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(sub-)mm windows & ALMA bands

Atmospheric Transmission (0.5 mm PWV)
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International radio arrays  3pace VLBl
Operating at >65 GHz (Rucsailaab/ﬁf ~
WSRT (NL)

e-MERLIN (UK) LOFAR (NL/W.Europe)

. VERA (Jap)
VLBA 86 GHz (Usa) RAM/  EVN/GMVA ~86 GHz p

NOEMA KVASAR  KVN 129 GHz
SMA 700 GHz
CARMA 270 GHz ~370 GHz (F) Korea
VLA(USA/Mexico) GMRT (India)
And rnore geing davelooead all the tirme!
ALMA ~950 GHz ATCA ~86 GHz
(ESO/N.America LBA (Aus)

[E.Asia/Chile) SKA and pathfinders (S.Africa/Aus/Global;
project office UK)

Global Very Long Baseline Interferometry



High-frequency considerations

e Same principles as any radio interferometry
- Technology differences e.g. 2 sidebands, polarization

* You are unlikely to be bothered by:
- lonosphere (3delay;q,ospnere * A°)
- Confusion (BpiyaryBeam~AB ~ 55" @ 3mm, 12-m dish)
« Most bright extragal. sources have a<0 where S « v*

* You will suffer from:
- Small field of view (®piyarygeam ~92" @ 0.45 mm)
 Calibration sources few, extended &/or variable
« ALMA pointing must be good to 2 arcsec rms
- Tropospheric refraction (8y,posphere ¢ 1/A )
» phase affected, amps if signal decorrelates

- Tropospheric absorption and emission
« amplitudes affected
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- Small field of view (Opyinarygeam ~2" @ 0.45 mm)

e Calibration sources few, extended &/or variable
- Tropospheric refraction (8delay,,posphere ¢ 1/A )

» phase affected, amps if signal decorrelates
- Tropospheric absorption and emission
« amplitudes affected




(sub-) mm signal transport
1005 GHz ",

radiovin .a Mix with Local Oscillator signal: downconvert to
lower v optimised for low-noise amplifiers etc.

Mixing process creates After mixing, freqs near  Sidebands can be separated
two sidebands, initially F(LO1) are close to DC, electronically at <600 GHz.
superimposed. cannot be used At higher v, you can have
F bandwidth IF bandwidth separate basebands in either
Cower | e | sideband; 'image' signal
Sideband Sideband suppressed by rotating
(LSB) (USB) phase; noise remains.
LO1-IF  LO1-IF,  F(LO1) LO1+IF,  LO1+IF_

Sideband spacing fixed, e.g. centres separated by 12 GHz in ALMA Band 7
Sideband width fixed e.g. 4 GHz

332 333 GHz 343 345

Baseband Baseband Each ALMA B7 sideband has 2 basebands (BB)
Each BB may contain 1, 2, 4... spectral windows (spw)
Each spw can contain many channels




Atmosphere

'‘Dry' component:
- Worst O,, O,

'Wet' component:
- H,0 vapour/clouds

- Highly turbulent

ayer

 Measure PWV =
precipitable
water vapour

Atmospheric depth

Increases at lower

elevation

- Larger zenith
distances z

Troposphere

Column density as function of altitude
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ALMA, Llane de Chajnanter, alt. Z0405m
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Antenna Temperature (K)

Cal|brat|on sources have Ilnes too
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Refractive phase error

« Electro-magnetic wave propagates distance d
through medium with refractive index n

(1+n50) « PWV /A T,

- where PWV=precipitable water vapour column at
atmospheric temperature T,

« Refractive index mostly constant >100 GHz
- Total phase error @, « (2n/A) (1+n,,5)d

« (2m/A) PWV/ T,
« Average, total PWV and dry component effect on
delay and pointing corrected on-line for ALMA
- 1 mm PWV ~ 7 mm extra path ~ 0.023 ns delay
- Snell's Law: sin(i,;)/sin(i,) = n1 [ n2
Refraction angle 86 ~ on tan(/)
00 < arcmin for ALMA



