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Abstract

We present mid-infrared spectroscopic observations of the nucleus of the nearby Seyfert galaxy NGC 7469 taken
with the MIRI instrument on the James Webb Space Telescope (JWST) as part of Directors Discretionary Time
Early Release Science program 1328. The high-resolution nuclear spectrum contains 19 emission lines covering a
wide range of ionization. The high-ionization lines show broad, blueshifted emission reaching velocities up to
1700 km s~' and FWHM ranging from ~500 to 1100 km s~ '. The width of the broad emission and the broad-to-
narrow line flux ratios correlate with ionization potential. The results suggest a decelerating, stratified, AGN-driven
outflow emerging from the nucleus. The estimated mass outflow rate is 1-2 orders of magnitude larger than the
current black hole accretion rate needed to power the AGN. Elght pure rotational H, emission lines are detected
with intrinsic widths ranging from FWHM ~125 to 330 km s~ . We estimate a total mass of warm H, gas of
~1.2 x 107 M., in the central 100 pc. The PAH features are extremely weak in the nuclear spectrum, but a 6.2 pm
PAH feature with an equivalent width of ~0.07 zm and a flux of 2.7 x 10" W m 2 is detected. The spectrum is
steeply rising in the mid-infrared, with a silicate strength of ~0.02, significantly smaller than seen in most PG
QSOs but comparable to other Seyfert 1s. These early MIRI mid-infrared IFU data highlight the power of JWST to
probe the multiphase interstellar media surrounding actively accreting supermassive black holes.

Unified Astronomy Thesaurus concepts: Active galaxies (17); Starburst galaxies (1570); Infrared galaxies (790)

1. Introduction

Luminous infrared galaxies (LIRGs), with thermal IR
[8-1000 pm] dust emission in excess of 10”L@, are ideal

Original content from this work may be used under the terms laboratories for studying star formation and black hole growth
53 of the Creative Commons Attribution 4.0 licence. Any further in the local universe. The bolometric luminosity of most LIRGs
distribution of this work must maintain attribution to the author(s) and the title is dominated by massive bursts of star formation but also

of the work, journal citation and DOI.


https://orcid.org/0000-0003-3498-2973
https://orcid.org/0000-0003-3498-2973
https://orcid.org/0000-0003-3498-2973
https://orcid.org/0000-0001-8490-6632
https://orcid.org/0000-0001-8490-6632
https://orcid.org/0000-0001-8490-6632
https://orcid.org/0000-0002-1912-0024
https://orcid.org/0000-0002-1912-0024
https://orcid.org/0000-0002-1912-0024
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-0699-6083
https://orcid.org/0000-0003-0699-6083
https://orcid.org/0000-0003-0699-6083
https://orcid.org/0000-0003-2638-1334
https://orcid.org/0000-0003-2638-1334
https://orcid.org/0000-0003-2638-1334
https://orcid.org/0000-0001-6919-1237
https://orcid.org/0000-0001-6919-1237
https://orcid.org/0000-0001-6919-1237
https://orcid.org/0000-0002-5807-5078
https://orcid.org/0000-0002-5807-5078
https://orcid.org/0000-0002-5807-5078
https://orcid.org/0000-0001-7421-2944
https://orcid.org/0000-0001-7421-2944
https://orcid.org/0000-0001-7421-2944
https://orcid.org/0000-0002-9402-186X
https://orcid.org/0000-0002-9402-186X
https://orcid.org/0000-0002-9402-186X
https://orcid.org/0000-0003-4268-0393
https://orcid.org/0000-0003-4268-0393
https://orcid.org/0000-0003-4268-0393
https://orcid.org/0000-0002-2713-0628
https://orcid.org/0000-0002-2713-0628
https://orcid.org/0000-0002-2713-0628
https://orcid.org/0000-0002-2688-1956
https://orcid.org/0000-0002-2688-1956
https://orcid.org/0000-0002-2688-1956
https://orcid.org/0000-0001-5434-5942
https://orcid.org/0000-0001-5434-5942
https://orcid.org/0000-0001-5434-5942
https://orcid.org/0000-0002-2596-8531
https://orcid.org/0000-0002-2596-8531
https://orcid.org/0000-0002-2596-8531
https://orcid.org/0000-0002-1000-6081
https://orcid.org/0000-0002-1000-6081
https://orcid.org/0000-0002-1000-6081
https://orcid.org/0000-0003-3474-1125
https://orcid.org/0000-0003-3474-1125
https://orcid.org/0000-0003-3474-1125
https://orcid.org/0000-0003-0057-8892
https://orcid.org/0000-0003-0057-8892
https://orcid.org/0000-0003-0057-8892
https://orcid.org/0000-0003-4073-3236
https://orcid.org/0000-0003-4073-3236
https://orcid.org/0000-0003-4073-3236
https://orcid.org/0000-0002-3139-3041
https://orcid.org/0000-0002-3139-3041
https://orcid.org/0000-0002-3139-3041
https://orcid.org/0000-0002-7607-8766
https://orcid.org/0000-0002-7607-8766
https://orcid.org/0000-0002-7607-8766
https://orcid.org/0000-0002-5828-7660
https://orcid.org/0000-0002-5828-7660
https://orcid.org/0000-0002-5828-7660
https://orcid.org/0000-0002-4375-254X
https://orcid.org/0000-0002-4375-254X
https://orcid.org/0000-0002-4375-254X
https://orcid.org/0000-0002-5666-7782
https://orcid.org/0000-0002-5666-7782
https://orcid.org/0000-0002-5666-7782
https://orcid.org/0000-0002-1207-9137
https://orcid.org/0000-0002-1207-9137
https://orcid.org/0000-0002-1207-9137
https://orcid.org/0000-0002-1392-0768
https://orcid.org/0000-0002-1392-0768
https://orcid.org/0000-0002-1392-0768
https://orcid.org/0000-0001-6028-8059
https://orcid.org/0000-0001-6028-8059
https://orcid.org/0000-0001-6028-8059
https://orcid.org/0000-0002-4923-3281
https://orcid.org/0000-0002-4923-3281
https://orcid.org/0000-0002-4923-3281
https://orcid.org/0000-0003-2743-8240
https://orcid.org/0000-0003-2743-8240
https://orcid.org/0000-0003-2743-8240
https://orcid.org/0000-0001-7712-8465
https://orcid.org/0000-0001-7712-8465
https://orcid.org/0000-0001-7712-8465
https://orcid.org/0000-0002-8204-8619
https://orcid.org/0000-0002-8204-8619
https://orcid.org/0000-0002-8204-8619
https://orcid.org/0000-0002-6149-8178
https://orcid.org/0000-0002-6149-8178
https://orcid.org/0000-0002-6149-8178
https://orcid.org/0000-0001-7089-7325
https://orcid.org/0000-0001-7089-7325
https://orcid.org/0000-0001-7089-7325
https://orcid.org/0000-0002-1233-9998
https://orcid.org/0000-0002-1233-9998
https://orcid.org/0000-0002-1233-9998
https://orcid.org/0000-0001-7291-0087
https://orcid.org/0000-0001-7291-0087
https://orcid.org/0000-0001-7291-0087
mailto:lee@ipac.caltech.edu
mailto:lee@ipac.caltech.edu
mailto:lee@ipac.caltech.edu
http://astrothesaurus.org/uat/17
http://astrothesaurus.org/uat/1570
http://astrothesaurus.org/uat/790
https://doi.org/10.3847/2041-8213/acac66
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/acac66&domain=pdf&date_stamp=2023-01-13
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/acac66&domain=pdf&date_stamp=2023-01-13
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL LETTERS, 942:1.37 (9pp), 2023 January 10

