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Abstract: Modern radio interferometric arrays offer high sensitivity, wide fields of view, and broad frequency
coverage, but also pose significant data calibration challenges. Standard direction-independent calibration is insufficient to
correct direction-dependent effects, such as ionospheric phase distortions and primary beam variations, which produce
strong artifacts around bright sources and limit achievable image dynamic range. Built on standard Common
Astronomy Software Applications (CASA) package tasks, we present a Python-based direction-dependent calibration
and peeling framework, demonstrated using radio continuum imaging data from the upgraded Giant Metrewave Radio
Telescope (UGMRT). The framework efficiently subtracts bright-source models and suppresses their associated
direction-dependent artifacts, producing significantly flatter backgrounds and improving image fidelity and faint-source
detectability. We further introduce an optimized “model-restoration” strategy that mitigates direction-dependent artifacts
while preserving the overall flux densities of bright sources that are themselves of scientific interest. For fields
containing multiple bright sources, sequential application of the framework systematically reduces background noise,
thereby increasing sensitivity and faint-source detectability. The framework is Python-based, CASA-compatible, and readily
applicable to other mid- and low-frequency interferometric arrays, with the code publicly released alongside this paper.
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nique of aperture synthesist!'], enabling resolution compara-

ble to that achieved at optical wavelengths. Modern radio

Radio interferometry significantly enhances the spa- interferometric arrays, such as the LOw Frequency ARray

tial resolution of radio observations through the tech- (LOFAR[?]) and the Karl G. Jansky Very Large Array
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(VLA), routinely achieve sub-arcsecond angular resolu-
tionl3], which is crucial for resolving the morphology and
internal structure of astrophysical sources. In parallel, signif-
icant advances in receiver technology, correlator perfor-
mance, and survey strategies have led to dramatic improve-
ments in the sensitivity and survey efficiency of modern
radio interferometric arrays(*l. Together, these develop-
ments have established radio continuum observations as a
powerful tool for a broad range of astrophysical studies.

Despite these advances, interferometric imaging is fun-
damentally limited by incomplete sampling of the spatial-
frequency (uv) plane, as determined by the number of anten-
nas, the array configuration, and Earth-rotation synthesis.
Consequently, owing to the lack of short and zero spac-
ings, interferometers resolve out large-scale extended struc-
tures that are readily accessible to single-dish telescopes,
and the resulting images are intrinsically limited in
dynamic range by residual sidelobes and calibration
errors. In addition, the raw visibilities measured by an inter-
ferometer encode both the sky signal and systematic instru-
mental and atmospheric responses, and therefore cannot be
directly interpreted as the intrinsic sky brightness distribution.

To correct these systematic effects, standard radio inter-
ferometric data reduction employs direction-independent cal-
ibration, which aims to correct instrumental and atmo-
spheric response errors that are assumed to be uniform
across the field of view (FOV). These include absolute
flux-density scaling, instrumental delay calibration, band-
pass calibration, complex gain calibration, and self-calibra-
tion. Together, these steps account for time- and fre-
quency-dependent instrumental responses, as well as first-
order atmospheric effectsl!], significantly reducing resid-
ual phase and amplitude errors—such as those induced by
large-scale atmospheric fluctuationsl®], and thereby improv-
ing image fidelity and dynamic range.

However, direction-independent calibration is intrinsi-
cally limited when gain errors vary across the FOV. With
the increasing sensitivity, wide FOV, and broad fre-
quency coverage of modern radio interference arrays, direc-
tion-dependent effects have become increasingly signifi-
cant. In particular, the gain variations introduced by the
antenna primary beam (PB) are direction-dependent across
the FOVI®, whereas propagation effects, such as iono-
spheric electron density fluctuations at low frequencies
and tropospheric water vapor at high frequencies, intro-
duce excess path-length variations along different lines of
sight, resulting in line-of-sight-dependent phase distor-
tions!]. If left uncorrected, these effects give rise to
stripe-like or radial artifacts around bright sources, signifi-
cantly limiting image dynamic range and degrading the
accuracy of source detection and photometry.

To mitigate these limitations, direction-dependent cali-
bration techniques, most notably “peeling”, have been devel-
oped and applied for over two decades!’®]. Peeling iso-
lates the signal of a bright source and solves indepen-
dently for its direction-dependent complex gains, thereby
correcting phase and amplitude errors along the correspond-
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ing line of sight and substantially reducing the prominent
artifacts surrounding the target bright sourcel®l. Both sequen-
tial peeling of individual sources and simultaneous calibra-
tion of multiple sources have been shown to be effective
in mitigating direction-dependent gain errorst!%l.

Numerous peeling-based approaches have been pro-
posed, differing in their implementation and scope. Some
methods improve image fidelity by subtracting problem-
atic bright sources from the visibilities or from the final
images['l]. Other techniques, such as the Source Peeling
and Atmospheric Modeling (SPAM) framework[®], were
developed primarily for low-frequency radio interferomet-
ric observations— for example, with the VLA at 74 MHz
and the Giant Metrewave Radio Telescope (GMRT) at
610 MHz—and mitigate direction-dependent errors by mod-
eling ionospheric phase distortions using multiple peeled
sources. However, such strategies are unsuitable when
bright sources are of scientific interest, or may not fully
account for other direction-dependent effects, such as
antenna PB variations.

In this work, we develop a Python-based, Common
Astronomy Software Applications (CASA)-compatible
peeling strategy capable of suppressing direction-depen-
dent artifacts while preserving bright sources as scientifi-
cally valuable targets. Its performance is demonstrated
using radio continuum imaging data from the uGMRT,
whose observation often exhibit pronounced imaging arti-
facts, arising from the relatively sparse sampling of long
baselines and the enhanced impact of ionospheric phase dis-
tortions at low radio frequenciest®l.

The structure of this paper is as follows. Section 2
describes the uGMRT observations and the standard direc-
tion-independent calibration procedures. The peeling
methodology and the optimized model-restoration strat-
egy are introduced in Section 3. We then discuss and sum-
marize the main results and implications in Section 4.