Troposphere variability scales

Width of turbulent
layer, W ~ 800m

>
Wind

75 km/hr

~ 21 m/s

 |soplanatic patch > sky area above single mm antenna
 Antennas 1, 2, 3 see slightly different disturbances
« Sky above antenna 4 very different, varies independently



Kolmogorov turbulence

o , | Kolmogorov
deg : : prediction
30 | Baseline <W E ' B> Outer Scale (Coulman'90)
Thick screen . Uncorrelated K g
U3p =6 /. W<B<0S ; %s~0 Prms =)
10 T A where K~100 at
Bl i ALMA for A in mm
. : and o depends on
the length of
: : baseline B
3 , : - compared with W,

the thickness of
01 1 10 km the turbulent layer
« Baseline2-3 < W

- Phase noise ¢, increases as B>
. Baselines 1-2, 1-3 > W but < 0S: ¢, x B*?
 Baselines 4-* in outer scale regime: ¢, levels off

<



Variation in atmospheric refraction

* Phase fluctuations shorter than integration time
Cause IrreverSIble decorrelatlon UT-J Ipo:'mtI sloulrcrle f.it Ic:elntlerlor|1 chg I;4§|35ISEIJC)
- Visibility V = V e'? ‘
<V>=Vo<ei(p>=VO e—(cpfms)/2
O, IN radians
Lose 5% amplitude for 5° ¢, =

* Fluctuations on time-scales
of few sec: raw data position jitter |

chserving time 0 — 4393 sec

6 I
d 6 — 10 }\‘ rad -0.4 -0.2 0.0 0.2 0.4

fc [']

A . . .
1.2 Position per integration
( 180/ K fit to PdBI uv data

de ~ 300 mas for L 1mm, K 100, o, 5/6 (courtesy Krips)
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Absorption and emission

 The atmosphere both absorbs the astrophysical

signal, and adds noise

_ T, /COSZ
T e T

received— ' source

T /cosZ)

1_e atm

where the source would provide temperature T if measured
above the atmosphere and z is the zenith distance

« Same source, same baselines
- Raw amplitudes significantly lower at higher PWV

PWV 0.25

.| Short baseline
" 1 Long baseline

Time

Amplitude

PWV 0.6

b osong




Water Vapour Radiometry

« Each ALMA 12-m has water vapour radiometer
« ~1-sec integrations e e b e

- Close to 183-GHz line N
« Recorded in dedicated spw
e Ny, ~Constant at v>100 GHz =,

- Except near strong H,O lines f" ‘ ‘ . r

« ALMA scales phase correction

per band
®, x (27/A) PWV

- Apply during data processing (at present)
e PdBIl measures PWV at 22 GHz, corrects amplitudes



Phase

PWV ~0.6, Band 9 raw 0.25 - 2.5 km baselines
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Timing and antenna position errors

* Signals from off-centre source reach
telescopes T1, T2 slightly out of phase

- Geometric delay 6 needs to be removed and
travel-time from T1 and T2 to correlator
equalised to preserve astrophysical phase

* Delays added per-antenna before correlation
- 1 ns delay error = 1/10° = 1 GHz freq error

e Causes of delay error include:
- Timing error in correlator

- Bad atmospheric model

- Antenna position error

Source

To correlator




Delay error

« Phase across 2 GHz undergoes 6 full turns on one antenna
- Delay error 6/2%X10°= 3 ns

cal-uid __ A002 X1d54al X174 del.K 200 —

Delay error on DV07 N e e _
o § 4 B i .
150 g = 3 | i 107
p— _. -1
. L:E-‘ _-2 B : =5 L)
| W _ [ : i __..-n. i Py
100 ] o 4 | | | | | I P T Ry -
] 1020001040001 06000108000110000112000
] nc
o caluid  A002 X1a%43 5 der.k
. = N AR PR P
6] g ¢[ Corrections (~0 for all
p = T TR,
g 1 -~ °r other antennas)
. E & [ ]
-50 7 [ 4 i i i | |
] 102 040001060001080001100001L12000
] _ Frequency (MHz)
+007] cal-uid  AOD2 X1dodal X174 del.k
- — T T I 1 | I
[ 4 |
150 g s L
: — U |— & ) 7
-200 E —Z i R . I
e B a— g -4 | | | | | . 100 102
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Frequency 1020001040001 06000108000110000112000

