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ABSTRACT

Relativistic jets launched by active galactic nuclei are fundamental for understanding the physics of accreting supermassive black
holes and their immediate environment, but the mechanisms that drive the jet launching remain uncertain. We investigate the sub-
parsec jet of 3C 84 using multi-epoch multi-frequency very long baseline interferometry (VLBI) observations with the European
VLBI Network and the Very Long Baseline Array at 22 and 43 GHz. We analysed the evolution of the spectral index gradient in the
core region to relate the observed structure to physical interpretations and to distinguish between competing jet-launching models.
Furthermore, we examined the effect of the ambient medium and magnetic field configuration on the jet morphology and dynamics
over time and explored their connection to a coinciding γ-ray flare. Our spectral analysis reveals significant changes across three
epochs, indicating dynamic activity between filamentary structures on sub-parsec scales, evolving magnetic fields, and a complex
interaction with the surrounding medium, all of which shape the innermost jet and might affect its high-energy emission.

Key words. instrumentation: high angular resolution – instrumentation: interferometers – galaxies: active – galaxies: jets –
quasars: individual: 3C 84

1. Introduction

Relativistic jets in active galactic nuclei (AGNs) are highly col-
limated and energetic outflows of plasma, emanating from the
vicinity of the central engine. Until today, the exact launching
process of relativistic jets remains a subject of investigation.
The launching mechanism postulated by Blandford & Znajek
(1977), the BZ process hereafter, suggests that rotational energy
is directly extracted from the central black hole, launching a
jet close to the central engine. In contrast, Blandford & Payne
(1982; BP process) predicts that rotational energy is extracted
from the accretion disc, powering a jet that has a wider and strat-
ified jet base. However, these two mechanisms are not mutu-
ally exclusive and may coexist and might contribute jointly to
the observed jet structure. AGN jets have been widely tested
for these mechanisms, in which a more collimated jet indi-
cates the presence of the BZ process (see Walker et al. 2018;
Lu et al. 2023, for a review), while a wider jet would favour the
BP mechanism (Giovannini et al. 2018; Paraschos et al. 2024b).
Since these two launching models result from a substantially dif-
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ferent magnetic field configuration and jet geometry, they can
be distinguished by studying the innermost jet region of nearby
AGNs. Very long baseline interferometry (VLBI) observations
at centimetre and millimetre wavelengths provide a high angular
resolution that is essential for probing the innermost regions of
AGN jets, where jet collimation takes place (see Boccardi et al.
2021, for more details).

3C 84 is a compact radio source in the central galaxy
NGC 1275 of the Perseus cluster. Its proximity at redshift
z = 0.018 (Strauss et al. 1992), its brightness and jet struc-
ture make it a prime target for testing jet-launching sce-
narios, as well as studying the innermost sub-parsec AGN
structure (Walker et al. 2000; Kam et al. 2024). Previous VLBI
studies revealed a complex jet morphology in the sub-
milliarcseond region: Paraschos et al. (2022b) observed a time-
varying spectral index gradient in the innermost jet (2011–
2020), attributed to structural variability, while Park et al.
(2024) reported transverse limb-brightening gradients with
inverted-edge spectra, indicating complex interactions with the
ambient medium. Nagai et al. (2014), Giovannini et al. (2018),
Kim et al. (2019), and Paraschos et al. (2024a) found evidence
of a limb-brightened structure in total intensity and in linear
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Table 1. VLBI observations of 3C 84.

Epoch Frequency Instrument Beam Position Angle Ipeak σI First publication
[yyyy-mm-dd] [GHz] [mas] [◦] [Jy/beam] [mJy/beam]
(1) (2) (3) (4) (5) (6) (7) (8)

2021-11-08 22 EVN 0.40 × 0.17 −15.8 1.62 0.4 Ref1
2021-11-10 43 VLBA 0.32 × 0.15 −1.60 2.14 1.2 Ref2
2022-11-09 22 GVA 0.45 × 0.21 13.4 1.00 1.7 Ref3
2022-11-01 43 VLBA 0.31 × 0.15 6.10 2.36 4.1 Ref3
2024-06-05 22 EVN 0.36 × 0.17 −2.51 3.54 3.0 This work
2024-06-07 43 EVN 0.18 × 0.08 −7.70 5.94 0.7 This work

