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Resolving the inner parsec of the blazar J1924-2914 with the Event Horizon Telescope
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ABSTRACT

The blazar J1924-2914 is a primary Event Horizon Telescope (EHT) calibrator for the Galactic Center’s black
hole Sagittarius A*. Here we present the first total and linearly polarized intensity images of this source obtained
with the unprecedented 20 pias resolution of the EHT. J1924-2914 is a very compact flat-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 Array
(April 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-parsec scales. We combine the multi-frequency
images of J1924-2914 to study the source morphology. We find that the jet exhibits a characteristic bending,
with a gradual clockwise rotation of the jet projected position angle of about 90 degrees between 2.3 and
230 GHz. Linearly polarized intensity images of J1924-2914 with the extremely fine resolution of the EHT
provide evidence for ordered toroidal magnetic fields in the blazar compact core.
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1. INTRODUCTION

The radio source J1924-2914 (PKS 1921-293, OV-236)
is a radio-loud quasar at a redshift z = 0.353 (Wills & Wills
1981; Jones et al. 2009). The source exhibits strong optical
variability and is highly polarized (Wills & Wills 1981; Pica
et al. 1988; Worrall & Wilkes 1990). While it is extremely
compact at long radio wavelengths, very long baseline in-
terferometry (VLBI) observations at centimeter wavelengths
were able to resolve a persistent core-jet structure elongated
in a northern direction (e.g., Preston et al. 1989; Shen et al.
1997; Tingay et al. 1998; Kellermann et al. 1998). The source
is a part of the 15 GHz Monitoring Of Jets in Active galactic
nuclei with VLBA Experiments (MOJAVE) source sample'
and shows a prominent 10 milli-arcsecond scale jet, see Lis-
ter et al. (2018). Imaging and Gaussian-component model
fitting of observations at frequencies between 5 and 43 GHz
conducted between 1994 and 2000 indicated a sharp bend
of the inner jet from north-east to north with increasing fre-
quency (Shen et al. 1999, 2002). Motions of individual com-
ponents across multiple years were observed further down-
stream in the jet, but not yet in the VLBI core region on sub-
milliarcsecond scales.

Early 230GHz observations with the prototype Event
Horizon Telescope (EHT) at three geographical sites
(Hawai’i, California, and Arizona) provided a first model
of the resolved structure in the inner jet of J1924-2914 via
model fitting of amplitudes and closure phases (Lu et al.
2012). The individual components are extended in a di-
rection consistent with the millimeter wavelength inner jet
morphology. However, without (quasi-)simultaneous multi-
frequency observations, these observations alone cannot link
the compact millimeter structures to the large-scale centime-
ter jet. Furthermore, with a very limited (u,v) coverage,
these observations were unable to reconstruct an image of
the source and track its detailed time variability.

Recently, the highly sensitive Atacama Large Millimeter/-
submillimeter Array (ALMA) was equipped for millimeter
VLBI via the ALMA Phasing Project (APP; Matthews et al.
2018; Goddi et al. 2019). In 2017, ALMA participated in its
first VLBI science campaign jointly with the Global Millime-
ter VLBI Array (GMVA) at 86 GHz and the EHT at 230 GHz.
In addition to its sensitivity, ALMA provides valuable north—
south baselines to the predominantly east-west geometry
of the GMVA. These observations enabled a first image of

! http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/1921-293.
shtml

J1924-2914 at 86 GHz (project code MB0O7; Issaoun et al.
2019). With participation of ALMA at 230 GHz, the EHT
Collaboration imaged the horizon-scale emission of M 87*
(EHTC et al. 2019a,b,c,d,e,f), as well as central regions of the
blazar 3C 279 (Kim et al. 2020) and the radio galaxy Cen A
(Janssen et al. 2021). The first EHT millimeter images of
linearly polarized emission in M 87* were published recently
(EHTC et al. 2021a,b). In this paper, we present the first to-
tal intensity and linear polarization images of J1924-2914 at
230 GHz obtained with the EHT, and make comparisons to
the near-contemporaneous GM VA results from Issaoun et al.
(2019) and Very Long Baseline Array (VLBA) observations
at 2.3 and 8.7 GHz (Hunt et al. 2021).

The EHT array achieves a resolution of ~ 20 pas. At the
J1924-2914 redshift of z = 0.353 (Jones et al. 2009), this
corresponds to a linear scale” of 0.1 pc or, in Schwarzschild
radius units Rs = 2GMg /2, about 10° (Mg /10°Ms) "' Rs.
No robust mass estimate for J1924-2914’s central black hole
was found in the literature. The EHT results reported in this
paper are the highest resolution images of a blazar’s linear
polarization ever obtained at millimeter wavelengths, likely
probing a region within the gravitational sphere of influence
of the central supermassive black hole (e.g., Kormendy & Ho
2013).

The paper is structured as follows. In Section 2, we sum-
marize the observations and data processing. We present our
total intensity and polarimetric images in Section 3 and dis-
cuss the theoretical implications in Section 4. A summary is
given in Section 5.

2. OBSERVATIONS AND DATA PROCESSING
2.1. 230 GHz EHT

Observations of J1924-2914 were carried out by the EHT
on 2017 April 5, 6, 7, 10, and 11, interleaved among ob-
servations of Sagittarius A* (EHTC et al. 2022a), for which
J1924-2914 was used as an active galactic nucleus (AGN)
calibrator source, along with the blazar NRAO 530 (Jorstad et
al., in prep). Eight stations at six geographic sites took part in
the observations: ALMA and the Atacama Pathfinder Exper-
iment (APEX) telescope in Chile; the Large Millimeter Tele-
scope Alfonso Serrano (LMT) in Mexico; the IRAM 30m
telescope (PV) in Spain; the Submillimeter Telescope (SMT)
in Arizona; the James Clerk Maxwell Telescope (JCMT) and

2 For the cosmological parameters we have assumed Hy = 67.7 km 57!
Mpc’l, Q;, =0.307, and 25 = 0.693 (Wright 2006; Planck Collaboration
et al. 2016).
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Figure 1. EHT (u,v) coverage on 2017 April 5, 6, 7, 10, and 11 (from left to right) for J1924-2914. Each colored point corresponds to a
single VLBI scan of ~ 5Smin. The 2017 April 10 observations only consisted of two consecutive scans. In Chile, ALMA participated in the
observations on 2017 April 6, 7, and 11, while APEX participated for all days.
observing days. Dashed circles indicate fringe spacings characterizing the instrumental resolution of 50 pas and 25 pas. “Chile” denotes the
stations ALMA and APEX. “Hawai’i” denotes the stations SMA and JCMT.

