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ABSTRACT

We present JWST/MIRI MRS spatially resolved ~5—-28 um observations of the central ~4—8 kpc of the ultraluminous infrared galaxy
and broad absorption line quasar Mrk 231. These are part of the Mid-Infrared Characterization of Nearby Iconic galaxy Centers
(MICONIC) program of the MIRI European Consortium guaranteed time observations. No high excitation lines (i.e., [MgV] at
5.61 um or [Ne V] at 14.32 um) typically associated with the presence of an active galactic nucleus (AGN) are detected in the nuclear
region of Mrk 231. This is likely due to the intrinsically X-ray weak nature of its quasar. Some intermediate ionization potential lines,
for instance, [Ar1II] at 8.99 um and [S 1v] at 10.51 um, are not detected either, even though they are clearly observed in a star-forming
region ~920 pc south-east of the AGN. Thus, the strong nuclear mid-infrared (mid-IR) continuum is also in part hampering the
detection of faint lines in the nuclear region. The nuclear [Ne I11]/[Ne 1] line ratio is consistent with values observed in star-forming
galaxies. Moreover, we resolve for the first time the nuclear starburst in the mid-IR low-excitation line emission (size of ~400 pc,
FWHM). Several pieces of evidence also indicate that it is partly obscured even at these wavelengths. At the AGN position, the
ionized and warm molecular gas emission lines have modest widths (Wgy ~ 300 km s7! ). There are, however, weak blueshifted wings
reaching velocities vy, ~ —400km s™! in [Ne11]. The nuclear starburst is at the center of a large (~8 kpc), massive rotating disk with
widely-spread, low velocity outflows. Given the high star formation rate of Mrk 231, we speculate that part of the nuclear outflows
and the large-scale non-circular motions observed in the mid-IR are driven by its powerful nuclear starburst.

Key words. galaxies: evolution — galaxies: ISM — galaxies: nuclei — quasars: general — quasars: individual: Mrk 231

1. Introduction

The InfraRed Astronomical Satellite (IRAS) discovered a large
number of the important population of infrared (IR) bright galax-
ies, mostly in the local Universe. They were classified in terms
of their IR (8—1000 wm) luminosities (Lig) as luminous and

* Corresponding author; aalonso@cab.inta-csic.es

ultraluminous IR galaxies (LIRGs and ULIRGs) with Lig =
10'"-10" Ly, and Lig = 10'2-10"3 Lo, respectively. Follow-up
observations revealed that a significant number of local ULIRGs
are interacting and merger systems, are powered by intense
star formation (SF) activity and/or an active galactic nucleus
(AGN), and contain large amounts of molecular gas. It was
also proposed that the dust-enshrouded ULIRG phase precedes

A95, page 1 of 21

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202450071
https://www.aanda.org
http://orcid.org/0000-0001-6794-2519
http://orcid.org/0000-0002-9610-0123
http://orcid.org/0000-0002-2421-1350
http://orcid.org/0009-0003-4835-2435
http://orcid.org/0000-0003-0589-5969
http://orcid.org/0000-0001-5434-5942
http://orcid.org/0000-0002-7093-1877
http://orcid.org/0000-0002-5666-7782
http://orcid.org/0000-0002-9090-4227
http://orcid.org/0000-0003-4870-5547
http://orcid.org/0000-0003-2666-5759
http://orcid.org/0000-0002-3930-2757
http://orcid.org/0000-0001-9341-2546
http://orcid.org/0000-0001-7591-1907
mailto: aalonso@cab.inta-csic.es
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Alonso Herrero, A., et al.: A&A, 690, A95 (2024)

the formation of quasars and eventually elliptical galaxies (see
Sanders & Mirabel 1996, for a review). Sensitive mid-infrared
(mid-IR) observations taken with the InfraRed Space Observa-
tory (ISO) and the Spitzer Space Telescope provided diagnostic
tools that allowed estimates of the AGN bolometric contribution
to Lir and nuclear extinctions of local ULIRGs, among many
other properties (see e.g., Genzeletal. 1998; Veilleux et al.
2009).

Mrk 231 (IRAS 12540+5708) is a ULIRG (log[Lir/Lo] =
12.5) and a broad absorption line (BAL) quasar (see e.g.,
Boksenberg et al. 1977; Lipari et al. 2005; Rupke et al. 2005,
and references therein). It is also the nearest quasar, located at
a redshift of z = 0.04217 that, following Feruglio et al. (2015),
corresponds to a luminosity distance of D = 187.6 Mpc and
an angular scale of 837 pc/”’. It was recognized, more than fifty
years ago, as an extraordinarily high IR luminosity source from
ground-based 10um observations (Rieke & Low 1972), later
confirmed by IRAS. Subsequent deep optical imaging demon-
strated that Mrk 231 is an advanced merger (Sanders et al. 1987)
or even a triple merger (Misquitta et al. 2024).

Emission from dust heated by both AGN and SF activity
is responsible for its high IR luminosity, although esti-
mates of the AGN bolometric contribution vary widely,
from ~30% to ~70% (see e.g., Downes & Solomon 1998;
Lonsdale et al. 2003; Veilleux et al. 2009; Yamada et al.
2023). Mrk 231 is also one of the best examples of a local
quasar and ULIRG, where multi-phase (neutral, ionized,
and molecular) and multi-scale outflows have been detected
(Lipari et al. 2009; Fischer et al. 2010; Rupke & Veilleux 2011;
Cicone et al. 2012; Feruglioetal. 2010, 2015; Aalto etal.
2012, 2015; Morgantietal. 2016; Veilleuxetal. 2016;
Gonzélez-Alfonso et al. 2018; Misquittaet al. 2024). The
velocities are typically of the order of hundreds of kms™!,
although they reach velocities in excess of 1000kms~" in the
neutral and molecular gas. These outflows are likely driven
by both the AGN and the intense SF taking place in Mrk 231,
although the high velocity outflow is likely AGN driven (see
Rupke & Veilleux 2013, and references therein). Leighly et al.
(2014) proposed a physical model for feedback from the AGN
component, based on spectra ranging from the ultraviolet to the
near-IR, and using the Paa line they estimated a black hole mass
of 2.3 x 108 M.

Despite the presence of a quasar and the intense SF activ-
ity of Mrk231, ISO and Spitzer spectroscopic observations
revealed just a handful of mid-IR low-excitation emission lines
and H, transitions accompanied by a strong mid-IR contin-
uum, but no high-excitation lines. Additionally, only a few
polycyclic aromatic hydrocarbon (PAH) features with low equiv-
alent widths (EW) were detected (see e.g., Genzel et al. 1998;
Armus et al. 2007; Veilleux et al. 2009). Sub-arcsecond res-
olution mid-IR imaging, spectroscopy, and polarimetry with
ground-based 8—10m-class telescopes demonstrated that the
emission is dominated by a bright, mostly unresolved, source
(angular size of 0.1-0.4"" ~ 84—-330 pc), with a moderately deep
9.7 um feature due to amorphous silicates (Soifer et al. 2000;
Alonso-Herrero et al. 2016a,b; Lopez-Rodriguez et al. 2017).
The ground-based observations also showed that the AGN
accounts for a substantial fraction of the mid-IR continuum
emission of Mrk 231, with only a small contribution from SF
activity. The latter likely increases at longer wavelengths (see
e.g., Efstathiou et al. 2022).

We present integral field unit (IFU) spectroscopy of Mrk 231
obtained with the Mid-Infrared Spectrometer (MRS) of the
Mid-InfraRed Instrument (MIRI, Rieke et al. 2015; Wright et al.
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2015, 2023) on board of the James Webb Space Tele-
scope (JWST, Gardner et al. 2023). The observations are part
of the guaranteed time observations (GTO) program termed
Mid-Infrared Characterization of Nearby Iconic galaxy Centers
(MICONIC) of the MIRI European Consortium, which includes
Mrk 231, Arp 220, NGC 6240, Centaurus A, and SBS0335-052,
as well as the region surrounding Sgr A* in our galaxy. These tar-
gets are also part of the GTO program for nearby galaxies of the
NIRSpec instrument team. The goal of this work is to carry out
a spatially resolved study of the mid-IR emission of the nuclear
and circumnuclear regions of Mrk 231.

The paper is organized as follows. Section 2 describes the
MRS observations, data reduction, and analysis, and Sect. 3 the
mid-IR nuclear emission of Mrk 231. In Sects. 4 and 5 we ana-
lyze the spatially resolved observations of the ionized gas and
warm molecular gas, respectively. In Sects. 6 and 7 we use these
new spatially resolved MRS observations to infer the SF activity
and outflow properties of this ULIRG. In Sect. 8§ we present our
summary.

2. MIRI MRS observations
2.1. Data reduction

We obtained MIRI MRS observations of the central region of
Mrk 231, as part of JWST Cycle 1 program ID 1268 that also
includes the NIRSpec GTO observations of this target. The MIRI
observations were taken using a single pointing observed with a
four-point dither, extended source pattern. The on-source inte-
gration was 522 s and made use of the FASTR1 readout mode.
We also took an MRS background observation using a two-point
dither, extended source pattern. The observations cover the full
~5-28 um spectral range.

We processed the MRS observations using version 1.12.3 of
the JWST Science Calibration Pipeline (Bushouse et al. 2023)!,
and the files from context 1135 of the Calibration References
Data System (CRDS). We followed the standard procedure
for MRS data (see Labiano et al. 2016; Alvarez-Mérquez et al.
2023) for stages 1 and 2 of the pipeline. The first stage of the
MRS pipeline (Morrison et al. 2023; Dicken et al. 2022) per-
forms the detector-level and cosmic ray corrections, and trans-
forms the ramps to slope detector images. The default cosmic ray
correction and parameters did not leave any significant residuals
in the data. The second stage performs the specific corrections
needed for the MRS data (Argyriou et al. 2023; Gasman et al.
2023; Patapis et al. 2024).