Notes. (1) Date of observation in year-month-day format. (2) Observing frequency. (3) Interferometer used for observation. (4) The nominal
restoring beam sizes of the clean image in mas (uniform weighting) and (5) the position angle. (6) Total intensity peak of Stokes I in units of
Jy per beam (using (0.35 × 0.16) mas at a position angle of 18◦). (7) Total intensity RMS level. (8) References Ref1: Paraschos et al. (2024a),
Ref2: Weaver et al. (2022), Ref3: Park et al. (2024), in which the corresponding images were first published; observations labelled ‘This work’ are
presented here for the first time.

polarisation, whereby the edge appears brighter than the spine.
This is consistent with a stratified jet, a velocity or magnetic
field gradient, or a combination of the two (for a detailed
review see Blandford et al. 2019). These filamentary structures
that start from the core region are collimated and elongated
patterns of enhanced emission. They extend into farther down-
stream into the jet (Nagai et al. 2014; Giovannini et al. 2018;
Punsly et al. 2021). Paraschos & Mpisketzis (2025) investigated
these filaments close to the central engine using centimetre-
VLBI observations and found that their morphology might
arise from Kelvin-Helmholtz (K-H) instabilities, driven by
interactions between the jet plasma and the ambient medium
(Fuentes et al. 2023; Nikonov et al. 2023). Additionally, 3C 84
shows strong γ-ray variability (Nagai et al. 2012; Hodgson et al.
2021). Previously, the ejection of new components in 3C 84 was
linked to subsequent γ-ray flares (Paraschos et al. 2022b, 2023;
Hodgson et al. 2021), with a delayed flare peak, but the spatial
origin of γ rays in this source is thought to be diverse in the VLBI
core and the downstream jet, where the jet shows signatures of
strong interaction with the interstellar medium.

We investigate a possible connection between the observed
limb-brightening and the variability in the γ-ray regime by prob-
ing the innermost structures with multi-epoch, multi-frequency
VLBI observations of 3C 84. In particular, we examined whether
the spectral index distribution within the jet of 3C 84 also
exhibits limb-brightened features similar to the electric vector
position angle (EVPA) patterns observed in the linear polari-
sation strength of the jet (as seen in Paraschos et al. 2024a).
Moreover, we imaged the sub-parsec scale region to map the
spectral index gradient, which provided insights into the distinc-
tion of different jet-launching models (Paraschos et al. 2022a).
Leveraging the increased sensitivity of our latest VLBI datasets,
we examined temporal changes in the spectral index with
high precision to identify signatures of synchrotron emission,
absorption, and particle acceleration, thereby providing possi-
ble explanations for the jet morphology and its interaction with
the surrounding medium. We further compared radio and γ-ray
light curves to link changes in high-energy emission to structural
and spectral variations, providing insights into the connection
between flaring events and the jet-launching region.

This paper is structured as follows: In Sect. 2 we provide
information about the observations and data reduction. Section 3
outlines the methods and presents the results. In Sect. 4 we dis-
cuss our results, and in Sect. 5 we draw conclusions of our anal-
ysis. Throughout this paper, we assume a Λ cold dark matter

cosmology with H0 = 67.8 km s−1 Mpc−1, ΩΛ = 0.692, and
Ωm = 0.308 (Planck Collaboration XIII 2016), so that 1 mas cor-
responds to 0.37 pc.

2. Observations and data reduction

3C 84 was observed by the European VLBI Network (EVN)
in June 2024 and November 2021 at 22 and 43 GHz, sup-
plemented by observations by the Very Long Baseline Array
(VLBA) and the Global VLBI Alliance (GVA) in 2022 at the
same frequencies. Because observational issues affected the
43 GHz data from 2021 on long baselines, we used data avail-
able from the VLBA-BU Blazar Monitoring Program (BEAM-
ME and VLBA-BU-BLAZAR1). The data from observations in
2021, 2022, and 2024 were recorded in eight baseband chan-
nels for each frequency with two-bit quantisation and a sample
rate of 2 Gbps for all but the Australian Long Baseline Array
(LBA) in 2022 (1 Gbps). Finally, the data of 2021, 2022, and
2024 were correlated at the correlator at the Joint Institute for
Very Long Baseline Interferometry European Research Infras-
tructure Consortium (JIVE) in Dwingeloo, Netherlands. We cal-
ibrated the data of 2021 and 2024 using the pipeline rPICARD2

