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ABSTRACT

We investigate the role of supermassive black holes in thigagicontext of galaxy evolution by measuring the host gataellar mass
function (HGMF) and the specific accretion rate i&r, distribution function (SARDF) up to~2.5 with ~1000 X-ray selected
AGN from XMM-COSMOS. Using a maximum likelihood approacte jwintly fit the stellar mass function and specific accretate
distribution function, with the X-ray luminosity functices an additional constraint. Our best fit model charactetize SARDF as a
double power-law with mass dependent but redshift indepenidreak whose lowsar slope flattens with increasing redshift while
the normalization increases. This implies that, for a gstatiar mass, highetsar objects have a peak in their space density at earlier
epoch compared to the lowggar ones, following and mimicking the well known AGN cosmic dasizing as observed in the AGN
luminosity function. The mass function of active galaxiesléscribed by a Schechter function with a almost constgnand a low
mass slope that flattens with redshift. Compared to the stellar masstfan, we find that the HGMF has a similar shape and that, up
to log(M, /M) ~11.5 the ratio of AGN host galaxies to star forming galaxgebasically constant(10%). Finally, the comparison

of the AGN HGMF for diferent luminosity and specific accretion rate sub-class#stive phenomenological model prediction by
Peng et al., 2010 for the “transient” population, i.e. gadaxn the process of being mass-quenched, reveals thdtifoimosity AGN

do not appear to be able to contribute significantly to thengbilng and that at least at high masses,Mg.> 10'°"M,, feedback
from luminous AGN (log o > 46 [ergs]) may be responsible for the quenching of star formatiathénhost galaxy.

Key words. Galaxies:active, Galaxies: fundamental parameters x@ataevolution

1. Introduction off of both processes. While the physical scales of interest (a
. . few pc) cannot be directly resolved in these models and in cur
Super-massive black hole (SMBH) growth, nuclear actityl rentpngmerical simulatiori/s (e.0. Sijacki et/al. 2015), thisy-

galaxy evolution, have beer_1 found to b_e closely reI_atedadm,f ally propose the presence of an energetic AGN-driven feddba
overthe last 15 years, the discovery of tight correlaticte®en ; " 5 sirong wind originated from the AGN that deposits the e
galaxies and their central nu.cle| properties ergy released by the accretion process within the host galax
22013,and references therein) as well as similar evolutjon: = &1t 2012). This mechanism is @ble t
trends between the growth histories of SMBHs and galaxifgy pjack hole growth and star formation and shéittmth pro-
(e.g. Boyle & Terl vich 1 &.MQEMMO4)’ ha\{e bsta egses in a self-regulated manner. However, it is stillearchnd
lished a new paradlgm in which Active Galactic Nl_JCIe' (AGNbbservationally not proven, whether AGN driven feedbaak pr
are key players in the process of galaxy formation and evQssses do indeed have affieet on the global properties of the

lution. Several theoretical models (e.g. Somerville 2801 alax L ; ; .

. 004: - - y population, in particular in suppressing the stami

l20r_0_35' IL2 L 200 L_Mo_ac_o_&_o_td_n . Fon rig_t_ZD.(DS Springel t%k)n (SF) in their host galaxies heating @odpushing away the
1Croton et a 6; Hopkins et al. 20 et 3as which is forming stars.

[2006; Cen & Chisali 2011) have been developed to explain t??ls

co-evolution, and to find the mechanism responsible for the s Star formation quenching via some mechanism is required
multaneous fuelling of the central BH and the formation afne@lso to prevent the overgrowth of massive galaxies, hostéei

stars in the host galaxy, as well as the quasi-simultandtmuts s MOSt massive dark-matter haloes (e.g. Read & Trentham 2005)
Such a “mass quenching” mechanism, irrespective of its phys

* E-mail:angela.bongiorno@oa-roma.inaf.it (OAR) ical origin, would suppress the growth of massive galaxies a
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explain the steep decline of the galaxy mass function above a
given characteristic mass. While supernova feedback iemot 35 L

T
I
I
I L] 0.3<z<0.8
I
I

ergetic enough in this mass regime, a central AGN would be an fa ©®m am
efficient mechanism. i NI O
To investigate such a role for AGN, detailed studies on sin- I .:-'"' "

gle objects have been performed to search for signature&bf A
feedback. Massive outflows on several kpc scales have been
observed in a few cases (Cano-Diaz ét al. 2012; Feruglid et al
2010 ' ; ' 015), but up to thew
evidence that such outflows are indeed responsible for ssppr
ing star formation in the region of the outflow is circumstaht
(Cano-Diaz et al. 2012; Cresci eflal. 2015a,b). Further nessy
can be made through statistical studies of the propertieg-of
tive galaxies (e.g., SFR) compared to normal galaxies. Mewe
results have been often contradictory, i.e. some authamsdfo
that AGN mainly lie above or on the Main Sequence (MS) of
galaxies [(Santini et al. 2012; Mullaney etlal. 2012), whith-o

ers (Bongiorno et al. 2012; Mullaney et lal. 2015) found th&SF
of AGN hosts to be lower than the average MS %alaxies, as

expected by thedTr?delS '?CIUd'?_g AGN fere]_db t 'thahet ‘?—Ji'g. 1. Bivariate distribution for the analyzed hard X-ray selelcsam-
) compared the star formation quenching rate wi "ple in the M, — Asar plane color-coded depending on the redshift bins.

at which AGN activity is triggered in galaxies, and showealtthThe nhorizontal and vertical dashed lines corresponds teother limit
these two quantities agree over a range of masses. They indgfs applied in M and.isa.

pret this as a physical link between these two phenomenawhic
however do not directly imply a causal link.
In fact, irrespective of AGN feedback, an essential pre- ) _
requisite to understand the role of black hole activity itagg Ng. In particular, we test whether the AGN population can be
evolution is to have a accurate and unbiased census of the A@¥§ociated aridr be responsible for mass quenching using the
population an its relation to the properties of their hodaga Model prediction from Peng etlal. (2010) for the mass fumctio
ies. The former is basically provided by the AGN luminositf the ‘transient population” (i.e. galaxies in the procefiseing
function, which is now well established over a wide range #fass-quenched).
redshift and luminosity (Ueda etlal. 2014: Buchner ét al.5201 The paper is organized as foII_ows: In SEc. 2 we present the
Aird et all 2015 Miyaji et all. 201%; Silverman etlal. 2008pd&p X-ray selected sample we are using. Bec 3 presents the method
X-ray surveys established a trend of AGN downsizing, i.e. tyised to derive the specific accretion rate distribution fiemc
most luminous AGN have the peak in their space density 3itd the AGN host galaxy mass function (Sec] 3.2[anH 3.3) and
earlier times than lower luminosity AGN@&:% al._2003heir results (Se¢.3.4). In SEE 4, we address the questitireof
|ﬂasmg_er_e_t_d”_20j)5), Wh|Ch is also seen in Optical surve Kk betWeen AGN and star form_atlon quenChlng by Comparlng
(Bongiorno et all. 2007; Croom etlal. 2009). This trend is kimi the AC|5N hO'SL gf;laxy rréa?s furéptlpn, c]iomputed rf]c_ffecfventl sub- )
to the downsizing in the galaxy populatimmgam es, with the model prediction for quenching galaxigs
where the most massive galaxies build their mass at edrfiest ”@10)-_
than lower mass galaxies. Throughout this paper, a standard cosmolo@,+0.3,
Linking black hole growth to their host galaxies, ref2=0.7 and H=70 km s* Mpc™) has been assumed. The stel-
quires the study of their stellar mass function /amdhe ac- lar masses are given in units of solar masses for a Chabrier IM

