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Image-reconstruction

How to obtain an image after measuring V(u,v)?

Andrews+2018 Dagnello+2021



How to we go from V(u,v) to I(x,y)?

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

V (u, v) =

Z
I(x, y)e�2⇡i(ux+vy)dxdy
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Some definitions

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

I(x,y)ID(x,y)

Visibilities

Dirty image Image

Dirty beam



Nomenclature

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

I(x,y)ID(x,y)

Transform

Deconvolve
Dirty image Image

Dirty beamVisibilities



Ideal Fourier transform

Ideal visibilities True image

Fourier 
Transform

V (u, v) =

Z
I(x, y)e�2⇡i(ux+vy)dxdy
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This is true if we measure V(u,v) in EVERY point!



Sampling of the (u,v) plane

With a limited number of antennas, the uv-plane (u,v) is 
sample in a discrete number of points

= x

S(u, v) =
X

k

�(uk, vk)
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VM (u, v) = S(u, v)V (u, v)
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Measured Ideal

V(u,v)S(u,v)VM(u,v)



The uv-plane is sampled in discrete points: 
some information is lost

Outer limit 
• We do not have measures beyond umax, vmax 
• It defines the angular resolution of the array

Inner limit 
• There is a “hole” in inner regions of S(u,v) 
• Information on large scales is missing 
• Very extended structures are invisible 

(“spatial filtering”)

Sparse sampling 
• We miss information in several regions of the 

(u,v) plane 
• It contributes to the structure of the side lobes

Sampling of the (u,v) plane



The Fourier transform of the measured visibilities gives the 
dirty image:

ID(x, y) = FT�1[VM (u, v)] = FT�1[S(u, v)V (u, v)]
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ID(x, y) = BD(x, y) ⇤ I(x, y)
<latexit sha1_base64="qteZBYPlIjZiX0Kl8qbCOwdS79s=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFqCIlEUE3Qqku7K6CvUAbwmQ6qUMnkzAzEUPpxo2v4saFIm59B3e+jdM0grb+MPDxn3M4c34vYlQqy/oycnPzC4tL+eXCyura+oa5udWUYSwwaeCQhaLtIUkY5aShqGKkHQmCAo+Rlje4GNdbd0RIGvIblUTECVCfU59ipLTlmrs197J0f5QcwHNY/cFDWEvBNYtW2UoFZ8HOoAgy1V3zs9sLcRwQrjBDUnZsK1LOEAlFMSOjQjeWJEJ4gPqko5GjgEhnmF4xgvva6UE/FPpxBVP398QQBVImgac7A6Ru5XRtbP5X68TKP3OGlEexIhxPFvkxgyqE40hgjwqCFUs0ICyo/ivEt0ggrHRwBR2CPX3yLDSPy7ZVtq9PipVqFkce7IA9UAI2OAUVcAXqoAEweABP4AW8Go/Gs/FmvE9ac0Y2sw3+yPj4BgOLlQ4=</latexit><latexit sha1_base64="qteZBYPlIjZiX0Kl8qbCOwdS79s=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFqCIlEUE3Qqku7K6CvUAbwmQ6qUMnkzAzEUPpxo2v4saFIm59B3e+jdM0grb+MPDxn3M4c34vYlQqy/oycnPzC4tL+eXCyura+oa5udWUYSwwaeCQhaLtIUkY5aShqGKkHQmCAo+Rlje4GNdbd0RIGvIblUTECVCfU59ipLTlmrs197J0f5QcwHNY/cFDWEvBNYtW2UoFZ8HOoAgy1V3zs9sLcRwQrjBDUnZsK1LOEAlFMSOjQjeWJEJ4gPqko5GjgEhnmF4xgvva6UE/FPpxBVP398QQBVImgac7A6Ru5XRtbP5X68TKP3OGlEexIhxPFvkxgyqE40hgjwqCFUs0ICyo/ivEt0ggrHRwBR2CPX3yLDSPy7ZVtq9PipVqFkce7IA9UAI2OAUVcAXqoAEweABP4AW8Go/Gs/FmvE9ac0Y2sw3+yPj4BgOLlQ4=</latexit><latexit sha1_base64="qteZBYPlIjZiX0Kl8qbCOwdS79s=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFqCIlEUE3Qqku7K6CvUAbwmQ6qUMnkzAzEUPpxo2v4saFIm59B3e+jdM0grb+MPDxn3M4c34vYlQqy/oycnPzC4tL+eXCyura+oa5udWUYSwwaeCQhaLtIUkY5aShqGKkHQmCAo+Rlje4GNdbd0RIGvIblUTECVCfU59ipLTlmrs197J0f5QcwHNY/cFDWEvBNYtW2UoFZ8HOoAgy1V3zs9sLcRwQrjBDUnZsK1LOEAlFMSOjQjeWJEJ4gPqko5GjgEhnmF4xgvva6UE/FPpxBVP398QQBVImgac7A6Ru5XRtbP5X68TKP3OGlEexIhxPFvkxgyqE40hgjwqCFUs0ICyo/ivEt0ggrHRwBR2CPX3yLDSPy7ZVtq9PipVqFkce7IA9UAI2OAUVcAXqoAEweABP4AW8Go/Gs/FmvE9ac0Y2sw3+yPj4BgOLlQ4=</latexit><latexit sha1_base64="qteZBYPlIjZiX0Kl8qbCOwdS79s=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFqCIlEUE3Qqku7K6CvUAbwmQ6qUMnkzAzEUPpxo2v4saFIm59B3e+jdM0grb+MPDxn3M4c34vYlQqy/oycnPzC4tL+eXCyura+oa5udWUYSwwaeCQhaLtIUkY5aShqGKkHQmCAo+Rlje4GNdbd0RIGvIblUTECVCfU59ipLTlmrs197J0f5QcwHNY/cFDWEvBNYtW2UoFZ8HOoAgy1V3zs9sLcRwQrjBDUnZsK1LOEAlFMSOjQjeWJEJ4gPqko5GjgEhnmF4xgvva6UE/FPpxBVP398QQBVImgac7A6Ru5XRtbP5X68TKP3OGlEexIhxPFvkxgyqE40hgjwqCFUs0ICyo/ivEt0ggrHRwBR2CPX3yLDSPy7ZVtq9PipVqFkce7IA9UAI2OAUVcAXqoAEweABP4AW8Go/Gs/FmvE9ac0Y2sw3+yPj4BgOLlQ4=</latexit>

