atmosphere models,
Castelli & Kurucz 2004) is overplotted in orange. It fits the HST data as well as the irradiated disk model. Note that the apparent gap between ∼100 and ∼1000 Å is
due to the extinction. Right: required flux needed to explain the HST measurements, after subtraction of the two extrapolated disk components seen in the left panels
(the same color/linestyle is used to differentiate the two disk models).
(A color version of this figure is available in the online journal.)

with two other values (1.5 and 500 keV), but the effect on
all parameters is within 20%. Changing the irradiated radius
from 1.1 to 2.0 × Rin increases the inner temperature of the
disk by 10%, the ratio LC/LD by 80% and fout by 20%, but
this does not affect our conclusions. The results of the fits
are shown in Table 4 and Figure 5 and are consistent for the
three spectra. We note that spectrum 1 has a worse χ2 than the
other spectra. The residuals have positive peaks between 0.5 and
1 keV and could be due to low energy emission lines. Caballero-
Garcı́a & Fabian (2010) has suggested that ULXs may produce
highly ionized oxygen and iron emission lines via reflection
off the disk. However, it is not clear why such lines would be
present in the first spectrum only (which has the lowest number
of counts). This interesting issue should be looked into with

deeper spectra. In this paper we limit ourselves to the continuum
modeling.

4. DISCUSSION

4.1. Environment of the ULX

ULXs are usually located inside or near stellar-forming
regions that look like OB associations (Soria et al. 2005;
Grisé et al. 2008; Swartz et al. 2009). This has strengthened
their identification with X-ray binaries containing a massive
companion star that is needed to explain their high, persistent
X-ray luminosity. The fact that N5408X1 is located nearby (but
not inside) to what appears to be an OB association (Figure 1)
is thus not unusual. For example, NGC 1313 X-2 (Grisé et al.
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2008) is displaced from its apparent parent cluster by ∼100 pc.
This is a good argument that such X-ray binaries may have been
ejected from their host cluster (Kaaret et al. 2004).

Kaaret et al. (2003) has shown that the ULX is located at
about 12′′ from the star formation regions of NGC 5408 that
contain super star clusters. The runaway-coalescence scenario
studied by Vanbeveren et al. (2009 and references therein) is able
to explain the formation of massive black holes up to several
100 M# in subsolar metallicity environments. It is not clear
whether IMBHs could be produced by this way, but in any case
the formation of such massive remnants would need massive and
dense clusters. As noted by Kaaret et al. (2003), the projected
displacement of ∼280 pc from the super star clusters could
be consistent with an ejected X-ray binary. Using reasonable
ejection speed (10 km s−1), Kaaret et al. (2003) concluded that
the binary could traverse this distance in 30 million years and
thus have moved to the present location within the lifetime of
a massive companion star. We remark here that 30 Myr would
in fact exclude most early types of stars, since 30 Myr is the
lifetime of a ∼10 M# star.

Another possibility, as noted above, is that the binary comes
from the closer OB association located 100 pc from its position.
In that case, it is very unlikely that an IMBH has been formed
in such a stellar environment. We also note that the age of
the association, ∼5 Myr, would imply an escape velocity of
∼25–50 km s−1 with the assumption that the binary was ejected
between 1 and 3 Myr after the stellar association was formed.
These velocities, albeit large, cannot be ruled out since some
OB-supergiant binaries have been seen with runaway velocities
of that order (e.g., van den Heuvel et al. 2000). In that case,
a more massive donor star would be allowed in the system, in
comparison with the super star cluster hypothesis.

4.2. UV/Optical/NIR SED

The fact that the SED of N5408 X-1 may be described
approximately by a power law, and does not show any clear
clue of a peak of a blackbody leads to several conclusions.
As can be seen in Figure 4, only early type stars display a
power law extending far in the UV because the peak of their
spectrum is located at shorter wavelengths than our observing
limit (∼2250 Å equivalent to a peak temperature of ∼13000 K).
Basically, this means that if the light of N5408 X-1 was
dominated by a star, we could rule out any star of spectral
type later than B5 (this is quite independent of the luminosity
class). But, the fact that the counterpart is intrinsically bright,
MV ∼ −6.2 would exclude the smallest stars. Looking again
at Figure 4 (right panel) we see that the SED of N5408 X-1
is very consistent with that of a B0I supergiant star (scaled at
the magnitude of an Iab class) and rules out all main-sequence
stars. The turnoff in the F225W filter seems to match the spectral
template of the B0I star. Also, a drop compared to a power law
is expected in the NIR (Figure 4, right panel) and is clearly
observed at 1 µm (Filter F105W). However, this drop should
be even more prominent at longer wavelengths but is not really
seen at 1.5 µm (Filter F160W). Proving that the companion
star dominates the optical emission would be possible if optical
spectroscopy of the optical counterpart would reveal absorption
lines, such as in the ULX P13 (Motch et al. 2011). But the
signal to noise of the optical spectra studied by Kaaret & Corbel
(2009) and Cseh et al. (2011) are not high enough to rule out the
presence of an early B supergiant star because absorption lines
in the wavelength range observed are not very deep.

4.3. X-Ray to NIR SED

The disk emission, extrapolated from two different models
that we used to fit the X-ray data (a disk blackbody with the
addition of either a power law or a thermal Comptonization
model) does not fit the UV/optical/IR at all (Figure 5). For
the power law plus disk blackbody model, the extrapolated
disk model underestimates the HST fluxes by about an order of
magnitude (Figure 5), which basically means that the accretion
disk emission would be negligible at optical wavelengths and
the companion star would dominate.

For the disk plus Comptonization model, the extrapolated disk
spectrum has a higher flux at lower energies but is still unable
to explain the UV/optical/IR measurements (Figure 5). The
excess emission could come from the donor star. However, the
shape of the excess emission drops at the longest wavelengths,
especially in the third observation where the NIR flux predicted
by the accretion disk model is above the flux measured with
HST (Figure 5). This is not consistent with the spectrum of any
known star.

Another possibility is that the emission in excess from the
extrapolation of the disk may not come primarily from a stellar
component. The irradiated disk model that we used is able
to fit all the data quite well (see Table 4). All three data
sets give similar results within the errors, which is expected
given the lack of significant variability both at X-rays and at
lower energies. In this model, the UV/optical/IR emission
is from the irradiated outer disk that thermalizes a fraction
of the bolometric luminosity fout ∼ 0.03. This fraction is
higher than seen from Galactic X-ray binaries in the thermal
dominant state (Gierliński et al. 2009; Zurita Heras et al. 2011)
but similar fractions have been obtained from observations of
the microquasar GRS1915+105 in its most X-ray active phase
(Rahoui et al. 2010).

Cseh et al. (2011) have discussed the size of the accretion
disk in N5408X1, based on the broad emission lines seen in
the optical spectrum of the counterpart. They concluded that
the disk has a radius lower than 2.35 × MBH/1500 M# AU
which translates to 2.4×1011–1013 cm for a 10–1000 M# black
hole. According to the results from the irradiated disk model,
we found that the disk would have a size ∼1–5 × 1012 cm
depending on the inclination of the disk. This is comparable to
the size of the disk inferred in GRS1915+105 with ∼3×1012 cm,
where an irradiated accretion disk may also be present (Rahoui
et al. 2010). In N5408X1, the irradiated disk model gives
Rout/Rin ∼ 1100–1600 which is in the upper range of other
ULXs, like in NGC 1313 X-1 (Yang et al. 2011) with Rout/Rin ∼
100–2000 and in NGC 6946 X-1 (Kaaret et al. 2010) with
Rout/Rin ∼ 40–6000.

While disk irradiation is able to explain the observational
properties of N5408X1, we cannot make a definitive statement
that irradiation is occurring in this system. First, no detection of
significant, associated variability between the UV/optical/NIR
and X-ray has been made (see below). Second, it is possible that
the X-ray soft component is not emitted by an accretion disk,
but by the photosphere of an outflow/wind (e.g., Poutanen et al.
2007; Middleton et al. 2011) that would be due to supercritical
accretion onto the accretion disk.

In that context, it may be interesting to draw a comparison
with the X-ray transient V4641 Sgr. This is an interesting source
because it may be a closer example to ULXs than low-mass
X-ray binaries (LMXBs) thanks to its companion that is a quite
massive star (M ∼ 6.5 M#). V4641 Sgr went into outburst in
1999 reaching an X-ray luminosity near or above the Eddington
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limit of its ∼10 M# black hole (Revnivtsev et al. 2002b). Along
with the X-ray outburst, the optical emission increased by at least
4.7 mag. It has been shown that irradiation in the accretion disk
cannot be reconciliated with the observed parameters. Instead,
Revnivtsev et al. (2002a, 2002b) argue that an extended envelope
surrounding the source absorbs the X-ray flux and re-emits it in
the optical and UV. This would be the signature of a massive
outflow driven by the supercritical accretion. The optical nebulae
present around some ULXs and around N5408X1 (Figure 1)
argue for the presence of such outflows. As noted in Kaaret
& Corbel (2009) the difficulty with the supercritical model is
that the soft X-rays expected from the photosphere of the wind
would not thermalize in the disk and thus would not contribute
to the reprocessed emission in the optical bands. This is a natural
consequence of the supercritical accretion models because they
predict geometric beaming (Poutanen et al. 2007; Ohsuga &
Mineshige 2011). If the irradiated disk model is valid, it means
that such beaming can be ruled out in N5408X1, because of the
high fraction of thermalized bolometric luminosity in the disk.
This would challenge the supercritical model. On the contrary,
if the optical spectrum is dominated by the donor emission,
then mild geometric beaming consistent with the constraints
from the surrounding He ii 4686 nebula would be allowed. Thus
confirming or not that the optical emission comes mainly from
the donor star is important.

We finally note that the reflection-based model used to model
the X-ray spectrum of N5408X1 (Caballero-Garcı́a & Fabian
2010) would probably imply a negligible contribution of the
accretion disk in the optical wavelengths. This is because there
is apparently no need for thermal emission from the disk in that
model. This may be explained by magnetic extraction of energy
from the disk, that would suggest that the energy is extracted
before it is able to thermalize in the disk (Caballero-Garcı́a &
Fabian 2010). In that context, irradiation in the outer parts of the
disk would be at best limited, and the observed optical emission
would be mainly due to the donor star.

4.4. Variability

Observing X-ray/optical correlated variability would be a
direct test of the irradiated disk model. A lack of significant
optical variability in response to a significant X-ray variation
would rule out the model, and would probably argue for the
dominance of the companion star at non-X-ray wavelengths.
The X-ray variability we measure is limited, with a 40% change
in the count rate between the first and last observation, and with
the second observation displaying a flux consistent with that of
the first one. At longer wavelengths, there is no clear, statistically
significant variability in the HST filters. In practically all filters,
the magnitudes in all three epochs are consistent within the
errors, with only marginal evidence of variability between the
first and third epoch, at a level .2σ . Thus, we can only provide
an upper limit on the variability in the HST filters, consistent
with .0.1 mag in most filters. If the situation is comparable
to that of LMXBs, we would expect the amplitude of optical
variability to be roughly the square root of the amplitude of the
X-ray variability (van Paradijs & McClintock 1994). Our results
are not inconsistent with this because the X-ray variability would
imply a change of the optical flux of only ∼18%, which is close
enough to 10% and also because other processes can affect the
optical luminosity of the system with approximately the same
amplitude (i.e., ellipsoidal variations).

Perhaps the best evidence of variability may be seen in the
normalization of the power-law fits. At 5500 Å the difference in

Figure 6. Absorbed X-ray flux (0.3–10 keV) vs. normalization at 5500 Å.
X-ray fluxes are taken from the power-law fits and normalizations come from
the F336W/F547M/F845M fits.

the normalization factors between the first and last observation is
0.67 ± 0.23 × 10−18 erg s−1 cm−2, which is almost significant
at a 3σ level. We tried to look for a correlation between the
X-ray flux and the magnitude/normalization in all filters but the
errors on both parameters are too large (see Figure 6).

The long-term X-ray light curve of N5408 X-1 measured
with Swift shows dips quite regularly (Kong 2011), with the
X-ray luminosity decreasing by nearly an order of magnitude
compared to the long-term average. In the context of an
irradiated disk, this would imply a drop in the optical flux by a
factor of ∼3, i.e., ∼1 mag and thus would be easily measurable.
Gierliński et al. (2009) noted that this “reprocessing signature”
is approximate, depending on parameters such as the size of
the disk, but given the order of magnitude of the variability
that we expect, it should still be detectable, even if reduced,
in the UV/optical/NIR SED of the source. Finally, another
additional signature would be an associated decrease in the
flux of the He ii emission line visible in the optical spectrum
of the source (Cseh et al. 2011), if the emission of He ii is
really associated with reprocessing in the accretion disk. Thus,
it would be of interest to perform optical observations during an
X-ray dip.

5. CONCLUSION

We have studied NGC 5408 X-1 using three epochs of simul-
taneous Chandra/HST observations. The optical counterpart of
the ULX is visible from the UV to the NIR. The HST/WFC3 ob-
servations reveal that the source is located near a young, ∼5 Myr
old, OB association containing massive stars up to 40 M#, with
a few blue supergiants. This could be the birthplace of the ULX
system, but it cannot be ruled out that it was formed instead in
a superstar cluster in NGC 5408.

The UV to NIR SED is compatible with that of a B0I
supergiant star. Using the simultaneous X-ray data, we show
that the intrinsic emission of a standard accretion disk cannot
explain the UV/optical/NIR fluxes. Instead, a model that takes
into account irradiation in the disk fits all the data well. Further
testing of this model requires observing the source with a lower
or higher X-ray flux and studying the correlation with the optical
flux. This would be a good discriminant toward determining the
physical origin of the optical emission.
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Grisé, F., Pakull, M. W., Soria, R., et al. 2008, A&A, 486, 151
Houck, J. C., & Denicola, L. A. 2000, in ASP Conf. Ser. 216, Astronomical

Data Analysis Software and Systems IX, ed. N. Manset, C. Veillet, &
D. Crabtree (San Francisco, CA: ASP), 591

Impiombato, D., Zampieri, L., Falomo, R., Grisé, F., & Soria, R. 2011, Astron.
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419, 1331
Zurita Heras, J. A., Chaty, S., Cadolle Bel, M., & Prat, L. 2011, MNRAS, 413,

235

12



Mon. Not. R. Astron. Soc. 414, 677–690 (2011) doi:10.1111/j.1365-2966.2011.18433.x

Radiatively efficient accreting black holes in the hard state: the case
study of H1743−322

M. Coriat,1!† S. Corbel,1,2 L. Prat,1 J. C. A. Miller-Jones,3,4 D. Cseh,1

A. K. Tzioumis,5 C. Brocksopp,6 J. Rodriguez,1 R. P. Fender7 and G. R. Sivakoff8
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ABSTRACT
In recent years, much effort has been devoted to unravelling the connection between the
accretion flow and the jets in accreting compact objects. In the present work, we report new
constraints on these issues, through the long-term study of the radio and X-ray behaviour of
the black hole candidate H1743−322. This source is known to be one of the ‘outliers’ of the
universal radio/X-ray correlation, i.e. a group of accreting stellar-mass black holes displaying
fainter radio emission for a given X-ray luminosity than expected from the correlation. Our
study shows that the radio and X-ray emission of H1743−322 are strongly correlated at
high luminosity in the hard spectral state. However, this correlation is unusually steep for
a black hole X-ray binary: b ∼ 1.4 (with Lradio ∝ Lb

X). Below a critical luminosity, the
correlation becomes shallower until it rejoins the standard correlation with b ∼ 0.6. Based on
these results, we first show that the steep correlation can be explained if the inner accretion
flow is radiatively efficient during the hard state, in contrast to what is usually assumed
for black hole X-ray binaries in this spectral state. The transition between the steep and the
standard correlation would therefore reflect a change from a radiatively efficient to a radiatively
inefficient accretion flow. Finally, we investigate the possibility that the discrepancy between
‘outliers’ and ‘standard’ black holes arises from the outflow properties rather than from the
accretion flow.

