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Goals

» Goal 1: Constraint high density part of symmetry energy term
with STTRIT experiment.

» Goal 2: Combine multi-messenger constraints for a
comprehensive understanding on nuclear matter equation of
state (Eo0S).

Credit: Casey Reed
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Common EoS parameters

= E(p,8) =E(p,6§ =0) +62S(p), 5 = p"p_pp is the neutron excess over baryon number density.
0

= Taylor expands the first term (Symmetric matter term),
P—Po

* E(p,8 = 0) ~ Egyp + = KueX? + = QueX® + — Zgaex* + -+ Where x = ,
2 6 24 3p0

» Taylor expands the second term (symmetry energy term),
* S(p) = Sp + Leymx + %Ksymx2 + -

= Rule : L is 1storder, Kiis 2", Q is 39, Z is 4"
= Sym for symmetry energy term, Sat for symmetric matter term

= Another parameter in nuclear EoS: effective mass that describes the momentum dependence of potential
energy m*=m/ (1 + %Z—D.

* |n asymmetric matter, effective mass of p and n are expected to be different which give rise to effective-mass
splitting, . .
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Part 1: STTRIT experiment.
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STRIT experiment

* The experiment ran in 2016 in RIKEN, Japan.
* Rare isotope beam is provided by RIKEN in
Japan, set to collide with stationary target. RIKEN RI-Beam Factory

« Collision fragments are detected with SZRIT
Time Projection Chamber (TPC).
* J¢s =(N-P)/(N+P) is called the asymmetry

Beam Target E, ., /A 0 Purpose

132gn 124G 270 0.22 Max &gy New Facilit
124gn  M28n 270 0.15 Mirror system

108§y  1128p 270 0.09 Min &,

128N 1243 270 0.15 Mirror system

M. Wada: DOI: 10.1007/s10751-007-9552-1
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Observable: Pion ratio

© 0
Pion ratio Y(p7)/Y(p*) from ' A A*
STRIT expe(rpl)erent (o Q
1328n + 1248n and 198Sn + o
1128n @ 270 AMeV O~ @6 06 O mt
Sensitive to high density " o o0 0|06 o6 o0
part. & & o ® o 6 o
2/3 2/3 1/3

. 1/3
p+p%\ﬁ ATT +n) — A++p oo o —>\/7 +n) \/7 +p)
n+p— \[ A* 4+ n) A{J+p (u) - \[ +n) \[ S+ Courtesy Jon Barney
) AT =71 +n

n-+mn— f(AU A +1)

« Effects that acts S|m|IarIy on different pions are cancelled out to eliminate sensitivity on effects that are

not being considered here.
« Symmetry energy effects are magnified due to symmetry forces acting on 1 and 1" with opposite sign.

» Systematic uncertainties due to detector errors (if any) are cancelled out in the division.
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STRIT experiment

Active Collimator o
Rare Isoto pe beam & target c?t_illator
= rigger
P& -

SAMURAI

- ald Cage
Spectrometer Field

L - oer wall
1 _ jgger Wa
Veto and g
Krakow

Courtesy J. Barney

] B field
l E field

Rare Isotope beam

Target

URL: https://groups.nscl.msu.edu/hira/sepweb/pages/slideshow/samurai.html
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STRIT experiment

Bp =
Pad
lane
I@Vire
Courtesy J. Barney planes

] B field
l E field

Rare Isotope beam

Credit: Jacob Cosb
Target Y

https://groups.nscl.msu.edu/hira/cosmic/SpiritTPC.html
Beam comes out of the screen.
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J. Estee, et al., Phys. Rev. Lett. 126, 162701 (2021).

