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ABSTRACT

Observations of the Galactic Center supermassive black hole Sagittarius A* (Sgr A*) with very long
baseline interferometry (VLBI) are affected by interstellar scattering along our line of sight. At long
radio observing wavelengths (2 1cm), the scattering heavily dominates image morphology. At 3.5 mm
(86 GHz), the intrinsic source structure is no longer sub-dominant to scattering, and thus the intrinsic
emission from Sgr A* is resolvable with the Global Millimeter VLBI Array (GMVA). Long-baseline
detections to the phased Atacama Large Millimeter/submillimeter Array (ALMA) in 2017 provided
new constraints on the intrinsic and scattering properties of Sgr A*, but the stochastic nature of the
scattering requires multiple observing epochs to reliably estimate its statistical properties. We present
new observations with the GMVA+ALMA, taken in 2018, which confirm non-Gaussian structure in
the scattered image seen in 2017. In particular, the ALMA-GBT baseline shows more flux density
than expected for an anistropic Gaussian model, providing a tight constraint on the source size and
an upper limit on the dissipation scale of interstellar turbulence. We find an intrinsic source extent
along the minor axis of ~ 100 pas both via extrapolation of longer wavelength scattering constraints
and direct modeling of the 3.5 mm observations. Simultaneously fitting for the scattering parameters,
we find an at-most modestly asymmetrical (major-to-minor axis ratio of 1.5 4 0.2) intrinsic source
morphology for Sgr A*.

Keywords: black holes — galaxies: individual: Sgr A* — Galaxy: center — techniques: interferometric

1. INTRODUCTION source Sagittarius A* (SgrA*; Balick & Brown 1974).
With a mass M ~ 4.1 x 10°M at a distance D ~

The Galactic Center hosts the closest known super-
8.1kpc, Sgr A* subtends the largest angle on the sky

massive black hole (SMBH), associated with the radio
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among all known black holes (Ghez et al. 2008; Reid
2009; Gillessen et al. 2009; Gravity Collaboration et al.
2018a). Thus Sgr A* is one of the most promising tar-
gets to study black hole accretion and outflow via direct
imaging (Goddi et al. 2017). The spectral energy density
of Sgr A* in radio rises with frequency, with a turnover
in the sub-millimeter regime, where the accretion flow
becomes optically thin (Falcke et al. 1998; Bower et al.
2015, 2019). However, the southern declination and in-
terstellar scattering of Sgr A* add challenges to decades
of radio observations with very long baseline interfer-
ometry (VLBI; Alberdi et al. 1993; Backer et al. 1993;
Krichbaum et al. 1993; Marcaide et al. 1999; Bower et al.
2004; Shen et al. 2005; Lu et al. 2011a; Bower et al.
2014). Thus, the intrinsic accretion and outflow struc-
ture of Sgr A* remains rather poorly understood.

Early observations at 1.3mm with the prototype
Event Horizon Telescope (EHT) indicate that the ra-
dio emission of Sgr A* originates from a region that is
comparable to the size of the black hole’s “shadow”
(~ 50 pas; Doeleman et al. 2008; Fish et al. 2011; John-
son et al. 2015; Fish et al. 2016; Lu et al. 2018). On
these scales, the image morphology is dominated by
strong gravitational lensing of the black hole rather
than by details of the innermost accretion flow (as seen
in M87; Event Horizon Telescope Collaboration et al.
2019). At longer wavelengths, images of SgrA* are
strongly scatter-broadened (blurred) by the intervening
interstellar medium (ISM; e.g., Davies et al. 1976; van
Langevelde et al. 1992; Frail et al. 1994; Bower et al.
2004; Shen et al. 2005; Bower et al. 2006; Psaltis et al.
2018; Johnson et al. 2018).

Radio waves passing through the ionized ISM prop-
agate via multiple paths due to changes in the refrac-
tive index of the turbulent plasma from density inho-
mogeneities. The angles at which the waves scatter are
proportional to the squared wavelength of the wave. The
intrinsic angular size of Sgr A* at wavelengths of 0.1-
1 centimeters is roughly proportional to the wavelength.
As a result, the ratio of intrinsic source angular size
to scatter-broadening is ~0.3/Acm along the major axis
and ~0.6/Aqy along the minor axis (where Acy, is the ob-
serving wavelength in centimeters; Johnson et al. 2018),
making 3.5 mm the longest observing wavelength acces-
sible on Earth at which Sgr A* intrinsic structure would
not be sub-dominant to scattering. The ideal regime
to probe and separate intrinsic source properties from
scattering is thus at 3.5mm: intrinsic structure starts
to dominate over scattering effects, and the radio emis-
sion originates from the optically thick innermost accre-
tion flow, also corresponding to the launching region of
a possible outflow or jet (Narayan et al. 1995; Falcke &
Markoff 2000; Ozel et al. 2000; Yuan et al. 2003).

At 1.3mm, the effects of scattering can additionally
potentially contaminate tests of general relativity with
the EHT, introducing random distortions and substruc-
ture in the image. The specific effects on 1.3 mm VLBI

images depend on the power spectrum Q(q) of spatial
irregularities that produce the scattering (where q is a
wavevector; Johnson et al. 2018; Zhu et al. 2019). Be-
cause these underlying irregularities that cause refrac-
tive scattering at 3.5 mm also produce image variations
at 1.3 mm, scattering studies at 3.5 mm are essential to
guide imaging Sgr A* at 1.3mm with the EHT. Fur-
thermore, scattering-induced substructure, predicted by
Narayan & Goodman (1989) and Goodman & Narayan
(1989) and first measured in SgrA* by Gwinn et al.
(2014) at 1.3 cm, is caused by modes in the scattering
material on scales much larger than the diffractive scale
of the scattering. This turbulence in the ISM induces
stochastically varying compact substructure in images
of Sgr A* that contaminates long-baseline source behav-
ior with added “refractive noise” in the visibility do-
main, making the recovery of small-scale intrinsic source
structure difficult (Johnson & Gwinn 2015; Johnson &
Narayan 2016).

