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ABSTRACT

In the framework of a systematic study with the ALMA interferometer of IR-selected main-sequence and starburst galaxies at z ~ 1—1.7 at typical
~1” resolution, we report on the effects of mid-IR- and X-ray-detected active galactic nuclei (AGN) on the reservoirs and excitation of molecular
gas in a sample of 55 objects. We find widespread detectable nuclear activity in ~30% of the sample. The presence of dusty tori influences the
IR spectral energy distribution of galaxies, as highlighted by the strong correlation among the AGN contribution to the total IR luminosity budget
(fagN = Lir aon/Lir), its hard X-ray emission, and the Rayleigh-Jeans to mid-IR (S | 2mm/S 24um) Observed color, with evident consequences on
the ensuing empirical star formation rate estimates. Nevertheless, we find only marginal effects of the presence and strength of AGN on the carbon
monoxide CO (J = 2,4, 5,7) or neutral carbon ([CI]P; —*Py), [CI](*P, — *P})) line luminosities and on the derived molecular gas excitation as
gauged by line ratios and the full spectral line energy distributions. The [CI] and CO emission up to J = 5,7 thus primarily traces the properties of
the host in typical IR luminous galaxies. However, our analysis highlights the existence of a large variety of line luminosities and ratios despite the
homogeneous selection. In particular, we find a sparse group of AGN-dominated sources with the highest Lig_agn/Lir skr ratios, >3, that are more
luminous in CO (5—4) than what is predicted by the LE:0<57 o—Lir, srr relation, which might be the result of the nuclear activity. For the general
population, our findings translate into AGN having minimaf effects on quantities such as gas and dust fractions and star formation efficiencies.
If anything, we find hints of a marginal tendency of AGN hosts to be compact at far-IR wavelengths and to display 1.8 times larger dust optical
depths. In general, this is consistent with a marginal impact of the nuclear activity on the gas reservoirs and star formation in average star-forming

AGN hosts with Lz > 5 x 10'! Ly, typically underrepresented in surveys of quasars and submillimeter galaxies.
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1. Introduction

The role of super-massive black holes (SMBHs) in the evolution
of their host galaxies is a topic of major debate in extragalactic
astrophysics (see Harrison 2017 for a recent review). The empir-
ical correlations among several properties of SMBHs and of their
hosts suggest a tightly intertwined evolution, which has its phys-
ical roots in the mechanisms that trigger their growth. From a
theoretical standpoint, the phases of active growth of SMBHs —
shining as active galactic nuclei (AGN) — are regarded as pri-
mary regulators of the hosts’ growth and a viable mechanism to
completely quench the star formation (e.g., Croton et al. 2006;
Hopkins et al. 2006). This might happen via the expulsion of a
significant portion of the cold gas reservoirs via powerful winds
or by heating the interstellar medium (ISM) and the intergalac-
tic medium, preventing further gas collapse and accretion (“neg-
ative feedback”). Interestingly, the same AGN-driven outflows
might compress the surrounding gas and stimulate, rather than
suppress, the star formation in the host (“positive feedback”, e.g.,
Silk 2013). It is, thus, evident that the study of star formation in
galaxies, cold gas reservoirs, and their physical conditions has
a central role in this context. However, establishing a causal-
ity nexus between the AGN activity and the galaxy growth or

* Data are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg. fr/viz-bin/cat/J/A+A/654/A165
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quenching has turned out to be a significant challenge owing to
the widely different time and spatial scales involved in the devel-
opment of SMBHs and their hosts, population selection biases,
the sparsity of the available samples, and the truly multivariate
nature of this problem, as different processes concur to explain
common sets of observables.

As an example, observational signatures of high-velocity
and multiphase outflows launched by AGN have been
reported in the local and distant Universe (e.g., Cicone et al.
2014, 2018; Forster Schreiber et al. 2014; Feruglio et al. 2015;
Harrison et al. 2015; Jarvis et al. 2019; Veilleux et al. 2020),
and so have pockets of warm and dense gas in AGN hosts
(e.g., Weib} et al. 2007; van der Werf et al. 2010; Mashian et al.
2015; Carniani et al. 2019). Nevertheless, there is no clear evi-
dence of strong feedback on the cold gaseous and dusty ISM
in sizable samples of local galaxies, with AGN hosts show-
ing similar global properties to purely star-forming galaxies
(Saintonge et al. 2012; Shangguan et al. 2020; Jarvis et al. 2020;
Yesuf & Ho 2020). At high redshifts the situation is more con-
troversial. Past studies particularly focused on the lowest acces-
sible carbon monoxide (CO) transitions and long-wavelength
dust emission in order to constrain the total molecular gas mass
across different galaxy types. A great effort has been undertaken
to characterize the epoch of maximal growth of galaxies via star
formation and subsequent quenching at z ~ 1-3, when the cos-
mic SMBH accretion rate peaked (Delvecchio et al. 2020). This
resulted in claims of null effects of AGN on the star formation
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rates (SFRs; Stanley et al. 2017; Schulze et al. 2019) and the
ISM properties of the host (Sharon et al. 2016; Kirkpatrick et al.
2019) or, at the opposite end, decreased gas fractions and short-
ened depletion timescales in the presence of AGN (Kakkad et al.
2017; Perna et al. 2018; Brusa et al. 2018; Circosta et al. 2021;
Bischetti et al. 2021), disfavoring and supporting the existence
of some kind of AGN feedback, respectively.

If the inferred total amount of molecular gas is disputed,
even less is known about the gas excitation conditions in
AGN hosts except for the brightest — and most biased —
quasars or nearby (ultra-)luminous infrared galaxies ((U)LIRGs,
Rosenberg et al. 2015). A better knowledge of the gas proper-
ties is highly desirable as it would have an immediate impact on
the disparate conclusions about gas masses, fractions, and star
formation efficiencies (SFEs) mentioned above, considering that
an excitation correction is very frequently required to scale
the observed mid- or high-J CO emission to the ground tran-
sition. Measurements of the CO spectral line energy distri-
bution (SLED) of well-known powerful quasars (QSOs) at
high redshift have revealed rather extreme luminosity ratios
(e.g., Weil et al. 2007; Carilli & Walter 2013; Bischetti et al.
2021) and detections of very high-J transitions (Gallerani et al.
2014; Carniani et al. 2019). However, it is not clear how dif-
ferent these ISM conditions are compared with the ones of
starbursting submillimeter galaxies (SMGs; e.g., Bothwell et al.
2013; Spilker et al. 2014) generally observed at similar red-
shifts or at less extreme and more common AGN luminosities
(Sharon et al. 2016; Kirkpatrick et al. 2019). Part of the confu-
sion stems from the existence of several mechanisms able to
similarly excite CO and produce rather flat SLEDs at high J,
such as X-rays (Meijerink et al. 2007; van der Werf et al. 2010),
mechanical heating (Rosenberg et al. 2015), shocks induced by
mergers, radio jets, and supernova- or AGN-driven outflows
(Kamenetzky et al. 2016; Carniani et al. 2019), and turbulence
(Harrington et al. 2021). The picture is complicated by the lim-
ited amount of information for statistically significant samples
that encompass both AGN hosts and control star-forming galax-
ies matched in stellar mass, SFR, and other relevant properties.
Systematic studies of gas excitation conditions could thus help
to shed light on the coevolution of AGN and their hosts.

Here we attempt to characterize the AGN activity in the pop-
ulation of main-sequence galaxies and strong starbursts at z ~
1-1.7 that we surveyed in several CO and [C]] transitions with
the Atacama Large Millimeter Array (ALMA; Puglisi et al. 2019,
2021a; Valentino et al. 2020a — V20a from hereafter). Our goal
is to gauge the effect of accreting SMBHs on the global SFR,
the mass, and the excitation conditions of the cold gas and dust
in a large sample of homogeneously IR-selected galaxies. This
results in a focus on the AGN activity spread in normal galax-
ies that are representative of the bulk of the star-forming popu-
lation (Rodighiero et al. 2011), rather than on the extreme SMGs
and QSOs investigated in depth in previous works. For this pur-
pose, we take advantage of a simple and well-understood selec-
tion function, the large sample of a few tens of galaxies observed
under the same conditions, the wealth of ancillary data, and the
rich spectroscopic follow-up comprising multiple CO transitions
to evaluate the molecular gas conditions via line luminosity ratios
and average full SLEDs. In addition, we have access to well-
sampled far-IR dust spectral energy distributions (SEDs) and neu-
tral atomic carbon lines ([C I]), two alternative proxies of the cold
ISM that we use to complement and cross-validate the results from
the classical CO proxy (Magdis et al. 2012; Scoville et al. 2016;
Papadopoulos et al. 2004; Walter et al. 2011). As a matter of fact,
this work cannot directly address the spatial scale problem men-
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tioned above due to the limited spatial resolution of the ALMA
observations. However, we aim to overcome the lack of system-
atic observations of direct molecular gas tracers in average star-
forming galaxies close to the peak of the cosmic SFR history that
are normally not present in the literature, rather than specifically
targeting bright QSOs that have been well covered across redshifts
in the past. The number statistics of our sample are also the base
to determine average trends and, critically, their dispersion.