Key words: accretion, accretion discs – ISM: jets and outflows – radio continuum: stars –
X-rays: binaries – X-rays: individual: H1743−322.

1 IN T RO D U C T I O N

Black hole X-ray binaries (BHXBs) are binary systems consisting
of a black hole primary in orbit with a less evolved companion star.
These systems spend most of their time in a faint quiescent state, be-
ing barely detectable at almost all wavelengths. They may undergo
sudden and bright few-month-long X-ray outbursts with typical re-
currence periods of many years (Tanaka & Shibazaki 1996). The
picture commonly accepted to explain the emission of such ob-

!E-mail: m.coriat@soton.ac.uk
†Present address: School of Physics and Astronomy, University of
Southampton, Southampton SO17 1BJ.

jects involves an optically thick and geometrically thin accretion
disc, mostly emitting at typical energies of ∼1 keV. This region is
probably surrounded by a corona of hot plasma, where ultraviolet
(UV) and soft X-ray photons originating from the disc undergo in-
verse Compton scattering, producing a power-law spectrum in the
hard X-ray band. In addition to this ‘X-ray picture’, BHXBs are
also characterized by the intermittent presence of relativistic out-
flows. This ejected material is mainly detected at radio wavelengths
(see e.g. Hjellming & Johnston 1981; Mirabel & Rodriguez 1994;
Fender 2006) though it can sometimes dominate the low-frequency
emission up to the near-infrared (Corbel et al. 2001; Jain et al. 2001;
Corbel & Fender 2002; Homan et al. 2005b; Russell et al. 2006;
Coriat et al. 2009). These jets are undoubtedly coupled to the ac-
cretion flow, although the nature of this connection is still unclear.

C© 2011 The Authors
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Several spectral states have been identified based on the relative
strengths and properties of the different X-ray emitting components
(see e.g. Homan & Belloni 2005; McClintock & Remillard 2006).
The two main spectral states are the soft state, dominated by thermal
emission from the accretion disc, and the hard state, dominated by
emission from the corona. Various instances (hard or soft) of the
intermediate state have also been defined to describe the transition
phases between the two main states. During these phases the X-ray
spectra usually display hardnesses in between those of the hard and
the soft state as a result of comparable contributions to the emission
from the disc and the corona. These spectral characteristics are also
coupled to different levels of X-ray variability (see e.g. van der Klis
2006; Belloni 2010, for a review).

The radio emission in the hard state is usually characterized by
a flat or slightly inverted spectrum (Sν ∝ να with α ∼ 0). This
is interpreted as self-absorbed synchrotron emission from steady,
collimated, compact jets, in analogy with those observed in active
galactic nuclei (Blandford & Königl 1979; Hjellming & Johnston
1988). During the soft state these compact jets are thought to be
quenched (Fender et al. 1999; Corbel et al. 2000) and any radio
emission, if present, is attributed to residual optically thin syn-
chrotron emission from transient ejecta (Corbel et al. 2004; Fender,
Belloni & Gallo 2004).

Observations of several sources have provided evidence that a
strong connection exists between radio and X-ray emission during
the hard state (Hannikainen et al. 1998; Corbel et al. 2000, 2003;
Gallo, Fender & Pooley 2003). This connection takes the form of a
non-linear flux correlation, FRad ∝ F b

X, where FRad is the radio flux
density, FX is the X-ray flux and b ∼ 0.5–0.7. It was subsequently
shown that this same correlation also holds between optical–infrared
(OIR) and X-ray fluxes (Homan et al. 2005b; Russell et al. 2006,
2007; Coriat et al. 2009). These correlations indicate that the com-
pact jets are strongly connected with the accretion flow (disc and/or
corona), and possibly that their emission (synchrotron and/or in-
verse Compton) can comprise a significant contribution to the ob-
served high-energy flux (see e.g. Markoff, Falcke & Fender 2001;
Markoff et al. 2003; Markoff, Nowak & Wilms 2005; Rodriguez
et al. 2008a; Russell et al. 2010). This radio/X-ray correlation, ini-
tially established for the source GX 339-4, has been extended to
other Galactic black holes (mainly V404 Cyg; Gallo et al. 2003;
Corbel, Körding & Kaaret 2008b) and even active galactic nuclei
(Merloni, Heinz & di Matteo 2003; Falcke, Körding & Markoff
2004; Körding, Falcke & Corbel 2006a). Migliari & Fender (2006)
also showed that a similar correlation exists for neutron star X-ray
binaries (NSXBs), but with a steeper correlation coefficient (b ∼
1.4) and fainter radio emission for a given X-ray luminosity than
seen in black holes (Fender & Hendry 2000; Fender & Kuulkers
2001; Muno et al. 2005).

However, in the following years, a few Galactic black hole candi-
dates (BHCs) were found to lie well outside the scatter of the origi-
nal radio/X-ray correlation (e.g. XTE J1720−318, Brocksopp et al.
2005; XTE J1650−500, Corbel et al. 2004; IGR J17497−2821, Ro-
driguez et al. 2007; Swift J1753.5−0127, Cadolle Bel et al. 2007;
Soleri et al. 2010), thus either increasing its scatter or challenging
the universality of the correlation itself. Some of them could also
be false identifications of black holes. For a given X-ray luminosity,
these outliers show a radio luminosity fainter than expected from
the correlation (thus are sometimes dubbed ‘radio-quiet’ BHCs).
However, for most of these outliers, there are no radio measure-
ments available at low X-ray luminosities. Therefore we do not
know whether they remain underluminous in the radio band at low
accretion rates. The current lack of data also precludes a precise

measurement of the slope of the correlation (if any) for the outliers.
It is therefore unclear whether they follow a correlation similar to
the ‘standard’ BHXBs but with a lower normalization or whether
their inflow/outflow connection is intrinsically different. Moreover,
we do not know if their behaviour is recurrent over several outbursts.
These are some of issues that we address in this work.

Note that in the following, we will use the term ‘outliers’ rather
than ‘radio-quiet BHCs’ to describe these sources. As we will show,
they could be considered ‘X-ray loud’ as well. However, it should
be borne in mind that the term ‘outliers’ might not be appropriate
either. Indeed, given the increasing number of these sources, the
‘outliers’ could in fact turn out to be the norm.

1.1 H1743−322

The X-ray transient H1743−322 was discovered with the Ariel V
and HEAO-1 satellites by Kaluzienski & Holt (1977) during a bright
outburst in 1977. In 2003, another bright outburst was first de-
tected with the International Gamma-ray Astrophysics Laboratory
(INTEGRAL). The source was initially dubbed IGR J17464−3213,
before it was identified as H1743−322 (Markwardt & Swank 2003).
This outburst was extensively studied at all wavelengths (see e.g.
Parmar et al. 2003; Capitanio et al. 2005; Homan et al. 2005a; Joinet
et al. 2005; Lutovinov et al. 2005; Kalemci et al. 2006; Miller et al.
2006; McClintock et al. 2009). It was shown in particular that
the spectral and timing features of H1743−322 were similar to
those of other, dynamically confirmed, black hole X-ray transients
(McClintock et al. 2009). It was thus classified as a BHC.

During the return to quiescence following this outburst, Corbel
et al. (2005) reported the detection of large-scale, synchrotron-
emitting jets moving away from the central source. These jets were
detected at both radio and X-ray wavelengths as a consequence
of the interaction between the ejected plasma and the interstellar
medium (ISM). Using the observed proper motions of the X-ray
jets, these authors also derived an upper limit to the source distance
of 10.4 ± 2.9 kpc. Given its location (l = 357.255 and b = −1.83) in
the direction of the Galactic bulge, and a rather high column density,
this upper limit is consistent with a Galactic Centre distance for
H1743−322. In the following, we will therefore assume a distance
of 8 kpc.

The 2003 outburst was followed by weaker outbursts (see Fig. 1)
in 2004 (Swank 2004) and 2005 (Rupen, Mioduszewski & Dhawan
2005) which were poorly sampled at both X-ray and radio wave-
lengths. Therefore, no detailed studies of these two phases have
been carried out to date. Further outbursts were observed in the
first months of 2008 (2008a in the following; Kalemci et al. 2008;
Jonker et al. 2010) and in 2008 September–November (2008b in
the following; Corbel et al. 2008a). During the outburst decay of
the 2008a outburst, Jonker et al. (2010) reported a radio/X-ray cor-
relation slope of b = 0.18 ± 0.01. The authors also found that
H1743−322 lies well below the ‘universal’ radio/X-ray correlation
making of H1743−322 another outlier. The weak 2008b outburst
was classified as ‘failed’. The source made a short cycle between
the hard and the hard intermediate state but never reached the soft
state (Capitanio et al. 2009; Prat et al. 2009). The source entered
another outburst phase in 2009 (Krimm et al. 2009; Chen et al.
2010) and also in early 2010 (Yamaoka et al. 2009). In 2009, the
system followed the canonical evolution through all the character-
istic states (Motta, Muñoz-Darias & Belloni 2010). The variation
of the flux associated with the two main spectral components (i.e.
disc and power law) allowed Motta et al. (2010) to set a lower limit
to the orbital inclination of the system of ≥43◦.
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Figure 1. RXTE/ASM light curve of H1743−322 between 2003 and 2009. We note a major outburst in 2003 followed by five minor activity periods between
2004 and 2009. Note the different scaling between the two plots. The 2010 light curve is not presented due to the very low number of counts detected by the
ASM during this short outburst.

In this work, we focus on the long-term study of the radio/
X-ray correlation over the six outbursts mentioned above. We aim to
investigate in detail the accretion–ejection coupling in this system
in the global context of the ‘outliers’ of the radio/X-ray correla-
tion. The sequence of observations and data reduction processes
is described in Section 2. In Section 3, we present the analysis of
the radio/X-ray correlation, the selection process that we applied to
isolate and study the connection between the compact jets and the
inner accretion flow and finally a comparison with other black hole
and neutron star X-ray binaries. These results are then discussed in
Section 4, in which we investigate several possible interpretations.
Our conclusions are summarized in Section 5.

2 O B S E RVAT I O N S

2.1 X-ray

2.1.1 RXTE: data reduction and spectral analysis

We analysed all publicly available observations of H1743−322 in
the RXTE archive taken between 2003 January 1 and 2010 February
13. The data were reduced using the HEASOFT software package v6.8,
following the standard steps described in the RXTE cookbook.1

Spectra were extracted from the Proportional Counter Array (PCA;
Jahoda et al. 2006) in the 3–25 keV range. We only used the top
layer of the Proportional Counter Unit (PCU) 2 as it is the only
operational unit across all observations and is the best-calibrated
detector out of the five PCUs. Systematic errors of 0.5 per cent
were added to all channels. In the 20–150 keV range, we used data
from the High Energy X-ray Timing Experiment (HEXTE), which
we reduced following standard steps. From 2005 December, due to
problems in the rocking motion of Cluster A, we extracted spectra
from Cluster B only. Because of the low count rate in the HEXTE
data in most of the observations, all channels were rebinned by a
factor of 4.

In addition, we constructed hardness–intensity diagrams (HIDs)
from PCA data. These data were extracted from PCU2 (all layers)
and corrected for background. Averaged count rates were extracted
in two bands: (standard 2) channels 2–10 and 19–40, corresponding

1 http://heasarc.gsfc.nasa.gov/docs/xte/data_analysis.html

to 2.5–6.1 and 9.4–18.5 keV, respectively. The hardness ratio was
defined as the ratio of the flux in the second band to that in the first
band, and the intensity was calculated as the sum of the fluxes in
both bands. The HIDs are presented in Fig. 2.

We performed a simultaneous fit to the PCA and HEXTE spec-
tra in XSPEC V12.5.1n, using a floating normalization constant to
allow for cross-calibration uncertainties. The main objective of the
X-ray spectral analysis was to obtain a correct estimation of the un-
absorbed flux in the 3–9 keV band. Consequently, we used simple
models to reproduce the spectra and achieve statistically accept-
able fits (i.e. a reduced χ 2 < 2). We used a power law (powerlaw)
and an absorption component (phabs) as a starting model. When
required by an F test, we added a multitemperature disc blackbody
(diskbb) and/or a high-energy cut-off (highecut). Eventually, when
the residuals indicated the presence of reflection features, we used
a Gaussian emission line (Gaussian, constrained in energy between
6 and 7 keV) and smeared absorption edge (smedge, constrained in
energy between 7 and 9 keV). The hydrogen column density was
fixed at the value obtained by Prat et al. (2009)2 using Swift and
XMM–Newton observations, i.e. NH = 1.8 ± 0.2 × 1022 cm−2. At
low count rates, when H1743−322 was not significantly detected
by HEXTE, fits were made to the PCA spectrum only. We finally
obtained an average reduced χ 2 of 1.04 with a minimum of 0.64
and a maximum of 1.35. Unabsorbed fluxes were then estimated in
the 3–9 keV energy ranges, according to the PCA normalization.

Because of the location of the source close to the Galactic plane,
the Galactic ridge emission starts to significantly contaminate the
estimated 3–9 keV PCA flux below ∼10−10 erg s−1 cm−2. Kalemci
et al. (2006) determined a 3–25 keV unabsorbed flux from the ridge
emission of 1.08 × 10−10 erg s−1 cm−2, based on the analysis of
nine observations in 2004 (MJD 53021–53055). We analysed the
same data set to estimate the ridge emission in the 3–9 keV band and
found an unabsorbed flux of (6.0 ± 0.6) × 10−11 erg s−1 cm−2. Con-
sequently, we subtracted this value from all 3–9 keV PCA fluxes. To

2 Note that several estimates of the hydrogen column density are found in
the literature. The values range from 1.6 × 1022 (e.g. Capitanio et al. 2009)
to 2.3 × 1022 cm−2 (e.g. Miller et al. 2006). However, within this range,
the precise value of the NH and its possible variation during the outburst
has little influence on the unabsorbed flux above 3 keV. We thus used the
intermediate value found by Prat et al. (2009).

C© 2011 The Authors, MNRAS 414, 677–690
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Figure 2. HIDs of H1743−322 from 2003 to 2010. Squares (open and filled) indicate the radio detections, plotted on top of the HIDs at the location of the
nearest RXTE observation. Filled squares indicate the data selected for the radio/X-ray diagram in Fig. 4. The radio and X-ray fluxes corresponding to this
selection are detailed in Table 1. Arrows indicate the temporal evolution during the outbursts. X-ray observations are indicated by purple circles for the outburst
in 2003, red triangles for 2004, grey diamonds for 2005, inverted green triangles for 2008a, blue diamonds for 2008b, orange lozenges for 2009 and black
crosses for 2010.
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check whether a simple subtraction was appropriate to correct the
measured source flux for the contamination from the ridge emis-
sion, we combined the spectra of the nine observations mentioned
above to obtain a typical ridge spectrum. We then used this as an
additional background spectrum for several on-source observations,
where the ridge emission made a significant contribution. Finally,
we compared the 3–9 keV fluxes obtained using this method with
those obtained via simple flux subtraction. There was no significant
difference within the error bars.

