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Part 1

Radio Telesco



Radio Telescopes : Basics

camputer
recorder

amplifier

A radio telescope reflects radio a
focus atthe antenna. BEecause radio wavelengths
are very large, the radio dish must he very large.




Main features of an antenna
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® Resolution and sensitivity depend on the
physical size (aperture) of the telescope
® Due to practical limits, fully steerable single

dishes of more than ~ 100 m diameter are
very difficult to build

= resolution (A /D) ~ 0.5 degree at 1 m

(very poor compared to optical telescopes)

® Simplest way to improve resolution or
directivity is to use arrays of antennas

Low and High Resolution Images




= To synthesize telescopes of larger size, many
individual dishes spread out over a large area on
the Earth are used

= Signals from such array telescopes are combined
and processed in a particular fashion to generate
a map of the source structure :

EARTH ROTATION APERTURE SYNTHESIS
= resolution =A/D_, D_= largest separation

‘-? E:' '-'\ : |
o il
The 100-m Greenbank Telescope
® This allows radio astronomy telescopes to be
competitive in resolution to telescopes at shorter

wavelengths (like optical)

Sir Mrtin Ryle
-- pioneer in
radio astronomy




Radio Interferometry & Aperture Synthesis

BASIC LINKED RADIO
INTERFEROMETER




Aperture Synthesis in Radio Astronomy
Fourier Plane Coverage and “Dirty Beam”
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Aperture Synthesis Imaging Results
The “Dirty” and “Clean” Maps

EC‘INM'"'F uf 240.2 MHz : 30 970 CLEAN map at 240.2 MHz

g
=
2
a
a

e Y TS | .
04 51 00 5030 ] 43 3o ] 43 30 E 04 5100 &0 30 1] ag a0 0o
RIGHT ASCEMSION RIGHT ASCENSION
Foak surface brightness = S57.57 mdyboom Pauk gurtace Brightness = 475, "Emls'-'bﬂm
Léws = S.5TBE-02 * (0400, 0,400, 0.800, 1.600, Levs = 4, PHYE-0 * {0,140, 0.140, 0.2 Aud,
3.200, 5.400, 12,84, 2560, 51.20) 300, 1.600, 3.200, n-tm 20, 2560, 51.20)




The power of Array Telescopes




Part 11

Case study of a mod
observatory :



The Giant Metre-wave Radio Telescope (GMRT) is a
world class facility for studying astrophysical
phenomena at low radio frequencies (50 - 1450 MHz)

Array telescope consisting of 30 antennas of 45 m
diameter, operating at metre wavelengths -- the
largest in the world at these frequencies !

Designed & built by NCRA, during the 1990s.

Prof. Govind Swarup — father
Just completing a major upgrade to next generation of Indian radio astronomy
receivers & signal processing to handle 400 MHz BW
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The Giant Metrewave Radio Telescope ¢




Location and Configuration of the GMRT
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The Giant Metre-wave Radio Telescope
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The Giant Metre-wave Radio Telescope




The Giant Metre-wave Radio Telescope
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The Giant Metre-wave Radio Telescope
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Construction of a GMRT antenna




The Giant Metrewave Radio Telescope was dedicated to the World
Scientific Community by the Chairman of TIFR Council, Shri Ratan Tata.
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GMRT : Operations & Usage Statistics
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Off-line data processing chain(s) SeoiL




GMRT Legacy Receiver System : Overview
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Real-time processing from
multiple antennas involves :

O O O
(i) time alignment of the
Slgnals Delay Delay Delay Delay
. Correction Correction Correction O O O Correction
(11) FET to get the spectra (Integer (Integer (Integer (Integer
Clocks Clocks Clocks Clocks
(iii) phase corrections Il Il

(iv) cross-spectra between

every pair of antennas -

. R . Phase Phase Phase . A 5 Phase
(V) 1ntegrat10n over multlple Correction Correction Correction Correction

(vi) recording to disk T o I_i i

Total computing requirement : Multiply and Accumulate Beamformer
~ 1.5 Tflops

Total input data rate : < -
4 Gsamples/sec Data Storage and Analysis




The GMRT is a powerful instrument to probe several astrophysical
objects :
The Sun, extrasolar planets
Pulsars : rapidly rotating neutron stars
Other Galactic objects like : supernova remnants, microquasars etc
Other explosive events like Gamma Ray Bursts

Ionized and neutral Hydrogen gas clouds (in our Galaxy and in other
galaxies)

Radio properties of different kinds of galaxies; galaxy clusters
Radio galaxies at large distances in the Universe

Cosmology and the Epoch of Reionization

All sky surveys such as the 150 MHz TGSS

...and many interesting new results have been produced.



