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Constraints from nuclear experiments and astrophysics observations
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Constraints from nuclear experiments
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Constraints: Symmetric nuclear matter

Determination of the Equation of State of the Dense matter

Danielewicz, Lacey, Lynch, Science 298, 1592 (2002)

Au + Au collision data in the energy range of 0.15 to 10 GeV/nucleon

Transverse and elliptical flow are studied

Flow data exclude very repulsive and very soft equations of state

2<n/ny<4.6

nmax/ ng

Transverse flow

Dense Nuclear Matter EOS from Heavy-lon Collisions (INT 2022)
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Constraints: Symmetric nuclear matter

Constraining the nuclear matter equation of state around twice saturation density
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Constraints: Symmetric nuclear matter

Incompressibility of Nuclear Matter from the Giant Monopole Resonance GMR
Youngblood et al., Phys. Rev. Lett. 82, 691 (1999)

260
GMR strength distributions in 4OCa, 9OZr, ac, “ar g, Kon=23145 MeV
1166y 141sm and 2°8Pp 2407 ]
1 S
K., =231%+5 MeV 3 1 :
sat — - € %220.. i
. . . 11‘5“
Skvrme interaction and nuclear matter constraints 2085,
Dutra et al Phys. Rev. C 85, 035201 (2012) 200 1 {
112,116,124
Sn'! 80 , , , ,
0 50 100 A 150 200 250

Kgqe = 230 30 MeV
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Constraints: Symmetry energy (low density)

« g . o 208 . .
Electric dipole polarizability of “~"Pb: Lead Radius EXperiment (PREX-I1):
= - = 3 - 3 - 3 =0. -3
nr—O-Of fm3 nr-0-€5 fm Ny 3‘08‘(”‘ fr %Hfm fir 0;16fm ey a2 100 150 200 250
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ﬁ;gzp (a) E E (C) b (dgh E o (e) 120} — p - - ¥EFT{2013)
(6...\ 55 I 1o error T T T _ l(m:_ 4 _: - ,?-F)—II'LIL.I-{‘P'[CC}
f ::|2cserror a ] N = i ] Skins (Sn)
é 50 - '.' 1 ] E § - . QMC
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- ——1=0.947 —1=0977 T © =0913] —=0471 1 w0 ;
! a=27.89:0.941 a=1894:085] 4  a=771:239] © a=23.15:6.26] Y0  a=58.913.72] or n=(2/3)n, (106237)MeV b Jefferson Lab
40 (o) b=270:0.020F | p= 19420057 F  b=193:041F5 b= 099:024T o b= 4)31+011- Zu:u....|....|....|.?..- G (.)
. ; . . . 0 50 100 150 200 250
46 8 10 12 15 18 16 20 24 24 28 32 30 36 42 48 R W L(MeV)
Esym(pr)(MeV) *  Pressure of the neutron matter pushed neutron out against the surface tension

Phys. Rev. Lett. 107, 062502 (2011)

Combined analysis: Radius difference between neutrons and protons is correlated with L

* neutron skin thickness of 2°8Pb from the PREX-Il measurements of parity violating
electron scattering

* 47 Skyrme interactions
* 15 relativistic interactions

Rgin = R, — R, = (0.283 £ 0.071) fm
* Experimental data of RCNP, Japan

restoring force n=(2/3)ny, ~ 0.1fm™3 Loy = 71.5 + 22.6 MeV

t
S(n = 0.31n,y) = 15.91 + 0.99 MeV symmetry energy

I Pyym(n = (2/3)ng) = 2.38 + 0.75 MeV fm
Phys. Rev. C 92, 031301(R) (2015) Pearson correlation analysis
Phys. Rev. Lett. 126, 172502,(2021)

Dense Nuclear Matter EOS from Heavy-lon Collisions (INT 2022) Phys. Rev. Lett. 126, 172503 (2021)
y V.



