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Abstract

We present first results from James Webb Space Telescope Near-Infrared Spectrograph, Mid-Infrared Instrument,
and Keck Cosmic Webb Imager integral field spectroscopy of the powerful but highly obscured host galaxy of the
jetted radio source Cygnus A. We detect 169 infrared emission lines at 1.7-27 ym and explore the kinematics and
physical properties of the extended narrow-line region (NLR) in unprecedented detail. The density-stratified NLR
appears to be shaped by the initial blow-out and ongoing interaction of the radio jet with the interstellar medium,
creating a multiphase bicone with a layered structure composed of molecular and ionized gas. The NLR spectrum,
with strong coronal emission at kiloparsec scale, is well modeled by active galactic nucleus photoionization. We
find evidence that the NLR is rotating around the radio axis, perhaps mediated by magnetic fields and driven by
angular momentum transfer from the radio jet. The overall velocity field of the NLR is well described by
250 km s~ " outflow along biconical spiral flow lines, combining both rotation and outflow signatures. There is
particularly bright [Fell] A1.644 um emission from a dense, high-velocity dispersion, photoionized clump of
clouds found near the projected radio axis. Outflows of 600—2000 kms ™" are found in bullets and streamers of
jonized gas that may be ablated by the radio jet from these clouds, driving a local outflow rate of 40M, yr".

Unified Astronomy Thesaurus concepts: Active galaxies (17); Radio galaxies (1343); Radio jets (1347)

1. Introduction et al. 2012; B. R. McNamara & P. E. J. Nulsen 2012; R. A. Crain
et al. 2015; R. S. Somerville & R. Davé 2015; Z. Dugan et al.

Radio-jet feedback be the key t ing star fa ti
acrojet feedback may be the Key fo Suppressing star formation 2017; N. M. Forster Schreiber et al. 2019). However, the mass

in high-mass elliptical galaxies (R. Morganti et al. 2005;

D. J Croton et al 2006: A. Cattaneo et al. 2009 outflow rates observed in the ionized narrow-line regions (NLRs)
A- C .Fabian 2012: T M Heciqnar; & P. N. Best 201.4 202?; of nearby radio-loud active galactic nuclei (AGNs) are relatively
L. Lanz et al. 2016; A. Girdhar et al. 2022; R. Kondapally et al, ~ Modest suggesting either that ionized gas represents a small

2023). It may do so both by ejecting gas from the galaxy and by fraction of the mass outflow or that outflows are less powerful at
heating the circumgalactic medium and thereby stalling gas late cosmic epochs (C. Tadhunter 2007). The manner in which the
accretion (J. Holt et al. 2008: V. Gaibler et al. 2012; P. Guillard radio jet couples to the host-galaxy interstellar medium (ISM) in
’ ' T ’ T the case of ejective feedback is an area of active observational and

theoretical study (D. Mukherjee et al. 2018; A. Mandal et al.
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radio jet feedback works in both the local and high-redshift
universe (M. Pereira-Santaella et al. 2022; J. H. Costa-Souza et al.
2024; K. M. Dasyra et al. 2024; J. H. Leftley et al. 2024; N. Roy
et al. 2024; W. Wang et al. 2024). In particular, it is becoming
apparent that the impact of the radio jet on the ISM depends on a
number of factors, including jet power, age, and geometry with
respect to the host ISM. It is therefore crucial to observe jets with a
range of power and age in different environments in order to fully
understand their impact on the ISM and massive galaxy evolution.

Cygnus A (Cyg A; z = 0.0557, 1”7 = 1.09 kpc) is by far the
most powerful radio source in the nearby universe, powered by
a collimated, relativistic jet launched from the AGN (W. Baade
& R. Minkowski 1954; R. A. Perley et al. 1984; C. L. Carilli
et al. 1991; P. D. Barthel & K. A. Arnaud 1996; C. L. Carilli &
P. D. Barthel 1996). The AGN is highly obscured by dust at
visible wavelengths and has an absorption column density of
Nu = 1.7 x 102 em™2 to X-rays (S. Djorgovski et al. 1991;
S. Ueno et al. 1994; A. J. Young et al. 2002; C. S. Reynolds
et al. 2015). A hidden Type 1 quasar is revealed by
spectropolarimetry, which shows emission lines with full width
at half-maximum (FWHM) up to 26,000 kms~" in polarized
flux (R. Antonucci et al. 1994; P. M. Ogle et al. 1997).
Radiation absorbed by the parsec-scale dusty torus surrounding
the AGN is re-radiated at mid-infrared (MIR) wavelengths,
with a bolometric luminosity of Lg = 3.0 x 10¥ ergs™'
(G. C. Privon et al. 2012).** The 10-100 pm  polarimetric
observations show a highly (~10%) polarized nucleus with an
inferred B-field parallel to the axis of the obscuring torus, as
traced by magnetically aligned dust grains, demonstrating the
influence of the magnetic field on the ISM of a jetted radio
source (E. Lopez-Rodriguez et al. 2018a, 2018b, 2023).

A prominent ionization cone is seen in polarized optical
continuum and emission lines (P. M. Ogle et al. 1997; N. Jackson
et al. 1998). The structure of this biconical NLR is even more
apparent at near-infrared (NIR) wavelengths, which are less
affected by dust obscuration in the host galaxy (C. N. Tadhunter
et al. 1999; G. Canalizo et al. 2003). Highly asymmetric polarized
flux at 2 ym could be indicative of beamed NIR continuum
(C. N. Tadhunter et al. 2000). However, the polarized flux may
alternatively follow the asymmetry in the spatial distribution of
the dusty scattering medium. The NLR of Cyg A contains a
mix of low- and high-ionization photoionized components
(D. E. Osterbrock & J. S. Miller 1975; A. Stockton et al. 1994,
C. N. Tadhunter et al. 1994). C. N. Tadhunter et al. (1994)
suggested that the extreme [N II] line strength may require an
N/O abundance 4x solar. However, the [NII] emission
appears to be enhanced in a disk-like structure perpendicular
to the ionization cone (A. Stockton et al. 1994), and its strength
may potentially be explained by shock ionization. Rotation
dominates the overall kinematics of ionized gas, H,, and CO
(C. Tadhunter et al. 2003; R. A. Riffel 2021; C. L. Carilli et al.
2022). Additionally, line splitting and high-velocity dispersion
indicate the presence of a high-velocity ionized outflow
in the NLR (C. N. Tadhunter 1991; A. Stockton et al. 1994;
R. A. Riffel 2021).

24 Herschel far-IR observations admit the possibility of a contribution from
star formation at a rate of 26M, yr ', which could lower the inferred AGN
luminosity to 8 x 10* erg s~' (P. Barthel et al. 2012). However, we find no
evidence for emission at <27 pm from this component in the JWST data. The
far-IR emission observed by Herschel may have an extranuclear starburst
origin or alternatively arise from dust heated by a combination of the AGN and
the old stellar population in the galaxy bulge.

Ogle et al.

In this contribution we present JWST Near-Infrared
Spectrograph (NIRSpec) IFU and Mid-Infrared Instrument
(MIRI) medium-resolution spectroscopy (MRS) observations
of the central 2 kpc of the Cyg A host galaxy (Section 2). The
spectra reveal a rich collection of ionized and molecular gas
emission lines (Section 3). We explore the spatial distribution
of ionized and molecular gas, demonstrating a stratified
biconical NLR that appears to be shaped both by the radio
jet and ionizing radiation from the AGN (Section 4). In
Section 5, we map the extinction toward the ionized gas in the
NLR. We describe the NLR kinematics in Section 6 and
confirm that the multitude of ionized gas lines from the
biconical NLR are excited by photoionization in Section 7. We
model the velocity field by spiral outflow in Section 7. We
conclude in Section 8 by discussing the implications of our
results for radio jet feedback on the multiphase ISM in Cyg A.

2. Observations

We present new observations of Cyg A taken with JWST
(J. P. Gardner et al. 2023), utilizing the NIRSpec IFU (P. Jakobsen
et al. 2022; T. Boker et al. 2022; T. Boker et al. 2023) and MIRI
MRS (M. Wells et al. 2015; I. Argyriou et al. 2023). We also
present new observations obtained with the Keck Cosmic Web
Imager (KCWI; P. Morrissey et al. 2018).

2.1. NIRSpec IFU

Cyg A was observed with the NIRSpec IFU on 2023 August
16 as part of JWST PID 4065 (PI: Ogle). Spectra were obtained
with the G235H/F170P and G395H/F290LP filter/grating
combinations at a spectral resolution of R ~ 2700, covering the
wavelength range of 1.66-5.27 ym with small gaps in wavelength
coverage at the chip gaps. Data were taken at four dither points,
yielding a 3”6 x 3”4 arcsec® field of view (FOV). Dithering
better samples the telescope point-spread function, which is
undersampled by the 0”1 IFU pixels at <3.2 ym. Exposures were
taken using the NRSIRS?2 readout pattern to enable subtraction of
the variable detector bias level and thereby reduce 1/f noise. The
total exposure time was 5894 s in each grating. The IFU data were
retrieved from MAST and reprocessed through all stages (with the
1281 pmap set of calibration reference files) to take advantage of
improvements in the JWST Build 11.0 pipeline. In particular, a
bug fixed in this pipeline version yielded improved rejection of
bright cosmic rays for the IRS2 readout mode. We used a clipped
median filter with a 3 X 3 x 3 kernel to further remove outliers
from the Level 3 data cube. While such a median filter will
spatially and spectrally smooth the data, the use of a conservative
flux clip limit means that only isolated high or low voxels were
replaced with the median of the surrounding kernel.

Emission line analysis was performed at the native
instrumental spatial and spectral resolution for individual
emission line flux maps and kinematics. The spatial resolution
of the IFU does not change significantly with wavelength
below 3.2 um because the telescope PSF is spatially under-
sampled. Therefore, the emission line ratios used for our
extinction analysis have the same effective spatial resolution.
Our photoionization modeling is performed on spectra
extracted in large apertures and is therefore not impacted by
variations in spatial resolution with wavelength. In our
kinematics analyses, we subtract the instrumental FWHM in
quadrature to obtain velocity dispersion. We used the
jdaviz (JDADF Developers et al. 2024) Moment Map tool
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to generate total flux, velocity, and velocity dispersion maps,
utilizing a local linear fit around each line for continuum
subtraction.

NIRSpec spectra of the nucleus were extracted in a
0”7 x 0”7 (0.76 x 0.76kpc?) square aperture centered on
the nucleus. We additionally extracted spectra from a
0”3 x 073 (0.32 x 0.32kpc) square aperture at the northwest
reference (NWR) region and a 0”8 x 170 (0.87 x 1.09 kpc?)
elliptical aperture encompassing the Fell clump. The con-
tinuum spectra from the two NIRSpec gratings match quite
well without any renormalization. There is a small (~10%)
mismatch between the NIRspec and MIRI spectra of the
nucleus at 5 um, perhaps related to the different pixel sizes of
the two instruments, which does not significantly impact any of
our results. We used the Penalized Pixel-Fitting method (pPXF;
M. Cappellari et al. 2011; M. Cappellari 2017, 2023) to fit the
galaxy continuum and decompose the NIRSpec emission line
spectrum into multiple velocity components.

2.2. MIRI MRS

MIRI MRS observations of Cyg A were obtained on 2023
October 30, also as part of JWST PID 4065. We defer a full
presentation of the MIRI MRS results, but do make use of the
MRS spectra to illustrate a few key results. Data were taken in all
MRS channels and subbands, covering the continuous wavelength
range of 4.9-27.9 ym. The observations were made using a
4-point dither, optimized for an extended source. We retrieved the
standard Level 3 data products from MAST, as generated by the
JWST Build 10.0.1 pipeline using the 1141 pmap. MIRI MRS
spectra were extracted in fractional pixel apertures matching the
NIRSpec apertures, however, pixel interpolation errors may cause
the small mismatch noted in Section 2.1.

2.3. KCwWI

Cyg A was observed with KCWI for Keck program 2024B-
U230 (PI: G. Canalizo) on 2024 August 4 and 2024 August 9.
KCWI is an integral field spectrograph that covers the optical
and NIR spectrum. The observations utilized the blue grating
(BL), covering 3500—05500 A, and the red grating (RL),
spanning 5600-10810 A, with the 1 x 1 binning on the small
slicer setup. This configuration gives a spectral resolution of

~80kms ' FWHM at 4550 A and an 8” x 20” FOV. The

net exposure time was 14 x 1000 s for the blue data cube
containing the [O 1] 5007 A line presented here. The
observations were obtained under clear sky conditions and a
seeing of ~0”8. The data were reduced using version 1.1.0 of
the KCWI Data Reduction Pipeline (D. Neill et al. 2023),
following the standard procedures listed in the documentation,
including wavelength and flux calibration. To construct a full
mosaic of the galaxy, we dithered between exposures each
night. A foreground star common between both nights was
used to align and stack the individual data cubes using custom
Python scripts. We then employed routines from the IFSRED
library (D. S. N. Rupke 2014) to resample the data cube,
converting the originally rectangular 0735 x 0”715 spaxels to
0”15 x 0”15 using IFSR-KCWIRESAMPLE. This yielded
undistorted, square pixels matching the detector spatial
sampling along IFU slices, but the actual spatial resolution of
the data is seeing-limited.

Ogle et al.

2.4. Very Large Array

We used an existing 11 GHz map of the entire source and a
new 33 GHz Very Large Array (VLA) map of the kiloparsec-
scale radio jet for comparison with the NLR. The source was
observed by the JVLA (R. A. Perley et al. 2011) in 2014 and
2015 as part of a multi-configuration, multifrequency study of
the polarimetric properties of Cyg A and its interaction with the
cluster medium. Details of the calibration and imaging, and
results from this comprehensive study, are presented by
M. L. L. Sebokolodi et al. (2020). The 11 GHz image shown
was produced by combining data from all four VLA
configurations, after self-calibration was performed to remove
instrumental and atmospheric gain fluctuations. The 33 GHz
map was generated from observations of Cyg A with the VLA
from 2017 through 2023. The goal of this ongoing study is to
track the evolution of the A2 transient, following its 2016
discovery (D. A. Perley et al. 2017; C. L. Carilli et al. 2019).
The displayed image was made from a combination of all
A-configuration observations taken in this program, following
standard self-calibration techniques.

3. Multiwavelength Perspective

In order to put the JWST results in full perspective, we show
them in relation to a rich suite of available multiwavelength
observations, including VLA radio, Chandra X-ray, and
Hubble optical imaging (Figure 1). The radio jets span a
diameter of 64 kpc, ending in radio hotspots where they are
slowed to subrelativistic speeds and their power is dissipated
(C. L. Carilli & P. D. Barthel 1996). The enormous energy
released creates large cavities in the intracluster medium and
drives the shocks seen as bright edges in the Chandra image at
0.5-0.7keV (B. Snios et al. 2018). Zooming in on the
376 x 3”74 (3.9 x 3.7kpc) central region of the brightest
cluster galaxy of Cyg A, a distinct biconical NLR is seen at
optical through MIR wavelengths. X-ray (0.5-1.5 keV) coronal
line emission (A. J. Young et al. 2002) shows up preferentially
inside the southeast (SE) cone, where there is a lower column
density of gas, illustrating a marked asymmetry between the
two sides of the bicone. The NLR bicone and the host galaxy
are heavily obscured by patchy dust clouds in the Hubble Space
Telescope (HST) images, with bright patches of the optical
NLR shining through in both direct and scattered light. The
obscuration becomes less but still significant in the JWST
NIRSpec continuum and emission line images extracted from
the IFU data. The unresolved, heavily obscured active nucleus
lies near the center of the bicone. The optical continuum from
the AGN and NIR continuum from hot dust at the inner edge of
the obscuring torus are only seen indirectly via scattered light.
The nucleus itself is only directly visible in hard X-rays
(C. S. Reynolds et al. 2015).

We present the combined NIRSpec and MRS 1.6-27 um
spectrum of the nucleus in Figure 2. The continuum at >2 pym
is likely dominated by emission from dust in the AGN torus
with a wide range of temperatures (D. Asmus et al. 2014;
S. F. Honig 2019; A. Bagul et al. 2024). Silicate absorption is
seen at 8.3—12 ym and weakly at 18-22 ym. At <2 pum, there
is a significant continuum contribution from starlight. We
detect 94 emission lines from ions (Table 1) and 75 emission
lines from H, (reported elsewhere). The ionization potentials of
the ions range from 13.6eV for H I to 351 eV for SiIX. The
spectrum of the nucleus has much broader emission lines than
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1.0” =1.09 kpc = 10 IFU pixels

Figure 1. Cyg A NLR in context. Top left: the radio jet, with its hotspots and enormous radio lobes, drives a shock into the intracluster medium, mapped at 11 GHz by
the VLA (M. L. L. Sebokolodi et al. 2020) and imaged in 0.5-0.7 keV X-rays by Chandra (B. Snios et al. 2018). Smaller panels: the JWST NIRSpec IFU and HST
observations zoom in a 376 x 3”4 region centered on the galaxy nucleus. Top right: comparison of Pac, [Si VI] 1.963 um from NIRSpec, and 0.5-1.5 keV X-rays
from Chandra. Various features are labeled, including the SE and NW lobes of the bicone, the nuclear extraction region (NR), the NWR, and star-forming (SF) region,
the only identified star-forming region. X-ray photoionized gas appears to fill the NLR bicone, but soft X-rays are obscured by dense patches of gas in the NW cone
and by a curved filament in the SE cone. Bottom row: series of continuum images from HST (left; G. Canalizo et al. 2003) and NIRSpec IFU (center, right), featuring
patchy dust extinction, stellar continuum, and scattered light. Dust scattering of the hidden QSO optical continuum gives rise to the blue patches of emission in the
HST image. Scattered light originating from the hot inner edge of the dusty torus traces the edges of the hollow NLR bicone at 1.8-3.0 ym. The Cyg A2 secondary
nucleus appears strongest in starlight at ~1.7 pm, but has no obvious counterpart in the emission line maps. Cyg A2 should not be confused with the apparent (red)
supernova that only appears in the HST 0.81 pm image. All images in this paper are presented in standard orientation, with north up, east to the left.

the extended NLR (Figures 3, 4). It is also striking that the off-
nuclear spectrum shows much weaker silicate absorption than
the nucleus, consistent with a higher inclination, less obscured
view of the dusty torus, as seen in scattered light and consistent
with both the observed and predicted inclination-dependent
silicate absorption depths of quasars and radio galaxies
(M. Nenkova et al. 2008; C. Leipski et al. 2010).

There is a weak 3.3 um PAH feature in the NIRSpec
spectrum of the NWR, but PAH features are not readily
detected in the MRS spectrum (Figures 3, 4). Only one location
shows clear evidence of star formation: an unresolved knot at
the NE edge of our map, seen most clearly in the Paa line
(labeled SF in Figure 1). The spectrum at that location only
shows emission from H, He, and [Fell], with no high-
ionization lines detected. While it is possible that star formation
occurs elsewhere in the region covered by our map, it would be
difficult to distinguish in projection to the NLR bicone.

The secondary radio nucleus Cyg A2 (D. A. Perley et al.
2017) does not stand out in any of the emission line maps

(Figures 1 and 5), nor in MIR continuum. However, it does
appear in continuum emission at <3 pm, consistent with its
identification as a secondary stellar nucleus in ground-based
and HST images. While a radio outburst at this location may
indicate a secondary AGN, there is no indication in the JWST
data of significant thermal AGN activity.

4. NLR Morphology

The axis of symmetry of the biconical NLR is aligned with
the radio jet (Figures 1 and 5). Distinct limb brightening
indicates that the bicone is hollow or much less dense along its
axis. Extinction obscures large swathes of the galaxy and NLR
at visible wavelengths, becoming less severe but still significant
in the NIR. The morphology of the NLR is echoed in scattered
light at 1.8-3 um and beyond. Direct hot dust emission from
the nucleus becomes increasingly apparent at >3 pm. There is
a significant asymmetry between the SE and NW cones,
marked by the presence of much more molecular gas and dust
in the NW cone. The NW cone is clumpier, while the SE cone
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Figure 2. NIRSpec IFU and MIRI MRS spectra of the nucleus, extracted within a 077 x 0”7 square aperture. The continuum at >2 pm is hot dust emission from the
inner AGN torus, with silicate absorption from cooler dust in the outer torus or the shielded faces of dense clumps. Emission lines from warm H, are indicated by

green tick marks and ions by other colored marks as indicated in the legend.

appears to be evacuated, with line emission found primarily
along the edges of the cone. There is a remarkable difference in
the spatial distribution of the ionized line emission and the
rovibrational H, line emission. The general impression is that
the bicone has a wider opening angle in H, than in ionized gas.
The H, rovibrational lines may be powered by a number of
mechanisms, including shocks and turbulence driven by the
radio jet or outflows, X-ray heating, cosmic rays, or pumping
by the NIR continuum. Any of these might be expected to have
a broader reach than UV photoionization, which appears to be
restricted to a well-defined cone by the dusty torus. Detailed
analysis of the H, excitation mechanism and temperature
distribution is outside of the scope of this paper.

There is a clear variation in structure with ionization
parameter (Figure 5). Emission in the [SiVvI] 1.963 um
coronal line has a narrower half-opening angle of 46°
compared to Pac, which has a half-opening angle of 54°.
Far-ultraviolet (FUV) emission from the nucleus is likely
restricted to a narrower cone than the UV emission, and the
density may be higher along the edges of the biconical NLR
because its center has been partially cleared by the radio jet.
X-ray emission from extremely highly photoionized gas,
including [Ne IX] and [Si XI] is observed in both lobes of the
bicone with Chandra (A. J. Young et al. 2002). Dense ionized
gas clumps in the NW cone and also a distinct ionized gas
filament in the SE cone pass in front of and absorb the X-ray
emission (Figure 1), indicating that the X-ray emission comes
from the cone interior. The [Fe II] 1.644 pm line is enhanced in
a cloud complex in the NW cone of the NLR, which we refer to
as the Fell clump. While this line is potentially a shock

indicator (H. Mouri et al. 2000; A. Rodriguez-Ardila et al.
2004), the enhanced [Fe II] emission is most likely produced by
dense, photoionized gas, as we demonstrate below.

5. Extinction

Figure 6 shows the relative extinction E(Pacc — Bry) of the
NLR, mapped from the ratio of the Pacv and Brvy emission lines.
We assumed an intrinsic line ratio of 124 for Case B
recombination (D. G. Hummer & P. J. Storey 1987) at a
characteristic nebular temperature of 1 x 10* K. The Galactic
extinction curve of E. F. Schlafly et al. (2016) implies
Ay =457 x E(Pace — Bry). We find a median relative extinction
of E(Pac — Bry) = 0.13mag in the NLR, corresponding to a
median V-band extinction of Ay = 6.0l mag (mean Ay
5.42 mag). This level of extinction results in <13% loss for
emission lines with rest wavelengths larger than Pac and therefore
does not significantly affect our overall analysis of NLR emission
line ratios. The extinction includes the foreground Galactic
extinction Ay = 1.50 = 0.05 mag, estimated from the spectrum of
a nearby interstellar extinction probe star (P. M. Ogle et al. 1997),
which is greater than the value of Ay, = 1.03 mag given by the
NASA/IPAC Extragalactic Database extinction calculator
(E. F. Schlafly & D. P. Finkbeiner 2011). The differential
extinction increases up to 0.5 mag (Ay = 25) at the locations of
some H, knots. The H, knots associated with elevated extinction
must therefore be dusty and located in front of the bulk of the
NLR. In comparison, R. A. Riffel (2021) found a mean NLR
extinction Ay = 12.5 £ 6.3 mag and extinction values up to
Ay = 20 along the NE and NW edges of the ionization cone.
While the range of extinction values is similar, our extinction map
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Table 1

Cyg A Ionic Emission Line Flux Ratios to Pacx
Line ID Rest (Air) z = 0.0557 NWR Cloudy Fe 11 Clump Cloudy Bullet B1?* Cloudy
Br 14-4 1.5880 1.6765 0.013 0.010 0.011 0.010 0.010
[Fe 1] 1.5995 1.6886 0.0004 0.0038 0.0094 0.010
Br 13-4 1.6109 1.7007 0.013 0.013 0.013 0.013 0.013
Br 12-4 1.6407 1.7321 0.017 0.016 0.046 0.016 0.016
[Fe 1] 1.6436 1.7351 0.14 0.11 0.24 0.23 0.21 0.16
[Fe 1] 1.6638 1.7564 0.0017 0.0018 0.0025 0.0052
[Fe 1] 1.6769 1.7703 0.0057 0.0037 0.013 0.0099
Br 11-4 1.6807 1.7743 0.025 0.021 0.022 0.021 0.021
He 11 1.6918 1.7860 0.0018 0.0007 0.0002 0.0009
He I 1.7003 1.7950 0.0074 0.0077 0.0072 0.0077 0.0076
[Fe 11] 1.7111 1.8064 0.0000 0.0008 0.0018 0.0022
[Ti vI] 1.7151 1.8106 0.0011 0.015 0.0011 0.015 0.015
Br 10-4 1.7362 1.8329 0.032 0.027 0.029 0.027 0.027
[P vim] 1.7393 1.8361 0.0025 0.0007 0.0032 0.0007
[Fe 1] 1.7449 1.8421 0.0018 0.0009 0.0062 0.0026
Foreground Pac 1.8751
[Fe 1] 1.7971 1.8972 0.0019 0.0018 0.0059 0.0051
[Fe 11] 1.8000 1.9003 0.0014 0.0038 0.0090 0.010
[Fe 11] 1.8094 1.9102 0.029 0.031 0.052 0.064 0.046
Bre 1.8174 1.9186 0.044 0.038 0.038 0.038 0.038
He 11 1.8637 1.9675 0.094 0.056 0.092 0.060 0.060
[P X] 1.8676 1.9716 0.014 0.0003 0.013 0.0003
He I doublet 1.8691 1.9732 0.054 0.035 0.070 0.035 0.034
He 1° 1.8743 1.9787 0.015 0.016 0.016
Paa 1.8751 1.9795 1.00 1.00 1.00 1.00 1.00
He 11° 1.8757 1.9802 0.0010 0.0012
[Fe 1b]° 1.8890 1.9942 0.049 0.10 0.075
[Fe 1] 1.8954 2.0010 0.0026 0.0007 0.0015 0.0019
[S x1] 1.9220¢ 2.0291 0.049 0.0049 0.034 0.0047 0.020
[Ni 1] 1.9388 2.0468 0.0052 0.0023 0.0096 0.0067
Bré 1.9446 2.0529 0.078 0.059 0.069 0.059 0.059
[Fe 1] 1.9536 2.0624 0.0025 0.0028 0.0096 0.0075
He 1 1.9543 2.0632 0.0031 0.0036 0.012 0.0035
[Si v1] 1.9630° 2.0723 0.25 0.43 0.25 0.42 1.40 0.42
[Al 1X] 2.0444 2.1583 0.0035 0.015 0.0054 0.015 0.028
[Fe V] 2.0467 2.1607 0.0023 0.0006 0.0023 0.0012
He 1 2.0581 2.1728 0.038 0.043 0.036 0.044 0.042
Bry 2.1655 2.2862 0.10 0.098 0.095 0.098 0.22 0.098
He I 2.1885 2.3104 0.0085 0.0062 0.0080 0.0065
[Fe 11b] 2.2000 2.3225 0.0026 0.0017 0.0020 0.0049
[Si v] 2.4826° 2.6209 0.50 0.40 0.47 0.43 1.24 0.51
[Si 1X] 2.5839 2.7279 0.15 0.065 0.12 0.062 0.12
Pf 14-5 2.6119 2.7574 0.011 0.0086 0.013 0.0086
Brj 2.6252 2.7714 0.30 0.19 0.26 0.19 0.19
[Fe vir]° 2.6287 2.7751 0.056 0.058 0.061
Pf 13-5 2.6744 2.8234 0.014 0.011 0.011 0.011 0.011
Pf 12-5 2.7575 29111 0.012 0.014 0.018 0.014 0.014
Pf 11-5 2.8722 3.0322 0.015 0.018 0.022 0.018 0.018
[Al V] 2.9045 3.0663 0.010 0.048 0.018 0.045 0.045
[Mg vi] 3.0276 3.1963 0.33 0.45 0.28 0.44 0.51 0.54
Pfe 3.0384 3.2076 0.029 0.026 0.025 0.026 0.026
He I 3.0908 3.2630 0.065 0.035 0.055 0.037 0.037
He 11° 3.0946 3.2670 0.0011 0.0013
K vir]® 3.1897 3.3673 0.0065 0.0081
[Ca1V] 3.2061 3.3847 0.042 0.63 0.051 0.57 0.57
Pfé 3.2961 3.4797 0.048 0.039 0.044 0.039 0.039
[Al vI] 3.6593 3.8631 0.052 0.72 0.056 0.70 0.10 0.71
[Al vii] 3.6972 3.9031 0.0038 0.019 0.0007 0.019 0.026
Pfry 3.7395 3.9478 0.071 0.062 0.065 0.062 0.062
[Si 1x]* 3.9282 4.1470 0.17 0.16 0.29
He I° 4.0479 42734 0.015 0.014 0.014
He 1° 4.0495 4.2750 0.0021 0.0026
Brov 4.0512 4.2768 0.58 0.48 0.58 0.48 0.48 0.48
[Ca vi] 4.0864 4.3140 0.012 0.013 0.016 0.015 0.017
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Table 1
(Continued)
Line ID Rest (Air) z = 0.0557 NWR Cloudy Fe 1 Clump Cloudy Bullet B1* Cloudy
[Ca V] 4.1574 4.3890 0.053 0.40 0.068 0.36 0.17 0.36
Hu 13-6 4.1697 4.4019 0.013 0.0097 0.013 0.0097
Hu 12-6 4.3753 4.6190 0.013 0.013
[Mg 1v] 4.4871 4.7370 0.28 0.38 0.33 0.40 0.49 0.44
[Ar V1] 4.5280 4.7802 1.28 1.27 1.31 1.32 1.71 1.32
[K 1] 4.6168 4.8740 0.044 0.030 0.049 0.041 0.034
Pfg 4.6525 49117 0.12 0.11 0.13 0.11 0.11
Hue 4.6712 49314 0.020 0.017 0.020 0.017 0.017
[Na vi] 4.6834 4.9443 0.17 0.070 0.16 0.072 0.092
Hué 5.1273 5.4128
[Fe 11] 5.3387 5.5633
[Fe vi] 5.4451 5.677
[Mg vi] 5.4927 5.7333
[Mg V] 5.6070 5.9193
[Ni1] 5.8933 6.1396
Huy 5.9066 6.2356
[Ar 1] 6.9834 7.3723
[Na 1] 7.3157 7.7232
Pfa 7.4578 7.8732
Hup 7.5005 7.9182
[Ne v1] 7.6502 8.0763
[Fe vii] 7.8104 8.2454
[Ar V] 7.8997 8.3397
[Na viI] 8.6083 8.9722
[Ar 1] 8.9890 9.4897
[Mg vi] 9.0309 9.5339
[Na 1v] 9.0310 9.5340
[Fe vi] 9.5076 10.0372
[S1v] 10.5076 11.0929
Huo 12.3685 13.0574
[Ne 1] 12.8101 13.5236
[Ar V] 13.0985 13.8281
[Mg V] 13.5464 14.3009
[Ne V] 14.3178 15.1153
[Cl 1] 14.3639 15.1640
[Na v1] 14.3925 15.1942
[Ne 1] 15.5509 16.4171
[Fe 11] 17.9311 18.9299
[S 1] 18.7078 19.7498
[Ar 1] 21.8253 23.0410
[Ne v] 24.3109 25.6650
[0 1v] 25.8863 27.3282
Notes.

 Pac from Cyg A bullet B1 is blended with other lines and a useful upper limit cannot be measured. Bullet line flux ratios are therefore given with respect to the Pac
flux predicted from Bry and the Case B ratio of 12.4. Bullet line fluxes for weak lines below the detection limit were not measured.

® Several weak lines predicted by Cloudy that should be detectable are in fact not detected.

¢ We utilize the more accurate [S XI], [Si VI], and [Si VII] coronal line wavelengths from G. Del Zanna & E. E. DeLuca (2018) rather than the wavelengths used by

Cloudy.
4 Line falls in NIRSpec detector gap.

looks qualitatively different from theirs, perhaps because they use
Gauss—Hermite moments to measure emission line flux, while we
integrated the line flux. Unlike our map, there is no peak in
extinction at the nucleus. In a 0”3 x 0”3 box surrounding the
nucleus, we find E(Pac — Bry) = 0.57 mag (Ay = 26.2 mag),
compared to the value in their map of Ay ~ 14 mag at the nucleus.
Past measurements of nuclear extinction yield a wide range of
values (Ay = 1.2-9.6 mag) depending on line wavelength
(R. J. Wilman et al. 2000). The visible measurements yield
selectively lower extinction than our NIR measurements because
they are flux-averaged and therefore probe line emission from

regions of lower extinction. Our JWST measurement also
naturally yields a higher extinction value than ground-based
measurements because of improved spatial resolution.

6. Ionized Gas Kinematics

C. Tadhunter et al. (2003) measured kinematics from Keck
long-slit observations of Pacx and H, across the nucleus at PA
= 0°, yielding a systemic redshift of 0.0559. Their aperture was
not exactly perpendicular to the radio axis and this redshift
estimate may be affected by asymmetric outflow. Alternatively,
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Figure 3. NIRSpec IFU spectra of the nucleus (NR, black) and the NWR (blue). Emission lines of interest are marked. Spectra are scaled to show them together. The
plethora of rovibrational H, lines are important diagnostics of shocks or turbulence in warm molecular gas. The Paschen, Pfund, and Brackett series of hydrogen have
characteristic ratios that are useful tracers of extinction. The [Fe 1I] 1.644 pm line is produced in high density clouds, while coronal lines of S, Si, Al, Mg, Ar, and Ca
trace photoionization by FUV and X-ray photons in relatively low-density regions. The weak PAH 3.3 ;m feature may trace either low-level star formation or the
diffuse UV photon field from the galaxy bulge. The emission line widths are much broader in the nucleus than in the extended NLR, tracing the gravitational potential

of the black hole and any nonvirial radial motions.

C. L. Carilli et al. (2022) adopted the H I 21 cm absorption
redshift z = 0.05634 as zero velocity. Rather than using either
of these values, we measured gas kinematics relative to the
mean redshift (0.0557 £ 0.0001) of CO absorption bands
arising from old stellar populations in the NIRSpec FOV,

different by —60km s~ ' from the value of C. Tadhunter et al.
(2003). This difference is significant given the 410kms '
accuracy of the JWST NIRSpec wavelength calibration
and the =+8kms ' accuracy of the C. Tadhunter et al.
(2003) observations.
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Figure 4. A segment of the MIRI MRS spectra of the Fe Il clump (blue) and nucleus (orange), displaying numerous coronal and intermediate ionization emission lines.
The silicate absorption trough is considerably weaker in the scattered nuclear continuum spectrum from the Fe 1I clump, which has a more polar, less obscured view of
the nucleus than we do—a striking confirmation of radio-loud AGN unification. The Cyg A bullet coronal outflow makes an appearance blueward of the [Ne VI] and

[S 1v] lines in the Fe I clump spectrum.

The emission lines were masked and the NIRSpec spectral
cubes were fit in pPXF with the extended MILES (E-MILES)
galaxy templates (A. Vazdekis et al. 2016) plus a polynomial
AGN continuum component to establish the continuum level.
We then fit three Gaussian emission line components (V1, V2,
V3) to each emission line, with constraints on velocity and
velocity dispersion. Blue and red narrow velocity components
(V1 and V2) with ¢ ~ 80 km s~ ! are needed to accommodate
line splitting between the nearside and farside of the NLR and a
third, broad component (V3) with ¢ ~ 350 km s~! to fit the
large line widths in the NLR interior. The three velocity
components are constrained to be within +250kms™' of
systemic velocity in order to minimize cross-contamination
among neighboring emission lines. Unmodeled, higher velocity
components are present, but represent a small fraction of the
total line flux. The velocity components were simultaneously fit
to create emission line maps for every emission line in the
1.6-2.3 um region of the spectrum. Example spectral fits and
residuals are shown in the Appendix. The resulting velocity and
velocity dispersion maps are presented in Figure 7 along with
the narrow and broad component flux maps (F1+F2, F3)
of Pac.

The overall kinematics of the NLR display a combination of
rotation and outflow (Figure7). The range of velocity
dispersion in the narrow components is found to be
70-100kms~', while the broad component has a velocity
dispersion of 300-500kms~'. These two spatially and
kinematically distinct velocity systems in the biconical NLR
may correspond to low dispersion gas along the outer surface
of the bicone and outflow along the inner surface driven by the
AGN or radio jet. While it has been assumed in the past that the

overall rotation pattern reflects the rotation of a gas disk in the
galaxy potential (C. Tadhunter et al. 2003; R. A. Riffel 2021),
this hypothesis is incongruent with the biconical structure of
the NLR. We suggest that the close alignment of the rotation
axis with the projected radio jet axis supports our new idea that
the biconical NLR is rotating around its own axis. It seems
unlikely that the X-shaped emission we see comes from the
intersection of the AGN ionization cone and a disk with nearly
perpendicular yet kinematically aligned axes. Purely gravita-
tional orbits of gas in the two structures would intersect each
other, a dynamically untenable situation. It would also be
difficult to keep the cone evacuated with disk orbits passing
through it and the jet would likely be deflected out of the plane
of the disk.

The combined narrow (V1 + V2) and broad (V3) velocity
components are found in differing amounts and varying
morphology, depending on ionization level (Figure8). For
example, [Fell] emission (y = 16.2¢eV ionization potential)
from the broad velocity component is concentrated in the
nucleus and the Fell clump near the projected radio axis,
but there is only weak [Fell] emission from the narrow
components along the edges of the NLR. The relatively
low-ionization He I 2.06 um line (x 24.6eV) follows
roughly the same morpho-kinematics described above for Pacx
(x 13.6eV), equally distributed between the narrow
components at the edges of the bicone and broad component
in the interior of the bicone. The high-ionization [Si VI]
1.963 ym  (x 205eV) and [S X1 1.920 um lines
(x = 505eV) are edge brightened, following distinct bicones
with narrower opening angles than Paa.
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Figure 5. NIRSpec IFU continuum-subtracted line flux (moment 0 maps) of Pac, H, 1-0 S(1) 2.122 pm, [Si VI] 1.963 pum, and [Fe 11] 1.644 pm. The VLA radio
maps at 33 GHz (blue) and 11 GHz (contours) feature the radio jet, nucleus, and the Cyg A2 secondary nucleus (D. A. Perley et al. 2017; C. L. Carilli et al. 2019).
There is no distinguishable narrow-line emission from Cyg A2. The H, rovibrational line emission appears to follow the NLR bicone, but with broader opening angle.
High-ionization regions traced by [Si VI] are distributed in a narrower bicone than low-ionization regions traced by Pac. Strong [Fe II] emission traces dense

photoionized gas in the nucleus and Fe II clump.

Several lines of sight through the NLR show multiple
kinematic components, further demonstrating the complexity of
the velocity field. In particular, line splitting is seen near the
NW bicone axis, with a velocity difference of 520 km s !
(western (W) split; Figure 9) indicating fast outflow. The H,
emission lines from this region do not show line splitting, and
their velocity falls roughly halfway between the red- and
blueshifted ionized gas emission velocity components. Line
splitting is also seen in other locations in the ionization cone. A
likely explanation is that we see outflow components from both
the near and far sides of the ionization cone projected along the
same line of sight. The spotty distribution of velocity splitting
along the bicone axis, together with the appearance of
elongated structures in the channel maps (Figure 9) suggests
that outflowing material is filamentary and occupies a small
fraction of the NLR bicone.

High-velocity outflows appear in various locations in the
NLR. The most extraordinary examples, which we call the Cyg
A bullets (B1 and B2), appear as emission line knots associated
with the Fell clump (Figures 9 and 10). The higher VelocitPf
bullet (B1) appears as satellite velocity peak at —1380km s,
with a tail that extends to ~—2000km s~ '. The lower velocity
bullet (B2) peaks at —630 km s~ L. The bullets appear in H, He,
intermediate ionization, and coronal emission lines in both
NIRSpec and MIRI wave bands (Table 1, Figures 3 and 4).
However, they are not seen in H, molecular gas, nor the highest
ionization lines, including [S XI], [Si IX], and [Al IX]. Bullet B1

10

was first noticed in long-slit optical spectra of the [O 1II] 5007 A
line (C. N. Tadhunter 1991), while B2 is a new find. Our
NIRspec observations resolve the bullets from the Fe II clump
for the first time. B1 and B2 are found at distances of 1.3 kpc
and 1.2kpc from the AGN, respectively. B1 appears to be
adjacent to a gap or lower surface brightness segment of the
radio jet, raising the possibility that the jet has been disrupted at
this location by its interaction with the Fe II clump. In addition
to driving outflows, such an interaction might lead to the
entrainment of gas by the radio jet (A. Rosen et al. 1999;
Y. Wang et al. 2011; P. Rossi et al. 2020).

Our KCWI observations reveal details of the optical line
emission from the Cyg A bullets (Figure 10). We identify their
kinematic signature in many optical lines, including the [O 111]
5007, 4959 A doublet and H{. Additional high-velocity
outflow is seen along the full extent of the Fe Il clump in our
KCWI [O 11] map, confirming that the entire clump is an active
site for launching outflows. (We also note a faint streamer of
high-velocity outflow to the west of the region covered by the
JWST observations.) The Cyg A bullets may be related to the
high velocity associated absorbers found in the spectra of some
radio-loud quasars (C. B. Foltz et al. 1986; R. Antonucci et al.
1993; F. W. Hamann et al. 2000). Such absorption features are
often detached, at negative velocities, and have a high-velocity
tail, but they are not as broad as the troughs found in radio-
quiet BALQSOs. An even faster, surrounding wind may ablate
the bullets, creating a high-velocity cometary tail of gas. In fact,
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we do find evidence that bullet B1 is extended in an east to
west direction, with the highest velocity tail of gas extended to
the west.

In summary, the extended NLR in Cyg A appears to be both
rotating around the radio jet axis and outflowing from the
AGN. Multiple velocity components are present across the
rotating NLR bicone. Low-velocity dispersion is found
preferentially along the bicone edges and high dispersion
closer to the bicone axis. Very high-velocity outflows are
associated with the Fe II clump, which appears to be subject to
both jet-ISM interaction and intense radiation, launching
bullets of intermediate ionization and coronal gas that attain
velocities as great as 2000 km s~

7. Discussion
7.1. NLR Photoionization Models

We used Cloudy C23.01 to model the NWR, Fell clump,
and Cyg A bullet Bl regions of the NLR (Tables 1, 2 and
Figure 11). A W. G. Mathews & G. J. Ferland (1987) AGN
spectral energy distribution with input bolometric luminosity of
logLlerg s~!] = 45.5 is incident on a spherical shell at the
projected radius of each region. We employed solar elemental
abundances and no depletion onto dust, under the preliminary
assumption that dust is destroyed in the highly ionized
NLR clouds that contribute to the observed spectra. Five
density components were required to model each region
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(log niz[cm™3] = 0.0, 1.0, 1.5, 2.0, and 3.0). Most of the Pac
flux comes from the log ny = 1.5 component; most of the Fe Il
line flux from the logny = 3 component; and most of the
coronal line emission from the two low-density components.
The relative normalizations for each model component were
initially optimized to minimize the overall chi-squared in
Figure 11, giving equal weight to all well-detected emission
lines. After finding the global minimum, care was taken to
separately minimize chi-squared for each ion. Our Cloudy
photoionization models match the observed H, He, [Fell],
intermediate ionization, and many of the coronal line fluxes in
the NIRSpec spectra quite well (Figure 11). While the model
for bullet B1 is less well constrained by fewer detected lines, its
ionization distribution is very similar to the Fe IT clump. Several
lines, including [Al VI, IX], [Ca 1V, V], and [Ti VI] are grossly
overpredicted in both the NWR and Fell clump. The
overprediction of these lines may indicate an under-abundance
of the corresponding ions in the Cyg A NLR, perhaps due to
residual dust depletion.

Gas masses for each model component (Table 2) were
estimated from the observed, spatially resolved Paa flux and
the model hydrogen column density and model line luminosity
for each region, following Equation (2) of M. Revalski et al.
(2022). The total mass of ionized gas in the Fell clump is
1.1 x 108M_, and its outflow rate is 40M_, yr~" for an estimated
outflow velocity of 150 km s~! (see Section 7.3). While the
mass in the Cyg A bullet B1 is only 4 x 10°M.., its outflow rate
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is an outsized 13M_, yr~ " over its resolved length of 0.4 kpc, by
virtue of its very high velocity. Almost all (97%) of the mass in
the Fe II clump resides in the low to intermediate density model
components. The masses of the high density components are
much lower, supporting a picture where small, dense knots are
embedded in less dense, more highly ionized wind. Compared
to the NWR, the Fe I clump has five times more mass in its
highest density component relative to its total mass. This
relatively small mass of additional dense photoionized gas
appears to account for the enhanced [Fe IT] emission from the
Fe II clump, without any need for shock heating. Strong [Fe IT]
emission is also seen in Seyfert galaxy outflows such as the one
in NGC 1068, and may be attributed to photoionization in dust-
depleted dense gas at the boundary layer of molecular clouds
(M. Blietz et al. 1994). The large range in gas pressure
indicated by our multicomponent photoionization model
(Table 2) rules out a two-phase isobaric NLR (J. H. Krolik
et al. 1981). Radiation pressure-dominated models may provide
a solution, creating a density gradient on the inward faces of
clouds (M. A. Dopita et al. 2002; S. Bianchi et al. 2019).
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Complex density fields are also produced by jet-driven
winds in multiphase jet-ISM hydrodynamical simulations
(D. Mukherjee et al. 2018).

7.2. Acceleration of Fast NLR Outflows

Outflows are commonly found in the extended NLRs of
nearby Seyfert galaxies, radio galaxies, and distant quasars
(M. Bianchin et al. 2022, 2024; A. Vayner et al. 2024).
Observations of Seyferts often show a misalignment of
kinematical axes between the inner region of the NLR where
outflows are prevalent, and outer regions that are in the
ionization cone but follow the rotation of the galaxy disk
(L. Zhang et al. 2024). The kinematics of the outflow-
dominated regions typically appear to be consistent with radial
outflow. One exception is the parsec-scale rotating molecular
outflow reported in ESO 320-G030 and attributed to a
magnetically driven wind (M. D. Gorski et al. 2024). However,
Cyg A is unique so far in having an ionized NLR that rotates
around its axis at kpc scale. It may be that only powerful radio
jets can cause the extended NLR to spin about the radio axis.
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The well-defined, edge-brightened, apparently biconical struc-
ture of the Cyg A NLR may be a result of the effectiveness of
its powerful radio jet in clearing out the center of the NLR. As
discussed above, we consider it unlikely that the NLR lies in a
flat disk illuminated by the AGN ionization cone because of its
distinct geometry and kinematics.

Radiative acceleration and jet-ISM interactions are the two
mechanisms recognized to accelerate ionized gas and produce
the outflows observed in Seyferts and radio galaxies. B. Meena
et al. (2023) successfully model the outflows in nearby Seyferts
with a radiative acceleration plus gravitational deceleration
model, matching the observed maximum velocities as a
function of radius. The enclosed mass of the Cyg A host
galaxy inside 2 kpc, as estimated from the CO 2-1 velocity
field, is ~2 x 10'"°M_, (C. L. Carilli et al. 2022). Assuming a
force multiplier value of M = 500 and AGN bolometric
luminosity of 3 x 10¥ ergs™' (G. C. Privon et al. 2012), we
find that outflows launched in the kiloparsec-scale Cyg A NLR
do experience a net radiative acceleration outward. We plot the
radial outflow velocity that could be attained by radiation
pressure versus launch radius Ry, for two different AGN
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luminosities, the observed luminosity and one that is brighter
by a factor of 3.3, to allow for the possibility that the AGN may
have been significantly brighter in the past (Figure 12). Within
this luminosity range, it is possible to radiatively launch an
outflow at a distance as far as 0.5-1 kpc from the nucleus and
attain a radial velocity of 250 kms ™', as observed in the Cyg A
NLR at the W split, 1.5 kpc from the nucleus (Figure 9). Such
radiation-driven outflows could potentially be launched across
most of the region observed by NIRSpec. However, the
1400 kms ™' velocity of the Cyg A bullet (B1) could only be
achieved by radiation pressure if it were launched at
Rizuneh < 120 pe. If that were the case, the bullet would have
had to travel the distance of 1.3 kpc from the AGN ballistically,
without running into anything, all the while staying confined
inside a small knot. Furthermore, the maximum velocity of
2000kms ™' observed in the blue tail of the B1 line profile
would have to be launched at an even smaller radius if driven
by radiation pressure. Moreover, the association of both bullets
B1 and B2 with the high-velocity dispersion Fell clump
suggests they may have been launched from that location.
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velocities, up to 2000 km s, are found in bullet B1, which lies close to the projected radio axis.

The presence of 600-2000kms ' outflows at >1kpc
indicates that radiation pressure is not enough and additional
forces are at work, most likely related to the radio jet. High-
velocity, jet-driven outflows are seen in other powerful radio
galaxies by JWST, including 3C 326, 3C 293, and IC 5063
(J. H. Costa-Souza et al. 2024; K. M. Dasyra et al. 2024;
J. H. Leftley et al. 2024). Hydrodynamical simulations of jet—
ISM interactions can indeed produce such high-velocity
outflows (W. Steffen et al. 1997; D. Mukherjee et al. 2018).
In these simulations, clouds within the radio jet cocoon are
subject to compression, ablation, and acceleration by the jet,
resulting in enhanced NLR emission and jet-driven outflows
close to the radio jet axis. While most of the jet power is
currently being deposited in the intracluster medium at the Cyg
A radio hotspots, the presence of jet-driven outflows and
rotation in the NLR at kiloparsec scale indicates that the jet still
has a significant impact on the ISM. As shown below, only a
small fraction of the jet power is needed to drive the observed
outflows. This raises the possibility that jet feedback on the
ISM can persist as long as a jet is active, long after it breaks out
of the host-galaxy ISM.

