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Outline – Part IV

► Interferometric imaging – aperture synthesis

o Diference to phased arrays
o Mathemaical foundaions: Van Citert-Zernike theorem
o Geometrical consideraions and coordinate systems
o From complex visibiliies to image: Gridding, weighing, IFT & deconvoluion
o Dirty and clean images
o Cleaning algorithms

► Calibraion of interferometric spectral data 

o „System“ imperfectness: Atmosphere, poining, antenna…
o Total lux
o Bandpass – spectral latening
o Amplitude & phase variaions
o Applying the calibraion tables

► Modern frequency-agile interferometric arrays

o LOFAR, SKA, MUSER
o ALMA
o ARCs: The ALMA user-support infrastructure
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Aperture synthesis: Mathemaical foundaions

Complex visibiliies

2-element interferometric correlator

⟨P12⟩=⟨U 1⋅U2⟩

2
1

1

2

amplifiers/LO mixers
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Aperture synthesis: Mathemaical foundaions

Poining delay

⟨P12⟩=⟨U 1⋅U 2⟩

U
1
=G

1
⋅∫−∞

+∞
E (θ)⋅eiφ(θ)⋅e−iω t

dθ

U2=G2⋅∫−∞

+∞
E (θ)⋅eiφ (θ)⋅e−iωt⋅exp (i 2πD sinθ

λ )dθ

sin (θ0+ϑ)=sinθ0 cosϑ+cosθ0 sinϑ≈sinθ0+cos θ0⋅ϑ

θ=θ
0
+ϑ

U
1
=G

1
⋅∫−∞

+∞
E (ϑ)⋅eiφ(ϑ)⋅e−iω t

dϑ

U
2
=G

2
⋅∫−∞

+∞
E (ϑ)⋅eiφ(ϑ)⋅e−iω t⋅exp(i 2πD sin θ0

λ +i
2 πDϑ⋅cosθ0

λ )dϑ

1-D Geometry

2-element interferometric correlator

1 2

U
2
=G

2
⋅∫−∞

+∞
E (ϑ)⋅eiφ(ϑ)⋅e−iω t⋅exp(i 2πDϑ⋅cosθ0

λ )dϑ

“compact”-source assumption



Feb 9, 2018 Introducion to radioastronomy, MFF UK Praha 10

Aperture synthesis: Mathemaical foundaions

1-D Geometry

2-element interferometric correlator

1 2

U
1
=G

1
⋅∫−∞

+∞
E (ϑ)⋅eiφ(ϑ)⋅e−iω t

dϑ

U
2
=G

2
⋅∫−∞

+∞
E (ϑ)⋅eiφ(ϑ)⋅e−iω t⋅exp(i 2πDϑ⋅cosθ0

λ )dϑ

U
1
=G

1
⋅∫−∞

+∞
E (ϑ)⋅eiφ(ϑ)⋅e−iωt

dϑ

⟨P12⟩=⟨U 1⋅U2⟩=G1G2⋅⟨∬−∞

+∞
E (ϑ)eiφ(ϑ)

e
−iω t⋅E (ϑ ')e−iφ(ϑ ')

e
iω t⋅exp(−i 2πD cosθ0⋅ϑ '

λ )dϑdϑ '⟩

⟨P12⟩=G1G2⋅⟨∬−∞

+∞
E (ϑ)⋅E (ϑ ')eiφ(ϑ)−iφ(ϑ ')⋅exp(−i 2πDcosθ0⋅ϑ '

λ )dϑdϑ '⟩
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Aperture synthesis: Mathemaical foundaions

2-element interferometric correlator

Generalisaion for 2D
Van Citert – Zernike theorem (1934)

⟨P
12
⟩=G

1
G

2
⋅∫−∞

+∞
I (ϑ)⋅exp (−2π iuϑ )dϑ

⟨P
12
⟩=G

1
G

2
⋅∬−∞

+∞
I (l ,m)⋅exp (−2π i(u⋅l+v⋅m) )dldm

distant-source assumption

r
1

2=r
2

2+D
2−2 r

2
Dcos(π/2−θ)

(r
2
−r

1
)(r

2
+r

1
)=−D

2+2 r
2
Dsinθ

r
2
−r

1
≈D sin θ−

D
2

2 r

considered phase delay

D
2

2 r
≪λ



  

Generalisation – hetererogeneous arrays



  

Generalisation – hetererogeneous arrays



  

Generalisation – hetererogeneous arrays



  

Generalisation – hetererogeneous arrays



  

