Ab Initio CALCULATIONS OF NUCLEAR STRUCTURE
(AND REACTIONS)

GOALS
Understand nuclei at the level of elementary interactia@tg/ben individual nucleons, including

e Binding energies, excitation spectra, relative stability
e Densities, electromagnetic moments, transition amsidluster-cluster overlaps
e Low-energyNA & AA scattering, astrophysical reactions
REQUIREMENTS
e Two-nucleon potentials that accurately describe eldsi€scattering data
e Consistent many-nucleon potentials and electroweak cuo@erators
e Precise methods for solving the many-nucleon 8dimger equation
|SSUES TODISCUSS
e Theoretical advantages and limitations of a given Hamittomor method
e What benchmarks to calculate for comparison of differenthoes

e What experiments to test and refine our models and methods
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Hamiltonian

Variational Monte Carlo

Green’s function Monte Carlo

Binding energy results

Nolen-Schiffer anomaly &Be isospin-mixing
Densities and radi

Meson-exchange currents and magnetic moments
M1, E2, F, GT transitions

N A scattering & astrophysical reactions

Nucleon momentum distributions & (e, e’pN)
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THREE-NUCLEON POTENTIALS

Urbana (UIX)
Vi = Visi© + Vife

lllinois (IL2,IL7)
Vijie = VRD + ViSRS + Viiar

+ V;?k + mG




VARIATIONAL MONTE CARLO

Minimize expectation value off
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Trial function (s-shell nuclei)
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Functionsf.(r;;) andu,(r;;) obtained from coupled differential equations with .



Correlation functions
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Trial function (p-shell nuclei)
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Diagonalization
In 3151, basis to produce energy spectidJ; ) and orthogonal excited statés, (J; )

Expectation values

Ty (R) represented by vector with* x (%) spin-isospin components for each space
configurationR = (r1, ra, ..., r4); EXpectation values are given by summation over samples
drawn from probability distributio®V (R) = |¥ p(R)|?:

(Uy|O|¥y) T (R)OTv(R) vl (R)Tv(R)
Wy S w®m T wm)

U is a dot product an@ O T a sparse matrix operation.



GREEN S FUNCTION MONTE CARLO

Projects out lowest energy state from variational trialcfion

U(7) = exp[—(H — Eo)7]¥y = ) exp[—(En — Eo)Tlantn

\IJ(T — OO) = (,'L()on

Evaluation of¥ (7) done stochastically in small time steps-
\If(Rn, 7’) = /G(Rn, Rn_1) c e G(Rl, Ro)qfv(R())an_l s dRo

using the short-time propagator accurate to ofder)® (V;,x term omitted for simplicity)

of |ST] -2 Sl ”))] 18)
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Gos(R,R') = e™°"Go(R,R)

where the free many-body propagator is

andgo ;; andg;; are the free and exact two-body propagators

gij(rij, i) = (rijle ij



Mixed estimates

(O(7)) = (W(7)|O]¥(7))

<\IJ(T)|\IJ(7-)> ~ <O(T)>Mixed + [<O(T>>Mixed — <O>v]
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O htined = “ Ty

(W(r/2)|H[¥(7/2))

W 2[w(r/2) O

(H (7)) Mixed =

Propagator cannot contain spin or isospin-depenggnt?, or (L. - S)? operators:
Gs. (R, R) has onlyvs
(v1s — vg) computed perturbatively with extrapolation (small for /A8)1

Fermion sign problem limits maximum
(3. (R, R) brings in lower-energy boson solution
(Uy|H|W (7)) projects back fermion solution. but statistical errorsiggexponentially

Constrained-path propagatiaiemoves steps that have

T (7, R)U(R) = 0

Possible systematic errors rducedlly— 20 unconstrained steps before evaluating observables.



E[T) (MeV)

GFMC propagation of three states‘ini
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Nolen-Schiffer Anomaly

Extract isovectorCSB o< (73 + 75).] &
iIsotensor CD o« T;,] energy components:

Ear(T:)= ) an(AT)Qn(T,T:)

n<2T

Qo=1;Q:1=T,.;Q2= %(STB—TQ)
StrongType Ill CSB (constrainedt=20% by

nn scattering length) fixes isovector terms.

