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Motivation

» The neutron-matter equation 20r -
of state connects several - Equation of state 7
physical systems over a wide > | of neutron matter
density range. Z 10F

» An accurate description of the
neutron-matter equation of : ,
state is therefore crucial. 7 )
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Outline

» Chiral effective field theory: Epelbaum et al., PPNP (2006) and RMP (2009)
e Systematic basis for low-energy nuclear forces, connected to QCD

* naturally includes many-body forces
* Very successful in calculations of nuclei and nuclear matter

» Ab-initio calculations using chiral EFT can be used to constrain equation of state
of neutron matter

» Neutron-matter applications: IT, Kriiger, Hebeler, Schwenk, PRL & PRC & PLB (2013)
* Symmetry energy
e Chiral condensate

* Neutron-star mass-radius relation

» Improving neutron-matter results using Quantum Monte Carlo methods
Gezerlis, IT, et al., PRL & PRC (2013, 2014, 2016)

» Summary

July 19, 2016 Ingo Tews, Phases of Dense Matter, INT 3
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Chiral effective field theory for
nuclear forces

Basic principle of effective field theory:

Quantum
Chromodynamics

At low energies (long wavelength) details not resolved!
» Choose relevant degrees of freedom for low-energy processes
» Systematic expansion of interactions constrained by symmetries
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Chiral effective field theory for
nuclear forces

Basic principle of effective field theory:

ANLOS

A>S>R

R

Effective field theory
for nuclear forces

At low energies (long wavelength) details not resolved!
» Choose relevant degrees of freedom for low-energy processes
» Systematic expansion of interactions constrained by symmetries
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Chiral effective field theory for

nuclear forces
— Explicit degrees of freedom:
» Pions and nucleons
w o X |- . . |
A Write most general Lagrangian consistent

with the symmetries of QCD

Separation of scales:
» Low momenta Q < breakdown

scale A,
1

» Expand in powers of (A%)v ~ (g)v

Power counting:
» v = 0: leading order (LO),

» v = 2: next-to-leading order (NLO), ...

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

July 19, 2016
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Chiral effective field theory for

nuclear forces
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NN

2 LECs

7 LECs

15 LECs

Explicit degrees of freedom:

> Pions and nucleons

» Long-range physics explicit

» Short-range physics expanded in

general operator basis

» High-momentum physics absorbed
into short-range couplings, fit to

experiment (phase shifts)

~const.

July 19, 2016
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Chiral effective field theory for
nuclear forces
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0 [deg]

Epelbaum et al., Eur. Phys. J (2015)

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

July 19, 2016 Ingo Tews, Phases of Dense Matter, INT



Chiral effective field theory for

nuclear forces
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[ 1]

HEEE
HEEE
~anB

NN

3N

4N

Many-body forces:

» Have been found to be
crucial ingredient to describe
nuclear physics

Natural hierarchy of nuclear

forces:

» Two-body (NN) forces start at
first order

» Three-body (3N) forces start
at third order (2 LECs)

Fitting:

» NN forces in NN system
(NN phase shifts, ...)

» 3N forces in 3N/4N system
(Binding energies, radii, ...)

July 19, 2016
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Chiral effective field theory for
nuclear forces
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[ 1]

HEEE
HEEE
~anB

NN

3N

4N

Lo of%)

Consistent interactions:

» Same couplings for
two-nucleon and
many-body sector

» In contrast to
phenomenological
interactions

July 19, 2016
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Chiral effective field theory for
nuclear forces

Consistent interactions:

» Same couplings for
two-nucleon and
many-body sector

> |n contrast to
phenomenological
interactions
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Chiral effective field theory for
nuclear forces
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Many-body forces are crucial:

0

|
)
o

Energy (MeV)
5

—60 [

NN + 3N forces:

» Give correct physics of neutron-rich nuclei
See also Hebeler et al., ARNPS (2015)

Oxygen

5 Otsuka et al., PRL (2010) ]

: * Exp - \\\

t ===+ NN + 3N (N LO) ===, ;

| NN + 3N (A) ]

. __l-. \\l | | | |

8 14 16 20
Neutron Number (N)
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Chiral effective field theory for
nuclear forces
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Many-body forces are crucial:

4 O 1 1 1 1 1 1 1 1 1 1 1
Coraggio, Holt, Itaco, Machleidt, Marcucci, : ! ! B Pav. (HF) |
0t Sammarruca, PRC (2014) I P=0 (HF) |
1 : I — — Pav. (free) |-
| -5 | P=0 (free) [
‘ « two-body+three—body forces -
—8-‘- N Drischler et al., PRC (2016) |
S _q10+4 D : Uncertainty -
s ‘ AN “'a.».\__,_;..égtimate —10 - -
<161 \-, @
w ' \
=207 \ 15 -
sl A=500Mev i
} _ _A=450 MeV N -
28+  A=414 MeV two—boéy( force only = 0.50
s 200V
04 06 08 10 12 14 16 1.8 0.00 0.05 0.10 0.15 0.20
k. [fm™]

n [fm=]
NN + 3N forces:

> Give correct saturation with theoretical uncertainties in nuclear matter
Drischler et al., PRC (2016)
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Chiral effective field theory for

nuclear forces
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NN
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Neutron matter:

» Complete calculation at N3LO
using many-body perturbation
theory (MBPT)

IT, Kriiger, Hebeler, Schwenk, PRL (2013)

Calculation is simpler in neutron

matter:

» Only certain parts of the many-
body forces contribute

» Chiral many-body forces
completely predicted from NN
sector

July 19, 2016
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Neutron matter
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20~ EM 500 MeV (NN only)
mm EGM 450/500 MeV (NN only)
i EGM 450/700 MeV (NN only)

15+

Bands:
» Include several sources of
uncertainty:
» Chiral Hamiltonians

(cutoff)
» Many-body method

» Uncertainties due to many-
body calculation small

NN interactions:
» E/N at saturation density:

12-15 MeV
O | | | | | | | | | | | | | |
0 0.05 0.1 0.15
n [fm™]
IT, Kriiger, Hebeler, Schwenk, PRL (2013)
July 19, 2016 Ingo Tews, Phases of Dense Matter, INT 13
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Bands:
L S - > Include several sources of
20 EM 5005 M§V 7 uncertainty:
EGM 450/500 MeV 7 . : :
EGM 430700 MoV » Chiral Hamiltonians
|||||||||| S (cutoff)
15 ..nll"" ‘ » Many-body method
- I”’“ "’ . .
> /,.,.a" ] » Uncertainties due to many-
= > i body calculation small
10 Illllli —
% itk _
i NN interactions:
] » E/N at saturation density:
5 -
e i 12-15 MeV
| 3N interactions:
L L L | L L L L | L L L | L H
0 005 01 015 » Have large |mpact on energy
and uncertainty:
n [fm™]
IT, Kriiger, Hebeler, Schwenk, PRL (2013) 14-21 MeV
July 19, 2016 Ingo Tews, Phases of Dense Matter, INT 13



Neutron matter
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20

15

E/N [MeV]
S

EM 500 MeV

EGM 450/500 MeV
EGM 450/700 MeV
NLO lattice (2009)

QMC (2010)
APR (1998)
GCR (2012)

b
!”’
g

Z=

n [fm™]

IT, Kriiger, Hebeler, Schwenk, PRL (2013)

Good agreement with other

calculations
> butin those
no theoretical uncertainties

Akmal et al., PRC (1998)
Gandolfi et al., PRC (2012)

Chiral EFT puts constraints on
neutron matter EOS

July 19, 2016
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20

15

E/N [MeV]
=

! ! ! ! | ! ! ! ! ! ! ! T,

this work i
LS 180 a
LS 220 7
LS 375 7
— FSU2.1 s
....... NL3 ..//.: . .
..... - TM1 .,.‘ ‘.‘//
..... DD?2 , e

n [fm™]

Lines from Hempel, Lattimer, G. Shen

Good agreement with other
calculations
» butin those

no theoretical uncertainties

Akmal et al., PRC (1998)
Gandolfi et al., PRC (2012)

Chiral EFT puts constraints on
neutron matter EOS
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Neutron matter
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E/N [MeV]

| | | | | | | | | | | | | |
201 NLO
M N’LO (only EGM)
15
10
5
0 | | | | | | | | | | | | | | | |
0 0.05 0.1 0.15
n [fm™]

IT, Kriiger, Hebeler, Schwenk, PRL (2013)

Good agreement with other
calculations
» butin those

no theoretical uncertainties

Akmal et al., PRC (1998)
Gandolfi et al., PRC (2012)

Chiral EFT puts constraints on
neutron matter EOS

N2LO to N3LO:

» Theoretical uncertainty
reduced

» E/N reduced

July 19, 2016
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Symmetry energy and L parameter
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100 | Put constraints on symmetry energy

and its density dependence L:

1 0% E

_ ) = gaea ™|

60 | 9
= L(ng) = Bnoc‘?—nSV(n) ,
= 1o
o %0 _

| " . » Sy =289 —34.9 MeV
20 .4 » L =43.0 — 66.6 MeV
0
N Good agreement with experimental
—20 1 L N ] constraints
24 26 28 30 32 34 36
S, (MeV)
Lattimer, Lim, ApJ (2013)
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Symmetry energy and L parameter
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B this work

— Akmal et al. (1998)

— BHF, AV18+UIX
Danielewicz & Lee (2013) IAS

¥ Danielewicz & Lee (2013) IAS + skins
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] ! I ] | I
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1 Il | | Il
0.1