tive fraction or duty cycle of AGN occurrence in galaxie3)-
of given stellar mass (e.f. Bundy et al._2008; Xue ét al, 2010;

rgakakis et &, 20111; Aird etlal. 2012; Bongiorno ¢t al20
I[20312). Most of these studies define AGN activigy The Sample

above a certain X-ray luminosity threshold and found the-fraThe AGN sample considered here has been extracted from
tion of AGN at givenLy to increase with stellar mass. Howthe XMM-COSMOS point-like source cataloglie (Hasinger kt al
ever, this may lead to a biased view, since AGN dfedent [2007;[Cappelluti et al. 2009) whose optical identificatiamsi
masses cover flerent ranges of Eddington ratios for a givemultiwavelength properties have been presented by Brusi et
luminosity range and AGN have been found to show a wide di@010). The catalog contains1800 X-ray sources detected
tribution of Eddington ratios (e.g. K#éfimann & Heckmah 2009; above flux limits of ~5x10716, ~3x107%5 and ~7x1071° erg
[Schulze & Wisotzki 2010). In facf,_Aird et all (2012) showedm2st in the [0.5-2] keV, [2- 10] keV and [5-10] keV bands,
that the intrinsic distribution of specific accretion ratéég < 1  respectively.

follows a power law, whose shape does not evolve with retishif Our analysis is based on objects that have been detected in
independent of stellar mass. This result has been confirmetd ¢éhe hard [2-10] keV band. The restriction to a hard X-rayciele
extended out ta < 2.5 by/Bongiorno et all (2012). sample is chosen since the soft band canftected by obscu-

In this work, we build upon the aforementioned studies oétion that can lead to a redshift-dependent incompletefies
AGN hosts by establishing the bivariate distribution fumctof flux limited surveys pick up more obscured objects at highdr r
stellar mass and specific accretion rate for a hard X-ragtle shift, see e.O). However, this band maly stif-

AGN sample over the redshift range30< z < 2.5. We use fers from incompleteness due to heavily obscured and Campto
the derived AGN host galaxy stellar mass function to test tAdick (CT, log(Ny) > 24 [cnT?]) AGN, whose detection prob-
hypothesis of AGN feedback as driver of star formation ghencability is strongly reduced because the intrinsic emissiam be

loghgz=log(Ly,/M,)[erg s~1/M,]
P R N TR SR SRS
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significantly suppressed due to repeated Compton scajtenih  10°2erg/s/M,. The latter criterion is motivated by the require-
photoelectric absorption. ment of having a clear cut inspar above which we define the
Out of the full~1800 sources, we identify a final sample oAGN as active (see below). The chosen minimagar value
927 hard X-ray selected AGN in the redshift range<@32.5. corresponds to the lowest observed value in our intermediat
All hard X-ray sources have accurate photometric redshifesdshift bin and furthermore corresponds approximately%o
(Salvato et dl. 2011) while half (5827) have secure spectro-of Eddington which we chose in the following as our minimum
scopic redshifts. threshold to define an active black hole, consistent witdieti

of type—1 AGN (Schulze et HI. 2015). After applying these-lim
its, our sample is reduced to 877 AGN witlBG< z < 2.5.

2.1. X-ray luminosities, host galaxy stellar masses and
specific accretion rates

Rest-frame, intrinsic X-ray [2-10] keV luminosities forettiinal 3- The AGN Host Galaxy Mass Function and
sample have been derived from the observed hard X-ray flux.specific accretion rate distribution function

Following La Franca et al. (2005), we converted the obsefed
10] keV fluxes to the intrinsic [2-10] keV luminosities, foaeh

In order to derive the AGN host galaxy mass function (HGMF)
AGN with a given measured JN by applying a K-correction and the specific accretion rate distribution function (SARD

; R : e have to account for various selectiofieets in our flux-
computed by assuming an intrinsic X-ray spectrum with a phg--. . .
ton indexI'=1.8, an exponential cutfbat E=200 keV and, a ﬁrzgﬁ? 'lA?N san;ple.t_'l'ms requires a careful assessmentef th
photoelectric absorption corresponding to the observedd- pleteness function.

; P . In fact, completeness in ). does not directly ensure
mn density. The [2-10] keV | : ; .
umn density. The [2-10] keV luminosity is given by completeness in M As previously reported, AGN show a

it _ 2 wide range of Eddington ratios (Kfimann & Heckman 2009;
Lz-sopev = Frz-sokevAmDEK(z. Ni) @ [Schulze & WisotzKi 2010), and thus also a wide rangeg™,
where 0 is the luminosity distance ank(z Ny) is the term (4sar), with a distribution falling below the corresponding Ed-
which accounts for the K-correction and absorption coioact dington limit approximately following a power-law disttition
The absorbing column density4Nor our sample has been de{Aird etall2012| Bongiorno et 4l. 2012). _
rived as i Merloni et a1[(2014). For the brightest souredmge A luminosity complete AGN sample will be biased towards
200 pn counts in the 0.5-10 keV bandXM-Netwto) Ny is high mass BHs and high galaxy mass i.e. since an AGN with
obtained from the full spectral analysis of Mainieri et @011), low Eddl_ngton ratio will be included in the sampl_e only_|f its
which is available for 19827 of the AGN. For the remain- M is high enough to be above the given luminosity)Limit,
ing sources, N is estimated in a statistical fashion, by assesgiven the relation between §4-M., a bias towards high-mass
ing the value of the ‘observed’ spectral slope from the hasgn black holes induces a bias toward high-mass galaxies. Tieiste
ratio and assessing the value of the 'observed’ spectraksidas to be carefully taken into account when building a galaxy
drawn from a normal distribution with mean and dispersion #fass complete sample starting from an X-ray flux-limited AGN
Tt = 1.8 + 0.2. While this estimate shows a significant scagample.
ter, there are no apparent systematic biases, as demedstrat
IMerloni et al. (2014). Therefore these estimates can bestybu 5 ;. Incompleteness function
used for the statistical studies as performed in this paper.

Host galaxy stellar masses have been derived @ur corrections for incompleteness account for threces:

' I. [(2012) using a two-component (AGN an{d) the X-ray sensitivity function; (2) the absorption ¥
galaxy) SED fitting technique. We refer the reader to thisgpagion f(Ny | Lx, 2); and (3) the stellar mass completeness down
for a detailed description of the method. to our threshold in units of specific accretion rate lggr =

Following [Aird et al. (2012) and Bongiorno etal. (201282 [erg/s/Mg].
we define“specific accretion rate” Asar= Lx/M, (see also The first selection féect to consider is the position depen-
Brusa et all. 2009; Georgakakis et al. 2014) as a directly areasient X-ray flux limit based on the sensitivity map computed by
able quantity which can be regarded as a proxy for the blaCappelluti et al.[(2009). The absorption correction actefior
hole growth rate relative to the stellar mass of the hostqyalathe sources which have been missed in the sample due to their
Mg /M., after taking into account the (luminosity dependenb)igh column densitiNy . For this correction we use ti\, distri-
bolometric correction (e.g._Marconi et dl. 2004; Lusso et diution as a function of andLy published by Ueda et al. (2014)
2012) and a radiativeficiency factor. It is also related to thebased on several X-ray AGN surveys (see their eq. (5) and (6))
SMBH'’s Eddington ratiodgqd = Lpoi/Msn, @pplying the bolo- We integrate over th&ly distribution between 26< logNy <
metric correction factor and the scaling relationship lestw 24, i.e. we do not include Compton thick AGN in our HGMF
black hole mass and host stellar mass. Assuming as an appo®&termination. The fraction of CT AGN is still uncertain ahe
imation a mean bolometric correctid@,=25 I. Ny distribution above lodNy = 24 is poorly known[(Ueda et hl.
[2004] Lusso et al. 2012) and a constant host stellar to blalek 2014 Buchner et al. 2015; Aird et/al. 2015). The contributd
mass ratio of 50 i ; Hari i 04)CT AGN to the AGN space density is expected to lie between
log Asar = 34 [erg/s/Mo] approximately corresponds to the Ed~ 10— 40% (Gilli et al.l200[7t Treister et Al. 2009; Vignali ef al.
dington limit, while logisar = 32 [erg/s/Mo] would give 1% of [2014]Buchner et &l. 2015; Lansbur [.2015). These two co
Eddington. The bivariate distribution M Asar for the analyzed rections applied to the flux limited sample result in a lunsiity
sample is shown in Figl 1 wherefi#irent colors correspond tocomplete sample.
different redshift ranges as labeled. As described above, we additionallyfiar from significant

