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Dark Age and 21 c¢m signal
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First Stars and Reionization Era

The Big Bang/Inflation

Time since the
Big Bang (years)

~ 380 Thousand

~ 400 Million

~ 1 Billion

~ 9 billion

- 137 Billion £

Dark Age

Epoch of Reionization
-7 (of hydrogen) .~

Today: Astronomers look back and understand

|

\
|
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Expanding Universe

Universe filled with Redshift of the wavelength of photon
ionized gas:
fully opaque
Universe becomes _ aO
neutral and transparent 1 + 7= —
a

Dark Age: z = 30~300

Cosmic dawn:

_ The era when the first astrophysical
Galaxies and Quasers .
DTG sources of light were formed (13<z<27).

reionization.
35.4K(3meV) < T < 73.6K(6.3meV)

Reionization:
Re-ionization of neutral hydrogen atoms

Reionization complete . « Lo
0% apacty due to energetic radiation from first

Galaxies evolve astrophysical objects formed (6<z<I3).

Dark Energy begins
to accelerate the

| expansion of space

Our Solar System

\ forms

\
\

During matter-domination,

t~to/(1+4 2)3/?



What happens during Dark Age!
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21 cm line from neutral hydrogen
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Spin Temperature

Spin temperature is affected by the absorption of microwave photons,
as well as by resonant scattering of Lyman-alpha photons and atomic
collisions.

Tonp + 2eToas + 2T}
1+ x4+ xo

T =

Here Tgas is the (kinetic) gas temperature, T, is the effective
(color) Lya temperature which is very close to Tgas, and x.
and x, are the coupling coefficients for collisions and Ly«
scattering, respectively. In Eq. (1) we neglect the peculiar
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eUse CMB backlight to probe 21cm transition

/=0
f=1.42GHz fobs=68MHz

2lcm — 44|cm

In the equilibrium with CMB, T =1,

If 7s <7y more absorption

If 75> 1y more emission
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e Spectroscopy and Redshift

spectrum from the from the object
object with rest moving away

Analysis of white light by dispersng it
with a prism is example of spectroscop

A

A wavelength
— =14z .
A

The wavelength from moving away
becomes longer (Doppler effect).
Comparing the absorption lines, we can
calculate the recession velocity of a galaxy
and cluster.




Most of the !

Visible light infrared spectrum Radio waves observabl Lo;gwavelength
Gamma rays, X-rays and ultraviolet observable absorbed by from Earth. £ radio waves
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Log Intensity (erg cm-2sec-1 ster-1 Hz-1)
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However, the various foregrounds (i.e. Galactic free-
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Differential Brightness Temperature

ATy =T, —TouB

How much brighter or dimmer the neutral hydrogen 21-cm signal is compared
to the background radiation (CMB)

T, —Tr\ (1+2\ "% [ Qh2\ [ 0.15 \ /2
ATy ~ 27 mK
b= 27 m ( T, ) ( 10 ) (0.023 Qnhz) T

Xy 1S the fraction of neutral hydrogen

Ty is the temperature of the background radiation.
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21cm signal from astrophysical models
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Figure 1. The 21-cm global signal as a function of redshift for
our standard case (black line), with red points marking the three
turning points (from left to right: the high-z maximum, the min-
imum, and the low-z maximum). Light-blue lines show the entire
set of realizations of the 21-cm signal for the 193 different as-
trophysical models discussed in this paper and summarized in

Table 1. The full list of models appears in Appendix A.

I5

low-z max [Cohen et.al,1609.02312]
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EXPERIMENTAL ARCHITECTURES TO MEASURE THE COSMIC 21-CM SIGNAL

< MEASURING TWO DISTINCT SIGNALS FROM COSMIC DAWN & EOR »—
( APPROACH 2: POWER SPECTRUM EXPERIMENTS (SPATIAL FLUCTUATIONS)

APPROACH 1: GLOBAL SIGNAL EXPERIMENTS (SKY-AVERAGED SIGNAL)

STAND-ALONE RADIO ANTENNA
(blade dipole and log-periodic)

SINGLE STATION
(e.g., EDGES, SARAS)

GLOBAL 21cm SPECTRUM

>

ABSORPTION
TROUGH

Trenm| pesaslits

> OBJECTIVE: Measures Total Brightness
| Temperature (T,) as function of
frequency/redshift (z). Maps global
thermal history, first stars® absorption

EXPERIMENTAL SETUP:

Single highly calibrated antenna,
ultra-stable receiver, spectrometer.
Small, mobile footprint.

KEY CHALLENGES:

Separating signal from 10,000x
brighter Galactic Foreground.
Calibrating instrumental chromaticity
and reflections.

NOTABLE EXPERIMENTS:
EDGES (First claimed detection at
~78 MHz), SARAS, REACH.

/

.

< OBJECTIVE: Measures spatial
clustering and statistical fluctuations
(P(k)) in 3D (2D sky + 1D frequency).
Maps bubble-like patchy
Reionization topography.

= EXPERIMENTAL SETUP:
Large numbers of synchronized
antennas, massive supercomputing
correlator. Kilometers of footprint.

KEY CHALLENGES:

Mitigating foreground 'wedge’
corruption and antenna coupling.
| Correcting ionospheric distortion
| and calibration.

‘T NOTABLE EXPERIMENTS:
HERA, LOFAR, MWA, SKA-Low.

INTERFEROMETRIC ARRAY
(e.g., HERA, LOFAR, SKA-Low)

3D DAYA CUBE
v, oy
(X y_ foquency 21cm POWER
SPECTRUM

COMMON EXPERIMENTAL STRATEGY: RADIO-QUIET ZONES & REMOTE DEPLOYMENTS

wy X RFI MITIGATION: Human FM radio, TV, and

Q A% 1%

WEST AUSTRALIA

OUTBACK SOUTH AFRICA

7
b ~
y ¥

KAROO DESERT,  FAR SIDE OF MOON
(LuSee-Night concept)

9, DEPLOYMENT: Essential to locate all
sensitive hardware in the most remote,
radio-silent areas of Earth or space.

satellites cause severe blinding interference.

S L = TG
i’

~ ~ L | o

3D DATA CUBE
(x, y, frequency)
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Early Matter Domination (eMD)
and
Low Reheating Temperature
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Early Matter Domination (eMD)
and Low Reheating Temperature

The Universe is dominated by heavy particles (early matter domination)
and reheated (radiation domination) by the decay of them. It happens

for: »
Treh ~ < 20 ) FMP
Ty

¢ Inflaton oscillation

e Thermal inflation 1

Scalar
Radiation
DM

e Curvaton domination 1074}

* Heavy axino and saxion < 1078}
e Moduli < o-n)
e ... 10-16]
107204

110 100 1000 10* 105 106

scale factor (a/a;)
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Background Energy Density

Pr

mg = STeV, Ty = 20Gev _OCAIAT
Radiation |

20 =
5 H

100 10° 108

scale factor (a/aj)
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Creation of Isocurvature Perturbation of WIMP DM
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Creation of Isocurvature Perturbation of WIMP DM

After chemical decoupling and before reheating during scalar-

domination:
Dark matter and radiation are still kinetically coupled: ¢, = 0,.
0,

O, X ——,

a

0, X —— O0p —0,),

r 3 a —l_ pr ( ¢ i")
Radiation is still produced from decay of the dominating scalar,
however dark matter is not produced any more.

The difference in the number density creates the isocurvature
perturbation between dark matter and radiation.

4 D, 4

Ki-Young Choi, Paris, COSMO2017 21

reh

h 2
S(t) ~ —> / = 40P zécpi( K ) . [KYChoi, Gong, Shin 2015PRL]
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Creation of Isocurvature Perturbation of WIMP DM
[KY Choi, Gong, Shin 2015]

reheating kinetic
20 - . . . . . 60 | decoupling
[ [Oraa/®il kmet'? 10500/
15} [Oam/®il decoupling 4ol 1/
ol I5/3%i reheating l 1S/3®;]
| VoA :
5t / =
| i
of mnu'i"h. _ Of
5L, - - - - - - ~20L - - - - - -
1 10 100 000 104 10° 106 1 1C 100 1000 104 10° 1006
scale factor (a/a;) scale factor (a/a;)

Horizon entry during early MD

Horizon entry after reheating bef heati
efore reheating

N I

Damping erases the perturbations. Enhancement and No damping.
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Damping and Enhancement of Density Perturbation
[KYChoi, Gong, Shin 2015]

A dam - ‘ enhancement
107F P28 1| during eMD
— [0am/Po| at aleaeq Y\
S
¢ 100f t
E I ]
3 | \[\ |
T suppressed by
1F free-stregming
Tlédm/q)ol at a= IOOClkd :
| super kinetic A
horizon decoupling
0.001  0.01 0.1 | 10 100
Large scale k /kreh Small scale
reheating
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The scale which enters during eMD, is not suppressed during
the kinetic decoupling, and thus there exists smaller scale
objects than the scale of kinetic decoupling.

Ki-Young Choi, Paris, COSMO2017
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Low-bound on reheating temperature with dark matter
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Low bound on Reheating Temperature

|. Big Bang Nucleosynthesis
:at low-reheating temperature, neutrinos are not fully thermalised
and the light element abundances are changed,

Tien 2 0.5 —0.7MeV

Y

Tien 2 2.5MeV —4MeV  for hadronic decays

[Kwasaki, Kohri, Sugiyama, 1999, 2000]

2.BBN+CMB
: precise calculation of the cosmic neutrino background and CMB

Treh z 4.7 MeV

[Salas, Lattanzi, Mangano, Miele, Pastor, Pisanti, 2015]
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New bound on low-reheating temperature
[KYChoi, Tomo Takahashi, PRD 2017]

3. Dark matter halos (Ultra Compact Mini-Halos, UCMHs)
: density perturbation during early matter-domination and no
observation of small scale DM halos.

Tren = 10 MeV — 100 MeV
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UCMH FORMATION MECHANISM

Ultracompact Minihalo Accretion & Growth

UCMH GROWTH & FEEDBACK
UCMH PRIMORDIAL GAS DARK MATTER GRAVITATIONAL
(Ultracompact Minihalo) CAPTURE ACCRETION COLLAPSE
Initial Seed Enhanced '
(Cosmic Dawn) Density Profile
- (p o<
" UMH &«
HEAT &
—— Bl — COLLAPSE =

Enhanced Enhanced Continuous
Fluctuation Density Profile DM Infall
(p o< r94)
An early-formed, Cooling gas from the early Continuous dark matter Runaway collapse leads to
extremely dense core universe Is captured by the accretion expands the halo mass extreme core densities
deep gravitational well and feedback

‘ CONSTRAIN SMALL-SCALE DARK MATTER \

Density grows during eMD and becomes large enough to make UCMHs
at later epoch, even with almost scale-invariant power spectrum.
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UCMH DARK MATTER GAMMA-RAY EMISSION PRINCIPLE

Ultracompact Minihalo

1. CORE STRUCTURE: ULTRACOMPACT DENSITY PROFILE g

UCMH s $ 1 _UCMH (p & r4) DARK MATTER
p SN EXTREMELY STEEP PARTICLE (WIMP)
: CENTRAL DENSITY Xeo

GENERAL HALO

(General Halo) ANNIHILATION
| RATE PROPORTIONAL

DENSITY

DEN;IT&

»

CORE DENSITY
" IS MILLIONS OF
TIMES HIGHER

& n
FORMED BY

EARLY UNIVERSE
COLLAPSE

10 SQUARE OF 27 /1 \
x + x — PARTICLE PAIR -
CASCADE DECAY
3. O0BSERVATIONAL PHENOMENON

GAMMA-RAY SPACE
TELESCOPE
(FERMI)

2. ENERGY CONVERSION MECHANISM: DARK MATTER ANNIHILATION

CASCADE \ / Nl
DECAY  quark o GAMMA-RAY
o0 N . (Gamma-ray Photon)
\\w > - O 3 E= mxcz
-2 &2 e
B0SO }’ GAMMARAY
STANDARD POWERFUL . 7
MODEL GAMMA-RAY L, f pdV
PARTICLES EMISSION /

NIGHT SKY
UCMH HAS VERY SMALL SIZE .

o . MYSTERY o .
4 . GAMMA-RAY _ ~——"
. DOT  EMPTY SPACEWITH

: @,, N NO OTHER GALAXIES

OR BLACK HOLES
. 7 SCIENTIFIC SIGNIFICANCE

- 23 v Y9
.- ' STUDY OF DARK MATTER
CAPTURED AS ' PARTICLE MASS AND EARLY
SINGLE POINT SOURCE " UNIVERSE FLUCTUATIONS
BY EARTH TELESCOPE

AN

WIMP annihilations in the UCMHSs can produce gamma-ryas,

which might be detected on Earth.

29

Ki-Young Choi, Sungkyunkwan University, Korea




Low bound on Treh with WIMP DM of UCMHs

UCMH production from the large perturbation

104 E R é
. Allowes zc=1000 UCMH constraint by Fermi-
R 107 F 3 LAT from annihilation of
- Z s = 107 Mpe— - WIMP DM.
g:: 102 ' Disfavored by Fermi-LAT '
~ : ko — 100 Mpe— | Tr 2 10 — 100 MeV
: Disfavored by BBN, CMB [KYChoi,Tomo Takahashi, 201 7]
0 . w
10 =
10" 10 10°
ko Ko cf) Tren = 4.7 MeV BBN+CMB

kivey = 10* Mpc™?