BD(x, y) = FT�1[S(u, v)]
<latexit sha1_base64="Gsfx92hMX3aOCe1tJ2TVsbhEu4M=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARWqglEUE3QqkiLiv2BWkMk+mkHTp5MDMpllA3/oobF4q49S/c+TdO2yy0euDC4Zx7ufceN2JUSMP40jILi0vLK9nV3Nr6xuaWvr3TFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13cDHxW0PCBQ2DuhxFxPZRL6AexUgqydH3qs5l4b40KsJzeFW/OzKt20JcGhZtR88bZWMK+JeYKcmDFDVH/+x0Qxz7JJCYISEs04iknSAuKWZknOvEgkQID1CPWIoGyCfCTqYfjOGhUrrQC7mqQMKp+nMiQb4QI99VnT6SfTHvTcT/PCuW3pmd0CCKJQnwbJEXMyhDOIkDdiknWLKRIghzqm6FuI84wlKFllMhmPMv/yXN47JplM2bk3ylmsaRBfvgABSACU5BBVyDGmgADB7AE3gBr9qj9qy9ae+z1oyWzuyCX9A+vgFG3ZQ0</latexit><latexit sha1_base64="Gsfx92hMX3aOCe1tJ2TVsbhEu4M=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARWqglEUE3QqkiLiv2BWkMk+mkHTp5MDMpllA3/oobF4q49S/c+TdO2yy0euDC4Zx7ufceN2JUSMP40jILi0vLK9nV3Nr6xuaWvr3TFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13cDHxW0PCBQ2DuhxFxPZRL6AexUgqydH3qs5l4b40KsJzeFW/OzKt20JcGhZtR88bZWMK+JeYKcmDFDVH/+x0Qxz7JJCYISEs04iknSAuKWZknOvEgkQID1CPWIoGyCfCTqYfjOGhUrrQC7mqQMKp+nMiQb4QI99VnT6SfTHvTcT/PCuW3pmd0CCKJQnwbJEXMyhDOIkDdiknWLKRIghzqm6FuI84wlKFllMhmPMv/yXN47JplM2bk3ylmsaRBfvgABSACU5BBVyDGmgADB7AE3gBr9qj9qy9ae+z1oyWzuyCX9A+vgFG3ZQ0</latexit><latexit sha1_base64="Gsfx92hMX3aOCe1tJ2TVsbhEu4M=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARWqglEUE3QqkiLiv2BWkMk+mkHTp5MDMpllA3/oobF4q49S/c+TdO2yy0euDC4Zx7ufceN2JUSMP40jILi0vLK9nV3Nr6xuaWvr3TFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13cDHxW0PCBQ2DuhxFxPZRL6AexUgqydH3qs5l4b40KsJzeFW/OzKt20JcGhZtR88bZWMK+JeYKcmDFDVH/+x0Qxz7JJCYISEs04iknSAuKWZknOvEgkQID1CPWIoGyCfCTqYfjOGhUrrQC7mqQMKp+nMiQb4QI99VnT6SfTHvTcT/PCuW3pmd0CCKJQnwbJEXMyhDOIkDdiknWLKRIghzqm6FuI84wlKFllMhmPMv/yXN47JplM2bk3ylmsaRBfvgABSACU5BBVyDGmgADB7AE3gBr9qj9qy9ae+z1oyWzuyCX9A+vgFG3ZQ0</latexit><latexit sha1_base64="Gsfx92hMX3aOCe1tJ2TVsbhEu4M=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARWqglEUE3QqkiLiv2BWkMk+mkHTp5MDMpllA3/oobF4q49S/c+TdO2yy0euDC4Zx7ufceN2JUSMP40jILi0vLK9nV3Nr6xuaWvr3TFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13cDHxW0PCBQ2DuhxFxPZRL6AexUgqydH3qs5l4b40KsJzeFW/OzKt20JcGhZtR88bZWMK+JeYKcmDFDVH/+x0Qxz7JJCYISEs04iknSAuKWZknOvEgkQID1CPWIoGyCfCTqYfjOGhUrrQC7mqQMKp+nMiQb4QI99VnT6SfTHvTcT/PCuW3pmd0CCKJQnwbJEXMyhDOIkDdiknWLKRIghzqm6FuI84wlKFllMhmPMv/yXN47JplM2bk3ylmsaRBfvgABSACU5BBVyDGmgADB7AE3gBr9qj9qy9ae+z1oyWzuyCX9A+vgFG3ZQ0</latexit>

Using the convolution theorem we obtain:

The dirty image is the convolution of the dirty beam with 
the true image

To obtain I(x,y) we need to deconvolve BD(x,y) from ID(x,y)

Sampling of the (u,v) plane



“Weighting schemes”

The dirty image (and dirty beam) can be weighted:

Natural 
• Maximises point source sensitivity, high side-lobes

ID(x, y) =

P
k FT�1[Wk(u, v)S(u, v)V (u, v)]P

k Wk
<latexit sha1_base64="6SwAn6oRHOwr2T5H6kyDZSu+onE="></latexit><latexit sha1_base64="6SwAn6oRHOwr2T5H6kyDZSu+onE="></latexit><latexit sha1_base64="6SwAn6oRHOwr2T5H6kyDZSu+onE="></latexit><latexit sha1_base64="6SwAn6oRHOwr2T5H6kyDZSu+onE="></latexit>

Uniform 
• High angular resolution, lower sensitivity to point 

sources.

