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• 18 Galactic, 3 in nearby galaxies 
• 33 more BH candidates
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MBH,natal ~ 6.3±1.1 M⊙
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Step 1: Model the mass-transfer phase (MESA; Paxton et al. 2011,2013,2015) 
Step 2: Model the detached post-SN secular evolution 
Step 3: Find the peculiar velocity post BH formation 

Step 4: Compute the orbital dynamics involved in core collapse
Derive limits on immediate progenitor mass and natal kicks magnitude

Going backwards in time

Currently observed properties: Donor’s position on the H-R (Teff vs. L) diagram, BH and 
donor masses,orbital period, position in the galaxy and 3-D systemic velocity  

Stable or 
unstable (CE) 
Mass Transfer

Step 5: Compute priors based on population synthesis models and derive PDFs  
(BSE; Hurley et al. 2002)
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System
Observed Current  

BH mass  
(M⊙)

Post-SN 
BH mass  

(M⊙)

Immediate 
Progenitor mass  

(M⊙)

Natal Kick 
(km/s)

XTE J1118+480 
(late-type, P<1d)

8.0 ± 2.0 
(McClintock et al. 2001, Wagner 

et al. 2001, Gelino et al. 2006) 

6.0 − 10.0 
(Fragos et al. 2009)

6.5 − 20.0 
(Fragos et al. 2009)

80 − 310 
(Fragos et al. 2009)

GRO J1655-40 
(early-type, P>1d)

6.3 ± 0.5 
(Greene et al. 2001) 

5.4 ± 0.3 
(Beer & Podsiadlowski 2002)

5.5 − 6.3 
(Willems et al. 2005) 

3.5 − 5.4 
(Willems et al. 2005) 

5.5 − 11.0 
(Willems et al. 2005) 

3.5 − 9.0 
(Willems et al. 2005) 

30 − 160 
(Willems et al. 2005) 

≤ 210 
(Willems et al. 2005) 

LMC X-3 
(early-type, P>1d)

6.98 ± 0.56 
(Orosz et al. 2014)

 6.4 − 8.2 
(Sorensen, TF et al. 2017)

 11.1 − 18.0 
(Sorensen, TF et al. 2017)

 ≤ 600 
(Sorensen, TF et al. 2017)

GRS 1915+105 
(late-type, P>1d)

 12.4 ± 2.0 
(Reid et al. 2014)

 5.0-16.0 
(Kimball, TF et al. 2017, in prep.)

consistent with ~0 
(Kimball, TF et al. 2017, in prep.)

V404 Cyg 
(late-type, P>1d)

9.0 ± 0.6 
(Khargharia et al. 2010)

 7.5-9.5 
(Kimball, TF et al. 2017, in prep.)

Cygnus X-1 
(wind-fed, high mass)

14.81 ± 0.98 
(Orosz et al. 2011)

13.8 − 15.8 
(Wong et al. 2012)

15.0 − 20.0 
(Wong et al. 2012)

≤ 77 
(Wong et al. 2012)

IC10 X-1 
(wind-fed, high mass)

23.0 - 34.0 
(Orosz et al. 2011)

23.0 - 34.0 
(Wong et al. 2014)

>31.0 
(Wong et al. 2014)

≤ 130 
(Wong et al. 2014)

M33 X-7 
(wind-fed, high mass)

13.5 − 20.0 
(Orosz et al. 2007)

13.5 − 14.5 
(Valsecchi et al.2010)

15.0 − 16.1 
(Valsecchi et al.2010)

≤ 850 
(Valsecchi et al.2010)
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Results so far...

Willems et al. (2005);  Fragos et al (2009);  Valseccchi et al. (2010);  Wong et al. (2012);  Wong et al. (2014) 
Sorensen, TF et al. (2017);  Kimball, TF et al. (2017, in prep.)

Wong et al. 2012, ApJ, 747, 111
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(Steeghs et al. 2013)

consistent with ~0 
(Kimball, TF et al. 2017, in prep.)

V404 Cyg 
(late-type, P>1d)

9.0 ± 0.6 
(Khargharia et al. 2010)

Cygnus X-1 
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14.81 ± 0.98 
(Orosz et al. 2011)

13.8 − 15.8 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Results so far...

Repetto et al. 2012, 2015  (but also see Mandel 2016 for possible caveats)

min. min.

