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From compact binary mergers
to their EM counterparts
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Compact binary (CB) mergers in a nutshell
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BNS merger remnants

Final stages of a compact binary merger: binary NS merger

Log, p oo » Massive NS (— BH)
M~22—-32Mg,
p 2 108Bgcm—3
T ~ afew 10 MeV

» thick accretion disk
M ~1072 - 0.2M,
Y. <0.20
T ~ afew MeV

» highly magnetized system
B in excess of 10 Gauss

z [km]

» intense v emission
slice from 3D matter density LV tot ™~ 1053€rg 571
(Ye =ne/ng =~ np/ (np +14)) E, 2 10MeV
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BH-NS merger remnants

Final stages of a compact binary merger: BH-NS merger

> (highly?) spinning BH
M < 10Mg,
az0.7
» thick (warped?) accretion disk
M~ 1072 - 0.6M,
Y. <£0.20
T ~ afew MeV
magnetized

» significant v emission
Foucart+ 14,15 PRD Ll/,tot S, 1053erg s~1
E, 2 10MeV
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Mass ejection in compact binary mergers

> most of matter gravitationally
bound to central object

> tiny amount of matter (up to a
few %) ejected into space (ejecta)
> possibly n-rich matter: synthesis
of heavy elements via r-process
mechanism
e.g. Lattimer & Schramm 73 ApJL, Freiburghaus+ 99 Ap] and

many more. See Thielemann+ 17 ARNPS for a recent review

» different ejecta types:

» different ejection mechanisms
» different ejecta properties

Rosswog RMPh 12
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Electromagnetic counterparts:

>

Jet-1SM Shock (Afterglow) ,q

Ejecta~ISM Shock

Ruuths 1years)

%5 \W' w R

A Merger Ejecta

~g U/ =20
._C>@<J_’ “‘ | | N\_ >

Berger & Metzger ARAA 12

kilonova

radioactive decay of freshly
sinthetized r-process elements
in ejecta: release of nuclear
energy

thermalization of high energy
decay products with ejecta

diffusion of thermal photons
during ejecta expansion

quasi-thermal emission of
photons at photosphere
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Electromagnetic counterparts: short-hard GRBs

» production of a relativistic and
collimated jet close to the
merger remnant

}J\/ 0 > jet propagation, possibly inside
expanding ejecta

- Q@<_)/; }7 | A~ » prompt non-thermal y-ray

- ~ /M I 4 emission: Gamma-ray burst

Berger & Metzger ARAA 12

# Menger Ejecta
s Toded Tuek & Dk Wins
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Electromagnetic counterparts: synchrotron emission

<

Ejecta~ISM Shock
Rl iyears)

> jet-ISM interaction: GRB
afterglow emission
(non-thermal synchrotron)

# Menger Ejecta
s Toded Tuek & Dk Wins

@ > ejecta-ISM interaction: radio
\4 | | AN emission from merger remnant
-~ ~ & [ (non-thermal synchrotron)

Berger & Metzger ARAA 12
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Electromagnetic counterparts: a general comment

> all presented EM counterparts produced far from the central engine

» however, EM emission properties keep track of the strong field
dynamics

> by observing EM counterparts we can learn something about strong
field dynamics
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(A bit of) Relevant Nuclear Astrophysics
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Neutrino-matter interaction in hot and dense matter

> U’s are weakly interacting particles (NC & CC processes)
> production (—, and possibly absorption, «+):
p+e” = n+v (EC) e tet vt
n+et = p+(PC) N+N—-N+N+v+p

> scattering:
N4+v—N+v eF4+v—ef+v

From cold NSs (kzT < 0.1 MeV) ...

» matter in weak equilibrium, neutrino
reactions negligible

» p > 10"?g/cm?, very n-rich conditions
...to hot NS merger (kgT < 100 MeV)

> kinetic — internal energy

W O @20 Iy
nigitna]

» matter (de)compression and shocks

» activation of weak reactions for matter imum v, incuding s
out of weak equilibrium

Albino Perego Lecture at Pharos Doctoral School-Jena, 11-15/03/2019

Courtesy of L. Branca, Milano-Bicocca university

- TR T - |

Myl



Production rates in hot and dense matter
» plasma (1, p, e, ) in thermal and NSE (NS matter EOS)

» v production rates: boosted by high temperatures & densities

Re- o 1y T°F4(pte/T)  Re+ o< 1y T°Fy(—p1/T)

eg.,

R_ = &py jve (Ew)
e (2rhe)® T

My — 1y > 4mogc <E+A)2 2
S S— f— (E+ A) E*dE
(exp (Mﬂ erTI*'A ) _1 ) o (2mhe)® e ¢

Q

_ 4Gi(mec®)* (3 + 3¢;)
B mw(he)*

~243x10"* em® ~ 2x10 Y0y,

F, = —— dx
(1) A T+ exp(x — 1)
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Neutrino opacity in merger remnants

v absorption/scattering rates:
neutrino opacity <> neutrino mean free path, ¢,

1 p 1/ E -2
l, = ~ 2. 10° ~
© npoy 36 x10%em (1014 g/cm3> <10 MeV)

E, )2 o — 4GE (mec®)? (c2 + 3c2)
m(he)*

p R HpME Ty ~ ) ( ~243x 107" em® ~ 2 x 10 %0y,

Mec?

Log

clo

of neutring mean free path [km]|

for a system of linear size R, v
absorption and scattering are dy-
namically relevant if

10

Neutrino energy [MeV]

& A <R

o 2 4 5 &8 12 14
Log,, Density Iu"cm !
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Neutrino opacity in merger remnants

v absorption/scattering rates:
neutrino opacity <> neutrino mean free path, ¢,

1 p 1/ E -2
l, = ~ 2. 10° ~
© npoy 36 x10%em (1014 g/cm3> <10 MeV)

E, )2 o 4G2 (mec®)* (2 + 3¢2)
1eC? 0= 7 (hic)*

p R HpME Ty ~ ) ( ~243x 107" em® ~ 2 x 10 %0y,

Laog y of neutring mean free path [km]

Sun:
» R=Ry ~7x10°km
> Pcenter 102 g/Cm3
» E, =~ 1MeV

Neutrino energy [MeV]

6 2 4 & B 10 _12 14
Log,, Density [gfem™]
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Neutrino opacity in merger remnants

v absorption/scattering rates:
neutrino opacity <> neutrino mean free path, ¢,

1 p 1/ E -2
l, = ~ 2. 10° ~
© npoy 36 x10%em (1014 g/cm3> <10 MeV)

E, )2 o 4G2 (mec®)* (2 + 3¢2)
1eC? 0= 7 (hic)*

~243x 107" em® ~ 2 x 10 %0y,

p ~ ngmp ay~o'0<

Log,, of neutrino mean free path [km]

Core massive star:
10 » R =R, ~ 10°km
> Pcenter 1010 g/Cm3
» E, ~0.5MeV

Neutrino energy [MeV|

G o2 4 8 B D Az o
Log,, Density [glem”]
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Neutrino opacity in merger remnants

v absorption/scattering rates:
neutrino opacity <> neutrino mean free path, ¢,

1 p 1/ E -2
l, = ~ 2. 10° v
© npoy 36 x10%em (1014 g/cm3> <10 MeV)

E, )2 o — 4G (mec®)*(ch + 3c)
MeC? m(he)*

~243x 107 % m? ~ 2 x 10720,

p = nphig Uu~0’0< te

Log,,, of neutrino mean free path [km]

20
E " PNS /BNS merger remnant:
g " » R~ 10km
E > Pcenter = 10 g/cm3
z : v ~ 10MeV

o 2 4 -] a o 12 14
Log,, Density [g/cm”)
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Role of v’s in CB mergers

