Pinpoint the jet apex in 3C 84
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Jets which are powered by an AGN are a crucial element in the study of their central black holes
(BH) and their immediate surroundings. The formation of such jets is the subject of intense
research, mainly based on the dichotomy presented by the two main jet launching scenarios –
the one from Blandford & Payne (1982), and the one from Blandford & Znajek (1977). In this
work we study the prominent and nearby radio galaxy 3C 84 (NGC 1275) with 15, 43, and 86 GHz
quasi-simultaneous VLBI observations. From these we determine the jet apex to be located
83 ± 7 𝜇as (0.028 − 0.11 pc) upstream of the 86 GHz VLBI core, applying a two dimensional
cross-correlation analysis. A byproduct of this analysis are spectral index maps, in which we
identify a robust spectral index gradient in the north-south direction, for the first time at such high
resolution, for the 43-86 GHz pair. The magnetic field strength at distances from the VLBI core
comparable to measurements from the literature (∼ 10 Schwarzschild radii) for other prominent
AGN, like NGC 1052 and M 87, is computed to be 70 − 600 G. Implications for the magnetic field
topology are also discussed.
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1. Introduction – 3C 84 over the years

2. Jet apex position
Quasi-simultaneous observations of 3C 84 were carried out at 15, 43, and 86 GHz in May 2015,
with the Very Long Baseline Array (VLBA) and the Global Millimeter VLBI Array (GMVA). The
simultaneity of the observations resulted in an unique opportunity to study the core shift of 3C 84
[18], and by extrapolation pinpoint the jet apex. For this study we used the already published images
in [12]. In order to determine the core shift, we calculated the the distance of the intensity peaks
of the core region, at 15 and 43 GHz, relative to the 86 GHz intensity peak (which we placed at the
origin). This calculation was done by employing the standard two dimensional cross-correlation
and determining where the cross-correlation coefficient peaked, for the 15-43 and 43-86 GHz pairs.
For the alignment of the images, we chose optically thin, clearly defined regions, to perform the
2
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NGC 1275 is the central radio galaxy of the Perseus cluster. It harbours 3C 84, which is one of the
brightest radio galaxies in the northern sky, making it a suitable target for high spatial resolution
imaging with centimetre- and millimetre-VLBI. From radio to 𝛾-rays, the source shows prominent
flux variability (see Fig. 1). Its relation to the structural variability detected in the VLBI images
is a topic of intense study. The first VLBI images of 3C 84 were published in the early 1950s [1].
Early cm- [2] and mm-VLBI maps [3, 4] already showcased the complexity of the jet both near
the nucleus, as well as further downstream, in the ∼ 10 − 20 mas region, where a complex and
lobe-like structure is formed by the more extended emission. At 43 GHz and on the 3 mas scale
three dominant emission regions, denoted with C1, C2, and C3 exist [5]. C1 is the nuclear region,
C2 is the diffuse emission in the southwest of the nucleus and C3, which is a recently ejected
component (∼2005 [6]), travelling in a southern direction. Two major flux brightening events are
known for 3C 84; one in the 1990’s, which might be connected to the appearance of C2 and one in
the 1960’s [7] from which the 10 − 20 mas diffuse emission in the south may originate.
The pronounced source activity likely has resulted in the two sided jets we are observing
nowadays, with the southern jets being more prominent. The counter-jet is fainter and has been
observed at 8, 22, 43 [8–10], and recently also at 86 GHz [11]. An optical thick free-free absorber
(perhaps a torus) around the central engine has been proposed as a possible explanation for the lack
of observable counter-jet emission on sub-mas scales [8, 9, 12].
Regarding the jet kinematics, components seem to advance in a dense medium at sub-luminal
velocities (∼0.1c) and then accelerate further downstream to 0.3 − 0.5c, with reported apparent
velocities of up to 0.9c [4, 6, 8]. The components seem to follow curved trajectories [4, 13].
Flux peaks can usually be associated with component ejections and intense activity in the jet
region. Figure 1 displays the radio and sub-mm flux density, together with 𝛾-ray emission, of 3C 84
since 2011. The tight correspondence between the radio and sub-mm flux density is noticeable,
with the intensity peaks in 2015 and 2017 apparently correlated with component ejections in the
0.5 mas region south of the VLBI core, seen both at 43, and 86 GHz observations (see Paraschos et
al. in prep.).
3C 84 is also one of the very few TEV 𝛾-ray emitting sources [6, 14, 15]. However, possible
correlations between the 𝛾-ray and radio flaring lack high significance (see Fig. 1).
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cross-correlation. Specifically, for the 15-43 GHz pair we used the C3 region, and for the 43-86 GHz
pair the region ∼1 mas south of the 86 GHz VLBI core. The distances as a function of the frequency
are plotted in Fig. 2.
Following [19], we fitted a power law of the form:


𝑣  −1/𝑘𝑟
− 1 [𝜇as],
(1)
Δ𝑟 core = 𝑟 0
86GHz
where 𝑘 𝑟 = [2𝑛 + 𝑏(3 − 2𝛼thin ) − 2]/(5 − 2𝛼thin ), 𝑛 and 𝑏 are the particle number density and
magnetic field strength power-law indices, respectively, and 𝛼thin is the optically thin spectral index.
With the physically motivated equipartition assumption that 𝑘 𝑟 = 1 [19–22], we find that the jet
apex, and by extension the black hole of 3C 84 is at a distance of 83 ± 7 𝜇as upstream of the 86 GHz
VLBI core (see Fig. 2), in good agreement with [23]. Our result, which is further supported by the
position angle of the counter-jet reported at larger distances (see [8]), points to a different scenario
than the one presented in [24]. In that work, the authors estimate a core shift of 0.03 mas from the
22 GHz VLBI core, under the assumption that the emission upstream of the core is the sub-mas
counter-jet.
In Fig. 3 we plot the position of the intensity peaks of the core region at the three observed
frequencies over image contours of the 86 GHz observations. The jet apex appears upstream, northwest of the 86 GHz intensity peak, at a position angle (P. A.) of -20◦ ± 14◦ . Assuming a viewing
angle in the 20◦ −65◦ range [10, 25], the de-projected distance of the jet apex to the 86 GHz intensity
peak is 0.028 − 0.11 pc, or 400 − 1500 R𝑠 (assuming a black hole mass of 9 × 108 𝑀⊙ [26]).
3
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Figure 1: Radio flux of 3C 84 at 15 GHz (Owen’s Valley Radio Observatory, blue; see [16]), 37 GHz (Metsähovi Radio Observatory, green), 230 GHz, and 345 GHz (Submillimeter Array, red and teal respectively),
as well as the 𝛾-ray flux (Fermi-LAT, black; see [17]) since the year 2011.
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3. Spectral index
A byproduct of the cross-correlation analysis are spectral index maps. Here we define the spectral
index as S ∝ 𝜈 +𝛼 . For the analysis we focus on the two adjacent frequency pairs, because the large
difference in beam size between 15 and 86 GHz causes beam blending effects.
Figure 4 illustrates different scenarios for the appearance of spectral index maps of the nuclear
region, depending on the underlying physical model. Starting from the top and in clockwise
direction: (i) for a black hole at the center surrounded by a uniform disk one may expect a relatively
uniform, flattish spectral index distribution. (ii) A Blandford & Payne powered jet [27] would lead
to an edge brightened jet, manifesting in a steep spectral index east and west of the black hole,
and flat at the center. (iii) An upstream located black hole would produce a smooth gradient in the
north-south direction. (iv) An identification of the VLBI core as a recollimation shock (at some
arbitrary distance from the BH) would lead to a flat to moderately steep spectral index. (v) Finally,
if the black hole is located at the western edge of the jet (c.f. [28]) and if the inner (sub-mas)
jet is strongly misaligned with the mas-scale jet, we would expect a spectral index gradient in the
east-west direction.
In Fig. 5 we present our spectral index analysis. The presence of a north-south oriented spectral
4
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Figure 2: Position offset of the 15 and 43 GHz intensity peaks in the core region relative to the 86 GHz
intensity peak, as a function of frequency. The grey continuous line displays the fit of Eq. 1 to the data points.
The distance of the jet apex (denoted with grey disks) to the 86 GHz intensity peak is found to be 83 ± 7 𝜇as.
The red/orange ellipses showcase the observed core at different wavelengths/frequencies, illustrating the
concept of the core shift.
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index gradient is obvious from both frequency pairs. We note the measurement of the spectral index
gradient at 43-86 GHz for the first time and at such high angular resolution. Comparing our results
to the illustrations of Fig. 4, they appear consistent with a jet apex location north of the 86 GHz
VLBI core and consequently a black hole location upstream of the visible portion of the jet.