Willems et al. (2005);  Fragos et al (2009);  Valseccchi et al. (2010);  Wong et al. (2012);  Wong et al. (2014) 
Sorensen, TF et al. (2017);  Kimball, TF et al. (2017, in prep.)
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Table 3. The second and third column show the minimum natal kick and the minimum mass ejected at BH formation. The third column shows apre,max such
that the binary undergoes mass transfer within the MS lifetime. The range indicates how the values vary when changing the assumption on the parameters
involved in the binary evolution of the sources (see Text for a description of the different models we consider). The last column shows apre,max such that the
binary stays bound in the SN.

Source min NK min Mej max apre, RLO on MS max apre, bound in SN
[km/s] [M�] [R�] [R�]

GS 2000+251 24-47 0.13-0.33 9-37 7800
A0620-00 20-43 0.09-0.32 8-37 8400

Nova Mus 91 62-77 0.17-0.34 8 1400
XTE J1118+480 93-106 0.31-0.37 23-38 570

GRS 1009-45 49-73 0.08-0.28 8-38 2400
GRO J0422+32 35-61 0.04-0.26 7-38 3000

H 1705-250 415-515 0.40-0.50 11-19 27

5.4 Initial orbital separation

We show in Fig. 13 the probability density function for the orbital
separation right before BH formation for the seven sources.

In the third column of Table 3, we show the maximal or-
bital separation right before BH formation such that the binary
stays bound in the SN and undergoes mass transfer within the MS-
lifetime. In the fourth column, we show the maximum value for
apre such that the binary stays bound in the SN. The range of val-
ues correspond to varying our models. Comparing the values of the
last two columns, we see that the constraint to have RLO within
MS lifetime, is much more limiting than having the binary to stay
bound in the SN. As a consequence, we expect that there are many
detached BH+MS-star binaries which would evolve to longer and
longer periods due to the nuclear expansion of the companion, fi-
nally evolving into BH+WD binaries.

6 Discussion

There are three BH-formation scenarios which are compatible with
some of the seven sources we studied.

6.1 Zero ejected mass systems

Five systems (H 1705-250, Nova Mus 91, GRS 1009-45, GRO
J0422+32, XTE J1118+480) are consistent with a NK, while not
requiring the ejection of mass at BH formation. The NK at which
the one dimensional NK density function for Mej = 0 peaks is
correspondingly: 525, 76, 68, 54, 114 km/s. We wish to stress that
these value do not correspond to the most likely value of a proba-
bility density function, rather they are the values of the NK which
require less fine-tuning.

Zero ejected mass at BH formation could be consistent with a
BH formed in the dark (no SN, i.e. no baryonic mass ejected) and
with a NK caused by asymmetric neutrino emission or asymmetric
GW emission. When a BH is formed, the gravitational mass defect
which is equal to the negative binding energy, is calculated to be
⇠ 10% of BH mass (Zeldovich & Novikov 1971). If this mass
leaves the system in the form of neutrinos, the predicted ejected
mass can be consistent with our limits of Table 3.

We note, however, that in the case of XTE J1118+480 there
is evidence for an explosion having occurred from the chemical
enrichment in the spectra of the companion to the BH (González
Hernández et al. 2006).

Furthermore, we wish to highlight that our study is the first in

suggesting that few of the BHs in LMXBs might have been formed
without baryonic mass ejection. This was found for few BHs in
high-mass X-ray binaries (see Valsecchi et al. 2010, Mirabel & Ro-
drigues 2003).

6.2 Standard systems

Five sources out of seven (Nova Mus 91, GS 2000+251, 1A 0620-
00, GRS 1009-45, GRO J0422+32) require only a small peculiar
velocity at birth, of the order of few tens of km/s or less (see Table
2). This small peculiar velocity could be imparted to the binary as a
result of mass ejection in the SN event. We can compute how much
ejected mass is needed to account for the small peculiar velocity
(see Fig. 14), in a similar manner as done previously by Nelemans
et al. (1999). In order to compute the kick received by the binary
due to the mass ejection (MLK), we use formula 7. We trace the
orbital binary properties backwards assuming a transferred mass of
1 M� and ↵ = 0.82. As a test, we assume a semi-major axis in
the pre-SN configuration of 1.5 aRLO (solid line) and of 5 aRLO

(dashed line). The plots show the amount of mass ejected needed to
account for the peculiar velocity of the 5 sources aforementioned.
There is an upper limit on Mej such that the binary stays bound in
the SN, i.e. the ejected mass has to be less than half of the total
initial mass, which translates into Mej < MBH + M? (vertical
lines in Fig. 14). All of the five systems but Nova Mus 91, can be
explained by mass-ejection only.

Alternatively, density wave scatterings could impart a velocity
to the system of the order of few tens km/s (Brandt et al. 1995), with
a maximum value of 40 km/s (Mihalas & Binney 1981).

As previously discussed in Sec. 3.1, GRS 1009-45 lacks strong
constraints on the masses of its components. In particular, the BH
mass quoted in Table 1 is a strict lower limit. We then estimate
the MLK taking a larger BH mass of 7 M� and a companion
mass of 0.98 M�. We find that for apre = 1.5 aRLO, the ejected
mass needed to account for the peculiar velocity of the system is
⇠ 7M�. Calculations by Fryer & Kalogera (2001) indicate a max-
imum ejected mass at BH formation of ⇠ 4M�. We conclude that
it is essential to better constraint the component masses in GRS
1009-45 in order to discriminate between a standard scenario and a
non-zero NK scenario.

Concerning GRO J0422+32, we check what is the effect of
using BH and companion-star masses from Reynolds et al. (2007)
(MBH = 10.4 M� and M? = 0.4 M�). For apre = 1.5 aRLO,
the MLK is always lower than the peculiar velocity of the systems,
for every Mej. Again, this highlights the importance of correctly
estimating the component masses.

c� 0000 RAS, MNRAS 000, 1–??
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Measuring the the spin of Black Holes

Continuum-fitting and Reflection methods
✓ Simple physical model 
✓ Availability of high-quality data 
✓ Thorough analysis of systematic errors 

x Need accurate measurements of M,i,D 
x Assumption of spin-orbit alignment 
x Only applicable to stellar mass BHs 
x All available data have been analyzed

✓ Independent of M,D 
✓ inclination can be a fit parameter 
✓ applicable also to SMBH 
✓ data available for more BH XRBs 

x Need careful removal of X-ray continuum 
x Need assumption on irradiation profile 
x Poor understanding of systematic errors 
x A lot of studies with poor application of  

the method

McClintock et al. (2011, 2014) McClintock et al. (2011, 2014)
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the method
The two methods currently give consistent results for 5 out 7 BH XRBs where both 

have been applied!
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The origin of black-hole spin

 

Roche-lobe overflow transient XRBs (LMXBs) 
Wind-fed persistent XRBs (HMXBs)

The spin of 9 stellar BHs measured with the continuum fitting method
McClintock et al. (2011, 2013)

HYPOTHESIS 

The observed BH spin in LMXBs is an effect of 

mass accretion during the XRB phase.  

Fragos & McClintock 2015; see also Podsiadlowski et al. 2003



Sample of Galactic BH LMXBs

* No reliable BH mass measurement is available. Using fiducial value from Ozel et al. (2010) 
† Spin estimates from Steiner et al. (2013) using the BH spin - jet power correlation (Narayan & McClintock, 2012)

GRS 1915+105 12.4±2.0 0.52±0.41 33.85 4100-5433 0.95±0.05
4U 1543-47 9.4±2.0 2.7±1.0 1.116 9000±500 0.8±0.1

GRO J1655-40 6.3±0.5 2.4±0.4 2.622 5706-6466 0.7±0.1
XTE J1550-564 9.1±0.61 0.3±0.07 1.542 4700±250 0.34±0.2

A0620-00 6.61±0.25 0.4±0.045 0.323 3800-4910 0.12±0.19
GRS 1124-683 6.95±1.1 0.9±0.3 0.433 4065-5214 0.25±0.15

GX 339-4 8.0±1.0* -- 1.754 -- 0.25±0.15
XTE J1859+226 8.0±1.0* -- 0.383 -- 0.25±0.15

GS 2000+251 8.0±1.0* 0.35±0.05 0.344 3915-5214 0.05±0.05
GRO J0422+32 8.0±1.0* 0.95±0.25 0.212 2905-4378 --

GRS 1009-45 8.5±1.0 0.54±0.1 0.285 3540-4640 --
GS 1354-64 8.0±1.0 -- 2.545 4985-6097 --

GS 2023+338 9.0±0.6 0.54±0.05 6.471 4100-5433 --
H1705-250 6.4±0.75 0.245±0.0875 0.521 3540-5214 --
V4641 Sgr 6.4±0.6 2.9±0.4 2.817 10500±200 --

