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Abstract

The Event Horizon Telescope observed the horizon-scale synchrotron emission region around the Galactic center
supermassive black holeSagittarius A (Sgr A), in 2017. These observationsevealed a bright, thick ring
morphology with a diameter of 51.8 + 2.3 pas and modegtimuthalbrightness asymmetrgonsistenwith the
expected appearance of a black hole with mass M = 4 5M), . From these observationsye presenthe first
resolved linear and circular polarimetric images of Sgr.AThe linear polarization images demonstrate tthe
emission ring is highly polarizedexhibiting a prominentspiral electric vector polarization angle 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 circulapolarization in the eastern regionalthough our methods exhibitstronger
disagreement than for linear polarization. We analyze the data using multiple independent imaging and modeling
methodseach of which is validated using a standardized suite of synthetic data d&ftsile the detailed spatial
distribution of the linear polarization along the ring remains uncertain owing 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 fibidk, we

discuss in an accompanying publication.

Unified Astronomy Thesaurus concepts: Black holes (162); Supermassive black holes (1663); Polarimetry (1278);
Radio interferometry (1346); Very long baseline interferometry (1769); Galactic center (565)

1. Introduction individual stellar orbits on scales of 10°~10° Schwarzschild

. . . radii (Do et al. 2019; Gravity Collaboration et ak022).
The Event Horizon Telescope (EHT)Collaboration,using Thfa EHT images are brgadly consistentwith num)erical

the technique of very long baseline interferometry (VLBI) at simulations of a hot. radiatively ineffici .
; , : , y inefficient, and highly sub-
230 GHz,recently published the firstresolved images ofthe Eddin ; -9. :
. . o gton accretion flow (L/L gqq~ 1077; PaperV). While
(sggre,rg;a:\sr:;Iey:Lasctljs?r?glgeaa\t/l:ri(gta;ac;tli(r:n(;eg?rtzriﬁgItgtzgl;fef;ical initial evidence for a low accretion rate came from the radio
./ ) adlig ) and submillimeter spectrum of Sgr Ain total intensity (e.g.,
modeling methods revealed a briglgmission ring associated  fF5|cke et al. 1993; Narayan et al. 1995; Yuan et al. 2003), the

with the inner accretion flow together with a dark central strongest evidence has come from polarimetric observations at
brightnessdepression associated with gravitationalensing, radio and submillimeter wavelengths. The first polarized
redshift, and light capture by the black hole (EventHorizon measurementsf Sgr A were made in circular polarization
Telescope Collaboration etl. 2022a,2022b, 2022¢,2022d,  (Bower & Falcke 1999b)°° Following these detections, initial
2022e, 2022f, hereafter Papers|-VI). BecauseSgr A is measurements of linear polarization (Aitken et al. 2000; Bower

heavily scattered by the intervening ionized interstellar mediumet al. 2003) demonstrated thatthe accretion rate must be
and exhibits rapid (intrahour) intrinsic variability, these My 10 85 yr! to avoid depolarization through Faraday
analysesemployed a seriesof novel approachedo address rotation (e.g., Agol 2000; Quataert & Gruzinov 2000).
both effects on the emission morphology (see Papers I, Subsequentobservationsperformed simultaneouslyat 227
and V). These challengesyhich were notrelevantfor EHT and 343 GHz enabled measurements tfe Faraday rotation
observations of Messier 87M87"; EventHorizon Telescope ~ measure (RM), RM ~ -5 x 10°rad m? (Marrone et al.
Collaboration et al. 2019a, 2019b, 2019c, 2019d, 2019e, 2019f2007), substantiating thelow accretion rate and providing
hereafter M87 Papers I-VI),led to substantiaincertainty in ~ tighter constraints on models of the accretion floBtudies of
the resulting image, particularly in the azimuthal emission  the polarimetric lightcurve of Sgr A also revealed intrahour
profile. Neverthelesss discussed in Paper V, the diameter of Variability in the linear polarization (Marrone 2006Marrone
the emission ring in Sgr'As consistent with expectations for a &t al- 2008), circular polarization (Bower et al. 2002), and RM
black hole with a mass of M = 4 x 8B, located at a distance (Bower.etal. 2018).The polarimetric varlatlo_ns occasionally
of D = 8 kpc (e.g., Falcke et al. 2000; Broderick & Loeb 2005), show hints of loops in the Stokés-l plane with a preference

; ; . for clockwise motion, although counterclockwise motion is
as inferred by observationsat infrared wavelengths of also regularly observed (Marrone et al. 2006b; Marrone 2006).

Original content from this work may be used under the terms

rammm Of the Creative Commons Attribution 4.0 licence. Any further 195 ggr A" has a circular polarization fraction exceeding the linear polarization
distribution of this work must maintain attribution to the author(s) and the title fraction at frequencies v [0 100 GHz (e Bower et al. 1999a;999¢; Mufioz
of the work, journal citation and DOI. etal. 2012).
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Unresolved polarimetric measurements of Sgrifave also those of two calibrator sourceghe quasars J1924-2914 and
been made at near-infrared wavelengths, showing high NRAO 530.Scientific analyses of EHT observations of these
fractionallinear polarization with intrahour variability during two calibrators are presented in Issaoun etal. (2022) and
flares (e.g., Genzel et al. 2003; Eckart et al. 2006; Trippe et al. Jorstad et al. (2023), respectively. This letter focuses on'Sgr A
2007). Recently, the GRAVITY Collaboration produced observationson 2017 April 6 and 7, which have ALMA

polarimetric observations othe Galactic centerin the near- participation and low levels of variability in the source
infrared with the Very Large Telescope Interferometer (VLTI; compared to the other observed days (Paper II).
Gravity Collaboration et al. 2017). These observations The VLBI data were recorded in two polarizations and two

produced astrometric measurements suggestiveatfckwise  frequency bandsAll observatories recorded two 2 GHz-wide
motion on the sky (Gravity Collaboration etl. 2018,2023);  frequency bands centered at 227.1 and 229.1 GHz, to which we
the associated integrated polarization variability was consistentefer here as low and high band, respectively. A more detailed
with models with a modestly inclined accretion flow and strong description of the EHT setup is presented in M87 Paper II.
magnetic fields (Gravity Collaboration et al. 2020). The recent With the exception of ALMA and JCMT, all observatories
polarized light-curve studies by Wielgus et al. (2022b) at  recorded both right-circular polarization (RCP) and left-circular
230 GHz also supportlockwise motion near the black hole, -~ polarization (LCP).ALMA recorded dual linear polarization,
associated with an X-ray flare (Paper II; Wielgus et al. 2022a). which was later converted to circularpolarization using the

To date, the only spatially resolved polarimetric measure-  po|Convert software package (Marti-Vidal et al. 2016).
ments of Sgr A have come from precursor EHT observations JCMT recorded only RCP on April5, 6, and 7 and LCP on
at 230 GHz with a three-elemerdrray (Johnson eél. 2015). April 10 and 11.
These observationgound a sharp increase in the interfero- After correlating the recorded data from allelescopeswe
metric fractional polarization measured on long baselines,  qrrected forinstrumentalbandpass effects and phase turbu-
sometimes exceeding unity, indicative of synchrotron emission|gnce from Earth’s atmosphere using established fringe-fitting
produced by partially ordered magnetic fields on scales @ 5,5qrithms (M87 Paper IIl). This calibration was carried out
few Schwarzschild radii (see also Gold et al. 2017). These  ging two separate software pipelines: the CASA-based
observationsalso revealed intrahourvariability in the inter- rPICARD (Janssen etal. 2019) and the HOPS-based EHT-
ferometric fractiopal poIarizatlion on ang bas:elinémdicating HOPS (Blackburn etal. 2019). After the atmospheric phase
a compact and.h|ghly_ dynamic emission reglon._However, variations are removed, the data can be coherently averaged in
these observations did not have sufficient baseline coverage tq; .o 15 increase the signal-to-noiseratio (S/N). We also
produc_e Images. ) . . corrected for instrumentalRCP and LCP phase and delay

In this paper we present the first spatially resolved horizon- offsets by referencing the fringe solutions to phased ALMA
scale images of Sgr An linear and circular polarization, using (Marti-Vidal et al. 2016; Matthews etal. 2018: Goddi et al

EHT observations taken in 2017 April at a frequency of : S ) .
230 GHz.In Section 2 we give an overview of the 2017 EHT 2019_)._The data were then amplitude calilbrated using st_atlon
specific measurements dhe system equivalenflux density

observationsand data processing.In Section 3 we discuss and time-averaged in 10 s segments (MBaper IIl: Paper Il)
properties of the Sgr Adata setand in Section 4 we discuss Finallv. stati 9 ith | ? d part P AL’MApAPEX
mitigation studies of three Sgr A—specific challenges to the SII\r/IIaA y, s Z'?J@MV\.’F aco o“ca ? pir nel.';)("?"d,, i f’ rth ’
analysis.In Section 5 we give an overview of the analysis ; , an .) were nework-caflbrated o 1u e_r
methods,and in Section 6 we presenthe linear and circular improve the amplitude callb_ratlo.n accuragcy (M87Pape_r|ll,
polarization images of Sgr Ain Sections 7 and 8 we provide a Blackburn et E_’“' 201.9)' Qahbratmg Sgr A presentsunique
discussion of the results and our main conclusions,respec- challengesowing to its time-varying nature and extended
tively. Similar to the polarimetric analysis of M87  (Event ~ ©Mission on arcsecondscales, which can affect visibility
Horizon Telescope Collaboration . 2021a,2021b,2023a, ~ amPplitudes forbaselines within localarrays like ALMA and
hereafter M87" Papers VII-IX), the polarized images of SMlA. Wlelgu§ etal. (2022a) descrlbg the techniques used to
synchrotron emission from the immediate vicinity of the black ©€Stimate the time-resolved flux density of Sgr #& overcome
hole event horizon provide a rich probe of the accretion physicéhese challenges during calibration. Gain amplitude corrections
and spacetimeyhich we discuss separately in an accompany- for the remaining stationswere interpolated from solutions

ing paper (Event Horizon Telescope Collaboration et al. 2024, derived on the calibrator target$1924-2914 and NRAO 530

hereafter Paper VIII). (Paper I1).
The main goalof the subsequenpolarimetric calibration is

i ) the correction of spurious polarimetric leakagkhis step was
2. Observations and Data Processing not part of the initial total-intensity data analysis (Paper §s

The EHT observed Sgr An 2017 April 5, 6, 7, 10, and 11.  the impact of leakage on the Stokescomponent is negligible
The observatories participating in the 2017 campaign were the(Paperslll and IV). Nonethelessthis effect is potentially

phased Atacama Large Millimeter/submillimeter Array significantfor the analysis of linear and circular polarization.
(ALMA) and the Atacama Pathfinder Experimer(APEX) in Hence,we employ the same calibration procedures used for
the Atacama Desert in Chile, the James Clerk Maxwell M87 *(M87 PaperVIl) for the polarimetric analysis ofthe
Telescope (JCMT) and the phased Submillimeter Array Sgr A data. Since polarimetric leakageis an instrumental
(SMA) on Maunakea in Hawai’i, the Submillimeter Telescope effect, the D-term coefficients, quantifying the impact of
(SMT) on Mt. Graham in Arizona, the IRAM 30 m (PV) leakage on the data, are expected to be stable on timescales of
telescopeon Pico Veleta in Spain, the Large Millimeter the EHT observing campaign (~1 week) and have the same
Telescope Alfonso Serrano (LMT) on the Sierra Negra in values for all observed sources. ALMA is an exception because
Mexico, and the South Pole Telescope (SPT)n Antarctica its polarimetric leakage is first corrected using multisource

