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GW170817 and GRB170817a
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» On August, 17th 2017, LVC reported GW detection of an
event (GW170817) compatible with BNS merger  wvcrre2o17

> 1.8 seconds after, y-ray satellites detected signal
compatible with GRB signal (short, ~ 1 sec) LVC PRL, ApJL 2017

» GW detector network + ~-ray detection:
gOOd Sky localization LVC PRL, ApjL 2017
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GW170817 and GRB170817a

» On August, 17th 2017, LVC reported GW detection of an
event (GW170817) compatible with BNS merger  ivcrri2017

» 1.8 seconds after, y-ray satellites detected signal
compatible with GRB Signal (short, ~ 1 sec) LVC PRL, Ap]L 2017

» GW detector network + y-ray detection:
good sky localization LVC PRL, ApjL 2017
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GW170817 and AT2017gfo
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EM follow-up campaign

UV/Opt/IR emission
detection after 10 hrs in
NGC 4993 (40 Mpc)

EM emission compatible
with kilonova signal
(AT2017gfo)

radio and X-ray emission
after 10 days: afterglow of
an off-axis GRB?

beginning of the
multimessenger
astronomy era led by GW
observations

LVC ApjL 2017
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Possible interpretation of the event chain

» collision and merger of two NSs

> ejection of matter

» r-process nucleosynthesis and powering of a kilonova
transient

» production of a relativistic jet and non-trivial jet-ejecta
interaction

Narrow jet
—A1(0,,=004,6,_=008,6,, =035
---R2 (6,,=004,6,_=008,6, =025
A3 (0,,=004,6, = 008,0, =045
— A .

(@)

n=10*-5¢10°cm? @

E =10%* - 10% erg

Molley+ 2018
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—B: Very narrow (4, = 0.03,4,_ =006,6,,, =03)
---C:Wide (4,,=0.07,0_=0.13,0,,_ =0.5)
- - -D:Choked {0, =06)

t [days]
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Kilonova emission

Kilonova
Opical (1~ 1 day)

/" Merger Ejecta
" Tidal Tail & Disk Wind

—OmO .

Berger & Metzger 12
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> decay of freshly

sinthetized r-process
element: release of nuclear
energy

dE ) ~13
_— ot
<dt dm r—proc

Metzger+10, Korobkin+12

high energy ~ themalize
(with a certain efficiency)

Barnes+16

when t4i¢r ~ tgyn, thermal
photons diffuse and are
emitted at photosphere
crucial parameter: 1, Vg
and e
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Properties of AT2017gfo
AT2017gfo, EM counterpart of GW170817

» light curve properties: /'\
» bright, UV/O component, with a peak @ | \\
~ lday AN
» rather bright, IR component, with a peak S
@ ~ 4day PO
NN
» light curve properties depends on the PN AN
. . 5 = T
properties of the ejecta (e.g., mass, d 2N
velocity, composition — photon opacity) N
/// TS ey
oE Sl e i e
f : ; LR o
DA A - -
I I : I Tetesrsseeetmend
:‘: ab “es 1 g 4] + «1;3 © % cegingm
fepil - i 4 F A T . T2
2 :? : . i é 1 8 “ ., t Xshooter spectra
wb .3 +4 ¥ VLT@EOS;
T-T, (days) Days after LIGO trigger Pian, D’ Avanzo+2017

Light curves; Pian, D’Avanzo+2017 (left); Tanvir+2017 (right)
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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 (Meja Ue]', /i)

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

- u e g = i z e Y —e—H —+K

soNi, x=0.1 cm? g™ || T Blue KN, k=0.1 cm? g+
«

.
+

* 4

<— Cowperthwaite+ 2017, ApJL

see also, e.g.,

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

KN, k=08 cm? g™t

+ Villar+17, Waxman+17,Metzger+18.
+
'¢§ For multi-D models, e.g, Tanvir+17,

Kawaguchi+18

6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
MJD - 57982.529 MJD - 57982.529
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Results from multicomponent models

