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 “should power EM transient” (Li & Paczynski 1998)
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R-process: electron fraction Y. plays decisive role!

, # protons # electrons
- “electron fraction” Y. =" = %

# nucleons  # nucleons

- effect on reaction path:
1:0.000400s / T:1096GK / m:871es12glem’ hlgh Ye:

 closer to valley of B-stability
- nuclear properties from experiments

low Ye:
- close to neutron drip line
- nuclear properties from models

Supernova: NS mergers:
“de-leptonizing” & N “re-protonizing”’
from 0.5 down starting from

to Ye~ 0.3 Ye~ 0.1
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* in1tial neutron star: cold B-equilibrium, very low Y

1.4 Mo, SFHo-EOS :
few 10_5M@I §

density

» increasing Y. via B-reactions e’ +n — p+ I, => ¢jecta history?

e O A e Qe AR

 BUT: unbinding matter from a neutron star is non-trivial!

Ras
«" |Eyay| = 150 MeV > Eyye < 8 MeV

= need extreme conditions: merger with ns or bh



Ejecta types

- equatorial
- “cold” o
- low Ye ~0.1 ~ 1 ms
- ~1% Mo
b) “contact”:
- “polar”
- “hot”
- higher Ye > 0.1

- ~1% Mo

1) “dynamic”
a) “tidal”:

(from S.R. et al. 2017)

11) neutrino-driven winds i
o pOlar My 10 * 100 mS accreting ;

maticr

e mass: ~1% Mo

e broader range of Ye accretion disc hot HMNS

v-driven wind

111) “secular”
* viscosity/MRI
e recombination nucleons ~1s
into a-particles
e ~ 30% 1nitial torus mass




1) Dynamic ejecta, tidal component

1.4 and 1.5 Mso1, no stellar spins

" (S.R. 2017)

1 A A M A 1 " A A A L

t=0 ms

o
-

0.05

electron fraction (y.)

typical numbers:



1) Dynamic ejecta, tidal component

1.4 and 1.5 Mso1, no stellar spins

" (S.R. 2017)

1 A A M A 1 " A A A L

t=0 ms

o
-

0.05

electron fraction (y.)

typical numbers:



11) Neutrino-driven winds

typical numbers:

°* MMass.
~0.01 Mo

[queq;'ex] Adogu3

e velocity:
~0.05¢

-
R
3
&
&
<
3
o
8.
&
S
o,

Log, , density [g/em’)
Electron fraction [-]

e clectron fraction:
~0.2 ...04

0.5 .5 5 45 1 95 0 05 1
% [100 km) x[100 km]

p Ye entropy

(Perego, S.R., Cabezon ... 2014)



11) Neutrino-driven winds

typical numbers:

°* MMass.
~0.01 Mo

[queq;'ex] Adogu3

e velocity:
~0.05¢

-
R
3
&
&
<
3
o
8.
&
S
o,

Log, , density [g/em’)
Electron fraction [-]

e clectron fraction:
~0.2 ...04

0.5 .5 5 45 1 95 0 05 1
% [100 km) x[100 km]

p Ye entropy

(Perego, S.R., Cabezon ... 2014)



N
"
(o))

L0
E
>
c
c

=
o
—_
Q

Nucleosynthesis (Winnet network, Winteler 2012; 5 831 isotopes)

very low Ye (= 0.05),
dynamic ejecta

t:0.00e+00s / T:10.96 GK / o : 8.71e+12 g/cm’

| Pbz-82) g
A

el

plg/em?®]

—
ol

'rrj..' -

l

Sn (2=50)-  spped
un

10! JJrr'r

:. . .;‘ 1
Ni (Z=28) «dl = I j‘i
'.:.f' !L.,"_ ﬂ? |‘1!lll|‘ J
- 2= - ”‘”'1 |

Summed abundances

|

100) 150
neutron number, N

(Korobkin, S.R., Arcones, Winteler 2012)

N
Lo
@
o
=
=
c
c
S
-
o
-
a

moderately high Ye (= 0.3),
v-driven wind ¢jecta

t:4.89e-03s / T: 9.00GK / p,: 4.63e+07 glcm®

Neution densaty

| Pb(Z=82) ¢
LA
el

e

40|

O
'
ol A
¥
0 h W :']1 '-J'
Mass nam

100 150
neutron number, N

(Martin, Perego, Arcones, Thielemann, Korobkin, S.R. 2014)



N
"
(o))

L0
E
>
c
c

=
o
—_
Q

Nucleosynthesis (Winnet network, Winteler 2012; 5 831 isotopes)

very low Ye (= 0.05),
dynamic ejecta

t:0.00e+00s / T:10.96 GK / o : 8.71e+12 g/cm’

| Pbz-82) g
A

el

plg/em?®]

—
ol

'rrj..' -

l

Sn (2=50)-  spped
un

10! JJrr'r

:. . .;‘ 1
Ni (Z=28) «dl = I j‘i
'.:.f' !L.,"_ ﬂ? |‘1!lll|‘ J
- 2= - ”‘”'1 |

Summed abundances

|

100) 150
neutron number, N

(Korobkin, S.R., Arcones, Winteler 2012)

