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Matter under extreme conditions

How do stars explode?
(Birthplace of neutron stars)

What is the nature of the densest
observable matter in the universe!?

Where are the heavy elements
synthesized!?

What new insights can gravitational
wave astronomy reveal?
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Progress on many fronts

Astronomical observations Nuclear experiments

- 3
Radio, optical, ”c@ -_'d@ R4 Heavy ion collisions,
X-ray, gamma ray, &b &b exotic isotope masses,
gravitational wave, “ ~ ~ neutron skin thickness,
neutrino astronomy PR N nuclear polarizabilities,
1%\ %%

Astrophysical simulations Nuclear Theory

Improved mean field

3-dimensional, ohenomenology &
full general relativity, . _ .
reutino vanspor, Ste euting fespon
magnetohydrodynamics ’ ponse,

single-particle potentials




Observational campaigns of neutron stars

Neutron Star Interior Composition Explorer (NICER)

= Neutron star radii: 5%
= Neutron star masses: +10%

= Combined timing and spectral resolution in the soft
X-ray band

PSR_J0437-4715
PSR_J0030+0451

= First dedicated targets: {

LIGO/VIRGO

= Late-inspiral gravitational waveform
related to neutron star tidal deformability

= Poster-merger peak frequency sensitive to
neutron star radius




Multidimensional numerical simulations

Progenitor mass = 20 M

527 ms

P> Parameter studies too expensive: incentive for
improved microphysics modeling

» Nuclear equation of state: F' = F(p,T,Y))
(supernova shock wave energy, neutron star mass-
radius relation, tidal deformability and gravitational

waveforms,...)

P> Single-particle properties and response
functions:

Ue+N —>Ve+ N
Ve +N<—e€e +Dp

(supernova stalled shock wave revival,
nucleosynthesis outcome, late-time supernova

neutrino signal,...)



Nuclear forces from chiral effective field theory

NATURAL SEPARATION OF SCALES CHIRAL EFFECTIVE FIELD THEORY
Low-energy theory of nucleons and pions
A Energy 2N force 3N force 4N force
Heavy mesons (p, w) } A (a/N° | >< P* “Systematic” expansion
X 1
Nucleon momenta]_ (a/A)?
Pion mass G t t

Pions weakly-coupled at low momenta S +:: +:: +++ H( X
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Progress, but still open questions: RG invariance, power counting, explicit A’s ...



Nuclear forces from chiral effective field theory

NATURAL SEPARATION OF SCALES

4 Energy

Heavy mesons (p, w) } A

Nucleon momenta]_ q
Pion mass

Pions weakly-coupled at low momenta
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2 o 2
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CHIRAL EFFECTIVE FIELD THEORY
Low-energy theory of nucleons and pions

2N force 3N force 4N force

“Systematic” expansion

(a/A) @< -
\
% :){ ! :j Fit to NN phase shifts
(a/N)? » (future: lattice QCD)

(/A [}

A EOX

ji?H:i R

(a/N)*

Progress, but still open questions: RG invariance, power counting, explicit A’s ...




Nuclear forces from chiral effective field theory

NATURAL SEPARATION OF SCALES CHIRAL EFFECTIVE FIELD THEORY
Low-energy theory of nucleons and pions
A Energy 2N force 3N force 4N force
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Progress, but still open questions: RG invariance, power counting, explicit A’s ...



Choice of resolution scale

Variations in regulator

» Estimate of theoretical uncertainty

—— A =410MeV (Az ~ 1.50 fm)
--- A=450MeV (Az ~ 1.38 fm)
A =500MeV (Az ~ 1.25 fm)

exp[_(p@2n . (pl/@)Z'n]

sets resolution scale

Symmetric nuclear matter:
k¢(2p0) = 330 MeV

Pure neutron matter:
ky(200) = 420 MeV
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Many-body perturbation theory

%%%%%
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Plus: consistent response functions, single-particle potentials, ...



