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Outline - Part IV

> Interferometric imaging - aperture synthesis

Difference to phased arrays

Mathematical foundations: Van Cittert-Zernike theorem

Geometrical considerations and coordinate systems

From complex visibilities to image: Gridding, weighting, IFT & deconvolution
Dirty and clean images

Cleaning algorithms
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» Calibration of interferometric spectral data

,System“ imperfectness: Atmosphere, pointing, antenna...
Total flux

Bandpass - spectral flattening

Amplitude & phase variations

Applying the calibration tables
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» Modern frequency-agile interferometric arrays

0  LOFAR, SKA, MUSER
o ALMA
0 ARCs: The ALMA user-support infrastructure



Interferometry: Basic approaches

Phased arrays
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Interferometry: Basic approaches Phased arrays

Gain [dB]
&

& & b

50 [ 0 1
Angle [°]

Analogy with optical gratings
used in spectrographs

2ntD
1 — cos NTB
1= COSTH
l
-2 -1 - [ 1}
T :
! |
o -
- 4
E
Q- —
) ]
|- "
I ]
.MM




Interferometry: Basic approaches

Old good times - sparse antenna rows/ phased arrays

* Scanning with the beam
* Frequently supplied by MFI
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Interferometry: Basic approaches

\

\ Aperture synthesis
it

Nowadays: Aperture synthesis — decomposition of image
to harmonics = Fourier transform
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Interferometry: Basic approaches Aperture synthesis
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Aperture synthesis: Mathematical foundations

2-element interferometric correlator
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Aperture synthesis: Mathematical foundations

2-element interferometric correlator < I
P12>:<U1'U2>

1-D Geometry
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Aperture synthesis: Mathematical foundations

2-element interferometric correlator

1-D Geometry
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Aperture synthesis: Mathematical foundations

2w DcosB, 9"

(P)=G,G| [ E(8)-E(8")e" " -exp )d9d9'>

U=UstUp | random-phase assumption |

and the mutual coherence function (G.1) is

(U(P1,11) U* (Pa,12)) = ({Ua(Pr,11) + Up(Pr,11) } {Ua(P2,12) + Up(P2,12)}7)
= (Ua(P1,11) Uy (P2,12)) + (Up(P1,11) Uy (P2, 12))
+ (Ua(P1,11) Uy (P2,12))
+(Up(P1,11) Uy (P2, 12)) - (G.7)

If we assume the two wave fields U, and U, are incoherent, we require that the
field strengths U, and U, are uncorrelated even when measured at the same point,
so that

| Wa(P10) U (P2,12)) = (0P, 1) U (Po,12)) = 0. G8)

.21t Dcos0,-9
nDcosH, )dS

<P12>:G1§2-ﬂi:1_(9)-exp —1 e

(P,)=G,G, [ I(%)-expl-2niu|d? e = 08Uy




Aperture synthesis: Mathematical foundations

(P,)=G,G, [ I(%)-expl-2niu9|de

l Generalisation for 2D

2-element interferometric correlator

Van Cittert - Zernike theorem (1934)

<P12>:GlcT2-ﬂiI(l,m)-exp(—2ni(u-l+v-m))dldm

Not much distant source

| distant-source assumption
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Generalisation - hetererogeneous arrays
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Generalisation - hetererogeneous arrays

The (complex) voltage Ui(t) at Antenna 1 caused by incident radiation with the electric-field intensity
E(v,t) can be written as
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Generalisation - hetererogeneous arrays

For the Antenna 2, the voltage at the same time instant t reads:

+'D_' .
U,(t)=K, J.Mm E(9,t—1,)e'™ J'_‘ij exp| 2}:.-:1 (|Blsin 6)+ x sin 9]dxd 9 .

2

Using the relation for sin(x+y) and, again, taking into account that v«I, one can write

sin #=sin | #,+ ¢)=sin #, cos $+cos #,sin $= sin f,+cos #, ¢ and rewrite the above relation for Us(t) —
with definition of projected baseline length (i.e., uv distance) B=|B|cos(f,) — as

+

- i —t eff—i; 2l ES 2AIEX
UE{I}:KELMHE{H,t—rﬂ}le ! “E}ip{TBH}I_‘[é exp(=——)dxd ¢ .
2
|Blsin 6, . S i
Here, t3=——— represents the geometrical delay at the Antenna 2, which is separated by a
c

baseline of the length |B| from the Antenna 1, for waves coming from the phase-reference direction 05
Now, if we define the electric gain (a complex-value function, in general) of the antenna j=1,2 as
axD,

+D, A x I

+D, 2 i O K 4 sin[—9)
Gl S}Eﬂr.ffg exp(=— ) dx=—4- ;’
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Generalisation - hetererogeneous arrays

the (complex) cross-correlation/visibility for the (projected) baseline B V, ,(B)=( U,{I}~U2{I}} (the
over-line means complex conjugation and the angle brackets time averaging) can be written as

Vo (B)=(U, (00 T,(0)=[_, G, .(9)Ce,(9)1(8)exp(-22E 9)d 9 2).

Here, I(9)=(E(&,t)-E(%,t)) is the specific intensity of incoming radiation (i.e., directly
proportional to the source brightness). The result above has been achieved using the “standard”
assumptions for the van Cittert-Zernike (abbreviated as vC-Z in the following) theorem, i.e., (i) The
radiation coming from different part of the source is not correlated (has random phases), (ii) The delay
Tp introduced in the correlator delay loop is set to equalize the geometrical (baseline) delay 1, defined
above. If we replace the electric gain Gg by a (differential) antenna area by definition (correct up to
some constant real factor for proper units/scaling)

A;(9)=|Ge (9)

¥

we can summarize the above result as

Vo, (B)=e® [ A (8)A,(9)1(8)exp(- 2Z B 5)ds 3),

source ,JI_



Generalisation - hetererogeneous arrays

Calculation of the structure function of a simple source

(4),

where V(B) is the integral in (2) for the projected baseline length B.
For the Mars disk we use approximation of homogeneous brightness, which in 1-D reads
1(8)=I,x(—-M/2,M/2) (5)

where M is the angular diameter of the Mars disk, and y(a,b) is the so called characteristic function of
the interval <a,b>, having its value equal to 1 on that interval and 0 outside.

Substituting (1) and (5) into (2), and the result of this substitution finally into (4), we get

M2, 3 2 4.mD —2xi B
_MIE{%}SM’:{TS}EKN 7 9)d 9 (6),

V(B;D,M)=KI, [

where the D and M after semicolon indicate that the visibility function parametrically depends on the
(effective) antenna diameter and (effective) Mars-disk size. After integrating by parts and some
substitution/re-scaling, and inserting the result into (4), we finally arrive to relation

2 £ 2
p. (o, a=t k| A {””2}':‘}5{"’b}+{b—1}51[{b—1}m]+{b+1}5£[{b+1}m]—2b5f{bm}

m
(7).

Here Si(x) means the (Fresnel) sine integral function, b=B/D is the (projected) baseline length
expressed in units of the antenna diameter, and m=nMI)/A is basically (up to a small numerical factor)




Generalisation - hetererogeneous arrays

Calculation of the structure function of a simple source
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At high (u,v) it depends strongly on the antenna diameter




Aperture synthesis: Mathematical foundations

Van Cittert - Zernike theorem: 2-D geometry
Phase Reference

/ Position (ctyd,)

I(x,y) Map Plane

X

dQ

Celestial
Sphere
(Unit Radius)

2nDcos0,9
0 )ds

T (P)=G, G, [ T{8)exp| 17725

e V(u,v,w)

R(B) = f[ Als)I () exp liva (%B = ri)] dQ dv
Q




Aperture synthesis: Mathematical foundations

Van Cittert - Zernike theorem: 2-D geometry

Cross-correlation function

Iix,y) \ | 1
X R(B) = [f A(s)Iy(s)exp [i27rv (—‘B-s— ‘L'i)] dQ2dv
dQ . C
s=50+0, o|=1

R(B) = exp !ia)(%B-so—q)] dv/o/A(o)I(o) exp(i%B-O‘) do




Aperture synthesis: Mathematical foundations

Van Cittert - Zernike theorem: 2-D geometry

W
/ A(0)I(0) exp (1—B O‘) do EB = (u,v,w)
A
“Visibilities” A
Vi) = [ [ Ay
o dxd
x exp[i27(ux+ vy +wy/ 1 — x2 — y2)] 4
W/ 1—x—9*
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o0 OO
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Aperture synthesis: Mathematical foundations

Van Cittert - Zernike theorem: 2-D geometry

g 00

V(u,v,w)e_iznwz//A(x,y)l(x,y)eiz’t(“”vy)dxdy

—_—00 — 0O

V(u,v,w)e 2™ 2V (u,v,0)

I'(x,y) =A(x,y)I(x,y) = / V(u,v,0) e 27 +) gy dy
A

Primary beam (pbcorr)




The Effect of Bandwidth.

