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Cosmic evolution, galaxies, and stars

FROM THE DARK AGES...

After the emission of the cosmic microwave background radiation [about 400,000 years after
the big bang), the universe grew increasingly cold and dark. But cosmic structure gradually

evolved from the density fluctuations left over from the big bang.

y pillion years

BIG
BANG

bigbang
nucleosynthesis
Emission of

cosmic background .
radiation Dark ages

First stars

First supernovae
and

... TO THE RENAISSANCE -
black holes Protogalaxy

The appearance of the first stars and protogalaxies mergers
(perhaps as early as 100 million years after the big bang) set off | _
Modern galaxies

a chain of events that transformed the universe.
[adapted from Scientific American]

How does the Universe evolve to the present structure we see today?
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From where were the different atoms/isotopes made in the Universe?
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Nuclear astrophysicist’s Periodic Table
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Elemental abundances in the solar system
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Making heavy nuclei with neutron captures

proton number
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Nuclei with “neutron magic numbers” (i.e., more reluctant to capture neutrons)
are more abundant
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The r-process and neutron stars

|deal condition for rapid neutron captures can be obtained,
If one can “unbind” (part of) a neutron star:

— high density with large amount of neutrons

— compact object <+ short dynamic timescale | ~ 1.4Mg
R~ 10 k
[rayn ~ /R3/(GM)] .




The r-process and neutron stars

|deal condition for rapid neutron captures can be obtained,
If one can “unbind” (part of) a neutron star:

— high density with large amount of neutrons

— compact object <+ short dynamic timescale | ~ 1.4Mg
R~ 10 k
[rayn ~ /R3/(GM)] .

p=> 10" gcm™3
2> 95% “neutrons”

It's not easy to unbind things from a neutron star. Opportunities are:
(i) a neutron star was born (ii) a neutron star dies

(death of massive star) — neutron star mergers
— core-collapse supernovae




What produce the r-process elements? [A/B] = log,, (—%;ZE)

Observation of Eu abundance for stars with different metalicity

[Eu/Fe]

[Fe/H] [Cowan+ 2019 to appear in RMP]

— r-process enrichment at low metalicity ([Fe/H]< —3)

— massive stars association?

— large scatters at low metalicity

— events less frequent than core-collapse supernovae?

A consistent model to trace the (chemical) evolution of the Milky Way is desired



The r-process nucleosynthesis and kilonovae



GW astronomy for NS mergers

GW170817, still the only
event with joint EM
observations
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Multi-messenger observations of GW170817
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The GW170817 kilonova (AT2017gfo)

|||||||||||||||||||||

L]
Brightness

.
Wavelength (um)

Time: +4.1 days


kilonova.mp4

-

B Astronomers Confirm Ori

n of
Cataclysmic Collision Artist’s illustration of two merging ne

hifaedtiinG s e e Universe’s Heaviest Elements in
Neutron Star Mergers

Oct 17, 2017 by News Staff / Source

i >

« Previous | Next »

Published in Origin of Universe's heavy elements, ranging from gold to uranium, has
Astronomy finally been confirmed, after a gravitational wave source was seen and heard
Tagged as for the first time ever by an international collaboration of astronomers and
Gold astrophysicists.

Gravitational

JJJJJJJ

confirm origin of precious metals
in heutron star mergers



r-process and kilonovae r-process ends here

The radioactive nuclei decaying back to the valley

0
of stability keep injecting energy into the expanding s
ejecta can power EM transients peaked at ~ days < 7
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r-process and kilonovae

— more massive ejecta — brighter but later peak light
— faster ejecta — brighter and earlier peak light
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Evidence of the r-process

[Barnes+ 2013, Tanaka+ 2013]
Presence of lanthanides & actinides (with f-shell valance electrons)
<+ large opacity and spectral peak at IR — signature of the r-process

kilonova SSS17a spectrum @ day 2.5

data Pian+2017 x-shooter, models Kasen+2017

. x : .
1.2p light + heavy — X, =107 model 4
s Y
r-process model — X, =10"2 model Mej,tot 0-05 M@
1.0- - two component model |-
== S55l7adlay 2.3 (see also analysis with

0.8} multi-band lightcurves,

e.g., Kilpatrtrick+,
Cowperthwaite+,...)

relative flux F,
o
=)}

5000 10000 15000 20000
wavelenagth (angstroms) [from D. Kasen]
— no direct evidence of individual elements Au, Pt, U, etc.

— uncertainties in opacity modeling, ejecta morphology,...
(see e.g., Kawaguichi+, Wollaeger+, Waxman+,...)



Definitive proof of existence of heavy nuclei?

Spectral analysis around peak-luminosity (< 10 days) can only tell the information

about lanthanides but not specific or heavier elements.

How about ~-rays? also difficult due to Doppler broadening and blending
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(we may have better chances to catch the decay v-ray lines from BNS merger

5
remnants ~ 10° yr Old) [MRW, Banerjee, Metzger+, ApJ 880 (2019) 23, arXiv:1905.03793]



Trans-lead nuclei?
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Definitive proof of existence of heavy nuclei?