shows a wide range of contributions from active galactic nuclei
(AGN), which become increasingly important at the highest
luminosities (Petric et al. 2011; Stierwalt et al. 2013, 2014).
Multiwavelength observations have shown that local LIRGs are
a mixture of single disk galaxies, interacting systems, and
advanced mergers (Kim et al. 2013; Stierwalt et al. 2013;
Larson et al. 2016).

Our understanding of the energetics and evolutionary states
of LIRGs at low and high redshifts was greatly expanded
through studies with the Infrared Spectrograph (IRS; see Houck
et al. 2004) on the Spitzer Space Telescope (see Armus et al.
2020, for a summary). While Spitzer was extremely efficient
and capable of deep, as well as large-area, photometric and
spectroscopic surveys, it was ultimately limited in sensitivity
and spatial resolution by its modest 0.85 m primary mirror.
With the successful launch and commissioning of the James
Webb Space Telescope (JWST) and its 1-2 orders of
magnitude gain in both sensitivity and spatial and spectral
resolution over Spitzer, we are now poised to greatly extend
our understanding of dusty star-forming regions, nascent AGN,
galactic outflows, and all variety of active galaxies over an
extremely large stretch of cosmic time. To highlight the power
of JWST to explore the inner regions of nearby LIRGs, we
have undertaken a Director’s Discretionary Time Early Release
Science (ERS) program (1328; PIs: L. Armus, A. S. Evans) to
obtain near and mid-infrared images and spectra of four LIRGs
drawn from the Great Observatories All-Sky LIRG Survey
(GOALS; Armus et al. 2009). GOALS uses multiwavelength
observations from the ground and space to understand the
physical conditions in over 200 low-redshift (z < 0.09) LIRGs
selected from the Revised IRAS Bright Galaxy Sample
(Sanders et al. 2003). This paper highlights some of the first
results from ERS program 1328, “A JWST Study of the
Starburst-AGN Connection in Merging Luminous Infrared
Galaxies.”

Object NGC 7469 (IRAS 23007+0836; UGC 12332)
contains a Seyfert 1.5 nucleus surrounded by a bright,
circumnuclear ring of star formation with a radius of 1”8
(580 pc). The total infrared luminosity of NGC 7469 is
4.5 x 10" L. It is a nearly face-on spiral, about 26 kpc away
in projection from an inclined companion galaxy (IC 4283)
with a highly disturbed morphology. It has a supermassive
black hole (SMBH) mass of ~10’ M., measured through
reverberation mapping (Peterson et al. 2004). The starburst ring
is visible at multiple wavelengths, with a large number of star-
forming regions having a bimodal age distribution (Diaz-
Santos et al. 2007). There is evidence for a highly ionized,
outflowing wind on small and large scales (Muller-Sanchez
et al. 2011; U et al. 2019; Arav et al. 2020; Robleto-Orus et al.
2021). The mid-infrared Spitzer spectrum of NGC 7469 shows
a mix of strong polycyclic aromatic hydrocarbon (PAH)
emission features, high-ionization lines, and warm molecular
gas indicative of a composite source powered by an active
nucleus and a starburst (Inami et al. 2013; Stierwalt et al.
2014). High-resolution observations of CO(1-0), CO(2-1), and
[CI] in the inner ~2kpc region with the Atacama Large
Millimeter/submillimeter Array (ALMA) show largely rota-
tional kinematics and a large mass of molecular gas (Izumi
et al. 2020; Nguyen et al. 2021). With a central AGN, a
circumnuclear starburst ring, a high-velocity outflow, and a
dusty, gas-rich interstellar medium (ISM), NGC 7469 is an
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ideal laboratory for studying the coevolution of galaxies and
SMBHs at high resolution with JWST.

