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Neutron Stars

Supernova ejecta Thin atmosphere: .
H, He, C.... i Outer crust: ions, electrons

Inner crust: ion lattice, soaked
<5 insuperfluid neutrons (SFn)

Outer core liquid: e~, p-, SFn,
R superconducting protons

Compact
Object

Reverse Shock

Compressed Interstellar Gas

Walter Baade Fritz Zwicky  Inner core: unknown

1930’s, the possible existence of neutron stars ?jf
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L
£ | | | 4x10" g cm?’
O ’ Time (S)4—> : ° NE2052 “neutron drip”

Jocelyn Bell Lecture 19: Neutron Stars (ualberta.ca) Index of /Images/nicer (nasa.gov)

1967, the first observation of pulsar
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https://heasarc.gsfc.nasa.gov/Images/nicer/
https://sites.ualberta.ca/~pogosyan/teaching/ASTRO_122/lect19/lecture19.html

Neutron Star Inner Core
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Neutron Star Inner Core
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Neutron Star Long-term Cooling
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Neutron Star Long-term Cooling
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» neutrino emissivity €

MICRO » specific heat ¢,

» thermal conductivity k
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Neutron Star Long-term Cooling
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om 162 ke \1 = 2m/r

Tsurf (K)

» neutrino emissivity €

» specific heat ¢,

» thermal conductivity k

» mass and radius profile m(r)

» curvature profile d(r)
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Neutron Star Long-term Cooling
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Neutrino Emissivity

® dUrca vs. mUrca  Alford2024 arxiv2406.13717

(a) Direct Urca | (b) Modified Urca
: N N
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spectator nucleon

® Cooper pair breaking and formation (PBF)
Raduta2017_MNRAS475-4347
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hyperon dUrca nearly the onset density
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PBF process Is triggered when internal
temperature decreases to the critical temperature
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Superfluidity and Neutron Star Cooling

*ﬂ . Baryon superfluidity is widely present within neutron stars.
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Superfluidity and Neutron Star Cooling

*ﬂ . Baryon superfluidity is widely present within neutron stars.
§ o ] PBF, accelerate cooling
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Superfluidity and Neutron Star Cooling

f . Baryon superfluidity is widely present within neutron stars.
§ ] PBF, accelerate cooling (106 Suppress Urca, slow down cooling
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Thermal Relaxation of Neutron Star
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Thermal Relaxation of Neutron Star
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Thermal relaxation: the thermal coupling between the
core and crust
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Thermal Relaxation of Neutron Star
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Thermal Relaxation of Neutron Star

T T T I T
500 |- + G2* slow cooling

* G2 fast cooling Nucleon Star without Superfluidity. |
—_—G2 Sales2020_A&A642-A42

| + BSRY slow cooling M
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M BSR9 |
E 3{]{]_ + BSRESIWGQGHI'IQ _
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Vg ——BSR8 1
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20011, | 5U fast cooling Abnormally long
IU-FSU relaxation time above
100 ' e . 4 the dUrca allowed
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| 1 | |
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SUH)

1. How does the superfluidity affect the thermal relaxation?
7 2. Can we observe the peculiar thermal relaxation in other type
neutron star, e.g., hyperon star?
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Lalazissis2005_ PRC71-024312

Thermal Relaxation of Neutron Star A Bouysey et al., PLB 64 (1976) 276

Page2004 ApJSuppl55-623

® EoS:n+p+ A+(owpa ™ ¢)

L = 2 l’_/B [’}f’u (10# — gmbH - ngp,uTB - gququ)
B

- (MB ~ 880 — 8580 — go’*Ba*)] VB
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1 1, 1 1 1 1,
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+ Y wiliy, 0" —my,  RMF model
/
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Thermal Relaxation of Neutron Star e bia o 1a76) 276

Page2004 ApJSuppl55-623

® EoS:n+p + A+(owpo @)
L = 2 l’_/B [’}f’u (10# — gmbﬂ - ngpyTB - gquqb,u)
B
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= W W+ Smaelo, = TRVR,, + Smiphp, — D, + Smygle,
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/

NN interaction DD-ME2
Psat (FfM™) 0.152
E/A (MeV) —16.14
Ko (MeV) 250.89
m* 0.572
as MeV) 32.3

2024/9/26 3




Lalazissis2005 PRC71-024312

Thermal Relaxation of Neutron Star A Bouysey et al., PL 64 (1976) 276

Page2004 ApJSuppl55-623

® EoS:n+p + A+(owpa ™ ¢)

L= Z ‘I’B —&8wB®y, — 8,BPuTB — gquGby)
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g Wt g = g RE R+ 3ol 0 = g @ O+ 3P
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/

