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PART |V

o E S, CHAPTER1

CALI

BRATION OF WSRTDATA

Ed. O.M. Kolkman, texts supplied by A.R. Foley, T.A.Th. Sfraeand H.W. van Someren-Gr/ve

The () data require a number of corrections before we can makeia raap, which can be used for

scienti®c i

nterpretation. A number of corrections are i@dpn=line in Westerbork. The ®rst section of this

chapter will describe those. The second section of thistehdpals with the post observation corrections. The
corrections are described in more detail in a technicalntdpoBrouw (1974, further referred to as ITR78)

1.1 ON-LINE CORRECTIONS

The basic
the observ

philosophy is that all a-priori known errors, athdhese errors which, if not applied, will damage
ations, must be corrected on-line as much adypmsklany of the on-line correction factors will be

improved off line after the observation, also added therttawse corrections which are not, or better known
than at the time of the observation.

1.1.1 THE ON-LINE CORRECTIONS

Below we will describe which corrections are performed e

1. Pointing.
In order to keep all the telescopes at the requested positidng the observation, a set of pointing
correctionsis applied. There are two different correcéilgorithms used in combination . The correction
also implies a correction for the pointing error due to reffian.

(@)

(b)

A model

For each telescope the pointing error in hour anglegnd declination,, is described by a small
set of model parameters.

Themodel describes the errorinterms of offset, sicos ,cos ,sin  cos ,cos cos ,
sin ,sin sin ,andcos sin coef®cients.

Atable The model turned out not to be able to describedhlointing behavior of the telescopes
suf®ciently accurate. After September 1987 an additiariatimg correction as a function of hour
angle and declination was introduced.

This extra correction is derived every 10 sec from a linegerjpolation of the nearest points in
a table which contains for every telescope the pointingrerio hour angle and declination for
every 5 degrees in hour angle and declination, over the &utlqgf the sky that can be reached by
Westerbork telescopes.

IV-1-1
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2. Precession, nutation, and aberration.

The epoch coordinates, supplied by the astronomer are denve apparent coordinates for a moment,
, hear the middle of his observation.

Also calculated for that moment are the ®rst derivativenretof the position vector. In this derivative
vector all effects related to precession and nutation &entanto account, except the diurnal aberration.

For every 10 seconds the actual apparent position vectatdalated, using the position vector at time
, its ®rst derivative, and the diurnal aberration.
3. Phase corrections.

There are many effects that cause errors in the phase of the @ae phase error of each effect is
calculated per receiver (or IF channel), for each 10 seawtethial, summed per effect, and added to the
natural fringe phase, which is send to the primary fringe agufator device.

These effects are :

(a) A constant phase error per IF.

(b) The effects of a position error of each telescope witheesto an ideal East-West line at the given
geographic coordinates of the Westerbork array.

(c) The effect of an extrapolated clock and baseline polarerr

(d) The effects caused by an error in the orientation of tHar@xis of each telescope with respect to
the equatorial North Pole.

(e) The effects caused by refraction of the signal propagdtirough a curved atmosphere.

() Sign reversal correction depending on the down mixingvamtion of the observed frequency to
IF frequency.

4. Amplitude corrections.
These corrections include all effects that in uence thel@nomes of the observed signals, and converts
the amplitude to units of 5 mJy (Westerbork units).
These effects are :

(8) The quantization (or Van Vleck) correction, which tfamms the normalized measured correlation
coef®cients into analog correlation coef®cients, depgrat the correlator bit mode used (2x2,
2x3, 2x4, 4x3, 4x4, or 3x3).

(b) Derive the system temperature from the measured Tote¢Pealues with a noise source of known
temperature, and without a noise source, per IF unit.

Use the system temperature for the correction of the noredlanalog correlation coef®cients to
Westerbork units. This correction occurs per IF unit.

(c) A correction for extinction.

5. Delay corrections.
Delay errors decorrelate the signal, and have to be codéetfre a continuum pointis made from the
frequency points. The geometrical delay is calculated akert into account every 10 sec.
A ®xed table with delay offsets is used once per observatiene is however a difference depending
on the correlator.

(2) DLB/DXB
The delay offset is set per telescope, i.s.0. per IF. Unfatiely there are some delay offset
differences between the 2 IF channels of the same teles@bigse differences cause a phase slope
over the pass band. This phase slope will be removed in thmesystem.

(b) DCB
The delay offset table has an entry for each IF and each band.

Version: 1.0.0 August 17, 1993
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6. DC offsets correction.
A fast phase switch device, which switches the phase withd&goees with 6.4 Hz in the primary fringe
demodulation device (modulation), and corrects for thed3fyee phase insertion (demodulation) after
correlation, corrects for DC offsets in the system. Thissisegially important for the DCB.

7. Frequency correction.
For line observations with the DLB/DXB the proper appareatifiency for a speci®ed rest frequency of
a spectral line is calculated and send to a frequency syimére®uring the observation this frequency
is changed, due to the differential motion of the WSRT witspext to the velocity reference system.

