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ABSTRACT

Context. 3C 84 is a nearby radio source with a complex total intensity structure, showing linear polarisation and spectral patterns.
A detailed investigation of the central engine region necessitates the use of very-long-baseline interferometry (VLBI) above the
hitherto available maximum frequency of 86 GHz.

Aims. Using ultrahigh resolution VLBI observations at the currently highest available frequency of 228 GHz, we aim to perform a
direct detection of compact structures and understand the physical conditions in the compact region of 3C 84.

Methods. We used Event Horizon Telescope (EHT) 228 GHz observations and, given the limited (u, v)-coverage, applied geometric
model fitting to the data. Furthermore, we employed quasi-simultaneously observed, ancillary multi-frequency VLBI data for the
source in order to carry out a comprehensive analysis of the core structure.

Results. We report the detection of a highly ordered, strong magnetic field around the central, supermassive black hole of 3C 84.
The brightness temperature analysis suggests that the system is in equipartition. We also determined a turnover frequency of
vm = (113 + 4) GHz, a corresponding synchrotron self-absorbed magnetic field of Bssa = (2.9 = 1.6) G, and an equipartition
magnetic field of By = (5.2 + 0.6) G. Three components are resolved with the highest fractional polarisation detected for this object
(Myer = (17.0 £ 3.9)%). The positions of the components are compatible with those seen in low-frequency VLBI observations since
2017-2018. We report a steeply negative slope of the spectrum at 228 GHz. We used these findings to test existing models of jet
formation, propagation, and Faraday rotation in 3C 84.

Conclusions. The findings of our investigation into different flow geometries and black hole spins support an advection-dominated
accretion flow in a magnetically arrested state around a rapidly rotating supermassive black hole as a model of the jet-launching system
in the core of 3C 84. However, systematic uncertainties due to the limited (u, v)-coverage, however, cannot be ignored. Our upcoming
work using new EHT data, which offer full imaging capabilities, will shed more light on the compact region of 3C 84.

keywords. techniques: high angular resolution — techniques: interferometric — galaxies: active — galaxies: individual: NGC 1275 —

galaxies: jets

1. Introduction

The formation of relativistic astrophysical jets is a manifesta-
tion of the activity of accreting supermassive black holes resid-
ing in the nuclei of galaxies. Such jets can have an immense
impact on their surroundings, either by stunting or enhancing
the evolution of their host galaxy. Despite substantial efforts
dedicated to understanding the physics governing jets, a num-
ber of open questions remain, including questions relating to
the launching mechanism of these jets. The radio source 3C 84
(NGC 1275; Dy, = 78.9 = 2.4Mpc, z = 0.0176, Strauss et al.
1992, corresponding to a conversion factor ¢ = 0.36 pc mas™!;
see also Sect. 2.1) is a nearby active galactic nucleus (AGN)
and one of a handful of objects for which the jet formation
zone can be resolved and probed with very-long-baseline inter-
ferometry (VLBI). Thus, 3C84 is an ideal test bed for dis-
tinguishing between jet-launching models based on the result-
ing predictions for observables such as magnetic field strength.
Using the unique polarimetric 1.3 mm VLBI observations of
3C 84, conducted with the Event Horizon Telescope (EHT; see
The Event Horizon Telescope Collaboration 2019a, 2022a), we
are now able to distinguish between such models.

According to the current understanding, the linear polarisa-
tion is present in both the downstream jet (Nagai et al. 2017)
and the compact region (Kim et al. 2019) of 3C 84, although
its amplitude is low. A quantitative characterisation of the loca-
tion of the 1.3mm polarisation within the jet flow is cru-
cial in order to distinguish between the different jet-launching
models. To illustrate this, an interesting comparison can be
made between the jet collimation near the jet base in M 87
(exhibiting a narrower opening angle, as seen, e.g., in Kim et al.
2018) and 3C 84 (featuring instead a wide structure as seen
by RadioAstron and reported in Giovannini et al. 2018). Given
this elongated structure, a disc-launched jet (Blandford & Payne
1982) threaded by toroidal magnetic field lines is a possi-
ble explanation. The alternative scenario is the more com-
monly invoked black hole launched jet (Blandford & Znajek
1977) associated with poloidal magnetic field lines. Polarime-
try at 1.3mm is less affected by opacity effects and can
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therefore be used to test the necessary conditions for different
jet-launching scenarios, as presented in this work. We therefore
employed high-resolution millimetre VLBI to investigate how
the substantial increase in polarisation with frequency in 3C 84
can be explained by the prevalent magnetic field.

2. Data, analysis, and results
2.1. Data description and analysis

In this work, we examined the first total intensity and polari-
metric VLBI observations of 3C84 at 228 GHz taken with
the Event Horizon Telescope (EHT) and compared them with
quasi-simultaneous VLBI observations at lower frequen-
cies. 3C84 was observed during the EHT 2017 campaign
(The Event Horizon Telescope Collaboration 2019a, 2022a)
at 228 GHz on April 7 between 18:30 and 19:40UTC, with
six scans each around 5 min in length. Five telescopes at three
geographical sites participated in the observation: Atacama
Large Millimeter/submillimeter Array (ALMA, observing
as a phased array; see Goddietal. 2019) and the Atacama
Pathfinder Experiment (APEX) telescope in Chile; the Sub-
millimeter Telescope (SMT) in Arizona; and the James Clerk
Maxwell Telescope (JCMT) and the Submillimeter Array
(SMA) in Hawai’i. Following the correlation, observations
were subjected to the standard EHT data reduction path
(The Event Horizon Telescope Collaboration 2019b,c, 2022b),
including the EHT-HOPS fringe-fitting and post-processing
pipeline (Blackburn et al. 2019, see also Janssen et al. (2019)
for an alternative pipeline used with the EHT data). Additional
comments on the data reduction are given in Appendix A.
The single-dish data used in this paper were observed by the
POLAMI (Thum et al. 2008; Agudo et al. 2018) and QUIVER
(Myserlis et al. 2018; Kraus et al. 2003) programmes on April 4
and April 8, 2017, respectively.

