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Abstrakt 

M i k r o v l n n á in te r fe romet r i cká obse rva to ř A L M A v Chi le , p o s t a v e n á a p rovozovaná v široké 
m e z i n á r o d n í spo lup rác i E S O , N R A O a N A O J , je j e d i n e č n ý m za ř í zen ím pro a s t r o n o m i c k ý 
v ý z k u m . P ř e s t o ž e se A L M A věnuje p ř e d e v š í m o b j e k t ů m vzdá leného vesmíru , mezi její 
vědecké cíle t a k é p a t ř í i objekty s lunečn í soustavy, v č e t n ě Slunce. Vzhledem k tomu, že 
velká v ě t š i n a cílů nen í solární , obse rva to ř p ř i rozeně p o u ž í v á s y s t é m rovníkových s o u ř a d n i c 
R a / D e c ( I C R S nebo J2000). Z a t í m c o standard ve s lunečn í fyzice, už ívaný d ruž i covými i 
p o z e m n í m i s lunečn ími dalekohledy, je s y s t é m tzv. he l io -pro jek t ivn ích ka r t ézských ( H P C ) 
s o u ř a d n i c spo jených se s t ř e d e m s lunečn ího disku. P r a k t i c k é z í skán í vědecky využ i t e lných 
s lunečních rad iových map z obse rva to ř e A L M A , v č e t n ě možnos t i jejich p ř í m é h o n a v á z á n í 
na o b r a z o v á data z j i ných obse rva to ř í (pozemních i d ruž icových) , je tedy p o m ě r n ě kom­
pl ikovaný proces (kalibrace a výbě r dat, imaging, transformace s o u ř a d n i c ) . P r á c e se 
sous t ř ed í na s tudium celého tohoto postupu a v y ú s t í ve v l a s tn í p ř í spěvek autora: pro­
gram, k t e r ý na zák l adě výše z m í n ě n ý c h zna los t í z í skaných rešerš í l i teratury a p r a k t i c k ý m 
z p r a c o v á n í m cv ičných reá lných dat z A L M A a rch ívu u m o ž n í p ř e k l á d á n í v íce-kanálových 
zobrazen í Slunce - A L M A + d ruž icová nebo p o z e m n í op t i cká p o z o r o v á n í - p řes sebe. 

Abstract 

Microwave interferometric observatory A L M A i n Chi le , bui l t and operated i n a wide in­
ternational collaboration between E S O , N R A O and N A O J , is one of the k ind facility for 
astronomical research. A l t h o u g h A L M A focuses mainly on objects i n outer space, its sci­
entific goals include objects i n the solar system, including the Sun, too. Because of vast 
majori ty of the targets is non-solar, the observatory natural ly uses the system of equatorial 
R a / Dec coordinates ( I C R S or J2000). O n the other hand, standard in solar research, 
used in satellite and ground-based solar telescopes, is a system of Helio-Project ive Carte­
sian ( H P C ) coordinates connected to the center of the solar disk. The pract ical acquisit ion 
of scientifically usable solar radio maps from the A L M A observatory, including the possi­
bi l i ty of their direct connection to image data from other observatories (terrestrial and/or 
satellite), is therefore a relatively complicated process (calibration and data selection, imag­
ing, coordinate transformation). The work focuses on the study of the whole process and 
results in the author's own contr ibution: a program which, based on the above knowledge 
of literature search and pract ical processing of real-world t ra ining data from the A L M A 
archive w i l l enable overlay of multi-channel images of the Sun - over each other. 
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Oficiální zadání: 
Mikrovlnná interferometrická observatoř ALMA, postavená a provozovaná v široké mezinárodní spolupráci ESO, 
NRAO a NAOJ, je jedinečným a špičkovým zařízením pro astronomický výzkum. Od svého vzniku má na kontě 
mnoho průlomových objevů a byla i naprosto klíčovým elementem globálního VLBI interferometru EHT, který nám 
v dubnu 2019 přinesl vůbec první snímek blízkého okolí černé díry v galaxii M87. 
Přestože se ALMA věnuje především objektům vzdáleného vesmíru, mezi její vědecké cíle patří i objekty sluneční 
soustavy, včetně Slunce. Vědecký výzkum Slunce s obs. ALMA má - oproti studiu vzdálených objektů - ovšem 
i svoje zvláštnosti: mimo jiné, kvůli vysokému jasu na mm vlnách a relativnímu pohybu objektů na Slunci (např. 
skvrn) vůči vzdáleným hvězdám (v důsledku denního pohybu a diferenciální rotace Slunce, což lze popsat vhodnou 
efemeridou) potřebuje specifickou kalibrační proceduru. Protože emise vždy zabírá celé zorné pole antény, je nutné 
obrazy získané interferometricky (INT) kombinovat s daty získanými skenováním pomocí jedné antény (tzv. TP 
data). A protože ALMA je primárně určena pro vzdálený vesmír, pracuje přirozeně v systému rovníkových Ra/Dec 
souřadnic (ICRS nebo J2000), zatímco standard ve sluneční fyzice, užívaný družicovými i pozemními optickými 
slunečními dalekohledy, je systém tzv. helio-projektivních kartézských (HPC) souřadnic spojených se středem 
slunečního disku. Praktické získání vědecky využitelných slunečních radiových map z observatoře ALMA, včetně 
možnosti jejich přímého navázání na obrazová data z jiných observatoří (pozemních i družicových), je tedy poměrně 
komplikovaný proces zahrnující (1) specifickou kalibraci a výběr primárních dat, (2) interferometrické zobrazení 
(imaging) kalibrované datové sady, (3) kombinaci INT obrazů s TP pozorováním, a (4) transformaci získaného 
výsledného FITS obrazu do systému slunečních HPC souřadnic. 

Práce se soustředí na studium celého tohoto postupu a vyústí ve vlastní příspěvek autora k některým jeho krokům. 
Jejím cílem je důkladné seznámení se s metodou radiové interferometrie, jejími matematickými základy, principy 
kalibrace dat a získání interferometrického obrazu. Použití metody bude demonstrováno na reálných pozorovacích 
datech z archivu observatoře ALMA. Konkrétní aplikace se soustředí na sluneční pozorování a jejich specifika -
kalibrace, kombinace INT+TP dat, efemerida a transformace souřadnic. Praktickým výstupem práce bude program, 
který na základě výše zmíněných znalostí získaných rešerší literatury a praktickým zpracováním cvičných reálných 
dat umožní překládání více-kanálových zobrazení Slunce - ALMA + družicová nebo pozemní optická pozorování 
- přes sebe. Program zcela jistě najde uplatnění ve vědecké komunitě při multi-frekvenční analýze slunečních 
pozorování. 
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Introduction 

Since 2016 astrophysics knows three ways of s tudying objects in our Universe: V i a material 
information carriers such as meteorites, cosmic ray particles or the samples collected by 
the space probes in our closest cosmic vicinity, by means of analysis of electromagnetic ra­
diat ion of a l l kinds and, most recently, also by s tudying the signals of gravitat ional waves. 
F r o m al l of them, however, the electromagnetic radiat ion remains the far dominant source 
of our information about remote cosmic bodies and this status l ikely w i l l not change soon. 

F rom the beginning of t ime, our studies of the Universe mediated through the electro­
magnetic radiat ion, were carried out only in the wavelengths visible by human eye, unt i l 
W i l l i a m Herschel in 1800 discovered near infrared and Johann W . Ri t t e r in 1801 ultraviolet 
radiat ion (see W i l s o n et al . (2009)). Nevertheless, w i th the terrestrial atmosphere block­
ing those kinds of radiat ion and no available technology for their quantitative detection, 
no progress in opening a new spectral window for the astrophysical exploration had been 
done, un t i l 1931. In that year, K a r l Guthe Jansky, searching for the source of noise i n 
the wireless communicat ion devices, discovered that part of the unwanted signal actually 
comes from the deep space. Thus, it was found that the radio waves - known already since 
times of M a x w e l l and Hertz to be, ak in of the light, the part of the electromagnetic spec­
t r u m - can be generated (besides the man-made devices) also by the matter i n space. The 
Jansky's paper (see Jansky (1933)) on that topic is considered as a b i r th of a new research 
discipline i n astrophysics - the radio astronomy. M a n y other pioneers (Reber (1940), Hey 
(1946)) continued i n his work; they improved measurements by bigger telescopes and bet­
ter receivers and identified many discrete radio sources on the sky, among them also our 
Sun. A n d after the W o r l d W a r II the radio astronomy has been already established as a 
'classical ' part of our astrophysical research. 

Thanks to technological advances after 1960's, namely the breakthrough i n our re­
search carried out from the space, new observing windows have been opened i n the entire 
spectrum of the electromagnetic waves. High-f lying aircrafts, balloons, and satellites like 
ISO, I R A S and M S X allow observations i n the m i d and far infrared; satellites like I U E 
for ultraviolet and C H A N D R A for X-rays; and many others allow measurements from 7 -

rays to wavelengths longer than 10 4 m . Nevertheless, i n spite of steeply growing number 
of space-research facilities, the ground-based radioastronomy, which has for the first time 
broken the visible-light l imits for our exploration of the Universe, does not by any means 
loose its potential . The opposite is true - recent technological revolution i n the digi tal 
signal processing has brought stormy development to the radio astronomy, too. Namely, 
it is interferometry and aperture synthesis w i th large antenna arrays connected to pow­
erful dedicated supercomputers — correlators, what experiences unprecedented expansion 
i n modern times. For every telescope, bigger means better, especially i n radioastronomy. 
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Introduction 2 

W i t h usually weak radio brightness of cosmic bodies and l imits , of how large we can bui ld 
telescopes, we need more efficient way to collect, already so scarce, radiat ion, and that 
is interferometry. The method is rooted i n forming large antenna arrays, which - when 
properly interconnected - act like a single large telescope. The strong development of this 
method is recently witnessed by construction of new and better radio observatories such as 
A L M A (see Fig.2) , L O F A R , G M R T , M W A , Noema, and further, yet larger instruments 
are going to be buil t (e.g., S K A , upgrade of L O F A R to L O F A R - 2 , etc.). 

Larger arrays not only have bigger collecting area but also their increased linear d i ­
mensions improve spatial resolution, w i th which we are able to observe our science targets. 
This is another important quali ty of observation, i n addi t ion to the already touched sensi­
t ivi ty, which gets improved by increasing to ta l antenna area and also thanks to the modern 
more sensitive low-noise amplifiers and detectors. A t the same moment, technological ad­
vance helped us to shift the interferometric radio observations towards the very short -
m m and sub-mm - wavelengths (or, in terms of frequencies, into the T H z range). Th is 
spectral range in between infrared and 'classical ' radio wavelengths has been, un t i l recently, 
a terra incognita, w i th just a few single-dish instruments working at the sub -THz and T H z 
frequencies. C o m i n g age of m m arrays like S M A , A T C A , Ca rma , N o e m a - 2 / I R A M - P d B , 
and above a l l the far largest i n this category - A L M A , has changed the si tuation rapidly 
and brought a real revolution into our astrophysical research. Namely, combinat ion of the 
short observed wavelengths and long baselines (i.e., the linear dimensions of the antenna 
array) leads to ,unti l now, far unreachable spatial resolution of m m interferometric sys­
tems. After success of the long-baseline A L M A campaign ( A L M A Partnership 2015) and 
first trans-atlantic m m - V L B I connection ( A L M A - I R A M , 2015) the dream of the Event 
Hor izon Telescope ( E H T ) has come true (see F i g . l ) and resulted i n the famous first pic­
ture of the v ic in i ty of the black hole i n the center of M 8 7 galaxy, published i n A p r i l 2019. 
Let us note, that A L M A played a key role in the global m m - V L B I array of the E H T - its 
far larger to ta l antenna collecting area increased sensitivity of the entire E H T system by 
factor of ten. A n d since that big success, the global m m V L B I network centered around 
A L M A has started to be used more routinely - m m V L B I projects can be now requested 
during standard A L M A cal l for observing-time proposals. 

Figure 1: The Event Hor izon Telescope and G l o b a l m m - V L B I A r r a y on the E a r t h ( E S O / C , 
Fur tak 2017). 
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Not only i n this respect, observatory A L M A is the global leading player in m m inter­
ferometry for this and l ikely also for a couple of future decades. W i t h its 66 parabolic 
dishes - 54 twelve-meter and 12 seven-meter, spread over 15 k m of dry A tacama dessert 
in Chi le , A L M A is mul t inat ional project buil t and operated namely by joint efforts of 
European South observatory ( E S O ) , Amer ican Na t iona l Rad io Ast ronomy Observatory 
( N R A O ) and Na t iona l As t ronomica l Observatories of Japan ( N A O J ) . A L M A has been 
officially commissioned as 'finished/ready for science' i n M a r c h 2013, nevertheless its fur­
ther development since that t ime s t i l l continues: For example, a new correlator, extension 
of baselines up to 32 k m , new ul t ra low-noise multi-feed detectors, or opening so-far un-
implemented observing-frequency bands, are planned for the next decade. One class of the 
important improvements of A L M A capabilities is rooted i n development of new observing 
modes. The specific Solar ALMA Observing Mode, which has been i n its basic version 
commissioned (also thanks to the contr ibution of the A L M A Czech node (2017) of E U 
A R C ) i n early 2017 and allowed for solar observations wi th A L M A , can serve as one of 
the examples. A l though A L M A observing projects mostly focus on galaxies, interstellar 
matter, and further objects in the deep Universe, The "Stel lar evolution and the Sun" 
represents one of the five major A L M A research topics. A n d indeed, A L M A can help us a 
lot w i t h understanding many so far open key questions i n solar physics, too, for example, 
heating of the upper chromosphere and corona, coronal magnetism etc. (Bast ian et al. 
2018). 

