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Deep High Dynamic Range Imaging:
A Case Study at S Band

W. D. Cotton January 26, 2018

Abstract—High dynamic range imaging of a field observed with - sources will make them appear to be variable leaving atsifac
the EVLA at S band (2-4 GHz) is discussed. The field is centered which are not convolutional. Phase errors can shift anadist

on a 200 mJy source which generated a number of artifacts. The sources [4] in a time variable fashion. “Peeling”, locatizgain
“fingerprint” artifact which consists of many narrow curved, . . !

concentric features was caused by residual group delay errors solutions [3], can reduce these artifacts. .
and is eliminated by delay self calibration although the ultimate ~ Representations of the sky as values on a rectangular grid of

cause of the delay-like variations was not identified and warrants pixels is an approximation which may have difficulty in repre
further investigation. The “black stripe” artifact which consists  sentating the true, continious sky brightness. Bright swoineed
of a negative linear feature centered on the bright source is due sources not exactly located on a pixel are problematic {63. |

to unflagged RFI and is removed by more aggressive flagging. . . - I
Howeve?,gthe mechanism by whichythe RFlggives rise tggthg possible to approximate such sources with an infinite sefies

visible artifact is not understood. Combination of data-sets taken POSitive and negative CLEAN components but in practice this
several weeks apart result in the “radial spoke” artifact which is leads to artifacts around bright sources. For a single sourc
presumed to be the result of brightness variation in the central the imaging grid can be adjusted to center the source on a
fﬁgrgﬁ;if:;btractmg this source before combination eliminated pixel. For the general case of multiple bright sources, tiate

' imaging [7], [6] allows an arbitrary number of sources to be

Index Terms—interferometry, dynamic range centered on a pixel.
For wide-band images, an accurate representation of the
|. INTRODUCTION spectrum of the sky model is critical. Such datasets contain

T low radio frequencies the sky is filled with brightmany frequency channels to avoid bandwidth smearing and
t{]}l sky model must be accurately intrepreted in a frequency

limit tsf? (: r(isSihTtgewiritgr? c;sg}qvir;'e:%[ﬁjd ck;}rll tt?eesi; as 0(: éce.l.shiéependent fashion when subtracting it from the residuad dat
ged. hen used in self calibration.

memo discusses a test case observed at S band by %é\glarization impurities in the interferometer feeds and an
EVLA and reduced using the Obit package [1] Several P

dynamic range limiting artifacts are encountered, analyael tgnna patterng [8]’[9]’[2]. can _mtroduce. h|gher .order ap#r
removed. tions of the signals which will result in imaging artifacts.

Calibration of the polarization state of the instrument rbay
needed to eliminate such artifacts.
Il. LIMITS TO DYNAMIC RANGE Variations in the flux densities of strong sources are pos-
There are a number of effects which can limit the dynamigible in data-sets obtained over an extended period. As for
range of images at low radio frequencies. One importaphcorrected antenna gain variations, the variable bregstrof
category is calibration. Amplitude and/or phase errord wilhe source will result in artifacts which are not convolotid
distort the images of the brighter emission, scatteringgiowand are not removed by deconvolution.
across the field. Self calibration can greatly reduce thesevVery strong interference (RFI) can reduce the gain of the
effects. interferometer electronics with variations on short tincals;
Errors in the group delay (slope of phase with frequencyis can affect data outside of the range of frequencies attwh
calibration can produce artifacts in CLEANing as it introde  the troublesome signals occur. With the EVLA, the “switched
frequency dependent phase errors. When the Fourier tramsfgrower” calibration can largely remove these effects. Atk
of the sky model is subtracted from the data, systematelf calibration can also help.
errors will remain which can produce visible artifacts. fSel Residual RFI in the data can increase the noise as well as
calibration determining delay errors can correct suchrsrrointroduce visible artifacts; these are independent of anise
This effect will be considered further in the following. sion in the field. Furthermore, RFI can modify the effective
There are a variety of direction dependent effects sucheas thterferometer response to a strong source; this is edjyecia
amplitude variations caused by the rotation of asymetries troublesome given that it is more difficult to detect RFI inada
antenna patterns with parallactic angle or phase varistiioe including strong sources. This effect can introduce antifa
to irregularities in the ionospheric phase screen. Unctete around these brighter sources as is shown in the following.
variation of antenna gain [2], [3] in the direction of bright

Ill. EVLA S BAND CASE
National Radio Astronomy Observatory, 520 Edgemont Rd., IGttesville, . . . .
VA, 22903 USA email: bcotton@nrao.edu The data discussed in this memo were part of a project

Lhitp://www.cv.nrao.edutbcotton/Obit.html observing a northerly field with the EVLA in S band (2-4 GHz)
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Fig. 1. Central source spectrum from one session’s image.

