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The nuclear Equation of State

Unpolarized nuclear matter at zero temperature (101°K—»1MeV) is
defined as the energy per nucleon (¢e) as a function of the neutron (o)
and proton (o») densities as (isospin conserving Van = Vpp = Vhp):

e(p,d) = e(p,0) + S(p)0°H O[6*] where p = p, + p, and § = P ; Pr

30 T T T T r T T T r

It is customary to expand e(p,8) around

nuclear saturation density oo ~ 0.16 fm~3

P — Po
3P0

201

neutron matter

e(p,0=1)

' 1
e(p,0) = e(po.0) + §Kox2 + O|p?] where x =

Symmetry energy S(p)~

e (MeV)

i 1
| S(p)=J+ Lx + §K5ymx2 + O[p*, 0]

Saturation

-3
(0.16 f: , “16.0 MeV) Ko - how compressible is symmetric matter at oo
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] — penalty energy for converting all protons
into neutrons in symmetric matter at po

e(p,5=0)
symmetric matter

L | L | L | L | L
? e " _2‘;5 02 023 | — neutron pressure in neutron matter at po
P m




Symmetry energy S(p)~e(p,6=1)-e(p,6=0)

Symmetry energy not well constrained
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Neutron skin (g.s.) as a proxy to L

The neutron skin thickness (Arnp=rn-rp) in a heavy neutron
rich nucleus is related to the neutron pressure (6=1)

around po (L).

- From the 'B;oplet
Model:

I N—-ZR

12AJL

Ary,, =

—— - T r—
| = Linear Fit, r = 0.979 % %
- © Nonrelativistic models . .
03F ¢ Relativistic models gy
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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)



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. ;
. f", H

- Collective excitations can be classified in " | ©%7 = = ~%- ==
terms of the quantum numbers J =L + S and BRI O iSeM:  Bbih
parity, n=(-1)t, and modeled by using transition s Bey T O
. NGDR I220F VSDR
operators of the type 2Ta r* (Yw X0)m with Ta=1, Ao
T. for non-charge exchange IS and IV, R N Y B
respectively, or Ta=T: for charge exchange. B
| AT=0 AT=1 AT=0 AT=1



- 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.

_ F|0Y|2 = (O|F'F|0 Thouless Th-
my = Zuvl 10)|? = (0|FF|0) ma(RPA) =1/2

k-moment of S(E): HF|D.C.|HF
m; = (E, — Eo)|{v|F|0)|? < e 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

I




Sum rules: dielectric theorem

Ground state perturbed by an external field
AF (A — 0) so that perturbation theory holds —» The
expectation value of the Hamiltonian <H>:

2
§(H) =k22 (WIF10)] o) = A*m_1 + 0(1°)

2
S(F)=—21) ';'J'Fl? + O(2) = —2Am_; + O(A2)
V£0 - =

~ 19%(H)
2 9A2

~ 19(F)

HI. 4 =
A=0 2 dA

k=0




Use of sum rules: examples TR

— . — thermodynamic
- Calculate the finite nucleus incompressibility definition of 1/y

m h? 3%E h? d%(E/A h?
(E}{SGMR)Z - - 4—(r2) — 4A (r2)2 (E/A) I ;

m_ m 9 (r?)2 m(r2) 0 (r2)2 m(r?)
- Connection with EoS: Blaizot model frequently used to connect Ka with
Kvoume (qualitative!; systematic theoretical errors may be large)

K= Kyo + KsurfA_1/3 + KTIQ + KCGuIZQA_4/3 +...,

- Alternatively: the minimum condition of monopole (isotropic)
dilation on the g.s. W(r) -» a3/?2 W(ar) leads to E(a) = <W¥W(a)|H|W(a)>
which can be used to calculate ms (scaling approach with E?2 = ms/ma):

2
AT + 9E contact + 29 FEs0+. ..
mA ) [ tact 50+ « |

- However “safetiest” - direct comparison of measured
observable with theory - same theory to predict K.oume

(EEGMR)Z -




Use of sum rules: example for guidance

- One can calculate the polarizability, .

proportional to m., from the dielectric ap = 9
theorem and Droplet Model:

2\1/2
Using definition of a m_] ~ A<T > (] _|_ ]5 ]A 1/3)

and D.M. relation
between Arnp o 48] 4 Q .
and J/Q _ R

5 A]ﬂnp _|_ A / %Q _

N\ In stable nuclei, surface well
A(r?) N constrained by fit to B and Rch
12] 2 (r2)1/2(1 — I¢)

xAp ~
i o Total NLT T

- fit: 1=0.992, slope=1.6 fin/GeV )
s fit: r=0.993, slope=1.4 fin/GeV
L Surface 3 ML-RAd
[ |V fit: r=0.602, slope=0.2 fin/GeV 1

FSUGold Ska

Polarizability increases with the mass
(for the dipole A3/3, for the quadrupole A7/3
and so on ... ) and slope of the symmetry o
energy (L) and decrease with the bulk “-'_\
symmetry energy (J) = sets a relation '
between the EoS parameters J and L Y S——




Use of sum rules: examples

- Spin Dipole Resonance X\ >, w()r/ [Y.(7) ® 6()l,u
9

mo(7-) —mo(74) = prom (N(Ti) - Z(’rgz))) \ Clear and

direct
N B ; IN AT'np ;ili?]tmn with
A~ (N Z)('rp) (1 I N _ 7 (r}%)l/?)
- Isobaric Analog State (mi/mo) XL, w()
(0| T [H, T /O [H,T-1non zero

°°Zr | __ i* | F—IAS — (0|T+T_|O) only for ISB
....... () et - . 19M . .. B 19“ . .
- - _ Relation with
| ' neutron skin
—_— - Independent particle picture & just
z N z | LN Coulomb direct & sharp sphere app.:
H=T+Vn H=T+ Vn+Vc E - ECdirect 6 Ze2 (] /5 N Arnp)
IAS =~ LAS ~5R T2N—Z R
Ems =0 E \as ~Ec(Z+1)-Ec(Z) F P



Non-charge exchange
Giant Resonances:
some examples




Giant Monopole Resonance:

do we understand it?

18 | | T I I . = See Umesh
. RPA calculations o zmgg | Garg Talk!
17 + m
i ® ® ° -
. 16| ¢ .
E : b * '/'l\‘ 1 EXp.
= 15| 4 Ko<240 MeV
£ | (Open shell)
E 4L o o . . - Exp.
Further - ¢ ¢ 1 Ko=240+20 MeV
studies are 13 - */ (Closed shell)
needed I |
(uncertainty | | | | | | |
quantification; SLy5 +vol. (1) SLy5 + mixed (3) SLy4 + vol. (5) Skxs20 + mix (7)
Extended EDFs SkM® + surf. (2) SkM* + mixed (4) SLy4 + sep. (6) Pairing effects
s studied here
ab initio)

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



Dipole polarizability

~10b
& |
E o 1 | J=25.002)+0.19Q2)L  for %Ni,
iy i i 8 1 | J=254(1.1)4+0.17(1)L  for '*Sn,

a 7k :
- B 2% 1 | J=24.58)+0.17(1)L.  for ***Pb.
. & :

0307206080 100" 120" 140 \ \
L (MeV)
po — (p) L Po—
S((p)) = J — L »J = S5((p
3P0 300
(Warning: higher order terms might be relevant) S( (p) ~ 0.08 flnﬁ?’) ~ 25 MeV

X. Roca-Maza, M. Brenna, G. Colo, 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. Vifas, M. Centelles, B. K. Agrawal, G. Cold, N. Paar, J. Piekarewicz, and D. Vretenar
Phys. Rev. C 92, 064304 — Published 8 December 2015



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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Pygmy dipole resonance / strenght (!?

- Low energy strength in
the dipole (but also other)

nuclear responses impacts  :
the nuclear polarizability 2
as well as the r-process £
nucleosynthesis =
8 . - . - . . 107 ¢ —=— GDR+PR
L B I[j;Sl\IINDG [ E u :;glb 10.-5 Vo1 _ﬁ._ ........ A LA I T 1
% NRF - Cont T | :1302“ 80 90 100 110 120 130 90 100 110 120 130 140
6 A NRF-HIgS . 1 = ”'SE A A
O NRF - Levels B g = :
_ [oomo ! [Tt | 2s» = No clear connection with the
=21 | Jljl 1z nuclear EoS has been stablished yet
2 i 1 5. (skin oscillation, toroidal mode, ... )
2F % i' %ﬁ ﬁ & ] i g ::;gn i Skin <3 core
ol . OD% e® o0 @ . | = 12232 E—.':. n-€ P