Robust 
• It’s an intermediate choice between natural and 

uniform, the parameter s ranges [-2,2]
Tapering 
• Adds a down-weighting to the high-spatial frequencies

Wk =
1

�2
k

<latexit sha1_base64="wE1oqfRVl7ndF5Gh82OOO06tFiQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkRdCMU3bisYB/QxDCZTtohM5MwMxFKCLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe+8JU0aVdpxva2l5ZXVtvbJR3dza3tm19/Y7KskkJm2csET2QqQIo4K0NdWM9FJJEA8Z6Ybx9cTvPhCpaCLu9DglPkdDQSOKkTZSYB92gxheQi+SCOdukXuKDjkK4vtGEdg1p+5MAReJW5IaKNEK7C9vkOCME6ExQ0r1XSfVfo6kppiRoupliqQIx2hI+oYKxIny8+kPBTwxygBGiTQlNJyqvydyxJUa89B0cqRHat6biP95/UxHF35ORZppIvBsUZQxqBM4CQQOqCRYs7EhCEtqboV4hEwc2sRWNSG48y8vkk6j7jp19/as1rwq46iAI3AMToELzkET3IAWaAMMHsEzeAVv1pP1Yr1bH7PWJaucOQB/YH3+ABr+ly0=</latexit><latexit sha1_base64="wE1oqfRVl7ndF5Gh82OOO06tFiQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkRdCMU3bisYB/QxDCZTtohM5MwMxFKCLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe+8JU0aVdpxva2l5ZXVtvbJR3dza3tm19/Y7KskkJm2csET2QqQIo4K0NdWM9FJJEA8Z6Ybx9cTvPhCpaCLu9DglPkdDQSOKkTZSYB92gxheQi+SCOdukXuKDjkK4vtGEdg1p+5MAReJW5IaKNEK7C9vkOCME6ExQ0r1XSfVfo6kppiRoupliqQIx2hI+oYKxIny8+kPBTwxygBGiTQlNJyqvydyxJUa89B0cqRHat6biP95/UxHF35ORZppIvBsUZQxqBM4CQQOqCRYs7EhCEtqboV4hEwc2sRWNSG48y8vkk6j7jp19/as1rwq46iAI3AMToELzkET3IAWaAMMHsEzeAVv1pP1Yr1bH7PWJaucOQB/YH3+ABr+ly0=</latexit><latexit sha1_base64="wE1oqfRVl7ndF5Gh82OOO06tFiQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkRdCMU3bisYB/QxDCZTtohM5MwMxFKCLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe+8JU0aVdpxva2l5ZXVtvbJR3dza3tm19/Y7KskkJm2csET2QqQIo4K0NdWM9FJJEA8Z6Ybx9cTvPhCpaCLu9DglPkdDQSOKkTZSYB92gxheQi+SCOdukXuKDjkK4vtGEdg1p+5MAReJW5IaKNEK7C9vkOCME6ExQ0r1XSfVfo6kppiRoupliqQIx2hI+oYKxIny8+kPBTwxygBGiTQlNJyqvydyxJUa89B0cqRHat6biP95/UxHF35ORZppIvBsUZQxqBM4CQQOqCRYs7EhCEtqboV4hEwc2sRWNSG48y8vkk6j7jp19/as1rwq46iAI3AMToELzkET3IAWaAMMHsEzeAVv1pP1Yr1bH7PWJaucOQB/YH3+ABr+ly0=</latexit><latexit sha1_base64="wE1oqfRVl7ndF5Gh82OOO06tFiQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkRdCMU3bisYB/QxDCZTtohM5MwMxFKCLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe+8JU0aVdpxva2l5ZXVtvbJR3dza3tm19/Y7KskkJm2csET2QqQIo4K0NdWM9FJJEA8Z6Ybx9cTvPhCpaCLu9DglPkdDQSOKkTZSYB92gxheQi+SCOdukXuKDjkK4vtGEdg1p+5MAReJW5IaKNEK7C9vkOCME6ExQ0r1XSfVfo6kppiRoupliqQIx2hI+oYKxIny8+kPBTwxygBGiTQlNJyqvydyxJUa89B0cqRHat6biP95/UxHF35ORZppIvBsUZQxqBM4CQQOqCRYs7EhCEtqboV4hEwc2sRWNSG48y8vkk6j7jp19/as1rwq46iAI3AMToELzkET3IAWaAMMHsEzeAVv1pP1Yr1bH7PWJaucOQB/YH3+ABr+ly0=</latexit>

Wk =
1

�2
k⇢(uk, vk)