As 3C 84 exhibits a low jet expansion velocity inside the
submilliarcsecond (submas) region, we are able to use quasi-
simultaneous VLBI observations of 3C 84 taken in March and
April, 2017, at 15, 43, and 86 GHz to complement our analysis
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and assist our interpretation of the underlying jet physics with-
out suffering from time-variability effects. Here, we define as
compact region the entire region probed by the long EHT base-
lines, with an angular size of smaller than 200 pas. Specifically,
we used the publicly available Very Long Baseline Array (VLBA)
epochs from April 22,2017 at 15 GHz (MOJAVE monitoring pro-
gram; see Lister et al. 2018, for details regarding the calibration
and imaging procedures) and April 16, 2017 at 43 GHz (VLBA-
BU-BLAZAR monitoring program; see Jorstad et al. 2017, for
details regarding the calibration and imaging procedures). As both
monitoring programs publish fully calibrated and imaged data
sets, we opted to use them as provided.

At 86 GHz, we used the Global Millimeter VLBI Array
(GMVA) epoch from March 30, 2017 (see Paraschos et al.
2022b, for details regarding the calibration and imaging pro-
cedures). The antenna instrumental polarisation calibration
(D-terms) was performed using the software polsolve (Marti-
Vidal et al. 2021) and the data were imaged using the CLEAN
algorithm (see e.g., Shepherd et al. 1994, 1995). The combined
(u, v)-coverage of our multi-wavelength observations is shown in
Fig. 1.

For our analysis we assumed a BH mass of M, = 8 x 10% M,
(Scharwichter et al. 2013), for which 100 pas corresponds to
~500R; (~800R; deprojected). We used Hy = 69.6 and
Qnm = 0.286 in a flat cosmology (Bennett et al. 2014), yielding
a length scale of = 0.36 pc mas~'. Hence, 250 Rs ~ 54 pas ~
0.02 pc (0.032 pc de-projected) at z = 0.0176.

2.2. Results

We find evidence of a highly ordered, strong magnetic field in
the submas compact region of 3C 84. This region is best fit-
ted by three circular Gaussian components, labelled core (‘C’),
east (‘E’), and west (“W’), as shown in Fig. 2 (the method we
used is described in Appendix B). The extended flux density
detected on the short ALMA-APEX and JCMT-SMA baselines,
while resolved out on all long EHT baselines, was fitted by a
~5000 microarcseconds (pas) circular Gaussian component with
a flux density of §2286H2 + 6.4 Jy. Furthermore, by averaging'
the linear fractional polarisation measurements of these three
components, we determined the net linear fractional polarisation
in the compact region to be my,e = (17.0 = 3.9)%. The short
baseline between ALMA and APEX yielded an estimate for the
linear fractional polarisation on larger arcsecond scales, of ~6%
(denoted in the bottom panel of Fig. 3 with the grey marker).

We cross-referenced the submas compact region model fit
components at lower frequencies following the method detailed
in Savolainen et al. (2008) and Appendix C. While at 15 GHz the
submas region appears fully blended, we are able to recover the
228 GHz structure at 86 GHz and even at 43 GHz. The results are
reported in Table A.1.

We also measured both the total intensity / and linearly
polarised emission P in the submas region of 3C 84 in the 15, 43,
and 86 GHz images. The values of linear fractional polarisation
at these three lower frequencies are considered as upper limit
estimates. The results are shown in Fig. 3. The VLBI total inten-
sity increases up to the 86 GHz measurement, and then decreases
towards 228 GHz.

Close-in-time single-dish measurements at 8, 86, and
228 GHz are also shown in Fig. 3 (see also Table A.2).
The 86GHz flux density is higher than that at 228 GHz.

' We used the formula 100% x |3(Q + (U)|/ 31, with 1, Q, and U
being the image domain Stokes parameters, and performed the pixel-
wise summation over the whole field of view.
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Fig. 1. (u,v)-coverage of 3C 84, as observed with the VLBA (15 GHz,
green), VLBA (43 GHz, blue), GMVA (86 GHz, red), and EHT
(228 GHz, black). Dashed circles indicate fringe spacings characteris-
ing the instrumental resolution of 60 pas and 30 pas. ‘Chile’ denotes
stations ALMA and APEX. ‘Hawaii’ denotes stations SMA and JCMT.
With the higher frequency observations and longer baselines of the
EHT, we improve the angular resolution by a factor of >2.

However, the 8 GHz measurement is also higher than at
86 GHz, suggesting a significant contribution from the parsec-
scale jet. Furthermore, at 228 GHz, the compact-scale VLBI
flux density is significantly lower than the corresponding
extended flux density, as long EHT baselines over-resolve the
large-scale jet emission structure (similar to M 87, see e.g.,
The Event Horizon Telescope Collaboration 2019d). In terms of
fractional polarisation, it is evident that there is a significant
increase at 228 GHz, indicating a transition in the accretion flow
to the optically thin regime.

3. Discussion
3.1. Insights from the synchrotron spectrum

Our analysis shows that the east-west elongated core structure
(Giovannini et al. 2018) also persists at 1.3 mm, and in lower fre-
quencies (as reported at 7mm by Punsly et al. 2021 and 3 mm
by Oh et al. 2022). Interpretation of the nature of the compo-
nents comprising this broad core structure heavily depends on
the uncertain jet viewing angle (£). An upper limit of & ~ 40°
was reported by Oh et al. (2022) based on a VLBI analysis of the
compact region, but much lower values have also been found,
for example based on y-ray analysis (Abdo et al. 2009). The
historically subluminal jet component velocities in the compact
region (Punsly et al. 2021; Hodgson et al. 2021; Paraschos et al.
2022b) point towards an increased viewing angle. Moreover, dif-
ferent parts of the jet have been reported to be moving with
different velocities, which is related to the so-called ‘Doppler
crisis’ phenomenon (e.g., Henri & Saugé 2006) and jet stratifi-
cation (Nagai et al. 2014).

