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Introduction to neutrino-driven supernova explosion

Supernova neutrino opacity calculations ( ¥ EFT potential)
neutrino-nucleon reaction at mean field level

neutrino nucleon-nucleon bremsstrahlung

neutrino-nucleon considering nucleon-nucleon correlation effects

Summary



nuclear & neutrino reactions driving

evolution and core-collapse explosion of massive stars
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neutrinos speed up stellar evolution
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stellar explosion or not 1s very sensitive to neutrino
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» Neutrino signals from core-collapse supernova (CCSN)
» Nucleosynthesis depends sensitively on the proton fraction Y/,

Accurate description of neutrino rates is highly demanded !!!

The nuclear Equation of State (EoS) matters too




Complicated Neutrinos Processes in CCSN

Process

Reaction®

Beta-processes (direct URCA processes)

electron and v, absorption by nuclei

electron and v, captures by nucleons

positron and V, captures by nucleons

“Thermal” pair production and annihilation processes
Nucleon-nucleon bremsstrahlung
Electron-position pair process
Plasmon pair-neutrino process
Reactions between neutrinos
Neutrino-pair annihilation
Neutrino scattering

Scattering processes with medium particles
Neutrino scattering with nuclei

Neutrino scattering with nucleons

Neutrino scattering with electrons and positrons
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Neutrino-nucleon rates are largely affected by the nuclear medium effects:
mean field effects, nucleon correlation beyond mean field

hard to accurately compute

10[5



towards accurate description
of neutrino-nucleon rates in CCSNe

® Necutrino-nucleon scattering or absorption rates at mean field
level

v+N->v+N, v+N->I["+N

® Necutrino pair process from nucleon-nucleon bremsstrahlung
N+N->N+N+v+vV; N+N+v+V->N+N

® Necutrino-nucleon scattering rates taking into nucleon-nucleon
correlation

v+ N->v+N



neutrino-nucleon reactions at mean field level

Each nucleon feels an averaged potential from all the other nucleons and nucleon 1n
medium can be viewed as quasiparticles with modified energy-momentum relation as
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Kinematics:

non-relativistic kinematics, elastic approximation, neglect final-state blocking,
assume 1nitial nucleons at rest, etc.



Full’ treatments of neutrino—nucleon rates at
mean field level are now available

Charged-current muonic reactions in core-collapse supernovae
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The steady advance in core-collapse supernova simulations requires a more precise description of

neutrino processes in hot and dense matter. In this work, we study the rates of charged-current (CC) weak

processes with (anti)muons in supernova matter. At the relativistic mean field level, we derive results for the

rates of CC neutrino-nucleon reactions, taking mto account full kinematics, weak magnetism and
pseudoscalar terms, and ¢*-dependent nucleon form factors in the hadronic current. In addition to muonic
semileptonic processes we also consider purely leptonic processes. In particular, we show that inverse

muon decay can dominate the opacities for low energy v, and 7, at densities >10'% gem™.

DOI: 10.1103/PhysRevD.102.023037



nontrivial dependence of neutrino rates on EoS

E/N -m, [MeV]

p 110" gem™) Bl
45 A .1 - 2. ? ch TL —— ? - ?Ib[]_; directly related to ____.f;t‘if'-';'/ :
40 E)IEI)TIEFTN 1o # // /:"/ € % 40 :_:gg[l{i symmetry energy Sl
—— 3 peutron matt A | = I 4
s | of /Al .
30 | SFHo Syl s T s i.
~7 | —- - SFHx 7 //.»'.‘ ’ - ’/ = 20 | £ h
2 i o s\ve
- LS180 / FoogE e 10
4 )//' - - .
: i e 1
] 0.8 ﬁ R i
1 Eosp S
E04F S
1 o2 T =7MeV,Y, =0.3 B
00 005 01 015 02 025 03 % 005 o1 o1 02 025 03
n [fm™] ng [fm™]
o8 T=T MGV. Yp.: 0.3, p=10" g cm™
~ - DD2 | Y
used EoS are mostly based on o
[ ° [ 106‘ —-'
relativistic mean field theory { Fischer+ 23 %
— 10" E
= :
EoS (below @¢) taking into account -
° ° = Vel —» € D p
cluster formation using yEFT -
° ° ° ° 1 r_#...-:',f" -.
potential is highly required !!! el
10" 10° 10" 10°

E, [MeV]



N b

j\‘rb

Neutrino pair process from n-n bremsstrahlung
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4 only axial-vector term contributes 1n
non-relativistic limit
4 1gnoring many-body interactions

4 what to take for ' ?