We briefly recall the specifications of our ALMA survey in the
coming sections, but we refer the reader interested in the details
of the observations to V20a for a complete description. Here we
focus on basic correlations among observables or directly derived
quantities and comment on their physical meaning in the vari-
ous sections and in the final discussion. The master catalog con-
taining all the measurements necessary to reproduce this analy-
sis is publicly available (V20a). For the sake of reproducibility of
the results in this work, we report all the data used here, includ-
ing updates, in a dedicated table available at the CDS. The data
products are described in Table A.1. Unless stated otherwise, we
assume a Lambda cold dark matter cosmology with Q,, = 0.3,
Qu =0.7,and Hy = 70kms™! Mpc‘1 and a Chabrier initial mass
function (IMF; Chabrier 2003). All the literature data have been
homogenized with our conventions when necessary.

2. Data
2.1. ALMA observations and far-IR modeling

We extensively presented our sample and ALMA survey! in
V20a and we refer the reader to that work for further details.
Briefly, we selected IR-detected galaxies in the COSMOS field
(Scoville et al. 2007) on and above the main sequence for
a series of subsequent follow-up observations of several CO
(J = 2,4,5,7) and [C1] lines ([CI](?P; —3Py), [CIICP, —3P)))
with ALMA. We imposed a detection in Herschel/PACS 100
or 160um from the PACS Evolutionary Probe survey (PEP;
Lutz et al. 2011). This requirement privileged the selection of
massive (median M, = 10'%7 M) upper main-sequence sources
(Lr > 5 x 10" Ly) and warm dust temperatures at a median
redshift of z ~ 1.2. Here we focus on the sample of 55 galax-
ies with a robust spectroscopic redshift from submillimeter lines
(at least one line with Flag =1 in V20a) and an estimate of the
IR luminosity from the modeling of the SED. We note here that
the ALMA observations were carried out at a spatial resolution
of 0.8—1.4" (Table 1 in V20a), which was sufficient to estimate
global galaxy properties and derive reliable FIR sizes at high
S/Ns (Puglisi et al. 2021a), but not to highly resolve the central
regions of the galaxies.

The modeling of the SED was performed on the de-blended
far-IR catalog by Jin et al. (2018) and our ALMA continuum
emission estimates at rest-frame ~370, 520, 610 um, and 1.3 mm
when available (Fig. 1). We excluded sources without an entry
in the far-IR catalog (see V20a). We used the customized
y? minimization tool STARDUST (Kokorev et al. 2021)? that
includes representative templates spanning the expanded library
of Draine & Li (2007) and AGN models from Mullaney et al.
(2011). The algorithm returns the total IR luminosity integrated
between 8 and 1000 wm (Ljr) split into a star-forming (Lir, spr,
associated with the Draine & Li 2007 templates) and an AGN
(LIR,AGN) components (Lig = LIR, srrR + Lir aoN). We define

' Programs #2015.1.00260.S, #2016.1.00171.S (PI: Daddi), #2018.1.
00635.S, #2016.1.01040.S, and #2019.1.01702.S. (PI: Valentino).
2 https://github.com/VasilyKokorev/stardust
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Fig. 1. Star-formation and AGN contributions to the total IR luminosities Lir(8—1000 um). Left: our sample of galaxies at z ~ 1.2, indicated
by filled circles and color coded according to the AGN contribution to Lir (fagy = Lir acn/Lir). Blue circles show hard X-ray emitters with
Ly_1okev > 10% ergs™! detected by Chandra. The orange filled star marks the object from Brusa et al. (2018), which is part of our parent sample.
The colored lines show the limits for fagn as labeled. Center, right: rest-frame far-IR SEDs normalized to Ligr(8—1000um) = 1 L, and color
coded according to fagn (central panel) and X-ray detection (right panel). Gray diamonds and arrows show detections and 3¢~ upper limits on the
photometry, respectively. We note that the emission at radio wavelengths is not included in the modeling.

the AGN contribution to the total IR budget as the fraction
fagN = Lir agN/Lir.

We caution the reader against low fagn at face value. Frac-
tions <1% simply indicate the absence of a significant AGN
contribution at long wavelengths, given the available data, and
we adopted this threshold as a strict floor for our analysis. Val-
ues on the order of ~5-10% partially overlap with hard X-ray
detections and they are, thus, more reliable for an AGN classifi-
cation in the relative scale set by our modeling (Figs. 2 and B.1,
Sect. 3.1). We note that setting a more conservative minimum
threshold of fagn > 10% does not affect the main conclusions
of this work. We retained the best-fit values for fagn and their
uncertainties in order to allow for a continuous variation in the
AGN contribution to the IR energy output of their host, but we
stress that the exact values — especially at low fagn — sensi-
tively depends on the choice of the AGN templates, assumptions
in the fitting procedures, and photometric quality and coverage,
and should be thus taken with a grain of salt (e.g., Ciesla et al.
2015). For reference, the fagn from our decomposition are con-
sistent with the reanalysis of the full UV-to-radio SED mod-
eling of part of our sample with MICHI2 (see Liu et al. 2021;
Kokorev et al. 2021 for the performances of the two codes and
a broader comparison of the derived properties with alternative
modeling schemes, e.g., CIGALE, Noll et al. 2009).

Conversely, large fagn values of >80% mostly occur for
galaxies with upper limits at observed wavelengths longer than
24 or 100 um. In these cases, the standard modeling with all
parameters left free to vary initially hit the boundary of the
coldest template allowed. Therefore, in order to put physically
meaningful limits on Lir spr and derive the final fygn shown
in Fig. 1, we refit the SEDs with Draine & Li (2007) tem-
plates with a fixed intensity of the radiation field heating the
dust ((U)). This is a unit-less quantity that can be expressed
as (U) = 1/125 X Lir spr/Maust, Where the constant indicates
the power absorbed per unit dust mass Mgy in a radiation field
with (U) = 1 (Draine & Li 2007; Magdis et al. 2012). In the
4/55 cases with extreme fagn (Fig. 1), we thus fixed (U) to the
average value for galaxies at the same redshift and we allowed
for a 30% variation, comparable with the observed scatter of the

z—(U) relation ((U) = 15 + 5, Magdis et al. 2017). We note that
the starburst-like (U) values allowed by the current constraints
would decrease Lig spr. This procedure mostly returns Lir spr
consistent with SFR of main-sequence galaxies.

The code also outputs the dust mass Mgy, directly propor-
tional to the luminosity in the Rayleigh-Jeans tail of the SED,
and the aforementioned (U), which can be regarded as a proxy
for the dust temperature. We note that (U) is associated with
the Draine & Li (2007) templates and it accounts for the heat-
ing from the star-forming component only. When necessary, we
recomputed a posteriori the total (U) including the AGN com-
ponent by substituting Lig spr With Lig in the equation above.
The uncertainties on the best-fit parameters are computed as the
16th—84th percentile confidence intervals over 10 000 random-
ized realizations of the fitting process. We show the compilation
of best-fit models and the photometry for the 55 galaxies consid-
ered here in Fig. 1, color coded according to fagn and the X-ray
detection. All the best-fit parameters (footnote 1) and plots of
individual SEDs are available online>. Finally, we note that one
object in our survey parent sample (#51280) has been analyzed
in detail by Brusa et al. (2018), who collected deeper observa-
tions of the CO (5—4) emission and its underlying continuum.
We included their ALMA measurements and stellar mass esti-
mate, but retained our far-IR SED modeling for consistency with
the rest of the sample.

2.2. Ancillary data

The X-ray to radio photometry in the COSMOS field comple-
ments the submillimeter spectroscopy with ALMA and allows
for the derivation of reliable stellar masses (Laigle et al. 2016;
Muzzin et al. 2013). We checked for possible X-ray detections
in the 2—-10keV band with Chandra (Marchesietal. 2016;
Civano et al. 2016) and fixed a minimum threshold of L,_jgiev =
10" ergs~! for a significant AGN detection, which we found in
18/55 sources. We do not retrieve any detections below this limit
in our sample. Such a threshold corresponds to SFRs 0.5—-3.6 and

3 https://doi.org/10.5281/zenodo.3967380
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Fig. 2. How observed colors, the full far-IR SED modeling, and X-ray detections compare as tracers of the AGN activity. Top: observed
S12mm/S 24um color (Rayleigh-Jeans/mid-IR rest-frame color) as a function of fygn and the X-ray luminosity L,_ioev. Bottom left: AGN IR
luminosity from SED modeling as a function of L,_jgkv. The black line indicates the locus of constant bolometric luminosities derived from
X-ray and IR luminosities adopting the corrections as labeled. Bottom right: Spitzer/IRAC Sgum/S 4.5um» S 5.8um/S 3.6um S€lection as in Donley et al.
(2012). The symbols indicate our sample of z ~ 1.2 galaxies color coded by fagn as in previous figures. Open blue circles mark hard X-ray emitters
with Ly_jgrey > 10¥ ergs™'. In the top panels, arrows indicate 30~ upper limits on the ALMA continuum emission at 1.2 mm.

2.3-5.9dex larger than those we estimate from Lir spr follow-
ing Ranalli et al. (2003) and Lehmer et al. (2010), respectively,
supporting nuclear activity as the powering source of the X-ray
emission. We also note that the distribution of observed L,_igkev
in COSMOS at these redshifts peaks above 10* ergs™!, below
which the completeness drastically decreases while the X-ray
luminosity function of AGN keeps rising (Aird et al. 2015). For
objects with AGN signatures in the X-ray or mid-IR regimes,
we remodeled the UV to near-IR photometry from Laigle et al.
(2016) as in Circosta et al. (2018), providing for a self-consistent
treatment of the AGN emission across the short wavelength spec-
trum. This improved the stellar mass estimates of a handful of
bright AGN hosts, while not introducing any offsets in M, with
respect to the standard COSMOS catalogs for the rest of the sam-
ple (Fig. B.2).
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3. Analysis and results

In this section we present the main findings of this work in terms
of observables or directly derived quantities, such as dust emis-
sion, gas line luminosities, stellar masses, and SFRs. Their phys-
ical interpretation and insertion in the current research landscape
will be further discussed in Sect. 4.