> exchange energy and momentum 1
with matter ]
» set n-to-p ratio — Y, B ]
p+e < n+ v (EQ) g ]
n+et < p+ v (PC) ]
v luminosities "
> 71-1i - >
n-richness — Ly, e~ L”f Rosswog+13 (up), Perego+14 (down)
> EOS dependence e.g. Sekiguchi+15 I 7 —— v,
) st Oms o AN, 40 M)
—g. 4
anisotropic v emission T
E=
> due to presence of the disk E
> Lu,pole ~3 Lu,equator g_"
e.g, Dessart+2009, Perego+14 ?g .
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Relevant disk and neutrino scales

» disk lifetime:

HN\ —2 -1 /H/R\ —2 Ry 3/2 M —1/2
e (2o ) () () ()
R 0.05 1/3 100 km 2.5Mg

a: viscosity coefficient
Rgisk: disk typical radius

H/R: disk aspect ratio

Qg: Keplerian angular velocity

Mys: MNS mass

20/105

/2019
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Relevant disk and neutrino scales

» disk lifetime:

-1 /H/R -2 Ry 3/2 M —1/2
fai ~ 0.31s (L) L ( disk ( ns )
0.05 1/3 100 km 25Mg

» disk L,:

AEgray M 3/2 1 My Raisx \ /2
L, disk ~ —EW & 8.35 x 107 erg st s disk disk
2 fgiok 25Mp 0.2Mg 100 km

(o) () (B’

AEg,y: gravitational energy released during accretion
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Relevant disk and neutrino scales

» disk lifetime:
-1 /H/R\ ~2 / Ru 3/2 M -1/2
taisk ~ 0.31s (i> H/R (ﬂ ( ns )
0.05 1/3 100 km 25Mg

3/2 )
’ 2.5Mp 02Mg

» disk L:

» MNSL,:

AE ; AE Rps O\ 2
Lyms ~ —= &~ 1.86 x 107 ergs ™’ e ne )
) teool,ns 3.5 x 1072 erg 25 km

Pns -1 kgThs -2
10 gem—3 15 MeV
AE,s: thermal energy

tns,cool ~ 3Tu.ns/ (RnsC): diffusion time scale

Tu,nst v Optical depth in MNS
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r-process nucleosynthesis: basic ideas

» how do heavy elements (above Fe) form? n-capture processes
(A Z)+n+ (A+1,2)++

» hot, dense, n-rich matter: r-process nucleosynthesis
> high Nyt t(n’,y) < tﬁfdecay
> (n,7v) = (v, n) freeze-out — B-decays to stable nuclei

/ Neutron Elaction
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r-process nucleosynthesis: yields

at low entropy (s < 40k, /baryon), Y. dominant parameter

Hoffman+ ApJ 98
> Y. > 0.5: no r-process
> 0.25 Y. < 0.5: weak r-process
> Y, < 0.25: strong r-process

10—t 7717 773 Production of lanthanides dramati-
[ oo * Solar Abundances i
1%k, ¥, 2025 ~015-025 ¥, s015 4 cally changes photon opacity (x-),
J oo 1 because of electrons filling f-shell in
107 W

1ionized states

» no lanthanides: low opacity

Abundance
=
&
il

, ] 2
10°5f s (ky S 1em®/g)
3 0,,'_ Lanthanides ** Actinides | » presence of lanthanides:
increased opacity
-‘075 | P | | ST, ) | 1 > 2
60 80 100 120 140 160 180 200 220 240 (ky 2 10cm*/g)

Mass Number

K~ effective gray opacit:
Courtesy of G. Martinez-Pinedo v gray op y
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Ejecta from binary compact mergers
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Dynamical ejecta from CB merger

> tejdyn ~ few ms

> Ogiggn ~ 0.2 — 0.3 ¢

» BH-NS: Mj ayn ~ 0 — 10~ ' My, depending on g, NS EOS, My, asu

» NS-NS: Mj,ayn ~ 10~* — 107*M,, depending on Mys, g and NS EOS

e.g., Foucart+12,Korobkin+12,Hotokezaka+13,Bauswein+13,Wanajo+14,Sekiguchi+15,Radice+16,Kawaguchi+16,Bovard+17,...
145
“  » tidal component

v » both in BH-NS and BNS mergers
> first to develop

125 K
3 i > equatorial
E
E 15 » cooler (lower entropy)
" » shocked component
105

» only for BNS mergers

o » due to (HMNS bounces
> equatorial & polar

> higher entropy

10 0007 -

Dynamical ejected particles from NSNS merger, Bauswein+ Ap]J 13
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Dynamical ejecta from CB merger
> tejdyn ~ few ms
> Ogiggn ~ 0.2 — 0.3 ¢
» BH-NS: Mj ayn ~ 0 — 10~ ' My, depending on g, NS EOS, My, asu
» NS-NS: Mj,ayn ~ 10~* — 107*M,, depending on Mys, g and NS EOS
.8, Foucart+12 Korobkin+ 12 Hotokezaka 13 Bauswein+ 13 Wanajo 14 Sekiguchis 15 Radice +16 Kawaguchi 16 Bovard-17,..

» tidal component

both in BH-NS and BNS mergers
first to develop

equatorial

cooler (lower entropy)

10

T T
—— 50 x M(ve; > 0.6¢) [Mes™1]
8k —— 10x a1 (Mg s ]
Nmax/Mnuc

vVYyVvVey

I \ » shocked component
o 1 only for BNS mergers
3 due to (H)MNS bounces

equatorial & polar
higher entropy

o o
5 T

L
vvyVvYy
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Dynamical ejecta from CB merger

> tejdyn ~ few ms

> Ogiggn ~ 0.2 — 0.3 ¢

» BH-NS: Mj ayn ~ 0 — 10~ ' My, depending on g, NS EOS, My, asu

» NS-NS: Mj,ayn ~ 10~* — 107*M,, depending on Mys, g and NS EOS

e.g., Foucart+12,Korobkin+12,Hotokezaka+13,Bauswein+13,Wanajo+14,Sekiguchi+15,Radice+16,Kawaguchi+16,Bovard+17,...

» tidal component

both in BH-NS and BNS mergers
first to develop

equatorial

cooler (lower entropy)

\
N\
N\
N\
N\
\
\
\
vvyVvVvyy

103

» shocked component

BHBAG ] > only for BNS mergers
e > due to (H)MNS bounces
10-5 e . & sFHo | » equatorial & polar
107 w0 107 > higher entropy

My [Mo)
<— Radice+ Ap] 18 Tidal VS shocked dynamical ejecta, Radice+ Ap] 18 (35 BNS configurations, 49 different simulations in Numerical Relativity)
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Impact of v absorption on dynamical ejecta in BNS

> in the past, v-matter interactions assumed to be negligile:
» ejecta had always and everywhere Y. < 0.1

» robust r-process
» however, v-matter interactions increase Y, at polar latitudes

» most relevant reaction: n + v, = p+e~
» possible angular dependence in r-process nucleosynthesis

» mass angular distribution o< sin® ¢

w neutrino absorption

w /o neutrino absorption
1072 10-2

0.4
F
10735 53
)

0.1
LS220 M135135 M0
1074
0 20 10

60 80

0
2D histograms of Ye of the dynamical ejecta, Perego+ ApJL 17; Radice+ et al Ap] 2018

see also Wanajo+ Ap]JL 2014, Sekiguchi+ PRD 2015, Foucart+ PRD 2016
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Impact of v absorption on dynamical ejecta in BNS

> in the past, v-matter interactions assumed to be negligile:
» ejecta had always and everywhere Y. < 0.1
» robust r-process