1 M 1 M 1
0 10 20

Progress in Particle and Nuclear Physics 106 (2019) 360-433 2 g;.mmnﬁézwwwfu

PDR
@
Accr = (Sap - S20)/2 + E¢ [MeV] M &
m Progress in Particle and Nuclear Physics 70 (2013) 210-245 — -
25



Charge exchange
Giant Resonances:
some examples




Isobaric Analog State

Isospin

{1 symmetry

1 breaking in the
| nuclear force

1 Enas ~ (T4+[H,T-])

4 Further studies
{ are needed

{ (uncertainty
quantification;
| Extended EDFs

i &
:Dlpole polar.: : ab initio
_ ; Elastic p scatt. | guidance)
| ; I 1 . | , , . \ | . . ) . I . . . .
17‘50.1 0.15 0.2 0.25 0.3

AR (fm)

‘ ISB, Ar., and Eus = related among them




Spin Dipole Resonance

150

[ ]
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Ln
[
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[ ]
Rgp

4n T r 1 T 1 T T LI | L L L L L | o ! IJ".'I ML S NN I-
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30F 2P ] 100 [ == SAMI-T (no T)|
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= 20F 5 E
> 1 i
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S amamar 3
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ot : o SAM ; 1 :
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- 207r exp and theo sum rules in agreement.
From exp. sum rule: Arn, = 0.07 £ 0.04 fm aof

— 208Pph exp sum rule < theo sum rule (~20%).
From exp. sum rule: Ar,, = 0.07 £ 0.03 fm

m Shihang Shen (E8E44T), Gianluca Cold, and Xavier Roca-Maza \ 7

Phys. Rev. C 99, 034322 — Published 20 March 2015




Summary from Progress in Particle and

| |
Nuclear Ph sics 101 (2018) 96-176 o
220-245 Meost accurate EDFs on M(N, 2 and —
dmlsoaSeclion 5 ™ N
2 00_ 2 60 M ev ISGMR 220-260 From EDFs in closed shell nuclei [ 116) . 2,
o ISGMR 250-315 Blaizort's formula [Eq. (321] [51] o -
2 5 A) ~200 EDF describing also n shell nuclei | 1 Iy 0
] M(N.Z) 29-35.6 Maost accurate EDFs on M(N. 2) and < =h
TEELERTRRL I ol 2
IVGDR ~24.1(8) + /8 From EDF analysis o3
[S(p = 0.1fm™*) = 24.1(8) MeV| [273] o =
o PD5 30.2-338 From EDF analysis | 370 -
g 30-35 MeV | ™ 31.0-336 From EDFanaI:Sisl?.?I: oo
ap 24.5(8) + 0.168(7)L From EDF analysis “™Pb [96)
! 15% ap 30-35 From EDF analysis | 179) o
o IAS and Ary, 30.2-33.7 From EDF analysis [ 325] - c
Q AGDR 312-354 From EDF analysis [401] '_8 Q
=) PDS, ap, IVGQR, AGDR 32-33 From EDF analysis [S08) i
) = compraton o032 [TO0] 0 r+
<l compilation 30.7-325 [107] P-,r
-~ compilation 285-349 [3] e
X O <
o L MiN.Z) 27-113 Most accurate EDFs on M(N. £) ~N 0
N (r&) "2 (see Section 5) -~ -
33 Pa 40-110 proton-208Ph scall.'le:ing [24] N =
Q. Pa 0-60 & photoproduction (*™Pb) [181] (@) o
~— Pa 30-80 antiprotonic at, (EDF analysis) | 102,509] = s
8_ =20 Parity violating scattering |27 (@)
J PDS 32-54 From EDF analysis | 3.0 ~ 3"
PDS 49.1-805 From EDF analysis [371]
ap 20-66 From EDF analysis [ 179] -
20'120 MeV IVGQR and ISGQR 19-55 From EDF analysis [ 101 )
150% IAS and Ary, 35-75 From EDF analysis [ 25] X
AGDR 75.2-1224 From EDF analysis [401] -_c
_PDS s IVGOR AGDR 452546 Ecom EDF 20alvsis 1508)
compilation 405-619 [106] Q
compilation 42.4-754 [107] -
compilation 30.6-86.8 3] Q
K —EZ[_} to —400 antiprotonic at. (EDF analysis) | 102
29 —=B50 to —450 a=scattering Sn isotopes |55

