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Neutron stars: micro-macro

TOV equations
(or Hartle-Thorne, etc)
Pressure vs density Mass vs radius
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Uncertainty estimates

TOV equations
(or Hartle-Thorne, etc)

Pressure vs density Mass vs radius

P A M A

/: B

Modern goal: systematic theoretical error bars
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Many-body problem: QMC

Quantum Monte Carlo: stochastically solve the many-body
Schrodinger equation in a fully
non-perturbative manner
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Schrodinger equation in a fully
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Argonne/lllinois + nuclear GFMC

B. Wiringa's talk: nuclear Green's Function Monte Carlo is very accurate
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Nuclear Hamiltonian: chiral EFT

LO
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NLO
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NNLO
Q/A,)?

N°LO
(Q/A,)*

2N Force

3N Force

4N Force

e Attempts to connect with
underlying theory (QCD)

e Systematic low-
momentum expansion

 Consistent many-body forces

e Low-energy constants from
experiment or lattice QCD

e Until recently non-local in
coordinate space, so unused
in continuum QMC

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

Weinberg, van Kolck, Kaplan, Savage, Wise, Machleidt, Epelbaum, ...
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Nuclear Hamiltonian: chiral EFT
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p= (p1 — pz)/Q k = (pf — p)/? k means non-local

p" — (p‘fl — p;)/g q=p —p q means local
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Nuclear Hamiltonian: chiral EFT
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2N Force 3N Force 4N Fo
LO Merely the standard choice.
(Q/A,)"
NLO A |
Q/A,)? - L Actually 4 terms in full set
| l | ______ s consistent with the symmetries of QCD
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Pick 2 and antisymmetrize

A. Gezerlis, 1. Tews, E. Epelbaum, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, Phys. Rev. Lett. 111, 032501 (2013).
A. Gezerlis, 1. Tews, E. Epelbaum, M. Freunek, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, Phys. Rev. C 90, 054323 (2014).



Local chiral EFT

Use the analogous freedom for NLO contacts

Write down a local energy-independent NN potential

* Pick 7 different contacts at NLO, just make sure that when
antisymmetrized they lead to a set obeying the required
symmetry principles
V) =Ci? +Cag?mi -7 Vi) =CL @ + O K
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A. Gezerlis, 1. Tews, E. Epelbaum, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, Phys. Rev. Lett. 111, 032501 (2013).

A. Gezerlis, I. Tews, E. Epelbaum, M. Freunek, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, Phys. Rev. C 90, 054323 (2014)
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Compare to non-local EGM
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Since it's local, let's plot it (N°LO)
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A. Gezerlis, 1. Tews, E. Epelbaum, M. Freunek, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, Phys. Rev. C 90, 054323 (2014).
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Since it's local, let's plot it (N°LO)
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Since it's local, let's plot it (N°LO)

V(r) [MeV]

A. Gezerlis, 1. Tews, E. Epelbaum, M. Freunek, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, Phys. Rev. C 90, 054323 (2014).
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Since it's local, let's plot it (N°LO)
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Chiral EFT in QMC

T ' — e Use Auxiliary-Field

. [e--0 AFDMC LO i Diffusion Monte Carlo to
A I p— iigﬁg ﬁ%fo E ] handle the full interaction
U

e First ever non-perturbative
1 systematic error bands

10 - » Band sizes to be expected

E/N [MeV]

e Many-body forces will
1 emerge systematically

NEUTRONS I

A. Gezerlis, 1. Tews, E. Epelbaum, M. Freunek, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, Phys. Rev. C 90, 054323 (2014).




QMC vs MBPT

N?LO Ry=1.0 fm N?LO Ry=1.1 fm N?LO Ry=1.2 fm
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« MBPT bands come from
diff. single-particle spectra

 Soft potential 1n excellent NEUTRONS I

agreement with AFDMC

A. Gezerlis, 1. Tews, E. Epelbaum, M. Freunek, S. Gandolfi, K. Hebeler, A. Nogga, A. Schwenk, Phys. Rev. C 90, 054323 (2014).



What about three-nucleon forces?

I. Tews, S. Gandolfi, A. Gezerlis, A. Schwenk, in preparation



Nuclear Hamiltonian: chiral EFT

2N Force 3N Force 4N Force

N2LO 3NF

* Two-pion exchange (parameter-free)
« One-pion exchange-contact (c,,)

« Three-nucleon contact (c,)

(Q/A,)




Nuclear Hamiltonian: chiral EFT

(Q/A,)

2N Force

3N Force

4N Force

N2LO 3NF

* Two-pion exchange (parameter-free)
« One-pion exchange-contact (c,,)

« Three-nucleon contact (c,)

V, and V. are merely
regulator effects in PNM



3NF TPE in PNM
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3NF TPE in PNM

Momentum space
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3NF TPE in PNM

