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演示者
演示文稿备注
婴儿期的宇宙温度极高，宇宙充满了电离气体。随着宇宙膨胀，温度下降，宇宙气体转变为中性态。在宇宙年龄1亿年时，第一代星系出现。它们发出的星光将宇宙中的中性氢再次电离。
动画中的蓝色区域为中性氢区域，红色区域为电离氢区域。随着第一代星系数目增多，电离区域逐渐扩大，最终充斥整个宇宙。
宇宙年龄一亿年到十亿年这个阶段就被称为宇宙再电离时代，最好的观测探针就是中性氢21厘米谱线。
今天我们的宇宙已经138亿年了，我们对近邻宇宙的观测和理论已经进入了精确宇宙学的时代。但是宇宙再电离相对今天仍然是早期的宇宙，我们对它的观测缺乏直接数据。刚才我描述的过程只是宇宙再电离在理论上的大致图像，其实我们对宇宙再电离的物理并不清楚，所以宇宙再电离时代目前仍然是宇宙学的难点问题，也将是热点问题。
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演示者
演示文稿备注
加一个过渡也，您强调下我们为什么要研究宇宙再电离
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(b) Quasar contribution to reionization. The three

curves represent the fractions (f,gy) of the cumulative

quasar emissivity to the total photon emissivity required

to ionize the universe. They indicate a negligible quasar
contribution. Figure from Jiang et al. (2022)
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Today: Astronomers look back and understand
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p__ Tncated at z=8
SFR

7 =0.066 = 0.013

Planck 2015 (TT+ lowP/LFI +
lensing + BAO)

7 =0.058 £ 0.012
Planck 2016 (TT+ low P/ HFI)

4% CMB photonscould
have been scattered by
the fully ionized IGM at
Z<6

If reionization would be
instantaneous,

1.3
then<re = 8-8J—r1.2(lilfi1rack
2015), Or Zre = 8-5_1:1
(Planck 2016).


演示者
演示文稿备注
which means 7% of the CMB photons were scattered by free electrons in the IGM. But only 4% CMB photons could have been scattered by the fully ionized IGM at z<6. This means that the IGM must have been ionized earlier than z=6 to supply enough optical depth. 
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Lyman Alpha Emitter physics (Zero-eth order)
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Assuming the stellar population, ISM, and dust are similar at z=6.9 and z=5.7. Converting the Lyα emission line transmission factor to neutral IGM fraction xHI is model dependent.
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Figure 2. The Lya LFs of LAE surveys at z ~ [5.7, 6.6, 7, 7.3].

LAGER collaboration (Zheng et al. 2017)

Evolution of LF indicates
THI 0.4—-0.6

at z = 6.9however,

model dependent).

Bump at bright end
indicateslarge Hll
bubbles, where Hubble
flow, galactic
inflow/outflow can
bring Lya photonsout
of resonance.


演示者
演示文稿备注
Assuming the stellar population, ISM, and dust are similar at z=6.9 and z=5.7. Converting the Lyα emission line transmission factor to neutral IGM fraction xHI is model dependent.
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演示者
演示文稿备注
加一个过渡也，您强调下我们为什么要研究宇宙再电离
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演示者
演示文稿备注
去掉了英文，让大家注意力更集中在这个图的讲解上
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Direct Constraints on Relonization: 21-cm

PAPER, MWA, LOFAR and GMRT measure the power
spectrum of 21-cm brightness temperature fluctuations.
PAPER reported a 20 upper Iimit on 21 -cm power spectrum

LD FA,\R - MWA (PGCIgd+ 1)

gPtll+'l7)(D|||on+ 14) | |
PAPER r

A (Parsons+'14) .

Eiv r

HERA Phose_ |

I Predicted noise 2c level

PAPER 2015 observation (black
dots with 2c error bars)

Predicted signal from a
theoretical model at 50%
ionization

Ali et al. (2015)

Also see Yinzhe Ma’s talk
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演示者
演示文稿备注
我们都知道中国天眼，就是FAST射电望远镜，取得了很多突破性成果，它是世界上最大的单口径射电望远镜。但是它的观测仍然停留在近邻宇宙，因此未来要想看到更遥远的早期宇宙，需要更大的望远镜。
我国参与的平方公里阵列射电望远镜（简称SKA）将是世界最大的综合孔径射电望远镜。它具有高分辨率、高灵敏度、大视场、宽频段等革命性的特点。
宇宙再电离时代的21厘米观测是SKA最重要的科学目标之一。随着2028年SKA建成开始收集数据，这个领域将迎来宇宙学的重大突破！
SKA是我国，也是全世界，既FAST之后最重要的射电望远镜，2021年全国人大批准SKA天文台公约，所以我国参与SKA国际合作也是一个国家战略。
SKA的总造价是10亿欧元，我国占比8%。在SKA建成后我国如何能够获得相应的巨大科学回报，这是我们科学工作者必须回答的问题。我们必须在这五年时间里，做最充分的准备，尤其是对SKA数据处理进行研发，才能在SKA建成后做出重要的科学发现，这也符合我国在射电和宇宙学发展的重大战略需求。
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Data Analysis in 21cm observations