For the determination of the mass function, we further raacompleteness due to the fact that a broad range pfch
strict our sample in stellar mad4, and specific accretion ratebe associated to a given luminosity LTo account for this ef-
Asar, applying the following cuts: M > 10°° My, andAsag > fect in the HGMF, we need to include an additional term to

Article number, page 3 ¢f15



A&A proofs:manuscript no. HGMF_Bongiorno

Table 1. Best fit model parameters and their errors for the bivariateikution function of stellar mass and SAR (Ef. 7). Theapagters denoted
with an* are kept fixed during the fit.

f. (M4, 2) from eq[10 frsas (Asar) from eq[ 11 f,(2) from eq[12

log(¥”) | logM;[Mc] a logAsare ki logMio 710k Y2 P1 P2 VA

-6.86 10.99 0.24 338° -0.48 110° -1.01 058 -3.72 582 236 1u0°
Joor| ko3 G| -y - Gm @ o] dn gy -
- 0.3 <2<0.8 0.8<z<1.5 1.5 <2<2.5 |
=
~~
2}
~
j=10)
g

10.0 10.5 11.0 11.5 12,0 9.5 10.0 105 11.0 115 120 95 100 105 11.0 115 12.0

IOg M* [MG)] log M* [M(D] IOg M* [M(D]

Fig. 2. Bivariate distribution functio®'(M,, Asar, 2), for our best fitting parametric model, derived through Meximum Likelihood method, in
three redshifts bins. The orange contours indicate linemo$tant space density, from10to 10-° Mpc~3), separated by a factor of 10 each.

the incompleteness function based on the distributionsgk. is given by:
Using this distribution function, we correct for incompaess

down to a fixed threshold insar, which we set at lodsar =  pi(Myx, Asar, NH,2) = 1‘P(M*,/lg,AR, 2) I (M4, Asar, Z Ny)
32[erg/s/Mg]. The HGMF is therefore defined as the mass N

function of all AGN above thisisar threshold. The most rigor- xf (Ny | Lx,2) v , 2)
ous and self consistent approach to do this is by determthimg dz

HGMF and the SARDF simultaneously, e.g. via the maximum here W(M,, 1sar, 2) is the bivariate distribution function

likelihood method described in the next section. of stellar mass and specific accretion rate that we want to de-
rive, 7 (My, Asar, Z Ni) = Z(Lx,z Nu) is the X-ray selection
function given by the sensitivity map in the 2-10 keV band and
f ENH | Lx, 2) is the absorption distribution function, taken from

3.2. Maximum Likelihood method I 4). We use thig, estimates presented in Secl]2.1
to computelLx (and thereforelsar) and f (Ny | Lx, 2) for our
sample. The facta corresponds to the total number of objects

We here present the methodology of determining the SARDrthe sample predicted by the model and it is given by integra

and the HGMF simultaneously as a bivariate distributidng overM,, Asar , Ny, andz, i.e.

function of stellar mass and specific accretion rate, i.e.

Y(My, Asar, 2, Where ¥(My, Asar, 2d logM,.d logAsar gives N = ffff‘P(M*JSAR’ 2) I (My, Asar, Z NH)

the space density of AGN with stellar mass host galaxies bexf (Ny | Ly, 2) %dlogNHdlogASARdlogM*dz, (3)

tween logM, and logM, + dlogM, and a specific accretion i o

rate between logsar and loglsar + d l0gAsar at the redshife. where we integrate over thBIH_dlstrlbutlon_ between 20<

The HGMF, SARDF and the X-ray AGN LF (XLF) can be del09Nu < 24, while our integration ranges i, Asar andz

rived as diferent marginalizations over this bivariate distributiof"® 95 <10gM, < o0, 32 <logsar <0 and 03 <z <25, as

function. We use the maximum likelihood method developéiscussed in Se€. 2.1. _ _

by [Schulze & Wisotzki [(2010) and extended lby Schulze kt al. Our sample also contains 12 AGN witholMt, measure-

dﬁ) to computeP(M,, Asar, 2). While these works focused MeNts, due to poor quality photometry. However, we accoamt f

on the joint determination of the active black hole mass funf€Se sources using their luminosity and redshift inforomein-

tion and the Eddington ratio distribution function (usiype 1 tegrated over the entire mass range, i.e.

AGN), the method is implemented here for the joint determina

i f the HGMF ARDF.
tion of the HG and S pj(LX, NH,Z) = fpj(M*,ﬂSAR, NH»Z) dlogM* . (4)

The technique minimizes the likelihood functidd = Our XMM-COSMOS based sample covers only a limited dy-
-2 Y In p;, where the probability distributiop; for each object namical range irLx, narrower than the full range over which
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Fig. 3. Upper PanelsTotal AGN HGMF with the associated errors in three redshifsterived through the Maximum Likelihood (black line
and grey shaded area) and thg.¥(data points) methods. In each bin the lowest z fit is repddedeference with a dashed line. The red and the
blue lines are the total and the star forming galaxy stellassrfunctions with the associated errors are shown in magewt cyan shaded areas)
from[llbert et al. (2013)Lower PanelsRatio of AGN host galaxies to the total (red line) and the &aming (blue line) galaxy population as a
function of stellar mass in the same redshift bins.

the XLF is currently determined. This might lead to degeteera (5)
solutions for the bivariate distribution function, somevdiich ) ) )
may be inconsistent with the XLF. Ideally, we would like toeo WhereNy, is the number of AGN withM, measurements in
struct the HGMF and SARDF including deeper and larger ar@dr sample and\,, is the number of AGN with only.x known.
surveys, but this is beyond the scope of the present workeTo ‘Fhe absolute normalization of the bivariate distributiandtion
duce this &ect, we include as additional observational data th"i’?he{‘ Qe:ﬁrmlnedlby scaling to the total observed number of
XLF. In this way, we ensure consistency with the XLF observ&PJECLS In the sample. i
tions over its full observationally determined luminosignge. Following FM%I (2012) and Bongiorno etlal. (2012),
In particular, we use the binned XLF frdm_Miyaji ef 15yve first assume that the b|var|ate. _dlstrlbut_lon func.tlor]
and compute thg? value for the comparison with the XLF im- ¥(M, 4sar. 2) is separable, i.e. the specific accretion rate distri-
plied by the HGMF and SARDF. We then add this likelihood tution is mass independent and vice versa. Under this assump
that of the XMM-COSMOS sample. The study by Miyaji et altion, the bivariate distribution function is given by:
(2015) uses the saméy distribution a@éhl@ fory . 3 w0 (M. f 6
the determination of the XLF which we also employ here. Ovér(Mx: 4sar. 2 = ¥ figx(dsar. ) 1+ (M. 2) 1(2) . ©6)
our range in redshift and luminosity, the XLF by Miyajiet al\yherey- is the normalization of the bivariate distribution func-
(2015) is consistent with other recent studles (Uedalettdld?2 1o (Asar.2) is the SAR-term f,(M,,2) is the M,-term