Figure 2: The A tacama Large Mi l l imete r / submi l l imete r A r r a y ( A L M A ) by night, under 
the Magel lanic Clouds ( E S O / O , M a l i n 2012). 

Solar A L M A ObsMode is - since 2017 - used for standard solar research. Neverthe­
less, procedures for observing and especially processing the images of the Sun acquired 
by A L M A are s t i l l under development. One of the procedures, which is s t i l l completely 
missing and w i l l help a lot to scientific exploitat ion of the solar A L M A observations, is 
a co-alignment of the calibrated synthesised images of the Sun from A L M A wi th similar 
data obtained by the other modern instruments, namely the space-born telescopes, e.g. on­
board missions like Hinode, IRIS or S D O . W h i l e A L M A works in the standard geocentric 
equatorial coordinates of I C R S system (a, 5), in which the Sun slowly moves during the 
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observation (because of yearly mot ion and also due to the differential rotat ion of the Sun), 
the modern solar image data are almost solely i n the reference frame fixed to the solar-disk 
center, i n the so called Helio-Project ive Cartesian coordinates - H P C (x,y). To that end, 
a procedure, which - using the ephemeris connected wi th the observed target at the Sun -
w i l l transform the solar A L M A images into the (in solar-physics de facto standard) H P C , 
is required. Development and testing of software that would perform this necessary trans­
formations and would eventually become a part of Solar A L M A S W package is - aside of 
getting deep expertise i n the (solar) m m interferometry - one of the ma in tasks of this 
thesis. 



1. Radio interferometry 

Even though first observation of extraterrestrial radio waves had been made in 1930s by 
Jansky and Reber, major advances in what later came to be called radio astronomy took 
after the W o r l d W a r II. Not merely radiometry, i.e. measuring of light-curves of the 
astrophysical radio sources, but also other disciplines (in analogy wi th existing methods 
i n opt ical astronomy) have developed: (radio) spectroscopy, polarimetry, and of course, 
imaging, i.e., creating the radio maps - monochromatic and later multi-frequency images 
of the radio sources. The last one is demanding in the radio domain i f we take into account 
that angular resolution of the telescope is « \/D, where A is a (relatively long) wavelength 
and D the size of the instrument. Since single dishes cannot increase their diameters 
above some technical l imits (currently, the largest single-dish instrument is the Chinese 
immovable telescope F A S T w i t h i l luminated diameter D ~ 300 m) , the way out lays i n 
forming large, mutual ly connected antenna systems, where the size D can reach much 
larger value (currently, i n practice, the E a r t h diameter, but even larger system including 
stations in space are tested and planned). Th is method is called radio interferometry and 
it has become the most powerful tool of modern radio astronomy. 

Beginnings of radio interferometry can be traced to Eng land right after the W W I I , 
where J . A . Ratcliffe, M a r t i n Ry le and Derek Vonberg made the first two-element radio 
interferometer (Ryle & Vonberg 1946). Later , G r a h a m Smi th joined Ryle ' s group and 
implemented a phase-switcher for combining two signals (Ryle et a l . 1950). In mid-50s, 
development of mult iantenna arrays for centimetre-wavelength solar measurements has 
started. 

E a r l y interferometers have been working on additive principle, s imilar ly to the double-
slit experiment by Young , or as it is used i n opt ical gratings for (optical) spectroscopy. 
This is easy to implement, since the signal from the antennas can be summed by analog 
electrical circuits. In early 60s, a different principle based on correlations, i.e., mul t ip l ica­
t ion of digitised signals from two antennas, started to be uti l ised. A lbe i t this principle has 
been know since 1930's (as we describe right in the following), its applicat ion had to wait 
for advancement i n d igi ta l and computing technology. The digi tal , correlation-based inter­
ferometry - also known as aperture synthesis - has many advantages to the older analog 
additive systems (phased arrays). A m o n g them namely: (1) It is much easier to obtain 
multi-frequency radio images (i.e., 3D data cubes) of the radio sources and, (2) Correlations 
of the digit ized signals can be computed ex post i f the both signals contain synchronised 
t ime stamps. Hence, the remote antennas need not to be even physically connected, pro­
vided that the synchronisation is reached different way (typically v ia atomic clock). Th is 
enables systems wi th very long distances between antennas (i.e. baselines) - Very Long 
Baseline In te r fe romet ry /VLBI . 

Because of increasing significance of aperture synthesis in the radioastronomical re­
search, as well as i n order to approach the core of this work, i n the following we shall 
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Radio interferometry 6 

tackle solely this modern method based on the (digitised) signal correlations. 

1.1 Mathematical foundations of aperture synthesis 
The signal-correlation interferometry is based on van Zitter-Cernike theorem (van Ci t ter t 
(1934) and Zernike (1938)), which effectively claims that correlation of signals from two 
antennas corresponds to a single Fourier component of the 2D radio brightness dis t r ibut ion 
on the sky (radio map, radio image). W h i c h Fourier component it is, it depends on 
geometry - posit ion vectors of the two antennas and the direction towards the source -
and the wavelength used for observation. In the following a loose "proof" of the theorem 
w i l l be presented, the exact analysis and details can be found i n B o r n & Wol f (1965). 

Let us start w i th definition of the correlation function between two signals (voltages), 
here measured at antennas at the positions r\ and r 2 . Should the signal at the Antenna 2 
be delayed by (so far general) t ime interval r , the correlation function T ^ r i , r 2 , t ) reads: 

r i 2 ( r i , r 2 , T ) = <C / i(ri , t)C/ 2 *(r 2 , t - r ) ) = lhn ±- f 11^,1)11^,1 - r)t (1.1) 
T->00 11 J_rp 

Here U\ and Ui are voltages measured by antennas 1 and 2, respectively, the asterisk 
'* ' denotes complex conjugation, and '(•••)' represents t ime average. 

For the sake of simplicity, let us suppose for the beginning, that signal Ui at the antenna 
i is due to the monochromatic wave wi th frequency v (u = 2iru, A = c/v) and a complex 
ampli tude EQ, originating i n a single-point source which - because of the very large distance 
of the source - is a plane wave: 

Ui(n,t) = Gi{k)E0e^k-ri-^ (1.2) 

Here Gi{k) is a complex gain of the antenna i for the waves wi th the wavevector k, whose 
size is k = 2j£ and direction just opposite to the unit direction vector s, point ing towards 
the (element of) the radio source, i.e., k = —ks (see F i g 1.1). The gain expresses namely 
direct ivi ty of the antenna, but includes also description of the antenna and receiver imper-
fectness. If the antennas are pointed to our single-point source and their gain normalized 
to uni ty (G™ax = 1), the correlation function would be: 

r i 2 ( r i , r a , T ) = | £ 0 | V [ f c * ( r i - r 2 ) - " r l (1.3) 

In reality, the radio source is rarely an (unresolvable) single-point source and has its 
structure. To mimic it , we can imagine that the wavefield at the antenna i is a sum of 
contributions from al l iV point-like elements of the source: 

N 

Ei{ri,t) = ^En{ri,t), (1.4) 
n 

where the contributions from the n—th point of the structured source are 

En(n,t) = E n e ^ • ri-"V (1.5) 

Here, the notat ion EN is just a shortcut for electric amplitude of the wave propagating 
from the direction determined by the wave vector kn, i.e., EN = E(kn). 
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Figure 1.1: To the van Zit ter t-Cernike theorem: Geometry of the two-element interferom­
eter and the radio source (by author). 

Now, let us suppose that the radiat ion coming from two distinct points m and n i n the 
radio source is mutual ly incoherent, i.e. relative phases of the two waves are random. In 
such a case 

(Em(ri,t)E*(r2,t-T)) = 0 for a l l m ^ n (1.6) 

while 

(En(ri,t)E*n(r2,t- r)> = \En\2Sk
 ' ^ ~ 1 (1.7) 

Let us substitute Eqs . 1.4 and 1.5 into the relation for antenna voltages (Eq . 1.2, just 
generalized for a sum of the plane waves), and subsequently into the definition of the 
correlation function: 

N N 
r (n , r 3 , r ) = (^2 ^2 Gi(km)EmSkm ' ri~wt]Gl(kn)E*e~^k'n ' T>2+-(*-r)]) ( L 8 ) 

n m 

If we now make use of the random-phase (incoherent source) assumption expressed by 
Eqs. 1.6 and 1.7, only summing over the "diagonal" in the double sum i n E q . 1.8 remains, 
and the expression for correlation simplifies to 

N 

r (n , r 3 , r ) = YJGi{kn)Gl{kn)EnE*nei^ ' ^ ~ r ^ ~ ^ (1.9) 
n 

Let us now come from the view of the source as an ensemble of iV point sources to 
the more natural continuous brightness dis t r ibut ion. The summing is thus transformed 
into integral. Since expression i n Eq.1.9 for the correlation between two antennas 1 and 2 
depends just on the vector B12 = TI — T\ that connects those antennas, and which we call 
a baseline, the baseline correlation function can be (in the continuous notation) expressed 
as 
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i2(Bi2,r) = r l i 2 ( r i , r 3 , r ) = I Gi{k)G*2{k)\E{k)\2Sk ' B ^ ~ ^ i l (1.10) 

where integration runs over the (angular) area of the source. If we come from the wave 
vector k to more pract ical quantities characterising the radiation, like the direction vector 
s and frequency v (using the simple relations adduced above), we eventually arrive to the 
following expression for the baseline correlation function: 

R(B12,T) = JJ^A(s)I(s)exp[i2TTu(Bl2

c ' S - n)]su, (1.11) 

where I(s) = \E(s)\2 is intensity of radio radiat ion coming from the direction s (in proper 
units), and A((s) = G(s)G*(s) is the antenna effective area. The delay Ti is (so far 
arbitrary) instrumental delay inserted into the signal path of one of the antennas of the 
two-element interferometer. The (outer) integral over v also indicates that i n reality the 
output voltage correlations always result from finite (albeit usually very small) frequency 
bandwidth selected by a filter from the actual non-monochromatic radiat ion emitted by 
the source. For a narrow-band frequency channels we can stay w i t h a quasi-monochromatic 
approximation and replace the integration by merely mul t ip ly ing by the bandwidth Av. 

Let us now assume that the source does not have very large angular extent on the sky 
(for large sources we have to repoint usually well directive parabolic antennas anyway, this 
technique is called interferometric mosaicing). In such a case we can split the direction 
vector s, point ing to the source element into reference direction so and a smal l offset cr 

S = S0 + (T (1.12) 

Now, the Eq.1.11 can we wri t ten as 

R(B, n) = e x p [ i u ; ( ^ - ^ - Ti)]Au J A{<j)I{<j) exp ( ^ ' ^ ° (1-13) 

The result is generally val id for any baseline B, so we skip the indices 1,2. 
The to ta l signal delay at the second antenna r can be wri t ten as 

B • so 
T = Tg-Ti = Ti (1.14) 

where Tg represents the delay between two signals coming from the reference direction SQ 
caused by the geometry of the source and the two antennas. In order to correlate a given 
received photon wi th "itself", we tend to the to ta l delay r to be zero. In addi t ion to reach 
the t ime coherence of the signal, there is yet another reason why the instrumental delay 
Ti is going to be chosen at such amount that it fully compensates the geometrical delay 
Tg, so that to ta l delay r = 0. The deeper analysis (omitted here for simplici ty) that takes 
into account finite (frequency) bandwidth of the received waves (i.e., that the source is 
not monochromatic and/or our filter is not described by a delta function) shows that we 
would have significant decoherence if the to ta l delay is not suppressed by a proper choice 
of the instrumental displacement of the signal Ti. Hav ing the Ti set properly, the baseline 
correlation function R{B) can be rewrit ten as 

V(B)Aiy = R(B,Ti = Ta)= f A(tr)I(tr) e x p f i ^ ' < T )cr (1.15) 
Js c 



Radio interferometry 9 

This is the visibility function (or, just shortly visibility, also interferometric visibility) for 
the baseline B connecting two antennas. 

