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ABSTRACT

We present new Keck/MOSFIRE-band spectroscopy for a sample of 14 faint, X-ray selecietd/& Galac-
tic Nuclei (AGNs) in the COSMOS field. The data covers the gpé¢cegion surrounding the broad Balmer
emission lines, which enables the estimation of black hadesses Nlgy) and accretion rates (in terms of
L/Ledqg). We focus on ten AGN at ~ 3.3, where the we observe theBHspectral region, while for the other
four z~ 2.4 sources we use thecHbroad emission line. Compared with previous detailed stidf unob-
scured AGNs at these high redshifts, our sources are fdigit@n order of magnitude, corresponding to number
densities of order 106 — 10->Mpc—2. The lower luminosities also allow for a robust identificatiof the
host galaxies emission, necessary to obtain reliablensitriAGN luminosities, BH masses and accretion rates.
We find the AGNs in our sample to be powered by SMBHs with a ®ipicass oMgy ~ 6 x 10®M,, - sig-
nificantly lower than the higher-luminosity, rarer quasasorted in previous studies. The accretion rates are
in the range ot /Lggq ~ 0.1 — 0.5, with an evident lack of lowek-/Lgqq (and higheMgy) sources, as found
in several studies of faint AGNs at intermediate redshB@sed on the early growth expected for the SMBHs
in our sample, we argue that a significant population of faint6 AGNs, with Mgy ~ 10°M.,,, should be
detectable in the deepest X-ray surveys available, whiblovwgevemot observed. We discuss several possible
explanations for the apparent absence of such a populatianluding that the most probable scenario involves
an evolution in source obscuration and/or radiative efficies.
Subject headings: galaxies: active — galaxies: nuclei — quasars: supermas$ack holes

1. INTRODUCTION

While the local Universe provides ample evidence for the
existence of super-massive black holes (SMBHSs) with masse
of Mgy ~ 10° — 10'°M,, in the centers of most galaxies (e.g.,
Kormendy & Ho 2013 and references therein), the under-
standing of their growth history relies on the analysis of ac
creting SMBHSs, observed as active galactic nuclei (AGNS).

Several studies and lines of evidence, mainly based on the ob

served redshift-resolved luminosity functions of AGN, sug
gest that the epoch of peak SMBH growth occurred at

2— 3, in particular in the sense of a peak in the integrated
accretion density (e.gMarconi et al. 2004Hasinger et al.
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2005 Ueda et al. 2014Aird et al. 2015 Brandt & Alexander
2015 and references therein). Recent results from increas-

%ngly deep surveys have showed that at yet higher redshifts

he number density and integrated emissivity of AGNs ex-
perience a marked decrease (eByysa et al. 2009Civano
etal. 2011 McGreer et al. 2013vito et al. 2014 Miyaiji et al.
2015. Phenomenological “synthesis models” have been used
to account for the observed evolution of the AGN population
outtoz~ 4—5, particularly based on deep X-ray surveys (see,
e.g.,Gilli et al. 2007 Treister et al. 2009dJeda et al. 2014
Aird et al. 2015 Georgakakis et al. 20)5 Broadly speak-
ing, these synthesis models successfully reproduce the-pop
lation of relic SMBHs in the local Universe, the X-ray back-
ground radiation and the X-ray number counts. However, all
these models dependent on several simplifying assumptions
including the accretion rates, radiative efficiencies, #rel
shape of X-ray SED of AGNs, among others. Our current
understanding of the early growth of SMBHs is thereforé stil
extremely limited. Most importantly, it lacks robust chetiex-
ization of the distributions of the most basic physical mep
ties of accreting SMBHSs: black hole masskk(;), accretion
rates (in terms ot /Lgqq Or Mgy) and radiative efficiencies
(n; and/or BH spinsa,), for SMBHs across a wide range of
activity phases.

Reliable estimates oMy, and thereforel/Lggq, from
single-epoch spectra of AGNs at considerable redshifts rel
on the careful analysis of either the spectral regions suidte
ing the H3, Ha or Mg1i A2798 broad emission lines, and
on the results of reverberation mapping campaigns. Other
emission lines, which may potentially enable the estinmatio
of Mgy in tens of thousands of SDSS quasars upidb (e.g.,

Civ A1549), are known to be problematic (e.Baskin &
Laor 2005 Shen et al. 2008 ine et al. 2010Trakhtenbrot &
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Netzer 2012Shen & Liu 2012 Tilton & Shull 2013. There- fainter by an order of magnitude are more abundant by at
fore, atz 2 2, the study of the evolution dflgy practically re- least a factor of 20 (e.gslikman et al. 2010Ikeda et al.
quires near-IR (NIR) spectroscopy and ground-based studie 2011 Masters et al. 20;,2McGreer et al. 2013 The best
are thus limited to specific redshift bandszat 2.4, 35,4.8 sources for samples of these fainter AGNs are deep, multi-
and 62. Several studies followed this approach with relatively wavelength surveys, with appropriate X-ray coverage, sisch
small samples of optically selected, high-luminosity unob the COSMOS and CDF-S surveyaiyano et al. 201andXue
scured AGN, mostly focusing on the most luminous sourceset al. 2011 respectively; se8randt & Alexander 201%or a
at each redshift bin (e.gShemmer et al. 200&Kurk et al. recent review). In such surveys, moderate-luminosity AGN
2007 Netzer et al. 2007Dietrich et al. 2009Marzianietal.  (Ly > few x 10*3ergs ™) can be detected at redshifts as high
2009 Willott et al. 201Q De Rosa et al. 203 Trakhtenbrot  asz~ 5, as confirmed by spectroscopic follow-up campaigns
etal. 201). The studies oShemmer et al2004 andNetzer (e.g.,Szokoly et al. 2004Trump et al. 2009fSilverman et al.
et al. (2007 clearly show that the most massive BHs in the 201Q Civano et al. 2011Vito et al. 2013 Marchesi et al.
Universe, withMgy > 101°M,, (McConnell et al. 201)lare 2015h M15b hereafter). Furthermore, the multi-wavelength
already in place by ~ 3.5, powering some of the most lu- data available in these deep fields can provide a large suit of
minous quasars at~ 3 — 4. Given their extreme masses, but ancillary information relevant to the evolution of the aeaht
modest accretion rates &f/Lgqg ~ 0.2, these objects must accreting SMBHSs, ranging from the accretion process and the
have grown at higher rates at yet earlier epochs. Indeed, aentral engine (i.e., X-ray spectral analysis) to the prige
population of SMBHs witiMgy ~ 10° M, is now well estab-  of the host galaxies (e.g., the masses and sizes of therstella
lished at 5< z < 7, presenting rapid, Eddington-limited accre- components, and/or the presence of cold gas).
tion (e.g.,Kurk et al. 2007 Willott et al. 201Q De Rosa et al. We therefore initiated a dedicated project to measure BH
2011, Trakhtenbrot et al. 201 De Rosa et al. 2004 Thus, masses, accretion rates, and host galaxy properties in@eam
the extremely luminous~ 3— 4 quasars studied to date mark of moderate-luminosityz ~ 2.1 — 3.7 AGNs, located within
the final stage of the early, rapid growth of the most massivethe COSMOS field$coville et al. 200y, and selected through
BHs in the Universe. the extensive X-ray coverage provided by the releGhan-
These results motivated the development of new models fordra surveys Elvis et al. 2009 Civano et al. 201p In this
the formation of high-mass BH seeds,zat 10. Such pro-  paperwe present new Keck/MOSFIRE NIR spectroscopy and
cesses, involving either dense stellar environments ectir Msn andL/Leqq determinations for a sample of 14 such ob-
collapse of gaseous halos, may lead to BH seeds with massel§Cts. In§2 we describe the observations, data reduction and
of Up 10 Mssed~ 10* or 1PM..,, respectively (see reviews analysis, including the estimatesMgy andL /Lggg. In§3we
by Volonteri 2010 Natarajan 2011and references therein). compare these, and other probes of SMBH evolution to those
Some models predict that such massive BH seeds are suffifound for more luminous QSOs, and examine the relevance
ciently abundantin the early Universe to easily accountifer  ©f the “exotic” seeding models to lower-luminosity AGN. We
rareMgy; ~ 10°M,, quasars observed at- 3 (see, e.gDi- ~ Summarize the main findings of this study§i. We note
jkstra et al. 2008and also the much higher number densities gh4a7t one %artlcularg/ |ntr|gu.|ng| O.bJeCt In our sample ('CID_bI
suggested iMgarwal et al. 201B Several other recent stud- .) was klﬁcusse extelnswe yn ?]prewous, S(ra]paratr(:} pu
ies have instead focused on extremely efficient accretitm on cr?tmn (rlia tenbrot et al. 2015'[15. elreaf(tjerl).v\gl roughout
seed BHs, as an alternative (or complementary) explanatiorf 'S WOrk we assume a cosmological mode R=07,
for the highest-redshift quasars (e.glexander & Natara-  ©m = 0.3, andHo = 70kms ~Mpc™.
jan 2014 Madau et al. 201¢ It is possible that these rare,
extremely luminous and massive quasars have indeed grown 2. SAMPLE, OBSERVATIONS AND DATA ANALYSIS
from high-mass BH seeds and/or by extreme accretion sce- 2.1. Sample Selection and Properties
narios, while the majority of high-redshift SMBHSs, detatte This study focuses on 14 sources, selected from the X-ray

