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Chiral effective field theory on the lattice

We first give an overview of chiral effective field theory formalism on the
lattice. We then simplify to a simple leading-order action and go into
greater depth. We define the smeared annhilation and creation operators.

¥ (n) = a;;(n) +snp Y ag;(n+n')

n'[=1

Next we form bilinear functions of the annihilation operators with spin and
isospin quantum numbers S, S, I, I,.

am)a@), 1. = D aiyr ()M (S, S2) My (I, L) a3 (n')

1,7,t" 5’

Li, Elhatisari, Epelbaum, D.L., Lu, Meifner, PRC 98, 044002 (2018)



We introduce orbital angular momentum using solid spherical harmonics

4
2L+ 1

Rpr,(r)= r*Y 1. (0,9),

that are written as functions of the lattice derivatives on one of the
annihilation operators

2M,
PS,S;g,LLZ,I,IZ (n) = [G(H)V%%RZ,LZ(V)a(n)]5éf1§z,1,lz

We then project onto the selected spin and orbital angular momentum
using Clebsch-Gordan coefficients

O, (0) = D ASSLLAT L) PSS E L p.p, ()
SZ 7LZ



We use these structures to construct the short-range interactions. We also
specifically construct a short-range interaction that is Wigner SU(4)
symmetric at leading-order with a tunable local regulator.

Z ZasNLT ( )st(H —n)fs, (n— n' Z asNLT )af}jf} (n//):

11 51 4
n 1 7] ,L//,j//

Elhatisari, et al, PRL 119, 222505 (2017); Elhatisari, et al., PRL 117, 132501 (2016)

For the long-range interactions, we include the one-pion exchange potential
and the two-pion exchange potential for smaller lattice spacings. For coarser
lattice spacings, the difference between the two-pion exchange potential and
short-range interactions are not resolved. We also include the Coulomb
interaction between protons and isospin-breaking interactions.

Li, Elhatisari, Epelbaum, D.L., Lu, Meifiner, PRC 98, 044002 (2018)
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TABLE II. The deuteron properties and S-wave parameters calculated with the full NN interaction up to chiral order O(Q*) using a = 0.99 fm.
The error bars we quote in this table indicate uncertainties from the fitting procedure only.

LO NLO N2LO N3LO Empirical
E4 (MeV) 2.2246 + 0.0002  2.224575 4 0.000016  2.224575 +0.000025  2.224575 + 0.000011 2.224575(9)[24]
Ay(fm~1/2) 0.8662 + 0.0007 0.8772 + 0.0003 0.8777 + 0.0004 0.8785 + 0.0004 0.8846(9)[25]
n 0.0212 + 0.0000 0.0258 + 0.0001 0.0257 + 0.0002 0.0254 + 0.0001 0.0256(4) [26]
Qa(fm?) 0.2134 4 0.00000 0.2641 + 0.0016 0.2623 + 0.0023 0.2597 + 0.0013 0.2859(3) [27]
rq (fm) 1.9660 + 0.0001 1.9548 4 0.0005 1.9555 =+ 0.0008 1.9545 4 0.0005 1.97535(85) [2¢]
asg, 5.461 + 0.000 5.415 + 0.001 5.421 + 0.002 5.417 + 0.001 5.424(4) [29)
Tag, 1.831 4 0.0003 1.759 4 0.002 1.760 + 0.003 1.758 4 0.002 1.759(5)[29]
ais, —23.84+0.1 —23.69 4+ 0.05 —23.840.2 —23.678 £ 0.038 —23.748(10)[29]
g, 2.666 =+ 0.001 2.647 4+ 0.003 2.69 + 0.02 2.647 4+ 0.004 2.75(5) [29]

Li, Elhatisari, Epelbaum, D.L., Lu, MeiBner, PRC 98, 044002 (2018)



Leading order interactions
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We first consider the leading order chiral EFT interaction on the lattice in
the Grassmann path integral formalism

Z = [ DeDc* exp [—S (¢*, ¢)]

S(C*a C) — Sfree(C*7 C) + Sint (6*7 C)

Stree(€*,€) = 3 i n, 4lCi (T, m) [ci(Ti, me + 1) — ¢;(71, ne)]| — cr G

e D iimg i 2ai=1.2.3C (T, t) [(‘,(ﬁ +1,my) — 2¢; (i, ny) + ¢ (7 — 1, 'n.t)]