Now, let us write the vector relations i n the coordinate system according to F i g . 1.1: 

— B = (u,v,w) (1.16) 
2vrc v ' ' ' v ' 

where u,v,w are measured i n wavelengths, the direction (0,0,1) is parallel to so, u points 
to local east direction and v points to north; the vector a = (x, y, z) is defined such that 
x and y are the direction cosines wi th respect to the u and v axes, then the xy plane is a 
projection of the celestial sphere onto a tangent plane wi th the origin point at SQ. In those 
coordinates (Eq . 1.15) becomes 

f°° f°° i dxdy 
V(u, v,w) = / / A(x, y)I(x, y) x exp[i27r(ttx + vy + w\/l — x2 — y2)] , 

J-ooJ-oo \J\ — x2 — y2 

(1.17) 
A s the radiat ion pattern of the antenna is basically zero outside of its pr imary beam, 

we could extend the integration l imits (over the source size) to ± o o . 
For the smal l source (and/or smal l pr imary beam - see the note above about mosaicing) 

we can approximately write ^/l — x2 — y2 ~ 1 and E q . 1.17 becomes 
/>oo />oo 

V(u,v,w)ei2nw = / A(x,y)I(x,y)ei2^ux+vyUxdy. (1.18) 
J — oo J —oo 

For the same reason, the th i rd component w, which applies only as a correction between 
the plane image of the source and real spherical section on the sky, is zero for a smal l source, 
we can write 

V(u, v, w y 2 ^ + v y ) „ V(Uj V j o) ( L 1 9 ) 

Hence, we arrive to the final relation 

/ A(x,y)I(x,y)ei2n{ux+vy)dxdy. (1.20) 
-oo J — oo 

This is the van Zi t ter t -Cernike theorem i n formulation suitable for radio and m m in­
terferometry based on the measuring of 2-antenna correlations. 

The application is - in theory - straightforward: If we do inverse Fourier transform 
( IFT) of E q . 1.20, we get 

/

oo 

V(u,v,0)ei2n{ux+vy)dudv, (1.21) 
-oo 

where I'(x,y) is the intensity I(x,y) modified by the pr imary beam shape A ( x , y ) . 
Hence, i n principle, we (i) measure the signals, digitize it and calculate the visibil i t ies 
V(u,v) for a l l pairs of antennas in the array, (ii) Make the I F T according to E q . 1.21, and 
(ii i) , D iv ide the obtained real image I'(x,y) by the antenna pattern A{x,y) - making so 
called primary-beam correction. Th is way we get the radio map — real image of the source. 
This method is called aperture synthesis. 

In practice, there are several technical issues that we tackle i n detai l later: (1) The 
visibil i t ies V(u, v) are biased by many non-ideal effects caused by the instrument or the 
Ear th ' s atmosphere - this can be to some extent fixed by procedure known as calibration, 
described below, and (2) we work wi th only l imi ted number M of antennas in the array, 
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which gives us —- 2 ~ - pairs and every pair is a Fourier components for one wavelength 
and for one t ime instant. So that is only a sample of a l l the visibil i t ies, which are noisy 
samples of a smooth function. Unfortunately, this may and w i l l contain artefacts. In ideal 
situation, we would measure amplitude and phase for a full uv plane and could determine 
the intensity dis t r ibut ion I'{x,y) by applying the Fourier transformation (Eq . 1.21). Bu t 
due to V(u, v) being sampled only at discrete points wi th in a radius = u m a x along el l ipt ical 
tracks, and i n some regions of (u,v) plane, not being measured given by missing shorts 
spacing, antenna shadowing or a missing angular wedge i n the orientation of the baseline 
vector B . For a discrete number of visibil i t ies, we have a version of E q . 1.21, but using 
summation instead of integral, to get an image by a discrete Fourier transform ( D F T ) : 

ID(x,y) = J 2 ^ k , V k ) V ( u k , v k ) e - i 2 ^ x + v ^ . (1.22) 
k 

Sadly, the reconstructed image Id is not a good representation of the intensity distr i­
but ion but they are related. We can write E q . 1.22: 

ID(x,y) = PD(x,y)®l'(x,y), (1.23) 

where Pd is response to a point source (also called a dirty beam) and equals to 

PD = ^2 = A(uk, Vk)e-i2<u^+^y) (1.24) 
k 

This is the point spread function P S F for the di r ty beam. Therefore the di r ty beam 
can represent a transfer function that distorts the image, which is produced by the Fourier 
transform of the point source i n the sampled regions. B o t h sums i n Eq.1.22 and Eq.1.24 are 
calculated over the same positions (uk,Vk), which means both side lobe structures of the 
beam depends on the dis t r ibut ion of these points. The dirty map is only a representation 
of the pr inc ipal solution and has many negative intensity artefacts, but they are not real 
and should be removed. The dirty map is rather unstable, it can drast ically change when 
more vis ibi l i ty data are added. Instead of a principle solution that assumes 1 = 0 for al l 
unmeasured visibil i t ies, values for V should be adopted at positions i n the (u, v) plane, 
which can be obtained from some plausible method for intensity dis t r ibut ion. This method 
can be the C L E A N i n g method, which approximates the actual but unknown intensity 
dis t r ibut ion I(x,y) by superposition of the finite number of point sources wi th positive 
intensity Ai placed at positions (xi,yi). The main goal of C L E A N is to figure out the 
Ai(xi,yi) such that 

l"(x,y) = ^2AIPD(x-xi,y-yi) + Ie(x,y) (1.25) 
i. 

where I" is the di r ty map obtained from the inversion of the vis ib i l i ty function, Pd 
is the di r ty beam and Ie(x,y) is the residual brightness dis t r ibut ion after decomposition. 
Approx ima t ion of Eq.1.25 is depending on order of the noise of IT. This can not be done 
analytically, but rather iteratively. The following text and Figs 1.2— 1.5 loosely follows 
presentation by Wi lne r (2010). 
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dirty image "CLEAN" image 

0 -v 0 0 

1« prract [urc»c*:. JSOgO) KA uFfset (arises; JStlQOl 

Figure 1.2: C L E A N method. 

Hogbom (1974) was the first to devise the concept of C L E A N . A s said, it is an iterative 
method which finds the peak intensity of the di r ty image and subtracts a fraction 7 w i th 
the shape of the di r ty beam from the image. This w i l l be repeated n times. This loop gain 
0 < 7 < 1 helps the i teration converge, and it continues t i l l the intensity of remaining peaks 
are below some set l imi t . Then it is usually the resulting point source model convolved 
wi th a clean beam, typical ly of Gaussian shape w i t h F W H P similar to the di r ty beam. If 
this method produces a realistic image, is s t i l l unanswered, but Schwarz (1978) has been 
able, under some conditions, prove its validity. It exist many modifications of the C L E A N 
method, that can reduce the computing t ime and/or be customized for specific data. 

The C la rk C L E A N algori thm (Clark 1980) tries to reduce computing t ime for large 
images. It searches only the largest residuals, working wi th only a sub-region of the beam 
for much of the time. For smaller images or smal l beam patches, Hogbom C L E A N may 
s t i l l be faster. 

The M a x i m u m Ent ropy Deconvolution M e t h o d ( M E M ) is often used to produce a 
single op t imal image from a set of separate but contiguous images. It solves the problem of 
selecting the "best" image from many possible images which a l l agree wi th the measured 
visibil i t ies. Th is method is better suited for multi-field images due to better handling of 
sources larger than telescopes pr imary beam. 

Moreover, the samples — visibili t ies are not on the Cartesian grid which troubles the 
I F T calculations. W i t h even modest data set, computat ion is t ime consuming, therefore 
for inverting Eq.1.20 it is used fast Fourier transform ( F F T ) . B u t for us to be able to use 
this method, the vis ib i l i ty function must be placed of regular gr id w i th total sizes that are 
power of two of the sampling interval. Observed data is seldom on such grid, so we need 
to use a convolution procedure. The gridded visibility function may be represented by 

I"(u, v) = III(u, v)G(u, v) <g) I'(u, v), (1.26) 

where I'(u,v) is the measured function sampled on the irregular Ui,Vi gr id, G(u,v) is 
a convolving function, (g) is the convolution operator by which a value for an interpolated 
function I"(u,v) is defined for every u,v and 

00 

III(u, v) = AuAv ^2 ó(u ~ jAu)5(v - Av) (1.27) 
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which defines the regular gr id on the uv plane wi th Au and Av being the pixel size. Now, 
we get the intensity dis t r ibut ion I'(x, y) by substi tut ing Eq.1.27 into Eq.1.21 and it can be 
finally computed. 

I(x, y) = III(u, v) <g> [G(u, v)l'(u, v)] (1.28) 

B y using Fourier transform on gridded uv data we get an image w i t h a resolution 
corresponding to the size of the array. 

There is also one free parameter and that is weight W ( u , v ) . T i l l now it was W(u, v) = 1, 
but it can be changed for specific needs. T w o most common are natural and uniform. 
Na tu ra l is 

[ 0 f b r V ( u , i ; ) = fl. 

This gives more weight to short baselines, which maximizes the point source sensitivity 
but degrades resolution; is useful for large spatial scales. 

tu eftfert ioprstr jacoo; 

Figure 1.3: Na tu ra l weighting. 

Uni form weighting is the opposite and it consist i n selecting the weights W(u ,v ) so that 
the sum of weights W(u, v) x A(u, v) over a uv cell is a constant function (or zero if no 
uv data exist in that cell). It gives more weight to long baselines, therefore have higher 
angular resolution but has lower point source sensitivity. 

HA offset larcsce J3O0O] 

Figure 1.4: Uni form weighting. 
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Figure 1.5: Fourier transform I(u,v) samples to image plane to get i£>(x,y) and then 
deconvolve b(x,y) from /£>(x,y) to determine (model of) T (x ,y ) . 

1.2 Problems with real data - basics of calibration of inter-
ferometric measurement 

In addi t ion to incompleteness of our information due to the l imi ted sampling i n the uv 
space described above, there are other degradations of the signal because of imperfectness 
of the instrument and the influence of the Ear th ' s atmosphere. In the range of mm/sub-
m m wavelengths, which are dealt in this work, mainly the troposphere alters the passing 
signal due to water vapor and molecular oxygen. 

There are three major effects of the atmosphere on the passing signal: (1) radio waves 
are absorbed (and therefore attenuated) before getting to antenna, (2) since a good ab­
sorber is also a good emitter, it adds lot of power noise, (3) the opt ical path makes time-
dependent phase errors. The last effect is the most severe for r a d i o / m m interferometry. 

A l l these effects are increased w i t h lower elevation of the observed object because of 
more air mass it has to go through. For the same reason, an alti tude and humidi ty of 
the observatory plays important role. Because of that, the A L M A site has been chosen 
properly at alt. 5000 m and i n the dry environment of the A tacama desert. 

Joint effect of the noise contributed by our atmosphere's radiat ion and the instrument 
itself is characterised by system power, and, more frequently - thanks to the Rayleigh-Jeans 
law, by the system temperature Tsys. Similar ly, the radiat ion coming from the (cosmic) 
source is characterised by the (equivalent) antenna temperature. For most of the radio 
sources from the deep Universe the Tsys 3> Tant; our Sun is one of the rare exceptions. 

Correct ion of the effects caused by the instrument and atmosphere is called calibration. 
It is based on observation of the objects, whose properties (e.g., to ta l radio flux density, 
spectral dis t r ibut ion, position-and-shape) are known - so called calibrators. The atmo­
spheric influence is also par t ly removed by observing i n O N S O U R C E and O F F S O U R C E 
positions, once we have combined atmospheric and source signal, i n the latter case solely 
the atmospheric contr ibution. The difference between the (ideal) calibrator model and its 
real observation is accumulated in so called calibration tables. A n d the same difference is 
then used for correction of the unknown source - our science goal. The cal ibrat ion pro­
cedure has several steps (see below) and is accompanied also by selection of val id data. 
Because of technical imperfectness of the entire system, some data points are wrong (like 
i n every measurement) and need to be discarded from further analysis. Usually, each data 
i tem has its bit-wise companion (true/false) called flag - the procedure of discarding the 
invalid data is then known as flagging. The data are flagged either automatical ly (e.g., 
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the edge spectral channels w i th smal l sensitivity, data form antennas shadowed by another 
antenna) or based on a careful inspection of the data analysts (or specific S W - cal ibrat ion 
pipeline). Typical ly , the wrong data shows up when we do diagnostic plots like phase or 
ampli tude vs. frequency channel or time. M a n y cal ibrat ion measurements are done before 
or dur ing the observing sequence. T h e sequence containing cal ibrat ion and science scans is 
called scheduling block (SB) , and can be repeated several times, if needed by science goal 
(e.g., in order to increase sensitivity or - like w i t h our Sun - to catch the internal dynamics 
of the observed object). E a c h repeti t ion of a given S B is called execution block ( E B ) . 

