Dear friends and colleagues of George Bertsch--

I regret I can not attend this symposium because of the much less
pleasurable task of having to attend an NSAC subcommittee meeting
this weekend, but I want to tell you all what a great pleasure it 1s
having a colleague I can respect as much as I respect George, for his
curiosity and interest in so many branches of physics, for his deep
insights, and for his unwavering scientific integrity.

I also remember fondly that couple of time we have skied down Mt.
Rainier together from Camp Muir!

Happy Birthday, George! -David Kaplan




SAVING THE SUPERNOVA R-PROCESS: CAN
NUCLEAR PHYSICS INTERVENE AT LATE TIME ¢
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FEASIEREARE [HE HEAVY (A>90) ELEMENRSSMS SIS

here Is general consensus that it involves erther one or two

neutron stars:

* [he one neutron star scenario: Neutrino driven wind In a
core-collapse supernova. [Fragile]

* [he two neutron star scenario: Dynamical ejection of

matter in binary neutron star mergers. [Robust]

R [km] A Neutrino Cooling and Neutrino—
10°- Driven Wind (t ~ 103)
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NECESSARY CONDITIONS

—ligh neutron to seed ratio Is needed to populate
lERebscred /A~ 50 and A ~ |90 peaks:

This requires:

* High entropy per Daryon,} Hydrodynamics
e Short expansion time. agnetic CISa

O Lok } Neutrino Spectra

What I1s the physics that determines the neutrino spectra
emerging from the proto-neutron star ¢




YeIn the Neutrino Driven Wind

s set by the reactions
N two regions.

{ v.+p—-n+e’

V.+N — p+e

yNDW Nve <Uz{e>
’ Ny, (05.) + Ny, (0u.)

(05.) < (Eg,)  {ov,) < (E},)

Neutrino-sphere at high density

and moderate entropy.
R~ 10-20 km )

Collectlve
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Neutrino driven wind at low-

density and high entropy.
R~ 103-10% km
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Ye & Neutrino Spectra
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Reactions In the Neutrinosphere

Electron Flavor

Vop <> ne’
- Free
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BESPFONSE OF AN IDEALGES

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

» For nucleons and electrons final state blocking 1s important. Matter Is
partially degenerate for typical supernova conditions.

* Nucleons are heavy and recoil energy is small. Response lies at
small |W| < q v.Where v ~ pi/M or +/T/M.

Transition rate (I'=c/A) in a Fermi Gas.
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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) pelolth

RPA HO(CIO,C])
o {1 — V.(q) HO(QD»Q)} O
1
G(p) G(p+q) /

HO(C]O, q) — Z/ (;Zﬂ-l)g

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

Srra (90,9) =




THE RESIDUAL INTERACTION IN RPA

Very simple s-wave Interaction Is used

: . : <k1k3_1|Vph|k4k2_1>: S 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 from microscopic = e

' _GO_I_GO :GO GO
theories. Foam o B

* [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

E><c:|tat|on of 2 partmle 2 hole states ',; \g/
enables pair-processes and larger | %

energy transfer during scattering.

vt n¥fnontntv
* In strongly coupled systems leads to

significant smearing of the single
particle and collective strength. !

» Especially important for the spin g %
response because spin 1S Not ot v+ntn AN
conserved In nuclear interactions.

+ Can enhance the charged current rate ' §<

§ at small Ye. g

>
Raffelt & Seckel (1995) n4+n—n-t+ e



UNIFIED TREATMENT OF SPIN RESPONSE

» 2p-2h response Is incorporated
through a finrte 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.

Im y _/ N(O)

Lykasov, Olsson, Pethick (2-605)
Lykasov, Pethick, Schwenk (2006)
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Ve + T DEREE

CHARGED CURRENT OPACITY {

Ve__p%n__e

» Final state electron blocking is strong for electron neutrino
absorption reaction.

« Asymmetry between mean field energy between neutrons
and protons alters the kinematics.

» Multi-particle initial and final states can also move response to
high energy.

_|_

Ve P
Large qo crucial to
tqo = AU =U, — U, overcome blocking

n P Reddy, Prakash & Lattimer (1998)

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




MEAN FIELD ENERGY SHIFT & DAMPING
Q t) (f E.(p) = my, 2]:;* L I
() (: X ;) X Ep(p+q) = my - (pz—:ni])2 = U I
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Energy Transfer in the Charged Current Process:
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MEAN FIELD SHIFT & QP LIFE TIMES
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SPECTRA AT LA

2x10°°

2x10™"

1x10°°

L (erg s MeV_l)

5%10"

30 40

0
8\/ (MeV)

» Decoupling occurs at
relatively high density.
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Figures from PNS simulations by Roberts (2012)



ABSORPTION RATES
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Roberts, Reddy & Shen (2012)



-MERGENT SPECTRA & Ye
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MEAN FIELD & COLLISIONAL BROADENING

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

p—
~

1 H(QOa Q)

Sy (40,4) = B ~
(90, q) D 5(q0 + 1o — 1y 1 —V,-11(qo, q)

Collisional broadening (finrte lifetime) introduced in

the relaxation time approximation: I' =17,

=~ 1 d3 € — Jn\€p
tmIl{¢o, ¢) :;/ (277])?3 fpe(pf:qz Ep];‘(/l ) -

P
Tty o A = (€p+q = Ep))z - I

I(I') =

Vor =~ 200 — 220 MeV/fmm  G. Bertsch, D. Cha, and H. Toki (1984)




SCREENING & DAMPING
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1/X in m~ "' for matter in beta-equilibrium at 7= 8 MeV and various densities and E,, = E5, = 12 MeV.
Density (fm™2) 1/A (m™'): noMF MF (I' =0) RPA (I' = 0) MF (I' > 0) RPA (T > 0)
np = 0.020 /A, : 5.89x107* 522 x107° 211 x 107 7.52 x 107° 3.91 x 107°

1/Xs, : 354 x107* 273 x 107° 6.46 x 107° 4.47 x 107° 6.03 x 10°

Energy Shift 1s Crucial



CONCLUSIONS

« Difference between electron and anti-electron neutrino
spectra Is larger, time dependent and depends on the density
dependence of the symmetry energy.

* Mean fields alter the kinematics and energy transfers
assoclated with charged current reactions. Increase the
Ve CrOss-section and reduce the . cross-section

* The Y.< 0.5 In the wind for several seconds.

» Other nuclear effects that could play a role: bound
states, two-body currents, bound-free and free-bound

iRElREItions.



