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Abstract: In this work, we studied the Galactic Center supermassive black hole (SMBH), Sagittarius
A* (Sgr A∗ ), with the KVN and VERA Array (KaVA)/East Asian VLBI Network (EAVN) monitoring
observations. Especially in 13 May 2019, Sgr A∗ experienced an unprecedented bright near infra-red
(NIR) flare; so, we find a possible counterpart at 43 GHz (7 mm). As a result, a large temporal
variation of the flux density at the level ∼15.4%, with the highest flux density of 2.04 Jy, is found
on 11 May 2019. Interestingly, the intrinsic sizes are also variable, and the area and major-axis size
show marginal correlation with flux density with &2 σ. Thus, we interpret that the emission region
at 43 GHz follows the larger-when-brighter relation in 2019. The possible origins are discussed with
an emergence of a weak jet/outflow component and the position angle change of the rotation axis of
the accretion disk in time.

Keywords: very long baseline interferometry (1769); radio astronomy (1338); galactic center (565);
supermassive black holes (1663)

1. Introduction

The supermassive black hole (SMBH) in our Galactic Center, Sagittarius A* (Sgr A∗ ), is
the closest known SMBH with a mass MBH∼4× 106M� (e.g., [1,2]) at a distance D∼8.1 kpc [3].
Thanks to its proximity, Sgr A∗ subtends the largest angular size (Schwarzschild radius,
Rs∼10 µas) on the sky among all known black holes and is one of the most promising
targets for the Event Horizon Telescope (EHT) to study the vicinity of a black hole through
direct imaging. Recently, the EHT Collaboration published the Sgr A∗ black hole shadow
results at λ = 1.3 mm, showing angular diameter dsh = 48.7 ± 7.0 µas with a bright and thick
emission ring of a diameter θ = 51.8 ± 2.3 µas [4–9]. However, the emission mechanism
of Sgr A∗ is being debated as to whether the jet base (e.g., [10]) or a radiatively inefficient
accretion flow (RIAF) (e.g., [11]).

Unlike the extragalactic active galactic nuclei (AGNs), the relativistic jet feature has not
been observed yet in Sgr A∗ with the Very Long Baseline Interferometry (VLBI) observations.
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Especially at centimeter (cm) wavelengths, the source structure is dominated by scatter
broadening caused by the ionized interstellar scattering medium (ISM) along the line of
sight [12,13]; thus, it is difficult to resolve the fine structure. However, as the observed size
follows the relation of square of observing wavelength, λ, the effect becomes weaker at
shorter wavelengths so that the intrinsic source structure can be visible [14].

Sgr A∗ also shows variability from minutes to months timescale at a variety of wave-
lengths (e.g., [15,16]). The rapid increase in near-infrared (NIR) flux is seen several times
per day [15]. The brighter NIR flares are often associated with the X-ray flares after a few
tens of minutes, but there are numerous NIR flares without an X-ray counterpart [17–20].
The millimetre (mm)/sub-mm emission is much more stable [21]. Recently, Do et al. [22]
reported that the NIR peak flux levels were brighter in 2019 April 20 than 99.7% of all
historical data points, and an NIR flare of unprecedented brightness in 2019 May 13 with
flux peaks (∼6 mJy) that are twice the values from previous measurements. The flare has
shown rapid, continuous decrease from the peak to ∼1 mJy in 1 h. They also find the
flux variations observed in 2019 to be significantly different than in the historical data
from Witzel et al. [23]. They suggest that this may indicate that Sgr A∗ is experiencing a
physical change in the accretion activity, possibly due to the pericenter passage of the star
S0-2 in 2018 or the gaseous object G2 in 2014 [24,25]. However, Ressler et al. [26] have
argued that the effect of S0-2 on the RIAF structure should be negligible. As for the G2,
on the other hand, a longer timescale (5–10 years) between the increased mass accretion
and magnetic energy/flux enhancement has been predicted [27], so its impact may still be
valid to investigate.

To look for the possible imprints of G2 encounter, the Korean VLBI Network (KVN1)
and VLBI Exploration of Radio Astrometry (VERA2) Array, KaVA, started regular observa-
tions of Sgr A∗ , as one of the main targets of the large AGN program, at 22 and 43 GHz
from March 2014 [28–30]. In the second half of 2018, the East Asian VLBI Network (EAVN)
also started its open-use program [31–33]. The EAVN campaign was performed by making
use of the slots allocated to the KaVA AGN Large Program that intensively monitored the
nearby SMBHs, M 87 and Sgr A∗ , at 22 and 43 GHz. From our long-term monitoring results
since 2014, the highest flux density of Sgr A∗ at 43 GHz (∼2.04 Jy) was detected in 2019 May,
which may be related to the NIR flare and possibly the G2 encounter.