8. Fourier transform effects.
These effects only concern the DLB/DXB, where a Fourierdfarm from time to frequency is done.
The truncation of the correlation function causes a ripplhe spectrum, which cannont be calibrated
because itis a function of the observed phase.
Itis possible to make the ripple independent of the phaskhance enable calibration, by implementing
a 90 degree phase switch in the primary fringe demodulageited in every odd 10 sec, and correcting
for this in the software.
However this will only help if the integration time is an evemmber of 10 sec periods, and the correlator
con®guration only contains standard interferometers ifiterferometers between ®xed and movable
telescopes).

9. Uncorrectable errors.
With a complicated instrument like the WSRT it is unavoicathiat we have from time to time some
malfunctioning of its components, which will lead to contplg wrong data. If the on-line system
notices this, the data will be deleted. Deletion of the datboansist in the substitution of integer value
-32768 for both cosine and sine.

This will happen in the following cases :

(a) All data for a telescope which is out of operation, or ig fadlowing the requested position
anymore.

(b) If one or more of the channels of the correlator is badgctireelation function (or interferometer-
polarization channel data) to which these channels belomndeleted.

(c) Extreme cases, where the shadowing of the telescopesiesdoo much, or the telescopes are
looking near the horizon or to negative elevation angle.

(d) In general all correlator data as read from the correlate directly converted to a oating point
number, and all corrections are applied in oating pointfioiHowever the outputis in ®xed point
form (16 bit), so if the conversion from oating point to ®xedint lead to values outside the ®xed
point range, this data is deleted. Normally with the coreadibration parameters this will not
happen. But it can occur for instance when the data are affdnt man made interference (EMI).

1.1.2 THE DETERMINATION OF CORRECTION PARAMETERS

The correction parameters which are applied to the obselatachave to be determined prior to the observation.
Determination of these parameters require a number ofaptibration observations, which the astronomer
usually never sees, except for a short calibration observdirectly before and after his observation.

We will discuss these observations.

1. Pointing.
Determination of the pointing model and table require adargmber of observations, which can best
be done at an observing wavelength of 6 cm.
In each of these observations a group of telescopes obsgd essitions around, and one on a calibrator
source, while the other group of telescopes remain on tliferasdr, after that the pattern is reversed.
A typical duration of such an observation is 18 minutes.
A single observation like this is suf®cient to determine iafbag offset for RA and dec.

Version: 1.0.0 August 17, 1993
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If one wants to determine a much better check of the pointetgalior, many pointing observations
spread evenly over the whole sky are necessary, which takessa 24 hours.

The pointing behavior repeats itself at least within 0.6nanutes, and on the average within 0.2
arcminutes.

A number of special programs have been developed to deriméipg parameters from these observa-
tions.

2. Noise source temperatures.
The temperature of the noise sources can be calibrated with Fower observations on the strongest
sources in the sky, like Cas A, Cyg A, and Tau A.

3. Telescope positions. Calibrating the telescope positions require a large nurob&bservations on
calibrators with well known positions. Typically such a séibbservations which must evenly cover
the whole sky will take about 24 hours with observations ofieation of about 30 minutes.

The software for interpretation of these data exist in Dweing.

4. Baseline pole and clock information.

From information about polar motion and UT1-UTC from theelmational Earth Rotation Service
(IERS) received on a weekly basis, the corrections for basglole and clock are determined from
extrapolation. The extrapolationis at most over 2 week® &ttrapolated values show errors of typical
0.005 arcsec in the baseline pole, and 3 milliseconds in time

These corrections are checked off-line in Dwingeloo.
5. Delay offsets.

Every calibrator observation with the DLB/DXB in which atefjuency points are kept can serve for
a delay offset determination. A special program interpnetpghase slopes over the pass bands, and
derives the delay offsets per IF. For measuring the delasetdffor the DCB we have to perform a
special observation on a calibrator in which the delay isaged per integration time. The amplitude
plotted data as a function of time shows the decorrelatiootian. A special program interprets these
observation into delay offsets per band and per IF.

6. ionosphere

No corrections for ionospheric effects are determined antleghjm Westerbork, since itis not possible
to obtain ionospheric information in real time. The Westekboff-line reduction takes care of this
effect,

1.1.3 (GHECK OF THE ONLINE CORRECTIONS

After the observation is done, there are a number of progthatcheck the quality of the observation, and
the related calibration observations.
1. Make a map.
A spatial Fourier transform program makes a small map of &éméral part of the ®eld of typically 180
x 180 points, without any cleaning, subtraction or furtharections.
2. Inspect the Total Power.
It is possible to plot the receiver gain and system tempezdtur Total Power values) for each IF as a
function of hour angle. This will show the behavior of therftend during the observation.
3. Inspect the logging ®les of the on-line system.
The on-line system checks many system parameters duringbbervation, and logs all abnormal
results.
The most important of these are the telescope positioniegeiand the correlator channel errors of the
DLB/DXB. Software is available to display this informatitabularly or graphically.
There is also a display program that plots a requested seti@ation functions directly after they have
been read out from the correlator by the on-line system.

Version: 1.0.0 August 17, 1993



WSRT User Documentation, Part IV section 1.2.0 page (I\B-1-

4. Inspect phase and amplitude.
This is useful only for the used calibration observations.
Decomposing the amplitude and phase information fromfiatemeter values into IF values shows the
continuity of the system, and offers the possibility to deti@e improved zero values. Also amplitude
and phase, as well as cosine and sine values can be displggiedtehour angle in various ways.

