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Universal Nuclear Energy Density Functional
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Bottom-up approach to nuclear structure
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Methods across the nuclear chart

Ab-initio calculations for lighter
nuclei or semi-magic nuclei.

Z=82

z=50_] .
- Shell model for selected regions and
P " N=§2 weakly-bound nuclei
=28 |
Z=20 = - N=50
Nuclear density-functional theory for
= " N=28 the entire nuclear chart!

“N=20
N=8



UNEDFO functional

Kortelainen, Lesinski, Moré, Nazarewicz, Sarich, Schunck, Stoitsov, Wild, Phys. Rev. C 82, 024313 (2010)

- Energy functional based on Skyrme SLy4 parametrization

— /‘H(r)dgr

e usual kinetic part (with 1/A mass shift); interaction: X = Xo + X1
* interaction energy functional (with isospin labels): 13 parameters

xe(r) = CPFPp? + C" piry + CJ‘J~
‘l‘CpA ,OtA,Ot -+ C/)V'],Otv . Jt
CPrP = O + C/D ol

* Pairing part depends on local pairing density: 2 parameters

CEDIE IR TP




UNEDFO functional

Several parameters constrained from nuclear matter properties
pp P APAp ~pT A2 APV and A
* Equation of state (EOS) of symmetric nuclear matter around saturation

L pT 2/3
Wipo) = {5~ +Co po Crepy
+ (CF + C2pd) po 00=0.16 fm—3

* EOS of asymmetric nuclear matter
h? 9/
W(Lpo) = (0= + €670 Cuil” Fu(D

2m
+Cf7Ciepy P TF-(1)
+[Co6 + Coppo + 2 (CFF + CTHpg)] po
Fe(I) = % [(1 + 1) (1 - [)5/3]

e Parameters {,0 ENI\[/A ]\[* KNl\I NM LNI\I

'by m? sym?

]\['U ) CO Y Cl 9 CO ’ Cl ’ C’O ; Cl



UNEDFO functional

* Pairing parameters from
odd-even staggering (OES);
Lipkin-Nagomi for particle
number projections

e Optimization employs
POUNDerS [Practical
Optimization Using No
Derivatives (of Squares)]

* (pseudo) observables:
nuclear matter properties,
binding energies, radii, OES
of 44 well-deformed even-
even nuclei and 28
spherical nuclei
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FIG. 1. (Color online) Experimental set of fit observables used in
this work. The set contains data for 11 nuclet with A < 66 and 61
nuclei with A > 106.

Kortelainen, Lesinski, Moré, Nazarewicz, Sarich, Schunck, Stoitsov, Wild, Phys. Rev. C 82, 024313 (2010)



Optimization of UNEDFO via POUNDerS

POUNDerS i
* builds a quadratic model | - Nelder Mead
and does not require POUNDerS

derivatives.

* fairly robust against noise

* finds acceptable minima

Best %2 value obtained
N w S (@a] (@)) ~J Q0 O (@]
=

15 50 100 150 200 250
Number of 14.4 CPU hour Function Evaluations

POUNDerS = Practical Optimization Using No Derivatives (for Squares)
[J. Moré and S. Wild (2009)]



Optimized parameters

unedfnb (no bounds) x? = 1.65 MeV on masses

k Scaling Interval * % (Init.) % (fin-)
. pe [ +0.14 | +0.18] +0.160  0.151046
2. ENM/A [-17.00, -15.00] -15.972  -16.0632
3. KM [4+170.00, +270.00]  +229.901 [ 337.878]
4. oM [ +27.00, +37.00]  +32.004  32.455
5. L [ +30.00, +70.00] +45.962  70.2185
6. 1/M: [ 4-0.80, +2.00] +1.439  0.95728
7. Oper -100.00, -40.00] -76.996  -49.5135
8.  (Orer -100.00, +100.00]  +15.657  33.5289
9. Vi -350.00, -150.00] -258.200  -176.796
10. V7 -350.00, -150.00] -258.200  -203.255
11. ¢cpYy’ -120.00, -50.00] -02.250  -78.4564
12. ¢V’ -100.00, +50.00] -30.750  63.9931

