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Nuclear interactions 1

Historically

“Effective Interactions” were employed in the context of
mean-field theory.

Phenomenological
NN interaction fit to N-body experiment

Non-microscopic

NN interaction does not claim to (and will not)
describe np scattering



Nuclear physics is difficult

Scattering phase shifts: different “channels” have different behavior.

Any potential that reproduces them must be spin (and isospin) dependent



Nuclear interactions 2

Different approach: phenomenology treats
NN scattering without connecting
with the underlying level
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Such potentials are hard, / i
making them non-perturbative B R S TR
at the many-body level (which
is a problem for most methods

on the market).




How to go beyond?

Historically, fit NN interaction to N-body experiment

Parallel approach, fit NN interaction to 2-body
experiment, ignoring underlying level of quarks and
gluons

Natural goal: fit NN interaction to 2-body experiment,
without ignoring underlying level

Effective field theory
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Nuclear interactions 3

2N Force 3N Force 4N Force

e Attempts to connect with
underlying theory (QCD)

e [.ow-
momentum expansion

e Naturally emerging
many-body forces

e Low-energy constants from
experiment or lattice QCD

e Now available in non-local,
local, or semi-local varieties

e Power counting's relation to
renormalization still an open
question



But even with the interaction in place,
how do you solve the many-body problem?




Nuclear many-body problem

HY = EWV

where H = ZK _I_ZUU Z Viig + -

1<J 1<jg<k

SO

HII!(rl,--- s LA S, ,SA;tl,“- ,tA)IEIIf(I'l,“° s A S1,- - ,SA;tl,“- ,tA)

i.e. 24 (;1) complex coupled second-order differential equations



Main many-body methods employed (by me)




Two complementary methods

Quantum Monte Carlo 2 — e ¢ :
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Credit: Steve Pieper



E-Eexp MeV)

Two complementary methods
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Neutron number

Credit; W. Nazarewicz

Density Functional Theory

* More phenomenological
(to date, but see major
developments)

e Easier in crude form
(orbitals — density —
energy density)

« Can do any large N

E= [ @ {elp(o)] + p(6)Vess (1)}
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1. QMC with chiral or pionless EFT for nuclei




Nuclear GFMC with chEFT:

NN+3NF
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J. E. Lynn, I. Tews, J. Carlson, S. Gandolfi, A. Gezerlis, K. E. Schmidt, A. Schwenk, 1. Tews, Phys. Rev. Lett. 116, 062501 (2016)
J. E. Lynn, I. Tews, J. Carlson, S. Gandolfi, A. Gezerlis, K. E. Schmidt, A. Schwenk, 1. Tews, Phys. Rev. C 96, 054007 (2017)
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AFDMC with chEFT: NN+3NF

| « AFDMC with better
f ot f o } { } ! wave function
{ R T I e Same local chiral EFT
ST } } x % | interactions as above
; Dok T
e Can be pushed to
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NUCLEONS I

D. Lonardoni et al, Phys. Rev. C 97, 044318 (2018)
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Nuclear GFMC with chEFT
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 GFMC with very good
wave functions

e Different local chiral EFT
Interactions than above

e 37 states shown, with
60 more probed

NUCLEONS I

M. Piarulli et al, Phys. Rev. Lett. 120, 052503 (2018)



Lattice EFT for a-a scattering
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S-wave at NNLO

| S T — e NNLO chiral interaction
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S. Elhatisari, D. Lee, G. Rupak, E. Epelbaum, H. Krebs, T. A. Lahde, T. Luu, U.-G.Meissner, Nature 528, 111 (2015)



AFDMC with pionless EFT

4He 160 * AFDMC with simple
wave function
A | m, =140 MeV A | m, =140 MeV e LO pionless EFT