In this paper, we utilize the scattering model devel-
oped by Psaltis et al. (2018), using physical parameters
from Johnson et al. (2018) that were estimated using
archival observations of Sgr A*. The two-dimensional
power spectrum of the phase fluctuations Q(q) is mod-
eled as an unbroken anisotropic power-law with a spec-
tral index 8 extending between a maximum scale (the
outer scale ro,t) and a minimum scale (the inner scale
Tin): Q(q) o< |q|7# (3 is also the exponent for the three-
dimensional power spectrum of density fluctuations;
e.g., Blandford & Narayan 1985; Rickett 1990). This
power spectrum then yields a second-order phase struc-
ture function Dy(r) = <[¢>(r’ +r)— qb(r')]2> o« |r|* in
the inertial range ry, < r < Tout, Wwhere a = 8 — 2.
While two scattering models may have identical scatter-
broadening, they may still differ wildly in their refractive
substructure. Combining information from both scatter-
broadening from 1.3mm to 30cm and centimeter-wave
substructure strongly constrains the scattering power
spectrum and the asymptotic Gaussian morphology pa-
rameters of the scatter-broadening kernel. However, a
degeneracy between the power-law index v and the inner
scale of the turbulence in the ISM rj, remains (Johnson
et al. 2018): various combinations of scattering and in-
trinsic source parameters can produce the same observed
behavior in the scattered image, illustrated in Figure 1.
Sensitive VLBI observations at 3.5 mm offer a prime op-
portunity to break degeneracies between the parameters
by connecting to millimeter-wave scattering behavior.

For the past two decades since its first detection at
3.5mm (Rogers et al. 1994), the scattered image of
Sgr A* has been commonly modeled as an elliptical
Gaussian source with a position angle of ~80° east of
north (e.g., Shen et al. 2005; Bower et al. 2006; Lu
et al. 2011a; Ortiz-Ledén et al. 2016; Brinkerink et al.
2019). Closure phases — the directed sums of visibil-
ity phases over closed triangles of baselines and robust
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Figure 1. Modeled effects of interstellar scattering on a simulated source whose intrinsic structure is that of a circular Gaussian
with a full-width at half-maximum (FWHM) of 100 pas (shown as the solid circle) at A = 3.5 mm with varying power-law index

« and inner scale of turbulence ri,. The dashed ellipse shows the FWHM size of the measured Gaussian source on the sky for

Sgr A* in previous 3.5 mm experiments (Ortiz-Ledn et al. 2016; Brinkerink et al. 2019). Each row has constant a and varying

rin (10, 103, and 10° km): as rin increases, the scatter-broadening and the level of refractive substructure increase. Each column

has constant ri, and varying a (1.0, 1.45, and 1.9): as « increases, the scatter-broadening and the level of refractive substructure

increase.

to station-based errors (e.g, Cornwell 1989; Rauch et al.
2016; Thompson et al. 2017; Blackburn et al. 2020) —
measured by early 3.5 mm experiments were consistently
zero (Rogers et al. 1994; Krichbaum et al. 1998; Doele-
man et al. 2001; Shen et al. 2005; Bower et al. 2006;
Lu et al. 2011a), indicating source symmetry on the
probed spatial scales, while non-zero closure phases at
lower frequencies are entirely attributable to interstellar
scattering (Johnson et al. 2018). A new set of higher-
sensitivity experiments, including the Large Millimeter
Telescope Alfonso Serrano (LMT) and the Robert C.

Byrd Green Bank Telescope (GBT), detected the first
non-zero 3.5 mm closure phases in Sgr A* on new clo-
sure triangles provided by the addition of the LMT,
which could either be due to intrinsic structure or non-
Gaussian structure in the scattering screen (Ortiz-Leén
et al. 2016; Brinkerink et al. 2016). These results moti-
vate breaking the assumptions of an elliptical Gaussian
source model and attempting to recover complex under-
lying source structure via imaging.

The recently added VLBI phasing capability to
the Atacama Large Millimeter/submillimeter Array



4

(ALMA) provided additional sensitivity and long north-
south baselines to the Global Millimeter VLBI Array
(GMVA) at 3.5mm (Matthews et al. 2018). While pre-
ALMA experiments could not identify the detailed mor-
phology or constrain the radio emission model, the sen-
sitivity and coverage brought by joining ALMA to the
GMVA for the first time in 2017 — including tripling the
angular north-south resolution — has offered a major
leap in imaging capabilities and model discrimination for
Ser A*. In Issaoun et al. (2019b), we showed that mea-
sured visibility amplitudes on long baselines to ALMA
exhibit clear non-Gaussian behavior, which was a func-
tion of baseline length, and ruled out a potential scatter-
ing model that would significantly contaminate future
EHT images at 1.3mm (Zhu et al. 2019). Using inter-
stellar scattering mitigation methods (Johnson 2016)
coupled with the enhanced coverage of GMVA+ALMA|
we then reconstructed a first image of the unscattered
structure of Sgr A* at 3.5mm. The unscattered source
had a major axis full width at half-maximum (FWHM)
of 120 &+ 34 pas (12.0 £ 3.4 Schwarzschild radii (Rgen);
where Rgse, = 2GM/c?) and a circularly symmet-
ric morphology (major-to-minor-axis ratio of 1.2793),
which requires either that the accretion flow dominates
the emission or that jet-dominant emission from Sgr A*
is pointed within 20° of the line of sight.

Issaoun et al. (2019b) used the scattering model that
best matched observations (Johnson et al. 2018, here-
after model J18) in the imaging process to mitigate
the scattering effects and recover the intrinsic structure.
Based on a single observation, it is not clear whether the
scattering parameter assumptions for Sgr A* are valid:
long-baseline detections could either be attributed to
intrinsic structure, scattering substructure, or a mix
of both. The 2017 long-baseline detections were more
consistent with the near-Kolmogorov power spectrum
(power-law index o = 1.38) from J18 rather than a flat
spectrum (Goldreich & Sridhar 2006, hereafter model
GS06) governing the stochastic variations in the refrac-
tive noise. It is however possible that the low refrac-
tive noise observed can be attributed to a statistically
unlikely low refractive noise realization from the GS06
flat-spectrum scattering model. Thus, it remains impor-
tant to sample these scales at different instances in time.
We therefore performed follow-up observations of Sgr A*
with GMVA+ALMA in 2018 to gain further confidence
in the scattering model and tighten constraints in the
model parameters to describe the ISM along the line of
sight to Sgr A*.

