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Nuclear Equation of State (EoS)

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. 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:
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Nuclear Equation of State (EoS)

Unpolarized, uniform nuclear matter at T=0 assuming isospin symmetry

Energy per nucleon (e) as a function of the total density [p=pn+pr] and
their relative difference [6=(pn+pp)/p].

— Due to isospin symmetry only even powers of & will appear
— Stable nuclei tend to show small values of 6
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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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Nuclear Equation of State (EoS)
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EoS from current nuclear models

Micorscopic and phenomenological models constrainted by different
data display similar discrepances on the EoS

Many-body methods have
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Summary: nuclear models performance

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%

- ... L-Neutron pressure!
n Progress in Particle and Nuclear Physics

Volume 101, July 2018, Pages 96-176



What can we learn from
laboratory observables?
(personal overview)




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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How to measure I1t? (in a direct way)

Parity violating electron scattering

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

o ;ﬁ" —— Linear Fit. r = 0.995 (couples to p) or a Zo boson (couples to n)
B o & o h T -
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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)



Other proxys to L? (recently proposed)

Arch In mirror mass nucleli
Isospin symmetry -» Arwm:= ra(3*Ni)-ra(3*Fe)= Ar«p(°*Fe)
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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
1/2 Bo (22) =[s(p)"?
98°
E:E0(1+@ (82) o
Co E (6—‘;) = [K]"/?
Restoring force P




Sum rules:

Ground state gives access to overall excited properties!!

- Sum Rules or moments of the strength function S(E)
sometimes model independent ([F,V]=0) and/or predict very
simple expressions that can be exploited to better understand

the nuclear phenomenology.
Thouless Th-

— F|0)|? = (O|F'F|0
i 0 OB = O mi(RPA) =1/2

k-moment of S(E): HF|D.C.|HF
m; = (E, — Eo)|{v|F|0)|? < o g
My, = f dEEXS(E) Z :

Z(E — Eo)?[(vIF|0)|* = (OIF[#, [#, F1]|0)

Expectation value of / 3= Z(Ev — Eo)’|{vIF|0)|* = (OIFT[#, [, [#, F111/0)
commutators in the G.S.!! '

AR2g+1 [ | [df) i
Example for mb = J fdr |:(d—f) +JU + 1)(£) ]P(TJ | f=r|
non-spin flip ENRCHE o5 ' ;
K e [FV]

resonances:
m) = mp(1+K) non zero




Dielectric theorem:

Inverse Energy Weighted Sum Rule m-1 (polarizability)

Ground state |0> perturbed by an external field AF (A - 0)
so that perturbation theory holds -» The expectation value of
the Hamiltonian <H> and of the operator <F> can be written:

2
§(H) = 1 Z |<;|F|(;5)| + O(X°) = A*m_1 + O(1°)
v~ L0

2
S(F) = —ZAZ ';”'Flo)l + O(A%) = =2am_1 + O(\?)

~ 19(F)

P S O




Giant Monopole Resonance and K

Constrained energy (E? := mi/m-1) as a proxy of the resonance excitation energy.

The operator leading to monopole transitions (isotropic changes in the volume
if we think about a liquid drop) cannot depend on the orbital angular momentum or

spin:
A
F— r2 Isotropic harmonic perturbation!
The mi and m-1 moments are: i . . .
1 1
mi; = —(r = 2
1= — {r”) . r2
Therefore,
2 2 2

g = I gy P g B ZEA g,

X m_q m 9 (r2)2 m{r2) 0 (r2)2 m(r2)

The excitation energy of the ISGMR must grow this the square root of the
incompressibility, exactly as in the HO model.

(*) other definitions could differ by a factor 4n depending if Yoo = 1/sqrt(4m)
included or not



Giant Monopole Resonance

do we understand it?

Warning: Blaizot's (leptodermus expansion of  JlIF PETERMINATION OF THE BULK SYMMETRY

INCOMPRESSIBILITY FROM THE ISOSCALAR GIANT

K.) formula not accurate to extract K. MONOPOLE RESONANCE REVISITED®

X. ViNas®, X. Roca-MazaP, M. CENTELLES®

A. Phys. Pol. B Proceedings Supp. 8 (2015) 707
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SkM* + surf. (2) SkM* + mixed (4) SLy4 + sep. (6)

m U. Garg, G. Colo / Progress in Particle and Nuclear Physics 101 (2018) 55-95 _



Giant Monopole Resonance

do we understand it?

arxiv:2211.01264 [pdf, ps, other]

Towards a Unified Description of Isoscalar Giant Monopole Resonances in a Self-Consistent Quasiparticle-Vibration
Coupling Approach
Authors: Z. Z. LI, Y. F. Niu, G. Cold

Very recently in
arxiv two works
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Dipole polarizability, J and Arnp

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

From a macroscopic point of view a ~ (electric dipole moment)/(Eexternal)
— For guidance, using the dielectric —

g the T
theorem, the polarizability can be 2 10F o ESU 3
calculated assuming 5 < I P> NL3 ]
I 8me > OF o DD-ME N .

the Droplet model: ap = — m_1(FE1) 2 | aSkyrme ]
Meyer et al. NPA385 (1982) 269-284 = 8F v SV .
~ | ¢ %%M1 ]

a) L < _'

_ me? (r?) aAl1s 5Ar,, — Arfgf — Ar%’m 3 7: ]

—~—~ - | I i
@ 54 () 2 (r2)12(1 = Icom) S of 208ph:
. ]

