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@ EoR- Global 21-cm Signal
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Interferometers to Global 21-cm Signal

)

Global Experiments are Great!

what about Interferometers?

1.2 T
— Isotropic antennas
1.0 — 8 dipole antennas ||
— 4 dipole antennas
0.8 — 2 dipole antennas ||

Visibility Amplitude
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Baseline in wavelengths

Singh, S. (2015)
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@ eory:interferometers to Global 21-cm Signal
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/é_/\\\ - why so serious?
IcrRAR, | Unar Occultation T got you!
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/cmm Lunar Occultation
N
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IERn EoR- Global 21-cm Signal
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/Q Measurements of the Moon

How does the Moon looks like in
Radio?




a
ICRAR
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Indeed!




7=\ How does the Moon is in Radio?

Reflected RFI or Earthshine
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(@ How does the Moon is in Radio?
N/
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where is EoR?

You humans
produce RFI!!
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Mitigating Earthshine from the Moon!
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ICRAR b ti
\Eyj opservations

ON-Moon OFF-Moon

LST locked pair of observation
Data: MWA phase-1
Obs date: Aug 2015, Sept 2015, Dec2015
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ON-Moon

OFF-Moon

p //“:' ,
@®@Moon
ojupiter
@\
¢ %300 <0 satum
! maz/orion Wily ESRO
K 2104
R -
ON - Moon
Date Nbs Nf)‘{hs”‘b’md Bandwidth (MHz) | Freq.res. (kHz) | Timeres. (sec) | Total Int. time (sec) Obs. duration (hrs)
30thAug.2015 60 12 30.76 40 4 236 3.93
26‘hSept.201 ) 55 11 30.76 40 4 236 3.60
21thDec.2015 55 11 30.76 40 4 236 3.60
OFF - Moon
2MSept.2015 ) 12 30.76 40 4 236 3.93
29thSept.201 5 55 11 30.76 40 4 236 3.60
24hDec.2015 55 11 30.76 40 4 236 3.60
Nyprat = 340 | Nfulbband = 68 TimeOhMoon =1 13




/ﬁ Modelling Earthshine

Assumed Two component Earthshine, Evans (1969), McKinley (2018)

specular, diffuse

Moon




/%\\ Modelling Earthshine

Assumed Two component Earthshine, Evans (1969), McKinley (2018)

e step 1: create
dirty difference images
of the Moon

0.04
700/ I
=10.02

0.00

6°30/

DEC

D = (sqiskM + sspecB) * P + N 00’

—0.02
5730/

—0.04

Moon at ~100 MHz
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(7 Modelling Earthshine

Moon at ~100 MHz

e step 1: create
dirty difference images
of the Moon

7000/ 0.0016

- 0.0008
e Step 2: Create mask
o disk M 00/

o Specular B

DEC

0.0000

—0.00C
5°30/
—0.001

D = (sq4;aM + SspecB) * P +
( disk spec ) N 1h16™ L4m 1om Tom
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,/ff\\ Modelling Earthshine

Moon at ~100 MHz

e step 1: create
dirty difference images
of the Moon

e Step 2: Create mask
o disk M

o Specular B

D — (sdISkM + SspecB) * P o N




(7 Modelling Earthshine

e step 1: create dirty difference images
of the Moon

e Step 2: Create mask
o disk M
o Specular B

D = (SdISkM + SspecB) * P i3 N

e Step 3: solve fors ., Sspec

[Sdiska SSpec] = (HTH)_lHTD

H = [M*P, B*P]

. 21



/CRAR

Isolating Earthshine- specular component

ﬁ-

Sicl = Z Sdisk.-M Reconstructed Moon’s
disk
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0.008

0.000

Sspec = Z Sspec- B Specular earthshine

b.

—0.008

—0.016

Jy/pixel



@ Isolating Earthshine- specular component
=/
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~— Isolating Earthshine- diffuse component
@ (method: 1)

Radar studies from &vans (1969)

- relation between the two Earthshine
component

Sdiffuse (V) = Re(V)Sspec(V)

Saiffuse (v=100MHz) ) 0.58

Re(v) = ( Sqpec (v=100MHz) ) (IOOMHZ




@ flux-density of the Moon
&

Sdiffuse (V) = Re (V)Sspec (v)

R.(v) = (Sdiffuse(V=100MHz)

0.58

Sm(v) = Sqisk (V) — Sdiftuse (V)




=Y flux-density of the Moon

Sspec ( V= IOOMHZ)

Sm(v) = Sqisk (V) — Sdiffuse (V)
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A Isolating Earthshine- diffuse component
@ (method: 2)

o« FM station catalog - fmiist.org

o Estimating power received at MWA during the
observations

. Moon
Assumptions y

e All FM stations produce
isotropic power, have
constant bandwidth

e Reflection from the Moon
are diffuse



https://www.fmlist.org/ul_login.php

fa Reflected Power from the Moon

log10 P[KW]

_ Pemie(V)Ocross A
Prec(v) = 2210 5
(47[) D1D2
P emit (V) - Station Power Ocross - Radar Cross section

(~7% albedo in Radio, Evans (1969))

A B - Transmission Bandwidth Dl, D2 - Distance between the Moon from MWA, FM station




(7= FM simulations

Station count vs. Observing Time
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diffuse component

C\\
@* (method: 2)
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@ flux-density of the Moon
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It doesn’t ends here!