The organization of the paper is as follows. We sum-
marize observations and data reduction in Section 2,
present our final GMVA+ALMA visibility amplitudes
on SgrA* in Section 3, and discuss the constraints on
scattering and intrinsic source parameters enabled by
these latest results in Section 4. A summary is given in
Section 5.
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Figure 2. Top: The SgrA* (u,v) coverage, showing non-
detections in gray, and detections for 14 April (blue) and
17 April 2018 (red). Each symbol denotes a scan-averaged
(over ~ 9 minutes) measurement. Bottom: The signal-to-
noise ratio (S/N) for scan-averaged visibilities on Sgr A* as
a function of projected baseline length, showing detections
for 14 April 2018 (blue) and 17 April 2018 (red). The gray
dashed line in both panels delimits baseline lengths equiva-
lent to a resolution of 200 pas. All detections beyond ~1 GA
are on baselines to ALMA. 17 April has fewer long-baseline
detections due to the absence of the GBT to anchor the fringe
calibration of the array, caused by a recording disk failure at
the correlation stage.

2. OBSERVATIONS AND DATA REDUCTION

We observed SgrA* (ajsgoo = 17"45™40°.0361,
d12000 = —29°00'28”.168') with the GMVA (project
code MJ001), composed of the eight Very Long Base-

1 Coordinates from the NRAO VLBI observing schedules C181B
and C181F are provided by the NRAO SCHED program: http:
//www.aoc.nrao.edu/~cwalker/sched /Source_Catalog.html
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line Array (VLBA) antennas equipped with 86 GHz
receivers, the GBT, and phasing 35 single ALMA
antennas (Matthews et al. 2018). The observations
were conducted on 14 and 17 April 2018 as part
of the Cycle 5 VLBI session with ALMA (project
code 2017.1.00795.V). GMVA stations recorded a to-
tal bandwidth of 256 MHz per polarization divided into
eight 32 MHz-wide intermediate frequencies (IFs), while
ALMA recorded overlapping 62.6 MHz IFs separated
by 58.59375 MHz that fully covered the GMVA band.
The two 6 hr tracks included three calibrator sources:
3C 279, NRAO 530, and J1924—2914. The GBT partici-
pated for 3 hours in each track, but the station recording
was lost on 17 April due to a recording disk failure.

The data were correlated with the VLBI correlator
at the Max Planck Institute for Radio Astronomy in
Bonn using the DiFX software (Deller et al. 2011). To
accommodate the noncongruent IF configuration be-
tween ALMA and the other stations, data were corre-
lated over distinct sub-IFs and synthesized back into
contiguous GMVA IFs using DiFX tool difx2difx.
Mixed linear-circular polarization correlation products
between ALMA and the GMVA were transformed to
pure circular polarization via PolConvert (Marti-Vidal
et al. 2016), utilizing a full calibration of the ALMA
interferometric products performed by the ALMA qual-
ity assurance (QA2) team (Goddi et al. 2019). Data
were then fringe fitted and reduced using the enhanced
Haystack Observatory Postprocessing System? pipeline
(EHT-HOPS) presented in Blackburn et al. (2019), with
additional validation and cross-checks from the NRAO
Astronomical Image Processing System (AIPS; Greisen
2003). The EHT-HOPS pipeline introduces a number of
key improvements over the original HOPS software, in-
cluding global fringe fitting and improved phase cali-
bration. Our 86 GHz implementation of the EHT-HOPS
reduction follows the same procedure as in Issaoun et al.
(2019b). We performed a priori amplitude calibration
and opacity correction with the task APCAL within AIPS,
using observatory-provided telescope gain information
and system temperatures measured during the observa-
tions. To form Stokes I, corrections for field angle rota-
tion and polarimetric gain ratios between left and right
polarizations were derived and applied using the EHT
Analysis Toolkit® (eat library) polarimetric calibration
framework for the EHT-HOPS pipeline (Blackburn et al.
2019; Steel et al. 2019).

Figure 2 shows the detections and non-detections per
scan of ~ 9 minutes for Sgr A* (top panel) and corre-
sponding signal-to-noise ratio (S/N) of scan-averaged
visibilities for SgrA* detections for both observed
epochs. All detections beyond ~1 G\ are on baselines
to ALMA. Fringe solutions (delays and delay-rates) are

2 https://www.haystack.mit.edu/tech/vlbi/hops.html
3 https://github.com /sao-cht /eat

Table 1. Source-integrated flux density of observed sources
from interferometric-ALMA.

Source 14 April S, (Jy) 17 April S, (Jy)

Sgr A~ 2.24+0.2 2.34+0.2
NRAO 530 3.24+0.3 3.24+0.3
J1924-2914 4.6 £0.5 4.5+0.5

3C 279 14+1 15+1

NOTE— These values are provided with interferometric-
ALMA data as part of the ALMA Quality Assurance 2 (QA2)
process, and assume a 10% uncertainty in the ALMA ampli-
tude calibration (Goddi et al. 2019).

determined from detections with S/N > 7 over the scan,
and visibilities on weaker baselines can be measured
once station delays and delay-rates are known. Af-
ter a priori calibration, we proceed to further calibrate
antenna gains from calibrator imaging and recover im-
proved measurements of the visibility amplitudes for
Sgr A*.

