A technical ecosystem to enable
multi-messenger astrophysics
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Alternative Title:
Ask not what nuclear physics can do for you —
ask what | can (possibly) do for nuclear physics
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Why observe neutron stars if |
bl Lcare about Nuclear Physics?

Heavy-ion collisions on Earth probe dense matter at densities up to 1-2x
nuclear saturation density (FRIB or FAIR will explore densities of 3-4x)

Neutron stars that do not have a companion star probe
dense matter at densities up to 5 x, while mergers can reach
8X.



A Golden Era for
(Nuclear) Astrophysics

Optical Time Domain: kilonovae

NICER: X-ray measurements of pulsars



The “Nuclear Physics Theory” ...

Messenger? Chiral EFT

(A) Chiral effective field theory:
EOS derived with the chiral EFT

framework
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The Experimental Messengers -
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The Experimental Messengers -

Astronomical
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Pulsars (NICER):
measures the X-ray
pulse-profile of fast

rotating NSs and models
the emission to extract
structure information on
the observed NSs.

GWs (IGWN): measures
changes in phase due to
tidal deformation

Kilonovae (UV-O-IR
Telescopes):
R-process
nucleosynthesis induced
ultraviolet-near infrared
transient (stiffer EOS ->
brighter transient)



The Experimental Messengers -
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s
GW1 70817 - Tidal Effects

Determine the Equation of State: GW observations favor NSs with smaller radui
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Gravitational-wave constraints

(D) GW170817: (F) GW190425:

reanalysis with reanalysis with

IMRPhenomPv2 NRTidalv2 IMRPhenomPv2 NRTidalv2
31 R4 = 11.67%gkm 31 Ria = 11750 gk

TD et al. Science, Vol. 370, Issue 6523, pp. 1450-1453



The Experimental Messengers -
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Electromagnetic Signals -

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 bmary properties
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Electromagnetic Signals -

Kilonova

(E) AT2017gfo:
analysis of the observated lightcurves  (G) No EM detection for GW190425:

! I R4 = 11.7479%km
31 Ri4= 11.67i8:%§km ‘ 3 1.4 —0.77
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Electromagnetic Signals -

Mass Measurements
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Lower bound on the maximum mass
through measurement of heavy pulsars
(Shapiro Delay)

PSR J0740+6620

H. T. Cromartie, et al., Nature Astron. 4, 72 (2019).
updatd in: Fonseca, E., et al. 2021,
arXiv:2104.00880

PSR J0348+4032
J. Antoniadis, et al., Science 340, 6131 (2013).

PSR J1614-2230
Z. Arzoumanian, et al., Astrophys. J. Suppl. 235, 37 (2018)

Possible upper bound comes from the
assumption that GW170817 formed a black

hole

c.g.
Margalit & Metzger, APJL 850 (2017) 2, L19,

Ruiz et al., PRD 97 (2018) 2, 021501
Rezzolla et al., APJL 852 (2018) 2, L25
Shibata et al., PRD 100 (2019) 2, 023015



Electromagnetic Signals -

NICER Mass-Radius

(C) NICER:
PSR J0030+0451 and PSR J0740+6620
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MMA Equation of State

Constraints

Nuclear
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s Equation of State -

Inclusion of HIC

ood agreement between macroscopic
and microscopic collisions

(A) Chiral effective field theory: (B) Multi-messenger astrophysics: X
1 1 T | I 1 I I 1 I T I T 1 I I I 1 1 ] T I 1 I 1 I
102 —— Prior 102 Prior
TT E :Tj E —— Astro -
Z 10k - Z 10k ‘ - =5
- 1 P E : e
= [ ] = [ ] =
ey 10" = £ 10 = =
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 : 1 1 1 l 1 | 1 I 1 1 | I 1 1 1 I 1 1 1 :
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
Number density n [nga) Number density 7 (1.
(C) HIC experiments: (D) HIC and Astro combined: ®)
T T T I T T T I T T T ] T T T I T :5
o L LI S B B S B B BN N 2-5”‘.\‘;
1% Prior i) Mp— Prior at =
"': C HIC ] o - ——  Astro+HIC ::;
&= [ — HIC Data § E C 5
= L 95% _ g | R\ =
Z10' E 210" ] F &
- F 1 P& E 3 , 7
; : : ;E" : : / \ 1 1 ;T
& Z T i y
~ 100 - = /
a. 10 E & 10 = /)
A NS IS T S 1) P A R A I 1020 1 50 100 200"
- Yo Qo= 29 . 0.5 1.0 1.5 2.0 2.5 3.0 < ' N
Number density n [nga Number density n [n Pressyre P [MeV fm ™7
13 T high-density information
_ from astrophysical
B 12 @ j e S G Gy S studies
B
10 : ‘ : ‘ : : :
Chiral EFT M ax NICER  GWI170817 AT2017gfo GW190425 HIC [Huth+2022 Nature]
)




