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NS Standard Cooling Theory

dT
C—=-1L,-L,

/ dt '\\ RHS = Cooling

Luminosity.

Neutron

LHS = Temperature Evolution.

C = dEthermal

(heat capacity)

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

% assuming isothermal state T(r) x e~®" for simplicity (valid for ¢ > 100 sec).

For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143,
D.Page+, astro-ph/0508056, 1302.6626
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For a young NS (7 < 10° yrs)
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Star

Neutrino emission is the dominant process.
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anortant forT <T..(AtT <T,., Cooper pairing (p-p and n-n) occurs./

For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143,
D.Page+, astro-ph/0508056, 1302.6626
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NS Standard Cooling Theory
=10

For an old NS (z > 10° yrs).

Neutron
Star

Photon emission is the dominant process.

L, = 47R’04T,

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

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

AT 240
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For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143,
D.Page+, astro-ph/0508056, 1302.6626

NS Standard Cooling Theory
dT

C_

dt

=—L,—L,

The minimal cooling scenario can successfully
explain many NS temperature observations.

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

<~ More on this later.

Surface Temperature

M. £ Gusaken, A. 1. Kawinker, 1. (. Yakoulev. (. Y. Gnedin D. Page et al / Nuclear Physics A 777 (2006) 497 530

A. Y. Potekhin+,2006.15004
3 A Mon.Not.Roy.Astron.Soc. 363 (2005) 555-562 © '
25 = a J v I v ;) I ’ ’ ' ] ' 36 -‘ "]"""'YTT"TVl"l']""' i"'T"‘ Y l" I I T T I
. : - T F - . - L ) § -~ neer_ \ -
3 ; - ¢ o EOS: APR | - Light clements
2k I~ _ 65 ; 25 § ] 35 b envelopes
E | > - ¢ z. % . ;
: "\ & P. S. Shternin+, [1012.0045]. 4 -3 LRE .;-_‘ ” i
vy : - N & 28 ® 5
; 1.5 : Cais A 3 = I ML f=c g o - Heavy clements
et i ' = N £x @ _| b envelopes
8 : 8 PSR B1706-44 e 6 -7 8 — 33 F cIope BI,C
=~ ; - 9 PSR J0538+2817 o X 2 J
Lt Z 9 \ " 10 PSR B2334+61 7 g 32k
i 11'\[13 11 PSR 0656+14 - ;
i 5.5 31 F
+ 1Crab 51 .35 - k
. 23C58 6 16 12 Geminga . X 1 1
. e . . . . 30 i i i i i A i 1 il 1 il
! ! 3PSRJ1119-6127 1 10 13 PSR B1055-52 y 6 C ] 5 3 4 5
0.5 i 4 RX]0822-43 . 14 RX |1856-3754 e o
| . L (yrs ,
[ . 5PSRJ1357-6429 15 PSR J2043+2740 A Log t [yre] log ¢ |yrl
' 6 RXJ0007.0+7303 15 16 RX10720.4-3125
v 7 Vela
2 6
10 10

£ [yr] 10°*

Ages of Neutron Stars

—  ostimated by spin-down age 7.4, = P/(2P) or kinematics.
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-Dark Matter Heating of Neutron Stars

-Basic ldea and back-of-envelope estimates




Dark Matter Heating of NS

Kouvaris, 0708.2362

Basic ldea :coyaknars. 1704.01577 dt

by

dT
(— = TLI{ _Ly T LDM heating

4

>,
<
5

surface temperature [K]

DM annihilation ol w/ DM
103 E \ \\
NeUtron 10—3 I IIILIII(|)4 || IIII-IH(I)5 L1 IIH—I”(I)6 L\ ||||1||(|)7 |

Star
age [years]

Old and warm NS = DM signal ?!



Dark Matter Heating of NS

Back-of-envelope estimates

VDM i 10_3C




Dark Matter Heating of NS

Back-of-envelope estimates

(1) DM velocity at the surface: v... ~ 0.5¢ (up to GR correction) s
VDM i 10 C

- From the energy conservation,

| 2GMys
escape velocity v, . ~ ~ 0.5 c
Rxs

up to O(1) GR correction.

- almost relativistic speed!

47




Dark Matter Heating of NS

Back-of-envelope estimates

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

VGSC

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

VDM

-From the angular momentum conservation,

b maXVDM ~ RNSvesc

V
" b ~ = RNS ~ 103 RNS

-3
VDM i 10 C

max
VDM

up to O(1) GR correction.

> ~ 0(10° flux enhancement!
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Dark Matter Heating of NS

Back-of-envelope estimates DM y

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

)
(2) Impact factor: bmax ~— RNS ~ 10° RNS (up to GR correction)
VDM
1 o) ~|10~*cm?
(3) Threshold cross section: 6, > oy ~ ~ 107 cm? xn

Rnsny

- Assuming DM-neutron scattering, the mean free path is

L ~ 1/(o,,ny) Where ny ~ 4 x 10°°*/cm’ is the neutron density,

and the scatterings occur if L < Ry -

... comparable or slightly weaker than

WIMP-nucleon og; [Cl“]

the current direct detection sensitivities.

(but some advantages <~ more later.) o W

WIMP Mass [GeV/c?] 49




Dark Matter Heating of NS

Back-of-envelope estimates

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

.
(2) Impact factor: b, ~ = Ryg ~ 10° Ryg (up to GR correction)
VDM
1 DM annihila_tio
(3) Threshold cross section: 6, > oy ~ ~ 10~ cm? vy — 1T

Rnsny

(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

10f 105 10
Lou heatine ~ L, = 47Rqo55T* = T~ afew 1000 K. age [years]

—
(@)
IS

rface temperature [K]

w/ DM

I\II | |

107

su
2

50




Dark Matter Heating of NS

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: 6,, > o ~ ~ 10~ cm?
xn xn
Rnshy

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

- 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.)
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-Dark Matter Heating of Neutron Stars

 Advantages




Dark Matter Heating of NS

Advantages

(1) Large Kinetic Energy (v ~ ¢)

<~ This is advantageous for, e.g., inelastic scattering.

