Growing black holes: ‘accretion a

Gamma-ray bursts fro

Universit o-Bico
INFN — Sezione di Milano-Bicocca, Mila
INAF — Osservatorio Astronomico di Brera, Milan, Italy

DEGLI STUDI

©9 UNIVERSITA’
== ONVTIIN 1A



Some gamma-ray burst detectors

Swift/BAT
[15-150] keV Fermi/GBM
CGRO/BATSE 2004 — present [10-1000] keV
[20-600] keV S ‘s 2007 — present

1991-2000
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Gamma-ray bursts: observational appearance

Diverse lightcurves
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(figure: D. Perley using CGRO/BATSE data)
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Gamma-ray bursts: spectra

# GRBS
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[Spectral fits to Fermi/GBM data]
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(figures: Nava et al. 2012)
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Multi-wavelength ‘afterglow’
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Compactness problem — relativistic outflow

R/c At=R/c
I I L
VUAYES -
NS S
‘ t
R = cAt
~ 3x10%m (At/0.1s)
g
> ™1

hv

511 keV
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Compactness problem — relativistic outflow

At=R/lc
R/ ¢ L
NS S
t
R < clAt

' ~ 3x10%3cm (At/0.1s)(I'/100)?
W I
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A o \V

'x 511 keV
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Energetics — collimation — relativistic jet

Isotropic-equivalent gamma-ray energy E. is, up to
few x 10°* erg ~ 1My c?, released in T ~ 1 — 100s.

Collimation within half-opening angle ;:
Ey = Eyjso(1—cos0)) ~ Ey 5007 /2 ~ 5x10° erg(E, s0/10°" erg)(6;/5°)?

[Credit: NASA Goddard]
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Central engine

Spinning magnetar
(Usov 92; Thompson 94;
Thompson 04; Metzger+11)

Black hole + accretion disk

— Blandford-Znajek mechanism
and/or vv annihilation (Eichler+89, Popham+99, ...)

Magnetic L,|ow baryon load

TENT—D
Infalling material

Accretmg
central
object

[Credit: McKinney 2012]

(see talks by J. Jacquemin; V. Rohoza; N. Kaaz; A. Janiuk; O. Gottlieb; A.
Lalakos; B. Lowell; & poster by B. James)

[Credit: ESO]
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The ‘standard’ GRB scenario

Jet collides with
ambient medium
(external shock wave)
Very high-energy
gamma rays
Colliding shells emit gamma rays (> 100 GeV)

(internal shock wave model)
J\/\&”? High-energy
gamma rays

NI = AN

Faster shell X-rays
shell

Visible light

Black hole
, low-energy (< 0.1 GeV) to
engine high-energy (to 100 GeV)

gamma rays

Prompt
emission

Afterglow

[NASA/Goddard Space Flight Center/ICRAR]
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Gamma-ray burst progenitors

Collapsar Compact binary merger with at least
one neutron star

[Eichler et al. 1989, Mochkovitch et
al. 1991]

Core-collapse of highly rotating massive star
[Woosley 1993]
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Gamma-ray burst progenitors

Collapsar Compact binary merger with at least
one neutron star

[Eichler et al. 1989, Mochkovitch et
al. 1991]

Core-collapse of highly rotating massive star
[Woosley 1993]
— GRB-SN associations —
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Gamma-ray burst progenitors

Collapsar Compact binary merger with at least
one neutron star

[Eichler et al. 1989, Mochkovitch et
al. 1991]

Core-collapse of highly rotating massive star
[Woosley 1993]
— GRB-SN associations — - GW170817 / GRB170817A —
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Compact binary merger outcomes

NS—NS S
Metastable NS Stable
NS
y i
.
GW |
v
A Accretion \

NS—B'H\ //’\:’ Disk j. N
R

[Figure: Ascenzi+21]
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Meta-stable neutron star remnants

Metastable NS 7 l
hyper-massive vs supra-massive

(HMNS) (SMNS)
supported by: dlffere.ntlal unlfo.rm
rotation rotation
viscous spin-down

collapse after: - p
p tlmescale Umescale

tgy 2 0.15s
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S merger outcomes on

SFHo (softer EoS) DD2 (stiffer EoS)

2.2 T

BH

SMNS

M; [Mo]

1.0 1.2 1.4 1.6 1.8 2.0 22 10 1.2 1.4 1.6 1.8 2.0 2.2
M; [Me] M; Mo]
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NS-NS merger outcomes on

DD2 (stiffer EoS) -

- SFHo (softer EoS)
o Galactic DNS (fcoal < th)

