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Abstract

The blazar J1924914 is a primary Event Horizon Telescqf#1T) calibrator for the Galactic centetblack hole
Sagittarius A. Here we present thirst total and linearly polarized intensity images of this source obtained with
the unprecedented 2@s resolution of the EHT. J1922914 is a very compadliat-spectrum radio source with
strong optical variability and polarization. In April 2017 the source was observed quasi-simultaneously with the
EHT (April 5-11), the Global Millimeter VLBI Array(April 3), and the Very Long Baseline ArrgApril 28),

giving a novel view of the source at four observing frequencies, 230, 86, 8.7, and 2.3 GHz. These observations
probe jet properties from the subparsec to 100 pc scales. We combine the multifrequency images2¥11 6§94

study the source morphology. Wimd that the jet exhibits a characteristic bending, with a gradual clockwise
rotation of the jet projected position angle of about Bétween 2.3 and 230 GHz. Linearly polarized intensity
images of J19242914 with the extremelyine resolution of the EHT provide evidence for ordered toroidal
magneticfields in the blazar compact core.

Unified Astronomy Thesaurus concepts: Active galactic nucle(16); Active galaxieg17); Blazarg(164); Jets(870);
High energy astrophysid339); Very long baseline interferomet(§769; Radio interferometry1346

1. Introduction Recently, the highly sensiév Atacama Large Millimeter

: - submillimeter ArrayfALMA ) was equipped for millimeter VLBI
adiooud cussar at 2 redehft. 0,353 (Wil & Wilk 1055 Y (e ALMA Phasing Proje¢PP: Matiows ef 22018 Gocl
Jones et al2009. The source exhibits strong optical variability et aI.2C_)19: I_n 201?’ ALMA parumpa_ted in itéirst VLB science
and is highly polarizeqWills & Wills 1981 Pica et al.1ogg  campaign jointly with the Global Milimeter VLBI AraEMVA)
Worrall & Wilkes 1990. While it is extremely compact at long at 86 GHz 'C?”d the EHT at 230 GHz. In a(:{d|t|on to its sensﬂw@ k
radio wavelengths, very long baseline interferométfyBI) ALMA provides valuable norttsouth baselines to the predoml-
observations at centimeter wavelengths were able to resolve gantly easwves.t geometry of the GMVA. These pbservatlons
persistent corget structure elongated & northern directiofe.g., enableq afirst image of J192‘2.914 at_ 36 QHz(prOJect code
Preston et al1989 Shen et al.1997 Tingay et al. 1998 MBOO7; Issaoun et al019. W't.h participation of ALMA at
Kellermann et al1999. The source is a part of the 15GHz 23Q G_Hz, the EHT Collaboration imaged the horizon-scale
Monitoring Of Jets in Active galactic nuclei with VLBA emission of M87 (EHTC et al. 20193 _2019b 2019¢
Experiment§MOJAVE) source samplé’ and shows a promi- 2019d 2Q19e 20199, as well as pentral regions of the blazar
nent 10 mas scale j€see Lister et al2018. Imaging and 3C 279(Kim et al. 2029 ar!d_ the rad.lo galaxy Ce_n(aanssen et_al.
Gaussian-component moditting of observations at frequen- 2029 The first EHT milimeter images of linearly polarized
cies between 5 and 43 GHz conducted between 1994 and 2008Mission in M87 were published recentyEHTC et al.
indicated a sharp bend of the inner jet from northeast to north2021a 20218. In this paper, we present tiest total-intensity
with increasing frequend§Bhen et al1999 2002). Motions of and linear-polarization images of 192914 at 230 GHz obtained
individual components across multiple years were observedvith the EHT and make comparisons to the near-contemporaneous
further downstream in the jet, but not yet in the VLBI core GMVA results from Issaoun et 2019 and Very Long Baseline
region on submilliarcsecond scales. Array (VLBA) observations at 2.3 and 8.7 GHtunt et al.2027).

Early 230 GHz observations withe prototype Event Horizon The EHT array achieves a resolution ©20pas. At the
TelescopgEHT) at three geographical sitédawaii, California, J1924-2914 redshift ofz=0.353 (Jones et al2009, this
and Arizon provided afirst model of the resolved structure in the corresponds to a linear scéféof 0.1 pc or, in Schwarzschild
inner jet of J19242914 via modefitting of amplitudes and closure  radius units Rs = 2GM./ ¢, about 103(M./10°M.)"'Rs. No
phasegLu et al.2019. The individual components are extended in robust mass estimate for J192914s central black hole was
a direction consistent with the liimeter-wavelength inner jet ~found in the literature. The EHT results reported in this paper
morphology. However, withou{quasi)simultaneous multifre- ~ are the highest-resolution images of a blazinear polariza-
quency observations, these observations alone cannot link thlon ever obtained at millimeter wavelengths, likely probing a
compact millimeter structures tbet large-scale centimeter jet. '€9ion within the gravitational sphere oflirence of the central
Furthermore, with a very limite@,v) coverage, these observations SuPermassive black hole.g., Kormendy & Ha@2013.

were unable to reconstruct an image of the source and track its The paper 1S structu_red as follows. In Sgctlﬁn we
detailed time variability. summarize the observations and data processing. We present

our total-intensity and polarimetric images in Sectband

— discuss the theoretical implications in SecdoA summary is
http// www.physics.purdue.edastrd MOJAVE/ sourcepagéd921-293. given in Sectiorb
shtm .

Original content from this work may be used under the terms
5y of the Creative Commons Attribution 4.0 licendgny further 148 £or the cosmological parameters we have assufied 67.7 km s*

distribution of this work must maintain attribution to the autfaand the title Mpc !, Q,, =0.307, and2, = 0.693 (Wright 2006 Planck Collaboration
of the work, journal citation and DOI. et al.2016.



http://astrothesaurus.org/uat/16
http://astrothesaurus.org/uat/17
http://astrothesaurus.org/uat/164
http://astrothesaurus.org/uat/870
http://astrothesaurus.org/uat/739
http://astrothesaurus.org/uat/1769
http://astrothesaurus.org/uat/1346
http://creativecommons.org/licenses/by/4.0/
http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/1921-293.shtm
http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/1921-293.shtm

The Astrophysical Journal, 934:145(21pp, 2022 August 1 Issaoun et al.
@ intrasite Chile-Hawai’i @ Chile-PV SMT-Hawai'i SMT-SPT ® Hawai'i-SPT LMT-SPT
Chile-SMT @ Chile-LMT ® Chile-SPT e SMT-LMT e Hawai'i-LMT LMT-PV e PV-SPT
10F' I _;-‘.iépr 5 i ]_, }\/}pr 61 ,i/r,._q],‘.'\épr 71 i l \%pr 10 I [.. jlf‘?pr 111_
S ey T R N A N NP \ BN
A O R I B E R U JEE B I S B N P N R
B _5k \‘"“5";; T o.‘;’a’o," I \ .':{?."o 0.4 ' bl e ¢ I %oooj ]
%0, e, e, T & ol TNy
I S e T S e e S S (R SN S e s
u (GA)

Figure 1. EHT (u, v) coverage on 2017 April 5, 6, 7, 10, and (ffbm left to righ) for J1924-2914. Each colored point corresponds to a single VLBI scarbahin.

