ous matter to
DS functional

inagiota Papakonstantinou

' Rare Isotope Science Project — IBS Daejeon, S.Korea

A rendermg of t/ze future RAON complex under construction in Daejeon
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KIDS sales pitch

** Give KIDS any EoS you want to test or apply:

= In terms of {py,Eq, Ko} {J,L,Ksym Qgym}: €.9-, fOr your
sensitivity studies, or from new constraints

= In the form of pseudodata from ab initio calculations
(XEFT, APR, ...)

= M, m~, Q, if you wish
** We can reverse-engineer a Skyrme “interaction”
which reproduces that EoS
*» And can then test it directly In
= Nuclear structure (Skyrme-Hartree-Fock)
s Giant/pygmy resonances (RPA)

L
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+ Introduction
*» KIDS functional:
= Natural Ansatz + Skyrme formalism
s Fits to APR: KIDS-ad2 set
s Successful application to nuclei
n Effective mass parameters remain free
o Proof of principle: From APR straight to nuclei
“* Symmetry energy and KIDS functional
s Freedom to vary all parameters at will
= Relevance of skewness parameter Q

s Summary

sym

jb5 1z 4



My interests and motivation

RI facilities

astronomy, HICs

Density Functional Theory A>100

Coupled Cluster, Shell Model
A<100

pseudodata

l 10 b Exact methods A<12
GFMC, NCSM

1 5 10 50 100
Neutron Number ——s [UNEDF]




Skyrme-type interaction and EDF

Vokyane = to(l + zol%)8(r, = 7;)
FLO(+ 2 P PLE(r = 7,) + 8(ri = 73)Ph)
a1 + 22 Pe)pyy - 8(ri — 7P
21+ 23 P )p” (F16(ri = 7))
+if4p|z - 8(ri - T,)(U.‘ + arj) X Pyas

(o

“interaction”

oo /;-2
Esxpru- = -hr/ tlrr’K{aﬁt‘o“ + IO)P — 3lol3 +3o)§ Pq
’ o Zm
.

Fta(l 4+ Lza)p™? = Sl 4 2a)e™ ) 0
q

601+ o) 8l + 3z2)leT
‘ -%[‘l(!g"*‘-rl)—‘?(%+I2)]Zpﬂr'l
9

+®[ l!.(ﬁ Fj_zn) + tz(i’l'l ) ]quV'p, \1‘.'

l' ——-aJt.(l-F Il) 2(1+ 32)]pv2

"'%f.glﬂVJ -+ quv-]q]} )
T

S

* HF,RPA, ...

v

energy density

EoS

ty: attyaction .



Phenomenological energy-density functionals

+s» Hundreds of EDF models for nuclei and nuclear matter

s Typically ~10 parameters fitted to nuclear properties
using different data sets and fitting protocols

= Very different predictions below and above p,

m Very different predictions at large isospin asymmetries

m [cf Dutra et al., PRC85(2012)035201]

B.A.Brown, PRL85 (2000)
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Phenomenological energy-density functionals

“* Only few of the hundreds of EDF models can simultan
eously describe nuclear matter and finite nuclei

[M.Dutra et al.,PRC85(2012)035201; P.D.Stevenson et al., AIP Conf.Proc.1529,262]

“* Spurious correlations among parameters (e.g., K,,m*)

... while binding energies and radii “prefer” different
values for the effective mass

[M.Bender et al., Rev. Mod. Phys. 75,121

Not satisfactory!

d/fan EoS is “realistic”, it should be able to correspo
nd to nucler properties by definition



* Natural Ansatz for energy density — inspired by
QMBT / EFT

« Convenient Skyrme formalism for nuclei




KIDS Ansatz: Expansion in ke~ p'3

3
E(p,0) = E(f{ °) =T (p,90) + Z ci(8)pt T3
i=0

“ If | have SNM and PNM, namely c¢,(0) and c,(1) (plus
the quadratic approximation) | obtain analytically:

{pO’EO’KO’QO}v{‘JvL’Ksym’stm}
*» And vice versa; or | can fit to SNM/PNM pseudodata
+ First, a few words on:

s Motivation for Ansatz

= Why 4 terms? Why low order?
for details: PP,Park,Lim,Hyun,Phys. Rev. C 97,014312 (2018)

| et bk 10
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Ansatz motivation - part |: Brueckner theory

Fetter and Walecka, “Quantum theory of many-particle systems”

*» Realistic potential: strong repulsive

core plus attraction at longer range Sactame |
<+ Apply Brueckner methodology in the & _jwsl| @ 2
calculation of nuclear matterenergy s . |
SResult: k2, k3, kA k5 kS, ... vl
converging e
Vs{—Vov‘z(l+PM) b<r<b+b,
¢ Even powers: from repulsive part b e
¢ Odd powers: from both r ,
. . [e——0,,, —> V
= The Fermi momentum is the relevant B
. i
variable : powers of p1/3 y

L
712% ok 2l
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Ansatz motivation - part ll: effective field theory

PP Park,Lim,Hyun,Phys. Rev. C 97,014312

¢ Saturation density is low...

