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Book: Thompson, Moran & Swenson       is open access!!
Is a standard reference



• How to do spectral line interferometry 

• spectral line correlator 
• calibration 

• continuum subtraction 

• analysis 

• Future telescopes and topics 

Topics



What is spectral line interferometry? 

We observe the sky in such a way that we make a large number of images 

of the same piece of sky, each image at a slightly different frequency. 

We get the radio spectrum at every position in the field of view (integral field spectroscopy) 

→ a 3D- dataset, also known as a data cube 

This maps the kinematics of the objects, 
and more…



courtesy Marc Verheijen

HI data cube with many galaxies detected



There are several radiation mechanisms that radiate in the radio domain 

‣ Atomic hydrogen (H I): low density cold ISM  (100 - 5000 K) 

‣ Molecules: cold ISM  (10 - few 100 K) 

‣ (Mega)Masers  

‣ Recombination lines: ionised ISM (~10,000 K) 

Wide range of astronomy:  physics of ISM, star formation,  
galaxy structure and evolution, AGN, … 

From within our Galaxy, to objects at the highest redshifts;  
at low and at very high spatial resolution

What do we observe?



Radio recombination lines 

downward transition between  n to n-1 (or n-2,…) when n is 

large e.g.. H92α, H166β. Also He, C, .. 

Occurs in the ionised ISM. very useful for studying HII 
regions and the like. Properties vary with quantum number 
n, can occur in emission for some n and in absorption for 
other n.  

Very good diagnostic of density and temperature 



Recombination lines occur at regular intervals. 

Can observe several lines at the same time 

e.g.  1424.7, 1399.4, 1374.6, 1350.4, 1326.8  MHz 

can stack them 

properties vary with quantum number n, 
can occur in emission for some n 

and in absorption for other n 

very good diagnostic of density  

and temperature 

and kinematics 



Spectroscopy in the radio domain has many very interesting applications 

We have find a way make a data cube,  
i.e. to split the observing band in many narrow channels



• The unit of length of an interferometer is wavelength 

• effectively, the size of the interferometer changes with frequency 

• this gives strong chromatic aberration 

• when averaging over broad bands, chromatic aberration leads to problems 

• This means that for any broad-band work (i.e.                 ), you have to split the total band 

in sub-bands.  Also ‘continuum correlator’ has to work in spectral line work 

• Modern radio telescopes strive for very large bandwidths.   

E.g.  MeerKat in continuum mode has 4096 channels to cover 856 - 1712 MHz (32768 in 

line mode) 

• Also need narrow channels to limit impact of RFI 

��/� > 0.1

Spectroscopy is not the only reason why we have to split the observing  

band in narrow channels



• Correlator makes visibilities by multiplying signals from two antennas.

• Old solution: split antenna signals in many bands by filters (hardware!), 
correlate each sub-band separately → many correlators in parallel. 
This gives the visibilities for each sub-band and one can make an image 
for each sub-band. Each channel has its correlator.

Not practical when number of channels and number of antennas is large
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note that for a point source this is

u and v are coordinates of the baseline 

l and m are coordinates on the sky



Consider radiation from a single monochromatic point source in direction  
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<latexit sha1_base64="uyWqgvtBCntxmplgoHArDSmbuKc=">AAACFHicbVDLSsNAFJ34rPVVdelmsAgupCRS1I1QdOOygn1AE8pkOmmHTjJh5kYoIR/gD/gbbhXciVv3+jVO2iy09cDA4dxzmHuPHwuuwba/rKXlldW19dJGeXNre2e3srff1jJRlLWoFFJ1faKZ4BFrAQfBurFiJPQF6/jjm3zeeWBKcxndwyRmXkiGEQ84JWCkfqWKXSAJvsJuoAhN3ZDAyA9S36UDCVhnWUoz47Jr9hR4kTgFqaICzX7l2x1ImoQsAiqI1j3HjsFLiQJOBcvKbqJZTOiYDFnP0IiETHvp9JgMHxtlgAOpzIsAT9XfiZSEWk9C/zRfNYbQJHKm5z25+N+sl0Bw6aU8ihNgEZ19GCQCg8R5Q3jAFaMgJoYQqrjZGdMRMe2A6bFsynDmT18k7bOac16r39WrjeuilhI6REfoBDnoAjXQLWqiFqLoET2jF/RqPVlv1rv1MbMuWUXmAP2B9fkDmPGeuA==</latexit>

t = b · s
c

<latexit sha1_base64="gawwolyb0DUWV1oZZzlh1OYeoWE=">AAAB+XicbVDLSgMxFL3js9ZX1aWbYBFcSJmRoi6LblxWsA9sS8mkmTY0kxmSO0IZ+hduFdyJW79Gv8ZMOwttPRA4nHsP9+T4sRQGXffLWVldW9/YLGwVt3d29/ZLB4dNEyWa8QaLZKTbPjVcCsUbKFDydqw5DX3JW/74Npu3nrg2IlIPOIl5L6RDJQLBKFrpsRtSHPlB6k/7pbJbcWcgy8TLSRly1Pul7+4gYknIFTJJjel4boy9lGoUTPJpsZsYHlM2pkPesVTRkJteOks8JadWGZAg0vYpJDP1tyOloTGT0D/P8sUYWkfGzOJOJv436yQYXPdSoeIEuWLzg0EiCUYkq4EMhOYM5cQSyrSwmQkbUU0Z2rKKtgxv8evLpHlR8S4r1ftquXaT11KAYziBM/DgCmpwB3VoAAMFz/ACr07qvDnvzsd8dcXJPUfwB87nD5QglGY=</latexit>

