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Nuclear matter covers wide ranges of density and temperature

The phase diagram of hadronic matter
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Radioactive beam facilities will access this region at the extremes

How can nuclear theory help experiment understand the QCD phase diagram?
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The nuclear many-body problem

o Build reliable methods with predictive power

> Probe the limits of the nuclear landscape From nuclei to nuclear matter

o Constrain the EOS of infinite matter
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Why nuclear matter from chiral EFT?

Epelbaum et al., Rev. Mod. Phys. 81, 1773(2009)
' Machleidt et al., Phys. Rep. 503, 1 (2011
Power countmgl LR L

(2N Force) (' 3N Force) (4N Force)

>< -1 low-energy
[ 1 ______ ) constants

———————

o Effective theory of QCD

o Nucleons & pions as d.o.f.

o Power counting expansion

-~ ]..-1 2013 } + { 1994
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o Hierarchy of many-body forces

o Theoretical uncertainties
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What can we predict?

Thermal effects
in the PNM EQOS
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S .
YMmetrjc Nucleagr Matter

Sa‘rum’non pom’r accordmg to different Hamiltonians

TPE contact

Pi Py D 1 Py P'; p'1 Py Ps

- N3LO EM500 or EGM+SRG, 3NFs fit to °H BEs, “He ry, -9 -
- N2LOopt (POUNDERS), 3NFs fit to °H,’He BEs j
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S .
YMmetrjc Nucleagr Matter

Uncertainties due to fitting procedures

o Triton beta-decay is exp. precisely known
o Constraints on the ¢D coupling
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W‘Matter

Many-body methods comparison

Hebeler et al., Ann. Rev. Nucl. Part. Sci. 65, 457 (2015)
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o Low-density neutron matter perturbative
© Bands from c¢1 and c¢3 uncertainties T T s e

0 0.05 0.1 0.15
o First calculations including N3LO 3N at HF o [fn?]

Further results:

AFDMC - Gezerlis et al., PRC 90, 054323 (2014)

Lattice EFT - Epelbaum et al., EPJA 40, 199 (2009)
In-medium Chiral PT - J.W. Holt et al., PPNP 73, 35 (2013),
Lacour et al., Ann. Phys. 326, 241 (2011)

MBPT Wellenhofer et al, PRC 92, 015801 (2015)
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Wonn‘]atter

Quantum Monte Carlo and local chiral forces

TPE o Fourier transformed nonlocal TPE translates into a long-

P/1 PIQ P/3

range + intermediate-range+ short-range local
coordinate space interaction
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W""matter

Quantum Monte Carlo and local chiral forces

TPE OPE contact
P, P. Ps  PipP> Py PLP)Ps Uncertainty in the Hamiltonian definition
different combinations of OPE and contact
e - O local forces provide additional uncertainty
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Wonn‘]atter

Pure neutron matter at 2N + 3N at N3LO

Improved 3NF matrix elements Hebeler et al. 2015
Partial-wave based average Drischler 2014-2015

many-body approximation uncertainty

e ————————T

How perturbative is chiral forces

the potential: EM N3LO500 EGM 450/500 EGM 450/700 uncertainty
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Wonn‘]atter

Pure neutron matter at N3LO: many-body convergence
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How perturbative is the potential: smaller effect of 3rd order
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Wonn‘]atter

Spin-polarized neutron matter vs free Fermi gas
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Kriiger, Hebeler, Schwenk PLB744, 18 (2015)
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Asymmetric matter and the symmetry energy
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Symmetry Energy and slope parameter L

%(p) — ETM (p) — ESEM (p) o N2LOsat predicts a
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SRG1 SRG2  SAT . .
different calculations
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W""matter

The pairing gap in neutron matter
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increasing temperature

S .
YMmetrjc Nucleagr Matter

Free energy and pressure at varying femperature
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Carbone, Rios, Polls (in preparation)
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S .
YMmetrjc Nucleagr Matter

