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ABSTRACT

Using deepHerscheland ALMA observations, we investigate the star formatiote ra
(SFR) distributions of X-ray AGN host galaxies abG< z< 1.5 and 15 < z < 4, comparing
them to that of normal, star-forming (i.e., “main-sequénoe MS) galaxies. We find 34-55
per cent of AGNs have SFRs at least a factor of two below thtteodverage MS galaxy, com-
pared tox 15 per cent of all MS galaxies, suggesting significantlyatéht SFR distributions.
Indeed, when both are modelled as log-normal distributithresmass and redshift-normalised
SFR distributions of AGNs are roughly twice as broad, ankpe8.4 dex lower, than that of
MS galaxies. However, like MS galaxies, the normalised SKERidution of AGNs appears
not to evolve with redshift. Despite AGNs and MS galaxiesihgwuifferent SFR distribu-
tions, the linear-mean SFR of AGNs derived from our distiins is remarkably consistent
with that of MS galaxies, and thus with previous results\dmtifrom stackedHerscheldata.
This apparent contradiction is due to the linear-mean SkiRgti®ased by bright outliers, and
thus does not necessarily represent a true charactenigdtibe typical SFR of AGNs.

Key words. galaxies: active—galaxies: evolution—galaxies: statst

1 INTRODUCTION mic histories of the volume-averaged BH growth and star éerm
tion rates (hereafter, SFR; e.g., Silverman et al. 2008d Airal.
2015); and, more directly, (c) the correlation between ayeBH
growth and SFR among the star-forming galaxy populatiog.,(e.
Mullaney et al.. 2012b; Chen etlal. 2013; Delvecchio et al.5201
Rodighiero et all 2015). However, it is still far from cleahat
physical processes (e.g., feedback processes/commorstipel
ply/common triggering mechanism) connect BH growth to-star
formation to produce these average trends.

Today’s most successful models of galaxy evolution pratatthe
energy released via accretion onto supermassive black (tuee-
after, BHs) has played an important role in dictating howaigsl
galaxies have grown and evolved (elg., Vogelsberger e044;2
Schaye et al. 2015). As such, understanding the connecten b
tween galaxy growth via star-formation and the growth ofrthes-
ident BHs is one of the key challenges facing current exteatia
research (e.g. Alexander & Hickox 2012). There are now nomeer

lines of empirical evidence in support of time-averagedfnated One of the primary means of making progress in this area
BH growth correlating with star-formation in their host gsies; has been to measure the SFRs and specific SFRs (i.e., SFR per
for example, (a) the tight proportionality between BH masd a  unit stellar mass, or sSFR) of galaxies hosting growing BMs- (
galaxy bulge mass (e.¢.. Gebhardt et al. 2000); (b) the @irods- nessed as active galactic nuclei, or AGN) and search foekorr

tions or differences (vs. the non-AGN population) that may s
nify a causal connection. THeerschel Space Observato(iiere-
* E-mail: j.mullaney@sheffield.ac.uk after,Hersche) has played a major role in progressing this science
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Figure 1. Host galaxy star-forming properties of our la.e., 05 < z < 1.5; not observed by ALMA) and high<i.e.,z> 1.5) samples of AGNs (samples
separated by the vertical dashed line). In all plots, gregles indicate pre-ALMA (specific) star formation rat¢g$FRs) fromHerschelwhich are connected

to their ALMA-measured (s)SFRs by dotted lines. (s)SFRfALMA are indicated by small white circles. Red and blue leiscrepresent AGNs withy =
10"2% ergs st andLy > 10™ ergs s'1, respectively, with lighter colours used foo Bipper limits.Top: SFR vs. redshift. Despite our ALMA observations
probing SFRs up to a factor ef 10 lower thanHersche] only ~ 29 per cent of our ALMA-targeted AGNs are detectdtiddle: sSSFR vs. redshift. In this
panel, the shaded region represents the average sSFR e$etpiance (MS) galaxies (SRR as described by Eqn. 9 of S15 for the stellar mass range of our
sampleBottom: Rys vs. redshift. By definition, the horizontal line represettis averag&ys of MS galaxies. Shading indicates whé&g@s< 0.5. Between

34 and 55 per cent (dependent on upper limits) of AGNs in oomlined (i.e., lowz+high-z) sample lie within this shaded region, compareekta5 per cent

of MS galaxies.

