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Phase Diagram of Hot and Dense Matter
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Neutrino Interactions and Observables
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e Neutrino diffusion and convection
IN the outer and inner core

influence the temporal structure. <
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Low Energy Neutrino Scattering in Non-Relativistic Matter

Neutral-current coupling in Ly =——2=1"J,

th lativistic [imit V2
e non-relativistic limi J,=NT, N=N'(Cy & —Cadl o)) N

Neutrinos scatter from density and spin fluctuations.
V  Cannot resolve individual nucleons when

ka <1 andfor wr <1 Sawyer (1975, 1989)

T lwamoto & Pethick (1982)
nucleon nucleon Horowitz & Wehrberger (1991)
dense matter correlation collision Raffelt & Seckel (1995)

Reddy et al. (1999)

length
9 frequency g ows & Sawyer (1999)

Scattering rate:
dr'(E,)  G%
dcosf dw  4m?

R(w, k) = Cy (1+cosb) S,(w, k) + C% (3 —cosf) Sy (w, k)

(B, —w)*(1 = f,(E, —w)) x R(w, k)



Response and Correlation Functions

Information abo.ut many- o (w, |]) = —i / Az e FFDTr (o [p(z. 1), p(0,0)])
nucleon dynamics is

contained in these
correlation functions. 1L (w, |k]) = —i / d*z e F TN (pe [o3(2, 1), 05(0,0)])



Diagrammatic Calculations: Mean Field + RPA
G(p+q)
Correlations functions on the
non-interacting gas:
[ d'p _ 1
11°(g0, q) = Z/ (22 G(p) G(p+q) G(p) = Po — 11— (p2/2M)
Response functions in [RPA = 10 4- TIR*PA v, 110
RPA which includes l
particle-hole screening
to all orders.
Recovers the long-
i 1
wavelength properties Srpa(do, ) Im[HRPA]

of the mean field T 1- exp (—Bw)

ground state. [TRPA _ { 11°(qo, q) }
1 — VC(Q) HO(QO? Q)

Self-consistent approximation to a mean-field ground state.



Low Energy Neutrino Scattering in Hydrodynamic Limit

When the energy transtfer is small compared to the collision frequency, the
response is determined by hydrodynamic fluctuations w 7 < 1

Ty ( ) = 2y | qo(y — 1)l 4 2qo'Q)? _QOFR(V — 1)(qg — QZ)
X4, 490 Im2c2 qg + F% (qg _ 92)2 + (QQOF)Z (q% — Q2)2 -+ (QQOF)Z

Rayleigh - Peak

Hydro Response Is determined 4000 — . . I i B
by the equation of state (speed 3000 () cos0=0.9 | Brilliouin - Peak -
of sound), thermal conductivity = 2000} / — Hydro. -
and shear viscosity of matter. 5 10001 U TTREA i

Hydro naturally incorporates
multi-particle hole excitations.

RPA with a simple nucleon-
nucleon interaction provides a
fair description at moderate
momentum transter.

Shen & Reddy (2014)




Enhanced Density Response in Low Density Neutron Matter

Density fluctuations are 200l ___ Hydro. b
enhanced by attractive nuclear ; O RPA T
interactions in low density 600 T

matter.

Hydro and RPA capture the _ _
essential physics. 200 7 .

do/dcosO [arb. unit]
S
S
|
|

Redistribution of strength due to Y S (I
collisional damping changes

opacity at 10-20%. Neutrino mean free path

do Free Gas 3.6 km
AYHE,) = [ df (1 —cosb) Hydro 1.1 km
d cos ¢ RPA 1.2 km

pn =101 g/cm® T =5 MeV FE, = 15MeV

(inclusion of protons leads to formation of large nuclei (pasta), talk by Zidu Lin )



Neutrino rates and the nuclear spin response function
R(w, k) = Cy (1+cosf) S,(w, k) +C5 (3 —cosb) S,(w, k)

Quasi-particle response in Fermi Liquid 5 (w) = N(0) WTy
Theory. ltincorporates the Landau- TN T T (14 Go)? + (wTs)?
Pomeranchuk-Migdal suppression.

Lykasov, Pethick, Schwenk (2006)
(see also Raffelt & Seckel (1995))

Spin-relaxation time: 7, =2« Z IM|? x Phase Space
2,3,4

e . 1 - -
Spin-flip transitions:  |M|? = - > Tr [Tnnaj (01 + 0'2)]7TnnH
j
qQw - q,
B . B B . B
Spin is not conserved in nuclear @ @
Interactions. Non-central B a) B R b) B

interactions play an important role.

