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Mass ejection from compact binary merger
and r -process nucleosynthesis

Yuichiro Sekiguchi  Toho University

S. Wanajo , N. Nishimura, K. Kyutoku , M. Tanaka, K. Hotokezaka , H. Nagakura ,
K. Kiuchi , M. Shibata, K. Taniguchi
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Neutron Capture processes:
free from Coulomb barrier

/ n+(ZN) K (ZN+1)

n-capture versus | -decay

(ZN+1) K (Z+1,N)+e+ E

l‘n . b \l‘n > b
rapid neutrorcapture process| slow neutroncapture process
(r-process) (s-process)
large neutron densities moderate neutron densities
&Can synthesize all heavy nucw U does not synthesize all heavy nuclei
U terminates atPh Bi
Z Z+1 || Z+1
N N N+1

B : neutron capture
N%l‘*ﬁ N%-II_ \Y J RSOl &




Proton number (Z)

S-process /r -process path
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To be an alchemist : recipe:torcookigold ¢

» Neutron capture bpackingeneutrons
: o i c\ oS ™S N r 1
My @e2d’ nYa SR« Y219
} Large #neutron/#seed ratio is required

}  A(gold)c A (seed)~ 100

[
b

(1) Low electron fractionY €

} Ye = number of electrons per baryon ~ ;
of proton ~ 1- # of neutron

}  To have a large number of free neutron:

(2) Higher entropy per baryon
}  To slow the seed nuclei production

(3) Short expansion timescale

} To freeze seed production with rapid
decrease of temperature




What is the cite of r -process ?

£udzbISING/MN2 Ddiosicd {§ thiDv-difiénlwing: 3

BAIrBIg0e ¢ al. fl9b6T

} Nice review-by Thomakankaand L.uc:Roberts

Smaller-entropy/penbaryon-thanrpreviouslyexpected: (elgnkeet al. 1:997)

K Previous-expectation: (stkB >12200) =>recent update s/k80-150

difficulty in preserving #rich condition/(Roberts et/al.02010;) 201¥anajo2013)

& NeutrinosfromrPNS make the flow towards protom rich: sidewia-weak:interactions

} difficulty in satisfyingithe  universalityr ofithe abiindancetpaitefn-pfocess richistars

NSNS (/BH)binarnywmerger{Lattimer & Schramm 1974

y
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» Snederet al. (2008)

1) Abundanceppaitern

compatison::
} r-rich low metallicity stars
}  Solar neighborhood

: y Low metallicity suggests

}  Such stars experience ¢
few r-process events

} preserve the pattern of
the r-process events
(chemical fossil)

Not the mixture of many
events
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Key observations : Universality
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The @bundanee patierns
agreewell for Z>-555

suggests that
r-process-event . synthesiz

heawvyelementswith a

pattern similar:tossolar

pattern (Univsersality
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What is the cite of r -process ?

£udzbIS/NGN2 Ddiosicd { rbiDv-diuéniwing: 3BurBighe d al.il 957
}

)

NSNS(/BH)thinarywmerger(Lattimer & Schramn) 1974

} problemsiintterms of ichemical evolutioArgustet al. 2004)
Resolutionbbyshimaruet al. (2015);Hiraitet!al2 (2015)

}y GooedmewsbysviPiran

} How aboutithe universality totoosneutron:richeejecta ?

} How muchiis/the ejectanmass ?
Topicofithis talk



e.g.,Matteucciet al. 2014, MNRAS, 438, 2177; Komiya et al. 284,783, 132,
Tsujimoto& ShigeyamaA&A, 565, L5

Chemical evolution of galaxies

» NSNS/BHbbmanhmergenwastobservationallysdistavor@dgasit al. 2004
} Too stawaappearance’ ofprocess=glements
» long imerger tinae < AQANyr
} Too largesseattening

Argastet al.(2004)
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Chemical evolution of galaxies

» A resolution ofitheproblem in the chemical.evolutionodel Hirai et al.
20159shimarat al. 20115

} Hierarchical merging paradigm : dwarf spheroidal galaxies are building
block of the normal galaxies o
Hirai etal. (2015) _

[Fe/H] does nOt increase In the I UL IIIIII I LI IIIII I LILL IIIII 3
dwarf galaxies due to shallower 0 L _ I
gravitational potential

It takes~ 300Myr for [Fe/H] to
start increasing
}  Mixing in the star formation
region SNefeedback)
Reduces the dispersion ocEU/Fe]

} NSNS mergers with merger time
~ 300Myr can reproduce the
observed EuUFe]

0.01 0.1 1 10

> Time [Gyr]



What is the cite of r -process ?
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Dynamical Mass ejection from NS -NS merger (1):