5 Sigma flux density (Sensitivity)
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All Sky Surveys : TGSS

RMS Noise (m)y/beam)




Part 111

The GMRT : upgrade a



The GMRT has produced several interesting and exciting new results
in the 15 years that it has been functioning as an international facility

We have just completed an upgrade of the GMRT to improve its
sensitivity by more than a factor of two, and also make it a much more
versatile instrument — to keep it on the fore-front of the global scenario
for the next decade or so

The upgraded GMRT provides near seamless frequency coverage from
120 to 1450 MHz at present (likely to be extended down to 50 MHz),
with a maximum instantaneous bandwidth of 400 MHz (replacing 32
MHz of the legacy system), with improved sensitivity receivers.



GMRT vs uGMRT :
Frequency Coverage

UGMRT vs GMRT bands
Avliv

120-250 250 -500 550 — 850 1050 — 1450
Band-2 Band-3 Band-4 Band-5

Frequency (V) MHz



GMRT
uGMRT
Confusion
VLA

JVLA

Y|

ASKAP

SKA-I

Frequency (GHz)




N
Nz Overview of uGMRT Receiver System
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Antenna 1
- JAND]@ FPGA
(400MHz = (packetizer)

‘ CPU + GPU
2pols) (correlator)
Antenna 2
=) ADC FPGA o CPU + GPU
(400MHz ‘ (packetizer) (correlator) Uit
o

2pols) Switch
(Infiniband)

o
Antenna 32
‘ ADC FPGA ‘ CPU + GPU
(400MHz ‘ (packetizer) (correlator)

2pols)

Total compute performance :

~ 15 — 30 Tflops .
Data acquisition

Total input data rate : and control
24 — 48 Gsamples/sec



N

.¥.{ Challenges on the Road to uGMRT

CHA=TIFR

The main challenges that we have encountered have been :

Technological : design of the wideband receiver systems was a
major challenge

Operational : keeping the existing GMRT working for our
regular users while upgrading simultaneously took some effort

Taking care of man made Radio Frequency Interference (RFI) is
and remains our biggest challenge !

" Containing self generated RFI
" Mitigating RFI from external sources :

(i) broadband impulsive (ii) spectral line



IIN

Large bandwidth of observations leads to improved uv-coverage and hence
better imaging quality
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Improved imaging wi

2 hr on-source integration time : ¥ 2l .
RMS = 28 micro-Jy = - g iSem il
Band: 300-500 MHz ; : 2 ' :

uGMRT 300 — 500 MHz

{

GMRT 325 MHz : 350 uly

10x lower noise RMS in uGMRT image for
similar observing times

Could detect 30 radio galaxies in the Coma

cluster, some for the first time



Part IV

The GMRT : sample new
science potential



N

hY4 Deep field imaging with the uGMRT :
~ XMM-LSS at Band-3 (300-500 MHz)

200 MHz BW

20 hrs on-source time

6.7”x5.8” resolution

14 microJy / beam
noise

Over 1600 sources
per sq deg !




g} Deep imaging with the uGMRT :
=i Abell 521 at Band-4 (550-850 MHz)

10 microJy / beam noise !
Arc like shock relic
Faint central radio halo

Radio lobes of some of
the galaxies — new
detections




N Deep fields with the GMRT :
R’-" Best image at Band-5 (1000-1460 MHz)

Recent result from L-band (1000 — 1460 MHz) study of the Extended Groth

Strip (EGS) field with the uGMRT
Reached noise level of 2.3 microJy in ~ 110 hrs of on source observing

2"4 deepest image at L.-band EVER (only JVLA has one deeper) !!!
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P&l GW170817 : neutron star merger event

M with the uGMRT
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gg Upgraded GMRT : opening new
o windows — Band 3 (250-500 MHz)

40 0414+053{4

0311+430




Upgraded GMRT : opening new
windows — Band 4 (550-850 MHz)
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N

N Magnetic stars with the uGMRT

MCREA =TIFR

-=-= Magnetic null -=--= Magnetic null
4 RCP 4 RCP
# LCP

23rd August
2018
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Wideband pulsar observations :
improved sensitivity with uGMRT
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Pulsars with uGMRT : improved
sensitivity at Lband (Band-5)

