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– O1/O2/O3 mergers (rates): 69 BH-BH, 4 BH-NS, 2 NS-NS, 1 ?

– BH masses (2− 100 M�): decline with M and peaks at 8 M� and 35 M�

– BH spins (50% : a < 0.25): mostly small and aligned (with exceptions)
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major formation scenarios: stars
isolated binaries:

– spirals, ellipticals, dwarf galaxies
– stellar/binary evolution
– 99% of stars
– formation efficiency: XBHBH ≈ 10−6

dynamical interactions:

– globular, nuclear, open clusters
– dynamics + stellar/binary evolution
– 0.1% of stars
– formation efficiency: XBHBH ≈ 10−4

+ some exotica: triple stars, single stars, binaries in AGN disks, primordial BHs
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GW150914: 30 + 30 M� massive BH-BH merger
binary evolution
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dynamics/globular clusters
Time

0 Myrs

Escape Time 
145 Myrs

30.1 M⊙  
MS Star

30.0 M⊙  
MS Star

25.1 M⊙  BH 25.0 M⊙  BH

Collision
30.1 M⊙  BH

5 M⊙  CHeB Star

3x Binary-Single Flybys
3x Binary-Single Exchange

26x Binary-Single Flybys
4x Binary-Single Exchange
8x Binary-Binary Interactions
1x Binary-Single Merger

3x

7x

8x

3x

M1 = 30.4 M⊙
M2 = 25 M⊙
a = 21.8 R⊙
e = 0.72

credit: A.Askar – MOCCA simulation

1) binary evolution and dynamics: can produce massive BH-BH mergers
2) because of (1): the origin of BH-BH mergers unknown...
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modeling: synthetic universe
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Merger rates: LIGO vs models

corresponding constraints on RðzÞ itself as a function of
redshift. The dark blue line traces our median estimate on
RðzÞ at each redshift, while the dark and light shaded
regions show central 90% and 50% credible bounds. Our
best measurement of the BBHmerger rate occurs at z ≈ 0.2,
at which Rðz ¼ 0.2Þ ¼ 19–42 Gpc−3 yr−1. For compari-
son, the dashed black line in Fig. 13 is proportional to the
Madau-Dickinson star formation rate model [215], whose
evolution at low redshift corresponds to κSFR ¼ 2.7. While
the rate evolution remains consistent with the Madau-
Dickinson star formation rate model, it is not expected for
these two rates to agree completely due to the time delays
from star formation to merger [35,216–223].
In most plausible formation scenarios (e.g., if BBHs

arise from stellar progenitors), we do not expect RðzÞ to

continue growing with arbitrarily high z. Instead, we
anticipate that RðzÞ will reach a maximum beyond which
it turns over and falls to zero. Even in cases where the peak
redshift zp at which RðzÞ is maximized lies beyond the
LIGO-Virgo detection horizon, a sufficiently tight upper
limit on the stochastic gravitational-wave background
due to distant compact binary mergers [224–226] can be
leveraged to bound zp from above, potentially yielding a
joint measurement of κ and zp [227]. As demonstrated
in previous analysis [228], our current instruments are not
yet sensitive enough to enable a meaningful joint constraint
on κ and zp, even with the inclusion of new events in
GWTC-3.
As heavy BBHs are primarily believed to arise from

low-metallicity stellar progenitors [31,63,229], one might
wonder if more massive BBHs are observed at system-
atically higher redshifts than less massive systems.
Moreover, any metallicity dependence in the physics of
stars, such as the maximum black hole mass imposed by
pair-instability supernovae (PISN) [199,201,210], could
yield redshift-dependent features in the black hole
mass distribution [230,231]. Such a redshift dependence
would confound efforts to leverage the PISN mass gap as
a probe of cosmology. Previous investigations [232]
demonstrated using GWTC-2 that redshift dependence
of the maximum BBH mass would be required to fit
the observations if the BBH mass distribution has
a sharp upper cutoff. However, if the distribution decays
smoothly at high masses, for example, as a power law, the
data are consistent with no redshift dependence of the
cutoff location.
We revisit this question using the latest BBH detections

among GWTC-3, finding that these conclusions remain
unchanged. Specifically, by modeling the high-mass tail of
the distribution with a separate power-law index, we find no
evidence that the distribution is redshift dependent, sug-
gesting that the high-mass structure in the BBH mass
distribution remains consistent across redshift.

