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Dark Energy

* Accelerating expansion of the Universe

* Type la supernovae (Nobel Prize in Physics 2011)
* Driven by darkenergy (~70%)

* Dark energy fluid
e Equationofstate <= H(z) or Da(z) <= BAO

14w(d)

H(z) =H0\/ (1423 + Q1424+ Q(1+2)2 + Qppe’ b =7

. , Bayron
Cosmological = TL.TEEE+lowE+lensing+BAO
Parameter 68% limits 49 %

Hy [kms™' ' Mpc™'] . . 67.66 + 0.42
Qa oo 0.6889 + 0.0056

A : Dark Matter Dark Energy
Lo T 0.3111 + 0.0056 2%6.2 % 68.9 %
Qeh?. ... ... ... 0.02242 + 0.00014
Age[Gyr] . .. .. .. 13.787 +£ 0.020

(Planck Collaboration et al. 2019) Today
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Baryon Acoustic Oscillation (BAO)

Photon-baryon flow oscillation, primordial fluctuation:
* higher densityto lower density

Standard ruler, 105 Mpc/h
Obtain Da(z) or H(z) => universe evolution => dark energy

mPKL, defog

_ - FKP, defog

=% | r. =(1+2)D,(2)A8,

= Percival et al FKP ]

§ ----- WMAP nonlinear ] CA—

§ WMAP linear ’Il —_ ~ .

‘g 104:— % N E C < d:

- D[ =

¢ | BAO peaks o l+zJ0 H(z)
Angular diameter distance

1998 o1 - Hlof1 D V

LR Standard ruler type probe

Measure d,(2) 5
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21cm intensity mapping

e Optical:
* SDSS, Boss/eBoss, DESI
* Individual galaxy, longtime, only low redshift

e Radio using 21cm:
* Measureindividualgalaxy, longtime, huge collectingarea
* 21cm intensity mapping:
* Much faster! Wide FoV; broadband
e Tianlai, CHIME
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21cm signal

* Transition between two hyperfine levels of HI atom

e protonand electron’s spin directions Fo1 A
* Energy difference =>21cm wavelength ‘4‘

[Years]
Redshift
E F iza L ¥ IZation ent B - s e o or
Dark Age 21cm emission or absotption signal
) He
o « 40 6( 8 101 14 200
Frequency [MHZ)
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Experiments
21cm m—————

Lunar orbitinterferometer DSL

Years after the Big Bang

[
400 thoy O.1 illion 1 billion 4 billion 8 billion 13.8oillion

The Big Bang
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Reionisatior]
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10
Redshaat + 1

Tianlai, PAON-4
CHIME

WMAP

Planck -
(2013) .o
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Dark Ages

* Highly homogeneous and isotropic
 most is HI, noluminous star

* Use 21cm line to detect: Ts < TcmB: absorption

* High redshift, low frequency, ionosphere => lunar satellites

Dark Ages
Years after the Big Bang 50 [
S— I .
400 thousan 0.1 billth 1 billion 4 billion 8 bilion 13.8 billion — First gal
T - ¢ ofF<—-—-"—-"-—"-—"-—"=-—"=-—"=-"=—"=-—"====-=-
The Big Bang ), e —
3 -On [S— —
3 @ —
5] = 3D, o Q _
o 33 8 - S 50
8 S g R 9 = — Dark Ages
o x == = D
s > o : ’ Q o= —
R Q S o Y 2 ) L
& g = L = o —
ag b Nl -100 —
K . Reionisation |
Fully ionised ¥ Neutral %53 75 « 1> Fulyionised |
0 -150 , . . :
Redshift + 1 0 20 40
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* Introduction

* High resolution foreground model

Foreground model

WGEERGE s emicion o

:Bright source] Faint source [Synch rotron] [Free-free]

v _ 4 ¥
NVSS+SUMSS] Rayleigh-Lévy random walk 8 maps [PIanck+WMAP maps]

* 21cm extraction by filtering
* Lunar orbitinterferometer imaging
 PAON-4 data analysis

* Summary

10
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21cm experiments and foreground models

* 21cm experiments
* EoR: LOFAR, MWA, PAPER, 21CMA, HERA

* mid-frequency, large scale structure, dark energy: PAON-4, Tianlai,
CHIME, BINGO

* Foreground models
* High resolutionforeground model
is needed
 GSM 2008 and 2016: low resol, 1"
e T-RECS: small sky coverage
 CORA:spectralindex---GSM; random sources
 Our model: spectral index---from observational maps;
source distribution---Rayleigh-Lévy random walk

oo o R
-| Al Tianlai ¢ : <
A‘.) e " P
< R e
E‘v I\ ﬁ SKA )

Some 21cm experiments

11
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Foreground model

e Radio source data

université SU'SDN&%TE mz
Used data

* NVSS (1.4 GHz) + SUMSS (843 MHz) NVSS SUMSS
e Similarangularresolution: ~45” e =
* Similar sensitivity: “mly
 Combinationis full sky
 Diffuse emission data
385MHz 150MHz
Frequency FWHM
10 MHz 2.6°x1.9°
22 MHz 1.1°x1.7°
45 MHz 5°
85 MHz 3.8°x%x3.5°
150 MHz 2.2°
408 MHz 0.85°
1420 MHz 0.6°
2300 MHz 2.3°x1.9°
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Bright source model

e Spectral index e Completesample
e 10 degree overlap (-40° to -30°) e Source count
e 7515 sources e NVSS (1.4GHz): 2 2.7 mly => 15 mly
. Spectral index:0.8157+0.3 e SUMSS (843MH2) >12 mly => 22 mly

spectral indice S

from 7515 sources

N(S)

probability density

Source count

L |wi\0
S (m)y)

Fig. 3.5  Source count below 1 Jy. The curves of NVSS and SUMSS drop quickly below
Snvss = 2.7 mly and Ssymss = 12 mJy respectively, because the surveys become incomplete.