<latexit sha1_base64="vD1S2jMsdwvi/Tn7SJaZZgyRvts=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoICUpgm6EohuXFewDmhgm00k7ZCYJM5NCCfkFN/6KGxeKuHXnzr9x2mahrQcuHM65l3vv8RNGpbKsb6O0srq2vlHerGxt7+zumfsHHRmnApM2jlksej6ShNGItBVVjPQSQRD3Gen64c3U746JkDSO7tUkIS5Hw4gGFCOlJc+sdb0QXkEnEAhndp45kg458sKHBnTEKK6lXng29sLT3DOrVt2aAS4TuyBVUKDlmV/OIMYpJ5HCDEnZt61EuRkSimJG8oqTSpIgHKIh6WsaIU6km80+yuGJVgYwiIWuSMGZ+nsiQ1zKCfd1J0dqJBe9qfif109VcOlmNEpSRSI8XxSkDKoYTuOBAyoIVmyiCcKC6lshHiEdjtIhVnQI9uLLy6TTqNtW3b47rzavizjK4AgcgxqwwQVoglvQAm2AwSN4Bq/gzXgyXox342PeWjKKmUPwB8bnD/tAnHo=</latexit><latexit sha1_base64="vD1S2jMsdwvi/Tn7SJaZZgyRvts=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoICUpgm6EohuXFewDmhgm00k7ZCYJM5NCCfkFN/6KGxeKuHXnzr9x2mahrQcuHM65l3vv8RNGpbKsb6O0srq2vlHerGxt7+zumfsHHRmnApM2jlksej6ShNGItBVVjPQSQRD3Gen64c3U746JkDSO7tUkIS5Hw4gGFCOlJc+sdb0QXkEnEAhndp45kg458sKHBnTEKK6lXng29sLT3DOrVt2aAS4TuyBVUKDlmV/OIMYpJ5HCDEnZt61EuRkSimJG8oqTSpIgHKIh6WsaIU6km80+yuGJVgYwiIWuSMGZ+nsiQ1zKCfd1J0dqJBe9qfif109VcOlmNEpSRSI8XxSkDKoYTuOBAyoIVmyiCcKC6lshHiEdjtIhVnQI9uLLy6TTqNtW3b47rzavizjK4AgcgxqwwQVoglvQAm2AwSN4Bq/gzXgyXox342PeWjKKmUPwB8bnD/tAnHo=</latexit><latexit sha1_base64="vD1S2jMsdwvi/Tn7SJaZZgyRvts=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoICUpgm6EohuXFewDmhgm00k7ZCYJM5NCCfkFN/6KGxeKuHXnzr9x2mahrQcuHM65l3vv8RNGpbKsb6O0srq2vlHerGxt7+zumfsHHRmnApM2jlksej6ShNGItBVVjPQSQRD3Gen64c3U746JkDSO7tUkIS5Hw4gGFCOlJc+sdb0QXkEnEAhndp45kg458sKHBnTEKK6lXng29sLT3DOrVt2aAS4TuyBVUKDlmV/OIMYpJ5HCDEnZt61EuRkSimJG8oqTSpIgHKIh6WsaIU6km80+yuGJVgYwiIWuSMGZ+nsiQ1zKCfd1J0dqJBe9qfif109VcOlmNEpSRSI8XxSkDKoYTuOBAyoIVmyiCcKC6lshHiEdjtIhVnQI9uLLy6TTqNtW3b47rzavizjK4AgcgxqwwQVoglvQAm2AwSN4Bq/gzXgyXox342PeWjKKmUPwB8bnD/tAnHo=</latexit><latexit sha1_base64="vD1S2jMsdwvi/Tn7SJaZZgyRvts=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoICUpgm6EohuXFewDmhgm00k7ZCYJM5NCCfkFN/6KGxeKuHXnzr9x2mahrQcuHM65l3vv8RNGpbKsb6O0srq2vlHerGxt7+zumfsHHRmnApM2jlksej6ShNGItBVVjPQSQRD3Gen64c3U746JkDSO7tUkIS5Hw4gGFCOlJc+sdb0QXkEnEAhndp45kg458sKHBnTEKK6lXng29sLT3DOrVt2aAS4TuyBVUKDlmV/OIMYpJ5HCDEnZt61EuRkSimJG8oqTSpIgHKIh6WsaIU6km80+yuGJVgYwiIWuSMGZ+nsiQ1zKCfd1J0dqJBe9qfif109VcOlmNEpSRSI8XxSkDKoYTuOBAyoIVmyiCcKC6lshHiEdjtIhVnQI9uLLy6TTqNtW3b47rzavizjK4AgcgxqwwQVoglvQAm2AwSN4Bq/gzXgyXox342PeWjKKmUPwB8bnD/tAnHo=</latexit>

Wk =
1 + s

�2
k[1 +

s⇢(uk,vk)
�2
k

]
<latexit sha1_base64="MdtuLbADDqN56Rw0MKXjQ3zAYY0="></latexit><latexit sha1_base64="MdtuLbADDqN56Rw0MKXjQ3zAYY0="></latexit><latexit sha1_base64="MdtuLbADDqN56Rw0MKXjQ3zAYY0="></latexit><latexit sha1_base64="MdtuLbADDqN56Rw0MKXjQ3zAYY0="></latexit>

Wk =
1

�2
k

e�
(u2+v2)

t2
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Computing the dirty image

Fourier Transform 
• Use algorithm Fast Fourier Transform (FFT) 
• Computing time scales with NlogN for a N x N 

image 
• FFT needs a regular grid

Gridding 
• The data VM(u,v) are obtained on an irregular 

grid 
• They are mapped onto a regular grid (sides are 

a multiple of 2) 
• Grid points where no uv-data are present are 

set to 0.