» however, v-matter interactions increase Y, at polar latitudes
» most relevant reaction: n + v, = p+e~

» possible angular dependence in r-process nucleosynthesis
» mass angular distribution o< sin® ¢

capture fow luminosity capture low luminosity
>
[
$
g
s
2
5
3
<
medium luminosity high luminosity
>
>10° 8
z e
= 5
g g
3 106 5
= 2
<
107 \ |
00 01 o 03 04 00 01 02 03 04 O 50 100 150 200 50 100 150 200
Electron fraction at 8.0 GK Electron fraction at 8.0 GK Mass number A Mass number A

Ye histograms and nucleosynthesis for dynamical ejecta for different neutrino luminosities, Martin+ CQG 2018
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Impact of v absorption on dynamical ejecta in BHNS

» small effect on Y,

» negligible effect on nucleosynthesis

> lower luminosities and fast equatorial expansion

{1 - T T T
i Full N5
I H _—
e = (.2
INEHE X
el [ o
..|II!|— 2
LM .
%
= paH 4
0z H -
01H —1 50
ot t i 1oyl
.05 010 015 0.20 0.2
¥

1 1
] 150
Mass Number

Ye histograms and nucleosynthesis for dynamical ejecta for different neutrino luminosities, Roberts+ MNRAS 2016
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Baryonic winds from CB merger

» due to neutrino absorption and/or magnetic pressure inside the
remnant and the disk

> remnant expansion — nuclear recombination in the disk
(n,p) = (a,n) = ((A,Z),n) = é ~ 8MeV /baryon

> te wind ~few 10’s ms and v wing < 0.1 ¢
> Mejwind up to ~ 5% of Maisk (BNS) or 5 1% of Maisk (BH-NS)

[uedieq ™y ddonus

s
‘viscous
eyaporation” '\

2{00kn|

Eluctron fraction [-]

“' v absorption \
accretion disc  hot HMNS | qriven wind

Perego+ MNRAS 2014; Martin,Perego+ Ap] 2015, Perego+ JPhC 17
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Baryonic winds from CB merger

» due to neutrino absorption and/or magnetic pressure inside the
remnant and the disk

> remnant expansion — nuclear recombination in the disk
(n,p) = (,n) — ((A,Z),n) = ¢ =~ 8MeV /baryon

> te wind ~few 10’s ms and v wing < 0.1 ¢
> Mejwind up to ~ 5% of Mgisk (BNS) or < 1% of Maisk (BH-NS)

60 ms 12.0

100 15k 200 250
r [k

Siegel & Ciolfi Ap] 2014
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Ejecta and nucleosynthesis from v-driven winds

» wind intensity: strongly dependent on (H)MNS presence
» non-equatorial emission: § < 60°

> larger Y. in the polar regions

» nucleosynthesis: 1st r-process peak:

» complementary to low-Y. nucleosynthesis
» low v opacity, ©, < lem?g ™!

14
190 ms
121 N 180 ms 102 ns1l.4-ns1.4 |<
. 170 ms —— 9%0oms
B 150 ms 10' j|— 140ms
10( |EmE 150 ms o 190 ms
~ ||== eoms 10 i
= || 1ems g 10t
T == 120ms 5 N
. ||mmm 110ms g 10
g 6| /mm wo0ms € 100
= . 90 ms “gl b)\(i
4| /== Boms HT || “107
70 ms L "\,
. 60 ms Ei 107° \,\M\L/{
2| - 50 ms | 10 W
2 107 l
.0 0.1 0.2 0.3 0.4 0.5 0 50 100 150 200
Electron fraction A

Martin+ Ap] 2015
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Viscosity-driven ejecta from CB merger

> due to viscosity and nuclear recombination in the disk
> fejsec ~ few 100's ms and vgjsec S 0.1c
> Mej,sec ~ (01 — 04) Mgisk

density [ om ] mewiring beating  [erg @' 8] viscous heating electron lrction
ot o oWt wto" L L U TV TV U1 01 02 03 04 05

| 1¥ em|

107 em]

(10" em]

2[00 em]

02

04

0D 0S5 10 15 20 25 05 10 15 20 25 05 10 15 20 25 30 00 02 04 06 05 10
x| em] =107 em] a1 em) [ 10%em|

Figures from Metzger & Fernandez MNRAS 14, Wu+ MNRAS 16, see e.g. Just+ MNRAS 15, Siegel& Metzger PRD 17
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Neutrino effect on viscosity-driven ejecta

> ejecta: broad distribution of n-rich matter (0.1 <Y, < 0.4)
» all solid angle ejection, intermediate opacity - ~1 - 10em?g~!
> key parameter: HMNS lifetime; long lived HMNS:

» significantly larger ejecta
> ejecta with larger Y.

g Lo
& =

Ejectod mass in bin [10-* M. ]

0.

Albino Perego

0.1 .2
Electron fraction Y. sqx

T T T T
L — Hooo s 10°
3 Holo 1!
1 HO30 2
| 1 Hioo ] 102
1 Haoo 10-1
= Hinf .

10"

Final #;Y (arbitrary scale)

T

Eml. :JBH.L

solar I=[rOress

Tare-
carth drd peak 7
peak &

Ll

100
s HOOU —HI00 — BO70
I — 1o FEO0 BOYH
10 fll! —wHos0 — Hiue BF15
-In SN | L " " A " A A L
0.4 0.5 0 25 50 75 100 135 150 175 200 22

Lecture at Pharos Doctoral School-Jena, 11-15/03/2019
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Ye histograms (and nucleosynthesis) of viscous ejecta depending on HMNS lifetime. Lippuner+ MNRAS 2016
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Disk masses from BNS mergers

winds & viscous ejecta: fraction of M;sk

T T

T T
=== Fit
101 j,? %/?%'-‘? 9
— ot |
= ? T
Z107%F / E
= i
i '
{
H O BHBA¢ LS220
U % o DD2 O SFHo 3
) | . L . .
L 2 t + + + +
s 8404
- e
S
= LF ¢ ]
< L L L L
250 500 750 1000 1250 1500

Albino Perego

A

< BHBA¢

3 DD2
15220

4 SFHo

.
1071

Lecture at Pharos Doctoral School-Jena, 11-15/

10°

Radice+ Ap] 18 (35 BNS configurations, 49 different simulations in Numerical Relativity)

103Mg, < Maisk[Me] £ 0.2
clear correlation with A

relation with BH collapse time:
presence of long-lived MNS VS BH
formation

BH formation from HMNS reduces
mass ( 50 %) mass

viscous (as 20% of Mgjsk) VS
dynamical ejecta

viscous ejecta dominant, unless
prompt BH

/2019 37 /105




Disk and ejecta from BH-NS mergers

Mass outside the BH horizon: only if Regar 2 Risco

Mg\ /3
Riga ~ Rns |2——
Mns
GMpy
Riso = 2 f@n)  fOen=1 =1 fOen =0) =6 f(xen = —1) =9
MNS = 1.1M@ MNS = 1.4_M@ MNS = 1~8M®
: 03 | I 0.8
1 07 LY 07 0 07
i 06 06 [0
08 084 — 6
(| % 0.5 .2 0.9 4 DE B
x E z = oz =
& osd 04% 8 ] 04% 3 04%
0.3 E% 03 5 033
044 0.2 ia 02 0% 2=
ol & 0l 0l
[ e 0.0 (] T T T 0o
10 /1] 5 w15 20 5 0 15
Q= ManiMus Q= MauMus Q= Mgr/Mys
T 0200 200 —— o
1 o]
L0i7s L 0.175 10 Lo.a7s
015 Loaso 0.150 _, Lot
0125 2 il ens @ " Fo12s 2
= I
& 050 Fo00 = & o100 = £ s - o0 =
0075 3 0.6 1 0.075 2 L0073 Eﬁ‘
(.25 - 0050 0,050 04 - 0.050
b onzs 04 0.025 L0025
000 . . L 000 > . ; - 0,000 02 - g v L (.00
n 20 CO [ T 5 1 15
Q = MauiMus Q= Mg/ Mus Q = ManiMys

Mass in the disk and in dynamical ejecta after a BH-NS merger. NS EOS: SFHo. Fitting formulas from Foucart+ Arxiv 2018 & Kawaguchi+ PRD 2016.

