ALPino/gravitino as decaying dark matter
and cosmological signatures

ALP: axion-like particle, ALPino: fermionic partner of ALP
SALP: bosonic partner of ALP
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Dark matter

Accumulated evidences from observations of the Universe

Known properties
- long-lived over the age of the Universe

- accounting for about 30 % of the present energy
density of the Universe Q, h* ~ 5Q . .h* ~0.12

- feebly-interacting with photon and baryon

- not too hot to smear out primordial density contrast

Weakly-interacting massive particle (WIMP) paradigm
- satisfy above properties w/ new Z,symmetry

- originate from electroweak-scale new physics
solving the hierarchy problem - WIMP miracle

- Intensively investigated in direct/indirect detection experiments



No naturalness so far...

LHC discovery of 125 GeV Higgs and null-detection of top partners

- something wrong in the hierarchy problem and postulated
solutions (including but not only electroweak-scale SUSY)

WIMP is no more as a miracle as we expected...

- new theoretical reasoning for WIMP?

- mini-split SUSY
- sfermions > 100 TeV ; gauginos ~ TeV
- 125 GeV Higgs - dark matter

- precise grand unification

No convincing signals in direct/indirect detection experiments so far



Cold dark matter and beyond

Structure formation is a good laboratory of dark matter;
provided the properties; projected surveys

Cold dark matter (CDM) hypothesis - works well on large scales
- non-relativistic?
- warm dark matter (WDM) m ~ 1keV
- collisionless?

- interacting (w/ radiation) dark matter (IDM) ¢/m ~ 10~ cm?/g

- self-interacting dark matter (SIDM) o/m ~ 1 cm?/g

- stable?
Gjecaying dark matter (DDM) )
L o - to be further

(0}-1%{2) 1!~ 10Gyr Vj -kick velocity studied




What | will discuss

O—»-ALP 2 -long-lived * Hereafter m; > ms,
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- light & harmless

Underlying particle physics
- lifetime VS kICk velomty
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Cosmological sighatures part 2

- expansion history of the Universe
- dark matter halos
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" ALP flux part 3\

\ conversion to gamma-ray in the MW magnetic field Y.




Underlying particle physics



SUSY ALP model

ALP - pseudo NG boson and harmless for large f,

ALP SUSY multiplet ; jé\aL_PALp - ALPING
A= 7 +4/20a + 0°F,
2

— ALPino mass ~ gravitino mass

Not necessarily, but |1 —m;,/m;| < 1 < V, < clis possible

e.g. KSVZ-type model

w/ minimal Kahler potential (X e.g.,K > |X|2|S|2/M§1 )
+ sequestered super potential W > AZ(XY — f2) + W(S)
— tree-level m; = ms),
+ 1-loop correction W o kXQ0 Amy/ms, = k*/(4m)*



Lifetime vs kick velocity

Assume that MSSM SUSY particles are heavier

1
Decay operator & o —

0,.aw,y"r*iysa

Lifetime

3
1 TeV 100 km/s \°
~ 11 Gyr v 1 —my,/m; < 1
k

ng

Kick velocity

1 —mz,/m?
Vi /c = 2o Parameter set {(m;, ms,| m,, f,)
< (Fd ’ Vk)




Cosmological signatures



Expansion history of the Universe
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Hubble parameter

H(z)/(1+ z)
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Jeans scale

With V,/c ~ 0.2 and T""! ~ 35Gyr, 30 %of DDM decays by today
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Jeans scale of daughter DM is &, ~ 1/Gpc at present

— hot component



Jeans scale

With V, ~ 30km/s and I'"! ~ 14 Gyr, 60 % of DDM decays by today
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A P(k)/Pycpu(k)

Matter power spectrum
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Suppression of the matter power spectrum

— constraints from weak lensing z = 0-1 k£ =0.1-1/Mpc
Lyman-«a forest z=2-4 k=0.1-10/Mpc

t ~2Gyr at z =3 — hard to constrain I'"! > 100 Gyr
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N( >Vmax)
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MW satellites

missing satellite problem

©(10) more subhalos
than MW satellites
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Halo structure
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- steeper inner profile
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Halo structure

too-big-to-fail problem
- ~ 10 biggest subhalos are missing

Vcirc [km/s]

Vcirc [km/s]

''=10 Gyr, V,=20 km/s
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ALPino parameter space
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ALP flux
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ALP energy at emission
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Emitted ALP has E, = 0.1-100 GeV up to red-shifting
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Cosmic ALP background
—>- P raV|t|no

10°¢

|F_ = 10_1 14 [Gyr]
Qoh ' Vk/c ~ (. 8

107!

