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Current View of VHE Gamma-Ray Sky

• ~180 very high energy (VHE; >50 GeV) objects by imaging 
atmospheric Cherenkov telescopes (IACTs; see TeVCat) 

• CTA will discover new cosmic-ray accelerators.

©TeVCat



Microquasars and ULXs in Extragalactic Sky

• Microquasars and ultra-luminous X-ray sources (ULXs) are 

• X-ray binary systems  

• Black hole mass is still under debate (intermediate or 
stellar)… or powered by pulsars (Bachetti+’14) 

• kinetic/radiative power >1039-40 erg/s (Mirabel & 
Rodriguez ’99, Feng & Soria ‘11) 

• associated with star-forming regions (e.g. Swartz+’09, 
Poutanen+’13)



Micro-quasars and ULXs Bubbles

• Some microquasars and ULXs 
associate with expanding bubbles. 

• Rb~200 pc 

• vs ~ 80-250 km/s

LETTERS

A 300-parsec-long jet-inflated bubble around a
powerful microquasar in the galaxy NGC 7793
Manfred W. Pakull1, Roberto Soria2 & Christian Motch1

Black-hole accretion states near or above the Eddington luminosity
(the point at which radiation force outwards overcomes gravity)
are still poorly known because of the rarity of such sources.
Ultraluminous X-ray sources1 are the most luminous class of black
hole (LX < 1040 erg s21) located outside the nuclei of active galaxies.
They are likely to be accreting at super-Eddington rates, if they are
powered by black holes with masses less than 100 solar masses.
They are often associated with shock-ionized nebulae2,3, though
with no evidence of collimated jets. Microquasars with steady jets
are much less luminous. Here we report that the large nebula S26
(ref. 4) in the nearby galaxy NGC 7793 is powered by a black hole
with a pair of collimated jets. It is similar to the famous Galactic
source SS433 (ref. 5), but twice as large and a few times more
powerful. We determine a mechanical power of around a few
1040 erg s21. The jets therefore seem 104 times more energetic than
the X-ray emission from the core. S26 has the structure of a
Fanaroff–Riley type II (FRII-type) active galaxy: X-ray and optical
core, X-ray hot spots, radio lobes6 and an optical and X-ray cocoon.
It is a microquasar where most of the jet power is dissipated in
thermal particles in the lobes rather than relativistic electrons.

The very large, shock-ionized nebulae (ultraluminous X-ray
source (ULX) bubbles7), with characteristic sizes of ,100–500 pc
and ages of around a few 105 yr are much larger and more energetic
than normal supernova remnants. But X-ray luminous sources may
be only a subset of non-nuclear black holes at very high mass accre-
tion rates. We proposed8 that ionized bubbles might also be found
associated with black holes that seem X-ray faint, because their radi-
ative emission is collimated away from our line of sight, because they
are transients and currently in a low/off accretion state, or because
they channel most of their accretion power into a jet even at near-
Eddington mass accretion rates.

Using the Chandra Data Archive, we searched for such systems
among unusually large supernova remnants in nearby galaxies and
discovered an example in the Sculptor galaxy NGC 7793 (distance of
3.9 Mpc; ref. 9). The optical/radio nebula S264,6 has a size of
,300 pc 3 150 pc and was originally classified as a supernova rem-
nant candidate; the high flux ratio between the forbidden [S II] lines
at 6,716 Å and 6,732 Å and the Balmer Ha line indicates the presence
of shock-ionized gas. A faint X-ray source10 was known to be asso-
ciated with S26, but it was unresolved in the Rosat observation. The
X-ray emission is resolved into three point-like sources that are per-
fectly aligned and match the extent of the major axis of the optical
nebula (Fig. 1). We interpret those sources as the core (at the X-ray
binary position) and the hot spots (where the jets interact with the
ambient medium). The core appears to be harder, with an intrinsic
0.3–10-keV power-law luminosity of L0.3–10 < 7 3 1036 erg s21, whereas
the hot spots have a softer spectrum and can be fitted by optically thin
thermal plasma emission (Fig. 2) with a combined intrinsic luminosity

of L0.3–10 < 1.8 3 1037 erg s21. Faint, even softer diffuse X-ray emission
pervades much of the extent of the optical bubble. The morphology
strikingly resembles that of an FRII-type powerful active galaxy, dis-
playing X-ray and radio hot spots (for example Cygnus A11). The optical
radial velocity of S26 agrees with that of other nearby nebulae in NGC
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Figure 1 | Optical/X-ray image of the 300-pc-diameter jet-inflated bubble
S26 in the galaxy NGC 7793. The contours denote the continuum-
subtracted Ha emission, which is plotted over a true-colour Chandra/ACIS-
S image (ObsId 5 3954; principal investigator, T. G. Pannuti). The projected
distance between the X-ray hot spots is ,15 arcsec, which corresponds to
,290 pc at the distance of NGC 7793. The Chandra exposure time was
,50 ks. The X-ray colours are as follows: red, 0.3–1 keV; green, 1–2 keV;
blue, 2–8 keV. All three-colour images in the X-ray band were lightly
smoothed with a 1-arcsec Gaussian core. The continuum-subtracted Ha
image was taken with the CTIO 1.5-m telescope in 2001 (exposure time of
600 s under seeing conditions with a full-width at half-maximum (FWHM)
of 1.2 arcsec) for the Spitzer Infrared Nearby Galaxy Survey25 and
downloaded through the NASA/IPAC Extragalactic Database. We used
matching point-like sources in the full field of NGC 7793 to improve the
relative astrometry of the Ha and X-ray images. Note the relatively softer
X-ray colour of the hot spots, compared with the blue point-like core; even
softer, diffuse X-ray emission is detected over the whole nebula. The intrinsic
X-ray luminosity of the southern hot spot is twice as high as the luminosity
of the northern hot spot; this is similar to the higher Ha intensity in that
region. There is no Ha point-like source or enhanced emission at the
position of the X-ray core. The other source of Ha emission a few arc seconds
to the east of S26 is an unrelated H II region. Scaling from the total Ha
luminosity of NGC 779325, and assuming a Ha/Hb Balmer decrement of
,3.0, we determined an Hb luminosity of ,1.0 3 1038 erg s21.
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A sign of restarted radio activity in supermassive BHs is a
kiloparsec-size double–double or triple–double morphology (e.g.
Schoenmakers et al. 2000) with an age of about a billion years.
On the other hand, VLBI monitoring campaigns have shown that
ejecta on scales of tens of parsecs are indeed associated with young
radio sources with intermittent activity; one of the youngest exam-
ples has an age of 255 yr (Wu et al. 2013).