015

o
b

Put constraints on symmetry energy
and its density dependence L:

1 62 E
Sy(n) = 922 A (n, z) iy
0
L(ng) = 3n08—SV(n) :
n ne

> S, = 28.9 — 34.9 MeV
> L =43.0 — 66.6 MeV

Good agreement with experimental

B constraints
n [fm 7]
Drischler, Soma, Schwenk, PRC (2014)
July 19, 2016 Ingo Tews, Phases of Dense Matter, INT 16



Chiral condensate

INSTITUTE for
NUCLEAR THEORY

0.9 _ ]
c 0.8 _ ]
ASTAN - 1
o' | T B i
lenlilen
V IV - 1
0.7 -
i EGM 450/700 MeV
06 - |mm EGM 450/500 MeV
L |---- leading term Xan A
C oo by ] o
0 0.05 0.1 0.15
n [fm™]

Kriger, IT, Hebeler, Friman, Schwenk, PLB (2013)

Includes:

» Explicit m, dependence

» No m, dependence of
couplings

Constraints on chiral condensate:

» Interactions increase the chiral
condensate

» Leading g term: 0.62 at n,

» Chiral band: 0.67-0.69 at n,

» Good agreement with
calculation in symmetric matter
Weise, PPNP (2012)

July 19, 2016
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Neutron Stars

Equation of state for neutron star matter: extend results to small Y, ,
Hebeler, Lattimer, Pethick, Schwenk, PRL (2010) and APJ (2013)

| | | |
NN only, EM

NN only, EGM

- 8 N
W o W
| [ |

P []0‘“dync/cm2]
=
T

| | | |
0 0.2 0.4 0.6 0.8 1.0

p [p,]

Agrees with standard crust EOS
after inclusion of many-body forces

July 19, 2016 Ingo Tews, Phases of Dense Matter, INT 18



INSTITUTE for
NUCLEAR THEORY

Neutron Stars

Equation of state for neutron star matter: extend results to small Y, ,
Hebeler, Lattimer, Pethick, Schwenk, PRL (2010) and APJ (2013)

| | | |

| / > | | I
2.5 |- NN only, EM 37 crust EOS (BPS) T i

NN only, EGM HE ncutron star matter : T

— — 36 — with ¢, uncertainties —+ | 2
2.0 E :
= 5 B 1 :
2 E 35 pclrust Fl i
(5 n > : :
g 1.5 =) l
E 5 a
S 10k oD |
- i
0.5 |- 5 i

| : | ! !
13.0 13.5 14.0 P Pi2 P23
0 1 1 l l lo [g/cm’]
0 02 04 06 08 1.0 Ep 18
p [p]

Agrees with standard crust EOS
after inclusion of many-body forces

Extend to higher densities

using polytropic expansion

July 19, 2016
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Neutron Stars

36 - a

|

5
~

35 a

log,,P [dyne/cm

34 + B

A I M 1 . ] . 1 )
14.2 14.4 14.6 14.8 15.0 15.2 15.4
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Hebeler, Lattimer, Pethick, Schwenk, PRL (2010) and APJ (2013)
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Neutron Stars
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[ " T v T v T v T v T 1
36 | . 36 N
NE - - Ng ..........
2 35 4 2 35K .
3 P
-~ - 1 =
> P T Ty
) : 1 =2 7
a® - 4 Q.,c
&0 i 1 50 i
= 34} 4 2 34
B 338
1 l L l L l l 1 I l I 1 l L l 1 l L
14.2 14.4 14.6 14.8 15.0 15.2 15.4 14.2 14.4 14.6 14.8 15.0 15.2 15.
log,,p [g/cm’] log,,p [g/cm’]
Hebeler, Lattimer, Pethick, Schwenk, PRL (2010) and APJ (2013)
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Neutron Stars
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I

3 i this work
— — RG evolved

Radius for 1.4 M. neutron star:

2.5
» R=9.7—-13.9 km
— 2
E Maximum mass neutron star:
2 15 > Mo < 3.05M¢ (14 km)
=
1
Uncertainties from many-body
0.5 forces and polytropic expansion
» How to reduce uncertainties?
| | ] | ] |
O8 10 12 14 16
Radius [km] IT, Krtiger, Hebeler, Schwenk, PRL (2013)
July 19, 2016 Ingo Tews, Phases of Dense Matter, INT 20



Neutron Stars
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If a 2.4 M. neutron star was observed:

[ v 1 . I » I . 1 | 1
36 E 36 e
Ng 1 g F o
D 35 B =2 35 |- ccseanes
) > R T
= = a
- | e
= 1 2 .
[ - [aW
= = ;
50 1 oo !
2 34 4 2 34 !
- ]
33 . 33 i
L I L l A l A l l ll 1 l 1 l L
14.2 14.4 14.6 14.8 15.0 15.2 15.4 14.2 14.4 14.6 14.8 15.0 15.2 15.4
log,,p [g/cm’] log,,p [g/cm’]
Hebeler et al., PRL (2010) and APJ (2013)
21
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Neutron Stars
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Mass | M

