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Radio Telescopes

Basics of Single-dish Antenna and Interferometry

Calibration Technigques

Most of the slides are stolen from 2015 NAIC/NRAQ single=dish and interferometry summer school
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Table 2
Timing Model Parameters” from TEMPO

Parameter EVAC and EQUAD With Jitter Model Jimer and Red Noise Model
Messured Parameters

RA o (J2000) ITA0 349 532025 1K5) 171349 S320248(7) 171349 53225 K)
decl, & (2000) TATITS06131(12) TAT I SO6155(1)) TAT 375061402
Span frequecy » " 218 31 18888472585 218 51 1343847259400 JIES1I84385472509)
Spe down e & (u") ~ADKIRE4) « 10" 4 DEIEN(T) » 1o ~4 (R382(5) « o™
Proper motion in o, p_ = & cos 2 (masyr ') 491711 49179%1%) 49170
Propes motion i &, v, « & (mas yr ') ~319172) ~3915%%) ~3914)
Parsllax, = (ma) DESH(1S) 0.84(3) 03%3)
Dispossion messsrs” (pecm ) 159700 159700 159700
Orbital period, P, ) 67 8251 M682426(16) 678251 MMN3S5(19) 6782513826030 19)
Change rate of Py, P (10 P sn ) 0.2M12) DAKI6) 044017)
Eccestrscny, ¢ Q0000TE9IM(3) Q00007TE939N6) 0.0000749802(6)
Time of periastscn passage, T, (MID) 3761.0022%11) S3761.0028(3) S$3761.03273)
Angle of perisstron’, « (deg) 176,194 1(6) 176.1967(15) 176.1963(16)
Projected semmimagor axis, x (it-2) 32344028 X5) A2 M24218%(14) 32 I24218K14)
sin i, where | i e orbital iclination segle Q987NN 0.951¢4) 0951(4)
Companion mans, M, (M ) 0.23%4) 0.25N1Y) 0.236(13)
Apparent change rate of ¥, £ (Hax™') Q00637(7) 0,005 10) QDOS4AS(1 1)
Profile frogeency depeadency pasameser, FDI ~DMOI63INIY) ~00M0162%2) ~000016(3)
Profile freqeency dependency parameser, FD2 00001350 00001 S80¢ %) D.00014(5)
Profike frequency depoadency parameser, FDJ A1 DO00SAAH) 0 D000 6) ~QO00sN 1T
Profike Srequency depeadency pasamener, FIM 0.0000147(4) 00000153 4) QDOIS(S)
Fixed Paraweters

Solar systems cpbemersis DE&2) DES2) DEA21
Refereace cpoch for o, & mad » (MID) S3TY S3TN S37T9

Solar wind clectron density ng (cm ) 0 0 0

Rate of periastron advance,  (degyr '1' 000020 000024 000024



What is a radio telescope”
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Fig. 3-2. Relation of antenna pattern to celestial sphere with associated
coordinates.

From Frank Ghigo at SDSS15



Aperture
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Radiometers



The simplest radiometer

-

Jlm COndOﬂ Single Dish School 2015 July 6




Differential radiometer
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Superheterodyne receiver
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System Temperature

Th = —1, Radiation Temperature

I =T +T atm (1 e_m) + 1 spill T TCMB
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Alright, ready for interferometry?



The Purposes of Interferometry

ncrease the spatial resolution
nterferometry has to correlate E-fields at spatially
separated |locations

Distance (meters)

(meters)




The Stationary, Quasi-Monochromatic
Radio-Frequency Interferometer

Geometric

S S
Time Delay
%]
Ty = b-s/c 3 \
b
* The path lengths

V, = Acos(wf) from sensors
to multiplier are

Vi=Acoslw(t-7,)] ‘

b X <
/ I assumed equal!
multipl
Pl () <« Az[cos(a)rg)+cos(2a)t—wrg)]
average —_ i ~ . % g
Unchanging Rapidly varying,

R. = Pcos(wr,)

M Note: R_is not a function of time or location!

