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Temperature evolution of isolated NS

dT
_~ dt ;

Temperature Evolution.

C = dEthermal

dT
C=C,+C,+C,+C,

(heat capacity)

Neutrino emission

dominant for a young NS (z < 10° yrs)

Direct Urca p\<

Modified Urca
(& Bremsstrahlung)

p

strong int.

For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143,

C @@ D.Page+, astro-ph/0508056, 1302.6626

Neutron
Star

Photon emission
dominant process for an old NS (z > 10° yrs).

L, = 4nR*og,T,

¥ assuming isothermal state 7(r) < e~*" for simplicity (valid for ¢ > 100 sec). IT



Temperature evolution of isolated NS

dT For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143,

C L L D.Page+, astro-ph/0508056, 1302.6626
— 5 }/

dt

The standard cooling scenario can successfully
explain many isolated NS temperature observations.

D.Page+, astro-ph/0403657,
M.E.Gusakov+, astro-ph/0404002,
D.Page+, 0906.1621

Surface Temperature
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Surface Temperature @ NS cooling by Axion
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® NS heating by DM
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Dark Matter

- Multiple evidence.
- Makes up ~26% of the universe's energy density.
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- Electrically neutral.

: : . : Bullet Cluster. CMB anisotropy spectrum
- Various candidates: WIMPs, axions, PBHs, ... from astro-ph/0608407. from Planck 2018

Here, we focus on WIMP = Weakly Interacting Massive Particle

- Unknown particle.

- Stable. M quark,
- Typical mass: O(100 GeV)-0(1 TeV). lepton, ..
- Weakly interacts with Standard Model particles (quarks, leptons, ...).
quark,
lepton,..
DM p I

&



® NS heating by DM

Kouvaris, 0708.2362

o
BaSIC Idea Baryakhtar+, 1704.01577

DM ¥

dT
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Old and warm NS = DM signal ?! o



™ NS heating by DM

Kouvaris, 0708.2362

o
Basic Idea Baryakhtar+, 1704.01577

dT LDM — EDM ~ ﬂbz ’ VDM * nDM * mDM ~ 1022€I‘g/8

. o DM heatng max
C At o LI/ L}/ +Lheating ‘ .

... Independent of the DM mass!

The energy injection per time:

capture rate ~ 1

foro,y 2 10~*cm?

scattering +
annihilation




® NS heating by DM

Kouvaris, 0708.2362

o
Basic Idea Baryakhtar+, 1704.01577

The energy injection per time:

LDM

_ 7 2 22
heatng — Epm ~ bhgax * Vom - pm - Mpy ~ 1077erg/s

max

-

PDM

.. Independent of the DM mass!

negligible for —

7 > 10° years o .E. 106 E
Photon emission D -
L, = 47R%6 e, T? S |
105
O E
| -2
At late time, L Lheatlng S |
qg I

a 103: | L1t W/QIIIDMllllllll I\IIIIIIII |

103 104 10° 106 107
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® NS heating by DM

EXHIT\Q'E 107 F

n:Q,Y:I/Z,mDleTeV

g=2,c0=0,c,=¢,=1
=S ambimnnc s (oo o]
 PandaX-4T
-~ vfloor
"""" XENONZ20ty

1074 = ~ujiwara, KH, Nagata, Zheng

 Electroweak multiplet DM LZ 202242024 2204.02238]

(A class of typical WIMP)
e.g., Wino and Higgsino in SUSY 107

o) [em’]

AM, < AM,,,,
I

—_— cut-off parameter

Future DM direct
detection experiments
(via elastic scattering)

NS capture
(via inelastic scattering)

NS window} &

A [GeV]

Direct detection and NS heating can play complementary roles.

R



® NS heating by DM

Challenge: Internal Heating

Actually... some old and warmer (7 > 2000K) NSs have been observed.

M=1.4Mg

— Ordinary pulsar
—— Millisecond pulsar

106 {— T = XDINS Neither DM nor standard NS cooling

oo A @ can explain those old and warm NSs.