» With respect to (effective) boson exchange range (?)
= One-pion exchange: vanishing expectation value
= next boson: rho with m ~775MeV~4fm"

» Effective Lagrangian in powers of ke/m
“* Expansion of E/A in powers of k¢
> ... which means, again, powers of p'3
> The Fermi momentum as the relevant variable

> kg2 and k# (i.e., coupling~p™3®) known to be important for
obtaining saturation [Kaiser et al.,NPA697(2002)]

¢ Dilute Fermi gas: plus logarithmic terms
H.-W. Hammer, R.J. Furnstahl / Nuclear Physics A 678 (2000) 277-294

L
712% ok 2l
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Nuclear energy density functional for KIDS
PP, Park,Lim,Hyun,Phys. Rev. C 97,014312

Natural Ansatz for potential energy: powers of k- ~ p'/3
But how many powers? Which are relevant?

*» Fit to homogeneous matter pseudodata
= Variational Monte Carlo (APR, FP)

¢ Statistical analysis of fit quality; naturalness

*» Keep only the important terms! No overtraining

A

3
g(p, 5) _ E(p7 5) _ T(p, 5) _I_Zcz(d)pl—{—z/:}
i=0

1 SNM: 3 terms suffice in converging hierarchy (c5(0)=

1 PNM: 4 terms necessary (*different preferences?)

L
jbS 212 ZISP
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Nuclear energy density functional for KIDS
PP, Park,Lim,Hyun,Phys. Rev. C 97,014312

Natural Ansatz for pot§ o9
But how many powers 100
“ Fit to homogeneous| —
E O
= Variational Monte ( S
- . 2 -100
% Statistical analysis a =
Q.
»» Keep only the impor %'200
W -300
E(p,8) | — )
£(p,0) = 222 -
-400
d SNM: 3 terms suffic¢  -s00

02 04 06 08 1
p'® [fm™"]

J PNM: 4 terms neces

1S 71z et
i ic Science

Institute for Bask




Nuclear energy density functional for KIDS
PP, Park,Lim,Hyun,Phys. Rev. C 97,014312

Natural Ansatz for potential energy: powers of k- ~ p'/3
But how many powers? Which are relevant?

*» Fit to homogeneous matter pseudodata
= Variational Monte Carlo (APR, FP)

¢ Statistical analysis of fit quality; naturalness

*» Keep only the important terms! No overtraining

3
E(p,d) = E(Z’ %) =T (p,0) + Z ci(5)pl+i/3

d SNM: 3 terms suffice in converging hierarchy (c,(0)=

1 PNM: 4 terms necessary (*different preferences?)

7|’t g, **for APR, more terms could lead to overfitting |
1 ¢ Basi b~



Parameter set KIDS-ad2

“ Symmetric nuclear matter:
m Set p,;=0.16 fm -3, E;=-16MeV, K, = 240 MeV
= Determine ¢, ; ,(0) (analytical expressions)
= Leads to Q,=-373 MeV

¢ Pure neutron matter:
s Fitcy4,5(1)to the APR pseudodata for PNM
s Resulting symmetry-energy parameters:

J=33MeV, L=49MeV, K, =-157MeV, Q,,,=586MeV

sym

13
s

a7
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Interpolations and extrapolations

Calculations with chiral interactions reproduced,
although they were not used for fitting

o PP,Park,Lim,Hyun,Phys. Rev. C 97,014312

-—= B=0 "‘.'
-- B=1/2 b

osfp - B=1

—— B =1/2, SNM adapted

E/A [MeV]

0.0 [ 1 1 1 1 1

p [fm™]




Comparisons with other models
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KIDS
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Comparisons with other models

120 | Gil,PRP Hyun,Park,Oh,arXiv:1805.11321

100 - SSk — - -
0.005 0.040 0.135

KIDS
YGLO(Akmal) = = -
i~ GSkI

GSKII
% SSk = -
LNS -----

:\\ SLy4 === _
~N MSK7 ===

~ "’,.\. SkM*

- \:.\‘:N,.‘ EI-I'

N QMC AV4 a

0.8

S [MeV]

Epnm/Erg

0.6 x

S N
=~ -

g L g

-~
------
------------

0.4

10 20 30

p/Po

Excellent! Can we now take this straight to nuclei?







