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ABSTRACT

The Event Horizon Telescope (EHT) observed the horizon-scale synchrotron emission region around
the Galactic Center supermassive black hole, Sagittarius A* (Sgr A*), in 2017. These observations
revealed a bright, thick ring morphology with a diameter of 51.8 4+ 2.3 pas and modest azimuthal
brightness asymmetry, consistent with the expected appearance of a black hole with mass M ~ 4 x
105 M,. From these observations, we present the first resolved linear and circular polarimetric images
of Sgr A*. The linear polarization images demonstrate that the emission ring is highly polarized,
exhibiting a prominent spiral EVPA pattern with a peak fractional polarization of ~40% in the western
portion of the ring. The circular polarization images feature a modestly (~5 — 10%) polarized dipole
structure along the emission ring, with negative circular polarization in the western region and positive
circular polarization in the eastern region, although our methods exhibit stronger disagreement than for
linear polarization. We analyze the data using multiple independent imaging and modeling methods,
each of which is validated using a standardized suite of synthetic data sets. While the detailed spatial
distribution of the linear polarization along the ring remains uncertain due to the intrinsic variability
of the source, the spiraling polarization structure is robust to methodological choices. The degree and
orientation of the linear polarization provide stringent constraints for the black hole and its surrounding
magnetic fields, which we discuss in an accompanying publication.

Keywords: Polarimetry — Radio interferometry — Black holes — Very long baseline interferometry —

Galaxies: individual: Sgr A*— Galaxy: center — Milky Way — Techniques: interferometric

1. INTRODUCTION

The Event Horizon Telescope (EHT) Collaboration,
using the technique of very long baseline interferometry
(VLBI) at 230 GHz, recently published the first resolved
images of the supermassive black hole at the Galactic
Center, Sagittarius A* (Sgr A*). Analyses using a va-
riety of imaging and geometrical modeling methods re-
vealed a bright emission ring associated with the inner
accretion flow together with a dark central brightness
depression associated with gravitational lensing, red-
shift, and light capture by the black hole (Event Horizon
Telescope Collaboration et al. 2022a,b,c,d,e,f, hereafter
Papers I-VI). Because Sgr A* is heavily scattered by
the intervening ionized interstellar medium and exhibits
rapid (intra-hour) intrinsic variability, these analyses
employed a series of novel approaches to address both
effects on the emission morphology (see Paper II; Pa-
per IIT; Paper IV). These challenges, which were not rel-
evant for EHT observations of Messier 87* (M87*; Event
Horizon Telescope Collaboration et al. 2019a,b,c,d,e,f,
hereafter M87* Papers I-VI), led to substantial uncer-
tainty in the resulting image, particularly in the az-
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imuthal emission profile. Nevertheless, as discussed in
Paper V, the diameter of the emission ring in Sgr A* is
consistent with expectations for a black hole with a mass
of M =~ 4 x 10° M, located at a distance of D ~ 8kpc
(e.g., Falcke et al. 2000; Broderick & Loeb 2005), as
inferred by observations at infrared wavelengths of indi-
vidual stellar orbits on scales of 102 — 10° Schwarzschild
radii (Do et al. 2019; Gravity Collaboration et al. 2022).

The EHT images are broadly consistent with numer-
ical simulations of a hot, radiatively inefficient, and
highly sub-Eddington accretion flow (L/Lgqq ~ 1077;
Paper V). While initial evidence for a low accretion
rate came from the radio and submillimeter spectrum
of Sgr A* in total intensity (e.g., Falcke et al. 1993;
Narayan et al. 1995; Yuan et al. 2003), the strongest
evidence has come from polarimetric observations at ra-
dio and submillimeter wavelengths. The first polarized
measurements of Sgr A* were made in circular polar-
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ization (Bower et al. 1999b).! Following these detec-
tions, initial measurements of linear polarization (Aitken
et al. 2000; Bower et al. 2003) demonstrated that the
accretion rate must be M < 1078 Mg /yr to avoid de-
polarization through Faraday rotation (e.g., Agol 2000;
Quataert & Gruzinov 2000). Subsequent observations
performed simultaneously at 227 and 343 GHz enabled
measurements of the Faraday rotation measure, RM ~
—5 x 10°rad/m” (Marrone et al. 2007), substantiating
the low accretion rate and providing tighter constraints
on models of the accretion flow. Studies of the polari-
metric light curve of Sgr A* also revealed intrahour vari-
ability in the linear polarization (Marrone 2006; Mar-
rone et al. 2008), circular polarization (Bower et al.
2002), and rotation measure (Bower et al. 2018). The
polarimetric variations occasionally show hints of loops
in the Stokes Q-U plane with a preference for clockwise
motion, although counter-clockwise motion is also regu-
larly observed (Marrone 2006; Marrone et al. 2006a).

Unresolved polarimetric measurements of Sgr A* have
also been made at near-infrared wavelengths, showing
high fractional linear polarization with intra-hour vari-
ability during flares (e.g., Genzel et al. 2003; Eckart
et al. 2006; Trippe et al. 2007). Recently, the GRAV-
ITY Collaboration produced polarimetric observations
of the Galactic Center in the near-infrared with the Very
Large Telescope Interferometer (VLTI; Gravity Collab-
oration et al. 2017). These observations produced astro-
metric measurements suggestive of clockwise motion on
the sky (Gravity Collaboration et al. 2018, 2023); the
associated integrated polarization variability was con-
sistent with models with a modestly inclined accretion
flow and strong magnetic fields (Gravity Collaboration
et al. 2020). The recent polarized light curve studies by
Wielgus et al. (2022a) at 230 GHz also support clockwise
motion near the black hole, associated with an X-ray
flare (Paper II, Wielgus et al. 2022b).

To date, the only spatially resolved polarimetric mea-
surements of Sgr A* have come from precursor EHT ob-
servations at 230 GHz with a 3-element array (Johnson
et al. 2015). These observations found a sharp increase
in the interferometric fractional polarization measured
on long baselines, sometimes exceeding unity, indica-
tive of synchrotron emission produced by partially or-
dered magnetic fields on scales of a few Schwarzschild
radii (see also Gold et al. 2017). These observations
also revealed intra-hour variability in the interferomet-
ric fractional polarization on long baselines, indicating
a compact and highly dynamic emission region. How-
ever, these observations did not have sufficient baseline
coverage to produce images.

L Sgr A* has a circular polarization fraction exceeding the linear
polarization fraction at frequencies v < 100 GHz (e.g., Bower

et al. 1999a,c; Muiioz et al. 2012).

350

In this paper we present the first spatially resolved
horizon-scale images of Sgr A* in linear and circular po-
larization, using EHT observations taken in April 2017
at a frequency of 230 GHz. In Section 2 we give an
overview of the 2017 EHT observations and data pro-
cessing. In Section 3, we discuss properties of the Sgr A*
data set and in Section 4 we discuss mitigation studies
of three Sgr A*-specific challenges to the analysis. In
Section 5 we give an overview of the analysis methods
and in Section 6 we present the linear and circular po-
larization images of Sgr A*. In Sections 7 and 8, we
provide a discussion of the results and our main conclu-
sions, respectively. Similar to the polarimetric analysis
of M87* (Event Horizon Telescope Collaboration et al.
2021a,b, 2023a, hereafter M87* Papers VII-IX), the po-
larized images of synchrotron emission from the imme-
diate vicinity of the black hole event horizon provide a
rich probe of the accretion physics and spacetime, which
we discuss separately in an accompanying paper (Event
Horizon Telescope Collaboration et al. 2023b, hereafter
Paper VIII).

2. OBSERVATIONS AND DATA PROCESSING

The EHT observed Sgr A* on 2017 April 5, 6, 7,
10, and 11. The observatories participating in the
2017 campaign were the phased Atacama Large Mil-
limeter /submillimeter Array (ALMA) and the Atacama
Pathfinder Experiment (APEX) in the Atacama Desert
in Chile, the James Clerk Maxwell Telescope (JCMT)
and the phased Submillimeter Array (SMA) on Mau-
nakea in Hawai’i, the Submillimeter Telescope (SMT)
on Mt. Graham in Arizona, the IRAM 30 m (PV) tele-
scope on Pico Veleta in Spain, the Large Millimeter Tele-
scope Alfonso Serrano (LMT) on the Sierra Negra in
Mexico, and the South Pole Telescope (SPT) in Antarc-
tica (M87* Paper II). Sgr A* observations were inter-
leaved with those of two calibrator sources, the quasars
J1924—-2914 and NRAO 530. Scientific analysis of EHT
observations of these two calibrators are presented in
Issaoun et al. (2022) and Jorstad et al. (2023), respec-
tively. This letter focuses on Sgr A* observations on
2017 April 6 and 7, which have ALMA participation
and low levels of variability in the source compared to
the other observed days (Paper II).

The VLBI data were recorded in two polarizations
and two frequency bands. All observatories recorded
two 2 GHz-wide frequency bands centered at 227.1 and
229.1 GHz, to which we refer here as low and high band,
respectively. A more detailed description of the EHT
setup is presented in M87* Paper II. With the exception
of ALMA and JCMT, all observatories recorded both
right-circular polarization (RCP) and left-circular polar-
ization (LCP). ALMA recorded dual linear polarization,
which was later converted to circular polarization us-
ing the PolConvert software package (Marti-Vidal et al.
2016). JCMT recorded only RCP on April 5, 6, 7, and
LCP on April 10, 11.
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Figure 1. The (u,v) coverage for the April 6 (left) and April 7 (right) EHT observations of Sgr A* during the 2017 campaign.
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encodes the measured polarization direction 0.5Zm(u, v). The data shown are derived from low-band visibilities after the data
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seconds. High polarization fractions at the tails of certain baseline tracks are due to low S/N as they probe total-intensity
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Figure 2. Comparison of the fractional linear polarization observed in precursor EHT observations on 2013 March 21 (left
panel; Johnson et al. 2015) and similar spatial scales in our 2017 April 7 observations (right panel). The 2017 panel is a zoom-in
of the right panel of Figure 1, with the colorbar amplitude range from Johnson et al. (2015).

After correlating the recorded data from all telescopes,
we corrected for instrumental bandpass effects and phase
turbulence from the Earth’s atmosphere using estab-
lished fringe-fitting algorithms (M87* Paper III). This
calibration was carried out using two separate soft-
ware pipelines: the CASA-based rPICARD (Janssen
et al. 2019) and the HOPS-based EHT-HOPS (Black-
burn et al. 2019). After the atmospheric phase vari-
ations are removed, the data can be coherently aver-
aged in time to increase the signal-to-noise ratio (S/N).
We also corrected for instrumental RCP and LCP phase
and delay offsets by referencing the fringe solutions to

418

426

427

428

429

phased ALMA (Marti-Vidal et al. 2016; Matthews et al.
2018; Goddi et al. 2019). The data were then amplitude-
calibrated using station-specific measurements of the
system equivalent flux density and time-averaged in 10-
second segments (M87* Paper III; Paper II). Finally,
stations with a co-located partner (i.e., ALMA, APEX,
SMA, and JCMT) were “network-calibrated” to further
improve the amplitude calibration accuracy (M87* Pa-
per IIT; Blackburn et al. 2019). Calibrating Sgr A*
presents unique challenges due to its time-varying nature
and extended emission on arcsecond scales, which can af-
fect visibility amplitudes for baselines within local arrays
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Table 1. Daily average D-terms for ALMA derived via the
multi-source intra-site method.

Date Band Dr (%) Dy, (%)
Apr 5 10w 030280 (£0.70) 142 —3.74i (+0.70)
high —0.17 — 4.10i (£0.60) —1.09 — 4.02i (£0.60)
Apr g 10 060 5.45i (£0.40) —~0.58 — 6.08i (+0.40)
high —0.09 — 1.52i (£0.30) —0.75 — 1.66i (+0.30)
Apr 7 0% 1127100 (£0.70) ~0.46 ~ 5.77i (+0.70)
high 1.25 — 4.93i (£0.70) —0.37 — 4.00i (-£0.70)
Apr 10 low 0.78 — 2.61¢ (£0.30) —0.40 — 2.82¢ (+0.30)
high —0.02 — 3.04i (0.30) —0.56 — 3.92i (£0.30)
Apr 11 10% 015~ 6.331 (£0.50) ~0.80 6.0 (:0.50)
high —0.29 — 5.19i (£0.40) —0.76 — 5.07i (£0.40)

Note — The D-term uncertainties are assumed to be dis-
tributed as circular Gaussians in the complex plane.

