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Outline

dintroduction: What’s a Pulsar (and axion related works)?
JAxion production and conversion to photon in the NS
NS rotation modulate conversion: pulse and polarization

JA case study of RXJ1856.5-3754, one from the
“magnificent 7~
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JOutlook
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Why Neutron Star?

- N 2 | Free neutrons decay, need
First discussed in public: HUGE ¢
Lev Landau. 1932 Pressure 10 COMPress
electrons and protons

First observation as radio pulsarsin 1967/
neutrons

Seealso;: D. 6. Yakovlevl. P. Haensel. G-
Baym3. (. J. Pethick- 1210.0kL&2



Pulsar in a Nutshell
/ . Gaseous Iron Atmosphere

(~cm) thick

/ d Degenerate Electron State
Outer Surface (Fermi
pressure provided by
electrons)

\ 3 Neutron-Rich Core Region with

Exotic Matter (Neutron Fermi

~25km momentum reaching ~O(100) MeV)



Spin Period Derivative (s-s™*)
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Pulsar in a Nutshell (11)

Spin Period (s)

[ Spin period varies from 10s to
milliseconds

J VERY strong magnetic field:
Critical B field: ®10'* Gauss =
m,?

[ Surface feature also varies,
leading to different
electromagnetic signals

. Core temperature up to O(100)
KeV =



Allowed in SM, arises

The Strong CP Problem ™ °-"°*°°
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Experimental hints: neutron EDM
Natural expectation: O(Q x fm)=10"3 e cm
Experimental result S 10%°ecm, 6 < 10710

A. Hook. 2018

Small dimensionless parameters may not be natural:
protected by some mechanism?
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PQ Symmetry and QCD Axion

QCD axion: A pseudo Nambu-Goldstone Boson
(PNGB) of a the Peccei-Quinn symmetry
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Greater than ~109 GeV from data The strong CP 6 angle are set to
9 zero at the minima during the current universe
Vo= om2 g 1o g (2 0 5
(TH%L—F’nld)2 QJZ, 2 Pecceis Quinni Weinbergi Wilczeks Kimi Shifmana

Vainshtein. Zakharovi Zhitnitskys Dine. Fischler. m
Srednicki. 1977-1981 !



The axion-like particle (ALP)

JMotivated by other theories in the UV (e.g. the string
axiverse picture)

EFT coupling with the photon field

LD 92’7 aF“”F’W

gaf ota _
Y vy’ f

EFT coupling with the SM fermion (nucleon)

For photon to axion/ALP conversion (reverse), see e.g.:

N. Song- L. Su- and L. Wu- 2402.1L51L445 R. Perna-. W. C. G-
Ho- L. Verdea M. van Adelsberg-and R. Jimenez. 1201-.5390



Inflationary Era and Axion DM
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° W™ second 1 macrosecond 0.01 second 20 murrtes

X. Chen. M. Braglia J- Fana LFL- (. Preteti. P. Singha In prep3i X. Chen-
J. Fan. LFL- 2303.0340k5 Y. Bao~. J- Fana LFL. 2209.0990854

But that will be another (long) story...
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Recent Along the Line:
(Axionic Blue Isocurvature)

nr = fixed, P-ACT nr = free, P-ACT
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Neutron Star(NS) as an ALP Source

The hot, dense core (T ~ keV) of NS could generate ALP
through multiple mechanisms

(1 Nucleon scattering/emission processes
1 Cooper pair-breaking-formation

G. Raffelt. 199ks D. Yakovleva K. Levenfish and Y. Shibanova 1999
J. Keller and A. Sedrakian-, 20123 A. Sedrakian. 20153 B.dJ. F _
Fortina H. K. Guo. S.P. Harrisa D. Kima K. Sinha and C. S 2021 ll:l



Production Rate
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ALP Conversion in Strong
Magnetic Fields g Raffelt and L. Stgg;i?MH 1988

Lai and J. Heyl-

 The strong magnetic field makes axion being
"""""""""""""" VN g converted to the Ordinary mode (O-mode) photon

gafy FLWFMV

~aE.B _J\/\/\,

dThe mixing matrix between axion, the O- and X-

modes:
] a wR+A,R AyR 0 a
'&@ EH = AyBR  wR+ AHR 0 EH

E 0 0 wR+ AR E



Axion Conversion in Strong
Magnetic Fields c. Raffelt and L. Stodolsky-

] a wR+A,R AyR 0 a
ld— EH = AyR  wR+ AHR 0 EH
"\ B, 0 0 wR+A R/} \E,
2
m
Aa — 5 2 . ALP mass term, negligible for now
W

19848

82 .+ 2
A~ (e wSIn“ 6 . from vacuum polarization,
H ~ Iin 5 dominates near the N§ g

AM — : Mixing term, changes slowly



Axion Conversion in Strong
Magnetic Fields c. Raffelt and L. Stodolsky-
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ALP Conversion in Strong