GB Interferometry School  R|ck Per|ey 10



Nomenclature, and Direction Cosines

* Toillustrate the response, expand the dot product in one dimension:

2”: °5 =27 %cosa =2usin @ =2wul

— Where u = b/A is the baseline length in wavelengths,

— o is the angle w.r.t. the baseline vector
— [=cosa =sInb is the direction cosine for the direction s.

GB Interferometry School R|Ck Per|ey 15






The Effect of Sensor Patterns

* Sensors (or antennas)
are not isotropic, and
have their own
responses.

* Top Panel: The
interferometer pattern

with a cos(0)-like
sensor response.

* Bottom Panel: A |
multiple-wavelength \/

aperture antenna has a
narrow beam, but also
sidelobes.

* Note that the phase will
also be modified.

-~ —

Rick Perley




R, = f f [ (s)cos(2vb-s/c)dQ

The response from an extended
source with isotropic sensor

-+ - + - + -

Fringe Sign



Define the Complex Visibility

*  We now DEFINE a complex function, the complex visibility, V, from the
two independent (real) correlator outputs R and Rc:

V=R.-iR,=Ae™

where
A=R}+R:
R
¢ =tan" | ==
RC

* This gives us a beautiful and useful relationship between the source
brightness, and the response of an interferometer:

V,(b) = R. —iRs = [[1,(s)e”"""" dQ

* This is a Fourier transform — but with a quirk: The visibility distribution is
in genera a function of the three spatial dimension, while the brightness

B’stribution is only 2-dimensional. More on this, later.

Rick Perley



Examples of Visibilities — a Well Resolved

Object
e The flux calibrator 3C295

Piot the version 4 created 27-MAR-2014 08:5):48
va UV aisl lor JC205 1400, THOS .Y Sowce 141152
Ants *-* Stokes! IFF1 Chama 1

| |

Amplitude

Janskys

GB Interferometry School

Declination (J2000)

21210

12

1"

10

4

PLot file version 1 oreated 27-MAR-2014 09 01:18
JIA11452 IPOL 2947000 MHZ 3C295-2947.CL001 2

| 1

-

l . 1 . » . » 1 5
M0 2098 208 207 2086 05 204 D03 202

N‘h‘l‘:mm (J2000)
Poak Nlux = J065BE 00 JY)
Levs = 3.066E-02 * (+0.100, 0.%00, ©.200, 0.300,

0.500, 7, 2, 5,10, 20, 50, 100, 200, 500)

Rick Perley i



Move on to a more realistic
iINnterferometry



The 2-d Fourier Transform Relation

Then, vb.s/c = ul + vm + wn = ul + vm, from which we find,

Y, wv) = [[1Lm)e™> 4 didm

which is a 2-dimensional Fourier transform between the brightness
and the spatial coherence function (visibility):

[ (I,m) = V(u,v)

And we can now rely on two centuries of effort by mathematicians on how
to invert this equation, and how much information we need to obtain an
image of sufficient quality.

Formally, :
1,m) = [[7, (u,v)e ZFEE™) iy dy

In physical optics, this is known as the ‘Van Cittert-Zernicke Theorem’.

-~ —

Rick Perley



General Coordinate System

* This is the coordinate system in most general use for synthesis imaging.

* w points to, and follows the source, u towards the east,and v towards
the north celestial pole. The direction cosines / and m then increase to
the east and north, respectively. ¢

‘0
‘Projected
.0‘ *e . ] \/ u2 + V2
. - Baseline
W, s
S b *o)

€ u-v plane — always perpendicular
to direction to the source.

Rick Perley



Sample VLA (U,V) plots for 3C147 (6 = 50)

* Snapshot (u,v) coverage for HA = -2,0,+2 (with 26 antennas).

10
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Ko Wavingth

4 |
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Xl Wavingth
From 10120000 to 1/01:30:00

HA = 2h

1| Coverage over
i/| all four hours.

Rick Perley



VLA Coverage and Beams

* Good coverage at all declinations, but troubles near 6=0 remain.

