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. 1. Introduction
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Why eV axion dark matter?
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Why eV axion dark matter’?

P miracle scenario:
Ax'on=Dark Matter=Inflaton
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Why eV axion dark matter’?

LP miracle scenario: Anisotropic cosmic infrared
Ax'on=Dark Matter=Inflaton background congetal1511.01577.
Yﬁo Daido, Takahashi, WY, 1702.03284,1710.11107 Caputo et al, 2012.09179
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Why eV axion dark matter’?

LP miracle scenario: Anisotropic cosmic infrared
Ax'on=Dark Matter=Inflaton background congetal1511.01577.
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Why eV axion dark matter’?

P miracle scenario:
Ax'on=Dark Matter=Inflaton

e Daido, Takahashi, WY, 1702.03284,1710.11107
CROWS  [ALPS-I <

OSQAR i

SN1987A

Solar v i

Diffuse-7

“ “=prilar clusters

‘ °o® S %
o | baby IAXO, ¢ §

29 o..
JV.ST

Pulsars

0(0) ER1A 0]
UO)ESIUO]

SOWINS

II'IS XAV

NCAPP_——EOR (b

Anisotropic cosmic infrared

background congetal 1511.01577,
Caputo et al, 2012.09179

1.5 % 107 19GeV~™
gay}/
P A0 AT AT AP AP AP T |
T e A A “See also WY, 230108735 § % - 160

ma [eV] for cold "hot dark matter” R S T S e

Gamma-ray
attenuation

Korochkin, Neronov, and
Semikoz, 1911.13291



A comment on star cooling bound.

2 | Axion coupling contributes to star cooling.
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https://arxiv.org/abs/1611.01466
https://arxiv.org/abs/2205.01079

A comment on star cooling bound.
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The coincidence holds.

(ALP miracle gives new prediction AN« ~ 0.1

compared with the original one AN« ~ 0.03.)


https://arxiv.org/abs/1611.01466
https://arxiv.org/abs/2205.01079

eV dark matter may be interesting.



. 2. Indirect detection
with infrared spectrograph

T. Bessho, Y. lkeda, WY, 2208.05975
WY, Hayashi 2305.13415



DM line-like signal and background
continuous spectrum can be
distinguished by infrared spectrographs.

O(1)bin of high resolution
Spectrographs F_—/\_\

DM mass = 2eV, Photon coupling = 1071°GeV~!
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-DM signals from some dwarfs

are Sky background free for

existing high energy resolution
Infrared spectrographs.
T. Bessho, Y. [keda, WY, 2208.05975

-With high angular resolution one
can avold seeing visible stars,

while “see” the DM distribution from
the decay photon in dwarts.

WY, Hayashi, 2305.13415




eV DM search with WINERED @ Magellan

A high-resolution infrared spectrograph is

one of the most efficient DM detectors.
,1/5,1 ~ 3()()()() T. Bessho, Y. Ikeda, WY, 2208.05975
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eV DM search with NIRSpec @ JWST

T — A high-resolution infrared spectrograph is

one of the most efficient DM detectors.

| AOA ~ 3000 T Bessho, Y. Ikeda, WY, 2208.05975
See also Janish, Plnettl 231 0. 15395 Roy et al, 23 1.04987 with Iqlank sky data,

Ackermann et al, 2013

0001 gy,

See also WY, Hayashi, 2305.13415
for IRCS at Subaru

wikipedia




- 3. Observations and results
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q Bound on decay rate I', and thus gaw(or\/igaw,)



What we use: WINERED@ Magellan
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What we use: WINERED@ Magellan
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What we use: WINERED@ Magellan
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What we use: WINERED@ Magellan
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What we have observed

Based on proposals “eV-Dark Matter search with WINERED”, Jun 2023, PI. WY Co-I. Ikeda, Bessho
“eV-Dark Matter search with WINERED”, Nov 2023, PI. WY Co-I. Ikeda, Bessho