Symmetric nuclear matter equation of state

_ Reduced uncertainty
but grows with density

(zero temperature)
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Several approximations give good saturation properties



Pure neutron matter equation of state

Neutron

matter equation of state (zero temperature)
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Convergence in the chiral expansion

Neutron rlnatter equaltion of state (zero temperature)
ettt
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Extension to finite temperature

» Perturbation series of freg-energy density in terms of grand canonical potential {2

1 (621 /0up)?
Plso,T) = Folpo, ) + M0 (1o, T)+3* (o, T) — 3 L) 1 o)
0

0
_1 0 R
_20 n
= -30F -~~~ Wellenhofer, Holt, Kaiser &
=) Weise, PRC (2014)
&b -40 ]
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2 aF(p, T)

» All thermodynamic quantities derived from free energy, €.9., P(p,T) = p 9



Benchmark: nuclear liquid-gas phase transition

Predicted critical endpoint

» Critical temperature:
T. =172 —19.1 MeV

> Critical density:
pe = 0.064 — 0.072 fm ™3

»> Critical pressure:
P.=0.3—0.4 MeV fm™>

15}
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» Experiment (compound nucleus & multifragmentation) [J. B. Elliott et al., PRC (2013)
T.=17.9+04MeV pe=0.06+0.02fm™3 P.=0.314+0.07 MeV fm™>
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Benchmark: virial EOS for hot and dilute neutron matter
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Asymmetric nuclear matter

Wellenhofer, HoIt and Kalser PRC (2015)
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Role of higher-order 6* terms?
Crust-core transition density,...




A, (MeV)

Ag (MeV)

Maclaurin series expansion in the isospin asymmetry

_005__ 01

F(T,p,6) ~ ) Asn(T,p) 5" Divergent expansion
n=0

p (fm™3)
015 02 025 03

NN second order (np channel)

0.05 0.1

0.15 0.2 025 0.3
p (fm™3)

at low temperature

o (i) /
0.05 0.1 0.15 02 025 0.3

T=2MeV —+— T=4MeV ——
T=3 MeV —=— T=7MeV ——

T=0 MeV —o— T=15MeV —=—
T=5MeV —e— T=25MeV —x—

Fsym-A2 (MeV)

n3lo414 —e—  n3lo450 -+~

005 01 015 02 025 03 " Sum of higher-order
p () terms is finite



Nonanalytic terms arise beyond the mean field level

0 ,0) 52 Kaiser, PRC 2015

Wellenhofer, Holt and Kaiser, PRC (2016) 30
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Importance of nucleon single-particle potentials

P> R-process nucleosynthesis

»> Neutron-capture rates in cold r-process environments

»> Global optical potentials from infinite matter calculations (update JLM)

P> Charged-current reactions in the supernova neutrinosphere

B> Transport model simulations of heavy-ion collisions

B> Needed to extract equation of state at high density

B> FRIB experimental program



Global optical potentials

Ur,E) = —Vy(r, E)—iWy(r, E) —iWp(r, E)
+ Vso(r, E).l.o +iWso(r, E).l.o + Vc(r).

55
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Isospin asymmetry dependence

» |sovector part of optical potential linear in the isospin asymmetry

Pn — Pp
U:UQ—U]5 T3 Onp =
P P Pn + Pp

Model predlictions
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» Very little is known/predicted about isovector imaginary part



Optical potential in homogeneous matter

» |dentified with the on-shell nucleon self-energy (71, T2, w)
» Hartree-Fock contribution (real, energy-independent): |

Son (@ ks) = > (Ghissitt|Van|Ghyssitt:)ng
1

» Second-order perturbative contibutions (complex, energy-dependent): }:@

P1P38183t1t3 |V|§52882ttz) |2 -

- nﬁ 27r35—*+—0_—»_h’
Wt e —€1—es Fin 1M2M3(2m)°6(P1 + Ps — §— he)

a 1
2 (g wikg) = 5 301
123

Benchmarks:

» Depth and energy dependence of phenomenological volume parts (including
isospin dependence)



Optical potential in symmetric nuclear matter
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Density dependence of real and imaginary optical potentials

