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ABSTRACT

We present parsec-scale cm-to-sub-mm spectral energy distributions (SEDs) of the compact radio-jet components NE,
C, S2, and S3 in the Seyfert 2 galaxy NGC 1068. Matched-uv e-MERLIN, VLA, and ALMA imaging spans 4.5-706 GHz
at a common 0.06-arcsec resolution and 15-3300 kX uv-coverage. Spatial-blending tests show weak inter-component
covariance, less than 1 per cent direct neighbour-induced flux transfer, and a maximum S2 perturbation of 8.4 per cent
across the 18.9-22.9-GHz turnover region, corresponding to |Avg| < 1.6 GHz or |A fioy] < 0.06. Bayesian MCMC mod-
elling with synchrotron emission, free—free emission, and free-free absorption yields steep intrinsic synchrotron indices,
sy >~ —0.9 to —1.7. The cut-off is lowest in C, v, = 4207735 GHz. NE and S3 have measured cut-offs of 634725¢ and 59855}
GHz, respectively, whereas S2 yields only the lower limit v, > 418 GHz. A partial-covering absorber is favoured for all
four components (AAIC = 6.6-30.1; ABIC = 4.3-28.0). NE, C, and S3 have comparable clump-opacity scales, v >~ 11-
12 GHz, and covering factors, f.oy 2~ 0.43-0.53, with C additionally requiring diffuse absorption. S2 is the clear exception,
with vy = 26.0%1% GHz and f.y = 0.83700%; its opacity scale differs from those of the other components by approximately
4.8-5.60. The results support a sightline-dependent ionized medium in which S2 intersects the densest and most strongly
covering absorber, plausibly near the torus-inner-narrow-line region interface. No off-nuclear component requires a

significant mm-sub-mm excess above the synchrotron model.

Key words: interstellar medium - galaxies: individual: NGC1068 - galaxies: jets — radio continuum.

1 INTRODUCTION

The nearby (~14.4 Mpc) Seyfert 2 galaxy NGC 1068 is a bench-
mark system for investigating the nuclear environments of ob-
scured active galactic nuclei (AGNs; J. F. Gallimore et al. 1996a;
S. Garcia-Burillo et al. 2016, 2019; C. M. V. Impellizzeri et al.
2019). Its proximity and complex circumnuclear medium make it
particularly well suited for studying the interaction between com-
pact radio jets and the surrounding interstellar medium (ISM; S.
Viti et al. 2014; S. Garcia-Burillo et al. 2016; C. M. V. Impellizzeri
etal. 2019; I. M. Mutie et al. 2024). Very-long-baseline radio inter-
ferometry (VLBI) observations resolve the AGN (S1) and several
compact neighbouring components into an elongated, pc-scale
jet structure oriented nearly perpendicular to the kpc-scale radio
outflow (T. W. B. Muxlow et al. 1996; J. F. Gallimore et al. 1996a;
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J. F. Gallimore, S. A. Baum & C. P. O'Dea 2004; I. M. Mutie et al.
2024).

The jet components reside close to the AGN and are consistent
with classical synchrotron emitters (T. W. B. Muxlow et al. 1996;
J. F. Gallimore et al. 1996a; 1. M. Mutie et al. 2024). Their flux
densities and resolved sizes imply low brightness temperatures,
making synchrotron self-absorption negligible (J. F. Gallimore
et al. 1996a). Consequently, any low-frequency spectral flatten-
ing is more plausibly attributed to free-free absorption (FFA)
by ionized gas along the line of sight. Inhomogeneous, clumpy
FFA is expected to partially absorb intrinsically steep synchrotron
spectra, producing flattened or inverted spectra below a charac-
teristic turnover frequency (M. S. Clemens et al. 2010; B. C. Lacki
2013a; J. E. Conway, M. Elitzur & R. Parra 2018; I. M. Mutie
et al. 2025). Such a scenario has been successfully applied to
the AGN where a population of dense ionized clumps partially
covers the source, resulting in the observed cm-wave spectral be-
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2 I. M. Mutie et al.

Table 1. Continuum measurements used to construct and fit the compact-component SEDs.
The NE, C, S2, and S3 columns give integrated flux densities in mJy; the final column

gives the image rms in pJybeam™!

. Note: Detected component flux densities were mea-

sured with IMFIT from images matched to a common 0.06 arcsec restoring beam and 15-
3300 kxr uv-coverage. The quoted measurement uncertainties are statistical fitting uncertain-
ties; absolute-flux calibration uncertainties were included separately in the SED modelling.
The 1.4 and 15 GHz values are lower-resolution upper limits. For ALMA non-detections, the
adopted 3o integrated-flux upper limits differ from the single-beam rms values in the final
column. The observations, dates, and project identifiers are listed in table 1 of I. M. Mutie

et al. (2025).