—

)
U

this work

-
-
-
- -
—r .  am.uem-m™

T

Radius [km]

Radius for 1.4 M. neutron star:
> R=115—-—13.9 km

Maximum mass neutron star:
» Mpgx < 3.05Mg (14 km)

Uncertainties from many-body
forces and polytropic expansion

IT, Kriiger, Gezerlis, Hebeler, Schwenk (2013)

July 19, 2016
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E/N [MeV]

T T T T | T T T T T T T I://' T
20l = e g | |
[ L8220 » Chiral EFT constrains neutron
- — FSU2.1 A :
[ . N3 ] matter equation of state
151 -
[ ] » So far used in perturbative
ok ’ calculations (MBPT)
[ ] » need for nonperturbative
N ] benchmark
0 | | | | | | | | | | | | | | | I_
0 0.05 0.1 0.15

n [fm]
IT, Kriiger, Hebeler, Schwenk (2013)
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Improving neutron-matter band
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EGM 450/500 MeV EGM 450/700 MeV EM 500 MeV POUNDerS N’LO NN
30r ot e B T o T R 0
I |--- Hartree Fock T |--- Hartree Fock T Hartree-Fock T |--- Hartree-Fock ]
o5l |HE 2™ order T |mm 2™ order T 2" order T |mm 2™ order 125
L |mm 3™ order , T 3 order //fi 3 order T |= 3" order ]
s 2o i T F I 120
E B I I T -7
z I T + + 415
o0 - T T >
10 T T T 110
5i + + + 45
0 / Ll Ll ] Ll Ll L Ll Ll L Ll L ] 0
0 0.05 0.1 0.150 0.05 0.1 0.150 0.05 0.1 0.150 0.05 0.1 0.15
n [fm3] n [fm3] n [fm3] n [fm3]
EGM 550/600 MeV EGM 600/600 MeV EGM 600/700 MeV EM 600 MeV
30F e L T L T L e T T R 4 30
r Hartree-Fock T |--- Hartree-Fock T |--- Hartree-Fock L T |--- Hartree-Fock ]
25k 3 order T |2 3" order . T |E 3" order T |EE 3" order 5
r 2™ order T |mm 2™ order . T |mm 2" order T |mm 2™ order
— 20F = = 20
E B T B
> 5 + - 15
0 r T
5f + 5
0 / PR I PR I P ] PR I PR I O
0 0.05 0.1 0.150 0.05 0.1 0.150 0.05 0.1 0.150 0.05 0.1 0.15
n [fm3] n [fm3] n [fm3] n [fm3]
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Improving neutron-matter band

E/N [MeV]

L L T Ty '

i this work ,'i" i L | | | | |
20~ Y/ 18} ’

S S - amc -

[ LS 375 16— AveaUx |

[ ] il =AW A
151 P - _

_ 1 =12 .

[ ] & 10F .
10— 7 é 8-— —

I ] 6l _
51 . 4r .

I ] 2 7

| | | | | | | | | | | | | | | I_ 0 l I l l l l l l I ] l l ] l l
0 505 o NE 0 002 004 006 008 0.1 0.12 0.14 0.16
n [fm—3] n [fm'3]
IT, Kriiger, Hebeler, Schwenk (2013) Credit: Stefano Gandolfi
Fourth order in chiral EFT Phenomenological forces,
(nonlocal interactions), Quantum Monte Carlo
Many-body perturbation theory (needs local interaction)
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Quantum Monte Carlo method

Solve the many-body Schrodinger equation
0 :
H[Y)=——|v), =it
O(R,7) = / dRPN (R e (T+V)7 | RV (R, 0)

Basic steps:

» Choose trial wavefunction which overlaps with the ground state
(R, 0)) = [ (R,0)) Zcz pi) — Zcz SEEEOT g)

» Evaluate propagator for small timestep At, feasible only for local potentials

» Make consecutive small time steps using Monte Carlo techniques to project out
ground state

B(R, 7)) = |go) for T o

More details:
Carlson, Gandolfi, Pederiva, Pieper, Schiavilla, Schmidt, Wiringa, RMP (2015)

July 19, 2016 Ingo Tews, Phases of Dense Matter, INT 26
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Quantum Monte Carlo method

Particle in a 1D box, solution:

n2m?