Holt, Kaiser, Miller & Weise, PRC (2013)
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Convergence in perturbation theory
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Holt, Kaiser and Miller, PRC (2016)
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Isovector real optical potential

30 | TV [ [ |

L < i

A == Chiral v SkLya | ]

60 v Empirical ¢ SKM* —

- — — RMF BHF -

— i —— DBHF @ Gogny T

< 40 ]
=)
bN

Holt, Kaiser and Miller, PRC (2016)
ool | | | Py
0 50 100 150 200
E (MeV)

» Chiral EFT prediction consistent with broad empirical constraints




Calculated differential elastic scattering cross sections

p+A—=>p+ A

Whitehead, Lim and Holt, PRC (2019)
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Too strong microscopic absorptive imaginary part

p+A—p+ A

Whitehead, Lim and Holt, PRC (2019)
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Probing the nuclear equation of state in the lab
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» Observables: elliptic flow, transverse flow, fragment yields

» Analyze with Boltzmann-like transport equation:
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Probing the nuclear equation of state in the lab

Danielewicz et al., Science (2002)
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» Observables: elliptic flow, transverse flow, fragment yields

» Analyze with Boltzmann-like transport equation:
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Probing the nuclear equation of state in the lab

» Quadratic momentum dependence of nucleon single-particle potential
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50 ; . - : 50
—— IMMDI-GF 7/ ’
| - — Skym’ / 1 /
EE@scer |,/ symmetric ,’
0 == * xEMBPT (it nuclear ¢ g ()
' __matter
S50 ¢ + 1-50
T =0 MeV =
Qg oy @ Toomey g,
/
N—" / /
D /I | /,
OFr ’ e / s e ()
,,,::::: _ﬁﬁﬁy /,.
-50 + - -50
T=30MeV = (¢ T=50MevV = ()
0 500 1000 0 500 1000 1500



Effective mass in medium

d k
v= PR =95
k k Py
M MA\3+1F)
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medium effects ACESS
M*
i 1 Medium “drag”
M* .
0< <1 Medium “backflow”
M
M* : :
7 < 0 Total momentum opposite to velocity




Astrophysical applications: supernovae

K
| Q)
_ 2
d K
M*
Ny = i > Density of states
Ky i

» Thermal properties and entropy generation in core-collapse supernovae
»> Supernova composition and its evolution (electron capture processes)

» R-process nucleosynthesis and neutron-capture reactions



Astrophysical applications: neutron stars

» Neutron superfluidity and proton
superconductivity in neutron stars

» Superfluid entrainment: sensitive to
“isovector effective mass”

» Enough angular momentum in the
superfluid vortices to produce
glitches??

Period

Normal Fermi Liquid Superfluid Fermions
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Isospin-asymmetric systems
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Momentum-dependent proton and neutron effective masses
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» Uncertainty estimates from equal weighting of results from
{n2l0450, n210500, n3l0410, n3l0450, n3l0500} chiral potentials



Beyond mean field contributions to response functions

= (Cross sections for neutrino scattering, production, and absorption needed in
supernova simulation codes

= Neutron star cooling, spectral & temporal features of observable neutrino signal

= Need for improved estimation of strong-interaction physics uncertainties from
realistic two-body and three-body forces

= Neutrino-nucleon scattering and absorption in the neutrinosphere
= Updates to Fermi liquid theory from chiral nuclear potentials
= Mean field corrections to charged-current reactions

= Vertex corrections to density and spin response functions




Beyond mean field contributions to response functions

= (Cross sections for neutrino scattering, production, and absorption needed in
supernova simulation codes

= Neutron star cooling, spectral & temporal features of observable neutrino signal

= Need for improved estimation of strong-interaction physics uncertainties from
realistic two-body and three-body forces

= Neutrino-nucleon scattering and absorption in the neutrinosphere
= Updates to Fermi liquid theory from chiral nuclear potentials
= Mean field corrections to charged-current reactions