2.1.2 Other X-ray satellites

Jonker et al. (2010) studied the decay of the 2008a outburst using
Chandra and Swift X-ray data simultaneous with radio observations
from the Very Large Array (VLA). Since they provide important
constraints on the correlation at low luminosity, we included in our
study the X-ray fluxes published in their paper. We converted the
unabsorbed 0.5–10 keV fluxes into absorbed 3–9 keV fluxes with
the WEBPIMMS tool3 using the NH and photon index provided by the
authors. For consistency with the RXTE data, we then calculated
the unabsorbed 3–9 keV fluxes using NH = 1.8 × 1022 cm−2.

2.1.3 X-ray state classification

Since the definition and nature of the X-ray states is still debated,
in the following, we will adopt a simplified classification adapted
to the purpose of this work. Our aim is to understand the nature
of the connection between the corona and the compact jets for
the outliers of the radio/X-ray correlation. Therefore, we will be
mainly interested in phases where the compact jets are present and
where the X-ray emission in the 3–9 keV band is dominated by the
power-law emitting component. Consequently, we will define only
three states: hard, soft and intermediate. To be classified as hard
state, we require that the power-law component dominates the X-
ray spectrum in the sense that an accretion disc component was not
required (by an F test) to correctly fit the data above 3 keV. We also
require a power-law photon index % < 2. We define the soft state by
a power-law photon index % > 2 and a disc flux comprising >75 per
cent of the 3–9 keV flux. All observations that do not correspond to
either of these criteria are classified as intermediate states.

2.2 Radio

2.2.1 ATCA

Between 2003 April 24 (MJD 52753) and 2010 February 13 (MJD
55240), we performed a total of 38 observations of H1743−322
with the Australia Telescope Compact Array (ATCA). From 2009
April, the observations were carried out using the Compact Array
Broadband Backend (CABB). This upgrade has provided a new
broad-band backend system for the ATCA, increasing the maxi-
mum bandwidth from 128 MHz to 2 GHz. Each observation was
conducted simultaneously in two different frequency bands, with
central frequencies of 4.8 and 8.64 GHz (5.5 and 9 GHz, respec-
tively, following the CABB upgrade). Various array configurations
were used during these observations.

The ATCA has orthogonal linearly polarized feeds and full Stokes
parameters (I, Q, U, V) are recorded at each frequency. We used
PKS 1934−638 for absolute flux and bandpass calibration, and

3 http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html

PMN 1729−37 to calibrate the antenna gains and phases as a func-
tion of time. We determined the polarization leakages using either
the primary or the secondary calibrator, depending on the parallactic
angle coverage of the secondary. Imaging was carried out using a
combination of multifrequency (Sault & Wieringa 1994) clean and
standard clean algorithms. The editing, calibration, Fourier transfor-
mation, deconvolution and image analysis were carried out with the
Multichannel Image Reconstruction, Image Analysis and Display
(MIRIAD) software (Sault, Teuben & Wright 1995).

2.2.2 VLA

H1743−322 has also been regularly observed between 2003 and
2010 with the VLA. To extend our data set, we made use
of the radio flux densities at 4.86 and 8.46 GHz published in
McClintock et al. (2009) for the 2003 outburst, in Rupen,
Mioduszewski & Dhawan (2004) and Rupen et al. (2005) for the
2004 and 2005 outbursts and in Rupen, Dhawan & Mioduszewski
(2008a,b) and Jonker et al. (2010) for the 2008a outbursts. We col-
lected a total of 68 VLA pointings. All VLA data are summarized in
the aforementioned references in which data reduction and analy-
sis are detailed. In addition, we retrieved unpublished archival data
of the 2004 outburst (PI: Rupen) from the National Radio Astron-
omy Observatory (NRAO) data base. All data were reduced using
standard procedures within the NRAO AIPS software package, using
3C 286 as our primary calibrator, and J1744−3116 as the secondary
calibrator.

For the 2009 outburst, we triggered VLA observations of
H1743−322 after detection of an X-ray flare by Swift/Burst Alert
Telescope (BAT) on 2009 May 26 (Krimm et al. 2009). On 2009
May 27, we detected unresolved radio emission at 8.4 GHz and
triggered a monitoring campaign to cover the outburst of the source
from the rising hard state through the decay back to quiescence.
Our final observation was taken on 2009 August 6. Observations
were made in dual circular polarization in each of two contiguous
intermediate frequency pairs, giving a total bandwidth of 100 MHz
per polarization. We observed primarily at 8.4 and 4.8 GHz, but also
at 1.4 GHz when the source flux density was predicted to be above
0.3 mJy, and at 22.4 GHz for two epochs at the peak of the flare,
although the source was not detected in either observation at this fre-
quency. The array was in its intermediate CnB and C configurations
throughout the duration of our observing campaign.

2.3 Simultaneity

For the vast majority of the radio data, we found quasi-simultaneous
(&t ≤ 1 d) RXTE observations. Otherwise, we interpolated the X-
ray flux from a polynomial fit to the PCA light curve. We estimated
that the uncertainty introduced by this method should be less than
15 per cent as the flux evolution was found to be smooth in all
cases. When the missing flux was not framed by at least two X-ray
pointings, we converted the RXTE/All Sky Monitor (ASM) count
rate into 3–9 keV unabsorbed flux with WEBPIMMS, using the spectral
parameters of the nearest X-ray observation.

3 R A D I O / X - R AY C O R R E L AT I O N

3.1 Overview

In a first approach to characterize the global radio-X-ray behaviour
of H1743−322, we use the complete data set without restricting

C© 2011 The Authors, MNRAS 414, 677–690
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Figure 3. Quasi-simultaneous 8.5 GHz radio flux density versus 3–9 keV X-ray flux during the seven outbursts. (a) Left-hand panel: data are colour coded
according to X-ray state. Red circles, green squares and blue triangles indicate the hard, soft and intermediate state, respectively. Dashed line indicates the
power-law fit to the selected hard state data (see Section 3.2). (b) Right-hand panel: same as left-hand panel but with the colour code indicating the outburst,
as labelled in the figure legend.

either the X-ray state or the origin of the radio emission (e.g. com-
pact jet, discrete ejecta, interaction with the ISM). Fig. 3 shows
the 8.5 GHz radio flux density4 versus the 3–9 keV unabsorbed flux
over the 2003, 2004, 2005, 2008a, 2008b, 2009 and 2010 outbursts.
The left-hand panel of Fig. 3 shows the data grouped according to
the X-ray state. The right-hand panel shows the data grouped by
outburst.

3.1.1 Behaviour at high flux

Above a 3–9 keV X-ray flux ∼2 × 10−10 erg s−1 cm−2, the be-
haviour of H1743−322 seems compatible, on first inspection, with
the radio/X-ray behaviour typically observed during an outburst of
a BHXB (for a detailed discussion on this unified picture see e.g.
Fender, Homan & Belloni 2009 and references therein). The hard
state shows correlated radio and X-ray emissions over two orders
of magnitude in radio flux density. On average, it is the most radio
loud state for a given X-ray luminosity. During the intermediate
state, the X-ray emission increases but is not correlated with the
radio emission. For most of the radio observations during the in-
termediate state, the spectral index is indicative of optically thin
synchrotron emission from transient ejecta (α . −0.5, where radio
flux density Sν scales with frequency ν as Sν ∝ να). During the soft
state, the radio emission is usually not detected as illustrated by
the upper limits, however, we note several radio detections during
the soft state of the 2003 outburst. This residual emission shows
optically thin spectra and could originate from the interaction of
the ejected matter with the environment, as was later observed on
larger scales (Corbel et al. 2005).

3.1.2 Behaviour at low flux

If we consider now the entire plot including the low flux data, we
note several data points that clearly depart from the main hard state

4 We use an average frequency of 8.5 GHz for simplicity since the radio
data come from the VLA (8.46 GHz) and the ATCA (8.64 GHz). Even for
an optically thin spectrum with spectral index α = −0.6, the effect of this
simplification would be <1.5 per cent.

correlation below ∼2 × 10−10 erg s−1 cm−2 in the 3–9 keV X-ray
band. Most of these points (green diamonds in Fig. 3b) belong to
the decay phase of the 2008a outburst and were obtained using
the Chandra and Swift satellites along with the VLA (Jonker et al.
2010). The origin of the radio emission is unclear since most of
the VLA observations were conducted at only one frequency. For
three of them, however, upper limits at 1.4 GHz are available. The
corresponding lower limits on the radio spectral indices (α ≥ −0.58,
−0.53 and −0.60) encompass both possibilities of optically thick
and thin spectra. On the other hand, we note that the data from the
declining hard state of the 2004 and 2009 outbursts (and possibly
also 2003 and 2010) also deviate from the main correlation and seem
to follow the same trend as the 2008a data. Moreover, their nearly
flat radio spectra are consistent with a compact jet origin. This would
suggest that this deviation is a significant evolution of the inflow–
outflow connection when the source reaches low luminosities.

3.1.3 Jet quenching factor

The drop in radio flux density during the hard to soft state transition
is usually attributed to the quenching of the compact (core) jets. To
estimate the level of this suppression, we can use the ratio between
the highest radio flux attributed to compact jet emission from the
initial hard state of an outburst, and the lowest radio upper limit
obtained during the soft state of the same outburst. The 3σ upper
limit of 0.03 mJy obtained on MJD 52863 during the soft state of
the 2003 outburst, provides a quenching factor of ∼700, which is, as
far as we know, the strongest constraint to date (Fender et al. 1999;
Corbel et al. 2001, 2004) supporting the idea of jet suppression
during the soft state.

3.2 Isolating the compact jet–corona connection

The radio/X-ray correlation in BHXBs is usually observed during
the canonical hard state where the radio and X-ray emission are
assumed to originate from the compact jets and the corona, respec-
tively. To study this connection in detail, we restricted our data set
to observations in the hard state for which the radio spectrum was
indicative of optically thick synchrotron emission from compact
jets, i.e. a radio spectral index whose lower limit is ≥ −0.3. We also
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discarded observations that took place following the first radio flare
of an outburst, since the compact jets might be disrupted when dis-
crete ejection events take place (see e.g. Corbel et al. 2004; Fender
et al. 2004, 2009).

The selected radio and X-ray fluxes are summarized in Table 1 and
the radio/X-ray plot obtained using these filtered data is shown in
Fig. 4. Above ∼2 × 10−10 erg s−1 cm−2 in the 3–9 keV X-ray band,
we note a clear correlation over almost two orders of magnitude
in radio flux density. We fit the data with a power-law function
of the form FRad = kF b

X, where FRad is the radio flux density at
8.5 GHz (in mJy) and FX is the unabsorbed 3–9 keV X-ray flux
(in erg s−1 cm−2). We obtain a correlation index b = 1.38 ± 0.03
and a normalization constant k = 4.43 × 1012 mJy erg−1 s cm2. The
correlation index b ∼ 1.4 clearly differs from the range of values

(b ∼ 0.5–0.7) observed for other BHXBs (e.g. GX 339-4, V404 Cyg,
XTE J1118+480; see Corbel et al. 2003, 2008b; Gallo et al. 2003;
Xue & Cui 2007). Interestingly, it corresponds to the correlation
index found for atoll source neutron stars in the island state (Migliari
& Fender 2006), a state that shares similar properties with the hard
state of BHXBs. We also note that our derived correlation index is
not consistent with the one found by Jonker et al. (2010), i.e. b =
0.18 ± 0.01. However, this index is obtained by fitting the low-
luminosity data of the 2008a outburst. Our work suggests that this
low value likely reflects a transition phase (see Section 3.3).

We note however that it is the high-flux data from 2003 that mostly
constrain the correlation index since it is the brightest outburst
observed to date from H1743−322. None the less, if we exclude
the 2003 data from the fitting process, we obtain the following

Table 1. X-ray fluxes and radio flux densities selected for the correlation presented in Fig. 4. Unless otherwise stated, the X-ray data are from
the RXTE-PCA instrument. All RXTE fluxes are corrected for the Galactic ridge emission. We also indicate the interferometer used for the radio
observations.

Calendar date MJD X-ray 3–9 keV unabs. flux Radio 8.5 GHz flux density Notes
(10−11 erg s−1 cm−2) (mJy)

2003 March 30 52728.59 172 ± 20 4.57 ± 0.12 VLA (1,A)
2003 April 01 52730.55 253 ± 1 6.45 ± 0.12 VLA (1)
2003 April 03 52732.55 474 ± 50 16.99 ± 0.12 VLA (1,B)
2003 April 04 52733.55 626 ± 2 21.81 ± 0.13 VLA (1)
2003 April 06 52735.47 545 ± 7 19.43 ± 0.16 VLA (1)
2003 November 05 52948.00 12.16 ± 0.91 0.22 ± 0.05 VLA (1)

2004 November 01 53310.87 2.75 ± 0.86 0.31 ± 0.06 ATCA

2005 August 07 53589.25 33.0 ± 1.5 0.59 ± 0.07 VLA (2,A)

2008 January 28 54493.32 68.5 ± 5.3 0.44 ± 0.09 ATCA
2008 February 03 54499.74 49.5 ± 3.6 0.52 ± 0.07 VLA (3)
2008 February 05 54501.64 36.5 ± 4 0.48 ± 0.08 VLA (3)
2008 February 06 54502.56 30.424 ± 3 0.45 ± 0.09 VLA (3)
2008 February 09 54505.67 25.60 ± 3 0.56 ± 0.05 VLA (3)
2008 February 19 54515.63 1.74 ± 0.25 0.23 ± 0.12 Swift – VLA (3,4)
2008 February 20 54516.55 1.18 ± 0.3 0.21 ± 0.05 Chandra – VLA (3,4)
2008 February 23 54519.69 0.56 ± 0.06 0.23 ± 0.06 Chandra – VLA (3,4)
2008 February 24 54520.69 0.30 ± 0.04 0.31 ± 0.05 Swift – VLA (3,4)
2008 March 01 54526.59 0.14 ± 0.02 0.17 ± 0.04 Chandra – VLA (3,4)
2008 March 02 54527.53 0.14 ± 0.02 0.13 ± 0.03 Chandra – VLA (3,4)
2008 March 08 54533.56 0.022 ± 0.01 0.07 ± 0.02 Chandra – VLA (3,4)

2008 October 05 54744.21 105 ± 14 1.74 ± 0.07 ATCA
2008 October 08 54747.44 115 ± 2 2.54 ± 0.08 ATCA
2008 October 09 54748.44 119 ± 2 2.43 ± 0.09 ATCA
2008 October 10 54749.36 121 ± 3 2.38 ± 0.11 ATCA
2008 November 04 54774.43 67.3 ± 2.5 0.94 ± 0.12 ATCA
2008 November 09 54779.35 60.1 ± 1.9 0.94 ± 0.08 ATCA

2009 May 27 54978.38 137 ± 14 2.24 ± 0.03 VLA (A)
2009 May 30 54981.95 166 ± 7 2.73 ± 0.10 VLA
2009 July 07 55019.46 52.8 ± 5.8 0.592 ± 0.055 VLA
2009 July 08 55020.30 50.7 ± 5 0.546 ± 0.06 VLA (B)
2009 July 09 55021.42 48.1 ± 5.3 0.41 ± 0.074 VLA
2009 July 12 55024.28 35.0 ± 3 0.335 ± 0.063 VLA (B)
2009 July 13 55025.28 28.2 ± 1.9 0.587 ± 0.066 VLA
2009 July 19 55031.29 14.2 ± 1.9 0.631 ± 0.052 VLA
2009 August 06 55049.60 0.76 ± 0.38 0.191 ± 0.046 VLA

2010 February 13 55240.01 10.6 ± 0.9 0.28 ± 0.05 ATCA

Note. (1) VLA flux density from McClintock et al. (2009); (2) VLA flux density from Rupen et al. (2005); (3) VLA flux density from Jonker
et al. (2010); (4) Swift and Chandra fluxes from Jonker et al. (2010) (see Section 2.1.2);
(A) ASM count rate converted into 3–9 keV unabsorbed flux using WEBPIMMS (see Section 2.3); (B) X-ray flux obtained by interpolation of the
PCA light curve (see Section 2.3).
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Figure 4. Radio flux density at 8.5 GHz versus the unabsorbed 3–9 keV
X-ray flux. This plot shows the data set restrained to the ‘canonical’ hard
state where the radio emission can be attributed to partially self-absorbed
synchrotron emission from the compact jets and where the X-ray spectra are
dominated by the power-law component. Dashed line indicates the fit to the
data above 2 × 10−10 erg s−1 cm−2 with a function of the form FRad = k F b

X,
with b = 1.38 ± 0.03 and k = 4.43 × 1012 mJy erg−1 s cm2.