At the end of stage 2, our data showed some negative spikes
in the Level 2 science cubes. Investigation and discussion with
STScl showed that these were caused by bad or warm pixels
(flagged as NaN) in the detector, exactly atop the brightest part
of the spectral traces. The negative residuals were the result of
the pipeline interpolating these around using neighbouring pix-
els. At the time of our data reduction, we solved the problem
by searching for isolated NaNs and interpolating in the spec-
tral direction (D. Law, private communication) in the cal.fits. We
note that currently the pipeline uses a pixel replacement routine
to replace bad pixels flagged with a bad-pixel map. We then ran
pipeline stage 3 on this modified datasets to combine the 4-dither
pointings and create the final spectral cubes (Law et al. 2023).
We switched off the background corrections (bkg_subtract and
master_background) and sky matching (imatch) steps as they

1 See also https://jwst-docs.stsci.edu/jwst-science-
calibration-pipeline-overview
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introduced artifacts. Although stage 3 is usually ran just on the
science data, we also created Level 3 background cubes with
the same procedure as the science cubes. These can be used to
extract one-dimension (1D) background spectra to be compared
to the science spectra.

We chose to produce the fully reconstructed science data
cubes in the usual orientation of north up, and east to the left. The
resulting fields of view (FoV) and pixel sizes are (see Fig. A.1
for a few examples): between 5.1” X 5.6” and 5.1” X 5.9” with
a 0.13” pixel size for channel 1 (chl, observed wavelengths
4.9-7.65 um), 6” x 7" and 6.3” x 7" with 0.17" for channel 2
(ch2, 7.51-11.7um), 7.8” x 8.6” and 8.2"” x 8.6” with 0.2”
for channel 3 (ch3, 11.55-17.98 um), and 10.1” x 10.9” and
10.9” x 10.9” with 0.35” for channel 4 (ch4, 17.7-27.9 um).
For reference, on the archival (proposal ID 10592) Hubble Space
Telescope (HST) image of Fig. 1 taken with the Advanced Cam-
era for Surveys (ACS), we overlaid the approximate FoV and
orientation of the ch3 observations. These cover, apart from the
nuclear region, some of the expanding shells and super-bubbles
identified by Lipari et al. (2005), which are believed to be asso-
ciated with the intense SF activity taking place in Mrk 231. We
will discuss this in detail in Sects. 6 and 7.

2.2. Data analysis

A bright nuclear point source dominates the mid-IR continuum
emission in all the MRS channels (see some continuum maps in
Fig. A.1), as already known from ground-based mid-IR obser-
vations at comparable angular resolutions (Soifer et al. 2000;
Alonso-Herrero et al. 2016a; Lopez-Rodriguez etal. 2017).
Indeed, the measured continuum full width at half maxi-
mum (FWHM) in all the MRS sub-channels is consistent
with the reported values for point sources (Law etal. 2023;
Argyriou et al. 2023), ranging in Mrk 231 from ~0.3” (251 pc)
at 5pum to ~0.8—0.9” at 23 um (753 pc).

We extracted a 1D nuclear spectrum for each of the MRS
sub-channels by centering a relatively large aperture of 1”
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Fig. 1. Archival HST/ACS image (color and contours,
shown in a square root scale) of Mrk 231. The obser-
vation was taken with the optical F435W filter and it
shows the central 16” X 16”, which corresponds to a
region of ~13.4kpc X 13.4kpc in size. For reference,
the overlaid dashed square represents the approximate
FoV and orientation of the MRS ch3 observations. We
mark the positions of several expanding shells identi-
fied by Lipari et al. (2005) and discussed in the text.

(=837 pc) radius at the continuum peak. We chose it to encom-
pass most of the extended nuclear line emission while avoid-
ing emission from other circumnuclear star forming regions
(see Sect. 4). Additionally, the large aperture size together with
the four-point dither help minimize the continuum wiggles that
are due to the undersampling of the point spread function (see
Law et al. 2023). We applied the residual fringing correction to
the nuclear 1D spectra in Fig. 2 with the RFC1D_UTILS rou-
tine> (Kavanagh et al., in prep. and also Gasman et al. 2023). We
did not apply an aperture correction to the nuclear 1D spectra
because it contains both unresolved (continuum) and resolved
(emission lines) components. We note that the aperture radius
is large enough that the correction for the continuum unre-
solved emission would be less than approximately 10% for chl
and ch2, but could reach 25% at the longest wavelengths (see
Argyriou et al. 2023). For comparison we show the Spitzer/IRS
spectra extracted as a point source in Fig. B.1. The flux cali-
bration of the individual MRS channels was good and thus no
correction factor was applied prior to the stitching of the sub-
channels, except for ch1A for which needed to be multiplied by
a 1.02 factor to match ch1B. Finally, given the extremely bright
nuclear flux of Mrk 231, we did not perform a background sub-
traction since its contribution is negligible.

The resulting rest-frame ~4.7—-23.5 um nuclear spectrum is
shown in Fig. 2. We did not include ch4C because the red end
is still affected by residual noise. Fig. 3 shows the same nuclear
spectra but separately for each channel. We marked the posi-
tions of the pure rotational H, S(8) to S(1) transitions and fine-
structure lines as well as broad absorption features and PAHs
features. We measured the fluxes and velocity dispersion of the
emission lines from the nuclear 1D spectra before applying the
residual fringing correction. We fit a single Gaussian function
and a local continuum, and then computed the FWHM after
correcting for the wavelength-dependent instrumental resolution

2 https://github.com/spacetelescope/jwst/blob/master/
jwst/residual_fringe/utils.py
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Fig. 2. MRS nuclear spectrum (solid black line) of Mrk231. It

was extracted with a 1”-radius aperture and covers the rest-frame

~4.7-23.5 um spectral range. We applied the residual fringing correc-

tion to the extracted 1D spectra of each of the sub-channels. The dotted

line is the fitted continuum using a cubic spline function and the red
dots are the anchor points selected for the fit.

provided by Argyriou et al. (2023). The uncertainties of the
fluxes and line widths were calculated from the propagation of
the errors of the fitted parameters. The fluxes and line widths
are listed in Table 1. We did not include the H, S(6) transi-
tion because it is strongly affected by an H,O absorption fea-
ture (Fig. 3, top left). We note, however, that most emission lines
present weak wings, especially blueshifted. In Sect. 7.1 we will
quantify them using a non-parametric method.

To produce spatially resolved maps of the fine-structure
emission lines and bright rotational H; lines, we fitted a single
Gaussian function and a linear continuum on a spaxel-by-spaxel
basis. We adopted a 3 X N detection threshold at the peak of
the line over the continuum, where N, is the standard devi-
ation of the continuum adjacent to the line. With these fits, we
produced maps of the line intensity, the mean-velocity field using
the velocity corresponding to the peak of the line, and the veloc-
ity dispersion after correcting from instrumental resolution. We
refer the reader to Hermosa Muiioz et al. (2024) for a complete
description of the method used to construct the line maps. We
discuss these maps in Sects. 4, and 5 for the ionized and molec-
ular gas, respectively.

3. Nuclear emission
3.1. Continuum emission

The nuclear spectrum of Mrk 231 presents a strong and steeply
rising mid-IR continuum (Fig. 2). It is mostly produced by
the bright point source, which dominates the emission in
all the MRS channels (see Fig. A.1). The MRS continuum
fluxes in the =~8—12pm spectral range are similar to those
reported from ground-based observations (Soifer et al. 2000;
Alonso-Herrero et al. 2016a; Lopez-Rodriguez et al. 2017) at
~(.3" resolution.

The modeling of the nuclear near- and mid-IR emission of
Mrk 231 done by Lopez-Rodriguez et al. (2017) showed that
most of the MRS continuum emission would stem from the
dusty molecular torus, although a powerful nuclear starburst
was also required to reproduce the near and mid-IR emission
(see also Sects. 4 and 6). Indeed, using OH megamaser obser-
vations, Klockner et al. (2003) detected a 100 pc-radius torus,
which appears to be warped with respect to the larger-scale disk.
The expected size of the hot and warm dust emission dominat-
ing the mid-IR continuum is expected to be smaller than the torus
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Table 1. MRS fluxes measured in the nuclear (r = 1”) region of
Mrk 231.
Line Arest 1P flux FWHM;j;e
(um) (eV) (107"ergem™2s7') (kms™)
H, S(8) 5.053 ... 0.72 £0.10 et
[Fell] 5.340 7.9 2.36 £0.13 236 +9
H, S(7) 5.511 ... 2.59+0.14 248 + 10
[MgV] 5.610 109 <1.1
H, S(5) 6910 ... 3.21 +£0.20 208 £ 10
[ArIl] 6.985 15.8 5.74 +0.12 216 +4
H, S(4) 8.025 1.64 £ 0.10 209 + 10
H, S(3) 9.665 0.73 £ 0.09
H, S(2) 12.279 ... 0.90 +0.17 206 + 29
[Nell] 12.814 21.6 11.14 £ 0.41 203+ 6
[NeV] 14.322 97.2 <1.3
[Nelll] 15.555 41.6 1.37+£0.29
H, S(1) 17.035 ... 1.21 +£0.23 171 £ 24
[SIO] 18.713 23.3 0.29 £0.11

Notes. Fluxes and line widths are from fits with a single Gaussian.
FWHMj;, are corrected for instrumental resolution and are only given
for values with uncertainties of less than 15%. The upper limits are
30 con: (see text for details).

physical size since it would mostly arise in its inner walls (e.g.,
Honig 2019; Nikutta et al. 2021; Alonso-Herrero et al. 2021).
Thus, the Mrk 231 torus would be unresolved, even at the best
MRS angular resolution (~0.3"" Argyriou et al. 2023).