Real interferometers must accept a range of frequencies. So
we now consider the response of our interferometer over
frequency.

Define the frequency response function, G(v), as the amplitude
and phase variation of the signal over frequency.

% AV

G

] V»

Vo

The function G(v) is primarily due to the gain and phase
characteristics of the electronics, but can also contain
propagation path effects.

In general, G(v) is a complex function.




The Effect of Bandwidth.

* To find the finite-bandwidth response, we integrate our fundamental
response over a frequency width Av, centered at vy

vy +AL/2 _
V= 1 [ 1(s,0)G, ()G, (V)™ dv |dO
Av

vy—Av/2

* If the source intensity does not vary over the bandwidth, and the
instrumental gain parameters G, and G, are square and identical, then

v =|]1.6)

Sin (ﬂ'ng U) e—Ziﬂ'VO =2irv,

240

CdO= | I (s)sinc(r.Av)e
— [[ 7,(s)sine(z,Av)

where the fringe attenuation function, sinc(x), is defined as:

sIn(7zx)

sinc(x) =
7TX

e —
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Bandwidth Effect Example

* For a square bandpass, the bandwidth attenuation reaches a null when

’%Av=|,m’ ing—_ € :(éJﬂglj
BAv B J\ Av

* Forthe old VLA, and its 50 MHz bandwidth, and for the ‘A’ configuration, (B
= 35 km), the null was ~1.3 degrees away.
* For the upgraded VLA, Av = 2 MHz, and B = 35 km, then the null occurs at

about 27 degrees off the meridian.
The Effect of Finite Bandwidth

Fractional Bandwidth = 1/25 . .
: Sl L - / Fringe Attenuation
function:

0.5+ / SinC(E&Sin 9] — Sinc(@ Sin 6)

v c

Note: The fringe-
\ I attenuation function
) |

Fringe Amplitude
=

depends only on bandwidth
and baseline length — not on

sin 0 = d
BAV frequency.
| I | I | I |

. 0 2000 4000 6000 8000 10000
Angle from Phase Center (arbitrary units) .
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Observations off the Baseline Meridian

In our basic scenario -- stationary source, stationary
interferometer -- the effect of finite bandwidth will
strongly attenuate the visibility from sources far from the
meridional plane.

Since each baseline has its own fringe pattern, the only
point on the sky free of attenuation for all baselines is a
small angle around the zenith (presuming all baselines are
coplanar).

Suppose we wish to observe an object far from the zenith?

One solution is to use a very narrow bandwidth — this
loses sensitivity, which can only be made up by utilizing
many channels — feasible, but computationally expensive.

Better answer: Shift the fringe-attenuation function to the
center of the source of interest.



Adding Time Delay

So s S0 S, = reference
Tg =b-s/c (delay)
direction
S = general
direction

b
V1 = Ee—ia)(t—rg) ‘ J I/z = FEe™
X — 1,
The entire fringe l v, = Ee '@t %0)
pattern has been ()
shifted over by 1
angle

V _ <I/]V;> — Eze—i[w(fo—fg)]

E2ei27{[ub-(s—s0)/c]

sin 0 = cty/b




Downconversion

At radio frequencies, the spectral content within a passband can be
shifted — with almost no loss in information, to a lower frequency

through multiplication by a ‘LO’ signal.

. Sensor LO

\ Filtered

RF In IF Out IF Out
X »| Filter

P(v) P(v) ‘ P(v)
\% : Vio Vv : v
Original Lower and Upper ~ Lower
Spectrum Sidebands, plus LO Sideband Only

MThis operation preserves the amplitude and phase relations



Signal Relations, with LO Downconversion

* The RF signals are multiplied by a pure sinusoid, at frequency v,

* We can add arbitrary phase ¢, 5 on one side.

4 v E cos(oget)
X < (O]} >¢LO' - X
l’ I E cos(ot-¢,0)
(ORF=0L o+OF) T
> X €

E COS((D”:t_(DRFTg) E COS((DIFt_(D”:TO-d)LO)

!

V — E2e_i(a)RFTg —OrTy _¢LO)

e —



Recovering the Correct Visibility Phase

* The correct phase (RF interferometer) is: CORF (Tg — To )

* The observed phase (with frequency downconversion) is:

0,7 —0,T - ¢

IF 0

* These will be the same when the LO phase is set to:

B = D,F,
* This is necessary because the delay, 7, has been added in the IF portion

of the signal path, rather than at the frequency at which the delay actually
occurs.

* The phase adjustment of the LO compensates for the delay having been
inserted at the IF, rather than at the RF.

e —
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2 antennas
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4 antennas
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6 antennas
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Earth-rotation aperture synthesis

Geometric delay varies slowly with time due to earth rotation

Natural fringe rate _
b-§ dr, bv
T, = 14 =0 L —
C dt C

T, is known from the antenna position, source direction, time —> could be
corrected

u,v depends on the hour angle — as the earth rotates and the source appears to
move across the sky, the array samples different u,v at different times

plane of sky

East

sky dome w

uv plane




Earth-rotation aperture synthesis

* Incomplete uv plane coverage

—100

Sampling in the uv plane
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Associated image of a point source




Earth-rotation aperture synthesis

Sampling in the uv plane Associgted image of a point source
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Earth-rotation aperture synthesis

Associated image of a point source

Sampling in the uv plane

100

—100

—100 O




Earth-rotation aperture synthesis

Sampling in the uv plans Associated image of a point source
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Earth-rotation aperture synthesis

Associated image of a point source

Sampling in the uv plans
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Earth-rotation aperture synthesis

Associated image of a point source

Sampling in the uv plans
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Earth-rotation aperture synthesis

Associated image of a peoint source

Sampling in the uv plane
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Earth-rotation aperture synthesis

Associated image of a point source

Sampling in the uv plans

100

—100




Formal Description

« sample Fourier domain at discrete points

B(’LL, U) — Zk(uka Uk)
e the inverse Fourier transform is

TP(z,y) = FT{B(u,v) x V(u,v)}
+ the convolution theorem tells us

TP =b T
w”e(uaé’ y) = blay) @ Tz, y) (the point spread function)

b(x,y) = FT~{B(u,v)}

Fourier transform of sampled visibilities yields the true sky
brightness convolved with the point spread function

(the “dirty image” is the true image convolved with the “dirty beam?”)

17



Dirty Beam and Dirty Image

0
(0002r ‘o@sdaR) 3985j0 DHA
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2

500
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900
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700

0
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0
(0002r ‘oesour) jasjjo DHA

L a3
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How to analyze interferometer data?

« uv plane analysis
— best for “simple” sources, e.g. point sources, disks
* image plane analysis
— Fourier transform V(u,v) samples to image plane, get TP(x,y)
— but difficult to do science on dirty image
— deconvolve b(x,y) from TP(x,y) to determine (model of) T(x,y)

&'?9 %

visibilities §\ dirty image g sky brightness

DEC offset (arcsec; J:

32



Detalls of the Dirty Image

 Fourier Transform

— Fast Fourier Transform (FFT) much faster than simple Fourier
summation, O(NlogN) for 2N x 2N image

— FFT requires data on regularly spaced grid

— aperture synthesis observations not on a regular grid...

e “Gridding” is used to resample V(u,v) for FFT

— customary to use a convolution technique
+ visibilities are noisy samples of a smooth function
* nearby visibilities not independent

— use special (“Spheroidal”) functions with nice properties
« fall off quickly in (u,v) plane (not too much smoothing)
« fall off quickly in image plane (avoid aliasing)

VG (u,v) = V(u,v)B(u,v) ® G(u,v) = TP (z,y)g(z,v)
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Primary Beam

uniform response across

* Atelescope does not have \R

MAIN LORE
the entire sky \
— main lobe approximately sweLoes
Gaussian, fwhm ~1.2A/D, BACKLOBE
where D is ant diameter AR Alxy)
= “primary beam” GEOMETRIC AREA A" — 7™ HALF PoweR

BEAMWIDTH

— limited field of view

— sidelobes, error beam
(sometimes important)

* primary beam response
modifies sky brightness:

T(X,y) = AX,Y)T(Xy)

— correct with division by
A(x,y) in image plane ALMA

690 GHz

T(x,y) large A(x,y) small A(x,y)
34



Pixel Size and Image Size

* pixel size
— should satisfy sampling theorem for the longest baselines, AXx < 1/2
u Ay <112 v,
— in practice, 3 to 5 pixels across the main lobe of the dirty beam (to aid
deconvolution)
— e.g., SMA: 870 um, 500 m baselines — 600 kA— < 0.1 arcsec

mx ?

