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Reasons for changing AIPS

- AIPS (Greissen+ 2003, and various AIPS memos) developed in the 80s
- Official support for AIPS has been discontinued
- Limited support for batch processing

- Not easily scriptable even despite ParselTongue (Kettenis+ 2016),
especially not for the “python generation”




Common Astronomy Software Applications

Common Astronomy
Software Applications

Secure development future (ALMA, JVLA)

python based, well equipped for batch processing
easy for scripting

auto logging

mpi scaling to deal with large data volumes for several tasks (divide
jobs over several nodes)

Well documented: CASA guide online tutorials, CASA cookbook, AIPS- s,
CASA cheat sheet, CASA task reference manual




Getting ready for VLBI

CASA originally for connected interferometry-> no need to for determining
rates and delays (see lectures by Stan/Paco)

In VLBI phase can change with frequency or time due to:position errors
(antenna and source), antenna systematics (LO off sets), atmospheric
interference etc.

CASA fringefit task (JIVE/BlackHoleCam) solves for phases, delays and
rates

present in CASA since version 5.4: ready for VLBI!

)0 )0

observed phase (/)t,z/ 2 Q0 OVAI/ | By At
phase rate
offset delay

determined by fringefit (Schwab-Cotton algorithm) N IRR



Comparisons with AIPS: fringe functionality

Comparison of £ringe (AIPS)/fringefit (CASA) for a point source
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Comparisons with AIPS: fringe functionality

Comparison of £ringe (AIPS)/fringefit (CASA) for a extended

source
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CASA ready for VLBI : ongoing evolution

more VLBI specific tasks added (aside fringefit)

ex. importing through importfitsidi (exporting by
exportuvfits)

CASA VLBI tasks still experimental (user feedback is strongly
welcome!)

CASA VLBI capabilities improve with every CASA version (as does CASA)



Advantages of CASA: data structure

clean structure

the measurement set: “data” and
“corrected”

calibration tables are external, when
applied they work on “data” and create
“corrected”

application of calibration tables on-the-fly
(for example when fringefitting)

good flagtable management (save/restore)

measurement set:

datacolumn: datacolumn:
“data” “corrected”

uncalibrated calibrated
uv-data uv-data

—>

Calibration table

Apply the calibration table
(applycal)




CASA working structure

more calibration tables

CASA <10>: 1s

Archive_data/ casa-20180827-181114.1og |nl4c3.flag

EVN.gc/ casa-20180827-181725.1og |nl4c3.gcal/

Online materials/ casa-20180827-182113.1og |nl4c3.ms/ measurement set
Scripts/ casa-20180830-095529.1og |nl4c3.ms.flagversions/ — ﬂag versions
Tsys_append_data/ casa-20180830-113754.1og |nl4c3.sbd/

applycal.last flagdata. last nl4c3.tsys/

bandpass. last fringefit.last nl4c3.uvflg

casa-20180827-163538.1og gencal.last nl4c3_1_1.IDI1 fitsIDI files
€casa-20180827-163901.1og 1importfitsidi.last nl4c3_1_1.IDI2

casa-20180827-163917.1og @ plotcal.last

casa-20180827-164751.1log listobs.last plotms.last

€casa-20180827-165047.1og nl4c3-1848.mbd/ testplotms. jpg

casa-20180827-173748.1log nl4c3.antab

casa-20180827-174753.1log nl4c3.bpass/

Casa logs calibration tables




Advantages of CASA v1suallsatlon
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inspecting: obtaining the provenance of a uv datapoint

writing out images




Advantages of CASA: visualisation
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- the plotms gui tool (slow, but powerful)

- selecting various axes, coordinate transformation, coloring by type

- inspecting: obtaining the provenance of a uv datapoint

- writing out images




Advantages of CASA: visualisation
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- the plotms gui tool (slow, but powerful)

- selecting various axes, coordinate transformation, coloring by type

- inspecting: obtaining the provenance of a uv datapoint

- writing out images



Advantages of CASA: visualisation

FRINGE table: n14c3.mbd
I I

Fringe Delay Rate (psec/sec)

o 9 68 § o 8 e g 8 § 8 6§ ggoooog 8B

. inspecting calibration table with plotcal (fast)

- coloring by parameter, selecting axes, writing out plots




Advantages of CASA: imaging functionality

- making images of uvdata is tclean/clean tasks do an inverse fourier
transform, fit a model, subtract that and restore the residuals plus the
model convolved by the clean beam (see Paco’s lecture)

- tclean/clean can be done interactively

- interactive masking: by hand, automasking, and defined masks (box,
circle etc).