“Weighting schemes”

Natural 
Beam ~ 0.77 x 0.62

Uniform 
Beam ~ 0.39 x 0.31

uv-taper 
Beam ~ 0.77 x 0.62

Robust -1 
Beam ~ 0.41 x 0.36



Dirty beam combining different configurations



Deconvolution

• After calibration and FT: VM(u,v) -> ID(x,y) 
• We need to deconvolve BD(x,y) from ID(x,y) to obtain I(x,y) 
• Information is incomplete, there is noise in the data: pay 

attention with this step!

Dirty image Scientific image



Methods of image reconstruction

• CLEAN 
The sky model is the sum of point-sources 

• Multi-scale CLEAN (very relevant for disks) 
The sky model is the linear combination of Gaussians with 
FWHM defined by the user (typically 5) 

• Adaptive-Scale-Pixel CLEAN (may be used more in near future) 
The sky model is the linear combination of Gaussians with 
FWHMs that are computed on the fly. 

• Regularized Maximum Likelihood (RML) algorithms 
This is not a deconvolution process, but it’s a non-parametric 
forward model of the sky intensity, with additional constraints 
(e.g., smoothness, positivity). 



CLEAN
Developed by Hogbom in 1974. It assumes that the sky is a the linear 

combination of point sources:

I(x, y) =
X

i

ai�(xi, yi)
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Iterative process: 
1. The dirty beam and dirty image are computed with FFT. 
2. We find the intensity peaks 
3. We assign a delta function to the position of the peak with the 

measured amplitude to a sky model 
4. We subtract a fraction of the model from the residual map using 

a parameter gain γ 
5. We go back to step 2 and keep going, until we reach a 

threshold we had defined for the maximum residual 
6. We convolve the sky model with a Gaussian fit of the primary 

beam and we add the residual map to obtain the final image



CLEAN



CLEAN

Dirty image

Final image Residual map

CLEAN 
model



Multi-scale CLEAN
It is very relevant for extended sources 

(classic CLEAN is optimized for point sources)

Blotchy Smooth 



• Better treatment of the uncertainties 
• It is possible to make better use of the very long 

baselines to reach a “super”-resolution

In order to avoid the convoluted error propagation in the image 
reconstruction, in several cases the data are fitted directly in the uv-plane

Data analysis in the uv-plane



Data analysis in the uv-plane



Disk kinematics

Wölfer+subm

It probes the disk gas dynamics, a fundamental driver regulating disk 
evolution and dust dynamics on small scales (e.g., turbulence) and the 

whole disk extent (e.g., winds). 

The dynamics can be used to trace ongoing physical processes, such as 
(M)HD-instabilities, planet-disk interactions, stellar fly-bys, etc.



Disk kinematics

Turbulence

Late 
stage 
infall

Winds

Radial flows
Inclined and 
eccentric 
companion

planet

planet
+ CPD

Gap

Meridional 
flows

Upper CO layer
Text

Lower CO layer

Spiral 
wakes

Keplerian rotation

Fig. 1.— Schematic view of the expected kinematic signatures in a planet forming disk. Planets generate Linblad resonance
and buoyancy spirals, and can carve gaps that will be associated with meridional flows. At small scales a circumplanetary
disk can form around the planet. Inner companions on inclined and/or eccentric orbits can tilt an inner disk and generate
near free-fall radial flows while clearing a central cavity. Unstructured turbulent motions can locally broaden the line width.
Disks can interact with their environnement via winds that likely remove the disk angular momentum, and late stage infalls
or flyby tidal interactions that may impact the mass, angular momentum and chemical history of the disk. High spectral
resolution molecular line observations, for instance probing the warm CO layer, offer a way to map the gas flows associated
with these processes.

et al. 2016; Teague et al. 2017; Huang et al. 2018a; Kim
et al. 2020). Distinguishing these features from chemical
effects (Öberg et al. 2015; Bergin et al. 2016; Cazzoletti
et al. 2018a; Kastner et al. 2018) remains difficult how-
ever, and care must be taken to disentangle density struc-
tures from temperature effects, for instance due to shad-
owing, or artefacts due to continuum subtraction (Rosotti
et al. 2021). One of the revolutions of ALMA is its ability
to map molecular emission from disks at high spatial and
spectral resolutions. This offers an exciting possibility to
map the kinematic structures, bypassing the complexities
of molecular excitation and underlying chemical structures.
They have led to key results that are progressively trans-
forming our understanding of disks and planet formation,
including

• accurate determination of central masses,

• the mapping of tidal interactions between multiple
stars and flybys,

• the role of inner companion in carving the large cav-
ities in some transition disks,

• constraints on the level of turbulent motions and the ↵

viscosity, a fundamental parameter which determines
how angular momentum transport occurs in a disk,

• the extraction of maps of the temperature structure of
disks,

• the detection of molecular disk winds,

• indications of gravitational instabilities,

• and the kinematic detections of embedded planets.

This field remains in its infancy, and there are only a few
disks that have been observed with high enough integration
time and spectral resolution. An important aspect of this
chapter is the discussion of new advances brought about by
ALMA, which are still unfolding.

We first describe the methods to map and reconstruct the
velocity fields in disks and their surrounding environment
in §2. Next we discuss the progress in mapping the large
scale flows in §3, and discuss the interplay between planet
and star formation in §4 with emphasis on multiple systems,
misalignments and warps. In §5, we summarise our cur-
rent understanding of planet-disk interactions and discuss
the kinematic signatures of embedded planets, and the im-
plication of recent detections. We conclude in section §6 by
discussing the perspectives that will be offered with future
instruments.

