Modeling of matter ejection and kilonova

emission from binary NS mergers

Albino Perego
INFN, Milano-Bicocca, Gruppo collegato di Parma

01-02 March 2018
Talk at GRASS 2018 Symposium, Padova

&Q M@YVRGD 555t pRAc

Albino Perego GRASS Symposium, Padova, 02/03/2018

1/31



BNS mergers and their aftermath

Final stage of a binary NS (BNS) system evolution:

» coalescence phase
» merger aftermath

GW and matter distribution from NR simulations of BNS merger

Credit: S. Bernuzzi & T. Dietrich
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BNS mergers and their aftermath

Final stage of a binary NS (BNS) system evolution:

Albino Perego

coalescence phase
merger aftermath
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Astrophysical relevance

dynamical encounter of neutron-rich, stellar compact object

» intense emitter of GWs » short GRBs progenitors
and v’s e.g., Peters 64, Eichler+ 87 Paczynski 86, Eichler+ 87
» ejecta and heavy elements > kilonova/macronova
nucleosynthesis powered by radioactive
Lattimer & Schramm 74 decay Li & Paczynskiog
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Jointed ~-ray and GW detections, Abbott+17, ApJL
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Astrophysical relevance

dynamical encounter of neutron-rich, stellar compact object

» intense emitter of GWs » short GRBs progenitors
and v’s e.q., Peters 64, Eichler+ 87 Paczynski 86, Berger 12
» ejecta and heavy elements > kilonova/macronova
nucleosynthesis powered by radioactive
Lattimer & Schramm 74 decay Li & Paczynskios

| ultra-relativistic
| outflow, I'> 100

10 15 20
D - 57982529

Villar+17, see also Pian+17, Tanvir+17, Abbott+ 17,

RossWog 12 & er+ 17; Nicholl+ 2017; Chornock+ 17
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Neutrino-matter interaction in BNS merger remnants

» v’s are weakly interacting particles (NC & CC processes)

» production (and possibly absorption):
p+€_—>7’l+l/g(EC) €_+€+—)V—|—17
n+e* —p+ v (PC) N+NS3>N+N+v+w
» scattering:
N+v—N+v et +v—ettu

Neutrino production rates:
production boosted by high temperatures & densities

» Rpc ”pT5F4(Ne/T)

» Rpc o 1y T°Fy(—p1e/T)

e.g. Rosswog & Liebenddrfer 03
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Neutrino-matter interaction in BNS merger remnants

» v’s are weakly interacting particles (NC & CC processes)
» production (and possibly absorption):

p+e —n+ur (EC) e det U4 D

n+e" —p+r (PC) N+N-S>N+N+v+w
» scattering:

N4+v—>N+v et +v—et+u

Neutrino production rates:
production boosted by high temperatures & densities

Neutrino absorption rates:
neutrino opacity <+ neutrino mean free path, A, < Rys

E, 2 4G12_-(mec2)2 —44 2 —20

1 p -1 E -2
~2.36 x 10° ___r v
ntargeto'u x cm ( 1014 g/CIT[’l3 ) ( 10 MEV>
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Role of v’s in BNS mergers
Role of v’s

» exchange energy and
momentum with matter

» set n-to-p ratio
p+e —n+r (EC)
n+et —p+w, (PC) R

. - T PR R B
v luminosities
> gaS fOrmatiOn and difoSion Rosswog+13 (up), Neilsen+15 (down)

» n-richness — Ly, 2 L,,

» EOS dependence  eg. sekiguchi+is
v modelling: extremely challenging

» multi-D, GR radiation hydro

» leakage schemes, moment
schemes, MC schemes?

Shibata+11,Foucart+15,18; Perego+15, Radice+186,... o 10 20 30
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Dynamic ejecta from BNS merger
> tejdyn ~ few ms and vgj gyn ~ few 0.1 ¢
> Mej agn ~ 1074 — 1072M,
» tidal: equatorial, low Y, high opacity (~ 10em?g—1)

» shock: equatorial+polar, higher entropy
larger Y. due to weak interactions, at high latitudes (lower
opacities: ~ 1cm?g1)

y [km]

Pan
Kodama-Takahashi -------

| . . . .
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Mass number A Korobkin+12