Data Display Panel Tools View Help

f+ Add ¢+ This Channel (+ This Polarization Next Action:
(" Erase (" All Channels (" All Polarizations 0 1 YF;'
max cycleniter iterations left threshold cyclethreshold
[100 [250 [o)y [0.000202664)y

zoom of interactive clean/tclean gui



How does clean/tclean work?
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Di Francesco, NSAAC webinar



CASA: imaging functionality

tclean dirty image, interactive imaging

Viewer Display Panel (FB) (on arcbl18.ira.inaf.it) X
Data Display Panel Tools View Help
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(" Erase " All Channels (" All Polarizations 0
max cycleniter iterations left threshold cyclethreshold
100 {250 {o)y {0.000202664)y
Display & X |Animators g X
I~ Stokes
test3.residual—raster
Iv Images
‘:’“;|( ’?)|( ;| :’f)|:’f\>|‘:’ﬁ7)|<’ff.| Rate10 = Jumpr [ 02
IO 3? _t |1 3:
& X

c
o
=
o
£
ES)
D
(]
D
D
D
o
2

High z radio
galaxy
EVN 5cm
Liuzzo et al. 15770545

65%19'53" 1

05°.46 05°.44 05°.42
J2000 Right Ascension

05°.40

Cursors

IV test3.residual-raster

IV test3.mask




CASA: imaging functionality

tclean set cleanbox

test2. residugl—raster
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CASA: imaging functionality

tclean iterate

test2. residugl—raster
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CASA: imaging functionality

tclean stop cleaning

test2. residugl—raster
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CASA: inspecting images

test?2.image—raster

viewer toO
inspect your
images and get 53".34

53".35

&
N

) e 0.2 ~
Image statistics S S :;
0.1 2
53".32 5
53".31 O x
-
53".30 _pq o
galaxy —0.2
EVN 5cm 17'57M05% 451  O5°.446  05°.442
Liuzzo et al. J2000 Right Ascension




CARTA: inspecting images

CARTA is a software external to casa, made for image
.i n S pec t.i O n CARTA v1.0 (on arcbl18.ira.inaf.it) x

File View Layout Help [ Bl I 4747

test2.image X Profile: Cursor
SR WCS: (0:18:47.925700, 1:08:24.89959); Image: (428, 553); Value: 6.1458e-6 Jy/beam 0:18:47.92571 0:18:47.9256C 0:18:47.92548

900

24
24

1:08:24.9000 24.9004

Declination

Y coordinate

Z Profile: Cursor
= 1.00e+0

O HE s

5.00e-1

70 47.92565 0:18:47.92560 47.92555 47.92550

Right ascension

High z radio e commin = o e e

90% 95% 99% 99.5% 99.9% 99.95% | 99.99% 100% Custom

Scaling Squared % Channel
1.00e+4
ga axy et \ Color T $ Animator
- 1.00e+2 / \ map K % ] > 5 3 | Frame 5

Count
s
>

1:1 / \ Clip Min  -0.000166 < Sz v
EVN 5cm ey . M

1 - Clip Max 0.000302:
0.000 0.00

Liuzzo et al. omer om0 omon oo




CASA pipeline development

- rPicard: VLBI general, mm-VLBI in particular-> 1/3 EHT
pipelines (Janssen et al. 2019)

- e-Merlin pipeline (Moldon)

- EVN pipeline (Marcote, in prep)



B
rPicard calibration pipeline |(‘(:

EH

python based, open source, self-tuning parameters
« built for mm-VLBI, applicable to cm-VLBI for most arrays

takes in fits idi/fits, writes out calibrated data (uvfits and ms), cal
tables, calibration plots (QA), and logs

- Optimisation of solution interval used for fringefit based on SNR
e can be rerun many times, one can intervene semi-interactively

- Imaging and self calibration module (separate from pipeline) can
be used interactively

science reproducibility!

Janssen+2019, ArXiv:1902.01749




Parse and ‘ :
: save input Ve Load metadata Load available

parameters. - Tsys, DPFUs, gain source models.

curves from ANTAB.
S - Load and apply

5 Ye
: Ms ) /’s possible mount-type
present? ' corrections.
/7

importfitsidi: % ﬁ /)
Load the data. \'4
Set

: flagversion. : . loading data into
T el z ms

V

Flagqging directives

suonesedald uny

rPicard - scheme

- From FITS-IDI files.
. From text files.
- Auto-correlation
outliers vs time.
- Auto-correlation
outliers vs frequency.
- Edge-channels.

sdals uoneiqies-aid

Prepare
ancillary data
and write data

summary.

