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Population III binary stars

= Stars born in metal-poor environments — first galaxies (z = 13);
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Population III binary stars

= Stars born in metal-poor environments — first galaxies (z = 13);
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Population III binary stars

= Stars born in metal-poor environments — first galaxies (z = 13);
= Metallicity Z, <2 x 107® - f},;,, ~ 0.8 and massive BHs (M gy >

* Delay time = Gyrs — Merger redshift within z ~ 1.
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Hints from black hole binaries in the LVK O3 data
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Hints from black hole binaries in the LVK O3 data
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Hints from black hole binaries in the LVK O3 data

* (O3 catalog ~ 91@ >

= 60 % O3 events

M; >30Mo; [ Goals of this work:

= Possible forma
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Binary population synthesis codes

= BPS codes study the time evolution of binary systems;
" Based on analytic formulas for binary and stellar physics;

= Statistical predictions of large binary population (e.g. 107) in a

reasonable amount of time (e.g. 48 h);
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Binary population synthesis codes

BPS codes study the time evolution of binary systems;

Based on analytic formulas for binary and stellar physics;

Statistical predictions of large binary population (e.g. 10”) in a

reasonable amount of time (e.g. 48 h);
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Binary population synthesis codes

BPS codes study the time evolution of binary systems;

Based on analytic formulas for binary and stellar physics;

Statistical predictions of large binary population (e.g. 10”) in a

reasonable ampgunt of time (e.g. 48 h);
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Predictions of BPS codes at low metallicity:
BSEEMP vs SEVN
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Predictions of BPS codes at low metallicity:
BSEEMP vs SEVN

BSEEMP LOGFLAT Zoopu = 2x10-10 o Zpopu=10"11 SEVN LOGFLAT
1120 Zpop”,u =2x10"% | ZPop.',l =2x107% 120+
Zpopil = 2x10°6 —o— M;>50M, O3
~—e- M;<50M;, O3
1100 1 1001
180 il - 801
.\(m o
y s
p ~
160 1= 601

2071

120 LT

0 20 40 60 80 100 120 0 |_zn_'_4.n_l 60 80 100 120
M]_ Mo Ml [MO]

Angeloni et al., in prep.

» Different primary BH mass range on varying initial stellar metallicity;
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Predictions of BPS codes at low metallicity:
BSEEMP vs SEVN
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» Different primary BH mass range on varying initial stellar metallicity;

» GWi90426 and GWig0521lout from the predictions of both BPS — Not from isolated

binaries.
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Predictions of BPS codes at low metallicity:
BSEEMP vs SEVN
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Model of galaxy formation: GAMESH

Semi-numeric model: N-body + semi-analytic model for baryons;
Simulated volume: 53 cMpc® (Local Group-like) with the Milky
Way at centre and resolved mini-halos;

Fast and flexible runs coupled with BPS still require HPC.
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Coupling GAMESH with BPS codes:
BHB mass distribution
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Coupling GAMESH with BPS codes:
BHB mass distribution
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" Strong impact of galaxy evolution on the merging MBHBs detectable by LVK:

> Less selected binary systems due to rapid metal-enrichment;
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Coupling GAMESH with BPS codes:
BHB mass distribution
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" Strong impact of galaxy evolution on the merging MBHBs detectable by LVK:

> Less selected binary systems due to rapid metal-enrichment;

" Detectable MBHBs still be present after the coupling with GAMESH!

