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Lecture plan

- Evolution of massive stars and formation of compact objects
- Evolution of binary massive stars and formation of binary compact objects
. Gravitational-wave astronomy

.~ Gravitational-wave observations of binary compact objects



Lecture plan

< Evolution of massive stars and formation of compact objects
< Evolution up to core collapse
< Core collapse

<~ Remnant - neutron star of black hole?




Masses: M 2 8 M,

Radii: up to ~ 100 R
Luminosities: up to ~ 10° L,

Fraction by number: < 0.3 %
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Chemical elements up to

the iron group are

synthesised in the cores

of massive stars

[Cowan et al., arXiv:1901.01410]
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Nuclear burning cycles

Main sequence: hydrogen fusion into helium 41H 4 He
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[O. Pols: Stellar structure and evolution]
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Nuclear burning cycles

Main sequence: hydrogen fusion into helium 4'H =+ He

%
Triple alpha: helium fusion into carbon 3*He -12C ->12C

12 4 16
Carbon and oxygen fusion C+"He->"0

0 +*He - Ne

160 4160 528 Sj +* He

Neon fusion 2)Ne +* He »2* Mg
28Q; 4 32
Silicon fusion Si+"He —-°- S
... and so on up to iron 36Ar, 40Ca, 44Ti, 48Cr, 52Fe, 56N, 56Co
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Nuclear burning cycles

e Nuclear fuel in the current cycle is exhausted.

e Nuclear reaction rate decreases.

e Stellar core contracts.
e Central temperature and density increase.

e A new fusion cycle starts.

Table 12.1. Properties of nuclear burning stages in a 15 M, star (from Woosley et al. 2002),

burning stage 7 (10°K) p (g/cm®) fuel main products timescale

hydrogen 0.035 5.8 H He 1.1 x 107 yr
helium 0.18 14x10° He C,0O 2.0 x 10° yI
carbon 0.83 24x10° C O, Ne 2.0 % 10% yr
neon 1.6 72%x10° Ne O, Mg 0.7 yr
oxygen 1.9 6.7x10° O,Mg Si,S 2.6yr
silicon 3.3 43x10" Si, S Fe, N1 18d

[O. Pols: Stellar structure and evolution]
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9 — 1000 R,

H— He:t=107yrs

Onion shell structure

0.2R,, 0.02 R,

He — C:t=5105yrs Ne —=0O,Mg:t=1yr
C—0:1t=103yrs O — Si: Tt = 6 months

nonburning hydrogen

hydrogen fusion

helium fusion

carbon fusion

oxygen fusion

neon fusion

magnesium fusion

silicon fusion
inert iron core

2000 km

Si— Fe:1t=1day

Credit: http://astronomy.nmsu.edu/tharriso/ast110/class19.html
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Massive stars ( > 15M®) experience rapid mass outflows

Stellar winds

Type Teft M Veo M

(kK) (Mo) (km/s) (Moyr™")
Sun 6 1 ~500 10714
O 30-45 20-60 2000-3500

1077 = 107

Modelled as stationary outflow

M = 47rr2p(r)v(r)

Wind acceleration, with a(r) from radiation (or other sources):

d
v(d—:) =

p dr

y2

ldp

+ a(r)
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Wind acceleration due to radiation pressure
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[Vink, arXiv: 2406.16517]
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Stellar winds
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‘Metals’: all elements heavier than Helium t [Myr]

N

M * metals

Metallicity: Z = Y, [Mapelli, arXiv:2106.00699]
* tot

Solar metallicity: Z = 0.014
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Massive star right before core collapse

H Burning
Shell

He Burning
Shell

Core Radius: ~1 R__+

C Burning
Shell

Ne Burning
Shell

O Burning
shell

Si Burning
Shell Envelope Radius: ~ 5 AU

Credit: Richard Pogge
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Massive star right before core collapse

ll'llll.l l.mw'ﬁ\l
N r \’\1 4H
........ gt e
. | , ZOM@
| ,‘I 12C
: L A ———
Yyl '
A
; |4 ) P — —
 IRRPRUNESSRON | FERUS .  T——
. \.\. ! }/
| ~d D
nlnlnlnnannll_lln lT
3 4 5 6
M, [Mo]

[Griffiths et al., arXiv:2408.03368]
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Core collapse

~Gravitational Core bounce Birth of compact object
eollapse Supernova neutrino

Massive star _
Explosion

» @

Neutron star

L h of shock : Failure
aunch of shock wave Shock propagation Black hole

[Sumiyoshi et al., arXiv:2207.00033]
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Core collapse

Rapidly falling
material

/ Region cooled by
neutrinos

40- to 50-km radius;
e, neutrinos are produced
Quasi-static i o, by the following reactions:

p+e = n+u,
n+e*—= p+i,

ef+e = v+ 7V

e 6"' Region heated by
e neutrinos

o 50- to 100-km radius;

neutrinos are absorbed

Prrrrunse®
Proto-neutron star by the following reactions:
approximately 40-km radius N+ve — pt+e

T p+Vs — n+e’

v+et-5 v+et-

Percival (2016)
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Core collapse: example

entropy
[k_b/nuc]

11.5
I‘ 9.41
{

7.35

5.30

- 3.24

[Wongwathanarat et al., (2013)]
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Core collapse: example

entropy
[k_b/nuc]
14.9

[Wongwathanarat et al., (2013)]
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Core collapse: example

entropy
[k_b/nuc]

19.7
' 16.0

[Wongwathanarat et al., (2013)]
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Core collapse: example

entropy
[k_b/nuc]

41.2
' 31.8

[Wongwathanarat et al., (2013)]
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Core collapse and formation of a neutron star

b

Initial Phase of Collapse
(t~0)

R [km]
Re,~ 3000

05 10~ MC\Mm M

Si-burning shell

R [km]
Ree

~100

A Neutrino Trapping

(t~0.1s, g ,~10"2 g/em?)
o

----

M, 1.0 \ M(r) [M]
heavy nuclei
Si-burning shell

[Janka et al., arXiv:0612072]
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Core collapse and formation of a neutron star

A
R [km] Bounce and Shock Formation
(t~0.11s, Q< 29Q0)
Ree g
radius of j / '
shock /
formation

~10

\ M(r) [M]

nuclear matter

(@290) G Si-burning shell

A

R [km]

RFO
Rs ~ 100 km
Ry

Shock Propagation and v, Burst
' 4, (t~0125)
¥ d

position of
shock
formation

\ M(r) [M.]

nuclear matter .
nuclei

Si-burning shell

[Janka et al., arXiv:0612072]
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Core collapse and formation of a neutron star

Shock Stagnation and v Heating,

Explosion (t ~ 0.2s)
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[Janka et al., arXiv:0612072]
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The fate of massive stars

10 H envelope &= | =» no H envelope
====:= D White dwarfs,,, uass)
, :
10 L | !
ol | = |:| Electron capture collapse
(Sun) | - Neutron stars ;;,, coliapse)
-] ¢}
& 10 - Black hole by fallback s sny
5 .
E B Direct black hole
> 107 e
10_4' e | No remnants
50
10 ? Lo : 1' no H envelope
-6 - .- 4
107° EEm — y H envelope
Metal-free | i

10° 10 10°

Zero-age Main Sequence mass (solar masses)
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The fate of massive stars: islands of explodability

. neutron star - significant fallback - failed explosion, BH

0 20 40

1

solar

metallicity

P |

60

Progenitor initial mass [Mg]

[Pejcha & Thompson, arXiv:1409.0540]
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Explodability criteria

Criteria based on pre-supernova structure

Criteria for zero-age main sequence stars depend also on stellar evolution

MIM,,
 R(Miyg, = M)/1000 km

Compactness Ey

For example: if &, < 0.5 star explodes

Irina Dvorkin 16 UNDARK 2025



Explodability of various stellar models

- Compactness seems to be non-monotonic with (initial) stellar mass!