b

<latexit sha1_base64="F5M31BsGBZcQbeQhS4331G8L7yk=">AAAB+XicbVDLSgMxFL3js9ZX1aWbYBFcSJmRoi6LblxWsA9sS8mkmTY0kxmSO0IZ+hduFdyJW79Gv8ZMOwttPRA4nHsP9+T4sRQGXffLWVldW9/YLGwVt3d29/ZLB4dNEyWa8QaLZKTbPjVcCsUbKFDydqw5DX3JW/74Npu3nrg2IlIPOIl5L6RDJQLBKFrpsRtSHPlBaqb9UtmtuDOQZeLlpAw56v3Sd3cQsSTkCpmkxnQ8N8ZeSjUKJvm02E0Mjykb0yHvWKpoyE0vnSWeklOrDEgQafsUkpn625HS0JhJ6J9n+WIMrSNjZnEnE/+bdRIMrnupUHGCXLH5wSCRBCOS1UAGQnOGcmIJZVrYzISNqKYMbVlFW4a3+PVl0ryoeJeV6n21XLvJaynAMZzAGXhwBTW4gzo0gIGCZ3iBVyd13px352O+uuLkniP4A+fzB659lHc=</latexit>s <latexit sha1_base64="F5M31BsGBZcQbeQhS4331G8L7yk=">AAAB+XicbVDLSgMxFL3js9ZX1aWbYBFcSJmRoi6LblxWsA9sS8mkmTY0kxmSO0IZ+hduFdyJW79Gv8ZMOwttPRA4nHsP9+T4sRQGXffLWVldW9/YLGwVt3d29/ZLB4dNEyWa8QaLZKTbPjVcCsUbKFDydqw5DX3JW/74Npu3nrg2IlIPOIl5L6RDJQLBKFrpsRtSHPlBaqb9UtmtuDOQZeLlpAw56v3Sd3cQsSTkCpmkxnQ8N8ZeSjUKJvm02E0Mjykb0yHvWKpoyE0vnSWeklOrDEgQafsUkpn625HS0JhJ6J9n+WIMrSNjZnEnE/+bdRIMrnupUHGCXLH5wSCRBCOS1UAGQnOGcmIJZVrYzISNqKYMbVlFW4a3+PVl0ryoeJeV6n21XLvJaynAMZzAGXhwBTW4gzo0gIGCZ3iBVyd13px352O+uuLkniP4A+fzB659lHc=</latexit>s

<latexit sha1_base64="zsRmcT+qGMY4+sHbaKcQsAz026o=">AAAB+3icbZDLSgMxFIYz9VbrrerSTbAILqTMSFGXRTcuK9gLdErJpJk2NJkJyRmhDPMabhXciVsfRp/GTDsLbT0Q+PjP+Tknf6AEN+C6X05pbX1jc6u8XdnZ3ds/qB4edUycaMraNBax7gXEMMEj1gYOgvWUZkQGgnWD6V3e7z4xbXgcPcJMsYEk44iHnBKwku8DSYapryWOs2G15tbdeeFV8AqooaJaw+q3P4ppIlkEVBBj+p6rYJASDZwKllX8xDBF6JSMWd9iRCQzg3R+c4bPrDLCYaztiwDP1d+OlEhjZjK4kAQmCqR15GSWZ3Lxv14/gfBmkPJIJcAiulgYJgJDjPMg8IhrRkHMLBCqub0Z0wnRhIKNq2LD8Ja/vgqdy7p3VW88NGrN2yKWMjpBp+gceegaNdE9aqE2okihZ/SCXp3MeXPenY/FaMkpPMfoTzmfP9yWlRk=</latexit>to

<latexit sha1_base64="EmjGjdaa7okohi0eD8vSsEKoKy8=">AAACEHicbZDLSgMxFIYzXmu9VV26MFiEClpmSlGXRTcuK9gLdIYhk6Y1mEyG5IxQhi59AV/DrYI7cesb6NOYXhba+kPg4z/ncHL+KBHcgOt+OQuLS8srq7m1/PrG5tZ2YWe3aVSqKWtQJZRuR8QwwWPWAA6CtRPNiIwEa0X3V6N664Fpw1V8C4OEBZL0Y97jlIC1wsJBM6z4VJmOryTrkxKc+kDSMPO1xGp4HISFolt2x8Lz4E2hiKaqh4Vvv6toKlkMVBBjOp6bQJARDZwKNsz7qWEJofekzzoWYyKZCbLxIUN8ZJ0u7iltXwx47P6eyIg0ZiCjE0ngLgFpJ0ZkZntG5n+1Tgq9iyDjcZICi+lkYS8VGBQepYO7XDMKYmCBUM3tnzG9I5pQsBnmbRje7Onz0KyUvbNy9aZarF1OY8mhfXSISshD56iGrlEdNRBFj+gZvaBX58l5c96dj0nrgjOd2UN/5Hz+ANognJ8=</latexit>

V2 cos[w(t � to)]

<latexit sha1_base64="WIPOyFxz2NC6fC8IQIu8VTiSONc="></latexit>

V1V2 cos[w(t � t)]cos[w(t � to)] =

V1V2

2

h
cos[w(t� to)]+ cos[2w t �w(t� to)]

i

<latexit sha1_base64="RFxFHP9XVprnZbOM77dyfrmG7Wg="></latexit>

Rc =
V1V2

2
cos[w(t� to)] = I(s,n)cos[2pnb · (s� so)/c] = I(s,n)cos[2p(ul + vm)]

insert a series of time delays     in signal path of one of the antennas<latexit sha1_base64="zsRmcT+qGMY4+sHbaKcQsAz026o=">AAAB+3icbZDLSgMxFIYz9VbrrerSTbAILqTMSFGXRTcuK9gLdErJpJk2NJkJyRmhDPMabhXciVsfRp/GTDsLbT0Q+PjP+Tknf6AEN+C6X05pbX1jc6u8XdnZ3ds/qB4edUycaMraNBax7gXEMMEj1gYOgvWUZkQGgnWD6V3e7z4xbXgcPcJMsYEk44iHnBKwku8DSYapryWOs2G15tbdeeFV8AqooaJaw+q3P4ppIlkEVBBj+p6rYJASDZwKllX8xDBF6JSMWd9iRCQzg3R+c4bPrDLCYaztiwDP1d+OlEhjZjK4kAQmCqR15GSWZ3Lxv14/gfBmkPJIJcAiulgYJgJDjPMg8IhrRkHMLBCqub0Z0wnRhIKNq2LD8Ja/vgqdy7p3VW88NGrN2yKWMjpBp+gceegaNdE9aqE2okihZ/SCXp3MeXPenY/FaMkpPMfoTzmfP9yWlRk=</latexit>to

