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XRBs contain a black hole (BH) or neutron star (NS) accreting

mass from a stellar companion

We focus on BH and NS-XRBs hosting a low-mass companion

(≲ 1 M⊙)
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The birth speeds of NSs are large (∼ 400 km/s;

e.g. Hobbs + 2005 )→ NSs are born with natal

kicks

Jonker & Nelemans 2004 measured same offset above the

Galactic plane for BH- and NS-XRBs (zrms ≈ 0.7 kpc)→
BHs receive natal kicks too?

empty circles: NS-LMXB
solid circles: BH-LMXB
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The Galactic distribution of BH- and NS-XRBs
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What is the velocity at birth v_pec you need
to bring the system at that height from
the plane?
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VNK2 + VMLK2 − 2MBH

M′ VNK,xVMLK;
VMLK ∝ Mej

(M′: total mass of the binary after the SN; VMLK: Blaauw kick; Mej: ejecta in the SN)

current offset of the binary above plane delivers lower limit

on peculiar velocity at birth Vpec → lower lim on natal kick
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The effect of the kick on the kinematics



BH- and NS-XRB

velocities

Serena Repetto

X-ray binaries

Galactic

distribution

The effect of the

kick on the Gal.

distr.

Why caring about

natal kicks?

BH formation and

natal kicks

Natal kicks so far

Analytical

estimate for

Vpec

A population

synthesis

approach to natal

kicks

Repetto + 2016

Method

Scale-height of

the populations

Comparison with

observations

Conclusions

The BH-BH merger rate goes down by 2 orders of
magnitude if high BH natal kicks (Dominik + 2012 ; Belczynski,
RS, + 2016 );

observed BH merger rate cf. predicted rate→ high BH natal

kicks seem unlikely for BHs at high-mass end (see for example

Belczynski + 2016 and talk by Belczynski);

high kicks

 Belczynski +   2016

natal kicks affect the number of BHs which can be retained in

globular and nuclear clusters (e.g. Morscher + 2014; Antonini &

Rasio 2016 );
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Why we are interested in BH natal kicks
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Massive BHs form by direct

collapse, light BHs via

fallback onto the NS (Heger

+ 2003; Fryer & Kalogera

2011 )

Fryer &
Kalogera+2011

explosion 
energy vs
BH 
progenitor 
mass

In the asymmetric mass ejection kick mechanism, this results

in BHs receiving reduced kicks:

VNK,BH = VNK,NS ×MNS/MBH
reduced natal kicks: few tens km/s

full (high) natal kicks: ≳ 100 km/s

but, alternative mechanisms: ν-driven natal kicks? SN ejecta

accelerating BHs to same velocity as NSs? (Janka 2013)
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The physics of the Natal Kick
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Observational evidence:

Low Kick High Kick

(a few tens km/s) (≳ 100 km/s)

NS
double-NS systems1;

low ecc. Be X-ray

binaries2

large proper motion of

isolated pulsars3

BH small peculiar velocity

of a few BH-XRBs4

high peculiar velocity of

a few BH-XRBs5

1) Wong + 2010 ; Beniamini & Piran 2016

2) Pfahl + 2002

3) Hobbs + 2005

4) Willems + 2005 ; Wong + 2012

5) Fragos + 2009
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Natal kicks: where do we stand
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Minimal velocities at birth of BH-XRBs:
how to estimate them
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Vpec,min =
p
2[ (R0, z)−  (R0,0)]

(RS, Davies & Sigurdsson 2012; RS & Nelemans 2015 )

Is this an accurate conservative estimate of the minimal initial

velocity of the binary? (see Mandel 2016 )

→ Compare this estimate Vpec with real velocity to reach a

distance above the plane: z2 > 1

Our analytical estimate is robust and can be used to estimate

the initial velocity of XRBs

Bulge sources are to be treated with caution: see poster 31

with Andrei Igoshev on a Bayesian approach to BH distances
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Test of our analytical estimate Vpec,min
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A population synthesis approach for measuring
BH natal kicks
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RS, Igoshev A., Nelemans G., 2016, under review (MNRAS) :

- The Galactic distribution of X-ray binaries and its implications
for compact object formation and natal kicks -

Aims:

Which imprints do different models for NS and BH formation

have on the Galactic distribution of X-ray binaries containing

them?

Can we quantify these imprints?

Which model for BH and NS formation (i.e. which natal kick)

fits the observed distribution best?

