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Motivation

The role of pions in compact stars

Pion condensation — direct influence in NS cooling process

e pion-nucleon s-wave repulsive interaction increases pion mass.

« But p-wave is attractive
« Hyperon formation reduces electron chemical potential

» Kaon condensation is more favorable to condense

Pions in normal phase?
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NS matter
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Nakazato, K.Sumiyoshi, S. Yamada, Phys. Rev. D 77, 103006 (2008)
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Pions in normal phase (without condensate)

 Number temperature depends on temperature
e (i L) T
p; ~ (myT)32e=(Mr—tin)/

 Short lifetime
T~26x10"%s

» production mechanism (low)

N+n—->N-+p+a~

Decay rate reduction?
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Leptonic weak decay of negative pions

T+, ~99.99%

T —e+v. <0.001% KN

Dense lepton system

(el ot \l/

“Metastable” (in nuclear physics):

finite lifetime but considerably
longer than usual

Mo < My e > My

Non- degenerated degenerated Thermal fluctuations i h



Pion decay width
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Model

Free particles
L.=(Dnt)-(Dr~)—mi(pg)nTnm™

Lo = Pelid + poyo — melte Dt = (8p + iptn, V)it

‘Cl/e = @El/e [Za iy Muﬂo]%e

The interacting model

Lo = fa(ps) Grltby, D7t (1 — v5)e + e D7~ (1 — 75)10,]

Chemical equlibrium

Mu — My, = He — Mo, pr = o — MUy,

leptonic beta
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Retarded propagator and decay rate

i

DER (p) =
( ) (pO _I_ /’Lﬂ')Q ¥, E%‘ i H(p) p0—>p0—{—ie

1

" (pot+ u)2—E24iET,

1
[t —E—Im II(E; — pr + i€, D)

=% At T=0is the decay rate

Non-relativistic
Breit-Wigner distribution
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meaning of the imaginary part of the thermal self-energy
— Particles slightly out of thermal equilibrium

Bosons

fB(E) =np(E) + c(E)e—F(E)t

AL b Lg=(1+na) [; =ngl

Fermions

fr(E) = np(E) + c(E)e ()

[ =TIy+T; B T; = npl
A

H.A. Weldon, Phys.Rev. D 28, 2007 (1982)
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inverse



Considering chemical equilibrium  tzx = e — by

4 i3 IR E )T T 1 4 e~ Bl tune)/T
o e :I’M% 1+ In e e_ + In e _e
Eﬂ- 2ag|p| 1+ 6_(Eg —pe)/T 2ag|p| 1+ 6_(EV£ +Mu£)/T
2 2
m_ — 1m
Ef = (1 — ap)Ex & ag|p ap = —L——*
2mz

EI:/EE = ag(Eﬂ- + |p|) E’7T i \/p2 LIl m72r

['¢ Isthe decay widthat T'= 1 = 0
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In rest frame

= m2 + m; m2 —m?
Fﬂ'_ :Fﬂ'ﬁ ll_nF ( £ _M€> — N ( £ +:ul/£>]
2T~ 2m

At zero temperature

2 2
F?T_ — fﬁﬁ 0 (mﬁ ar L - Uﬁ)
2m..

2

2
Mn T ™ 109.74 MeV

Vanishes for e > 9
Mo

(considering m, = 139.5 MeV
and my = m, = 105.66 MeV)
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Metastability condition at chemical equilibrium

T — FO S 5F(T) oI < fﬁg
_|_ S
= Mg pe — B, e — B _
I'o=1,./—11+ Oy — E,) — Oy — E
E7r QCLg |p| (:u £) 2a£ |p| (,LL I4 )
R e
‘p‘ S 2771% Gl Qm% Mo = Pc
T =0= <' and
m2 +mj;
Hr > om = Hc




Other interesting phenomena:

2 2
Mo — My

I s o ~ 29.9 MeV (for m, = 139.5 MeV)

A

> T turns metastable
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Chemical equilibrium
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Chemical equilibrium T > L+ 1y

recombination of
Pion decay Leptons and anti-neutrinos

The slightly out of equilibrium system of particles equilibrates at the
same time

— i = U e Uy

I. Kuznetsova and J. Rafelski, Phys. Rev. C 82, 035203 (2010)
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Lepton decay rate: recombination

g £ !
7
Sret(q) Z
E r—
A0S (e S
e
= (¢ + peyo + me — 2(q {
(g He™yo ( )) (QO+N€)2_E?_H+
P_
" 2 2 ]
(QO o /,Lg) W EE gl qo—qo+1€

1 :

B t= _Elm Hi(EE — Wy + 1€, Q)
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direct inverse

I'g = (1 = nﬁ)rﬁ 'y =ne 1y
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lepton decay rate in chemical equilibrium

s e—<E;——,LL7r)/T 1 + 6_(Ej—£+ﬂve)/T
In — —In —
1 — 6_(E7r —pr)/T 1 4 e_(EVg+MV£)/T

sl

I'y =

( M >3 my T
7l
ng Eg 2bg‘(]|

DR
EX = (14 be)E¢ £ belq] i 2m£
2m;
e
B, = by Er £ by|q] Eg:\/q2+m%

On the Fermi surface:

( M >3 mey T = (sinh[(bg,ug + )/ T] + sinh[bgqF/T]>
sinh[(bgpe + iy, )/T) — sinhlbyqr /T
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Neutrino emission
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Neutrino emissivity

€x = /ngqu Z| % ko np(po) [1 — nr(qo)](2m)*6*(p — g — k)

spin
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for p. > T

£ T 2 L
ex ~ Dpoem? g(1e) <2m ) o~ (Bemti)/T

with  E, = /p2 +m?2

g T \3/2
Simple pion gas €r ~ 1y mi < ) e e

URCA evrca ~ T°
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V,, ~ emission
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m,. = 115 MeV
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m, = 200 MeV e = 0.95m, =10 my ~ 0.8my
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Ve emission

m, = 115 MeV
m, = 140 MeV
m, = 200 MeV e = 0.95m; fr~08fm my ~ 0.8my
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Conclusions
= Metastable pion is a possible relevant state in proto neutron stars

= Acceptable window in parameter space for pion-lepton chemical
equilibrium

= Source of neutrino emission in the NS initial stages.

Outlook

« abundance considering metastable pions

= Metastable Kaons

= Trapped neutrinos
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Conclusions
= Metastable pion is a possible relevant state in proto neutron stars

= Acceptable window in parameter space for pion-lepton chemical
equilibrium

= Source of neutrino emission in the NS initial stages.

Outlook

« abundance considering metastable pions

= Metastable Kaons

= Trapped neutrinos THAN KS!
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