Now I have a function of time



<latexit sha1_base64="F0KpOqjo1WMLHBKSKlG9iMzrIJM="></latexit>

Rc = I(s,n)cos[w(t� to)]
<latexit sha1_base64="YCmkcAJw4hFNXq5VW1g+EOYYspE="></latexit>

Rs = I(s,n)sin[w(t� to)]

correlator gives 

in a similar way, we can obtain
we can combine this to make the visibility 

(remember this is a point source)

Integrating this over the observed band:

<latexit sha1_base64="nR0cJgiwyHjPzpLq+GMODIZkcYI="></latexit>

I(s,n)e�2pinb·s/cis the     FT of <latexit sha1_base64="yHR0FeQW3+NCYA70GEOmXc1QKxU=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEIHqQkUtRj0YvHivYD2lA22027dLMJuxOhlP4ErwrexKt/SH+NmzYHbX1h4eGdGXbmDRIpDLrul7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0W1Wbz1xbUSsHnGccD+iAyVCwSha66Gr0l6p7FbcmcgyeDmUIVe9V/ru9mOWRlwhk9SYjucm6E+oRsEknxa7qeEJZSM64B2Likbc+JPZqlNyap0+CWNtn0Iyc39PTGhkzDgKziOKwwQjO5GRWezJzP9qnRTDa38iVJIiV2z+YZhKgjHJ7id9oTlDObZAmRZ2Z8KGVFOGNqWiDcNbPH0ZmhcV77JSva+Wazd5LAU4hhM4Aw+uoAZ3UIcGMBjAM7zAq4POm/PufMxbV5x85gj+yPn8Af+pkTc=</latexit>n

         is called the lag spectrum

<latexit sha1_base64="fgzHheePMDqAiwYNetTyTujPvU4="></latexit>

R(to) =
Z

I(s,n)e�2pinb·s/c e2pinto dv

<latexit sha1_base64="TUesWvbVceor522KWnUygVsKv2g=">AAACAXicbZDLSsNAFIYnXmu9RV26GSxCBSmJFHVZdOOyir1AU8pkOmmHziRh5qRQQle+hlsFd+LWJ9GncdJmoa0HBj7+c37Omd+PBdfgOF/Wyura+sZmYau4vbO7t28fHDZ1lCjKGjQSkWr7RDPBQ9YADoK1Y8WI9AVr+aPbrN8aM6V5FD7CJGZdSQYhDzglYKSebT+UPSBJL/WUxNH0DPfsklNxZoWXwc2hhPKq9+xvrx/RRLIQqCBad1wnhm5KFHAq2LToJZrFhI7IgHUMhkQy3U1nl0/xqVH6OIiUeSHgmfrbkRKp9UT655LAMAZpHBnpxZlM/K/XSSC47qY8jBNgIZ0vDBKBIcJZHLjPFaMgJgYIVdzcjOmQKELBhFY0YbiLX1+G5kXFvaxU76ul2k0eSwEdoxNURi66QjV0h+qogSgao2f0gl6tJ+vNerc+5qMrVu45Qn/K+vwBJ/yWNQ==</latexit>

R(to)

This is the true visibility modulated by 

<latexit sha1_base64="gzmfg55s0xvv2Zs0x0xpR7QvSW4="></latexit>

R(to,n) = Rc � iRs = I(s,n)e�iw(t�to)

= I(s,n)e�2pinb·s/ce2pinto

= I(s,n)e�2pinb·(s�so)/c

= I(s,n)e�2pi(ul+vm)

<latexit sha1_base64="gzmfg55s0xvv2Zs0x0xpR7QvSW4="></latexit>

R(to,n) = Rc � iRs = I(s,n)e�iw(t�to)

= I(s,n)e�2pinb·s/ce2pinto

= I(s,n)e�2pinb·(s�so)/c

= I(s,n)e�2pi(ul+vm)

<latexit sha1_base64="gzmfg55s0xvv2Zs0x0xpR7QvSW4="></latexit>

R(to,n) = Rc � iRs = I(s,n)e�iw(t�to)

= I(s,n)e�2pinb·s/ce2pinto

= I(s,n)e�2pinb·(s�so)/c

= I(s,n)e�2pi(ul+vm)
<latexit sha1_base64="KgtOLOWCsk/T8I3bLbYtGY7qmGk="></latexit>

R(to) = I(s,n)e�2pinb·s/c e2pinto

This is a Fourier Transform!!!

the visibility as function of frequency



<latexit sha1_base64="DqCMj+vNvKdsn/BuDfEbTo9IwYE=">AAAB9nicbZDLSgMxFIYz9VbrrerSTbAIFaTMSFGXRTcuq9gLtEPJpJk2NMkMyRmxDH0ItwruxK2vo09jpu1CWw8EPv5zfs7JH8SCG3DdLye3srq2vpHfLGxt7+zuFfcPmiZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Cbrtx6ZNjxSDzCOmS/JQPGQUwJWat2Xu0CS016x5FbcaeFl8OZQQvOq94rf3X5EE8kUUEGM6XhuDH5KNHAq2KTQTQyLCR2RAetYVEQy46fTcyf4xCp9HEbaPgV4qv52pEQaM5bBmSQwjEFaR0ZmcSYT/+t1Egiv/JSrOAGm6GxhmAgMEc4ywH2uGQUxtkCo5vZmTIdEEwo2qYINw1v8+jI0zyveRaV6Vy3Vruex5NEROkZl5KFLVEO3qI4aiKIRekYv6NV5ct6cd+djNppz5p5D9Keczx80q5Jp</latexit>