Tidal ComponentS Korobkin et al. 2012; Rosswog et 2001133;

Less massive NS is
tidally deformec

Angular momentum
transfer by spiral arm
and swingby

Y Ckm)

A part of matter is
ejected along the
orbital plane

1=11.63398 ms 1=11.72339 ms

15

reflects llow Yeof cold N o
NS(b-eq. atT~0), o Pee s s
no shock heating,
rapid expansion
(fastT drop), no time
to changeYe by weak
Interactions
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11
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Dynamical Mass ejection from NS -NS merger (2):
Shock driven Components Hotokezaka et al. 2013; Bausweinal.2013

} Shocks occur due to oscillations of massive NS and collisions of spiral arn
} Isotropic mass ejection, higher temperature
} weak interactions set in and Ye will increases

=40 —20 0

20 40
Hotokgzakaet al. (2013)




Dynamical mass ejection from NS  -NS merger

y Drivem bwtidad dnteraetionsons } Drivembyyshbekss
Consists of cold NS matter in Consists of shock heated matter
@equilibrium K lewYéandd T higher temperature =>

Weak interaction can change Ye

11
:?Z; 10

1
S 0 O -] Q0 WD

-1200 -800 -400 0 400 8§00 1200

> 2 (km)



(Expected) Mass ejection mechanism & EOS

© M. Hempel

y aSitrichsf er EOSO
} K Ry: larger
}y TM1, TMA

Tidaldriven dominant

Ejectaconsist of low T & Ye
NS matter

}
}

y Odiecnmtdeirime di at e
» DD2

)y oSofaser EOSO
K Rys: smaller
SFHo|UFSU

Tidaldriven less dominant
Shockdriven dominant

Ye can change via weak
processes
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Sekiguchiet alPRD(2015)

Soft(srHo) vs. Stiff( Tm1): Ejecta temperature

Soft SFH: temperature of unbounejectais higher (as 1MeV) due to
the shock heating, and produce copious positrons

Stiff (TM1): temperature is much lower

Soft ( SFHo: smaller R ) ' 1000km \ Stiff (TM1: larger R NS)

| ke T ~afew MeV>mc® =0.511MeV

Higher T : moree” Lower T: less €
Shock heating Mass ejection mainly

more positron capture driven by tidal effects



Sekiguchiet alPRD(2015)

Soft(srHo) vs. Stiff( Tm1): Ejecta Ye =1 - Yn

Soft SFHQ: In the shocked regions, Ye >> 0.2 by weak processes
Stiff (TM1): Ye is low as < 0.2 (only stropgacess expected)

Softi( (SFHe: Afarderfer Rye)

rYe<0.2
rich

0.4

I |_ |
hlg erY 125 region .
neutron rich neutr

015 025 03 035 0.45




Sekiguchietal. 2015;Bausweiret al. 2013Radice2016; Lehneret al. 2016

EOS dependence 1. 35 -1.35 NS -NS

A N © M. Hempel
> e — J1614-2230
10° ] Y Steiner et al.
| =25 — L5180
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_ — = STOS
E -3 S 20k —— HS(FSUQOH)
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;} Mejis larger for softer EOS : importance of shock heating and GR

) Only SFH@chievesMej ~ 0.01Msun : required by the total amount of
rrLINE OSaa St SYSykignovdy B OBt/ dzE 0 DW. i K6 n




Sekiguchietal. 2015;Bausweiret al. 2013Radice2016; Lehneret al. 2016

EOS dependence : 1.35 -1.35 NS -NS

i Mass averaged Ye of the
ejecta is larger for softer EC

i But still neutron rich

i Ye distribution of the ejecta
IS broad irrespective of EO$

i There arecgjetiacomponents
witih larger e

A —4

average Y&

A4

Fraction of mass




Wanajq Sekiguchietal. ApJL (2014)

Achievement of the universality
(soft EOS (SFHo), equal mass (1.35 -1.35))
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Ejecta mass [Msolar|

Average Ye of ejecta

Sekiguchietal. 2016;Bausweiret al. 2013}_ehneret al. 2016

J0453+1559 R ©
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J0737-3039B o
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Ozel& Freire (2016)




Ejecta mass [Msolar]

Average Ye of ejecta

Sekiguchietal. 2016;Bausweiret al. 2013}_ehneret al. 2016

Dependence on mass ratio
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For more unequal mass

system, the tidal ejecta

component increases and

the ejecta Ye becomes

smaller




Sekiguchietal. 2016;Bausweinet al. 2013}_ehneret al. 2016

Unequal mass NS -NS system: SFHo01.25 -1.45

1+ Orbital plane : Tidal effects play a role, ejecta is neutron rich
1 Meridian plane : shock + neutrinos play roles, ejecta less neutron rich
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Mass fraction

