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Cassiopeia A supernova remnant

Brightest radio source HST image
Faint in optics '

distance d = 34+ . kpc

size ~ 3.1 pc

age (from analysis of the remnant expansion)

330 & 20 yr

Hlstorlcal records:

No records on progenitor

British Royal astronomer John
Flamsteed recorded 6" magnitude
star 3 Cassiopeiae at August 16, 1680



http://en.wikipedia.org/wiki/File:Heic0609.jpg

Central object

Various predictions prior to discovery

Was discovered in first-light
CHANDRA observations (1999)

Later found in archives of
ROSAT and Einstein

Many observations
(2000—2009)

The main problem:
1. Too small radius of emission area

(<5 km) when fitting with H, He, Fe .

CASSIOPEIAA CLOSE-UP

atmospheric models

2. But: no pulsations detected Central part of the Cas A SNR and an artist
impression of the neutron star
Conclusion: thermal X-ray emission of (picture from the NASA website)

unknown origin — not from the entire
stellar surface


http://spacefellowship.com/wp-content/uploads/2009/11/heinke-visual-2.jpg

«Carbon» neutron star

Ho and Heinke (2009) Nature 462, 671 Observations data:
Observations are well fitted with
carbon atmospheric model 16 sets of Chandra observations
The emission — from entire star surface! in 2000, 2002, 2004, 2006,
. 2007, 2009
Conclusion: totalling: 1 megasecond
Central compact object in
supernovae remnant Cas A — + new observation (November 2010)
neutron star with a carbon
atmosphere
NS parameters
(from spectral analysis)
M~ 1.5—-24Mg 1. Rather hot star

R~8—18 km
T, ~2x 105 K

B<i10tt G

N

Low magnetic field
3. No stringent constraints on
mass and radius

Cas A —the youngest NS with measured surface temperature



Cooling (1) neutron star in Cas A

Heinke & Ho, ApJL (2010): Real-time cooling of the star
Surface temperature decline by 4% over 10 years (thermal flux — by 21%)
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B New observation

| — Standrard cooling

2000 2005
Date [yr]

Fixed M, R, d, N

Neutron star in Cas A
1. Rather hot

2. Cools too fast

“Standard” cooling
Disagree with observations

ope dIn’l

Direct cooling of the isolated neutron
star is observed for the first time

November 2010 observation : cooling
continues at the same rate

See talk by Craig Heinke



Non-superfluid young NS cooling

After relaxation C(T)dT = —L®(T) — L(T,)
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Neutrino reactions (npegu)

2p ~ 5.6 - 10"
processes (dUrca, pion or kaon condensate)

«Fast»:
Fast X T8 erg/ S

processes (mUrca, NN bremmstrahlung)

x TS erg/s

«Slow»:

Slow
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[P xT" = T o t—1/(n=2)
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CasA: T oct™13

neutrino stage
t >t

relaxation
tr ~ 30 — 250 yr



Possible solutions. Relaxation time
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Testing physics of
neutron star core

Isothermal interior
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Cas A observations: I
» Steep decline looks like a thermal relaxation
* Theory gives t,<200 yr -
s |4 Relaxation
- timet,
9 i =]
A Testing
: | physi f
Case I: Delayed relaxation ST X
N | crust
| Core—crust
decoupling
105 1 1 11 1 11
10!

102

10°
t (yrs)

Possible but unlikely from theory and observations (X-ray transients)

Case 2: One need to arrange the
second «relaxation»

“ SUPERFLUIDITY

Neutrino emission from Cooper pair formation process can accelerate cooling

104



Superfluidity and cooling

100

Simplest case of nuclear matter in neutron star cores

Two types of superfluid:
(1) 3P, neutron pairing (T, = 108 — 1010 K)
(2) 1S, proton pairing (T, = 10° = 101° K)

T [10°K]

Two CPF emissions: (1) neutron; (2) proton
1

Phenomenological profiles

1Sp

p[10™ g/cm’]

Proton CPF emission is strongly suppressed by numerical constants, itis

unimportant for cooling

Divisions of responsibility:

(1) Proton superfluidity can strongly suppress standard neutrino
reactions involving protons: mUrca and dUrca processes, n+p and p+p

bremmstrahlung

(2) Neutron superfluidity can strongly enhance neutrino emission rate in

comparison with mUrca level

8 10 12



Nucleon superfluidity and cooling
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Cooling regulators

Neutron superfluidity:
accelerate cooling with CPF

Proton superfluidity:

decelerate cooling
CPF is unimportant

\ Together:

Sharp increase of the cooling rate
Both SFs are important for CAS A

T2 and cooling rate at ' < T_7#* — turn on point

Critical temperature profile

Model of the star

— cooling rate (slope)



Neutron CPF emission. Collective effects

Cooper pairing of neutrons (()CP) = 1.17 x 10%1 My PFn T7N R (%) erg

mnp MnpcC cms s
/ QY «x T®, T <« Ty

Leinson (2001)

Leinson & Pérez (2006)

Q(CP) —q Q(()CP) Sedrakian, Miither & Scht_mk (2007)
Kolomeitsev & Voskresensky (2008)
Stemer & Reddy (2009

Lemson (2010)

Collective effects

g = suppression factor

4 6 ’UF 2 .
15, Q9P ( 2 02) <1 e49. Kolomeitsev &
0 81 ( ) v 7 ( c ) A Is Voskresensky (2010)

