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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. 

-1-



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). 



Introduction 3 

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 