- Episodes of convective 06L ' ' | .
burning in shells surrounding o
the core (carbon, oxygen, i 7
silicon) have a large effect on 0l m ]
compactness % °% ‘g 4
[ |
ap - & ® -
& (9]
H Burning e ° < | )
Shell | ’c w’ Q .. le) . ] )
He Burning il . - ‘é ® ¢ °
Shell i ’3‘
C Burning : |
She” 2 1 1 1 1 1 2 1 1
Ne Burning 10 15 ) 25 3040 80 120
Shell My s (M)
O Burning
Shell |
SBuming — Credit: T. Sukhbold (PhD thesis)
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Explodability of various stellar models

Compactness seems to be non-monotonic with (initial) stellar mass!

Episodes of convective
burning in shells surrounding
the core (carbon, oxygen,
silicon) have a large effect on
compactness

Modelling uncertainties:
convection regions; rates of
some nuclear reactions

2C 44 He »16 O

0.6 F

0.4}

10

15

2() 29 30 40 80 120
Mzams Mg

Credit: T. Sukhbold (PhD thesis)
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Neutron star structure

Mudcon Hyperons esol AETLCORE
ucleons, Hyperons, Meson Condensates,
INNER CRUST Leltas, Deconfined Quarks?

Free neutrons and e atomic nuclel
' R, ~5km, ngctl()nm/

_ P
I‘vw-DS km; n”\O..-m_‘“\

. OUTER CRUST \ f
eavier nuciel, ree e
R,=0.1km; n,<10%n_)\ \\ Neutron rich ICI)LH. e%?r%glﬁeg ./
‘ \\ \ R,~7 km;n<2n_ / //
\ \ // /
ATMOSPHERE \ ] /
A Mostly H, He, C / /
R =10"%m;n <107n_ / /
w 3 Sﬂ'/ /
{ /
‘:‘.

R,= RADIALWIDTH

n,=TYPICAL BARYCN DENSITY
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Neutron star equation of state

Pressure vs. density P(p) at
and above the nuclear
saturation density

Tolman-Oppenheimer-Volkov
(TOV) equations
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dr
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Tidal deformability

A spherically symmetric neutron star is placed in a static external quadrupolar
tidal field ¢

The induced quadrupolar moment is: Q = — Ae

Tidal deformability A

2
Tidal Love number k, (obtained by solving the TOV egs): 1 = Ekz —

Dimensionless tidal deformability: A = V5

Irina Dvorkin 20 UNDARK 2025



Neutron stars: from theory to observed quantities

10*
Equation of stat} /
& e
~
= 102 /
= /
A, //
0 ’/
1001, : ——— —
102 10
¢ (MeV/fm?) TOV
11 25
10 { / 2. \\\ \
. 2.0
*\ Tidal deformability-Mas
\\da de bility S 315 Mass-Radius
= 10° S
\ =10
102 \\ 0.5 \
0 \\
0.5 1.0 1.5 2.0 2.5 10 11 12 13 14 15

See [Chatziioannou et al., arXiv:2407.11153]
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Tidal deformability

0.05 -—— DBSk24 ----- PKDD S~ s
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Neutron star mass-radius relation

Stiff EOS: high maximum
mass, large radii

Soft EOS: low maximum
mass, small radii

| GW170817 == = - iR
1.04 =——BOB - - - Skyrme
« _V18 .......... NLWM
1=——N93 ------DDM
1 ——UIX ~------BOB(N+Y)
0 5_‘ ———APR -~ V18(N+Y)
"~ | =——DBHF ------ SFHo(N+Y)
| ——FSS2CcC
| ——FSS2GC
. AFDMC
0.04
8 9 10 11 12 13 14 15
R [km]

Burgio et al., arXiv:2105.03747
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Neutron star equation of state: observational constraints

PDF
107% 1072 1072 0.02 0.04 0.06 008 0.1 05 1
| | |
1045 v
i c2<1/3
| constrained pQCD
10% ?
E
S 2_ 1
= 10 5
E
&
10%
' €e,rov
nuclear
109 lthcqryl I | o
102 103 101
¢ [McV /fm?] [Altiparmak+2017]
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Black hole formation

If the mass of the proto-neutron star is
above the maximally allowed limit: further
collapse to a black hole

Until recent years: no black holes heavier
than ~ SMQ . Is there a mass gap between
neutron stars and black holes?

35
e Dicluyed
-===  Rapid [Spera+2022] »/
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Credit: Johan Jarnestad
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Pair instability in massive stars

Electron-positron pairs remove pressure from the star y +y — et +e”
If pressure is radiation-dominated, this leads to local thermal instability
Contraction, increase in temperature, increase in pair production rate
Runaway oxygen/silicon burning

Disruption of the star
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Pair instability (P1) and pulsational pair instability (PP1)

4c. Photodisintegration
instability and direct .

BH formation

3. Explosive
oxygen
2. Softening of EOS Egr):?;g)n ! ’
triggers collapse
l~| < : A \
an O\
N AT
=) "
:',_"o i "
e 0
'/)4“ ’ .-\0‘
7 :
‘4 ‘

4a. Pair Instability
. \ ' ! s ? supernova with
r /7 complete disruption
-~

/

-
—) - -
* —
o ‘\
-
// N
Pl N )

4b. Pulse with mass ejection

7/
- - @

5. v-cooling
7.BH

0. Evolved Massive

He core 1. Pair production
rr-" . f'+l'_

6. Entropy loss
and fuel depletion

[Renzo and Smith, arXiv:2407.16113]
stabilize the core
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Pair instability and the upper mass gap

Mco [M:]
30 35 40 50 60 70 80 90 110 130
160 ——F————7——7—— T "1 1

140 |

120 ¢

OEC(; PPI + CC | | -
35 40 50 60 70 80 90100 120 140 170 200 230

MHe init [ M)

[Renzo and Smith, arXiv:2407.16113]
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Pair instability: dependence on metallicity

300.0{--- Z=10"% —= Z=2x10" === Z=1x107 N
250.0 9 = Z=5x10"* Z=4x% 1073 «eee 7=2x102 ___omm==TT
200.04{--= Z=102 === Z=8x107 s e JAVREE, L S
150.0 - i '
123.0 - 5, N
] :
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o) | !
Z 559 : E
5 45.0 7 b '| ..... "
> SN N I 1T -1
30.0 - % .\. .'} —/ --------------- :'-'
. \ 1 :
) . : 7l I
1 \ ........ fosennnnnnnnnnins . '-l """"""""""""""""""""""""""" r-
0 " el [
a \ .lZI |
10.0 . g . . '. ;: :
- e YV
10 30 50 70 90 110 130 150 170 190 210 230 250 270 290 310 330 350
Mzams(Mg)

[Spera et al., arXiv:2206.15392]

Irina Dvorkin

29

UNDARK 2025



Uncertainty in nuclear reaction rates

120 +4 He —>16 (O determines the amount of oxygen available for explosive burning

180

1 l 1 1 I L] l I 1 1 ' I Ll L] 1 1 I 1 1 1 1 I 1 I 1 1
BHs — This work {DeBoer el al 2017)
= Larmer et al 2020 (Kunz et al 2002)

160

140

Mass Gap

o [*C(a, 7)"°0]

[Renzo & Smith, arXiv:2407.16113]
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Neutron star and (stellar) black hole masses

Lower limit on NS: Chandrasekhar mass
Upper limit on NS/lower limit on BH: equation of state
Mass gap between NS and BH 7?77

Upper limit on BH: pair-instability (initial stellar mass?)