0 -15 —-10 -05 00 0.5 1.0 15 20 2.5 3.0 3.5 4.0
1400-843MHz sources flux density power-law index

Bright source map at 1.4 GHz

* Uniform surface density
 Combined catalogue at 1.4 GHz:
~30 / deg?

13

10g10(mK)
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Faint source model

* Rayleigh-Lévy random walk
* probability distribution:tell you how the sources apart
P(®>9){ (&) oxa
| : 0 < 6
* From two-point correlation function of source survey:
0y = 6/ Y= 0.8 (Overzier et al. 2003)

* Need differential source count n(S)
* Tell you how manysourcesin a flux density (interval)

The normalized different count of radio sources

Faint source map at 1.4 GHz

10%¢
F ¢ NVSS+SUMSS

Computed from =
NVSS+SUMSS « |

Differential count n(S)

14
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Galactic free-free emission model|

~1% of total foreground, but still important

Well measured at higher frequency
* At higher freq (>10 GHz), the diffuse warm ionized gas is optical thin
e GalacticHa trace Galacticfree-free

Spectral index
e Observation at higherfrequency:-2.13 to-2.17

* Fitted formula Bff:—Q—l10.48+1.51n< & )—1"( ; )]

-1

8000K GHz

SimulateglmGaIactjc_r!‘eregigo-nfﬂggwgmission at1.4 GHz

imulated Galactic free-fi

Extracted map
* CombinePlanck 2015 data
with WMAP-9yr data
(Ade et al. 2016)

15




unversié DAY AL
Galactic synchrotron emission model

 Dominant component, ~70% of the total foreground

* Extract Galactic synchrotron from observational maps

e Subtractthe CMB: average 2.7255 K and its anisotropy
e Subtractradiosources:radiosource model above
e Subtract Galacticfree-free emission: model above

* Spectral index N(u=f(v),0>=0.024 (z55%5) ")

R L R Simulated Galactic synchrotron emission at 1.4 GHz

ol
I — fitting Simulated Galactic synchrotron emission at 1.4 GHz in 1°

L 8w

3.1

3.0
2.9_
Q 2.8_

2.7 I
2.6_

2.5

240l vl il vl

EE 2.
-0.25 logo(K) 1.2
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Total foreground
— 1° @ 750 MHz

_'0.40, @ 750 MHz

.

' 3 “ie - P o4 R~ * -
0 30 60 90 120 150 180
RA [deg]

-180 -150 -120 90 -60 -30

10 Our model: diffuse+source _--~_
a7 1024
Angular =
S
power 10 e, }
SpeCtrum ;/ 10°{ =—— SSM-diffuse \
=~ J|aaens SSM(1°) \ ‘\-_‘ . o
o] =S sswery  Our model: diffuge CORA:|diffuse+source
= CORA(0.1°) -
== CORA(1°) ‘:i.
10 100 1(')1 162 163 17
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Brief summary
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* |Introduction

* High resolution foreground model

e 21cm extraction by filtering

e Simulation data: 21cm, foreground with beam, noise
* Design cascade of two Wiener filters

* Test our method

* Inaccurate beam

* Lunar orbitinterferometer imaging
 PAON-4 data analysis

* Summary

19
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Difficult to extract

* 21cm signal is very weak: ~0.1 mK at z™1

Qi (D +(1+2)73Qx\ 7 [14+2\°
“TA) mK
103 0.37 1.8

T, =0.29

AAAAAAAAAAA

00000

00000

Foreground spectrum

T, [mK]
®

800
v [MHz|

* Frequency dependent antenna beam

* Leadingto fluctuationin frequencydirection

* Proposed methods
* Polynomial fitting, PCA, SVD, ICA, ...

EEEEEEEEEE
~SmK

IC

foregrounds ¢

20
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Simulated data
e 21cm signal * Foreground
* Bias follows dark matter <= CAMB e Our foreground model

In foreground @ 800MHz

In 21cm @ 800MHz 13

simulated Input N
21cm signal " foreground ¢ "%
at 800 MHz

’ - . e . [degree] "

* Beam * Noise
Gaussian beam with D=100 m e White Gaussian noise
o
ConvolvedIZgnn a I C O n VO I Ve d by convolved- foreground @ 800MHz 2 O O coI;I)?vedIi:cm% gse(ozogK)m K
-0.2 :j . 21

0
[degree] [degree]
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Our method: Cascade filters

* Make use of statistic properties

* First: 1D filterin frequency domain

* Remove frequency-smooth foreground, as 21cm signal and noise
are fairlyrandom alongline of sights.

e Second: 2D filter in angular domain

 Remove noise from 21cm signal, as the receiver noiseiis
uncorrelated in angulardirection, whilethe 21-cm signals are

correlated because it traces the large scale structure of the
Universe.