X~
" 106
? w/|DM
103 | i
w/o DM
102 . . .
102 104 106 108 1010
t [yrs]

Fig. thanks to K.Yanagi.



® NS heating by DM

Challenge: Internal Heating

Actually... some old and warmer (7 > 2000K) NSs have been observed.

M=1.4Mg,
107
— Ordinary pulsar
—— Millisecond pulsar . . .
10°: = =t XDINS 1 There are some Internal NS heating mechanisms
= 10 A that can explain those NS temperatures, such as
.;n ]
ls 104 (] [
(1) Rotochemical heating
103
10 1 - - g — (2) Vortex creep heating
t [yrs]

Fig. thanks to K.vanagi. We revisited those mechanisms and investigated their

implications for the DM heating of NS.

2



® NS heating by DM

Challenge: Internal Heating

(1) Rotochemical heating

Modified Urca (dominant process at 7 > T, A

{n+N—>p+e‘+N+De

N =
p+N+e >n+N+u, porn)

In the minimal cooling, B-equilibrium is assumed.

Fn >p:e=rple >N ,l/tn=//tp+//te ;

However, B-equilibrium is NOT maintained in rotating pulsars!
A.Reisenegger [astro-ph/9410035]

spin-down weakens the centrifugal force.
-> pressure changes.

- chemical eq. condition changes

- at low T,

the modified Urca process (slow, ~ T8)
can no longer maintain the equilibrium.



http://arxiv.org/abs/astro-ph/9410035

® NS heating by DM

Challenge: Internal Heating

(1) Rotochemical heating

Modified Urca (dominant process at 7 > T, v

{n+N—>p+e‘+N+De

N =
p+N+e ->n+N+vu, porn)

In the minimal cooling, B-equilibrium is assumed.

Lopre = L=t

However, B-equilibrium is NOT maintained in rotating pulsars!
A.Reisenegger [astro-ph/9410035]

1—1n—>p+e > 1—Wp+e—>n' /’tn > /’tp T /’te

- The deviation from B-equilibrium heats the NS.

L otochemical heating = JdV <//tn — j, — Me> (F,,Hp e T, +e_>n) > 0. "Rotochemical heating”

e
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® NS heating by DM

Challenge: Internal Heating

(1) Rotochemical heating

It can explain the old and warm NSs.

neutron: a, proton: AO, Pp =1 ms

— AM/M=10"15
_____ -=- AM/M =107

t[yrs]

Ordinary pulsar
(typically P ~ 1s, P ~ 1074 B ~ 10'?G)

106
t [yrs]

108

K. Yanagi, N. Nagata, KH

| [arXiv:1904.04667]
1010
M=1.4My, Po=1ms

| — proton AO

N b C === proton normal
= |\ /]
8 I
~ 105} !

T T T T T
t [yrs]

Millisecond pulsar
(typically P ~ Ims, P ~ 10720, B ~ 108G


http://arxiv.org/abs/1904.04667

® NS heating by DM

Challenge: Internal Heating

(1)' Rotochemical heating + DM heating KH, N. Nagata, K. Yanagi [1905.02991]

CE — Ly o Ly +Lrotochemical heating +LDM heating

P=1s, P=10"0

P, : initial rotation period

106}

Adeath-line’

- For a short P,, DM heating effect is invisible.

- For a long P,, DM heating effect is visible.

6ms

F neutron: a2

- proton: CCDK Py>7ms

103 L1 lPl()l ?117 ms W/O D!VI :\)\\\ | | - (2000 - 3OOO)K han
104 10° — ““1“06 — ““]I.IO7 — ““]I.O{3 — ““]l.lOg . [ \ a C
t [yrs] There 'S st


http://arxiv.org/abs/1905.02991

® NS heating by DM

Challenge: Internal Heating

(2) Vortex Creep heating

inner crust
Alpar+, 1984, Shibazaki+, 1989

Cooper pairs (superfluidity)
- vortex lines are formed in a rotating NS.