* Image size
— natural resolution in (u,v) plane samples FT{A(x,y)}, implies image size
2x primary beam

— e.g., SMA: 870 um, 6 m telescope — 2x 35 arcsec

— if there are bright sources in the sidelobes of A(x,y), then they will be
aliased into the image (need to make a larger image)

35



Dirty Beam Shape and Weighting

500

* introduce weighting function W(u,v) “

AN
~= Bl o
At s —= Sy gt fe
/S i aNET e s 52 pYe N
Ny PTG _Sgt Bsee e e i
pum— N B >~ (2 ™ A )
x,Y) = u,v)B(u,v RS Loy
, ’ , N BT ‘,v;’\& o il 5 -
= ol e 2= 1
=< N e o 22N
= o oo T e A \ . VS
> b o 7Y .

— W modifies sidelobes of dirty beam (el e et )
(W is also gridded for FFT) LSy

-500

,,,,,,,,

* “Natural” weighting

— W(u,v) = 1/06%(u,v) at points with data and !
zero elsewhere, where o%(u,v) is the i )
noise variance of the (u,v) sample s
— maximizes point source sensitivity -
(lowest rms in image)

— generally more weight to short baselines
(large spatial scales), degrades resolution

5 0 -5

RA offset (arcsec; J2000)
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Dirty Beam Shape and Weighting

* “Uniform” weighting B ol
— W(u,v) is inversely proportional to local BN SNy
density of (u,v) points, so sum of weights -~ “s& @™
in a (u,v) cell is a constant (or zero) NaNis Sy
— fills (u,v) plane more uniformly, so Y
(outer) sidelobes are lower O

— gives more weight to long baselines and

therefore higher angular resolution i
— degrades point source sensitivity . d

(higher rms in image) ;
— can be trouble with sparse sampling: “

cells with few data points have same

weight as cells with many data points

5 0
RA offset (arcsec; J2000)
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Dirty Beam Shape and Weighting

500

* "Robust” (Briggs) weighting PG
— variant of “uniform” that avoids giving too (A=
much weight to cell with low natural weight SR S QTN
— implementations differ, e.g. S is natural Y
weight of a cell, S, is a threshold "

— 1 s0 o 5w
W(U7 U) B \/1+S]2\7/St2hresh Y

v (kX)
0

-500

0.8

— large threshold — natural weighting
— small threshold — uniform weighting

— an adjustable parameter that allows for
continuous variation between highest
angular resolution and optimal point
source sensitivity

¢; J2000)

0.6

DEC offset (arcse

5 0 -5

RA offset (arcsec; J2000)
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Dirty Beam Shape and Weighting

500

* “Tapering ' " "
— apodize the (u,v) sampling by a Gaussian S

W(u,v) = exp{—w}

v (kX)
0

t2

t = tapering parameter (in kA; arcsec)

— like smoothing in the image plane oo
(convolution by a Gaussian)

— gives more weight to short baselines,
degrades angular resolution

— degrades point source sensitivity but can
Improve sensitivity to extended structure

— could use elliptical Gaussian, other function
— limits to usefulness

-500

0.8

¢; J2000)
0.6

DEC offset (arcse

0 =B
RA offset (arcsec; J2000)
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Weighting and Tapering: Noise

Natural . g O Robust 0
0.77x0.62 * " 0.41x0.36
0=1.0 ° =16

5 0 =B

RA offset (arcsec; J2000) RA offset (arcsec; J2000)

Uniform = . £ - Robust 0
0.39x0.31 ¢ | + Taper
i i ~|© 0.77x0.62

0=3.7
o=1.7

5} 0
RA offset (arcsec; J2000) RA offset (arcsec; J2000)
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Weighting and Tapering: Summary

imaging parameters provide a lot of freedom
* appropriate choice depends on science goals

Robust/Uniform  Natural Taper

|higher medium lower

Sidelobes |Iower higher depends

oint Source lower Imaximum lower
Sensitivity

xtended Source [ower Imedium lhigher
Sensitivity
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Deconvolution

* difficult to do science on dirty image
* deconvolve b(x,y) from T?(x,y) to recover T(x,y)
* Iinformation is missing, so be careful!

(there’s noise, t00)

dirty image “CLEAN” image

0.06

: J2000)
; 12000)

0.04

0.02

DEC offset (arcsec
DEC offset (arcsec

5 0
RA offset (arcsec; J2000)

1
0.06

L
0.04
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Deconvolution Philosophy

« to keep you awake at night
® 3 an infinite number of T(x,y) compatible with sampled V(u,v), i.e.
“invisible” distributions R(x,y) where b(x,y) ® R(x,y) =0
- no data beyond u_, ,v., — unresolved structure

« no data within u  ,v.. — limit on largest size scale

+ holes betweenu,, v, and u ,v,, — sidelobes

n&

— noise — undetected/corrupted structure in T(x,y)
— no unique prescription for extracting optimum estimate of true sky
brightness from visibility data
« deconvolution

— uses non-linear techniques effectively interpolate/extrapolate samples of
V(u,v) into unsampled regions of the (u,v) plane

— aims to find a sensible model of T(x,y) compatible with data
— requires a priori assumptions about T(x,y)
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Deconvolution Algorithms

* most common algorithms in radio astronomy

— CLEAN (Hogbom 1974)
* a priori assumption: T(x,y) is a collection of point sources
* variants for computational efficiency, extended structure

— Maximum Entropy (Gull and Skilling 1983)

* a priori assumption: T(x,y) is smooth and positive

* vast literature about the deep meaning of entropy (Bayesian)
— hybrid approaches of these can be effective

* deconvolution requires knowledge of beam shape and
image noise properties (usually OK for aperture synthesis)
— atmospheric seeing can modify effective beam shape
— deconvolution process can modify image noise properties
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Basic CLEAN Algorithm

Initialize
* aresidual map to the dirty map
* a Clean component list to empty

|dentify strongest feature in residual
map as a point source

Add a fraction g (the loop gain) of this
point source to the clean component
list

Subtract the fraction g times b(x,y)
from residual map

If stopping criteria not reached, goto
step 2 (an iteration)

Convolve Clean component (cc) list by
an estimate of the main lobe of the
dirty beam (the “Clean beam”) and add
residual map to make the final
“restored” image

. 12000)

DEC offset (arcsec

; J2000)

DEC offset (arcsec

0 =5
RA offset (arcsec; J2000)

5 0

RA offset (arcsec; J2000)

|
0.06

0.04




Basic CLEAN Algorithm (cont)

stopping criteria
— residual map max < multiple of rms (when noise limited)
— residual map max < fraction of dirty map max (dynamic range limited)
— max number of clean components reached (no justification)

loop gain
— good results forg ~ 0.1 t0 0.3
— lower values can work better for smoother emission, g ~ 0.05

easy to include a priori information about where to search
for clean components (“clean boxes”)
— very useful but potentially dangerous!