Skyrme parameters by reverse engineering

1
Vij = (to + yOPU)(S(Tij) + §(t1 + ylPa)[d(rij)k"’ + h.c.]
+(ty + Yo Po )K" - 8(riz)k +iWo k' x 8(riz) k- (0, — o) Mlmmal
1 3 type 73
+E ;(t3n + ySnPG)pn/g(S(rij), (3)

8 8
to = §Co(o)a Yo = §Co(0) —4cy(1),

t3n - 16011(0) sy Yan = 16cn (O) _ 24cn(1)7 (n # 2

0s
U2 = 1663(0) — 24cy(1) + 362 (36, - 57 )

with

0353t1+5t2+4y2, 0#5t1+3t2—y1+3y2.

- — r

~unconstrained from homogenous matter =» vary freely |
But the total c,(0), c,(1) will remain unchanged!




Procedure

For given KIDS functional c¢,(0), c(1) (i.e., fixed SNM, PNM)
*» Chose effective masses (vary at will)

“ All t, y, are now known except t,,t,,x;,X,

* The two combinations 6,0, also known (eff. masses)

“* Two independent free parameters plus spin-orbit W,
= Fit only to 4°Ca, 48Ca, %%%Pb
= Only bulk properties: E/A, charge radius: 6 data




E/A [MeV]

Rc [fm]

Binding energy, charge radii

40
KIDSO —=—
60
Ca Ko=240 MeV, pg=0.7 - -4 - -
Kg=240 MeV, ps=0.8 - = effectiv

1:9’//

A | predictions
independen

EXP o
| | \ | \ | |

Ko=240 MeV, pe=0.9 —e-
Ko=240 MeV, po=1.0 = j 9




Neutron skin thickness

neutron skin of 48Ca:
CCM: G.Hagen et al., Nature Phys. 12,186(2016): 0.12-0.15 fm

I l «  DOM: M.H.Mahzoon et al., PRL119, 222503(2018): 0.249+0.023 fm
l280 « KIDS: 0.176 fm
0.6 60Ca N
€ 04 |
o=
a
o
‘q_ \ o -\'?“‘"'?--:.; _____
0.2 484 ' """""""" RIS \218U
‘ ' $
0~ 40 404 .
I 1 1 1 1 1 I I 1 1

0O 20 40 60 80 100 120 140 160 180 200 220

. Mass number A
Data: antiprotonic atoms, PREX (2%8Pb), DOM (#8Ca,

Predictions of APR EoS for the neutron skin thickness! i




*» Binding energy per particle:
s KIDS-ad2: 8.68~8.69 MeV [’
= AME2016: 8.68247(4) MeV

*» Dipole polarizability:
4.5 n

Sg4(E) [fm?MeV]

4 m, /m=1.0 o
m,/m:o_g .........
% 351 m/m=08 -
= 3 F m/m=07 —
= measured ap r—h—
25}
>
g 2T
: fe
g 15
3 1F
0.5
0 1 . . |

E, [MeV]

[l for m*m=1.0~0.7:8.68794; 8.68176; 8.68838; 8.68912 MeV
[*1 a, measurementT.Aumann and D.Rossi, private communication

L
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Dipole polarizability ap

< Theoretical studies within [LPD208
Skyrme and covariant L 2o
VA
density functional theory: 9208 |
. _ d(Ex/A)/dp, |
% ap correlated with neutron LN b8
skin thickness a . |
. ) (Es/A), |
*» and with symmery energy ] PR S1-752
and its density GDR Pb-208
m*/m
dependence K
GDR O-16
II%MR Pb-208 F.in 208Pb
TDR: no correlation GQR Pb-208 |,

0 0.2 04 06 08 1
Correlation ¢,

P.-G.Reinhard, W.Nazarewicz, PRC81
Sard



** For given immutable EoS (no refitting), a
Skyrme-type functional can easily be reverse-
engineered

*» Bulk, static properties: practically independent
of the effective mass!
s We can vary EoS parameters and m*

independently and examine effect on
observables

“* So far | showed results with KIDS-ad2 based
on APR. Next: An exploration of symmetry-
energy parameters

L
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Curvature K_,,. and skewness Q

sym

sym
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KIDS: Analytical relations

“ Symmetric nuclear matter:
= {py, Eg, Ky} 23x3 system =>{c,(0); i=0,1,2; c,;(0)=0}
- Feasible but unnecessary:
o {Po Ep Koy Qof P4x4 system = {c,(0), i1=0,1,2,3}