In this work, therefore, we report the accurate measurements of flux density and
intrinsic size of Sgr A∗ from the KaVA/EAVN observations at 43 GHz in 2019. In Section 2,
we present the observations and data analysis. Section 3 presents the light curves, size
measurement, and correlation test. Section 4 presents the discussion of potential physical
explanations for these observations.

2. Observations and Data Analysis
2.1. Observations

Twelve observations were performed at 43 GHz with the EAVN as part of the KaVA/
EAVN AGN large program [30] in 2019. The participating stations are KaVA and 2 ad-
ditional East Asian telescopes (Tianma 65m and Nobeyama 45m; [33]). Three of the ob-
servations failed due to bad weather or station maintenance. This study is mainly based
on the nine successful observations, as listed in Table 1. The data were recorded with
256 MHz total bandwidth in left-handed circular polarization (LCP), resulting in a sam-
pling rate of 1 Gbps. While three observations (a19kh01a, a19kh01c, and a19kh01f) were
recorded with 32 MHz × 8 intermediate frequencies (IFs) band, the other six observations
used 16 MHz × 16 IFs. Each observation lasted for about 6 h and the on-source time
for Sgr A∗ and the main calibrator NRAO 530 was about 200 and 30 min, respectively.
Figure 1 displays an example of EAVN (u, v) coverage towards Sgr A∗ at 43 GHz. The
correlation was carried out in the Korea–Japan Correlation Center (KJCC) at Daejeon, Ko-
rea [29]. Tianma 65m (TIA) participated in seven (out of nine) observations, and two of
them (a19mk01a and a19mk01c) had no fringes due to frequency setup. Nobeyama 45m
(NRO45) participated in one observation (a19kh01c), but no fringes were detected.
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Table 1. Summary of the EAVN observations

Project Code Experiment Date Participating Stations a Image rms b

mJy beam−1
Peak Intensity c

Jy beam−1
θFWHM

(mas, mas, deg)
(1) (2) (3) (4) (5) (6)

a19mk01a 2019-02-27 KaVA (−IRK) + TIA 2.01 1.240 (1.33, 0.79, −5.7)
a19kh01a 2019-03-22 KaVA + TIA 1.78 0.624 (1.37, 0.37, −16.3)
a19kh01c 2019-03-29 KaVA + TIA + NRO45 1.41 0.579 (1.25, 0.38, −17.8)
a19kh01f 2019-04-12 KaVA + TIA (− KYS) 1.69 0.712 (1.01, 0.37, −16.6)
a19mk01c 2019-05-11 KaVA + TIA 1.96 0.961 (1.24, 0.43, −16.3)
a19mk01e 2019-09-10 KaVA (− KYS) 2.56 1.039 (1.37, 0.62, −8.3)
a19mk01g 2019-10-10 KaVA + TIA (− OGA) 1.89 0.564 (1.77, 0.42, −17.3)
a19mk01h 2019-11-23 KaVA 2.10 0.764 (1.32, 0.37, −9.9)
a19mk01i 2019-12-18 KaVA + TIA 1.55 0.861 (1.48, 0.65, −6.5)

Note. a In brackets, (−) means the KaVA stations that were not used in individual observation,
and (+) means the non-KaVA but EAVN stations that participated in the observation. b The image
sensitivity is based on the model fitting and self-calibration. c The peak intensity is based on the
uniform weighting and the corresponding synthesized beam.

Figure 1. Typical u − v coverage of EAVN observations (a19kh01c) at 43 GHz. Each point has been
averaged within 30 s. TIA provides the longest baselines (red points) in an east-west direction.