3.2. Low excitation emission lines, rotational H, lines, and
PAH features

In contrast to other nearby AGN and (U)LIRGs observed
with MRS (see e.g., Pereira-Santaellaetal. 2022;
Alvarez-MérqueZ etal. 2023; Garcia-Bernete etal. 2022a,
2024a; Armus etal. 2023, and also van der Werf et al., in
prep.; Hermosa Muiioz et al., in prep.), there are only a few
emission lines with relatively low EW (Figs. 2 and 3) in the
nuclear spectrum. The series of pure rotational 0-0 S(8) to S(1)
H, lines is clearly detected in the nuclear region of Mrk231.
It is also evident that only fine-structure emission lines with
low ionization potentials (IPs), between 7.9eV and 41 eV, are
present (Table 1). On the other hand, [Ar1i] at 8.99 um and
[S1v] at 10.51 um (loosely dotted lines in the upper right panel
of Fig. 3) with IPs of 28 and 35 eV, respectively, are not detected
in the nuclear region of Mrk 231. We note, however, that these
lines are present in a circumnuclear star-forming region (see
Sect. 6.2). When compared with previous Spitzer/IRS spectro-
scopic observations (see Armus et al. 2007; Veilleux et al. 2009,
and also Fig. B.1), [Fe11], [Ar11], [Ar 1], [Ne 1], and [S111], as
well as the S(8) to S(4) H, lines are new MRS detections in the
(circum)nuclear region of Mrk 231.

The observed ratio of [Nemn]/[Nelr] =0.12 (Table 1) is
well within the typical values of star-forming galaxies (aver-
age of 0.17 + 0.07), while local quasars present significant
higher ratios (average of 2.0 + 1.0), both values from Spiztzer/IRS
spectra (Pereira-Santaella et al. 2010a), Moreover, photoioniza-
tion models for AGN radiation fields (see Feltre et al. 2023,
and references therein) predict [NeII] to [NelI] ratios above
the observed ratio in Mrk231. Only radiation fields with
steep UV continua, which are representative of low ionization
nuclear emission-line regions (LINERs), would produce low
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Fig. 3. Nuclear spectrum shown for each of the MRS channels. As in Fig. 2, the extraction aperture had a 1”-radius. Each panel shows the A,
B, and C sub-channels (chl upper left, ch2 upper right, ch3 lower left, and ch4 lower right), except for ch4 for which we only show A and B
(see text). The dashed lines mark the detected low-excitation fine-structure emission lines (blue and green) and rotational H, lines (orange). The
loosely dotted lines are other relatively low IP lines not detected in the nuclear spectrum (see text for more details). Also labeled are the positions

of PAHEs, silicate features, and some molecular absorption bands.

[Nen1]/[Ne11] ratios (see Fig. 6 of Feltre et al. 2023). How-
ever, the nuclear optical line emission of Mrk 231 is classified
as a Seyfert 1 galaxy (see Sanders et al. 1988, and references
therein).

van der Werf et al. (2010) modeled the CO rotational lad-
der of Mrk231 using a combination of a photodissociation
region (PDR) and an X-ray dominated region (XDR), with
the latter being responsible for the emission of the high-
J CO transitions. Models including an XDR produce mostly
[Nem], while the [NemI] emission would be partly sup-
pressed (Pereira-Santaella et al. 2017). Therefore, the relatively
low [Ner]/[NelI] ratios in the nuclear region could be due
to AGN photoionization with a contribution from an XDR.
van der Werf et al. (2010) predicted a radial size of the X-ray
illuminated region of 160 pc from the Mrk 231 using the range of
intrinsic X-ray luminosity given by Braito et al. (2004). We note
that this putative XDR would have a size smaller than that of
the resolved nuclear starburst obtained from the low-excitation
[Ar1r] and [NeII] emission lines (see Sect. 4.1). However, we
have limited spatial information about the nuclear distribution of
the [Ne III] emission line (see Sect. 4.1 and Appendix C). Thus,
we cannot conclusively determine the effects of a putative XDR
of Mrk 231 on the observed nuclear mid-IR line ratios.

Emission from the 6.2 um and the 11.3 um PAH features is
clearly seen in the nuclear region of Mrk 231, together with other
fainter PAH features typically detected in PDRs (see e.g., in the

Orion bar, Chown et al. 2024), such as those at 5.25 and 12.7 pm,
and tentatively at 16.45 um (see Donnan et al. 2023). The rel-
atively low EW of the PAH features for the 6.2 and 11.3 um
(see Sect. 6.1 for the measurements) reflects the dominance of
an AGN produced mid-IR continuum, even though the extracted
nuclear spectrum covers a relatively large physical region (cen-
tral ~1.6 kpc, in diameter).

3.3. High-excitation emission lines

Mid-IR high-excitation lines with IP > 95eV (e.g., [MgV] at
5.61 wm and [Ne V] at 14.32 um) are generally associated with
the presence of AGN (Sturm et al. 2002; Pereira-Santaella et al.
%022; Garcia-Bernete et al. 2022a, 2024a; Armus et al. 2023;
Alvarez-Mérquez et al. 2023). Moreover, AGN present a good
correlation between the [Ne V] at 14.32 um luminosity, among
several IR high excitation lines, and the intrinsic 2—10keV lumi-
nosity (Spinoglio et al. 2022). These and other high-excitation
lines remain undetected in the nuclear spectrum of Mrk 231
(see Fig. 3), despite the higher sensitivity and angular resolu-
tion of the MRS observations compared with previous observa-
tions (Armus et al. 2007; Veilleux et al. 2009). We can obtain an
estimate of the line upper limits by measuring the standard devi-
ation of the continuum (o o) adjacent to the lines (see Fig. 4).
For [Ne V] we corrected the 1D spectrum for residual fringing
which was affecting the data at wavelengths mostly redder than
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the line. We note that for both lines, part of the continuum struc-
ture near the lines is due to the presence of individual absorption
features (see Sect. 3.4). For the expected width of the [Mg V] and
[Ne v] lines of Mrk 231, we took the FWHM;j;pe ~ 700 kms™
value measured by Rupke & Veilleux (2011) using the optical
Ha line for the nuclear region, which they attributed to the
nuclear wind. This value is higher than the measured FWHMj;p,
of the low excitation lines detected with MRS in Mrk 231
(Table 1), but these are produced mainly by SF activity (see
Sect. 4). However, in NGC 74609 the broad components of [Ne V]
and [MgVv] have FWHM;,e =~ 726-814km 7! (Armus et al.
2023). The 30 o upper limits are 1.1 X 1074 erg cm~2s7! and
1.3x 107" ergem™2s7! for [Mg V] and [Ne V], respectively.

We can also use MRS observations of two AGN in local
LIRGs to predict the expected fluxes of [Mg V] and [Ne V] for
Mrk 231 using their X-ray luminosities. The intrinsic 2—10keV
luminosity of Mrk 231 was estimated to be between 2 x 10*
and ~10*% erg s™! (Braito et al. 2004, corrected for the distance
assumed in this work), although other works (see e.g., Teng et al.
2014) inferred a lower value putting it in the intrinsically
X-ray weak quasar category. Both the bright Seyfert 1 galaxy
NGC 7469 (Armus et al. 2023) and the AGN in the northern
nucleus of NGC 6240 (NGC 6240-N, Hermosa Muiioz et al., in
prep.) present similar 2—10keV luminosities, 3 x 10* ergs™!
(Vasudevan et al. 2010) and 2x10* erg s~! (Puccetti et al. 2016),
respectively.

We used the observed line fluxes of the high excitation lines
in NGC 7469 (summing the narrow and broad components) and
NGC 6240-N, scaled to the distance and a 2—10keV luminos-
ity of 10%ergs™! for Mrk 231 to predict the amplitudes of the
two lines, assuming a single Gaussian function. Again we took
FWHMj;,e = 700km s7h, Figure 4 shows the simulated lines
over spectra extracted with an aperture radius of 0.5” for the
[MgV] line and 1” for [NeV]. The smaller aperture for chl
is intended to minimize the continuum structure contribution
near the line, while containing most of the unresolved emission
at these wavelengths. The simulated [Mg V] lines are consis-
tent with the non-detection in the observed spectrum, corre-
sponding to a ~1.70p detection, approximately. The [Ne V]
line at 14.32 um predicted from the NGC 7469 MRS flux would
have been detected if the 2—10keV luminosity of Mrk231 was
10* erg s™! but would be undetected if Mrk 231 is an intrinsi-
cally X-ray weak quasar (Teng et al. 2014). On the other hand,
the line flux predicted from NGC 6240-N would be buried within
the noise and structure of the continuum emission. Therefore, the
lack of detection of [Mg V] and [Ne V] in the nuclear region of
Mrk 231 is likely due a combination of a strong mid-IR contin-
uum, the presence of continuum structure due to absorption fea-
tures, and its relatively weak X-ray emission (see also Teng et al.
2014).

3.4. Absorption features

The nuclear spectrum of Mrk231 presents a ~9.7um sili-
cate feature in moderate absorption, as already known from
ground-based observations with similar angular resolution
(Alonso-Herrero et al. 2016a,b; Lopez-Rodriguez et al. 2017). A
corresponding ~18 um feature was previously observed with
Spitzer/IRS (Armus et al. 2007; Veilleux et al. 2009) at lower
angular resolution. To measure the apparent optical depths of the
silicate features, we fitted the continuum emission with a cubic
spline function with several anchor points (red dots in Fig. 2
and continuum fit plotted as a dashed line). We calculated the
apparent depths of the features as Steaure = In(ffeature / feont) and
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Fig. 4. Zoomed-in spectral regions of the nuclear spectra around the
wavelengths of high-excitation lines [MgV] (top) and [NeV] (bot-
tom). The black lines are the observed spectra extracted with an aper-
ture radius of 0.5” (top) and an aperture radius of 1” (bottom), while
the dotted and dashed lines are the predicted high-excitation emission
lines from MRS observations of two local AGN assuming an intrinsic
2-10keV luminosity of 10* ergs™! for Mrk 231 (see text for details).
The ch3-medium spectrum was corrected for residual fringing that was
affecting mostly data at wavelengths longer than that of [Ne V].

obtained So7,m = —0.75 and Sigym = —0.24. These values are
consistent with past observations, although they are subject to a
precise extraction and fit of the continuum emission.