3.2 Jet power and mass

Detecting jets from Ho II X-1 allows us to constrain a time-
averaged jet power associated with a photoionized environment of
a ULX, where time-averaged X-ray outputs are well estimated from
calorimetry (Pakull & Mirioni 2002; Kaaret et al. 2004; Berghea
et al. 2010). To estimate the total jet power, we take the total radio
luminosity of all the components, (2.26 ± 0.09) × 1034 erg s−1,
as the central component is also optically thin. To obtain a con-
servative estimate, we use a scaling relationship that is based
on minimum energy condition versus radio luminosity instead of
e.g. cavity power versus radio luminosity. The latter would re-
sult in a somewhat higher jet power estimate and might be less
suitable for Ho II X-1, see OM for more details. We use a re-
lationship that is obtained from a sample of FR II sources of
Qj = (1.5 ± 0.5) × 1044

(
L151

1025 W Hz−1 sr−1

)0.67±0.05
, where L151 is the

total radio luminosity at 151 MHz (Godfrey & Shabala 2013). We
estimate the radio power at 151 MHz using a radio spectral index
of α = −0.8 ± 0.2 and find that Qj = 2.1+7.9

−1.8 × 1039 erg s−1.
We recall that the isotropic X-ray luminosity needed to ionize the

surrounding He II bubble is at least 4 × 1039 erg s−1 (Kaaret et al.
2004). This X-ray luminosity corresponds to an average ionizing
rate over the past 3000 yr, which is comparable to the recombina-
tion time of the He II. Additionally, Berghea et al. (2010) obtain a
bolometric luminosity for Ho II X-1 of Lbol = 1.34 × 1040 erg s−1

by fitting the SED and modelling infrared lines, and argue that this
estimate can be treated as time-averaged over at least 100 yr, based
on the [OIV] recombination time. The minimum isotropic X-ray lu-
minosity truly exceeds the Eddington luminosity of a 25 M⊙ BH as
it is only a factor of 10 less than the peak of the X-ray luminosity.
So it is unlikely that the source is geometrically beamed. Moreover,
the minimum total jet power already reaches the isotropic X-ray
luminosity. Taking into account that a (time-averaged) jet power
might only be as high as 10 per cent of the (time-averaged) bolo-
metric luminosity (Falcke & Biermann 1995; Russell et al. 2007),
this suggests that Ho II X-1 truly accretes, on average, at a high
Eddington rate with a minimum BH mass of 25 M⊙. Taking Lbol

at face value or decreasing the jet efficiency would require an even
higher BH mass.

3.3 Active phase and environment

The location and the size of the He II nebula and of the triple radio
structure are well matched (see Fig. 3), which may indicate the
coupling of accretion and ejection. The surrounding radio bubble
could then be sustained by Ho II X-1 in a manner similar to the
Perseus cluster, where continuous bubble formation by the jets is
thought to be the source that balances radiative cooling (Fabian
et al. 2003). In this regard, it is expected that both the overall radio
spectral index of the bubble, α = −0.53 ± 0.07 (Cseh et al. 2012),
and of the inner structure is optically thin. Multiple episodes of
relativistic ejecta could possibly result in the formation of a second
(or third) generation of hotspots like in double–double (DDRGs)
or triple–double radio galaxies (Schoenmakers et al. 2000) or in

Figure 3. Radio contours from Fig. 1 are overlaid on an HST image of
Kaaret et al. (2004) that is centred on the He II λ4686 line using the FR462N
narrow-band filter.

young compact symmetric objects (CSOs; Wu et al. 2013), and
may diffuse away once decelerated below a Mach number of unity.
However, it is yet to be explained what mechanism can drive an
episodic behaviour of an accreting object.

GRS1915+105 is thought to be wobbling across the ‘jet line’
and observed to show superluminal ejections associated with X-
ray state transitions. These states and transitions could differ not
just from the canonical ones – e.g. hard state versus plateau state
(van Oers et al. 2010) – but also from the ones Ho II X-1 has, and
it is unclear how to reconcile such phenomenology with CSOs and
DDRGs.

On the other hand, the peculiar source SS433 also shows radioac-
tive and quiescent periods, but its jet consists of continuous ejecta
(e.g. Paragi et al. 1999). So, if we are viewing a continuous jet of Ho
II X-1, then SS433 is a better analogue than GRS1915+105. To alter
the picture, we note that simulations by Goodall, Blundell & Bell
Burnell (2011) suggest the need of intermittency in the jet activity
and a jet lifetime of ∼1600 yr for SS433 to perturb its SNR. Despite
there are many similarities between all of these sources in radio,
their time-dependent X-ray behaviour needs more investigation. In
general, it is difficult to determine the presence of any recurrent ac-
tivity as signatures of past activity may gradually get diffused away,
precluding us from observing multiple phases of renewed activity.

However, due to the long synchrotron cooling time, the radio bub-
ble of Ho II X-1 possibly preserved any past radio activity. This may
allow us to constrain the active lifetime of the source. The minimum
total energy stored in the radio bubble is E = 2.6 × 1049 erg, as-
suming no proton acceleration (Miller et al. 2005; Cseh et al. 2012).
So, with a time-averaged total jet power of Qj = 2.1 × 1039 erg s−1,
this energy can be deposited into the environment over a time-scale
of t = E

Qj
= 390 yr. This suggests a relatively short active lifetime

of the source.
Our results strengthen the view that physical properties of accre-

tion and ejection are scale invariant over a possibly homogeneously
populated BH mass range. Future studies may confirm a distinct
formation channel of massive stellar-mass BHs, that are possibly
caught for a short active time and evolve fast in environments akin
to early cosmological conditions.
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Table 1
Summary of Observations

Source Instrument Configuration Central On-source Observation Flux
Frequency Time Date

IC 342 X-1 VLA B 4.8 GHz 3.2 h 2007 Dec 6 2.0 ± 0.1 mJy
IC 342 X-1 VLA C 4.8 GHz 3.2 h 2008 Apr 25 a

Ho II X-1 VLA B 4.8 GHz 3.2 h 2007 Dec 8 613 ± 61 µJy
Ho II X-1 VLA C 8.5 GHz 3.2 h 2008 Apr 21 395 ± 40 µJy

NGC 5408 X-1 ATCA 6D 5.5 GHz 12 h 2009 Aug 23 226 ± 33 µJy
NGC 5408 X-1 ATCA 6D 9 GHz 12 h 2009 Aug 23 137 ± 36 µJy
NGC 5408 X-1 ATCA 6D 17.9 GHz 12 h 2009 Aug 23 76 ± 20 µJy

NGC 5408 X-1 ESO VLT . . . 575–731 nm 0.7 h 2010 Apr 12 . . .

IC 342 X-1 EVN . . . 1.6 GHz 12 h 2011 Jun 15 !21 µJyb

IC 342 X-1 Swift/XRT PC 0.3–10 keV 9.4 ks 2011 Jun 15 2.67c

Notes.
a B and C configuration data were combined.
b 3σ upper limit.
c Unabsorbed flux in units of 10−12 erg cm−2 s−1.

et al. (2006), Soria et al. (2006b), and Mezcua & Lobanov
(2010).

The X-ray spectra of ULXs share some similar properties with
the canonical black hole states of Galactic black hole binaries
(GBHBs; Kaaret & Feng 2009; Soria 2011). A number of ULXs
show state transitions (Kubota et al. 2001; Feng & Kaaret 2006,
2009; Godet et al. 2009; Grisé et al. 2010; Servillat 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.

In this paper, we 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 NGC 5408. In addition,
we present discovery of a radio nebula associated with IC 342
X-1. In Section 2, we describe observations, data analysis, and
results. The energetics of the optical and radio nebulae and the
jet properties of IC 342 X-1 are investigated in Section 3. In
Section 4, we briefly summarize our results.

2. OBSERVATIONS, ANALYSIS, AND RESULTS

2.1. VLA Observations of IC 342 X-1 and Ho II X-1

Observations of IC 342 X-1 and Ho II X-1 were carried out
using the C- and B-array configurations of the Very Large Array
(VLA) of the National Radio Astronomy Observatory (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 between 0 and −2 to bring out the fine-
scale radio emission and parameters that are identified in image
captions.