using the “B” configuration (resolutior:2.5"). Two sessions described here had visibilities with amplitudes in exceks o
of two hours each were obtained. The field is centered 635 Jy flagged.

a 200 mJy point source which has the potential to limit the

dynamic of the eventual syndy image. The central sourceB. |nitial imaging

has a flattish spectrum but appears to peak in the observe

. ?iollowing the external calibration, each data-set was im-
band-pass; see Figure 1.

aged using phase only followed by amplitude and phase
self calibration. Imaging used Obit wide-band, wide-field
A. Initial Calibration and Editing imager MFIlmage. This program independently constructs
The data were calibrated and edited using the standdalidty/residual images in a set of frequency bins and does
Obit EVLA calibration scripts [10]. This procedure used th@ joint deconvolution. The result is an image cube with
“switched power” measurements which should correct fon ga¢oarse frequency resolution. The spectrum of the sky model
fluctuations due to the variable RFI environment. The firés represented by a table of the flux densities in each of the
data-set used 3C48 as the flux density calibrator which,ewhfrequency bins in each CLEAN component [11]. In evaluating
resolved, with the use of the standard model was adequatetfte CLEAN component to determine the sky model using
this observation. The second session used 3C295 which wag “DFT” technique, the frequency bin tabulated values are
too resolved, even with the model, to give adequate caiiorat extrapolated in frequency using a spectral index fitted & th
The spectrum for the phase reference calibrator, commonsgectrum in each component. The field being imaged was
both, derived for the first observation was used in the secosgntered on a bright, unresolved source and self caliloratio
Calibration and editing are intermixed and the calibratiodccurately centered it on a pixel at the center of the central

steps consisted of: facet.
1) Switched power calibration. The central portion of the field imaged from one session is

2) Delay calibration using the phase reference source. _shown in Figure 2. Several art_ifac_ts relate_d to thg brighte®
3) Band-pass calibration using the amplitude calibratar af the center are apparent. First is the “fingerprint” pattef
calibrator model. narrow, curved features. The second is the horizontal dark b
4) Amplitude and phase calibration using the amplituo@b'aCk stripe”) centered on the bright source and faintat b
calibrator and model to determine the spectrum of tpider dark bands below and above the central source.
phase reference calibrator.
Due to the limited parallactic angle coverage of the data;seC- Residual delay errors
no polarization calibration was determined. In order to help identify the source of the fingerprint
Data editing of the target field at this stage consisted aftifacts, all emission other than the central source whs su
running median windows in time and frequency looking fotracted from the data and all visibilities on all baselinaesl a
outlyers. The efficacy of this depends on there being enoughall times were averaged into a single visibility spectrum
good data at given times and frequencies to distinguish tiibis visibility is plotted in Figure 3. Other than the reddce
bad; this is not always the case. Calibrators were subjecteuiplitude at the ends of each spectral window, the only
to additional editing including that based on searching fauriosites are the small ramps of phase with frequency ih eac
outlyers in various calibration solutions. spectral window. This is the signature of a residual groupyde
Once a pass was made through calibrating and editiregror.
the calibration tables were discarded, the flag table keptThese data were delay calibrated using the scans on the
and the process repeated. This process results in catibrafphase reference calibrator interpolated to the times oftiget
largely free of the corruptions from RFI. The target fieldadatfield data which should remove any slowly varying delay esror
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Fig. 2. Image from one session showing “fingerprint” and “Blatripe” artifacts. Negative gray-scale with20pJy/beam. Region shown is 9.% 8.7".

common to the two adjacent fields. The central source isgtromadial spokes” are likely due to variations in the brighgse
enough that residual delay errors can be determined on & sludrthe central source in the several weeks between the two
time scale. Some of the results of such a fitting are shown dibserving session and do not appear in either data-set inde-
Figures 4-6. Figure 4 shows residual delays as a functionp#ndently. The peaks in the two individual images are 213.7
time for a number of spectral windows and both polarizatiorand 199.5 mJy although this difference could be due to the
for an antenna for which these values were well behaved, ftatlibration. However, the amplitude self calibration used
and scattered around zero. Figure 5 shows a less well behagtedving Figure 8 should have removed a simple difference in
case with time varying mean delays. These non-zero featutles amplitude calibration.
are centered on the calibrator scan at 1:10. The calibraitar d In order to test this hypothesis, the central source from the
in question is well behaved and the solutions well descrilskerived image was subtracted from each self calibratedsdta
the data, just with a different delay than at other times.s€heand then the data were combined and imaged without further
features will contribute to the residual delays seen in Feigu  self calibration resulting in Figure 8.
Figure 6 shows fitted delays for the innermost antenna on
one arm in which the guantized delay update required forEa Deeper RFI flagging
digital interferometer are very visible. For antennasiert  Figure 8 shows that the fingerprint and radial artifacts have
from the center of the array, these updates happen too @ftethéen removed. The remaining artifacts are the dark band
be resolved by the solution interval used. The delay vaati through the central source and the fainter bands above and
due to the quantized interferometer delay updates arealylikpelow. Obit imager MFImage produces an image cube with
to give rise to the visible artifacts as they are too rapid angme spectral resolution allowing the determination these
are centered on zero delay and should average out. artifacts largely appear in the spectral windows at the top
Removing the fitted group delay errors in the target fielgf the observed band where strong RFI is know to occur.
resulted in data-sets whose images had no signs of the fifine series flux densities of spectral window averaged data
gerprint artifact. This artifact is therefore the resultsmhall on individual baselines show periods of unremoved RFI; an
but systematic, residual delay errors. Obit imaging taskeh example is shown in Figure 9. The visibility spectrum of the

