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—— Millisecond pulsar
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Outline
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« PEFEDNMIEFR (Rotochemical Heating)
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Minimal cooling

Minimal cooling paradigm explains many NSs surface temperatures
[Page et al., astro-ph/0403657; Gusakov et al., astro-ph/0404002; Page et al., 0906.1621]
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* t<10-100 yr: Equilibrium modifiedurca n+ N p+ N+ +p,
« 10-100yr<t<105yr: PBF [NN] > NN NN — [NN]+vi

* t>105yr: Photon emission L, =4zR°c,T;



Minimal cooling

Minimal cooling paradigm explains many NSs surface temperatures
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"FEX %" Modified Urca process

Modified Urca process

():n+N->p+N+C+7, 2):p+N+¢ ->n+N+v,
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Modified Urca process
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"JEX " Modified Urca process

Modified Urca process
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n=/ks [K]

* Larger A ~ larger n — hotter NS

* Rotochemical heating begins atn, > Ay = min{3A, + A A, +3A ]

Po=1ms, B=108 G, 1.4M,

1010__
100 o s
108 +
107 +
—— (a2, CCDK), ng
--- (a2, CCDK), ny
106 + .
—— normal, ng
--- normal, n;
...... A
10° — } } } } t i
103 104 103 108 107 108 10° 1010

t [yrs]

RIEOREIFT ¥ YV TOKRESITIRE

106 ]

105+

102 +

10!

[Petrovich & Reisenegger, 0912.2564]

Po=1ms, B=108 G, 1.4M,

—— (a2, CCDK), ng
—— normal, ng

%

1 1 1 1 1 1 ]
103 104 10° 106 107 108 10° 1010

t [yrs]

Fr v TOREZEESREKATREDCH, RADSDODAREUNEL B



Al & DLEE

>t



Two categories of observed pulsars

RALD e o, RESANSNTWNSA

Rotochemical heating’
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Ordinary pulsars and XDINSs

P~1-10s
P~ 10-15-13)
B~ 101G

Millisecond pulsars
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Ordinary pulsar
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Results: Millisecond pulsars

« SREDBFASNTWVWBIMSPIZZD, A ELEEDSRAERTRIELFHFHTETARL

* Rotochemical heatingDFE & IEKL<KED
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Results: Ordinary pulsars and XDINSs

neutron: a, proton: CCDK, Po=1 ms

neutron: a, proton: CCDK, Py =10 ms
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DM heating vs. rotochemical heating
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Uncertainty from superfluid gap models

e Critical Po l3F ¥ v 7DETIVICKTE

e P> 100ms 25 F v v FETILICK 5T (DM heating) >> (rotochemical heating)

- BRIRET

-

FICKD Py= 0(100) ms B REEINTWD

[Popov & Turolla, 1204.0632; Noutsos et.al., 1301.1265; Igoshev & Popov, 1303.5258;
Faucher-Giguere & Kaspi, astro-ph/0512585; Popov et al., 0910.2190;
Gullo'n etal., 1406.6794, 1507.05452; Mu'ller et al., 1811.05483]
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Basics of NS

* NS core consists of n, p, e, u

* They are Fermi-degenerate

nucleus, e, n st

Pr, ~ O(100) MeV
Prepn ~ O(10) MeV

* Birth temperature ~ 1011 K, and

quickly coolsto T < 1010 K

NS is cold system



Nucleon superfluidity in NS

Cooper pairing occurs due to the attractive nuclear force

Lab. experiments
Phase shift (in degrees)

At T< TN ~10°°K s

Spin—singlet pairs

b4 b

Spin—triplet pairs

attractive

Superfluid in NS core

* Proton singlet pairing (1Sy)

S=1
plet pairing ( ¢ & ¢
* Neutron triplet pairing (3P>) o g 2
S
Q.
g Er (MeV)
2|5 5|0 7|5 l(I)O 1%5 1|O
Superfluid in NS crust (not important for thermal evolution) 1 2 4 6 8 10 12

p (1014g cm‘3)

e Neutron singlet pairing (150) [Figures from Page et al. (2013)]



Pairing gap models

The effects of superfluidity depends on

Proton 1S, pairing models

1.0 14 1.8 2.0
10 ————gr " 1 5

A[MeV]

kg [fm~1]
T = 0(1) x 10°K
ApChp, T = 0) = 1.764 kgT™)

momentum dependence of gap

Neutron 3P, pairing models
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8 | | | 1
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2 S
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; _2bf— —
i P R A
2. -AO - S S
O a1 TR 1 ] 1 1 L o3
1 1.5 2 2.5 3

ke [fm~']

2 9 [Figures from Page et al. (2013)]
T ~ 108 - 10°K

Ay(kp,cos 0 = 0,T = 0) =~ 1.188 kzT")



Direct Urca process

Neutrino emission from beta decay and its inverse on Fermi surface
n—-p+¢+u, p+?¢->n+vy,

LPY « T°

Direct Urca does not operate unless the NS is very heavy

r=e,u

* Nucleons and leptons are strongly degenerate; 2o ~ 1 < Pppp¢
« Momentum conservation requires
Prp + Pry > Prp