as lower-luminosity AGNs, can be explained by stellar rem- Chandra catalog of the COSMOS field. Th&handra data
nants, withMseeq'; 100M.,. The only way to observationally combines theChandra-COSMOS surveyElvis et al. 2009
test these scenarios and seeding models would be to constraisj 2no et al. 201p and the more recent effort of tt@han-
the distributions ofMgy (andL/Leqd) in large samples of 4.2 cogvOS Legacy survey Civano et al. 2015Marchesi
AGN, which extend towards low luminosities and thus signif- o 5,591 5aM15a hereafter). We note that all the sources are

icant number densities. Moreover, these distributionsigho ; . ) )
be established at the highest possible redshifts, sinceat | ﬂ?sdﬁéfgtﬁagﬁggm gmgggéggybse%ﬁy ?/f\/éhgecl:g:tsed
epochs the initial conditions of BH seed formation are com- (oo that are classified as broad-line AGN at3— 3.7

pletely *washed out", partially due to the increasing impor  paqeq on the (optical) spectroscopic surveys of the COSMOS
tance of “late seeding” (e.gSchawinski et al. 20Z1Bonoli field (Lilly et a(I. gOOZ)ZOpOQ Trumppet al. 20y09)) The cho-

et "f[“' tZOdlé). ﬂ#h diStrib‘.JttiO”S }"’t%UIdt in_turlnl enable thSeDdSi-S sen redshift range ensures that the spectral region siutroun
rect study of the progenitors of e typical luminous ing the H3 broad emission line will be observed in the

tth' 1f'_ 2|quasars, which have already accumulated most Ofband. Adequate coverage of this spectral region is essen-
errhnalmass. tial for the estimation oMgy (e.g., Trakhtenbrot & Netzer
Since wide optical surveys (e.g., SDSS) only probe the 5415 shen 2018 Four additional sources at~ 2.4 were

rarest, most luminous (and least obscured) sources-a2,  ,pselved in parallel to (some) of the primary targets. For
they cannot provide the parent samples required for MapPINGpase sources, the-band covers the & broad emission line,

the distributions ofMigy andL/Lgqq. The most up-to-date ; .
determinations of the AGN luminosity function at these high \év;“(k:)?ai%r:]fil:é)ebeeugce;?efg:?; gsﬂgw%tggﬁ(thgﬁﬂﬁz sS%ch)rrgggry

redshifts indicate that the most luminous quasars have num- o robustly detected in thé-band, with the primarg ~ 3.3
it -8 -3 \hi { ' =~ 3.
ber densities of ordeb ~ 10-°Mpc~, while AGNSs that are targets ranging 28 Kag < 21.5, based on the UliraVISTA



COSMOS AGNs az~ 3.3 - I.

DR2 catalog §lcCracken et al. 2002 Thez ~ 2.4 targets
are slightly brighter, with 12 < Kag < 20.1. The UltraV-
ISTA K-band fluxes are used here to test the absolute flux
calibration of the MOSFIRE spectra (sé2.2 below). The
(full band) X-ray fluxes of the sources span about a factor
of 15, fo5_10kev ~ (2.2—32) x 10 *°ergcnr?s™1, corre-
sponding to rest-frame hard band luminositiet gf 1gyey ~

(7.3—97) x 10*3ergs?, as reported in M15b. These X-ray
fluxes are high enough to allow for a robust detectioal bbf

our sources in th&¥MM-COSMOS surveyRrusa et al. 2007
Hasinger et al. 2007 We compare th€handra- and XMM-
based X-ray luminosity measurements;ih3 below. Basic
information regarding the sources and the observations (de
tailed below) is provided infable 1 The z = 3.328 AGN

CID-947 was analyzed and published separately in T15, as

it exhibits several intriguing features, including an extely
high BH mass, extremely low accretion rate, and an AGN-
driven outflow, among others. In many parts of the present
study we will mention CID-947 separately, as its properties
differ from the rest of our sample.

The K-band magnitudes of our sources can be used to es-

timate a lower limit to the BH masses and accretion rates
we might expect to find, using the methods detailed4rb.
At z= 3.3, the chosen flux limitKag ~ 21.5) translates to
Ls1oo~ 1.1 x 10™ergst andLpo ~ 7 x 10"®ergs ™. Fur-
ther assuming that the width of theBHine is in the range
1500< FWHM (HB) < 15000kms?, we obtain a lower limit
of Mgy > 5.5 x 10’M, and ofL/Lggq > 0.008.1

Compared to previous studiesMpy andL/Lgggin z~ 3—
4 AGNs (Shemmer et al. 20QMetzer et al. 200)7 our sample
covers lower luminosities. The rest-frame UV luminositiés
ourz~ 3.3 sources, measured from the optical spectra, are in
the range.1450= (0.8 — 13) x 10*°ergs* (My450= —25.4 to
—22.4; seeTable 9. The typical UV luminosities are fainter,