 (Calibration (see Xin Wang’s talk)

* RFI flagging (in visibility measurement)

* Image making (see Le Zhang’s talk)

* Foreground subtraction

(also see the talks of John Podczerwinksi, Cunnington Steve, Shulei Ni, Feng Shi)

* Scientific interpretation (parameter inference)

(also see Hayato Shimabukuro’s talk)
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Radio Frequency Inference (RFI)
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RFI Flagging with U-Net

Characteristic RFI Classification

Broad Band Visibility with mock RFI signals

Visibility with
mock RFI signals

Narrow Band 736 } : Extended RFI

Narrow e T Extended [
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Sui, YM, Zuo, Chen et al., in prep.




RFI Flagging with U-Net

Precision — Recall Curve

ISR L
(Optimized |
U-Net)

Precision  Recall

SumThreshold 0.62 0.81
U-Net 0.93 0.94
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Y optimal value for UNet
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A ml1ZE (Recall)

See also Sun, Deng, Wang, et al., MNRAS, 2022 Sui, YM, Zuo, Chen et al., in prep.
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Foreground Contamination in 21 cm Observations

Sum of all components
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Singular Vector Projection (SVP)
SVP estimators are semiblind, in
the sense that they are independent
of absolute strength of foreground,
but depend on amplitude change in

EFRBISIEAR

Shifan Zuo
D (image) = F' (foreground) + N (signal + noise)
pcaisvD D =USV'
F = UfoVfT (foreground modelling)
N, =D -U;U; D, (left)
Ni =D - DV; V[, (right)
Ng =D -U;U; DV;V}, (both)

frequency direction (left vectors)
and/or sky plane (right vectors).

Np =D - Uy(U; DVy) diagiT. (diagonal)

Zuo, Chen & YM, 2023, ApJ (arXiv:2208.14675)



Semiblind Foreground Subtraction: SVP

Recovery error of signal
after foreground subtraction

Shifan Zuo

Left singular vectors contain
the frequency info.

Right singular vectors contain

- SIGUA RERS21
the pixel-wise info.
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Zuo, Chen & YM, , ApJ (arXiv:2208.14675)



SVP with /ncomplete Singular Vectors

Only the largest five left .

and/or right singular vectors Recovery error of 5'9"3!

of the foregrounds are after foreground subtraction
exploited here. 10°

Shifan Zuo

Left singular vectors contain
the frequency info.
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Zuo, Chen & YM, 2023, ApJ (arXiv:2208.14675)



SVP with /ncomplete Singular Vectors

Recovery error of signal
after foreground subtraction

10°

Convergence test: b s iian Shifan Zuo
Only the largest 3, 4, 5, or 6
left and right singular
vectors of the foregrounds
are exploited here (with

SVP-D estimator). 4 modes
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Zuo, Chen & YM, 2023, ApJ (arXiv:2208.14675)




Recovered 1D 21cm Power
Spectrum along LOS

Shifan Zuo

Only the largest five left
and/or right singular vectors
of the foregrounds are
exploited here. = 10/ /oo

0.10
ky [h Mpc1]

Zuo, Chen & YM, 2023, ApJ (arXiv:2208.14675)



Extract astrophysical information from cleaned data

BiRES

46.84

Dark Ages
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Parameter Estimation using 21 cm Power Spectrum

A3y (k) (mK?)

21cm Power Spectrum
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Reionization Parameters
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Bayesian inference of reionization model
parameters with conventional MCMC method

(21CMMC code)
Greig & Mesinger, 2015, MNRAS



Parameter Estimation using 21 cm Power Spectrum

Hidden layer
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Figure 1. Typical architecture of an artificial neural network. = t e
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Estlmatlon Of reionization mOdeI parameters Figure 4. The EoR model parameter values computed by the

ANN from the PS against the values used in the simulation at

Wlth al‘tlfICIal neural networks z=12. Note that the result for the Virial temperature is plotted
(note: point estimate, not posterior inference)

Shimabukuro & Semelin, 2017, MNRAS



Statistical Inference in Cosmology

Observation

|
Summary o - | Statistical
| .
I Statistics = | Likelihood | =1 Sampling I Inference
U J
Parameter //

Posterior




Simulation-Based Inference (SBI)

0 SBI

(Parameters)