3.1. Widespread AGN activity affects the dust far-IR
emission of distant galaxies

The far-IR SED modeling reveals the presence of common
AGN activity in our sample of z ~ 1.2 galaxies, as antici-
pated in V20a. Thirty percent of the parent surveyed sample has
fagn + 1o fq = 20%, thus indicating a relevant contribution of
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the AGN template in the SED modeling, in agreement with pre-
vious reports (Mullaney et al. 2012). We find the same propor-
tion also for the subsample considered here, thus arguing against
any trivial selection bias in the line detectability. We also retrieve
6/55 objects with fagn + 1o f,, > 50%. For reference, we use
the 20% threshold to broadly classify galaxies as AGN based
on their IR emission, but the following analysis mostly relies on
the continuous distribution of fygn values and its relation to the
properties of the galaxy hosts.

We stress once again that the possibility to detect the mid-
IR emission from AGN depends on the coverage — here granted
by Spitzer/MIPS photometry — and the intrinsic brightness of
the dusty tori and dust heated by the AGN compared with the
underlying emission powered by young stars. Therefore, given
the positive correlation between stellar masses and SFR, the mild
skewness of the M, distribution of AGN hosts toward low val-
ues is not completely surprising (Fig. B.2): at fixed Lig_acn, it is
easier to detect the emission of an AGN in lower mass galax-
ies where the contrast with Ljg spr is higher. In addition, the
choice of the templates for the decomposition affects fagn at
face value. While a direct comparison with other works purely
based on fagn should be drawn with caution, we can check our
classification against alternative AGN indicators. The informa-
tion enclosed in fygn is comparable with the AGN classifica-
tion based on Spitzer/IRAC colors (Fig. 2). A smooth gradient
of fagn enters the box hosting AGN designed by Donley et al.
(2012), but there are X-ray-detected sources outside it. Above
faon + 105, > 20%, a criterion based on fagn largely overlaps
with the detection of hard X-ray photons in Chandra’s 2—10keV
band (Fig. 4 in V20a; see also Brown et al. 2019). Here 86% per-
cent of the sample with faygn + 1o f = 20% has Ly_jorev >
108 ergs™! (not applying the modest <5—15% absorption cor-
rections, Marchesi et al. 2016). Conversely, ~13% of the popula-
tion below this fagn threshold is detected by Chandra, gauging
the degree of overlap between these two AGN selection crite-
ria in a regime where star-formation dust heating dominates the
IR budget. Similar values are found for the whole survey parent
sample. We thus consider the X-ray-detected sources as AGN
hereafter.

The overlap between the mid-IR and X-ray definition is
reflected on the shapes of the overall SEDs (Fig. 1). The presence
of an AGN boosts the emission in the mid-IR and only appar-
ently suppresses the luminosity in the Rayleigh-Jeans tail of the
SED at fixed Lir due to the normalization. This is shown in Fig. 2
in the form of the observed S 12 mm/S 24 um color (=S 500 um /S 11 um
rest-frame) probing two critical regimes proportional to the total
dust mass content and the AGN energy output, respectively.
Given the small redshift range probed by our sample, we used
the observed photometry to compute this color, thus being model
independent. The observed S |2 mm/S 24um color tightly anticor-
relates with fagn and the L_gkev luminosity (Fig. 2). We note
that the total luminosity density at rest-frame 11 pm indepen-
dently correlates with L,_jok.v While it does not at 500 um, once
the effect of the stellar mass is folded in the calculation. This
suggests that most of the AGN effect is exerted in the mid-IR
as a result of increased dust heating, but without any apparent
impact on the Rayleigh-Jeans tail and, thus, on the total dust
mass content, as it could be expected in a scenario with an effi-
cient negative feedback onto the host (Sect. 4).

We also note that Lig agn correlates well with Ly_jogev in
our sample (Fig. 2; see Gandhi et al. 2009) and supports the
interchangeable usage of fagn, Lo—10kev, and Lig agn as trac-
ers of AGN activity in our sample. On the other hand, we do
not find any significant correlation between Lig agN OF Lo—jokev

and Lig spr at fixed stellar and dust masses, proxies for the spe-
cific SFR (sSFR) and SFE, respectively. The AGN activity seems
not to suppress nor enhance the formation of new stars or its
efficiency in the galaxies in our sample. However, we note that
Lir spr and Ly_jpgey probe star formation and AGN activities
characterized by different timescales (~100Myr and <10 Myr,
respectively). This is a known limitation to the comparison
between these quantities (e.g., Hickox et al. 2014; Stanley et al.
2015).

3.2. The effect on CO line luminosities

Once we factor out the contribution of AGN-heated dust to the
total IR Iuminosity (Lir s;rr = Lir—Lir, aGN), the central nuclei
seem to marginally affect the CO emission. In Fig. 3, we show
the CO(2—-1) and CO (5—4) L’ luminosities as a function of
Lir_spr. The line luminosities are defined as:

L. [Kkms™ pc?] = 3.25 x 107 Sjipe Avve, (1 +2)7°Df, (1)

where S i, Av is the velocity-integrated line flux in Jykms™!,

Vobs 18 the observed line frequency in GHz, z is the redshift, and
Dy is the luminosity distance in Mpc (Solomon & Vanden Bout
2005). For reference, we also show the sources detected by the
blind ALMA Spectroscopic Survey in the Hubble Ultra Deep
Field (ASPECS) at z ~ 1.2 and ~2.5 (Boogaard et al. 2020),
whose SEDs we remodeled using our algorithm, notably includ-
ing Herschel photometry (T. Wang, priv. comm.). Moreover,
we also added the literature compilation from Liu et al. (2021)
who applied an SED modeling similar to and consistent with
ours to nearby galaxies and distant SMGs. For a meaningful
comparison, we show objects in the same range of redshift
and luminosities of our sample. Including local galaxies with
lower luminosities and the handful of powerful (possibly lensed)
SMGs at z > 4 in the compilation does not appreciably affect the
main points of this work.

Although with a substantial scatter, AGN hosts appear
to preferentially occupy an intermediate locus between main-
sequence and starbursting galaxies in the Ly, SFR—LE}O(z—n plane,
according to the parameterization of Sargent et al. (2014). When
a mid-J transition such as CO (5—4) is considered, galaxies host-
ing an AGN are fully mixed with the rest of the star-forming pop-
ulation, both groups following the relation presented in V20a.
This reinforces the idea that CO (5—4) can be used as a tracer
of SFR independently of the galaxy type. However, we report
the elevated L/c0(5— 4 luminosity for two sources with the high-
est fagn given their Lig spr, despite the large uncertainties on
the latter. The J = 5/2 luminosity ratio Rsy = L’CO(S_ 5 /L/c0(271)
naturally reflects these trends and it does not appear substan-
tially affected by the presence of AGN at fixed Lg spr. A sim-
ilar conclusion is reached comparing Rs; with Lig aoN OF fagN
(see also Liu et al. 2021). In addition, despite the low number
statistics, Rs; does not correlate with Lig agn/Lo-10kev (Fig. 4).
This ratio is a proxy for heavy obscuration in AGN approach-
ing or in the Compton-thick regime (e.g., Del Moro et al. 2016)
and it allows us to check for the existence of a possible depen-
dence of the CO excitation on the large dust opacities expected
in strongly starbursting AGN hosts at high Lig aoN/L2-10kev
ratios (see also Sect. 3.6). We find a probability of no correla-
tion of 30% from a generalized Kendall’s tau test including the
upper limits. This is robust against the exclusion of the lowest
LIR,AGN/LZ—IOkeV value (pnocorr = 25%) For simplicity, in Fig. 4
we show the observed luminosities corrected to the bolometric
output by adopting constant 1.5x (Elvis et al. 1994) and 22.5x
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(Vasudevan & Fabian 2007) factors for Lig agn and Lp_jokev,
respectively. Using different bolometric corrections from the lit-
erature (e.g., Lusso et al. 2011) does not alter this conclusion
(see Lusso et al. 2012; Duras et al. 2020 and references therein
for more refined luminosity-dependent corrections and their sub-
stantial uncertainties, which are beyond the scope of this paper).

Finally, we find that the CO (7—6) line provides a consistent
picture to that of CO (5—4), despite being more uncertain due
to low number statistics as 20% of our sample has the right fre-
quency coverage (see Lu et al. 2015; Liu et al. 2015, and V20a
for a comparison between CO (5—4) and CO (7—6) as SFR trac-
ers).