" N ’ ASAR SAR» 1 * 9
Buchner et al. 2015; Aird et Al. 2015), thus our results abeiso andf,(2) is a redshift evolution term.

against the specific choice of XLF. _ , However, for the SAR-term, we also tested a mass-dependent
We caution that the faint end of the XLF is not directly conyqge| and found this model to provide a better descriptiauof

strained by our sample: the XLF will also include AGN bel_ovyjata (see AppendIXIA for more details). The bivariate disti
our threshold inM, and Asar, which are not accounted for inton function is therefore written as:

our bivariate distribution function fit. This may lead to areo
estimate of the space density at log< 43 [ergs].
The total likelihood to minimize is given by: W(My, AsAR, 2) = " fign(Asar, My, 2) f2(My, 2) fA(2) , @)

wheref,,.(1sar, M4, 2) contains now also a dependence on the
N, Niy mass. We use this more general parametrization as our tlefaul

St = =2 Y Inpi(My, Asar, N, 2)=2 > In pi(Lx, Ny, 2)+x2(XLFNOdel. We want to point out that the SAR-terfn,, and the
“ ; S JZ;‘ : M,-term f, are not equal to the SARDF and HGMF.
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The HGMF and the SARDF are calculated by integratin le 2. Best fi't model parameters for the.AG.N host galaxy mass
P(M,, Asar, 2) Overdsar and overM,, respectively. To be spe- chechter function, computed in our 3 redshift bins.

cific:
<z> log(®y,) logM’; @
o 0.55 -3.83004 1099+003 _(41+004
D, (My,2) = dV((j:i+gl\/l = j:;z Y(My, Asar, 2) dlogisar -0.05 -0.03 —0.04
_2E4+004 003 _(94+004
= [SW fi(lsar Ma2) 1, (M, 2) B dioglsa  (8) b1S % 109%0e ~02%o0
2.00 -384'9%% 109999 _0,03:0%
and
@ )qur(A5AR, 2) = d\/(ij%gl = f;; (M, Asar, 2) dlogM, Table 3. Best fit model parameters of the AGN specific accretion rate

0o double power-law function, computed in our 3 redshift bins.
= fg.s W f1om(Asar, My, 2) T.(My, 2) T,(2) dlogM,.  (9) P P

In case of separable SAR- and,Merms, as in Ed.16, the * x
SARDF (HGMF) has the same shape fs,, (f,) and only <z>  log®; 7 72 19915nm
the absolute normalization is determined by the margiatitin. ~ 0.55 -6.04"3% -1.35'992 -3.64'01Y 34.3372%
However, in the more general case of Eg. 7, this is not necessa
ily the case, which is \?vhy the HGMF aEr?d SARDF cannot then 115 —52255s  -102'555 361515 3432553
be explicitly expressed as analytic functions. 200 -4885°08 _(54t003 _3 58010 34303003

We here consider the following parametric models for the in- 009 008 010 008
dividual terms: the M-term is modeled using a Schechter func-
tion:

maximum likelihood solution. The quoted uncertaintiesreep
_ (M . (_M_; ) sent the 16 and 84%-tile of the parameter distribution, maig
fi(My.2) = YE e (10) ized over all other parameters apart fréith The latter is not de-
* termined by the Maximum likelihood fit and their error is give
While a model with a low mass slopeevolving with redshift by 1/ vNi.
has been included, we find that the best fit parameters arednde As mentioned above, our best fit HGMF and SARDF given
consistent with no z-evolution ia. by Eq.[8 and Ed.]9 cannot be expressed as simple analytic func-
The SAR-term is instead described by a double power lawtions, due to the entanglement bf, and Asar in the SARDF
term. For a better quantitative representation of the ritdsio-
1 _ (11) lution of HGMF and SARDF and for illustrative purposes, we
done M@ doar ) 2 provide an analytic approximation of the two distributiemé-
( : ) ( < ) tions, evaluated at the center of our three redshift binsttis,
. at each redshift, we performed a least-squares fit to the HGMF
where the lowisar slopeys(2) = y10 + ky(z - 2), with zo st computed via EG18) with a standard Schechter function with
at 11, and the break 10gs,(M.) = 10945550 + Kil0gMs = normalisationd;,, break M and low mass slope, and the
log M, o) with log M, o = 11. SARDF (computed via Ef] 9) with a double power law with nor-

The assumption of a double power law fqr,f, allows to re- majisationd?, breakiy,, and slopes, y2. We provide the best
cover the double power law shape of the XLF with a Schechtgrparameters in TaE?Z afd 3.

function HGMF, as demonstrated by Aird et al. (2013). We fixed
the break value to log; , , = 33.8 [erg/s/Mo] to limit the num-
ber of free parameters. This value is close to the imglied%d 3.3. Vmax method

ton limit, consistent with the approach in the stud E An additional consistency check can be obtained by comgutin
(2013), and with the tentative evidence for such a breakrfist the AGN host galaxy mass function using the¢method. The
ported 'mﬂm'ma' , i Vmax for each individual object is given by:

Finally, we parameterize the redshift evolution of the nor-
malization of the space density as:

frgar(Asar, My, 2) =

Zmax dV
Vimaxd(My) = A(M,, Z)d—dZ (13)

o=t rn (12) o ’
277N+ )P (fﬁ))p2 z> 2 whereA(M,, 2) is the dfective area as a function ™, andz

given by the total survey areatimes the incompleteness func-

where we fixedp = 1.1, motivated by the break redshift used iriion. We emphasize here that thlg.(M,) values used are not
the LDDE model in the XLF from Miyaji et al. (2015) and ap-identical to theVmax(Lx) values that would be used for the com-
proximately corresponding to the central redshift in oumpke. putation of the AGN luminosity function. This is because, as

The best fit bivariate distribution functio®(M,, Asar,2) discussed above, we have to account in the incompleteress fu
is shown in Fig.[R while the best fitting parameters arnibn also for the SARDF in addition to the sensitivity furosti
their errors are given in Tablgl 1. We computed the uncend the absorption correction. The incompleteness fumthios
tainties of each parameter using a Markov chain Monte Caifecludes three terms and can be written as:
(MCMC) sampling of the likelihood function space, usiem-
cee(Fareman-Mackey et &l. 2013), a Python implementation of 24 oo
an Affine Invariant MCMC Ensemble sampler as presented ByMm, , 2) = f I (M4, Asar, Z NR) f (Ny | Lx, 2)
|Goodman et al! (2010). We used uniform priors for our free pa- 20 JAsarmin
rameters and initilised the MCMC "walkers" around the best fi X Fropn (AsaRr, My, 2) dlogisardlOgNy (14)
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T T T T
0.8<z<1.5 1.5<z<R.5

log f,\m(M.)[arbitrary units]

log ®(Ag,z)[Mpc—2 dex™!]

33 34 35
logAhgglerg/s/Mgy]l  loghgglerg/s/Mg]  loghgglerg/s/M]

Fig. 4. Upper PanelsThe SAR-term split into three redshift bins and described dsuble power-law with a mass depend&siz* as in eq[IlL.
Lower PanelsSARDF derived through the Maximum Likelihood method by grating the bivariate distribution function over,Meq.[8). The
shaded area includes the errors on the parameters.

where I (My, Asar, Z Ny) = Z(Lx,z Ny) is the X-ray selec- fit M,-dependent SAR-term determined above [Edj. 11), normal-
tion function given by the sensitivity map in the [2-10] keMzed within logisar > 32 [erg/s/Mg], which again defines our
band,f (Ny | Lx, 2) is the absorption distribution function fromlower integration limit.