» reasonable agreement of multicomponent models in
reproducing AT2017gfo key features

16

often, (Myj, vej, ) still correlate in each component

usually, multicomponent = combination of spherically
symmetric single component models

Apparent Magnitude

<— Cowperthwaite+ 2017, ApJL
see also, e.g.,
Chornock+17,Cowperthwaite+17, Drout+17,

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

For multi-D  models, e.g., Tanvir+l7,
Kawaguchi+18
28 = Fa3wuy
0 5 0 15 20 25
M)D - 57982.529
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Let’s take a step back...

multicomponent models are valuable approaches, however ...

» they are not conclusive: several models fit the data

e.g. Villar+17, Shibata+17

» how reasonable is the assumption of correlated ejecta
properties?

» how good is a spherically symmetric description of the
ejecta?

» is it enough to combine independent single component
models to get multicomponent models?

in other words,

can we explain the observed light curve properties in terms of
the ejecta properties provided by the best current knowledge
that we have from BNS modelling?

Albino Perego Talk at FRIB, MSU, East Lansing, 16/06/2018 10/3



Matter Ejection Channels

» why different ejection channels?

» different physical origins and timescales
» which implications from different channels?

» different amount of mass and expansion velocity
» different Y, s, tqyn — composition (r-process
nucleosynthesis) — photon opacity, -

» low entropy ejecta: Y, leading parameter
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» no lanthanides: low
opacity (k < 1cm?/g)

» presence of
lanthanides: increased
opacity (k ~ 10cm?/g)

Courtesy of G. Martinez-Pinedo
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Basic v features in BNS mergers

Role of v’s
» exchange energy and ]
momentum with matter ot ]
» set n-to-p ratio (i.e. Ye) b ]
p+e” — n+ v, (EC) - 1
n+et —p+ v, (PC) 1
» influence nucleosynthesis
v luminosities Rosswog+13 (up), Perego+14 (down)
» v gas formation and diffusion z* E EEw

» n-richness — Ly, 2 L,,

2

anisotropic v emission, due to the
presence of the disk:

> Fzz,equator ~ (1/3)Fu,pole

Dessart+09; Perego+14, Just+15,...

3

Isotropized luminosity [1 0®! erg/s]
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Dynamical ejecta from BNS merger
> tejdyn ~ few ms
> Ugjdyn ~ few 0.2 -0.3¢
> Mejdyn ~ 10~* — 10~2M, depending on g and EOS

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

145

85 » tidal component

» equatorial

. > low Y,

s » shocked component
» equatorial & polar
> higher entropy

05 > larger Y, at high

9 latitudes

y [km]

19 QAR7 m

Bauswein+13
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Dynamical ejecta from BNS merger

> tejdyn ~ few ms

> Ugjdyn ~ few 0.2 -0.3¢
> Mej.dyn ~ 10~* — 10~2M, depending on g and EOS

Mass fraction

Electron fraction

Albino Perego
13

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

SFHo: (1.35 + 1.35) Me; v cooling only

20 40
Polar angle

e+ captures but no v absorption

Radice+ in prep; Perego,Radice,Bernuzzi ApJL 17

» tidal component
> equatorial
> low Y,

» shocked component
» equatorial & polar
» higher entropy
» larger Y, at high

latitudes

Talk at FRIB, MSU, East Lansing, 16/06/2018
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Dynamical ejecta from BNS merger

> tejdyn ~ few ms

> Ugjdyn ~ few 0.2 -0.3¢

> Mej.dyn ~ 10~* — 10~2M, depending on g and EOS

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

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

1072 F

Mass fraction

-
10 1072

Electron fraction

10-4
20 40 60

Polar angle

et captures & v absorption

Radice+ in prep.; Perego,Radice,Bernuzzi ApJL 17
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» tidal component
» equatorial
> low Y,

» shocked component
» equatorial & polar
» higher entropy
> larger Y, at high

latitudes
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How robust are dynamic ejecta propeties?

v

v

v

v

v

Albino Perego

shock heated dynamic ejecta from GR simulation
postprocessing of tracer particles to include v’s feedback

consistent v emission, Aq+

Martin, Perego, Kastaun, Arcones CQG 2018; cf. Goriely+2015

Kastaun+17

(Ao +2et) Yo — (Mg, + A=) Yp

ds 1 dQ dYe
(dt)hydm T [(dt)y = (e = gt 1) (w)j

optically thin conditions (p < 10! g/cm?)