The high-resolution, high-frequency EHT observation
enables a novel diagnosis of the state of plasma surround-
ing the central black hole via calculation of the turnover fre-
quency vy, and the synchrotron self-absorption magnetic field
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Fig. 2. Total intensity jet morphology of 3C 84 at different wavelengths. From left to right, we display the 15, 43, 86 (images), and 228 GHz (model)
measurements. The horizontal line below each image represents the angular scale. The effective beam sizes, corresponding to these observations
are, from left to right, 0.40 x 0.60 mas, 0.34 X 0.16 mas, 0.11 x 0.04 mas, and 107 X 14 pas. Rs denotes the Schwarzschild radius.

strength Bgsa. Assuming vy, to be 86 GHz, Hodgson et al. (2018)
and Kim et al. (2019) computed the Bssa to be ~21 G. Using
additional EHT flux density measurements, we can directly mea-
sure vp,. While the different observations correspond to differ-
ent (u,v) coverages, we fitted a focused Gaussian model to the
high-signal-to-noise ratio (S/N) data at 228 GHz, finding core
diameters within the order of magnitude of the diffraction limit.
We also fixed the sizes of the components for all the frequen-
cies in order to mitigate the effects of the different (i, v) cover-
ages (see Table A.1). Subsequently, fitting, then, Eq. (5.90) from
Condon & Ransom (2016) (see also Rybicki & Lightman 1979
and Appendix D) to the data yields v, = (113 + 4) GHz (see
also Tiirler et al. 2000). We computed a core brightness temper-
ature of Tg = (3.6 = 1.5) x 10" K from vy, assuming that the
angular size of the components at v, is the same as at 228 GHz
(as the system is optically thin at both frequencies). Within the
error budget, the system seems to be in equipartition (Singal
1986) between kinetic and magnetic energies (also reported by
Paraschos et al. 2023, based on light-curve variability analysis).
Furthermore, we computed Bssa = (2.9+1.6) G using Eq. (2)
from Marscher (1983) (see also Appendix D). We also calculated
an equipartition magnetic field strength of Beq = (5.2 £ 0.6) G.
The uncertainties were calculated through standard error prop-
agation. The two values agree with each other within the error
budget. Our results also tentatively agree within the error bud-
get with the magnetic field reported by Kim et al. (2019). The
equipartition Doppler factor is 6.q = 1.5 £ 0.4, suggesting that
the acceleration happens further downstream, which is in line
with lower frequency observations of 3C 84 (e.g., Hodgson et al.
2018; Paraschos et al. 2022b, and references therein).
Moreover, the equipartition magnetic field strength Beq in the
vicinity of the jet apex was computed to reach up to 4G in a
core shift analysis carried out by Paraschos et al. (2021). How-
ever, the magnetic field value mentioned by these latter authors
was calculated at the distance between the extrapolated jet apex
and the 86 GHz core, resulting in a slightly lower estimate than
that found in this work. Nevertheless, it is important to exercise
caution when interpreting both v, and Bsga. 3C 84 is a variable
source (recently up to 20-30% variation in total intensity and lin-
ear polarised flux density at 43 GHz within a year based on the
monitoring program VLBA-BU-BLAZAR), which means that
these observables might be time dependent (compare with the
spectrum shown in, e.g., Hodgson et al. 2018). Moreover, our
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models still contain large uncertainties due to the sparsity of the
(u, v) coverage, which may not be fully accounted for.

3.2. Model interpretation

Possible interpretations of the physical mechanisms driving the
wide core structure largely depend on the exact location of the
central engine with regard to the observed core. The current under-
standing is that the central engine is located north or northwest of
the 86 GHz VLBI core (Giovannini et al. 2018; Paraschos et al.
2021). Asitsexactlocation is still ambiguous, it is unclear whether
or not some of the identified components in this work correspond
to the core (Case I) or a counter-jet (Case II).

Simulations of the radio jet of M 87 (MoScibrodzka et al.
2017) show that the linear polarisation is produced inside the
approaching jet, while the dense accretion disc depolarises any
radiation reaching us from the counter-jet. In 3C 84, circumnu-
clear free-free absorption has already been reported for example
by Walker et al. (2000), who cite a possible connection to the
accretion disc. It is thought that the presence of this disc obscures
the counter-jet in the milliarcsecond (mas) region of 3C 84,
which only becomes visible at a distance of >2 mas at higher
frequencies (as reported e.g., in Wajima et al. 2020 at 86 GHz).
As both E and W in Fig. B.1 are highly linearly polarised (20—
80%), this points towards Case I, meaning that the two compo-
nents might be at the origin of the double-rail structure seen on
larger scales, as opposed to a jet and counter-jet geometry. How-
ever, we note that this interpretation remains speculative, given
the uncertainties.