99.99 per cent confidence interval for the correlation index: [1.19,
1.65]. This remains in good agreement with the previous results and
seems to favour a constant slope for all outbursts.

3.3 Comparison with the ‘standard’ radio/X-ray correlation

To compare the relationship between radio and X-ray fluxes in
H1743−322 with the standard radio/X-ray correlation of black hole

and neutron star X-ray binaries, we plot in Fig. 5 the hard state data
from H1743−322, GX 339-4 (the data cover seven outbursts over
the period 1997–2010 and will be detailed in Corbel et al., in prepa-
ration), V404 Cyg (Gallo et al. 2003; Corbel et al. 2008b) and the
atoll neutron stars Aql X-1 (Tudose et al. 2009; Miller-Jones et al.
2010) and 4U 1728−34 (Migliari & Fender 2006) in the island state.
To convert fluxes into luminosity, we used a distance of 8 kpc for
GX 339-4 (Zdziarski et al. 2004) and the new distance of 2.39 kpc
for V404 Cyg, that was derived using accurate astrometric very long
baseline interferometry (VLBI) observations (Miller-Jones et al.
2009). For the neutron stars, we used 5.2 kpc for Aql X-1 (Jonker
& Nelemans 2004) and 4.6 kpc for 4U 1728−34 (Galloway et al.
2003).

Fig. 5 shows that for intermediate luminosities (∼1036−37 erg s−1),
H1743−322 lies significantly below the ‘standard’ correlation for
BHXBs but is not compatible either with the neutron star relation. In
addition, the figure shows that the deviant points at low luminosity
seem to rejoin the standard correlation and then follow it below 2 ×
1034 erg s−1. The data points between 2 × 1034 and 2 × 1036 erg s−1

seem thus to reflect a transition between the correlation of slope b
= 1.4 and the standard correlation of slope b = 0.6. This supports
the idea of a significant change in the coupling between the jets and
the corona in H1743−322 when the source reaches low accretion
rates.

This transition can be crudely fit with a power-law function with
index b = 0.23 ± 0.07 between the 3–9 keV luminosities 2 × 1034

and 2 × 1036 erg s−1. The corresponding bolometric (3–100 keV)
luminosities in Eddington units are Lstand ∼ 5 × 10−5LEdd and
Ltrans ∼ 5 × 10−3LEdd for a 10 M) black hole.

As mentioned in the Introduction, H1743−322 is identified as
an outlier of the standard radio/X-ray correlation, as confirmed by

Figure 5. 8.5 GHz radio luminosity against 3–9 keV X-ray luminosity for the BHCs H1743−322, GX 339−4 and V404 Cyg in the hard state. For comparison,
we also plot the data from the atoll neutron stars Aql X-1 and 4U 1728−34 in the island state. The dashed line indicates the fit to the GX 339-4 and V404 Cyg
data with a relation of the form Lradio ∝ Lb

X with a correlation index b ∼ 0.6. The two dotted lines demarcate the dispersion around the correlation. The
dashed–dotted and dashed–dotted–dotted lines indicate the fit to the high-luminosity data of H1743−322 and the neutron star data, respectively, with a
correlation index b ∼ 1.4. On the x-axis, we also indicate three characteristic X-ray luminosities that will ease the discussion. Lstand and Ltrans are, respectively,
the lower and the upper bound of the transition between the two correlations. Lmax indicates the point where the steep correlation of H1743−322 connects to
the ‘standard’ correlation at high luminosity. Note that these three luminosities are defined in the 3–100 keV band in the text.
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our results. Some of the numerous questions associated with this
outlier population of sources are whether they follow the same cor-
relation slope as the other BHXBs but with a lower normalization,
and whether they remain below the standard correlation at low and
high luminosity. In the case of H1743−322, we obtain a correlation
index of b = 1.38 ± 0.03. This is the first precise measurement
of the radio/X-ray correlation of an outlier. If H1743−322 is rep-
resentative of these ‘radio-quiet’ Galactic black holes, our results
suggest that their location below the ‘standard’ correlation is a con-
sequence of an intrinsically different coupling between the jets and
the corona rather than just a variation of normalization. In this re-
spect, we point out the recent work by Soleri et al. (2010) on the
outlier Swift J1753.5−0127. These authors report a slope of the
radio/X-ray correlation of the source lying between 1.0 and 1.4,
in good agreement with our results on H1743−322. Finally, our
results suggest that at high (∼Lmax) and low luminosity (≤Lstand),
the outliers might not remain below the standard correlation if they
follow the same behaviour as H1743−322 (see Fig. 5).

4 D ISCUSSION

4.1 Nature of the compact object

As mentioned above, the mass of the compact object is not yet
constrained, so its nature is still uncertain. Based on the radio/X-ray
correlation alone and considering the results of Migliari & Fender
(2006), the 1.4 power-law index could suggest that the accreting
compact object is a neutron star. However and more tellingly, the
overall behaviour of the source during an outburst, and its X-ray
spectral and timing features are very similar to other, dynamically
confirmed, black hole binaries (e.g. XTE J1550−564; McClintock
et al. 2009). The source is thus more likely to be a black hole than a
neutron star. In the following discussion, we will therefore consider
it as such, but note the caveat that a neutron star primary cannot be
entirely ruled out.

4.2 Radio-quiet or X-ray-loud microquasar?

As shown in Fig. 5, H1743−322 spans the same range of X-ray
and radio luminosity in the hard state as ‘standard’ microquasars.
Consequently, should we consider that it displays dimmer radio
emission for a given X-ray luminosity or the contrary? In other
words, are we facing a radio-quiet or an X-ray-loud microquasar?
In the following, we investigate both hypotheses. First (Section 4.3),
we consider that the outliers have a more radiatively efficient X-ray
emitting component than the ‘standard’ microquasars (X-ray loud
hypothesis). Then (Section 4.4), we consider that the discrepancy
between the two populations of sources arise from different jet prop-
erties (radiative efficiency, injected power etc.) leading the outliers
to produce fainter radio emission.

4.3 Radiatively efficient accretion flow in the hard state:
the X-ray loud hypothesis

We usually define two general classes of accretion flow, depending
on whether the gravitational energy of the accreted matter is prefer-
entially released through radiation (radiatively efficient) or carried
away with the flow (radiatively inefficient).

Radiatively efficient flows include, for instance, the standard op-
tically thick and geometrically thin accretion disc model (Shakura
& Sunyaev 1973), some models of accretion disc coronae (ADC;
see e.g. Galeev, Rosner & Vaiana 1979; Haardt & Maraschi 1991;

Di Matteo, Celotti & Fabian 1999; Merloni & Fabian 2002) or the
luminous hot accretion flow (LHAF) model (Yuan 2001). From
simple physical assumptions, the scaling of the X-ray luminosity
with accretion rate, in most radiatively efficient flows, is expected
to be linear, LX ∝ Ṁ .

Radiatively inefficient flows are expected to produce X-ray emis-
sion with LX ∝ Ṁ2–3. This is the case of accretion flows dominated
by advection in which a significant fraction of the energy is advected
instead of radiated away. This advected energy can either cross
the event horizon [advection-dominated accretion flow (ADAF);
Ichimaru 1977; Narayan & Yi 1994; Abramowicz et al. 1996] and/or
be expelled in outflows [advection-dominated inflow–outflow solu-
tion (ADIOS); Blandford & Begelman 1999]. In such models, the
X-ray emission arises mainly from Compton up-scattering of inter-
nal (synchrotron, bremsstrahlung) or external (blackbody emission
from outer thin disc) photon fields. A similar relation (LX ∝ Ṁ2–3)
is also obtained in systems dominated by jet emission, where most of
the energy is channelled into the jets (Markoff et al. 2003, 2005). The
X-rays, in that case, can originate at the base of the jets as optically
thin synchrotron emission and/or inverse Compton scattering by
the outflowing particles of the jet synchrotron photons [synchrotron
self-Compton (SSC)] and disc photons (external Compton).

We will now show that if we assume the standard emission model
of compact jets is valid for the outliers, the steep radio/X-ray cor-
relation we have found implies that the accretion flow is radiatively
efficient in the hard state, in contrast to what is usually assumed for
BHXBs in this X-ray state.

Let us thus consider the classical assumption stating that the total
jet power Qjet is a fraction f j < 1 of the (maximal) accretion power
Qaccr:

Qaccr = Ṁc2 and Qjet = fj Qaccr. (1)

The fraction f j is usually considered as constant or at least indepen-
dent of the accretion rate (see e.g. Blandford & Königl 1979; Falcke
& Biermann 1995; Heinz & Sunyaev 2003). Qjet should therefore
scale linearly with Ṁ . Since we restrict ourselves to the standard
jet emission model, we will adopt this assumption. However, there
is no strong physical argument justifying that f j is independent of
Ṁ , so we shall discuss it in the next section about the radio-quiet
hypothesis.

From the standard equations for synchrotron emission (e.g.
Rybicki & Lightman 1979), one can obtain the following scaling
between the jet luminosity Lν at a given frequency and the jet power
(see e.g. Heinz & Sunyaev 2003):

Lν ∝ Q
ξ
jet with ξ = 2p − (p + 6)α + 13

2(p + 4)
, (2)

and where α is the spectral index of the jet spectrum (with the con-
vention Lν ∝ να). This relation is valid under the assumptions of the
standard model, i.e. a conical jet with an initial energy distribution
of relativistic electrons in the form of a power law with index p (for
the impact of different assumptions see e.g. Pe’er & Casella 2009).
The classical values assumed for p are in the range 2–3 (see e.g.
Bell 1978; Blandford & Ostriker 1978; Drury, Axford & Summers
1982; Gallant, Achterberg & Kirk 1999; Achterberg et al. 2001),
while the spectral index α of the compact jets in the radio range is
usually observed between −0.2 and 0.2. Fig. 6 shows the variation
of the exponent ξ as a function of p for different values of α. We
note that for the fiducial values of p and α, ξ varies between 1.22
and 1.58 with an average value of ∼1.4.

If the observing frequency is located in the radio range, equations
(1) and (2) give Lradio ∝ Ṁξ . If we assume that the X-ray luminosity
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Figure 6. Variation of the exponent ξ in the relation Lν ∝ Q
ξ
jet, as a function

of the power-law index p of the electron distribution, for several values of
the spectral index α of the compact jets. Grey zone delimits the range of
values usually assumed for the power-law index p.

in the hard state can be written in a general way as LX ∝ Ṁq , we
expect the following relation between radio and X-ray luminosities:

Lradio ∝ L
ξ/q
X . (3)

Consequently, for ξ between 1.22 and 1.58, the radio/X-ray corre-
lation usually found for microquasars (Lradio ∝ L0.5–0.7

X ), requires
q ∼ 2–3 and thus a radiatively inefficient accretion flow. On the
other hand, the Lradio ∝ L1.4

X relation of H1743−322 implies q ∼ 1,
which suggests the X-ray emission in the hard state is produced by
a radiatively efficient flow. In this respect, we note that a radiatively
efficient flow during the hard state of Cyg X-1 has been found by
Malzac, Belmont & Fabian (2009). Moreover, Rushton et al. (2010)
have shown that GRS 1915+105 could be radiatively efficient dur-
ing its plateau state. This in turn would be consistent with the fact
that it lies on the extension, at high luminosity, of the correlation of
H1743−322 (Coriat et al. 2011).

As mentioned previously, to obtain the radio/X-ray plot in Fig. 4,
we filtered the X-ray data to minimize the thermal contribution
of the thin disc. We can thus exclude the possibility that the disc
contaminates the 3–9 keV emission enough to produce the observed
correlation.

As far as we know, besides the standard accretion disc solution,
the other models of radiatively efficient accretion flows can be
divided in two categories according to their geometry.

(i) Hot accretion flow: the standard accretion disc extends to a
truncation radius, where it is replaced by a hot and geometrically
thick flow in the inner parts.

(ii) ADC: the standard accretion disc extends close to the black
hole and is ‘sandwiched’ by a corona of hot plasma.

In both categories, several models have been developed to explain
the properties of BHXBs in the hard state by coupling the accretion
flow with steady jets. While the aim of this work is not to review all
these models, we briefly examine some examples below.

4.3.1 Hot accretion flows

Most hot accretion flow models are found to be radiatively in-
efficient, at least at low accretion rates (e.g. ADAF, ADIOS,
CDAF), and can only exist below a critical accretion rate (∼10−1–
10−2(LEdd/c2)). However, Yuan (2001) has shown that a hot flow
may be maintained above the critical accretion rate when Coulomb

coupling between electrons and ions becomes more effective due
to increasing density. The obtained accretion flow solution named
the LHAF is described as an extension of the ADAF regime to high
accretion rates and is found to be radiatively efficient (see also Yuan
& Zdziarski 2004; Yuan et al. 2006). We can thus check if the lumi-
nosity range where we observe the steep correlation is compatible
with the LHAF regime. We can write the X-ray luminosity of the
accretion flow as LX = ηṀc2 with η the efficiency coefficient.
η should be constant to get LX ∝ Ṁ , which is roughly the case
for the LHAF (Yuan, private communication). Let us thus assume
that H1743−322 is in the LHAF regime in the luminosity range
where we observe the correlation of slope 1.4. According to Yuan
(2001), an ADAF should become a LHAF when Ṁ exceeds the
critical accretion rate Ṁcrit ∼ 10α2

vṀEdd, where αv is the viscos-
ity coefficient and where we have defined the Eddington accretion
rate as ṀEdd = LEdd/c

2. For the standard value αv = 0.1, we thus
have Ṁcrit ∼ 0.1ṀEdd. Our results show that the steep correlation
starts from a 3–100 keV luminosity Ltrans ∼ 5 × 10−3LEdd. Then, for
LX = Ltrans = ηṀtransc

2, we have

ηṀtrans = 5 × 10−3ṀEdd. (4)

If Ṁtrans corresponds to the critical accretion rate Ṁcrit where
the LHAF regime starts, then η = 0.05. The steep correlation is
maintained up to the 3–100 keV luminosity Lmax ∼ 6 × 10−2LEdd

where the intersection with the standard correlation occurs (see
Fig. 5). If η is indeed constant in the LHAF regime, then for LX =
Lmax, the corresponding accretion rate Ṁmax should be of the order
of the Eddington accretion rate. The LHAF hypothesis thus leads
to a high but not implausible value of the maximal accretion rate
reached in the hard state.