\
\
\
\
\
\

1.0 1.2 1.4 1.6 1.8 2.0 22 10 1.2 1.4 1.6 1.8 2.0 22°
M; [Me] M; Mo]

[see e.g. Piro+17; Salafia+2022. DNS data: Farrow+19]
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- SFHo (softer EoS) DD2 (stiffer EoS)

o Galactic DNS (tcoa < ty)

T 2.2

1.0 1.2 1.4 1.6 1.8 2.0 22 10 1.2
Ml Mo]

[see e.g. Piro+17; Salafia4+-2022. DNS data: Farrow+19; GW data:
Abbott+19,20]
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- SFHo (softer EoS) DD2 (stiffer EoS)

o Galactic DNS (tcoa < ty)

T 2.2

1.0 1.2 1.4 1.6 1.8 2.0 22 10 1.2 1.4 1.6 1.8 2.0 22°
M; [Me] M; Mo]

[see e.g. Piro+17; Salafia4+-2022. DNS data: Farrow+19; GW data:
Abbott+19,20]
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22 T

SFHo (softer EoS)

DD2 (stiffer EoS)

T 2.2

o Galactic DNS (tcoal < ty)
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ata: Farrow+19; GW data:
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GW170817 + GRB 170817A discovery

o
%'\“‘g’e‘ oR® B

2500
2250
2000
1750
1500
1250

Lightcurve from Fermi/GBM (10 — 50 keV)

First ever GW+EM multimessenger
event

Event rate (counts/s)

Close temporal + spatial association

= o of (underluminous) short GRB
5 1500 T T T
S s 10%4 E
£
; 1000 —
A 0 10%3 ¢ 3
= 2
- Lightcurve from INTEGRAL/SPI-ACS 3
& 1200001 (> 100 keV) —10°2 E
g >
2 [}
s E 1051 [ ]
B — !
& ! 50 !:Il
% 10°° ¢ @7 E
~ 1
5 0%t | ® Long GRBs 4
g 2 ! Short GRBs
: ~ioml ! % GRB170817A
& 1
1
R 5 ) 1047 LK . .
Time from merger (s) 0 R2 dshift () 6
[Abbott+17] edshitt (z

21 Om S. Salafia — GRBs from binary mergers Growing Black Holes, Kathmandu (NEPAL), May 2022



Kilonova & host galaxy

First-ever kilonova identified
< 12 h post-merger
(Coulter+17) — host galaxy
& redshift

[HST image - NASA/ESA/A.J.Levan/N.R.Tanvir/A.Fruchter/O. Fox]
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Solid off-axis jet evidence from VLBI imaging

(A) Real source image

-23°22'53.38"

ADEC [mas]

53.39"

DEC
flux density [pJy/beam]

53.40"

13h09m48.0695s 48.0690s 48.0685s 48.0680s 48.067
RA

[Mooley+18, Ghirlanda+19]
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Afterglow lightcurve + VLBI: jet structure & viewing angle

dE/dQ [erg/sr]
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[Ghirlanda+19, see also Mooley+18 - more in J. Granot's talk!]
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Dichotomy on origin of GRB170817A ~-rays

25

z (10" cm)

Internal dissipation
i.e. same mechanism as

"classical GRB" emission,
but at larger angles

Cocoon shock breakout

. Radiation-mediated shock
transition to optically thin

-14 -12 -1 -08 06 -0.4 -02 0 02 04 06 08 1 12
rro* cmy

[e.g. Gottlieb+18; Salafia+18; Matsumoto+19; loka+19]
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GW170817 — constraint on Hubble constant

Fig. 2: Posterior distributions for H,.

0.10 . .
: ! —— GW +VLBI + LC (PLJ)
: : - GW
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P 5 ] SHOES
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H, (km s~ Mpc™)

[Hotokezaka et al. 2019]
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GW170817 — accretion-to-jet efficiency

08 —— GW170817 .
GW170817 (Mg > 0.04M )
06F ® BZ fitting formulae i
= ) ¢  Christie et al. 2019
> B Ruizetal. 2020
o -
S 04F ® Vvann
= (BT BW , BPS
he]
o
0.2F MO05 Hb MAD -
e
vy
0 0 1 1 1 1 1
-6 -5 -4 -3 -2 -1 0
log(n)

[Salafia & Giacomazzo 2021]
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GW170817 — on-axis view: universal jet properties?