2. Kinematic observations of disks: methods

In most of this chapter, we will focus on line observa-
tions in the sub-millimeter regime, in particular observa-
tions with the ALMA interferometer. The techniques are
applicable to any line data that is both spatially and spec-
trally resolved, for instance with integral field units (IFUs).
The end product of line observations is a data cube, with
three axes (+ eventually a polarisation axis): two spatial
axes corresponding to the sky coordinate, and a frequency
axis. The frequency can be converted to line-of-sight veloc-
ity via calculation of the Doppler shift of the line from its
rest frequency. Data cubes are composed of channel maps,
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Measuring emission surface.
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Isella+2016



Disk kinematicsMeasuring emission surface.

°4°2024
O�set (arcsec)

°4

°2

0

2

4

O
�s

et
(a

rc
se

c)

100 au

(a)

°101
O�set (arcsec)

°1

0

1

O
�s

et
(a

rc
se

c)
100 au

(b)

°4°2024
O�set (arcsec)

°4

°2

0

2

4

O
�s

et
(a

rc
se

c)

100 au

(c)

4 5 6 7
vlos (km s°1)

1 4 7 10
vlos (km s°1)

4 5 6 7
vlos (km s°1)

https://github.com/richteague/eddy Teague (2019) 
https://github.com/richteague/bettermoments Teague & Foreman-Mackey (2018) Isella et al. (2018b), Teague et al. (in prep.)



A data cube
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Typical velocities in disks

each integrated over a narrow range of frequencies.
The large collecting area of the ALMA interferometer

enables imaging of protoplanetary disks at high spectral res-
olution. The maximal spectral resolution of 30.5kHz trans-
lates into a velocity resolution of 26m s�1 and 40m s�1 for
the 12CO J=3-2 and J=2-1 lines for instance. This probes
a new range of physical processes that were inaccessible
to the previous generation of (sub-)millimeter instruments.
The high spectral resolution required to image kinematic
structures also means that the available bandwidth is much
narrower than for continuum observations, and line obser-
vations require long integration times, even with ALMA,
and preclude the use of the longest baselines. As such,
much of the substructure observed in disks has been de-
tected in the continuum so far. But reasonable compromises
on spatial resolution still allow fine mapping of the disk ve-
locity fields. For instance, in band 7 at 330 Ghz (e.g. 12CO
J=3-2), a brightness sensitivity of 5 K and velocity resolu-
tion of 26 m s�1 can be reached in ⇡ 30 min and 8 h on
source time at a spatial resolution of 0.2” and 0.1”, respec-
tively. While the number of sources where kinematics stud-
ies can be performed remains limited, it seems that (not sur-
prisingly), most if not all of the sources display kinematic
substructures on top of a smooth Keplerian structure when
data sets with sufficient spectral resolution and integration
time are available.

2.1. Velocity fields in protoplanetary disks
It is insightful to compare the velocity resolution ALMA

can reach with the expected velocities from key physical
processes happening in disks. Protoplanetary disks are
mostly rotating at Keplerian velocities and in vertical hy-
drostatic equilibrium, meaning that there is no bulk vertical
or radial motions. Assuming the gravity is dominated by
the central star and neglecting pressure gradients, the mid-
plane Keplerian velocity is given by the balance between
the gravity and centrifugal forces:

v�, K(r) =

r
GM⇤

r
⇡ 3.0

s
M⇤
M�

r
100au

r
km s�1 (1)

The vertical extent of the disk reduces the gravitational
force from the star as well as its radial projection, leading
to an orbital velocity

v�(r, z)2

r
=

GM⇤
r2 + z2

⇥ rp
r2 + z2

(2)

For a vertically isothermal disk in hydrostatic equilibiurm
with a typical scale height ratio h/r of 0.05, this corre-
sponds to a difference of velocity of ⇡ 5% between the
disk midplane and 4 scale heights, the typical altitude of
12CO emission. At a distance of 100 au from the star, such
difference amounts to ⇡ 170 m s�1.

In addition to the gravity from the star, any extra force
exerted on the gas will affect the orbital velocities. Includ-

ing the pressure gradient, the previous equation becomes

v�(r, z)2

r
=

GM⇤r

(r2 + z2)3/2
+

1

⇢gas

@Pgas

@r
(3)

The pressure gradient term is in general complex and de-
pends on the details of the disk density and thermal struc-
tures. But we can get an estimate of its impact on the or-
bital velocities under simple assumptions on the disk struc-
ture. If the pressure is a monotonically decreasing func-
tion, @Pgas

@r is negative, and the gas orbits at sub-Keplerian
velocities. Assuming power-laws for the surface density
⌃(r) = ⌃0(r/r0)�p and a vertically isothermal tempera-
ture T = T0(r/r0)�q (and hence a power P = P0(r/r0)�s

for the midplane pressure, with s = p + q/2 + 3/2), the
midplane azimuthal velocities become

v�(r) = v�, K(r)

s

1 � s

✓
h

r

◆2

(4)

where h the local scale height. With a surface density index
p = 1, and a midplane temperature profile index q = 0.5,
the typical deviations from Keplerian velocity are of the or-
der of 1 %. While this term is small, it is responsible for
the gas drag on dust grains. As dust grains are not pres-
sure supported, they orbit at Keplerian velocities and feel
a headwind from the gas. They lose angular momentum
and drift inwards. For a smooth disk, such a velocity de-
viation is in practice not detectable, in particular because
the true Keplerian velocity (and central mass star) is only
known to a limited accuracy. If the pressure gradient be-
comes steeper (for instance at the outer disk where the sur-
face density tapers off, or at the edges of a gap in the gas
surface density), this pressure term becomes significant and
relative measurements are possible.