Each E B starts w i th cal ibrat ion of the antenna sensors for knowing our posit ion on 
the sky, which we can accomplish by measuring known point source object that is close 
to our studied subject. In addi t ion to that, the atmosphere ( O F F S O U R C E ) scans are 
done. Next we need to find source w i t h known radio flux density for the flux calibration. 
These calibrators are mostly quasars. Some frequency bandwidths of the instrument can 
be more sensitive than others or selective absorption of atmosphere can occur: This is 
eliminated by a scan that observes the source wi th a known spectrum - usually, again, 
some quasar, or a smal l bodies of the solar system (typically satellites of giant planets). 
Later , i n course of the observation, the science-target scans interleave wi th the short scans 
of another close point source - the phase calibrator. A s it has been already wri t ten -
the phase variations, because of the atmospheric turbulence, can cause decoherence of the 
signal and therefore need to be corrected most frequently. Nowadays, the calibrations 
are mostly done in C A S A (Common Ast ronomy Software Appl ica t ion) package. It is a 
software package govern by an international consort ium of scientists based at the Nat iona l 
Radio As t ronomica l Observatory ( N R A O ) , the European Southern Observatory ( E S O ) , 
the Na t iona l As t ronomica l Observatory of Japan ( N A O J ) , the Academia Sinica Institute 
of As t ronomy and Astrophysics ( A S I A A ) , the C S I R O divis ion for As t ronomy and Space 
Science ( C A S S ) , and the Netherlands Institute for Rad io As t ronomy ( A S T R O N ) under 
the guidance of N R A O . To the present day, it is the only officially supported system 
for interferometric and single-dish radio data done by A L M A or V L A . C A S A replaced 
AIPS+-1-, which was developed in early 90s as a substi tut ion for A I P S . The core of the 
whole program are tasks and tools developed i n C+-1- w i th user interface in Py thon , which 
enables to use these components. 

C A S A contains a lot of tools for processing interferometric and single-dish data and 
tools for specific telescopes. I w i l l introduce only the ma in ones for cal ibrat ion and some 
arguments w i t h their function. 

gencal() 
General pre-calibration routine. W i t h argument tsys it produces cal ibrat ion table that 
describes the atmospheric and instrumental contr ibut ion to the tota l signal. It can be, 
e.g., also used for correction of antenna positions in the array (x,y, and z - w i th antPos as 
an argument). 

setjy() 
This task is used to set the proper flux density to the flux calibrator object and adjust 
thus the relative scale i n voltages to absolute units i n Jansky (Jy). 

bandpass () 
Bandpass task calculates a bandpass cal ibrat ion solution, which means that it solves for 
gain variations i n frequency. 
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gaincal() 
Task gaincal() determines solutions for the time-based complex antenna gains, for each 
spectral window, from the specified cal ibrat ion sources. C a n solve both for amplitude and 
phase variations, separately or together. 

aplycal() 
The above C A S A tasks make various cal ibrat ion tables - it means they characterise the 
difference between idealized visibili t ies (calculated from the models of the calibrators) and 
their actually measured counterparts. The idea behind cal ibrat ion postulates that the 
unknown studied object undergoes the same "distorsions" as the calibrators so that cor­
rections i n the form of "inversions" of the cal ibrat ion tables can be applied also to the 
science target. This is realised by the C A S A task applycalQ. 
The cal ibrat ion and flagging procedure finishes by making the calibrated measurement set. 
This already contains a l l possible corrections for influence of atmosphere and the instru­
ment. Nevertheless, s t i l l we have only a sample of the visibil i t ies V(u, v) and we need to (i) 
make the I F T and (ii) i teratively deconvolve the instrumental P S F . B o t h of this procedures 
are unified i n the C A S A task. 

tclean() 
It allows to process the image from visibili t ies and deconvolve i t . It is a new version of 
clean() and allows to process the imaging and deconvolution on parallelized computing 
methods. Thanks to its relative good performance it can be used also for self-calibration 
loop: A process where the unknown object itself is used as another phase calibrator and 
its model is i teratively improved (combining gaincal('p') and tclean(J). 

Processing of the solar data (see Section 2.2) basically follows this standard strategy, 
but i n addit ion to it we have to (1) calculate the antenna temperature (because it can 
be in no case neglected w.r.t . the system temperature), and (2) put a correct celestial 
coordinates to the object at the Sun, based on the ephemeris submit ted to the A L M A 
observing S W . We shall tackle the specifics of solar data processing briefly in Section 2.2. 

DATA MODEL RESIDUAL 
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Figure 1.6: tclean procedure (Task tclean description 2020). 
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1.3 Modern interferometric observatories 
A s mentioned, radioastronomy is done by two ways, big single-dish telescopes or aperture 
synthesis w i th large arrays. The most straightforward and many times the most effective 
solution to our problem wi th resolution is huge parabolic refractors (single-dishes). M a i n 
advantage is direct view of the source and therefore abundance of artefacts. The bigger dish 
(measured in how many wavelengths we can fit in) the more precise our measurement is. 
Inspirited by opt ical astronomy, radioastronomers are put t ing more detectors to focal point 
of the radiotelescope to make scanning more quicker. One of the examples is multi-feed 
detector ALFA w i th seven element on radiotelescope Arec ibo in Puer to R ico (Altschuler & 
Salter 2013). Other advantage of single-dish systems is great sensitivity which comes wi th 
huge collecting area. Th is helps wi th detection of faint sources and spectral resolution -
which comes hand i n hand; Narrow spectral band means we need more photons. 

Figure 1.7: The Arec ibo Observatory i n Puer to R ico (Mar io Roberto D u r a n Or t i z 2019). 

B u i l d i n g these enormous structures is good P R , but it has technical l imits . Na tu ra l 
requirement is abi l i ty to steer and point on desired source, but these systems are also heavy 
and sensitive on wind , hence they are difficult to bu i ld . The biggest steerable radiotelescope 
is Green Bank Observatory ( G B T ) , governed by Amer ican N S F , and German radiotelescope 
of M a x Planck Society for radioastronomy i n Effelsberg near Bonn , bo th wi th 100m main 
dish. It seems, for many reasons, we reached the peak of technical advancement in single-
dish radioastronomy and no more progress is expected. 

Different story is in sub- and mil l imetre wavelengths, which depends on precise shape 
of the dish. Thanks to technological advancements, we are able to bu i ld bigger and more 
precise dishes for this area than ever before. G o o d example is I R A M ' s (Institute Rad io 
Astronomie Mil l imetr ique) 30m dish i n France near Grenobl , which played a part i n global 
V L B I network E H T used for displaying black hole in M 8 7 . In this sense, 10m South Pole 
Telescope bu i ld i n inhospitable Antarc t ic , played part too, adding a baseline. B u t the 
most famous progress in single-dish system is "Chinese Arec ibo" - radiotelescope F A S T 
{Five hundred meter Aperture Spherical Telescope) w i t h diameter 500m (with effective 
collecting area 300m) so far the biggest single-dish telescope. L ike Arec ibo telescope, 
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they have l imi ted steering options: (1) moving wi th detectors i n focus plane, (2) par t ia l ly 
changing geometry of the prime dish and (3) rotat ion of E a r t h itself. They also share the 
way they form spherical shape, they are bu i ld i n a natural depression, but unlike F A S T , 
telescope i n Arec ibo is also active radar; it is used for s tudying near-Earth asteroids. 
F A S T ' s main scientific goals are study of pulsars, d is t r ibut ion of interstellar hydrogen on 
1420MHz frequency and search after extraterrestrial civil izations S E T I . 

In radiointerferometry and aperture synthesis they t ry to evade technical difficulties 
of the single-dish by bui ld ing more but smaller telescopes and combining their received 
signals. Th is idea was not new, but it lacked modern digi ta l technology. There are many 
ways this can be done. The historically first was i n construction of equidistant arrays 
of phase coordinated antennas, combined for better resolution i n cross shape or in shape 
of letters " T " and " Y " , for both direction of 2D sky sphere. Signal from waveguides is 
phase correlated and combined. It is the same concept as diffraction grating. This phased 
array behaves like one big telescope. The wid th of the m a i n beam is also proport ional 
to order A/D, but here D does not mean diameter of antenna, but distance of the first 
and the last antenna. So why it is not enough to have only two antennas? Because we 
would have only th in beam, that would repeat every two periods of the beam and get 
indefinite image of the source; side lobes would be as big as the ma in one and we could 
not dist inguish one from the other. Real izat ion of interferometric antenna array wi th 
phase field can be done purely analogue and have been used since the 50s of 20. century. 
These arrays are easily distinguishable for their equidistant arrangement. G o o d example 
is radio interferometer in French Nancay or Siberian Solar Rad io Telescope. This has 
also its weaknesses; we work wi th analogue frequency filters so the image is done for only 
finite (and rather small) number of discrete frequency channels w i th tight bandwidth (it 
does not contain spectral information, which is i n astronomy very important) . Because of 
these "defects" and technological advancements, we shifted on modern methods of aperture 
synthesis and interferometric systems w i t h correlators, which these flaws do not have. 

This list of interferometric system is only i l lustrative and contains systems that are 
focused or are able to do solar observations. 

S S R T , which was already mentioned, is radioheliograph of the Institute of Solar-
Terrestrial Physics i n Irkutsk, Russia . T i l l recently, it work as two equidistant arrays 
i n cross configuration in east-west and north-south directions. I mention it here again, be­
cause it is now under reconstruction for aperture synthesis system. They are changing the 
configuration of a l l 256 antennas and also it w i l l have broader frequency range (Fig.1.8). 

Figure 1.8: Siberian Solar Rad io Telescope (example of X-shaped array) (Sergey Trukh in 
2015). 
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M U S E R (Mingantu Spectral Radioheliograph) is also system which is providing us 
radio maps of the Sun on mult iple frequency channels; that w i l l give us full spatial and 
spectral information of dis t r ibut ion of radio emission of the Sun. Thanks to strong signal 
from Sun and its variability, the instrument w i l l have a solid t ime resolution. Users w i l l 
have available dense array of 3D data cubes. M U S E R is composed of two subsystems; low-
frequency (400MHz- 2000MHz) w i th 40 parabolic antennas wi th diameter of 4,5 meters and 
high-frequency (2Ghz - 15GHz) w i t h 60 2-meters also parabolic antennas. The max imum 
base for aperture synthesis is 3 k m , giving a 10" for the low-frequency and 1.4" for the 
high-frequency part. 

G M R T (Grand Meterwave Radio Telescope) is a recently completed aperture synthesis 
interferometer operated by the Nat iona l Institute of Rad io Astrophysics ( N A C R T I F R ) i n 
K h o d a d near Pune, India. It does not have detailed spectral resolution, but it provides 
images at a to ta l of six not very distant frequencies of 50, 153, 233, 325, 610 and 1420 
M H z i n the wavelength meter range. T h i s covers the area quite well . The longest base is 
25km, providing a l imi t resolution of 2" at 1.42GHz. The instrument is not dedicated to 
solar observation, but is sometimes used to observe the sun. 

L O F A R {LOw Frequency ARray) is enormous interferometer working on relatively 
long radio waves in range of frequencies 1 0 M H z - 2 4 0 M H z . It was buil t by an international 
consortium of European countries and its antennas are located i n almost the whole of West­
ern and Cent ra l Europe, on an area whose linear dimensions exceed 1000km (Fig.1.9). The 
device provides very long bases and works on the V L B I principle. L O F A R synchronization 
at remote stations is performed using dedicated broadband Internet connections. How­
ever, this system is used for communicat ion between distant antennas (that is, for long 
bases that provide Fourier components for short scales i n the image), the "nests" of the 
antennas at each station have much shorter bases (thus displaying medium and long-range 
radio source scales) and are interconnected by standard waveguides. A l t h o u g h the pr imary 
objective of the instrument is not the observation of the Sun, one of the six key scientific 
areas covered by the L O F A R project is called "Solar Physics and Space Weather". 

Figure 1.9: Locat ions Telescope ( A S T R O N 2018). 



Radio interferometry 19 

N O E M A {Northern Extended Millimetre Array) is bui l t and operated by the Institute 
of Mi l l imete r Rad io As t ronomy ( I R A M ) i n Grenoble, France (this is a joint project of the 
French C N R S , the German M P G and the Spanish I G N ) . The observatory itself is located 
at Plateau-du-Bure i n the French A l p s . It is a lively, ever-expanding project - at present 
it is equipped wi th twelve 15m antennas placed on the railway track, allowing variable 
configuration of the whole field w i th the largest base 1.6km. It observes the northern sky 
(thus complementing the area unreachable from A L M A ) in m m wavelengths from 70GHz 
to 370GHz. 

( E ) V L A {Expanded Very Large Array) is an interferometer i n Amer i can New Mexico , 
undergoing extensive modernizat ion ( V L A —> E V L A ) . It operates in the 1 G H z - 50GHz 
band, perfectly complementing the L O F A R low-frequency field observation and the A L M A 
high-frequency observatory. The (E) V L A antennas, along wi th nine other radio telescopes 
in the U S , can cooperate wi th in V L B I interferometry, and the whole system is called V L B A 
(Very LongBasel ine A r r a y ) . 

S K A {Square Kilometre Array) is s t i l l project of the future. Th is international project, 
if implemented, w i l l not br ing the first scientific data unt i l 2023, but its full completion 
is planned for 2030. However, after experience bui ld ing the A L M A observatory, it can 
be safely said that a gigantic project is l ikely to lead to some delay - which is rather 
normal i n pioneering projects deploying unproven new technology. In addi t ion to the 
unimaginable sensitivity of the instrument given by the to ta l effective collection area of the 
antenna of approximately 1 km2 (hence the name of the instrument), the S K A observatory 
would reach unprecedented resolution as its antennas are to be deployed i n two continents, 
South Afr ica and Aus t r a l i a and New Zealand. Therefore, the use of V L B I technology for 
correlation between continental antennas is a matter of course. In this case, the atomic 
clock should provide the necessary synchronization. The S K A should cover a relatively 
large and continuous frequency range from 5 0 M H z to 14GHz (with a p lan to expand to 
3 0 G H z ) . Because the ideal antenna parameters change i n such a wide interval, the whole 
array w i l l be implemented as two subsystems for long and medium + short wavelengths 
(+ addi t ional smaller survey array). E v e n i n this case, the pr imary objective is not the 
observation of the Sun, but one of the scientific programs called "Cosmic Magnet ism" 
impl ic i t ly counts on research into the magnetic fields of the Sun by this device (Czech solar 
radio astronomers are involved i n the relevant international working group). If this project 
is fully implemented, it is l ikely to revolutionize astrophysics. The S K A field already has 
smaller "opening projects" to test technologies designed to be used on a larger scale on 
S K A - the M e e r K A T interferometric systems i n South Afr ica and the M W A (Murchinson 
Widefield Ar ray) i n Aus t ra l i a . 