Correlation of 21cm

22
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Wiener filter design

* Wiener filter is an optimal filtering system minimizing the
mean square error between the estimated random process

and the desired process: ( T_£T))

x—X)(x" =X

* Filteringin frequency domain
* 1D Wiener filter designed to remove the foreground:

W{j =F[F+S+ N]_l The weight for each components

e Extractthe 21cm + noise:
W, =1-W/,

* Filteringin angular domain
e 2D Wiener filter designed to extract the 21cm signal

£=Wy=SAT[ASAT+N] 'y
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Filtered signal

° Filtering in frequency domain (1D) Extracted 21cm+noise

12000

¥ 0 f{v), single index _ Is:‘ng[f/ey\.m::
=% Input spectrum - d foreer —E
i tracted foregroy
‘g 8000 o 8000
¢ )
‘ q
§ o oo
.
E o 4000
.
L

har 650 700 750 800 850 900 950 6 650 700 750 800 850 900 950 10¢

v MH) v [MH3)

 Filteringin angular domain (2D)

Input 21cm total Extracted 21cm residual

convolved 2lecm + noise(200 mK) Extracted 21lcm, o, =200 mK A200
06 06
10
0.4 0.4
5
In 21cm @ 800MHz T % - 02 02
H
TR i & u
: F P 3 C i
06 = g = 0.0 0.0
E] - X
-5
1 o4 02 —0.2
02 -10
g : —0.4 —0.4
) }sE:
&
= 00 2 [ 2
[degree]
1 02 convolved 2lem + noise(2000mK)
06 06
2 4 0.4 10
2 1 0 1 2 04 04
[degree] 5
% — 02 02
& 3 .*.4
°f B g g
] = 0.0 0.0
E] - X
-5
-0.2 —-0.2
-10
-04 -04 24
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Effect of inaccurate beam model

Input 21cm Exact beam 0.25°

Extracted 21lem, o, = 200mK

B T A L TR "
¥ .("*.,-.‘lr : _J‘AS"~ 41

04 04
02 02
= F
B E
-0.2 -02
0.4 -04
06 o4
J 03
04 .
0.2 y 01 .
E 00 E
0.0 :
o -0.2
-04 03
Inaccurate beam 0.23° Inaccurate beam 0.20°

25
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Brief summary

e 21cm extraction by filtering
* Signal data simulation
* Design a cascade of two Wienerfilters: infrequency then in angular
* Test two noise level: 200 mKand 2000 mK
* Try with two inaccurate beam models

26
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* Introduction
* High resolution foreground model
e 21cm extraction by filtering

* Lunar orbit interferometer imaging

e Hard to observe <30 MHz on the ground => on lunar orbit
* Advantagesand disadvantages

* Our newimagingalgorithm

* Solve mirror symmetry problem

* Solve imagingproblem with full sky FoV, time-varying blockage,
time-varyingand noncoplanar baselines

 PAON-4 data analysis

* Summary

27
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Poorly known below 30 MHz

¥ ray X-ray uUuv IR
mm e ————— L e —————————
100% . bt
At h Partial -
50% e s R e Atmosphere - Tonospher
absorption = ] =
absorption ' aborption
O% T T . T
O1Tnm 1Tnm  10nm 100nm 1 um 10 pm 100 um 1T mm 1 v I 100 m kry
L S
| o S = =
* Reason

* strongrefractionand absorption by theionosphere below 30 MHz
* strongRFl (radio frequencyinterference)

e Ground observation

e strongradio phenomenafrom solarsystem:
* solarradiobursts , planetary radio activities

* Space mission *
* Proposedbutnotrealized OO an T 7

Image from RAE-2
e earth orbit: SUunRISE --- strong RFI
e Sun-Earth L2 point: ALFA, FIRST, SURO-LC --- all-time observation, still RFI

 [MP-6, RAE-1, RAE-2: the Moon can shield the RFI from the Earth

28
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DS |_ (Discovering the Sky at Longest wavelength)

e Lunar orbitinterferometer
* Firstrealized: Longjiang-1and Longjiang-2, China, Chang’e-4
* Also known as DSL pathfinder
* Advantages
* Observe on far-side, shield RFI
 Transferdata on near-side, don’t need TDRSS

* Short orbital period, use solar power

Linear array uv coverage

* Interferometry, high resolution

y

* Disadvantages
* Allsky field of view, sphere
* Mirrorsymmetry problem
. . Fig. 5.2 Lef.lz a linegr array of ﬂyi‘ng satellites around the .Molon Right: the baselines
) TI m e_Va ry| n g n O n CO p I a n a r b a S e between satellite pairs in the array swipe a number of concentric rings on the (u,v) plane.
* Time-varyingblockage

—

Pt

No applicable imaging algorithm - ¢ mirror symmetry
+ 3D FFT jeetio_W-Stacking ) 9
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Our new imaging algorithm

Start from visibility definition: Vi, :/Aij(ﬁ)T(ﬁ)e‘fE‘fff d*ii

1 ‘plx

Integral (continuous) => sum (discrete): V;;(r) = ZH(n,t)T(n)AQ

Matrix formalism in pixel: V=HT +n

Matrix formalism in spherical harmonic:

lmax l

Viie) = Y Y (=D)"Hy_(t) Tim

[=0m=-1
s =) V=HT+n
Vil = X X Hin)Tim
e Estimator
* in pixel: ’i‘ — (HTN—IH)—IHTN—lv — B_IV

* insphericalharnomic: 7 = (H'N'H)"'H N lv=8B"lv

30
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Pseudo-inverse through SVD

e Use SVD to compute B: )
B=Usw' mm) B!= (Ui—‘w*)

e Deal with very small singular values:

* General method: absolute threshold, relative threshold to vmax
e Singular matrix dependent

* Experience (Jiao Zhang et al. 2016)

e Automaticmethod:cumulation ratio
Nthr

> A

1 6 ZObO 40'00 60'00 8060

= 0.99

> Ai
1

Nal

wes | 31
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Baselines and Moon’s blockage

e Orbit and baseline

* Angle between orbital plane and Moon’s equatorial planeis 30°
* Precession amplitude and rate are large: 360° in 1.29 years

e Orbital plane precision will produce 3D baselines.