Early Black Hole Growth
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FIG. 1.— The luminosity function of unobscured AGNszat 3— 3.5, re-
produced from the study dlasters et al(2012), including the best-fit double
power-law model (black line). The red symbols represent IOS AGNSs,
similar to the parent sample from which our targets are dr&ue circles at
higher luminosities are taken from the SD$8chards et al. 2006while the
green symbols in the overlap regions are taken from the SVELREey Siana
et al. 2008. Other samples and error bars are omitted from all dataqdir
clarity. The shaded regions represent the luminosity regigovered by our
sample (red) and previous studiesMgy andL/Lgqq in luminousz~ 3—4
AGNSs (blue;Shemmer et al. 200Netzer et al. 200)7 Our sample probes
a much more representative populatiorzef 3.3 AGNs, with an integrated
number density which is higher by a factor of about 25 thanptteziously
studied objects.

the Chandra COSMOS Legacy survey notes that only about
40 X-ray sources among the 4016 X-ray selected sources

by about a factor of 6, than those probed in previous studies.(~ 1%) in the entire survey lackdeband counterparts, with
Our sample therefore represents a much more abundant AGNPout half of those lacking alsi-band counterparts. For

population. InFigure 1we present the luminosity function
of unobscuredz ~ 3.2 AGNs determined byasters et al.
(2012, which relies on COSMOS AGNs similar to the parent

most COSMOS AGNSs the spectral information is based on
the zCOSMOS-bright survey (sé@able 1), which imposes an
optical flux limit ofiag < 22.5 (Lilly et al. 2007). Additional

sample of our sources. The luminosity regimes probed by ourSPectroscopic follow-up available for COSMOS (X-ray)
sample, and the previously studied samples, are marked. Th&GNS provides several other> 3 X-ray selected broad-line
integrated number density of sources within the luminosity SOUrces withiag < 25, well beyond the zCOSMOS limit.

range we target i® ~ 2.5 x 10-6Mpc 3, higher by a factor
of about 25 than that of the more luminous, previously stiidie
objects (for which® ~ 10~"Mpc3).

As our sample is defined through a combination of several
criteria, it is worth bearing in mind the possible selection
biases. First, theChandra-based X-ray selection should
include all Compton-thin AGNs above the survey flux limit
(i.e., Ny £10%cm2; see M15b). Several studies have
highlighted the presence of obscured AGN emission in high-
redshift sources (e.g-jore et al. 2008Treister et al. 2009b
Next, the X-ray AGNs must be associated with an optical and
NIR counterpart, and have optical spectroscopy for retshif
determination and classification as broad-line AGNs. In
principle, this would mean that dust-rich (but Comptomjhi
systems, such as “red quasars” (eBanerji et al. 2015
Glikman et al. 201) may be missed by our sample selection
criteria. However, the M15b compilation of highAGNSs in

1 Note that these limits are strongly correlated, i.e., sesitwithMgy ~

6x 10" M., and L /Lggg~ 0.01 would be significantly fainter than our chosen
flux limit. SeeFigure 5

These are, however, generally too faint to be included in our
sample in terms of thK-band cut we imposed, motivated by
the need to observe a sizable sample. We conclude that our
sample is mainly limited by (rest-frame) UV and optical flux
selection, and may only be biased against highly obscured
AGNSs, either in the X-rays or in the (rest-frame) UV. Such
“missed” AGNs may be indeed powered by SMBHs with
Mgy and/orlL /Lgqg Which are higher than the aforementioned
lower limits.

2.2. Observations and Data Reduction

The Keck/MOSFIRE KicLean et al. 201 observations
were conducted during six different nights during the perio
January 2014 to February 2015. Observational conditions
during five of the nights were generally good, with typica-se
ing of ~1” (or ~0.8" in the NIR), but also with some periods
of high humidity and cloud cover. One night was completely
lost due to poor weather. The 14 AGNs targeted in this cam-
paign were observed as part of 12 different MOSFIRE masks.
The fourz~ 2.4 AGNs were observed as alongside some of
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TABLE 1
OBSERVATIONSLOG
sub-sample Object ID R.A. Dec. bad optical Kag mag.d MOSFIRE Exp. S/N€ Comments
X-ray? galaxy IDP (deg) (deg) spet. (ref.)  (syn.) Time (sec)
z~33 CID-349 1294973 150.004380 2.038898 3.5150 zCOSb 21.23B272 9000 7
CID-413 2039436  149.869660 2.294046 3.3450 zCOSb 20.1344720 5400 9
CID-113 2350265  150.208850 2.481935 3.3330 zCOSb  19.5557749 6840 16
CID-947 1593500 150.297250 2.148846 3.3280 zCOSb 20.0520420 3600 8
LID-775 3176366 149.472888 2.793379 3.6260 IMACS 21.488 .44 14400 6
LID-1638 1462117 150.735585 2.199557 3.5030 VVDS 19.651.73® 3600 15
LID-205 2665989 150.240801 2.659037 3.3560 zCOSb 21.197.2481 10800 8
LID-499 2534376 150.737172 2.722557 3.3020 zCOSb  20.215.3730 2520 6
LID-460 2583306  150.620069 2.671382 3.1430 zCOSb 19.865.3580 4860 22
LID-721 2137194 149.529103 2.380143 3.1080 IMACS 20.157.010 3600 9
z~24 LID-496 2577949 150.720703 2.693635 2.6298 SDSS 20.116.2230 2520 6 with LID-499
LID-504 2530857 150.767390 2.739021 2.2220 zCOS 19.670 7369. 2520 8 with LID-499
LID-451 2592676 150.705563 2.629612 2.1225 SDSS 19.178 238&9. 4860 17 with LID-460
CID-352 1300441  150.058920 2.015179 2.4980 SDSS 19.2013699. 9000 22 with CID-349

aX-ray object IDs correspond to either the C-COSMOS (“CIDF)ahandra COSMOS Legacy survey catalogs (“LID"Elvis et al. 200%ndCivano et al.
2015 respectively).

b COSMOS galaxy IDs correspond to those giverGapak et al(2007).

¢ Redshifts are obtained from rest-frame UV emission linesgoved through optical spectroscopy, from either the 280S-bright (zCOSb” Lilly et al.
2007, IMACS (Trump et al. 2009 VVDS (Fevre et al. 20180r SDSS (DR7Abazajian et al. 200%bservations of the COSMOS field.

d K-band magnitudes from the UltraVISTA survey (“reffcCracken et al. 20)2and synthetic photometry of the calibrated MOSFIRE sectr

€ Median signal-to-noise ratios, calculated per a specinabbl Ain the rest-frame{ 45— 60kms1).

the primaryz ~ 3.3 targets. To ensure adequate coverage ofreference UltraVISTA magnitudes, with differences of less
the sky background emission, and its subtraction from thethan 0.2 mag for 11 of the 14 sources in the sample. The
AGN signal, the sources studied here were observed throughremaining three sources have flux differences of less tHan 0.
2 or 3 MOSFIRE (pseudo-)slits, corresponding to 14 df,21 mag. Such differences can be explained by intrinsic AGN
respectively. We set the slits to have widths of 0/7depend-  variability, which for the roughly year-long timescale®ped

ing on the seeing. This translates to a spectral resolufion o here is expected to be 0.2— 0.5 mag (e.g.Vanden Berk

~ 2500 3600 (80- 120kms*), which is adequate for stud- et al. 2004 Wilhite et al. 2008 Morganson et al. 2094 We

ies of broad and narrow emission lines in unobscured AGNs.do however note that our calibrated spectrasgsgematically

