cooling neutron star crusts

Edward Brown
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e Mmotivation
« crust nuclear processes

e cooling crusts
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From hydrostatic equilibrium, dP/dr = —pg, the mass
above an isobar is
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NB. P/g is roughly the column depth,
defined as [p dz
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Neutron star primary

Artwork courtesy T. Piro, UC-Berkeley
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= solar mass star secondary
in a short-period (minutes
to hours) orbit

Fach H atom accreted releases

- GMmH

Foray ~ I ~ 200 MeV.

Critical accretion rate: balance radiation,
gravitational force to obtain Eddington lu-
minosity
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Tauris & van den Heuvel

Porb age
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crust reactions important for...

magnetic field evolution;
from Brown & Bildsten 98
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explosive H, He burning
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Woosley et al. 2004, ApJ
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accretion-induced heating
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Gupta, Brown, Schatz, Moller, & Kratz (07)
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Consider the symmetry term in the mass formula,

E
1= W +agA7 Y3 +ay, (

N —Z\? 72
N+Z2

Minimize the Gibbs energy including the electron
contribution Y, . to find
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electron capture reactions,
outer crust
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mountains made by variations in composition

(Bildsten 98, Ushomirsky et al. 00) Guptaetal. 07
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fig. from Cackett et al. ‘06

KS 1{"?31—260

e RXTE monitoring observations
discovered qguasi-persistent

transients MXB 1659—29

« Rutledge et al. ‘02 suggested
looking for thermal relaxation
of crust during quiescence
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e observations (Wijnands,
Cackett) detect this cooling
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MXB 1659-29, KS 1731-260;
Cackett et al. 06, 08; fits from
Brown & Cumming 09
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what can we learn from cooling transients?
Rutledge et al. ‘02, Shternin et al. ‘07, Brown & Cumming 09

core temperature

« interpretation of neutrino cooling requires
knowing the time-averaged dM/dt

thermal timescale of crust

« combination of conductivity, crust thickness,
specific heat

distribution of heat sources in the crust

15



crust models

solve thermal evolution equation on
fixed hydrostatic grid
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L ore (MK)
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Core temperature during outburst, recurrence cycle (1H1905)
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For a cooling crust,
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T (d)
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power-law cooling similar to other
cases:
white dwarfs in DN (Piro et al. 05)
superbursts (Cumming et al. 06),
magnetars (Eichler & Cheng 89,
Kaminker et al. 07)

7 Teore, Trop adjusted to fit lightcurve
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heat flux in outer
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KS1731 data
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102 No—cooling timescale is too short

Shternin et al. ‘07, Brown & Cumming '09
Agrees with MD simulations (Horowitz talk)
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constraints on Qimp

use approximate model in
Markov Chain Monte Carlo
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crust impurities

rp-process ashes: Qimp = 23

F T T 11111 FTTTTT] I T T T T T TTTII (Horowitz&BerryZOOQ)
B \ ° Observations ° Observations N
- N\ H -
n \ -— Q=0,Tps=38 "T Q=0Ts=45 |
120 N ‘\ \\ Q=1 Tys =38 Q=1 Tys=42 _ 120
_ N\ — Q=4 Tps=38 \ — Q=4 Tys=38 _
— \‘\ —= Q=10,T,5s=38 —= Q=10,T,5=35 —
> 100 \ — 100 >
() _ \ . =
2 2 __
s | (2% —(2)? =10 - 85
| \ _
= 80 | \ — 80
- \ —
\
| | ‘ \ _
- pure latticef \ .
00 \ — 60
. \O-L(rr ‘\-ur —
|]_IIIIIII| Ll L1 1110 Ll Ll L 1 1 1]
10° 10° 10° 10°

time since outburst end (d)

Saturday, June 20, 2009 26



80

70

60

50

40

30

Distribution of Nand Z

20

10

(o) HZ08
10 and 20 limits
Mean

Abs[log, ,(Y)]
30 35 40 45

o5 26 27 28 29 30 31 32 B33 34 35

Electron Chemical Potential Ex (MeV)

Reactions post-neutron drip;

Saturday, June 20, 2009

Gupta et al. 08
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superfluid n in
Inner crust

o If crust n are not superfluid

« greater Cplengthens diffusion
timescale

Ushomirsky & Rutledge ‘01, Shternin et al. 07,
Brown & Cumming ‘09
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summary

« observations of neutron star transients provide information on core
temperature, crust conductivity & thickness, and crust heating

« consistent with regular lattice with low Qimp in inner crust

« do nuclear processes in the inner force low Qimp? does it follow that all
neutron stars have identical inner crusts?

« implications for raising mountains in the crust (Bildsten 98, Ushomirsky
00, Haskell 06)

« much progress is being made on modeling the composition from
photosphere to core
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