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Neutrinos in Neutron Star Physics

Neutrinos v and their interaction with matter
strongly impact Neutron Star (NS) Physics.

Neutrino’s role, from birth to death: 109
® Dynamics of core-collapse supernovae: 100
® stalled shock revival by v heating, 109

® |eads to a successful explosion within .
10°

the v-driven mechanism. 'g

. =~
® Proto and "Mature" NS cooling: < 0¥
5 1037

® v are the dominant cooling agent
< 10° years. 105

® NS binary mergers:
® v determine the n/p ratio in ejecta,

® influence heavy element

nucleosynthesis. 10 104 100 10
t (years)

10%

1081

Core-collapse supernovae, proto NS and . )
- lculation for dense and Figure 1: Cooling curve for EoS APR
Mergers require ca calculated with the NSCool code, for
HOT matter. different initial temperatures.
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Neutrinos in Neutron Star Physics

Neutrinos v and their interaction with matter
strongly impact Neutron Star (NS) Physics.

Neutrino’s role, from birth to death: It is crucial to understand where,

® Dynamics of core-collapse supernovae: and by which processes all
neutrinos are emitted/captured.

® stalled shock revival by v heating,
® |eads to a successful explosion within By < Bo+ I+,
the v-driven mechanism. Bo+I* & By +7

® Proto and "Mature" NS cooling:
® v are the dominant cooling agent {B +B1 ¢ B+ B+ 1"+,
< 10° years. B+B,+ /¥ B+B+1,
® NS binary mergers: B+B« B+B+ui,
o ) L
e e slo o et g
nucleosynthesis. Let's focus on Direct Urca

Core-collapse supernovae, proto NS and (DUrca), & Modified Urca

mergers require calculation for dense and (MUrca) a.n-d C(?mpute
HOT matter. the emissivity j(Ey) .
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Neutrino emissivity and mean free paths in QTFT

Study of 4 nucleons of momentum ps,

Modified Urca neutrino emission and
p2, p3 and ps and described by

absorption in npe matter

hadronic polarization function , and
N+n< N+pt+e +7, 2 leptons (pe, py described by lepton
N+p+e < N+n+v, tensor L*F.
N+n+e < N+p+7, Mix of weak interaction W= with

Q = (Qo, @) and strong interaction

+
NtpeoNtnte +v. (we chose the One Pion Exchange).

We want to provide results for finite temperature neutron stars, therefore we
use Thermal Quantum Field Theory.

The neutrino emissivity for a modified electron capture gives:

_GEVU%,/ d*pe Fe (Q)(1+ FB(Q0))
8 (2m)3 E.E,

Jj= Laﬂ(Q)
The hardship is with the hadronic polarization function.
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The hadronic polarization function

The hadronic polarization function implies phase space integrals of complicated
spin and isospin parts.

4 d4 ﬂ
H“ﬁ(Q) = (H/ —H )Z Ix sp[?n 154(P1 +p2—p3— P4)(27T)4
j=1

We use Feynman diagrams to compute the isospin contribution Ix and the

isospin contribution Xs;ﬁn i.e. determine the matrix element of the hadronic
part of the reaction which has a vector part (x = 0, = 0) and axial part

(longitudinal + transverse a8 = ij).
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The hadronic polarization function

The hadronic polarization function implies phase space integrals of complicated
spin and isospin parts.

d*p;
J o 4 4
116(Q) — (H / xspfn(o)(s (p1+p2 — p3 — pa)(27)
Approximations to obtain an analytical T
expression: 6 _|mniZ00?v|Qm’:)\() ----- Ef;
. S & O[—mNQo, [Grasl) - 1/08
® Fermi surface and B-equilibrium, 3
o 2 5[ E=5Mev
® Neglecting @ in the matrix | TEoMev
1 -3
element — neglected vector T 4f Me=2x 107 M
contribution in Im IT%, I~
® Simplified denominator of the S
matrix element: either use 1/E§ [=
or 1/Q§ when it should be a E
function of pj, 7, m; (effective

- v =
—160 -150 -140 -130 -120

tit d .
quantitiess) and Qp 0 (MeV)
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The hadronic polarization function

The hadronic polarization function implies phase space integrals of complicated
spin and isospin parts.