* Required by POUNDerS



Optimized parameters

unedf0 (hard bounds from nuclear matter properties) x? = 1.45 MeV on masses

k X Bounds % (init.) % (fin-)
1. pe [4-0.15,+0.17] +0.160  0.160526
2. ENM /A -16.2,-15.8] -15.972 -16.0559
3. | KINM (4190, +230]  +229.901 230 |
4, Ggyn [ 428, +36] +32.004 30.5429
5. LM [ +40, +100] +45.962 45.0804
6. 1/M; [ 40.9, +1.5] +1.439 0.9
7. Char —00, +00] -76.996  -55.2606
8. Crar —00, +00] +15.657  -55.6226
9. 75 —00, +00) -258.200  -170.374
10. V? —00, +00) -258.200  -199.202
1. ooV’ —00, +00) 92250  -79.5308
12. v’ —00, +0o0] -30.750 45.6302




single-particle energy (MeV)

Some results of the optimization of UNEDFO

neutrons

Exp SLy4

4BCa
" =@ 1 {5
) 2
b 2p3/2
| Ap——y = 0]f77
—eo-—0ld;,
I—I ----- a2s
b—‘- ----- A]dg,rz
UNEDFO

%See

also Bertsch et al. (2005)
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Correlation matrix [unedfO]

ENM/Al -0.28 1.00

I{Nhri _ - -

Ay -0.10 -0.88 — 06

LYY -0.17 -0.80 - 1.00

1/M: - - - - -

ChHar 0.09 0.80 - -0.81  -0.74 - 1.00

Ccrar 0.20 0.35 - 047  -0.66 - 0.23 1.00

Vi 0.02 0.21 - -0.23  -0.25 - 0.23 0.23 1.00

VF -0.13 -0.42 - 0.52 0.56 - 029  -045 -0.14  1.00

cevy 0.37 -0.14 - 0.02  -0.00 - 0.44 002 009  0.16 1.00

ceV/ -0.06 -0.18 - 0.27 0.33 - 038 -020 -001 000 -0.37 1.00
pe EM/A K™ e Lew  1/MI CERP cftr 75 VP cy’ oY’




Sensitivity analysis exhibits correlations of the model

22 V\ass [ 1Proton radius [ OES

& Sensitivity of parameters to changes in

mass, proton radius, odd-even staggering
[Kortelainen et al (2010)]

Percentage of change
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o
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Parameter

FIG. 10. (Color online) Sensitivity of the parameters of UNEDFO0
to different data types entering x 2. The EDF parameters are labeled

as in Table VII.
0.0 | (@)
E 0.19}
Correlation of observables E 0.18}
within the model 2 g 017}
[Nazarewicz & Reinhard (2010)] = 0.16 |
© 0.15¢ SV-
0-147 c,,=0.98[c,,=0.11

136 140 144 148 09 095 1.0
dipole polarizability (fm2/MeV) effective mass m*/m



Dipole polarizability and neutron skin

8m o [ _1.,
a, = —e€ w R, (w) dw e S B S S
9 0

251- A Skyrme ® NL3/FSU —
- ¥ Skyrme-SV m DD-ME =
24 -
| ~ PREX ® 7
. ) | >
Correlations between E 23— |
observables based on an ) - A A P © -
ensemble of ~18 functionals — 22} : X ® * —
N T
/ L B |
- _ _|AAAB Soa- L oz "
AB - r ' 2 = L—JD i A A: * RCNP a
\/Afl A B*< 3 200 ; ‘. T
r del 5
LS Cap Ies=0.l769 |
Tamii et al., Phys. Rev. Lett. 107, 062502 (2011); 0.12 0.16 020 024 0.28

Piekarewicz et al., Phys. Rev. C 85, 041302 (2012) Toin [208Pb] (fm)



Strong correlations between neutron skins in

different nuclei

A Skyrme ® NL3/FSU
V¥ Skyrme-SV m DD-ME
L L L  r 1 r 1 1 1T 1 17
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J. Piekarewicz et al., Phys. Rev. C 85, 041302(R) (2012)
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UNEDF1

Enlarge set of opimization observables by excitation energies of fission isomers.