Finally, considering the disk self-gravity, the orbital ve-
locities can be expressed as

v�(r, z)2

r
=

GM⇤r

(r2 + z2)3/2
+

1

⇢gas

@Pgas

@r
+

@�gas

@r
(5)

where �gas is the gravitational potential of the disk. The
@�gas

@r term can be computed numerically and depends on
the details of the disk surface density (e.g. Bertin and
Lodato 1999; Veronesi et al. 2021). In the case of an in-
finitely thin disk extending to infinity with a surface density
⌃(r) / r

�1, a simple analytical expression can be derived
(Mestel 1963; Lodato 2007):

@�gas

@r
= 2⇡G⌃(r) (6)

where G is the gravitational constant. This term is pos-
itive, leading to super-Keplerian rotation, and because it
decreases slower with radius than the stellar gravity, the
relative difference between the orbital and Keplerian ve-
locities will progressively increase with distance. Assum-
ing that the disk mass remains small compared to the cen-
tral mass, the velocities in the outer disk will differ from
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Typical velocities in disks

each integrated over a narrow range of frequencies.
The large collecting area of the ALMA interferometer

enables imaging of protoplanetary disks at high spectral res-
olution. The maximal spectral resolution of 30.5kHz trans-
lates into a velocity resolution of 26m s�1 and 40m s�1 for
the 12CO J=3-2 and J=2-1 lines for instance. This probes
a new range of physical processes that were inaccessible
to the previous generation of (sub-)millimeter instruments.
The high spectral resolution required to image kinematic
structures also means that the available bandwidth is much
narrower than for continuum observations, and line obser-
vations require long integration times, even with ALMA,
and preclude the use of the longest baselines. As such,
much of the substructure observed in disks has been de-
tected in the continuum so far. But reasonable compromises
on spatial resolution still allow fine mapping of the disk ve-
locity fields. For instance, in band 7 at 330 Ghz (e.g. 12CO
J=3-2), a brightness sensitivity of 5 K and velocity resolu-
tion of 26 m s�1 can be reached in ⇡ 30 min and 8 h on
source time at a spatial resolution of 0.2” and 0.1”, respec-
tively. While the number of sources where kinematics stud-
ies can be performed remains limited, it seems that (not sur-
prisingly), most if not all of the sources display kinematic
substructures on top of a smooth Keplerian structure when
data sets with sufficient spectral resolution and integration
time are available.

2.1. Velocity fields in protoplanetary disks
It is insightful to compare the velocity resolution ALMA

can reach with the expected velocities from key physical
processes happening in disks. Protoplanetary disks are
mostly rotating at Keplerian velocities and in vertical hy-
drostatic equilibrium, meaning that there is no bulk vertical
or radial motions. Assuming the gravity is dominated by
the central star and neglecting pressure gradients, the mid-
plane Keplerian velocity is given by the balance between
the gravity and centrifugal forces:
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force from the star as well as its radial projection, leading
to an orbital velocity
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For a vertically isothermal disk in hydrostatic equilibiurm
with a typical scale height ratio h/r of 0.05, this corre-
sponds to a difference of velocity of ⇡ 5% between the
disk midplane and 4 scale heights, the typical altitude of
12CO emission. At a distance of 100 au from the star, such
difference amounts to ⇡ 170 m s�1.

In addition to the gravity from the star, any extra force
exerted on the gas will affect the orbital velocities. Includ-

ing the pressure gradient, the previous equation becomes
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The pressure gradient term is in general complex and de-
pends on the details of the disk density and thermal struc-
tures. But we can get an estimate of its impact on the or-
bital velocities under simple assumptions on the disk struc-
ture. If the pressure is a monotonically decreasing func-
tion, @Pgas

@r is negative, and the gas orbits at sub-Keplerian
velocities. Assuming power-laws for the surface density
⌃(r) = ⌃0(r/r0)�p and a vertically isothermal tempera-
ture T = T0(r/r0)�q (and hence a power P = P0(r/r0)�s

for the midplane pressure, with s = p + q/2 + 3/2), the
midplane azimuthal velocities become
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where h the local scale height. With a surface density index
p = 1, and a midplane temperature profile index q = 0.5,
the typical deviations from Keplerian velocity are of the or-
der of 1 %. While this term is small, it is responsible for
the gas drag on dust grains. As dust grains are not pres-
sure supported, they orbit at Keplerian velocities and feel
a headwind from the gas. They lose angular momentum
and drift inwards. For a smooth disk, such a velocity de-
viation is in practice not detectable, in particular because
the true Keplerian velocity (and central mass star) is only
known to a limited accuracy. If the pressure gradient be-
comes steeper (for instance at the outer disk where the sur-
face density tapers off, or at the edges of a gap in the gas
surface density), this pressure term becomes significant and
relative measurements are possible.