Lower mass gap?

s "

memssts Upper mass gap? ==

~14 ~25 ~ 60 ~ 120
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Lecture plan

- Evolution of massive stars and formation of compact objects

- Evolution of binary massive stars and formation of binary compact objects

- Gravitational-wave astronomy

- Gravitational-wave observations of binary compact objects



Lecture plan

- Evolution of binary massive stars and formation of binary compact objects
> Physical processes in binary stars
> Modelling methods and challenges

> Observables




Most stars live in binaries

Cumulative fraction of O stars at birth

0% 26% 1% 75%
l ! ! :
1or g T ;
© C > qE, f f
- - 3 Effectively ? % ! 7
. = & single L 7 i -
_ g ~29% ES: s |
%* 0.8 EE Envelope .
2 - B 2 stripping 28 s |
© - 2 5! ~33% 0Q: : -
© SRk 2 g :
2> - B < D : .
= ) ‘ : :
% 0.6 Q | N
o £} | |
o = E -
Q % 5
o 5 ]
2 0.4 -
2 ‘
8
-
0.2 S w
) I\f o
---------- ©
; E -
} =
[f:
0.01 _ .1 A e
1 10 100 1000 10000
Initial orbital period (d) [Sana et al.; arXiv:1207.6397]
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Keyprocesses in binary stars

GRO J1655-40

Stable mass transfer
Unstable mass transfer

Supernova kicks and binary disruption

[Credit: Robert Hynes]

single star close binary star
initial mass He-core mass final remnant He-core mass final remnant
<2.0M, ~ 0.6 M, CO white dwarf < 0.47 M, He white dwarf

20-6M, 06-1.7My; COwhitedwarf 04-13M, CO white dwarf
6 -8 M, 1.7-22M; ONe white dwarf 1.3-17M, CO white dwarf

8 —10 M, 2.2-30My; neutron star 1.7-22M;  ONe white dwarf
10-25M, 3.0-10M;, neutron star 2.2-8M, neutron star
225 M, > 10 M, black hole > 8 M, neutron star/black hole

[O. Pols: Stellar structure and evolution]
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Imaal distribution of binary parameters

- Orbital period

- Eccentricity

- Mass ratio

0.5 1 54
[ log-uniform [ thermal 1 Salpeter+55
%04 1 Sana+12 4- L1 uniform 201 3 Kroupa+93
5 1 Renzo+19 [ Sane+12 | | 0 Kroupa+0l
— 031 3 "
o
EEE 2 101
= 0.1 _J—r-‘-"r A-‘.LL[ | 0.5-
0.0 - : - 0 : - ] 0.0 ' - : -
U 2 B! 6 0.2 0.4 0.6 0.3 0.2 0.4 0.6 0.5
Toga(Pom/day) Eccentricity q= :::_;1
[Credit: Clément Pellouin]
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Roche lobe

Effective Roche lobe radius Equipotential surfaces

RL,I/a 0.6

RL II;Q

R 0.49¢%/3

02 a ~ 0.6¢%3 +1n(1+ q'/3)

0.1+

a . separation between the stars

qg = M,/M, : mass ratio
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Binary stars and their Roche lobes

Detached Semi-detached Contact binary

Stars may be Stable mass Unstable mass transfer?
deformed but no transfer: Roche lobe
mass exchange overflow (RLO) Merger?

Possible formation
of an accretion disk
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Stable mass transfer

Accretion of (some fraction) of wind from the companion
Roche Lobe Overflow:
Binary orbit shrinks

Radius of one of the star increases

Siess et al. (2013)
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Stability of mass transfer

dR
Derivative of donor radius to its mass: {x = —
dM

. dR;

Derivative of donor Roche Lobe radius to its mass: ;= d_M

If (« > {; : mass transfer is stable (Roche Lobe radius increases faster than stellar radius)
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Stability of mass transfer

M, = 2M@ Total mass and angular momentum are conserved

Donor star fills its Roche lobe:
Example 1: A—>B

Example 2: D —> E

Stellar radius reacts to mass loss

ol Stab|?.,-"" A | Example : R < R,
| A Example 2: R > R;
03 ! I l L]
0.6 0.8 1.0 1.5
Md / Msun
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Common envelope

- Necessary to explain the existence of compact binaries!

- Merger time due to emission of gravitational waves:

5 ¢ ai

tmere = 956 G8 MM, (M, + M)

- Initial separation needed to merge within a Hubble time:

a ~ 4.8R- M i bmerg H
TR 14 Mg 13.8 Gyr

- But radius of a red supergiant: 107 R@ - 10° R@

Irina Dvorkin 9 UNDARK 2025



Simple common envelope model

- Envelope binding energy

M
Gm GM, M
Ebind — _ J d don*"env

&
— dm =
Mc R(m) @dOn
- : 1 GMdonMcomp
Orbital energy: E_ 4, = — 5
a
@
/ \

(

- Some fraction is used to unbind the envelope

(

AFEying = AEorb

- Assuming envelope is ejected:

(

Ehind i
QCE

Eorb,f — Eorb,i +

Irina Dvorkin 10 UNDARK 2025



Supernova natal kicks
Assume Maxwellian distribution of kick velocity after each supernova

2 v V2
P(vy) = \/;a_l;’ exp (—ﬁ)
k “k

Velocity dispersion: 6, ~ O(100)
Reduced kicks due to fallback

Reduced kicks if low explosion energy «

Random Kkick direction Vi +— /
y

m,/fi

[Callister et al., arXiv:2011.09570]
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Formaton of compactbinaries

‘Standard' scenario:

2 Massive stellar binary
2 First supernova (possible birth kick)
# NS/BH + massive star
2 Massive star expands, Roche lobe overflow
2 Common envelope
2 NS/BH + He star
2 Possible: second Roche lobe overflow

2 Second supernova (possible birth kick)

ZAMS

Stable mass transfer

Black hole formation

[

X-ray binary
|

" @ - -
|
Common envelope phase

Black hole formation

C & @& >

@ NS/ BH + NS/ BH = BBH merger
1 ®
2 Merger l
Irina Dvorkin 12 UNDARK 2025



Binary neutron stars: formation

‘Standard' scenario: ZAMS

2 Massive stellar binary +single stellar evolution
2 First supernova (possible birth kick)
2 NS/BH + massive star

Stable mass transfer

[

X-ray binary
|

“k_ .'::
v . W - .
> %
I

Common envelope phase

# Massive star expands, Roche lobe overflow .
B> Common envelope .®
% NS/BH + He star . Black hole formation
2 Possible: second Roche lobe overflow . °
# Second supernova (possible birth kick) Flacs hioie sormeacn C oo
> NS/BH + NS/BH s BRH merger
®
2 Merger B
Irina Dvorkin 12 UNDARK 2025



Modelling binary stars

Full hydrodynamical simulations (1D/2D/3D)

—
Modules for Experiments in Stellar Astrophysics M CS A

mesastar.org

Semi-analytic population synthesis codes:

. . Stellar evolution, mass :
Binary massive stars . Binary neutron stars
. transfer, winds, ... .
(masses, separation, . (separation,

. Supernova explosion .
eccentricity) eccentricity)

(remnant, kick velocity)

Irina Dvorkin 13 UNDARK 2025


http://mesastar.org

Stellar population synthesis codes

Code Name Reference
SeBa Toonen et al. (2012), based on Portegies Zwart & Verbunt (1996)
with ingredients from Hurley et al. (2002)
BSE Hurley et al. (2002), using single-star evolution from Hurley et al. (2000)
— Podsiadlowski et al. (2003)
StarTrack Belczynski et al. (2002, 2008, 2020)