Bruenn 1985 + Horowitz 2002

parametrized v flux for v absorption, F, o L,/ ((E,)R?)

Name Ly, max L, max Ep, max Ep, max
[10° erg/s]  [10® erg/s]  [MeV] [MeV]
capture 0.0 0.0 0.0 0.0
low 0.86 1.0 11.5 16.2
medium 1.0 15 12.0 16.3
high 1.2 2.4 13.0 16.7

Talk at FRIB, MSU, East Lansing, 16/06/2018



How robust are dynamic ejecta propeties?
Martin, Perego, Kastaun, Arcones 17, CQG; cf. Goriely+ 15, MNRAS
» shock heated dynamic ejecta from GR simulation  kastaun+17

» postprocessing of tracer particles to include v’s influence

10" capture low luminosity

Mass [My]

T
'
\
'
'
'
'
'
'
'
'

10 medium luminosity high luminosity

Mass [M]

-
o
&

107

0.0 0.1 0.2 0.3 0.4 0.0 0.1 0t2 0.3 0.4 0.5
Electron fraction at 8.0 GK Electron fraction at 8.0 GK

Martin+ 18, CQG

[increasing v flux: higher total luminosity or anisotropic emission:
smaller along the equator, larger along the poles]
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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  kastaun+17

» postprocessing of tracer particles to include v’s influence

capture low luminosity

Abundance Y

Abundance Y

0 50 100 150 2000 50 100 150 200
Mass number A Mass number A Martin+ 18, CQG

[increasing v flux: higher total luminosity or anisotropic emission:
smaller along the equator, larger along the poles]
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Wind ejecta from BNS merger

» due to neutrino absorption or magnetic processes inside
the remnant

enhanced by the presence of central MNS

tejwind ~few 10’s ms and vgjwing < 0.1 ¢

Mejwind S 0-05Mgiex

polar character, with low opacity (<1em?g")

vV v VY

— -y
“viscous v
evaporation” ,\

accreting
matter

[uoAseqy®y] Adosug

Electron fraction [

W€ = 1 absorption \

accretion disc  hot HMNS  |_griven wind

Perego,Rosswog,Cabezon+14, MNRAS * ook
see also Dessart+2009, Metzger & Fernandez 14, Fujibayashi+18 Martin, AP, Arcones+ 15, Ap]
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Wind ejecta from BNS merger

» due to neutrino absorption or magnetic processes inside
the remnant

enhanced by the presence of central MNS

tejwind ~few 10’s ms and vgjwing S 0.1 ¢

Mej,wind S 0.05Maisk

polar character, with low opacity (< 1em?g")

vV vV v VY

— -y
“viscous
evaporation” '\

accreting
matter

Mass [107* M)

W€ = absorption \ =

accretion disc  hot HMNS | _4riven wind

8.0 01 0.2 03 0.4 05
Electron fraction

Perego,Rosswog,Cabezon+14, MNRAS; Martin,AP,Arcones+ 15, ApJ

see also Dessart+2009,Metzger & Fernandez 14, Fujibayashi+18
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Viscous ejecta from BNS merger

» due to viscosity and nuclear recombination in the disk

> tejsec ~ few 100’s ms and Ugjsec S 0.1c
» broad distribution of n-rich matter (0.1 < Y. < 0.4)
> Mej,sec ~ (02 — 04) Mdisk
» all solid angle ejection, intermediate opacity 1 - 10em?g~!
- 4 E T T T T T
E 35 F E - i A ' solar r abundance
b 3 i & % FRDM+QRPA — ]
= E g D3C*+QRPA ----
- 25F i = ]
2 2 F E 2 .
g 15F 3 é Y, 1
s 1F i E EY ]
8 05F {1 £
BTy 0 1 1 1 L

0.1 0.15 0.2 0.25 0.3 0.35 0.4
Ye,S

50 100 150 200 250 300
mass number, A

Figures from Wu+16, see e.g. Metzger+2010, Fernandez & Metzger 2013,Just+15, Lippuner+17, Siegel& Metzger 17,

Fujibayashi+18,...
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Multi-Component Anisotropic Kilonova Model

» 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(g)/ Uej(e)l Ke]'(9>
» 1D models along each ray

» extension of previous
semi-analitical models

Korobkin+2014,Martin+2015

»
remnant * disk R

Albino Perego Talk at FRIB, MSU, East Lansing, 16/06/2018
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Kilonova model 1

see Grossman+ 14, Martin+ 15

» homologous expansion (from long term simulations)

My = /0 i ( /0 ™ e (0,0) dv) d6
3

£(v,0) = & 1‘<vm:x<e>>2

» composition-dependent opacity: effective gray opacity
inspired by detailed atomic transition calculations

e.g. Roberts+2012,Tanaka+13,Kasen+13,Wollaeger+17

) s —= Cn 0 0 1 o1 o
5x10' cm . o - 10°
—_ 12 % 23
= 2 10 100
5y k
1258 3 w0} 0 P
e ! | E
13 9 | = 10 |
= 1 W “CL‘ “,ﬁ i U
- I &
-13, 5\ 107 |
o 104 ‘ 10?2
2 Ce —Sm
e 10° e 2LV
530 mwn;vnwgl,hs?mnwsgagc 756050000 i

Rosswog+14 Kasen+13,Wollaeger+17
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Kilonova model IT see Grossmant 14, Martin 15
» nuclear heat
Qheat ~ QO (t7 Ye) (fdays)_L3
» impact of weak r-process nucleosynthesis:
shorter 5 decays lifetimes
» time-dependent thermalization fraction Barnes+2016
» irradiation effect: inner photospheres irradiate outer
matter & outer photosphere determine emission properties

cfr. Kawaguchi+18

time [days]
10° 10 102 10° 10°
100 T T T —
> x const. averaged trajector¥ —_—
=] e = e =0.
°®
<10 - =
g &
g =
g 102 |-
T
=3
2
§ 0.5
o o .
g w0 bin 3: 30°-45° ™ bin 4: 45°60°
> 025} L L i . " L
‘0»2 100 102 10* 105 0.01 0.1 1 .0.01 0.1 1 10
time Is] time [d]
Korobkin+ 12; see also Metzger+ 10 Martin+ 15
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Model parameter exploration

Main parameter ranges

Maisk [Mo] {0.01; 0.08; 0.1; 0.12; 0.15; 0.2}
Mej.ayn [1072Me]  {0.05; 0.5; 1.0; 2.0; 5.0}
Ewind {0.001; 0.05; 0.1; 0.15; 0.2}
Esec {0.001; 0.1; 0.2; 0.3; 0.4}
Drms,dyn (€] {0.1; 0.13; 0.17; 0.2; 0.23}
Orms,wind [] {0.033; 0.05; 0.067}

Drms sec [C] {0.017; 0.027; 0.033; 0.04}
Kayn [em g~!] {(0.5,30); (1,30)}

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

Rsec [Cmg_ll {1; 5; 10; 30}

Oobs nr/36for n=0...11

6[10B8ergg=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 [-

|
)
I

ol e -

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

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

» fast (v ~ 0.3c), low opacity (k ~ 1 cng_l) material
essential
» global properties for AT2017gfo

» anisotropic and multicomponent ejecta
> Mej,tot ~ OOSMo, 90bs ~ 300, Mdisk ~ 0.1M@
» low-opacity material at high latitude: neutrinos @ work
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Builting up the light curves

how do different components enter the light curves?