Figures courtesy of Claudio Barbieri (PhD student Uni MiB).
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Kilonova
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Electromagnetic counterparts:

>

Jet-1SM Shock (Afterglow) ,q

Ejecta~ISM Shock

Ruuths 1years)

%5 \W' w R

A Merger Ejecta

~g U/ =20
._C>@<J_’ “‘ | | N\_ >

Berger & Metzger ARAA 12

kilonova

radioactive decay of freshly
sinthetized r-process elements
in ejecta: release of nuclear
energy

thermalization of high energy
decay products with ejecta

diffusion of thermal photons
during ejecta expansion

quasi-thermal emission of
photons at photosphere
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Nuclear heating rate

Radioactive decays of r-process elements release nuclear energy

€r—process =

Z Qi Ai

i € reactions

Q = Minitial — Minal, A : decay rate

» nuclear heat computed by detailed nuclear network

mainly 3 — decay = & _process = ot~

o

1.3, ¢y > 10'%erg/g/s

> Y. 2 0.25: weak r-process: shorter 5 decays lifetimes
> weak(strong) dependence on trajectory(mass model)

nuclear heating power [erg/(g-s)]

3
3

=5
~
>
T

-o.‘
B
.

- - —
e = 90 ms
N\ -~ 140ms

time [days] ;
10 107 10?2 10° 10°
T T T 3 2 =
= const averaged trajecior%r — . —
s - ey = 0. 1
5 o\ 3 ep =05
£ = 0.9 —eeee ~ 05
2
= aff t
=
2 '\\
1 e
i 05
bin 3: 30°-45°
. ; L i 025}, ) L
107 10° 107 10* 10 001t 01 1
time [sl
Korobkin+ 12; see also Metzger+ 10 Martin+ 15
Lecture at Pharos Doctoral School-Jena, 11-15/03/2019

Albino Perego

N
M bin 4: 45°-60°
R ; , .
001 0.1 1 10
time [d]
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Nuclear heating rate

Radioactive decays of r-process elements release nuclear energy
ér—process = Z Qi A Q = Minitial — Minal, A : decay rate
i € reactions
> nuclear heat computed by detailed nuclear network
mainly # — decay = €r_process = €ot a~1.3, ¢ 2 1016erg/ g/s

> Y. 2 0.25: weak r-process: shorter 5 decays lifetimes
> weak(strong) dependence on trajectory(mass model)

L

1 FROM, N, 1, B,

MCE

logif
log (€ lereigs]h

3 ) ]
Fogit [days]y

Rosswog+ JphG 2017
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Thermalization efficiency

Not all the nuclear energy released by radioactive decay thermalize with

ejecta:

10"

€heat = €r—process fth

Jrorlt)

T T T T T
thermalization efficiency

=== fuu(F)

fractional energy generation

E
£ 101}
B 10
o
— 's — fs
I — &S fission
102 1 i : .
0 5 i 15 20 25 an
Days
Barnes+ Ap] 2016

Albino Perego

Lecture at Pharos Doctoral School-Jena, 11-15/03/2019

0<fm<1

(A, Z+1)+e 40+
A-4Z-2)+a+~y
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Thermalization efficiency

Not all the nuclear energy released by radioactive decay thermalize with
ejecta:

éheat = ér—processfth 0 Sfth <1

10y

B fiducial B Mg=10"M;

\ W =01 m vy =03 » thermalization efficiency

Mg =107"M. depends on:
. > matter density
-
< > matter temperature
» decay modes
» decay product spectra
-
10-?
4] 10 15 20 25 30 ll
Days
both nuclear and astrophysical
Barnes+ Ap] 2016 t . ties
Fitting formulas derived from nu- uncertam
merical results: (fiducial: ng = 10~>Mg), Ye = 0.04, v = 0.2¢)

fen(t; mej, )
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A spherical model kilonova model

> mm: amount of ejecta passing through a surface @ R > Rns
» radial, homologous expansion: we label each mass element by its

velocity
Umax 1
M —/0 </Q E{(u@,d)) dQ> do

» spherical symmetry: £(v, 6, ¢) = £(v)
» homologous expansion:

N
fo) = 50(1—-<Uzﬂ> )
1/2

1 Umax ) ) Umax
Urms = —_— v &(v)do =
<me]_ /0 £(v) 3

Mso(3) = /MEva

e.g., Grossman+ MNRAS 2014; see Metzger LRR 2017, Fernandez & Metzger ARAA 2016 for good reviews
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Photon diffusion model

> let’s suppose to consider a time
t =t after the merger

- > the ejecta has maximally
" opliealyin expanded up to Rimax = Umaxt

» diffusion radius Ryi(t) (at )
which matter is moving at o(t)):

| taiff & fdyn

clearly
?Fm;f;m > Raitf (E) = z?(f)f

» thermalizing photons outside
this radius can be emitted at
the photosphere carrying
information about the present
state of the system

Albino Perego Lecture at Pharos Doctoral School-Jena, 11-15/03/2019



Photon diffusion model

o -
" Optically thin ‘\\

Diffusion radius:
taift A tayn = U = Vet

where

> v = ¢/ is the photon effective
(diffusion) speed
» 7 is the optical depth:

ARk
~ (p) AR 5 ~ L
47 (512 AR
Maximum ,)\ / gp“;:f;m
expansion s W - . . . . ~ 7
sphere T = implicit equation for o(t)
¢ = Mol
47 o t?
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Photon diffusion model

Photospheric radius:
> Rpn(f) where
//Optlcallyminx\\ T(Rpn) =2/3

. > matter at Rph( ) expands with
| velocity vph (f):

Rph (Z) = Uph (E) t

Diffusion : g : T
Maui
Maximum )\ " nee = implicit equation for vpn (f)
sphere "'“-————"'

Mo (Vph) K _ g

4r (o)’ 3

Albino Perego Lecture at Pharos Doctoral School-Jena, 11-15/03/2019
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Photon diffusion model

Photon luminosity:
emitted at the photosphere as a blacl

- body
" Optically thin H‘\\ ~
Photosphere L'y(t) = mrad,env( er_ proc( fth(
\ mrad,env(z) = (m>v(v) - m>v<0ph))
|
|
o, EISsion at the photosphere with
';“,::é;";i;“n)\ ) 7 swe black body temperature T ()
sphere T
L, 4
= oggT
Rz, 7P
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Peak properties: dependencies

M>y(0) K Mej K
C=———= = tpeak ~ -
470 4 vej C

1/2 ) 1/2 12
esk ~ 4.9 day ( a Mej v
10cm?g—1 0.01 Mg, 0.1c

=

-1

Albino Perego Lecture at Pharos Doctoral School-Jena, 11-15/03/2019 50 /105



Peak properties: dependencies

M>y(0) K ej K
c= ——— =t ~
47012 peak w 47 vg C
1/2 Mo 1/2 —1/2
esk ~ 4.9 day a d v
10cm2g—! 0.01 Mg, 0.1c
L = Mrad eny érfpmcfc.h = Lpeak ~ mejfth ) tp_e;i