Frequency Integrated flux density (mJy) rms
(GHz) NE c S2 S3 (uJybeam™)
14 <283.0 <42.3 <20.0 <69.7 <330
4.8 62.3£0.3 80.0 £0.27 27.2+£0.3 14.8 £0.3 43
5.3 54.9 +£0.3 70.0 £0.23 18.5+£0.3 124+£0.3 27
6.3 359+£0.2 45.34+0.21 15.2+£0.2 6.1+0.2 31
6.8 34.0+0.2 41.4+0.22 16.6 £0.2 7.1£0.2 31
7.3 23.0£0.2 38.5+£0.41 11.6 £0.2 5.0+0.2 31
9.5 32.9+0.1 48.8+0.1 74£0.1 8.5+0.1 37
10.5 30.7+£0.1 47.9+0.1 7.3+£0.1 9.1+0.1 37
11.5 25.7+0.1 40.8+0.1 58+0.1 7.0£0.1 37
15 <54 <75.0 - - -
18.9 15.5+£0.1 28.2+0.1 53+£0.1 43+0.1 23
19.4 15.2+0.1 27.5£0.1 51+0.1 41+£0.1 23
19.9 14.8£0.1 26.9+0.1 50+£0.1 4.0+0.1 37
219 13.3+0.1 25.2+£0.1 46+£0.1 34+0.1 53
22.3 13.0£0.1 25.2+0.1 42+0.1 3.5+£0.1 54
229 12.5+0.1 247+£0.1 43+0.1 34+0.1 52
94 2.3£0.1 5.6£0.1 1.3+£0.1 1.31 £0.04 24
105 1.9+0.1 54+0.1 09+£0.1 0.824+0.03 24
249 0.6+0.1 2.5+0.1 0.4+0.1 04=+0.1 24
357 <0.6 1.14+0.15 <0.9 <0.7 87
477 <0.6 <0.6 <0.6 <0.6 170
706 <0.3 <0.3 <0.3 <0.3 75

haviour (I. M. Mutie et al. 2025). Given the dense and asymmetric
circumnuclear medium in NGC 1068, similar absorption effects
may also influence the observed spectra of the compact jet com-
ponents, particularly on the south-western side where the jet
appears disrupted and faint.

Broad-band spectral energy distributions (SEDs) extending
from cm to sub-mm wavelengths provide a powerful diagnostic
of the competing emission and absorption processes in these
compact regions. While the jet components are expected to
be dominated by synchrotron emission, deviations at high fre-
quencies could signal additional contributions from free-free
(FF) emission, dust, or particle re-acceleration associated with
shocks or embedded star-forming clumps (E. Jirveld, M. Berton &
L. Crepaldi 2021). High-frequency ALMA observations up to
~706 GHz offer the opportunity to identify the transition from
non-thermal to thermal emission and to isolate the intrinsic syn-
chrotron spectra of the jets.

In this work, we focus on the compact off-nuclear jet compo-
nents NE, C, S2, and S3 (I. M. Mutie et al. 2025). The AGN core,
S1, was analysed separately in I. M. Mutie et al. (2025) and is
therefore excluded from the SED fitting presented here. We test
whether the broad-band spectra of the off-nuclear components
can be adequately described by synchrotron emission viewed
through a homogeneous, diffuse ionized screen, or whether the
data statistically favour an additional partial-covering FF ab-
sorber. We subsequently examine whether the inferred absorp-
tion properties differ significantly among the individual compo-
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nents and assess the robustness of these results to spatial blending
and variability arising from the non-simultaneous observations.

A central feature of our analysis is the use of images matched
in both angular resolution and (uv)-coverage. This procedure mit-
igates a major source of bias in multifrequency studies, in which
apparent spectral differences may arise from variations in angular
resolution and sensitivity to different spatial scales between data
sets. It therefore enables a consistent component-by-component
comparison of the broad-band SEDs. To our knowledge, this is
the first time that such an approach has been applied to the SEDs
of the compact jet components in NGC 1068.

2 OBSERVATIONS, DATA REDUCTION, AND
IMAGING

We combine multi-epoch e-MERLIN observations at 1.25-1.76
and 4.5-7.5 GHz with matched-resolution VLA data at 8-12 and
18.5-23.5 GHz and ALMA observations spanning 93-706 GHz.
Full details of the data sets, observing dates, project identifiers,
calibration, and imaging are given in table 1 of I. M. Mutie et al.
(2025).