2m

2
* 19, C;
t Oz

— C

=

It is convenient to view ¢ without indices as a column vector and ¢
without indices as a row vector

Ctp
€y
* * * * * . ,P
" = |3l o nCn] = len
€l

12



The first interaction we consider is the short-range interaction between
nucleons which is independent of spin and isospin

S S, 2
Stul(ct ) = e 35, [e* (7, ne)e(, ny)]

Using the auxiliary field s, we can write this interaction as

exp [—S5,(c*,¢)] = [ Ds exp [—Sss(s) — Ss(c*, ¢, s)]

where

13



Next we have the short-range interaction dependent on isospin

/ o —
Sf;:;(c c) = Ozt% D i1 1€ (7, ) Tre(m, nt)]2

where we are using the Pauli matrices in isospin space

o 1 o —i 10
"o 10 isospin E U 0 isospin k 0 -1 isospin

In terms of three auxiliary fields s;, we can write the interaction as

exp |: SSL(C C :| = fHI DSI exXp [_SSISI(SI) o SSI(C*vca SI)]

SSISI (SI) _ 2 Zn e, 1 ( nt)
Ss;(c*ye,81) =V =Clay 3 5 1817, e )™ (70, ne ) Tre(n, ny)

14



The remaining interaction is the one pion exchange potential (OPEP).
We will not include time derivatives in the free pion action, and hence the
the pion is not treated as a dynamical field. Instead it resembles an
auxiliary field that produces an exchange potential for the nucleons.

exp [—SSIFEP(C*,C)] = [1I; Dmrexp|—Snpn, (71) — Sa, (¢, ¢, m1)]

15



The pion coupling to the nucleon is

S (ce,mr) = Bty 0, 1 Awmr (7T, ne)e™ (7, ne ) o tre(m, )

where g, is the axial charge, f, is the pion decay constant, and we have
used the Pauli spin matrices

o 1 o —i 10
1711 o] 2= 0] =0 1]
spin spin Spin

And the gradient of the pion field is

A

{m(ﬁ +1,ng) — (7 — l, nt)}

N|—

Am[(ﬁ, nt) =

16



We can reexpress everything in terms of normal-ordered transfer matrix
operators

Z = fDSHI (DS[DW[)
exXp [_SSS(S> - SSISI (31} - S'/TI'/TI (WI)]Tr {M(Lt_l) T M(O)}

where
M) =:exp [—H(nt)(CLT,CL,S,S],ﬂ'[)Oét}

H™)(al,a,s,sr,71) 0 = Hireoy+S5™ (al,a, $)+85 (af, a, s1)+S01 (al, a, 77)

with
S (al,a,s) = V=Cay 3. 5(it, ny)a’ (i7)a (i)
Sg?t)(aT,a, sr) =vV—C'ar ) 5 s1(n, n¢)a’ () 1ra(m)

S8 (al a,mr) = B0 S Aprp (7, ne)al (R)owTral7)

17



For the auxiliary-field projection Monte Carlo calculation we compute

Z(Lt) = fDS HI (DS[DWI)
= exp [~ Sss(8) — Ss;s;(81) — Sapn, (w1)]Z (8, 51,71, L)

where

Z(s,syp,mr, Ly) = det Z(s, sy, 7, Ly)

and the matrix of single nucleon amplitudes is

Zz’,j(S,S[,ﬂ'[,Lt) — <f’i|M(Lt_1) o M(O)|f3>

18



We store the set of vectors for each single-particle initial state at each
time step

|U§”t)> = M@= . O f,)

as well as the dual vectors at each time step propagating in the reverse
temporal direction

<v§nt)| _ <fz.yM(Lt—1) o M ()

These are useful in computing the update to an auxiliary field value at
time step n,, using the following relations:

Z(S, 8[,7‘(‘],Lt) = det Z(S, S[,ﬂ'],Lt)
Z; ;(s,sr,mr, L) = (v§nt+1)|M(”t)(s,SI,W1)|v(nt)>

J

19



It is convenient to redefine the normalization of =,

w7 (7, ne) = (i, ne) /s (m2 + 6)

So that

SWIWI (7'('[) - %atm?r Zﬁ,nt,I 7T%(ﬁ? nt)