This high fractional polarisation in £ and W could be evi-
dence for highly ordered magnetic field lines in the jet plasma
with almost no Faraday depolarisation present. On the other
hand, C has lower fractional polarisation and the synchrotron
opacity should be nearly negligible at 228 GHz according to the
Stokes I spectrum shown in Fig. 3. This may indicate that the
main source of depolarisation in the compact region probed by
the EHT is beam depolarisation of complex magnetic field pat-
terns or mild Faraday depolarisation, rather than opacity effects.
Consequently, a possible Faraday screen located in the com-
pact region could be at most the size of C, which is ~20 pas.
However, it should be noted here that W is the most uncertain
low-total-intensity component, hindering a reliable conclusion
about its nature (see also Appendices A and B).
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Fig. 3. VLBI and single-dish total intensity and fractional polarisation
versus frequency for 3C 84, observed in March and April 2017. Top:
green box markers, purple dot, and light blue diamond denote the total
intensity, compact-scale VLBI flux density measurements at 15, 43, 86,
and 228 GHz, respectively. The latter data point is the sum of compo-
nents E, C, and W (see Table A.1). The orange line denotes the fit to the
spectrum using Eq. (D.1). The grey star markers denote the single-dish
(extended) flux density measurements at 8 (QUIVER), 86, and 228 GHz
(POLAMI). The turnover frequency is between 86 and 228 GHz. The
8 GHz single-dish flux density is higher than at 86 GHz, because the
parsec-scale jet flux density contributes to the measurement. Bottom:
green and purple arrows indicate the upper limits of the fractional polar-
isation at 15, 43, and 86 GHz measured in the same region as the total
intensity values in the upper panel. The light blue diamond marker again
indicates the EHT measurement at 228 GHz. The grey star marker indi-
cates the zero-baseline fractional polarisation on the baseline between
ALMA and APEX. Error bars in both panels indicate the 68% confi-
dence level.

3C84 is known to show high amounts of Faraday rotation
(RM) and the presence of circular polarisation (see e.g., the
POLAMI and QUIVER programmes as described in Agudo et al.
2018; Myserlis et al. 2018, respectively). Using the SMA and
CARMA, Plambeck et al. (2014) reported an RM of as high
as ~9 x 10°radm~2, indicative of the presence of a strong
magnetic field. This places 3C 84 in a small group of known
radio sources exhibiting similarly high RMs, such as SgrA*
(~5 x 10° rad m™2; Wielgus et al. 2022 and references therein),
M87 (~10°radm™2; Goddietal. 2021), and PKS 1830-211
(~108 rad m~2; Marti-Vidal et al. 2015). However, whether this
RM occurs in the medium surrounding the jet (e.g. from a disc
wind) or is connected to the accretion flow remains unknown. The
origin of the RM can be explored by determining its dependence
on the observing frequency (Plambeck et al. 2014; Goddi et al.
2021) or the distance from the central engine (Park et al. 2015).

The density of the accretion flow, which is a related quan-
tity that can be estimated via the RM, is required in order to
constrain the mass-accretion rate around BHs (see Nagai et al.
2017, for a relevant discussion about 3C 84) for different accre-

tion flow models, such as advection-dominated accretion flows
(ADAFs; see Narayan & Yi 1995) and convection-dominated
accretion flows (CDAFs; see Narayan et al. 2000).

Different plausible depolarisation mechanisms have been
proposed for 3C 84, that is, originating from such an accretion
flow and the jet itself (Li et al. 2016; Kim et al. 2019). Combin-
ing the single-dish data presented in Fig. 3, which were taken
quasi-simultaneously with the EHT observations, allows us to
estimate an estimate of the RM present in 3C 84. We find that
RM = (6.06 + 0.01) x 10° radm™ by determining the gradient
of the EVPAs as a function of the wavelength squared (see also
Kim et al. 2019). The nr ambiguity was resolved beforehand, as
described in Hovatta et al. (2012). Such large RM values could
be produced by the presence of relativistic and thermal elec-
trons in the boundary layer between the jet and the interstellar
medium, as reported in Goddi et al. (2021) for the jet in M 87.

3.3. Physical consequences

The high fractional linear polarisation in the innermost region of
3C 84, revealed at 228 GHz, clearly indicates that we are probing
a previously elusive region, as we are able to achieve higher res-
olution while being less affected by opacity effects. We are prob-
ing the innermost region of 3C 84 at ~500 R, which appears to
be an optically thin region with an ordered magnetic field fram-
ing the core.

Furthermore, this region is so compact that an association
between the broad jet of 3C 84 and the accretion disk can be
ruled out. However, it should be pointed out that both a BH-
driven jet and a disc-driven wind could coexist and the present
EHT observations are a better probe of the former. In a BH-
driven jet scenario, jet launching in 3C 84 might be attributed
to a magnetically arrested disc (MAD; see similar simulations
carried out for M 87 in Chael et al. 2019), as opposed to a thin,
broad disc structure (Liska et al. 2019). Jets in MAD ADAF sys-
tems are likely launched by the Blandford—Znajek mechanism
Blandford & Znajek (1977), which is the case where a powerful
jet spine is powered directly by the energy extracted from the
ergosphere of the BH.

Using our estimate of the RM at 228 GHz, it is possible to
test whether the magnetic field reaches saturation strength; that
is, whether the system is in the MAD state (Narayan et al. 2000;
Tchekhovskoy et al. 2011). Under the assumptions described
in Appendix E, we find that the dimensionless magnetic flux
¢ = 41 — 93 (Tchekhovskoy et al. 2011). Values above the sat-
uration value ¢n,x = 50 indicate that the jet is in a magnet-
ically arrested state, and therefore our analysis suggests that
jet launching in 3C 84 is MAD. As higher BH spin values and
B = 1.5 produce values close to ¢nax, our result indicates a
preference for a high BH spin and the ADAF model. 3C 84
is also classified as a low-luminosity AGN for which ADAF
models are commonly invoked (de Menezes et al. 2020), further
strengthening our conclusion. The mass-accretion rate estimated
in Appendix E corresponds to M ~ 107—=107*Mgyq, which is
somewhat larger than in the case of M 87 MAD models (see e.g.
The Event Horizon Telescope Collaboration 2021b). This sug-
gests that a non-negligible dynamical impact of radiation is pos-
sible, which could challenge the applicability of the presented
analysis. It should be pointed out here that it is unclear whether
Faraday rotation takes place exclusively inside the accretion
flow. Our analysis described in Appendix E is based on the
assumption that the accretion flow is dominant.