by providing an obscuration-independent view of star-fation
that is largely uncontaminated by emission from the AGN. How
ever, with even the deepeBterschelsurveys detectingS 50 per
cent of the AGN population, most studies have resorted to-ave
aging (often via stacking analysis, but see Stanleylet dl5 P
characterise the (s)SFRs of the AGN population. These egudi
have typically reported that the average SFRs of AGNs traae t
of star-forming “main-sequence” (hereafter, MS) galax{eg.,
Mullaney et al.| 2012a; Santini etlal. 2012; Harrison et al1220
Rosario et al. 2013; Stanley etlal. 2015), i.e., the domipaptila-
tion of star-forming galaxies whose SFRs are roughly priqpaal

to their stellar mass (i.e., sSSRRonstant), with a constant of pro-
portionality that increases with redshift (e.g.. Noeskalg2007;
Daddi et all 2007). However, as averages can be biased byt brig
outliers, it is feasible that these findings are being drivpwards
by a few bright sources (e.g., Fig. 14{of Rosario &t al. 20d&)e,
we test this by combining dedjerscheland ALMA observations
to instead constrain thdistribution of host galaxy SFRs of a sam-
ple of X-ray selected AGNs and comparing it to that of MS galax
ies. We adopHg = 71 km s Mpc~1, Qp = 0.73,Qpy = 0.27 and

a Chabrier initial mass function (IMF).

2 SAMPLE SELECTION

To allow us to investigate any redshift evolution of the AGHSFR
distribution, we use two samples of X-ray selected AGNsv&10
sample spanning.B < z< 1.5 and a highe sample spanning.2 <
z < 4 (although we note that the highis dominated by AGNs at
1.5<z<2.7). The splitaz= 1.5 is motivated by our ALMA target
selection criteria: for this, we only consider AGNs with sbdts
> 1.5 since (a) the majority oz < 1.5 AGNs are detected with
Herschelin the deepest fields and thus already have obscuration-
independent SFR measures and (b) the negktdmrection at sub-
mm wavelengths would call for long integration times thatidn't
be an efficient use of the ALMA science demonstration phase.
The highz sample were all selected from the 4 Nihan-
dra Deep Field South (hereafter, CDF-S) survey catalogue de-
scribed in_Xue et al! (2011) with updated redshifts filom Hisale
(2014); for consistency, we recalculate the rest-framé ReV |u-
minosities [x) of the sources using these new redshifts. To en-
sure reliable AGN selection, we only consider those soundts
Lx> 10*2 ergs s and reliable redshifts that lie within’ ®f the
average aim point of the survey (the latter ensures highighie
positions for matching to ALMA counterparts). As a primany-s
ence goal of this study is to constrain the (s)SFR distrimstiof
moderate to high redshift AGN host galaxies in the contexhef
MS, we restrict our sample to AGNs with host galaxy stellasses

(© 0000 RAS, MNRASD00, 000—000
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Figure 2. The posterior probability distributions (PDs) for the pasders
describing the assumed log-nornfals distribution for AGN host galaxies:
pis the mode of the log-normal, whiteis its 1o width (see Eq. 1). PDs for
both our lowz and highz samples are shown (see key). Contours of 20, 68
and 95 per cent confidence are shown. The best-fit paramétérs com-
bined (i.e., redshift-average®vs distribution of MS galaxies is indicated
by the solid black circle (frorn_Schreiber eflal. 2015). Thédio and right-
most plots indicate the relative probability pfando values; the location
of the peak represent the most probable parameter valuesn Ysbdelled
as a log-normal, th&ys distribution of AGN host galaxies is significantly
broader, and shifted significantly lower than that of MS gils.

(M,; derived following| Santini et al. 2012) abovex210® M.,
(all our AGN have rest-frame optical-near-IR colours and>SE
from which M, are derived, that are consistent with being host-
dominated; see Mullaney etlal. 2012a). Below this threshold,
it becomes prohibitive to reach low enough flux limits to prdb
SFRs significantly below the mean SFR of MS galaxies (hezeaft
SFRus) with ALMA. Despite thisM,. cut we still sample a sig-
nificant proportion of the luminous AGN population since gtel-
lar mass distribution of galaxies hostihg > 10* ergs s AGNs
peaks atv 6 x 1010 M, (e.g., Fig. 14 of Mullaney et &l. 2012a).
The above selection criteria returned 49 AGNs (our High-
sample). Of these, 13 are detected in the GOG2Eschell60um
observations of the CDF-$ (Elbaz etal. 2011) from which-reli

AGN SFR distributions 3

Table 1. Best-fit parameters for the log-nornfays distributions (see Eqgn.
1) of the samples of galaxies described in the main text.

