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Basic facts

# Neutron stars are born with 7" ~ 101 — 101 K
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# Neutron stars are born with 7" ~ 101 — 101 K
# Neutrino cooling down to 7' ~ T, ~ 10? K within weeks
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Basic facts
f # Neutron stars are born with 7 ~ 101V — 101 K T
# Neutrino cooling down to T ~ T, ~ 10? K within weeks

» Neutrino cooling down to core T' ~ 10® K within next 10*
years neutrinos are produced locally and leave the star
without interactions -
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Basic facts

Neutron stars are born with 7" ~ 101 — 101!
Neutrino cooling down to T ~ T, ~ 10° K wit

Neutrino cooling down to core T ~ 10% K wit

K
Nin weeks

nin next 104

years neutrinos are produced locally and leave the star

without interactions -

Photon emission from the surface for ¢t > 10° yr

Complex, multi-scale problem, which depends on many

unknown parameters

But... Continuing X-ray missions; True challenge to the
many-body theory with potential to constraint the

properties of dense matter.
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Chandra image of Crab nebula in X-rays
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Cooling simulations
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Structure from Tolman-Opennheimer-Volkov equations

Evolution equations

2¢ Te?
O(Le™) —  4rr2eh (—e,/e%—l—he%5 —cvﬁ( c )> :
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Boundary conditions

L(r 0,
T(T — Tm(rma Lm7 Mm) )
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Input quantities

Equations of state: crust, core, multiple phases T
Superfluidity of fermions

Heat capacity

Thermal conductivities: crust, core

Neutrino emissivities: pair-, photon-, plasma-processes,
bremsstrahlung, Urca processes

Photosphere
Surface composition
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Structure

%L;ark—hybrid traditional neutron star
:

Eépreron neutron star with
pion condensate

Fe
absolutely stable 6 .. 8§
sh'ange quaﬂrk / . 10 glem |
matter £ ~ 10 1 g ferm 3
1014 gom 3
strange star
nucleon star

M~ 1.4 Mg \
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log(T/K)

Cooling tracks
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log(H.L,L) [ergs’]

Luminosities

log(H.L,,L,) [erg s

log(T) [K] log(T) [K]
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Classifying reactions

-

Processes on fermions
# Neutral current processes (7, exchange)

f1— fo+ Ve + Uy (brems) (2)
fitfi— ot fotve+ 0y
® Charged current processes (W= exchange)
f1— fate+ 1, (Urca) -3)
fitfi—=fat fotetne
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Classifying reactions - 2
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Processes on bosons
o Pion decay

T +tn—on+e +1,
# Condensation of pions leads to
T — e 1,

# analogous processes in K condensed phases
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Transport equations
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# v and v - Boltzmann equations

[at + 5(] Wu(g}gx} fl/(c.?v SIZ)
— /OOO @TI' [Q<(Q7x)50>(%x) o Q>(q,x)50<(q,xﬂ !

2T
® v-quasiparticle propagators:

VT ff

wy ()

SO< (Q7 ZI;‘) —

3 (90 — w0 (@) fu(g, )
0 (0 +wi@) (1 = fo(=a.2)) |. )
® definition of the Poisson bracket

{f,9}pP.B. = 0uf Org — Ot f Oug — Opf Org + Orf 5.

(-8)
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Self-energies
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# v and v-self-energies (second order in weak force)

00,0 = [ s G 20—

iT% iS5 (g2, )il 2T S (g, @), (-9)

i)

®» the problem is to compute the polarization tensor!
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Bremsstrahlung emissivity

# energy loss per unit time and volume

o = 5@ @@ o

® expressed through the collision integrals

= (2f> Z/ 27) ?C’ZZ?j /(QW)g;ilu(il)/(g;§4

2m)*6% (@1 + @ — PO (Wi (G1) + wu(G2) — o) [wu(T1) + wu (32)]
98(q0) [1 = fu(wu (@) [1 — fo(wu(32))] A" g1, g2)SmILY (g).




Urca emissivity

-

# energy loss per unit time and volume

rea = / (%3 o (@)] (@ (12)

® expressed through the collision integrals

_ Q 2 d*qy d*qs
A 2(@) / <2w>32we<q1>/ (2m)2, (g5

/d4q5(q1 + q5 — q>5(we T Wy — QO) wl/(q2)

g5(q0) [1 = fe(we)] A" (g1, g2)Sm T (q), (-13)
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The direct Urca process
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Simplest charge-current process is the 5-decay
n—p+e +U e +p—n-+v (-14)

The one-loop polarization tensor for charge current
process. The wavy lines correspond to the W
propagators, the solid line to the baryonic propagators.
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Urca process continued
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Direct Urca is forbidden by kinematics if the matter is
strongly asymmetric, for proton fractions z, > 11 — 13%

3G2mimipp 1 4 7 Fmin
2 (&
v = (1+393)— 550 / 4y 95(y) N =

X /dzzgfe(z — ) ~ 1020 x 79 erg cm S S_l, (-15)

Temperature dependence ¢; o« T°.
# each degenerate fermion, i.e., e, p,n factor T'/ep
# anti-neutrino 7%

® energy conservation 7! and energy rate T
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Effects of pairing on direct Urca process
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Effects of pairing on direct Urca process
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Naive picture prescribes a suppression of the Urca process
by the pairing gap [Amax = Apn, A]

Amax
7 p Xexp| — : -16
€, — € p( T ) ( )
n
Wt Wt
p
. ===z — —-=Ppr=-= | === - = = =
A more systematic way ... 4 4 4 ¢ ¥
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1 4(q.w) = Z{( — )[f(ep)f(sk)]

w+5p—5k+i5_w—€p+€k+i(5

Polarization tensor at one loop

0,0
+ (w_jf}iw;) [1_f(5p)_f(5k)]}a (-17)
with coherence factors
u§:%<1+§—2) us +vs = 1. (-18)

Scattering and pair-braking contributions
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One-loop vs naive suppression
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Pair-breaking contribution

® SC
PB
¢ SC+PB

log,, .T/TC



Neutral current pair-breaking processes

o N

N N
7Y 7Y 7Y : A
N N

The one-loop contribution to the polarization tensor in the
superfluid matter; solid lines refer to the baryon

propagators, wavy lines to the (amputated) Z° propagator.

2 2
GCV

v = 503 v(pr) TT I(¢) = € 1(C),

1o = ¢ f " (cosh&)® f(Ceosh @), ¢ = 2A(T)/T
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Multi-loop processes continued
{7 o]

0.06 [ I ! | ! | ! |

/ \ —— one loop

0.05 — / \ — — full vector current
) \ full axial vector current

0.04 —

— 0.03 |~

0.02 —

0.01—
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(eutrinos in superconducting quark matte
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At moderate densities u, d and e plasma
Lagrangian:

Log = ()7 0u)¢(x)
+ G0 Cysmadath () (W Cysmadarp(z)),

Pairing ansatz:

A o< (P! (2)Cys o) (z)),

Stationary points of the thermodynamical potential

o 00

=0, —— =y
oA — 7 opy

.

B
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Thermodynamic potential

-

Two-flavor systems with isospin asymmetry

it | S SEiGend) )
Q——BZ/(QW)BQTI‘IH ﬂ( )

Sor' (iwn, §)  Sgo (iwn, P)

In terms of quasiparticle spectra where ¢4+ = (p + 1) £ dpand
Eiy =+/(pEp)?+ A2 +4p,

d? 1 e
9—2/(2W§3{2p+2{ﬁlog (1+e 55”) + E;j

—|—glog (1 -+ e_ﬁsijEij)} } + — (-24)

- i - -
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One loop results

-

Polarization tensors

4
(@) = =i [ GRS G TS+ )

['1(q) = 7u(1 —75) @ T4

” {ud)

W W W : W
d (du,)
(a) (b)
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C=A/ou, where dpu = pg — iy = fhe-

- -
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# The neutrino radiation reactions can be computed
systematically in the superfluid hadronic and quark
phases within Green’s function approach

# Accurate rates are need for cooling simulations of
baryonic and quark stars.

# This program has the potential to constrain the
properties of dense matter in compact stars.

Thanks to: Christoph Schaab, Fridolin Weber, Dima Voskre-

sensky, Prashant Jaikumar, Craig Roberts
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