WY, Ikeda, Bessho, Kobayashi+ WINERED team, 2402.07976

Table. I. Obervation logs. Here, Regions 1, 2, and 3 are for Leo V, Tucana II, and Tucana II, respectively.
resolution. 717 denotes the total integration time. Simbad, Inger et al 0002110

Object name Object type RA(J2000) DEC(J2000) Obs. date J., R Tr (sec)

Leo V dSph 11:31:09.6  +02:13:12 2023.06.06 — 28,000 3600
Tucana II  dSph 22:51:55.1  -58:34:08 2023.11.02 — 28,000 4200
Sky region 1 — 11:31:56.97 +02:09:19 2023.06.06 — 28.000 1800
Sky region 2 — 22:51:06.5 -57:28:46 2023.11.02 — 28,000 1200
Sky region 3 — 22:38:08.1 -58:24:39 2023.11.02 — 28,000 1200

HD134936 AQV 15:14:41.4  -52:35:42 2023.06.06 9.44 28,000 90
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For flux calibration and measuring
atmospheric transmittance.



Object-Sky-Object Nodding Observation

WY, Ikeda, Bessho, Kobayashi+ WINERED team, 2402.07976

Backgrounds
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Object-Sky-Object Nodding Observation

WY, Ikeda, Bessho, Kobayashi+WINERED team, 2402.07976

OBJECT OBJECT - SKY

A tiny wavelength shift was found when we performed the first observation. We take this effect into account in the data analysis.
In the second observation, we reduced each exposure time to suppress this effect.



Object-Sky-Object Nodding Observation

WY, Ikeda, Bessho, Kobayashi+WINERED team, 2402.07976
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A tiny wavelength shift was found when we performed the first observation. We take this effect into account in the data analysis.
In the second observation, we reduced each exposure time to suppress this effect.
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Analysis with Doppler Shift: Earth frame

WY, Ikeda, Bessho, Kobayashi+ WINERED team, 2402.07976

Radial velocities of the dSphs are much larger than the resolution of WINERED

Simbad, Inger et al 0002110

VLeov = 173.3km/s, and vy & —129.1km/s,
leoVdata |

Tuc Il data g

Flux il I
)

F

Wave length

(Error bar denotes 20)




We move to dSphs’ frames for DM Iimit.

WY, Ikeda, Bessho, Kobayashi+ WINERED team, 2402.07976
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We move to dSphs’ frames for DM Iimit.

WY, Ikeda, Bessho, Kobayashi+ WINERED team, 2402.07976
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We move to dSphs’ frames for DM Iimit.

WY, Ikeda, Bessho, Kobayashi+ WINERED team, 2402.07976

Radial velocities of the dSphs are much larger than the resolution of WINERED
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We move to dSphs’ frames for DM Iimit.

WY, Ikeda, Bessho, Kobayashi+ WINERED team, 2402.07976
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We move to dSphs’ frames for DM Iimit.

WY, Ikeda, Bessho, Kobayashi+ WINERED team, 2402.07976

Radial velocities of the dSphs are much larger than the resolution of WINERED
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We use differential D-factor of

dSphs at around the center

This gives O(10) enhancement of flux compared
with using typical value
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0D/oQ

We use differential D-factor of
dSphs at around the center

: : WY, Hayashi, 2305.13415
This gives O(10) enhancement of flux compared (See also Hayashi et al 2007.13780.

with using typical value 2206.02821)
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Result: before further data analysis
(can be recast to generic spectra)

WY, Ikeda, Bessho, Kobayashi+WINERED team, 2402.07976
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Result: subtracting continuous spectra
(Only apply to line spectra)

WY, Ikeda, Bessho, Kobayashi+WINERED team, 2402.07976
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ly 2(+1)hrs observations
% U8 led the world-record! §
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Conclusions: eV axion DM

.e\V dark matter may be interesting because
various hints coincide.

.|t can be very efficiently searched for by using
state-of-the-art infrared spectrographs.

Bessho, lkeda, WY, 2208.05975
WY, Hayashi 2305.13415

.Performing just 2(+1)hours observations we set
one of the strongest bounds Iin the world.