Generalisation – hetererogeneous arrays

Calculation of the structure function of a simple source



  

Generalisation – hetererogeneous arrays

Calculation of the structure function of a simple source

At high (u,v) it depends strongly on the antenna diameter 

















Observations off the Baseline Meridian  

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

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

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

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

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

� How?  By adding time delay.   
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Radio interferometry /  aperture synthesis
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How does ALMA work?
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Extended sources with ine structures: Combined approach

Radio interferometry /  aperture synthesis



Calibration of interferometric data 
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Examples of modern systems AS



VLA

Nobeyama

IRAM /Noema

Příklady moderních AS systémů



Příklady moderních AS systémů

GMRT



Moderní AS systémy – některé dedikované pro sluneční výzkum

 SSRT Badary [RU]

 MUSER [CN]

 E-OVSA [US]

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



Observatory ALMA



ALMA:  učebnicový příklad moderního systému AS 

❒ ALMA = Atacama Large Millimeter/submillimeter Array. Největší projekt současné 

pozemní pozorovací astronomie vybudovaný v chilské poušti Atacama, ~5100 m n.m.

❒ Postavený a provozovaný v partnerství ESO, NRAO and NAOJ

❒ Systém padesáti 12m precizních antén + dvanáct 7m (ACA) sfázovaných do 

interferometru,+ čtyři 12m single-dish (TP)



Co je ALMA?



Co je ALMA?
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How does ALMA work?

Variable array configurations

 – baselines up to 16km
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How does ALMA work?

ACA = Atacama Compact Array – twelve 7-m antennas
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How does ALMA work?

Single-dish (TP) scans
to cover long scales
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How does ALMA work?

Extended sources with fine structures: Combined approach
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Science with ALMA  

http://almascience.eso.org

http://www.almaobservatory.org
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First successes

HL Tau

► Formation  of a new planetary system
► 450 ly away from Earth
► Resolution better than 5 AU !
► Many other PP discs resolved since 

then.

► Early science since 2012 (observing 

Cycles 0,1, and 2)
► Consecutively increasing 

capabilities (N ants, baselines, 

bands,…)
► Significant discoveries: 10% of 

ALMA papers are in Nature or 

Science

ALMA – Early
Science
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► Early science since 2012 (observing 

Cycles 0,1, and 2)
► Consecutively increasing 

capabilities (N ants, baselines, 

bands,…)
► Significant discoveries: 10% of 

ALMA papers are in Nature or 

Science

Section ‘Multimedia → videos’ 

First successes



First sucesses

ESO/ALMA press-releases
related to EU ARC.CZ 
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Perspectives

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

► Black Hole Cam
► Event Horizon Telescope – expected already in 2018!
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Perspectives

2018 (expected):

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

► Black Hole Cam
► Event Horizon Telescope – expected already in 2018!





BH in M87: ALMA contribution to the success
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Lifetime of your ALMA observation project: Subsystems, data flow and SW
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Preparing your project – ALMA OT (Phase I)
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Project execution – typical Scheduling Block (OT Phase II)
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Postprocessing – calibration and imaging in CASA
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Project execution – typical Scheduling Block (ObsSim)
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Postprocessing – calibration and imaging in CASA
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Postprocessing – calibration and imaging in CASA
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Postprocessing – calibration and imaging in CASA
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ALMA Regional Centers / ARCs and the ARC nodes

 Head in ESO Garching
 Seven nodes across Europe

► One in Ondřejov (Prague), Czech republic

Structure of the European ARC:

ALMA Regional Centers – ARCs: 

Supporting infrastructure – interface between ALMA observatory and user community
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EU ARC – Czech node

Status

► Hosted by the Astronomical Institute ASCR
► Negotiations with ESO started in 2007, node accepted into EU ARC network in 2009
► Since 2015 Research Infrastructure (support till 2022, listed in CZ Roadmap, one of the 42 

in CR)
► Expertise areas: Galactic & extragalactic physics, stars & ISM, solar physics, laboratory mw 

spectroscopy

Mission

► User support, community building & training, help with ALMA development 
► Serves the community in CR and entire CE Europe in all its expertise areas
► In solar physics it supports community on the European-wide scale
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Role of the ARC nodes

Towards user community:

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

Towards ALMA observatory and ALMA-system developers:

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

Connecting users ↔ ALMA developers:

► Definition of new modes of observation – based on scientific community requests:

→ use-case studies, simulations, test observations (CSV/EOC),

assembling requirements for system update => suggestions

to ALMA observatory and developers.
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User support

Helpdesk

ARC Astronomer on 

Duty (AoD)
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Role of the ARC nodes

Towards user community:

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

Towards ALMA observatory and ALMA-system developers:

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

Connecting users ↔ ALMA developers:

► Definition of new modes of observation – based on scientific community requests:

→ use-case studies, simulations, test observations (CSV/EOC),

assembling requirements for system update => suggestions

to ALMA observatory and developers.