Two x 2-GHz spw. Each baseline is shown in a different colour



Antenna positions

Iter Basellne Dﬁ.41 DUDE Iter: Baseline DA46 : DV05 Iter Baseline DAS{} D\.FDE
@ @ T T T T @
o 150 4= 150 | 4= 1m0 f
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DA41 position error DASQ 77?7
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Time Time Time

DA41 position corrected during data processing DA50 7777

« Antenna positions measured after every move
- May need updating
- DA41 ~10 cm position error ~ 0.33 ns delay error

- Also causes time-dependent phase error
 Incorrect model for updating geometric delay



Timing and antenna position errors

Iter Baseline DA41 D"-.-"DS lter: Baseline DA46 : DV05S Iter Baseline DAED D"-.-"DS
@ T @ T T T T @
o 150 | J4o 150 | 4o 150 P .
® oo F 1& 100 F 1B 100 —-' ' .
o 50 | E 50 | o 50 -
= 0 1= 0 o e 0 A
@ —50 1o -s0 | ' o o —50 |
o -100 | 1 100 * po o —100
_;:: -150 | § _;:: -150 _;:: -150 —” P (' ’
11:19:4(M&: 31 1720:42: 431.1 54 14.4 11 19 A0E: 31 120 42 43T 54 14.4 11:19:4@&:31:1210: 42 4317 54 14.4
Tme Time Time
lter: Baseline DA41 : DV05S lter: Baseline DA46 : DV05S Iter Baseline DAED DWVO5
@ T T T T @ T T T T @ @
o 150 | J4o 150 | 4o 150 =)
C 100 b 42 oo F 42 100 —ﬂ P ’ / olC
¢ 50 - . g 50 | g $HE 5o o f g
Z 0 13 0 gy e i o |- 13
o -0 A ' 1w —50 ‘ ” 1w 50 ; 1w
n —100 ‘ ' dun —100 4w —100 | i
2 -150 —E —150 12 -150 12
o o 1 1 1 1 o 1 | | 1 o
11 19 A0E: 31 120 42 43T 54 14.4 11:19:4ME-31.17A0:42:43F:54.14.4 11:19:408: 1204235414 4
Time Time Time

DA41 position corrected DA50 1?77?77




Noise: recap and expand

- Noise o, Is given by o=

T

Sys

MaAerVN(N—1)/2 Av AtN,,

antenna area A, efficiency n,

N antennas, frequency span Av, time span At, N o RX pols
« System temperature T

1+
T DSB)Z gSB TRX+T]AT5/<y+(1_T]A>Tamb]

5y5< nAe_ratm

contributions from Receiver, sky and 'ambient' e.q.
hardware, ground temperature

- g<g factor if there is an unwanted if sideband.
deg =0 v. 1 in single/dual v. double sideband systems

« Noise increases exponentially with opacity and
zenith angle T T/ <057 | T /€05 2

—_— _ atm
received — Tsource atm < 1—-e )
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Measuring noise

ALMA uses cold/hot loads at
~293 K, ~353K

- Swing in and out of beam and
measure voltage V

Vi = oV 4+ (1-a)V,
» Weight a is a function of the

factors contributing to T, chosenso V| ~V,,,
minimising opacity dependence at weighted temperature T,

- Thisleadsto Ty = Ty Vi /(V - Vg

T4, correction means a consistent amphtude scale

- At different elevations
- Under different weather conditions

Allowing transfer of calibration e.g. from a bandpass
calibrator in a different direction at different elevation

— Or combination of data taken at different times




Visibility amplitude

Raw data, coloured by baseline

T, correction
before & after
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Recelver temperatures

Average Corrected T..vs F|, (over F;=4-8 GHz)
for 65 Band 7 Production Cartridges (4 IF o/p per cartridge)

OSpec.

090%
[1Average
1210%

180
160
140
o 120
3 100
s
° &0
40
20
u ! T T
S O S R R
F.{GH LV
Actual T, >100K
Sky contributes
+>50%

(1 mm PWYV) o

ALMA Band 7
Average T, 60 - 80 K

Much better than
spec!