WY, Ikeda, Bessho, Kobayashi
+WINETED team, 2402.07‘976 .

. SOme excesses coincide after Doppler analysis.
Further analysis/observation iIs planed.
stay tuned!
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DM profiles

Hayashi et al 2020, 2022

Einasto, and Burkert profiles. The generalized Hernquist profile
in the cylindrical coordinates 1s expressed as

B—~
m ) m Y| °
— 1+ ,
Pom (™) po(bhalo) [ (bhalo) ]
m* = R* + z%/Q7, (7)

where p, and by,, are the scale density and radius,
respectively; « 1s the sharpness parameter of the transition
from the inner slope -y to the outer slope 3; and Q is a constant
axial ratio of a DM halo. These (Q, po, Prhao, @, O, 7Y) are the



Reheating
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AXion
abundance

Things will not
change If axion
IS produced
from
misalignment.
In both cases,
we have m, ~ H.




Prediction

Thermal production of hot DM/dark radiation

Thermal
Plasma

Ageff — 3

Thermaf
Plasma

AN ~ 3% 0.03 ~ 0.1



2. DM=inflaton=ALP



Axion Inflation

The slow-roll flat direction Is stable under radiative corrections
It ¢ 1S an axion featuring a discrete shift symmetry:

BICEP and Keck Collaborations, 2110.00483

0.25 - anc TE, owE+lensin

¢ — ¢ T Zﬂf 1) ) e EE+I+BIIE<-'1-I8+BA(€)J
—> Vil @) = Viud +2afy) ooy R ®
Realization of axion inflation: 0.15 -

r0.002

Natural inflation: single cosine

Freese, Frieman, Olinto “90 0.10 -

Ving = A*(1 — cos(¢/fy))
Jy > M and excluded due to too

0.05 -

0.00

high scale tor inflation--:



Multi-natural inflation: V... from 2 or more cos terms

Czerny, Takahashi 1401.5212; Czerny, Higaki, Takahashi 1403.0410, 1403.5883; Daido, Takahashi, and WY 1702.03284; 1/10.11107; Takahashi and WY, 1903.00462;

In multi-natural inflation, CMB data can be well explained with f, < M.

Vine() = A* [cos (]ii; -+ 9) — % COS (%)] + const

The inflaton masses depend on the parity of n.
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In multi-natural inflation, CMB data can be well explained with f, < M.

Vine() = A* [cos (% -+ 9) — % COS (%)] + const

The inflaton masses depend on the parity of n.




Axion Hilltop inflation

In multi-natural inflation, CMB data can be well explained with f, < M.

Vine(#) = A* [cos <£+9) ——cos <@>]+const . Almost quartic hilltop inflation.

. n, corrected from non-vanishing ¢

. Upside-down symmetry when n = odd




Axion Hilltop inflation

In multi-natural inflation, CMB data can be well explained with f, < M.

Vine(#) = A* [cos <£+9) ——cos <@>]+const . Almost quartic hilltop inflation.

CMB normalization:

A~ AHfy ~ 1071
. n, corrected from non-vanishing ¢

. Upside-down symmetry when n = odd




Axion Hilltop inflation

In multi-natural inflation, CMB data can be well explained with f, < M.

Vine(#) = A* [cos (fw) — — cos <—¢>]+const . Almost quartic hilltop inflation.

J4
“ A linear term can give better fit of n,. CMB normalization:

5 }Takahashi,1308.4212 )
A~ AYfy~ 107"
. n, corrected from non-vanishing &

n,~ 142V J3H2 ~ 0.97

inft inf

7 ~ 2
Vinf‘hilltop ~ —0(0.1 - 1)I_Iinf

. Upside-down symmetry when n = odd




Upside-down symmetry in axion hilltop inflation

Daido, Takahashi, WY 1702.03284, 1710.11107; Takahashi and WY,1903.00462;
UV model for hilltop condition: e.g. Croon and Sanz 141 1.7809; Higaki. Takahashi 1501.02354;