* Blockage

* Angularsize:

* his the height to the lunar surface my
L4 i i . R ‘ ?%% 300 400 400 3°° 200
Change with time 6,, ~ 2arcsin ( m )

...
———————
-

l HWea—— |

Blocked sky Blockage fraction 32
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Solution of mirror symmetry problem

 Orbit and baseline

* Pitch 30° : precess fast:360° in 1.29 years § g
* Large ellipticorbit: save energy -

~—

* All baselines on orbital plane Only”2D baselines
n orbital plane®? oo 6.7

2D

* Symmetry images

2D baselines

e Solve symmetry problem 2 el e

e Orbital plane precession, 3D baselines

[ eaa— |
5.2 bgp(K) 6.7

Full 3D baselines **

Cross-sectio
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Spherical harmonic v.s. pixel

* Input map:

5 logn(K)

spher7ical harmonic method

pixel method

* Reconstructed map:

pixel method spherical harmonic

maximum 45% 20%

minimum 0.02% 0.006% 5 logi(K) 7

mean 2.3% 1.6%

median 1.7% 1.2% e @

* Relative error: y 0

.‘ n"»
e @
> @ :
——y 34
-5% +5%
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Blockage effect

* Blockage angular size

6,, ~ 2 arcsin (

R

R

m
+h

e Valid observation time

10.25

10,00 -

10 km

875+

B.50 [

8 L 1 1 1 1 1 1
%1.00 3425 3450 3475 3500 3525 3550 3575 36,00

2 oeast

JEEorbit
o2 /Sa
Moon‘ ‘\
/ far-s

101 km

tellite

de

Can still image well

Test our algorithm
fix blockage

fxed

time-varying blockage

.
|
-

Unifoem blocking, seurce

[ ee——— ]
5.2 logn(K) 6.7




université S EARIS LA L0
Baseline distribution effect

* Onlylong baselines, >6 km

* For safety / Long
* Largersidelobe baselines
* Onlyshort baselines, <0.5 km
 More complete uv coverage
) Short
e Lower resolution baselines
e Nonuniform distribution—
* 1/4 sphere
e Short time ' ”Onur_‘iform
i 7 baselines
observation @
Distorted image- 5.2 logul) 6.7 36

36



unversité SRS AL
Brief summary
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Introduction
High resolution foreground model
21cm extraction by filtering

Lunar orbit interferometer imaging

* PAON-4 data analysis

Surface fittingand RFI mitigation
System gain calibration

Pointing calibration

Phase calibration

Amplitude calibration
Map-making

* Summary

38
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PAON-4

* Transit interferometer array

4 dishes with D=5 m

Located at Nancay radio observatory
1250—1500 MHz, 4096 bins -> freq resol 61 kHz
Longest baseline: 12 m, 1.3 degree at 1.4 GHz
Total receiving area: 75 m?

Primary beam

o 3 RREAN A |
25 R
o 3 5 \
9 . p N }d
2 20 A !
. s . ]
P ; R\
07 O\
10 ¥ N\ L
s s | \
Foo os R S
0s 0
10 ) =y f
s
15 =
a2 sl >
20
- o1 (NN
0o
25201540 05 00 05 10 15 20 25
7
g
i
X

......

1.3°

5 (deg)

Synthetic beam

PAON-4 configuration
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* 4 dual polarization
* 36 visibilities

e 8 auto

* 6 H-cross

* 6 V-cross
* 16 HV-cross

Raw

ita of CygAl7nov16

Raw data

Amplitude [AU]

Auto-correlation
1H, 1420.4 MHz

Auto-correlation
1H, 1400 MHz

les CygAl7nov16, Raw data, 1420.4MHz, ch=1H les CygA17nov16, Raw data, 1399.9MHz, ch=1H
LI T T T T 1 17T T T 1 1 1T T L 34 () T T 1T 17T L L L L
26 g
32 4
24
30 R
—22f f —_
3 il S8 B
< ]
=20l | '| S
[ : ]
[
”'_/ | A\\’; 24 M\ M\’:
1.6 sz
||||||||||||||||||||||||||||||||||||||||||||||||

14 1516 17 181920212223 0 1 2 3 4 5 6 7 8 9 1011 12 13

o'clock

1e5  CygAl7nov16, Raw data, 1399.9MHz, bl=1H-2H=(-5.993, -0.001)
|||||||||||||||||||

||||||||||||||||||||||||
1415 16 17 18 19 2021 2223 0 1 2 3 4 5 6 7 8 9 10 11 12 13
o'clock