@ @ ©)
Sample 1] o]

MS galaxies (Schreiber et al. 2015) 0 .30+ 0.02
Low-z AGN sample -0.378'05%8  0.568"55%2
High-z AGN sample 0387071 0597018
Combined AGN sample ~0.369"055%  0.560705eL

NOTES Values given are the median of the posterior probabilitriiu-
tions (PDs) and the 68 per cent confidence intervals.

3 ALMA OBSERVATIONSAND DATA ANALYSIS

All 24 of our ALMA targets were observed with ALMA Band-
7 (i.e., observed-frame- 850 um) during November, 2013, with
a longest baseline of 1.3 km. To maximise observing effigienc
the ALMA-targeted sample was split into three groups adogrd
to the flux limit required to probe down to at least SfdRat a
given redshift. This corresponds to RMS flux limits of 200y,
125y and 9Quly for the three groups. ALMA continuum fluxes
were measured using/ f i t of GILDAS v.aprl4c, adopting point
source profiles for two unresolved sources and circular Sans
profiles for the other five detected targets.

Measured ALMA andHerschelfluxes and upper limits were
converted to 8-100@um infrared luminosities (hereaftel;r) us-
ing our adopted redshifts (s€@) and the average infrared SEDs
of MS galaxies described in_Béthermin et al. (2015), which a
constructed using the theoretical templates of Drainel &00().
However, we note that our main conclusions do not change ifiwe
stead use either the Chary & Elbaz (2001) SEDs or a starbBi3t S
(i.e., Arp220). At the redshifts of our highsample, Band-7 probes
the rest-frame 180-34fm, close to the peak of the far-infrared
emission due to star-formation. While these rest-framealemgths
are also sensitive to dust mass (e.g., Scoville ¢t al.| 2@béed on
the range of Draine & Lil(2007) SED templates we estimate that
the correspondindi g are accurate to withia-0.3 dex, which we
factor into our analyses. As a check, we note that the SFRs de-
rived from ALMA and Herscheldata for the four AGNs that are
detected with both are consistent to within this toleraisfeRs are

able SFRs can be derived. Of the remaining 36 AGNs, 24 were gerived fromL g using Eqn. 4 from Kenniclitt (1998), but adopting

observed by ALMA. However, since making our original ALMA
target list, a more sensitividerschel160 pm map of the CDF-S

a Chabrier IMF. Finally, to explore the distributions of AGi$st
SFRs relative to SHis, we defineRys = SFR/SFRys, the rela-

has been generated by combining the PEP (Lutzlet al.| 2011) andjye offset from the MS, where SRR is computed using Eqn. 9 of

GOODSHerschekurveys|(Magnelli et al. 2013) and four of our 24
ALMA targets are now detected in that new map. For these foeir,
adopt the mean (s)SFR derived from the two facilities ¢&eAll
otherHerschelfluxes and & upper limits (including for the twelve
Herschelundetected AGNs not targeted by ALMA) are also taken
from the combined PEPGOODSHerscheldataset.

The lowz sample were selected from the regions of@ean-
dra Deep Field North (from_Alexander etlal. 2003 and adopting
the same redshifts anill,, as|Mullaney et al. 2012a) and South
(Xue et al! 20111, but using the updated redshifts Bhdl surveys
with deepHerschelcoverage by the combined PEBOODS sur-
veys. We also restrict this lomsample td_x> 10* ergs s and
M,.> 2 x 1019 M, to allow meaningful comparison with the high-
sample. This returned a sample of 110 AGNs (i.e., our fma&m-
ple), 65 (i.e.,~59 per cent) of which are detected in tHerschel
160um band, from which we derive (s)SFRs ($8%; 3o flux upper
limits were measured for the 4%erschelnon-detections.

(© 0000 RAS, MNRASD00, 000—-000

Schreiber et al! (2015; hereafter, S15).

4 RESULTS
4.1 Star-forming propertiesof X-ray AGNs

The highly sensitive ALMA observations af> 1.5 AGNs allow
us to probe to SFRs that are up to a factor0f0 below that pos-
sible withHerschel(see FigllL). Despite this, only seven (i7.29
per cent) of the 24 ALMA-targeted AGNSs in our higlsample are
detected at- 30 at 850um. However, by the design of our exper-
iment, the & upper limits provided by the ALMA-Herscheldata
enable us to infer the level of consistency between theilligions

of Rys for AGN and MS galaxies (s€f.2), the latter of which has
been shown not to vary in thd, and redshifts ranges considered
here (e.g., Rodighiero etlal. 2011; Sargent et al. [2012,.S15)
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First, however, we consider the host galaxy SFRs of the AGNs
in our two samples as a function of redshift, shown in Elg. 1,
upper panel. A striking feature of this plot is that the major
ity (i.e., 142/15%289 per cent) of all AGNs in our samples re-
side in sub-ULIRG (i.e.< 10 L) galaxies. Furthermore, we
find no evidence that the more luminous AGNs (i.e., quasatis wi
Lx> 10* ergs s1) in our sample preferentially reside in the most
strongly star-forming systems, although we acknowledgesthall
number of quasars in our sample may obscure such trendswwith |
minosity (e.g., Harrison et al. 2012).