TABLE I. Experimental excitation energies of fission isomers

[50] (in MeV) considered in the UNEDF1 data set. Xz comparisons
Z N E
Observable UNEDF( UNEDF| No.
92 144 2.750
92 146 2.557 E 1.428 1.912 555
94 146 2.800 E (A < 80) 2.092 2.566 113
96 146 1.900 E (A > 80) 1.200 1.705 442
Son 0.758 0.752 500
| , | . l , : l Son (A < 80) 1.447 161 99
. - Son (A = 80) 0.446 0.609 401
_ rUNEDF1 —e— 236y —— 240p; - S 0.862 0.791 477
> i i Sy, (A < 80) 1.496 1.264 96
2 30 - - 238 -4-22Cm | Sy (A > 80) 0.605 0.618 381
<= - - AD 0.355 0.358 442
& 0 i AP (A < 80) 0.401 0.388 89
o - i AD (A > 80) 0.342 0.350 353
c >k - A® 0.258 0.261 395
“CJ - : AD (4 < 80) 0.346 0.304 83
ko) i . i AD (A > 80) 0.229 0.248 312
© i \“0 ] R, 0.017 0.017 49
S 2.0F “~\.___+~ = R, (A < 80) 0.022 0.019 16
L>Ij i ‘~*---o----¢___~‘_ R, (A > 80) 0.013 0.015 33
[ . | . | . | ]
0.0 0.2 0.4 0.6

Basis Deformation 3, Kortelainen et al., PRC C 85, 024304 (2012)



How many atomic nuclei exist?
Literature: 5,000-12,000

T

120

7

B stable nuclei

known nuclei 288
-@-  drip line ~3,0
80 + & Sx=2MeV z& e ' .
-# SV-min 7 /4 WO

Skyrme-DFT: 6,900+500,, .,

proton number

neutron number

Models: SLy4, Svmin,UNEDFO, UNEDF1, FRDM and HFB-21

* Systematic errors (due to incorrect assumptions/poor modeling)
e Statistical errors (optimization and numerical errors)

Erler et al., Nature 486, 509 (2012)

0 A

230 244
| NucI:Iearl Langlsca!oe 2912 | 232| n;t‘;mn r?umi‘frl 2.)56
80 120 160 200 240 280




S,,, (MeV)

Separation energies illustrate challenges

LW
- Y2 | TV %
8 e UNEDF1 '!"f % |
——-o--— UNEDFO i Er
4. @ SV-min i!’!!!ﬂ! ‘ |
..... B---- exp L S - !?ﬁi
o—F————— |} Drip line ————————————————;.—'9"._.?i—-‘i——
oy Experiment Ly . . .
80 100 120 140 160

Neutron number, N Erler et al., Nature 486, 509 (2012)



How many nuclei can be produced?

120

W Estimated Possible
100 ® New from FRIB

B Known Isotopes

3 g0
Q. - I- uj
£ Uil
S 60 -
3 1L
5 FRIB
= 40 "

20

current
0

0 10 20 30 40 560 60 70 80 90 100 110

from B. Sherrill Atomic Number




Theoretical improvements of the energy functional:
density-matrix expansion using soft interactions

Basic idea: (-— S = §) ~ 35 Y gt I ~
2 R-2)- b 99 _ L2 _ 35 2
Vautherin & Negele (1972) p R+2’R 2 psLls F)p(R)+2skF3 Ja(skp)iVip(R) = T(R) + 5 k£°p(R)]

Gebremariam, Duguet & Bogner (2010); J. W. Holt, Kaiser & Weise (2011)

HT(r) = (g (u) + pohf (w))p;
gl" (u) + pohf” (w)) peTe

Short-range part is of Skyrme type but with a rich density-dependence in the couplings
(Long-ranged pion contributions not shown)

Discussion of nstabilities: Kortelainen & Lesinski, J. Phys. G 37 064039 (2010)



Density matrix expansion (pre optimization)