= Vertex corrections to density and spin response functions




Late-time supernova neutrinos

Neutrinosphere

o =10" - 1073 g/cm?,
T =4 -8 MeV,

YIO ~ 0.05 -0.10

1000 km
N*
R-process

Neutrino opacity
Ve +tNM<<—e€e —+Dp

Anti-neutrino opacity
i7e '+_ TZ ____) i7e _+_ TZ

Martinez-Pinedo et al, J Phys G (2014)
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Differential scattering cross sections

= Neutrino-nucleon scattering (weak neutral-current reaction)

1 d% G% oo 5
o = 5 B [ (14 cos0) Sy (w, q) + ¢4 (3 — cos0)Sa(w, q)]

= Neutrino absorption (weak charged-current reaction)

1 d%c G, ,
Vdcos@dw - 47'('2 p3E3 (1 o fe(E3)) [gV(l + COoS H)SV((*}) Q)

+93(3 — cos0)Sa(w,q)]

= Relation to response function x (fluctuation-dissipation theorem):

—2 1
n 1—eBw

S(w,q) = Im x(q,w)



Spin and density response functions

Propagator (mean field) corrections: @ é
Vertex corrections: @ Q/\/\<>

Challenges: consistency with EOS and consistency across different
density/temperature domains

Different theoretical approaches:

(1) Fermi liquid theory with chiral nuclear forces
(2) Order-by-order perturbation theory, RPA,... with chiral nuclear forces

(3) Mean field theory with pseudopotentials



Structure of spectrum

S(qNOaw)A

Fermi gas, collective mode

o Single-pair
excitations‘/

2B, — E
Z ‘ |’0q|\IIO ‘ ( ; (2 L n0> )2 +Xmultipair

J

Landau Fermi liquid theory
(applicable in high-density regime: ¢ ~ 0.15 fm ™! << k%)



Quasiparticle interaction (effective particle-hole interaction)

» Extracted from functional derivatives of the ground state energy density

1
08 =D _ e n(B1) + 5 D F(Pu, B)on(F)on(e) + -
p1

ﬁl Jﬁz

» Quasiparticle energies ez = eg’) +> F@, 7)o@’ + -
I')’l

» Legendre polynomial decomposition

F(p1,02) = f(P1,02) + f'(P1,p2 )71 - T2 + [9(P1,P2) + g’ (P1, P2 )T - To] 61 - 02

+ noncentral components

f(P1,p2) = Z fr Pr(cos@)
L

9(p1,p2) = ZgL P;,(cos )
L

......
-------




Perturbation theory description

Nuclear equation of state Quasiparticle interaction

3-b0dv_— %(} . >b ’ ----- b 3}
RE2E3, ’O’ ‘* <‘=::1:]l




Fermi liquid parameters in symmetric matter (benchmarks)

M*
Mpn

=1

0.7 —

F
T3

Effective
mass

1.0]

—

3h%k
M

2
L(1+F) B=

Compression

220 — 260 MeV]

modulus

h2k2, , Fl — F
oqr =
oar- L HE0) 090= 3 e
Symmetry Anomalous orbital
energy g-factor
29 — 34 MeV] [0.20 — 0.26]

Wato (ke =1.33 fm™) M Fy
0[-1.64 [ 0.35 | 1.39 | 1.59 -
1-0.13 [ 0.50 | 0.58 | 0.47 C— 37;\4 kF (1+ Fy) = 200 MeV
Visre + Vax (kp =133 fm™") h2 k%
- G| F |G B = 6M*(1+F6) =31 MeV
0]-0.15 1] 035 | 1.36 | 1.20 . F| — F — 0.09
1[-022|0.21]0.28 024 A= 301 Emm

[Holt, Kaiser & Weise (2012)]




Non-central QP interaction in neutron matter

—»

» Exchange tensor interaction: Si2(q) = 361 - 402 - G — 01 - 02  § = P1 — Po
[Haensel & Dabrowski (1975)]

» Presence of Fermi sea allows additional contributions to the effective
interaction that are absent in free space [Friman & Schwenk (2004)]