Alternatively, we can estimate Ṁtrans from the radio luminosity
and compare it to the critical accretion rate Ṁcrit ∼ 0.1ṀEdd. As-
suming Lradio ∝ Ṁ17/12 (equivalent to equation 2 in the case α = 0
and p = 2), Körding, Fender & Migliari (2006b) found an estimate
of the normalization constant between the radio luminosity of the
compact jets and the accretion rate:

Ṁ = Ṁ0

✓
Lradio

1030 erg s−1

◆12/17

with Ṁ0 = 4.0 × 1017 g s−1. (5)

From Fig. 5, the radio luminosity corresponding to Ltrans is ∼2.5 ×
1019 erg s−1 Hz−1. Using equation (5) we thus derive Ṁtrans ∼ 1.5×
1017 g s−1. For a 10 M) black hole, this corresponds to 0.1ṀEdd, in
agreement with the expected accretion rate at the transition to the
LHAF regime. The LHAF model is thus a possible explanation for
the behaviour of H1743−322 at high luminosity.

In a similar fashion, hot flow solutions have recently been found
(Petrucci, private communication) for the jet emitting disc (JED)
model (see e.g. Ferreira 2002, 2008; Ferreira et al. 2006; Combet
& Ferreira 2008, and references therein), in which the flow goes
from radiatively inefficient to radiatively efficient as the accretion
rate increases. These JED hot solutions have properties very similar
to those of one-temperature accretion flow studied by Esin et al.
(1996) in the ADAF regime and revisited for higher accretion rates
by Yuan et al. (2006) in the LHAF regime. The originality of the
JED solutions resides in the fact that, by construction, they integrate
self-consistently stationary and powerful self-collimated jets.

4.3.2 Accretion disc corona

Some ADC models could be also radiatively efficient in the hard
state (see e.g. Galeev et al. 1979; Haardt & Maraschi 1991; Di
Matteo et al. 1999; Malzac, Beloborodov & Poutanen 2001; Merloni
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& Fabian 2002; Merloni 2003). In these models, a fraction f c of the
accretion power is dissipated in the corona, likely due to magnetic
reconnection, and eventually emerges as X-ray radiation. The X-
ray luminosity can be written as LX ∼ fcṀc2. In the case where
the coronal plasma is heated by magnetic dissipation, Merloni &
Fabian (2002) and Merloni (2003) have shown that f c is constant
when gas pressure dominates in the disc and therefore LX ∝ Ṁ

which would explain the steep radio/X-ray correlation. When the
radiation pressure dominates in the disc, Merloni et al. (2003) have
shown that we should also expect a radio/X-ray correlation of the
form Lradio ∝ L1.4

X . From the estimates of Merloni (2003), f c should
be of the order of 0.02 to 0.07 (for sub-Eddington systems) and
would therefore be consistent with the X-ray luminosity range in
which we observe the steep correlation.

From the radio/X-ray correlation point of view, ADC models
could be therefore responsible for the X-ray emission in the high-
luminosity hard state of H1743−322. However, the geometry as-
sumed in these models leads naturally to the debate (beyond the
scope of this paper) of whether or not the accretion disc extends
close to the black hole.

4.3.3 Efficient to inefficient transition

When LX < Ltrans, our results suggest that H1743−322 undergoes
a transition from the steep to the standard correlation. Under the
assumptions on jet emission considered in this section, this tran-
sition to a relation Lradio ∝ L0.6

X indicates that the accretion flow
becomes radiatively inefficient, with LX ∝ Ṁ2–3 below Lstand. If
we assume that equation (2) is valid during this transition (i.e. the
radio luminosity is a good tracer of the accretion rate), the varia-
tion of radio luminosity between Ltrans and Lstand should correspond
to a variation of the accretion rate by a factor of ∼2. The corre-
sponding variation of the X-ray luminosity is Ltrans/Lstand ∼ 100
and this transition occurs on a time-scale of 15 d. If the accre-
tion rates varies little, as suggested by the almost constant level of
radio emission during this transition, the radiative efficiency coef-
ficient η of the accretion flow should vary significantly (by a factor
of ∼50).

A transition from an efficient to an inefficient regime could be
interpreted as a transition from an LHAF to an ADAF. In the frame-
work of the ADC models, this could arise from changes in the
properties of the corona heating mechanism. These details should
be investigated on theoretical grounds.

Rather than being due to changes in the intrinsic properties of
the accretion flow (as in the LHAF–ADAF case), the transition
could results from the contribution of two emitting components,
one inefficient with LX ∝ Ṁ2–3 and the other radiatively efficient
with LX ∝ Ṁ . When both components are present, the efficient
component dominates the X-ray flux. Below a given Ṁ it disap-
pears, leaving only the inefficient component. As an illustration,
we can point to the work on XTE J1550−564 by Russell et al.
(2010). The authors demonstrate the possibility that the origin of
the X-ray emission evolves throughout the hard state, being alterna-
tively dominated by thermal Comptonization or direct synchrotron
emission from the compact jets. We also point out the work by
Rodriguez et al. (2008a,b) on GRS 1915+105, where it is reported
that two components are present in the hard X-ray spectrum during
the plateau state. One of these components appears to be linked to
the radio emission while the other is not. This supports the idea
that several components co-exist and can dominate alternatively the
X-ray band during the hard state. In our case, we could consider

that above Ltrans the X-ray emission is dominated by the contribution
of an efficient accretion flow (as e.g. those mentioned previously).
Below Lstand, the X-rays become dominated, for instance, by the
synchrotron or SSC emission from the base of the jets.

4.3.4 The radio/X-ray diagram of BHXBs under the X-ray
loud hypothesis

Regardless of the specific models that could explain our results, we
can conclude that, as long as the assumptions about the jet physics
stated in equations (2) and (3) are correct, the accretion flow has
to be radiatively efficient (with LX ∝ Ṁ) above ∼5 × 10−3LEdd.
At lower X-ray luminosities, the radiative efficiency of the accre-
tion flow should decrease significantly to reproduce the transition
between the two correlations. Our results suggest that the X-ray
luminosity scales as Ṁ2–3. If H1743−322 is indeed representative
of the behaviour of the other outliers, we can thus represent the
universal radio/X-ray diagram of BHXBs by the sketch shown in
Fig. 7. This figure summarizes the X-ray loud interpretation. We
can then distinguish two branches in the radio/X-ray diagram of
BHXBs, according to the efficiency of the accretion flow and the
consequent scaling of the X-ray luminosity with the mass accretion
rate. For a still unknown reason, some BHXBs would remain ra-
diatively inefficient in the hard state up to the transition to the soft
state while others (the outliers) would develop a more radiatively
efficient accretion flow leading them to follow the efficient branch.
We also illustrate the possibility of the transition between branches
below the critical accretion rate Ṁtrans.

If this sketch correctly describes the situation, the major issue
to address now is to determine which fundamental parameter influ-
ences the global evolution of the accretion flow with mass accretion
rate and will lead some black hole systems to follow the ‘efficient’
branch and others the ‘inefficient’ branch. In future works we thus
need to investigate the influence of parameters such as the orbital
period, the environment (e.g. magnetic) of the binary or perhaps the
nature or evolutionary stage of the companion star. The physical
conditions at outer boundary of the accretion disc could also have
an influence on the dynamical and radiative structure of the flow
(Yuan et al. 2000).

4.4 Beyond the standard assumptions on compact jet
emission: the radio-quiet hypothesis

Another way to assess the problem would be to consider that the dif-
ference between the standard microquasars and the outliers arises
from different jet properties rather than from different accretion
flows. In this case we can relax the assumptions leading to equa-
tions (2) and (3).

We can first consider that the fraction f j (in Qjet = f j Qaccr) of
accretion energy injected into the jets is in fact dependent on the
accretion rate. For simplicity, we will consider a linear dependence,
fj ∝ Ṁ . In that case, equation (3) becomes Lradio ∝ L

2ξ/q
X . For a ra-

diatively inefficient accretion flow (q ∼ 2), this gives the correlation
we observe for H1743−322.

Whether or not f j is dependent on the accretion rate depends on
the details of the jet launching mechanism e.g. mass loading into the
jet, the specific acceleration mechanism or the origin of the magnetic
field. A detailed theoretical study is therefore required to address this
issue. However, as an example, if we consider the standard theories
of magnetically driven jets, we note that the material is accelerated
from a given region of the disc. The size of this region is usually
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Figure 7. A schematic drawing of the global radio/X-ray correlation for Galactic black holes. The X-ray luminosity is expressed in terms of the Eddington
luminosity for a 10 M) black hole. This figure illustrates the case where the correlation Lradio ∝ L1.4

X of the outliers is a consequence of the coupling between a
radiatively efficient accretion flow and a steady compact jet whose radio emission can be described by the relation Lradio ∝ Ṁ1.4. We distinguish two branches
in this diagram according to the efficiency of the accretion flow and the consequent scaling of the X-ray luminosity with the mass accretion rate. The inefficient
branch corresponds to the ‘standard’ radio/X-ray correlation observed for black holes systems like GX 339-4 or V404 Cyg. The inner flow in these systems
can be described by e.g. a hot and inefficient accretion flow such as an ADAF, or by X-ray jet models as proposed by Markoff and collaborators. The efficient
branch corresponds the radio/X-ray correlation of the outliers for which the X-ray luminosity in the hard state varies linearly with mass accretion rate. The
X-ray emitting component in these systems could be described by e.g. a hot and efficient accretion flow such as the LHAF or hot-JED solutions or by some
magnetic corona models. We also illustrate in this figure the possibility of a transition between the two branches as suggested by the behaviour of H1743−322.
The pictures representing the different models are adapted from Markoff & Nowak (2004) and Nowak et al. (2004).

considered as constant in the models (and is often the entire disc).
However, if we assume that, for any reason, this size evolves with
accretion rate, it would therefore introduce a dependency of f j on
Ṁ . This is however very speculative and we would have to explain
why the size of this region changes in some systems and not in
others.

Another parameter that could strongly influence the jet emission
is of course the strength of the magnetic field embedded in the jet
plasma. This will modify the synchrotron emission as a function
of the jet power (equation 2). Pe’er & Casella (2009) presented a
new model for jet emission in XRBs, in which they showed that the
flux at radio wavelengths depends on the value of the magnetic field
in a non-trivial way. Above a critical magnetic field strength, the
outflowing electrons cool rapidly close to the jet base, leading to
a strong suppression of the radio emission. Based on these results,
Casella & Pe’er (2009) proposed that the outliers are sources with
magnetic fields above the critical value. With respect to our results, it
could also explain the transition phase between the two correlations.
If we consider that the magnetic field strength evolves throughout
the outburst (e.g. with the accretion rate), the transition could be
due to the magnetic field decreasing below the critical value, leading
H1743−322 to the same level of radio emission as GX 339-4 and
V404 Cyg. However, the model does not explain precisely how the
radio luminosity evolves with the injected power and thus with the
accretion rate. Therefore, we cannot judge whether or not it is able to
reproduce the correlation index of 1.4 we found. We thus encourage
further developments of this model.

5 C O N C L U S I O N S

In this work we have studied the long-term radio/X-ray correla-
tion of the BHC H1743−322. This source belongs to a group of
Galactic black hole X-ray binaries dubbed as outliers of the ‘uni-
versal’ radio/X-ray correlation, for being located below the main
Lradio ∝ L∼0.5–0.7

X relation. We therefore concentrated our efforts
on providing new constraints and improving our understanding of
these sources. Our main conclusions can be summarized as follows:

(i) In the brightest phase of the hard state, we find a tight power-
law correlation with a slope b = 1.38 ± 0.03, between the radio flux
from the compact jets and the X-ray emission from the inner flow.
This correlation is much steeper than usually found for black hole
X-ray binaries and is the first precise measurement for an outlier.

(ii) When the source reaches a luminosity below ∼5 ×
10−3LEdd (M/10 M))−1, we found evidence of a transition from
the steep b ∼ 1.4 relation to the standard b ∼ 0.6 correlation seen
in e.g. V404 Cyg and GX 339−4.

(iii) Additionally, we find that H1743−322 provides the best
constraint to date (with a jet quenching factor of ∼700) supporting
the idea of jet suppression during the soft state.

From these results, we discuss several hypotheses that could
explain the correlation index along with the transition toward the
standard correlation.

(i) We first show that if the standard scaling, Lradio ∝ Ṁ1.4, be-
tween the jet radio emission and the accretion rate is valid, then
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our results require a radiatively efficient accretion flow that pro-
duces the X-ray emission in the hard state at high accretion rate.
Ultimately, the flow has to become radiatively inefficient below a
critical accretion rate, to account for the transition.

(ii) We also investigate the possibility that our results arise from
the outflow properties of the source rather than from the accretion
flow. We show in particular that if we relax the assumption that the
jet power is a fixed fraction of the accretion power and we consider
this fraction linearly dependent on the accretion rate, we can obtain
the required correlation with an inefficient accretion flow.

Further investigations are now needed to determine which funda-
mental parameter of the binary systems or their environments can
lead BHXBs of similar appearance to develop different accretion or
ejection flows.
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ABSTRACT

Context. There are about 60 quasars known at redshifts z > 5.7 to date. Only three of them are detected in the radio above 1 mJy
flux density at 1.4 GHz frequency. Among them, J1429+5447 (z = 6.21) is the highest-redshift radio quasar known at present. These
rare, distant, and powerful objects provide important insight into the activity of the supermassive black holes in the Universe at early
cosmological epochs and into the physical conditions of their environment.
Aims. We studied the compact radio structure of J1429+5447 on the milli-arcsecond (mas) angular scale to compare the structural
and spectral properties with those of another two z ⇠ 6 radio-loud quasars, J0836+0054 (z = 5.77) and J1427+3312 (z = 6.12).
Methods. We performed Very Long Baseline Interferometry (VLBI) imaging observations of J1429+5447 with the European VLBI
Network (EVN) at 1.6 GHz on 2010 June 8, and at 5 GHz on 2010 May 27.
Results. Based on its observed radio properties, the compact but somewhat resolved structure on linear scales of <100 pc, and the
steep spectrum, the quasar J1429+5447 is remarkably similar to J0836+0054 and J1427+3312. To answer the question whether the
compact steep-spectrum radio emission is a “universal” feature of the most distant radio quasars, it is essential to study more yet to
be discovered radio-loud active galactic nuclei at z > 6.

Key words. techniques: interferometric – radio continuum: galaxies – galaxies: active – quasars: individual: J1429+5447

1. Introduction

Observations of quasars at the highest redshifts can constrain
models of the birth and early cosmological evolution of ac-
tive galactic nuclei (AGNs) and the growth of their central su-
permassive (up to ⇠109 M�) black holes. Currently, the ob-
ject CFHQS J021013�045620 holds the redshift record among
quasars with z = 6.44 (Willott et al. 2010a). There are about
60 quasars known at redshifts z > 5.7 to date. Despite the
steadily growing number of known z ⇠ 6 quasars (e.g. Fan
et al. 2001, 2003, 2004, 2006; Jiang et al. 2009; Willott et al.
2007, 2009, 2010b), the measured maximum redshift practically
did not increase over the last decade (e.g. SDSS J1148+5251,
z = 6.43; Fan et al. 2003). It remains to be seen whether this
is a selection e↵ect owing to current limitations of the high-
redshift identification techniques, or if the first quasars in the
Universe indeed started to “turn on” at around this cosmological
epoch. Intriguingly, many of the intrinsic properties observed in
the infrared, optical, and X-ray wavebands make the highest-
redshift quasars hardly distinguishable from the lower-redshift
ones. However, Jiang et al. (2010) found two out of twenty-
one z ⇠ 6 quasars that do not show infrared emission originat-
ing from hot dust. According to these authors, the amount of

hot dust may increase in parallel with the growth of the cen-
tral black hole. Therefore, at least some of the most distant
quasars known are less evolved than their low-redshift counter-
parts. Near-infrared spectroscopy of a sample of Canada-France
High-z Quasar Survey (CFHQS) objects indicates that these
AGNs are accreting close to the Eddington limit and are in the
early stage of their evolutionary cycle, building up the mass of
the central black hole exponentially from the material of their
young host galaxies (Willott et al. 2010a).