Constraints: Symmetry energy (low density)

Mass (Skyrme): Mass (DFT):
» 18 Skyrme energy density functionals Using DFT, masses of nuclei with 40 < A <264 are
fitted with a greater emphasis on heavier nuclei
and single-particle energies of doubly magic
nuclei Excitation energies in MeV of fission isomers
Nucleus UNEDFQ UNEDFI Expt.
o 160 240 34Gj 40Cg 48Ca. 48Ni 68N 88Sr 100Gn 2y 5.28 2.42 2.75
’ ’ ’ ’ ’ ’ ’ ’ 28 5.73 2.71 2.557
132 208 240p 5.74 2.51 2.8
Sn' and Pb 1"1-::len 5.27 1.85 1.9
1 Hg 6.33 2.62 5.3
194Hg 7.27 3.79 6.017
192pp 5.20 1.25 4.011
1% pp 5.99 1.99 4.643
196 phy 7.26 3.52 5.63
12 [+ A
Results: PO Pu S
£ !
n = (0.63 + 0.03)n, =
=6
=W
S(n) = 24.7 + 0.8 MeV :
o]
0] 50 100 150 200

Phys. Rev. Lett. 111, 232502 (2013) Phys. Rev. C 82, 024313 (2010), 85, 024304 (2012)
Phys. Rev. C 89, 011307(R) (2014) Dense Nuclear Matter EOS from Heavy-lon Collisions (INT 2022)

Isobaric Analog States (I1AS):

Simultaneous analysis of differential cross
sections for elastic (p,p) and (n,n) reactions,
and quasielastic (p,n) reactions to IAS, on
four targets, #8Ca, °9Zr, 120Sn and 298Pb
within the energy range of (10-50) MeV.
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Constraints: Symmetry energy (low density)

Isospin diffusion: Neutron-proton single and double ratios:

« 1241129 41241129 at an incident energy of 50 MeV/nucleon R % 1sh T 1gnetizgn i _ _
| o o i 1.6f .
* Isospin diffusion data: Study of transport of neutrons and protons during the 150 tetme [ o 5 c{: ~ :
expansion . | N ' R - 2 :
o 1 - o N 1.4 .
Rj | '}"i II’I‘.I.QMD ] R] [ T T - - ] | [ | -
b= o QT — 0.6 i ; 1 i $ Corrected Exp. results i 1
i 1_9 S - ...;-_"_____j—_: . I > Uncorrecied Elz. results o5k i i
R O5F ) overio 5o roion 12} i
.G.E;E FI;Ft.W?Fr?‘H"TL L PR— | L i i i L PR " 1 i i ....l...]...l.-aal--
! 1%4sn+'"2sn 40 60 80 40 60 80 20 40 60 80
| 0.41 E. .. (MeV) E. . (MeV) E.m (MeV)
0.0 -
__f_‘___z$p_-|_-___12“5n | o2l o 11250411250 and 124Sn + 124Sn collisions at an incident energy of 120 MeV/nucleon
____ * Combined analysis of single ratios of neutron and proton spectra & double ratios
051
“oof# . | Results:
4 6 0.6 0.8 1.0
el b (fm) ¥/ ¥ beam n = (0.43 £ 0.05)n, S(n) =16.8+ 1.2 MeV
esSults:
n = (0.22 £+ 0.07)n — .
( )no S(n) = 10.3 £ 1.0 MeV Experimental data: NSCL, MSU

Phys. Rev. C 102, 122701 (2009)
Phys. Lett. B 830,137098 (2022)

Phys. Lett. B 799, 135045 (2019)
Dense Nuclear Matter EOS from Heavy-lon Collisions (INT 2022) 9



Constraints: Symmetry energy (high densities)

Pion spectral ratios:

Neutron to Charged particle flow ratios: H |C

*  135n +12%5n and 1%°5n +1125n incident - - +  Au+Au collisions at an incident energy of 400 MeV/nucleon
energy of 270 MeV/nucleon 10" n nm
5 10 *  FOPI-LAND neutron-to-proton and ASYEOS neutron—to—charged-particles elliptical
* Observables: Charged pion transverse = , flow ratios data
momentum Spectra L=y 132gn + 1245 [ i8gy 4 113gp
E/A = 270 MaV E/A = 270 MaV 1.5 ¢
10-5 : . : - -
1o~} m*| n* 1.25 |
Results: % 10~
= 1.0 | SN RS
1{)_'—’[ _ _ I By :
T e Results: 2 oast
n = 145n, T g S o100 a0 3000 T Ry
n = 1.5n, 0.5 b o o vy
4.0 = K =280 MeV
lo region at Amg, = 0.0045 . H_u=;.15 }::;; ‘E
S(n) =52+ 13 MeV 5l 0.25 o oo aPBA
5 - + Pyym(n) = 12.1 £ 8.4 MeV fm?3 oo | , , )
o 3.Ur -2 -
Piym(n) = 10.9 + 8.7 MeV fm™3 5 % 1 2 1 2
225 $ *
g :
PRL 126, 162701 (2021) 201 )t
Phys. Lett. B 697, 471 (2011)
15656 100 150 200 250 300 Phys. Rev. C 94, 034608 (2016)

] ] pr (MeV/c) Eur. Phys. J. A 54, 40 (2018) 10
SPIRIT TPC Experiments at RIKEN




Decoding the symmetry energy sensitive densities

Symmetry energy:

5(n)= Sin(n) + Sipe (n) Siin(n) = A (n/ny)?3

WG Lynch, MB Tsang Physics Letters B 830, 137098 (2022)
Potential energy term:

_ ’ 1 «n 2., 1 am 3
Sint(N)= Sine(Nog) + Sine (N — Mo1) + ;Sint (n —ng1)“+ gSint (n —nopq) ng; = 0.1 fm™3
80
‘-k HIC(FI/I))
EZ73 HIC(isodift) Inclination analysis: rimpsomn D [
35} O Mass(Skyrme) : %) 60 Z Mass(DFT) | ]
[ ] Mass(DFT) aS(n) 2 : U:\S gl
= ASO 0L — ¥ PREX-II ‘_,-.T" ________
C T=—= — C 40 vV HIC(w) T Y 4
2 AL, aS(n) & P
2 30 4S5, Pa
20 il
M
ke
. - . ol ‘ '
T depends monotonically on sensitive density 0 1 / 2
25 s : : : . . . . . Density n/n
0 50 100 Sensitive densities consistent with cross-over analysis. 0

Dense Nuclear Matter EOS from Heavy-lon Collisions (INT 2022) 11



Multi-messenger Astronomy

* Neutron Stars emit Gravitational waves, neutrinos and photons (thermal X-rays, radio
waves etc.).

* This leads to various observables: Mass, Radius, Tidal Deformability, Angular Momentum,
Glitches, Temperature Colling curves etc.

* We are living in a new era of NS observations

GW170817:

On August 17, 2017, the LIGO-VIRGO detector network observed a gravitational-wave
signal from the inspiral of two low-mass compact objects consistent with a binary neutron

star (BNS) merger.

Frequency (Hz)

Gravitational tidal field distorts shapes of neutron stars just before they merge

Tidal deformability: A(M=14Mp) = 190%333
PRL 119, 161101 (2017); PRL 121, 161101 (2018)

Dense Nuclear Matter EOS from Heavy-lon Collisions (INT 2022)
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Targeting pulsars with NICER

Pulse profile modeling of hot spots on the rapidly rotating neutron stars

PSR J07404-6620

* Independent mass estimation orbital dynamics (Shapiro
Time delay of radio pulsar signal). This helps The
determination of the radius R.