X-ray Optical
T T T T T T T
L - 103
10! i
100
. 1073
10 E
S
=
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Z
< 107° 1
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£ 102
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10 7 il il **
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time after trigger [days] time after trigger [days]

[Salafia+19, see also Salafia+20; data: Fong+15]
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GW170817 — merger remnant and equation of state
@¢® .

t<1_2Mm
13

X

eWhe
‘y
W \

Prompt Collapse HMNS or short-lived SMNS long-lived SMNS

Interface Dynamical ~10? ~
M~107Mg v~02.03¢ Interface Dynamical M~ 102M,, v~c¢
Blue Disk Winds long-Ived NS)
M~102101M, v= ¢

— Blue Disk Winds long-ived NS)
(Mosty) Red Disk Winds M~ 102107 Mg v-01¢c
M~10107M, v~01¢

Tidal Tail
Dynamical j
M~ 104102M,
V~0203¢

magnetar
Tidal Tail Tidal Tail wind nebula

Dynamical Dynamical
M~104102M, M<10?M,
M~10%10tM, v~0.1c
——

Pama | 2

[Margalit & Meztger '17; see also Rezzolla+18; Shibata+19; Salafia+22; and
others]

Red Disk Winds (short-ived NS)
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What about BH-NS mergers?

Jet prompt emission (gamma-rays) | Non-thermal emission
Relativistic internal shocks?

Jet afterglow emission (X-rays, UVOIR, Radio)
" Relativistic external shock in the ISM

Outflow components Structured relativistic jet

Disc wind & viscous ejecta

N ~ Kilonova Radio Remnant
Dynamical ejecta

Non-relativistic external shock in the ISM

Red Kilonova
NS tidal disrGption nuclear-decay-powered, high opacity)

Angular momentum transport / \ Blue Kilonova
Neutrino & magnetic pressure in the disc (nuclear-decay-powered, low
opacity)

[Barbieri,Salafia+19; see also simulations by e.g. Ruiz+18,20; but tidal
disruption difficult, see e.g. Foucart+12,18; e.g. Broekgaarden+21 for population
BH spin predictions; LVK papers on GW200105 & GW200115]
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Final remarks & future prospects

e GRB + GW from compact binary mergers: viewport on jet + binary
stellar evolution + fundamental physics (nuclear & cosmology)

e LVK GW detector O4 run upcoming — current predictions (e.g.
Colombo,Salafia+22, arXiv:2204.07592) ~ 1 new GW+GRB event
plausible

e BH-NS progenitor fraction soon to be unveiled!

e 3G GW detector era (2030's): GW counterpart to most GRBs from
compact binary merger

e 3G GW detector era (2030's): post-merger GW detectable — direct
info on central engine

Thank you!
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Backup slides




Long/short duration vs massive star/merger progenitor?

10°
[] ://11(:)“l : r/10"5 ----- Afterglow (AG)
g/10 -—- AG + 2017gfo
10-2 ¥ 2/1020 4 10keV/10° — AG+KN
= 107
E .
e ~~1998bw
> —— TSR LD > 729
= 6 e T20068)~~.
g 10 2070bh.
o
E
T 1078
. M ...... .
10—10
1072 1071 10° 10T 102

Time (day)

[GRB211211A afterglow, Xiao+22, see also Rastinejad+22, Yang+22, Gao+22]
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Jet duration in NS-NS/BH-NS mergers (1)

Accretion time scale

L 2 1S< sk >3<Mrem>—2(a>—1<i)2
T G2ME o 1017 cm?2 51 2.5 Mg 0.03 0.5

Disk/torus specific angular momentum

Jaisk = Jaisk/Maisk
Angular momentum conservation
Jaisk = Jorb,O —Jow — Jrem — Jej —J

(likely Joj + Jo < Jaisk)
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Jet duration in NS-NS/BH-NS mergers (2)

Angular time scale

2

1 + F2 (eview - Hdiss)ﬂ
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Expected GW+EM detection rates in O4

100 Mpc 300 Mpc 1 Gpe 100 Mpc 300 Mpc 1 Gpe
All Sky Radio
101 L Fermi/GBM 1 === Optical i
HLVK O4 § ... X

Kilonova+04

Kilonova+04

HLV O3

GRB Afterglow+04 7

GRB Afterglow+04 e e

10

Cumulative detection rate [yr™?]