The high resolving power of MRS (Labiano et al. 2021;
Jones et al. 2023; Argyriou et al. 2023) allows to identify numer-
ous absorption features in Mrk 231. These include the previ-
ously detected features at ~6.85 and 7.25um (Fig. 3), which
are attributed to aliphatic hydrocarbons (possibly a:C—H hydro-
genated amorphous carbon analogs, see Spoon etal. 2022,
for more details), and at ~13.7um and =14 um produced by
acetylene (C,;H;) and hydrogen cyanide (HCN), respectively
(Lahuis et al. 2007). Additionally, a newly detected absorption
feature in Mrk 231 at 7.7 um is due to methane (CHjy) ice. All
these absorption features are observed in the nuclear regions of
other local (U)LIRGs (Rich et al. 2023; Buiten et al. 2024) and
MICONIC targets (Buiten et al., in prep.; Hermosa Muiioz et al.,
in prep.).

Another remarkable finding is the large number of H,O
rovibrational absorption lines in the 5.5-7.2 um range (Fig. 3).
These are associated with the gas phase of this molecule
(Gonzalez-Alfonso et al. 2024; Garcia-Bernete et al. 2024b).
Moreover, the H,O features of Mrk 231 appear to be similar
to those of the embedded star-forming regions in the LIRG
system VV 114 (Buiten et al. 2024). A strong mid-IR contin-
uum source behind the absorbing gas is required to give rise
to these features (Gonzalez-Alfonso et al. 2024), which in the
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all maps, north is up and east to the left.

case of Mrk 231 is produced by dust heated by the AGN. Using
Herschel observations Gonzalez-Alfonso et al. (2010) detected
far-IR water vapour features in absorption and emission and esti-
mated the sizes of the regions where these features are formed
to be at radii between 120 and 600 pc from the Mrk 231 nucleus.
The latter basically corresponds to the extent of the nuclear star-
burst (see Sect. 4).

The nuclear spectrum of Mrk 231 also shows evidence of
a broader and relatively shallow H,O feature at ~6 um, which
is believed to be due to the presence of dirty water ices in
obscured AGN and embedded nuclear regions of local ULIRGs
(see Garcia-Bernete et al. 2024a, and references therein). For the
measured nuclear X-ray column density of Mrk231 of 1.1 x
10?* cm™2 (Teng et al. 2014), according to Garcia-Bernete et al.
(2024a), the expected apparent optical depth of this ice feature
would be small, which is consistent with the observations. A
detailed modeling of this and other absorption features will be
carried out in a future paper.

4. Extended ionized gas and PAH emission

In this section we discuss the properties of the extended ionized
gas and PAH emission in Mrk 231. Figures 5 and 6 present maps
of the line flux of the brightest fine-structure lines in Mrk 231
([Ar1] and [Ne I1] respectively) together with the mean-velocity
field and velocity dispersion (left, middle, and right panels). In
Figs. C.2 and C.3, we show similar maps for [Fe I1], [Ne 111], and
[S ).

4.1. Line flux maps

The intensity maps of the low-excitation emission lines exhibit
not only bright emission arising in the nuclear region but also an
extended emission component which includes several circumnu-
clear star-forming regions. This is in contrast to the bright point
source present in the MRS continuum maps (see Fig. A.1). The
location of a known star-forming region at approximately 1.1”
(920 pc) southeast (SE) of the AGN is detected in the [NeII]
and [Ne1m] line maps (Figs. 6 and C.2), and is easily identi-
fied in the higher angular resolution map of [Ar11] (Fig. 5). The
larger FoV of the [Ne IT] maps also shows emission from another

star-forming region located to the northeast (approximately 1)
of the AGN as well as some regions at ~2.5-3" (2.1 kpc) to
the south (see Fig. C.6). These star-forming regions were pre-
viously detected in Mrk231 using optical IFU observations
(Lipari et al. 2009; Rupke & Veilleux 2011). They are related
to the expanding shells S3 (at an approximate radial distance
from the AGN of 1.2”) and S1 (at 3.5” from the AGN), respec-
tively (see Lipari et al. 2005; Lipari et al. 2009, and Fig. 1) and
associated bright optical knots detected with HST (Surace et al.
1998, and also Fig. 1). We note that other works (see e.g.,
Surace et al. 1998; Rupke et al. 2005; Rupke & Veilleux 2011)
described shell S1 as southern arc of star-forming regions and/or
knots.

Interestingly, some of the bright circumnuclear star-forming
regions in the MRS maps are identified by their relatively low
values of the velocity dispersion (Figs. 5 and 6, right pan-
els). As an example, the [Ar11] line from the region SE of the
AGN has o ~ 40kms™! (corrected for instrumental resolution).
Additionally, the [Ne IT] intensity map shows more extended and
diffuse emission’, which is associated with the overall interstel-
lar medium of the galaxy, while the other more compact arisings
in the star forming regions (see Sect. 7.2) .

From the [Ar 1] and [Ne11] line flux maps, we measured the
size of the nuclear region responsible for the low-excitation line
emission. From spatial profiles extracted with 1", we obtained
nuclear sizes of 0.6—-0.5"” (FWHM, 502—418 pc) along the east-
west (E-W) and north-south (N-S) directions, respectively, for
[Ar1r] and slightly larger for [Nelr], 0.8—0.7” (660—586 pc,
FWHM). For the latter line we created an intensity map by inte-
grating the line from a continuum-subtracted data cube. This
is because the [NeII] map created by fitting a single Gaussian
(Fig. 6, left) contains some NaN in the central region which ham-
per the fit of the spatial cuts. For comparison, the derived sizes
from spatial profiles taken from MRS continuum maps adjacent
to the lines are 0.4—0.3" along the E-W and N-S directions in
ch1C and 0.6” for ch3A. This indicates that a large fraction of
the observed nuclear [ArII] and [Ne II] emission is resolved.

3 This is because [NeII] is brighter than [ArII] and the ch3 pixels are
larger than those of ch1, thus making it easier to detect extended diffuse
emission in [NeII].
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It is likely that a contribution from unresolved emission is
also present in the low excitation emission lines. The velocity
channel maps of [NelI] near the systemic velocity (Fig. D.1)
show faint emission from the diffraction spikes associated with
the unresolved source. Thus, a better estimate of the line
emitting region can be obtained by subtracting in quadrature
the FWHM of the core of the point spread function mea-
sured from the continuum images from the observed value.
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The resulting sizes for the [ArII] and [Nell] emissions are
approximately 0.4—0.5" =335-420pc (FWHM), respectively,
for the nuclear line emission in both the E-W and N-S direc-
tions. These sizes are within the range observed in other
local ULIRGs using ALMA sub-millimeter continuum obser-
vations (Pereira-Santaella et al. 2022) and similar to the val-
ues measured for the nuclear starburst of Mrk 231 with optical,
near-IR, and radio observations (Lipari et al. 2009; Davies et al.
2004; Carilli et al. 1998). Therefore, both the mid-IR sizes and
observed [Ne 111]/[Ne II] ratio indicate that the MRS observations
have resolved the nuclear starburst of Mrk 231.

4.2. Extended PAH emission

In galaxies, PAH molecules are excited by ultraviolet photons
produced by B stars rather than the more massive O stars
(see Peeters et al. 2004). Thus, PAH emission is often consid-
ered a tracer of the recent SF activity, while [NelI] probes
youngest ages (a few million years). We generated a map of
the 11.3 um PAH intensity by integrating, on a spaxel-by-spaxel
basis, the observed feature flux between 11.6 um and 11.95 um
(Adrest = 11.13um and A = 11.47um) and subtracting a
local continuum measured on both sides of the feature. We
note that for Mrk 231 this feature lies close to the edge of the
MRS ch3A (see bottom left panel of Fig. 3) and thus the local
blue continuum might be slightly overestimated. The resulting
map (Fig. 7, top panel) exhibits PAH emission over the entire
ch3A FoV, with the brightest arising in the nuclear region. The
detection of the 11.3 um PAH feature in the central few hun-
dred parsecs of Mrk231 is in line with observations of the
nuclear regions of other AGN with comparable X-ray luminosi-
ties (Garcia-Bernete et al. 2022a, 2024c). These works showed
that while the presence of an AGN can impact the properties
of the PAH molecules, it does not necessarily destroy them
completely.

Although the overall morphology of the 11.3 um PAH fea-
ture emission is similar to [NeIr] (Fig. 6), some differences
are apparent in the 11.3um PAH over [Nell] line ratio map
(Fig. 7, bottom). The nuclear region and some of the cir-
cumnuclear star-forming regions show distinctly lower ratios
than in the rest of the extended emission. This behavior was
observed in Spitzer/IRS spatially resolved line ratio maps of
local LIRGs (Alonso-Herrero et al. 2009; Pereira-Santaella et al.
2010b). While the decreased 11.3 um PAH/[NeII] ratio in the
nuclear region of Mrk231 and LIRGs might be in part due
to extinction due to silicate grains affecting the 11.3 um PAH
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Fig. 8. Maps of H, S(5) at A, = 6.91 um. Panels and symbol are as in Fig. 5. The 0,0 point on the axes refers to the center of this sub-channel

array, after rotation. In all maps, north is up and east to the left.

feature (Hernan-Caballero et al. 2020) and/or the AGN effects,
they also reflect the fact that PAHs trace less massive and slightly
older stellar populations than other mid-IR low excitation emis-
sion lines (Peeters et al. 2004). Nevertheless, the extended nature
of the PAH and [Ne II] emissions reinforces the conclusion that
most of the mid-IR low excitation line emission in Mrk 231 is
produced by SF.

4.3. lonized gas kinematics

The mean-velocity field of the [NeI] line (middle panel of
Fig. 6) shows evidence of circular motions, where the veloci-
ties vary from approximately —100kms™' to +80kms~'. The
isovelocity contours show that the kinematic major axis of the
galaxy lies close to the E-W direction, as found by the kine-
matics of optical emission lines (Lipari et al. 2009) and the cold
molecular gas (Downes & Solomon 1998; Feruglio et al. 2015).
Moreover, the [Ne 1] velocity field is similar to that derived from
the optical He line (Lipari et al. 2009). This includes the pres-
ence of blueshifted motions to the south of the AGN at the loca-
tion of star-forming regions associated with shell S1 (see Figs. 1
and C.6), where clearing of material and the possible rupture of
a super-bubble are taking place (Lipari et al. 2009).

