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ABSTRACT

During the course of analysing both single-dish and very long baseline interferometry (VLBI) data
obtained from the Korean VLBI Network (KVN), we found a systematic offset between flux density
measurements from different antennas. We were able to attribute a majority of the systematic offsets to
changes in the “a priori” antenna gains, which were found to have varied up to 10 percent at 22 GHz and
up to 30 percent at 43 GHz. Using historical calibrator observations, we present a revised set of gains that
may be applied to KVN data taken from 2015 August to 2019 January. Application of the revised gains to
the KVN results in a consistency of correlated flux density measurements between the three baselines of
approximately five percent. We found that images from the recalibrated data typically have a 50 percent
higher dynamic range, with some cases showing an increase of dynamic range of up to a factor of three.
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1. INTRODUCTION

Amplitude calibration of observations made with ra-
dio telescopes typically involve converting the measured
voltage into a unit of power, then converting this power
into a unit of flux density. For very long baseline inter-
ferometry (VLBI) observations, this is often done using
two sets of calibration information. During the course of
observation, the power of the received signal is regularly
monitored and provided as a set of system temperature
measurements. Then, this power is converted into Jan-
skys using the gain (i.e., how much power is measured
by the antenna per unit flux density) of each antenna.
If the power is measured in Kelvin, the gain may be
represented as “degrees-per-flux-unit” (DPFU), which is
derived from the equation S = 2kBTa/Aeff that relates
the flux density S to the measured antenna power Ta.
kB is the Boltzmann constant and Aeff = ηaAgeo is the
effective antenna aperture area. Here, ηa is the aper-
ture efficiency, which relates the geometrical aperture
Ageo to Aeff . DPFU varies with elevation and with ob-
serving frequency, however is generally stable over time.
Therefore, DPFU is maintained as an “a priori” gain
table, which may be applied to multiple observations.
The use of accurate “a priori” gains is particularly im-
portant for the Korean VLBI Network (KVN), because
the limited number of baselines prevents application of
amplitude self-calibration to the data (see e.g., Corn-
well & Fomalont, 1999, for details on self-calibration).
The “a priori” gains provided by the KVN Array Op-
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Table 1
KVN “a priori” Gain Table

Antenna FREQ DPFUm ELm ηa
[GHz] [K/Jy] [deg]

KTN 22 0.07404062 31.44 0.58861
43 0.07780584 44.32 0.61854

KUS 22a 0.07843329 21.89 0.62353
22b 0.07780583 21.89 0.61854
43a 0.07717881 19.19 0.61355
43b 0.07780628 19.19 0.61854

KYS 22 0.07000711 0 0.55654
43 0.07529646 41.35 0.59859

Note : Values provided by the KVN AOC
a Before gain table update in early 2016
b After gain table update in early 2016

eration Center (AOC), and that were originally applied
to KVN interferometric data are given in Table 1. Here,
DPFUm represents the maximum gain of each antenna
in units of Kelvin per Jansky, which may be found at
an elevation of ELm in units of degrees. ηa is the aper-
ture efficiency corresponding to each DPFU. Note that
there was an update to the “a priori” gains of the Ulsan
antenna in early 2016, denoted by superscripts in the ta-
ble. Also note that the full elevation dependence of the
gain is given as a normalized second order polynomial
function. However, the gains of the KVN vary only by a
few percent at 22 and 43 GHz, and do not significantly
affect the results of this paper.

Kim et al. (2022) calculated the single-dish flux den-
sity of the blazar CTA 102 as part of the Interferometric
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Monitoring of GAmma-ray Bright Active galactic nu-
clei (iMOGABA, Lee et al., 2016) program. iMOGABA
used the KVN to conduct monthly VLBI monitoring
of a sample of ∼ 30 γ-ray bright active galactic nuclei
(AGN) simultaneously at 22, 43, 86, and 129 GHz. iMO-
GABA started in 2012 December and concluded in 2020
March. During the process of analysing the data, Kim
et al. (2022) found systematic offsets of the flux densi-
ties between the three antennas of the KVN. In partic-
ular, it was found that the 22 GHz flux measurements
from the Ulsan antenna (KUS) became systematically
lower than those from the Tamna antenna (KTN) and
Yonsei antenna (KYS) at some point after 2015 August
(see upper-left plot of Figure 1). It was found that the
antenna aperture efficiencies, which had been adopted
from the KVN website, were the main cause of the off-
sets. Kim et al. (2022) determined new values of ηa

for KUS and KTN at observing frequencies of 22 and
43 GHz using archive observations of Jupiter (see Sec-
tion 2 for details). The flux densities calculated with
the revised values of ηa for the three antennas resulted
in statistically consistent values as can be seen in Fig-
ure 1.