Method:

Build synthetic populations of BH- and NS-XRBs, follow

their binary evolution, and integrate their Galactic orbits

(3× 107 binaries for each model)
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2 types of natal kick: σlow = 40 km/s; σhigh = 100 km/s

2 4 6 8 10 12
R [kpc]

0.0

0.5

1.0

1.5

2.0

Z
rm

s [
kp

c]

BH, highNK, Mej=0
BH, low NK, Mej=0
NS highNK Mej=uniform
NS, lowNK, Mej=uniform
BH, highNK, Mej=4
BH, lowNK, Mej=0, MHe=15

.
If BHs and NSs receive the same natal kick, they

would still show a different scale height, with NSs

reaching larger heights above the Galactic plane.
...Serena Repetto, Technion The velocities of BH- and NS-XRBs 12

The scale height of XRBs
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Comparison with observations:

BH-XRBs from BlackCAT of Corral-Santana + 2016
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To measure the BH mass dynamically, high SNR spectra are

required, which might be prevented in high-extinction region

→ exclude from synthetic populations those binaries at

z ≲ 0.1 kpc

early - type stars late - type stars
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Comparison with observations: a bias
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We compare the (R, z) distribution of synthetic binaries with

the (R, z) distribution of the obs. populations

For every R-bin, we produce cumulative distributions (CDFs)

of the z-values, and calculate at which position in the CDF

the obs. binaries stand
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Comparison with observations: method
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We compare the (R, z) distribution of synthetic binaries with

the (R, z) distribution of the obs. populations

For every R-bin, we produce cumulative distributions (CDFs)

of the z-values, and calculate at which position in the CDF

the obs. binaries stand

intersection between observed z-value
and CDF of z-values in our simulations.
then we make a cumulative distribution
of such intersections.
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Comparison with observations: method
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Conclusions

9 short-period confirmed

high NK (100 km/s)
low NK (40 km/s)

Note: we exclude sources close

to the bulge in this comparison

15 short+long confirmed

high NK (100 km/s)
low NK (40 km/s)
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Comparison with observations: Results
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9 short-period confirmed

KS-test results:

high NK: D=0.26; p=0.57
low NK: D=0.34; p=0.24

Note: we exclude sources close

to the bulge in this comparison

15 short+long confirmed

KS-test results:

high NK: D = 0.27; p=0.39
low NK: D = 0.35; p =0.14
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Comparison with observations: Results
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..

The model in which (at least some) BHs receive a (relatively)

high natal kick best fits the observed data.

But: sample is small → false negative rate (FNR) still too high

(≳ 30% for the low natal kick hypothesis). To decrease this

rate to the level that in 95% of the cases we obtain a FNR

less than 1% → increase obs. sample to ≈ 40 systems
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A new BH candidate in the Galaxy

At large offset from Galactic plane (|z| ≈ 1 kpc)
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ABSTRACT

The observed relation between the X-ray and radio properties of low-luminosity accreting black holes (BHs) has
enabled the identification of multiple candidate black hole X-ray binaries (BHXBs) in globular clusters (GCs).
Here, we report an identification of the radio source VLA J213002.08+120904 (aka M15 S2), recently reported in
Kirsten et al., as a BHXB candidate. They showed that the parallax of this flat-spectrum variable radio source
indicates a �

�2.2 0.3
0.5 kpc distance, which identifies it as lying in the foreground of the GC M15. We determine the

radio characteristics of this source and place a deep limit on the X-ray luminosity of !4 ! 1029 erg s!1.
Furthermore, we astrometrically identify a faint red stellar counterpart in archival Hubble images with colors
consistent with a foreground star; at 2.2 kpc, its inferred mass is 0.1–0.2Me. We rule out that this object is a pulsar,
neutron star X-ray binary, cataclysmic variable, or planetary nebula, concluding that VLA J213002.08+120904 is
the first accreting BHXB candidate discovered in quiescence outside of a GC. Given the relatively small area over
which parallax studies of radio sources have been performed, this discovery suggests a much larger population of
quiescent BHXBs in our Galaxy, 2.6 ! 104–1.7 ! 108 BHXBs at 3! confidence, than has been previously
estimated (!102–104) through population synthesis.

Key words: black hole physics – radio continuum: general – stars: individual (VLA J213002.08+120904) –
X-rays: binaries

1. INTRODUCTION

Black hole X-ray binaries (BHXBs) are interacting binary
systems where X-rays are produced by material accreting from
a secondary companion star onto a black hole (BH) primary.
Due to angular momentum in the system, accreted material
does not flow directly onto the compact object; rather, it forms
a differentially rotating disk around the BH known as an
accretion disk (Shakura & Sunyaev 1973). While some
material accretes onto the BH, a portion of this inward falling
material may also be removed from the system via an outflow
in the form of a relativistic plasma jet or an accretion disk wind
(Blandford & Konigl 1979; White & Holt 1982). For major
reviews of BHXBs see Chen et al. (1997), McClintock &
Remillard (2006), and Done et al. (2007).

