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Overview

A little about Helium stars and its role in compact merger formation
A quick introduction to Modules for Experiments in Stellar
Astrophysics (MESA)
Models evolved using MESA (Results)

o Low-mass helium star without mass loss

o Low-mass + high-mass helium star with mass loss
Errors encountered
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Figure 1. Illustration of the formation of a DNS system that merges within a
Hubble time and produces a single BH, following a powerful burst of GWs and
a short GRB. Acronyms used in this figure—ZAMS: zero-age main sequence;
RLO: Roche-lobe overflow (mass transfer); He-star: helium star; SN:
supernova; NS: neutron star; HMXB: high-mass X-ray binary; CE: common
envelope; BH: black hole.

T.Tauri et.al (2017)



Why is binary evolution studied using helium stars?

e Doing so reduces the computational expense trivially

e |solates the evolution of the central core from uncertainties in red giant mass
0SS, semiconvection and overshoot mixing during hydrogen core and shell
burning




MESA

e Modules for Experiments in Stellar Astrophysics (MESA) - open
source, robust, efficient, thread-safe libraries for a wide range of
applications in computational stellar astrophysics.

e A 1-D stellar evolution module, MESA star, combines many of the
numerical and physics modules for simulations of a wide range of
stellar evolution scenarios

e MESA star solves the fully coupled structure and composition
equations simultaneously.



Different MESA modules
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Hertzsprung-Russell Diagram for a solar mass helium star(without mass loss)

Plot of Luminosity as a function of Effective Temperature for a Mg Helium star
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The letters marked along the curve give the correspondence of evolutionary stages:
main sequence phase (a-b), exhaustion of central helium (b-c), first cooling phase(c-d), slow
phase of shell helium burning(d-e), and fast phase of helium shell burning(e-h) /



The evolutionary tracks in the central density—-central temperature plane of a solar mass helium star

Evolution of central temperature as a function of central density for a Mg Helium star
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The letters marked along the curve give the correspondence of evolutionary stages:
main sequence phase (a-b), exhaustion of central helium (b-c), first cooling phase(c-d),
slow phase of shell helium burning(d-e), and fast phase of helium shell burning(e-h)



Important piece of Physics included

e Mass loss (by winds)
o Dutch wind scheme for massive stars
e Mixing length Theory
e Semiconvection
o Ledoux criteria to determine the position of convective
boundaries



Hertzsprung-Russell Diagram for a grid of varying masses

of Helium star.

Plot of Luminosity as a function of Effective Temperature for Helium star with varying masses

—— 1M he without mass loss
—— 1M He star with mass loss(further run)
—— 2M He star with mass loss
3M He star with mass loss
4 —— 5M He star without mass loss
—— 5M with mass loss
—— 6M He star with mass loss
—— 7M (with scaling factor 0.5)
7M (with mass loss scale factor 0.2)
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The evolutionary tracks in the central density—central
temperature plane of a 3-, 5- and 7-MO helium star

tral temperature as a function

of central density for a 3My Helium star (with mass loss)

tral temperature as a function

of central density for a 5SMy Helium star (with mass loss)

log T K

log T- K

log rho.

log rhoc

The letters marked along the evolutionary track correspond to the following:
a- carbon core burning, b(& c)- exhaustion (& depletion) of carbon in the core, d- start of
convective carbon shell burning, e- end of convective carbon shell burning
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He, C, O abundances of a solar mass helium star

Abundance for 1M he star
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Xc

He, C, O abundances of 3- and 7 solar mass helium star

Abundance for 3M he star
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Variation of Radius and Mass of a 5- and 7 solar mass helium star with time
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Core mass

CO and ONe core masses

Core masses for 3M, He star with mass loss
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Core mass

Core masses for 5M; He star with mass loss
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Errors encountered which need to be

1.4612E+88
7.1BB5E+85

8.892313
5.1B6685

8.421486
5.174888

5.153983 5.930218
5.714776 -9.486324

residual_norm > tol_residual_norm

max_residual > tol_max_residual

I correction_norm > tol_correction_normkcoeff
max_abs_correction > tol_max_correctionkcoeff

retry: avg+max corr+resid -- give up in solwver 585
585 B.BP6536 6.96BE+R4 -10.165197 5.894319
1.4612E+88 B.896536 B.423B49 5.147597 5.97181%9
7.1BBBE+@5 5.188857 5.174B62 5.8@B569 -9.0816378

5B6 8.9082085 6.949E+@4 -11.9829¢68 5.987036
1.4612E+08 8.982085 8.4263089 5.142344 6.821293
7.1890E+@5 5.181358 5.174B98 5.928021 -B.498693

residual_norm > tol_residual_norm

max_residual > tol_max_residual

correction_norm > tol_correction_normscoeff
max_abs_correction > tol_max_correctionscoeff

retry: avg+max corr+resid — give up in solver 587
587 B.9B4076 6.929E+04 -10.547073 6.818533
1.4612E+88 B.984076 B.428794 .133981 6.854625
7.1893E+85 5.186387 5.174945 948614 -B.243857

