Modern Theory of nuclear forces

Lectures 1+2: Foundations

Lecture 3: Foundations (cont.) + derivation of nuclear forces

Lecture 4: (i) Chiral nuclear forces: State of the art
(i) Nuclear lattice simulations
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e unified description of nr,
ntN and NN

e consistent many-body
forces and currents

e systematically improvable

e bridging different reactions
(electroweak, n-prod., ...)

e precision physics with/from
light nuclei
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Vnn = Ve(r)+ 71 2Wel(r) + [Vs(r) + 7 - Ws(r)] 71 - 72
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shiral'two=pion excnanc A0 "NN"dat

Nijmegen Partial Wave Analysis V(r) ]
Rentmeester et al.’99,‘03 %
Z

Number of BC parameters needed to achieve

Y2datum ~ 1 for a given long-range part (input) EM + [Nijm78; 1z; 17+27]

Z

Energy-dependent
boundary condition

31 (1n) = 28 (1n +2x [NLO]) = 23 (17 + 21 [N2LO])

»,pDeconstructing“ neutron-proton phase shufts Bsirse, McGovern 06

Idea: Subtract effects of the long-range intersction from phase shufts (DWBA) and look at the
residual energy dependence
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The challenge:

Understanding the 3N force

® Today's few- and many-body calculations have reached the
level of accuracy at which it is necessary to include 3NFs

® Inspite of decades of efforts, the structure of the 3NF is still
poorely understood
Kalantar-Nayestanaki, EE, Messchendorp, Nogga, Rev. Mod. Phys. 75 (2012) 016301
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Krebs, Gasparyan, EE, arXiv:1302.2872 [nucl-th]

22 independent operators (coord. space)

G =1,

Go = T1 T3,

g3 = 0103,

Gs = T1-T3071 03,

gs = T2 T30 02,

QG = 7'1~(1-2><7-3)51-(52><53),

Gr = 71 (T2 X 73) G2 (12 X Fa3) , Building blocks:

s = fo3- 0112303, L L L L
Go = T3 - F3i1a -1, T1, T2, T3, 01, O2, 03, T'12, 123
Gio = fa3- 0171203, .

. . Constraints:

Gi11 = T2 -T3T3 01723 02,

Gi2 = T2 T3flo3- 0171202, — locality,

I = TR T G 2O — isospin symmetry,

Guu = T2 -T3712:-01T12 02, . . . .
5 L — parity and time-reversal invariance
Gis = T1-T3f13 0171303,

Gie¢ = T2 -T3T1202712 03,

23 x = & = 22

Gi7 = T1-T3fe3 0171203,

’ Lo —> Van =) G; Fi(ri2,723,731) + 5 perm.
Gis = T1- (T2 X T3) 10302 (F12 X Ta3), Z ’ Z( T )

J ( i—1

Gi9g = T1-(T2 X T3)03-Ta37e3 - (01 X 02),

Goo = T1- (T2 X T3) 01 - 2302 - P23 03 - (P12 X Ta3),

g21 = Tl'(TQ XT3)O_')1'72130_"3'7¢'130_32'(7¢'12 ><ff’23)7
(

g22 = T1- ‘7'2XT3)5')1'7¢'236:3'7¢'125')2'($12X/ﬁ23)7
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Krebs, Gasparyan, EE, arXiv:1302.2872 [nucl-th]

22 independent operators (coord. space)

Gi =
Go =
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Gu =
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G
~gg
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018

Gio =
Goo =
g~21 =

g~22
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A

23 -

T2
T2
T2
T2
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T2

T1 *
T1 *
T1
T1
T1

T1

"T3,

- 03,

- T301 03,

- T301 02,
(T2 X T3) 07 -
(T2 X T3) 9 -

- 0172303,

0371201,

0171203,

“T3T93 01723 "
T3 T3 017112
T3 T12 - 01723
“T3T12 - 01712
- T3713 - G113 -

“T3T12 - 02712 -

(52 X 0_"3),

(12 X T23),

01 - G302 - (P12 X T23),
73 T3 T3 - (01 X 02) ,
71 - T3 O - T23 03 - (P12 X To3),
71 - 713 03 - 713 02 - (P12 X To3),

51 - a3 O3 - T12 02 - (T12 X Ta3),

Building blocks:

T1, T2, T3, 01, 02, 03, T'12, T23

Constraints:

— locality,
— isospin symmetry,
— parity and time-reversal invariance

22 -
— Vin=> &F,

=1

5 perm.