Sekiguchietal. 2016;Bausweiret al. 2013}_ehneret al. 2016

Dependence on mass ratio

Ye distribution is still wide if mass ratio is not very far from unity
} For mass ratio larger than 1.2545 model, Ye distributes in smaller values
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Ejecta Mass [Msolar]

Sekiguchietal. 2015; Prego et al. 201&priely et al. 2015; Martin et al. 2015pucartet al. 2016

Importance of neutrino absorption

[ B S B 0.35 : : | : |
2 =
- : 0.30+ :
< 0.25f |
3 1 g
. T
- I > 015} SFHo -
4| ] no-heat
SFHo 0.10+ DD2 .
no-heat EJ cta Ye: no-heat
L DD2 =— | 0.05 . A D 1 NP B B B
) . .. -h
it Dyn+mncall ejectazmasss : o 5 10 1 20025 30
5 0 5 10 15 20 25 30

t -ty [Ms]

Amount of ejecta mass can be
increasedorder of 1 Msun

Average Ye can change 0.02~0.083
depending on EOS : effect is
stronger for stiffer EOS with which
HMNS survive in a longer time

Fraction of mass




Gorielyet al. 2015

Importance of weak interactions

1 Gorielyet al. 2015 studied in more detall the effects of weak
Interaction on the resulting-process pattern

} e captures fill in the gap in A =430
+ Neutrino absorption contributes to synthesize thédeak
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L, [107 erg/s]

Foucartet al. 2016

Importance of neutrino energy estimate

There is also uncertainty in the neutrino energy estimate in gray
neutrino transport codes which are currently available

Foucartet al. developed an improved method of neutrino average
energy estimation based on a conserved neutrino number density

Impact is small for the dynamical ejecta mass but large for the ejecta Y
}  The previous estimate predict strongprocess lagnthanoid in the polar region

2 1 1 1 I

+
.
- ——
’ N -
- -

6 8
([ o t]llr“ll‘l(") [ms] .
. Improved energy estimate

Solid

() [MeV]

40

(t o tmm':o) [ms] ]
Dashed: previous estimate
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Foucartet al. 2016

Importance of neutrino energy estimate

There is also uncertainty in the neutrino energy estimate in gray
neutrino transport codes which are currently available

Foucartet al. developed an improved method of neutrino average
energy estimation based on a conserved neutrino number density

Impact is small for the dynamical ejecta mass but large for the ejecta Y
}  The previous estimate predict strongprocess lagnthanoid in the polar region

2 | I 1 | I | 1 N | N I . v 1 v .I v 1
04 Weak r-process
1k .
0.3}
92k -
.
' | | Polar ejecta | oal
3 7 |
'| | Solid : improved energy.estimate H
, L1 | Dashed: previous estimate 0.1kl | , _ Strong r-process
2 4 6 8 2 4 6 8
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Kiuchi et al. (2014, 2015)

Importance of magnetic fields
Magnetized NS-NS merger simulation

t =18.3168 ms

10" g/cm’
10 g/cm?
10" g/cm?
‘IOIS 6 G




Importance of magnetic fields

107" — . . . . . .
____________ _Torus is stronglynacnetized
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P Kiuchi et al. 2014, 2015; see also Rasio & Shapiro 1999
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HMNS BH-accretion torus
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t-torg [ms]
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Importance of

P Kiuchi et al. 2014, 2015; see also Rasio & Shapiro 1999




Importance of magr eftl

0.02 .
Bl‘w Ax= 70111
B15 Ax=90m
B15 Ax=110m
B15 Ax=150m
0.015 | s

= 001} / |
/ Some energy goes to vorticity induced |
0.005 | / .

/ KelvinHelmholtz instability Mej @
| There may be late time viscous winds
need further studies with GR viscous codj

t- tlm.g [ms]

P Kiuchi et al. 2014, 2015; see also Rasio & Shapiro 1999




Shibata & Taniguchi (2008)Kyutoku et al. (2010, 2011)
Fourcartet al. (2014,2015Kyutoku, YS et al. in prep

BH-NS merger

/ inspiral J I'igal < IWscok f”l_scd Innerm_ost Sable
‘ _~ Plunge into BH before Circular Orbit
I BH

tidal disruption lsco = hisco(M g} 8gu)

Depends on BH spin
largerdg K smallerl|gco

Tidal disruption
before the merger

Mass €jectiom ringdown Tidal radiuss: : ridal

plungel
ligal > T
tldal* ISCO BH

tidalforce=self gravityof NS

A) BH
—p M6 BM.. 8
- Midal — %\I\: NS § %M NS g
accretion Mgy cMgy, = Ry =
tidal disruption Depends on NS structure
(EOS)







