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* |ntroduction and motivation.

e Cross-sections and correlation functions.

* Mean field theory, multi-particle excitations.
e Charged current rates.

e Benchmarks and sum rules.

e Summary and outlook.
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- Supemova neutrmos are detectable.

* Neutrino luminosity and spectra influence the explosion
mechanism and nucleosynthesis.

» lemporal and spectral features of the supernova neutrino signal Is
an unique probe of physics/astrophysics under extreme
conditions, neutrino properties and exotic light weakly interacting
particles.



NEUTRINO TRANSPORT

* RHS of the Boltzmann Equation.
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NEUTRINO TRANSPORT

* RHS of the Boltzmann Equation.
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NEUTRINO TRANSPORT

* RHS of the Boltzmann Equation.
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NEUTRINO CROSS SECTIONS

Differential Scattering/Absorption Rate:
response function of the medium

X
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neutrino/lepton kinematic factor

 Neutral and charged current reactions contribute.
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NEUTRINO CROSS SECTIONS

Differential Scattering/Absorption Rate:
response function of the medium

X

R(E;, E3,cos0) = G L(E, E5,cos6) X Sip,v,,71(40, q)

neutrino/lepton kinematic factor

 Neutral and charged current reactions contribute.
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NEUTRINO CROSS SECTIONS

Differential Scattering/Absorption Rate:
response function of the medium

X

R(E;, E3,cos0) = G L(E, E5,cos6) X Sip,v,,71(40, q)

neutrino/lepton kinematic factor

 Neutral and charged current reactions contribute.
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RESPONSE FUNCTIONS

Sawyer (1975), lwamoto & Pethick (1982)

Neutrinos couple 1o jt(x) = () Y (e —cav5) W)
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RESPONSE FUNCTIONS

Sawyer (1975), lwamoto & Pethick (1982)
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BESPFONSE OF AN IDEALGES

» Process involves excitation of single (uncorrelated) particles.
response Is the (Incoherent) sum over individual species.

otal

» For nucleons and electrons final state blocking 1s important. Matter Is

partially degenerate for typical supernova conditions.

* Nucleons are heavy and recoll energy is small. Response lies at small

(W] < g v.Where v ~ pi/M or +/T/M.

Transition rate (I'=c/A) in a Fermi Gas.
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ANALY TIC FORMULA EXIST

» Closed form expressions for the scattering and absorption
rates including effects of relativistic kinematics and weak

magnetism exist in the literature.
[Reddy, Prakash, Lattimer 1998, Horowitz, Perez-Garcia 2003]

e M2T . exp [(emin_:u2)/T] +1
F6(q0,9) = o o exp |(emin—p2) /T ] +exp[—z]

where

Sr
Z=(Q0+M2—M4) _£< g )

* It would be desirable to use these In supernova simulations to
establish baseline results.



MANY-PARTICLE DYNAMICS

- Neutrinos “'see” more than one particle in the medium.

* Nucleon dis
shifts are im

- Nature of spatial and temporal correlations between
nucler, nucleons and electrons affect the scattering rate.

bersion relation is altered. Mean field energy
Dortant.  Eik) =vVi2+M*2+U; = K(k)+U;

@ O At small go and g the

neutrino cannot resolve

AN a single nucleon.
AR 0

Sawyer (1975, 1989)

lwamoto & Pethick (1982)
Horowitz & Wherberger (1991)
Raffelt & Seckel (1995)



NEUTRINO SCAT TERING OFF NUCLE

* Nuclel are strongly correlated by the (screened) Coulomb
force. At 10" g/cm?*andT > | MeV behavior is classical -
many particles dynamics can be predicted exactly using F = m
a (Molecular Dynamics).

Neutrinos couple coherently to the weak charge in the nucleus.

T % Qw by j* = Pl 6P Qw = (2Z — A — 4Zsin? Oy /2

Scattering rate Is related to the density-density correlation
function

dl’ G% ) gt
dcos OdE!, T A2 Qw (1+cosb) E,” 5(|q],w)

S(lql,w) = /OO dt exp(iwt) (p(q,1)p(—q,0)) AGUISE= DY, el i)



SCREENING,

» Strong repulsive Coulomb
forces affect the spatial

distribution.

* A collective mode exists In

the system.

- Response Is pushed to

high energy.

 Multi-particle excrtations
smears the response.

Smaller cross-section & larger energy transter.

DAMPING & COLLECTIVE MODES

(27n) " S(g,w) fm

- “Exact”

e MD (L=200 fm, N=54)
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Burrows, Reddy & Thompson (2006)



RESPONSE OF A CLASSICAL LIQUID

The density-density correlation for N particles is

(p(q,0)p(q, t)) = (X; e ITix; e 1aT(t))

|

Ensemble average Positions at t

Fosiiens =0

Need to specify equations of motion ie Fj(t).
Classical limit:

1
I‘j(At) = I'j(O) + V; At 5 Ez‘;ﬁjFij t2

™m

Tractable and could be used under non-degenerate conditions.



RANDOM PHASE APPROXIMATION (RPA)

* An approximate method to include correlations in the

response function. Required for consistency with the mean
fleld equation of state.

1 RPA
1 — exp (—fw) et i G(p+q)

RPA _ HO(QO, q)
oA {1 — Ve(a) HO(QOaQ)}/O
1

11° (o, q) :i/ (;lj})?g G(p) G(p+q)

* Provides a fair qualitative description of response In nuclel.
Mean field models with consistent residual p-h interactions.