The higher angular resolution and spectral resolution view of
the nuclear region provided by the [Ar11] line (middle panel of
Fig. 5) shows a rotational pattern as well as non-circular motions
in the central 2" along the kinematic minor axis (N-S direction).
These deviations from circular motions (see the expected veloc-
ity field for the rotating disk of Mrk 231 in the top left panel
of Fig. 5 in Feruglio et al. 2015) are more pronounced in the
warm molecular gas (see Sect. 5.2) as well as in the cold molec-
ular gas (Feruglio et al. 2015). There are also some deviations
from pure rotation in the [Ar ] and [Ne I1] velocity fields at the
location of the star-forming region ~1.1” SE of the AGN, which
were also observed in Ha (Lipari et al. 2009; Rupke & Veilleux
2011). This might be related to the location of this star-forming
region in the shell S3 (Lipari et al. 2009).

The velocity dispersion maps of [ArIl] and [Ne1] (right
panels of Figs. 5 and 6, respectively) display moderate values
(o ~ 60—120km s_l) These are higher than the values measured
in the star-forming regions discussed above, which have o ~
30-40kms™! for the [Ar11] line or FWHMjjpe ~71-94kms™'.
These are similar to those measured from Ha (Rupke & Veilleux
2011). Although the lines are relatively narrow, the star-
forming regions to the south might be located in areas of

Mrk 231 affected by starburst-driven winds, as we shall see in
Sect. 7.

5. Molecular hydrogen emission

In the nuclear region of Mrk 231 there is H, emission from the
S(1) to the S(8) transitions (see Fig. 2). In this section we discuss
the morphology and kinematics of H, S(1) and S(5), compute
the mass and temperature of the warm molecular gas observed
in the central region of Mrk 231. We note that the S(1) transition
is present in both the ch3 and ch4 data cubes. In Appendix C, we
show the ch3 S(2) and ch4 S(1) maps.

5.1. Line flux maps

The H, S(5) line displays clearly extended emission in Mrk 231
(left panel of Fig. 8), as found for the low-excitation emis-
sion lines, with disk-like morphology. The emission confined
to the approximately central ~2” region. It is resolved, with
sizes of 0.75-0.6” (FWHM ~0.6—0.5kpc) as measured from
spatial cuts along the E-W and N-S directions, respectively.
These are slightly larger than those of the [ArIl] and [Neli]
emitting region. There is H, S(5) emission at the location of
the star-forming region at 1.1” SE of the AGN (Fig. 5), but it
does not show a distinct peak there. The H, S(5) morphology
resembles that of the cold molecular gas disk traced with the
CO(1-0) and CO(2-1) transitions as measured with millime-
tre interferometry (Bryant & Scoville 1996; Downes & Solomon
1998; Feruglio et al. 2015).

The H, S(1) line emission (Fig. 9) fills almost entirely the
ch3 FoV. The apparent deficit of emission at the central spaxels is
due to the low contrast of the line against the strong continuum.
The larger spaxel size of the ch4 H, S(1) map (Fig. C.5) alle-
viates this problem showing that there is centrally peaked emis-
sion (FWHM = 1 kpc) at the AGN position, as well as emission
extending over ~9” X 9” (projected size of 7.5 kpc X 7.5 kpc). It
is thus more extended that the cold molecular gas disk (diameter
of approximately 3", Downes & Solomon 1998). However, it is
likely that the large difference in sizes derived for the cold and
warm molecular gas is because the more diffuse and extended
cold molecular gas emission was filtered in the CO interferomet-
ric observations. The H, S(1) morphology reveals additionally a
spiral-like shape to the NE and SW, which appears to link with
the central (~30”) optical emission. The latter shows tidal tails
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Fig. 9. Maps of H, S(1) at Ay = 17.03 um observed in ch3. Panels and symbol are as in Fig. 5. The 0,0 point on the axes refers to the center of
this sub-channel array, after rotation. In all maps, north is up and east to the left.

extending toward the north and south on larger scales (>1’, see
Fig. 1 of Sanders et al. 1988).

5.2. Warm molecular gas kinematics

The H, S(5) mean-velocity field (middle panel of Fig. 8) shows
a clear rotational signature consistent with a disk with a major
axis oriented approximately in the E-W direction. The observed
velocities are in the —80kms™' and +100kms™" range. There
are, however, some deviations from circular motions along the
kinematic minor axis with a marked inverted S-shaped pattern.
The H, S(5) velocity dispersions measured in the nuclear region
are relatively low, o ~ 65km s (corrected for instrumen-
tal resolution), except along the kinematic minor axis mostly,
where they reach slightly higher values. On larger scales, the H,
S(1) line present several regions with somewhat higher veloc-
ity dispersions (o > 85kms™!, right panel of Fig. 9). The H,
S(5) kinematics are remarkably similar to those of the inter-
ferometric CO(2—1) observations obtained at a ~0.5" resolu-
tion (compare with Fig. 4 of Feruglio et al. 2015, but note their
smaller FoV). They modeled their observations with an inner
disk of r = 0.12” radius, which is warped with respect to the
outer ring of radius r = 0.24” with an E-W orientation and an
inclination of 36°.

The kinematics of the H, S(1) and (2) lines (Figs. 9, C4,
and C.5) connect well with those seen in the inner region traced
by the S(5) line. The mean-velocity fields show qualitatively the
same general E-W rotation pattern but with some interesting fea-
tures indicating the presence of non-circular motions. There are
redshifted features to the NE and SE, and blueshifted to the NW
and SW. These are at projected radial distances from the AGN
of approximately 2" ~1.5 kpc and might be related to expanding
shells S2 (at an approximate radial distance from the AGN of
1.8"") and/or S3 (see Fig. 1), where the ionized gas shows outflow
velocities between —500kms~' and —230kms™"' (Lipari et al.
2005). The enhanced H; velocity dispersions observed in some
of these regions could be the result of the interaction between the
ionized gas outflow and molecular gas in the galaxy. We analyse
the molecular warm outflows in Sect. 7.

5.3. Warm molecular gas mass and temperature

In this section we use the suite of H, pure rotational transitions
(Table 1) detected in the nuclear region of Mrk 231 to estimate
the warm molecular gas mass and temperatures. We note that
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the H, ground S(0) transition is outside the ch4 spectral range,
and thus we can only obtain a lower limit for the mass. For this
analysis, we used the PDRTPY routine (Pound & Wolfire 2023),
which fits a two-temperature model. We assumed local thermal
equilibrium (LTE) conditions and a constant ortho-to-para ratio
of 3 (see Alvarez—Mérquez et al. 2023, for more details).

Using the observed H, fluxes the temperatures are not well
constrained, as can be seen from the top panel of Fig. 10. Both
the S(3) and S(1) transitions are not well fitted with this model
because they are located within the troughs of the 9.7 um and
18 um silicate feature absorptions, respectively (see Fig. 2). We
tried values of the extinction around 797,y = 2, which are
close to the extinctions derived by Veilleux et al. (2009) and
Lopez-Rodriguez et al. (2017) (see also Sect. 6.1), and the regu-
lar Milky Way extinction law (see Hernan-Caballero et al. 2020)
to derive extinction-corrected S(1), S(2), and S(3) line fluxes.
A value of 197,m = 2.2 provided the smallest relative errors in
the derived temperatures. As can be seen from Fig. 10 (bottom
panel), the resulting fit to the excitation diagram is smoother. We
note that this was not achieved if we corrected the fluxes with the
lower extinction that would be derived from the apparent opti-
cal depths of the silicate features (Sect. 3). Moreover, compared
with the diagram without an extinction correction, the tempera-
tures are constrained significantly better, 77 = 519 + 16 K and
T, = 1856 + 110K. For this fit, the derived total column den-
sity is higher, N = 2.6 x 10%° cm™2. We note that in order to
get a better determination of the extinction affecting the different
emitting components in the nuclear region of Mrk 231, a more
detailed modeling, including NIRSpec observations, would be
necessary (see, e.g., Donnan et al. 2024).

The corresponding warm (for the two temperatures fitted
above) H, mass is Myp(warm) = 9 x 10°M,, for r = 17, from
the fit with the extinction-corrected fluxes. Using Spitzer/IRS
detected H, transitions measured over larger physical sizes,
Petric et al. (2018) estimated masses of warm molecular gas of
~1.7 x 108 My, for the T = 106 K component and ~3.1 x 10° M,
for that at T = 343 K. Since Spitzer did not detect the S(4)
to S(8) transitions, it is not surprising that these estimates did
not include the higher temperature component detected in this
work. Also, as expected, the MRS-derived mass is intermedi-
ate between the masses of hot molecular gas of 2.5 x 10* M,
(Krabbe et al. 1997, for our assumed distance) derived from
near-IR H; lines and that of the cold molecular gas of 2.3 x
10° M, (Downes & Solomon 1998) derived from millimeter CO
transitions.
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Fig. 10. H, rotational diagrams for the nuclear region of Mrk 231. The
fit was performed with a two-temperature model and assuming LTE
conditions (see text for details). Top: using observed values and bot-
tom: using the S(3), S(2), and S(1) fluxes corrected for extinction (see
text for details).

6. Star formation activity
6.1. An obscured nuclear starburst

Several works in the literature inferred high values of the extinc-
tion in Mrk231 from the modeling of the observed nuclear
and integrated spectral energy distributions (i.e., T97um = 2.23,
Ay = 36 £ 5mag, and 7y = 162*3;, Veilleux et al. 2009;
Lopez-Rodriguez et al. 2017; Efstathiou et al. 2022, respec-
tively). Indeed, the H, rotational diagram of the nuclear region
derived with our MRS observations revealed that the S(1) and
S(3) lines are affected by extinction (Sect. 5.3). In this section
we discuss additional pieces of evidence to support this.