00 S T () (4 L) = 21 (7, mg) + (7 — )|

A

— % Zﬁ,nt,I T (i, ne) — QQT; ﬁ,nt,j,iw}(ﬁ’ ne) [W}(ﬁ +l,ne) + (7 — l, nt):|

Sk (at,a,mp) = A% 0 Awy (7, mg)at () onTralf)

with
qr — O (m72r + 6)

20



SUBROUTINE getzvecs(s,sI,zvecs,zvecsinit,nt2,ntl, &
pion, ztau2x2,num)

IMPLICIT INTEGER(i-n)

IMPLICIT DOUBLE PRECISION(a-h,o-y)
IMPLICIT COMPLEX%16(z)

INCLUDE "input.f90"

DIMENSION s(@:L-1,0:L-1,0:L-1,0:Lt-1)

DIMENSION sI(@:L-1,0:L-1,0:L-1,0:Lt-1,1:3)

DIMENSION zvecs(@0:L-1,0:L.-1,0:L-1,0:Lt,0:1,0:1,0:num-1)
DIMENSION zvecsinit(@:L-1,0:1.-1,0:1.-1,0:1,0:1,0:num-1)
DIMENSION pion(@:L-1,0:L-1,0:L-1,0:Lt-1,1:3)

DIMENSION zpi2x2(0:1,0:1)
DIMENSION zsI2x2(0:1,0:1)
DIMENSION zsSI2x2(0:1,0:1,
DIMENSION ztau2x2(0:1,0:1,

0:1,0:1)
0:3)

! nt2 > ntl

INCLUDE "improve.f90"

DO ni =0,1; DO ns = 0,1
DO nz = 0,L-1; DO ny = 0,L-1; DO nx = 0,L-1
DO npart = 0,num-1
zvecs(nx,ny,nz,ntl,ns,ni,npart) = zvecsinit(nx,ny,nz,ns,ni,npart)
END DO
END DO; END DO; END DO
END DO; END DO

21



DO nt = ntl+l, nt2
DO np = 0,num-1
DO nz = 0,L-1; DO ny = 0,L-1; DO nx = 0,L-1
DO ni =0,1; DO ns =0,1

zvecs(nx,ny,nz,nt,ns,ni,np) = zvecs(nx,ny,nz,nt-1,ns,ni,np) &
* (1.D0-6.D0*w@_Nxh+CDSQRT(-c@*atoverax(1.D0,0.D0))*s(nx,ny,nz,nt-1))

zvecs(nx,ny,nz,nt,ns,ni,np) = zvecs(nx,ny,nz,nt,ns,ni,np) &
+ wl_Nxhxzvecs(MOD(nx+1,L),ny,nz,nt-1,ns,ni,np) &
wl_Nxhxzvecs (MOD(nx-1+L,L),ny,nz,nt-1,ns,ni,np) &
wl_Nxhxzvecs(nx,MOD(ny+1,L),nz,nt-1,ns,ni,np) &
wl_Nxhxzvecs(nx,MOD(ny-1+L,L),nz,nt-1,ns,ni,np) &
wl_Nxhxzvecs(nx,ny,M0OD(nz+1,L),nt-1,ns,ni,np) &
wl_Nxhxzvecs(nx,ny,MOD(nz-1+L,L),nt-1,ns,ni,np)

+ + + + +

IF (improveN >= 1) THEN
zvecs(nx,ny,nz,nt,ns,ni,np) = zvecs(nx,ny,nz,nt,ns,ni,np) &

- w2_Nxh*zvecs(MOD(nx+2,L),ny,nz,nt-1,ns,ni,np) &
- w2_Nxhxzvecs (MOD(nx-2+L,L),ny,nz,nt-1,ns,ni,np) &
- w2_Nxhxzvecs(nx,MOD(ny+2,L),nz,nt-1,ns,ni,np) &
- w2_Nxhxzvecs(nx,MOD(ny-2+L,L),nz,nt-1,ns,ni,np) &
- w2_Nxhxzvecs(nx,ny,MOD(nz+2,L),nt-1,ns,ni,np) &
- w2_Nxhxzvecs(nx,ny,MOD(nz-2+L,L),nt-1,ns,ni,np)

END IF

IF (improveN == 2) THEN
zvecs(nx,ny,nz,nt,ns,ni,np) = zvecs(nx,ny,nz,nt,ns,ni,np) &