1.2 PROST OBSERVATIONAL CORRECTIONS OMVSRT DATA AT NFRA

Part of NFRA service is the possibility to have your WSRT dagéng corrected and calibrated, this will
be done at request. The data can be calibrated, reduced amgufated with several software packages:
e.g. AIPS, NewStar, standard reduction package. The reemied off-line processing.€. applications of
additional correction and calibration) is shown in ®gufe 1.

Starting on the top left-hand corner of the diagram we seénpurt, the WSRT synthesis observations. These
are raw data which have been corrected on-line. If the scientisisibggh dynamic range measurements
(that is a dynamic range 1000) he needs to self-calibrate the data. This can be dotmeAMPS or the
NewsStar package (see also the NewStar cookbook ?@art

If you want to calibrate mosaic data or just want to do thebeation yourself, you should request your data
from the head of the reduction group, together with calibreinformation.

If dynamic range better than 1000:1 is not needed and onerdii@gant to mosaic or reduce the data oneself
then one can ask for standard reduction. The reduction ferpesd using the standard reduction software.
Any necessary corrections are applied.

These standard corrections (ITR78) are described belowuédts for standard reduction should be sent to
A.R. Foley (after you have been informed that your data ifl alvie).

Dipole corrections
In practice, there is always crosstalk between dipoles efestope. In Westerbork we try to minimize
this but if you need to measure the polarization of a radiafiom a source accurately (better than
0.5%) the crosstalk needs to be accurately measured andedmbhis is done by observing sources of
known polarization at different dipole settings ( and ). These crosstalk terms are then calculated
and removed off-line.

Baseline corrections

In order to ®ll the UV plane we need to move the telescopeserathtracks. When positioning them,
errors can be made in the precise placing of the telesco@aifr) which is not known when the fringe
stopping is done. Hence a phase error with a sinusoidalrpatténtroduced. This is clearly most
important for short wavelengths (6, 21 cm) and less impoftariong (49, 92 cm). Similarly errors in
the assumed UT1-UTC (clock errors) and errors in the assyasttion of the baseline pole can lead
to such patterns. These are determined using a "baselinageickf 24 hours of short observations
of calibration sources with known accurate positions towate the telescope position errors (in 3-D).
This is normally done immediately after a baseline shift air@lcm. Ideally one should take into
account the (tiny) shift in uv coordinate also.

Atmospheric corrections:
Radio interferometric observations are affected by trppesic and ionospheric extinction and/or re-
fraction. At radio frequencies below about 6 GHz troposhefraction is basically independent of
frequency, while ionospheric refraction varies in invgrsgportion to the observing frequency squared.
The errors due to the tropospheric refraction becomesgibtdismall in comparison with that due to
ionospheric refraction at frequencies below 1 GHz. (Sprel992).

lonosphere
The effects of ionospheric refraction are visible in two way

1. as phase errors, which are to ®rst approximation (as ktigeaonosphere is “coherent' over
the interferometer baseline) linearly proportional toltlaseline length in meters;
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TART
WSRT synthesis observations
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range > 1000 Self calibrate
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calibration

mosaic
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in AIPS

o [ Standard reduction begins below]

Request dipole offset
checks
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Figure 1.1: Flow chart with decisions that need to be
made during the off-line data (standard) correction and
calibration of WSRT observations

Request UV FITS in
Stokes parameters
Request EBCDIC

WSRT format

Request ASCII
WSRT format
STOP
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2. as Faraday rotation on polarized signals traveling tiindie ionosphere which is a magne-
toionic medium.

The fundamental phenomenon is a delay error. In interfengniketranslates into fringe rate or
phase errors. lonospheric refraction is a signi®canttdffeconnected element interferometry at
frequencies up to about 2GHz. (Spoelstra (1993), SpodEd83) investigated the in uence of
ionospheric refraction using the WSRT.)

From the above we see that for wavelengths longer than 30 anrection needs to be made for
the ionospheric refraction.

Theionospheric corrections are made in Dwingeloo on this basmeasurements of the ionospheric
electron content by civil and military ionospheric obseovees. The measurements are usually
taken at hourly intervals. The corrections are satisfgotscept for times around sunrise when
the atmosphere is heated and the structure of the ionosgiemges rapidly.

Troposphere
The effects of the troposphere are extinction and refractio

To calculate the effect of extinction two effects need to iwesidered; the observed intensity will
decrease as a result of absorption and scattering of mekeantl the observed antenna temperature
will increase due to the air radiation. The effects are bdtination of airmass and thus the zenith
distance of the observation (ITR 78).

The error due to tropospheric refraction is a phase erraa(peterized by e.g. Brouw 1971,
Spoelstra 1992 or ITR78) which is also function of the zedigtance of the observation.

The ®rst-order tropospheric extinction and refractionezions are applied on-line at Westerbork.
But because the dominant contribution to the troposphefiaction error usually stems from the
gradient in the water vapor content (Resch 1984) (whichni@pen the weather) these ®rst order
corrections may be incorrect by an amount of the order ofregtenths of percents. Because of
uncertainties in the tropospheric parameters monitoreshduhe observationi.€. humidity) an
additional correction (to the ®rst order on-line correctis usually not made.