(M87" Paperll). Sgr A observations were interleaved with  calibration as partof the PolConvert procedure, and the
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Table 1 Table 2
Daily Average D-terms for ALMA Derived Via the Multisource Intrasite Campaign-average D-terms for APEXCMT, and SMA Derived via the
Method Multisource Intrasite Method
Date Band Dk (%) Do (%) Station Dk (%) Dy (%)
Apr5 low 0.30 - 2.80i (£0.70) -1.42 - 3.74i (0.70) APEX -8.67 + 2.96i (£0.70) 4.66 + 4.58i (£1.20)
high -0.17 - 4.10i (£0.60) -1.09 - 4.02i (£0.60) JCMT -0.09 - 2.29i (+1.80) ~0.46 + 3.34i (+0.60)
Apr 6 low 0.60 - 5.45i (+0.40) -0.53 - 6.08i (£0.40) SMA -1.73 + 4.81i (+1.00) 2.79 + 4.00i (£2.20)
high -0.09 - 1.52i (0.30) -0.75 - 1.66i (+0.30)
Apr7 low 1.12 - 7.10i (+0.70) -0.46 - 5.77i (+0.70) Note. The D-term uncertaintiesare assumed to be distributed as circular
high 1.25 - 4.93i (x0.70) —-0.37 - 4.00i (£0.70) Gaussians in the complex plane.
Apr 10 low 0.78 - 2.61i (£0.30) —-0.40 - 2.82i (+0.30)
high -0.02 - 3.04i (0.30) -0.56 - 3.92i (+0.30)
Apr 11 low -0.15 - 6.33i (£0.50) -0.80 - 6.09i (+0.50) Table 3
high =029 - 5.19i (£0.40) ~0.76 - 5.07i (£0.40) Leakage Calibration D-terms Assumed for Stations without a Colocated Site
Note. The D-term uncertainties are assumed to be distributed as circular Station Dr(%) Di(%)
Gaussians in the COmpleX plane. LMT 2.5+ 3.5 -1.0+15i
SMT 2.8+9.0i 3.5+ 10.0i
PV -13.0 + 3.5i 15.0 + 0.0i

VLBI data are only impacted by residual leakage that can vary
fromday to day. Given these considerations,we apply
precalculated D-terms to the Sgr Alata setsFor the stations
with a colocated partner we use values derived through
polsolve multisource fitting (Marti-Vidal et al. 2021) in
Appendix D of M87 Paper VIl,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 rangesreported in
Appendix E of M87 Paper VIl as summarized in Issaoun et al.
(2022). The SPT D-terms are assumed to be zeroonsistent
with the constraintsfrom the analysis of the companion
calibrators J1924-2914 and NRAO 530 (Issaounadt 2022;
Jorstad et al2023), for which an identical set of D-terms was
incorporated and verified through consistency tests.

Finally, accurate calibration of complex R/L gain ratios is
relevant particularly for circular polarization (Stokes [I)
analysis.In this work we take a self-calibration approach that
assume$ = 0. This method is more conservative regarding
the potential detection of circular polarization than the primar
approach discussed in Appendix A of M87Paper IX. None-
theless,this calibration allows for a full recovery of circular
polarization morphology constrained by robust interferometric
closure quantities; see also Roelofs et @023).

y

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 ofSgr A as a function of (u, v) after D-term
calibration. The colors encode the amplitude othe complex
fractional polarization/M in the visibility domain, coherently
time-averaged in 120 ssegments Following Johnson et al.
(2015), we define the visibility-domain fractionapolarization
as

O+ i0

B 2RL*

o —_—
m " RR 4+ LL*’

Q)

P
i

wherel ,I", and [ are the visibility-domain Stokes parameters
sampled.Sgr A is moderately polarized on mostbaselines,
|M < 1. Data points on the Chile-LMT and Chile-Hawai'i
baselines for 2017 April 7 have very high fractional
polarization | ~ 2, that occurs at(u, v) spacings where the
Stokesl amplitudes approach a deep minimulive also find
that the polarization fractions on short (<3 GA) baselines are

3

similar to those observed in 2013 by Johnson et al. (2015); see
Figure 2.

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 quantities immune to complex station gains
and polarimetric leakages Conjugate closure trace products
deviate from unity (i.e., their phases deviate from zero) only in
the presence of nonuniform polarization structures, and they are
therefore clear indicators of source polarization (Broderick &
Pesce2020). We note significant deviations from zero in
Figure 3, indicating that Sgr A has spatially resolved,
nonuniform polarization structure. Statistically different values
of the conjugate closure trace products on the same quadrangles
between 2017 April 6 and April 7 further indicate that the
polarization structure in Sgr Ais time variable. X

In Figure 4 (top panels)we show the RR and LL closure
phases on two triangles with particularly high S/Rignificant
deviations from zero are a consequencef resolved and
asymmetric structure in RBnd LL. The difference in closure
phase between the two correlation products shown in the
bottom panels, with the average closure phase difference shown as
a green band (10 uncertainty in the estimate of the mean), which
deviates from zero and thus indicates the presence of a circular
polarization signalas is the case forM87 (M87 PaperlX).
Because the effects of residuaicorrected polarization leakage
enterin at the [11% level for the parallel-hand correlation
products, we expect the difference betweeraRIRLL closure
phases to be dominated by intrinsic Stok&mal rather than by
instrumental systematits fact, the study of systematics in the
data in Paper |l revealed an excess “noise” of RR closure
quantities in the Sgr Aata compared to other sources, likely due
to the presence of intrinsic 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 Mé?(*M87*
Paper VlI), there are additionathallenges in the Sgr Adata
that increase the difficulty of reconstructing images. The effects



The Astrophysical Journal Letters,

964:L25 (32pp)2024 April 1

Event Horizon Telescope Collaboration et al.

b N
%

o s
AR

—— o 2.0

] 8

1052

) .9

v ; ] =

ke ;VS E“:',gg = , 1 E

= YA I % 1l 1.0.2

|~ 7 "7 / j; 7 % ] O?

I ¥ o : ] =
) [

| \ ”y":‘:\t\ \;g&\ | g

L W LN ~— oF _ 0_5%

3 : <

—

- 1 =

=
o

0
u (GA)

u (GA)

Figure 1. The (u, v) coverage for the April 6 (left) and April 7 (right) EHT observations of Sgurfag the 2017 campaign. The color of the data points encodes the
fractional polarization amplitud@(U,v ) |in the range from O to 2, and the tick direction encodes the measured polarization dx&ctigR(U,v ). The data shown
are derived from low-band visibilities after the data reduction and D-term calibration described in Section 2 have been applied. The data points are coherently aver
over 120 s High polarization fractions at the tails of certain baseline tracks are due to low S3#lthey probe total-intensity minima.
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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 pandlne 2017 panel is a zoom-in of the right panel of Figure wjth the color-bar amplitude range from

Johnson et al(2015).
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frequency bands and in time over 120Monzero phases indicate that the source has spatially resolved and nonuniform polarized structure.
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Figure 4. Closure phases observed on the ALMA-SMA-LMT (left) and ALMA-SMT-LMT (right) triangles during S$dpsarvations on April 6 (squares) and April

7 (circles). Open and filled markers denote low- and high-band data, respectively. Top: closure phases constructed from scan-averaged visibilities for both epochs,

in red, LL in blue. Bottom: difference of closure phases begweeﬁ &R LL. The zero level of the closure difference (i.e., hadetected) is marked with a black
dashed lineThe light-green band shows the average RR.L  difference.

of interstellar scattering along the line of sight to the Galactic
centerand the source’s time variability on short(~minutes)

timescales have been studied and mitigated in the Stokés

analyses (Papers I, 1ll, and 1V). We discuss how the variability“red” power spectral density. As a consequencejn the
and scattering manifest in the polarimetric data in Sections 4.1 GRMHD simulations, the bulk of the variability can be
and 4.2, respectively. In Section 4.3, we discuss the additional eliminated by normalizing the total intensity of individual
effects of Faraday rotation on the results and how these informimage frames (Wielgus et al. 2022a). After light-curve

theoretical interpretation.

4.1. Intrinsic Time Variability

4.1.1.Stoked

Variability

During the 2017 EHT observing campaign, SéreAhibited
Stokesll variability across a wide range oftimescales.The
compact source-integratedight curve during this period
exhibits variability from minutes to the longest timescales
probed (18 hr)with a “red” temporal power spectrum (i.e.,
larger variability on longer timescaled/Vielgus etal. 2022a).

Structural variability is also

present on spatial scales

comparableto that of the black hole shadow, appearing
directly in visibility amplitudes and closure quantities

(Papers Il and V).

The variability of Sgr A” was theoretically anticipatedhe
dynamical timescale near the event horizon of Sgr A is
~GM/c 3= 20 s, and the observed brightness fluctuations are
natural consequence®f the turbulent structurespredicted
by numerical general relativistic magnetohydrodynamic

(GRMHD) simulations (Paper V). A survey of

the EHT

simulation library confirms that the spatiotemporalpower

spectrum ofthe variability (i.e.,

fluctuations aboutthe mean

image) in the GRMHD simulations is universally well
approximated by a cylindrically symmetric, broken power

law in both the spatial and temporaldimensions(Georgiev
et al. 2022). These power laws are dominated by the largest
spatialand longesttemporalscales,.e., they exhibita “red”-

normalization, the intranight power spectrum peaks at a
baseline length of 12 GA (LJ100 pas).

Tools for measuring and mitigating the Stokiesvariability
in Sgr A have been developed based on the universality
observed in GRMHD simulations (Broderick et al. 2022). The
spatial power spectra have been estimated by computing means
and variances of visibility amplitudes across frequency bands
and days in patchesof the (u,v) plane after light-curve
normalization and performing linear debiasing (see Section 4
of Broderick et al. 2022). This procedure leverages the compact
nature of Sgr A makes use of the approximate spatial isotropy
anticipated from the GRMHD simulations (Georgiev et al.
2022), and incorporatesestimatesof the uncertainty that
include contributionsfrom the statistical 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 ™.

156 Because the empiricalariability power spectra estimates are made after

light-curve normalization,they do not suffer from the apparent excessof
variability in GRMHD simulation light curves over that seen in Sgr By the
EHT in 2017 (Paper V; Georgiev et aR022).
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Figure 5. Phase off1 on the crossing and following tracks identified in Paper |V, 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 ex:
track locations in the (u,v) plane)All data have been coherently averaged on 120 s timescales to illustrate short-timescale variaNiitgdditional systematic
uncertainty has been added.