Bauswein+13
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Dynamic ejecta from BNS merger
> tejdyn ~ few ms and vgj gyn ~ few 0.1 ¢
> Mej agn ~ 1074 — 1072M,
» tidal: equatorial, low Y, high opacity (~ 10em?g—1)

» shock: equatorial+polar, higher entropy
larger Y. due to weak interactions, at high latitudes (lower
opacities: ~ 1cm?g1)

SFHo: (1.35 + 1.35) Mg; v cooling only
T T T T

SFHo: (1.35 4+ 1.35) M; v cooling and heating
107! T T T

1072

Mass fraction

Mass fraction

1073

Electron fraction

Electron fraction
Mass fraction

40
10 60 Polar angle

Polar angle

Perego, Radice, Bernuzzi 17, Radice+ in prep
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r-process nucleosynthesis in BNS mergers

Where and how do heavy elements form (above Fe group)?
» n-capture processes (rapid (r) or slow (s))
» conditions for r-process: n-rich matter and/or high entropy
— tn-capture < £3 e.g., Hoffman+ 98
» verified in BNS merger ejecta  eg. korobkin+12, Bauswein+ 13, Hotokezaka+13,

Wanajo+14, Fernandez&Metzger 13, Just+14, Perego+14, Martin+15, Radice+2016, Bovard+17, Wu+17 ...
» detailed nuclear network
t:2.50e-05s / T: 9.93GK / py: 7.41e+12 glcm®
o 5w (e.g., WINNET) Winteler+12

} » more than 5800 nuclei
» huge system of ODEs with

D 103 stiff source terms
f > outcomes: Y4 z)(t) and
] Qnuc(t)
S numbe,l,i“; ) ™ (snapshots from network movie, courtesy of D Martin and

NSE freeze-out: high n-to-seed ratio O Korobkin. Mass model: FRDM from Méller+ 1995)
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r-process nucleosynthesis in BNS mergers

Where and how do heavy elements form (above Fe group)?
» n-capture processes (rapid (r) or slow (s))
» conditions for r-process: n-rich matter and/or high entropy
— tn-capture < £3 e.g., Hoffman+ 98
» verified in BNS merger ejecta  eg. korobkin+12, Bauswein+ 13, Hotokezaka+13,

Wanajo+14, Fernandez&Metzger 13, Just+14, Perego+14, Martin+15, Radice+2016, Bovard+17, Wu+17 ...
» detailed nuclear network
(e.g., WINNET) Winteler+12

» more than 5800 nuclei

» huge system of ODEs with
102 stiff source terms

> outcomes: Y4 z)(t) and

Qnuc(?)

100 . .
Neutron number N (snapshots from network movie, courtesy of D Martin and

t: 1.49-

/ T: 0.86GK / pp: 1.18e+05 g/em®

Sn (2=50)

Proton number Z

(n,7y)-(+,n) equilibrium O Korobkin. Mass model: FRDM from Méller+ 1995)
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r-process nucleosynthesis in BNS mergers

Where and how do heavy elements form (above Fe group)?
» n-capture processes (rapid (r) or slow (s))
» conditions for r-process: n-rich matter and/or high entropy
— tn-capture < £3 e.g., Hoffman+ 98
» verified in BNS merger ejecta  eg. korobkin+12, Bauswein+ 13, Hotokezaka+13,

Wanajo+14, Fernandez&Metzger 13, Just+14, Perego+14, Martin+15, Radice+2016, Bovard+17, Wu+17 ...
» detailed nuclear network
(e.g., WINNET) Winteler+12

» more than 5800 nuclei

» huge system of ODEs with
0% stiff source terms

> outcomes: Y4 z)(t) and

Qnuc(?)

55 Bl o . '
Neutron number N (snapshots from network movie, courtesy of D Martin and

Proton number Z

(n,¥)-(+,n) equilibrium freeze-out O Korobkin. Mass model: FRDM from Méller+ 1995)
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r-process nucleosynthesis in BNS mergers

Where and how do heavy elements form (above Fe group)?
» n-capture processes (rapid (r) or slow (s))
» conditions for r-process: n-rich matter and/or high entropy
— tn-capture < £3 e.g., Hoffman+ 98
» verified in BNS merger ejecta  eg. korobkin+12, Bauswein+ 13, Hotokezaka+13,

Wanajo+14, Fernandez&Metzger 13, Just+14, Perego+14, Martin+15, Radice+2016, Bovard+17, Wu+17 ...
» detailed nuclear network
t:1.38e+00s / T: 0.42GK / py : 1.51e+02 glem®
uuuuuu 5 & (e.g., WINNET) Winteler+12

» more than 5800 nuclei

» huge system of ODEs with
E stiff source terms

> outcomes: Y4 z)(t) and

Qnuc(?)