Only three of the z > 5.7 quasars (J0836+0054, z = 5.77,
Fan et al. 2001; J1427+3312, z = 6.12, McGreer et al. 2006;
J1429+5447, z = 6.21, Willott et al. 2010b) are found in the
radio with 1.4-GHz flux density S 1.4 > 1 mJy. Most recently,
Zeimann et al. (2011) detected radio emission (S 1.4 = 0.31 mJy)
from another distant quasar, J2228+0110 (z = 5.95). These
radio-emitting high-redshift objects are particularly valuable,
because the ultimate evidence for AGN jets can be found in
the radio by high-resolution Very Long Baseline Interferometry
(VLBI) observations. Synchrotron radio emission of the jets
originates from the close vicinity of the spinning supermassive
black hole. The radio-emitting plasma is fueled from an accre-
tion disk and is accelerated and collimated by the magnetic field.
Two of the z ⇠ 6 radio sources (J0836+0054, J1427+3312)
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have already been investigated with VLBI. The radio structure
of J0836+0054 on ⇠10 milli-arcsec (mas) angular scale (Frey
et al. 2003, 2005) is characterised by a single compact but some-
what resolved component, with steep radio spectrum (↵ = �0.8)
between the observed frequencies of 1.6 and 5 GHz. (The power-
law spectral index ↵ is defined as S / ⌫↵, where S is the flux
density and ⌫ the frequency.) The 1.4-GHz and 1.6-GHz VLBI
images of the first z > 6 radio quasar, J1427+3312 (Momjian
et al. 2008; Frey et al. 2008, respectively) revealed a prominent
double structure. The two resolved components are separated by
⇠28 mas (⇠160 pc); to calculate linear sizes and luminosities, we
assume a flat cosmological model with H0 = 70 km s�1 Mpc�1,
⌦m = 0.3, and ⌦⇤ = 0.7. This structure is similar to that of the
compact symmetric objects (CSOs). It is one of the indications
of the youth of J1427+3312. The brighter component also de-
tected with VLBI at 5 GHz (Frey et al. 2008) has a steep radio
spectrum (↵ = �0.6).

A census of VLBI-imaged radio quasars at z > 4.5 and the
European VLBI Network (EVN) imaging of five new sources at
4.5 < z < 5 was made recently by Frey et al. (2010). The slightly
resolved mas- and 10-mas-scale radio structures, the measured
moderate brightness temperatures (⇠108�109 K), and the steep
spectra in the majority of the cases suggest that the sample of
compact radio sources at z > 4.5 is dominated by objects that do
not resemble blazars, that are characterised by highly Doppler-
boosted, compact, flat-spectrum radio emission. At frequencies
lower than the turnover value that corresponds to the peak flux
density, the rising radio spectrum is determined by synchrotron
self-absorption (Slysh 1963). Above the turnover frequency, the
emitting plasma becomes optically thin and the spectrum is
steep. According to the model of Falcke et al. (2004), the high-
redshift steep-spectrum objects may represent gigahertz-peaked-
spectrum (GPS) sources at early cosmological epochs. The first
generation of supermassive black holes could have had power-
ful jets that developed hot spots well inside their forming host
galaxy, on linear scales of 0.1�10 kpc. Taking the relation be-
tween the source size and the turnover frequency observed for
GPS sources into account, and for hypothetical sources match-
ing the luminosity and spectral index of “typical” quasars in the
VLBI sample with z ⇠ 5 or higher, the angular size of the small-
est (⇠100 pc) of these early radio-jet objects would be of the
order of 10 mas, and the observed turnover frequency in their
radio spectra would be around 500 MHz in the observer’s frame
(Falcke et al. 2004).

We report on dual-frequency VLBI observations of the cur-
rently most distant known radio quasar, one of the only two at
z > 6. The object CFHQS J142952+544717 (J1429+5447 in
short) was discovered by Willott et al. (2010b). Its spectroscopic
redshift is z = 6.21 measured from the Ly↵ emission line. The
quasar appears in the Very Large Array (VLA) Faint Images
of the Radio Sky at Twenty-centimeters (FIRST) survey (White
et al. 1997) list as an unresolved (<500) radio source with an in-
tegral flux density of S 1.4 = 2.95 mJy. Strong molecular CO
(2–1) emission was detected in the host galaxy of J1429+5447
by Wang et al. (2011), who resolved the source into two com-
ponents separated by 1.002. It indicates a gas-rich major merger
system. The rapid galaxy formation and starburst activity appar-
ently goes in parallel with the radio-active phase of the accreting
supermassive black hole in the western component. The redshift
of the source is z = 6.18 based on the CO (2–1) line.

Our aim was to reveal its high-resolution radio structure and
spectral properties, and then compare them with those of the
two other z ⇠ 6 quasars already known, on linear scales of
⇠10–100 pc. In the adopted cosmological model, the redshift

z = 6.21 corresponds to 0.875 Gyr after the Big Bang (6.5% of
the present age of the Universe), and 1 mas angular separation is
equivalent to a projected linear distance of 5.6 pc.

2. EVN observations and data reduction

The EVN observations of J1429+5447 took place on 2010
May 27 (5 GHz frequency) and on 2010 June 8 (1.6 GHz).
At a recording rate of 1024 Mbit s�1, eleven antennas of
the inter-continental radio telescope network participated in
the experiment at 5 GHz: e↵elsberg (Germany), Jodrell Bank
Lovell and Mk2 telescopes (UK), Medicina (Italy), Toruń
(Poland), Onsala (Sweden), Sheshan, Nanshan (PR China),
Badary, Zelenchukskaya (Russia), and the phased array of
the Westerbork Synthesis Radio Telescope (WSRT, The
Netherlands). All but the Jodrell Bank Mk2 telescope partic-
ipated in the 1.6-GHz experiment as well. Both experiments
lasted for 6 h. Eight intermediate frequency channels (IFs) were
used in both left and right circular polarisations. The total band-
width was 128 MHz per polarisation. The correlation of the
recorded VLBI data took place at the EVN data processor at
the Joint Institute for VLBI in Europe (JIVE), Dwingeloo, The
Netherlands.

The weak target source, J1429+5447 was observed in phase-
reference mode to increase the coherent integration time spent
on the source and thus to improve the sensitivity of the ob-
servations. We refer to Frey et al. (2008) for the details of the
observing and data reduction in a much similar dual-frequency
EVN experiment on J1427+3312. The phase-reference calibra-
tor source we used in the present case, J1429+5406, is sepa-
rated from the target by 0.�69 in the sky. The target–reference
cycles of ⇠5.5 min allowed us to spend ⇠3.5 min on the target
source in each cycle, providing almost 3 h total integration time
on J1429+5447. Phase-referencing also allows us to determine
the accurate relative position of the target source with respect to
the well-known absolute position of the reference source.

The US National Radio Astronomy Observatory (NRAO)
Astronomical Image Processing System (AIPS) was used for the
data calibration in a standard way. The calibrated data were then
exported to the Caltech Difmap package for imaging (see, e.g.
Frey et al. 2008, for the details and references). The naturally-
weighted images at 1.6 GHz (Fig. 1) and 5 GHz (Fig. 2) were
made after several cycles of CLEANing in Difmap. No self-
calibration was applied. The lowest contours indicate ⇠3� im-
age noise levels. The theoretical thermal noise values were
⇠10 µJy/beam (1�) at both frequencies.

3. Results and discussion

There is a single dominant radio feature detected in the quasar
J1429+5447 at both 1.6 and 5 GHz. The images in Figs. 1, 2
are centred on the 5-GHz brightness peak, whose phase-
referenced absolute equatorial coordinates are right ascension
14h29m52.s17629 and declination 54�47017.006309 (J2000), each
with the accuracy of 0.4 mas, determined by the phase-reference
calibrator source position accuracy, the target-calibrator sepa-
ration, the angular resolution of the interferometer array, and
the signal-to-noise ratio. The images show a slightly resolved
mas-scale structure. Difmap was used to fit circular Gaussian
brightness distribution model components to the interferomet-
ric visibility data at both frequencies. The 5-GHz data are
well described by a component with 0.99 mJy flux density and
0.67 mas diameter (Table 1). These imply the rest-frame bright-
ness temperature TB = (7.7 ± 0.7) ⇥ 108 K. It confirms the
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Fig. 1. Naturally weighted 1.6-GHz EVN image of the quasar
J1429+5447. The lowest contours are drawn at ±70 µJy/beam. The
positive contour levels increase by a factor of 2. The peak brightness
is 2.32 mJy/beam. The Gaussian restoring beam is 9.0 mas ⇥ 3.7 mas
with major axis position angle 13�. The restoring beam (full width at
half maximum, FWHM) is indicated with an ellipse in the lower-left
corner. The image is centred on the 5-GHz brightness peak.

Fig. 2. Naturally weighted 5-GHz EVN image of the quasar
J1429+5447. The lowest contours are drawn at ±50 µJy/beam. The
positive contour levels increase by a factor of 2. The peak brightness
is 0.67 mJy/beam. The Gaussian restoring beam is 2.8 mas ⇥ 1.2 mas
with major axis position angle 9�. The restoring beam (FWHM) is in-
dicated with an ellipse in the lower-left corner. The image is centred on
the brightness peak, whose coordinates are given in the text.

AGN origin of the quasar’s radio emission because the bright-
ness temperatures for normal galaxies do not exceed ⇠105 K
(Condon 1992). At 1.6 GHz, the best-fit model is composed
of two circular Gaussians (Table 1). A hint on a corresponding
weak extension to the south-east can also be found in the image
(Fig. 1), where, however, the shape of the lowest (3�) contour

Table 1. The fitted VLBI model parameters for J1429+5447.

Flux density Relative position Size TB

(mJy) north (mas) east (mas) (mas) (108 K)
3.03 ± 0.05 ... ... 2.63 ± 0.03 14.0 ± 0.6
0.27 ± 0.04 �4.74 ± 0.06 4.26 ± 0.06 1.29 ± 0.12 5.2 ± 1.7
0.99 ± 0.06 ... ... 0.67 ± 0.01 7.7 ± 0.7

Notes. The parameters are derived from circular Gaussian model-fitting
to VLBI visibility data in Difmap, at 1.6 GHz (top) and 5 GHz (bot-
tom). The statistical errors are estimated according to Fomalont (1999).
Additional flux density calibration uncertainties are assumed as 5%.
Column 1 – model component flux density (mJy); Cols. 2, 3 – separa-
tion from the main component to north and east (mas); Col. 4 – diameter
(mas, FWHM); Col. 5 – brightness temperature (108 K).

line should not be over-interpreted. Considering the calibration
uncertainties, the sum of the flux densities in the VLBI com-
ponents (3.30 mJy) is consistent with or somewhat higher than
the FIRST value (2.95 ± 0.15 mJy). We e↵ectively detect the
entire radio emission in the 1.4–1.6 GHz band from a ⇠10-mas
region of J1429+5447, corresponding to the linear size less than
60 pc. At 5 GHz, the comparison between the VLBI component
flux density (0.99 mJy) and the result from our analysis of the
WSRT array data taken during our EVN experiment (1.2 mJy)
allow us to draw a similar conclusion: the entire radio emission
originates from a ⇠10-pc region in the quasar’s centre. In the
case of J1429+5447, any other possible secondary component
is excluded within an angular radius of ⇠200, at the brightness
level of ⇠90 µJy/beam or higher (assuming at least 5� detection
and 10% coherence loss) in the 1.6-GHz VLBI image. In par-
ticular, we did not detect compact radio emission at the location
of the eastern CO (2–1) line-emitting component (Wang et al.
2011). On the other hand, the brightness peaks in our VLBI im-
ages coincide with their western component, and also with the
32-GHz continuum emission peak. Wang et al. (2011) measured
257 ± 15 µJy for the flux density at 32 GHz in the continuum
source, which is unresolved with the Expanded VLA (C config-
uration, 0.0071 ⇥ 0.0067 synthesized beam).

Based on our VLBI measurements, the two-point spectral
index for the dominant component of the source is ↵ = �1.0.
The 32-GHz continuum flux density (Wang et al. 2011) is con-
sistent with the steep synchrotron radio spectrum. The total
rest-frame 5-GHz monochromatic luminosity of J1429+5447 is
4.5 ⇥ 1026 W Hz�1, comparable to other high-redshift sources
(e.g. Frey et al. 2010).

The inferred TB ' 109 K brightness temperature is substan-
tially lower than the equipartition value estimated for relativistic
compact jets (TB,eq ' 5⇥1010 K; Readhead 1994). This suggests
that relativistic beaming does not play a major role in the ap-
pearance of the source. According to the orientation-based uni-
fied picture of radio-load AGNs (Urry & Padovani 1995), the
radiation from the jets that are inclined with a su�ciently large
angle (✓) to the line of sight is deamplified with a Doppler factor
� < 1. The viewing angle and the Doppler factor are related to
the bulk Lorentz factor (�) of the plasma as

� =
1

�(1 � � cos ✓)
, (1)

where � < 1 is the bulk speed of the material in the jet, ex-
pressed in units of the speed of light c. For J1429+5447, assum-
ing energy equipartition between the particles and the magnetic
field in the radio-emitting region, our VLBI measurements imply
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� = TB/TB,eq ' 0.02. This, in the extreme case of the jets in the
plane of the sky (✓ = 90�), would require a minimum Lorentz
factor � >⇠ 50. Values up to � = 50 are indeed inferred from jet
kinematics in a sample of powerful lower-redshift radio AGNs
(Lister et al. 2009), but such an extreme Lorentz factor and the
special geometry with ✓ = 90� make this scenario very unlikely
for J1429+5447. Because the other two z ⇠ 6 radio quasars have
similar or even lower brightness temperatures with respect to the
equipartition value (Frey et al. 2005, 2008), the above reason-
ing is valid for them as well. This is also the case for a signifi-
cant portion of other radio AGNs at z > 4.5 studied with VLBI
so far (Frey et al. 2010). This, and the steep spectrum are ar-
guments against the possibility that we see intrinsically power-
ful but Doppler-deboosted (highly inclined) relativistic radio jets
in these sources. Although currently there are about 60 quasars
known at z >⇠ 6, we do not know of any with Doppler-boosted ra-
dio emission. The steep spectrum between the observed 1.6 and
5 GHz frequencies (12 and 36 GHz in the rest frame of the quasar
J1429+5447) is consistent with the assumption that we see the
compact “hot spots” confined within a region of <100 pc in a
young GPS source at an early cosmological epoch. The spectral
peak frequency is possibly redshifted to the ⇠100 MHz range in
the observer’s frame (Falcke et al. 2004). This could be verified
with low-frequency radio interferometric measurements.