[Kwasaki, Kohri, Sugiyama, 1999, 2000]
[Salas et al 2015]
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UCMH INTERACTION WITH THE 21CM HYDROGEN OBSERVATION

Impact on Cosmic Dawn & EoR

1. UCMH IMPACT ON COSMIC DAWN HEATING & 2. MECHANISM: ENHANCED 21CM ABSORPTION SIGNAL \
+ UCMH-ENHANCED | WIMP (DM) / UCMH NEUTRAL HYDROGEN (H1) —> SPIN POPULATION —> AFFECTED 21cm
> |~ cosmic DAWN ® INTERACTION e = SIGNAL
3 ''s
hrs ENHANCED - \:“"‘1 HEATING & NN @ 1T, 4) eoof @ JIT, W
= PRIMORDIAL __r e, COUPLING o A A e
2 S @ icicroum . BACKGROUND , MODFIEDSPIN | pcstence atuaL
=
ol i RADIATION (CMB) RADIATION (CMB) POPULATION
. = UCMHENHANCES2lcm  COUPLESSPINTEMP (T,)  DEEPENS COSMIC ‘ V‘
CMB (or Spin) TEMPERATURE GLOBAL UCMH
VS.COSMICTIME(z) |  ABSORPTIONSIGNALINCMB  toKINETICTEMP(7,)  DAWNSROORFTION | |5 Shecrium
A 3. DETECTING THE UCMH SIGNAL

LOW-FREQUENCY COSMIC DAWN

21cm INTERFEROMETER S .
ARRAY & - PATCHY 21cm ABSORPTION

FORMED BEFORE
FIRST STARS

SEEDS FOR
ENHANCED
2lcm

ABSORPTION (e.g., SKA or LOFAR) @ . : . o Y .
- ' : SEEDS  ENHANCED 2lcm
’: 4 A Mlgls.%BNA(L‘,gP\ICCIEPT > ABSORPTION SEED
= g Bae?” ' [SCENTIFICSIBNIFICANCE
2lcm GLOBAL ; p i G TR TR B N Sl STUDY EARLY UNIVERSE
(, P e, Bt
g, lcm

WIMP annihilations in the UCMHSs can release energy, which might
affect the thermal history of Universe and 2lcm lines.
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Early Matter Domination and 21cm

Early matter domination

—» Enhance matter power spectrum at small scales

—» Change of comoving DM halo density (UCMHs)
—» DM annihilation changes thermal history of IGM

—» Impact on the global 21cm observation
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Mass function of UCMH

Press-Schechter theory: non-linear effects on small scales from linear
power spectrum

dn p dF

) 7 (R, 2)
dM MdM M dM

where the probability to form UCMHs for coming size R

BUR, 2) = ﬁmlﬂ(ﬁ) /:max - [_2025;3)] 49,

min

DM mass variance

o0 dk:
O-i/[(t) = 02(R7 t) — / Wt%)p—hat(kR)PX(k7 t)?a
0

3 (sinz — xcosz)

with w(z) =

xrs
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Energy release fromDM annihilation

DM annihilation in the halo releases energy per time per volume

dFE (ov) dn
2 =1+ 28T [ am | arr2pR (r)d
vl =T / g | e,

changes thermal history of the Universe

dz, 1

(1+2) = Rs(z) — Is(z) — Ipm(2)] 1 1 dE
dz  H(z) | Ipm = fi(?)
di SOTGRTéLMB a:e(Tk — TCMB)
(1+2)— = 1 dE
d 3 € H 1 e e K = i —
z mecH (z) + fHe + pM = frn(2) ny AV,

2 Kpwm
3]€BH(Z) 1+ fHe + Te

+ ZTk,

f(z) Energy fraction into IGM
X_e:ionization fracrion
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Spin Temperature

Spin temperature is affected by the absorption of microwave photons,
as well as by resonant scattering of Lyman-alpha photons and atomic
collisions.

Tonp + 2eToas + 2T}
1+ x4+ xo

T =

Here Tgas is the (kinetic) gas temperature, T, is the effective
(color) Lya temperature which is very close to Tgas, and x.
and x, are the coupling coefficients for collisions and Ly«
scattering, respectively. In Eq. (1) we neglect the peculiar
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Differential Brightness Temperature

ATy =T, —TouB

How much brighter or dimmer the neutral hydrogen 21-cm signal is compared
to the background radiation (CMB)

T, —Tr\ (1+2\ "% [ Qh2\ [ 0.15 \*/?
ATy ~ 27 mK
b= 27 m ( T, ) ( 10 ) (0.023 Qnhz) T

Xy 1S the fraction of neutral hydrogen

Ty is the temperature of the background radiation.
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Impact of radiation from primordial black holes on the 21-cm angular-
[Yupeng Yang, 2022]

power spectrum in the dark ages

=
= 101k —— 1. JeBH=0
——— 7T, fepn=10""
(V) I L ——
1030 100 500

redshift z redshift z
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Summary

e Early Matter Domination (eMD) occurs often.

: Density perturbation can grow during eMD

e The smallest scale of objects

: More PBH/UCMHs can develop and exists, where DM annihilates
and may change the thermal history of Universe, including 2lcm
lines.

e Bound on eDM: duration and the reheating temperature

:The deviation of brightness temperature can be used to constrain
the physics of eDM
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Thank You!
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