What is this radio interferometry
business anyway?

e Basics of
iInterferometry

e Calibration

* Imaging
principles

e Detectability

 Using
simulations
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- Record combined signals per sec =
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Interferometry
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« Earth rotation aperture synthesis
- Fourier transform « Dirty Beam
« Sensitivity helped as noise
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- Sparse coverage gives sidelobes
« Max. angular scale imageable
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core Point source overhead
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(1) 2 Resolved source
core lobe core lobe

pa overhead

* Signals from overhead
vector s,

.~ e« Signals from lobe
- Anqgular offset vector os
- Path length s = 0s * s

‘--j;----

- Combined ¢ depends on 0s
- Complex visibility amplitude is sinusoidal function of ¢



Earth rotation aperture synthesis

(2) (3)
core lobe * Telescopes separated

by baseline B

Earth rotates
- Projected separation
b = Byeom COS 6

« Samples different
scales of source

« Additional geometric
delay path A

- Remove in correlator

geom

---------l} .
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(2) (3)
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From Interferometry to images

* Fourier transform of complex visibility
amplitude and phase gives sky brightness

Source ZVV(UWVV) el2zi(uvl + vwm)l dydy = [v(/’m)
m -or V(u,v) & I (I,m) for short
« Sensitivity: T

Sys

Ormsoc
JN(N—-1)/2 dv At
- Number antennas (ALMA's huge collecting area!)
- dv freq. width per image, At total time on source

Correlator UT




Correlation

 Digitise and combine signals in correlator
- Create spectral channels by adding ~msec time lags
- Make parallel (and cross) polarizations
* (another) FT into frequency domain
- QOutput averaging determines integration time

* Produces complex visibility data
- Time series of amplitudes & phases per baseline

 per polarization, per spectral channel

Vi (t) ViP

O : > Digital Correlator
Signal Voltage
from Antenna i

1
Multiplier = X 4} Integrator O Cﬁ:TSVfD(tHffN}'D(t)

Vj (1 Vj° T Baudry|/ALMA newsletter 7




ALMA instrumental calibration

Pointing corrections before correlation

Water vapour in the troposphere

- Refraction: delay to phase of incoming wavefronts
« Water Vapour Radiometry (WVR)
* Measure 183-GHz atmospheric line
- Derive path length corrections at observing v every second

- Amplitude absorption amd emission
« System temperature measurements every few min (T_,.)

SYsS
Residual delay and bandpass errors

- Phase & amplitude corrections as a function of v

- Derive from bright astrophysical source
« Good signal to noise in a single channel

Planets, large moons, asteroids to set flux scales
Phase-referencing corrects time-dependent errors



Phase

PWV ~0.6, Band 9 raw 0.25 - 2.5 km baselines
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Visibility amplitude

Raw data, coloured by baseline

T, correction
before & after
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Calibration sources: flux density

* Primary flux calibration uses planets, moons, asteroids
- Models and ephemerides available

- Mostly negligible polarization

, < Still often have to select short baselines!

.« Beware planet/moon atmspheric lines

F. - If no Solar System object, use monitored QSO
I e
by .
]l A 450 um LS
$HR:. | 200-mas resolution aHS?S |
!Z%‘, : for 450 m baseline | |
- J 1r~270 km
] i, Pallas ~ 2 AU from Earth
0.01 ] '1,1_ Angular diameter ~200 mas
.EI|E= EIEE: .'t-'g-fﬂ - I:I.;- i )
5;|!=:=i-§féﬁi i o
Ell S 5E|]D S Il,ﬂlﬂﬂ - I‘l,5|limI o I2,£f]|£fltf]I o I2,5|£fltf]



Phase referencing

e Observe phase-ref source close to target

- Point-like or with a good model
- Close enough to see same atmosphere
. dsky few - 15° (isoplanatic patch)
- Bright enough to get good SNR quicker
than atmospheric timescale t
« (after WVR applied)
« 110 min/30 s short/long B & low/high v

* Nod on suitable timescale e.g. 5:1 min

— Derive time-dependent ¢ & amp correct-
lons to make phase-ref data match model
- Apply same corrections to target
« Accuracy limited by phase-ref S/N, d,,

- Best target astrometric position
- Image may be dynamic-range limited
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Self-calibration

* Apply instrumental, bandpass & phase ref calibration
« Make initial image(s)

— Does a line peak or continuum have good S/N ratio?
* S/N(ant) o,.,/S,e,> > per calibration interval per antenna

Oant(ét’ 6\’) ~ Oarray\/N(Iltll:?/z

off-source noise in image using dov freq width

* Garray
 per time interval ot, usually ~10 min scan or less
— Worth trying self-cal if image S/N >20, noise >predicted
— Use model in MS (FT of clean components)

e Start phase calibration only, then amp if S/N(ant) >> 10
— |teratively improve model and calibration

e Can apply from line to continuum or v.v.



