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Ab Initio CALCULATIONS OF LIGHT NUCLE]

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

e Binding energies, excitation spectra, relative stability
e Densities, electromagnetic moments, transition ampasydluster-cluster overlaps
e Low-energyNA & A A scattering, astrophysical reactions
REQUIREMENTS
e Two-nucleon potentials that accurately describe ela$fit scattering data
e Consistent multi-nucleon potentials and electroweakesuroperators
e Precise methods for solving the many-nucleon 8dimger equation
RESULTS
e Quantum Monte Carlo methods can evaluate realistic Hamdts accurate t601-2%
e About 100 states calculated fdr < 12 nuclei in good agreement with experiment
e Applications to elastic & ineleastig w scattering{e, e'p), (d, p) reactions, etc.
e °He =na scattering and low-energy electroweak astrophysicatim@as

e \We can explore “fine-tuning” issues in nuclear forces andispe



OUTLINE

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, ¢'pNV)

Sensitivity of nuclear spectra to forces & hadron masses
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THREE-NUCLEON POTENTIALS

Urbana IX (UIX)
Vi = V2" + V5,

lllinois 2 (IL2,IL7)
Vi = Vi +Vigi® +V,

3TAR
7k

+ V;;?k




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)

V) = { H fss( ng Z 6LS K H fsp(Tki) H fop(T1m)

i<j<4 k<4<I<A 4<l<m<A
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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)

af |ST] -2 r”’ ”))] 8)

i< gO (%] r7a77r7,j

Gos(R,R') = ™27 G(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(7')>Mixed — <O>v]

o)
O htined = “ Ty

(W(r/2)|H[¥(7/2))

W 2[w(r/2) O

(H (7)) Mixed =

Propagator cannot contajri, L, or (L. - S)* operators:
G 3. (R, R) has onlyvg
(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 reducedlBy- 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 (71 + 72).] &
Isotensor CD ~ 1% 2] energy components:

Ear(T:)= > an(A,T)Qn(T,T:)

n<2T

Qo=1;,01=T,;Q2= %(3T3—T2)
StrongType |1l CSB (constrainedt20% by

nn scattering length) fixes isovector terms.

Strong Type Il CD (constrained by'So pp
andnp scattering) overdoes isotensor;
need P-wavéVNN scattering constraint?

m E.M.+K.E.

® Total

| | sovector
(I 3H-*He
me ®HeSLi"-Be
N, He-Li"-'Be’-'B
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m, SLi-°Be’-9B"-9C
n, “Be-B
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0 o °HelLi"-Be
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B ° 8He_8|_i*_..._8C
lo'm 8Li-8Be’-°B
0 o 9Li-9Be™-9B"-9C
= ‘ . 10Be-108™-10C
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Ratio to experiment




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)

-36

-40

-44

-48

-52

-56

-60

*D[431]

*P[431]

'Gla4]




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?/SB = (11 —72)2(01 —0o2) -Lu(r)

+ (11 X T2)z(01 X 02) - Lw(r)

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



SINGLE-NUCLEON DENSITIES
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Tn Tp Tec Expt
‘He 1.45(1) 1.45(1) 1.67(1) 1.681(4)* *Sick, PRC77, 041302(R) (2008)
6He 2.86(6) 1.92(4) 2.06(4) 2.072¢9) TWang,et al., PRL93, 142501 (2004)
8He 2.79(3) 1.82(2) 1.94(2) 1.961(16) TMueller, et al., PRL99, 252501 (2007)




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

vk :.*

GFMC(IA) ';: 8Li °B
VMC(MEC)

GFMC(MEC)

EXPT ‘Be

3He ‘f

o
L ¢

Marcucci, Pervingt al. PRC78, 065501 (2008)




M1, E2, F, GT transitions

E2 = ezk% [T%YQ(?%)] (1+ 752)

M1 = MNZk[(Lk + gpSk)(1 + 7x2)/2
+ gnSk (1 — 7x2)/2]

F=3% 7t ; GT =3, 05Tkt

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




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

por(k) :/drll dridrg ---dra wjr]MJ(rll’rQa°°°arA)e_ik.(rl_r/l)PUT(l)’(pJMJ(rlarQa"'
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P1(K)
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103%%, | | -
102 * .'..o —
10t ", Prp |
100 B ppp ..o...%. |
10‘1 | ..o.. ..0... |
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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)




DOES IT REALLY HAVE TO BE THAT COMPLICATED?

We have excellent description of light nuclei using accaifélv potential supplemented by
realistic3/N potential. But what happens to nuclear spectra with sinfplee models?

AV8' :[1, 0;- 04, Sij, L-S|®[1, 7 - 7] 150
Fits Cl S- and P-wave scattering data &t 100
AVG6’ : [1, g; 0y, Sij]@)[l, 7'7;~7'j] 50;
Drop spin-orbit force ?P-wave data goes ba§ ; Hodd
readjusted to keepH binding correct >5— i |
50
AVA' (1, o5 - 05] ®[1, T3 - T§] i L=even | /
Drop tensor force P-wave worse; no Q iAH 199 HONL
readjusted to keepH binding correct 150, S R L
AV1' : [1] m

Average L=even potential only; still has attractive well &ulsive core
both dineutron andH weakly bound

Coulomb potential/c = % added between atip pairs.