NN interaction DD-ME2 NY and YY interactions

Pt (fm~3) 0.152 U™ ~ —30 MeV

E/A (MeV) —16.14

Ko (MeV) 250.89 20 ~ —10 MeV

m* 0.572

as (MeV) 323 N%Qp dUrca, Ap dUrca

M; 1. 3184MQ

2024/9/26 3




Lalazissis2005 PRC71-024312

Thermal Relaxation of Neutron Star A Bouysey et al., PL 64 (1976) 276

Page2004 ApJSuppl55-623
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Thermal Relaxation of Neutron Star

3.75 1 ,
=% _R:p, = 0.0
3.501 | = B =00, Andlirea > Closing the dUrca, the dependence of t,, on
—%— R:p, = 0.3 . . . .
3:25 e b mass is linear, while its dependence on the
3.00 - —e— Ry, = 0.5, Ap dUrca critical temperature is nonlinear;
< ' —— Rp, =10
- ek M i > Above the mass that dUrca sets in, the
2 2.501 dependences of t, on both mass and critical
2.254 temperature are nonlinear.
2.00
1.75 - |

12 13 14 15 16 17 1.8
M/Mo
Ten = Rs Py Tinax
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Peculiar Thermal Relaxation from Superfluidity
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Peculiar Thermal Relaxation from Superfluidity
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Peculiar Thermal Relaxation from Superfluidity
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Peculiar Thermal Relaxation from Superfluidity
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Peculiar Thermal Relaxation from Superfluidity
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Peculiar Thermal Relaxation from Superfluidity

The late trigger of PBF process: waiting time #..j

— M/Mg =12

3 —— M/My=1.4 dT

‘o e MM, =16 global energy balance: () — = —R L™
MMy =1.8 dt

| Cyv = CoTy with Cy =~ 103 erg/K  Cv = fc'”dv
251 \X L™ = LoT§ with Lo ~ 100 erg/s L, = / edV
201 ‘ g ; Ty = T/10° K Page2011 PRL106-081101

R3P2

OA)

The smaller critical temperature T,
the longer relaxation time
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Peculiar Thermal Relaxation from Superfluidity

— M/Mg =1.2
— M/My =14
— M/Mgs =1.6

M/My =1.8

N N
o w
PP
OA)

R3P2

The smaller critical temperature T,
the longer relaxation time

The late trigger of PBF process: waiting time #..j

global energy balance: (. % = — Ry L™

OV — OQTQ with Cg. ~ 1039 erg/K Cy = /C-udv
Lo = LoT8 with Lo ~ 10% erg/s L, = / edV

Ty = T/10° K Page2011_PRL106-081101
1 1
fr o
t(T) == T:im (Tg — ﬂﬁ}g) twalt — t(Tan

Tl’?f.l - THIU/RBH Tmu — IOUCQ/GLQ ~ 1.0 year

Tmy. time-scale of mUrca dominated cooling
R.¢: SF effective suppression factor
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Peculiar Thermal Relaxation from Superfluidity

M — 1o The late trigger of PBF process: waiting time #,..;
2 — M/Mo =1.4
20 —— M/Mo =1.6 bw R tuait + b
M/M, =1.8 ] ] ) _
| £, A~ el - ot re-coupling of
§30 [m“ (Tfn?g T8 )] 1 core and crust
: waiting for the trigger of PBF; nonlinear
2.0 A = o
) Fitting:
HO 0.2 0.4 0.6 OjB 1.0 1.2 1.4
Rap, Tl =2.8-3.0 years
The smaller critical temperature T,,, t1=30-37 years
the longer relaxation time Other interactions (NL3 and PKDD) give the

similar results: Model-independent.
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Peculiar Thermal Relaxation of Hyperon Star

B DU core:
3.0 —— : » dUrca process, Low temperature,
: —— age=1.0e-01 year :
| age=1.ﬂe+ﬂﬂyyear |
2.5 : —— age=1.0e+01 year
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: 206 L e o year B outer core:
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L [ I H
~ o | !
10{ O outer core: mUrcaU
0.5 -h!\_ : 5
0.0 F—— : . . . E
0 2 4 6 B 10 12

r (km)
Neutron star with M = 1.3310Mg and a very

small DU core
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Peculiar Thermal Relaxation of Hyperon Star

B DU core:
3.0 —— : » dUrca process, Low temperature,
: —— age=1.0e-01 year :
| age=1.ﬂe+ﬂﬂyyear :
2.5 : —— age=1.0e+01 year
: —— age=1.0e+02 year
! 2ge~1.0e+03 year B outer core:
4 I age=1.0e+04 year
i ’ ' » mUrca + PBF process:
N R : » Thermal compensation to the DU core.
=] g !
= |21 :
104 O outer core: mUrcaU
05 -)—!\h_ : §
[][] : T T T T T 1II
0 2 4 5] B 10 12

r (km)
Neutron star with M = 1.3310Mg and a very

small DU core
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Peculiar Thermal Relaxation of Hyperon Star