CASA calibration: Measurement Equation

V. = T (1 1) o-iZn(uifl+vijm) 77y
vV, = M;B,G;D,JE, P, T, F,SI, (1,m)e 200l m +A

Vectors - Jones Matrices [E=iE
Visibility = f(u,v) = point = Multiplicative baseline error

I mage Goal ' Bandpass response

A dditive baseline error Generalised electronic gain
Dterm (pol. leakage)

Scalars Methods

S (mapping | to observer E (anten.na voltage pattern)
polarization) Parallactic angle

[,m image plane coords  Tropospheric effects

u,v Fourier plane coords

i} telescope pair Faraday rotation



Visibility data: Measurement Set format

MAIN Flags

Original (Edits are
visibility stored here

first; backup
gate tables can be

made and
used to
modify)

« Unix-like directory structure with binary data and ascii
metadata files arranged in subdirectories
« Additional tables in MS and free-standing:
- Admin: Antenna, Source etc.
- Processing: calibration, flags, etc.
« ~interconvertible with FITS; similar image format



Measurement Set MAIN table

TITable Browser | = [ %

File Edit View Tools Export Help

= Q @ 0 e . .8

3C277.1Cms (%]
8 UV v FLAG WEIGHT ANTENNAl ANTENNA2 EXPOSURE FIELD_ID TIME DATA =
=
L 53 |[-131860,-138051, 85180.9]  [4,1.. [52,5.. 1 5 7.99 0 1995-04-15-17:14:22.00 |ERSBReTTIEN
m
“ 88 |[-131776,-138090, 8524711 [4,1.. [52,5.. 1 5 7.99 0 1995-04-15-17:14.3#0 [4, 1] Complex
@« 83 |[-131692,-138129,85313.3] [4,1.. [52,5.. 1 5 7.99 0
5
$ | 98 |[-131609,-138168,853795] [4,1.. [52,5.. 1 5 7.99 0 3C277.1Cms[53, 21] =
£ 113 [[-131525,-138207, 854456]  [4,1.. [52,5. 1 5 7.99 0 Complex Array of size [ 41 .
ik}
2 | 128 [-131441,-138246, 8551171  [4,1.. [52,5.. 1 5 7.99 0 0

143 |[-131357, -138285, 85577.7]  [4,1.. [52,5.. 1 5 7.99 0
w 0:(-0.164379,-2.63613)
E 188 (T.1317273 130373 8GRARA3T T1 ra 1 [E2 B 1 = T a0 M
€ || Restore Columns |Resize Headers 1/(0.446854,0.111045)
=
it}
*_ PAGE NAVIGATION  First = [1/2111 == Last 1 2/(-0.0716612,0.223381)
-

3 (-2.49088,-0.869153)

e Some of the columns per visibility measurement
— Correlated amp & phase per baseline per integration
« Data: Complex value per spectral channel for each
polarization (XX YY XY YX)



Cleaning

« Fourier transform the.visibilities and the uv.tr'ackisi -

Dirty Beam colour, primary beam FWHM contour
1

L= >
—-50 0 50
u (m)

0.9
0.8
0.7
0.6
0.5
NGC 3258 dirty map
0.4
0.3

10M27™M56% 54 53° 52° 51° 50° 49° 48°



Cleaning

 Fourier transform the visibilities and the uv tracks
[ Set a maSk Dirty Beam colour, primary beam FWHM contour

1

obvious “ . . - 0.8

0.6

0.5
NGC 3256 dirty map

0.4

0.3

0.1
0
=01

Ml - CLEAN algorithm identifies
brightest pixels

« Store e.g. 10% of each peak
as Clean Component

10"27™56°  54° 53° 52° 51° 50° 48° 48°



Cleaning

o |teratively subtract scaled dirty beam at positions
of bright pixels

36" |

-1' ﬂ )|

25" q k|

 Inspect partially-subtracted
residual

10"27M56° 54° 53°% 57° 51° 50° 45° 48° o Extend maSk if needed
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CLEANed image

« Note improved signal-to-noise in image
NGC 3256 clean image ® - Final image is combination
of residual and Clean

Components convolved
with restoring beam

NGC 3256 clean image + CC

« NB if snapshot, extended array,
narrow channels....

