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Planning an Observation
• What is your science goal?
• Decide what you want to observe

– Select Target
– Decide on Frequency / Wavelength

• Spectral line? Continuum? Time variable?
• Pick a telescope and receiver
• Do you want to make a map or single 

pointing?
• How do you want to calibrate your data?
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Single Dishes and Arrays

Green Bank Telescope (GBT) Atacama Large Millimeter Array (ALMA)

Very Large Array (VLA)



Choose Your Adventure
• Types of Radio Observations

– Spectral Line
– Continuum
– Pulsar / FRB (Transient)

• Types of Radio Receivers
– Feed Horns
– Bolometers

• Observation Strategies
– Track
– Map
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Spectral Lines
• Spectral features at specific frequencies from molecular 

or atomic transitions
– These can be red or blue-shifted based on the source velocity

• Examples
– Carbon Monoxide (115 GHz)
– Neutral Hydrogen (1.421 GHz, shown)



Continuum Emission
• Broadband emission from a “continuum” of energies

– Not specific frequencies
– You could think of this as the “total brightness” of an object

• Examples
– Free-Free Emission

• Electrons accelerating around ions

– Synchrotron
• Ions spinning around magnetic field lines



Time Variable / Transients
• Examples

– Pulsars
– Fast Radio Bursts

• What’s important here?
– Saving data very quickly (millisecond)
– Time stamps on data
– Ideally, wide bandwidth

• See “pulse shape” across many frequencies

Pulsar Schematic (above), 
Pulsar Plot (below)
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Types of Radio Receivers

• Feed Horns (think: spectrometer)
– Spectral Lines

• Individual atomic / molecular transitions
– Pulsars / Fast Radio Bursts

• Transient Events
– Continuum

• “Total brightness” of a region

• Single or multi-pixel

GBT Argus Array (above), 
GB Calibration Horn (below)



Types of Radio Receivers

• Bolometers
– Continuum (Total Power)

– Good for : 
• Ionized Gas
• Synchrotron Emission
• Dust

How do bolometers work? Photon hits detector, increases 
temperature, temperature change is read off as a voltage. 

MUSTANG-2 Bolometer 
on the GBT
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Track (Single Pointing)
• Point the telescope at your coordinates
• Slew the telescope to follow the source throughout the 
observation
• Noise goes down as ~ 𝑡𝑖𝑚𝑒� and ~ 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑠𝑎𝑚𝑝𝑙𝑒𝑠�

Exercise time! Radio recombination lines (RRLs) come from areas 
of ionized gas, the hallmark of HII Regions (high-mass star forming 
regions). These RRLs can be “stacked” with adjacent lines to give 
you better sensitivity.

If you have rms noise of 15 mK in a one minute observation with 
the GBT looking at one line, what would your noise be for a 6 
minute observation looking at 40 lines?
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Track (Single Pointing)
Exercise time! Radio recombination lines (RRLs) come from areas 
of ionized gas, the hallmark of HII Regions (high-mass star forming 
regions). These RRLs can be “stacked” with adjacent lines to give 
you better sensitivity.

If you have rms noise of 15 mK in a one minute observation with 
the GBT looking at one line, what would your noise be for a 6 
minute observation looking at 40 lines?
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Track (Single Pointing)
Exercise time! You can also “smooth” your data. Let’s say you 
have a frequency resolution of 0.1 kHz, but you only need 1 kHz 
resolution. You can smooth by a factor of 10.

How would your noise go down with this smoothing? Yep - by 10�

𝑓𝑖𝑛𝑎𝑙	𝑛𝑜𝑖𝑠𝑒 = 15	𝑚𝐾 ∗	 	6	789:;<
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= 0.97 mK

𝑓𝑖𝑛𝑎𝑙	𝑛𝑜𝑖𝑠𝑒	 𝑠𝑚𝑜𝑜𝑡ℎ𝑒𝑑 = 0.97	𝑚𝐾 ∗	 	A.6	HIJ
6	HIJ
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	= 0.31 mK



Mapping Techniques
• Point map

• Sit, Move, Sit, Move, etc.

• On-The-Fly Mapping 
• Slew a column or row while collecting 
data
• Move to next column row
• Basket weave
• Reference/OFF from a “source-free” map 
position or separate “OFF” spectrum taken.



Mapping Techniques
Daisy Map
Useful for multi-beam arrays
Best for smaller regions (6’)
Most sensitive towards the center of the daisy
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Antenna Temperature
We want to measure the source 
intensity by measuring a 
temperature incident on the 
telescope, that is:

𝑇L9;<99M = 𝑇>N:OP<

Of course, the system itself adds 
some heat to the measurement

𝑇L = 𝑇>OP + 𝑇89>;O:7<9;M;8N9
Telescope 

“beam pattern”



Antenna Temperature
Then stray ‘spillover’ radiation
𝑇L = 𝑇>OP + 𝑇89>;O:7<9;M;8N9 + 𝑇>R8??NS<O

Then radiation from sources we might 
see in the beam but don’t care about

𝑇L = 𝑇>OP + 𝑇89>;O:7<9;M;8N9
+𝑇>R8??NS<O + 𝑇PN9T:>8N9



Antenna Temperature

Then there’s the CMB and, 
of course, the atmosphere

𝑇L = 𝑇>OP + 𝑇89>;O:7<9;M;8N9
+	𝑇>R8??NS<O + 𝑇PN9T:>8N9

+	𝑇UVW + 𝑇M;7

We don’t care about **any** 
of this except for Tsrc !