(Janssen et al. 2019). We used standard VLBI fringe-fitting and
calibration procedures and applied the same steps as explained
in Paraschos et al. (2024a). The data of 2022 were used as pub-
lished by Park et al. (2024). After the calibration, the data of
2021 and 2024 were first averaged over all IFs and then time-
averaged in 30-second bins. We employed a hybrid imaging
technique, iteratively combining the clean deconvolution algo-
rithm (Högbom 1974) in difmap (Shepherd 1997) together with
self-calibration in phase and amplitude. In order to address
uncertainties in the absolute amplitudes of the visibilities, we
applied a constant systematic non-closing error of 3% to the data
of 2024, as presented in Event Horizon Telescope Collaboration
(2019), to account for measurements with a low signal-to-noise
ratio. A summary of all information about the observations and
the clean-maps of 3C 84 is listed in Table 1.

Furthermore, we incorporated γ-ray and radio flux light
curves into our analysis. For the γ-ray emission, we used
publicly available data by the Fermi Large Area Telescope

1 http://www.bu.edu/blazars/BEAM-ME.html
2 Comparative tests demonstrate that rPICARD produces improved
data calibration results than the calibration procedure performed with
AIPS, as shown in Kim et al. (2023).
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Fig. 1. Total intensity images of 3C 84 at 22 and 43 GHz. The total intensity is represented by the contours, using the contour levels at 0.5, 1, 2, 4,
8, 16, 32, and 64% of the peak flux (Smax,22 GHz = 3.54 Jy/beam, Smax,43 GHz = 5.94 Jy/beam). The black ellipse in the bottom left corner denotes the
common convolving beam with a size of (0.35 × 0.16) mas at a position angle of 18◦ (uniform weighting), and the black dash in the bottom right
corner denotes the projected distance corresponding to 4000 RS for both frequencies. The cut-off is at 4σI for 22 GHz and at 1.5σI for 43 GHz
(σI,22 GHz = 0.93 mJy, σI,43 GHz = 4.9 mJy).

Collaboration3 (Fermi-LAT; for a detailed description see
Atwood et al. 2009; Abdollahi et al. 2023) repository and
adopted a monthly cadence. The radio flux measurements at
1.3 mm were obtained from the publicly available data of
3C 84 by the Submillimeter Array (SMA4; Ho et al. 2004;
Gurwell et al. 2007).

3. Methods and results

3.1. Total intensity images

The total flux at 22 GHz was scaled up to 90% of the total flux
density measured of single-dish observations with the Effelsberg
telescope (for a detailed procedure, see Paraschos et al. 2024a).

When we compared the peak fluxes in Stokes I between the
EVN and BEAM-ME data for 2024, we noted discrepancies,
which can result from differences in the amplitude calibration
procedures or from instrumental or observational conditions. To
correct for these offsets, we determined a scaling factor by com-
paring the peak fluxes of compact, unresolved features com-
mon in both datasets. Specifically, we scaled the EVN fluxes at
43 GHz by a factor of 2.0, which was calculated based on the
comparison of the peak fluxes between the EVN and BU data
observed on June 8, 2024. This scaling factor was then applied
to the respective dataset to ensure consistent flux measurements,
allowing for a reliable and quantitative comparison of the jet
structure and spectral properties. The total intensity images of
2021 and 2022 have been published by Paraschos et al. (2024a)

3 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
LightCurveRepository/
4 http://sma1.sma.hawaii.edu/callist/callist.html

and Park et al. (2024), respectively. The Stokes I images of 3C 84
observed by the EVN in 2024 at 22 GHz and 43 GHz are shown
in Fig. 1.