» M

ej,dyn

~ 1.9 x 1073M,,

» NR distributions as input for dynamical ejecta

Albino Perego

AB magnitude at 40 Mpc

LS220, 1.4-1.2 Mg, dyn

— R
17+ solid: polar observer direction ]|
dashed: 45 degree observer direction — K

dotted: equatorial observer direction

. ;
PRI VA ) \ L

10° 10!
Time after merger [d]
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Builting up the light curves
how do different components enter the light curves?
> Mgisk ~ 0.23M@
> Mejwind =~ 0.03 X Myisk, £ =1 cm?/g

L5220, 1.4-1.2 Mg, dyn + wind

N ) = — —
[ S © 3 ~
o T

AB magnitude at 40 Mpc

]
)

L IR L TR | I

107! 10° 10
Time after merger [d]

o
W
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Builting up the light curves

how do different components enter the light curves?
> Mdisk ~ 023M@
> Mejvis ~ 0.20 X Mgiek, £ = 5cm?/g

L5220, 1.4-1.2 Mg, dyn + wind + vis

AB magnitude at 40 Mpc

| L Lo
23
107! 10° 10!

Time after merger [d]
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Intrinsic variability: ejected mass

» large sample of NR BNS simulations to compute M qyn
and Mdisk
> Mej ~ Mej,dyn + 003(0005) X Mgisk + 0.2 X Mgisk

T T T T T T T
0.05 ae .
"
0.04 n 4
[]
— L] L]
©
= 003 . - .
g
$
= ¢
0.02f . ]
¢ >
0.01F ® BHBA¢
[] m DD2
® LS220
0.00 F » ¢ SFHo A
. . . . . . .
200 400 600 800 1000 1200 1400

A
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Intrinsic variability: peak time

» large sample of NR BNS simulations to compute M 4yn,
dynamical ejecta distributions, and Mg
» time fo the peak for three different bands

[]
]
- - 2% =B -
|
= s u®
100 F ™ T 1
= - {« 44 <
l; m B n ‘ 1‘
%
Ha a <4
4 <
<
1071 < < R
J
m K
. . . . . . !
200 400 600 800 1000 1200 1400

A
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Intrinsic variability: peak magnitude

» large sample of NR BNS simulations to compute M 4yn,
dynamical ejecta distributions, and Mg
» mimimum magnitude at peak for three different bands

17.0 T T T T T T T
175F <4 < < YW ¢ <
"4 fe .
18.0F [ ] [ ] [ I
] s B
3 < < ‘ ™ ™

185F . =l ]
— n = ]
= ]
_‘g 19.0 < .
=

<
195F < < ]
w
20.0 F - B
4 R
205F m ® B
m K
210 . . . . . . .
200 400 600 800 1000 1200 1400
A
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Intrinsic variability: peak width

» large sample of NR BNS simulations to compute M 4yn,
dynamical ejecta distributions, and Mg

» peak width (time interval for AM = 1 around maximum)
for three different bands

16 T T T T T T T
4 R I-
J LI |
ur oo - . = b
a a =
12 . .
a
101 - b
= "
a
g
6 a = N
4F n mn J
M aom “ 1q 1w <«
i e
4 <« <«
Us L L L L L L -
200 400 600 800 1000 1200 1400

A
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Conclusion & Discussion

>

Albino Perego

multi-component and anisotropic nature of kilonovae
emergies from BNS modelling

compatible with what we have observed so far

non-trivial coupling with intrinsic BNS variabilities, but
trends can be found

more cases necessary to improve our present
understanding

impact on light curve propereties?
impact on nucleosynthesis yields?

how can radiative transfer models help improving
semi-analitical models?

how can semi-analitical models guide radiative transfer
studies?
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