The radio continuum data used in this work were
obtained with the uGMRT (proposal code: 41 103, PI:
Fangxia An) in Band 4, covering the frequency range
550-850 MHz. The target field, BOSS J0210+0052 (here-
after J0210; R4 = 02:10:00.00, DEC = +00:52:00.00), lies
within the Sloan Digital Sky Survey (SDSS) Stripe 82
region. This field was selected because it hosts both a
prominent galaxy overdensity and a quasar overdensity at
redshift z ~ 2.2, identified by the MApping the Most Mas-
sive Overdensity Through Hydrogen (MAMMOTH)
projectl!2-16] together with its narrow-band follow-up obser-
vations using the Subaru Hyper Suprime-Cam (HSC), con-
ducted as part of the MAMMOTH-Subaru project!7-18],

The primary scientific goal of our uGMRT observations
is to identify dust-unbiased members of this high-redshift



galaxy and quasar overdensity. This population is largely
inaccessible to the MAMMOTH-Subaru survey, which pri-
marily targets Lya emitters (LAEs) and is therefore
strongly biased against dusty systems due to the sensitiv-
ity of Ly emission to dust attenuation.

To fully cover the LAE-traced overdense region, we
designed three overlapping uGMRT Band 4 pointings:
J0210-1 (R4 = 02:11:18.00, DEC = +00:48:00.00), J0210-
2 (RA = 02:09:48.00, DEC = +00:54:00.00), and J0210-3
(RA = 02:08:06.00, DEC = +01:00:00.00). Each pointing
was observed over two long tracks of 6 and 7 h, respec-
tively, resulting in a total integration time of 13 h per point-
ing and 39 h for the entire J0210 field.

During each observation track, standard flux density
and bandpass calibrators 3C 147 or 3C 48 were observed
for ~10 min at the start and the end of each track, while
the phase calibrator 0204 + 152 was observed for 5 min
every ~30 min to track time-dependent complex gain varia-
tions. At the effective observing frequency of ~650 MHz,
the uGMRT Band 4 PB has a full width at half maxi-
mum of ~38’.

We performed the initial calibration of the raw
uGMRT visibilities, which were converted into CASA-com-
patible measurement sets for data reduction, for each indi-
vidual pointing using the CASA package (version
6.6.4.34191), following the standard direction-independent
calibration procedures described in the GMRT tutorials'.

Briefly, the standard direction-independent calibration
and imaging workflow consists of the following steps:

(1) Initial flagging and data preparation. Owing to
reduced sensitivity, unstable bandpass response, and
increased susceptibility to radio-frequency interference
(RFI) near the band edges, we first discarded the outer-
most 3% of frequency channels at both the low- and
high-frequency ends of the raw visibilities using the
flagdata task. We then employed the plotms task to
inspect amplitude—time and amplitude—frequency distribu-
tions for each antenna and scan, allowing us to identify mal-
functioning antennas, anomalous time ranges, and other
problematic data. These data were then flagged manually
using flagdata. In addition, we applied automated RFI
excision using the tfcrop mode of flagdata to remove
outliers before the initial calibration.

(2) Initial calibration (delay, gain, and bandpass). The
primary flux-density and bandpass calibrator (3C 147 or
3C 48) was used to establish the initial calibration. Delay,
complex gain, and bandpass solutions were derived sequen-
tially using the gaincal and bandpass tasks, producing
the corresponding calibration tables. These calibration solu-
tions were then applied to the target-field visibilities using
the applycal task.

(3) Automated and additional manual flagging. To fur-
ther improve data quality, additional automated RFI flag-
ging was performed using the rflag mode of the
flagdata task. After all problematic data had been

flagged, we used clearcal to re-initialize the calibra-
tion for visibilities and repeated the standard calibration pro-
cedures described above. This approach ensured that the
final calibration tables were derived from a less-biased
dataset. The re-calibrated visibilities were subsequently
inspected again using plotms, revealing residual contamina-
tion near the band edges. Consequently, the first and last
4% of frequency channels were further excluded. After
this additional flagging, the effective frequency range
retained for subsequent analysis spans 565-737 MHz, con-
sistent with the frequency coverage adopted in previous
uGMRT Band 4 continuum studies, particularly those
based on deep survey observations[20],

(4) Self-calibration. To further mitigate residual
antenna-based complex gain errors and enhance image
fidelity and dynamic range, we applied self-calibration
using the automated pipeline CASA Pipeline-cum-Toolkit
for Upgraded Giant Metrewave Radio Telescope data
REduction (CAPTURER!). Adopting the recommended
workflow and parameter settings provided in the CAP-
TURE tutorials, we performed four iterations of phase-
only self-calibration, followed by four iterations of com-
bined amplitude-and-phase self-calibration. The solution
interval (solint) was progressively shortened from
8.0 min in the initial cycle to 1.0 min in the final cycle.
The wuv-coverage of the J0210-3 subfield is shown in
Fig. 1, illustrating the baseline sampling that supports the
imaging and self-calibration. This subfield is used for the
global peeling analysis in Section 3.3.
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Fig. 1. The uv-coverage of the J0210-3 subfield.

(5) Imaging. Following each self-calibration iteration,
imaging was performed using the tclean task in CASA.
The image obtained after the final self-calibration itera-
tion corresponds to the optimal result achievable with direc-
tion-independent calibration and is commonly adopted as

the final science image in most uGMRT radio continuum
studies(20:22,23],

L.https://gmrt-tutorials.readthedocs.io/en/latest/index. html
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However, as illustrated in the left panel of Fig. 2,
images produced using standard direction-independent cali-
bration still exhibit prominent, radially distributed arti-
facts around bright sources. These artifacts severely hin-
der the accurate detection and photometry of both the
bright sources themselves and nearby faint sources, and
can degrade the overall image dynamic rangel!!:24l. Such
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artifacts primarily arise from uncorrected direction-depen-
dent gain variations caused by spatially varying antenna pri-
mary beam responses and ionospheric phase fluctuations.
To address these limitations, we develop a direction-depen-
dent calibration scheme specifically optimized for

uGMRT radio continuum data, as described in the follow-
ing section.
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Fig. 2. Comparison illustrating the effect of the peeling procedure on the uGMRT 650 MHz imaging data. The white dashed box
outlines the peeling mask region. The left panel shows a sub-region of the image obtained after the eighth (final) round of self-
calibration, representing the optimized result of direction-independent calibration. The right panel presents the corresponding
image after applying direction-dependent calibration and model subtraction to the target bright source, in which artifacts
associated with the bright source are substantially suppressed, resulting in a significantly flatter background and enabling

neighboring faint sources to be more clearly discerned.