! .-+ Inelastic scattering occurs
TN amy X for AM < 6(100) keV
inelastic ~—~ direct detection
scattering 7t s 7 experiments
N N v ~ ¢ --- Inelastic scattering occurs

NS for AM < ©(100) MeV

NS is much more sensitive to inelastic scattering.



Dark Matter Heating of NS

n=2Y =1/2, mpy =1TeV

10-P
= — =2 c=00=0=
Advantages N G Ml
- PandaX-4T
- ' v floor
(1) Large Kinetic Energy (v ~ c) 10 T EeN
T :
< This is advantageous for, e.g., inelastic scattering. =
© 1047 |
example: Electroweak multiplet DM :
e.g., Wino and Higgsino in SUSY
107
dim-5 effective operators Dlrect. detection SN
experiments
w/ cut-off parameter A (elastic) .

IS .
‘C5 — _KS Z(_l)j_l_mn—melle

NS (inelastic) 0
B %Z 1)y (T s HYH the cut-off parameter A [GeV]

| Direct detection and NS heating
Fujiwara, KH, Nagata, Zheng [2204.02238] can play complementary roles.




Dark Matter Heating of NS

Advantages

contribution
to muon g-2 Model II

107 ey

— = Mp, /'2 .
- - Aa,

108 L -
, , : BNL/FNAL3
(1) Large Kinetic Energy (v ~ ¢) N
S -~
4 = E
& This Is advantageous for, e.g., inelastic scattering. _
10-10:_
2) M Iti le T . taV DM mass
( ) ultipie argets e”u’p’n DM-muon scattering M (GeV)
cross section Model TT
10" ¢ | TS
1032 | B
example: DM coupled only to muon. Loof " 3
KH, Nagata, Ramirez-Quezada [2204.02413] & jpf k
E nanf E
Models motivated by the muon g-2 anomaly. % 1243
b“ ________________________
- A large parameter space will remain 10-44 [ threshold to be captured by NS
unexplored in the LHC and DM direct searches. 104°
10746 | Y
et 102 103 10%
NS temperature may be a promising way. My (Gev) DM mass



-Dark Matter Heating of Neutron Stars

Challenges




Dark Matter Heating of NS
Challenges: Internal Heating

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

M=1.4M,

- Qrdinary pulsar
- Millisecond pulsar
—— XDINS

Neither DM nor standard NS cooling
can explain those old and warm NSs.

T T T T
102 104 10° 108 1010
t [yrs]

Fig. thanks to K.Yanagi.



Dark Matter Heating of NS
Challenges: Internal Heating

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

M=1.4M,

- Qrdinary pulsar
- Millisecond pulsar

— ] XDINS There are some internal NS heating mechanisms
that can explain those NS temperatures, such as

(1) Rotochemical heating

(2) Vortex creep heating

102 104 10° 108 1010
t [yrs]

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

implications for the DM heating of NS.



Dark Matter Heating of NS
Challenges: Internal Heating

(1) Rotochemical heating



Dark Matter Heating of NS
Challenges: Internal Heating

(1) Rotochemical heating

Modified Urca (dominant process at 7 > T, oA

{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 y

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

Dark Matter Heating of NS
Challenges: Internal Heating

(1) Rotochemical heating

- Modified Urca (dominant process at 7 > T) %

n+N-p+e +N+vr,
N = p or n)

p+N+e —-n+N+vu,

In the minimal cooling, B-equilibrium is assumed.

Lopie = Lo

- 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.

Lrotochemical heating — JdV </’tn — Hy /’te> (Fn—>p+e - 1—1p+e—>n> > 0. "Rotochemical heating"


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

Dark Matter Heating of NS
Challenges: Internal Heating

(1) Rotochemical heating

dT
CE — = Ly o Ly +Lrotochemical heating . M=14M,

It can explain the old and warm NSs. % \\@ @

| K. Yanagi, N. Nagata, KH

| | | | [arXiv:1904.04667]
102 10* 108 108 1010
t [yrs]
neutron: a, proton: AO, Pp =1 ms M=1.4Mgy, Pob=1ms
| — AMIM =10"13 — proton AD
..... —_——— AM/M=10" === proton ncrmazl
1ob — 106 . \
X ]
= 108 " 108 |
O v v i i L T T R T A ) N T, T R
t [yrs] t [yrs]
Ordinary pulsar Millisecond pulsar
(typically P ~ 1s, P ~ 107!, B ~ 10'%G) (typically P ~ 1ms, P ~ 107", B ~ 10°G )


http://arxiv.org/abs/1904.04667

Dark Matter Heating of NS

Challenges: Internal Heating

(1)' Rotochemical heating + DM heating

dT
C— =

dt

KH, N. Nagata, K. Yanagi, [1905.02991]

P, : initial rotation period

o LI/ o Ly +Lrotochemical heating +LDM heating
P=1s, P=10"1
O
— =
105 _—— <
e
Q
Po=1ms
b
v 10° 3
IfLm

bms

- neutron: a2
- proton: CCDK

Po>7ms

Po > 7ms w/o DM N
103 TR | L

104 105

1 llllll

+ 1 a1l N 4
10° 107

t [yrs]

. 108'

- ...i.og

~ (2000 — 3000)K

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

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


http://arxiv.org/abs/1905.02991

Dark Matter Heating of NS
Challenges: Internal Heating

(2) Vortex Creep heating

Alpar+, 1984, Shibazaki+, 1989



Dark Matter Heating of NS
Challenges: Internal Heating

(2) Vortex Creep heating

Alpar+, 1984, Shibazaki+, 1989

Figs. from

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

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)

OV =V, — Vy.

vortex line

- The rotational energy stored in the superfluid component Lvortex creep heating — J | Q |
Is dissipated as heat (vortex creep heating)

J : universal constant
Q : NS anaular velocitv



https://arxiv.org/abs/2308.16066

Dark Matter Heating of NS
Challenges: Internal Heating

(2) Vortex Creep heating

dTl
C— =
dt

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

~L,—L, +L

vortex creep heating

102 — 10** ero - s .

1 Semi-classical Mesoscopic
1 Quantum Mesoscopic

" theory

X

A
*
*

~ 0Dbs.