Motivated by this work, we also reexamined the
iMOGABA VLBI data products, and noted that sim-
ilar systematic offsets were indeed found in the 22 GHz
pipeline-calibrated data. To quantify the baseline-
dependent systematic offsets, we define a parameter

R (t, bi, bref) ≡
Sc (t, bi)

〈Sc (t, bref)〉epoch

− 1 (1)

where Sc (t, bi) is the correlated flux density measured
with the baseline bi at a certain time t. 〈Sc (t, bref)〉epoch

represents the mean correlated flux density of the refer-
ence baseline bref , calculated by averaging over all scans
of a given epoch. If bi = bref , R represents the con-
sistency of measurements from bi. If bi 6= bref , R is
a measure of the offset between measurements from bi
and bref .

The systematic offset between different baselines is
most apparent in compact sources (such as 0235+164,
upper-left plot of Figure 2), where we find that the fluxes
of the KTN-to-KYS baselines (KTN-KYS) are 5 to 15
percent higher than those of the other two baselines
throughout the latter half of 2015 until the first half
of 2018. This is consistent with the report of underes-
timated KUS single-dish fluxes during the same period.
To check that this was not a source-dependent issue, we
also present the 22 GHz data of 0716+714, another com-
pact source, in the lower plot of Figure 2. We find that
similar systematic offsets exist in the 0716+714 data
as well. Therefore, we lean towards the possibility of
a systematic amplitude calibration issue, rather than a
source-dependent characteristic.

While it is a known and recommended practice to
schedule flux calibrator observations during a VLBI ses-
sion for the best (relative and absolute) amplitude cali-
bration, here we investigate the degree to which we can
calibrate past observations by updating the value of ηa

used. In Section 2 we describe the process that we used

to redetermine the single-dish parameters of the three
KVN antennas. In Section 3 we present a brief test of
the effect of the newly determined gains on the iMO-
GABA data.

2. REDETERMINING KVN APERTURE EFFICIENCIES

We use archive cross-scan observations of Jupiter con-
ducted as part of the Monitoring of GAmma-ray Bright
AGN (MOGABA, Lee et al., 2013) program, a single-
dish polarimetric monitoring of a sample of γ-ray bright
AGN with the KVN, to determine the season-averaged
ηa values of KTN and KUS. A cross-scan observation
is a one-dimensional, on-the-fly method that typically
consists of sub-scans in the azimuth (AZ) and elevation
(EL) directions (see, e.g., Lee et al., 2017, for details).
Millimeter observations are heavily affected by the at-
mospheric opacity, and 86 GHz and 129 GHz observa-
tions were typically conducted at KYS, which usually
has the best millimeter wavelength observing conditions
among the three KVN sites. On the other hand, 22 GHz
and 43 GHz observations were typically conducted at
KTN and KUS (with center frequencies of 22.4 GHz and
43.1 GHz respectively). As a first step, we considered
in this paper only observations at 22 GHz and 43 GHz.

To check for consistency, we attempted two sepa-
rate analyses of the same data. The first method in-
volved analysis of the data using the Continuum and
Line Analysis Single-dish Software (CLASS), a Greno-
ble Image and Line Data Analysis Software package
(Gildas Team, 2013). The derived pointing-corrected
T ∗
a s of Jupiter were converted into antenna aperture ef-

ficiencies using the default KVN ηa calculation script.
This was the method that Kim et al. (2022) used to
calibrate their flux density measurements. The sec-
ond method involved extracting the relevant data from
CLASS into Python, followed by utilizing Markov Chain
Monte Carlo (MCMC) analysis as implemented in emcee
(Foreman-Mackey et al., 2013) to determine the poste-
riors of the half-power beam width (HPBW), pointing
offset, and atmospheric opacity corrected antenna tem-
perature T ∗