Peeling is a widely used direction-dependent calibra-
tion technique in radio interferometry, in which calibra-
tion solutions are derived for specific directions within
the FOV to correct localized gain errors. As described in
Section 2.2, applying peeling is crucial for improving
the image fidelity and dynamic range of our uGMRT
Band 4 imaging data by suppressing prominent artifacts
around strong radio sources caused by direction-depen-
dent gain effects (the left panel of Fig. 2).

Our peeling procedure is applied to the visibility
data after completion of the eighth (and final) round of
self-calibration. Given that the problematic bright sources
in this field are unlikely to be physically associated with
the high-redshift protocluster that is the primary science tar-
get of our uGMRT observations, we first develop a stan-
dard peeling scheme in which direction-dependent gain
solutions are solved toward each bright source and the cor-
responding source model is subsequently subtracted from
the visibilities (see Section 3.1).

To ensure the broader applicability of our peeling
framework, we also consider scenarios in which the
bright sources themselves are of scientific interest. In this
case, we implement an alternative scheme in which the
bright-source model is restored to the visibilities after
direction-dependent calibration (Section 3.2).
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Finally, for fields containing multiple bright radio
sources, we apply the peeling procedure sequentially to
individual sources and assess the cumulative impact on
image quality and sensitivity, as presented in Section 3.3.

The J0210 field contains several bright radio sources
whose uncorrected direction-dependent effects dominate
the local noise in their vicinity. Although these sources
are of intrinsic astrophysical interest, they are not the pri-
mary science targets of our uGMRT observation and signifi-
cantly degrade the fidelity of the surrounding regions
through time- and direction-dependent gain variations[23],

We therefore develop our modified peeling strat-
egy, following the standard peeling framework
described by Williams et al.[l!], in which direction-depen-
dent gain solutions are derived independently toward each
problematic bright source. These source-specific gain solu-
tions are applied to the visibilities, after which the corre-
sponding bright-source model is subtracted from the data.
This procedure effectively reduces residual artifacts and
improves the detectability and photometric accuracy of
nearby faint sources within the affected regions.

The overall architecture of our peeling workflow
is illustrated in Fig. 3. The step-by-step Python-based
workflow implemented within the CASA environment to
perform this direction-dependent calibration and source sub-



Initial visibility data (DATA
of Sky model.ms) for peeling

Define mask encompassing the
target bright source and
the dominant artifacts

y

Subtract the initial sky model

Split COR of Sky model.ms S
g =~ from initial visibility data
[ i DY @ Tl ] (COR=DATA-MOD of Sky model.ms)

Construct the initial sky model
(MOD of Sky model.ms)
except the mask region

~,

Shift phase center to the target
bright source and get Bright source_model.ms

Construct the target bright source
model (MOD of Bright source_model.ms)

N

Split COR of Subtract the target bright source
Bright_source_model.ms model (COR=DATA-MOD of
into DATA of Temp2.ms Bright source model.ms)

Apply direction-dependent gain
calibration and store in COR
of Bright source _model.ms

v

Inverse direction-dependent
gain calibration and store
in COR of Temp2.ms

Restore the original phase
center and get Temp3.ms

| DATA of Temp restore.ms

e

Add back the target bright source
model (COR=DATA+MOD
of Temp_restore.ms) \

Generate empty MOD |
of Temp_restore.ms !

Copy the target bright source model
(MOD of Bright_source_model.ms)
to empty MOD of Temp_restore.ms

Split COR of Temp3.ms Generate empty MOD
into DATA of Final_peeling.ms of Final_peeling.ms

Copy the initial sky model
(MOD of Sky model.ms) to
empty MOD of Final peeling.ms

/

Add back the initial sky model
(COR = DATA + MOD of Final peeling.ms|
is the final science-ready ms file)

Fig. 3. Schematic overview of the direction-dependent calibration framework adopted in this work. Solid boxes represent the
standard peeling procedure, in which the model of a problematic bright source is subtracted from the visibility data after
direction-dependent calibration. Dashed boxes highlight the additional steps introduced in our optimized model-restoration
strategy, designed to preserve the flux density and morphology of bright sources of scientific interest. All TempX.ms are deleted
immediately after use to minimize storage usage. DATA, MOD and COR represent DATA column, MODEL_DATA column, and

CORRECTED_DATA column respectively.

traction as follows. We note that the phase-center shift-
ing step (Step 3) is optional. Nevertheless, centering the
bright source typically improves the stability of the calibra-
tion, as the visibility phases can be more naturally
assumed to be near zero.

(1) Preparation of visibilities and definition of the peel-
ing mask. The measurement set file obtained after the
eighth (final) round of self-calibration was designated as
Sky _model.ms and adopted as the input dataset for the
peeling procedure, with the DATA column providing the
initial visibilities.

To isolate each problematic bright source for direc-
tion-dependent calibration, a spatial mask centered on the
source was defined using the CASA Region Text Format
(CRTF). The mask size was chosen to be slightly larger
than the intrinsic extent of the bright source in order to
encompass both the source emission and the dominant sur-
rounding artifacts. In this work, a uniform square mask of
128x 128 pixels (102.4”x102.4”) was adopted for all
peeled sources. In practice, the Python implementation

allows the mask shape and size to be flexibly adjusted
based on the morphology of individual sources.

(2) Construction and subtraction of the initial sky
model. An initial sky model was constructed using the
tclean task applied to Sky model.ms, with the mask
defined in Step 1 used to exclude the region containing
the target bright source during deconvolution. As a result,
the derived model represents all significant emission out-
side the masked region and was written to the
MODEL_DATA column of Sky_model.ms.

This sky model was then subtracted from the origi-
nal visibilities using the uvsub task, producing residual visi-
bilities stored in the CORRECTED DATA column of
Sky model.ms. These residuals were then written to a
new measurement set file, Templ.ms, by copying the
CORRECTED DATA column of Sky model.ms into the
DATA column via the aligned task.

