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Outline

» Motivation

» Chiral effective field theory e.g. Epelbaum et al., PPNP (2006) and RMP (2009)
e Systematic basis for nuclear forces, naturally includes many-body forces

* Very successful in calculations of nuclei and nuclear matter

» Local chiral interactions
* Can be constructed up to N2LO Gezerlis, IT, et al., PRL & PRC (2013, 2014, 2016)

» QMC results for neutron matter and nuclei
» Symmetry energy constraints from lower bound of neutron matter

» Extensions to higher density using speed of sound
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Motivation
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What are the fundamental forces that
govern strongly-interacting matter?
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Phenomenological interactions
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» Phenomenological interactions give a very good description of properties of light nuclei
with uncertainties of 1-2% in Quantum Monte Carlo calculations.
» Not clear how to systematically improve these interactions, especially in the three-body
sector, and no systematic uncertainties.
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Phenomenological interactions: 3N
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Different phenomenological 3N interactions :
» Urbana IX stiff enough to support heavy neutron stars but fails in nuclei
» lllinois 7 too soft to support heavy neutron stars but very good for nuclei
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Chiral effective field theory for

NUCLEAR THEORY
nuclear forces
Systematic expansion of nuclear forces in
L low momenta Q over breakdown scale A,:
Q » Pions and nucleons as explicit
LO O(p) ;Xé 2 LECs degrees of freedom
» Long-range physics explicit, short-range
Bzé Ii }1 physics expanded in general operator
2 Sams® ‘-.,\ 0 0 . .
NLO O%) ‘ 7 LECs basis, couplings (LECs) fit to experiment
[,:3’1; » Separation of scales:
. Q v 1 v
Expand in powers of (A_b> ~ (§>
3 24 .
NZLO O(%) %:::: ] > Power counting scheme
» Can work to desired accuracy with
systematic error estimates
N3LO o(%j) %*ﬂ || 15 LECs

Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, Meilner, Hammer ...
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Chiral effective field theory for
nuclear forces
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Epelbaum et al., Eur. Phys. J (2015)

AXNZLO _ o <Q4 TR P | _ e
Q = max(p/Ap, Mz /Ap)

Systematic expansion of the nuclear forces:
» Can work to desired accuracy
» Can obtain systematic error estimates

0 ‘XNQLO B XNLOD
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Chiral effective field theory for
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nuclear forces
Many-body forces:
NN 3N AN » Crucial for nuclear physics
» Natural hierarchy of nuclear forces
0
LO (0] %,) ;Xg — p— » Consistent interactions: Same couplings
for two-nucleon and many-body sector
» Fitting: NN forces in NN system (NN
% i 1 phase shifts), 3N forces in 3N/4N
2 et ..\, . . . ..
NLO O %) ‘ system (Binding energies, radii)
5‘:.::0 4
£ ol Refitted interactions at
~. lower resolution scale
- _4-_ \\
3 5 « wo-body+three—body forces
N2LO OF) *::_::: (3 — -8 \\\
1 >-121 AN Uncertainty
2 \\\ \,\,,_t/, gstimate
2—16" \.. @
M| AN
}::"1 .‘{ l l:‘a;l"" —207 \\ Coraggio, Holt,
Q* - 1 =1 241 - A=500 MeV \ ltaco,
N3LO O(F adl B G ] ——ﬁfj?g mex \ay Machleidt,
i [ >< & o -28 , —, ,e | tw<'>—bo l\forcel only Marcucci,
X 04 06 08 10 12 14 16 18  ~ammarruca,
. im] PRC (2014)
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EOS for asymmetric matter
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Quantum Monte Carlo method
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» Very precise method for strongly interacting systemes.

» Needs as input local interactions but chiral EFT generally nonlocal!
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Local chiral interactions
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To evaluate the propagator for small timesteps At we need local potentials:

(V| = {V(T)5(T — ') if local

Vr',r) if nonlocal

Chiral Effective Field Theory interactions generally nonlocal:

» Momentum transfer q = p’ —PpP

. 1 ,
» Momentum transfer in the exchange channel k = §(p +p)

» Fourier transformation: q - r, k — V.,

Sources of nonlocalities:

» Usual regulator in relative
momenta

() = /O

» k-dependent contact operators

Solutions:

» Choose local regulators:
Viong (r) = Viong(r) (1 — e~ ¢/7")

d(r) = dp,(r) = e~ (r/Ro)*

» Use Fierz freedom to choose local set of contact operators.