Plon speCtra ratIO 1323n + 1248n, E/A = 270 MeV
10' 89
» Ratios of 1 to 11" spectra are shown on the right &
« Centrality selection from multiplicity. 3
« <b> = 2.1 fm, pions are generated mostly from central collisions. &
. ]
= Compared to predictions from dcQMD: 5 )
- Best fitted pion and delta potential are used. 10°
* Only L and Am,,,,/6 are allowed to vary. Other parameters are fixed to values
from previous studies. : : -
* Ksat = 250 MeV, Qg = -350 MeV, K, = -488 + 6.728L and S(0.67p,) = 1988n + 1128n, E/A = 270 MeV
25.5 MeV 10' L(MeV) Am®
- L is 1st derivative, K is 2" derivative, Q is 3 derivative. “Sat” for symmetric = 0 0335
matter and “sym” for symmetry energy term. ) '_ -—— 60  0.338
o — 151 -0.338
)
= Only spectra at pr > 200 MeV /c are compared as low energy 2 0338
effects, such as Coulomb interaction, diminish at high momentum. %
The cut isolates the effect of symmetry energy. “ ol
0 100 200 300 400
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Results

= Chi-square analysis is performed to constraint J. Estee, et al., Phys. Rev. Lett. 126, 162701 (2021).
nuclear EoS parameters.

i ! .'
= Without constraint on Amy,,, /6, we have L = 0'3: I ;‘“ :' !
79.9 +/- 37.6 MeV and S,= 35.5+/-2.9 MeV. 0.9 ’
0.1

= Pions are sensitive to high density part, -> <
Final constraint: = 00
*5(0.232 fm™3) = 52 + 13 MeV. <

+1(0.232 fm™3) = 140 + 110 MeV. 0l
—02F |
_U'3|||;|||I|| N i R SN N N N TN N S A N M A O
50 100 150
L (MeV)
q U‘S.‘ Department of Energv?.,-r Office of Science
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Work in progress: Collective flow

= Collisions are rarely head-on, so spectator nucleons often blocks the emission of participant
nucleons along reaction plane.

= [f mean field is very repulsive, particles are promptly ejected. Spectators don’t have time to
clear the path of emission, resulting in strong asymmetry, vice versa.

Spectator

= Flow is quantified with v, (directed flow) and Non-cantralz /A

v, (elliptical flow) defined as, collision

dilv) x 1+ 2vicos¢ + 2v,c082¢ + -

_;;‘“*"/ “peripheral” collision (b ~b_.,)

. “central” collisi b~0
» Higher order terms are not constructed due to central” collision (b ~ 0)

statistics

Raartinn nlana
~eaclion plane

Participant

a U.S. Department of Energy Office of Science
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Work in progress: Collective flow

= Compare data to predictions from ImQMD.

= Bayesian analysis will be performed to constrain S, L, effective masses and in-medium cross-
section with Markov chain Monte Carlo.

= Emulate ImMQMD with Gaussian emulator.

» Preliminary results show strong constraining power on effective masses.
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Part 2: Multi-messenger constraints on nuclear matter EoS.

Will use n and p interchangeably to denote baryon number
density

NSCL

Mational Science Foundation
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All terrestrial experiment constraints

107 F
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TABLE 51, All constrainls usced in Bayesian Analysis

Syrmuneleic maller

Constrainls e ([ H} | ] I:h'ln:"n.-"f"l'rll:l'] Ko (MeV) il
HIC {Seienae) 0.32 1.1 + 3.0 [11]
HICE (1FO11) .32 1.3+ 28 [12]
CiMIt (116 230+ 30 [5]
Asymmnelric maller

Consiraints n(fm ) S(n) (MeV) Py (MeV /Tin®) Il
Nuclear structure

(Efn (105 1594+ 1.0 [13]
PPREX-11 .1 238+ 075 [14, 15]
Muclear massces

Mass [Skyrme) (.101 24.7T 0.8 [16]
Mass (DIFL) (115 254+ 1.1 [17]
LAS (1. 10 255+ 1.1 [18]
Heavy-ion collisions

HICE {Isodill) (LR L0 + 1.0 [19]
HIC {0/ p ralio) (1060 168+12 [20]
HIC=) 0.232 20413 109+ 8.7 [21]
HIC (i p Dow) (1.2410) 12.1 + 8.4 [22-24]

Choice of measurements will be

elaborated on Rohit’s talk.