—13/20 ! 7/20 13/20 ;
Lo~ 24 x10%rg/s (o) (i) (55) (srmeees) ()
10 cm?g—! 0.01 Mg 0.1c 5 x 10%erg/g/s 0.5

=

-1

Albino Perego Lecture at Pharos Doctoral School-Jena, 11-15/03/2019 51/105



Peak properties: dependencies

M>y(0) K ej K
AN ) ~
¢ 47012 peak 47 vg C
1/2 . 1/2 —1/2
esk ~ 4.9 day ( - > ( ] ) <L>
10cm2g—! 0.01 Mg, 0.1c
L = Mrad eny érfpmcfc.h = Lpeak ~ mejfth ) tp_e;i
" s —13/20 e 7/20 ;4\ 13/20 & fin
Lpeax ~ 2.4 x 107 erg/s — _— — ERvET Ty pA-
10 cm?g 0.01 Mg 0.1c 5 x 10%erg/g/s 0.5

Rph,peak ~ UVej tpeak

1/2 Mo 1/2 1/2
Ronpeak ~ 1.26 x 10" em ( il ) ( g ) (L)
' 10 cm2g—! 0.01 Mg 0.1c

=

-1
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Peak properties: dependencies

M>y(0) K ej K
AN ) ~
¢ 47012 peak 47 vg C
1/2 . 1/2 —1/2
esk ~ 4.9 day ( - > ( ] ) <L>
10cm2g—! 0.01 Mg, 0.1c
Ly = Mrad env érfpmcfc.h = Lpeak ~ mejfth ) tp_e;i
" s —13/20 e 7/20 ;4\ 13/20 & fin
Lpeax ~ 2.4 x 107 erg/s — _— — ERvET Ty pA-
10 cm?g 0.01 Mg 0.1c 5 x 10%erg/g/s 0.5

Rph,peak ~ Vg tpeak

1/2 e 1/2 172
RPh peak ~ 1.26 X 10 em < L ) ( ' ) (L)
' 10 cm2g—! 0.01 Mg 0.1c

=

-1

1/4
L’Y Lpeak
T2 O'SBT4 = Tpeak ~ (27
4 Rph 4Terh,peakGSB

. 215 % 10K s —33/80 e —13/80 ;4 N\ —27/80 ¢ V4 7\ 1
peak "~ £ X 10 25—1 0.1c 16 05
cm?g 0.01 Mg 0.1c 5 x 10%erg/g/s 0.5
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Peak properties: exploration of t,..x(days)

Logio(tpeak): Kej=0.1 cm?/g Log1o(tpeak): Kej=1 cm?/g

10

10°

Liuy 2L Ll

1072 107! 1 10°% 1072
Logio(M.;) Mzl Logio(M.;) Mzl
10°
10!
=
5
= 100
@
Q
=
107t

1072
Logio(M,;) [Ma] ) B B
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Peak properties: exploration of Lc.k(erg/s)

Logio(Lpeak), Kej=1 cm®/g
T T §

Log10(Lpeak), Kej=0.1 cm?/g

100

10°

102 b R ] Ll

101 103 102 1 .
Logio(M.) [Ma] Logo(Me) [Ma]
100 Logio(Lpeax), k=10 cm?/g
102
=
2 104
3
Q
=
1040
10%

10’3 1072

. Logio(M,;) [Ma]
Albino Perego Lecture at Pharos Doctoral School- -Jena, 11-15/03/2019
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Peak properties: exploration of Tpeax(K)

Logi0(7, 7j=0.1 cm?/g

Logio(Tpear): Keg=1 cm?*/g
T T

10°
10!
107
TS e el 1012074 sy 0“ " ......Oli2 . 10°
Logio(M.;) Mzl Logio(M.;) M)
100 Logio(Tpear), Kej=10 cm?/g
10*
102 . = 10°

1077 1072
. Logio(M,;) [Ma]
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AT2017gfo: from spherical, one component models
to anisotropic, multi-component models
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Properties of AT2017gfo

» 17/08/17, GW+EM detection of an event
compatible with BNS merger (M airp ~ 1.118 M)

LVC PRL 2017

> bright, UV/O component, with a peak @ ~ 1day

(blue component)
» rather bright, nIR component, with a peak @

~ 5day (red component)

"n T T
(Lo |
.
1113 ®
. 8 o
o oF E oa
o . =
T P -
: '
in b gm
= .
Saf <
) 133
af A ¥
HES K |
SE " L
t o
T-1, (days)

Apparent AB may

STV

W

A ST ] 1 20
Days uftar LIGCO Lrigger

Light curves; Pian, D’Avanzo+2017 (left); Tanvir+2017 (right)

Albino Perego

PEPISGIST I

e
- W

:\V

18

“14

-10

Absolute AB mag
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M- — - ——
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Xshooter spectra
VLT@EOS;

Pian, D’Avanzo+2017
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The need for multicomponent models

> failure of model with a single component in reproducing AT2017gfo
key features

» “component”: spherically symmetric KN model labelled by (Mej, vej, &)

> “model”: different levels of approximations ranging from
semi-analitical to radiative transfert approaches

-y -~ g . | z - Y == H ==K

Blue KN, k= 0.1ecm? g2

N, k=01 em gt
¥

<— Cowperthwaite+ 2017, ApJL

see also, e.g.,

Chornock+17,Drout+17, Nicholl+17, Tanaka+17,

Red KN, x = 10 cm? gt

18 '.: M p Villar+17, Waxman+17, Metzger+18.
+
@ ‘..
19 — — \d - x ., For multi-D models, e.g., Tanvir+ ApJL 17, Kawaguchi+
o
520 f-\\ S L 8
= o + ApJL 18
L / A .\\\ '
= e
Al TN NS
.
23 -
2 2 14 16 18 14 16 1B

6 8 10 1 6 8 10 12
M)D - 57982 529 M|D - 57982.529
Cowperthwaite+ 2017, ApJL
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Results from multicomponent models
> reasonable agreement of multicomponent models in reproducing
AT2017gfo key features
» often, (Mg, vej, ) still correlate in each component

» usually, multicomponent = combination of spherically symmetric
single component models

<— Villar+ 2017, ApJL

~
=3

see also, e.g.,
Chornock+17,Cowperthwaite+17, Drout+17,

Nicholl+17,Tanaka+17,Waxman+17, Metzger+18.

Apparent Magnitude
~
N

~
Y

For multi-D models, e.g., Tanvir+17, Kawaguchi+18

26

N\ w22, i — S
28 Ny F223y S F27w " = FRSWUL
25 30

|
MJD - 57982.529
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Results from multicomponent models

Esample of results from 2 or 3 components fits:

Table 2. Kilonova Model Fits

Moddl M b e e giume P g

2Comp DO2IAS 0256005 (05) 98ty -

3-Comp OMLTE D2660W3 (1.5 67438 00475000 0152005 (3

a0

ASym o0got D2SEN (0.5) 325930 0.00TLM! 00T (3)

I-Comp

12085

IR
37285,

I

My b g el @ 8

T e e
0.0500 701 0.145G 1 36555 11513 0256500
OOUGER 013 (1) 3TST 0242000

DOELO OUTSOOL 10y 109132 0226000 66!