1.(2014) and, (1sar. M. 2) is the SARDF term in  The AGN Host Galaxy Mass Function is thus computed in
Y (My, Asar, 2). The latter term is required for the mass dehree redshift bins as:
pendent incompleteness functid{M,, Asar, z Ny) in addition
to the ones needed for the computation of the luminosity klepe
dent incompleteness functidi{Lx, 2).

While the Vinax method has the advantage of providing
non-parametric estimate of the AGN host galaxy mass functi
it has the disadvantages that it requires a specific assomoti
the SARDF term and, furthermore, it does not include the ad- ) . )
ditional constraints from the AGN XLF, which, due to the limand the binned values are shown in Eig. 3, together with the-Ma
ited |uminosity range probed by our Samp|e, makes the Esu'mum likelihood result. The error bars are determined bytbOO
less robust in particular at the low mass end, where we orfffapping of the sample with théif,a(M,) values.
probe a limited range insar. On the contrary, the maximum  As shown in the figure, we overall find a good agreement be-
likelihood provides a parametric estimate of the mass fanct tween the axbinned AGN HGMF and the AGN HGMF based
and determines the HGMF and SARDF simultaneously and sedft the maximum likelihood method. This confirms the adopted
consistently. Therefore we only use thgy method as a consis- parametric model in the maximum likelihood approach and ver
tency check. For the functiofg,,(1s.:e.M, .2 WE assume the bestifies the robustness of our results.

By = —— (15)
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Fig. 5. Left Panel: Redshift evolution of the SARDF space density foffelient 1sar, i.€. magenta: logisar)=32[erg/s/Ms] (~1% Edd);
green: logdsar)=32.5[erg/s/Mg] (~3% Edd); yellow: loglsar)=33 [erg/s/Ms] (~10% Edd); red: log{sar)=33.5lerg/s/M¢] (~30% Edd);
blue: log@sar)=34.0 [erg/s/Mo] (~ Edd); and black: log{sar)=34.5 [erg/s/M,] (> Edd).Central Panel Redshift evolution of the HGMF space
density for diferent M, . Right Panel Redshift evolution of the XLF space density fofferentLy by[Mivaji et all [2015).

3.4. Results The best fit HGMF (black line in Fid.]3) is well described
by a Schechter function with constant,Mnd a low mass slope
In the upper panles of Figl4, we show the SAR-termq, f o flattening with redshift (i.ea = —0.41 in the first redshift
(Eq.[13), described by a double power-law with mass cfepem'n, —0.24 in the second and0.03 in the third one; see EQ} 2).
dent, but redshift independent bre&k, .. The SARDF, shown We compare the AGN HGMF with the total galaxy stellar mass
in the lower panels of the same figure, is obtained by inteéggat function (red curve and shaded magenta region) and the star
the bivariate distribution function (including the abowattion) forming galaxy mass function (blue curve and shaded cyan re-
over M,. The SARDF can be described by a double power-lagion) b [(2013). We note that, at log{fM,) >11.5,
whose lowAsar characteristic slope flattens from -1.35 to -0.5¢the HGMF but also the total and SF galaxy mass functions are
from the lowest to the highest redshift bin. The overall nakm not well constrained by the data (see Hifj. 1) due to the lim-
ization ¢ on the contrary increases for increasing redshift (séed volume sampled in both cases. This region is indicated b
Tab.[3). The increasing normalization with redshift wagadty the dashed lines in Fif] 3. Furthermore, in the higlzesin the
noted irim.@?h) arld Bongiorno ef al. (2012). IngBo galaxy mass function of libert etlal. (2013) shows an uptdrn a
works, the specific accretion rate distribution was paraimext |low masses, captured in their double Schechter functionemod
with a single power law over the full redshift range, but alwhich is not captured in our more restricted single Schechte
readyl Bongiorno et al! (2012) noticed the presence of a breakction model for the HGMF. Our data do not allow to con-
above logisar> 34 [erg/s/Mg]. Furthermormlm@ strain such an upturn for our AGN sample, which would require
argued for a break in the specific accretion rate distrilnuidbe a larger sample, and probably a deeper flux limit for the gatax
consistent with the XLF. including lower luminosity AGN.

While these previous studies do not report a change in the The ratio of AGN HGMF over total galaxy mass function is
shape of the specific accretion rate distribution with réftjske  shown by the red line and the shaded magenta area in the lower
find a SARDF clearly flattening towards higher redshift. It ipanels of Figl1. Such ratio indicates the active fractioduty
important to note that, compared to the aforementioned syorkycle of AGN activity in the galaxy population, if we conside
there are some fierences. First, here we determine the SARDAGN with log Asar > 32 (~ 1% Eddington) which corresponds
i.e. the absolute space density as a functiongak, while the to the definition of an AGN assumed in this paper.

R b T
in the galaxy population. Furthermore, we account for obscactive fraction. AtM, = 10'° M, the active fraction is approxi-
ration by integration over thdly distribution, which generally mately constant at 10%, while atM, = 10'° M,, it increases
steepens our lowsxr slope. over our three redshift bins from 3% to ~ 8% to ~ 20%.

The work by Aird et al.[(2012) is refers toD< z< 1.0, and This trend is in qualitative agreement with the results fuoe t
thus it did not cover a Sﬁcienﬂy |arge redshift range to CO”_SMBH mass dependence of the active fraction of the black hole

strain this shape evolution. The sample used in Bongiorad etmass function, presented in_Schulze ét@al. (2015). Thisdcoul
(2012) is instead similar and largely overlaps the one usedhie related to the redsh_lft ev_olut_lon of the_ gas re_servoulava
this study. A more accurate analysis of the sample useddBle to fuel the AGN, since in high redshift galaxies a greate
Bongiorno et al.[(2012) could indeed reveal the redshifesiep @mount of gas can be responsible for triggering AGN activity
dence of the specific accretion rate, which was not includékacconi et al. 2010).

in the parametric model presentedlin_Bongiorno etlal. (2012) The ratio of AGN HGMF to the star forming mass function
due to the simpler single power-law parametrisation. Binale  (shown by the blue line in the lower panels of Hig. 3) traces
model the bivariate distribution function @§ar andM,. and not the average relation between star forming and AGN acti\aty a
only the SARDF and include additional information on the XLFa function of stellar mass. It extends the well known average
We discuss theftect of the latter in more detail in the Appendixagreement between star formation rate density and blagk hol
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0.3<z<0.8 0.8<z<1.5 1.5<z<2.5

10
log M, log M, log M,

Fig. 6. Total AGN HGMF in three redshift bins derived through the NtaMm Likelihood (black line) and compared with the AGN HGMF
for different AGN subsamples in (upper panels) luminosities, géllg) <43 [ergs] (magenta); log(k) >43 [ergs] (cyan), log(Lk) >43.5 [ergs]
(green), log(lx) >44 [ergs] (red), and log(k) >44.5 [ergs] (blue); and (lower panels) specific accretion ratgg, i.e., loglsar> 325 [erg/s/Mg]
(magenta); lodsar> 33 [erg/s/Ms] (cyan), loglsar> 335 [erg/s/M,] (green), and logsar> 34 [erg/s/Me] (red).