1072

1073

> background

L
o
Ra

10_4 Y2 | e T | \ R
1074 1073 1072 10-1 10Y

a

For I'"! <1, ~ 13.8 Gyr, emitted ALPs
predominantly contributes to diffuse background
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Galactic ALP emission

For I'"! < 1., ~ 13.8 Gyr, emitted ALPs predominantly
contributes to Galactic monochromatic flux
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ALP-photon conversion

Wegr D — \/zgaB A WpWg

Adiabatic conversion rate through Galactic magnetic field

B9 " [ 10%ev ) g 2/ E o\
uG m, 10-13 GeV-1 47 GeV

S, Q) mc%/Ea > galeTl

Morphology - convolution of B (s, ) and Pdgm(
llilllﬁlli'l'ﬂllliill

|

2.x107° 1.4x1073 1_><21o-1 1.5x107% 2.8x107* 5.3x10™* 1.x1073

d-d
. 2 /4 .

decay + conversion | £ MeViem¥s/stl - direct decay




10710

107"

10712

10713

Jar (GeV ™|

10714

1071°

ALP parameter space

H, tension

CAST

Globular clusters

</ ALPS II

§ 5‘:\7? m.=m
- étf s = 32 [AXO~ |
i &)
~ Qas ~ fafid )’
[ e e v e e e wmm e e v e e e e wmm e - - - — — — — — /——,
gQaf s>>Qa f.i.d /'
— W4
[ ,&\?/'
o @ .
N\
=| 75 ~ 35Gyr &7
= &7
=l m3p = 1GeV C)Q'/'
B MawmfiNlTeV S/
] I I 11 I O O 1 |/||||||I Ll el

8

10°1% 102 10® 107 10° 10° 10* 10°°

m, |eV]

1

A°D/M]

24

Production from
thermal bath
around reheating
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ALP parameter space
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Summary
Decaying dark matter T'~! ~ 10 Gyr

- relatively new bottom-up approach

- to be further understood
- ALPino/gravitino as underlying physics (g, m3,, m,, f,)

Cosmological signature [, m3) g, £)
- change in expansion history of the Universe o (T2, V)
Vk/C ~ 0.1 ¢

— possible solution to H,, tension

- change in galactic-scale structure formation V, ~ 10km/s

— mitigating small-scale issues

20

ALP flux - direct detection? . "

-------

- ALP-photon conversion in Galactic magnetic field o g

— monochromatic gamma-ray flux with unique morphology



Thank you for your attention
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Hubble parameter

MCMC for low-redshift data
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Probing matter power spectrum
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galaxy population
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Lyman-a forest
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Small-scale structure

Possible discrepancies from the CDM (WIMPs) prediction on
galactic (sub-Mpc) scales (small-scale issues)

Issues may be attributed to incomplete understanding of
complex astrophysical processes (subgrid physics)

- gas heating from ionizing photons

Rapidly developing hydrodynamic simulations are going to reach
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Missing satellite problem w/ WDM
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Too-big-to-fail problem w/ WDM

Schneider, Anderhalden, Maccio,
and Diemand, MNRAS, 2014

V.re [km/s]

WDM reduces a predicted number of
bigger subhalos than observed satellites
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Lyman-a forest constraints on WDM

WDM suppresses clumping of
neutral hydrogen probed by
Lyman-a forest in high-z
guasar spectra
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Halo structure
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(data-model)/data

0.15
0.00
—0.15

Gamma-ray

.\.
| \ N _
_ \, N ]
: N
- 0° <=1<=360° N ‘
- 8% <=1|b| <=90° AN 1
| SOZ8R30TeC2 1
i - B
; Lo o0 ; ; T T T B B | | L
103 10* 10°

38



9

Different Galactic magnetic field model |

disk + toroidal + poloidal halo Bae, AK, and Kim, PRD, 2019

ansson and Farrar, ApJ, 2012
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