The ®rst order correction for extinction also be off by a petage on the order of percents. Note
that additional corrections for extinction can be made inithe NewStar packade.

lonospheric and tropospheric gain and phase errors at tiatessof the order of one hour can be reduced
when calibration is done using redundant baseline solstima/or self-cal, also see paf

More information about the effect of the atmospheére, refraction in the ionosphere and extinction
in the troposphere, can be found in e.g. chapter 13 "Projpaggffects' in the book by Thompson
et al(1986), chapter 5 “Calibration and Editing' by Fomalont &wetley in the book by Perlegt al.
(1989) and in articles by Spoelstra (1983, 1984 and 1992glwhie based on measurements with the
WSRT.

Shadowing corrections:

Because we use some baselines which are only slightly Iadhgerthe telescope diameter, for some
ranges of hour angle and declination (particularly near0 and 90 ) one telescope is shadowing
its neighbor as seen from the source. We can apply a shadewirgction which allows for the loss of
gain and shiftin uv coordinate which is useful for a pointmauat the ®eld center, but is not applicable
in the general case. The observers with shadowing occurritingir data should be extremely cautious
of using shadowed data, especially for extended ®elds @ttnection should change across the ®eld,
but doesn't).

Standard Gain/Phase:

The Standard gain and phase corrections are calculatecedrattis of a group of calibration sources
(usually 2 to 8) observed in the same mode as the main soundeimanediately around it. The
calibration is done per frequency channel per interferemetnd its interferometer basis spoils the

1Additional extinction corrections be made, B but are not raanl practice, because self-cal can handle these problemg®tting
the appropriate functions (e.g. ITR 78) to the system teatpezs which are monitored during the observation and aadade on
request at NFRA.

Version: 1.0.0 August 17, 1993
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telescope dependence of corrections used in self-cabbrathemes (as in AIPS or NEWSTAR).
Typically the maps made will reach dynamic ranges of 100@ripgwlarization. If that is not good
enough do not ask for standard reduction!. The spectralrdi;eange is usually much better, often a
few thousand.

EMI

Observations suffering from man-made interference (EMih) loe corrected automatically for impulsive
interference. Affected data points are marked as if deJédhe cosine and sine values are put equal
to -32768 (as 16 bit numbers)

After the data have been corrected (we are at the top righd-barner of ®gure 1.1) we are ready to make a
map. The observer needs to choose the output format for hislata.

If you want to do your map making in AIPS request output in UW&format with the data written as Stokes
parameters. If you want to make a map using LINEMAP in Leideguest EBCDIC format. One can also
make maps using NewStar or the R-series software develdf¢BRA/ASTRON, one needs to request the
data in ASCII WSRT format then. If you do not want to use anyhaf @above packages then you want to use
your own data reduction package you should request the natae of the above formats.
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Aerospace Research & Development, Neuilly sur Seine, France.
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Chapter 9.1, book 3).
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TIPS, HINTS AND FREQUENTLY ASKED
QUESTIONS

This chapter contains tips hints etc for the different stéamfeanap making.

2.1 REDUCING21cCM LINE DATA

Based on a gipsy dcO docum@&iEDLINE by R.Sancisi, updated by Marc Verheijen and Olaf Kolkman

2.1.1 NTRODUCTION

This chapter contains a tentative guideline for an intéragrocessing of Hl line data (principally extragalac-
tic) using the GIPSY package The reduction process is given in various steps. With etefhthe GIPSY
command with which a task can be performed is indicated.

2.1.2 REDUCTION OFLINE DATA

TRANSFER MAPS FROMFITS FORMAT INTO A GIPSY CUBE

1. Load each map into one subset all subsets make up the cube. RFIES
2. Make a list of disk contents b DISK
3. Measure beamwidths in antenna pattern (AP) D ANTPAT
4. Inspect the headers of MAP and AP cubes b HEADER

FIRST ASSESSMENT OF DATA QUALITY
1. Visual inspection of antenna pattern , of broadband obla@r{if you have it) and of channel maps.

Record maps as a movie in GIDS b VIEW RECORD=Y

2. Estimate r.m.s.noise in a signal free area b STAT
Make pro®les or XV-maps across a continuum point sourceei®gid. Look for variations of intensity
or position with velocity. b VIEW, QPLOT, SLICE

1GIPSY: The Groningen Image Processing SYstem is developiia d&apteyn Institute and available on the anonymous dtgen
kapteyn.astro.rug.nl(129.125.6.204)

IV-2-1
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FORM AND SUBTRACT CONTINUUM MAP

1.

w

Estimate velocity extend of line emission by:
(a) visual inspection of a sequence of channel maps (e.GU38 movie at various speeds,or make
mosaic) b VIEW REC=Y, CPLOT
(b) make a position-velocity (XV) map across the sourcerad Bmission (e.g. along major axis and
through the center of a galaxy) b SLICE
(&) Form an average of the line-free channels on both lahagh velocity sides separately and make
difference map to look for systematic differences. b MEANJB

(b) If no systematic difference is found, form a mean contimunap from all the line-free channels.
b MEAN

(c) Remove the continuum by subtracting the mean continuamfrom all channel maps including
those used to form the continuum. Do not overwrite the odbilata set. b SUB,CONREM