Recently, we showed that a precise measurement of the late-time lightcurve can

offer diagnostic of heavy element composition

e.g., if 2 1073 mass fraction of Ra and Rn gets produced
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Definitive proof of existence of heavy nuclei?

Recently, we showed that a precise measurement of the late-time lightcurve can
offer diagnostic of heavy element composition

e.g., if > 10™* mass fraction of Cf gets produced
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Impact of fissions on kilonova lightcurve

—— hot — cold —— accretion
42 1 LI I'III I
10 3 )
models with
41 . . .
10 ——— high fission
@ "}:'-'-'.'.'_'_"*'-'-'.'.'_ ..... .
S | 40 REsEE barriers and
10 .
E B low fission
‘O 107 F === BCPM b hi
—— FRDM+TF ranching
38
10 F snneas HFB14
| |I| 1 | | L1 1 ||| L1 1 11
LI II| I I 1 1 LI ||| I I LI Il..""_".“-l.“
- FRDM+TF/BCPM '
o | e HFB14/BCPM
o 10"} (see also work from
° LANL/ND/NCSU/Brussel/...)
c &
£
1b]
L
0 foerrm
10 Ill“‘l.“l‘“l.].“"-."""IJ 1 L Ll L 11| J L L 1 N - | I 1
10° 10’ 10°
Time (days) [Giuliani, Martinez-Pinedo, MRW, Robledo, 1904.03733]

Such information may also be used to infer or constrain the properties
(masses, [-decay, fission...) of exotic neutron-rich nuclei even beyond
the reach of FRIB/FAIR/HIAF/...



Neutron star mergers as major sites of r-process?



NS mergers as the dominating source of the r-process?

Assuming the entire Galactic r-process elements are made in the same way:
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Tracing r-process history with stellar abundances

Observation of Eu abundance for stars with different metalicity

) ‘
= ..
= .
-] S
=, T
-4 _3 5 - .
[FE/H] [Cowan+ 2019 to appear in RMP]

— reach very low metalicity [Fe/H]< —3 with large scatters

— [Eu/Fe] decreases with [Fe/H]=> —0.8



Trend of [Eu/Fe| at high metalicity

Galactic chemical evolution simulations adopting a merger delay time
distribution (DTD) o ¢t~ !, inferred from sGRB data and population synthesis

studies, result in a flat trend of [Eu/Fe| vs [Fe/H] at high metalicity
[Komiya&Shigeyama 2016, Cote+ 2017, Hotokezaka+ 2018,...]

Possible solutions:

1.0 ==t =1 My Constant delay time

— a steeper DTD? 0.6 — Iomin = 10Myr DTD function (¢ ')

[Hotokezaka+ 2018, Cote+2018]

— subgroup of fast mergers?
[Cote+2018]

— additional sources?
[Cote+2018, Siegel+2019]

[Eu/Fe]

— different ISM enrichments
from SNe vs NSMs?

[Schoenrich & Weinberg 2019]

Z1.5 ~1.0 —0.5 0.0 0.5
[Fe/H] [Cote+ ApJ 875 (2019) 106]



Trend of [Eu/Fe| at high metalicity

However, no models have considered the migration of neutron star binaries

in the Milky Way

diravel ~ 10 kpc<1(r)n()eﬁ;2) (100]:](11/3)

We consider the effect due to the kick of neutron star binary systems and

the inside-out evolution of the MW:

SFR extracted from Minchev+2013
r T T | T T | td:gdll =
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[Banerjee, MRW, Yuan, to appear in ApJL (2020)]

— SFR with inside-out evolution

— merger DTD o< t—! with different
tmin Oof 10 and 30 Myr

— kick distributionoc exp (—v/vg), with
different vy between 60 &120 km/s

— trace the location of NSMs with
GALPY using different MW potentials

at different times



Trend of [Eu/Fe| at high metalicity

normalized NSM contribution from different parts to the solar neighborhood:

3{} | 1 | 1 ] 1 | ] |
{C) I""E 1 t3=0.2 Gyr |
P TTTT1 ty=4.5 Gyr
25 P -
20 E : -
15 | ! s
5 - a —
0 2 4 B B8 10 12 14 16
R (kpc)

[Banerjee, MRW, Yuan, to appear in ApJL (2020)]

The solar neighborhood can receive a large contribution of mergers born at
the inner part of MW at earlier time



Trend of [Eu/Fe| at high metalicity
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This effect boosts the effective merger rate (1), and steepens the effective
DTD distribution oc t7:° more at earlier times

— decreasing [Eu/Fe] at [Fe/H]= —0.8

[Banerjee, MRW, Yuan, to appear in ApJL (2020)]
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In principle this works differently at different parts of MW, can future observation
possibly test it?