Center of mass tensor: Syo(P) =33, - Pds-P—G1-G2 P =p1 + po
Cross-vector: A15(q, P) = (61 x &2) - ({ x P)

» Pure neutron matter particle-hole interaction:

F(p1,p2) = f(P1,D2) + g(P1, P2 )01 - 02 + h(p1, P2 )S12(q)
+k(p1, P2 )S12(P) + 1(p1, P2 ) (61 x &a) - (¢ x P)



Density dependence of three-nucleon force contributions

12

fm’ 04

00

0.8

[Holt, Kaiser & Weise (2013)]
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Density dependence of full Landau parameters

F(p1,p2) = f(p1,D2) + 9(P1, P2 )F1 - 02 + h(P1, P2 )S12(q)
+k (P, 72 )S12(P) + (51, P2 ) (61 X &2) - (§ x P)

02F , 4  TTTTTT —'1 [Holt, Kaiser & Weise (2013)]




Relation to response functions

» Response functions in the Landau limit (¢ — 0, w/q — fixed)

(G w) = Ny g(A)
XY = T [Go + NGy /(1 + G1/3)]gV)

g\ =1- %m

A+1
A—1

w
quF

‘ + %Aaa ~AD A=

» Including noncentral interactions in RPA (static limit):

0 0 T
R L
Xrpa (0) Xrpa (0) 2

1
Ty = _g(HO_Hl +K0+K1)2

1 1 1 1 1 1 1 2. 6 -
Ty =14 =Go— —Hy— ~Hy + —Ho — ~ Ko+ K1+ —Ko+ 211 — —1,
2 +5G2 g0 — gt gtz T ot i el 4 2 ht = ol



Results from chiral two- and three-body interactions

M=0 M=1
o I PPy ¥ 5 A
» Terms up t0 lnge = 3 — | k= 1.68fm™" Complete !
included E [ g=o05k -~ L~0
- | Y‘ .— L7K~0 i
o 2 o) L=K=H=0
» Only the exchange tensor = R I S
contribution is relevant g |
S b -
» Exchange tensor :m
contributions smaller thanin =2 [ & ~ _ S |
mean field models LS NN et S N
0 20 40 60 80 20 40 60 80

o [MeV] o [MeV]
Davesne, Holt, Pastore & Navarro, PRC (2015)

» Future efforts: extend to finite temperature and arbitrary
ISospin asymmetry




Fermi liquid parameters in symmetric nuclear matter

Holt, Kaiser and Whitehead, PRC (2018)
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Fermi liquid parameters and derived empirical quantities

041 o Lo = Ly oL oL i”:
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Holt Kaiser and Whitehead, PRC (2018)
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Charged-current reactions in neutrinosphere

Neutrino-antineutrino spectral difference crucial for nucleosynthesis

Ve +nN<—>e +p 1 Set proton fraction in
U +p<+— et +n [ region of r-process

Np 504 -__ Determines nucleosynthesis
(Ep,) — (Ey,) > 4(my —myp) | outcome

Nuclear mean fields enhance neutrino absorption

. . Martinez-Pinedo et al, PRL (2012):
Skyrme & RMF calculations: Roberte ot al. PRC (2012)

Resonant nucleon-nucleon interactions may
enhance effect (ann = —18fm)




Neutrino absorption cross section

1 d’0c _ Ggoeos’Oc
V dcosOdE, 472

|ﬁe| E. (1 . fe(Ee)) Electron phase space

Nucleon response

X [(1 + cos0)S+(qo,q) + g,24(3 — c0s0)Ss+(qo, Q)]

Noninteracting nucleons
» Nuclear interactions attractive at E

low momenta and

[(np|Vnn|np)| > [(nn|Vi v |nn)|

neutrons protons

» Mean field effects widen the energy
gap between protons and neutrons

» Q-value for neutrino absorption changes
significantly



Neutrino absorption cross section

1 d’0c _ Ggoeos’Oc
V dcosOdE, 472

|ﬁe| E. (1 . fe(Ee)) Electron phase space

Nucleon response

X [(1 + cos0)S+(qo,q) + g,24(3 — c0s0)Ss+(qo, Q)]