3.3. A standard metric: The distance from the main
sequence

Marginally lower L'CO(Z_]) luminosities at fixed Lig spr could
potentially suggest a prevalence of starburst-like high SFEs
(SFE = SFR/Mg,) or equivalently shorter depletion timescales
(taepr = SFE™!) in AGN hosts. To test for this, we plot the
Lz:oa_l)/LlR, sFr ratio of our sample as a function of the dis-
tance from the main sequence (AMS = SFR/SFRys, Fig. 3).
AGN hosts occupy the lower end of the distribution of the ratios
over the same interval of AMS spanned by the star-forming pop-
ulation (Fig. 3). This is also the locus occupied by the com-
pact objects with size measurements from ALMA (Puglisi et al.
2021a). A logrank test shows indeed a mild tendency of AGN to
reside in compact galaxies, defined based on their distance from
the mass-size relation (Puglisi et al. 2021a; see also Sects. 3.6
and 4). Their reduced CO (2—1) luminosities might thus be plau-
sibly driven by the size of the host and the ensuing larger SFR
densities, rather than the presence of the AGN. In addition,
a non-parametric Kolmogorov-Smirnov test returns a probabil-
ity of 9.4% that the L/C0(2—1)/LIR« ser distributions for Chandra-
detected AGN and star-forming galaxies are drawn from the
same parent population, confirming that the effect is not statis-
tically significant at this stage. We note that we considered only
CO (2—1) detected objects for the calculation. Moreover, with
the notable exception of the two objects with elevated L/c0(5—4)
luminosity mentioned in the previous section, we do not find any
significant difference in the distribution of the CO (5—4)/Lir, srr
or CO (5—-4)/CO (2-1) ratios as a function of AMS.

3.4. Average CO spectral line energy distributions

We further attempted to assess the average SLEDs of AGN hosts
and star-forming galaxies (Fig. 5). Here we split the sample
both at fagn = 20% (including the upper limits) and accord-
ing to the hard X-ray detection as detailed in Sect. 2. As seen
above, these alternative AGN classifications generally overlap
and provide consistent results so far. However, they do so by
cutting the sample in slightly different ways, capturing differ-
ent intermediate sources, and complementing each other when
the number statistics according to one criterion are not sufficient
to compute meaningful ratios. We computed the mean SLEDs
using the Kaplan-Meier estimator (Kaplan & Meier 1958) and
we included robust upper limits (Flag = 0.5 in V20a). The mean
and median L’ luminosities are reported in Table B.1. The line
ratios in Fig. 5 are expressed as fluxes at the median redshift of
the surveyed sample (z = 1.25) after averaging the luminosities
to take out the distance effect. The average SLEDs are computed
over the sources meeting the requirements for the selection for
the CO (2—1) follow-up in our survey, not to bias the line ratios
(V20a). The SLEDs are normalized by the value for the average
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main-sequence galaxies to ease the comparison with our pre-
vious work also reported in Fig. 5. As in V20a, we accounted
for the possible bias introduced by the spectral sampling of the
CO (2—1) ALMA follow-up. This results in similar total Ljr dis-
tributions for the objects entering the average of each line, thus
not requiring any further normalization that could bias the aver-
age values (Kirkpatrick et al. 2019).

At face value, we find only a higher CO (7—6) emission for
AGN hosts than in the star-forming population. Nevertheless,
the Chandra detected and the fagn > 20% samples include
100% and 25% of the extreme starbursts (AMS > 7) identified
in V20a. Therefore, it does not entirely come as a surprise that
the CO (7—-6) emission resembles the one of strongly starburst-
ing galaxies previously identified. Further splitting our sample
according to the distance from the main sequence and the AGN
contribution could help to understand the dominant mechanism
setting the CO (7—-6) emission, but the current number statistics
prevent us from doing so (Table B.1). We do not find any other
significant divergence in the average CO SLED between AGN
hosts and the star-forming population. This holds also when rais-
ing the fagn threshold to identify AGN to a more extreme 50%.
On the other hand, we do retrieve a substantial diversity within
both subsamples (Fig. B.3) and the large scatter likely plays a
major role in comparing single objects with statistical and —
to some extent inhomogeneous — samples. For reference, we
also show the stacking results for the mid-IR-selected galaxies
with Spitzer/IRS spectra from Kirkpatrick et al. (2019) and the
classical QSO sample in Carilli & Walter (2013). These SLEDs
appear more excited than the ones presented here, likely due to
their coverage of more extreme objects with intrinsically larger
total Ligr and more powerful AGN over a wide range of redshifts
(see also Weiss et al. 2007; Banerji et al. 2018; Bischetti et al.
2021 for other examples of highly excited SLEDs of hyper-
luminous QSOs at z ~ 2-3). We stress that the primary goal
of the initial survey that provided the parent sample for this
study was to target relatively faint IR-selected galaxies on the
main sequence, normally underrepresented in previous studies.
Discounted this difference in normalization, our conclusions are
similar to Kirkpatrick et al. (2019), who found only marginal
evidence for enhanced CO ratios in galaxies with large fagn,
but without statistical significance. We note that these authors
classify their sample according to an analogous, but not identi-
cal definition of mid-IR fagN, migr (5—15 wm) computed from
spectral fitting or color diagrams (for reference, fAGN mid-IR =
50% corresponds to fagn(8—1000um) = 14.75%, Eq. (1) in
Kirkpatrick et al. (2019), comparable with our fiducial thresh-
old). Targeted observations with optically selected and radio-
loud AGN (Sharon et al. 2016) and blind CO searches coupled
with an X-ray AGN classification (Boogaard et al. 2020) also
return analogous conclusions. This pairs up with the results on
Rsp in Sect. 3.2 and similar findings in Liu et al. (2021). We
return to these points in Sect. 4.

3.5. An alternative view from neutral atomic carbon [Cl] line
luminosities

Here we have the possibility to compare the results based on
CO (2-1) in the previous sections with an alternative molecular
gas tracer, the neutral atomic carbon [CI] (Papadopoulos et al.
2004; Bisbas et al. 2015; Madden et al. 2020). Figure 6 shows
the luminosities of both [CI]P; —3Py) and [CI]CP,-3P))
transitions and their ratio as a function of Lig spr. We com-
plement our measurements with main-sequence and starburst
galaxies at z ~ 1.2 from Valentino et al. (2018), which were
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Fig. 3. AGN effect on CO line emission. Left column, from top to bottom: CO (2—1), CO (5—4) luminosities and their ratio as a function of the
IR luminosities from the star-forming component Lig spr. Right column: CO (2—1)/Lig_srr, CO (5—4)/Lir_srr, and CO (2—1)/CO (5—4) luminosity
ratios as a function of the distance from the main sequence as parameterized in Sargent et al. (2014) (blue area and vertical solid line). Filled circles
mark our sample at z ~ 1.2 color coded according to fagn. Empty blue circles show hard X-ray emitters with L,_jgrey > 10* ergs™' detected by
Chandra. The orange filled star marks the object from Brusa et al. (2018), which is part of our parent sample. Open triangles and squares represent
local objects and distant SMGs from Liu et al. (2021) color coded according to fagn. Filled squares indicate the ASPECS sample, with X-ray
AGN marked with blue empty squares (Boogaard et al. 2020). The gray and green dashes mark the Rs, for the average SLED of distant QSOs
in Carilli & Walter (2013) and Mrk 231 (van der Werf et al. 2010), respectively. Solid black lines show the loci of main-sequence and starburst
galaxies in Sargent et al. (2014) (fop left panel) or the best-fit relations in V20a, as labeled. The solid blue and yellow lines in the right column
show the kernel density estimation (KDE) of the properties on the Y axis for Chandra-detected AGN and star-forming galaxies normalized to their
relative frequency and rescaled for visibility. Only detections are included in the KDE.
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Fig. 4. CO line excitation (Rs,) as a function of a proxy for heavy obscu-
ration (LIR, AGN/LZ—IOkeV)~ LIR, AGN and LZ—lOkeV have both been corrected
to the total bolometric output by factors of 1.5 and 22.5, respectively.
The symbols represent our sample at z ~ 1.2 and are color coded as in
the previous figures.

selected and modeled similarly to the sample presented here.
The statistics of objects with large fagn is scarce, thus we focus
on the X-ray classification. Based on Fig. 6, the AGN do not
appear to have strong effects on the [CI] emission. The current
paucity of normal galaxies with both lines available does not
allow us to derive a firm conclusion on the excitation temper-
ature as traced by the [C 1P, —3P,)/[CTICP, —3Py) luminos-
ity ratio (Weil3 et al. 2005). However, we note that the observed
[CT1] ratios for both AGN hosts and star forming galaxies (SFGs)
is consistent with the average value and its large scatter for
the data compilation in Valentino et al. (2020b). These results
confirm what we anticipated in previous works (Valentino et al.
2018, 2020b; see also Jiao et al. 2017) showing roughly con-
stant LEC PP, JPO/L’CO(Z_I), LEC P, JP./LEC Py — 3Py’ and [CI]/dust
mass ratios across not only the IR-selected samples presented
here, but also local luminous IR galaxies, distant SMGs, and
QSOs, once the effect of the AGN on the dust continuum emis-
sion is accounted for. If any, only a mild correlation between the

LE CifP, 3P /LE CiPP, 3P ratio and the dust temperature is present
27— 1= 0

(Jiao et al. 2019; Valentino et al. 2020b). This supports the con-

clusions drawn from the analysis of the low and mid-J CO emis-

sion.