Schwarz (1978): CLEAN is equivalent to a least squares
fit of sinusoids, in the absense of noise
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T°(x,y)

restored
Image

DEC offset (arcsec; J2000)

DEC offset (arcsec; J2000)

5

0

=5

0

(9]

0
RA offset (arcsec; J2000)

0
RA offset (arcsec; J2000)

CLEAN

0.06

0.04

0.02

0.06

0.04

0.02

DEC offset (arcsec; J2000)

DEC offset (arcsec; JR000)

5

L I

0

5

0

a

0
RA offset (arcsec; J2000)

0
RA offset (arcsec; J2000)

—
2
=]

-0.01

CLEAN
model

residual
map
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CLEAN with Box

0.06

0.04

CLEAN

-I model

TP(x,y)

DEC offset (arcsec; J2000)
0.02

RA offset (arcsec; J2000)

.W ﬁ

0.06

0.04
0.01

residual
map

restored
Image

0

0.02
DEC offset (arcsec; J2000)

DEC offset (arcsec; J2000)

0

-0.01

5 0 -5
RA offset (arcsec; J2000) RA offset (arcsec; J2000) 48



CLEAN with Poor Choice of Box

To(y) : CLEAN
: .| model

5 0 -5
RA offset (arcsec; J2000)

0.06

0.04

restored C residual
image . 2 1 ~ map

5 0 -5 5 0 -5
RA offset (arcsec ; J2000) RA offset (arcsec ; J2000) 49



CLEAN Variants

Clark CLEAN

— aims at faster speed for large images
—  Hogbom-like “minor” cycle w/ truncated dirty beam, subset of largest residuals

— in “major” cycle, cc’s are FFT'd and subtracted from the FFT of the residual
image from the previous “major” cycle

Cotton-Schwab CLEAN (MX)

— in “major” cycle, cc’s are FFT'd and subtracted from ungridded visibilities
—  more accurate but slower (gridding steps repeated)

Steer, Dewdny, Ito (SDI) CLEAN

— aims to supress CLEAN “stripes” in smooth, extended emission

— in“minor” cycles, any point in the residual map greater than a fraction (<1) of
the maximum is taken as a cc

Multi-Resolution CLEAN

— aims to account for coupling between pixels by extended structure
— independently CLEAN a smooth map and a difference map, fewer cc’s
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“Restored” Images

e CLEAN beam size:

— natural choice is to fit the central peak of the dirty beam with
elliptical Gaussian

— unit of deconvolved map is Jy per CLEAN beam area
(= intensity, can convert to brightness temperature)

— minimize unit problems when adding dirty map residuals
— modest super resolution often OK, but be careful

* photometry should be done with caution
— CLEAN does not conserve flux (extrapolates)
— extended structure missed, attenuated, distorted
— phase errors (e.g. seeing) can spread signal around
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Noise in Images

* point source sensitivity: straightforward

telescope area, bandwidth, integration time, weighting
in image, modify noise by primary beam response

« extended source sensitivity: problematic

not quite right to divide noise by vn beams covered by source:
smoothing = tapering, omitting data — lower limit

Interferometers always missing flux at some spatial scale

» be careful with low signal-to-noise images

if position known, 3o OK for point source detection
if position unknown, then 5o required (flux biased by ~10)

if < 60, cannot measure the source size (require ~3o difference
between “long” and “short” baselines)

spectral lines may have unknown position, velocity, width
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Maximum Entropy Algorithm

fe]

Maximize a measure of
smoothness (the entropy)

H=->,Tlog (]\E—’Z)

subject to the constraints

0.8

. 12000)
0.6

. b(xy)

DEC offset (arcsec

0.2

X2 => |V(uk’vk);FT{T}|2

Ok

F:Zka - 2 -

RA offset (arcsec; J2000)

M is the “default image”

fast (NlogN) non-linear
optimization solver due to
Cornwell and Evans (1983)

optional: convolve with
Gaussian beam and add
residual map to make image

0.06

; J2000)
0.04

| TP(xy)

0.02

DEC offset (arcsec

5 0 =B
RA offset (arcsec ; J2000) 53



Maximum Entropy Algorithm (cont)

easy to include a priori information with default image
— flat default best only if nothing known (or nothing observed!)

straightforward to generalize y* to combine different
observations/telescopes and obtain optimal image

many measures of “entropy” available
— replace log with cosh — “emptiness” (does not enforce positivity)

less robust and harder to drive than CLEAN
works well on smooth, extended emission
trouble with point source sidelobes

no noise estimate possible from image
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T°(x,y)

restored
Image

12000)

DEC offset (arcsec

J12000)

DEC offset (arcsec

0

0

Maximum Entropy

0

RA offset (arcsec; J2000)

0
RA offset (arcsec; J2000)

0.06

0.04

0.02

0.04

0.02

DEC offset (arcsec; J2000)

DEC offset (arcsec; J2000)

0
RA offset (arcsec; J2000)

0

RA offset (arcsec; J2000)

1.5x1073

~ MAXEN

model

residual
. map
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¢; J2000)

DEC offset (arcse

Imaging Results

Natural Weight Beam

5 0 -0
RA offset (arcsec; J2000)

0.8

0.6

DEC offset (arcsec; J2000)

CLEAN image

0
RA offset (arcsec; J2000)
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DEC offset (arcsec; J2000)

Imaging Results

Uniform Weight Beam

b] 0 -9
RA offset (arcsec; J2000)

0.8

DEC offset (arcsec; J2000)

CLEAN image

T
0.04

0.02

—0.02

0 -5
RA offset (arcsec; J2000)
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DEC offset (arcsec; J2000)

Imaging Results

Robust=0 Beam CLEAN image

0.8

0.6

DEC offset (arcsec; J2000)

5 0 —5 5 0 -5

RA offset (arcsec; J2000) RA offset (arcsec; J2000)
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DEC offset (arcsec; J2000)

Imaging Results

Robust=0 Beam

) 0

RA offset (arcsec; J2000)

0.8

0.6

DEC offset (arcsec; J2000)

MAXEN image

0 =D
RA offset (arcsec; J2000)
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Tune Resolution/Sensitivity to suit Science

* e.g. Andrews, Wilner et al. 2009, ApdJ, 700, 1502

— SMA 870 um images of “transitional” protoplanetary disks
with resolved inner holes, note images of WSB 60

SR 21
A ;
A p2a
oy -
ASB 01§
R
res'!dun] ) ) . - . ; -0.1
e 1 =
! =
data i " residual
2 DoAr 44 S S i
1 £ . 1 . ]
—_— o "FE;:""\\ = r;"':,_i:-::“‘\ '\} :
- el (N B : 0.1
- B o |[EE?#FL', i 1“5!1{!;5@1". ¥ =
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2 % . . _dnLEl % . . rrlmdel % . . resuidua] . . \. ! . . ! —0.1
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Missing Short Spacings

Do the visibilities in the example discriminate between
these models of the sky brightness distribution, T(x,y)?

[+0]
o
—
X
a
4
o
o

i
+
o
o

RA offset (arcsec; J2000)

Yes... but only on baselines shorter than ~100 kA.
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DEC offset (arcsec; J2000)

DEC offset (arcsec; J2000)

Missing Short Spacings:

T(Xy)

0

RA offset (arcsec;

J12000)

CLEAN Image

5 0
RA offset (arcsec; J2000)

Demonstration

>100 kA CLEAN Image

5 0

RA offset (arcsec; J2000)

=
2
(=]




Low Spatial Frequencies (I)

* Large Single Telescope
— make an image by scanning across the sky

— all Fourier components from 0 to D sampled, where D is the
telescope diameter (weighting depends on illumination)

density of |
uv points |\

—

L S

D

(u,v)
D

— Fourier transform single dish map = T(x,y) ® A(X,y), then divide
by a(x,y) = FT{A(x,y)}, to estimate V(u,v)

U (u,v) = Wwwo(uo)

a(u,v)

— choose D large enough to overlap interferometer samples of
V(u,v) and avoid using data where a(x,y) becomes small
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Low Spatial Frequencies (ll)

* separate array of smaller telescopes

— use smaller telescopes observe short baselines not
accessible to larger telescopes

— shortest baselines from larger telescopes total power maps

ALMA with ACA

50x12m: 12mto 14 km

+12x 7Tm: fills7to12m
+4x12m:; filsOto 7m
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Low Spatial Frequencies (lll)

* mosaic with a homogeneous array

— recover a range of spatial frequencies around the nominal
baseline b using knowledge of A(x,y) (Ekers and Rots 1979)
(and get shortest baselines from total power maps)

I b+D

- A Ty P

\/ —

]!
=4

NN

(uv
b-D D

— V(u,v) is linear combination of baselines from b-D to b+D

— depends on pointing direction (x,,y,) as well as (u,v)

