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Stellar evolution

• HR diagram describes the 
evolution of a single and 
isolated star…

• …however, most stars belong 
to multiple systems: +70% of 
massive stars experience a 
binary interaction during their 
evolution (Sana+2012)

• Transfer of matter/angular 
momentum strongly influences 
binary evolution
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• Discovery of X-ray binaries in 
1960s: compact object 
accreting from companion star 
(Nobel prize in Physics: Giacconi 2002)

• Roche lobe geometry
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Low-mass X-ray Binaries 
(~250 LMXB):

Roche lobe overflow

High-mass X-ray Binaries 
(~167 HMXB):

Stellar wind accretion

S. Chaty Chaty et al, 2019
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S. Chaty INTEGRAL satellite 
Bird et al. 2018

• LMXB (old stars) 
within Galactic bulge, 
migrating off the plane 
(|b|>3-5°)

• HMXB (young stars): 
within Galactic plane, 
tangential directions of 
spiral arms

Accreting binaries
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Fortin, Garcia, Chaty, Chassande Mottin, Simaz Bunzel, A&A subm.

Galactic distribution of 39 NS-HMXB (Gaia EDR3)

Oe/sg (<v>=122 km/s)

Be (<v>=58 km/s)

Galactic distribution 
& natal kick of HMXB
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All stellar mass BH 
of our galaxy have 

5 ≤ MBH ≤ 21 M☉
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• Binaries form and evolve… 
until eventually they merge...

• ... leading to the emission of 
gravitational waves (GW), 
detected by LIGO-Virgo-
KAGRA collaboration

• The tip of the iceberg?

• « Today’s binaries might be 
tomorrow’s GW! »

S. Chaty

Binary evolution

•  BNS• BBH
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Question 1:
To be or not to be 

a merger progenitor?

• Common envelope: has to be ejected,  
or the couple merge during this phase

• Natal kick: has to be low (vs M, q, a),        
or the couple is unbound

• Metallicity: has to be low to form 
massive final black hole

A good candidate to merger progenitor!
S. Chaty
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Question 2:
To form or not to form 

a stellar couple?

• Isolated binary evolution (« in the field »)

• Chemical Homogeneous Evolution (CHE)

• Dynamical capture in dense cluster
S. Chaty
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O1 detections
(09-12/2015):

3 BBH

GW150914: 1st BBH 
(36+29->62M☉ @420 Mpc)
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GW170817: 1st BNS 
(1.2+1.5->2.7 M☉ @40 Mpc) 

=> NS or BH?

GW170817

O1+O2 detections
(GWTC-1, 09/2015-08/2017):

10 BBH + 1 BNS
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O3a detections
(GWTC-2, 04/2019-09/2019)

39 BBH/BNS/NSBH

GW190425: 2nd BNS
(M1=2, M2=1.4, Mt=3.4 M☉) @160 Mpc

GW190425

O3b detections
(GWTC-3, 11/2019-03/2020)

35 BBH/BNS/NSBH
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O3a detections
(GWTC-2, 04/2019-09/2019)

39 BBH/BNS/NSBH

GW200115

GW200115: NSBH 
(M1=5.7, M2 = 1.5, Mt=7.1 M☉) D=300 Mpc)

O3b detections
(GWTC-3, 11/2019-03/2020)

35 BBH/BNS/NSBH
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O3a detections
(GWTC-2, 04/2019-09/2019)

39 BBH/BNS/NSBH

GW190814: 1st asymmetric NSBH
(M1=2.6, M2 =23, Mt=25 M☉) D=241Mpc 

lower mass gap: 
M1 : light BH or heavy NS?

GW190814

O3b detections
(GWTC-3, 11/2019-03/2020)

35 BBH/BNS/NSBH
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O3a detections
(GWTC-2, 04/2019-09/2019)

39 BBH/BNS/NSBH

GW190412: asymmetric BBH
(M1=30; M2 =8; Mt=38 M☉), D=740 Mpc 

formed in nuclear cluster? 