A L M A {Atacama Large Millimetre/submillimetre Array) is a project of interferomet­
ric system for receiving radio waves of mil l imetre and submill imetre lengths, covering an 
area of almost 200/cm 2 . It is buil t and operated by the joint efforts of the European South­
ern Observatory ( E S O ) , the Amer ican Nat iona l Rad io As t ronomy Observatory ( N R A O ) 
and the Japanese Nat iona l As t ronomica l Observatories of Japan ( N A O J ) i n the A tacama 
Desert, Chi le , at 5,000 meters above sea level so the Ear th ' s atmosphere gases (especially 
in water vapor) interfere w i t h observation as l i t t le as possible. It has become a key in­
strument in astrophysical research for at least the next decade. A L M A is able to study 
the first stars and galaxies from the cosmic "dark ages", bill ions of years ago. O r even the 
nearby Universe, A L M A provides an unprecedented abil i ty to study the processes of star 
and galaxy formation. Unimpeded by the dust that obscures visible light observations, 
A L M A can reveal the details of young, st i l l-forming stars and show young planets s t i l l i n 
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Figure 1.10: A L M A and sample of data (courtesy of M . B á r t a ) . 

the process of development, the objects of the distant universe and our cosmic vicini ty, for 
which the telescope was pr imar i ly designed, it is now engaged in research into our closest 
star, the Sun. In many respects, A L M A is launching a new era i n observational astronomy. 
It not only opens up a completely new observation window i n the T H z frequency range, it 
also provides unprecedented spatial and frequency resolution in two independent polariza­
tions, and has an unprecedented sensitivity thanks to its large to ta l collection area. Since 
2013 A L M A is officially in full operation. 

Because the Sun is much different than usual cosmic target A L M A has, (stronger 
radio source, bigger diameter than the arrays field of view, overheating of the receivers), 
special observation mode was developed. It is since 2017 used for research and perfectly 
going. W i t h new understanding of A L M A ' s capabilities more research is done, A L M A has 
already over 1500 scientific publications and 1800 proposals for observations wi th A L M A 
are received on average each year. 
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Figure 1.11: A L M A array in one of its compact configurations ( B á r t a 2016). 



2. Solar research with A L M A 

2.1 What can A L M A tell us about the Sun 
B o t h for other areas of astrophysics and solar physics, A L M A w i l l solve many long-standing 
questions. One of them is particle acceleration i n solar flares, which we know not only 
from radio-spectroscopy but from H a r d X-rays ( H X R ) ; it 's high intensity is nowadays used 
for detection of eruption activity. Thanks to H X R we know the energy and quanti ty of 
these particles, but our 'standard' model tells that there are too much of them to be 
only accelerated by electric field. There are many theories of the origin but prel iminary 
calculations are suggesting that these accelerated electron beams can, thanks to interaction 
wi th magnetic field, radiate w i th gyrosynchrotron mechanism. W i t h this k ind of emission 
and due to high energy, the wavelengths fall onto mil l imeter and sub-millimeter range, 
which wi th A L M A ' s great spatial resolution gives us hope to have direct measurement of 
these beams and maybe even regions where they come from. 

Other unsolved question is convection i n Sun and other stars. Numer ica l calculations 
are giving us detailed picture of convection in upper layer of photosphere and chromosphere 
but we lack observations that would confirm these models or even give us some cal ibrat ion 
parameters. One of the numerical models gives us detailed temperature structure of the 
chromosphere, but comparison wi th opt ical and especially spectroscopic measurements is 
problematic due to calculation of the temperature. To get the model of spectral line we need 
to solve equations of radiat ion transmission, but we can do that only i f the transmission 
is i n thermal equi l ibr ium. If we would t ry to solve inverse problem, that is, t ry to get 
parameters (temperature, ...) from spectral lines of the plasma, there would be ambiguity 
and beside that, opt ical observations do not have the spatial resolution yet to dist inguish 
lines from convective cells. O n the other hand, observation of thermal radiat ion of lower 
chromosphere and photosphere (which falls i n mil l imeter range) by A L M A can measure 
the temperature directly and wi th amazing spatial resolution. Thanks to that, A L M A is 
able to give us answers to understanding of temperature structure of chromosphere and 
surface convection on Sun. 

Similar problem is w i th fine structures of solar protuberances. They are made of chro-
mospheric material , which are maintained by magnetic field i n heights corresponding to 
the corona. W i t h every new solar probe we get more details of the fine structure of pro­
tuberances, which lead us to more questions, especially about their dynamics (F ig . 2.1). 
A L M A has far greater resolution than these probes so it is able to examine a l l scales of 
assumed filamentation of the mater ial i n the protuberance up to the level of the dissipa­
t ion scale. A p a r t from that, in the ca lm chromosphere, thermal radiat ion of protuberances 
and opt ical observations could separate effects of density and temperature on intensity of 
emission and directly get temperature and density structure of protuberances. 

W i t h A L M A we have possibil i ty to study recombination spectral lines formed by elec-
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Figure 2.1: Simulat ion of solar protuberance done i n C A S A (Heinzel et a l . 2015). 

t ron transitions between high levels of a hydrogen atom. Its existence was not yet con­
firmed, but i f they are there, it would give us important diagnostic tool for measurement 
of magnetic fields i n the part of the solar atmosphere where it is otherwise difficult or 
impossible. 

2.2 How can we make A L M A observing the Sun 
A s the solar physicists are getting to know the possibilities of A L M A , many more questions 
are revealing themselves w i t h an opportuni ty to be answered wi th data from A L M A . 
They bui ld and constructed it to be able to observe the Sun, but it was a long way to 
get the right data. They had to make sure that when point ing to Sun, radiat ion would 
not damage the receivers because Sun is much more stronger radio source than usual 
A L M A scientific targets i n distant universe. So the specific Solar Observing Mode was 
developed. E . g . the luminance temperature in the chromosphere corresponds to the kinetic 
temperature of the chromospheric plasma and is therefore of the order of 10000K. Bu t 
A L M A is sensible enough to register radio sources wi th luminance temperature tenth of 
K e l v i n . Unfortunately, no detector is able to handle this dynamic range of intensity (and 
have linear characteristic). Because A L M A ' s advantage is high sensitivity and the detector 
has linear sensitivity for low intensities but for luminance temperatures around 5000K 
saturation occurs. So they came up wi th attenuators, filters that can be placed before the 
receivers, when expected high intensity to be measured. Yagoubov (2013b, 2014) remarked 
that A L M A SIS mixers could be debiased to reduce the mixer gain and effectively increase 
the saturation level to a degree that allows solar observations without the use of the solar 
filters, at least for non-flaring conditions on the Sun. These produce lower conversion gain 
and since the dynamic range scales roughly inversely wi th gain, these settings can handle 
larger signal levels before saturating. Other problem is w i th overheating of detectors. 
Fortunately, they thought about this problem i n the beginning and made the antennas 
so that for visible and infrared radiat ion the surface would look rough and dispersive but 
leave it coherent for mil l imeter and sub-millimeter wavelengths. 

The field of view of bo th 7-m and 12-m A L M A antennas is smaller than diameter of the 
Sun, therefore the array is insensitive to solar background. This can be fixed by fast-scan 
mapping the whole Sun disk. It recovers information about absolute temperature, large 
spatial scales i n mosaic images and minimizes the impact of atmospheric variation. In the 
end, you have the whole solar disk map i n 7 minutes and it can be useful for studies of 
l imb brightening and for distinguishing between various solar atmospheric models. Nowa-
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Figure 2.2: Double-circle single-dish scanning pattern. Consecutive minor circles which 
denote the actual path of the antenna are coloured. Inner dashed circle denotes the major 
circle around which minor circles move. Dot ted circle represents the solar disk. Uni t s are 
given i n arcseconds (Whi te et al . 2017). 

days is used double-circle fast-scan. A n advantage of this type of mapping is that antenna 
moves steadily w i th constant velocity throughout the target, there are no sharp turns or 
accelerations and its coverage matches the shape of the solar disk and it repeatedly revisits 
the region of the center of the disk, allowing atmospheric opacity variations to be corrected. 

Sun is ever-changing object; it changes i n course of the day (differential rotation) or even 
seconds (flares and eruptions). One of the problem is that we do not have enough samples 
i n the u-v plane and we can not use the rotat ion of the E a r t h when observing quickly 
changing regions. Fortunately, there were developed simulat ion functions i n C A S A for 
finding the op t imal mode for observing ind iv idua l science cases. s imobse rveQ can generate 
visibil i t ies and s imana lyze ( ) produces a cleaned image based of these visibil i t ies and generate 
diagnostic image. Other problem is t ry ing to track the specific solar target. In order to do 
that, we need to know Sun's physical ephemeris, offsets relative to physical ephemeris and 
its rotat ion. Th is can be provided by A L M A solar ephemeris generator - based on the Jet 
Propuls ion Labora tory ( J P L ) Hor izon web interface. Solar observer can specify the target 
offset relative to center of the Sun and use a model to correct for the Sun's differential 
rotat ion. Ul t imate ly you get a targets coordinates as a function of t ime. 
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Figure 2.3: The A L M A Solar Ephemeris Generator user interface (Skokic & Brajsa 2019). 

W h e n we have the right configuration for the observation and we get the final cali­
brated data from C A S A , which w i l l be discussed how i n next chapter, we get F I T S file 
w i th luminance temperature of solar atmosphere for reference t ime i n heliocentric equato­
r ia l coordinates, right ascension a and declination 5. These coordinates are inconvenient 
for further work. E . g . impossibi l i ty to compare the data w i th data from other solar ob­
servatories like S S T , Gregor or probes Hinode or S D O (and others...), because they work 
wi th Helioprojective Coordinates (F ig . 2.4). Par t of this thesis is to make script for this 
conversion and test it by composit ion wi th data from S D O and its instruments. 

Nor :N polo 

South '• 

Figure 2.4: Heliographie and helioprojective coordinate systems (Whi te et al . 2017). 



3. Procedure for the 
transformation of solar data from 
the A L M A observatory: own 
contribution to the scientific use of 
solar observations 

In spite I cannot use the solar data from my own project (from the submission of the 
proposal for observing t ime to receiving the calibrated data it usually takes more than a 
year), a lot of solar observations are available in the A L M A Science archive (2020). The 
science data are protected for the project P I for one year, than they become publ ic ly 
available. I have used this opportunity. Moreover, the data taken during Commissioning 
& Science Verification of the Solar A L M A Observing Mode are freely available too. 

In order to demonstrate that the procedure, which transforms the final A L M A F I T S 
image into the appropriate H P C coordinates (and which is the ma in pract ical goal and 
outcome of thesis) works well, we would like to compare (overlay) the solar A L M A images 
wi th their counterparts observed in opt ical or U V / E U V radiat ion. Therefore, the data 
containing significant structures visible both i n opt ical or U V telescopes and A L M A , have 
been selected. 

We started wi th a raw, uncalibrated data and basically followed the procedure as de­
scribed in the CASA Guide for solar A L M A C S V data ( C A S A Guide 2018). The observa­
t ion used i n the C A S A Guide is a mosaic of the large sunspot, hence, a suitable structure 
for the comparison wi th its opt ical counterpart. The data are available either v i a A L M A 
Archive or through the l ink i n the above mentioned tutorial . 

After I download and unpack the data i n terminal: 

tar -xvzf Sunspot_Band.6_UncalibratedData.tgz 

cd Sunspot_Band6_UncalibratedData 

A n d import some scripts: 

import a n a l y s i s U t i l s as aU 

es = aU.stuffForScienceDataReduction () 

exe c f i l e ( ' S u n _ r e d u c t i o n _ u t i l . p y ' ) 

I can go to C A S A , which the following code w i l l be in . F i rs t i define the directory name 
of the A L M A Science D a t a M o d e l ( A S D M ) and some directory names of the Measurement 
Sets (MS) for the calibration: 

asdm ='uid A002_Xae00c5_X2a8d' 

mso = asdm + '.ms' 
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mss = asdm + '_split.ms ' 

msc = mss + ' . c a l ' 

Before I can work wi th the data, I need to convert them into C A S A M S format, which 
is s imply done by task i m p o r t a s d m . R o w 2. and 3. are for correction of S Y S C A L table 
times. 

importasdm(asdm = asdm, v i s = mso, asis='Antenna 

CalAtmosphere CalWVR CorrelatorMode SBSummary 

from recipes.almahelpers import f i x s y s c a l t i m e s 

f i x s y s c a l t i m e s ( v i s = mso) 

Firs t step w i l l be getting to know what is i n the data. 

l i s t o b s ( m s o , l i s t f i l e = asdm + ' _ l i s t o b s . t x t ' ) 

I w i l l now show this text file here, but it can be found on the attached l ink. M y main 
focus is on first and th i rd sections. The scientific observations are done wi th the spectrum 
windows (Spw) 0 12, and the IDs of the Spw wi th 128 channels, which are used for image 
synthesis, are 5, 7, 9, and 11. Therefore, we w i l l calibrate the data of SpwID 5, 7, 9, 
and 11 only. The data of spwID 0, 1, 2, 3 are the data from the square-law detectors of 
the basebands. The data w i l l be used for creating Tsys+Tant (Temperature of system 
+ Temperature of antenna) tables, and are archived as the auto-correlation data i n the 
dataset. 