E. Outliers in the BBH population

Several systems lie at the boundary between the BH
and NS categories [7,197]. So far, we have simply
excluded these events from our BBH analysis. To dem-
onstrate that this choice is internally self-consistent and
well motivated, we show that these events are outliers
from our recovered BBH population. Specifically, we
repeat the population analysis using the PP model,
highlighting the extent to which the population changes
when including these events.
For a population consisting of all potential BBH events

in O3, including GW190917 and GW190814, the mass
distribution must extend to lower masses. In Fig. 14 we plot
the recovered distribution for the minimum BH mass,mmin,
that characterizes the primary mass scale above which

FIG. 13. Constraints on the evolution of the BBH merger rate
with redshift. Top: posterior on the power-law index κ governing
the BBH rate evolution, which is presumed to take the form
RðzÞ ∝ ð1þ zÞκ . The blue histogram shows our latest con-
straints using GWTC-3 (κ ¼ 2.9þ1.7

−1.8 ), while the dashed
distribution shows our previous constraints under GWTC-2.
Bottom: central 50% (dark blue) and 90% (light blue) credible
bounds on the BBH merger rate RðzÞ. The dashed line, for
reference, is proportional to the rate of cosmic star formation
[215]; we infer that RðzÞ remains consistent with evolution
tracing star formation.

POPULATION OF MERGING COMPACT BINARIES INFERRED … PHYS. REV. X 13, 011048 (2023)
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LIGO merger rates:
NS-NS: 10− 1700 Gpc−3 yr−1

BH-NS: 8− 140 Gpc−3 yr−1

BH-BH: 18− 44 Gpc−3 yr−1 (z = 0.2)
(increase with redshift)

Stellar-origin mergers: binary evolution
NS-NS: 50− 120 Gpc−3 yr−1

BH-NS: 0.5− 97 Gpc−3 yr−1

BH-BH: 1.1− 469 Gpc−3 yr−1

Stellar-origin mergers: dynamical origin
NS-NS: ∼ 0 Gpc−3 yr−1

BH-NS: ∼ 0 Gpc−3 yr−1

BH-BH: . few − tens Gpc−3 yr−1
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Stellar-origin BH masses: ∼ 2− 100M�

+ claims of very massive BHs:
– NGC300 X-1: 20 M�
– IC10 X-1: 30 M�
– LB-1: 70 M�

that were questioned and forgotten

NS/BH mass spectrum (pre-LIGO):
neutron stars: 1− 2 M�
lower mass gap: 2− 5 M�
black holes: 5− 50 M�
upper mass gap: 50− 130 M�
black holes: 130 − ??? M�

lower mass gap: core-collapse SN
– rapid explosions: ∼ 0.1s (yes)
– delayed explosions: ∼ 1s (no)

upper mass gap: pair-instability SN
– explosive oxygen burning
– envelope removal or disruption

(convection, mixing, reaction rates)

Chris Belczynski Astrophysics of gravitational-wave sources
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for the overall BBH merger rate, as well as merger rates
over restricted mass intervals.

A. Broad features of the mass spectrum

The events from GWTC-3 are broadly consistent with
the previously identified population [20]. Figure 9 com-
pares some of the expectations from our previous analysis
of GWTC-2 BBHs with the comprehensive sample of
GWTC-3 BBH events. The panels compare the observed
and expected fractions of all events detected below a
threshold in primary mass m1, effective inspiral spin
χeff , or source redshift z. The panels also show the
Wilson score interval [198], a frequentist estimate of the
uncertainty in the cumulative distribution F, which is
approximately !1.68

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fð1 − FÞ=Nobs

p
when F is signifi-

cantly different from 0 or 1.
All the cumulative distributions in Fig. 9 are broadly

consistentwith our prior expectations basedoncoarse-grained

models used in our previous work. For this reason, we begin
by presenting the inferred coarse-grained mass distribution of
black hole binaries, making use of the PP model [20] which
best fits the population from GWTC-2.
Figure 10 shows our inference on the astrophysical

primary mass (left) and mass ratio (right) distributions,
using the fiducial mass model, compared to what was
previously found in GWTC-2 (black). We find a power-
law slope for the primary mass, α ¼ 3.5þ0.6

−0.56 (2.6þ0.79
−0.63 in

GWTC-2), supplemented by a Gaussian peak at 34þ2.6
−4.0M⊙

(33þ4.0
−5.6 in GWTC-2). On the upper end, the mass of the 99th

percentile m99% is found to be 44þ9.2
−5.1M⊙. The mass ratio

distribution ismodeled as a power lawqβq withβq ¼ 1.1þ1.7
−1.3 .