3.6. A point about dust masses, opacities, and sizes

Continuum dust emission at long wavelengths is known to
trace the cold gas in star-forming galaxies (Magdis et al. 2012;
Scoville et al. 2016). In this section, we use it as a third indepen-
dent method to gauge the effect of AGN on the gas reservoirs in
the sample. The full SED modeling does not show any signifi-
cant discrepancy between the Mgy distributions of star-forming
galaxies and AGN hosts for similar stellar masses. The dust mass
fraction Mgyyy/My4 does not vary as a function of L jgxey OF
Lir, acn (Fig. 7): galaxies with an active nucleus appear to have
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Fig. 5. Average CO spectral line distributions of AGN hosts and
star-forming galaxies as well as average SLEDs for AGN hosts and
star-forming galaxies normalized to the average CO (2—1) flux of main-
sequence galaxies at z ~ 1.2 from V20a. Filled yellow and red circles
indicate galaxies in our sample with fagy < 20% and >20%, respec-
tively. Open yellow and red circles show objects split according to their
Chandra detection at 2—10keV. Blue open squares represent the SLEDs
of the main sequence and (extreme) starbursts (>7x) >3.5x above the
main sequence from V20a. Filled light and empty dark green stars show
the average SLEDs from the stacking in Kirkpatrick et al. (2019), split-
ting AGN hosts and star-forming at fagn, mia.ir = S0% (comparable with
our fagn = 20% threshold; see their Eq. (1)). The dashed gray line
marks the QSO SLED in Carilli & Walter (2013). The L’ luminosity
values for our samples are reported in Table B.1. We note that the statis-
tics of X-ray detections of AGN with measurements of CO (4-3) are
not sufficient to derive an average estimate.

the same amount of dust as star-forming galaxies of the same
stellar mass and location with respect to the main sequence. On
the other hand, we retrieve the increasing dust and gas frac-
tion as a function of the distance from the main sequence (e.g.,
Magdis et al. 2012; Tacconi et al. 2018; Elbaz et al. 2018). This
mirrors the result based on the single-band rest-frame 500 pm
luminosity density (Sect. 3.1).

We note here that the Draine & Li (2007) far-IR templates
used for the SED fitting assume that the continuum emis-
sion is optically thin at long wavelengths, which is also the
premise to use dust as a cold gas tracer, while the AGN tem-
plates are purely empirical and could include self-absorption
(Mullaney et al. 2011). Systematically larger dust optical thick-
ness for AGN hosts could thus conceal truly lower dust masses
and higher temperatures. This is known to be a factor for the
most extreme dusty objects across cosmic time (Blain et al.
2003; Spilker et al. 2016; Scoville et al. 2017; Simpson et al.
2017; Jinetal. 2019; Cortzen et al. 2020, and many others).
We tested this possibility by computing a posteriori the wave-
length at which the dust optical depth 74, reaches unity. We
calculated Tauy = k(M) Zg = Kgs50 wm (v/vsso p.m)ﬂ Mdust/(anz)»
where « is the frequency-dependent dust opacity, and X4 the
dust mass surface density (e.g., Casey et al. 2014). We used
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Fig. 6. AGN effect on [CI] emission: [CI](*P; —3Py) and [CI](*P, —
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the sample in Valentino et al. (2018), selected at similar redshift and
luminosity.

Kkssopm = 0.43cm™2g ! and B = 2 (Li & Draine 2001), Mus
from the full SED modeling (Sect. 2), and the sizes or upper limits
from the ALMA measurements when available (R = FWHM /2
from the Gaussian source extraction, V20a). The use of the far-
IR sizes breaks the apparent tautology when using Mg, from the
SED modeling. The same calculation with M, derived from an
ideal SED modeling with the opacity as a free parameter would
be lower, further decreasing the value of 74,. In Fig. 7, we show
the relation between the wavelength Ay at which 74, = 1 and
facn. Here we limited the analysis to galaxies with at least one
detection of the continuum emission with ALMA to avoid severe
blending issues and poor constraints on the Rayleigh-Jeans lumi-
nosities, while lower limits on Ay (due to upper limits on the
size) are included. In this extreme case, we find a correlation
between fagn and A (probability of no correlation of 0.5% from
a generalized Kendall’s tau test including censored data on both
axes). On average, (1) is 1.8% longer for X-ray detected objects
than the star-forming population ((dp)x.ray = 51 + 8um and
(Ado)src = 27 + 3um, difference significant at 2.8c-, Fig. 7).
However, we note that only in a handful of cases A, reaches val-
ues close to 100 um, the limit above which we assumed optical
thinness in our SED modeling. This argues against a strong bias
in the determination of Mg,y. A similar conclusion is reached
when comparing the distributions of (U) =~ 1/125 X Lig /Mgy
where we accounted for Lig agn. We do retrieve higher (U) in
X-ray detected sources than star-forming galaxies, but not signif-
icantly ((U)x.ray = 33.7 = 4.4 and (U)spg = 26.1 + 3.6, respec-
tively). In addition, the full distributions of (U) and Ay for AGN
hosts and star-forming galaxies are consistent with being drawn
from the same parent distribution according to a Kolmogorov-
Smirnov test (pyy = 0.12 and p,, = 0.06). This is further rein-
forced when removing the constraint on the ALMA continuum
detections.

The fagn—Ap relation is likely driven by a marginal anticor-
relation between fygn and the host’s size at fixed M, (Fig. 8).
A Kendall’s tau test including upper limits returns a proba-
bility of no correlation between fagn and the distance from
the mass-size relation for late type galaxies at these redshifts
(van der Wel et al. 2014) of ~1%, suggesting that the compact
galaxies in our sample tend to show enhanced nuclear activity
(Sect. 3.3; Puglisi et al. 2019, 2021a). Nevertheless, this result
is affected by the choice of the mass-size relation necessary to
anchor the calculation, removing the effect of the stellar masses,
and the uncertainties to which it is prone. Using the compact-
ness criterion based on the reanalysis of far-IR and optical sizes
from Puglisi et al. (2021a), the correlation is weaker (~8% prob-
ability of no correlation with fygn). The large intrinsic scatter of
the relations in place and the number statistics do not allow any
stronger conclusions to be derived at the moment.

Overall, we retrieve at best marginal differences in dust sizes,
intensity of the interstellar radiation field, and far-IR optical
depth between galaxies hosting X-ray or mid-IR detected AGN
and the star-forming population. We do not find any significant
differences in dust (and thus gas) fractions.

4. Discussion

4.1. Marginal effects of AGN on the average properties of
their hosts

The analysis of our sample of main-sequence and starburst
galaxies at z ~ 1.2 highlights how AGN activity is dis-
tributed among star-forming galaxies and securely detectable at
IR wavelengths. A few recent literature works push the AGN
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Fig. 7. Effect of AGN on the dust fraction and opacity. Left: dust fraction Mg,s/M, as a function of Lig_acn. Right: wavelength at which the dust
optical depth reaches unity as a function of fagn. Symbols and colors mark our sample at z ~ 1.2 as in previous figures.

contribution to the luminosity output of the brightest QSOs
and SMGs to the submillimeter regime (Symeonidis et al. 2016;
Symeonidis 2017; Shanks et al. 2021). However, the debate on
the effective emission at the longest wavelengths is still ongoing
(see Bernhard et al. 2021 for a recent assessment and detailed
comparison of several AGN templates available in the litera-
ture). Overall, if not properly taken into account, the IR emis-
sion connected with nuclei activity can cause an overestimation
of the SFRs in dusty galaxies. We reiterate that the initial selec-
tion criterion based on a detection at 100 or 160 um biases the
sample toward warmer dust temperatures and, thus, potentially
larger fraction of AGN hosts among our targets. However, we
do retrieve a fraction of active galaxies in our sample similar to
previous works (e.g., Mullaney et al. 2012). Despite such activ-
ity, for the most part AGN hosts share similar properties with the
rest of our star-forming sample. On average, we do not retrieve
any significant departure in terms of various CO and [C1] line
luminosities or their ratios, excitation conditions and SLEDs up
to J =7, dust and gas masses, fractions, or SFR.

In terms of CO line luminosities and excitation, our results
are consistent with the recent reanalysis of the literature reported
in Kirkpatrick et al. (2019). We note that these authors adopted
a mixed approach based on the spectral fitting of Spitzer/IRS
data and a combination of IR colors to quantify the AGN emis-
sion (Kirkpatrick et al. 2017). In broad terms, this approach is
similar to ours (especially considering the consistent results that
we obtain when adopting fagn from the full SED modeling and
simpler color cuts, Fig. 1), but not identical. A second notable
difference is the homogeneous selection used here, rather than
a combination of literature data, and the systematic coverage of
more normal main-sequence objects typically underrepresented
in past work due to their lower luminosities. Similar findings on
the CO SLEDs are reported for relatively large collections of
galaxies at z ~ 1-3, either consistently selected and observed
(Sharon et al. 2016; Boogaard et al. 2020) or compiled from the
literature (Liu et al. 2021). Despite suffering from low number
statistics, the [CI] line ratio — a proxy for the gas tempera-
ture —, also suggests no major impact of AGN on the cold gas,
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as previously reported based on a larger literature compilation
(Valentino et al. 2020b).