A4
ﬁ
*
*

*

ﬁ

NN e ot I ©0ONDGO A WN =

40

42 a4 46 48
In4od [erg s]
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PSR J2043+2740

. PSR J1741-2054
. PSR J0357+3205
. PSR B0950+08

. RX J0420.0-5022
. PSR J0437-4715
. RX J1308.6+2127
. RX J0720.4-3125
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. RX J1856.5-3754
. RX J2143.0+0654
. RX J0806.4-4123
. PSR J0108-1431
. PSR J2144-3933
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Dark Matter Heating of NS
Challenges: Internal Heating

(2) Vortex Creep heating

dl
C—=-L—L, +L
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]

vortex creep heating

P=1s,P=10)% Po=10ms, M =1.4M,

. . i — Vortex Creep + DM
(2)" Vortex Creep heating + DM heating 10— .. DM Only
Fujiwara, KH, N. Nagata, Ramirez-Quezada [2309.02633] - ~—" Standard
dT - — 105 |
CE - Lu o Ly +Lvortex creep heating +LDM heating <, ‘
3
~ I
104 & <
° ° E 1040
The DM heating is masked under the vortex creep |
heating unless J < 10°° erg - s. 100 L |6\ - o
10 10 10 10
. e... .
<erious challengd Time [year]

This may be 2



https://arxiv.org/abs/2308.16066
https://arxiv.org/abs/2309.02633

Summary

- NS Heating is an interesting alternative probe of Dark Matter. xx = ff

- Advantages: \\ T

(1) Large Kinetic Energy (v ~ ¢)
<~ advantageous for, e.g., inelastic scattering.

(2) Multiple Targets: e, u,p,n
<~ |t can probe, e.g., DM coupled only to muon.

- Challenges:

Some old and warm (7 > 2000K) NSs have been observed,
implying additional internal heating mechanisms. —

(1) Rotochemical Heating
<~ For a long P,, DM heating effect is visible. .

Ts [K]

(2) Vortex Creep Heating
& If this I1s the dominant heating mechanism, DM heating is masked.

68




(b) FEFEN TV VAV TEHEZIDER

Based on the works with

Natsumi Nagata, Keisuke Yanagi, Jiaming Zheng

SE 3k
NS cooling by axion: 1806.07151. 2502.18391

69



https://arxiv.org/abs/1806.07151
https://arxiv.org/abs/2502.18391

)

2) Cas A REFED cooling

3) Cas A REFED cooling &7 7 A Y
) P03 A vsCas AHEFE, OF &



http://arxiv.org/abs/1806.07151

(1) 720>~ mini review

. Strong CP [RE

= 0 4 arg det m,
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(1) 720>~ mini review

. Strong CP [RE

= 0 4 arg det m,
why?

10
0] <107 from neutron EDM
FEFE[NBTFE—A> S

. Peccei-Quinn 4 Tﬁ”/ﬂ%tl:'.ﬂ%%o Pecce, Quinn 771
L\7|§_L¥ 7/#/@7¥T’i€ |:| [Weinberg,’ 78, Wilczek, 78]
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(1) J72=A> mini review

. Strong CP [RE

= 0 4 arg det m,
why?

— _10
0] S 107 from neutron EDM
PIFEFEIIRFE—A> N

° PeCCel QUlnﬂ 4:2‘,4( Tﬁﬂ/%ttllﬂ%%o [Peccei, Quinn,’77]
L\7|§_L‘¥'77 /#/@T’?Yi% |:| [Weinberg,’78, Wilczek,’ 78]

|I'I'I|

— pv

L = WfaF FaW )

0 =0 a
TIIAVBEEVNEDEHTHH D |
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0, h? =0.18 6> Ja .
*\ 1012 GeV
il [Turner, 86]




(1) )720=>A~ mini review

IO A TR EFERMSINDDII,
W\ EWC D2 DDOEESH

® KSVZ ClXiOn mOdel [Kim,”79, Shifman, Vainshtein, Zakharov, 80]
= |06]* + (ApQQ + h.c.) — V(|¢])
e ().Q : heavy vector-like quarks
ICIREWN I A —DZBE AN
e DFSZ GXiOn mOdel [Dine, Fischler, Srednicki, 81, Zhitnitski,80]
= 10¢|° + (upHy Hy + h.c.) — V(|¢|, Hu, Ha)
e 2 Higgs doublet H,, Hy w284 D DA

(E1z) Flaxion model
[Ema, Hamaguchi, Moroici Nakayama,'16, Calibbi, Goertz, Redigolo, Ziegler, Zupan,'16]
N "ij - ig L
L= Yij (M) Q;Hdgrj + Yij (M) Q;Hur;
¢ UTP -
‘|‘ij L HZRJ +ym M L;HNpg,
N

TSI D AR EB(C
BRRT B, TOSASEEDEE

naﬁ
() MN]%QNRg —|—h.C.
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o ().Q : heavy vector-like quarks
hICiREWN I A —DZE AN
® DFSZ GXiOn mOdel [Dine, Fischler, Srednicki,'81, Zhitnitski,80]
L =10¢]" + (upH Hy + h.c.) — V(|¢|, Hy, Hy)
e 2 Higgs doublet H,, Hy w284 D DA

WINDIHSE

(Z1=) Flaxion model
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(1) 720>~ mini review

fo (GeV)
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(b) FEFEN TPV VAV TEHEZIDER

W N U

2. O3 A> vs Cas A PliEFE

based on KH, N. Nagata, K. Yanagqi, J. Zheng, [arXiv:1806.07151}

(1) 277 > A > mini review
* =0 cooling
2 Cooling (£580)

Cooling (353
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Cas A (7 AR EEA)

- _What? EihEK&

image from Wikipedia
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Cas A (7 AR EEA)

- What? BHEEEX

- Where?
NI ARYVEICH B,
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Cas A #»yvA~vEa)

- _What? #EEX

. Where?

NIARVEICH B, o —
HIER DN S 3.4 +0.3.01 KPC yereedetal 951« SRIAI 2o

- When?