The 2017 April 10 observations only consisted of two consecutive scans. In Chile, ALMA participated in the observations on 2017 April 6, 7, aadREXvhil
participated for all days. In Hawaii, the SMA and JCMT both participated for all observing days. Dashed circles indicate fringe spacingsirghahecteriz
instrumental resolution of 5@as and 25.as.“Chile” denotes stations ALMA and APEXHawaii’ denotes stations SMA and JCMT.

Table 1
Leakage Calibration D-terms Assumed For Stations Without a Co-Located Site

2. Observations and Data Processing
2.1. 230 GHz EHT

. . Station Dr(%) D (%)
Observations of J1922914 were carried out by the EHT on . -
2017 April 5, 6, 7, 10, and 11, interleaved among observations;"‘\"/; 22'?;’ 3'3 ‘31';”“1165&
of Sagittarius A (EHTC et al.20223, for which J19242914 - 1-32+-3 5 s j o0

was used as an active galactic nuci&GN) calibrator source,
along with the blazar NRAO 53(05. Jorstad et al. 2022, in
preparatioh Eight stations at six geographic sites took part in
the observations: ALMA and the Atacama Riatter Experi-
ment (APEX) telescope in Chile; the Large Millimeter calibration; EHTC et al.2022h). For further information
Telescope Alfonso SerranLMT) in Mexico; the IRAM concerning the observations, data collection, processing, and
30 m telescopdPV) in Spain; the Submillimeter Telescope validation, see EHTC et a2019h 20199.
(SMT) in Arizona; the James Clerk Maxwell Telescope The polarimetric calibration follows the procedures
(JCMT) and the Submillimeter ArrafSMA) in Hawaii; and described in EHTC et al(20213. Similarly to the M87
the South Pole Telescog8PT) in Antarctica. polarimetric analysis, JCMT has beftagged from the data for
The signals were recorded onto Mark6 recorders at a rate opolarimetric imaging of J1922914 due to its single
32Gbps in two ~2GHz subbands centered at 227.1 and polarization cofiguration. This has no effect on the, v)
229.1 GHz (hereafter low and high bands, respectivelising coverage as all baselines to Hawaii ardilfetl by the co-
dual right-hand and left-hand circularly polarized fe@ISP ad located SMA, which observed in full polarization at all times.
LCP, respectively for all stations except ALMA and JCMT. For the polarization leakadB®-term) calibration of the stations
ALMA recorded dual linear poladtion, which was subsequently  with a co-located sitéALMA & APEX, SMA & JCMT), we
converted at the correlationtage to a circular basis by used the D-terms reported in Appendix D of EHTC et al.
PolConvert (Marti-Vidal et al.2016 Goddi et al.2019. The (20213, which were obtained through a robust multisouite
JCMT observed a single circular polarization component duringto the EHT data usingolsolve (Marti-Vidal et al.2021).
the campaigr(predominantly RCP for 2017 April 5 and 6 and For the remaining statiorfexcept SPY, the values adopted are
LCP for 2017 April 7, 10, and 31In Figurel, we show the derived based on the results reported in Appendix E of EHTC
resulting EHT(«, v) coverage for each observing day. G¢ad) et al. (20213 and are presented in TallleThe SPT D-terms
coverage on 2017 April-5 and 11 facilitated a detailed VLBI  were fitted as part of analysis presented in this paper. A
imaging of the source at 230 GHz. Due to the very sparse snapshatonsistency test of the assumed leakage ficomfts and
coverage on 2017 April 10 and the static properties of the sourceonstraints on the SPT D-terms are given in Appedix
on short timescalgsee Sectio), observations on 2017 April 10 Detections were obtained for J192914 on all participating
were combined with those of 2017 April 11 for analysis. baselines of the EHT for all observing days. In Figjnee show
After observation, the data were shipped to the MIT an example of the signal-to-noise rgN) and correlatedux
Haystack Observatory and the Max-Planck-Institut fiir Radio- density on our EHT baselines for 2017 Aprilldw band, which
astronomie in Bonn for correlation, see EHTC ef20194 for corresponds to the observing day with the best coverage. The
details. The resulting data were calibrated using two separatdaselines to ALMA provide extremely high/ 1$ of several
VLBI data reduction pipeline@lackburn et al2019 Janssen hundreds for data averaged in 5 rinitervals, the corresponding
et al. 2019 to ensure robustness of the results. Their APEX baselines offer a/ 8l about an order of magnitude lower.
consistency has been studied in detail in EHTC et al. The data shown in the bottom panel of Fig@réhave been
(20199, and an example of cross-pipeline comparisons is calibrated using a priori calibration informati(aystem tempera-
presented in AppendiA. For the science results presented in tures, antenna gains and opadjtipsovided for the telescopes.
this paper we use theHT-HOPS pathway(Blackburn et al. The consistency of measurements on the prirtarhe sensitive
2019 EHTC et al. 20199 complemented by updated ALMA or SMA) and redundanto APEX or JCMT, co-located
postprocessingmost notably with revised a priafux density with ALMA and SMA, respectivelybaselines vefies the 10%

Note. Constraints on SPT D-terms are discussed in AppeBdix
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Figure 2. Top: 9N for the EHT low-band observations of J192814 on
2017 April 7, as a function of projected baseline length. Baselines are color-
coded following Figurel. The circle (diamond markers denote primary
(redundant baselines. Bottom: Complementary plot for the visibility
amplitudes after a priori calibration, in units of Jansky.

accuracy of thélux density calibration aniddicates a good self-
consistency of the data set. Awetk calibration procedure was
additionally applied to obtain thénal data se(Blackburn et al.
2019, further improving gain calibration of sites with a co-located
station by assuming a total compdittx density provided by
ALMA (Goddi et al.2021).

2.2. 86 GHz GMVA+ALMA

Observations of J1922914 at 86 GHz(A\3.5mn) were
obtained with the GMVAALMA on 2017 April 3 in
conjunction with observations of Sagittarius published in
Issaoun et al2019. The array was composed of eight VLBA

Issaoun et al.
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Figure 3. Left: The(u,v) coverage of the 86 GHz observations on 2017 April 3,
with the GMVA+ALMA. Right: The (4,v) coverage of the VLBA observations
at 8.7 and 2.3 GHz.

