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Nuclear Equation of State (EoS)

Main ingredient to build the neutron star EoS at low densities < 1-2po

Definition: the energy per nucleon (e=E/A where A=N+Z) of an uniform system
of neutrons and protons as a function of the neutron (p» = N/V) and proton (oo
= Z/V) densities, at zero temperature, unpolarized, assuming isospin
symmetry and neglecting Coulomb effects among protons.

- Zero temperature: room temperature 102K-10-8 MeV while “cold” neutron stars are at
about 10°K-0.1 MeV. Separation energy in stable nuclei (equivalent to ionization energy in
atoms) is of several MeV.

- Unpolarized: energy favours couples of neutrons and protons occupying the same
state but with opposite spins (equivalent to electrons in atoms)

- Isospin symmetry: neutron-neutron, proton-proton and neutron-proton nuclear
interaction are very similar among them. Masses of neutrons and protons are almost
degenerate. Hence neutrons and protons can be thought as two states of the same
particle with different isobaric spin or isospin (in analogy with spin): the nucleon.

— No Coulomb: idealized uniform system (focus on strong interaction). Real systems
are finite and frequently electrically neutral so no problems (divergences) in adding Coulomb.

[Besides that, the strong interaction at the typical scale of a nucleus is much stronger than the Coulomb interaction and the Coulomb energy (*) per
particle of an infinite system of protons would be infinite.]
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Taylor expansion for 56— O:

e (MeV)
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Nuclear Equation of State (EoS)

It is convenient to write the energy per nucleon (e) as a function of the
total density [p=pn+pr] and their relative difference [6=(pn - pp)/pl.

— Due to isospin symmetry only even powers of 6 will appear
— Stable nuclei tend to show small values of &
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neutron matter

e(p,0=1)

Symmetry energy S(p)~

Saturation

(0.16 fm ", —16.0 MeV)

e(p,0=0)

symmetric matter

e(p, 8) = e(p,0) + S(p)d° + O[8"]
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It is customary to also expand e(p,0) and
S(p) around nuclear saturation density

po ~ 0.16 fm—3 | B
e(p,0) = e(po.0) + §Koa?2 + O|p?] where x = P3 Po
Po

1
S(p)=J + L + §Ksym$2 + O[p*, 0]

Ko

] (ax) — penalty energy for converting all protons
into neutrons in symmetric matter at po

- how compressible is symmetric matter at po

025 L (as) » neutron pressure in neutron matter at po
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EoS from current nuclear models

Micorscopic and phenomenological models constrainted by different
data display similar discrepances on the EoS
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Main source of uncertainty
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What can we learn from laboratory observables
on the symmetry energy around po?




Neutron skin is a good proxy to L

B. Alex Brown Phys. Rev. Lett. 85, 5296 (2000)

The neutron skin thickness (Arnp=rn-rp) —
in @ heavy neutron rich nucleus is related to L T

- ¢ Relativistic models

the neutron pressure (6=1) around po (L).
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But how can we measure the neutron

skin thickness?

Polarized electron-Nucleus scattering:

- In good approximation, the weak interaction probes the neutron distribution
in nuclei while Coulomb interaction probes the proton distribution

- Different experimental efforts @ Jlab (USA) & MAMI (Germany)
- Electrons interact by exchanging ay

N .:,; ;ﬁ; o L;ﬂéa_r'ﬁ; ;:'D_égé | 1 (couplesto p)ora Ze boson (couples to n)
74 ¥ > © Nonrelativistic models 1 - Ultra-relativistic electrons,depending on
T e ; gfé?;‘:t‘fglfﬂ“;?gﬁg 1 their helicity (), will interact with the nucleus
= 1 seeing a slightly different potential: Coulomb =+
. 7.2k Weak
= - @
= y do. /dQ — do_ /dQ Weak
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L (y
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Neutron Skin of 208Pb, Nuclear Symmetry Energy, and the Parity Radius Experiment
X. Roca-Maza, M. Centelles, X. Vifias, and M. Warda Phys. Rev. Lett. 106, 252501 (2011)



What else?

Giant Resonances

- Collective motion giving rise to Giant (xil}
Resonances could be qualitatively understood -~ 4¢
as macroscopic oscillation/vibration of the ” Q ')
nucleon densities 6p ~ A:Vp k M
- Microscopically, overall Giant Resonance ki
properties have been seen to be well described

as a coherent superposition of 1 particle - 1

hole excitations.