The slow-down of the outer crust component induces
a Magnus force on vortex lines.

-> vortex lines start to move outwards. (vortex creep)

L

- The rotational energy stored in the superfluid component \%
is dissipated as heat (vortex creep heating)

Figs. from

Fujiwara, KH, N. Nagata,
and Ramirez-Quezada
[2308.16066]

OV =V, — Vy.

vortex line

= J| Q|

ortex creep heating

J : universal constant
Q2 : NS anaular velocitv M9



https://arxiv.org/abs/2308.16066

® NS heating by DM

Challenge: Internal Heating

(2) Vortex Creep heating

dTl
C— =
dt

It can explain the old and warm NSs with a universal constant J ~ 10 — 10** erg - s .
Fujiwara, KH, N. Nagata, Ramirez-Quezada [2308.16066]

~L,—L, +L

vortex creep heating

1 Semi-classical Mesoscopic
1 Quantum Mesoscopic

" theory
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® NS heating by DM

Challenge: Internal Heating

(2) Vortex Creep heating

dl
C—=-L—L, +L
dt /

vortex creep heating

It can explain the old and warm NSs with a universal constant J ~ 10 — 10** erg - s .

Fujiwara, KH, N. Nagata, Ramirez-Quezada [2308.16066]

(2)' Vortex Creep heating + DM heating

Fujiwara, KH, N. Nagata, Ramirez-Quezada [2309.02633]

dl
C—=-L—L, +L
dt /

vortex creep heating +LDM heating X,
3
I~

The DM heating is masked under the vortex €reeg
heating unless J < 1078 erg - s.

This may be 2

serious challenge...

103

P=1s,P=10/? Py=10ms, M=1.4Mg

—— Vortex Creep + DM
----- DM Only
- == Standard

10° 108 1070
Time [year]
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® NS heating by DM

Challenge: Internal Heating

dT
C E ~ — L}/ + LDM heating + Linternal heating

(1) Rotochemical heating vs DM heating (2) Vortex Creep heating vs DM heating

KH, N. Nagata, K. Yanagi M. Fujiwara, KH, N. Nagata, M. Ramirez-Quezada
[1904.04667] +[1905.02991] [2308.16066] + [2309.02633]
— o P=1s, P=10"15Py,=10ms, M=1.4M,
e—— 10°F — owony DM signal may be masked depending
- g ) on the scenario and parameters.
<0 g 10°
. — o - Further studies of NSs, both
Ve N\ ' theoretical and observational, are
b mmmeweont b N crucial for verification.
N ° 106t [yr5]107 ° ° 104 Ti1r(:e [year] 108 o
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® NS cooling by axion

Axion

KH, Nagata, Yanaqgi, Zhenqg, [1806.07151]

- A hypothetical particle, introduced to solve the strong CP problem in QCD.

- Nambu-Goldstone boson.
-Very light: m, < 1 eV.

- Very weak interaction with Standard Model particles.

interaction o« —, f, > 10° GeV .
Ja
a, d ~ 1 C 1 Cr_
L= GGy, A T F”‘” + Z ——ffy Ysf0,a.
Sﬂfd - - y 4 fa —_—  f= quarks
gluon photon leptons

o _a(E_24mm, C,=0 (KSVZ)
W 2x \N 3 m,4m, ) Cyes =08’ pl3, Cy,, = sin® /3 (DFSZ)

4 )
aS a ~auv g .
Lom D S_ﬂHG’“wG HY — 2 m,q 0, iysq
q
Experimental constraint (neutron EDM)

0] < 10710 [9: 9+Zq:9q] \Nhy?

- _/



https://arxiv.org/abs/1806.07151

® NS cooling by axion

Cas A NS

- At the centre of the Cassiopela A
supernova remnant.

» ~ 340 yrs old. (A young NS.)

KH, Nagata, Yanaqgi, Zhenqg, [1806.07151]

Bl image from Wikipedia

- The only isolated NS whose cooling has been observed in real time.