A nuclear physics and multi-

messenger framework (NMMA)

github.com/nuclear-multimessenger-astronomy

0 Product Team Enterprise Explore Marketplace Pricing - Search Sign in

Nuclear Multimessenger Astronomy

B3 nuclear_multimessenger_astronom...

(M Overview [J Repositories 2 fJ Projects @ Packages R People

Pinned
People

] nmma ( Public
This organization has no public members.

A pythonic library for probing nuclear physics and cosmology with
You must be a member to see who's a part of

multimessenger analysis

@®Python W5 %13

this organization.

(] Repositories Top languages

Q Find a repository... Type ~ Language ~ Sort ~ @ Python

nmma | Public A\

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

@Python w5 MMT ¥ 13 (O 8 93 Updated 12 daysago

nuclear-multimessenger-astronomy | Public
Config files for my GitHub profile.
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Many detections are coming

ASD (strain/Hz!/?)
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Numper or CBC detections per year
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Thank you!




Compact Binary Coalescences

GRB
Shocked P T A Afterglow
interstellar \
medium _Z
GRB
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[Ascenzi+, arXiv:2011.04001]
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chpact Binary Coalescences

Gamma Ray Burst (GRB)

[Ascenzi+, arXiv:2011.04001]



Compact Binary Coalescences

GRB
Shocked r 2~ Afterglow
interstellar
medium

[Ascenzi+, arXiv:2011.04001]
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Y
chpact Binary Coalescences

Kilonova

Wind + hydro ?
Ejecta /-l

Tidal \
Ejecta __ i

[Tanvir+2017, ApJ]

GRB central
Engine

[Ascenzi+, arXiv:2011.04001]



“Electromagnetic counterparts of compact
object mergers powered by the radioactive

decay of r-process nuclel”
[Metzger+2010, MNRAS]




“Electromagnetic counterparts of compact
object mergers powered by the radioactive

decay of r-process nuclel”
[Metzger+2010, MNRAS]

Proton Neutron

Seed nucleus




“Electromagnetic counterparts of compact
object mergers powered by the radioactive

decay of r-process nuclel”
[Metzger+2010, MNRAS]




“Electromagnetic counterparts of compact
object mergers powered by the radioactive

decay of r-process nuclel”
[Metzger+2010, MNRAS]

#

Neutron capture
via r-process




“Electromagnetic counterparts of compact
object mergers powered by the radioactive

decay of r-process nuclel”
[Metzger+2010, MNRAS]

Y rays

—> Increasing wavelength

Unstable nuclei -> radioactive decay -> y photons




“Electromagnetic counterparts of compact
object mergers powered by the radioactive

decay of r-process nuclel”
[Metzger+2010, MNRAS]

Y rays

—> Increasing wavelength

Y

T~ 10000 K @ 1 day

y photons thermalize within the dense ejected material
->

setting the temperature




“Electromagnetic counterparts of compact
object mergers powered by the radioactive

decay of r-process nuclel”
[Metzger+2010, MNRAS]
uv || IR

—> Increasing wavelength Kilonova emission fi i
Thermal emission at longer wavelengths

(ultraviolet-optical-infrared)




Matter and GW Simulations

Dynamical Ejecta

— Previous-fitting
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[Dietrich, Coughlin, Pang+2020, Science]



Combine Predictions

with Radxlatlve_ransfer

Creating photons
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; Gaussian Process Regression to cover parameter space
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