Currently, the known Galactic BHXB population is made up
of 19 dynamically confirmed BHs and 60 black hole candidates
(BHCs), 56 of which are located in the field (Tetarenko
et al. 2016b). The remaining four are found in globular clusters
(GCs; Strader et al. 2012b; Chomiuk et al. 2013; Miller-Jones
et al. 2015). The vast majority of these Galactic BHXBs are
low-mass X-ray binaries (LMXBs) where mass transfer occurs
via Roche lobe overflow of a secondary companion with a mass
of M2  3Me and spectral type A or later. In addition, most of
these systems are transient, cycling between periods of
quiescence and outburst. This behavior is associated with
changing geometries of mass inflow and outflow (see, e.g.,
McClintock & Remillard 2006).

While the majority of the known population has been
discovered during outburst through bright X-ray emission,
typically peaking between !1036 and 1040 erg s!1 (e.g., Chen
et al. 1997; Tetarenko et al. 2016b), the combination of more
sensitive X-ray and radio telescopes has enabled the detection
and identification of a handful of candidate quiescent BH
LMXB systems in three Galactic GCs. Currently, no BH
LMXBs known to exist in the field have been first identified
outside of outburst and no X-ray outbursts have been clearly
identified from candidate BH LMXBs in Galactic GCs. This is
not surprising as it is far more difficult to identify quiescent
BHs in the field, compared to those in GCs. Without established
distances to field sources, simply having the ratio of X-ray to
radio flux cannot strongly rule out background galaxies.
Typical estimates for the total number of BH LMXBs in the

Galaxy have been computed both empirically using large-scale
observational surveys (e.g., Romani 1998; Kalogera 1999;
Corral-Santana et al. 2015), and theoretically from population
synthesis codes (e.g., Romani 1992, 1994; Portegies Zwart
et al. 1997; Kalogera & Webbink 1998; Pfahl et al. 2003; Kiel
& Hurley 2006; Yungelson et al. 2006). These estimates span a
wide range on the order of !102–104. This large uncertainty is
due to poorly constrained key characteristics that describe the
Galactic binary population, including the BH natal kick
distribution, the initial stellar mass function, the binary fraction,
the distribution of binary periods and mass ratios, and the
physics of common envelope and binary stellar evolution
(e.g., Portegies Zwart & Verbunt 1996; Belczynski et al. 2002;
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A possible BH candidate discovered in the Galactic Bulge

Survey (Jonker + 2011 ): Follow-up observations of the
Galactic Bulge Survey source CX1004: a candidate Black
Hole X-ray Binary ; RS + 2016, to be submitted
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Conclusions:

..

Our population synthesis shows that different CO

formation models have an imprint on the Galactic

distribution of BH- and NS-XRBs;

We quantify these imprints in terms of the scale height

above the Galactic plane, zrms;

NS-XRBs have a larger zrms than BH-XRBs;

The simulated population in which at least some BHs

receive a (relatively) high natal kick (∼ 100 km/s) fits the

data best (in agreement with RS, Davies & Sigurdsson 2012);

Our analytical estimate Vpec,min is robust and can be

used to estimate the peculiar velocity at birth of

BH-XRBs.
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Observed systems are within 10 kpc from the Sun

Check for possible observational biases that make that the

observed systems are predominantly those with particular

NK
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Synthetic population of BH-LMXBs such that RLO within MS

lifetime

Integrate orbits in Galaxy and check which systems within

10 kpc from the Sun like the obs. systems
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Two types of natal kick: σMx. = 40 km/s (low) or σMx. = 100 km/s

(high)

BH

Model 1: high NK, Mej = 0 (MBH = 8 M⊙);
Model 2: low NK, Mej = 0 (MBH = 8 M⊙);
Model 3: high NK, Mej = 4 (MBH = 8 M⊙);
Model 4: low NK, MHe = 15 M⊙, Mej = 0 (MBH = 15 M⊙).

NS (MNS = 1.4 M⊙):
Model 5: high NK, Mej in [1.4,6.6] M⊙;
Model 6: low NK, Mej in [1.4,6.6] M⊙.

Motivations:

MZAMS = [25,60] M⊙ → MHe = [8,11] M⊙ (Belczynski +

2009 )

Mej in the NS case motivated by typical Helium-core mass of

[2.8− 8] M⊙ (Tauris & van den Heuvel 2006 )
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Low peculiar velocity could be due to MLK
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Parameter space preSN and Vpec
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