- Temperature decreases by (3-4)% in 10 years.
- This rapid cooling is difficult to explain with M.Urca.

- It can be explained by the PBF process.
«"Evidence of superfluidity in NS".

D. Page +, 1011.6142 [Phys.Rev.Lett.].
P. S. Shternin +, 1012.0045 [MNRAS].

See also: Posselt+, 1311.0888, Posselt and G.G.Pavlov, 1808.00531, 2205.06552,

W.C.G.Ho+. 1904.07505, Shternin+, 2211.02526.

T= (108 K)

BSk21-1.441 Mg,
[ Fe envelope
- ns—SFB
- ps—CCDK
. nt—TToa

- x2/dof=4.4/8

11— phase transition T = T

sudden, rapid cooling by
PBF neutrino emission.

Fig. from

W.C.G.Ho+, 1412.7759.


https://arxiv.org/abs/1806.07151

® NS cooling by axion

negligible for 7 ~ 300 yrs

KH, Nagata, Yanaqgi, Zhenq, [1806.07151]

Neutron
Star


https://arxiv.org/abs/1806.07151

® NS cooling by axion

KH, Nagata, Yanaqgi, Zhenqg, [1806.07151]

al’ ]
C — L — L ' Neutron N\~ " (l
dt g a Star ©
axion emission -
What we did:

o followed NS cooling with axion emission (Brems. and PBF).
by modifying a public code NSCool.

 APR EOS.

« NS mass M = 1.4M®

- gap models:
9 Nn-1So gap: SFB (doesn’t matter)
P p—1So gap: CCDK (doesn't matter as far as large enough)
2 n-3P2 gap: gap height A« Tc and width: free parameter.


https://arxiv.org/abs/1806.07151

® NS cooling by axion

dT
C— =—-L,—L,
dt Lo

KH, Nagata, Yanaqgi, Zhenq, [1806.07151]

axion emission

KSVZ, n=5x10"13

e o1 10° Gov A new bound (KSVZ axion):
2x10°F — f:;4x108GeV -]L;Z Z 5 X 1()8 G@V

(for an envelope with a thin carbon layer)

cf. SN1987A bound: £, > 4 x 10° GeV

Ts K]

NS cooling gives one of

T — the strongest constraint
i 2107 3107 4107 on the axion models.

Time [year]
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® NS cooling by axion

KH, Nagata, Yanaqgi, Zhenqg, [1806.07151]

y A .
» -
= PG -
0 particle dota growp A

-l pdalive ESTIglyElRE S | Reviews, Tables, Plots | Particle Listings

pdgLive Home > Axions (A") and Other Very Light Bosons, Searches for > Invisible A” (Axion) Limits from Nucleon Coupling

2019 Review of Particle Physics.
Warning: production version with current encodings in progress

Invisible A” (Axion) Limits from Nucleon Coupling _INSPIRE search

Limits are for the axion mass in eV.

VALUE (eV) CL% DOCUMENT ID TECN COMMENT

» » » We do not use the following data for averages, fits, limits, etc. * +

< 65 95 1 AKHMATOV 2018 CNTR Solar axion

< 6.6 90 2 ARMENGAUD 2018 EDE3 Solar axion

< 0.085 90 3 BEZNOGOV 2018 ASTR Neutron star cooling

< 12.7 4 GAVRILYUK 2018 Solar axion
< 0.01 5 HAMAGUCHI 2018  ASTR Neutron star cooling .

Neutron
<93 90 7 ABGRALL 2017 HPGE Solar axion
<4 90 8 FU 2017A PNDX Solar axion
9 KLIMCHITSKAYA 2017A Casimir effect
< 177 90 10 LIU 2017A CDEX Solar axion
< 100 95 11 GAVRILYUK 2015 CNTR Solar axion

42 L IAACLIITCW ANVA S L franimmier lAanes

K. Hamaguchi, N. Nagata, K. Yanagi,
J. Zheng, 1806.07151
See also:

M. V. Beznogov+ [1806.07991].

L. B. Leinson, [1909.03941] [2105.14745].
Buschmann+, [2111.09892 ]

+ K. Hamaguchi, N. Nagata, J. Zheng,
work in progress

)


https://arxiv.org/abs/1806.07151

Summary
dT

CE = — L, — L, £ Lnew physics

@ NS cooling

Surface Temperature

mss onlernin+, [1012.0045].