W.G. Lynch, Physics Letters B 137098 (2022).
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Astronomical observation of NS properties

M(®) R (km) A
LIGO 1.4 19[]7:?33
Riley J0030+0451 1.34%0:1% 212,71 1114
Miller J0030+0451 1.44790-12 a13.021124
Riley J0740+4-6620 2.0700% b19.3011-30
Miller J0740+6620 2.087007 13,7128

c

| AR . L _
M\/V\W J,VWV\MMWMWWWW | Deformability from gravitation wave observation of
-30 -20 -10 0 10 20 30

t ms] NS merger

Strain

L Late inspiral Merger Post merger J
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Astronomical observation of NS properties

Northern rotational hemisphere
(viewed at Earth inclination)

1

M(®) R (km) A pel ("” E) -
LIGO 1.4 1907390
Riley J0030+0451 1.341015 212711114 I / &
Miller J0030+0451 1447013 *13.027) 5 | |~ |
Riley J0740+6620 2.07%0:07 P12.3978-30 =l
Miller J0740+6620 2.081007 13,7138 \ s

\\_/ -

vvvvv

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

[ = Tt [K]) ~ 6.11 £0.01
—

The Astrophysical Journal Letters,
887:L21 (60pp), 2019 December 10

a U.S. Department of Energy Office of Science
&m MNational Science Foundation
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Astronomical observation of NS properties

Northern rotational hemisphere
(viewed at Earth inclination)

1
M(®) R (km) A pel ("” E) -
LICO 1.4 1907790
Riley J0030+0451 1.34+0-15 212, 711114 I &
Miller J0030+0451 1.447512 #13.021} 06 | |~ |
Riley J074016620 2071997 b12 391130 A
Miller JOT404+6620 2.0810:07 b13.773¢ ‘ "

Same set of NS N P B

observations.

vvvvv

Will consider both, TR

but error bar scaled 1)’ el I(f-"a)ez
up by V2. i PN \/J\

The Astrophysical Journal Letters,
887:L21 (60pp), 2019 December 10
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EoS in this analysis

"E(p,8) = Emeta(p, 6 =0) + 5ZS(P)

"E o .ia(p, 6 = 0) is Equation of State from
metamodeling.

* The first four orders of derivatives with respect
to p are independent of each other.

*NOT a simple power law.
*Can still be expanded in Taylor expansion

around x = £=2¢
3P0

1
» meta(p: 6 =0) = Esar + EKsa,tx2 T

1 3 , 1 4
ngatx +zzsatx T -

<€ U.S. Department of Energy Office of Science
m Mational Science Foundation
Michigan State University
FRIB

Esnm (MeV)

120

100

Symmetric
60r  Nuclear
40 F Matter
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EoS in this analysis

"E(p,8) = Emeta(p,6 =0) + 525(,0)
*S(p) is a custom expansion from W.G. Lynch,

Physics Letters B 137098 (2022). 120
*Formulated to match constraints on symmetry 100
energy term from various experiments. = 0 Symmetry
S ol Energy /
e)=Sin ()5 0) s " Term
5. (2) =Sy () 5o -p) B

1 . |
+ES int (p_p01)2 +gS int (P—Pm )3

Where Sint (0) =0 | | 0/Po
Siin (£)=Sun (o) (0! po)" " MeV

Mational Science Foundation )
Michigan State University Slide 19
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Calculate astronomical predictions from nuclear EoS

* Tolman-Oppenheimer-Volkoff (TOV) equation

dPir) (E(F) + PP M{r) +4ar P(r))
dr r2(1 —=2M(r)/r) 1
edM(r) )
") _ axr2(r).
dr
)]
%
= Convert EoS to NS properties =
g
©
120 120 U]
]:: =" Symmetric TOV
o o o e /] equation

20} 7

0 ' X X X N X
0.0 0.5 1.0 1.5 2.0 2.5 3.0
p/po p/po

U.S. Department of Energy Office of Science
Mational Science Foundation
Michigan State University
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Bayesian analysis — Posterior of selected parameters

Parameters Priors Posteriors
{Mean and 1-o standard deviation)

Ko (MeV) [0, 648] 219+
Qua: (MeV) [-1100, 2100] —6627502
Sor (MeV) [0, 50] 24.010°>
Lot (MeV) [0, 120] 5310
Koi (MeV) [-300, 300 ~ 51138
Zoat, (MeV) 1460 930
Qo1 (MeV) 305515
So (MeV) 34.0177
L (MeV) TOTI
Koy (MeV) 21187
R(1.4Mg) (km) 13.016-2
A(1.4Mg) 5767101

o

NSCL

FRIB

U.S. Department of Energy Office of Science
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R(1.4Mg)  L(1.5ng) Ling)  L(0.67mp) Sp