4. Conclusions

Based on our EVN observations at 1.6 and 5 GHz, the mas-scale
radio structure of the highest-redshift radio quasar known to
date, J1429+5447 (z = 6.21), is quite similar to what we
have seen in the other two z ⇠ 6 quasars, J0836+0054 and
J1427+3312. The source is somewhat resolved on linear scales
of <100 pc, although the total radio emission is confined to this
central region. The two-point spectral index ↵ = �1.0 indicates
a steep radio spectrum. The measured brightness temperature
shows that relativistic beaming does not influence the appear-
ance of this quasar. Interestingly, the compact steep-spectrum
radio emission is common in all three z ⇠ 6 quasars studied

with VLBI to date. The puzzle whether this is a rule or an ex-
ception could be solved using a prospective larger sample of ex-
tremely distant radio-loud AGNs in the future.
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ABSTRACT

Context. Until now, there have only been seven quasars at z > 4.5 whose the high-resolution radio structure had been studied in detail
with Very Long Baseline Interferometry (VLBI) imaging.
Aims. We almost double the number of VLBI-imaged quasars at these high redshifts with the aim of studying their redshift-dependent
structural and physical properties in a larger sample.
Methods. We observed five radio quasars (J0813+3508, J1146+4037, J1242+5422, J1611+0844, and J1659+2101) at 4.5 < z < 5
with the European VLBI Network (EVN) at 1.6 GHz on 29 October 2008 and at 5 GHz on 22 October 2008. The angular resolution
achieved ranges from 1.5 to 25 milli-arcsec (mas), depending on the observing frequency, the position angle in the sky, and the
source’s celestial position.
Results. The sources are all somewhat extended on mas scales, but compact enough to be detected at both frequencies. With one
exception of a flat-spectrum source (J1611+0844), their compact emission is characterised by a steep radio spectrum. We found no
evidence of Doppler-boosted radio emission in the quasars in our sample. The radio structure of one of them (J0813+3508) is extended
to ⇠700, which corresponds to 43 kpc projected linear size. Many of the highest redshift compact radio sources are likely to be young,
evolving objects, far-away cousins of the powerful gigahertz peaked-spectrum (GPS) and compact steep-spectrum (CSS) sources that
populate the Universe at lower redshifts.

Key words. radio continuum: galaxies – galaxies: active – quasars: general – techniques: interferometric

1. Introduction

Quasars at the highest redshifts place strong constraints on the
early cosmological evolution of active galactic nuclei (AGNs)
and the growth of their central supermassive (⇠109 M�) black
holes. The AGN activity observed at high z indicates that feed-
back processes (e.g. Best et al. 2005) may have played an im-
portant role in the early galaxy and cluster evolution. The ulti-
mate evidence for AGN jets is provided by Very Long Baseline
Interferometry (VLBI) observations in the radio domain.

Compact radio sources have flat spectra (with power-law
spectral index ↵ > �0.5; S / ⌫↵, where S is the flux den-
sity and ⌫ the frequency) from the synchrotron self-absorption
(Kellermann & Pauliny-Toth 1969). In the past, VLBI targets
were traditionally selected by their flat overall radio spectrum
to ensure detectability. Recent surveys that did not apply spec-
tral selection criteria (e.g. Mosoni et al. 2006; Frey et al. 2008a),
and VLBI observations of individual z⇠ 6 quasars (J0836+0054,
Frey et al. 2003, 2005; J1427+3312, Frey et al. 2008b; Momjian
et al. 2008) indicate that there is a less-known steep-spectrum
population of compact radio AGNs at high redshifts. These

sources have so far been able to escape discovery for a va-
riety of reasons: (i) their radio flux density is relatively low
for VLBI, requiring high data rate phase-referenced observa-
tions; (ii) due to their steep spectra, they are generally not con-
sidered useful for VLBI experiments; (iii) for most of them,
spectroscopic redshifts are simply not yet available. Indeed,
the fine-scale radio structure of J0836+0054 (z = 5.77) and
J1427+3312 (z = 6.12) could fortunately be revealed because
their record-breaking redshifts made these sources attractive for
high-resolution VLBI imaging.

The VLBI images of the highest-redshift, known radio-loud
quasar J1427+3312 at 1.4 GHz (Momjian et al. 2008) and
1.6 GHz (Frey et al. 2008b) reveal a prominent double structure.
The two resolved components separated by ⇠28 mas (⇠160 pc)
resemble a compact symmetric object (CSO, Wilkinson et al.
1994). (To calculate linear sizes and luminosities, we assume a
flat cosmological model with H0 = 70 km s�1 Mpc�1, ⌦m = 0.3,
and ⌦⇤ = 0.7 throughout this paper.) CSOs are a class of very
young (<104 yr) sources typically found in radio galaxies at
much lower redshifts (z < 1). Apart from the structural similar-
ity to CSOs, there are several indications of the youthfulness of
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Table 1. Quasars at z > 4.5 imaged earlier with VLBI by increasing
redshift.

Source name z ⌫ Network Peak Ref.
GHz mJy/beam

J1235�0003 4.69 1.4 VLBA 17 1
J1205�0742N 4.70 1.4 VLBA 0.2 2
J1205�0742S 4.70 1.4 VLBA 0.2 2
J1430+4204 4.72 5 EVN 161 3

15 VLBA 159 & 200 4
J1451�1512 4.76 5 EVN 50 5
J0913+5919 5.11 1.4 VLBA 19 1
J0906+6930 5.47 15 VLBA 115 6

43 VLBA 42 6
J0836+0054 5.77 1.6 EVN 0.8 7

5 EVN 0.3 8
J1427+3312 6.12 1.4 VLBA 1.0 9

1.6 EVN 0.5 10
5 EVN 0.2 10

Notes. Column 1 – source name (J2000); Col. 2 – spectroscopic red-
shift; Col. 3 – observing frequency (GHz); Col. 4 – interferometer array
(EVN: European VLBI Network, VLBA: Very Long Baseline Array);
Col. 5 – peak brightness (mJy/beam); Col. 6.
References. 1: Momjian et al. (2004); 2: Momjian et al. (2005); 3:
Paragi et al. (1999); 4: Veres et al. (2010); 5: L.I. Gurvits et al. (in
preparation); 6: Romani et al. (2004); 7: Frey et al. (2003); 8: Frey et al.
(2005); 9: Momjian et al. (2008); 10: Frey et al. (2008b).

this quasar: the steep radio spectrum coupled with the compact
structure, the broad absorption lines, and the possible intrinsic
X-ray absorption.

To our knowledge, there are only seven radio-loud AGNs
at z > 4.5 that have been imaged with VLBI prior to our ex-
periment reported here (Table 1). Four of them (J0906+6930,
J1235�0003, J1430+4204, and J1451�1512) are compact, prac-
tically unresolved flat-spectrum radio sources, while others
(J0836+0054, J0913+5919, and J1427+3312 with a double
structure) have a compact or somewhat resolved appearance and
a steep radio spectrum in the GHz frequency range (in the ob-
server’s frame). The double quasar J1205�0742 also listed in
the table is a special case from our point of view, with mea-
sured brightness temperatures indicating extreme nuclear star-
bursts rather than radio-loud AGNs (Momjian et al. 2005).

Our goal was to substantially increase the number of radio-
loud AGNs at z > 4.5 imaged with VLBI. One could expect
to find either more “classical” core-jet sources or other steep-
spectrum quasars, possibly with CSO-like double structures.
If the latter are found, in a decade-long term, VLBI monitor-
ing would eventually allow measurements of the component ex-
pansions and thus facilitate direct estimations of the kinematic
age of the sources. Otherwise, the compact core-jet sources are
potentially valuable additions for comparing of the mas-scale
structures of quasars at low and high redshift. E↵orts to use
classical cosmological tests – the angular size-redshift relation
(e.g. Gurvits et al. 1999) and the apparent proper motion-redshift
relation (e.g. Kellermann et al. 1999) – would also benefit from
data on an increased sample of extremely distant quasars, since
the predictions of the various cosmological world models are
markedly di↵erent at the highest redshifts. Despite the prac-
tical di�culties, there is continuous interest in these tests in
the community (e.g. Sahni & Starobinsky 2000; Vishwakarma
2000, 2001; Lima & Alcaniz 2002; Chen & Ratra 2003; Jackson
2004, 2008).

Table 2. Our VLBI targets, five SDSS/FIRST radio quasars at z > 4.5,
and a close radio companion of one of them.

Source coordinates z r FIRST peak S 1.4
mJy/beam mJy

08 13 33.32 +35 08 10.8 4.92 20.8 23.2 25.2
08 13 32.89 +35 08 14.9⇤ – – 11.8 11.8
11 46 57.79 +40 37 08.6 5.01 21.0 12.5 12.5
12 42 30.58 +54 22 57.3 4.73 20.9 19.7 20.2
16 11 05.64 +08 44 35.4 4.54 19.7 8.8 8.8
16 59 13.23 +21 01 15.8 4.78 21.5 28.7 28.8

Notes. Column 1 – a priori source J2000 right ascension (h m s) and
declination (� 0 00) from SDSS; Col. 2 – spectroscopic redshift; Col. 3 –
SDSS r magnitude (Schneider et al. 2007); Col. 4 – FIRST peak bright-
ness (mJy/beam); Col. 5 – FIRST integral 1.4-GHz flux density (mJy).
(⇤) Optically unidentified radio companion of the previous source; coor-
dinates from FIRST.

In this paper, we report on our dual-frequency VLBI imaging
observations of five previously unexplored radio-loud quasars at
4.5 < z < 5. Our sample selection method is described in Sect. 2.
The experiments and the data reduction are explained in Sect. 3.
The observed radio properties of the sources are given in Sect. 4.
Our results are discussed in Sect. 5. Conclusions are drawn in
Sect. 6.

2. Target selection

For the high-resolution VLBI observations, we choose five
quasars from the Sloan Digital Sky Survey (SDSS) Data
Release 5 (DR5) quasar catalogue (Schneider et al. 2007). All
of them are identified with an unresolved (<500) radio source in
the Very Large Array (VLA) Faint Images of the Radio Sky at
Twenty-centimeter (FIRST) survey1 (White et al. 1997), with
1.4-GHz total flux densities 8.8 mJy  S 1.4  28.8 mJy. These
five quasars, together with J0913+5919 (already studied with
VLBI by Momjian et al. 2004; see Table 1), are the only such
radio quasars in the northern hemisphere in the Schneider et al.
(2007) catalogue with z > 4.5 and S 1.4 > 5 mJy. Important is
that the (otherwise unknown) radio spectral index of the sources
was not used as a selection criterion.

One of the sources (J0813+3508, z = 4.92) has a close
(<700), optically unidentified radio companion in the FIRST cat-
alogue, which appears compact on an arcsecond scale in the
1.4-GHz VLA FIRST image (Fig. 1). We also included this ob-
ject as the sixth target in our VLBI experiment, in the hope that
any possible relation between the two apparently nearby sources
could be studied. The basic parameters of our target sources are
listed in Table 2.

Our recent experience with a larger sample of SDSS/FIRST
quasars (Mosoni et al. 2006; Frey et al. 2008a) indicates that
the sources identified as optical quasars and unresolved FIRST
objects with S 1.4 > 20 mJy have a nearly 90% chance to
be successfully detected with the European VLBI Network
(EVN) at 5 GHz, using the SDSS coordinates as a priori values.
Although most of the sources are weaker in the present sample,
we used longer integration times in the VLBI experiment to en-
sure safe detections.

1
http://sundog.stsci.edu
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3. VLBI observations and data reduction

We observed our targets with the EVN at 1.6 GHz on
29 October 2008 and at 5 GHz on 22 October 2008. Due to
the high redshifts, the observed frequencies correspond to
⇠9�10 GHz and ⇠28�30 GHz in the rest frame of the quasars.
At a recording rate of 1024 Mbit s�1, ten antennas of the EVN
participated in the experiment at 1.6 GHz: E↵elsberg (Germany),
Jodrell Bank Mk2 (UK), Medicina, Noto (Italy), Toruń (Poland),
Onsala (Sweden), Sheshan, Nanshan (PR China), Robledo
(Spain), and the phased array of the 14-element Westerbork
Synthesis Radio Telescope (WSRT, The Netherlands). The eight
participating antennas in the 5-GHz experiment were E↵elsberg,
Jodrell Bank Mk2, Medicina, Noto, Toruń, Sheshan, Nanshan,
and the WSRT. On both days, the observations lasted for a to-
tal of 11 h. Eight intermediate frequency channels (IFs) were
used in both left and right circular polarisations. The total band-
width was 128 MHz per polarisation. The correlation of the
recorded VLBI data took place at the EVN Data Processor
at the Joint Institute for VLBI in Europe (JIVE), Dwingeloo,
The Netherlands.

All the target sources were observed in phase-reference
mode. This allows us to increase the coherent integration time
spent on the source and thus to improve the sensitivity of the
observations. Phase-referencing involves regularly interleaving
observations between the target source and a nearby bright and
compact reference source (e.g. Beasley & Conway 1995). The
delay, delay rate, and phase solutions derived for the phase-
reference calibrator were interpolated and applied for the respec-
tive target within the cycle time of ⇠7 min. The target sources
were observed for ⇠4.5-min intervals in each cycle. The ex-
ception was the pair of sources, J0813+3508 and its optically
unidentified apparent companion (Table 2; Fig. 1). They were
observed using the same phase-reference source, for ⇠2.5 min
subsequently in each cycle. To achieve nearly the same total on-
source integration time as for the other targets (⇠60 min), more
cycles were scheduled for this pair.

The suitable phase-reference calibrator sources
(J0815+3635, J1146+3958, J1253+5301, J1608+1029, and
J1656+1826) were selected from the Very Long Baseline Array
(VLBA) Calibrator Survey2. The angular separations between
the calibrators and the corresponding targets range from 0.�64
to 2.�65 (Table 3). The positional uncertainties of the calibrators
in the International Celestial Reference Frame (ICRF) are
0.4�4.3 mas.

The US National Radio Astronomy Observatory (NRAO)
Astronomical Image Processing System (AIPS; Diamond 1995)
was used for the data calibration. The visibility amplitudes
were calibrated using the antenna gains, and the system tem-
peratures regularly measured at the antennas during the ex-
periments. Fringe-fitting was performed for the five calibrators
mentioned above, and the fringe-finder sources (J0555+3948,
J0927+3902, J1159+2914, and J1331+3030) using 3-min solu-
tion intervals. The data were exported to the Caltech Difmap
package (Shepherd et al. 1994) for imaging. The conventional
mapping procedure involving several iterations of CLEANing
and phase (then amplitude) self-calibration resulted in the im-
ages and brightness distribution models for the calibrators.
Overall antenna gain correction factors (⇠10% or less) were de-
termined and applied to the visibility amplitudes in AIPS. Then
fringe-fitting was repeated in AIPS, now taking the clean com-
ponent models of the phase-reference calibrator sources into

2
http://www.vlba.nrao.edu/astro/calib/index.shtml
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Fig. 1. The 1.4-GHz image of J0813+3508 from the VLA FIRST survey
(White et al. 1997). The peak brightness is 22.5 mJy/beam, the lowest
contour levels are drawn at ±0.25 mJy/beam, the positive contour levels
increase by a factor of 2. The circular Gaussian restoring beam size is
5.004 (FWHM), as indicated in the lower-left corner. The northwestern
radio companion (top right) is catalogued as another source in FIRST,
6.008 away from the quasar (in the centre).

account. The residual phase corrections resulted from their non-
pointlike structure were considered this way. The solutions ob-
tained were interpolated and applied to the target source data.
The visibility data of the target sources, unaveraged in time and
frequency, were also exported to Difmap for imaging. The nat-
urally weighted images at 1.6 GHz and 5 GHz (Fig. 2) were
made after several cycles of CLEANing in Difmap. Phase-only
self-calibration was applied for the brighter sources (i.e. when
the sum of the CLEAN component flux densities exceeded
⇠10 mJy) over time intervals not shorter than the length of scans
spent on the sources (see Table 3). In the cases where phase
self-calibration was not attempted at all, we expect a loss of co-
herence of about 5% (cf. Martí-Vidal et al. 2010) in the phase-
referencing process, which may lead to an underestimate of the
flux density values by this factor. In the images, the lowest con-
tours are drawn at ⇠3� image noise levels. The expected theoret-
ical thermal noise values were 15�22 µJy/beam (1�), assuming
no data loss during the experiment. The image parameters are
summarised in Table 3.

