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Abstract: What is the nature of neutron stars? Where are r-process elements formed in the Universe? Multi-messenger observations of neutron star
mergers might provide us with the key to address these and other important open questions in astrophysics. However, multi-messenger astronomy
also poses new challenges to theorists and observers attempting to turn complex data into answers. In thistalk, | will review our current theoretical
understanding of neutron star mergers, | will discuss how their dynamic is imprinted in their multi-messenger emissions, and | will present recent
simulation results and their implications. Finally, | will discuss future challenges and prospective for thisfield.

Zoom Link: https://pitp.zoom.us/j/93367275850?pwd=Y ngycnN4ZX FDQUhQb2|VVaHY 3V 2kOUT09
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What is the nature of matter at
extreme densities?

Where are elements heavier than ,\
p .
iron produced? |

irsa: 22040123 Page 3/45



Relativistic heavy-ion collision
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Relativistic heavy-ion collision

David Radice ’
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David Radice

Phase diagram of extreme matt@e"
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Neutron stars

e End stage of evolution
of massive stars

(M Z 10 Mo)
. 1< M/Mg < 23

« Observed as pulsars

Thin atmosphere:
H, He, C.... ‘Iy

Outer crust: ions, efSers= S, | =S

Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

Outer core liquid: e-, -, SFn,

perconducting protons
Inner core: unknown

123152 km ~10®gcm”
o
~10'IL<m ‘ ~2x nuclear density
0!5/km] '/ ~nuc|egar density
0:hkm 4x10" g o>
“neutron drip”

NE2052

Credit: NASA
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Statement of the problem

Logio p(MeV fm~3)

From Lattimer 2012

——r 25

Cwyw

Nuclear theory: p = p(p)
General relativity: M = M (R)

Astronomical observations of
NS masses and radii constrain

and inform theory
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Binary neutron stars P

Orbital energy radiated in .
gravitational waves ‘

Orbit decays

Gravitational waves increases

irsa: 22040123 Page 9/45




http://personal.psu.edu/~dur566/whiskythc.html

* Full-GR dynamical spacetime
* Nuclear EOS
e MO & M1 neutrino transport

e Subgrid turbulence modeling

by, « Builds on top of the Einstein
et Toolkit and open source
-. ) s ( ‘

»

-

THC: Templated Hydrodynamics Code Skip Ad P

A
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T=16.858 ms

David Radice S )‘ A e
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N P t = 9.552 ms
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Neutron rich outflows
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Theorists’ dreams

Inspiral Dynamical Accretion Remnant

short GRB
X-ray/radio
precursor

David Radice I
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From Fernandez & Metzger 2016
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Gravitational waves (I}

David Radice |§ -
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Gravitational waves (ll)

Inclination, sky position, etc
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A(f) = MO0 exp [19(f)}
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Gravitational waves (lll)
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LVC, Phys Rev Lett. 119:161101
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Multi-messenger constraints

P[|d| ~ P[0]P|d|0] = P|0]P|daw|0]P|dem|0

GW modeling and

data analysis
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Multi-messenger EOS constraing s

N

s{ | [ T ] T -  Potential to also constrain the
. | mass ratio
— 1z (S P * .09 . _ _
B ? 3 e Error dominated by modeling
2 31 e | 1 S]] uncertainty, but well understood
= » Constraints set by the merger and
0 - .
l @ AT2017gfo + GWI170817 , €d rl\/ post-merger d\/namICS
® Y .
0- | & Yot M, « Parameter exploration and
R EEE 55T 5 F f ¥ L inclusion of long-term disk winds
o © o © o © © o o o = = =
€S2 2e888388 sy from remnant needed
s % % »n & ® ® = ® @ @ FH F F
SRR EDEEREE
{83888 53¢
e < = E é & :g oo g

From Breschi+ MNRAS 505:1661 (2021)
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Mass (M)

-

Huan Yang /.