- Sparse uv coverage can limit
dynamic range




Weighting

« Each visibility has a weight:

- Intrinsic, for same ¢, T, etc.:

« ACA baseline has noise 12%/7° x 12-m baseline
* Single 12-m TP dish has noise v2 X 12-m baseline
- Different N, ,,,.es PEr averaged integration/channel

— Variance of calibration solutions

« Weights can be adjusted further during imaging

- Grid samples in uv plane

« Natural: Weighted by number samples per cell
- Maximum sensitivity to extended structure - -

* Uniform: Every cell has same weight
- Finest resolution, worse noise

 Intermediate (robust parameter)
e Taper: suppress long baselines, coarsen resolution

- Change resolution s2x at cost of higher noise



Welghtlng

 Natural: o Uniform:

- 110-mas - 80-mas
resolution, resolution,
30651 36 63
wy/bm wy/bm

HL Tau Greaves+'07/

« Weights can be adjusted further during imaging

- Grid samples in uv plane

 Natural: Only take account of uv cells with samples
- Maximum sensitivity to extended structure -

* Uniform: All cells same weighting
- Finest resolution, worse noise

 Intermediate (robust parameter)
e Taper: suppress long baselines, coarsen resolution

- Change resolution s2x at cost of higher noise




Brightness temperature

10°°A° [ 2kg ©
— S (Jy) in single dish beam area Qc (sr) at A(m)
« Resoved by SD? Q = Q

e Unresolved? Q = estimated true (smaller) source size
 Predict ALMA flux density per synthesized beam 6,

~Sama = Tp 2Kg Quua/ 10717
* Now Qs = 6y’

— Use Sensitivity Calculator
e At least 56, on peak and 3o, on any extended details

 Check ALMA maximum spatial scale
— Use OST or CASA simdata to check imaging fidelity

« Brightness temperature T, = S ce



T, for ALMA: VY CMa continuum

e SMA beam 1'; ALMA beam ~0".17
» SMA peak 670 mjy/bm (apparent T, 130 K)

- If source <0".17, T, 4500K, ALMA  3's}

detects 670 mJy/bm (unresolved) ifu,g _

~ If smooth, ALMA flux density 3 of
670x(1/0.17)2 ~19 mjJy/bm M
 How best predict ALMA flux? 1S 3

2 15 1 05 O 05 -1 -1.5 -2
RA offset (arcsec)




T, for ALMA: VY CMa continuum

e SMA beam 1'": ALMA beam ~0".17

« SMA peak 670 m)y/bm (apparent T, 130 K)
- If source <0".17, T,, 4500K, ALMA

detects 670 m)y/bm (unresolved) ;_
- If smooth, ALMA flux density Z ot

670x(1/0.17)2 ~19 mjy/bm

. How best predict ALMA flux? “ Kaminski et 1 2013
- Fit Gaussian ellipse to SMA, T2 15 1 05 0 05 4 s 2
deconvolve beam, T, 980 K g ———

« Consistent with size/ 1
temperature expected for hot dust -

» Actual ALMA peak 190 mjy/bm
~T,1300 K
— SMA based prediction OK




Visibility coverage: VY CMa in SV

Around 320 GHzO_

Up to 2.7 km
baselines
~1.5 hron
source
Phase-ref
point-like
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Visibility amplitude (Jy)

0 50

100

=y
w

Visibility structure

VY CMa resolved continuum

150 mJy/beam

» Longest baselines correspond £.
to smallest image structures ..
0.7 4
' SMA max. baseline 266 m
05| 1" resolution
290 15 1.0 0.5 0.0 05 1.0 1.5 2.0
0.5+ ARC SEC
0.4
03] ALMA max. baseline 2700 m
~0.17" resolution
0o ] (sparse uv coverage on
longest baselines)
Dll__ '; % B
] ] ot B g :u._..:l..-'«;!:_ H T}
D—_ .
[él SEI]ID l,E:DD 1,5|-DD E,E:DD 2,51[][] 3,E:DD
| Uvdist (m)




Missing spacings

CW Leo 13CO J6-5
Herschel 575 ]y peak
ALMA 21 )y (scale x 2)
ALMA detects <5% CO
- E, 111K

- Similarly for C180

- Cool, extended,

« Resolved out

Detects 50-100% other
lines e.g. SIC, E,>500K
- Hot gas near star

e More compact

: Herschel Neufeld et al. 2010
ALMA Decin et al. 2015

n
i | I I i I s v | I I i | | EEY | | I

-40 -20 0 20 km/s




Missing spacings

Vvs. U
dCICI—_
]  ALMA longest baseline 340 m
300+
] - - A 0.45 mm, beam ~0".3
200 . —=_ > = = Shortest spacing 25 m
. ' RN - Resolves out emission
1 I smooth over 6"
0] - - & - Emission on scales 3-6"
1 produces artefacts
100 .-~ "= -~ 77« Eventhough total CO emission
] o T - T has high enough brightness
0 - temperature, the extended
o - emission is invisible to ALMA
‘ - - Unless you add in the ACA!
-EIEIEI -EICICI -1ICICI EI] 1(|]C| 2EI]D BEIJCI 4EIJCI