A(LAM,)

60

40

100
50

Posterior
So 34.0%39
L(0.67ng) 56%7
L(ng) 7911
L(1.5ng) 14443
R(1.4M;) 13.0233
A(1.4M) 576518

200

| S———

MeV
MeV
MeV

MeV

L(1.5nq0)

R(1.4Mg)

A(l.4Mg)
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Constrained EoS

a b c
e (1 HIC@/p flow) Symmetric nuclear matter ol Neutron star
/ ' 2.0
§ 10°F % PREX-II : 10° Danielewicz et al. s
= e ~ ) N
ﬁ YV HIC(x) = (254 Le Fevre et al. _. gl.é
:, ; ’E—S 1.5+ Y14
g 0 S L 2 = 215
710} ‘ 210"k = :
& o 3 105 b E
=4 10 10 10
= N % = 1.0} Tidal deformability
2 100k ! 95? CI Prior ) & 0 LF-O- Riley et al.
; I 63% CI Posterior £+ Miller et al,
n 95% CI Posterior J | 0.5¢ _ S
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 10 12 14 16 18 20 22 24
Number density 1 (11) Number density n (12) Radius (km)
d e f
120 7 120
k  BIC(sodif), £S5 4EFT 2 Neutron star matter
%‘100 - % HIC(n/p) %‘ 100 F —— URCA Threshold 10k
2 80 y HC® 2 80 ::é
2 60} g2 60} 210
E:' [+
S 40 P %40— %
E A Ias g &
v 20 ® Mass(DFT) w207 107§ E= Huthetal.
e M Mass(Skyrme) 0 PSR+-GW-+I0030+J0740
L 1 1 1 1 0 ! 1 1 1 I 1 ! 1 !
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0 0.5 1.0 1.5 2.0 2.5 3.0
Number density # (1g) Number density n (1p) Number density » (ng)
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To encourage necessary developments, needed for putting a meaningful constraint
on the EOS, the following questions will be considered at the workshop:

- Can we reconcile data from current and previous experiments?

- What other observables could enable the extraction of the EQS?

- Are the nuclear matter EOSs from astrophysics consistent with heavy-ion collision
observables in the range rho < 4.0rho_0?

- Can we find a flexible common parametrization of the EOS, applicable to neutron
star calculations and different types of heavy-ion collisions simulations?

NSCL

- What improvements on the constraints on the EOS can we expect from future
heavy-ion experiments?

- What development is necessary for transport codes to address the above
questions?

Mational Science Foundation
Michigan State University

é{( U.S. Department of Energy Office of Science

FRIB
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Summary and outlook

=Compiled a list of astronomical and terrestrial constraints.

*Provided a systematic way to select EoS from constraints with Bayesian
analysis.

*More work are underway to study symmetry energy term at above 1.5p,.
*More NS will be measured by LIGO and NICER in the future.

Mational Science Foundation )
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https://groups.nscl.msu.edu/hira/cosmic/SpiritTPC.html

Nusym2018
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Dan Cozma '

Pawel Weekly Zoom meeting (Wed @8 )

Danielewicz V) - i Xu et al., Phys. Rev.C 93,044609 (2016).
Natsumi lkeno l Y.Zhang et al., Phys. Rev.C 97, 034625 (2018).
CheMing Ko A.Ono et al., Phys. Rev. C 100, 044617 (2019).
Bill Lynch M. Colonna et al., PRC, 104, 024603 (2021).
Akira Ono G. Jhang et al., PLB 813, 136016 (2021).