125723, 7'31) J

derivable in ChPT; long-range
terms parameter-free
predictions




@ Nd scattering: accurate description at low energy except for
Ay-puzzle (fine tuned) and some breakup configurations }--+-* + }»->< + >K
® Uncertainty grows rapidly with energy (higher orders ?)

i ing fi - 2 LECs tuned to few-N dat
® 4N continuum: an emerging field (lectures by Michele) S tuned to few-i data

(e.g. 3H, *He BEs)

Nd elastic cross sections Nd breakup at Eq=130 MeV
at low energies Stephan et al., PRC 82 (2010) 014003
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@ Nd scattering: accurate description at low energy except for
Ay-puzzle (fine tuned) and some breakup configurations }--+-* + }»->< + >K

® Uncertainty grows rapidly with energy (higher orders ?)

. . . 2 LECs tuned to few-N dat
® 4N continuum: an emerging field (lectures by Michele) 0. °H, tHe BES)

Corrections to the leading S3NF beyond N2LO
are being investigated
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Krebs, Gasparyan, EE ’12
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4 N7 7 7 7 7 -\ = _ - _
C1 C2 C3 cy |di +d2| ds ds |di4a — dis| €14 €15 €16 6171 €18

Q* fit to GW[—1.13]3.69| —5.51(3.71| 5.57 |—5.35/0.02] —10.26 |1.75| —5.80 |1.76]|—0.58]0.96
Q" fit to KH|-0.75]3.49| -4.77|3.34) 6.21 |-6.83]0.78] —12.02 |1.52)—10.41]6.08}-0.37|3.26




Summary: chiral nuclear forces

@ Chiral NN potentials are available at N3LO and provide accurate description of NN
scattering up to Ejap ~ 200 MeV.

® 3NF: promising results at N2LO; corrections are under investigation

® 4NF: starts contributing at N3LO; probably small (expectation value for the a-particle
about a few 100 keV...)



Nuclear Lattice Effective Field Theory

The Collaboration: E.E., Hermann Krebs (Bochum), Timo Lahde (Julich), Dean Lee (NC State),
UIf-G. MeiBner (Bonn/Jilich), Gautam Rupak (Mississippi State)

Borasoy, E.E., Krebs, Lee, MeiBBner, Eur. Phys. J. A31 (07) 105, n A
Eur. Phys. J. A34 (07) 185,
Eur. Phys. J. A35 (08) 343,
Eur. Phys. J. A35 (08) 357, p §
E.E., Krebs, Lee, MeiBBner, Eur. Phys. J A40 (09) 199, N
Eur. Phys. J A41 (09) 125, >
In §:§ Phys. Rev. Lett 104 (10) 142501, 2
Eur. Phys. J. 45 (10) 335, ¢
In S‘gg Phys. Rev. Lett. 106 (11) 192501, =
E.E., Krebs, Lahde, Lee, MeiBner Phys. Rev. Lett. 109 (12) 252501,
Phys. Rev. Lett. 110 (13) 112502, Y,
arXiv:1303.4856 —~
a~1...2fm
HadronPhysicsy . European
E:;L:‘ﬁ!clj%ﬁgemeinschaﬂ @ neLmmovrz \"‘n = O JULICH rc gzz::fh
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Discretized version of A 2
chiral EFT for nuclear (Z 5 — + O(m]_v?’)) + Von + Vay + Van + ... ||¥) = E|V)
dynamics i=1 “IN - derived within ChPT -
Lattice QCD Chiral EFT on the lattice
1T n I )

q {
YL‘ ['p
> [~ 10...20 fm

\\ L J
I | J
—~—
~ 0.1 fm a~1...2fm
@ fundamental, the only @ effective hadronic description, LECs to
parameters are mq, Qstrong be determined from the data/LQCD

e hard to go beyond 1 hadron... @ much more efficient for atomic nuclei
#—-—-" ———4 #—- -g



® 7 refer to integer-valued spatial lattice vectors

® /'={i,2 3} are unit lattice vectors in the spatial directions i

® o; = a;/a is the ratio of the lattice spacings

® Derivatives (order-q* improved)

