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. 1. Introduction



Dark matter (DM) and particle property
What is DM? Long lived, Neutral, Cold, py\/s ~ eV

We do not know the partlcle property at all.
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Dark matter (DM) and particle property
What is DM? Long lived, Neutral, Cold, py\/s ~ eV

We do not know the particle property at all.
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Hints for eV DM: Observations

Interestingly, In the huge parameter region,
we have colncidences around eV.

The anisotropic cosmic infrared :
background (CIB) data suggests ¢
a decaying DM with ’
my ~ eV, 84, ~ 10719GevV-!

/ The TeV y spectrum gets a better
fit by photons from ALP DM
of my ~ eVy 84, ~ 107 19GeV~!
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https://arxiv.org/abs/2208.13794

Hint for eV DM: ACDM

Accelerated Expansion
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Pattern Dark Ages Development of
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Hint for eV DM: ACDM

P (log)

I Inflation | Reheating | Big-bang cosmology

time, or scale factor a



Hint for eV DM: ACDM

P (log)

I Inflation | Reheating | Big-bang cosmology

Cosmic temperature
T ~eV
at matter radiation equality.

time, or scale factor a



Hint for e\VV DM: Hot DM paradigm
(-1984)
0

Inflation | Reheating | Big-bang cosmology

time, or scale factor a



Hint for e\VV DM: Hot DM paradigm

(— -I 984) e.g. Introduction of Davis et al, Astrophys.J. 292 (1985) 371-394
.eV-range DM was special and theoretically

well-motivated before the WIMP paradigm.

. Thermally produced eV DM is too hot.
Py~ T, vpu(T ~ eV) ~ 1

. > hermally produced eV DM Is excluded.



Hint for e\VV DM: Hot DM paradigm

(— -I 984) e.g. Introduction of Davis et al, Astrophys.J. 292 (1985) 371-394
.eV-range DM was special and theoretically

well-motivated before the WIMP paradigm.

. Thermally produced eV DM IS too hot.
Py ~ Ty vir(T ~ eV) ~ 1
. > hermally produced eV DM Is excluded.



. 2. Thermal production of eV dark
matter, coldly WY, 2301.08735

Keyword: bose enhancement



Setu p: x(fermion) < y,(fermion)¢(DM).

WY 2301.08735
y; mass : M(kT) Yo, @ . massless

Equations: Ofilput] _ p0hlputl _ i o

Ot Op;
Z / dIl, , dII,

-. P Pag) X [ Mo oxaol”

|5 = Fulpul (L% Fualpya) U+ folp))]

— (1 £ fxalPxal) folPgl Fxz [Pxo)

(Initial) conditions:
x; 1s always thermalized, while y, and ¢ are absent initially,
+ rotational invariance . H = 0 for a while.



Burst production of DM ¢ turns out
thanks to bose enhancement.

¢ number density

Three stages of
ourst production:

1. Ignition
B\

- 2. Burst
Toote il 11 3. Saturation

Py IT (T = 10M,)




Burst production of DM ¢ turns out
thanks to bose enhancement.
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Stage 1: Ignition
-Occupation number at p;, ~ p,*"™ ~ M2/T increases faStest
Slmpllfled gy I
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Stage 1: Ignition
-Occupation number at p;, ~ p,*"™ ~ M2/T increases faStest
Slmpllfled gy I
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Stage 1: Ignition

-Occupation number at p, ~ p*™ ~
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Stage 1: Ignition

-Occupation number at p;, ~ p,*"™ ~
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Stage 1: Ignition
-Occupation number at p;, ~ p,*"™ ~ M2/T increases faStest
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Stage 1: Ignition

burst
The timescale, At that the p;
humber reaches unity is : AL ion ™
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w T3 % % ( 1 F(propoer))
( pburst)B T T decay

Phase space Production rate of

volume py" number density
o ( M, r(pmper)>
[
4 decay
e B I

faster than the ordinary
thermalization rate by 7°/M;.



Stage 2: Burst

p," modes grow exponentially in time.
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Stage 2: Burst

p," modes grow exponentially due to Bose

enhancement. y,(p, ~ T = nlp, ~p, )+ ¢lp)"™ <p,]

With fylp ~ p™™1 2 1S, [p ~ T1 < 1

1
= 3B, 2= / ally, dlly, S =1, [p, ~ TV ££, [ T +fylpy ~ P

(2ﬂ5X1 = Py — Pyy) X |A Xl_m o> —(xf,p, ~ TDylp, ~ Py J%N T
., ~ ~ f P, ~ TIL + fylpy ~ p™™ D)

-P folg ~ PR ~ Aoty (1, ~ T +fylpy ~ P™D



Stage 2: Burst

p," modes grow exponentially due to Bose

enhancement C. f Iaser
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Stage 3: Saturation (quasi-equilibrium)

The burst production stops and the spectrum is
kept for a long time.
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Stage 3: Saturation (quasi-equilibrium)
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Stage 3: Saturation (quasi-equilibrium)
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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]

I]gﬁ[p)(l ~ pﬂ(z] _]S(z[pﬂ(z ~ T]zf¢[p¢ p

burst]




Stage 3: Saturation (quasi-equilibrium)

The number density of y, atp, ~ Tis g, T°. Since
=11, IN y; < ¢, WE have n, =n, .

n)(z

2, occupation#

10‘4'“ 0001 I 0010 I 0100 B 10
py/T




Stage 3: Saturation (quasi-equilibrium)

The number density of y, atp, ~ Tis g, T°. Since

n)(z
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Let’s Introduce cosmological expansion

IO
P( g) Radiation Matter
Inflation | Reheating |dominated dominated

time(log)



due to redshift and kinematics.