Table 2. Campaign-average D-terms for APEX, JCMT and
SMA derived via the multi-source intra-site method.

Station r (%) D (%)

APEX —8.67 + 2.96i (£0.70) 4.66 + 4.58i (£1.20)

JOMT —0.09 — 2.29i (£1.80) —0.46 + 3.34i (%0.60)
(

SMA —1.73 4 4.81i (£1.00) 2.79 4 4.00i (£2.20)

Note — The D-term uncertainties are assumed to be dis-
tributed as circular Gaussians in the complex plane.

Table 3. Leakage calibration D-terms assumed for stations
without a co-located site.

Station Dgr (%) Dy (%)
LMT 2.5+ 3.51 —1.0+ 1.5¢
SMT 2.849.0¢ —3.5+10.0¢

1Y% —13.04 3.5¢ 15.0 4+ 0.07

like ALMA and SMA. Wielgus et al. (2022b) describe
the techniques used to estimate the time-resolved flux
density of Sgr A* to overcome these challenges during
calibration. Gain amplitude corrections for the remain-
ing stations were interpolated from solutions derived on
the calibrator targets, J1924—2914 and NRAO 530 (Pa-
per II).

The main goal of the subsequent polarimetric cali-
bration is the correction of spurious polarimetric leak-
age. This step was not part of the initial total inten-
sity data analysis (Paper I), as the impact of leakage
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on the Stokes Z component is negligible (Paper III; Pa-
per IV). Nonetheless, this effect is potentially signifi-
cant for the analysis of linear and circular polarization.
Hence, we employ the same calibration procedures used
for M87* (M87* Paper VII) for the polarimetric anal-
ysis of the Sgr A* data. Since polarimetric leakage is
an instrumental effect, the D-term coefficients, quanti-
fying the impact of leakage on the data, are expected to
be stable on timescales of the EHT observing campaign
(~one week), and have the same values for all observed
sources. ALMA is an exception because its polarimetric
leakage is first corrected using multi-source calibration
as part of the PolConvert procedure, and the VLBI
data are only impacted by residual leakage that can
vary from day to day. Given these considerations, we
apply pre-calculated D-terms to the Sgr A* data sets.
For the stations with a co-located partner we use values
derived through polsolve multi-source fitting (Marti-
Vidal et al. 2021) in Appendix D of M87* Paper VII, as
shown in Tables 1 and 2. For all other stations except
SPT, the adopted values shown in Table 3 are based
on the M87* D-term ranges reported in Appendix E of
M87* Paper VII as summarized in Issaoun et al. (2022).
The SPT D-terms are assumed to be zero, consistent
with the constraints from the analysis of the companion
calibrators J1924—2914 and NRAO 530 (Issaoun et al.
2022; Jorstad et al. 2023), for which an identical set of
D-terms was incorporated and verified through consis-
tency tests.

Finally, accurate calibration of complex R/L gain
ratios is relevant particularly for circular polarization
(Stokes V) analysis. In this work we take a self-
calibration approach that assumes V = 0. This method
is more conservative regarding the potential detection
of circular polarization than the primary approach dis-
cussed in Appendix A of M87* Paper IX. Nonetheless,
this calibration allows for a full recovery of circular po-
larization morphology constrained by robust interfero-
metric closure quantities; see also Roelofs et al. (2023).

3. DATA PROPERTIES

In Figure 1, we show the (u,v) coverage and low-band
interferometric polarization of the 2017 April 6 and 7
observations of Sgr A* as a function of (u,v) after D-
term calibration. The colors encode the amplitude of the
complex fractional polarization m in the visibility do-
main, coherently time-averaged in 120 second segments.
Following Johnson et al. (2015), we define the visibility
domain fractional polarization as

2RL*

O+l p
7 RR*+LL*’

D
A A

m 1)
where Z, Q, and U are the visibility-domain Stokes pa-
rameters sampled. Sgr A* is moderately polarized on

most baselines, |m| < 1. Data points on the Chile-
LMT and Chile-Hawai’i baselines for 2017 April 7 have
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Figure 3. Conjugate closure trace product phases on two quadrangles for the April 6 and April 7 observations of Sgr A*. The
data points are coherently averaged across both frequency bands and in time over 120 seconds. Non-zero phases indicate that
the source has spatially resolved and non-uniform polarized structure.
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Closure phases observed on the ALMA-SMA-LMT (left) and ALMA-SMT-LMT (right) triangles during Sgr A*

observations on April 6 (square markers) and April 7 (round markers). Empty and filled markers denote low and high band
data, respectively. Top: closure phases constructed from scan-averaged visibilities for both epochs, RR* in red; LL" in blue.
Bottom: difference of closure phases between RR* and LL*. The zero level of the closure difference (i.e., no V detected) is
marked with a black dashed line. The light green band shows the average RR* — LL™ difference.

very high fractional polarization, |7h| ~ 2, that occurs at
(u,v) spacings where the Stokes Z amplitudes approach
a deep minimum. We also find that the polarization
fractions on short (< 3 GA) baselines are similar to those
observed in 2013 by Johnson et al. (2015); see Figure 2.
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Figure 3 shows the phase of the conjugate closure
trace products on two quadrangles (ALMA-APEX-
LMT-SMT and ALMA-LMT-SMA-SMT, ordered as
specified in Broderick & Pesce 2020) for the 2017 April
6 and 7 observations of Sgr A*. Closure traces are quan-
tities immune to complex station gains and polarimet-
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ric leakages. Conjugate closure trace products deviate
from unity (i.e., their phases deviate from zero) only
in the presence of non-uniform polarization structures,
and they are therefore clear indicators of source polar-
ization (Broderick & Pesce 2020). We note significant
deviations from zero in Figure 3, indicating that Sgr A*
has spatially resolved, non-uniform polarization struc-
ture. Statistically different values of the conjugate clo-
sure trace products on the same quadrangles between
2017 April 6 and April 7 further indicate that the po-
larization structure in Sgr A* is time-variable.

In Figure 4 (top panels), we show the RR* and LL*
closure phases on two triangles with particularly high
S/N. Significant deviations from zero are a consequence
of resolved and asymmetric structure in RR* and LL*.
The difference in closure phase between the two corre-
lation products is shown in the bottom panels, with the
average closure phase difference shown as a green band
(1 o uncertainty in the estimate of the mean), which
deviates from zero and thus indicates the presence of
a circular polarization signal, as is the case for M87*
(M87* Paper IX). Because the effects of residual un-
corrected polarization leakage enter in at the < 1% level
for the parallel-hand correlation products, we expect the
difference between RR* and LL* closure phases to be
dominated by intrinsic Stokes V signal rather than by
instrumental systematics. In fact, the study of system-
atics in the data in Paper II revealed an excess ‘“noise”
of RR* — LL* closure quantities in the Sgr A* data com-
pared to other sources, likely due to the presence of in-
trinsic circular polarization in the source.

4. MITIGATION OF VARIABILITY, SCATTERING,
AND FARADAY ROTATION IN THE Sgr A*
DATA

In comparison to the polarimetric analysis of M8T7*
(M8T7* Paper VII), there are additional challenges in the
Sgr A* data that increase the difficulty of reconstruct-
ing images. The effects of interstellar scattering along
the line of sight to the Galactic Center as well as the
source’s time variability on short (~minutes) timescales
have been studied and mitigated in the Stokes Z analysis
(Paper II; Paper I1I; Paper IV). We discuss how the vari-
ability and scattering manifest in the polarimetric data
in Sections 4.1 and 4.2, respectively. In Section 4.3, we
discuss the additional effects of Faraday rotation on the
results and how these inform theoretical interpretation.

4.1. Intrinsic Time Variability
4.1.1. Stokes T Variability

During the 2017 EHT observing campaign, Sgr A*
exhibited Stokes Z variability across a wide range of
timescales. The compact source-integrated light curve
during this period exhibits variability from minutes to
the longest timescales probed (2 8h), with a “red” tem-
poral power spectrum (i.e., larger variability on longer
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timescales; Wielgus et al. 2022b). Structural variability
is also present on spatial scales comparable to that of
the black hole shadow, appearing directly in visibility
amplitudes and closure quantities (Paper II; Paper IV).

The variability of Sgr A* was theoretically antici-
pated; the dynamical timescale near the event horizon
of Sgr A* is ~ GM/c3 ~ 20, and the observed bright-
ness fluctuations are natural consequences of the turbu-
lent structures predicted by numerical general relativis-
tic magnetohydrodynamic (GRMHD) simulations (Pa-
per V). A survey of the EHT simulation library confirms
that the spatiotemporal power spectrum of the vari-
ability (i.e., fluctuations about the mean image) in the
GRMHD simulations is universally well approximated
by a cylindrically symmetric, broken power-law in both
the spatial and temporal dimensions (Georgiev et al.
2022). These power laws are dominated by the largest
spatial and longest temporal scales, i.e., they exhibit a
“red”’-red” power spectral density. As a consequence,
in the GRMHD simulations, the bulk of the variability
can be eliminated by normalizing the total intensity of
individual image frames (Wielgus et al. 2022b). After
light-curve normalization, the intra-night power spec-
trum peaks at a baseline length of < 2GA (Z 100 pas).

Tools for measuring and mitigating the Stokes Z vari-
ability in Sgr A* have been developed based on the uni-
versality observed in GRMHD simulations (Broderick
et al. 2022). The spatial power spectra have been esti-
mated by computing means and variances of visibility
amplitudes across frequency bands and days in patches
of the (u,v) plane after light-curve normalization and
performing linear debiasing (see Section 4 of Broder-
ick et al. 2022). This procedure leverages the compact
nature of Sgr A*, makes use of the approximate spa-
tial isotropy anticipated from the GRMHD simulations
(Georgiev et al. 2022), and incorporates estimates of the
uncertainty that include contributions from the statis-
tical error (i.e., thermal noise), gain amplitudes, and
leakage terms (D-terms). Because the number of data
points in any range of baseline lengths can be small,
this estimator can suffer from known biases that may
be corrected via calibration with appropriate mock data
sets (Paper IV). Upon doing so, the resulting empirical
estimates of the structural variability power spectrum
match those from GRMHD simulations in amplitude
and shape (Paper V).?

The intra-hour structural variability of Sgr A* was
mitigated in Paper III in three stages. First, the complex
visibilities were light curve normalized (Wielgus et al.
2022b), eliminating the largest component of the vari-

2 Because the empirical variability power spectra estimates are
made after light-curve normalization, they do not suffer from the
apparent excess of variability in GRMHD simulation light curves
over that seen in Sgr A* by the EHT in 2017 (Paper V; Georgiev
et al. 2022).
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Figure 5. Phase of m on the crossing and following tracks identified in Paper IV, during which the same (u,v) positions are
sampled at different times by different baselines on 2017 April 6 (squares) and 7 (circles). The central time stamps for each

track are labeled in the corresponding colors (see Figure 2 of Paper IV for exact track locations in the (u,v) plane). All data
have been coherently averaged on 120s timescales to illustrate short timescale variability. No additional systematic uncertainty

has been added.

ability and suppressing all correlated components. Sec-
ond, the additional variability power, inferred from the
empirical variability estimate, was introduced as an ad-
ditional statistical error about a mean image structure.
Where the magnitude of this additional component was
uncertain, the level of excess “noise” was surveyed as part
of the imaging and modeling exploration. Third, the ad-
ditional uncertainty necessary was estimated via ‘“noise-
modeling”; the direct fitting of a simultaneous model for
the mean image and a parameterized, broken-power-law
model for the statistical properties of the otherwise un-
modeled variability (Broderick et al. 2022; Paper IV).