BIERE (DXL HIBRIC/E WD) (& 1 340 &A1
EXRBOEEHNSHTE ULBROE 1681 = 19. rareen et oo

> A VTSV RKRPFREERIED John Flamsteed NN 1680FE8H 16H (T
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DIRECT OBSERVATION OF THE COOLING OF THE CASSIOPEIA A NEUTRON STAR

r
= \

r
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ABSTRACT

The cooling rate of young neutron stars (NSs) gives direct insight into their internal makeup. Although the
temperatures of several young NSs have been measured, until now a young NS has never been observed to decrease . - J
in temperature over time. We fit nine years of archival Chandra ACIS spectra of the likely NS in the ~330 yr old
Cassiopeia A supernova remnant with our non-magnetic carbon atmosphere model. Our fits show a relative decline N2

in the surface temperature by 4% (5.40, from (2.1240.01) x 10° K in 2000 to (2.0440.01) x 10 K in 2009) and the 2000 2002 20041 2C06 2008 2010
observed flux by 21%. Using a simple model for NS cooling, we show that this temperature decline could indicate Year

that the NS became isothermal sometime between 1965 and 1980, and constrains some combinations of neutrino
emission mechanisms and envelope compositions. However, the NS is likely to have become isothermal soon after
formation, in which case the temperature history suggests episodes of additional heating or more rapid cooling.
Observations over the next few years will allow us to test possible explanations for the temperature evolution.

N

Key words: dense matter — neutrinos — pulsars: general — stars: neutron — supernovae: individual (Cassiopeia A) —
X-rays: stars

Online-only material: color figures
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M. Beznogov, P. Chang, C. O. Heinke, W. C. Ho, D. Page, D. J. Patnaude, M. Wijngaarden [arXiv:1901.01012]

2000 2005 2010 2015 2
T L) T 1 T i L T L4 I T L ] T L]
1.88 +—
1.84 -
e
<
c
=~ |
18 -
| O Nyg=1.67 -
| x Nyp=156-1.73
1-76 1 l 1 1 1 l 1 L L l L 1 L 1
20C0 4000 €000 8000
Modified Julian Date 50000

uiﬁxu = ;hzfc:o

EFEIESDE B D Cas ANS 2T, )

Table 1. Surface temperature ¢ (10° K, absorbed 0.5-7 keV flux I""n (10713 erg em2 s71), and absorption column Ny . ( 1022 em—Y)
determined from model fits t¢ Chandra ACIS-S GRADED spectra of the neutron star in the Cassiope:a A supernova remaant. Three
spectral fit resnlts are shown, two with constant Ny and one with changing Ny. Farh saot of 13 temperatures and finves are fit to a linear

decline, with decline rate and fit statistic as shown TI'or merged ObsIDs, the MID listec is that of the first ObsID. Number in parentheses
1S 10 uncertamnty in last digit.

N"_:: 1.73 1.67 see below
M I Mgy,) .65 1.65 1.5
R (km) 10.3 12.9 12.9
x:/(lot 1562 /1449 1522/144Y 14498, 1436
ObsID  Date MJD s F5s Tae ik 1.6 F*3 Ny
14 2000 Jan 30 010734 2.127.1D) (.A2) 1.867(8) (.301) LE77(10) (.3(2) 1.73(3)
1952 2002 Feb 6 02311.3 2126.1D) 7.4(2) 1.867(8) 7.311) 1.8765(1C) 74(2) 1.72(3)
5196 2004 F:ck 8 53043.7 2.107.10D) 7.1(1) 1.851(8) 7.012) 1.849(1C) 7.0(2) 1.66(3)
IILT7/9773 2007 Dec &/8 244399 2.005(Y) 7.0(2) 1.8341(8) 6.912) 1.849(11) 6.9(2) 1.72(4)
10935/12020 2009 Nov 2/3 251379 2090.1D) €.92) 1.834(8) 6.812) 1.839(11) 6.8(1) 1.70(4)
10936/13177 2010 Qet 31 /Nov & 556600.2 2081/1D) €.8(2) 1.826(8) 6.712) 1.819(11) 6.6(1) 1.63(4)
14229 2012 May 15 060624 2.046(9) €.4(2) 1.797(8) 6.3(1) 1.804(11) 6.4(1) 1.71(4)
14430 2013 May 20 64326 2.064(9) 6.6(2) 1.81A(R8) 6.511) 1.R17(10) 6.5(1) 1.69(4)
14431 2014 May 12 26789.1 2.047(9) €.3(2) 1L.79N7T) 6.211) 1.805(1C) 6.3(1) 1.71(4)
14482 2015 Apr 30 071425 2.066(9) €.7(1) 1.817(8) 6.6(1) 1.801(1C) 6.6(1) 1.58(4)
19903/18344 2016 Qet 20,21 STHR1.2 2.061(9) £.6(2) 1 R1(R) 6.512) 1.795(11) 6.5(1) 1.58(4)
19604 2017 May 16 2TR89.T 2.002(9) €.A(2) 1.804(7) G.412) 1.802(1C) 6.4(2) 1.6G(4)
19605 2018 May 15 a8253.7 2.046(9) €.4(2) 1.80(7) 6411) 1.7T83(1C) 6.4(1) 1.56(4)
1(}-ypar
decline rate 2.2 1L 0.2% 7.51L1.09 2.1 L0.2% 7.3 L0.9% 2.7403% 7.7 £0.9%
Z;/d()t 148/11 1..0/11 15.7/11 15.8/11 6.2/11 10911
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based on KH, N. Nagata, K. Yanagqi, J. Zheng, [arXiv:1806.07151}
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JEES

Cas A NS Cooalin

FEFEDREFEEDI

dT Photon emission
C — —L — L _— luminosity. (dE,/dt)
dt I L., = — 41 R*0gp T

Neutrino emission
luminosity. (dE,/dt)

Heat Capacity of the NS.
C = dEthermal/dT

3 assuming isothermal state  T'(r) ox e~ ®"for simplicity.
In the numerical calculation, we followed T11(r,t).