WAIC

1030
-1064

1116

Villar+ ApJL 2017

Example of light curves from 2 com-
ponent, 2D radiative transfer models
(SuperNu)

Tanvir+ ApjL 2017

ABmag

Wind + dynamical ejecta, orentatian: Be 207
18 = 02 €, M= 0015 My, = D.08 ¢, diffarart my

Hime: (]
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Multi-Component Anisotropic Kilonova Model

> kilonova model should include our present knowledge about ejecta
» different ejection channels — multi-component

> explicit dependency on polar angle — anisotropic

» multi-angle (polar angle discretization)
» explicit dependence on observer viewing angle

2 A '

=
L

=
i

Polar velocity [c]
=
=

-3
B Lanhanade-free @A Lanthanide-rict
—0.3 —02 —-0.1 00 01 02 03
remnant * disk Equatorial velocity [c]
Perego, Radice, Bernuzzi 17, ApjL Bulla+ 19, Nature
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Application to AT2017gfo: best-fit models

Light curves for best fits: visible bands

Solid: BF
Dashed: BF.

—-18 _18 Light curves for best fits: near-IR bands

|
N
o

]

- -16

5 Dotted: BF. S
2 2
o -14 o -14
= 2
® €]
L -12 L -12
2 2
£ g
S-10 2-10 -
£ £ !
m m z
< -8 < -g{—J
H
g — K,
_6 s 6
1.0 10.0 2

4 6 8 10 12 14
Time [days]

» multi-components (2 or 3) models reproduce major observed features
of AT2017gfo

» fast (v ~ 0.3c), low opacity (k ~ 1cm?g~!) material essential

> global properties for AT2017gfo

» anisotropic and multicomponent ejecta
> Mejiot ~ 0.06Me), Ogbs == 30°, Maisk ~ 0.1Mg
» low-opacity material at high latitude: neutrinos @ work

Time [days]
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Representative kilonova emission

> light curves in relevant photometric bands (UV, Optical, NIR) for a
broad set of BNS

dynamical ejecta directly extracted from simulations

v

v

wind and viscous ejecta: fraction of the disk mass (0.03 and 0.20,
respectively) with properties obtained from AT2017gfo best-fit model

prompt BH short-lived MNS long-lived MNS
16 T T T T T T
- 8 SFHo_M144139_LK —— polar SFHo_M135135_LK DD2_M140120_LK
17F z 4 Lo equatorial 4 F 4
—_— K.

AB magnitude at 40 Mpc
=
©
L

L\ L L ) E .
ot 10° w0t 107t 10° 0t 107! 10° 10
time [d] time [d] time [d]

Radice+ 2018 Ap]
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Systematics of kilonova peaks
Peak time, magnitude and time width (AM = 1 mag) VS A

g band z band K, band
10 : : 10 . . 10 . .
—==- AT2017gfo
- §- g h ; -}
®
1h ERRE3 11k eW® E
—p-===- e gAR mE n
Vg wmE . K by
e (1.3 %
e > prompt BH > prompt BH > prompt BH
O HMNS o © HMNS © HMNS
01 o o smnsmns3 O1F o sunsvns 3 O1F O SMNS/MNS 3
L L L L L L
I 17 T . 17 . .
og, g f ® o SEy EF 8 .
- -
18F o 1 sF @ 1 sf & d‘ [} 8
o % csr §
> o
19F, 0 B 1 19frr e 1 wp L ° B
> L]
> 8 >> o S
20F ] 20f J20F % ]
> polar direction > polar direction > polar direction
> cquatorial direction > cquatorial direction >> > cquatorial direction
21 L L 21 L L 21 L L
. . . . . . . . T
]
0k 4 w0f T S iﬂ 8]
-]
"y L e
- | 3
-——- L 1] W . )
freaw e | —
>
%
o
L L L L L L A
500 1000 1500 500 1000 1500 500 1000 1500
A A A

Radice+ 2018 Ap] (35 BNS configurations, 49 different simulations in Numerical Relativity)
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Kilonova radiative transfers

>

Albino Perego

most appropriate approach to
kilonova: photon radiative
transfer

usually MonteCarlo schemes
r-process element opacity (very
few experimental values!)
detailed EOS: atomic and
ionization abundances

~ 10° lines: effective approaches
(e.g. Sobolev approx.)

often 1D and with one
component, multi-components
in multi-D now also available

e.g. Kasen+ Nature 2017, Tanaka+ PAS] 2017, Smartt+ 2017,

Wollaeger+ MNRAS 2018

t

ﬂh.qL

M

ﬁ!;i.ﬁllﬁj_lg'lﬂ i
-di|‘_ul-\ ._’ u

(2.5 deys

Lanthanide ric?
Lanthanide free

5000

Lecture at Pharos Doctoral School-Jena, 11-15/03/

10000 15000

2019

Wavelengin (4

20000 25000

Bulla+ Nature 2019
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Kilonova radiative transfers

Iy ' Toi7-224 @

» most appropriate approach to o0
kilonova: photon radiative
transfer

» usually MonteCarlo schemes

> r-process element opacity (very
few experimental values!)

&

b [

» detailed EOS: atomic and -f
ionization abundances g o

> ~ 10° lines: effective approaches X
(e.g. Sobolev approx.) T

» often 1D and with one e

component, multi—components
in multi-D now also available

e.g. Kasen+ Nature 2017, Tanaka+ PAS] 2017, Smartt+ 2017,

W

o 5000 10000 150080 20000 25000

Wollaeger+ MNRAS 2018 Wavelength (A)

Tanaka+ PAS] 2017
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Kilonova radiative transfers

» most appropriate approach to
kilonova: photon radiative 40
transfer

== light r-process Component
-PrOCRSS COmpOnen

— compasite

» usually MonteCarlo schemes

> r-process element opacity (very
few experimental values!)

> detailed EOS: atomic and
ionization abundances

» ~ 10° lines: effective approaches
(e.g. Sobolev approx.)

relative flux F, {plus offset)

o

» often 1D and with one 05
component, multi-components "
. . . 0.5 1.0 1.5 2.0 2.5 a0
m multl—D now also avallable wavelength {microns)

e.g. Kasen+ Nature 2017, Tanaka+ PAS] 2017, Smartt+ 2017, Kasens Nature 2017

Wollaeger+ MNRAS 2018
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Kilonova radiative transfers

Wauslength [microms]

» most appropriate approach to J : ; '
kilonova: photon radiative “
transfer N
» usually MonteCarlo schemes 4 i \
» r-process element opacity (very e §
few experimental values!) | time: 12" o
> detailed EOS: atomic and e o s ae

Weauslength [microes]

ionization abundances

Ly I WK LW %

» ~ 10° lines: effective approaches " i3

(e.g. Sobolev approx.) ' :

=

» often 1D and with one J

component, multi-components ' :

. . . g ’ y

in multi-D now also available ol B

e.g. Kasen+ Nature 2017, Tanaka+ PAS] 2017, Smartt+ 2017, | time: id Mt s
Wollaeger+ MNRAS 2018 0.1 23 . 3‘.7_ 64 12.8

Wollaeger+ MNRAS 2018 (see also Tanvir+ Ap]JL 2017)
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Albino Perego

Short-hard Gamma-Ray burst
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Observational properties

» non-thermal emissions associated with v-ray flashes
> discovered in 1967 by Vela satellites
» now routinely observed by X and ~v-ray satellites (1 every few days)

» CGRO/BATSE (1991-2000)
» INTEGRAL, IBIS+SPI (2002-)
» SWIFT/XRT+BAT (2004-)
» FERMI/LAT+GBM (2008-)
ey i = o NASA /BATSE team & Pe’er+ 15
" M = | IIIII " .I . . < large intrinsic variability
. A _\,._\!- P - n"”‘-ruy» |} isotropical (cosmological) distribution

- 2704 BATSE Gamma-Ray Bursts

107 10° 10° 10
Fluence, 50-300 keV (ergs cm™)
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Short-hard VS long-soft GRBs

» 2 distinct classes based on burst duration (Tyg)
> 25% short (Top < 2's)
> systematic spectral shift
» short-hard VS long-soft
> indication of two distinct progenitors/central engines