XTE J1118+480 7.55±0.325 0.17±0.07 0.17 3405-4640 --

Fr
ag

os
 &

 M
cC

lin
to

ck
 (2

01
5)

 - 
Ap

J,
 8

00
, 1

7

MBH (M�) M2 (M�) P
orb

(days) Te↵ (K) a⇤



The origin of black-hole spin

 0.0-9.0 1.00
 0.0-4.0 1.00
 0.5-3.2 0.94
 0.6-1.2 0.44
 0.7-1.3 0.59
 0.3-1.1 0.62
 0.0-5.8 1.00
 0.1-1.5 0.63
 0.1-1.3 0.57
 0.2-1.0 0.49
 0.5-1.3 0.50
 0.0-5.1 1.00
 0.4-1.4 0.49
 0.9-1.4 0.63
 2.3-2.6 0.94
 0.7-1.6 0.59

GRS 1915+105      3-10  1.0-10.0  0.6-30.0 
4U 1543-47        3-10  2.2-6.4  0.6- 1.1 

GRO J1655-40      4- 6  2.6-5.0  0.7- 1.7 
XTE J1550-564     7- 9  0.9-1.5  0.3- 0.9 

A0620-00          5- 6  1.1-1.8  0.6- 0.8 
GRS 1124-683      4- 8  1.0-1.8  0.3- 0.9 

GX 339-4          3- 9  0.6-8.8  0.2- 1.7 
XTE J1859+226     5- 9  0.6-1.8  0.2- 0.9 

GS 2000+251       5- 9  0.9-1.8  0.3- 0.9 
GRO J0422+32      5- 9  0.8-1.5  0.3- 0.7 

GRS 1009-45       6-10  1.0-1.6  0.6- 0.8 
GS 1354-64        3- 9  1.6-6.8  0.6- 2.4 

GS 2023+338       7- 9  1.0-2.0  0.6- 2.0 
H1705-250         4- 6  1.0-1.5  0.4- 0.9 
V4641 Sgr         3- 4  7.0-7.8  1.2- 1.7 

XTE J1118+480     6- 7  1.0-1.8  0.6- 0.8 

MBH,init (M�) M2,init (M�) Porb,init (days) Macc (M�) a⇤

Retrieved binary properties at the onset of RLO
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Implications on birth black-hole mass
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Spinning up a BH progenitor via tides

Z⊙; MBH=10M⊙0.01Z⊙; MBH=30M⊙
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Summary

The observed BH spin in LMXBs can be due to mass accretion 
during the XRB phase.  
The BH spin in HMXBs is likely a result of the angular momentum 
of the BH progenitor, but some fine-tuning is needed.

If the observed BH spin in LMXBs is due to accretion, the observed 
MBH spectrum can differ significantly from the birth one. 

Based on the currently observed properties of BH XRBs, one can 
recover their evolutionary history and put constraints on natal kicks. 
Strong evidence for large kick (>100 km/s) only for XTE  J1118+480. 
We should wait for GAIA proper motions in mid-2018 100 150 200 250 300
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LIGO constraints on the second-born BH are consistent with the 
“Classical” binary formation channel. Observed spins are expected 
to be small as high spins correlate with short merger times









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: 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











Maximum Black Hole Spin 
lo
g(
P/
da
ys
)

GRO J1655-40

A0620-00 GX339-4

GRS 1124-683

GS 2000+251

4U 11543-47

GRS 1915+105

XTE J1550-564

XTE J1859+226

Fragos & McClintock (2015) - ApJ, 800, 17



~26,000 Detailed mass-transfer (MT) Calculations 
using MESA (Paxton et al. 2011,2013,2015; vs. 5527)  

M2 → 0.5-10 M⊙,    dM2 → 0.1-0.2 M⊙ 
POrb → 0.2-100 days,   POrb → 0.05-5 days 
MBH → 3-10 M⊙,     dMBH → 1 M⊙  

MT sequence termination criteria: 
POrb > 365 days 
M2 <  0.03 M⊙	
Age < 13.7Gyr 
Donor star is not degenerate.  

MT is fully conservative

Grid of Mass-Transfer Calculations