2fm~' | —23.17 +0.02 2fm~ | -97.19+0.06 interaction (with 3NF)
4fm™' | -23.63+0.03 4fm™ | -9223+0.14 ,
8 fm-! | —26.04 + 0.05 8 fm~! | —100.97 +0.20 4He clusters

oo | -30%0300 —oo | 1S

Exp. —28.30 EKP. -127.62

NUCLEONS I

L. Contessi, A. Lovato, F. Pederiva, A. Roggero, J. Kirscher, U. van Kolck, Phys. Lett. B 07, 048 (2017)




Coupled Cluster pionless EFT

NLO NN + NNN
ho| A | ECH) [+CH)[E(PHe) [r(°He)| E(*He) [r(*He)|
5 1306.52[53.9 1.55 |53.1 .55 | 99.0 1.55
10 |433.48 [53.9 1.14 {52.9 1.16 | 89.9 1.17
922 |642.96 | 53.9 1.04 |52.7 1.13 | 89.7 1.34
40 |866.97 | 53.9 1.17 |53.1 1.29 |109.7 1.33

155 0Ca
fuws A Ny, Ny 12| Ny, Ny 14| Ny, Ny 121 Ny, Ny 14
H |232.55 174.1 174.8 62,5 HG9.2
L) | 328,509 136G, 8 136.2 421.8 415"
22 |48T.38 L4431 143.1 405.8 405.8
40 | 657,19 144.7 146.2 372.2 400,00

e For 4He, CCSD 1n
agreement with NCSM

e At LO, 160 and 40Ca not
bound wrt decay into a's

e Oscillator spacings of 10
MeV and up most
dependable

NUCLEONSI

A. Bansal, S. Binder, A. Ekstrom, G. Hagen, G. R. Jansen, T. Papenbrock, Phys. Rev. C 98, 054301 (2018)



QMC for 4 species




QMC for 4 species

Motivation

e Very successful cold Fermi atom experiments with few
or many particles

e Nuclear physics around the unitary limit:

S. Koenig, H. W. Griesshammer, H.-W. Hammer, U. van Kolck
Phys. Rev. Lett. 118, 202501 (2017)

e Unitary bosons from clusters to matter
J. Carlson, S. Gandolfi, U. van Kolck, S. A. Vitiello

Phys. Rev. Lett. 119, 223002 (2017)
NUCLEONS I




QMC for 4 species

@)
® o > ® o0
Hamiltonian
H ZV2+ZVw+ > Vi
1<J 1<g<k
h2
Vij = QOEMQ exp[—(por5)° /2]
oh2 M3 2
Vijk = V3 — ( 2) exp|—(usRijx/2)" /2]



QMC for 4 species

@)
® o > ® o0
Hamiltonian
ZV2+ZV33+ Z Vi’,jk
1<J 1<g<k
h2
Vi = Vo'—pi5 exp[—(uari;)*/2)
oh2 M3 2
Vijk = V3 — ( 2) exp|—(usRijx/2)" /2]

N. B. Fermions are not bosons [sic]



Running Average of Energy [arbitrary units]

QMC for SU(4): 8 particles
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W. Dawkins, J. Carlson, U. van Kolck, A. Gezerlis, in preparation (2019)

e Pionless EFT with NN+NNN
e Careful time-step extrapolation

e 8Be found to be (barely) bound
wrt to o decay, already at LO

NUCLEONS I




QMC for SU(4): 8 particles

The two clusters are interpenetrating

.3 I =T ST SR

NUCLEONS I
W. Dawkins, J. Carlson, U. van Kolck, A. Gezerlis, in preparation (2019)




2. Effective mass in neutron matter




Neutron matter effective mass

o o * *
Motivation e Uity A

m m m

» Many definitions and many applications, see:
B.-A. Li, B. J. Cai, L.-W. Chen, J. Xu, Prog. Part. Nucl. Phys. 99, 29 (2018)

* Many extractions, both in Skyrme EDF and using ab initio, see
A. Boulet and D. Lacroix, Phys. Rev. C 97, 014301 (2018)

1.2 v T v T v 1.1

" a 1 . " 1 M 1 "
0 10 20 30 0 10 20 30
—(asky) —(askrp)




Neutron matter quasiparticle dispersion

2
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M. Buraczynski, N. Ismail, and A. Gezerlis, submitted to Phys. Rev. Lett.
arXiv:1901.00870