Pt AL et o
s S0 -
il = 4
g 2 Short-duration bursts | L ong-duration 3 FermiiGEM spectral
5 40— — 10!
E i 1 Ekev]
2 [ ]
o |
] I Tt L APIPTTYeT I (ST MUV Gt
0001 o0t at t, 10, 160, 1000:
’ Time (seconds)
NASA-BATSE team §
0

e T
Ragk Flem [arpfomiss]

Up: FERMI/GRB Team. Bottom: Nava+ 2010 A&A
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Different progenitors and host galaxies

> 1997 BeppoSAX satellite detected first GRB afterglow:
fainter X-ray, optical, radio emissions following a GRBs on timescale of
hours to months

> afterglow observations — host galaxies studies

> long GRBs
» galaxies with high star formation rate
> 1998-2003: identification of SNIb/c & hypernovae with long GRBs (5-20
days after, SWIFT)
> long GRBs peak: z ~ 2 (SWIFT)

» short GRBs

» 2005: first afterglow from short GRB (SWIFT)
all types of galaxies, also with old stellar population
often with significant displacement from host galaxy
systematically fainter and closer (smaller z)

vV vyVvVvyy

Too ~ tqisk

— all compatible with compact binary mergers e, Berger 14 ARAA
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Short GRBs and compact binary mergers

Identification of BNS merger, short
Identification of IR excess GRBs and kilonova (GW170817 +
(kilonova?) in sGRB afterglow GRB170817A + AT2017gfo)
(GRB130603B)
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Time =ince GRE (306038 (days) g }
A
L 10 ‘v‘ﬂhthl‘l"ml-h Lk £ 1
iy L Y "6 diil y ¥
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¥ i ]
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" £ o UJ;x-” Ml bt AN alg
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LS I { Lo
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Time since GRE 1304018 (5]

Tanvir+ 2013, Nature
LVC+Fermi+Integral 2017 ApJL
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Energetics and jets

Eiso = 4nd?f  Liso = 4nd?F

F flux VS f fluence (time-integrated flux)

10 w i =
1w T b A
NS AG 3 W F“h“-; $ IS AG
= l-lmlnM_,'}‘ et
= LG
- 4 :12‘41 4
= i .
1 LA
oF el
uof .
10k - y
v =y * Lang
A “ ot Coeplers sample
' // shoet u‘.::i\ e
4 i i i i 1 I i i
BTIAES TS T/ o T 11l [ [ RTINS TV T S TS T S [

Ey lesz]

D’Avanzo+ 2014

L, [eres]

e cer@c2 =18 x 1054erg

much lower energies required if outflow is collimated in a jet

Albino Perego

» half-opening angle: Oje

Etrue = Eiso;

Ero [ i)
= Eiso(1 — cos Ojet) =2 6‘;" (%&:)

» observational indications: fje; ~ 6°

(e.g. achromatic break)

Lecture at Pharos Doctoral School-Jena, 11-15/03/

e.g. Fong+ 15 Ap]
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How to produce a GRB? The fireball model

short GRB
I
compact

merger

long GRB

Gomboc 2011

1. energy injection:

> a stellar-size object undergoes a catastrophic event that deposits E ~ a
few times Egye within At ~ Tgg and AR ~ 10° — 107cm

» E in form of heat, radiation or EM field, resulting in optically thick
plasma of e*, v and baryons

» n=E/Mc*>1
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How to produce a GRB? The fireball model

short GRB
I
compact
merger

long GRB

Gomboc 2011

2. expansion to UR speed:

> the fireball accelerates under its own pressure to UR velocities
('Yasym ~ 1 ~ 100)

» matter dominated jet: B?/(4mypc?) < 1

> adiabatic expansion until the plasma becomes thin to v,
R ~108cm ~ 1AU
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How to produce a GRB? The fireball model

short GRB
I

long GRB

Gomboc 2011

3. pre-burst:

> thermal emission from photosphere (much weaker than GRB)

Albino Perego Lecture at Pharos Doctoral School-Jena, 11-15/03/2019



How to produce a GRB? The fireball model

short GRB

compact
merger

long GRB

Gomboc 2011

4. GRB - prompt emission:
> dissipation of jet energy via internal shock due to matter expanding at
different speed, at R ~ 10'3 cm Rees 78, Rees, Meszaros 94, Zhang 11
> collisionless plasma shocks: local amplification of magnetic field
> electrons: synchrotron radiation and possibly Compton processes
3 /2019
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How to produce a GRB? The fireball model

short GRB

I
compact
merger

long GRB

Gomboc 2011

5. GRB - afterglow emission:

significant fraction of bulk kinetic energy still available

dissipated in external shocks with ISM at R 10" — 10'%cm ~ 0.01 — 11y
electrons accelerated in power law distribution

decellerating jet — lower +’s energy

cture at Pharos Doctoral School-Jena, 11-15/03/2019
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Why a relativistic jet?

» GRBs show variability Aty 2 1 msand E, S 1MeV

» a non-relativistic sphere of size D ~ Atypsc ~ 10’cm populated by
1 MeV 7’s (— eT) would be very optically thick — thermal spectrum
how to reconcile with non-thermal spectrum (compactness problem)?

matter moving at relativistic speed

> 7’s blueshifted by relativistic
motion: Egps = I'Erest

> Atops ~ Atem/(2?) and

D ~ AtemcC
» I' 2 100 — significant reduction . . N
of e* pairs and larger D B 3
how easily I'zsym ~ 100 (baryonic pol-. » S (g, Lo
lution problem)? Typical spectrum
> if Yasym = 1) then » N . E* exp (—(ZEJ;a)E) E<E
be ~ 6 X 10_6M® (7105ferg) (%) dt dE EP (ETb)aiﬁ E>E,
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How to produce a relativistic jet?

Still uncertain, with several possible mechanisms:

1. extraction of rotational energy from a BH through B field
(Blandford-Znajek mechanism) Blandford & Znajek MNRAS 77

Creating an Astrophysical Jet

Accretion disk

! IACCI’EtIHE
central

. . Infalling material
object (

e.g. McKinney+ 12 MNRAS, Tchekhovskoy+ 2012 JPCS and references therein
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How to produce a relativistic jet?

Still uncertain, with several possible mechanisms:

1. extraction of rotational energy from a BH through B field
(Blandford-Znajek mechanism)

Blandford & Znajek MNRAS 77

Vfluid =~ Vfeld

=

=

_:?'
\

\R: ;‘ — __,j'

t=t,

(d)
Tchekhovskoy+ 2012 JPCS
» BH formation: reduced baryon pollution
» BH-NS merger: always a BH in the center
BNS merger: collapse of central MNS to a BH

Albino Perego

Lecture at Pharos Doctoral School-Jena, 11-15/03/2019
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How to produce a relativistic jet?

Still uncertain, with several possible mechanisms:

2. neutrino-antineutrino pair annihilation Eichler+ 89 Nature

]
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W~ o anmihibation

accretion disc  hot HMNS  _driven wind

Perego, Yasin,Arcones 18 CQG
v+ —et e
total energy marginally low
more efficient if MNS is present

vV vy

v

potential problem: baryon pollution
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How to produce a relativistic jet?

Still uncertain, with several possible mechanisms:

2. neutrino-antineutrino pair annihilation Eichler+ 89 Nature
' 0 " 1sFro 1216 t=200ms|M?
'l]r_
v 8
;2 5 tike
[ g
= - -
E : ‘5 "5 04 =2
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-15 -10 -5 0 5 10 1% -6 -4 -2 0 2 4 & -5 4 -2 0 2 4 6
R [10%m] R [10%m] R [10%m]

Just+ 16 ApJL

v+ —et e

total energy marginally low

more efficient if MNS is present
potential problem: baryon pollution

vV vyYyyewy
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How to produce a relativistic jet?