Tsys band 7



Recelver temperatures

Tsys Tsys band 3 Tay Tsys band 6
evsband® ky contributes more to

K ys at higher frequencies
4000
3000
2000 PWV 0.5mm
1000

e eeeeeeaeeeeeeaaeeaeaa-- Approx Try

- 650GHz



Calibration sources

« Most bright extragal. sources have a<0 (S « v?%)
- I.e. they get fainter at high frequencies
« Compact, bright sources are very variable
— Can use bright stars, maybe even stable lines

« Sky density low
- ALMA monitors ~100 QSO

« Select calibration sources at time of observation
— Cone-sea.rch for phase-reference If needed
* Phase-referencing option for ALMA

- WVR allows 5-10 min cycles, 5°-20° separation
« OK so far, on baselines up to a few km...

- Use lower-v band where calibrators brighter

» Analytic scaling of corrections to higher v (as for PWV)
* Observe a bright source at both v to calibrate
instrumental offset
- Fast switching possible, ~30 s cycles



0.05

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!

Pallas

« Beware planet/moon atmspheric lines
- If no Solar System object, use monitored QSO

1,500 2,000

UVdist



I've got a single dish image
What will ALMA see?

« Brightness temperature T, = S, .. 10%° A*/ 2kg ©

- Q emitting area (sr), A (m), S (Jy = 10°°* W m* Hz")
« Resolved?
- Use S per measured Q

* Unresolved measurement over large area?

- Estimate actual Q
 Will ALMA recover all the flux?

- Use S per best estimate of Q to find T,
- Predict ALMA flux density S = T, 2k; 6,° / 10° A
« Substitute Q = 6,° (ALMA synthesised beam)

- Use Sensitivity Calculator
« Need >56,,. on peak and 3¢, on extended details



Structure scales
JCMT mosaic: W49 (11 kpc)

— Peak 100 Jy/ 7".5 pixel Roberts, Fuller'

[ ::I

— 354 GHz = A 0.85 mm
ALMA Fleld of view
- 12xA/12 = 18"

e 12-m dish primary beam
Most compact configuration
ALMA synthesized beam e

— A /longest baseline (150 m)
 0.00085/150 = 1".5

Largest spatial scale ©O

— A/ shortest baseline (18 m)
 0.00085/18 = 6"
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et al. '11
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ALMA observations at 11 kpc

e JCMT 150", peak 100 Jy
— ~32 ALMA rmosaic pointings
 ALMA compact config

— Synthesised beam 1".5
« Expect peak 100 (1.5/7.5)% =
4 Jy/beam?
— Largest angular scale 6"
* Smaller than input pixel! P
* Flux which is smooth on JCMT
scales is ~invisible!
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ALMA observations at 11 kpc

JCMT 150", peak 100 Jy
— ~32 ALMA rmosaic pointings
ALMA compact config

— Synthesised beam 1".5

« Expect peak 100 (1.5/7.5)°
4 Jy/beam?

— Largest angular scale 6"
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« Smaller than input pixel!
Flux which is smooth on JCMT
scales is ~invisible! g
Small-scalz detalls could  [EEEE
nppenr 2

|
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(Could add ACA/single dish to
avoid missing scales problem)
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d=55 kpc

e JCMT object now 30"
— Pixel p = 7".5x 11/d = 1".5
— = ALMA compact 6, =1".5
— ALMA maximum flux density |
e 100(11/d)*x (8, /p)* ALMA compact
= (11/55)% x (1.5/1.5)?
~ 4 Jy/beam?
— Actual peak is ~ 4 Jy/beam
* Some larger scale flux
still missing
— Only 7 mosaic pointings
needed

00 Declination {arcsses]

'
[l

U
Relative JZ000 Right Ascension (orcsec,



Visibility plane coverage

« |IRAM PdB /NOEMA  ALMA main array:
— six / twelve 15m — fifty 12-m antennas
— Scales=15" resolved out at A=3mm ¢ ALMA Compact Array:
« Add IRAM 30-m single dish for — twelve 7-m antennas
larger scales — four 12-m antennas

