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GALAXY EVOLUTION

CONTINUES...

FIRST STARS
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AFTER BIG BANG
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Planck 2018, CBS (w. lensing): w precision 3% (wCDM); wq precision 8%, w, error 0.3 (wow,CDM)
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Years after the Big Bang
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The collisions and photons did, however, pack just enough punch to flip an electron so that its spin pointed the same
way as the proton’s. When the electron flipped back, it released a photon with a wavelength of 21 centimeters.

21-centimeter

photon ALIGNED SPINS
ANTIALIGNED SPINS |
Spinup
S —C 9

Spindown

§ — 9 3

The kinetic energy, photon energy and spin energy
were three reservoirs that interchanged energy by
various means.

The amount of energy in each reservoir can be represented in terms of temperature:

the higher the temperature, the greater the energy. At the start of the Dark Ages,

all three temperatures were the same (a). Then the kinetic and spin temperature

KD began to fall faster than the photon energy (b). After a while, the spin temperature
returned to equilibrium with the photon temperature (c). Finally, stars and quasars

BACKGROUND RADIATION warmed the gas, pumping up the kinetic and spin temperatures (d). The relative

ENERGY temperatures determine how (and whether) the hydrogen can be observed.
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Line Intensity Mapping (LIM)

CMB Dark CosmicDawn/  Reionization Growth of Structure

Recombination ~ Ages  First Stars

Inflation
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* Time after the Big Bang

Thanks to the expansion
of the Universe, the
source of the CMB

— the boundary of the
observable Universe —
has moved to a
distance of 45.5 billion
light years from Earth.

* 1 light year = 0.3 parsecs.

Cosmic microwave background

¥ 380,000 years Hydrogen
) photons
First stars travelling

‘Comoving distance’
takes into account this
expansion and
represents the distance
light has traversed
from objects that
disappeared long ago.

% 50 million years

to Earth
[}

121 cm

Wavelength

\ Although the early cosmos is
long gone, its light is only now

reaching Earth. The first
billion years of cosmic history,
still largely unstudied,
represent a good 80% of the
Universe's observable volume.
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SKA-Low Site, Murchison,

Western Australia
SKA-Mid Site,
Karoo, South Africa
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quasar spectrum
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CHIME (1024 units) Tianlai (96 units) . HIRA\X (1024 units)

e s
E i
¥ e
3 —

BINGO (60 beams) e & SKAMId (197 antennas)

. EiE{TEEE , BERGISCIRIINIELS
n  {EREREENESERE A ?



PSR EEICRILLE:

100 L —+— BINGO —e— FAST —=— SKAL | 100 L —+— BINGO —e— FAST —=— SKAl | 100 L —— BINGO —e— FAST —=— SKAL |
| —— HIRAX —e— CHIME —e— Tianlai ] f —— HIRAX —e— CHIME —&— Tianlai ] f —+— HIRAX —e— CHIME —&— Tianlai ]
g T | S
2101t 4 T 10k d S0 \ E
S \ 1 % | \ i 8 \ i
: [ S [
107 i W07 i 107 E
0.0 0f5 1f0 1f5 ZTO 2?5 3.0 0.0 OTS ITO 1f5 2?0 2?5 3.0 0.0 OTS 1f0 1f5 ZTO 2?5 3.0
V4 V4 V4
A H
= ERERESL ¢ BINGO, FAST, SKA1-Mid BINGO FAST SKA1 HIRAX CHIME Tianlai
ST i =T ol : : Zmi 0.13 0 0.35 0.77 0.77 0.49
| ) . HIREX, CHIME, Tianlai min
FiobEEal , C . 11ania o 045 035 3 255 255 255
- BAO*DRSD@U% Jfﬁf)rlu Na 1 1 197 1024 N/A N/A
Ny 50 19 1 1 1 1
m  FASTIRMNEL Dy [m] 40 300 15 6 N/A  N/A
IRINRETRS Sarea [deg?] | 3000 20000 20000 15000 20000 20000
m SKA17¥% 35 EE0.35-0.77 3 teot [h] 10000 10000 10000 10000 10000 10000
AR _in% Ties [K] 50 20  Eq.(2.13) 50 50 50
m HIRAX ( X#i-2. CHIME ) 7£0.77-2.5558 2%
NN . Wu & XZ, JCAP 2022
PIA :
n FLZEREME



= BINGO ' ' | " mmm CMB+BINGO . .
BN FAST 1.0f BB CMB+FAST - O Tlanlalz O'(W) =0.024
BN CHIME B CMB+CHIME
B HIRAX 05k B CMB+HIRAX . O SKAI: o(w) = 0.032
<ot [ .| = el _ O CMB+Tianlai: o(w) = 0.014
o O CMB+SKAI: o(w) = 0.013
2 -05f
O Tianlai: 0(wy)=0.16, o(w,)=0.47
-1.0f
O SKAL: o(wp)=0.11, o(w,)=0.42
| O CMB+SKAL: o(wy)=0.08, o(w,)=0.25
el O CMB+Tianlai: o(wg)=0.11, o(w,)=0.31
—i.8 —]I..4 —i.O —6.6 —6.2 0j2 —i.4 —]I..2 —ll.O —6.8 —6.6 -0.4 —6.2
Wo Wo Wu & XZ, JCAP 2022