4.1.2. Polarimetric Variability

Consistent with historical expectations (e.g., Bower
et al. 2002; Marrone et al. 2006b), during the 2017 EHT
campaign Sgr A* exhibited significant polarimetric vari-
ability. This variability is strongly implied by the rapid

619

620

621

622

623

624

fluctuations® in the measured polarization direction in
Figure 1. Variability is also shown explicitly in Fig-
ure 5 for the crossing and following tracks identified in
Paper IV — segments of baseline tracks that substan-
tially overlap at different observing times throughout the
night — for which large polarization direction swings are
present on timescales 2 3h, including large differences
between 2017 April 6 and 7. Polarimetric variability is
similarly implied by the rapid variations in the conju-
gate closure trace products shown in Figure 3, and it is
shown explicitly by the comparison between observation
days. For both of the quadrangles shown in Figure 3,
the phase of the conjugate closure trace products varies
by ~ 90° on timescales of tens of minutes, on similar
timescales to the variability observed in Stokes Z but
lower in magnitude.

3 While image structure may also induce variations in 7, for
sources smaller than 200 pas the visibilities are smoothed on 1 GA
scales in the (u,v) plane. Thus, in the absence of an extended
highly-polarized component, variations on smaller (u,v) scales is
evidence for temporal variability in the source.
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Figure 6. Model-agnostic estimates of the azimuthally av-
eraged excess variance of the parallel-hand and cross-hand
visibility amplitudes, after removing that from the reported
statistical errors, as a function of baseline length. Non-
parametric estimates are obtained across April 6 and 7, us-
ing both high- and low-band data. Uncertainties associated
with the thermal errors, uncertain station gains, and polar-
ization leakage are indicated by the error bars. Azimuthally
averaged thermal errors are shown by the gray triangles and
provide an approximate lower limit on the range of accu-
rate variance estimates. For comparison, the magnitudes of
the variance induced by refractive scattering are shown in
purple along the minor (top) and major (bottom) axes of
the diffractive scattering kernel (see Section 4 of Paper III);
the variance along individual tracks on April 7 is shown by
the solid purple lines. The orange band indicates the 95th-
percentile range of broken power law fits to the Stokes 7
excess variances from Paper IV.

To quantitatively assess the degree of polarimetric
variability, we extend the empirical estimate used for
Stokes Z from Broderick et al. (2022) to the indepen-
dent parallel-hand and cross-hand correlation products.
Following the application of calibrator-determined leak-
age terms, the procedure is similar to that in Paper IV:
visibilities are scan-averaged and light-curve normalized,
the mean and variance within patches are computed af-
ter linear detrending and azimuthally averaged, and un-
certainties are estimated via Monte Carlo sampling of
the statistical uncertainties, complex gains, and leak-
ages. Estimates of the azimuthally-averaged power spec-
tra are independently generated for RR*, LL*, RL*, and
LR*. The results after combining the 2017 April 6 and
April 7 data are shown in Figure 6 for each hand inde-
pendently.

The empirically estimated parallel-hand power spectra
(RR* and LL*) are statistically indistinguishable from
each other and from that associated with their Stokes
T counterpart. This similarity implies that the absolute
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variability in Stokes V on < 50 pas is small in compari-
son to the variability in Stokes Z. Practically, it implies
that variability in the parallel hands may be mitigated
effectively using the model in Paper III and Paper IV
for RR* and LL* individually.

The cross-hand power spectra (RL* and LR*) are sta-
tistically indistinguishable from each other. In the ab-
sence of uncorrected leakage, this is expected by con-
struction, and thus provides additional confidence in
the calibrator-implied D-terms. More importantly, the
cross-hand power spectra share the shape of that asso-
ciated with the parallel hands, though rescaled to ap-
proximately 50% of the parallel-hand amplitude.

As in Paper III and Paper IV, we employ multiple
variability mitigation schemes when modeling or imag-
ing the Sgr A* data. These may be segregated into two
general categories:

Post-marginalization: Multiple images are recon-
structed on subsets of the data that span suffi-
ciently short periods of time that variability may
be ignored, and are subsequently combined to
yield a single “average” image.

Pre-marginalization: A single image is fit to the en-
tire data set with additional noise added to ac-
count for the deviations in the visibilities due to
the structural variability in addition to the statis-
tical and systematic components.

For the pre-marginalization methods, we make use of
the empirical polarimetric variability power spectra in a
way similar to Paper III, modified for polarimetric re-
constructions. As with Stokes Z, we normalize all corre-
lation products by the Stokes Z light curve to reduce the
impact of large-scale correlated variability. Additional
statistical error following the broken power-law model is
then added in quadrature to each correlation product,
with the parallel hands receiving the same additional
noise as applied to Stokes Z and cross-hands receiving
an amount that is reduced by a fixed fraction.

For Sgr A* the parallel-hand /cross-hand variance ra-
tio is 50%, i.e., half as much noise is added in an absolute
sense to the cross-hands as that added to the parallel
hands.* Depending on the polarimetric image recon-
struction method, parameters of the additional noise
model are surveyed or directly reconstructed (see Ap-
pendix A). Moreover, the value of this variance ra-
tio depends on the source properties, and can be both
much smaller or larger for other data sets (e.g., the syn-
thetic data sets discussed in Appendix B) than found
for Sgr A*, depending on both the polarization fraction
and degree of variability.

4 Note that this difference in variances does not imply that the
fractional polarimetric variability is less than that of Stokes Z,
because the fractional polarimetric variability also depends on
the degree of polarization.
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4.2. Interstellar Scattering

At radio wavelengths, the image of Sgr A* is heavily
scattered by ionized interstellar plasma along the line of
sight. In particular, density inhomogeneities result in a
variable index of refraction, with corresponding phase
fluctuations across an image that vary with time and
observing wavelength (6¢ oc A). For detailed discussion
and a historical summary of the scattering of Sgr A*,
see Psaltis et al. (2018) and Johnson et al. (2018).

The effects of scattering are predominantly caused by
inhomogeneities on two widely separated spatial scales.
“Diffractive” scattering arises from fluctuations on spa-
tial scales of <103 km and results in blurring of the im-
age with an approximately Gaussian kernel. “Refrac-
tive” scattering arises from fluctuations on spatial scales
of > 107 km and results in irregular distortion of the im-
age that does not correspond to a convolution. In terms
of interferometric visibilities, the signal on long baselines
is exponentially suppressed by diffractive blurring, but
retains an additive contribution from refractive “noise"
(Narayan & Goodman 1989; Goodman & Narayan 1989;
Johnson et al. 2015; Johnson & Narayan 2016). In this
paper, we follow the approach used in previous papers
in this series and “deblur” our data before imaging (see,
e.g., Fish et al. 2014), dividing each measurement by the
Fourier-conjugate scattering kernel on its baseline; we
use the scattering kernel parameters from Johnson et al.
(2018), which have been estimated using historical mea-
surements of Sgr A* and validated by subsequent mea-
surements (Issaoun et al. 2019, 2021; Cho et al. 2022).
See Paper II for more detail on the effects of interstellar
scattering for EHT Sgr A* data.

Because the ionized interstellar medium is not sig-
nificantly birefringent (e.g., Thompson et al. 2017; Ni
et al. 2022), the effects of scattering on polarimetric
observables can be mild. For example, interferometric
fractional polarization is invariant to diffractive blur-
ring; other image-integrated properties, such as the ro-
tationally symmetric mode (82) that we analyze exten-
sively in Paper VIII, are only mildly affected by blur-
ring (Palumbo et al. 2020a). In general, the interfero-
metric fractional polarization is only weakly affected for
any baseline on which refractive noise is small compared
to the signal amplitude (see, e.g., Ricarte et al. 2023).
Moreover, because the beam of the EHT is comparable
to the size of the diffractive blurring kernel, the effects of
scattering on the polarized image of Sgr A* are expected
to be mild when viewed at the resolution of the EHT.
Figure 7 shows example scattered images of GRMHD
simulations in linear and circular polarization.

Table 4 shows the values of the image quantities use-
ful in polarimetric model discrimination in unscattered,
scattered, and blurred images of a GRMHD simulation
viewed at 230 GHz. We define the image-integrated net

Ground Truth Scattered

50 pas 50 pas

Figure 7. A comparison of GRMHD simulation snapshots
in linear (top) and circular (bottom) polarization with and
without the effects of interstellar scattering. Associated mea-
surable quantities are given in Table 4. For display purposes
the unscattered snapshots are blurred with a small 5 pas cir-
cular Gaussian beam, much smaller than the EHT instru-
ment resolution. Top: Total intensity is shown in grayscale,
polarization ticks indicate the electric vector polarization an-
gle (EVPA), the tick length is proportional to the linear po-
larization intensity magnitude, and color indicates fractional
linear polarization. The dotted contour levels correspond to
linearly polarized intensities of 25, 50, and 75% of the po-
larization peak. Cuts are made to omit all regions in the
images where Stokes Z < 10% of the peak brightness and
P < 10% of the peak polarized brightness. Bottom: Total
intensity is indicated in colored linear-scale contours, and the
Stokes V brightness is indicated in the diverging colormap,
with red/blue indicating a positive/negative sign.

linear and circular polarization fractions as:

V007 + (2, )’
Zi Z;
-V,
e Q
where the sum is over the pixels indexed by 7. We also

measure the image-averaged linear and circular polar-
ization fractions (|m|) and (|v|) across the images:

VU
(Im]) = sz (4)
2T T

(= =42 )

; (2)

|mnet| =
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Table 4. Image quantities of interest computed on a snap-
shot of a GRMHD simulation with and without interstellar
scattering effects.

Param. Intrinsic Blurred Scattered & Blurred
|mnet| (%) 4.72 4.72 4.62
Vnet (%) 0.33 0.33 0.35
(Im|)(%)  49.66 31.97 31.82
(Jv])(%) 2.26 0.91 0.93

181 0.14 0.14 0.14

|B2| 0.34 0.30 0.29
£B2 (°) 93.8 92.5 92.4
|B2]/B1] 2.43 2.15 2.14

Note — The GRMHD simulation is a magnetically arrested
disk model with a, = 0.5, Riow = 1 and Rpigh = 80 viewed at
30° inclination before and after interstellar scattering (Event
Horizon Telescope Collaboration et al. 2022e). In the middle
column, the image is blurred by a 20 pas circular Gaussian
beam. In the right column, the simulated effects of scattering
are applied, which produces diffractive blurring at sub-beam
scales. Additional circular Gaussian blurring is performed to
reach the 20 pas imaging resolution. The field of view and
pixel size are the same in each case.

Note that these quantities depend on the resolution of
the image; high-resolution GRMHD images will have
systematically larger polarization fractions than their
counterpart image reconstructions. All images used for
analyses in this paper and the companion Paper VIII
have been blurred to an effective resolution of 20 pas.
Following Palumbo et al. (2020b), we also compute com-
plex B modes, which are Fourier decompositions of the
linear polarization structure:

oo 27
1 —1im
B = = //P(pwp)e ¢ pdedp, (6)
image
0 0

where (p, p) are polar coordinates in the image plane,
and Timage is the total flux density in the image. The
£1 mode is the simplest asymmetric mode, while 35 is
the simplest rotationally symmetric mode. In particu-
lar, /(B is a probe of the handedness and pitch angle
of the overall twist of the electric vector polarization
angle (EVPA) pattern, where /35 = 0° indicates a ra-
dial EVPA pattern and £, = 180° indicates a toroidal
EVPA pattern on the image.

Image-integrated quantities such as |myet| change very
little, while resolved quantities such as (Jm|) are sig-
nificantly diminished by the diffractive blurring depo-
larization caused by scattering. Notably, low-resolution
morphological quantities like 51 and [ are almost com-
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Table 5.
from the ALMA interferometric light-curves (Wielgus et al.
2022a).

Median rotation measure of Sgr A™ obtained

Observations RM (10°rad/m?) A EVPA (deg)
April 6 -4.8718-99 -48.219:9
April 7 -4.561 194 -45.1+14°9
April 11 -3.1510-42 -31.2+%8

April 6, 7 4651135 -46.0713%
All Days -4.23100 -41.9%114

Note — The error estimates correspond to 68% of the distri-
bution. The change in EVPA is evaluated at 228.1 GHz.

pletely unaffected, particularly in phase, though higher
order modes would be more disrupted. However, the ef-
fective size of the scattering kernel, ~ 16 uas, is below
the effective instrument resolution of ~ 20 pas, and so
the presence of scattering is not a large contaminant of
the image quantities of interest.