Energy (MeV)

-100
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T/ 1/
5/2-
:gz<<5/2"
L/ N7
G+t——:[‘\ &1/2_
3/2°
a+a
2p[3
2F[3]
2p[21]
What Makes P[21
s[11] 7|
Nuclear Level Structure?
. 1S[4
GFMC Calculations 1D[[4]]&
G[4
3D[3[1L5
SP[31]==
AV1' AV4' AVE' AVS' 512[[2222]( i
¢ ® 3p211 °Be

1OE3

Wiringa & Pieper, PRL89, 182501 (2002)



CONSEQUENCES

AV1’ : approximately reproduce4=2-4 nuclear binding, but no saturation fdr> 5. Nuclear
matterE(po)/A ~ —80 MeV indicates repulsive core is not source of nuclear stitura
Ordering of excited states inverted and compressed compaexperiment. Big Bang would
produce very heavy neutron-rich nuclei — mini-neutronstar

AV4' . Much better saturation; ordering of excited states impdovith less compressiom=5
no longer stable, bui=8 still stable. Indicates importance of spin-isospin exuae forces for
achieving saturation.

AV6’ : Addition of tensor force maked=8 unstable, but stability of intervening=6,7 nuclei
too close to call.

AV8' : Addition of spin-orbit force definitely stabilizés’ Li nuclei while keeping4A=5 & 8
unstable; excitation spectrum looks pretty good.

This model might produce a universe much like ours!
Borromean nuclet"*He, ”Be may need/; ;. for stability.



NUCLEAR BINDING AND HADRONIC MASS VARIATION

Could fundamental “constants” have varied over the histdiyre universe?

Theories unifying gravity with other interactions suggst possibility of temporal and spatial
variations of physical “constants” in the expanding urseer

Some evidence for variations in the fine structure constastrength of the strong interaction,
and particle masses has been inferred from studies of bigy tnacieosynthesis, quasar
absorption spectra, and the Oklo natural nuclear reactor.

Program for studying the universe’s dependence on the aqonassX, = m,/Agcp:
e Study how hadron masses depend on quark masses
e Evaluate how nuclear binding depends on hadron masses

e Study consequences for big bang and stellar nucleosyathesi



HADRON MASS DEPENDENCE ON CURRENRUARK MASS

Prediction from a Dyson-Schwinger equation study of thensigerms of light-quark hadrons:
V.V.Flambaum, A.Hll, P.Jaikumar, C.D.Roberts and S.V.WridBS 38, 31 (2006}
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;—if{ ‘ 0.498 0.021 0.034 0.064 0.041

Other models are possible, but we expect pion mass to varynaqusly due to
Gell-Mann-Oakes-Renner relation> = m, and that other masses will vary in the same
direction, i.e., all get larger or smaller together.



HAMILTONIAN DEPENDENCE ON HADRON MASS
Consider Hamiltonian with three different interaction retsd
e Argonneuwss (AV28) : coupled-channels OPE with explic’s fit to 1981 phase shifts
e Argonnewvis4 (AV14) : nucleons-only with approximate TPE, phase-equivaleAit?3

e Argonnewv;s (AV18) : updated AV14 with charge-independence-breaking fit t@31®&a,
weakerf, nn, deeper well, stiffer core; supplement withbana X (UIX) V;

and allowmy, ma, m~, andmy[= % (m, + m.,)] to vary.

mn (ma) enters explicitly through kinetic enerdy; and implicitly througfﬂw-exchange}{j
m~ enters explicitly through; (V27" ) and implicitly through2r-exchange;;
my enters implicitly through short-range’,



EVALUATING MASS DEPENDENCE

Change hadron masses; one at a timet0.1% and recalculaté’. Two-nucleon cases
evaluated exaclty. Multi-nucleon cases evaluated usingti@anal Monte Carlo.

Results can be expressed as dimensionless derivatives:

AE(mpu) = OB/B

~ dmuy/my

and combined with given model (such as DSE) for correlatetwben hadron and quark masses:

omu(my)

E(mg)=FEo |1+ ZAg(mH)

my

my



Two-nucleon binding energy dependence on quark mass fromdb#lies




Multi-nucleon E(my) for “full”

AV18+UIX calculation with DSESmy /mu

E (MeV)




CONSEQUENCES FORBIG BANG

Dent, Stern, and WettericlRRD 76, 063513 (2007) calculated sensitivity of BBN abundances for
*H, *He, and’Li to variations inA=2-7 binding energies. Folding our results with theirs, we
find these BBN abundances will be in much better agreemehttivet WMARP value ofy

(baryon to photon ratio) fof X,/ X, = K - (0.013 + 0.02) wherek — 535?5@(1 ~ 1isthe

total sensitivity to the light quark mass.

K 1Sy(np)  2H 3H 3He  *He SHe  SLi Li ‘Be  ®Be
AV28 45 -0.75

AV14 73 -084 -089 -09 -069 -081 -0.89 -1.03 -1.09 -0.92
AV18+UIX 114 -139 -144 -155 -108 -124 -136 -150 -157 -1.35

Flambaum & Wiringa, PR@6, 054002 (2007)
Flambaum & Wiringa, PR@9, 034302 (2009)