Vine(#) = A* [cos (%”) ~ - cos ('}—(ﬁ)]wonst . Almost quartic hilltop inflation.
& & &
~ Vi, — Ap* — A49£ 4o CMB normalization:
" )~ AYfh~ 10712

. n, corrected from non-vanishing ¢
n,~ 142V’ /3H? . ~ 0.97

inft inf

7 ~ 2
Vinf‘hilltop ~ —0(0.1 - 1)I_Iinf

. Upside-down symmetry when n = odd




Upside-down symmetry in axion hilltop inflation

Daido, Takahashi, WY 1702.03284, 1710.11107; Takahashi and WY,1903.00462;

UV model for hilltop condition: e.g. Croon and Sanz 141 1.7809; Higaki Takahashi 1501.02354;

~ Vi, —

—+0

V. (@) = A? [cos (;b

— A%0

. Almost quartic hilltop inflation.

CMB normalization:
A~ AHfy ~ 1071

. n, corrected from non-vanishing ¢

' J3H? .~ 0.97

inf inf ~

V”f‘hllltop — 0.1 - 1)
Upsmle down symmetry when n = odd

- !

n,~1+2V:

inf

* ' A(self-coupling) ~ 10_
| my = 0(0.1 — DH, ¢ ~ 10—6f

|

e —— ————

l
o
My, t*'



ALP(axion Coupled to ohoton)=inflaton

9oy [GeV_l]

10°°

10710
10711
10-12 |

10'13:—

10714

L = gmfy ng,WF“V oyy — ﬁ

- QO Daldo Takahashl WY170203284 ;>I<
10* 10° 102 107 10° 10' 102 10°
Mg |eV]

—> sub-eV or eV-scale
ALP DM candidate.




ALP(axion Coupled to ohoton)=inflaton
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Inflaton decays due to large effective mass

Just after inflation, ¢ acquires an effective mass

Pam
Megg ~ \/ Aymp ~ 10GeV ( = ).

107 GeV
1'53 l /lelf—ouphng) 130-12 i
0.52- » (m(
0.0| R




Inflaton decays due to large effective mass

Just after inflation, ¢ acquires an effective mass

Pam
Mgy ~ \ Ay ~ 10GeV (—p .

107 GeV

1 5[ - A(self-coupling) ~ 10712 {i
T e —
1 O i F¢—>7}’ ‘reheating
- 13, 10'GeV .
: OSClllate Y (N 107°( 7, T lvacun m> }/
O O - S (meff)




Cold ALP DM from incomplete reheating.

Reheating proceeds due to thermal scattering when eT > m;.

Imposing Qgemnam>h2 ~ Qp,h* We obtain

CAST

Dissipation effect for reheating

¢(Condensate) ‘P 1

. o Yo

baby IAXO,e & © =%
S

MRS 2

| ey /ey] > 0.3
0.1 < |ey/ey| < 0.3

0.05 < |ey/cy| < 0.1

2080

Fdis,v C 87T2f2 e4 T2 Moroi, Mukaida, Nakayama and Takimoto,1407.7465;

C=0(10) to take account of self-resonance, Lozanov, and Amin, 1710.06851;



10"%%g 4, [GeV 1]

0.01-

/1AXO ¢,=0.1

Telescope-

0.01



Successful reheating means two typical
momenta of DMV.

Dissipation effect for reheating

Thermal production of hot DM

Thermal ¢ ot DM
Plasma (hot )

\ 2
2
2
2
, 2
N ‘
R ‘
\ 2
2
2
“
R ‘

Ther A
Plasma

y, W, Z

DM components: Cold ALP condensate + hot ALP with AN, ~ 0.03



Hot DM bound: m, 5 1eV

10'%,, [GeV)
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Daido, Takahashi, WY, 1710.11107
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Thermal production of hot DM
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Hot DM bound: m, 5 1eV

Thermal production of hot DM

Thermal ¢ ot DM
Plasma (hot )
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Hot DM bound: m, 5 1eV
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Hot DM bound: m, 5 1eV

Several independent conditions point to the region!
Thermal production of hot DM

Thermal ¢ ot DM
Plasma (hot )
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“The ALP mimcle”.
Inflaton = DM = ALP
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((The ALP miraCle”. Daido, Takahashi, WY 1702.03284,1710.11107

inflaton = DM = ALP
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. AN~ 0.03 probed in the future CMB and BAO experiments.
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. Overlapping with cooling hint of HB stars.