Saturation Energy vs Critical Temperature

SCGF . .
i P > Remarkable linear correlation between
T | omm * saturation energy and critical temperature
'.';;, T T=20MeV ;:),30;, -9 7 T T T T T T T T T T T T T T T T T T T T T T T ]
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g 12r . ]
D) B \\ 4
= T A ] -
ok " b SCGF  p. [fm™®] T. [MeV] po [fm™®] £2 [MeV] ™
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0 0.04 0.08 0.12 0.16 NNLOopt 0.04 9.4 0.12 -9.9  0.90
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Coexistence line: equilibrium between a gas and a liquid phase

Lower critical temperature respect to estimated experimental . , .
value ~ T=18 MeV Carbone, Rios, Polls (in preparation)
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—reneutron matte,
Thermal effects for supernovae simulations

o Pressure calculated as: Pcold+Pthermal P, = (F - l)pE )
. . th — th t
> Thermal index considered constant SCGF
1 1 1 1 LELLEL I 1 1 1 1 LELLEL
Pth o P(T) - EO i T=0 Pressure and Energy from fit i
65 ; TI=51\I/I€VI I I I I I I I I I I I I: 2.2 B ]
sE 20 1m0 mey _- - T
C T=50 MeV ]
4 F 2 —
Zaf _ I i
S of — [ W-—h‘—‘-"*'—‘r'_“-'_‘_:—\\ N
A E ________ E 16 | — == = SR N _
B et T e . ' ——- T=10 MeV Sen _
e ieisisistsialaleientutate o= i -+ T=20 MeV "ONoa
% — o 0z s 14 T=50 MeV \ =
o [fm”] - | « .
12 1 1 1 1 L1 1 1 1 L1 1 L1 1
Eiwn = E(T) — Ey 0.01 0.1 1
o7 7 T 1 ] -3
- T Thowey ] p [fm ]
B -—-= T=20 MeV T
60-— T=50 MeV _'
= | - Pth decreases after certain density N SRR :
S ol 1 o Eth decreases monotonically o T T e
gL - Index increases then decreases after ~ £"f = 1wy %y ;
S ; sat. density “ief P
 T----———.________________7] < dependence on the effective mass ez mmzomn ozt )
N et : :
" o 'y " derivative Mo T A
p [fm ] p [fm~]
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Wonn‘]atter

Momenta of inertia constraints for neutron star radius

o NS Mass and radius can constrain the EOS of NSmatter
o Radius is poorly constrained

o8+ ] — soft
I intermediate
7 . soft stiff
0.50! intermediate
stiff
0.45'
|- 0.40"
0.35'
0.30"
0'205.05. 0.10 0.15 0.20 0.25 R [km]
-1
MR Mo km'™] I [M, km?] | AI[%] | R [km] AR [km]
. 10 11.3—12. 1.
o relation between IM and M/R of NSs 70 20 104_132 3‘11
A measurement of the IM could 20 10 12.3—13.5 | 1.2
20 11.4—-13.5 | 2.1

constrain R and thus the EOS

Greif Master Thesis (2016)
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What can we predict?

Thermal effects
in the PNM EQOS

T —— ———

Saturation point
& uncertainties

T
T=0 Pressure and Energy from fit

: Finite-T & estimate of

T — ————
4 . . e
0 — liguid-gas transition
P av. (HF) 5 7
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-5 \ P=0 (free) %: i 300 Mey
\\ g T T T
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Summary and Impact of results

Neutron star === Thermal efiects
moment oj&nert_i? in the ;BM EQS

T —

Saturation point
& uncertainties

S =5 NS radius Influence supernova  Finite-T & estimate of

constraints simulations and the quuidggs transition

Nuclear matter reliably from IM GW signal ag— ——
predicted based on Interpret

chiral EFT astrophysical

scenarios at high T

Pairing gap

in PRV

PNM equ%on of state

Symmetry energy

Asymmetric matter & slope parameter Coiﬁﬁla'i?] rauplfars
PNM EOS from ab-initio ¢ % Imp
can constrain energy 0 =

. . . . 0 undamental
density functionals Microscopic . Lantities to
calculation drive 9 derstand

the Mass/Radii ¥ ] ters an h
relation : neutron-ric

environments
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