Provided that the initial sky model is sufficiently
accurate, i.e., that emission from all sources outside the
mask region has been effectively subtracted, the visibili-
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ties in the DATA column of Templ.ms predominantly con-
tain the signal of the target bright source within the mask.

(3) Phase-center shifting and modeling of the target
bright source. To precisely model the target bright source,
we shifted the phase center of the visibilities in the DATA
column of Templ.ms to the source coordinates using the
phaseshift task, writing the output to the DATA col-
umn of a new measurement set file,
Bright_source_model.ms.

We then performed detailed modeling of the target
bright source using the tclean task. The deconvolution
threshold (key parameters: threshold = “0.05 mly”, niter
= 20) was iteratively adjusted while monitoring the resid-
ual images to ensure that the model recovered the major-
ity of the source flux. The final model of the target bright
source was stored in the MODEL DATA column of
Bright_source_model.ms.

At this stage, the visibilities in the DATA column of
Bright_source_model.ms are phase-centered on the tar-
get bright source, and the emission within the mask
region is dominated by that source.

(4) Direction-dependent gain calibration and subtrac-
tion of the target bright source. Using the visibility data
and source model contained in Bright source_model.ms,
we derived direction-dependent complex gain solutions
for the target bright source with the gaincal task (key
parameters: solint = “inf”, calmode = “ap”, uvrange = *”
(all)). Aiming to obtain a high signal-to-noise ratio gain
solution and achieve both amplitude and phase calibra-
tion for the bright source). Owing to the phase centering
and the dominance of the target source within the masked
region, the resulting gain solutions are driven primarily by
the target bright source and are therefore representative of
the instrumental and propagation effects in its direction.

The derived gain calibration table was then applied to
the DATA column of Bright source model.ms using the
applycal task, and the calibrated visibilities were writ-
ten to the CORRECTED DATA column. We then subtracted
the source model from the calibrated visibilities using
uvsub. The resulting residual visibilities were copied into
the DATA column of a new measurement set Temp2.ms
with the aligned task.

At this stage, the DATA column of Temp2.ms com-
prises the residual visibilities obtained after subtracting
both the target bright source within the peeling mask
and the initial sky model outside the peeling mask,
along with residual background noise.

(5) Reversing the direction-dependent calibration and
restoring the original phase center. To prevent the direc-
tion-dependent gain solutions derived toward the target
bright source from affecting signals in other sources, we
reversed the previously applied calibration by construct-
ing and applying an “inverse table”. For each antenna-
based complex gain solution g; = A;el? | the inverse gain
was computed as g;! =A;'e7 yielding an inverse gain
table with the same structure as the original direction-depen-
dent gain table.
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This inverse gain table was applied to the DATA column
of Temp2.ms using the applycal task, and the resulting
visibilities were written to the CORRECTED DATA column.

Subsequently, we restored the original phase center
of the observation by applying the phaseshift task to
all data columns of Temp2.ms, producing a new measure-
ment set, Temp3.ms. Finally, the corrected visibilities
were extracted into Final peeling.ms by copying the
CORRECTED_DATA column of Temp3.ms into the DATA col-
umn via the aligned task.

At this stage, the DATA column of Final peeling.ms
is equivalent to that of Templ.ms in terms of phase cen-
ter, background noise, and signals from other sources,
with the only difference being that the target bright
source has been effectively peeled from the data.

(6) Restoring the initial sky model. To reconstruct the
final dataset containing both the peeled field and the emis-
sion from all other sources, we added back the initial sky
model to Final_peeling.ms through the following proce-
dure. First, we invoked the tclean task on Final peel-
ing.ms with the parameter niter=0, thereby creating a
structurally valid but empty MODEL DATA column without
performing any deconvolution.

We then copied the MODEL DATA column from
Sky _model.ms, which contains the initial sky model of
all sources outside the peeling mask, into the correspond-
ing empty MODEL DATA column of Final peeling.ms.
Finally, we used the wuvsub task with the
reverse = True option to add this sky model back to
the visibilities, effectively performing a “data plus model”
operation and writing the result to the CORRECTED DATA
column of Final_peeling.ms.

At this stage, the CORRECTED DATA column of
Final_peeling.ms contains the restored emission from all
sources outside the peeling mask, while the contribu-
tion of the target bright source has been removed. The
resulting dataset preserves the original phase center and cali-
bration state and constitutes the final science-ready measure-
ment set used in our science analyses.

Fig. 2 demonstrates the effectiveness of our peeling
procedure. Although small residual emission from the cen-
tral bright source remains in the peeled image, as dis-
cussed in Section 4.1, this reflects the necessary balance
between avoiding over-cleaning of neighboring faint
sources and achieving sufficient modeling of the target
bright source. However, as shown in Fig. 2, in the peeled
image, both the target bright source and the associated
direction-dependent artifacts are effectively suppressed,
resulting in a significantly flatter background over an
extended region surrounding the target bright source, well
beyond the peeling mask. As a consequence, neighbor-
ing faint sources that were previously obscured by these
artifacts become clearly detectable, with improved image
fidelity.

To quantitatively assess the detectability of these
faint sources, we performed source extraction using the
Python Blob Detection and Source Finder (PyBDSF)[20l.



The same source-finding and Root Mean Square (RMS)
estimation parameters? were adopted for both the pre- and
post-peeling images. As illustrated in Fig. 4, several neigh-
boring faint sources are detected above 30 only after

peeling, primarily due to the suppression of strong direc-
tion-dependent artifacts that locally obscure faint emis-
sion. Their reality is further corroborated by independent
detections in MeerKAT 1.3 GHz observations.

0.12

0°44'15" uGMRT 650 MHz before peeling uGMRT 650 MHz after peeling MeerKAT 1.3 GHz 0.10
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Fig. 4. Comparison of radio source detections in the vicinity of the target bright source before (left panel) and after (middle
panel) the peeling procedure, with independent validation from MeerKAT 1.3 GHz data (right panel). In the post-peeling image
(middle panel), two faint radio sources (solid green ellipses) are detected at significance levels exceeding 30. These two sources
are located at angular separations of approximately 350” and 410” from the target bright source. These sources are severely
obscured by strong direction-dependent artifacts in the direction-independent calibrated image (left panel) and are therefore
missed by the source detection algorithm prior to peeling. Their positions, as detected after peeling, are indicated by dashed
green ellipses in the left panel. The right panel shows the corresponding MeerKAT 1.3 GHz reference image, in which the same
sources (solid cyan ellipses) are detected at >50, thereby independently confirming the reality of these detections. The
synthesized beam (indicated by the white line in the bottom-left corner) is 54" x4.2” for the uGMRT 650 MHz image and

8.0” x7.5” for the MeerKAT 1.3 GHz image.