2.3. 2.3 and 8.7 GHz VLBA

Observations of J1922914 at 2.3 and 8.7 GHz were carried
out as part of the International Celestial Reference Frame survey
with the VLBA (Hunt et al. 2021). The observations were
executed in astrometric and geodetic modes, thus providing high
positional accuracy. The target was observed simultaneously at
the two frequencies, as is customary for geodetic observations. To
reduce any variability-induced offset, we select the observation
that is closest in time to the EHT observations reported here, on
2017 April 28. The target was observed by all 10 stations of the
VLBA, where 16 intermediate fregancy subbands were recorded,
with 4 centered at 2.3GHz and 12 at 8.7 GHz, for a total
bandwidth of 128 and 384 MHz at the respective frequencies. In
the right panel of Figur8 we show theu,v) coverage of these
observations. Observations were recorded in right-hand circular
polarization mode only, at a data rate of 2 Ghps. For further
information on observation and data calibration, refer to Hunt
et al.(202)). The calibrated data were imaged using the CLEAN
algorithm implemented in thebIFMAP software package
(Shepherdl997, 2011). The beam sizes a(®.58x 3.58mas at
—5° and (2.45% 0.99mas at—3° for the 2.3 and 8.7 GHz
observations, respectively. We iterated the reconstruction process
using a hybrid imaging loop, consisting of CLEAN and a phase
self-calibration cycle, with a stoimg criterion of obtaining three
times the noisdloor of the residual image. THimal images are
presented in Sectiochl as part of the multifrequency analysis.

antennas, the Green Bank Telescope, the Yebes 40 m telescope,

the IRAM 30 m telescope, the Effelsberg 100 m telescope, and

ALMA. The data were recorded with a bandwidth of 256 MHz

at a data rate of 4 Gbps over a 12 h track, of which 8 h included

ALMA. The total recorded time on J1922914 was about 2

hr. In the left panel of Figurd we show thd, v) coverage of
these observations. These observations yield images with
beam size of(122x 88) uas at 36. The data reduction,
processing, and imaging followed a similar pathway to the
EHT data, and are described in more detail in Issaoun et al

3. EHT Image Analysis Results
3.1. Total Intensity

The total-intensity analysis was performed on four individual
observing epochs, 2017 April 5, 6, 7, and+lil. The three
#maging software packages used for the analysis of the EHT
observations of M87(EHTC et al.20199 were employed to
reconstruct total-intensity images of J192414: the regular-
ized maximum likelihood(RML) software eht-imaging

(2019. Analysis of this data set was challenging because of the(Chael et al. 2016 2018 and sSMILI (Akiyama et al.

large uncertainties in the amplitude gain calibration and low
phase stability of the complex visibilities. The 86 GHz image of
J1924-2914 presented in this work was reconstructed with the
eht-imaging library using only closure quantitig€hael

et al. 2016 2018 to overcome the calibration problems and
was originally published in Issaoun et #2019. Linear-
polarization imaging at 86 GHz did not yield robust results that
could be interpreted cédently.

2017h 20173; and the CLEAN algorithm implemented in
theDIFMAP software packagéhepherd 997 2017). Follow-

ing the development of posterior-exploration techniques for the
M87* polarization resultEHTC et al.20213, we utilized two
Markov chain Monte Carlo framework algorithms in addition
to the imaging methodsbMC (Pesce202]) and Themis
(Broderick et al2020a 20200. The reconstructions typically
combine both low- and high-band data sets, given the very
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DIFMAP eht-imaging Themis

20

Brightness Temperature (10° K)

Figure 4. Representative images of J192814 from the 2017 April 7 EHT observations produced usingMAP, eht-imaging, and SMILI, and the mean
posterior images fromMC andThemi s. To simplify visual comparisons and display the images at similar resolutions, the images are restored with circular Gaussian
beams of various siz€due to varying intrinsic levels of superresolution across softyvimean effective resolution matching the EHT beam of:26.

small fractional bandwidth difference and high inter-band baseling3-3.5 G\ in both epochk This suggests that the 2009

consistency reported in EHTC et £0199 and EHTC et al. flare event could be related to a more extended region, possibly
(20213. further downstream from the 1.3 mm VLBI core region.
The total-intensity structure of J192814 at 230 GHz is very In Table2, we show the reduceg? calculated for the low-

resilient to various user-basetioices in the imaging process, band data sets averaged in 120s bins, as a metric dftthe
leading to an easily recoverable three-component structure showguality to closure quantitigglosure phasesxép, log closure

in Figures4 and5. While the reconstructed source morphology amplitudes—2..,; Thompson et al2017% Blackburn et al.

appears robust, the total compfigk density within the 20pas e . ) i
field of view and in the three components is more ambiguous. Antz(iizvQ a’;ﬂﬁ‘gs"?"'It,yi;mp"‘“ge%zxm f?r: tge ﬁggl rl?p{)es‘ar\r:in
upper limit is provided by the sutaneous connected-element ative(o ucial’) images from all methods and all observing

interferometric-ALMA measurements reported in Goddi et al. days. The best reconstructions from the imaging methods based

(2027), that is around 3.2 Jy, with small day-to-day variations on least-squaresitting to closure quantities and the mean