GB Interferometry School R|Ck Per|ey 4]



Calibration, Deconvolution, and Analysis



Graphic Representation (1 SB)
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U-v Source Coverage
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The take-home message

Interferometers measure cross-correlations between
antennas = visibilities

Visibilities are samples of the Fourier transform of the
sky brightness distribution

Imaging and deconvolution aim at

- retrieving an image of the original sky brightness
distribution

- minimize the telescope footprint related to the
incomplete sampling of the Fourier plane

Arielle Moullet



Interferometers “see” very
differently than cameras and eyes

Interferometers measure complex numbers: visibilities

Absolute value: ‘Amplitude’
Argument: ‘Phase’

This is a NRAO
director

(as seen by a
perfect
interferometer)

amplitude

Arielle Moullet



Interferometers “see” very
differently than cameras and eyes

Interferometers measure complex numbers: visibilities

Absolute value: ‘Amplitude’
Argument: ‘Phase’

This is a NRAO
director

(as seen by a
camera)

Arielle Moullet



T(x,y) V(u,v)

=

amplitude phase
=

6 function . —\ constant
=

o elliptical

elliptical N Gaussian
Gaussian N

Arielle Moullet



disk Bessel

sharp edges result in many high spatial frequencies

Arielle Moullet



What was the original sky
brightness distribution?

the inverse Fourier transform of the sampled
visibilities yields the dirty image = true sky
map convolved with footprint of the array

e "“\"“"’lk "<:-i5'?$4'!-".'.- v L

..A“.n(.‘). OO SV
) o

-
AAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAA

Phase Amplitude

The footprint of the array is clearly apparent! Arielle Moullet



The dirty beam

The footprint / point spread function (dirty beam) of the
array is the Fourier transtform of the uv-coverage.

Deconvolving the dirty beam retrieve a ‘clean’ image
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What happens when you have missing short
spacings?

Observed Spatial Frequencies Instrumental Response
a : b :
|
deal i |
=" I RN — — l
l
T F
Minus Short : 1
Spacmg - o R _.:. _X-.

|
Effectof missing | | || | %\A/\,‘
short spacing .5 R P

Braun & Walterbos 1985

A. Kepley



Feather combines data in the UV plane.

Scaling factor

Single
Dish ”
Interferometer | = ES
. @1

@ Stanimirovic 2002
A. Kepley



Devolution extrapolates inner flux.
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Deconvolution is done via clean, but MEM can provide similar reStlts.



You can use the single dish data as a model
for the deconvolution.

|
FT of “Dirty” Interferometer map
EAN model

& uv-distance
| A. Kepley

—
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Let s combine interferometric and
single dish images using feather in

CASA

Interferometer Single Dish

Images taken from forthcoming M100 ALMA Casaguide by Crystal
Brogan, Jennifer Donovan Meyer, and Tsuyoshi Sawada.

-

A. Kepley



Step 6. Science!

Interferometer Only Interferometer+Single Dish




Example: A thin, tilted rotating disk

«ir SIN 1 COSO

+V

+V, sin i

-V . sin

cir

-V . sin i cos®

cir

Channel Maps

Mean Velocity Field

Jim Braatz



Channel maps give dynamical information

HC,N - IRC 10216

* IRC 10216 is a I6th mag AGB star
but brightest star at 5 um

* Expanding shell is clearly delineated
in channel maps showing emission
from the linear molecule HC;N

27

Jim Braatz



The ALMA correlator — world’s highest
supercomputer
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ALMA Reduction Tutorials
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Resources

NAIC/NRAO Single-Dish and Interferometry Summer School
https://science.nrao.edu/science/meetings/2015/summer-
schools/interferometry-program

Essential Radio Astronomy, J. J. Condon and S. M. Ransom
hitp://www.cv.nrao.edu/course/astrb34/ERA.shtml

CASA Guides
https://casaguides.nrao.edu/index.php/Main_Page

Synthesis Imaging in Radio Astronomy |l, G. B. Taylor, C. L.
Carilli, and R. A. Perley (aka. The White Book)

Splatalogue: database for astronomical spectroscopy
http://www.cv.nrao.edu/php/splat/