3.2. Spectral index distribution

We defined the spectral index α as Sν ∝ ν+α, with Sν being
the flux density and ν the observing frequency. In Fig. 2 we
present the results of the spectral analysis of 2021, 2022, and
2024, which were generated from total intensity images at 22 and
43 GHz, convolved with the same beam size of (0.35×0.16) mas
at a position angle of 18◦. After the phase self-calibration pro-
cedure of VLBI data, the absolute position information is lost,
and images at different frequencies need to be aligned manu-
ally, which was done using prominent and optically thin parts
within the map (Kutkin et al. 2014). We followed the proce-
dure as presented in Paraschos et al. (2021) and performed a
2D cross-correlation on the optically thin part of the 3C 84 jet
(Croke & Gabuzda 2008; Nagai et al. 2014; Park et al. 2024),
which is marked as the dashed black box in the first epoch in
Fig. 2, and applied the shift in right ascension and declination
to the lower frequency. For 2021, we found the best alignment
of 0.06 mas and −0.02 mas in right ascension and declination,
respectively. Our alignment for 2022, with shifts of 0.02 mas
in right ascension and 0.0 mas in declination, agrees with the
shift reported by Park et al. (2024). For 2024, we found a best
alignment in right ascension and declination of 0.06 mas and
−0.06 mas, respectively. To evaluate the robustness of the align-
ment, we varied the sizes and positions for the alignment region
and tested changes in alignments using a larger circular beam
(see Appendix A.1). Our results remained unaffected. We note
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Fig. 2. Spectral maps of 3C 84 between 22 and 43 GHz. The total intensity is represented by the contours, using the contour levels at 1, 2, 4, 8, 16,
32, and 64% of the peak flux at 22 GHz, with a cut-off of 8σI for all epochs. The black ellipse in the bottom left corner denotes the convolving
circular beam size of (0.35× 0.16) mas at a position angle of 18◦ for all epochs, and the black dash in the bottom right corner denotes the projected
distance corresponding to 4000 RS and 0.37 pc. The dashed box indicates the optically thin jet region that was used for the cross-correlation
calculations as described in Sect. 3.2. The black arrow marks the knot deflection point, as mentioned in Sect. 3.2.

that each pixel in the spectral index distribution map has an
uncertainty of 10%.

In all three epochs, we observe an inverted and flat spectrum
in the core region of 3C 84. Following the jet downstream, the
spectral index gradually decreases, which was also observed in
previous studies (Paraschos et al. 2021, 2022b; Park et al. 2024).
In 2021 and 2022, the eastern edge of the first ∼0.5 mas of
the inner jet region (region R1 and the region marked with
an arrow in Fig. 2) downstream of the jet is flat and inverted.
Park et al. (2024) denoted this region in 2022 as the knot deflec-
tion point. It coincides with the region in which a jet compo-
nent changes its direction drastically (for more information see
Park et al. 2024). Furthermore, in the first two epochs within the
first ∼1.5 mas downstream from the core, we observe flattened
spectra that extend as two limbs along the jet direction (regions
R2 in Fig. 2). This morphology corresponds to a limb-brightened
spectral index distribution, where the jet limbs exhibit flatter or
inverted spectra, while the spectrum towards the confined jet
edges is steeper. In 2024, the spectral index in the core region of
3C 84 is flat, while the downstream jet in 2024 is steep and shows
an inverted spectrum only in the east limb in the innermost jet or
parsec-scale region. To evaluate the spectral index evolution in
the region of the limbs, we determined the spectral indices along
slices at ∼1.2 mas and along parallel-shifted slices at ∼1.0 mas
and ∼1.4 mas jet downstream, which are indicated by the dashed
black lines in Fig. A.2. In the first two epochs, the limb structure
is evident in the inset plot, while it is absent for the west limb in
the last epoch. Therefore, we conclude that the above-mentioned
limb structure observed in 2021 and 2022 is less pronounced in
2024.

3.3. Light-curve information

We used the γ-ray light curve of 3C 84 in order to investi-
gate whether morphological and spectral changes were associ-
ated with the emission of high-energy photons. In Fig. 3 we
present the radio and γ-ray light curves of 3C 84 employing
publicly available data by SMA and Fermi-LAT between 2019
and 2025. Between 2019 and mid 2022, the radio and γ-ray
light curves show no signs of flaring events. After 2023, the
flux density in the radio regime starts to increase by a fac-
tor of ∼1.5 until the end of the available data. For the Fermi-
LAT data, however, we observe a flare starting in June 2022,
until it reached its maximum in March 2023 with a peak of
(0.83 ± 0.03) × 10−6 ph cm−2 s−1, after which the photon flux
decreases. A more detailed examination of the relation of this
high-energy variability to the filamentary structure and spectral
index changes in the jet is given in Sect. 4.