Cross-correlation
real part, 1H2H, 1400 MHz

[A.U.]
° °
I 5
T T
=
1 L |
[A.U.)
" - -
! N 5

14 1516 17 181920212223 0 1 2 3 4 5 6 7 8

o'clock

9 1011 12 13

1e5 CygAl7novl6, Raw data, 1399.9MHz, ch=4V

14 15 16 17 202122230 1 2 3 4 5 6 7 8 9 1011 12 13

o'clock

Auto-correlation
4V, 1400 MHz,
thermal noise
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Before RFI mitigation: surface removal

o == - I
Methods “| uniform (filtef = -
e Uniformwindowfiltering :. T 2]
e Gaussianfiltering ‘ - E

* Medianfiltering s

— et
ase] T o

-
[

* Minimumfiltering “| Gaussia

am B I'- .
- Raw data . :
35 o e oo [~ wim wis e B M ME WO Mk e ne =
| L 35 t [heer) ¢ [heer]
30
! 30 — de1 —dw3
7255 25 3 ase] = - 300 ] e e
: =
20
/ | am B
|
10 <
N
‘
.
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I
EF §F E B B @
§ 6§ 5§68

-
§ 1

5 & o
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Au]
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RFI mitigation

e SumThreshold
* Works well on LOFAR and WSRT data

(Offringa et al. 2010)

Connected samples
1, 2, 4,8, 16 (experiential)

Thresholds
>x-M-o

"X
4,3,25,2,1.8

e Two rules
Replace, recompute

1300

1350

v [MHz

1400

1450

Flagged RFls

Flagged RFls

0 2

4 16 18 20 2
t [o'clock]

42
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System gain calibration

 Temperature-dependent e Fromthe laboratory measurement

. . . °
e From the data 4dB gainvariation from 0°C to 55°C
. (PAON 4 paper, Ansari et al. 2019)
g(v), normalized, ch=4v 1.0 g(v)
2 1 sta b|||ty of 3035 g(v), | =
N N g(v), 4V <. |f/ \.all channets
temperaturervarying gaing - _ i | \
to[o’click] 4 ° & 102 50 105 1300 135 130 1400 1425 1450 1475 1500 045501775 1300 1325 1350 1375 140(?1425 1450 1475 1500

IMH ’ v (MHz)

Auto corr, raw data, 1H

Before/After Iib ating g(t), 1399.9MHz, ch=1H glt, normalized, ch=4v

250 — Before

* Assume gain variations of time and
frequency are mutual independent

V(t,v)=G(t,v)-[I(t.v)+N(t,V)] ;'u'sle',lzlzzzz'laz-zsoiloik; :;;;;;1_;,-”;,;
=g(1)g(v) - [I()I(v)+n(r)n(v)]

,ZMN \\“%jr gain calibration

IIIIIIIIIIIIIIIIIIIIIIII
1111111111111111

[A.U

[A.U.]
8
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Pointing calibration and Effective diameter

Transit time (peak), 1400MHz

Fit beam, 1400MHz, bl=2H-3H=(10.37, -6.00)

* Not use auto-corrationdata ¢ Use cross-correlation data

7 e Peaks of CygA
“ in Auto-corr
RN

[A.U.]

Peak of CygA
in Cross-corr

[A.U.]

960
time [min]

o Effective diameters: 4.22m,4.11m, 4.23m, 4.36m
e Pointing offsets: 1.3° ,0.5° ,0.7° ,1.2°

Extracted transit time, ch=1H Extracted each effective diameter, ch=2H

Time to enter the beam center (pointing) Deff, 2H

965.2
— 964.13 min —_—a1lm

965.0

964.8 48
— 964.6 a
£
£ 9644 46
& P, —
o 9642 N o N £ es
£ 964.0 Y : =
F-} : e & 4.4

@
ﬁ 963.8 843
€ 9636 ..
© 42
= 963.4 T
41 T
TR .
LI A
T
1425
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Phase calibration

* Use bright source Cygnus A
 Method 1: fit the visibility

Fit vis with sign "+", 1400MHz, bl=2H-3H

art, 2H3H

— Datareal
—— Fitting

T
920

9;0 10I00
time [min]

 Method 2: fit the sin(phase)

21
;= —

J

A

B -5 = arctan

cos(phase), 2H3H

sin(phase), 2H3H

[A.U]

[AU.]
Lol
IR R R R R ER]

ij

imag
( e ) cos(D;;) +isin(D;;)

ij

Fit phase, 1400MHz, bl=2H-3H

F

BSEEERES

960 97
time [min]

50
25
=
S o
* ns0

OF

360

Phase closure,

* Phase closure checking

330
300 5
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o
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2
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.
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60

PrerREES
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ol ane W
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RN

R
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-
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h Y
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Amplitude calibration

e Calibrate Auto-corr data e Calibrate Cross-corr data
* QOur foreground model + LAB * Use CygnusA

10°
. —@— CasA
foreground Galacitc21lcm  total <o
: -8~ TauA
] g _ e, _isae 10
°]  besioms Decmsors sy
1400 MHz = s
0]
ol T =
A, P L 10%4
o Ay= 0488 s — [ — av=04s8Mmz 1
1 etas ey s I
1420. 4 M H Z: I 10t 102 10° 104 10°
5 A | v [MHz]
: VAN J\

* Data noise checking
2 _
20¢,, = OAy OAy

Ratio of the variances of the noise Ratio of the variances of the noise
in (1H, 2H) pair and 1H2H i in (1H, 3H) pair an d 1H3H