Jun Su Wolter et al., Code Description paper (in

Betty Tsang preparation).
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Symmetric matter constraint from the observed nuclear flow

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

* Elliptical flow from Au + Au @ (Le Fevre et. al. NPA 945. 112 (2016))
04 - 10 AGerm) 5 [ 7] Danielewicz et al. (2002)
-100 10 —100 10 —100 10 —100 10 —10 0 10 107 E=1 Lynch et al. (2009)
- o 3|7~ o 4'- o 56 pressure 71 Fevre et al. (2016)
S e
} c | | -dl | | el / L E
% 10!
2
| | I 1 1 1 1] 1 \ E
1, ] % density g
) - 1 ﬁ-{
Ve % contours
+d' e' 100
~100 10 —-100 10 —100 10 —100 10 —10 0 10
X (fm) : . . ,
—i 0.5 1.0 1.5 2.0 2.5 3.0
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Symmetry energy term constraint from Isospin diffusion and
n/p ratio

« 50 AMeV for isospin diffusion, 120 AMeV for n/p ratio

Isospin Diffusion; low g 100 S
«Q
- Projectile g ol
g 124Sn _U | Y /Y t
o E 2 0 Neutron: (n) (p) ra IOS
- © S Proton |
<o £ L | VA(n)V1(p)
- 5 50/ | flows
-10{Targe = J
msp S 1001 - - : |
20 15 10 5 0 5 10 15 20 = 0 0.5 1 1.5 2
= P/P,
$(0.038 fm~3) = 10.3 + 1.0 MeV [10] S(0.069 fm™3) = 16.8 + 1.2 MeV [11]
ﬁ U.S._ Department of Energ;,-r Office of Science
& Michigan State University Siide 30
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Symmetry energy term constraint from PREX-II

Lead Radius Experiment (PREX-II)

Probe neutron radius through parity e
violating electron scattering.

Neutron skin < Pressure of neutron /‘
matter. Y, Z°%
Sensitive to symmetry energy termat == peeemmmse-- |
p=2/3pg.

L(0.1 fm™3) = 71.5 + 22.6 MeV. [5,6]

Source:
https://www.physics.umass.edu/news/2012-01-
29-neutron-skin-lead-measured-prex

ci
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Symmetry energy term constraints from dipole polarizability
and nuclear masses

*Dipole polarizability (ap): Response of nucleus to the presence of external
E-field.

*measured for 2%8Pb.
- Sensitive to density at p = 0.31p, = 0.05 fm 3.
+$(0.05 fm~3) = 15.9 + 1.0 MeV. [4]

=Nuclear masses: Fit the observed nuclide masses and masses of double
magic nuclei with different density functionals.

*Sensitive to density at p = %po.

*When fitted with Skyrme, analysis shows $(0.101 fm~3) = 24.7 + 0.8 MeV. [7]
«When fitted with DFT, analysis shows S(0.115 fm~3) = 25.4 + 1.1 MeV. [8]

*|sobaric analogue state (same mass, different numbers of p and n)
analysis shows S(0.106 fm~3) = 25.5 + 1.1 MeV. [9]
B o somymmmatnm o of sconce

Michigan State University
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Short summary on all constraints

Symmetric matter

Constraints p (fm ) Psnum (MeV/fin®) Ko (MeV) Ref.
HIC (Science) 0.32 10.1 £ 3.0 [1]
HIC (FOPT) 0.32 10.3 + 2.8 [2]
GMR 0.16 230 £+ 30 [:‘5]

Asymmetric matter

Constraints p (fm ) S(p) (MeV) Poyw (MeV/fm®) Ref.
Nuclear structure
ap 0.05 15.9+ 1.0 [4]
PREX-II 0.1 238+ 0.75 [5, 6]
Nuclear masses
Mass (Skyrme) 0.101 24.74+ 0.8 [7]
Mass (DFT) 0.115 25.4 4 1.1 8]
TAS 0.106 255+ 1.1 [9]
Heavy-ion collisions
HIC (Isodaff) 0.038 10.3 + 1.0 [10]
HIC (n/p ratio) 0.069 16.8 + 1.2 [11]
HIC(x) 0.232 52.0 £ 13 10.9 £ 8.7 [12]
HIC (n/p flow) 0.240 12,1 +8.4 (13 15]
Astronomical constraints

M(®) R (km) A Ref.
LIGO 1.4 190750 [16]
Riley PSR J003040451 L3410 “12.710008 [17]
Miller PSR J0030+40451 1441938 “13.020 08 18]
Riley PSR JO740+6620 2.071 001 b12.391 o (19]
Miller PSR JO7404-6620 2.08007 M EN [20]