B DU core:
30 . » dUrca process, Low temperature;
e g > the temperature is nearly constant if the DU
core is very small.
B outer core:
» muUrca + PBF process;
» Thermal compensation to the DU core.

age=1.0e+00 year
—— age=1.0e+01 year
—— age=1.0e+02 year
age=1.0e+03 year
age=1.0e+04 year

2.5 4

2.0 4

1.5 1

I
I
|
|
1

|
|
outer core: mUrca+PBF ,V\
T4
Ln
L2
LS

+— thermal coupling between

T n b DU core and outer core
r (km)
Neutron star with M = 1.3310Mg and a very

small DU core

T (10%) K

DU core

f
|
!

1.0 1

{ner
(e
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Peculiar Thermal Relaxation of Hyperon Star

The thermal coupling between DU core and
0T ' outer core:

—— age=1.0e-01 year

age=1.0e+00 year
—— age=1.0e+01 year
—— age=1.0e+02 year
age=1.0e+03 year
age=1.0e+04 year

Outer core energy balance

2.5 4

dT’
CVE :[RQHLLHUQ(T — Tcn)] mUrca

DU core

[_ ferLMMO(T,,, — T)] mUrca+PBF

outer core: mUrc&HL/\
DU core
mu8
:
0 2 4 6

—— e —————

crust

|

Tpy: DU core temperature before reaching relaxation

el i
T

B 10

~ r(km) fpu: ratio of neutrino emissivity of dUrca to mUrca
Neutron star with M = 1.3310Mg and a very  £,: ratio of the outer core volume to DU core
small DU core R: ratio of neutrino emissivity of Ap to np dUrca, ~ 0.04
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Peculiar Thermal Relaxation of Hyperon Star

The thermal coupling between DU core and
0T - outer core:

—— age=1.0e-01 year

age=1.0e+00 year

i
i
|
254 | — age=1.0e+01 year DU core energy balance
: —— age=1.0e+02 year
1 age=1.0e+03 year
2.0 - i age=1.0e+04 year dT
i ' Cy— =0
— I V JE—
3 w | : dt
o 1.5 | |
) S ! |
= s
104 O outer core: mUrca+PBF ]
I /e
[ L
0.5+ : E
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1
0.0 1 T
0 2 4 6 B 10 12
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Peculiar Thermal Relaxation of Hyperon Star

3.5

3.0 -

logiotw

1.5 1

2.5 1

The thermal coupling between DU core and
outer core:

G‘Tmu Ten Tg
b HE Rt *»/i;}} TS + ay dT% coupling  of
DU core and

6Tmu f“ Ty 4T, | outer core
feer Jp T8 +as

coupling of entire
core and crust

[—I— f}:tg

T:: the outer core temperature that reaching relaxation
T; =~ Ty for a neutron star with a very small DU core
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Peculiar Thermal Relaxation of Hyperon Star

3.5

The thermal coupling between DU core and
outer core:

3.0 -

2.5 1

= t GTIIIU me TEI dT
3 ~ ——dT1y :
E w Reg Jy, TS+ ay coupling of
2 204 = DU core and
6Ton [t Ty outer core
= dTy
. Jesr Jp Ty + as
, coupling of entire
. 1 alz core and crust
13 1.4 15 16 17 18
M/M o RfouTfy o/ Rest RfouTHy e/ frsr

] = 5]

[(I{c.::trwe/-RD'U)3 — ]-] ] - [(Rcore/RDU)ﬂ - 1]
T:: the outer core temperature that reaching relaxation

T; =~ Ty for a neutron star with a very small DU core
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Peculiar Thermal Relaxation of Hyperon Star

The thermal coupling between DU core and
outer core:

6Tmu Ten Ty
b HE Rt *»/i;}} 3 +ﬂl‘ﬂ% coupling  of

= DU core and
6T T
mu f : S Ty outer core
Jesr Jp Ty + as
, coupling of entire
. 1 adz core and crust
13 1.4 15 16 17 18
M/M o RfouTfy o/ Rest RfouTHy e/ frsr

ay = az

[(Reore/Rpu)> — 1)’ - [(Reore/RBpU ) — 1]
» Suitable for a neutron star with a small DU core T;: the outer core temperature that reaching relaxation

T; =~ Ty for a neutron star with a very small DU core
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Summary and Perspective

® Summary:
» PBF and dUrca processes change the thermodynamic structure of neutron stars, leading to the re-

coupling of the crust and core and peculiar relaxation times.

» A possible way to probe the superfluidity and internal thermal properties of neutron stars.

® Perspective:
» More precise microscopic physical inputs for neutron stars are needed.

» Suitable observation targets are required.

Thanks for your attention!
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