Neutron matter quasiparticle dispersion

Transition to the (k TL) (%) (k) 72 k,% .
Thermodynamic Limit (TL) AE;p ™ = AEy — ATy" + B

understood reasonably well

_ e—e Extrapolated AFDMC
80 \\\ .--u kz.l.L multiple m

= AFDMC

= 60 - o
= calculation
= ]

w40 -

g

201 “ -
| I 1 | ! | ! l L | ! | L l NEUTRONS
0 20 40 60 80 100 120 140 ;

M. Buraczynski, N. Ismail, and A. Gezerlis, submitted to Phys. Rev. Lett.
arXiv:1901.00870




Neutron matter effective mass

AT® —7® _po i Bk
Extraction from AFDMC N A 3 22m2
(k) _ palk) 2. _ N7k
AEN = Ey}, — Bv + ¢Br= o
11 S AV | e Error bar tries to reflect
LT M, et B both systematics and
- L] | fit to the quadratic
E ‘ L T 3 3] * Many other potentials
=09r I }% ; % ot e also used (not shown)
0.8} T L

07— 004 008 012  0l6 02 NEUTRONSI
n[fm_“%]

M. Buraczynski, N. Ismail, and A. Gezerlis, submitted to Phys. Rev. Lett.
arXiv:1901.00870




3. Static response of neutron matter




Neutron star crusts inhomogeneous

Pressure ionization  Neutronization Neutron drip Pasta phase Proton drip Uniform matter
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Neutron star crusts inhomogeneous

Pressure ionization  Neutronization Neutron drip Pasta phase Proton drip Uniform matter
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Neutron star crusts inhomogeneous
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M. Buraczynski and A. Gezerlis,
Phys. Rev. Lett. 116, 152501 (2016); 2 ool 1
Phys. Rev. C 95, 034012 (2017) |
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Neutron star crusts inhomogeneous

Pressure ionization  Neutronization Neutron drip Pasta phase Proton drip Uniform matter
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M. Buraczynski and A. Gezerlis,
Phys. Rev. Lett. 116, 152501 (2016);
Phys. Rev. C 95, 034012 (2017)

0.16

0.14

0.12

e
=

density (fm'l)

0.06

0.04

0.02

Situation identical to
electrons in solids or
atoms in optical lattices

0.08 =

— v,=025E,
— v,=030E,




Problem setup

Hamiltonian

ZV2+ZVM+ Z E3k+22*vqcos(q r;)

/ F NN

non-relativistic  two-nucleon  three-nucleon single-particle
kinetic energy  interaction interaction external potential



Problem setup

Hamiltonian

ZV2+ZVM+ Z Ejk+ZQUqcosq r;)

1<j i<j<k

Trial wave function

W) =[] f(rij) A [H |¢ia5'if>]

1<j 1
\ single-particle orbitals:

 plane waves
 Mathieu functions

Approach: Carry out microscopic QMC calculations for ~100 particles



One periodicity, one strength

 Periodic potential in addition
121 " to nuclear forces

10— . ] —
e Energy trivially decreased

o0
T I T
|

E/N [MeV]
(o
T I
|

s 1O Vm
2vq =05 EF (PW)

M. Buraczynski and A. Gezerlis, NEUTRONS I
Phys. Rev. Lett. 116, 152501 (2016)




One periodicity, one strength

e Periodic potential in addition

2r "] to nuclear forces

10 —
T ] e Energy trivially decreased
i _- |
z o y T  Considerable dependence on
L | wave function (physics input)

noV,_,
, i * 2v, =05 E, (PW)
_ o 2vq=05E opt) _ e Microscopic input for
00 002 004 006 (3).|08 o1 012 energy-density functionals

M. Buraczynski and A. Gezerlis, NEUTRONS I
Phys. Rev. Lett. 116, 152501 (2016)




Background on DFT

Standard functional in PNM

h2
E = 2—7‘ + s1n°% + s9n° % + sanT + 84(Vn)2
m

Skyrme functional in isospin representation

8Skyrme = Z [(C;’a + C’%bng)n% + O%H(VRTV + O%T?,TTT
T—=0.1

Approach: Use QMC results to constrain DFT gradient term(s)
(which then apply to terrestrial nuclei and neutron-stars more broadly)