To evaluate the impact of the peeling procedure on
source flux density measurements, we compared the flux
densities of identical sources detected before and after
peeling. As shown in Fig. 5, sources were analyzed in
two radial bins relative to the target bright source: within
5" and between 5'-10'. The median ratios of pre-peeling
to post-peeling flux densities are 0.98* and 1.0070%7
for the inner and outer bins, respectively. Both the
median values and the overall distribution in Fig. 5 indi-
cate that, for the majority of faint sources near the target
bright source, the measured flux densities remain consis-
tent within uncertainties after peeling.

However, a small number of outliers contribute to the
increased scatter in the flux ratio distribution. One such
case, marked by open gray triangles in Fig. 5, corre-
sponds to a source that is resolved into two distinct compo-
nents after peeling, leading to an apparent flux discrep-
ancy. Another outlier, indicated by an open black square,
corresponds to the target bright source itself. The resid-
ual emission arising from imperfect source modeling is
detected as a spurious source in the post-peeling image.
The origin and implications of this imperfect modeling
are discussed in detail in Section 4.

For the remaining sources, flux density differences
that exceed the corresponding measurement uncertainties
are primarily attributable to small shifts in the fitted
source centroids and the associated extraction regions. We
compared the source positions in the J0210-3 subfield
before and after peeling and found median offsets of
0.01” in right ascension (R4) and 0.00” in declination

(DEC), indicating that the peeling process does not intro-
duce any systematic astrometric bias. The remaining small
centroid shifts are consistent with random scatter. Our
visual inspection further suggests that these shifts are associ-
ated with artifacts from the bright source, whose suppres-
sion by the peeling process leads to small variations in
the fitted source centroids.

As outlined in Section 3.1, the standard peeling pro-
cedure effectively removes artifacts associated with the
strong bright source and mitigates its influence on surround-
ing faint sources. However, a notable limitation arises
when the peeled bright source itself is a scientific target:
permanently subtracting its model restricts further analy-
sis of its intrinsic structure and flux.

To address this limitation, we optimized the peeling
procedure described in Section 3.1 by adding back the tar-
get bright source model after the direction-dependent cali-
bration has been applied. This approach preserves the bene-
fits of artifact suppression while retaining the scientifi-
cally relevant signal of the target source.

Building upon the standard peeling workflow, our
optimized processing pipeline requires only a three-step
extension starting from Step 5 of the procedure described in

1.Source-finding thresholds: thresh isl =3.0, thresh pix
=3.0; RMS estimation parameters: rms_box = (40,13).

Astronomical Techniques and Instruments, 3(0): 1-12, 2026 7
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Section 3.1. The detailed implementation is as follows:

(1) Creating a temporary measurement set. The tar-
get bright source model constructed in Step 3 of Section
3.1 is phase-centered on the source itself. To preserve its
astrometric and photometric integrity, we added the tar-
get bright source model back after applying the inverted
gain and prior to restoring the original phase center in
Step 5. We used the aligned task to extract the
CORRECTED_DATA column of Temp2.ms into a new tempo-
rary measurement set, Temp_restore.ms, and adding the
bright source model to the DATA column.

(2) Adding back the target bright source model. Follow-
ing the same strategy used to restore the initial sky model
in Step 6, we first executed the tclean task on the
Temp_restore.ms with niter=0 to generate a struc-
turally valid but empty MODEL DATA column. We then
copied the MODEL_DATA column of
Bright_source model.ms, which contains the best-fitting
model of the target bright source, into the corresponding
MODEL DATA column of Temp_restore.ms. Finally, we
used the uvsub task with reverse=True to added the tar-
get bright source model back to the visibilities, writing
the result directly to the CORRECTED DATA column of
Temp_restore.ms.

(3) Restoring the original phase center and produc-
ing the final science dataset. We next restored the origi-
nal phase center by applying the phaseshift task to all
data columns of Temp_restore.ms, producing a new mea-
surement set, Temp3.ms. The CORRECTED DATA column
of Temp3.ms was then copied into the DATA column of
Final_peeling.ms using the aligned task. Finally, we per-
formed Step 6 to add back the initial sky model, yielding
the CORRECTED DATA  column of the  final
Final_peeling.ms. In this dataset, the target bright source
within the peeling mask region is direction-dependently
calibrated, while all other emission, including sources out-
side the mask, retains the original direction-independent cal-
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ibration state, with the original phase center preserved for
the entire dataset.

Fig. 6 illustrates the effectiveness of our optimized
peeling procedure. In the right panel, artifacts surround-
ing the bright source are strongly suppressed, resulting in
a significantly flatter background over the affected region,
while the overall flux density of the source is largely pre-
served without obvious structural distortion. However,
this demonstrates that the adopted model-restoration strat-
egy successfully maintains the fidelity of the target source
emission while substantially mitigating imaging artifacts
arising from direction-dependent effects, its limitations are
discussed in Section 4.2.

The J0210 field contains several bright radio sources,
including four particularly strong sources in the J0210-3
subfield, each with total flux densities greater than 35 mly,
where 35 mly corresponds to the faintest source among
them. Artifacts associated with these sources significantly
degrade the image quality across the FOV. To mitigate
these effects, the peeling procedure was applied sequen-
tially to the four targeted sources in order of decreasing
flux density. Fig. 7 presents a comparison of the entire
J0210-3 subfield before and after the peeling procedure,
visually illustrating the improvement in image quality
after peeling.