Momentum space
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Long-range (LR)



3NF TPE in PNM
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Intermediate-range (IR)



3NF TPE in PNM
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Regularizing

Attempt to be consistent with NN regularization

1 —(r/Rax )
5([’) — 5R3N (I') — WF(3/4)R3 e ( /R )
3N

V(r) = Y(r)(1—e (/")



3NF contributions

e Shown are both HF (lines) and
AFDMC (bands) for 3NF contrib

e HF shows IR & SR vanishing
at low R,

« AFDMC at low R, shows
collapse of LR and IR

NEUTRONS I




12.5

3NF cutoff choice

(1O
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* Too large cutoff chops off too much
 Too small cutoff leads to collapse

e Plateau appears at intermediate
values of the cutoff
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12.5

3NF cutoff choice

(1
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Ry [fm]

* Too large cutoff chops off too much
 Too small cutoff leads to collapse

 Plateau appears at intermediate
values of the cutoff

» Result does not appear to depend
on specific form of the regulator
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3NF cutoff choice

ST T T e Too large cutoff chops off too much

12.5  Too small cutoff leads to collapse
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E/N [MeV]
tn
I | T T | T T | T T]T | T T | T T | T T | I

1 { — » Result does not appear to depend
*—o 1= , D= .
.-a =2, =2 on specific form of the regulator
10.5 ¢e-e =2, m=
~(r/Ran)™)n =S, e
0 flongz(l'e’ ) ) n,=8, n,=1

04 06 08 1 12 14 16 18 2
Ry [fin] NEUTRONS I




Overall error bands

L e NN error band already published
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Overall error bands

L I S e e NN error band already published

" |e—o NN
15/~ |+« NN + 3N (Ran=1.0 fm)

* Now vary 3NF cutoff within plateau
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Overall error bands

[ T e NN error band already published

15 NN + 3N (R3x=1.0 fm)
- | =—= NN + 3N (R3n=1.2 fm)

1.0 fm

* Now vary 3NF cutoff within plateau

R.U.:l .2 fm R()

e 3NF cutoff dependence tiny in
comparison with NN cutoff one

] e 3NF contribution 1-1.5 MeV,
] cf. with MBPT 4 MeV with EGM

NEUTRONS I
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Compare with other calculations at N2LO

20" [«— Local N2LO (this work) e Overall agreement across methods
. MBPT EGM N2LO
- | gz pp ladder EM N?LO . :
o[ |+ COPT N2LOGy %MC band refsfult of using more
. |e—oe SCGF N2L00pt t dan onc ClltO
s L — * Band width essentially understood
z 10f
o[
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Now turn to neutron drops

I. Tews, S. Gandolfi, A. Gezerlis, A. Schwenk, in preparation



Neutron drops with NN+3NF chiral forces

140

135

120

LO-
NLO -
N2LO NN

+VCLR -

+Vc -

Potter et al. —

1 440

1 430

1 420

410

LO-

NLO |-
N2L.O NN
+Vc -

+VCIR -
Potter et al. —

* 10 MeV harmonic oscillator trap
e Order-by-order systematics studied

e Soft LO potential leads to very low
energies, especially in larger systems

e Reasonable agreement with
ACCSD calculations
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Remember that neutron-star crusts
also involve a lattice of nuclei

M. Buraczynski and A. Gezerlis, in preparation



Neutron star crusts more than PNM

Pressure ionization  Neutronization Neutron drip Pasta phase Proton drip Uniform matter
10* 10’ 10" T density (g/cm’)
- >

? @ o OOOQQOQQQ
20 O 0200y

9
@ )
Envelope Outer crust Inner crust
iron atoms neutron rich nuclei, e muclear clusters,
ne
Solid crust Mantle Outer core
body centered cubic nuclear pasta np.e

Coulomb lattice




Static response of neutron matter

T T T e Periodic potential in addition

| | e Vo0 | to nuclear forces
=-u v, =0.5 E (plane waves)

1o * Energy trivially decreased

E/N [MeV]

— 0.04 — 0.06 — 0.08 — 0.1 -




Static response of neutron matter

——————— » Periodic potential in addition
o—o v,=0
| | =-=v,=05E_ (plane waves) to nuclear forces
10l +--+ v, =05 E_ (optimized) |
e Energy trivially decreased
; /,l
[5) rad -
> - e Considerable dependence on
< wave function (physics input)
e 1 * Microscopic input for
s T | energy-density functionals
.
1 I 1 | | L 1 | | L I 1
0.04 0.06 0.08 0.1

n [fm”] NEUTRONS I




Conclusions

e Local chiral N2LO 3NF forces derived and
being used in the many-body context

e [Local 3NF contributions much smaller
than non-local ones

e Effects of the regulator intriguing and being
further explored

e Static response also being investigated
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