R(t)
<latexit sha1_base64="nR0cJgiwyHjPzpLq+GMODIZkcYI="></latexit>

I(s,n)e�2pinb·s/cis the     FT of <latexit sha1_base64="yHR0FeQW3+NCYA70GEOmXc1QKxU=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEIHqQkUtRj0YvHivYD2lA22027dLMJuxOhlP4ErwrexKt/SH+NmzYHbX1h4eGdGXbmDRIpDLrul7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0W1Wbz1xbUSsHnGccD+iAyVCwSha66Gr0l6p7FbcmcgyeDmUIVe9V/ru9mOWRlwhk9SYjucm6E+oRsEknxa7qeEJZSM64B2Likbc+JPZqlNyap0+CWNtn0Iyc39PTGhkzDgKziOKwwQjO5GRWezJzP9qnRTDa38iVJIiV2z+YZhKgjHJ7id9oTlDObZAmRZ2Z8KGVFOGNqWiDcNbPH0ZmhcV77JSva+Wazd5LAU4hhM4Aw+uoAZ3UIcGMBjAM7zAq4POm/PufMxbV5x85gj+yPn8Af+pkTc=</latexit>n

i.e. I get the visibility as function of frequency. 

And with this I can make images as function of frequency

Thus inverse Fourier transforming           wrt τ gives you 
<latexit sha1_base64="DqCMj+vNvKdsn/BuDfEbTo9IwYE=">AAAB9nicbZDLSgMxFIYz9VbrrerSTbAIFaTMSFGXRTcuq9gLtEPJpJk2NMkMyRmxDH0ItwruxK2vo09jpu1CWw8EPv5zfs7JH8SCG3DdLye3srq2vpHfLGxt7+zuFfcPmiZKNGUNGolItwNimOCKNYCDYO1YMyIDwVrB6Cbrtx6ZNjxSDzCOmS/JQPGQUwJWat2Xu0CS016x5FbcaeFl8OZQQvOq94rf3X5EE8kUUEGM6XhuDH5KNHAq2KTQTQyLCR2RAetYVEQy46fTcyf4xCp9HEbaPgV4qv52pEQaM5bBmSQwjEFaR0ZmcSYT/+t1Egiv/JSrOAGm6GxhmAgMEc4ywH2uGQUxtkCo5vZmTIdEEwo2qYINw1v8+jI0zyveRaV6Vy3Vruex5NEROkZl5KFLVEO3qI4aiKIRekYv6NV5ct6cd+djNppz5p5D9Keczx80q5Jp</latexit>

R(t)
<latexit sha1_base64="RoH2wQLJF3IVcfqrZ/Y7p6JLa4g="></latexit>Z

R(t)e2pitndt = I(s,n)e�2pinb·s/c

The above is for a point source. Correlator is a linear system  
<latexit sha1_base64="m8H4Oye/orQa1Cvx+RJ7+WNW3y8=">AAACBXicbZDLSgMxFIYz9Vbrbbzs3ASL0FIpM1LUjVB047KCvUA7lEyaqaFJZkgyQh269jXcKrgTtz6HPo2ZdhbaeiDk4z/nJye/HzGqtON8Wbml5ZXVtfx6YWNza3vH3t1rqTCWmDRxyELZ8ZEijArS1FQz0okkQdxnpO2PrtN++4FIRUNxp8cR8TgaChpQjLSR+vZBUEIVvwwvoYEyrJjLL/ftolN1pgUXwc2gCLJq9O3v3iDEMSdCY4aU6rpOpL0ESU0xI5NCL1YkQniEhqRrUCBOlJdMt5/AY6MMYBBKc4SGU/W3I0FcqTH3TzjS95HmxpGSmp9Jxf963VgHF15CRRRrIvDswSBmUIcwjQQOqCRYs7EBhCU1O0N8jyTC2gRXMGG4819fhNZp1T2r1m5rxfpVFkseHIIjUAIuOAd1cAMaoAkweATP4AW8Wk/Wm/VufcxGc1bm2Qd/yvr8AYSnlZE=</latexit>

f (a+b) = f (a)+ f (b)
<latexit sha1_base64="RTJMfquV0Y00y18V5fcuGeUUQnc="></latexit>Z

R(t)e2pitndt =
Z

R1(t)e2pitndt+
Z

R2(t)e2pitndt = I(s1,n)e�2pinb·s1/c + I(s2,n)e�2pinb·s2/c

So I can integrate over the sky

<latexit sha1_base64="BSDWbNfzrVSQV9c6Pmc7QUj/sFM="></latexit>

I(l,m;n) =
ZZ

V (u,v;n)e2pi(ul+vm) dudv

<latexit sha1_base64="EbvMUO70hbYtCT85k8ojn/Bm2VU="></latexit>Z
R(t)e2pitndt =

ZZ
I(s,n)e�2pinb·s/cdW =

ZZ
I(l,m;n)e�2pi(ul+vm)dldm =V (u,v;n)

i.e. the visibility as function of frequency



There are two ways of doing this. 

XF correlator: correlate first, then FFT 

Shift signal in time and correlate each time step to make         and then do the FT 
<latexit sha1_base64="3HcbmV2yRsXgQP6beZC5SCOBF+A=">AAAB93icbZDLSgMxFIYzXmu9VV26CRahgpQZKeqy6MZlFXuBdiiZNNOGJpkhOSMMpS/hVsGduPVx9GnMtLPQ1gOBj/+cn3PyB7HgBlz3y1lZXVvf2CxsFbd3dvf2SweHLRMlmrImjUSkOwExTHDFmsBBsE6sGZGBYO1gfJv1209MGx6pR0hj5ksyVDzklICVOg+VHpDkDPdLZbfqzgovg5dDGeXV6Je+e4OIJpIpoIIY0/XcGPwJ0cCpYNNiLzEsJnRMhqxrURHJjD+Z3TvFp1YZ4DDS9inAM/W3Y0KkMakMziWBUQzSOjIyizOZ+F+vm0B47U+4ihNgis4XhonAEOEsBDzgmlEQqQVCNbc3YzoimlCwURVtGN7i15ehdVH1Lqu1+1q5fpPHUkDH6ARVkIeuUB3doQZqIooEekYv6NVJnTfn3fmYj644uecI/Snn8weNbJKT</latexit>