In contrast to our GWTC-2 population fit, the inferred
mass spectrum decays more rapidly; the m99% is consid-
erably lower than 60þ14

−13M⊙, as was found with GWTC-2.
These results are expected, given that the new observations

FIG. 9. The empirical cumulative density function F̂ ¼
P

k PkðxÞ=N of observed binary parameter distributions [derived from the
single-event cumulative distributions PkðxÞ for each parameter x] are shown in blue for primary mass (left), effective inspiral spin
(center), and redshift (right). All binaries used in this study with FAR < 0.25 yr−1 are included, and each is analyzed using our fiducial
noninformative prior. For comparison, the gray bands show the expected observed distributions based on our previous analysis of
GWTC-2 BBH [20]. Solid lines show the medians, while the shading indicates a 90% credible interval on the empirical cumulative
estimate and selection-weighted reconstructed population, respectively. GW190814 is excluded from this analysis.

FIG. 10. The astrophysical BBH primary mass (left) and mass ratio (right) distributions for the fiducial PP model, showing the
differential merger rate as a function of primary mass or mass ratio. The solid blue curve shows the posterior population distribution
(PPD) with the shaded region showing the 90% credible interval. The black solid and dashed lines show the PPD and 90% credible
interval from analyzing GWTC-2 [20]. The vertical gray band in the primary mass plot shows 90% credible intervals on the location of
the mean of the Gaussian peak for the fiducial model.

R. ABBOTT et al. PHYS. REV. X 13, 011048 (2023)

011048-22

0 10 20 30 40 50 60 70 80 90 100

LIGO BH mass spectrum:
neutron stars: 1− 2 M�
lower mass gap: no evidence
black holes: 2.6− 95 M�
upper mass gap: no evidence
– rapid decrease with MBH

– two peaks: 8 M�, 35 M� (real?)

Stellar-origin BHs: binary evolution
– rapid decrease with MBH

– no obvious peaks
– range: adjustable up and down

comparison/matching data:
potential of learning lots of physics
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black holes follow the parametrized power-law distribution.
The minimum mass is mmin ¼ 2.3þ0.27

−0.23M⊙, with an
extremely sharp turn-on of δm ¼ 0.39þ1.3

−0.36M⊙. By contrast,
if we remove the two low-mass events, we find a minimum
BH mass of mmin ¼ 5.0þ0.86

−1.7 M⊙, which is consistent with a
mass gap, and a broader turn-on of δm ¼ 4.9þ3.4

−3.2M⊙. It is
the secondary masses m2 of these events that are in tension
with the remainder of the population, as demonstrated in

Fig. 14 where the secondary masses are shown by the
shaded regions. A single minimum mass is imposed upon
all BHs; therefore, the secondary masses of low mass or
asymmetric binaries have the strongest impact on our
inference of mmin.
These analyses imply two key results about the compact

binary population. First, the binary black hole population
excluding highly asymmetric systems such as GW190814 is
well defined, and the analyses carried out in this section are
well suited to characterizing the bulk of theBBHpopulation.
Second, the detection ofGW190814 implies the existence of
a subpopulation of highly asymmetric binaries disconnected
from the BBH population but potentially connected to the
recently identified population of NSBHs. We reach the
conclusion that the subpopulation is most likely connected
to the recently identified population of NSBHs because
GW190814 would be an outlier in the BBH population
given the inferred value of m2. Different physical possibil-
ities can potentially account for the existence of such a
subpopulation of asymmetric binaries [233–236].

VII. SPIN DISTRIBUTION OF BLACK HOLES IN
BINARIES

Our previous work indicated that black hole spins are
small in magnitude and preferentially aligned with their
orbital angular momenta [20]. Here, we find two new key
conclusions for black hole spins: that the spin distribution
broadens above 30M⊙, and that the mass ratio and spin are
correlated. Adopting previous coarse-grained models, we
find consistent conclusions as our analysis of GWTC-2;
notably, we still conclude that a fraction of events probably
have negative χeff .

FIG. 14. The posterior distribution on the minimum mass
truncation hyperparameter mmin inferred with the PP model.
The posteriors are shown both including and excluding the two
BBH mergers containing low-mass secondaries, GW190814 and
GW190917. The cutoff at mmin ¼ 2M⊙ corresponds to the lower
bound of the prior distribution. The inclusion of either of these
two events significantly impacts the distribution. The shaded
regions indicate the 90% credible interval on the m2 posterior
distribution for the two outlier events GW190814 (purple) and
GW190917 (gray).