PSR J00304-0451

* |solated (no independent mass estimate)

M=_1.34i’8§§ﬂ® M= 1_44’;8%{5}2&@

R=1271713o km R = 13.02¥}3¢ km M= 2.072+997 M, M= 2.082007Mg
. R = 12.39%33% km R = 13.7%%2¢ km
Riley et al., AJL 887, L21 (2019) Miller et al., AJL 887, L24 (2019) :

Riley et al., AJL 918, L27 (2021) Miller et al., AJL 918, L28 (2021)
Two independent analysis (with
different emission geometry esoo-I * Combined NICER and XMM-Newton data
assumptions
P ) o] e J0740 is very faint in X-rays

11 A e T T T ARE i
00 02 04 06 08 10 1.2 14 16 1.8 20
Rotational phase [cycles]

melhot Mk M) < @\ £ OS_from Heavy-lon Cellisiops
S Star Ingarior SouupdEitong Sealor ST Bt




Constraints from nuclear experiments and astrophysics observations

n=0.67ng, Py,,=2.3840.75 MeVfm:
PRL 126, 172502 (2021);PRL 126, 172503 (2021)

n=0.66n,; S(n) =25.5+1.1 MeV
NPA 958, 147 (2017)

n=0.63n,; S(n)=24.74-0.8 MeV
PRL 111, 232502 (2013); PRC 89, 011307(R) (2014)

n=0.72n,; S(n)=25.4+1.1 MeV
PRC 82, 024313 (2010); PRC 85, 024304 (2012)

Lynch and Tsang, Phys. Lett. B 830,137098 (2022)

n=0.22n,; $(n)=10.3+1.0 MeV
PRL 102, 122701 (2009)

n=0.31n,, $(n)=15.9+1.0 MeV
PRC 92, 031301(R) (2015)

n=0.43n,; S(n)=16.8+1.2 MeV
PLB 799, 135045 (2019)

> HIC (DLL):
n=2n,; Poyy=10.143.0 MeVfm-3

> HIC (FOPI):
n=2ng; Poyy=10.31+2.8 MeVfm-3
NPA 945, 112 (2016)

Science 298, 1592 (2002)

~
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I
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10%F
£ |
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7)) " o
Eors o o)
0 g ﬁo l Ny
00 = ‘ Eqar
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PRL 119, 161101 (2017); PRL 121, 161101 (2018)
> PSR J0030+0451:
M = 1341312Mo; R = 12.717 115 km
Riley et al APL 887, L21 (2019)
M = 1.44%313Mo; R = 13.02113¢ km
Miller et al APL 887, L24 (2019)

K Tidal deformability:
A(M=14Mg) = 190*339

> PSR J0740+6620:
M =2.07%337Mq; R = 12.391333 km
Riley et al APL 918, L27 (2021)

» GMR: n=ngy; K,=230£30 MeV

sat™

PRL 82, 691 (1999); PRC 85, 035201 (2012)

Dense Nuclear Matter EOS from Heavy-lon Collisions (INT 2022)

M =2.08%337Mpo; R =13.713¢ km
Miller et al APL 918, L28 (2021)

n=1.45n,; S(n)=52+13 MeV,
P,ym=10.918.7 MeVfm=
PRL 126, 162701 (2021)

n=1.50n; P,,=12.1+8.4 MeVfm=
PRC 94, 034608 (2016); EPJ A 54, 40 (2018)
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Priors

Uniform prior distribution P(M) in the ranges of

Prior ranges of SNM EOS and symmetry energy parameters based on

Parameters Priors nuclear experiments and astrophysical observations

K..i (MeV) 0, 648]

Quar (MeV) 1100, 2100] E(n,8) = Egyy(n, 8 = 0) + 825(n)
So1 (MeV) 10, 50]

Lo1 (MeV) 10, 120] /

Ko (MeV) -300, 300]

Meta-modeling of nuclear EOS

Zear (MeV)

PRC 97, 025805 (2018)
(9[]1 (I\*I(}V)

Form from Lynch and Tsang PLB 2022

based on constraints on symmetry
e Phenomenological models of the nuclear equation of state can build in energy term from various experiments.