Magnetic Fields (Il) ... _J\/\/\/

Near the NS, where the B field is extreme,
Mixing only happens far from the surface

T'con W 5 By 5 ( To )% .
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— (3kev) (103(3) 2%m) i)

1| ]

Pasy 2 4/5
1 _ 9 1 keV'\ "
; ~1.5x 107" —
i pa—m/ ~L. 11 1
: 10~ GeV W
0.100§ B 2/5 R 6/5
T e/ L Al sin?/° 6
0.010 | 1013 G 10 km ’
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10_4: . , , . X=rir See also:
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20 100 500 1000 5000 Harris-. P- S. B- Dev}: J. F. Fortin. H. Krawczynski and K-JSinhah 2023 ll:



Geometry of the System

-

- » Our line of sight (LOS) doesn’t

,‘(5/ align with the NS’s spin axis,
0 leaving a non-zero X
- » The magnetic dipole is also not

guaranteed to align with the spin
axis, giving another angle f
» The phase ¢

P £ ~0.2

(A J. Fana » JHEP 10. 18k (2022)3
< # .\ S. Yan 12 J. Fana JHEP 0Ok-
«@ 028 (2024)% P. Singh- S. Yan. I.
Allalia 2~ J. Fan-. JCAP 09,
it
019. (2024)

ALP conversion always gives the O mode, but the O
mode needs to be defined “locally” 19




Spherical Trigonometry

The conversion only depend on the

LOS angle relative to the dipole ()
cos 3 = cos & cos y + sin £ sin Y cos ¢

Sin ¢ sin
tan © = dsing

COs X Sin § cos ¢ — sin y cos &

Mudulated intensity: the pulse

P,_,, o (Bgsin§)?/?
> 2/5
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>

x sin 3

= |1 — (cos & cos x + sin € sin x cos ¢)2]1/5



Pulse Fraction

d Without polarization probes,
the two angles are symmetric
under exchange

_ sin®P(€ 4 x) —sin®P(€ — x)
- sin®/?(€+ x) +sin? (€ — )

PF




Theoretical Prediction
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<" - <% Double pulse, seen in
| | - other NS observations
>0 Single pulse, compatible | 0005 |
' . . ' L J. K =~ A. D. Sch ~ A. ]
- with J1856 observation M. Pires. F. Haberl. 20245
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Average Attenuation Factor
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The average flux obtained is
weaker than the naive ~

estimation (0(l) correction)

18

e b

o
NIN

Y 0



w
°°|=x
T

NN
T

&N
1

o N =
T

Perpendicular to the spin axis

3%
N

®IN -
)
o |2+

<

NI F

1.0
0.9
0.8
8 0.7

0.6

0.5

0.4

0.3

0.2

0.1

Phase-
integrated
Polarization

oy T

I

1/2
_ [(|A]2 05(20))” + (|AJ? sm<2@>>2] /{IAF).

Uniformly applied to NS

conversions of light ALPs

J Energy independent

J ALP mass independent

J Magnetic field
independent 2]




X-ray (Must) in Space




Case Study: X-ray Dim Isolated NS (XDINS)
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Case Study: X-ray Dim Isolated NS (XDINS)

T. Yoneyama. K. Hayashida .+ H. Nakajima. H. Matsumoto. 1811.119825 (. Dessert. J. U.
Foster. B. R. Safdi. 1910.0259k

Also called “magnificent 7”7

L | .
. ”; B field: O(1073) G
b T dFrequency: O(0.1) Hz
% 0.01 il JAge: O (10°) yrs
3 107 =541  OSurface BB temperature: O(100)
= 10* [ I ]
g i eV
S 105 : : —t——t—t—t—] — | .
4l B ﬁﬂ# d(Universal) non-thermal X-ray
. I | W ml
g 2 b + y WWMW ] excess
OSRRT Y SY A VRO MY . .1 URather dim sources
Y02 | s >

Energy (keV) “ard



Hard X-ray Excess in RX

J1856.6-3745

------
- -
- ~

Dec - Decy [arcemin]
-, ~
td
4
4
U
4
7

\

1
g ! ’
A 4 .
| " G

5 _ ’
= ~0.05 . B
ld’
-7 2
bl (G

6 L - — : 0

U.-rl U 0 —U 0.5 0.0 —0.5 0.1 U 0 —0.1

RA- RA [aremin] RA- RA( [arcmin] RA- RAy [arcimin]

[Ihser'ved in both XMM-Newton and

Chandra, at:[:umulated ~J0 EXCESS

erg /cm? /s /keV]

dF/dE

C. Desserts
B.-. R. Safdi-

» Discovered in 1992
» One of the closest NS
(~123 pc from us)

1071 : ‘
RX J1856.6-3754 Joint  H4 MOS
H+ PN H-+ Chandra

10712
~ 1078}
10—1-1 L
10715 ¢ |

|

| |
10716 . &

2 4 6

E [keV]
J. W. Foster-
1910.0259k

['I_.|



Pulse Structure, from

XDINS RX-J1856.5-3754 Pulse fraction goes up to
] ~al0% at higher energies
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About the Data Used

JdMajor data from XMM-Newton Epic-pn camera, across 2
decades with 1.43 Ms

dPhase information (time stamps) are obtained from NICER

1Background subtracted (short-term flare noise and permeating
backgrounds, giving rise to systematics at high energy.