3. RESULTS

Sensitivity estimates from a priori amplitude calibra-
tion of individual telescopes commonly overestimate sta-
tion performance, not taking into account effects such as
pointing and focus errors, receiver misalignments, oper-
ational difficulties, or unstable weather conditions. The
visibility amplitudes obtained on Sgr A* from a priori
calibration alone do not fully capture true source be-
havior, and further steps must be taken to disentangle
station-based residual amplitude errors from source sig-
nal before any more detailed analysis can take place.
The amplitude calibration for Sgr A* is done in three
stages:

1. a priori amplitude calibration using site metadata
(see Section 2);

2. inner 1 G\ self-calibration to a Gaussian source
(see Section 3.2);

3. residual self-calibration in THEMIS modeling of
the intrinsic and scattering parameters (see Sec-
tion 4.2).

We present our calibrator imaging in Section 3.1, our
calibration methods for Sgr A* data and final gain con-
straints in Section 3.2, and final visibility amplitudes in
Section 3.3.

3.1. Imaging the Calibrator J1924—291}

To improve the amplitude calibration of the array,
we utilize J1924—2914, one of the two calibrators ob-
served alternating with Sgr A*, and with sufficient cov-
erage for imaging (see Figure 3). J1924—2914 appears
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Figure 3. The (u,v) coverage of J1924—2914 for both
epochs. 14 April scan-averaged detections are shown as blue
points, 17 April as red points. The coverage is similar to that
of Sgr A* (Figure 2), but with additional east-west baselines
to VLBA Mauna Kea (MK).

point-like to ALMA as a connected-element interferom-
eter, and its source-integrated flux density is measured
by interferometric-ALMA observations simultaneous to
our VLBI tracks (see Table 1). Its compactness, sta-
ble structure even on VLBI scales within a single epoch,
and known flux density make it an ideal imaging tar-
get to obtain an estimate of station-based residual gain
corrections during our observations via self-calibration.

While having (u, v) coverage comparable to J1924—2914,

the other imageable calibrator, NRAO 530, is a north-
south extended source (Bower et al. 1997; Bower &
Backer 1998; Feng et al. 2006; Chen et al. 2010; Lu
et al. 2011b; Brinkerink et al. 2019; Issaoun et al. 2019b).
In an array configuration where the only north-south
baselines resolving the jet are long baselines to ALMA,
imaging of the source with the full array proved very
difficult, resulting in unphysical images severely im-
pacted by the lack of intermediate baselines between
inter-VLBA and ALMA baselines. Imaging without
ALMA resulted in various source structures (and varied
gain corrections) that provided statistically acceptable
fits to closure quantities, leading to low confidence in
any single image structure. We thus omit NRAO 530
from our gain analysis. We also observed 3C279 as a
fringe-finder source with the full array for a few min-
utes but omit it from further analysis because its (u, v)
coverage is insufficient for imaging.

Following the same method as Issaoun et al. (2019b),
we made use of the large number of closure phases and
log closure amplitudes — constructed via the quotient

of two visibility amplitude products involving four sta-
tions and robust to station-based errors (Twiss et al.
1960; Readhead et al. 1980) — and the total flux den-
sity constrained by the interferometric ALMA measure-
ment in each observation to image J1924-2914 with
the eht-imaging library (Chael et al. 2016, 2018b).
Closure-only imaging is robust to station-based instru-
mental errors, allowing us to reconstruct source mor-
phology and derive residual telescope gain corrections
directly from self-calibration to the obtained brightness
distribution. We confirm general image morphology and
gain trends via model fitting to the observed closure
products with simple elliptical Gaussian components,
and we test goodness-of-fit by calculating a reduced x?
of the model prediction against measurements of closure
phases and log closure amplitudes.

We present J1924—2914 images and model fits* for
both epochs in Figure 4. The observations have a
uniform-weighted beam = (128 x 83) pas and PA = 38°
for 14 April, and a uniform-weighted beam = (129 x 76)
pas and PA = 45° for 17 April. The resulting images
and model fits have reduced x? < 1.7 on closure prod-
ucts with no error budget inflation added to account
for possible systematics. A systematic error budget of
1% (1% of amplitudes added in quadrature to the ther-
mal noise on complex visibilities) is required to drive re-
duced 2 to unity. The location of the components agree
well between the images and model fits of each respec-
tive observation. The 14 April morphology is best de-
scribed with four elliptical Gaussian components based
on the lowest reduced x2 on the closure data products
and realistic station gain reconstructions, while the 17
April morphology, missing GBT baselines, is best con-
strained with three elliptical Gaussian components. On
both days, observations indicate a consistent north-west
source elongation. The north-west elongation of the
J1924—-2914 jet is consistent with our first image of the
source at 3.5 mm (Issaoun et al. 2019b) and follows the
mm-jet morphology from 7mm (Shen et al. 2002) and
1.3 mm observations (Lu et al. 2012).

3.2. Calibrating Sagittarius A* Visibility Amplitudes

Because of its scatter-broadening, we have fewer de-
tections and lower S/N for SgrA* than for the cali-
brators. Our data sets thus do not have sufficiently
robust closure quantities to drive the recovery of non-
trivial structure in closure-only imaging. Following the
methodology employed in Issaoun et al. (2019b), we use
two methods for amplitude calibration:

1. we obtain station gain trends from self-calibration
to closure-only model fits and images of a calibra-
tor;

)

4 Throughout this paper we use perceptually uniform colormaps
from the ehtplot library, https://github.com/rndsrc/ehtplot.
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Figure 4. Closure-only images and elliptical Gaussian component model fits of J1924—2914 using the eht-imaging library.
The contour levels are 10-90% of the peak in steps of 10%. Black markers denote the central location of each model component
in the model fits, produced using the eht-modeling module of the library. The images and model fits are restored with a circular
Gaussian beam with a FWHM = 1/umax = 83 pas for 14 April and 1/umax = 76 pas for 17 April. The restoring beam is shown
in the lower right corner of each plot. All images and model-fits have reduced x* < 1.7 on closure products with no systematic
noise budget added.

Table 2. Station median multiplicative gain corrections to the visibility amplitudes for J1924-2914 compared to Sgr A*.