2.1.1. Radio Detection of IC 342 X-1

Figure 1 shows the 5 GHz VLA B- and C-array combined
image of IC 342 X-1 with Robust = 0 weighting overlaid on the
Hα Hubble Space Telescope (HST) image of Feng & Kaaret
(2008). Extended radio emission is present surrounding the
position of IC 342 X-1. Diffuse emission is detected at up to

IC342 X-1

> <

Figure 1. VLA 5 GHz image of IC 342 X-1 overlaid on the Hα 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 P.A. = −13◦

and the image was made with Robust = 0 weighting. The sign “><” marks the
X-ray position of the ULX.
(A color version of this figure is available in the online journal.)

the 10σ level with a 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 = νLν . 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 Hα 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 2 illustrates a more uniformly weighted image of the
5 GHz radio emission surrounding IC 342 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 toward the NE of the ULX
and is coincident with the strongest Hα emission. The radio

2

Holmberg II X-1 (Cseh et al. 2014) (Cseh et al. 2012)
Radio  + HeII 4686 Radio  + Hα

S26 (Pakull et al. 2010)
X-ray + Hα



Expanding Power of Bubbles

• Self-similar expansion law gives (Weaver+’77; Kaiser & 
Alexander ’97) 

• The characteristic age: 

• The time-average kinetic power of the bubble: 

Rb ⇡ 0.76(Pkin/µmpngas)
1/5t3/5

⌧ = 3Rb/5vs ⇠ 4.9⇥ 104Rb,20.8v
�1
s,7.1 yr

Pkin ⇡ 18µmpngasR
2
bv

3
s ⇠ 3.6⇥ 1040R2

b,20.8v
3
s,7.1ngas,0.5 erg s�1

1040 erg/s power is available.



Shock Condition
• Downstream temperature  

• Radiative cooling time scale (Draine ‘11) 

➡Radiative shock 

• Ionized fraction strongly depends on the shock velocity 
(Shull & McKee ’79; Hollenbach & McKee ’89, Lee+’15) 

• Ion-neutral collisions will hamper particle acc.

trad ⇠ 1.4⇥ 103n�1
gas,0.5v

17/5
s,7.1 yr

Td ⇠ 2.0⇥ 105v2s,7.1 K

the CR streaming instability in the shock precursor is inefficient
in the case of pure re-acceleration of Galactic CRs, so that
energy loss of the re-accelerating electrons via synchrotron
radiation is slow in the immediate downstream region.
However, synchrotron losses can be much faster further
downstream when a highly compressed B-field is present in
the radiatively cooled dense shell formed behind the cloud
shock.

In this model, the precursor of a radiative shock with
v 120sk ⩾ km s−1 approaches full ionization by photoioniza-
tion, and wave damping through ion-neutral collisions is
ineffective, so no break in the diffusion coefficient and the CR
spectra appears. At lowest velocities, f 1ion ≪ and the ion-
neutral collision frequency inν in the precursor is small, hence
wave damping becomes less efficient and the break momentum
pbr can rise again according to Equation (9). Therefore, pmax
does not scale trivially as a simple power of vsk in this velocity
regime. For parameters adopted in this example, a minimum for
pbr is reached at v 100sk ≈ km s−1 where there is a comparable
concentration of ions and neutrals in the pre-shock gas.
However, we note that this semi-analytic result is obtained by
considering steady shocks only, and can be modified if detailed
wave–particle and particle–particle interactions are self-con-
sistently followed for a time-evolving radiative shock, which is
beyond the scope of this paper.

2.4. Shock Hydrodynamics in a Dense Medium

Using the re-acceleration model as an example, we can first
look at the general hydrodynamical behavior of a cloud shock
just before and after its transition into the radiative phase. Here
and throughout this work, we adopt a distance d 2.9SNR = kpc
to the SNR, a final SNR radius R 12.5SNR = pc, an ambient gas
density n 2000 = cm−3, magnetic field B 250 = μG, and pre-
shock temperature T 100

4= K. The pre-shock density chosen is
typical of the molecular shocks at SNR W44 which are most

probably responsible for producing the bright radio synchrotron
filaments (Reach et al. 2005; Yoshiike et al. 2013).
The evolution of the shock hydrodynamics in the dense

uniform medium is followed up to a time tc.
8 Time snapshots of

the profiles of hydrodynamic variables including total gas
density n, temperature T, magnetic field strength B and gas
velocity v are shown in Figure 2 until the shock has just started
to become radiative. When the shock decelerates quickly with
time in the dense medium and the post-shock gas temperature
drops to around a few 105 K, radiative cooling becomes
important. An enhancement of density and B-field with time
due to rapid compression can be observed. A cool dense shell
forms behind the shock which is pushed forward by a faster and
hotter interior heated up earlier by a stronger shock in the past.
In this phase, the dynamics approaches that of a pressure-
driven blastwave. The cool shell is eventually dominated by
and supported against further collapse by non-thermal
pressures, as is known to be the case at radiative filaments in
some remnants such as Cygnus Loop (Raymond et al. 1988).
The formation of the dense cool shell can happen at a time
somewhat later than t1 tr due to the inclusion of thermal
conduction which redistributes heat to slow down the cooling
process. After the beginning of the transition, the cloud shock
shows large oscillations in velocity for a few cycles due to
thermal instability (Figure 2, bottom panel), as mentioned in
Section 2.1. The instability subsides and the oscillations are
damped after the mean shock speed becomes lower than
∼120 km s−1.

3. RESULTS

In this section, we consider a system where the SN explosion
occurred in a wind cavity in the past and the blast wave
eventually hit a surrounding molecular cloud. We follow the
dynamics of the transmitted cloud shock and calculate the

Figure 1. (a) Spectra of re-accelerated Galactic CR at a steady cloud shock of velocities v 120sk < km s−1. Here, the ambient magnetic field B μ25 G0 = and T 100
4=

K in the shock precursor. The precursor ion fraction fion is estimated according to Hollenbach & McKee (1989) which changes the break momentum pbr of the re-
accelerated particles. The dashed lines show the ambient spectra of the CRs before re-acceleration. The upper thick and lower thin lines correspond to protons and
electrons respectively. (b) Variation of escape-limited maximum momentum pmax, break momentum pbr and precursor ion fraction fion with shock velocity vsk in
correspondence with the spectra shown in panel (a).

8 Note that this “cloud shock time” tc is counted from the penetration of the
blastwave into the cloud, so it is smaller than the actual age of the SNR.
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Gamma-ray production

• The maximum cosmic-ray energy 

• ULXs are known to be associated with 
star forming regions (Swartz+’09) 

• ngas ~ 1-10 cm-3 (Hunt & Hirashita ‘09) 

• Hadronuclear interaction efficiency

E
cr,max

⇠ 1.3⇥ 102⌘
0

n1/2
gas,0.5vs,7.1Rb,20.8 TeV

fpp ⇠ 0.28Rb,20.8v
�1
s,7.1ngas,0.5

1332 L. K. Hunt and H. Hirashita: The size-density relation of extragalactic H II regions

Fig. 2. Densities ne vs. size (diameter) of the six H II-region samples.
The extragalactic radio sample (except for M 33 and I Zw 18) is shown
by filled (red) triangles; (the radio data for) I Zw 18 by a filled blue trian-
gle; M 33 by open (blue) squares; the Garay & Lizano (1999) sample by
(green) ×; the LMC/SMC by (black) open stars; the Kim & Koo (2001)
sample by (cyan) +; the Kennicutt (1984) sample by open (cyan) trian-
gles; the HST sample by open (red and blue) circles, except for I Zw 18
which is shown by a filled (blue) circle. SBS 0035−052 has been ex-
cluded from our HST sample because it is unresolved. The large rectan-
gle shows the range of sizes and densities for the SSCs in the Antennae
galaxies (Gilbert & Graham 2007). Root-mean-square densities ⟨ne⟩
( cm−3) are shown for the HST sample, with sizes and ⟨ne⟩ calculated
as described in the text. The red circles have [S II]-inferred densities of
!125 cm−3, and blue circles "125 cm−3. The regression lines are unit
slopes (the same as the best fit, to within the errors) with intercepts
of 2.8, 3.5, and 4.4. A factor-of-two error bar is shown in the lower left
corner.

spiral disks. The correlation of size and density in the HST sam-
ple alone is highly significant; with a parametric correlation co-
efficient r = −0.66, the (one-tailed) significance level is !99.8%.

