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Nuclear Symmetry Energy and Pressure

The symmetry energy is the difference between the energies of pure

neutron matter (x = 0) and symmetric (x = 1/2) nuclear matter:
S(n)=E(n,x=0)— E(n,x=1/2)

Usually approximated as an expansion | FLic_hs'D%HéNoiter‘QdOG)‘ F
around the saturation density (ns) 60| [P var AV g+0vs0-BF :
and isopin symmetry (x = 1/2): = w0
E(n,x) = E(n,1/2)+(1—2x)2Sy(n)+2

Sy(n) =Sy 4+ LT 3

n) = = e
2 Y3 ns ot
Sy ~ 31 MeV, L =~50MeV
20 o o ‘ ‘ Inuc:llear‘maf'ler‘_
Extrapolated to pure neutron matter: ° 1 -

/
En = E(ns,0) ~ S,+E(ns,1/2) = S,—B, Py = P(8,0) = Lns/3
Neutron star matter (beta equilibrium) is nearly neutron matter:

I(E + E.) Lng 45,\*4-35,/L
2 AP P s) o~ — |1 — —
Ox 0, wsw(ns) hc 312,
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Why is the Symmetry Energy Important?

Logyo p (MeV/fm?)

The equation of state in a neutron star depends strongly on
the density dependance of the symmetry energy (v = ng/ns):
oL Kn Qn

— [R— — — — 2 “ ..
3+9(U 1)+54(u 1)° +

A strong correlation exists between radii and Pysp near n:
Ria ~ PNSM(”B)1/4-

'DNSI\/I(U) >~ nsu

‘ ‘ 25 1097, 7 L E

RP1/4
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Symmetry Parameter Correlation from Masses

Liquid drop model approxmatel%/ valid __Liquid drop model
Esym(N Z) = (SyA— S.A2/3
70 ‘ E
2 :
NU Z ( ex,i — Esym,i) 60F by 9ss E
_ N 14a2 —2 s /LUJ ]
v — NO'%) ZI 1 II A 61.6 O_D \350 aei Sy
5 4 4/3 _2 40F &o"% E
Xss = 702 Zi:l ITA;"” ~ 1870 wi A 3 ]
5/3 2 20 N op =1 MeV
_ 4 - \ p.= 4 VeV
Xvs i=1 /: A —10.7 9p 24 26 28 30 32 34 36
S, (Mev)
o5, = 2Xss 2: 2 3UD K‘orte\o‘Inen z?t al. ‘(ZOWO‘)
v va2XS$_st 100 UNEDFO HF ;7
os, = %2 13.20p 8oF ﬁ ,Zﬂ\\a 1
Xwv Xss—Xsy < 6of R s B
_1 -1 2Xus ~ Q° \g/ L //'( Z R
(6% =3 tan . m_ 9°.8 = 40 oe
vs 20 P ]
rs = ——F——~ 0.997 o
vs v Xes of ,@{m 1
ol ]
SS/SV is linearly correlated with L. 24 26 28 30 32 34 36
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Fitting Nuclear Binding Energies

L (MeV)

150;‘ —eSkyrme (Dutra 2012) o
| ---oRMF (Dutra 2014) |
. —aTagami 2022
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Saturation Properties of Nuclear Interactions

Empirical Saturation Window
B =16.06 + 0.20 MeV

ns = 0.1558 4+ 0.0054 fm~3
Ki/o = 236.5 & 15.4 MeV
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Theoretical Neutron Matter Studies

Recently developed chiral effective field theory allows a systematic
expansion of nuclear forces at low energies based on the symmetries
of quantum chromodynamics. It exploits the gap between the pion
mass (the pseudo-Goldstone boson of chiral symmetry-breaking)
and the energy scale of short-range nuclear interactions established
from experimental phase shifts. It provides the only known
consistent framework for estimating energy uncertainties.

Drischler et al. 2021 ---- Unitary Gas
10t} I == YEFT N3LO
R S e a
R S g
E wf ST ;
S i
2 pure neutdon matter
: 10—1 L P T
---- Unitary Gas } = _s=®"""
== yEFT N3LO =
10—2 I I I - 1 L L
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
ng (fm=3) ng (fm=3)
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Symmetry Parameters From Chi

ral EFT

Two approaches to extracting Sy and L

i E/A+1c
1. Take the difference 10r| [Mev]

between pure neutron @
and symmetric matter
energies and pressures
at the calculated -
saturation density.