Some scans in the data were used by the online system for point ing and sideband ratio 
cal ibrat ion. These scans are no longer needed, same as the averaged data of each Spw, so 
I flag them f lagdata by selecting on ' in ten t ' ( l . and 2. row), then saving current flagging 
state using the f l agmanager task (3. row). 

flag ;data(vis = mso , mode = 'manual ' , intent = ' *P0INTING*,*SIDEBAND _RATI0* ' 

, flagbackup = False) 

flag ;data(vis = mso , mode = 'manual ' , spw = '6,8,10,12', flagbackup = False) 

flag ̂ manager(vis = mso, mode = 'save ' , versionname = ' p r i o r i l ' ) 

Now I calibrate the data by Tsys, which gives a first-order correction for the atmospheric 
opacity as a function of t ime and frequency, and associates weights w i th each vis ibi l i ty that 
persist through imaging. The data contain Tsys measurements, so by task gencal I generate 
the cal ibrat ion table. 

g e n c a l ( v i s = mso, c a l t a b l e
 : 

= mso + ' . t s y s ' , caltype = 'tsys') 

f l a g d a t a ( v i s = mso + '.tsys ', mode = 'manual', spw = ' 

5:0~9;116~127,7:0~9;116~ 127 ,9:0~< );116~127 , 11 :0~9;116~127', flagbackup = 

False) 

es. checkCalTable(mso+'.tsys ', msName = mso, i n t e r a c t i v e = False) 

Now I apply the the Tsys cal ibrat ion on bandpass calibrator using the task app l yca l , 
which reads the specified gain cal ibrat ion tables, applies them to the (raw) data column, 
and writes the calibrated results into the corrected column. 

a p p l y c a l ( v i s = mso, f i e l d = '1', spw = '5,7,9,11', gaintable = 

', g a i n f i e l d = '1', interp = ' l i n e a r , l i n e a r ' , calwt = True, 

False) 

I also need to calibrate the phase calibrator: 

a p p l y c a l ( v i s = mso, f i e l d = '2', spw = '5,7,9,11', gaintable = mso + '.tsys 

', g a i n f i e l d = '2', in t e r p = ' l i n e a r , l i n e a r ' , calwt = True, flagbackup = 

False) 

S t a t i o n Receiver Source 

CalDevi ce ') 

That is done by task l istobs: 

mso + '.tsys 

flagbackup = 
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The standard method of Tsys cal ibrat ion cannot be apply to the data of the Sun, 
because the antenna temperature of the Sun cannot be neglected for estimating the system 
equivalent flux density ( S E F D ) . To estimate correct S E F D at the Sun, the solar observing 
sequence includes some special measurements, like the measurement of zero-signal level. 
The subroutines for creating and applying Tsys+Tant cal ibrat ion tables are prepared by 
the A L M A solar development team. For the Tsys+Tant cal ibrat ion of the solar data, you 
w i l l execute only the following command: 

sol_ampcal_2(mso, mso + ' . t s y s ' , e x i s T b l = F a l s e , outCSV=True) 

Since I completed the Tsys and Tsys+Tant calibrat ion, the data that are not used i n 
the image synthesis are flagged. The data are: auto-correlation and atmosphere cal ibrat ion 
(1. and 2. row), spectral windows that are not used (3. and 4. row), the channels near 
the both edges of the spectrum window ( 10 channels) (5. row): 

f laj j d a t a ( v i s = mso , mode = 'manual', autocorr = True, flagbackup = False) 

f laj j d a t a ( v i s = mso , mode = 'manual', intent = '*ATMOSPHERE*' , flagbackup = 

False) 

f laj j d a t a ( v i s = mso , mode = 'manual', spw = '0~4', flagbackup = False) 

f l a ; j d a t a ( v i s = mso , mode = 'manual', spw = '13~36 ' , flagbackup = False) 

f laj j d a t a ( v i s = mso , mode = 'manual', flagbackup = F a l s e , spw=' 

5:0~9;116 "127 ,7: 0~9 ; 116" 127,9:0~< ); 116~127,11:0~9;116~127 ') ; 

The some sub-scans at the start and end of the scientific scans are used to measure the 
sky w i t h the setting of opt imized for the Sun. Since the data are used only for estimating 
the antenna temperatures at the Sun, I flag the data: 

mymsmd = createCasaTool(msmdtool) 

mymsmd.open(mso) 

sciScan = mymsmd.scansforintent('*OBSERVE_TARGET*') 

mymsmd.done () 

for i in range(0, len ( s c i S c a n ) ) : \ l a b e l {\label {\label {\label {-[\t iny key}}}}} 

subInf=aU.computeDurationOfScan(sciScan[i], vis=mso, returnSubscanTimes= 

True) 

subNum = sublnf[1] 

f l a g d a t a ( v i s = mso, timerange = sublnf [3] [1] , mode = 'manual', flagbackup = 

False) 

f l a g d a t a ( v i s = mso, timerange = sublnf [3] [2] ,mode = 'manual', flagbackup = 

False) 

f l a g d a t a ( v i s = mso, timerange = sublnf [3] [subNum-1] , mode = 'manual', 

flagbackup = False) 

f l a g d a t a ( v i s = mso, timerange = sublnf [3] [ subNum] , mode = 'manual', 

flagbackup = False) 

A s we can see from the text file w i th data information, the Tsys values of D A 5 4 antennas 
are significantly large. Therefore, I flag the data of the antenna and save the flagging state: 

f l a g d a t a ( v i s = mso, antenna = 'DA54', mode = 'manual', flagbackup = False) 

flagmanager(vis = mso, mode = 'save', versionname = ' p r i o r i 2 ' ) 

For flux cal ibrat ion was used quasar nrao350. I obtained the flux density and spectral 
index of the nro350 from the A L M A calibrator database (1. - 9. row) and fi l l the model 
data column for nrao350 wi th a model (10. row): 

intentSources=es.getlntentsAndSourceNames(mss) 

ampCalld = intentSources [ 'CALIBRATE_AMPLI'] [ ' i d ' ] + intentSources [ ' 

CALIBRATE_FLUX'] [ ' i d '] 

calFieldNames = intentSources['CALIBRATE_AMPLI']['name'] + intentSources [' 

CALIBRATE_FLUX']['name'] 

amp_cal_name = calFieldNames [1] 
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spwInfo=es.getSpwInfo(mss) 

obs_f req = "°/.f GHz " 7. ( spwlnf o [0] ['refFreq']/le9) 
date=aU.getObservationStartDate(mss) 

date_obs=date.split() [0] 

spwl_flux=aU.getALMAFlux(sourcename=amp_cal_name, date=date_obs,frequency= 

obs_freq) 

s e t j y ( v i s = mss, f i e l d = '2', spw = '0,1,2,3', standard = 'manual', 

f l u x d e n s i t y = [ spwl_flux [ 'fluxDensity'] , 0, 0, 0 ] , spix= s p w l _ f l u x [ ' 

s p e c t r a l l n d e x ' ] , r e f f r e q = obs_freq) 

After that , I determine the reference antenna (1. row) and run the task ga inca l on 

the bandpass calibrator to determine phase-only gain solutions. I used sol int= ' int ' for 

the solution interval, which means that one gain solution w i l l be determined for every 

integration t ime (2. row)and if it looks correct (you can check w i t h 3. and 5. row), create 

the bandpass cal ibrat ion table (4. row): 

ref_ant = 'DA41' 

g a i n c a l ( v i s = mss, c a l t a b l e = mss + '.ap_pre_bandpass ' , f i e l d = ' 1', scan = 

'5', s o l i n t = ' int ' , refant = r e f _ a n t , calmode = 'P') 

es.checkCalTable(mss+'.ap_pre_bandpass', msName=mss, i n t e r a c t i v e = False) 

bandpass(vis = mss, c a l t a b l e = mss+'.bandpass', f i e l d = '1' , s can = '5' , 

s o l i n t = ' i n f ' , refant = r e f _ a n t , solnorm = True, bandtype = 'B ' , 

gaintable = mss+'.ap_pre_bandpass') 

es.checkCalTable(mss+'.ap_pre_bandpass', msName=mss, i n t e r a c t i v e = False) 

Using the bandpass cal ibrat ion table and sol int= ' int ' option, I determine phase-only 

gain solutions of the calibrators: 

g a i n c a l ( v i s = mss, c a l t a b l e = mss + '.phase_int', f i e l d = '1~2', s o l i n t = ' 

i n t ' , refant = ref_ant,gaintype = 'G',calmode = 'p'.minsnr = 3.0, 

gaintable = mss + '.bandpass') 

For amplitude-only gain solutions on the scan time, I use the bandpass and phase 

calibrat ion tables: 

g a i n c a l ( v i s = mss, c a l t a b l e = mss + ' . a m p l i _ i n f ' , f i e l d = '1~2', s o l i n t = ' 

i n f ' , refant = ref_ant , gaintype = 'G', calmode = 'a', minsnr = 3.0, 

gaintable = [mss + '.bandpass', mss + '.phase_int']) 

I w i l l now derive the flux density of the other calibrators by using the flux calibrator 

(whose flux density was set in setjy above): 

f l u x s c a l e D i c t = f l u x s c a l e ( v i s = mss, c a l t a b l e = mss + ' . a m p l i _ i n f ' , 

f l u x t a b l e = mss + ' . f l u x _ i n f ' , reference = '2') 

e s . f l u x s c a l e 2 ( c a l t a b l e = mss+'.ampli_inf', removeOutliers=True, msName=mss, 

writeToFile=True, preavg=10000) 

Now I can create the gain cal ibrat ion table of phase-only gain solutions on the scan 

time: 

g a i n c a l ( v i s = mss, c a l t a b l e = mss+'.phase_inf', f i e l d = '1~2', s o l i n t = ' 

i n f ' , refant = r e f _ a n t , gaintype = 'G', calmode = 'p', minsnr = 3.0, 

gaintable = mss+'.bandpass') 

W h e n I have a l l the cal ibrat ion tables I can apply them on the bandpass, flux and 

phase calibrators (1. and 2. row) and then on solar data (3. row): 

f or i in [ ' 1
 : 

' , '2'] : 

a p p l y c a l ( v i s = m s s , f i e l d = s t r ( i ) , gaintable = [mss + '.bandpass' , mss+ ' . 

phase_int ' , mss+ ' . f l u x . . i n f ' ] , g a i n f i e l d = [ '', i , i ] , i n t e r p = ' l i n e a r , 

l i n e a r ' , calwt = True , flagbackup = False) 
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3 a p p l y c a l ( v i s = mss, f i e l d = '0, 3~150', gaintable = [mss+'.bandpass', mss+' 

.phase_inf', m s s + ' . f l u x _ i n f ' ] , g a i n f i e l d = ['', '2', ' ' ] , i n t e r p = ' 

l i n e a r , l i n e a r ' , calwt = True, flagbackup = False) 

W i t h calibrations a l l done, I can split out the C O R R E C T E D data column: 

i s p l i t ( v i s = mss, outputvis = msc, datacolumn = ' c o r r e c t e d ' , keepflags = 

True) 

Last but not least, we have to attribute the image correct R A / D e c coordinates. Dur ing 
most solar observations, the antennas are t racking a structure on the Sun according to the 
solar differential rotat ion (and dai ly motion on the sky), so the image frame is fixed on 
the solar frame, but the frame is moving on the R A / D e c coordinate frame. Basically, the 
F I E L D table (a part o the Measurement Set) for the ephemeris objects contains a reference 
field w i th coordinates [0,0] and the other fields of the mosaic are described just as an offset 
to this phase reference direction. We need to recalculate the coordinate of each field. F i rs t , 
I modify the coordinate of the (reference) field "0" from the reference t ime using f i xp lanetsQ 
task. The reference t ime has to be the t ime when the antennas are directed to the field "0" 
(1. and 2. row). T h e n we basically add the original offsets to the newly defined absolute 
coordinates, first rescaled form radians to arc seconds (3. to last row): 

1 tb.open(msc+'/FIELD', nomodify=True) 
2 phsCenOff = tb.getcol("PHASE_DIR") 

3 t b . c l o s e () 
4 refRaDec = aU.rad2radec(phsCenOff [0] [0] [0] , phsCenOff [1] [0] [0] , prec = l , 

hmsdms=True, d e l i m i t e r = ' ') 

5 for i in range (3, 151) : 

6 raOff = phsCenOff [0] [0] [ i ] * 180./pi * 60. *60. 