== |

— 1037

46
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System temperature

Assume a thermal noise

For auto-correlation

T' =o:;VAt-Ay

SYS
* 114K. 104K. 125K. 126K

For cross-correlation

Tqu = 0jj V2At-Av

* 107K, 120K, 116K, 108K, 118K, 127K

The average system temperature: 120 K

250
i — 114.67 K
Estimated Tsys, 1H, auto
g 150—: wr i : ’
" 1w Y e ',-:. . 7/
ﬁmo_: i T
50—:
0-||||||v|v|||||||||||||||||||.||.|.||||:|

Tsys [K]

System temperature, ch=1H

T T T T T T T T T
1250 1275 1300 1325 1350 1375 1400 1425 1450 1475 1500

v [MHz]

System temperature, bl=1H-2H=(-5.99, -0.00)

250

200 —

; '
& . . .
4 ) . el
A ——diasat o s et ads e
100 - RaET s
50
¢

: Estimated Tsys, 2H3H, crg

150 & .,

— 107.02 K

T T T T L B e
1250 1275 1300 1325 1350 1375 1400 1425 1450 1475 1500

v [MHz]
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* PAON-4 scan

 drift scan (transit)

e 11scans § = +35.7° to +45.7°

Map-making

Dataset Dec. Freq. Begin Duration
[MHz] (UTC) | (Sidereal time)
CygAl7nov16 | +40.733° | 1250-1500 | 13:30 24 h
CygAl18novl16 | +41.733° | 1250-1500 | 14:00 24 h
CygAl19nov16 | +39.733° | 1250-1500 | 14:45 24 h
CygA2lnov16 | +42.733° | 1250-1500 | 10:00 24 h
CygA22nov16 | +38.733° | 1250-1500 | 10:30 24 h
CygA23nov16 | +43.733° | 1250-1500 | 11:00 24 h
CygA24novl16 | +37.733° | 1250-1500 | 11:30 24 h
CygA25nov16 | +44.733° | 1250-1500 | 12:00 24 h
CygA26nov16 | +36.733° | 1250-1500 | 12:30 24 h
CygA27nov16 | +45.733° | 1250-1500 | 13:00 24 h
CygAldecl6 | +35.733° | 1250-1500 | 13:30 24 h
* m-mode algorithm
ode algorl
* (ZhanglJetal. 2016)
Imax Imax
_ m * — ¥
(Vm - § (_1) Bl,—mﬁm (V—m - 2 | lm7l.m
I=|m]| [=|m]|
V(mo) B(mo,1) T (1,mo)
V(my) B(my,1l) T (I,mo)
V (mmax) B(Mmax, ) | | T (I, Mmax)

Dec [deg]

-0.5

-0.5

Reconstructed PAON-4 map @ 1400MHz

logio(K)

PAON-4, 1400 MHz

Simulation map @ 1400MHz

Sky model

logio(K)

Around Cygnus A

PAON-4

Reconstructed PAON-4

Dec [deg]

Model

Simulation

RA [deg]

Reconstructed sky map of

48
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Brief summary
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SUMMary: relationship among works

* |Introduction

e 21cm extraction byfiltering

* Summary
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My publications

* An Imaging algorithm for a lunar orbit interferometer array
Qizhi Huang et al. 2018. Publishedin AJ

e Extracting 21cm signal by frequency and angular filtering
Qizhi Huang et al. 2018. Published in RAA

* A high-resolution self-consistent whole sky foreground model
Qizhi Huang et al. 2019. Published in Sci.China Phys.Mech.Astron.

* Design, operation and performance of the PAON4 prototype
transit interferometer

Réza Ansari et al. (I am a co-author) 2019. Submitted to MNRAS



universite

PARIS-SACLAY

UNIVERSITE

PARIS
SUD

TRGS MITSU

52



unersité S EAKS AL
Need to be improved

High resolution foreground model
 More radio source data from different surveys at different frequencies
* High resolutiondiffuse model

21cm extraction by filtering
* Try more different methods
* Consider noise correlation

Lunar orbit interferometer imaging
* Polarization
* Realisticbeam pattern
* Different orbits of satellites

PAON-4 data analysis
* More datatoreconstructlarger sky map
* More datatoreach higher sensitivity
* More precise calibration method
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Faint source model

* Rayleigh-Lévy random walk
e probability distribution
P(®>9){ (9%) ECEY
1 : 0 < 6y
* From two-point correlation function of source survey:
0y = 6’ Y= 0.8 (Overzier et al. 2003)

* Detail steps
* (1) First step: arbitrary position
* (2) Chooserandom (n, 8), and uniformrandomu, if u>P, place
* (3) Repeat(2) until all sources are placed

* (4) Set flux densities to each sources, accordingto the differential count
n(s)

54
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Normalized differential count n(S)

* Definition | e
$72n(s) = 7 [ 5% n(s.2)dz |

where 1)(S,z) is the number of radio sources per unit flux densitiy per unit redshift

dLdr  cA*(1+2)"%p(L,z)

S,2)=p(L,z)A—— =
n(S.2) =p(L.2)A_ e Hor/Qp +Qm(1 +2)°

e Star-forming galaxy e Radio loud AGN
2
L 1—a 1 IOglo 1+L£* 3 l L _X 2
Pm(L) :C[L—J eXp{z [i)} } logo(pm) =Y — Eloglo(L) — \/B2 + [ OglO(W) ]
10% The normalized different count of ra({i’(_) sources Falnt SOfurce map
¢ NvSS¢sUmMss T aint
%l Differential count n(S)