a for each AZ and EL scan. Uniform pri-
ors were used for all parameters. It should be noted
that, in this approach, we fitted a first-order poly-
nomial baseline and a one-dimensional Gaussian func-
tion simultaneously to the scan data, instead of remov-
ing the baseline within CLASS before Gaussian fitting.
The samples created during the production run of the
MCMC analysis were then directly used to calculate
the pointing-corrected T ∗

a . For each epoch, we calculate
the angular size of Jupiter using the JPL ephemerides
DE430 (Folkner et al., 2014) as implemented in As-
tropy (Astropy Collaboration et al., 2013, 2018). Then,
we calculate ηa using the methods outlined in Lee et
al. (2011). It should be noted that when determining
the intrinsic beam HPBW θHPBW, we deconvolved the
solid angle of Jupiter θJP from the measured HPBW θ0

as θHPBW =
√
θ2

0 − (ln 2/2) θ2
JP (e.g., Urquhart et al.,

2010). This deconvolved θHPBW was utilized for all cal-
culations involving the beam size, including when cor-
recting for pointing offsets.
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Figure 1. Light curves of CTA 102 for the KVN antennas. The left column corresponds to the 22 GHz light curves and
the right column indicates the 43 GHz light curves. The upper panel is before correcting for ηa and the lower panel is after
correcting for ηa. Blue squares, green diamonds, and red circles indicate the flux densities measured by KYS, KUS, and
KTN, respectively. Error bars represent the 1-sigma uncertainty of the flux density measurements.

To ensure consistency with the KVN absolute am-
plitude calibration standard, we use a 22 GHz Jupiter
brightness temperature of Tb = 136.2 ± 0.85 K and
43 GHz brightness temperature of Tb = 154.8± 0.67 K,
taken from the WMAP seven-year average (Weiland et
al., 2011), although there are updated nine-year aver-
age brightness temperatures in Bennett et al. (2013) of
Tb = 136.1± 0.75 K and Tb = 154.3± 0.59 K (albeit, at
slightly different center frequencies). We note that the
difference in the brightness temperatures between Wei-
land et al. (2011) and Bennett et al. (2013) is less than
one percent, and the choice of either does not affect the
conclusions of this paper. In both analysis attempts,
for simplicity, we assume a flat gain curve for both fre-
quency bands.

The season-averaged results for KTN and KUS from
2015 August to 2019 January are presented in Table 2.
KVN seasons not presented here were either left out at
this stage of the analysis, or had insufficient observa-
tional data of Jupiter within the MOGABA program.
We find that the 22 GHz ηa of KTN is approximately
0.64 from 2015B to 2018A. This is approximately 9 per-
cent greater than the “a priori” KVN gains shown in
Table 1. At 43 GHz, there seems to be a systematic
shift between 2016A and 2016B, although it is difficult
to pinpoint the exact month, due to a lack of data be-
tween 2016 May to 2017 January (note that we have

categorized the observation on 2017 January 13 as part
of the 2016B season). The average ηa of KUS at 22 GHz
is approximately 0.56, which is 10 percent less than the
“a priori” gains. We have yet to check whether this is
the case for earlier dates as well (although Figure 2 sug-
gests that this issue started from 2015B). At 43 GHz,
there is a significant increase of ηa between 2015B and
2016A. Looking at the individual data, this seems to
have occurred between 2016 January 1 and 2016 March
12.

As mentioned in the beginning of this section,
22 GHz and 43 GHz MOGABA data observed at KYS
are limited. However, there are indications that the ηa of
KYS also varied during this period. The first indication
comes from recalibration of the iMOGABA correlated
fluxes using the new ηa values of KTN and KUS. With
the assumption that the gain curve of the three antennas
at 22 GHz is flat enough to simply scale the correlated
flux, we may recalibrate the data without re-running
them through the pipeline. For observations made dur-
ing 2015A and earlier, we use the values of ηa presented
in online KVN status reports1. From 2015B to 2018A,
we use the newly determined values of ηa for KTN and
KUS. At this stage, we do not correct for KYS. The
results are shown in the middle row of Figure 2. Com-
pared to the case before recalibration of the KTN and