4 d4
Pj aﬁ 4 4
H“ﬁ(Q) = (H / ) ZIXXspm (5 (Pl +p2—p3— P4)(27T)
j=1
BUT there is no need for any of those T mianiomn —ar
H P ; H —ImNr(Qo, [Gmasl) VE
approximations with a numerical - 5’—|2m<oo,\5max|> e
approach ! 3 C s ey
[ E,=5Me
Our "Full" approach operates the = 3 ey
phase space integrals numerically with 2 4f ne=2x10"1fm=3
an importance sampling Monte-Carlo = Ye=0.30 .
technique. =
o
S
We can compute neutrino emission and =
capture in condition relevant for all E
stages of the neutron star life, without

taking any of the usual approximations. -160 -150 -140 -130 —120
Qo (MeV)
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Temperature and density regimes of MUrca vs DUrca

Estimation of the ratio between MUrca and DUrca neutrino emissivity:

® Treating zero temperature NS:
[Yakovlev et al.(2001)]

—_10-6
e =10°°,
® Treatment in the high temperature
regime: approximation for the
nucleon distribution
IMu

—— xeli .

. —Bei i
n; — e Peigli | [Bu

Reveals different regimes of
temperature and density:

[Mu
®around 7 =0 = 5z ~ 1,

e for 5 <0, then ’,%: < 1.
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Our calculations apply to proto-NS,
mergers, core-collapse supernovae.

¥ — m¥
g = 1 _

(MeV

~ 15
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Temperature and density regimes of MUrca vs DUrca

Estimation of the ratio between MUrca and DUrca neutrino emissivity:

® Treating zero temperature NS: Our calculations apply to proto-NS,
[Yakovlev et al.(2001)] mergers, core-collapse supernovae.
M s _Hi—mp
/Du = T

® Treatment in the high temperature

. . . ——ImM(Qo, [Gmex)
regime: approximation for the 10 —moyes
nucleon distribution <

[
IMu = 102
nj — e Peiglli | — xelli . = E,=5 MeV
/Du £ T=0.1 MeV
05 100 ng=1x10"1fm=3 -
Reveals different regimes of ] Ye=030
. c
temperature and densnty: €102 ———
'aroundfy-O—)IDuwl,
L ‘ ‘
R T 25 25
e for 7 <0, then ! ,Du < 1. Qo (MeV)

Lami Suleiman LUTH & CAMK

Neutrino em (proto-)neutron star matt a reactions

5/6



Temperature and density regimes of MUrca vs DUrca

Estimation of the ratio between MUrca and DUrca neutrino emissivity:

® Treating zero temperature NS: Our calculations apply to proto-NS,
[Yakovlev et al.(2001)] mergers, core-collapse supernovae.
M e o pi—mi
Jou — ' i T
® Treatment in the high temperature ——eTa
regime: approximation for the <~ — o
nucleon distribution E
8 [Mu E
. —PE€i plfi i c
nj — e Peieli | ow <€’ =
$
Reveals different regimes of S
temperature and density: =
/Mu £
'aroundU:O—>I.ﬁuN1,

Mu —140 -100 —60 -20 20
e for 7 <0, then 5z < 1. Qo (MeV)
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Temperature and density regimes of MUrca vs DUrca

Estimation of the ratio between MUrca and DUrca neutrino emissivity:
® Treating zero temperature NS:

Our calculations apply to proto-NS,
[Yakovlev et al.(2001)] mergers, core-collapse supernovae.
[Mu .
— 1076 ) N = y’i’
|Du T

® Treatment in the high temperature
regime: approximation for the

-\mﬂr(On [Gmax)

102} — Moy
nucleon distribution Lot
[Mu 0

nj — e Peieli | Jou & e 107 E,=5 Mev

T=5 MeV
ng=1x10"%fm33
Reveals different regimes of Ye=030

temperature and density:

IM M(Qo, Omas) (MeV?)
<

® around p =0 — IDU ~1,

-4 . . . . .
10—20 -15 -10 -5 0 5 10 15

Qo (MeV)

® for 7 <0, then ,bu < 1.
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Conclusion

MUrca neutrino emission at finite temperature:

® Neutrinos play an important role in Neutron Star’s Physics, at various
stages in the star's life.

® We have provided results for MUrca neutrino emission at finite
temperature without drastic approximations usually taken.

® A simple approximation for the distribution of nucleons revealed
temperature and density regimes in which MUrca is not necessarily
suppressed with respect to DUrca; results were confirmed numerically.

® |[ong term improvements: calculating properly the nucleon self-energy
(tricky...), consider relativistic particles, going beyond OPE, and discussion
on B-equilibrium...

® Big challenge: provide tables of DUrca and MUrca results for simulations
(computationally time consuming). What is the impact of considering
MUrca in the same order of magnitude as DUrca in supernovae and
merger calculations ?

Thank you for your attention ! Questions ?
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	The hadronic polarization function