Here we present JWST integral field spectroscopic observa-
tions of the nucleus of NGC 7469 with the Mid-Infrared
Instrument (MIRI; Rieke et al. 2015; Labiano et al. 2021). The
high spectral—spatial resolution enables us to map the physical
properties and kinematics of the atomic and warm molecular
gas, as well as the dust on subkiloparsec scales in the mid-
infrared for the first time. Specifically, the integral field unit
(IFU) data allow us to separately extract and analyze the high
signal-to-noise, mid-infrared spectra of the starburst ring, inner
ISM, and central AGN. The ring spectra are presented in Lai &
Armus (2022). The spectra of the circumnuclear ISM are
presented in U et al. (2022). Here we focus on the MIRI spectra
of the central active nucleus. Throughout this paper, we adopt
Hy=70 kms™ ' Mpc™', Q,,=0.30, and Q.. =0.70. At the
distance of NGC 7469, 70.6 Mpc (z = 0.01627), 1" subtends a
projected linear scale of 330 pc.

2. Observations and Data Reduction

Observations of NGC 7469 were taken with MIRI in
Medium Resolution Spectroscopy (MRS) mode on 2022 July
3—4 UT. The observations covered the full 4.9-28.8 pmrange
using the short (A), medium (B), and long (C) subbands in all
four channels. The FASTRI readout pattern was used to
optimize the dynamic range in the observations. The total
exposure time per subband was 444 s, using 40 groups per
integration and a four-point dither pattern. Because NGC 7469
is extended, dedicated background observations with the same
observational parameters in all three grating settings were
obtained. MIRI imaging observations were taken using three
filters, F560W, F770W, and F1500W, using a cycling three-
point dither pattern. Data were collected with both the full
imaging field of view (74” x 113”) and the SUB128 subarray
mode (14”1 x 14”1) to recover a nonsaturated image of the
bright nucleus. The total exposure times are 309, 101, and
101s and 46, 48, and 48s for the F560W, F770W, and
F1500W filters and full and subarray modes, respectively. The
MIRI and NIRCam imaging of the starburst ring in NGC 7469
will be presented in Bohn et al. (2022).

Data for the science and background observations were
processed with the JWST Science Calibration Pipeline (Bus-
house et al. 2022) version 1.6+ in batch mode. The Detectorl
pipeline applies detector-level corrections and ramp fitting to
the individual exposures. The output rate images were
subsequently processed outside the JWST pipeline to flag
newly acquired bad pixels and additional cosmic-ray artifacts
and remove the vertical stripes and zero-point residuals
remaining after the pipeline dark subtraction. These additional
corrections broadly follow the steps taken for JWST Early
Release Observation (ERO) observations as described by
Pontoppidan et al. (2022). The resulting rate files are then
processed with the JWST Spec2 pipeline for distortion and
wavelength calibration, flux calibration, and other 2D detector-
level steps. Stage 3 processing (Spec3) performs background
subtraction before combining data from multiple exposures into
the final data cubes. Background light is subtracted from the 2D
science images using a master background frame generated
from our associated background observations. The master
background is a 1D median sigma-clipped spectrum calculated
over the field of view of the background observations and
projected to the entire 2D detector array. Residual fringe
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Figure 1. False-color JWST NIRCam F150W subarray image of the center of
NGC 7469. The image, which is 5”1 (1.65 kpc) across, shows the bright,
central AGN and the surrounding starburst ring, which is resolved into dozens
of star-forming knots, interspersed with regions of diffuse emission and dark
dust lanes. In the image, two circles are shown that represent the extraction
regions for the MIRI total (large yellow circle; 3”6 diameter) and nuclear
(small blue circle; 0”3 diameter) MRS spectra discussed in the text. The total
spectrum includes the AGN and starburst ring. The nuclear spectrum is
dominated by the AGN and is the focus of this paper. A scale bar depicting 100
pc in projection is shown at the lower left.

corrections using prototype pipeline code have been applied to
both the stage 2 products and the 1D spectra resulting from
stage 3 processing after spectral extraction (see below).

3. Results

We have extracted two spectra from the NGC 7469 MRS
data cubes. The first, hereafter the “total” spectrum, is defined
as the largest cylindrical aperture that covers the full
wavelength extent of MIRI. This aperture has a radius of 178
centered on the nucleus. The second extraction, meant to isolate
the central AGN, is also centered on the nucleus but with a one
FWHM diameter (0”3 at 5 um) expanding cone. Because this
nuclear aperture is fairly small and dominated by the central
AGN by design, a wavelength-dependent aperture correction
constructed from standard star observations has been applied to
the data before measuring emission line fluxes. Both apertures
are drawn on the NIRCam F150W subarray image in Figure 1.

The two NGC 7469 MIRI spectra are shown in Figure 2,
along with the low-resolution Spitzer/IRS spectrum from
Stierwalt et al. (2013) for comparison. The Spitzer/IRS
spectrum is derived from a single pointing on the nucleus
with the short-low (3”6 wide) and long-low (10”5 wide) slits.
As in the Spitzer spectrum, the total NGC 7469 MIRI spectrum
is dominated by PAH emission features (complexes) at 6.2, 7.7,
8.6, 11.3, and 12.6 pum. There are also weaker PAH features
seen at 5.3, 14.2, 16.4, and 17.4 pm. Strong, narrow atomic
fine-structure emission lines from a variety of species, such as
Fe, Ne, Ar, Si, S, O, Mg, and Na, are visible. Emission lines
from a number of rotational transitions of warm H, are also
seen throughout the spectrum. The brightest of these atomic
and molecular gas emission lines were visible in the Spitzer
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data, but the MIRI spectra reveal many more lines, and the
increased resolving power allows for identification of weak
features, clear separation of atomic and molecular gas emission
lines from nearby PAH features, and the shapes of the mid-
infrared lines and hence the dynamics of the atomic and warm
molecular gas to be analyzed in detail for the first time. Some
residual fringes and low-level continuum variations are also
evident in the total and nuclear spectra near, for example, 5, 13,
and 25 pm in Figure 2. These may be masking additional faint
emission features that will require further analysis with
improved versions of the pipeline to confidently measure.

Of particular note is that the NGC 7469 nuclear spectrum
shows a striking lack of strong PAH emission and an
abundance of high-ionization lines tracing the hard ionizing
radiation field emerging from the AGN. The ratios of a number
of high- to low-ionization features are clearly enhanced in the
nuclear spectrum. There are also eight H, emission lines
present in the nuclear spectrum indicative of warm molecular
gas. Finally, there is a slight blue upturn in the nuclear
spectrum shortward of about 8 um that may signal the presence
of very warm dust heated by the AGN. The comparison of the
two JWST/MIRI spectra demonstrates that in the total
spectrum, as in the Spitzer/IRS spectrum, the PAH emission
is dominated by the starburst ring, while most of the high-
ionization lines (not surprisingly) are coming from the nucleus.
The H, emission emerges from the ring and the nucleus. The
properties of the outflow and the dust and gas in the starburst
ring as traced with MIRI are discussed in U et al. (2022) and
Lai & Armus (2022), respectively. Here we concentrate on the
properties of the high-resolution nuclear spectrum and what
they reveal about the AGN and the wind.

3.1. Ionized Gas

We detect emission lines from the nucleus of NGC 7469
spanning a wide range of ionization states, from [Fe II] with
IP=79eV to [MgvIl] with IP=186.5eV, allowing us to
explore the properties of the circumnuclear atomic gas as a
function of ionization. The coronal lines are very strong in the
nucleus of NGC 7469. The [Ne V] 14 ym/[Ne1I] and [O1V]/
[Ne 1] line flux ratios are 1.5 and 5.0, respectively, comparable
to some of the highest values seen in nearby AGN and AGN-
dominated LIRGs with ISO and Spitzer (Genzel et al. 1998;
Lutz et al. 2000; Sturm et al. 2002; Armus et al. 2007;
Tommasin et al. 2010). In some cases, low-ionization emission
features are weak or absent from the nuclear spectrum. An
example of this is the [Fell] line at 26 pum. This line is
relatively strong in the Spitzer long-high spectrum (Inami et al.
2013), visible but weak in the total MRS spectrum, and not
detected in the nuclear MRS spectrum. This likely indicates
that most of the flux detected with Spitzer arises on large
physical scales, since the projected size of the long-high slit is
significantly larger than the extraction region of the total MRS
spectrum.

Because of the high spectral resolving power of MIRI, nearly
all of the emission lines are resolved in the MRS nuclear
spectrum. All lines show a strong narrow component that
dominates the emission, while some show a more complex line
profile. The narrow line widths, corrected for instrumental
broadening, range from ~100 to 400 km s_l, with a median
width of about 260 km s~ '. While the wavelength calibration is
still being refined for MRS and some of the lines have centroids
that are clearly offset from their expected positions (e.g., the



THE ASTROPHYSICAL JOURNAL LETTERS, 942:L37 (9pp), 2023 January 10 Armus et al.
[Nell]
(a) s towl
PAH | I I
[Nelll]
[ArlI]
104 [NeVvi]
= [Arlll]
>
fn
k)
=
3 [Fell]
x
=
=
°
Q
©
(%)
1]
1004 JWST/MIRI total
Spitzer/IRS
JWST/MIRI nucleus
t t t t t t t t t t t
5 6 7 8 9 10 15 20 25
rest wavelength (microns)
0.30
[MgV] [SIv]
0061 (b) (c)
0.20
% [MgVill+H, S (Nevi [Fevin™2
> > [Arll]
£ 0.054 [Fevill] =
w w
S S
° [Fell] o 0.10 [Aril}
x x
2 =]
A [Felll+H, A
0.04 0.06
0.05
5.0 5.1 5.2 5.3 5.4 5.5 5.6 7.0 75 8.0 8.5 9.0 9.5 10.0 10.5
rest wavelength (microns) rest wavelength (microns)
[Nelil] [ov]
104 (d)
2 2
> >
£ £
2 0.6 2
é [Nell] é
x 0.54 x
= =
= =
0.4
0.3 1

13:,0 13‘.5 14‘.0 14;.5 15‘.0 1.‘;45
rest wavelength (microns)

19 20 7n 2 23 24 25 2%
rest wavelength (microns)

Figure 2. JWST/MIRI mid-infrared spectra of NGC 7469. The top panel (a) is a comparison of the total MIRI/MRS spectrum (blue solid) and the nuclear extraction
(red solid) to the Spitzer/IRS low-resolution spectrum (purple dotted) from Stierwalt et al. (2013). All spectra are arbitrarily scaled and presented in the rest frame.
Prominent emission lines and PAH features are labeled at the top. Atomic lines covering a wide range of ionization potentials and a number of H, lines from warm
molecular gas are present in the NGC 7469 nuclear spectrum. The PAH features that dominate the total JWST and Spitzer spectra are very weak in the nuclear
spectrum, and the high-ionization lines are significantly enhanced relative to the low-ionization lines. The green line at the bottom of the panel indicates the
wavelength ranges of individual MIRI/MRS channels. The bottom four panels (b)—(e) highlight four spectral regions of the nuclear spectrum with individual bright
emission features labeled. Asymmetric blue wings and broad profiles are evident on many of the high-ionization emission lines, indicative of fast-moving gas

associated with a nuclear outflow.