below 0.1Jy, within the calibtian uncertainties. Different Images fr_om_ the posterior-exploration methods were chosen as
analysis pipelines recover anything between 2.0 and 3.2 Jy withirf € fiducial images. Thesht~-imaging and DMC models
the 200uas field of view. Furthermore, the algorithms differ in €XNibit the best values in the® metric with consistently good
their detailed approach to the image reconstruction. As anPerformance for all days, and hence we focus on those two
example,SMTT.T favors image sparsity, keeping brightness in a sc_)ftware packages in the _subsequent quantitative analysis. In
compact substructures, whileic does not encourage sparsity in  Figure4, we show thefiducial images for all methods for the
any way, possibly allowing for mofix density to be distributed 2017 April 7 observations, restored to a resolution qi@ In
throughout thefield of view as a dynamic range-limited noise Figures, we show the method-averaged images across our four
floor. Additionally RML methods typically assume compact OPserving epoch@017 April 10 and 11are combinedrhe
imaging priors, discouraging emission further away from the core.Méthod-averaging procedure reduces the impact of method-
For these reasons in FigutesMILT andDMC have similar total ~ SPeciic systematics and provides a more conservative image-
brightness, but the main three-component structure appeardomain representation of the source, highlighting image
signicantly dimmer in theDMC reconstruction. Furthermore, features consistently reconstructed across different algorithms.
the total compacfiux density ambiguity is a particularly severe However, the averaged image maj the visibility-domain
problem for the EHT array, which for the observations of observations to a lesser degree than the individual reconstruc-
J19242914 has no baselines in the range betweer\ 2k tions, and hence more quantitative studies typically rely on the
0.6 G\, a single SMTLMT baseline in the range 0.6-1.5\@nd ~ analysis of individual pipeline@.g., EHTC et al2019d Kim
no coverage between 1.5 and 2.8 GHence, constraining et al.202Q EHTC et al.20213. The stability and robustness of
structures larger than100pas is extremely challenging with — the J19242914 image and derived amplitude gains were also
EHT data. corfirmed in EHTC et al. (20220 for the purpose of the
Monitoring by the SMA?° shows that the total compatiix calibrator gain transfer for the imaging of Sgr(&HTC et al.
density at 1.3mm remained in the %2.0Jy range since 20229. We verfied that imaging merged data sets from
2013 until the end of 2021; hence the EHT 2017 observationsseparate days generally leads to a decrease ffit thaality,
should correspond to a representative state of the source in thighich justfies the choice to analyze observing days separately.
low luminosity period. In early 2009 the source went through a  The total-intensity structure of J192814 is very stable
flaring phase, when the totllx density went up to about across the duration of the EHT 2017 campaign. Examples of
10 Jy. The proto-EHT VLBI results reported by Lu e{a012 this consistency are shown in Figewhere we plot closure
correspond to this period. Interestingly, while there is much phasegThompson et aR017 Blackburn et al2020 from the
moreflux density in the 2009 data set on short baseljabsut EHT observations of J1922914 on two triangles along with
6Jy at 0.6 Q), the 2009 and 2017 data sets show a nearly the fits obtained by theht-imaging pipeline for different
consistent correlatetlix of ~1 Jy on the shared Hawa8MT observing days. In particular, the left panel of Fighpesents
closure phases on the sensitive ALMAMT-SMA triangle,
showing good agreement of the models obtained for 2017 April
199 hiipy/ smal.sma.hawaii.eticallist callist.html?plot= 1924-292 6, 7, and 11. The SMASMT-SPT closure phasesniddle
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Figure 5. Method-average images of J192814 from the 2017 EHT observations. The results of three imaging mé#iodsimaging, SMILI, DIFMAP) and
two posterior-exploration metho@sMC and Themis) were averaged for each of the four observing epochs. The lowest contour corresponds to 10% of the peak
intensity, with increasing contours in steps of 10%. The CLEAN nominal beam0820WHM is shown as a representative resolution of the average images,
hereafter referred to as the EHT beam.

panel of Figures) are consistent in thiérst part of the track, but  reported in Goddi et al(2021), we expect that Faraday
about GMST= 4 h the models diverge, with 2017 April 5 and rotation effects do not affect the observed EVPA by more than
10-11 indicating a rapid closure phase growth, and 2017 April 5 deg at the observing frequency of 230 GHz.

6 and 7 a rapid decrease in the closure phase. After |n Figure8, we show thefiducial polarimetric images of
GMST = 5h, the models are consistent again, as the phase1924-2914 for the three days with ALMA and two analysis
is wrapping with a 360 period. There is some evidence for pipelines. The linearly polarized emission is localized in the
structural evolution between 2017 Apritband April 16-11; VLBI core (the brightest and southernmost compor@tsee
however, such phase degeneracies on triangles involving longection3.4) and inbetween the second and third total-intensity
baselines can be caused by small structural changes in theomponents along the jet direction. In these two regions, the
image domain, such as single microarcsecond-scale relativeesolved image-domain fractional polarization reach2@%.
motion of the componen(im et al. 2020. We quantify the  while the EVPAs seen in the outer jet components are mainly
image structure evolution in Sechn4. Fu(thermore, we can  aligned parallel to the jet axis, the EVPA pattern in the core
track down the degeneracy seen in the middle panel of Figure region rotates in a fan-like pattern, causing depolarization in the
to the absolute phase ambiguity seen on baselines between SRhage-integrated results. These features are persistent for all
and SMTLMT/ Hawaii. In Figure7 we show that the same observing days and across methods.

degeneracy can be seen on a single day betweerfivaur We can characterize the image-integrated linear polarization
imaging pipelines, allfitting the available data well and (over a 20Q.asfield of view) with the following metrics. First,
resulting in very similar models, e.ght-imaging andDMC the intensity-weighted average polarization fraction across the
iImages seen in Figure resolved EHT imagéwe blur models with a 1pas circular

Gaussian beajis given by
3.2. Linear Polarization

Due to the high consistency betweenfale methods in the (jm]) = 2N Qt + Ui _ kak. )
total-intensity imaging, we employed one RML imaging > Zk STk

method (eht-imaging) and one posterior-exploration

method (DMC) exhibiting particularly good values of (see HereZ, Q, andl/ are the image-domain Stokes parameters, and
Table 2) to streamline the polarimetric imaging and analysis. the sums are taken over all pixels in the image. Ifiteepanel
Both software packages have been extensively tested, includingf Figure9 we show(|m|) across observing days and imaging
fcheir performance on polarimetric reconstructions of syntheticpipelines to be about 209%0%. In Figure8 we see that the
images(see Appendix J of EHTC et &0213. We focus on  |argest contribution td|m|) comes from the core region.

the three observing days that include the sensitive ALMA array - A second metric is the coherently averaged polarization
(2017 April 6, 7, and 1)1 Additionally, the presence of ALMA  fraction m,, representing the unresolved fractional polariza-
in the array enables a straightforward calibration of the absolutgjon in the 20Quasfield of view,

electric vector position anglEVPA). In the right panel of

Figure 6 we demonstrate the consistency of the RML models QDU
: ; ; : Mpet = ———— (3
with the polarimetric data. We are using the absolute value of ST
the Fourier-domain fractional polarizatieh (Johnson et al.
2015, In the middle and bottom panels of Fig@ewe show the
A . absolute value$m|,et and EVPAS ofm,e at about 6% and
= O+il ) —50 deg, respectively. Comparing these results with the
o 7 ALMA measurements reported by Goddi et(@021) we find

. overall good consistency, in particular with thec pipeline.
on the very sensitive ALMALMT baseline, wheré&, Q, and This indicates that the polarized emission unresolved by
U are Fourier-domain Stokes components of the radiésth ALMA with ~ arcsecond resolution is mostly ¢oed to the
Given the rotation measure value ~ofix 10°rad m?2 narrowfield of view of the EHT. The large difference between
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Table 2
Reducedy? Values on Closure Quantities and Visibility Amplitudes After Self-calibrating to the STokesges