7 deOff = phsCenOff [1] [0] [ i ] * 180./pi * 60. *60. 

8 offRaDec = aU.radec2deg(aU.radecOffsetToRadec(refRaDec, r a O f f , deOff, prec 

= 1) ) 

offRaDecF = ' J2000 ' + aU.deg2radec(offRaDec [0] , offRaDec[1] , prec = l , 

hmsdms=True, d e l i m i t e r = ' ') 

10 f i x p l a n e t s ( m s c , f i e l d = s t r ( i ) , fixuvw = F a l s e , d i r e c t i o n = offRaDecF) 

n tb.open(msc+'/FIELD ' , nomodify = False) 

t g t _ r e f d i r = tb . g e t c o l (
 11

 RefDir_Ref " ) 

13 for i d in range(3, l e n ( t g t _ r e f d i r ) ) : 

14 t b . p u t c e l l ( " R e f D i r _ R e f " , i d , 21) 

15 t b . p u t c e l l ( " D e l a y D i r _ R e f " , i d , 21) 

i d t b . p u t c e l l ( " P h a s e D i r _ R e f " , i d , 21) 

17 tb . close () 

In addit ion, the direction i n the point ing table has a bad influence to the coordinate 
system of the image synthesis, which I w i l l do next, so I erase it: 

i tb.open(msc+'/POINTING ' , nomodify = False) 

•2 a = tb . rownumbers () 

3 tb.removerows(a) 

In this observation the actual durat ion of the observations does not exactly equal to 
the required durat ion of the 149-pointing M O S A I C . Some fields were observed twice, but 
even though the scans are val id, for keeping the uniformity of the sensitivity in a map, it 
is better that they are not used for the image synthesis: 

i msc = "uid A002_Xae00c5_X2a8d_split.ms.cal" 

•2 f l a g d a t a ( v i s = msc, mode = 'manual', timerange = ' 

2015/12/18/20:02:35~20:08:20', flagbackup = False) 

Now I have everything ready to synthesize a sunspot image from the visibil i t ies, so I 
use c lean task: 
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c l e a n ( v i s = msc, spw = '0,1,2,3', stokes = ' I ' , f i e l d = ' 0 , 3~150',phasecenter 

='0', imagename='AR12470_B6AllSpw_I', c e l l = '0.15 a r c s e c ' , imsize = 

[2048, 2048], i n t e r a c t i v e = False,mask = 'box [ [555pix,565pix] , [1505pix 

, 1490pix]] ' , weighting = ' b r i g g s ' , robust = 1., n i t e r = 5000000000, 

psfmode = ' c l a r k ' , imagermode='mosaic', mosweight = True, minpb=0.3, 

pbcor=False, threshold='1.0Jy', gain=0.1) 

Final ly , I do the pr imary beam correction and create the F I T S file of the corrected 

map: 

impbcor (imagename='AR12470_B6AHSpw_I . image' , pbimage='AR12470_B6AllSpw_I. 

f l u x ' , outfile='AR12470_B6AllSpw_I. pbcor', mode='divide ' ) 

exportfits(imagename='AR12470_B6AHSpw _I.pbcor ' , f i t s image= ' 

AR12470_B6AllSpw_I. f i t s ') 

A n d that is it from C A S A , now comes the P y t h o n script for converting the coordinates. 

Fi rs t of a l l , we need to open the F I T S file and extract the data and the header. 

def l o a d F i t s ( s e l f ) : 

hdu = f i t s . o p e n ( s e l f . f i l e _ ) 

hdr = hdu [0] .header 

im = hdu [0] . data[0,0] 

return hdu, hdr, im 

Then, get the coordinates and observation t ime from header. 

obstime = s e l f . h d r ['DATE-DBS ' ] 

self.obstime = Time.Time(obstime) 

ra = r a d i a n s ( s e l f . h d r [ ' c r v a l l ' ] ) 

dec = r a d i a n s ( s e l f . h d r ['crval2']) 

Here I define a function where input are heliocentric equatorial coordinates ( H E Q ) and 

output are helioprojective coordinates ( H P C ) . Unfortunately, there is not a right and easy 

way to convert them, so I needed to convert them to Hor izonta l coordinate system ( A l t A z ) 

and then to H P C . I also needed locat ion of the observer and distance of the Sun in the 

t ime of observation (2. and 3. row). Now the comes the conversion itself. F i r s t we change 

coordinates values to type which we can work wi th (4. and 7. row). Next I prepare a 

frame of the A l t A z coordinates (5. row). N o w the conversion happens (6. and 8. row) . 

Last row returns these values. 

def r a d e c 2 h p c ( s e l f , r a , de): 

alma = EarthLocation.of_site('ALMA ') 

distance = sunpy.coordinates.sun.earth_distance(self.obstime) 

c_rd = SkyCoord(ra=ra*u.rad,dec=de*u.rad,frame='icrs',obstime=self. 

obst ime) 

frame = AltAz(obstime=self.obstime,location=alma) 

temp = c_rd.transform_to(frame) 

sun_altaz = SkyCoord(az=temp.T.az, alt=temp.T.alt,distance=distance,frame 

=frame) 

sun_hp = s u n _ a l t a z . t r a n s f o r m _ t o ( f r a m e s . H e l i o p r o j e c t i v e ) 

return sun_hp.T.Tx.value, sun_hp.T.Ty.value 

After we get H P coordinates we write them to header. 

c r v a l l , crval2 = s e l f . r a d e c 2 h p c ( r a , dec) 

s e l f . h d r ['crval1'] = c r v a l l 

s e l f . h d r ['crval2'] = crval2 

H E Q and H P coordinates are rotated by solar angle P to each other, so the data have 

to be rotated too. F i rs t I copy the header (2. row) and change some keywords (3. - 9. 

row) to be coherent w i th new coordinates. F r o m sunpy l ibrary I called the solar angle (10. 

row), rotate the data by it (11. row) and return the data and the new header (12. row). 
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1 def RotationOfMap(self): 

2 hdr_n = self.hdr.copy () 

3 h d r _ n [ ' c d e l t l '] = ab s ( s e l f . h d r [ ' c d e l t l ' ]*3600) 

4 hdr_n['cdelt2 ' ] = ab s ( s e l f . h d r [ 'cdelt2 ' ]*3600) 

5 hdr_n [ 'ctype1 ' ] = 'HPLN-TAN' 

(i hdr_n['ctype2 ' ] = 'HPLT-TAN' 

7 hdr_n [ 'cunit1 ' ] = 'arc sec' 

8 hdr_n [ 'cunit2 ' ] = 'arc sec' 

9 del (hdr_n [ ' comment ']) 

10 sun_eph_P = sunpy. coordinates.sun.P(self.obstime) 

11 rota = scipy.ndima g e . r o t a t e ( s e l f . i m , a n g l e = sun_eph_P.degree ,order=4, 

p r e f i l t e r = F a l s e , r e s h a p e = F a l s e , cval=np.nan) 

12 return rota,hdr_n 

Now I have the data and header (1. row), I save it to a F I T S file. 

rota,hdr_n = self.RotationOfMap() 

2 s u n p y . i o . f i t s . w r i t e ( ' H P C ' + s e l f . f i l e _ , r o t a , hdr_n) 

So now, I w i l l use this P y t h o n code on F I T S file I got from C A S A (Fig.3.1). 

0 2015-12-18 19:23:12 

- 2 3 . 2 9 -

- 2 3 . 3 0 -

-23 .35 -

- 2 3 . 3 6 -

266.08 266.06 266.04 266.02 266.00 

RA—SIN [deg] 

Figure 3.1: D a t a from C A S A . 

K e y w o r d 
C R V A L 1 2.660E+02 
C D E L T 1 4.167E-05 
C R V A L 2 -2.332E+01 
C D E L T 2 4.167E-05 

D A T E - O B S 2015-12-18 
19:23:12.720 

Table 3.1: D a t a from header. 

Here is the data after running through the code wi th comparison to data from Helio-
seismic and Magnet ic Imager from S D O probe. 
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0 2015-12-18 19:23:12 SunPy Composite Plot HMI magnetogram 2015-12-18 19:22:08 

-200 -150 -100 -50 0 50 -200 -150 -100 -50 0 50 -200 -150 -100 -50 0 50 
Helioprojective Longitude (Solar-X) larcs-ecj Heliop rolet: 1 i -ic\r •<•• \^:i'-.n\ Heliopiojective ongitude ISdar-X) [arcsec] 

Figure 3.2: Processed data compared to data from S D O / H M I . 

K e y w o r d 
C R V A L 1 -106.576 
C D E L T 1 4.167 
C R V A L 2 238.167 
C D E L T 2 4.167 

Table 3.2: D a t a from new header. 

In addi t ion to the sunspot I have processed another dataset - observation of a small 
solar prominence. Advantage of this dataset is i n the fact that it contains the solar l imb, 
whose posit ion can be quite exactly co-aligned and compared wi th the other data. In this 
case, I have been using another instrument at the S D O - A I A , which ' looks' to same part 
of Sun's atmosphere i n E U V line: 

0 2018-03-11 14:35:31 SunPy Composite Plot AIA 304 Á 2018-03-11 14:35:41 

Figure 3.3: Processed data compared to data from S D O / A I A . 

Here (Fig . 3.3), we can see that the edge fits nicely too. It is not precise (uncertainty 
of 4 pixels and can even have error of wrong correction on bending of light i n general 
relat ivi ty) , but enough to dist inguish same solar structure or filaments. 



Conclusion 

Once again, I would like to point out how the data from A L M A are helpful for solar research 
and mil l imeter and sub-millimeter research i n general. Thanks to A L M A we are able to 
study parts of the Sun wi th unprecedented details (have 10 times more details than Hubble 
Space Telescope) and incredible resolution (10 milliarcseconds m a x i m u m angular resolution 
(equivalent to a basketball hoop on the Moon) ) . W i t h this unprecedented spatial resolution 
we are able to study convection of stars i n upper of photosphere and chromosphere and 
fine structures of solar protuberances. Maybe even discover recombination spectral lines 
formed by electron transitions between high levels of a hydrogen atom. These are just 
some examples of problem related to s tudying our Sun, but A L M A is able to solve many 
and more yet unsolved question i n other fields of astrophysics. 

Studied solar act ivi ty never happens on one frequency or in one part of Sun's atmo­
spheres, so we also rely on many other telescopes and/or probes. B u t because A L M A does 
not work only on solar research, observations are made i n standard equatorial coordinates, 
therefore solar physicists are unable to process the data further. So there is a need for 
a script that would convert these coordinates for further data analysis w i th other solar 
observations or even for checking the point ing of A L M A . This would enable 90% solar 
physicist to access the data and use them to their own w i l l . 

Th i s script is rather simple, from F I T S file I got from C A S A , I used the observation 
t ime and coordinates of the center p ixel (the scaling is the same for both datasets) and 
through sunpy and astropy libraries, I converted the coordinates and rotated the map by 
solar angle P . Then I copied the header, made a new one and changed coordinates keywords. 
Final ly , I put the rotated data w i t h the new header and saved as a new F I T S file. 

Fortunately, the script worked on the data from C A S A tutorials. There is some uncer­
tainty from the observation and process of getting the true data, but for this purpose it is 
sufficient. 
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Appendix 

Script for conversion from Ra/Dec coordinates to HPC coordinates 

1 # The computer must have i n s t a l l e d python 3.5 or newer, i t i s due to the 

2 # new realeses from Astropy and Sunpy required i t . 

3 

4 # for running type to ter m i n a l : 

5 # python3 ALMAtoHPC.py '(here the name of the FITS f i l e ) ' 

6 

7 import m a t p l o t l i b . p y p l o t as p i t 

8 import sys 
9 import datetime 

10 from datetime import datetime, timedelta 

n from math import radians 

12 #========== Importing Numpy, and rotate from Scipy ======================# 

1 3 import numpy as np 

14 import scipy.ndimage 

15 #========== Importing Astropy l i b r a r i e s ======================# 

1 6 from astropy.coordinates import SkyCoord, A l t A z , EarthLocation 

17 import astropy.coordinates 

18 import astropy.time as Time 

1 9 import astropy.units as u 

2D from astrop y . i o import f i t s 

2 1 #========== Importing SunPy l i b r a r i e s ======================# 

22 import sunpy 

23 from sunpy.coordinates import frames, get_sunearth_distance 

2 4 import sunpy.map as smap 

2,R> from sunpy . coordinates . ephemeris import get_sun_P 

2 6 

27 #======== Rotation of the data =======# 

2 8 

2 9 def RotationOfMap(im, hdr, obstime): 

3 0 

3 1 p r i n t ( ' R o t a t i n g map...') 