narrow component of the [Ne V] 14 ym line is blueshifted from
its expected position by ~0.05 pym), in many cases (e.g., the
narrow component of [O IV]), the centroids of the narrow-line
components are consistent with systemic velocity. The

wavelength offsets are channel-dependent, and in the current
paper, we refrain from comparing the absolute velocities of
lines between channels or to other measurements in the
literature.
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A large number of the emission line profiles exhibit broad
blue wings. This broad emission is prominent in the high-
ionization coronal lines (e.g., [Ne V], [Ne VI], and [Mg VII]) but
absent from the low-ionization lines (e.g., [NeII]). The high-
velocity emission extends up to 1700 km s~ ' blueward of the
narrow component. There is little or no redshifted emission in
the high-ionization lines, with the exception of [Mg V] 5.61 um
and [Fe vilI] 5.447 pm, which do show red wings extending
out to about 1000 km s~'. We have fit all lines that show broad
emission with a simple two-component Gaussian model profile
to estimate the basic line parameters. In all cases, we have fit a
local, linear continuum under each line that extends from about
+0.1 to 0.3 um to mitigate against residual low-level
continuum variations. The broad components have FWHMs
that range from ~500 to 1000 km s~ '. While we designate
these features as broad to facilitate a comparison to the narrow
emission, they are far narrower than those from the canonical
broad-line region. The FWHM of the Hf broad line in NGC
7469 is over 4300 km s~ (Peterson et al. 2004). The offsets
between the centroids of the narrow and broad components
range from ~100 to 600 km s~ '. The fluxes and widths of the
narrow and broad components are presented in Table 1, and a
subset of the lines are shown scaled and shifted to a common
velocity in Figure 3. Because the line is very bright, the broad
blueshifted emission in the [O1V] line was also seen in the
Spitzer/IRS long-high spectrum of NGC 7469 (Inami et al.
2013), even though the spectral resolving power was only
about 550 and the slit was extremely wide (including emission
from the disk and starburst ring). The [Ne III] and [Ne V] 14 ym
lines were also resolved in the S}i)itzer spectra, with intrinsic
widths of ~420 and ~350 km s~ ', respectively. The centroid
of the [Ne V] line was also blueshifted by about 300 km s L.
Now that the true line profiles are resolved with JWST, the
blueshifts seen in the Spitzer data can be understood as the
combined effects of a strong narrow feature near systemic and a
broad blue wing.

3.2. Warm Molecular Gas

The MIRI MRS spectrum of the nucleus of NGC 7469
reveals the presence of a number of pure rotational emission
lines of H, that trace the warm molecular gas in the vicinity of
the AGN. Eight transitions are detected in the spectrum, with
fluxes ranging from ~0.5 to 5 x 107'®* W m~2. All of the H,
lines are resolved, with intrinsic line widths (FWHM) ranging
from 124 to 331 km s~ '—comparable to or less than those of
the low-ionization atomic lines. The 17.05 ym S(1) line is the
broadest, but its width is highly uncertain. The median line
width is ~210 km s~ ' FWHM. None of the H, emission lines
show the broad, blueshifted wings seen on the high-ionization
atomic emission lines (see Figure 3).

Following Togi & Smith (2016), we have fit the H, line
fluxes with a power-law, temperature-dependent excitation
function to estimate the characteristic gas temperature and
implied mass. The power-law index is 4.55, and there is
approximately 1.3 x 10° M, of warm gas at 7 > 200 K and an
extrapolated mass (down to 50 K) of ~1.2 x 10’ M, in a 0”3
diameter aperture. The latter is approximately 0.4% of the total
estimated H, mass within a radius of 2”5 in NGC 7469 (Davies
et al. 2004; Izumi et al. 2020) and 18% of the estimated H,
mass within a radius of 072 (Izumi et al. 2020). The measured
S(1)/S(2) line flux ratio is similar to the average value
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Table 1
Measured Spectral Features
Feature ID Arest 1P Flux FWHM
(pum) eVv) 107 wWm? (km s~
1 2 3 4 5

H,S(8) 5.053 0.64 (0.17) 268 (47)

[Fe 11] 5.062 79 0.38 (0.07) <100
He 11 5.228 24.6 1.29 (0.19) 298 (33)
[Fe 11] 5.340 7.9 1.31 (0.07) 234 (11)
[Fe viiI] 5.447 124 1.98 (0.28) 372 (26)
4.09 (0.36) 1095 (63)

[Mg vi] 5.503 186.5 1.03 (0.32) 189 (32)
4.05 (0.42) 621 (36)

H, S(7) 5.511 1.45 (0.15) 124 (18)
[Mg V] 5.610 109.2 3.51 (0.33) 231 (11)
9.66 (0.41) 726 (22)

H,S(6) 6.11 0.53 (0.05) 175 (12)

6.2 PAH 6.22 27.1 2.5)

H,S(5) 6.910 3.05 (0.11) 188 (5)
[Ar 1] 6.985 15.8 13.48 (0.61) 261 (10)
[Na 1] 7.318 47.3 1.76 (0.25) 427 (29)
[Ne vi] 7.652 126.2 26.7 (1.99) 309 (13)
18.0 (2.25) 962 (64)