Finally, considering the disk self-gravity, the orbital ve-
locities can be expressed as
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where �gas is the gravitational potential of the disk. The
@�gas

@r term can be computed numerically and depends on
the details of the disk surface density (e.g. Bertin and
Lodato 1999; Veronesi et al. 2021). In the case of an in-
finitely thin disk extending to infinity with a surface density
⌃(r) / r

�1, a simple analytical expression can be derived
(Mestel 1963; Lodato 2007):

@�gas

@r
= 2⇡G⌃(r) (6)

where G is the gravitational constant. This term is pos-
itive, leading to super-Keplerian rotation, and because it
decreases slower with radius than the stellar gravity, the
relative difference between the orbital and Keplerian ve-
locities will progressively increase with distance. Assum-
ing that the disk mass remains small compared to the cen-
tral mass, the velocities in the outer disk will differ from

4

• Keplerian:

• Sound speed:

• Line width (thermal+turbulent):

<latexit sha1_base64="i9IG2WbUgj9VyaRg67h5L7C8kSE="></latexit>

�v =

r
2kBTgas

mmol
+ �v2turb ⇡

q
(120m s�1)2 + �v2turb

CO at 

• Accretion:

ALMA can reach an rms of 5K over one 50 m/s channel at 0.1” in ~10h
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The isovelocity curves show a clear bending 
due to the thick disk structure: it is possible to 

retrieve disk surface, but not the best way

Retrieving the disk surface is key to interpret 
astrochemical models, and to correctly 

de-project the velocity structures



Molecular emission height

Image adapted from Pinte+2018b
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Position along vertical axis

F
lu

x

∆ v = 0.80 km/s

Fig. 2. Single 12CO channel with a schematic of the quantities we mea-
sure. The disc has been rotated so that the semi-major axis is horizontal.
The position of the central object is marked by a star. For a given o↵set
�x along the disc major axis, two maxima N and F on the same ver-
tical are located on the near and far sides of the disc’s upper surface.
These two points are on the same inclined circular orbit (white ellipse),
whose centre is marked by a diamond. Indicated are the geometrical pa-
rameters from which the cylindrical radius, height and velocity of the
points F and B can be measured. By repeating the procedure for each
�x (green points, sampled every 0.08”) and each velocity channel, a
full mapping of the CO upper surface is performed. The cyan points
mark the location of the lower surface (near side), while the magenta
points represent the symmetric of the far upper surface relative to disc
major axis.

representative channel maps for 12CO and 13CO in Fig. 1. The
C18O channel maps and continuum image are shown in Fig. A.1
and C.1, respectively. Our data and results are consistent with
the ones from Cleeves et al. (2016). We focus in the following
on the spatial distribution of the emission in individual channel
maps.

3. Reconstructing the altitude, velocity and

temperature of the CO emitting layers

In a given channel map, the line emission is concentrated along
the isovelocity curve, i.e., the set of points where the projected
velocity of the emitting surface is constant. As a result, the emis-
sion originating from the upper and lower surfaces (i.e., above
and below the midplane as seen from the observer), as well as
the near and far sides of these surfaces, is well separated (Fig. 2
and 1). By locating the emission in each channel map, we can di-
rectly reconstruct, by simple geometrical arguments, the position
and velocity of each of the CO layers.

3.1. Altitude

We consider the coordinate system where the x axis is aligned
with the disc major axis and we note (x?, y?) the position of
the star, which was determined by the peak of the continuum
map (Fig. 2). Because the gas is vertically pressure supported,
we assume that, at any point in the disc, the gas is rotating on a

Upper surface
Far side

Upper surface
Near side

Lower surface
Far side

Lower surface
Near side

vertical
snow line

Top of the CO layer
observed in 12CO

Bottom of 
the CO layer
observed in 
12CO

Bottom of the 
CO layer observed 
in 13CO and C18O

gas CO layer

atomic and 
ionized layer

Fig. 3. Schematic view of the various layers observed in the CO lines.

circular orbit parallel to the disc midplane, i.e., we assume that
the bulk of the motion is described by Keplerian rotation and
neglect for this analysis any radial or vertical gas circulation. r
and h denote the radius and altitude of this orbit, respectively.

For a given o↵set �x = x � x? in the image plane, a vertical
line will intersect the isovelocity curve of the upper disc surface1

in 2 points (for x small enough), which belong to the same orbit,
i.e., at the same distance from the star and at the same altitude.
Due to line broadening, as well as finite spatial and spectral res-
olution, the emission is not located exactly on the isovelocity
curve but forms a narrow band around it. We estimate the po-
sition of the emission by its maximum, as illustrated in Fig. 2.
If we note yn and y f the ordinates of the 2 points, on the near
and far side of the disc, the coordinates of the centre of the pro-
jected circular orbit passing through those two points are (xc, yc),
where xc = x? and yc = (y f + yn)/2. Any point on this ellipse
fulfills (x� x?)2 + ((y� yc)/ cos i)2 = r2, where the orbital radius
r is the length of the semi-major axis of the ellipse and i the disc
inclination.

By using the point on the far side of the disc surface, we can
for instance derive:

r =

r
(x � x?)2 +

✓y f � yc

cos i

◆2
. (1)

The altitude h of the orbit is derived by noting that the o↵set
between the center of the ellipse and the star is simply h sin i:

h =
yc � y?

sin i
. (2)

3.2. Gas velocity

In a given velocity channel, the projected radial velocity 3obs is
known and can be expressed as 3obs = 3syst+3 cos ✓ sin i, where 3
is the actual gas velocity around the central star, 3syst the systemic
velocity and ✓ is the true longitude. By noting that cos ✓ = (x �
x?)/r, we obtain the actual gas velocity at each point:

3 = (3obs � 3syst)
r

(x � x?) sin i
. (3)

1 The same formalism can be used for the lower surface, but for rea-
sons we detail in section 4, it cannot be used here and we only describe
the formalism for the upper surface.
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This allows to determine the emission of 
height of both the front and the back 
side of the disk, without fitting for a 

parametric model. Several packages are 
publicly available to do this for you

In general, we have that:

Tb = Tex(1� e�⌧ )
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For optically thick lines, τ >>1. For lines 
in LTE, Tex = Tkin. 

We can use multiple lines to trace the 
disk thermal structure!
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