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Effective field theories and energy scales

Lattice quantum chromodynamics ========== e

Chiral effective field theory ========- ]

Microscopic A-body methods

Configuration interactions

Density functional methods

Mean field methods

Effective theory of collective modes
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L
ADb-Initio method

Nuclear forces ¢ ab'lnltlo NUCIGar PhyS|CS
- (1) nucleon degrees of freedom
Neutron Proton - (2) nucleon-nucleon interaction

Goal: predict wide
range(structure, reaction,
nuclear matter) of nuclear
phenomena (without parameter
fitting, model assumption) from
nuclear interaction (for 2-
body,3-body, many-body,
based on QCD)

Proton Neutron

Nuclear Few-
and Many-Body Chiral Effective Field Theory
Problems

Direct connection between
Nuclear Force <> Nuclear Phenomena



Ab initio Quantum many-body

- (ab initio) Nuclear physics is challenging.
- Non-perturbative many-body problem
- Exact Nuclear Force is not known.

- Non-perturbative many body problem

- Ab-initio nuclear many body methods
- Greens function Monte Carlo(GFMC)
- No-core shell model(NCSM)
- Coupled Cluster (CC)
- IM-SRG, VS-SRG
- Nuclear Lattice Effective Field Theory(NLEFT)
- And more
- With recent progress in ab-initio methods and chiral EFT
- Binding energies for wide range of nuclei
- Some reaction calculation for light nuclei.
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Dripline
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dripline nuclei

Can we explain the dripline of Carbon, Oxygen isotopes in NLEFT?
Sensitive to nuclear force ? (Role of 3-body force?)
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Nuclear Lattice Effective Field Theory

- One of ab initio method for many fermion system

Nucleon in LQCD I Nucleons as point particles on the lattice I
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Path integral

Correlator function for A Nucleons Za(t) = (Va|exp(—tH)|V.4)

Slater Determinants for 4 free Nucleons

Ground state energy by time derivative of the correlator

Et) = —% In Z4(t)

At large time only ground states survive - Eg — tlim E A(t)
— 00

|qlA> = ch|n>.4.~

n

(Wale™ W0 ,4) =) cpetbn

n

Z,(t)



Transfer matrix

Transfer matrix operator formalism M =: exp(—Hio a;) :

Z(Ly) = (g1 IM(Lt — 1) M(L; — 2) ... M(1) M(0) | 1)

lim Z(Lt + 1) _ e—ant lim <IPI| MLt/z HLO MLt/z |1PI> _

_ -
L T Z(L) Lo (1| ML [yy) ’
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Auxiliary Field Monte Carlo

Interacting nucleons

- \/g / " dsexp {_%su ms(sz)] > sNTN > Nucleons interacts with
h auxiliary fields
(no direct interaction betw
een nucleons)

Euclidean time projection

computing fermion
Correlator amplitude
—> Integration
over auxiliary fields
- M.C. integral
(sampling auxiliary field)
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Applications of NLEFT

The first ab-initio calculation of

- Has been successfully applied to Hoyle state
- Nuclear matter, Cold atom, dilute fermion system ==z 2
. . -84 — + -
- Finite nuclei (A<=50) L m =
[] [] PR [ B +
- First ab-initio calculation of Hoyle state w = Z
- Cluster structure of '2C and °O P
-92 — —_— 50
- NN scattering, N-D scattering o Th
. A|pha_a|pha Scattering Epelbaum, Krebs, Lahde, Lee, Meiftner:
L . Phys. Rev. Lett. 109, 252501 (2012)
- radiative capture, fusion
- Etc.
S T -
% R N ! o o g i
LowfEBE T Ab initio alpha-alpha scattering
T e T © 0 .. " (Nature 528, 111-114(2015))



Adiabatic projection method

Construction of effective Hamiltonian
¢ between two clusters
¢
& [R) =) |7+ R)1 @ |2
% — —
; ), = exp(—Hr)|R)

[HT]R' R T<§|H|ﬁ,>7 [NT]ﬁ,é’ — T<R|R,>’r
The adiabatic Hamiltonian is defined by the matrix product

H 5 = = [N_l/zHTN_1/2]
[ T]R,R T T B
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Ab initio Calculations of the Isotopic Dependence of Nuclear Clustering

Serdar Elhatisari, " Evgeny Epelbaum.“ Hermann Krebs,"* Timo A. Lihde.” Dean Lee,*™* Ning Li’

Bing-nan Lu,” UIf-G. MeiBner,"”* and Gautam Rupak’
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Pinhole Algorithm