October 5, 2017
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Local chiral interactions
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3N

4N

LO O(%)

NLO o(%i) — —
NIRER
w0 off) 1 K |~
e K [T
N3LO 0%) ><++ 4 [><
+ ane

Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, MeilRner, Hammer ...

> Leading order V@ = y©) 4 yOPE
» Pion exchanges local
Vieng (1) = Vo (r) + We(r) 71 - 7
+ (Vs(r) + Ws(r) 71 - 12) 01 - 02
+ (Vo (r) + W (r) 71 - 72) Sz
— local regulator

Vieng (1) — Viong(r) (1 _ e_(T/R°)4>

» Contact potential:
VO =l +agor -0y +asm -7

cont

+Qqq01 0271 - To

— Only two independent (Pauli principle)

FAS Csl + Croq - 09

cont

5(r) — Ogy(r) = ae~("/F0)’
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Local chiral interactions

NN 3N AN » Choose local set of short-range operators
at NLO (7 out of 14)

2
‘/c(orzt:71q2+72q20-1'02+73q271'72

L + va q20'1 0271 * T2
NLO O(%ZZ) X I H . _ + 5 k% + 6k o1 op + a7kt T
+ 9 ko ogmy - 7
+ 79 (01 + 02)(q X k)
o }+{ + 710 (91 + 02)(q X K)71 - 7
N2LO O(P) - + ~~~~~ ] }X >K T + v11(01 - q)(0o2 - q)
+712(01 - q)(02 - Q)71 - T2

O'2k

)(92 - q)
)(o2 - k)
)(o2 - k)

— -
2D
_ =
B~ W
2 2
oy

Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, MeilRner, Hammer ...
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Local chiral interactions
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3N

4N

» Choose local set of short-range operators

LO O(%)

at NLO (7 out of 14) and local regulators

» Pion exchanges up to N2LO are local

» This freedom can be used to remove all
nonlocal operators up to N?LO

Gezerlis, IT, Epelbaum, Gandolfi, Hebeler, Nogga, Schwenk,
PRL (2013)

Gezerlis, IT, Epelbaum, Freunek, Gandolfi, Hebeler, Nogga,
Schwenk, PRC (2014)

» LECs fit to phase shifts

Weinberg, van Kolck, Kaplan, Savage, Wise,

Epelbaum, Kaiser, Machleidt, MeilRner, Hammer ...
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QMC results for NN forces
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QMC with chiral 3N forces
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NN 3N AN
0
LO 0(%) >< ----- { = —
Lo Of%) XI I 1 — _
[ [T
N2LO O(%) - }:ﬁ:\] }X >K S
e Ko |
N3LO 0%) ><++ ]|,
I |

Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, MeilRner, Hammer ...

Inclusion of leading 3N forces:

s s /0

C1,C3,C4 CD CE

Three topologies:

» Two-pion exchange V.

» One-pion-exchange contact V/p
» Three-nucleon contact Vg

Only two new couplings: ¢, and c;.

Fit to uncorrelated observables:
» Probe properties of light nuclei: “He Eg
» Probe T=3/2 physics: n-a scattering

October 5, 2017
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QMC with chiral 3N forces

» Two-pion-exchange:
I * g term: Tucson-Melbourn S-wave interaction
n a * (34 term: Fujita-Miyazawa interaction

» Usually most important contribution in PNM.

