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Abstrakt

Mikrovlnné interferometrickd observator ALMA v Chile, postavend a provozovand v Siroké
mezinarodni spolupraci ESO, NRAO a NAQJ, je jedinetnym zaiizenim pro astronomicky
vyzkum. Prestoze se ALMA vénuje piedev§im objektum vzdédleného vesmiru, mezi jeji
védecké cile také patii i objekty sluneéni soustavy, véetné Slunce. Vzhledem k tomu, ze
velka vétsina cili neni solarni, observatof pfirozené pouziva systém rovnikovych souradnic
Ra/Dec (ICRS nebo J2000). Zatimco standard ve sluneéni fyzice, uzivany druzicovymi i
pozemnimi sluneénimi dalekohledy, je systém tzv. helio-projektivnich kartézskych (HPC)
soufadnic spojenych se stiedem slune¢niho disku. Praktické ziskani védecky vyuzitelnych
slune¢nich radiovych map z observatore ALMA, v¢etné moznosti jejich primého navazani
na obrazova data z jinych observatoii (pozemnich i druzicovych), je tedy pomérné kom-
plikovany proces (kalibrace a vybér dat, imaging, transformace soufadnic). Préce se
soustfedi na studium celého tohoto postupu a vyusti ve vlastni pfispévek autora: pro-
gram, ktery na zakladé vyse zminénych znalosti ziskanych reSersi literatury a praktickym
zpracovanim cvi¢nych redlnych dat z ALMA archivu umozni preklddani vice-kandlovych
zobrazeni Slunce — ALMA + druzicovd nebo pozemni optickd pozorovani — pies sebe.

Abstract

Microwave interferometric observatory ALMA in Chile, built and operated in a wide in-
ternational collaboration between ESO, NRAO and NAQJ, is one of the kind facility for
astronomical research. Although ALMA focuses mainly on objects in outer space, its sci-
entific goals include objects in the solar system, including the Sun, too. Because of vast
majority of the targets is non-solar, the observatory naturally uses the system of equatorial
Ra / Dec coordinates (ICRS or J2000). On the other hand, standard in solar research,
used in satellite and ground-based solar telescopes, is a system of Helio-Projective Carte-
sian (HPC) coordinates connected to the center of the solar disk. The practical acquisition
of scientifically usable solar radio maps from the ALMA observatory, including the possi-
bility 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 contribution: a program which, based on the above knowledge
of literature search and practical processing of real-world training data from the ALMA
archive will enable overlay of multi-channel images of the Sun - over each other.
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Oficialni zadani:

Mikrovinna interferometricka observatof ALMA, postavend a provozovana v Siroké mezinarodni spolupraci ESO,
NRAO a NAOJ, je jedinecnym a Spickovym zafizenim pro astronomicky vyzkum. Od svého vzniku ma na konté
mnoho prilomovych objevl a byla i naprosto kli€¢ovym elementem globainiho VLBI interferometru EHT, ktery nam
v dubnu 2019 pfinesl viibec prvni snimek blizkého okoli €erné diry v galaxii M87.

Pfestoze se ALMA vénuje pfedevSim objektlim vzdaleného vesmiru, mezi jeji védecké cile patfi i objekty sluneéni
soustavy, v€etné Slunce. Védecky vyzkum Slunce s obs. ALMA ma — oproti studiu vzdalenych objektll — ovSem
i svoje zvlastnosti: mimo jiné, kvlli vysokému jasu na mm vinach a relativnimu pohybu objekt(l na Slunci (napf.
skvrn) v(¢i vzdalenym hvézdam (v disledku denniho pohybu a diferencidlni rotace Slunce, coz Ize popsat vhodnou
efemeridou) potfebuje specifickou kalibracni proceduru. ProtoZe emise vZdy zabira celé zorné pole antény, je nutné
obrazy ziskané interferometricky (INT) kombinovat s daty ziskanymi skenovanim pomoci jedné antény (tzv. TP
data). A protoZze ALMA je primarné ur€ena pro vzdaleny vesmir, pracuje pfirozené v systému rovnikovych Ra/Dec
soufadnic (ICRS nebo J2000), zatimco standard ve slune¢ni fyzice, uzivany druzicovymi i pozemnimi optickymi
slune¢nimi dalekohledy, je systém tzv. helio-projektivnich kartézskych (HPC) soufadnic spojenych se stfedem
slunecniho disku. Praktické ziskani védecky vyuzitelnych sluneénich radiovych map z observatofe ALMA, v€etné
moznosti jejich pfimého navazani na obrazova data z jinych observatofi (pozemnich i druzicovych), je tedy pomérné
komplikovany proces zahrnujici (1) specifickou kalibraci a vybér primarnich dat, (2) interferometrické zobrazenf
(imaging) kalibrované datové sady, (3) kombinaci INT obraz(i s TP pozorovanim, a (4) transformaci ziskaného
vysledného FITS obrazu do systému slune¢nich HPC soutadnic.