S 05 mjy
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Confusion limit

e Radio sources with flux densities below the confusion limit are

undetected. .
B
N(Sp) = / Mdg
* Our formula oy B(6,9)
( 3.51 e '
0.05mly - 035! (=& (175m) 6p < 0.25 arcmin Se
<”°9'“‘")1_53 e ol = / S N(Sg)dSp
0.07mly- 0" (GB) ™ (1) %, 0.25 < 69 < 113 arcmin 0
Se=1¢ 0.01 mJy . Q2‘56 (arcel(r)lin)2‘56 ( 1.4EHZ)_2a s 1.13 < 90 < 7.18 arcmin - The normalized different count of radio sources
1.63 ¢ NVSS+SUMSS .
0.3mly- 0" (F82) " () ", 718 <6 <30 arcmin
1.18 %
3mly - Q18 (arfr?ﬂn) (1.4("31{2)_2“ 6p > 30 arcmin T
7'Differ ntial count n(S)
* Test our confusion limit formula R

* ASKAP EMU survey, 1.3 GHz, 10 arcsec, Sc=5 uly
our: 4.95 uly

e MWA, 512 antennatiles, longest baseline 5 km, 300 MHz, Sc=2.3 mly
our: 2.6 mly
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Total foreground

1° @ 750 MHz

1°@ 750 MHz

Dec [deg]

Dec [deg]

Dec [deq]

-180 -150 -120 90 -60 30 0 30 60 90 120 150 180
RA [deg]

e Compare with CORA

°
10° Angular power Spectrum _emTTN,
c§ 102 4
&
5 101_
L 1004 — ssm.diffuse
= e SSM(1°)
1]l == SSM(0.1°)0
Our model —— CORA(0.1°)
—-. CORA(1°)
102

10° 57

-20% +20%
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unversite P AL Proposed 21cm extraction methods

* Polynomial fitting e SVD
TG v) = o) + B +ym(m—) Can = (W, 0 M)W 0 Mp)T/N,

| | 7 * Crossdifferentdays=>lownoise
Extracte ; ' , - o
T % , ] total — 1 :

102,

noise —=——

& oL
> 10

extracted 21ct -f

10—2_
FiG. 3.—Spectrum in a single pixel before and after foreground cleaning. The

Recovered signal and Residual (K]  Total signal (K] F.

j expected 21cma-+Hs
* PCA

" k(h/Mpc)
e}

Npix

i * |CA: whitened (uncorrelated)

C=—) vy R=PAP %= As

— A-1211 A A
Mpix = = A / UAs S = W X
i::l ‘ﬁz: ‘ t t t ] .
: \ i : SVD to compute W inverse
. i b E 4, : : . .
eigenvalues | | T
€ . -7 s
% sl ; 2. noise IS ke ey
IS i
- 1
. A
.1 F 3 (o) “
‘ ]
. ]
xxxxxxxxxxx ol extracted 21cm '
nnnnnnnnnnnnnnnnnnnnnnnn 1
e o e 1 e O e recovered Hisignal | 2.5 2 05 580

1. -1
from parametric fitting (red dashed line) and from PCA (black dashed line). |Og (k / (h |\/|pc_1 ))
We show the input H1 (blue solid line) and the thermal noise (green solid 100 L
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Simulated 21cm signal

e Cube box with 2003 voxels e 21cm signal box
* Centerredshift:0.7755 * Gaussianrandom field
_ —1 5
B D,y = 1068.95 Mpc 50 = /P (o i)
* Frequencyresolution:0.1 MHz 12 o
m=) AD, = 0.43 Mpch™! 6(F) = FLome
d Uniform VoerSize: ° 21cm temperature
AO = AD./Dy = 0.023° = 3 =
o/ Da 0171 (X) = buT210(X)

Q= 6.6 X 10_4 by = 0.70.

In 21cm @ 800MHz

* Nonlinear power spectrum
of dark matter from CAMB

10*

__ simulated
21cm signal
" at 800 MHz

P(k)

P(k) from CAMB

59
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China’s Chang’e-4

* First soft landing on the far-side of the Moon (01/2019)
* Tracking and data relay satellite system (TDRSS), Queqgiao

* Lunar orbit satellites:
* Longjiang-1(lost) and Longjiang-2 (05/2018)
e Original objective: form a satellite interferometer
* Whole sky spectrum, single satelliteimaging

1}
Chang'e-4
COMMUNICATING WITH
THE FAR SIDE OF THE MOON
OUEO\AO RELAY
EARTH-MOON
L2 POINT,
HALO ORBIT
e ===
- L. -y
EARTH _ -
S| -~ MOON
_ LUNAR ‘ u £2
i hEARSIDE FARSIDE
. )
i e \
S v
— g
~ E 7
- ;
- X7

STAT
A ND UHF

. V' (EARTH) S-BAND, X-BAND, A 60

m@ ROUND  COMMUNICATION ON THE FARSIDE
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Blockage effect

Can still image well

* Blockage angular size Test our algorithm
Ry ) fix blockage

time-varying blockage

Blockage, fxed

0, ~?2 i
- arcsin (Rm 7

* Valid observation time

50

40

30 e

[ —aaa—— ]
0 0.21

Moon's path
_ ; .
10,00 — \s/:T:h::s.:;: r' b | t
®  Satellite .
ol /Satelhte ———