Vs
P

V could be (at Born level): N

One-Pion Exchange (OPE) potential (Hannestad & Raffelt 1998)
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Chiral effective field theory potential >< -0
NLO ~AT

4hamiltonian built from spontaneously broken chiral (Q/Ay)° [J """
symmetry; il

4an expansion in terms of Q/A,, coefficients fitted

to scattering data, reach desired accuracy (lgjfx(; %i:ﬁ:H:::]

D. R. Entem er al. 2017




T-matrix formalism
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scattering amplitude 1s proportional to the 7-matrix

nucleon-nucleon scattering nucleon-nucleon bremsstrahlung
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T-matrix elements 1n partial wave basis
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Bethe-Goldstone equation (in-medium version of LS)

k/!Qkol
TIPN (K ks K, Q) = VEER (K k Z / ng PR K g (K, QK" TESE (K ks K, Q)
in-medium T-matrix

) - f( (k1)) — f(e(ks))
gk, k) = < Q) —e(k1) —e(ks) +in >

Including the blocking for the intermediate two-nucleon states

Take U to be the chiral potential of D. R. Entem et al. 2017, N4LO

half-off-shell vacuum/in-medium T-matrix 1s computed



OPE at Born level, vacuum/in-medium T-matrix from chiral potential
Born level is not enough

E T
2 Y.=0.1 o 1 Y. =03
= ’ P
0% T v ,', + /,
E =8 Tm /, /:::EE /,,-'::
: - = OPE ,’ ’53:’ :. ‘==;_l:"‘
_=m> ’/;,5' ‘;'-:::—’,
£ _a®F o
Jq 27,7 ’
T Ps EESOT PV PRIV I ATETTTTT R R
107 10~ ;0‘2 10 107 102 107 107 102 10~
ng [fm™] ng [fm™] ng [fm™]

For T-matrix studies:

4 cnhanced rates at low density due to resonant nuclear force at low energy
(Bartl et al. 2014)

4 suppressed rates at high density due to repulsive short-range forces &
non-perturbative effects

4 medium effects on 7-matrix (in-medium 7-matrix) enhance rates by
~10%; RPA correlation effect 1s typically minor



® Neutrino-nucleon scattering or absorption rates at mean field level
v+N->v+N;, v+N->I+N
® Necutrino pair process from nucleon-nucleon bremsstrahlung
N+N->N+N+v+v, N+N+v+vV->N+N

® Neutrino-nucleon scattering rates considering nucleon-nucleon
correlation

v+ N->v+N
one of the keys to robust supernova explosion in simulation

Non-perturbative problem, no perfect way, approx. needed:
» Random Phase Approx. (RPA) (e.g., Burrows & Sawyer 98, 99)

» Virial expansion at low density (Horowitz+06, 17; Bedaque+18)
» Lattice Formulation (Alexandru et al. 20, 21; Ma et al. 24 with N3LO)
» Molecular dynamics simulation (Horowitz et al. 04, Li et al. 17)



neutrino-nucleon scattering rates from EoS calculations

Neutrino response (used to calculate the neutrino-nucleon scattering
rate) 1s exactly given by the derivative

— ) = z 8_” — I+ 4bnz z = e!/T : the fugacity parameter
Sv(q )
n\dz/)r 1+2byz b,,: 2nd virial coeffients
virial expansion at low densities (z < 0.5)

Horowitz et al. 06, 17; Linetal 17
Limitations:

» Virial calculation of EoS only works at low density regions

» From the thermodynamic derivatives, one can only obtain the
so-called static neutrino response in the long wavelength
limit (1.e., neutrino-nucleon scattering with zero momentum
& energy transfer). See also Bedaque+18



Brueckner-Hartree-Fock calculation of EoS
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G-matrix calculated based on chiral EFT potential
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BHF reproduces the virial results at low densities



static responses from virial expansion & BHF
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Sy/: neutrinos couple to nucleon density Guo+24

S,: neutrinos couple to nucleon spin density

Virial results are 1ll-behaved at high densities (z > 0.5), while the
BHF calculations are more reliable



from static responses to dynamic ones

To recover the momentum transfer-dependence
SN neutrinosphere ~ dilute neutron gas ~ a unitary gas
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Neutrino-nucleon rates with static & dynamic responses
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Correlation reduces the scattering rates by 10%-15%;
Dynamic response enhances/suppresses the rates for low/high-
energy neutrinos.