1https://radio.kasi.re.kr/kvn/main_kvn.php
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Figure 2. Relative offset of the 22 GHz correlated fluxes of 0235+164 and 0716+714 per baseline at different stages of
recalibration. The left column corresponds to 0235+164 while the right column corresponds to 0716+714. The top row is
before applying any addition calibration (i.e., using the default “a priori” KVN gains). The middle row is after correcting
for KTN and KUS gains. The bottom row is after recalibrating the gains of all three KVN antennas. Red circles, green
diamonds, and blue squares correspond to KTN-KUS, KUS-KYS, and KTN-KYS baselines respectively. The x-axis is the
observation date, both in MJD and in years. The y-axis represents the offset of the correlated flux of a scan from the
epoch-averaged correlated flux of the KTN-KUS baseline (see text for details).
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Table 2
New KTN, KUS Aperture Efficiencies

22 GHz 43 GHz

Antenna Season Start Date End Date HPBWa ηaa ηba ηaa/η
b
a HPBWa ηaa ηba ηaa/η

b
a

KTN 2015B 57252 57404 122.3 0.642 0.631 1.02 62.05 0.607 0.599 1.01
2016A 57405 57560 121.4 0.626 0.630 0.99 62.29 0.596 0.597 1.00
2016B 57615 57767 — — — — 60.53 0.684 0.688 0.99
2017A 57768 57924 123.0 0.657 0.634 1.04 60.92 0.668 0.650 1.03
2017B 58000 58130 122.0 0.636 0.642 0.99 61.90 0.640 0.641 1.00
2018A 58131 58284 121.5 0.643 0.645 1.00 61.88 0.654 0.652 1.00
2018B 58364 58492 126.4 0.667 — — 62.18 0.574 — —

KUS 2015B 57252 57404 121.7 0.553 0.557 0.99 62.06 0.578 0.582 0.99
2016A 57405 57560 121.5 0.561 0.563 1.00 61.67 0.638 0.621 1.03
2016B 57615 57767 122.5 0.567 0.571 0.99 63.03 0.654 0.651 1.00
2017A 57768 57924 122.0 0.565 0.569 0.99 61.53 0.653 0.640 1.02
2017B 58000 58130 121.5 0.540 0.551 0.98 61.61 0.611 0.607 1.01
2018A 58131 58284 121.5 0.560 0.566 0.99 61.56 0.651 0.639 1.02

Note : The start and end dates of each KVN season are in MJD. The HPBW are given in units of arcseconds. All values represent
season-averaged values.
a Values determined with the second method (custom ηa calculation script)
b Values determined with the first method (default KVN ηa calculation script)

KUS gains, we find that there is a noticeable reduction
of the systematic offsets between the different baselines.
However, the KUS-KYS (green), and KTN-KYS (blue)
baselines are still offset during some seasons by 5 to 10
percent. This indicates that there is a systematic cali-
bration issue with the KYS antenna as well (at least at
22 GHz).

The second indication comes from the single-dish
pointing observations made as part of the iMOGABA
observations. We compared the pointing-corrected
22 GHz and 43 GHz T ∗

a measurements of 3C 84 made
with the three antennas. The ratios of the measure-
ments at KYS to those at KUS (i.e., T ∗

a,KYS/T
∗
a,KUS) are

plotted as red dots in Figure 3. The ratios between KTN
and KUS are plotted in purple. We find that the KYS
43 GHz T ∗

a is significantly reduced (by ∼ 25%) com-
pared to those of the other two antennas during 2016B
and 2017A. We also note that there is a significant shift
in the 22 GHz relative gain between 2018A and 2018B,
although this period is not of our immediate interest,
and is due to a shift of the KUS gains. Based on these
points, we investigate the ηa values of KYS as well.

Due to the lack of 22 GHz and 43 GHz MOGABA
observations at KYS, we turn to archive Jupiter obser-
vations made outside of the MOGABA program. Such
observations include gain curve observations made by
the KVN operation team, as well as calibrator observa-
tions conducted by individual projects. Due to the large
amount of data, we use a semi-automatic code from the
second method for analysis, which we have shown to re-
turn results consistent with those from the first method
(i.e., the default KVN ηa calculation script). As with
KTN and KUS, we assume a flat gain curve at both
frequencies. The results are summarized in Table 3.
Note that unlike those for KTN and KUS, the data used
for KYS have different center frequencies. At 22 GHz,
the center frequency is generally at either 21.7 GHz or

22.2 GHz. For consistency with the results for KTN and
KUS, we use observations at 22.2 GHz when available.
There are some KVN observation seasons for which this
is not possible, in which case we use observations at
21.7 GHz. The mean frequency of the data used is also
presented in units of GHz. We see that the newly de-
termined parameters of KYS generally follow the trends
presented in Figure 3. In particular, we note that the
significant dip in the 43 GHz gain of KYS during 2016B
and 2017A is also present in the results in Table 3. Look-
ing at the individual observations, ηa has had a value of
∼ 0.5 since 2016 October 4. It remained at this level
until at least 2017 May 14. At the next available obser-
vation, on 2017 May 19, we find an ηa value of ∼ 0.64.