FIG. 15. The distributions of component spin magnitudes χ (left) and spin-orbit misalignment angles θ (right) among binary black hole
mergers, inferred using the DEFAULT component spin model described further in Sec. 2 a; e.g., both spin magnitudes are drawn from the
same distribution. In each figure, solid black lines denote the median and central 90% credible bounds inferred on pðχÞ and pðcos θÞ
using GWTC-3. The light gray traces show individual draws from our posterior distribution on the DEFAULT model parameters, while the
blue traces show our previously published results obtained using GWTC-2. As with GWTC-2, in GWTC-3 we conclude that the spin-
magnitude distribution peaks at χi ¼ 0.13þ0.12

−0.11 , with a tail extending toward larger values. Meanwhile, we now more strongly favor
isotropy, obtaining a broad cos θi distribution that may peak at alignment (cos θi ¼ 1) but that is otherwise largely uniform across
all cos θ.

R. ABBOTT et al. PHYS. REV. X 13, 011048 (2023)
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LIGO BH individual spins (a = (c J)/(G M2) :
peak: a = 0.13+0.12

−0.11 (!)
median: a = 0.25
tail: a -> 0.9
highly uncertain estimates: small spins

Stellar-origin (single) BH spins:
– begin with (single) rotating star
– apply angular momentum transport
– remove ang. momentum with winds
– collapse core/star to a BH

Results:
1) non-magnetic model: a ∼ 0− 0.9
2) magnetic model: a ∼ 0.05− 0.15
3) super magnetic model: a ∼ 0.01

Chris Belczynski Astrophysics of gravitational-wave sources



Introduction
LIGO/Virgo/KAGRA BHs:

Conclusions

rates
masses
spins

BH-BH effective spin parameter: χeff

The component spins of binary black holes may offer
vital clues as to the evolutionary pathways that produce
merging BBHs [237–244]. The magnitudes of BBH spins
are expected to be influenced by the nature of angular
momentum transport in stellar progenitors [61–63], natal
kicks experienced upon core collapse [239,243–248],
processes like tides [65,243,249] and mass transfer that
operate in binaries, and the environment in which the
binary itself is formed. Their directions, meanwhile, may
tell us about the physical processes by which binaries are
most often constructed; we expect BBHs born from isolated
stellar evolution to possess spins preferentially aligned with
their orbital angular momenta, while binaries that are
dynamically assembled in dense environments are pre-
dicted to exhibit isotropically oriented spins [237,239].
Figure 15 illustrates our constraints on the component

spin magnitudes (left) and spin tilts (right) of BBHs under
the DEFAULT spin model. Using GWTC-3, we make similar
conclusions regarding the spin-magnitude distribution as
made previously with GWTC-2. In particular, spin mag-
nitudes appear concentrated below χi ≲ 0.4, with a pos-
sible tail extending toward large or maximal values. Our
understanding of the spin-tilt distribution, in contrast, has
evolved with the addition of new BBHs in GWTC-3. As
in GWTC-2, we again exclude the case of perfect spin-
orbit alignment (corresponding to ζ ¼ 1 and σt ¼ 0). With
GWTC-3, however, we more strongly favor a broad or
isotropic distribution of spin tilts. This shift is seen in
the right-hand side of Fig. 15: Whereas the cos θ dis-
tribution inferred from GWTC-2 was consistent with tilts
concentrated preferentially around cos θ ¼ 1, evidence
for this concentration is now diminished, with O3b
results preferring a flatter distribution across cos θ.
Under the DEFAULT model, we infer 44þ6

−11% of black
holes in merging binaries to have spins inclined by greater
than 90°.