2. Use pure neutron

Drischler et al.

symmetric matter
T T T T

i P+lo
L | [MeV fm™?]

RO
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Symmetry Parameters From Neutron Matter

Pure neutron matter calculations are more reliable than symmetric
matter calculations.

Symmetric matter emerges from a delicate cancellation sensitive to
short- and intermediate-range three-body interactions at N°LO
that are Pauli-blocked in pure neutron matter.

N3LO symmetric matter calculations don't saturate within
empirical ranges for ng and B, 17F N . ]

and introduce spurious sk - t gt

correlations in symmetric matter.

15 £ *RMF

We infer symmetry parameters < 15¢

from Ep(ns) and Py(ns) using = | XET SNM ;
Sy = En(ns) + B M?
L =3Pn(ns)/ns 13? E

and include uncertainties in 120 w ‘ ‘

En, Py, ne and B. 0.14 o.wi (fmdo).ws 0.20
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Correlations From Chiral EFT

\ \ L
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:
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Bounds From The Unitary Gas Conjecture

The Conjecture (UGC): 120 .
II\Ieutron mattﬁ?r energy always 100 | Excluded
arger than unitary gas energy. Tha ATNLpS
EUG = 50(3/5)E/:, or 80 | |
n\2/3 —~ L5220 A _ KVOR
Eyc ~ 126 ( — ) MeV. % FSUgold DE;?(:Z
Ns 60 | o
The unitary gas consists of S KR L D  Pb23c po.F
fermi . . : - IUFSU —£ A2kl b
ermions interacting via a 40 5 #7747~ SFHo |
pairwise short-range s-wave B
interaction with infinite scat- 20 | (usg1’|'°) |
terring length and zero range o S Allowed
g g ge. Teys, Lattimen, \Ohnishi & Kolomeitsev (2017
Cold atom experiments show 0 ‘ , ‘ ‘ ‘
a universal behavior with the 24 26 28 30 32 34 36 38 40
Bertsch parameter 50 ~ 0.37. SV(MeV)

For n > ns, one also observes Py > Pye (UGPC).
S, > 28.6 MeV; L > 25.3 MeV; Py(ns) > 1.35 MeV fm—3; Ri4 > 9.7 km
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Applying Unitary Gas Constraints

Data from Dutra (‘201‘2, éOlA) and +agz;mi ‘(20‘22),‘— S 4
100 - o
:
3 60" -
2 [ ]
_1 L il
40T ’
20 - i -
I e —xEFT PNM )
0l S E S B ‘UN\ED‘FO‘ ]

28 30 32 34 36

Sy (MeV)

J. M. Lattimer Tight Symmetry Energy Parameter Constraints from Neutron ¢



Ky — L Correlations
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Ry — L Correlations

Qy (MeV)
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Neutron Skin Thickness

The difference between the mean 060F
neutron and proton radii in the
liquid droplet model is g
thp = Rn — Rp. O.40§

0.50 |

The mean square difference is &m 030¢
2 Q. E

r np =< R, >2 < R > g

frp =375, [* /V] 0.10F

Implies strong L— np correlatlon 0.00F

0.4F ]

03f

Mop (fm)
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Calculated L — r,, Correlations
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Implied L Values

Historical experimental weighted average 2°®Pb
208 = 0.166 £ 0.017 fm, implying L = 45 + 13 MeV.

Historical experimental weighted average *®Ca
rﬁg = 0.137 £ 0.015 fm, implying L = 14 + 21 MeV.

Combined L =36 £ 11 MeV.

Parity-violating electron scattering measurements at JLab:

PREX |+11 298Pb (Adhikari et al. 2021):
208 = 0.283 £ 0.071 fm, implying L = 119 4+ 46 MeV.

CREX *8Ca (Adhikari et al. 2022):
rms =0.121 4 0.035 fm, implying L = —5 + 42 MeV.