(d) If the continuum is frequency dependent, use CONREM tmfand subtract) the continuum as
a function of frequency. b CONREM

If not enough line-free channels are available ,use BL®dut out the line signal. Form and subtract
the continuum using CONREM on the blotted data cube. b BLOONREM

4. Estimate r.m.s.noise in continuum map. b STAT

Inspect all new continuum free maps and verify optimaiohof continuum channels. Check that no
emission is present in channels already used for continuum. b VIEW REC=Y

Estimate r.m.s.noise in the line channels. Compare tieermefore and after the subtraction of the
continuum. b STAT

Make an average of all the line channels with no cutoff, luk for any systematic effects and
errors(rings,DC-offsets etc) b MEAN

STUDY OF HI SOURCE

1.

Visual inspection of continuum free channel maps in vigfjsequence (zoomed if necessary)
b VIEW RECORD=Y

. Use CLEAN to restore base level of maps and to get rid otidisitg side-lobes and/or grating rings.

b CLEAN

Consider signal/noise ratio.Velocity and /or spatiabsthing may be necessary to improve signal/noise
ratio of extended emission. b SMOOTH,VELSMO

Global pro®le.
(a) Integrate each channel map over a rectangular regidmioimg HI emission and divide by the
sum over the beam values in the same area centered on theapigtern. The size of the area

may seriously affect the result.In cases of poor S/N rati®ititegration can better be done after
smoothing. Flux densities are corrected for primary bedenastion. b FLUX

(b) As an alternative procedure decompose the HI sourceGhtBAN components and add the
residual to the ux in the components. Apply primary beanrection. b CLEAN
Total HI map and velocity ®eld.
(8) Quick sum of all the line channels (with or without cuta$f cutoff use 1.5-3rms) to obtain
integrated HI map. b SUM

(b) Use MOMENTS or GAUFIT to obtain maps of integrated Hl aeity ®eld and velocity dispersion.
b MOMENTS, GAUFIT

(c) Blotch the area of HI emission on displayed channel mapi€s outside area are set to zero).
b BLOT
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(d) or use smoothed data to de®ne region of emission in urteetbmaps. Then straight summation
for HI,weighted sum for velocity ®eld. b CONDIT(& BLOT), MOMNTS

atomscm? 1823 10'® K km s (2.1)

( is usually channel separation)
6. Total HI mass.

(a) From global pro®le (preferable in general).

(b) From integration of the total HI map over area of HI sougaeea in AP is usually too large )
b FLUX

—— 236 10° 2 (2.2)

7. Conversion factor S(mJy)/Tb(K):

Equivalent for 1.0 mJy/synthesized beam area
is:
687 14204 2
arcsec arcsec
« : gridspacing (arcsecs); 1WU =5 mJY/BEAM,; is the observing frequency)

TIPS
1. Try SMOOTH and CLEAN also on the Antenna Pattern as a check.

2. Leave Primary Beam corrections on HI maps ( channel oftitpalways as the last operation after ,
for instance, smoothing, cleaning , etc.

2.2 FREQUENTLY ASKED QUESTIONS

This section needs to be expanded. Please send your suggestiquestions, with or without answers to
wsrt@nfra.nl

Question What is the noise in a total HI map ?

Answer by Marc Verheijen

We will show how the noise in a total HI map can be calculatedotal HI map is usually constructed
from a 3 dimensional datacube containing a number of soccelannelmaps. Each channelmap shows
an Hl image of the galaxy at a certain velocity. A total HI mapriade by adding those channelmaps
which contain the HI signal. Before adding the channelméapssignal in each channelmap must be
isolated. When the signal is not isolated one merely addsertoithe total HI map because the location
of the signal in a channelmap varies with velocity due to #lagfic rotation. The signals can be isolated
interactively using the BLOT program or in a more objectivaywising a certain contour level in the
smoothed maps as a mask. As a consequence of adding chapselittaisolated regions the noise in
the total HI map is not constant but varies from pixel to pix&ie noise at a certain pixel in the total HI
map depends on the number N of non-blank pixels at the sanittopda the individual channelmaps
that were added.

In case the datacube was obtained with an uniform taper gltiim observation, the noise in two
channelmaps will be independent. The noise equivalentiaitid B in a uniform tapered spectrum is
equal to the channel separation b. When adding N unifornrédpehannelmaps at a certain pixel the

noise  at the same pixel position in the total HI map will be increbbg a factor
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Usually, the observations are made using a Hanning tapehiohacase the noise in two adjacent
channelmaps is no longer independent. A Hanning tapertieféd¢ smooths the data in velocity
by convolving the velocity pro®le at each pixel. If ¥ the pixel value in the i uniform tapered
channelmap, the value khthe i Hanning tapered channelmap is given by

1 1 1
4 1 2 4 1

Since the 's are independent and all equal to, the noise inthei Hanning tapered channelmap
can be calculated according to

1 2 1 2 1 23
i 1 3 i 1
1
101 13
6 4 16
6
£ o6l

In this case the noise equivalent bandwidthfBr a Hanning tapered spectrum is given by

1 267

As a consequence, the noise in two Hanning tapered chanp&lmay be correlated depending on
their separation. Two channelmaps separated by one cimaapare correlated because both contain a
quarter of the "ux from the channelmap between them. Onlyyetlerd channelmap is independent.
This will be shown in the following three cases in which twortdang taperd channelmaps at different
separations will be added.