Prace se soustfedi na studium celého tohoto postupu a vyusti ve vlastni pfispévek autora k nékterym jeho krokim.
Jejim cilem je dikladné seznameni se s metodou radiové interferometrie, jejimi matematickymi zaklady, principy
kalibrace dat a ziskani interferometrického obrazu. PouZiti metody bude demonstrovano na redlnych pozorovacich
datech z archivu observatofe ALMA. Konkrétni aplikace se soustfedi na slunecni pozorovani a jejich specifika —
kalibrace, kombinace INT+TP dat, efemerida a transformace soufadnic. Praktickym vystupem prace bude program,
ktery na zakladé vySe zminé&nych znalosti ziskanych re8ersi literatury a praktickym zpracovanim cvic¢nych redlnych
dat umozni pfekladani vice-kandlovych zobrazeni Slunce — ALMA + druzicova nebo pozemni optickd pozorovani
— pfes sebe. Program zcela jisté najde uplatnéni ve védecké komunité pfi multi-frekvenéni analyze sluneé&nich
pozorovani.
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Introduction

Since 2016 astrophysics knows three ways of studying objects in our Universe: Via 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-
diation of all kinds and, most recently, also by studying the signals of gravitational waves.
From all of them, however, the electromagnetic radiation remains the far dominant source
of our information about remote cosmic bodies and this status likely will not change soon.

From the beginning of time, our studies of the Universe mediated through the electro-
magnetic radiation, were carried out only in the wavelengths visible by human eye, until
William Herschel in 1800 discovered near infrared and Johann W. Ritter in 1801 ultraviolet
radiation (see Wilson et al. (2009)). Nevertheless, with the terrestrial atmosphere block-
ing those kinds of radiation and no available technology for their quantitative detection,
no progress in opening a new spectral window for the astrophysical exploration had been
done, until 1931. In that year, Karl Guthe Jansky, searching for the source of noise in
the wireless communication 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 Maxwell and Hertz to be, akin of the light, the part of the electromagnetic spec-
trum — can be generated (besides the man-made devices) also by the matter in space. The
Jansky’s paper (see Jansky (1933)) on that topic is considered as a birth of a new research
discipline in astrophysics — the radio astronomy. Many other pioneers (Reber (1940), Hey
(1946)) continued in 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. And after the World War 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 in our re-
search carried out from the space, new observing windows have been opened in the entire
spectrum of the electromagnetic waves. High-flying aircrafts, balloons, and satellites like
ISO, IRAS and MSX allow observations in the mid and far infrared; satellites like IUE
for ultraviolet and CHANDRA for X-rays; and many others allow measurements from = -
rays to wavelengths longer than 10* m. Nevertheless, in spite of steeply growing number
of space-research facilities, the ground-based radioastronomy, which has for the first time
broken the visible-light limits for our exploration of the Universe, does not by any means
loose its potential. The opposite is true — recent technological revolution in the digital
signal processing has brought stormy development to the radio astronomy, too. Namely,
it is interferometry and aperture synthesis with large antenna arrays connected to pow-
erful dedicated supercomputers — correlators, what experiences unprecedented expansion
in modern times. For every telescope, bigger means better, especially in radioastronomy.
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With usually weak radio brightness of cosmic bodies and limits, of how large we can build
telescopes, we need more efficient way to collect, already so scarce, radiation, and that
is interferometry. The method is rooted in 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
ALMA (see Fig.2) , LOFAR, GMRT, MWA, Noema, and further, yet larger instruments
are going to be built (e.g., SKA, upgrade of LOFAR to LOFAR-2, etc.).