Summary

» Full weak interaction terms of nucleons at mean field level and relativistic
kinematics (Robert+17; Fischer+20; Guo+20)

o Fy(q°) Gp(q*)
0o G A2 = G (v Lo uv xS P 5 %
J 1114{7 Gy(gq7) 4@’ + M, 0" (q, My Y q 17g)

EoS of nuclear matter considering light cluster at subsaturation

densities based on Y EFT potential is highly desired !!!

» Neutrino-nucleon bremsstrahlung revisited with full T-matrix using
XEFT potential (Guo & Martinez-Pinedo 19); 3-body force, mean field effects

» Many progresses on nucleon correlation effects, especially the ab initio
studies using Y EFT potential
Guo et al. 24: neutrino rates from BHF caculation of EoS with Y EFT potential (N4LO)

Duan & Urban 23: the 15t mean field (HF level) + RPA study using x EFT potential
(N3LO-414)

Ma et al. 24: the 15t ab nitio lattice calculations in hot neutron matter using xEFT
potential (N3L.O-414)










Adopt typical conditions in SN
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using effective on-shell 7-matrix 1s not enough
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virial expansion at low densities

SN neutrinosphere: T ~ 5-10 MeV; density~1E12-1E13 g/cm”3

neutron rich (with proton fraction < 10%)

SN neutrinosphere ~ dilute neutron gas ~ a unitary gas
(with a very large scattering length &
small interaction range)

virial expansion of the EoS for the dilute neutron gas

2T
P = F(Z +2%by + 2205 + O(z7))
" — %(Z 2226, + 36 + 0(2Y))

z = e!/T : the fugacity parameter, with p the nucleon chemical potential;
b, : the 2nd virial coefficients, related to neutron scattering phase shifts.

virial results are reliable & model-independent



Complicated Neutrinos Processes in CCSNe

e +p— Ve+n,
Collapse phase: e~ +(A,Z) — Vo+(A,Z—1),
v+ A 2 v+ A (trapping) 210" g/em’

Bounce shock & neutrino burst; ¢ +p<—n—+V,

Vo +1n — p+e

Vo+p —n+e’,

N4+N-=->N+N+v+v

Accretion phase & neutrino heating:

Cooling phase:
e +et v+

v o v+ Neutrino pair-production

High-Dimension Detailed Neutrino Transport is Required

very time-consuming!
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— full kinematics incl. weak magnetism
= = = ¢lastic approximation incl. (Horowitz 2002)
----- elastic approximation

Fischer et al. 20

i pE —n

charged-current opacities
forv,(v,)

weak magnetism + full
kinematics enhances

opacities for v, /v, at low &
intermediate energies

inverse neutron decay
contributes significantly to

V. opacity at low energies
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effects of CC v, rates on SN neutrino signals
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inclusion of inverse neutron decay

larger v, opacity — lower E;
less spectral difference between

veand vV, — higher Y,~0.5 & lower

neutron abundance
— . .
lower scattering opacity on neutron

~ higher luminosity for both v, and v,
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muons facilitates supernova explosion
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large muon rest mass, CC for muonic
rates were previously ignored

vptn->puy +p

creation of p~ and p™ softens the EoS by
conversion of thermal and degeneracy
energy of e~ into rest-mass energy of py*

neutrino luminosities and average energy
increlase
enhanced neutrino heating & easier
explosion



muonization and neutrino rates

muon-neutrinos are pair produced
around core bounce

V,+n-ou +p (faster)
V,+tp—-pt+n (slower)

V,, escape more easily with lower
opacities, which also aids muonization
(an excess of p~ over p™)
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"k condition-A_z

accurate calculation of CC muonic rates with
nucleons at mean field level
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» pseudoscalar term and form factor dependence matter for muonic reaction;

» For v, the enhancement due to weak magnetism is largely cancelled;

> 1

he rates for V,

>

are highly suppressed as all corrections reduce the rate;
I'he new muonic rates to be tested in simulations.




effects on neutrino signals
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muons rates on neutrino signals
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RPA corrections on neutrino opacity
ph interaction in terms of simple Landau parameters Burrows & Sawyer 98, 99)

Full ph interaction from Skyrme interactions (Duan & Urban 23)

the 15t mean field (HF level) + RPA study using YEFT potential (N3LO-414)
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