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Where do we get our
information from?
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Tolman-Oppenheimer-Volkhoff Equations

2 -1
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dp m+4rrdp 1
dm

— = 47R%p(1

10 TR*p(1 + €)

d¢ m + 4n R3p
dR  R(R-2m)



-
—
P -
=
PN

103

—_
S
(S

[E—Y
-}
iy

Pressure [Mev fm 3]

—_
)
)

Gravitational waves
(inspiral)

EM: Kilonovae / GRB
and

Gravitational waves
(post-merger)

Nuclear Physics
Experiment and Theory

IIIII]IIIIIIIIIIIIIII

2 4

6

Number density [nga¢]

Pang et al., APJ 922 (2021) 1, 14

8



)]

Experiment and Theory

= ) e
ROPEA A ADOIAdld
OR THEORETICA D
DNDAZIO : R U
BRUNC
3
10_||||||||||||||||||
™ 2
|E 107
£ = : - {
- EM: Kilonovae / GRI
> b
O and
E B Gravitational waves
Sons . . . p—— YO _ T oor
o 101:_ (.11(1\.111111u11‘\l waves | | (post-merger)
= = (inspiral)
@ ™
@ —
e B
— N
0 : .
107 Nuclear Physics

2 4
Number density [nga¢]

Pang et al., APJ 922 (2021) 1, 14

6

8

see talk by S. Huth

o of%)

(2 LECs)

NLO o(%’,)

(7 LECs)

w10 0f2)

(2 LECs: 3N)

NLO 0(%1)

(15 LECs)

l




Experiment and Theory

= U e
ROPEA A dDOIALOI1C U
OR THEORETICAL STUD
N \ ) A N AR P AND R A ) AR
BRUNO K
103 T T
T 102
g F .
. o EM: Kilonovae / GRB
<5 m and
E m Gravitational waves
v 10! | Gravitational waves (post-merger)
2 > (inspiral)
n
>
—
A
100 ] T
Nuclear Physics

2 4

6

Number density [rgat]

Pang et al., APJ 922 (2021) 1, 14




EUROPEAN CENTRE laboratories for dense matter

FOR THEORETICAL STUDIES
IN NUCLEAR PHYSICS AND RELATED AREAS

- : ( ECT* Neutron stars as multi-messenger

0 KESSLER

103:| T T T T [ T T T T 71
CTJE 10°E =
b E GRB| 2
> —

> e

z = y G ational ¢ 7
o 101=_ (‘;l‘z\\"ilzlli()ll;ll waves | | (post-merger) —
= = (inspiral) =
@ =
q) -
= a
& —
0 - N il |
10 Nuclear Physics E
Experiment and Theory i
: TS
2 4 6 8

Number density [rgat]

Pang et al., APJ 922 (2021) 1, 14 Time: -1225 days




Prior construction

(A) Chiral effective field theory:
EOS derived with the chiral EFT result
and My, > 1.9M,

(B) Maximum Mass Constraints:
PSR J0348+4032/PSR J1614-2230 and
GW170817/AT2017gfo remnant

(C) NICER:
PSR J0030+0451 and PSR J0740+6620

classification
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(A) Chiral effective field theory: i s ERIT
EOS derived with the chiral EFT result
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(A) Chiral effective field theory: T R R——
EOS derived with the chiral EFT result
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Possible upper bound comes from the assumption
that GW170817 formed a black hole

e.g.

Margalit & Metzger, APJL 850 (2017) 2, L19,
Ruiz et al., PRD 97 (2018) 2, 021501
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1 (D) GW170817:
reanalysis with
IMRPhenomPv2 NRTidalv2

31 Ryy=12.027)km

e
=7

GV

"ER:
)30+0451 and PSR J0740+6620

|

0 12 1 16
R [km]
'190425:
is with

:nomPv2_NRTidalv2

R1.4 = 11.9370%km




Inspiral waveforms

Effective-one-body
Formalism

+ agree well with most NR data
— slow to compute

w7

see talk by
S. Bernuzzi

Phenomenological Models

+ combination of PN/EOB/NR
+ accurate until merger
— just a fit




Inspiral waveforms
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+ accurate until merger
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Application: GW170817 — Tidal Effects

Determine the Equation of State

GW observations favor NSs with smaller radii
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— no assumption about the
type of the compact
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Kilonova

1.) compute lightcurves for a set (grid) of
ejecta properties

2.) mterpolate within this grid through
Gaussian Process Regression or a
Neural Network

3.) link ejecta properties through
numerical-relativity predictions to the
binary properties



-16 .l
) 1HHonova
) —
=
—14+- ‘ “w e
“12 Nﬁ e —
. A6 \
1 _ et B .
B F—————
| — i
12 §
-161 ss—wuiTansE H
-12 -
-16 i |
J o ..‘“.0 00— ____ - (lﬁ
-12 Ny ;
-16 | |
H o "./-__._.A__,,‘.. --0@- hd I S L h
—i3 I 1%
K :ii g},@_s_“ """""""""""" S CE
=1 | E
0 2 4 ° i \]
Time [days]
0 ' | 6
0 1.9 1.4 L6

Photometric lightcurves

Electromagnetic Signals:

Coughlin, TD, et al., MNRAS/sty2174




-16
-14
-12

-16
-14
-12

r -16
-14
-12

;1
-14
-12

-16
-14
-12

-16
Y o4

-12

-16
-14
=12

-16
-14
=12

-16
-14
-12

(E) AT2017gfo:
analysis of the observed lightcu

. B +0.76
T)?) Ry = 1198 57zkm
E ——— - \! Time: +1.6 days

425:
ith
Pv2_NRTidalv2

= 11.9310%km

B e o o]