+ Adding two adjacent Hanning tapered channelmaps i and ¢ivEs a signal H . of

1 1
1 1 1 1 1 1
4 1 32 4 1 4 2 1 7 2
1 3 3 1
4 1 2 4 1 3 2
And the noise , inthat map will be
1
1 2 3 2 3 2 1 23
1 7 1 Z z 1 7 2
_20 _20 4
2 4 " &
al
33 183
= Adding the Hanning tapered channels i and (i+2) gives
2 2
1 1 1 1 1 1
2 1 3 2 1 2 1 3 2 7 3
1 1 1 1 1
4 1 3 2 1 2 2 73 3

The noise becomes
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1 2 1 2 1 2 1 2 1 23
2 i 1 2 2 1 3 2 i 3
_14 _14 4
7] 7 " ®
2% 153
= Adding the Hanning tapered channels i and (i+3) gives
3 3
1 1 1 1 1 1
i 1 3 i 1 i 2 32 3 2 4
The noise becomes
1 2 1 2 1 2 1 2 1 2 1 23
3 a1 3 i 1 i 2 3 3 i 4
_12 _12. 4
7] 7 6
2 141

So, channelmaps i and (i+3) are independent.

Because the noise is correlated, addingdjacentHanning tapered channelmaps does not give an

increase of the noise with a factor but with a factor % ié as is shown below. First the total
signal H is calculated.
Channel| U 1 U U U 2 U 1 ]
i I I I
1
" o
i+2 i
i+N-3 %
i+N-2 1 1
i+N-1 i i 1
3 4 3 2 1 4
i 1 33U U U 2 3U Y
and thus
H =2U 1+3U +U 1+ +U ,+3U .+31U

From this it follows that the noise is given by

NI
N
Alw
N
N
'—\
N
Alw
N
NI
N
Nl

Hlw
Nl=

Hlw
Nl=

a||J>

3
2B

However, before the Hanning tapered channelmaps are added a total HI map, the continuum
must be subtracted and the channelmaps must be cleanec dpersitions introduce extra noise in the
channelmaps which doesn't behave like a Hanning taperedlation. In a ®rst approximation the noise
added by the cleaning process will be neglected and it widseimed that a single averaged continuum
map will be subtracted from each channelmap (i.e. NPOLY=C@NREM). It will be assumed that
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the average continuum map is formed by averagindjie free channels at the low velocity end of the
datacube and Nchannels at the high velocity end which gives

1 2

L and L

1 2
1 1

Since all channels are Hanning tapered the noise in thesg caapbe calculated according to
1 3 1 3
- 1 2 and = 2 2

The average continuum map to be subtracted is then formed by

1

2

Since and are independentit followsthat the noise  in the ®nally averaged continuum
map is given by

NI

Blw
Blw

Al
Ll N}
SN
N

After subtraction of the continuum the channelmaps onlyt@orsignal from the HI emission line. The
signal in the channelmaps containing the line emissionvg given by

1 1 1
4 1 2 4 1
Because is independent from in the velocity range which is not used to form the averaged
continuum map, it can be written
1
1 2 1 2 1 2 2 2
4 2 4 1
1 4 1 23
16 16 16

@lw

When adding NadjacentHanning tapered and continuum subtracted channelmapaicorg the line
emission, the signal L will be

1 3 3 1
7 1 1z 1 2 7 13
The noise  at each pixel in the ®nal map can be derived analogous to litwdatéon of  and is
given by
3 2 23
4
3 2 2
4
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PART |V

e oS e nay CHAPTER3

ERRORS IN MAPS

original article by J.P. Hamaker

with minor changes and updates by O.M. Kolkman.

This is a reproduction of chapter 5b of the old manual. Ther@gare reproductiorisof the ®gures in the old
manual. Once the NewStar simulation program N-Simul islalée the ®gures will be remade and parts of
this chapter will be rewritten.

3.1 (GENERAL REMARK

The purpose of this contributionis to provide a number ofitations of error patterns generated by a computer
or taken from practical examples, which could assist a usatdntifying the origin of error patterns he may
®nd in his map. As little theory is given as suf®ces to unaletithe pictures and generalize them to so similar
but different situations. For more theory, Hamaker (19F®ud be consulted, we also refer to chapter 10
“Error recognition’ by Ekers in Perlest al. (1989).

The effect of errors will be described in terms of error bedmsdifferences between error-corrupted
beams and the ideal synthesized beam. Where appropriédeppam coordinates  will be used instead
of the conventional . Moreover the projection factor sin is not includedj.e. all beams shown either

in symbolic or pictorial form are compressed in their No&buth dimension.

All computer generated examples shown are for 112 hour synthesis with 20 interferometers and telescopes
Aand B at 72 m and 144 m. The ®eld meas¥&s by 7 sin ( isthe observing frequency in GHz) and

is represented by 256 points in both directions. Toward tlgee there may be quantitative differences with
the output of a real map making program due to the use of difteconvolution functions in the visibility
plane.