2.2. Data Reduction

The data were calibrated with the NRAO Astronomical Image Processing System
(AIPS) software package [34]. Firstly, the sampler voltage offsets were corrected by auto-
correlation and a multiplicative correction factor of 1.3 was applied to all data to correct
the quantization loss in the Daejeon hardware correlator [35]. The a-priori amplitude
calibrations (APCAL) were conducted using the information of the gain curve (GC) and
system temperature (TY) for KaVA and NRO45 telescopes. Because of the large amplitude
offset for TIA, we used the template spectrum method (ACFIT) for the amplitude calibration
by using the SiO maser lines from OH 0.55–0.06 and VX Sgr, which can give a more realistic
antenna gain curve as a function of the elevation than the a priori calibration method [36].
The phase contributions from the antenna parallactic angles were removed before any other
phase corrections were applied. The station KUS was chosen as the reference antenna. After
removing instrumental phase offsets from each IF by using NRAO 530 (i.e., manual PCAL),
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the fringe-fitting and bandpass calibration were conducted directly to the Sgr A∗ visibilities.
The visibilities at lower elevations <5◦ at either telescope of a baseline were flagged. We
also excluded the first and sixteenth IFs for 16 MHz × 16 IFs mode data because of their
very low correlation amplitude. Finally, the data were averaged over all IFs and 30 s and
split into single-source files.

Before model fitting, we first add the fractional systematic error to the data, which
inflates the thermal noises. This is mainly to account for the non-closing error budget,
as well as to avoid biases in the fitted model by the uncalibrated station gains (e.g., 10%).
For instance, the determined overall telescope gain correction factors were found to be small
in NRAO 530, typically within 10%, in agreement with the typical mm VLBI observations
(Table 2). For TIA data, on the other hand, we add 30% of the visibility amplitude as
the systematic error to account for additional uncertainties (e.g., from residual bandpass,
system temperature measurements, and pointing; [33]).

Table 2. Amplitude gain correction factors for each station

Epoch Source KTN KYS KUS OGA MIZ ISG IRK TIA
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

a19mk01a Sgr A∗ 0.96 1.01 1.01 0.86 1.08 1.00
NRAO 530 0.99 1.01 0.97 1.00 1.02 1.00

a19kh01a Sgr A∗ 0.96 1.03 0.94 0.91 1.07 1.01 1.03 1.19
NRAO 530 0.94 1.03 0.94 0.97 0.99 1.01 0.99 1.25

a19kh01c Sgr A∗ 0.89 1.17 1.00 1.13 1.06 0.98 0.90 1.32
NRAO 530 0.89 1.04 0.94 1.01 0.99 1.01 0.93 1.36

a19kh01f Sgr A∗ 0.96 0.98 0.92 1.14 1.01 0.96
NRAO 530 0.94 0.97 1.02 1.01 1.02 0.98

a19mk01c Sgr A∗ 1.01 1.02 1.00 1.07 0.99 0.97 0.98
NRAO 530 0.99 1.01 0.97 1.01 1.01 1.02 0.98

a19mk01e Sgr A∗ 1.00 0.98 1.00 1.02 0.99 1.01
NRAO 530 0.94 0.98 1.00 1.02 1.03 0.96

a19mk01g Sgr A∗ 1.01 0.89 0.97 1.23 1.05 0.89 1.11
NRAO 530 0.98 0.96 0.98 1.02 1.03 1.01 1.23

a19mk01h Sgr A∗ 1.01 0.97 1.01 0.98 1.10 0.94 1.01
NRAO 530 1.03 0.91 0.97 1.03 1.02 1.04 1.04

a19mk01i Sgr A∗ 1.00 0.99 1.01 0.98 1.03 1.01 1.00
NRAO 530 1.06 0.98 0.90 0.88 0.95 0.88 0.96

2.3. Self-Calibration with a Gaussian Model

First, we checked the closure phases of Sgr A∗ and confirmed that they are mostly
distributed around zero degrees (i.e., no clear evidence of non-zero deviation; see Figure 2).
This implies that Sgr A∗ can be reasonably modeled with a symmetric structure (e.g., a single
Gaussian). Based on this, we have fitted the data with an elliptical Gaussian model and
self-calibrated the complex visibility with the result using DIFMAP [37]. Note that we have
only used the visibilities where the baseline lengths are shorter than 176 Mλ (i.e., ensemble-
average image; e.g., [38]). This is to avoid biases by the scattering effects, especially at long
baselines where the refractive scattering noises get larger.

