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Thermal Evolution of a Neutron Star
(Spherical, non-rotating & non-magnetic)
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(P,€): (Pressure, energy density) M : Enclosed mass
x . Opacity of matter ® . Gravitational potential

Ly . Luminosity (thermal conductivity & radiation)
(Ly,€,) : Neutrino (luminosity, emissivity)
L = L4+ L,; Netluminosity

¢, - Specific heat/volume, Time ¢t measured at r = 0.
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Boundary Conditions

Inner boundary conditions:

Outer boundary conditions:

P, = 2g/ks, L, =L4R)=4rR?cT?
—1/2
c2r

gs = (GM/R?)e®s: Surface gravity
(ks, Ts): Opacity and temperature at the surface
Physics ingredients:

» Equation of state P = P(¢)

» Opacity « and specific heat c,

» Photon and neutrino emissivites
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Equation of State
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Moderate variation with nucleons-only matter.

Page, Lattimer, Prakash & Steiner, ApJS 155, 623 (2004).
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Specific Heat

Distribution of C, in the core among constituents
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Page, Lattimer, Prakash & Steiner, ApJS 155, 623 ?2004).

5/20




Neutrino Emission Processes

e The direct Urca process :

n— p+e +1v, & p+e — n+ru,

cannot occur If the proton abundance is small as energy and momentum
are not simultaneously conserved.

o ForT << Tr ~ 10 K, momenta ~ pr, fori =n,p & e.
Neutrino and antineutrino momenta are ~ k7'/c < ppg..

e Chemical equilibrium requires g, = p, + fe -
Energy can be conserved for some states close to Er..

For momentum conservation, the three triangle inequalities
pr, +Pr, = Dr,, Wherei,j& karep, e& andn,

must be satisfied failing which the modified Urca processes, featuring a
bystander particle that enables momentum conservation, occur.
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Threshold proton fraction

e Number densities : n; = k3., /(372) fori (n,pore).
e Proton fraction: z =n,/(n, +n,) .
At threshold, momentum conservation implies kp, = kr, + kpe -

T, = :
kp, + (kpp +kre)> 14+ (14 kpe/krp)3
In charge neutral n, p & e matter, n, = n., or kg, = kg..

e Hence, the proton fraction at threshold is z. = 1/9.
In charge neutral n, p, e & p matter, n. +n, = n, and p. = p,.

kb, + (K2, —m2)? = k2.

For . = kpe >> m,, one has kp, = kp, = (1/2)/3kp,, which gives

1
o ~ 0.148.
T T (14 1/218)3
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DUrca Threshold Density-|
e Energy per baryon :

E(n,z) = E(n,1/2) + Sy(n)(1 — 22)° + - - -,

where S, IS the density dependent bulk symmetry energy;
atng, ~ 0.16 fm=3, S,(n,) = S, ~ 27 — 36 MeV.
e Beta equilibrium :

Ue = Wby — tp = —(OF/0x) .

e Equilibrium proton fraction :
hc(3m?nx)t3 = 45,(n)(1 — 2z)

The density, n.., at which z = z. = 1/9, from

q o\ /3
= 51.2 u — .
Sy(ne) =5 (30 Me\/) <n8> MeV
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DUrca Threshold Density-I11

Urca threshold densities

q 1/3 2/3 1 4/3
ne/ns | 25(9.7) 5.0(3.1) 2.2(1.8) 1.71(1.46)

The quantity n./ns was calculated for power law symmetry
energies S, o« n? using S, = 30(35) MeV.

e The critical density Is sensitive to interactions and the magnitude of
the symmetry energy.

e Thecaseq=2/3and S, = (1/3)(h*ky, /2m) = 12.28 MeV
corresponds to free non-relativistic nucleons for which n./n, ~ 73!
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S, (MeV)

Models of Dense matter
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Neutrino Emissivities-|

The © energy emission rate from neutron beta decay:
2T 5 5
€8 = %22611?(1 +3g4)” ni(l — na)(1 — n3)

Ey 69 (py —pa — p3s — pa),

¢ Including neutrinos from electron capture, ey,.., = 2¢3.

4571 G4(1 + 3g%) i
€Urca — 10080 7105 mnmp,ue(kT) @t

= 4.00 x 10*"(Yon/n,)*T8O, erg cm™3 57!,

Ty : temperature in units of 107K,
ne:0.16 fm=3,
Y. = n./n : electron fraction, and

O; = 0(pre + Prp — DFn) :
e If the muon Urca process can occur, we gain another factor of 2.
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Neutrino Emissivities-11

Effects of strong & weak interactions
e n & p density of states at pg, , renormalized: m,, — m;, .

e In-medium quenching of g4 : |ga] — 1

e Final state interaction modifications of weak Interaction ME’s:
small, since n — p Interactions small at momentum transfers ~ pg.

e At best a reduction of ~ 5 — 10.

e Similar corrections for other »— emissivities involving nucleons.

The time for a star’s center to cool:

At:—/ AT ~ 30Ty s,

6’U/T’CCL

where 7' is the temperature and ¢, Is the specific heat per unit volume.
Rule of thumb for surace 7" is T}, /10° K ~ (T/10% K)'/2.
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Neutrino Emissivities-111

Name Process Emissivity References

(ergs—! cm—3)

, -
ModifiedUrca {4 "7 T RTRTe HRe g8 Friman & Maxwell 1979

n+p+e” —-n +n+ve

K~ T+ e
Kaon Condensate ¢ nt onte g ~ 10%4T$ Brown et al., 1988
n+e —n+ K 4+,

. +rT s nte 47
Pion Condensate ¢ ¢ " ~ 102679 Maxwell et al., 1977

n+e —n+an 4+

. n +e + v :
Direct Urca ;TP : ~ 1027T$ Lattimer et al., 1991
pt+e —n+re

B B | + U
Hyperon Urca 3 G ~ 102679 Prakash et al., 1992
Bs +1 — B1 + 1

d Tt e
Quark Urca ;T e T ~ 1026 . TS  Iwamoto 1980
u+e- —d-+ ve

\

To: Temperaturein units of 109 K.
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Thermal Evolution
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» The star becomes isothermal in tens of years.
» Lattimer, Van Riper, Prakash & Prakash,

RS ApJ 425, 802 (1993).
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Direct versus Modified Urca

» Unlike MUTrca,
Durca exhibits
threshold effects.

» Superfluidity

abates DUrca
cooling.

» Page & Applegate,
Apl 394, L17
(1992).

» Cooper pair break-
Ing & reformation

affects both DUrca
& MUrca.

Log t (years)
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Inferred Surface Temperatures
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Lattimer & Prakash , Science 304, 536 (2004).
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New Cold Objects

Several cases fall below the “Minimal Cooling” paradigm & point to
enhanced cooling, If these objects correspond to neutron stars.

36 T
—T NS 1987A ? :
35 3 Light elements B
= [ l envelopes ]
g i Heavy elements ]
— 33 r envelopes ]: =
_¢ i :
o [ 1
31 F ¢ 5
3 v ]
30 -l 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 l-
0 1 2 ) 4 ) 6 7

Log t [yrs]

Page, Lattimer, Prakash & Steiner, ApJS 155, 623 (2004).
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Ongoing Work

Preparing to interpret the detection of really cold objects.
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Page, Prakash & Lattimer (20006).

SN 1987A is being
monitored regularly
(astro-ph/0501561).

A NS is yet to be seen!

If rapid cooling occurs,

Whe_n can thermal emission
begin?

W/O Cooper pair breaking
& formation (CBF):

tw X (Rsh/l km)2><
(1—7rg)~3/2 yr ~ 10's of yr
(Lattimer et al.,

ApJ 425 802 (1994)).

Time scales with CBF?
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