phase and delay fitting as an option in self calibration.  same baseline averaged over the period of the peak RFI seen
) in Figure 9 is shown in Figure 10.
D. Source Subtraction After the subtraction of the central source only a few mJy

The delay corrected data-sets were combined and imagédlux density remains in the data-set so aggressive clgpin
with self calibration resulting the Figure 7. The prominens possible. After averaging to 2 min, flagging to remove
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Fig. 3. Spectrum of averaged data-set showing delay erfonglitudes shown in lower panels in mJy and phases in the upgeelp in degrees.
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Fig. 4. Fitted residual delay on the target field versus timeafoumber of spectral windows and RCP/LCP for relatively wehaved data. The gaps were
for calibrator observations
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Fig. 5. Like Figure 4 but for spectral windows and polariaat which are not well behaved. In particular, the calibrabeasurements at 1:10 cause the
bends in the curves.

visibilities with amplitudes above 35 mJy was determinedith using delay self calibration but the fundamental canfse
and applied to the data. The resulting data were imag#te problem is less clear. The delays fitted describe théyreal
producing Figure 11. This image has almost all of the visiblef the data in the sense that when applied, the phases become
artifacts removed. The off-source RMS is 3.2y/beam giving quite flat in time and frequency. The variations in fitted giela
a dynamic range of 65,000:1 and a basically noise limitetb not all appear to be related to variations in atmosphetric o
image. ionospheric delay variations (e.g. have different behaino
RCP and LCP and differences among antennas) and may be
IV. DiscussioN due to RFI making minor frequency dependent modification
Some potential sources of dynamic range limiting imagsf the observed phases.
artifacts are reduced by the general techniques used in Obit
imaging. These include accurate intrepretation of the fre-The “radial spoke” artifact seen when the two observations
quency dependence of the sky model and the centeringsefparated in time by several weeks are added is likely due
the bright central source on a pixel. However, the previods variations in the flux density of the central source. The
sections have demonstrated several other strong souliee apectrum of this source suggests that it is physically vergls
facts remaining. Additional technigues to suppress themewend variations on short time scales are possible. Subitpcti
described. These are discussed further below. the response of the central source from each data-set affer s
The “fingerprint” artifact (Fig 2) was traced to systematicalibration appears to have removed the problem and may be
errors in the group delay calibration. These are easilytdetiie general solution to this problem.
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Fig. 6. Like Figure 4 but for the inner antenna on the
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west anowing the effects of the delay updates of the interferometer

The “black stripe” artifact was traced to unflagged RFI
which modified the image of the central source. After the[l]
central source was subtracted only about 10 mJy of flux
density remained and very aggressive clipping of the timé&l
averaged data was possible. A more general solution is to
subtract the full CLEAN sky model of the field from the data,
average in time and/or frequency to form a data-set on whiclil
a sensitive search for RFI can be performed. The mechanism
by which RFI produces the observed artifact is unclear. [4]

The final image of the data examined here only had a
dynamic range of 65,000:1 but was largely noise limited an?s]
deeper observations would be feasible.
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Fig. 7. Combined data-set image without subtracting the aksturce showing the “radial spokes” artifacts. Negatinayescale with=10pJy/beam. Region
shown is 9.2'x 8.7'.

Fig. 8. Combined data-set image after subtracting the cestraice, “black stripe” artifact remains . Negative graylsaegith £10pJy/beam. Region shown
is9.2' x 8.7".
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Fig. 11. Combined, subtracted data-set image after deepefl&jging. Negative gray-scale with10pJy/beam. Region shown is 9.2 8.7'. RMS is
3.2udy/beam.