88




FHFEDEREREDR

Neutrino emission
luminosity. (dE,/dt)

Heat Capacity of the NS.
C = dEthermal/dT

Cas A NS Cooalin

JEES

dT Photon emission
C — _Ll/ — LA _— luminosity. (dE,/dt)
at [ L, =47 R%ospT!

L, < L, for t <10° years
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photon emission |[JEHRTZ 3
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Cas A NS Cooling (3:H)
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Cas A NS Cooling (s
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Cas A NS Cooalin
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Cas A NS Cooling (3:H)
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Cas A NS Cooling (3:H)
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Figs. from Page etf.al. 1302.6626
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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 [I\/INRAS)

|24 Selected for a Viewpoint in Physics

week ending

PRL 106, 081101 (2011) PHYSICAL REVIEW LETTERS 25 FEBRUARY 2011

5%

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
“Department 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.
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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 [I\/INRAS)

of the

ROYAL ASTRONOMICAL SOCIETY

Advancing
Astronomy and
Geophysics

Mon. Not. R. Astron. Soc. 412, L108-L112 (2011) doi1:10.1111/5.1745-3933.2011.01015.x

Cooling neutron star in the Cassiopeia A supernova remnant: evidence

for superfluidity in the core

ABSTRACT
Peter S. Shternin,'* Dmitry G. Yakovlev,! Craig O. F Af:.cordmg (o recent results. of Ho & llemke,. the .(Lassmpela A supernova remnant con-
and Daniel J. Patnaude’ tains a youn.g (N?SO-yr-oxldJ.neutror‘l star (NS) which has carbon atmosphere and shows
Yoffe Physical Technical Institute, Politekhnicheskaya 26, 194021 St Petersburg, Russia HOtable dec‘hne Ot the Eﬂecuve surface te[nperat-ure- We I'eport a New (2010 November)

28t Petersburg State Polytechnical University, Politechnicheskaya 29, 195251 St Petersburg, Russi
3Department of Physics, University of Alberta, Room 238 CEB, 11322-89 Avenue, Edmonton, AB

Chandra observation which confirms the previously reported decline rate. The decline is

*School of Mathematics, University of Southampton, Southampton SO17 1BJ naturally explained if neutrons have recently become superfluid (in triplet state) in the

> Smithsonian Astrophysical Observatory, Cambridge, MA 02138, USA

Accepted 2011 January 12. Received 2011 January 12; in original form 2010 November 30

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.,(p) for the onset of neu-

tron superfluidity [7e(0) should have a wide peak with maximum ~z (7-9) x 10% K]; on the
I/:fcsofdlfn‘;(i: recent results of Ho & Hein FEAUCtiON factor g of CPF process by collective effects in superfiuid matter (g > 0.4) and on the
tains a young (*330-yr-old) neutron star (] 1ntensity of neutrino emission before the onset of neutron superfluidity (30-100 times weaker
notable decline of the effective surface tem than the standard modified Urca process). This is serious evidence for nucleon superfluidity

Chandra observation which confirms the p1 . . : »
naturally explained if neutrons have recent \ NS cores that comes from observations of cooling NSs.
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based on KH, N. Nagata, K. Yanagqi, J. Zheng, [arXiv:1806.07151}

(1) 277 > A > mini review
(2) Cas A FEFZ£2d cooling
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Cas A HEFE£d cooling & axion

_L,—L,

axion emission

= —0.182(25) — 0.435sin”
DFS7. C) 0 '8 (25) — 0 3581.1125
C, = —0.160(25) — 0.414 sin” 3
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Cas A HEFE£d cooling & axion

L, 1L,

axion emission

*e
.
.
2 4
<l

Bremsstrahlung
axion emission

strong 1nt.

a

v
,"“ ,"/' AV

PBF ‘ '

axion emission 4 \ “ )

Brems.: N. Iwamoto, Phys. Rev. Lett. 53, 1198 (1984); N. Iwamoto,’89, ‘Ol.
PBF: A. Sedrakian, 1512.07828 [PRD]; J. Keller, A. Sedrakian,’12.

107




Cas A HEFE£d cooling & axion

—-L,—L,

axion emission

BahPolzl L

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

e APR EOS.

® NS mass M = 1.4 Msun.

e gap models:

2 n-1Sg gap: SFB (doesn’t matter)

> p-1Sg gap: CCDK (doesn’t matter as far as large enough)

2 n-3P, gap: gap height Acc T, and width: free parameter,
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Cas A HEFE£d cooling & axion
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Cas A HEFE£d cooling & axion

KSVZ,n=5x 10713
- NO axion /
----- fa=1x10° GeV
—=- f,=6x 108 GeV
2x 100 —— f,=4 x 108 GeV /
3
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N. Nagata,
K. Yanagi,
J. Zheng, 320 340
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1806.07151 10102 2)(102 3)(102 4)(102
Time [year

T3 HIBR 7 > 00108 cev (ksvz) Z & TE

f,=1x10° GeV can

~__— it the data.

- £, =4x%x10° GeV:

difficult to fit the data
even by adjusting gap
parameters.

cf. SN1987A bound: f, > 4 x 10° GeV
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Cas A HEFE£d cooling & axion
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<000 2010 2020 2030
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5L D & S BREHESHRD
HBERHBBENZE > TUE

N |

KSVZ, n=5x 10713

........... — No axion
................................... fa - 1 X 109 Gev
------- > —=- f,=6x108 GeV

. 4 |& axion emission JAH T P R
Cas A FEFEDRERERZHITL. <
axion decay constant (9 3FT=4RFIRE
fa> O(108) GeV ##B1-.

