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Stellar or Intermediate Black holes?

Rappaport et al. 2005
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Rate depends on metallicity or age?
Linden et al. 2005



M82: a factory of the most exotic XRBs???

M82 X-1: hosts a 400 MSun BH 
(Pasham et al. 2014)

M82 X-2: hosts an X-ray pulsar 
(Bachetti et al. 2014)

X-ray pulses with 1.37 s period and  
a 2.5 d sinusoidal modulation. 

Assuming a 1.4MSun NS, 
M2>5.2MSun and R2>7Rsun



Challenging our understanding …

How can a NS emit X-rays at 100 x LEddington? 
(e.g. Lyutikov 2014, Christodoulou et al. 2014, Eksi et al. 2015, Kluzniak 

and Lasota 2015, Dall’Osso et al. 2015, Tong 2015, Mushtukov et al. 
2015) 

How can such a system form? 
(e.g. Podsiadlowski et al. 2002, Tauris et al. 2011, Fragos et al. 2015, 

Shao et al. 2015, Wictorowicz et al. 2015)
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Evolutionary state of the system
The companion star is filling its Roche Lobe 

Even the brightest wind-fed BH XRBs do not exceed 1039 erg/s  
The Companion is a main sequence star 

Helium stars are too compact to fill their Roche Lobe in a 2.5 d orbit



Stability of mass-transfer
Assuming hydrostatic equilibrium and adiabatic mass-loss, q=M2/MNS > 

2.2 - 3 leads to dynamical instability 
(e.g. Hjellming & Webbink 1987; Ivanova & Taam 2004)  

BUT see more recent: e.g. Passy et al. (2012) and Pavlovskii & Ivanova (2015) 
Accuracy of thermally unstable mass-transfer in parametric binary 

population synthesis codes
Thermally unstable mass-transfer: Detailed vs Approximate treatment 

M2 = 15MSun, MBH = 10MSun, P = 2 d



Hybrid Population Synthesis Study

1) Use BSE (approximate PS code) to estimate the 
distribution of binary properties of systems 
with NSs that reach Roche Lobe overflow.

2) Use MESA (detailed binary ev. code) to calculate 
mass-transfer stability, duration, and rate.



Neutron Star Binaries at Roch lobe Overflow
Fragos et al. 2015



Neutron Star Binaries at Roche lobe Overflow
Fragos et al. 2015
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MT Calculations between NS and Massive Stars
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Connecting the dots…
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The properties of M82 X-2 and its progenitor

Fragos et al. 2015



Populations of ultraluminous accreting NSs

begins to spill over toward the NS along the inner Langrangian
point. This phase of beginning atmospheric RLOF precedes the
main phase of RLOF until the mass transfer rate rises to the
Eddington value (Savonije 1979). Subsequently the mass
transfer rate increases rapidly to become super-Eddington. In
Figure 2 we show the exampled evolutionary tracks of three
binary systems. The initial parameters are Md = 6Me and
Porb = 1 day, Md = 6Me and Porb = 10 days, and Md = 10 Me
and Porb = 1 day in the top, middle, and bottom panels,
respectively. In the top panel, the donor evolves to overflow
from the RL at the age of 39.4Myr. The mass transfer rate
increases from 2.1 × 10−10 to 2.4 × 10−4 Me yr−1 within a time
of 4.46 × 105 yr. The orbital period decays to 0.58 days, and the
donor mass decreases to 5.59 Me, which means that 0.41 Me
of the donor’s envelope is stripped before the CE occurrence.
In the middle panel, a longer initial orbital period of 10 days is
set for the binary. The onset of RLOF occurs at the age of
66.08 Myr, and the donor star is more evolved. The mass
transfer rate rises from 1.3 × 10−10 to 1.1 × 10−3 Me yr−1 within
a shorter time of 1.2 × 104 yr. The orbital period drops to
3.68 days, and 0.78 Me of material is transferred from the

donor within this time. In the bottom panel, the initial donor
star is more massive (with a mass of 10Me), and the mass
transfer lasts 2.32 × 105 yr. The orbital period decreases to
0.75 days when 0.17 Me of the donor’s envelope is transferred.
Given the mass transfer rate, we calculate the X-ray

luminosity in two ways. In the first one, we calculate it with
the traditional formula