GW190412

O3b detections
(GWTC-3, 11/2019-03/2020)

35 BBH/BNS/NSBH
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O3a detections
(GWTC-2, 04/2019-09/2019)

39 BBH/BNS/NSBH

GW190521

GW190521: massive BBH
(M1 =85; M2 =66; Mt=142 M☉) D=5.3 Gpc  

pair instability high mass gap (45->135 M☉) 
100 M☉ (BH*) < IMBH < 105 M☉ (SMBH)

O3b detections
(GWTC-3, 11/2019-03/2020)

35 BBH/BNS/NSBH
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O3a detections
(GWTC-2, 04/2019-09/2019)

39 BBH/BNS/NSBH

O3b detections
(GWTC-3, 11/2019-03/2020)

35 BBH/BNS/NSBH
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O1 — O3 detections
(GWTC-1+2+3, 09/2015-03/2020):

90 BBH/BNS/NSBH



Progenitors of low-mass binary BH mergers 
in the isolated binary evolution scenario

F. García, A. Simaz Bunzel, S. Chaty, E. Porter, E. Chassande-Mottin, A&A

This work was supported by the LabEx UnivEarthS, Interface project I10 
“From evolution of binaries to merging of compact objects” (ANR-10-LABX-0023 & ANR-18-IDEX-0001). 
We acknowledge use of Arago Cluster from Astroparticule et Cosmologie (APC) for our calculations
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GW151226 & GW170608:  
the lowest mass binary BH mergers in O1/O2 runs

GW151226 
(z=0.09)

GW170608 
(z=0.07)

• Aims: formation history, progenitor properties and expected rates of 
binary BH mergers detected during LIGO/Virgo O1/O2 runs,            
low mass BH compatible with Galactic X-ray binaries (M < 20 M⊙)

Abbott et al., 2016, 2017
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• Method: simulations with MESA1 

(1D-hydrodynamic stellar code) 
inc. binary evolution package 
[MESAbinary]

• To model full binary evolution in a 
single run from its formation to 
BBH merger, we incorporated 2 
packages in MESA:

• BH formation: delayed CO core-
collapse prescription (Fryer+2012)

• Common envelope (CE) phase: 
unstable mass transfer (αCE)

• 1http://mesa.sourceforge.net Non-rotating stars, circular orbits and no asymmetric kicks

Isolated binary evolution
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• Explore a wide parameter space                  
(+66 000 simulations):

• initial stellar masses [ 20 - 34 M⊙ ]

• orbital separations [ 30 - 200 R⊙ ]

• 4 metallicities [ Z = 0.1, 1, 4, 7, 15 ] x 10-3

• 4 stable MT efficiencies [ε = 0.0, 0.2, 0.4, 0.6]

• 2 unstable MT efficiencies [ αCE = 1.0, 2.0 ]

• Looking for: binary progenitors leading to 
BBH with mass & merger-time delay 
compatible with detected GW events

• Compare local merger-rate densities with GW 
events detected by LIGO-Virgo

Non-rotating stars, circular orbits and no asymmetric kicks[Z⊙ = 12x10-3]

Isolated binary evolution
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Non-rotating stars, circular orbits and no asymmetric kicks

Isolated binary evolution
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Common Envelope 
Phase

• The most uncertain phase 
of binary evolution,      
with 2 possible outcomes:

• 1. if envelope not ejected -> 
premature merger of compact 
object at the center of red giant

• 2. if envelope ejected (αCE=2.0)    
-> ultra-compact BBH + red giant 
(orbital separation reduced by 
factor ~100)

Unstable MT rates
~10-2 M☉/yrS. Chaty
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• We obtain >1000s binary 
progenitors distributed for 
metallicities (Z), MT (ε) & CE (αCE) 
efficiencies

• Stellar progenitors of GW151226 
more massive than GW170608  
(in agreement with final BH mass)

Properties of binary 
progenitors 
(Mi,2 vs Mi,1)

GW151226 

GW170608 
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• CE phase required for all 
progenitors, to reduce orbital 
separation, and merge in t < t Hubble 

• More progenitors at high CE 
efficiencies (αCE=2.0), due to early 
ejection of envelope, avoiding a 
premature merger during CE

• High Z => massive progenitors 
(mass loss — stellar winds)

Properties of binary 
progenitors 
(Mi,2 vs Mi,1)
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• tmerger correlated with ai           
reduced by 10 for αCE =1.0        
(late CE ejection reduces ai )