accretion density (e.g._Marconi et al. 2004) to its stellasm sizing behaviour (e.g. Ueda et al. 2003;_Hasinger et al. |2005
dependence. Overall we find a weaker redshift evolution én tha Franca et all_ 2005; Bongiorno et al. 2007;_Silvermanlet al.
shape of this ratio than for the active fraction, where th®ral2008). For thelsar dependence, we see that highekr objects
stays almost constant over®a M, < 10'* M, the mass range (logAsar > 33.5 [erg/s/M,]) have a peak in their space density
tracing the bulk of the population, in all three redshiftdirt at an earlier cosmic epoch compared to the lowgir objects
the high mass end far> 0.8 the AGNSF galaxy ratio and for (logisar < 33.5[erg/s/Mg]), i.e. also showing a clear downsiz-
z > 1.5 also the active fraction appear to increase with stellarg trend. TheM, dependence, based on the HGMF, also indi-
mass. Future studies will be required to confirm or disprtwee tcates a downsizing trend, with AGN in lower stellar massxala
reality of this trend. ies showing a steeper decline in their space density toviagtis
The redshift evolution of the SARDF and HGMF allowg@dshift than higher stellar mass galaxies, but less proced
a more detailed look at the AGN downsizing behaviour, i.41an what is seen in the SARDF. This suggests that the down-
the luminosity-dependent evolution, seen in the XLF out fJ2ing in the AGN luminosity function is due to the combina-
z ~ 25. They probe the more physically meaningful quarilon of a (weak) mass-dependent evolution of the HGMF and the
tities stellar mass and specific accretion rate distrilytand Stronger evolution of the SARDF.
by inference relate to black hole mass and Eddington ratio. | In Fig.[8 upper panels, we show the AGN HGMF foftd-
Fig.[3 we show the global trend of the redshift evolution @ thent luminosity sub-classes, i.e. log(L <43 [ergs] (magenta),
space density in bins ofsar (left panel),M, (central panel) log(Lx) >43[ergs] (cyan), log(lk) >43.5[ergs] (green),
and Lx (right panel). TheLx dependence, based on the XLRog(Lx) >44[ergs] (red), and log(k) >44.5[ergs] (blue). As
from [Miyaji et all (2015) shows the well known AGN down-expected the high mass end is dominated by luminous AGN
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(logLx > 43[ergs]), while the low mass bins are mainly popthe transient phase corresponds to the active feeghaakout
ulated by low luminosity objects (logl < 43[ergs]) whose phase i.e. the gas depletion time-scale associated withute
contribution above log(M/Mg) ~11 is negligible. Our defini- flow. Current observations suggest this time-scale to béef t
tion threshold of lod.x/M, > 32 directly excludes any AGN order of 1-10x10’yr (Maiolino et all 2007; Ferugli [.2010;
with logLx < 43 [ergs] aboveM, > 10' M. This also implies [Cicone et al. 2014). Finally, sSSFR(M) is the evolving specific
that when applying an AGN definition by a luminosity threghol star formation rate. Here we consider the recent measuterhen
as usually done, you will tend to find an active fraction irasre the sSFR from Lilly et al[(2013,eq. (2)):
ing with mass, consistent with previous work ( ta
2008 Xue et al. 2010; Aird et al. 2012; Si tal. 2009) v

In the lower panels, we instead show the total AGN HGMF i _ * P
Aspar bins i.e., logisar> 32.5[erg/s/Mg] (magenta), logsar> gSFR(M 2) _0'07(1010'5|\/|®) (1+2)"Gyr forz <2
33 [erg/s/Mg] (cyan), logisar> 33.5[erg/s/Mg] (green), and

logdsar> 34 [erg/s/Mo] (red). Overall, the mass distributionsssFr(M z) =o'3o(L)ﬁ (1+2%3Gyr! forz>2

of AGN of different specific accretion rate have a similar shape, 101%°M,,

only mildly affected by theM, dependence in our SARDF

model. a7

4. The mass function of galaxies in the process of with g ~ —0.1. . .
being mass-auenched ~ Starting from the star-forming galaxy mass function (green
9 q line in Fig.[1), we then derive, using the above equatiors, th

According to the model described in_Peng ét l. (2010), tRgedicted mass function of the transient, i.e. “in the psscef
quenching process, i.e. the process which leads to theitteans being mass-quenched”, population. Given the uncertairte
from star-forming to passive galaxies, independent of fitgsp the value ofryans we show in Fig[¥ the predictions for a range
ical origin, can be described by twoffiirent modes: mass and®f Trans = 1 — 10x 10'; the blue solid line is for = 5x 10’
environment quenching, whoseffdirential éfects on the frac- While the blue dashed lines correspond toID'yr and 1x 10%r
tion of passivgred galaxies are separable. (lower and upper boundary, respectively).

In [Peng et 8l.[(2010) paper, it is speculated that the envi- TO test whether AGN can be respo_nS|bIe for the_ mass-
ronment quenching occur in satellite galaxies, while thessnauenching of galaxies, we chose to restrict our analysi$i¢o t
quenching could reflect a feedback mechanism related te sfPst luminous objects. Theory indeed predicts that thelniapa
formation or AGN. In a subsequent paper, Peng efal. (201t of AGN outflows of perturbing the ISM depends on AGN
confirm the expectation on the environment quenching asaluduminosity asL2Z (Menci et al 2008) and that galaxy-scale out-
satellite galaxies, studying the mass function of centrdlsatel- flows are energy-driven, i.e., their mechanical energy igpor-
lite galaxies. Here we want to test whether the mass quegchiional to the AGN luminosityl(Zubovas & King 2012). This sce-
process can be linked to AGN feedback. nario is supported by observations that find that the mormentu

The strength of the_Peng et dl. (2010) approach is that tiae of kpc-scale outflows (Sturm eilal. 201.1; Cicone gt &l420
phenomenological model is based on simple observatioral [freruglio et all 2015) is= 10 — 20Lggl/c, i.e. the more lumi-
puts, which allow one to successfully reproduce many of tieus the AGN is, the more powerful outflows are produced. This
features of the galaxy population. Moreover, the model Is atimeans that the AGN-driven feedback mechanism should become
to give a clear prediction for the mass function of the gadaxn increasingly more fficient in halting the star-formation in the
the process of being mass-quenched and the inter-relhijins host galaxy for higher AGN luminosities.
between the Schechter parameters for star-forming andvpass In Fig.[@ we compare the prediction for the mass function
galaxies. of mass quenching transient objects with the HGMF of the to-

The mass function of the transient population can be del population, i.e. lodsar > 32, and of diferent sub-samples.
scribed by a single Schechter function with parametersggee We test the agreement using sub-samples applying in additio

(28) oflPeng et al. 2010): different cuts on eithety or Asar, as shown in Fig[l6. We
* - M do not consider more complicated cuts or for example a lumi-
xtrans = WVl plue nosity dependent transition time-scale, which could imprihe
@strans = splue + (1 + ) agreement between the two mass functions, in order to keep th
@} ans = Ppiue SSFR(M., 2)lw- Tirans (16) comparison as simple as possible. We find that the class of ob-
jects that best reproduces, in terms of both shape and normal
where Mj ., @spue and @ are the parameters of theization, the expected mass function are: lggt 43.8*03 [erg/s]