The rest of the slits in the MOSFIRE masks were allocated to fainter than the reference imaging-based fluxes, by abdut 0.
a wide variety of other COSMOS targets, totaling 225 targets mag. In any case, sinddgy ~ L% andL/Lggq ~ L% (see
and including many X-ray selected AGNs that lack redshift §2.5), these flux differences correspond to uncertainties of les
determinations. Those data will be analyzed and publishedthan~ 0.1 dex, and most probabks 0.05 dex, on the esti-
separately. We also observed several AOv stars (HIP34111mated basic physical properties of the SMBHs under study.
HIP43018, HIP56736, and HIP64248) as well as the fainter This is much smaller than the systematic uncertainty asso-
white dwarf GD71, at least twice during each night to allow ciated with the “virial” Mgy estimator used here (s&hen

robust flux calibration. 2013 and§2.5)
We reduced the data using a combination of different tools. Finally, for sources that were observed through separate
First, we used the dedicated MOSFIRE pipefirte ob- sets of exposures (i.e., separated by standard star observa

tain flat-fielded, wavelength-calibrated 2D spectra of laél t  tions, or observed on both nights), the sets of flux-caléstat
sources observed within each mask (including the standardlD spectra were combined. This was done by binning the
stars). The wavelength calibration was performed using skyspectra in bins of 2 pixels (i.es 1 A in rest-frame), and
emission Ilnes and the best-fit solutions achieved a typica median-smoothed over 5 pixels- 6 A in rest- -frame). Our
r.m.s. of~ 0.1A. Next, we used standamRAF proceduresto  experience with modeling such data indicates that the par-
produce 1D spectra, using apertures in the range of 4-6 pixticular choices made in these binning and smoothing steps
(i.e.,072—1.1"). Finally, we used th&pextool IDL pack- have little effect on the deduced spectral models for tha.dat
age to remove the telluric absorption features ngamand to The calibrated spectra typically have a signal-to-noitie &t
perform the relative and absolute flux calibrations, based 0 S/N ~ 5— 7 per instrumental spectral pixel (of abou2 ).
detailed spectrum of Vega/gcca et al. 2003Cushing et al.  After re-binning the spectra to a uniform resolution ohih
2004. We verified that the resulting spectra do not have any ot frame (corresponding te 45— 60kms2), this results
significant residual spectral features, which might hawenbe —j'g/N . 7 ~ 10, with some of the brighter sources reaching
;’nlstlnterpreted as real, AGN-related emission or absamptio S/N ~ 15— 20. These (median) values SfN per a spectral
eatures. bin of L&(in rest-frame) are listed iable 1 The final forms

To test the reliability of our flux calibration procedure, we f the spectra of the 14 sources studied here are presented in
have calculated the synthetic magnitudes of the Ca"brated%guresgandS P

spectra (using the UltraVISTK-band filter curve). The syn-

thetic magnitudes are generally in good agreement with the 2.3. Ancillary Data

2 version 1.1, released January 6, 2015. See: To obtain an independent constraint on intrinsic AGN-
http://github.com/Keck-DataReductionPipelines/MosfireDRP dominated luminosities, we relied on the X-ray data avail-
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FIG. 2.— Spectra for the 10 X-ray selectett: 3.3 COSMOS AGN studied here (blue), along with the best-fitspgctral model (solid black lines). The data
are modeled with a linear continuum (dotted), a broadenad template (dot-dashed), and a combination of narrow @tséind broad (thin solid) Gaussians.
See§2.4for details regarding the spectral analysis. The specaataown prior to the host-light correction. Note the neareabs of broad 18 components in
objects LID-205 and LID-721, and the peculiar broad [Qprofile in LID-1638 (se€;3.1).

able for all sources from th€handra catalogs in the COS- median offset of 0.07 dex (i.eChandra-based luminosities
MOS field (M15a). These rest-frame-210keV luminosi- being typically higher). This difference is probably dudhe

ties, Lo_10, were obtained directly from the soft-band fluxes differentassumptions made in deriving tKielM-based lumi-
(0.5— 2keV), which at the redshift range of our sources nosities, particularly the power-law of the X-ray SHD= 1.7
probes the rest-frame hard-band{(20keV) photons. We in Brusa et al. 2009s. 14 here).

assumed & = 1.4 power-law SED, for consistency with the Finally, we used data from the COSMOS/VLA radio sur-
analysis of the parent sample of high-redshift AGNs in the vey (Schinnerer et al. 20)@o determine whether the sources
Chandra COSMOS Legacy survey (M15b). As mentioned in our sample are radio-loud (RL) AGN. The energy out-
above, the X-ray luminosities we thus obtain are in the rangeput of such RL-AGN may be dominated by jets, and sev-
of Iog(Lz 10/€rgs 2] 439 — 45 (seeTable 3. As pre- eral studies have suggested that their BH masses may be sys-
viously noted, all the sources in our sample are robustly tematically higher than those of the general population; pe
detected in theXMM-COSMOS survey. We compared the haps due to the nature of their host galaxies (evgl.ure
Chandra-based X-ray luminosities to those determined from & Jarvis 2004. Four sources in our sample are robustly de-
the XMM-Newton data, as described iBrusa et al.(2009. tected at 1.4 GHz (i.e., above5CID-113, LID-1638, LID-

The Chandra luminosities agree with thEMM ones, with a 499, and LID-451). We calculated the radio loudness parame-
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FIG. 3.— Spectra for the 4 X-ray selectetz 2.4 COSMOS AGN studied here (blue), along with the best-fitspgctral model (solid black lines). The data
are modeled with a linear continuum (dotted), and a comioinaif narrow (dashed) and broad (thin solid) Gaussians.§3@dor details regarding the spectral
analysis. The spectra are shown prior to the host-lighteetion. See text for details.
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6700

ter,R_= f, (5GHz) /f, (optical), following Kellermann et al.
(1989, and further assuming that the radio SED has the shapeRestrepo et al. 2035 We note that for one of the sources,
f, 0 vO8. When comparing with the rest-frame optical fluxes LID-496, a significant fraction of the red wing of theotpro-

file is located outside of the observed spectral range. We are

(either from the spectral analysis detailedsih4, or theH-
band UltraVISTA fluxes), we find that only the source LID-
451 is a RL-AGN, withR_ ~ 117, and the source LID-460 is

marginally RL, withR_ ~ 10.
2.4. Spectral Analysis

ous previous works (e.gShang et al. 200Bhen et al. 201;1
Trakhtenbrot & Netzer 201 Mejia-Restrepo et al. 201and
references therein), and is only briefly described here.

procedure presented ifrakhtenbrot & Netze(2012. The

model consists of a linear (pseudo) continuum, a broadened-5100 (@mong thez ~ 3.3 sources) is below 0.05 dex, which
is smaller than the uncertainty imposed by the flux calibra-

Fell template Boroson & Green 1992 and a combination

25 CI

20
15
10
5

I

6300

6500

6700

Rest-frame wavelength [A]

with our MOSFIRE data (e.gDenney et al. 2009Mejia-

however confident that our best-fit emission line properties
are robust, within the measurement uncertainties. Theftiest
models are shown in Figur@sand3.