Figure 16 illustrates our updated constraints on the χeff
and χp distributions under the GAUSSIAN spin model. As
above, our previous results obtained with GWTC-2 are
shown in blue, while black curves show our updated
measurements with O3b. Measurement of the χeff distri-
bution with GWTC-2 suggest an effective inspiral spin
distribution of nonvanishing width centered at χeff ≈ 0.05,
while the χp distribution appears incompatible with a
narrow distribution at χp ¼ 0, bolstering the conclusion
above that the BBH population exhibits a range of non-
vanishing spin-tilt misalignment angles. These conclusions
are further strengthened when updating our analysis with
GWTC-3.We again infer a χeff distribution compatible with
small but nonvanishing spins, with a mean centered at
0.06þ0.04

−0.05 . This inferred distribution extends also to negative
values of χeff , with 29þ15

−13% of binaries having χeff < 0.
Our updated constraints on the effective precession spin

distribution reaffirm the need for nonvanishing χp among
the BBH population. The χp measurements made previ-
ously with GWTC-2 were consistent with both a broad
underlying distribution or a narrow distribution centered at
χp ≈ 0.3; this latter possibility is the source of the apparent
jaggedness seen in the GWTC-2 result. We draw similar
conclusions with GWTC-3, finding that χp measurements
can be explained either by a broad distribution centered at
χp ¼ 0, or a narrow distribution centered at χp ≈ 0.2. If we
include GW190814 in our sample (which is otherwise
excluded by default from our BBH analyses), support for
this second mode is diminished, leaving a zero-centered χp
distribution with standard deviation 0.16þ0.15

−0.08 .
In addition to the distributions of effective inspiral spins

and component spins of BBHs, respectively, we also
explore the distributions of the more and less rapidly
spinning components among the BBH population [250].
For a given binary, we define χA ¼ maxjχj ðχ 1; χ 2Þ and

FIG. 16. Left panel: inferred distribution of χeff for our latest full analysis in black. For comparison, the blue distribution and interval
shows our inferences derived from GWTC2. Right panel: corresponding result for χp. While both panels in this figure are derived using
the Gaussian spin model, we find similar conclusions with the other spin models used to analyze GWTC-2.

POPULATION OF MERGING COMPACT BINARIES INFERRED … PHYS. REV. X 13, 011048 (2023)
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LIGO BH-BH effective spins:
χeff = (M1a1 cos θ1 + M2a2 cos θ2)/(M1 + M2)

peak, mean: χeff = 0.05, χeff = 0.06+0.04
−0.05

positive/negative: 71% /29% (±15%)
asymmetric distr.: mostly small positive χeff

Stellar-origin BH-BH effective spins:
– accretion onto BHs (∼ no effect)
– natal kicks (negative χeff)
– tidal spin-up (high positive χeff)

Results:
1) both: asymmetric with small positive χeff
2) super magnetic model: peak at a ∼ 0.05
3) magnetic model: better overall statistics
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Making rapidly spinning Black Holes
LIGO/Virgo: 76 BH-BH mergers

(1) 68: low effective spins 0 < χeff < 0.3
(2) 7: high effective spins χeff > 0.3
(3) 1: negative effective spin χeff < 0
(4) 1: high primary BH spin a ≈ 0.9

Non-Classical Isolated Binary Evolution
(magnetic model: Tayler-Spruit dynamo)

(1) low effective spins: ∼ 70− 90%
(2) high effective spins: ∼ 10− 30%
(3) negative effective spins: ∼ 3− 7%
(4) high primary BH spin: ∼ 1%

(Olejak & Belczynski 2021: ApJ Lett. 921, L2)

Chris Belczynski Astrophysics of gravitational-wave sources
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LIGO – High-mass X-ray Binary (HMXB) tension

for the overall BBH merger rate, as well as merger rates
over restricted mass intervals.

A. Broad features of the mass spectrum

The events from GWTC-3 are broadly consistent with
the previously identified population [20]. Figure 9 com-
pares some of the expectations from our previous analysis
of GWTC-2 BBHs with the comprehensive sample of
GWTC-3 BBH events. The panels compare the observed
and expected fractions of all events detected below a
threshold in primary mass m1, effective inspiral spin
χeff , or source redshift z. The panels also show the
Wilson score interval [198], a frequentist estimate of the
uncertainty in the cumulative distribution F, which is
approximately !1.68

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fð1 − FÞ=Nobs

p
when F is signifi-

cantly different from 0 or 1.
All the cumulative distributions in Fig. 9 are broadly

consistentwith our prior expectations basedoncoarse-grained

models used in our previous work. For this reason, we begin
by presenting the inferred coarse-grained mass distribution of
black hole binaries, making use of the PP model [20] which
best fits the population from GWTC-2.
Figure 10 shows our inference on the astrophysical

primary mass (left) and mass ratio (right) distributions,
using the fiducial mass model, compared to what was
previously found in GWTC-2 (black). We find a power-
law slope for the primary mass, α ¼ 3.5þ0.6

−0.56 (2.6þ0.79
−0.63 in

GWTC-2), supplemented by a Gaussian peak at 34þ2.6
−4.0M⊙

(33þ4.0
−5.6 in GWTC-2). On the upper end, the mass of the 99th

percentile m99% is found to be 44þ9.2
−5.1M⊙. The mass ratio

distribution ismodeled as a power lawqβq withβq ¼ 1.1þ1.7
−1.3 .