Effect on Imaging

« ALMA only images inner~5"
« Reconstruct spiral from PV

Observed TMB(12CO J=2-1) in IRC+10216 with the IRAM 30m Telescope
Visp—Vs=+0.0 km/s

A6(")

100

—100

IRAM single dish mosaic
CO J=2-1 diameter>300"
Cernicharo et al. 2015
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Field of view

* Primary beam depends on A/antenna diameter

- Not hard edge; FWHM is half sensitivity (i.e. 2x noise)
* Mosaic larger targets

— >10" Bg’ >1| 83 NOVAT1Osky. fits—roster

. . — 177921 km/s
- Must Image area covering
all bright emission

Prirmary beom contours 0.25, 0.5, 0.75
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V (meter)

200

Input for simulations

« See http://almaost.jb.man.ac.uk/help/
- FITS image

« Required keywords (script available to check):
- BUNIT, CDELTn, CROTAN, CDn_n, CTYPEn, NAXIS, NAXISn

— Declination 20

150+

100

50F

O,

50+

—100+

—150+

— A"

_20_%

00 —150 -100 -50 O 50 100 150 20
12"

Dec -30°

16"

Dec = -70

150+

 Very high/low Dec:
- Elongated synthesised beam ; *
- Shadowing in compact configs .,

Dec —30 -100}

=150+

oo"oo™o13 00® 23"59M5g8
J2000 Right Ascension

ooMoo™o3® 01°  00° 23"59M58°
| J2000 Right Ascension



Input for OST simulations

« Bandwidth, frequency etc.

- Line: small cubes N, (x*y)*N,,,, <~20482 (‘handluggage’)

- Continuum: OST can adopt optimum place in band
 NB bands 3,4,6,7,8 full b/w gap between sidebands
332 333 GI:Iz 343 345

‘ N “ 338 GHz ‘ ‘ “
not observed

Automatically mosaics if required by input size

- Crop large input if you only need a single pointing!

Resolution: Cycle 3, select array(s) directly

Peak Jy/pixel (to rescale input)

Time needed to reach sensitivity

Add noise
- OST does not simulate phase/amp correction!




Relative J2000 Declination {arcsec)

Relative J2000 Declingtion (arcsec)
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Cycle 3 resolutlon (scales @100 GHz)

Input model . 2 gekr. . C36-3
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Declination / relative arcsec

Model with peak
1 mJy/30 mas pixel

Nova simulation

IOOOQO

40.0075
10. 0060

10.0045

Flux / Jy/pixel

(10.0030

~4" structure

0.0015

tens -mas details

0.0000

2 1 0 -1 -2 -3

Right Ascension / relative arcsec

OST, various array
configs
Resolved-out at
30-mas resolution

Despite rms
0.035 mjy/bm

Lose detail at 300-
mas resolution
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« Separate 300-mas and 70-mas simulatons

Combining arrays

 Download *modelsky.fits, *simdata.last
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e Edit simobserve
iInputs

« Make C36-4,-7 ms

e concat
- Weight 1:100
* short:long

- Ensures high
resolution
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mbined visibilities
\ . (36-4 most of the flux
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Combined visibilities
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Noise

* |Input is noiseless model?
- Select PWV appropriate for observing band

e Input has smooth noise c,,?

- e.g. well-calibrated single-dish/optical etc. image
- Estimate likely ALMA noise o, (sensitivity calculator)

' 2 2 2
- Reduce added noise so that 6,444t G,,° ~ O,

 Input is interferometry image?
- Beware re-sampling a poorly-sampled image!

! se array input image




Planning summary

e Decide what you want to observe - science goal!
- What frequency (and channel width, for lines)?
- What angular resolution?
- Largest smooth angular scale within source
« OT will advise if you need to combine arrays
- Field of view - will you need a mosaic?
- What flux density per ALMA synthesised beam?
» Detection experiments =5¢,,,. noise
- Sensitivity calculator/OT - roughly reasonable time?
e Find an input FITS model
- Image at another wavelength, theoretical model...
- Rescale size, brightness as required
 Details on similar scales as you hope ALMA will see
- Read the OST Help and simulate!
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