If a spine-sheath geometry (Tavecchio & Ghisellini 2014)
is present, manifested in the observations as a transverse
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velocity gradient, it could also be the underlying depolarising
structure. In this case the rotation of the central BH leads to
an inhomogeneous and twisted magnetic field topology (see
for example Tchekhovskoy 2015). Furthermore, this scenario
would also provide an explanation for the Doppler crisis. As dis-
cussed in Hodgson et al. (2021), so-called ‘jet-in-jet’ formations
(Giannios et al. 2009) associated with velocity stratification in
the bulk jet flow could be responsible for the enhanced y-ray
emission observed in 3C 84. Such a spine-sheath geometry has
already been shown by the EHT to exist on small scales in the
jet-launching region of Centaurus A (Janssen et al. 2021).

Ultimately, our detection of the exceptionally high fractional
polarisation at 228 GHz, the peculiar jet morphology, and the
detailed radio spectrum suggest that the jet in 3C 84 might be
launched from both the central BH and the surrounding accretion
disc (e.g., Blandford & Globus 2022). As shown by the present
findings, millimetre VLBI observations pave the way towards
probing the ultimate vicinity of BHs. Future 3C 84 EHT obser-
vations with added antennas on short and intermediate baselines
will help to constrain the jet morphology and improve the fidelity
of the model.

4. Conclusions

In this work we present the first detection of microarcsecond-
scale polarised structures with the EHT. Our findings can be
summarised as follows:

We report the first ever 228 GHz VLBI model of 3C 84,
which reveals that the compact region is made up of three
components.

— We find a high degree of net fractional polarisation m,e =
(17.0£3.9)%. The brightness temperature is 7y, = (3.6+1.5)%
10" K, which suggests that the system is in equipartition.

— Using quasi-simultaneous observations of 3C 84 at 15, 43,
86, and 228 GHz, we compute a turnover (optical depth
T = 1) frequency of v, = (113 = 4) GHz, a synchrotron
self-absorbed magnetic field of Bssa = (2.9 £ 1.6) G, and an
equipartition magnetic field of By = (5.2 +0.6) G. However,
these values might be influenced by the known variability of
the source.

— The increased values of linear polarisation suggest that the
observed structure is the approaching jet, which is consistent
with the large opening angle. Such a geometry can be pro-
duced by a thick disc associated with a Blandford & Znajek
(1977) jet-launching scenario.

— We find indications of a preference for higher values of BH
spin and the ADAF model in the context of the MAD jet
launching prevalent in 3C 84.

The EHT is an excellent instrument for probing AGN cores
in nearby radio galaxies. Combined with lower frequency VLBI
arrays, such as the GMVA and the VLBA, the EHT makes it
possible to conduct multi-frequency studies, which provide valu-
able insights into jet formation and jet launching. New EHT
and GMVA observations have already been carried out, with
3C 84 as the main target. The increased sensitivity and (u, v) cov-
erage will enable us to conduct follow-up studies with higher
fidelity. Total intensity images of the compact region will shed
more light on whether or not the components we were able
to identify here correspond to the broad structure seen with
RadioAstron (Giovannini et al. 2018). Spectral index maps of
EHT and GMVA images observed quasi-simultaneously might
also assist in pinpointing the exact location of the BH (see e.g.,
Fig. 4 in Paraschos et al. 2022a) and in discriminating between
jet launching-scenarios.
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Appendix A: Additional methodology comments

The frequency setup of the EHT in 2017 consisted
of two bands, each of 2GHz in width, centred at
227.1GHz (LO band) and 229.1GHz (HI band): see
The Event Horizon Telescope Collaboration (2019b) for details.
For all the presented analyses, we combined data sets from both
bands, using data points averaged over 2 GHz in frequency and
for 120s in time. In the EHT data sets, the polarimetric cali-
bration relies on the calibration of ALMA (Goddi et al. 2019),
which provides the absolute EVPA and serves as a reference site
for the computation of the complex polarimetric gains for the
entire EHT array (The Event Horizon Telescope Collaboration
2021a). As ALMA was present in only one-sixth of the observ-
ing scans of 3C 84, we only obtained the ALMA-based cal-
ibration for the single scan. The corresponding EVPA mea-
surement on the short ALMA-APEX baseline is close to
the north—south axis, consistent with POLAMI observations.
This is in contrast to previous polarimetric analyses with
the EHT (The Event Horizon Telescope Collaboration 2021a;
Issaoun et al. 2022; Jorstad et al. 2023), where the absolute
EVPA reference was always constrained by ALMA. As a
consequence, the absolute EVPA calibration was found to
be challenging and dependent on additional assumptions for
the remaining part of the observations, with the additional
difficulties related to APEX drop-outs in the HI band and
JCMT observing only the right-hand circular polarisation
component, which was used as as proxy for the total inten-
sity in a similar way to in the previous EHT analyses (e.g.
The Event Horizon Telescope Collaboration 2019a, 2022a).
Hence, in the fitting to the linearly polarised source structure,
we made a choice to only fit the absolute values of the fractional
Fourier polarisation (corresponding to |r|, the amplitude ratio
of cross-hand and parallel-hand visibility components, follow-
ing the notation of The Event Horizon Telescope Collaboration
2021a), as shown in the right panel of Fig. A.1. We therefore
neglect the corrupted linear polarisation phase information. As a

consequence, we only interpret the absolute values of fractional
polarisation of the fitted Gaussian components. In astrophysical
synchrotron plasma, the following order of Stokes parameters
magnitude is generally expected: I > |P| > V; circular polarisa-
tion V is consequently neglected in the studies of total intensity
I and linear polarisation P. Under this assumption, we can use
single-polarisation JCMT data in the fitting to absolute values of
Fourier fractional linear polarisation.