Proton number Z

% Neul[?gn numberll\?o 20 (snapshots from network movie, courtesy of D Martin and
end of r-process: g.decays O Korobkin. Mass model: FRDM from Mdller+ 1995)
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r-process nucleosynthesis in BNS mergers

Where and how do heavy elements form (above Fe group)?
» n-capture processes (rapid (r) or slow (s))
» conditions for r-process: n-rich matter and/or high entropy
— tn-capture < £3 e.g., Hoffman+ 98
» verified in BNS merger ejecta  eg. korobkin+12, Bauswein+ 13, Hotokezaka+13,

Wanajo+14, Fernandez&Metzger 13, Just+14, Perego+14, Martin+15, Radice+2016, Bovard+17, Wu+17 ...
» detailed nuclear network
t:1.16e+02s / T: 0.01GK / p : 2.48e-04 g/cm®
7w (e.g., WINNET) Winteler+12

» more than 5800 nuclei

» huge system of ODEs with
g stiff source terms
> outcomes: Y4 z)(t) and
Qnuc(t)

Proton number Z

i 2 -20
% Neuﬁ?é’n numbg,lﬁo 200 (snapshots from network movie, courtesy of D Martin and
long term nuclear decays O Korobkin. Mass model: FRDM from Mdller+ 1995)
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r-process nucleosynthesis in BNS mergers

Where and how do heavy elements form (above Fe group)?
» n-capture processes (rapid (r) or slow (s))
» conditions for r-process: n-rich matter and/or high entropy
— tn-capture < £3 e.g., Hoffman+ 98
» verified in BNS merger ejecta  eg. korobkin+12, Bauswein+ 13, Hotokezaka+13,

Wanajo+14, Fernandez&Metzger 13, Just+14, Perego+14, Martin+15, Radice+2016, Bovard+17, Wu+17 ...
» detailed nuclear network

‘29-959*0‘:‘;_”5 D01 6K ""’:3'9187169/0"1 0 (e.g., WINNET) Winteler+12
j A 5 » more than 5800 nuclei
I T [ .
1 1 » huge system of ODEs with
5 i 103 stiff source terms

T

> outcomes: Y4 z)(t) and

Qnuc(?)

0
Neutron number N (snapshots from network movie, courtesy of D Martin and

nuclei reach valley of stability O Korobkin. Mass model: FRDM from Méller+ 1995)
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How robust are dynamic ejecta propeties?

» shock heated dynamic ejecta from GR simulation

Martin, Perego, Kastaun, Arcones 17, CQG; cf. Goriely+ 15, MNRAS

Kastaun+17

» postprocessing of tracer particles to include v’s feedback

10

Mass [M,]

Mass [M,]

107

0.0

[isotropic v emission with increasing intensity]
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How robust are dynamic ejecta propeties?

Martin, Perego, Kastaun, Arcones 17, CQG; cf. Goriely+ 15, MNRAS

» shock heated dynamic ejecta from GR simulation
» postprocessing of tracer particles to include v’s feedback
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Kastaun+17
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Wind ejecta from BNS merger
» due to neutrino absorption inside the disk
> tejwind ~feW 10’s ms and v wing < 0.1 ¢
> Mejwind S 0.05Mgisk
» polar character, with low opacity (<1 m?g1)

j“ 035

E)
Kl
(o n-/ = osf =
Dt "D £ £ T
v 8 0.25 8 30 3
— N v 3 — £ 2 3
viscous 5 v accreting Y B -
evaporation” r\ matter § 20
0.15
MW= oo unnihilatim\ = 01
10

accretion disc  hot HMNS  |_griven wind

4 2 0 5
x[100 km]

Perego+14, MNRAS; Martin, AP+ 15, ApJ
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Wind ejecta from BNS merger