N
Lo
@
o
=
=
c
c
S
-
o
-
a

moderately high Ye (= 0.3),
v-driven wind ¢jecta

t:4.89e-03s / T: 9.00GK / p,: 4.63e+07 glcm®

Neution densaty

| Pb(Z=82) ¢
LA
el

e

40|

O
'
ol A
¥
0 h W :']1 '-J'
Mass nam

100 150
neutron number, N

(Martin, Perego, Arcones, Thielemann, Korobkin, S.R. 2014)



N
"
(o))

L0
E
>
c
c

=
o
—_
Q

Nucleosynthesis (Winnet network, Winteler 2012; 5 831 isotopes)

very low Ye (= 0.05),
dynamic ejecta

t:0.00e+00s / T:10.96 GK / o : 8.71e+12 g/cm’

| Pbz-82) g
A

el

plg/em?®]

—
ol

'rrj..' -

l

Sn (2=50)-  spped
un

10! JJrr'r

:. . .;‘ 1
Ni (Z=28) «dl = I j‘i
'.:.f' !L.,"_ ﬂ? |‘1!lll|‘ J
- 2= - ”‘”'1 |

Summed abundances

|

100) 150
neutron number, N

(Korobkin, S.R., Arcones, Winteler 2012)

N
Lo
@
o
=
=
c
c
S
-
o
-
a

moderately high Ye (= 0.3),
v-driven wind ¢jecta

t:4.89e-03s / T: 9.00GK / p,: 4.63e+07 glcm®

Neution densaty

| Pb(Z=82) ¢
LA
el

e

40|

O
'
ol A
¥
0 h W :']1 '-J'
Mass nam

100 150
neutron number, N

(Martin, Perego, Arcones, Thielemann, Korobkin, S.R. 2014)



low-Ye dynamic ejecta Y=~ 0.25 moderately high Ye wind ejecta

nsl2nsl2
nsl3nsl3
nsldnsl4 ——
nsl2nsl4
nsldnsl8

solar r-process ,

L
40 S0 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220
Mass number A

40 S0 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220
Mass number A

(from S.R.+2014)

; » sensitive to detailed trajectory
o (but not with resp. to nuclear physics) e “weak”, A = 130

 “strong”, A = 130
* this robustness 1s observed in stellar spectra

* (astrophysically) “robust”




low-Ye dynamic ejecta Y=~ 0.25 moderately high Ye wind ejecta

nsl2nsl2
nsl3nsl3
nsldnsl4 ——
nsl2nsl4
nsldnsl8

solar r-process ,

L
40 S0 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220
Mass number A

40 S0 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220
Mass number A

(from S.R.+2014)

; » sensitive to detailed trajectory
o (but not with resp. to nuclear physics) e “weak”, A = 130

 “strong”, A = 130
* this robustness 1s observed in stellar spectra

* (astrophysically) “robust”

= complementary nucleosynthesis
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; » sensitive to detailed trajectory
* (but not with resp. to nuclear physics) e “weak”, A = 130
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Radioactive decay: macronovae

e similarities to supernovae:
 expanding, radioactive material

* BUT:
* less material, ~0.01 Mo Karlsruhe Nuclide Chart Online, KNCO++
* higher velocities, ~0.1 c
* very different composition:

N 126

“dynamic ejecta”
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K opacity, assumed const.

e optical depth: 7 = Rkp

e diffusion time: tgig = — T
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(Arnett 1980)
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Scaling relations
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v (free expansion: R=v t)

K opacity, assumed const.

e optical depth: 7 = Rkp

SR R
 diffusion time: tgqig = — T
C

» peak emission when ?qig = fexpansion Yyields
(Arnett 1980)
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GW/EM 170817 Beginning of the Multi-Messenger Era

Gamma rays, 50 to 300 keV GRB 170817A

e ?LWW y-rays (“std. GRB” seen off-axis?)
;

gravitational waves

ST SSSl7é

» August 17, 2017 - August 21, 2017

Swope & Magellan Telescopes




Really r-process?

e numerical experiment: (from S.R++ 2018, A&A in press)
* nuclear reaction network different conditions ( v € [0.1,0.4], Ye € [0.1, 0.4])
 nuclear heating rate < bolometric luminosity

observed

Y
luminosity/ s
2
nuclear =
heating rate E;

Y.=02,v=0.1...
Y=03,v=0.1...
Y. =04, v=0.1...