A soft black body (~62 eV) and a hard black body (~120 eV) is

0.010 T =

found, not able to explain the excess. . = zo-7skev

||||||||||||||||||||||||||||||||||
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Limiting the Axion Param Space
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Systematic Uncertainties
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(dDistance: we got parallax
Mns [Mo]

1.1 1.2 1.3 1.4 15 16 1.7 1.8 1.9

(JRadius: not changing very much

with mass La [La,o]

RNS [km]

1.70 2.05 2.48 2.98 3.58 4.32 5.29 6.62 8.91
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Systematic Uncertainties!

| Safe

spectral

Zone —— +pulse

*

—— +pulse (future)

Fit Resuit

Haven‘t projected the polarization

measurement limits due to lacking
prior knowledge

Log(g-g) T:° [keV] Tagg [keV] § X

1 —18.25$§'§§ 1.30%;5{3} 0.12%@% 0.79%;% 0.79$§;§j6§,
QB —17.59_022 0‘76_015 0‘11_001 0.42_020 0.41_020

logo[k - Gaygan/GeV ]

* Future pulse is obtained by shrinking the
current error bars by a factor of 4



Another Interesting Target

R.- Taverna-. R. Turolla-. F. Muleri. J. Heyla S. Zane. L-

MagnEtars Baldini et al.- 20223 S. Zane-. R. Taverna-. D. G- Caniulef. F.
-

Mulerias R. Turolla- J. Heyla. K. Uchiyama. M. Ng. T.- Tamagawa
and I. Caiazzo et al.. 2023
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What’s Next?

d Jupiter (?!

(J Not about ALP this time

 X-ray diffuse emission observed

J Need to predict the polarization property

Magnetic White Dwarfs

J Lower systematic uncertainty

 Very different magnetic field and
internal production

N



Suzaku X-ray Excess around Jupiter

Yuichiro Ezoe et al.- 1001.08004
Masakili Numazawa et al.l90k.0Lk1LZ23
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Inverse Compton
Scattering in the

Radiation Belt
 Could be useful to constrain J\/\/\f

anomalous high-energy injections
(by DM) - Fan- LFL 2207.13709
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Summary (and Thank You)

naturally arises with moderate axial

dPolarization and pulse structures . (
symmetry breaking

’

JEnergy-independent &
insensitive to detailed corrections

A

JAnalyzing 3/4D info (energy, polarization,
time) helps discriminate models




	Slide 1: structure of ALP Conversion AT Neutron Stars Polarization & Pulsation
	Slide 2: Outline
	Slide 3: Why Neutron Star?
	Slide 4: Pulsar in a Nutshell
	Slide 5: Pulsar in a Nutshell (II)
	Slide 6: The Strong CP Problem
	Slide 7: PQ Symmetry and QCD Axion
	Slide 8: The axion-like particle (ALP)
	Slide 9: Inflationary Era and Axion DM
	Slide 10: Recent Along the Line: (Axionic Blue Isocurvature)
	Slide 11
	Slide 12: Neutron Star(NS) as an ALP Source
	Slide 13: Production Rate
	Slide 14: ALP Conversion in Strong Magnetic Fields
	Slide 15: Axion Conversion in Strong Magnetic Fields
	Slide 16: Axion Conversion in Strong Magnetic Fields
	Slide 17
	Slide 18: ALP Conversion in Strong Magnetic Fields (II)
	Slide 19: Geometry of the System
	Slide 20: Spherical Trigonometry
	Slide 21: Pulse Fraction
	Slide 22: Theoretical Prediction
	Slide 23: Average Attenuation Factor
	Slide 24: Phase-integrated Polarization 
	Slide 25: X-ray (Must) in Space
	Slide 26: Case Study: X-ray Dim Isolated NS (XDINS)
	Slide 27: Case Study: X-ray Dim Isolated NS (XDINS)
	Slide 28: Hard X-ray Excess in RX J1856.6-3745
	Slide 29: Pulse Structure, from  XDINS RX-J1856.5-3754
	Slide 30: About the Data Used
	Slide 31: Limiting the Axion Param Space
	Slide 32: Systematic Uncertainties
	Slide 33: Fit Result
	Slide 34: Another Interesting Target
	Slide 35: What’s Next?
	Slide 36: Suzaku X-ray Excess around Jupiter
	Slide 37
	Slide 38: Summary (and Thank You)