Hanhart, Phillips & Reddy (2001), Bacca, Hally, Pethick, Schwenk (2009), Shen, Gandolfi , Carlson, Reddy (2012)



Spin

o Captures key aspects of
the response (screening,
damping and
collectivity).

 Combines single-pair
and multi-pair excitations
and RPA correlations.

* Response Is broadened
and pushed to higher
energy.

Response: Screening and Damping Effects
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Non-perturbative Effects in the Spin-Response of Neutron Matter

Going beyond Fermi-Liquid Theory or diagrammatic

approaches with sum-rules calculated with QMC.
N

Y =

o =

o

/ So(w,q=0) w" dw
0

O|e_m1 Fi-rilg; . o, 0)

1 + hmm——
1 0 3N ] S+1 4 \
—1 = ——— 1lim(O0||H s(—q)|0
5t =2 \ \ ya sy 1 (0l[Hy. s(@)] - s(-a)l0]
Density (fm > MeV S5 S+1 (MeV o (MeV) @1 (MeV)
n=0.12 o 0057 o 20 35(9) 40(3)
n=0.16 0. 0044(7) 0. 20(1) 11(1) 46(11)  55(8)
n = 0.20 0.0038(6) 0.18(1)  14(1) 47(12)  78(10)
Shen, Gandolfi , Carlson, Reddy (2012)
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Charged Current Reactions in Neutron-Rich Matter
Ve 6_

Potential energy difference between
neutrons and protons is large -
symmetry energy.

i i
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Reddy, Prakash & Lattimer (1998), Martinez-Pinedo et al. (2012), Roberts & Reddy (2012), Rrapaj, Bartl, Holt, Reddy, Schwenk (2015)



Mean Field & Collisional Broadening

Ansatz for the spin-
ISospin charge-exchange  Sor-(q0,49) =

response function in hot
maltter. V,r ~ 200 — 220 MeV/fm  G. Bertsch, D. Cha, and H. Toki (1984)

1
1 —exp (—B(qo0 + pn — fip)

ﬁ(QO) Q>
1 — VJTH(QO7 Q)

Collisional broadening 0.015
introduced In the
relaxation time
approximation:

I I I | I I I I I I I I | I I_ I
r =0 MeV N vV +n->e+p
o c

|
11
I ~y Mean Field Shift

i R
€ 0.0 o1 Only

= L[ @p foleprg) — fulep) >
ImH(QO7 Q) _ﬂ_ / (27‘(‘)3 P n ﬂ I(F) ()
(r) = L —

(g0 + AU — (€p1q — €))* + I o
w
e

~—

Energy shifts, the Gamow-
Teller resonance, and
collisional broadening all
play a role. e, (MeV)

Shen, Roberts, Reddy (2013)
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Phase transitons at supra-nuclear density
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Weak First-Order Transitions

In dense matter first order transitions with low surface tension generically
lead to phase co-existence. Glendenning (1996), Norsen & Reddy (2001)

Mixed Phase with two
conserved charges:

Positively chargead e =-UQ
nuclear matter +

negatively exotic

matter.

exotic

nuclear

ug

Heterogeneous phase with
structures of size 5-10 tm.

T o 2




Neutrino Mean Free Path in a Mixed Phase
Reddy, Bertsch & Prakash, (2000)
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Scattering from quark droplets in a 2 T
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Coherent scattering: Neutrino wavelength comparable to size of droplets.

do 6¢ 2 =2
Np F-Sq QY ES L+ cos(0))

dcos(@);v D16n T \

number density of droplets static structure factor weak charge of the droplet




Summary and Outlook

e Expected changes to the neutrino opacities in the neutrino
sphere and mantle are large. Likely to lead to observable
effects.

e Effects due to screening, damping and energy shifts of
nucleons are important.

e Spin response of nucleons is suppressed by nuclear
interactions.

e Error estimates are needed. QMC and other ab-initio
methods can provide sum-rules to helping this regard.

e Opacities at supra-nuclear density largely unknown. Phase
transitions can lead to large modifications.

e Neutron star tomography may be possible with next
galactic supernova.



Correlations in Neutrino Interactions in Nuclear Matter & Nuclei

Collective Excitations 1p-1h + 2p-2h +

2-body currents
+ particle production

BCS pairing 1p-1h + 2p-2h
Superfluidity Excitations
4 -_—
Hydrodynamic « 2-body Currents |
Fluctuations Neutrino
» Energy
1 MeV 10 MeV 100 MeV 1 GeV