R(t)



correlate (i.e. convolve in time) multiply

FFT

FFT

<latexit sha1_base64="Vq0qv/r6H2oifq5IdCcNwa03iEc=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAILUiZkaJuhKIgLiv0Bp1SMmmmDU1mhuSMUIa+hi/ga7hVcCfu1JcxveCl9UDgy3/OT3J+LxJcg22/W6ml5ZXVtfR6ZmNza3snu7tX12GsKKvRUISq6RHNBA9YDTgI1owUI9ITrOENrsb9xh1TmodBFYYRa0vSC7jPKQEjdbJ24iqJr6ujvO9qIAr3CvgC/4gFl3ZD+L73Cp1szi7ak8KL4Mwgh2ZV6WQ/3G5IY8kCoIJo3XLsCNoJUcCpYKOMG2sWETogPdYyGBDJdDuZbDbCR0bpYj9U5gSAJ+pvR0Kk1kPpHUsC/QikcYxJz8+Mxf96rRj883bCgygGFtDpg34sMIR4HBfucsUoiKEBQhU3f8a0TxShYELNmDCc+dUXoX5SdE6LpdtSrnw5iyWNDtAhyiMHnaEyukEVVEMU3aNH9ISerQfrxXq13qajKWvm2Ud/yvr8Amcoofg=</latexit>

FT( f ?g) = FT( f ) ·FT(g)Alternative: exploit the convolution theorem: 

Fourier transform signals from antennas and then multiply

visibility as function of
frequency

antenna signals



Alternative: do FFT first and then multiply signals (FX correlator)

Modern correlators are of this type



Spectral calibration



Standard calibration equation: 

The observed visibilities are multiplied by a correction factor,  
correcting for changes in instrument and atmosphere (ionosphere)

1st standard assumption: corrections are antenna based, not baseline based

This makes the calibration more tractable (apart from being physically motivated…  design).

<latexit sha1_base64="1ht0tU5YtuGxjVCTCTFj/8mi5zw="></latexit>

V true
i j (n, t) = gi j(n, t) ·V obs

i j (n, t)

<latexit sha1_base64="A2JU8Jvq8SfoR+vl1DU/ZKWyCU0=">AAACFnicbZDLSsNAFIYnXmu9RV26GSyCSimJFHUjFN24rGAv0NYwmU7T0ckkzJwIJfQJfAFfw62CO3HrVp/GaZuFtv4w8PGfczhzfj8WXIPjfFlz8wuLS8u5lfzq2vrGpr21XddRoiir0UhEqukTzQSXrAYcBGvGipHQF6zh31+O6o0HpjSP5A0MYtYJSSB5j1MCxvLs/cBL+d3woC2TIhzi88DjGQfe3e1Rxp5dcErOWHgW3AwKKFPVs7/b3YgmIZNABdG65ToxdFKigFPBhvl2ollM6D0JWMugJCHTnXR8zhDvG6eLe5EyTwIeu78nUhJqPQj9YkigH0NoJkakp3tG5n+1VgK9s07KZZwAk3SysJcIDBEeZYS7XDEKYmCAUMXNnzHtE0UomCTzJgx3+vRZqB+X3JNS+bpcqFxkseTQLtpDB8hFp6iCrlAV1RBFj+gZvaBX68l6s96tj0nrnJXN7KA/sj5/AI5fneI=</latexit>

gi j(n, t) = gi(n, t)g⇤j(n, t)



2nd standard assumption: the frequency calibration is time independent
and the time-variable changes are frequency independent:

ai is referred to as the gain of antenna i
is called the bandpass of antenna ibi

The      are found by regularly observing a nearby calibration source during 
the main observation, or by selfcal on the observation itself.
The     are found by observing strong calibrator before and/or after main 
observation.

One great advantage is that in deriving the     , the data can be averaged 
over frequency,  greatly increasing the S/N of the calibration  (> factor 30)

ai

bi

ai

Spectral line work requires extra calibration
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gi(n, t) = ai(t) ·bi(n)



Idea is very simple: observe a very strong source 
(not necessarily a point source, but it helps a lot)
and apply                                                          to solve for the     and the    .

Shape of bandpass is mainly due to filters.

Vij,true(�, t) = ai(t)a
⇤
j (t) · bi(�)b⇤j (�) · Vij,obs ai bi

Note that calibrator (3C286) is polarised and has a non-zero spectral index…

visibility spectra before calibration after calibration

Bandpass calibration



bandpasses can be ugly, but this is not reflected in noise.
(almost) all noise occurs before filters, so the noise is also attenuated!



Important consequence of this assumption is that errors due to imperfect calibration of the      are 
frequency independent!!

If there is a strong continuum source in the image that shows all kinds of distortions due to imperfect 
calibration, the image is said to be dynamic range limited (as opposed to noise limited). But these 
distortions are frequency independent!!!

If I subtract the continuum from the data 
in the proper way (see later), I subtract the source 
and its errors and the image becomes noise limited, 
even if the original images were dynamic range limited

I general (but not always…) the line emission 
is (much) fainter than the continuum emission. 
So the dynamic range requirements for line work are 
(much) less strong.  
Line images are usually limited by noise, not by calibration artefacts 

ai

A few more words on 

good aibad ai
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gi(n, t) = ai(t) ·bi(n)



For very very strong continuum sources, there are complications… 

If the target source is stronger than the calibrator (typically 10’s of Jy),  
the S/N in the calibrator is lower than of the target and the noise in the bandpass becomes important.