The ARC node in Ondrejov is developping the solar ALMA observing mode for entire Europe – 

manated by ESO: EOC Project Solar Research with ALMA

M. Barta, I. Skokic and R. Brajsa: Members of international Solar ALMA Development Team
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Why to observe the Sun with ALMA?

 A lot of key science questions in solar physics can be addressed with ALMA.
 This is reflected in the Science with ALMA document (+ Karlicky et al. 2011,

 S. Wedemeyer et. al 2015, EU ARC.CZ – EoC Project Report 2017, …)
 Meaningful use of the day time (‘bad weather’ – higher humidity).

 Increase of the ALMA scientific return/efficiency

Solar peculiarities: Why the solar observations need special treatment?

 The Sun is ‘hot’. Solved apriori by ‘scraped’ surface of parabolic reflectors.
 The Sun is far brighter in mm/sub-mm than other sources. 

 Issue of dynamic range (e.g., in comparison with much weaker calibrators).
 Variability on short timescales (down to <1s in solar flares).

 Time-domain imaging & self-calibration needed.
 Less dense coverage of uv-space (Earth rotation cannot be used).

 In addition to apparent celestial motion of the Sun‘s center we have also (differential) solar 

rotation → complicated pointings / specific ephemeris required.
 Specific coordinate systems used in solar physics.
 Extended sources / emission in entire FOV – TP mapping needed, in a fast-scanning mode.

Specific solar ALMA ObsMode: Why?
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Why to observe the Sun with ALMA?

 A lot of key science questions in solar physics can be addressed with ALMA.
 This is reflected in the Science with ALMA document (+ Karlicky et al. 2011,

 S. Wedemeyer et. al 2015, EU ARC.CZ – EoC Project Report 2017, …)
 Meaningful use of the day time (‘bad weather’ – higher humidity).

 Increase of the ALMA scientific return/efficiency

Solar peculiarities: Why the solar observations need special treatment?

 The Sun is ‘hot’. Solved apriori by ‘scraped’ surface of parabolic reflectors.
 The Sun is far brighter in mm/sub-mm than other sources. 

 Issue of dynamic range (e.g., in comparison with much weaker calibrators).
 Variability on short timescales (down to <1s in solar flares).

 Time-domain imaging & self-calibration needed.
 Less dense coverage of uv-space (Earth rotation cannot be used).

 In addition to apparent celestial motion of the Sun‘s center we have also (differential) solar 

rotation → complicated pointings / specific ephemeris required.
 Specific coordinate systems used in solar physics.
 Extended sources / emission in entire FOV – TP mapping needed, in a fast-scanning mode.

Specific solar ALMA ObsMode: Why?
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Solar ObsMode Commissioning: A project of world-wide collaboration  

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

Miroslav Barta, Astronomical Institute of the Czech Academy of Sciences, Ondrejov, Czech Republic; 

Tim Bastian, National Radio Astronomy Observatory, USA; 

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

Bin Chen, New Jersey Institute of Technology, USA; 

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

Dale Gary, New Jersey Institute of Technology, USA; 

Antonio Hales, Joint ALMA Observatory, Chile; 

Akihiko Hirota, Joint ALMA Observatory, Chile; 

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

Richard Hills, Cavendish Laboratory, Cambridge, UK; 

Kazumasa Iwai, National Institute of Information and Communications Technology, Japan;

Sujin Kim, Korea Astronomy and Space Science Institute, Daejeon, Republic of Korea; 

Neil Philips, Joint ALMA Observatory, Chile; 

Tsuyoshi Sawada, Joint ALMA Observatory, Chile; 

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

Giorgio Siringo, Joint ALMA Observatory, Chile; 

Ivica Skokic, Astronomical Institute of the Czech Academy of Sciences, Ondrejov, Czech Republic; 

Sven Wedemeyer, Institute of Theoretical Astrophysics, University of Oslo, Norway; 

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

Pavel Yagoubov, ESO, Garching, Germany 

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

International Solar ALMA ObsMode Development Team
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Project strategy translated into Working Packages

 WP1: Science use-cases for solar research with ALMA
 Develop and investigate a set of detailed use cases for solar observing with ALMA

o Request input from the community
o Define requirements for spatial/spectral/temporal resolution, FOV, polarisation, …
o Use CASA simulation package for TA