I

10 12 14

0 12 i

0 __% 00 -0y

Mipax NICER GW170817  AT2017gfo  GW190425

oo % % oo

2 4

6 8 10 12 14
Time [days]



l Waes

\\

GWI170817 GWI190425

B x| <0.05
2| <0.89 )
1.2 r (| L8 — X <089
—_— x <005
'—G‘ 1.1 Y’
E 1.6
~ 1.0
S B
0.9 51.4
- o~
0.8 g
1.2

0.7 I I
1
1
0.6 K 4 1 1.0
1.25 1.50 1.75 2.00 2.25 2.50 2.75
M 1.50 1.75 2.00 2.25 2.50 2.75 3.00
mq [ @} my (MG))

PRL 119, 161101 (2017) APJL 892 (2020)

Primary mass m; 1.36-1.60 M, Primary mass m;  1.60-1.87 M,
Secondary mass m, 1.17-1.36 M, Secondary mass m, 1.46-1.69 M,



GW1904235




(F) GW190425:
reanalysis with
IMRPhenomPv2 NRTidalv2
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TD et al. Science, Vol. 370, Issue 6523, pp. 1450-1453

Huth et al., Nature 606 (2022) 276-280



Prior construction

(A) Chiral effective field theory:
EOS derived with the chiral EFT result
and My, > 1.9M,

(B) Maximum Mass Constraints:
PSR J0348+4032/PSR J1614-2230 and
GW170817/AT2017gfo remnant
classification

(C) NICER:
PSR J0030+0451 and PSR J0740+6620

7‘3 Ry =11.9611%km 7)3 Ryy = 11711 em _6 Ry =12.0505km
52 — izr ijz
1 11 1 AL
5 12 10! Lélg X101 élg 10T | |
0 0 T 0
8 10 12 14 8 10 12 14 8 10 12 14 16
R kml R kml Rkl
(G) 13
E 12 . _____________ — —'..?-:P-.-_.E-E..E—nau‘— __. _____________
- Bl R G ) G
~
— o
<11
10 T T T T T T
Chiral EFT "/ (—_— NICER GW170817 AT2017gfo GW190425
é 12— @==mcco s B R | S -
& 11—
10 : : : : ; :
Chiral EFT Moview NICER GW170817 AT2017¢gfo GW190425




Huth et al., Nature 606 (2022) 276-280
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First steps towards a nuclear-physics and multi-messenger
astrophysics framework

github.com/nuclear-multimessenger-astronomy

O Product Team Enterprise Explore Marketplace Pricing Search Signiin

Nuclear Multimessenger Astronomy

A nuclear_multimessenger_astronom...

() Overview [l Repositories 2 [ Projects @ Packages A People
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this organization.

A pythonic library for probing nuclear physics and cosmology with
multimessenger analysis

@Python W5 %13

 Repositories Top languages
Q Find a repository... Type ~ Language ~ Sort ~ @ Python
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MM

A pythonic library for probing nuclear physics and cosmology with multimessenger analysis

@pPython w5 MmT ¥ 13 (8 113 Updated 12 days ago

nuclear-multimessenger-astronomy | Public
Config files for my GitHub profile.
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Pang et al., arXiv: 2005.08513



First steps towards a nuclear-physics and multi-messenger
astrophysics framework

- incorporation of nuclear-physics

information

- simultaneous analysis of GW, kilonova,

and GRB afterglow
- HPC facilities needed
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First steps towards a nuclear-physics and multi-messenger
astrophysics framework

Reference Ri.am, [km]
Dietrich et al. ©° 11.7575-5% (90%)
Essick et al. *! 12.5479-71 (90%)
Breschi et al. » 11.9970-82 (90%)
Nucl hvsi Nicholl et al. ** 11.06™ 59 (90%)
uciear pnysics Raaijmakers et al. 2> | 12.1879:25 (95%)
constraints Miller et al. *> 12.45%0:3° (68%)
Huth et al. ' 12.01-9:7% (90%)
this work [NMMA]*® | 11.9879:3% (90%)
= @QQ An alyzing GW Table 1 | Comparison of radius measurements of a 1.4 M, neutron star for a se-
=" o . lection of multi-messenger studies. We denote the corresponding credible interval
g \g;\ Slgnals in parenthesis.
’\.
N
m\% J ki B ] Pang et al., arXiv: 2005.08513
< 7 . 11 |Interpreting ejecta
EAPN properties
N

Revealing the GRB
central engine

Determining the
Hubble constant
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Outlook

GW Kilonova + GW 04 GRB Afterglow + GW 04 GRB Prompt + GW 04
HLV O3 HLVK 04 J b4 g Radio Optical X-rays Swift/BAT  Fermi/GBM
Count. Search
Limit 12 0 Q13 4

Rate 1.872%
(% of O4 GW) (23%)
Cand. Monitoring

Limit / / 28 28 28 0.01 28 10" 1 1
Rate / / 6.0792 6.0%52 6.0792 | 07871 2L 047707 057795 | 0.0519:07  0.3170:48
(% of 04 GW) / / (78%)  (718%)  (78%) | (10%) (6%) (7%) (0.6%) (4%)
GW subthreshold
Limit 6 6 21 22 22 0.1 22 10713 3.5 4
Rate 13720 54t 134153 14730, 21732 | 0957075 0.24703%  1.23708) | 0.127005  0.75F; 58

Colombo et al., arXiv:2204.07592
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Virgo i
(1-3)~ 10 25-128
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KAGRA 11 i
G2002127-v11 20‘22 2;23 zo‘zc 2oles zolza 2;27 zo‘za v
Next observing run starts Development of the next generation of

\ 1n a few months gravitational-wave telescopes
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