V(uvmxo,yo) — ffT(ZI?,y)A

T — Ty, Y — y0)627ri(ua:—l—vy)dxdy

— Fourier transform with respect to pointing direction (x,,y,)

f f V (1,03 4,y, ) e (oToFvoyo) g dy,

V(u—tp,v —v,) =

a(to,vo)
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How does ALMA work? Radio interferometry / aperture synthesis

ACA = Atacama Compact Array - twelve 7-m antennas




Radio interferometry / aperture synthesis

How does ALMA work?
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How does ALMA work? Radio interferometry / aperture synthesis

Extended sources with fine structures: Combined approach

ALMA Array

ALMA + ACA + Total Power Array

100

DEC offset (arcsec)
0

-100

100 0 -100

RA offset (arcsec)

simple simulation of ALMA observation by Y.Kurono




Calibration of interferometric data

(Pyp) = ﬂo I(l,m) - exp(—2mi (ul + vm) dl dm

field
Sun
Phase

Calibrator
l.r{L“EElar{atE';i near Sun;I

1. Optimize the attenuation levels of the receiver
Pepdpasy | 2. Pointing calibration |
Cgi!bm?m 3. Atmosphere calibration (for deriving the system temperature on the sky)
SRR, 4. Observation for verifying side-band separation
5. Bandpass calibration
Flux 6. Flux calibration |
Ealitatiin i 7. Observation to derive the system temperature on the target region
{\VenisiMars 8. Phase calibration
lcated near Sun) 9. Scientific solar observation

L

O with the solacsartne. W ﬂhhwlﬂlﬂl_"li:ﬂlﬂ-{w | t’mE

May 10, 2017 Solar Physics Workshop, UNC Bogota, Colombia 1



Examples of modern systems AS




Priklady modernich AS systému

Nobeyama

IRAM /Noema




Priklady modernich AS systému
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Y (arcsec)

Moderni AS systemy — nektere dedikované pro slunecCni vyzkum

0 SSRT Badary [RU]
0 MUSER [CN]
0 E-OVSA [US]

R R B e E e R T ] 17.91 GHz

i ; _|17.41 oHz

° EOVSA [ 3.41*17'__91] GHz 9-Sep—2017 22:44:02.500 | 1EE e
50— -

)

—-150 — 1
-200 e e q

' RHESSI 25.0—-50.0 keV s 2

| 591 6Hz

i i | s.41 oz

=280 RHESSI 6.0-12.0 keV —| 491 GHz

i ; | 441 gz

| 391 GHz

X (arcsec)

D. Garry, G. Nitta: E-OVSA
CESRA 2019 presentations




Observatory ALMA




ALMA: ucebnicovy pfiklad moderniho systemu AS

O ALMA = Atacama Large Millimeter/submillimeter Array. Nejvétsi projekt soucasné
pozemni pozorovaci astronomie vybudovany v chilské pousti Atacama, ~5100 m n.m.

O Postaveny a provozovany v partnerstvi ESO, NRAO and NAOJ

O Systém padesati 12m preciznich antén + dvanact 7m (ACA) sfazovanych do
interferometru,+ Ctyfi 12m single-dish (TP)




Co je ALMA?

[N Venezuela

Colombia
ador,
Peru
Bolivia
ntina

razil

Bouth latitude

West longitude




Co je ALMA?
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llluminated landscape

Variable array configurations
— baselines up to 16km
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Nov 26, 2021 Center for Astronomy & Astrophysics,TUB, Berlin, Germany




How does ALMA work?

Atacama Compact Array — twelve 7-m antennas

ACA =




How does ALMA work?
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How does ALMA work?

DEC offset (arcsec)

-100

Extended sources with fine structures: Combined approach

ALMA Array

ALMA + ACA + Total Power Array

100

100 0 -100

RA offset (arcsec)

simple simulation of ALMA observation by Y.Kurono




Science with ALMA

1. Cosmology and the high redshift universe

2. Galaxies and galactic nuclei

3. ISM, star formation and astrochemistry

4. Circumstellar disks, exoplanets and the solar system
5. Stellar evolution and t

http://almascience.eso.org
http://www.almaobservatory.org

Atacama Large Millimeter/submillimeter Array

Search Site

NRAOC NAO Log in | Register | Reset Password | Forgot Account

: You are here: Home
About General News

Welcome to Science Portal at s ALMA Status Report: March

Science roh
ey e af LR 2014
Proposing 4 r
: - T ' ALMA Cycle 2 Call for
Observing b Proposals closure
Data . -_-.__;_:‘

Urgent: Cycle 2 Observing
Tool Update

b - o

Documents & Tools

Atacama Large MilllmEt‘Ef‘,-'E—l.lbl‘l‘ﬂllir-llEtEf Array
Knowledgebase/FAQ e
ALMA Cycle 2 Call for




First successes

> Early science since 2012 (observing
Cycles 0,1, and 2)

> Consecutively increasing
capabilities (N ants, baselines,
bands,...)

> Significant discoveries: 10% of
ALMA papers are in Nature or

Science
ALMA — Early
Science
HL Tau

Formation of a new planetary system
450 ly away from Earth

Resolution better than 5 AU !

Many other PP discs resolved since
then.

vvyvyy




First successes

> Early science since 2012 (observing
Cycles 0,1, and 2)

> Consecutively increasing
capabilities (N ants, baselines,
bands,...)

» Significant discoveries: 10% of
ALMA papers are in Nature or
Science

http://www.almaobservatory.org

Section ‘Multimedia - videos’

Precise Record of Baby-Stars’ Growth on
Millimeter Wavelength

-

First Science with ALMA's Highe'st-
Frequency Capabilities

17 A =+ I8
! August, 2018

ALMA Observes Enduring Radio ‘Echo’
d by Jets from Gamma-Ray Burst

ALMA Discovers Trio of Infant Planets
around Newborn Star

» xd’

ALMA Observed an Unstoppable Monster
in the Early Universe

Pair of Colliding Stars Spill Radioactive

Molecules into Space

-~

ALMA Discover Exciting Stfuctures in a
Young Protoplanetary BiSk That Support
Planet Formation

ALMA and VLT Find Too Many Massive
Stars in Starburst Galaxies, Near and Far




First sucesses
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Perspectives

> Long baselines (up to 15km) in Bands 9 and 10 (11), extending the array
> Wider sidebands / spectral windows (2x 8GHz)
> Full polarisation
> VLBI

> Black Hole Cam

» Event Horizon Telescope — expected already in 2018!




Perspectives

> Long baselines (up to 15km) in Bands 9 and 10 (11), extending the array
> Wider sidebands / spectral windows (2x 8GHz)
» Full polarisation
> VLBI
> Black Hole Cam
» Event Horizon Telescope — expected already in 2018!

2018 (expected):

Simulated Image EHT 2017-2018




w World » This Is the first photo of a black hole International Edition

SPACE © SCIENCE

This is the first(ohoto of a black hole

SCIENCE FOUNDATION News & buzz

This is the first ever photo of a black hole
Il ¢ o03/125 o S




BH in M87: ALMA contribution to the success

““/

Full EHT

Without ALMA and APEX




Lifetime of your ALMA observation project: Subsystems, data flow and SW
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Preparing your project — ALMA OT (Phase )

ASUlinbox - KMail  cidocuments - Konquer @ ALMA Ephemeris Ge it Unveiling the gas and </ GNU Image Manipul <« Toolbox = barta@LOCALHOST!
e o
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Project execution — typical Scheduling Block (OT Phase Il)

Program

Spectral | Spatial Group 1 : Calibrators

Unveiling the gas and dust structure of the planet forming candidates SZ91 and MYLup

s @ Science Plan
o= ScienceCoal (Gas mass) - generated
? ScienceGoal (Kinematics and disk characterization) - generated
D General
~ [ Field Setup
D Spectral Setup
I D Calibration Setup
D Control and Ferformance
i D Technical Justification
s By sc ous (Kinematics and disk characterization)
¢ B Group oUs
¢ B Member OUS (5291)
? [ﬂ 5291_a_07_TE[12m Array SB]
E Group 1 Calibrators
@, Croup 2 : Science
¢ @] 8 Targets

b: query Amplitude (Amplitude)

& cuery Phase (Phase)
=]
.l4 query Checle source (Delay)

p4 query Bandpass (Eandpass)
p‘ [R]15z91 Erimarv. (Science)
LQ MYLup Primany. (Science)
¢ [ Resources
9 @] 8 Field Sources
| D Pointing Template (Cal Sroup) query
D Fointing Template (Science Group) query
D Amplitude query
D FPhase query
D Check source query
D Bandpass query
D Primary. 5291
[y Primary: MyLup
7 @] 2 Instrument Setup
| D B Pointing Setup[12m Array SE] (4 BECs)

¢ =] 8 Obsenving Parameters
D Science Farams

D Science Farams
[ Nlaacacain

s = Unweiling the gas and dust structure of the planet forming candidates 5291 and MYLup

ro: query Pointing Template (Cal Croup) (Fointing)
& cuery Pointing Template (Science Group) (Pointing)

D 13C0 v=0 3-2 Science setup_1[12m Array SB] (4 BECs)

[

Visualisation
In the table below, it is possible to define up to 16 spectral windows, 4 per baseband as long as the total Fraction per baseband is no more than 1.
Each baseband is 2CHz wide and can be separately configured i.e. each spectral window can have a different bandwidth and resolution.

