Single-Dish Radio Observations

We wish to measure the flux density F, of a source.
This is related to its specific intensity: F,~ I, Q.

The intensity can be expressed in terms of
brightness temperature. In the R-]J regime:

1,(6,9) = 77 Ty (6,9)
The power of the radiation collected from a source
with flux density F, is: P =F A Av
(Av = bandwidth or range of frequencies detected)

Power from the astronomical source:|P = k Av 7,

So, in principle, if we measure 7, we get F,. So it
seems simple. But it is complicated!




Single-Dish Radio Observations

First, let’s consider the noise.

Power from the astronomical source: 7,
Power from the receiver: 7, (or Tj,..)

All un-wanted extra power: 7, =T+ T+

Sys
The system temperature T, includes power
from the:

receiver
background sky
atmosphere
reflector
spillover

yS




Single-Dish Radio Observations

e Power from the astronomical source: 7,

o All un-wanted extra power: T,

o Amplifiers: gain G
o Total power: P = G kAv (T +T,)

o The power measured by the receiver is
converted into a voltage: v,, = oG kAv (7 +T,,)
e But 7,<<T,, = need switching: measure another

Sys
signal, with same overall power, that differs from
the first, solely by the fact that it does not contain

the astronomical signal, and subtract. 3




Switching

o On-source and off-source:
o V,,=0aG kAv(TA+TSys)
o Vig=0a G kAV T

o V., —Vg=0aGkAvT,

e Switching allows to determine 7, but has to be done
as fast as any power variations due to the receiver
or the atmosphere.

o Position switching and beam switching:
o Position switching: the OFF position is specified

« Beam switching: specify the “throw” (in azimuth

or elevation) *




Calibration

[ Von_VoffzaGkAVTA

[ Voffz OLGkAV 7-;}/5

o It seems that we need to measure o and &
separately and for every observation. That
is not practical.

o Calibration of the system: A noise diode
injects a known amount of radio-frequency
power per unit bandwidth corresponding to
a known equivalent temperature T.

al"




Measuring the system temperature

Telescope looking at blank sky:
o With diode on: V,
o With diode off: V

Vcal — Tca1+Tsys — T — Voff T
v T Sys V -V cal
off Sys cal off

The conversion from voltage to temperature

is given by the factor VL

cal "V off

We don’t need to calculate o and ¢
separately.




Measuring the antenna temperature

e Instead of the diode,

we inject the
astronomical signal:

° Von — TA+Tsys

off Tsys

Von_ Voff T
v Sys
off

o
~3
N
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e Uncertainty in T,
[ TA<<TSYS :>

° G(TA) — i}L
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Uncertainty in T,: radiometer equation

e 6(Ty) = s

VAT AV
o Switching: two measurements, ON-OFF.

The total uncertainty grows by v2
7.
— O T :\/2 —SVS
() INEAV

e Switching: At =2 At

T o Example:
o = 0(Ty =2 SYS At,.=1s, Av=1MHz
VAT AV B
= o(T,) =0.0017,

Sys
— It is possible to observe signal a thousand smaller
than the noise (non-astronomical signal).




Observing our astronomical sources

o All done, right?
« We measure voltages, that give T,
o ...that gives P

o ...that gives F,.

e For a point source, yes.
o But for extended sources

—

HHEBW

¢ FNBW = 60
s ;

o Beam pattern, resolution,
etc.

HPBW = 28.65




Antenna beam, beam pattern

e Non-uniform beam pattern = antenna
captures power from different points of the
sky with different ability.

e The antenna temperature depends on the:

o intensity of the source (function of position on
the sky) and also on the

o antenna beam or beam pattern (sensitivity of the
telescope as a function of position on the sky)

o Beam (or power) pattern: £ (6, ¢)
o Normalized: A ,(0,0)=1 10




Antenna beam, beam pattern

o Antenna solid angle, Q,, is the integration of the
beam power pattern over all angles:

Q, = Am(6, 9) dQ

with dQ= sin6 do d¢.

o Gives the angular area the telescope responds to.

o Antenna theorem: €,

KZ
B Aeff

(always valid)

o Antenna with circular reflector = beam is axially
symmetric = £,.(0,0)= £, .(0)

e For uniformly illuminated circular aperture, Z,..(0) is

a Bessel function.
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Antenna main beam

e P _.inbeam(0) is @ Bessel function, often approximated

2
by d gaUSSian: Pmain(e) = exp [_4 In 2 (9 i ) ]

FWHM

where, by definition, 6,4y IS the angular resolution.
e For a uniformly illuminated aperture, 6qyyy = 1.02 A/D
e For an optimum illuminated aperture, 6pyyy = 1.15A/D

e The antenna main beam, or solid angle of the main

: 1 =
beam, is ! Q ., = meain peam(0) dQ = 1n2 ZGZFWHM

T
O — = Q2
®l ®Cmain T 352 0% Fwim
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Main beam efficiency

o Example: For a optimum illuminated aperture,

1 = A?
o USiNg Agon=7D% = Qi =1.18A7‘

geom

7\’2
Aeff
e The main beam solid angle can be up to 97% of the

antenna solid angle, under optimum illumination.

geom geom

o = 'Q'main <0.97

= Q. ., <097Q,

o Define: main beam efficiency: (M, = Qénain
A

13




Aperture efficiency

o Define: aperture efficiency: |n, = ==

Aeff

geom

e For the optimum illumination case, % =1.18.