4.3. Faraday Rotation

As radiation propagates through a magnetized
medium, the polarization state is affected by Faraday
effects. Most notably, the EVPA changes because of
Faraday rotation, quantifiable with a rotation measure
(RM). The RM can be characterized as

RM = (x2 — x1)/(A3 = A1), (7)

a difference in measured EVPAs x; 2 between the fre-
quency bands corresponding to wavelengths A; 2 (e.g.,
Brentjens & de Bruyn 2005). A large RM of ~ —4 x 10°
rad m~? has been measured in Sgr A* at 230 GHz.
While the measured value of RM fluctuates significantly,
the observed negative sign has remained consistent for
decades, (e.g., Bower et al. 2018; Wielgus et al. 2023).
Detailed RM measurements from ALMA as a connected-
element interferometric array are available for the exact
EHT observing epochs, which indicate values consistent
with historical data (Goddi et al. 2021; Wielgus et al.
2022a, 2023); see Table 5.

If the entire RM can be confidently attributed to an
external Faraday screen located between the emitting
compact source and the Earth, then the intrinsic EVPA
pattern can be recovered by simply “derotating” EVPA
ticks by an amount —RMA2. For these observations,
the measured RM assuming an entirely external screen
leads to rotating the observed EVPAs by approximately
50deg (Table 5) clockwise before comparing them to
theoretical models of the accretion flow near the black
hole event horizon. The external character of the Fara-
day screen is supported by the persistence of the RM
sign over long timescales, since we would expect frequent
sign reversals in the turbulent accretion flow near the
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event horizon (Ricarte et al. 2020; Ressler et al. 2023).
On the other hand, Wielgus et al. (2022a) reported time-
resolved Faraday rotation, with the inferred RM fluctu-
ating by up to 50% on sub-hour timescales. These re-
sults point toward at least some of the Faraday rotation
being due to an internal Faraday screen co-spatial with
the observed compact emitting region (Wielgus et al.
2023). In this limit, no EVPA derotation is required
before comparing models to observations, as the theo-
retical models of the compact emission zone should fully
account for the observed Faraday rotation.

A concordance picture could involve a slowly vary-
ing external Faraday screen to maintain a constant sign
on relevant timescales in addition to an internal Fara-
day screen of a similar magnitude to explain the rapid
time variability (Ressler et al. 2023). In this picture,
it is justified to derotate the EVPA ticks by the median
RM measured for a given observation, as the duration of
the observing night is much longer than the dynamical
timescale near the event horizon of Sgr A*. Further-
more, because of the rapid variability of the RM mea-
sured by ALMA (Wielgus et al. 2022a), the amount of
EVPA corruption changes in time by about £15 deg (Ta-
ble 5). This further inflates uncertainties of the inferred
EVPA structure in the reconstructed images, and can be
captured in data-driven estimates of polarimetric vari-
ability discussed in Section 4.1.2. These considerations
are crucial for theoretical interpretation of the EHT re-
sults, and we investigate the impact of Faraday rotation
in more detail using simulations in Paper VIII.

5. METHODS

In this section, we present a summary of the meth-
ods used for the Sgr A* polarimetry results. We carry
out geometric modeling of the source with a snapshot
m-ring model fitting method (Paper IV, Roelofs et al.
2023). We additionally use three imaging methods:
the Bayesian imaging framework THEMIS (Broderick
et al. 2020c,a) and the regularized maximum likelihood
(RML) methods eht-imaging (Chael et al. 2016, 2018)
and DoG-HiT (Miiller & Lobanov 2022). These meth-
ods are inherently different from one another in how
they handle the intrinsic variability of the source. We
summarize here the main method characteristics; more
detailed descriptions can be found in Appendix A.

As a continuation of the analysis performed in the
total-intensity companion papers (Paper III; Paper IV),
we model the polarization structure on top of a ring
morphology, inferred through the analysis of the total-
intensity observations. To aid in the total-intensity re-
construction step, the RML imaging methods use Sgr A*
data sets that have been self-calibrated to the fiducial
average deblurred total-intensity image produced with
the image clustering procedure in Section 7.2 of Pa-
per III. Tests of the effect of the various ring cluster
modes on the polarimetric structure reconstructions,
which is minimal, are shown in Appendix C. The
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THEMIS and snapshot m-ring methods do not use the
self-calibrated data and do their own self-calibration si-
multaneously with the data fitting. All methods make
use of data that have been D-term calibrated, light
curve normalized, and deblurred to counter the effects
of diffractive scattering, and prescribe an appropriate
total-intensity and polarization noise budget following
the variability studies described in Section 4.1.

5.1. snapshot m-ring modeling

With the snapshot m-ring modeling method, we fit a
polarimetric geometric model (“m-ring”, see Appendix A
for details) to two-minute snapshots from our data sets
(Paper IV; Roelofs et al. 2023). We only use snapshots
with at least 10 visibilities and 60 seconds of coherent
integration time. After time-averaging the snapshots to
120 seconds, 2% of the visibility amplitudes is added
to the thermal noise budget in order to represent sys-
tematic uncertainties. We fix the leakage parameters to
the pre-determined solutions from the EHT polarimetric
MS8T7* analysis; see Section 2. For our linear polarization
fits, we fit our m-ring model to closure phases, closure
amplitudes, and the visibility-domain fractional linear
polarization m for each snapshot independently (i.e. no
temporal correlations are assumed). For our circular po-
larization fits, we fix the linear polarization parameters
to the maximum a posteriori (MAP) estimates and fit
to the parallel-hand closure phases and closure ampli-
tudes (i.e., we fit to the separate RR* and LL* closure
products). We also explore fits to RR*/LL* visibility
ratios. All these data products are robust to multiplica-
tive station gains, except the RR*/LL* visibility ratios,
which may be affected by residual R/L gain ratios (see
also tests carried out in Roelofs et al. 2023). After fit-
ting each snapshot from each day and frequency band,
we combine all posteriors to a single posterior using a
Bayesian averaging scheme (Paper IV).

5.2. THEMIS

As described in Broderick et al. (2020b) and M87* Pa-~
per VII, the THEMIS image model consists of a rectilin-
ear set of control points, spanned via a bicubic spline.
Raster orientation and field of view are free parameters,
and dynamically adjust during image reconstruction to
choose an effective resolution. Raster resolution is de-
termined by maximizing the Bayesian evidence over the
raster dimension; typically, this is small due to the lim-
ited number of EHT resolution elements across Sgr A*,
and we make use of a 7x7 raster based on the Stokes
7 study in Paper III. The full polarimetric image model
consists of four identically sized and oriented rasters that
specify the total intensity, polarization fraction, EVPA,
and Stokes V. As described in Broderick et al. (2022)
and Section 4.1.2, intrinsic source variability is mitigated
via the modeling of a parameterized additional baseline-
dependent contribution to the data uncertainties. The
uncertainty model is comprised of components that cor-
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respond to the variability noise, the refractive scatter-
ing noise, and the systematic error budget (see, e.g.,
Paper IV).

THEMIS reconstructions are fit directly to the scan-
averaged complex visibilities (RR*, LL*, RL*, LR*),
after light-curve normalization as described in Sec-
tion 4.1.2, combined across bands and 2017 April 6 and
7. Simultaneous with image generation, leakage terms
and complex gains are recovered. To avoid compli-
cations from potential night-to-night variations in the
D-terms at ALMA and SMA, we fit data that is pre-
corrected using the MS87* Paper VII leakages. How-
ever, during fitting, D-terms that are constant across
both observation days and high and low bands are ob-
tained from Sgr A* alone, and do not further incorporate
prior leakage estimates from other source reconstruc-
tions. Complex station gains are reconstructed inde-
pendently on scans and across bands, but are restricted
to have unit R/L gain ratios. Synthetic data tests re-
ported in M87* Paper IX on Stokes V in M87* showed
that R/L gain discrepancies of more than a few percent
produced fits noticeably worse than those with smaller
discrepancies. THEMIS images produced good quality
fits to EHT data, thus R/L gain offsets are expected to
be very small.

The result of THEMIS fits is an approximate poste-
rior composed of a set of images that may be used for
Bayesian interpretation. For more details on likelihood
construction, sampling, chain-convergence criteria see
Appendix A and references therein.

5.3. eht-imaging

The eht-imaging (Chael et al. 2016, 2018) package
is a pixel-based RML imaging algorithm. Reconstruc-
tions are done via minimization of an objective func-
tion through gradient descent. This objective function
is constructed with x? goodness-of-fit terms and regu-
larizer terms that favor or penalize specific image prop-
erties. For polarized image reconstructions, we adopt
a very similar methodology to the polarimetric imaging
of M87*, described in Appendix C of M87* Paper VII.
Since leakage is already corrected in the Sgr A* data
from the M87* analysis, this step is omitted. We use the
data self-calibrated to the fiducial total intensity image
as our starting data sets. These data are self-calibrated
to a deblurred image, so no scattering mitigation is done
as part of our procedure. We coherently average the
data for 120 seconds, combine high and low bands into
a single data set, and reconstruct one image per observ-
ing day for April 6 and 7. We add a fractional system-
atic noise budget of 5% based on the total-intensity pa-
rameter exploration (see Table 4 of Paper III). We also
add the variability noise budget determined in the total-
intensity efforts in quadrature to the uncertainty of each
visibility point (see Section 3.2.2 of Paper III), halving
the budget applied to cross-hand visibilities based on
the polarimetric variability assessment in Section 4.1.2.
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As a first step, we reconstruct a starting total-intensity
image by fitting to parallel-hand closure phases, clo-
sure amplitudes, and visibility amplitudes. This total-
intensity image is then kept fixed during the polarimetric
imaging, defining the regions where polarimetric inten-
sity is allowed. The imaging is done via iterative rounds
of gradient descent. At each iteration, the output image
is blurred with a 20 pas Gaussian beam and used as the
initial image for the next round, and the weights on the
data terms are increased. Linear and circular polarimet-
ric imaging are done separately. For linear polarization,
we fit the RL* polarimetric visibility P = Q + il{ and
the visibility domain polarimetric ratio m = P/Z. For
circular polarization, we fit the self-calibrated V visi-
bilities and the parallel-hand closure phases and closure
amplitudes, and we solve for right and left complex gains
independently.

5.4. DoG-HiT

The DoG-HiT package (Miiller & Lobanov 2022,
2023a,b) is a wavelet-based imaging algorithm that uses
compressive sensing. DoG-HiT fits the x? data terms
while assuming that the image structure is sparsely rep-
resented by a small number of wavelets. For the po-
larimetric and dynamic analysis we follow the descrip-
tion presented in Miiller & Lobanov (2023b). Similar to
the procedure for eht-imaging outlined in Section 5.3,
we use the band-averaged, self-calibrated and leakage-
corrected data set as a starting point. No scattering
mitigation was applied as part of the procedure. We
add a fractional systematic noise budget of 2% to the
120-second averaged visibilities.

First we recover a mean Stokes Z image with DoG-HiT,
only fitting to the closure phases and closure amplitudes
computed from the Stokes I visibilities. We self-calibrate
residual gains to this image on ten minute intervals, and
we derive the multi-resolution support, i.e. the set of sig-
nificant wavelet coefficients, from the mean image. The
multi-resolution support fixes the spatial scales and po-
sitions for the dynamic and polarimetric imaging where
emission is allowed. Next, we construct a mean polari-
metric image by fitting the polarimetric visibilities P
and V, but only allow wavelet coefficients in the multi-
resolution support to vary. In an iterative procedure, we
solve for residual D-terms. Finally, we cut the observa-
tion into frames of 30 minutes, and fit the total intensity
and polarimetric visibilities in each frame independently
starting from the mean images, but only vary wavelet
coefficients in the multi-resolution support. We average
the recovered frames uniformly to achieve a final static
image. The whole procedure is carried out for both days
of observations independently, and finally averaged.