3.2 SYMMETRIES

The basic symmetry properties of the Westerbork error beamexplained in Hamaker (1979). Brie' y:
Gain errors produce error pattern symmetric with respetitédeam center.e.

1The original ®gures were produced using a specially wridiemulation program. This program was not available whes thi
documentation was produced so we choose to scan the origiagés. The horizontal line on the lower half of each ®guieatfeady
exist on the original images it should be ignored.
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Small phase errors result in an anti-symmetrical error heéam

For those phase errors for which the approximation 1 is not suf®cient, a symmetrical error is
superimposed upon the antisymmetric one for small phaseserFor phase errors of about a radian or more
the symmetric and antisymmetric contribution become ofarable strength.

In addition, errors that are symmetric or antisymmetricantangle (or time with respect to meridian transit)
give rise to a similar beam symmetry relative to the horiabaxis,i.e.

3.3 REPRESENTATION OF ERRORS

For each interferometer, gain and phase errors in an intenieter with baseline may be expanded as a
trigonometric series of the hour angle.

sin cos

To an accuracy suf®cient for our practical purpose, thexsktssm may be approximately identi®ed with drifts
linear in time, the third term with quadratic ones. For getiioal errors (clock, baseline vector, polar axis
misalignment, source coordinates), the above formulagdstesee ITR 78 (Brouw, 1974) and ITR 112(Brouw
and van Somerend&e, 1973), Brouw's Thesis (1971).

3.4 SNGLE-INTERFEROMETER ERRORS

Although errors are more likely to be associated with a telpe or antenna and hence with a group of
interferometers, it is instructive ®rst to consider thgl&nnterferometer, which is the basic building block.
2
4
In the illustration given, the standard Westerbork taper ~ * has been applied, with taken as
1440 m.

3.5 (CONSTANT GAIN ERRORS

The contribution from an interferometer with baselinevavelengths to the synthesized beam is a circularly
symmetric beam with a bessel-function cross-section,

02 (3.1)

see ®gure 3.1, a constant gain error produces an error beim sdme form. An extreme case is that of an
interferometer completely absent.

3.6 VARYING PHASE ERRORS

ErrorsD (along the baseline) arfid ( in the equatorial plane perpendicular to the baselinehénaissumed
baseline vector produce the same effect as errots  in declination, ,and D in the hour angle,

The resulting error beam is the difference between theeshlieam and the correct one (equation 3.1). For
small shifts the error may be approximated by differentigi.1 in the direction of the shift, giving

2 12 cos 0 (3.2)

where ¢ is the position angle of the shift vector. The beam is give®gure 3.1.b.
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3.7 (GONSTANT PHASE AND VARYING GAIN ERRORS

In spite of its simple form, a phase offset gives rise to thamlex pattern of ®gure 3.2.a. This complexity

is due to the - discontinuities at 2 where the observed interferometer track and its unobserved
hermitian meet. Similar effects occur for gain errors (®g8.t18d) whenever a linear drift component is
present.

Note that a constant phase erfdrsin  is introduced by an errdd ( in the direction of the celestial pole)
in the assumed baseline vector.

3.8 ERRORSIN A FIXED TELESCOPE

All patterns shown oscillate radially at a spatial radiaragjtfrequency , as does the basicy function

off equation 3.1. Therefore, the same error occurring in tmterferometers with baselines; and »
simultaneously gives rise to beats at a quasi-frequency . 2. Figure 3.3.a,b,c show three examples;
these should be compared to their single interferometentegparts, ®gure 3.1.a and 3.1.b. Note that at a
super®cial inspection the beat frequency may be thougletta b, rather than half this value.

3.9 ERRORSIN A MOVABLE TELESCOPE

A movable telescope affects 10 interferometers simultasigpspaced at 144 meter intervals, 2 times the
interval for the complete array. Ad a consequence, the beamis concentrated in rings at intervals of2l
times the standard ring spacing in 12-hour synthesis. lirgy ‘dnap, every other error ring will coincide in
position with one of the standard spacing rings and be hithgtet)

examples are shown in ®gures 3.4a-e. Apart from their radiaentration just discussed, their azimuthal
behavior shows similarity to that of the single interferéeneounterparts, ®gures 3.2.a-d.

Rings of this type are commonly referred to as "AB-rings'.

3.10 SRTBASELINE POLE

The angle between the “average' baseline of the SRT and tfetaéal plane is known as the “declination of
the baseline pole'. Itvaries slowly in time and must theretoe calibrated for each observation period. Errors
in this calibration result in phase errors sin . The resulting error pattern consists of an East-West
positive/negative tail pair, see ®gure 3.5.a. Note thadipele' con®guration in the center represents a small
westward shift. Also note that the pattern is very similahtat of ®gure 3.4.a, but differs through the absence
of an A-B ring (since the error affects all interferometether than only one half of them).

3.11 MSSING HOUR ANGLE

It frequently happens that a certain range of hour angledssing. The resulting beam defect is shown in
®gure 3.5.b. Its axis has a position angle which differs byf@fim the center of the missing hour angle; its
“opening angle'corresponds to the length of that range.

3.12 12 HOUR SYNTHESIS

All the effects described persist when two or more 12-hogeobations are combined in a map, although they
are, of course, reduced in size relative to the total syitbddeam.