The data were calibrated using standard CASA-based pipelines
(J. P. McMullin et al. 2007), followed by targeted self-calibration,
and imaged with a common 15-3300 kXA uv-range and 0.06 arcsec
restoring beam. This corresponds to ~4 pc at the distance of
NGC 1068, allowing the principal compact jet components to be
separated, although not their sub-pc internal structures.
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Compact radio jet component SEDs in NGC 1068 3

Table 2. Spatial-blending diagnostics for the compact jet components
across the matched-resolution 4.8-22.9-GHz images. Separations are
given in arcseconds and in units of the common 60-mas restoring-beam
FWHM. Here, |p| is the maximum absolute fitted-amplitude correlation,
AS120 per cent 18 the largest target-flux change after perturbing the neigh-
bouring amplitude by £20 per cent, and eys is the largest 95th-percentile
error from the injection recovery trials. Component S1 is included only as
a possible contaminating neighbour.

€95

Nearest Separation Maximum  ASizopercent (PEr
Target neighbour (arcsec/beams) 1o (per cent) cent)
NE C 0.352/5.86 0.020 0.65 1.29
C S1 0.308/5.14 0.113 0.98 1.72
S2 S1 0.119/1.99 0.032 0.92 3.07

Integrated component flux densities were measured from the
matched images using IMFIT and are listed in Table 1. Non-
detections were assigned 3¢ integrated-flux upper limits, while
the lower-resolution 1.4 and 15 GHz measurements were treated
as conservative upper limits. Cross-instrument calibration uncer-
tainties were included separately in the SED modelling following
I. M. Mutie et al. (2025).

2.1 Assessment of inter-component flux mixing

To quantify covariance between adjacent components, we per-
formed image-plane deblending on all matched-resolution im-
ages from 4.8 to 22.9 GHz. Reference positions for NE, C, S1,
and S2 were taken from the high signal-to-noise 4.8-GHz image,
with S1 included only as a possible contaminating neighbour. The
components were fitted simultaneously using beam-convolved
Gaussian templates and a planar background, with an optional
broad C-S1 bridge component used to test sensitivity to diffuse
emission.

Transverse-averaged profiles were extracted along the NE, C,
S1, S2 jet axis through a 0.060 arcsec-wide strip. Supplementary
Fig. S1 shows the 4.8, 10.5, and 22.3 GHz maps and their profile
decompositions. These fits were used only to assess covariance
and fitting sensitivity and do not replace the IMFIT flux densities
in Table 1.

Robustness was tested by shifting each centroid by +10 mas,
with an additional conservative 30-mas test for the Very Large Ar-
ray (VLA) X-band images, and by fixing neighbouring amplitudes
at +20 per cent of their joint-fitting values while refitting the tar-
get component. We also derived the amplitude covariance matrix
and performed 150 injection recovery trials per frequency using
the measured beam and correlated image noise. The covariance,
perturbation, and injection recovery results are summarized in
Table 2.

3 SPECTRAL ENERGY DISTRIBUTION
MODELLING

The SED modelling follows the framework used by I. M. Mutie
et al. (2025). We model the continuum flux densities measured
at uniform angular resolution and matched uv-coverage, while
treating the lower-resolution measurements as conservative up-
per limits. Each component is described using the same intrin-
sic emission prescription, but two alternative FF absorption ge-
ometries are fitted and compared. The partial-covering clumpy

absorber is therefore not assumed a priori; its inclusion is tested
quantitatively against a simpler diffuse-only model before any
physical interpretation is made.

The model parameters are inferred using the framework of
S. del Palacio et al. (2025), which performs Bayesian inference
with the EMCEE Markov chain Monte Carlo sampler (MCMC;
D. Foreman-Mackey et al. 2013), implemented through BILBY
(G. Ashton et al. 2019). Uniform priors are adopted over broad,
physically motivated parameter ranges, and the spectral fits are
centred at a fiducial frequency of v, = 100 GHz. The full one- and
two-dimensional posterior distributions, including the principal
parameter covariances, are shown in Supplementary Figs S2 to S5
for NE, C, S2, and S3, respectively.

3.1 Intrinsic emission components

The intrinsic continuum is represented by synchrotron emis-
sion from relativistic electrons, optically thin FF emission from
ionized gas, and a possible thermal-dust contribution. The syn-
chrotron component, including the high-frequency exponential
cut-off, is written as

v\ v
Ssy,int(v) = Asy <‘T> €Xp <_]T) 5 (1)
0 c

where Ay, is the synchrotron normalization, agy < —0.5 is the
intrinsic synchrotron spectral index, and v, is the high-frequency
exponential cut-off. This same S in(v) is the intrinsic syn-
chrotron spectrum used in the diffuse and partial-covering ab-
sorption expressions below.