Radius (km)

From Lattimer 2012
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Multi-messenger constraints

P[|d| ~ P[0]P|d|0] = P|0]P|daw|0]P|dEm|0)

GW modeling and

data analysis
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Mass (M)

David Radice {88 A_._ : ‘ ke
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Radius (km) From Lattimer 2012
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What about the gold? B®
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From Villar+ 2017
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E

From Nedora+, ApJ 906:98 (2021)
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+ TotEj. W RedkN[S] ( SLy4
» Y  SecE 0 1S220 0 SFHo
1077f W BluekN[S] ¢ DD2 0 BLh ]

/’——l Dynamical ejecta I

From Nedora+, ApJ 906:98 (2021)
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#+ TotEj. o RedkN[S] ( SLy4
- Y  SecEj O LS220 0 SFHo
1077 BN BluekN[S] ¢ DD2 0 BLh ]

Spiral-wave wind?

/’—I Dynamical ejecta I

103}

...........

From Nedora+, ApJ 906:98 (2021)
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C N > ] I Disk recombination wind?!? I

Spiral-wave wind?
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From Nedora+, ApJ 906:98 (2021)
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Spiral-wave driven wind (I) BB
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o band

Spiral-wave driven wind (ll)
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What about the IR data? S

t = 130 ms t = 250 ms
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From Siegel & Metzger, ApJ 858:52 (2018)
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Postmerger GW signal

David Radice

From Bauswe|n+ 2015

Postmerger signal characterized by

-20] p eak .
10 dominant frequency fpeax

f2 splra/J' \

\
/1

Need next gen. GW experiments, or
very close (rare) events

What can we learn from fpeak?

Typel « Many ideas in the literature
Type ll

| ——Typell | Y - ET
T | Pl

1 2
f [kHz]

See also Takami+ 2014; Bernuzzi 2015, Rezzolla+ 2016; Dietrich+ 2016; Breschi+ 2019; Bauswein+ 2019; ...
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Prakash+, PRD 104:083029 (2021)

0 2 1

t — tmerg [MS]

Blh:
BLQ:

High-density physics

hadrons only
deconfined quarks

e Phase transitions impact the life time of

the remnant and the GWs

e Phase transition also cause more violent

centrifugal bounce

See also: Bauswein+ 2019, 2020; Most+ 2019,
Weigh+ 2019; Blacker+ 2020; Liebling+ 2021; ...
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Universal relations

David Radice
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Challenges

e Long-term GRMHD simulations to
understand the full extent of the mass
ejection from remnants

e Capture MHD turbulence and dynamo
processes in the remnant

e Non-LTE neutrino radiation transport
e Neutrino flavor conversion

From Moesta+ AplJL, 901:L37 (2020)
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Conclusions

 Numerical relativity is key for the interpretation of multi-messenger
signals from compact binary mergers

« Multi-messenger data is starting to constrain the properties of dense
matter and the origin of r-process elements

« Towards an ab-initio model of GW170817 and GW190425

» There is a bright future ahead for the field of multi-messenger
astronomy with gravitational waves
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Universal relations
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GW170817
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See also LVC 2017, 2018, De+ 2018, Choughlin+ 2018,
Radice+ 2018, Capanno 2019, Raaijmakers+ 2021, ...
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o band

Spiral-wave driven wind (ll)

Z l)illl(i

Ks band

M. [1072M)

AB magnitude at 40 Mpe

L5220

[ — DD2

¢+  AT2017gfo

107 107
time [days]

107 10"
time [days]

1o 10!
time [days)

David Radice S8 y ’ ‘_A e

DD2 Dyn.
—— DD2 Dyn.+Wind

LS220 Dyn.
—— L5220 Dyn.+Wind

_10-U3
: 10 }‘I ! J]
EIM | Wi - 7
2107 [ l JH 1T
A _ ’ IILqI
3 1073} £
- h .#. E |l
; I
y I l
104} . : !
50 100 150

Mass number, A

From Nedora+, ApJL 886:L30 (2019)
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