Date Data Product DIFMAP eht-imaging SMILI DMC Themis
2017 April 5 Yaup 0.346 0.343 0.551 0.342 0.485
Xep 1.211 1.087 1.338 1.802 1.264
X2logCA 1.009 0.838 1.702 2.539 1.377
2017 April 6 XzAMP 1.226 0.579 2.13 0.791 1.143
ep 1.850 0.910 0.935 1.074 1.350
szgcf\ 2.128 0.978 3.901 1.337 2.026
2017 April 7 awp 1.018 0.663 1.00 0.545 1.115
Yep 2.013 0.674 2,912 0.828 2.024
XlzogCA 1.983 1.191 1.791 1.286 2.031
2017 April 10+11 XiMP 1.994 1.171 1.111 0.914 1.671
X(ij 2.895 1.123 1.437 1.211 3.592
Xﬁ,gCA 3.806 1.700 1.907 1.708 3.134

Note. Reducedy? are calculated using a total error budget containing thermal noise plus an additional complex systematic error corresponding to 2% of the observe
visibility amplitude.

|m|net @and (|m|) is related to the large EVPA variation in the we perform an image-domain brightness maxima search,

image, as seen in the core component in Figure identifying them with the maxima of components indicated in
Figurel0. We then déne binary masks around each extremum
3.3. Circular Polarization to compute the totallux density corresponding to each

. . . . component(Figure 11), and the positions of thBux density
As DMC is a posterior-exploration code performing full- - cenroiggFigure12). The error bars fect the 68% cdidence
Stokes modeling(Pesce202]), we can use the recovered jntaryals of individual measured quantities extracted foom

posterior distributions to determine whether the 230 GHz ;,qteriors.oMc enables parameter extraction for all epochs,

images contain statistically sigicant detections of circular apart from EVPA measurements on April 5, which is the day

Fhoai?nsvaélogbr':/sl%:?\gﬁé meig{gﬁggt tr%linr\]/irR?zahéilrsn S?:)Eh‘)dswithout ALMA participation and hence lacks the absolute

. : X X ; EVPA calibration. Additionally we show a similar measure-
polarimetric station gains as parameters of fitted image,

L . . .. ment obtained from a singeht -imaging reconstruction per
thus providing more robustness against systematic uncertalntleaay (markers without the error bars in Figures-12). The
in the polarimetric a prioffiux density calibration. We measure '

. . i - total-intensity eht-imaging results are available for all
the detection cdidence in the resolved image as the ratio o,,0ng \hile polarization results are only available for the
between the local mean posterior and the local posterior;., :

o X . O ys with ALMA.
standard deviation of the estimated circular polarization,
evaluated based on 1000 images drawn from the posterio
distribution. Our cofidence does not exceed At any location
in the image on any observing day. The distribution of net
(image-averagé@dcircular polarization is also consistent with
zero, in agreement with tHandings of Goddi et a(2021). For
comparison, the same procedure determines th&deoie in
the source structure corresponding to over @hen applied to
StokesZ images, and about 10 when applied to linear-
polarization images.

In Figurel1l, we present the total-intensity and polarization
E)roperties of the components idéietl in FigurelO across the
four observing days. We show the variation in the téitat
density, linear-polarizatiofiux density, and EVPA integrated
over each component across the EHT observing campaign
extracted from theht-imaging and DMC imaging results.
The southernmost compone@® has the highest totdlux
density and is assumed to be the 230 GHz VLBI core. For the
component-integrated EVPA, we also compare the results with
the image-integrated EVPA measured from simultaneous
interferometric-ALMA observations in Goddi et gR021).

We notice a bias between componéok densities idenfiied

In Figure10 we show a diagram of the different components with eht-imaging and DMC, with the former returning
in total intensity and linear polarization on which image- values larger by about 25% f@0 andC1 components. We
domain-based feature extraction was performed across obsegttribute the effect to imaging algorithm systematics, particu-
ving days and methods. We identify the brightest total-intensitylarly to sparsity-based regularization employed fordhe -
component at the south-eastern end of the jet as the VLBI coreimaging reconstructiongsee the discussion in Sectiri).

C0, following the image morphology at lower frequencies, and Given the associated uncertainties, there are no strong
the other total-intensity features as first jet componen€l, indications of the time evolution of the compongfuak density

and the second jet componefi2. The components showing on the timescale of our EHT observations. The core component
the highest linear polarization aré in the core region and the  CO is about 2 times brighter thafil and C2, the latter two

jet componenfl; the latter is located betwe€l andC2. showing similaflux densities. Whil&0 has a higher polarized

In case obMC, similarly as in Sectio.3, we consider 1000  flux density tharP1, the EVPA varies by about 90 deg across
images drawn from the posterior distribution. For each image,the compacP0 core component, consistently between days and

3.4. Image Components Feature Extraction

9
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Figure 6. Consistency between observations and the RML images obtainedhithimaging (continuous lines Left: Closure phases on the sensitive ALMA
LMT-SMA triangle, exhibiting large variation related to the evolution of the triangle geometry during th's Eatdtion. Middle: Closure phases on the very
extended SMASMT-SPT triangle. A degeneracy between modéisd to different days can be observed, with hints of the structural evolution between days. Right:
Fractional Fourier polarizatidiEquation(1)) on the sensitive ALMALMT baseline. The errors are dominated by the systematic uncertainty corresponding to 2% of
the Stoke<Z visibility.

50F T ! ! ! ] the net EVPA of VLBI images is consistent with the ALMA-
LMT-SPT-APEX 'Y % - only measurementgat least for the DMC images; see
] L N AT U A S SO ] Figure9), this implies that the EVPA shift of the components
s =\ ‘ is compensated by the change in the residual net EVPA within
50 a /‘{\\;\\ ] thefield of view. Hence, if the effect is systematic, it appears to
~ \\‘x be related to the imaging or parameter extraction algorithms,
&0 W rather than to the data calibration. In any case, we conclude that
= —100p ) 7] a< 20 deg consistency between the ALMA-only data and the
3 \X» sum of the VLBI components is overall reassuring and
= —150¢ 1 constrains the contribution from the systematic errors.
o [ \ In Figure 12, we present the relative distance of the
%ﬁ —200F \ ] individual total-intensity and polarization component centroids
O eht-imaging \ from the coreCO across the EHT observing campaign. There is
o950k —— sMILT | no systematic offset between centroids@fandp0, indicating
[ ‘ \ that most likely they correspond to the same physical core
(|~~~ Themis \ component. However, the peak brightness locatio®®fis
_300:' DMC '\& ] shifted to the east with respect to the peak brightne€® (dee
[ DIFMAP "‘A\~ also the discussion in Sectich3). We see no sigficant
=300 motion of the components between 2017 April 5 and 11,
—2 0 2 4 particularlyC1 is well constrained and on all days and for both
GMST (h) pipelines its distance from the core remains consistent within
Figure 7. Comparison of observed closure phases on the A3FTFAPEX 2 pas. For J192£914, the observed motion of &g day

triangle on 2017 April 7 with predictions from the models shown in Figure  corresponds to an apparent velocity of @hich translates to