3.1. Emission measure and density systematics

All the densities in the size-density relation presented here are
derived from the EM of either free-free radio emission or hy-
drogen recombination lines in the optical. Because EM∝ D, we
might expect the size-density relation to result from constant EM
over a sample, combined with a constant luminosity as in the
Strömgren argument. The first would result in ⟨ne⟩ ∝ D−1/2, and
the second would give ⟨ne⟩ ∝ D−3/2; combining the effects would
tend to flatten the slope from the Strömgren relation.

However, we can exclude this as the reason for the unit
slope in the data presented above, and in previous work by other
groups. The EMs in the Galactic radio samples vary by more
than four orders of magnitude; the same is true for the optically-
inferred EMs in the HST sample. This would refute the hypoth-
esis of a constant EM. Moreover, we have verified that the den-
sities inferred from the S II lines for the HST sample are also
correlated with the size D. These optical measurements are in-
dependent of the EM inferred from the hydrogen lines, and thus
should provide a robust check of systematics. Because the sulfur
lines do not probe densities significantly below ∼100 cm−3, we

exclude S II densities with values <50 cm−3, and find a correla-
tion coefficient of r = −0.46. This is a weaker correlation than
the one with rms densities ⟨ne⟩, but still significant at the 96%
level. Since the S II densities are independent of the emission
measure, we conclude that the size-density relation is not spuri-
ously induced by the method used to infer rms electron densities.

3.2. Scale-free star formation

The power-law size-density relation of H II regions suggests that
massive star formation is self-similar, that is, there is no charac-
teristic scale of star formation. This scale-free nature was already
noted by Larson (1981) who found an approximately unit slope
between the rms H2 volume density and the size of molecular
clouds: ⟨n(H2)⟩(cm−3) = 3400 L (pc)−1.1. Kim & Koo (2001)
found a similar relation relating Galactic H II region density and
size, and argued that it reflects a variation of the ambient den-
sity, rather than an evolutionary effect. Indeed, the similarity of
the size-density trend for molecular clouds and H II regions sug-
gests that the star-formation processes retain an imprint from the
molecular environment in which they take place.

This scale-free nature of H II regions is also supported by
the data presented here. Three BCDs, He 2−10, SBS 0335−052,
and II Zw 40, host both ultra-dense radio nebulae (see Table 1),
and optically-visible H II regions (see Table 2). All these data
follow the same size-density relation, but with different offsets.
This implies that when the same regions are probed with longer
dust-penetrating wavelengths and higher spatial resolution, they
turn out to be denser and smaller, but with the same size-density
relation as for the larger complexes. H II regions and hierarchical
star formation will be discussed further in Sect. 7.4.

4. Static models

First, we interpret the size-density relation of the H II regions
compiled in Sect. 2 by using simple theoretical arguments. In
particular, we relate the size and density of H II regions for an
ionizing point source embedded in a uniform and static medium
with constant Ṅion. In such a situation, the radius of the ionized
region can be estimated by the Strömgren radius (Spitzer 1978).
We also include the effect of dust extinction, which is thought to
be important in determining the size of H II regions (e.g., Inoue
et al. 2001, A04). The models described here are static mod-
els, and assume a number of ionizing photons Ṅion constant over
time.

4.1. Size–density relation of dusty static H II regions

Here, we estimate the radius up to which the central source can
ionize in a dusty uniform medium; this radius is called the ion-
ization radius, ri. Before estimating ri, we define the Strömgren
radius, rS, as

4π
3

r3
SnenHα

(2) = Ṅion , (1)

where α(2) = 2.6 × 10−13 cm3 s−1 is the recombination coeffi-
cient3 excluding captures to the ground (n = 1) level (Case B),

3 This value is for a gas temperature of T = 10 000 K (Spitzer 1978;
Osterbrock & Ferland 2006). If we adopt T = 8000 K and 20 000 K,
we find α(2) = 3.1 × 10−13 and 1.4 × 10−13 cm3 s−1, respectively. The
temperature dependence of α(2) does not change our conclusions as long
as we assume a typical gas temperature ∼10 000 K in H II regions.

Hunt & Hirashita ‘09



Expected Gamma-ray Spectra

• Assuming 10% of kinetic energy goes into particle acc. 

• Microquasar nebula S26 would be a good target for CTA
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Emission in Galaxies
• Host galaxy of S26 would 

have comparable gamma-
ray flux for ngas = 1 cm-3 

• S26 is ~3’ away from the 
nucleus
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Figure 3. Top panel: gamma-ray luminosity (0.1–100 GeV) vs. RC luminosity
at 1.4 GHz. Galaxies significantly detected by the LAT are indicated with filled
symbols whereas galaxies with gamma-ray flux upper limits (95% confidence
level) are marked with open symbols. Galaxies hosting Swift-BAT AGNs are
shown with square markers. RC luminosity uncertainties for the non-detected
galaxies are omitted for clarity, but are typically less than 5% at a fixed distance.
The upper abscissa indicates SFR estimated from the RC luminosity according to
Equation (2) (Yun et al. 2001). The best-fit power-law relation obtained using the
EM algorithm is shown by the red solid line along with the fit uncertainty (darker
shaded region), and intrinsic dispersion around the fitted relation (lighter shaded
region). The dashed red line represents the expected gamma-ray luminosity
in the calorimetric limit assuming an average CR luminosity per supernova
of ESN η = 1050 erg (see Section 5.1). Bottom panel: ratio of gamma-ray
luminosity (0.1–100 GeV) to RC luminosity at 1.4 GHz.
(A color version of this figure is available in the online journal.)

Although these three SFR estimators are intrinsically linked,
each explores a different stage of stellar evolution and is
subject to different astrophysical and observational systematic
uncertainties.

Figures 3 and 4 compare the gamma-ray luminosities of
galaxies in our sample to their differential luminosities at
1.4 GHz, and total IR luminosities (8–1000 µm), respectively.

) (Lmµ8-1000 L

810 910 1010 1110 1210

)
-1

 (e
rg

 s
0.

1-
10

0 
G

eV
L

3710

3810

3910

4010

4110

4210

4310

)-1 yrSFR (M
-210 -110 1 10 210 310

M33

M31

SMC

NGC 6946

Milky Way

M82

M83

Arp 220

NGC 4945

IC 342

NGC 253

NGC 1068

NGC 2146

LMC

LAT Non-detected (Upper Limit)

LAT Non-detected with AGN (Upper Limit)

LAT Detected
LAT Detected with AGN

Best-fit
Fit Uncertainty
Dispersion

Calorimetric Limit
 erg)50 = 10η 

SN
(E

) (Lmµ8-1000 L

810 910 1010 1110 1210

)-1
 (e

rg
 s

0.
1-

10
0 

G
eV

L

3710

3810

3910

4010

4110

4210

4310

) (Lmµ8-1000 L

810 910 1010 1110 1210

mµ
8-

10
00

 
 / 

L
0.