3.4. Magnetic field strength

To estimate the magnetic field strength, we assumed a conical
jet with an optically thin spectral index α0 and equipartition
between the radiating particle and the magnetic field, leading
to a core shift factor of kr = 1 (Lobanov 1998; Hirotani 2005;
Ricci et al. 2022). We calculated the core-position offset mea-
sure as in Hirotani (2005),

Ωrν = 4.85 × 10−9 ∆rmas DL

(1 + z)2

 ν1/kr
1 ν1/kr

2

ν1/kr
2 − ν1/kr

1

 [pc GHz], (1)

with ∆rmas being the core shift between frequency ν1 and
ν2 in mas (ν1 < ν2), and DL is the luminosity distance in
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Fig. 3. Light curves of 3C 84between 2019 and 2025. The orange curve
denotes data by SMA at 1.3 mm, the purple curve denotes monthly
binned Fermi-LAT data, and the grey shaded vertical lines show the
epochs of available observational VLBI data at 22 and 43 GHz.

parsec. We found core-position offset measures of Ω2021
rν =

2.36 ± 0.12 pc GHz, Ω2022
rν = 0.33 ± 0.02 pc GHz, and Ω2024

rν =
1.39 ± 0.07 pc GHz. Further, we calculated the magnetic field in
the core region of 3C 84 following Fromm et al. (2013),

B0 ≈
2πm2

ec4

e3

 e2

mec3

(
Ωrν

r0 sin θ

)kr


5−2α0
7−2α0

[
πC(α0)

r0mec2

e2

−2α0

γ2α0+1
min

(2)

×
φ

sin θ
K(γ, α0)

(
δ

1 + z

) 3
2−α0

] −2
7−2α0

[G],

in which

K(γ, α0) ∼
2α0 + 1

2α0

(γmax/γmin)2α0 − 1
(γmax/γmin)2α0+1 − 1

· (3)

The coefficient C(α0) is tabulated in Hirotani (2005), r0 is the
distance from the VLBI core to the jet apex and corresponds to
the core shift (r2021

0 = 0.14± 0.01 mas, r2022
0 = 0.02± 0.001 mas,

r2024
0 = 0.08 ± 0.01 mas), γmax and γmin are the maximum and

minimum Lorentz factor, φ is the half-opening angle, θ is the
jet viewing angle, and δ = [Γ(1 − β cos θ)]−1 is the Doppler
factor. We adapted the parameters reported by Paraschos et al.
(2021) δ ∼ 1.18−1.25, θ ∼ 20◦−65◦, φ ∼ 2.8◦−20◦, and
γmax = 103−105 (Abdo et al. 2009) and γmin = 1. For the limit
α0 → −0.5, the right-hand side of K(γ, α0) in Eq. (3) converges
to 1/ln[γmax/γmin] (Hirotani 2005). Finally, the magnetic field in
2021 is B2021

0 ≈ (30.6−75.8) G, in 2022 B2022
0 ≈ (50.2−124.2) G,

and in 2024 B2024
0 ≈ (35.0−86.6) G.

Furthermore, we calculated the magnetic field strength in the
region of the filaments at ∼1.2 mas (corresponding to 0.44 pc)
downstream from the core. At this distance, the jet remains opti-
cally thick, meaning that the relation above is still valid. We
applied

B = B0(r0/r1.2 mas)b, (4)

where r1.2 mas is the distance of ∼1.2 mas from the core, and
b = 1. For 2021, we computed B2021

1.2 mas ≈ (3.7−9.1) G, in 2022
B2022

1.2 mas ≈ (0.8−2.1) G, and in 2024 B2024
1.2 mas ≈ (2.5−6.1) G. We

found that the magnetic field strength in the core region and the
limbs is consistent within their ranges over three years.

4. Discussion

The multi-epoch VLBI observations presented here reveal novel
morphological and spectral details of the temporal evolution of
limb-brightened jet structures close to the core of 3C 84 over
three years, providing new constraints of its launching and col-
limation processes. We found a prominent inverted spectrum
in the core region in 2021 and 2022, with a gradual steepen-
ing farther downstream the jet. In these epochs, the inverted
spectrum at the east edge of the inner jet region coincides
with the knot deflection point, suggesting free-free absorption
due to a dense cold ambient medium (for a detailed descrip-
tion see Kino et al. 2021; Park et al. 2024). We detected a limb-
brightened morphology within the first∼1.5 mas jet downstream,
which is also imprinted on the spectral index distribution as
flattened spectra in 2021 and 2022 (R2 in Fig. 2). Another
bright radio galaxy with a similar limb-brightened geometry
is M 87, where intertwined helical threads align with a flat-
tened spectral index (Nikonov et al. 2023). This might be caused
by K-H instabilities (Lobanov et al. 2003; Hardee 2003). The
observed flattened spectra in region R2 and R3 in Fig. 2 coin-
cide with the areas of possible overlapping filaments, as seen
in Paraschos & Mpisketzis (2025), who observed brightness
enhancements at ∼1 mas and ∼3 mas from the core. These over-
laps are a plausible explanation for the observed morphology.
They further suggested that the jet shows an increased emissiv-
ity in R3, which might be due to the local decrease in the sepa-
ration of the two filaments. This is an alternative approach to the
overlapping filaments.

