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Science Highlights from 
The Green Bank Telescope

Felix “Jay” Lockman
NRAO, Green Bank WV

Star Formation in a Filament in Taurus

Young Min Seo et al. 2015 ApJ 805, 185

Dust

GBT NH3

GBT detection of mm-cm sized “dust”
in star-forming clouds                   

MUSTANG
Bolometer Array

3.3mm
81-96 GHzSchnee et al. (2014)            

5’
Optical + VLA + GBT

Chynoweth et al 2009 1018.5

Seo+15

Schnee+14

ALMAChynoweth+09

B. Saxton  
A. Plunkett et al





What is a radio telescope?

From the slide of Frank Ghigo at SDSS15. “Verschuur, 1985. Slide set 
produced by the Astronomical Society of the Pacific, slide #1.”



From Frank Ghigo at SDSS15



Aperture 

Single Dish School  2015 July 6 Jim Condon

u = x / λ



From Frank Ghigo at SDSS15



140-ft at GBT



Green Bank Telescope



Radiometers



The simplest radiometer 

Single Dish School  2015 July 6 Jim Condon



Differential radiometer 

Single Dish School  2015 July 6 Jim Condon



                       Superheterodyne receiver 

Single Dish School  2015 July 6 Jim Condon
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At radio wavelengths (h⌫ ⌧ kT ),

B⌫(T ) !
2k⌫2

c2
T. (11)

Radio astronomers use a thermal calibration scale in which B⌫(TB) = I⌫ defines TB , so that equation
(10) becomes

�TB = (Tij � Tbg)(1� e�⌧⌫ ). (12)

This form has some intuitive advantages: if Tij > Tbg, you get �TB > 0 (emission); if Tij < Tbg,
�TB < 0 (absorption). At short radio wavelengths (millimeter, submillimeter) h⌫ may not be much
less than kT , but the thermal calibration scale is still used. One defines a radiation temperature
(TR) by

TR ⌘

�2

2k
I⌫ , (13)

and equation (10) is written as

�TR = [J⌫(Tij)� J⌫(Tbg)](1� e�⌧⌫ ), (14)

where J⌫ is a Planck function in temperature units [J⌫(T ) = h⌫/k(eh⌫/kT � 1)�1]. Note that this
J⌫ is not the same as the mean intensity in some books, such as Rybicki and Lightman. Note
that the � is usually dropped and some people use TB for TR, but the “o�cial” convention is that
TR = J⌫(TB); i.e., TB is the real “brightness temperature”. TR ! TB as h⌫/kT ! 0.

Now, let us consider some special cases:

a) strong background, negligible emission (e.g., stellar atmosphere, interstellar lines seen in ab-
sorption at visible or ultraviolet wavelengths.) Then

�I⌫ = �I⌫(0)(1� e�⌧⌫ ) (15)

and a useful quantity is the equivalent width:

W⌫ =

Z
(1� e�⌧⌫ )d⌫ = �

Z
�I⌫d⌫

I⌫(0)
; (16)

or, in wavelength units,

W� =

Z
(1� e�⌧�)d� =

�2

c
W⌫ . (17)

b) A very optically thin region producing line emission. Then since ⌫ ! 0,

dI⌫
ds

= j⌫ ) I⌫ =

Z
j⌫ds. (18)
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Radiation Temperature



From Frank Ghigo at SDSS15



Alright, ready for interferometry?



The Purposes of Interferometry

• Increase the spatial resolution 
• Interferometry has to correlate E-fields at spatially 

separated locations

•  A parabolic dish is actually a 
free-space interferometer.  
•  An incoming plane wave 
(normal to the antenna axis) is 
coherently summed at (and 
only at!) the focus.    

•  There is another way: 
•  Replace the parabola with N 
little antennas, whose 
individual signals are summed 
in a network. 
•  The ‘virtual focus’ sum is 
equivalent to the free-space 
focus.   
•  The little antennas can be        
placed anywhere.   

Interferometry – Basic Concept 



The Stationary, Quasi-Monochromatic  
Radio-Frequency Interferometer 
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Rapidly varying,  
with zero mean 

Unchanging )(cos gC PR ωτ=

GB Interferometry School 

Note:  Rc is not a function of time or location! 