Strong Type Il CD (constrained by*Sq pp
andnp scattering) overdoes isotensor;
need P-wavéVN scattering constraint?

m E.M.+K.E.
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GFMC isovector and isoscalar energy coefficients for AV13+h keV

an(A,T) KB  yoi(pp) o0l 08B 4CP Total Expt.
a1(3, 3) 14 650(0) 28 65(0) 757(0) 764
a1(6,1) 18 1118(2) 14 54(1) 1203(2) 1173
a1(7,3) 23 1446(3) 36 86(1) 1592(4) 1641
a1(7,32) 17 1270(3) 9 52(1) 1348(4) 1373
a1(8,1) 23 1660(4) 19 78(1) 1780(5) 1770
a1(8,2) 22 1624(4) 71(1) 1726(4) 1659
a1(9, 3) 19 1709(6) 4 55(1) 1786(7) 1851
a1(9, 3) 26 1974(6) 19 90(1) 2109(7) 2104
a1(10,1) 25 2123(7) 18 55(1) 2250(8) 2329
az(6,1) 167(0) 19 109(8) 295(9) 224
az(7, 2) 129(0) 38(5) 174(5) 175
az(8,1) 137(1) 4 —10(8) 132(8) 145
az(8,2) 144(0) 39(3) 189(3) 127
az2(9,2) 153(1) 7 38(8) 198(9) 176
a2(10,1) 166(1) 12 119(18) 297(19) 241




Isospin-mixing in°Be

Experimental energies off2states
F, =16.626(3) MeVI'; = 108.1(5) keV
FEy, =16.922(3) MeVI'y = 74.0(4) keV

Isospin mixing of 2 ;1 and 2" ;0*
states due to isovector interactioh; :
U, =0Wg+ vV ; Uy =Py — U,

decay throughl” = 0 component only
Iy /Ty =p%/v*=3=0.77;v=0.64
Fop = Hoo —5 Hq

)2 + (Hou)?

— H
n \/<Hoo2 11

Hopo = 16746(2) MeV
H11 = 16.802(2) MeV
Hy = —145(3) keV

Energy (MeV)
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Isospin-mixing matrix elements in keV

Hoq KCSB yCSB Vo (Coul) (MM)
2T;1<27,0 GFMC  —115(3) —3.1(2) —21.3(6) —90.3(26) —78.3(25) —12.0(2)
Barker —145(3) —67
17;1<17;,0 GFMC —102(4) —2.9(2) —18.2(6) —80.3(30) —79.5(30) —0.8(2)
Barker —120(1) —54
371370 GFMC  —90(3) —2.5(2) —14.8(6) —73.1(21) —60.9(21) —12.2(2)
Barker —62(15) —32
2+:1<27,0 GFMC —6(2) —0.4(2) —1.3(4)  —4.4(12)

Barker, Nucl.Phys83, 418 (1966)

Coulomb terms are about half éf,;, but magnetic moment and stroigpe Il CSBare
relatively more important than in Nolen-Schiffer anomadiitl missinga 20% of strength.

StrongType IV CSBwill also contribute (probably best nuclear structure plaxlook):

Vi'? = (ri—15):(00 —0j) - Lu(r)

+ (1 X 7j)2(0i X 0j) - Lw(r)

Preliminary resultw” oc 1, ~ =2 keV & w™ o (M,, — M) ~ —2 keV.



SINGLE-NUCLEON DENSITIES

1:‘:’7'7;

ppn(r) =Y (U]6(r —rs) 5|19

T \‘“ T ‘ T T ‘ T T ‘ T T ‘ T T T T T ‘ T T T ‘ T T T |
0_157 ® + 4He | 10—1 , 4He .
® 4 °He - Proton | 4 SHe - Proton -
i ° % °He - Neutron’ N A SHe - Neutron.
— . ® ® 8He - Proton _ F-'E 102 % 8He - Proton —
E 0.10- o o 8He - Neutron| = & 8He - Neutron:
- - W 0 0o e A |
= - X 3 ﬁﬁl’ja
2 I > 10 048 A =
S = 02 A ]
a - c o2 A
0.05 - a i N o
i 104 B N
L B oY A
| — - AAA
OO%HH\HH\HH\HH\H 10—5 L \ | L \‘\ [ A‘ Lo \ [
1.5 2 2.5 3 0 2 4 8 10 12
r (fm) r (fm)
RMS radii
Tn Tp Tec Expt
‘He 1.45(1) 1.45(1) 1.67(1) 1.681(4)* *Sick, PRC77, 041302(R) (2008)
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TWO-NUCLEON DENSITIES
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FIG. 3: (Color online) Experimental charge radii of beryllium
isotopes from isotope shift measurements (e) compared with
values from interaction cross section measurements (o) and
theoretical predictions: Greens-Function Monte-Carlo calcu-
lations (+) [20, 21], Fermionic Molecular Dynamics (A) [22],
ab-initio No-Core Shell Model ([J) [12, 23, 24].

Norterskausergt al., arXiv:0809.2607



Nuclear Electromagnetic Currents

Marcucci et al. (2005)

j=j%

+ | (2)(v) + +

Qﬂ

+ | (3)(V 2“) transverse

e (Gauge invariant:

a- [i9 +iP @) + 5DV = |T+v+ V27, )]

p is the nuclear charge operator




MAGNETIC MOMENTS
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Marcucci, Pervingt al. (arXiv:0810.0547)




M1, E2, F, GT transitions

E2 = ezk% [r2Ya(Pr)] (14 T52)

M1 = pnd 4 [(Le + gpSk)(1 + Tx2)/2
+ gnSk (1 — 7x2)/2]

F=> 1+t GT =, 06Tkt

Pervin, Pieper & Wiringa, PRE6, 064319 (2007)

~ CK

® GFMC(IA)
¢ VMC(MEC)
w GFMC(MEC)
* EXxpt.

5He(2:0 - 0*;0) B(E2)
6Li(3%;0- 1*:0) B(E2)

‘o Li(2%;0- 1*,0) B(E2)

6Li(0*;1-1%;0) B(M1)
6Li(2*;1-1%:0) B(M1)
Li(1/2- - 3/2) B(E2)
Li(1/2- - 3/2) B(M1)
Li(7/2- - 3/2) B(E2)
Be(1/2 - 3/2) B(M1)
SHe(0") - 6Li(1%) log(ft)
"Be(3/2) - 7Li(3/2) log(ft)
"Be(3/2) - 7Li(1/2') log(ft)
'Be(3/2) B.R.

Ratio to experiment




1'Be(27) levels

10Be(271) levels at 3.37 and 5.96 MeV have
same! D, [442] spatial symmetry.

Calculations give large but opposite sign quadrupole

moments) ~ +50 mb.
Level ordering depends oH.

14

Argonne Vg
Without & with lllinois-2

Excitation energy (MeV)

\ AV18 IL2 T
'6 C [S)

GFMC calculations of BE'2 |) give:
10Be(21;Q < 0) = 7.9(3)e?fm*
10Be(21;Q > 0) = 2.1(3)e?fm*
compared to experimental compendium
10Be(27;3.37) = 10.5(1.0)e?fm?

McCutchan & Lister doing ATLAS
experiment to study transitions among these
states — preliminary result:

10Be(27;3.37) : 7.9(1.0)e?fm?
suggesting firs T state hag) < 0

Calculations fory — 27 give:
B(E2 |) = 6.9(1.0)e2fm* (GFMC)
B(M1 |) very small (VMC)
Previous experiment found mosthy 1



GFMC FOR SCATTERING STATES

GFMC treats nuclei as particle-stable system — should bd mceenergies of narrow resonances
Need better treatment for locations and widths of wide state for capture reactions

METHOD

Pick a logarithmic derivativey, at some large boundary radiug £ ~ 9 fm)
GFMC propagation, using method of images to presgree Rz, finds £( Rz, )
Phase shift§(F), is function of Rg, x, E

Repeat for a number of until §( ) is mapped out

+ "bound state"
® Log-deriv =-0.168 frrt

23
Example forPHe(3 )

e “Bound-state” boundary 24
condition does not
give stable energy;
Decaying to n¥He
threshold

-25

E@) (MeV)

>

e Scattering boundary
condition produces
stable energy.