P (x) = V2sin(nnx), E, = z

Basic steps:

» Choose parabolic trial wavefunction which overlaps with the ground state

Animation by Joel Lynn, TU Darmstadt

1.6 T T T T

R Yy —
1.4 v —

1.2 -

v(x)

0.8 .
0.6 -
04 —
0.2 -

July 19, 2016 Ingo Tews, Phases of Dense Matter, INT 27
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Quantum Monte Carlo method

Particle in a 1D box, solution:

nm?
Y,(x) =V2sin(nnx), E, = —
: , 1
» Make consecutive small timesteps, T = 0.0 ( )
se
Animation by Joel Lynn, TU Darmstadt P
5 I I I I 1 I 006 T I I 1
/2
4.99 T 0.04 - i
4.98 + ]
0.02 |+ _
497t 4 =
& = 0 N \
4.96 1 &
495 i -0.02 i
4.94 | . -0.04 ZZZ M
n=7
4.93 1 1 1 1 1 1 ) . y | I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0.06 0 0.2 0.4 0.6 0.8 1
t[1/Egep] X
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Quantum Monte Carlo method

Particle in a 1D box, solution:

nm?
Y,(x) =V2sin(nnx), E, = —
: , 1
» Make consecutive small timesteps, T = 0.1 ( )
se
Animation by Joel Lynn, TU Darmstadt P
5 1 I I I 1 I 006 T T I 1
7212
4,99 T 0.04 T
4.98 + ]
0.02 |+ _
. 497} 1 =
ET sff 0 —
4.96 1 &
495 i -0.02 4
494 - - 004 F =3 —
n=7
4.93 1 1 1 1 1 1 ) . y | I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0.06 0 0.2 0.4 0.6 0.8 1
t[1/Egep] X
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Quantum Monte Carlo method

Particle in a 1D box, solution:

Y, (x) = V2sin(nnx), E,=——

: , 1
» Make consecutive small timesteps, T = 0.4 ( )

o sep
Animation by Joel Lynn, TU Darmstadt

5 T T T T T T 0.06 T T T T
/2
499 7 0.04 + 7]
498 ]
0.02 .
N = 0 :
4.96 1 & \/
[ ] - - -
4.95 1 002
[ ]
n=3 —
4.94 - ° - -0.04 n=5 — |1
n=7
4'93 1 ! 1 1 1 l _0.06 L | L 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1
t[”EsepA] X
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Quantum Monte Carlo method

Particle in a 1D box, solution:

ném?
Y,(x) =V2sin(nnx), E, = —
. . 1
» Make consecutive small timesteps, T = 0.7 ( )
se
Animation by Joel Lynn, TU Darmstadt P
5 I I I 1 I I 006 T T I T
/2
4.99 T 0.04 - 7
4.98 i
0.02 i
o 497 1 =
4.96 1 &
4.95 ¢ | -0.02 4
494 - * ., _ 004 F =3 —
® n=7
4.93 1 ] ] 1 1 ] ) \ \ | T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0.06 0 0.2 0.4 0.6 0.8 1
t[1/Egep] X
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Quantum Monte Carlo method
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Particle in a 1D box, solution:

n?m?
Y,(x) =V2sin(nnx), E, = —
: : 1
» Make consecutive small timesteps, T = 1.4 =
se
Animation by Joel Lynn, TU Darmstadt P
5 T T T T T T 0.06 T T
/2
4.99 . 0.04 - i
4.98 + 4
0.02 |+ ]
497, 1 =
o s 0
4.96 - 1 &
4.95 L b | -0.02 -
° n=38 —
4.94 ° . . -0.04 n=5 — |
® ® o o o o o o ¢ n=7
493 1 ] 1 1 1 l . | 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0.06 0 0.2 0.4 0.8

t[1/Esep]
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Local chiral interactions
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NN 3N

4N

Choose local set of short-range operators
at NLO (7 out of 14)

Pion exchanges up to N?LO are local

This freedom can be used to remove all

nonlocal operators up to N2LO
Gezerlis, IT, Epelbaum, Gandolfi, Hebeler, Nogga, Schwenk,
PRL (2013)

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

LECs fit to phase shifts

+ L]
Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, MeiRner, Hammer ...
July 19, 2016 Ingo Tews, Phases of Dense Matter, INT 29



QMC results for NN forces
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N
[P]
= 10
Z
88
5
0

1+ NN-only calculation:

orr0 8M(‘ LO §
MC NLO |
e—o QMC N’LO = ] » QMC:
i Statistical uncertainty of points
. negligible

Z 1 » Bandsinclude NN cutoff variation
E Ry=10—-1.2fm

1 » Order-by-order convergence up to
) saturation density

n [fm™]

Gezerlis, IT, Epelbaum, Freunek, Gandolfi, Hebeler, Nogga,
Schwenk, PRL (2013) and PRC (2014)
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Benchmark of MBPT

E/N [MeV]

N?LO Ry=1.0 fm N?LO Ry=1.1 fm N?LO Ry=1.2 fm
20 I | T ] | I T | T ] 20
: : T :
151 T T 115
101 uE uE 10
5L iR i s
oL Cl ol o ol L ol ; ‘ L Cl Ly
0 0.05 0.1 0.15 0 0.05 0.1 0150 0.05 0.1 0.15
n [fm=] n [fm™] n [fm=]