Nevertheless, highly excited SLEDs have been frequently
reported for the most luminous, frequently lensed, and unob-
scured QSOs (e.g., Weiss et al. 2007; Carilli & Walter 2013;
Banerji et al. 2018; Fogasy et al. 2020; Bischetti et al. 2021) and
often associated with depleted gas reservoirs in the host. The dif-
ference with our findings are the likely result of a combination
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of factors. Primarily, the selection function: here we inherited
the AGN properties for a sample of IR-selected star-forming
galaxies, rather than focusing on previously identified QSOs at
the peak of their power or in presence of documented massive
outflows, just to mention two popular criteria. This resulted in
lower AGN luminosities spread among the typical population of
star-forming objects (log(Lyoi/ergs™') ~ 45 against, for exam-
ple, log(Lypoi/ergs™') > 47.5 in Bischetti et al. 2021). The pres-
ence of highly excited CO gas is then frequently associated with
copious X-ray photons from the AGN (Meijerink et al. 2007;
Vallini et al. 2019) or shocks induced by the outflowing gas.
However, considering that most of the information on the CO
excitation currently available in our sample comes from a mid-
to low-J transition ratio such as Rs,, it is hard to draw an unam-
biguous conclusion as most of the effect of these mechanisms is
expected to occur at high J. As a reference, a case study for
the effect of X-rays on the CO SLED as Mrk 231, also host-
ing abundant multiphase outflows (Cicone et al. 2012), has an
estimated 10% contribution to the CO (5—4) luminosity from
the X-ray Dominated Regions (XDRs) component and a vir-
tually null impact on CO (2—1) (van der Werf et al. 2010). The
XDRs dominate over UV-photon-dominated regions at high J
(J > 9-10), aregime still rarely covered at high redshift (but see
Gallerani et al. 2014; Carniani et al. 2019; Fogasy et al. 2020)
and not accessible with our data. In addition, X-rays, cosmic
rays, turbulence, shocks, and mechanical heating in general can
be induced by common processes not related to AGN such as
stellar winds, supernovae explosions, mergers, or gas accretion
(Meijerink et al. 2013; Luetal. 2014, 2017; Rosenberg et al.
2015; Kamenetzky et al. 2016; Harrington et al. 2021, and many
others). Considering the increasing SFR and merger rates with
redshift, it is not unreasonable to consider these mechanisms
as contributors to the CO excitation in distant AGN hosts.
Adding the information on [CI] could in principle offer another
way to constrain the effect of X-rays from AGN, as elevated
[CI]/CO ratios due to CO dissociation have been reported at
the center of nearby AGN hosts (Israel & Baas 2002; Israel et al.
2015; Izumi et al. 2020). However, this would require observa-
tions able to resolve the central regions of galaxies, where the
strongest effect is expected, and the simultaneous modeling of
cosmic rays, also able to volumetrically break the CO molecules
and predicted to be abundant in centrally concentrated starbursts
(Papadopoulos et al. 2004, 2018).

Lower fy,s and shorter depletion timescales in AGN hosts
than in star-formation-dominated objects have also been recently
reported for samples of various sizes specifically selecting
bright AGN (Perna et al. 2018; Brusa et al. 2018; Kakkad et al.
2017; Bischetti et al. 2021), at odds with ours and similar
findings in terms of SFR and gas masses (e.g., Stanley et al.
2017; Schulze et al. 2019; Kirkpatrick et al. 2019). In particu-
lar, Circosta et al. (2021) reported a marginally significant dif-
ference between the CO (3—-2) emission of matched samples of
purely star-forming galaxies and AGN at z ~ 2. Interestingly,
they covered a range of AGN luminosities partially overlap-
ping with that of this work (44.5 < log(Lypo/erg s < 47),
rather than focusing only on bright QSOs, and chose to focus
on observables without introducing any dependence on excita-
tion corrections or gas mass conversion factors. Therefore, it
might not come as a surprise that their results are somehow in
between our findings and literature works. In our case, the result
on Mg, feas, and SFE holds using three different cold gas trac-
ers, namely CO (2-1), [CI](P; —>Py), and dust, thus exclud-
ing strong systematics linked to the use of a particular proxy.
Again, the different selection criteria might play a significant role

in the interpretation of this outcome, as well as the ascertained
presence of massive outflows that can plausibly be responsible
for substantial gas expulsion. We do not find any strong signa-
tures of molecular outflows in our sample at the current sensi-
tivity, excluding a couple of notable cases (the object presented
in Brusa et al. 2018 or ID #2299, not associated with the central
nuclear activity, Puglisi et al. 2021b). This might be because we
are probing quieter phases of AGN activity more spread among
the bulk of the star-forming population, rather than the pinnacle
reached in bright QSOs. However, deeper and more systematic
observations will be necessary to constrain the faint broad wings
that we might expect to detect in our sample. A mass effect can
also be in place, as most of the AGN with high fygn in our sam-
ple are hosted in lower mass galaxies (M, ~ 10'° My, Fig. B.2),
a regime where no major effects of the AGN presence are gener-
ally observed (Circosta et al. 2021).

From a theoretical perspective, recent high-resolution and
idealized simulations support these findings, with only the most
luminous QSOs (Lps ~ 10%7ergs™') being able to affect
the gas reservoirs of their host. Inefficient coupling with the
ISM, lower luminosities, higher gas fractions, and outflow
geometries can explain the lack of impactful AGN feedback
in distant gas rich galaxies (e.g., Gabor & Bournaud 2014;
Roos et al. 2015; Torrey et al. 2020). However, the range of find-
ings from simulations is wide and the debate is still ongo-
ing (Biernacki & Teyssier 2018; Barnes et al. 2020; Costa et al.
2020). Also, the cumulative effect of recurrent AGN feedback,
rather than individual bursts on short timescales probed by the
proxies that we adopted here, has been proposed as a factor
affecting galaxy evolution, even if hard to constrain empirically
(Harrison 2017). Using not only the existence of multiphase and
high-velocity outflows as benchmark for simulations, but also
the physical properties of the cold ISM will ease the comparison
with data in the immediate future.

We also reported a mild tendency of AGN host to have com-
pact submillimeter sizes, which could explain the larger dust
optical depths compared with the galaxies dominated by star
formation. Reversing the argument, we previously reported the
presence of AGN signatures in ~40% of the compact galaxies
in our sample, classified accordingly to their distance from the
mass-size relation (Puglisi et al. 2019, 2021a). It is not unusual
to find even powerful AGN and QSOs embedded in small galax-
ies (e.g., Talia et al. 2018; Elbaz et al. 2018; Brusa et al. 2018;
D’ Amato et al. 2020; Bischetti et al. 2021). This could be inter-
preted as a signature of the existence of a common mechanism
triggering both the accretion of gas onto the central SMBH, its
activity, and the bursts of star formation observed in the compact
host, driving their coevolution. Compact hosts might also be the
preferential location where to look for the most efficient con-
figurations to launch massive outflows (e.g., Costa et al. 2020).
Violent gas disk instabilities, minor or major mergers, or sim-
ple gravitational destabilization are able to funnel gas toward
the central regions of galaxies, igniting the AGN and star for-
mation activity (V20a and references therein). We note that
the ensuing high SFR surface densities in compact starburst-
ing galaxies hosting an active nucleus might be sufficient to
explain the shape of the observed SLEDs at least up to mid-J
transitions (V20a), as also advocated in models and simula-
tions (Narayanan & Krumholz 2014), without resorting to AGN-
driven effects. This could not explain highly excited SLEDs
of QSOs found in very extended disks (Bischetti et al. 2021)
for which the long reach of AGN heated photons might be a
more suitable explanation. Finally, we mention again that our
observations are not able to resolve the central regions of the
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Fig. 9. Lir srr, Lir acN, and L’CO(5_4) plane. Left: L’CO(5_4) as a function of Lig srr. The filled circles and arrows mark the compilation of our
measurements and 30~ upper limits at z ~ 1.2 and from the literature (Boogaard et al. 2020; Liu et al. 2021), color coded based on fagn. The thick
blue lines indicate the best linear fit to the whole sample at the median Lig agn = 10'° L, with intercept fixed to @ = 0 (Eq. (2), solid line) or
free to vary (dashed line). Thin blue lines represent random extractions from the posterior distribution of the best-fit model with fixed intercept
a = 0. The purple line shows the best fit with fixed intercept for the sample of galaxies with fygn + 107,y > 20% or an X-ray detection. Center:
Lig, SFR—L’CO(57 " plane, with symbols marking the same sample as in the left panel but now color coded according to Lig_acn. Solid lines indicate
the loci of the best-fit model of Eq. (2) at fixed Lir ag~ as labeled and color coded as the individual symbols. Right: Ly, AGN_L,CO(5—4) plane, with
symbols marking the same sample as in the other panels but now color coded according to Lig_spr. Solid lines indicate the loci of the best-fit model
of Eq. (2) at fixed L srr as labeled and color coded as the individual symbols. We report the gray error bars on Lig agn to show the weighting

scheme implemented for sources with fagn < 1%.

galaxies down to the 100—500 pc scales where most of the effect
of AGN is generally expected and observed in the local Universe
(Vallini et al. 2019, and references therein). This might also con-
tribute to explain why more compact galaxies seem to have more
excited gas reservoirs, as a larger fraction of molecular gas is in
the vicinity (less than a few hundred pcs) of the active nucleus.
Future high spatial resolution measurements will be able to dis-
entangle the contribution of star formation and AGN on the gas
excitation.