The cm–mm VLBI observations toward Sgr A∗ is largely affected by the ISM as it looks
through the Galactic Center. Therefore, the observed result itself is a combination of the
intrinsic property of Sgr A∗ with the scattering effects, mainly the diffractive and refractive
scattering. The diffractive scattering provides a Gaussian blurring, which is dominant at
the “short” baseline lengths in the visibility domain. Due to the effect, the observed size of
Sgr A∗ is roughly the quadratic sum of its intrinsic size and the size of the scattering kernel
(e.g., [39]), and is proportional to the square of the observing wavelength. On the other hand,
the refractive scattering introduces non-Gaussian sub-structures (in the image domain) and
complex noises (in the visibility domain) which are dominant at long baseline lengths. Here,
the baseline length is determined by (1 + D/R)rin, where D, R, and rin are the distance
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between Earth and the scattering screen, the distance between Sgr A∗ and the scattering
screen, and a finite inner scale of interstellar turbulence, respectively. With D = 2.7 kpc,
R = 5.4 kpc, rin = 800 km [40], therefore, the “short” baseline length corresponds to 176 Mλ
at 43 GHz so we have applied this threshold to avoid the effects of refractive noise in our
model fitting. In addition, we have flagged the data with a signal-to-noise ratio (S/N) lower
than 3 (for thermal noise) and 4 (for refractive noise) (e.g., [40]). Note that the refractive
noises are derived following the previous study [38].
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Figure 2. Closure phases of Sgr A∗ (gray) and NRAO 530 (yellow). From left to right, the corre-
sponding baselines toward Sgr A∗ in the u−v plane (colored points), closure phases as a function
of observing time, and a histogram of the closure phases are shown. The 30 s averaged are shown,
and the error bar represents the quadratic sum of the thermal noises (i.e., without the fractional
systematic error) over the visibility amplitudes. The time-averaged closure phase, φ̃c, is shown in
each legend, together with the uncertainty from the standard deviation.

Figure 3 shows the self-calibrated visibility amplitudes, as a function of the (u, v)-
distance. Since there are more than half of the data in the “short” baseline range, we
can still get the gain corrections for all the antennas with only the data in this range (see
Table 2). The resultant image of Sgr A∗ , from the iterative Gaussian model fitting and
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self-calibration, is shown in Figure 4 (right). Note that this is an ensemble-average image
which is scatter-broadened, and the derived structural parameters are listed in Table 3
which are close to the size of the asymptotic Gaussian scattering kernel (e.g., [38]). This
also supports that the self-calibration with the Gaussian model fitting reasonably alternates
the imaging for Sgr A∗ at these frequencies, as the scattering kernel dominates the structure
(see also [38] for comparison between model fitting and imaging). The derived station
gains (Table 2) confirm that there is no significant biases in the models. Note that the image
of NRAO530 from CLEAN imaging and the gain corrections are also shown in Figure 4
(left) and Table 2, respectively, for comparison.
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Figure 3. Normalized self-calibrated correlated flux density of Sgr A∗ at 43 GHz. The cyan-colored
vertical line shows the “short” range. Each point has been 5 min averaged.
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Figure 4. Clean image of NRAO530 (left) and model-fitted image of Sgr A∗ (right) on 11 May 2019 at
43 GHz. The restoring beam is shown on the lower-left side of each panel. The contour levels start at
three times the rms noise value and positive levels increase by a factor of 2. The image parameters
are listed in Table 1.
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Table 3. Gaussian Model Fitting Results.

Date Method Stot
ν θen

maj θen
min ren θen

PA θint
maj θint

min rint θint
PA

(Exp.code) (Jy) (µas) (µas) (deg) (µas) (µas) (deg)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

2019-02-27 Gfit/Amp 1.61± 0.16 727.8± 8.9 418.8± 16.1 1.74± 0.07 81.2± 0.8 293.6± 23.9 238.4± 34.8 1.23± 0.21 73.9± 7.2
(a19mk01a) CA . . . 731.8± 9.2 416.4± 25.6 1.76± 0.22 84.1± 1.8 303.8± 24.7 229.5± 60.8 1.32± 0.60 92.5± 13.1

2019-03-22 Gfit/Amp 1.48± 0.15 737.2± 8.6 412.0± 11.5 1.79± 0.05 82.6± 0.5 336.2± 22.8 236.6± 19.9 1.41± 0.11 86.5± 3.4
(a19kh01a) CA . . . 739.4± 9.2 421.7± 20.8 1.75± 0.08 82.1± 1.2 341.5± 28.9 247.8± 41.9 1.36± 0.20 85.0± 7.8

2019-03-29 Gfit/Amp 1.42± 0.14 734.6± 8.6 449.3± 12.1 1.63± 0.03 83.5± 0.6 317.1± 25.6 283.9± 11.2 1.13± 0.04 114.1± 12.1
(a19kh01c) CA . . . 734.3± 10.0 458.3± 22.8 1.60± 0.07 82.6± 1.1 317.8± 25.0 298.9± 20.5 1.05± 0.07 122.7± 42.0