The Brussels code
BPASS
MOBSE
COMPAS
ComBinE
SEVN

COSMIC
binary c¢

The Scenario Machine

Mapelli et al. (2013), a modified version of SeBa

Vanbeveren et al. (1998); De Donder & Vanbeveren (2004)

Mennekens & Vanbeveren (2014)

Eldridge et al. (2008); Eldridge & Stanway (2016); Eldridge et al. (2017)
Stanway & Eldridge (2018)

Mapelli et al. (2017); Giacobbo et al. (2018)

Giacobbo & Mapelli (2018, 2019, 2020)

Stevenson et al. (2017); Riley et al. (2022)

Kruckow et al. (2018)

Spera et al. (2015); Spera & Mapelli (2017); Spera et al. (2019)
Tanikawa et al. (2021), extending BSE to high-mass and metal-poor stars
Breivik et al. (2020)

Izzard et al. (2004, 2006, 2009)

Lipunov et al. (1996, 2009)

POSYDON Fragos et al. (2023)
TRES Toonen et al. (2016)
[Credit for compilation: Clément Pellouin]
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Stellar population synthesis codes

Challenges:

Uncertainties in single stellar evolution (ex: evolution of stellar radius)
Large uncertainties in some key processes (ex: supernova explosion)
Over-simplification of some complex processes (ex: common envelope)

Very large number of parameters

Advantages:

Large populations
Observables: masses, redshifts, merger rates, ...

Can combine with galaxy models

Irina Dvorkin 15 UNDARK 2025



Stellar population synthesis codes: some results

Efficiency of compact binary formation is very small

Difficult to form black hole binaries at high metallicity

H
i
%
H
'.F
H
H
10—0‘ Looanins [P 1 TT Lo vaiaas B s s ... "
0.0002 0.002 0.02 0.0002 0.002 0.02
Z Z

[Santoliquido et al., arXiv:2009.03911]
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Stellar population synthesis codes: some results

Long time delays between the
birth of the binary star and the
merger of the compact binary

These time delays depend on the
details of the formation channel

BNS, low-metallicity progenitors

Irina Dvorkin

10" -
. -1
E 10° -rrrr;".-
B I
1.5 2.0 2.5 3.0 3.5 4.0)
Log10(At gelay/Myr)
[Pellouin et al., arXiv:2411.04563]
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Stellar population synthesis codes: some results

- Models fit the observed merger rate... but there are a lot of parameters!

— Total

o —— Standard
T S >
‘) (JZAMS ~
> AIC
T
2.
= 10~7
3
o)
—
o
&0 107°
=
=

10 °

3
Redshift

[Pellouin et al., arXiv:2411.04563]
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Dynamical formation channel

. T
/ (a) Single-single capture \\

[Samsing+2020]

Irina Dvorkin 20 UNDARK 2025



Dynamical formation channel

10.0
(2,3)
" tcw = 2 Myr
5.0 - S—
2.5 1 2 ( 1, 2)
-;' _) T TT IR TTIRTT .'.'.'.'.'.'.,-'-,'-.~.4.-. e e e "
£ 00 ) 9 000000COCOC 108080000006
- GW = 10° Myr
-5.0 -
~7.5 - 1
-10.0 +— , . . ' ' ,
-15 -10 -5 0 5 10 15
x [au]
[Spera et al., arXiv:2206.15392]
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Dynamical formation channel

Delayed SN

[ AlIBBHs, z=0
NSC [ AlIBBHs, z=1
[ 1 AlIBBHs, z=2
1 AllBBHs, z=4
w0 NgBBHs, z=0
Ng BBHs, z=1
Ng BBHs, z=2
Ng BBHs, z=4

- Allows to obtain black holes
in the upper mass gap 10°

Y

[ AlIBBHs, z=0

[ AlIBBHs, z=1

[ AlIBBHs, z=2
- AllBBHs,z=4

Isolated

| | 10 102 103
[Mapelli et al., arXiv:2109.06222] my, [Mg ]
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Binary massive stars and binary compact objects: observables

Binary pulsars in the Galaxy (masses, orbital parameters)
X-ray binaries (masses, orbital parameters)
Gamma-ray bursts (rates, redshifts, location in host galaxies)

Compact binary mergers: gravitational waves (masses, redshifts, merger rates...)

Irina Dvorkin 23 UNDARK 2025



Binary pulsars X & tat

I
B \\ 7

\ y s
A\ \ S
i - ) 47
About 3000 pulsars known in the Galaxy ' . 5
= £
About 300 are Iin binary systems e
. . Neufra e et
18 confirmed binary neutron stars (BNS) o W
A ,
w .
7 \ \
e ( N\
R I\
@, A\
dl,,_,ar- Q \\b
1.0 ,Oha, {\\/
a\/es
0.8
. Time to coalescence due to emission
0.6 . of gravitational waves:
0.4/ ¢ tGW X A
Lo e Merger times: 10 Myr to 105 Gyr
0.0
101 102

Porb (days)

[rina Dvorkin 24 Geneva Observatory, October 2024



Lecture plan

- Evolution of massive stars and formation of compact objects

- Evolution of binary massive stars and formation of binary compact objects

- Gravitational-wave astronomy

- Gravitational-wave observations of binary compact objects



Lecture plan

- Gravitational-wave astronomy
o Gravitational waves: theory
¢ Binary compact object mergers

¢ Observing gravitational waves




Linearized theory

Solve Einstein’s equations assuming a 1 SnG
| R, ——g, R = T,
small perturbation of the flat spacetime pe oK ct H
g,m/ — r]’uy + h/,w with | hﬂyl < 1
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Linearized theory

Solve Einstein’s equations assuming a 1 SnG
| R, ——g, R = T,
small perturbation of the flat spacetime pe oK ct H
g,ul/ — 77,W + h,uy with |hﬂy| < 1
L e - » 1
Linearized equation in Lorenz gauge ¢ h/w — 0. with h,p,,, = h uy — §TI“V}L

Irina Dvorkin 1 UNDARK 2025



Wave equation

0° _

+V2 haﬁ=0

Qutside the source —

c201?

The perturbation travels with the speed of light

Plane wave solution hops = Agypexplik,x’)

Lorenz gauge h Y=0=>A k=0 orthogonal to
HY HY propagation vector

Any solution is a superposition of plane waves

Irina Dvorkin 2 UNDARK 2025



How many degrees of freedom?

The metric perturbation can be decomposed into 4 scalars, 2 transverse vectors,

and a transverse trace-free tensor

Take wavevector in the z direction

hoo s a scalar under spatial rotations

1 d.o.f=scalar h =
Uy
_ h20 h21 h22 h23
hOi IS a 3-vector

= VLV XV

3 d.o.f = divergence + transverse vector

hij contains trace + scalar aldfhlj + transverse vector + traceless transverse tensor

6 d.o.f = divergence + trace + transverse vector + TT tensor

Irina Dvorkin 3 UNDARK 2025



Polarizations (most general case!)

The metric perturbation can be
decomposed into 4 scalars, 2 transverse
vectors, and a transverse trace-free

tensor

But only 2 scalar, 1 transverse vector
and the TT tensor are invariant to

coordinate transformations -> 6 d.o.f.

s oy iy By, s b
0 0 0 0
0 h,+h, h, h,
Mo =10 hy  hy—hy h,
0 h,  h, h
Irina Dvorkin
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Polarizations (most general case!)