The optically thin FF component is

N
Si(v) = Age <*) , @)

Vo

where Ay is its normalization. The low-frequency optically thick
FF emission regime is not modelled separately because the ob-
served low-frequency SEDs are dominated by synchrotron emis-
sion and absorption, and an additional turnover would be poorly
constrained by the available data. The possible thermal-dust con-
tribution is represented by the modified-blackbody prescription
used by I. M. Mutie et al. (2025),

2
Sa(v) = Aq (%) [1 —exp(—wa(v))], 3
where
v B
q(v) = ( ) . 4)
Vr=1

We fix 8 = 2 and v,—; = 800 GHz and fit only the normalization
Ajq. The available data yield only upper limits on A4 for all four
components.

3.2 Diffuse-only absorption model

The baseline absorption model places the intrinsic synchrotron

emission behind a homogeneous diffuse ionized screen,
SS;fibs(v) = Sgy.int(v) exp[—zairr (V)] ©)

where Sqy in((v) is given explicitly by equation (1). The diffuse FF
optical depth is

v -2.1
Tair(v) = <Vd‘ff> ; (6)

MNRAS 552, 1-9 (2026)
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4 I. M. Mutie et al.

where vgi is the frequency at which g = 1. This model pro-
vides the minimal reference against which the additional partial-
covering component is tested.

3.3 Partial-covering clumpy absorption model

The alternative model allows a fraction of the intrinsic syn-
chrotron source to be covered by denser ionized structures in
addition to the diffuse screen (e.g. B. C. Lacki 2013b; J. E. Con-
way et al. 2018; N. Ramirez-Olivencia et al. 2022). Its absorbed
synchrotron spectrum is

ng,abs(v) = Ssy,int(v) [1 - fcov (1 - eitd(u})] eirdiff(v)v (7)

where Sgy inc(v) is the cut-off synchrotron spectrum defined by
equation (1) and f,y is the fraction of the synchrotron emission
covered by the clumpy absorber. The clumpy-screen optical depth
is

a(v) = (%)_ | , €]

where v is the frequency at which the corresponding optical
depth equals unity, while z4;¢(v) is defined in Section 3.2 and is
common to both absorption models.

Relative to the diffuse-only model, the clumpy model adds the
two parameters f.o, and vg. The shared intrinsic-emission and
diffuse-absorption parameters are treated consistently in both
fits.

3.4 Statistical model comparison

The necessity of the partial-covering component is assessed be-
fore interpreting its fitted parameters. For each component, we
compare the diffuse-only and clumpy-absorber fits using the
Akaike and Bayesian Information Criteria,

AIC = 2k —2In L, BIC = kIn Nyyu — 21n L, (9)

where k is the number of fitted parameters, Ng,, is the number of
measurements entering the fit, and £ is the maximum likelihood.
We define

AAIC=AICyjffuse — AICclumpy» ABIC=BICljffuse — BICclumpy-

(10)

Positive values favour the clumpy model after penalizing its addi-
tional parameters. The quantitative comparison is presented first
in Section 4.1; only thereafter are f.,y, Vo, and their physical im-
plications discussed. This ordering avoids assuming the clumpy
interpretation in advance of the statistical evidence.

4 RESULTS

Fig.1 shows the locations of NE, C, S2, and S3 relative to the
AGN component S1 while Fig. 2 presents the matched-resolution
cm-to-sub-mm SEDs of the four off-nuclear components anal-
ysed here. These are constructed from matched-resolution (=~
0.06 arcsec) and matched-uv (15-3300k2) data spanning 4.5-
706 GHz. The component flux densities and upper limits used in
these SEDs are listed in Table 1, while the best-fitting parameters
are given in Table 3. The complete posterior distributions for
NE, C, S2, and S3 are shown in Supplementary Figs S2 to S5,
respectively.

MNRAS 552, 1-9 (2026)
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Figure 1. Composite e-MERLIN + VLA 4-12-GHz image of the inner
radio jet in NGC 1068, showing the AGN component S1 and the compact
off-nuclear components NE, C, S2, and S3. The image is reproduced in
compact form from Mutie 2024; S1 is included here for morphological
context and as the nearest potential contaminant of S2, but is not included
in the off-nuclear SED fitting. This overview image is not used for the
matched-resolution flux-density measurements.

4.1 Quantitative requirement for the clumpy absorber

Before interpreting the absorption parameters, we first test
whether the additional partial-covering component is warranted
by the data. Relative to the diffuse-only model, the clumpy model
gives (AAIC, ABIC) = (8.3, 6.1) for NE, (6.6, 4.3) for C, (30.1,
28.0) for S2, and (6.9, 4.7) for S3. Both criteria are positive for
every component even though the clumpy model contains two
additional parameters. The preference is decisive for S2, strong
for NE, and moderate to strong for C and S3, depending on the
criterion adopted. We therefore use the clumpy-absorber fits for
the parameter summaries below and defer their physical inter-
pretation to Section 5.2.