5.5. Synthetic Data Tests

All methods are validated against synthetic data sets
that mimic properties of Sgr A*, the results of which are
presented in detail in Appendix B. Two GRMHD mod-
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els are chosen from the passing set of Sgr A* theoretical
models that mimic both total-intensity and polarization
properties of the source. One model has lower total lin-
ear polarization than Sgr A* but has a similar variability
ratio of the cross-hand compared to the parallel-hand
visibilities, while the other model has a total linear po-
larization fraction similar to that of Sgr A* but has a
higher variability ratio of the cross-hands compared to
the parallel hands. As discussed in Paper V, the vari-
ability in the GRMHD simulations is generally higher
than for Sgr A*, making synthetic data more challeng-
ing to reconstruct than the real data. All methods are
able to reconstruct the linear polarization structure of
the two models, while THEMIS and the snapshot m-ring
modeling methods fare better in reconstructing the cir-
cular polarization structure. Since THEMIS and m-ring
modeling both carry out posterior exploration as part of
their methodologies, they provide tight posterior distri-
butions and measured uncertainties on individual linear
and circular polarization quantities. These two meth-
ods are thus selected as the primary methods for anal-
ysis and theoretical interpretation, while the two RML
methods are presented as additional validation methods.

6. RESULTS
6.1. Linear Polarization

In Figure 8, we present the Sgr A* linear-polarimetric
images produced by each method, combining bands and
observing days. The main results are produced using
data processed through the EHT-HOPS pipeline, and
consistency tests with the CASA rPICARD pipeline
are presented in Appendix D. The Bayesian imaging
method THEMIS produces an average image from many
individual posterior draws with both days and bands
combined into one data set. The snapshot modeling
method produces an average image by combining indi-
vidual band-combined snapshots across both days using
Bayesian posterior averaging. Because the m-ring is a
simple geometric model, the structure appears less noisy
than the other methods. The RML imaging methods
eht-imaging and DoG-HiT produce band-combined im-
ages per day; we display here the average image over
two days (i.e., the April 6 and 7 images averaged to-
gether after imaging). In Figure 9, we present the same
images but with EVPAs rotated by a constant angle to
account for the median Faraday rotation in the com-
bined April 6 and April 7 data set, corresponding to a
clockwise rotation of the EVPA by 46.0 deg, as discussed
in Section 4.3.

The Sgr A* emission ring is almost entirely polarized,
with a peak fractional polarization of ~ 40% at ~ 20 pas
resolution in the western region of the ring. The m-ring
model shows a more prominent north-west peak due to
the symmetry of the model m-mode; see Appendix A.
The polarized emission EVPA pattern along the ring
is nearly azimuthal with an counter-clockwise handed-
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Figure 8. Linear polarimetric images of Sgr A* from the
combined 2017 April 6 and April 7 observations with the
primary methods snapshot m-ring modeling and THEMIS,
and the validation methods eht-imaging and DoG-HiT. The
posterior-average image is shown for the posterior explo-
ration methods. Total intensity is shown in grayscale, po-
larization ticks indicate the EVPA, the tick length is pro-
portional to the linear polarization intensity magnitude, and
color indicates fractional linear polarization. The white dot-
ted contours mark the linear polarized intensity, correspond-
ing to 25, 50, and 75% of the polarization peak. We have
masked out all regions in which Stokes Z < 10% of the
peak brightness, and we have similarly masked out all re-
gions in which P < 10% of the peak polarized brightness,
where P = v/O2? +U42. The colorbar range is fixed for all
panels.

ness that is robust across time, frequency, and analysis
method.

In Figure 10, we show the average of the four method
images combining bands and days shown in Figure 8.
The averaging is done independently for each Stokes in-
tensity distribution. Due to the m-ring image having
lower net polarization fraction (an effect of the variabil-
ity of the EVPAs in snapshot-averaging), the peak polar-
ization fraction in the average image is lower than those
of individual methods. This image is adopted as the
conservative representation of the overall Sgr A* linear
polarization structure, while individual method images
are used for quantitative comparisons and theoretical
interpretation, see Section 7 and Paper VIII.
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Figure 9. Polarimetric images of Sgr A* from Figure 8, but
with EVPAs rotated by 46.0deg to account for the median
Faraday rotation in the combined April 6 and April 7 data
set (Table 5). The colorbar range is fixed for all panels.

6.2. Clircular Polarization

In Figure 11, we present the circular polarization im-
ages produced by each method, combining bands and
observing days. In the chosen color map, red and blue
correspond to positive and negative circular-polarized
flux density, respectively, with contours indicating the
Stokes Z brightness. As in the synthetic data tests
shown in Appendix B, the circular polarization struc-
ture is consistent for the snapshot m-ring and THEMIS
posterior exploration methods, while the RML imaging
methods show some differences. All methods see promi-
nent negative circular polarization in the western por-
tion of the ring, while only the snapshot m-ring and
THEMIS methods recover positive circular polarization
in the north-east region of the ring. The m-ring and
THEMIS methods find peak fractional positive and neg-
ative circular polarization at the 5-10% level. It is worth
noting that the peaks of the circular polarization emis-
sion line up with the peaks in total intensity. Thus,
fractional measurements strongly depend on the ten-
dency of individual methods to prefer more or less flux
density in compact regions. The recovered dipole struc-
ture along the ring in the THEMIS and m-ring methods
is consistent with the data. In particular both m-ring
and THEMIS models predict small and mostly negative
RR* and LL* closure phase differences on high S/N tri-
angles, see Figure 12, and are broadly consistent with
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Figure 10. Top: linear polarization image of Sagittarius
A*. This image is the band, day, and method average of the
linear polarization structure reconstructed from 2017 April
6 and 7 EHT observations. The display choices are analo-
gous to Figure 8. Bottom: polarization “field lines” plotted
atop an underlying total intensity image. Treating the lin-
ear polarization as a vector field, the sweeping lines in the
images represent streamlines of this field and thus trace the
EVPA patterns in the image. To emphasize the regions with
stronger polarization detections, we have scaled the length
and opacity of these streamlines as the square of the po-
larized intensity. This visualization is inspired in part by
Line Integral Convolution (Cabral & Leedom 1993) repre-
sentations of vector fields. The average linear polarization
structure is overlaid on the fiducial average total-intensity
image from Paper 1.

the estimated mean values indicated with green bands.
Additional m-ring fits carried out with higher m-modes
(m = 2, 3) also prefer symmetric structure along the ring
but exhibit significantly more uncertainty in the struc-
ture than the m = 1 mode fit shown here. In addition,
the Bayesian evidence for the higher-order fits is sub-
stantially lower than for the m =1 fits, indicating that



1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

FIRST SGR A*

snapshot m-ring THEMIS

<
o

=
.

&
=)

|
o
=

Brightness Temperature (10° K)

|
<
o

eht-imaging DoG-HiT

Figure 11. Circular polarimetric images of Sgr A* from
the combined 2017 April 6 and April 7 observations with
the primary methods snapshot m-ring modeling and THEMIS,
and the validation methods eht-imaging and DoG-HiT. The
posterior-average image is shown for the posterior explo-
ration methods. Total intensity is indicated in colored linear-
scale contours at 25, 50 and 75% of the peak brightness. The
Stokes V brightness is indicated in the diverging colormap,
with red/blue indicating a positive/negative sign. The col-
orbar range is fixed for all panels.

the data do not support the presence of modes that are
more complex than a dipole. The data appear to drive
all methods toward simple symmetric structure, indica-
tive of a need for high Stokes V in compact regions on
the ring based on the VLBI detections while still keep-
ing an image-integrated circular polarization level near
zero, consistent with ALMA measurements. Given the
remaining uncertainty in the detailed Stokes V structure
along the ring, structural properties of Stokes ) are not
used for the theoretical interpretation in the companion
Paper VIII.

7. DISCUSSION

We derive eight observational constraints from recon-
structed images of Sgr A*, and these are shown in
Figure 13. Since the snapshot m-ring modeling and
THEMIS methods both provide Bayesian posterior dis-
tributions, error bars representing the 90% confidence
intervals from random posterior draws are shown. The
combined 90% confidence intervals from these two meth-
ods, shown in Table 6, are used in Paper VIII for
theoretical interpretation. The RML imaging methods
eht-imaging and DoG-HiT do not provide such distri-
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Figure 12. Difference of closure phases between RR* and
LL* visibilities, observed on the ALMA-SMA-LMT (top)
and ALMA-SMT-LMT (bottom) triangles on April 6 (square
markers) and April 7 (round markers). Empty and filled
markers denote low and high band data, respectively. The
plots follow the lower panels of Figure 4. Predictions from
the models shown in Figure 11 are also given (red and blue
continuous lines). They are mostly consistent with small and
predominantly negative measured closure phase differences.

butions, but are shown in Figure 13 as additional con-
sistency checks from image reconstruction methods with
very different methodologies. More detail on the indi-
vidual methods is provided in Appendix A. We note
that both posterior exploration methods treat variability
differently: the snapshot m-ring modeling fits a struc-
turally restricted ring model to individual 2-minute data
snapshots, while THEMIS Bayesian imaging reconstructs
a collection of static images from the entire two-day data
set with a noise budget accounting for variability. De-
spite their substantial algorithmic differences, these two
methods perform best on the synthetic data tests pre-
sented in Appendix B and yield very similar results.

In the leftmost panels of Figure 13, the image-
integrated net linear and circular polarization fractions
|mnet| and vper from the Sgr A* reconstructions are
compared to ranges from interferometriccALMA light
curves treating Sgr A* as an unresolved point source
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Figure 13. Comparisons of the measured linear and circular polarimetric quantities from the Sgr A*
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methods. For the RML imaging methods, the filled and open symbols represent the April 6 and April 7 results, respectively. The

grey symbols represent the two-day averages. The errorbars for the snapshot m-ring and THEMIS Bayesian imaging methods

represent the 90% confidence range from the day-combined posterior distributions. The shaded region corresponds to the 5th to

95th percentile regions from ALMA-only linear and circular polarization light-curves from Wielgus et al. (2022a). The m-ring

method does not return a measurement for v,et because it fixes the value to the ALMA mean measurement before fitting. Based

on their performance on the synthetic data tests and quantified distributions, the results from the snapshot m-ring and THEMIS

methods are used for theoretical comparisons in the companion Paper VIII.

from Wielgus et al. (2022b). In general, all methods
are broadly consistent with ALMA ranges, although this
need not necessarily have been the case. While the
ranges for ALMA light curves correspond to instanta-
neous measurements of [Mpei| and vper, the |myet| and
Unet from our image reconstructions correspond to one or
two night averages, as indicated. We note that THEMIS
and the m-ring model do not agree on |mpuet|. Indi-
vidual snapshot images from the m-ring method yield
much higher values of |myet|. The lower |mpet| in the
averaged m-ring image may be due to a combination of
cancellations of time-varying structure and model mis-
specification issues leading to phase offsets of the fitted
|Mnet| (see Appendix A for details).

We also measure the image-averaged linear and cir-
cular polarization fractions (|m|) and (|v|) across the
reconstructed images. For (Jm|) in particular, we note
great consistency between the two posterior exploration
methods, leading to stringent constraints for theoretical
models in Paper VIII. Since (|v|) is significantly biased
upwards when the S/N is poor, this quantity is inter-
preted as an upper limit, as in previous studies of M87*
(M8T7* Paper IX). We recall that both (|m/|) and (|v|) are
resolution-dependent; unlike in past studies (M87* Pa-
per VIII; M87* Paper IX), we do not apply any blurring
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after image reconstruction before computing these quan-
tities.

In the bottom panel of the third column of Figure 13,
the /s measured across methods is consistently far
from 0, implying more toroidal than radial EVPA pat-
terns in the reconstructed images of Sgr A*. Accounting
for a constant RM assuming an external Faraday screen,
the EVPA pattern is derotated by ~ 50°, leading to a
large /2 of the opposite sign (the faded points in the
/By panel). While the RM correction flips the hand-
edness of the EVPA pattern (see Figures 8-9) and thus
poses a significant systematic for comparisons to theo-
retical models, the EVPA patterns across methods re-
main very toroidal (£ is closer to £180 deg than 0 deg;
Palumbo et al. (2020b)).