2 Pulses of Best Profile Search Information
Candidote: PSR_1455-3330 P gpy = 1455:47.9700 DEC gopg = ~33:30:46.3800
Telescope:  GMRT Folding
Epocky, . = S7470.88033935457  DOF , = 48.81 ; = 15,888 P{Noise) < 6.7%-169 (27.7q)
EP”"., = Nk Ulpnmm Fl,n"em’] = 13,571
= 8192005 (ma) = 7.0868455(20 (ms) = H/A
CPhied - Tt foe P (82 = 002,610 F"; (s/a). = N/A
J1455_3330 Doba Avg = 9.830e+04 ::...r-j 00(28)107™7 Py (s/6%) = N/A
Data StdDev = 587.2 Binary Parameters
Bt o Profle Bas = 64 Py (8) = /A e =N/A
Profie kwg = 1.124e+10 u,lli."l},n"t (s) = W/a w (rod) = H/4
S_1400 = 1.2 mJy b s T = VA
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2 Pulses of Best Profile Search Information
Candidate: PSR_1455—3330 Pl = 14:55:47.9700 DEC g0 = —33:30:46.3800
Telescope:  GMRT Felding
Epochy,,, = svm SEDS3935457 DOF, = 48.91 = 15888 P(Noise) < 6.79e—188 (27.7a)
L3 ngn\_' = w-p- on Meaaure /em’) = 13.571
Xam e Wlt eam S o T = B.192e-05 pe (M) = namﬁ(zo (ma) = H/a
. - 7311360 P" (s/8) = 0.0(2.6)x107" """’ (8/8) = N/A
Avg = 9.830e+04 P"" (-x J 00(2.8x10" P oy (5787} = N/&
- 5&7.2 Pln'mm
MW 64 Pory (8, t‘.l
g = 1.124e+10 L nﬁ)f ()- NA& w (rud) = H/a
g T =
por

= J1455-3330
" S_1400 =1.2 mly
" Band-5 (1260 to 1460 MHz)

®" 10 mins scan

" 12 antennas

P pogg = 14:55:47.9700 DEC gony = —3%30:46,3800
Feiding Porometsrs
DOF, = 48.91 3° , = 163.055 P(Noise) ~ 0
on Measure TOM: pe/ ’} = 1371

= MSP: J1455-3330 A B EREET RS

Binary Paromebers
A

oysin(i}/c (3) = N4 lﬂ==) =
Ty = HAA

* S_400 =9 mJy j { g

= Band-3 (300 to 500 MHz) s

" 10 mins scan

" 4 antennas (only)

15010050 0 134 135 138 137
Reduced x* DM {pe/ecm®)
J1455—3330_gwb_pa_500_200_int& 24mari &.gmri_dat




/\ Wideband Coherent Dedispersion for
the uGMRT

* Coherent Dedispersion on voltage output =t o o
of phased array mode of uGMRT /\

" Working in real-time (GPUs), for 100 to
200 MHz BWs, at low frequencies.

" Will be released soon for the general user
community.
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Epoc 57425, 83732476542
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" Will increase the quality of pulsar studies
with the uGMRT

Comparison of

with

for 300 to 500 MHz band of the
uGMRT, for PSR J0613-0200

Fease Prduced
M| L0 S Zbands 81 85 ros prrldal




N

N Finding new pulsars with the uGMRT

MCRA = TIFR

* uGMRT has significant potential for new pulsar discoveries
(0.5 mJy in 10 mins in incoherent array mode)

* Some of the ongoing / planned pulsar searches are :
* GHRSS : legacy GMRT + upgraded GMRT

* uGMRT %lot survey for pulsars
(PuGMaRK) First new pulsar discovery with the uGMRT !

. Ta-r Eted SearCh j-n SEIe CtEd Rl oY Dt et Candidote: 442.55ms_Cand RA = lf)D:IJD:Dgl.eﬂul?l';]:;I Inﬂ"mul:gn = 00:00:00.0000

Y2000 V2000

gl 0 ul ar Clu St ers ::::ng::%?g:.m 748695465 ga&"i?ﬁpz’;;?zﬁ :’)PiN:::L; 2.84e-96 (20.80)

re .
T, 8.192e-05 P = 442.5481(35 Py
Data Folded 7219200 phr (("?)’f u.b(-i(«s)n)ﬂrz i P ((s;:’.')2 - N/;
o Data Avg = 6.065e+07 Piopo (8/5°) = 0.0(5.1)x107 Poary (8 = N/A
* Targeted search in TGSS Tkl kR O T
Profile A = 3.42e+12 o:':‘?n(l)/c (s) = N/A w (rad) = N/A

Steep Spectrum Sources 6 " Profile 5:30& = 1.362e+07 TP"‘-N/A

E
H
|
3
@

0.6

1 o -1
Period — 442.55327857 {(ms)