588 B.986841 6.909E+84
1.4612E+88 986841 8.43131%9
7.1B96E+85 .1838B36 5.174962

372622
.128351
829475

879962
.891255
821242

589 .918764 6.BBRE+04
1.6813E+08 918764 8.435004
7.1980E+05

361740
.leesls

.136886
145974

lg_Tmax Teff
lg_Tentr 1g_R
lg_Decntr 1g_L

lg_dt_yrs lg_Lneu

914599 6.BLBE+R4
914599 B.440096
.184558 5.175161

.501858
.BB7956
.128392

166261
. 283463
206797

1.7180E+88
7.1905E+85

591 J9LTI74 6.BRAE+RA
L Y JRLTTA B.444796
7.1918E+85 .181825 5.175388

824978
.B69172
.213111

2432208
. 2566356
936716

residual_norm > tol_residual_norm

max_residual > tol_max_residual

correction_norm > tol_correction_norm*coeff
max_abs_correction > tol_max_correction*coeff
avg+max corr+resid -- give up in solver 592
592 B.919353 &.7B4E+@4 -14.677158 6.275217

lg_Lphoto

4980852
.812260

585
585
585
585

.871995
. 489948
.B816148

.8719%01
. 489878
.B2@858

587
587
587
587

.871887
-4B9823
.B240356

871714
-4B9763
.B2BR4L

.B71584
489741

Mass
1g_Mdot
1g_Dsurf

.871415
-4B9706
.B42237

.871263
-4B94B5
.B49927

592
592
592
592

871174

.B72088
970068

@.eeeeee 8.
8.286538 8.

4.6329721713621221D-86
3.9654280143264228D-83
1.8744B82901717627D-83
2.5064B83326683157D-81

.aeeaee @.eeeee8 a.
.871995 @.eeee88 a.
978868 @.283813

.aeaaee @.eaeeee
.871%e1 @.eaeeee
978868 B.277774

3.4392876013308965691D-86
2.89081045238392965D-83
6.9541862236816106D-84
1.9734157528758718D-81

.baeees @.eeeeee 8.
.B71887 @.eeeeee 8.
970068 8.261978

.baeees
.B71714
970868

.eeeeee
.eaeeee
. 2656689

.aeeaee
.871584

.aeeeee
.Beeaee

He_core o]
CO_core N

.baeees
.B71415
970068

.eeegeee
.eeeeee
. 2256806

.baeees @.eeeee8
.B71263 8.eeeee8
970868 8.224829

4.11632442B4684564D-86
3.5827378185938929D-83
7.26656873363378090-04
2.2449916900558570D-01

.aeaaee @.eaeeee a.

.Beeeee
.5Bb6372
-141895

.2eeeee
.576573

.eeeeee
.561338
-2813156

.Beeeee
.561132 8.820015
-281887 B.00008% ©.8e8E+e8

598164
189856

8.820015 @.3568758
@8.800021 ©.8e8E+ee

9.99999999999999960-87
1.0000R00000RR0BBBD-04
3.000000000RRRRRR1D-86
3.000000000RRRRRA3D-04

eeeeee 8.979985 -8.959981
596501 8.ez8015 8.356788

-113221 @.000023 ©.000E+00

.2eeaee @.979985 -1.@@les48
-.592773 @.ezee1b
.122558 @.eeae27 @.eeeE+e8

@.352726

9.9999999999999996D-87
1.00000000000R0B8BD-84
3.0000000000RRRRR1D-86
3.0000000000RRRRB3D-04

egeeee 8.979985 -8.9975686
582972 8.820015 8.3568468

-147113 8.800037 ©.8e8E+e8

979986 -1.0159956
.B20015 8.3564138
.BBBR3E ©.eeRE+eR

.979985 -1.@47854
.828815 @.355e82
©.0e8E+80

eta_cntr
_entr Z_surf gam_cntr
e_cntr Si_entr w_div_cs

979985 -1.048214
.820015 8.363468
.BBeR7E ©.ee8E+ee

979985 -1.869830
8.360468

9.999999999959599960-87
1.000000000RRRRRABD-84
3.0p00R0RRORRBRRA1D-B6
3.0000R00RORRGRRA3D-04

@eeeee @.979985 -1.8734B@

1.800RR000RRRRGRA1D-B1
1.8000R000RRRRGRA1D-B1

4955 31
5
retry

3l

hold

l.8000R000RRR00RR1D-01
l.8000R000RR000RR1D-01

5eee 32
&

retry

32

hold

50839 32

5
varcontrol

zones retry
iters
dt_limit

XNe_cntr

l.06000000000008010-01
l.e6000000000008010-01

5146 33

retry: logRho > hydro_mtx_max_allowed_logRho

I lg_dt_yrs

1.783BE+08
7.1819E+05

571
1.783BE+@8
7.1B24E+85

retry: max

572
1.703BE+00
7.1829E+85

573
1.703BE+88
7.1834E+85

lg_Lnuc

lg_Tentr 1g_R
lg_Dentr

.B21557 7.419E+04 -13.480386 B.
8.366915 5.863372 E.
5.169861 4.628682 -16.