The intrahour structuravariability of Sgr A was mitigated present on timescales [13 hr, including large differences
in Paper Il in three stages. First, the complex visibilities were between 2017 April 6 and 7. Polarimetric variability is
light-curve normalized (Wielgus et aR022a),eliminating the similarly implied by the rapid variations in the conjugate
largest component of the variability and suppressingall closure trace productsshown in Figure 3, and it is shown
correlated components. Second, the additional variability explicitly by the comparison between observation daysor
power, inferred from the empirical variability estimate, was both of the quadrangles shown in Figure 3the phase of the
introduced as an additional statistical error about a mean imageonjugate closure trace products varies by ~90° on timescales
structure.Where the magnitude of this additionatomponent of tens of minutes, on similar timescalesto the variability
was uncertain, the level of excess “noise” was surveyed as parbbserved in Stoke8 but lower in magnitude.
of the imaging and modeling exploration. Third, the additional = To quantitatively assess the degree opolarimetric varia-
uncertainty necessary was estimated via “noise-modeling,” thebility, we extend the empirical estimate used for Stéké&®m
direct fitting of a simultaneous model for the mean image and &Broderick et al. (2022) to the independentparallel-hand and

parameterizedproken power-law model for the statistical cross-hand correlation productBollowing the application of
properties ofthe otherwise unmodeled variability (Broderick  calibrator-determined leakage terms, the procedure is similar to
et al. 2022; Paper V). that in Paper IV: visibilities are scan-averaged and light-curve
normalized, the mean and variance within patches are
4.1.2.Polarimetric Variability computed afterlinear detrending and azimuthally averaged,

and uncertainties are estimated via Monte Carlo sampling of
the statistical uncertainties,complex gains, and leakages.
Estimatesof the azimuthally averagedpower spectraare
independently generated forRR, LL , RL, and LR . The
results after combining the 2017 Aprd and April 7 data are
own in Figure 6 for each hand independently. X
The empirically estimated parallel-hand power spectra (RR
and LL) are statistically indistinguishable from each other and
from those associated with theirStokesl counterpart.This
similarity implies thatthe absolute variability in Stoke§ on
150 pas is small in comparison to the variability in Stokes
While image structure may also induce variation®&ljfior sources smaller Practically, it implies that variability in the parallel hands may

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 o€ Mitigated effectively using the modeh Papers Ill and IV

smaller (u,v) scales are evidence for temporal variability in the source. for RR and LL individually.

Consistentwith historical expectations (e.g.Bower et al.
2002, Marrone etal. 2006a),during the 2017 EHT campaign
Sgr A exhibited significant polarimetric variability. This
variability is strongly implied by the rapid fluctuations®” in
the measured polarization direction in Figure Yariability is
also shown explicitly in Figure 5 for the crossing and following sh
tracks identified in Paper IV—segments of baseline tracks that
substantially overlap atdifferent observing times throughout
the night—for which large polarization direction swings are

157
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The cross-hand power spectra (Rhd LR) are statistically 1071 ¢
indistinguishable from each otherln the absence of uncor- ; { o2 | I
rected leakage, this is expected by construction and thus - { ofn b o
provides additional confidence in the calibrator-implied 10~ @ v (a2) Fit range (95%)
D-terms. More importantly, the cross-hand power spectra share & ; *
the shape of those associated with the paraltends,though I
rescaled to approximately 50% of the parallel-hand amplitude.
As in Papers Il and IV, we employ multiple variability
mitigation schemes when modeling or imaging the Sgtaha.
These may be segregated into two general categories:

—

9
=
T

10~% 3

Normalized Varian

Post-marginalization:Multiple images are reconstructed on
subsets of the data thatpan sufficiently shorperiods of
time that variability may be ignored, and they are
subsequently combined to yield a single “average” image. 10-6 |

Pre-marginalization: A single image is fit to the entire data set, 0
with additional noise added to account for the deviations in Baseline Length (G))
the visibilities due to the structural variability in addition to
the statistical and systematic components.

10-° 3

10

Figure 6. Model-agnosticestimatesof the azimuthally averagedexcess
variance of the parallel-handand cross-handvisibility amplitudes, after

_ ; ; ; removing thatfrom the reported statisticalerrors, as a function of baseline
For the pre marglnahzatlon methodswe make use of the length. Nonparametric estimates are obtained across April 6 and 7, using both

empirical polarimetric variability power spectraina way high- and low-band data. Uncertaintiesassociated with the thermalerrors,
similar to Paper lll, modified for polarimetric reconstructions. uncertain station gains, and polarization leakage are indicated by the error bars.
As with Stokedl , we normalize all correlation products by the Azimuthally averaged thermalerrors are shown by the gray triangles and
Stokes [ light curve to reduce the impact of large-scale provide an approximate lower limit on the range of accurate variance estimates.
T " g . For comparison, the magnitudes of the variance induced by refractive scattering
correlated variability Additional statlstlcgl error following the are shown in purple along the minor (top) and major (bottom) axes of the
broken power-law modeis then added in quadrature to each diffractive scattering kerne(see Section 4 of Paperlll); the variance along
correlation product, with the parallel hands receiving the same individual tracks on April 7 is shown by the solid purple lines. The orange band
additional noise as applied to Stokes 0 and cross-hands indicates th_e 95th percentile range of broken power-law fits to the Stokes
receiving an amount that is reduced by a fixed fraction. excess variances from Paper IV.
For Sgr A the parallel-hand/cross-hand variance ratio is

50%, i.e., half as much noise is added in an absolute sense to on long baselines is exponentially suppressed by diffractive
the cross-handsas that added to the parallel hands. blurring but retains an additive contribution from refractive
Depending on the polarimetric image reconstruction method, «ngjse” (Goodman & Narayan 1989; Narayan & Goodman
parametersof the additional noise model are surveyed or 1989; Johnson eél. 2015; Johnson & Narayan 2016)n this
directly reconstructed (see Appendix AWloreover.the value  yaper we follow the approach used in previous papers in this
of this variance ratio depends on the source properties and canygries and “deblur” our data before imaging (seeg.g., Fish
be both much smaller and larger for other data sets (ethe et al. 2014), dividing each measurementby the Fourier-
synthetic data sets discussed in Appendix Bhan found for conjugate scattering kernel on its baseline; we use the

Sgr A, depending on both the polarization fraction and degree scattering kernel parameters from Johnson et al. (2018), which

of variability. have been estimated using historicaleasurements of Sgr'A
and validated by subsequentmeasurementglssaoun et al.
2019, 2021; Cho et al. 2022). See Paper Il for more details on
. the effects of interstellar scattering for EHT Sgr Aata.

At radio wavelengths,the image of SgrA is heavily Because the ionized interstellar medium is rignificantly
scattered by ionized interstellar plasma along the line of sight. birefringent(e.g., Thompson etal. 2017; Ni et al. 2022), the
In particular, density inhomogeneities result in a variable index effects of scattering on polarimetric observables can be mild.
of refraction, with corresponding phase fluctuations across an For example, interferometric fractional polarization is invariant
image that vary with time and observing wavelength (5f « A).  to diffractive blurring; other image-integrated propertiesjch
For detailed discussionand a historical summary of the as the rotationally symmetric mode (B,) that we analyze
scattering of Sgr A, see Psaltiset al. (2018) and Johnson  gytensively in Paper VI, are only mildly affected by blurring
etal.(2018). . . (Palumbo et al. 2020). In general, the interferometric fractional
_ The effects of scatteringare predominantly caused by polarization is only weakly affected for any baseline on which
inhomogeneitieson two widely separatedspatial scales.  ofactive noise is small compared to the signal amplitude (see,
Diffractive”  scattering ansesfrom fIl_Jctua‘uons. on spat_lal e.g., Ricarte etal. 2023). Moreover,because the beam of the
scales .Of O f&m and_ results in qurrlng O,f the Image W'.th an EHTis comparable to the size of the diffractive blurring kernel,
approximately Gaussian kern€lRefractive” scattering arises the effects of scattering on the polarized image of Sg? Are

. . 7 .
{:femJ::f%g:ggzr?gfstﬂaet'ﬁ gal:ihc; Eo;g(rzgtaggrrr:ssuclntrsmd”lo a expected to be mild when viewed at the resolution of the EHT.
guiar ; g A P Figure 7 shows example scatteredimages of GRMHD
convolution.In terms of interferometric visibilitiesthe signal . . L . A
simulations in linear and circular polarization.

158 Note that this difference in variances does noimply that the fractional 'Il'a_ble 4 .Showg tlh(?. Val.uets Of the.' Image quangtles usefu(lj d
polarimetric variability is less than thatof Stokesll , because the fractional po ar'm?tr'c modé 'Scr'm'“at'fm n gnscgttere » Scattered, an
polarimetric variability also depends on the degree of polarization. blurred images of a GRMHD simulation viewed a230 GHz.

4.2. Interstellar Scattering
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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
scatteringAssociated measurable quantities are given in TablEat.display
purposes the unscattered snapshots are blurred with a smdlpas circular
Gaussian beammuch smaller than the EHT instrument resolutiohop: total
intensity is shown in gray scale, polarization ticks indicate the EVPA, the tick
length is proportional to the linear polarization intensity magnitude, and color
indicates fractional linear polarization. The dotted contour levels correspond to
linearly polarized intensities of 25%§0%, and 75% of the polarization peak.
Cuts are made to omit all regions in the images where Stbkes10% of the
peak brightness antdl < 10% of the peak polarized brightnesBottom: total
intensity is indicated in colored linear-scale contours, and the Stokesl
brightness is indicated in the diverging color mapith red/blue indicating a
positive/negative sign.

We define the image-integratednet linear and circular
polarization fractions as

\/(é il i)z + (a0 i)2

IMhed = . ) 2
aili
aili

net = ’ ’, 3)
ali

Event Horizon Telescope Collaboration et al.

Table 4
Image Quantities of Interest Computed on a Snapshot of a GRMHD Simulation
with and without Interstellar Scattering Effects

Param. Intrinsic Blurred Scattered and Blurred
[Mned (%) 4.72 4.72 4.62
Vne{ %) 0.33 0.33 0.35
(Im[}(%) 49.66 31.97 31.82
VN (%) 2.26 0.91 0.93
B4l 0.14 0.14 0.14
B2l 0.34 0.30 0.29
2B > (deg) 93.8 92.5 924
|B2l/IB 4| 2.43 2.15 2.14

Note. The GRMHD simulation is a magnetically arrested disk modelwith

a~ = 0.5, Row = 1, and R,ig, = 80 viewed at 30° inclination before and after
interstellar scattering (Event Horizon Telescope Collaboration et al. 2022¢). 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.

we also compute complex B,, modes, which are Fourier
decompositions of the linear polarization structure:

1 N\ \2p

¥
Q q
where (p, j) are polar coordinates in the image plandl ange
is the total flux density in the image. The B4 mode is the
simplest asymmetric mode, whilgif the simplest rotationally
symmetric mode. In particular, 2B, is a probe of the
handedness and pitch angle of the overall twidtthe electric
vector polarization angle (EVPA) pattern, where 3,=0°
indicates a radialEVPA pattern and B, = 180° indicates a
toroidal EVPA pattern on the image.