- Collective excitations can be classified in *® 77 = o0 ~%- =-
terms of the quantum numbers J =L + S and SEHR (B SeeE:  BSBE
parity, n=(-1)-, and modeled by using transition s Bey T O
\ NMGDR 12205 IVSDR
operators of the type 2Ta r* (Yw X0)m with Ta=1, A o, b
T. for non-charge exchange IS and IV, R N Y B
respectively, or Ta=T. for charge exchange. e L
| AT=0 AT=1 AT=0 AT=1



Giant Resonances: some guidance

Non interacting nucleons confined in an harmonic oscillator potential
and perturbed with an harmonic perturbation

The HO Hamiltonian, in terms of the conjugate variables
o (or r) and da/dt (or v) and the (Coemw?) and (Boe m)
parameters, could be written as (Bohr&Mottelson):

1 1 1/2 orrn 1/2
HDZ—BDQ2+EOQG2—>E0:FL(CO) E:(laU)

2 By By 0
Assume harmonic perturbation (restoring force)
1 Depending on
— —y 2 the type of
F=-koa—=V= 9 e perturbation
1_ . 1
H:H0+V—>H:§Bga2—{—§(c{]—l—n)a2 \

5 N\ 1/2
& D2 o (5 ) =80

E:E{] 1+_ 5% 1/2
G o (92)"" -

Restoring force



Giant resonances: the IVGDR

- The Isovector Giant Dipole Resonance was the first resonance
measured (photo-absorption experiments)

- The cross section for the excitation of the nucleus to a final
state |v) with energy Ev from the ground state |0) with energy Eo
by a photon at a given energy E can be written as

2 y) Convenient operator
oy(E) = 4m“a(E, — Eo)|(v|Faipoe)0)|“6(E — E, + Eo) »L:ngéﬁ?gipom
t iti d
subtract CM motion

- The total cross-section will be

1
208ph(y,xn) |

Oy—abs — 4?{2&' Z(Ev - Eﬂ)l (vleip(}lel[]) ‘2 600} = 2%pb(y,all) ]|
- 3 I ® EOEPb(pJ)v) g
) 'S 400
S(E) = _|(v|F|0)|*§(E — E, + Eo) bé
g 200}
where S(E) is the so called Strength _
function plets . S L s L s
. _ 8 10 12 T 16 18 20
S(E) is used to characterize the nuclear Excitation Energy (MeV)

response (experimentally, it is commonly

parametrized as a Lorentzian function with
energy Ex and width I')



Dipole polarizability

The electric polarizability measures tendency of the
nuclear charge distribution to be distorted

electric dipole moment I
C}: — . . T -

external electric field applied > [
Polarizability is proportional to the — i —
photoabsorption cross section (see previous slide): e —NCZ f_)_" o

g e hc f "3 e 4

') ’
2772 2 >

How easy is to separate neutrons from protons?
Symmetry energy will tell. Remember HO (slide 15).

e(p,0) = e(p,0) + S(p)d*

0%e(p, 9)




Dipole polarizability and neutron skin

From state-of-the-art nuclear models one finds a

correlation between ao, the symmetry energy (J) and
the neutron skln thlckness
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Electric dipole polarizability in 208Pb: Insights from the droplet model - X. Roca-Maza, M.
Brenna, G. Colo, M. Centelles, X. Vifias, B. K. Agrawal, N. Paar, D. Vretenar, and J. Piekarewicz

Phys. Rev. C 88, 024316 (2013)

- This relation is also supported
by simple models.

- For guidance assuming the
Droplet Model, one would find:

2 /.2 e surf Coul
e (r?) ( N 5Ar,, —Argt — Arz

5 <T2>1}2(I o ICoul)

Polarizability increases with

et e ey o3 the mass (for the dipole A>/3, for
0.24 0.28 0.32

the quadrupole A’/ and so on ...
and it sets a relation between

the EoS parameters Jand L

)

)



Dipole polarizability, J and L

Determination of the J vs L relation from experimental data

according to EDFs

[—
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Assuming Taylor expansion around po:

po — (p)

\ \

S((p)) = J — L 3

s+

one can qualitatively understand the result!!

X. Roca-Maza, M. Brenna, G. Cold, M. Centelles, X. Vifias, B. K. Agrawal, M. Paar, D. Vretenar, and J. Piekarewicz

Phys. Rev. C 88, 024316 — Published 20 August 2013

¥. Roca-Maza, X. Vinas, M. Centelles, B. K. Agrawal, G. Colo, M. Paar, J. Piekarewicz, and D. Vretenar

Phys. Rev. C 92, 064304 — Published 8 December 2015

S((p) ~ 0.08 fm *) ~ 25 MeV



And if we combine Arv and ap in 2°¢Pb?

| I : PauI-Gerr:jard_ R(Tcilnhard, Xayier Roca-
: 208 Maza, and Wito Na22a3r§:wmlz 5021
590 'RD SV | Pb | Phys. Rev. Lett. 127, 232501 (2021)
SV-min
) PC © ~ - Models with an *
'_8. 580 | DD contain Apv in 2°8Pb in
oF | the fitting protocol
S— FSU
570 t : .
> pREX_2 I—U]Jmlt u & - Models connected by
qgf 560 | § lines: family
PREX-Q% - SV, PC and RD models
550 55 fitted to the same data
19 X 2 . 22 23 24 SV-min:
ap (f
p (") Fain = 0.19 £ 0.02 fm
B and Rch away from _
“expected” EDF accuracy Theoretical and experimental L =54+8 MeV
for B and Rch @ 1o errors overlap for SV-min