10 Rick Perley

source flux



GB Interferometry School 

Nomenclature, and Direction Cosines 

•  To illustrate the response, expand the dot product in one dimension:   

 
 

–  Where u = b/λ is the baseline length in wavelengths,  
–   α is the angle w.r.t. the baseline vector 
–                                 is the direction cosine for the direction s. 
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15 Rick Perley



From an Angular Perspective 

Top Panel: 

The absolute value of the 
response for u = 10, as a 
function of angle.   

The ‘lobes’ of the response 
pattern alternate in sign.  

 

Bottom Panel: 

The same, but for u = 25. 

Angular separation between 
lobes (of the same sign) is 

    δθ ~ 1/u = λ/b radians. 
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The Effect of Sensor Patterns 
•  Sensors (or antennas) 

are not isotropic, and 
have their own 
responses.   

•  Top Panel:  The 
interferometer pattern 
with a cos(θ)-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



GB Interferometry School 

The Response from an Extended Source 
•  The response from an extended source is obtained by summing the 

responses at each antenna to all the emission over the sky, 
multiplying the two, and averaging: 
 
  

•  The averaging and integrals can be interchanged and,  providing the 
emission is spatially incoherent, we get 

 
•  This expression links what we want – the source brightness on the 

sky, Iν(s),  – to something we can measure - RC, the interferometer 
response. 

•  Can we recover Iν(s) from observations of RC?   
•  NB  I have assumed here isotropic sensors.  If not,  a directional 

attenuation function must be added.   

Ω⋅= ∫∫ dcIRC )/2cos()( sbs πνν

∫∫ ∫∫ Ω×Ω= 2211 dVdVRC

22 

The response from an extended 
source with isotropic sensor

A Schematic Illustration in 2-D 
•  The correlator can be thought of multiplying the actual sky brightness by a 
cosinusoidal coherence pattern, of angular scale ~λ/B radians.  

•  The correlator then integrates (adds) the modified brightness pattern over 
the whole sky (as weighted by the antenna response).   

•  Pattern orientation set by baseline 
geometry. 

•  Fringe separation set by 
(projected) baseline length and 
wavelength.  

•  Long baseline gives close-packed 
fringes 
•  Short baseline gives widely-
separated fringes 

•  Physical location of baseline 
unimportant, provided source is in 
the far field.   

   �   +   �   +  �  +   �      
         Fringe Sign 

λ/B rad. 

Source 
brightness 



Define the Complex Visibility 
•  We now DEFINE a complex function,  the complex visibility,  V, from the 

two independent (real) correlator outputs RC and RS: 
 
 
where  
 
 
 

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

 
 
 
•  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 
distribution is only 2-dimensional.    More on this, later.   
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Examples of  Visibilities – a Well Resolved 
Object 
•  The flux calibrator 3C295   

GB Interferometry School 44 

Amplitude 
Phase 

Rick Perley

3C295 Image 

GB Interferometry School 45 

•  The visibility amplitude 
cycles on a 60,000 
wavelength period – 
corresponding to about 4 
arcseconds extent – as 
shown in the image.   

•  The phase is too 
complicated to easily 
interpret!  



Move on to a more realistic 
interferometry



The 2-d Fourier Transform Relation 

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

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

 
 
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, 
 
 
In physical optics, this is known as the ‘Van Cittert-Zernicke Theorem’.   
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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 l and m then increase to 
the east and north, respectively. 

b 
s0 s0 

w 
v 

 ‘Projected  
  Baseline’ 

u-v plane – always perpendicular 
to direction to the source. 

22 vu +

Rick Perley



Sample VLA (U,V) plots for 3C147 (δ = 50) 
•  Snapshot (u,v) coverage for HA = -2, 0, +2  (with 26 antennas).   

Coverage over 
all four hours.   

HA = -2h HA = 2h HA = 0h 

Rick Perley



VLA Coverage and Beams 

GB Interferometry School 41 

      δ=90                 δ=60                   δ=30                   δ=0                   δ=-30 

•  Good coverage at all declinations, but troubles near δ=0 remain.   

Rick Perley



Calibration, Deconvolution, and Analysis



15 Basic Calibration 

Graphic"Representa+on"(1"SB)"

7/14/15" 15"

Al Wootten



17 Basic Calibration 

UPv"Source"Coverage"

7/14/15" 17"

Earth carries the antennas 
as it turns beneath the 
source 
Sweeping out samples in the 
Fourier plane.  Sampling is 
rather sparse on this short 
track but the source is 
probed on many spatial 
scales.   
Note the missing samples 
near the center to be 
supplied by single ALMA 
elements, or by the Morita 
Array of 7m antennas. 