.B21557
997204

.B2394B 7.3B7E+04 -12.6@86531 B.
B.370869 5.067485 B.
5.178337 4.651647 -16.

.B23948
.B11968

residual jumped -- give up in solver

B8.826486 7.355E+04 -11.887181 5.
5.874295 5.
4.699754 -15.

B.B26486
5.827278

B.374B880
5.170885

8.829245 7.323E+04 -12.774991 b.
5.878969 5.
4.722196 -15.

B.829245
5.843267

8.378983
5.171259

retry: logRho > hydro_mtx_max_allowed_logRho

574
1.783BE+88
7.1B39E+85

575
1.783BE+08
7.1B44E+B5

B8.832238 7.291E+@4 -13.723020 B.
8.382958 5.887288 B.
5.171716 4.767319 -15.

B8.832238
5.859872

B8.835643 7.25BE+@4 -11.889699 E.
8.387063 5.092168 E.
5.172149 4.823080 -14.

B.835543
5.8771e5

retry: logRho > hydro_mtx_max_allowed_logRho

576
1.703BE+88
7.1B49E+85

577
1.703BE+88
7.1854E+85

B.B39241 7.226E+@4 -12.3656937 5.
8.391196 5.183639 5.
5.172578 4.877308 -14.

8.839241
5.894B69

8.843507 7.193E+04 -12.141712 5.
B8.395366 5.109883 5.
5.172991 4. 961646 —14.

B8.843587
5.113845

retry: logRho > hydro_mtx_max_allowed_logRho

578
1.703BE+88
7.1B59E+85

579
1.7@3BE+88
7.1B64E+05

8.848521 7.159E+@4 -12.342129 B .
B8.399684 5.121634 B.
5.173384 5.835218 -13.

B.848521
5.131182

B.B54B51 7.126E+84 -13.859476 B.
8.483858 5.128141 B.
5.173743 5.128156 -12.

.B54851
148249

lg_Lneu
lg_Lphoto

199292
329991
416442

288574
359427
141962

572
227238
390324
852437

237262
423365
5411569

2671567
458482
2876562

279164
495875
B45926

386883
535937
458918

334843
579236
811192

381682
6255688
517212

425197
675972
935698

Mass
1g_Mdot
1g_Dsurf

.874218
496944
-723372

874849
496321
. 729853

.B873887
495707
736514

873726
495104
742982

574

.B873664
494519
749619

.873401
. 493929
.766315

576

.873239
493370
. 7630878

.873077
492817
. 769888

578

-B872914
492284
JT76779

.872751
491777
. 783734

He_core
CO_core

.Beeaae
.874218
. 970860

.aaeaae
- B74849
.970860

.Baaaee
.B73887
9708608

.Baeaee
-B73726
978868

.Baaaee
8735664
9788068

.Beeaae
.873481
.2708s60

.Baeeee
873239
970868

.Baaeee
873077
970860

.Baaeaee
872914
970868

.Baaaee
.872751
. 970860

H_entr
He_cntr

.Beeaee
.Beeaee
347262

.aeeaee
.aeeaee
.346592

.Begeee
.Begeee
3456762

.Begeee
.Begeee
344721

.Begeee
.Begeee
.343392

.Beeaee
.Beeaee
341662

.Begeee
.Begeee
.339363

.Begeee
.Begeee
.336165

.Bageee
.Begeee
.331674

.Begeee
.Bageee
324478

O_cntr
Ne_cntr

.Beeaee
.637889
.811493

.2eeaee
636648
.812601

.eeeeee
.636103
.813769

.Beeeee
.6356418
-B16686

.Beeeee
634546
.817873

.Beeaee
.633412
.820718

.eeeeee
.6315901
.824507

.Beeeee
.629828
.829728

.Beeeee
.626832
.B837228

.eeeeee
622236
.B4B741

. 979985
.820815
.Beeaal

. 979985
.B82e815
.2eeeal

. 979985
.B82080815
.Baaee1

. 979985
.B280815
.Baaael

. 979985
.828815
.Baaael

. 979985
.820815
.aeeaaz

. 979985
.828815
.Baaeez

. 979985
.B8280815
.Baeee3

. 979985
.B280815
-Baaaes

. 979985
.8280815
.Beeaas

eta_cntr
gam_cntr

-1.118827
8.342037
©.088E+88

=1.891874
B.344288
@.eeRE+20

-1.863283
B.346628
0.80RE+a8

-1.834688
B.349874
©.80RE+a8

-1.885488
8.351622
©.800E+a8

-8.975985
8.354256
@.eeaE+ae

-B.946778
B.356954
©.80RE+e8

-8.918944
B.359654
©.80RE+a8

-8.8%4646
B8.362263
©.800E+a8

-8.B78449
8.3564518
©.088E+80

zones retry
iters
dt_limit