Neutrino flavor oscillations in dense media



Diversity of binary neutron star mergers

Mergers of two neutron stars can result in a variety of outcomes, depending on
the initial state of the system and the yet-unknown nuclear EoS

— different post-merger GW signals & EM emissions

Inspiral Merger GW phase Viscous phase Spin down
~1 ms ~10-20 ms ~0.1-1s >10s
O ¢ @
v/
e v |
o,
B Hypermassive NS
‘0
M1, M3, EOS ’hﬂg _
[From D. Radice] Cﬂﬁe’o
SB \}Qﬂ- ',.f:]

Black hole Stable NS



[From A. Perego]
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Neutrinos in merger ejecta
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hot HMNS  y_griven wind
BNS dynam|ca| e_]eCta - [Radice+ 2017] d|Sk eJecta
SFHo: (1.35 + 1.35) Ms: v cooling and heating [Lippuner+ 2017]
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(See also Wanajo+ 2015, Goriely+ 2016, Shibata+ 2017)

(**the "blue" emission of the GW170817 kilonova also hints the role of neutrinos)



Neutrino oscillations in neutrino-dense environment

Equation of Motion: (9; + v - 0x)o(x,p,t) = —i[H(x,p, 1), o(x, P, )] + C(0)

fve  Oep  Oer
o: Wigner-transformed flavor density matrix, = | 07, fu, Our

Q:T Q,t*m- fVT
H(x,p,t) D) . (o(x,p",t) — 0" (x,p’,1))(1 — v- V') — non-linear coupling

[Fuller+ 1987, Pantaleone 1992, Sigl & Raffelt, 1992]

astrophysical sources

— many-body quamtum system in "strong” coupling regime (Ggn, > gg ),
leading to “collective” oscillations, extensively studied in the context of

Core—co”apse supernovae [Duan+, Raffelt+, Mirizzi+, Volpe+, Balantekin+, Dasgupta+, Qian+,
MRW+, Tamborra+, Lisi+, Shalger+, Abbar+, Capozzi+, Sen+,...]



Fast neutrino oscillations in merger remnants

In a series of (on-going) work, we show that neutrino flavor oscillations can
develop in a timescale of ~nano-seconds, or a length scale of ~ centi-meters,
by means of linearized stability analysis

— fast flavor conversion

Tm(w)| /o Im(w): growth rate of flavor
1> mixing in the linear regime

(a) Sym. preserving
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[MRW & Tamborra, PRD 95, 103007 (2017)]




Fast neutrino oscillations in merger remnants

Assuming flavor equipartition being the outcome of fast flavor conversions:

) v-driven BH-torus ejecta dynamic ejecta in polar direction
10 SEH B I I RS REURES BE I I I 1 " -2
10-1 [ ] (a) EoS: DD2, polar ejecta only
e E -3 i i E
g, 10~2 ; o -
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[MRW+ PRD 96 (2017) 123015] [George & MRW-, 2009.04046]

advanced numerical modeling of multi-dimensional quantum kinetic transport
of neutrinos is needed



Probing dense matter with astrophysics?



Do we have QCD matter at high density in nature?
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Tightening the constraints on dense matter

current constraint based on (extrapolation from chiral effective field theory
above 1.1 ps) 4+ (a minimum Myg = 2.14 My) + (GW170817)
+ (NICER measurement)

[Raaijmakers+ ApJL 893 (2020) L21]

Updated prior
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Can there be a phase transition to quark matter at high density?

[e.g. Annala+2019, Ferreira+2020,

16

Xie+2020]



Signaure of quark matter with neutron star mergers?

The appearence of quark matter inside the post merger remnant can make
the hypermassive neutron star more compact

— higher post-merger GW frequency that may be tested by future GW events

[Bauswein+ PRL 122 (2019) 061102]
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(see also e.g., Most+2019)
(Aq.35: tidal deformalibity parameter of a 1.35 Mg NS)



Probing quark matter with supernovae?

A SN explosion can also be possibly r"-E
triggered by the phase-transition %
=

of hadronic matter to quark matter 10 ; (b) 3
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0 (core bounce) [Fischer, Bastian, MRW+ Nature Astronomy 2, 980 (2018)]



Probing quark matter with supernovae?

A SN explosion can also be possibly
triggered by the phase-transition
of hadronic matter to quark matter

— a millisecond neutrino burst!

.--[;]-x ||||||||||-|-1|-l_lllrrrr||llllllllll ||||||1‘I‘I‘I‘I‘|‘1‘1“I‘I‘I‘I‘I‘I‘I:
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[Fischer, Bastian, MRW+ Nature Astronomy 2, 980 (2018)]

[see also e.g., Takahara & Sato (1988), Sagert, Fischer, Hempel, et. al. (2009)]



Probing quark matter with supernovae?

The integrated nucleosynthesis yields from phase-transition supernovae:

[Fischer, MRW, Wehmeyer+ ApJ 894 (2020) 9]
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Can we possibly constrain the fraction of massive stars undergoing phase transition
with metal-poor star data?



Summary

e Understanding the origin of heavy elements and the nature of dense matter
are genuinely connected. The multimessenger detection of GW170817 has
resulted in big steps forward in these directions.

e Quite a number of questions remain
to be solved, e.g., what's been made
in merger ejecta beyond lanthanides?
do we need sites other than mergers?
what are the behavior & roles of neutrinos?
are quark matter present inside neutron stars?

Nuclear Landscape
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e Synergetic efforts between theory,
computation, experiments, and observations
are needed to further address these questions.
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