To explore our AGN hosts’ star-forming properties in the-con
text of the evolving MS, we plot their sSSFRs aRgs values as a
function of redshift (FiglL, middle and lower panels, reztpely).
We find that 54 to 88 (range due to upper limits) of the 159 AGNs
(i.e., ~34 to ~55 per cent) in our combined (i.e., los+-high-z)
sample havd&iys< 0.5, with significant overlap between the frac-
tions in our lowz (i.e., =43 per cent tox54 per cent) and high-
z (i.e., =14 per cent to=59 per cent) samples. Comparing these
fractions to thex15 per cent of MS galaxies witRys< 0.5 (from
S15), reveals that the AGNs in our lansample, and possibly also
our highz sample, do not trace the samRgg distribution as MS
galaxies, instead displaying a strong bias toward |d%gt values.
Finally, we note that only~5 per cent of AGNs in our combined
sample reside in starbursts (i.e., WiRys> 4).

4.2 Parameterising an X-ray AGN SFR distribution

In the previous subsection we reported that the large traaif
AGNs with Rys< 0.5 in our combined and, in particular, lom-
samples is inconsistent with t&,s distribution of MS galaxies.
In this subsection, we attempt to place constraints on thieitoli-
tion of SFRs (relative to the MS; i.eRys) of AGN hosts, taking
both detections and upper limits into account. We placequaar
emphasis on quantifying the level of consistency/disanepae-
tween the AGN and MRys distributions.

Unfortunately, our relatively small sample sizes, combine
with the large fraction of non-detections prevents us fraeted
mining the Rys distribution of AGN hosts directly. Since a key
goal here is to quantitatively compare the AGN and Rifs distri-
butions, we insteadssumehe same log-normal form for the AGN
Rwus distribution as found for MS galaxies (e.g., Rodighierolét a
2011 Sargent et al. 2012, S15):

(log(Rus) — Ll)2>
202

N(Rus) O exp(— )
and infer its parameters (i.e., similar|to Shao et al. 2010 wh
ferred the AGNLr distribution). This is done purely to ease com-
parison between the AGN and My distributions by allowing us
to compare like-for-like parameters (i.e., the madeand the vari-
ance 02, of the adopted log-normé&lys distribution), and is not to
be taken as a literal description of the true AGNs distributiond

We adopt a hierarchical Bayesian framework to determine
the best-fit parameters (i.1,and o) for our assumed log-normal
distributions, using Gibbs sampling and the Metropolistiteys
MCMC algorithm to randomly sample their posterior probipil
distributions (hereafter, PDs; Gelman et al. 2014). Thesbenof
taking this approach are that (a) upper limits and unceiésion

1 Investigating whether other forms better describeRke distribution of
AGN hosts will be the focus of a later study incorporating i@éda set of
ALMA observations from Cycle 2 (PI: Alexander; awaiting cpletion).
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Figure 3. Rys distributions for our highe and lowz samples of X-ray
selected AGNsTop) and MS galaxiesRotton). Here, we show the log-
normal distributions with best fitting parameters shown @bl 1 (solid
and dotted curves; see key). The histograms in the top phoelssthe rel-
ative numbers of AGNs from our combined (i.e., la#high-z) sample in
eachRys bin; the solid grey histogram represents those AGNs deteatte
> 30 with eitherHerschelor ALMA, whereas the empty histogram (with
left-pointing arrows) also includes upper limits. The dgibints in the top
panel indicate the linear means of the log-normal distiiimst (equivalent
to what would be obtained via, e.g., stacking analyses) iandithin 1o of
the linear mearRys of MS galaxies (vertical dashed line).

Rwus can be readily taken into account and (b) the resulting poste
rior PDs provide us with meaningful parameter uncertainti&e
use weak prior PDs, noting that the centring of these prisithin
reasonable limits) has no significant effect on our results.