Do

/7 1\

320 340
(CNETRMEE >7-SN1987AH 5 DHIRE & M3 TR ICIEL.) 108 oy
K.Hamaguchi, N.Nagata, K.Yanagi, J.Zheng, 1806.07151 Time [year] 112




Send Feedback

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

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 95 4 GAVRILYUK 2018 CNTR Solar axion

5 HAMAGUCHI 2018 ASTR Neutron star cooling
<93 90 7 ABGRALL 2017  HPGE Solar axion cf. BhEIAT
<4 90 8 FU 2017A  PNDX Solar axion o M.V. Beznog oV+

9 KLIMCHITSKAYA 2017A Casimir faffect :arXiv: 180607991]
< 177 90 10 LIU 2017A CDEX Solar axion
< 100 95 11 GAVRILYUK 2015  CNTR Solar axion e L.B.Leinson

12 KLIMCHITSKAYA 2015 Casimir-less arXiv:1909.03941 ]

13 BEZERRA 2014 Casimir effect 113
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http://arxiv.org/abs/1806.07991
http://arxiv.org/abs/1909.03941

() BFIEDS T I7ADPH>TL 55

Based on the works with

Shao-Feng Ge, Koichi Ichimura, Koji Ishidoshiro, Yoshiki Kanazawa, Yasuhiro Kishimoto,
Natsumi Nagata, Jiaming Zheng,

=&k
SN axion: 2008.03924.



https://arxiv.org/abs/2008.03924
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Nearby SN progenitor candidates

Antares

(~ 170 pc) Betelgeuse
(~ 200 pc)

https://www.civillink.net/esozali/

Wikipedia [



Nearby SN progenitor candidates

30°

15°

OO

Dec

15°

-30°

150°

75°

120° Tof

- Peg |
300° 270° 240°

0° 33&

te

210°

a Vir

@0 d < 250 pc
® d> 250 pc

-75° oA
HIP Common Name Distance (pc) Mass (M) RA (J2000) Dec (J2000)
65474  Spica/a Virginis 77(4) 1143+ 1.15 [79]  13:25:11.58  —11:09:40.8
81377 ¢ Ophiuchi 112(3) 20.0 [80] 16:37:09.54  —10:34:01.5
71860  « Lupi 142(3) 10.1 £ 1.0 [81] 14:41:55.76 ~ —47T:23:17.5
80763  Antares/a Scorpii 170(30) 11-14.3 [82] 16:29:24.46  —26:25:55.2
107315 Enif/e Pegasi 211(8) 11.7(8) [81] 21:44:11.16  +09:52:30.0
27989  Betelgeuse/a Orionis 222737 [83] 11.61579 [84] 05:55:10.31  +07:24:25.4

x M > 10M only (more on this later)



Plan

. Introduction: Standard Model and Axion

e Supernova Axion detection

- SN candidates
| - Supernova-scope |

<

“~~._ X-ray detector

118




Supernova-scope

nearby SN




S

nearby SN

upernova-sco

e
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Supernova-scope

http://www-sk.icrr.u-tokyo.ac.jp/sk/physics/supernova-e.html

40

nearby SN

- Energy (MeV)

-
,0 -+
-

b~

i ..'_".' '.

[ Iy ISOVE
10 4= Background
v ©

| |
0 1 ] ] ] ——e - e -
- -

. S N 1 9 8 7A ‘ Time (second)

neutrino burst within Ar ~ 10 sec.

- Future: various neutrino detectors




SUpPernova-scope f the axion exists ...

NN — NN' + a

nearby SN r
TR ,_ — (N,N"=n,p) LN = Z %Ny’“‘ysNaﬂa

N=n.p

C,=—0.47

1
, {q=—0m

(KSVZ)

C, = —0.182 — 0.435 sin? §
C, = —0.160 + 0.414 sin> §

(DFSZ)
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SUpPernova-scope f the axion exists ...

nearby SN




Supernova-scope

nearby SN

..'..'.' ,.;.."'.' .‘




Supernova-scope

- Essentially the same as the Axion Helioscopes for the solar axion.

Magnet coil
solar axion . -
. e\
axion B y = ‘I\‘(‘ﬁd
*I\"QS of
Axion Helioscopes
Experiment (Proposed) site B (T) L (m) A (m?)
ON-going  CAST [34-39) CERN 9 93  29x107?
BabyIAXO [-11] DESY ~ 2 10 0.77
[AXO baseline [10, 41] DESY ~ 25 20 2.3
next-gen.| |axos i DESY ~35 22 3.9

TASTE [12] INR 35 12 0.28 Fig. from IAXO homepage




Supernova-scope

- Essentially the same as the Axion Helioscopes for the solar axion.

« But the axion energy is different.

Magnet coil
solar axion
N axion B y
Ea keV ]\I\I\x’&\i
Magnet coil
SN axion
axion B ”

E, ~ 010 — 100) MeV

]

% X-ray focusing optics doesn’t work for y-rays.

\ g

L ) % \
\O
ot

X-ray
detector

y-ray detector
IS necessary.

X X-ray detector cannot measure the y-ray energy, and hence the background rejection is difficult (see backup slide).



Supernova-scope

Magnet coil

solar axion
axion B y ,;;5 .
_\I \I\,(a\! oP
| Magnet coil
SN axion
axion B ”

X-ray
detector

y-ray detector
IS necessary.



Supernova-scope

Idea: install a y-ray detector at the opposite end to the X-ray detector.

S.Ge, K.Hamaguchi, K.Ilchimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng.
[arXiv:2008.03924] JCAP 11 (2020) 059.

y-ray detector

Magnet coil

axion B y

,\I \I\x?ﬂ

\ g

~ S ~
\O
ot

X-ray
detector


http://arxiv.org/abs/2008.03924

S.Ge, K.Hamaguchi, K.lchimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng.
S u E ernova-sco E e [arXiv:2008.03924] JCAP 11 (2020) 0509.
Idea: install a y-ray detector at the opposite end to the X-ray detector.
Normal operation time: It works as an axion helioscope.



http://arxiv.org/abs/2008.03924

S.Ge, K.Hamaguchi, K.lchimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng.
S u E ernova-sco E e [arXiv:2008.03924] JCAP 11 (2020) 0509.
Idea: install a y-ray detector at the opposite end to the X-ray detector.
Normal operation time: It works as an axion helioscope.



http://arxiv.org/abs/2008.03924

S.Ge, K.Hamaguchi, K.Ilchimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng.
S u E ernova-sco E e [arXiv:2008.03924] JCAP 11 (2020) 0509.
Idea: install a y-ray detector at the opposite end to the X-ray detector.
Normal operation time: It works as an axion helioscope.