3. EFFECT OF REVISED APERTURE EFFICIENCIES

First, we investigate the final outcome of recalibrating
the iMOGABA 22 GHz correlated flux with the new
values of ηa for all three antennas. The results are pre-
sented in the bottom row of Figure 2. We see that, with
the addition of KYS corrections, the majority of season-
averaged systematic offsets between baselines are elim-
inated. Compared to the KTN and KUS corrections,
there is a significant reduction of the systematic offset
of the KYS baselines, particularly for observations made
in 2017 and later. After applying all corrections, the
correlated fluxes of all three baselines are typically con-
sistent at a level of ±5 percent.

We also expect improvements in the KVN VLBI imag-
ing. We proceed with imaging analysis of the iMO-
GABA9 data (which was obtained between 2013 Novem-
ber 19 and November 20) with DIFMAP (Shepherd,
1997). We imaged both the current pipeline output
and the newly calibrated data using the CLEAN algo-
rithm. We used natural weighting with uvweight=0,0
in DIFMAP. We first coherently averaged the data by
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Table 3
New KYS Aperture Efficiencies

22 GHz 43 GHz

Season Start Date End Date FREQ HPBW ηa FREQ HPBW ηa

2013A 56300 56458 22.2 122.7 0.568 42.9 61.89 0.652
2013B 56540 56670 22.3 123.1 0.583 43.2 61.82 0.630
2014A 56671 56828 22.3 122.8 0.586 43.2 61.79 0.644
2014Ba 56894 57037 21.7 126.3 0.568 43.5 61.57 0.604
2015A 57038 57195 22.3 122.3 0.569 43.2 61.32 0.635
2015B 57252 57404 22.3 126.0 0.567 43.2 61.79 0.587
2016A 57405 57560 21.7 125.4 0.534 43.1 61.01 0.581
2016B 57615 57767 21.7 127.3 0.573 42.6 69.59 0.471
2017Ab 57768 57888 22.3 122.2 0.593 43.2 67.54 0.502
2017Ac 57891 57924 — — — 43.2 64.67 0.638
2017B 58000 58130 22.2 129.3 0.635 43.1 65.59 0.637
2018A 58131 58284 22.2 126.6 0.603 43.2 64.13 0.630
2018B 58364 58492 — — — 43.6 65.67 0.627

Note : The start and end dates of each KVN season are in MJD. The values of FREQ are given in units of GHz and the HPBW are
given in units of arcseconds. All values represent season-averaged values.
a ηa may be over-estimated (see Section 4)
b Before 2017 May 15
c After 2017 May 18

10 seconds. Then, we proceeded with flagging (applying
the same flagging for both the pipeline and newly cali-
brated data) and initial phase self-calibration with the
command startmod. Afterwards, we conducted multiple
rounds of CLEAN and phase self-calibration. For com-
parison, we used the dynamic range (DR), defined as
the ratio of the CLEAN image peak to the root-mean-
square (RMS) of the residual image, as a measure of the
image quality. A subset of the results is presented in
Table 4. An extended table is provided in Appendix A.
We also present CLEAN images of a few selected sources
in Figure 4. Overall, we find that the RMS values of the
residual images are noticeably reduced with the new ηa

applied. The peaks of the CLEAN images are compara-
ble in both cases, resulting in a general improvement of
DR.

The initial amplitude calibration of iMOGABA9 was
already good (approximately 5 percent offset of KYS
baselines). We briefly examine the effect of the recal-
ibration on a few selected targets from iMOGABA48,
which was conducted between 2017 November 4 and
November 5. The results are summarized in Table 4
and shown in Figure 5. Since this was an epoch in
which it seemed that both KTN and KYS values of ηa

were underestimated, while the KUS values of ηa was
overestimated, we found a slight decrease in the overall
peak flux density for all four tested sources. However,
there were significant improvements in the RMS values
of the residual maps, in which we found that the RMS
of the recalibrated data had values that were 30 to 40
percent of those of the RMS values of the original data.
In particular, the VLBI images from the pipeline data
contain significant, symmetric side lobes, which are in-
dications of amplitude calibration errors. In fact, the
strong residual pattern made it impossible to locate the
faint North-East jet structure of 1921-293 at all with the
pipeline data. Recalibration of the pipeline data allowed

us to successfully image the faint jet structure of 1921-
293 as well (although it is not apparent in the CLEAN
image, due to the “core-dominated flux” nature of this
source).