. for total power




Main array only {compact configuration)
|

B (solar simulation)
% 48' [ ° ‘:‘? M lACA pllus Total Power
il | f=  Main array + ACA
—13°52' - 40" ' .
A Ll N - + single dish
I EE | R N e ~6 arcsec
Main array only: | - resolution
extended emISSIOn ‘.' ” Main array + ACA +Total Power 70
resolved out | QN | R IIETETTNN |
50 60
-13%2'r o 1 | 50
47 - . \ _
ACA plus ol . @ | Qs
Peak Jy/beam « single dish » 11
Tl ~18 arcsec . N
resolution _ Wl Q . 1M,
SD 1500 Jy/bm resolution ol |
+ ACA 500 Jy/om B A I |

+ maln array 75Jy/bm 09"43M00°  42M40° 20° 10°  00° |

JZ000 Right Ascension




ALMA correlator configurations

* Four spectral windows (spw), max. width 2 GHz

- 128 chans per spw (dual pol) TDM
 Allows shorter integrations

- 4096 chans per spw (~0.5 km/s at 300 GHz) FDM
e Useful max. 1.875 GHz (so 3840 channels usable)

« Narrower spectral windows for higher resolution
- Factors of two down to 62.5 MHz (15.25 kHz chans)

- Higher spectral resolution in single pol.
« Two sidebands, spacing depends on band

- e.g. B7, B3 sideband centres separated by 12 GHz
« Two spw in each sideband, centre spacing 2 GHz

332 333

GHz

343 345

« See documentation and OT for full details



Frequency flexibility

ALMA correlator (dual polarization example)

CH,CN*S0,  ®CH,OH SO,

SO,  CH,NH
ANl N TN i
330.8 331.8 332.8 333.8 334.8 GHz

125-MHz spw  250-MHz spw

4 x 1024 x 2 X 2048 x
61-kHz chans  122-kHz chans Two 2-GHz, 4096x488-kHz

- chan spw, one per baseband
H‘;’Eﬁf Sg%”c}%?ﬁiﬁ B smoothed Pesolutioﬁ 0.88 kms™)
J: nly 15/16 of each spw is actually

SPEEE% quSElmut[qus used, i.e. 3840 chans
Total 4096 chan/BB CO
v
L | em
3308 3328  334.8 3428 3448 346.8 GHz

1BB1 BB2 Basebands BB3 BB4



ALMA sensitivity with 50 antennas

Band v GHz N PB (field Continuum Resol'n Line

mm  of view) sensitivity arcsec sensitivity
arcsec mjy/bm mjy/bm
3 84 -116 3 72 -52 0.07 0.5-4 12
4 125-163 2.1 49 - 37 0.06 04-3 10
6 211-275 1.2 29 - 22 0.09 0.2-1.5 12
7 275-373 09 22-16 0.15 0.15-1.1 17
8 385-500 0.7 16 - 12 0.45 0.11-0.9 47
9 602-720 0.45 10-8.5 1.4 0.07-0.6 104

« Use sensitivity calculator for fewer antennas in Cycle 2
- and, generally, for most recent values

 lo,,. noise, 1 min on-target, reasonable conditions
- Continuum b/w 7.5 GHz
- Line width 0.5 km/s, close to CO line/good transmission
* Highest resolution given for 1.5-2 km baselines



Phase referencing

* Observe phase-ref source close to target
- Point-like or with a good model

- Close enough to see same atmosphere
« 1 - few degrees (isoplanatic patch)

- Bright enough to get good SNR much
quicker than the atmosphere changes,

e 710 min/30 s short/long B & low/high v

- Nod on suitable timescale e.g. 5:1 min
 Derive time-dependent corrections to
make phase-ref data match model
« Apply same corrections to target
- May correct amplitudes similarly

» Self-calibration works on similar principle




Phase
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Phase errors in 3D

Raw phase, bandpass calibrator

Each scan in
a different
. colour
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Calibration strategy

e Usually start with bandpass calibration
— Instrumental artefacts, shallow atmospheric lines...
* May need to perform time-dependent ¢ calibration first

« Need Signal to Noise Ratio  ¢,./S 41cource™ 3

— per calibration interval per antenna
N(N-1)/2
O’ant(étlév) ~ O‘array N—3
X IS noise in all-baseline data per time-averaging

array
interval per frequency interval used for calibration

— Have to average in time and/or frequency

« Bandpass first or time-dependent cal. first?
— Do not average over interval where phase change d¢ > n/4

» Keep polarizations separate if possible in early calibration




This example: dp<mn/4 over inner 50% band

» Bandpass calibrator - bright as possible
1. Average inner 50% band, perform time-dependent phase
(maybe & amp.) calibration (G1) with solint required for SNR
e If atmospheric lines, chose channel intervals to avoid

2. Apply calibration (G1), average all times for freq. dependent
phase and amplitude calibration, i.e. bandpass calibration (B1).