Schechter function which describes the star-forming galaged solid line and yellow shaded area) a3 & z < 0.8, and
mass function ang is the exponent in the power law relatiorlogLx > 44 + 0.5[ergs] at 08 < z < 2.5. Reducing the thresh-
that links the specific star formation rate (SSFR) and thk steld in Lx leads to a space density in the HGMF higher than
lar mass (see E@._17). Here we use the data for star-formthg expected for the "transient" objects at the low mass@nd.
galaxies froni_Ilbert et al[ (2013), and force the fit with agin the contrary, specific accretion rate based sub-samplestio n
Schechter function. This parametric choice is requirecsmtie seem to reproduce the expected mass function particulaily w
model fits provided bly Peng etlal. (2010) with a single ScherchiThis is because, within the Peng et al. (4010) model, for a con
function as starting MF. This introduces some uncertan® stantryans, the fractional density of the "transition" population
pecially with respect to slope of the high-mass end, which strongly decreases at low masses: only very few low-massgal
the most dfficult part of the stellar MF to be constrained, as wies experience quenching at any redshift. On the other lhad,
will point out later in this section. The valugans is the pe- poluation of AGN above any givemsar threshold increases to-
riod of time the “transient” signature is visible, and is mon- wards low stellar masses (see the bottom panel of Fig. Glsap
strained by tth) model. Here, we assume tawing high Eddington ratio objects can be found in galswie
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Fig. 7. Predicted MF of transient galaxies as derived starting fasimgle Schechter function based on the data from llbetf 2GL3,green line),
using the Peng recipe (Peng el al. 2010)fer 5 x 10°yr (blue solid line);r = 1x 107yr andt = 1 x 10%yr (blue dashed lines). We compare them
with the total AGN HGMF (black line) and with the HGMF compdteith different luminosity cuts. In particular in the first redshifinpecuts of
logLx >43.8[ergs] (red solid line) and logk >44.2 and logl >43.5 [ergs] for the lower and upper boundary, respectively have beefie;
while in the second and third redshift bins, these cuts agkedo>44 (brown solid line) and logk >44.5[ergs] and loglx >43.5[ergs] for the
lower and upper boundaries.

any mass, at all redshifts. Thus, any model that invokes d fixe. Summary and Conclusions
threshold indsar to explain the quenching population (see e.?. , )
IZubovas & King 2012) would predict a too high fraction of low!" this paper, we have studied the host galaxy stellar mass

mass galaxies in the transition phase, in strong contrasttiase fUnction of a sample of-1000 AGN detected in the XMM-
I.I_(EiO) finding. COSMOS field in the 2-10keV band at &3z <2.5. We

derived the SARDF and the HGMF simultaneously as a bi-

_ . iate distribution function of stellar mass and specific a
diction and the AGN HGMF present at the high mass end Bletion rate Asar= Lx/M,, using the maximum likelihood
the third redshift bin is due to the fact that, to apply thepec ., Jeveloped Hy Schulze & Wisotzki (2010) and extended
from[Peng et &1/(2010), we used a single Schechter funcmlonog, Sl I[(2015)
fit the star-forming galaxy mass function which, as pointet %5 it b L d as follows:
bylllbert et al. 3), is not a good fit of the data, espegiafl U 'ESUlS can be summarized as 1ollows.
the high mass end. The fit with a double Schechter function (as ) _ ]
performed irl llbert et al[ (2013) and shown in K. 3) would in) The SARDF is best described by a double power-law with
deed be steeper thus reducing the number of predicted high ma & mass dependent but redshift independent bagak and

We note that the disagreement between the Peng model

objects and the discrepancy with the AGN HGMF. a low 1sar characteristic slope which flattens frod.35 to
Overall we find the space density of luminous AGN —0.54 with increasing redshlft.. The 0\_/erall normahzatmjp

(logly > 435 — 445[ergs]) at stellar massell, > 10127M, on the contrary increases for increasing redshift.

to be consistent with the space density of galaxies in thidata (i) The AGN HGMF is described by a Schechter function with

mation quenching phase. This non trivial result is conaistéth constant M and a low mass slope flattening with redshift

the notion that feedback from luminous AGN can be associated from @=-0.41 atz = 0.55 toa=-0.03 atz = 2.0. We derived

to the mass-quenching of galaxies. At lower masses tfierdi  the active fraction of AGN activity by comparison with the

ence in space density between the luminous AGN mass function Stellar mass function by libert et] 13) and we find a red-

and the quenching mass function leaves room for a contribu- Shift evolution in its mass dependence at the high mass end,
tion via another mechanism. Lower |uminosity AGN m|ght con- Where the the fraCt|0n Of AGN in massive galaXIes INcreases
tribute here, if their AGN feedback mechanism would opeoate ~ from ~3% atz ~ 0.55 to~20% atz ~ 2.

a different transition time-scaleyans Furthermorel_Peng etlaliii) The redshift evolution of the SARDF and AGN HGMF al-

(2015) recently suggested that “strangulation” (a medrarior lows us to gain a deeper understanding into the physical
which the supply of cold gas is halted) is the primary mecérani  drivers of the AGN downsizing behaviour, seen in the XLF
responsible for quenching star-formation in local galaxigth a outtoz ~ 2.5. We find that that the downsizing in the AGN

stellar mass less than M. Our results are complementary to  luminosity function is due to the combination of a (weak)
this work, proposing AGN-driven outflows as a plausible mech mass-dependent evolution of the HGMF and the stronger

anism for halting star formation at higher redshift and fare evolution of the SARDF. In particular, we see that higher
massive galaxies, although a causal connection is notamibst ~ Asar Objects have a peak in their space density at earlier
ated. epoch compared to the lowggar AGN.

Article number, page 11 15



A&A proofs:manuscript no. HGMF_Bongiorno

(iv) We compare the mass function of the population in thebserved number of objects at low masses and high-(up-
process of being “mass-quenched”, predicted by the phmer left corner). In the upper panels of FHig. A.2 we show the
nomenological model Hm 10), with the HGMM.,. — Asar plane for our default model A. This mass dependent
computed for dierent sub-samples obtained withfdrent SARDF model is able to match the observations also in this re-
luminosity andisar-cuts. We find at the high masses (i.egion (since the SARDF has a higher break at low mass). The
M, > 10'%"M,) that the population that agrees with theAIC, ratio between the two models prefers our model A with a
model prediction is that of luminous AGN having logl> relative likelihood of 10%, providing strong evidence that this
435-445 [ergs] (i.e. logl,e = 46 [ergs]). Both their num- model provides a better description for our data set.
ber density and stellar mass distribution are consistetfit wi  An important constraint on this mass dependence in the
those of the “transition” galaxy population, a crucial, ayxwh SARDF is set by the inclusion of the XLF information in our
trivial, result of our analysis. While this agreement does nlikelihood function, since our sample does not cover a vadew
establish a causal connection between star formation aertynamical range in luminosity. In fact, if we neglect the XLF
ing and AGN activity, it suggests AGN feedback by powerfudnd only use the data from our XMM-COSMOS sample, such
outflows from luminous AGN as a plausible mechanism fa mass dependence is not strongly required and also theflatte
the mass-quenching of star forming galaxies. This scenaitig in the SARDF is less strong, while still present. We give
would be in agreement and complementary with the recehe best fit solution without XLF data as model "no XLF" in
findings b)}TgLeﬂg__et_’a 5) who suggested “strangulationdb.[A.]. It also matches the XMM-COSMOS sample in the
as the primary quenching mechanism at lower masses (M5, — Asar plane well (see lower panels in Fig.__A.2). How-
M, < 10"My). ever, this is achieved by proposing a high space density of ob