C1,C3,C4

» Usually V, and Vg vanish in neutron matter:
T * ¢p due to spin-isospin structure
* ¢ due to Pauli principle
see also Hebeler, Schwenk, PRC (2010)

» Only true for regulator symmetric in particle labels like
commonly used nonlocal regulators, not for local regulators

CE
local 3N, see also Navratil, Few Body Syst. (2007)
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QMC results with 3N TPE
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- [o—o NN £ 1 » Only three-nucleon two-pion exchange
15+ NN + 3N (Rin=1.0 fm) =
L |e—e NN + 3N (Rin=1.2 fm) Z ~ ¢y and c3
i 3N
- § 1 » Auxiliary-field diffusion Monte Carlo:
oL 3N L | > NN + 3N TPE forces
- - » Rp=10—-1.2fm
I ] > Rzy =1.0—1.2fm
; B ) » 3N cutoff dependence small
I | > TPE 3N contributions = 1 - 2 MeV at N
0_ 1 1 | 1 I 1 | | 1 I | 1 1 | I | 1 ]
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IT, Gandolfi, Gezerlis, Schwenk, PRC (2016)
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QMC results with 3N TPE
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IT, Gandolfi, Gezerlis, Schwenk, PRC (2016)

» Only three-nucleon two-pion exchange

~ ¢7 and ¢3

» Auxiliary-field diffusion Monte Carlo:
» NN + 3N TPE forces

» Rp=1.0—1.2fm
» Rsny =1.0—1.2fm

» 3N cutoff dependence small
» TPE 3N contributions = 1 - 2 MeV at n,

» Less than for nonlocal regulators
See also Dyhdalo et al., PRC (2016)
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QMC with chiral 3N forces
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s s

C1,C3,C4

CE

» For local regulator also V¢ contributes to neutron matter:
VE ~ cg Z Z Oijk 5R3N (’rij) 5R3N (’rkj)
1<j<k cyc
» Fierz ambiguity:
Oijk =11, 0;0j, Ti"Tj, O0;:0;5T;Tj,
0, 0;T; Tk, [(0; X 0;)-0k]|[(Ti X T;) Tk}

Epelbaum, Nogga, Gloeckle, Kamada, Meiliner, Witala, PRC (2002)

» No Fierz rearrangement freedom for local regulators,
choose different short-range structures to estimate the
impact:

VETNTi'Tj
Ve ~ 1

VEp ~ Ps=1/2,7=1/2
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Fits of 3N LECs

» Fit cg and ¢p to “He binding energy and n-a scattering (A<5)

1-0 ‘ T T T I T T I ' - 140 |
A
(@)  Ry=1.0fm » o —
/;//' P A 120+ ° N2LO (D2, E7)
: " A |
0.5 o ¥ A’/’ i N2LO (D2, E,P)
- . 100 R—matrix
0.0 -»-if' -0 -0 o o .
' ;"'.“’;//R()Zl.?fm -4 o
[ L x g -
U - &
< 60
N2LO (D1, Er) | 40
NLO (D2, E1) 20/
N’LO (D2, EP)
30 40 0 ! 2 3 4

ECHI (MCV)

Lynn, IT, Carlson, Gandolfi, Gezerlis, Schmidt, Schwenk, PRL (2016)
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Results NUCLEAR THEORY
| | 20 B 1 1 1 1 | T 1 I 1 I 1 T
18} N2LO (D2, E1) R | | e—e Local N2LO (this work)
6l N2LO (D2, EP) i M%P;EGEI‘I’\[/II\II\;LL%
| N?LO (D2, Er) | HE%;{:)
14} 151 opt
! - |e—e SCGF N*LOgp 1
121 < -
S | Bl ]
= 101 2 ok b
< E N i
3 8- i ]
6 s i
L 5 = —
4 B B i
2» I~ -
AFDMC 0 i 1 1 1 1 | 1 1 1 1 I 1 1 | |—
. | . | | . | : | | : | :
(S).(]() 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0 0.05 0.1 0.15

» Less repulsion from TPE, but additional contributions due to shorter-range 3N forces

n (fm™3)
Lynn, IT, Carlson, Gandolfi, Gezerlis, Schmidt, Schwenk, PRL (2016)

n [fm-3]

» After inclusion of all contributions we find agreement of various approaches

(different way of uncertainty estimate, see EKM, PRC 2015)