Calibration steps: Writing Jones tables :
) accor: :
: 4 ) gencal._ Scalar bandpass Scale to unity : flagg] n g
: gencal. | Make gain (skip if RF! is auto- .
; Make Tsys table. | || curve + present). correlations if autocorrelations
: Correct for opacity DPFU table. necessary.
: attenuation where C
‘ necessary. an d ou t l.] ers

\_ % P f """ ‘ L Phase
J/ : ringefit. 5 Ve referencing?
_____________________________ : Instrumental : /

, phasssand || o z - calibration (optimal
fringefit: . delays. Solve i v — | : .

Tune solint s> forfastphases : __ ... V... \
by SNR. . +rates first if :" Multi-band \: \wo SO l] n t Sea rC h )

necessary. ! -

o e A fringefit: : \ :
* Mult-band , T : Delays and Ca l] b ra to r a n d

«  fringefit: s /i (residual) V .
Oelays gt - S phesese Y science separate)
an : . .
. e Tune solint . “ R S
, Phases+ . LV SNR. JERS— V... N " Multi-band -,
. rates. . < . T Complex bandpass: o fringefit: N ° a l all Calibration

\l/ ________________________ ot /\ " ! -skipifSNRistoo G D(?éiﬁuzgd pp y
: : - : low. 2B

polcal&gaincal: o - Phase only if 'é phases + tab leS y and Write tO

- RL phase + delay offsets. | . scalar bandpass t.. o rates.

:‘ - Polarization leakage. : was done. : uvf.its

Post-calibration steps

. applycal: Print . ) mstransform and
Ungi)eaig?/?ous Apply overview P ’;,’Itc‘;ff ’ exportuvfits:
c alibl? ation calibration of flagged visibilities Average and export the
' tables. data. ' calibrated data.

Janssen et al. 2019




rPicard - optimal solint search for fringefit

you want solution intervals as short g5 LASC | bestsolint[s): 360

as possible to solve for fast-

changing atmosphere (frequency |

dependant)

however, you want enough SNR to

have good fringefit solutions

optimal solint search is done for I T ORI S
each scan per baseline for all

stations to the reference station RS

using a SNR cutoff of 5

80

Then the largest solint is used for
fringefit (allowing reliable fringe
detections on all baselines with
source detections)

FFT SNR
[e2]
o

B
o

N
o
T

o
o

5 10 15 20 25 30 35 40
Fringe solint (s)

Janssen et al. 2019




rPicard - installation &

Download from https://
bitbucket.org/M_Janssen/picard

Follow readme for installation
contains manual

setup script prepares a defaut script
for a number of arrays

modify input files (typically only the
calibrators and the workdir should
be specified)

ichael@mjpc:~/JeanLuc/Picard$ ./setup.py -p ~/Software/

*** This script will link your CASA installation to the pipeline. ***

ound
/home/michael/Software/CASA builds from JIVE/casa-feature-CAS-10684-24.el7/bin/casa
as your CASA executable.

Checking this CASA version:

Has mpi: True

Has fringefit.py: True

Has accor.py: True
Press Enter and I will use the absolute path to this executable for picard.sh.
Write anything else (and then press Enter) to abort.

>

riting the CASA executable path to a <your casapath.txt> file, which will be used by picard.sh.

aking picard.sh executable.

diting the input/mpi host file using the determined name of this computer (mjpc)
gnd 4 cores. Change this setup manually if desired.

I could put some default values for array.inp depending on which array you inted to use.
0 for VLBAlo (for low frequencies)
1 for EHT
2 for VLBAhi (for high frequencies)
3 for EVN
4 for GMVA
Press enter without entering anything else to continue without altering your array.inp file.

Else, enter the number corresponding to the array you want to use and press Enter
>3

he pipeline should be ready to run now.
[f there are issues with mpicasa contact M.Janssen@astro.ru.nl
pr Look at https://casa.nrao.edu/casadocs/@@search?SearchableText=mpi

I[f you want to be able to run the pipeline from everywhere,
hen you should add the following line to your .bashrc folder:
export PATH=$PATH:/home/michael/JeanLuc/Picard/picard/

Remember set some input parameters in the beginning, before running the pipeline.
At least edit input/observation.inp and input/array.inp

Please read documentation/picard documentation.pdf and follow the Quick Start Guide chapter to get started
ichael@mjpc:~/JeanLuc/Picard$ cp -r picard/input/ ../testrun/input
Checking this CASA version:



https://bitbucket.org/M_Janssen/picard

rPicard interactive imaging/selfcal module

m
©
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&
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©
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O
()
O

Right Ascension Offset (mas)

7mm VLBA data of M87 from June 2013.
Project code: BW0106.