Interacting nucleons

» Nuclear interactions attractive at E A 2
low momenta and En(k) = 577 + En(k)
[(np|Vn|np)| > [(nn|Vy N |nn))| -
Ep(k) = "M + Zp(k)

» Mean field effects widen the energy l ______________

gap between protons and neutrons
neutrons

» Q-value for neutrino absorption changes _

significantly protons



Neutrino absorption cross section

1 d’0c _ Ggoeos’Oc
V dcosOdE, 472

|ﬁe| E. (1 . fe(ﬁe)) Electron phase space

Nucleon response

X [(1 + cos0)S+(qo,q) + g,24(3 — c0s0)Ss+(qo, Q)]

Interacting nucleons

» Nuclear interactions attractive at E A 2
low momenta and En(k) = 577 + En(k)
[(np|Vn|np)| > [(nn|VN N |nn)| -
2, Ep(k) = 577 + Xp(k)
> Mean field effects widen the energy > 7 T
gap between protons and neutrons l e~
neutrons l 7(,0
» Q-value for neutrino absorption changes —
protons

significantly



Phase space considerations

Charged-current reactions ( ven — e~ p) with E, = 10 MeV, p, = 100 MeV

E.=+/E2 —2E,qcosf + q? + m?

kinematic
regions




Neutrino mean free path

(1) Pseudo-potential (reproduces exact energy shift when used at the mean field level)

(p|VPSeudo ) — d157(p) Fumi (1955),
l _

ISJ o
D MN Fukuda & Newton (1956)

(2) Chiral NN potential at mean-field level

, k2 k2
» Nucleon energies: Ex (k) = oM +Xn(k) ~ oM+ Un Rrapaj, Holt, Bartl, Reddy &
Schwenk, PRC (2015)
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Comparison to common mean field models

Rrapaj, Roggero & Holt, PRC (2016)
T T T T I T T | T | T I T T T T
0 i
= seudo-potential V +n— p+e > 3
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» Use of pseudopotential generally leads to enhancement of neutrino absorption



Extend to include vertex corrections to response function

Propagator (mean field) corrections: @ é
Vertex corrections: @ <>\/\/\<:>

Pseudopotential only defined for on-shell matrix elements:

dis7(p)
Vpseudo _
<P| 1sSJ | > My

Vertex corrections require off-shell matrix elements:

M? nr. n nr. n
(1) — i,k /dc 0 e /dk k /dcose e
pr 87T4 / 171 051 cos 61 Z\[w + Qk . ZT] 22 2 COS 92 ]\Iw + 2k2 _ ,”7

/d¢2 ST+ 1)P(ds - @)1 — (—1)2H540) (LS TV 9> LS.T).
LSJ




First-order vertex correction to density response

o777
i e X(O) .
[ N3LO 500 chiral nucleon-nucleon
0.8 — XY +x" 4 potential
= [ ,/"\._ Holt, Rrapaj, Reddy & Shin, ]
= g6k . in prep - Effects from 3NF currently neglected
30 )/ \ ]
S 04F 2 ' .
ER , \
| I ,/ Neutron matter ' i
02+ /7 n=010fm™? .
I /// q — 10 fm_l \\ |
_//n 1 1 | 1 1 1 | 1 1 1 | 1 L \‘l 1 1 1
O'OO 20 40 60 80 100
w (MeV)

» Strong enhancement of low-frequency density response

» Suppression of high-frequency density response



SUMMARY

® Need for theoretical frameworks capable of computing consistent equations
of state and response functions in hot/dense matter for astrophysical
simulations

e Consistent single-particle potentials needed for transport simulations of
medium-energy heavy-ion collisions for extracting equation of state

e Nucleon mean fields from resonant NN interactions in the neutrinosphere can
strongly enhance electron neutrino absorption

® |Inclusion of vertex corrections to density and spin response functions in
progress