20r

Unifoem blocking, seurce

o

o

3
T

10F

- or

10 km
<
o
o
>

far-side &

=20+

30+

-40

L
050 40 30 20 -0 0 10 20 30 40 50 8%00 3425 3450 3475

. X . 3500 35.25
10 km 10% km

[ ee——— ]
5.2 logn(K) 6.7
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RFI mitigation

* Proposed methods e SumThreshold

e Componentdecompositionmethods ¢ Connected samples
* PCA, SVD: good if RFl repeated * 1,2,4,8, 16 (experiential)
* But not good for stochastic RFI e Thresholds

* Threshold methods >x-M-o
« CUMSUM, VarThreshold * x
* SumThreshold e 4,3,25,2,1.8

* For LOFAR and WSRT data * Two rules
e SumThreshold performs the best * Replace, recompute

(Offringa et al. 2010)

Flagged RFls

62

4 16 18 220 2 0 2 4 6 8 10 12
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Pointing calibration and Effective diameter

* Use cross-correlation data

e Assume Gaussian beam

Effective diameter

1 1/ 1 | D? +D?

2 2
o 2\ o; oF 2

* Pointing
D D%

* Solve

e Not use auto-corr data

e Fit beam profi

Fit beam, 1400MHz, bl=2H-3H=(10.37, -6.00)

Tran

sit time (peak), 1400MHz

-
W

100 v‘r“‘“'i
Ak
Y

usu—kk}m W

v’“ A
"l
f >\ H

it A g
N
sullypi et

/

‘4'91”?;;_ Peaks of CygA
] in Auto-corr

o ety
086y T T

T T
90 980
in]

ttttttttttttttttttt

960
time [min

— 96413 min

- . .

o e Pointin

D} + D} = 2D}, 110 ..0 ..0 .. Dg D3, . -
D} + D} = 2D% 101 ..0 ..0 .../ D%,
D} + D} = 2D3; = |01 1 ... 0 ... 0 .. 52‘ =2|D3| = Ax=B -
! £
‘o 964,
D + D? = 2D% 000 ... 1 ... 1 .|| D2 Eou
i J i D; i %953

: .
B S

50 1375 1400 1425
v[MHz]

T
580
1

e Deff: 4.22m, 4.11m, 4.23m, 4.36m

Time to-enter the beam center =™
(pOintingsé‘F“ s im0 1 13 T 3

Peak of CygA
in Cross-corr

Deff [m]
T S

—_—411m

Deff, 2H -,

¢ ¥ SN L
o

SR T PR
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Amplitude calibration

e Calibrate Auto-corr data . Calibrate Cross-corr data

o CasA

* Our foreground model + LAB 1
foreground Galacitc21cm total

= e T

2 e oo || = D

]l s, s, o S TET T

o | 5 L s o
» Aﬂ 10 107 10° 10 10

1400 MHZ i g Enq v [MHz)

: \ u 2] . .

: e Data noise ckeckin

e _’_J L ] v__'\

N B — — = a T s &

o T T 20 — OAr. O
5= 14208 s V220 awiz S0 e —_—
] B h» o] B o] B | C X %
o] T Py o] T ey o] T Pwmi-a3
’]  e-sony v emcmsorm | o] owmarm X [
1

tl ll H B 23] | = |

1 2 O . IVI Z . ‘ 0. \‘ 2 . | |
: ‘ | i h | ] ‘(‘\ I Ratio of the variances of the noise Ratio

. ces of the noise
N L . \ \ =] J\ | u\ . in (1H, 2H) pair and 1H2H 14 (1H 3Hl p aaaaa d 1H3H
N - / I\ o] [\ \ : | R — 10 T 1037

Brightness temperature @ 1400MHz, ch=4H

iz‘ - ;;_ — Brightness tem perature @ 1420.4MHz, ch=3H CO rre I atl O n
%1: 1400 MH \'v\— ] 1420 4 MHz |’|‘ ) %; — e oMtz bi=ati 2
. g | F Real part, RA=0-360
bt N, iz:‘/u N H
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. . E ma |nar ar
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Summary

* High resolution foreground model

* Radiosource model:
* bright sources: NVSS+SUMSS, completeness, same surface density, spectral index
* faintsource: differential count, Rayleigh-Levy random walk
* formula of comfusion limit: compare with achieved results

* Free-free emission model: spectral index
e Synchrotron emission model: preprocess 8 maps, spectral index
* Comparewith GSM, CORA

e 21cm extraction by filtering
e 21cm signal simulation
* Design a cascade of two Wienerfilters: infrequency then in angular
* Test two noise level: 200 mKand 2000 mK
* Try with two inaccurate beam models
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Summary

* Lunar orbitinterferometer imaging
* <30 MHz, advantage
* Wholesky FoV, symmetry problem => orbital plane precessio

* Time-varyingblockage, time-varyingand noncoplanar baselines +
whole sky FoV => no applicable imagingalgorithm

* Ourimaging algorithmin spherical harnomic
* Blockage effect, baseline distribution effect, sph harnomicv.s. pixel

 PAON-4 data analysis

* RFI mitigation: surface fitting by minimum filter, SumThreshold

e System gain calibration: 4v, g(t) and g(v) independent, stability
* Pointingcalibration and Deff: solve linear system of equations
* Phase calibration: Cygnus, visibility directly, sin(phase)

 Amplitude calibration:
* Cross: Cygnus A e Auto: our foreground+LAB, data noise relationship

* Estimate systemtemperature
* Map-makingusing m-mode algorithm
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