3p, Q) oc (C2 4+2C3%) ¢ =0.76

Leinson (2010): (@t = 0.19
Cyv=1, Cx=126

We treat g as phenomenological parameter




Results. Cas A NS cooling via CPF

muUrca cooling is suppressed by strong proton superfluidity
Model: APR EOS, M=1.65 Msun (best-fit of the spectral models)
g=0.76
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Superfluidity naturally explains observations

P.S. Shternin, D.G. Yakovlev, C.0. Heinke, W.C.G. Ho, D.J. Patnaude, MNRAS Lett., (2011)
D. Page, M. Prakash, J.M. Lattimer, A.W. Steiner, PRL, (2011)



Results. Parameter g

17737 I SRR SN WA W
320 340
t [yr]

We can constrain T, (], proton SF

Constant T, profile to maximize
CPF emission

q 2 0.4

More realistic (narrower profiles)
require higher g

Same for weaker proton superfluidity



Cas A NS and other isolated neutron stars

T [10°K]

One model for all NSs ’

T” [MK]

05|

i 3PSR J1119-6127
i 4RX]0822-43
i 5PSRJ1357-6429

8 PSR B1706-44
9 PSR]0538+2817

12 Geminga
1 13 PSR B1055-52
14 RX ]1856-3754
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Conclusions

« The November 2010 observations confirms the rapid cooling of the
Cas A neutron star

* The cooling is naturally explained with aid of CPF emission of
superfluid neutrons with T/ ~ (5 - 9) x 108 K

 Critical temperature profile should not be to narrow and CPF
emission should not be strongly supressed (g>0.4)

* Neutrino emission prior to onset of CPF should be 20-100 times
weaker then the standard mUrca cooling rate

* In order to explain the data on all INS with one model, T, profile
should be shifted to higher densities

« The Cas A NS cooling probably gives evidence of the
presence of superfluidity in neutron star cores



Movie (Wynn Ho)

> == ! i Sy e — } 3
< o |_outer crust,_—+4nmer crust ~ | core I 20
-3 § } < r
&~ ‘__,.-/ : B < N
Les f § 5 S 158 PN\
3 : : = .
o [ r - ¢ [
586 & o 2 s | g‘\’
E [ : - 15 ,: N { “}i
- B N ] o *
. ' b 1.45 | \
s | : : year | S Tt
82 : 3 RO o Mol eemtd
=} : o 1690 2000 2010 2020
b ) - Year
o 8 - - - ! o
L == ! ¥ : 1 . 1 =4 10 -
10 1 12 13 14 15 v |
log density (g cm™?) 2 0.9
N normal O < ?‘(\’7 N rmal matlier
< neutrons aens '~ g0
2B ,~7 superfluid ] = = - oton rfluld
- o neutrons o0 ;
o
= .’ . l
7 () r) T Al b dddind Aodadliddl bbb hobdiild
1 : - > 1 10 100 1000 104 10° 10¢
3 6 Bl 12 ,
density (10" g em™) Ho/Shiernin Lime since birth (yrs) Ho/Shtlernin




Results. Constraints of NS masses?

1.55
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For any mass from 1.3to 1.9 M,
we can explain the data by modifying
T., profile

APR model with different masses

Profile(a)
M =1.65M, T3 =28.6
M =19 Mg ong. = 8.3
M =13 Mg g =11.3
M=1.3 is bad?

Shift the profile
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Thermal state of the Cas A NS

Yakovlev, Ho, Shternin, Heinke, Potekhin, MNRAS (2011)
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Observed temperature agrees with

«standard» cooling theory (nonsuperfluid

star which cools via modified Urca
process)

No stringent constraints on neutron star

parameters and internal structure



Teopus oCTbiIBaHUS HEUTPOHHbIX 3BE3A

Monoabie 3B€3abl OCTbLIBAKOT 3a
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A cheKTMBHOCTL HEMTPUHHOIO U3JTyYEeHUe

N3ny4yeHne HENTPOUHO NMPU KynepoBCKOM crapuBaHumn

L(‘iooper — (10 . 100) Li/lurca o -|-8

HeiimpuHHOe u3niy4yeHue
npu KyrepoeCKoM
crnnapueaHuu HeUmMpPOHOoe
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pa3 cunbHee 4YeM T1ipu
MoouuyupoB8aHHOM

Ypka-npouecce e
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ModenupoeaHue.
Page et al. (2004)
Gusakov et al. (2004)

40

lg L (erg s7!)
w w )
o AN o)

(U]
o

LI ! | F

28

I I I I

\

\

1 1 1 | 11 1 I L1 | | L1\l | 11 1 | L1 1




Superfluidity in neutron star

T [10°K]
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Non-superfluid young NS cooling (remind talk by D.G. Yakovlev)

After relaxation C(T)dT = —L®(T) — L(T,)

t
C(T) xT
Neutrino reactions (npegu)

«Fast»: Urca processes

n—-p+e+v

pie—nty % ~ 103 T9 erg/s

«Slow»: mUrca processes
n+N—o-p+e+N+v L?I?UN1030T§3erg/s
p+tN+e—-n+N+v

NN bremsstrahlung 3
N+No>N+N+v+p L ~108 T3 erg/s
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Nucleon superfluidity

We use two phenomenological functions and one
phenomenological parameter to be constrained from
observations

Tcn (,0) — neutron critical temperature profile

q — CPF suppression factor To enhance cooling

Tcp (p) — proton critical temperature profile To suppress cooling