8. CONCLUSIONS AND SUMMARY

We presented the linear and circular polarimetric
imaging of the EHT 2017 April 6 and 7 observations
of our Galactic Center black hole Sgr A* on event hori-
zon scales at 230 GHz. Our analysis builds on the total
intensity ring morphology results presented in Papers I-
VI, and made use of the leakage calibration derived in
M&7* Paper VII. We employed four distinct methods in
the polarimetric analysis: two posterior exploration (one
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Table 6. Polarimetric constraints derived from the primary methods THEMIS and snapshot m-ring modeling

Observable snapshot m-ring THEMIS Combined
|Mnet| [7] (2.0, 3.1) (6.5, 7.3) (2.0, 7.3)
Unet [70] - (-0.7,0.12) (-0.7, 0.12)
(Im]) [%] (24, 28) (26, 28) (24, 28)
(lv]) [%] (1.4, 1.8) (2.7, 5.5) (0.0, 5.5)
|51 (0.11, 0.14) (0.10, 0.13)  (0.10, 0.14)
| B2] (0.20, 0.24) (0.14, 0.17) (0.14, 0.24)
/B2 |deg| (as observed) (125, 137) (142, 159) (125, 159)
/B2 |deg] (RM derotated) (-168, -108) (-151, -85)  (-168, -85)
|B2|/181] (1.5, 2.1) (1.1,1.6) (1.1, 2.1)

Note — These two methods each provide posteriors, from which 90% confidence regions are quoted. Derotation assumes that the

median RM can be attributed to an external Faraday screen, for which a frequency of 228.1 GHz is adopted. The (|v|) range is

treated as an upper limit. The combined constraints are used for the theoretical interpretation presented in Paper VIII.

Bayesian imaging and one snapshot modeling) methods
for primary analysis and two RML imaging methods for
validation. All methods were tested on synthetic data
designed to mimic specific polarimetric characteristics
of Sgr A*. When applied to the EHT Sgr A* data, all
methods showed that the emission ring is highly polar-
ized, with a peak fractional linear polarization of ~ 40%
in the western region of the ring. While the detailed
spatial distribution of the linear polarization along the
ring is uncertain due to the intrinsic variability of Sgr A*
(as was the case for the total-intensity results), we ob-
served a coherent spiraling polarization structure across
a large portion of the ring that is robust to method-
ological choices. The circular polarization reconstruc-
tions from the posterior exploration methods, which per-
formed best on the synthetic tests, prefer a dipole struc-
ture along the ring, with negative circular polarization
emission on the west of the ring (also recovered by the
RML imaging methods) and positive emission mostly
constrained to the north-east, with peak absolute values
that are 5-10% of the Stokes Z emission in the same loca-
tions. Although both our posterior exploration methods
reproduce a dipole along the ring, we deem the circular
polarization structure more uncertain given the stronger
disagreement between methods compared to the linear
polarization reconstructions.

The resolution and sensitivity of the EHT have pro-
vided horizon-scale polarimetric images of Sgr A*, en-
abling for the first time a reconstruction of the magnetic
field geometry in the vicinity of our Galactic Center su-
permassive black hole’s event horizon. A discussion of
the physical interpretation of these results is presented
in Paper VIII.

Facilities:  EHT, ALMA, APEX,
JCMT, LMT, SMA, ARO:SMT, SPT

Software: DiFX (Deller et al. 2011), CALC, PolCon-
vert (Marti-Vidal et al. 2016), HOPS (Whitney et al.

TRAM:30m,

1250

1251

1252

1253

1254

1255

1256

1257

2004), EHT-HOPS Pipeline (Blackburn et al. 2019),
CASA (McMullin et al. 2007), rPICARD (Janssen et al.
2018, 2019), eht-imaging (Chael et al. 2016), DoG-HiT
(Miiller & Lobanov 2022), THEMIS (Broderick et al.
2020c), Numpy (Harris et al. 2020), Scipy (Jones et al.
2001), Pandas (McKinney 2010), Astropy (The Astropy
Collaboration et al. 2013, 2018), Jupyter (Kluyver et al.
2016), Matplotlib (Hunter 2007)
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APPENDIX

A. METHOD DETAILS
A.1. M-ring Snapshot Modeling

In geometric modeling, the source structure is de-
scribed by a low-dimensional model which is fit to the
observational data. Geometric modeling is generally
fast, since operations like the Fourier transform and gra-
dient computation can be performed analytically. The
geometric model parameters often directly correspond
to source structure parameters of interest (e.g., ring di-
ameter, thickness, and asymmetry). On the other hand,
geometric modeling suffers from the issue of model mis-
specification: a geometric model typically does not cap-
ture all underlying image features, even if the angular
resolution is limited. However, by restricting the image-
domain parameter space, geometric modeling can con-
strain the low-order image structure in regimes where
imaging methods encounter difficulties because of the
many degrees of freedom (image pixel values). Geomet-
ric modeling is therefore particularly useful for data sets
with sparse baseline coverage and/or low-S/N data.

In the analysis of EHT data, geometric modeling has
been used to constrain the event-horizon scale structure
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of M87* in full Stokes (M87* Paper VI, Wielgus et al.
2022b, M87* Paper IX, Roelofs et al. 2023), and the
event-horizon scale structure of Sgr A* in total intensity
(Paper IV). For EHT data of Sgr A*, snapshot geomet-
ric modeling provides a way to mitigate rapid source
variability. In snapshot modeling, the data set is split
up into short (2-minute) snapshots fitted independently
with the geometric model. The snapshot results are then
combined using a Bayesian hierarchical model in order
to obtain a posterior for the average image structure;
see Paper IV for details. In this work, we use snapshot
geometric modeling in combination with this Bayesian
averaging procedure to constrain the structure of Sgr A*
in full Stokes.

Like in Paper IV and M87* Paper IX, our geometric
model of choice is the m-ring model. The m-ring model
parameterizes the image-domain structure as a ring with
diameter d, width (FWHM) «, and an azimuthal struc-
ture set by Fourier modes in total intensity, linear polar-
ization, and circular polarization (Johnson et al. 2020,
Paper IV, Roelofs et al. 2023). In total intensity and
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Figure 14. Snapshot m-ring posteriors (1o ranges) for linear polarization parameters |mnet| and Z8p 2 (top row) and circular
polarization parameter 23y 1 (i.e. the first-order Stokes V orientation) for fits to closure quantities and RR/LL visibility ratios
(bottom row). The green bands indicate the 1o ranges for the time and band-averaged structure computed using our Bayesian

averaging procedure. Since this procedure approximately produces a complex average, the resulting amplitudes of complex

quantities like |mnet| tend to be lower than those of individual snapshots.

polar image coordinates, the m-ring has the form

-2

Here, ¢ is the Dirac delta distribution, and the fz; are
the Fourier coefficients setting the azimuthal structure.
We have set 87,0 = 1 so that F' > 0 gives the total flux
density of the ring. The higher the m-ring order mz,
the more complex azimuthal structures can be modeled.
A finite thickness is introduced by blurring the m-ring
using a circular Gaussian kernel with FWHM «. Unlike
Paper IV, we do not add a Gaussian floor component to
our m-ring model.

The linear polarization structure P = Q + ild and the
circular polarization structure V are parameterized anal-
ogously, with the azimuthal structure set by {8p 1} and
{Bv .k}, respectively. Since the total intensity and circu-
lar polarization structures are real-valued, 8z = 87 _;
and By = By - In contrast, the linear polariza-
tion structures are complex-valued and thus we fit 8p i
and fp _j independently. The m-ring orders in linear
and circular polarization are indicated with mp and

Ls

I(p,p) = —

Z ﬁz’keikw. (A].)

k=—mz
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my, respectively. The net linear and circular polar-
ization fractions are given by [mye = Bpo € C and
Unet = Pyo € R, respectively. The polarization struc-
ture is thus parameterized in fractional terms, and can
be converted to polarized intensities via multiplication
by F'in Equation Al.

Before fitting the m-ring model in full Stokes to
Sgr A*, we pre-process the data by adding 2% frac-
tional systematic noise to the visibilities, deblurring to
mitigate the effects of interstellar scattering, leakage-
calibrating and light-curve-normalizing the data, and
splitting the data into 2-minute snapshots. We only fit
to snapshots with data on at least ten baselines and
with a coherent integration time of at least 60 seconds.
Since each snapshot is fit independently, there is no need
for the introduction of an additional noise budget rep-
resenting intrinsic source variability. Following Roelofs
et al. (2023), we first fit the total intensity and linear
polarization structure to parallel-hand closure phases,
closure amplitudes, and the visibility-domain fractional
linear polarization . These data products are invariant
to complex gain corruptions except for an R/L gain ra-
tio dependence of 7. We then fix the linear polarization
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parameters to the MAP estimates and fit the total in-
tensity and circular polarization structure to either the
separate parallel-hand (RR* and LL*) closure phases
and closure amplitudes, or to the RR*/LL* visibility
ratios. Since the closure products cannot constrain vyet,
we fix vy to the mean value from the ALMA lightcurve
(-1.14%). The RR*/LL* data product is sensitive to
residual R/L gain ratios that may be present in our data
(see Roelofs et al. 2023, for details). Erring on the con-
servative side, we therefore present our closure-only fits
in Figure 11, and comment on our RR*/LL* fits below.
We set mz = 2, mp = 3, and my = 1 for all fits pre-
sented in this work. These are the maximum m-orders
that produce reasonable results based on performance
on synthetic data tests, an investigation of the Bayesian
evidence (see also Paper IV), and the stability of the
fit results as the m-orders are increased. All fitting is
done with eht-imaging, using dynesty (Speagle 2020)
for posterior exploration.

Figure 14 shows lo posterior ranges for snapshots on
all days and bands, for a few polarization parameters of
interest. The Bayesian average posterior range is also
indicated by the green bands. |myet| ranges between
~2.5% and ~ 15% for the individual snapshots, and
the Bayesian average is at the lower end of this range.
The Bayesian averaging procedure approximately per-
forms a complex average on complex parameters, so that
the resulting absolute values are usually lower than the
individual snapshots because of angular variations (in
this case related to the net EVPA). In addition, we find
that the m-ring model does not fit the zero-baseline m
phase well for all snapshots. These zero-baseline phase
offsets result in a larger spread on the fitted |mipet
phase across snapshots than what is expected from the
zero-baseline measurements, leading to a lower ampli-
tude after Bayesian averaging. The phase offsets are
likely caused by a combination of model misspecifica-
tion and S/N differences between baselines. High-S/N
data points on intermediate baselines are fit well, while
lower-S/N points on short baselines are fit more poorly.
The  S/N on short baselines is low because of the low
total polarization fraction, and the differences are am-
plified by the addition of systematic noise (which is a
fixed fraction of the visibility amplitudes).

ZBp 2 is relatively stable between snapshots, with a
systematic offset between the two days. Zfy 1 (bottom
row), which is the first-order orientation of the circu-
lar polarization emission, is relatively unconstrained for
individual snapshots when fitting only to the parallel-
hand closure products (bottom left panel), although the
Bayesian averaging procedure indicates a preferred ori-
entation that is roughly consistent with other meth-
ods (Figure 11). A clearer preference for an approxi-
mately northwest-southeast asymmetry is indicated by
the RR*/LL* fits (bottom right panel). Since the 23y 1
Bayesian average of the RR*/LL* and closure fits are
formally inconsistent at the 1o level (although they are
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within a quadrant of each other) and the RR*/LL* fits
may be affected by unknown residual R/L gain ratios,
we only use the closure fits for our reported parame-
ter ranges and theoretical interpretation (e.g., Table 6,
Figure 13).

A.2. THEMIS

The THEMIS package is a Bayesian framework de-
signed for the analysis of EHT data (Broderick et al.
2020c¢). It provides a well-tested, uniform set of indepen-
dent tools for addressing station-based and astrophysical
systematics, including complex gain reconstruction, po-
larimetric leakage estimation (D-terms), and interstel-
lar scattering models. THEMIS provides a number of
posterior sampling methods, for which the most com-
mon output is a Markov Chain Monte Carlo (MCMC)
chain that supports subsequent Bayesian interpretation.
In the case of imaging models (Broderick et al. 2020a),
these posteriors permit Bayesian interpretations of im-
age features.