4. ADDITIONAL ISSUES

Despite the promising results of the conducted tests,
some points of concern remain. Even after recalibration,
we find that the 22 GHz correlated fluxes of the KYS
baselines were still systematically lower by 5 to 10 per-
cent during the 2014B season. The Jupiter observations
available at KYS were carried out on 2014 November 10
and 2015 January 10, both of which were at 21.7 GHz
(instead of the standard 22.4 GHz). There is the pos-
sibility that the difference in frequency is the cause of
the underestimation of ηa during this season. However,
we do not find similar trends for observations in 2016A
and 2016B, for which we also used Jupiter observations
made at 21.7 GHz. We may attempt to see if there are
additional data for different planets to cross-check the
results from Jupiter, or we may perform testing with
standard flux calibrators (such as 3C 286). Of course,
we may need to check the values of ηa of KTN and KUS
during this period. However, the fact that both KYS
baselines are offset by roughly equivalent levels suggests
that the problem is indeed with the KYS antenna.

Apart from the overall amplitude calibration issues,
there are two large time spans during which the 22 GHz
correlated fluxes of both KYS baselines were low by
more than 20 percent. The first was from 2017 De-
cember 6 to 2018 March 26 (iMOGABA50 to iMO-
GABA55); the second was from 2018 October 16 to 2019
February 15 (iMOGABA60 to iMOGABA64). An ex-
ample of this issue is shown in Figure 6, in which we
can see that the correlated fluxes of 0716+714 measured
for the KYS baselines were approximately half of those
measured for the KTN-KUS baseline. This was due to
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Table 4
VLBI CLEAN Image DR Comparison

Pipeline New ηa

Epoch Date MJD Sourcea Speak RMS DR Speak RMS DR[
Jy

beam

] [
mJy
beam

] [
Jy

beam

] [
mJy
beam

]
iMOGABA9 2013 Nov 20 56616 0235+164 0.85 14 62 0.85 12 71

0716+714 2.50 19 132 2.49 11 230
1921-293 7.43 92 81 7.45 34 220
3C 454.3 5.95 27 221 5.92 17 353

iMOGABA48 2017 Nov 5 58062 0235+164 1.33 12 109 1.29 5 259
0716+714 2.37 24 99 2.31 7 308
1921-293 6.49 94 69 6.39 38 168
3C 454.3 14.83 107 139 14.32 32 444

a Only a subset of the full source list is presented here.
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Figure 3. The ratio of the T ∗
a of 3C 84 measured by KTN

and KYS to that measured by KUS. The upper subfigure
corresponds to 22 GHz measurements, while the lower sub-
figure corresponds to 43 GHz measurements. The values of
T ∗
a within a single iMOGABA epoch were averaged, with the

uncertainties calculated from either the standard deviation
of the measured T ∗

a if multiple scans were available, or from
the 1-sigma confidence limits calculated from emcee if only
a single scan was available.

phase instability of the 22 GHz receiver at KYS during
this period (which has since been resolved), resulting
in reduced correlated fluxes of the KYS baselines. We
find that empirical scaling factors of 1.5 to 3 are re-
quired to calibrate the 22 GHz KYS correlated flux am-
plitudes, which were determined from a sample of com-
pact sources within the iMOGABA program. We note
that this does not affect single-dish flux density mea-
surements (e.g., the relative single-dish measurements
between KUS and KYS in Figure 3 do not show such
significant variation during the affected period).