2019-04-12 Gfit/Amp 1.88± 0.19 736.2± 8.7 483.6± 10.4 1.52± 0.03 85.5± 0.6 361.7± 25.1 292.8± 8.8 1.24± 0.04 142.1± 5.1
(a19kh01f) CA . . . 737.0± 9.1 482.0± 32.6 1.53± 0.11 86.2± 1.6 348.6± 25.1 293.6± 25.8 1.26± 0.13 137.4± 17.1

2019-05-11 Gfit/Amp 2.04± 0.20 729.3± 8.5 458.4± 8.1 1.59± 0.03 80.8± 0.7 322.2± 23.5 300.2± 9.2 1.08± 0.04 17.2± 22.4
(a19mk01c) CA . . . 730.2± 9.7 459.1± 26.9 1.58± 0.09 83.6± 1.7 312.6± 27.5 289.9± 15.8 1.08± 0.11 130.7± 37.9

2019-09-10 Gfit/Amp 1.67± 0.17 732.6± 8.9 467.4± 16.5 1.57± 0.04 81.1± 0.7 370.4± 27.3 244.4± 9.8 1.52± 0.04 80.9± 1.3
(a19mk01e) CA . . . 735.5± 8.8 471.0± 23.6 1.57± 0.10 82.8± 7.7 361.6± 30.3 240.7± 57.7 1.50± 0.41 95.7± 10.8

2019-10-10 Gfit/Amp 1.23± 0.12 714.2± 8.7 450.4± 12.1 1.58± 0.04 83.6± 0.8 298.7± 23.9 248.0± 10.5 1.21± 0.08 151.1± 7.7
(a19mk01g) CA . . . 722.7± 9.0 434.9± 26.0 1.76± 0.15 82.5± 1.6 310.0± 26.0 262.3± 20.6 1.15± 0.22 94.0± 39.7

2019-11-23 Gfit/Amp 1.71± 0.17 738.2± 8.7 412.8± 12.4 1.79± 0.06 81.1± 0.5 337.7± 23.1 220.6± 23.6 1.53± 0.22 77.4± 2.3
(a19mk01h) CA . . . 735.7± 9.2 417.2± 22.1 1.76± 0.14 80.9± 1.1 336.2± 27.9 248.7± 34.7 1.35± 0.56 77.1± 5.6

2019-12-18 Gfit/Amp 1.35± 0.14 726.2± 8.6 412.3± 15.2 1.76± 0.06 79.7± 0.8 295.9± 24.3 222.3± 26.6 1.33± 0.17 61.3± 7.7
(a19mk01i) CA . . . 722.3± 8.9 399.7± 25.5 1.76± 0.02 80.8± 2.5 281.8± 26.6 214.8± 62.9 1.33± 0.49 77.9± 23.2

3. Results
3.1. Flux Density Variability

Total flux density of Sgr A∗ , Stot, is found from the final fitted Gaussian model, to-
gether with the parameters of elliptical structure (i.e., θen

maj, ren, and PAen, which are major
axis size, axial ratio, and position angle of the major axis, respectively; see Table 3). In
Figure 5, we show the light curve of Sgr A∗ at 43 GHz in 2019. The mean flux density is
about 1.60 Jy, which is higher than the previous measurements with EAVN in April 2017
(∼1.36 ± 0.14 Jy; [38]) and with VERA in November 2004–April 2009 (0.9 ± 0.1 Jy; [41])
but slightly lower than the VLBA results in 2007 (1.79 ± 0.05 Jy; [39]). The flux density
of Sgr A∗ appear more pronounced in April and May, during a time that coincides with
two detected NIR flares occurring on 20 April and 13 May 2019. The highest flux density
detected in our observations is 2.04 ± 0.20 Jy on 11 May 2019.

The amount of variability has been estimated with the variability index, m = σ/<S>,
where the σ and <S> are the standard deviation and mean flux density, respectively. As a
result, the m of Sgr A∗ and NRAO 530 are obtained as 15.4 ± 3.1% and ∼2%, respectively.
This clearly shows the source intrinsic flux variation of Sgr A∗ , which is remarkably larger
than the previous measurements, for instance in May 2007 (m = 9.3%; [39]) and between
2004 and 2008 (∼11%; [41]). Note that the m of NRAO 530 has been estimated for the
first half (m = 1.9 ± 0.5%) and second half (m = 2.1 ± 0.5%) of 2019 separately. This is
because the light curve of NRAO 530 shows progressive decrease over the year, which
is also shown from independent observations with the VLBA-BU-BLAZAR monitoring
program [42,43] and the iMOGABA program with the KVN [44] (see Figure 5). Note that
the VLBA-BU-BLAZAR data are only used after September 2019, due to pointing problems
at mm wavelengths. 3