Janssen et al. 2019

Calibrated and imaged with
CASA-based rPICARD
pipeline.

Results agree with Walker

et al. (2018):
Weak counterjet.
Edge-brightening.
Large initial opening
angle.
Re-collimation of
upper arm.
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e-Merlin pipeline

takes in idifits data, creates calibrated data, cal tables, QA plots, rude
images and summary weblog

optimised for e-Merlin only

works automatically on L and C band continuum data

K band calibration possible, but not automated

no self calibration done

future plans: self cal, polarisation, spectral line, wide-field imaging

open source: https://github.com/e-merlin/CASA_eMERLIN_pipeline

(Moldon+ 2018, http://www.e-merlin.ac.uk/tools/eMCP-2.pdf)



https://github.com/e-merlin/CASA_eMERLIN_pipeline

e-Merlin pipeline imaging example

Zoom image

zoom residual

J2000 Declination

J2000 Declination




Example of CASA reduction: M8/ at 5cm

Galaxy M87

2000 light years

« EVN 5cm C band dataset &
from 2013, EG0O63D, PI: - ——
Marcello Giroletti Visie

- angular resolution:
8.5x5.5mas (~1.5ly)

- jet should be visible

NASA, NRAO and J. Biretta (STScl) » STScl-PRC99-43




Data reduction methods to compare

manual reduction in CASA tutorial:

- http://jive.nl/~small/FringeFitting/n14c3_tutorial.html

- requires additional auxiliary scripts from https://github.com/
jive-vlbi/casa-vlbi

« rPicard CASA pipeline

« AIPS EVN pipeline


http://jive.nl/~small/FringeFitting/n14c3_tutorial.html

CASA: Apriori calibration

The flagtables, tsys and gaincurve tables have to be generated with
dedicated python scripts outside CASA based on ANTAB and UVFLG
tables (downloaded from the archive)

load data into CASA: importfitsidi
create tsys and gaincurve calibration tables with gencal

flag and apply apriori cal tables (amplitude calibration)

use £lagmanager to save various versions of flagtables



First inspection of data

Vvs.U
— .
- flag out autocorrelations, edge
channels Z « .
- 1 ;:i::))
E O = N
1 =" .
« look at uv coverage (color by : = Py,
antenna) :
-5000000 —
- r\\ o
- and amp vs uvdistance of target ] ==
- I-SIOOE)OOIOI - (I) - '5'00(1)00'0' -
U (m)




Calibrating the instrumental phases/delays

fringefit determine single

band delays (per spw/IF) on
the fringe finder

applycal apply to all sources

Phase:corrected (degrees)
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Phase:corrected vs. Frequency
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Phase vs. Time
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Calibrating the atmosphere
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applycal apply to target (using
spwmap)
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identify anten neS/ti meS tO flag Phase:corrected vs. Frequency Antenna: EF@EF
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Calibrating the bandpass

Amp:corrected vs. Frequency Antenna: EF@EF

, | amp before
- bandpass to determine the N ‘
spectral passband function |
on a bright target (solves for
phases and amplitude)

Ffequency (GHz) GEO
Amp:corrected vs. Frequency Antenna: EF@EF

® o 4.5 4
s % od N

) S .3 0]

PP . amp after

g : 4 > %

| AR AN R =

A FLANT F AN

HEN 14 1S EEN H 1

T el ® 'R ] :u"., ]

- applycal apply to target

. .0
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+ identify antennes/spw to
flag

Phase (degrees)
o =) w )




Imaging the calibrated ms

M87.image—raster

CASA manual:
no selfcal, robust 0.5

28"10

28".08

28".06

28".04 W

28".02

28".00 peak: 1.90 ‘Jy
12°2327708 1 rms:; 58 mJy

12"30™M49°.428  49°.425 49°423 49°.421 49°.419
J2000 Right Ascension

MB7_rob2.image—raster

sem10 -CASA manual:
no selfcal, natural
weighting

28".08

28".06

28".04

28".02

e  peak:2.07 Jy

12°23'27".98 @ rms 7 4mJ

12"30™M49°.428 49°.425 48°.423 49°.421 49°.419
J2000 Right Ascensicn

eg0B3d_M87_ICLN.FITS—raster

M87 (EG063D, EVN L EVN archive: = ="

5cm); 2210 includes selfcal

28".08

CASA reduction and
imaging finds similar .