The high quality of the fit is quantified with the reduced
x>, which is provided in Fig. A.1 for different data prod-
ucts used for the simultaneous fitting: visibility amplitudes,
closure phases, and fractional Fourier linear polarisation (see
e.g. The Event Horizon Telescope Collaboration 2021a, for the
exact definition). Additionally, in Fig. A.2, the closure phases
observed on the APEX-SMT-JCMT triangle are compared with
our model (model 3g, with three Gaussian components repre-
senting the compact region emission). Non-zero closure phases
are an immediate indication of a resolved structure, inconsistent
with a circular symmetry of the source (Thompson et al. 2017).

The dominant systematic uncertainty in the linear
polarisation analysis results comes from the lack of
the polarimetric leakage calibration (D-terms calibration;
The Event Horizon Telescope Collaboration 2021a), which
could not be directly employed for the 3C 84 data set, given the
aforementioned data set issues pertaining to the uncertain, time-
dependent EVPA calibration. In order to obtain a rough charac-
terisation of the impact of the leakage on the resulting polari-
metric quantities, we performed a small survey of data sets cali-
brated with different D-terms. We assumed the magnitude of the
complex EHT array D-terms estimated and verified in previous
EHT publications (The Event Horizon Telescope Collaboration
2021a; Issaoun et al. 2022; Jorstad et al. 2023), but generated
ten random realisations of D-term phases, subsequently refitting
the polarimetric source model to data sets with different leak-
age calibration variants. The fractional polarisation uncertainties
reported in Table A.1 reflect the results of the D-term calibration
survey.
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Fig. A.1. Best-fit model of 3C 84 compared to the data. Presented here from left to right are the data points (denoted with round blue markers)
and models (denoted with dark orange crosses) of the visibility amplitudes, closure phases, and fractional polarisation as a function of the (u, v)
distance. The combined (i, v) distance used in the middle panel is defined as the square root of the sum of squared lengths of all three baselines
forming a triangle. Error bars in all panels indicate the 68% confidence level.
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Table A.1. Summary of the image parameters

Frequency [GHz] ID Flux density [Jy] Tg [10'°K] FWHM [uas] Polarisation [%] Position [uas, uas]

15 E+C+W 1.77 253.7+76.3 62.1 +8.1 <2.0 (0.0, 0.0)

43 E 0.07 3615 355+7.1 <7.0 (34.4,-20.1)
C 1.69 4114 +175.8 16.6 +3.3 <1.0 (0.0, 0.0)

W 0.80 535.5 +£228.8 10.0+2.0 <2.0 (-26.1, -8.58)

86 E 1.49 19.8 +8.4 355+7.1 <1.0 (34.4,-20.1)
C 3.06 186.2 £79.5 16.6 +3.3 <1.0 (0.0,0.0)

\\4 0.58 97.6 +41.7 10.0+2.0 <2.0 (-26.1, -8.58)

228 E 0.93 1.8 +£0.8 355+7.1 20.0+5.8 (34.4,-20.1)
C 1.02 8.8 +£3.8 16.6 + 3.3 11.0+2.0 (0.0, 0.0)

W 0.04 1.0+04 10.0+2.0 40.0 - 80.0 (-26.1, -8.58)

At 15 GHz the image resolution is insufficient to confidently distinguish between the compact region components, and so we limit ourselves to
reporting the integrated flux density and fractional polarisation values instead. The positional uncertainty is of the order of < 2% for E in the
east—west and north—south directions, and < 7% in the east-west and < 60% in north—south direction for W. Here, C is fixed at (0, 0). The
uncertainties of the flux density measurements are of the order of 20% at 15 GHz, 30% at 43 GHz, 50% at 86 GHz, and 15% at 228 GHz

(The Event Horizon Telescope Collaboration 2019c). The large relative uncertainty in the fractional polarisation of W is related to its small total
flux density. The FWHM and positions of the 43, 86, and 228 GHz components have been fixed in the multi-frequency template-matching
framework. Error margins indicate the 68% confidence level.

o5k APEX-SMT-JCMT 3

[_3
0
] i
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Model 2g, x* = 1.96

“10F 3 LOband ]
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80100 191 192 194 194 195
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Fig. A.2. Closure phases as a function of the time of observation,
detected on the APEX-SMT-JCMT non-trivial triangle, compared with
the predictions of the model presented in this paper. Error bars indi-
cate the 68% confidence level. The best-fit model 2g with two Gaus-
sian components representing the compact emission region fails to ade-
quately capture the trend in the data, unlike the 3g model with three
components. The reported y” corresponds to the non-trivial subset of
all measured closure phases.

Table A.2. Extended flux measurements

Frequency [GHz] Flux [Jy]

8 40.1 + 8.5%
86 222 + 1.1%*
228 10.9 + 0.55%*

*QUIVER (Effelsberg 100m Telescope)
**POLAMI (IRAM 30m Telescope)
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Appendix B: Modelling the EHT data
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Fig. B.1. Fractional polarisation image. Shown here is a representation
of the best-fit model to the fractional polarisation data in the image
plane. Contours correspond to 0.5, 1, 5, 50, and 90% of the peak bright-
ness temperature T, = 3.6 X 10'' K. We note the high net fractional lin-
ear polarisation of my = (17.0 £ 3.9)% in the compact region probed
by the EHT.

We modelled the EHT data with circular Gaussian compo-
nents, because the (u,v) coverage is too sparse to reconstruct
an image from it. Circular instead of elliptical Gaussian com-
ponents were preferred in order to reduce the number of degrees
of freedom. We used the forward modelling eht-imaging soft-
ware (Chael et al. 2016) and leveraged heuristic optimisation
tools implemented in SciPy (Virtanen et al. 2020) to search for
the best-fit solution in terms of a minimum of an error function.
Figure A.1 presents our best-fit model to the visibility ampli-
tudes, closure phases, and fractional polarisation as a function of
the (u,v) distance. Figure B.1 shows the fractional polarisation
of the best-fit solution. See Appendix A for additional comments
on the fitting procedure.