3.2. Intrinsic Structure and Its Correlation with the Flux Density

To obtain the intrinsic structure of Sgr A∗ , the self-calibrated visibilities and closure
amplitudes are deblurred by using the recent scattering kernel model (see Cho et al. [38]
for more details). Then an elliptical Gaussian model with three free parameters (θint

maj, rint,

and PAint) is fitted to the deblurred log closure amplitudes (CA) and visibility amplitudes
(Gfit/Amp), using the Monte Carlo method (Table 3). As a result, the mean values of
θint

maj and θint
min are found as ∼324 and 258 µas, respectively, which are slightly larger than

the previous study [38], with the mean position angle (PA) roughly consistent with the
previous studies [38,45,46]. Note, however, that the intrinsic PA is less constrained, mainly
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because the intrinsic shape is close to circular, as shown in the large deviation of PA between
two different methods (Gfit/Amp and CA) and across the observations. The uncertainties
are estimated by the goodness-of-fit from the Monte Carlo method and the stochastic
random phase screen within the error range of scattering parameters (see Cho et al. [38] for
more details), so that the final uncertainties are the combination of them. For the latter one,
the scattering screen provides the refractive noise and the error range of the size of scattering
kernel. As for the refractive noise, it is used to flag the noise-dominated data based on the
S/N (see Section 2.3), not directly added to the visibilities. The scattering kernel size is
mostly determined by the power-law index of the phase structure function of the scattering
screen, α, and rin (e.g., [40,47]). Since the intrinsic sizes are obtained from deblurred data
(i.e., division by the scattering kernel in the visibility domain), the uncertainties of the
kernel size which are introduced by the error range of α and rin are used for the error of
intrinsic sizes as a quadratic sum, together with the fitting error.

2019 April July October 2020
Date of 2019
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SgrA*
NRAO 530 (BU data)
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Figure 5. Light curve of Sgr A∗ and NRAO 530 at 43 GHz in 2019. Red points are the flux densities of
Sgr A∗ at 43 GHz from our EAVN observations. Other points are flux densities of NRAO 530: green
points are from our EAVN observations; blue points are from the BU observations in the second
half of 2019; cyan points are from the iMOGABA observations. The error bars are 10% of the total
flux density.

Similar to the flux variation, remarkably, the intrinsic sizes also show the variation
across our observations. The variability index, m, is obtained as 6.8 ± 1.5% and 10.3 ± 1.7%
for major and minor axis size, respectively. Note that the m of observed (i.e., scattered) sizes
are 0.8 ± 0.1% and 5.7 ± 0.9% for each axis. These are consistent with the previous stud-
ies [39,41], indicating marginal size variation towards the minor axis. Note, however, that
the observed structure is dominated by the scattering kernel with PA∼82◦–86◦ (e.g., [38])
so that it is relatively easier to detect the size variation towards minor axis (i.e., north-south
direction) when the intrinsic size is varying. On the other hand, the m of the area of intrinsic
structure (i.e., π × θint

maj × θint
min) is obtained as 13.3 ± 3.5%, which is comparable to the flux

variability (∼15%). These results suggest that the total flux density variations might be
associated with changes in size and/or area.

While the previous studies have found a strong correlation between flux density and
intrinsic minor axis size at 22, 43, and 86 GHz, the correlation with intrinsic major axis
size has only been shown at 86 GHz [39]. Since the number of data points is insufficient
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to get a reliable p-value, all data points are randomly resampled 10,000 times to obtain
the reasonable uncertainty of correlation coefficient (resampling or bootstrapping method;
e.g., [48]). This considers the error of sample distribution, compared to the complete
population distribution. In Figure 6 (top), we show the correlation between flux and area
(left), and size of both major and minor axis (middle). The distribution of the correlation
coefficients from the resampling process is shown in the right panel. By this method, we
have found the (marginal) correlation of flux density versus area and major-axis size with
&2 σ, while no clear correlation has been found with minor-axis size. This provides different
results from Lu et al. [39]. Note, however, that the intrinsic structure of Sgr A∗ is close to
circular Gaussian (i.e., the axial ratio is close to unity) so that the PA is not well determined
with large uncertainties (e.g., ∼60◦ to ∼150◦), unlike the observed structure. In this regard,
the variability of the size of each axis does not provide consistent directional information.
To make it clearer, we have also estimated the correlation of the flux density with the size
at different angles, but it is still difficult to find a preferred direction (Figure 6, bottom).
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Figure 6. (Top): The correlation of flux density and area (i.e., πθmajθmin/4; left), θmaj (middle, red),
θmin (middle, blue) from our observations in 2019, where the θmaj and θmin are the major-axis and
minor-axis size, respectively. Resampling distributions of the estimated correlation coefficients of
each are also shown (right). (Bottom): The correlation coefficients between flux density and size at
each angle (east of north; with a step of 10◦). No significant correlation is found that is larger than the
ones from area and major-axis size.