 WP2: Solar Observing Modes and Calibration
 Research in possible new solar observing modes and analyse calibration requirements

o Solar attenuators („filters“)
o MD1/MD2 w/wo attenuation
o SD/TP fast-scanning observations

 WP3: Software Requirements
 Produce requirements for observing preparation, execution and post-processing

Project team

 Core: M. Bárta (PM), R. Brajša (PI), I. Skokič, M. Karlický, P. Heinzel
 ESO Coordinator: R. Laing
 External collaborators (ESO): A. Hanslmeier, M. Temmer (Uni Graz, AT), A. Benz (FNHW Windisch, CH), E. Kontar 

(Uni Glasgow, UK), S. Wedemayer-Boehm (Uni Oslo, NO), R. Hills (Cambridge, UK)
 Cooperation with similar activity at NA and EA ARCS: S. White (US Air Force Research Lab, Albuquerque, US), T. 

Bastian (NRAO, Charlottesville, US), M. Shimojo (NAOJ, JP), A. Kazamusa (NAOJ/Nobeyama) 

ESO charged the Czech node by leading EU participation

in the Solar ObsMode Development 

EOC project Solar Research with ALMA (2014-2017)
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Why to observe the Sun with ALMA?

 A lot of key science questions in solar physics can be addressed with ALMA.
 This is reflected in the Science with ALMA document (+ Karlicky et al. 2011,

 S. Wedemeyer et. al 2015, EU ARC.CZ – EoC Project Report 2017, …)
 Meaningful use of the day time (‘bad weather’ – higher humidity).

 Increase of the ALMA scientific return/efficiency

Solar peculiarities: Why the solar observations need special treatment?

 The Sun is ‘hot’. Solved apriori by ‘scraped’ surface of parabolic reflectors.
 The Sun is far brighter in mm/sub-mm than other sources. 

 Issue of dynamic range (e.g., in comparison with much weaker calibrators).
 Variability on short timescales (down to <1s in solar flares).

 Time-domain imaging & self-calibration needed.
 Less dense coverage of uv-space (Earth rotation cannot be used).

 In addition to apparent celestial motion of the Sun‘s center we have also (differential) solar

rotation → complicated pointings / specific ephemeris required.
 Specific coordinate systems used in solar physics.
 Extended sources / emission in entire FOV – TP mapping needed, in a fast-scanning mode.

Specific solar ALMA ObsMode: Why?
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 Particle acceleration in solar flares
    Ultra energetic electrons can produce 

synchrotron radiation in mm range. With 
ALMA we would reach unprecedented spatial 
imaging of energetic particles.  

 Structure and dynamics of solar chromosphere
    Temperature structure remains unclear.
    What is the role and nature of oscillations and waves? 

Thermal emission in ALMA range can provide an answer. 

What can ALMA tell us about the Sun? Typical uses cases
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 Structure of solar prominences
    Internal structure of prominences and 

filaments remain unclear. ALMA can look 
through with very high resolution.  

 Study of recombination lines in solar atmosphere
    It still unclear whether these can be observed in the mm wavelength 

range. If yes, an important diagnostic tool for measurement of magnetic 
field in the part of the solar atmosphere where it is otherwise difficult 
would emerge.  

 Probably many more open issues...
    Solar community should look. Numerical modelling combined with CASA simulation tool 

can represent a way how to find out.

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

See review by S. Wedemeyer-Boehm et al. at http://arxiv.org/abs/1504.06887 (SSR 2015) and

the Final report of our project (ESO / Czech node of EU ARC, 2017)
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Why to observe the Sun with ALMA?

 A lot of key science questions in solar physics can be addressed with ALMA.
 This is reflected in the Science with ALMA document (+ Karlicky et al. 2011,

 S. Wedemeyer et. al 2015, EU ARC.CZ – EoC Project Report 2017, …)
 Meaningful use of the day time (‘bad weather’ – higher humidity).

 Increase of the ALMA scientific return/efficiency

Solar peculiarities: Why the solar observations need special treatment?

 The Sun is ‘hot’. Solved apriori by ‘scraped’ surface of parabolic reflectors.
 The Sun is far brighter in mm/sub-mm than other sources. 

 Issue of dynamic range (e.g., in comparison with much weaker calibrators).
 Variability on short timescales (down to <1s in solar flares).

 Time-domain imaging & self-calibration needed.
 Less dense coverage of uv-space (Earth rotation cannot be used).

