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ABSTRACT

The 2021 Event Horizon Telescope observations resolve the innermost jet region of the blazar 3C 279 with unprecedented detail. The
reconstructed images consistently reveal a compact core elongated nearly orthogonal to the large-scale jet axis. This rarely observed
morphology recurs across multiple epochs and from 22–230 GHz and is therefore intrinsic rather than an imaging artifact. Geometric
model fitting identifies several components with apparent speeds up to βapp ∼ 10, requiring bulk Lorentz factors Γ ≳ 10.3 and constrain-
ing viewing angles to extremely small values (≲ 1◦). Rest-frame brightness temperatures are systematically low (TB ∼ 109–1010 K),
consistent with optically thin emission at 230 GHz. These results suggest that the jet bends toward the observer on sub-parsec scales,
producing strong relativistic beaming. Possible drivers of the observed jet bending and temporal evolution include the jet’s interaction
with the interstellar medium, kink or Kelvin–Helmholtz instabilities, magnetic reconnection near the horizon, or binary-induced preces-
sion. However, the current temporal coverage of VLBI data remains insufficient to distinguish between these mechanisms. Continued
multifrequency VLBI monitoring will be essential to constraining the dynamics and geometry of the jet base in 3C 279.

Key words. galaxies: jets – galaxies: nuclei

1. Introduction

Active galactic nuclei (AGNs) host some of the most powerful
and long-lived outflows in the Universe. These include relativis-
tic jets, which can transport energy and momentum from the
immediate vicinity of a supermassive black hole to scales far
beyond their host galaxies. Despite decades of observational and
theoretical effort, fundamental questions remain regarding how
jets are launched, accelerated, collimated, and stabilized, as well
as how they evolve dynamically and how their radiative proper-
ties relate to the accretion flow and black hole spin (Blandford
et al. 2019).

Due to their high luminosity, blazars, whose jets are ori-
ented at small angles to the line of sight, are particularly
valuable targets for millimeter very long baseline interferome-
try (mm-VLBI). In the millimeter regime, observations of AGNs
typically probe optically thin regions that are inaccessible at
longer wavelengths due to synchrotron self-absorption. Thereby,
mm-VLBI observations allow direct access to the jet base on
sub-parsec and even horizon-scales (e.g., Lu et al. 2023; Kim
et al. 2025; Saurabh et al. 2026). With angular resolutions of tens
of microarcseconds, global mm-VLBI arrays such as the Event
Horizon Telescope (EHT) enable detailed studies of jet morphol-
ogy, variability, and magnetic field structure for AGN sources at

the spatial scales where jet launching and initial jet collimation
occur (Kim et al. 2020; Janssen et al. 2021; Issaoun et al. 2022;
Jorstad et al. 2023; Paraschos et al. 2024; Saurabh et al. 2026;
Traianou et al. 2025; Gómez et al. 2026).

3C 279 is an archetypal blazar located at a distance of
approximately ∼16.5 Mpc (z ≈ 0.536, e.g, Abazajian et al.
2009; Bird et al. 2010; Lister et al. 2018) corresponding to
a projected distance scale of ∼11.4 pc/mas and a depro-
jected scale of ∼340 pc/mas for an assumed viewing angle
of 1◦ (based on 43 GHz monitoring Jorstad et al. 2017).
Its relativistic jet is powered by a supermassive black hole
with an estimated mass of ∼8 × 108 M⊙ (e.g., Nilsson et al.
2009). Our observations thus constrain jet-launching well within
the Bondi-accretion region of 3C 279 (800 × rg ≃ 10µas),
scales which are accessible to modern, large-scale simula-
tions of accreting black holes (e.g., Tchekhovskoy & Bromberg
2016; Lalakos et al. 2024). The source shows an approximate
“blue-bump” luminosity of 2 × 1045 erg s−1 (e.g., Pian et al.
1999), yielding an Eddington accretion rate of ≈ 0.02 ṁEdd..
This indicates that the source accretes radiatively efficiently
in the thin or truncated thin disk regime, consistent with
its appearance as a flat spectrum radio quasar (FSRQ; e.g.,
Urry & Padovani 1995).
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Fig. 1. 3C 279 at three different frequencies from quasi-simultaneous observations in April 2021. Left panel: VLBA observations of the BEAM-ME
program at 43 GHz at April 5 (obtained by kine). Middle panel: preliminary GMVA observations at 86 GHz obtained at April 22 (obtained by
Difmap). Right panel: EHT observations at 230 GHz on April 13 (obtained by Comrade). The contour levels increase by a factor of 2 from 0.19% to
50% of the respective peak flux. The peak total intensity values are 6.7 Jy/(116µas)2 at 43 GHz, 7.2 Jy/(66µas)2 at 86 GHz, and 2.5 Jy/(25µas)2

at 230 GHz.

Owing to its brightness, 3C 279 has long served as a prime
target for VLBI and is frequently observed as a calibrator source.
The jet has been systematically monitored by programs such as
the Boston University Blazar Monitoring project (Jorstad et al.
2017) and MOJAVE (Lister et al. 2018), which, together with
complementary studies across the full electromagnetic spectrum,
have established key physical parameters. VLBI observations
indicate a small viewing angle (Jorstad et al. 2017), a VLBI core
(i.e., the brightest VLBI component, not necessarily the physical
jet origin) with an observed brightness temperature exceeding
1012 K (log10(TB) = 12.8+0.1

−0.2, Homan et al. 2021), and strong
polarization, with linear fractions above 15% and circular frac-
tions above 1% at frequencies below 43 GHz (Homan & Wardle
1999; Homan et al. 2001, 2009b; Vitrishchak et al. 2008). High
circular polarization (∼3%) has also been confirmed at 86 GHz
using single-dish monitoring within the POLAMI project per-
formed at the IRAM 30m telescope (Thum et al. 2018). Estimates
of the bulk Lorentz factor place the jet speed at larger scales in
the range Γ ∼ 10–70 (Homan et al. 2003; Bloom et al. 2013;
Homan et al. 2015; Jorstad et al. 2017; Lister et al. 2019, 2021;
Homan et al. 2021; Weaver et al. 2022), while γ-ray observations
require Γ > 35, with favored values around Γ ∼ 50 to account for
the overall spectral energy distribution (SED) shape of the source
(Ackermann et al. 2016).

High-resolution mm-VLBI and space-based centimeter
VLBI have provided direct constraints on the innermost jet struc-
ture. The EHT campaigns, beginning with proto-EHT data in
2011 (Lu et al. 2013), followed by the 2017 observations (Kim
et al. 2020) and subsequent 2018 data (in prep.), have resolved
the VLBI core at angular scales down to ∼20µas. These data
reveal an elongated morphology that is difficult to reconcile with
simple jet models, suggesting possible precession or the pres-
ence of a compact acceleration zone within the inner 20µas.
The EHT 2017 observations were accompanied by one of the
most extensive quasi-simultaneous multiwavelength campaigns
of this source (Principe et al. 2026). From April 5–11, 2017, EHT
measurements revealed a flux increase in the innermost VLBI
core (i.e., the kinematic origin), while longer-wavelength radio
data over a broader time range showed enhanced core flux and
polarization, coincident with the ejection of a superluminal knot.
This followed a record UV–optical flare with strong polarization

variability in late March, accompanied by intense γ-ray flaring
activity.

Space-VLBI observations with RadioAstron extend this pic-
ture to centimeter-wavelengths. Filamentary structures were
detected in 2014 (Fuentes et al. 2023) roughly 100µas down-
stream in the jet and show an elongated core-structure. Nonethe-
less, this structure was not recovered with RadioAstron observa-
tion taken in 2018, likely due to sensitivity limitations and poor
uv coverage (Toscano et al. 2025). The EHT and RadioAstron
results provide a multi-scale view: within the inner ∼20µas, the
VLBI core is elongated and complex, and the jet most likely
accelerates rapidly close to the kinematic origin. Between 20–
100µas, a strongly bent jet is observed, leading to components
that align with downstream jet emission, consistent with the
cm-VLBI observations of the milliarcsecond scale jet.

At scales of 100µas − 1 mas, the jet transitions into a cylin-
drical channel observed across a wide frequency range, likely
formed by external pressure confinement (Homan et al. 2003;
Kellermann et al. 2004; Jorstad et al. 2004; Homan et al. 2009a;
Jorstad et al. 2017; Lister et al. 2018, 2021). The reported bulk-
flow speed in this region reaches ∼20c. At milliarcsecond scales,
the jet shows varying position angles, potentially described by
instabilities forming downstream in the jet.

In this work, we present new observations taken by the EHT
at 230 GHz in the 2021 observation campaign. EHT achieves
unprecedented resolution of the inner nuclear structure. Com-
bined with earlier EHT epochs, and multifrequency data, we
measured the changes in the inner nuclear structure, which helps
identify its nature. We show our images in Fig. 1. Throughout
this paper we adopt a cosmology with H0 = 67.7 km s−1 Mpc−1,
Ωm = 0.307, and ΩΛ = 0.693 (Planck Collaboration 2016).

2. Observations and data

The analysis presented in this paper is based on EHT observa-
tions obtained in 2021 at around 230 GHz. Three observing dates
were considered: April 13, April 17, and April 18. The April 13
and April 18 tracks correspond to the same datasets used in the
EHT M87 2021 campaign (EHTC et al. 2025), while the April
17 track has not been analyzed in previous publications. In all
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tracks, 3C 279 served as one of the primary calibration sources.
The science targets were M87 on April 13 and April 18, and
Sgr A* on April 17. The 2021 campaign represents the largest
EHT array configuration published to date. In addition to the
established stations, two new sites participated: the Kitt Peak
12 m telescope (KP) and the NOEMA (NN) interferometer in
the French Alps (e.g., Piétu et al. 2025). These additions pro-
vided crucial intermediate baselines that significantly improved
the (u, v) coverage; see Figure B.6. In particular, they provide
intermediate-scale baselines which enabled constraints on the
angular scales of 200 µas and 2000 µas, (EHTC et al. 2025;
Saurabh et al. 2026; Georgiev et al. 2026). These constraints
are essential for probing both compact and extended struc-
tures in the target sources. 3C 279 was observed in four bands
centered at 213.1, 215.1, 227.1, and 229.1 GHz, each with a band-
width of 1875 MHz (hereafter referred to as bands 1–4). In this
manuscript, we present the results obtained from the upper two
bands (bands 3 and 4). All data were fringe-fitted and calibrated
using the rPICARD calibration pipeline within CASA (Janssen
et al. 2019). The calibration procedures follow the methodol-
ogy described in detail in EHTC et al. (2025); von Fellenberg
et al. (2025), including amplitude and phase calibration, band-
pass corrections, and polarization leakage mitigation. The data
were released in EHTC et al. (2025) and are available in the
ALMA archive (Observing Program 2019.1.01797.V).

3. Imaging and modeling

The calibrated visibilities from the 2021 EHT campaign were
imaged and modeled using a suite of independent algorithms.
We employed three distinct codes: Comrade (Tiede 2022),
DoG-HiT (Müller & Lobanov 2022), and kine (in prep.). Each
code independently produced one image per epoch and per band,
resulting in a set of reconstructions for April 13, April 17, and
April 18, respectively (18 images in total).

The imaging pipelines differ in their regularization strate-
gies, optimization schemes, and parameterizations of source
structures. Comrade (Tiede et al. 2026) implements a Bayesian
inference framework with hierarchical modeling of visibility
amplitudes and closure phases, while DoG-HiT (Müller &
Lobanov 2022, 2023b,a) employs a gradient-based optimiza-
tion with a wavelet-based sparsity prior. kine is a recently
proposed imaging algorithm based on unsupervised machine
learning avoiding explicit regularizers. The diversity of algo-
rithms ensures that the reconstructed features are not artifacts of
a single method. Moreover, these newer algorithms are usually
more automatized and robust against user calibration choices,
making them well suited for EHT data. DoG-HiT and Comrade
have been already utilized in the analysis of M87 from the
same observations (EHTC et al. 2025). In Sect. 4.1, we dis-
cuss validating our reconstructions with more traditional VLBI
imaging approaches (using Difmap). For each epoch, the imag-
ing teams submitted a single representative reconstruction per
code. These images were compared across pipelines to assess
the robustness of morphological features. Despite the inclusion
of the Kitt Peak and NOEMA stations in 2021, which pro-
vide constraints on the extended emission at intermediate scales
(200 µas and 2000 µas), the EHT data exhibits a u-v cover-
age that is too sparse to robustly reconstruct the faint, large-scale
structure detected at longer wavelengths.

In addition, we performed model fitting using Difmap, pro-
viding parametric fits to the visibilities using elliptical Gaussian
components, where the choice and location of the components

Fig. 2. Naming convention of the Difmap model components, based on
the Comrade image from April 13, band 3. The C2 structure is modeled
by four components. We also sketch three possible reference positions
for the kinematical analysis, which are discussed in Sect. 4.3. The pixel
size is 1µas2.

were motivated by the images. The quoted model fit uncertainties
are based on the statistical fit uncertainty derived by Difmap.

4. Results

4.1. Imaging

We chose the images obtained by the comrade software as our
fiducial set, since they consist of the only imaging approach
that also calculates a relative uncertainty. We show the relative
uncertainty derived by the comrade posterior in Appendix B.
We utilized imaging results obtained by independent pipelines
as validation tests. As an example, we show the fiducial image
obtained from band 3 (226.1 GHz) on April 13 in Fig. 3, together
with the images obtained by alternative imaging and modeling
approaches. Additional reconstructions from different dates and
band 4 are shown in Appendix B. Bands 3 and 4 were imaged
independently from each other, serving as an additional con-
sistency check. The source structure is consistent across most
approaches and bands, including multiple features resolved, their
orientation, spacing and brightness ratios. We note, however, that
the traditional CLEAN algorithm implemented in Difmap finds
two degenerate solutions (shown in Fig. 4), which result from
different self-calibration strategies. Only one solution is consis-
tent with the remainder of the imaging codes. CLEAN is more
dependent on the iterative, manual user-based choices regard-
ing flagging, masking, and affecting the self-calibration. Since
this cleaning, masking, and flagging in Difmap is an iterative,
manual procedure, it is challenging to identify a single differ-
ence which caused the degeneracy. The result shown in the right
panel in Fig. 4 (hereafter Difmap 2), however, differs from the
solution shown in the middle panel (Difmap 1) due to the addi-
tion of a large-scale Gaussian in Difmap, aggressive flagging of
the baselines including the GLT, and the requirement for larger
amplitude gain corrections than in Difmap 1.
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Fig. 3. Fiducial image of the source in linear scale for the first observing
epoch (April 13) at 226 GHz taken with EHT. The large image shows
the Comrade reconstruction, while the lower figures show qualitatively
similar reconstructions based on DoG-HiT, kine, and Difmap model
fitting. April 13 is chosen as a representative example. Nevertheless, the
imaging results are consistent throughout the different days.

The source structure can be broadly classified into four
groups of components, as illustrated in Fig. 2. At the center, we
identify several bright features (labeled C2-x), which exhibit dis-
tinct “hook”-like bends. Toward the north, a fainter component
(C0) is visible, with indications of faint emission bridging it to
the central region (labeled C1). To the south, another weaker
feature (C3) can be distinguished. The total flux density of the
source amounts to 9.96 ± 0.02 Jy.

To further verify this source structure, we compared the EHT
images with the quasi-simultaneous GMVA and VLBA observa-
tions taken at 43 GHz and 86 GHz, as shown in Fig. 1. The image
morphology is consistent across both frequencies, including the
central structure (C2-x), northern (C0) component, southern
(C3) component, and diffuse emission toward the southeast. An
overlay of the GMVA (including the phased-ALMA and GLT, in
prep.) and EHT image is shown in Fig. 5. The two images were
aligned by maximizing their correlation. For a detailed analysis
of the image at 86 GHz and the spectral index, we refer to Kim

Fig. 4. Reconstruction results in band 3 on April 13 with Comrade
and two different Difmap solutions with comparable χ2. The images
were blurred to the same resolution and show equal contour levels. The
contour levels increase by a factor of 2 from 0.19% to 50% of the respec-
tive peak total intensity. The respective peak fluxes are 3.6, 1.7, and
3.7 Jy/(25µas)2.

et al., in prep. The VLBA data stem from the Boston University
blazar monitoring program (BEAM-ME) dataset1 (left panel of
Fig. 1), imaged using the super-resolving dynamic imaging code
kine. This code achieves higher resolution and higher fidelity
by combining data from multiple epochs rather than obtaining
individual snapshot images. Multiple images confirm the source
morphology at 43 GHz (see Appendix C and Fig. C.1).

Finally, Fig. 6 compares the 2021 source image to earlier
EHT epochs. The 2011 proto-EHT data model-fitting results (Lu
et al. 2013) are shown in green contours, while the structure
recovered from the 2017 EHT observations (Kim et al. 2020) are
shown in blue. The 2021 data presented in this paper are shown
in red. The images are aligned on the kinematic origin identified
in previous multiyear studies (Lu et al. 2013; Kim et al. 2020), by
registering all epochs to the northern feature, which is taken as
the kinematic origin and implicitly assumes a net southward jet
motion. The position angle of the jet component closest to the
kinematic origin changes largely across these three years. The
north–south extension seen in 2021 is consistent with the range
of structures seen in other epochs.

In summary, the structure identified in the 2021 EHT obser-
vations – particularly the symmetric northern and southern
extensions flanking the bright central C2 region (designated C0
and C3) – is supported by several independent lines of evi-
dence. The morphology consistently appears across multiple
imaging algorithms, frequency bands, and observing epochs (see
Fig. B.1), including methods relying solely on closure quantities
(e.g., DoG-HiT) and parametric model fitting. It is further cor-
roborated by quasi-simultaneous 43 GHz and 86 GHz imaging,
with the north–south extension persisting over several months in
the 43 GHz data. While it is possible to fit the visibilities with-
out C0 using the CLEAN algorithm (see Fig. 4), this requires more
aggressive gain calibration. Taken together, the modest gain cor-
rections required, the algorithmic and temporal consistency, and
the multifrequency agreement suggest that both C0 and C3 are
plausible intrinsic features of the source morphology.

4.2. Model fitting

In Fig. B.3, we show the model-fitting results for every individ-
ual dataset, again obtained independently from each other. We
note that the components C0, C2–0, C2–1, C2–2, C2–3, and
C3 are well constrained and consistent across bands and days.

1 https://www.bu.edu/blazars/VLBA_GLAST/3c279.html
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Fig. 5. 230 GHz image of 3C 279 observed in 2021 compared to the structure observed by the GMVA in 2021 (in prep.). The EHT image is shown in
color, overlaid with 86 GHz GMVA contours. Left: Native EHT resolution. Right: EHT image convolved with a circular 66µas beam, maximizing
the cross-correlation with the GMVA image (GMVA beam: 72 × 47µas). The contour levels increase by a factor of 2 from 0.19% to 50% of the
respective peak total intensity.

Fig. 6. 1.3 mm structure of 3C 279 obtained at three different years with
the 2011 EHT data presented in Lu et al. (2013), the 2017 EHT data in
Kim et al. (2020), and the 2021 EHT data reported in this manuscript.
All these studies report the northernmost component as the most likely
kinematic origin. Therefore, the alignment in this figure was performed
on the northernmost jet component, assumed to be the stationary VLBI
core. The contour levels increase by a factor of 2 from 0.19% to 50% of
the respective peak total intensity.

The C1 component is less well constrained due to its faintness.
This assessment is supported by an investigation of the relative
uncertainties derived by Comrade (see Fig. B.2), which indicates
that the emission between C0 and C2 is at the detection limit.
We therefore ignore this component in our following analysis of

the jet’s dynamics. We performed the modeling independently
for bands 3 and 4 and used the results from the two bands for
cross-validation.

We show the positions of our model components across all
three days in Fig. 7 for band 3 (left to right, zoomed-in on the
brightest cluster of components). For cross-validation purposes,
we compare our independently derived modeling components
from bands 3 and 4 in Appendix B. We note that the results
for both bands match well. The fitted parameters are shown
in Table D.1. We adapted half the beam size divided by the
median signal to noise ratio (S/N) as the positional as well as
for the major and minor axes. The error in flux is derived as
σ2

S = σ
2
thermal + f 2

calS
2, where S is the estimated flux of the com-

ponent, σthermal is the thermal noise, and fcal ∼ 0.1 is the median
gain variation. The position angle error is σPA =

a
a−b

1
2S/N , where

a is the major axis and b is the minor axis. Because the mea-
surements do not contain absolute astrometric information, we
aligned the images and assumed that the C0 component is the
stationary kinematic origin, i.e., it shows no intrinsic motion.
Under this assumption, the data show coherent evolution across
three days with projected velocities of 1–2µas per day (corre-
sponding to a deprojected velocity of ∼0.34 pc/d for z = 0.567
and i = 1◦ and to apparent velocities of up to 10 c). This result is
consistent with the projected motion found in the 2017 EHT data
at comparable spatial scales (Kim et al. 2020). Similar velocities
were observed at lower frequencies and larger spatial scales in
the BU-Blazar monitor program (Jorstad et al. 2017). We discuss
the dynamics of the jet components in more detail in Sect. 4.5.

4.3. Identification of kinematic origin

Our imaging analysis of the 2021 EHT data reveals several
distinct components. The brightest features (C2) form a cen-
tral cluster with a western extension aligned to the large-scale
jet, while a fainter northern component (C0) is also detected.
A key question is which of these corresponds to the true
kinematic origin, i.e., the stationary core – typically used as
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Fig. 7. Location of the model-fitted com-
ponents for band 3. The blue, orange, and
green crosses mark the positions at the three
different observing epochs. The marker size
indicates the model statistical fit uncertainty
derived from half the beam size divided by the
median signal-to-noise ratio. The contours cor-
respond to the 230 GHz image reconstructed
with Comrade. The two panels display the
image at different zoom levels. The contour lev-
els increase by a factor of 2 from 1.56% to 50%
of the respective peak total intensity. All maps
and components shown were aligned on C0.

a proxy for the black hole location – situated downstream
from the jet and core position (e.g., Plavin et al. 2019). Since
no objective criterion exists, the identification must rely on
interpretation.

At first glance, the central cluster might appear to be the
kinematic origin due to its brightness, but its morphology
suggests downstream knots. The northern component, although
fainter, is located at a position consistent with the upstream
end of a bent jet and could therefore represent the kinematic
origin (see kinematic origin 1 in Fig. 2). Multifrequency VLBI
comparisons (Fig. 5) reveal this northern extension at 86 GHz
and 230 GHz, supporting its physical reality and suggesting it as
a possible core location. Moreover, a reanalysis of the 43 GHz
data with the dynamic imaging code kine has revealed that
the VLBI core appears elongated in the north-source direction
at 43 GHz for multiple months (see Fig. C.1). We note that
similarly misaligned inner structures have been reported in
earlier EHT and mm-VLBI and (Lu et al. 2013; Kim et al.
2020) RadioAstron observations (Fuentes et al. 2023; Toscano
et al. 2025) as well as in quasi-simultaneous 43 and 86 GHz
data, suggesting that this morphology is intrinsic rather than an
imaging artifact. Nevertheless, some caution is warranted, as
the northern component is not robustly recovered by all imaging
methods. Comparable bent or transverse inner jets where the
brightest component does not match the core location have also
been observed in other blazars during flaring states (Lobanov &
Roland 2005; Agudo et al. 2012; Fromm et al. 2013; Hodgson
et al. 2017; Larionov et al. 2020), pointing to a potentially
common mechanism. We also highlight the similarities in the
appearance of 3C279 and the compact symmetric object OQ208
(Wu et al. 2013).

An alternative interpretation is that the northern C0 com-
ponent is itself a jet feature, with the central C2–2 structure
marking the true kinematic origin (i.e., reference position 2 in
Fig. 2). Theoretical jet-to-counter-jet brightness ratios for 3C 279
exceed R > 1010 (Urry & Padovani 1995), implying that any
counter-jet emission would be far below the EHT detection
threshold. We therefore exclude the possibility that C0 represents
a counter-jet feature. Projection effects, however, cannot be ruled
out. A jet component located downstream of C2–x could appear
north of it in projection if the flow exhibits filamentary substruc-
tures (Fuentes et al. 2023), particularly given the extremely small
viewing angle of 3C 279. Still, the observed relative motions
between the different components seem to contradict this
interpretation. We show in Fig. B.5 modeling results without C0,
with the brightest component C2–2 as the kinematic origin. We

note that this identification would imply inward motion for com-
ponent C2–3, thereby supporting the interpretation of C0 as the
kinematic origin.

A different possibility is that the true core or jet-launching
region is not detected at all. In this scenario, all observed
components would correspond to emission features propagat-
ing downstream in the jet. The kinematic origin would then be
associated with the upstream extension of the jet observed with
cm-VLBI experiments (e.g., by MOJAVE; Lister et al. 2018),
approximately at the sketched reference position 3 in Fig. 2. This
interpretation is plausible in light of the high Lorentz factors
inferred for the source, which may render the jet-launch region
too faint to appear in the relatively low-contrast EHT images. If
correct, this would imply that all detected features correspond to
optically thin synchrotron emission and should therefore exhibit
negative spectral indices on the order of ∼ − 1. This scenario is
thus directly testable by comparing the EHT, GMVA, and VLBA
quasi-simultaneous data (in prep.).

For the remainder of this manuscript, we assume that the
component C0 is the kinematic origin, i.e., the VLBI core which
is often interpreted as the jet base or jet apex. We note that the
kinematic origin may coincide with the true location of the AGN
central engine at 230 GHz, similar to the interpretation proposed
for Messier 87 (Lu et al. 2023; EHTC et al. 2025; Saurabh et al.
2026). Alternatively, it may trace the innermost jet region where
the outflow first becomes observable at high radio frequencies
while undergoing collimation and acceleration, such that rela-
tivistic Doppler boosting renders the emission detectable. In this
scenario, the physical jet apex and therefore the true core posi-
tion would be expected to lie further upstream, potentially near
reference position 4 in Fig. 2. A detailed investigation of this pos-
sibility, based on spectral index measurements, will be presented
in forthcoming work.

4.4. Brightness temperatures

The apparent brightness temperature of the C0 and C2 compo-
nents are found to be ∼5 · 1010 K. These values were obtained
using

TB = 1.22 · 1012 F
ν2dmajdmin

,

where F is the flux density of the component in jansky, ν is
the observing frequency in gigahertz, and dmaj and dmin are the
major and minor axes in milliarcseconds. This value corresponds
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(a) (b) (c)

Fig. 8. Comparison of apparent speed βapp and viewing angle constraints for 3C 279. Each panel shows a different parameterization: (a) Apparent
speed as function of viewing angle for different bulk Lorentz factors compared to measured values as indicated by the dashed lines. (b) Apparent
speed as function of the bulk Lorentz factor for different viewing angles compared to measured values. (c) Upper limits on viewing angles for
components C2–0, C2–1, C2–2, and C2–3, depending on the assumed bulk Lorentz factor.

to the observer’s frame. For the intrinsic rest-frame brightness
temperature, we applied the correction

T ′B = TB
1 + z
δ
,

with redshift z and Doppler factor δ. For typical Doppler fac-
tors of δ ∼ 10 (see Sect. 4.5), we obtain T ′B ∼ 109–1010 K.
These values are fully consistent with Kim et al. (2020) but
remain significantly below both the equipartition and inverse
Compton limits, suggesting an optically thin emission region or
magnetically dominated plasma overall.

A recent statistical analysis of the 2017 EHT data by Röder
et al. (2025) revealed systematically low brightness tempera-
tures across many sources, with 3C 279 being no exception.
They find that intrinsic TB evolves with frequency as ∝ ν−1

and increases with core separation as ∝ r0.95. Their study con-
cludes that the classical Blandford–Königl jet model (Blandford
& Königl 1979) is insufficient to explain the observations and
that either bulk acceleration of the jet or a transfer of energy
from magnetic fields to relativistic particles is required.

Several possible explanations can be considered. Ongoing
internal acceleration within the elongated jet could, in princi-
ple, account for the observed values, which is also supported by
MOJAVE monitoring (e.g., Homan et al. 2015). Another plau-
sible interpretation for the low brightness temperatures of the
jet components is that they reflect reduced opacity at 230 GHz,
where the observing frequency exceeds the turnover frequency.
Indeed, ALMA observations of 3C 279 report a spectral curva-
ture in addition to a steep spectrum toward higher frequencies
(Goddi et al. 2019, 2021), consistent with an optically thin
regime. However, since ALMA does not resolve the core region,
the measured spectrum is likely dominated by the optically thin
jet emission (α ∼ −0.5), i.e., C2 is brighter than C0.

4.5. Jet dynamics

We measured C2’s four subcomponents speeds using model fit-
ting based on our band 3 results. However, we note that we obtain
very similar modeling results independently from band 4 as well
(see Appendix B). The motions of C2–1, C2–2, C2–3, and C3

align with the large-scale jet, while C2–0 exhibits a peculiar tra-
jectory. The components’ direction of motion does not align with
the large-scale jet but rather with the bending of the jet. The mea-
sured apparent speeds are listed in Table 1. The apparent speed
βapp is related to the intrinsic speed β through

β =
βapp

sin θ + βapp cos θ
, (1)

where θ denotes the viewing angle. The intrinsic speed is
connected to the bulk Lorentz factor Γ via

Γ =
1√

1 − β2
, (2)

and the Doppler factor δ is defined as

δ =
1

Γ(1 − β cos θ)
. (3)

Figure 8a illustrates the measured apparent speeds together
with the dependence of βapp on the viewing angle for differ-
ent values of Γ. The minimum Lorentz factor is limited by the
observed apparent speed. For component C2–0, we derive a
lower limit of Γ = 10.3 ± 0.5. This estimate is consistent with
the EHT measurements presented in Kim et al. (2020) and agrees
with values reported by MOJAVE monitoring at 15 GHz further
downstream in the jet (Homan et al. 2015). The Doppler factors
for Γ = 10.3 are 10 ± 3 for C2–0, 14 ± 2 for C2–1, 19 ± 1 for
C2–2, and 20 ± 1 for C2–3.

Kim et al. (2020) argue that the acceleration zone of the jet
in 3C 279 must be located near the kinematic origin, within
the inner ∼20µas ≃ 1600 rg. Our measurements agree with
this interpretation: the C2 components move at Lorentz factors
comparable to the outer jet, consistent with acceleration occur-
ring only close to C0. In this interpretation, the cluster of the
C2 components would naturally represent master recollimation
shock. This interpretation would also be consistent with C2’s
high brightness compared to the apparent jet apex, i.e., the kine-
matic origin C0. In fact, it is a common scenario in AGNs that
the recollimation shock outshines the apparent jet apex (e.g.
Agudo et al. 2012; Fromm et al. 2013; Hodgson et al. 2017).
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Table 1. Kinematic and brightness temperature constraints for components C2–0 to C2–3 measured between April 13 and April 18.

Component βapp Projected speed (µas/day) θ (◦) Rest frame brightness temperature (109 K)

C2–0 10.2 ± 4.3 1.2 ± 0.5 <5.3 <2.1
C2–1 9.3 ± 1.6 1.1 ± 0.1 <3.6 <11.4
C2–2 3.9 ± 2.3 0.4 ± 0.1 <1.1 <17.4
C2–3 1.3 ± 1.1 0.2 ± 0.1 <0.3 <4.1

For C2–1, C2–2, and C2–3, we find apparent speeds that
decrease with increasing separation from the kinematic origin.
This can be explained by geometric projection effects, such as
a bending of the jet toward the observer that reduces the view-
ing angle. By Occam’s razor, this explanation is preferred, as
it does not require invoking genuine jet deceleration and allows
the components to share a similar bulk Lorentz factor, consis-
tent with the interpretation proposed by Kim et al. (2020). We
note that Kim et al. (2020) report the non-radial motion for
only two components. Here, we report the C2–0 component
whose motion does not align with the jet’s milliarcsecond-scale
orientation.

Based on these observations, we can constrain the view-
ing angle for the different components. Assuming a mini-
mum bulk Lorentz factor of Γ ≳ 10.3, we can determine the
largest viewing angle that reproduces the apparent speeds of the
components, in particular C2–3. Figure 8b shows the depen-
dence of apparent speed on Γ for different viewing angles θ,
while Fig. 8c presents the corresponding upper limits, listed
in Table 1. The relative brightness ratios of the C2-x com-
ponents can thus, at least partially, be explained by their dif-
ferences in the viewing angle, resulting in different Doppler
factors.

In this interpretation, the jet bends toward the observer,
resulting in extremely small viewing angles, such as θC2–3 <
0.3◦, even smaller than previously reported for the large-scale
jet (Jorstad et al. 2017). Consequently, 3C 279 (at least in April
2021) appears as one of the few blazars seen almost face-on.
Such a small viewing angle would naturally produce a very wide
opening angle close to C2–3. This is likely not recovered, as the
sensitivity of EHT imaging to jet emission is limited. This inter-
pretation is also supported by the EVPA distribution of 3C 279
at 43 GHz, for instance, in the BU-Blazar data of the source
(e.g., Jorstad et al. 2017), which shows close to radially diverging
geometry that is linked to small viewing angles in sources such
as PKS 1510−089 (Homan et al. 2002). However, other plau-
sible phenomena could similarly produce overly bright regions,
such as a major recollimation shock occurring at the end of the
acceleration zone (which, in this interpretation, extends from
C0 to C2–x). However, without additional bending geometry,
this interpretation does not explain the observed deceleration
in apparent speed from C2–0 toward C2–3 on its own. In fact,
the most plausible scenario might be a combination of a bent jet
geometry and shocks.

Furthermore, we note that the C0 component appears as
an elongated parabola elongated in the east-west direction and
opening toward C2 (cf., Fig. 3 and the left panel in Fig. 7).
Assuming C0 represents the jet apex would produce an unusu-
ally high apparent opening angle of 130◦ ± 10◦, which quickly
collimates to a cylindrical shape at C2. For the small viewing
angles estimated in this analysis, i.e., for θ < 5.3◦ (as esti-
mated for C2–0), this corresponds to an intrinsic opening angle
<13◦.

4.6. Multiyear evolution of the innermost region of the
3C 279 jet

Figure 6 presents a comparison of all EHT and pre-EHT obser-
vations of the source. The 2017 EHT image of 3C 279 revealed
an elongated core structure oriented roughly perpendicular to the
large-scale jet. While the 2017 and 2021 images show roughly
similar morphologies, a pronounced structural change is evident
when compared to the 2011 and 2021 data. These differences
cannot be attributed solely to the day-to-day variability observed
within the individual 2017 and 2021 epochs, as the relative posi-
tion angles of the image components also evolve. If the kinematic
origin location (component C0) is assumed to remain fixed,
the observed changes imply a reconfiguration of the brightest
emission features at the jet base. This may reflect an intrinsic
alteration of the jet morphology or plasma content, a change in
viewing geometry leading to modified Doppler boosting, or a
combination of these effects. In Fig. 9, we show 43 GHz moni-
toring results on 3C 279 from epochs closest in time to the EHT
and proto-EHT epochs of 2011, 2017 and 2021. These images
were created by reanalyzing the datasets with the dynamic imag-
ing code kine, which achieves significant super-resolution. We
note that the position angle swing observed at 230 GHz is mir-
rored at smaller frequencies as well. Intriguingly, the evolution of
the position angle appears confined to the innermost regions (on
approximate parsec scales when de-projected) and contrasts with
the apparently straight jet observed on larger scales. This sug-
gests that the jet roughly 100µas downstream from the kinematic
origin (close to the structural bent) undergoes structural evolu-
tion on comparatively short, year-level timescales, whereas the
outer jet follows the more stable, precleared channel established
over much longer periods.

5. Discussion and conclusions

The 2021 EHT observations of 3C 279 reveal a series of compact
features elongated in a north–south direction, nearly orthog-
onal to the large-scale jet axis traced at longer wavelengths.
This morphology, consistent with earlier EHT results from 2017
and 2011 1.3 mm VLBI imaging (Lu et al. 2013), along with
86 GHz imaging and 43 GHz monitoring of 3C 279, suggests
that the observed misalignment is not a transient imaging arti-
fact but rather an intrinsic property of the innermost jet. The
recurrence of this feature across multiple epochs combined with
the apparent evolution of the overall jet-morphology points to
a persistent structural characteristic of the source on microarc-
second scales. We constrain the bulk Lorentz factor at values
Γ ≳ 10 within the inner ∼5000 gravitational radii (de-projected)
from the kinematic origin, indicating that acceleration occurs
near the kinematic origin. The first downstream jet component is
significantly brighter than the kinematic origin, potentially rep-
resenting the master recollimation shock. Moreover, we find very
small viewing angles for 3C 279 and a bent structure.
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Fig. 9. 43 GHz images of 3C 279 (black), obtained by the University of Boston blazar monitoring program at epochs closest in time to the three
EHT at 230 GHz (2011: green, 2017: blue, and 2021: red) with the EHT images overplotted. The EHT data were taken on April 11, 2017 and
April 13, 2021. The 2011 EHT results represent a combined fit of data obtained between March 29 and April 4, 2011. The corresponding 43 GHz
epochs are from April 21, 2011, April 16, 2017, and April 5, 2021. The reconstructions were performed with the super-resolving dynamic imaging
technique kine. The contour levels increase by a factor of 2 from 0.19% to 50% of the respective peak flux. The peak fluxes at 43 GHz are 1.5, 0.7,
1.9 mJy/µas2, and 6.4, 1.7 and 3.5 mJy/µas2 at 230 GHz.

Such bent or transversely extended inner jet structures are
not unique to 3C 279. Similar phenomena have been reported
in other prominent blazars, including OJ 287 (Agudo et al.
2012; Hodgson et al. 2017), 3C 345 (Lobanov & Roland 2005;
Traianou et al. 2024), NRAO530 (Lisakov et al. 2025), 3C84
(Paraschos et al. 2024), PKS 2136+141 (Savolainen et al. 2006),
and CTA 102 (Fromm et al. 2013). The convergence of evidence
across sources suggests that relativistic jets may commonly
undergo geometric distortions on (sub-)parsec scales, in some
cases linked to episodes of enhanced activity (e.g., Traianou
et al. 2024). Principe et al. (2026) report a record UV–optical
flare with strong polarization variability occurring a couple of
weeks prior to the 2017 EHT observations, followed by a gamma-
ray flaring activity that declined before the end of the 2017
EHT observing period, potentially linked to the strongly bent jet
appearance of 3C 279 in that year.

This raises the possibility of a shared physical mechanism
underlying these behaviors. Several scenarios have been pro-
posed to explain the jet bending at these scales. In the context
of thin-disk accretion, i.e., applicable to 3C 279, jet precession
may arise from Lense–Thirring torques in a misaligned accre-
tion flow to drive the jet precession (Liska et al. 2018, 2021).
However, jet precession, or more generically dynamic jet evo-
lution, is not exclusive to quasars and is also reported in other
accretion regimes. Specifically, it has also been reported for
thick, radiatively inefficient accretion flows (RIAFs), such as
M87* (e.g., Walker et al. 2018; Cui et al. 2023). Recent gen-
eral relativistic magnetohydrodynamic (GRMHD) simulations
suggest that Lense–Thirring-driven jet precession is unlikely,
or at best transient, in RIAFs (Ressler et al. 2023; Chatterjee
et al. 2025). Since it also requires an initial BH-disk misalign-
ment, this mechanism alone cannot account for all observed
cases of jet precession or jet evolution, implying that addi-
tional processes may be involved. One additional possibility is
jet evolution arising from magnetic-eruption events triggered
by reconnection near the event horizon, which can reconfigure
both the inner accretion flow and the jet base (e.g., Ripperda
et al. 2022; Davelaar et al. 2023; Galishnikova et al. 2025;
Ressler et al. 2025; Lalakos et al. 2025), and may also occur in

truncated thin disks (Liska et al. 2022). Another is kink instabil-
ity arising from the interaction between the jet and the surround-
ing ambient material (e.g., Tchekhovskoy & Bromberg 2016;
Bromberg & Tchekhovskoy 2016; Sironi et al. 2021; Ressler et al.
2021; Lalakos et al. 2024, 2025). A further scenario involves the
growth of standing Kelvin–Helmholtz (K-H) instabilities within
the jet (e.g., Chow et al. 2023), a process proposed to explain the
evolution and helical structure of the 3C 279 jet (e.g., Fuentes
et al. 2023), and in other jet sources such as M87* (e.g. Walker
et al. 2018; Nikonov et al. 2023). The latter two processes (kink
and K–H instability) have been demonstrated in simulations of
RIAF accretion flows, but their presence – or absence – in
the (truncated) thin-disk regime applicable in the 3C 279 case
remains less certain. Nevertheless, their accretion independence
suggests that they may operate there as well.

Qian et al. (2019) suggest the presence of a binary super-
massive black hole system in 3C 279, which could imprint
quasiperiodic changes in jet orientation with a ∼22 yr period.
Such models have been most prominently discussed in the con-
text of OJ287 (e.g., Agudo et al. 2012; Britzen et al. 2018)
but also in other sources such as M81*, 3C345, PKS 2131−
021,and PKS J0805−0111 (e.g., Lobanov & Roland 2005; von
Fellenberg et al. 2023; Jiang et al. 2023; Sullivan et al. 2026).
In such an interpretation, the binary may induce jet precession
directly through the reflex motion of primary (e.g., Begelman
et al. 1980), spin–orbit coupling (e.g., Ressler et al. 2024), or
perturbations of the accretion flow through the secondary (e.g.,
Ressler et al. 2025). 3C 279 shows significant position angle
variability in the innermost jet across multiple years. However,
the limited number of high-resolution EHT epochs (2011, 2017,
and 2021) still prevents the robust testing of such models. Thus,
the potential influence of binary dynamics or secular preces-
sion cannot yet be ruled out. Nevertheless, it appears to be the
unlikely cause of precession in all systems, and in the case of
3C 279, no specific evidence points to the presence of a binary
companion.

Despite the concrete evidence for (sub)-pc-scale evolution
of jets on short timescales (O(10 yr)), the systems under dis-
cussion span a wide range of physical scales, with black hole
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masses of 108–1010 M⊙, magnetic field strengths of B ≈ 100–
104 G, and accretion rates of ṁ ≈ 10−5–10−2 ṁedd. While the
absence of longer periods is a trivial selection bias due to the
limited observation time span, this diversity in scales and accre-
tion regimes poses a significant challenge for explaining the
relatively short jet-modulation timescales observed. Still, given
that large-scale magnetohydrodynamic simulations of accreting
black hole systems routinely produce rich, time-dependent jet-
ambient medium interactions and that analogous behavior is
observed across a wide range of astrophysical jets, it seems plau-
sible that at least part of the observed variability arises from
the jet propagating through an inhomogeneous, evolving envi-
ronment. Given the excellent imaging and relative astrometric
performance of the EHT, continued monitoring of the source,
together with complementary VLBI arrays, will be essential for
disentangling these possibilities and constraining the physical
mechanisms responsible for jet variability.

Data availability

Figure 1 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/713/A274.
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Fig. B.1: Recovered images (Comrade).

Fig. B.2: Left panel: Average of the images recovered by
Comrade across all three days and both bands. Right panel: S/N
in image domain derived from 500 posterior samples from the
Comrade posterior. The pixel size is 1µas2.

Appendix B: Additional reconstructions, model
fits, and u-v coverage

Additional Comrade reconstruction for the 3 epochs and 2 bands
are shown in Figure B.1. The average across these images, as well
as with its statistical significance, is shown in Fig. B.2. Model
fitting results obtained with DIFMAP are shown in Figure B.3.
We compare the modeling results of the C2-x components for
band 3 and band 4 in Fig. B.4. We note the good match between
the results obtained for band 3 and for band 4. Moreover, we
show the model fit results when components are aligned with
component C2-2 in Figure B.5. The u-v-coverage for the three
2021 observing epochs is shown in Figure B.6.

Fig. B.3: Model fitting results.

Fig. B.4: Location of the C2-x model-fitted components for band
3 (left) and band 4 (right). The blue, orange, and green crosses
mark the positions at the three different observing epochs. The
marker size indicates the model statistical fit uncertainty derived
from half the beam size divided by the median S/N. The contours
correspond to the 230 GHz image reconstructed with Comrade.
The two panels display different zoom levels of the image. The
contour levels increase by a factor of 2 from 1.56% to 50% of the
respective peak total intensity. All maps and components shown
were aligned on C0.

Fig. B.5: Model-fitting components when aligned on C2-2. The
contour levels increase by a factor of 2 from 1.56% to 50% of
the respective peak flux.
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(a) April 13. (b) April 17. (c) April 18.

Fig. B.6: U-V coverage of 3C 279 for the three 2021 EHT observing epochs.

Appendix C: kine reconstruction of 3C 279 at 43 GHz

We show kine reconstructions across different 4 observing epochs in April 2021 in Figure C.1. The images show a evolving structure,
which in all cases shows a northern extension consistent with the component C0 identified in the 2021 EHT data.

Fig. C.1: 43 GHz images of 3C 279 as obtained by the University of Boston BEAM-ME program. The reconstructions were per-
formed with the dynamic imaging technique kine. Top: Epochs taken around April 2021 at native resolution. Bottom: Epochs
convolved with a Gaussian with the instrumental resolution of 116µas.
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Appendix D: Table of image components

Table D.1: Image components and fitted elliptical Gaussian parameters.

Day Band Component Flux [Jy] RA [µas] Dec [µas] Maj. [µas] Min. [µas] PA [◦] TB [1010 K]
C0 0.659 ± 0.120 0.0 ± 0.0 0.0 ± 0.0 20.8 ± 0.19 14.9 ± 0.19 69.5 ± 1.5 4.91 ± 0.08
C1 0.920 ± 0.136 42.3 ± 0.19 −29.2 ± 0.19 51.1 ± 0.19 12.0 ± 0.19 −2.2 ± 0.56 3.45 ± 0.06

C2-0 0.604 ± 0.117 64.3 ± 0.19 −103.5 ± 0.19 31.3 ± 0.19 31.3 ± 0.19 0.0 ± 0.0 1.42 ± 0.01
April 13 3 C2-1 0.448 ± 0.110 67.6 ± 0.19 −111.7 ± 0.19 14.5 ± 0.19 6.6 ± 0.19 −77.6 ± 0.78 10.82 ± 0.35

C2-2 1.670 ± 0.195 63.1 ± 0.19 −120.9 ± 0.19 13.8 ± 0.19 12.4 ± 0.19 9.4 ± 4.35 22.53 ± 0.47
C2-3 1.599 ± 0.189 44.8 ± 0.19 −134.2 ± 0.19 32.8 ± 0.19 20.8 ± 0.19 86.5 ± 1.17 5.41 ± 0.06
C3 0.424 ± 0.109 79.3 ± 0.19 −178.1 ± 0.19 28.2 ± 0.19 28.2 ± 0.19 0.0 ± 0.0 1.23 ± 0.01
C0 0.685 ± 0.121 0.0 ± 0.0 0.0 ± 0.0 18.1 ± 0.19 15.1 ± 0.19 76.5 ± 2.59 5.77 ± 0.10
C1 0.859 ± 0.132 18.5 ± 0.19 −27.2 ± 0.19 65.4 ± 0.19 29.6 ± 0.19 −53.9 ± 0.78 1.02 ± 0.01

C2-0 0.592 ± 0.116 66.2 ± 0.19 −105.2 ± 0.19 20.2 ± 0.19 20.2 ± 0.19 0.0 ± 0.0 3.35 ± 0.05
April 13 4 C2-1 0.424 ± 0.109 64.9 ± 0.19 −115.2 ± 0.19 11.6 ± 0.19 11.6 ± 0.19 0.0 ± 0.0 7.33 ± 0.17

C2-2 1.612 ± 0.190 61.2 ± 0.19 −121.0 ± 0.19 15.2 ± 0.19 10.8 ± 0.19 −0.7 ± 1.48 22.63 ± 0.50
C2-3 1.708 ± 0.198 44.3 ± 0.19 −135.1 ± 0.19 38.9 ± 0.19 17.9 ± 0.19 −89.2 ± 0.79 5.67 ± 0.07
C3 0.601 ± 0.117 78.9 ± 0.19 −178.2 ± 0.19 27.3 ± 0.19 27.3 ± 0.19 0.0 ± 0.0 1.86 ± 0.02
C0 0.567 ± 0.115 0.0 ± 0.0 0.0 ± 0.0 16.9 ± 0.19 12.3 ± 0.19 30.2 ± 1.58 6.29 ± 0.12
C1 0.962 ± 0.139 −18.3 ± 0.19 −36.0 ± 0.19 117.5 ± 0.19 117.5 ± 0.19 0.0 ± 0.0 0.161 ± 0.001

C2-0 0.687 ± 0.121 68.3 ± 0.19 −109.1 ± 0.19 30.9 ± 0.19 30.9 ± 0.19 0.0 ± 0.0 1.66 ± 0.22
April 17 3 C2-1 0.458 ± 0.110 64.2 ± 0.19 −115.6 ± 0.19 15.0 ± 0.19 9.2 ± 0.19 −5.1 ± 1.11 7.70 ± 0.19

C2-2 1.618 ± 0.190 61.1 ± 0.19 −121.8 ± 0.19 14.0 ± 0.19 12.1 ± 0.19 −35.3 ± 3.19 22.11 ± 0.47
C2-3 1.717 ± 0.199 44.8 ± 0.19 −134.7 ± 0.19 35.1 ± 0.19 18.0 ± 0.19 −89.3 ± 0.88 6.24 ± 0.08
C3 0.598 ± 0.116 73.8 ± 0.19 −180.8 ± 0.19 21.5 ± 0.19 21.5 ± 0.19 0.0 ± 0.0 2.99 ± 0.04
C0 0.668 ± 0.120 0.0 ± 0.0 0.0 ± 0.0 23.1 ± 0.19 11.6 ± 0.19 81.5 ± 0.86 5.76 ± 0.11
C1 0.820 ± 0.129 28.9 ± 0.19 −30.7 ± 0.19 81.4 ± 0.19 38.7 ± 0.19 −82.0 ± 0.81 0.60 ± 0.00

C2-0 0.693 ± 0.122 64.3 ± 0.19 −104.4 ± 0.19 33.0 ± 0.19 33.0 ± 0.19 0.0 ± 0.0 1.47 ± 0.01
April 17 4 C2-1 0.475 ± 0.111 67.9 ± 0.19 −113.2 ± 0.19 12.5 ± 0.19 9.9 ± 0.19 −8.2 ± 2.09 8.87 ± 0.22

C2-2 1.634 ± 0.192 63.3 ± 0.19 −120.6 ± 0.19 14.6 ± 0.19 12.5 ± 0.19 17.4 ± 2.98 20.55 ± 0.42
C2-3 1.709 ± 0.198 45.4 ± 0.19 −134.3 ± 0.19 39.5 ± 0.19 19.6 ± 0.19 87.7 ± 0.85 5.09 ± 0.06
C3 0.499 ± 0.112 76.9 ± 0.19 −175.0 ± 0.19 28.5 ± 0.19 28.5 ± 0.19 0.0 ± 0.0 1.42 ± 0.01
C0 0.681 ± 0.121 0.0 ± 0.0 0.0 ± 0.0 18.6 ± 0.19 14.7 ± 0.19 78.9 ± 2.01 5.74 ± 0.10
C1 0.858 ± 0.132 16.8 ± 0.19 −27.0 ± 0.19 66.5 ± 0.19 29.2 ± 0.19 −55.9 ± 0.76 1.02 ± 0.01

C2-0 0.591 ± 0.116 66.3 ± 0.19 −105.2 ± 0.19 20.6 ± 0.19 20.6 ± 0.19 0.0 ± 0.0 3.20 ± 0.04
April 18 3 C2-1 0.425 ± 0.109 65.1 ± 0.19 −115.0 ± 0.19 11.4 ± 0.19 11.4 ± 0.19 0.0 ± 0.0 7.53 ± 0.18

C2-2 1.611 ± 0.190 61.4 ± 0.19 −120.9 ± 0.19 15.0 ± 0.19 11.3 ± 0.19 −0.3 ± 1.73 22.07 ± 0.48
C2-3 1.710 ± 0.198 44.5 ± 0.19 −134.9 ± 0.19 38.6 ± 0.19 18.5 ± 0.19 −89.2 ± 0.82 5.52 ± 0.06
C3 0.602 ± 0.117 78.6 ± 0.19 −178.2 ± 0.19 27.6 ± 0.19 27.6 ± 0.19 0.0 ± 0.0 1.82 ± 0.02
C0 0.529 ± 0.113 0.0 ± 0.0 0.0 ± 0.0 18.0 ± 0.19 7.9 ± 0.19 66.6 ± 0.77 8.55 ± 0.23
C1 0.862 ± 0.132 −14.6 ± 0.19 −29.0 ± 0.19 126.2 ± 0.19 126.2 ± 0.19 0.0 ± 0.0 0.125 ± 0.0003

C2-0 0.758 ± 0.125 68.5 ± 0.19 −110.5 ± 0.19 18.9 ± 0.19 18.9 ± 0.19 0.0 ± 0.0 4.91 ± 0.07
April 18 4 C2-1 0.507 ± 0.112 63.3 ± 0.19 −114.4 ± 0.19 14.4 ± 0.19 11.6 ± 0.19 9.2 ± 2.18 7.04 ± 0.15

C2-2 1.672 ± 0.195 60.2 ± 0.19 −121.4 ± 0.19 13.7 ± 0.19 12.2 ± 0.19 −31.2 ± 3.78 23.01 ± 0.49
C2-3 1.686 ± 0.196 46.2 ± 0.19 −135.4 ± 0.19 33.9 ± 0.19 18.2 ± 0.19 88.3 ± 0.92 6.30 ± 0.08
C3 0.594 ± 0.116 73.1 ± 0.19 −181.0 ± 0.19 22.0 ± 0.19 22.0 ± 0.19 0.0 ± 0.0 2.82 ± 0.04
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