In contrast to our GWTC-2 population fit, the inferred
mass spectrum decays more rapidly; the m99% is consid-
erably lower than 60þ14

−13M⊙, as was found with GWTC-2.
These results are expected, given that the new observations

FIG. 9. The empirical cumulative density function F̂ ¼
P

k PkðxÞ=N of observed binary parameter distributions [derived from the
single-event cumulative distributions PkðxÞ for each parameter x] are shown in blue for primary mass (left), effective inspiral spin
(center), and redshift (right). All binaries used in this study with FAR < 0.25 yr−1 are included, and each is analyzed using our fiducial
noninformative prior. For comparison, the gray bands show the expected observed distributions based on our previous analysis of
GWTC-2 BBH [20]. Solid lines show the medians, while the shading indicates a 90% credible interval on the empirical cumulative
estimate and selection-weighted reconstructed population, respectively. GW190814 is excluded from this analysis.

FIG. 10. The astrophysical BBH primary mass (left) and mass ratio (right) distributions for the fiducial PP model, showing the
differential merger rate as a function of primary mass or mass ratio. The solid blue curve shows the posterior population distribution
(PPD) with the shaded region showing the 90% credible interval. The black solid and dashed lines show the PPD and 90% credible
interval from analyzing GWTC-2 [20]. The vertical gray band in the primary mass plot shows 90% credible intervals on the location of
the mean of the Gaussian peak for the fiducial model.

R. ABBOTT et al. PHYS. REV. X 13, 011048 (2023)
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LIGO BHs:
BH masses: ∼ 2− 100 M�
BH spins: a . 0.25

HMXBs: LMC X-1, M33 X-7, Cyg X-1
BH masses: 11, 16, 21 M�
BH spins: a = 0.92, 0.84, 0.99
companion mass: 30, 70, 40 M�

(LMC X-3 BH: 7 M� , a ∼ 0.2 − 0.3, but Mcomp ∼ 4 M�)

is there LIGO-HMXB data tension?
possibly not...

1) BH masses:
– HMXB: local galaxies high Z (∼ Mpc)
– LIGO: broad Z range (∼ Gpc)

Chris Belczynski Astrophysics of gravitational-wave sources
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spins

LIGO – High-mass X-ray Binary (HMXB) tension
2) BH spins: overestimated in HMXBs?

BH spin from spectral fitting depends sensitively on modeling (Cyg X-1):
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–for Cyg X-1: spins in broad range found, low spin allowed a ∼ 0.1
–for LMC X-1: similar analysis also allows for low spin a ∼ 0.2
–for M33 X-7: poor data, and no alternative analysis was yet performed

tension: not really apparent if we allow for low BH spins in HMXBs
Chris Belczynski Astrophysics of gravitational-wave sources
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Summary

(1) BH-BH/BH-NS/NS-NS merger rates can be explained by: isolated binaries
(BH-BH merger rates alone: by many models)

(2) BH masses explained easier by: dynamical evolution
(yet, high mass BHs can not be excluded in binary evolution)

(3) BH spins explained: by some mixture of isolated binaries and dynamics
(majority of spins small and positive, but some negative...)

(4) the origin of LIGO/Virgo BH-BH mergers: remains an open issue
– do we even have a full list of formation channels?
– is there one dominant channel or several channels?
– do BH-BH and NS-NS have the same dominant channel?

Chris Belczynski Astrophysics of gravitational-wave sources
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NGC 4993: GW170817 host galaxy star formation
NS-NS merger with kilonova: ∼ 1.5 M� + 1.3 M�

NGC 4993:
medium size elliptical galaxy: at 40 Mpc

stars at near-solar metallicity: Z ≈ 0.01

total star forming mass: 7.9× 1010 M�

peak of star formation rate: 11 Gyr ago

extra (?) episode of SFR: 0.5-1 Gyr ago
(but only < 1% of total SFR)

almost no current/recent star formation...
(Blanchard, Berger et al. 2017, ApJ 848, L22)

estimate NS-NS merger rate in 100 Mpc cube
only in elliptical galaxies (old: ∼ 5 Gyr) –>

systems (e.g., Smarr & Blandford 1976; Burgay et al. 2003;
Kalogera et al. 2004, 2007; Kramer & Stairs 2008) and short
GRBs (Berger 2014 and references therein). Numerous open
questions remain related to the initial conditions, rate, and
population properties of BNS systems, as well as their eventual
mergers and role in galactic r-process enrichment. For example,
the distribution of delay times (i.e., the sum of the evolutionary
time to form a BNS system and its time to merge) is a key
output of population synthesis simulations (e.g., Voss & Tauris
2003; Belczynski et al. 2006; Dominik et al. 2012). Similarly,
the observed locations of short GRBs within their hosts
provides constraints on natal kicks and the possibility of
globular clusters as formation sites (Fong et al. 2010; Church
et al. 2011; Fong & Berger 2013).

Here, we use our follow-up observations and archival data of
NGC 4993 to measure the precise location of the BNS system
at the time of merger and to infer the physical properties of the
host, in particular its star formation history, which serves as a
proxy for the BNS merger delay time, and hence the initial
binary separation. We compare these results to Galactic BNS
systems and results from population synthesis models.

Throughout the Letter, we use AB magnitudes corrected for
Galactic extinction, with - =( )E B V 0.105 (Schlafly &
Finkbeiner 2011), and the following cosmological parameters:

=H 67.70 kms−1 Mpc−1, W = 0.307m , and W =L 0.691
(Planck Collaboration et al. 2016).

2. Observations and Archival Data

2.1. Hubble Space Telescope (HST) Observations

As described in Cowperthwaite et al. (2017) we obtained
HST target-of-opportunity observations of the optical counter-
part of GW170817 on 2017 August 28 using the Advanced
Camera for Surveys (ACS) with the F475W, F625W, F775W,
and F850LP filters, the Wide Field Camera 3 (WFC3) IR
channel with the F160W and F110W filters, and the WFC3
UVIS channel with the F336W filter (PID: 15329; PI: Berger).
The data analysis is described in Cowperthwaite et al. (2017).
In Figure 1, we show a color image of NGC 4993 with an

inset showing the location of the optical counterpart of
GW170817 ( »m 22.9F625W mag at this epoch) created using
our 2017 August 28 HST/ACS images (F850LP, F625W, and
F475W). The galaxy exhibits a smooth surface brightness
profile typical of elliptical galaxies, but with a complex dust
structure near the nucleus.
We also retrieved and analyzed an archival observation of

NGC 4993 from 2017 April 28 using ACS/WFC with the
F606W filter (PID: 14840; PI: Bellini), which allows for an

Figure 1. Left: color image of NGC 4993 created from filtered HST/ACS images (F850LP, F625W, F475W). The inset shows the optical counterpart of GW170817,
and the dashed green ellipse (90% confidence region) and dashed red circle (10σ radius for clarity) mark the locations of the X-ray (Margutti et al. 2017) and
millimeter and radio sources (Alexander et al. 2017), respectively, associated with the host galaxy. Top right: archival HST/ACS image of NGC 4993 from 2017 April
28 exhibits no underlying point source at the position of the optical counterpart (circle) to a limit of = -M 7.2F606W mag. Middle right: GALFIT residual image in the
ACS/F475W filter showing the dust structure surrounding the nucleus. Bottom right: GALFIT residual image in the WFC3/F160W filter showing the presence of
concentric shells and azimuthal variations. Dust and shell structure may be indicative of past galaxy mergers. All images are aligned with north up and east to the left.
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prior moderately favors a continuous star formation rate. The
declining SFH in the posterior is thus driven by the photometry
rather than the model priors.

Using the SFH, we can calculate the fraction of stars
produced by a given time to obtain the stellar mass build-up
history, which we also show in Figure 2. Half of the stellar
mass was formed by -

+11.2 1.4
0.7 Gyr ago (thalf , the half-mass

assembly time), due to the high SFR at early times, and 90%
was formed by -

+6.8 0.8
2.2 Gyr ago. We list the main physical

parameters resulting from the SED modeling in Table 2.
We also model the optical spectrum of NGC 4993 with the

alf stellar population synthesis modeling code (Conroy & van
Dokkum 2012; Conroy et al. 2017), a two-component star
formation history, the metallicity, and the abundances of 18
different elements. This complex model space is fit with
MCMC techniques, with the continuum shape removed with
high-order polynomials. For the present analysis we focus on

three key quantities: the mass-weighted age, [Fe/H] metalli-
city, and [Mg/Fe], each of which is well-constrained by the
data. The data and best-fit model are shown in Figure 2; the
model provides an excellent fit. From the posterior distributions
of the fitted parameters, we find a median mass-weighted age of

-
+13.2 0.9

0.5 Gyr, a median metallicity of = -
+[ ]Fe H 0.08 0.03

0.02, and
= -

+[ ]Mg Fe 0.20 ;0.02
0.03 the age inferred here is consistent with

the SED modeling results.