14 April 2018 17 April 2018
Station SgrA*  J1924-2914 J1924-2914 SgrA*  J1924-2914 J1924-2914
Self-Cal Model Fit Image Self-Cal Model Fit Image
ALMA — 1.8%03 1.3%03 — 11453 1.0%53
BR 2.4711 19727 2.0727 1.6723 1.6+28 16757
FD 2.275% 2.8723 2.8723 1.9%03 34733 3.37%1
GBT  14%}¢ 3.1%7¢ 3.575% — — —
KP 2.0702 2.0707 2.0t57 23753 2.916-8 2.919-8
LA 13721 1.2103 12753 15703 137573 1.3732
MK — 77120 57159 — 5.37%% 3.7
NL 4.7+5:9 42413 4.3112 2.375° 2.67%3 2.6777%
ov 1.8%29 14154 1.4%54 1.9%29 17103 1.8103
PT 2.0104 3.6119 35111 2.0132 4.0t 3.9%772

NOTE — Median multiplicative gain corrections (and 95% interval of variation over time) to the visibility amplitudes for common
stations from the two calibration methods: 1) self-calibration of Sgr A* amplitudes below 1 G to the Gaussian source estimated
from O16; B19, 2) self-calibration of J1924—2914 observations to the closure-only images, and 3) self-calibration of J1924—2914
observations to the closure-only model fits.

2. we obtain station gain trends directly from Sgr A* motivated by measurements from previous 3.5 mm ex-
by self-calibrating all visibility amplitudes within periments that included the sensitive LMT improving
1 G using an elliptical Gaussian visibility func- the recovery of the minor axis size (016; J18; B19). We
tion obtained from previous 3.5 mm experiments therefore self-calibrated our Sgr A* amplitudes within
(Ortiz-Ledén et al. 2016; Brinkerink et al. 2019, 1 G to the expected Gaussian morphology and obtain
hereafter O16, B19 respectively). station-based amplitude gain corrections that are sub-
For the second method, we assume that the behavior sequently applied to correct visibility amplitudes on all

baselines on a time-varying point-by-point basis. Since

of the visibility amplitude function for Sgr A* on base- . Y
ALMA does not have any baselines within the 1 GX cut-

lines within 1 G\ is dominated by the image second mo-

ment (e.g., Hu 1962; Issaoun et al. 2019a), which follows off, it cannot be calibrated via th%s methqd. L
that of the visibility function of a Gaussian source with . In Ta'ble 2, we present t}.le med'lar? mul.tlphcatlve sta-
a FWHM size of 215 by 140 uas and a position angle of tion gain corrections obtained via imaging and model

80° (east of north). The choice of Gaussian widths is fitting of J1924—2914 and short-baseline (within 1 GX)



8

self-calibration of Sgr A* to an expected Gaussian source
size. The J1924-2914 imaging/modeling and the Sgr A*
self-calibration methods gave comparable gain solutions
for most stations, validating the Gaussian source as-
sumption for short-baseline measurements of Sgr A*.
According to the VLBA logs, North Liberty (NL) and
Mauna Kea (MK) had poor weather on 14 April, which
is consistent with the high gain corrections found for
these two stations. For 17 April, NL gain corrections
are not well constrained as its shortest baseline, to the
GBT, is missing. For subsequent analysis, we flag NL for
all data sets. MK is not present in the Sgr A* data set,
as the source is too scatter-broadened to be detected
on long baselines to MK. It is worth noting that we
tend to recover higher gain corrections from the J1924—
2914 Gaussian component model fitting than from the
direct imaging for the stations with only long baselines
(ALMA, MK), as the model fits do not capture smaller
structural variations. Given the good consistency be-
tween imaging and modeling gain corrections for all
other stations, we adopt imaging gain corrections for
long-baseline stations. Note that we apply all derived
gain corrections as a function of time to the data, not
just the median scaling presented in Table 2. Because
ALMA’s multiplicative gain corrections are near unity
for J1924-2914, both for imaging and modeling, apply-
ing them would not significantly change the flux den-
sity on ALMA baselines. We thus choose not to apply
ALMA gain corrections as not to introduce scatter from
the gain solutions to the visibility amplitudes.

The stations with significant discrepancies between
gain solutions derived from Sgr A* and J1924—2914 are
GBT and Pie Town (PT) for 14 April, and Fort Davis
(FD) and PT for 17 April. Both FD and PT have other
VLBA stations very close to them, which allow them
to be well-constrained by the Gaussian source assump-
tion for Sgr A* whereas some extended diffuse features
may be missing in the imaging/modeling of J1924—2914
that lead to this discrepancy. Since the ALMA-GBT
baseline is crucial to understanding deviations from the
Gaussian source assumption for Sgr A*, we take a closer
look at the derived gain corrections for the GBT using
both methods. In Figure 5, we show the 14 April GBT
gain trends for the Sgr A* Gaussian source method and
the J1924—-2914 image as a function of time. The dis-
crepancy between the two sources is due to a systematic
offset for half of the GBT scans on J1924—2914 at the
end of the GBT track. This offset is possibly due to a
faulty pointing solution or non-optimal surface adjust-
ment for the telescope after 13 UT affecting half of the
J1924—2914 scans. For the times where both sources
are observed intermittently, there is a good agreement
between the derived gain corrections, with mean GBT
amplitude gain corrections of 1.25 £ 0.08 and 1.2 £+ 0.1
for J1924-2914 and Sgr A* respectively. We thus choose
to proceed with the Gaussian source-derived gain cor-
rections for the calibration of Sgr A* GBT baselines.

o J1924-2914 :
.% ¢ Sgr A*
o L2 S Pointing
3
o ¢
E °
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< 8§ @
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Figure 5. GBT multiplicative 10-second interval gain cor-
rection trends for J1924-2914 (from the closure-only image)
and Sgr A* (from self-calibration to a Gaussian source size)
derived from the 14 April observations. The elevations of
both sources are descending during the GBT observing track,
and remain below 25° for all scans. Vertical dotted lines de-
note the times at which the GBT performed pointing scans
on calibrator sources. The intra-scan scatter is likely due to
pointing errors. High gain corrections after 13 UT and large
scatter are likely due to faulty re-pointing or non-optimal
surface adjustment of the telescope, solely affecting half of
the J1924-2914 scans.