We have derived measurement-related uncertainties on the
best-fit Balmer line properties using a re-sampling apgroac

The spectra of the 14 sources were analyzed to obtain esFor each of the spectra, we have generated a series of 100 re-
timates of the continuum luminosity, and the luminosities alizations of the data, each of which differs from the obedrv
and widths of the broad Balmer emission lines. The analy- spectral data by a random, normally-distributed offsetede

sis methodology is very similar to that discussed in numer- mined from the error spectrum of that source. Each of these
realizations was modeled using the aforementioned linegitt

procedures, and the relevant quantities were recordedhksha
to the high-quality MOSFIRE data, we obtain relatively simal

The spectra of the~ 3.3 sources were modeled using the Measurement-related uncertainties on the quantitiester-in
est (luminosities and line widths). The typical uncertgiomn

of Gaussians to account for the broad and narrow emissiorfion. The typical uncertainty of FWHM is of a few 100s of
kms™1. When combining these quantities to derive “virial”

lines, namely Hei, HB, [O 117 A4959 and [Q11] A5007. The

Hp line is modeled with 2 broad Gaussian components and amass estimators, the resulting uncertainties are of order 0
dex, which is smaller than the systematic uncertainties (se

single narrow one, with the latter being tied to thel[Pfea-

tures (in terms of line width). The continuum flux at 5700
was estimated directly from the best-fit linear continuund a
used to measure the monochromatic continuum luminosity at
(rest-frame) 5108 (Ls100). As forthez~ 2.4 sources, the &
spectral complex was modeled using the procedure presented
in Mejia-Restrepo et a(2015. The model consists ofalinear ‘ ! - k |
(pseudo) continuum and a combination of Gaussians to aclimated in several different ways. First, for consistendhw
count for Ha, [N11]AA65486584 and [SI]AA6717,6731. : ] ; -
The Ha line is modeled with 2 broad Gaussian components €stimates, we applied bolometric corrections that traesla

and a single narrow one, again tied in width to the other U icdl COTtn
nearby narrow emission lines. The luminosity of the broad ric luminosities (i.e.,fool). FOr fyol (

details in§2.5).

2.5. Derivation of Lpol, Mgy and L/Lgqdqg
The bolometric luminosities of the sourcés,, were es-

previous studies of high-redshift unobscured AGN witgy

he optical continuum and éd line luminosities to bolomet-
51004), we used the

Ha line is calculated from the best-fit model for the broad luminosity-dependent prescription describednakhtenbrot
components of the line. For the two Balmer lines, we pre- & Netzer(2012, which in turn relies on th&-band bolomet-
ferred to use FWHM oveuo,; as the probe of the virial ve- <
locity field of the BLR gas, as the former can be more ro- lated to 51008 assuming a UV-optical SED witl, [ v—1/2
bustly estimated in spectra of moderate S/N, as is the cas€Vanden Berk et al. 20Q1In the relevant range df5100, these

ric corrections presented Marconi et al.(2004), and trans-
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TABLE 2
REDSHIFTS ANDMULTI-WAVELENGTH LUMINOSITIES
sub-sample  ObjectID  z zur?  logLiss®  Muaso®  loglo-10®  logLsio®  facnsioo’ 109 Lo (ergs )9
(ergs ™) (ergs ™) (ergs ™ opt. X-ray
z~33 CID-349 35150 35017 4543 2369 44444007 451175358 0.80 4592 4611
CID-413 33450 33504 4506  —2277 4453+0.06 4538t§;8gg 0.55 4618 4623
CID-113 33330 33496 4608  —2533 4464+0.05 457125% 0.87 4649 4637
CID-947 33280 33279 4591  —2490 4386+0.16 4562j§;8§g 0.70 4641 4535
LID-775 36260 36193 4564  —2423 4465+0.06 451075037 0.88 4592 4640
LID-1638 35030 34827 4575 2449 44474007 4577100%3 0.81 4655 4615
LID-205 33560 33552 4562 2417 4475+0.04 451575058 0.57 4596 4653
LID-499 33020 33114 4491 2241 4447+008 4549007 1.00 4628 4615
LID-460 31430 31401 4490  —2238 4499+0.03 4537t§;38§ 0.58 4617 4684
LID-721 31080 30959 4611  —2540 4453+0.04 45582012 0.73 4637 4623

logLlesoo  fagN.e200  [LHal

z2~24 LID-496 26300 26360 4584 2471 44294008 4482535 0.99 4607 4591
LID-504 22220 22191 4524  —2322 4495+0.05 4459f§;ggg 1.00 4612 4679
LID-451 21220 21367 4567  —2430 4461+0.04 449@8;33‘2‘ 0.70 4622 4633
CID-352 24978 24993 4613  —2544 44884003 4499 553 0.90 4630 4670

@ Redshift measured from the best-fit model of thalj@or (narrow) Hx lines.

b Monochromatic luminosity at rest-wavelength 145@btained from the optical spectra (sEsble J).

¢ Absolute magnitude at l4§0foll0wing Mi450= —2.5logL 1450+ 89.9.

d Chandra-based, obscuration-corrected rest-frame hard-béhd 10) keV] luminosity, taken fronMarchesi et al(20158.

€ Monochromatic luminosities at rest-wavelength SZXthr z~ 3.3 AGNS) or 6206\ (for z~ 2.4 AGNSs), uncorrected for host contami-
nation. The tabulated errors reflect only measurementecktlancertainties.

f AGN luminosity fraction at\;est= 5100 or 6208\, determined from SED decomposition.

9 Bolometric luminosity estimates based on eithgfog (Or Lyg), or onLa_10.

corrections can be described by: from Ls100 andLpq, with a median offset of about 0.07 dex
2 5 between the latter and the former, and virtually all the sesr
fool (51004) = 6.57— 0.88%%10045+ 0.26%510045. (1) having differences of within 0.5 dex. The extreme source
_ 5 1 CID-947 is exceptionally X-ray weak, resulting in lagy, dif-
where Z510045 = 109 (Ls100/10%€ergs ). For thez~24  clo (0 oc o0 Grder of magnitude. Moreover, as noted
objects, we used they,-dependent bolometric COrrections i, '115" the X-ray luminosity of this BAL QSO as derived
suggested iBreene & Ho(2007), which provide: from the XMM-COSMOS survey is significantly higher than
Lig 0.86 that obtained from th€handra data, which might be related
W) (2) to varying obscuration along the line of sight. In what fol-
10*ergs lows, we chose to use tHey1oo and Ly,-based bolometric
The bolometric luminosities obtained through Equatidns luminosities, given the (generally) higher quality of thest
and 2 are in the range oLpe ~ (8- 36) x 10%ergs . frame optical data, and in order to be consistent with presio

Second, we used the X-ray luminosities measured fromstudies ofz > 2 unobscured AGN. )
the Chandra data, and X-ray bolometric corrections. For  We estimated black hole masses for the sources using the

fool (L2_10), We used the prescription barconi et al(2004), quantities derived from the best-fitting spectral modets] a
for consistency with other studies using tBhandra sur- following the prescription used in several recent workstt

vey data. Thes€handra-based.pq values are in the range ~ 2€r et al. 2007Trakhtenbrot & Netzer 20)2For thez~ 3.3