The comparison between the star formation rate (SFR)
derived from Lig and some other mid-IR indicators can provide
extra evidence for the presence of high levels of extinction.
Since there are no detections of mid-IR hydrogen recombina-
tion lines in the nuclear region of Mrk 231, we can employ the
[Ne1r] and [Ne1] lines to estimate the SFR. With the calibra-
tion from Zhuang et al. (2019), which takes a Salpeter initial
mass function, and assuming solar metallicity, we obtained a
SFR ~23 M, yr~! for the central 1.6kpc. Integrating the neon
lines over the entire ch3 FoV, we derived SFR ~40M, yr‘l.

We note that if the metallicity of Mrk 231 is above solar, these
estimates should be taken as upper limits. The neon-based
SFR value is below several literature estimates (Carilli et al.
1998; Davies et al. 2004) and in particular that of ~140 Mg, yr~!
from Lz, once the AGN bolometric contribution (=70%,
Veilleux et al. 2009, 2020) is subtracted. This discrepancy thus
could be resolved with a high value of the nuclear extinction.

The PAH emission can also provide additional clues con-
sidering that star-forming galaxies show relatively constant
ratios between the EW of the 6.2, 11.3, and 12.7 um PAH fea-
tures. Using these, Garcia-Bernete et al. (2022b) proposed a new
method to identify deeply obscured nuclei since a decreased
mid-IR continuum within the 9.7 um silicate feature boosts the
11.3um PAH EW. This in turn produces lower EW(6.2 um
PAH)/EW(11.3 um PAH) and EW(12.7 um PAH)/EW(11.3 um
PAH) ratios. The main assumption here is that PAH emission is
mostly produced in an extended component compared with the
continuum source, as is the case in Mrk 231.

We measured nuclear EWs of the 6.2um, 11.3um, and
12.7 wm PAHs 0.007 +0.001 um, 0.012+0.001 um, and 0.0005 +
0.0001 um, respectively*. The observed EW ratios, within the
uncertainties, place the nuclear region of Mrk231 within the
region defined in the EW(6.2 um PAH)/EW(11.3 um PAH) ver-
sus EW(12.7 um PAH)/EW(11.3 um PAH) diagram (top panels
of Fig. 8 of Garcia-Bernete et al. 2022b) where deeply obscured
nuclei are located. This is consistent with the detection of the
HCN-vib (3—2) transition and the high nuclear column density
of Ng = 1.2 x 10%* cm™? implied by these observations, which
would be responsible for obscuring the mid-IR high-excitation
emission lines (Aalto et al. 2015).

The deep silicate absorption features that would be arising
in the most extinguished part of the nuclear starburst are, at the
same time, partly filled in by the AGN dust continuum emission.
In other words, the combination of both emissions produces the
relatively low apparent optical depths of the silicates observed in
the nuclear MRS spectrum (see Sect. 3). Therefore, the extinc-
tions derived from the apparent depths need to be taken as lower
limits to the true nuclear value.

6.2. Circumnuclear star-forming regions

The low-excitation fine-structure line maps have revealed the
presence of several circumnuclear star-forming regions in
Mrk 231 (Sect. 4 and Fig. C.6). That at ~1.1” SE of the AGN
was detected and resolved in the chl, ch2, and ch3 line maps
(Figs. 5, 6, and C.2). In ch4A, this region is partially resolved
(see the [S 1] maps in Fig. C.3), since it is located slightly less
than 2 X FWHM_pa from the AGN position. We placed a cir-
cular aperture of » = 0.3” on the chl, ch2, and ch3 data cubes
to extract a 1D spectrum of this region. The size of the aperture
encompasses well the region at the shortest wavelengths but the
long wavelength continuum might be slightly contaminated by
the bright AGN continuum source.

In Fig. 11 we show the rest-frame chl to ch3 spectra
(top panel) and zoomed-in spectra (middle and bottom pan-
els) around several fine-structure emission lines and H, tran-
sitions. The 15um continuum of this star-forming region is
more than a factor 50 fainter than the nuclear region and the
lines present larger EW. Moreover, we detected two lines not

4 The uncertainties are driven by the continuum placement since the
6.2 and 11.3 um PAH features are close to the edge of their correspond-
ing sub-channel and the continuum red-wards the 12.7 um feature is
affected by the [Ne 11] line wing (see Sect. 7.1).
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Fig. 11. MRS spectra of the star-forming region 1.1” SE of the AGN. Top panel: chl to ch3 spectra extracted with a 0.3” radius. We applied the
residual fringing correction to the 1D spectra and scaling factors to stitch together the spectra of the different sub-channels. Middle and bottom
panels: zoomed-in spectral regions of selected emission lines. In all panels, the rest-frame wavelengths were computed with the redshift quoted in
Sect. 1 and appear redshifted with respect to the systemic velocity (see mean-velocity maps of [ArII] and [Ne I1], middle panels of Figs. 5 and 6),

due to rotation.

identified in the nuclear spectrum, namely [ArIII] and [S1V],
and tentatively the hydrogen recombination line H1 6—5 (Pfa)
at Apest 7.46 um. The central rest-frame wavelengths in
these panels, which were calculated with the nominal red-
shift of z 0.04217, appear slightly redshifted as seen in
the mean-velocity maps (Figs. 5 and 6, middle panels), due to
rotation.

Using a single Gaussian function, we derived line ratios
[Nemr]/[Nem] ~0.14 and [ArII]/[Aril] ~0.22. The latter is
likely just a lower limit since the [Ar1I1] line is inside the 9.7 um
silicate feature. Nevertheless, these ratios can be explained by
photoionization models for relatively young (5—6 Myr) stellar
populations formed in an instantaneous burst of solar metallicity
with a Salpeter initial mass function and an upper mass cutoff of
100 M, (Rigby & Rieke 2004).

In the star-forming regions to the south of the AGN, which
are associated with the expanding shell S1, there is evidence of
the presence of Wolf-Rayet stars (Lipari et al. 2009), indicating
a young SF episode. We extracted a 1D spectrum from a region
at 2.4” south of the AGN with a radius of 0.8”. We measured
[Ne 1]/[Ne 11] = 0.26, which is within the line ratios predicted
for this stellar phase, again for a solar metallicity instantaneous
burst (Rigby & Rieke 2004).

This brief analysis with the MRS observations reinforces the
conclusions from Lipari et al. (2009) about the young ages of
some of the circumnuclear star-forming regions in Mrk 231.
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7. lonized and warm molecular gas outflows

The outflows previously reported in Mrk 231 (see Sect. 1 for ref-
erences and Veilleux et al. 2020, for a review) were observed
in the nuclear region as well as up to a few kiloparsecs away
from the AGN. Plausible explanations for their driving mecha-
nism include the quasar, strong SF activity taking place in the
galaxy, and/or the presence of a radio jet. This jet is observed in
anearly N-S direction but it is confined to the inner parsec. Since
the mean-velocity fields of the low-excitation emission line and
the H, transitions present deviations from circular motions, on
nuclear and circumnuclear scales (Sects. 4.3 and 5.2), in this
section we analyze in detail the line profiles from the nuclear
region and position—velocity (p—v) diagrams of the ionized and
warm molecular gas in Mrk 231 to look for evidence of outflows.

7.1. Nuclear region

We constructed emission line profiles from the nuclear spectra
(r = 1” aperture) after subtracting the fitted local continuum and
normalizing them to the line peak. The [Fe11], [Ar 1], and [Ne 11]
profiles (Fig. 12) show a similar overall shape with evidence of
a weak blue wing (see below). The wings of the [NeIII] profile
appear noisier due to the lower contrast of the line against the
continuum. In general all the H, lines (middle and right pan-
els of Fig. 12) also show comparable shapes. Those with higher
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Fig. 12. Line profiles from the nuclear region (r = 1” aperture). Left panel: fine-structure lines, and middle and right panels: H, S(7) to S(4) and
S(3) to S(1) transitions, respectively. The 0 km s! value corresponds to the adopted z = 0.004217. Note that the red part of the H, S(6) line profile
(green line, middle panel) is inside one of the H,O molecular absorptions. We did not apply the 1D residual fringe correction.

Table 2. Non-parametric analysis of nuclear emission lines.

Line V1o vo  Wso  vn2 Ugg
(kms™h)
[Fe I1] -18 115 302 -316 158
H, S(7) -198 94 292 -324 136
H, S¢6) -181 119 300 -314 285
[ArII] —-158 105 264 -290 204
H,S@) -139 94 233 -185 188
[Ne II] -172 109 281 -396 221

constrast over the continuum, namely, the S(5) and S(7) lines,
present a blue wing as well.

The mid-IR line wings in Mrk 231 are not prominent and
were not modeled with the single Gaussian fits in Sect. 2.2. To
quantify their properties, we performed a non-parametric anal-
ysis with a similar method to that of Harrison et al. (2014). We
computed the velocities at the 10" (v;9) and 90" (vgg) flux per-
centiles, the line width defined as Wy = abs(vgg —vy), as well as
the velocities at the 2" and 98" percentiles (v and veg, respec-
tively). The largest of these two values provides an estimate of
the maximum projected velocity of the outflow. We restricted
this analysis to those lines with the highest contrast against the
continuum, which are [Felr], [ArII], [NeI], and the H, S(7),
S(5), and S(4). Appendix E provides details on the method and
Fig. E.1 presents two examples of the line analysis.

All lines show similar widths (Wgg ~ 300 kms™"). The larger
Wgo with respect to the FWHMj;,. from the single Gaussian
fit (Table 1) are not solely due to the instrumental broaden-
ing, which has FWHM ~ 100kms™" for [Ne11] (Argyriou et al.
2023). The velocities (Table 2) also revealed the presence of
blueshifted wings being more extended in velocity, with [NeII]
presenting the largest blueshifted velocities, reaching vy, =
—400kms™! (Fig. E.1, left panel). Using two Gaussians, we
fitted this line with a narrow component with FWHM,row =
207 kms~! and a blueshifted (by approximately Av = 97 kms™')
broad component with FWHMy;o,g = 518 £ 5S0km s7!'. An esti-
mate of the maximum outflow velocity can be computed as
Umax = AU + 2 X Oproad (Fiore et al. 2017), which results in
Umax = 340 km s~ in the nuclear region of Mrk 231.