Vif(ii) =

VI(A) = —— f)+5 [+ D) + f(7 =)=

® Free Hamiltonian for non-relativistic nucleons: Hpe. = — Z aw (77) Z Via;(i)

7i,i,]

® Nucleon local density operators p(ii) = > al (71 )a; ; (i), =" al,(@)[os]mar; (i)
1,J NN

=S al () rpain(i),  psi() =Y a;r,j(ﬁ)[GS]u[TI]jkal,k(ﬁ)

1,7,k i,7,k,1



eading-orderaction

In the continuum (momentum space):

/1 1., . 3 1 | |
VLo3 = Co’lf(Q)<Z_Zgl'02) <Z+171°T2> t .
(3 1. 1 1
' OLOf(q)ﬁJFZJl.UQ) <1_171'T2> A A
0102 q

_ (9_A>27 .
2F,) ' 7 @2+ M2



In the continuum (momentum space):

/1 1, 3 1 | |
Vio, = Co1 f(7) (Z_Zgl'@) <Z+171'T2>
3 1 1 1 ) U §
- (Q_A)ZT Ly, 40
2F,) ' 7 @2+ M2
On the lattice:
1 ) s 3 ) o H o ﬂ H
Vioy = 73 ) (@) { Con | 5P @p(=0)=55 D ps(@)ps(—=0)+55 > pr(@)pr(=0) =55 D ps.1(@)ps.i(—7)
' 5 I ST

2
« — .
+ Cipo |: : ]} D= 98/}7; Z :ps,.1(11 ) Gsys, psy.1(ia)

T —
S1,2,1,71 2

where the two-derivative pion correlator is defined as Gy, g, (7) = (Vg7 (7, i) Vi, m1(0, ny))



In the continuum (momentum space):

At 1., . 3 1 | |
Vio, = Co1 f(7) (Z—Zgl.gz) <Z+171'T2>
3 1 1 1 ) U §
ga \? Gy G5 q
- aE) VT
On the lattice:
1 ) 3 3 ) o H o H ﬁ
Vioy = 73 ) (@) { Con | 5P @p(=0)=55 D ps(@)ps(—=0)+55 > pr(@)pr(=0) =55 D ps.1(@)ps.i(—7)
' ° I ST

2
« . .
+ Cipo |: : :|} - 98,4}7; Z :ps,.1(11 ) Gsys, psy.1(ia)

T —
S1,2,1,71 2

where the two-derivative pion correlator is defined as Gy, (7) = (Vg7 (7, n) Vg, 7,(0, ny))

Other LO lattice actions used in the simulations:

LO+: no smearing, LO2: Gaussian smearing in all waves



wo-particle’'phase’s

Borasoy, E.E., Krebs, Lee, MeiBner, EPJA 34 (2007) 185

Wave function in the asymptotic region (QM potential scattering):

U (") = [cosdrjr(kr) —sindryr (k)| YL m(0, ¢)
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Wave function in the asymptotic region (QM potential scattering):
\IJ(F) = [COS 5LjL(k7“) — sin 5LyL(kr)]YL,m(9, qb)

Impose a spherical-wall boundary condition ‘I’(ﬁWau) =0
(standing waves) and determine the energy spectrum
® interaction switched off: 0, =0, Jjr (k?eeRWaIQ =0

_ JL (kiRWall)
yr (kiRWau)

Generalization to coupled channels straightforward...

@ interaction switched on: tan {c&(ki)}
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Wave function in the asymptotic region (QM potential scattering):
\IJ(F) = [COS 5LjL(kT) — sin 5LyL(kr)]YL,m(9, qb)

Impose a spherical-wall boundary condition W(ﬁwall) =0
(standing waves) and determine the energy spectrum

® interaction switched off: ¢, =0, Jjr (kﬁreeRWMl) =0

_ JL (kiRWall)
yr (kiRWau)

Generalization to coupled channels straightforward...

@ interaction switched on: tan {c&(ki)}

Do the same thing on the lattice ——> two-particle phase shifts from the energy spectrum!
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Wave function in the asymptotic region (QM potential scattering):

U (") = [cosdrjr(kr) —sindryr (k)| YL m(0, ¢)

Impose a spherical-wall boundary condition ‘I’(ﬁWau) =0

(standing waves) and determine the energy spectrum

® interaction switched off: 0, =0, Jjr (k?eeRWaIQ =0

_ JL (kiRWall)
yr (kiRWau)

Generalization to coupled channels straightforward...