One periodicity, many strengths

n=0.10 fm>

121 . . i

ol . | [ * Try to disentangle bulk from
: isovector gradient contribution

E/N [MeV]
/

e AFDMC
— SLy4

0 02 04 06 08

M. Buraczynski and A. Gezerlis, NEUTRONS I

Phys. Rev. Lett. 116, 152501 (2016)




One periodicity, many strengths

n=0.10 fm>

|
2F 7
ok T . 1 e Try to disentangle bulk from
_ 1sovector gradient contribution
E 5 il (homogeneous EOSs also differ)
z O ]
S |
41 _
I e AFDMC
— SLy4
2+ --- SLy4 (mod.)| —
0 | 1 | 1 | 1 | . 1
0 0.2 0.4 0.6 0.8

M. Buraczynski and A. Gezerlis, NEUTRONS I
Phys. Rev. Lett. 116, 152501 (2016)




One periodicity, many strengths

vi 60 : | | |

£

o r * + SLy4 modified

L 40+ SLY? modified |
E‘ ¥ 4 SkM* modified

a:i L

8 20+ =
o H 3

— hd

8 of . |
®

OD *

— =20 = —

-

> B _
e -40 A U R R N R R

T 0 0.02 0.04 0.06 0.08 0.1 0.12

n, [fm'3]

M. Buraczynski and A. Gezerlis, Phys. Rev. C 95, 034012 (2017)

Many densities

e Repeat exercise at lower density
 Homogeneous relation 1s reversed
 Find density-dependent 1sovector

coefficient, analogously to what
1s seen with DME (Holt, Kaiser)

NEUTRONS I




Neutron matter density response

Non-interacting gas: Lindhard function
2 49
1+ 2 (1= (L) )|
q 2qF q—2qr

Three-dimensional electron gas

_mgr
22 h2

XL =

Eiot Ly X(Q) ) 4
N ZW—I—R—OUQ—I—CMQ-I—“-

S. Moroni, D. M. Ceperley, G. Senatore, Phys. Rev. Lett. 75, 689 (1995)



Many periodicities, many strengths

n=0.10 fm>

0.05 L i s S B B L
— Lindhard function 1 5 5 o,c . .

ool + AVEUIX | N e First ever ab initio density-density
_ ' m Compressibility sum rule (AV8+UIX) response for neutron matter
E 0.03- : ] . .
=) e Neither Lindhard nor Coulomb
=
= 002 .
X  Results on this plot derived

001 . from several strengths and

" periodicities

M. Buraczynski and A. Gezerlis, Phys. Rev. Lett. 116, 152501 (2016) NEUTRONS I

M. Buraczynski and A. Gezerlis, Phys. Rev. C 95, 034012 (2017)




Many periodicities, many strengths

n=0.04 fm>

0.1 ; . T T 1
B ~ Ko

0081 AV ) e First ever ab initio density-density
”'% 006 ] response for neutron matter
S
;gc 0.04 | e Neither Lindhard nor Coulomb
X | ]

0.021- _  Results on this plot derived

. from several strengths and
S S B S g —— periodicities

M. Buraczynski and A. Gezerlis, Phys. Rev. Lett. 116, 152501 (2016) NEUTRONS I

M. Buraczynski and A. Gezerlis, Phys. Rev. C 95, 034012 (2017)




Impact on neutron stars

250

200 F

—
()]
=
T T T

100:

Qnp (MeVfm™)

50 L 5

L 1 PR S RN NN TR T TN TN (NS S SR S T S PR ]
0 30 100 150 200 250
Qnn (MeV fm =)

Y. Lim and J. W. Holt, Phys. Rev. C 95, 065805 (2017)

Core-crust boundary

e Thermodynamic instability
determines transition from
inhomogeneous to homogeneous
matter

» Modified 1sovector coefficients
compared with large class
of other results



Conclusions

* Rich connections between physics of nuclei and that
of compact stars

* Exciting time in terms of interplay between nuclear
interactions, QCD, and many-body approaches

e Ab initio and phenomenology are mutually beneficial
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