Additionally, the [Ne1I] velocity channel maps also reveal
that the nuclear blueshifted component is slightly more promi-
nent than the redshifted one (see Fig. D.1). We note that
the nuclear mid-IR emission of Mrk231 is dominated by an
extremely bright point source, which makes it challenging to

separate out faint line wings from the residual continuum wig-
gles. In the case of [Nell], which is the line with the highest
signal-to-noise ratio, the presence of the 12.7 um PAH feature
limits the detection of an even more blueshifted line component,
if present.

Since the observed nuclear [NeIl] emission in Mrk 231 is
predominantly produced by SF (Sects. 3.2 and 6), the stronger
blue wings in the lines could be produced in a starburst-
driven outflow emerging perpendicular to the nearly face-on
nuclear disk. However, we cannot rule out that it is associated
with that detected in the nuclear optical emission lines with
faster velocities (v = —1000 to =750 km s7!, Lipari et al. 1994;
Rupke & Veilleux 2011). According to the latter work, the high-
est velocity component might be related to the AGN. We did not
detect high velocities (Jo| > 400 km s‘l) in the warm molecular
gas, which are present in CO(2—1) and CO(3-2) toward the NE
and SW, on sub-arcsecond scales (Feruglio et al. 2015). These
authors explained these motions due to the presence of two
molecular outflows, an isotropic one and a wide-angle biconical
outflow oriented in the NE to SW directions. It is again possi-
ble that the high velocity motions of the molecular gas are not
detected due to the large extinction that is affecting the nuclear
region in the mid-IR (Sect. 5).

Summarizing, we favor a scenario where the nuclear out-
flows observed in the mid-IR lines of Mrk 231 are driven by the
powerful starburst. However, we cannot rule out an AGN origin
of and/or contribution to these mid-IR outflows. For instance,
some nearby Seyfert galaxies with evidence of AGN-driven out-
flows show relatively modest mid-IR line widths in their nuclear
regions (Wgy =~ 300km s7!, see Hermosa Mufioz et al. 2024
Zhang et al. 2024). It is also clear that the exceptionally high
velocities (~1000kms™!) detected in the neutral gas phase of
Mrk 231 and extending in all directions from the center up to
at least 2kpc (Rupke & Veilleux 2011) would put a starburst-
driven wind origin to its limits. Indeed, based on these observa-
tions (Rupke & Veilleux 2013) argued that the nuclear outflow
is powered by the AGN (see also Leighly et al. 2014), and the
coupling between the nuclear wind and the radio-jet might be
responsible for accelerating the neutral gas to these high veloci-
ties (see also Rupke & Veilleux 2011).

7.2. Circumnuclear region

To investigate the presence of outflows outside the nuclear
region, where the instrumental effects due to the bright central
point source are diminished, we generated p—v diagrams along
the kinematic minor axis (N-S direction) from the data cubes of
the fine-structure lines [ArII] and [Nel1], and the H, S(5) and
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Fig. 14. Kinematic minor axis p—v diagrams for H, S(5) (left) and H, S(1) (right) emission lines. Lines and symbols as Fig. 13.

S(1) transitions. To do so, we placed a pseudo slit of 2" width
(as the diameter of the aperture used to extract the nuclear 1D
spectrum) on the portion of the data cube containing the line
after subtracting a local linear continuum. At the AGN position,
all four p—v diagrams (Figs. 13 and 14) show residuals, which
are due to the bright point source wiggles, left after the contin-
uum subtraction. In the case of the H, S(1) line, residual fringes
are also seen along the velocity (i.e., wavelength) axis.

In the nuclear region of Mrk 231, the kinematic minor axis
p-Vv diagrams of the fine structure lines (Fig. 13) show veloc-
ities from ~—300 to +300kms~', and possibly to even higher
blueshifted velocities in [NeII]. However, it is also clear that
the high values can also be due (in part) to the imperfect con-
tinuum subtraction done on a spaxel-by-spaxel basis. Moving
away from the AGN continuum residuals at projected distances
larger than 0.5—1", the ionized gas exhibits velocities centered at
the systemic value (v = Okms~' in these diagrams). The [Ne I1]
p—v diagram shows clearly the emission from the star-forming
region(s) located ~3” the south of the AGN, while the [Ar11]
p—v diagram also reveals the star-forming region ~1" north of
the AGN. There is, however, another underlying, extended, and
relatively broad component (see below).

Out to the location of shell S3, at a projected distance of
~1.5” = 1.3kpc from the AGN, the kinematic minor axis
p—Vv diagram of the H, S(5) line (left panel of Fig. 14) shows
a tendency for redshifted velocities to the south and blueshifted
velocities to the north. The velocities reach only a few hundred
kms~! and are also detected in the lower angular resolution p—v
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diagram of the H, S(1) transition (right panel of Fig. 14). A com-
parable behavior was observed in the near-IR line 2.12 um line
on physical scales even closer to the AGN (Davies et al. 2004).
There are some similarities between the H, S(5) kinematic minor
axis p—v diagram and those of the CO(2—1) transition (see mid-
dle panel of Fig. 7 of Feruglio et al. 2015). However, CO(2—1)
shows redshifted velocities in excess 500kms~! in the nuclear
region that are not observed in this H, line. In the innermost
region of Mrk 231, these deviations from rotation in the hot and
cold molecular gas kinematics have been attributed to a warp
of the inner disk (Davies et al. 2004; Feruglio et al. 2015). They
could also indicate the presence of a molecular outflow in the
disk of the galaxy.

On larger scales, at projected distances of a few arcseconds
(several kpc) from the AGN, the H, S(1) and [Ne IT] minor axis
p—v diagrams (right panels of Figs. 13 and 14) show a range
of velocities. At ~2” (~1.6kpc) of the AGN, they go from
approximately ~—200 to —300km s~ to ~+200 to +300kms™".
Following Garcia-Burillo et al. (2015), we estimated a virial
range of +100kms™' for Mrk231, by adding the contribu-
tions from turbulence as half the FWHM of the narrow com-
ponent of [NeII] in the southern star-forming region (observed
FWHM = 130-135km s_l), and in-plane non-circular motions
approximated as 1/2 X vy, where the (projected) rotation veloc-
ity iS vyt = 60 km s~! (Downes & Solomon 1998). We can con-
clude that the MRS high velocities on these scales are not likely
be attributed to the expected virial range of the rotating disk and
could be related to extended outflows and/or expanding shells.
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Fig. 15. Cartoon summarizing the different regions (not drawn to scale) of Mrk 231 identified with the MRS observations and other literature
results. Left: front view, that is, in the plane of the sky, where the molecular gas disk is seen close to face-on. Right: side view to emphasize the
possible scenario to explain some of the observed non-circular motions in the ionized and warm molecular gas.

8. Summary

We presented JWST/MIRI MRS 4.9-27.9 um observations of
the ULIRG and BAL quasar Mrk 231 covering the central ~5"" X
6" (4.2kpc x Skpc) in chl to 211”7 x 11”7 (9.2 kpe x 9.2 kpc) in
ch4. The observations are part of the MIRI European Consortium
GTO program MICONIC. Our main results are summarized as
follows and in the cartoon of Fig. 15.

— High excitation (IP > 95¢eV) emission lines, such as [Mg V]
and [Ne V], remain undetected in these new and sensitive
MRS observations. This is likely due to a combination of the
X-ray weak nature and the bright mid-IR continuum emis-
sion of Mrk 231. The mid-IR evidence for the presence of an
AGN comes from the bright unresolved nuclear continuum
and low EW of PAH features. This bright continuum likely
prevents the detection of [ArIm] and [S1V] (IP of 28 and
35eV, respectively) in the nuclear region, whereas they are
clearly observed in a star-forming region ~920 pc SE from
the AGN position.

— A bright nuclear starburst with a size of ~400 pc (FWHM)
is resolved for the first time in the mid-IR in the [NelI]
and [Ar1I] lines as well as rotational H, transitions and
PAH emission. The starburst extent is consistent with esti-
mates derived at other wavelengths (Carilli et al. 1998;
Davies et al. 2004). The low [Ne 1I]/[NeII] ratio measured
in the nuclear region is more typical of star-forming galax-
ies than AGN. Numerous absorption features associated with
the gas-phase of water are present in the ~5—7 um spec-
tral range. Assuming that they have similar origin as the
water features observed in the far-IR, then they are formed
within the nuclear starburst (Gonzalez-Alfonso et al. 2010).
All this supports the scenario where most of the mid-IR low-
excitation line emission in the central region of Mrk 231 is
produced by SF activity.

— Several pieces of evidence, including the neon-based SFR,
EW of PAH features, and the H, excitation diagram, indicate
that the nuclear starburst in Mrk 231 is partly obscured, even
in the mid-IR. The extinction is higher than what would be

derived from the apparent depth of the 9.7 um silicate feature
(S9.7um = —0.75), because it is partly filled in by the strong
mid-IR continuum produced by the AGN.

Using the H, S(1) to S(8) transition fluxes corrected for
extinction, we estimated a mass of warm molecular gas in
the central ~1.7 kpc of 9 x 10® M, which is between the hot
and cold molecular gas masses (Downes & Solomon 1998;
Krabbe et al. 1997).

The nuclear line profiles show weak wings, which reach
velocities of up to vy, =~ -400km s! in [Nem]. We
interpreted these blueshifted velocities, as produced by a
starburst-driven outflow. The more prominent blueshifted
wings can be explained if the outflow is driven by the
nearly face-on nuclear starburst. Similar blueshifted com-
ponents are identified from optical observations, although
with higher velocities (Lipari et al. 2009; Rupke & Veilleux
2011). We note however that the MRS observations cannot
rule out an AGN origin for the nuclear outflow. Regardless
of its origin, the lack of high velocity components and red-
shifted wings in the mid-IR lines could be due to a combina-
tion of a strong mid-IR continuum and obscuration.