+ w3_Nxhxzvecs(MOD(nx+3,L),ny,nz,nt-1,ns,ni,np) &

w3_Nxhxzvecs (MOD(nx-3+L,L),ny,nz,nt-1,ns,ni,np) &

w3_Nxhxzvecs (nx,MOD(ny+3,L),nz,nt-1,ns,ni,np) &

w3_Nxhxzvecs (nx,MOD(ny-3+L,L),nz,nt-1,ns,ni,np) &

w3_Nxhxzvecs(nx,ny,M0D(nz+3,L),nt-1,ns,ni,np) &

w3_Nxhxzvecs (nx,ny,MOD(nz-3+L,L),nt-1,ns,ni,np)

+ + + + +

END IF

END DO; END DO
END DO; END DO; END DO
END DO



DO nz = 0,L-1; DO ny = 0,L-1; DO nx = 0,L-1

DO nii =0,1; DO ni =0,1
DO nss = 0,1; DO ns =0,1
zsSI2x2(ns,nss,ni,nii) = (0.D0,0.D0)
END DO; END DO
END DO; END DO

zs12x2(0,0) = sI(nx,ny,nz,nt-1,3)
zsI2x2(1,1) = -sI(nx,ny,nz,nt-1,3)
zsI2x2(@0,1) = sI(nx,ny,nz,nt-1,1) - (0.D0,1.D0)*sI(nx,ny,nz,nt-1,2)
zs12x2(1,0) = sI(nx,ny,nz,nt-1,1) + (0.D0,1.D0)*sI(nx,ny,nz,nt-1,2)

DO nii = 0,1; DO ni = 0,1
DO ns =0,1
zsSI2x2(ns,ns,ni,nii) = zsSI2x2(ns,ns,ni,nii) &
+ (0.D0,1.D0)*CDSQRT(cIxatoverax(1.D0,0.D0))*zsI2x2(ni,nii)
END DO
END DO; END DO
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DO iso =1,3

0.D0 &
01/2.D@xpion(MOD(nx+1,L),ny,nz,nt-1,1is0) &
01/2.D@xpion(MOD(nx-1+L,L),ny,nz,nt-1,iso0) &
02/2.D@xpion(MOD(nx+2,L),ny,nz,nt-1,1is0) &
02/2.D@xpion(MOD(nx-2+L,L),ny,nz,nt-1,is0) &
03/2.D@xpion(MOD(nx+3,L),ny,nz,nt-1,1is0) &
03/2.D@xpion(MOD(nx-3+L,L),ny,nz,nt-1,1iso0)

pil

+

I+ + 1

pi2 = 0.D0 &
01/2.D@xpion(nx,MOD(ny+1,L),nz,nt-1,1is0) &
01/2.D@xpion(nx,MOD(ny-1+L,L),nz,nt-1,is0) &
02/2.D@xpion(nx,MOD(ny+2,L),nz,nt-1,1is0) &
02/2.D@xpion(nx,MOD(ny-2+L,L),nz,nt-1,is0) &
03/2.D@xpion(nx,MOD(ny+3,L),nz,nt-1,is0) &
03/2.D@xpion(nx,MOD(ny-3+L,L),nz,nt-1,is0)

+

I+ + 1

pi3 = 0.D0 &
01/2.D@xpion(nx,ny,MOD(nz+1,L),nt-1,is0) &
01l/2.D@xpion(nx,ny,MOD(nz-1+L,L),nt-1,is0) &
02/2.D@xpion(nx,ny,MOD(nz+2,L),nt-1,1is0) &
02/2.D@xpion(nx,ny,MOD(nz-2+L,L),nt-1,is0) &
03/2.D@xpion(nx,ny,M0OD(nz+3,L),nt-1,1is0) &
03/2.D@xpion(nx,ny,MOD(nz-3+L,L),nt-1,is0)

+

I+ + 1

zpi2x2(0,0)
zpi2x2(1,1)
zpi2x2(0,1)
zpi2x2(1,0)

pi3
-pi3
pil - (0.D0,1.D0)*pi2
pil + (0.D0,1.D0)*pi2

DO nii = 0,1; DO ni = 0,1
DO nss =0,1; DO ns = 0,1
zsSI2x2(ns,nss,ni,nii) = zsSI2x2(ns,nss,ni,nii) &
- gAxatovera/(2.D0xfpixSQRT(qpi3))*zpi2x2(ns,nss) &
* ztau2x2(ni,nii,iso)
END DO; END DO
END DO; END DO

