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How can we train a machine learning algorithm to infer

the origin of the low mass binary black holes detected In
LIGO/Virgo 7
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e Different scenarios for binary black holes
(BBH) formation (dynamic or isolated)

GW191219_ 163120 “.

e Could we predict the origin of isolated

BBH using machine learning ? 0 40 010 20

Total mass M [M)]

Total mass vs Mass ratio of the GWTC-3 detected events. Credits Abbott
et al. (2021)
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Simulations and predictions
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—_— 7=000] —— 7Z=0015 -a- GWI151226

== GW170608

* Binary Population Synthesis
simulations are tfast but not detailed

e Detailled binary evolution
simulations are slow but detalled.

* Both can be used for statistics of
double compact objects (DCO)
merging rate with compatible results.
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Merger rate density of DCO. Credits Merger rate density of DCO. Credits
Santoliguido et al. (2020) Garcia et al. (2021)

AG GdR OG - 10/10/2022 3



MESA simulations

* 1 simulation 2 AMS
- Common
o~ 1 0'1 OO CPU binary enveloppe
hours
Stellar
merger
| First
Dlsrupted supernova Second
binary - supernova
event
 CE phase :
AEpiq = acgAE,,,
A L . Double
* Asymmetric kick during compact
supernova event not objects

taken into account
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N/

e Final compact binary :
Mass of the first object : m;

Mass of the second object : m,,
Orbital distance : a,
Merging time :f

merge

Vlass of the Tirst star 1my; JIV1g, 270!
Mass of the first star m,; [14M@,62M@]
Orbital distance q, [30R 5,500R ]

Metallicity —log(z)

(1.822243.45)

Mass transfer efficiency f3

10.2,0.4,0.6,0.8}

Common enveloppe efficiency aCE

11,2}
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Merger events In the dataset

Percentage of

Termination  Number . . " iiacet _

CE merge

3157 12 %
phase
d.B'”aW 33 <1% [N
1ISTU p“O N merge in t(Hubble)
Numerical 5733 10 % o gl it
ISSUES . .fij_“ Fai s :
Mergers (within 21170 /3 Y% : " H i o
Hubble time) ) ( ) T
Total 27093 100 %
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Features Targets

parameters of massive binary stars

e \We want to train it such that
err(target) < err(LVC)

Progenitors — <———————eeeeeee | |GO/Virgo

Bayesian inference predictions
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Results (1) : Sanity check

e Strong correlations
between final masses and
initial parameters

e \Weaker correlations for final
orbital separation anad
merging time

log(Final
mass

Ist

CO)

log(Final
mass
2nd

CO)

log(Final
orbital
separation)

log(Merging
time)

Direct
correlation

Surprising

WERSS
transfer

Stellar
winds

Mass
transfer

Initial Initial
mass orbital

log(Metallicity)

1st separation
star

Correlation map between initial and final parameters
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Results (2

— Orignial dataset
- —+— Predicted values in a bin
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Total mass vs mass ratio for the tested dataset.

Total mass vs mass ratio of GWTC-2 detections Credits Abbott et
al. (2021)
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Results (3

Relative error for m1f in the m1i/m2i plane
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Number of events in the testing dataset with a relative error for predicted final
masses within a given bin. Red lines are values where 67% (dotted), 95%
(dashed) and 99.5% (solid) of the dataset are below.
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» ML based evolution model for black hole binaries in the m; € [3,30] — m, € [3,40] M
mass range able to predict component mass with 20% accuracy.

* Final orbital separation and merging time less accurate : median relative error of 90% and
above 100% respectively.

* Using Bayesian inference to retrieve statistics on progenitors for LIGO/Virgo detected low
mass mergers events.
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Machine Learning project

T'he algorithm :

Learning set : X; = {x;;}icrinp Y1 = X biering

Validation set : X, = {xvai}ie[l,n], y = {xv,i}ie[l,n]




» IBiS (Tutukov & Yungelson 1996, and * SEVN (Spera et al. 2015

references therein
. =S (Toonen et al. 2016

e Brussels' code (Vanbeveren et al. 1998a.,b

il

« BPASS (Eldridge & Stanway 2016
» Scenario Machine (Lipunov et al. 1996, 2009 tanway et al. 2016; Eldridge et al. 2017;

Stanway & Eldridge 2018

(Portegies Zw




Binary Evolution Codes

e Cambridge STARS code (Eggleton 1971;
setal 1905

D

I

ridge &

* eVv/STARS/TWIN (

out 2004

Pols et al.1995;

e BINSTAR (Siess et al. 2013

« MESA (Paxton et al. 2011, 2013, 2015,
2018, 2019




Binary Population Synthesis (BPS)

e BPSisag
binaries, s

State of the art in massive binary
simulations and inferences on progenitors

reat tool to get a huge amount of

panning wide ranges of masses and

separation in a reasonable computing time.