In 2024, however, the west limb of the double rail structure
in the downstream jet was less pronounced (see Fig. A.2). A pos-
sible explanation for this behaviour is the rotation of filaments in
the innermost jet region, as discussed in Paraschos & Mpisketzis
(2025) and as seen in the animated sequence by Park et al.
(2024). In 2021 and 2022, these filaments might have over-
lapped, inducing a brightness enhancement in the regions in
which these filaments cross, which was then imprinted on the
spectral index distribution as flattened spectra. In 2023, how-
ever, these overlapping filaments might have been the cause of a
γ-ray flare, as shown in Fig. 3. Based on the analysis presented
in Hodgson et al. (2021; and references therein), this behaviour
can be interpreted within a turbulence-induced magnetic recon-
nection scenario, in which filamentary magnetic structures pro-
duced behind a travelling shock front interact and reconnect.
As the disturbance (R3) propagates downstream, the increas-
ing turbulence is amplified and disturbs the magnetic field as
filaments. This in turn enhances the probability of reconnection
events and the formation of mini-jets (e.g. Giannios et al. 2009;
Shukla & Mannheim 2020). Such reconnection events can effi-
ciently accelerate particles and produce high-energy emission on
sub-parsec scales, potentially within the limb region of the jet
(Hodgson et al. 2021; Giannios 2013). We therefore suggest that
the γ-rays may be produced in the limbs spanning from the core
to ∼2 mas downstream. As these filaments continue to rotate, the
positions of the overlap shift and might not induce brightness
enhancements in the latest epoch. In addition, synchrotron cool-
ing can lead to a steepening of the spectrum downstream from
the core (Nikonov et al. 2023).
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The observed limb-brightening in the spectral index distri-
bution across all epochs suggests a transverse stratification of
the inner jet, consistent with a magnetically dominated flow
close to the central engine. General relativistic magnetohydro-
dynamic (GRMHD) simulations show that this morphology
is consistent with a fast-spinning black hole with magnetic
field lines reaching the central engine (Takahashi et al. 2018).
Moreover, the observed geometry can be associated with a
magnetically arrested disc (MAD) and advection-dominated
accretion flows (ADAFs; see Narayan & Yi 1995) in which
spin energy is extracted from the central engine, favouring a
Blandford–Znajek launching process (see Tchekhovskoy et al.
2011; Paraschos et al. 2024b, for more details). We note the
limitations of this model. A standard and normal evolution
(SANE) model can produce similar geometries, such as a
toroidal magnetic field configuration, but the limb-brightened
structure is most prominent in simulations for the MAD model
(Fromm et al. 2022).

Recent general relativistic magnetohydrodynamic simula-
tions in the parsec scale jet of M 87 showed that a fast-spinning
black hole in a MAD state agrees well with the observed jet
morphology (Yang et al. 2024). Similarly, this provides further
support of the interpretation that the 3C 84 jet is also powered
by the Blandford–Znajek mechanism. Further, we find that the
magnetic field strengths overlap within their ranges over three
epochs and show no high variability within three years.

Previous studies of the magnetic field strength of the jet apex
in 3C 84 by Paraschos et al. (2021, 2022b) reported lower values
than the estimates we presented. They differ by up to an order of
magnitude, whereas the estimate by Kim et al. (2019) is of the
same order of magnitude as our results. However, Nagai et al.
(2017) estimated the magnetic field strength at the jet base of
3C 84 by applying a first-order approximation of a radial mag-
netic field configuration (B(r) ∝ r−2), leading to ∼104 G. Sim-
ilar estimates were reported by O’Sullivan & Gabuzda (2009),
who analysed multiple BL-Lac objects, leading to magnetic
field strength estimates of ∼104−105 G. Furthermore, Kino et al.
(2015) reported a magnetic field strength of 50−124 G at the jet
base of M 87, which is similar to the computed values we pre-
sented. The magnetic field strength variability across different
studies can be explained by the fact that these estimates are sen-
sitive to model parameters (i.e. r0 and Ωrν) and to the method
used to determine the field strength. They can therefore vary
across multiple epochs.