In Section 2, we found that the values of ηa at 43 GHz
varied more than those at 22 GHz. The ratio of the
values of ηa for KYS to the values for KUS is ∼0.75
from 2016 August to 2017 May. This is quantitatively
consistent with the ratio of single-dish flux density mea-
surements by KYS to those by KUS (e.g., mid-2016 to
early 2017 in Figure 3). However, we do not evaluate
recalibration of 43 GHz VLBI data in the same manner
as we did for 22 GHz VLBI data in this paper. Unlike
at 22 GHz, the effect of source structure on R (t, bi, bref)
is not negligible at 43 GHz. This prevents the use of
R (t, bi, bref) for directly estimating relative gain offsets
between different antennas. We are currently updating
the calibration pipeline of 43, 86, and 129 GHz iMO-
GABA data. The effect of the revised values of ηa at
43 GHz, as well as at 86 and 129 GHz, on imaging of
VLBI data will be evaluated in a follow-up study.

5. SUMMARY

We report a finding of significant variation of the val-
ues of ηa of the KVN antennas, the effects of which
are present in both single-dish observations and VLBI
observations. The effect has been particularly promi-
nent since 2015 August for KTN and KUS observa-
tions. Through past MOGABA observations of Jupiter,
we re-determined the values of ηa for KTN and KUS
at 22.4 GHz and 43.1 GHz from 2015 August to 2019
January. Using archive Jupiter observations, we also
attempted to correct for KYS, although issues remain
for certain KVN seasons. After recalibration with the
newly found values of ηa for all three antennas, we find
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Figure 4. 22 GHz CLEAN images of 0235+164, 0716+714, 1921-293, and 3C 454.3 for data obtained on 2013 November 20
(iMOGABA9). For each set, the image on the left was made using the original pipeline data, while the image on the right
was made from the newly calibrated data. Contours represent -1, 1, 2, 4, 8,... percent of the peak intensity of each image.
The CLEAN beam is given as a cross in the lower-left of each image.
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Figure 5. The same as Figure 4, but for data obtained on 2017 November 5 (iMOGABA48).
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Figure 6. The 22 GHz correlated fluxes of 0716+714 as a
function of UV distance from the pipeline-calibrated data of
iMOGABA63. Both KYS baseline fluxes are approximately
half of the KTN-KUS baseline.

that both the inter-baseline and scan-to-scan flux of a
single baseline are typically consistent at ±5 percent.
Preliminary imaging tests with select iMOGABA data
indicate an improvement in the DR of the final image
for both compact and extended sources, for a wide range
of declination.

ACKNOWLEDGMENTS

We are grateful to the staff of the KVN who helped
to operate the array and to correlate the data. The
KVN and a high-performance computing cluster are fa-
cilities operated by the KASI (Korea Astronomy and
Space Science Institute). The KVN observations and
correlations are supported through the high-speed net-
work connections among the KVN sites provided by the
KREONET (Korea Research Environment Open NET-
work), which is managed and operated by the KISTI
(Korea Institute of Science and Technology Informa-
tion). This work was supported by the National Re-
search Foundation of Korea (NRF) grant funded by the
Korea government (MIST) (2020R1A2C2009003). This
research made use of Astropy (Astropy Collaboration et
al., 2013, 2018), emcee (Foreman-Mackey et al., 2013),
Matplotlib (Hunter, 2007), NumPy (Harris et al., 2020),
and SciPy (Virtanen et al., 2020).

Appendix A. Extended Image DR Comparison

Here we provide a comparison of DR for the larger
sample of sources shown in Table 5. For iMOGABA9,
we find that the RMS of the residual image is notice-
ably reduced with the new ηa applied, as was seen for
the limited sample of targets in Section 3. We find that
the ratio of the RMS of the recalibrated data to that of
the original data is 0.70 ± 0.17. In contrast, the peak
of the CLEAN image is comparable in both cases, with
a ratio of recalibrated to original data of 0.994± 0.016.
Combined, this resulted in a general improvement of the
DR by a factor of 1.52± 0.43. Despite the large scatter,
we find that, with the exception of 0735+178, the DR
improved for all sources with the updated values of ηa.

Conducting an identical test with a sample of sources
observed on iMOGABA32, we find that the ratios of the
image peaks are similar, with factors of 1.032 ± 0.007.
On the other hand, the ratio of the residual image RMS
is 0.71± 0.23, resulting in an improvement factor of DR
of 1.61 ± 0.48. Once again, despite the large scatter of
values, we find an increase of DR for all sources except
1611+343 and 1749+096.