To quantify the improvement in sensitivity achieved
through peeling, we analyzed the background RMS map
produced during the preprocessing step of PyBDSF[20],
Fig. 8 presents the normalized probability density func-
tion (PDF) and cumulative distribution of the background
RMS values in the J0210-3 subfield before and after the
sequential peeling of the four bright sources. The
peeling procedure systematically reduces the residual
image noise: the median RMS decreases from 14.96 ply
beam™! to 13.73 pJy beam™!, and the peak of the PDF,
which corresponds to the most probable RMS value,
shifts from 13.26 ply beam™! to 12.47 uJy beam™!. This
reduction reflects the effective suppression of direction-
dependent artifacts, resulting in a globally flatter back-
ground and an enhancement of overall image fidelity and
sensitivity. As a direct consequence, the detectability of
faint sources is substantially improved. After sequentially
peeling the four bright sources, the number of sources
detected above the 3o threshold in the vicinity of the
bright source (within 10’) shown in Fig. 2 increases from
154 to 183. Across the entire image, the total number of
detected sources increases from 3260 to 3474, correspond-
ing to an additional 214 sources.

We develop a Python-based, CASA-compatible peel-
ing framework and demonstrate its effectiveness using
uGMRT Band 4 imaging data. The framework mitigates
direction-dependent artifacts, reduces image background
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noise, and enables both the subtraction and preservation
of bright target sources. While the framework signifi-
cantly improves image fidelity and sensitivity, a key chal-
lenge inherent to any peeling-based approach remains accu-
rately modeling the bright source. The fidelity of this
model ultimately limits the effectiveness of direction-depen-
dent calibration and subsequent source subtraction. Further-
more, as discussed in Section 4.2, the restoration of bright
sources is inherently limited, and the recovered flux densi-
ties and morphologies should be interpreted with caution,
particularly for high-precision analyses.

4.1. Challenges in Modeling Target Bright Sources

As described in Section 3.1, modeling the target
bright source requires careful control of the deconvolu-
tion depth. Excessively deep deconvolution within a finite
peeling mask can lead to over-cleaning, whereby emis-
sion from faint sources adjacent to the bright target is
inadvertently incorporated into the model. These compo-
nents are then partially or fully removed during model
subtraction, compromising the flux integrity of the neighbor-
ing faint sources. Even when such components are reintro-
duced through the model-restoration strategy, they may

Astronomical Techniques and Instruments, 3(0): 1-12, 2026 9
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Fig. 8. Comparison of background RMS distributions in
the J0210-3 subfield before (blue) and after (red) sequential
peeling of the four bright sources. Solid lines show the
normalized PDF of the RMS values from the PyBDSF RMS
map, while light lines show the corresponding cumulative
distribution functions (CDFs). Vertical dash-dotted lines
indicate the median RMS values, which decrease from 14.96
uJy beam™! to 13.73 pJy beam™! after peeling. The PDF
peaks, representing the most probable RMS values, shift from
13.26 pJy beam™! to 12.47 nJy beam™1.

introduce new local direction-dependent artifacts, thereby
degrading the surrounding image quality.

Conversely, under-cleaning, i.e., insufficiently deep
deconvolution, fails to capture the majority flux of the tar-
get bright source, leaving substantial residual emission
after subtraction. This limits the suppression of direction-
dependent artifacts and reduces the overall effectiveness
of the peeling process. Consequently, modeling the target
bright source requires a careful balance between over-
and under-cleaning, guided by close inspection of the resid-
ual image.

The ideal scenario is one in which the peeling mask
contains only the target bright source, as illustrated in
Fig. 6. In such cases, deeper deconvolution can be safely
applied, enabling the model to capture nearly all of the
source flux without incorporating extraneous emission,
thereby yielding a highly accurate representation. In prac-
tice, however, the peeling mask often encompasses both
the target bright source and nearby faint sources (e.g.,
Fig. 2). Under this condition, deep deconvolution risks
absorbing flux from neighboring sources into the bright-
source model.

A pragmatic compromise is therefore to construct a
model that captures the bulk of the target bright source
emission while allowing a small level of residual emis-
sion to remain. Such residuals can be reliably excluded dur-
ing subsequent source detection following the peeling pro-
cess. Overall, robust modeling of bright target sources
relies on iterative residual monitoring during deconvolu-
tion, ensuring that the dominant emission is captured
while minimizing adverse effects on neighboring faint
sources.

The challenges in accurately modeling target bright
sources also highlight intrinsic limitations in restoring
these sources after the peeling process. In principle, reli-

10 www.sciengine.com/ATI

able restoration is only achievable when the peeling mask
contains exclusively the target bright source. When the
mask includes nearby faint emission, particularly for
extended sources whose structure may be entangled with
artifacts, the model can be contaminated, leading to
biased flux restoration.

Even when the bright source appears well modeled,
the restoration process introduces additional limitations.
The restored model, constructed from idealized, noiseless,
clean components, replaces the original data within the
masked region. Consequently, it lacks the true localized
thermal noise, unresolved emission, and baseline-depen-
dent residual errors present in the original visibilities. As
a result, both photometry and morphology of restored
sources should be treated with caution. While the total
flux density may be approximately preserved, fine struc-
tural details and realistic noise characteristics are not guar-
anteed to be accurately recovered.

A rigorous validation would involve injecting simu-
lated sources with known properties into realistic visibil-
ity data and processing them through the full pipeline to
assess flux recovery, astrometry, and uncertainties.
Although we performed preliminary tests, the dominant
direction-dependent effects in our data, primarily from the
antenna PB and ionospheric/tropospheric variations, are dif-
ficult to simulate with high fidelity, limiting the realism
of such tests.

To isolate systematic uncertainties introduced by the
model-restoration step itself, apart from the direction-depen-
dent gain calibration, we performed a validation test using
real sources in the J0210-1 field. We selected two iso-
lated point sources and two moderately extended sources
that (i) do not require peeling, (ii) are only weakly
affected by direction-dependent effects, and (iii) have
high signal-to-noise ratios. These sources were then pro-
cessed through the same “model extraction + model re-
injection” procedure as adopted in the optimized peeling
workflow, but with the direction-dependent gain calibra-
tion step intentionally omitted. We quantitatively com-
pared the recovered flux densities, source sizes, centroids,
and local background RMS before and after the model-
restoration procedure. The results are summarized in
Table 1, which lists the RA, DEC, flux density, source
size (major and minor axes), and the median local RMS
measured within a 200” x200” region centered on each
source. We find no evidence for systematic offsets in any
of these quantities within the measurement uncertainties.
This indicates that the model-restoration step itself does
not introduce significant biases in flux density, morphol-
ogy, astrometry, or noise properties, at least for sources
that are not strongly affected by direction-dependent
effects.