H,S4) 8.025 1.59 (0.23) 214 (23)
[Ar 11] 8.991 27.6 7.00 (2.78) 291 (38)
5.31 (1.47) 563 (156)

[Fe viI] 9.527 99.1 2.07 (0.69) 237 (34)
2.35 (0.74) 631 (197)

H,S(3) 9.665 2.94 (0.63) 265(43)
[S1v] 10.511 34.8 22.86 (0.99) 299 9)
10.9 (1.40) 667 (65)

H,S(2) 12.279 2.71 (0.51) 202 (29)
[Ne 11] 12.814 21.6 49.62 (3.62) 313 (14)
[Ne V] 14.322 97.1 41.77 (3.64) 259 (13)
32.68 (4.51) 814 (62)

[Ne 1] 15.555 41.0 91.61 (4.65) 287 (8)
45.85 (4.79) 920 (38)
H,S(1) 17.035 4.16 (1.95) 331 (140)
[Fe 1] 17.936 7.9 2.46 (0.97) 319 (90)
[S 1] 18.713 233 46.77 (1.37) 207 (5)
[Ne V] 24318 97.1 42.48 (4.07) 224 (12)
34.82 (6.24) 861 (85)

[O1V] 25.890 54.9 151.73 (26.31) 261 (20)
96.4 (34.61) 706 (165)

Notes. Basic properties of the emission lines measured in the JWST/MIRI
MRS nuclear spectrum of NGC 7469. Column (1): feature ID; column (2): rest
wavelength (xm); column (3): line flux (107" W m~2); column (4): intrinsic
FWHM (km s~ ') after subtraction of the instrumental broadening. Lines that
have been fit with an additional broad component have a second entry row. The
1o uncertainties in the fitted quantities are given in parentheses. The 6.2 ym
emission feature is a series of resolved components, not a single emission line,
so it does not have an entry in column (4).

measured by Tommasin et al. (2010) in a sample of Seyfert
galaxies with Spitzer.

3.3. Dust

The strong PAH features that dominate the total mid-infrared
spectrum of NGC 7469 are weak or absent from the nuclear
spectrum (see Figure 2). The spectrum does have some residual
continuum noise that makes identification of very weak and
broad PAH features difficult, but it is clear that the strong PAH
emission seen in the total MIRI and Spitzer spectra is not
present in the nuclear spectrum. This is consistent with the
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Figure 3. Atomic and H; line profiles in the MIRI/MRS nuclear spectrum of
NGC 7469. High-ionization lines are shown in panel (a). A comparison of
some of the brighter high- and low-ionization lines is shown in panel (b). All
lines are continuum-subtracted and have been normalized and shifted to the
centroid of the narrow-line peak. Black dotted lines indicate the base level and
zero velocity in each case. The high-ionization lines are all asymmetric, with
wings that extend up to 1700 km s~ to the blue. The high-velocity blue wings
are not present in the low-ionization lines. A simple two-component Gaussian
fit to the 14.3 pm [Ne V] line is shown in panel (c). In this panel, the narrow
[Ne V] component is in green, the broad blueshifted component is in violet, and
the sum is in red. Also shown, with a blue dotted line, is a Gaussian having a
width corresponding to an unresolved line at this wavelength. A number of the
H, emission lines detected in the NGC 7469 nuclear spectrum are shown in
panel (d) for comparison. While the H, lines are resolved, they are all
symmetric and narrow.

results of Lai & Armus (2022) and Honig et al. (2010). We do,
however, detect a weak PAH feature at 6.2 ym with a flux of
~2.740.2 x 10" W m™? and 2.50 upper limits on the fluxes
of the 7.7 and 11.3 ym PAH features of <9.2 x 10~ and
<B5x 1077 Wm?, respectively. The 6.2 ym nuclear flux is
about 0.5% of the PAH emission in the “total” MIRI spectrum.
Our 6.2/7.7 PAH flux ratio limit of >0.11 does not allow us to
confidently constrain the grain size, but the 6.2 yum PAH
equivalent width (EQW) of 0.07 um is within the range seen
for other AGN (e.g., Spoon et al. 2007).

The NGC 7469 nuclear spectrum is steeply rising over much
of the MIRI wavelength range with a slight inflection around
~8 pm that may signal the presence of warm dust heated by the
AGN. The 15-to-5 um flux density ratio is ~12.5. There is no
indication of either strong silicate absorption or emission at 9.7
or 18 um. The 9.7 um silicate strength, as defined in Hao et al.
(2007), is 0.02. This is smaller than found for many nearby
QSO0Os, where silicate emission is common, and larger than most
Seyfert 2s and ULIRGs, where absorption dominates and the
silicate strengths are negative but consistent with other Seyfert
1 galaxies observed with Spitzer (Hao et al. 2005, 2007;
Schweitzer et al. 2006; Netzer et al. 2007). For comparison, the
silicate strength measured in the Spitzer spectrum of NGC 7469
is —0.14, indicative of a small apparent absorption, undoubt-
edly the result of a significant amount of optically thick dust
from the starburst ring within the large Spitzer slit. The silicate
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strength, together with the 6.2 yum PAH EQW, places NGC
7469 between class 1A and 1B objects in the diagnostic
diagram of Spoon et al. (2007). The low silicate strength, weak
PAH EQW, and steep spectral slope may also indicate a
contribution from ongoing star formation to the nuclear
spectrum (Marshall et al. 2018).

4. Discussion

The high spectral resolution of the MIRI MRS data, together
with the range of detected atomic and H, lines, allows us to
probe the dynamics and ionization structure of the atomic gas
and the warm molecular gas in NGC 7469 on scales of ~100 pc
in the mid-infrared for the first time.

It is known that NGC 74609 has an outflowing, highly ionized
nuclear wind seen in the near-infrared [Si VI] coronal line on
subarcsecond scales (Muller-Sanchez et al. 2011). The atomic
gas measured with MIRI is most likely associated with this
outflow. One striking difference, however, is that the MIRI data
show gas moving at much higher velocity than mapped in
[SiVI], which reaches velocities of £120km s~ ! at radii of
about 072-0”73. Broad blueshifted emission extending to
nearly ~1000 km s™' is seen in the central spaxel of the
Keck/OSIRIS data, but the single Gaussian fits used to
construct the outflow model are clearly dominated by slower-
moving gas at radii of ~60 pc. The high-ionization, high-
velocity gas in the JWST MIRI spectrum is also seen as a faint
eastern extension in the [Mg V] map produced by U et al.

(2022).

The fact that the high-velocity gas is most prominent in the
coronal lines is consistent with an ionized, decelerating wind.
In this picture, the more highly ionized gas is closer to the
AGN and moving at greater speeds. The enhanced blueshifted
emission is a result of geometry and possibly extinction, with
the receding gas being partially blocked by dust in the inner
disk. Despite the high velocities, the bulk of the gas appears to
be photoionized, as the [S1v]/[Ne 1], the [Ne 111]/[Ne 1], and
the limit on the [Fe 1] /[O IV] ratios all imply that shock heating
is negligible (Inami et al. 2013). It is likely that the coronal line
gas we see in NGC 7469 may also be related to the high-
velocity, warm absorber, and emission line gas inferred to exist
on much smaller scales (0.1-3 pc) by Grafton-Waters et al.
(2020) through modeling of the XMM/RGS spectrum. Blue-
shifted coronal lines in the mid-infrared have been seen in
nearby ULIRGs with powerful outflows (e.g., Spoon &
Holt 2009), and it is reminiscent of the kinematic structures
seen in some narrow-line Seyfert type 1 galaxies known as
“blue outliers” (Komossa et al. 2008), typically identified via
asymmetric optical [O III] emission.

To better understand the NGC 7469 outflow probed with
MIRI, we plot the broad line widths and broad-to-narrow line
flux ratios as a function of ionization potential and critical
density in Figure 4. With the exception of the [Mg VII] line at
5.503 pum, which is partially blended with H,S(7), the broad
line widths show a moderate correlation with ionization
potential and the broad-to-narrow line flux ratio (Pearson’s
r=0.58 and 0.57, respectively). There is no correlation with
critical density, but this is not surprising, since the ratio of the
[Ne V] 14 and 24 pm lines is ~0.96 (~0.94 for the broad lines
alone), indicating that the coronal line gas is nearly in the low-
density limit with n, < 1000 cm > (see Alexander et al. 1999).
The primary correlations of the line widths and relative fluxes
are with ionization, similar to what is seen in NGC 1068 (Lutz
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Figure 4. Emission line properties as a function of ionization and critical
density in NGC 7469. The broad line widths and broad-to-narrow component
flux ratios are plotted as a function of ionization potential (panels (a) and (c))
and critical density (panels (b) and (d)) for the fine-structure lines in the nuclear
spectrum of NGC 7469. The lines show a correlation of broad line width and
broad-to-narrow line flux ratio with ionization potential. Linear fits are shown
as green dashed lines in panels (a) and (c), excluding the [Mg VII] 5.5 pm line,
which is blended with H,.

et al. 2000). The correlations among fit components strengthen
the picture of the simple model that is evident from the line
profiles alone, namely, that the prominence of the high-
velocity, mostly blueshifted gas among the coronal lines seen
with MIRI suggests a decelerating, stratified, AGN-driven
outflow in NGC 7469.

To estimate the mass outflow rate in the coronal gas, we
need to know the gas density, filling factor, maximum velocity,
and lateral surface area of the wind. From the [Si VI] emission
line map, Muller-Sanchez et al. (2011) estimated a mass
outflow rate of ~4 M, yr~', assuming a density of 5000 cm >,
filling factor of 0.001, wind lateral surface area of 11 x 10* pc?,
and maximum velocity of 130 km s~ ' (see their Equation 1). If
the high-velocity gas we see with JWST emerges in the wind
over an area consistent with our aperture and the eastern
extension in U et al. (2022), and the gas has a maximum
velocity of 1700 km s~ ', density of ~500 cm >, and filling
factor of 0.001, then we would arrive at a mass outflow rate of
~0.5-1 M, yr'. If the gas filling factor is larger, more typical
of an AGN narrow-line region (e.g., Storchi-Bergmann et al.
2010), then the outflow rate could be up to ~5 M, yrfl, close
to the value estimated by Muller-Sanchez et al. (2011). The
mass outflow rate is highly uncertain but still much larger that
the gas accretion rate required to power the AGN. Using the
scaling between [OIV] and the black hole accretion rate
(BHAR) in Stone et al. (2022), we estimate a BHAR of
~4.1 x 107 M, yr ', or roughly 1-2 orders of magnitude less
than the mass outflow rate in the ionized wind.

As has been shown by Komossa & Xu (2007), the narrow
line widths can be used as a surrogate for the stellar velocity
dispersion and therefore used to estimate the black hole mass in
Seyfert galaxies, once components associated with any
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outflowing gas are removed. While the high-ionization lines
show blueshifted emission in the MIRI MRS spectrum of NGC
7469, many of the narrow components have centroids
consistent with the systemic velocity. This strong narrow-line
component can be used to estimate the mass of the central
SMBH, assuming it dominates the dynamical mass in the
sampled volume.

Correlations between the widths and luminosities of the mid-
infrared [Ne V] 14.3 and [OIV] 25.9 um lines and the mass of
the central SMBH were established by Dasyra et al. (2008)
using Spitzer/IRS data of a sample nearby Seyfert galaxies,
including NGC 7469. Using the width of the narrow
component of the [Ne V] and [O1V] lines in the MIRI/MRS
nuclear spectrum, we estimate a mass of ~6 x 10° M., about
half the value calculated from reverberation line estimates
(Peterson et al. 2004) or one-third the value estimated by
Nguyen et al. (2021) from fits to the rotating central nuclear
disk measured in [CI] and CO with ALMA. We assume here
that the shift seen in the [Ne V] 14.3 ym line is due to the
wavelength calibration, as described in Section 3.1. Similarly,
the luminosities of the narrow lines imply SMBH masses of 4.4
and 4.8 x 10" M, for [Ne V] and [O IV], respectively, or about
a factor of 4-5 larger than the reverberation line estimate. As
noted by Dasyra et al. (2008), a large Eddington ratio would
lower the SMBH mass predicted from the [O1V] and [Ne V]
line luminosities, perhaps bringing them more in line with the
reverberation line estimate. By contrast, the widths of the broad
components in the MIRI/MRS nuclear spectrum imply SMBH
masses that are a factor of 75-80 higher than measured by
Peterson et al. (2004). This is consistent with our association of
the high-velocity gas with the outflow. Future studies of larger
samples of nearby Seyfert galaxies with JWST, where
outflowing and infalling gas can be identified and separated
with the MIRI and NIRSpec IFUs both spatially and spectrally,
could provide a revised calibration of this correlation and a
powerful tool to estimate SMBH masses in Seyfert galaxies.

The strong but relatively narrow H, lines in the nuclear
spectrum, along with the relatively flat power-law index,
suggest that warm molecular gas in the central ~100 pc is
dominated by AGN heating. This is consistent with the relative
dip in the line dispersion seen by U et al. (2022) on the nucleus.
The fan-shaped structure to the northwest seen as an
enhancement in the H, dispersion by U et al. (2022) may
reveal a molecular gas shock heated by the wind. The enhanced
central [CI] emission has also been suggested as evidence for
AGN heating of the circumnuclear gas in an X-ray Dissociation
Region (XDR) (Izumi et al. 2020). The near-infrared H, line
ratios can be explained by AGN heating or arise in dense gas
illuminated by hot stars (Davies et al. 2005). If the 6.2 ym PAH
emission seen in the nuclear spectrum is powered by star
formation, then the implied star formation rate is ~0.4 M, yr'
(Pope et al. 2008), or less than 1% of the total star formation
rate in NGC 7469.

5. Summary

We provide an analysis of the high-resolution, mid-infrared
spectrum of the nucleus of NGC 7469 taken with the MIRI
instrument on board the JWST. The rich set of emission
features has provided a detailed picture of the dynamics and
physical conditions of the ionized atomic and warm molecular
gas and the dust in the inner ~100 pc of NGC 7469. Our results
can be briefly summarized as follows.
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1. There are 19 identified emission lines covering a wide
range of ionization potential up to 187eV. The high-
ionization lines all show broad, blueshifted emission
reaching up to —1700 km s~ ' with respect to bright,
narrow systemic emission. The broad, blueshifted emis-
sion is not seen in the low-ionization lines. The width of
the broad emission and the broad-to-narrow line flux
ratios correlate with ionization potential. We interpret the
results as indicative of a decelerating, stratified, AGN-
driven outflow emerging from the NGC 7469 nucleus.
The estimated mass outflow rate in the wind, ~1-5 M, yr
~!is significantly larger than the current black hole
accretion rate needed to power the AGN.

2. There are eight pure rotational H, emission lines detected
in the nuclear spectrum. The H, lines have a median
intrinsic FWHM ~ 210 km s_l, with none showing the
broad, blueshifted emission seen in the high-ionization
atomic lines. We estimate that there is a total mass of
warm gas of ~1.2 x 10’ M, in the central 100 pc. The
high temperature and relatively narrow H, lines in the
nuclear spectrum suggest that this warm molecular gas is
heated by the AGN.

3. The PAH features that dominate the total mid-infrared
spectrum of NGC 7469 are significantly weaker in the
nuclear spectrum. We detect a 6.2 um feature with an
EQW ~0.07 um and a flux of 2.7 x 107" W m 2 If the
PAH emission in the nuclear spectrum is a result of star
formation, then the implied star formation rate is ~0.4
M, yr', or less than 1% of the total star formation rate in
NGC 7469.

4. The NGC 7469 nuclear spectrum is steeply rising over
the MIRI wavelength range. There is no indication of
strong silicate absorption or emission at 9.7 um. The
measured silicate strength is 0.02, significantly smaller
than found for many nearby QSOs but consistent with
other Seyfert Is.

The mid-infrared nuclear spectrum of NGC 7469 presented
here demonstrates the power of MIRI/MRS to disentangle the
complex excitation and kinematic properties in the circum-
nuclear environments of nearby merging galaxies that are both
feeding AGN and rapidly producing stars. These regions are
inherently multiphase, and the ability to spatially and spectrally
resolve the atomic and molecular gas emission, as well as the
dust in these galaxies, is a unique ability made possible with
infrared integral field spectrographs on JWST. Planned and
future JWST observations of NGC 7469 and other nearby
LIRGs and Seyfert galaxies will undoubtedly shed even more
light on feeding and feedback at the centers of rapidly evolving
galaxies.
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