THEMIS fits the complex parallel-hand and crosshand
visibilities. Prior to fitting, the data are calibrated as
described in Section 2, scan averaged, and normalized
by the Stokes Z light curve, as described in Paper III
and Paper IV. The calibrator estimates of the complex
gains and D-terms are applied, and thus THEMIS esti-
mates are additional corrections to each. High and low
band data from April 6 and 7 are fit simultaneously, en-
suring that the underlying assumptions of the variability
reconstruction are satisfied (see Broderick et al. 2022).

The polarimetric image model in THEMIS is based on
the Stokes Z imaging model presented in Broderick et al.
(2020a), and previously used in M87* Paper VII and
MS&7* Paper IX. Four fields are simultaneously recon-
structed,

1. The Stokes Z map,
2. The total polarization fraction,
3. The linear-polarization EVPA,

4. The fraction of polarized flux associated with
Stokes V,

each of which is represented by a fixed number of con-
trol points located on a rectilinear raster with priors as
stated in M87* Paper VII and M87* Paper IX, between
which the image is interpolated via a bicubic spline; see
Broderick et al. (2020a). The field of view along the two
axes of the raster and the raster orientation are model
parameters and permitted to vary. Diffractive scattering
is applied directly to the associated visibilities, assuming
the scattering model in Johnson et al. (2018), with the
default scattering parameters from Issaoun et al. (2021).
Complex gains are reconstructed independently by scan
as described in Paper III. Polarization leakage is solved
for using the Sgr A* data alone, with flat priors on the
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Figure 15. Posteriors of the leakage term corrections, applied after calibration with the 2017 M&87* D-terms, obtained by
THEMIS via fitting to the 2017 Apr 6 and 7 data on Sgr A* alone (i.e., without considering other calibrators). Contours show
1-0, 2-0, and 3-0 cumulative regions. For comparison, the 2-o uncertainties from the THEMIS 2017 M87" values are indicated
by the black errorbars. The substantially weaker constraints on the IRAM 30m (PV) and SMA D-terms are direct consequences
of the relatively poorer parallactic angle coverage during the Sgr A* observations. Similarly, because M87* is not visible from

the south pole, the SPT has no comparison point.

interval (—1,1) on real and imaginary components of the
left and right D-terms for each station.

The intra-hour variability of Sgr A* is mitigated via
explicit modeling of the additional fluctuations about
the mean image as described in Broderick et al. (2022),
modified as described in Section 4.1.2. Simultaneously,
additional contributions to the excess uncertainty bud-
get are allocated to account for the refractive scattering
noise and systematic (e.g., non-closing) errors, as de-
scribed in Paper IV. With the exception of the parallel-
hand/cross-hand variance, which is held fixed at the
value implied by the empirically estimated power spec-
tra, all other parameters in the uncertainty model are
permitted to vary during image reconstruction (see Pa-
per III; Paper IV, for details).

To ensure efficient sampling of the posterior, we use
the Differential Even-Odd parallel tempering scheme
with each tempering level explored via the Hamilto-
nian Monte Carlo NUTS algorithm implemented by
the Stan package (Syed et al. 2019; Carpenter et al.
2017). This sampler has been demonstrated to effec-
tively capture multimodal posteriors (see, e.g., M87* Pa-
per VII; Paper IV). Chain convergence is assessed by
visual inspection of parameter traces and quantitative
chain statistics, including the integrated autocorrelation
time, split-R, and parameter rank distributions (Vehtari
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et al. 2019), and typically requires ~ 105 MCMC steps.
The number of tempering levels is chosen to ensure ef-
ficient communication between the highest- and lowest-
temperature levels, here typically 65 due to the compli-
cated nature of the model.

Three key additional systematic uncertainties ex-
plored by the THEMIS polarimetric image posterior are
the impact of leakage corrections, station gains, and the
underlying Stokes Z image. D-term corrections rela-
tive to the calibrator-implied values from the THEMIS
posterior (obtained from the Sgr A* data alone) are
shown in Figure 15 in comparison to the sizes implied by
THEMIS polarimetric reconstructions of the 11 Apr M87*
data (M87* Paper VII). Most corrections are consistent
with being small (<10%), with the large uncertainties
(>10%) at PV and SMA indicative of the poor paral-
lactic angle coverage of Sgr A* at those stations. Re-
gardless, the images are robust to even large D-terms,
indicating the final polarimetric structure is robust to
the leakage calibration. The minimal impact of D-terms
on polarimetric structure is also consistent with the find-
ings in Appendix H of M87* Paper VII assessing their
effect on polarimetric images of the static M87* black
hole. Inspection of the complex gain reconstructions in-
dicate only small deviations from the calibrator-implied
gains applied before analysis; for ALMA, APEX, and
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SMA the gain amplitude corrections are of order 0.2%,
for SMT and PV, they are of order 5%, and for LMT
and SPT they are roughly 10%. Sgr A* MCMC chains
were initialized using the Stokes Z image from Paper 111
to decrease time to MCMC convergence. For the simu-
lated data tests the MCMC chains were initialized both
with Stokes Z images and with a diffuse Gaussian of
approximately the size implied by second-moment visi-
bility analyses, with both cases converging to the same
posteriors, providing confidence that the particular ini-
tialization is unimportant. For Sgr A*, multiple quali-
tatively similar modes are found, differing subtly in the
distribution of flux about the ring and the structure of
the extended diffuse emission.

A.3. eht-imaging

The eht-imaging (Chael et al. 2016, 2018) package re-
constructs polarimetric images via RML. eht-imaging
solves for an image X by minimizing an objective func-
tion via gradient descent. The minimized objective func-
tion J(X) is a weighted sum of data reduced x? log-
likelihood terms and regularizer terms that favor or pe-
nalize specific image properties:

>

data terms ¢

J(X)

= aix; (X) — B;S;(X). (A2)

>

regularizers j

RML imaging thus requires optimizing the “hyperpa-
rameter" weights a; and 8; in Equation A2 to recover
high-fidelity images. Here we describe the data terms
and regularizers we use for polarimetric imaging.

For polarized image reconstructions, we follow the
method laid out in Chael et al. (2016) and Appendix
C of M87* Paper VII. The only major difference with
the M87* polarimetric analysis is the exclusion of the D-
term solving steps, because the Sgr A* data are leakage-
corrected following the M87* (and calibrator) analysis.
We start with leakage-calibrated data that have had
the overall time-dependent station amplitude and phase
gains calibrated using the static average image from Pa-
per III. The data are time-averaged to 120 seconds, a
systematic noise budget of 5% is applied and a noise
budget is added in quadrature to the uncertainties on
the visibilities following the variability studies discussed
in Section 4.1. We then reconstruct a Stokes Z image
using topset parameters for eht-imaging developed in
Paper III. We fix the image field of view at 150 pas and
solve for the intensities on a grid of 64 x 64 pixels. We
next (rve)self-calibrate the station amplitude and phase
gains (assuming Gr = G1) to our final Stokes Z image.
Using this image as the prior for polarimetric imaging,
we then reconstruct linear and circular polarization im-
ages separately.

For linear polarization image reconstruction, the ob-
jective function in Equation A2 includes two log-
likelihood x?2 terms; one computed using the RL* po-
larimetric visibility P = Q + il{, and one using the vis-
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ibility domain polarimetric ratio m = ’ﬁ/i X?;L is im-
mune to most residual station gain errors left over from
Stokes Z imaging except for R/L gain ratio, while X% is
not. We use two regularizers for polarized flux density;
the Holdaway-Wardle (Holdaway & Wardle 1990) regu-
larizer Spw (Equation 13 of Chael et al. 2016) prefers
image pixels that take a value less than mpy. = 0.75
(the theoretical maximum polarization for synchrotron
radiation), and the total variation (TV) regularizer Stv
(Rudin et al. 1992) penalizes large pixel-to-pixel image
gradients in both the real and imaginary part of the
complex polarization brightness distribution (Equation
15 of Chael et al. 2016). The linear polarization objec-
tive function is thus

Jpol(Q,U) = OZPX% + amX3, — BawSaw — BrvStv.

(A3)
The relative weighting between the data constraints and
the regularizer terms is set by the four hyperparameters
ap, Qmy, Baw,and Bry. We solve for the polarized flux
distribution that minimizes Equation A3 parameterized
by the fractional polarization m and EVPA £ in each
pixel. The Stokes Z image is fixed in the polarimetric
imaging step and defines the region where polarimetric
flux is allowed. We restart the gradient descent process
several times, using the output of the previous round
of imaging blurred by a 20 pas Gaussian kernel as the
new initial point and iterating through imaging rounds
by increasing the weights on x3, and x%. We keep the
underlying data and gains fixed.

For imaging Stokes V, eht-imaging again fixes the
Stokes Z image and solves for the fractional circular po-
larization V/Z in each pixel by fitting to self-calibrated
V visibilities. The circular polarization fraction is lim-
ited to the range —1 < V/Z < 1 by means of a change of
variables between the pixel fractional polarization and
the quantity solved for in gradient descent. The circular
polarization objective function includes a total variation
regularizer on the V map as well as an ¢; sparsity reg-
ularizer (e.g., Akiyama et al. 2017), both of which take
the same form as in total intensity imaging (Chael et al.
2016). We again image V in multiple rounds and per-
form iterative self-calibration, this time solving for right
and left complex gains independently to account for rel-
ative polarimetric gain offsets. The D-terms are kept
fixed during Stokes V imaging.

A4, DoG-HiT

The DoG-HiT procedure consists of two steps. In the
first step we utilize the DoG-HiT algorithm (Miiller &
Lobanov 2022) to approximate a static total intensity
image and derive the multi-resolution support (the set of
statistically significant wavelet coefficients). In the sec-
ond step, we utilize this prior information for the multi-
resolution support imaging strategy described in Miiller
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& Lobanov (2023b) to add linear polarimetry and solve
for the dynamics.

DoG-HiT models the image by a set of multi-scalar
basis functions (Miiller & Lobanov 2022). The matrix
containing all basis functions is commonly referred to
as a dictionary, and we denote it as I' for the rest of
this discussion. The total intensity map X is defined
as X = I'Z, where .Z is the array of wavelet coeffi-
cients. The scalar widths and angular orientations of the
wavelets are selected based on the (u,v) coverage, such
that they separate the image structural features that are
measured (covered by observations) and those that are
mainly sensitive to the gaps in the (u,v) coverage. To
achieve this goal, we developed special dictionaries of
wavelets, or differences of elliptical Bessel functions and
differences of elliptical Gaussian functions; see Miiller &
Lobanov (2023a) for more details. We use a sparsity-
promoting regularization formalism that is analogous to
Equation A2 except that the data products being fit
are closure phases and closure amplitudes that are con-
structed from the Stokes visibilities (x2,, XZamp), and we
solve for the wavelet coefficients rather than the image:

J(I) = x5 ([T I) + Xamp(TF)

+o- ||jHlo +Rﬁux(j,f)v (A4)
where « is the regularization parameter and Rg,x is
a total flux constraint with a compact flux density f.
In this framework, DoG-HiT reconstruction attempts to
recover a total intensity image while minimizing user-
based choices, i.e., by using only data terms for the
static total intensity image that are robust against the
self-calibration, and a data driven choice of the regular-
ization term. It has been demonstrated that EHT data
are constraining enough for closure-only imaging of the
total intensity image (e.g., Chael et al. 2018, M87* Pa-
per IV, Paper 111, Miiller et al. 2023).

In a second step, we address the dynamics and the
polarimetry. During the fitting of the static DoG-HiT
(Stokes Z) model to the observed visibilities, wavelets
that are sensitive primarily to spatial scales associated
with gaps in the (u,v) coverage have their coefficients
suppressed. This prior information is used for the re-
construction of polarimetric and time-variable data sets
by a constrained minimization procedure, i.e., we fit the
full Stokes polarimetric visibilities independently for ev-
ery frame but only vary the coefficients in the multi-
resolution support (Miiller & Lobanov 2023b), by mini-
mizing X% (t) and x3}(t) for every snapshot.

