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COOLING OF A NEUTRON STAR

T"'T T\ ||I l.‘l. *\.t,l.l T T | T T T | 1T 17T 1T 17T | T T T I_ -
o BRSNS E — oo | Evolution of the surface temperature 7, of a
- 5 L hadronic star
%1 L - a7 -
A 24 gg — s av _ at j
b2 }ﬂé - dt Z Car = Zg”
L N i 7 7
% [ é _ Data taken from:
2 6 - Yakovlev et al.,
[ 1 A & A 389 (2002) L24;
sal- 1 Calculation:
- \ D. Blaschke, H. Grigorian and D. N. Voskre-
_ S 2\ sensky, Astron. Astrophys. 424 (2004) 979.
56 L1 11 | I | ]\I [ | L1 1 1 | I | | I\I\I | I L1 1
0 1 2 3 4 5 6 7
log(tfyr])
\_ HOVIK GRIGORIAN )

DUBNA , JuLY-AucusT 2005



-

| BOLTZMANN EQUATION IN CURVED SPACE - TIME I

The Boltzmann equation for massless particles
Lindquist, R.W. 1966, Ann. Phys., 37, 478

of L Of df
P (&Uﬁ Fm 329) (E>00ll @

e { is the invariant neutrino distribution function
e p“ is the neutrino 4-momentum
o [} are the Christoffel symbols for the metric
ds® = —*°dt® + e* dr? + r*df* + r?sin® 0 dP* (2)
The BE in the comoving basis

g0f ., .Of df
p( b 020 Lo 5]0) (E)coll ©)

The non-zero Ricci coefficients are

A [O(ye®)  O(yver A [O(ved)  O(yve?
oo =T =e % A( <8r>+ <8t ) , I =Tjp=e’e? (8t>+ (8r ) ;

—A
yve "t cot 0
Ti=-Th=— :

F20 = F22 = F30 = F33 = UF22 = UF21 = UF33 = UF31 = (4)

r
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| HEAT TRANSPORT AND NEUTRINO DIFFUSION I

The neutrino 4-momentum is

P = (w, wp, w(l — ,u2)1/2 cos P, w(l — ,LL2)1/2 sin CD)
e /1 IS the cosine of the angle between the neutrino momentum and the radial direction
e w IS the neutrino energy in a comoving frame

The BE in the spherically symmetric case

af o of af
W(€6 + Mei)a + wley + /“31)5 — W’ (Mrcl)o + /ﬂF%O + (1 — MQ)F%o)a—w
of df
— w1l = ATk Tk rh o ur2) =L = (L .
w(l —p )( 00 T Llog +plyg— 20)&“ (dT)COH (5)

Applying the operator to equation (5) and defining the :** moment
Thorne, K. S. 1981, MNRAS 194, 439

1 +1 ' 1 +1 . 1 +1 . df
“ | dup, =012, Mi== | dupf, Q== [ dug(L)
2/1 SR 2/1 pit, @ 2/1 e (dT)cozl
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| HEAT TRANSPORT AND NEUTRINO DIFFUSION I

Let us introduce N,, F,, and Sy are the number density, number flux and number source term,

respectively, while J,, H,, P,, and Sg are the neutrino energy density, energy flux, pressure,
and the energy source term:

dw > dw
N, = M, F, = M — —
/ 92 0w’ /o 92 w?, Sy /0 52 o (6)

d d ~d
J, = / = M, H, / — Mw*, P, = / M, Sp = / Q. (7)
0 2T 0 27 0o 27

e integrating over the neutrino energy

e utilizing the continuity equation
e assumption of a quasi-static evolution

The neutrino transport equation Burrows, A., & Lattimer, J. M. 1986, ApJ, 307, 178

J(N,/ng) N O(e®4mr’F) B eQS—N
ot da npg

d(J,/ng) J(1/np) _¢0(62¢47T7“2H ) 498
ot R ot e da = ng
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| HEAT TRANSPORT AND NEUTRINO DIFFUSION I

The distribution function in the diffusion approximation:

Flw, 1) = folw) + phiw),  fo=[1+eCH)!
e fy is the distribution function at equilibrium (7" = T4, pt, = !
e w and y, are the neutrino energy and chemical potential

The moments M; of f are

1 1 1
My = fo, M1=§f1, M2=§f0, and M3:5f1-

The equation (??) is now
_ 5

B .

o “orow
The collision term (), can be represented as

arN (. fo. f
(%) coll - (]a(l - f) - A_a +]S<1 N f) N )\_5)

e )\, IS the absorptivity

oA <3f0 B 3¢%)

e j, IS the emissivity

e 5. and )\, are the scattering contributions

(8)

9)

(10)

(11)
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| HEAT TRANSPORT AND NEUTRINO DIFFUSION I

The explicit form of the diffusion coefficient D
1 _1
D(CU):(]‘—F)\——FKE) .

Using the relation (n, = u, /T is the neutrino degeneracy parameter)
0fo _ _ (Té‘% N zé‘_T) 0fo

or or TOor) Ow'’
we obtain 5 o(Te?) of
_ _A T n w e _—0 .
/ Dlw)e [ or ' Ted or Ow
Now the energy-integrated lepton and energy fluxes are
e e T2 [ O(Te?) o ON]
Bo=mmgm [P TPy,
e e T3 [ O(Te?) oy O
HV = —T _D47+<T6 >D3E_ .
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| HEAT TRANSPORT AND NEUTRINO DIFFUSION I

The coefficients D,, D3, and D, are defined through (z = w/T)

D, = /OOO dz 2" D(w) folw)(1 = fo(w)) ,

The explicit expression for the absorption mean free path

1 2 o0 +1 _ 1
LS [Tap - p (B / dcos0 0 =V AR Ryt BRY (16)
Aa 7T2 0 1 1—e*
0—1
R = 4G <Clos_ — VAR, + R» + BRy) (17)
The polarization functions

Ry = (V*+ A% [Im I1¥(qo, q) + Im ITE(qq, q)] (18)
Ry = (V4 A% Im %(qo, q) — A* Im [T (qo,q) Rz =2V A Im I ,(q0, q) - (19)

o) = (Cgy and A = Cg4 for the absorption, C'is the Cabibbo factor
oV =gy/2and A= g,/2for the scattering

To include all six neutrino types, one can redefine the diffusion coefficients
Dy = DY+ DY, D3y=D¥—DY, Ds= D)+ D} +4D)". (20)
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| HOT NEUTRON AND QUARK STAR EVOLUTION l

Using the equation for the electron fraction and the matter energy equation

we obtain

Te

oY, S N,
= —€¢—N, Y, =—+Y.
ot ng ng

W_{_PW = —€¢S—N

dt dt np
,0Yy  0(e’4rr’H,)

»08 N
ot da

ot =0

+ e

ON,/ng 0Y, N O(e®4mr’F)) )

- " Dy

- = D,

ot ot da
oYy 0(e?4mr’F,)

ot + da =

e e 0T? [ O(Te?)
or
O(Te?)

or

on |
N, =
-+ (T@ )Dz 87“_
on |

¢
+ (Te )Dgar_ :

G2
e Ne=0T3

G2
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| QUASI-EQUILIBRATE EVOLUTION OF COMPACT OBJECT l

The structure equations are

ar 1 om P
da  4mwringed Oa  nped
0o e 3
= dr’ P
Oa  Anring (m L ) ’
oP e
P —(p+ P) . (m + 47r°P)
with the boundary conditions
rla=0) =0, m(a=0)=0,
1 2m(a = ay)
— - = - P — Ug) — Ps
ola = ay) 5 log [1  p—— ] ; (a = ay)
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COOLING EVOLUTION WITHOUT NEUTRINO TRAPPING

e The flux energy per unit time [(r) through a spherical slice at distance r from the center is:

1(r) = —47Tr2k(r)a<Tg;)€ )e_q)\ [1— %

The factor e=®,/1 — % corresponds to the relativistic correction of the time scale and the
unit of thickness.

e The equations for energy balance and thermal energy transport are:

O oay_ 1 9 J o
8NB(le )= —ﬁ(eye - CVa('I‘@ )
0 o 1 le?