The observations taken after GMST3 are shown twice, with a 360 deg phase 5 upper limit on apparent velocmpp(C1) < 2.7¢. Kinematic

shift. analysis at 15 GHZLister et al.2019 resulted in apparent

. . . A velocities of three features, yielding=7¢ at a distance of
methods(see Figures), adding destrL_quver In 'Flg.ure:'l. mas from the core, and two features on the submilliarcsecond
When we add absolute values of the linear polarization instead 5o moving with3=2.6¢ and 3= 0.2¢. While a direct

of coherently adding complex numbers, fvel about 0.1 Jyin - comparison of the apparent velocities seen at 15 and 230 GHz
the PO region for images blurred to a A&s resolution. There g gitficult in view of the bent jet morphology and different
and P1 components and not observed in the ALMA-only data speculation about this. The wider range of apparent velocity
(bottom panel of Figurdl). While this feature is not very  estimated in the innermost region may suggest jet bending and
statistically sigrficant and may be a statisticlike, it may  a smaller jet inclination of the innermost reg{bending away
also indicate some systematic VLBI calibration bias. However, from the line of sight In this regime,Bapp= 0/ (1 — 3) and

the bias in the absolute EVPA calibration, which follows the thus small intrinsic variations éfcan result in relatively large
ALMA QAZ2 calibration(Goddi et al2021), would be expected  variations of the apparent velocity. At present, the physical
to impact all EHT sources in a similar fashion, and an oppositeorigin of the relative large variation of the component speeds
trend in EVPA was found for M87(EHTC et al.20213. As along the jet is unclear. It could be due to component motion

10
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Figure 8. Fiducial polarimetric images of J1929814 produced by the RML imaging methent -imaging and the posterior-exploration methamdc. The results

are shown for the three J192914 observation days that included ALMA. The total intensity is shown on a gray scale with black contours indicating 25, 50 and 75%
of the peak total intensity. White contours indicate 25, 50, and 75% of the peak polarization intensity. The ticks show the orientation of tharE&fiyth the
indicates linear-polarization intensity magnitude, and their color indicates fractional linear polarization. Cuts were made to omit altheginagés where Stokes

7< 10% of the peak brightness aRek 20% of the peak polarized brightness. The images are all displayedfveitth af view of 128;; as, and all images are blurred

with a circular Gaussian beam of A&s.

along spatially bent trajectories, but intrinsic jet acceleration The projected position ang({@A) of the jet gradually rotates
combined with regions of slower velocity or even stationarity counterclockwise with increasing distance from the jet base. In the
(shock$ also cannot be excluded. Future more detailed 2.3 GHz VLBA image the PA is 50k 5° east of north at about
kinematic studies will be required to clarify this. 20 mas from the core and the jet bends toward the -rsartith

We also note a peculiarity seen in Figliresulting mostly  direction closer to the core, consistently with the jet orientation in
from the DMC analysis: there is marginal evidence that, while the nonsimultaneous 1.6 GHz image al®mas from the core
component2 separates from the core and moves downstream Shen et al1999. At 8.7 GHz wefind a PA of 25 + 5° at about
the motion of theP1 centroid goes in the opposite direction, 5mas from the core, consistewith the archival VLBA
approaching the VLBI core. Whether this is due to pattern monitoring results at 15 GHz, shogia persistent jet orientation
motion or is a projection effect in a rotating jet remains at this at a PA of about 30in the epochs from 1995 to 2013 at angular
time an open question. We can only place very loose upperscales~5 mas(Kellermann et al1998 Pushkarev et aR017).
limits on the apparent velocities with respect @, The same MOJAVE olesvations hint at more variability of the
BapdC2) < 13c, BapdPl) <27c¢ with a hint of acceleration, jet PA on the smallest resolved scalel mas. Observations by
which may be related to the transverse shock discussed ifshen et al(2002 with the VLBA between 1994 and 2000 across
Section 4.4, rather than to the overall acceleration pattern ¢o frequencies, 12, 15, and 43 GHzshowed a consistent PA

expected in the inner part of the ejected jet. orientation of 30 at 5 GHz with a clockwise shift of about 51
67° at 43 GHz. At 86 GHz a possible bent jet structure is seen,
4. Discussion with the inner jet oriented with a PA of aboutd(0” less than

0.3 mas from the core, and an ampd transition to a northeast
direction further out. The-40° PA with respect to the core is
In Figure 13, we show multifrequency images of consistent with the PA of the single jet component located
J19242914 from close in time observations in April 2017 ~400uas from the core, imaged from 2018 Aprii GMVA
with the VLBA (2.3 and 8.7 GHg the GMVAJ}ALMA observationgsee Figuret of Issaoun et ak021). 2018 images at
(86 GH2, and the EHT(230 GH). Ranging two orders of 86 GHz do not indicate jet bending. At 230 GHz, the component
magnitude in frequency, these images show jet structureCl is located at a PA of45° and C2 at a PA of—35° with
spanning from subparsec to 100 parsec scales. The EHT imageespect to the cor€0. This morphology can potentially be
of J1924-2914 provides an unprecedented view of the inner explained by a helical structure in the jéConway &
parsec of this blazar. Murphy 1993 Steffen et al1995. Such a helical jet structure

4.1. Multifrequency Images of the Bent Jet
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3 1 polarization(PO and P1) components in the EHT images of J192¢14 at
0 02'_ ] 230 GHz. We show the method-average total-intensity and linear-polarization
el image of our best observation day, 2017 April 7. Linear-polarization contours
i 1 are shown in cyan, denoting regions of 25, 50, and 75% of the peak linearly
000b———— e polarized intensity. Guiding contours in the total intensity are shown in white,
’ ———— 77T ——— denoting _regions from 20% to 90% of the p_eak Fotal jntensity, in steps of 10%.
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e N _ L .
< _20_ o relativistic jets(Hardee200Q Lobanov & Zensu200]). This
; instability grows in the kinetic energy dominated region;
g 40'_ R ° ] therefore the region far from the jet base is a preferred site.
mL i The CD kink instability was also shown to generate helically
£ et 7 twisted jet structuregMcKinney & Blandford 2009 Mizuno
= 60_- ] et al.2012 Davelaar et al2020. This instability is excited by
e the existence of a helical magnéiield, which is predicted by
1 1 1 1