4.2 Robustness to spatial blending

Supplementary Fig. S1 shows the matched-resolution 4.8, 10.5,
and 22.3 GHz images and corresponding transverse-averaged
profiles along the NE, C, S1, S2 jet axis. The 60 mas coloured
intervals mark one common restoring-beam full width at half-
maximum (FWHM), while the profile decomposition includes
the compact components and the broad C to S1 bridge. S1 is
included only as the nearest potential contaminant of S2 and is
not fitted in the off-nuclear SED analysis.
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Figure 2. Matched-resolution cm-to-sub-mm SEDs of the compact jet
components NE, C, S2, and S3. Circles are detections and arrows are
upper limits. The solid blue curve is the posterior median total model,
the grey dotted curve is the synchrotron contribution, and the orange
dashed curve is the free-free contribution. The shaded regions show the
16th-84th percentile interval of the corresponding model component.
The thermal-dust contribution is included in the fitting but is not shown
because its upper limit is below the scale of the plots. The lower panels
show the normalized residuals, A = (Sgbs — Smodel )/ Tobs-

The centroid separations are 0.352 arcsec for NE to C, 0.308
arcsec for C to S1, and 0.119 arcsec for S1 to S2, corresponding
to 5.86, 5.14, and 1.99 common beamwidths, respectively. NE
and C are therefore well separated, while the closest pair, S1
to S2, remains resolved into distinct contributions, including at
22.3 GHz. Quantitative contamination limits are derived from
the covariance and perturbation tests rather than from separation
alone.

Across fits with and without the broad bridge component, the
maximum absolute amplitude correlations are |p| = 0.020,0.113,
and 0.032 for NE to C, C to S1, and S1 to S2, respectively. Fixing
the nearest-neighbour amplitude 20 per cent above or below its
best-fitting value changes the NE, C, and S2 fluxes by at most
0.65 per cent, 0.98 per cent, and 0.92 per cent. Injection-recovery
trials give median biases below 0.32 per cent and maximum 95th-
percentile errors of 1.29 per cent, 1.72 per cent, and 3.07 per cent,
respectively.

Centroid placement produces the larger uncertainty. A 10-mas
displacement changes the recovered fluxes by at most 7.7 per cent
for NE, 6.8 per cent for C, and 13.0 per cent for S2; around the S2
turnover, the maximum change is 8.4 per cent. The deliberately
conservative 30-mas X-band displacement changes S2 by 24-29
per cent, but represents a half-beam stress test rather than a real-
istic registration uncertainty.

The resulting effect on the absorption parameters can
be bounded from the partial-covering model. At v =y,
define

Acl =1- fcov(1 - e_1)~ (11)

For a small fractional flux bias €, with all other parameters
fixed,

A Vel

Vel

Acl

T—elel (12)

x> lel,

|Afcov| =

For S2, the conservative 8.4 percent turnover-band pertur-
bation implies |Avg| < 1.6 GHz or |A fiov] < 0.06. These shifts
are comparable to the statistical uncertainties but cannot reduce
va = 26.011% GHz to the ~ 11-12 GHz values of NE, C, and S3.
Spatial blending may therefore broaden precise parameter com-
parisons, but it cannot account for the unusually strong absorp-
tion inferred for S2.

4.3 Best-fitting component SEDs

Component NE has an intrinsic synchrotron index ag =
—1.2775%, a clump optical-depth scale vy = 12.1*1 GHz, and
a covering factor feoy = 0.53%005. Its diffuse opacity is not
significantly constrained, with vgi¢ < 1.59 GHz, and its syn-
chrotron cut-off is v, = 63412% GHz. Component C has oy =
—0.94%03 vy = 11.6"23 GHz, feoy = 0.437319, and a measured
diffuse component vgigr = 2.117032 GHz. Its cut-off is lower, v, =
420119 GHz.

Component S2 has the steepest intrinsic spectrum, oz =
—1.677514, and the largest fitted absorption parameters, with
va = 26.0)% GHz, fiov = 0.83%00%, and vy = 2.37103; GHz
Its synchrotron cut-off is constrained to v, > 418 GHz. Compo-
nentS3hasagy = —0.957013, vy = 11.07}7 GHz, fooy = 0.467013,
vairr < 1.56 GHz, and v, = 598721 GHz.

To quantify the extent to which S2 differs from the other
components, we define a conservative Gaussian-equivalent ten-

sion statistic using the one-sided uncertainties directed towards

MNRAS 552, 1-9 (2026)
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6 I. M. Mutie et al.