Combined L = 51 4 31 MeV.
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Implied Sy — L
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Implied Ky — L
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Giant Dipole Resonances

1/2
E_1 xSy (Sv + A1/3>
rgy/ileV
120[ =
(Y, n www.tunl.duke.edu b “c

100 F S ]
S(0.1 fm™3) =24.14+0.8 MeV__ sof {
Trippa et al. (2008) E ]
- — XEFT ]
5(0.05 fm™3) = 16.5 + 1.0 MeV 4ol Teup meon ]

Zhang et al. (2015) P UgGPe
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Dipole Polarizability

The linear response, or dynamic polarizability, of a nucleus excited
from its ground state to an excited state due to an external
oscillating dipolar field. In the liquid droplet model

AR? 55 , 1
_ Z s A-1/3
apSy 20 <1—|—3st )

Hashimoto (2015) Sn: a}° = (8.59 + 0.37) fm?
Tamii (2012) Pb: 2% = (19.6 & 0.6) fm?
Birkhan (2017) Ca: o = (2.07 + 0.22) fm?

Roca-Maza et al. (2015):

apy = (0.1040.01)aF® + (0.36 £ 0.07) fm?,
B = (2240.1)af? +(0.140.5) fm?.

Implies af® = 2.32 £0.21 fm* and a}® = 19.0 & 1.2 fm?,
consistent with measurements.
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Dipole Polarizability Predictions for Skin Thickness

Roca-Maza et al. (2015), Piekarewicz (2021):

apSy = (3554 44)(ry%/fm) + (12 4 19) MeV fm?,
ap®Sy = (1234 +93)(rp2°/fm) + (115 + 36) MeV fm?,
ap®Sy = (1922 +73) (22 /fm) + (301 + 32) MeV fm?,

Measured af® and aX® and the average experimental value for
ras predict r7 208 = (0.171 + 0.015) fm, almost exactly the
average experlmental value but significantly smaller than the
PREX |41l measurement.

Conversely, the predicted value for r? p is constent with its
average experimental value but slightly larger than the CREX
measurement.
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The Radius — Pressure Correlation
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Implied R4 — L
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Neutron Star Interior Composition ExploreR (NICER)

Science Measurements

Reveal stellar structure through lightcurve modeling, long-term timing, and pulsation searches

Front-side hotspot rotates through the line of sight

000 3

15 2
Pulse ph =
e invisible surface

VU]

v

LIgNTCUEVe

Relative ﬂux

A B

nerma

Increasing compactness (M/R) and light bending

Lightcurve modeling constrains the compactness (M/R) and viewing geometry of a
non-accreting millisecond pulsar through the depth of modulation and harmonic content
of emission from rotating hot-spots, thanks to gravitational light-bending...
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Energy (keV)

Flux per phase bin [10-¢ ph/cm! /sec/keV)
Counts (x1000)
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GW170817

» LVC detected a signal consistent
with a BNS merger, followed 1.7 s
later by a weak gamma-ray burst.

~ 10100 orbits observed over 317 s.

M = 1.186 + 0.001 M,
MT.min - 26/5./\/1 = 2725M‘

Eqw > 0.025M,, ¢c?

D, = 408, Mpc

75 < A < 560 (90%)

Mejecta ~ 0.06 £ 0.02 M
Blue ejecta: ~ 0.01M,

Red ejecta: ~ 0.05M,
Possible r-process production

Ejecta + GRB: Mmax S; 222M

J. M. Lattimer
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The Effect of Tides

Tides accelerate the inspiral and produce a phase
shift compared to the case of two point masses.

Impact of matter

0.15

=005
-0.10
=0.15¢

I"L, thf D

-20 -15 -10 ‘ -0.5 ) on
tis)
faw = 405 Hz, 2= 57 1km

large A s credit: Jocelyn Read
small A 5/3
117 (1 4 fow G ~
5¢t:_7( ta) (mhew GM A+
256 ¢? c?
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Tidal Deformability

The tidal deformability A is the ratio of the induced dipole
moment @ to the external tidal field Ej;, Q; = —\E;.

Use 8 = GM/Rc? and

Acto 2 5
N= Lo = S
ky o B2 is

dimensionless Love
number, so A >~ a6, <00
For1 < M/M, < 1.6,
a = 0.0093 + 0.0007.