32 

:s<J 

33 

:S4 

37, 

36 

3 7 

38 

hdr_n = hdr.copy () # Copy of header 

h d r _ n [ ' c d e l t l ' ] = abs(hdr ['cdelt1']*3600) 

hdr_n['cdelt2'] = abs(hdr ['cdelt2']*3600) 

hdr_n [ 'ctypel'] = 'HPLN-TAN' 

hdr_n [ 'ctype2'] = 'HPLT-TAN' 

hdr_n [ 'cunit1 ' ] = 'arcsec' 

hdr_n [ 'cunit2 ' ] = 'arcsec' 

40 

41 del(hdr_n['comment ']) 

4 2 

44 

43 sun_eph_P = sunpy.coordinates.get_sun_P(obstime) # Solar angle P 

rota = scipy.ndimage.rotate(im,angle = sun_eph_P.degree ,order=4, 

p r e f i l t e r = F a l s e , r e s h a p e = F a l s e , cval=np.nan) # Rotating the data 

-36-
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45 return rota,hdr_n 

46 

47 #======== Getting data and header from the F i t s f i l e =======# 

48 

49 def l o a d F i t s (f i l e _ ) : 
50 

51 p r i n t ( ' L o a d i n g FITS f i l e . . . ' ) 

52 

53 hdu = f i t s . o p e n ( f i l e _ ) # Loading of data 

54 hdr = hdu [0] .header # Data header 

55 im = hdu [0] . data [0 , 0] # Data 

56 return hdu, hdr, im 

57 

58 #============= Ra/Dec to HPC ===================# 

59 

60 def radec2hpc(ra, de, obstime): 

61 

62 p r i n t ( ' T r a n s f o r m i n g Ra/Dec to HPC coord...') 

63 

c_rd = SkyCoord(ra=ra*u.rad,dec=de*u.rad,frame='icrs',obstime=obstime) 

# Writing the r i g h t way for the coordinates f o r Astropy 

65 

66 alma = EarthLocation.of_site('ALMA') # The glob a l p o s i t i o n of ALMA 

67 

68 distance = sunpy.coordinates.get_sunearth_distance(obstime) # Distance 

of earth to the Sun for the corresponding date of observation 

69 

70 f a = AltAz(obstime=obstime,location=alma) # Converting RA and Dec 

coordinates to AZ and Alt coordinates 

71 

72 temp = c_rd.transform_to(fa) 

73 

74 sun_altaz = SkyCoord(az=temp.T.az, alt=temp.T.alt,distance=distance, 

frame=fa) # Writing the r i g h t way for the coordinates f or Astropy 

75 

76 sun_hp = su n _ a l t a z . t r a n s f o r m _ t o ( f r a m e s . H e l i o p r o j e c t i v e ) # Converting 

from AZ and Alt coordinates to H e l i o p r o j e c t i v e coordinates 

77 

78 return sun_hp.T.Tx.value, sun_hp.T.Ty.value 

79 

80 

81 f i l e _ = sys . argv [1] 

82 hdu, hdr, im = l o a d F i t s (f i l e _ ) 
83 

84 #= Getting observation time, reference values from ALMA header =# 

85 obstime = Time.Time(hdr['DATE-0BS']) # Observing time 

ra = radians(hdr [ ' c r v a l l ' ] ) 

87 dec = r a d i a n s ( h d r [ ' c r v a l 2 ' ] ) 
88 

89 hdr [ 'crval1'] , hdr [ 'crval2 ' ] = radec2hpc(ra, dec, obstime) # x,y coordinate 

in HPC 

90 

rota,hdr_n = Rot ationOfMap(im, hdr, obstime) 

92 sunpy.io.fits.write('HPC '+ f i l e _ , r o ta , hdr_n) # Saving data to new FITS 

f i l e 
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Script for conversion from Ra/Dec coordinates to HPC coordinates and 
overlay with SDO/AIA or SDO/HMI data 

1 # The computer must have i n s t a l l e d python 3.5 or newer, i t i s due to the 

2 # new realeses from Astropy and Sunpy required i t . 

3 

4 import m a t p l o t l i b . p y p l o t as p i t 

s from skimage import data, io 

6 import datetime 

7 from datetime import datetime, timedelta 

8 

9 #========== Importing Numpy, and rotate from Scipy ======================# 

10 import numpy as np 
11 import scipy.ndimage 

12 

13 #========== Importing Astropy l i b r a r i e s ======================# 

14 from astropy.coordinates import SkyCoord, E a r t h L o c a t i o n , AltAz 

15 import astropy.coordinates 

16 import astropy.time as Time 

17 import astropy.units as u 

18 from astrop y . i o import f i t s 

19 

20 

21 #========== Importing SunPy l i b r a r i e s ======================# 

22 from sunpy.coordinates import frames, get_sunearth_distance 

23 import sunpy.map as smap 

24 from sunpy.coordinates.ephemeris import get_sun_P 

25 import sunpy 

26 from sunpy.net import F i d o , a t t r s as a 

27 

28 class ALMAwithSDO: 

29 

30 

31 def _ _ i n i t _ _ ( s e l f , f i l e _ , wavelenght = None, alpha = None, instrument = 

None ) : 

32 

33 #============= Folder and Alma f i t s f i l e ===================# 

34 

35 s e l f . f i l e _ = f i l e _ 

36 s e l f . h d u , s e l f . h d r , s e l f . i m = s e l f . l o a d F i t s () 

37 

38 s e l f . w l = wavelenght 

39 i f not wavelenght : 

40 s e l f . wl = 304 

41 

42 s e l f . alpha = alpha 

43 i f not alpha: 

44 s e l f . alpha = 0.5 

45 

46 self.instrument = instrument 

47 i f not instrument: 

48 self.instrument = ' a i a ' 

49 

50 #= Getting observation time, reference values from ALMA header =# 

51 

52 obstime = s e l f . h d r ['DATE - DBS ' ] # Observing time 

53 self.obstime = astropy.time.Time(obstime) 

54 r a l = r a d i a n s ( s e l f . h d r [ ' c r v a l l ']) 

55 decl = r a d i a n s ( s e l f . h d r [ ' c r v a l 2 ' ] ) 

http://sunpy.net
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57 

58 

59 

60 

(il 

62 

63 

64 

65 

66 

67 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 # = 

83 

84 

85 

86 

87 

HO 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

self.sun_eph_P = sunpy.coordinates.sun.P(self.obstime) # Solar 

angle P 

c r v a l l , crval2 = s e l f . r a d e c 2 h p c ( r a l , d e c l , self.sun_eph_P) 

s e l f . h d r [ ' c r v a l 1 ' ] = c r v a l l # x coordinate i n HPC 

se l f . h d r [ 'crval2 ' ] = crval2 # y coordinate i n HPC 

s e l f . p l o t () 

def RotationOfMap(self): 

p r i n t ( ' R o t a t i n g map. . . ' ) 

hdr_n = s e l f . hdr . copy () # Copy of header 

h d r _ n [ ' c d e l t l ' ] = a b s ( s e l f . h d r [ ' c d e l t l ' ] * 3 6 0 0 ) 

= a b s ( s e l f . h d r [ ' c d e l t 2 ' ] * 3 6 0 0 ) 

= 'HPLN-TAN' 

= 'HPLT-TAN' 

= 'arcsec ' 

= 'arcsec' 

hdr_n['cdelt2 ' ] 

hdr_n['ctype1 ' ] 

hdr_n['ctype2 ' ] 

hdr_n['cunit1 ' ] 

hdr_n['cunit2 '] 

del(hdr_n['comment']) 

rota = scipy.ndimage.rotate(self.im,angle = self.sun_eph_P.degree , 

order=4,prefilter=False,reshape=False, cval=np.nan) # Rotating 

the data 

return smap.Map(rota,hdr_n) # Creating map 

====== Getting data and header from the F i t s f i l e = 

def l o a d F i t s ( s e l f ) : 

pr i n t ( ' L o a d i n g FITS f i l e . . . ' ) 

hdu = f i t s . o p e n ( s e l f . f i l e _ ) # Loading of data 

hdr = hdu [0] .header # Data header 

im = hdu [0] .data [0,0] # Data 

return hdu. hdr. im 

=========== Sun picute from AIA ===================# 

def AIASun(self) : 

p r i n t ( ' G e t t i n g AIA p i c t u r e . . . ' ) 

end = self.obstime.datetime + timedelta(seconds = 60) # Time 

at t r s _ t i m e = a.Time( self.obstime , end) 

r e s u l t = F i d o . s e a r c h ( a t t r s _ t i m e , a.Instrument('aia'), a.Wavelength( 

self.wl*u.angstrom)) # Finds image from AIA from the same time 

downloaded_files = F i d o . f e t c h ( r e s u l t ) # Path to AIA image 

argh = fits . o p e n ( d o w n l o a d e d _ f i l e s [0]) 

a r g h . v e r i f y ( ' f i x ' ) 

Sun = argh [1] . data # AIA Sun image 

Sun_head = argh [1] .header # AIA Sun header 

return smap.Map(Sun,Sun_head) # AIA Sun map 

=========== Sun picute from HMI 

def HMISun(self) : 
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112 

113 p r i n t ( ' Getting HMI p i c t u r e . . . ' ) 

114 

115 end = self.obstime.datetime + timedelta(seconds = 60) # Time 

116 a t t r s _ t i m e = a.Time( self.obstime , end) 

117 r e s u l t = F i d o . s e a r c h ( a t t r s _ t i m e , a.Instrument('hmi')) # Finds image 

from HMI from the same time 

u s downloaded_files = F i d o . f e t c h ( r e s u l t ) # Path to AIA image 

119 argh = f i t s . open (downloaded_f i l e s [0] ) 

120 argh . v e r i f y ('f ix ' ) 

121 Sun = argh [1] . data # HMI Sun image 

122 Sun_head = argh [1] .header # HMI Sun header 

123 return smap.Map(Sun,Sun_head) # HMI Sun map 

124 

125 #============= Ra/Dec to HPC ===================# 

126 

127 def rad e c 2 h p c ( s e l f , r a , de, sun_P): 

128 

129 p r i n t ( ' T r a n s f o r m i n g Ra/Dec to HPC coord...') 

130 

131 c_rd = SkyCoord(ra=ra*u.rad,dec=de*u.rad,frame='icrsobstime=self. 

obstime) # Writing the r i g h t way for the coordinates f or Astropy 

132 

133 alma = EarthLocation.of_site('ALMA') # The glob a l p o s i t i o n of ALMA 

134 

135 distance = sunpy.coordinates.sun.earth_distance(self.obstime) # 

Distance of earth to the Sun for the corresponding date of 

observation 

136 

137 f a = AltAz(obstime=self.obstime,location=alma) # Converting RA and 

Dec coordinates to AZ and Alt coordinates 

138 

139 temp = c_rd . t r a n s f orm_to (f a) 

140 

sun_altaz = SkyCoord(az=temp.T.az, alt=temp.T.alt,distance=distance 

,frame=fa) # Writing the r i g h t way for the coordinates f or 

Astropy 

142 

143 sun_hp = su n _ a l t a z . t r a n s f o r m _ t o ( f r a m e s . H e l i o p r o j e c t i v e ) # 

Converting from AZ and Alt coordinates to H e l i o p r o j e c t i v e 

coordinates 

144 

145 return sun_hp.T.Tx.value, sun_hp.T.Ty.value 

146 

147 def CompositeALMAandAIA(self, sSun, xmap): 

148 

149 pr int ( ' Compos ing map . . . ' ) 

150 

151 return sunpy.map.Map(sSun, xmap,composite=True) # Composite of the 

data and Sun image 

152 

153 def p l o t ( s e l f ) : 

154 

155 p r i n t ( ' P l o t t i n g . . . ' ) 

156 

157 xmap = s e l f . Rot at ionOf Map () 

158 

159 i f s e l f . instrument == ' a i a ' : 

160 sSun = s e l f . AIASun () 

161 i f s e l f . instrument == 'hmi': 
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162 ssSun = s e l f . HMISun () 

163 sSun = s sSun . r ot at e ( order =3) 

164 

165 # C u t O U t 
t o p _ r i g h t = SkyCoord((xmap.top_right_coord.Tx.value) * u.arcsec, ( 

xmap.top_right_coord.Ty.value) * u.arcsec, frame=xmap. 

coordinate_frame) 

167 bottom_left = SkyCoord((xmap.bottom_left_coord.Tx.value) * u.arcsec 

, (xmap.bottom_left_coord.Ty.value) * u.arcsec, frame=xmap. 

coordinate_frame) 

168 swap_submap = sSun.submap(bottom_left, t o p _ r i g h t ) 

169 

170 comp_map = self.CompositeALMAandAIA(swap_submap, xmap) 

171 comp_map.set_alpha(index=l, alpha=self.alpha) 

172 

173 # Plot s e t t i n g s 

174 f i g = p i t . f igur e (f igs ize = (20 , 15)) 

175 

176 axl = f i g . add_subplot (1 , 3, 1) 

177 xmap . p l o t ( axes = axl) 

178 

179 ax2 = f i g . add_subplot (1 , 3, 2) 

180 comp_map . p l o t ( axes = ax2) 

181 

182 ax3 = f i g . add_subplot (1 , 3, 3) 

183 swap_submap . plot ( axes = ax3) 

184 

185 plt.savefig ( ' - [ ] - _ w i t h_-[]--[]-A.png'.format(self.file_, sSun.instrument 

, sSun.wavelength.value), dpi=200) # Saving the composite image 