4. Results

The five targeted high-redshift quasars were clearly detected and
imaged with the EVN at both 1.6 GHz and 5 GHz (Fig. 2).
However, we could not detect any mas-scale compact radio
source at the position of the nearby (6.008) FIRST radio compan-
ion (Fig. 1) to J0813+3508, at a brightness level of 0.3 mJy/beam
(3�). This indicates that the secondary source is extended and
thus completely resolved in our VLBI experiments; notably, the
position angle of the jet-like structure in our VLBI images of
J0813+3508, especially at 1.6 GHz (Fig. 2, top left) practically
coincides with that of the FIRST companion. Based on this di-
rectional coincidence, we believe that there is a physical associa-
tion between the two radio sources. This is further supported by
the fact that the visibility amplitudes on the shortest and most
sensitive baseline from E↵elsberg to Westerbork were some-
what higher than could be fully accounted for with the CLEAN
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Fig. 2. The naturally weighted 1.6-GHz (left column) and 5-GHz (right column) VLBI images of the quasars. The image parameters (peak bright-
ness, lowest contour level corresponding to ⇠3� image noise, restoring beam size, and orientation) are listed in Table 3. The full width at half
maximum (FWHM) of the Gaussian restoring beam is indicated with an ellipse in the lower-left corners. The positive contour levels increase by a
factor of 2. The coordinates are related to the brightness peak of which the absolute position is given in Table 4.
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Fig. 2. continued.

Table 3. VLBI image parameters for Fig. 2.

Source name � ⌫ Peak Contour Restoring beam
� GHz mJy/beam mas⇥mas PA (�)

J0813+3508 1.50 1.6 11.4 0.20 19.0 ⇥ 4.9 5.3
5 4.0⇤ 0.15 5.4 ⇥ 1.5 8.6

J1146+4037 0.64 1.6 14.7 0.30 20.1 ⇥ 4.4 5.4
5 6.0⇤ 0.20 5.1 ⇥ 1.5 3.6

J1242+5422 2.09 1.6 12.1 0.60 17.1 ⇥ 4.5 22.2
5 7.9 0.15 4.5 ⇥ 1.5 22.7

J1611+0844 1.83 1.6 11.1 1.00 25.7 ⇥ 3.4 9.6
5 9.4 0.25 7.1 ⇥ 1.5 9.1

J1659+2101 2.65 1.6 16.6 0.30 22.4 ⇥ 3.7 11.6
5 4.2 0.50 5.8 ⇥ 1.4 11.7

Notes. Column 1 – source name (J2000); Col. 2. – angular separation
from the phase-reference calibrator source (�); Col. 3 – observing fre-
quency (GHz); Col. 4 – peak brightness (mJy/beam); cases where phase
self-calibration was not applied are marked with asterisks; Col. 5 –
lowest contour level (mJy/beam) corresponding to ⇠3� image noise;
Col. 6 – Gaussian restoring beam size (mas ⇥ mas); Col. 7 – restoring
beam major axis position angle (�) measured from north through east.

model components derived from the full VLBI array data. From
poorly constrained Gaussian model fitting, there was a hint on an

Table 4. Measured coordinates of the five radio quasars at z > 4.5 im-
aged with VLBI.

Source name Right ascension Declination Uncertainties
h m s � 0 00 mas mas

J0813+3508 08 13 33.32789 35 08 10.7698 0.4 0.5
J1146+4037 11 46 57.79043 40 37 08.6256 0.3 0.4
J1242+5422 12 42 30.58994 54 22 57.4524 3.9 1.9
J1611+0844 16 11 05.65000 08 44 35.4776 0.5 0.4
J1659+2101 16 59 13.22857 21 01 15.8087 1.0 1.1

Notes. Column 1 – source name; Col. 2 – J2000 right ascension (h m s);
Col. 3 – J2000 declination (� 0 00); Col. 4 and 5 – estimated positional
uncertainties in right ascension and declination (mas).

extended component about 0.006 away from the compact “core” to
the northwest in the continuation of the ⇠10-mas scale jet and in
the direction of the FIRST radio companion.

The coordinates of the brightness peaks are estimated from
the 5-GHz images using the AIPS task ������and listed in
Table 4. The uncertainties are determined by the phase-reference
calibrator source position accuracy, the target-calibrator angular
separation, the angular resolution of the interferometer array, and
the signal-to-noise ratio.
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Table 5. The parameters derived for the quasars from VLBI imaging.

Source name Complete VLBI flux density (mJy) Main component flux density (mJy) ↵ Size TB L
at 1.6 GHz at 5 GHz at 1.6 GHz at 5 GHz mas 109 K 1026 W Hz�1

J0813+3508 17.1 ± 0.9 7.3 ± 0.4⇤ 12.8 ± 0.6 6.8 ± 0.3⇤ �0.6 1.18 ± 0.02 1.5 ± 0.1 8.4 ± 0.4
J1146+4037 15.5 ± 0.8 8.6 ± 0.4⇤ 15.5 ± 0.8 8.4 ± 0.4⇤ �0.5 0.74 ± 0.01 4.5 ± 0.3 10.7 ± 0.5
J1242+5422 17.7 ± 0.9 9.7 ± 0.5 17.1 ± 0.9 9.4 ± 0.5 �0.5 0.67 ± 0.01 5.9 ± 0.5 9.0 ± 0.5
J1611+0844 13.0 ± 0.8 12.9 ± 0.6 13.0 ± 0.8 12.4 ± 0.6 �0.0 0.85 ± 0.01 4.7 ± 0.3 4.6 ± 0.2
J1659+2101 29.3 ± 1.5 10.6 ± 0.7 19.7 ± 1.0 10.6 ± 0.7 �0.6 3.07 ± 0.12 0.3 ± 0.04 12.3 ± 0.8

Notes. Column 1 – source name; Col. 2-3 – complete VLBI flux density at 1.6 GHz and 5 GHz (mJy); Col. 4–5 – main component VLBI flux
density at 1.6 GHz and 5 GHz (mJy); Col. 6 – two-point spectral index of the main component; Col. 7 – fitted circular Gaussian diameter (FWHM)
for the main component at 5 GHz (mas); Col. 8 – rest-frame brightness temperature at 5 GHz (109 K); Col. 9 – rest-frame monochromatic 5-GHz
luminosity (1026 W Hz�1). The VLBI flux density calibration uncertainties are assumed as 5%. The statistical errors of the fitted model parameters
are estimated according to Fomalont (1999).
(⇤) Flux density value corrected for an estimated coherence loss of 5%.

Difmap was used to fit circular Gaussian brightness distribu-
tion model components to the interferometric visibility data of
the five quasars detected. We calculated the two-point spectral
indices for the bright central components from the model flux
densities. From the 5-GHz data, we also derived the brightness
temperatures of these dominant components as

TB = 1.22 ⇥ 1012(1 + z)
S
#2⌫2

[K], (1)

where z is the redshift, S the flux density (Jy), ⌫ the observ-
ing frequency (GHz), and # the full width at half maximum
(FWHM) size of the Gaussian measured in mas (e.g. Condon
et al. 1982). The model parameters, and the values derived from
them are given in Table 5.

5. Discussion

All of the z > 4.5 quasars we imaged are somewhat resolved,
often with structures extending up to several 10 mas (Fig. 2).
For comparison, a 1 mas angular size corresponds to 6.3�6.6 pc
projected linear size, depending on the actual redshift of the ob-
ject. The measured brightness temperatures (TB ⇠ 108�109 K;
Table 5) clearly indicate AGN activity, but are at least an or-
der of magnitude lower than the equipartition value estimated
for relativistic compact jets (TB,eq ' 5 ⇥ 1010 K; Readhead
1994). It may suggest that (i) in the radio spectrum of the sources
we probe regions far away from the peak frequency caused by
synchrotron self-absorption; (ii) the jet viewing angles are at
least moderate, and in fact we experience Doppler-deboosting
of the emission; or (iii) the intrinsic brightness temperatures
of compact jets at very high redshift are significantly lower
than the equipartition value. Except for one flat-spectrum source
(J1611+0844), the spectra of the quasar “cores” (i.e. the main
components) in our sample are steep (↵  �0.5; Table 5). The
intrinsic brightness temperature was determined for the blazar
J1430+4204 (z = 4.72) by comparing the variability bright-
ness temperature and the one measured with VLBI. It was found
that TB,int ' TB,eq (Veres et al. 2010), so there is no reason to
assume that the intrinsic brightness temperatures are generally
lower at z > 4.5.

A possible signature of the blazar nature of a source is
its strong variability. We can look for an indication of long-
term variability, if we compare the 1.4-GHz flux densities taken
from the VLA FIRST catalogue (Table 2, last column) with
our 1.6-GHz flux densities measured in our EVN run (Table 5).
Since our angular resolution is much higher, if a source is sta-
tionary, then one would expect the VLBI flux densities to be

lower than or at best equal to the VLA values within the uncer-
tainties. This is the case for all our sources but J1611+0844. That
J1611+0844 – the only flat-spectrum source in our sample –
has nearly 50% higher flux density measured at a later epoch
at much higher resolution proves its non-stationarity. Both the
variability and the flat spectrum argue for Doppler boosting, but
the measured brightness temperature of this source does not sup-
port it. In the case of J1611+0844, the observed one-sided com-
pact core-jet structure at 5 GHz and the quasar classification can
just be made consistent with the simple orientation-dependent
unified picture of radio-loud AGNs (e.g. Urry & Padovani 1995).
The apparent deboosting (Doppler factor � = TB/TB,eq ' 0.1)
can be explained if, e.g., we assume a ✓ = 45� jet angle to the
line of sight and an extremely (but not impossibly) large bulk
Lorentz factor (� ' 35).

The case of J0813+3508 is similarly puzzling. If, as our data
suggest, its FIRST companion (Fig. 1) is associated with the
quasar at z = 4.92, the projected linear size of the source is
43 kpc. This means that J0813+3508 could be the quasar with
the most extended radio jet known at an extremely high red-
shift (cf. Cheung et al. 2005, 2008). The markedly one-sided
arcsecond-scale radio structure suggests Doppler boosting and
a small jet angle to the line of sight. However, the measured
⇠109 K brightness temperature and the steep spectrum of the
compact VLBI component do not support this view. It is pos-
sible that there is a significant misalignment between the mas-
scale and arcsecond-scale jet, or – less probably – the jet in this
quasar is intrinsically one-sided. An alternative scenario is that
we see an expanding and extended radio source with double hot
spots, of which the nearest and approaching one is detected with
VLBI. Future sensitive radio interferometric observations at in-
termediate angular resolutions could help reveal the true nature
of this object (or these objects).

The remaining three sources (J1146+4037, J1242+5422 and
J1659+2101) are quite alike in their compact structure (Fig. 2),
steep spectra, and luminosity (Table 5). The quasar J1659+2101
is somewhat more resolved than the others. Notably, the two
most distant (z⇠ 6) quasars (J0836+0054, Frey et al. 2003, 2005;
J1427+3312, Frey et al. 2008b; Momjian et al. 2008) observed
with VLBI to date share much similar properties.

The rest-frame 5-GHz luminosities of the main components
of our sources (L ⇠ 1026�1027 W Hz�1; Table 5) are compara-
ble to the values of a large sample of gigahertz peaked-spectrum
(GPS) and compact steep-spectrum (CSS) sources compiled by
O’Dea (1998). Our values refer to the VLBI components and can
therefore be regarded as lower limits to the radio luminosities of
the whole sources. We found no evidence of any significantly
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Doppler-boosted radio emission in our cases, so that the mea-
sured luminosities indicate intrinsically powerful sources.

GPS and CSS sources are thought to be young, evolving ob-
jects, and/or perhaps “frustrated” ones that are confined by the
dense ambient gas (see O’Dea 1998 for a review). A subclass
of these sources are the CSOs, which show nearly symmetric
double or triple morphology when imaged at VLBI resoulution.
According to the model of Falcke et al. (2004), our high-redshift
steep-spectrum objects may represent GPS sources at early cos-
mological epochs. The first generation of supermassive black
holes could have powerful jets that developed hot spots well in-
side their forming host galaxy, on linear scales of 0.1�10 kpc.
Taking the relation between the source size and the turnover fre-
quency observed for GPS sources into account, and for hypothet-
ical sources matching the luminosity and spectral index of ours,
Falcke et al. (2004) predict that the angular size of the smallest
(⇠100 pc) of these early radio-jet objects would be in the order of
10 mas at z ⇠ 5, and the observed turnover frequency in their ra-
dio spectra would be around 500 MHz. These angular sizes are
indeed seen in our VLBI images (Fig. 2). To confirm the low-
frequency turnover, high-resolution interferometric flux density
measurements would be needed at multiple frequencies down to
the 100-MHz range – a task well-suited to the Square Kilometre
Array (SKA) now under development, in its high-resolution con-
figuration. In a sense, the observed spectral properties of high-
redshift sources are a resurrection of the indication on “humped”
spectra of high-redshift quasars found more than 20 years ago
when the highest known redshift was below 4 (Peterson et al.
1982; O’Dea 1990).

Currently we do not see many blazars at z ⇠ 5 or higher.
According to Table 1, the most distant blazar imaged with VLBI
to date (J0906+6930; Romani et al. 2004) has a redshift of 5.47.
On the other hand, one would naively expect highly relativisti-
cally beamed, flat-spectrum radio sources to dominate the high-
redshift VLBI samples. Whether the apparent absence of very
high-redshift blazars is a result of some selection e↵ect (i.e. the
lack of redshift measurements), the poor statistics due to the
small sample, or has a real physical cause, is to be addressed with
further observations. Indeed, there are indications that blazars
are not very common at the highest redshifts. Based on the
evolving gamma-ray luminosity function, Inoue et al. (2010)
expect that the Fermi Gamma-ray Space Telescope will find
a few (i.e. the order of unity) blazars at z ⇠ 6 over a period of
5 years. For the strong sources, there is a positive correlation
between the gamma-ray and the parsec-scale synchrotron radio
emission, with the gamma-detected sources having on average
higher brightness tempeartures in the radio (e.g. Kovalev et al.
2009). Thus the Fermi Large Area Telescope (LAT) potentially
selects the brightest radio sources that would be natural targets
for follow-up with VLBI.

6. Conclusions

We imaged five distant radio quasars at 4.5 < z < 5 with the
EVN at two frequencies (1.6 and 5 GHz), almost doubling the
currently known sample of quasars imaged with VLBI at z > 4.5.
The phase-referenced observations allowed us to derive accurate
astrometric positions for our targets. The slightly resolved
mas- and 10-mas-scale radio structures, the measured moderate
brightness temperatures (⇠108�109 K), and the steep spectra in
all but one case suggest that our sample of compact radio sources

at z > 4.5 is dominated by objects that do not resemble blazars.
One of the quasars (J0813+3508) is likely to be extended to ⇠700
which corresponds to a 43 kpc projected linear size. It is possible
that we see young, evolving, and compact GPS-like objects that
are signatures of early galaxy formation where the expanding
powerful synchrotron radio sources are confined by the dense
interstellar medium.
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