However, this test does not provide a complete uncer-
tainty budget for the full peeling procedure; it only constrains
the lower limit of the systematic uncertainties associated
with the model-restoration step. We thus recommend cau-
tion when using restored flux densities and morphologies,



Table 1. Validation test results for the model-restoration step (without direction-dependent gain calibration)

Source Epoch RA/(°) DEC/(°) Flux density/(mJy)  Maj/(") Min/(") RMS median/(uJy beam™")

Point source.1 Before 32.9490631 1.1758253 0.942 4.487 3.589 10.92
After 329490637 1.1758247 0.941 4.490 3.579 10.93

Point source.2 Before 33.0246101 0.4580520 0.529 5.031 3.849 11.35
After  33.0246082  0.4580541 0.533 5.089 3.853 11.35

Extended source-1 Before 33.0318419 0.4337568 0.975 5.698 3.648 11.91
After  33.0318431 0.4337584 0.973 5.694 3.621 11.92

Extended source-2 Before 33.1701226  1.2238597 0.577 10.154 4.410 12.51
After  33.1701234 1.2238600 0.575 10.207 4.385 12.53

particularly for analyses requiring high-precision photome-
try or detailed structural interpretation.

Based on our results and analyses presented in Sec-
tion 3, we draw the following conclusions:

(1) The peeling framework developed in this work
effectively subtracts the bright-source models and sup-
presses their associated direction-dependent artifacts in
uGMRT 650 MHz imaging data. This leads to a signifi-
cantly flatter background over extended regions surround-
ing the peeled sources, thereby improving overall image
fidelity and enhancing both the detectability and the flux
density accuracy of neighboring faint sources.

(2) Our optimized “model restoration” strategy pre-
serves the overall flux densities of scientifically relevant
bright sources while effectively removing associated direc-
tion-dependent artifacts. This capability overcomes a key
limitation of standard subtraction-only peeling approaches,
enabling bright sources to be retained when they them-
selves are science targets.

(3) For fields containing multiple bright radio
sources, sequential peeling systematically reduces back-
ground noise across the FOV. In the J0210-3 subfield, the
median background RMS decreases by ~ 1.2 uJy beam™!
after sequential peeling, leading to improved image sensitiv-
ity and, consequently, the detection of an additional 214
sources above the 30.

(4) The proposed peeling framework is modular, auto-
mated, and fully compatible with standard CASA-based cali-
bration and imaging pipelines. While the framework has
been rigorously validated using uGMRT Band 4 imaging
data, its architecture enables broad adaptation to other inter-
ferometric datasets. The full implementation (Software
Availability: https://zenodo.org/records/18399370) is pub-
licly released with this paper.

The authors acknowledge the support from the
National Natural Science Foundation of China (12303016)
and the Natural Science Foundation of Jiangsu Province
(BK20242115). They acknowledge the support from the
National Key Research and Development Program of

China (2023YFA1608100), the National Science Founda-
tion of China (12233005, 12173088), the China Manned
Space Program (CMS-CSST-2025-A08 and CMS-CSST-
2025-A20), and in part by the Office of Science and Tech-
nology, Shanghai Municipal Government (24DX1400100,
7J2023-7ZD-001).

ChatGPT was used exclusively for language and gram-
mar checking. All text was carefully reviewed, edited, and
revised by the authors, who assume full responsibility for
the scientific content and conclusions of the manuscript.

Fangxia An conceived the project, supervised the
research, and provided overall guidance for the study.
Hao Peng and Yuheng Zhang performed the implementa-
tion and data analysis. Hao Peng, Fangxia An, and
Yuheng Zhang drafted the manuscript. Srikrishna Sekhar
and Russ Taylor provided guidance on the methodology.
Xianzhong Zheng and Yongming Liang provided the sup-
plementary data and contributed to the revision of the
manuscript. All authors reviewed, revised, and approved
the final version of the manuscript.

The authors declare no competing interests.

REFERENCES

[1] Thompson, A. R., Moran, J. M., Swenson, G. W. 2017.
Interferometry and synthesis in radio astronomy.
Switzerland: Springer Cham.

[2] van Haarlem, M. P., Wise, M. W., Gunst, A. W., et al. 2013.
LOFAR: The LOw-Frequency ARray. Astronomy &
Astrophysics, 556: A2.

[31 Dzib, S. A., Jaron, F. 2025. Constraining the nature and
Galactic origin of the Be binary MWC 656: New insights
from VLA, Gaia, and Fermi-LAT. Astronomy &
Astrophysics, 704: A139.

[4] Best, P. N., Kondapally, R., Williams, W. L., et al. 2023.
The LOFAR Two-metre Sky Survey: Deep Fields data
release 1. V. Survey description, source classifications, and
host galaxy properties. Monthly Notices of the Royal

Astronomical Techniques and Instruments, 3(0): 1-12, 2026 11


https://zenodo.org/records/18399370
https://doi.org/10.1051/0004-6361/201220873
https://doi.org/10.1051/0004-6361/201220873
https://doi.org/10.1051/0004-6361/202555453
https://doi.org/10.1051/0004-6361/202555453
https://doi.org/10.1093/mnras/stad1308

[10]

(1]

[12]

[13]

[14]

[15]

Astronomical Society, 523(2): 1729—-1755.

Perley, R. A. 1999. High dynamic range imaging. In
Proceedings of Astronomical Society of the Pacific
Conference Series.

Smirnov, O. M. 2011. Revisiting the radio interferometer
measurement equation. 1. A full-sky Jones formalism.
Astronomy & Astrophysics, 527: A106.

Noordam, J. E. 2004. LOFAR calibration challenges. In
Proceedings of SPIE.

Intema, H. T., van der Tol, S., Cotton, W. D., et al. 2009.
Ionospheric  calibration of low frequency radio
interferometric observations using the peeling scheme. I.
Method description and first results. Astronomy &
Astrophysics, 501(3): 1185—1205.

Retana-Montenegro, E. 2025. Wide-field uGMRT band-3
imaging of the fields around X-shaped radio galaxies:
spectral properties of 4C32.25 and 4C61.23. Astronomy
&Astrophysics, 704: A137.