if            is very large,             will dominate over thermal noise  

Vij,true(�, t) = ai(t)a
⇤
j (t) · bi(�)b⇤j (�) · Vij,obs

Vij,true(�, t) = ai(t)a
⇤
j (t) · bi(�)b⇤j (�) · Vij,obs

<latexit sha1_base64="P2zfFUp9YicDaUgiMxa1fNDX/aA=">AAACHHicbZDLSgNBEEV7fBtfUZduGoOQoIQZEXUjiG5cKhgTyITQ06loYz+G7hohDPkIf8DfcKvgTtwK+jV2YhYavdBwuFVFdd0klcJhGH4EE5NT0zOzc/OFhcWl5ZXi6tqVM5nlUONGGttImAMpNNRQoIRGaoGpREI9uT0d1Ot3YJ0w+hJ7KbQUu9aiKzhDb7WL20k51lmFHtGkncdWUbQZ9IdezDsGy9F2DKkT0uhKu1gKq+FQ9C9EIyiRkc7bxc+4Y3imQCOXzLlmFKbYyplFwSX0C3HmIGX8ll1D06NmClwrHx7Vp1ve6dCusf5ppEP350TOlHM9lewohjcpKj8xIDfeMzD/qzUz7B62cqHTDEHz74XdTFI0dJAU7QgLHGXPA+NW+D9TfsMs4+jzLPgwovHT/8LVbjXar+5d7JWOT0axzJENsknKJCIH5JickXNSI5zck0fyRJ6Dh+AleA3evlsngtHMOvml4P0LhluglQ==</latexit>

b(n) = btrue(n) · (1+ e) gives errors of 
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O(eV )
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good bandpassnoisy bandpass

that vary with frequency

Position of very strong continuum 

source



Because our telescope has many large holes, the PSF has many 

features (sidelobes) that extend over the entire sky!!! 

PSF Dirty image

Interferometers are lousy telescopes!!!



Dirty map Clean map

This dirty PSF can be corrected for



Because PSF covers entire image, so do the errors of the bandpass, 
even after removal of the continuum 

noisy bandpass good bandpass



noisy bandpass smoothed bandpass

Trick : smooth the bandpass in frequency before applying 



HI observation of NGC 4414. 

Each image is a narrow-band radio image of the sky, 
loop is through frequency Rotation of galaxy shifts 

frequency where gas is detected

Data cubes
• Frequency received depends on velocity of emitter 

• Radio telescopes are integral field spectrographs 

• By mapping frequency, you map motions of the gas



Each channel has continuum and line emission, and the dirty beam of both
To be able to do the analysis of the line emission, we have to remove the continuum

Slice showing line and continuum

Same slice with continuum removed Use line-free 
channels to fit 
continuum level

movie of channels.
continuum + line.
dirty images



Dirty, with continuum Dirty, continuum removed Final cleaned cube



standard way: combination of uvmodel and imlin. 

Selfcal gives model of continuum sky, it’s for free so why not use it???? 

But is never perfect, so clean up residuals with imlin

Continuum subtraction
• uvmodel: make model of sky (e.g. by cleaning continuum image),  
transform model to uv domain and subtract 
✓ works over wide bands 

– does not handle calibration errors  

• uvlin: fit polymonial to spectra in uv domain 

✓ insensitive to errors in time-dependent calibration 

– only works over limited bandwidth  

• imlin: fit polynomial in image domain 

✓ insensitive to errors in time-dependent calibration 

– only works over limited bandwidth  



The limitations of uvmodel

Transforming the selfcal model to uv 
domain can only apply the calibrations 
we know and only includes the sources 
in the model.

So if there are calibration errors left, 
those errors will not be subtracted.

Same for faint sources that are not in 
the selfcal model

Continuum residuals

Continuum image with calibration errors

Often direction-dependent
errors play a role



Visibility of point source at position   is sinusoidal function of frequency
because    scales with frequency:

Frequency range over which this can be approximated with 
polynomial is limited. Depends on bandwidth and location of the source.
Only works over limited field of view.

real part of visibility of off-axis source as function of frequency for 
different baseline lengths

The limitations of uvlin

baseline length increases →
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closer to field centre
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Size of rings changes because wavelength changes

Similar problem with imlin



Over wide bands and/or wide field of view, we need something else. Polynomials have a fixed scale. 

There is not a single scale in the bumps. Use functions/tools that can adapt to local features in spectrum. 

- cubic splines 

- Savitzky-Golay filter: for every channel, fit a polynomial of a certain degree over a certain range of 
channels. Can be written as a convolution.

Mask where 

there is line 

emission

MeerKat spectrum of 5 Jy source after uvmodel. 
Better than 0.1%, but still residuals left

After subtracting SG filtered spectrum,  
better than 0.01%



source: Wikipedia

- Savitzky-Golay filter in action, 3rd degree polynomial fitted to 9 points. 

- sometimes you have to play a bit with degree and number of points



Over wide bands and/or wide field of view, we need something else. Polynomials have a fixed scale. 

There is not a single scale in the bumps. Use functions/tools that can adapt to local features in spectrum. 

- cubic splines 

- Savitzky-Golay filter: for every channel, fit a polynomial of a certain degree over a certain range of 
channels. Can be written as a convolution.

Mask where 

there is line 

emission

MeerKat spectrum of 5 Jy source after uvmodel. 
Better than 0.1%, but still residuals left

After subtracting SG filtered spectrum,  
better than 0.01%



Spectral line interferometry
part II

HI and optical image of M101

Tom Oosterloo 

Netherlands Institute for Radio Astronomy (ASTRON), Dwingeloo 

Kapteyn Institute, university of Groningen



Data analysis



Kor Begeman

For every position we have a spectrum from which we can measure the total flux and a velocity. 

Can map the brightness distribution and kinematics of our object. 
Model the kinematics in terms of mass models: dark matter

Data analysis
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S(v) dv
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hV i=
R

S(v)v dvR
S(v) dv
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I =
Z

S(v) dv

Alternative: fit Gaussians (but profile shape is not always Gaussian)

For every position calculate from the spectrum:

Parametrise the intensity and kinematics and make maps of those. 

Moment analysis

• Total HI flux 

 

• Intensity weighted velocity at a given position 

• Velocity dispersion 

 

 



Total intensity                              Velocity field                               Dispersion map

Result of the moment analysis

With these maps, we can further study the distribution and kinematics of the HI



Before we get these nice maps, we have to take care of the noise, 
otherwise we would get this

Total intensity                              Velocity field                               Dispersion map

Why?



