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The history of the Universe:

Years after the Big Bang
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Velocity Acoustic Oscillations (VAO) :

first peak: k ~ 0.05 Mpc~*
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The velocities of relative streaming motion: <v(21b>1/ ? ~ 30 1081 km/s|

At Cosmic Dawn, it is not negligible compared with the circular velocity of a minihalo with T3, ~
10° K, so it may reduce the gas content and star formation rate in that halo.

Dependence on LW: Dependence on relative velocity:
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k3 /(2m%) Poy (k) [mK?]

21 cm power spectrum:

net oscillations signature:
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VAO signal evolves

with redshift:
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Dependence on Pop lll properties: the star formation efficiency
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The VAO peak amplitude & redshift as a function of f,
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Dependence on Pop lll properties: LW feedback
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* Pop lll stars in smaller minihalos source the VAO signal, they are more sensitive to LW feedback;

* LW feedback may reduce the VAO signal, but unlikely fully suppress it:

1. LW feedback is self-limited,
2. part of Lya and X-ray is actually from Pop lll stars already formed previously when LW is still weak.



Dependence on Pop lll properties: X-ray
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Detectability for SKA-low :

- A St
£ - i
I 104 | =

1000 b /SKAL=LOW " Thvme—l -

100

S 07N
N , 3
i I

Pt L S EE
;/_\ § L1
/ |

Illllll | ] Illllll | ] IIIIIII | I lI.IIlII

Sensitivity (m?/K @ PWV

0.1 1 10 100
Frequency (GHz)

SKA1 & SKA?Z2 sensitivity, Braun et al. (2019)



Forecast on SKAT-low & SKA2-low errors:

Assume: Total S/N
integration time: 2000 hr SKAl-low, ~6
9 9 SKA2-low, ~22
survey area: SKAI-low 20 deg®; SKA2-low 200 deg
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VAO signal is a probe of dark matter model

In axion model, the lack of small-scale

structures (minihalos) leads to the lack of
Pop Il & VAO signal

VAO makes it possible to study small-scale

density field via large-scale 21 cm signal
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VAO signal in CDM or axion models:

k*/(27m%) Pyao(k) [mK?]
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VAO signal in CDM-axion mixed models: SKA constraint forecast:
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foreground wedge:
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VAO is large-scale signal, while foreground removal generally leads to power
loss at large-scale, so it may bias the VAO signal estimate.



21 cm signal
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top row: original 21 cm signal;
bottom row: the 21 cm signal after removing the foreground via SVD
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discard modes in foreground wedge
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discard modes in foreground wedge
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Summary:

21 cm VAO features appear when first stars start to form rapidly in the

Universe; disappear when IGM is sufficiently heated;

translate the small-scale structure information into large-scale signal, a

probe of both first stars and DM (e.g. CDM vs. fuzzy dark matter);
SKA1-low & SKA2-low have the ability to detect VAO features;

helpful for verifying the 21 cm signal sources (only Cosmic Dawn signal
has VAO features).

Thanks #/4¢ !

Our paper . Zhang et al. 2024ApJ...964...62Z