• αCE = 2.0: longer tmerger 1 Gyr      
[0.1-8 Gyr] (early CE ejection)     
old & high Z population

• αCE = 1.0: shorter tmerger 100 Myr 
[0.01-1 Gyr] (late CE ejection) 
young & low Z population

Properties of binary 
progenitors 
(tmerger vs ai)

S. Chaty
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• BBH are formed with symmetric mass ratios q (=M2/M1) > 0.4
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• BBH are formed with symmetric mass ratios q (=M2/M1) > 0.4

• High ε=0.6 form BBH with q increasing up to 1: rejuvenation process                       
(mass transfer  => 2nd-formed BH becomes more massive than 1st one)

Properties of formed BBH: 
chirp mass vs mass ratio
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• GW event rate at redshift z obtained by 
Monte-Carlo simulation:

• SFR: star formation rate (Strolger+2004); 
metallicity evolution (Langer+2006)
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• GW event rate at redshift z obtained by 
Monte-Carlo simulation:

• SFR: star formation rate (Strolger+2004); 
metallicity evolution (Langer+2006)

• Rate evolution shaped by SFR across z:  
rapid decay found for z < 1

• Impact of chemical evolution on the rates 
(competition effect): high Z progenitors not 
expected at high z

• Local merger rate densities are larger for  
high MT & high CE efficiency

Merger-rate 
density estimates

S. Chaty



Total merger detection rates
for O1/O2 runs

Rate dependence vs MT/CE efficiency
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• To estimate the local detection rate, we consider the detector sensitivity of LIGO/
Virgo and the local (z=0) merger rate densities:
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• To estimate the local detection rate, we consider the detector sensitivity of LIGO/
Virgo and the local (z=0) merger rate densities:

• => detection rate of low-mass BBH : 0.5 - 3.0 Gpc-3 yr-1 (~1.2-3.3 events/yr)          
To compare to 10 - 30 Gpc-3 yr-1 for full BBH population (O1—O3, Abbott+2021)

Total merger detection rates
for O1/O2 runs

Rate dependence vs MT/CE efficiency
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Dh: horizon distance 
Mc: BBH chirp mass 

R merger rate density 
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Multi-wavelength + multi-messenger astrophysics
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JWST (2022)

Athena (2030s)

ELT (2025)LSST (2023)

SKA (~2025) CTA (~2025)

ET (2030s)



Conclusions

39S. Chaty



Conclusions

39S. Chaty

• New era of multi-
messenger astronomy

• Evolution of massive 
compact binaries, 
progenitors of gravitational 
wave emission

Thank you for your attention!
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Population-weighted 
results: 

merger time delay

• tmerger correlated with ai           
reduced by 10 for αCE =1.0        
(late CE ejection reduces ai ) 

• αCE = 2.0: longer tmerger 1 Gyr      
[0.1-8 Gyr] (early CE ejection)     
old & high Z population 

• αCE = 1.0: shorter tmerger 100 Myr 
[0.01-1 Gyr] (late CE ejection) 
young & low Z population
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• We use uniform grids to estimate relative 
contributions of progenitors:                    
Initial Mass Function [Kroupa+2001]; Mass-ratio [0.1-1.0]; 
Separation/period [Sana+2012]  (log P æ -0.55) 

• Progenitors: M [20-40 M⊙] and ai < 150 R⊙ 
(except for αCE=2.0/high Z: M->70 M⊙ / ai -> 250 R⊙) 

• Strong dependence on MT efficiency: 
interplay between stellar wind mass loss and initial 
binary separation 

Population-weighted results: 
mass and separation
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• Parameter distribution: 

• For αCE=2.0: Z decreases -> q peaks towards 1, 
chirp mass spans entire CI for both GW events, 
independent of MT and Z 

• For αCE=1.0: secondary BH is the heaviest, 
chirp mass decreases for solar Z

Population-weighted results: 
mass ratio and chirp mass
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Properties of formed BBH: 
chirp mass and merger time delay
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Population de binaires compactes
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O1 — O3 detections
(GWTC-1+2+3, 09/2015-03/2020):

90 BBH/BNS/NSBH