1-
10

0 
G

eV
L

-510

-410

-310

-210

-110

)-1 yrSFR (M
-210 -110 1 10 210 310

M33

M31
SMC

NGC 6946

Milky Way

M82

M83

Arp 220

NGC 4945

IC 342

NGC 253 NGC 1068

NGC 2146

LMC

LAT Non-detected (Upper Limit)

LAT Non-detected with AGN (Upper Limit)

LAT Detected
LAT Detected with AGN

Best-fit
Fit Uncertainty
Dispersion

Calorimetric Limit
 erg)50 = 10η 

SN
(E

) (Lmµ8-1000 L

810 910 1010 1110 1210

mµ
8-

10
00

 
 / 

L
0.

1-
10

0 
G

eV
L

-510

-410

-310

-210

-110

Figure 4. Same as Figure 3, but showing gamma-ray luminosity (0.1–100 GeV)
vs. total IR luminosity (8–1000 µm). IR luminosity uncertainties for the non-
detected galaxies are omitted for clarity, but are typically ∼0.06 dex. The
upper abscissa indicates SFR estimated from the IR luminosity according to
Equation (1) (Kennicutt 1998b).
(A color version of this figure is available in the online journal.)

A second abscissa axis has been drawn on each figure to
indicate the estimated SFR corresponding to either RC or total
IR luminosity using Equations (2) and (1). The upper panels
of Figures 3 and 4 directly compare luminosities between
wavebands, whereas the lower panels compare luminosity ratios.
Taken at face value, the two figures show a clear positive
correlation between gamma-ray luminosity and SFR, as has
been reported previously in LAT data (see in this context Abdo
et al. 2010b). However, sample selection effects, and galaxies
not yet detected in gamma rays must be taken into account to
properly determine the significance of the apparent correlations.

We test the significances of multiwavelength correlations
using the modified Kendall τ rank correlation test proposed by
Akritas & Siebert (1996). This method is an example of “survival
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yielding valuable information about the dark sector. No hints of
a DM detection have been claimed up to now using the EGB.
However, competitive limits on the DM annihilation cross
section have been derived in several studies relying on the EGB
intensity (e.g., Abdo et al. 2010a; Bringmann et al. 2014;
Cholis et al. 2014) or the anisotropy level (Gómez-Vargas
et al. 2014).

Here, we use the main result of this analysis—that most of
the EGB emission is produced by known source classes—to
constrain the DM annihilation cross section. We rule out DM
models that, together with point-like sources, overproduce the
EGB emission at T⩾2 level. This is achieved by defining
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where the sum runs over the N bins of the EGB spectrum.
F F F, ,i i AST RO i,EGB , ,DM are the intensities of the EGB, point-like
sources, and DM,  is a renormalization constant of the
nominal integrated source intensity and T �

T� §F/ ,i ASTRO i ASTRO, , its average uncertainty. In Equation (13),
Ti is the sum (in quadrature) of the uncertainty on the
unresolved EGB and the systematic uncertainty on the Galactic
foreground (AC14). We use the uncertainties on the unresolved
EGB because the uncertainties on the resolved source intensity
are already taken into account in T . The 2T limits are found
when the DM signal worsens the D ⩾by 42 with respect to the
optimized D2 with a free DM signal normalization (and a free
). Following Ackermann et al. (2014b), predictions of the
cosmological annihilation signal were obtained using both the
halo model (Ullio et al. 2002; Fornasa et al. 2013) and the
power spectrum approach (Serpico et al. 2012; Sefusatti et al.
2014). Though Equation (13) neglects bin-to-bin correlations,
we verified that our DM limits are within 10% of those
obtained if we adopt the foreground model (from AC14) that
gives the most conservative upper limit for each DM signal.
An example of a ruled-out DM signal is reported in Figure 3,

while Figure 4 shows the limits for DM annihilating to
U U� �bb̄ and channels, including their uncertainties due to the

level of subhalos in our Galaxy and in all DM halos (Sánchez-
Conde & Prada 2014; Ackermann et al. 2014b). Our limits are
compared to the conservative and sensitivity-reach limits
reported in Ackermann et al. (2014b). The former assumes
that the unresolved EGB is entirely due to DM annihilations,

Figure 3. Top panel: integrated emission of blazars (with and without EBL
absorption), compared to the intensity of the EGB (data points from AC14).
Lower panel: as above, but including also the emission from star-forming
galaxies (gray band; Ackermann et al. 2012b) and radio galaxies (black striped
band; Inoue 2011) as well as the sum of all non-exotic components (yellow
band). An example of DM-induced γ-ray signal ruled out by our analysis is
shown by the solid pink line and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as
the ratio of the summed contribution to the EGB spectrum, as a function of
energy as well as the uncertainty due to the foreground emission models
(see AC14).

Figure 4. Upper limits on the self-annihilation cross section for the bb̄ (top)
and U U� � (bottom) channels as derived in this work (see Section 3) compared
to the conservative and sensitivity-reach limits reported in Ackermann et al.
(2014b). The blue band reflects the range of the theoretical predicted DM
signal intensities due to the uncertainties in the description of DM subhalos in
our Galaxy as well as other extragalactic halos, adopting a cutoff minimal halo
mass of 10 �

:M6 . For comparison, limits reported in the literature are also
shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).
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Cosmic Gamma-ray Background Radiation

• Blazars (YI & Totani’09; Ajello, YI+’15), Radio galaxies (YI’11), Starburst galaxies (Ackermann+’12) 

• 60-70 % of the cosmic gamma-ray background is not resolved yet (Ackermann+’14). 

• ULX bubbles would contribute to ~7 % of the unresolved background flux.

Ajello, YI, +’15



Neutrino Production?

• A factor of ~10 sensitive neutrino detectors will be able to see the object. 

• But, contamination of host galaxies would be significant.
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Summary

• Microquasar/ULX bubbles are efficient cosmic-ray 
accelerators. 

• Especially, the bubbles of S26 will a good target for future 
CTA observations. 

• Host galaxy contamination can be removed by CTA’s 
angular resolution. 

• These bubbles would make up ~7% of the unresolved 
gamma-ray background. 

• ULX workshop @ ISAS, 2017/3/6-7



Evidence of ULX Jets?

• ULX jets are not 
established yet. 

• Possible synchrotron 
self-absorption (SSA) 
feature is discovered for 
Hol IX X-1 (Dudik+’16). 

• or, circumbinary disk?

mechanisms. We note that some fraction of the IR emission
will also result from contamination from the bubble nebula.
Grisé et al. (2011) found some red excess in the I band based
on the stellar model fits to the HST data. However, the HST
images from this study suggest that the I-band emission is not
coming from nebular contamination, especially in the central
location (Grisé et al. 2011). In addition, the H band fits the
stellar continuum very well and does not show a similar excess.
We explore the three remaining options for the excess below.