7.3. NLR Spiral Outflow Kinematic Model

In order to better understand the observed complex
kinematics described above, consisting of both rotation and
outflow, we model the Cyg A NLR by a thin, hollow bicone
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with spiral outflow (Figure 13). While a variety of different
functional forms might be used to represent a conical spiral, a
logarithmic conical spiral naturally yields a continuous, self-
similar curve, with constant velocity v over any range of radii.
This mathematical model is intended to describe the observed
velocity field, but is not intended to be a physical model of the
outflow. As discussed below, the model raises some unresolved
questions regarding the acceleration and angular momentum of
the NLR. Regardless, it conveniently combines both rotation
around the cone axis and radial outflow from the center, with
the relative contribution of each, together with the cone
opening angle, determining the slope of the spiral. Intrinsic
velocity dispersion (o) is included as an extra parameter to
match the observed line widths at the edge of the bicone.
Logarithmic conical spiral flow lines are characterized by the
cone half-opening angle © and constant velocity components
(VRs V)

R = Rye*©@=%), z = Rcos O, k = (vg/vs)sin O, (1)
with initial coordinates (¢, R, z) = (¢o, Ro, 20) at time ¢ = 0.
The cone half-opening angle is estimated from the projected
half-opening angle of the NLR, as measured from, e.g., the [Si
VII] emission line map (see Figure 13: © = 46°). The
inclination of the cone is determined by assuming that the
bicone is aligned with the radio jet. VLBI observations of
Doppler boosting and apparent motion of radio jet components
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Table 2
Cloudy Model Parameters
Model R? logny ° T,* pe M
(kpc) (ecm™) (10* K) (107" erg cm™?) (10°M.,)
NWR 1.6 0.0, 1.0, 1.5, 2.0, 3.0 45,19,1.1, 1.1, 1.0 0.062, 0.26, 0.48, 1.5, 14 19, 6, 15, 0.5, 0.05
Fe 11 Clump 1.2 0.0, 1.0, 1.5, 2.0, 3.0 6.3,22,12,1.1, 1.0 0.087, 0.30, 0.52, 1.5, 14 47,19, 37, 2.1, 0.7
Bullet 1.3 0.0, 1.0, 1.5, 2.0, 3.0 5.6,2.1,12, 1.1, 1.0 0.077, 0.29, 0.52, 1.5, 15 2.3, 0.6, 1.2, 0.06, 0.02
Notes.

? Distance from the galaxy nucleus.
b Logarithm of total hydrogen density.
C
Electron temperature.
4 Gas pressure.

¢ Gas mass estimated from observed Paa luminosity and its flux predicted by the model.

indicate that the parsec-scale jet is inclined by 45° < i < 745
to the line of sight (N. Bartel et al. 1995; B. Boccardi et al.
2016a, 2016b), with the west—northwest side approaching. The
direction of rotation is selected to match the observed velocity
field, with the angular momentum vector pointing ESE along
the radio axis. We sample the model at 600 discrete points
along each of 200 spiral flow lines in order to map the velocity
field over the entire surface of the bicone. We populate a mock
data cube matching the NIRSpec IFU spaxels by adding a
Gaussian emission line component at the projected radial
velocity from each model sample that falls within it. We then
extract emission line moment maps and spectra from both the
observations and the mock data cube, in the same 2 x 2 pixel
apertures, using jdaviz.

We compare our spiral outflow model to the observed
moment maps of the [Si VII] 2.483 um line (Figure 13),
selected for analysis because it is an isolated high-ionization
line, relatively free of blending with the many H, lines in the
spectrum. The observed velocity field is best matched by
(Vr, V4) = (150, 200) km st along the spiral flow lines and
o, = 80kms~'. Assuming that all of the mass in the FelI
clump is participating in the spiral outflow, we estimate a mass
outflow rate of 40M.., yr' in the NW cone. There are no other
comparably bright clouds in the NLR at this distance from the
AGN, so this gives a fair estimate of the total mass outflow rate
at a radius of 1.2 kpc.

The model flux map shows edge-brightened limbs, similar to
the observations. The model velocity map matches the
observed velocity map in several respects, with maximal
projected velocity along the limbs of the bicone. The symmetry
of the velocity field is broken by the rotation of the cone, such
that the limbs of the cone show different approaching and
receding velocities. As a consequence of the radial velocity
component of the spiral outflow model, line splitting occurs
and the velocity dispersion increases by 50-150 kms ™' near
the bicone axis. The model line profiles extracted away from
the limbs of the cone therefore show a double peak, split
between radial outflow from the front and back sides of the
cone. This characteristic signature of radial outflow is seen in
several locations of the observed data cube, and in the
asymmetric line profiles and shoulders in Figure 13.

While a spiral outflow model does match several aspects of
the data, there are also large deviations. There are scattered
patches of emission observed near the axis of the cone that are
significantly blueshifted or redshifted, possibly associated with
localized outflow components accelerated by the jet. Excess
velocity dispersion is particularly apparent in channel-like
regions of low flux where fainter, broader emission line
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components are not outshined by brighter, lower velocity
dispersion components. The observed velocity dispersion in
these patches ranges from 150 to 350 km's ™", significantly larger
than the velocity dispersion encompassed by the model. At the
W Split extraction region in particular, separate blue and red
streamers are seen in the channel maps at —270, +250 km s !
(Figure 9). Such spots of high velocity, high-velocity dispersion,
and larger-than-expected line splitting near the projected axis
are clear signatures of additional, fast radial outflow compo-
nents not included in the model. Even higher velocity
(600-2000 km s~ ') outflows such as the Cyg A bullets are
found at low flux levels and therefore do not show up in the
integrated moment maps.

7.4. Possible Origins of NLR Rotation

Spiral biconical outflow challenges our understanding of
NLR dynamics. We consider two possibilities here: (1) The
rotation of the NLR derives directly from the AGN or jet, or (2)
that it is residual rotation from a disk or inflowing molecular
gas that was disrupted by the AGN or jet.

(1) AGN or jet-driven NLR rotation. The energy requirement
of jet-driven spiral outflow is far from prohibitive. The
power carried by the spiral outflow is only By, =
M2 + 30%) /tow = 3.3 x 10 Mg/Rergs™' for an NLR
mass of Mg = M/ 10°M, over an outflow timescale of
fout = R/v, = 10 Myr. This would require only a very small
fraction (~1.0 x 10~%) of the jet or AGN power to drive the
outflow. A magnetized disk or torus can potentially launch a wind
along its rotation axis via magnetic torques (R. D. Blandford &
D. G. Payne 1982; A. Konigl & J. F. Kartje 1994). While this
might explain high-velocity outflows near the nucleus, it is unclear
how such a mechanism would operate 1 kpc from the AGN. The
rotation of the NLR about the radio axis may instead indicate that
the radio jet-ISM interaction is transferring angular momentum to
the ISM along its full length.

Clouds launched close to the AGN that followed the entire
length of a spiral flow line from the nucleus at <0.2 kpc to the
edge of our map at 1.5 kpc would be expected to decelerate
with a 1/r dependence if conserving angular momentum
(L = M_.rvy = const.). Instead, a constant velocity model
appears to better describe the overall velocity field. This
implies that the angular momentum increases with radius,
assuming the clouds are not losing significant mass. The
angular momentum of the biconical NLR inside a radius of
1.5kpc is Ly g = 2M Rv/3 = 1.2 x 10°Mggcm?s ™!, for a
rotation velocity of v4 = 200 km s~'. Angular momentum may
be transferred from the SMBH or accretion disk in the nucleus,
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the torus, or the molecular disk further out. A maximally
spinning supermassive black hole of mass My = 2.5 x 10°M_,
(C. Tadhunter et al. 2003) would have angular momentum
J=GM%/c =55 x 10 gem®s !, only ~0.5% of the
estimated NLR angular momentum. However, it is possible that
sustained SMBH accretion might transfer enough angular
momentum over time.

The observed centripetal acceleration is v(f /Rsin® =
1.8 x 1077 cm 372, or ~4 times the gravitational acceleration
of 4.9 x 1078 cms ™2 from the enclosed mass of 3.5 X 109M@
at R = 1 kpc. There must be an additional force directed toward
the axis of the cone, such as gas pressure gradient or
electromagnetism, in order to sustain the centripetal accelera-
tion of a spiral outflow. As shown in Section 6, it is clear that
local fast outflows are accelerated far from the AGN and close
to the radio jet axis, perhaps indicating that the radio jet may
also be responsible for driving the overall spiral outflow.