=L Mc0.1 ˙ , (2)X
2

without considering the Eddington limit. In the second, we use
the same formula for sub-Eddington accretion rates. When Ṁ is
higher than the Eddington accretion rate ṀE, we adopt the model
of King (2008) to convert the mass transfer rates into the X-ray
luminosities. In this model, the accretion disk becomes
geometrically thick, which influences the X-ray luminosity in
two ways. First, radiation becomes less efficient and the
bolometric luminosity no longer follows Ṁ linearly. Second,
the outgoing radiation may be collimated due to a biconical
geometry at the inner part of the accretion disk. The accretion
luminosity is then contributed by two parts. The region outside
the so-called spherization radius Rsph where the mass inflow first

Figure 3. Predicted distributions of NS ULXs in case (1). In the upper and lower panels, the X-ray luminosities are calculated with Equations (2) and (4),
respectively. The left panel shows the ULX distribution in the Md−Porb plane. The color in each matrix element represents the number of ULXs with LX higher than
1039 ergs−1. The right panel shows the number distribution of the ULXs as a function of the donor mass Md and the orbital period Porb.
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Fig. 2.— Mass distributions of the most common EULX companions in systems with a NS (top) and in systems with a BH (bottom).
In the standard scenario a companion to NS evolves and during mass transfer becomes a Helium Giant Branch star starting as a Helium
Hertzsprung Gap. For a BH nearly all companions are on the Hertzsprung Gap and have masses between 4 – 10M�.

NS accretors may dominate the ULX 
population in Milky way type galaxies 

Shao et al. (2015) 

ULXs with NS accretors can reach 
luminosities of up to 1042 erg/s  

Wiktorowicz et al. (2015,2017) 



Implications for  
gravitational wave astrophysics & cosmology

ULXs are progenitors of GW sources or bi-products of certain formation 
channels (e.g. Marchant et al. 2017, Finke & Razzaque 2017) 

Selection effects need to appropriately modeled 
Comprehensive population studies need to be performed  

Soft X-ray photons from ULXs in the early Universe can heat up the IGM  
(e.g. Mirabel et al. 2011, Fragos et al. 2013a,b, Das et al. 2017, Madau & Fragos 2017 )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.
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Figure 1. Left panel: X-ray luminosity per unit co-moving volume in the 2–10 KeV band as a function of redshift. The gray shaded area shows the differences between
the predictions of the six highest likelihood models by Fragos et al. (2013) for the X-ray emission coming from XRBs. The black solid line corresponds to the mean
value, and the dotted dark-gray line to the polynomial fit on the mean (Equation (2)). The dashed line is derived by convolving the locally measured value of LX/SFR
(Mineo et al. 2012a) with the SFH of the universe. For comparison the X-ray luminosity density of AGN in the same energy range is plotted, as reported by different
AGN models and observations (Croton et al. 2006; Hopkins et al. 2007; Silverman et al. 2008; Aird et al. 2010). Right panel: the SED of the global XRB population at
four different redshifts is shown. The solid lines correspond to the mean value of the different models and the shaded area denotes the model uncertainties, assuming
in both cases that the interstellar absorption is similar to the Milky Way at all redshifts. With dotted lines we show an estimate of the intrinsic (unabsorbed) SED.

Table 1
Synthetic SED Data at Different Redshifts (F (Eph) = dLX/dlog(Eph/KeV)/V (erg s−1Mpc−3))

SED that includes interstellar absorption
Eph F (Eph) @ z = 19.92 F (Eph) @ z = 18.24 F (Eph) @ z = 16.72 F (Eph) @ z = 15.34 F (Eph) @ z = 14.09 F (Eph) @ z = 12.94 . . .

1.020E+00 4.590E+34 2.969E+35 1.139E+36 3.455E+36 9.036E+36 2.034E+37 . . .

1.115E+00 5.875E+34 3.799E+35 1.458E+36 4.419E+36 1.155E+37 2.598E+37 . . .

1.219E+00 7.256E+34 4.692E+35 1.800E+36 5.455E+36 1.425E+37 3.204E+37 . . .

1.333E+00 8.491E+34 5.490E+35 2.106E+36 6.380E+36 1.667E+37 3.745E+37 . . .

1.457E+00 9.874E+34 6.383E+35 2.448E+36 7.417E+36 1.937E+37 4.351E+37 . . .

1.593E+00 1.139E+35 7.364E+35 2.824E+36 8.555E+36 2.234E+37 5.016E+37 . . .

1.741E+00 1.283E+35 8.291E+35 3.179E+36 9.630E+36 2.514E+37 5.645E+37 . . .