ONp (Te™) =  k1672rn

where n = n(r) is the baryon number density, Nz = Ng(r) is the total baryon number in
the sphere with radius » and

~1/2
ONp _ 4 (1 B QM)
or r

D. Blaschke, H. Grigorian and D. N. Voskresensky, Astronomy and Astrophysics 368, 561 (2001).
HoVIK GRIGORIAN

J

DUBNA , JuLY-AucusT 2005



[

STELLAR MATTER UNDER COMPACT STAR CONDITIONS

The stellar matter including the quark core of compact stars consists of neutrons protons,
up, down quarks, electrons and neutrinos in beta equilibrium and with the charge neutrality
condition.

e (-equilibrium N <—— P+ € -+ Vg,—innuclear matter

d «—— u + e~ + V,—in quark matter

Hn = fp + e + [y,
Hd = [y Tt e T [y,

where ., 1, are the electrons and the neutrino chemical potentials.

e Charge neutrality Ny — Ne = 0: —in nuclear matter

%nu — %nd — N = 0 —in quark matter

The contribution from the leptons should be added to the thermodynamical potential €2 ,:

Q(d, A; g, for, e, T) = Qq(@, A; g, por, T) 4+ Qe(te, T) + Qp, (pon, T)
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PHASE TRANSITION:
NUCLEAR MATTER — QUARK MATTER

e Walecka model (p,n,e)+(c,w) — Bag model (u,d,e)

PHad _ PQuark Had __ MQUWk

e Maxwell construction: Hp ~ = HUp

EoSaT=0 B"[Mev]

. - —— 1800 A S :
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- |'~ BagModd, B"*=190Mev||  /
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EOS FOR QUARK STAR WITH SHELL
PHASE TRANSITIONS

1000

100

P [MeV/fm"]

300
e [MeV/fm']

1600

e In order to consider then quark
stars with a possible hadronic
shell we made the phase tran-
sition between the quark mat-
ter EoS and a hadron EoS: lin-
ear (LW) and nonlinear Walecka
model (NLW).

e The phase transition is calculated
via the Maxwell construction (P
constant for equal 1)
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CONFIGURATION OF COMPACT STARS WITHOUT SHELL
CONDENSATE AND TEMPERATURE EFFECT

sur

M [M

15
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The star configuration could be defined from
the Tolman-Oppenheimer-Volkoff equations

le(r) + P(r)][m(r) + 43 P(r)]
rlr —2m(r)]

dP
dr

m = 47r/ re(r)dr
0

The equations are solved for the set of cen-
tral densities n,(0) for which the stars are sta-
ble. The total mass M = m(r) of the star is
defined on the radius r so that P(r) = 0.

The integral parameters M and R feel the ex-
istence of the diquark condensation: the EoS
becames softer. Also are sensitive on tem-
perature variations. Both are decresing the
values of the M,,,. and R,,,. of the core ap-
proximately 10% from their values of the T" = 0
and A = ( cases.
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| STABILITY OF HADRONIC AND HYBRID STARS I

14

12

10

R [km]

- ——
-

~ -
~ o~
-~

—__~~\
. -

—— RMF-SM

¢ RXJI85635-3754
EX0 0748-676

Quark core - SM(GS) _

Quark core - SMS) 1

0.5

|

1.5
MM ]

sun

2 25

14

12

R [km]

| T T T T T T T T T ‘l' T T T T T T
_——————_\—. ———————— 7‘—-& _________
N, IR \\\
i . , i
: *\\ < | ///
/ // /’//
10_ /036 ] 1
i | o ]
-+ RMF-SM”
el
I ¢ RXJISSEHIT54 |
e EXO (748-676
I - Quarkcore-SM(LS) |
- ! ! N
: T Quark core-SML |
| | | Ii | | | | | | Ii | | | | | | | | |
1.4 1.6 1.8 2 22

MM ]

sun

HovIK GRIGORIAN

J

DUBNA , JuLY-AucusT 2005



4 )
MASS DEFECT - ESTIMATION OF ENERGY

' | ' | ' | ' '
i'i__ AM(A)=0.06 M__
314
51.2'_ @ M(A)=151M 7 e During the cooling evolution the
27 o M@=15IM IRy N star must loose an amount of en-
i m ' L ergy: the energy release will have
0.8 .‘ fl an equivalent in a mass defect.
oF T = We estimated this from the di-
18l ConsvedNy(A) =8N, N@B 1SN, | AT quark condensation as about 0.1
T Y ¢ ol = M. It corresponds to the esti-
2314-_ — - mated energy (A/p)? ~ 10°? erg
;01'2—_ e T= of the diquark condensate, see
T Ref. [4].
08- | |
0 1

*D. K. Hong, S. D. Hsu and F. Sannino, Phys. Lett. B516,362 (2001).
\_ HOVIK GRIGORIAN -/
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PNS EVOLUTION WITH NEUTRINO TRAPPING

%0.04% e Mass defect AM ~ 0.05 + 0.4 M, = 10 + 10°*
= erg
0.02f o Effect due to Un-Trapping of (Anti-)Neutrinos

n=72

e Explosion possible: Phase transition 1! Order

P B TR | L

1 x R . .
02503 035 04 04505 e GRB with time delay = Cannon Ball Model
u, [GeV]

D. N. Aguilera, D. Blaschke, H. Grigorian, arXiv:astro-ph/0212237
\_ HoviK GRIGORIAN -/
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| NEUTRINO PROCESSES IN QUARK MATTER: EMISSIVITIES I

e Quark direct Urca (QDU) the most efficient processes
d—ut+e+vandu+e—d+v
eWPU ~ 9.4 x 1026045u§/€1/3CQDU T erg cm ™3 571,
Compression u = n/ng ~ 2, strong coupling o ~ 1

e Quark Modified Urca (QMU) and Quark Bremsstrahlung (QB)
d+q—u+q+et+vandg+q@—q+q@+v+v
eMU €98 ~ 9.0 x 10Y¢quu Ty erg em ™3 571,

e Suppression due to the pairing
QDU : CQDU ~ exp(—Aq/T)
QMU and QB : (quu ~ exp(—24A,/T) for T' < T, >~ 0.4 A,

ecte—etet v+
€ = 2.8 x 1012V *ul/3T8 erg em=3 571,
becomes important for A, /T >> 1

D. BLASCHKE, H. GRIGORIAN, D.N. VOSKRESENSKY , ASTRON. & ASTROPHYS. 368 (2001) 561

v
<e_
d ,; » U

<I
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| HADRON MATTER: PAIRING GAPS AND CRUST OF STARS |

e Neutron and Proton pairing gaps e Crust model
2 - — — 9.5IIIIIIIIIIIII
< 0B -
3 _ M=14M,
>3 S LN o R=10km
o 003 T \\ ] I
15f <]“> " ,° ‘\\)\ L
— nlso X | T BT YW fa 85-_
N n3p, %.5 1 /2 4 ﬁc I
> nin, E ol
0 3
2 2 o
q - L
75}

||||||||||||/|||| T TT

—— dow decay (C)

-—-- fast decay (E)
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I‘IIIlIIIIlIIIIlI
E.G 58 6 62

64 66 68 7 72
log,,(T{K])

Yakovlev, D.G., Gnedin, O.Y., Kaminker, A.D., Levenfish, K.P, Potekhin, A.Y. 2003, [arXiv:astro-ph/0306143];
Yakovlev,D.G., Levenfish, K.P, Potekhin, A.Y., Gnedin, O.Y., Chabrier, G., [arXiv:astro-ph/0310259]

Takatsuka, T., Tamagaki, R. 2004, [arXiv: nucl-th/0402011].
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HADRON MATTER: DU CRITICAL DENSITIES AND CRITICAL
MASSES OF STARS
e DU critical densities ¢ 3; S”;';‘rgl ]\rgaSSIEEW
n. = 2.7 ng non linear Walecka (NLW) MC B 1.84 M® HHJ
n. = 5.0 ny Heiselberg, Hjorth-Jenson c ©
HHJ;
2_ . |
] p— HHJ, 240 MeV \‘\
— ——— NLW 250 MeV |
5ot !
2, |
= 1- /I
05/
o 10 11 12 03 06 09 12 15
R [km] n(0) [fm]
n[fm
Heiselberg, H., Hjorth-Jensen, M. 1999, [arXiv:astro-ph/9904214]
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| COOLING CURVES: HADRONS (NORMAL) STARS I

eincluding = -condensate and medium
modification of MU

e our fit for crust
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D. Blaschke, H. Grigorian, and D.N. Voskresensky, (2004).
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e with AV18 gaps, = -condensate, MMU

(3P, - suppressed)
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| COOLING CURVES: HADRONS (SUPERCONDUCTING) STARS I

e with Gaps from Yakovlev at al. 2003
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H. Grigorian, and D.N. Voskresensky, (2005). arXiv:astro-ph/0501678
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COOLING CURVES. HADRONS (SUPERCONDUCTING -
ANOMALIES ) STARS

e with AV18 gaps, r -condensate, MMU e with Gaps from Yakovlev at al. 2003

(3P, - is NOT suppressed)
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D. Blaschke, H. Grigorian, and D.N. Voskresensky, (2004). arXiv:astro-ph/0403170
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| HYBRID STAR MODEL WITH 2SC QUARK MATTER CORE l

e Density dependent Bag Pressure
for Separable Model (SM)

Ided gas
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H. Grigorian, D. Blaschke, D.N. Aguilera. Phys.Rev.C 69 (2004) 065802 [arXiv:astro-ph/0303518]
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| TEMPERATURE EVOLUTION IN THE INTERIOR OF THE STAR I

Temperature profilesin MeVv
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COOLING CURVES: HYBRID STARS WITH 2SC QUARK

MATTER

e 2SC + X phase, Ax = 100 keV

T T T\I I T I\I I‘I\I 17T l\.l"l T I L L L
- \ \ '_\ N \"g o
6.4/~ A p .
6.2 'i“ —
L S
~~ “‘v
v Bt
= 85 gy
<
S 6 & s
| — 050 s “85
..... 1.10 > e
N — — = 1.21 critical W
—— 125 i .
58 132
| S— - 150
S—e 122
— 17
i 179
| I I | I I I | I I | I I | I I Lol l i
5.6
0 1 2 3 4 5 6 7

log(tlyr])

Blascke, Voskresensky, Grigorian, [arXiv:astro-ph/0403171],

¢ 2SC + X phase, Ax = 30 keV
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COOLING CURVES: HYBRID STARS WITH 2SC QUARK
MATTER

e 2SC + X phase, Ay = 1.0
Exp(—a(l — u/p.)) MeV e the gaps in hadron shell by TT and Yak.
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H. Grigorian, D. Blaschke, and D.N. Voskresensky, (2004) [arXiv:astro-ph//0411619];
H. Grigorian (2005) [arXiv:astro-ph/0502576];
HOVIK GRIGORIAN -/

DUBNA . JULY-AUGUST 2005



4 )
| SELECTION OF SCENARIO WITH BRIGHTNESS CONSTRAINT I
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Class of model Models Models Gaps
with r-condensate | without w-condensate
A I IX Tsuruta law n-*P»*0.1
B 1l IV & VI2 Yakovlev et al. :2003 n-*P,*0.1
B’ VI - p-1Py*0.5; n-3P,*0.1
B” VIII - p-'Py*0.2; n-'Py*0.5; n-3P,*0.1

aThe model VI is the same as model |V, which was already calculated with crust (E) in Ref. D. Blaschke, H. Grigorian and D. N. Voskresensky, Astron. Astrophys. 424 (2004)
979

H. Grigorian, [arXiv:astro-ph/0507052]
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| SELECTION OF SCENARIO WITH LOGN-LOGS CONSTRAINT I

The mass distribution
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Simulation for model IX (test pass: positive)
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Log N-Log S of isolated neutron stars is effective in discriminating among cooling models.
S. Popov, H. Grigorian, R. Turollaand D. Blaschke arXiv:astro-ph/0411618 (2004).
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