Mote that for bands 2, 4, 6, 7 and &, it is not possikle to put 3 basebands in one sideband and the fourth one in the other.

Left/right click to zoom infout, grab sliding bar to pan
Mote: Moving LOL here is for experimentation only - actual setup determined by the windows

Observed Fregquency

100400 200100 400100 500|00

600{00

J 100[00 ! 20000 ! 300[00 J 400[00 ! 500[00 50000 ! 7o0lon J
Rest Frecuency
Owverlays: Receiver Bands Transmission  [_] Overlay Lines DSE Image | Select Lines to Overlay |

Water Vapour Column Density. @ Automatic Choice ) Manual Choice |0.658mm (2nd Octile) | |

Viewport: Pan to Line Zoom to Band | Feset |

Spectral Type
=

® Spectral Line

‘alidation | Validation History | Log

I Description | Suggestion

either:

Contextual Help

Retrieve your science proposal from the ALMA server by

& Selecting File > Open Project > From ALMA Archive
@ Or clicking on this link

Retrieve
Science
Proposal

Click on the overview steps to view the contextual help
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Postprocessing — calibration and imaging in CASA
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Project execution — typical Scheduling Block (ObsSim)

Measurement set = uid__ A002 Xd12f5c_Xdféb.ms - Start time = 2018-08-28T14:06:39 - End time = 2018-08-28T16:07:59

mL_D.FFGA.Ng ________________________________
caLpELAY|
CAL_pOLAR|ZAT|0NA§ ________________________________ _
CAL_SB RATIO _ .............................. ................................ ................................ ________________________________ ________________________________ -
CAL POINTING ~1 i
GAL_ATMOSPHERE~H _______ Il ________________ H ______ ____________________ | ________________ | ___________ ‘ ______ II‘ ___________________________ |_
AR T S S N A

caLaveul o

(:,:1\|__|3J.L\|\||:;.|::J.L\55Ai _________ . _____ 5o _____ o i 215 __________ 5o 20 _________ 55 25 _____ o R 3032 __________ 3 j??ﬁ-ﬁ

CAL_PHASE | I _______ - I ___________ II ___________ I ____________ I _________ I ____________ I _____ I ____________ II ____________ I __________ Il_

DBS_CHECK_SOURCE{ ________________________________ _

OBS_TARGET |

0 20 40 60 80 100 120
Minutes since start of observation
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Postprocessing — calibration and imaging in CASA
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Postprocessing — calibration and imaging in CASA

bandpass
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application
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Postprocessing — calibration and imaging in CASA
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ALMA Regional Centers / ARCs and the ARC nodes

European ARC nodes

e

ALMA Regional Centers — ARCs:
Supporting infrastructure — interface between ALMA observatory and user community

Structure of the European ARC:

J Head in ESO Garching
J Seven nodes across Europe

» One in Ondrejov (Prague), Czech republic
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EU ARC — Czech node

€UROPEAN ARC
AAMVIILW  ALMA Regional Centre || Czech

Status

> Hosted by the Astronomical Institute ASCR

Negotiations with ESO started in 2007, node accepted into EU ARC network in 2009

> Since 2015 Research Infrastructure (support till 2022, listed in CZ Roadmap, one of the 42
in CR)

» Expertise areas: Galactic & extragalactic physics, stars & ISM, solar physics, laboratory mw
spectroscopy

v

Mission

> User support, community building & training, help with ALMA development
> Serves the community in CR and entire CE Europe in all its expertise areas
> |n solar physics it supports community on the European-wide scale




Role of the ARC nodes

@rds user communD

> Face-to-face (F2F) support of users in all stages of their ALMA-oriented projects.
> ALMA-system knowledge dissemination
> Spreading awareness of ALMA among scientific community

Towards ALMA observatory and ALMA-system developers:

> Help to the developers of ALMA user software:
> testing of CASA, ALMA OT, ALMA Helpdesk system,
> suggestions for improvement

Connecting users < ALMA developers:

> Definition of new modes of observation — based on scientific community requests:
— use-case studies, simulations, test observations (CSV/EOC),
assembling requirements for system update => suggestions
to ALMA observatory and developers.




User support

<< Science Portal

Login

[C] remember me

Lost password

» Knowledgebase

General ALMA Queries (25)

F2F help with

proposal
preparation

Negociations between PI .

and ALMA observatory iy

on observing programume
(Contact Support Scientist)

ARC Astronomer on
Duty (AoD)

'CASA

Calibration
Information extraction

¢
———{ Pipeline |

Helpdesk

Proposals

Archive

Data reduction
and imaging
(QA2 analyst)

Off -line

Raw data

Reduced data

fi Dashboard

Q

[“]Advanced

ﬁ Knowledgebase

‘ Login |

Early Science - Cycle 2 (5)

7 Knowledgebase & News

Search Help

=7| News




Role of the ARC nodes

Towards user community:

> Face-to-face (F2F) support of users in all stages of their ALMA-oriented projects.
> ALMA-system knowledge dissemination
> Spreading awareness of ALMA among scientific community

Towards ALMA observatory and ALMA-system developers:

> Help to the developers of ALMA user software:
> testing of CASA, ALMA OT, ALMA Helpdesk system,
> suggestions for improvement

(rmecting users «— ALMA developeD

> Definition of new modes of observation — based on scientific community requests:
— use-case studies, simulations, test observations (CSV/EOC),
assembling requirements for system update => suggestions
to ALMA observatory and developers.

The ARC node in Ondrejov is developping the solar ALMA observing mode for entire Europe —
manated by ESO: EOC Project Solar Research with ALMA
M. Barta, I. Skokic and R. Brajsa: Members of international Solar ALMA Development Team




Specific solar ALMA ObsMode: Why?

Why to observe the Sun with ALMA?

¢ Alot of key science questions in solar physics can be addressed with ALMA.
— This is reflected in the Science with ALMA document (+ Karlicky et al. 2011,
S. Wedemeyer et. al 2015, EU ARC.CZ — EoC Project Report 2017, ...)
¢ Meaningful use of the day time (‘bad weather’ — higher humidity).
— Increase of the ALMA scientific return/efficiency




Specific solar ALMA ObsMode: Why?

Solar peculiarities: Why the solar observations need special treatment?

¢ The Sunis ‘hot’. Solved apriori by ‘scraped’ surface of parabolic reflectors.
¢  The Sun is far brighter in mm/sub-mm than other sources.
— Issue of dynamic range (e.g., in comparison with much weaker calibrators).
¢ Variability on short timescales (down to <1s in solar flares).
— Time-domain imaging & self-calibration needed.
— Less dense coverage of uv-space (Earth rotation cannot be used).
¢ |n addition to apparent celestial motion of the Sun‘s center we have also (differential) solar
rotation — complicated pointings / specific ephemeris required.
¢ Specific coordinate systems used in solar physics.
¢ Extended sources / emission in entire FOV — TP mapping needed, in a fast-scanning mode.