4.2. Nuclear activity as a factor contributing to the wide
variety of excitation conditions in normal galaxies

If the average properties of AGN hosts and star-forming galax-
ies appear consistent with each other, the observed dispersion of
CO luminosities and line ratios even for a homogeneous sample
like ours still suggests an underlying complex picture (V20a).
We already mentioned that two of the sources with the highest
facn are over-luminous in CO (5—4) given their Lig spr (Fig. 3)
and that more powerful QSOs are associated with highly excited
CO SLEDs. This encouraged us to investigate the possible role
of AGN as a second factor regulating the CO emission at mid to
high J, contributing to the scatter of the observed Lir s;rr—L¢q
relations and explaining the outliers hosting strong AGN. Given
the large statistics available, we thus attempted to model L&O(S_ 2
as a linear combination of Lig spr and Lir agn. We included all
the local and z ~ 1-3 points from our sample and the compi-
lations in Boogaard et al. (2020) and Liu et al. (2021). We con-
sidered the uncertainty on every variable and modeled the upper
limits on L&O(S_ 2 adopting the Bayesian multiple linear regres-
sion code MLINMIX_ERR.PRO by Kelly (2007), which we mod-
ified in a minor way to impose a zero constant « intercept*. To

4 For a comparable use of this code in 2D fixing a constant slope, see
Kilerci Eser et al. (2015).
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account for the uncertain Lir_agn at fagy < 1%, we adopted the
best-fit values from the SED modeling and boosted their uncer-
tainties to ensure a minimal coverage of the fagn = 0—1% range.
The best-fit model is:

Ll

CO(5-4) Lir, sFr
0 _(0.28 +0.01) x
10" Kkms~! pc? ( ) 1012 Lo
L
+(0.05 + 0.03) x —RAGN 2)
102 L

where the parameters are the median and the range enclosing
the 16—84% of the posterior probability distribution. Such a dis-
tribution is symmetrical and adopting the mean and standard
deviation returns consistent results. We also estimate an intrin-
sic scatter of 0.16 dex. We visualize this hyperplane in the 2D
projections Lig, SFR_L’CO(S— 8 and Lir aon—L, in Fig. 9. As
known, Lig spr empirically correlates with L’CO(574) and this is
reflected also in the Lig, AGN—LEO(SJ‘) plane where most of the
gradient is due to smoothly increasing Lig_spr With Lig agn- This
is confirmed by the partial correlations coefficients from the fit
(P(Ltogs—gy» Lir ser | Lir agn) = 0.91 and p(Leo sy Lir, acN |
Lir spr) = 0.28). Similar best-fit parameters are retrieved when
imposing a cut on the strength of the AGN defined as X-ray
detected or with fagn + 107 f,; > 20%. This naturally boosts the
partial correlation between Lig agn and L&O(S_ " We note that
we adopted Lir spr and Lir agn as parameters to adhere as close
as possible to observations, but the model could be expanded to
more physical quantities as SFRs or include further corrections
as bolometric factors.

This simple model returns the already established
LIR»SFR_LICO(S—4) relation and its slope for Lig acn — O,
when evaluated under the same assumptions of linearity and null
intercept and over the same sample. It is also consistent with past
determinations following a similar recipe (Daddi et al. 2015).

’
CO(5-4)
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CO (7-6) coverage.

Moreover, it decreases the intrinsic scatter of the standard
Lig, SFR—L,CO(S— " relation by 17%, while explaining the presence
of the outliers as due to over-luminous AGN at fixed Lig spr-
This suggests that the strength of an AGN and its contrast with
the underlying star formation activity can act as a secondary
factor contributing to the emission of a mid-J CO emission
as J = 5, for example via XDR, and might be responsible
for strong outliers with large fagn. In Fig. 10, the boost of
L’CO(S_ 5 compared to the level expected from Lig spr is shown
as a function of the AGN/SF contrast expressed in terms of
Lir aoN/Lir ser, along with the corresponding projections of
the plane in Eq. (2). We note that, by modeling the data directly
in the LIR,AGN/LIR, SFR — L/CO(574)/LIR’ SFR Space, we find a 1.4%x
higher normalization for AGN hosts than when fitting the whole
sample (2.70 significance). Larger samples will allow us to test
the existence, the robustness, and the possible physical origin
of this tentative difference (currently not significant in the full
fit in the 3D space, which does not suffer from the intrinsic
correlation between Lir aoN/Lir, srr and L'Co(5_4)/L1R, ser). For
reference, we also show the cases of CO (7-6) and CO (2-1).
We attempted a similar parameterization for the former, but
the lack of coverage of high-contrast Lir aon/Lir, spr SOUrces
returns results fully consistent with the known Lig_srr _L&0(7—6)
relation (e.g., Greve etal. 2014; Liuetal. 2015; V20a) and
no reductions in the intrinsic scatter. We do not attempt any
fit for CO(2—1), given the known sublinear dependence on
Lir srr and its larger scatter or possible binomial distribution
(Sargent et al. 2014).

The intended simplicity of our empirical prescription does
not exhaust all possible explanations for the intrinsic scatter
of the L60(5—4)_L1Rs sFr relation, of course. Moreover, it does
rely on specific assumptions, mainly the linear dependence on
Lir srr and Lig acon and a fixed null intercept. Small deviations
from linearity of the Ly, SFR—LICO(S— " relations have been indeed
reported (Liu et al. 2015; V20a). Fixing the intercept to zero
is physically reasonable considering star formation and nuclear
activity as the main direct (e.g., supernovae explosions, cos-
mic rays, X-rays) and indirect (e.g., shocks, turbulence) heat-

ing sources in distant massive galaxies. However, it is formally
justified only with the certainty that the linear model is correct.
We, thus, repeated the fitting procedure allowing for a free inter-
cept obtaining @ = 0.04 + 0.02, which does not significantly
deviate from our physically motivated choice of @ = 0. If any,
this intercept could be interpreted as a gauge of the validity of
our assumption on the linearity. Finally, we remind the reader
that the SED decomposition in presence of very luminous AGN,
but scarce photometric coverage, is uncertain. Decisive improve-
ment will come with mid-IR spectroscopy with James Webb
Space Telescope and with systematic observations of galaxies
with well determined SEDs. Probing the regime of high fagn
and spanning a large Lir spr interval will test our suggested rela-
tion and possibly extend it to higher-J CO transitions, where the
effect of AGN is expected to be more significant.

5. Conclusions

We investigated the impact of AGN activity on the molecular
gas and dust reservoirs in a sample of IR-selected galaxies on
and above the main sequence at z ~ 1.2. This is part of our
ALMA campaign targeting multiple CO and [CI] transitions
being carried out in order to offer a complete view of the gas
masses and properties in galaxies representative of the bulk of
the star-forming population approaching the peak of the cosmic
star formation history.

1. We find that ~30% of our IR-selected sample shows signa-
tures of AGN activity as traced by a detailed decomposition
of their SED at long wavelengths, an empirical color probing
the mid-IR and the Rayleigh-Jeans regimes, and hard X-ray
photon detections with Chandra.

2. The contribution of the AGN dust heating (fagn=
Lir aoN/Lir) represents an important item in the total IR bud-
get of a galaxy, and neglecting it can lead to severe overes-
timates of the SFR. In our sample, this is due to the excess
power in the mid-IR portion of the SED, while we detect
only very minor effects on its Rayleigh-Jeans tail. We do not
find any significant suppression or enhancement of the SFR
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nor of the dust — and, thus, gas — masses in AGN hosts at
fixed stellar masses.

3. The previous point is confirmed by the CO (2—1) and [C 1] line
luminosities — proxies for the molecular gas mass — of AGN
hosts, which do not show any statistically significant departure
from the general population of star-forming galaxies at similar
redshifts and stellar masses. We do not retrieve any significant
trend with the distance from the main sequence.

4. We also reach similar conclusions for mid-J CO (5—4) and
CO (7-6) transitions and for the excitation conditions as
probed by the Rs; ratio and the average CO SLEDs, for
which we do not see any appreciable difference between star-
formation-dominated galaxies and AGN hosts in general.
Heavy AGN obscuration as traced by the Lir aoN/Lo-10kev
ratio does not seem to play any role in determining the Rs;
ratio either. In addition, we do not see any effect on the [CI]
ratio tracing the gas kinetic temperature, but with low num-
ber statistics. However, we retrieve a wide intrinsic variety
of gas conditions as probed by the large dispersion of the Rs;
ratio and SLED shapes. Moreover, we find a handful of AGN
hosts with large fagn that are potentially over-luminous in
CO(5-4) given their LIR,SFR~

5. We attempted to model the CO (5—4) emission as a linear
combination of Ljr spr and Lig AN, finding it capable of
explaining the few outliers of the L’CO(S_ 4)—L1R, spr relation

with large fagn and reducing its intrinsic scatter. System-
atic coverage of sources with well-sampled SEDs and a high
contrast between the AGN-driven and star-formation-driven
IR emission will validate or discourage the use of Lir agNn
or an analogous metric of the nuclear activity as secondary
parameters to interpret the mid-J and higher CO transitions.

6. We report a positive correlation between the fagn and the
wavelength at which the dust emission becomes optically
thick, Ao(t = 1) (2.80 significance). The dust in galaxies
hosting IR bright AGN thus reaches the optical thickness at
longer wavelengths, but it rarely overcomes 4o = 100 um in
our sample, guaranteeing robust dust mass estimates. This
correlation is most likely driven by the mild tendency of
AGN hosts to be compact, but more definitive results will
come with larger samples.

7. We conclude that a widespread AGN activity is present in
galaxies representative of the typical star-forming popula-
tion and starbursts at z ~ 1.2, but without any apparent
major global effects on the SFR and gas or dust properties
in the general population, with the exception of a handful of
extreme cases. This might imply a common triggering mech-
anism for the star formation and AGN activity, but there is no
obvious feedback stimulating or suppressing galaxy growth
at this level. Our findings are partially at odds with previ-
ous studies that specifically focused on the brightest QSOs
— often lensed and less obscured, and with evidence of mas-
sive outflows — for which lower fg,s, higher SFEs, and more
excited gas have been reported. However, our results are con-
sistent with past works that targeted broader star-forming and
SMG populations, despite the lack of coverage of more typ-
ical galaxies, such as the ones presented here. This stems
from a combination of factors, but primarily from the sam-
ple selection. More massive and compact galaxies hosting
brighter QSOs at stochastic peaks of their activity might be
more affected by the growing SMBHs, while the more com-
mon activity linked to the lower luminosity AGN probed
here does not appreciably affect the host.