0.4

Freq — 2.259615 (Hz)
—5x107* 0 sx10~*

i
ki
:

0.2
P-dot (s/s)

o -sxip?
A6 0 210 Hx107"
F—dot (Hz/s)

a0

PuGMaRK team [ o N N
: : Period — 442.55327857 (ms)

Reduced 2
D e C e mb e I 2 O 1 7 409D-016R305.57823.017486954654.gpt.fil boris.ballta 17-Dec—2017 17:20
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N Finding new pulsars with the uGMRT

MOHEA = TIFR

* uGMRT has significant potential for discoveries of new
pulsars (0.5 mJy in 10 mins in incoherent array mode)
and transients

* Some of the ongoing / planned pulsar searches are :
* GHRSS : legacy GMRT + upgraded GMRT

L J
?SII\G/I&E[S’{%\)]EY or DESEE First new RRAT discovery with the uGMRT !

. 1st RRAT discovered with the GMRT
® Targeted search in selected

globular clusters

* Targeted search in TGSS
steep spectrum sources

Credit : GHRSS team

J1850-48 at DM of 23 pc em™ and period of 327 ms is a RRAT discovered from
GHRSS team P P
the GHRSS survey
7 pulses (< 10 ms wide) see over 10-mins. The strongest pulse is at ~ 3 Jy
n 201
Ja 019 One of the nearby RRAT @ 0.8 kpc




N Improved timing with uGMRT : the
case of PSR J0514-4002A

Nz

MCRA = TIFR

" Discovered with the GMRT back in 2004
in globular cluster NGC1851

" Binary pulsar with very eccentric orbit
(e = 0.89) I -- was record holder for

many years.

:

I

" Initial timing observations determined
advance of periastron : constrainted total

mass of system :
2.453 +/- 0.014 M_sun
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PANl PSR J0514-4002A : improved
proved timing
Nz with uUGMRT

MCEA =TIFR
®* More accurate & sensitive observations with uGMRT allow timing baseline to
be extended over the 13 years interval

* Could measure a 2" post-Keplerian parameter — the Einstein delay — with a
20-sigma significance

* Independent estimates of masses of neutron star and companion :
1.266 +/- 0.044 & 1.207 +/- 0.044 M_sun

* This may be the lightest millisecond pulsar with precisely measured mass

* Also, companion may also be a neutron star ?

Yedr
2006 Z0O0E 2010 2012 2014 Z016

Residual {us)
. g 0.02
Spin Phase

—0.02

24200 250 25000
Date (MJD)




g} Precision timing with the uGMRT

" Regular observations for a few well known MSPs —

" Simultaneous dual-frequency observations with uGMRT :
Band-5 (1260-1460 MHz) and Band-3 (300-500 MHz)

" Now extended to multi-frequency (3 bands) with 30 antennas

* USP : Good quality TOAs at multiple frequencies, DM & other ISM effects

PSR J2124-3358 with uGMRT : achieving DM variations for J1939+2134
sub-microsecond residuals



Ground support for ExoMars
mission of ESA

GMRT + NASA collaboration

Faithfully tracked Schiaparelli
Lander module of ExoMars
through “8 mins of hell”

~ 3 W signal @ 401 MHz
from Mars !

ExoMars/Schiaparelli/EDM
Entry, Descent, Landing (EDL)

Detection at GMRT, India
2016-10-19

“Fringe” benefits with the uGMRT :
Tracking Space Probes !

Spectrogram Frequency (Hz) vs. Time (s)

e e e L v e e,
: GMRT, NASA/|PL-Caltech, ESA

: 52:28 UTC Atmospheric Entry ; 5

- 14:55:49 UTC
- Predicted Parachute
- Deploy ;

] All times UTC Earth Receive Time |
Phased 12 antennas

- 14:57:08UTC e Showing doppler residuals after
- Last Detected Signal applying ESAprovided predicts

14:57:50 : Predicted Backshell & Parachute Jetison
(This exposes +6 dBiC antenna), Thrusters On
14:58:20 : Predicted Thursters Off & Touchdown




Summary

Radio Astronomy is study of the Universe through the fairly wide radio window in
the electromagnetic spectrum — one of the two windows that is accessible with
ground based telescopes.

Radio telescopes can be large single dishes, but are more likely to arrays of
antennas spread out over large distances -- in order to achieve sufficiently high
resolution.

Many kinds of sophisticated engineering and technology are needed for building a
modern radio astronomy observatory.

The GMRT is a world class low frequency radio astronomy facility in India; has
produced many interesting results in the last decade.

The just completed upgrade will keep the GMRT on the forefront for next several
years to come.
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