I A -1-0'1-1 J the jet formation theory and simulatiofs.g., Pudritz et al.
- 2012, and is expected to grow in the magnetically dominated
Figure 9. Image-averaged linear-polarimetric properties of the source. Blue region near the jet base. The toroidal magnésiltls would

points with error bars represent 68% fdence intervals from theMC cregte g twisted polarization pattern like the one we observe in
posterior distributions. Green points without error bars correspond to a single

measurement from theht-imaging images. Red points correspond to the PO component at the VLBI core in Figuge
ALMA measurements from Goddi et §2021). For the sake of clarity a small
horizontal shift has been added between the markers representing different 4.2. Brightness Temperatures
methods within the same day.
We measure the observer frame brightness temperdiires

of the VLBI core by performing Gaussian modgting in
IFMAP at each frequency, and estimating the core size and
ux density. The results are presented in Talevith Ty
calculated as

can be caused by an orbiting lersmass secondary black hole
around a stable primary central black hole, as also proposed fo
4C 73.18(Roos et al1993 and OJ 287e.g., Dey et al202%,
GOmez et al.2029, precession caused by a wobbling disk
(Britzen et al.2018, or a large-scale accretidlow that is tilted n B
with respect to the black hole spin afgsg., as in M81; Marti- =122 x10 202" )
Vidal et al.2011).

Alternatively, the jet could be showing a sharp bend related towhere the units of,, v, andf are as given in Tablg Apart from
a collision between the jet and a dense cloud in the externathat, nonsimultaneous MOJAVE data at 15 GHz give a core
medium(e.g., as in 3C 120; Gémez et 200Q 2001), although brightness temperaturel0*> K in 2012, and an apparent
the lack of clear signatures of jet disruption render this prightness temperature in excess of2k0 was found at

interpretation less likely. Instabilities in a relativistic_jet 3 g GHz(shen et al1999. The reported brightness temperatures
constitute another possible origin of the bent structure. There

; ; g : .;are generally lower limits ifthe cores are not resolved.
are two main types Qf instabilities that can be. ! esponsible for thISNevertheless the trend of the brightness temperature decreasin
bending:(1) the Kelvin-Helmholtz(KH) instability; and(2) the ’ 9 P 9

current-driven(CD) kink instability. KH instabilities develop with the frquency seems robust_and consistent with signatures of
through the shear between two differiotv components, e.g., an acceleratingsujparsec-scale j¢tee et al.2019. However,

the fast jet spine and the slow jet sheath/andhe wind and  this interpretation is only stightforward if the change in
external mediunfMizuno et al.2007 Sironi et al.2021). The inclination angle in the bent jet does not cause @gmit changes
nonaxisymmetric helical mode can produce bent structures irin the Doppler factor. The 230 GHz brightness temperature is
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Figure 11. Total-intensity and linear-polarization properties of the individual Ob 1
components iderfted in FigurelO. The different colors correspond to the 05 06 07 10-11
different total-intensitycircleg and linear-polarizatiosquares components. Figure 12. Relative distance of the total-intensifgl, €2) and linear-
Points with error bars represent 68% fedence intervals from themc polarization(PO, P1) components from the VLBI cor€0 across the EHT

posterior distributions. Pqints yvithqut error bars correspond_to a single observing campaign. The component labels follow that of the schematic in
measurement from thent -imaging images. For the sake of clarity a small  gigure 10. For the sake of clarity, a small horizontal shift has been added

horizontal shift has been added between the markers representing differerfeween the markers representing different methods and components within the
methods and components within the same day. same day.

consistent with the visibility-doain brightness temperature limit  prightness temperature at 230 GHz is likely lower than the
obtained from theflux density values observed on the longest equipartition temperatu®, 75 < Toq = 5 x 10'° K, indicating
baseline$LOban0V2015, WhiCh, in our case, reach about 85,G a magnetica"y dominated inner jéReadhead]_ggQ, ||ke|y

as well as with the prior estimates by Lu et @019. The  dominated by the helical magnetifield. The brightness
Observed Value iS related to “ﬂlﬂ!d fl’ame brightness temperature temperatureTé is also Sigrﬂcant'y lower than the inverse-

Ty via Compton limit of~5x 10 K (Kellermann & Pauliny-
, 1+ 2z Toth 1969. Thesefindings are comparable to the ones reported
Tg=T;s ®) for 3C 279 by Kim et al(2020 from observations in the same
EHT run. Low brightness temperatures at 230 GHz were also
with a Doppler factob and Lorentz factor reported for other EHT sources, Celfrésolved at about 20Rs
1 scale; Janssen et &021) and M87 (resolved at about 3.Bg
b=——————T=(01-p)"2 6 le; EHT 193.
Tl Geosd) 1 -p59) (6) scale; C et aR0193
with velocity 3 and viewing anglé. While we do not have strong 4.3. Superresolved Millimeter Core
limits on the jet velocity and inclinatiofhich also varies with With RML-based imaging methods we may expect to

the angular scale as the jet is beRaliya et al(2017) suggests  achieve superresolution in regularizéiied images(Honma
I'=12 (8>0.996¢), and it is enough that <20 deg and et al.2014. Indeed, witheht-imaging we consistentlyind
B> 0.6¢ in order to obtainy > 2. This implies that the intrinsic  the CO component as an elliptical feature of major and minor

13



The Astrophysical Journal, 934:145(21pp, 2022 August 1 Issaoun et al.

2017 Apr 07 | 86 GHz y 8 y 2.3GH; 2017 Apr 28 |

(i

Brightness Temperature (10° K)

Brightness Temperature

Figure 13.Multifrequency images of J1922914 from the 2017 April observations. From left to right: the 230 GHz 2017 April 7 EHT image; the 86 GHz 2017 April

3 GMVA+ALMA image; and 8.7 and 2.3 GHz images taken on 2017 April 28 with the VLBA. The contours delimit regions from 10% to 90% of the peak brightness
temperature, in steps of 10%. To make all the features visible, the EHT image and lower-frequency images have different intensity ranges. Ehis BT afnag
Figure5 and follows the brightness temperature range on the left, whereas the three images at lower frequencies have the brightness temperaturdaiabge of the ¢
on the right. The white circles in the lower left of each panel denote the nominal instrument resolution. The dashed squaredidédiwiitvilees of the preceding

higher frequency image.

optically thin core, contrary to the standard model of a radio
Table 3 jet, in which the core emission corresponds to the photosphere
Properties of the VLBI Core at Each Observing Frequency FroRMAP ! . . . .
Gaussian-component Fitting of the optically thick regioriBlandford & Konigl1979. Such
optically thin emission is expected if the source is observed at a

;(GJHZ) ;g i'; 806;12 ZS%'l frequency higher than the synchrotron self-absorption turnover.
9”(;;')3 0.82 0.56 a 001 In this case the VLBI core would appear resolved, and the
T (101 K) 76 78 28 12 polarization substructure would become observable.