BPS codes + GAMESH
predictions
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Statistics of coalescing BHBs from Pop III binary stars
in a Local Group-like Volume

GAMESH+BSEENP GAMESH+SEVN
Total | %coal. | %Poplll |  Total | %coal. | %PoplIl
M <20My [ ~20x10° | 3% | 10% | ~18x10°| 74% | 29%
WMy <My <35My | ~30x10° | 26% | 2% | ~95x10° | 15% | 78%
BMy <My <SO0My | ~45x10° | 17% | 4% [ ~93x10° | 20% | 97%
M >S0My | ~S5x10° | 19% | 100% ) 0% | 100%

Angeloni et al. in prep.
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Statistics of coalescing BHBs from Pop III binary stars
in a Local Group-like Volume

Total BHBs formed in the % BHBs detectable by LVK

GAMESH simulation
\ / BHBs from Pop IT1I binaries detectable by LVK

N GAMESH+BEENP GAMESH+SEVN

Total | %coal. | %Poplll | Total | %coal. | %Poplll
M <20My [ ~20x10° | 3% | 10% | ~18x10°| 74% | 29%
WMy <My <35My | ~30x10° | 26% | 2% | ~95x10° | 15% | 78%
BMy <My <SO0My | ~45x10° | 17% | 4% [ ~93x10° | 20% | 97%
M >S0My | ~S5x10° | 19% | 100% ) 0% | 100%

Angeloni et al. in prep.
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Statistics of coalescing BHBs from Pop III binary stars
in a Local Group-like Volume

Total BHBs formed in the % BHBs detectable by LVK

GAMESH simulation
\ / BHBs from Pop IT1I binaries detectable by LVK

N GAMESH+BEENP GAMESH+SEVN

Total | %coal. | %Poplll | Total | %coal. | %Poplll
M <20My [ ~20x10° | 3% [ 10% | ~18x10°| 74% | 29%
WMy <My <35My | ~30x10° | 26% | 2% [ ~95x10° | 15% | 78%
BMy <M <SOMy | ~45x10° | 17% | 4% [ ~93x10° | 20% | 97%
M >S0My | ~S55x10° | 19% | 100% ) 0% | 100%

Angeloni et al. in prep.

= Evident trend M, vs Z,: BHBs (85 Mg = My = 50 Mg) mainly formed by Pop III
binaries;
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Statistics of coalescing BHBs from Pop III binary stars
in a Local Group-like Volume

Total BHBs formed in the % BHBs detectable by LVK

GAMESH simulation
\ / BHBs from Pop IT1I binaries detectable by LVK

N GAMESH+BEENP GAMESH+SEVN

Total | %coal. | %Poplll | Total | %coal. | %Poplll
M <20My [ ~20x10° | 3% [ 10% | ~18x10°| 74% | 29%
WMy <My <35My | ~30x10° | 26% | 2% [ ~95x10° | 15% | 78%
BMy <M <SOMy | ~45x10° | 17% | 4% [ ~93x10° | 20% | 97%
M >S0M, | ~55x10° | 19% | 100% ) 0% | 100%

Angeloni et al. in prep.

= Evident trend M, vs Z,: BHBs (85 Mg = My = 50 Mg) mainly formed by Pop III
binaries;
= MBHBs (M, = 50 M) predicted only by BSEEMP.
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Statistics of coalescing BHBs from Pop III binary stars
in a Local Group-like Volume

GAMESH+BSEENP GAMESH+SEVN
Total | %coal. | %Poplll | Total | %coal. | %PoplIl
M <20My | ~20x10° ] 3% | 10% | ~18x10"| 74% | 29%
WMy <My <35My | ~30x10° | 26% | 2% [ ~95%10° [ 15% | 78%
WMy <M <SOMy [ ~45x10° | 17% | 4% [ ~93x10° | 20% | 97%
M >S0My | ~S5x10° | 19% | 100% ) 0% | 100%

GAMESH+BSEEMP VM GAMESH+SEVN
Pop 111 Pop II Pop II1 Pop II
251070 [ 25107 | 2%107° | 2210 [ 107" | 107 [ 2%107° | 22%107°
M; <20 M, 0 0.4% 7.0% 92.6% 0.1% | 1.9% 26% 72%
20M, <M; <35M, 0.7% 1.3% 21% 77% 29 | 41% 68% 25%
35M, <M, <50M;, 1.4% 5.5% 67% 26.1% 1.9% | 43% 00% 3.8%
M; > 50 Mg 1.7% 6.3% 75% 17% 0% 0% 100% 0%
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Statistics of coalescing BHBs from Pop III binary stars
in a Local Group-like Volume