éz U.S. Department of Energy Office of Science
&m MNational Science Foundation )
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Bayesian analysis — Inclusive Prior and TOV Prior

*|nclusive Prior (as wide as possible):
wo| TOV- priors
80 ¢
Prior ~
Min. Max. g
Ksat 0 648 E‘LO-
Qsat ‘11{}[} 210{.} "o
Psnna(4p0) 0 300 0ol
'msat;"mﬂu" 0.50 1[] -20 | A AW
Sint ‘:}8? 289 0.0 0:1 0."2 0.3 0.4 ”
Sint -141 379 p (En~)
Sint -2990 2450

=TQV prior:
*Inclusive prior that satisfies thermodynamic stability
condition.
Maximum NS mass > 2.17 solar mass.

PNM (MeV/fm3)

é{c U.S. Department of Energy Office of Science

Mational Science Foundation
Michigan State University
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Formulation of our EoS

In this work, we adopt the ELFc¢ Metamodelling EoS to describe symmetric matter [21]. It is written as a sum of
kinetic and potential energy terms,

Esnm(p) = Eerre(p.d = 0) = t7“(p.6 = 0) + vfipr.(p.d = 0). (3)

In the following paragraph that expand the kinetic and potential energy terms, 8 = 0 is implicitly assumed and
omitted for brevity. The kinetic energy term (t¥*(p,§ = 0)) is written as,

2
a3 -
peg - (2! (1222 4
([) sat p(] f)f] ? ( )

where (56 = 22.1MeV and kg, = m/ml,, — 1 describes the effective nucleon mass. The potential energy term

‘sat T

(vNerc(p)) is written as,

4

vis woei (P—P0\' 6.93 i
o) = 3 1= (7 (20 ) e (22 )

, )
i=0 po

vl are the five free parameters for symmetry matter EoS. When Taylor expansion parameters are fixed, the values
of v}® can be calculated with the following formulas,

V= Bt — thag (14 Far), (6)
vl = —1FC(2 + Bhy), (7)

05 = Kaae — 265G (=1 + 5kigar), (8)
U = Quar — 205G (4 — Btigar), 9)
Vv = Zguy — 81&?{*7 + Bhat)- (10)

U.S. Department of Energy Office of Science
Mational Science Foundation
Michigan State University

VIIL.  S(p)

Recent studies of the symmetry energy term, S(p), reveals that many nuclei properties such as the masses, binding
energies and the neutron skin thicknesses are better constrained at a lower density of py; = 0.1 fm—3. Following Ref.
[22], we therefore perform on the corresponding asymptotic expansion of S(p) about po; :

S([)) = Skin(p) + Sint (/)): (11)

where the potential term takes on the form of the Taylor expansions given as

. , 1. s m . i
Sint(p) = Sint(por) + Sine(p — por) + §Siut(p —po)* + G Sint (p—por)*. (12)

Here, Skin = A(p/ p“)zf 3, A=125MeV, and Sing, S;m R Si’;m and S;;;t are parameterized so that Sin(0) = 0.
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Conversion to NS properties

= To convert each nuclear EoS to neutron star EoS,

1. Calculate the ratios of proton, neutron, electrons and muon by minimizing total energy at different pressures.
2. At low density, connect it to crustal EoS.

3. At high density, if speed of sound exceeds speed of light, meta-modeling EoS will be replaced with EoS of constant speed of sound = c.

= The converted EoS is put inside Tolman-Oppenheimer-Volkoff (TOV) equation to predict the
radius of 1.4 solar mass NS,

dP(r)  (8(r) + PN} M(r) +4mr P(r))
dr r2(1 = 2Mir)/r) 1
dM(r)

dr

= TOV equation predicts the structure of a static spherical object under general relativity.
= Details are given in C. Y. Tsang, et al. (2020) Phys. Rev. C 102, 045808
= Can be extended to give A, the tidal deformability of NS.

= dnr’&(r).

ai‘ U.S. Department of Energy Office of Science

Mational Science Foundation
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LASSA experiment for n/p ratio

Courtesy Daniel Coupland

U.S. Department of Energy Office of Science
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