3.3. Final Sgr A* Visibility Amplitudes

In Figure 6, we show the scan-averaged noise-debiased
visibility amplitudes for Sgr A* after Gaussian source
self-calibration of the inner 1 G for all GMVA+ALMA
observations to date (3 April 2017, 14 April 2018, 17
April 2018). For noise-debiasing, thermal noise contri-
butions to visibility amplitude are removed according
to the prescription in Johnson et al. (2015) (see also
Thompson et al. 2017). The ALMA-GBT baseline, sit-
ting along the scattering minor axis, gives significantly
higher flux density than that expected for the minor
axis of an intrinsic Gaussian source with a FWHM size
of 140 x 105 pas scattered by a purely Gaussian scat-
tering screen (1, — oo; black curves) but matches the
expected flux density from an intrinsic Gaussian source
of the same angular size scattered with the estimated pa-
rameters from the J18 scattering model (i, = 800km;
magenta curves). In 2018, VLBA detections to ALMA,
oriented near the scattering minor axis, show clear de-
viations from Gaussian behavior for the scattered image
of Sgr A* on the sky and exhibit properties expected
from refractive noise. We also derive 40 upper limits
on long baselines with other orientations, based on S/N
for detections of the calibrators (filled triangles in Fig-
ure 6). Thus our new observations exhibit similar devia-
tions from Gaussian morphology similar to those of our
2017 observations presented in Issaoun et al. (2019b).
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Figure 6. Noise-debiased correlated flux density of Sgr A* as a function of projected baseline length for data after self-calibrating
to the Gaussian source size from O16 and B19 using only baselines shorter than 1 GA. The errorbars indicate the thermal error
in individual scans. The amplitude uncertainties from imperfect calibration are not shown but are of the order of ~ 10%,
corresponding to roughly the size of a symbol. Three epochs are depicted: 3 April 2017 observations presented in Issaoun
et al. (2019b) are shown in black; 14 April 2018 observations are shown in blue; and 17 April 2018 observations are shown
in red (no GBT). Baselines to NL are flagged for all data sets due to erratic amplitude gain corrections from bad weather.
Dashed and dotted curves show the expected visibilities along the major and minor axes, respectively, for an intrinsic elliptical
Gaussian source with a FWHM size of 140 x 105 pas scattered with two scattering models: in magenta the intrinsic Gaussian
source is scattered with the estimated J18 scattering parameters o = 1.38 and i, = 800 km; while in black the same Gaussian
source is scattered with a Gaussian scattering kernel (169 x 86 pas, position angle of 81.9° east of north; J18), with ri, — oo.
The orange and green curves show the expected RMS renormalized refractive noise along the major and minor axes for the
GS06 and J18 models respectively. All detections beyond ~1GA are baselines to ALMA oriented close to the scattering minor
axis. Labeled filled triangles, colored by data set, indicate 4 o upper limits on four sensitive baselines at other orientations,
where corresponding detections were found for our calibrators. Detections on the ALMA-GBT baseline (filled diamonds),
oriented along the scattering minor axis, sit above the expected flux density for a Gaussian source and thus clearly indicate
non-Gaussian source morphology. Detections on baselines beyond 2 G\ exhibit expected properties of refractive noise. For both
years, refractive noise detections match the average level predicted by J18 and sit below that of GS06.

For both 2017 and 2018, the ALMA-GBT baseline ex-
hibits a flux density excess and long-baseline VLBA de-
tections to ALMA are consistent with the average refrac-
tive noise predicted by J18, sitting below that of GS06.
These two scattering realizations one year apart allow
us to confidently exclude GS06 as a viable model for
the interstellar scattering along our line of sight toward
Sgr A*.

The coverage of our 2018 observations, with only 3
hours including GBT in one epoch, is insufficient to im-
age Sgr A* with the techniques used for the 2017 data
set (Issaoun et al. 2019b,a). The large amplitude uncer-
tainty on short VLBA baselines and the lack of non-zero
closure phases prevent high-fidelity imaging. A wide va-

riety of image morphologies can be obtained with simi-
lar goodness-of-fit to the data, therefore any images we
obtain would be driven by strong prior assumptions in
the imaging process. However, even without imaging, a
direct analysis of the visibility amplitudes can provide
strong constraints on the intrinsic size of Sgr A* and the
inner scale of the interstellar scattering.

4. DISCUSSION

Connecting scattering properties observed at centime-
ter wavelengths to those at millimeter wavelengths is
not trivial, and depends on the relationship between
the diffractive scale of the scattering rqig ~ A/Oscatt
and the dissipation scale of turbulence in the scatter-
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ing material (Psaltis et al. 2018; Johnson et al. 2018).
Despite the precise measurement of the angular broad-
ening size of Sgr A* at centimeter wavelengths, the scat-
tering properties cannot be well constrained without a
good understanding of the expected transition to non-\2
and non-Gaussian scattering at millimeter wavelengths,
where the dissipation scale is comparable to the diffrac-
tive scale. The observations presented in this paper offer
a prime opportunity to break the degeneracies between
the scattering parameters.

We assume a single thin scattering screen incorporat-
ing observed behavior from long and short wavelength
observations. The parameterization of the uncertainties
in the scattering properties is motivated with physical
models of the ISM material. These models are typically
an anisotropic power-law with an index « for the power
spectrum governing phase variations, extending between
a maximum (or outer) scale 7oyt and a minimum (or in-
ner) scale ry,. We utilize the scattering model developed
by Psaltis et al. (2018), assuming the “dipole” model for
the magnetic field wander. The parameters that can be
varied are the asymptotic Gaussian source parameters of
the scatter-broadening kernel (6maj 0, Gmin,0, and épa),
the power-law index «, and the inner scale of the tur-
bulence ri, that cause diffractive kernel deviations from
Gaussian and \? behavior.