@ interaction switched on: tan {c&(ki)}

Do the same thing on the lattice ——> two-particle phase shifts from the energy spectrum!
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Example: a toy-model potential V(7 =C {1 + L1307 G (F - Ga) — G -52]} exp (
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E.E., Krebs, Lee, MeiBBner, EPJA 45 (10) 335
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® 9 LEGC:s fitted to S- and P-waves and the deuteron quadrupole moment

® Coulomb repulsion and isospin-breaking effects taken into account
® Accurate results, deviations consistent with the expected size of higher-order terms
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® Eucl.-time propagation of A nucleons —» transition amplitude Z4(t) = (V4| exp(—tH)| W 4)
—>» ground-state energies £, = — Jim d(InZ4)/dt

® Excited state energies can be obtained from a large-t limit of a correlation matrix

Z9(t) = (V| exp(—tH)|¥,) between A-nucleon states ¥’ with the proper quantum numb.

® Use H;o to run the simulation, higher-order terms (incl. Coulomb, 3NF, ...) taken into
account perturvatively via Z9(t) = (U 4| exp(—tH/2) O exp(—tH/2)|V 4)

—a;  log|Z(t + o)/ Z(1)]

ELo(t)

AFQMC calculation of the 4He BE
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® We use temporal spacing a;, = 1.32 fm and vary
propagation time L, to carry out the L, — oo ex-
trapolation via E(N,) = E(o0) 4 cgexp(—N,/T)

Large-t extrapolated and exact results for 2H (33, L=5.92 fm)

°H (extr.) | *H (exact)

E(LO) [MeV] —9.070(12) —9.078
AE(AM,) [MeV] | —0.003548(12) | —0.003569
AE(AMP) [MeV] | —0.002372(8) | —0.002379




¢ Transfer matrix with only nucleon fields (without smearing)

8F72

T S1,2,1,11,2

1 2
MLO =.eXp (_Hfreeat - ica/t Z [,O(T_i >] o _CIat Z {pl(ﬁ)}z + g% Z pS1,I(ﬁ1 ) GS’152 /052,1(771:2 )) :



¢ Transfer matrix with only nucleon fields (without smearing)

MLO . exXp (_Hfreeat - ica/t Z [p(n )] - icfat Z [IOI(TI’ )} + 981}; Z ,0,5’1,1'(77/1 ) GS’152 pSz,I(nQ )) :
7 7,1 T S1,2,1,11,2

oo

@ Hubbard-Stratonovich transformation: eXp(p2/2)N/ dsexp(—32/2—.sp)

— o0



v Transfer matrix with only nucleon fields (without smearing)

1 a2 1 a2 gia? . .
Mo =: exp (—HfreeOét — icat > [,0(71 )] — 5010515 > [,01(77/)} + 9814}2,5 > psia(iin) Gsys, psyi(7ia )) :
7 i, I T Si,2,1,71,2
0 .
® Hubbard-Stratonovich transformation: exp(p?/2) ~ / dsexp(—s*/2 — s p)
— OO

_a(ng) _ qlng)
[ D7y Ds Dsye S —Sss MI%’)(WI, s, S1)

() _o(ne)
[ Dry Ds DsyeSwn —5ss"

¢ Transfer matrix with (instantaneous) M;o =
pion and auxiliary fields

with MI%)(WZ-, S, S;) = :exp < — Hyeey + 1/ —Cay Z s(it,ng) p(n) + i/ Cray Y sy(n,ng) pr(i)

il

gaoy . .
~ 2F 2 WSWI(W”t))Ps,;(ﬂ)):

T S,In

and Ségt) - 5 Z (S(ﬁ7 nt))2 + (Sf(ﬁ7 nt))z ) S7(TT7LTt) - % Z Wf(ﬁa nt) [_A + Mg} ﬂ-I(ﬁa nt)
7 7,1



For a given configuration of the auxilliary & pion fields:

(lllinit|e_H(8’SI’”)t|\Dinit> = det G;;(s, Sr, ) with Gi(s,s,mr) = (i|e_H(S’8”m)t|j>
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Summary: nuclear lattice simulations

e combining EFT and lattice simulations —» access to (light) nuclei

@ exciting results for the '>C spectrum, first ab initio calculation of the Hoyle state

® Work in progress: spectrum of '°O, volume dependence, reactions ...