Still uncertain, with several possible mechanisms:

2. neutrino-antineutrino pair annihilation

vV vyYyyewy

Albino Perego Lecture at Pharos Doctoral School-Jena, 11-15/03/
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v+ —et e

total energy marginally low

more efficient if MNS is present
potential problem: baryon pollution
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BZ mechanism: basic scaling relations

> B field amplification
» magneto-rotational and Kelvin-Helmholtz instabilities

» fast: over a few dynamical timescale
GR3
torb ~ 27r\/> WS 1 ms

> at equipartition B> oc MM
> B field large scale structure

> less clear
» Alfven timescale R
tar ~ — < 0.01By' s
VAIf

1= 265 ms

10 JBl ()

. Ruiz+ 18
SRER SERSE School-Jena, 11-15/03/2019

Pri R
RN

Albino Perego

t/M = 4606
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BZ mechanism: basic scaling relations

> B field amplification
» magneto-rotational and Kelvin-Helmholtz instabilities
» fast: over a few dynamical timescale

3
torb ~ 274/ —GAI/I{ <1ms

> at equipartition B* o I\'/IM];}ZI
> B field large scale structure

> less clear

» Alfven timescale

tare ~ R <0.01By,' s
UAlf
> BZ luminosity and jet energy

2

G .
Loz o —5 € M B2 0% f(Qp) < eM Q2 f(Qm)

Exin ~ Lpz tdisk = € Maisk ¢ Q3 f(Q) < 10 erg

a
(] T — Q) ~ 1+ 1.380% +9.240% ~ 0.01
" arvice T " e
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v annihilation mechanism: basic scaling relations

Energetics of v-annihilation:

» annihilation rate formula

100 (C4 +C) 2
qam(t,x) ~ gw/ IVID (EV + E,j) (1 — COSs q)) dede/dEyjdED

> Quolt) = [y qus(x.t)dV

(@) (&)
(e) " (en)

» Eo(t) = [,Quo(t)dt’ ~ 2 x 10% erg (at t ~ tgiek) ie., energy on the
low su:le

Qup~CL/Ly [ } Gup ~ 10 Perg/s

Albino Perego Lecture at Pharos Doctoral School-Jena, 11-15/03/2019 89 /105



Magnetic origin of prompt emission?

Alternative origin for GRB prompt emission: magnetic energy

> jet matter carries a globally ordered magnetic field: jet as
Poynting-flux dominated outflow:

B?/(4mvypc?) 2 1

> prompt emission energy from magnetic reconnection eg Zhang+ 11

> energy directly dissipated into energetic particles

source of magnetic field?

» rotational kinetic energy of
massive NS extracted by B field
e.g. Lyutikov 2006

» MHD models: B field produces a
relativistic jet e.g. Drenkhahn & Spruit 02

» internal-collision-induced
magnetic reconnection and
turbulence model Zhang & Yan 11 Metzger+ 2018

 bound-free absorption
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Magnetar Model for SGRBs?

how do MNS spins compare with spins required by magnerat models of
SGRB?

10 o ’
| T T T
| 13 — BHBAG 1.5220
e — DD2 —— SFHe
1017 1 * g
- I H 1
9 | ,.r; T * * ’
< . ;
) | -+ ﬁ E ; 1
%l()" L | *p& ; % 4 1
© ¥ + Y 4
@ # - *1
. + J :v **
105 ' 4
L S
L L 1 L n 1 n 1 "
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- i . M, [Mo]
0.1 1 10 100
Period (ms)

Radice+ 2018 ApJ
Gompertz+ 2013
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Structured jet and cocoon

> jet moves in a polluted environment (ejecta)
» collimation but also jet structure and cocoon formation
» weaker and delayed X- and v-ray emission

x [10%cm]

Lazzati+ 2017 MNRAS
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Structured jet and cocoon
> jet moves in a polluted environment (ejecta)
» collimation but also jet structure and cocoon formation
» weaker and delayed X- and v-ray emission

Loglp'(g cm?®)]

-3

-3

x [10%cm]

Lazzati+ 2017 MNRAS
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Structured jet and cocoon

> jet moves in a polluted environment (ejecta)
» collimation but also jet structure and cocoon formation

» weaker and delayed X- and v-ray emission

g |

1
B - -
o isalf|
= B E
s =
o -1 -
=]
—

-2

-3

x [10%°cm]

Lazzati+ 2017 MNRAS

Albino Perego Lecture at Pharos Doctoral School-Jena, 11-15/03/2019 94 /105



What did we observe in GRB170817A?

R B
= el et '
£ £
=
Z :
2 3w
i i
o i 2
[ - * Lung G
wrh | Shart GRBs
! ¥ #  GRA 170817A
T ] 2z a w? a []
Meshift {21 Rudckift (x)
Abbott+ 2017 ApjL

A very weak GRB? No, an off-axis structured jet!

Scenario i: Uniform Top-hat Jet

Albino Perego

ig fil: Uniform Jet + Cocoon

Piton Auis Viwing Angle

UnHom
Core

Contrai Engine
Lecture at Pharos Doctoral School-Jena, 11-15/03/2019
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Emission from
matter-interstellar medium interaction
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Afterglow: basic ideas

Courtesy of O. Salafia
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Afterglow: basic ideas

deceleration

‘ |J6 -

dzeceleratiog onset SHok
I Msweptc gEK

Courtesy of O. Salafia
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Afterglow: basic ideas

102 4 -
] coastin
] 8 - 80
101-;
1 - 60 =
«@ 100-; %n
P ] -
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- ]
10775 - 20
A inlnluiinintete it S S NG |
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Courtesy of O. Salafia
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Afterglow: emission mechanisms
fwd

shock
I

ISM

<ex=(r-1)n,sm,c?

n /_ Mps~4TMism
AR~R/121?

Nism
R

-
-

Courtesy of O. Salafia
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Afterglow: emission mechanisms
fwd
shock apidy
r

ISM

€e=ECk
e £B?/8n=¢czey

n e
Nps Nism N from energy & number
5 M density normalization
AR~R/12[ Nism Y i

5 from tmcp = tcoas
R

ex=(r-1)nysm,c?

v o

Courtesy of O. Salafia
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Afterglow: emission spectrum

synchrotron radiation emitted from accelerated electrons moving in locally
amplified magnetic field:

. ISM scalings o
£ =
2| ®
% a
|3
o |2
8
10
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Synchrotron emission from fast dynamical ejecta

> expanding ejecta-ISM medium: shock that decellerates the ejecta

» synchroton emission from electrons accelerated in the shock

e.g., Hotokezaka & Piran 2015, Hotokezaka+ 2018
> high velocity tail provides most relevant contribution
> strong dependence on ISM density n

’ - ( B -)I*‘-S » characteristic peak time:
dee ~ 3 ay | ==5— ion ti
10%0erg deceleration time
y & -1/3 ’ —a/3 ok
" (lu‘—‘”” .+) (U’__“') » characteristic peak flux:
: o synchrotron emission at peak
I ~ 10y (im) (I”"Hll' ) (l”—.') time

(35) " (%) (wi) Gem) ™ »2SpS25
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Synchrotron emission: EOS signature
» high velocity tail strongly depends on EOS
» synchrotron emission as EOS signature

Albino Perego
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Conclusions

> large number of EM counterparts associated with compact binary
merger

> large variety of properties, fingerprints of strong field dynamics

» modelling: good understanding, but substancial progresses needs to
be done

» multimessenger era has opened unprecedent opportunities, also
thanks to EM counterparts
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