208
T Pb neutrons *3dsp
: _1'81 2 T ' T T | ' T
= 0 A R R H—: %]g 72 T SI(,)Y4 Neutron INM
: g J15/2 -— L
— o T o
§ -—l—ll—ll—la """ m 3ds) 80T | — NLO ]
= { =9 —o o—o 1i ’:; | | — N°LO |
> —a 2 e s, 11172 © o REF
20 b—¢ 2€9/2 260 |
2 5 - —s %3P/ g
o 3p3) N
q) o - - »\ 2
o T e G ST — ’2.f5/2 240 i
‘:;_3 e o o 06— 06— B - 0 lll; 9 ~—
= =
L 10 {—=u. 20
= B2y aow2f), _ o
95}
a—a--4 lhgy O/fo/o
0.1 0.2 0.3 0.4
’ : (fm”)
15 | Exp SLy4" LO NLON'LO pm

REF=Akmal, Pandharipande,
Ravenhall, PRC 58, 1804 (1998).

Stoitsov, Kortelainen, Bogner, Duguet, Furnstahl, Gebremariam, Schunck, PRC 82, 054307 (2010)



Occupation-number based energy functional for nuclear masses

Inspiration: Mass formula by Duflo and Zuker (1995); RMS=0.35 MeV

[J. Mendoza-Temis, J. G. Hirsch, and A. P. Zuker, Nucl. Phys. A 843, 14 (2010).]

Functional: [M. Bertolli, TP, S.M. Wild, Phys. Rev. C 85, 014322 (2012)] RMS=1.31 MeV

Main idea: replace densities from Hohenberg-Kohn DFT by shell-model occupations

p(r) < ng,
: _ Z(Z —
Functional: Flein,z) = co——a— A1/3 +cp—— \F
v© —.
Flesn,z) = hw(/@{in—i—IQB—I—D -
kin
+D4B + T+ A[4Bex + Lval) Iop
+ha(Dep + L+ L).
—
Adjust 17 parameters D

c={c1,¢0,...,C11,Cc, CP, Cs, Cas, Css, Cs }

by globally optimizing functional to 2049 masses

c1A,

g ATY/3 Zp

+ np

—-1/3 “p\Fp —
ey (2

+71p(np —1)

P

2N, 2
+ — 2P )
P
)

042( de -
P




Results: RMS deviation from data is 1.31 MeV

-9.962MMETTTTTT THI4.340

120

100

80

60

40

20

0 20 40 60 80 100 120 140 160

Deviations smooth across the nuclear chart
Some shell oscillations / deformations visible



Results: deviations from data as a function of N

ETHEEXP (Mev)

6

|
$

| | | |

] ]

20

40 60 80 100
N

Deformations vs. shell closures

120

140

160



Extrapolation properties of the functional

Data X (MeV)
Set Extrapolation to
Nypis | Fit [Data Set B|Data Set C
A [1837(1.38 1.34 1.40
B (2049(1.31 — 1.38
C |2149(1.37 — —
Data sets:

A: 1995 data set

B: well-determined nuclei (exp. uncertainty < 0.2MeV) from 2003 data set
C: Full 2003 data set

Functional extrapolates reasonably well
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determine the
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Shell evolution from relativistic mean-field

1 O | | | I |

| | |
1 g9/2

Single Particle Energy [MeV]

Fayans, Tolokonnikov, Zawischa,
Phys. Lett. B 491, 245 (2000) J. Meng et al., PRC 65, 041302(R) (2002)



Shell model

20 28 32

S. M. Lenzi, F. Nowacki, A. Poves, K. Sieja, PRC 82 054301 (2010).



Is >4Ca a magic nucleus? (Is N=34 a magic number?)

Results from coupled-cluster
computations with NN forces from
chiral EFT and in-medium effective

5 L

m—--a NN+3NF _
e—eLExp .