Monte Carlo updates of pinholes

Monte Carlo
updates of auxiliary/pion fields

Elhatisari, Epelbaum, Krebs, Lihde, D.L., Li, Lu, Meifiner, Rupak, PRL 119, 222505 (2017)
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Pinhole trace algorithm

Metropolis updates of pinholes TI‘ eXp( - /B H )
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Ab Initio Nuclear Thermodynamics

Bing-Nan Lu®,' Ning Li®," Serdar Elhatisari®,” Dean Lee®,' Joaquin E. Drut®,” Timo A. Liihde®,"
Evgeny Epclbaumo.s and UIf-G. MeiBner®*’
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Lattice Hamiltonian

- We need to introduce a lattice scale in

space and time:

- momentum space cutoff ~ 150 MeV -

I a~1-2fm

lattice size a= 1.316 fm

- Time cutoff ~ 1000 MeV
- We need to determine coefficients of

interaction for the lattice size.
(regularization scale.)

- Two-body interaction coefficients can

be determined from phase shifts of np
scattering.

- Three-body interaction can be fixed

from binding energy of A>=3.



L
Chlral Effective Fleld Theory

Two-nucleon force Three-nucleon force Four-nucleon force
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Lattice chiral Hamiltonian at Leading order

« At Leading order, kinetic energy + contact interaction + one pion exchange
H=H free 1 Vshort V211c\>1ng‘

Hiree =75~ ) @ n)a(n)——z Y d'(n)a(n)  + Kinetic

n.: (n’n);

40m Z Y al(n')a(n) - WZ Y ad'(n')a(n).

n,i ((n'nj); n,i (((n'n))):

2
Vors = _;]TA,? : Zs;sl tpsi(n) fers(n’ —m)ps(n) * Long range OPE
Vo= g / d’r: [p(r)]* =,  Contact

V12 = C” Z /d T [p[ 'I’)]‘2

=123



Low energy constants In lattice EFT

- All LECs(parameters in the Hamiltonian) needs to be fixed
- (They have to be fixed for given lattice regularization)

- N-P scattering phase shifts, Deuteron binding energy

- Scattering phase shifts on the Lattice: Wall method.

Phase shift can be obtained from
The energy spectrum of E(or k) in lattice and imposed Wall size.

Spherical wall imposed in the center-of-mass frame

U(7) = [cosdpjr(kr) —sinoryr (kr)|Yr m(0. @)

{ PN ‘ U(Ryan) = 0

Y tandy — Jr(kRwan)
yr (kRwan)

Similar for Spin-triplet case
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Sign problem in NLEFT

* However, there is a difficulty in auxiliary MC calculation
Z(t) = / DsZ(s,t), Z(s,t) =T det X(s,1),

= /Dsew(s’t)|Z(s, t)|

_ [ ds|det X(s)|O
PE™ [ds|det X(s)|

, (0)

 We needs a large Euclidean time extrapolation
« If the denominator’s sign oscillates rapidly

« =2 large uncertainty in the expectation value

e -2 sign problem

« SU(4) symmetric interaction in isospin symmetric system
« > No sign problem



Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Essential elements for nuclear binding

Bing-Nan Lu?, Ning Li?, Serdar Elhatisari¢, Dean Lee ®*, Evgeny Epelbaum¢,

UIf-G. MeiRner "¢

1 - 1 -
Hsy4) = Hfree + 5C2 Z,O(n)z + §C3 Zp(n)3,
: n : n

pay =Y almam+s. Y. Y dm)am),
i

[n'—n|=1 i

dim)=ai(m)+sn. Y ain)

[n’'—n|=1

Only Four
parameters

JRCR b e

Except for the Coulomb potential, the interaction is invariant under

Wigner’s SU(4) symmetry.

No sign problem

Minimal nuclear interaction

Which reproduce

(1) Light nuclei

(2) medium mass nuclei

(3) neutron matter
simultaneously up to few percent
error in binding energy and charge
radius

Strength of the two-nucleon S-wave interaction
Range of the two-nucleon S-wave interaction
Strength of three-nucleon contact interaction

Range of the local part of the two-nucleon interaction
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0 10 20 30 40 50
Mass number A

Can we improve the agreement by
Including higher order corrections?
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Leading Order + Coulomb (pert.)
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Lattice chiral Hamiltonian (N3LO)

Full N3LO Hamiltonian includes

* Free Hamiltonian(Kinetic term)

« Short range (nonlocal smeared) contact interactions up to Q*4 order
* |sospin-breaking short range interactions

* One pion exchange potential

« Two pion exchange potential up to Q*4 order

« Coulomb interaction

« Long range isospin breaking interaction( isospin dependence in OPE)
« Galilean Invariance Restoration (GIR) term (because of non-local

interaction.)
(oD

 Three nucleon interaction non-perturbative
perturbative
expansionin Q/A NNLO

"improved" LO




Difficulty with full chiral interaction

« Sign problem

 NLEFT suffers sign problems at large Euclidean time limit

« Large cancellation between positive and negative contributions—>
large uncertainty.