The metric perturbation can be
decomposed into 4 scalars, 2 transverse
vectors, and a transverse trace-free

tensor

But only 2 scalar, 1 transverse vector
and the TT tensor are invariant to

coordinate transformations -> 6 d.o.f.

s s Py Iy, B

0 0 0 0
0 hy+h, hy h
Mo =10 hy  hy—hy h,
0 h,  h, h

Gravitational-Wave Polarization

[C. WIll, in Living Reviews in Relativity]



Polarizations in GR

Gravitational-Wave Polarization

In GR, out of the 6 remaining Einstein

equations, 4 are constraint equations

(no second-order time derivatives)

Only 2 equations are evolution

equations ->2 d.o.f. A, hy

00 0 0
0 h, h, O
"=l n —n o
00 0 0
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Plus polarization

00 0 O
0 h, 0 O

hat=zle)y=| n o (w(t — z/0))
00 0 O

ds* = — c*dt* + dz* + (1 + hycos[w(t — z/c)]) dx* + (1 — hy cos[w(r — z/c)]) dy*

- () OO0

Irina Dvorkin 5 UNDARK 2025



Cross polarization

O 0 0 O
0 0 h, O

h,(t—zlc) = 0 h, 0 0 - COS (a)(t — Z/c))
O 0 0 O

ds’ = — c2dt* + dz* + dx* + dy* + 2 (1 + h,, cos[w(t — z/c)]) dxdy

(WO

Phaze O 2 s S o 2T
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Linear polarization

www. einstein-online.info
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Circular polarization

www. einstein-online.info
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GW effect on test masses

Geodesic deviation: x*(7) x%(t) + 6x%(7)
D?*6x® A 5
o = RO‘MW Xt x¥ ox’ ¢ i
T

Take the curve parameters as the time coordinate:

D%6x' . St i 1 0°h;"
D R 00y 0% with R 00y = > o

: ] ] 1 1T 1T '
To linear order. x1(1) = 6x1(0) + (h] (1) — h! (0)) 5x/(0)

Strain h:
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Sources of GW: dimensional analysis

0° vy  __10rG
c20t? T » ¢t

Matter field is characterized by its multipole moments:

3 G Mass conservation -
= | pd°x Mass monopole h |
rc2 cannot vary dynamically
J Mass dipole I G Linear momentum
re’d conservation
-
QY Jpx x/d’x  Mass quadrupole h o GQ
rct
\ ) Angular momentum

conservation

Jp ]kvakd3x Angular momentum (first moment of mass current) /1 "
rc



The quadrupole formula (TT gauge)

hTT(t X) = 2—QTT(t —r/c)

cir

Compact binaries (binary black holes, neutron stars...)

RN
® ®
NP4

Non-spherical rotating stars

Stellar explosions

UNDARK 2025
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The quadrupole formula: binary system v

Equal-mass circular binary in the x-y plane,
orbital frequency (1) and initial separation d,, ‘ ‘
1 2
0., = ZMaO cos(2wt) —>
| ’ dy
ny = — ZMaO cos(2wt) X| = 5 cos(wr)

ay .
V| = Y sin(wt)

1
O,y = ZMag sin(2wt)

T : : TTT TTT GMCI%G)z
Radiation in the x direction W't = — B!t = cosLw(t — r/c))
Yy X 2C21"

Linear polarization aligned with the orbital plane
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Binary system: unequal masses

Kepler law:

 G(M, + M)

3
ay

0)2

GW frequency:

@
fGW=_
T

Orbital inclination: @

Chirpmass: M . =

Irina Dvorkin 11 UNDARK 2025



GW energy flux and luminosity

| 3G
G,uv — R,uv o Eg,m/R — b T,uv
Far from the source: the energy is due to GW
. . TT c” 1 5p
Weak field, developing to lowest order Ly = Py R, — 5""”’7 R),

second order in h

Irina Dvorkin 12 UNDARK 2025



GW energy flux and luminosity

G =R ——g R=TC7
uv — uv Eg,m/ — o4 HY
Far from the source: the energy is due to GW
2
Weak field, developing to lowest order 1T = £ R —l PR
, PINg uv- 371G Uv Zﬂluyﬂ Ap
Flux:
3
dE _gr_ € <h2+h2>
dida % 162G \ 7 % second order in h
dE G /... .. .
— = - ——(0,0")
dtdA 37C r
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GW energy flux and luminosity

- | P 3G
uv — uv Eg,m/ — o4 HY
Far from the source: the energy is due to GW
C2
. . 5
Weak field, developing to lowest order t/w = 87[G — _;7””;7 PR/IP
Flux: \ /
3
d_EthTz_ ¢ <h2+h2>
dida % 162G \ 7 % second order in h
Luminosity:
dE G /... .. .
— = - ——(0,0")
dtdA 37C7r
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Luminosity of GW (quadrupole approximation)

G

But — Is extremely small...
C

GM

Assume a compact object — ~ 1

Rc?

Mass quadrupoles and its derivatives:

Ekin Ekin M Vz

Y

T - R/v R/v

O ~ MR? Q~M?*~E,

Thankfully — — Is extremely large!




Orbital evolution of a compact binary system

da 64 G>um?

Energy is lost to GW, the orbit shrinks: — =
dt 5 cda’

5 ¢ 1
t . =as-
coal 0 756 G3 Mmz

Coalescence time for a circular binary

M1M2
Reduced mass U=
M, + M,
Total mass m =M, + M,

Irina Dvorkin 14 UNDARK 2025



Hulse-Taylor pulsar

Cumulative period shift (s)

1975 1980 1985 1990 1995 2000 2005

Year
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GW150914: frequency chirp

|: il evolution:  Fore(f) = 1 [/ GM, =B [ 5 1
rom orpital evolution: GWAY = g c3 256 (T.pq — 1)

: 9
Frequency chirp: Jow(t) = —

6 GM.\""
5 71.8/3 ( ) f11/3

o3 GW

N U1
51
Gy N

Frequency (Hz)
=
N
o0

32

Abbott et al. (LVC) 2016

0.30 0.35 0.40 0.45
Time (s)
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Compactbinary merger

h, (t time

| Hull J
| | |

Inspiral Merger Ringdown
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Beyond the quadrupole

~ Quadrupole Jow =2 Jorbis
- Octupole 3 Jorbi
co N - Jorbit

1 + 5 solar mass black hole binary; 60 Hz to 733 Hz, inclination angle = 45 degrees (all curves)
.22 all harmonics at their natural strength

7. %102 only fundamental harmonic present (twice the orbital frequency)

fundamental harmonic unchanged; other harmonics enhanced by a factor of 3

s VNV

~-4.x 10
-5.x% 10°%2
T . T v T . T ’ T
3.8 3.9 4 4.1 4.2
t(sec)

www.soundsofspacetime.org
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Eccentric orbits

6. % J0 22 _| m1 = 1.4 solar masses,
m2 = 3 solar masses (all curves) e =0 (circular), 2 f_orb =250 Hz

I ANWAAAWAWVAWWAANAAY

e = 0.5, no periastron precession, 2 f_orb = 150 Hz

NN AN

e = 0.5, with periastron precession, 2 f_ob = 150 Hz

AAAAAT TN

T Pr— | T T Pr— | Y T I—*
0 0.05 0.10 0.15
I (sec)

2.% 10 %

h(1) 0

-2.%xi0°%

—4.%x 0%

-6.% I0°%

www.soundsofspacetime.org
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1M, + 3M,,

Spinning black holes

.22 ,
8.x10 spinl = 0.0, spin2 = 0.0, ending frequency = 1099 Hz binary black hole, 1 + 3 solar masses
- initial frequency = 60 Hz
6.% 1022 = spin/orbit aligned or anti-aligned

| (all curves)
4. % 10" 22 =4 spinl = +0.9, spin2 = +0.9, ending frequency = 3642 Hz
2.x 107 =
, E NN!MM WM'W‘WIl spinl = -0.9, spin2 = -0.9, ending frequency = 650 Hz
(1) _ |
«22 o
Kl l spinl = +0.9, spin2 = -0.9,
. ending frequency = 650 Hz
~4.x 10" =
d spinl =-0.9, spin 2 = +0.9, ending frequency = 3642 Hz
-6.% 10" =
-8.%x 10"% =
. ' Ll ' L ' . ' Ll l . l - ' L l L l
56 » 4 58 5.9 6.0 6.1 6.2 6.3 6.4 6.5
I (sec)

www.soundsofspacetime.org——

Irina Dvorkin
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0.5M,,

4. x 10
2.x J0O°

h(t)
=2.x 10

-4.x 10O

Precessing black holes

+5M,

Precessing binary black hole inspiral waveform, m1 = 0.5, m2 = 5 solar masses;
spinl = 0, spin2 = 0.99 (Kerr dimensionless spin parameter);

spin2 initially misaligned from initial orbital angular momentum by 60 degrees;
detector direction 140 degrees away from initial orbital angular momentum;
initial frequency is 2 f_orb = 40 Hz; ending frequency is 2 f_orb = 4282 Hz.