Lool (Lo_10,Chandra) = (2—68) x 10*ergs L. Since the ~ Sources, we correct the continuum luminosities to accamt f
XMM-based estimates &b_10 are highly consistent with the the emission from the stellar component in the host galaxies
Chandra ones, they result in similar X-ray baségo esti- These scaling corrections are derived from the spectrat com
mates. Finally, we note that yet another set gf estimates positions of the broad-band SEDs of the sources, which are

is available from the multi-wavelength analysis perforrfeed described in detail in a forthcoming publication. In shéng
our sources as part of théMIM-COSMOS survey by usso stellar component is modeled using a large grid of (single)
et al.(201Q see alsd_usso et al. 201)1 Unlike the previous stellar population models, with a broad range of ages, star

; ; : : tion histories, and dust extinction. We use the gstella
Lpo €Stimates discussed here, these were obtained by inte ra{prma . , . .
ingthe AGN emission component which provides theybestglfit emplate which provides the best fit to the SED, provided that

SED decomposition for the sources. Tha®éM- and SED- the UV-optical regime of all SEDs is AGN-dominated. The

Lpol (LHg) = 2.34x 10 (

basedLye estimates are in the rand@o (SED,XMM) = scaling factors thus computed, which are simply the fractio
(1—44) x 10%ergs’t, and within 0.3 dex fron,w out 5100 of AGN—reIateod emission akrest= 51007, are in the range
o Lyq-based estimates to. of fagn (51004) ~ 0.55— 1. Next, H3-based BH masses are

In Table 2we list the different bolometric luminosities we
obtained for our sources. The_jg-based estimates &fq
for our sources are generally consistent with the ones elériv
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estimated using the expression: Two of thez ~ 3.3 sources, LID-205 and LID-721, have
0.65 5 extremely weak or indeed undetectable brogél émission
MBH(HB)1-05><108( Ls100 ) rFWHM(Hﬁ)] , lines. Our fitting procedure suggests that the rest-frame

10%6ergs? 108kms? “ "equivalent widths o°f these components are approximately
3) EW(HB) ~ 10— 15 A. More importantly, a series of (man-

This prescription is based on th r — Ls100 relation ob- ual) fitting attempts demonstrated that the data can be ad-
tained through reverberation mapping of low-redshift sear  equately modeled withouny broad H3 components. We
with comparable (optical) luminositieKéspi et al. 200h also verified that these low EW(# values are not due to

and assumes a BLR “virial factor” ofgig = 1 (see also  measurement-related uncertainties. For LID-205, 90% (99%
Onken et al. 2004Woo et al. 2010Grier et al. 201 The  of the re-sampling simulations resulted in EWpB) < 18 A
pronent of the |Um|n0$|ty term means that the aforemen—(go A, respective|y)_ For LID-721, the Corresponding qguan-
tioned host-light corrections affect the derived masseatby tjjes are EWHpB) < 20 and 25A, respectively. The best-
most~ 0.17 dex. Using alternativBg r estimators, such as it yalues are lower, by at least a factor of 4, than the me-
those reported iBentz et al(2013 and still with fg g = 1), dian value of EW(H8) we find for the rest of the ~ 3.3
results in masses which are higher by merely 0.07 dex (me-gorces. Moreover, such weal3Hines are not observed at
dian value), with some outliers at the low mass end. For the 5| within other samples af > 2 AGN (Shemmer et al. 2004
sources az~ 2.4 we estimatedlgy, from the luminosity and  Ngtzer et al. 2007Marziani et al. 2008 where the weakest
width of the Ho line, following the prescription oGreene & lines have EWH) ~ 40A, and the median values are above
Ho (2005: ~ 75A. Another z ~ 3.3 source, CID-413, has a relatively
Lig 057 TEWHM (Ha) 12%  weak broad 8 line, with EW(HB) = 31 A. Our simulations
Wrgsl 1PKkms T Mahowever show that the Blemission can be accounted for with
4 significantly stronger components, reaching B¥f8) ~ 70

This MBH was derived through an emp"'lcal “Secondary” l& Indeed, this ambIgUIty I’egal’dlng the broad Component of

calibration against B-related quantities Leigo and CID-413 is reflected in the atypically large uncertainties o

FWHM[HB])2 These two prescriptions were also used FWHM(HPB) andMgy (seeTable 3. We chose however to

to derive masses for each of the spectra simulated within ournclude this source in the analysis that follows, since fen
re-sampling scheme, thus providing measurement-relatednOSt extreme realizations present EMB) > 25A.
uncertainties on thBlgy estimates. We stress that the two ‘Btweak” sources we identified
We note that the relevant luminosities of our sources arehave strong and unambiguousifQ emission lines, with flux
well within the range of the reverberation mapping campsign 'atios[O111] /HB >> 3, further supporting the identification of
that stand in the base of “virial” estimates M. In par- f[he_ sources as emission _I|ne systems dominated by an AGN
ticular, ourz ~ 3.3 sources have (host-corrected) optical lu- i0nization field (e.g.Baldwin etal. 1981Kewley et al. 200%
minosities comparable with those of low-redshift PG quasar \We also verified that the (observed) optical zZCOSMOS and
for whichRg, g estimates were obtained in several RM studies IMACS spectra of the two “i-weak” AGNs present broad
(e.g.,Kaspi et al. 20002005 Vestergaard & Peterson 2006 ~ components of the high-ionizationiC A 1549 emission line.
Thus, our virial estimates d¥lgy do not require the extrap-  Indeed, the Qv lines have EWCIv) = 118 and 57A (for
olation of theLs10o— ReLr relation towards extremely high LID-205 and LID-721, respectively). This, as well as the
luminosities, which is often the case in other studieg 8f2 strong [Qi1] lines, suggest that the low EWs offHare not
AGN (e.g.,Shemmer et al. 200Marziani et al. 2009 due to attenuation by dust along the line-of-sight. The tiroa
The Mgy and Ly estimates were finally combined to ob- Hp lines in these sources are significantly weaker than those
tain Eddington ratiosl./Lgdd = Lpol/ (1_5 « 1038MBH/M®) detected in the spectra of “weak line quasars”, which are de-
(suitable for Solar-metalicity gas). Our estimated/pf; and  fined based on their weak UV lines (i.e.,dy- Nv, or Civ;
L/Lgqq are listed inTable 3 Since the measurement-related S€€, €.g.Shemmer et al. 201®lotkin et al. 2015and ref-
uncertainties oMg are relatively small, rarely exceeding 0.1 €rences therein). One intriguing explanation may be that th
dex, the real uncertainties &gy are dominated by the sys- HB-weak” AGNs have experienced a dramatic decrease in
tematics associated with the “virial” mass estimators vesius ~ the emission of ionizing radiation since the optical spectr
These are estimated to be in the range of ordér3 dex for ~ Were taken, i.e. on a roughly year-long timescale (in the
thez~ 3.3 sources (e.gShen 201} and yet higher for the ~AGNSs reference frames). This change may have driven a
z~ 2.4 ones, as their mass estimator is based on a secondargharp decrease in the BLR emission, but have yet to reach the

Mg (Ha) =1.3x10° (

calibration of Hu. more extended NLR, which would explain the strongi (i
emission. Such a drastic decrease in ionizing flux should,
3. RESULTS AND DISCUSSION however, manifest itself also as a decrease in (rest-frame)

We next discuss the main results of the detailed analysistical continuum luminosity, which is not observed (c.f. the
of the Balmer emission line complexes. We first highlight comparison oK-band fluxes infable J. In any case, revisit-
a few objects with peculiar emission line properties, befor INg these sources with optical spectroscopy may test this ex
addressing the implications of our measurements for the ob-Planation and clarify the situation. We therefore concltie

served early evolution of SMBHSs. our sample contains two sources (about 12.5% of the sample)
o _ with abnormally weak broad Bi lines, which are not due to
3.1. Emission lines properties the lack of gas in the BLR.