28".02

structure and flux C e

values as AIPS s ) DO
12°23'27".96 rms: 6.2 md

12"30™M49°% 428 49°%.424 495,420
J2000 Right Ascension

o

»6-10 FPICard pipeline:
Lece FUN blindly, no selfcal
Self calibration

would have &
improved the

background of the oo peak: 1.75 Jy
CASA images izz232mes - © IMS: 3.8 mdy

12M30™M49°.428  49°.425 49°.423 49°.421 49°.419
J2000 Right Ascension




Take home messages

Common Astronomy
Software Applications

+ CASA has become a valid new VLBI reduction -
software

- |t performs equally well as classical reduction S
software AIPS : M e

- CASA has a cleaner data structure, very powerful
visualisation tasks, interactive cleaning

eeeeeeeeeeeeeeeee

- CASA VLBI is still in the experimental phase, and
will improve with every CASA version

- CASA VLBI pipelines available: rPicard for VLBA,
EVN , EHT, GMVA data, e-Merlin pipeline







Science with maser astrometry

- maser is stimulated spectral line emission originating in
environments where a pumping mechanism is available and
velocity coherence along LOS

- strong, compact emission, one of most used spectral lines for
VLBI - fantastic for astrometry!

MS&( 8um map

- molecules: H20, CH30H, SiO, OH - EFEl - FENEE. kp/ P
o 3040c T e 0 IRAst20290+,4952. ‘ K
: : L AFGL 2591 &
. s . A\ LR

ec

- proper motions and distances

Galactic latitude (deg

- internal proper motions

82 81 80 79

o magnetic f.ields f.ields Galactic longitude (degrees)

EVN methanol maser astrometry of
Cygnus X (Rygl+ 2012)




What is masing?

Gas around high-mass star forming

regions (HMSFRs) in outflows,

envelopes, disks: maser astrometry
reveals the gas dynamics and B field

orientation

R\ Legend: disk region
[ \ magn.field orient. ]
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Disk plane, x—offset along —32° (AU)

Gas and B field dynamics in the inner 2000au of

high-mass Y50 G23.01-00.41 (Sanna+ 2013)
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What is masing?

" o -
- Y4 odd | |
ol QY @p o |
- Gas in envelopes of evolved stars: ! @9 © |
different maser transitions reveal
different pumping processes and can R I X
constrain the IR radiation field e o O
. Also B field measures possible  oSewerio Toworio |

East Offset (mas)

Various Si0 maser transitions in the envelope
of AGB star IRC+10011 (Soria-Ruiz+ 2014)




Bar and Spiral Structure Legacy (BeSSel) survey

Large collaboration led by Mark Reid (CfA)

Goal: to measure the spiral structure and Galactic parameters of the
Milky Way

Method: VLBA maser parallaxes and proper motions of ~200 HMSFRs
using methanol and water masers

Parallax uncertainties of up 10 microarcsecond allowing 10%
uncertainties on 10kpc distance (see Honma&Reid 2014 review)

: G * K
e, Rl A
: S W)
- e -
o ,*‘i .
”’ / i".., w
S s

Bar and Spiral Structure Legacy Survey,
a VLBA Key Science Project




Milky Way parallaxes 2014

| |
15 J
10 |
)
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=
v .
5 -
Perseus arm-
ok -
-5 L. ] R R |
-5 5 10 15
X (kpc)

- determined pitch angles
for the arms

- improved determination of
Galactic parameters:

+ distance to Galactic
centre (8.3 kpc) and

+ Galactic rotation
velocity (240 km/s)



New BeSSel results: Local Arm is not a spur

Local Arm structure, Xu+ 2016

- added 8 new HMSFRs

« Local arm (sometimes referred to as
spur or Orion spur) has a similar pitch
angle and star formation rate as other
spiral arms in the Milky way. No spur!

Y (kpc)

« new spur in between Loc/Sgr arm
found




Y (kpc)
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New BeSSel results: Sagittarius Far Arm

Sgr Far Arm structure, Wu+ 2019

T T T T T

-10

added 13 new HMSFRs and extended
the Sgr arm beyong the tangential
point

distances for famous star-forming
regions W51, M17

Sgr Far appears to be on average 15pc
below the IAU defined Galactic plane
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New BeSSel results: Sagittarius Near Arm

Sgr Near Arm kinematics, Rygl+ 2019, EVN Symposium
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Across Sgr Near arm we find motions of HMSFRs are correlated
with Galacto-centric distance - something which is expected in
simulations that study the dynamical influence on spiral arms.




More about masers and astrometry in this meeting

AVN and masers by James Chibueze

YSO astrometry in continuum by Gisela Ortiz-Leon
Evolved stars and masers by Elizabeth Humpreys
EAN and Masers by Taehyun Jung

Megamasers by Jim Braatz