012 0.06 '%fz' | bf.'zzi 028 032
= g = = m

Polarizability increases with the mass T (110

(for the dIDOIe A5/3, for the CluadrUDO|e A7/3 Electric dipole polarizability in 208Pb: Insights from the droplet

model - X. Roca-Maza, M. Brenna, G. Colo, M. Centelles, X. Vifias,

and so on ... ) and it sets a relation orye. ra. .80, G530 GOTB
between the EoS parameters J and L




Dipole polarizability, J and L

Determination of the J vs L relation from experimental data

according to EDFs

[—

107 o J (MeV fm’)

J =25.02)+0.192)L.  for
J=254(1.1)+0.17(1)L  for "*°Sn,
J =24 5(3)+0 17(1)L for

63Ni,

208 Pb .

- — =09
OF e FSU ]
> NL3 <]
9r o DD-ME g
. A Skyrme ;
8 o SV :
¢ SAMi ;
i ;
6 :
f 208py’
07 207 40 6080 100 120 140
L (MeV)

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



Dipole polarizability, J and L

Selection of EDFs (red C|rcles) compatlble with experlmental data
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Dipole polarizability:

do we understand it?

5. Goriely, 5. Péru, G. Cold, X. Roca-Maza, |. Gheaorghe, D. Filipescu, and H. Utsunomiya —
Phys. Rev. C102, 064309 — Published 9 December 2020 -?‘é
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And if we combine Arv and op in 48Ca and

208phy?

208 : .
_ _ Plb | Theoretical (EDFs and ab initio)
£ 026 @ _ (b)| and experimental 1o errors
> | overlap in 2°8Pb but not in 48Ca
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and Witold Nazarewicz, PRL 127 232501 Hagen et al. Nature Physics 12, 186-190
(2021) and PRL 129 232501 (2022) (2016) and H. Bu et al. Nature Physics (2022)



And if we combine Arv and op in 48Ca and

208py?
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Isobaric Analog State

Promising observable?

H=T+Vn .H=T+Vn+Vc
E,=0 E xs ~EC(Z+1)-Ec(2)
— non-energy weighted sum rule:
mgy —my = (0|T.T-]0) — (0|T_T|0)
= (0][T%, T-]|0) = (0|2T%|0)
=N-Z
- energy weighted sum rule:
Z(E — Eo)|(v|F10)|* = (0|T[#,T-]/0)

[H,T_] different from zero only if H contains
terms that breaks isospin invariance

- Hence, the centroid energy
M1/Mo (neglecting isospin mixing, i.e.,
<O|T—T+|O>z0)'

‘0'3)"@[7:‘;_?(})'”) o T ]

- Assuming a simple model: indepenent
particle model with only Coulomb
breaking isospin symmetry (neglect
exchange effects)

IAS —

EC direct

1 .
s “N_7 f[Pn(?) —,Op(f’)] Ul (g

6 Ze? [_1 N Ri-Ry
" 5R, 2N-Z R,

6 Ze

2
SrDAIB[ V 2N - ngA”3}

P



Isobaric Analog State, ISB and Arnp

Isospin

{ symmetry

1 breaking in the
| nuclear force

| Eas ~ (T4 [H,T-])

{1 Further studies
1 are needed

] (uncertainty
quantification;
Extended EDFs

' | &
Pipole polar.: 1 ab initio
- L Elastic -|5 scatt. . ! 1 guidance)
= YA
17,50,1 0,15 0,2 0.25 0.3

AR (fm)

X. Roca-Maza, G. Colo, and H. Sagawa
Phys. Rev. Lett. 120, 202501 — Published 18 May 2018



Spin Dipole Resonance and Arnp

S St (OrE YLD @ 0()]

— Non-energy weighted sum-rule (mo):
mo(t-) — mo(t+) = (0|02"[0) — (0|05 |0)

A
— (00, 0)]0) = = > Ol it-(), £ ()]0

1

9 & o s 9 2 2
=2 zwm t:(6)[0) =|= (N (rh) — Z(r}))

— Rewritting it in terms of the neutron skin thickness: Armp=<rn?>1/2-<rp2>1/2

A np Tﬂp 2
?’H()(t_) — mg(t+) = E(N— Z)(T‘f)) 1+ Nz_lYZ (,r;;l/g I Nl_\__TZ ((i)lﬂ) }
9 5 ; 2N  Ary,
~ V-2 (14 70 <,,,g>1/2)

The only straight forward sum rule giving information on the skin!!



Spin Dipole Resonance and Arnp

Difficult to measure?

4n T r 1 '| T 1 T T I LI | | L L l L L r L 1-
3&5 SD HZr| 1

— 20F 3
> .
L 10F 3
= - ]
e : ]
& | spt — SAMI-T ]
= ook fa -= SAMI-T (no T)|]
A F : o SAMI §
& f b-1 Exp. ]
i : A ]

0 . L, e N |ET.1.”T. T I

0 10 20 30 40 50 60

E (MeV)

- 99Zr exp and theo sum rules in agreement.

From exp. sum rule: Ar,, = 0.07 £0.04 fm

— 208Pph exp sum rule < theo sum rule (~20%).

From exp. sum rule: Ar,, = 0.07 & 0.03 fm

Shihang Shen (E8E44T), Gianluca Cold, and Xavier Roca-Maza
Phys. Rev. C 99, 034322 — Published 20 March 2019

K. Yako, H. Sagawa, and H. Sakai
Phys. Rev. C 74, 051303(R) — Published 16 November 2006

T. Wakasa, M. Okamoto, M. Dozono, K. Hatanaka, M. Ichimura, S. Kuroita, Y. Maeda, H. Miyasako, T. Noro, T.
Saito, Y. Sakemi, T. Yabe, and K. Yako

Phys. Rev. C 85, 064606 — Published 11 June 2012
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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.
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