Solar ObsMode Commissioning: A project of world-wide collaboration

International Solar ALMA ObsMode Development Team

Shin'ichiro Asayama, East Asia ALMA Support Center, Tokyo, Japan;

Miroslav Barta, Astronomical Institute of the Czech Academy of Sciences, Ondrejov, Czech Repubilic;
Tim Bastian, National Radio Astronomy Observatory, USA;

Roman Brajsa, Hvar Observatory, Faculty of Geodesy, University of Zagreb, Croatia;

Bin Chen, New Jersey Institute of Technology, USA;

Bart De Pontieu, LMSAL, USA; Gregory Fleishman, New Jersey Institute of Technology, USA;
Dale Gary, New Jersey Institute of Technology, USA;

Antonio Hales, Joint ALMA Observatory, Chile;

Akihiko Hirota, Joint ALMA Observatory, Chile;

Hugh Hudson, School of Physics and Astronomy, University of Glasgow, UK;

Richard Hills, Cavendish Laboratory, Cambridge, UK;

Kazumasa Iwai, National Institute of Information and Communications Technology, Japan;
Sujin Kim, Korea Astronomy and Space Science Institute, Daejeon, Republic of Korea;

Neil Philips, Joint ALMA Observatory, Chile;

Tsuyoshi Sawada, Joint ALMA Observatory, Chile;

Masumi Shimojo (interferometry lead), NAOJ, Tokyo, Japan;

Giorgio Siringo, Joint ALMA Observatory, Chile;

Ivica Skokic, Astronomical Institute of the Czech Academy of Sciences, Ondrejov, Czech Repubilic;
Sven Wedemeyer, Institute of Theoretical Astrophysics, University of Oslo, Norway;

Stephen White (single dish lead), AFRL, USA;

Pavel Yagoubov, ESO, Garching, Germany

Yihua Yan, NAO, Chinese Academy of Sciences, Beijing, China.




ESO charged the Czech node by leading EU participation

in the Solar ObsMode Development
EOC project Solar Research with ALMA (2014-2017)

Project strategy translated into Working Packages

U WP1: Science use-cases for solar research with ALMA
" Develop and investigate a set of detailed use cases for solar observing with ALMA
o Requestinput from the community
o Define requirements for spatial/spectral/temporal resolution, FOV, polarisation, ...
o Use CASA simulation package for TA
U WP2: Solar Observing Modes and Calibration
" Research in possible new solar observing modes and analyse calibration requirements
o Solar attenuators (,filters®)
o MD1/MD2 w/wo attenuation
o SD/TP fast-scanning observations
U WP3: Software Requirements
" Produce requirements for observing preparation, execution and post-processing

Project team

U Core: M. Barta (PM), R. Brajsa (PI), I. Skokié, M. Karlicky, P. Heinzel

U ESO Coordinator: R. Laing

U External collaborators (ESO): A. Hansimeier, M. Temmer (Uni Graz, AT), A. Benz (FNHW Windisch, CH), E. Kontar
(Uni Glasgow, UK), S. Wedemayer-Boehm (Uni Oslo, NO), R. Hills (Cambridge, UK)

U Cooperation with similar activity at NA and EAARCS: S. White (US Air Force Research Lab, Albuquerque, US), T.
Bastian (NRAO, Charlottesville, US), M. Shimojo (NAQOJ, JP), A. Kazamusa (NAOJ/Nobeyama)




Specific solar ALMA ObsMode: Why?

Why to observe the Sun with ALMA?

¢ Alot of key science questions in solar physics can be addressed with ALMA.
— This is reflected in the Science with ALMA document (+ Karlicky et al. 2011,
S. Wedemeyer et. al 2015, EU ARC.CZ — EoC Project Report 2017, ...)
¢ Meaningful use of the day time (‘bad weather’ — higher humidity).
— Increase of the ALMA scientific return/efficiency




What can ALMA tell us about the Sun? Typical uses cases

B Particle acceleration in solar flares
Ultra energetic electrons can produce
synchrotron radiation in mm range. With
ALMA we would reach unprecedented spatial
imaging of energetic particles.

B Structure and dynamics of solar chromosphere
Temperature structure remains unclear.
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What can ALMA tell us about the Sun? Typical use cases

B Structure of solar prominences
Internal structure of prominences and
filaments remain unclear. ALMA can look
through with very high resolution.

B Study of recombination lines in solar atmosphere -
It still unclear whether these can be observed in the mm wavelength
range. If yes, an important diagnostic tool for measurement of magnetic
field in the part of the solar atmosphere where it is otherwise difficult
would emerge.

B Probably many more open issues...
Solar community should look. Numerical modelling combined with CASA simulation tool
can represent a way how to find out.

See review by S. Wedemeyer-Boehm et al. at http://arxiv.org/abs/1504.06887 (SSR 2015) and
the Final report of our project (ESO / Czech node of EU ARC, 2017)




Specific solar ALMA ObsMode: Why?

Solar peculiarities: Why the solar observations need special treatment?

¢ The Sunis ‘hot’. Solved apriori by ‘scraped’ surface of parabolic reflectors.
¢  The Sun is far brighter in mm/sub-mm than other sources.
— Issue of dynamic range (e.g., in comparison with much weaker calibrators).
¢ Variability on short timescales (down to <1s in solar flares).
— Time-domain imaging & self-calibration needed.
— Less dense coverage of uv-space (Earth rotation cannot be used).
¢ |n addition to apparent celestial motion of the Sun‘s center we have also (differential) solar
rotation — complicated pointings / specific ephemeris required.
¢ Specific coordinate systems used in solar physics.
¢ Extended sources / emission in entire FOV — TP mapping needed, in a fast-scanning mode.




Specifics of solar ALMA observations: Solutions for project preparation

Proper motion of solar sources: Ephemeris/pointings

ALMA OT + Ephemeris Generator Tool http://celestialscenes.com/alma/coords/CoordTool.html
ALMA Ephemeris Generator Tool Accessible from ALMA Science Portal
input FITS file http://www.almascience.org

File: ALA image (test] w | Prochdzet.. | Soubor nevybran,

Date: 2015-02-27713:54:42 8 Size: 1024x1024 Format: 32

—— Author: lvica Skokic
Scaling function: cuberoot » Color: heat w Frame[ZJ 0 E0f1.

move=(184,194)=0.72195363044 73877

Nowadays used also for (E)VLA and other observatories

Pointing

pixel (x, ¥)

helioprojective (x. y in arcsec) -
heliographic (L. B in deg)

Observation

Start of observation (UT): 2015-08-27T18:10:47
End of observation (UT): 2015-08-28T18:10:47
Step size (minutes): 20 =
Differential rotation profile: Mo rotation
A0 ' 2 B: o sc:o =
Height above photosphere (km): o

[ Generate ephemeris file ] l Original JPL file I




What can ALMA tell us about the Sun? Typical use cases & obs. strategies

Prominences: Simulation using CASA::simobserve(), imaging using CASA::clean(), Heinzel et al. 2015




J2000 Declination

What can ALMA tell us about the Sun? Typical use cases & obs. strategies

Model &100GHz Simuloted ALMA image @100GHz, 15PW . .
Simuloted ALMA imoge @100GHz, 45PWs
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Specifics of solar ALMA observations: Solutions for project execution

Interferometric observations: The Sun is far brighter in mm/sub-mm than other sources

— Issue of dynamic range - e.g., in comparison with phase calibrators
Two suggested solutions:

> Solar attenuators (“filters”)

Put them in the optical path for solar target, remove for P-cal (mechanicaly, carousel/robotic arm)
Large time overhead

Phase delays in filters depending on too many parameters, measurements of phase delays
practically unreproducible

Now mostly deprecated (perhaps will be used in the future flare mode)

> Mixer detuning (+electronic attenuation)

Working approach! (as found by our tests)




Specifics of solar ALMA observations: Solutions for project execution

,Extended” Scheduling Block

field

Sun

Phase

Calibrator
1050 lacated near Sun

1. Optimize the attenuation levels of the receiver
Bar_'q-dpags 2. Pointing calibration
ﬁ:ll'l::‘g;{;r 3. Atmosphere calibration (for deriving the system temperature on the sky)
" 4. Observation for verifying side-band separation
5. Bandpass calibration
6. Flux calibration
Flux : : ;
Calibrator 7. Observation to derive the system temperature on the target region
(Venus/Mare 8. Phase calibration
located near Sun) 9. Scientific solar observation

-
C¥os, with the solar setting tlmE
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Specifics of solar ALMA observations: Solutions for project execution

TP antenna — double-circle scanning pattern

1000

500

Single-dish
scanning

-500

-1000

-1000 -500 0 500 1000
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Testing and on-line tuning of suggested procedures: Solar CSV campaigns 2014/15

Team

0 EU ARC: M. Barta (CZ node, Ondrejov), R. Braj$a (CZ node, Zagreb), |. Skokic (CZ node
Ondrejov)

0 NAARC: T. Bastian (NRAO), S. White (US Air Force Research Lab)
U EAARC: M. Shimojo (NAOJ), S. Kazamusa (NAOJ/Nobeyama)
+ strong JAO support (T. Remijan, A. Hales, A. Hirota,...)