Image-integrated quantities such agdfirchange very little,
while resolved quantities such as (m|) are significantly
diminished by the diffractive blurring depolarization caused
by scattering. Notably, low-resolution morphological quantities
like B4 and & are almost completely unaffected, particularly in
phase,though higher-ordemodes would be more disrupted.
However, the effective size of the scattering kernel, ~16 pas, is
below the effective instrumentesolution of ~20 pas,and so
the presence ofscattering is nota large contaminantof the
image quantities of interest.

b P(rjye™ rqg #

(6)

0 image

where the sum is over the pixels indexed by i. We also measure

the image-averaged lineaand circular polarization fractions
{Jml) and (|v]) across the images:

4MiA :éi\/D i
ali

&0 | O

B aili

4

avin (@)
Note that these quantitiesdepend on the resolution of the
image; high-resolution GRMHD images will have system-
atically larger polarization fractions than their counterpart
image reconstructionsAll images used foranalyses in this
paper and the companion Paper VIII have been blurred to an
effective resolution of 20 pas. Following Palumbo et al. (2020),

8

4.3. Faraday Rotation

As radiation propagates through a magnetized meditine,
polarization state is affected by Faraday effects. Most notably,
the EVPA changes because ofaraday rotationguantifiable
with an RM. The RM can be characterized as

RM = (¢c;- ¢p/U5- 19, )

a difference in measured EVPAs x, between the frequency
bands corresponding to wavelengths,Xe.g., Brentjens & de
Bruyn 2005). A large RM of ~ - 4 x 10 ®°rad m 2 has been
measured in Sgr Aat 230 GHz While the measured value of
RM fluctuates significantly, the observed negative sign has
remained consistenffor decades(e.g., Bower et al. 2018;
Wielgus et al. 2024). Detailed RM measurements from ALMA
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as a connected-elemeiriterferometric array are available for
the exact EHT observing epochs, which indicate values
consistentwith historical data (Goddi et al. 2021; Wielgus
et al. 2022b,2024); see Table 5.

If the entire RM can be confidently attributed to an external aprii 6

Faraday screen located between the emitting compaotirce

and Earth, then the intrinsic EVPA pattern can be recovered byapyif 14

simply “derotating” EVPA ticks by an amount-RMA 2. For
these observationsthe measured RM assuming an entirely
external screen leadsto rotating the observed EVPAs by

approximately 50° (Table 5) clockwise before comparing them yqie The error estimates correspond to 68%

Event Horizon Telescope Collaboration et al.

Table 5
Median Rotation Measure of Sgr ®btained from the ALMA Interferometric
Light Curves (Wielgus et al2022b)

Observations RM (10°%rad ni?) AEVPA (deg)
-4.87+1%0 -48.2133
April 7 -4.567 142 -45.1*142
-3.15+ 342 -31.2+48
April 8, 7 -4.651% -46.0+124
All Days -4.23+18 -41.97133

of the distribution. The change in

to theoretical models of the accretion flow near the black hole gypa is evaluated at 228.1 GHz.

event horizonThe external character of the Faraday screen is

supportedby the persistenceof the RM sign over long

timescales, since we would expect frequent sign reversals in thg he total-intensity reconstruction step,the RML imaging

turbulentaccretion flow near the evertiorizon (Ricarte efl.
2020; Ressler efal. 2023). On the other hand Wielgus etal.
(2022b) reported time-resolved Faraday rotation,with the
inferred RM fluctuating by up to 50% on subhour timescales.

methods use Sgr Adata 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 Paper Il
Tests of the effect of the various ring clustermodes on the

These results point toward at least some of the Faraday rotatiof|arimetric structure reconstructionsyhich is minimal, are

being due to an internal Faraday screen cospatialith the

shown in Appendix C. The THEMIS and snapshotm-ring

observed compact emitting region (Wielgus et al. 2024). In thispethods do notuse the self-calibrated data and do their own
limit, no EVPA derotation is required before comparing models gg|f.calibration simultaneously with the data fitting. Al

to observations, as the theoretical models of the compact
emission zone should fully accourfor the observed Faraday
rotation.

A concordance picture could involve a slowly varying

methods make use of data thatave been D-term calibrated,
light-curve normalizedand deblurred to counter the effects of
diffractive scattering and prescribe an appropriate total-
intensity and polarization noise budget following the variability

external Faraday screen to maintain a constant sign on relevan;,dies described in Section 4.1.
timescales in addition to an internal Faraday screen of a similar

magnitude to explain the rapid time variability (Ressler at.
2023). In this picture, it is justified to derotate the EVPA ticks
by the median RM measured for a given observatioms the
duration of the observing night is much longer than the
dynamical timescale near the event horizon of SgrA.
Furthermore,becauseof the rapid variability of the RM
measured by ALMA (Wielgus et al. 2022b), the amount of
EVPA corruption changes in time by aboutt15° (Table 5).
This further inflates uncertaintiesof the inferred EVPA
structure in the reconstructed images and can be captured in
data-driven estimates opolarimetric variability discussed in
Section 4.1.2.These considerations are crucifar theoretical

5.1. Snapshot m-ring Modeling

With the snapshotm-ring modeling method, we fit a
polarimetric geometric mode(“m-ring”; see Appendix A for
details)to 2-minute snapshots from oudata sets (PapelV;
Roelofs etal. 2023). We only use snapshots with ateast10
visibilities and 60 s of coherentintegration time. After time-
averaging the snapshotsto 120s, 2% of the visibility
amplitudes are added to the thermabise budgetn order to
representsystematic uncertaintiesiVe fix the leakage para-
meters to the predetermined solutions from the EHT polari-
metric M87 analysis; see Section 2. For our linear polarization

interpretation of the EHT results, and we investigate the impacfits, we fit our m-ring model to closure phases,closure

of Faraday rotation in more detail using simulations in
Paper VIII.

5. Methods

In this section,we presenta summary of the methods used
for the Sgr A polarimetry results.We carry out geometric
modeling of the source with a snapshain-ring modelfitting
method (Paper IV;Roelofs etal. 2023). We additionally use
three imaging methods: the Bayesianimaging framework
THEMIS (Broderick et al. 2020, 2020c) and the regularized
maximum likelihood (RML) methods eht-imaging (Chael
et al. 2016,2018) and DoG-HiT (Muller & Lobanov 2022).
These methods are inherently differenfrom one anotherin
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 (Papers Il and IM)e model the
polarization structure on top ofa ring morphology, inferred
through the analysis of the total-intensity observatiohs.aid

amplitudes, and the visibility-domain fractional linear polariza-
tion M for each snapshotindependently (i.e.,no temporal
correlations are assumed). For our circular polarization fits, we
fix the linear polarization parametersto the maximum

a posteriori (MAP) estimatesand fit to the parallel-hand
closure phasesand closure amplitudes (i.e., we fit to the
separate RRand LL closure products). We also explore fits to
RR/LL " visibility ratios. All these data products are robust to
multiplicative 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 fitting each
snapshofrom each day and frequency bandye combine all
posteriorsto a single posterior using a Bayesian averaging
scheme (Paper V).

5.2. THEMIS

As described in Broderick et al. (2020) and M&aper VI,
the THEMIS image model consists of a rectilinear set of control
points, spanned via a bicubic spline. Rasterorientation and
field of view are free parameters and dynamically adjust during
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image reconstruction to choose an effective resolutiBaster budgetapplied to cross-hand visibilities based on the polari-
resolution is determined by maximizing the Bayesian evidence metric variability assessment in Section 4.1.2.

over the raster dimension; typically, this is small owing to the As a first step, we reconstruct a starting total-intensity image
limited number of EHT resolution elements across Sgraid by fitting to parallel-hand closure phaseslosure amplitudes,

we make use of a 7 x 7 raster based on the Stokestudy in and visibility amplitudes. This total-intensity image is then kept
Paper lll. The full polarimetric image modetonsists of four fixed during the polarimetric imaging, defining the regions

identically sized and oriented rastersthat specify the total where polarimetric intensity is allowedThe imaging is done
intensity, polarization fraction, EVPA, and Stokesl . As via iterative rounds of gradientlescentAt each iterationthe
described in Broderick et al. (2022) and Section 4.1.2, intrinsic output image is blurred with a 20 pas Gaussian beam and used
source variability is mitigated via the modeling of a as the initial image for the next round, and the weights on the
parameterized additionabaseline-dependerntontribution to data terms are increased.Linear polarimetric imaging and

the data uncertaintiesThe uncertainty models composed of circular polarimetric imaging are done separatelyor linear
componentsthat correspondto the variability noise, the polarization, we fit the Rlpolarimetric visibilityl =0 + i
refractive scattering noise,and the systematic error budget and the visibility-domain polarimetric ratio M= 1,4 . For
(see,e.g.,Paper V). circular polarization, we fit the self—calibratéd/isibilities and

THEMIS reconstructions are fit directly to the scan-averaged the parallel-hand closure phases and closure amplitudasd
complex visibilities (RR, LL", RL, LR), after light-curve we solve for right and left complex gains independently.
normalization as described i |n Sectlon 4.1.2ombined across
bands and 2017 April 6 and 7. Simultaneouswith image 5.4 DoG-HIT
generation, leakage terms and complex gains are recovered. To o
avoid complications from potential night-to-night variations in The DoG-HiT package (Miller & Lobanov 2022, 20233,
the D-terms at ALMAand SMA, we fit data that are 2023b) is a wavelet-basedimaging algorithm that uses
precorrected using the M87 PaperVIl leakagesHowever, compressive sensingDoG -HIiT fits the x < data terms while
during fitting, D-terms that are constant across both observatioassuming that the image structure is sparsely represented by a
days and high and low bands are obtained from Sgr Alone small number of wavelets For the polarimetric and dynamic
and do not further incorporate priorleakage estimates from  analysis we follow the description presented in Miiller &
other source reconstructions.Complex station gains are Lobanov (2023b). Similar to the procedure for eht-imaging
reconstructed independently on scansnd acrossbands but outlined in Section 5.3, we use the band-averagedself-
are restricted to have unit R/L gain ratioSynthetic data tests  calibrated, and leakage-corrected data set as a starting point. No
reported in M87 Paper IX on Stoked in M87" showed that scattering mitigation was applied as part of the procedure. We
R/L gain discrepancies of more than a few perceproduced add a fractional systematic noise budgedf 2% to the 120 s
fits noticeably worse than those with smaller discrepancies.  averaged visibilities.