Srra(Qo, q) =




SIMPLE RPA IN A NUCLEAR LIQUID
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THE RESIDUAL INTERACTION IN RPA

Very simple s-wave Interaction Is used

: . : <k1k3_1|Vph|k4k2_1>:5 52(;/>
p-h Interaction obtained from e
: 5U 5U oU, oU,

the equation of state. fon= s Tr=nes S0= T =
Or from Fermi Liquid fm:FO;F(", fnszOA_]F(,)
parameters calculated in a = e

: . . GO_I_GO _GO GO
MIcroscopic theories. s e e

* [he residual interaction for density and isospin density
fluctuations obtained from the EoS Is consistent.

* Important feedback may exist in SN simulations.

* [he more important spin-flip interaction strength Is
chosen from phenomenology of response In nuclel.



MULTI-PARTICLE EXCITATIONS

- Excitation of 2 particle-2 hole states >§
enables pair-processes and larger energy
transfer during scattering. %

>

* In strongly coupled systems leads to VT N

significant smearing of the single particle
and collective strength.

» Especially important for the spin i
response because spin is not conserved , 4 54 n 4+ n

In nuclear interactions.
» Can enhance the charged current rate

Sl mall Y ..

>
Raffelt & Seckel (1995) n4+n—n-t+ e



UNIFIED TREATMENT OF SPIN RESPONSE

* )p-2h response Is Incorporated
through a finite quasi-particle
Ifetime correction in RPA.
Combines single-pair and multi-
pair excitations and RPA
correlations.

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

* Quasi-particle life-times have
been calculated using realistic
and modern nucleon-nucleon
interactions.
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_n%p_

CHARGED CURRENT REACTIONS{:

_p%n_

» Determine the electron neutrino spectra and deleptonization

times.

» Final state electron blocking is strong for electron neutrino

absorption reaction.

« Asymmetry between mean field energy between neutrons

and protons alters the kinematics.

Reddy, Prakash & Lattimer (1998)

Roberts (20

12)

n p Martinez-Pinedo et al. (2012)
Roberts & Reddy (2012)
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Figures from PNS simulations by Roberts (2012)
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MEAN FIELD SHIFT IN THE NEUTRINO SPHER

AU = U, — U, ~ 40 ””n_onp MeV
e After a few seconds, the i
density at the neutrino R _,_::::;::::9”"“'1
sphere is large. ~no/50-no/10. | e _
* Nucleon propagation Is B
affected by mean fields and i
CO”ISIODS Oig I T e i S 15 §
e Sensitive to the low-density \
behavior of the symmetry = *®F 4
energy (9.0_01 | SR I(I).l()l _3I T II()l.l _

n,, (fm”)

Roberts (2012)
Martinez-Pinedo et al. (2012)



ABSORPTION RATES
1 d*o G%

VdcosdE, 21 [(1+C089) (S_COSQ)} S(90,9) X Pe Ee [l — fe(Ee)]

0.001: | | | | | L || | 3
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= [ 0, =0.02fm” i
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» Enhances Ve absorption RS e :

3 AU = 9 MeV
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. e
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Roberts & Reddy (2012)



MEAN FIELD & COLLISIONAL BROADENING

Ansatz for the spin-isospin charge-exchange
response function:

~

] B
SO'T_ (QO7Q) = Im (qo Q)

1 —exp (=B(qo + pn — pp) | 1= VorIl(qo,q)

Collisional broadening (finite lifetime) introduced In

the relaxation time approximation: I' =17,

- 1 d3 € — Il s
ImIl(go,q) =— / (2753 fpe(pi:qz ep]; (M ) Z(T)

&
Ty == AY = (€p+q p Ep))Q G I

I(T) =



ABSORPTION RATES IN RPA & DAMPING

Roberts, Shen, Reddy (2012) in prep.
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PO RULES

Response functions are constrained by sum rules

S” :/ S gr— ) R
0

= =S ls(@lf) - (fls(~a)|0Ns(ew — (By — Eo)
f

: S i o Xo
Spin susceptibility  S-° = 3,
- - 4
Elil@opin ofructure 82 = 1 4 qlg%g—N;m\ezq-(rl Do - o;]0)
4
Energy or F-sum Rule 83! = — lim(0|[Hy, s(a)] - s(~)|0)

Shen, Gandolfi, Reddy & Carlson (2012)



STRENGTH AT INTERME

Table I: AFDMC results for the

DIATE ENERGY

sum-rules

Density (fm~>) S;" MeV~") So  Si (MeV) @y (MeV) w1 (MeV)
n=0.12 0.0057(9)  0.20(1) _ 8(1) 35(9) 40(8)
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)
107
0.002 - - ;
" 000151
= ] N B B
é 105 100 150 200
S 0001 == OPE
© I —--— xPT
m -
- OPE: Eq. (4.6)
-,’ - —— sum-rule
0.0005_—, : —— ind. fit
O ) ] ] | ] ] | ] \\‘~|§-
0 50 100 150 200
o [MeV]

* Response function constructed to satisty QMC sum-rules at
1=0 predict significant strength at 10-50 MeV.



SUMMARY & OUTLOOK

* Formula that incorporate kinematics(recoll), full structure of
the weak current(weak magnetism) and Paull blocking exactly
are avallable.

» Correlations are relevant. Recent progress in including
damping effects beyond RPA are important.

» Charged current rates Iin the neutrino sphere are especially
sensitive to many-body effects.

* How do we benchmark calculations of response functions ¢

» General trends Iindicate large suppression at and above
nuclear density - Implications ¢