GFMC for°He asn+*He Scattering States

Black curves: Hale phase shifts froR¥matrix analysis up to/ = % of data
AV18 with no V; ;. underbinds’He(3/2~) & overbinds®He(1/2")
AV18+UIX improves®He(1/27) but still too small spin-orbit splitting
AV18+IL2 reproduces locations and widths of bdthwave resonances

180 L B B Bt B B B
A . : AV18+IL2
1
B 2 b 77 [ —— L Y B B I
150 - - i
i \ I 6 -
120 ) . 50 E
m) L _ B ]
o) - i
o | =~ =
=) m AVIBHUIX | T 4C .
3 90 . = -
s - o Avig:l2 | 3 b .
P — R-Matrix - E
60 oL _
1 =
30 — —
. - ‘ T L1 o B B R
C)0 ! 2 3
I I ‘ I S A ‘ I S A ‘ I I
% 1 2 3 4 5 Ec.m. (MeV)

E. .. (MeV)
Nollett, et al., PRL 99, 022502 (2007)



RADIATIVE CAPTURE REACTIONS

e 5 (ol s
3 Urel 1+Q/mL1 LSJ¢

‘ ‘ I I I I ‘
o+ iime 3He(@,y)Be

* SH(a,y)’Li (x4)

3H(a,v)Li  3He(a,v)"Be

Sources of Li in big bang

"Be key to solaw, production

S Factor (MeV b)

1 15 2
C.M. Energy (MeV)

Nollett, PRC63, 054002 (2001)

2.5



SINGLE-NUCLEON MOMENTUM DISTRIBUTIONS
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P1(K)
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TWO-NUCLEON & CLUSTER-CLUSTER DISTRIBUTIONS
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TWO-NUCLEON KNOCKOUT — A(e, e'pN)

JLAB experiment for*C(e, e’pN) measured back-to-bagl andnyp pairs
Pairs withgre1 = 2—3 fm™ ! shownp/pp ratior~ 10-20  Subediet al., Scienced20, 1476 (2008)

106, Y pp np
(1008. 4
4l o8 ° AV18+UIX He |
10 8 4
o, °o —— AV4' ‘He
N 6\
E £ 10F
=) <)
T 4 RE

P (a:Q
P (@.Q

q(fm’)
VMC calculations for pairs witlf).; = 0 show this effect irA=3-8 nuclei
Effect disappears when tensor correlations are turned off

Shows importance of tensor correlationsst@® fm—*

Schiavilla, Wiringa, Pieper & Carlson, PRA8, 132501 (2007)



For Qiot > 0 (Q || q), the minimum inpp distribution fills in:

‘_

Q=0.0 fm?
Q=0.25 fm!

For g:.1 integrated over 300-500 MeV/c, the ratiomfto pn pairsR,, /px
compares well with preliminary analysis of CLAS data féte(e, e’ pp)n

Wiringa, Schiavilla, Pieper & Carlson, PR, 021001 (2008)

0.6

Q (fm)




CONCLUSIONS

ADVANTAGES/LIMITATIONS

e No basis required - very general trial functions with propgymptotic structure can be used

e limited to configuration-space local potentials

e calculation requirements grow exponentially wih

e Most accurate method far < A < 12
BENCHMARKS

e neutron drop$~'*n for UNEDF

e '2C ground state energy," excited state, form factors

e '2C(07) triple-alpha resonance
EXPERIMENTS

e charge radii (both absolute and relative along isotopenshai

e B(M1), B(E2), B(GT), etc. for6 < A < 12 with modern methods