« SU(4) symmetric interaction does not have sign problem

« One pion exchange and higher order chiral interaction, short range
repulsion

« Difficulty with Asymmetric nuclei

* Needs a remedy to extend to neutron rich isotopes.

* Anew approach to reduce the sign problem non-perturbative __
« 2> Wave function matching Hamiltonian. "improved” LO

perturbative
expansion in Q/A




Wave function matching

unitary
transformation

IIIIII

Yo(r) :
U is only active
Atr<R

<\Ijsoft|U_1HorigU|\Ijsoft> =~ (qjoringorig|\Ilorig>:

U= Z |\Ijorig><l:[lsoft|a

H and H’ are fully
equivalent to two-
body observables

The goal is to
make the
perturbation
expansion from
“simple” wave
function gives a
good convergence

Hym = Han + (U_lHong - Hsoﬂ)
= Hop + Hi
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NN phase shifts from WFM
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Wave function matching Hamiltonian

« “Simple” Hamiltonian

CSU(4 (1,12 ~(1) 12
HS — K+ 2( 'y [p“)(n)] : +3'Z [Pz(l)(n)] Vo
7 I
d i - i
p (i) = | Z a; j(i)a; () +s. ) | Z a; (') a; ;(i'),
i,j=0,1 [i—i’'|>=11,j=0,1
—(d) - ~
pl( )(n) = Z aT (1) [’L’I] (n) + 5L Z Z i) 7] i (7).
i’jaj,=0,1 |n I-'l"lz | l,],] _0 1

~. . —_ _ L. g .. —*,
ai,j(1) = aj j(71) + SNL I”’ZT law(” ): (local,non-local smeared operators)
i —ii|=



Wave function matching Hamiltonian

« N3LO Hamiltonian
_ Ax Ax Q , ,Q Q* | Q! Q*
H = K +Vopg + V" + Veouomb +Van +Von +Won +Von wem = Won wem:

3 [ d d TPE
v = v v v @ Ly @ Ly TPE)

V_2N : short range NN interactions

W_2N: GIR restoration term for V_2N

V_2N,WFM : difference from H_s

W_2N,WFM: GIR restoration correction to V_.2N,WFM

V_3N : contains short range 3N interaction parameters(to be fitted)
and two pion exchange correction to 3N



.- PN e
BE/A from WFM

9 | | | | | | | | | | | | | | | | | | | | | | | | |
i 2'Ne Mg —n
3 - 1y 15\ ? 18p & - 381 32g 36, 400,
B ] =E
i lg = © Yo % 20‘
~ 7 &= - 10 = Be e 0 70 2,
> [ 4He 8Be B 1 12C + %
L i e 12C01
E 6 Li ’Be 10 12 2y
~ B 6Li = Be Coz
<t Z —
<C i 6 .
Q [ He Experiment mm——m
. N3LO (fit) =
s B (prediction) F——e—
2 - ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]

345 6 7 8 910111213 141516 17 18 20 22 24 26 28 32 36 40
A

Preliminary



Charge density from WFM

Charge Density (e/fmj) at Q4

Charge Density (¢/fm”) at Q*
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Charge Radius
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Nuclear/Neutron Matter

E/A (MeV)
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Carbon isotopes
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Carbon and Oxygen

I
9 .
i Experiment
~ I e
> . -.-.‘.-‘- 160 17, 18, ==
L i 13 14C O O 190 200 21*?
= 7 = °c T 0 70 ¥ =g
= - 120 . C 16 O 20 =gpm
< :12 0, C 17?18* 250 26*
RN S O B °
Q L ¢ 2'1:' -
i - 24C
N A I I N Iy A N

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
A




Summary

« Wave function matching method seems to be promising

 New method to improve the N3LO calculation of NLEFT

* Preliminary study shows promising results for wide range of

observables in one scheme (same interaction and many-body method)
NN scattering
Binding energy (from 3H to 40Ca)
Symmetric Nuclear matter
Neutron matter
Dripline of Oxygen isotope.
» Carbon excited states
» Also, Carbon isotopes, odd Oxygen isotopes, Cluster structure, excited
states will be studied.