1.903E+00 1.377E+35 8.898E+35 3.412E+36 1.033E+37 2.698E+37 6.056E+37 . . .

2.080E+00 1.495E+35 9.665E+35 3.706E+36 1.122E+37 2.930E+37 6.576E+37 . . .

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
. . .

Intrinsic (unabsorbed) SED

Eph F (Eph) @ z = 19.92 F (Eph) @ z = 18.24 F (Eph) @ z = 16.72 F (Eph) @ z = 15.34 F (Eph) @ z = 14.09 F (Eph) @ z = 12.94 . . .

1.020E+00 2.288E+35 1.478E+36 5.666E+36 1.716E+37 4.476E+37 1.004E+38 . . .

1.115E+00 2.323E+35 1.500E+36 5.753E+36 1.742E+37 4.545E+37 1.020E+38 . . .

1.219E+00 2.331E+35 1.505E+36 5.773E+36 1.748E+37 4.559E+37 1.023E+38 . . .

1.333E+00 2.339E+35 1.510E+36 5.791E+36 1.753E+37 4.573E+37 1.026E+38 . . .

1.457E+00 2.331E+35 1.505E+36 5.771E+36 1.747E+37 4.557E+37 1.022E+38 . . .

1.593E+00 2.339E+35 1.510E+36 5.790E+36 1.753E+37 4.572E+37 1.026E+38 . . .

1.741E+00 2.332E+35 1.506E+36 5.772E+36 1.747E+37 4.558E+37 1.023E+38 . . .

1.903E+00 2.319E+35 1.497E+36 5.740E+36 1.738E+37 4.533E+37 1.017E+38 . . .

2.080E+00 2.305E+35 1.488E+36 5.706E+36 1.727E+37 4.505E+37 1.011E+38 . . .

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
. . .

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

constant with redshift, and it is only its normalization that
evolves by ∼4 orders of magnitude (see left panel of Figure 1
and discussion above). The approximately constant SED shape
is due to the fact that at all redshifts it is only the brightest BH
XRBs in high states that dominate the integrated spectra. This is
something to be expected from the shape of the X-ray luminos-
ity functions of observed XRB populations in nearby galaxies.
The shape of the X-ray luminosity functions of both LMXBs
and HMXBs can be approximated by single power laws, which
have exponents less than 2 ((dN/dLX) ∝ L−n

X , with n < 2;
Fabbiano 2006, and references therein). Hence, the integrated

luminosity of the whole population is always dominated by the
few brightest sources that are usually BH XRBs in the high–soft
state. The SED data, both including interstellar absorption and
intrinsic, at different redshift values can be found in Table 1.

Our model of the evolving X-ray luminosity density and
mean X-ray SED can be used to estimate the contribution that
XRBs in galaxies from z = 0–20 provide to the cosmic X-ray
background. We integrated these models following:

Stot = ∆Ω
4π

c

H0

∫ 20

0

ρX(z)K(z)dz

(1 + z)2ε(z)
, (1)
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Take-home points
The orbital period of any ULX with a NS accretor is most likely to be observed 
with an orbital period between 1-3 days, and a donor mass between 3-8 MSun. 

The MT is highly non-conservative and happens on the thermal timescale.  
A reduced specific angular momentum of the ejected material is favored. 

We estimate that the number of observed NS ULXs per unit of star formation 
is ~0.03 (MSun/yr)-1. This number is an order of magnitude lower than 
predictions for the formation rate of observed ULXs with BH accretors. 

ULX pulsars are excellent laboratories to study the efficiency of mass-transfer 
at ULX rates, especially after the orbital period derivative is measured. 

ULXs and ratio of BH vs NS accretors can pose constraints on formation 
channels of gravitational wave sources 

If ULXPs are dominating the ULX population we need to revisit the role of 
ULXs as a feedback mechanism in the early Universe



Neutron Star Binaries at Roch lobe Overflow
Fragos et al. 2015



What is an Ultraluminous X-ray Source?
ULXs are off-nuclear X-ray sources whose bolometric 

luminosity exceeds the Eddington limit of a 20M black hole, 
i.e. LX > 3x1039 erg/s

Statistical properties 

➡ tend to be associated with recent star formation 

➡ small number have possible optical associations 
with bright stars 

➡ some show transitions similar to that seen in 
galactic black holes 

➡ the overall X-ray luminosity function of high-
mass X-ray binaries does not show a clear 
feature associated with the ULXs 