4. Magnetic field
Utilising a number of assumptions, namely that the jet is described by the Blandford & Königl
model [29], and is synchrotron self-absorbed, we can compute the magnetic field, as described in
[19, 22]. At the extrapolated jet apex location, we estimate the magnetic field to be ∼ 2 − 4 G (see
[30] for more details). We can also compare our result to other prominent AGN, if we extrapolate the
magnetic field strength closer to the BH location (cf. [30]), for example to ≃10 R𝑠 . At this distance
the magnetic field 𝐵10 𝑅𝑠 is 70 − 600 G, which compares well to M87 and NGC 1052 [31, 32]. We
note that a lower frequencies (15 GHz), a total of ∼ 100 quasar and BL Lac jets were analysed by
[21]. Based on their core shifts, an average magnetic field strength of ∼ 400 − 900 mG was obtained,
5
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Figure 3: Intensity peaks at 15, 43, 86 GHz and extrapolated jet apex. The intensity peaks are denoted with
the grey symbols, the jet apex with the red dot. They are super-imposed on 86 GHz image contours, which
start at 0.1% of the image peak (1.82 Jy/beam) and then increase in steps of two. The solid red line marks
the extrapolated jet flow direction and the dashed red lines outline the 99% confidence interval of the fit.
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at a distance of 1 pc from the jet apex. In 3C 84, the magnetic field at the same distance from the
core amounts to 60 − 180 mG, which is 4 − 6 times lower than the typical magnetic fields of the
AGN studied by [21].
Besides the magnetic field strength, we also may set some constraints on its configuration. Our
analysis points to a mixed toroidal/poloidal configuration (𝑏 ≈ 1.7), with the assumption that the
total number of particles passing through each cross-section is conserved, and using the result by
[24] that the jet radius 𝑅 and the distance to the core 𝑧 are connected by a power-law of the form
𝑧 ∝ 𝑅 0.21 .
The visual appearance of an edge-brightened inner jet suggests transverse jet stratification,
which is a natural consequence, for example from a combination of the Blandford & Payne and a
Blandford & Znajek [33] jet launching scenarios. Overall, the magnetic field appears strong near
the BH, compared to the upper limit estimation (see Eq. 8.35 in [34]) from the total jet power
[25, 35], in support of magnetic jet launching [36, 37].

5. Conclusions

1. The black hole in 3C 84 is located ≥ 400-1500 R𝑠 upstream of the 86 GHz VLBI core.
2. A strong spectral index gradient in north-south direction is discovered, rendering 3C 84 a
suitable target for core-shift analysis including the highest VLBI frequencies.
6
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Figure 4: Illustration of the expected spectral index, depending on the location and true nature of the VLBI
core of 3C 84.
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3. The magnetic field at 10 R𝑠 is computed to be 70-600 G, which compares well with other
nearby radio galaxies, such as M 87 or NGC 1052.
4. At distances comparable to the jet apex, we found a mixed poloidal-toroidal magnetic field
configuration, pointing perhaps to a stratified combination of Blandford & Payne and Blandford & Znajek jet launching mechanism.
The above analysis and results are described in more detail in [30].

6. Outlook
Although our results put new limits on the location of the jet apex and the BH in 3C 84, the opening
angle of the inner jet and the polarisation at the jet base are not yet unambiguously determined.
The accurate determination of the inner jet velocity and the direction of the component motion
is yet another important topic. Further VLBI imaging observations with sufficient high angular
resolution (GMVA at 43/86 GHz, EHT at 230/345 GHz) will address these topics. Specifically,
already planned quasi-simultaneous observations at 22 and 43 GHz with the Global-EVN and 86
7
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Figure 5: Spectral index maps of 3C 84 at 15-43 GHz and 43-86 GHz. A prominent spectral index in the
north-south direction is revealed. Left: 15-43 GHz spectral index map, super-imposed on the 15 GHz total
intensity contours. Right: 43-86 GHz spectral index map, super-imposed on the 43 GHz total intensity
contours.
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and 230 GHz observations with the GMVA and EHT should yield better polarimetric data, providing
a more detailed insight into the magnetic field properties for the inner jet region in 3C 84.
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