When a Supernova occurs,....
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http://arxiv.org/abs/2008.03924

S.Ge, K.Hamaguchi, K.Ilchimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng.

S u E ernova=-sco E e [arXiv:2008.03924] JCAP 11 (2020) 059.

Idea: install a y-ray detector at the opposite end to the X-ray detector.
Normal operation time: It works as an axion helioscope.

When a Supernova occurs,....
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S.Ge, K.Hamaguchi, K.lchimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng.
S u E ernova-sco E e [arXiv:2008.03924] JCAP 11 (2020) 0509.
Idea: install a y-ray detector at the opposite end to the X-ray detector.
Normal operation time: It works as an axion helioscope.

When a Supernova occurs,....
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Pre-SN neutrino

The SN-scope has to be pointed to the exploding SN.
But SN-axions come within At ~ 10 sec. (cf. neutrino burst)

How do we know the timing of the SN in advance?

&)

w-ray detecto!

~
~
~
~
~
~
~
~
~
~
~/

X-




Pre-SN neutrino

Take the help of the pre-SN neutrinos.

E B | — 1 ® & % [ & & & ] ]

> 10°° -

> 1050 F PreSN v eutrino burst)

2 : —_— :

= 48 | -

€10 | ~

= B :

2101 -

§ ov .—" | Odrzywolek (2010) . Nakazato (2012)- »

= 11.6d  -2.7h -10s 0 1s 2s 3s hours-days

Time

Figure from K.Ishidoshiro's talk in 2019.
https://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/

For a review of pre-SN neutrinos, see, e.g., C.Kato, K.Ishidoshiro, T.Yoshida [2006.02519].
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https://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/

Pre-SN neutrino
~Core-collapse

Take the help of the pre-SN neutrinos.

x

L

2107

S 1050 . PreSN V

2 : —— }

S gl d——

.é .lO __ o_

S - SN AXIOn

2 1940 - -

-lq:—)’ 1044 y -, Odrzywolek (2010) Nakazato (20112): R I L R
= 11.6d  -2.7h -10s 0 1s 2s 3s hours-days

Time

Figure from K.Ishidoshiro's talk in 2019.
https://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/

For a review of pre-SN neutrinos, see, e.g., C.Kato, K.Ishidoshiro, T.Yoshida [2006.02519].
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Pre-SN neutrino

100
80 -

s 60 -

2 40 .
20
0

normal
inverted
- 15 no osc
normal
inverted

T o ouUper-K

100

80 r

60

NC um

40 |
20 |

10° 10* 10° 102 10" 10°107102%103
time to collapse [s]

inverted
- 15 no osc

normal
inverted

T 1210 056 H A _K
-+ normal S/F)gari~~~~

............
.........

10° 10* 10° 10° 10" 10°10"10%107°

time to collapse [s]

5 r
50+
2'3

25 1

r Y Lo Y Ty T LN B S S T T Ad T T Ty
g
.

800 |

Z?S
400 |
0

KamLAND

et 12Mg

102 10% 10° 10% 10" 10° 1071021078
time to collapse [s]

.“
.
o

.
N4
-

10° 10% 10° 102 10" 10° 107102103
time to collapse [s]

The cumulative numbers of
expected pre-SN v events

for Fe-Core progenitor,

d = 200 pc.

C. Kato et.al., [1506.02358].
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Pre-SN neutrino

100

80 -
60 -
40 -
20 -

Nc'um

0

120 ——

100

80 r

. 60

N( ‘UM

40 |
20 |

T o ouUper-K
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inverted
15 N0 0sC

_nonnal
inverted

------------
-

10° 10* 10° 102 10" 10°107102%103

time to collapse [s]

e 12 N0 OSC H Ne _K
e _nonnal SIF)€311~~~~*
inverted o

- 15 no osc

............
.........

_nonnal
inverted

10° 10* 10° 10° 10" 10°10110%10™
time to collapse [s]

76— KamLAND

50 | :
§ ------ AP P ISMQ
= el 1M
25 | - ©
The cumulative numbers of
105 10% 10% 102 10" 10°10 1102102 €Xpected pre-SN v events
time to collapse [s] for Fe-Core progenitor,
1200 1t
" d = 200 pc.
JUNO
800 | e i C. Kato et.al., [1506.02358].
400 L o7 o

= DUHNI.E, SNO+,... global n-etwork for an early SN alarm
= Supernova Early Warning System (SNEWS)

P. Antonioli et.al., [astro-ph/0406214].
SNEWS collaboration [2011.00035]}




Pre-SN neutrino

- The pre-SN neutrinos can be detected (warning alert triggered)
O(hours)-O(days) prior to the SN explosion (d < a few 100 pc).

% SN progenitors with M < 10M 4

— Pre-SN v flux is too small to be detected even for d < 200 pc.
C. Kato et.al., [1506.02358].

— We discard them.

M > 10M only. .7

e Peg “ ,‘
300° 270° 240° 210°

.C “Oph @ ir




Pre-SN neutrino

- The pre-SN neutrinos can be detected (warning alert triggered)
O(hours)-O(days) prior to the SN explosion (d < a few 100 pc).

|t Is In principle possible to estimate the location of the SN candidate
on the sky.

JUNO (68% C.L.)
JUNO + Li (68% C.L.)

N \
_dﬂ Ije+p—>e++n

for Betelgeuse, f = — 1.0 hour.
M.Mukhopadhyay et.al., [2004.02045]

RA
t = -1.0 hour
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Once a pre-SN neutrino alert is received,
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Once a pre-SN neutrino alert is received,
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Once a pre-SN neutrino alert is received,

77ray detecto,
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Observation time fraction

<0< +0

max max

Fig. from IAXO homepage

maximum elevation:

0 =

max

25° (IAXO)
20° (TASTE)



Observation time fraction

Come on!



Observation time fraction
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S.Ge, K.Hamaguchi, K.lchimura, K.Ishidoshiro,

o b s e rva t i O n t i m e f ra Ct i O n Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng.

[arXiv:2008.03924] JCAP 11 (2020) 059.

The altitude of the progenitors O\ (?) seen from Hamburg (DESY).