Candidate Monitoring

Counterpart Search

10 = = £ =
10° 107 107 10"

Redshift z Redshift z
[Colombo,Salafia+22]
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Multi-wavelength lightcurve of the GRB 170817A afterglow

flux density [mJy]

38
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Late-time X-ray excess in GW170817

X-rays (1 keV)

I O cxo

Jet Afterglow
KN Afterglow:
} E(8)" |
=== NR Simulations 1
(LS220, q=1)

107®

Unabs Flux Density (mlJy)

—
(=]
[

~

100 1000 10000

Time since Merger (days)

[Hajela+21]
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Viewing angle probability

GW radiation pattern Inclination probability

o
L 12
i}
50 10
Ay

," 0.8 §
: i £

S o6

' 7
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B 02

0'00 1‘0 Zb 3b 4‘0 Sb 6‘0 7b Sb 90

binary inclination [deg]

[Schutz 2011]

40 Om S. Salafia — GRBs from binary mergers Growing Black Holes, Kathmandu (NEPAL), May 2022



GW — GRB delay

to observer

Rt ... - 6
& ~~"\ 1 . gb °

Q, I time B
S . | delay | @4

. >

. . | @
“ev' eJet : 3

1
...........|...............................)l
ravitational 2
%%;gNeSr Braaves

[Salafia et al. 2018]

41 Om S. Salafia — GRBs from binary mergers Growing Black Holes, Kathmandu (NEPAL), May 2022



What the heck is the “cocoon”?

No
i

1
_ bow shock
T o b
2B
é |
o -1
o
—
-2
-3

x [10°%cm]
[Lazzati et al. 2016]

42 Om S. Salafia — GRBs from binary mergers Growing Black Holes, Kathmandu (NEPAL), May 2022



Spectral-energy correlations

104 T T T T o T
10°F * 3
080905Am@
S
2
= 10°F +
Lﬂ&
10 ¢ + E
* Long 1
O Complete sample 1 ‘ 0Complete sample
short 1 short 1
1 1 L 1 1 1 1 1 1 1 L L
10% 10° 10° 10" 10® 10° 10 10° 10° 10" 10® 10® 10* 10%
Ej, [erg] L, [ergss]
(figure: D'Avanzo et al. 2014)
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v annihilation luminosity

Frm oo LA LR |
1053 3 tr L
10 L 24/5]\49/4]\4—3/2
100 |- ] jetwr X T15CO
o e . E (Mign <M< Msa,t)
p 10TE M .
‘i:; 1048% . R é lgn feW X ]_0 M@/S
= nni " j
10 E Msat ~ few x M@/S
101 ° E
e 1
: 1 [Zalamea & Beloborodov 2011 by GR ray
PMELa s i cvvew v 3 tracing of v & s emitted according to

0.01 0.1 1 10

MM, /5] neutrino-cooled accretion flow of Chen &

Beloborodov 2007]
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Neutrino-antineutrino annihilation process

tdif‘f,u > tdyn T’ign
1 Ty

I "\ |
© [ L

et +n—=p+v /
6_ + p —n + 14 v-opaque free nucleons

v-trapping
| |

neutrino cooled
[Eichler et al. 1989, Mochkovitch et al. 1993, Chen & Beloborodov 2007]

alpha particles
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Neutrino-antineutrino annihilation process

Eichler et al. 1989
Mochkovitch et al. 1993
Woosley 1993

MacFadyen & Woosley 1998

Ambient ‘
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vv expected efficiency: long GRB

Accretion rate time evolution

10'
5’ 10° 5 Ny = 1074 —107"
ok s [MacFadyen & Woosley 1998]

———— Subrelativistic outflow (a2.5BcLs)
SASI (a25wLc)

102 107" 10° 10'
ts]

[Gottlieb et al. 2021]
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v expected efficiency: short GRBs

Accretion rate time evolution:
M o t2
(a) BPS

100+

Maccr (Mo s_l)

10- 100 10"
t(s)
[Christie et al. 2019]

1073 1072
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VD annihilation mechanism

1.0 = “10

0.8 -1.6
22
[
0.6 —28 2
E 343
0.4 402
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-4.6 2
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0.0
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[Salafia & Giacomazzo 2020]
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RMHD global simulations of vz mechanism in short GRBs

4{SFHO_1218 t=20 ms|M?
41 =
24 o
Ke)

3 o

20 m3

~

F42
%] £
Q FA1 E

_4_ _0

-3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
R [10%m] R [10%m]

[Just et al. 2016]
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nBz in short gamma-ray bursts: B configuration

100 -------———— =< 1

& aiyt <Njet>
4 3x107?
$1072 —FL10°
"2 100
310_4 5x10*
m 107
310_6 jet
5 (b) 1 BPS BPW BT

Vi A A

10-3 102 10-1 100 10 10" o° '\ 10°
t(s) t(s)

Poloidal, strong Toroidal

Poloidal, weak

[Christie et al. 2019]
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Expected B configuration in binary neutron star mergers

51

Dynamics + flux freezing — predominantly toroidal

t=-69ms t=21ms t=121ms

[Kawamura et al. 2016]
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	GRB observational appearance