Burst production in expanding Universe

If there Is a period, T =T, satisfying

T4 1gnition T decay 1g1nition?

M M
L 1/At ~ L propen) | o 17 < 1/At
prod prod

¢ 1s burst produced. Later the comoving number density is frozen

Ny y
Simplified model.

T xa!
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due to redshift and kinematics.

Burst production in expanding Universe

If there Is a period, T =T, satisfying

T4 1gnition T decay 1g1nition?

M M
L 1/At ~ L propen) | o 17 < 1/At
prod prod

¢ 1s burst produced. Later the comoving number density is frozen
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Burst Production during Reheating.

4
Ar—] N L X M, __! p(proper)
1gnition M4 T  decay

A Radiation Matter
Inflation Reheatlng domlnated dominated

-Radiation dominated era:

~1 3 )
Atigniﬁon X d v.s. Hxa

-Reheating era:

~1 —9/8 —3/2
Atigniﬁon X d v.s. Hxa

- The stage 3, saturation,

IS reached at the end of
reheating because f, (T)

IS O more diluted.

Alternatively, DM can be burst produced
during y, thermalization (i.e. y, is not always

thermalized).



Burst Production during Reheating.
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-Radiation dominated era:

~1 3 )
Atignition X d v.s. Hxa

-Reheating era:

~1 —9/8 —3/2
Atigniﬁon X d v.s. Hxa

- The stage 3, saturation,

IS reached at the end of
reheating because f, (T)

IS O more diluted.

Alternatively, DM can be burst produced
during y, thermalization (i.e. y, is not always

thermalized).



¢ 1S dominantly produced at the end of reheating
iy~ 8, TR Py~ MiITR@T =Ty

Explaining abundance of DM gives

4 g*,S[ TR ]
gy, 100

meg = 50eV — [1 — 100]€V

Coldness (Lyman a bound [,pg < 0.06Mpc ) requires

- M, < 0.02 (gs*[Tprod])1/6 'm<l5.
Torod ™ 100 eV :




Comment: the difference between usual
hot DM and burst production with y, < ¢y,

Usual Hot DM scenario Burst production
: 3 :?"""; --------------------------------
(Mil) ) > S > H At T=T, <M11> o) > H > S at 7= 1,

.n, ~ g,T° from thermal equilibriumi:.n, ~ g, 7° from quasi-equilibrium of ;

'+ bose-enhancement dynamics

' => eV mass for DM abundance . => e\ mass for DM abundance
.Comoving momentum is .-Comoving momentum is
N/ I | ny/ 2
P comoving prodTprod T pcomoving prodM 1 / Tprod



How about 2 to 2, e.g. yy — ¢¢?
Preliminary results from [Kodai Sakurai, WY, in preparation]

. Depending on the crosssection, Burst production happens:
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How about 2 to 2, e.g. yy — ¢¢?
Preliminary results from [Kodai Sakurai, WY, in preparation]
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How about 2 to 2, e.g. yy — ¢¢?
Preliminary results from [Kodai Sakurai, WY, in preparation]
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Hints for eV DM:

Interestingly, In the huge parameter region,
we have colncidences around eV.

The anisotropic cosmic infrared :
background (CIB) data suggests ¢
a decaying DM with '

/ The TeV y spectrum gets a better
fit by photons from ALP DM
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A high-resolution infrared spectrograph is

one of the most efficient DM detectors.
A164 ~ 30000 T. Bessho, Y. Ikeda, WY, 2208.05975

eV DM search with WINERED @ Magellan
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Ackermann et al, 2013
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with NIRSpec @ JWST

A high-resolution infrared spectrograph is

one of the most efficient DM detectors.
A1OA ~ 3000 T. Bessho. Y. lkeda, WY, 2208.05975

See also Janish, Pinettl, 2310.15395, Roy et al, 2311.04987 with blank sky data,
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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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Result: subtracting continuous spectra
(Only apply to line spectra)

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

REDC

WINERED
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lkeda et al 2006 m¢[eV]
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Y= —BRERNEADE =

N EIFEBED IV, 3EREERFU)\,
IFREEIRDZ < W (c.f. 4R DEEl v.s. WIMP
search O(1)%).

* “eV-Dark Matter search with WINERED”, May 2024, PI. WY Co-I. Ikeda, Bessho, Kobayashi
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Bessho, Ikeda, WY, Paper 13096-274 (SPIE-Conference 13096)
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Bessho, Ikeda, WY, Paper 13096-274 (SPIE-Conference 13096)
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Bessho, Ikeda, WY, Paper 13096-274 (SPIE-Conference 13096)
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Dark Matter Quest Spectrograph(DMQS)

Bessho, Ikeda, WY, Paper 13096-274 (SPIE-Conference 13096)
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Figure 3. The top and front views of the optical layout of the high-resolution mode of the DMQS
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