RFIREEERIRSHTE

21K : Wi R]1X2.5-3% ( SKAL-Mid, K- )

BXECMB : wiEEA1.5%
SKA1-Mid#£0.35<z<0.77R9ABBEFFTUERBSEEEW ( XIwFIwfREIRE )
BX&CMB : wofllw, , 5CBSHE

ERBRERERET | PSR ERSEERRIELEERIEEE(ER



RESRSCISRIEHME | BXSIUK SRS

0(Dn)/Dp

Model Error FAST S(‘g‘;;:g‘él)) SKAI-MID HIRAX FSH  CBS
—e— FAST —=— SKA1-MID —e— HIRAX —e— FAST —— SKA1-MID —e— HIRAX —e— FAST —=— SKA1-MID —e— HIRA : :
ACDM o(Qm)  0.029 0.013 0.0066 0.0044  0.0039  0.006
. o(Hop) 1.8 0.65 0.52 0.32 0.27 0.44
1071 1071 | S 1071
o < o(m) 0.032 0.017 0.0069 0.0049  0.0043 0.0076
g \ = \ wCDM ¢ (H)p) 1.9 0.87 0.67 0.58 0.43 0.82
5 % o(w) 0.15 0.089 0.033 0.03 0.019 0.033
o(m) 0.035 0.052 0.019 0.029 0.012  0.0078
w wow. CDM o(Ho) 21 1.7 1.2 2.4 0.84 0.83
102} ) ) . ] 102k ) . . . | 102} ) . . ) | o o(wo)  0.29 0.21 0.13 0.22 0.085 0.082
0.0 ofs 1.0 1f5 20 25 3.0 00 05 1.0 15 20 25 3.0 00 05 10 15 20 25 3.0 o(wa) 3.5 1.4 0.57 0.71 0.32 0.32
Redshift z Redshift z Redshift z
Wu et al. SCPMA 2023
2 ACDM ;:i:ﬁ\-g ‘3:)35»0 8) 0.6 wCDM ;ﬁinoé 35) )35-0 8)
- I monas s FAST(0 < z < 0.35)+SKA1-MID(0.35 < z < 0.8)+HIRAX(0.8 < z < 2.5)
| ombination ination
2 k e
= Ny ’
b = -1.0
= Q L\b 3 > Pl —tf— \ ~
i - . QDY . rmH, TEEREK, PG
S : ;
* 1 . . XYWHIFRHIEFFCBS (10.019 vs 0.033)
62t
0.28 0.30 0.32 0.34 0.36 0.25 0.30 0.35 0.40
2 2 m XSwRiw AIFRHI S CBSHEZ
FAST (0-0.35) 2 FAST (0-0.35)
-0. SKA1-MID (0.35-0.8) 35-0.8) Al 5 . =N -
N s | 0025, m BREKXERE . (3) 21EXERAIARABANFHEFTR
[ mbination mbination
-0s8l |
N M A . = e | )\ = = 7
% n 21EXRESEMINNELS | BEELIIMEIFEEHIRET
-12 k.
-14,  wCDM 2/ wyw,CDM
62 64 66 68 70 72 15

Hy [km s~ Mpe™!]




ISPRERIR I F EHFSTRIRET

Il FRB

. GW ol

B 21cmIM ‘
I Combination i

B SGL e

GW SHFE1000
FRB 1055(3
SGL JEE3RAR8000 , BHERERS5 o
=)
-1
_2 L

FRB
GW
SGL
R 21cmIM
N =
\ Combination

15

0.26 0.3;))"l 0.34 62 Hﬂ [kG:] S_l lzi)pc_l] 74 -14 .
17 FCMB |, (VEMETELY , SCHlF RS S 5uE R

MEHGK0.2% , MEBRSELEWIR2% (WokERE6.6% , W,iRE0.25) , {EFCBS
21 BN IR A IR & R E S

Wu et al. JCAP 2023



21[ERFEF

I'

At first, hydrogen Radiation from Eventually, lonization increased
tended to absorb the first stars and  ultraviolet light as galaxies grew, and
radiation from what galaxies promoted from stars caused hydrogen’s overall

is now the CMB. absorption. hydrogen to glow. brightness diminished.
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Sources

RS : (Super-)massive black hole inspiral and merger
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Radio pulsar timing arrays

[;cﬁinary ir;spirafl and erEeT
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Extreme-mass-
ratio inspirals

Milliseconds
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