For a neutron star binary.
the mass-weighted A is
the relevant observable:
16 (1 + 12g)A1 + (12 + q)g*As
13 (14 q)° ’

A=
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Binary Deformability and the Radius

16 (1 + 129)A1+¢*(12 + q)/\2N16a< Ry.4c? )6q8/5(12—11q+12q2)

i ~oc
13 (1+q)° 13\ GM (14 q)/5

This is very insensitive to g for g > 0.5, so
~ Rl 4C 0
A~ a ‘ .
’ (GM)
For M =(1.2+0.2) M, a = 0.0035 £ 0.0006,

. \1/6
A

Ris = (11.5:|:O.3)A/>/l<800> km.

©

For GW170817, M = 1.186M,,, &’ = 0.00375 + 0.00025,

RO\

J. M. Lattimer Tight Symmetry Energy Parameter Constraints from Neutron ¢



Summary of Astrophysical Observations

3.0 Companion V723 Mon NS not confirmed
Figure adapted from Tan et al. (2021)

GW190814 NS not confirmed
J0952-0607

'_é L — .|
s Am  J0740+6620 L/MD!
= I

Gw170817
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Model-Dependence of R; 4 — L Relation

Many studies show that Rj 4 is most sensitive to the pressure at about 2n;s.
The usual energy expansion for dense matter (u = n/ns,x = np/n) is

K L K‘§ m
E(u,x ~0) = 7B+1—§(u71)2+(172x)2 {sv+ S—1+ %(ufl)M-.-} ,

In 8 equilibrium, x << 0.5, so the pressure
of neutron star matter is ]

400 - UGPC o -

L K i 5 oF ]

PNSM(U) ~ I‘lsu2 |:7 + 7N(U — 1):| r ‘, 1

3 9 L 5 /543 J

. p E 200 —

ns N < [ ]

Pnsm(2) ~ — | L+ — H ]

NsM(2) 3 { 3 } z 7 7

Around L ~ 60 MeV, Skyrme interactions or oAy — «Skyrme (Dutra 2012) —
average Ky ~ 100 MeV, but RMF i 2%, ---oRMF (Dutra 2014) 4

interactions average Ky ~ 200 MeV. [ X vvi »(Togami 2022) 1

combined 1

This produces ~ 40% increase in Pnsm(2),~200 -
and 10% larger Ry 4, for the same L. 0 50 100 150
L (MeV)
For L 2 70 MeV, values of Ky for Skyrme
and RMF are similar, but these L values are disfavored by nuclear systematics (mass
fits, neutron matter theory, neutron skin and dipole polarizability measurements).
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Implied Aj4 — L

100 swithin 90% CREX+PREX violates UG 4
- ewithin 90% CREX+PREX 00
i ooutside 90% CREX+PREX °
I R ]
80 5 o
/>\ | -
£ . ]
- , 2 ]
- z PREX+CREX]
i exp mean |
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o
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Moment of Inertia

>

Spin-orbit coupling of same magnitude as
post-post-Newtonian effects (Barker & O'Connell 1975,
Damour & Schaeffer 1988)

Precession alters inclination angle (observable if system is
face-on) and periastron advance (observable if system is
edge-on)

More EOS sensitive than R: | oc MR?

Requires system to be extremely relativistic to measure

Double pulsar PSR J0737-3037 is an edge-on candidate;
My = 1.3382M,,

Even more relativistic systems are likely to be found,
based on faintness and nearness of PSR J0737-3037
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Recent Moment of Inertia Measurement

.

probability
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Conclusions

Nuclear experiments and theory, including EDF fits to nuclear
binding energies, chiral EFT calculations, and neutron skin and
dipole polarizability measurements of ¥Ca and 2°%Pb, consistently
predict narrow ranges for the symmetry energy parameters without
any astrophysical inputs:

Sy = (32+2) MeV, L =(50+10) MeV, Ky = (140£70) MeV.

Neutron star radius predictions are about Ry 4 = (11.5 £+ 1.0) km.

This is consistent with inferences from GW170817, NICER X-ray
timing measurements and X-ray observations of quiescent thermal
and photospheric radius expansion burst sources.

We eagerly anticipate new results of tidal deformabilities from
neutron star mergers observed with LIGO/Virgo/Kagra, new mass
and moment of inertia measurements from radio pulsar timing, and
additional observations of rapidly rotating sources with NICER and
planned X-ray telescopes.
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