AR

& o \'w iﬂé‘yj!i" B |




Testing and on-line tuning of suggested procedures: Solar CSV campaigns 2014/15

Results

Whole-disc SD scan in ALMA continuum @240GHz (Band 6, left panel) as compared do
Ha image from BBSO (Dec. 2014)

BBSO H—alpha 20-Sep—2014 22:29:54.000

1000

500

-500

-1000

SolarMonitor.org
-1000 -500 (o} 500 1000




Testing and on-line tuning of suggested procedures: Solar CSV campaigns 2014/15

Results

Filament in ALMA continuum @100GHz (Band 3 — middle panel), compared with AlA observations at 304A
(left) and 1700A (right). IF image — main array (BL correlator only; Dec 2014)

SDOAIA

Band 3 *

(3 mm)




Testing and on-line tuning of suggested procedures: Solar CSV campaigns 2014/15

Results

The sunspot (NOAA 12470) in ALMA continuum Band 3 @100GHz (left), Band 6 @240GHz (middle)
and AIA 1700A (right) — IF images combined with TP scans.

Sunspot @2 4OCHZ
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Testing and on-line tuning of suggested procedures: Solar CSV campaigns 2014/15

100 GHz, AR, small mosaic

100 GHz, prominence, small mosaic

CSV data release

https://almascience.eso.org/alma-data/science-verification

100 GHz, AR, single pointing
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Acceptace of the Solar ObsMode — Start of solar science with ALMA

Final resolution
O Accepted as a non-standard science mode for Cy 4 with limitations

U Summary of CSV published in two Solar Physics papers
Fast-scanning TP: http://adsabs.harvard.edu/abs/2017SoPh..292...88W
Interferometric obs.: http://adsabs.harvard.edu/abs/2017SoPh..292...87S

U ESO press-release no 1703 (also ALMA Science Portal news)

ABOUT IMAGES VIDECS NEWS ESOSHOP TELESCOPES & INSTRUMENTS DISCOVERIES EVENTS QOUTREACH PRODUCTS BUSINESS®ESO JOBS

+]ES+ Search Press Releases.. Q
9 es01703 — Photo Release &%

. 4 About the Release
ggﬁﬂz?nn ALMA Starts Obsewlng the Sun 0‘ Release No.: 8301703
Observatory 17 January 2017 Name: Suri, Sun spo
Type: Solar Bystem :
Star ! Fzsatu.'-:-:

Photosphere :
Sunspat
Facility: Atacama Large

New images taken with the Atacama Large Millimeier/submillimeter Array (ALMA) in Chile have revealed otherwise
Invisible detalls of our Sun, including a new view of the dark, contorted centre of a sunspot that is nearly twice the
diameter of the Earth. The images are the first ever made of the Sun with a facility where ESO is a partner. The




Acceptance of the Solar ObsMode: Results of the project

The Messenger

-

Exploring the Sun with ALMA

Timothy S. Bastian'
Miroslav Barta®
Roman Brajsa®

Bin Chen®

Bart De Pontieu®®
Dale E. Gary®

Gregory D. Fleishman*
Antonio S. Hales'7
Kazumasa lwai®

Hugh Hudson™ ™

Sujin Kim'"'#

Adam Kobelski'
Maria Loukitcheva® '* 1"
Masumi Shimojo™® 7
lvica Skokic¢??

Sven Wedemeyer®
Stephen M. White'®
Yihua Yan™

' Mational Radio Astronomy Observatory,
Charlottesville, USA

> Astronomical Institute, Czech Academy

of Sciences, Ondfejov, Czech Republic

Hwvar Observatory, Faculty of Geodesy,

University of Zagreb, Croatia

Center for Solar-Terrestrial Research,

New Jersey Institute of Technology,

Newark, USA

Lockheed Martin Solar & Astrophysics

Lab, Palo Alte, USA

¢ Rosseland Centre for Solar Physics,

University of Oslo, Norway

Joint ALMA Ohservatory (JAO),

Santiago, Chile

e

ESO Messenger
No. 171, March 2018

'® Space Vehicles Directorate, Air Force
Research Laboratory, Albuguerque,
LISA

¥ National Astronomical Observatories,
Chinese Academy of Sciences, Beijing,
China

The Atacama Large Millimeter/submilli-
meter Array (ALMA) Observatory opens
a new window onto the Universe. The
ability to perform continuurm imaging
and spectroscopy of astrophysical phe-
nomena at millimetre and submillimetre
wavelengths with unprecedented sen-
sitivity opens up new avenues for the
study of cosmology and the evolution
of galaxies, the formation of stars and
planets, and astrochemistry. ALMA also
allows fundamentally new observations
to be made of objects much closer to
home, including the Sun. The Sun has
long served as a touchstone for our
understanding of astrophysical pro-
cesses, from the nature of stellar interi-
ors, to magnetic dynamos, non-radiative
heating, stellar mass loss, and ener-
getic phenomena such as solar flares.
ALMA offers new insights into all of
these processes.

ALMA solar science

Radiation from the Sun at millimetre and

and to gain an understanding of how
mechanical and radiative energy are
transferred through that atmospheéric
layer,

Much of what is currently known about
the chromosphere has relied on spectro-
scopic observations at optical and ultra-
violst wavelengths using both ground-
and space-based instrumentation. While
a lot of progress has been made, the
interpretation of such observations is
complex because optical and ultraviolet
lines in the chromosphere form under
conditions of non-local thermodynamic
equilibrium. In contrast, emission from
the Sun's chromosphere at millimetre
and submillimetre wavelengths is more
straightforward to interpret as the emis-
sion forms under conditions of local
thermodynamic equilibrium and the
source function is Planckian, Moreover,
the Rayleigh-Jdeans approximation is valid
(hn/kT << 1) and so the observed intensity
at a given frequency is linearly propor-
tional to the temperature of the (optically
thick) emitting material. By tuning across
the full suite of ALMA's frequency bands
it is possible to probe the entire depth of
the chromosphers.

Wedemeyer et al. (2016) comprehensively
discuss the potential of ALMA in this
context. In brief, observations of thermal
emission from material at chromospheric




Solar ALMA science observations: Cycle 4 & 5

Cycle 5

o World-wide End-to-End test in mid March 2018 (Pl M. Barta — CZ node, CSS A. Hales — JAO, QA2
analyst W. Liu — CZ node)
o Observations: 01/04/2018 — 05/05/2018 in the config C43-3; a few projects during June with lower
resolution; return to C43-3 in mid August
o We are working as remote AoDs assistants via Target of Opportunity Trigger Tickets
o QA2 & more: Right now working on that — most datasets delivered, working on late-August observations.
* More automated procedure — towards the Script Generator/auto-pipeline used in non-solar data.
* Self-calibration and time-domain imaging (calibrated movies)
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Solar ALMA science observations: Cycle 4 & 5
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The QA2 & Packaging of Solar

Inteferometric data Cycle 5

Cautions

Known issues

2018: Czech node maintains central
repository for the Solar Science
Data Reduction procedure and its
documentation

e SCOPS-5181 - E2ES5 solar testing.

s PRTSPR-32758 - Incorrect field of view of the synthesized

images from the solar MOSAIC data

# The buqg in the "sun reduction util.py"

Local Solar Experts:

« JAQ: Antonio Hales
« EU: Miroslav Barta
* EA: Masumi Shimojo
+ NA: Tim Bastian




Projekt ESO “Solar Research with ALMA” reSeny v Ondrejové

Sluneéni pozorovaci kampan v Chile, prosinec 2014: Dojmy z cesty
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