“* Symmetry energy:
o {J, L, Kyyms Qgymt 24x4 system = {[c,(1)-c(0)];
i=0,1,2,3

Let us keep SNM, J, L, K
KIDS-ad2 values; vary Q

steady and equal to the
and solve for c;,(1)

sym

sym;

L
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Exploring symmetry energy parameters

< For steady (J,L, K,,,) = (33,50,-160) MeV, vary Q

sym
J(MeV) L(MeV) Ko (MeV) % - (MeV)
ad — 2 32.76 49.11 -156.69 H86.29
Values used 55 50 -160 Q . =200, 0, 400, 600 xor 1000
sym*
10 || Keym=-160MeV 1600000
= 107 1
v No solution
2 10-2 £l ’ G.Ahn, MSc Thesis
£ (NKUA, 2018)
1074
000 025 050 075 100 125 150
Density in fm ** (-3)
jb5 2z ZISP




Exploring symmetry energy parameters

+* Dilute neutron matter

L3

10 |

09 A1

0.8 1

0.7 -

06 1

0.5 1

0.4 -

PNM Energy per particle / Fermi Energy

1000

0.00 005 010 015 020 02 :
Density in fm ** (-3) G.Ahn, MSc Thesis

(NKUA, 2018)




Exploring symmetry energy parameters

E/A [MeV]
\l
(&)
I
_—®
|

65T E/A, R, independent
of stm v
5 " %ym not constrainable

rom such data

I
(&)
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\

\
\

[

. exp
4 _— KIDS-ad2 - _

R, [fm]

- Ksym=-160,Qsym=600 i
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w
&)
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Exploring symmetry energy parameters

« For steady (J,L) = (33,50) MeV, vary K, .., Qg
¢ Solutions of TOV obtained for the following cases:

Max Mass(Ms) Ris(km) prax(fm™3)
(-160,600) MeV (I) 2.05 11.29 0.877
(-160,1000) MeV (II) 1.92 11.70 0.615
(0,1000) MeV (I1I) 1.96 12.07 0.632
(-157,586) MeV ad — 2 2.06 11.27 0.906

G.Ahn, MSc Thesis
(NKUA, 2018)
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¢ Natural Ansatz + Skyrme formalism: KIDS functional
= 3 terms in expansion sufficient for SNM: {p,, E,, K}

= 4 terms necessary for neutron matter and symmetry
energy: {J, L, Ky, Qqym} Skyrme- type

< From fixed EoS straight to nuclei _
*» APR: static, bulk nuclear properties insensitive 10

n Effective-mass parameters

s High-order parameters of symmetry energy

1 Flexibility to choose parameter values at will for
sensitivity studies or adjust them to
= Dynamical observables (e.g., giant resonances)
= Ab initio pseudodata (polarized matter, neutron drops.
= Astrophysical and HIC constraints

1S 21xHs Ry ZISP
r Basi Schance Projec
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Single-particle levels

Level schemes of 2%Ph

pe = 0.7 0.8 0.9 1.0 Exp. KIDSOUNEDF2 GSkI  SLy4

- 121 7TR7 423 267 000 455 223 726 11.8

7k

]t
— 3 _”_ —
% - S]‘/2 -7 ) L7 N
2, _9: 2d3/2 :,—«: _ —
25 =10} Lhyy/ , N
,a;,) I  —
m -l 2dsp, T

-12F )

-13F ,
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Exploring symmetry energy parameters

« For steady (J,L) = (33,50) MeV, vary K, .., Qg
¢ Solutions of TOV obtained for the following cases:

Max Mass(Ms) Ris(km) prax(fm™3)
(-160,600) MeV (I) 2.05 11.29 0.877
(-160,1000) MeV (II) 1.92 11.70 0.615
(0,1000) MeV (I1I) 1.96 12.07 0.632
(-157,586) MeV ad — 2 2.06 11.27 0.906

G.Ahn, MSc Thesis
(NKUA, 2018)

&
re
&

3

L
1b> Z1x2era
Institute for

ic Science

gcJ



KIDS sales pitch

*+ Give KIDS any EoS you want to test or apply:
= Interms of {py,Eq, Ko} {d,L,Ksym, Qgymts €.9., fOr your

sensitivity studies
= In the form |
(XEFT, APF}

= mS5, m”, Gy

s+ KIDS can rev

which reprodi;

*» And can then|
s Nuclear stri|

J,L

{lations

- ction”




** For given immutable EoS, a Skyrme-type functional
can easily be reverse-engineered world first>

*» Bulk, static properties: practically independent of the
effective mass!

= \We can vary EoS parameters and m* independently
and examine effect on observables

**» Prospects abound!
s Giant and pygmy resonances, polarizability...
= Higher-order momentum dependencies...

= An exploration of symmetry-energy parameters
underway
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