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

E/N [MeV]

N?LO Ry=1.0 fm N?LO Ry=1.1 fm N?LO Ry=1.2 fm
20 I | T T | I T | T ] 20
- [— QMC T [—QMC T [—QMC 1
i Hartree-Fock 1 |t-! Hartree-Fock T |5-} Hartree-Fock |
15+ T — =15
100 + B H10
5L iR B s
0 i Cl ol o ol L ol 5 ‘ L Cl Ly
0 0.05 0.1 0.15 0 0.05 0.1 0150 0.05 0.1 0.15
n [fm=] n [fm™] n [fm=]

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

E/N [MeV]

N?LO Ry=1.0 fm N?LO Ry=1.1 fm N?LO Ry=1.2 fm
20 \ T \ T \ T 20
- |e— QMC T |— QMC T [o— QMC T
I Hartree-Fock 1 |t=! Hartree-Fock 1 |E=3 Hartree-Fock i
15 2nd order I |~ 2nd order =2 | 2nd order 15
10 1 1 =10
s[ T T 1s
O i 1 \ 1 1 \ 1 1 \ 1 | 1 \ 1 1 \ 1 1 \ 1 ; 1 1 \ 1 1 \ 1 1 \ 1 | (‘)
0 0.05 0.1 0150 0.05 0.1 0150 0.05 0.1 0.15
n [fm=] n [fm™] n [fm=]

Gezerlis, IT, Epelbaum, Freunek, Gandolfi, Hebeler, Nogga, Schwenk, PRC (2014)
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Benchmark of MBPT
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N?LO Ry=1.0 fm

N?LO Ry=1.1 fm

20 i \ T ] \ T i \ T ] 20
- [—QMC + [—aQmC - [— QMC ]
I Hartree-Fock [ |-} Hartree-Fock [ |I=} Hartree-Fock i
15 2nd order I |~ 2nd order L 2nd order 15
- 3rd order + |& 3rd order 7+ | ™ 3td order 3
= I i 7 I =]
m - — e —
,,;,,Em 10+ - - =10
Z I ] I ]
[ L i u i
5L € B s
O i 1 \ 1 1 \ 1 1 \ 1 | 1 \ 1 1 \ 1 1 \ 1 ; 1 1 \ 1 1 \ 1 1 \ 1 | (‘)
0 0.05 0.1 0150 0.05 0.1 0150 0.05 0.1 0.15
n [fm=] n [fm™] n [fm=]
Gezerlis, IT, Epelbaum, Freunek, Gandolfi, Hebeler, Nogga, Schwenk, PRC (2014)
Many-body perturbation theory:
» Excellent agreement with QMC for soft potentials (Ry = 1.2 fm)
» Validates perturbative calculations for those interactions
July 19, 2016 Ingo Tews, Phases of Dense Matter, INT 31
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QMC results for NN forces

E/N [MeV]

- NN-only calculation

- |e— AFDMC N’LO
- MBPT (N’LO EGM)
15 | — ¢cC (N2LOo) » Good agreement with other
I MBPT (N?LOp) approaches:
- - CIMC (N*LO, :
(N Oony) MBPT with N2LO EGM

IT, Kriiger, Hebeler, Schwenk, PRL (2013)

CC with N*LOyp¢

Hagen, Papenbrock, Ekstrom, Wendt,
Baardsen, Gandolfi, Hjorth-Jensen, Horowitz,
PRC (2013)

MBPT with N*LO gt
IT, Kriiger, Gezerlis, Hebeler, Schwenk, NTSE (2013)

i
-

0 0.05 0.1 0.15 CIMC with N*LOp
n [fm'3] Roggero, Mukherjee, Pederiva, PRL (2014)

Gezerlis, IT, Epelbaum, Freunek, Gandolfi, Hebeler, Nogga,
Schwenk, PRC (2014)
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QMC with chiral 3N forces