4. Discussion

In the previous section, we showed the correlation between the flux density and the
emitting region area in 2019. While recent observations of the innermost part of Sgr A*
suggest that it is in a magnetically arrested disk (MAD) state with a smaller viewing angle
(EHT and Gravity collaboration), the cause of its variability is still a matter of debate. While
rapid variability on a timescale of 10 min in Sgr A∗ has been discussed and interpreted
in the context of a transient feature (such as a hotspot) that appeared around the central
black hole (e.g., Wielgus et al. [49] and references therein), the origin of flux variability on a
monthly timescale is not yet well explored in Sgr A∗ . Below, we discuss possible origins
for the correlation seen in 2019.

The first possibility discussed here is the enhancement of the flux and emission area
through (i) the emergence of a new outflow (jet), or (ii) an increase in the size of the
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optically-thick region of the accretion flow. It is well known that theoretical models of
the dominating component of the radio emission in Sgr A∗ generally fall into two broad
classes. One is a weak and compact jet model, while the other is a radiatively inefficient
accretion flow [10,11,50,51]. Regarding case (i), in spite of intensive VLBI observations
(e.g., [14,45,52–54]), there is no clear evidence of a jet-like structure yet, although there
are some indirect suggestions of the possible existence of a weak outflow/jet (e.g., [4–9]).
When the weak jet was ejected in Sgr A∗ , especially towards the line of sight, it naturally
explains the correlation between the flux density and the emitting region area in 2019.
In case (ii), a temporary increase in the mass accretion rate may result in the expansion
of the optically-thick region of the accretion flow. An increase of the mass accretion rate
can alter not only a change in the number density of the electrons in the accretion flow,
but also the electron temperature and magnetic field in the accretion flow. Therefore, proper
determination of the corresponding increase in the flux and the size of the emission region
requires a dedicated study. Although it is beyond the scope of this paper. The need for
such theoretical studies is expected to grow in the future.

The second possibility discussed here is the change of the accretion disk axis. Recent
general relativistic magnetohydrodynamic (GRMHD) simulation of a wind-fed accretion
model for Sgr A∗ proposed by Ressler et al. [55] suggests that the accretion disk is tilted
with the varying angle from ∼20–30◦ to 0◦, with respect to the initial angular momentum
axis for the model of stellar-winds injection with lower plasma β. 4 The origin of the tilt
can be explained by the change of the direction of the net magnetic flux conveyed onto
the central black hole. The rotation axis of the accretion flow can change both due to the
variation of the tilt angle itself and the subsequent precession of accretion flow induced by
the tilt against the black-hole spin axis, i.e., the Lense-Thirring precession. 5 Observationally,
EAVN at 22 and 43 GHz for Sgr A∗ show that the axial ratio of the intrinsic major-axis size
to the intrinsic minor-axis size is about 26/20 = 1.3. The viewing angle of the accretion
disk, defined as the angle between the rotation axis of accretion flow and the line of sight
(see Figure 7), is consistent with θview ∼30◦ [38]. Therefore, the wind-fed model and/or the
precession model can realize the decrease of θview that explains the correlation between the
flux density and the emitting region area.

In Figure 7, we demonstrate an example of the precessing Kepleriian accretion flow
model. For simplicity, only thermal electrons are considered in the accretion flow, and the
fixed tilt angle of θtilt = 30◦ is assumed. We set the observation angle, which is the angle
between the precession axis and the line of sight, to be θob = 30◦. The viewing angle can
change as a consequence of the precession. The images and the light curves at ν = 43 GHz
are computed by solving general relativistic radiative transfer (GRRT) equations by using
RAIKOU code [56,57]. The peak luminosity appears at ϕprec = 270◦, corresponding to the
face-on view of the accretion flow. This is because the accretion flow is optically thick
against the synchrotron-self-absorption at 43 GHz. The predicted light curve shows ∼ a
10% variability, which is slightly less remarkable than the EAVN observation data. An
inclusion of nonthermal electrons would mitigate the discrepancy between the model and
the observation. For instance, prominent eruptions of the plasma at the interface of the jet
and the precessing accretion flow are indicated in GRMHD simulations that may induce the
anisotropic injection of the nonthermal electrons. The study of more sophisticated models
remains as future work.