3NF: k;=0.95 fm, ¢;=0.735, c;=-0.2 >
[Holt, Kaiser, Weise 2009; Hebeler and = |
Schwenk 2010] o 5
>4Ca exhibits soft subshell closure ] !
Measurement at RIKEN (Japan)
agrees with theoretical prediction. ol
48Ca 52C£l 54Ca
E,+ (CC) (MeV) 3.58 2.19 1.89
E,+ (Expt) (MeV) 3.83 2.56 n.a.?
E,+/Ey (CC) 1.17 1.80 236
E,+/Ey+ (Expt) 1.17 n.a. n.a.
S, (CC) (MeV) 9.45 6.59 4.59
4.0¢

S, (Expt) (MeV) 9'95/26'0b

42

Recent mass measurement by Gallant et al.,
Phys. Rev. Lett. 109, 032506 (2012)

Hagen, Hjorth-Jensen, Jansen, Machleidt, TP, Phys. Rev. Lett. 109 032502 (2012)



Binding energies and spectra of Ca isotopes

-320 T T 1 T T T T T T T T 11 | I C I — [ | .
1 & | | | n | )
340 F s | — s’ | | | E
-360 6 __zCi i i 54C i 55 i -
k «-=NN +3NF ., | _ | 1 Pca ]
-380 e—e Experiment sk 1 & |—! | | b
+ -+ NN only = ) I }ES l—5/2‘ : 56 ]
-400 =3 53 ) Ca
X = N R
-420 53— — i i i i ;
440 .l.' - - " aa-a = E —_2 — : _3/7_— : 3 : : E
= 2F | /2 | —pt | | E
460 | | : | — ]
* . 1F | | | | m—2 —
450 “ | : : : :
- \’“~~-.\*_. ofF—0 —0 | —1n—1n | —0" —0" | — 5 512| — 0" —0" 1
- 1111 i 1 1 111 111 L 11 Z ™ Z M Z o) Z ™ Z ™
30404142 474849505152 53 54 55 56 5960 61 62 z 3 z 3 z 3 z 3 z 5
A z z z z Z
e e e e 1
Results 3 3 % S 2
* Effective chiral 3NF acts repulsive
53Ca 55Ca 61C£l
* In ®1Cq, level ordering s, ,,, d - : :
’ 8 5172 Ys/2 8o/ J™ Re[E] | Re[E] | Re[E] |
» 4Ca magic due to 3NF [J. D. Holt et al,J. 5/2° 1.99 1.97 1.63 1.33 1.14 0.62
Phys. G 39, 085111 (2012)] 9/2 4.75 0.28 4.43 0.23 2.19 0.02

* Dripline beyond ®°Ca?

Hagen, Hjorth-Jensen, Jansen, Machleidt, TP, Phys. Rev. Lett. 109 032502 (2012)



Optimization of chiral interaction an NNLO

A. Ekstrom, G. Baardsen, C. Forssen, G. Hagen, M. Hjorth-Jensen, G. R. Jansen, R.
Machleidt, W. Nazarewicz, TP, J. Sarich, S. M. Wild, arXiv:1303.4674

2N Force 3N Force
LO
0 Kept fixed
(Q//\Y> m7r+«.m7r—am7r°~,mn~, mpv gAsf‘/r- /\L5~/\X
X Adjusted parameters
I\\ // K\\\\ ~ pp ~ ~ np ~
NLO = . CISO. Clnsrz). 150. C351
(Q/Ax)Q o [ e N C150. Capo. Clpl. Capl. C351~ C351—3D1- C3p2
- 4 c1, C3, 4, (Cp, CE)

NNLO H{
me K

Weinberg; van Kolck; Epelbaum, Glockle & MeiBner; Entem & Machleidt; ...



Optimization to phase shifts; x? from data

N, (SNNLO(,I—:) . O‘Nijm93 2
T q

w q

7N LEC  7wN-scattering®  NN-PWA?  NNLO® N3LO POUNDerS

a [GeV™']  -081+0.15  -0.76+0.07 -081 -081  -0.9186
¢ [GeVTY] 4694134  -4784+0.10  -340 320  -3.8887

a [GeVTY  +3.4040.04 4396 £0.22 +340 +540  +4.3103

L 2N Fit 1, in P. Biittiker, U-G. MeiBner Nucl. Phys. A 668, 97 (2000)
2 NN PWA, in M. C. M. Rentmeester et al. Phys. Rev C 67 044001 (2003)

3 E. Epelbaum et al., Eur. Phys. J. A19, 401 (2004)



\°/datum, np scattering data (1999 database)

The previous picture...