The spectral line only occupies 

a small part of the full spectrum. 

If we integrate the full spectrum, 
we also add the noise where there 

is no emission. 

Reduces signal-to-noise 

Is even worse for higher-order moments 



The spectral line only occupies 

a small part of the full spectrum. 

If we integrate the full spectrum, 
we also add the noise where there 

is no emission. 

Reduces signal-to-noise 

Is even worse for higher-order moments 
Solution: windowing, 
i.e. only integrate over the channels 

that contain emission



original channel

masked channel

Mask the data cube by blanking the noise

• For each position, use only those channels that have signal, 
and do moment analysis on masked cube instead of on the 

original cube



By spatially smoothing the data, the S/N of extended emission increases 

Units of the image are Jy/beam, so if if make the beam larger two things happen: 

1. the noise increases(!!) 

2. the flux of an extended source increases  (because the beam is larger so more Jy/beam) 

For an extended source, point 2 wins from point 1; For a point source 1 wins from 2….

15 arcsec                                                                                                          
smoothed to  

30 arcsec



Simple strategy for masking the line emission is to smooth the data to lower resolution, 
make a mask based on that smoothed data cube (e.g. clip at 3 sigma) and  

apply this mask to the full-resolution cube. 

Total HI by 

masking full-
resolution 

cube at 3 sigma 

of full-resolution 

cube

Total HI by masking 

full-resolution 

cube at 3 sigma of 
smoothed cube



Also smooth in velocity. Masking is a 3-D problem, not a set of 2-D problems
By smoothing in velocity the noise decreases!!!  

Because 1 Jy = 10-26  W m-2 Hz-1, not per channel

full velocity resolution                                   smoothed to lower velocity resolution

Contours are at 2 sigma of  
the respective cubes. 



Created mask by clipping full-resolution cube at 3 sigma (1.8 mJy/beam) 

and by clipping full-resolution cube smoothed in velocity (1.0 mJy/beam). 

last one has more signal and fewer noise blobs



How much should I smooth the data? 

In principle you should smooth to the scale of the emission you want to detect. 
But there is emission at many different scales, ranging from small blobs to large, smooth extended clouds. 

Same in velocity:  emission with narrow lines vs emission with broad profiles. 

Dilemma: by smoothing, I increase the S/N of extended emission, but I decrease the S/N of a point 
source, so if I smooth too much, I lose S/N!!! 

Conclusion:  there is not a single, optimum scale 

So you have to smooth to many different scales (spatially, but also in velocity),  
make a mask at each resolution and combine the masks 

This is what SoFia does!!!! 

Much less work than doing by hand, quite good results  

(but sometimes needs tuning of the parameters)
Serra+ 2015 

Westmeier+ 2021



By hand, single scale smoothing           Note that noise specks have gone

SoFiA using several spatial and  

velocity scales



Struve+ 2010

For every position we have a spectrum from which we can measure the total flux and a velocity. 

Can map the brightness distribution and kinematics of our object. 
Model the kinematics in terms of mass models of all components (bulge, disk, HI disk, dark matter halo)

kinematical analysis
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Data cube gives complete mapping of kinematics

Model the galaxy as a set of tilted rings, each ring with its own rotation- and radial velocity,  
and inclination and position angle. 

“Old’ approach: model the 2D velocity field

<latexit sha1_base64="h1cWBDwh4tUx0Pn2fx24on4PCqk="></latexit>

Vlos =Vsys +Vrot(r)sin i(r) cosq(r)+Vrad(r)sin i(r) sinq(r)



NGC 5055;  Barbieri+ 2005

Result of modelling the velocity field Here the model is accurate because the  

galaxy is well resolved



Problem: beam smearing 

if the velocity gradients are large on the scale of the resolution of the data,  
these gradients get smeared out and this affects the fit
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Solution: model the data cube in 3D: make model cube of the galaxy at high resolution  

and smooth it to the resolution of the data cube.   e.g. 3DBarolo, Tirific,…
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green:  model 2-D low-resolution velocity field  

red:      3DBarolo on low-resolution cube

di Teodoro & Fraternali 2015

Modelling the data cube instead of the velocity field solves the problem of beam smearing



- Nearby Universe  

- Distant Universe; emission and absorption studies (z > 0.25) 

- Intermediate redshifts (0.1 < z < 0.25)

Future HI instruments 

(and the impact of RFI)



ALMA  millimetre array 

at 5000 m in the Andes, 
has given spectacular results 

and will continue to do so 



ASKAP 

(Australia)  

• 36 12-m dishes 

• 700-1800 MHz 

Very large field of view: 30 deg2 

      12-m dish has FoV of 1 deg2 

Very good RFI environment 

Survey telescope 



Large FoV created by phased-array feed 

Instead of a single detector, a large array of detectors which 

is used to create 36 beams on the sky. 

Effectively 36 telescopes in parallel. 

All-sky HI survey z < 0.1 (Wallaby) 

All-sky absorption survey z < 1 (Flash) 

Very deep field (Dingo)



MeerKat 
(South Africa)  

• 64 13.5-m dishes 

• 0.58 – 1.015 GHz 

• 0.9 - 1.67 GHz 

• 1.75 - 3.5 GHz 

Currently the best telescope in this  

frequency range, in terms of sensitivity 

and image quality 

Relatively low resolution 



Excellent surface brightness sensitivity 



• very deep observations of small sample 

of galaxies - Mhongoose 

•HI survey of Fornax cluster 
• very deep field up to z = 1.4 - Laduma 

• commensal with continuum survey, 
moderate depth, 20 deg2 - MighteeHI 
• absorption survey z < 1.4 - Mals 



Square Kilometre Array 

(South Africa & Australia)  

• low-frequency array (Lofar like  

but bigger, but lower resolution) 

50 — 350 MHz 

• ‘expansion’ of MeerKat (~200 dishes) 