END DO



DO np = 0,num-1
DO nii = 0,1; DO ni =0,1
DO nss = 0,1; DO ns = 0,1
zvecs(nx,ny,nz,nt,ns,ni,np) = zvecs(nx,ny,nz,nt,ns,ni,np) &
+ 2sSI2x2(ns,nss,ni,nii)*zvecs(nx,ny,nz,nt-1,nss,nii, np)
END DO; END DO
END DO; END DO
END DO

END DO; END DO; END DO
END DO

END SUBROUTINE getzvecs
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Hvybrid Monte Carlo

We want to do efficient nonlocal updates of the auxiliary fields. Suppose
we want to sample configurations according to the target probability

Ptarget<8) X eXp[_V(S)]

Hybrid Monte Carlo does this by introducing a conjugate momentum
variable p, for each variable s and sampling according classical molecular
dynamics to the target probability

Ptarget [Saps] X exp {_H(Saps)}
H(5,p5) = 5 Y., [Ps(i,m0)]" + V (5)

Gottlieb, Liu, Toussaint, Renken, Sugar, Phys. Rev. D35, 2531 (1987)
Duane, Kennedy, Pendleton, Roweth, Phys. Lett. B195, 216 (1987)
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We start by selecting the initial p, configuration according to the random
Gaussian distribution

P[pg (7, nt)] o< exp {—% P37, nt)]Q}

Then we do classical molecular dynamics update of p, and s which keep
H(s, p,) approximately fixed. We use the leapfrog method which gives p, a
half step at the beginning and half step at the end, with full steps in
between. In contrast s gets full steps at every stage.

Initial half step for p.:

~0) / — - ste oV
PO me) = Pl my) — e [ ]
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F'ull steps for s and p,:

st (ﬁa nt) = s’ (ﬁa nt) + Sstepﬁ?g (ﬁ, nt)

AV (s)

“’i—l-l(ﬁ, nt) — ﬁzs(ﬁ, 'nt) — Estep {m

Ds

:| S:Si+1

Cut the last step for p, so it is a half step:

Nste — _ ~4iVste — Este 8‘/(8)
Ds p(nvnt) = Ds p(nvnt) + 2p [GS(ﬁ,nt) 0
S=sS

We accept the new configurations for s and p, if the uniform random
number r between 0 and 1 satisfies

r < exp [—H(SN“ep,péVStep) + H(s", py)

Then return back and repeat the steps listed above.

28



For our leading order auxiliary-field projection Monte Carlo calculations
we have the target probability equal to

exp|—V| = |Z(s,s7, 71, L¢)| exp [—Sss(8) — S5, (51) — Srpm; (77)]

where Z(s, s, m;, L,) is the determinant of the A x A matrix of single
nucleon amplitudes Z(s, s;, w;, L;). The derivative of V' with respect to
an element of s is computed using

oV _ 0Sss(s)  ORe[ln(det Z)]
0s(n,ny)  0s(1,ng) os(m,n¢)

8833 S .
= Gt — Re [T 2o ity
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I sepokskokskskskskokskokskokskskskskokskokskokskokskskskskokskokskkskskskskskskokskokskskskskskskkskokskskskskoksk
SUBROUTINE dV(zvecs,zdualvecs,ztau2x2,zcorrinv,zdVall)

IMPLICIT integer(i-n)

IMPLICIT double precision(a-h,o-y)
IMPLICIT complexx16(z)

INCLUDE "input.f90"

DIMENSION zvecs(@:L-1,0:L-1,0:L-1,0:Lt,0:1,0:1,0:n_f-1)
DIMENSION zdualvecs(@:L-1,0:L-1,0:L-1,0:Lt,0:1,0:1,0:n_f-1)
DIMENSION ztau2x2(0:1,0:1,0:3)

DIMENSION zcorrinv(@:n_f-1,0:n_f-1)

DIMENSION zdVall(e:L-1,0:L-1,0:L-1,0:Lt-1,0:3,0:3)
DIMENSION zmat(0:1,0:1,0:1,0:1)