(Note: optical misalignments or out of focus enlarge

the main beam = 0Oy > 1.151/D)

A
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Power from extended sources

e P=F, A4 Av  but the flux density coming from
different directions of the source is not detected
with the same efficiency.

e Let the telescope point at (6,, ¢,) = £,,,(6—6, d—d,)
o Elementary power from (6, ¢) is:
dP 6y, ¢g) =1,(0,0) £,,(6—0, d—dy) dQ Ay Av

1
= P(0y ) = > fau sky 1,(6,0) Arn(0—0p, 0—d) dQQ A Av

A
= INCIE D z_ekff all sky 71, (0,¢) Bmn(0—6,, 0—d,) dQ

e = T, is the convolution of the source intensity with
the antenna beam:|7,=/,® A, 15




Power from extended sources

o Recall: Brightness temperature, Tg, is a measure of
intensity. In the R-J approximation:

1, (6,9) = 77 Ty (6,9)
Aeff

= T4 (Bp, &) = 22 Jall sky 75(8, 9) £, (60—, 6—0) dQ

e = T, is the convolution of the source brightness
temperature with the antenna beam: |7,=7; ® A,

e« Or equivalently| 7,=7,® B,

« We want /7, or 7; of the source but we only measure
7,. And 7, is a smeared version of T7;.
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Resolved versus unresolved sources

o Extended sources versus point sources.
o More correctly: resolved versus unresolved sources.
o What is a “resolved” source?
e Angular size > (main) beam size
e What is a "unresolved” source?
e Angular size < (main) beam size
o What is a “point” source?
e Angular size << (main) beam size

o A “unresolved” source whose angular size is <<
beam size is a “point” source.

17




Point source

e Point source located at (6,, ¢,) = Only contribution for
0=0, =0y = £ n(0—06, 0—dy) =~ £,,(0,0)=1

A
— T’A (OOI (I)O) = szf fsource [V (9, (I)) dQ

_ Ay _ 2k
— Q—EFV — FV —Aeff TA

= For a point source, we get a direct measure of the

flux density.

F 2k . .
o F=——1Is the factor converting antenna
A eff

temperature to flux density, for a point source.

e The inverse,%zDPFUzA—eff,
2k

Kyl is obtained during calibration of the telescope.

(degrees per flux unit), expressed in




Point source

o Unresolved source, but with a known solid angle

Qsource-
o FV=/2T’;7A  F =1, Qe » Lo=32 7T,
= [Ty = %‘j\rce Ty = Ty<Tg

o We say that there is beam dilution and Sgozurce is the

A

beam filling factor.
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Unresolved source

Q
T — source T
. A QA B
o If the source just fills the main beam: Q_ ,.c.= Qain
Qmain —
= == "1 = Ty=Mmp7p




Resolved source

e Source is larger than the beam.

o Example 1: source is uniform and fills the main beam
but does not extend into the side lobes (/(6, ¢) is zero
outside the main beam).

A
= T5 (04 ) = zicff all sky £, (6, ¢) £, (6—6, 0—0,) dQ2

= TAz’j—e]fo I, = The antenna temperature is

main v

proportional to I, not to F,.

o If the source is not uniform I, > <I,> = average
intensity over the main beam.

2k 2k
° <Iv>_—TA_mTA 21
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Resolved source

o <1v>=T%TA

e Recall that <I,> ~ F /Q

main

e <I,>, the average intensity over the main beam, is
commonly referred to as the “flux density per beam”,

in "]y beam-1”, instead of Jy sr.

o If a table gives results of observations in Jy/beam,
the flux density of each source is:
o the value quoted, if the source is unresolved

o the integral (or sum) over the solid angle of the source, if the

source is resolved.
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Resolved source

e Source is larger than the beam.

o Example 2: source is uniform and fills the entire sky
(also, no spillover).

A
= 1) (eO' (I)O) = }Lesz all sky 7;3(01 ) Pbm(e_eO' (I)_(I)O) dQ

A
= Ty = Te[ff [fall sky Bpm(0—60, 9—0,) dQ2 | 7;

= =207, = =1

e When all sky is filled with uniform radiation of
brightness temperature 7;, the measured antenna
temperature 7, is equal to this brightness
temperature.