-

www.soundsofspacetime.org

Irina Dvorkin
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Precessing black holes

% 1041
1
200& :
z 0 o "
o '20\\ * s U
- I(’.u.")k
N a8
\\ / ¢
AL N —)
=500 ™ el &
\\\A ,/// — ) (X)
0 > S
Ytk N 0
K4 NS ) 4
L£yicrs maseaean Ll 0 1 2 3 4
fime (s)
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GW150914 : simulation of the signal

-0.765

R

Credit: SXS




Gravitaaonal-wave observatories
LIGO (Hanford+Livingston, USA)

- Virgo (ltaly)
Kagra (Japan)
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Gravitatonal-wave observatories: interferometry

Animation created by T. Pyle, Caltech/MIT/LIGO Lab
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" End test

l ~ mass

Input test
masses

le— 4 km —

Electro-
optic
25W  modulator

Beam
Splitter

Signal

Power

Recycling 85mwW

Mirror [ ] .
| Input Rt:/'cyclmg
-~ Mode Irror

gMHZ Qutput
oscillator 25 77 Mode
Cleaner

End test
mass

3
\
b

25mW

50/50 splitter

Credit: LIGO-Virgo Collaboration Photodetectors



Prospects for O4./05 runs

Updated
2025-01-26

LIGO
Virgo

KAGRA

—01 —1 02 -03

80 100 100-140
Mpc  Mpc Mpc
30 40-50
Mpe Mpc

jSmmesg

—

v
Mpe

== O4

150 -160+
Mpc

50-80
Mpc

1-3
Mpc

=10
Mpc

05

240-325
Mpc

See text

Y,

25-128
Mpc

LY,

G2002127-v28

| | | | | |
2015 2016 2017 2018

2019 2020 2021

2022

| | | |

2023 2024 2025 2026 2027

| | | I |
2028 2029 2030

[LIGO Public User Guide: https://emfollow.docs.ligo.org/userguide/capabilities.html]
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Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars

3

Solar Masses
o
o

o et+—»Q

-9 L P

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

Abbott et al. 2019, PRX, 9, 031040; Abbott et al. 2021, PRX, 11, 021053;
Abbott et al. 2021, arXiv:2111.03606; Abbott et al. 2021, arXiv:2108.01045

Irina Dvorkin 27 UNDARK 2025



https://gracedb.ligo.org/superevents/public/O4/

»",& GraceDB PublicAlerts ¥ Lectest Search Documentation Login

Plecse loz in to view full dotozase contents.

LIGC/Virao/KAGRA Public Alerts

Wore detoi's coout public o erts are orovidec in the LIGO/VirgoKAGCRA Alerts User Guide.

Retraclions are marked in red. Retraction means that the candidate was menually velled and is no lorger considered a candicale of interesl.
Less-significant events are marked in ¢rey. and are not manually vetted. CTensut the LVK Alerts User Guide fer more informction on significance in O4
Less-signifizant events are rot shower by default. Press ' Show All Public Events' to show significart anc less-signifizcant ever:s,

04 Significont Detection Cancidates: 189 (224 Total - 25 Retracted)

04 | ow Sienificance Detection Cardidatas 3646 (Tota |

Show All Public Events

ace 1 of 15. next lost »

SORT: =VENTID (A-Z} " SOOI 0 [

Event ID Possiblz Source Probakility) Significant . Comments

GCN Clircular

March &, 2025 : 1 .
S250306ej Terrestriul (~98%) Yes Query Y I 29257 per year RETRACTED
15:00:44 UTC
Notices | VOE
GCN Circular ) ==
March 4, 2025 .
S250304cb  EEH (969%), Taerrestrial (49) Yes Query Y S0 T 1.7738 per ycar
06:22:45 UTC ~ A
Aot iveswe | VINE
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Pulsar timing arrays

4

Pulsar Timing Arrays:

European PTA (Europe)
Parkes PTA (Australia)
NANOGrav (USA)
InPTA (India)
CPTA (China)

D. Champion/Max Planck Institute for Radio Astronomy MeerKAT (Soufh Africa)




Pulsar Timing Arrays

Compare times of arrival of pulses from a

network of pulsars

Rotation axis

q

Mean Pulse Profile

Rct‘crcncc clock -

> - - / A\ T(-):\.--?ﬁ“,
¥ \ | | -

J e —— — TCIC‘\C()PC \ / ,---”‘\._,_-—-/v “I\_/‘\_/“w
. ﬁ -“\\ - _ v

. \ :’ } ."
Neutron star \/ ————————— < ,"\\ * ' N

. \ 7 \
adio bea (\ A : . ,
Radio beam // \ \J De-dispersion &
‘ \ N\ J - _ X ,
s /| On-line folding
[Lorimer 2005] Recerver S £
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Pulsar Timing Arrays: was the background detected?

0.8

0.6 [Agazie+2023]

0.4
0.2

F(‘Sab)

0.0
-0.2
-0.4

0 30 60 9 120 150 180

Separation Angle Between Pulsars, &, [degrees]

NANOGrav: Agazie+2023
EPTA: Antoniadis+2023
PPTA: Reardon+2023
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Pulsar Timing Arrays: was the background detected?

[Antoniadis+2023]
Powerlaw fitted to 9 bins

-5.5
-6.0
-6.5

o
-7.0

2

log,o (RMS/seconds)
|

907 —me = 1yr
EPTA DR2new

|
[0 4)
P
L------------------—
10G10A(f= 171041}
~
>
%o
|

16_8 =3-2a
fIHz] r=

NANOGrav: Agazie+2023
EPTA: Antoniadis+2023
PPTA: Reardon+2023
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Massive black hole binaries

Evolution of massive BH binaries: Mgy ~ 10° — 109M®
Seed BHs grow through accretion in galactic centers
Two galaxies that host BHs merge (10-100 kpc)
Dynamical friction of BHs with surrounding gas —> bound BH binary (kpc)

Orbit decay through interactions with surrounding gas and stars (pc)

Emission of GW —> merger (milli-pc)

‘% Key unknown ingredients:
. * Seeds of massive black holes
* Co-evolution with host galaxies
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Kulier et al., 2015
Simon, 2023
McWilliams et al., 2014
Ravi et al., 2014
Jonetti et al., 2018
Ryu et al., 2018

avi et al., 2015
Wyithe et al., 2003
I'noki et al., 2003
Roebber et al., 2016
Sesana, 2013

Sesana et al., 2009
Siwek et al., 2020
Sesana et al., 2016
Rosado el al., 2015
Sesana et al., 2008
(CChen et al., 2019
Kelley et al., 2017
Rajagopal et al., 1995
Rasskazov et al., 2017

Jalle el al., 2003

Zhu et al., 2019
Chen el al., 2020
Dvorkin et al., 2017

[Agazie+2023] A

= kFD-w/MP-DP+CURN

= D DGP

Pulsar Timing Arrays: was the background detected?
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LISA: Laser Interferometry Space Antenna

&esa
LISA - LASER INTERFEROMETER SPACE ANTENNA

Gravitational waves are ripples in spacetime that alter the distances between
objects. LISA will detect them by measuring subtle changes in the distances
between free-floating cubes nestled within its three spatecraft.