Cotton, W. D. 2021. Multisource peeling in obit. Obit
development memo series no. 72.

Williams, P. K. G., Allers, K. N., Biller, B. A., etal. 2019. A
tool and workflow for radio astronomical “Peeling” in
CASA. Research Notes of the American Astronomical
Society, 3(7): 110.

Cai, Z., Fan, X. H., Peirani, S., et al. 2016. Mapping the
most massive overdensity through hydrogen (MAMMOTH)
I: Methodology. The Astrophysical Journal, 833(2): 135.
Cai, Z., Fan, X. H., Bian, F. Y., et al. 2017. Mapping the
most massive overdensities through hydrogen
(MAMMOTH). II. Discovery of the extremely massive
overdensity BOSS1441 at z = 2.32. The Astrophysical
Journal, 839(2): 131.

Zheng, X. Z., Cai, Z., An, F. X, et al. 2021. MAMMOTH:
confirmation of two massive galaxy overdensities at z = 2.24
with Ha emitters. Monthly Notices of the Royal
Astronomical Society, 500(4): 4354—4364.

Zhang, Y., Zheng, X. Z., Shi, D. D., et al. 2022.
Submillimetre galaxies in two massive protoclusters at z = 2.
24: witnessing the enrichment of extreme starbursts in the
outskirts of HAE density peaks. Monthly Notices of the
Royal Astronomical Society, 512(4): 4893—4908.

12 www.sciengine.com/ATI

[16]

[17]

[18]

[19]

[21]

[22]

[23]

Shi, D. D., Cai, Z., Fan, X. H., et al. 2021. Spectroscopic
confirmation of two extremely massive protoclusters,
BOSS1244 and BOSS1542, at z = 2.24. The Astrophysical
Journal, 915(1): 32.

Liang, Y., Kashikawa, N., Cai, Z., et al. 2021. Statistical
correlation between the distribution of Lya emitters and
intergalactic medium H I at z ~ 2.2 mapped by the Subaru/
Hyper Suprime-Cam. The Astrophysical Journal, 907(1): 3.
Liang, Y., Ouchi, M., Sun, D., et al. 2025. Cosmic
himalayas: The highest quasar density peak identified in a
10000 deg? sky with spatial discrepancies between galaxies,
quasars, and IGM H L. The Astrophysical Journal, 986(1): 60.
CASA Team, Bean, B., Bhatnagar, S., et al. 2022. CASA,
the Common Astronomy Software Applications for radio
astronomy. Publications of Astronomical Society of the
Pacific, 134(1041): 114501.

Lal, D. V., Taylor, R., Sekhar, S., et al. 2025. The
superMIGHTEE Project: MeerKAT and GMRT Together to
Unveil the Deep Radio Sky. The Astrophysical Journal, 991
(1):9.

Kale, R., Ishwara-Chandra, C. H. 2021. CAPTURE: a
continuum imaging pipeline for the uGMRT. Experimental
Astronomy, 51(1): 95-108.

Dokara, R., Roy, N., Menten, K., et al. 2023. Metrewave
Galactic Plane with the uGMRT (MeGaPluG) Survey:
Lessons from the pilot study. Astronomy & Astrophysics,
678: A72.

Sinha, A., Datta, A. 2023. Detailed study of the Bootes field
using 300-500 MHz uGMRT observations: source
properties and radio-infrared correlations. Monthly Notices
of the Royal Astronomical Society, 525(4): 5311-5327.
Salunkhe, S., Santra, R., Kale, R. 2025. Discovery of a radio
megahalo in the cluster PLCKG287.0+32.9 using the
UGMRT. The Astrophysical Journal Letters, 984(1): L26.
Bhatnagar, S., Cornwell, T. J., Golap, K., et al. 2008.
Correcting direction-dependent gains in the deconvolution
of radio interferometric images. Astronomy & Astrophysics,
487(1): 419-429.

Mohan, N., Rafferty, D. 2015. PyBDSF: Python blob
detection and source finder. Astrophysics Source Code
Library.


https://doi.org/10.1093/mnras/stad1308
https://doi.org/10.1051/0004-6361/201016082
https://doi.org/10.1051/0004-6361/200811094
https://doi.org/10.1051/0004-6361/200811094
https://doi.org/10.1051/0004-6361/202556621
https://doi.org/10.1051/0004-6361/202556621
https://doi.org/10.3847/2515-5172/ab35d5
https://doi.org/10.3847/2515-5172/ab35d5
https://doi.org/10.3847/1538-4357/833/2/135
https://doi.org/10.3847/1538-4357/aa6a1a
https://doi.org/10.3847/1538-4357/aa6a1a
https://doi.org/10.1093/mnras/staa2882
https://doi.org/10.1093/mnras/staa2882
https://doi.org/10.1093/mnras/stac824
https://doi.org/10.1093/mnras/stac824
https://doi.org/10.3847/1538-4357/abfec0
https://doi.org/10.3847/1538-4357/abfec0
https://doi.org/10.3847/1538-4357/abcd93
https://doi.org/10.3847/1538-4357/adc1bb
https://doi.org/10.1088/1538-3873/ac9642
https://doi.org/10.1088/1538-3873/ac9642
https://doi.org/10.3847/1538-4357/adf6dc
https://doi.org/10.1007/s10686-020-09677-6
https://doi.org/10.1007/s10686-020-09677-6
https://doi.org/10.1051/0004-6361/202347320
https://doi.org/10.1093/mnras/stad2544
https://doi.org/10.1093/mnras/stad2544
https://doi.org/10.3847/2041-8213/adc396
https://doi.org/10.1051/0004-6361:20079284

	1 INTRODUCTION
	2 OBSERVATIONS AND STANDARD DATA REDUCTION
	2.1 Observations
	2.2 Standard Direction-independent Calibration

	3 PEELING
	3.1 Sources to Remove
	3.2 Sources to Retain
	3.3 Global Impact of Peeling

	4 DISCUSSION
	4.1 Challenges in Modeling Target Bright Sources
	4.2 Limitations of Restoring Bright Sources

	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	AI DISCLOSURE STATEMENT
	AUTHOR CONTRIBUTIONS
	DECLARATION OF INTERESTS
	REFERENCES