In Hawai’i, the SMA and JCMT both participated for all
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Figure 2. Top: Signal-to-Noise ratio (S/N) for the EHT low-band
observations of J1924-2914 on 2017 April 7, as a function of pro-
jected baseline length. Baselines are color-coded following Fig-
ure 1. The circle (diamond) markers denote primary (redundant)
baselines. Bottom: Complementary plot for the visibility ampli-
tudes after a priori calibration, in units of Jansky.

the Submillimeter Array (SMA) in Hawai’i; and the South
Pole Telescope (SPT) in Antarctica.

The signals were recorded onto Mark6 recorders at a rate
of 32 Gbps in two ~2 GHz subbands centered at 227.1 and
229.1 GHz (hereafter low and high bands, respectively), us-
ing dual right-hand and left-hand circularly polarized feeds
(RCP ad LCP, respectively) for all stations except ALMA
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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 (u,v) coverage
of the VLBA observations at 8.7 GHz and 2.3 GHz.

and JCMT. ALMA recorded dual linear polarization, which
was subsequently converted at the correlation stage to a cir-
cular basis by PolConvert (Marti-Vidal et al. 2016; Goddi
et al. 2019). The JCMT observed a single circular polariza-
tion component during the campaign (predominantly RCP
for 2017 April 5 and 6 and LCP for 2017 April 7, 10, and
11). In Figure 1, we show the resulting EHT (u,v) cover-
age for each observing day. Good (u,v) coverage on 2017
April 5-7 and 11 facilitated a detailed VLBI imaging of the
source at 230 GHz. Due to the very sparse snapshot coverage
on 2017 April 10 and the static properties of the source on
short timescales (see Section 3), observations on 2017 April
10 were combined with those of 2017 April 11 for analysis.
After observation, the data were shipped to the MIT
Haystack Observatory and the Max-Planck-Institut fiir Ra-
dioastronomie in Bonn for correlation, see EHTC et al.
(2019b) for details. The resulting data were calibrated us-
ing two separate VLBI data reduction pipelines (Blackburn
et al. 2019; Janssen et al. 2019) to ensure robustness of the
results. Their consistency has been studied in detail in EHTC
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Figure 4. Representative images of J1924-2914 from the 2017 April 7 EHT observations produced using DIFMAP, eht-imaging, and
SMILI, and the mean posterior images from DMC and Themis. To simplify visual comparisons and display the images at similar resolutions,
the images are restored with circular Gaussian beams of various sizes (due to varying intrinsic levels of super-resolution across softwares) for

an effective resolution matching the EHT beam of 20 pas.

et al. (2019c¢), and an example of cross-pipeline comparisons
is presented in Appendix A. For the science results presented
in this paper we use the EHT-HOPS pathway (Blackburn
et al. 2019; EHTC et al. 2019¢c) complemented by updated
postprocessing (most notably with revised a priori flux den-
sity calibration; EHTC et al. 2022b). For further information
concerning the observations, data collection, processing and
validation, see EHTC et al. (2019b,c).

The polarimetric calibration follows the procedures de-
scribed in EHTC et al. (2021a). Similarly to the M 87* po-
larimetric analysis, JCMT has been flagged from the data for
polarimetric imaging of J1924-2914 due to its single polar-
ization configuration. This has no effect on the (&, v) cover-
age as all baselines to Hawai’i are fulfilled by the co-located
SMA, which observed in full-polarization at all times. For
the polarization leakage (D-term) calibration of the stations
with a co-located site (ALMA & APEX, SMA & JCMT),
we used the D-terms reported in Appendix D of EHTC et al.
(2021a), which were obtained through a robust multi-source
fit to the EHT data using polsolve (Marti-Vidal et al.
2021). For the remaining stations (except SPT), the values
adopted are derived based on the results reported in Appendix
E of EHTC et al. (2021a) and are presented in Table 1. The
SPT D-terms were fitted as part of analysis presented in this
paper. A consistency test of the assumed leakage coefficients
and constraints on the SPT D-terms are given in Appendix B.

Table 1. Leakage calibration D-terms assumed for stations without
a co-located site

Station DR (%) Dy.(%)
LMT 2.5+3.5i -1.0+1.5¢
SMT 2.8+9.0i -3.5+10.0i

PV —13.0+3.5i 15.0+0.0i

Note — Constraints on SPT D-terms are discussed in Appendix B.

Detections were obtained for J1924-2914 on all partici-
pating baselines of the EHT for all observing days. In Fig-
ure 2, we show an example of the signal-to-noise ratio (S/N)
and correlated flux density on our EHT baselines for 2017
April 7 (low band), which corresponds to the observing day
with the best (u,v) coverage. The baselines to ALMA pro-
vide extremely high S/N of several hundreds for data aver-
aged in 5 min intervals, the corresponding APEX baselines
offer a S/N about an order of magnitude lower. The data
shown in the bottom panel of Figure 2 have been calibrated
using a priori calibration information (system temperatures,
antenna gains and opacities) provided for the telescopes. The
consistency of measurements on the primary (to the sensi-
tive ALMA or SMA) and redundant (to APEX or JCMT, co-
located with ALMA and SMA, respectively) baselines veri-
fies the 10% accuracy of the flux density calibration and in-
dicates a good self-consistency of the data set. A network
calibration procedure was additionally applied to obtain the
final data set (Blackburn et al. 2019), further improving gain
calibration of sites with a co-located station by assuming a
total compact flux density provided by ALMA (Goddi et al.
2021).

2.2. 86 GHz GMVA+ALMA

Observations of J1924-2914 at 86 GHz (A\3.5 mm) were
obtained with the GMVA+ALMA on 2017 April 3 in con-
junction with observations of Sagittarius A* published in
Issaoun et al. (2019). The array was composed of eight
VLBA 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 band-
width of 256 MHz at a data rate of 4 Gbps over a 12 h track,
of which 8h included ALMA. The total recorded time on
J1924-2914 was about 2 hours. In the left panel of Figure 3
we show the (u,v) coverage of these observations. These ob-
servations yield images with a beam size of (122 x 88) uas
at 36deg. The data reduction, processing, and imaging
followed a similar pathway to the EHT data, and are de-
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Table 2. Reduced x* values on closure quantities and visibility amplitudes after self-calibrating to the Stokes Z images.