The spectrum of one other ~ 3.3 source, LID-1638,

3 Thus, the luminosity-term exponent (0.57) is not directhserved in presents an ab.norma”y broad I[IQ .emISS|on feature. A
aRgLr — LHg relation, and the velocity-term exponent (2.06) is notcHri manual inspection of the data provides a rough estimate of
“virial”.
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TABLE 3
SPECTRALMEASUREMENTS ANDDERIVED SMBH PROPERTIES
sub-sample ~ ObjectID  lofys  FWHM(HB)  logMer  logL/Lead® Map (Mayr™)®  tgrowtn (Gyr) ©
(ergs®)  (kmsh) (M) Lot AD  L/lggs M
z2~33 CID-349 4314 322332 84607 071 147 170 023 019
CID-413 4285  4149}/97 88603 085 268 175 032 046
CID-113 4380 2959191 g78t0% 046 551 654 013 010
CID-947 4352 1133095 9.880p. 165 450 037 199 2272
LID-775 4340 4700%%  87870%  -104 145 079 049 085
LID-1638 4367 4071358 9.09'00S 072 628 388 023 035
LID-499 4354 345150 876015 066 336 310 020 021
LID-460 4352 226053 832750 033 260 575 009 004
logLye  FWHM(Ha)
z~24 LID-496 4398 353353 837759 048 208 124 012 023
LID-504 4404 340118 8377058 043 234 055 011 051
LID-451 4415 327811, 840°00f 036 293 164 009 018
CID-352 4425 326133 84505 033 355 180 009 019

aBased orlpg estimated fromsygg (OF Lyg).

b Accretion rate estimates based on eithgyj (andn = 0.1), orEquation 5"AD").
¢ Based on eithet /Lgqq (via Equation § or onMap, and further assumep= 0.1.

FWHM ~ 3000kms* for the width of this feature. At these
large widths, the feature is basically a combination of the t
different [O111] emission lines (with some additional, minor
contribution from Fel). This width appears to be compara-
ble to that of the adjacentfline, which otherwise appears
rather normal. Such broad [@] emission features are rarely
reported in large samples of lower-redshift AGNs (eBpro-
son & Green 1992Marziani et al. 2003TN12, Shen et al.
2011, 4 but may be related to prominent blue wings (e.g.,
Komossa et al. 2008 Another explanation is that the 0]
profile consists of two separate narrow lines, emitted from

separate NLRs, as observed in dual AGN candidates (e.g.

Comerford et al. 201,2and references therein). In any case, a
detailed analysis and interpretation of the peculian{{jpro-

studied here, as a function of redshift, in the context oéoth
samples of optically selected and unobscured AGNs>a®,

for which these quantities were reliably determined. The re
evant samples are those presentedhgmmer et al(2004)
andNetzer et al(2007 atz~ 3.3 and 24); by Trakhtenbrot

et al. (2011, z~ 4.8); and byKurk et al. (2007 and Willott

et al. (201Q z~ 6.2). The apparent magnitudes in the top
panel of the diagram represent the NIR bands at which ei-
ther the KB (z~ 2.4 and~ 3.3) or MgII broad emission lines
would be observed, that is thé-band forz~ 2.4 and 48
sources, or th&-band forz ~ 2.4 and 62 sources.® We
note that several studies have provided (small) sampléds wit
Mgn estimates for 2 z < 3 AGNSs (e.g.Dietrich et al. 2009
Marziani et al. 2009Bongiorno et al. 2014 which will not

file are beyond the scope of the present study, as we focude used for comparison due to our choice to focuz on3

on the broad I8 component. To account for the broadened
[O111] emission, we re-fitted the spectrum of this source with
a modified constraint of FWHM: 3000 km s for the narrow
emission features (both [@] and HB). The FWHM(H3) re-
sulting from this, of about 4100 knt$, is highly consistent
with the value obtained with the “standard” line fitting pro-
cedure. Removing the width constraint altogether resnlts i
yet broader [Q11] features, exceeding 5000 km’s but with
FWHM(Hp) decreasing te- 3700kms?. This is mainly due

to the fact that the fitting procedure does not allow for aigign
icant (broader-than-usual) narrow component f@. HHow-
ever, we find the overall fit to the data in this case unsatisfac

tory, and note that in any case this would result in a decreaseV

of merely 0.1 dex irMgy. The best-fit parameters tabulated
for LID-1638 in Table 3are therefore those obtained with the
FWHM [O111] < 3000kms* constraint.

3.2. Trendsin Mgy and L /Lgggat z> 2

Figure 4 presents the distributions of relevant apparent
brightness o, Mgy andL/Lgqq estimates for the sources

4 The automated procedures used for very large surveys 8D$S) are

restricted to FWHM~ 1000kms* and obviously lack a manual inspection
of the (tens of thousands of) spectra.

systems.

As Figure 4shows, the lower luminosities of the sources
studied here are mainly driven by BH masses that are lower
than those found for the more luminozs: 3.3 sources ana-
lyzed in previous studies, while their accretion rates alttu
overlap. For example, 90% of the objects in the combined
sample oShemmer et a[2004 andNetzer et al(2007) have
Mgy > 8 x 108 M..,, while 90% of the AGNs studied here (save
CID-947) have a mass which is lower than this. The median
Mgy of ourz~ 3.3 AGNs (6x 108M.) is lower than that of
the previously studied sources.42< 10°M.) by about 0.6
dex. On the other hand, the accretion rates of our AGNSs -
hich span the rande/Lggq~ 0.1— 0.5 - are similar to those
found for the more luminous quasars, and also to those of (op-
tically selected) SDSS quasarszat 0.5 — 1 (Trakhtenbrot &
Netzer 2012Schulze et al. 2015 The obvious outlier in all
these comparisons is CID-947, which gy comparable
to the most massive SMBHSs at> 2, and an extremely low

5 For consistency with previous studies (and in particulahwill), the
Mgy estimates foz > 4.5 sources are based on the calibratioaLure &
Dunlop(2004). The magnitudes themselves were compiled from the ofligina
studies, where th&-band magnitudes of the~ 6.2 sources were estimated
from the published-band magnitudes, and assumihgga — Kvega = 1.25
andHyega— Kvega= 0.75 (Jiang et al. 2006
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FIG. 4.— From top to bottom, trends of observed (NIR) brightnégs, Mgn andL/Lgqq for the available samples of unobscured AGN at 2, with reliable
determinations oMgy. The red symbols represent the measurements reportedsiménk, atz~ 3.3 and 24. CID-947, which was analyzed in detail in
Trakhtenbrot et al(2015), is highlighted as a star. The different black symbols @spnt other, optically selected sources, studied in thebtmd sample of

Shemmer et al2004 andNetzer et al(2007, triangles az ~ 2.4 and~ 3.3); Trakhtenbrot et a2011 squares at ~ 4.8); and the combined sampleskiirk
et al.(2007) andWillott et al. (201Q diamonds az ~ 6.2). The dashed line in the bottom panel marks the Eddingtoit, li.e.,L /Lggq= 1.