» due to neutrino absorption inside the disk
> tejwind ~feW 10’s ms and vgj wing < 0.1 ¢
> Mej,wind S 0.05Maisk
» polar character, with low opacity (<1 em?g—1)
104 [ 1290 ms gg -
y JHK —
Fearrrn N N A .
10
10°
3 10 7
E_ 107 4 =
[’ﬁ‘m" N
107° ]
10°°
107 \
0 50 100 150 200
A

nucleosynthesis (dynamic + wind)

time [d]

Martin, AP+ 15, ApJ  broadband light curves (L: wind, R: dynamic + wind)
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Viscous (secular) ejecta from BNS merger

» due to viscosity and nuclear recombination in the disk

v

tejsec ~ few 100’s ms and vgj sec ~ few 0.01c
broad distribution of n-rich matter (0.1 < Ye < 0.4)

v

> Mej,sec ~ (0-2 - 0'4) Mdisk

» all solid angle ejection, intermediate opacity 1 — 10em?g—1
) 4;""l""I""I""I""I""
S 35 — E — ' o solar r abundance -

h 3F E Y 'y FRDM+QRPA — ]
< E . D3C*+QRPA ----
- 25F i 0=
% 2F i 3 : ;
< E Q
= 1.5 3 E E ! 4
s 1F {1 Z \{

8 05¢F 1 £ 3
Ty 1 1 1 |

50 100 150 200 250 300

0
0.1 015 0.2 025 0.3 0.35 04
mass number, A

YC,S

Wu+16, see e.g. Just+15,Lippuner+17, Siegel& Metzger 17
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Anisotropic & multi-component MKN model
» Macro-kilonova model that includes 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

Perego, Radice, Bernuzzi 17, ApjL

> Mej(a)a Uej(e)’ Kvej(e)
» 1D models along each ray

» homologous mass
expansion

>
remnant * disk R
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Kilonova model
homologous expansion (from long term simulations)

2\ 3
Mo =I5 Umeen@ar 0.0 = (1- ()
nuclear heat (computed by nuclear network)
Qheat = Q(](tclays)il.3

>

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

see Grossman+ 14, Martin+ 15

impact of weak r-process nucleosynthesis:

shorter g decays lifetimes

opacity due to r-process elements? eg. Tanakas+13 Kasen+13 Wollaegers17

time [days]

102 10°

~

102 10° 102 10* 108
time [s]

Korobkin+ 12; see also Metzger+ 10

Albino Perego
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025}
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L L
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bin 4: 45°-60°

0.01

Martin+ 15

0.1 1

I
0.01
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Interpretation of AT2017gfo

AT2017gfo, EM counterpart of GW170817
» light curve properties:
» bright, UV/O component, with a peak @ ~ 1day
» rather bright, IR component, with a peak @ ~ 4day
» possible interpretation: macro/kilonova (MKN) associated
with a BNS and powered by radioactive decay of r-process
material ejected into ISM by the merger
» light curve properties depends on the properties of the
ejecta (e.g., mass, velocity, composition — opacity)

can we explain the observed light curve properties in terms of
the ejeCta pI’OpeI’tieS? Perego,Radice,Bernuzzi 17, ApJL

see also, e.g., Abbott+ 17 (ApjL), Tanvir+ 17, Villar+ 17, Murguia-Bertier+ 17
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MKN parameter exploration

Main parameter ranges

Mgisk [Mo] {0.01; 0.08; 0.1; 0.12; 0.15; 0.2}
Mej.ayn [1072Mz]  {0.05; 0.5; 1.0; 2.0; 5.0}
Swind {0.001; 0.05; 0.1; 0.15; 0.2}
Esec {0.001; 0.1; 0.2; 0.3; 0.4}
Drms,dyn [C] {0.1; 0.13; 0.17; 0.2; 0.23}
Drms,wind [C] {0.033; 0.05; 0.067}

Ve sec €] {0.017; 0.027; 0.033; 0.04}
Kayn [cmg™!] {(0.5,30); (1,30)}

Fwind [cm g '] {(0.5,5); (0.1,1)}

Ksec [cmg™1] {1; 5; 10; 30}

Oobs nr/36forn=0...11

6[10Bergg=1s71]  {2; 6; 12; 16; 20}

Our procedure:
» fix a parameter set
» produce a model (lightcurves in different filters)
» compare with observations Pian, D'Avanzo +17, Tanvir+17
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Best-fit models