@ NS heating by
Dark Matter

: -
9 PSR )]0538+2817

\
i 1Crab
|

12 Geminga
| 13 PSR B1055-52
AT 14 RX]1856-3754
1 15 PSR |2043+2740
N\[\'> 16 RX]0720.4-31;

|
! 3PSRJ1119-6127 4 .,
0.5F | 4 RX]0822-43
i . 5PSR]J1357-6429
! 6 RX]0007.0+7303
v 7Vela

NS temperature observation may probe New Physics!

DM annihileltio
xx = ff

30
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observational feasibility

- https://arxiv.org/abs/2403.07496

Reheated Sub-40000 Kelvin Neutron Stars at the JWST, ELT, and TMT

Nirmal Raj,'’* Prajwal Shivanna,!’’ and Rachh Gaurav Niraj':*

' Centre for High Energy Physics, Indian Institute of Science, C. V. Raman Avenue, Bengaluru 560012, India
(Dated: March 13, 2024)

Neutron stars cooling passively since their birth may be reheated in their late-stage evolution by a
number of possible phenomena: rotochemical, vortex creep, crust cracking, magnetic field decay, or
more exotic processes such as removal of neutrons from their Fermi seas (the nucleon Auger effect),
baryon number-violating nucleon decay, and accretion of particle dark matter. Using Exposure Time
Calculator tools, we show that reheating mechanisms imparting effective temperatures of 2000
40000 Kelvin may be uncovered with excellent sensitivities at the James Webb Space Telescope
(JWST), the Extremely Large Telescope (ELT), and the Thirty Meter Telescope (TMT), with
imaging instruments operating from visible-edge to near-infrared. With a day of exposure, they
could constrain the reheating luminosity of a neutron star up to a distance of 500 pc, within which
about 10° (undiscovered) neutron stars lie. Detection in multiple filters could overconstrain a
neutron star’s surface temperature, distance from Earth, mass, and radius. Using publicly available
catalogues of newly discovered pulsars at the FAST and CHIME radio telescopes and the Galactic

electron distribution models YMW16 and NE2001, we estimate the pulsars’ dispersion measure
AdAictance from Farth and fnd +that notentiallyy A0—A40 of thece mav he inenected for late_ctace

Viar 2024



https://arxiv.org/abs/2403.07496
http://www.apple.com/jp

observational feasibility

DM Kinetic Heating DM Annihilation & Kinetic Heating
nJy at 2 um at 10 pc nJy at 2 um at 10 pc

See e.g., the discussion in M.Baryakhtar+,
1704.01577.

O(1) old and cold NSs can be at d = 10pc.

1.0t
Radiation from a DM-heated NS there results |
In a spectral flux density of O(1) nanoJansky

(nJy) at wavelength =1 = O(1) um. M.Baryakhtar+, 1704.01577

Maybe within the sensitivity of the upcoming
telescopes such as the JWST, TMT, and E-
ELT.




® NS heating by DM

Back-of-envelope estimates

-3
VDM i 10 C



® NS heating by DM

Back-of-envelope estimates

(1) DM velocity at the surface: v... ~ 0.5¢ (up to GR correction)

- From the energy conservation,

2GMys

escape velocity v, . ~ \/ R ~ 0.5 c
NS

up to O(1) GR correction.

- almost relativistic speed!