In this Section, we fix the asymptotic Gaussian
source parameters of the scatter-broadening kernel and
the distances between the screen, the observer and
Sgr A* to the well-constrained values derived from long-
wavelength observations for the J18 model. In Section
4.1, we provide qualitative constraints on «, 7, and
source extent using only long-wavelength constraints
and the ALMA-GBT measurements at 3.5 mm, and in
Section 4.2 we present a full modeling of the scatter-
ing and intrinsic source parameters. In Section 4.3, we
discriminate between scattering models based on the
expected and measured power on long baselines in our
3.5mm data sets.

4.1. Long-Wavelength Constraints on Inner Scale and
Intrinsic Size

In Figure 7, we present the current constraints on
the scattering parameters « and rj, for various intrinsic
source extents derived from 3.5 mm measurements. Our
measurements on the ALMA-GBT baseline, oriented
along the scattering minor axis and resolving the source,
indicate clear non-Gaussian source morphology that is
persistent over two years of observations. Our historical
size measurements at 3.5 mm provide constraints for the
intrinsic source FWHM along the scattering minor axis
to be 106-121 pas within 1 o uncertainties assuming the
J18 scattering model (Johnson et al. 2018; Issaoun et al.
2019b). We measured the combined 2017-2018 mean
amplitude in the middle of the ALMA-GBT baseline
track to be 58 + 6 mJy at a projected baseline length
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Figure 7. Constraints on a and i, as a function of intrinsic
source extent that would result in the measured mean am-
plitude (58 + 6 mJy) at A = 3.5mm on a projected baseline
length of 1.6 G\ along the scattering minor axis. The blue
bands show the allowed ranges of o and 74, for a given intrin-
sic source size along the scattering minor axis with the mea-
sured amplitude at the chosen baseline length. Source sizes
with parameter ranges in grayscale lie beyond the allowed
intrinsic source FWHM estimates within 1o (106-121 pas)
from historical 3.5mm measurements (O16; J18; B19, Is-
saoun et al. 2019b). The red shaded region shows the range
of a and 7, constrained via 1.3cm and 7mm observations
in Johnson et al. (2018).

of 1.6 G\, assuming a 10% uncertainty on the overall
amplitude calibration.

As shown in Figure 6, low values for 7y, lead to a shal-
lower fall-off of the visibility amplitudes as a function of
baseline length, while r;, — oo approaches perfect Gaus-
sian behavior. The same behavior can be achieved with
low values of a. Therefore, for a measured flux density
on a given baseline probing the ensemble-average (purely
scatter-broadened) image (with a given intrinsic source
size, «, and 1y, ) the same flux density can be achieved
with lower o and 7, values paired with a larger intrin-
sic source. The blue shaded regions in Figure 7 thus
delimit the ranges of parameters giving the measured
flux density on ALMA-GBT for a given intrinsic source
extent along the scattering minor axis at 3.5 mm within
our 1o measured range assuming the J18 model. The
gray shaded regions give examples of source extent that
are beyond our 1o measured range.

The red shaded regions in Figure 7 delimit composite
constraints from longer-wavelength radio observations
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Table 3. Results from THEMIS model fitting of the intrinsic source and scattering parameters simultaneously.

Variable 3 Apr 2017 14 Apr 2018 17 Apr 2018 J18
Omin (p25) 9917 96+ 110149 —
Omaj (pias) 146113 140114 120%7 o
¢ (deg.) 7015 6674 7219 _
a 0.8%07 1198 10799 1387098
log10(7in/1km) 3.2%0°% 5+2 4+3 2.9+01

NOTE— Median values and 95% confidence ranges are shown. The posteriors have been filtered to remove numerical pathologies

at the edges of the sampled scattering parameter ranges.
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Figure 8. Same as Figure 7, but with the added THEMIS posterior distributions from simultaneous intrinsic source and scattering

parameter fitting overlaid in green. The 1o, 20, and 30 regions are shown from dark green to light green. The solid, dashed,

and dotted lines are the 1o, 20, and 30 contours respectively.

(see Figure 9 of Johnson et al. 2018). The light red
shaded region corresponds to the composite (95% con-
fidence) ranges of « and r;, able to reproduce the re-
fractive noise measurements at both A = 3.6cm and
A = 1.3cm but unable to reproduce the non-Gaussian
source morphology observed at 7 mm, which requires an
inner scale ry, < 2000km. The dark red shaded region
corresponds to the ranges of o and r;, able to both re-
produce the cm-wave refractive noise measurements and
the non-Gaussian shape at A = 7mm. The lower limit
of the red region corresponds to a lower limit of ry, >
520 km constrained by the Gaussian source morphology
at 1.3cm. Further details on these longer-wavelengths
constraints are presented in Johnson et al. (2018). From
the composite longer-wavelength model constraints and
3.5mm size constraints in Figure 7, we conclude that
the intrinsic source extent (FWHM) of Sgr A* along the
scattering minor axis must be 100 — 105 pas. Future
analysis of more recent longer-wavelength observations
of Sgr A* can also further constrain the parameter space
of the scattering model (I. Cho et al. in prep.).

4.2. Joint Modeling of Scattering and Source
Parameters

Using only the 3.5 mm observations, we additionally
simultaneously model the intrinsic source and inter-
stellar scattering to obtain constraints on source and
scattering parameters within the modeling and analysis
framework THEMIS (Broderick et al. 2020). THEMIS pro-
vides a number of methods for handling data, defining
models, addressing data systematic uncertainties, and
sampling the resulting likelihoods. Due to the lack of
large closure phases, we fit the 3.5 mm final visibility
amplitudes obtained in Section 3.3, excluding those data
points with an S/N less than 2 to avoid non-Gaussian
errors (Thompson et al. 2017).