(3 identical spacecraft exchange . Gravitational waves Pawerful events such as colliding black

change the distance between the free-floating cubes in the different holes shake. the fabric of spacetime and Free-floating
spacecraft. This tiny change will be measured by the laser beams. cause gravitational waves

golden cubes
="«

O R O o st

-

\

* (hanges in distonces troveiled by the Joser beams are not to scole and extremely exaggerated
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LISA: Laser Interferometry Space Antenna

| Nontl Galactic Background
O1LI

I\ day ]mm‘l()‘_ Y l MBHBs at 2z = 3
. M 1 % Verification Binaries |
N = EMRI Harmonics :

| | \. 1|“”“ | LIGO-type BHBs :
- ' GW150914

107'8 \ ‘

: Gal. Bin. (SNR > 7)

10° M. /‘J

10475

day

hour

10° M.

\}'(‘;11‘ montl

10-19?

Characteristic Strain

1 0-20 _

Observatory
Characteristic Strain

-21
10 " - = Total

107 107
[LISA White Paper]

1073 107 107 10°
Frequency (Hz)
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Stellar-mass compact binaries

Extreme mass

ratio inspirals

. .. Supernovae
Massive black hole binaries

101 103 Hz

Space-based
(LISA) Ground-based

(LIGO/Virgo/Kagra)

e
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Lecture plan

- Evolution of massive stars and formation of compact objects

- Evolution of binary massive stars and formation of binary compact objects

- Gravitational-wave astronomy

- Gravitational-wave observations of binary compact objects



Lecture plan

- Gravitational-wave observations of binary compact objects
> Binary black hole mergers
> Binary neutron star mergers: GW and EM observations

> Stochastic GW backgrounds




Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars

3

Solar Masses
o
o

o et+—»Q

-9 L P

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

Abbott et al. 2019, PRX, 9, 031040; Abbott et al. 2021, PRX, 11, 021053;
Abbott et al. 2021, arXiv:2111.03606; Abbott et al. 2021, arXiv:2108.01045
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Black hole populations: mass distribution
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[Abbott et al. 2023, PRX, 13, 011048]
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Black hole populations: merger rate evolution

_‘l—l

=

-

)

O

b

o,

N

L

m‘ ]U' vfff‘f’ E :
- — G\VTC' 3(Power Lcm + Pedk)
T Stm Fomnnon ('\rhltmn Nm m.)

(.00 (}.25 0.5{) (.75 1.{)0 1.25 1.50
Z

Rypy(z =0.2) = 17.3 =45 Gpc~3yr!

[Abbott et al. 2023, PRX, 13, 011048]
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Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars

3

Solar Masses
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o et+—»Q

a]
o
o . “
O
Q T Q ,:U
2 “20a Y 1
L T TP -.—JCCO""L’
X T Y™ 2800°
-C):D:—-l_’ - Y - ‘szl:nf)
e A L L T YT . 200908
v@8eay. a@®
q -

_— ’)_’j'v"».":\"j"‘-'
:)lell_
o

1 . - o 2
LIGO-Virgo-KAGRA | Aaron Geller | Northwestem

Abbott et al. 2019, PRX, 9, 031040; Abbott et al. 2021, PRX, 11, 021053;
Abbott et al. 2021, arXiv:2111.03606; Abbott et al. 2021, arXiv:2108.01045



GW 190521

Hanlord

Livingsion

Virgo

Whitenea Data
3-1m BuoyesWawve 5
LALInference

= Bl cWE max-L

l —4 - > - B =
1)
] A
?_‘ 1) =" \\’(; W S — \.—j-\ f\ N . ) -
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[Abbott et al. 2020, PRL 125, 101102]
[Abbott et al. 2020, ApJL, 900, 13]

(),40)

.45
Time [s]

‘ |U

(.55 (.60 0,40

(0..35

[].40

.45 (.54 .55 0.60
Time [s]

Irina Dvorkin

UNDARK 2025



Black holes in the upper mass gap

190 < A =
—— SEOBNR PHM

——  Phenom PHM

100 1

‘I
801 | \
\ \

60

_‘\/

ma [Mz)]

10

20

[Abbott et al. 2020, PRL 125, 101102]

[Abbott et al. 2020, ApJL, 900, 13]
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Hierarchical merger?

Black hole formed in the mass gap?
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PISN: Uncertainty in nuclear reaction rates

2C +4He —'¢ O
180""I""l""l""l""l""
: — This work {DeBoer et al 2017)

160 - BECpe L'armer et al 2020 {Kunz et al 2002)

Mass Gap
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Dynamical formation

1580 @ .]gBH

:edalﬂ:x /
2¢ BH .

1¢ BH . .lgBH

ny
©.J

lg+1g event lg+2g cvent 2g+2g cvent

[figure: Gerosa&Berti 2017]
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BBH mergersin AGN disks?

- AGN + gaseous disk + distribution of BHs

Optical counterpart to

- BH can grow by gas accretion —> IMBH

[Saavik Ford+2019: Astro2020 White Paper]

- Some BHs get trapped in the disk GW190521:
J124942.3+344929 ?
- Torques from gas: BHs migrate within the disk and merge [Graham+2020]

Irina Dvorkin 3
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The link between stellar-mass and massive black holes?

108 E : ; : :
Stellar black holes [Volonteri+2022]
107k i
m 10° 3 ;
U : -
o i

T 7

& 10-2¢
c 10 E First star .
- Runaway and '
remnants , , :

hierarchical
mergers Massive black holes
1073k -
Direct TEN 5
GW190521 collapse -
NGC|205
-4 1 x 1 1
10 100 10 104 ]_O6 108 1010
Mgh (Mg)
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The link between stellar-mass and massive black holes?

108 E | | | |
' Stellar black holes [Volonteri+2022]
107k -
o 10° - E
O
o
T 7 |
5 10-2¢
< 10 | First star i
: Runaway and :
[ remnants . . )
hierarchical
mergers Massive black holes
1073k -
o sy, Direct M87 5
| collapse '
' 1205
-4 SN 1 1
1077 g0 10 10° 100 108 1010

Mgy (Mo)
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Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars

3

Solar Masses
o
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o et+—»Q

a ,. 2aodD
-f‘nx|:(-“:l - . ~|“|l'_).’j'\)"-":\"j"‘-“-;
L g@
-L(‘_‘».:, . C‘:'UJ

LIGO-Virgo-KAGRA | Aaron Geller | Northwestem

Abbott et al. 2019, PRX, 9, 031040; Abbott et al. 2021, PRX, 11, 021053;
Abbott et al. 2021, arXiv:2111.03606; Abbott et al. 2021, arXiv:2108.01045