10"
log( t[d] )
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e numerical experiment: (from S.R++ 2018, A&A in press)
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 nuclear heating rate < bolometric luminosity
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Really r-process?

e numerical experiment: (from S.R++ 2018, A&A in press)
* nuclear reaction network different conditions ( v € [0.1,0.4], Ye € [0.1, 0.4])
 nuclear heating rate < bolometric luminosity

“nickel wind” (Y= 0.5)

low electron fraction (Ye =< 0.3)
observed

Z => I-process
luminosity/ s
D
nuclear re ,
heating rate[ilie Y =0.1,v=0.1..04c = A & (scaled) observed luminosity

Y. =02, v=0.1...
Y=03,v=0.1...
Y.=04,v=0.1...

higher electron fraction (Ye= 0.4)

10"
log( t[d] )

* lessons:
 decay of luminosity consistent with r-process nucleosynthesis

e either with (more likely) or without lanthanides

* ¢jecta mass > 0.015 Mo



dynamic ejecta, “interaction component”:
e carly, ~1 ms
* “polar”
* higher Y.
* ‘blue’

winds (v-driven, magnetic, etc):
e carly, ~10s of ms
* higher Y.
* ‘blue’

dynamic ejecta, “tidal component”:
o carly, ~ 1 ms
 equatorial
e low Ye

e ‘red’

299 66

(B aliio P ol G10) “secular”, “tidal component™:
e late, ~ 1 s
* ~ 1sotropic
 broad range Y



e b blue™ dynamic ejecta, “interaction component”:
asen .
m~ (0.025 M ’
© e carly, ~1 ms

VvV ~ 025 C b ccpolar”

* higher Y.
e ‘blue’

winds (v-driven, magnetic, etc):
e carly, ~10s of ms
* higher Y.
* ‘blue’

dynamic ejecta, “tidal component”:
o carly, ~ 1 ms

» equatorial “red”:
* low Ye m ~ 0.035 Mo
e v~0.15¢
(i eap s ) “secular”, “tidal component™:
e late, ~ 1 s

* ~ 1sotropic
 broad range Y



Implications

» “large mass 1n red component” (~0.04 Mo)

» very difficult for tidal dynamic ejecta

* secular/disk ejecta?

(from S.R.+ 2017)
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Implications

» “large mass in red component” (~0.04 Mo)

» very difficult for tidal dynamic ejecta

* secular/disk ejecta?

(from S.R.+2017)

e “large mass in blue component” (~0.02 Mo)

e original mass with Y. > 0.25 only ~5x10-> Mo

(from Siegel & Metzger 2017)

2 weak 1nteract10n/neutr1no physws plays key role'
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Implications

e “large mass in red component” (~0.04 Mo)

* very difficult for tidal dynamic ejecta

* secular/disk ejecta?

(from S.R.+2017)

e “large mass in blue component” (~0.02 Mo)
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(from Siegel & Metzger 2017)

e original mass with Y. > 0.25 only ~5x10~ Mo

= weak interaction/neutrino physics plays key role!

 expected, accumulated mass:

Rnsns M TGal
My expected ~ 17 000 M J
Gy opected © (500 Gpc—3yr—1> (0.03 M@> (1.3 x 1010 yr) -.

™~ LViy MilkyWay




* velocities in blue component larger (~0.3¢) than expected

=1nteraction with jet?

=> re-distribute/mix ejecta properties

“Cartoon picture”

- “winds”, Ye~ 0.3 At S St S i e e R R e
- “weak r-process” (A <130) S G- e e N SR T e R s R S

- lanthanide/actinide-free, Xun < 10
- moderately opaque = blue

- Tpeak~ | day
4

interaction/mixing?

- dynamic ejecta, Ye~ 0.1
- “strong r-process”
¢ - lanthanide/actinide-loaded,
Xian~0.2
- very opaque = red
- Tpeak~ 1 week
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* velocities in blue component larger (~0.3¢) than expected

=1nteraction with jet?

=> re-distribute/mix ejecta properties

“Cartoon picture”

- “winds”, Y~ 0.3 e g
- “weak r-process” (A <130) gty
- lanthanide/actinide-free, Xin < 10
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* velocities 1in blue component larger (~0.3¢) than expected

=1nteraction with jet?

=> re-distribute/mix ejecta properties
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“Cartoon picture
- “winds”, Y~ 0.3 Ye map (t=0.0ms )
- “weak r-process” (A <130)
- lanthanide/actinide-free, Xun < 107
- moderately opaque => blue
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interaction/mixing?
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dynamic ejecta, Ye ~ 0.1
- “strong r-process”

{3 - lanthanide/actinide-loaded,
Xl.m "().2
- very opaque = red

- Tpeak~ | week
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What have we learned from the first multi-messenger event?
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Gravitational Waves:
 “1t was a neutron star neutron star merger with total mass = 2.8 Mo”

* inspiral dynamics consistent with predictions from GR

 independent measure of the Hubble constant

e constraint on tidal deformability = nuclear EOS
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Gravitational Waves:
 “1t was a neutron star neutron star merger with total mass = 2.8 Mo”

* inspiral dynamics consistent with predictions from GR
 independent measure of the Hubble constant
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What have we learned from the first multi-messenger event?

Gravitational Waves:
 “1t was a neutron star neutron star merger with total mass = 2.8 Mo”

* inspiral dynamics consistent with predictions from GR
 independent measure of the Hubble constant

e constraint on ti