» Ambiguity in short-range structure leads to additional uncertainty.
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Results
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) AFDMC 08 Lok
1.0
) P R | [ IR | [ | 0.6
(S.()() 0.02 0.04 006 0.08 010 0.12 0.14 0.16 . e ’ G FM C
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Lynn, IT, Carlson, Gandolfi, Gezerlis, Schmidt, Schwenk, PRL (2016) Lynn, IT, Carlson Gandolfi. Gezerlis. Schmidt. Schwenk

arXiv:1706.07668

» Chiral interactions at N?LO simultaneously reproduce the properties of A<5 systems
and of neutron matter (uncertainty estimate as in E. Epelbaum et al, EP) (2015) )

» Commonly used phenomenological 3N interactions fail for neutron matter
Sarsa, Fantoni, Schmidt, Pederiva, PRC (2003)
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Results for heavier systems
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Results for AFDMC calculations of heavier systems:

3.5 - ex
92t P
Fus };’i“ + At LO ¥
_4-{ d 30+ +v NLO ]
: 9 __
6l } . i ~e~ N’LO 5%*
z e = A (U
2 -8t = * Tl £ :
< .5 ; i }
S a0 2or R
‘e 4 Fex |
12| Lo s Lk
~v= NLO
-14 + 9
e~ NLO Tl
_16 1 1 1 1 1 1 1 1 1 1 1 1 L
SH SHe “He SHe b 120 150 3 SHe “He SHe ] e 150
Excellent description of binding energies and charge radii for A <16.
Lonardoni et al., arXiv:1709.09143
29
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Results for heavier systems
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Results up to 2C with explicit Deltas:

—20 —20
| 1 + i
o _2+=—= - _2 —
A 1770t ZIIQHIIIZL 5o - -0* g
BRI =
] °Li __1/2- Hf_:__3+ ::;‘z’: 10He I
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] "Li 8y : --_4+_-Z3/3° :
I Li o -
> 01 L. Li ] =50
[} -_-1/2
= j I - S 60
. 601 8 --2. r
@ ] Be gBe ___(2)+ :::%: L
O i [
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301 GFMC calculations g L 30
—9( _ — AVI18+IL7 _ —-90
1 —— EXP -"_o+ [
! — NV2+3-Ia 120 I
—100 A - —100
Piarulli et al., arXiv:1707.02883
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Symmetry Energy

30

I Neutron matter

| | mmm Sym. nuclear matter / 4
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L APR, PRC (1998) & |
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I =3
~
i Emyjirical
-10 B satufation ]
poingt
| L |'Y ""T#»
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Typically, extrapolation to asym. nucl. matter
from sym. nucl. matter (u=n/n,):

So [MGV]
E(u,z) ~ E(u,1/2) + S(u)(1 — 22)? Lattimer, Lim, ApJ (2013)

Symmetry energy S(u) can be expanded as

S(u) = So+§ (u—l)—|—Kls§m (u—1)*+0O[(u—1)"]
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Symmetry Energy
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R R
| —— SCGF (2016)
25 [ e Lynn et al. (2016)
[ - Hebeler et al. (2010)
r—— TT(2013)
a0 L GCR (2012)
| o GC(2010)
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FP (1981) Z
 ---- Unitary gas(§ = 0.37) | »
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|

[ e 2z
10 — Rt > i
A0 Ze

"""""""""

005 o1 o1 02
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IT, Lattimer, Ohnishi, Kolomeitsev,
arXiv:1611.07133 (accepted for ApJ)

Empirical observation:

Unitary gas energy seems to be lower bound to neutron-matter energy

» Constraintson Sand L

Unitary gas:

» Gas interacting via two-body interactions
with infinite scattering length and
vanishing effective range

» Details of the interaction become
irrelevant (universality)

» Experiment and theory: £ = 0.37
Ku et al., Science (2012), Carlson et al. (2012)

» Then, system has no scale except density,
and can be described by a dimensionless
parameter, ¢ (Bertsch parameter)
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Empirical observation:

Justification for this conjecture:
» Finite negative scattering length and
effective range effects increase the

energy with respect to Unitary gas

Carlson et al. (2012, Gandolfi et al. (2015), Schwenk,
Pethick (2005)