Galaxies 2023, 11, 46 11 of 15

Figure 7. (a): Schematic picture of a precessing accretion flow. (b) Light curve. (c) GRRT images
of precessing accretion flow. The tilt angle is set to be θtilt = 30◦. The precession angle ϕprec is set
at every 45◦ from 0◦ to 315◦. Here, the spherical coordinate is defined as cos θ ≡ z/

√
x2 + y2 + z2,

cos φ ≡ x/
√

x2 + y2 and sin φ ≡ y/
√

x2 + y2 by using the Cartesian coordinate depicted in the
panel (a). The observer locates in the direction (θob, ϕob) = (30◦, 270◦). We note that θob is the angle
between the precession axis (not the rotation axis of accretion flow) and the line of sight.

5. Summary

In this study, we have found the temporal variability of flux density and intrinsic size
of Sgr A∗ at 43 GHz. The mean flux density is about 1.60 Jy, which is larger than previous
measurements that can be related to the NIR flare in 13 May 2019. Note that the highest
flux density reaches 2.04 ± 0.20 Jy on 11 May 2019, from our observations. Variability
is quantified with the m−index, which is provided as 15.4% and 2.1% for Sgr A∗ and
NRAO 530, respectively, indicating the large source intrinsic variability of Sgr A∗ . In
addition to the flux variation, we also investigate the variation of intrinsic size and their
possible correlations. After the scattering mitigation, we have first derived the intrinsic
structure of Sgr A∗ , which can be well described with a single elliptical Gaussian model.
As a result, across 9 epochs of observations in 2019, we have found a large variability
of intrinsic size (∼7% and ∼10% for major and minor axis size, respectively). With this,
marginal (&2 σ) correlations of flux density versus area and major axis size are also found.

Two possible scenarios have been considered to explain the variability and the cor-
relation of flux density and intrinsic size. First, a weak jet towards the line of sight or
the increased size of the optically-thick region of an accretion flow. Both can explain the
observed variability and the correlation, especially if they are induced by the NIR flare. As
for the jet scenario, for instance, Rauch et al. [58]have found a secondary VLBI component
at 43 GHz, which may be triggered by the NIR flare, although the possibility of refractive
sub-structure cannot be fully ruled out. This also indicates that the detectability of the
possible episodic jet increases through the multi-wavelength (MWL) (quasi-)simultaneous
observations, as well as the amount of the NIR activity, so that the MWL associated VLBI
monitoring observations are of great importance for future detection. The next possible
scenario is the tilted disk, based on a wind-fed accretion model, so that the rotation axis
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of the accretion disk shows precession. This results in the variability of both structure
(i.e., area and size towards each axis) and flux density (e.g., projected area towards line of
sight is changed), so the scenario also well explains our observations. With this, the NIR
flare may be related to significant changes of tilt angle, but it needs further investigation.
To prove the scenario, in addition, better constraints on the intrinsic PA through tighter
scattering parameter constraints (G.-Y. Zhao et al. in prep.; Y. Kofuji et al. in prep.) will
be crucial.
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Notes
1 Korean VLBI Network, which consists of three 21 m telescopes in Korea: Yonsei (KYS), Ulsan (KUS), and Tamna (KTN).
2 VLBI Exploration of Radio Astrometry, which consists of four 20 m telescopes in Japan: Mizusawa (MIZ), Iriki (IRK), Ogasawara

(OGA), and Ishigakijima (ISG).
3 VLBA Test Memos # 73. VME Transition VLBA Pointing Issues (https://library.nrao.edu/public/memos/vlba/test/VLBAT_73

.pdf, (accessed on 1 November 2022)); VLBA-BU-BLAZAR program (https://www.bu.edu/blazars/BEAM-ME.html, (accessed
on 1 November 2022)).

4 The tilt angle can achieve ∼90◦ for the model of stellar-winds injection with higher plasma β and sometimes, for the lower
β model.

5 The Figure C1 of Ressler et al. [55] shows significant variations of the orientation of the angle-averaged angular momentum with
respect to the angle-averaged magnetic field.
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