23




Calibration by filling the beam

e Surrounding the telescope (or feed horn) with a
source of known 7; (a blackbody), allows the
measurement of the system temperature.

e This method is used at higher frequencies and also
allows the correction of the attenuation of the
atmosphere.

o V= C(TA+ Tsys)
With a “hot load”: Vy, = C(Ty +T)
With a “cold load”: V¢ = C(Tt, + )
T = 71'-IL_ TCLy
Sys y—-1
24

e.g. T, = 78 K (liquid N5); 7, = 293 K (ambient)

with  y=V,/Vq




Spectral line observations

o Requires a spectrometer at the back-end

o Spectral parameters (fixed for the filter bank):
Spectral resolution: width of each channel, 6v
- Total bandwidth: Av = N yannels OV
Central IF (frequency of the central channel)

e LO is used to select the RF we want to observe:
VRF = Vo ¥ Vir

e T0 detect and measure the line: minimum number
of 5 channels across the line.

e Line must leave free a sufficient number of channels
(not occupy more than 34 of the bandwidth). s




Spectral line observations

e Uncertainty in 7, depends on 6v. Substitute: Av 2> v
in the equation of uncertainty:

7.

SyS

VAT OV

0oDsS

o(Ty =2

e Spectra as a function of velocity (instead of frequency).

o Conversion based on Doppler formula:

V=V, v
Vv

(non-relativistic)

0

26




Spectral line observations

e Frequency switching: alternative mode of switching
possible because the signal is contained in a narrow
range of frequencies.

o Switch in frequency (tuning the LO to a slightly
different frequency) instead of moving the telescope
or secondary.

o Frequency offset not too large: the OFF spectrum
should contain the same noise as the ON spectrum.

o Can double the time on-source, thus requiring less

. . T T
observing time: o(T,) =v2 —2£—, not: 2 —=&
g ( A) v obs OV 27
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Baseline

o The reference (or comparison, or OFF) signal may
not be well-balanced in power. The result is a
baseline that is not flat nor located at 7,=0.

o Requires “subtracting a baseline”.

o Usually in the form of linear function of the
frequency.

e Sometimes a sinusoidal baseline appears, due to a
standing wave between the feed horn and the
primary reflector.

28




Radio images

o« When the angular size of the source is larger than
the beam, we may wish to make an image of the
source.

o But small number of receivers at the telescope.

o Building image point by point covering the sky area
desired.

o Sampling: full-beam versus Nyquist.

29




Convolution

e Remember: The antenna temperature is the
convolution of the brightness of the source with the
beam pattern.

A
o Ty(Op =L [\ 1,(0,4) Bp(0-0,,0—0p) QO OF T,=/®R,

o The resolution of the image is given by the beam
size.

o If the beam pattern is well known, and there is
sufficient SNR, some resolution can be recovered by
making a deconvolution.

efundamental

o O . ~
eft JSNR 30




Convolution with a point source

e Point source located at (6,, §,) = Only contribution
for 8=0, ¢=¢; = Amn(0—06y ¢—0¢g) = £,(0,0) =1

4 A
Ta 00 00)=5 [ gy T 0, 0) Pon(0—00, 0—0p) @ = T, ==F,

e Point source located at (6, ¢;) = Only contribution
for =0, 0=0; = An(6:=00 ¢1—¢) =1

o Ty(O 0)=20 [ 1,(0,0) Pyn(0=0p =) A2

A
= 15 (04, 01) = foFv Pom(01=00, 91 —0y)
o Let position 1 be arbitrary:

7,(6,6) =24 P, (6-0,, 0—d;)

31




Convolution with a point source

o Let position 1 be arbitrary:

7,(6,) = 21F, B, (66, 4—by)

e The map looks like the beam pattern. That is, the
angular dependence of the map is the same as the
antenna beam pattern.

o« The peak value in the map gives the flux density of
the source.

e This is useful to measure the beam pattern of an
antenna.

32




Calibration of a radio telescope

o Pointing
e Temperature variations, deformation of the dish, etc.
o Pointing corrections needed
e Using a five-point scan map in Az-El.

o Gain, Effective Area and Gain curve (function of El).
o Different telescope gains (not receiver gain). Needs to be

measured.
. : _Aeff — IA ;
e DPFU: Gain = = (measure this one)
2k F,
AT 4aTA

e Another Gain= Q, = N

o Aperture efficiency: n, = AA_eff 33




Calibration of a radio telescope

o Beam pattern
o By mapping a strong point source
o Inclusively, side lobes

e Main Beam efficiency

o Extended source to fill the main beam (but not
the error pattern). Use 7,=mn,, 73 t0o measure n_,.

o For short wavelengths (< 1 cm), use large
planets.

34




Calibration of a radio telescope

o Antenna solid angle

}\42
) QA ZIff

e Main beam solid angle

1 =«
— — =92
° Quain = In 2 49 FWHM

e Main beam efficiency

main

® T]mb — QA

35




IRAM

o https://www.iram-institute.org

36