— Smooth every e.g. 20 channels if necessary for SNR
e G1 is not used any more

» Phase-reference - fairly bright source
3. Apply B1 and perform time-dependent phase calibration (G2)
averaging all channels, shortest dt for enough SNR
» Apply B1 for all calibration hereafter, to all sources
4. Apply B1 and G2 and perform time-dependent amp. cal.

 Amp calibration needs higher SNR than phase-only; for
bright sources you can do it all in step 3.
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Instrumental calibration only

180 _fli: v ||' "::lli' 'I::
|, Bandpass cal. source %"
| i Tsys, WVR, other et
EA instrumental NN L
0 EL calibration applied, o
] otherwise 'raw’
A
|
-180 e
Time c

Gain Phase (deg)

| o8

Gtable cal-ngc3256.G1api 06

O ‘

N Average in~ \(\‘ ‘Y\QQCO‘\% 1
or TR®E  channe’ Qoéz zge

52 WI*'\') Q \‘O Q‘\

0k ti, e .:.'-:-l:.,.
-100 ¢ % Col Ob ‘\) o7
. . ante \‘ al |

-00:00.0 12 DDUDU . 18 DIJ 00.0 00-00:00.0

First time-
dependent
phaC'

Data with first
time-dependent
phase corrections
G1 applied.

NB different y-axis
Scale

T T
19 46 40 25:20:00

14 15:2
11/04/16)



(I) Instrumental calibration only

-180 -

Apply 1°* time-dependent corrections G1

Average all tim
dependent calib

phase

requency

derive frequency-
ijon bandpass table B1

g A b
1 .‘wwﬂ" SIFEY o

amplitude

v

118

Bandpass
calibration

Bandpass and time-dependent calibration applied

Bandpass cal. with first time-
dependent phase corrections
G1 and bandpass corrections
B1 applied.

—

Frequency

[ o0t 202 e 4 4 e e e st osd
| pateennes fas e L b inbis L L] Qﬂlﬁ-ﬁﬁﬁm""ﬂ ..... preteat: Liad ) )

PO R R i A S I i e W e Ve
| .waﬁmwﬁbﬁummmmmlﬂ“ﬂ LT T mmmtﬁmmﬂ-m:

! L
200 112500
Frequency (MHz) -20 -
B le: cal-ngc3256.81
T T\/

...,...m......mnm‘“

m“ﬂ"’..
powrry et

P —

NB Cannot remove
random noise!

Frequency



0.056 4

Phase ref. source 'raw' amps

phase

06:00:0

" derive time-
dependent amp &

E:lé. o
g
; !E i
iii!.: i
s 1
itid i
I08:4|0:00I Tlme |1]%I.-'904z,]6|.-';_05} I I25:2|0:00I I30:5|3:2

G table: cal-ngc3256.G2i

| | )

S

Apply bandpass =

ey table B1 g—

- ___ Average all chans, <

Phase-ref
amp & phase
calibration

Phase-ref. with bandpass ;. .
corrections B1 and time- [illi E
dependent amp & phase "
orrections G2 applied.