Larger arrays not only have bigger collecting area but also their increased linear di-
mensions improve spatial resolution, with which we are able to observe our science targets.
This is another important quality of observation, in addition to the already touched sensi-
tivity, which gets improved by increasing total antenna area and also thanks to the modern
more sensitive low-noise amplifiers and detectors. At the same moment, technological ad-
vance helped us to shift the interferometric radio observations towards the very short —
mm and sub-mm — wavelengths (or, in terms of frequencies, into the THz range). This
spectral range in between infrared and ’classical’ radio wavelengths has been, until recently,
a terra incognita, with just a few single-dish instruments working at the sub-THz and THz
frequencies. Coming age of mm arrays like SMA, ATCA, Carma, Noema-2/IRAM-PdB,
and above all the far largest in this category — ALMA, has changed the situation rapidly
and brought a real revolution into our astrophysical research. Namely, combination of the
short observed wavelengths and long baselines (i.e., the linear dimensions of the antenna
array) leads to ,until now, far unreachable spatial resolution of mm interferometric sys-
tems. After success of the long-baseline ALMA campaign (ALMA Partnership 2015) and
first trans-atlantic mm-VLBI connection (ALMA-IRAM, 2015) the dream of the Event
Horizon Telescope (EHT) has come true (see Fig.1) and resulted in the famous first pic-
ture of the vicinity of the black hole in the center of M87 galaxy, published in April 2019.
Let us note, that ALMA played a key role in the global mm-VLBI array of the EHT — its
far larger total antenna collecting area increased sensitivity of the entire EHT system by
factor of ten. And since that big success, the global mm VLBI network centered around
ALMA has started to be used more routinely — mm VLBI projects can be now requested
during standard ALMA call for observing-time proposals.

Figure 1: The Event Horizon Telescope and Global mm-VLBI Array on the Earth (ESO/C.,
Furtak 2017).
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Not only in this respect, observatory ALMA is the global leading player in mm inter-
ferometry for this and likely also for a couple of future decades. With its 66 parabolic
dishes - 54 twelve-meter and 12 seven-meter, spread over 15km of dry Atacama dessert
in Chile, ALMA is multinational project built and operated namely by joint efforts of
European South observatory (ESO), American National Radio Astronomy Observatory
(NRAO) and National Astronomical Observatories of Japan (NAOJ). ALMA has been
officially commissioned as 'finished/ready for science' in March 2013, nevertheless its fur-
ther development since that time still continues: For example, a new correlator, extension
of baselines up to 32km, new ultra 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 ALMA capabilities is rooted in development of new observing
modes. The specific Solar ALMA Observing Mode, which has been in its basic version
commissioned (also thanks to the contribution of the ALMA Czech node (2017) of EU
ARC) in early 2017 and allowed for solar observations with ALMA, can serve as one of
the examples. Although ALMA observing projects mostly focus on galaxies, interstellar
matter, and further objects in the deep Universe, The "Stellar evolution and the Sun"
represents one of the five major ALMA research topics. Andindeed, ALMA can help us a
lot with understanding many so far open key questions in solar physics, too, for example,
heating of the upper chromosphere and corona, coronal magnetism etc. (Bastian et al.
2018).

Figure 2: The Atacama Large Millimeter/submillimeter Array (ALMA) by night, under
the Magellanic Clouds (ESO/O, Malin 2012).

Solar ALMA ObsMode is - since 2017 - used for standard solar research. Neverthe-
less, procedures for observing and especially processing the images of the Sun acquired
by ALMA are still under development. One of the procedures, which is still completely
missing and will help a lot to scientific exploitation of the solar ALMA observations, is
a co-alignment of the calibrated synthesised images of the Sun from ALMA with similar
data obtained by the other modern instruments, namely the space-born telescopes, e.g. on-
board missions like Hinode, IRIS or SDO.While ALMA works in the standard geocentric
equatorial coordinates of ICRS system (a, 5), in which the Sun slowly moves during the



