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Images in Radio Astronomy




Images in Radio Astronomy

Aperture Synthesis

Measure spatial frequencies...

“ K-space Sampling “
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Radio Telescopes around the World
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Radio Telescopes around the World

McCready, PaWseyL Payne-Scott. (1946)

- <
“Used wave interference toinfer spatial scale”

Karl Jansky (1933)
“Radio Waves from the Milky Way”

“l

Pl
- Martin Ryle ( 1960+)s* .
: “First intentional sampling of §patial

{: frequency (k-space) in radio astfénomy”

Physics Nobel Prize : 1974

{

!

Grote Reber (1936) o 5

“First All-Sky Radio Map”



Radio Telescopes around the World
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Images in Radio Astronomy : 2D brightness distribution
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Images in Radio Astronomy : 2D brightness distribution + B-fields
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Images in Radio Astronomy : Spectral Lines + Doppler Shifts
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Images in Radio Astronomy : Spectral Lines + Doppler Shifts
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Images in Radio Astronomy : Emission Physics

100 ¢ — . Abell 2256

T B | v
blackbody radiation

[\ Synchrotron emission
L \ low-energy electrons

g 10!
3 13 free-iree emission
3 1S
2> 4
£

K

2

S 1L
2

@

c

@

a

x [
2 |
w o 01:

Synchrotron emission
high-energy electrons

Space =

001 L L f il
0.1 1 10 100 1000
Frequency (GHz)

Time

Frequency ——>

SNR
Polarization G0.9+0:1

Color : Spectral slope

SNR
G359.1-0.5



Images in Radio Astronomy : Magnetic Fields
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Radio Interferometric Imaging

Aperture Synthesis

Measure spatial frequencies...

“K-space Sampling “




Measuring spatial frequency components

Imaging Interferometer : A detector array

Measure spatial coherence of incident E-field



Filling up the K-space

<EiEf*)5:,5v

Sampling the “ K-Space ” Imaging Interferometer : A detector array

( Spatial Frequency Domain, UV-domain )



J2000 Declination

Spatial Frequency (uv) coverage + Observed Image
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J2000 Declination

Spatial Frequency (uv) coverage + Observed Image
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Spatial Frequency (uv) coverage + Observed Image

IObS(l,nQ)

~
<+

S(u,v)

©
<

2000 3000 4000

1000

—4000 -3000 -2000 -1000

00
3000
2000

40

© = )
<~ <+ <

uoRoUIPa] QO0Z

1000

N
<+

(w) A

305 25° 20 15°

35°

19"59M45°

40°41

J2000 Right Ascension

—-1000

—2000

—3000

Image of the sky

—4000 |

using 11 antennas

0
U (m)

25°  20° 15°
J2000 Right Ascension

308

36"

1gh5gm458

“Aperture Synthesis”



J2000 Declination

Spatial Frequency (uv) coverage + Observed Image
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J2000 Declination

Spatial Frequency (uv) coverage + Observed Image
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J2000 Declination

Spatial Frequency (uv) coverage + Observed Image
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Measurement Equation : Forward Problem

Observed K-spac.e Image of Sky Brightness i
Data Sampling Noise

» K |

V(b—u)) = M;;(v,t) S;;(v,t) fﬂ M;; (3,v,8) ISV (5, v,1) e2mi (bij:$) 33 + n

Instrumental and Atmospheric Effects Geometric effects
Direction Direction
Independent Dependent
Gains * Effects | A
A % Y A n
Refractive Effects
Forward Gain “ i

B Antenna Response
"""""" » pattern

- beam shape

- pointirjg offset
Antenna signal chain - (mosaic )



Measurement Equation : Forward Problem

Observed K-spac.e Image of Sky Brightness i
Data Sampling Noise

| | |

V(by) =MyMvt) Si(v,0) fﬂ M;; Gv,0) I (3v,t) 2™ (P5) @35 4 p

Instrumental and Atmospheric Effects Geometric effects

Same functional form as MRI => Similar image reconstruction problem




Measurement Equation : Solving

Observed K-spac.e Image of Sky Brightness i
Data Sampling Noise

| | |

V(b—u)) = M;;(v,t) S;;(v,t) fﬂ M;; (3,v,8) ISV (5, v,1) 2 (bij:$) 33 + n

Calibration
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Measurement Equation : Solving
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Forward and Inverse Problems : Iterative Optimization algorithms

Vobs = [AlI™ 4+ n

)

OBS
VIS

MODEL RESIDUAL

VIS

vis

GRIDDINg

DE-GRIDDING

Major Cycle

|m = [A]—lvobs

RESIDUAL IMAGE

MODEL IMAGE

Minor Cycle

Data regularization : L2 ( chi-square)

Sky model

- Delta functions, Gaussians, Wavelets, etc, etc..
- Multi-frequency and time-variable models
- Astrophysics models ( non-imaging )

Constrained Optimization

- Log power spectrum, positivity, smoothness

- Manual constraints : spatial masks, iteration control
- Greedy algorithms vs Parameterized solvers
-L1, TV norm, etc...

Instrumental corrections
- Wide-field and wide-band antenna response patterns,

- lonospheric refraction corrections
- 3D to 2D effects, K-space ‘hole’ effects.



Forward and Inverse Problems : Iterative Optimization algorithms

Vors = [AlI™ 4+n = o) [T =

Algorithmic variability

[A]—lvobs

Data regularization : L2 ( chi-square)

Sky model
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- 3D to 2D effects, K-space ‘hole’ effects.



Forward and Inverse Problems : Iterative Optimization algorithms

Data regularization : L2 ( chi-square)

Sky model

- Delta functions, Gaussians, Wavelets, etc, etc..
- Multi-frequency and time-variable models
- Astrophysics models ( non-imaging )

Constrained Optimization

- Log power spectrum, positivity, smoothness

- Manual constraints : spatial masks, iteration control
- Greedy algorithms vs Parameterized solvers
-L1, TV norm, etc...

Instrumental corrections

- Wide-field and wide-band antenna response patterns,
- lonospheric refraction corrections
- 3D to 2D effects, K-space ‘k=0 hole’ effects.




The R&D frontier

New Instruments : More sensitive, Lower image noise, Detect Fainter Sources
Larger Data Volume, Greater Algorithm Complexity

Algorithms :
- A variety of sky models, instrument models, objective functions and regularizers, Square Kilometer Array (skatelescope.org)
optimization strategies, the use of priors, etc..
2K dishes, 1M antennas, 50 MHz — 30 GHz
=> Increased exploration of Machine Learning.

Compute Load :

- Data volumes : 10s to 100s of GB =» ngVLA/SKA : TeraBytes/PetaBytes/ExaBytes
- Image sizes : 10kx10k =» 200k x 200k pixels ( with 10k channels and 4 pols )

=> High Performance and High Throughput Computing

Automation :

- Data analysis pipelines that tune parameters for each dataset 263 dishes (2 types)

1-100 GHz
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