Tiap bin (MeV) N3LO NNLO! NLO! Avis

0-100 1.06 1.71 520 0.95
100-190 1.08 12.9 49.3 1.10
190-290 1.15 19.2 68.3 1.11

0-290 1.10 10.1 36.2 1.04

1 E. Epelbaum et al., Eur. Phys. J. A19, 401 (2004)

... changes with POUNDerS

Tab bin (MeV) POUNDerS-NNLO(500)
0-35 0.85
35-125 1.17
125-183 1.87
183-290 6.09
0-290 2.95

A. Ekstrom (UiO/MSU) Optimizing NNLO TRIUMF, February 2013 13 / 40



\°/datum, pp scattering data (1999 database)

The previous picture...

Tiab bin (MeV) N3LO NNLO! NLO! Avis
0-100 1.05 6.66 57.8 0.96
100-190 1.50 28.3 62.0 1.31
190-290 1.93 66.3 111.6 1.82
0-290 1.50 354 80.1 1.38
1 E. Epelbaum et al., Eur. Phys. J. A19, 401 (2004) |
Tiab bin (MeV) POUNDerS-NNLO(500)
0-35 1.11
35-125 1.56
125-183 23.95 (4.35)
183-290 29.26
0-290 17.10 (14.03)?

2 Total (0-290) MeV pp xz/datum when excluding two low-uncertainty data sets.

A. Ekstrom (UiO/MSU) Optimizing NNLO TRIUMF, February 2013 14 / 40



Phase Shift (deg) Phase Shift (deg)

Phase Shift (deg)

Optimization with POUNDerS
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Nucleon-nucleon properties

N*LOgnm NNLOpt Exp.
v -7.8196(26)
C
a$, 78188 -T81TA o (29)
2.790(14)
C
rs, 2.795 2.755 >.769(14)
apy -17.083  -17.825
r, 2.876 2.817
. -18.900  -18.889  -18.95(40)
np -23.732  -23.749  -23.740(20)
T'np 2.725 2.684 2.77(5)
Bp (MeV) 2224575 2224582  2.224575(9)
rp (fm) 1.975 1.967 1.97535(85)
Qp (fm?) 0.275 0.272 0.2859(3)
Pp (%) 4.51 4.05




Oxygen isotopes (NN only)
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Calcium isotopes (NN only)
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Three nucleon force

TABLE IV. Ground-state energies (in MeV) and point proton
radii (in fm) for *H, *He, and *He using the NNLO,,; with

and without the NNLO 3NF interaction for ¢p = —0.20 and
cp = —0.36.
E(*H) E(°He)  E(*He) r,(*He)
NNLO -8.249 -7.501 -27.759 1.43(8)
NNLO+NNN -8.469 -7.722 -28.417 1.43(8)
Experiment -8.482 -T.7T17 -28.296 1.467(13)




Three-nucleon forces

« Matrix elements of 3NFs up to energies E =14 hw

3max

* Insufficient to reach converged results for binding energies

* Convergence of energy differences somewhat better

* Error estimates based on variation 16 MeV < hw £ 22 MeV

NN +3NF 2.3(3) MeV 3.5(5) MeV 4.8(7) MeV
NN only 2.5 MeV 5.0 MeV 4.5 MeV
Experiment 3.2 MeV 4.7 MeV 3.8 MeV



E/N (MeV)
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Neutron matter with optimized chiral
interactions at NNLO

I | T I I I I I

EGM 450/500 MeV
EGM 450/700 MeV

GCR

I
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0.05 010
neutron density (fm)

GCR=Gandolfi, Carlson, Reddy,
Phys. Rev. C 85, 032801 (2012)

EGM=I. Tews, T. Kruger, K.
Hebeler, and A. Schwenk, Phys.
Rev. Lett. 110, 032504 (2013)

Pauli-operator from [Suzuki
et al. (2000)]; Coupled
cluster (and Bruckner HF)
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Summary

* Optimized functionals from UNEDF collaboration with emphasis on correlations and
quantification of uncertainties

* Shell evolution in isotopes of calcium; interesting commonalities between energy

functional studies and coupled-cluster method (quenching of single-particle orbitals
beyond ®°Ca)

* Optimization of chiral interaction at NNLO