DO nt = 0,Lt-1
DO nz = 0,L-1; DO ny = 0,L-1; DO nx = 0,L-1

DO nii = 0,1; DO ni = 0,1; DO nss = 0,1; DO ns = 0,1
zmat(ns,nss,ni,nii) = 0.D0@
DO np2 = @,n_f-1; DO npl = @,n_f-1
zmat(ns,nss,ni,nii) =
zmat(ns,nss,ni,nii) &
+ zdualvecs(nx,ny,nz,nt+l, &
ns,ni,npl) &
xzvecs(nx,ny,nz,nt,nss,nii,np2) &
*zcorrinv(np2,npl)
END DO; END DO
END DO; END DO; END DO; END DO

DO iso = 0,3; DO nsvec = 0,3
zdvall(nx,ny,nz,nt,nsvec,iso) = 0.D0
DO nii = 0,1; DO ni =0,1; DO nss = 0,1; DO ns = 0,1
zdvall(nx,ny,nz,nt,nsvec,iso) = &
zdvall(nx,ny,nz,nt,nsvec,iso) &
+ zmat(ns,nss,ni,nii) &
*ztau2x2(ns,nss,nsvec) &
*ztau2x2(ni,nii, iso)
END DO; END DO; END DO; END DO
END DO; END DO

END DO; END DO; END DO
END DO
END SUBROUTINE dV

I serkckokokskokokokrorskskokokokskokokorrkskskokokokskokkokrokskokokokskokokskokakokokokokokokokokskokokokokok



bose =

0.D0

DO nt = 0,Lt-1
DO nz = 0,L-1; DO ny = 0,L-1; DO nx = 0,L-1
bose &
+ s(nx,ny,nz,nt)*%2.00/2.D0 &
+ p_s(nx,ny,nz,nt)*x2.D00/2.D0
DO iso =1,3

bose =

bose

END DO

L+ 4+ 4+ 1 11+ 4+ 4+ +1

+

bose &

sI(nx,ny,nz,nt,iso)**2.00/2.D0 &
p_sI(nx,ny,nz,nt,iso)**2.D0/2.D0 &
pion(nx,ny,nz,nt,iso)*x2.D00/2.D0 &
atovera/qpi3*pion(nx,ny,nz,nt,iso)*( &
wl_Pxpion(MOD(nx+1,L),ny,nz,nt,iso)
wl_Pxpion(nx,MOD(ny+1,L),nz,nt,iso)
wl_Pxpion(nx,ny,MOD(nz+1,L),nt, is0)
w2_Pxpion(MOD(nx+2,L),ny,nz,nt, iso)
w2_Pxpion(nx,MOD(ny+2,L),nz,nt,iso)
w2_Pxpion(nx,ny,MOD(nz+2,L),nt, is0)
w3_Pxpion(MOD(nx+3,L),ny,nz,nt, iso)
w3_Pxpion(nx,MOD(ny+3,L),nz,nt,iso)
w3_Pxpion(nx,ny,MOD(nz+3,L),nt,is0)) &
p_pion(nx,ny,nz,nt,iso)**x2.D00/2.D0

DR

END DO; END DO; END DO

END DO
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DO nt = @,Lt-1
DO nz = 0,L-1; DO ny = 0,L-1; DO nx = 0,L-1
sHMC(nx,ny,nz,nt,0) = s(nx,ny,nz,nt)
DO iso =1,3
sIHMC(nx,ny,nz,nt,is0,0) = &
sI(nx,ny,nz,nt,iso)
pionHMC(nx,ny,nz,nt,is0,0) = &
pion(nx,ny,nz,nt, iso)
END DO
END DO; END DO; END DO
END DO

! initial half step for p_sHMC, p_sIHMC, p_pionHMC

CALL getzvecs(s,sI,zvecs,zwave,Lt,0, &
pion,ztau2x2,n_f)

CALL getzdualvecs(s,sI,zdualvecs,zdualwave, &
Lt,0,pion,ztau2x2,n_f)

CALL getinvcorr(zvecs,zdualvecs,zldeter, &
zcorrmatrix,zcorrinv,Lt)

aldeterabs = DBLE(zldeter)
zdeterphase = CDEXP((0.D0,1.D0)*DIMAG(zldeter))
act = bose - aldeterabs

32



CALL dV(zvecs,zdualvecs,ztau2x2,zcorrinv,zdVall)

DO nt = 0,Lt-1
DO nz = @,L-1; DO ny = @,L-1; DO nx = @,L-1

DO npartl = 0,n_f-1; DO npart2
zdcorrmatrix(npart2,npartl)
DO ni =0,1; DO ns = 0,1
zdcorrmatrix(npart2,npartl) = &
zdcorrmatrix(npart2,npartl) + &
zdualvecs(nx,ny,nz,nt+1,ns,ni,npart2) &
xzvecs(nx,ny,nz,nt,ns,ni,npartl) &
*CDSQRT (—c@*atoverax(1.D0,0.D0) ) /Lx*3
END DO; END DO
END DO; END DO

dvds(nx,ny,nz,nt) = s(nx,ny,nz,nt)
DO npartl = @,n_f-1; DO npart2 = 0,n_f-1
dvds(nx,ny,nz,nt) = dvds(nx,ny,nz,nt) &
- DBLE(zdcorrmatrix(npart2,npartl) &
xzcorrinv(npartl,npart2))
END DO; END DO

p_sHMC(nx,ny,nz,nt,0) = &
p_s(nx,ny,nz,nt) - 0.5D@xeHMCxdVds(nx,ny,nz,nt)

DO iso = 1,3
dvdsI(nx,ny,nz,nt,iso) = &
sI(nx,ny,nz,nt,iso) &
- DBLE((0.D@,1.D0)*CDSQRT(cIxatoverax(1.D0,0.D0)) &
xzdVall(nx,ny,nz,nt,0,is0)/L*x*3)
END DO
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DO iso =

dvdpio

p
+

L+ 4+ + + 4+ + 1 1

1,3

n(nx,ny,nz,nt,iso) = &
ion(nx,ny,nz,nt,iso) &

atovera/qpi3x( &
wl_Pxpion(MOD(nx+1,L),ny,nz,nt,iso) &
wl_Pxpion(MOD(nx-1+L,L),ny,nz,nt,iso) &
wl_Pxpion(nx,MOD(ny+1,L),nz,nt,iso) &
wl_Pxpion(nx,MOD(ny-1+L,L),nz,nt,iso) &
wl_Pxpion(nx,ny,MOD(nz+1,L),nt,iso) &
wl_Pxpion(nx,ny,MOD(nz-1+L,L),nt,iso) &
w2_Pxpion(MOD(nx+2,L),ny,nz,nt,is0) &
w2_Pxpion(MOD(nx-2+L,L),ny,nz,nt,iso) &
w2_Pxpion(nx,MOD(ny+2,L),nz,nt,iso0) &
w2_Pxpion(nx,MOD(ny-2+L,L),nz,nt,iso) &
w2_Pxpion(nx,ny,MOD(nz+2,L),nt,is0) &
w2_Pxpion(nx,ny,MOD(nz-2+L,L),nt,is0) &
w3_Pxpion(MOD(nx+3,L),ny,nz,nt,iso) &
w3_Pxpion(MOD(nx-3+L,L),ny,nz,nt,iso) &
w3_Pxpion(nx,MOD(ny+3,L),nz,nt,is0) &
w3_Pxpion(nx,MOD(ny-3+L,L),nz,nt,iso) &
w3_Pxpion(nx,ny,M0OD(nz+3,L),nt,is0) &
w3_Pxpion(nx,ny,MOD(nz-3+L,L),nt,iso0))
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dvdpion(nx,ny,nz,nt,iso) = &
dvdpion(nx,ny,nz,nt,iso) &