—630 o —480 a-scattering Cd isotopes | 11 ] |

— 540 to —350 Blaizot's formula [E




Parity Violating Electron scattering and

Dipole polarizability: 43Ca and 2°8Pb

208 : o
_ _*®Ca Pb Theoretical (EDFs and ab initio)
£ 026 B @1 (k)| and experimental 1o errors
n . .
> overlap in 2°®Pb but not in *8Ca
S 0.22
< | | | o
£0.18} 2 580 @ T
S = P
2.0 il @) 2 /
% . W SV-min ¥ RD-min 8\5 560 F B SV-min M RD-min
= R e | g A Svmiv ® rCain |
5 1.0 O SV-o2 ] RD-o2 1 No simultaneous T
S A SV-min* | | :PC-min ] description 2400 2500 2600
1 Apy(**Ca) (ppb)
0.22} (e) g (f) " |
E 2.5 {0 SV-o2 [J RD-o2 (b)
‘;5 0.18 :é 24l :
= = 23|
0.14} . g 23
™ 1 =R [0 sv-aPvier © RD-APVZQ2
. . . . . . ] 21F _._.:|® SV-APV'e? ® RD-APV'a?[]
2300 2400 2500 2600 550 560 570 580 Simultaneous - o ” :
APV (ppb) description s

op(” Pb) (fim’)

Paul-Gerhard Reinhard, Xavier Roca-
Maza, and Witold Nazarewicz
arXiv:2206.03134 (2022)



Conclusions

- The isospin dependence of the nuclear EoS around
saturation density (mostly L) and, to a lesser extent, the
nuclear matter incompressibility (K) remain to be
accurately determined.

- Experimental and theoretical efforts in finding and
measuring observables specially sensitive to the EoS
properties is of paramount importance for low-energy
nuclear physics and nuclear astrophysics.

- PREX & CREXx: Until the tension between theory and
experiment is resolved, one should exercise extreme
caution when interpreting the new Ar,v measurements in
the context of neutron skins or nuclear symmetry energy
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Giant Resonances: Harmonic oscillator

Assuming nucleons as non-interacting fermions confined
In an Harmonic Oscillator (HO) trap with suitable hwo

(shell gap) and apply harmonic perturbation

L e o classicalHarmonic 1 N€ HO Hamiltonian, in terms of the conjugate

o . 2 P Deslimet variables a and da/dt and the C and B parameters
“ £, = (n+2)hw|w=JEm _Dissociation Energy under the action of an harmonic perturbation (F=-
_— P ] . L kst i J

Ka), could be written as (B&M):

1 1
H="Ho+ F—>H=§Bgd2—f—§((}’0—|—n)a2

b 1/2 1/2
6 1 09U K
[;:) ( Bo Oa? ) 0 ( i O{] )
52\ /2
Dependingon  EF«x (a—;) = S())"”
the type of —— ) N 1/2
~e V2, y = fmw/h (r—1) \ p_ertu rbation F x (%) = [K] 1/2
. Internuclear Separation (f) -

E (Fig. modified from https://universe-review.ca/R15-33-harmonics.htm) _



Giant Resonances: HO qualitative trends

IV Giant Dipole Resonance

B e T T o e e
— Harmonic oscillator x 1.25 .
« Exp. ]
= 18 .
“ E
= -
X 16} i
o i ]

E' L

w14t :
12 PO R W [N T T TR NN TN O N [N TN T NN [N TN TN U SN U NN T N T
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A
1/2

Y.
™ Vsym

hooVEDR _ 4 1
w wol 1+ am(2) hza)ﬁ

)

X
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IS Giant Quadrupole Resonance

15
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L l LI Ll L l L L L l Li T Ll 1 L L L l' Li

— Harmonic oscillator
« Exp.

1

l Ll
80

100

hw

200 220

160 180

A
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ISGQR __ R Wo

X. Roca-Maza, N. Paar [ Progress in Particle and Nuclear Physics 101 (2018) 96-176



Parity Violating Electron scattering and

Dipole polarizability: 2°¢Pb

570 | FSUC
560 |

PREX-2 1-G limit

I l Paul-Gerhard Reinhard, Xavier Roca-
208 Maza, and Witold Nazarewicz
Pb g Phys. Rev. Lett. 127, 232501 (2021)

CMERPC 07 SV-min, suitable

l : l model to predict

B and Rch away from
“expected” EDF accuracy
for B and Rch

2I 22 >3 24 EOS around po and
ap (f 3) ne
P Fan = 0.19 £+ 0.02 fm

Theoretical and experimental L =54 +8 MeV

1o errors overlap for SV-min

but not overlap both exp.