Heated Dust Shell: Emission from a heated dust shell is one
explanation for the IR excess seen in HoIX X-1. Rahoui et al.
(2010) found evidence for a dust component with temperature

∼400 K from the Galactic X-ray binary GRS 1915+105. GRS
1915+105 is a microquasar that has a red giant as a donor
(Greiner et al. 2001). Rahoui et al. (2010) suggest that the dust
component could be related to the dusty shell often found
surrounding red giants. We fit a spherical blackbody model to
the HoIX X-1 IRAC data. This blackbody, shown in Figure 2,
gives a dust temperature of ∼1100 K and a radius of ∼1400Re.
However, the fit is quite poor, the cn

2 being much greater than
2, thereby precluding error estimates for the parameters. The
dust temperature is normal for dusty shells around red giants;
however, if the companion star is a blue supergiant, as the
optical HST data suggest, it is unlikely to be surrounded by

Table 2
Spectral Fits

Model NH kTin Γ/τe Rin kTe cn
2 log L

(1021 cm−2) (keV) (103 km) (keV) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8)

X-ray + Optical

DISKIR obs 1 2.3±0.3 0.11±0.02 1.82±0.03 -
+90.2 0.3

13.7
-
+3.5 0.8

0.9 1.41/132 40.3
DISKIR obs 2 -

+2.45 0.22
0.06 0.13±0.01 1.61±0.02 -

+80.3 0.2
18.9

-
+1.59 0.07

0.08 1.45/144 40.6

X-ray Only

SIRF obs 1 2.35±0.07 -
+2.1 0.2

0.3 L 0.49±0.07 L 1.27/131 40.3
SIRF obs 2 -

+2.8 0.1
0.2

-
+1.25 0.06

0.07 L 0.66±0.03 L 1.19/143 40.6
MCD+COMPTT obs 1 -

+1.4 0.4
0.8

-
+0.22 0.05

0.07
-
+7 5

1 <26.4 -
+2.9 0.6

0.9 1.23/129 40.2
MCD+COMPTT obs 2 -

+1.6 0.3
0.2 0.7±0.2 -

+12 5
6

-
+4.6 3.5

10 1.7±0.2 1.21/141 40.4

Note. Errors are limits indicating the 1σ confidence regions. Columns: (1) X-ray model, as described in Section 3.1. (2) Intrinsic hydrogen column density. (3) Inner
disk temperature. (4) Photon index for the DISKIR model and the optical depth of the Comptonizing component for the MCD+CompTT model. (5) Inner disk radius
for the accretion disk. For the DISKIR and MCD+COMPTT models these were calculated using the normalization. For the SIRF model they were estimated using the
“spherization radius” (see Abolmasov et al. 2009) and the luminosity. See Section 3.1 for more details. (6) Electron temperature. (7) Reduced χ2 values for the fit and
the number of degrees of freedom. (8) Unabsorbed (intrinsic) luminosities between 0.3 and 10 keV.

Figure 2. SED constructed in Section 3. The HST data are taken from Grisé et al. (2011), the XMM OM UV data from Berghea & Dudik (2012). The two
representative X-ray data sets (XMM-Newton data sets 0112521101 and 0693851701 shown as obs 1 in blue and obs 2 in green, respectively) are taken from Luangtip
et al. (2016). Error bars are 1σ.
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MWL Spectrum of Hol IX X-1 from Jet

• Assuming SSA, B ~ 3.4 x 
104 G & Rb ~ 1.6 x 109 cm 

• Similar to Galactic X-ray 
binaries (e.g. Tanaka, YI+’16 for 
V404 Cyg) 

• location r > 2 Rb 

• ~1000 rs for 10 Msun 

• 10 rs for 1000 Msun
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ULX Luminosity Function

• A simple power-law (γ~1.6) + cutoff (1040 erg/s) 

• Various studies are consistent (e.g. Grimm+’03, Swartz+’11,Walton+’11,Mineo+’12). 

• Swartz+’11 provides a ULX LF from a complete sample in the volume of 6100 Mpc3. 

• By setting Eddington ratio, we can convert ULX LF to ULX BH mass function. 

HMXBs in star-forming galaxies 2103

Figure 3. The SFR–M⋆ plane. Different types of galaxies are plotted with
different symbols. The dashed lines correspond to constant stellar-mass-to-
SFR ratio.

values for individual galaxies are difficult to determine and there-
fore average values are usually used. We use the results of Hirashita
et al. (2003):

η ≈
{

0.4 for normal disk galaxies,
0 for starbursts.

(12)

To be consistent with Hirashita et al. (2003), we use the atlas of
Kinney et al. (1993) to classify the objects of our sample as starbursts
or normal star-forming galaxies and use the appropriate value of η

in computing the SFR. This definition is similar, but not identical
to that used by Bell (2003) (η ∼ 0.32 for galaxies having LIR >

1011 L⊙ and η ∼ 0.09 for galaxies having LIR ≤ 1011 L⊙).
For each of the three galaxies with no UV data available (see

Section 5.3), we determined the average value of the LNUV,obs/LIR

ratio for galaxies of similar Hubble type and inclination. We ob-
tained values in the range 0.08–0.4. This ratio was used to estimate
LNUV,obs from LIR and then equation (9) was applied.

The SFRs for CDF-N galaxies were computed based on their
1.4-GHz luminosities and the calibration of Bell (2003):

SFR(M⊙ yr−1) = 5.55 × 10−29L1.4 GHz(erg s−1). (13)

In Fig. 3 we present two samples of star-forming galaxies in the
SFR–M⋆ plane.

7 TH E L U M I N O S I T Y F U N C T I O N O F H M X B S

Fig. 4 shows cumulative luminosity distributions for all galaxies
from the primary sample, normalized to their respective SFRs. It
is apparent that although the shapes of the distributions are simi-
lar, there is a considerable dispersion in their normalization. Their
amplitude and significance will be discussed later in this section.

7.1 Average XLF of HMXBs

We construct the average luminosity function combining the data
for all resolved galaxies. It includes over 700 compact sources. An
intuitive and straightforward method would be to bin the sources

Figure 4. Cumulative X-ray luminosity functions of galaxies from the pri-
mary sample, normalized by their respective SFRs. The solid line is the
cumulative XLF per unit SFR, given by integration of equation (18).

into e.g. logarithmically spaced bins and normalize the result by the
sum of the SFR of all galaxies contributing to the given luminosity
bins. The latter step is required to account for the fact that different
galaxies have different point-source detection sensitivity. However,
because of the considerable dispersion in the normalization (Fig. 4),
the luminosity function thus computed may have a number of ar-
tificial steps and features at the luminosities corresponding to the
luminosity limits of particular galaxies. In order to deal with this
problem, we used the following method.

Considering that there is much larger dispersion in normalization
than in the shape of the XLF in individual galaxies, we write for the
luminosity distribution in the kth galaxy
(

dN

dL

)

k

= ξk SFRk f (L), (14)

where SFRk is the star-formation rate in the kth galaxy, ξ k the XLF
normalization and the function f (L) describes the XLF shape, as-
sumed to be same in all galaxies, which we would like to determine.
The number of sources in the jth luminosity bin, $N(Lj), is

$N (Lj ) =
∑

k

$Nk(Lj ) = f (Lj ) $Lj

∑

k

SFRkξk, (15)

where $Nk(Lj) is the CXB-subtracted number of compact sources in
the kth galaxy in the jth luminosity bin and summation is performed
over all galaxies of the sample. The f (L) can be determined as

f (Lj ) = 1
$Lj

∑
k $Nk∑

k SFRk ξk

. (16)

For a power-law luminosity function f (L) = L−γ , the ξ k are
calculated as

ξk = 1 − γ

SFRk

Nk(> Lth,k) − NCXB(> Fth,k)

(L−γ+1
th,k − L

−γ+1
cut )

, (17)

where Lth,k is the sensitivity limit for the kth galaxy, Nk( > Lth,k) is
the number of sources detected above this sensitivity limit, NCXB(
> Fth,k) is the predicted number of resolved CXB sources above the
corresponding flux limit Fth,k = Lth,k/4πD2

k and Lcut is the high-
luminosity cut-off of the XLF. As is obvious from equations (16)
and (17), the f (L) computed is independent of SFRk.

C⃝ 2011 The Authors, MNRAS 419, 2095–2115
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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XRB LF in each galaxy ULX LF in the local Universe
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Figure 6. Cumulative (upper panels) and differential (lower panels) ULX luminosity functions using the luminosities estimated from spectral fitting (left panels)
and luminosities estimated from the detected number of counts (right panels). Two models were applied in all cases, a power law with an exponential cutoff,
CL−α1

X exp(−LX/Lc), and a pure power-law model, CL−α1
X . See Table 2 for model fit parameters.