350 — 15000 MHz 

starts observing in 2030 



DSA2000 

2000 ‘cheap’ dishes 

in the USA 

Will survey the entire sky in HI at  ‘high’ resolution and sensitivity 



Morganti+ 1998

Important part of (radio) astronomy 

- physics of the ISM,  star formation, gas cycle in galaxies 

- structure, kinematics and evolution of galaxies; dark matter 
- scaling relations; TFR 

- AGN feedback 

- Environment 
- Milky Way 

- …

Lelli+ 2019

Kamphuis+ 1991

Begeman 1984

Oosterloo & van Gorkom 2005

‘New’ telescopes will allow to make significant progress

Atomic Hydrogen (HI)



The HI surface brightness of the HI disk is the same in all galaxies 

➝ more collecting area means higher resolution —  

Key for answering many questions 

High-spatial resolution studies of the ISM in a large number of galaxies on scales 

down to 100 pc 

Role of H I in star formation processes; kinematics 

Gas cycle in galaxies; Feedback 

Significant improvement over current work (THINGS, MHONGOOSE,…) 

HI in M31 with 100 pc resolution (Braun; WSRT)

Combine with tracers from other wavebands (like PHANGS; ALMA, MUSE, JWST,..) 

Stellar feedback effects 

on H I disk & halo

Nearby Universe
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Wang+ 2016

HI diameter of a galaxy correlates 

well with total HI mass 

and has slope 2 

→
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The HI surface brightness of the HI disk is the same in all galaxies 

➝ more collecting area means higher resolution —  

Key for answering many questions 

High-spatial resolution studies of the ISM in a large number of galaxies on scales 

down to 100 pc 

Role of H I in star formation processes; kinematics 

Gas cycle in galaxies; Feedback 

Significant improvement over current work (THINGS, MHONGOOSE,…) 

HI in M31 with 100 pc resolution (Braun; WSRT)

Combine with tracers from other wavebands (like PHANGS; ALMA, MUSE, JWST,..) 

Stellar feedback effects 

on H I disk & halo

Nearby Universe
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Higher spatial resolution is also needed for kinematics 

Studies on dark matter are still interesting for small and faint galaxies 

Do dark-matter-free galaxies exist? 

places strong constraints on galaxy formation models 

candidates are ‘distant’, so high resolution needed (< 5 arcsec) 

The smallest H I galaxies; require good column density sensitivity 

how small is the smallest H I galaxy? 

depends on details of galaxy formation & evolution 

may have steep DM profiles, depending on the nature of dark matter 

Mancera Piña+ 2020

Benítez-Llambay+ 2017

Nearby Universe



Current state:  

MHONGOOSE: ~5x1017 - 1018 cm-2 at resolution of a few kpc 

(MeerKAT) 

not seeing very much of the extended, low density HI!!! 

It looks like we have to go deeper or to higher resolution (or both) 

Galaxy - IGM interface

where does the gas come form?

Physical resolution for detecting 1017 cm-2  

Simulations predict galaxies should be surrounded by low column density gas; 
Needed to maintain gas reservoirs and star formation. 

To detect this, you need the right sensitivity at the right resolution

Physical resolution for detecting 1018 cm-2  

Nearby Universe



No impact of RFI for galaxies D < 60 Mpc (z = 0.015) 

because the 1400 - 1427 MHz band is protected by international law 

Observing band is relatively clean down to ~1310 MHz (z ~ 0.09) 

if you are at the right location

Waterfall plot MeerKAT

Nearby Universe



requires (very) deep integrations for resolving/detecting galaxies 

much of the science is about the evolution of H I properties and 

scaling relations of global properties  

(many detections will be unresolved) 

stacking
Physical resolution for detecting 1020 cm-2  

Bianchetti+ 2024
Chowdury, Kanekar & Chengalur 2022

Chowdury, Kanekar & Chengalur 2022

at z = 1!!!!

Distant Universe (z > 0.25, t > 3 Gyr)



Current state:

• z < 0.25 : 30% detection rate!! (S > 30 mJy)

• Situation for z > 0.25 unclear. Indications that detection rate drops


- but could be due to selection effects (distant sources are more powerful)


Progress possible by:

• go deeper

• higher spatial resolution


- locate where the outflow is occurring

- much larger volume over which sources are resolved


• explore z > 0.25 

- ASKAP & MeerKat are limited by spatial resolution, 

SKA will be better

 

Mahony+ 2014

Unique view of the cold circum-nuclear environment of AGN. 

Important for understanding AGN physics and AGN feedback.

Out to very high redshift and with very high resolution (VLBI)

963 968 973 978
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PKS 1306-09

Faint detection at z = 0.46

(MeerKAT; Morganti+ 2024)

Distant Universe (z > 0.25, t > 3 Gyr)



Band is relatively clean

Waterfall plot of recent MeerKat observation

z ~ 0.5z ~ 1

MeerKAT flagging statistics UHF band

Distant Universe (z > 0.25, t > 3 Gyr)



At ASKAP very little RFI

between 700 - 1000 MHz

FLASH spectrum

Su+ 2022

Distant Universe (z > 0.25, t > 3 Gyr)



RFI is a major problem


Kills much of the the science

MeerKAT flagging statistics L band

Waterfall plot MeerKAT L band

Intermediate redshift  (0.1 < z < 0.25)



redshift distribution of HI detections

Every radio telescope has a natural redshift range for H I emission studies:

the redshift range of detections for a ‘normal’ observation (i.e. up to 50 hr)

Intermediate redshift  (0.1 < z < 0.25)



Every radio telescope has a natural redshift range for H I emission studies:

the redshift range of detections for a ‘normal’ observation (i.e. up to 50 hr)

GNSS RFI exactly covers the peak of the redshift distribution of potential H I detections

Intermediate redshift  (0.1 < z < 0.25)

redshift distribution of HI detections



Each radio telescope has a natural redshift range for H I emission studies:

the redshift range of detections for a ‘normal’ observation (i.e. up to 50 hr)

GNSS RFI exactly covers the peak of the redshift distribution of potential H I detections

DSA-2000 2k hours

Deep

All sky

Intermediate redshift  (0.1 < z < 0.25)