-3
VDM i 10 C




™ NS heating by DM

Back-of-envelope estimates

(1) DM velocity at the surface: v... ~ 0.5¢ (up to GR correction)

VGSC

(2) Impact factor: b, ~ Ryg ~ 10° Ryg (up to GR correction)

VDM

-From the angular momentum conservation,

b maXVDM ~ RNSvesc

V
" b ~ = RNS ~ 103 RNS

max

-3
VDM i 10 C

VDM
up to O(1) GR correction.

> ~ 0(10° flux enhancement!




® NS heating by DM

Back-of-envelope estimates DM y

(1) DM velocity at the surface: v... ~ 0.5¢  (up to GR correction)

VGSC

(2) Impact factor: b, ~ Ryg ~ 10° Ryg  (up to GR correction)

oM th 45, 2
. h 1 P Gxn ~107"cm
(3) Threshold cross section: ¢, > o, ~ ~ 107 cm
Rnshy
- Assuming DM-neutron scattering, the mean free path is e ]
L ~ 1/(c,,ny) Where ny ~ 4 x 10%/cm? is the neutron density, ) coem SO
and the scatterings occur if L < Ry . b d
Sy
: LZ 2022+2024_f
It iIs weaker than the current direct detection E ey = b
sensitivities, but there are still some advantages | ifermirmirryd
and complementarity < more on this later. L T

WIMP Mass [GeV/c?]



® NS heating by DM

Back-of-envelope estimates

(1) DM velocity at the surface: v... ~ 0.5¢ (up to GR correction)

Vesc 3 :
(2) Impact factor: b, ~ Ryng ~ 107 Rys (up to GR correction)
VDM
1 DM annihila_tio
(3) Threshold cross section: ¢,, > oy, ~ —— 107% cm? vy — ff
NS/N

(4) Resultant surface temperature: 7'~ a tew 1000 K T ~ (a few) 1000 K

—_

o
(@)
!

- The energy injection per time is estimated as

_ T 2 22
Lpm heang = Epm ~ Thmax * VoM * pum * Mipy ~ 1077erg/s

=~

PDM

... Independent of the DM mass!

For an old enough NS with 7 > 10° yrs, W
_ L o N |

105 105 105 108 107
— 2 4 ‘
LDM heating ~ L}, — 47TRNSGSBT — T ~ atew 1000 K. age [yea I’S] 45

—
(@)
IS

rface temperature [K]

w/ DM

Su



® NS heating by DM

Back-of-envelope estimates

(1) DM velocity at the surface: v... ~ 0.5¢ (up to GR correction)

VCSC

(2) Impact factor: b, ~ Ryg ~ 10° Ryg (up to GR correction)

VDM

. 1
(3) Threshold cross section: ¢,, > oy, ~ ~ 10~ cm?

Rnsny
(4) Resultant surface temperature: 7'~ a tew 1000 K g
(5) Typical mass range: 0(0.1 GeV) — 6(1000 TeV). 5

- For < 0.1 GeV, Pauli blocking suppresses scatterings.

-For > 1000 TeV, a single scattering is not enough to catch DM.

Fig. from Baryakhtar+, 1704.01577
(See also: N. F. Bell+, 2004.14888.)



™ NS heating by DM

Example

e Electroweak multiplet DM
e.g., Wino and Higgsino in SUSY

Fujiwara, KH, Nagata, Zhenqg [2204.02238]

The masses of the DM y and its partner y’ are
degenerate, AM < M,

- Inelastic scattering is important.

DM y
v~ 1072¢ -+ AM < 0(100) keV is necessary

0 0’
AM . . .
- X LMoy X direct detection for inelastic scattering.
scattering 9t 7 experiments DM ¥
v~c - AM < O(100) MeV is necessary
N N for inelastic scattering.

NS
NS is much more sensitive to inelastic scattering. -
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KH, Nagata, Yanagi, Zheng, [1806.07151]

3. Cas A NS Cooling by axion

Motivation: Axion

Strong CP problem

0 —
Ly D —0 G, G — Z m,q 0, 1ysq

Experimental constraint (neutron EDM): |9] < 10719 («9 = 9+2«9q]
q

The most serious fine-tuning problem
In the Standard Model of particle physics.