Date Data Product DIFMAP eht-imaging SMILI DMC Themis

Xamp 0.346 0.343 0.551 0342 0485

2017 April 5 Xp 1.211 1.087 1338 1.802  1.264
XhogCh 1.009 0.838 1702 2539 1377

Xamp 1.226 0.579 213 0791  1.143

2017 April 6 2p 1.850 0.910 0935 1.074  1.350
XiogCA 2.128 0.978 3901 1337  2.026

Xamp 1.018 0.663 1.00 0545 1115

2017 April 7 Xp 2.013 0.674 2912 0.828  2.024
XiogCA 1.983 1.191 1791  1.286  2.031

Xamp 1.994 1.171 1.111 0914  1.671

2017 April 10+11 ip 2.895 1.123 1.437 1211  3.592
XiogCA 3.806 1.700 1.907 1.708  3.134

NOTE - Reduced x? are calculated using a total error budget containing thermal noise plus an additional complex systematic error
corresponding to 2% of the observed visibility amplitude
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Figure 5. Method-average images of J1924-2914 from the 2017 EHT observations. The results of three imaging methods (eht-imaging,
SMILI, DIFMAP) and two posterior exploration methods (DMC 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 beam of 20 pas
FWHM is shown as a representative resolution of the average images, hereafter referred to as the EHT beam.

scribed in more detail in Issaoun et al. (2019). Analysis
of this data set was challenging because of the large un-
certainties 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 quantities
(Chael et al. 2016, 2018) to overcome the calibration prob-
lems and was originally published in Issaoun et al. (2019).
Linear polarization imaging at 86 GHz did not yield robust
results that could be interpreted confidently.

2.3. 2.3and 8.7 GHz VLBA

Observations of J1924-2914 at 2.3 and 8.7 GHz were car-
ried 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 pro-
viding high positional accuracy. The target was observed
simultaneously at the two frequencies, as is customary for

geodetic observations. To reduce any variability-induced oft-
set, we select the observation that is closest in time to the
EHT observations reported here, on 2017 April 28. The tar-
get was observed by all ten stations of the VLBA, where six-
teen intermediate frequency sub-bands were recorded, with
four centered at 2.3 GHz and twelve at 8.7 GHz, for a total
bandwidth of 128 and 384 MHz at the respective frequencies.
In the right panel of Figure 3 we show the (u,v) coverage of
these observations. Observations were recorded in right-hand
circular polarization mode only, at a data rate of 2 Gbps. For
further information on observation and data calibration, refer
to Hunt et al. (2021). The calibrated data were imaged us-
ing the CLEAN algorithm implemented in the DIFMAP soft-
ware package (Shepherd 1997, 2011). The beam sizes are
(9.58 x 3.58) mas at -5 deg and (2.45 x 0.94) mas at —3 deg
for the 2.3 and 8.7 GHz observations, respectively. We iter-
ated the reconstruction process using a hybrid imaging loop,
consisting of CLEAN and a phase self-calibration cycle, with
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a stopping criterion of obtaining three times the noise floor
of the residual image. The final images are presented in Sec-
tion 4.1 as part of the multi-frequency analysis.

3. EHT IMAGE ANALYSIS RESULTS
3.1. Total Intensity

The total-intensity analysis was performed on four indi-
vidual observing epochs, 2017 April 5, 6, 7, and 10+11.
The three imaging software packages used for the analysis
of the EHT observations of M 87* (EHTC et al. 2019d) were
employed to reconstruct total-intensity images of J1924—
2914: the Regularized Maximum Likelihood (RML) soft-
ware eht-imaging (Chael et al. 2016, 2018) and SMILI
(Akiyama et al. 2017b,a); and the CLEAN algorithm imple-
mented in the DIFMAP software package (Shepherd 1997,
2011). Following the development of posterior exploration
techniques for the M 87* polarization results (EHTC et al.
2021a), we utilized two Markov chain Monte Carlo frame-
work algorithms in addition to the imaging methods: DMC
(Pesce 2021) and Themis (Broderick et al. 2020a,b). The
reconstructions typically combine both low and high band
data sets, given the very small fractional bandwidth differ-
ence and high inter-band consistency reported in EHTC et al.
(2019¢) and EHTC et al. (2021a).

The total-intensity structure of J1924-2914 at 230 GHz is
very resilient to various user-based choices in the imaging
process, leading to an easily-recoverable three-component
structure shown in Figures 4 and 5. While the reconstructed
source morphology appears robust, the total compact flux
density within the 200 pas field of view and in the three com-
ponents is more ambiguous. An upper limit is provided by
the simultaneous connected-element interferometric-:ALMA
measurements reported in Goddi et al. (2021), that is around
3.2Jy, with small day-to-day variations below 0.1 Jy, within
the calibration uncertainties. Different analysis pipelines re-
cover anything between 2.0 and 3.2Jy within the 200 uas
field of view. Furthermore, the algorithms differ in their de-
tailed approach to the image reconstruction. As an example,
SMILI favors image sparsity, keeping brightness in a com-
pact sub-structures, while DMC does not encourage sparsity
in any way, possibly allowing for more flux density to be
distributed throughout the field of view as a dynamic range-
limited noise floor. Additionally RML methods typically as-
sume compact imaging priors, discouraging emission further
away from the core. For these reasons in Figure 4 SMILI
and DMC have similar total brightness, but the main three-
component structure appears significantly dimmer in the DMC
reconstruction. Furthermore, the total compact flux density
ambiguity is a particularly severe problem for the EHT array,
which for the observations of J1924-2914 has no baselines
in the range between 2 M\ and 0.6 G, a single SMT-LMT
baseline in the range 0.6-1.5 GA and no coverage between

1.5 and 2.8 GA. Hence, constraining structures larger than
~ 100 pas is extremely challenging with EHT data.

Monitoring by the SMA? shows that the total compact flux
density at 1.3 mm remained in the 3.2 £ 1.0Jy range since
2013 until the end of 2021, hence the EHT 2017 observations
should correspond to a representative state of the source in
this low luminosity period. In early 2009 the source went
through a flaring phase, when the total flux density went
up to about 10Jy. The proto-EHT VLBI results reported
by Lu et al. (2012) correspond to this period. Interestingly,
while there is much more flux density in the 2009 data set
on short baselines (about 6Jy at 0.6 G)), the 2009 and 2017
data sets show a nearly consistent correlated flux of ~ 1Jy on
the shared Hawai’i—-SMT baseline (3-3.5 G\ in both epochs).
This suggests that the 2009 flare event could be related to a
more extended region, possibly further downstream from the
1.3 mm VLBI core region.

In Table 2, we show the reduced X2 calculated for the low
band data sets averaged in 120 s bins, as a metric of the fit
quality to closure quantities (closure phases — x2p, log clo-
sure amplitudes — x7,; Thompson et al. 2017; Blackburn
et al. 2020) and visibility amplitudes (x4p) for the final rep-
resentative (or ‘fiducial’) images from all methods and all
observing days. The best reconstructions from the imaging
methods based on least-squares fitting to closure quantities
and the mean images from the posterior exploration methods
were chosen as the fiducial images. The eht-imaging
and DMC models exhibit the best values in the x> metric
with consistently good performance for all days, and hence
we focus on those two software packages in the subsequent
quantitative analysis. In Figure 4, we show the fiducial im-
ages for all methods for the 2017 April 7 observations, re-
stored to a resolution of 20 pas. In Figure 5, we show the
method-averaged images across our four observing epochs
(2017 April 10 and 11 are combined). The method-averaging
procedure reduces the impact of method-specific systematics
and provides a more conservative image-domain representa-
tion of the source, highlighting image features consistently
reconstructed across different algorithms. However, the av-
eraged image may fit the visibility domain observations to a
lesser degree than the individual reconstructions, and hence
more quantitative studies typically rely on the analysis of in-
dividual pipelines (e.g., EHTC et al. 2019d; Kim et al. 2020;
EHTC et al. 2021a). The stability and robustness of the
J1924-2914 image and derived amplitude gains were also
confirmed in EHTC et al. (2022b) for the purpose of the cal-
ibrator gain transfer for the imaging of Sgr A* (EHTC et al.
2022c). We verified that imaging merged data sets from sepa-

3 http://smal.sma.hawaii.edu/callist/callist.htm]?plot=1924-292
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Figure 6. Consistency between observations and the RML images obtained with eht-imaging (continuous lines). Left: closure phases on
the sensitive ALMA-LMT-SMA triangle, exhibiting large variation related to the evolution of the triangle geometry during the Earth’s rotation.
Middle: Closure phases on the very extended SMA-SMT-SPT triangle. A degeneracy between models fitted to different days can be observed,
with hints of the structural evolution between days. Right: fractional Fourier polarization (Equation 1) on the sensitive ALMA-LMT baseline.

The errors are dominated by the systematic uncertainty corresponding to 2 % of the Stokes Z visibility.
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Figure 7. Comparison of observed closure phases on the LMT-
SPT-APEX triangle on 2017 April 7 with predictions from the mod-
els shown in Figure 4. The observations taken after GMST=3 are
shown twice, with a 360 deg phase shift.

rate days generally leads to a decrease in the fit quality, which
justifies the choice to analyze observing days separately.
The total-intensity structure of J1924-2914 is very stable
across the duration of the EHT 2017 campaign. Examples of
this consistency are shown in Figure 6, where we plot clo-
sure phases (Thompson et al. 2017; Blackburn et al. 2020)
from the EHT observations of J1924-2914 on two triangles
along with the fits obtained by the eht-imaging pipeline

for different observing days. In particular, the left panel of
Figure 6 presents closure phases on the sensitive ALMA—
LMT-SMA triangle, showing good agreement of the models
obtained for 2017 April 6, 7 and 11. The SMA-SMT-SPT
closure phases (middle panel of Figure 6) are consistent in
the first part of the track, but about GMST=4h the models
diverge, with 2017 April 5 and 10-11 indicating a rapid clo-
sure phase growth, and 2017 April 6 and 7 a rapid decrease
of the closure phase. After GMST=5 h, the models are con-
sistent again, as the phase is wrapping with a 360 deg period.
There is some evidence for structural evolution between 2017
April 5-7 and April 10-11, however, such phase degenera-
cies on triangles involving long baselines can be caused by
small structural changes in the image domain, such as sin-
gle pas-scale relative motion of the components (Kim et al.
2020). We quantify the image structure evolution in Section
3.4. Furthermore, we can track down the degeneracy seen in
the middle panel of Figure 6 to the absolute phase ambiguity
seen on baselines between SPT and SMT/LMT/Hawai’i. In
Figure 7 we show that the same degeneracy can be seen on a
single day between our five imaging pipelines, all fitting the
available data well and resulting in very similar models, e.g.,
eht-imaging and DMC images seen in Figure 4.

3.2. Linear polarization

Due to the high consistency between all five methods
in total intensity imaging, we employed one RML imag-
ing method (eht-imaging) and one posterior exploration
method (DMC) exhibiting particularly good values of x? (see
Table 2) to streamline the polarimetric imaging and analy-
sis. Both software packages have been extensively tested,
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Figure 8. Fiducial polarimetric images of J1924-2914 produced by the RML imaging method eht -imaging and the posterior exploration
method DMC. The results are shown for the three J1924-2914 observation days that included ALMA. The total intensity is shown on a grayscale
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 the EVPA, their length indicates linear polarization intensity magnitude, and their color indicates
fractional linear polarization. Cuts were made to omit all regions in the images where Stokes Z < 10% of the peak brightness and P <20% of
the peak polarized brightness. The images are all displayed with a field of view of 128 pas, and all images are blurred with a circular Gaussian

beam of 18 pas.

including their performance on polarimetric reconstructions
of synthetic images, see Appendix J of EHTC et al. (2021a).
We focus on the three observing days which include the sen-
sitive ALMA array (2017 April 6, 7, and 11). Additionally,
the presence of ALMA in the array enables a straightfor-
ward calibration of the absolute electric vector position angle
(EVPA). In the right panel of Figure 6 we demonstrate the
consistency of the RML models with the polarimetric data.
We are using the absolute value of the Fourier domain frac-
tional polarization 7 (Johnson et al. 2015),

(D

on the very sensitive ALMA-LMT baseline, where f, Q,
and U/ are Fourier domain Stokes components of the radia-
tion field. Given the rotation measure value of ~ 4 x 10*rad

=2 reported in Goddi et al. (2021), we expect that Faraday
rotation effects do not affect the observed EVPA by more
than 5 deg at the observing frequency of 230 GHz.

In Figure 8, we show the fiducial polarimetric images of
J1924-2914 for the three days with ALMA and two analysis
pipelines. The linearly polarized emission is localized in the
VLBI core (the brightest and southernmost component CO,
see Section 3.4) and in-between the second and third total-
intensity components along the jet direction. In these two
regions, the resolved image-domain fractional polarization
reaches ~ 20%. While the EVPAs seen in the outer jet com-
ponents are mainly aligned parallel to the jet axis, the EVPA
pattern in the core region rotates in a fan-like pattern, causing
depolarization in the image-integrated results. These features
are persistent for all observing days and across methods.

We can characterize the image-integrated linear polariza-
tion (over a 200 pas field of view) with the following met-
rics. First, the intensity-weighted average polarization frac-
tion across the resolved EHT image (we blur models with a
15 pas circular Gaussian beam) is given by

Q-+
Zk I

Zk P
Zk T

2

(Iml) =

0

t

ot

o

0

o

at

o

0



12 ISSAOUN & WIELGUS ET AL.
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Figure 9. Image-averaged linear polarimetric properties of the
source. Blue points with errorbars represent 68% confidence
intervals from the DMC posterior distributions. Green points
without errorbars correspond to a single measurement from the
eht-imaging images. Red points correspond to ALMA mea-
surements from Goddi et al. (2021). For the sake of clarity a small
horizontal shift has been added between the markers representing
different methods within the same day.

Here Z, Q and U are the image-domain Stokes parameters,
and the sums are taken over all pixels in the image. In the
first panel of Figure 9 we show (|m|) across observing days
and imaging pipelines to be about 20-30 %. In Figure 8 we
see that the largest contribution to (|m|) comes from the core
region.

A second metric is the coherently-averaged polarization
fraction my,, representing the unresolved fractional polariza-
tion in the 200 pas field of view,

2 QD U .

Mpet = Zk 7, 3)

In the middle and bottom panels of Figure 9 we show the ab-
solute values |m|qer and EVPAs of mye at about 6% and -50
deg, respectively. Comparing these results with the ALMA
measurements reported by Goddi et al. (2021) we find overall
good consistency, in particular with the DMC pipeline. This
indicates that the polarized emission unresolved by ALMA
with ~ arcsec resolution is mostly confined to the narrow
field of view of the EHT. The large difference between |m|e
and (|m|) is related to the large EVPA variation in the image,
as seen in the core component in Figure 8.

3.3. Circular polarization

As DMC is a posterior-exploration code performing full-
Stokes modeling (Pesce 2021), we can use the recovered pos-
terior distributions to determine whether the 230 GHz images
contain statistically significant detections of circular polar-
ization. Moreover, in contrast to other analysis methods that
we consider, DMC explores relative R/L complex polarimet-
ric station gains as parameters of the fitted image, thus pro-
viding more robustness against systematic uncertainties in
the polarimetric a priori flux density calibration. We mea-
sure the detection confidence in the resolved image as the
ratio between the local mean posterior and the local poste-
rior standard deviation of the estimated circular polarization,
evaluated based on 1000 images drawn from the posterior
distribution. Our confidence does not exceed 2o at any lo-
cation in the image on any observing day. The distribution
of net (image-averaged) circular polarization is also consis-
tent with zero, in agreement with the findings of Goddi et al.
(2021). For comparison, the same procedure determines the
confidence in the source structure corresponding to over 30 o
when applied to Stokes Z images, and about 100 when ap-
plied to linear polarization images.

3.4. Image components feature extraction

In Figure 10 we show a diagram of the different compo-
nents in total intensity and linear polarization on which im-
age domain-based feature extraction was performed across
observing days and methods. We identify the brightest total
intensity component at the south-eastern end of the jet as the
VLBI core CO, following the image morphology at lower fre-
quencies, and the other total intensity features as the first jet
component C1, and the second jet component C2. The com-
ponents showing the highest linear polarization are PO in the
core region, and the jet component P1, the latter located be-
tween C1 and C2.

In case of DMC, similarly as in the Section 3.3, we con-
sider 1000 images drawn from the posterior distribution. For
each image, we perform an image-domain brightness max-
ima search, identifying them with the maxima of compo-
nents indicated in Figure 10. We then define binary masks
around each extremum to compute the total flux density cor-
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Figure 10. Schematic of the total-intensity (CO, C1, and C2) and
linear polarization (PO and P1) components in the EHT images of
J1924-2914 at 230 GHz. We show the method-average total inten-
sity and linear polarization image of our best observation day, 2017
April 7. Linear polarization contours are shown in cyan, denoting
regions of 25, 50 and 75% of the peak linearly polarized intensity.
Guiding contours in total intensity are shown in white, denoting re-
gions from 20% to 90% of the peak total intensity, in steps of 10%.
The nominal EHT beam is shown as a white circle in the lower right.

responding to each component (Figure 11), and the posi-
tions of the flux density centroids (Figure 12). The error-
bars reflect the 68% confidence intervals of individual mea-
sured quantities extracted from DMC posteriors. DMC en-
ables parameter extraction for all epochs, apart from EVPA
measurements on April 5, which is the day without ALMA
participation and hence lacks the absolute EVPA calibra-
tion. Additionally we show a similar measurement obtained
from a single eht —imaging reconstruction per day (mark-
ers without the errorbars in Figures 11-12). The total in-
tensity eht-imaging results are available for all epochs,
while polarization results are only available for the days with
ALMA.

In Figure 11, we present the total-intensity and polarization
properties of the components identified in Figure 10 across
the four observing days. We show the variation of total flux
density, linear polarization flux density and EVPA integrated
over each component across the EHT observing campaign
extracted from the eht —imaging and DMC imaging results.
The southernmost component CO has the highest total flux
density and is assumed to be the 230 GHz VLBI core. For
the component-integrated EVPA, we also compare the re-
sults with the image-integrated EVPA measured from simul-
taneous interferometric-ALMA observations in Goddi et al.
(2021). We notice a bias between component flux densities
identified with eht —imaging and DMC, with the former re-
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Figure 11. Total intensity and linear polarization properties of the
individual components identified in Figure 10. The different col-
ors correspond to the different total intensity (circles) and linear
polarization (squares) components. Points with errorbars repre-
sent 68% confidence intervals from the DMC posterior distributions.
Points without errorbars correspond to a single measurement from
the eht -imaging images. For the sake of clarity a small horizon-
tal shift has been added between the markers representing different
methods and components within the same day.

turning values larger by about 25% for CO and C1 compo-
nents. We attribute the effect to imaging algorithm system-
atics, particularly to sparsity-based regularization employed
for the eht-imaging reconstructions, see the discussion
in Section 3.1. Given the associated uncertainties, there are
no strong indications of the time evolution of the component
flux density on the timescale of our EHT observations. The
core component CO is about 2 times brighter than C1 and C2,
the latter two showing similar flux densities. While PO has
a higher polarized flux density than P1, the EVPA varies by
about 90 deg across the compact PO core component, con-
sistently between days and methods (see Figure 8), adding
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Figure 12. Relative distance of the total-intensity (C1,C2) and lin-
ear polarization (PO, P1) components from the VLBI core CO across
the EHT observing campaign. The component labels follow that of
the schematic in Figure 10. For the sake of clarity a small horizon-
tal shift has been added between the markers representing different
methods and components within the same day.

destructively in Figure 11. When we add absolute values of
the linear polarization instead of coherently adding complex
numbers, we find about 0.1Jy in the PO region for images
blurred to a 15 pas resolution. There is also a notable EVPA
rotation trend observed in both PO and P1 components and
not observed in the ALMA-only data (bottom panel of Fig-
ure 11). While this feature is not very statistically signifi-
cant and may be a statistical fluke, it may also indicate some
systematic VLBI calibration bias. However, the bias in the
absolute EVPA calibration, which follows the ALMA QA2
calibration (Goddi et al. 2021), would be expected to impact
all EHT sources in a similar fashion, and an opposite trend in
EVPA was found for M 87* (EHTC et al. 2021a). Since the
net EVPA of VLBI images is consistent with the ALMA-only
measurements (at least for the DMC images, see Figure 9),

this implies that the EVPA shift of the components is com-
pensated by the change in the residual net EVPA within the
field of view. Hence, if the effect is systematic, it appears to
be related to the imaging or parameter extraction algorithms,
rather than to the data calibration. In any case, we conclude
that a < 20deg consistency between the ALMA-only data
and the sum of the VLBI components is overall reassuring
and constrains the contribution from the systematic errors.

In Figure 12, we present the relative distance of the individ-
ual total intensity and polarization component centroids from
the core CO across the EHT observing campaign. There is no
systematic offset between centroids of CO and PO, indicating
that most likely they correspond to the same physical core
component. However, the peak brightness location of PO is
shifted to the East with respect to the peak brightness of CO,
see also the discussion in Section 4.3. We see no significant
motion of the components between 2017 April 5 and 11, par-
ticularly C1 is well constrained and on all days and for both
pipelines its distance from the core remains consistent within
2 pas. For J1924-2914, observed motion of 1 pas/day corre-
sponds to an apparent velocity of 8 ¢, which translates to an
upper limit on apparent velocity B.p,(C1) < 2.7 c. Kinematic
analysis at 15 GHz (Lister et al. 2019) resulted in apparent
velocities of three features, yielding 3 = 7 ¢ at a distance of
5 mas from the core, and two features on sub-mas scale, mov-
ing with 3 =2.6¢ and 8 =0.2¢. While a direct comparison of
the apparent velocities seen at 15 GHz and 230 GHz is diffi-
cult in view of the bent jet morphology and different regions
being probed, let us engage in some plausible speculation
about this. The wider range of apparent velocity estimated in
the innermost region may suggest jet bending and a smaller
jet inclination of the innermost region (bending away from
the line of sight). In this regime, Bpp ~ 6/(1—[3) and thus
small intrinsic variations of 6 can result in relatively large
variations of the apparent velocity. At present, the physical
origin of the relative large variation of the component speeds
along the jet is unclear. It could be due to component motion
along spatially bent trajectories, but intrinsic jet acceleration
combined with regions of slower velocity or even stationar-
ity (shocks) also cannot be excluded. Future more detailed
kinematic studies will be required to clarify this.

We also note a peculiarity seen in Figure 12, resulting
mostly from the DMC analysis: there is marginal evidence
that, while component C2 separates from the core and moves
downstream, the motion of the P1 centroid goes in the op-
posite direction, approaching the VLBI core. Whether this is
due to pattern motion or is a projection effect in a rotating jet
remains at this time an open question. We can only place very
loose upper limits on the apparent velocities with respect to
CO, Bapp(C2) < 13 ¢, Bapp(P1) < 27 ¢ with a hint of accelera-
tion, which may be related to the transverse shock discussed
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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. The EHT image is that of Figure 5 and follows the brightness temperature range on
the left, whereas the three images at lower frequencies have the brightness temperature range of the color bar on the right. The white circles
in the lower left of each panel denote the nominal instrument resolution. The dashed squares delimit the field of view of the preceding higher

frequency image.

in Section 4.4, rather than to the overall acceleration pattern
expected in the inner part of the ejected jet.

4. DISCUSSION
4.1. Multifrequency images of the bent jet

In Figure 13, we show multi-frequency images of J1924—
2914 from close in time observations in April 2017 with the
VLBA (2.3 and 8.7 GHz), the GMVA+ALMA (86 GHz), and
the EHT (230 GHz). Ranging two orders of magnitude in fre-
quency, these images show jet structure spanning from sub-
parsec to 100 parsec scales. The EHT image of J1924-2914
provides an unprecedented view of the inner parsec of this
blazar.

The projected position angle (PA) of the jet gradually ro-
tates counter-clockwise with increasing distance from the jet
base. In the 2.3 GHz VLBA image the PA is 50 -5 deg east
of north at about 20 mas from the core and the jet bends to-
ward the north-south direction closer to the core, consistently
with the jet orientation in the non-simultaneous 1.6 GHz im-
age at 5-10 mas from the core (Shen et al. 1999). At 8.7 GHz
we find a PA of 25 &5 deg at about 5 mas from the core, con-
sistent with the archival VLBA monitoring results at 15 GHz,
showing a persistent jet orientation at a PA of about 30 deg
in the epochs from 1995 to 2013 at angular scales ~ Smas
(Kellermann et al. 1998; Pushkarev et al. 2017). The same
MOJAVE observations hint at more variability of the jet PA
on the smallest resolved scales ~ 1mas. Observations by
Shen et al. (2002) with the VLBA between 1994 and 2000
across four frequencies (5, 12, 15, and 43 GHz) showed a
consistent PA orientation of 30deg at 5 GHz with a clock-
wise shift of about 51-67 deg at 43 GHz. At 86 GHz a possi-
ble bent jet structure is seen, with the inner jet oriented with
a PA of about —40 deg less than 0.3 mas from the core, and an
apparent transition to a north-east direction further out. The
—40 deg PA with respect to the core is consistent with the PA
of the single jet component located ~ 400 pas from the core,

imaged from 2018 April GMVA observations, see Figure 4
of Issaoun et al. (2021). 2018 images at 86 GHz do not indi-
cate jet bending. At 230 GHz, the component C1 is located at
a PA of —45 deg and C2 at a PA of —35 deg with respect to the
core CO. This morphology can potentially be explained by a
helical structure in the jet (Conway & Murphy 1993; Steffen
et al. 1995). Such a helical jet structure can be caused by
an orbiting lower-mass secondary black hole around a sta-
ble primary central black hole, as also proposed for 4C 73.18
(Roos et al. 1993) and OJ 287 (e.g., Dey et al. 2021; Gémez
et al. 2022), precession caused by a wobbling disk (Britzen
et al. 2018), or a large-scale accretion flow that is tilted with
respect to the black hole spin axis (e.g., as in M 81; Marti-
Vidal et al. 2011).

Alternatively, the jet could be showing a sharp bend related
to a collision between the jet and a dense cloud in the exter-
nal medium (e.g., as in 3C 120; Gémez et al. 2000, 2001),
although the lack of clear signatures of jet disruption render
this interpretation less likely. Instabilities in a relativistic jet
constitute another possible origin of the bent structure. There
are two main types of instabilities that can be responsible for
this bending: (1) the Kelvin-Helmholtz (KH) instability; and
(2) the current-driven (CD) kink instability. KH instabilities
develop through the shear between two different flow compo-
nents, e.g., the fast jet spine and the slow jet sheath and/or the
wind and external medium (Mizuno et al. 2007; Sironi et al.
2021). The non-axisymmetric helical mode can produce bent
structures in relativistic jets (Hardee 2000; Lobanov & Zen-
sus 2001). This instability grows in the kinetic energy dom-
inated region; therefore the region far from the jet base is
a preferred site. The CD kink instability was also shown to
generate helically twisted jet structures (McKinney & Bland-
ford 2009; Mizuno et al. 2012; Davelaar et al. 2020). This
instability is excited by the existence of a helical magnetic
field, which is predicted by the jet formation theory and sim-
ulations (e.g., Pudritz et al. 2012), and is expected to grow
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in the magnetically dominated region near the jet base. The
toroidal magnetic fields would create a twisted polarization
pattern like the one we observe in the PO component at the
VLBI core in Figure 8.

4.2. Brightness temperatures

‘We measure the observer frame brightness temperatures Tp
of the VLBI core by performing Gaussian model fitting in
DIFMAP at each frequency, and estimating the core size and
flux density. The results are presented in Table 3, with Ty
calculated as

T =1.22 x 102 ;Zz , 4)
where the units of F,,, v, and 6 are as given in Table 3. Apart
from that, non-simultaneous MOJAVE data at 15 GHz give a
core brightness temperature ~ 10'2 K in 2012, and an appar-
ent brightness temperature in excess of 10'2 K was found at
1.6 GHz (Shen et al. 1999). The reported brightness temper-

Table 3. Properties of the VLBI core at each observing frequency
from DIFMAP Gaussian component fitting.

v (GHz) 23 87 862 229.1
F, (Jy) 22 43 04 0.5
6 (mas) 082 056 -9 0.01

T (10"'K) 76 78 28 1.2

9 a 15 pas resolution limit calculated using the residual map noise
was used

atures are generally lower limits if the cores are not resolved.
Nevertheless, the trend of brightness temperature decreasing
with frequency seems robust, and consistent with signatures
of an accelerating (sub-)pc scale jet (Lee et al. 2016). How-
ever, this interpretation is only straightforward if the change
in inclination angle in the bent jet does not cause significant
changes in the Doppler factor. The 230 GHz brightness tem-
perature is consistent with the visibility-domain brightness
temperature limit obtained from the flux density values ob-
served on the longest baselines (Lobanov 2015), which, in
our case, reach about 8.5 G), as well as with the prior esti-
mates by Lu et al. (2012). The observed value is related to
the fluid frame brightness temperature T]; via

’ 1+Z
TB:TBT (5)

with a Doppler factor § and Lorentz factor I'

1

0= T Feosh)

P=(1-p5"7 (©)

with velocity 8 and viewing angle §. While we do not have
strong limits on the jet velocity and inclination (which also

varies with the angular scale as the jet is bent), Paliya et al.
(2017) suggests I' = 12 (8 > 0.996¢), and it is enough that
0 < 20deg and 8 > 0.6¢ in order to obtain & > 2. This
implies that the intrinsic brightness temperature at 230 GHz
is likely lower than the equipartition temperature T, TB: <
Toq=5X 10'°K, indicating a magnetically-dominated inner
jet (Readhead 1994), likely dominated by the helical mag-
netic field. The brightness temperature Tl; is also signifi-
cantly lower than the inverse-Compton limit of ~ 5 x 10" K
(Kellermann & Pauliny-Toth 1969). These findings are com-
parable to the ones reported for 3C 279 by Kim et al. (2020)
from observations in the same EHT run. Low brightness
temperatures at 230 GHz were also reported for other EHT
sources, Cen A (resolved at about 200 Rs scale, Janssen et al.
2021) and M 87* (resolved at about 3.5 Rg scale, EHTC et al.
2019a).

4.3. Superresolved millimeter core

With RML-based imaging methods we may expect to
achieve superresolution in regularized fitted images (Honma
et al. 2014). Indeed, with eht-imaging we consistently
find the CO component as an elliptical feature of major and
minor axes full widths at half maximum equal to 15 pas and
10 pas, respectively, and a major axis PA of about 45 deg,
perpendicular to the position angle of C1, which we associate
with the PA of the sub-pc scale jet. Superresolved images ob-
tained with an RML-based reconstruction method, with no
subsequent blurring, are shown in Appendix A. In all im-
ages in Figure 8, the polarized component PO appears to have
a crescent-like shape around the core CO, with a large frac-
tional polarization of about 15% and a depolarized intrusion
on the west side of the core feature. Within the PO structure,
the EVPA rotates by at least 90 deg around the core, con-
sistently across days and methods, see Figure 8. We inter-
pret this as a signature of the presence of toroidal magnetic
fields in the core (Molina et al. 2014). The inner depolar-
ization could be a resolution effect related to the size of the
beam, averaging over the spatially varying EVPA within the
VLBI core region, however the depolarization towards the
west requires a different explanation. It is possible that the
innermost jet is launched in the western direction, and hence
because the material in the jet is partially obscuring the view
onto the jet base, the Faraday depth is greater on the west
side of the core, causing depolarization. The western orien-
tation of the inner jet is consistent with the trend of the bend
direction seen across all angular scales. An alternative ex-
planation is a conical shock (Lind & Blandford 1985), which
can reproduce similar geometrical features in the EVPA ori-
entation, particularly in the presence of a tangled magnetic
field component (Cawthorne 2006). In this interpretation the
core in our images would need to be associated with the op-
tically thin jet plasma.
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Simultaneous interferometric-ALMA observations of
J1924-2914 give spectral indices of —0.5 +0.10 at 93 GHz,
and —0.75+0.10 at 220 GHz (Goddi et al. 2021). These val-
ues suggest an optically thin source, and since the emission
is dominated by the core component, this could imply an op-
tically thin core, contrary to the standard model of a radio jet,
in which the core emission corresponds to the photosphere of
the optically thick region (Blandford & Konigl 1979). Such
optically thin emission is expected if the source is observed
at a frequency higher than the synchrotron self-absorption
turnover. In this case the VLBI core would appear resolved,
and the polarization substructure would become observable.

4.4. Jet features

The two total intensity jet features C1 and C2 appear at
PAs of -47 deg and -36 deg respectively, with a change con-
sistent with the direction of the jet bending. Additionally,
we find a polarized component P1, located between C1 and
C2. The EVPA in the P1 component is ordered and aligned
in a pattern parallel to the jet. This is indicative of a trans-
verse magnetic field component, implying a toroidal or heli-
cal magnetic field topology, and this provides a simple and
natural explanation for the presence of the P1 offset from
C1 and C2. It is possible that C2 is a relativistic transverse
shock in the jet, which enhances the magnetic field in the
plane of compression, perpendicularly to the shock propaga-
tion direction (Hughes et al. 1985). In this case, some of the
polarization associated with P1 could be associated with this
shock structure. The separation between the linearly polar-
ized and total intensity features could be a consequence of
the presence of sub-structure within the shock, e.g., a for-
ward and reverse shock, one being more polarized than the
other (Gomez et al. 1997; Laskar et al. 2019). There is some
weak indication of P1 and C2 motion in opposite directions
supporting this interpretation, see Figure 12. Linear polariza-
tion maps in 15 GHz with MOJAVE indicate that in the most
upstream region the EVPA is aligned with the 230 GHz jet
PA (Lister et al. 2018). This suggests a similar origin of the
15 GHz polarization features as transverse shock features in
the upstream jet, unresolved at 15 GHz. Further away from
the core, the 15 GHz maps show the EVPA aligning with the
mas scale jet orientation, strengthening this interpretation.

5. SUMMARY

In this paper, we presented the first 1.3 mm VLBI total-
intensity and polarimetric images of the blazar J1924-2914
with the EHT. The EHT enabled the highest resolution polari-
metric imaging of a quasar to date, corresponding to a linear
resolution of ~0.1 pc. These unprecedented images of the
inner parsec of J1924-2914 reveal a compact total-intensity
structure of three distinct components oriented in a north-
west direction, with a fan-like EVPA pattern in the VLBI core

(the southernmost component). We did not find significant
motion of the component C1, closest to the core, with an up-
per limit of 2 ¢ on the apparent velocity. In the superresolved
core region, we notice a rotation of the EVPA, suggestive of
the presence of toroidal magnetic fields in the core region.
We have shown that J1924-2914 is a bright and very com-
pact source at mm wavelengths, displaying very little vari-
ability on a timescale of several days — these features render
it possibly the best available EHT calibrator positioned close
to Sgr A* on the sky.

We compared our EHT images with quasi-simultaneous
images of J1924-2914 at longer wavelengths obtained with
the GMVA and the VLBA. We observed a clockwise rota-
tion of the jet direction in J1924-2914 as we go from long to
short observing wavelengths, with an apparent bend of the jet
in 3.5 mm. The rotation of the PA with the frequency could
be indicative of a helical jet structure. Several scenarios have
been proposed for helical jets in other sources, such as a pu-
tative supermassive black hole binary in the core, or a tilted
large-scale accretion flow compared to the black hole spin
axis, or shock regions as the jet interacts with the external
medium. All these scenarios predict a time variability of the
PA at individual frequencies, which we do not see in the ~20
year timescale of the MOJAVE 15 GHz observations on an-
gular scales of ~ 5mas. Monitoring on longer timescales,
particularly at higher frequencies, will be needed to further
understand the helical structure.

The narrow fractional bandwidth of the EHT 2017 obser-
vations (Av /v < 2%), and a scale separation between ob-
servations by different arrays prevented us from studying the
spatially resolved spectral index and rotation measure. EHT
observations in 2018 and later provide a wider bandwidth
(Av/v > 6%), alleviating this shortcoming (EHTC et al.
2019b). There are plans for expanding the EHT array and en-
abling 345 GHz observations (Doeleman et al. 2019), which
should further improve both the resolution and the dynamic
range of the J1924-2914 images.

Finally, J1924-2914 is a source of v-ray radiation identi-
fied in the Fermi-LAT catalog (Abdollahi et al. 2020). Given
that with the EHT at 1.3 mm we see detailed structure of
the source total intensity and linear polarization on an ex-
treme scale of ~ 0.1 pc, the source may be an excellent target
to study the relation between high energy emission and jet
morphology and kinematics at millimeter wavelengths. In-
terestingly, the most recent 230 GHz SMA monitoring data
from the beginning of 2022 show a steep brightness rise to
the largest values seen in a decade.
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APPENDIX

A. DATA REDUCTION PIPELINES COMPARISON

In Figure 14 we compare the Stokes Z (total intensity) 230 GHz images obtained from the two data reduction pipelines:
EHT-HOPS (Blackburn et al. 2019), and CASA-based rPICARD (Janssen et al. 2019). All images presented in Figure 14 were
obtained using an identical eht —imaging script (Chael et al. 2016). The images correspond to a direct fit to the observations,
with no blurring or restoring beam applied.

Apr 10+11

(,’(‘\/\_\
)

-
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(~@)
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50 pas

Figure 14. Total intensity images of J1924-2914 for the four EHT observing epochs in April 2017, for two independent data calibration
pipelines EHT-HOPS (upper panels) and CASA-rPICARD (bottom panels). The color scale is the same for all images, with a peak value
corresponding to 10 mJy/uas®. Contours correspond to 15, 30, 43, 60, 75, 90% of the peak flux density. There is a high level of consistency
between the two calibration methods.

B. LEAKAGE TERMS CONSISTENCY

Leakage coefficients can be estimated robustly for the telescopes with an intra-site station (ALMA, APEX, SMA, JCMT),
where a point source model can be employed for a multi-source fit (Marti-Vidal et al. 2021; EHTC et al. 2021a). 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 Table 1 are representative values based on the analysis spanning multiple epochs and different image
reconstruction algorithms (EHTC et al. 2021a). These values were used for the linear polarization imaging with eht-imaging,
and only SPT D-terms were solved for in this framework. For imaging with DMC, leakage terms were fitted within the software,
providing a consistency test with the assumed values, see Figure 15. Systematic differences between days are seen for the DMC
fits. Since D-terms are unlikely to significantly vary in time for stations other than ALMA (Goddi et al. 2019), this highlights
the importance of using multi-epoch fits to constrain the leakage coefficients. SPT leakage calibration is particularly challenging
given the limited parallactic coverage and the relevant D-terms have not been estimated in EHTC et al. (2021a) because M 87* is
not observable from the south pole. Our fits to J1924-2914 data indicate that the magnitude of the SPT D-terms does not exceed
5%. Overall the D-terms have an acceptable degree of consistency and the residual uncertainties related to imperfect leakage
calibration do not influence the overall morphology of the linear polarization images, see Section 3.2.



RESOLVING THE INNER PARSEC OF J1924-2914 21

0.15} y [AIT ' @Dy AprGq 0150 ' apr7 ] 0asp j "Apr 111
[ ¢ SMT i ODL g [ ; ]
WPy | | : R ]
0.10F ASPT ¢ 4 0.10F | 4 0.10F O .
: ¢ 1 | : ¢ ]
o | 1 | : —¥—
£ 0.05F f 4005 : 0.05F i 1
[ % v ] [ [ A/ ]
v [ | ]
. V4 1 ] % ]
1] E— O R 4 0.00 . (0| F e §
005 00 0.1 005 T 00 0.1 00500 0.1
Real Real Real

Figure 15. Leakage terms estimated with DMC for J1924-2914 data for 2017 April 6, 7, and 11, shown with 1o errorbars. The matching
symbols without errorbars correspond to the assumed leakage terms given in Table 1. Filled and open symbols denote right and left circular
polarization D-terms, respectively. In case of the SPT, markers correspond to leakage terms estimated by eht -imaging, separately for each

observing day.
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