THEMIS images produced good-quality fits to EHT data; thus, First, we recover a mean Stdkémage with DoG-HiT, only
R/L gain offsets are expected to be very small. fitting to the closure phases and closure amplitudes computed

The result of THEMIS fits is an approximate posterior from the Stokes | visibilitiedVe self-calibrate residual gains to

composed of a sebof images thatmay be used for Bayesian  this image on 10-minute intervalsand we derive the multi-

interpretation.For more details on likelihood construction, resolution support, i.e., the set of significant wavelet coefficients,
sampling,and chain convergence criteria see Appendix A and from the mean image. The multiresolution supporfixes the
references therein. spatialscales and positions fothe dynamic and polarimetric

imaging where emission is allowedext, we construct a mean
polarimetric image by fitting the polarimetric visibiiitiead] ,
but we only allow wavelet coefficients in the multiresolution

The eht-imaging (Chael et al. 2016, 2018) package is a support to vary. In an iterative procedure, we solve for residual D-
pixel-based RML imaging algorithm. Reconstructions are doneterms. Finally, we cut the observation into frames of 30 minutes
via minimization of an objective function through gradlent and fit the total-intensity and polarimetric visibilitiegn each
descent. This objective function is constructedwith x?2 frame independently starting from the mean images, but we only
goodness-of-fitterms and regularizer terms that favor or vary wavelet coefficientsin the multiresolution support. We
penalize specific image properties. For polarized image average the recovered frames uniformly to achieve a final static
reconstructionswe adopta very similar methodology to the image. The whole procedure is carried oufor both days of
polarimetric imaging of M87", described in Appendix C of observations independently and finally averaged.
M87" PaperVIl. Since Ieakage 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

5.3. Eht-imaging

5.5. Synthetic Data Tests

as our starting data sets.These data are self-calibrated to a All methods are validated agains$ynthetic data sets that
deblurred image, so no scattering mitigation is done as part of mimic propertles of Sgr A the results of which are presented
our procedure.We coherently averagethe data for 120 s, in detail in Appendix B. Two GRMHD models are chosen from
combine high and low bands into a single data set, and the passing sebf Sgr A" theoreticalmodels thatmimic both

reconstruct one image per observmg day for April 6 and 7. We total-intensity and polarization properties othe source.One
add a fractionalsystematic noise budgeif 5% based on the model has lower total linear polarization than SgrbAit has a
total-intensity parameter exploration (see Table 4 of Paper Ill). similar variability ratio of the cross-hand compared to the
We also add the variability noise budget determined in the parallel-hand visibilities, while the other model has a total

total-intensity efforts in quadrature to the uncertainty of each linear polarization fraction similar to thabf Sgr A but has a
visibility point (see Section 3.2.2 of Paperlll), halving the higher variability ratio of the cross-handscompared to the
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. . . . N . . Figure 9. Polarimetric imagesof SgrAf from Figure 8, but with EVPAs
Figure 8. Linear polarimetric images of Sgr &rom the combined 2017 April rotated by 46.0 deg to account for the median Faraday rotation in the combined

6 and 7 observations with the primary methods snapshot m-ring modeling and April 6 and 7 data set (Table 5)The color-bar range is fixed for all panels.
THEMIS and the validation methods eht-imaging and DoG-HiT. The

posterior-average image is shown for the posterior exploration methods. Total

intensity is shown in gray scale, polarization ticks indicate the EVPA, the tick

length is proportional to the linear polarization intensity magnitude, and color bands combined into one data set. The snapshotmodeling
indicates fractionallinear polarization. The white dotted contours mark the method produces an average image by combining individual
linear polarized intensity, corresponding to 25%, 50%, and 75% of the band bined hota both d . B .
polarization peak. We have masked out all regions in which Stdkes 10% and-combined snapshotacrossboth days using bayesian

of the peak brightness, and we have similarly masked out all regions in which posterior averagingBecause the m-ring is a simple geometric

0 < 10% of the peak polarized brightness, wherre= /I 2+ 0 2. The color- model, the structure appears less noisy than the other methods.
bar range is fixed for all panels. The RML imaging methods eht-imaging and DoG-HiT

produce band-combined images per daye display here the

. . o average image over2 days (i.e., the April 6 and 7 images
parallel hands.As_ d|scgssed In Pape_r Mhe variability in the averaged together after imagindh Figure 9, we presentthe
GRMHD simulations is generally higher than for SgrA, same images butvith EVPAs rotated by a constantangle to

gzrlggtzyrxnetgeq[ﬁé%?:rree ggl‘zl I?g?:anc%;%{fj%ﬂﬁguﬁég?n theaccount for the median Faraday rotation in the combined April

ot 6 and 7 data setcorresponding to a clockwise rotation of the
polarization structure of the two models, whiltéEMIS and the - . .
snapshot m-ring modeling methods fare better in reconstructin&vPA by 46.0 dgggs dl_scu§sed N Sectlpn 4.3. . .
the circular polarization structureSince THEMIS and m-ring The Sgr A emission ring 1s almoost entirely polarized, with a
modeling both carry outposterior exploration as paxf their peak fractional polanzahoq of ~40% at.~20 pas resolution in
methodologiesthey provide tight posteriordistributions and ~ the western region of the ring. The m-ring model shows a more
measured uncertainties on individual linear and circular prominent northwest peak due to the symmetry of the model m-
polarization quantities These two methods are thus selected ~mode; see Appendix A. The polarized emission EVPA pattern
as the primary methods for analysis and theoretical interpreta- along the ring is nearly azimuthalwith a counterclockwise
tion, while the two RML methods are presented as additional handedness that is robust across tirfrequency and analysis
validation methods. 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 Stokesintensity
distribution. Due to the m-ring image having lower net
polarization fraction (an effect of the variability of the EVPAs

produced by each method,combining bandsand observing in snapshotaveraging),the peak polarization fraction in the
days. The main results are produced using data processed ~ average image is lower than those of individual methods. This
through the EHT-HOPS pipeline, and consistency tests with thémage is adopted asthe conservative representation othe
CASA rPICARD pipeline are presented in Appendix DThe overall Sgr A linear polarization structurewhile individual
Bayesian imaging metho@HEMIS produces an average image mMethod images are used for quantitative comparisonsand
from many individual posterior draws with both days and theoretical interpretation; see Section 7 and Paper VIII.

6. Results
6.1. Linear Polarization
In Figure 8, we present the Sgr llear polarimetric images
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— Figure 11. Circular polarimetric images of Sgr A from the combined 2017
A~ April 6 and 7 observations with the primary methods snapshot m-ring modeling
Q and THEMIS and the validation methods eht-imaging and DoG-HiT. The
E posterior-average image is shown for the posterior exploration methods. Total
— intensity is indicated in colored linear-scale contours at 25%, 50%, and 75% of
ae} the peak brightness. The StoKebrightness is indicated in the diverging color
) map, with red/blue indicating a positive/negative sign. The color-bar range is
o fixed for all panels.
&
5%-10% level. It is worth noting that the peaks of the
circular polarization emission line up with the peaks in total
_ . o L . intensity. Thus, fractional measurements strongly depend on
Figure 10. Top: linear polarization image of Sagittarius.A'his image is the the tendency of individual methods to prefer more or less flux

band, day, and method average of the linear polarization structure reconstructe [ . .
from 2017 April 6 and 7 EHT observations. The display choices are analogousCijerlSIty in compact regions. The recovered d'pOIe structure

to Figure 8. Bottom: polarization “field lines” plotted atop an underlying total- along the ring in th@HEMIS and m-ring methods is consistent
intensity image. Treating the linear polarization as a vector field, the sweeping with the data. In particular both m-ring and THEMIS models
bt i the ooage e smphaci he vasions wih drongupoiapsaten | predict small and mostly negative RR andLL dlosure
gztections,we havegscaled thF; length and ogpacity of these gtrgamlines as the phase dlfferences.on hlgh._S/N trlangl_es (see Figure 12) and
square of the polarized intensitilhis visualization is inspired in part by line are broadly consistent with the estimated mean values
integral convolution (Cabral & Leedom 1993) representations of vector fields. indicated with green bands. Additional m-ring fits carried
The average lineampolarization structure is overlaid on the fiduciabverage out with higher m-modes (m = 2,3) also prefer symmetric
total-intensity image from Paper I. structure along the ring but exhibit significantly more
uncertainty in the structure than the m = 1 mode fit shown
here.In addition, the Bayesian evidence for the higher-order
6.2. Circular Polarization fits is substantially lower than for the m = 1 fits, indicating
that the data do not supportthe presence of modes thaére
more complex than a dipole. The data appearto drive all
methods toward simple symmetric structureindicative of a
need for high Stokedl in compact regions on the ring based
on the VLBI detections while still keeping an image-

In Figure 11, we presentthe circular polarization images
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 densityrespec-
tively, with _contours indicating t.he Stokés_brlghtnesg. As in integrated circular polarization level near zero, consistent
the synthetlc data test_s show_n in Appendix B, the C|rcul_ar with ALMA measurements.Given the remaining uncertainty
polarization structure is consistent for the snapshot m-ring and, the detailed Stokesl structure along the ring, structural

THEMIS  posterior exploration methods, while the RML properties of Stokes[ are not used for the theoretical
imaging methods show some differences.All methodssee interpretation in the companion Paper VIII.

prominent negative circular polarization in the western portion
of thering, while only the snapshot m-ring and THEMIS
methods recover positive circular polarization in the northeast
region of the ring. The m-ring an@HEMIS methods find peak We derive eight observational constraints from reconstructed
fractional positive and negative circular polarization at the images of Sgr A and these are shown in Figure 13. Since the

7. Discussion
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Figure 12. Difference of closure phases between RRand LL" visibilities,
observed on the ALMA-SMA-LMT (top) and ALMA-SMT-LMT (bottom)
triangles on April 6 (squares) and April7 (circles). Open and filled markers
denote low- and high-band datarespectively.The plots follow the bottom
panels of Figure 4 Predictions from the models shown in Figure 11 are also
given (red and blue solid lines).They are mostly consistentvith small and
predominantly negative measured closure phase differences.

snapshoim-ring modeling andTHEMIS methods both provide
Bayesian posteriordistributions, error bars representing the
90% confidence intervalsfrom random posterior draws are

Event Horizon Telescope Collaboration et al.

methods are broadly consistentith ALMA ranges, although

this need not necessarily have been the case. While the ranges
for ALMA light curves correspond to instantaneous measure-
ments of [Mye{ and Ve, the |[mne{ and v, from our image
reconstructions correspond to one dwo night averagesas
indicated.We note thatTHEMIS and the m-ring modelo not
agree on |my{. Individual snapshotimages from the m-ring
method yield much higher values of jgi. The lower |mg{ in

the averaged m-ring image may be due to a combination of
cancellations of time-varying structure and model misspecifica-
tion issues leading to phase offsets ofthe fitted |m,¢{ (see
Appendix A for details).

We also measure the image-averaged lineaand circular
polarization fractions ({m|) and {|v|) across the reconstructed
images. For ({m|) 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 upward when the S/N is poor, this
quantity is interpreted as an upper limit, as in previous studies
of M87 (M87 Paper IX).We recall that both (|m[) and (|v[)
are resolution dependent; unlike in past studies (M87
PaperVIll; M87 PaperlX), we do not apply any blurring
after image reconstruction before computing these quantities.

In the bottom panel of the third column of Figure 13, the 4
measured across methods is consistently far froninfplying
more toroidalthan radial EVPA patterns in the reconstructed
images of Sgr A Accounting for a constant RM assuming an
external Faraday screenthe EVPA pattern is derotated by
~50°, leading to a large £[3, of the opposite sign (the faded
points in the £, panel). While the RM correction flips the
handedness of the EVPA pattern (see Figures 8-9) and thus
poses a significantsystematic forcomparisons to theoretical
models, the EVPA patterns across methods remain very
toroidal (B, is closer to £180° than 0°; Palumbo et al. 2020).