(It cannot be explained even by the anthropic discussion.)


https://arxiv.org/abs/1806.07151

3. Cas A NS COOIing by aXion KH, Nagata, Yanagi, Zheng, [1806.07151]

Motivation: Axion
- Strong CP problem

* @ a Ea,uv Z 70 1
| J72% - mqq q Y54
S q why?

Experimental constraint (neutron EDM): |9] < 10710 0 = ‘9+2‘9q
q

Lom D

.....can be solved by the "Peccel-Quinn mechanism” [Peccei, Quinn,77]
predicting a very\ight particle, Axion. [Weinberg, 78, Wilczek, 78]

axion potential

a —~
Z axion = w G /\/\
3 HY / NI

0=0 a
* Axion's coupling is determined by the decay constant /.
a. d —~ 1 C — 1 Cr_
gint — 5 G G4 4 aJ’VaF/wF,MU + Z __ffyﬂ}/sfaﬂa ) ¥ y

Uv
Sﬂfak N 4 Ja —_— f=CJuarks,2fa
gluOn phOtOIl lﬁptOnS a------ O ======
a <£_24md+mu> { C,=0 (KSVZ)

DT 2x\N 3 my+my | C,.,=cos*f/3, C;, ,=sin’f/3 (DFSZ)


https://arxiv.org/abs/1806.07151

3. CaS A NS COOIing by aXiOn KH, Nagata, Yanagi, Zheng, [1806.07151]

Motivation: Axion

fa (GeV)

10710"%10"°10'*10"%10"%10'"10"° 10° 10® 10” 10° 10° 10* 10° 10% 10" 10°

C O n St r a i n t S O n a X i O n Dark Matter (pre-inflation PQ phase transition) LUX (g'Aee, 6FSZ) |
[Particle Data Group 2018] Hot-DM / CMB / BBN
Telescope/EBL Beam Dump
nce
DM|abund? "
m 0\09\/ + SN1987A (gapp KSVZ) Counts in SuperK
Cos
0 RGs in GCs (gaee DFSZ) \\ar COO\\ngS
g WDLF (gpee DFS2) Ste
Black Holes _\_. de-\'_ C'\'.\ On ® HB Stars in GCs (Gp,, DFSZ)
direc ADMXﬂ CAST

10"10°10° 10% 107 10° 10° 10% 102 102 107" 10° 10" 10% 10° 10* 10° 10°

Axion Mass m, (eV)

We obtained a new bound on the axion decay constant,

1. > O(10%) GeV, by studying the Cas A NS Cooling with axion.


https://arxiv.org/abs/1806.07151

Cas A NS Cooling (theory)

/"« The observed Cas A NS cooling can be explained N

within the standard NS Cooling theory.

- Neutron superfluidity (and proton
superconductivity) play key roles.

D. Page, M. Prakash, J. M. Lattimer, A. W. Steiner, 1011.6142 [Phys.Rev.Lett.].
P. S. Shternin, D. G. Yakovlev, C. O. Heinke, W. C. G. Ho, D. J. Patnaude, 1012.0045 [MNRAS].

\_ J
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PRL 106, 081101 (2011) PHYSICAL REVIEW LETTERS 25 FEBRUARY 2011
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Rapid Cooling of the Neutron Star in Cassiopeia A Triggered
by Neutron Superfluidity in Dense Matter

Dany Page,' Madappa Prakash,” James M. Lattimer,” and Andrew W. Steiner”

Ynstituto de Astronomia, Universidad Nacional Autonoma de México, Mexico D.F. 04510, Mexico
2Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701-2979, USA
Department of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook, New York 11794-3800, USA
*Joint Institute for Nuclear Astrophysics, National Superconducting Cyclotron Laboratory and, Department of Physics

and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
(Received 29 November 2010; published 22 February 2011)

We propose that the observed cooling of the neutron star in Cassiopeia A is due to enhanced neutrino
emission from the recent onset of the breaking and formation of neutron Cooper pairs in the > P, channel.
We find that the critical temperature for this superfluid transition is = 0.5 X 10° K. The observed rapidity
of the cooling implies that protons were already in a superconducting state with a larger critical
temperature. This 1s the first direct evidence that superfluidity and superconductivity occur at supranuclear
densities within neutron stars. Our prediction that this cooling will continue for several decades at the
present rate can be tested by continuous monitoring of this neutron star.