Al Wootten



  

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

amplitude phase

Interferometers measure complex numbers: visibilities

Absolute value: ‘Amplitude’

Argument: ‘Phase’

This is a NRAO 
director

(as seen by a 
perfect  
interferometer) 

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



The Fourier Transform contains the information 
necessary to retrieve the sky distribution:

• amplitude tells “how much” of each spatial frequency

• phase informs on location  

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

amplitude phase

T(x,y) amp{V(u,v)}

δ function constant

Gaussian Gaussian

narrow features transform into wide features (and vice-versa)

elliptical
Gaussian

elliptical
Gaussian

T(x,y) amp{V(u,v)}

δ function constant

Gaussian Gaussian

narrow features transform into wide features (and vice-versa)

elliptical
Gaussian

elliptical
Gaussian

T(x,y) amp{V(u,v)}

δ function constant

Gaussian Gaussian

narrow features transform into wide features (and vice-versa)

elliptical
Gaussian

elliptical
Gaussian

T(x,y) amp{V(u,v)}

δ function constant

Gaussian Gaussian

narrow features transform into wide features (and vice-versa)

elliptical
Gaussian

elliptical
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T(x,y) amp{V(u,v)}

δ function constant

Gaussian Gaussian

narrow features transform into wide features (and vice-versa)

elliptical
Gaussian

elliptical
Gaussian

T(x,y) amp{V(u,v)}

δ function constant

Gaussian Gaussian

narrow features transform into wide features (and vice-versa)

elliptical
Gaussian

elliptical
Gaussian

T(x,y) amp{V(u,v)}

δ function constant

Gaussian Gaussian

narrow features transform into wide features (and vice-versa)

elliptical
Gaussian

elliptical
Gaussian

Arielle Moullet



T(x,y) amp{V(u,v)}

disk Bessel

sharp edges result in many high spatial frequencies

Arielle Moullet



What was the original sky 
brightness distribution?

The footprint of the array is clearly apparent!

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

Phase Amplitude

FT-1

Dirty image

Arielle Moullet



B(u,v)
b(x,y)

“dirty beam”

The dirty beam

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

  Deconvolving the dirty beam retrieve a ‘clean’ image

Arielle Moullet



TD(x,y)
“dirty image”

b(x,y)
“dirty beam”

Dirty beam deconvolution

The clean image! Arielle Moullet



What happens when you have missing short 
spacings?  

Braun & Walterbos 1985 

Ideal 

Minus Short 
Spacing 

Effect of missing 
short spacing 

Observed Spatial Frequencies Instrumental Response 

A. Kepley 



Feather combines data in the UV plane. 

FT 

Single  
Dish 

Interferometer 

Stanimirovic 2002 

FT 

FT 

Scaling factor 

A. Kepley 



Devolution extrapolates inner flux. 
A

m
pl

itu
de

 

uv-distance 

? 

? 
? 

FFT of �Dirty� Interferometer map 

CLEAN model 

Deconvolution is done via clean, but MEM can provide similar results. A. Kepley 



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

A
m

pl
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de
 

uv-distance 

! 
FFT of �Dirty� Interferometer map 

CLEAN model 

A. Kepley 



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 

A. Kepley 



Twelfth Synthesis Imaging Workshop 

Example: A thin, tilted rotating disk 

-Vcir sin i 

-Vcir sin i cosΘ 

Θ 

+Vcir sin i cosΘ 

+Vcir sin i 

Jim Braatz



Channel maps give dynamical information 

27 

HC3N – IRC 10216 
 

•  IRC 10216 is a 16th mag AGB star  
but brightest star at 5 μm 

•  Expanding shell is clearly delineated 
in channel maps showing emission 
from the linear molecule HC3N 

Jim Braatz



The ALMA correlator – world’s highest 
supercomputer 

20 

Jim Braatz



ALMA Reduction Tutorials



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 
http://www.cv.nrao.edu/course/astr534/ERA.shtml 

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

Synthesis Imaging in Radio Astronomy II, 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/


