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Cooling Neutron Stars

D. G. Yakovlev et al.: The cooling neutron star in 3C 58 L25

Yakovlev et al. 2002,
follow

ing K
am

inker et al. 2002

• Star cools by n-emission 

until Teff ≈ 105–106 K

• Slow neutrino emission: 
modified Urca: e.g.,

•
• Fast neutrino emission: e.g., 

direct Urca

nn→npen̄e

ren µ T 8

n→pen̄e

ren µ T 6

cf. talk by D. Page



In This Talk

• The fate of accreted matter, and deep nuclear 

heating

• The thermal structure of an accreting neutron star

• Probing the internal structure of accreting neutron 

stars

• Superbursts

• Soft X-ray transients

• Constraints on r-modes





h ~ 100 m

ρ ~ 1 g cm-3

ρ ~ 109  g cm-3

rv = dm/dtH/He burning;
A Heger’s talk



Deep Nuclear Heating
following Haensel & Zdunik 1990, 2003

Neutron drip; 
EF ≈ 30 MeV

Pycnonuclear reactions 
release Qnuc ≈ 1.1–1.5 MeV
per accreted nucleon

R Rutledge’s talk



A Steady-State Crust
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Thermal Conduction
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(Z j −〈Z〉)2 Yj e--impurity scattering
(Itoh & Kohyama 1992)

Weakly dependent on (A, Z); k~T-1 for T < Q

e--phonon scattering
(Yakovlev & Urpin 1980)
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Measures impurities, ≈ÆZæ2 for rp-process ashes



For Steady, Rapid Accretion
Brow

n 2000

low conductivity

high conductivity

F ≈ 0.05 MeV Ṁ/mu

Simple picutre
Crust reactions heat the core at a rate

for

This heating is balanced by neutrino 
emission from the crust and core.  For 
example, the modified Urca reaction,
                   gives

Lnuc≈Qnuc

mu
Ṁ

≈1036
(

Ṁ
10−8 M# yr−1

)
ergs s−1

Qnuc = 1.45 MeV

nn→ npeν̄e

Lν ≈ 2× 1031 ergs s−1
(

T
108 K

)8

dM/dt = 1.0×1018 g ×s-1



eg, Fujimoto et al. 1987

Without deep heating...



Superbursts

• 7 bursts seen from 6 sources

• 1 measured recurrence time: 4.7 
years (Wijnands 2001)

• Duration: 2–12 hrs (Kuulkers et 
al. 2002)

• Energetics: E ~ 1042 ergs
• Fuel:

• photodisintegration of heavy 
nuclei (Schatz et al. 2003), 
triggerered by 12C ignition 
(Cumming &  Bildsten 2001).

• burning of 12C-rich matter 
(Strohmayer & Brown 2001);  

44 as about 9.2 kpc (Van Paradijs and White 1995).
44 was the first X-ray burster for which an opti-

cal counterpart was found: V926 Sco (McClintock et al. 1977).
From optical photometry an orbital period of 4.65 hrs was de-

The Wide Field Camera experiment (Jager et al. 1997) is lo-
cated on the BeppoSAX platform which was launched early
1996 (Boella et al. 1997). It comprises two identically designed
coded-aperture multi-wire Xenon proportional counter detec-

40 degrees full
width to zero response, which makes it the largest of any flown
X-ray imaging device with good angular resolution. The angular

, depending mainly on the
signal-to-noise ratio. The photon energy range is 2-28 keV, and

shadowgrams of multiple sources. To reconstruct the sky image

Since the fall of 1996, the Wide Field Cameras observe
the field around the Galactic Center on a regular basis during
each fall and spring. The first campaign was a nine-day near-
continuous observation from August 21 until August 30, 1996.

35 minutes per orbit, is lost due to

C
ornelisse et al. 2000

Talks by T Strohmayer, A Cumming



eg, Fujimoto et al. 1987

Without deep heating...



• Toy model of core (Yakovlev, Levinfish, & Haensel 2003; Lattimer & 
Prakash 2001; Tolman 1939)

• Set z, R: vary mass to get range of core 
temperatures

Effects of Crust Heating, Neutrino 
Cooling on Superbursts

ρεν=QsT8
9 , ρ < ρs

=Q f T6
9 , ρ > ρ f

ρ = ρ0
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12C Ignition, X12 = 0.1
dM/dt = 1.0 × 1018

〈Z2〉 − 〈Z〉2 ≈ 100

trecur  ~ 1–10 yr



12C Ignition, X12 = 0.1
dM/dt = 3.0 × 1017

trecur  ~ 10–100 yr



12C Ignition, X12 = 0.1
dM/dt = 1.0 × 1017



Neutron Star Transients
 Brow

n &
 R

utledge (2003)

Time-averaged flux ÆFæ measured with RXTE/ASM where possible

Flux-flux plot is independent of distance!
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Brown, Bildsten, & Chang 2002; cf. Gudmundsson et al, Charbrier et al.
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yb =1010 g cm-2

yi = 108 g cm-2



Measuring n-cooling with neutron star 
transients

“slo
w” Q ν

“fas
t” Q ν

C
olpi et al. 2001; Yakovlev et al. 2003; Brow

n &
 R

utledge 2003



KS 1731-260
Crust thermally relaxes



Figure 3

observation of
Wijnands et al. 2002

Luminosity Evolution, KS 1731–260
Rutledge et al. 2002, following Ushomirsky & Rutledge 2001

Favors enhanced n-emission, high K



Crust Temperature, Aql X-1
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Quiescent Luminosity, Aql X-1
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With r-mode heating (Brown & Ushomirsky 2000); talks by N Andersson, A 
Reisenegger



Quiescent Luminosity, Aql X-1
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Summary

• Electron captures, neutron emission, pycnonuclear 
reactions heat the neutron star’s interior

• Observed from neutron star transients

• Affects recurrence times of superbursts—but 
need to know accretion rate

• Measurements can constrain crust, core physics (P 

Arras’s talk); compare with observations of isolated 
neutron stars

• Measured temperatures and spins inform r-mode 
calculations