The extended [Ne11], H, S(1), and 11.3 um PAH emissions
trace the ionized and warm molecular gas phases of the
large-scale disk of Mrk 231 over the entire mapped region
of ~5-8kpc. We detected several star-forming regions and
complexes located up to a few kpc away from the AGN,
which were already known from previous observations
(Surace et al. 1998; Lipari et al. 2009; Rupke & Veilleux
2011). The emission from these regions is superimposed on
a more extended and diffuse component.

The large-scale kinematics of the ionized and warm molec-
ular gas show circular motions in a disk oriented in the
approximate E-W direction, similar to that detected in cold
molecular gas (Downes & Solomon 1998; Feruglio et al.
2015). There are also some deviations from rotation, seen
as blue- and red-shifted motions with respect to the sys-
temic velocity in the ~200-300kms~' range. These non-
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circular motions are likely connected with the expanding

shells and super-bubbles identified from optical imaging and

IFU observations (Lipari et al. 2009) and/or the isotropic

cold molecular gas outflow (Feruglio et al. 2015).
Summarizing, the unprecedented combination of sensitivity,
high angular resolution, and spectral resolving power together
with the broad spectral coverage afforded by MIRI MRS has
enabled, for the first time, a detailed, spatially resolved study of
Mrk 231 in the mid-IR. The picture that emerges is that a large
fraction of the mid-IR line emission is produced in a spatially
resolved powerful and obscured nuclear starburst. It is located
in the central regions of a large (~8 kpc) and massive and rotat-
ing disk where circumnuclear SF regions and widely-spread (low
velocity) outflows in both the ionized and molecular gas are
present. The Mrk 231 AGN reveals itself as a bright mid-IR con-
tinuum which, at the same time, might prevent the detection
of relatively faint high-excitation lines produced by this X-ray
weak quasar.
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Appendix A: Continuum maps

Figure A.1 presents MRS continuum maps of Mrk 231 in sub-
channels of chl, ch2, ch3, and ch4, at selected observed wave-
lengths of 7.4 (chlC), 9.4 (ch2B), 12.5 (ch3A), and 18 um
(ch4A). As can be seen from the figures, the continuum emission
of Mrk 231 is dominated by the presence of a bright nuclear point
source. We note that the position of this source (the continuum
peak is marked with the star symbol) on the array is different for
each sub-channel.

Ch1C continuum at 7.4um Ch2B continuum at 9.4um
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Fig. A.1. MRS continuum maps of Mrk 231 in chl, ch2, ch3, and ch4
at the wavelengths specified at the top of each subpanel. The images are
shown in a linear scale (arbitrary units) with cuts chosen to emphasize
the low level structure of the point source The star symbol marks the
peak of the continuum. The 0,0 point on the axes of each map refers to
the center of the corresponding sub-channel array, after rotation.

Appendix B: Spitzer/IRS spectra

We retrieved Spitzer/IRS fully reduced spectra of Mrk 231 from
the Combined Atlas of Sources with Spitzer IRS Spectra (CAS-
SIS, Lebouteiller et al. 2011, 2015). There are several observa-
tions taken in different cycles for this galaxy. Figure B.1 shows
those from program ID: 1459 (P.I.: L. Armus) using the low-
resolution modules (top panel): short-low (SL) with a slit width
of 3.6-3.7"” and long-low (LL) with a slit width of 10.5-10.7",
and the high-resolution modules (bottom panel): short-high (SH)
with a slit width of 4.7” and long-high (LH) with a slit width of
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Fig. B.1. Spitzer/IRS spectra of Mrk 231. Those obtained with the low-

resolution modules SL and LL are in the top panel and those of the

high-resolution modules SH and LH in the bottom. Wavelength and flux
density ranges are as in Fig. 2.

11.1”. CASSIS identified this source as point-like and used the
optimal extraction option.

Appendix C: Emission line maps

In this appendix, Figs. C.1, C.2 and C.3 present maps of the
line intensity, mean-velocity field, and velocity dispersion for the
low-excitation lines [Fe11], [Ne 1], and [S 1], while Figs. C.4
and C.5 for H, S(2) and H, S(1) observed in ch4.

Since the [Ne 1] and [S 11] emission lines show a relatively
low contrast with respect to the local continuum, especially in
the nuclear region (see Figs. 2 and 3), we smoothed the data
cube spaxels along the spatial directions with a 2?2 average box
before fitting Gaussians to the lines and constructing the maps.
Despite this, there are still artificial holes of line emission in the
central few spaxels due to the strong continuum. Nevertheless,
both line flux maps reveal emission similar to that of [Ne IT] (see
Fig. 6).

To help identify the SF regions discussed in the text, we
marked them in the contour plot of the [Nell] emission of
Fig. C.6. In this case, this intensity map was constructed by
integrating the line and subtracting the local adjacent continuum
from both sides of the line, instead of fitting a single Gaussian.
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Fig. C.1. MRS maps of [FelII] at Ay = 5.34 um. We smoothed this sub-channel data cube with a 2 X 2 pixel box in the spatial directions prior
to fitting the emission line on a spaxel-by-spaxel basis. Panels and symbol are as in Fig. 5. The 0,0 point on the axes refers to the center of this
sub-channel array, after rotation. In all maps, north is up and east to the left.
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Fig. C.2. MRS maps of [NellI] at Ay = 15.56 um. We smoothed this sub-channel data cube with a 2 X 2 pixel box in the spatial directions prior
to fitting the emission line on a spaxel-by-spaxel basis. Panels and symbol are as in Fig. 5. The 0,0 point on the axes refers to the center of this
sub-channel array, after rotation. In all maps, north is up and east to the left.
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Fig. C.3. MRS maps of [STII] at .5, = 18.71 um. We smoothed sub-channel data cube with a 2 X 2 pixel box in the spatial directions prior to fitting
the emission line on a spaxel-by-spaxel basis. Panels and symbol are as in Fig. 5. The 0,0 point on the axes refers to the center of this sub-channel
array, after rotation. In all maps, north is up and east to the left.
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Fig. C.4. MRS maps of H, S(2) line at A,y = 12.28 um. Panels and symbol are as in Fig. 5. The 0,0 point on the axes refers to the center of this
sub-channel array, after rotation. In all maps, north is up and east to the left.
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Fig. C.5. MRS maps of H, S(1) at A,y = 17.03 um observed in ch4. Panels and symbol are as in Fig. 5. The 0,0 point on the axes refers to the
center of this sub-channel array, after rotation. In all maps, north is up and east to the left.
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Fig. C.6. Contour map of the MRS [Ne 11] emission. We mark some
of the SF regions discussed in the text. We generated this [Ne II] map
by integrating all the line emission and subtracting a local continuum
measured on both sides of the line. The black contours are shown in
a square root scale, while the gray ones are in a linear scale.
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Appendix D: [Ne11] velocity channel maps

In this appendix, we show in Fig. D.1] the velocity (relative
to the systemic value) channel maps for the [NeIl]. We gen-
erated them from an extracted data cube around the line after
subtracting the local continuum on a spaxel-by-spaxel basis. For
each velocity range, the channel maps are plotted for pixels with
fluxes three times the standard deviation above the mean value
measured in regions with no line emission. The exception is for
the channels including the systemic velocity, where there is line
emission practically all over the ch3 FoV and the fluxes are those
above the mean value in a small region with no line emission.
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Fig. D.1. Velocity (relative to the systemic value) channel maps for
[Ne11]. Fluxes are plotted in a square root scale, which is the same in
all panels.

Appendix E: Non-parametric emission line analysis

In this appendix, we describe the method followed to perform the
non-parametric analysis of the most prominent nuclear emission
lines in the nuclear region of Mrk 231.

A non-parametric analysis allows to obtain the kinematic
properties of the emission lines without assuming any prior con-
ditions for the line profile, as is the case with a parametric mod-
eling (i.e., Gaussian profiles). This method is exclusively based
on measuring the flux of the lines. We used a modified version
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Fig. E.1. Non-parametric analysis of two nuclear line profiles: [Ne I1]
(top panel) and H, S(5) (bottom panel). The derived velocities (see text
for details) are marked with red vertical lines. The gray lines indicate
the limits of the emission line defined as fluxes above two times the
standard deviation of the (zero) continuum.

of the method put forward by Harrison et al. (2014). Instead of
using fitted Gaussians to isolate the line, we defined the line
with respect to the noise of the zero level continuum. To per-
form the analysis, we selected a region ranging from —1200 to
1200km s~! from the redshifted-corrected central wavelength of
the line, and normalised the whole range to the maximum flux
(that is, the line peak) after the continuum subtraction. Then
we estimated the standard deviation in the continuum near the
emission line, and defined the line as all those spectral elements
where the flux is larger than two times that value. Then we
summed up all the flux of the line within that range and esti-
mated the velocities. The derived velocities are more conserva-
tive as this method takes into account the continuum variations,
which can include real structure (e.g., broad features) as well as
noise. This is especially relevant for lines which do not present
a strong contrast against the continuum.

As mentioned in Sect. 7.1, we measured the following
parameters vy, V1o, Uso, Uoo, and veg, which are the velocities at
which we found 2%, 10%, 50%, 90%, and 98% of the line fluxes,
and Wy, which is a measurement of the line width, defined as
abs(vgg —v10). The line width Wy is equivalent to 1.088xFWHM
for a single Gaussian-like profile (Harrison et al. 2014). We note
that the W80 parameter is not corrected from the instrumental
broadening. We also note that the analysis was done on the spec-
tra before the 1D residual fringe correction to avoid removing
real spectral features.

As an illustration, Fig. E.1 presents the analysis for [NeII]
and H, S(5). The uncertainties of the measured velocities only
associated with the spectral step of the different sub-channels are
of the order of 43 kms™! for [Fe1], 33kms™" for [Ar11] and H,
S(5), 47kms~! for H, S(4), and 56 kms™' for [Ne 11].
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