Differences in effects of recalibration may have dif-
ferent causes. One major issue is the structure of the
observed sources. The process of CLEANing is an it-
erative modeling of data with multiple point sources.
Data from compact sources can be easily described by
single point-like sources, but that is rarely the case with
high resolution VLBI observations. The increased num-
ber of components used in CLEAN increases the degree-
of-freedom of the source model, which may potentially
cause over-fitting of the data. For some sources, the
residual patterns caused by inaccurate calibration may
coincide with locations of the source structure, and at-
tempting to CLEAN such regions will artificially in-
crease the DR at the expense of reduced accuracy of
the source model. This is an issue particularly with the
iMOGABA data, for which the limited number of base-
lines of the KVN, and the “snap-shot” scheme of the ob-
servation may cause degeneracy in the CLEAN images
obtained from the data. To account for such issues, we
would need to perform a cross-check using higher reso-
lution data from other VLBI arrays observed at similar
times, and at frequencies similar to those of the iMO-
GABA data. Additional causes may be that variations
in the system temperature are affecting the noise floor
of the images between sources, inaccurate calibration of
variations in the atmospheric opacity with time, or that
the actual pointing of the antenna was slightly displaced
from the source at the time of observation. In spite of
these potential sources of error, we infer an 89 percent
likelihood of the recalibration with the updated ηa re-
sulting in an increase of DR for both iMOGABA9 and
iMOGABA32. Based on the large displacement in time
of the two epochs, we find it unlikely that the results of
this paper are a coincidence.
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Table 5
VLBI CLEAN Image DR Comparison (extended)

Pipeline New ηa

Epoch Date MJD Sourcea Speak RMS DR Speak RMS DR[
Jy

beam

] [
mJy
beam

] [
Jy

beam

] [
mJy
beam

]
iMOGABA9 2013 Nov 20 56616 4C +28.07 2.79 18 159 2.78 15 186

0235+164 0.85 14 62 0.85 12 71
3C 84 23.97 161 149 23.89 142 168
3C 111 3.92 26 149 3.90 17 229

0420-014 5.00 77 65 4.98 48 103
0528+134 1.16 5 255 1.15 4 303
0716+714 2.50 19 132 2.49 11 230

J0730-1141 3.71 40 93 3.69 18 206
0735+178 1.01 3 305 1.00 4 255
0827+243 0.88 14 61 0.87 11 77
0836+710 1.64 8 214 1.63 5 301

OJ 287 4.71 16 288 4.68 15 309
4C +39.25 7.88 53 149 7.85 37 211
1055+018 2.85 17 170 2.85 7 381
Mrk 421 0.43 2 270 0.43 1 312

1127-145b 2.34 4 544 2.32 2 933
1156+295 0.86 19 46 0.85 15 59
1222+216 2.26 14 166 2.27 10 238

M87 1.85 11 172 1.86 4 449
3C 279 25.98 204 127 25.82 116 223

1308+326 1.47 10 142 1.46 6 248
3C 286 0.39 19 21 0.36 10 36

1343+451 0.83 7 120 0.82 5 156
1611+343 3.29 28 116 3.27 20 166
4C +38.41 5.11 33 155 5.10 23 221
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1921-293 7.43 92 81 7.45 34 220
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3C 454.3 5.95 27 221 5.92 17 353
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0827+243 0.72 4 160 0.73 3 272
0836+710 2.05 6 323 2.12 5 445

OJ 287 3.96 23 175 4.07 16 253
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Mrk 421 0.41 2 205 0.42 2 231
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3C 279 17.79 51 348 18.44 46 405

1308+326 1.20 14 87 1.23 10 122
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1611+343 3.40 7 482 3.50 10 362
4C +38.41 3.12 20 155 3.22 10 331

3C 345 4.59 28 163 4.72 12 393
1749+096 2.88 13 218 2.99 14 217
1921-293 7.08 29 247 7.20 15 476
CTA 102 2.13 12 174 2.20 7 296
3C 454.3 17.69 98 181 18.17 45 404

iMOGABA48 2017 Nov 5 58062 0235+164 1.33 12 109 1.29 5 259
0716+714 2.37 24 99 2.31 7 308
1921-293 6.49 94 69 6.39 38 168
3C 454.3 14.83 107 139 14.32 32 444

a Only a subset of the full source list is given
b Only a single scan of 1127-145 was observed, but the significant offset of the closure phase from zero suggests the existence of
source structure. Therefore, we conducted additional CLEANing along the known jet direction of this source, which likely lead to
over-CLEANing of the data and an over-estimation of the DR in both cases.
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