6. BNS Merger Timescale, Initial Separation,
and Kick Velocity

Using the SFH determined from the SED modeling, we can
infer a probability distribution for the BNS merger timescale,
and hence the initial binary separation. We note that the inspiral
timescale dominates over the stellar evolution timescale (which
is at most tens of Myr). The cumulative stellar mass build-up

Figure 2. Top left: observed SED of NGC 4993 (black circles) with the best-fit Prospector-α model (blue line; shaded region marks the 16th–84th percentile range).
Top right: observed optical spectrum of the nucleus of NGC 4993 (black line) with the best-fit spectral model (red line). Bottom left: the star formation history of
NGC 4993 from the best-fit SED model (black line; shaded region marks the 16th–84th percentile range). The SFH exhibits an overall exponential decline, with a very
low present-day star formation rate. Bottom right: stellar mass build-up history (solid black line; shaded region marks the 16th–84th percentile range) as inferred from
the SFH. We find that 50% of the stellar mass was formed by -

+11.2 1.4
0.7 Gyr ago and 90% was formed by -

+6.8 0.8
2.2 Gyr ago. Without prior knowledge of the intrinsic DTD

of BNS mergers, the build-up history represents a proxy for the merger time probability distribution. The dashed black line represents the resulting merger time
probability distribution obtained by weighting the SFH with a t-1 DTD truncated at 0.1 Gyr, which slightly shifts the distribution toward shorter merger times. The
uncertainty region is similar to that for the solid line.
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NS-NS merger: in old host galaxies (NGC4993-like)
binary stars:

ZAMS

rate: 1× 10−2 yr−1

globular clusters:
Binary System: 

11.0 and 4.95 M⊙  
MS Stars

Time
0 Myr

Binary System: 6.9 
and 6.35 M⊙  MS 

Stars

31 Myr CC SN of 11.0 M⊙ 
star → NS 

formation of NS 
and binary 
disruption

NS 1.28 M⊙

MS-MS + NS 
Interaction. MS 
merger with NS9600 Myr

1.68 M⊙ NS - 
0.71M⊙ MS Star

 Binary Binary 
Interaction → 6.9 
M⊙ star becomes 

single  

Single WD 1.32 
M⊙(63 Myr)

NS-MS + WD 
Interaction10455 Myr

Formation of NS-WD binary Merger between 0.12 MS and 
WD during NS-WD + MS 

interaction
WD becomes an AGB of 1.44 

M⊙ 

10620 Myr

CE: NS-AGB binary

Formation of NS-WD binary

Merger between ONe Mg 
WD + CO-WD during 
interaction → AIC NS  

Formation of NS-NS binary
MNS-1 = 1.91 M⊙, MNS-2 = 1.26 M⊙

a = 3.46 R⊙,  e = 0.75Merger inside the cluster at 11.0 Gyr 

10717 Myr

MNS = 1.68 M⊙, MAGB = 1.44 M⊙
a = 1252.0 R⊙,  e = 0.97

MNS = 1.91 M⊙, MWD = 1.32 M⊙
a = 2.9 R⊙,  e = 0.0

rate: 5× 10−5 yr−1

nuclear clusters:

rate: 1× 10−5 yr−1

LIGO rate: ∼ 1 yr−1 – so why first NS-NS in old host galaxy?
(Belczynski, Askar, Arca-Sedda, Chruslinska, Donnari, Giersz, Benacquista, Spurzem, Jin, Wiktorowicz, Belloni 2018, A&A, 615, 91)
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NS-NS mergers: delay time distribution
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1) binary evolution: typically short delays (mergers in star forming regions)
(this is a generic result and very hard to change... tdelay ∝ a4 ∝ t−1)

2) cluster evolution: typically very long delays... (tdelay > thubble)

Chris Belczynski Astrophysics of gravitational-wave sources
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