But not overlap both exp.
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... and in 48Ca and 2°2Pb
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2300 2400 2500 2600 550 560 570 580
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Paul-Gerhard Reinhard, Xavier Roca-

Maza, and Witold Nazarewicz
Phys. Rev. Lett. 129, 232501 (2022)

Magenta dashed lines from Arnp in G.
Hagen et al. Nature Physics 12, 186-190
(2016) and H. Bu et al. Nature Physics (2022)
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... and in 48Ca and 2°8Pb

_ _®Ca “®Pp Theoretical (EDFs and ab initio)

£ 0.26¢ = (a)§ (b)| and experimental 1o errors

> NN s = @Pb but not in #8Ca
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Paul-Gerhard Reinhard, Xavier Roca- Magenta dashed lines from Arnp in G.
Maza, and Witold Nazarewicz Hagen et al. Nature Physics 12, 186-190
Phys. Rev. Lett. 129, 232501 (2022) (2016) and H. Bu et al. Nature Physics (2022)



Summary from Progress in Particle and

Nuclear Physics 101 (2018) 96-176

D~
o
EoS par. Observable Range Comments 8
Po iriyVe 0.154-0.159 Most accurate EDFs on M(N, Z) and S
{r3}'/2 (see Section 5) [f\\
ey M(N, Z) —16.2 1o —15.6 Most accurate EDFs on M(N, Z) and =
{r3,)'/? (see Section 5) 8
Ko M(N.Z) 220-245 Most accurate EDFs on M(N, Z£) and ;
{r2}'7 (see Section 5) o0
ISGMR 220-260 From EDFs in closed shell nuclei [116] T
ISGMR 250-315 Blaizot's formula [Eq. (32)] [51] n >
ISGMR ~200 EDF describing also open shell nuclei [118] c ",i_:“
] M(N,Z) 29-35.6 Most accurate EDFs on M(N, Z) and _2 E
{r3,}'/? (see Section 5) e U
IVGDR ~24.1(B) +L[8 From EDF analysis © -8 5
[S(p = 0.1 fm~?) = 24.1(8) MeV] [273] —J - 22
PDS 30.2-33.8 From EDF analysis [370] Q . ®
PDS 31.0-336 From EDF analysis [371] 5 ﬂ
ap 24.5(8) 4+ 0.168(7)L From EDF analysis 2®Pb [96] E Y o
ap 30-35 From EDF analysis [ 179] o -~
IAS and Ary, 30.2-33.7 From EDF analysis [325] (@) 8_ &
AGDR 31.2-354 From EDF analysis [401] > O
PDS, ap, IVGOR, AGDR 32-33 From EDF analysis [S08] v - @
compilation 29.0-32.7 [106] _2 i O
compilation 30.7-32.5 [107] o o0
compilation 28.5-349 3] c = ©
L M(N. Z) 2T=ATS Most accurate EDFs on M(N., Z) = ':—,U >
(r3,}'/* (see Section 5) w .2
Pr 40-110 proton-""8Pb scattering [24] Q [_: il
Pu 0-60 m photoproduction (**¥Pb) [181] T
O 30-80 antiprotonic at. (EDF analysis) [102,509] =1 =7 "E
Puenk =20 Parity violating scatrering [27] © E -
PDS 32-54 From EDF analysis [370] Q &J -
PDS 49.1-80.5 From EDF analysis [371] E T
ap 20-66 From EDF analysis [ 179] . -
IVGOR and ISGQR 19-55 From EDF analysis [101] o . bD
IAS and Ary, 35-75 From EDF analysis [325] (7] E %
AGDR 75.2-122.4 From EDF analysis [401] - g
PDS, ap, IVGQR, AGDR 45.2-54.6 From EDF analysis [508] 8 ;
compilation 405-61.9 [106] |2
compilation 42.4-75.4 [107] b
compilation 30.6-86.8 3]

Bao-An Li, Xiao Han, Phys. Lett. B 727 (1) (2013) 276-281.



Summary

with qualitative indication of accuracy needed to describe experiment
(note that absolute values might be subject to systematics)

Po € [0.154,0.159] fm—3 - relative accuracy 2%
- needed to describe experiment (Rch) =0.1%
- e €[15.6,16.2] MeV- relative accuracy 4%
- needed to describe experiment (B) =0.0001%
Ko € [220,260] MeV- relative accuracy 17%
- needed to describe experiment (Ex®MR) =7%
- ] € [30,35] MeV - relative accuracy 15%
- needed to describe experiment (a) =15%
- L €[20,120] MeV - relative accuracy 150%
- needed to describe experiment (a) =50%

q LN



Conclusion:

- Dense neutron matter (p<2po) must be described
by nuclear models

- Current nuclear models do not reproduce A
and at the same time other relevant observables

- Theory must provide new improved models for
reliable applications in nuclear structure and
nuclear reaction studies as well as in nuclear
astrophysics.
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