Although we adopted a conical jet to calculate the mag-
netic field strength, we wish to emphasise the limitations of
this model. The Stokes I maps in Fig. 1 indicate that on sub-
parsec scales, the jet appears more confined and exhibits a
morphology closer to a cylindrical shape than to a cone, but
expands to a wider conical jet farther downstream (Nagai et al.
2014; Giovannini et al. 2018; Foschi et al. 2025). In addition to
the conical jet model, Oh et al. (2022) also tested a paraboli-
cal jet model to estimate the black hole location in 3C 84 and
concluded that the available data prevented them from reliably
distinguishing between the two models. Moreover, the jet geom-
etry cannot be uniquely determined from a qualitative evaluation
of Stokes I images alone, as projection effects, Doppler boost-
ing, and transverse stratification can produce similar apparent
morphologies. Given the different assumptions adopted in these
studies and the uncertainties associated with the observational
determination of the models, it is therefore not yet possible to
draw a strong conclusion on the most probable jet geometry
on sub-parsec scales in 3C 84. We thus adopted the conical jet
model as the most physically consistent model and commonly

used framework for 3C 84 and to enable direct comparison with
previous VLBI studies of AGN jets (Blandford & Königl 1979;
Oh et al. 2022; Paraschos et al. 2022b).

5. Conclusions

We presented a detailed analysis of the innermost jet structure
of 3C 84 using multi-frequency, multi-epoch VLBI observations
at 22 and 43 GHz. Our results provide new constraints on the
spectral index properties of the jet, with particular attention to
the limb-brightened features near the core region. Our results
are summarised below.

– The spectral index distribution changed significantly over
three epochs: in 2021 and 2022, the core region showed
inverted spectra with limb-brightened flattened spectral
structures in the first few milliarcseconds downstream of
the jet; in 2024, the core spectrum was inverted, the region
up to ∼1.5 mas jet downstream exhibited a steeper spectral
index, and the west limb of the previously observed limb-
brightened structure was significantly weaker.

– We detected persistent limb-brightening in the sub-parsec
region across all epochs, suggesting that the observed geom-
etry was produced by a fast-spinning black hole in a MAD
or ADAF state, favouring a Blandford–Znajek jet-launching
scenario.

– The limb-brightened and flat spectra in 2021 and 2022 can be
explained by overlapping filaments; the non-detection of the
west limb in 2024 might be linked to the rotational motion
of these filaments, synchrotron cooling after a γ-ray flare,
or changes in the interactions of the jet with the ambient
medium.

– The correlation between the spectral evolution, filament rota-
tion, and the γ-ray light curve supports a scenario in which
the high-energy emission originates from the limbs.

– We measured the core shifts leading to magnetic field
strengths in the range of (0.8−9.1) G in the region of the
limbs.

These results show that the inner jet of 3C 84 is a highly dynamic
structure in which the spectral properties, morphology, and mag-
netic field strength vary on timescales of a few years, likely mod-
ulated by filamentary variations and interactions between the jet
and the ambient medium.

Data availability

A copy of the reduced images is available at the CDS via
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
709/A192
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Appendix A: Additional information

Figure A.1 presents the same images as in Fig. 2 but with a circu-
lar convolving beam of 0.25 mas and Fig. A.2 shows the spectral
index distribution along slices at ∼ 1.2 mas, and along parallel-
shifted slices at ∼ 1.0 mas and ∼ 1.4 mas jet downstream. The
discussion of these map are covered in the main text.

Fig. A.1. Spectral maps of 3C 84 between 22 and 43 GHz. The total intensity is represented by the contours, using the contour levels at 1, 2, 4, 8,
16, 32, and 64% of the peak flux at 22 GHz, with a cut-off of 8σI for all epochs. The black circle in the bottom left corner denotes the convolving,
circular beam size of 0.25 mas for all epochs and the black dash in the bottom right corner denotes the projected distance corresponding to 4000 RS
and 0.37 pc.

Fig. A.2. Similar to Fig. 2, but the insets show the spectral indices distributions along slices at ∼ 1.2 mas, and along parallel-shifted slices at
∼ 1.0 mas and ∼ 1.4 mas jet downstream, as indicated by the black dashed lines. The grey shaded area around the inset plot indicates the 10%
uncertainty of the spectral index.
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