P(O|t)
Posterior

Simulators

L e Pover Spectrum [

A

Credit: Frangois Lanusse
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Simulation-Based Inference (Parameters) Posterior
Simulators
I —
(Data) _ (Summaries)
1. Generative Way (density estimation likelihood-free inference, DELFI):
Density Estimator Prior
Zhao, YM, et al
oo 10,3 » P(t|o) —> P(0|t) x P(t|0)P(O)
Bayes’ Theorem
2. Discriminative Way (Neural Ration Estimation, NRE):
Ce, YM, et al i i . .
Lo Ratio estimation P(tlO Prior
npen (g oM 2 PEO) - P(6|t) = (6, t)P(0)

P(t)



Simulation-Based Inference

0

(Parameters)| °

Simulators

L g Power Spectrum

7 I

sei | P(Ot)
Posterior

t

(Summaries)

1. Generative Way (density estimation likelihood-free inference, DELFI):

Zhao, YM, et al
2022a,2022b

An example of Neural Density

Estimators (NDESs)

Density Estimator

0, ) . P(t10) —=>  P(B|t) o« P(t|0)P(6)

parameters, @

Mixture Density Network (MDN)

covariances
(Cholesky factors)
{0, w)}

*\| Density estimator

Training data {6, t}
Loss function —In I/ = —Z]np(t,w,;w}

ce--t-® o ptlfiw) Z ri (8w N lf o (6:w), Cr(@:w) = .57

Bayes’ Theorem



M21EXREGNE ARG FHEBRESIEICHREE

s (ERERASHPNSRUXESIGRESEHZEZ (MCMC) , EEMIFERISZ.
o EZRTEFFEFINNMHERGIHEMBIFATGE, F& 7 FAER(E21cmDELFI-PS
YFHBRERESHEHT UM EF T HERREY =5

 21CMMC
B 21cmDELFI-PS

IZNGEER - o
SEHE sgmE | MCMCEIINSERE
RS | wTE

\

<P
21cmDELFI-PSEZIfY
SIEXIE
Zhao, YM & Wandelt, 2022, ApJ
(arXiv:2203.15734)




Extract astrophysical information from cleaned data

BiRES

46.84

Dark Ages
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Likelihood-free Bayesian inference

Conv3D

3D 21-cm image

Tvir
[

0 NDEs (MDN + MAF) p(t]6)
(Parameters) (Likelihood)
Simulators
d t p(6) |
(Data) (Summaries) (Prior)
Conv3D
MaxPooling3D

p(Bto) o p(to|6) p(6)

(Posterior)

Flatten

Ty

Minimum virial temperature of haloes that host star-forming galaxies

UV lonizing efficiency of galaxies.



Likelihood-free Bayesian inference

Parameters
[}
_ Original feld
l Simulator b . i

° Diw) (A9 - 919)

Convolve with wavelet at scale [10] = [k [; l

Modulus: O, = 0] —> Integration: J = [0,%

Convolve with wavelet at (1> [0 = O, * Djr l

Modulus: O, = |03 —> Integration: [} = [[,7

Solid harmonic wavelet scattering transform (SHWST)



Likelihood-free Bayesian inference

Parameters
[}

l Simulator

DID@ <00

Convolve with wavelet at scale [10] = [k [; l Pr10r Posterior
Modulus: [0, = || —> Integration: J = [, ooo
Conditional density
(O
Data pairs .| NDEs — =
Convolve with wavelet at (1> [0 = O * 0O, Lo ¢ g
! Summaries ] - ) @ 1@
Modulus: O, = |03 —> Integration: [} = [[,7 . - . Z .Z .

Solid harmonic wavelet scattering transform (SHWST)
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Simulation-Based Inference (Parameters) Posterior
Simulators
I —
(Data) _ (Summaries)
2. Discriminative Way (Neural Ration Estimation, NRE):
Ce, YM, et al i i . .
o Ratio estimation P(tl6 Prior
L I il R f,('t)) - P(0|) = 1(8, ) P(6)

P(0,t) = P(t|0)P(0) ﬂ

{0’ t} M} max E,o,0)[10g(D(t,0)] + Epo)p[1og(1 — D(t,6))]

D(t, 0)
_ - _ P(xlt)

P(t)

r(0,1t)

NGRS




Comparison between two SBI methods
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Galaxy
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Pure Signal
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Lyo FHFME: BEBERTABO6
FHAMESREN: AT

Lyo &8HEk: BB EIEHS (also see Fengshan Liu’s talk)

o REEREL:

O S 21[EKELBEIRET (e.g. bispectrum - see Siyi Zhao’s talk; polarization)
OO0 9Figskmmesgt, RES21ERIZXKE (Also see Olivier Perdereau’s talk)
O hS21ERKFHFH (See the talks of Yue Shao, Wenkai Hu)

O {K4ILyo ZFFFEIHEE (Montero-Camacho & Mao, MNRAS, 2020, 2021, 2023)
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