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 horizon scales at230 GHz.Our
analysis builds on the total-intensity ring morphology results

shown. The combined 90% confidence intervals from these tw@resentedin Papers |-Vl and made use of the leakage

methods, shown in Table 6, are used in Paper VIII for
theoreticalinterpretation.The RML imaging methods eht-
imaging and DoG-HiT do not  provide such distributions,
but they are shown in Figure 13 as additional consistency
checks from image reconstruction methods with very different
methodologies.More detail on the individual methods is
provided in Appendix A. We note that both posterior
exploration methods treatariability differently: the snapshot
m-ring modeling fits a structurally restricted ring model to
individual 2-minute data snapshotswhile THEMIS Bayesian
imaging reconstructsa collection of static imagesfrom the
entire 2-day data set with a noise budget accounting for
variability. Despite their substantialalgorithmic differences,
these two methods perform besbn the synthetic data tests
presented in Appendix B and yield very similar results.

calibration derived in M87~ PaperVIl. We employed four
distinct methodsin the polarimetric analysis: two posterior
exploration (one Bayesian imaging and one snapshubdel-
ing) methodsfor 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 polarized, with a peak
fractional linear polarization of ~40% in the western region of
the ring. While the detailed spatialdistribution of the linear
polarization along the ring is uncertain owing to the intrinsic
variability of Sgr A (as was the case for the total-intensity
results), we observed a coherent spiraling polarization structure
across a large portion of the ring that is robust to
methodologicalchoices.The circular polarization reconstruc-
tions from the posterior exploration methods, which performed

In the leftmost panels of Figure 13, the image-integrated net peston the synthetic testsprefer a dipole structure along the

linear and circular polarization fractions,Minand y,e:from the

Sgr A reconstructions are compared to ranges from interfero-

metric-ALMA light curves treating Sgr A as an unresolved
point source from Wielgus et al. (2022a). In general, all

13

ring, with negative circular polarization emission on the west of
the ring (also recovered by the RML imaging methodsand
positive emission mostly constrained to the northeastwith

peak absolute values that are 5%—-10% of the Stokes [
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Figure 13. Comparisons of the measured linear and circular polarimetric quantities from the iBgpAstructions across methods. For the RML imaging methods,

the filled and open symbols represent the April 6 and 7 results, respectively. The gray symbols represent the 2-day averages. The error bars for the snapshot m-rir
THEMIS Bayesian imaging methods represent the 90% confidence range from the day-combined posterior distributions. The shaded region corresponds to the 5th-
95th percentile regions from ALMA-only linear and circular polarization light curves from Wielgus et al. (2022b). The m-ring method does not return a measuremen
for vhet because it fixes the value to the ALMA mean measurement before fitting. Based on their performance on the synthetic data tests and quantified distribution:
the results from the snapshot m-ring amélEMIS methods are used for theoretical comparisons in the companion Paper VIIl.

Table 6
Polarimetric Constraints Derived from the Primary Method¢EMIS and
Snapshot m-ring Modeling
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et al. 2007), rPICARD (Janssen etal. 2018, 2019), eht- with the azimuthal structure set by {b; k} and {by «},
imaging (Chael et al. 2016), DoG-HiT (Miiller & Loba- respectively Since the total-intensity and circular polarization
nov 2022), THEMIS (Broderick etal. 2020c), Numpy (Harris structures are real-valuedy; k© by _x and by k° by k. In
et al. 2020), Scipy (Joneset al. 2001), Pandas(McKinney contrastthe linear polarization structures are complex-valued,
2010), Astropy (The Astropy Collaboration et al. 2013, 2018), and thus we fit by « and by - x independently.The m-ring
Jupyter (Kluyver et al2016), Matplotlib (Hunter 2007). orders in linear and circular polarization are indicated With
and M, | respectively The netlinear and circular polarization
Appendix A fractions are given byMey ® by o1 0 andVpe® byol 0,
Method Details respectively. The polarization structure is thus parameterized in

fractionalterms and can be converted to polarized intensities
via multiplication by F in Equation (A1).

In geometric modelinghe source structure is described by a  Before fitting the m-ring modeih full Stokes to Sgr A we
low-dimensionamodel that is fit to the observationatlata.  preprocess the data by adding 2% fractional systematic noise to th
Geometric modeling is generally fasince operations like the yisibilities, deblurringto mitigate the effects of interstellar
Fouriertransform and gradientomputation can be performed  scattering Jeakage-calibratingnd light-curve-normalizing the
analytically. The geometricmodel parame'tersnften directly data and splitting the data into 2-minute snapsiW/tsonly fit
correspond to source structure parameteristefest(e.g.,ring to snapshots with data on at least 10 baselines and with a coherent
diameter, thickness, and asymmetry). On the other hand, geomgigration time of at least 60 s. Since each snapshots fit
modeling suffersfrom the issue of model misspecificatiora independently, there is no need for the introduction of an additional
geometric model typically does not capture all underlying imagesise budgetepresenting intrinsic source variabilfgllowing
featureseven if the angular resolution is limitetiowever by Roelofs etal. (2023),we first fit the total-intensity and linear
restricting the image-domain parameter space, geometric modgliiigrization structurdo parallel-hand closurephases closure
can constrain the low-ordeimage structure in regimeshere 5 5jitydes, and the visibility-domain fractional linear polarization

imaging methodsencounteifficulties becauseof the many — m These data products are invariant to complex gain corruptions
degrees of freedom (image pixel valuBgometric modeling is excepffor an R/L gain ratio dependence B We then fix the

therefore particularly usefdibr data setswith sparse baseline linear polarization parameters to the MAP estimates arttdit

coverage and/o_r low-S/N data. . . total-intensity and circulampolarization structureither to the

Indthe analysis O;EHT datﬁ,g_eometrlcl m(?[delltng hafsi\ﬁigsn separate parallel-hand {RRRd LL’) closure phases and closure
;‘S”e Stto lfonslug';l tPe eve\n/tl. c\)/:;;c:n scate SI rté%gge 'OM87* amplitudes or to the RR.L " visibility ratios.Since the closure
ull Stokes ( aper vi, VVielgus et al. cusza, products cannot constraig we fix \hetto the mean value from
PaperlX; Roelofs.et al. 2_023) a}nd the event horizon scale the ALMA light curve (—1.14%)The RR/LL" data producis
structure of Sgr Ain total intensity (Paper IV). For EHT data sensitive to residual R/L gain ratios that may be present in our data

of Sgr A, snapshotgeometric modeling providesa way to ; ! .
mitigate rapid source variability. In snapshot modeling, the data(‘?'ee Roelofs el. 2023,for details) Erring on t_he gonservatlve
side,we therefore preseatr closure-only fits in Figure 11 and

setis split up into short (2-minute) snapshots fitted indepen- T -~ _
dently with the geometric model. The snapshot results are thencordnmen_t ?nfour :T?EL fits betloc\;v..V\{ﬁ_set% k;'hz’ M = ?h
combined using a Bayesian hierarchicalmodel in order to andM = 1 for all fits presented in this work-These are the

obtain a posterior for the average image structure; see Paper |v1ar>f(imum m-orderstrk]latt_ p:jociuce rteasoqable rleSltJ.Ilbsasefdr(])n
for details. In this work, we use snapshot geometric modeling P€rformancen synthetic data tests, an investigation of the .
in combination with this Bayesian averaging procedurdo Bayesian evidence (see also Paper V), and the stability of the fit
constrain the structure of Sar An full Stokes. results as the m-orders are increasédl fitting is done with

Like in Paper IV and M87 Paper IX,our geometric model ~ €ht-imaging,  using dynesty (Speagle 2020) for posterior
of choice is the m-ring model. The m-ring model parameterizeseXploration. _
the image-domain structure as a ring with diametet, width Figure 14 shows 10 posteriorranges for snapshots on all
(FWHM) @, and an azimuthal structure set by Fourier modes indays and bandsfor a few polarization parameters of interest.
total intensity, linear polarization, and circular polarization ~ 'he Bayesian average posterior range IS also |nd|%ated by the
(Johnson etl. 2020; Paper IV;Roelofs etal. 2023).In total- ~ green bandsjm,e{ ranges between ~2.5% and ~15% for the

end of this range. The Bayesian averaging procedure

. F d, ™ i approximately performs a complex average on complex
0(rj )= Ed ( - E) a biev. (A1) parametersso that the resulting absolute values are usually
k=- my lower than the individual snapshotsbecauseof angular
Here 0 is the Dirac delta distribution, and the by x are the Xf;ﬁ:}'g?ﬁ;ﬂ;g'?ﬁﬁﬁg :r?:)e:jtZIddtgégicr)]tﬁfi\t/!rjhAe).zlerlci?)(:::l%e
Fourier coefficients settling the azimuthal strugture. We have S%hase well for all snapshots. These zero-baseline phase offsets
by o° 1sothatF >0 gives the total flux density of the ring.  reqyit in a larger spread on the fitted |m,«{ phaseacross
The higher the m-ring ordefT}, the more complex azimuthal  gnapshotsthan what is expected from the zero-baseline
structures can be modeleA. finite thickness is introduced by measurementdeading to a lower amplitude after Bayesian

A.1. M-ring Snapshot Modeling

blurring the m-ring using a circular Gaussian kernelwith averaging.The phase offsets are likely caused by a combina-

FWHM a. Unlike Paper IV, we do not add a Gaussian floor  tion of model misspecification and S/N differences between

component to our m-ring model. baselinesHigh-S/N data points on intermediate baselines are
The linear polarization structurel =0 + /I and the fit well, while lower-S/N points on short baselines are fit more

circular polarization structuiile are parameterized analogously, poorly. TheM S/N on short baselines is low because of the low
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Figure 14. Snapshot m-ring posteriors (10 ranges) for linear polarization parametgggamd( b, » (top row) and circular polarization parameteb; 1 (i.e., the

first-order Stoke8 orientation) for fits to closure quantities and RR/LL visibility ratios (bottom row). The green bands indicate the 1a 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
complex quantities like [m{ tend to be lower than those of individual snapshots.

total polarization fraction, and the differences are amplified by gain reconstruction, polarimetric leakage estimation (D-terms),
the addition of systematic noise (which is a fixed fraction of theand interstellar scattering modelSHEMIS provides a number
visibility amplitudes). of posteriorsampling methodsfor which the most common

0 by > is relatively stable between snapshots, with a systemagigtput is a Markov Chain Monte Carlo (MCMC) chain that
offset between the 2 day€ 1 (bottom row), which is the first-  supportssubsequenBayesian interpretationln the case of
order orientation of the circular polarization emission, is relativeiiaging models (Broderick et al. 2020), these posteriors permit
unconstrained fandividualsnapshots when fitting only to the  Bayesian interpretations of image features.
parallel-hand closure products (bottom fefhel),although the THEMIS fits the complex parallel-handand cross-hand
Bayesian averaging procedure indicates a preferred orientation,t§igfiities. Prior to fitting, the data are calibrated as described
is roughly consistentith other methods (Figure 11 clearer in Section 2, scan-averagednd normalized by the Stoke
preference for an approximately northwest-southeast asymmeliyg curve, as described in Papers 11l and IVThe calibrator
indicated by the RRL " fits (bottom right panel). Sincel the 4 estimates of the complex gains and D-terms are appliehd
Bayesian average dfie RR/LL and closure fits are formally  ,,sTHEMIS estimates are additional corrections to each. High-

inconsistent at the 10 level (although they are within a quadranf of |o\w-band data from Aori o
S - pril6 and 7 are fitsimultaneously,
each other) and the RRL " fits may be affected by unknown ensuring that the underlying assumptionsof the variability

residualR/L gain ratios, we only use t_he c_:Iosure f'ts. forour reconstruction are satisfied (see Broderick e0ai22).
reported parameterangesand theoreticalinterpretation (e.g., The polarimetric image modein THEMIS is based on the

Table 6, Figure 13). Stokesll imaging modelpresented in Broderick eal. (2020)
and previously used in M87 Paper VIl and M87 Paper IX.
A.2. THEMIS Four fields are simultaneously reconstructed:

The THEMIS package is a Bayesian framework designed for 1. the Stokedl map;
the analysis of EHT data (Broderick et al. 2020c). It provides a 2. the total polarization fraction;
well-tested,uniform set of independentools for addressing 3. the linear polarization EVPA; and
station-based and astrophysical systematics, including complex 4. the fraction of polarized flux associated with Stokes

18



The Astrophysical Journal Letters,

964:L25 (32pp)2024 April 1

Event Horizon Telescope Collaboration et al.