Antenna Temperature

𝑇L = 𝑇>OP + 𝑇89>;O:7<9;M;8N9 + 𝑇>R8??NS<O + 𝑇PN9T:>8N9 + 𝑇UVW + 𝑇M;7

𝑇L = 𝑇>OP + 𝑇<S<OX;Y89Z<?><



Antenna Temperature

Rather than eliminate all of these unknowns, 
it’s considerably easier to eliminate the source
by going to an “off” position.

𝑇N9 = 𝑇>OP + 𝑇<S<OX;Y89Z<?>< 𝑇NTT = 𝑇<S<OX;Y89Z<?><

𝑇L = 𝑇>OP + 𝑇89>;O:7<9;M;8N9 + 𝑇>R8??NS<O + 𝑇PN9T:>8N9 + 𝑇UVW + 𝑇M;7

𝑇L = 𝑇>OP + 𝑇<S<OX;Y89Z<?><



Different Observing Modes to derive 
the reference data (OFF) 

Two main types of reference observations:

➢Position Switching
– Reference-Off
– Mapping-Off

➢Frequency Switching 
– In or Out-of-band



Position Switching

ON source OFF source
Tsource + Teverything else                                      Teverything else
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Position Switching:  ON-OFF on 
Sky

ON - OFF
(Tsource + Teverything else) - (Teverything else)
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In-band Frequency Switching
Very efficient method of observing.

𝑓?89< − 𝑓P 𝑓P − 𝑓?89<

𝑜6 𝑜\

𝑜6 − 𝑜\ 𝑜\ − 𝑜6
Shift and average
Gain 2� in SNR



Out-of-band Frequency Switching

𝑓6

𝑓\

Bandpass shapes can be removed 
efficiently without moving telescope
This is usually better than fitted-

baseline removal due to fitting errors



Frequency vs Position Switching

• Narrow line in non-crowded spectrum ➔
Frequency Switching (FS)

• Narrow line in crowded spectral region or 
significant RFI ➔ Position Switching (PS)

• Broad line ➔ PS
➢Narrow line < 10 km/s
➢Broad  line >  100 km/s



Calibration
How do we know the “true flux” of our target, though? So far, 
we have only taken out any systematic effects, and our units 
are arbitrary “counts”, not anything with physical meaning 
(Watt, erg, Jansky, etc.) .

(1) Observe standard targets of known brightness. 
(“Calibrator Sources”)

(2) Introduce noise of a known amplitude. (“Noise Diodes”)
(3) Observe something near the telescope of known 

temperature. (“Hot and cold loads”)



The VLA and 
ALMA maintain a 
list of calibration 
sources with 
precise fluxes at 
many different 
wavelengths.

Observe one of 
these along with 
your science 
target and scale 
the measured 
flux to the 
recorded value.

Calibrator Sources
Calibration



Calibration
Noise Diodes

Inject noise of a known amplitude into 
the system. Scale your measured 
values accordingly.

All GBT receivers besides 4mm, Argus, 
and MUSTANG use noise diodes.



Calibration

Hot & Cold Loads

Hot Load
Thot

Cooling 
System

Tcold

This is similar to a “flat field” in optical astronomy, where you place something 
in front of the receiver (with a known temperature) in order to calibrate.

Example: Argus on GBT has a “chopper wheel” that goes in front of the 
receiver before and after each observation.



Choose Your Adventure (Recap)
• Types of Radio Observations

– Spectral Line
– Continuum
– Pulsar / FRB (Transient)

• Types of Radio Receivers
– Feed Horns
– Bolometers

• Observation Strategies
– Track
– Map



Happy observing!

Will Armentrout – warmentr@nrao.edu





Backup Slides



Radiative Transfer

𝑑𝐼_
𝑑𝑠

= −𝜅_𝐼_ + 𝜖_

Absorption Emission

𝐼_ = 𝐵_(𝑇) =
𝜖_
𝜅_ Kirchoff’s Law (for thermal equilibrium)



Blackbody Equation

𝐵 =
2ℎ𝜈f

𝑐\
1

𝑒Y_/Hi − 1
Planck’s Law

𝐵 =
2𝑘𝑇𝜈\

𝑐\
=
2𝑘𝑇
𝜆\

Rayleigh - Jeans approximation
for ℎ𝜈 ≪ 𝑘𝑇

Note units of B: 
𝑊𝑚n\𝐻𝑧n6𝑠𝑟n6 or 𝐽𝑦𝑠𝑟n6

May sometimes see 𝐵 = 8𝜋ℎ𝜈f. . .
instead of 𝐵 = 2ℎ𝜈f. . .



Available 
GBT 

receivers

What frequency 
do you need?

2



Available GBT Backends

(Ka-band)

(Ka-band)



GBT 
Specs:


