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ABSTRACT

Context. The archetypal blazar 3C 279 has a prominent relativistic jet and strong broadband variability across the electromagnetic spectrum. In
April 2017, the Event Horizon Telescope (EHT) observed 3C 279 with an unprecedented angular resolution of about 20 pas, accompanied by one
of the most extensive quasi-simultaneous multiwavelength (MWL) campaigns ever conducted, spanning from radio to TeV y-ray energies.

Aims. Taking advantage of this comprehensive MWL dataset, we investigated the physical processes governing 3C 279, with a particular focus on
the formation, collimation, and acceleration of its relativistic jet and on the origin of its high-energy emission, including the underlying particle-
acceleration mechanisms.

Methods. We analyzed individual observations and multiband light curves. We also constructed a new quasi-simultaneous spectral energy distri-
bution covering frequencies from the radio band to very high-energy (VHE) y rays. We further performed a phenomenological modeling using the
turbulent extreme multi-zone (TEMZ) model to constrain the fundamental physical properties of the source.

Results. The EHT observations reveal a clear flux increase in the innermost core between April 5 and 11, 2017. Over a broader time span, radio
observations at longer wavelengths reveal concurrent enhancements in the core flux and polarization around mid-April, coinciding with the ejec-
tion of a superluminal knot moving at (25 + 2)c. Record UV-optical flares with strong polarization variability occurred in late March, followed by
high-energy y-ray activity that declined before the end of the EHT observing period. During this time, the source remained in a low X-ray state
and exhibited no detectable VHE emission.

Conclusions. The results of the TEMZ modeling indicate that the broadband spectrum and variability of 3C279 might be explained with a jet
scenario in which turbulent plasma cells are compressed by a stationary conical shock. Nonetheless, alternative interpretations, such as magnetic
reconnection or a moving shock-in-jet event, remain possible. This coordinated MWL campaign advances our understanding of the origin of the
jet and y-ray emission in the blazar 3C 279, and it also provides a comprehensive publicly available dataset that will serve as a valuable reference

for future studies.
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1. Introduction

Flat-spectrum radio quasars (FSRQs) form a subclass of blazars
and represent the most powerful active galactic nuclei (AGNS).
Their relativistic jets are oriented close to the observer’s line of
sight, resulting in strongly beamed emission. It remains a central
challenge in modern astrophysics to understand the mechanisms
of jet launching, collimation, evolution, and how particles are
accelerated to GeV and TeV energies in such extreme environ-
ments (see, e.g., Blandford et al. 2019 for a review).

Blazars produce broadband nonthermal radiation that
extends across the entire electromagnetic spectrum, from radio
wavelengths to very high-energy (VHE; E > 100 GeV) v rays.
Their radio and optical emission is typically highly lin-
early polarized (a few up to a few dozen percent; see, e.g.,
Angelakis et al. 2016) and varies strongly on timescales rang-
ing from minutes to years (Ackermann etal. 2016). More-
over, blazars and jetted AGN constitute the most numerous
class of extragalactic y-ray emitters (Abdollahi et al. 2020),
presenting high-energy emission across a wide range of evo-
lutionary stages and spatial scales, from compact subparsec
regions (Migliori et al. 2016; Principe et al. 2020, 2021) to more
extended kiloparsec-scale structures (Ajello et al. 2020). Among
them, 3C279 is a prominent FSRQ and one of the most dis-
tant VHE y-ray sources, located at a redshift of z = 0.5362
(Marziani et al. 1996). At the center of its host galaxy resides

a supermassive black hole (SMBH) with an estimated mass of
8 x 10% My, (Nilsson et al. 2009).

The source was first targeted in April 2017 during a four-day
campaign while also serving as one of the primary calibrators
for the Event Horizon Telescope (EHT) observations of M87*
and Sgr A* at 230 GHz (EHT Collaboration 2019a, 2022). The
EHT ultra-high angular resolution of 20 pas achieved in these
observations corresponds to a spatial scale of 0.13 pc (~1700
Schwarzschild radii). In 2017, the EHT observed 3C 279 in four
epochs: April 5, 6, 10, and 11 (Kim et al. 2020). On all days,
the data revealed a complex multicomponent morphology in the
innermost jet region, with the northernmost feature, identified
as the VLBI core, elongated roughly perpendicular to the large-
scale jet axis seen at longer wavelengths. The overall morphol-
ogy might correspond to either a broadened resolved jet base or
to a spatially bent jet. The source morphology also varied sig-
nificantly on timescales of days, indicating systematic structural
evolution in the inner jet. Two compact components are observed
to move non-radially at apparent superluminal speeds of ~15¢
and ~20c. Together with inferred Doppler factors of 10-20, these
motions support a scenario of traveling shocks or instabilities
within a bent and possibly rotating jet. The observed apparent
speeds are consistent with measurements at longer (centime-
ter) wavelengths, suggesting that no substantial jet acceleration
occurs between the 1.3 mm VLBI core and the outer jet regions.
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Several mechanisms have been proposed to explain the jet bend-
ing at these scales. In thin-disk systems such as 3C279, jet
precession might arise from Lense—Thirring torques in a mis-
aligned accretion flow (Liska et al. 2018, 2021). Alternatively,
jet wobbling can be driven by magnetic eruptions associated
with reconnection near the event horizon (e.g., Ripperda et al.
2022; Ressler et al. 2025; Lalakos et al. 2025), or by mag-
netohydrodynamic (MHD) instabilities, such as kink modes
induced by interactions of the jet with its surroundings (e.g.,
Tchekhovskoy & Bromberg 2016; Bromberg & Tchekhovskoy
2016; Lalakos et al. 2024) and Kelvin—Helmholtz instabilities
within the flow (e.g., Chow et al. 2023). Moreover, recent 3D
MHD simulations showed that recollimation regions can trig-
ger non-axisymmetric instabilities (e.g., kink modes), leading
to jet distortion, enhanced dissipation, and quasi-periodic vari-
ability, with properties depending on the jet magnetization and
external pressure profile (e.g., Boula et al. 2025; Hu et al. 2025).
Finally, a binary supermassive black hole system has been pro-
posed for 3C 279 (Qian et al. 2019), which might induce quasi-
periodic jet orientation changes via orbital motion, spin—orbit
coupling, or accretion-flow perturbations (e.g., Begelman et al.
1980; Ressler et al. 2025).

The source 3C279 exhibits broadband emission extend-
ing from the radio band to VHE vy rays (Aleksic et al.
2011; H.E.S.S. Collaboration 2019), and the luminosity of the
high-energy component generally dominates that of the syn-
chrotron emission (Maraschi et al. 1994). High angular reso-
lution (microarcsecond-scale) observations with RadioAstron
resolved the 3C279 jet, uncovering several filaments that
were interpreted as the result of plasma instabilities in a
kinetically dominated flow (Fuentes et al. 2023). The source
varies strongly across the entire electromagnetic spectrum (e.g.,
Hayashida et al. 2012), and the y-ray fluxes vary by more than
two orders of magnitude, from ~1077 to 109 cm™2s~! above
100 MeV (see, e.g., Ackermann et al. 2016). Multiwavelength
(MWL) monitoring during a y-ray flare in 2009 revealed a cor-
related change in optical polarization, providing evidence of a
direct link between high-energy activity and the dynamics of the
jet magnetic field (Abdo et al. 2010).

The source is known for intense and rapid y-ray flaring activ-
ity. On June 16, 2015, the Large Area Telescope (LAT) on board
the Fermi Gamma-ray Space Telescope detected a giant out-
burst with minute-scale variability, showing flux-doubling times
shorter than 5 min (Ackermann et al. 2016). Such a rapid vari-
ability implies a very compact emission region, located at dis-
tances of a few hundred Schwarzschild radii from the central
engine in conical jet models. During the same flare, VHE y
rays were detected with H.E.S.S., indicating an emission site
at r > 1.7 x 10'7 cm, that is, beyond the expected extent of
the broad-line region (H.E.S.S. Collaboration 2019). Likewise,
Fermi-LAT observations in April 2018 revealed a distinctive
double-peaked y-ray variability pattern on minute timescales,
consistent with particle acceleration via relativistic magnetic
reconnection. The absence of significant yy absorption further
constrains the emission region to ~10* gravitational radii, where
turbulence is likely sustained by fluid-dynamical kink instabili-
ties (Shukla & Mannheim 2020).

In analogy with the MWL campaigns
accompanying the = EHT  observations of  MS87*
(EHT MWL Science Working Group et al. 2021, 2024),

coordinated quasi-simultaneous MWL observations of 3C 279
were conducted during the 2017 EHT observing run. This
dataset provides a unique opportunity to investigate jet
physics and particle acceleration processes, supports the
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interpretation and modeling of the EHT results, and consti-
tutes a valuable legacy resource for the wider astronomical
community.

The paper is structured as follows. In Sect. 2 we briefly
describe the MWL observational campaign on 3C 279 accompa-
nying the 2017 EHT observations, while further details on data
processing and individual results are provided in Appendix B.
In Sect. 3 we present the radio multifrequency jet structure, the
MWL variability and quasi-simultaneous spectrum. In Sect. 4
we describe the phenomenological modeling using the turbu-
lent extreme multi-zone (TEMZ) model. Sect. 5 discusses the
jet structure and the origin of the y-ray flaring activity. Finally,
Sect. 6 summarizes our main results and conclusions.

2. Observations

As a main calibrator for EHT primary targets, 3C279 was
monitored during the first EHT observing campaign, conducted
between April 5 and 11, 2017. Complementary MWL observa-
tions were performed in conjunction with the EHT runs, cover-
ing a broad frequency range, from 1.7 GHz with RadioAstron
to VHE vy rays with the tHigh Energy Stereoscopic System
(HE.S.S.) and the The Major Atmospheric Gamma Imag-
ing Cherenkov (MAGIC). Figure 1 summarizes the observa-
tional coverage between March and April 2017 during the first
EHT-MWL campaign. In addition to the instruments shown in
the figure, our analysis also incorporates cumulative flux esti-
mates from RadioAstron at 1.7 and 5 GHz, spanning the period
2016-2018.

The following subsections provide brief descriptions of
the individual observations carried out during the 2017 MWL
campaign on 3C279. Comprehensive details, including data-
processing procedures and band-specific analyses and results,
are presented in Appendix B.

2.1. Radio

The blazar 3C 279 was observed with several radio facilities in
the centimeter (cm) and millimeter (mm) wavelength bands in
VLBI and single-dish modes; details of the observations and
data reduction are provided in Appendix B.1. High-resolution
(milliarcsecond-scale) core monitoring of the source was carried
out with the Very Long Baseline Array (VLBA) at 43 GHz and
with the Korean VLBI Network (KVN) through multifrequency
observations at 22, 43, 86, and 129 GHz. These data reveal vari-
ability in the core flux density, with the emission increasing
during April-May (see Sect. 3.2). At millimeter wavelengths,
the Submillimeter Array (SMA) and ALMA performed approx-
imately weekly observations and also observed during EHT
observations (Goddi et al. 2021), providing information on the
more extended (arcsecond-scale) emission.

2.2. IR, optical, and UV

The source was monitored in the IR, optical, and UV range
from 1220 nm with the Kanata telescope (see Appendix B.2.1)
to 193 nm with Swift-UVOT (see Appendix B.2.3). Moreover,
well-sampled optical polarimetric observations of 3C 279 in the
R band, together with photometric measurements, were obtained
with four telescopes: the 1.8 m Perkins Telescope, the 40 cm LX-
200 telescope, the 70 cm AZT-8 telescope, and the 1.54 m Kuiper
Telescope (see Appendix B.2.2 for details).
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Fig. 1. Summary of the instrument coverage
during the 2017 MWL campaign on the blazar
3C279. The vertical gray bands refer to the
EHT observations in the first row. The vertical
dark gray line marks the date of the EHT obser-
vation we used for the spectral analysis.

2.3. X-rays andy rays

In the X-ray band, 3C 279 was observed with Swif-XRT in the
0.3-10keV energy range (see Appendix B.3). During the 2017
campaign, the source was monitored on March 26 and 27 and
on April 8, 12, and 13, and all observations were performed in
photon-counting mode.

Above 100MeV, the Fermi Large Area Telescope (LAT)
detected significant emission from 3C279 on three-hour
timescales (see also Appendix B.4.1). The source entered a high-
activity state at the end of March, and the flaring episode ceased
around April 9, shortly before the conclusion of the EHT observ-
ing window.

At VHE v rays, the source was observed by H.E.S.S. and
MAGIC (see Appendices B.4.2 and B.4.3 for details). H.E.S.S.
conducted observations totaling 4.2 h during the night of 24-25
March 2017, following a bright-moon break and recorded optical
flaring episodes of the source. No significant VHE emission was
detected. Similarly, MAGIC accumulated 8.51 h of data between
March and April 2017. 3C 279 was not detected above 5o for
individual nightly observations or during the stacked analysis for
the entire observation campaign. The only data point shown in
the MWL light curves (LC) (Fig. 4) together with the U.L.s cor-
responds to a 2.50 fluctuation (the LC shows U.L.s below 20
and data points otherwise).

3. Multiwavelength results
3.1. Radio structure

The radio morphology of the jet of 3C 279 (Fig. 2) consists of a
compact core (the brightest region located in the northeast cor-
ner of the image) and an extended, nearly straight jet, visible
up to deprojected scales of about 700 pc at 15 GHz, assuming a
viewing angle of 1.5° (Larionov et al. 2020). Figure 2 presents a
composite radio image of the jet structure of 3C 279 obtained in
April 2017 from single-epoch VLBI observations at 15, 24, 43,
86, and 230 GHz, using the Very Long Baseline Array (VLBA),
the Global Millimeter VLBI Array (GMVA), and the EHT. The
accompanying VLBA 43 GHz observations were taken with a
monthly cadence between February and June, 2017, enabling
studies of the total and polarized intensity evolution.

At 230 GHz, the nuclear region is elongated nearly trans-
versely to the direction of the larger-scale jet, separated from
the other jet component by ~100 pas (~24 pc, deprojected). The
apparent position angle of the inner jet smoothly changes from

Table 1. Polarization parameters of the jet with the VLBA at 43 GHz.

Date” MID Sind” Pint Xinld S core” Peore” Xcore?
[yl [%] [°] LIyl [%] [°]
Feb.4 57788 11.77+£0.59 9.7+1.0 35+6 8.66+044 8709 40+6
Mar. 19 57831 7.70+0.39 10.7+1.1 42+6 6.14+031 10.1+1.0 47+6
Apr. 16 57859 847+043 11.1+1.1 40+5 7.05+036 104+1.1 43+5
May 13 57886 12.69+0.64 11.5+12 50+6 11.03+0.55 11.0+1.2 50+7
Jun.8 57912 14.76+0.74 13.1+13 35+6 12.87+0.65 113=+1.1 34+6

Notes.  Epoch of observation. ® Total intensity integrated over the
image. © Degree of polarization integrated over the image. ) Position
angle of the polarization integrated over the image. © Total intensity of
the core region designated in Figure 3. ¢ Degree of polarization of the
core region; uncertainties are given at the 1o level. @ Position angle
of the polarization in the core region; uncertainties are given at the 1o
level.

about —138° at 15 GHz to about —174° at 230 GHz. Figure 3
presents a sequence of multi-epoch 43 GHz VLBA images show-
ing the evolution of the total and polarized intensity between
February and June 2017. The parameters of these images are pre-
sented in Table 1. The images were obtained within the VLBA-
BU-BLAZAR program. We used fully calibrated data posted at
the program website! to construct the total and polarized inten-
sity images shown in Figure 3 and to calculate the parameters
listed in Table 1.

For the kinematics of 3C 279 at 43 GHz during the 2017 EHT
campaign, we employed the results provided by Weaver et al.
(2022). According to their analysis, a superluminal knot (com-
ponent C37), detected for the first time in the jet around the end
of October 2017, was ejected on April 2, 2017 (+13 days), from
the center of the 43 GHz VLBI core with an apparent speed of
(25 = 2)c, one of the highest apparent speeds of known com-
ponents seen for this source. In the image of June 8, 2017, the
knot should be ~0.14 mas from the center of the core, which
is well inside the core region designated in Figure 3. The ejec-
tion appears to have triggered high total and polarized flux in
the core region: the average flux density of the core region dur-
ing the period from June 2007 to December 2018 is (8.5 +2.4) Jy
Weaver et al. (2022), while the core flux density on June 8, 2017,
is about 1.5 times higher than this value. This is accompanied by
an elevated linear polarization degree of about 11%, which is a
few times higher than the quiescent value (Larionov et al. 2020).

I https://www.bu.edu/blazars/BEAM-ME.html
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Fig. 2. Multifrequency (15, 24, 43, 86, and 230 GHz) composite radio
image of 3C 279 obtained in April 2017.

3.2. Multiwavelength results and variability

Figure 4 presents the short-term (March—April 2017) MWL LC,
including the polarization intensity (P) and electric vector posi-
tion angle (EVPA) of 3C 279, obtained with the instruments par-
ticipating in the coordinated EHT-MWL campaign.

The EHT observations of the innermost core region (compo-
nent CO-0 in Kim et al. 2020) reveal a pronounced flux enhance-
ment between April 5-6 and 10-11, with the core flux nearly
doubling from ~0.5Jy to ~0.95 Jy. During this period, the cor-
responding brightness temperature changed from approximately
6 x 101°K to 4.5 x 10'°K. In contrast, the immediately adja-
cent components CO-1 and C0-2, located at projected separa-
tions of 15-30 pas (corresponding to ~0.1-0.2 pc from the core)
and exhibiting superluminal motion, show opposite trends: C0-1
displays a slight dimming, while C0O-2 brightens. An increase in
the core flux density F) is expected to be accompanied by a shift
of the synchrotron self-absorption turnover frequency v,, toward
higher values. The scaling of v,, with F, depends on whether the
variability is driven by changes in the relativistic electron density
normalization Ny, magnetic field strength B, or Doppler factor d.
Using Egs. (1) and (2) of Marscher & Gear (1985),

FV o NOB(S+1)/26(S+3)/2 (1)
and
Vi Né/(s+4) B(“z)/(”‘” 6(s+2)/(s+4), )
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where —s is the slope of the electron energy distribution and the
dimensions of the source are assumed to be constant, we can
determine how v,, is expected to vary when either Ny, B, or
¢ changes while the other parameters remain constant. In each
case, we used relation (1) to solve for the variable parameter in
terms of F, and the two constant parameters, and we then sub-
stituted that expression into expression (2) to obtain

Vi F\%/ (s+4)

Vi Fg(s+2)/[(s+ D(s+4)]

(variation in Ny),

(variation in B), 3)

Vp oc FRDINEEEHDL - (varjation in 6).

These scalings are valid provided that the observing frequency
is not already close to the synchrotron self-absorption turnover
frequency, where the spectral shape becomes strongly affected
by opacity effects. For the value derived from our modeling,
s = 2.4, the corresponding exponents are 0.31, 0.40, and 0.25,
implying an increase in v,, by factors of approximately 1.2, 1.3,
and 1.2, respectively, when the 230 GHz flux density increases
by a factor of 1.9, as we observed.

At larger scales, and at centimeter and millimeter radio fre-
quencies, no significant flux variability on daily timescales is
observed. In contrast, the source exhibits unprecedented flaring
activity in the UV-optical bands, peaking on March 21-22 and
reaching the maximum in the /-band at 22:26 UTC on March
21, with a magnitude of 12.309 + 0.002. The synchrotron flux
increases by a factor of ~20 relative to historical low states,
reaching its highest level ever reported (Larionov et al. 2020),
while over the one-month timescale considered here, the opti-
cal emission varied by approximately an order of magnitude.
Moreover, this record optical flare occurred during the rising
phase of a strong y-ray flaring episode (see also Sect. B.4.1).
The optical polarization also varies strongly, with the polariza-
tion degree ranging from 5% to 25% and the polarization angle
varying between 20° and 80°. During the 2017 EHT campaign,
the source was in a low X-ray emission state, with a 0.3-10keV
flux of Fy3-10kev = (1.5+0.3)x 107! ergcm=2 5! and a photon
index of I'y = 1.5+ 0.1. This flux is slightly lower than the long-
term Swift-XRT average measured over the 2006-2022 period,
Fos-10kev = 1.93 x 107" ergcm™2 57! (Thekkoth et al. 2023).

In the y-ray band, 3C 279 underwent intense flaring episodes,
with Fermi-LAT three-hour binned fluxes reaching up to
ten times the long-term (16-year) average (¢dgsi00Mev =
(6.32 + 0.03) x 1077 ph cm™? s™1). For reference, the inte-
grated flux reported in the 4FGL-DR4 catalog is ¢rsi0oMev ~
5 x 107phem™2s~! (Abdollahi et al. 2022). During the EHT
observing window (April 5-11), the source exhibited an aver-
age y-ray flux of z-100mev = (2.07 +£0.07) X 10 phem s,
The emission was even enhanced on April 5-6, reaching
DE>100MeV = (2.90+0.12)x107° ph cm™2s7!, and it subsequently
declined toward its typical level by around April 9, shortly before
the end of the EHT observing campaign. At VHESs, no signifi-
cant emission was detected by H.E.S.S. or MAGIC during this
period.

During the first EHT observing window (April 5-6), we mea-
sured a fractional variability amplitude (following Vaughan et al.
2003) of Fyy = (40+5)% in the HE y-ray light curve. The short-
est flux—halving time derived from the Fermi-LAT data (using
the method of Zhang et al. 1999) is #;» = (9.0 = 2.5)h. The
largest variability amplitudes are observed in the optical bands,
with Fyyr ~ 82% in R and ~86% in I. The minimum optical
variability timescale, T;ni“ = (0.59 £ 0.03)d (~(14 = 1)h), is
comparable to previous constraints.
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Fig. 3. Sequence of VLBA total (contours) and polarized (color scale) intensity images of 3C 279 at 43 GHz (magenta image in Fig. 2). The global
intensity peak is 10.31 Jy/beam; the contour levels start at 0.25% of the peak and increase by factors of 2. All image parameters are listed in
Table B.2. The images are convolved with the same beam of 0.36 x 0.15 mas? at PA =—10°(the ellipse in the bottom left corner); linear segments
within the images indicate the direction of the electric vector position angle (direction of polarization). The blue rectangle in the first image shows
the core region used to calculate the polarization parameters presented in Table 1.

While the Fermi-LAT light curve exhibits numerous short-
timescale outbursts, the optical light curves display a broader peak
and no clear counterpart to the rapid y-ray activity. High opti-
cal fluxes occasionally coincide with high LAT fluxes, but the
converse is not always true: comparable HE y-ray fluxes may
be observed during lower optical states, and a pronounced LAT
flare occurred during an optical low state. A prolonged period of
low emission is then observed in both bands. Overall, the Pear-
son correlation coefficient during the full period considered (see
Fig. 4) is r ~ 0, and it remained modest (r = 0.42 + 0.19)
up to MJD 57840, corresponding to the period of a simultane-
ous high state in the optical and y-ray bands. Emery et al. (2019)
reported a slight correlation between the HE y-ray and optical
fluxes (r = 0.61 £+ 0.05) when they restricted the analysis to
MJD 57805-57840, immediately preceding our observing win-
dow, during which optical flares and increased HE y-ray activ-
ity were detected. The same study found a much stronger corre-
lation (r ~ 0.9) during the June 2018 optical and y-ray flaring
episode.

3.3. Multiwavelength spectrum

Figure 5 shows the quasi-simultaneous 2017 MWL broadband
spectral energy distribution (SED) of 3C279 obtained around
the time of the EHT observations. To select the closest-in-time
MWL data, the EHT observation on April 10 was used as a ref-
erence, since the only X-ray observation within the EHT win-
dow occurred on April 8. For the radio data included in the
MWL SED, we considered the innermost region accessible at
each observing frequency, corresponding to either the compact
core alone (CO-0 component for the EHT data; see Kim et al.
2020) or, for non-EHT observations, to the combined emission
from the core and the inner jet (see Table C.1). During the mod-
eling phase (see Sect. 4), our first goal was to test whether the
broadband emission (from radio up to y rays) might originate
predominantly from the central regions resolved by the EHT.
The SED exhibits the characteristic two-hump structure typ-
ical of blazars. The low-energy hump, produced by synchrotron
emission, peaks in the IR—optical band, while the high-energy
hump, attributed to inverse-Compton processes in most models
(for a review, see Madejski & Sikora 2016), peaks in the y-ray
band at GeV energies. At this epoch, the source shows high

Compton-dominance, with the high-energy component clearly
dominating the low-energy synchrotron emission.

High-resolution VLBI observations spatially resolve the
source structure, whereas at higher frequencies, the source
appears to be point-like because the angular resolution is limited
(see Sect. B.1). The SED also indicates the spatial scales corre-
sponding to the total emission for the highest-resolution observa-
tions (for more information, see also Table C.1). All flux points
correspond to statistically significant detections (>30) with 1o
uncertainties, except for upper limits, which are plotted at the 20
confidence level.

4. Modeling the source emission

Visual inspection of Fig. 4 reveals a wide range of variability
in the flux and linear polarization (degree and position angle) of
3C 279 at all observed wavelengths. There are no statistically sig-
nificant trends in the individual light curves that persist on scales
of months or years. A dedicated analysis will be presented in a
forthcoming publication. This implies that stochastic processes
play amajor role in the emission. Furthermore, the position angles
of optical and millimeter-wave polarization fluctuate by roughly
+20° about the jet direction. This requires substantial reconfigu-
ration of the magnetic field pattern. This coexistence of ordered
and turbulent magnetic field components can be produced by
the superposition of a turbulent plasma embedded in a partially
ordered magnetic field. The ordering can result from a helical
magnetic field or from a chaotic field that is partially compressed
when it crosses a shock.

4.1. The TEMZ model

Based on these considerations, we employed the Turbulent
Extreme Multi-Zone? (TEMZ; Marscher 2014; Marscher et al.
2017; see also Zhangetal. 2023 and Liodakis et al. 2024)
numerical model in an attempt to reproduce the time-variable
broadband behavior and polarization of 3C279. In this model,
magnetized plasma flows at near light speed across a stand-
ing conical shock in a jet, as can occur where there is a mis-

2 TEMZ is implemented via a Fortran-95 code and available at www.
bu.edu/blazars/temz.html.
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match between the internal and external pressure. We assumed
that the upstream plasma consists of ultra-relativistic electrons
and positrons, presumably energized via many minor magnetic
reconnections and second-order Fermi acceleration, and colder
protons (whose radiation was neglected here). The plasma was
turbulent, although the magnetic field also included a helical
component with opening angle ¢ (whose extremes correspond
to a toroidal field if ¢ = 90° and a longitudinal field if ¢ = 0°).
The shock compressed the component of the magnetic field that
is perpendicular to the shock normal (as measured in the plasma
frame), following the relativistic jump conditions (e.g., Konigl
1980; Cawthorne & Cobb 1990). Diffusive shock acceleration
increased the energies of the particles, forming a power-law
energy distribution with a slope of —s = —2.3 up to a maximum
energy Ymac’. At this energy, the acceleration and cooling
times are equal for magnetic field directions that allow multi-
ple back-and-forth passages of particles across the shock front
(the “subluminal” regime; see Baring et al. 2017). To determine
the acceleration time, we used the Baring et al. (2017) formula-
tion, within which the mean-free path of pitch-angle scattering
is proportional to the energy of the particle.

4.2. TEMZ implementation for 3C 279

We applied the TEMZ model by interpreting component CO—
0 (EHT inner core) as a standing conical shock, located ~1 pc
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from the supermassive black hole. The emission region extended
from the shock front to a downstream rarefaction, as sketched
in Figure 6. In order to reproduce the apparent superluminal
motion of knots in 3C 279, observed to be as high as ~40c in
2017 (Larionov et al. 2020), we set the bulk Lorentz factor of
the flow to be 40° (the minimum value given the apparent speed)
upstream of the shock, and the angle between the line of sight
and jet axis to be 1.5°. This assumes no change in the flow speed
between the high-energy emission region and the knots observed
at 43 GHz. This requires that all of the bulk acceleration of the
jet occurs upstream of component CO-0. We adopted an angle
{ = 6° between the shock front and the jet axis, which is inclined
enough to allow substantial compression without decelerating
the plasma flow too much (see Cawthorne & Cobb 1990).

The emission region contained a total of 2880 cylindrical
cells, each with its own electron density, electron energy distri-
bution, and unidirectional magnetic field. This number of cells
reproduces the observed mean degree of optical polarization,
which varies on a timescale of years over a range of ~10-20%
(Larionov et al. 2020). More turbulent cells would cause greater

3 The bulk Lorentz factor needs to be high enough to attain the highest
apparent speed observed during this period. While the Lorentz factor
might increase downstream, the most rapid variability of 3C 279 (in the
y-ray band) also requires I ~ 40. A slightly wider or narrower viewing
angle in CO would cause the apparent speed there to be lower.
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Fig. 5. MWL broadband SED of 3C279 around the EHT observa-
tional campaign (MJD 57836-57861; see Table C.1 in Appendix C). For
RadioAstron, integrated fluxes from cumulative observations between
2016 and 2018 are shown. The Swift-XRT spectrum is shown as a bow
tie. The fluxes are indicated with different colors and markers according
to the instrument. For radio VLBI and interferometric data, upper limits
on the emission size (radius) at selected frequencies are labeled.

cancellation of randomly unaligned polarization vectors. Each
cell had a diameter of £ = 0.04 pc and a length of Az = 0.048 pc,
the latter value chosen so that the upstream end of each ring of
columns was offset by an integer (eight) number of cell lengths
(see Fig. 6). The magnetic field included a helical and a turbulent
component. The latter was assigned via a random number gener-
ator and was related to the turbulent field component of nearby
cells via the relativistic Kolmogorov spectrum. This relation was
accomplished in the manner of Jones (1988): each cell belonged
to four zones: its own, one zone containing 8 (2 X 2 x 2) cells,
another zone with 64 (4 X 4 x 4) cells, and one zone with 512
(8 x 8 x 8) cells.

The code selects the magnitude of the magnetic field, den-
sity and the direction of the field, randomly in each zone from a
log-normal distribution. The field and density of a cell are then
computed as the average of the values in its zones, weighted
according to the Kolmogorov spectrum: weight w oc £2/3 for den-
sity, magnetic energy density, and square of the turbulent four-
velocity. This weighting causes the larger zones to contribute a
larger fraction of each quantity. In order to approximate the rota-
tion of turbulent vortices, the code relativistically adds a turbulent
circular four-velocity of 0.1c, rotating about the center of each
zone, to the systemic flow velocity (see Calafut & Wiita 2015).

We assumed that the electrons (including any positrons) at the
upstream boundary of the emission region (i.e., just beyond the
shock front) had a power-law energy distribution between a min-
imum energy Yminfmc? and maximum energy Ymaxic?, the latter
of which depends on the angle of the magnetic field relative to
the shock normal as measured in the plasma frame (see above).
This dependence of yy,x on the magnetic field direction, and the
higher radiative energy losses of the higher-energy electrons as
the plasma flows downstream of the shock front, means that the
electron energies of only a fraction of the cells are high enough
to produce synchrotron and Compton radiation at the highest fre-
quencies. These effects cause the slope of the synchrotron and
Compton spectra to steepen with frequency, so that, for example,
the optical spectrum is steeper than that at infrared frequencies.
The combination of the two effects causes the mean polarization
and its level of variability to increase with frequency, as has been
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Fig. 6. Sketch of the TEMZ model for 3C 279 adapted from Marscher
(2014). The emission region, ranging from the shock to the rarefaction,
comprises 2880 turbulent cells. The line of sight (l.0.s) is inclined by
angle 6 to the jet axis.

observed at X-ray and optical frequencies in several blazars (e.g.,
Liodakis et al. 2022; Marscher et al. 2024; MAGIC Collaboration
2025).

As the code runs, the plasma advances by one cell length Az
per time step. New values of the magnetic field and electron den-
sity are introduced at the upstream boundary. These values are
derived from the turbulence simulation scheme discussed above,
which produces short-term fluctuations, then multiplied by a time-
dependent input of total energy density. The latter, which corre-
sponds to variations in the energy injected into the base of the jet,
is computed from random sampling of a power spectral density
(PSD) in the form of a power law with a slope of —2, the value
of which is consistent with the optical and X-ray timing analysis
of 3C 279 by Chatterjee et al. (2008). To apply this, we adapted a
subroutine supplied by R. Chatterjee, based on the algorithm of
Timmer & Konig (1995), which produces a large set of random
values x; between —1 and 1 with a power-law PSD. Following
Uttley et al. (2005), the TEMZ code exponentiates each number
produced by the subroutine in order to derive a multiplicative fac-
tor exp(£x;) that the code applies to the input value of the energy
density, where ¢ is a free parameter of the order of unity that deter-
mines the ratio of the highest to lowest flux density over time
ranges of years. The ratio is observed to be ~100 in the case of
the optical variability of 3C 279 (Larionov et al. 2020). During the
time span of the observations reported here, the range was about
one order of magnitude (see Fig. 4).

In the version of the TEMZ code we used for this work, the
magnetic field and relativistic electron density of a cell remained
constant as the plasma advanced downstream from the shock.
However, the energy distribution of the electrons evolved toward
lower energies with distance from the shock as they lost energy
to synchrotron and Compton radiation (see Equations (5) and (6)
of Marscher 2014). The energy-loss rate varied from one cell to
the next, commensurate with the differences in the magnetic field
and seed photon field among the cells. Adiabatic energy losses
were neglected because the jet did not spread appreciably over
the length of the computational grid.

The TEMZ code computes the flux density from inco-
herent synchrotron (including synchrotron self-absorption),
synchrotron self-Compton (SSC), and external Compton (EC)
radiation. The relevant formulas are given in Marscher (2014).
The main difference of the model for 3C279 from the earlier
TEMZ versions is that the seed photons for SSC emission pro-
duced by a particular cell are from all of the other cells (instead
of a Mach disk). The seed photon flux from other cells is suit-
ably time-delayed and Doppler shifted, the latter of which takes
into account variations in the turbulent velocities of the dif-
ferent cells. In addition, the seed photons for EC scattering
are from a torus containing hot (1200 K) dust and from broad
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emission-line clouds. For the latter, we used the prescription of
Tavecchio & Ghisellini (2008), approximating the spectrum of
the clouds as a blackbody with a temperature of 42 000 K.

The peak of the y-ray SED of 3C279 (Fig. 5) is an order
of magnitude higher than that of the IR synchrotron emission,
and it reached maximum at an energy of ~1 GeV. These prop-
erties are difficult to reproduce with synchrotron seed photons
from the jet (Sikora et al. 2009). Compton scattering of pho-
tons from the dust torus results in an SED peaking in the
0.01-0.1 GeV region in a blazar such as 3C279 (Sikora et al.
2009), which is also inadequate. The canonical broad emission
line region (BLR) is expected to consist of clouds in a shell
or torus with an outer boundary <0.2 pc from the SMBH (see
Tavecchio & Mazin 2009, for a discussion). Liu et al. (2008)
showed that y rays observed with energies >30 GeV would be
heavily depleted by pair production if they were emitted inside
such a small dense BLR.

There is, however, another potential source of seed photons
for Compton scattering to produce the vy rays: polar line-emitting
clouds that lie along the outer boundary of the parsec-scale jet.
Such clouds have been inferred from emission-line variability in
3C 279 (Larionov et al. 2020) and 4C29.45 (Hallum et al. 2022).
A variable component of the Mg II line is on the red side of the
main line, which implies that it is from clouds falling toward
the SMBH, possibly as part of a back-flow surrounding the jet
(Hallum et al. 2022). The line flux in both objects is proportional
to the (beamed) optical flux from the jet, which indicates that the
clouds lie along the jet. Since flares are short lived, we adopted
a luminosity of the Mg II line from polar clouds in the low range
reported by Larionov et al. (2020) and multiplied this by a factor
of ~10 to estimate the luminosity of all lines and continuum (see
Peterson 1997) from the polar clouds to be ~7 x 104 ergs~!. We
further adopted a distance of the clouds from the SMBH of ~4 pc
and a distance from the jet axis of ~0.3 pc, which is somewhat
smaller than the values estimated for the more luminous quasar
4C29.45 by Hallum et al. (2022).

The code calculates the pair-production opacity of VHE vy
rays as they encounter photons from the line-emitting clouds and
the extragalactic background light. These two sources of opac-
ity to y rays dominate in the model. The integrated (over solid
angle) intensity of the optical-UV radiation from the clouds is
calculated as a function of frequency at the position of every
cell. The intensity times the frequency-dependent cross-section
(Coppi & Blandford 1990) is integrated over optical-UV fre-
quency to obtain the pair-production optical depth at each VHE
energy. This is added to the optical depth from the extragalac-
tic background light as determined by Dominguez et al. (2011).
A number of input parameters of the code can be set based on
observational information. Table 2 lists these parameters and
their values. The mean kinetic power of the simulated jet is
~7 x 10* erg s7! if there are about as many protons as electrons
in the jet. If positrons are the main positively-charged compo-
nent, this is reduced by a factor of ~2.

4.3. Model results

We ran a small number of sample computations of the TEMZ
code in order to find values of the free parameters that produced
flux, polarization, and SED versus time that roughly resembled
the observed behavior of 3C 279. Table 2 describes these param-
eters and gives their adopted values.

After setting the above parameters based on the results of
the trial runs, we ran the code for 10000 time steps in order to
produce the simulated flux, polarization, and SED at each step to
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Fig. 7. Sample simulated MWL flux and optical polarization degree P
and EVPA vs. time calculated with the TEMZ model. EVPA = 0° in the
simulation corresponds to the jet direction. The time step corresponding
to the SED presented in Fig. 8 is marked in the top panel. The means
of P and the EVPA are indicated with dashed lines on the right of the
respective panels, while the standard deviations are marked with dotted
lines.

3C 279 April 2017

log v(Hz)

Fig. 8. Spectral energy distribution of 3C279 in April 2017 (empty
squares). Under the assumption that the high-energy emission arises
from the core region (C0-0 in the EHT images), only EHT, Swift-
UVOT, X-ray, and y-ray spectral points are shown. Lower-resolution
radio and optical data are excluded as they sample larger emission
regions. The solid curve shows a representative SED of component CO-
0 from the TEMZ model, selected at the epoch when the simulation
reproduced the observed multiwavelength data best (see Fig. 7).

compare them with the data. Because of the randomness inherent
in the code (and in some of the actual physical processes), TEMZ
cannot reproduce the actual flux and polarization curves. Instead,
a successful simulation was one in which the above variations
resembled the observed behavior. Since the observations have
many temporal gaps, the comparison can only be made rather
crudely: the mean and standard deviation of the degree and posi-
tion angle of optical polarization, range of flux variations during
a given time interval at different wavebands, and single-epoch
SEDs.

Figure 7 shows the simulated light curves of flux and polar-
ization as a function of time. The simulated fluxes span approx-
imately one order of magnitude, consistent with the variability
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Table 2. Parameters of TEMZ Model for 3C 279.

Parameters based on observations

Parameter  Value Description
Ulam 0.9997¢ Bulk flow velocity of laminar component of the jet flow (Lorentz factor = 40.8)
0 1.5° Angle between jet axis and line of sight (set such that values of vy, and 6 result

in apparent speed of 37¢ as observed in 2017 in Larionov et al. 2020)
Vturb 0.1c 4-velocity of turbulent rotational component of the jet flow (see Calafut & Wiita 2015)
s 24 Slope of electron power-law energy distribution immediately past the shock front
¢ 0.04 pc Transverse diameter of a cell
Az 0.048 pc Length of a cell
1) 0.9° Intrinsic opening half-angle of jet (Weaver et al. 2022)
- 7 x 108 ergs™'  Luminosity of thermal emission from polar clouds
- 4pc Mean distance of polar clouds from SMBH
- 0.3pc Mean distance of polar clouds from jet axis

Parameters based on modelling

Parameter  Value Description
0B,0 0.3 Dispersion-to-mean ratio of turbulent fluctuations in magnetic energy and electron densities
3 1.2 Parameter in the exponent of the modulation of the input energy
(B) 0.03G Mean value of magnetic field immediately upstream of shock
U, /up 8 Mean ratio of relativistic electron to magnetic energy densities immediately upstream of shock
Neells 2880 Total number of computational cells
Evax.min 2 x 10° mc? Highest value of maximum electron energy after plasma crosses shock
Emax.max 1 x 10* mc? Lowest value of maximum electron energy after plasma crosses shock
Enin 800 mc? Minimum electron energy after plasma crosses shock
(Bord/Biot) 0.3 Mean ratio of ordered helical to total (helical+turbulent) magnetic field
W 70° Pitch angle of helical magnetic field

observed in 3C 279 (see Fig. 4). The mean optical EVPA differs
only slightly from the jet direction (by 13°) and exhibits a stan-
dard deviation of 27°, comparable to the observational data. (The
mean EVPA would align exactly with the jet axis if ¢ = 90°.)
The mean degree of polarization in the simulation is 12%, with
a standard deviation of 6%. These simulated values agree well
with the observations, which yield a mean polarization degree of
(14 £ 5)% and a mean optical EVPA of (46.5 = 13.9)°, derived
from the observational data binned in two-day intervals.

Figure 8 displays the simulated SED of component CO-—
0 at a time when the simulation most closely resembled the
data. The radio to optical portion is from synchrotron radiation,
while SSC emission dominates the X-ray flux. The y-ray emis-
sion is mainly external Compton of emission-line photons from
the polar clouds. The polar clouds contribute to the optical-UV
emission lines and to a relatively weak thermal continuum com-
ponent in the optical-UV range.

5. Discussion
5.1. Jet structure

Microarcsecond-scale angular resolution observations of 3C 279
with RadioAstron on March 10, 2014, resolved the jet trans-
versely, revealing multiple filaments that were likely produced
by plasma instabilities within a kinetically dominated flow
(Fuentes et al. 2023). Due to the sparse sampling of the Fourier
plane, the 2017 EHT observations (Kim et al. 2020) were only
able to recover one central filament, shown in Fig. 2 as a
separated extended jet, which was oriented perpendicularly to
the elongated nuclear region. On the other hand, our VLBI
observations at longer wavelengths do not resolve the filamen-
tary jet structure at all. Fuentes etal. (2023) suggested that
enhanced Doppler boosting might occur when emitting regions

traverse such sites where the local jet direction becomes more
closely aligned with the line of sight, leading to the observed
flux variability. Fuentes et al. (2023) concluded that resolved
bright filaments of the jet of 3C279 represent compressed
regions with enhanced gas and magnetic pressure and might be
associated with the triggering and development of flow insta-
bilities. Current-driven kink or Kelvin—Helmholtz instabilities
are the most plausible mechanisms for developing such helical
structures. On the other hand, the elongated complex nuclear
structure at 230 GHz might originate from an extreme bend of
the jet.

More recent RadioAstron observations obtained in January
2018 similarly revealed fine-scale structure within the relativistic
jet, extending up to a projected distance of approximately 180 pc
from the radio core (Toscano et al. 2025). Although no filamen-
tary features were detected in these later observations, this might
be due to the substantial decline in the total jet intensity and
the limited uv coverage. The data further suggest a predomi-
nantly toroidal magnetic field configuration, consistent with an
overall helical magnetic structure. Independent constraints from
multiwavelength variability provide a complementary picture.
The behavior of the optical and radio (including 43 GHz) Stokes
parameters (Larionov et al. 2020) is also compatible with a pre-
dominantly helical magnetic field configuration, or alternatively,
with radiating plasma moving on a spiral trajectory.

Recently, Kravchenko et al. (2025) used 15.4 GHz multi-
epoch monitoring data to analyze the dependence of the jet
component size, r, on the distance from the VLBI core, d, for
a sample of 447 AGN jets. They concluded that the size of the
jet components is a good tracer of jet geometry. Particularly
for 3C 279, Kravchenko et al. (2025) obtained the dependence
d o 19291 which implies that the blazar jet follows a con-
ically expanding streamline at scales ~0.2—2.4 mas (~7-90pc
deprojected with 8 = 1.5°). This result is consistent with the
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estimates of the spatial extension of the intrinsic jet acceleration
zone, which are that this zone lies within 100 pas from the core
(~25 pc deprojected) (Kim et al. 2020).

Using the 20162018 short-segment observations of 3C 279
at 18 cm and 6 cm with RadioAstron (see Sect. B.1.1), we fitted
the measured visibility amplitudes with three Gaussian compo-
nents: the largest component, which represented the extended
jet; the VLBI core; and a substructure within the core. The latter
exhibits a high observed brightness temperature of T, ~ 103 K,
exceeding that of the core itself. This suggests the presence of
more energetic particles in the region. In the TEMZ scenario of
the turbulent plasma crossing a shock, and given the Doppler fac-
tor > 30, the rest-frame brightness temperature of a single cell is
then T, ~ 3 x 10'' K. This indicates that any of the compact
turbulent cells could have such a high 73, at cm wavelengths.

From the 2017 EHT observations, Kimetal. (2020)
observed significant day-to-day variations in the closure phases,
which appear to be most pronounced in the triangles with the
longest baselines. These authors showed that this variation is
related to a systematic change in the source structure, which
is accompanied by rapid changes in the brightness temperature
within the subnuclear structure of the 3C 279 jet over the time
interval of a week. Two inner jet components move non-radially
at apparent speeds of ~15 ¢ and ~20 ¢, which more strongly sup-
ports the scenario of traveling shocks or instabilities in a bent,
possibly rotating jet.

The components in the jet of 3C279 are known to exhibit
significantly different speeds and position angles (Jorstad et al.
2004; Weaver et al. 2022), which have been interpreted as evi-
dence of a precessing jet (Abraham & Carrara 1998). Jet-nozzle
precession models suggest that the components follow a curved
precessing path with a period of ~25yr (Qian 2011, 2012).
However, EHT observations (Kim et al. 2020) revealed erratic
changes in the inner jet position angle in 2011 and 2017, imply-
ing a precession period <6yr if periodic. Shorter-scale quasi-
periodic variations of ~3 yr have also been reported (Lister et al.
2021). Observations at 1.3 mm in 2011 indicate dthat the inner
jet orientation does not fully match precession-model predic-
tions, suggesting an additional erratic process (Lu et al. 2013). A
light-curve analysis across radio, optical, and X-ray bands found
a period of P = 130.6 + 1.3 days (Li et al. 2009). Long-term PA
changes (>10 yr) might still be governed by jet-nozzle preces-
sion, consistent with the ~39° smooth shift observed between
extended radio jet regions (Fig. 2). In contrast, shorter-term vari-
ations are likely produced by MHD instabilities in disk-jet sys-
tems, as suggested by recent 3D MHD simulations (Hu et al.
2025).

Similar multi-period jet position angle variations have been
observed in M87 (Ro et al. 2026; Cui et al. 2023), with an 11 yr
period consistent with Lense—Thirring precession from a tilted
accretion disk (Cui et al. 2023). Shorter ~1 yr transverse oscilla-
tions (Ro et al. 2026) might result from transverse MHD waves
(excited by precession, nutation, or magnetic flux eruptions near
the central engine) or from jet instabilities such as current-driven
or Kelvin—Helmholtz modes. Evidence of the latter has been
recently reported within the Bondi radius, revealing helical and
elliptical surface modes (Nikonov et al. 2023; Kravchenko et al.
2026). Substantial evidence exists of periodic position-angle
variations in other AGN jets (e.g., Kostrichkin etal. 2025;
Lisakov et al. 2025). Moreover, precessing-jet models success-
fully reproduce the complex linear polarization profiles observed
in AGN jets (Todorov et al. 2023), which are inconsistent with
simple magnetic field configurations (Pushkarev et al. 2023).
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5.2. Origin of the y-ray flaring activity

As discussed in Sect. 4, the observed spectral and polariza-
tion variability can be interpreted within a turbulent plasma jet
model. In this framework, turbulent cells crossing a stationary
conical shock are compressed, which triggers rapid y-ray flares
and produces polarization variability, including EVPA rotations
and increases in polarized intensity. Our TEMZ simulations
reproduced flux variations of roughly one order of magnitude,
mean optical polarization degrees of 12% (o ~ 6%), and EVPA
deviations of 13° from the jet axis with ~27°, consistent with the
observed values of 14 + 5% and 46.5 + 13.9°, see Fig. 4.

Magnetic reconnection near the collimation zone provides an
additional dissipation mechanism (Shukla & Mannheim 2020),
where kink or shear-flow instabilities create filamentary struc-
tures that efficiently convert magnetic energy. Relativistic par-
ticles accelerated in these sites can produce y-rays via inverse
Compton scattering. For typical fields B ~ 0.1-1G and bulk
Lorentz factors I' ~ 20, this process reproduces the observed y-
ray fluxes and one- to two-day timescales, while higher magnetic
fields and Lorentz factors can produce even shorter flares (e.g.,
Giannios 2013; Petropoulou et al. 2016).

Further constraints on the high-energy emission mecha-
nism come from more recent IXPE observations of 3C279
(Marshall et al. 2024). The X-ray spectrum was fitted with a
power law (I' = 1.79 + 0.04) and Galactic absorption of Ny =
2.25%10?° cm™2. The X-ray polarization degree was constrained
to be <12.7%, compared to ~4% in the millimeter and ~12%
in the optical and IR bands. While the current IXPE constraint
does not by itself rule out a hadronic origin of the X-rays, it is
compatible with leptonic models in which the X-ray and y-ray
emission is dominated by inverse-Compton scattering of syn-
chrotron or external photons by relativistic electrons in the jet.
Similarly, during a TeV flare of the blazar Mrk 421 observed
jointly with IXPE, strong and erratic X-ray polarization variabil-
ity was detected, while the optical polarization remained nearly
constant (MAGIC Collaboration 2025). This behavior closely
resembles the y-ray flaring state of 3C 279 in April 2017, albeit
at higher energies given the high-synchrotron-peak nature of
Mrk 421 compared to the low-synchrotron-peak classification of
3C279. In contrast, the flare in 3C 279 is more pronounced in
the MeV-GeV band, and the polarization variability is observed
in the optical.

The kinematic analysis by Weaver et al. (2022) indicated that
a superluminal knot (C37) was ejected at Ty = 2017.253 £0.035
(April 2 + 13 days) with an apparent velocity of (25 + 2)c, coin-
ciding with y-ray flaring activity in late March — early April
(Fig. 4). The optical peak at the end of March, along with
enhanced y-ray flux, likely reflects an increase in the mag-
netic field strength and radiating electron density (Larionov et al.
2020). A concurrent rise in the radio-core polarization was
observed in April-May 2017 (Fig. 3). These observations are
consistent with a shock-in-jet scenario, where a disturbance near
the jet base propagates downstream, becoming a superluminal
radio knot. The high apparent speed of C37 suggests either an
increase in the bulk Lorentz factor I' or a change in jet orienta-
tion (Larionov et al. 2020). Doppler factor variations, coupled
with changes in the emitting electron population, are consis-
tent with emission modeling of previous flares (Hayashida et al.
2015; Larionov et al. 2020; Mohana et al. 2025).

Finally, the unprecedented optical flare (a synchrotron flux
increase of ~20x above the low state), together with con-
temporaneous UV and X-ray enhancements observed by Swift
during the onset of the y-ray flare (see Fig. 4), supports a
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cospatial origin of the emission across these bands. Flux vari-
ability is likely driven by knot evolution and structural changes
in the jet. This interpretation is consistent with the simulta-
neous y-ray flare and optical polarization event reported by
Abdo et al. (2010) and with zero-lag optical-UV—y-ray correla-
tions observed during flares (Rani et al. 2017; Prince 2020).

6. Summary

We presented the results of the first MWL observational cam-
paign on 3C279 together with the highest ever resolution
millimeter-VLBI images using the EHT from its April 2017
campaign. This includes one of the most extensive quasi-
simultaneous broadband spectra, along with details of the indi-
vidual observations and light curves aimed at investigating its
emission variability and constraining the origin of the y-ray
emission in this source. The primary outcome of this campaign
is represented by the rich legacy dataset, for which all data
and some analysis scripts are available to the community via
a CYVERSE repository (see Appendix C). While we defer a
detailed modeling to future works by the broader community,
we draw preliminary conclusions using a heuristic approach to
the SED modeling.

The main results of the 2017 EHT-MWL observational cam-
paign on 3C 279 can be summarised as follows:

— EHT observations of the innermost core region (component
C0-0; Kim et al. 2020) reveal a clear flux increase from
~0.5Jy to ~0.95 Jy between April 5-6 and 10-11.

— VLBA observations reveal a significant enhancement of the
core flux density and polarized emission during April-May.
Weaver et al. (2022) reported the contemporaneous ejection
of a superluminal knot at Ty = 2017.253 + 0.035 (April 2 +
13 days), presenting a high apparent speed of (25 + 2)c.

— An unprecedented UV-optical flare, with synchrotron flux
increases by a factor of ~20 relative to the low state, was
detected around March 21-22, followed by a low-emission
state in April. Strong optical polarization variability (degree
5-25%, angle 20°-80°) closely followed the optical flux evo-
lution.

— In the X-ray band, Swift-XRT observations indicate a low X-
ray emission state, with a flux below the long-term average.

— High-energy y-ray flaring activity was observed between late
March and early April. It ceased before the end of the EHT
observing window, while no significant VHE emission was
detected.

— The broadband variability in the SED and polarization can be
reproduced with a jet model involving turbulent plasma, as
simulated using the TEMZ code (see Sect. 4). In this scenario,
turbulent cells crossing a stationary conical shock undergo
compression capable of triggering the observed y-ray flares.

— The high observed brightness temperature of T, ~ 103K
obtained from the RadioAstron observations at 18 cm and
6 cm supports the TEMZ scenario and existence of the com-
pact components in the 3C 279 jet.

— An alternative scenario suggested by the observations is that
the y-ray flare might be associated with a moving shock-in-
jet, possibly linked to the superluminal component ejected
during the same period.

The results of this broadband MWL campaign on 3C 279 provide
a valuable opportunity to probe the origin of the y-ray emission
during a y-ray flaring episode. They underscore the crucial role
of coordinated densely sampled MWL observations in captur-
ing and characterizing the spectral variability of 3C 279, which
likely spans multiple temporal scales. Furthermore, the publicly

released datasets from this campaign constitute a rich resource
for future studies.

The EHT-MWL observational campaigns conducted with
increasingly sensitive arrays in 2018, 2021, 2022, 2024, 2025,
and those planned for the coming years, will provide crucial
new insights into the physical processes at play in the archety-
pal blazar 3C279. They include improved constraints on the
jet structure and the origin and mechanisms that produce y-ray
emission. The synergy between high-resolution EHT mm-VLBI
imaging and broadband SED information will enable a deeper
understanding of the emission mechanisms that power AGNs.

Data availability

Data products presented in this paper are available for download
through the EHT Collaboration Data Webpage (https://
eventhorizontelescope.org/for-astronomers/data),
or  Fermi-LAT  Collaboration  Publication = Webpage
(https://www-glast.stanford.edu/cgi-bin/pubpub).
The repository contains the following data products:

— Broadband spectrum table (see Table C.1) with frequency,
flux density, its uncertainty, and instrument index (format:
DAT).

— Multi-wavelength light curve (see Fig. 4) table with fre-
quency, flux density, its uncertainty, and instrument index
(format: DAT).

— Sampled posterior distributions of the SED broadband spec-
tral model described in Sect. 4 (format:DAT).
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Appendix B: Observations description

This section provides a detailed description of the MWL obser-
vations carried out during the EHT campaigns on 3C 279 in April

2017. The measurements contributing to the quasi-simultaneous
spectrum of 3C279 in 2017 (see Fig. 5) are summarized in
Table C.1.

B.1. Radio observations
B.1.1. RadioAstron - 18 and 6 cm space VLBI

RadioAstron was a mission comprising a parabolic 10-m
Space Radio Telescope on a highly elliptical orbit around
Earth, observing together with ground-based radio tele-
scopes. 3C 279 was monitored during the RadioAstron mission
(Kardashev et al. 2017) at wavelengths 4 = 18 cm (1.7 GHz; 58
fringe detections on space-ground baselines longer than 1 Earth
diameter), 4 = 6 cm (4.8 GHz; 226 detections), and A = 1.3cm
(22 GHz; 9 detections). In the period 2016-2018, there were
7 and 12 non-imaging experiments conducted at 18cm and
6 cm delivering, in total, 13 and 17 space-ground fringe detec-
tions, respectively. The longest baseline with fringe detection
was 25.3 Earth diameters (1.8 GA, 322599km) at 18 cm and
23.2 Earth diameters (4.8 GA, 295390 km) at 6 cm.

At 18 cm, the ground network of participating telescopes
consisted of Effelsberg (100m), Green Bank (110 m), Hart-
beesthoek (26 m), Mopra (22 m), Medicina (32 m), Torun (32 m),
and Irbene (16 m). The first four provided fringe detections
on the baselines with the space antenna. At 6 cm, participat-
ing antennas included Effelsberg, Hartbeesthoek, Torun, Mopra,
Badary (32m), Warkworth (30m), Noto (30 m), Westerbork
(single antenna, 25 m), and Irbene. The first five provided fringe
detections with the space antenna.

The amplitude of the signal was calibrated using system
temperatures measured at individual telescopes. All subsequent
analysis of RadioAstron data was performed with amplitude data
only. At both frequencies, we fitted measured amplitudes using
three Gaussian components. Due to a scarcity of ground-space
fringe detections, we combined all the data taken between 2016
and 2018. The robustness of fits and uncertainty estimates were
performed using bootstrapping. In each of 1000 realizations, a
random 10% of the data was removed and the fitting procedure
was performed again.

Parameters of the Gaussian model components are provided
in Table B.1. Since we used only amplitudes, we can robustly
constrain only size and flux of the components, but not their rel-
ative positions. However, at both wavelengths, it is clear that
the largest components (cl and 11) describe extended jet, the
next ones (c2 and 12) describe the overall VLBI core, while the
smallest and the dimmest ones (c3 and 13) describe some fine
structure within the cores. These components show the high-
est observed brightness temperature, surpassing that of the core.
This can indicate the presence of more energetic particles emit-
ting in these regions, which might be associated with either a fast
jet spine or regions of particle re-acceleration. It should be noted
that even the core is located well downstream of the central black
hole, at distances as great as tens of parsecs.

B.1.2. VLBA

VLBA 2cm-VLBI Very Long Baseline Array (VLBA) total
and polarized intensity images at a wavelength of 2cm were
obtained from the MOJAVE program* (Lister et al. 2018). A
VLBA 15GHz image from 2017 Apr 22, quasi-simultaneous
with our campaign, is shown in Fig. B.1.

4 https://www.cv.nrao.edu/MOJAVE/
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Table B.1. Gaussian components fitted to 2016-2018 ground-space
VLBI imaging data including RadioAstron at 6 cm and 18 cm.

Comp Flux Size FWHM Ty
[Jy] [mas] (K]
6 cm
cl 5.19+£0.49 33+0.8 (23+12)x 10"

c2 3.86+0.25 0.21+£0.01 (3.4+0.5) %102

c3 0.46+0.03 0.11+0.03 (8.0+0.9)x10"?
18 cm

11 1053 +0.16 22.1+04  (95+04)x10°

12 3.37 £ 0.08 0.5+0.0  (5.1+04)x10"

13 0.32 +0.06 0.1+0.0 (6.5+1.9)x10"

Tpeaks Ppeak =8859.9, 586.0; Tnase, Ppase =19.9, 12.1 mJy/beam
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Fig. B.1. VLBA MOJAVE linear (contours) and polarized (color scale)
intensity image at 15 GHz of the 3C 279 jet on April 22, 2017. Black
line segments indicate orientation of polarization vectors (not corrected
for Faraday rotation).

VLBA - 1.2cm VLBl 3C279 was used as a calibrator for a
VLBA observation (program BG251A) at 1.2cm (24 GHz) on
May 5, 2017.The detailed description of the observational setup
and calibration procedures is given in Kravchenko et al. (2020).
The total and linearly polarized intensity image is displayed in
Fig. B.2.

VLBA - 7mm VLBl VLBA observations at 7mm (43 GHz)
included in the present study were obtained within the VLBA-
BU-BLAZAR program® (Jorstad et al. 2017) with a roughly
monthly cadence from February 4 to June 8, 2017. The parame-
ters of the maps shown in Fig. 3 are given in Table B.2 as follows:
1 - epoch of observation; 2 - MJD; 3 - total intensity peak; 4 -
beam size; 5 - beam position angle; 6 - total intensity noise level.

B.1.3. KVN-13.6, 7, 3.5 and 2.3 mm VLBI

3C279 was monitored with the KVN as part of the Inter-
ferometric Monitoring of GAmma-ray Bright Active galactic

5 www.bu.edu/blazars/BEAM-ME.html
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Fig. B.2. VLBA naturally weighted image at 1.2 cm (24 GHz) of the

3C279 jet from May 5, 2017. Black line segments indicate orientation
of polarization vectors (not corrected for Faraday rotation).

Table B.2. Parameters of the 43 GHz images presented in Figure 3.

Date MJD I-peak Beam Beam PA RMS
[Jy/beam] [mas’] [deg] [mJy/beam]

H 3 A @ &) ©
Feb. 4 57788 6.56 0.50x0.14 -11.5 6
Mar. 19 57831 5.46 0.39x0.16 —4.5 6
Apr. 16 57859 5.79 0.42x0.16 -10.1 4
May 13 57886 9.36 0.37x0.15 -4.6 16
Jun. 8 57912 10.5 0.39x0.15 -4.9 9

nuclei iIMOGABA Lee et al. 2016) program. This consisted of
monthly, simultaneous 22, 43, 86, and 129 GHz, single polar-
ization (LCP) observations. The data were calibrated using a
modified version of the KVN pipeline (Hodgson et al. 2016;
EHT MWL Science Working Group et al. 2024). We coherently
averaged the 22 and 43 GHz data data over 30 seconds, whereas
we averaged the 86 and 129 GHz data over 10 seconds prior
to imaging. Imaging and phase-only self calibration were con-
ducted in Difmap (Shepherd 1997). Afterwards, the CLEAN
components within a 2mas field of view of the core were
summed to obtain the compact flux density at 22 and 43 GHz.
At 86 and 129 GHz, the CLEAN components within a 1 mas
field of view were used. Uncertainties of 10, 20, and 30%
were adopted for the flux density measurements at 43, 86,
and 129 GHz, respectively. Uncertainties of 10% to 15% were
adopted for measurements at 22 GHz, depending on whether
the specific observation was affected by additional flux loss
(EHT MWL Science Working Group et al. 2024).

KVN multi-frequency (22, 43, 86, and 129 GHz) observa-
tions of the milliarcsecond-scale core reveal flux density vari-
ability, with the emission increasing during April-May (see
Fig. B.3).
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Fig. B.3. KVN multi-frequency light curves showing flux density vari-
ations observed between March and June 2017.

B.1.4. GMVA - 3mm VLBI

Quasi-simultaneous observations with the Global Millimeter
VLBI Array (GMVA) were conducted on April 1 2017, as part
of the GMVA blazar monitoring program®. The resulting image
of the source is presented in the middle panel of Fig. 2.

B.1.5. ALMA - 3.3,2.9, 1.3 and 0.8 mm

Archival observations of 3C279 with the Atacama Large Mil-
limeter/submillimeter Array (ALMA) at 91.5, 103.5, 233, and
343 GHz were obtained from Goddi et al. (2021) and from the
ALMA Calibrator Source Catalogue’.

B.1.6. SMA - 1.3 and 0.8 mm

Light curves of 3C 279 at 1.3 mm and 0.8 mm (230 and 345 GHz)
with the Submillimeter Aray (SMA) were obtained from the
SMA calibrator list®.

B.1.7. EHT - 1.3mm VLBI

The source 3C 279 was observed in 2017 by the EHT array on
April 5, 6, 10, and 11. Details of the observations, calibration,
and imaging can be found from (EHT Collaboration 2019b,c),
and (EHT Collaboration 2019d). The source image on April 11
is shown in the rightmost panel of Fig. 2.

B.2. Optical-UV data
B.2.1. Kanata/HONIR

The HONIR instrument (Akitaya et al. 2014), mounted on the
Kanata telescope at the Higashi-Hiroshima Observatory, was
used for the observations. Standard data reduction procedures
were applied, including bias or dark subtraction, flat-field cor-
rection, removal of cosmic-ray contamination, sky-background
subtraction, and stacking of the images to improve the signal-
to-noise ratio. Photometric magnitudes of the target were
measured through an aperture photometry using SExtractor
(Bertin & Arnouts 1996). The typical image size of a point
source, defined by the full width at half maximum (FWHM)

% https://www.bu.edu/blazars/v1lbi3mm/index.html

7 https://almascience.eso.org/alma-data/
calibrator-catalogue

8 http://smal.sma.hawaii.edu/callist/callist.html?
data=1256-057

of its point spread function, ranged from 1-3” depending on
observational conditions. The aperture diameter was set to 2.8
times the FWHM. Object fluxes were converted to magnitudes
by comparison with nearby stars, using the Pan-STARRS1 cata-
log (Flewelling et al. 2020) for optical bands (after filter conver-
sion; Tonry et al. 2012) and the 2MASS catalog (Skrutskie et al.
2006) for NIR bands, with corrections for Galactic extinc-
tion (Schlafly & Finkbeiner 2011). HONIR provides indepen-
dent linear polarization components, split by a Wollaston prism,
with a half-wave plate (HWP) in front to rotate the plane of
polarization. Four pairs of polarized images in Rc and J bands
were obtained at HWP angles of 0°, 45°, 22.5°, and 67.5°.
Integrated target fluxes were measured via aperture photome-
try, and normalized Stokes parameters were calculated following
Kawabata et al. (1999).

B.2.2. Optical Photometric and Polarimetric Data

Optical polarization observations of 3C279 in R band, along
with photometric estimates, were carried out during the EHT
2017 campaign at four telescopes: the 1.8 m Perkins tele-
scope (PTO, Flagstaff, AZ, USA), the 40 cm LX-200 telescope
(St.Petersburg, Russia), the 70cm AZT-8 telescope (Crimea
Astrophysical Obs.), and the 1.54 m Kuiper telescope (Steward
Obs., Tuscon, AZ, USA). The Perkins telescope is equipped with
the PRISM camera, which includes a polarimeter with a rotating
half-wave plate. For details of observations and data reduction
see Jorstad et al. (2010). Polarization observations at the LX-
200 and AZT-8 telescopes were performed in the same manner,
each using an identical photometer-polarimeter, with two Savart
plates rotated by 45° relative to each other. Swapping the plates
allows one to obtain a normalized Stokes parameter, either g or
u (for more detail see Larionov et al. 2008). Observations at the
Kuiper telescope were performed using the CCD Imaging and
Spectro-polarimeter (Schmidt et al. 1992), yielding spectra that
span the range of 4000-7550 A with a dispersion of 4 A per
pixel. In polarization mode, full-resolution Stokes spectra were
obtained to calculate the linear polarization parameters within
5000-7000 A, close to R band. Details of the spectropolarimet-
ric data reduction can be found in Smith (2016).

Photometric measurements of 3C279 were also obtained
between 2015 and 2024 using optical and near-infrared band-
pass filters: V and R¢ bands from the Johnson-Cousins photo-
metric system, and J and Ks bands from the Mauna Kea Obser-
vatories Near-Infrared photometric system (Tokunaga et al.
2002).

B.2.3. Swift-UVOT

The UV-Optical Telescope (UVOT, Roming et al. 2005) of the
Neil Gehrels Swift Observatory provides UV and optical data
in 6 bands - uvwl, uvm2, uvw2, u, b, and v. We retrieved the
data from the Swift Archive and reduced them with v6.31.1
of the HEAsoft software and CALDB v20221216. For photo-
metric analysis we used a 5" circular region centered on the
source and a 20" circular aperture on a source-free region of the
image to represent the background and processed the data with
the uvotsource task, setting the detection significance level to
50. None of the observations suffered a high coincidence loss.
We used the count-rate-to-flux conversion factors reported by
Breeveld et al. (2011) for y-ray burst models, which correspond
to continuum spectra similar to those of blazars. For the UV data,
we de-reddened the magnitudes using the Fitzpatrick (1999)
interstellar extinction curve with an Ry=3.1 and A, values from
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Schlafly & Finkbeiner (2011). Optical magnitudes were cor-
rected for Galactic extinction using the Schlafly & Finkbeiner
(2011) values. The derived UVOT flux densities obtained dur-
ing the EHT 2017 campaign are plotted in Fig. 4.

B.3. X-ray observations: Swift-XRT

During the 2017 EHT campaign we obtained measurements
with the Neil Gehrels Swift Observatory X-ray Telescope (XRT,
Burrows et al. 2005) over the 0.3-10keV photon energy range.
The observations during the 2017 campaign were mostly quasi-
simultaneous, on March 26 and 27 and on April 8, 12, and 13.
All observations were made in photon counting mode. We used
v6.31.1 of the HEAsoft package and CALDB v20221216 to
process the data. A circular source region with a 50” radius
and an annular background region with inner radius 75" and
outer radius 100”, both centered on 3C279, were employed
for data processing. The latter includes: cleaning the data, cre-
ating an exposure map with the xrtpipeline tool, extracting
the image and spectra using XSELECT, and generating the ancil-
lary response file with xrtmkarf. We used Cash statistics (Cash
1979; Humphrey et al. 2009) in the form of the modified C-
statistic cstat to fit the data in XSPEC, and grouped the data by
single photons in grppha. The spectrum was then fit in XSPEC
using an absorbed simple power law with Galactic column den-
sity Ny = 2.2x10%° cm™2, as provided by the NASA HEASARC
TOOL page.

Figure 4 presents derived fluxes of 3C279 at 0.3-10keV.
The spectral fit yields a photon index of I' = 1.5 + 0.1 dur-
ing the 2017 EHT campaign. In particular, for the observa-
tions performed on April 8 (MJD 57851.7), which were used
for the spectral modeling, the source presents a photon flux of
® = (5.01 +0.57) x 103 phcm?s~! and a photon index of
I'=1.46 +£0.19.

B.4. Gamma-ray data
B.4.1. Fermi-LAT observations

The Fermi-LAT analysis of y-ray emission of the blazar 3C 279,
presented in this work, was perfomed using 16 years of obser-
vations (2008 August 4-2024 August 4) and, separately with
higher time resolution, a 1,5-month interval around the 2017
EHT campaign (March 15 — April 30, 2017). We selected P8R3
source class events (Bruel et al. 2018) within a 15° ROI cen-
tered on 3C 279, restricting the energy range to 100 MeV-1 TeV
for optimal data quality (although the source is detected also
below 100 MeV; Principe et al. 2018). The analysis, including
model optimization, search for new sources, source localization,
spectral, and variability studies, was carried out with Fermipy®
(Wood et al. 2017) (v1.3.1) and the P8R3_Source_V3 IRFs.
Maps were produced with 0.1° pixels. To minimize contami-
nation from Earth-limb emission (Abdo et al. 2009), below 300
MeV we excluded events with zenith angles z > 85° and pho-
tons from PSFO and PSF1 event types. Between 300 MeV and
1 GeV we excluded events with z > 85° and photons from
the PSFO event type. While above 1 GeV we used all events
with z < 105°. The model included all 4FGL-DR4 sources
(Abdollahi et al. 2020, 2022) within 20° of 3C 279, along with
Galactic diffuse and isotropic emission templates'®. The spec-

° http://fermipy.readthedocs.io/en/latest/
10 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html
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tral normalization parameter was left free for sources within
4°, while it was kept fixed otherwise. The spectral index was
freed for sources within 2° and fixed otherwise. For variabil-
ity studies during March-April 2017, the data were binned into
3-hour intervals. Light curves were derived by fixing the pho-
ton index to the 16-year best-fit value and allowing only the
normalization to vary; 95% upper limits were computed for
bins with < 30 significance. The source localization analysis
yielded a highly significant (> 5000) detection at (R.A., dec.)
= (194.045° £ 0.001°,-5.788° + 0.001°), with Ros = 0.003°,
consistent with 4FGL J1256.1-0547 (4FGL-DR4), identified as
3C279. The y-ray spectrum of 3C 279 was modeled using a log-
parabolic function, as adopted in the 4FGL catalog for the entire
16-year dataset and for the periods of April 5-11, 2017, and
April 5-6, 2017.

SED 3C279 from 100 MeV to 1 TeV
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Fig. B.4. 3C279 SED from Fermi-LAT obtained using 16 years (2008
August 4-2024 August 4, blue points), the data of April 5-11, 2017
(red points), and April 5-6, 2017 (green points). A 1-o- upper limit is
reported for bins with < 30 significance.

Figure B.4 presents the SED derived from 16 years of Fermi-
LAT observations, along with the SED for April 5-11, 2017, con-
temporaneous with the EHT campaign. The y-ray emission vari-
ability of 3C 279 (see the two light curves reported in Fig. 4 and
Fig. B.5) indicates that the source was in a high-activity state
during the EHT observing campaign. Specifically, contempo-
raneous with the first two EHT observations, 3C 279 exhibited
enhanced emission between April 5 and 6, reaching a flux of
¢AprilS—6,E>lOOMeV =(2.90+0.12)x 10°° ph cm2 g7l Following
this peak, the flux declined to a level consistent with the 16-
year Fermi-LAT average of ¢2008—2024,E>100 MeV = (632 + 003) X
1077 ph cm™2 s~!. Moreover, during the raising phase of the flar-
ing episode a record optical flare occurred (see Sect. 3.2).

B.4.2. H.E.S.S. observations

The High Energy Stereoscopic System (H.E.S.S.) is a hybrid
array of Imaging Atmospheric Cherenkov Telescopes (IACTs)
located in the Khomas Highlands in Namibia, at an altitude of
about 1800 m above sea level. It is composed of four (CT1-4)
Cherenkov telescopes of 12 m diameter that have been observ-
ing the VHE y-ray sky for more than 20 years, complemented
by a fifth 28 m telescope (CT5) since 2012. The H.E.S.S.
array has a sensitivity of ~1% of Crab Nebula’s flux above
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Fig. B.5. Fermi-LAT 7-day binned light curve of 3C279 between
February 14 and April 30, 2017. The dashed red line represents the 16-
year-averaged flux dz-i0omev = (6.32 = 0.03) x 1077 ph cm™2 s~!. The
vertical green band indicates the duration of the record optical flare, and
the vertical gray bands mark the EHT observing dates.

100 GeV, over 25h of observations under low zenith angles
(~20°) (Aharonian et al. 2006).

H.E.S.S. observed 3C 279 during the night of March 24 to
25, 2017, which constitutes the closest H.E.S.S. observation
epoch to the 2017 coordinated EHT-MWL campaign. Only data
from the CT1-4 telescopes could be analyzed, since CTS suf-
fered from hardware problems throughout the entire observation
night. The analysis was performed using two independent tech-
niques: Model analysis (de Naurois & Rolland 2009) and Image
Pixel-wise fit for Atmospheric Cherenkov Telescopes (ImPACT)
(Parsons & Hinton 2014) chains, which agreed with each other.
High-level data products containing already reconstructed events
and Instrument Response Functions were processed using
Gammapy (Donath et al. 2023)(version 1.2)!'. Moreover, con-
trary to the usual "wobble" observing mode, which permits
simultaneous background measurements (Berge et al. 2007), the
late March 2017 observations were taken directly on the source
position, requiring 3D background subtraction, for which a tem-
plate background model was generated using the BAccMod
module'?.

3C 279 was not detected in a total of ~4.2 hours of livetime.
Nightly-averaged flux upper limits were derived above 100 GeV
(mean energy threshold of ~105 GeV), at 95% confidence level,
using a typical photon index of 4.0 (H.E.S.S. Collaboration
2019) and the likelihood profile method implemented in
Gammapy. They are included in Fig. 4, while differential upper
limits are presented in Fig. 5.

B.4.3. MAGIC observations

The Major Atmospheric Gamma Imaging Cherenkov (MAGIC)
stereoscopic telescope system consists of two 17 m diameter
IACTs located at the Roque de los Muchachos Observatory on
the Canary Island of La Palma (28.7°N, 17.9° W), at an alti-
tude of 2200 m above sea level. Designed to detect air Cherenkov
showers initiated by y rays, MAGIC is sensitive to energies rang-

"' Gammapy is an open-source Python package for y-ray data analysis
(v. 1.2, https://doi.org/10.5281/zenodo.10726484)
12 https://github.com/mdebony/BAccMod

ing from approximately 50 GeV to 50 TeV. For low-zenith-angle
observations (15° < zd < 30°), its sensitivity above 104 GeV is
(1.445 + 0.015) % of the Crab Nebula’s flux over 50 h of obser-
vation for a point-like source (Aleksi¢ et al. 2016).