A more or less new type of error may occur in the form of an irfgmtrcancellation of the 12-hour grating
rings. If the residual rings are not accompanied by otheepad such as AB-rings, they must be due to an
error in the calibration in one (or more) of the observatians whole.
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The nature of the error (gain/phase; frequency/clock) eainferred from the azimuthal variations of the rings
by considerations similar to those given above.

3.13 ATMOSPHERE

The most important errors are phase gradients over the eawesed by refracting irregularities that vary with
time (Hamaker 1978, Hargrave and Shaw, 1978). They prowakealrstreaks in the beam; ®gure 3.5.c shows
a practical example where the atmospheric variation oedumrainly on a time scale of 1 to 10 minutes. For
longer time scales, the streaks become shorter but morerpsWwailt up in them near the beam center (see
Hamaker, 1979). Also the grating responses become rdiatisgaker.

For more information about the effect of the atmosphere seg pagerefAtmospheric corrections of this
documentation and e.g. chapter 13 "Propagation Effectthénbook by Thompsoet al(1986), chapter

5 “Calibration and Editing' by Fomalont and Perley in the bdy Perleyet al. (1989) and in articles by
Spoelstra (1983, 1984 and 1992) which are based on meastsewi¢h the WSRT.

3.14 (QROSSTALK

Cross-talk can occur at extreme hour angles (greater tharb on a very short baseline (usually 9A=36
meters). When one telescope looks into the back of the otferground radiation i ectedoff the back of
one telescope into the aperture of the second one; at thetBame small fraction of the same radiation leaks
through the mesh of the ®rst telescope to give a detectajlal shere as well. Thus the two telescopes detect a
correlatedground radiation signal and consequently the ismormousncrease in correlated amplitude. Since
this extra signal is detected only at extreme hour anglesllionly appear in maps as a north-south amplitude
ripple with a period (in radians) equal to * where (in wavelengths) is the projected interferometer baseline
at 90 (see ®gure 3.6)

Note that at hour angles where cross-talk may be detectetbsliag (see chapter 9 in part I11) will already
be so serious that the data is essentially anyway worthless.

3.15 DCBOFFSETS

DCB-offsets in certain bands can introduce ghost imageialgunt to source at certaindisplacement.
In a later version of this documentation we will present mafermation and a ®gure.

3.16 DLB-OFFSETS

DLB offsets in sin or cos channel cause ringlike structutasa later version of this documentation we will
present more information and a ®gure.

3.17 TRAVELING IONOSPHERIC DISTURBANCESTID) AT 92CM

In a later version of this documentation we will present mafermation and a ®gure.

3.18 (Q.0OSURE ERRORS

In a later version of this documentation we will present mafermation and a ®gure.
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3.1la 3.1b

Figure 3.1:

a. The contribution of a single interferometer (360 m
spacing) to the WSRT beam. Its cross-section is given
by a Bessel function.

b. Contribution from a single interferometer (360 m
spacing) for a phase error 1rad sin cos
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3.2.a 3.2.b
3.2.c 3.2d

Figure 3.2:

a. The error contribution from a single interferometer
(360 m spacing) with a constant phase offset ("collima-
tion error’).

b. Error contribution from a single interferometer (360
m spacing) with gain errors varying as sin.

c. Error contribution from a single interferometer (360
m spacing) with gain errors varying as cos.

d. Error contribution from a single interferome-
ter (360 m spacing) with gain errors varying as
cos sin cos 45 .
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3.3.a 3.3.b

3.3.c

Figure 3.3: Error contribution from a single antenna
(here telescope 7 for examples a and c and telescope 5
for example b)

a. 7A=360 m and 7B=432 m, constant gain offset.

b. 5A=648 m and 5B=720 m, same error.

¢.7A=360 m and 7B=432 m, constant phase offset.
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3.4.a 3.4.b

3.4.c 3.4d

3.4-a. Constant phase offset

3.4-b. Gain error varying as sin

3.4-c. Gain error varying as cos

3.4-d. Gain error varying as cos  sin
cos 45

3.4-e.Phase error varying as sin

3.4.e

Figure 3.4: A-B-rings for various errors in antenna A
at position 72m

Version: 1.0.0 August 17, 1993



WSRT User Documentation, Part IV section 3.19.0 page (N9)-3

3.5.a 3.5.b

3.5.c

Figure 3.5:

a. Contribution from an error in the declination of
the base-line pole, which gives rise to phase offsets
in all interferometers proportional to. The pattern
resembles that of a constant phase offset in a movable
antenna, but there are no AB rings.

b. The beam defect that results from the absence of
hour angles greater than 8t absolute values. The
grating responses are much stronger than the normal
grating rings.

c. A 21 cm observation of ... (with the point source
subtracted) showing the radial streaks characteristics
of large-scale atmospheric irregularities. The grating
responses of the streaks are much stronger than the
normal circular grating rings. The dominant effect in
this observation had time scales from 1 to 10 minutes.
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3.6.a

3.6.a

Figure 3.6: A 21 cm observation of the galaxy
NGC3190 at declination 22

a. the map made from Fourier transforming visibility
data that included cross-talk

b. the same ®eld, but the data affected by cross-talk
were not included in the Fourier transform.
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