NN 3N 4N

T T T
o V v Ve
NLO O(%Zz) ><| } ] = — C ’
'.:”‘11 Three topologies:
» Two-pion exchange V.
Q3 1l e }+{ » One-pion-exchange contact Vp
vio o3| | k- _

~~~~~ } >< >K » Three-nucleon contact Vg

Only two new couplings: cp and cg

Two-pion-exchange most important in PNM:
usually ¥V and Vg vanish in neutron matter
(only for regulator symmetric in particle labels)

Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, MeiRner, Hammer ...
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Fits of 3N LECs

> Fit cg and cp to *He binding energy and n-a scattering

1.0 T ‘ T T T T T T | T T T T T , T T /1/ 140

NLO
N2LO (D2, ET) L
N2LO (D2, EP) |

—— R—matrix ]

< 11

AT _ 120}

¢ o

100}

a0 B
Q
o
SN—
o

601

N?LO (D1,E7) |1 40}
N2LO (D2, Er) H
N2LO (D2, E1) || 201
N2LO (D2, EP) |
P 0
3.0 4.0

Eum (MeV)

Lynn, IT, Carlson, Gandolfi, Gezerlis, Schmidt, Schwenk, PRL (2016)
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QMC results with 3N TPE
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E/N [MeV]

15

10

I I I I I I I I I | I I I I | I

—o NN
NN + 3N (R3N=1 .0 fm)

e—e NN + 3N (R3n=1.2 fm)

Ro=1.0 fm -

3N

| | | | I | | | | | | | | | | | |

0.05 0.1 0.15

n [fm_3]

IT, Gandolfi, Gezerlis, Schwenk, PRC (2016)

» Only three-nucleon two-pion exchange
~ ¢1 and c3

» Auxiliary-field diffusion Monte Carlo:
» NN + 3N forces
» Rp =1.0—-1.2fm
»> Ry =1.0—1.2fm

> TPE 3N contributions =1 - 2 MeV

» 3N cutoff dependence small

» Variation with ¢c; = —(0.37 — 0.81) and
c3 = —(2.71 — 3.40) smaller 0.3 MeV

July 19, 2016

Ingo Tews, Phases of Dense Matter, INT 34
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=9 - I B ‘ ‘
i = 120 I8 N2Lo (D2, F1) -
_6, 1t 3 | 16l | B NPLO (D2, EP) |
7L 1 ig | N2LO (D2, Er)
. | 1 141
—8]L At I : i
1 1.6 121~
— ok . Y = = |
% \ _ Eﬁw %10*
= u g =" <=
St > g o8
_19b BI= 1.2 6f
i Y 4l |
i Y 1l | Y MO ,
—25- 3 | & N2LO (D2, ET) 10 ol -
i | o—1[ | ™ Exp. 1
_31t | | ] I \ \ 0.8 (g) N AU AR AT ERR ST R S
31 3Ho  'Ho SH . 3He  THo 00 0.02 004 006 003 010 0.2 014 0.16

n (fm™?)

Lynn, IT, Carlson, Gandolfi, Gezerlis, Schmidt, Schwenk, PRL (2016)

> Chiral interactions at N2LO simultaneously reproduce the properties of A=3, 4, 5
systems and of neutron matter

» Commonly used phenomenological 3N interactions fail for neutron matter
Sarsa, Fantoni, Schmidt, Pederiva, PRC (2003)
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Comparing to N3LO calculation: Chiral EFT forces with the

e w0 "1 Quantum Monte Carlo method:
20 - i 4

| mmmm This work |

I ] » Energies agree well with MBPT
15 | result within uncertainty bands

> I ] _

< 7 i » Many-body uncertainty

Z 10F - negligible

E I ] o

I | » uncertainties comparable
N | but QMC band only at N2LO
Og——— '0'03' — 0{1 0 'h » Improve local chiral interactions:

. 5 .
n [fm] » Maximally local N°LO potentials

IT, Kriiger, Hebeler, Schwenk, PRL (2013)
Lynn, IT, Carlson, Gandolfi, Gezerlis, Schmidt, Schwenk, PRL (2016)
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Summary
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Chiral effective field theory:

» Provides constraints on symmetry energy,
neutron star EOS

» Improvement of neutron-matter EOS work in
progress

» Using QMC methods with higher order
interactions expected to reduce theoretical

uncertainties by a factor of two
Gezerlis, IT, Epelbaum, Gandolfi, Hebeler, Nogga, Schwenk,

PRL (2013) & PRC (2014)
IT, Gandolfi, Gezerlis, Schwenk, PRC (2016)
Lynn, IT, Carlson, Gandolfi, Gezerlis, Schmidt, Schwenk, PRL (2016)

Constraints on symmetry energy and neutron stars:

> S, = 28.9 — 34.9 MeV
> L =43.0 — 66.6 MeV

> Radius for 1.4 M, neutron star: 9.7 — 13.9 km
IT, Kriiger, Hebeler, Schwenk, PRL & PRC (2013)

M.]

Mass [

i6

n[fm 3 ]

L this work

— — RGevolved

Radius [km]
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Outlook

Dipole Polarizability a, (fm®/e?)

» Improve local chiral interactions to nuclei and nuclear matter:
» Maximally local N3LO potentials
» Inclusion of Delta degree of freedom
» Try different power counting (?)

L I L R T
3L this work _
) = = RG evolved
NN 208 | I
25 Exp. Pb i
| Il Ref. [8] |
23 - -
L —_ 2
<]
.
Z 15
I | =
7 T
15 ) "
‘ HE ‘ M ‘ | 0.5
0.12 0.14 0.16 0.18 0.20 0.22 |
Neutron Skin Thickness (fm) 0

- 2
Radius [km] f [kHZ]

» Study perturbativeness of different chiral orders and power-counting scheme
» Connect nuclear physics to the underlying theory of QCD
» Long-term goal: enable chiral EFT predictions from first principles
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BACKUP
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Chiral effective field theory for
nuclear forces
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Energy (MeV)

Many-body forces are crucial:

O | 1 1 I 1 | 1 |
; Oxygen ; 18 F 1 [ [ [ -
y Otsuka et al., PRL (2010) Calcium 1
[ : 16 Gallant et al., PRL(2012)
=20 [ 1 - Bl i
| % 14F .
: 12 | i
| s 12 -
a0t \ ] A - AME2003 .
- & Exp. 6 j [ ®- & TITAN -
[ e NN 43N (NLO === ] 10F — NN+3N(MBPT) ]
e NN + 3N (A) - —— NN+3N (emp) -
| e NN ] S| | | | =
B e 28 29 30 31 32
8 14 16 20 N
Neutron Number (N)

NN + 3N forces:

» Give correct physics of neutron-rich nuclei
See also Hebeler et al., ARNPS (2015)
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Neutron Stars
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Hebeler, Lattimer, Pethick, Schwenk, PRL (2010) and APJ (2013)
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Local chiral interactions

NN 3N AN > Leading order V(0) = Vc(oorzt + P OPE
» Pion exchange local — local regulator
Q@ >< _____ 1 - =
LO 5
0 A) flong(r) =1-— exp(—r4/R§)
>< |:;;;;, };;:’] » Contact potential:
NLO O(%) 2 _ T (0)
',22'1;1 Veont = @11 + a0y - 02 + g7 - 72
+ Qo1 - 0971 * To
al 11| HH
N?LO OF) +{ + ~~~~~ ] } >< >K — — Only two independent (Pauli principle)
V) = Cs1+ Croy - o
T
N3LO O %) X +IIZ:+ \ ) J
B [>< o + fshort(™) = a exp(—=1*/Rp)

Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, MeiRner, Hammer ...
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Local chiral interactions
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NN 3N 4N
0
o o)X H| — | -
Veont
o T
N2LO 0%) *:::::{ +::;] D( >K —
e K [ TR
NSLO O %) X++ Al
|

Weinberg, van Kolck, Kaplan, Savage, Wise,

Epelbaum, Kaiser, Machleidt, MeiRner, Hammer ...

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

Y@+ 1o T+ Y3 T T
+ Y1 q°01 - 02T - T
+y5k* +y kP o100+ kP T
+'78k20'1’0'27'1 )

+ v9 (1 + 02)(q x k)

+ 710 (01 +02)(q X K)T1 - T2
-q)(o2-q)

)(o2-q)T1 - T2

)(o2 - k)
)(o2

(o2-k)T1 -T2

o
2 2
B~ W
23
AR
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Local chiral interactions
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NN 3N

4N

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

2
Vc(orzt271q2+72q201'02+73q27'1-7'2

2
+Y4qQ°01 - 02T - T2

+ 5k + 6k’ o100+ kAT T
+'78k720'1’0'27'1 * T2

+ 9 (01 + 02)(q x k)

+ 710 (01 + 02)(a X k)71 - T
+v11(01 - q)(o2 - q)
)(o2-q)T1 - T2
)(02 - k)
)

(Ug’k)Tl *T9.

o
2 2
=~ W
23
RIS

+ L]
Weinberg, van Kolck, Kaplan, Savage, Wise,
Epelbaum, Kaiser, Machleidt, MeiRner, Hammer ...
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QMC results with 3N TPE

13 » Only three-nucleon two-pion exchange

~ ¢4 and ¢
12.5 1 3

» Auxiliary-field diffusion Monte Carlo:
» NN + 3N forces
> Rp =1.0—-1.2fm
»> Ry =1.0—1.2fm

—
(\9)

NN only

E/N [MeV]
[E—
[S—
()|
I|IIII|IIII|IIII|IIII|IIII|IIII|I
X, m
~
‘\\\\\ \\\
AN
\\\\\\
\
i
v\‘\
A\

11 *—o 11124, Il2=1 . .
-m =2, n=2 » TPE 3N contributions = 1 - 2 MeV, smaller
10.5 oo =2, mp=4 than for nonlocal regulators
R )nl *--X 1’11=4, Il2=2
T D R B e

o0 » 3N cutoff dependence small

04 06 08 1 12 14 16 18 2

Ry [fm] » Variation with ¢c; = —(0.37 — 0.81) and
c3 = —(2.71 — 3.40) smaller 0.3 MeV

IT, Gandolfi, Gezerlis, Schwenk, PRC (2016)
» Independent of exact regulator form
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