(2) Residual rotation from infalling gas or existing gas disk.
Alternatively, the rotation of the NLR could derive from the
preexisting angular momentum of gas that fell into or continues
to fall into the center of the galaxy, forming a disk. In
particular, the angular momentum might derive from the 2 kpc
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radius CO disk/ring (C. L. Carilli et al. 1991), which has a
comparable size, velocity, and specific angular momentum to
the NLR. The primary difficulty with this scenario is the large
scale height of the NLR, which is 1.3 kpc if measured from
nucleus to bicone tip, or 0.9kpc if we only include the
X-shaped part of the NLR. That would mean the putative disk
must be puffed up, with an ~2:1 ratio of radius to height.
Interestingly, a puffed-up disk was envisioned by D. Mukher-
jee et al. (2018) as the starting conditions for their jet—disk
interaction simulations. In their work, this provides the
necessary path length for a jet launched perpendicular to the
disk to interact significantly rather than escaping immediately.
In principle, such a puffed-up disk could either be in the
process of gravitational collapse and settling or it could have
been puffed up by the action of the AGN and radio jet. In either
case, the disk must display sub-Keplerian rotation and be
supported primarily by velocity dispersion. However, the
bicone rotation velocity of 200kms™' is 1.7 times the
Keplerian (circular) velocity of v. = (GM /R)l/ 2

120R'?kms ' at 1 kpc. Furthermore, the gravitational force
is radial and cannot sustain this rotation velocity around the
radio axis. As an illustration, a cloud launched radially from the
disk plane at R = 0.1 kpc from the 2.5 x 10°M,., SMBH, with
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dispersion in km s~'. A model with constant velocity (250 km s~ ") outflow tangent to logarithmic conical spiral flow lines and an intrinsic velocity dispersion of
80 km s~ yields a similar velocity field to the observations. A representative spiral flow line is overplotted on the model moment 1 map. Line profiles are extracted
from three different regions of the observations and the corresponding locations in the simulation. The combination of rotation and radial outflow leads to an
asymmetric velocity pattern, where the projected velocity is highest in the NW limb (receding) and SE limb (approaching). The velocity dispersion is lowest along the
edges of the rotating cone where the rotation signal is coherent, and highest near the axis, where the radial outflow component causes line splitting. Detailed structure
in the observed moment maps and spectra that deviates from the model appears to be caused in part by bright clouds that skew the velocity and lower the velocity
dispersion in discrete patches. The nucleus also displays much higher velocity dispersion than the model.

an initial circular velocity of 330 kms™', that ends up 1kpc (33kms™"), in order to conserve angular momentum along
from the nucleus along the bicone surface will have a circular the cone axis. Similarly, a cloud launched farther out, at
velocity of only one-tenth its original circular velocity 0.5kpc, will have an initial velocity of 88kms ' and its

18



THE ASTROPHYSICAL JOURNAL, 983:98 (22pp), 2025 April 20

velocity will drop to 44kms™" at 1kpc, much less than the

observed NLR rotation. Because of this, we prefer the idea that
the radio jet may be torquing the NLR at kiloparsec-scale
distance.

8. Conclusions

JWST NIRSpec IFU and MIRI MRS spectra of Cyg A reveal
new details about the structure, kinematics, and ionization state
of the NLR. We suggest that its multilayer, hollowed-out
biconical structure is the result of the jet clearing a cavity in the
ISM. A hot cocoon inflated by the jet naturally creates a bicone
when the jet head breaks out of the galaxy. The kiloparsec-
scale segment of the jet is still interacting with the host ISM as
it continues to ablate and clear away clouds that linger near the
jet. The ionization structure of the NLR is also consistent with
this scenario, where the inner surface of the bicone is
illuminated by the radiation pattern delineated by the dusty
torus. A photoionization model with a range of densities can
nicely explain the emission line strengths of the large number
of ions observed in the NIRSpec spectra. Extended coronal line
emission is found from low density n, ~ 1-10cm > ionized
gas throughout the bicone. Strong [Fe II] emission from high-
density (n, ~ 10° cm ™), photoionized clouds is found in a
massive Fell clump in the NW cone. Radiative acceleration
may explain the relatively low-velocity outflow of 150 km s~
seen in much of the Cyg A NLR. However, residual interaction
of the jet with remaining clumps of dense gas in the NLR leads
to localized fast outflows. In particular, we find outflows of
600-2000 km s~ ' from fast bullets that appear to originate from
the Fe II clump. The high-mass outflow rate of 40M_, yr~' from
the Fe I clump and significant additional outflow of 13M, yr™"
from Cyg A bullet B1 demonstrates that jet feedback continues
to strongly impact the ISM long after the jet has broken out of
the host galaxy, and may eventually serve to eject much of the
remaining gas.

We find evidence that the NLR is rotating about the radio jet
axis. While this rotation was previously observed, it was
attributed to the overall rotation of the molecular gas disk in the
host-galaxy gravitational potential. However, we suggest that
such an interpretation is geometrically and dynamically
inconsistent with the clear, edge-brightened biconical geometry
of the NLR. There are multiple indications that both rotational
and radial outflow components are needed to explain the NLR
kinematics. Rotation is required to explain the strong blueshift
and redshift seen at the limbs of the bicone, while radial
outflow is required to explain the line splitting and higher
velocity dispersion in the interior of the bicone. The symmetry
of the velocity pattern is also broken in a characteristic way,
with different projected velocity at each of the four limbs of the
bicone. We present a biconical spiral outflow model which
captures many of the above kinematic features. We suggest that
the rotation of the NLR is driven by angular momentum
transfer from the radio jet, in order to maintain the observed
rotation velocity over a large range of radius. Localized high-
velocity, jet-driven outflows like the Cyg A bullets support
such a picture, and may be the agents that transfer energy and
angular momentum from the jet to the NLR.
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Appendix

Emission line identifications were made using spectra
extracted from the NWR region (Figures 14 and 15). This
region was particularly useful for separating blended lines since
it has relatively narrow-line profiles. We fit the spectrum from
each NIRSpec grating-detector pair separately, using pPXF
with E-MILES stellar population synthesis templates plus a
polynomial continuum and three-component Gaussian. We
similarly fit the spectra of the Fe I clump and Cyg A bullet B1,
extracted in a 0”3 x 0”3 aperture (Figures 9 and 10). The flux
from B1 is relatively weak and many of the expected emission
lines are blended with unrelated lines, making them difficult to
measure. We present the total flux of each ionic line in Table 1,
relative to Paa, with atomic line wavelengths given in air,
primarily from the compilation in Cloudy® and H, line
wavelengths from J. H. Black & E. F. van Dishoeck (1987) and
E. Roueff et al. (2019). Cloudy photoionization model
predictions are given in comparison and used to verify line
identifications, considering all lines predicted to be >0.1% of

% https://linelist.pa.uky.edu/atomic/


https://doi.org/10.17909/6p74-z566
https://linelist.pa.uky.edu/atomic/
https://linelist.pa.uky.edu/atomic/
https://linelist.pa.uky.edu/atomic/

THE ASTROPHYSICAL JOURNAL, 983:98 (22pp), 2025 April 20

Ogle et al.

v
>
= 10!
5
[7]
-4
<
100
16 17 18 1.9 2.0 2.1 22
30
20 -
EST
S o
?E
w 4
o -10
-4
-20
-30 - : . : . . .
16 17 18 1.9 2.0 2.1 2.2
Rest Wavelength [um)]
10*
.
[
>
3
Jo
[]
o
<
100
24 25 2.6 27 28 2.9 30
30
20 A
=
< 10
S o
o
w 4
¥ -10
(-4
-20
-30 . - - . - . -
2.4 25 2.6 2.7 2.8 29 30

Rest Wavelength [um]

10!

g
=
Lo}
[T)
=
>
B W
10°
2.8 3.0 3.2 3.4 36 38
30
20
2
2 104
S o
ke
n _10 -
] 10
o
-20
-30 T T T T T T
2.8 3.0 32 34 36 38

Rest Wavelength [um]

Figure 14. pPXF three-component fits to NIRSpec spectra of the NWR region. Notable residuals include foreground Galactic Pac, the unmodeled 3.3 pm PAH
feature, and a number of weak, unidentified lines not included in the model. Some narrow residual spikes are from bad data.

the Pac flux. Even though we fit them, we do not tabulate the
large number of H; lines in the NIRSpec spectrum. We also
defer analysis of the spectral lines at >5 pum, found in the
MIRI spectrum.

Caveats and Notes. (1) There are unidentified weak emission
lines apparent in the spectra at rest wavelengths of 1.77, 1.91,

20

2.04,2.12, 2.16, 2.22,2.43,2.45, 247, 2.49, 2.53, 2.57, 2.62,
2.68, 2.83, 2.84, 3.15, 3.39, 3.46, 3.75, 3.76, 3.82, 4.02, 4.30,
4.38, and 4.71 pum that were not included in the line fitting. (2)
The [S X1] 1.922 pm, [SiVI] 1.963 pm, and [Si VII] 2.483 um
line wavelengths used in Cloudy deviate significantly from
the observed wavelengths, so we utilize wavelengths from
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Figure 15. pPXF three-component fits to NIRSpec spectra of the NWR region, continued. Notable residuals include poorly fit or unidentified lines at 3.95, 4.03, and

4.71 pm.

G. Del Zanna & E. E. DeLuca (2018) for those lines instead.
(3) The He11 1.8743 and 1.8757 um lines are too close to Pac
to deblend. (4) The He 1 2.3214 ym and [Si IX] 3.936 um lines
fall in detector gap regions and therefore were not measured.
(5) We identify foreground Galactic Pacx emission in the
spectra, likely from diffuse nebulosity at the low Galactic
latitude of Cyg A. (6) We detect but do not fit the 3.3 um PAH
feature, which is weakly present across the NIRSpec FOV.
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