Table 3. Best-fitting SED model parameters for the compact jet components in NGC 1068, derived from the posterior distributions obtained with MCMC
sampling. Uncertainties correspond to the 16th-84th percentile intervals. For parameters reaching a hard prior boundary, only the corresponding upper or
lower limit is reported. The quantities AAIC and ABIC compare the model containing a partial-covering clumpy absorber with the diffuse-only model;
positive values favour the clumpy-absorber model (Section 3.3). Full posterior distributions and parameter covariances are shown in Supplementary

Figs S2 to S5.
Component sy Asy Agt Aq ve (GHz) va (GHz) Jeov vaief (GHz) ~ AAIC  ABIC
—+0.09 +0.05 +244 +1.5 +0.08
NE -1.2770%  1.647005 <-0.6 <-15 63472 12113 0.53+0:08 <159 8.3 6.1
+0.13 —+0.06 +146 +2.1 +0.10 +0.42
¢ —0.947013  1.807006 <-05 <-15  420t% 11621 0.43+010 2114042 6.6 4.3
S2 -1.67731% 1671073 —0.587018 < —2.06 > 418 26.013% 0.8375:%° 2.377532 301 280
.13 X .48 264 . 12
S3 —0.957313 0.957597 -0.97133%8 < -15 598125 11.0417 0.461512 <156 6.9 4.7
overlap, FFA is well established in NGC 1068 and is associated with ion-
NP ized circumnuclear and disc/torus material (S. Garcia-Burillo et
Zi = ﬁ, (13) al. 2014; C. Ramos Almeida & C. Ricci 2017; S. Garcia-Burillo
(Usz‘f + “i,+) et al. 2019). NE shows the weakest absorption, with low diffuse

where i = NE, C, or S3. This gives Zng = 5.4, Zc = 4.8, and
Zs3 = 5.6. Thus, the higher clump-opacity scale of S2 is separated
from the values of the other three components at approximately
4.80-5.60 under this one-parameter comparison. This statistic
summarizes the marginal vy constraints and is not intended to
replace a full joint or hierarchical model comparison.

All components are dominated by steep, optically thin syn-
chrotron emission. The SEDs differ primarily in the strength of
low-frequency absorption and the location of the high-frequency
cut-off. NE, C, and S3 have broadly comparable clump-opacity
scales and covering factors within their uncertainties. C is dis-
tinguished by its detected diffuse component, whereas S2 is
the clear outlier, with both a substantially higher vy and a
larger feov-

5 DISCUSSION

5.1 Synchrotron emission and model-selected free-free
absorption

The cm-sub-mm SEDs of all four compact jet components are
dominated by optically thin synchrotron emission, with og, >~
—0.9 to —1.7. NE and S3 have ay = —1.2775% and —0.957013,
respectively, C has —0.94%013, and S2 is steepest at —1.677015.
These values support the established non-thermal jet interpreta-
tion of the sub-arcsecond structure in NGC 1068 (T. W. B. Muxlow
et al. 1996; J. F. Gallimore et al. 1996a, 2004; I. M. Mutie et al.
2024). The steep spectrum of S2 suggests stronger cooling or less
efficient re-acceleration, whereas the flatter spectrum of C may
reflect younger plasma, shocks, or unresolved flatter-spectrum
structure (N. S. Kardashev 1962; R. D. Blandford & A. Konigl
1979; C. L. Carilli et al. 1991).

The lowest measured synchrotron cut-off occurs in C, v, =
4201136 GHz. NE and S3 have cut-offs of 634123 and 59825 GHz,
respectively. For S2, the posterior does not localize the cut-off and
only the lower limit v, > 418 GHz can be reported.

The lower cut-off in C may indicate enhanced radiative losses
or lower maximum electron energies near the nucleus (A. A.
Rahman, S. Sahayanathan & P. A. Subha 2022; T. Chand & M.
Béttcher 2024).

The model comparison in Section 4.1 shows that foreground
ionized absorption is the principal source of spectral diversity.
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opacity and f.v ~ 0.5, consistent with a relatively unobscured
near-side sightline (A. J. Young, A. S. Wilson & P. L. Shop-
bell 2001). S3 is intermediate, with f.,, ~ 0.45 and weak diffuse
absorption.

C and S2 show stronger but distinct absorption. C has a
measured diffuse component, vgir >~ 2.1 GHz, implying an ex-
tended ionized column in addition to partial-covering absorp-
tion (S. Garcia-Burillo et al. 2024; C. Marconcini et al. 2025).
S2 has the largest covering factor, f.oy ~ 0.8, and highest clump
turnover frequency, vy >~ 26 GHz, favouring compact, high-
emission-measure ionized structures in a multiphase circumnu-
clear medium (S. Garcia-Burillo et al. 2019; M. Revalski et al.
2021; J. Shin et al. 2021). This cannot be explained by leakage
from S1: the pair is separated by 0.119 arcsec, or 1.99 com-
mon beams, their fitted amplitude correlation is only | p| = 0.032,
and the conservative perturbation test gives [Avy| < 1.6 GHz or
|A feon| < 0.06.