> P- and D-wave contributions attractive
but small

» 3N contributions strongly repulsive,
compensate for P- and D-wave attraction

Unitary gas energy seems to be lower bound to neutron-matter energy

» Constraintson Sand L
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n [fm_?’} u=n/ng
IT, Lattimer, Ohnishi, Kolomeitsev,
arXiv:1611.07133 (accepted for ApJ)
L K Q
So+=(u—1)> F%qu?? — |Eg+ —2(u—1)2 + 22 (u—1)3
K, = Ko+ Ksynm Qn — QO + stm
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Conservative parameter choice leads to exclusion boundaries for S;and L :
Ey = —15.5 MeV, ng = 0.157 fm 3, K,, = K, = 270 MeV,
Kiym =0, @, =0 MeVor — 750 MeV, & = 0.365,

Comparsion with compilations of Dutra et al. (2012,2014):

150 —— | | i — 200 ————— T
- Skyrme a 1 L+ Skyrme a o i/ ]
+  Skyrmer o% 1 |+ Skyrmer o ’ 97
o RMF a o 100~ o RMFa o F, o % ]
> RMFr 1 [ o RMFr o ° RO b
100 - [ o 55 SRIN
0 — // ’/‘b o —
o [ /ﬁ o "
% E —100 [ —
= s0fy =
. e —200 ~ m
H i
4 —300 -
0 . :
ty + . ]
_ . —400 [ 22 % of Skyrmes have -
S -, unrealistic saturation |
—50 ! ‘ — : | : ! : | : : ! l ! : ! | ! ! : —500 /'{*' u" L L i | ! L L L | L L L L | L L L L
26 28 30 32 34 36 —50 0 50 100 150
So [MeV] L [MeV]

IT, Lattimer, Ohnishi, Kolomeitsev, arXiv:1611.07133 (accepted for Ap))
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= I KVR O "~ DD, D’C, DD —F
9
I TUFSU
40 — —
(S(%JBv LO)
i U = 1
20 - —
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0 L . | L
24 26 28 30 32 RY1 36 38
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Put constraints on symmetry energy S,

IT, Lattimer, Ohnishi, Kolomeitsev, accepted for ApJ.

40
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120

100
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Excluded

and its density dependence L.

Sy [MeV]

IT, Lattimer, Ohnishi, Kolomeitsev, accepted for ApJ.

SiP =28.14 MeV and Lo = 25.28 MeV
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Because for every S, there is an upper limit to L, when using correlations between
Kymand Land Q,,, and L, one can obtain upper limits for the symmetry energy:

200 R \ L B . 2. /4 | o
. Skyrme a <>//,o" , L — Sy = 28.14 MeV
|+ Skyrmer ’ o . s | —— Sp=28.77TMeV
100~ o RMFa o 9 o , J ,%/ n — Sy = 29.49 MeV
o RMFr oo LSS ] Sp = 30.48 MeV
o 4 o 8 I S() = 31.60 MeV
L] 60 Sp = 32.41 MeV

[ — S() = 33.50 MeV

_ > /
<] 4
— 2
=
1w
""""""""""""""""""""" _ max
20 — =
Smin SUG .",‘ \\‘
T V< VA S R L ] e o Lo oo L | A
—50 0 50 100 150 0 1 2 3 4
L [MeV] u = n/ng

IT, Lattimer, Ohnishi, Kolomeitsev, arXiv:1611.07133 (accepted for ApJ)
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18} ' .\IzL(I)(DZ.E‘n) | .
QMC calculations of neutron matter, light nuclei, and iy e
n-alpha scattering with local chiral potentials up to r
N2LO including NN and 3N forces can serve as =T
nonperturbative benchmarks. =
5 8
Chiral interactions at N2LO simultaneously reproduce : i
the properties of A<16 systems and of neutron matter, i
commonly used phenomenological 3N interactions fail. o

| | | I | .
(S).U() 0.02 004 0.06 0.08 010 0.12 0.14 0.16
n (fm=3)

Further improvements necessary to calculate nuclei 1 e
and neutron-matter EOS with improved uncertainties. . ol Pogr | y
Constraints on symmetry energy and its slope )
parameter can be obtained from lower bound of
neutron-matter energy. B
= T ) . }- Lofn I‘L“f-‘:‘n‘ !
y s T AT
High-density extension based on speed of sound. i/
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