GAMESH+BSEENP GAMESH+SEVN
Total | %coal. | %Poplll | Total | %coal. | %PoplIl
M <20My | ~20x10° ] 3% | 10% | ~18x10"| 74% | 29%
WMy <My <35My | ~30x10° | 26% | 2% [ ~95%10° [ 15% | 78%
WMy <M <SOMy [ ~45x10° | 17% | 4% [ ~93x10° | 20% | 97%
M >S0My | ~S5x10° | 19% | 100% ) 0% | 100%

GAMESH+BSEEMP VM GAMESH+SEVN
Pop 111 Pop II Pop II1 Pop II
251070 [ 25107 | 2%107° | 2210 [ 107" | 107 [ 2%107° | 22%107°
M; <20 M, 0 0.4% 7.0% 92.6% 0.1% | 1.9% 26% 72%
20M, <M; <35M, 0.7% 1.3% 21% 77% 29 | 41% 68% 25%
35M, <M, <50M;, 1.4% 5.5% 67% 26.1% 1.9% | 43% 90% 3.8%
M; > 50 Mg 1.7% 6.3% 75% 17% 0% 0% 100% 0%

= BHBs (M; > 35 M) predominantly formed by metallicity Z, ~ 2 x 107°;
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Statistics of coalescing BHBs from Pop III binary stars
in a Local Group-like Volume

GANESH+BSEEIP GAMESH+SEVN
Total | %coal. | %Poplll | Total | %coal. | %PoplIl
M <20My [ ~20x10° | 3% | 10% | ~18x10°| 74% | 29%
WMy <My <35My | ~30x10° | 26% | 2% [ ~95%10° [ 15% | 78%
Mo <My <SOMy [ ~45x10° | 17% | 4% | ~93x10°| 20% | 97%
M >50M; | ~S5x10° | 19% | 100% ) 0% | 100%
GAMESH+BSEEMP / GAMESH+SEVN
Pop 111 Pop II Pop II1 Pop II
251070 [ 25107 | 2%107° | 2210 [ 107" | 107 [ 2%107° | 22%107°
M, <20 Mg 0 0.4% 7.0% 02.6% 0.1% | 1.9% 26% 72%
20M; <M, €35 M, 0.7% 1.3% 21% T7% 29 4.1% 68% 25%
35M; <M, €£50Mg 1.4% 5.5% 67% 26.1% 1.9% | 4.3% 90% 3.8%
M; > 50 Mg 1.7% 6.3% T5% 1 7% 0% 0% 100% 0%

= BHBs (M; > 35 M) predominantly formed by metallicity Z, ~ 2 x 107°;
= Star formation with Z, < 2 x 10~° quenched rapidly by metal-enrichment.
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Statistics of coalescing BHBs from Pop III binary stars

ume
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Contribution to O3 candidates:
GW191127 & GW190602

O3 data interpretation

1St TEONGRAV

international workshop
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Contribution to O3 candidates:
GWI191127 & GW190602

i GW191127 1 SEVN
o1 i M; =53.0%, Mo | BSEEMP 1o
o ; M;=24.037, M i ;
2 ’-Lr‘rl-l\l'\ : 2 {aMo I‘IJ_I_L : J_'_"|_|'|J—‘ Predicted by
@ | Tl both BPS codes
& | | urLr?_r._ both
= | N E
S i i ' 1t
o i
+H i l
! !
1 1
i i
(o] ! ! (o]
Predicted only by GW190602
i M, =71.828 Mo i
«» 2. BSEEMP code - o | - s
E : M2 = 44'8—1-9.6 Mo :
) i |
g7
>
w
ey
i 11
=
++
%O 40 50 60 70I 80 90 100 10 20 30 I 50 60 0

M1 [Mo] Mz[Me]

Angeloni et al. in prep.
= Strong observative constraints on BH masses and merger time — candidates still be

present within error bars!
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Contribution to O3 candidates:
GWI191127 & GW190602
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Angeloni et al. in prep.