Components NE, C, and S3 have broadly comparable clump-
opacity scales and covering factors within their uncertainties,
consistent with the southern components being viewed through
thicker, more inhomogeneous ionized material (e.g. S. Garcia-
Burillo et al. 2014; V. Gamez Rosas & others 2025). C’s dif-
fuse absorption further supports an extended nuclear ionized
phase (e.g. J. F. Gallimore et al. 1996b, 2004; S. Garcia-Burillo
et al. 2021, 2024). The resolved SEDs therefore favour intrin-
sically synchrotron-dominated jet components whose observed
differences are governed mainly by the structure and covering
of foreground ionized gas. Variations in ag and v, may ad-
ditionally trace differences in synchrotron ageing and particle
acceleration.

Although this study does not measure feedback energetics
directly, it identifies parsec-scale ionized structures that shape,
and may respond to, the compact jet. The dense environ-
ment inferred towards C may also be relevant to hadronic in-
teraction models for NGC 1068 (M. Aartsen et al. 2020; K.
Fang et al. 2023), although this lies beyond the scope of this
work.

5.2 Physical implications of the preferred clumpy
absorber

The model comparison in Section 4.1 favours the partial-covering
model over the diffuse-only alternative. We therefore examine
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what the fitted f.,v and v, values imply for the ionized material
along the four sightlines.
The covering factors for NE, C, and S3 are

feoov = 0.537598  0.437019 and 0.467012,

withvg = 12.1713,11.6721, and 11.0"]7 GHz, respectively. These
similar values imply comparable FF opacities, but not identi-
cal absorber locations or structures. NE and S3 have only up-
per limits of vgir < 1.59 and < 1.56 GHz, whereas C has vg =
2.117342 GHz, supporting a patchy, multiphase medium rather
than a simple radial opacity gradient.

Using the standard FF opacity approximation (e.g. A. Y. Yang
et al. 2021),

(@) =207 () ) (7)o

where n, is the electron density and D the line-of-sight depth.
Since EM = n2D, adopting T. = 10* K gives

ne \2(D . Vel 21
( ) Z)=165x10 ( ) . (15)
cm—3 pc 20 GHz

This constrains the emission measure, but not the density, path
length, filling factor, or location independently.

5.2.1 The case for component NE

Component NE lies substantially farther from S1 than C and S2,
at a projected separation of approximately 0.65 arcsec, or ~45 pc
at the adopted distance of 14.4 Mpc. Its fitted vg = 12.177- GHz
should therefore not automatically be associated with compact
torus material. For T, = 10* K, equation (15) gives

EMpyg = (5.771%) x 10° cm™° pc,

or

Ne -2
104 cm—3 ) pe.

Dy ~ 5.7 (
Thus, n. = 3 x 10* and 10°cm~3 correspond to characteristic
depths of approximately 0.64 and 0.057 pc, respectively. The
required emission measure can therefore arise in a pc or sub-
pc-scale ionized cloud, a shock-compressed cloud surface, or
foreground narrow-line-region material, without requiring torus
clumps at the projected position of NE.

The moderate covering factor, foo, = 0.537095, and weak
diffuse-opacity constraint, vgig < 1.59 GHz, further show that
only a subset of sightlines needs to intersect high-emission-
measure gas. Previous radio imaging indicates that the north-
eastern jet propagates through a dense and disturbed circum-
nuclear medium (J. F. Gallimore et al. 2004; I. M. Mutie et al.
2024), making a local jet-cloud interaction physically plausible.
The present unresolved SED cannot distinguish such an interface
from foreground narrow-line region (NLR) absorption; we there-
fore interpret the NE curvature as evidence for a partial-covering,
high-emission-measure screen rather than direct evidence for
torus clumps.

5.2.2 The case for component S2

Component S2 has the highest clump optical-depth scale, v =

26.071% GHz, and the largest covering factor, feoy = 0.83100,

indicating that most of its intrinsic synchrotron emission is

intercepted by ionized gas. For T, =10* K, equation (15)
gives

EMs, = (2.86707%) x 10° cm™° p,

and hence

Ne -2
10*cm—3 ) pe-
Confining the absorber to D < 1 pc requires n 2> 5.3 x 10* cm™3,
while D ~ 0.1 pc requires n, ~ 1.7 x 10° cm~3. S2 therefore re-
quires a substantially denser and more strongly covering absorber
than NE, C or S3.