 In addition to apparent celestial motion of the Sun‘s center we have also (differential) solar 

rotation → complicated pointings / specific ephemeris required.
 Specific coordinate systems used in solar physics.
 Extended sources / emission in entire FOV – TP mapping needed, in a fast-scanning mode.

Specific solar ALMA ObsMode: Why?
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Specifics of solar ALMA observations: Solutions for project preparation 

Proper motion of solar sources: Ephemeris/pointings

ALMA OT + Ephemeris Generator Tool http://celestialscenes.com/alma/coords/CoordTool.html

Accessible from ALMA Science Portal

http://www.almascience.org 

Author: Ivica Skokic

Nowadays used also for (E)VLA and other observatories



Nov 26, 2021 Center for Astronomy & Astrophysics,TUB, Berlin, Germany 64

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

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



Nov 26, 2021 Center for Astronomy & Astrophysics,TUB, Berlin, Germany 65

Single continuum:1 SPWModel data Single continuum: 4 SPWs

Result: MFS improves uv 
Coverage and reconstructed
image fidelity even for 
continuum images 

What can ALMA tell us about the Sun? Typical use cases & obs. strategies
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Specifics of solar ALMA observations: Solutions for project execution 

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

– Issue of dynamic range  - e.g., in comparison with phase calibrators

Two suggested solutions:

► Solar attenuators (“filters”)

o Put them in the optical path for solar target, remove for P-cal (mechanicaly, carousel/robotic arm)
o Large time overhead
o Phase delays in filters  depending on too many parameters, measurements of phase delays 

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

► Mixer detuning (+electronic attenuation)

o Working approach! (as found by our tests)
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Specifics of solar ALMA observations: Solutions for project execution 

„Extended“ Scheduling Block
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Specifics of solar ALMA observations: Solutions for project execution 

TP antenna – double-circle scanning pattern

Single-dish
scanning
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Team

 EU ARC: M. Bárta (CZ node, Ondrejov), R. Brajša (CZ node, Zagreb), I. Skokic (CZ node 

Ondrejov)
 NA ARC: T. Bastian (NRAO), S. White (US Air Force Research Lab)
 EA ARC: M. Shimojo (NAOJ), S. Kazamusa (NAOJ/Nobeyama)

+ strong JAO support (T. Remijan, A. Hales, A. Hirota,…)

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

Whole-disc SD scan in ALMA continuum @240GHz (Band 6, left panel) as compared do

Hα image from BBSO (Dec. 2014)

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

Filament in ALMA continuum @100GHz (Band 3 – middle panel), compared with AIA observations at 304A 

(left) and 1700A (right).  IF image – main array (BL correlator only; Dec 2014)

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

The sunspot (NOAA 12470) in ALMA continuum Band 3 @100GHz (left), Band 6 @240GHz (middle) 

and AIA 1700A (right) – IF images combined with TP scans. 

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



Nov 26, 2021 Center for Astronomy & Astrophysics,TUB, Berlin, Germany 73

100 GHz, AR, small mosaic

100 GHz, AR, single pointing

100 GHz, prominence, small mosaic

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

CSV data release

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

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

 Summary of CSV published in two Solar Physics papers

Fast-scanning TP: http://adsabs.harvard.edu/abs/2017SoPh..292...88W

     Interferometric obs.: http://adsabs.harvard.edu/abs/2017SoPh..292...87S  

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

Acceptace of the Solar ObsMode – Start of solar science with ALMA
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Acceptance of the Solar ObsMode: Results of the project 

ESO Messenger
No. 171, March 2018
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Solar ALMA science observations: Cycle 4 & 5

Cycle 5

o World-wide End-to-End test in mid March 2018 (PI M. Barta – CZ node, CSS A. Hales – JAO, QA2

analyst W. Liu – CZ node)
o Observations: 01/04/2018 – 05/05/2018 in the config C43-3; a few projects during June with lower

resolution; return to C43-3 in mid August
o We are working as remote AoDs assistants via Target of Opportunity Trigger Tickets 
o QA2 & more: Right now working on that – most datasets delivered, working on late-August observations.

● More automated procedure – towards the Script Generator/auto-pipeline used in non-solar data. 
● Self-calibration and time-domain imaging (calibrated movies)

Solar AR
- movie 
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Solar ALMA science observations: Cycle 4 & 5

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



Projekt ESO “Solar Research with ALMA” řešený v Ondřejově

Sluneční pozorovací kampaň v Chile, prosinec 2014: Dojmy z cesty







































Díky za pozornost!