tables, but imply strong approximations

Parametric BPS (pBPS) use fitting formu

ae or look-up

systems.

or the binary

Converged =P Fixed population

Initial population

Evolved population

Not converged

Random seeds

Schematic for the COSMIC BPS code. The evolution is made through a look-up table. Credits : Breivik et al. (2020)



State of the art in massive binary

Detailed Binary Evolution (dBE) | == Comwcton
E Case A Thermohaline
-2 Cuboncon

| Case AB

* Detalled Binary Evolution codes are much
more time consuming with ~10 — 100 CPU
nours per simulation (Paxton et al. 2019).

e [hey account for more precise physics of the
binary and are easily customizable.

10.0 10.5
t [Myr]

Kippenham diagram of a 14 + 16 binary with
a 3 days orbital period. Credits Paxton et al.
(2017)



State of the art in massive binary

Cosmological

Predictions T
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o Statistics on merger rate density within the
Hubble time.
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o Statistics on total population of DCO.

-
o
>
.
)
—
-
5
-
o
<~
.-
—_—
.
o)
—_—
!
o)
—_—
~
et
A,

wIMg Mpc2yr ] w[Mg Mpcyr ]  @[Ms Mpc yr-

ulz) 25%<P<75%
2) 25%<P<75%

-
>
L
Q
=
N
T’:
-
o
x4
-
-
.
Q
O
N
T
E
R

0.0 0.5 1.0
log1g (M /M)

Look back time [Gyr]

DCO population produced by POSYDON. Credits Fragos et al. (2022) . .
Merger rate density of DCO. Credits

Santoliguido et al. (2020)



Precision of the model and holes

Density probabiltiy of having a merging event above 50% ,
z = 0.015 xfer_fraction = 0.6 alphaCE = 2.0

30.0
ml_simu

o . , G Representation of a cut in the phase space.
Probability of having a merger in M1i/M2i plane 0015 04 CE2)



mli v m2i whole dataset
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e 4984 have been done 998 mergers (within Hubble time)

Posterior simulations

have been obtained

e Different z and B3 tested (log(z) € {-2;—-3;—4}; € {0.2;0.4})

beta
Bl beta=0.2 z=0.00001
£ beta=0.2 z=0.0001
& beta=0.4 z«0.0001
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log_ml

Probability
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= beta=0.2 z=0.0001
B beta=0.4 z«0.0001
I beta=042z=0.001

Probability

o
o
o

o
o
o

beta
beta=0.2 z=0.00001
&= beta=0.2 z=0.0001
B beta=0.4 z«0.000
@ beta=0.4 z=0.001

70

log_life_time

Final parameters histogram repartition. Color indicate 3 and z.
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Initial vs final parameters for the simulations. Colors

represent 3 and z



Changing the strat, populate smart

Probability for different z

z=0.0001 z=0.001 z=0.004 z = 0.007
10 —e— aw 1.0 —e— [aw - —e— aw - —e— [aw
—e— smoothed —e— smoothed —e— smoothed PS5 —e— smoothed —e— smoothed

Percentage of m1f error in the mli/ai plane

30 20 30

Probability for different xfer_fraction
xfer_fraction = 0.2 xfer_fraction = 0.4 xfer_fraction = 0.6

—e— [aw - —e— [aw
—e— smoothed | 0.8 —e— smoothed —e— smoothed

* High computational cost

e Some areas have just holes that
have to be filled

50 20

Probability for different alphaCE
alphaCE =1.0 alphaCE = 2.0

—e— [aW - —e— [aw
—e— smoothed —e— smoothed

Showing holes in the phase space

Some regions are less populated, leading to
those oscillations in the merging rate density.
(Red is what more simulations would look like)



omparisons with GWTC-2

« Given N, LIGO/Virgo detections
xl=1x,... g

* Also given hyper-parameters 6, with prior p(0),
have :

O {x},N,ps) < p({x}, N, | O)p(0)




99.7% err(t) < 34712%

99.7% err(a) < 97% . 95% err(t) < 6802%

95% err(a) < 96%
_b7%err(a) <91%

67% err(t) < 772%

50% err(a) < 89%

1% err(t) < 89%
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Number of events in the testing dataset with a relative error for predicted final orbital separation and
merging time within a given bin. Red lines are values where 67% (dotted), 95% (dashed) and 99.5%
(solid) of the dataset are below. Dashdot correspond to 50% (left), and 1% (right)