(7Y The Universe of Temperatures

T
TcMmB Tocr () Gal(V)




@ Next Step:

Moon




(7= Reflected Galactic Emission Teg-ca(»)
e

&

Reflected Galactic at 150MHz
1751 ¢ GSM2016 Aug.
+ T GSM2016 Sept.
S 150F GSM2016 Dec.
I, ¥
1250 N Thefl—Gal150; GSM2016 = 23.83 & 1.19 K(Aus)
kX 19.64 = 0.98 K(Sept)
100 AN 27.41 + 1.37 K(Pee)
N \’\
o *\* KN Basm2016 = —2.541 £ 0.003(A1e)
NS —2.562 + 0.003(Sept.)
50 ey —2.511 4 0.003(Pec)
v\_':::\.\.
| V- g
2 M e I T e
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Reflected galactic emission from the Moon

TGal(V)=T150( - )a

0 Reflected Temp. [K] 100 150MHz
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@ What MWA sees?

Tunar(v) =

Trefi-Gal1(v)

Trefi-Earth(V)

Tsky(V) =




@ Occulted Sky Temperatures
2/

Tsky(V) =

TGal(V) TcMmB TEoR (V)

TGal(v)- Temp. of the patch of sky
occulted by the Moon

TcmB - 2.735K




@ What MWA sees?

AT(v) = Tunar(v) — Tsky(V)

= [Tmoon +m + Trefi—Gal (V)]

— [Tga1(v) + TcmB + TEor (V)]

10726¢25,,.(v)

here, AT (v) =
where (v) TR

Sm(V) . flux density of the Moon

Q) : Solid angle of the Moon

D



Fitting for Galactic Temp (method: 1)

%\

2500
¢ Lunar Occultation
< rrtttre T Fitting
2000F
=
o, Tcais0; asmzo16 = 242.7+£12.1 K,
g 1500
@) a = —2.621 £ 0.003
ey TGais0; Fitting = 195.5 £ 5.3 K;
[@p)
- 1000 |
é) i & Fitting = —2.72 + 0.05;
3 h | IR . Thioon = 186.1£45K;
S sool— M bl 1 S
-4- GSM2016 S .
t “a, G k|
GSM . .. v T N N e
—-—-- Haslam | : SLEN
ol s 1T
[ 11 . i | ) |
80 100 120 140 180

Freq.[MHz|
TGal(v) — Tmoon — [Twi‘.—Emiln(!’) + T;reﬂ—Gal(v)]
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Gal(V) — Ty Gal1s0 \ 150 Mz fset
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i T NTNT

$  Lunar Occultation

¥ Lunar Occultation(FM sim.)
------ Fitting
2000 F g |
...... Fit-tillg(FM sim. )
=<,
[
= 1500 F
o
—

Taansn: wiine = 1955+ 5.3 K

Epoch | Sky-model | Tig,150; modely (K) Cnodel Fitting T(Gal150; fireing) (K) Lfiting T{Moon} K)
GSM 250.4 +12.5 -2.540 & 0.002 Method 1 199.2 + 5.4 270 £0.05 | 1883+ 4.6 U0
Method 2 (FMsim) 183.5 % 5.1 279 4£0.05 | 1742+44 K
GSM2016 242.7 +£12.1 -2.621 £ 0.003 195.5 + 5.3 —2.72+0.05 | 186.1+ 4.5
Aug, 179.2 £ 5.0 ~2.82+0.05 | 1714+ 43
LESM 313.9 + 15.7 -2.689 =+ 0.003 202.8 +5.3 —270+0.05 | 1885+£45
189.0 £ 5.1 2784005 | 1762+ 44 pedilh
Haslam 253.7 + 12.7 -2.603 =+ 0.003 1992 +5.3 —2.71 £ 0.05 | 187.9+ 4.6 P
183.7 £5.1 —2.80+0.05 | 1740+43 ___, |
GSM 253.4 + 127 -2.540 =+ 0.002 177.6 + 4.4 2544004 | 1894442 180
185.6 & 5.1 —2.43 +£0.05 | 198.5+ 4.9
GSM2016 241.0 £ 12.0 -2.585 =+ 0.003 174.4 + 4.3 -2.56 +0.04 | 187.4+ 4.4
Sept. 182.2 £ 5.0 —2.47 £0.05 | 196.0 + 4.8
LESM 295.3 + 14.8 -2.689 & 0.003 180.8 & 4.4 -2.56 £0.04 | 1892+ 4.2
188.6 £ 5.0 ~2.46 +0.04 | 198.0 + 4.8
Haslam 250.7 + 12.5 -2.603 =+ 0.003 177.4 + 4.4 —2.56 +0.04 | 188.9+ 4.2

