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We have plenty of indirect evidences for Dark Matter
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All the indirect evidences of dark matter are from gravitational effects of
astronomical observation



We also have plenty of Dark Matter candldate
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Motivation of Axion
New physics beyond the standard model (SM) in particle physics:

1.Strong CP problem |6] < 107% v {O)
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Misalignment mechanism(Axion DM non-thermal productlon)
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2.Generic prediction of the new physics of string
D. J. E. Marsh,|1510.07633

and M-theory compactifications




Small scale structure anomaly in cosmology

1.cusp-core problem

CDM predicts that the center of dwarf galaxies are cusp-like, observation
shows they are core-like

2.missing satellite problem
CDM predicts more satellite galaxies than we observed.
3. too-big-to-fail problem

Many of the satellites are so big that there must be enough stars in it so

that we can see them.
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Axion as Dark Matter: Fuzzy Dark Matter(FDM)

10-33eV 107226V eV keV GeV M, Mg Mass
----- fapig e o] i f i — | >
DE Ultra-light DM “Light” DM WIMP } )‘\”I“"””“" Primordial BHs
Not DM | Limit

thermal relic

Many name in references: FCDM, BECDM, ULDM, DM, quantum-wave DM,
(ultra-light) axion(-like) DM (ULA, UALP)...

Fuzzy Dark Matter: DM as an extremely light(pseudo) scalar particle.

Very tiny mass = large de Broglie wavelength (A ~ 1/m)

Macroscopic quantum (wave) effects on kpc scales(Galaxy scale):
Structures resist collapse below quantum wavelength

Lam Hui et.al Phys. Rev. D 95, 043541 (2017)
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Evolution history of the universe:

Years after the Big Bang

[
0.1 billion 1 billion 4 billion 8 billion 13.8 billion
| il |

The Big Bang 7

>

seby Mleq ey
Aep jusesalid

.
\r
L3
.

Reionisation

-

*1SJl Y} JO UoRULIOY

Q
wn
={e
)
=
©
S
/3]
O
)
O.
®
e
wn

- » Fully ionised

>

I
10
Redshift + 1

Pre-recombination nonlinear structure First generation stars and first
Photon-baryon formation generation galaxy formation
coupling
only cosmological Astrophysical and cosmological
signals(21cm) signals(21cm)




21-cm Lme of Atomic Hydrogen
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21cm spin temperature and brightness temperature

- ~dl, .
Radiative transfer equation: 7 = —kr, 1, + 7,
2
Rayleigh-Jeans limit: = 2kpv T, (v)
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The formal solution of radiative transfer equation:
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Measure the 21cm brightness temperature

. Global spectrum:
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Baryon Acoustic Oscillations(BAO)
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Velocity Acoustic Oscillations(VAO)

Under the interaction of photon pressure and gravity, both the baryon density
(BAO) and velocity (VAQO) different from dark matter.

1+ =z
~ 30 k
Udb ~ 3 ( 1081 )[ /s
€.09. Zrec = 1020 M = Udb/cs ~ 9 mkvdb = jH1/2 = % ~ 4OMpC_1
<vdb> dec
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Comparable with the circular velocities of dark matter halo has:

@ Orms = 0.6 km s

The relative velocity > 10, would be significantly suppressed the formation
of the first generation stars, in turn impacts the 21 cm signal



Velocity Acoustic Oscillations(VAO)

Relative velocity field of van(k,a) = _ik_{sd/b(k, a) = —i——T 4 (k, a)dps

baryon and dark matter:
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The Big Picture DM-Baryon relative velocity
(the large-scale coherently oscillating structures)
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Critical Mass
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Critical Mass
The critical mass depends on the relative velocity of baryons and dark matter, the
cooling mechanism of gas, LW radiation, X-rays

IW':() . Jﬁ':()
[ NG Jo1 = 30, Mapiz o< (14 2)77 | vpe = 60 kim/s (20)
107 E . r'\’\'\‘\l\
10°
ib f [ vy = 30 km/s (1o \1\_\
vpe = 0 km/s

?\

B 10° |
: 27.5 30.0 15.0 17.5 20.0 22.5 25.0 27.5 30.0

Z

Kulkarni et al.2021

ecC rec
Mt (JLw 21, Vgp » 2) = Mp—20(Jrw 21, Vg, ) X ( o1



VAO signal

The VAOs statistically independent from density fluctuations sourced by over
densities so they can be linearly added to the usual (no-vdb) 21-cm power

spectrum to obtain the total signal.  \ur0z J. B. 2019a, PhRVD, 100, 063538
2 Munoz, J. B. 2019b, PhRvL, 123, 131301
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The evolution of VAO signal

CDM (f* :0005, CX :5X1055M51, feS(l,L\VgL\'V

_ ~BLO5
=SLw

beyond the frequency 39
range of the SKA-low
band.

30

The first-generation stars have not
yet formed in large numbers

No signal ::>25-

N

The best redshift for
detecting VAO signal

E——

157

Ly-a saturated, IGM fully

heated, 21 cm signal ::

independent of spin
temperature
No signal

1)

39.5

r42.7

-46.6

+51.2

r85.1

—25 —22 —19 —1.6 —1.3 —1.0 —0.7

log(k/Mpc™)

127.2

)




The evolution of VAO signal

Dependence on the efficiency of first-generation star formation :
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Dependence on the LW feedback:
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Dependence on the X-rays:
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CDM vs FDM(Axion)
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Velocity Acoustic Oscillations(VAO)
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21cm Global spectrum in different dark matter model
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SKA-low: The detectability of VAO signal
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VAO signal and the expected measurement error of SKA

Fit the smooth component of the 21 cm
power spectrum by a polynomial:
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The VAO signal in various dark matter models
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The VAO signal in mixed dark matter model
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The amplitude 8
of the strongest
peak vs f,, for

R
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estimate the VAO signal:
6T 2

peak =
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f(m,) = 2.8{1 + erf[1.35(log m, + 18.5)]},
g(f.) = 7.34 + 4.121og f. + 0.59(log f.)?,

- [10(—18.3—logma)] 0.2 exp [_10(—18.3—logma)],
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Summary:

1. The 21cm signal at the cosmic dawn contains important information of cosmology
and astrophysics.

2. With the formation of the first-generation stars at the cosmic dawn and the radiation
field is build up, the VAO characteristics appear on the 21cm power spectrum in a
specific window period.

3. VAO signals can be used as good tools to distinguish whether the dark matter has
small scale structure(different dark matter model)

4. SKA1-low and SKA2-low may measure such special 21cm signal characteristic.

Thank You!



The CMB, cosmic gas temperature, and 21 cm spin temperature
in thé& dark ages, cosmic dawn and the epoch of reionization
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