The posterior PDs op and ¢ for our two samples are pre-
sented in Figl2, while the best-fit parameters (median ofthe
and 68 per cent confidence intervals) are given in Table 1céor
parison, we also include the best-fit parameters of the twgaal
Rws distribution for non-AGN MS galaxies from S15. As expected
from the smaller size of our AGN sample and the high fractioins
non-detections compared to the MS galaxy sample of S15,rthe u
certainties on the posterior parameter values for the asguxGN
log-normalRys distribution are considerably larger than those for
MS galaxies. Despite this, our analysis shows thaRile distribu-
tions of our lowz and highz AGNs are both significantly broader
and peak at significantly lower values (both-a99.9 per cent con-
fidence) than that of MS galaxies. Interestingly, our aredyshow
that, as with MS galaxies, there appears to be little evaruith the
AGN Rys distribution, with the modes and variances of the log-
normal distributions describing our lomand highz samples being
consistent to within &. In light of this, we infer theRys distri-
bution of our combined sample, which we find is roughly twise a
broad as, and peaks0.4 dex below, that of MS galaxies (Taklke 1).

(© 0000 RAS, MNRASD00, 000—000
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5 INTERPRETATION of Korea), in cooperation with the Republic of Chile. Thenioi

ALMA Observatory is operated by ESO, AUI/NRAO and NAOJ.

In the previous section we used our combined ALM#Aerschel
data to demonstrate that ti,s distributions of X-ray selected
AGNs differ significantly from that of MS galaxies. Indeedhen
modelled as a log-normal, the AGRys distribution is signifi-
cantly broader and peaks at significantly lower values thah af
MS galaxies. This result appears to be at-odds with recedt fin
ings, based on mean-stackdérscheldata, that the average star-
forming properties of AGN hosts is broadly consistent whbge
of MS galaxies (e.gl, Mullaney etlal. 2012a; Santini et all220
Rosario et al. 2013). In this section, we place our resultiseércon-
text of these studies to explore the root of these apparentag-
ancies.

When comparing to the results derived from mean-stacked
Herscheldata, it is important to note that stacking provides a linear
mean which does not correspond to the mqdegf a log-normal
distribution. Instead, the linear mean wéllvaysbe higher than the
mode. Furthermore, the discrepancy between the linear @edn
the mode increases strongly as function of ho#ndo.

We can compare our results against those from stacking by
calculating the linear mean of our log-normal distribusiptaking a
Monte-Carlo approach to sample fhando PDs. This gives linear-
mean AGNRys values (i.e.{Rvs)) of 0.99°343 and 109" 33! for
our low-z and highz samples, respectively (Figl 3). These values
(and thus, by extension, our derived distributions) areariably
consistent with the linear means derived from mean-statierd
scheldata (i.e.,(Rus)~ 1; e.g/Mullaney et al. 201Ra). We there-
fore conclude that these means are, indeed, strongly irtfakby
the high tail of the broa®Rys distribution and thus may not neces-
sarily give a reliable indication of the modal SFR of AGN st

Despite finding that théRys distribution of AGN hosts is
shifted toward lower values compared to MS galaxies, owrlites
remain consistent with AGNs preferentially residing in aga¢s
with comparatively high (s)SFRs kg~ 0 standards due to the
strong redshift evolution of SR. Indeed, applying our analy-
ses to sSFR (rather thaRys) gives distributions peaking at
0.2 Gyr 1 and~ 0.5 Gyr 1 for our low-z and highz samples, re-
spectively. To put this in contex{sSFRys) ~ 0.1 Gyr ! atz~ 0,
thus local galaxies with sSFRs of20Gyr1 and 05 Gyr—1 would
be classed as MS and starbursting galaxies, respectively.

The results presented here compare favourably to those
derived from AGN surveys conducted at other wavelengths.
For example, using SFRs derived from optical SED fitting,
Bongiorno et al.|(2012) reported a broad sSFR distributarnx-
ray selected AGNs that peaks at values below that of the MS at
redshifts similar to those explored here (i.e3 & z < 2.5). Sim-
ilarly, |lAzadi et al. (2014) showed that thiys (referred to as the
“epoch-normalised” sSFR in their paper) distribution ofa¢ se-
lected AGNs (with a similaM,. selection as here) peaks-at0.1
and is similar (if shifted to slightly higher values) to tRgs distri-
bution ofM..-matched galaxies (i.e., not just star-forming galaxies).
As such, these studies and the results presented here stippor
view that X-ray selected AGN hosts at moderate to high rétshi
span the full range aklativesSFRs oM, > 2 x 1019 M, galaxies
(e.g./ Georgakakis etlal. 2014), but tend to be star-forrojrg~ 0
standards.

DMA, ADM, CMH acknowledge STFC grant ST/I001573/1.
This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2012.1.00869.S. ALMA is a partnership
of ESO, NSF (USA) and NINS (Japan), together with NRC
(Canada) and NSC and ASIAA (Taiwan) and KASI (Republic
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