Parity Violating Electron scattering and

Dipole polarizability: 43Ca & 2°8Pb

No simultaneous
description

Simultaneous
description

Apy(*"*Pb) (ppb)

ap(**Ca) (fin?)

580 ¢

570 ¢

560

550

2.5

24 ¢
23 ¢
22°F
2.1}

(a)

alf i

B 7

/ B SV-min ™ RD-min

A SV-min* ® PC-min | :

2300 2400 2500 2600

Apy(**Ca) (ppb)

I SV-o2 [ RD-o2 (b)-

[0 sv-APVi> © RD-APVZ2
|® SV-APVIe> ® RD-APV'?|

20 21
ap(*°*Pb) (fim’)

Paul-Gerhard Reinhard, Xavier Roca-
Maza, and Witold Nazarewicz
arXiv:2206.03134 (2022)



Giant Quadrupole resonance

From HO one would expect dependence on

,,,,, 085 08 075 07 065 m* and symmetry energy:
| | 1 1 | I ,)' ]
12.5F = Weighted Average . i m £F 35( 2
i ; e F £A)
[ -~ £=0.9998 Eiﬁi-ﬁée,ﬁ"‘ﬁ SR EY =~ 2| —(hwy) +2—% —1
[ SAMI-J8 s AMi-130 1 m* A2/ EF..
&  SAMiJ3l
»->-x 12_‘ SAMi-m70 -
2 £ 550-’ i rr T T T T sAMi-hes oo -7 T
b [ , §Aﬁ;'m75 - - i (El) f -‘%ﬁtﬁg i
1151 i . = g _--"8SAMi-129 ]
/SKMi-mSO . E 500 [ SAMi-J'R-?U" SAMi-J30 N
: o ] i B _,,-*" 9SAMi-J31 5
“:"I SAMi-m85 s - o 5 £ [ SAMi-m75@
g . : . - o . - i- e -~
e G T B T E450- SAMln‘I’SE]’ _
1.05 1.1 [ 1.2 123 B : A =0.990
(m/m*)”z [SAMAEMERET | . o g o o e oop e o o g
1.1 1.2 | 1.4 1.5 1.6
- m/m*
E> = /2m/m*hwy, [SAMi-127  © SAMi-mbs | ' o
o oBHp SAMi-J28 = AM;i-129 ’
> - w B A _ SAM-130
[ ® SAMi-m70 =~~~ _ ]
2 500F SEien SAMi-I3L t
T~ [ ® SAMi-m75 e
X. Roca-Maza, M. Brenna, B. K. Agrawal, P. F. Bortignon, G. Colo, LL']H 450 L ® SAMi-m80 -
Phys. Rev. C 87, 034301 — Published 1 March 2013 ~ r (b) : =0.980
C L 1 1 | 1 1 ? S:AMI-YQBS' 1 1 1 i 1
12 0.14

1 1 L | =]
0. : 0.16 0.18 0.2 0.22
Ar  (fm)
np



Giant Quadrupole Resonance

T T T e T
0.3F - Exp. 4
- From HO model ?fDMEe | i :
one would expect: [ '\ 208pp:
B ~, I i
. 0.25_— JJQTEd i i
EIV 2 ) EIS 2 E.E_..z : 1\@QEEG E
Ar ~ ( X ) o ( X ) =, ‘:“*..___ "".“' 15
np 2 D28 W@so ~ ] —
J A LSAMI-J31 ~~ o .. l
< I o il > @PDMED |
SAMi-J30 ~ 4 |
0.15 _ SAMIJ29. _ :':._EL :
~ of ~3DDMEa
_SAMi:-JZS AMI-J27
- 1 : o “'-.____‘
_ surf 1 PR B L ] PR T R ] I e o ]| ! R Rl
Ar,, — AF EEPPURS U R 0.1 6 7 g 5 T
(r2)1/2 3 37 71— Ic V.3 1S 2
A2/3 (EIV)2 _ 2(EIS)2 [(EI ) _Z(Ex ) ] 'll‘ J (MeV)
 dep. [ J ”

X. Roca-Maza, M. Brenna, B. K. Agrawal, P. F. Bortignon, G. Colo, Li-Gang Cao, N. Paar, and D. Vretenar
Phys. Rev. C 87, 034301 — Published 1 March 2013
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