A certain degree of ambiguity in the compact source struc-
ture and the number of components is expected due to the large
asymmetry of the EHT (u,v) coverage, which provides resolv-
ing power primarily along the south—east/north—west axis; see
Fig. 1. In particular, we considered the choice between a two-
component (2g) and a three-component (3g) model of the com-
pact emission. The former corresponds to ten geometric degrees
of freedom (i.e., not counting the amplitude gains) for the com-
pact emission and three for the extended emission. The latter
adds six degrees of freedom to the compact emission part. While
in the data set used for fitting there are 86 visibility amplitudes,
14 non-trivial closure phases (all shown in Fig. A.2), and 80
absolute values of fractional linear polarisations, there are strong
correlations between data points in time, frequency, and location
on the (u, v) plane. The presence of such correlations reduces the
effective constraining power of the data set. Hence, the model
selection becomes a non-trivial problem. The best-fit 2g model
essentially recovers the presented geometry of E and C com-
ponents with the same fractional polarisation of C and around
35% polarisation of E. While the 2g model fits the amplitudes
and fractional polarisations well, it is not capable of reproducing
the closure phase measurements in a joint fit to all data prod-
ucts, which we demonstrate in Fig. A.2. This, along with ear-
lier results obtained at lower observing frequencies (Punsly et al.
2021), motivates the selection of the 3g model for the presented
analysis, despite it being slightly over-fitted according to the y?

values reported in Fig. A.1. Such behaviour is generally expected
for an accurate model given the strong correlations present in the
data.

Appendix C: Multi-frequency template matching

We used circular Gaussian components to model the EHT data,
determining the number of degrees of freedom required to accu-
rately fit visibility amplitudes, closure phases, and fractional
Fourier polarisation, including the modelling of station-based,
time-dependent amplitude gains. This is made possible by using
the template-matching technique (e.g. Savolainen et al. 2008;
Kovalev et al. 2008), which leverages prior knowledge of the
source’s brightness distribution from high-frequency measure-
ments (here 228 GHz) to estimate the source structure at lower
frequencies, even if they are closer together than the lower
frequency beam size. Given sufficient S/N, structures smaller
than the diffraction-limited interferometric resolution can be
constrained (e.g. Marti-Vidal et al. 2012). For our observations,
S/N ~ 550 at 43GHz and S/N ~ 375 at 86 GHz, resulting
in nominal resolution limits d?6"* = 19 uas and 4300 =
6 uas, respectively. Therefore, we were able to apply the high-
frequency template, given that the separation between the com-
ponents comprising the template was sufficiently large. It should
be noted here, that these calculations are performed under the
assumption that the source’s morphology is a Gaussian. How-
ever, given the complex structure in the compact region of 3C 84
revealed here, the actual resolution may be worse. We therefore
adopted the more conservative approach of restricting the res-
olution limit to the typical value of approximately one-fifth of
the beam size (e.g. Oh et al. 2022). This was still possible in
our case at 43 GHz (beam size ~ 100 uas) and 86 GHz (beam
size ~ 50uas). As in our work we investigate the overall spec-
tral behaviour of the submas region, this approach is sufficient to
get an estimate for the flux densities and fractional polarisations
for each component. We also disregarded the core shift effects
(see e.g. Paraschos et al. 2021; Oh et al. 2022; Paraschos et al.
2023) between the images at different frequencies, because their
effect is negligible for our analysis (of the order of a few tens of
pas). Our results are summarised in Table A.1. The uncertain-
ties of the flux density measurements are on the order of 20% at
15 GHz, 30% at 43 GHz, 50% at 86 GHz, and 15% at 228 GHz
(The Event Horizon Telescope Collaboration 2019c).

Appendix D: Magnetic field estimate

We estimated the magnetic field strength in the core via syn-
chrotron turnover frequency fitting. The synchrotron spectrum
takes the following form (Condon & Ransom 2016):

@hick —(p+4)/2
e o (7]

for a homogeneous and cylindrical source, where v, is the fre-
quency where the opacity reaches unity, 7 = 1, and Sy =
5.7 £ 0.3Jy is a multiplication constant, determined from the
fit. Subsequently, vy, is calculated by determining the peak of
the fitted spectrum. Following Kim et al. (2019), we set @hick =
0.51 £ 0.10. The parameter p is the power-law slope of the
electron energy distribution function and is set to p = 2
(Condon & Ransom 2016).

We used two different prescriptions for the magnetic field
strength. First we calculated the equipartition magnetic field Beq

D.1)
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using Pacholczyk (1970) with the following form?:

Beg -7
— | =2.7x10

(1 +k)ciky Sm/ly vm/Hz (142"

f (#/mas)® D./Gpc ~ &* (D-2)

We note that the exponent 2/7 only holds for ap, = 0.5 (see
Beck & Krause 2005, for a relevant discussion). Here, k, is a
ratio that provides an estimate of the energy in relativistic pro-
tons compared to electrons and f is a factor denoting the fraction
of the total volume of the emitting region occupied by the plasma
and magnetic field in equipartition. Under the assumption of an
electron-positron pair plasma (see Paraschos et al. 2023, for a
discussion about electron-positron pair plasma in the vicinity of
the SMBH in 3C 84), which is volume filling, k&, = O and f = 1.
The uncertainties for k, and f are difficult to constrain; their
impact on the magnetic field strength computation is discussed
below. The constant ¢, (in cgs units) is given by the following
expression:

(1+2amick) /2 V(1+2fltmck)/2

a2 —1( 2+ 2hick \ | Vinin max
cn=c/'"c
1 + 2amick y

I+aick
min

), (D.3)