= Strong observative constraints on BH masses and merger time — candidates still be

present within error bars!

» Predictions for O4: hundreds of new GW events detectable by LVK!

O3 data interpretation

1St TEONGRAV Pagina 11/13
international workshop




Conclusions

1) GW190426 and GW190521 certanly not from isolated binaries;

2) More than 50% of massive GW events with 35 My < M; < 50 M
from Pop III stars according to both BPS;

3) More than 65% of BHBs with M; > 35 M, formed at metallicity
Z, ~107°;

4) Hundreds of new detectable GW events predicted by our

coupling simulations — our large statistics ready to interpret O4
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4)

Next steps and future prospectives

Characterize the BHB birth and coalescence sites with all
populations: BH-BH, NS-NS and BH-NS;

Predictions for the future interferometers ET, CE and LISA;
Cosmological prediction of merger and birth rate density of all
populations by the coupling with the cosmological fully
hydrodynamic zoom-in simulation dustyGadget (Graziani et al.
MNRAS, 2020);

Impact of dynamical formation channel on the O3 events.
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Redshift evolution BHB formation rate
from Pop III and II binary stars

SEVN KROUPA-LOGFLAT

—— z=16.6
-------- z=13.6
-—— z=12.7
z=11.7

—— Pop. 1l SEVN KROUPA-LOGFLAT
1l —— Pop.ll

Rate Number Density (M,) [cGpc™® yr~!] Rate Number Density (M;) [cGpc™ yr~?]

Peak of the Pop III birth
rate at high BH masses

Peak of the Pop II birth 2
rate at low BH masses

= SEVN:

Mgy [Mo ]

Angeloni et al. in prep.

» Almost the same BH mass range from Pop III and II stars;
» Probability function distribution completely different.

BHB formation rate

AASS PhD Workshop
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Merger Time Distribution

Redshift
1 0.60 0.32 0.14

600

500

400

Npin

200

100

[ Poplll SEVN

{2737 Poplll BSEEMP
Popll SEVN
Popll BSEEMP

6000 8000 ] 10000 12000
Merger Time [Myr]

Titolo Presentazione

Redshift. Redshift
0 0.32

1 0.60 0.32 0.14 1 0.6 0.14
200 - 200
BSEEMP — My <20M, SEVN

— 20Ms <M= 35Me

—— 35Mo <My S 50M,
175 o, 175
150 1150
125 125
+100
175
150
125

5000

800

700

600

500

300

200

100

7000 9000 11000 13000 " 7000 9000 11000 13000
Merger Time [Myr] Merger Time [Myr]

Redshift
1 0.60 0.32 0.14

M, =50M, SEVN
M, = 50M, BSEEMP
G M, >50M, BSEEMP

tedepmmmmmm

6000 8000 ) 10000 12000
Merger Time [Myr]

Pagina 35




Predictions of BPS codes at low metallicity:
BSEEMP vs SEVN
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Predictions of BPS codes at low metallicity:
BSEEMP vs SEVN
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Models of galaxy formation to predict birth

GAMESH

Simulated volume: 5 cMpc

" Semi-numeric model: N-body +
semi-analytic model for baryons;

= More Flexible;

» Fast simulation runs.

Galaxy Formation Models

and merger sites of BHBs

dustyGadget

Simulated volume: 50 cMpc

" Fully hydrodynamic simulation:

N-body + gas hydrodynamics;
More accurate;

" More computationally

v [cMpcsh])

0
0

expensive - HPC facilities.

10 0 10 Ll 50 =i0 = 0 bl 0 =75 =50 <25 00 25 50 75
X [cMpc/h] X [kpc] X kpc]
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