For the Stokes 7 static analysis of the time-variable
source Sgr A*, we use the fiducial average image from
the total intensity analysis (Paper III) as an initial guess,
self-calibrate the data set to this model, add systematic
noise at a level of 2% at every baseline, and calculate the
multi-resolution support with the main imaging round
of DoG-HiT by forward-backward splitting (Miiller &
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Lobanov 2022). For the polarimetric and dynamic anal-
ysis, we first recover mean Stokes Q, U and V images via
the constrained minimization procedure outlined above.
The number of iterations is manually set to 1000 itera-
tions. Finally, we segment the data sets in frames of 30
minutes, and recover the linear polarized image in every
frame independently. For each frame, the mean polari-
metric image is used as an initial guess for a multi-scalar
gradient descent approach with a small step size. The
frames of this snapshot reconstruction are uniformly av-
eraged and presented as final results of DoG-HiT.

B. SYNTHETIC DATA TESTS

In VLBI imaging, free parameters within an analysis
method are typically set by the user based on previ-
ous experience with similar data sets. To select method
parameters able to reconstruct high-fidelity images, we
carry out exploratory studies of the parameter spaces on
synthetic data selected to mimic the behavior of Sgr A*.
The best performing set of parameters for each method
is then applied to the Sgr A* EHT data.

The synthetic data sets used for this study consist
of eight synthetic EHT observations using the Sgr A*
April 6 and April 7 equivalent low and high-band (u, v)
coverage generated from a MAD a, = 0.5 Rpnjgn = 40
1 = 50deg KHARMA GRMHD simulation, which has
a typical set of parameters similar to Sgr A* behavior
in total intensity (Paper V). The April 6 and April 7
data sets are from two distinct time ranges of the same
GRMHD simulation. Model 1 is the original GRMHD
simulation with |[mye¢| &~ 0.03 and vy, ~ 0.005. Both of
these values are smaller in magnitude than observed for
Sgr A*, but this model produces a comparable degree
of polarization variability: 100% of total-intensity vari-
ability in comparison to 50% for Sgr A* (i.e., a parallel-
hand/cross-hand variance ratio of 100%; see Section 4.1
for the measurement method and Sgr A* results). While
Model 1 produces a reasonable level of polarization vari-
ability, the fact that it under-produces the net linear
and circular polarization fractions leads to pessimistic
results in terms of the polarized signal to noise. There-
fore, we also include Model 2, the GRMHD simulation
rescaled so the time-averaged linear and circular po-
larization fractions match those measured in Sgr A*,
|Mnet| = 7.5%, vnet = —1.5%. This rescaling results in a
degree of polarization variability 500% larger than that
in total intensity in Model 2. Thus, compared to Sgr A*
itself, Model 1 produces a reasonable amount of variabil-
ity but with too little polarization, while Model 2 pro-
duces reasonable polarization fractions with too much
variability. Both models are corrupted with the cur-
rent best model for the Sgr A* scattering screen (Psaltis
et al. 2018; Johnson et al. 2018; Issaoun et al. 2021).
These GRMHD models are expected to reproduce po-
larimetric behaviors of the real Sgr A* data, i.e., slow-
varying EVPA patterns, similar polarization variability
for Model 1, and similar polarization degree for Model 2,
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Ground Truth Average eht-imaging DoG-HiT snapshot m-ring THEMIS

Truth

Model 1

Model 2

0.0

Figure 16. Linear polarimetric images of synthetic models across all methods, combining both days and bands. The posterior
exploration results are means of the posterior distributions of images. Model 1 is a low-polarization and low-variability model,
Model 2 is a high-polarization and high-variability model. The correlation coefficient (I:" . ]3) comparing to the associated ground
truth is shown in the top left corner of each reconstruction. The display scheme is analogous to that of Figure 8.

Ground Truth Average eht-imaging DoG-HiT snapshot m-ring THEMIS
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Figure 17. Circular polarimetric images of the two synthetic models across all methods, combining both days and bands. The
posterior exploration results are means of the posterior distributions of images. The correlation coefficient (V - V) comparing
to the associated ground truth is shown in the top left corner of each reconstruction. The display scheme is analogous to that
of Figure 11.

while carrying characteristics that make them inherently 1s2s are generated using routines in eht-imaging. We follow
more challenging to reconstruct, i.e., higher structural is2é the synthetic data generation procedure in Section 4.3
variability in total intensity overall, lower polarization 1s2z of M87* Paper VII, sampling visibilities on EHT base-
degree for Model 1, and higher polarization variability 1s2s lines and corrupting with thermal noise, complex gain
for Model 2. 1820 Offsets; and polarimetric leakage terms. For consistency

The average linear and circular polarization images of 1s30 with the Sgr A* analysis, we then correct the synthetic
the source models are displayed in the first columns of 1ss1 data with the M87*-derived D-terms; see Section 2. We
Figures 16 and 17, respectively. The synthetic data sets 1ss2 also generate total-intensity images with the SMILI soft-
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Figure 18. Comparisons of the measured linear and circular polarimetric quantities from the individual methods and the
ground truth average images of the GRMHD movies. The results for Model 1 are shown in the top eight panels, and the results

for Model 2 are shown in the bottom eight panels. For the RML imaging methods, the filled and open symbols represent the

April 6 and April 7 results, respectively. The errorbars for the snapshot m-ring and THEMIS methods represent the the 90%

confidence range from the day-combined posterior distributions. The ground truth values are represented as filled and dashed
lines for April 6 and April 7, respectively. For DoG-HiT, which does not actively enforce |P|/Z < 1 or Z > 0, we mask out any
pixels that are below 10% of the peak intensity before calculating these quantities. The ground truth GRMHD average images

are blurred with a circular Gaussian 20 pas beam, as is done for the theory models compared to Sgr A* in Paper VIII. Horizontal

lines represent the truth values for the average image, while shaded regions represent the 5th to 95th percentile regions spanned

by individual snapshots for the two observing days. There is no measured m-ring value for v,et because the method fixes it to

a value inferred from the ALMA light curve.
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ware (Akiyama et al. 2017) using its topset parame-
ters from Paper III. The SMILI total intensity images
are then used to self-calibrate the synthetic data before
imaging with eht-imaging and DoG-HiT. This is anal-
ogous to the procedure for M87* polarimetric imaging
in M87* Paper VII to keep the total-intensity imaging
independent from the polarimetric procedures. The pos-
terior exploration methods do not use the self-calibrated
data, as is the case for the Sgr A* analysis.

We present the linear polarization reconstructions of
the two models in Figure 16. For each method we display
the two-day (April 6 and 7) and two-band (low and high)
average results, indicating the normalized overlap in the
linear polarization structure between the reconstructed
image and the ground truth in the top left. We quantify
this overlap in terms of a correlation coefficient between
the reconstructed and ground-truth linear polarization
images, blurred to an effective resolution of 20uas, as
described in M87* Paper VII, where:

Rel(P P§)
V(P P )\ /(P Py)
The real part is chosen to measure the degree of align-
ment of the polarization vectors (Q, ). We present the
circular polarization reconstructions of the two models
in Figure 17, combining both days and bands. We also

quantify a normalized overlap between the reconstructed
and ground-truth circular polarization images, where:

(Vo) '
(V2 /(W)

— —

(P Py) =

(B5)

(V- Vo) = (B6)

This metric is very sensitive to diffuse structure, which
is more prominent in the circular polarization images,
thus leading to worse overlap in circular polarization
reconstruction across methods than linear polarization.
The measured quantities presented in Figure 18 serve as
an additional metric for reconstruction fidelity.

We note that for the snapshot m-ring modeling the
mean image from posterior draws is constructed from
the individual snapshot reconstructions, and so this
mean image is not expected to fit the mean ground truth
image. Consistency is better shown via the measurable
quantities from the entire posterior distribution. A com-
parison of the measurable polarimetric quantities to the
ground truth is shown in Figure 18. Because (|m|) and
(lv]) are resolution-dependent, we apply a 20 yas Gaus-
sian blurring kernel to the GRMHD simulations before
computing truth values. All methods are generally able
to recover the quantities of interest. The two poste-
rior exploration methods, the snapshot m-ring model-
ing and THEMIS, perform comparably well, and better
than the RML imaging methods. DoG-HiT has the most
difficulty reconstructing the synthetic data as a conse-
quence of its relatively weak assumptions on the distri-
bution of the emission (it does not enforce |P|/Z <1 or
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DoG-HiT
AVERAGE

eht-imaging
AVERAGE

50 pas

RING 2

50 pas

RING 2

50 pas

RING 3

50 pas

50 pas

Figure 19. 2017 April 7 polarimetric images of Sgr A* with
eht-imaging (left) and DoG-HiT (right), where the underly-
ing Stokes Z image (in greyscale) used in the self-calibration
is chosen from the overall representative average image and
the averages from the three ring clusters in Paper III. The
display scheme is analogous to that of Figure 8.

Z > 0). Based on the synthetic data performance and
provided posterior distributions to quantify uncertainty,
the m-ring and THEMIS Sgr A* results will be used for
theoretical constraints, while the imaging results pro-
vide here a consistency check using inherently different
methodologies.

C. STOKES 7 DEPENDENCE

In this section, we describe a targeted test of the de-
pendence of the polarimetric results on the underlying
Stokes Z structure. Paper III identified four clusters
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Table 7. The normalized correlation coefficient between the
April 7 polarization structure in the ring modes and that of
the average image in Figure 19, for both eht-imaging and
DoG-HiT.

Ring Mode eht-imaging DoG-HiT
Ring 1 0.93 0.97
Ring 2 0.88 0.85
Ring 3 0.92 0.90

of total-intensity structure in the top set images recon-
structed for Sgr A*. Among these four clusters, three
have a clear ring morphology with varying intensity pat-
terns along the ring. Here we assume that Sgr A* has
a ring morphology, and we test the choice of underlying
ring mode in the polarimetric imaging.

In Figure 19, we show the reconstructed images for
April 7 with both eht-imaging and DoG-HiT — the
two softwares that make use of data that have been
self-calibrated using the average total intensity image
— across the different total-intensity ring modes. In
Table 7, we show the normalized overlap between the
polarimetric structures of the ring modes and that of
the average image used in the self-calibration for the
primary results. While the total-intensity distribution
along the ring differs, the polarization structure shows
stability across ring modes. The main polarization prop-
erties are thus insensitive to the underlying total inten-
sity ring mode.

D. CALIBRATION PIPELINE DEPENDENCE

While the main results in this work use the EHT-
HOPS pipeline (Blackburn et al. 2019), we perform ad-
ditional checks against the CASA rPICARD pipeline
(Janssen et al. 2019) data. In Figure 20, we compare
Sgr A* reconstructions from HOPS and CASA data
for the 2017 April 6 and 7 observing days using iden-
tical analysis scripts with one RML imaging method
(eht-imaging) and one posterior exploration method
(snapshot m-ring modeling). We compute the polariza-
tion cross-correlation between the two reduction pipeline
images, shown in the top left corner of the CASA pan-
els, and find good consistency. While the total-intensity
images show some variation due to data differences, the
same linear polarization structure for the CASA images
is present on a large fraction of the ring, with a near-
azimuthal EVPA pattern. In Figure 21, we compare
the snapshot m-ring and eht-imaging reconstructions
of the circular polarization in Sgr A* using HOPS and
CASA data. For the snapshot m-ring method, the dipole
structure along the ring, with a negative western re-
gion and a positive eastern region, is consistent for both
pipelines. The eht-imaging reconstructions both pre-
fer predominantly negative circular polarization but the
location differs due to the variability in the data. Based
on our confidence in each reconstruction method from

snapshot m-ring

eht-imaging

»n
a ¥
o
jan
50 pas
(P P) =099
<
»n
<
O
50 pas 50 pas
Figure 20. Comparisons of reconstructions with

eht-imaging and snapshot m-ring modeling using the HOPS
(Blackburn et al. 2019) and CASA (Janssen et al. 2019) re-
The HOPS
images are those presented and used in the main body of

duction pipelines combining days and bands.

this work. For each CASA image, the polarimetric cross-
correlation is calculated against the equivalent HOPS image.
The display scheme is analogous to that of Figure 8.

eht-imaging snapshot m-ring

HOPS

CASA

Figure 21. Comparisons of circular polarization reconstruc-
tions with eht-imaging and snapshot m-ring modeling us-
ing the HOPS (top) and CASA (bottom) reduction pipelines
combining days and bands. The display scheme is analogous
to that of Figure 11.
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the synthetic data tests, the main conclusions are gen-
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erally robust to differences in calibration and reduction
pathways.
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