The primary output of THEMIS-based analyses are
posteriors on model parameters implied by the input
data. In this instance, to ensure global convergence,
we use the parallelly-tempered Markov Chain Monte
Carlo (MCMC) sampler: we employed the deterministic
even-odd swap tempering scheme of Syed et al. (2019)
with the automated factor slice sampler of Tibbits et al.
(2014), which is very efficient for small numbers of model
parameters.

Sgr A* is modeled as an elliptical Gaussian source con-
volved with a parameterized version of the asymmetric
diffractive kernel described in Psaltis et al. (2018) and
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Johnson et al. (2018). The elliptical Gaussian source is
parameterized in terms of a total flux density, averaged
size, asymmetry parameter (major-to-minor axis ratio),
and position angle (¢) as described in Broderick et al.
(2020), each with uninformative uniform priors. From
these we construct the intrinsic source Gaussian ma-
jor/minor axes (fmaj, Omin). Only the inner scale rj, and
power-law index « are permitted to vary, with the re-
maining scattering parameters already well constrained
by prior data. For ry, a logarithmic prior is assumed,
ranging from 1km to 107 km; for o a uniform prior is
assumed on (0, 2).

To accommodate the refractive scattering component
a constant 7mJy noise floor is added in quadrature to
the input data uncertainties; this is both conceptually
and computationally much simpler than fully modeling
the complex phase screen. Station residual multiplica-
tive gain corrections are reconstructed and marginalized
over via the Laplace approximation during the construc-
tion of log-likelihoods, after imposing a Gaussian prior
centered on unity with a standard deviation of 20% (see
Section 6.8 of Broderick et al. 2020). Fitting gain ampli-
tudes has an added practical benefit: when fitting mock
data sets, produced with similar noise properties and
baseline coverage to our observations of Sgr A*, we found
that fitting the gain amplitudes effectively mitigated bi-
ases from refractive scattering. The derived residual
multiplicative gain corrections are shown in Figure 9.
Each data set was independently analyzed to avoid po-
tential complications associated with source variation.
Excellent fits were obtained in all cases. No qualitative
differences were found when analyzing both 2018 data
sets together.

In Figure 8, we present the posteriors on the scatter-
ing parameters 7;, and a added to the multi-wavelength
analysis from Figure 7. The median values and 95%
confidence ranges for all fitted parameters are presented
in Table 3 for each data set. The results for 3 April
2017 and 14 April 2018 show great consistency within
our confidence ranges, while the results for 17 April 2018
are not well-constrained due to the absence of the GBT.
Although « is not well-constrained at 3.5 mm, the 2017
data set in particular constrains i, < 3300km at the 20
level. The 2017 data set contains the longest observation
with the ALMA-GBT baseline, on which the amplitude
fall-off indicates deviations from Gaussian morphology
and thus results in a finite inner scale, as illustrated
in Figure 6. This result is completely independent from
the longer-wavelength constraints (red shaded regions in
Figure 8), yet provides complete overlap in the param-
eter space for a and ri,, as well as a consistent intrin-
sic size estimate to that derived from longer-wavelength
constraints in Section 4.1. While the 2018 data sets
alone do not constrain the oo — r;, parameter space, the
clear ALMA-GBT detections on 14 April 2018 build
confidence on the non-Gaussian behavior on that base-
line across multiple years. The persistently low-flux-

density long-baseline VLBA-ALMA detections allow us
to rule out the GS06 scattering model as a viable model
for the interstellar scattering toward SgrA*, see Sec-
tion 4.3.

We select the 3 April 2017 data set as our best
data set, due to its more complete (u,v) coverage and
its longer GBT observing track (double that of the
2018 observing days). We obtain the following source
size parameters for our best data set (2017): a major
axis FWHM of 146 + 12 pas; a minor axis FWHM of
9947 pas; and a position angle of 704+6°, almost oriented
along the diffractive kernel. This alignment may be coin-
cidental, or it may indicate that the assumed diffractive
kernel is incorrect, producing a biased intrinsic size that
is aligned with the scattering kernel. Because our imag-
ing of the 2017 data set in Issaoun et al. (2019b) yielded
a largely unconstrained position angle, this alignment
may also indicate that the Gaussian model for intrinsic
structure is overly simplistic, with tight posteriors that
are spurious. These parameters give a major-to-minor
axis ratio (or “axial ratio”) for the source of 1.5+ 0.2.
This value is slightly larger than the ratio (1.2753) mea-
sured directly from the intrinsic image reconstructed by
Issaoun et al. (2019b). In addition to different system-
atics due to varying methods for the intrinsic size mea-
surement, the o and r;, parameters used to separate the
scattering effects from the intrinsic source structure are
different, shown in Table 3. In Issaoun et al. (2019b) we
assumed the J18 parameter values, whereas in this work
we fit for o and ry, within THEMIS simultaneously with
the intrinsic source parameters. Thus, the degeneracy
in the scattering and intrinsic source size parameters
likely lead to this slight shift in the measurement for
the axial ratio. Whereas in Issaoun et al. (2019b) we
assumed particular values of « and rj, to obtain infor-
mation on the intrinsic source structure, our new result,
however, confirms that the source still modestly deviates
from circular symmetry even if we allow the scattering
parameters to vary.

In Issaoun et al. (2019b) we explored a set of general-
relativistic magnetohydrodynamic (GRMHD) simula-
tions of the Sgr A* accretion flow: disk versus jet driven
emission, varying particle acceleration, varying spin, and
varying heating prescriptions (Moscibrodzka et al. 2009,
2014, 2016; Davelaar et al. 2018; Howes 2010; Rowan
et al. 2017; Chael et al. 2018a). We found that high-
inclination jet-dominated models (> 20° of face-on)
produce larger axial ratios than the measurement on
SgrA*, and are thus ruled out. Our new axial ratio
measurement in this work, allowing the freedom to fit
the scattering parameters, confirms this result. This
range in allowed inclination for jet models is also con-
sistent with the independent near-infrared orbiting flare
results from the Gravity experiment (Gravity Collabora-
tion et al. 2018b). In addition, the measured axial ratio
is now slightly too large to also be consistent with low-
inclination disk-dominated models (< 20°), which are
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