+ gAxatovera &

/(2.D0xfpikxdsqrt(gpi3)xL*x3) &

*DBLE(0.D0 &

+ 01/2.D@%zdVall(MOD(nx-1+L,L),ny,nz,nt,1,iso)
01/2.D@*zdVall(nx,MOD(ny-1+L,L),nz,nt,2,is0)
01/2.D@xzdVall(nx,ny,MOD(nz-1+L,L),nt,3,is0)
01/2.D0@xzdVall(MOD(nx+1,L),ny,nz,nt,1,is0) &
01/2.D0@xzdVall(nx,MOD(ny+1,L),nz,nt,2,1is0) &
01/2.D@xzdvall(nx,ny,M0OD(nz+1,L),nt,3,1is0) &
02/2.D0xzdVall(MOD(nx-2+L,L),ny,nz,nt,1,iso0)
02/2.D@xzdVall(nx,MOD(ny-2+L,L),nz,nt,2,is0)
02/2.D@xzdVall(nx,ny,MOD(nz-2+L,L),nt,3,iso0)
02/2.D@xzdVall(MOD(nx+2,L),ny,nz,nt,1,is0) &
02/2.D@xzdVall(nx,MOD(ny+2,L),nz,nt,2,is0) &
02/2.D0xzdVall(nx,ny,MOD(nz+2,L),nt,3,1is0) &
03/2.D@xzdVall(MOD(nx-3+L,L),ny,nz,nt,1,iso0)
03/2.D@xzdvVall(nx,MOD(ny-3+L,L),nz,nt,2,iso0)
03/2.D0xzdVall(nx,ny,MOD(nz-3+L,L),nt,3,is0)
03/2.D@xzdvVall(MOD(nx+3,L),ny,nz,nt,1,is0) &
- 03/2.D0xzdVall(nx,MOD(ny+3,L),nz,nt,2,1is0) &
- 03/2.D0xzdvall(nx,ny,MOD(nz+3,L),nt,3,1is0))

1+ +

I+ + + + + + |

END DO

DO iso =1,3
p_sIHMC(nx,ny,nz,nt,is0,0) = &
p_sI(nx,ny,nz,nt,iso) &
- 0.5D@xeHMCxdVdsI(nx,ny,nz,nt,iso)
p_pionHMC(nx,ny,nz,nt,is0,0) = &
p_pion(nx,ny,nz,nt,iso) &
- 0.5D@xeHMCxdVdpion(nx,ny,nz,nt, iso)
END DO

END DO; END DO; END DO
END DO

g2l g] gl gl g]
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A tale of two interactions

Two LO chiral EFT interactions, A and B, have nearly identical nucleon-
nucleon phase shifts and well as three- and four-nucleon bound states

Nucleus A (LO) B (LO) | A (LO + Coulomb)|| B (LO + Coulomb) | Experiment
*Be | —58.61(14) | —59.73(6) ~56.51(14) —57.29(7) ~56.501
120 ~88.2(3) | —95.0(5) —84.0(3) ~89.9(5) 92162
160 —117.5(6) | —135.4(7) —110.5(6) —126.0(7) —127.619
0Ne | —148(1) | —178(1) ~137(1) —164(1) —160.645

Elhatisari, Li, Rokash, Alarcon, Du, Klein, Lu, Meillner, Epelbaum, Krebs, Lihde, D.L., Rupak,
PRL 117, 132501 (2016)
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Nucleus A (LO) B (LO) | A (LO + Coulomb) | B (LO + Coulomb) | Experiment
®Be —58.61(14) | [-59.73(6) —56.51(14) —57.29(7) —56.591
120 —88.2(3) | [—95.0(5) —84.0(3) —89.9(5) —92.162
160 —117.5(6) | |-135.4(7) —110.5(6) —126.0(7) —127.619
20Ne —148(1) —178(1) —137(1) —164(1) —160.645

E

%: = 1.997(6)
E

EZ{C = 3.00(1)
Ey

E;O = 4.00(2)
E

%}i = 5.03(3)
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Bose condensate of alpha particles!

Nucleus A (LO) B (LO) | A (LO + Coulomb) | B (LO + Coulomb) | Experiment
®Be || —58.61(14) |[-59.73(6) —56.51(14) —57.29(7) —56.591
12 —88.2(3) ||—95.0(5) —84.0(3) —89.9(5) —92.162
160 —117.5(6) ||—135.4(7) —110.5(6) —126.0(7) —127.619
20Ne —148(1) —178(1) —137(1) —164(1) —160.645

B Be
Bene — 1.997(6)

4He

Ei2
Pize — 3.00(1)
)

4He

Liso — 4.00(2

E4He

E-
Brone — 5.03(3)

4He
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Alpha-alpha scattering
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Alpha-alpha interaction not uniquely determined by low-energy few-body data
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Control parameters: Sensitivity to interaction range and locality

>
X\‘\ A
Alpha gas Nuclear liquid

Elhatisari, Li, Rokash, Alarcon, Du, Klein, Lu, Meillner, Epelbaum, Krebs, Lihde, D.L., Rupak,
PRL 117, 132501 (2016)
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