Ayala, Dominguez, Giannotti, Mirizzi and Straniero, 1406.6053, DESY- PROC-2015-02

. O(1) eV ALP with g, ~ 107'%GeV~" is hinted by EBL analysis
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% Is the ALP relevant to the strong CP problem?



“The ALP miracle”.
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Inflaton = ALP
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. O(1) eV ALP with g, ~ 107'%GeV~" is hinted by EBL analysis

Korochkin et al,L1911.13291

% Is the ALP relevant to the strong CP problem?
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Comparison of usual hot DM
and burst production In y;, < ¢y, system

WY 2301.08735
Hot DM paradigm (-1984); Burst production of DM

3 3 '
' M ' ! I M . '
. T (proper) . "1 y~(proper) VL | r(proper) 5 g _1F(proper) @) ri :
e <M1 ) F)(l—>ﬂ(2¢ ~ T F)(1—>)(2gb > H fOr I'> 1 ' : <M1 ) X1=x9 > = T =0 d P 0d .

. .n, ~ T° from thermal equilibrium i .n, ~ T° from quasi-equilibrium of

bose-enhancement dynamics

. => eV mass for DM abundance noo=> eV mass for DM abundance
. .Comoving momentum is v .Comoving momentum is
~ . 2
Pcom prodTprod T Pcom ™ prodM | / Tprod



Stage 3: Saturation (quasi-equilibrium)

The burst production stops due to the inverse decay
whenyf [p, ~T]~f I[p, =p,] C. f. thermal equilibrium.

With fy[p ~ p*™1 > Lf,[p, ~ T1 ~ 1

Z /dHXI dlly, S=1,lp, ~TI1xf, |p, ~ T])%f¢[p¢ Py purst])
— Do ,xQ Jx'\ Xl_,x2¢\2 =2/, lp, ~ TDlylpy ~ P¢ur8t]]}2[]?%2 ~ T]




Stage 3: Saturation (quasi-equilibrium)
The number density of y, atp, ~ T'is T°. Since

¢ number density 1 (Dirac fermion) occupation#

104 0001 0010 0100 1 10 0001 ' :
py/T p, /T



Stage 3: Saturation (quasi-equilibrium)
The number density of y, atp, ~ T'is T°. Since

1 (Dlrac fermion) occupatlon#

’ ~ T 3 , p¢~ M 2/ T Wthh 1S cold

104 0001 0010 0100 1 10 0001 ' :
py/T p, /T



Stage 3: Saturation (quasi-equilibrium)
The number density of y, atp, ~ T'is T°. Since

I;l)(z —_— n¢ in )(1 (—))(2¢,

ny ~ T°,p, ~ M;/T, which is cold |

The quasi-equilibrium is kept on a very
long time scale until

_ 4
¢~ (F(pr0per)> 11 ~ i N
decay M1 M1 1gnition

10‘4'“ 0001 0010 0100 1 10
py/T



1 Hadronlc QCD axion window

Chang:1993gm, Moroi:1998qgs
7 QCD axion, coupled with hadrons, may
. y i change the measured duration of the neutrino
burst from SN1987A.
Only relatively strong (f, < 10°GeV) or

H
B

[ T TTTI
l

B II
>

very weak (£, > 10°GeV) interaction is allowed.
The former has a window around eV.

-Hot DM bound?
->model-building can evade It.
-Updates of SN1987A bound close the

window? ( f, < 10*GeV ? Chang:2018rso)
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axion burst \
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>
>
SN cooling
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10 >SN 1987A bound to axion may be wrong:--
fa(GeV) Bar:2019ifz
TR 1 .Neutron star cooling bound?

1Om eV) 1 Is there any study on the trapping regime?
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