* Since pg o« n, direct Urca requires high p, e, p density  (p7 > 2M, for APR EOS)
M=2.0M,

M=1.4Mg,

25F
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Modified Urca process

Threshold of direct Urca is relaxed by spectator nucleon

\\~ (-D< |
~
<

p+N+¢—->n+N+vy,

* Beta equilibrium is usually assumed: u, = p, + 1,

» Before Cooper pairing: Luminosity = LMY « T°

» After Cooper pairing: modified Urca is highly suppressed

4 73 3 3
- &’pj | dpe &py ., 44 12 2
-/ [1 1(27r>3](2n>3 Eo R P

x[fifa(l = f3)A = f)(L = fo) + (1 = f)(1 = ) fafafel ,

j=1




Cooper pair-breaking and formation (PBF)

The Cooper pairing triggers rapid neutrino emission (called PBF)
[Flowers et al. (1976)]

* Pair-breaking INN] - N+ N (thermal disturbance)
) "/
Cooper pair Single (quasi-)nucleon

« Pair-formation N+N->[NN]+v+7v

Superfluid Fermions

Pair breaking occurs by thermal disturbance
— efficient while T ~ A

PBF dominates L, for T< T,

V

’ V
’ v
’ .-
.



Pulsar spin-down

Spin-down: pulsar is rotating, and its rotation is gradually slowing down
P~107—1s P~107%-107"

* Spin-down is caused by the magnetic dipole radiation

2n
B _p — Q0=

dt \/P3+2PP:
k x B> « PP

B ~ 32 x10°(PP/s)? G

 Centrifugal force is continuously decreasing Pressure Lentrifugal force

— NS tries to change local pressure P(r)

— Number density of each particle has to be rearranged

‘ Gravity

— (Hydrostatic) Equilibrium density is time-dependent

nl.eq = nl.eq(t)

i=n,p,e,u



Hydrostatic equilibrium is not guaranteed

Each particle goes to new equilibrium n(r) by moditied Urca process

If (modified) Urca is too slow, it cannot catch up with change of 7, "'(?)

__ e
(Schematic picture) n; = I/ll. d -+ 5lfll-

A

on; # 0

modified Urca
n+Nop+N+£*0,




Rotochemical heating

« REDRFERE

dT™

dt £=e,u N=n,p

Al'yye=Tn+N—->p+N+C+0D,)-T(p+N+7 >n+N+v,)

o N=FFELSDIN 1, =, —u, — 1, DEEFER

W~y |ave,

ATy ve + Zp ATy ) €0+ 2W, Q0O

pe
dt Nenp
an, " () |
7 — = Z dV(anAFM,Ne + an,uArM,N,u) € + zwnpﬂgg

Modified UrcalZ & % equilibration Spin-down|C & 3 FEEHENS T STHR
ZEWIEAESEA TREDENR

o EEETRILF—DENMIBIIIRFHRSTICI>TEI S
O(1) = — kQ(1) , k « B o ="

\/P8+2Ppt PP = const.



Gap models we use

The profile of pairing gap is one major source of uncertainty

i o o of o 0.8
71 i ST =iz
i CCDK |—| — 1.0 10 } .—| — 0.7
6} ! : =
v s}
>
S 4
3T
2 L
1 L
¥ | - ' | =100 1.0 15 2.0 55 3.0 3.5 4.0
00 02 04 06 08 10 12 14 - - - 5 3 . .
Kr [fm~1] ke [fm™]

Ay =min{3A,+A A, +3A}

* Large gap delays the beginning of rotochemical heating

* Heating power is stronger for larger gap



DM heating rate

DM accretion

weak int.

Doox = R(Veg/ vDM)e_(D(R) > R

annihilation
=1/ 2GM/R ~ O(0.1) > vpy,
Rate of DM hitting the NS
N = 7b g Vpom(Pom/Miom)
Heating luminosity
Ly = e**®ONmpyly + (y — 1]
gravitational redshift factor / / \ 1
fraction of ann. energy into heat 1 —v2,

{ = 1 for all annihilation into heat

= 0 for no annihilation or all DM ann. into (e.g.) neutrinos



Threshold of heating

Superfluidity makes threshold for rotochemical heating

For simplicity, consider direct Urca: n—>pt+e+tv, pte—n+y,

;7€<An+Ap ﬂe>An+Ap

_

=

\
r

For moditied Urca A, = min{3A,+ A, A, +3A, )



Neutron star envelope

Envelope: composed of light elements (H, He, C,...) and heavy elements (Fe)

Large temperature gradient exists

6 g\ 0455 T
(T./106K)
~ (0.1288 X
10°K 814
[Gudmundsson et al. (1983)] surface gravity [10'%cms~2]

More accurate relation is available [Potekhin etal. (1997)]

Characterized by
n = gMAM/M

mass of light elements

B=0G |
B=10"G | [Figure from Page et al. (2004)]

6 7 8 9 10
Log T, [K]