5.0 5.0 16 16
ALMA APEX SMT LMT
251 2.5 - 8 8
S .
~— |\
§ 0.0 —+— 0.0 - —%— 0 0 - *
E @
= 2.5~ 2.5 1 é -8 4 —8
_50 T T T _50 T T T _16 T T T _16 T T T
-50 -25 00 25 50 -50 —-25 00 25 50 -6 -8 O 8 16 —-16 -8 0 8 16
80 50 30
PV SMA SPT
401 25 - 15 -
& ” ADy,
§ 0 - - 0 - e 0 - ADg
3 ®@® + 2017 M87*
= —40 —25 - —15 -
_80 T T T _50 T T T _30 T T T
-8 —40 O 40 8  -50 -25 0 25 50 30 —15 0 15 30
Re(AD) (%) Re(AD) (%) Re(AD) (%)

Figure 15. Posteriors of the leakage term corrections, applied after calibration with the 201DMBihs, obtained byHEMIS via fitting to the 2017 April 6 and 7

data on Sgr A alone (i.e., without considering other calibrators). Contours show 10, 20, and 30 cumulative regions. For comparison, the 20 uncertainties from the
THEMIS 2017 M87" values are indicated by the black errobars. The substantially weakeconstraints on the IRAM 30 m (PV) and SMA D-terms are direct
consequences of the relatively poorer parallactic angle coverage during the @gehvations. Similarly, because M8g not visible from the south pole, the SPT

has no comparison point.

each of which is represented by a fixed numberof control statistics, including the integrated autocorrelation time, &plit-
points located on a rectilinearrasterwith priors as stated in and parameterrank distributions (Vehtari et al. 2019), and
M87" Paper VIl and M87 Paper IX, between which the image typically requires ~10° MCMC steps. The number of
is interpolated via a bicubic spline; see Broderick et al. (2020). tempering levels is chosen to ensure efficieedbmmunication
The field of view along the two axes of the raster and the rastebetween the highest- and lowest-temperaturdevels, here
orientation are model parametersand permitted to vary. typically 65 due to the complicated nature of the model.
Diffractive scattering is applied directly to the associated Three key additional systematic uncertainties explored by
visibilities, assuming the scattering modein Johnson et al. the THEMIS polarimetric image posteriorare the impact of
(2018), with the default scattering parameterfom Issaoun leakage corrections, station gains, and the underlying Stokes
et al. (2021).Complex gains are reconstructed independently image. D-term correctionsrelative to the calibrator-implied
by scan as described in Paper lII. Polarization leakage is solvedalues from the THEMIS posterior(obtained from the Sgr A
for using the Sgr A data alone, with flat priors on the interval  data alone) are shown in Figure 15 in comparison to the sizes
(=1, 1) on real and imaginary components of the left and right implied by THEMIS polarimetric reconstructions of the April 11
D-terms for each station. ) M87" data (M87 Paper VII). Most corrections are consistent
The intrahour variability of Sgr A is mitigated via explicit with being small (<10%), with the large uncertainties (>10%)
modeling of the additionafluctuations abouthe mean image  at PV and SMA indicative of the poor parallactic angle
as described in Broderick et al. (2022), modified as described inoverage of Sgr Aat those stations. Regardless, the images are
Section 4.1.2.Simultaneouslyadditional contributions to the robust to even large D-terms, indicating that the final
excessuncertainty budgetare allocated to account for the polarimetric structure is robugb the leakage calibrationlThe
refractive scattering noise and systematic (e.g.nonclosing) minimal impact of D-terms on polarimetric structure is also
errors, as described in PapedV. With the exception of the consistent with the findings in Appendix H of M8Paper VII
parallel-hand/cross-hand variancehich is held fixed at the assessing their effect on polarimetric images of the static M87
value implied by the empirically estimated power spectral black hole. Inspection of the complex gain reconstructions
other parameters in the uncertainty model are permitted to varyndicates only small deviations from the calibrator-implied
during image reconstruction (see Papers Il and IV for details). gains applied before analysis: for ALMA, APEX, and SMA the
To ensure efficient sampling of the posterior, we use gain amplitude corrections are of order 0.2%; for SMT and PV
the differential even—odd parallel tempering scheme with they are of order 5%; and for LMT and SPT they are roughly
each tempering level explored via the Hamiltonian Monte 10%. Sgr AMCMC chains were initialized using the Stokes
Carlo NUTS algorithm implemented by the Stan package image from Paper Il to decrease time to MCMC convergence.
(Carpenter et al. 2017; Syed et al. 2019). This sampler has bedtor the simulated data tests the MCMC chains were initialized
demonstrated to effectively capture multimodal posteriors (seepoth with Stokes I images and with a diffuse Gaussian of
e.g., M87 Paper VII; Paper 1V). Chain convergence is assessedpproximately the size implied by second-momentisibility
by visual inspection of parameter traces and quantitative chainanalyseswith both cases converging to the same posteriors,
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providing confidence that the particular initialization is minimizes Equation (A3) parameterizedby the fractional
unimportant.For Sgr A, multiple qualitatively similar modes polarization m and EVPA ¢ in each pixel. The Stokegmage
are found, differing subtly in the distribution of flux about the s fixed in the polarimetric imaging step and defines the region
ring and the structure of the extended diffuse emission. where polarimetric flux is allowed. We restart the gradient
. . descent process several times, using the output of the previous
A.3. Eht-imaging round of imaging blurred by a 20 pas Gaussian kernas the
The eht-imaging (Chael et al. 2016, 2018) package new initial point and iterating through imaging rounds by

reconstructspolarimetric imagesvia RML. eht-imaging increasing the weights oo, andc2. We keep the underlying
solves for an image X by minimizing an objective function via gata and gains fixed.
gradientdescent.The minimized objective function J(X) is a For imaging Stokes [, eht-imaging again fixes the

weighted sum of data reduced ¥ log-likelihood termsand  stokes I image and solves for the fractional circular
regularizer terms that favor or penalize specific image  polarizationl 2 in each pixel by fitting to self-calibratedt

properties: visibilities. The circular polarization fraction is limited to the

_ 2 _ 0 _ range- ¥ [0/ < 1 by means of a changeof variables

JX= a a cl.2(X) ) a 53X (A2) between the pixel fractional polarization and the quantity
solved for in gradient descent. The circular polarization

RML imaging thus requires optimizing the “hyperparameter” objective function includes a totalariation regularizer on the

data terms regularizerg

weights a; and B; in Equation (A2) to recover high-fidelity 0 map and an ¢4 sparsity regularizer(e.g., Akiyama et al.
images.Here we describe the data terms and regularizers we 2017),both of which take the same form as in total-intensity
use for polarimetric imaging. imaging (Chaelet al. 2016). We again imagel in multiple

For polarized image reconstructionsg follow the method roun_ds and perform iterativg seI_f-caIibratimjs time solving
laid out in Chael et al. (2016) and Appendix C of M87 for rlght and I_eft cgmpk_ax gains independently to acco_ufutr
Paper VIl. The onIy major difference with the M87" reIafuve polarlmgtnc gain offsetsThe D-terms are kepfixed
polarimetric analysis is the exclusion ofthe D-term solving during Stokes/ imaging.
steps because the Sgr'Adata are leakage corrected following .
the M87" (and calibrator) analysis. We start with leakage- A.4. DoG-HIT
calibrated data that have had the overall time-dependent station The DoG-HiT procedure consists of two stepsn the first
amplitude and phase gains calibrated using the static average step we utilize the DoG-HiT algorithm (Miller & Lobanov
image from Paper Ill.The data are time averaged to 1208,  2022) to approximate a static total-intensity image and derive
systematic noise budget of 5% is applied, and a noise budget ithe multiresolution suppor{the setof statistically significant

added in quadrature to the uncertainties on the visibilities wavelet coefficients).In the second step, we utilize this
foIIowing the variability studies discussed in Section 4.We prior information for the multiresolution support imaging

then reconstruct a Stokésimage using top-set parameters for strategy described in Miiller & Lobanov (2023b) to add linear
eht-imaging developed in Paper Ill. We fix the image field polarimetry and solve for the dynamics.

of view at 150 pas and solve for the intensities on a grid of DoG-HiT models the image by a set of multiscalarbasis

64 x 64 pixels. We next (re-)self-calibrate the station amplitudefunctions (Miller & Lobanov 2022). The matrix containing all
and phase gains (assuming = G,) to our final Stokes[ basis functions is commonly referred to as a dictionary, and we

image.Using this image as the prior for polarimetric imaging, denote it as I for the rest of this discussion. The total-intensity
we then reconstructlinear and circular polarization images map X is defined a& = GI, wherel is the array of wavelet

separately. coefficients.The scalar widths and angular orientations of the
For linear polarization image reconstructiorthe objectlve wavelets are selected based on the (u), coveragesuch that

function in Equation (A2) includes two log-likelihood x they separate the image structuréatures thatare measured

terms: one computed using the RL™ polarimetric visibility (covered by observations) and those that are mainly sensitive to

i=0 + l~[| , and one using the visibility-domain polarimetric the gaps in the (u, v) coverage.To achieve this goal, we
ratio M= [ 4. ¢, is immune to mostresidualstation gain  developed speciatiictionaries of wavelets,or differences of
errors left over from Stokesll imaging exceptfor R/L gain elliptical Bessel functions and differences of elliptical Gaussian
ratio, while cD2~ is not. We use two regularizers for polarized  functions; see Miller & Lobanov (2023a) for more details. We
flux density: the Holdaway-Wardle (Holdaway & Wardle 1990)use a sparsity-promotingregularization formalism that is
regularizerS,y (Equation (13)of Chaelet al. 2016) prefers analogousto Equation (A2) exceptthat the data products
image pixels that take a value less than M, = 0.75 (the being fit are closure phases and closure amplltudes thate
theoreticalmaximum polarization for synchrotron radiation),  constructed from the Stokes V|S|b|I|t|esc{ Camp), and we

and the total variation (TV) regularizefnS(Rudin et al. 1992)  solve for the wavelet coefficients rather than the image:
penalizes large pixel-to-pixdmage gradients in both the real

and imaginary parts of the complex polarization brightness J( )y = c (GI ) + ccamp(GI )

distribution (Equation (15)of Chaelet al. 2016). The linear

polarization objective function is thus +a- il fh + R, D), (A4)
JPOI(D 1) = anCD2~ + anC,Zu- buwSw - brvSs . (A3) where a is the regularization parameter ang,Rs a total flux

constraintwith a compact flux density f. In this framework,
The relative weighting between the data constraints and the  DoG-HiT reconstruction attempts to recover a total-intensity
regularizerterms is setby the four hyperparametersg a,,, image while minimizing user-based choices, i.e., by using only
Brw, and Br,. We solve for the polarized flux distribution that data terms forthe static total-intensity image thatre robust
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againstthe self-calibration,and a data-driven choice of the include Model 2, the GRMHD simulation rescaled so the time-
regularization term. It has been demonstrated that EHT data areveraged linear and circular polarization fractions match those
constraining enough for closure-only imaging of the total- measured in Sgr A [Mhe{ = 7.5%, Vnet= — 1.5%. This rescal-
intensity image (e.g., Chael et al. 2018; M87" Paper IV; ing results in a degree of polarization variability 500% larger
Paper llI; Miller et al.2023). than that in total intensity in Model 2. Thus, compared to

Sgr A itself, Model 1 produces a reasonableamount of
variability but with too little  polarization, while Model 2
Jroduces reasonablepolarization fractions with too much
variability. Both models are corrupted with the currentbest
model for the Sgr A scattering screen (Johnson at. 2018;
Psaltis et al. 2018; Issaoun et al. 2021). These GRMHD models
are expected to reproduce polarimetric behaviors tifie real

Sgr A data, i.e., slow-varying EVPA patterns, similar
polarization variability for Model 1, and similar polarization
degree forModel 2, while carrying characteristics thainake
them inherently more challenging to reconstruct,e., higher
structuralvariability in total intensity overall,lower polariza-

tion degree for Model 1, and higher polarization variability for
Model 2.