(A color version of this figure is available in the online journal.)

(Table 2), dN/dLcts = 1.79 ± 0.48SFRL−2.0
cts where Lcts is in

units of 1039 erg s−1. Scaling Equation (6) of Grimm et al.
(2003) to the same luminosity normalization and accounting for
the narrower bandpass, 2–10 keV, over which they estimated
luminosities result in an equivalent dN/dL = 0.6SFRL−1.6

cts
for L < Lc = 21.0 which indicates that our present census
contains roughly twice the number of ULX candidates per unit
SFR compared to Grimm et al. (2003). However, we note that
applying our FIR-based estimate of the SFR (Section 3.1) to
the galaxy sample used to derive Equation (6) of Grimm et al.
(2003) results in a 30% reduction in the total SFR compared to
their adopted value. This accounts for much of the discrepancy
between these two results and suggests that they are roughly
consistent.

5. DISCUSSION

A sample of galaxies with known selection criteria has been
constructed in order to better quantify the local population of
ULX sources and to refine our understanding of the relationships
between ULXs, their environments, and other X-ray sources.

We have shown that the sample of galaxies is essentially
complete in mass and SFR within a volume of some 6100 Mpc3

and contains 107 ULX candidates. Within this volume, there is
1 ULX per 3.2 × 1010 M⊙ and 1 ULX per 0.28ϵ M⊙ yr−1 SFR
where ϵ ∼ 1.7.

The ULX number density per unit mass and SFR of their host
galaxies are consistent with the extrapolation of the luminosity
function of ordinary X-ray binaries (Grimm et al. 2003; Gilfanov
2004). This suggests that most black hole X-ray binaries with
luminosities above and below 1039 erg s−1 originate through
similar stellar and binary evolution processes. The ULX subclass
is consistent with being the extreme end of this distribution,
perhaps in terms of accretion rate and the black hole mass (which
can be as high as 80 M⊙ in metal-poor environments; Belczynski
et al. 2010). If this is the case, then the onset and duration of
the bright X-ray phase in ULXs would also be subject to the
same constraints as in ordinary X-ray binaries with the donor
star expanding to fill its Roche lobe.

Because of the completeness of the current sample, we can
extrapolate the results to somewhat larger volumes to predict
properties of the expected population of ULXs more generally.
Of particular interest are those objects that are missed in the
current sample because they are too rare to appear within random
small volumes, namely the very luminous ULXs of which a
handful have been recently reported (e.g., Sutton et al. 2011;
Farrell et al. 2009).

As luminosity is the defining characteristic of ULXs, the ULX
luminosity function can be used to quantify if, indeed, there ex-
ists another class of rare high-luminosity objects unrelated to
the general ULX population. We can analytically extrapolate
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ULX Lifetime
• Binary models predict X-ray activity 

time scale tULX~0.1 Myr for high mass 
X-ray binary systems (Mineo+’12).  

• ULXs are known to be associated 
with stellar clusters (Grisé+’11, Poutanen+’13) 

• the age of those clusters are <~5 
Myr (Grisé+’11, Poutanen+’13)

Ultraluminous X-ray sources in the Antennae galaxies 507

very effectively ejected from the clusters by few-body encounters
at the initial stages of the cluster formation (Poveda, Ruiz & Allen
1967; Heggie 1975; Mikkola 1983; Moeckel & Bate 2010; Pflamm-
Altenburg & Kroupa 2010; Mapelli et al. 2011). Also the supernova
(SN) explosions can eject massive binaries (Zwicky 1957; Blaauw
1961; Shklovskii 1976; Woosley 1987; Cordes & Chernoff 1998;
van den Heuvel et al. 2000), but probably with lower velocities and
at a later stage of cluster evolution, when the massive stars had time
to evolve.

Thus, the distribution of the X-ray sources around stellar clusters
as well as the cluster age can give us a clue on the nature of ULXs
and on the ejection mechanism. Kaaret et al. (2004) have found that
bright X-ray sources (1036 < LX < 1039 erg s−1) in three starburst
galaxies are preferentially located near the star clusters, but not
within them. In a search for optical counterparts of 44 ULXs in
26 nearby galaxies, Ptak et al. (2006) have found that 28 of them
have potential optical counterparts within 2σ error circles and 10 of
those have multiple counterparts. Their astrometric accuracy varied
in the range 0.3–1.7 arcsec depending on the object and the method
(the best accuracy was achieved for half of the galaxies which have
an active nuclei in the centre).

The colliding star-forming Antennae galaxies constitute an obvi-
ous target for a detailed study of the separation between the X-ray
sources and clusters, because they contain a couple of dozens bright
X-ray sources (Zezas et al. 2006) and a thousand catalogued clusters
(Whitmore & Schweizer 1995). Zezas et al. (2002b) have noticed
that most of the brightest X-ray sources are displaced from the
neighbouring star clusters. However, their absolute astrometry has
an ∼1.5 arcsec error (∼160 pc); therefore, they could not possibly
measure displacements smaller than that and prove unambiguously

an association between the X-ray sources and clusters. Thus, the
question about the association of the X-ray sources and clusters
remains open.

The aim of this paper is to determine the distances between
the brightest X-ray sources and the stellar clusters in the Anten-
nae galaxies using an accurate astrometric solution (with error <

0.3 arcsec). We find significant displacement between the ULXs
and the clusters as well as a highly significant association between
them. We also estimate the ages of the stellar clusters. This allows
us to determine the minimum masses of the ULX progenitors.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

2.1 X-ray source sample

The X-ray sources in the Antennae galaxies, NGC 4038/NGC 4039
(see Fig. 1), were surveyed by Zezas et al. (2002a, 2006) and Swartz
et al. (2004). From the catalogue of Zezas et al. (2002a), we have
selected sources situated in the main bodies of the galaxies to re-
duce the chance that they are background or foreground sources. We
restrict the sample to those having more than 45 counts, which guar-
anties high accuracy of the coordinates. We then further down select
the sources, which have average absorption corrected 0.1–10 keV
luminosities in excess of 2.75 × 1038 erg s−1 as estimated by Zezas
et al. (2006) assuming a power-law spectrum with photon index
" = 1.7 and the Galactic line-of-sight hydrogen column density
NH = 3.4 × 1020 cm−2 (Stark et al. 1992). These luminosities were
recomputed for the distance to the Antennae galaxies of 22 Mpc as
recommended by Schweizer et al. (2008). This distance gives the
scale of 107 pc arcsec−1 and the distance modulus −31.71.

Figure 1. The rgb image of Antennae produced from HST/ACS images taken in FR656N (Hα, red), F435W (blue) and F550M (green) bands. NE bar length
corresponds to 5 arcsec (107 pc/1 arcsec). The VIMOS frames of the studied ULX regions together with Chandra positions (1.0 arcsec radius) are indicated in
green. The source numbers correspond to the catalogue of Zezas et al. (2002a). The VIMOS continuum images have been extracted in the ACS band F550M
and the source positions are shown by black circles of 0.3 arcsec in radius.
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Figure 7. Colour–colour diagram for the studied clusters together with the
STARBURST99 (Leitherer et al. 1999) evolutionary tracks from the Geneva
group. The tracks are for instantaneous starburst model with the Kroupa
(2001) IMF extending to 150 M⊙ for solar metallicity Z = 0.02 (solid line)
and for double-solar metallicity (dashed line). The black crosses and blue
circles on the tracks and the numbers next to them indicate the age in million
years (from 1 to 6 Myr). The arrow shows a direction of the shift due to the
interstellar extinction. The extinction corrected positions of the studied clus-
ters are shown by ellipses. They correspond to 68 per cent confidence limit
computed using Monte Carlo simulations from the combined uncertainties
in the colours and AV.