Cas A NS Cooling (theory)

/"« The observed Cas A NS cooling can be explained N

- Neutron superfluid
superconductivity)

\_

within the standard NS Cooling theory.

ity (and proton
play key roles.

D. Page, M. Prakash, J. M. Lattimer, A. W. Steiner, 1011.6142 [Phys.Rev.Lett.].
P. S. Shternin, D. G. Yakovlev, C. O. Heinke, W. C. G. Ho, D. J. Patnaude, 1012.0045 [MNRAS].
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Cooling neutron star in the Cassiopeia A supernova remnant: evidence

for superfluidity in the core
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ABSTRACT

According to recent results of Ho & Heinl
tains a young (*330-yr-old) neutron star (I
notable decline of the effective surface temn
Chandra observation which confirms the pi

naturally explained if neutrons have recent

ABSTRACT

According to recent results of Ho & Heinke, the Cassiopeia A supernova remnant con-
tains a young (R330-yr-old) neutron star (NS) which has carbon atmosphere and shows
notable decline of the effective surface temperature. We report a new (2010 November)
Chandra observation which confirms the previously reported decline rate. The decline is
naturally explained if neutrons have recently become superfluid (in triplet state) in the
NS core, producing a splash of neutrino emission due to Cooper pair formation (CPF) process
that currently accelerates the cooling. This scenario puts stringent constraints on poorly known
properties of NS cores: on density dependence of the temperature 7'¢, (o) for the onset of neu-
tron superfluidity [7c,(p) should have a wide peak with maximum = (7-9) x 10° K]; on the
reduction factor g of CPF process by collective effects in superfluid matter (¢ > 0.4) and on the
intensity of neutrino emission before the onset of neutron superfluidity (30—100 times weaker
than the standard modified Urca process). This is serious evidence for nucleon superfluidity
in NS cores that comes from observations of cooling NSs.




Alternative scenario to explain Cas A cooling

- longer thermal relaxation timescale in the crust or core
. etc

S.-H. Yang, C.-M. Pi, and X.-P. Zheng, arXiv:1103.1092;
R. Negreiros, S. Schramm, and F. Weber, arXiv:1103.3870;
D. Blaschke, H. Grigorian, D. N. Voskresensky, and F. Weber, arXiv:1108.4125;

T. Noda, M.-A. Hashimoto, N. Yasutake, T. Maruyama, T. Tatsumi, and M. Fujimoto, arXiv:1109.1080;
A. Sedrakian, arXiv:1303.5380:

D. Blaschke, H. Grigorian, and D. N. Voskresensky, arXiv:1308.4093:
A. Bonanno, M. Baldo, G. F. Burgio, and V. Urpin, arXiv:1311.2153;
L. B. Leinson, arXiv:1411.6833;

G. Taranto, G. F. Burgio, and H. J. Schulze, arXiv:1511.04243;

T. Noda, N. Yasutake, M.-a. Hashimoto, T. Maruyama, T. Tatsumi, and M. Y. Fujimoto,
arXiv:1512.05468;

H. Grigorian, D. N. Voskresensky, and D. Blaschke, arXiv:1603.02634.



Minimal Cooling vs Cas A NS
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D. Page, M. Prakash, J. M. Lattimer, A. W. Steiner, 1011.6142 [Phys.Rev.Lett.].
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Cas A NS Cooling with axion

uncertainty from envelope

Cas A (n=10"(8-18))
KSVZ
DFSZ (tanf8 = 10)
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10 108

> O(1) uncertainty in fa bound.
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