The observations were performed in wobble mode, using 4
symmetrical positions w.r.t. the pointing position located 0.4°
away from the source, allowing us to collect simultaneously
the signal and background (Fomin et al. 1994). The observations
presented in this work were taken during the 2017 campaign as
reported in Table C.1. A total of 8.51h were collected during
2017 after quality cuts. The observations were performed within
a zenith angle range from 30° to 52°. The energy threshold of the
analysis, calculated as the peak of the number of events for these
observation conditions and a photon index of 4.0, is located at
approximately 100 GeV. The analysis was performed using the
standard MAGIC analysis framework MARS. A full description
of the MAGIC analysis and systematic uncertainties estimation
can be found in Aleksic et al. (2016) and references therein.

3C 279 was not detected above the standard 5 o significance
level in the VHE band by the MAGIC telescopes during the 2017
campaign. The nightly LC was derived, yielding a single flux
data point with a significance of 2.5 0. For the remaining nights,
the measured significances were below 2 o, and flux upper lim-
its were therefore computed. The 95% confidence level U.L.s
were calculated above an energy threshold of 100 GeV, defined
as the peak of the event distribution, assuming a power-law spec-
tral model with a photon index of 4.0, consistent with previous
MAGIC detections of the source (MAGIC Collaboration 2008).
The resulting light curve is shown in Fig. 4. A spectral analy-
sis was also performed for the MWL SED. Since no significant
VHE detection was achieved, only 95% confidence level upper
limits are reported for energies above 74 GeV.

Appendix C: Quasi-simultaneous multi-wavelength
spectrum

This section contains the MWL SED for the 3C279 inner jet
around the EHT observing campaign in 2017 (see Table C.1).
To select the closest-in-time MWL data, the EHT observation
on April 10 was adopted as a reference, since the only X-ray
observation within the EHT observing window was on April 8.
For the radio data included in the MWL SED, we considered the
innermost region accessible at each observing frequency, corre-
sponding either to the compact core alone (CO-0 component for
the EHT; see Kim et al. 2020) or, for non-EHT observations, to
the combined emission from the core and the inner jet.
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Table C.1. Spectral Energy Distribution for 3C 279 during the 2017 EHT-MWL campaign.

Observatory  Band v Angular Scale!  Obs. date Flux vF, Sect.
[Hz] "1 [MID] [Jyl [x107"2 erg cm™2 s71]

RadioAstron 1.67 GHz 1.67x10° 5.0x107* 2016-2018 3.37 £0.08 (5.63+0.14)x 1072 B.1.1.
RadioAstron 5 GHz 5% 10° 2.1x 107 2016-2018 3.86 +0.25 (1.93+0.12)x 107" B.1.1.
VLBA 15GHz 1.5x 10"  1.0x1073 22-04-2017 / 57865 14.52 +1.25 2.18 +0.11 B.1.2.
VLBA 24 GHz 24x10°  59x10™ 05-05-2017 / 57878 7.15 £ 0.52 1.72+0.13 B.1.2.
VLBA 43 GHz 43x10° 13x107* 16-04-2017 / 57859 6.16 + 0.49 2.65 +0.21 B.1.2.
KVN K 22 GHz 22x10°  43x1073 18-04-2017 / 57861 1225 +1.22 270 £ 0.27 B.1.3.
KVNQ 43 GHz 43x10'0 22x1073 18-04-2017 / 57861 8.84 +0.88 3.80 £0.38 B.1.3.
KVNW 86 GHz 8.6x 100 1.1x1073 18-04-2017 / 57861 6.91 +0.69 5.94 +0.59 B.1.3.
KVND 129 GHz 1.29x 10" 0.8x 1073 18-04-2017 / 57861 3.69 + 1.11 475+ 1.43 B.1.3.
GMVA 86 GHz 8.6x 10" 20x10™ 01-04-2017 / 57844 5.12+0.77 4.42 +0.66 B.1.4.
ALMA 91.5GHz 93x 100 =~4 04-04-2017 / 57847 12.93 + 0.65 11.83 +0.60 B.1.5.
ALMA 103.5 GHz 1.03x 10" =~3 13-04-2017 / 57856 12.17 +0.7 12.59 £0.72 B.1.5.
ALMA 221 GHz 221x 10" ~1 06-04-2017 / 57849 9.36 + 0.94 20.70 +2.10 B.1.5.
ALMA 343 GHz 343x 10" ~04 13-04-2017 / 57856 6.30 + 0.07 21.61 +0.24 B.1.5.
SMA 235GHz 235x10'" ~3 03-04-2017 / 57846 8.55 +0.45 20.1+ 1.1 B.1.6.
SMA 261 GHz 261x 10" ~3 03-04-2017 / 57846 7.79 £ 0.45 203+1.2 B.1.6.
EHT 230 GHz 23x 10" 24x107 10-04-2017 / 57853 0.89 + 0.05 2.05+0.12 B.1.7.
Kanata 1220 nm 24x 10" =6 22-03-2017 / 57834 <40.8x1073 <979 B.2.1.
Kanata 658 nm 45x 10 =6 22-03-2017 / 57834 <21.6x1073 <972 B.2.1.
Kanata 551 nm 54x10% =6 18-03-2017 / 57830 <9.70x 1073 <524 B.2.1.
Perkins I 806 nm 37x 10" =3 31-03-2017 / 57843 (8.51£0.16)x 107 31.7+0.6 B.2.2.
PerkinsR 658 nm 45x 10" =3 31-03-2017 / 57843 (6.15+0.07) x 1073 28.0+0.3 B.2.2.
Perkins V. 551 nm 54x10% =3 31-03-2017 / 57843 (4.39£0.09) x 1073 23.9+0.5 B.2.2.
Perkins B 445 nm 6.7x10"* =3 31-03-2017 / 57843 (298 £0.10)x 1073 203 +0.7 B.2.2.
Swift-UVOT  546.8 nm 5.48x10'% =3 14-04-2017 / 57857 (1.16 £ 0.09) x 1073 6.36 +0.49 B.2.3.
Swift-UVOT  439.2nm 6.83x 10" =3 14-04-2017 / 57857 (8.56 £0.41) x 10™* 591 +0.28 B.2.3.
Swift-UVOT  346.5 nm 8.65x 10 =3 27-04-2017 / 57839 (1.00 £0.04) x 1073 8.65+0.35 B.2.3.
Swift-UVOT  260.0 nm 1.15x 101 =3 14-04-2017 / 57857 (4.32+0.22) x 107* 4,97 +0.25 B.2.3.
Swift-UVOT  224.6nm 1.33x 101 =3 14-04-2017 / 57857 (322+0.19)x 10™*  4.28 +0.25 B.2.3.
Swift-UVOT  192.8 nm 1.55x 105 =3 14-04-2017 / 57857 (2.84+0.12)x 107*  4.40 £0.19 B.2.3.
Swift-XRT ~ 0.3-10keV 4.19x 107 =75 08-04-2017 / 57851 6.7+13)x1072 158 +3.1% B.3.

Fermi-LAT 0.1 - 0.18 GeV 322 x 102 =7000 05-11-04-2017 / 5784857854 (9.16 + 0.65) x 1010 295.5 +20.9 B.A4.l.
Fermi-LAT ~ 0.18 - 0.32GeV  5.73x 10 ~7000 05-11-04-2017 / 5784857854 (5.41 +0.38) x 1071 310.2+21.9 B.4.1.
Fermi-LAT 032 - 0.56GeV 102 x 102 ~4500 05-11-04-2017 / 5784857854 (3.42 +0.22) x 10710 349.0+22.4 B.A4.1.
Fermi-LAT ~ 0.56 - 1.00 GeV  1.81 x 102 ~2800 05-11-04-2017 /57848-57854  (1.80 £ 0.14) x 10710 327.1 +25.3 B.A4.1.
Fermi-LAT ~ 1.00 - 1.78 GeV  3.22 x 10  ~2000 05-11-04-2017 / 5784857854 (9.56 + 0.83) x 10! 308.4 +26.8 B.4.1.
Fermi-LAT ~ 1.78 - 3.16 GeV  5.73x 102 =~1100 05-11-04-2017 / 5784857854 (3.87 £ 0.51) x 10! 221.7+29.3 B.A4.1.
Fermi-LAT ~ 3.16 - 10 GeV 1.36 x 10** =700 05-11-04-2017 / 5784857854 (1.15 £ 0.19) x 10~'!  156.5 +25.7 B.A4.l.
Fermi-LAT 10 - 100 GeV 7.65 x 10%*  ~500 05-11-04-2017 / 5784857854 (6.50 +2.95) x 107! 49.7 +22.6 B.4.1.
Fermi-LAT 100 - 1000 GeV ~ 7.65 x 10 =350 05-11-04-2017 / 57848-57854 < 1.82x 10713 <1395 B.A4.1.
HES.S. 0.105-0.153TeV  3.07 x 10® =360 24-25-03-2017 / 57836-57837 < 2.17x 104 <6.67 B.4.2.
HES.S. 0.153-027TeV  4.90 x 10® =~360 24-25-03-2017 / 57836-57837 < 3.54x 1071 <1.74 B.4.2.
HES.S. 027-057TeV  9.45x10® =360 24-25-03-2017 / 57836-57837 < 8.32x 107'° <0.79 B.4.2.
H.E.S.S. 0.57-1.0TeV 1.83 x 10%°  ~360 24-25-03-2017 / 57836-57837 < 7.93 x 1077 <0.14 B.4.2.
MAGIC 85GeV 2.06x 102 =330 01-02-04-2017 / 57849-57850 < 5.28 x 10713 < 108.7 B.4.3.
MAGIC 115 GeV 279 x 105 =330 01-02-04-2017 / 57849-57850 < 3.08 x 10714 <858 B.4.3.
MAGIC 157 GeV 3.79x 103 =330 01-02-04-2017 / 57849-57850 < 2.23 x 10714 <847 B.4.3.
MAGIC 213 GeV 5.14x 105 =330 01-02-04-2017 / 57849-57850 < 1.65 x 10714 <847 B.4.3.
MAGIC 288 GeV 6.96 x 105 ~330 01-02-04-2017 / 57849-57850 < 8.41 x 10713 <585 B.4.3.

Notes. (V' Spatial scale of the source emission (FWHM of the instrumental beam or PSF). For non-EHT radio observations, if the core is not
resolved we use the flux peak obtained from the beam size as an upper limit on the core emission. For elliptical beams, we list the average of the
axes as a representative angular scale. At higher energies the source is not spatially resolved; therefore, we quote the angular scale corresponding
to the instrument’s angular resolution (PSF) in the relative energy band.

@ The source presents a photon flux of ® = (5.01 + 0.57) x 107> cm? s™! and a photon index of I' = 1.46 + 0.19, see Sect. B.3.
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