6det — 53.60 (DESY), Hmax — 250

80 HSN( t)

60

40

Z (the Earth’s axis)

N
o

Detector

|
N
o

Altitude 6 [°]

|
N
o

—60 -
| | | | |
0 60 120 180 240 300 360
Azimuth aget [° . . .

Earth's rotation (24 hours)

Observational time fraction > 50% for all the progenitors except a Lupi.
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http://arxiv.org/abs/2008.03924

S.Ge, K.Hamaguchi, K.lchimura, K.Ishidoshiro,

O b S e rva t i O n t i m e f ra Ct i O n Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng.

[arXiv:2008.03924] JCAP 11 (2020) 059.

The time fraction can be increased by

. increasing the maximum elevation & .. and/or

- two SN-scopes at different observation points (e.g., Hamburg and Tokyo)

Bl Hamburg(DESY), Oqax = 25°
Hamburg(DESY), 6max = 50°
B Tokyo, Omax =25°
Tokyo, Bmax =50°

aVirginis-

: ._l
COphlUChl I

a Lupi 7
a Scorpii -
€ Pegasi -
& Orionis [ 100% covered if
-0 .. =50

0 60 120 180 240 300 360

- Hamburg + Tokyo.

Azimuth ape> () [°]
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Event number
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Event number

Magnet coil

A X-ray optics ~-ray detector
event a ad—
471d? !

Production cf. more recent studies,
P.Carenza+, 2010.02943, 2108.13726]

2 For the axion luminosity, we follow [P.Carenza et.al., 1906.11844],
which includes various corrections to the one-pion exchange approximation.
At the post-bounce time 1sec,

2
L,~242x10Verg s x % C]%,,eﬁ?,
a
N where Cy, . = C; + 0.61C; + 0.53C,C,.
CN Y, ? We also include the temperature dependence, ~ T2,
ZanN = Z f_N}/ y"Noa ? The axion energy is (E ) ~ 2.3T.
N=n,p *“

C==047 2 Thus, the total number of axions from SN is i i =
Cp=—002 S L, [ 3% 108 GeV Ceft At T >/
C,=—0.182 — 0.435sin? 8 DFSZ) N = N, At = B >At ~ 3 X 10 7 037 ( 0 s) (30 MeV)
C,=—0.160 + 0.414 sin’ a “ '

KSVZ



Event number

R : i-f'_f'-;, i Qo Magnet coil
s e SRR 3

2 ,' _‘. - . 2} [ N BN BN BN BN B BN B BN B BN B BN B BN BN BN BN BN BN BN BN BN BN BN BN B BN BN BN BN BN BN BN BN BN BN BN BN B B o B B B O BE G B B OB A e \\p
(s N v b _' A X-ray optics ~-ray detector

A

2.3 m?

=85x%x 1077 <

A4 rd?

Experiment (Proposed) site B (T) L (m) A (m?)

CAST [34-39] CERN 9 93  29x10°?

BabyIAXO [41] DESY ~ 2 10 0.77

[AXO baseline [10, 41] DESY ~ 25 20 2.3

IAXO+ [41] DESY ~35 22 39

TASTE [42] INR 35 12 0.28 155




Event number

Magnet coil

+—-_--—ﬁ-—--- \\p
axion B v

~-ray detector

Detection

2 2
1 [ C, sin (gL/2
P =_— Y}’BL (q ) B
4\ qgL/?2
’ 3 2 2 2 : 2 [ 2 1 Ca}’}'aF Tuw
_ 36 « 10_20 Cayy 3 X 10 GeV ( B ) ( L ) S11 (gL/2> ayy A fa v
aln 14 25T 20 m gL/2

where g = m?/2E,,

Experiment (Proposed) site B (T) L (m) A (m?) suppression factor
CAST [34-39] CERN 9 9.3 2.9 x 1073 \/2 (E)
BabyIAXO [41] DESY ~2 10 0.77 form, > ar
[AXO baseline [10, 41] DESY ~25 20 2.3 L
TAXO+ [41] DESY ~3.5 22 3.9 (a <> y oscillation)

TASTE [42] INR 35 12 0.28 156




Event number

~-ray detector

After all,...

4 2 2
3 x 108 GeV Cye C, 150 pc \* [/ At T \"
N, yene = 1.0 X - et ) x o
1. 0.37 alr d 10 s 30 MeV

.~

.~

axion model SN

A B \°/ L \° [ sin(qL/2) ’
X X :
(2.3 mz) (2.5 T) (20111) qL/2

—

detector

x We expect roughly O(1)~10 uncertainty, especially from SN part.
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Event number

Spica-100

Betelgeuse-1

Spica-1

SNscope @ |AXO -

0
m, [eV]

1n

10

S.Ge, K.Hamaguchi, K.lchimura, K.Ishidoshiro,
Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng.
[arXiv:2008.03924] JCAP 11 (2020) 059.

Nevent — 1 ~ 100
for Betelgeuse (d ~ 220 pc)
and Spica (d ~ 77 pc)

- Axion coupling: KSVZ model

(Cyefr = 0.37 and C,,, = a/x)

- AXion mass: free parameter (ALPs-like)

-Better sensitivity than helioscopes

for large mass,
because of higher axion energy

(E>N ~ 70 MeV > ES' ~ a few keV).

-For small mass region, both solar

axion and SN-axion may be

discovered.


http://arxiv.org/abs/2008.03924

Summary

- |[f a nearby (< a few 100 pc) supernova (SN) occurs,
a huge number of axions (in addition to neutrinos)
may arrive at the Earth.

- Those SN axions may be detected by an axion Supernova-scope
with the help of pre-SN neutrino alert.

Similar idea in: G.G.Raffelt, J.Redondo, N.Viaux Maira (2011), |.G.Irastorza, J.Redondo (2018).

- SN-scopes based on the next-generation
axion helioscopes (such as IAXQO) have
potential to detect O(1-100) SN axions.

[arXiv:2008.03924] JCAP 11 (2020) 059.

S.Ge, K.Hamaguchi, K.lchimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng.

A nearby SN is so rare it would be a once in a lifetime opportunity
for directly detecting SN axions!
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