4 C LUSTER AG ES AND THE MASSES
O F U L X P RO G E N I TO R S

The VIMOS images (Fig. 1) cover practically all the ULX sources
in the Antennae galaxies. We first study the spectra of the nebulae
emission in the VIMOS fields around the clusters (see Table 1 and
Figs A2–A6). We determine the Hα/Hβ flux ratios and compare
them to the theoretical value of 2.87 corresponding to the case B
of gaseous nebulae (which is the same to within 10 per cent in a
wide range of temperatures and densities, see Osterbrock & Fer-
land 2006). This allows us to find the extinction values all over
the fields (see Table 1 and the extinction panels in Figs A2–A6).
The AV measured close the X-ray sources are in perfect agreement
with the independent estimates from the hydrogen column density
AV = 5.5 NH/1022 cm2 (Predehl & Schmitt 1995) obtained from the
Chandra spectra (see table 5 in Zezas et al. 2002a). For cluster N518
next to X-44 we do not have VIMOS images and we use the Galactic
extinction AV = 0.155, which is the minimum possible value and is
close to the maximum value consistent with the evolutionary tracks
(see below).

The dereddened U, B, V and I magnitudes for the clusters were
obtained from the WFPC2 images as described in Section 2.2. In
Fig. 7, we show the colour–colour V − I and U − B diagram with
the error contours for each cluster, which are elongated along the
vector AV. These colours are then compared to the cluster evolution
tracks from the Geneva group computed using STARBURST99 code3

3 STARBURST99 is available at http://www.stsci.edu/science/starburst99/

(Leitherer et al. 1999; Vázquez & Leitherer 2005). We consider the
instantaneous starburst model with the Kroupa (2001) initial mass
function (IMF) extending to 150 M⊙ for solar and double-solar
metallicities (see Fig. 7). The cluster next to X-11 is consistent
with the solar metallicity and those next to X-32, 35 and X-44 with
only double-solar metallicity. On the other hand, the colours of the
clusters next to X-16, 31 and 42 can be described by any metallicity
from solar to double solar, which is consistent with the range of
metallicities from 0.9 to 1.3 Z⊙ found by Bastian et al. (2009) in
their study of 16 young clusters in the Antennae. For the cluster next
to X-44, we took the Galactic extinction and increasing the value
of AV would shift the cluster even further away from the theoretical
tracks to the lower-left corner of the colour–colour diagram.

The overlap at the colour–colour diagram between the cluster
error contours and the evolutionary tracks gives us an estimate of
the cluster ages. We find that all clusters associated with the ULXs
are extremely young with the age of less than 6 Myr (see Table 3).4

For the assumed metallicity, an improved estimate for AV can be
obtained from the same overlap. Comparing thus obtained MV to
the theoretical absolute magnitude from the STARBURST99 models
(for a cluster of mass 106 M⊙), we find the cluster masses using
equation #MV = −2.5 log (Mclus/106 M⊙) (see Table 3), which
vary between 5 × 103 and 6 × 105 M⊙. For the clusters which are
consistent with both metallicities, the difference in the ages gives
us an estimate of the systematic error.

In the X-31/X-32 VIMOS image (see Fig. A4), there are also
two bright stellar complexes N455 and N418 previously studied by
Bastian et al. (2006) (named 5 and 6 there) and showing spectra
with strong Wolf–Rayet emission features. This confirms the young
age (! 4 Myr) of the clusters in that region. In Fig. A1, we present
VIMOS spectra of the clusters studied (together with spectra of the
complexes N5 and N6) demonstrating very strong hydrogen, [O III],
[Ar III] and other nebular lines, which demand strong photoionizing
continua of the clusters and confirm their young age. However, the
cluster age estimates from the photometric data are notably more
accurate than those obtained from the spectroscopy. We note that
the independent evaluation of AV from the spectra break the known
AV–age degeneracy (see e.g. Bastian et al. 2009).

The clear association of the X-ray sources both in the ULX and
sub-ULX samples with the young star clusters in the Antennae
galaxies indicates that these sources originate from the massive
binaries ejected from the star clusters. The extremely young ages
of the clusters associated with the ULXs put the lower limit on the
mass of their progenitor stars, which varies between 30 and 110 M⊙
according to the Geneva stellar evolution models used in Leitherer
et al. (1999) (see Table 3), indicating that all studied ULXs in the
Antennae galaxies are associated with the most massive stars.

The distribution of displacements and the cluster age allows us to
give an estimate for the minimum ejection velocity of the sources
from the clusters. Among the ULX sample (Table 3), only one
source X-11 resides in a cluster. Other six sources have an average
ejection velocity (accounting for deprojection, which gives a factor
of 4/π) of 77 km s−1. As X-44 is situated rather far away from the
suspected parent cluster and it requires a very large ejection veloc-
ity (for a given small cluster mass), their association is probably
spurious.

4 For the cluster next to X-35 there is another solution with the age
of ∼20 Myr, which we reject, because of the presence of the strong Hα

emission.
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Figure 11. HST/ACS color–magnitude diagrams for the stellar field (2000×2000 pixels, i.e., 100′′ ×100′′) around the ULX. HST/ACS magnitudes were transformed
into the Johnson–Cousins system. Padova isochrones for stars of different ages are overplotted. Typical photometric errors are also plotted. Data have been corrected
for the derived extinction (E(B − V ) = 0.26 mag), the bar at the top left corner illustrating this effect. “Stars near ULX” are stars not located inside the Hα nebula
but within 25′′ of the ULX position. “Candidate cluster stars” are those located inside the nebula and detected in the UV image (F330W filter). “Probable cluster
members” are those inside the nebula but not detected in the UV image, with B−V < 0.5. The “Other UV stars” are stars detected in the UV but which are located
outside the nebula. Finally, “Field stars” are objects which are not compatible with any of these criteria. Left panel: color–magnitude diagram in the (B, V ) system.
Right panel: color–magnitude diagram in the (V, I ) system. The same isochrones are plotted in the two panels, i.e., for 1, 5, 10, 20, 50, 200, and 500 Myr at Z = 0.008.
(A color version of this figure is available in the online journal.)

Figure 12. HST/ACS color–magnitude diagrams (Johnson–Cousins photometry) with Padova evolutionary tracks for stars of different initial masses (4, 7, 10, 15,
20, 30, and 40 M⊙) with Z = 0.008. The legend is the same as Figure 11. Left panel: color–magnitude diagram in the (B, V ) system. Right panel: color–magnitude
diagram in the (V, I ) system.
(A color version of this figure is available in the online journal.)

3.5. Properties of the Stellar Association

The association of stars around HoIX X-1 looks more like
an OB association than a cluster linked by gravitation. This

is something we also saw in NGC 1313 X-2 (G08). The
integrated magnitudes of the stellar association are MB ∼ −7.6,
MV ∼ −7.4 and MI ∼ −7.3. Comparing these magnitudes with
Starburst99 simulations (Leitherer et al. 1999), and assuming
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Binary BH Merger Rates inferred from ULXs

• We can estimate the 
expected merger rate, if all 
binary black holes evolves 
through X-ray emitting 
phases. 

• The expected rate is 
coincident with the 
measured merger rate.YI, Tanaka, & Isobe ‘16
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