"ll'h'bl l'

I 08:40:00 19:46:40
L ]
Time

. | .
25:20:00
2011/04/16)

I
1:00:00.0

1
12:00:C

Time

00: DEI 00.0



Effects on imaging

Amplitude and
R phase solutions:
.. N - iImage improved,
" . snr 22
‘ Ph
J2000 Right Ascens jon 30" ._ -
No astrophysical o -
calibration: T I
no Source Seen J2000 Right Ascens ion
Phase-only solutions:
source seen, snr 15 O

flux scale arbitrary

5%
J2000 Right Ascens ion

10P27M543




Fourier transform and clean

Reﬁduaiﬁmageafter

Sonﬁe CC stBfraction |
D|rty Beam
iteratively

200

FT calibrated
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Dirty Map

Mask emission likely
to be 'real’

30"

light Ascension

F| al image plus uL
posmgnsgfdregt@

Clean Gomponents



Measurement Set

Tsys, WVR- apply

Target, Phase-ref
Bandpass, Flux cal

Measurement Set Measurement Set

—>

Set flux model of flux scale source: setjy

time-dependent calibration:gaincal
phase of bandpass cal

' ' '
frequency-dependent calibration:bandpass \
phase & amp of bandpass cal
ﬂ a!incal er int for cal sources
phase of calibration sources pper scan to apply to
* * | target
gaincal *1erive flux densities of cal sources:
phase & amp of calibration sources iquxscaIe
Y Vv v _ setjy set
applycal, concatenate Measurement Sets phase-ref flux
4
gaincal
amp of %hase-ref
applycal, make first images




Polarization

Different methods used to
separate polarizations at higher
frequencies

ALMA Band 3
(A~3mm) uses
Ortho Mode
Transducer

2SB SIS
Mixer

Band 9
(A~0.45mm)
uses wire grid

Produces two
linearly polarised
signals X and Y

—— Correlator output
300K Bias Filter Card XX or (XX; YY) or
\ P (XX, YY, XY, YX)

. r

Diagram thanks
to Wikipaedia




ALMA polarization

« XX only may be used to double spectral resolution
- Assume linear pol. of thermal lines negligible
XX + YY (parallel hands) give total intensity
— QSO used for calibration may be 10% polarized
« Care needed in setting amplitude scale

Must also have XY, YX (cross hands) to calibrate
either or both of linear and circular polarization

Vix =1+ Q I=(Vyy + V)2
VXY= U+ iV Q= (VXX_VYY)/Z
Vg = U - iV U = (Vyy + Vip)/2
Vivy=1-Q V= (Vyy - Vy)/2i

Stokes parameters x = 0.5 atan(U/Q)
- I total intensity; Q, U linear, V circular polarization



ALMA polarization calibration

Calibration source has unknown linear polarization
- Gain solutions decomposed into X and Y per antenna

g, = 9,(1+Q/)°"

g, = g,(1 - Q/1)°

Leakage between X and Y feeds ('D'-terms)
Feeds rotate on sky as alt-az antenna tracks source

- Parallactic angle rotates
- Q. time-dependent

3+ scans, >3hr HA coverage
- Solve for leakage and
source polarization

Known feed orientation
- Directly correct pol. angle

For high pol. purity correct 2™
order terms

- Need source model (external or self-cal)

Vxx

Vyy
V%y Vix
"SEEEEy __
- OEEEEE  Sammm
= Parallactic angle &



Observing support

 www.almascience.org
— Observing Support Tool for quick simulations
— Splatalogue for line frequencies etc.
— Sensitivity Calculator
— Observing Tool for preparing proposals, observations
— Archive including public-domain data
— On-line Helpdesk

— ALMA Regional Centre Nodes face-to-face support
 Community days, schools
« RadioNet MARCuS support to visit nodes for data red"

e http://www.iram.fr/IRAMFR/

— IRAM Interferometry & single dish schools
e Biennial, alternate - next mm-dedicated ERIS 2014

— RadioNet TNA support for observations



(sub-)mm Interferometry Summary

» Atmospheric refraction/absorption dominates quality
— Cold dry sites OK <370 GHz, exceptional sites <1 THz

— Troposphere affects phase & amp on =1s timescales

« Instrumental calibration (WVR, T ) etc.

— Sub-m]Jy sensitivity at sub-arcsec resolution
« Extended sources need multiple arrays/SD fill in
 Large fields need mosaicing

 Normally observe two separate sidebands
— May have 'mirror' or noise
 Need models for resolved/variable calibrator sources
— They may have lines, as well as your target!
« CASA for ALMA data reduction, later stages of any data

— 'Native' package, e.g. GILDAS for some instrument-
specific data formats/early corrections



ithan getting
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