Black holes in the lower mass gap

Normalized energy
0.0 2.5 5.0 7.5 10.0 12.5 15.0

+1.1 Heaviest neutron star? e
m; = 23.3

—1.0 @

5 50+0.08 Lightest black hole? LIGO Hanford
my = —0.09 @ L — |
100
=
10
2.8
GW190814 0
i —
> 100
2.6 g
525 £
=
o 24 10
I~ —— (Combined PHM
231 —— EOBNR PHM {
99 Phenom PIIM - \\‘ 100
~ == Abbott+ 2018 M., a [ CE———
1 p— Farr+Chalziivantou 2020 My | 1
\
2.0) ¥ |
20 21 22 23 24 25 26 27 10
'rnl[]‘/[@ —-10 —8 —6 —4 -2 0
[Abbott et al. 2020, ApJL, 896, 44] Time (seconds) from 2019-08-14 21:10:39 UTC
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Black holes in the lower mass gap

33 —— Delayed

1.75 \ [de S4+2023] I [Spera+2022]

GW190425 prim. 20 Dircet collapse
GW190617 suc, '

—
(S
(o)

o J2215+5115
:- 1.25- o JO252-060 7 23 '
IEG . GW/170817 rem. i
=1.00 . e |
g —— GW200210 sec. E E
E 0.75 - Vi/i Mon comp. “15- E
= [ ) JUz215652+4325220 comp. E
0.50- e OGLE-2011-BLG-0463 10- E
. i GW190224 sec. % ' E
0.25- | - GW200115 prim : § &
’ i Lower miss ga
0'00 1 _J . v . ' 0 e m—ammea—— i ( - L p
2 4 6 8 10 12 L -
M(M ' > 150 175 200 225 .-S.Q 27.3 200 325 350
[ Mzans(Mg)
Is the mass gap real? Implications for supernova
Is it an observational effect? explosion mechanism?
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Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars

3

Solar Masses
o
o

LIGO-Virgo-KAGRA | Aaron Geller | Northwestem

Abbott et al. 2019, PRX, 9, 031040; Abbott et al. 2021, PRX, 11, 021053;
Abbott et al. 2021, arXiv:2111.03606; Abbott et al. 2021, arXiv:2108.01045



Merger of binary neutron stars

Jet—ISM Shock (Afterglow)
Oplical (hours days)
Radio (wecks—ycars)

Ejecta—ISM Shock

Radino (years)

Ifé.':
\ Kilonova - (\j\/
\\opuwl (1~ 1 day] |
Mecrger Ejccta

Tidal Tail & Disk Wind '-\

[Metzger & Berger. 2012, Apd, 746, 48]
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Binary neutron stars: mula-messenger observations!

v LIGO - Virgo

N300
< GW170817

N
o
o

—A
-
(-

frequency (

)
O

~ermi/GBM

INTEGRAL/SPI-ACS

counts/s (arb. scale)

- Gravitational Waves + Electromagnetic

- Connection with short gamma ray bursts (GRB)

-~ Kilonova: synthesis of heavy elements

- ldentification of host galaxy: 40 Mpc away

[Abbott et al. 2017, ApdJ Letters, 848, 2]
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Blnary neutron stars: multi-messenger observations!

/500 way 2\ — .
gl LIGO - Virgo IGEM L [ &k i T
¥ 300 : = o 2 f" "W\ S0AR
GW170817 2 L_; .  ESOWIT
1 200 o O
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‘{ )% m |~| 5 2 i h‘“ h.‘..
{ 50 ! S S .
§ 12 i 2 4 5 400 600 1000 _ 2000
N sarsad wavelength (nm)
Swope +10.9 h Chandra
- Gravitational Waves + Electromagnetic _. —l.
. Connection with short gamma ray bursts (GRB) : . g
' - ' . 9d X-ray
-~ Kilonova: synthesis of heavy elements o EJ ViR |
- ldentification of host galaxy: 40 Mpc away |
e
16.4d Radio.

[Abbott et al. 2017, ApdJ Letters, 848, 2]
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GW170817: gravitational-wave detection

Normalized amplitude

LIGO-Hanford
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Binary neutron stars: wavelform

Binary neutron star signal

WAVAVZAZNON S EATATAY

Collapse

Contact Merger Postmerger to black hole

£ Lattimer JM. 2021

B e T 4™ ~
‘L Annu. Rev. Nucl. Part. Sci. 71:433-64

- Some energy goes into deforming the stars

- GW emission from time-varying quadrupole sources
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251

Binary neutron stars: waveform

f (Hz)

274 351 396 473 633 961
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[Chatziioannou et al., arXiv:2407.11153]
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Binary neutron stars: constraining the EOS

3000 S0
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Neutron star mass-radius relation

Stiff EOS: high maximum
mass, large radii

Soft EOS: low maximum
mass, small radii

1.0-

0.5-
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AFDMC
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Burgio et al., arXiv:2105.03747
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r-process elements

[Cowan+2020]
B T B L
—H
- Rapid process: neutron capture on a £ 1070 |He '§
timescale of seconds, requires high neutron A 10 E
75 — |l
densities > 10° Lo
- Some elements form (almost) exclusively via 2 10°F |
"g 102_ |
r-process (Eu, Pt, U, ...) R
= ..al i Pt
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s Number, A

on

........
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r-process

H*’a _‘ ,: b Number ¢f neutrens N
=i e e —
(credit: EMMI, GSI/Different Arts)
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AT2017glo kilonova

[Smartt+2017]
Kilonova: UV-optical-IR transient powered by the
radioactive decay of r-process elements
_ . _ - i — spectral data (+1.4d)
synthesized in the merger ejecta ;,*( 6.01b — model continuum
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Did kilonovae produce all the r-process elements?

10000

— L - | 1 1 LI B L [ 1 | 1 L L 1 ] L ] LI 1 I ] 1 LI ?
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[Hotokezaka+2018]
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GW190425: BNS without EM counterparts

Table 1
Source Properties for GW 190425

Low-spin Prior High-spin Prior
(x < 0.05) (x < 0.89)
Primary mass m, 1.60-1.87 M, 1.61-2.52 M,
Secondary mass m; 1.46-1.69 M, 1.12-1.68 M,
Chirp mass M 1447005 M, 1.4470 05 M,
Detector-frame chirp mass 1.4868 09503 M., 14873130098 M.,
Mass ratio m», /my 08- 1.0 04-10
Total mass 7, 3.3101 Mg, 3.410 M,
Effective inspiral spin 0.012%501 0.05870:¢3
parameter x .¢

Luminosity distance Dy 159193 Mpc 15979] Mpc
Combined dimensionless <600 <1100

tidal deformability A

[Abbott et al. 2020, Astrophys. J. Lett. 892, L3]
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v

Probability density

Binary neutron stars: masses

\
ol x <089 /\ GW190425
— x < 0.05

8 =mmm-- GGalactic BNS
6O
_l.
2' / ’ \\ \

AL ‘i~~ |
q — L1l “7-- \‘ " .
2.00 225 2.00) 2.75 3.00 3 3.00 3.75
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4.0

[Abbott et al. 2020, Astrophys. J. Lett. 892, L3]

/\ [Zhu & Ashton 2020]
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Binaries with neutron stars: masses

1
& 5
= o1
i 1_— 10
= GW170817 -

m CW100814 |
w GW200105 t J

m GW200115 |,
m GW230529
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Trq AI.",]
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)

[Chatziioannou et al., arXiv:2407.11153]
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Binary neutron stars: after the merger

MM, q=~]
binary (< 1kllz) black hole 4+ torus{5 Gkllz) black hole [6  TkHz)

¢
binary (= 1kHz) HMNS /SMNS (2 — 4KkT1z) black hole + torus(s 6kHz) black holeifi — TkHz)
1.5 +

g

binary (< 1kHz) SMNS (difl. rol.)(2 — 4kHz) SMNS (unil tol.)(1 — 2kHz) black hn]e/NS?

D’
1, — -

105 — 107 y1] 1 ms — 15

Baiotti and Rezzolla, arXiv:1607.03540
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