] jects with low M, and lowAsar, below the luminosity limit of
AcknowledgementsiVe thank the referee for the careful reading and premoud;]e XMM-COSMOS sample. Such a high space density of low
suggestions which helped to improve the manuscript. Thigk\i® based on
the COSMOS program. The HST COSMOS Treasury program wasepp [UMiNosity AGN violates observations of the XLF from deeper
through NASA grant HST-GO-09822. This work is mainly basedabser- surveys|(Miyaji et al. 2015%; Aird et &l. 2015) and is thus deém
vations obtained with XMM-Newton, an ESA Science Missiorthwinstru- not physical, This is demonstrated in Fﬁ@ﬁ\_& where we show

ments and contributions directly funded by ESA Member Stated the USA ; Nar iotri ; ion deds
(NASA), and with the European Southern Observatory undege.&@rogram the XLF predICted by our bivariate distribution function '

175.A-0839, Chile. A.B. and E.P. acknowledge financial supfpom INAF un- The "UO XLF" model (shown by th_e green solid line) is consis-
der the contract PRIN-INAF-2012 A.S. acknowledges suppgrdSPS KAK- tent with our default model (blue line) and the XLFzak 0.8,

ENHI Grant Number 26800098. MCMC corner plots make userdfangle.py ~ where XMM-COSMOS still probes a relative wide luminosity

(FOTeMar-Mackey elHL 2013). range. At higher redshift it clearly overpredicts the XLig

motivates the additional inclusion of the XLF informatiorthis

work, to find a solution to our data set which is consistenhwit

XLF measurements outside of the luminosity range direaily c

ered and thus constrained by our sample. On the other hand, th

As mentioned in Se€._3.2, we derived uncertainties via MCMXLF alone is degenerate betwedf, andisar, and thus does

computation of the posterior distribution function (PDF). not constrain the SARDF and HGMF, as demonstrated by the

Fig.[AJ we show the 1D marginalized PDF for the free pararidentical XLF for models A and B. When combining the XMM-

eters of our model and the 2D marginalized PDF for param@OSMOS data with the XLF, the discussed mass and redshift

ter pairs. The latter shows the covariance between thess. palependencies are required by the data. However, the mass de-

We find covariance between several parameters, e.g. betiveerpendence of the SARDF is largely driven by the number of few

break logM: and the slope of the M, -term f,. or between sev- low mass and highisar objects. Future studies, incorporating

eral of the redshift evolution parametes (p2, k, ). both deeper surveys (e.g. CDFS, CDFN) and shallower, larger
Besides the default parametric model we presented abo¥ga surveys (e.g. XMM-XXL, Stripe 82X) will be essential to

we also explored additional parametric models for the HGMgettle this question.

and SARDF. We here discuss the results of this exercise and pr In addition, we also tested a model where we allowed for red-

vide a justification for our chosen parameterization. Topara shift evolution in the slope of thkl, -terma(2) = ao+k,.(2— %),

the relative quality of our respective parametric modeggiour With 2, fixed to 1.1 (hereafter model C). However, we found the

data set, we use the Akaike information criterion (&l8kaike best fit redshift evolution parameter to be consistent wéfoz

[1974). Itis given by AIG = S+2K +2K(N/(N-K—1)), whereS Kk, = —0.017 + 0.043, thus the inclusion of this additional pa-

is the likelihood as defined aboué is the number of parametersrameter is not statistically justified. This is also confichig the

in the model andN is the size of the sample. While the AJ@e- AIC. ratio between the two models. Similarly, we found that the

nalizes against overfitting, it is known to be less penatjziran addition of another parameter which allows for redshiftlevo

e.g. the Bayesian information criterion (BIC). Nevertisslein tion in the break of thé/, -term,M; (2) = M; ; + kw: (2 - %), is

general the dierence in AIC between the models tested belomot statistically justified (see TalleA.2).

is significant enough to draw firm conclusions. We also performed the same test of goodness to justify the
Our default model (hereafter model A) allows for a masgdshift dependence in the slope of the SAR-tégnand found

dependence in the SARDF, while previous studies assumethia term to be statistically justified. We provide the rfat

Asar distribution, independent of mass (elg. Aird €tlal. 2013IC. values and the corresponding relative likelihood for dif-

Bongiorno et al. 2012). In fact, we first started our analysts  ferent models, compared to our default model (A) in Tabld A.2

a model without such a mass dependent termkj.es 0 (here-

after model B). Our best fit model B provides an almost equiv-

alent fit to the XLF as our default model A (see red dashed lifkeferences

in Fig.[A.3) and fits well over most of thBl, — Asar plane, as aiq, 3. coil, A. L., Georgakakis, A., et al. 2015, ArXiv gipts

shown in the middle panels of Fig_A.2. We provide the best fifrd J.. Coil A. L., Moustakas, J., et al. 2012, ApJ, 746, 90

parameters in Table_A.1. However, it is not able to recover third, J., Coil, A. L., Moustakas, J., et al. 2013, ApJ, 775, 41

Appendix A: Model comparison
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Fig. A.1. Posterior probability distribution for the free paramstefour best fit model. The histograms on the top show the maliged probability
distribution function for each free parameter, while thatoor plots show the marginalized 2-dimensional probgbdistribution function for
each pair of parameters, to illustrate their covariances.

Model log(¥*) | logM;[Mo] o Ke loglg,g ki logMuo  y10 kK Y2 P1 P2 2

no XLF -6.69 11.02 -0.503 " 33.8° 0.05 110* -1.11 017 -1.97, 549 145 1
B -6.67 10.88 -0.192 o 33.8* o* 110 -0.85 0.82 -3.35 6.32 2.39 1*
C -6.90 11.00 0.225 -0.017 338" -0.48 110* -1.01 0.60 -3.80 590 2.37 1*

Table A.1. Best fit model parameters for the bivariate distributionction of stellar mass and SAR for other models, which have bested but
where not considered further. The parameters denoted wittage fixed during the fit.
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A 03<2<08 I _ 08<z<15 | = 15<2<25 |

Fig. A.2. Comparison of the bivariate distribution in the,M Asar plane between the observations (symbols) and the predlitbon the best fit
model (black contours) in the three redshift bins as labéelbée upper panels show the comparison for our default m@getije middle panels
show the prediction from the best i, -independent SARDF model (B), and the lower panels showekeft solution if no XLF data is included
in the likelihood function ("no XLF"). Open symbols indieatipper limits inM,,.
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Fig. A.3. Comparison of the X-ray luminosity function (XLF) predidtby the bivariate distributio(M,, Asar, 2) with direct observations. The
blue solid line shows the XLF derived from our default mod&), the red dashed line is for the bestHit, -independent SARDF model (B) and
the green solid line is for the best fit without including theFXinto the likelihood function (no XLF). The black circleb@w the binned XLF for
our XMM-COSMOS sample using thé,,x method, indicating the luminosity range covered by XMM-QW@@3S. The shaded cyan and yellow
areas show the XLF hy Miyaiji et al. (2015) and Ueda et al. (20&dpectively, where the shaded area includes the variafithe XLF over the
redshift range of the bin and the uncertainty of the XLF dateation.
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Model fixed parameters  AAIC. relative likelihood
default (A) ke = 0/ky, k, free 0 1.0

(A) + z-evolution inMz, ko = 0/ky, ky, ku: free 10 55x 1073
z-evolution ina (C) Ky, ki, k, free 14 95x 104

(C) + z-evolution inM, Ko, Ka, Ky, kn: free 28 10x 10

no M, dependence i, (B) k,=0,k; =0/k,free 311 27 x 1078
(B) + z-evolution ine ky =0/ ks, k, free 311 25 % 1078

no z-evolution inf,,, k, = 0/k,, k, free 531 64 x 107116
no z-evolution in f,,,, and f, k, =0,k, =0/k, free 731 17 x 107159

Table A.2. Comparison between filerent parametric models and our default model via théfeince in AIG and their corresponding relative
likelihood.
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