T




@ Jointly fitting for the Galactic Temp
=

2500

(method: 1) s

| LDV TRIT V1 Wil
¢ Lunar Occultation(As)

Taai50; asM2016, Aug. = 242.7 £ 12.1 K

{  Lunar OccultationSePt)

Taait50; asm2016, sept. = 241.1 +£12.1 K,

{  Lunar Occultation(Pee)
----- Flttlng(Aug)

b

TGan150; Gsm2016, Dec. = 380.4 £ 19.0 K,

—

t

)

o
1

TGallSO: fitting, Aug. — 192.4+3.1 K
rjv(i;»ll?u, fitting, Sept. — 1713 E29K
TGalts0; fitting, Dec. = 243.5 £2.9 K

Thoon = 1844 £ 2.6 K

500

Occulted Sky Temp.[K

HIM“J |

assumption: T Moon is constant through all the epochs

—500

120 10 150 160 120

Freq.[MHz|

T
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Fitting with Galactic Temp

2500

(method: 2)2000

—
(&
o
o

$  Lunar Occultation{Ave)
(Sept.)

v Lunar Occultation
Lunar Occultation(Pec)

Occulted Sky Temp.[K

TGanso
TGanso

TGanso

TGanso
.

]-( yall50;

Tioon = 173.8+ 25 K

. GSM2016, Aug. = 242.7+12.1 K

. GSM2016, Sept. = 241.1+12.1 K,

. GSM2016. Dec. = 380.4 £19.0 K,

; fitting, Aug. = 17914+ 29 K

159.1+

A9 N
fitting, Dec. =— 232.0 ==

LT K

2.T K

500 e
b
Method 1

Epochs T(Gal150; Gsm2016} (K) XGSM2016 T'(Gal150; fitting} (K) Kfitting Lemood) (K)

Aug. 242.7 £ 1241 -2.621 £ 0.003 192.4 £3.1 —2.745 £+ 0.031 L

Sept. 241.0 £ 12.0 —-2.585 £ 0.002 1713 £ 2.8 —2.598 +0.033 | 184.4+£2.6 150

Dec. 380.4 + 19.0 —2.497 £+ 0.002 2435 +2.9 -2.612 4+ 0.022

Method 2 (FM sim.)

Aug. 242.7 £ 121 -2.621 £ 0.003 179.1 £ 2.9 —2.798 £ 0.033

Sept. 241.0 £ 12.0 —2.585 £ 0.002 159.1 £2.7 —2.640 + 0.034 | 173.8 £2.5

Dec. 380.4 £+ 19.0 —2.497 £+ 0.002 232.0 £ 2.7 -2.661 £ 0.021

42



(7= Previous Moon measurements

500
¢ Krotikov & Troitskii(1964)
=<, 4501 4 Vedantham H. K. (2015)
= 1 f  McKinley et al. (2018)
5 il ¢  This work (Lunar Occultation)
: : M—sim.
% 350} ¢ This work (Lunar Occultation” )
-
=
50 300}
: |
Sl . L. ih
= a0} |
150 | | | 1 ] | 1
0 200 400 600 800 1000 1200 1400
Freq.[MHz]

Moon temperature is consistent with the previous work
from McKinley, B. (2018)
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p
e \We used 6 Nights of MWA-I observations to test Lunar Occultation.

e FM RFI mitigation technique
o using RADAR studies of Moon'’s reflections Evans (1969).
o with simple FM flux-density estimator.

o Moon,s temperature IS Consis-l-r\:\‘l-e‘:o::)lil-ln nraviiniie finAdAinAace fram ActimatAac AF
McKinley (2018).

e The jointly fitted occulted bac = /
due to data and partly due to ¢

EARTHSHINE mitigation is really .

3,000

2,000

e Independent constraintson T € . WWWWWWWMWWM
such as EDAZ2. &

e Hope toreach a RMS level a¢s ¢ 1w

e Check for the systematics inti 5 " .

e Check if Occulted Sky Tempe & o= WMM

similar tests as Global Experi - - C 2 = a0 o

Frequency (MHz)

ey
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GPS start 1349183898, end 1349184190, average 1349184044
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