Future observations, covering in particular CO transitions at

high J, at high spatial resolution, and in large samples span-
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ning a wide range of fagn, Will test our findings and address the
issues on the coevolution of AGN and their hosts raised in this
work.
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Appendix A: Data table

The data used in this work are release at the CDS. The
description of the table columns is reported in Table A.l.
More information can be found in the master table released
in Valentino etal. (2020a) (e.g., ALMA continuum emis-

Table A.1. Column description for the data release.

sion measurements). Whenever a difference between this
and the master table is present, the updated estimates in
this work supersede the previous version. Significant vari-
ations exclusively concern the far-IR SED modeling of
a handful of AGN with extreme fagn, as described in
Sect. 2.

Name Units Description

ID ... Identifier (Valentino et al. 2020a)

R.A. hh:mm:ss  Right ascension

Dec dd:mm:ss  Declination

zspec_opticalnir Optical or near-IR spectroscopic redshift (M. Salvato et al., in prep.)
(d)zspec_submm . ALMA submillimeter spectroscopic redshift

Log_StellarMass Mo Logarithm of the stellar mass (Chabrier 2003 IMF, uncertainty: 0.2 dex)
(d)Total_LIR Ly Total 8—1000 um Lir (Draine & Li 2007; Mullaney et al. 2011)
(d)SF_LIR Lo Lir, sFr from the star-forming component (Lir, s;rR = Lir — LR, AGN)
(d)AGN_LIR Lo LR, AGN from the AGN component (LR, AGN = LR X fAGN)

(d) fagN ... Fraction of Lir due to the AGN emission

(d)M gyt My Dust mass (Draine & Li 2007)

@u Mean intensity of the interstellar radiation field (Draine & Li 2007)
DistanceMS . Distance from the main sequence as parameterized in Sargent et al. (2014)
(d)Size arcsec Source angular size from ALMA

OneSigma_Size arcsec 1o upper limit on the source angular size from ALMA

Flux_Line(X) Jykms™!  Velocity integrated flux of line X

SNR_(X) .. Signal to noise ratio of the flux of line X

OneSigma_(X) Jykms™' 1o upper limit on the flux of line X

Width_(X) kms~! Velocity width of line X

Flag_(X) .. Quality and usage flag for line X (Flag=1: detection; Flag=0.5: robust upper limit)
Lx_210 ergs™! 2—-10keV rest frame logarithmic luminosity (column #50 in Marchesi et al. 2016; negative values: upper limits)

Flag_Donley2012

Donley et al. (2012) AGN classification (Flag=1: AGN; Flag=0: non-AGN)

Notes. This full table is available at the CDS. More information can be found in Valentino et al. (2020a). Whenever a difference is present, the
updated estimates in this table supersede the previous version. — Lines X: CO (5 — 4), CO(2 — 1), CO(7 - 6), [CIICP, — 3P)), [CIICP, - 3Py),
and CO (4 — 3). — The uncertainties have the same name of the quantity that they refer to, preceded by d (e.g., Total_LIR + dTotal_LIR). Values
—99 indicate the absence of data for a specific quantity. — The CO (5 —4) and CO (2 — 1) fluxes, M,, and the angular size estimates for ID = 51280

are from Brusa et al. (2018).
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Appendix B: Supplementary figures

We collect here further plots that might help guide the reader
through more technical aspects of the analysis in this work.

B.1. Correlation between the X-ray luminosity and IR
emission in AGN hosts

In Fig. B.1 we show the relation between the AGN contribution
to the total IR luminosity fagn = Lir acn/Lir and the X-ray
luminosity in the 2—10keV band for the sources in our sample
detected by Chandra (Civano et al. 2016; Marchesi et al. 2016).
The correlation supports the use of both variables as indicators
of AGN activity and justifies our choice to fix the fagn+10 1,
threshold at 20% to broadly classify objects as AGN hosts or
star-forming galaxies (Sect. 3.1).

B.2. Stellar masses

In Fig. B.2, we show the stellar masses for our sample of z ~ 1.2
galaxies as a function of Lig_agn. Despite the large scatter, AGN
hosts appear to have lower stellar masses in our sample, reflect-
ing the IR selection and AGN classification (Sect. 3.1). We stress
that deriving stellar masses for optically bright AGN is prone
to significant uncertainties. In Fig. B.2, we also show the com-
parison between estimates of M, from the public COSMOS
catalogs (Muzzin et al. 2013; Laigle et al. 2016) against a refit
with CIGALE that includes AGN templates as in Circosta et al.
(2018). For the object presented in Brusa et al. (2018), we used
their original fit including AGN templates (Perna et al. 2015, and
references therein). The AGN component is allowed for every
source with AGN signatures from X-ray or mid-IR observations.
While not significantly introducing any systematic bias for star-
forming galaxies, the use of a code that allows for a consis-
tent AGN treatment improves the stellar mass estimates of their
hosts. This happens both removing the strongest and unphysi-
cal outliers at low M, and reducing the estimates for the objects

T L T

[0 25 50 75 100 ]

| T i

45.0 . +

"0 "

D 445 .

2 ]

% 4

3 4401 7
=
(=2}
o

? 435 7]
X

43.0 7]

| L Ll L L ......I-

0.001 0.010 0.100 1.000
fAGN

Fig. B.1. X-ray luminosity L, jokev as a function of the AGN contribu-
tion to the far-IR emission. The symbols represent our sample at z ~ 1.2
and are color coded according to fagn as in previous figures. The arrow
marks the floor of fagy = 1% adopted in this work. The solid orange
star indicates the object from Brusa et al. (2018), which is part of our
parent sample.

with the largest fagn values due to the proper decomposition of
the AGN and stellar contributions.

B.3. Individual spectral line energy distributions

In Fig. B.3 we show the individual CO SLEDs of all the CO (2 -
1) detected objects in this study, classified as AGN hosts and
star-forming galaxies according to a threshold in fygn of 20%
and a Chandra detection at 2—10keV.
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Fig. B.2. Detectability of AGN signatures at different stellar masses. Left: stellar mass as a function of the IR luminosity attributed to the AGN
emission Lig agn. The symbols represent our sample at z ~ 1.2 and are color coded according to fagn as in previous figures. Empty blue circles
indicate X-ray detections. Arrows mark the floor of fasn = 1% adopted in this work. A similar picture is offered when using L, jpiev as a
proxy for the AGN emission in lieu of Lig acn. Right: stellar masses from the standard stellar population synthesis modeling (Muzzin et al. 2013;
Laigle et al. 2016) compared with results obtained by following Circosta et al. (2018). Symbols and colors are the same as in the left panel.
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Fig. B.3. Individual CO spectral line distributions of AGN hosts and star-forming galaxies and individual SLEDs for AGN hosts and star-forming
galaxies normalized to the average CO (2 — 1) flux of main-sequence galaxies at z ~ 1.2 from V20a. Yellow and red lines indicate galaxies in our
sample with fagn < 20% and > 20%, respectively. Open blue circles show Chandra detections at 2—10keV.

A165, page 18 of 19



F. Valentino et al.: The effect of active galactic nuclei on the cold interstellar medium in distant star-forming galaxies

Table B.1. Average SLEDs for star-forming galaxies and AGN hosts at z ~ 1.25.

X-ray No X-ray
Transition Naet, Nup Mean Median Naet, Nup Mean Median
L’CO(Z_ D 10,4 M1 .46t8:}g 1.49’:8;23 21,4 M1 .87%81:? 1.65“:(8):%2
’ +0. +0.
Lc0(4—3) 1,0 o - oo —0 . 4,0 0.63_8_(1)é 0.71_8%
’ T +0. +0. +0. +0.
LCO(5—4) 15,1 0'486%4?7 0'4278'(1)2 26, 1 0'5678'8461 0.45_862
’ +0. +0. +0. +0.!
LCO(7—6) 6,0 0.23% 04 0.2270 64 6,0 0.1675 04 0.15% 05
, 0.12 0.05 0.11
L[c FP 3P 2,0 0'36t8'(1)421 - s 8,1 0.34t8'8§ 0'294:8'(1)2
LEC PP, 6,0 0.217 504 0.1975 01 6,0 0.167¢%3 0.18%
Jfacn > 20% fagn < 20%
Transition Naet, Nup Mean Median Naets Nup Mean Median
, + 0.16 0.69 021 0.69
Leonor 8,4 ( )1.233%6}6 0.947%% 23,4 (T)1.94(’§%§1 1.681’85fg
’ +0. +0. +0.
Lc0(4—3) 2,0 0'4178'83 - » 3,0 (:)).73_08%6 0'71_8211%
’ +0. +0. +0. +0.
Lco<5—4) 13,0 0.40_8'8421 0'3878'(1)3 28,2 0.586%_96 0.45_8'{(9)
’ +0. +0. +0. +0.
LCO(7—6) 4,0 0.217503 0.19% 61 8,0 0.19% 02 0.15%5 04
, 0.09 0.25 0.05 0.09
L[CI]3P1 ip, 3,0 O.3Of8_83 0.24’:8_gg 7,1 (T)0.37(’;'(())£5 0.31t8'8§
! 4,0 0.19% > 0.19%5 % 8,0 0.18% 04 0.19% %

[Ci*P, =3P,

Notes. The L’ luminosities are expressed in 10'° K kms™' pc?. The average [ fluxes in Jykms™' shown in Fig. 5 are computed adopting z = 1.25.
The uncertainty on the median value is the interquartile range. ("Formally biased mean value as the first upper limit was turned into a detection
for the calculation of the KM estimator (Kaplan & Meier 1958).
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