Note. 4.4. Jet Features

& A 15 pas resolution limit calculated using the residual map noise was used. . o
The two total-intensity jet featuréd andC2 appear at PAs

. of -47 deg and -36 deg, respectively, with a change consistent
axes FWHMs equal to 15as and 1Qas, respectively, and a  with the direction of the jet bending. Additionally, vied a
major axis PA of about 45 deg, perpendicular to the position po|arized componenpl, located betweei€l and C2. The
angle ofC1, which we associate with the PA of the subparsec- EvpA in theP1 component is ordered and aligned in a pattern
scale jet. Superresolved images obtained with an RML-basegharallel to the jet. This is indicative of a transverse magnetic
reconstruction method, with no subsequent blurring, are showrield component, implying a toroidal or helical magnétdd
in Appendix A. In all images in Figure8, the polarized  topology, and this provides a simple and natural explanation for
componenf0 appears to have a crescent-like shape around thehe presence of thel offset fromC1 andC2. It is possible that
coreC0, with a large fractional polarization of about 15% and a 2 is a relativistic transverse shock in the jet, which enhances
de_po_larlzed intrusion on the west side of the core feature.the magnetidield in the plane of compression, perpendicularly
Within the PO structure, the EVPA rotates by at least 90 deg tg the shock propagation directiiughes et al1985. In this
around the core, consistently across days and meffseds  case, some of the polarization associated wWithcould be
Figure8). We interpret this as a signature of the presence ofassociated with this shock structure. The separation between
toroidal magnetidields in the corg¢Molina et al.2014. The  the linearly polarized and total-intensity features could be a
inner depolarization could be a resolution effect related to theconsequence of the presence of substructure within the shock,
size of the beam, averaging over the spatially varying EVPAg g, a forward and reverse shock, one being more polarized
within the VLBI core region; however the depolarization than the othe(Gomez et al1997 Laskar et al2019. There is
toward the west requires a different explanation. It is possiblesome weak indication o1 and €2 motion in opposite
that the innermost jet is launched in the western direction, andjirections supporting this interpretati@ee Figurd 2). Linear-
hence because the material in the jet is partially obscuring theyolarization maps in 15 GHz with MOJAVE indicate that in the
view onto the jet base, the Faraday depth is greater on the weshost upstream region the EVPA is aligned with the 230 GHz
side of the core, causing depolarization. The western orientajet PA (Lister et al.2018. This suggests a similar origin of the
tion of the inner jet is consistent with the trend of the bend 15 GHz polarization features as transverse shock features in the
direction seen across all angular scales. An alternativeypstream jet, unresolved at 15 GHz. Further away from the

explanation is a conical shoctind & Blandford 1985, core, the 15 GHz maps show the EVPA aligning with the mas
which can reproduce similar geometrical features in the EVPAscale jet orientation, strengthening this interpretation'

orientation, particularly in the presence of a tangled magnetic
field componen{Cawthorne2008. In this interpretation the
core in our images would need to be associated with the
optically thin jet plasma. In this paper, we presented tiiest 1.3 mm VLBI total-
Simultaneous interferometric-ALMA  observations of intensity and polarimetric images of the blazar J129244

J1924-2914 give spectral indices of -0t50.10 at 93 GHz, with the EHT. The EHT enabled the highest-resolution
and -0.75+ 0.10 at 220 GHZGoddi et al.2021). These values  polarimetric imaging of a quasar to date, corresponding to a
suggest an optically thin source, and as the emission idinear resolution o~0.1 pc. These unprecedented images of
dominated by the core component, this could imply an the inner parsec of J1922914 reveal a compact total-intensity

5. Summary
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Appendix A multisourcefit (EHTC et al.2021a Marti-Vidal et al.2021).
Data Reduction Pipelines Comparison For the remaining sites the leakage terms need to be modeled
simultaneously with the source structure and the problem
becomes degenerate. The values presented in Talle
representative values based on the analysis spanning multiple
epochs and different image reconstruction algoritfEt$TC

In Figure 14 we compare the Stokes (total intensity
230 GHz images obtained from the two data reduction
pipelines: EHT-HOPS (Blackburn et al.2019, and CASaA-
basedrPICARD (Janssen et a019. All images presented in 3 e
Figure 14 were obtained using an identicaht -imaging et aI.?OZla}. These yalue; were used for the linear-polarization
script(Chael et al201§. The images correspond to a dirtt ~ 1Mading with eht-imaging, and only SPT D-terms were

to the observations, with no blurring or restoring beam applied.SC!ved for in this framework. For imaging withiC, leakage
terms werdfitted within the software, providing a consistency

HOPS

50 pas

CASA

Figure 14.Total-intensity images of J1922914 for the four EHT observing epochs in April 2017, for two independent data calibration pipafinesOpPs (upper
panel3y andCASA-rPICARD (bottom panels The color scale is the same for all images, with a peak value corresponding to/ L@ghJgontours correspond to
15, 30, 45, 60, 75, 90% of the peéilax density. There is a high level of consistency between the two calibration methods.

Appendix B test with the assumed valugsee Figurelb). Systematic
Leakage Terms Consistency differences between days are seen forothe fits. As D-terms
Leakage codicients can be estimated robustly for the are unlikely to sigrficantly vary in time for stations other than
telescopes with an intra-site statihLMA, APEX, SMA, AL.MA (qudl et al.2019, th|§ highlights the importance of
JCMT), where a point source model can be employed for a yusing multiepocHits to constrain the leakage ceients. SPT
0.15F y 13T | @Dy Apr6 ] 0.05F ' Apr7 ] 015F | “Apr 11
¢ SMT 1 ODy i i
mry | | R
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Figure 15.Leakage terms estimated withiC for J1924-2914 data for 2017 April 6, 7, and 11, shown withdrror bars. The matching symbols without error bars
correspond to the assumed leakage terms given in Tabided and open symbols denote right and left circular polarization D-terms, respectively. In case of the
SPT, markers correspond to leakage terms estimatedt byimaging, separately for each observing day.
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leakage calibration is particularly challenging given the limited Geoffrey C. Bowel
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estimated in EHTC et al(20213 because M87 is not
observable from the south pole. Ofits to J19242914 data
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