This interpretation is consistent with the projected location of
S2, approximately 10 pc from the nucleus (I. M. Mutie et al. 2024),
near the torus-inner NLR interface. The Compton-thick molec-
ular torus extends over several parsecs (N. Lopez-Gonzaga et al.
2014; F. E. Bauer et al. 2015; S. Garcia-Burillo et al. 2016), while
clumpy torus models permit strong sub-pc density contrasts and
dense ionized cloud surfaces (M. Nenkova et al. 2008). Such
structures can provide the required emission measure, although
a contribution from dense inner-NLR gas cannot be excluded. As
quantified in Section 4.3, the fitted vy of S2 is separated from
those of NE, C, and S3 by approximately 4.8-5.60, confirming
that its higher opacity scale is not merely a consequence of over-
lapping statistical uncertainties.

D, ~ 28.6(

5.2.3 Variability of the jet components

Because the SEDs combine non-simultaneous observations, vari-
ability may broaden the inferred absorption parameters. An
order-of-magnitude estimate can be obtained from equation (7):
at v = vy, where 1 = 1, the fitted covering factors imply syn-
chrotron suppression of approximately 27 per cent-52 per cent
across the four components. Propagating the quoted uncer-
tainties in fu, and vq indicates that inter-epoch flux-density
changes of order 7 per cent-12 per cent could shift these parame-
ters by roughly one statistical standard deviation. Variability at
the ~10 per cent level may therefore contribute appreciably to
their uncertainties, particularly for C, where long-term changes
have been reported (J. F. Gallimore et al. 2004; I. M. Mutie
et al. 2024). However, reproducing the full absorption curva-
ture without a foreground screen would generally require coher-
ent frequency-dependent changes of several tens of per cent; for
NE, the required offset is approximately 30 per cent-50 per cent
around the turnover and approaches a factor of 2 at 5-7 GHz.
We therefore regard variability as a secondary source of uncer-
tainty rather than the primary origin of the fitted low-frequency
curvature.

5.3 Physical interpretation synthesis: what sets the
component-to-component SED diversity?

Taken together, the fitted parameters suggest a two-level interpre-
tation. First, all four components are intrinsically synchrotron-
dominated jet features with steep, non-thermal spectra, im-
plying aged or continuously cooling electron populations. Sec-
ondly, the main driver of their observed spectral differences is
not a large intrinsic change in synchrotron shape, but plau-
sibly the differing structure and covering of foreground ion-
ized gas. In this picture, NE traces a relatively clear sightline,
S3 an intermediate one, C probes both clumpy and diffuse
nuclear ionized gas, and S2 intersects the densest and most
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compact absorber population, plausibly near the torus-inner
NLR interface.

6 SUMMARY AND CONCLUSIONS

We present parsec-scale cm-to-sub-mm SEDs of the compact jet
components NE, C, S2, and S3 in NGC 1068 using matched-uv e-
MERLIN, VLA, and ALMA data spanning 4.5-706 GHz at a com-
mon 0.06 arcsec (~4 pc) resolution. Spatial-deblending tests show
that inter-component contamination is small. Even for the closest
pair, S1-S2, neighbour perturbations change the recovered flux
by less than 1 per cent, while the largest injection-recovery er-
ror is 3.07 per cent. A conservative centroid shift gives |Avg| <
1.6 GHz or | A feov| < 0.06 for S2, insufficient to explain its distinct
absorption signature.

Confirming their non-thermal jet origin, all four components
are dominated by steep, optically thin synchrotron emission with
spectral indices ranging from oy ~ —0.9 to —1.7. The spectral
cut-off v, is measured at approximately 420 GHz in component C
and 600-630 GHz in components NE and S3; for S2, only a lower
limit of v, > 418 GHz can be established. This variance points
to localized changes in radiative losses or maximum electron
energies along the inner jet.

Foreground ionized absorption is the principal source of spec-
tral diversity. AIC and BIC comparisons favour the partial-
covering absorber, most strongly for S2. NE and S3 show
moderate covering factors and turnovers near 11-12 GHz,
while C requires both partial-covering and diffuse absorp-
tion. S2 is the most absorbed component, with f.,, = 0.8379°
and vy >~ 26 GHz, consistent with a dense, high-emission-
measure screen near the torus-inner-NLR interface. The clump-
opacity scale of S2 differs from those of NE, C, and S3 at
approximately 4.8-5.60 in a conservative Gaussian-equivalent
comparison.

No off-nuclear component requires a statistically significant
mm-sub-mm excess above the synchrotron model. The observed
SED differences therefore arise mainly from variations in the
structure and covering of foreground ionized gas, rather than
fundamentally different intrinsic emission mechanisms.

Future high-resolution observations below ~4 GHz will be es-
sential for constraining the turnover shape and separating cov-
ering factor, density, and path-length effects in the absorbing
medium.
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