(often hidden) correlations due to the functional form of the EoS

Dense Nuclear Matter EOS from Heavy-lon Collisions (INT 2022) 15



Uniform prior distribution P(M) in the ranges of

Parameters Priors
Koy (MeV) [0, 648]
Qear (MeV) [-1100, 2100]
a.c';(]]_ (I\“IDV) [[].. 5{)]

L:]l (IVI{‘V)
Er(}l (I\’ICV)
Zeat (MeV)
in (I\*IOV)

[0, 120]
[-300, 300]

All equations of states have to support stable
neutron star of mass 2.17 solar mass

Priors
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Symmetric nuclear matter

Pressure (MeV/fm?)
=

]

—

e
o

Symmetric nuclear matter

Danielewicz et al.
Le Fevre et al.

0.0

0.5 1.0 1.5 2.0 2.5 3.0
Number density n (ng)
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Symmetry pressure and symmetry energy

120
v’;-'a“ | T HIC@p flow) _ %  HIC(isodiff)
S 10" f s¢r  PREX-II > 100 - % HIC(n/p)
> -V HIC(n) S Y  HIC(n)
E’ ' >, 80¢ ® o
5 5
%10 ; § 60
; F'EJ 40
T 95% C.1. Prior = A 1AS
Elﬂﬂ _ BN 68% C.1. Posterior A 20 o ® Mass(DFT)
) 95% C.1. Posterior W M Mass(Skyrme)
00 05 10 15 20 25 30 %0 05 10 15 20 25 3.0
Number density n (ng) Number density n (ng)
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Neutron star equation of state

Neutron star matter Neutron star

fn 1.8 |

= 20 |

= S16}

= 214t

= |2 L GWI70817

- hl

= ' 10° 107
7 Tidal deformability
e

(i

LF-O- Riley et al.
-0~ Miller et al.

(0.5 1.0 1.5 2.0 2.5 3.0 10 12 14 16 18 20 22 24
Number density n (rng) Radius (km)
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Pressure P (MeV fm™)

102

—h
<

109

Neutron star equation of state

Constraining neutron-star matter with microscopic and macroscopic collisions
Huth, Pang et al., Nature 606, 279 (2022)

HIC plus astrophysics

—

=== Prior
—— Astro + HIC

LI I'IIlII'|

Chiral Effective Field theory (upto 1.5n,)
+

Heavy ion collisions
+

Constraints from Astrophysical measurements

0.5 1.0 1.5 2.0 2.5 3.0

Number density n (n_,,)
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Neutron star equation of state

Impact of the PSR JO740 + 6620 radius constraint on the properties of high-density matter
Legred et al., Phys. Rev. D 104, 063003 (2021)

= Prior
PSR+ GW 4+ 0030 %

FSR + GW 4 0030 + JO740

Non-parametric model
+

Constraints from Astrophysical measurements

/

o
]

=1

E-jjﬁlt 1L

1019

p(g/em’)
21
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Neutron star equation of state

Neutron star matter

Huth, Pang et al., Nature 606, 279 (2022)

/ Chiral EFT +HIC+Astro

Pressure (MeV/fm?)
=

E— Huth et al.
PSRHGW-+I0030+10740

0.5 L0 15 20 35 3_[}\ Legred et al., Phys. Rev. D 104, 063003 (2021)

Number densit}f 1n (1ng) Non paramateric model+ Astro only

Dense Nuclear Matter EOS from Heavy-lon Collisions (INT 2022) 22
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Comparisons with the Chiral Effective

Field theory results
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Neutron Star cooling by direct URCA process
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Summary

We have constrained the equation of state using the existing constraints from nuclear structure, masses, monopole
resonance studies, heavy-ion collision studies and astrophysics observations.

* Theories can use these results as benchmarking equation of state for future developments
 We need better constraints at supra-saturation densities

 We need to improve on transport models to reduce the uncertainties in predictions

Thanks for your attention !!!
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