I+ahick
~ Vmax

3e
4rm3 3

= 627 x 108[cgs] and ¢ = =2

3mic’
237 %1073 [cgs]; e and m, are the charge and mass of the elec-
tron respectively and c is the speed of light. Furthermore, «, is
defined as

where ¢; =

)l+mmck —1 Vmin /Vm)1+amin -1

1 + aypin

(Vmax/Vm

I + amick

Ky , D4
where viin and v, are the minimum and maximum frequency
range of synchrotron radiation. We used vy, = 10’ Hz (low-
est possible frequency for synchrotron emission) and vix =
3x 10" Hz (Biermann & Strittmatter 1987). AS [Viin, Vmax] con-
stitute an assumed frequency range, their values are presented
without uncertainties. The optically thin spectral index is @i, =
—0.5 (Kim et al. 2019). The angular diameter is denoted as 6 and
the synchrotron peak flux density as S, = 9.0 £ 0.5]Jy at the
frequency vy, extrapolated from the optically thin flux density
(see also Chamani et al. 2021). We assumed 6 = 1.1 + 0.1 for
the Doppler factor based on observations presented in Kim et al.
(2019), Punsly et al. (2021), Paraschos et al. (2021) and used
0 = (144 + 18) pas (this value already includes the geometric
correction discussed in Marscher (1983)).
Additionally, using Eq. 2 in Marscher (1983):

BSSA -50 0 4 Vm > Sm - 0
( G )_ 10 b(athm)(mas) (Hz) (Jy) (1 +z)'
Our choice of @y, = —0.5 results in b(@y,;,) = 3.2. The resulting
estimates for the magnetic field are Bssa = (2.9 + 1.6) G and
Beq = (5.2 £ 0.6) G for the core component C at 228 GHz. We
point out that the Bsgsa calculation is strongly impacted by the
value of vy,. An increase or decrease of a few GHz would vary
the value of Bssa by two orders of magnitude. Similarly, the Beg
calculation strongly depends on the assumption of k,, that is,
the particle composition of the jet. Alternative assumptions of
the jet composition resulting in an increase in k, (diffusive shock
acceleration would result in values of k, < 50, see e.g. Bell 1978)

(D.5)

2 Here, we assume equipartition between cosmic-ray and magnetic
energy density.
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would increase the value of By by up to a factor of 3. Likewise,
decreasing the value of f (assuming a clumpier medium, filling
only half of the total emitting region for example), would result
in an increase in Beq by a factor of 1.2. However, we note that
the good agreement between the two magnetic field estimates
indicates that the choice of k, = 0 and f = 1 is reasonable. The
equipartition Doppler factor required for Bsss to match B is
deq = 1.5+ 04.

Finally, we can compare Beq and Bssa to the strength of the
coherent field based on the observed RM. Using Eq. 15 from
Gardner & Whiteoak (1966), written:
RM = 8.1 x 10° f neB*dl, (D.6)
we can compute the lower limit of the strength of the ordered
field, Bltlo‘. Here, n. is the number density of the thermal elec-
trons, which we set to n, = 3 x 10*cm™ (Scharwichter et al.
2013). The path length of integration through the plasma is d/
and can be approximated by ¢ x 6. Using these values, Bltl"t =
4.7 + 0.6 mG, which is consistent as a lower limit to our calcula-
tions of By and Bssa.

Appendix E: Dimensionless magnetic flux

We calculated the dimensionless magnetic flux ¢ using the
expression for the jet power Pj Tchekhovskoy et al. (2010),
which holds for black hole spin values a, < 1:

Pjet K
( ) = 5% |1+ 13807 - 9.20]. (E.1)

Mc?

Here, Qy = m, M is the mass-accretion rate of 3C 84,
and k = 0.05 is a constant depending on the initial field geome-
try.

To determine the mass-accretion rate, we use Eq. 9 from
Marrone et al. (2006), in the following form (as also shown in
Nagai et al. 2017):

y ~(3p-1)/2\7213
M oul
( 1)=1.3x1o-10[1—(2) )
Mg yr~ Tin

MBH 4/3 2 -2/3 r7/6 RM 2/3
8.0 x 108 M, 38-1 in \radm=2)

(E.2)

where 8 = 0.5 for CDAF or § = 1.5 for ADAF and r;,, and
rout are the inner and outer effective radii of the accretion flow.
Furthermore, Mgqq = Lgaa/(ec?), where € is an efficiency fac-
tor. Using Lggq ~ 1047 ergs™ (Plambeck et al. 2014), € = 0.1,
Fout ~ 10° R (Nagai et al. 2017), ri, ~ 90R; (size of C), and
RM = (6.06+0.01)x 10° rad m™2 yields M = 0.3x 1073 M, yr~!
forf=0.5and M ~ 1.1 x 1073 My yr~! 8 = 1.5. This computa-
tion rests on the assumption that the Faraday screen is external.
Our assumption is physically motivated; the jet viewing angle
used in our computations (¢ ~ 40°) is larger than half of the
intrinsic jet opening angle (i < 20°; see e.g. Paraschos et al.
2021), suggesting that we are peering through the jet sheath
and boundary layer (see also Plambeck et al. 2014; Nagai et al.
2017). Furthermore, at 1.3 mm, we are able to directly examine
the environment of the central engine, because the opacity effects
become comparatively minor.

Finally, the total luminosity of the jet in 3C 84 (Rafferty et al.
2006) is P = 1.5 x 10%ergs™. Thus, setting a. =
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1, we computed a range of ¢ = 41 — 93. Values of
¢ 2 50 refer to MAD models (Tchekhovskoy etal. 2011;
Zamaninasab et al. 2014). We note here that the RM would
need to be underestimated by more than an order of magni-

tude (e.g. due to the Faraday screen not being external) for

¢ to equal its MAD saturation value. Our investigation of
different flow geometries and black hole spins supports an
advection-dominated accretion flow in a magnetically arrested
state as a model of the jet launching system in the core of

3C84.
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