% The average linearand circular polarization images ofthe
[gource models are displayed in the first columns of Figures 16
and 17, respectively. The synthetic data sets are generated using
routines in eht-imaging. We follow the synthetic data
generationprocedurein Section 4.3 of M87 Paper VI,
sampling visibilities on EHT baselines and corrupting with
thermalnoise,complex gain offsetsand polarimetric leakage
terms. For consistency with the Sgrahalysis, we then correct
the synthetic data with the M8&Jerived D-terms; see Section 2.
We also generate total-intensity images with the SMILI software
(Akiyama et al. 2017) using its top-set parametersfrom

In a second step, we addressthe dynamics and the
polarimetry.During the fitting of the static DoG-HiT (Stokes
0 ) model to the observed visibilities, wavelets that are sensitiv
primarily to spatial scales associated with gaps in the (u,v)
coverage have their coefficients suppressed.This prior
information is used for the reconstruction of polarimetric and
time-variable data sets by a constrained minimization proce-
dure, i.e., we fit the full Stokes polarimetric visibilities
independently forevery frame butonly vary the coefficients
in the multiresolution supportMdller & Lobanov 2023b),by
minimizing ¢Z (t) andc? (t) for every snapshot.

For the Stoked] static analysis of the time-variable source
Sgr A, we use the fiducial average image from the total-
intensity analysis (Paper Ill) as an initiajuess self-calibrate
the data set to this model, add systematic noise at a level of 2
at every baseline, and calculate the multiresolution support wit
the main imaging round of DoG-HiT by forward—-backward
splitting (Muller & Lobanov 2022). For the polarimetric and
dynamic analysiswe first recover mean Stokes, [ , andl
images via the constrained minimization procedure outlined
above. The number of iterations is manually set to 1000
iterations.Finally, we segmentthe data sets in frames of 30
minutes and recover the linear polarized image in every frame
independently. For each frame, the mean polarimetric image is
:;S)g?oaailf r\:vli?rl]“: Isn%:Ielsstseg);i; er.r%télélsf;::rlr? gsg:)a]\cc:lhc?gtsc:zspcsehn;t Paperlll. The SMILI total-intensity images are then used to

. . : self-calibratethe synthetic data before imaging with eht-
::gﬁﬂ:tg;%lggﬂie_rumformIy averaged and presented as final imaging and DoG-HiT. This is analogous to the procedure for

M87 polarimetric imaging in M87Paper VII to keep the total-
intensity imaging independent from the polarimetric procedures.
The posterior exploration methods do not use the self-calibrated
data, as is the case for the Sgr @nalysis.

In VLBI imaging, free parameters within an analysis method = We present the linear polarization reconstructions of the two
are typically set by the user based on previous experience withmodels in Figure 16.For each method we display the 2-day

Appendix B
Synthetic Data Tests

similar data sets. To select method parametersable to (April 6 and 7) and two-band (low and high) average results,

reconstructhigh-fidelity images, we carry out exploratory indicating the normalized overlap in the linear polarization

studies of the parametespaces on synthetic data selected to  structure between the reconstructed image and the ground truth

mimic the behavior of Sgr A. The best-performing setof in the upper left corner. We quantify this overlap in terms of a

parametersfor each method is then applied to the Sgr A correlation coefficienbetween the reconstructed and ground-

EHT data. truth linear polarization images, blurred to an effective
The synthetic data sets used for this study consddteight resolution of 20 pasas described in M87Paper VIl,where

synthetic EHT observations using the Sgr AApril 6 and 7 P P*

equivalentlow- and high-band (u,v) coverage generated from dgl l%ﬁ = Refa™ o . (B1)

an MAD a * = 0.5 Ry,gn= 40 i = 50 deg KHARMA GRMHD \/éPP* ﬁ\/éPOPg A

simulation, which has a typical set of parameters similato The real part is chosen to measure the degree of alignment of

Sgr A behavior in total intensity (Paper V). The April 6 and 7

gaé?\ﬂzelsssairfuIf;(t)i?ntwoMﬂcsjgrl]cg ;émtehéagﬂgisn%fl t(r_?],lte\s/|?-|rr|:])e polarization reconstructions othe two models in Figure 17,

simulation with || = 0.03 and Vo= 0.005. Both of these combining both days and bands. We also quantify a n(_)rmalized
values are smaller in magnitude than observed for SgrbAit overl_ap k_)etvs_/een the reconstructed and ground-truth circular

this model producesa comparabledegree of polarization polarization imageswhere

variability: 100% of total-intensity variability in comparison to Al ofi

50% for Sgr A (i.e., a parallel-hand/cross-hand variance ratio & Vi =———— (B2)

of 100%; see Section 4.1 for the measuremeninethod and Jal 2ajal ¢’ i

Sgr A results). While Model 1 produces a reasonable level of

polarization variability,the fact that it underproduces the net ~ This metric is very sensitive to diffuse structusdjch is more

linear and circular polarization fractions leads to pessimistic ~ prominent in the circular polarization images, thus leading to worse
results in terms of the polarized S/N. Therefore,we also overlap in circular polarization reconstruction across methods than

the polarization vectors (1 | ). We present the circular
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Figure 16. Linear polarimetric images of synthetic models across all methodmbining both days and band¥he posterior exploration results are means of the
posterior distribytions of images. Model 1 is a low-polarization and low-variability model; Model 2 is a high-polarization and high-variability model. The correlation

coefficientd” - P comparing to the associated ground truth is shown in the upper leftner of each reconstructiofhe display scheme is analogous to that
Figure 8.
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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 meal
of the posteriordistributions ofimages.The correlation coefficientV - V) comparing to the associated ground truth is shown in the upper leftornerof each
reconstructionThe display scheme is analogous to that of Figure 11.

linear polarization. The measured quantities presented in Figurgetterally able to recoverthe quantities of interest. The two
serve as an additional metric for reconstruction fidelity. posterior exploration methodghe snapshotn-ring modeling

We note that for the snapshotm-ring modeling the mean and THEMIS, perform comparably well, and better than the
image from posterior draws is constructed from the individual RML imaging methods. DoG-HiT has the most difficulty

snapshotreconstructions,and so this mean image is not reconstructing the synthetic data as a consequenceof its
expected to fit the mean ground-truth imageConsistency is relatively weak assumptions on the distribution of the emission
better shown via the measurable quantitiesfrom the entire (it does not enforce[l [y 0 1 or 0 0 0). Based on the
posterior distribution. A comparison of the measurable  synthetic data performance and provided posterior distributions
polarimetric quantities to the ground truth is shown in to quantify uncertaintythe m-ring andTHEMIS Sgr A results
Figure 18. Because (m|) and (|v]) are resolution dependent, will be used for theoretical constraints,while the imaging

we apply a 20 pas Gaussian blurring kerndb the GRMHD results provide here a consistency check using inherently

simulations before computing truth valuesAll methods are different methodologies.
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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 GRMH
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 7 results, respectively. The error bars for the snapshotTHaing arethods represent 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 7, respectively. For DoG-Hi
which does not actively enforfiefy [ 1or0 0 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 comparéa Rafgr ¥ll. Horizontal lines
representhe truth values for the average imageyhile shaded regions represettte 5th to 95th percentile regions spanned by individuahapshots for the two

observing daysThere is no measured m-ring value fogy because the method fixes it to a value inferred from the ALMA light curve.
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Appendix C Table 7
Stokesl Dependence The Normalized Correlation Coefficient between the April 7 Polarization
Structure in the Ring Modes and That of the Average Image in Figure 19, for
In this appendix, we describe a targeted test of the Both eht-imaging and DoG-HiT

dependenceof the polarime_tric r.e_sults on the underlying Ring Mode ehtimaging DoG.HIT

Stokesl structure.Paper Il identified four clusters of total-
Ring 1 0.93 0.97
Ring 2 0.88 0.85

eht-imaging DoG-HiT Ring 3 0.92 0.90

AVERAGE AVERAGE

intensity structure in the top-setimages reconstructed for
Sgr A. Among these four clusters,three have a clear ring
morphology with varying intensity patterns along the ring.
Here we assume that Sgrifas 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 thabave been self-calibrated using the
average total-intensity image—acrossthe 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 properties are thus
insensitive to the underlying total-intensity ring mode.

RING 1 RING 1

Appendix D
Calibration Pipeline Dependence

While the main results in this work use the EHT-HOPS
pipeline (Blackburn et al. 2019), we perform additional checks
against the CASA rPICARD pipeline (Janssen et al. 2019) data.
In Figure 20,we compare Sgr Areconstructions from HOPS
and CASA data for the 2017 April 6 and 7 observing days
using identical analysis scripts with one RML imaging method
(eht-imaging) and one posterior exploration method
(snapshotm-ring modeling). We compute the polarization
cross-correlation between the two reduction pipeline images,
shown in the upper leftcorner of the CASA panelsand find
good consistency. While the total-intensity images show some
variation due to data differencedhe 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 reconstruc-
tions of the circular polarization in Sgr A using HOPS and
CASA data. For the snapshotm-ring method, the dipole
structure along the ringwith a negative western region and a
positive eastern regionis consistentfor both pipelines.The
eht-imaging reconstructions  both prefer predominantly
- negative circularpolarization,but the location differs owing
Flgr)rgr:dgb%(g L'I’\Tp(”r'l 7h?)°'avcr:f;?gifh?jr?;;ﬂnsgrsfotgg ei*::];m:%igg " to the variability in the dataBased on our confidence in each
(scale) used in the selgcalibration is chosen fgorr?the overallregresengt,atiyle reconStITUCtlon method from the Syn_thetlc data_ tesm,e m&_“n
average image and the averages from the three ring clusters in Papdiid. conclusions are generally robudb differences in calibration
display scheme is analogous to that of Figure 8. and reduction pathways.

RING 2 RING 2

50 pas 50 pas
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eht-imaging snapshot m-ring

HOPS

CASA

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) reduction pipelines combining days and bands. The HOPS images

are those presented and used in the main body of this wdtkr each CASA
image, the polarimetric cross-correlation is calculated agairtee equivalent
HOPS imageThe display scheme is analogous to that of Figure 8.

eht-imaging snapshot m-ring

HOPS

CASA

Figure 21. Comparisons ofcircular polarization reconstructions with eht-
imaging and snapshot m-ring modeling using the HOPS (top) and CASA
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