_18 Light curves for best fits: visible bands 18 Light curves for best fits: near-IR bands
Solid: BF
-16 Dashed: BF, ~16
) Dotted: BF.,

AB magnitude @ 10 pc [-]
AB magnitude @ 10 pc [-]

1
oo
I

ol mmes -

4 6 8 10 12 14
Time [days] Time [days]

» 2 component (dyn+sec) model (BF)
» low opacity secular ejecta (long-lived MNS?)
» 3 component (dyn+wind+sec) model (BF.)
» low opacity wind, medium opacity secular
» global properties for AT2017gfo
» anisotropic and multicomponent ejecta
> Mej,tot ~ 0-05M©1 Hobs ~ 3001 Mdisk ~ 0-1M®
» low-opacity material at high latitude! neutrinos @ work!
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Tidal deformation in BNS mergers

Neutron star in an external, inhomegeneous gravitational field
becomes tidally deformed

- an) . .
> gjy]’ — W t|da| f|e|d
» k, quadrupolar tidal
polarizability
» R radius of the star

Qij = —A&ij
%0 f_’l""]“"‘I""'I'"'I“"Iﬂ'";}l\:"’l““I'____ 2 RS
w: hortzon & = §§ )\ fry 77]{2
e 36
@@ i
E of O £ » Q;,; quadrupolar moment
10 —:;—

T
2
=

Haas+16

A depends on EOS and mass of the star (M, R = R(EOS, M))
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Multimessenger constraints on nuclear EOS

» GW signal has encoded information about k, and M of
both stars

» GW170817: A < 800 (90 % CL, asbott+17)
i.e. exclusion of very stiff EOS

(Mg + 12Mp) M4 ALY
(Ma + Mp)°

(i) Cz Ri > . _
A k G M l:A,B & q:MA/MB
1

can EM signature, in combination with NR simulations of BNS,
Set a |Owel‘ bound on A? Radice,Perego,Zappa,Bernuzzi 17

A= + (A < B)

13 = A(EOS, Mchirpy Q)
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Constraints from BNS simulations in NR

b gamnge 09 B YF 1
<02 ? 5? > for Mg qyn, hard to find
2ot 8 ] correlations
o
10-4 o : » Myg;sk: clear correlation
LR with A that reflects
— 10} e * E . Y
E correlation of tgy with A
F o o O  BHBA¢
- ) @ | 2o e for Myisk 2 0.0ZM@,
: o srto Mj,gyn SUbdOMINant
10% 10°
A

Radice, Perego, Zappa 2017
Majrot 2 0.05M, suggests a lower limit on A:
A > 400
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GW and EM constraints on NS EOS

— H4  —— BHBA} MPAl  —— SLy
— HB  —— ALR2 — ENG  —— APR4
— DD2  — 15220 SFHo ~ —— FPS

T > A(EOS, Mahirp = 1.118Mo), q)
//,———’—’"—.
—— Gwisr | Abbott+2017

Y __—F""TT , calculation of A for different
— EOSs

» constraints from interpretation
20p Moy = 1185 Mo T of EM observations exclude

L

0.5 0.6 07 08 0.9 1.0 Very Soft EOS

q

1000

400 - =

Radice, Perego, Zappa 2017

» genuine multi-messenger approach

» caveats: still large uncertanties, several approximations
and a few hypothesis

» valuable proof of principle
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Summary and outlook

» weak reactions and neutrinos play a central role in BNS
mergers, matter ejection and kilonova modelling

» multi-component, anisotropic MKN model for AT2017gfo,
including influence of weak reactions

» genuine multi-messenger constraints on nuclear EOS from
GW and EM counterpart

Outlook:

» detailed inclusion of v’s in BNS mergers

» accurate KN models

» jointed GW and KN analysis

—— H4 —— BHBA¢ MPA1 SLy
HB —— ALF2 ~—— ENG —— APR4
1 Light curves for best fits: near-IR bands Tobb2 Lo SFHo Frs
—-16 1000
GW170817
-14 800
-12

7 7

< 600

AB magnitude @ 10 pc [-
|
=

400F -

5 o AT2017gfo |

|
-3

200F  Map = 1188 M

6 B L L L L
Time [days] 0.5 0.6 07 0.8 0.9 10
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