accretion rate, of merely/Lggq~ 0.02. previous studies of the distributionslofLgqq did identify sig-

As mentioned in§2.1, our chosen flux limit for thez ~ nificant populations of intermediate-redshift AGN<1z < 2)
3.3 AGNs means we could have recovered sources withwith 0.01< L/Lgqq< 0.1 (e.g.,Gavignaud et al. 2008 rump
masses as low adgy ~ 7 x 10’ M., or with accretion rates et al. 2009a Trakhtenbrot & Netzer 2012Schulze et al.
as low asL/Lggq ~ 0.01. However, astigure 4 demon- 2015. Specifically, the lowk/Lggqg AGN studied inTrump
strates, the majority o ~ 3.3 sources in our sample do et al. (200939 and Schulze et al(2015 have BH masses
not reach these lower limits. The accretion rates we find comparable to those studied here. We conclude that our
(0.1 £ L/Lggq < 0.5) are about an order of magnitude above sample presents compelling evidence for the lack of high-
the estimated survey limit. Given the flux limit of the sample mass, slowly accreting SMBHs - withgy > 2 x 10° and
objects withL /Lgqq~ 0.01 should havé/lgy ~ 5x 10° M., in L/Leda < 0.1. Such sources would “fill the gap” between
order to be included in our study. Indeed, the only objediwit most of thez ~ 3.3 sources and CID-947 fRigure 5 How-
L/Leda < 0.1 is, again, the extremely massive source CID- ever, larger samples are needed to establish this conglusio
947, which reachek/Lgqg~ 0.02. This low value, as well  more firmly.
as other, indirect evidence, indicate that this source istmo
probably observed at the final stages of SMBH growth, after
accreting at much higher rates at yet higher redshifts. raeve 3.3. Physical Accretion Rates



COSMOS AGNs az~ 3.3 - |. Early Black Hole Growth 11

T T o ' ' ' broadly consistent with a radiatively efficient accretioithw
B o . 7 n ~ 0.1, as assumed in some of the evolutionary calculations
D‘-,g o presented in this paper. We however note that a more detailed
0.0~ - B Y A T examination reveals that thgpical (median) radiative effi-
N o ciency needed to account for the obserkggl, given theMap
% T estimates, is somewhat higher, at abgut 0.2. The only
o A outlier is CID-947 for which the twd/ap estimates suggest
AN goV - a very high radiative efficiency, reaching (and formally ex-
" ceeding) the maximum value allowed within the standard AD
A . theory, ofn ~ 0.32. We note that while CID-947 has an ex-
tremely lowLl /Lgqq (SM0.02), its physical accretion rate of
v T about 04M. yr~1 is low, but not extreme. Two other sources
. : : v (LID-775 and LID-504) have comparably loMap, despite
B T the fact that their masses are lower than that of CID-947 by
: N " more than an order of magnitude. The typically high radetiv
8 efficiencies we find are in agreement with the results of sev-
N ¢ eral previous studies reporting similar findings for highss
- E . and/or high-redshift SMBHs, relying either on direct mea-
. L surements of the Iron & line (Reynolds 2014Reynolds et al.
'5 - é 9'5‘ 1'0 l(') 5 11 2014); on arguments similar to the one presented here (e.g.,
: 1 (M /M ) ' Davis & Laor 2011 Netzer & Trakhtenbrot 20 4Trakhten-
0g BH © brot 2014, or on indirect evidence involving the AGN popu-
FIG. 5.— Black hole massMgn, vs. accretion ratel/Lgqq, for the lation as a whole (e.gElvis et al. 2002.
sources studied here and several other relevant highifed@N samples. Finally, the Mpap estimates can be used to derive an ad-
The symbols for the present sample, and the combined sarh@leemmer ditional set of growth time estimates for the SMBHs under

et al. (2009 andNetzer et al(2007) are identical toFigure 4. The dotted - o . .
lines represent constant bolometric luminositiesLgf; = 10*®,10*® and study, defined atyrowthap = Mg /MsH =Map (1—-1). Sim-

10"ergs L. The red dashed line represents the flux limit of our study, PIY @ssuming) =0.1, we derive growth times which are gen-

Lpol = 7.8 x 10%ergs ! (atz= 3.5; see§2.1). Compared to the combined _eraIIy in the range dfgrowth,A_D ~0.1-0.85Gyr, again ShOW_'
sample ofShemmer et a(2004 andNetzer et al(2007), our sources exhibit ~ ing that most of the accretion should have happened at higher

lower masses, but comparable accretion rates. With thepggoeof the redshifts. CID-947 has an extremely long timescale &3
zxérel\’;‘e Sogiig'ggjﬁ our Soaf;p'e lacks Higih, low-L/Lega AGN Gyr. These timescales are generally longer, by a factor of
€ Ve > /Lead < 0.1). about 1.6, than those derived frdrfil 44 alone (seé3.4 be-
low).
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Given reliable estimates &gy, and further assuming that 3.4. Early BH Growth
the accretion onto the SMBHs occurs within a thin accretion i i
disk (AD), one can derive prescriptions for the estimatibn o~ ASsuming a SMBH accretes matter with a constafite g
the physical accretion rate (i.e., iM. yr-1) through the AD and radiative efficiencyr{), its mass increases exponentially

Map. Several studies derived such prescriptions based on thdVith time, with a typicale-folding timescale of

classicalShakura & Sunyae(1973 AD model (e.g.Collin n/(1—n)

et al. 2002, or on more elaborate models that take into ac- T=4x10° Ule yr. (6)
count additional complex processes (e.g., general redativ /Ledd

effects, Comptonization and winds; sBavis & Laor 2011 |f one further assumes a certain initial (seed) BH mi&geq

Netzer & Trakhtenbrot 2014and references therein). Gen- then the time required to grow frofseeqto the observed

erally, such prescriptions require measurements of tre-(re Mgy, tgrowth, IS

frame) optical luminosity of the AGN, which is predomi-

nantly emitted by the outer parts of the AD, and is thus mostly t — MgH 7

unaffected by the spin of the SMBH. growth = T 1N Mseed yr. 7

We estimatedap for the 14 sources under study using the . o
prescription presented iNetzer & Trakhtenbro{2014 see For thez~ 3.3 sources studied here, tedolding timescales
alsoDavis & Laor 201): are in the range.Q — 2 Gyr, assuming) = 0.1. For the lower-
redshift sources the timescales are shorter, at about 0.1 Gy

; Ls10045 1 1 Further assuming thaflseeq= 100, 1¢ or 16° My, results in
Map = 2.4 ( cos ) Mg~ Moyr, (5) growth times in the range of.4— 7.7, 09— 5.4, or 05—

3.1 Gyr, respectively, for the~ 3.3 sources excluding CID—
whereLsioa4s = Ls100/10%°ergs?, Mg = Mgy /10° My, and 947. The atypically low accretion rate of CID-947 transate
cos represents the inclination of the AD with regard to the to ane-folding timescale of 2 Gyr. Even in the most favorable
line of sight, assumed here to be ¢es0.8 (seeNetzer & scenario 0Mseeg= 10P M., the growth time is longer than the
Trakhtenbrot 2014or the full analytical expression and more age of the Universe (at the observed epoch), suggesting that

details). _ . _ _ CID-947 must have experienced a dramatic drop/ibgqqg
The resulting accretion rates are in the rangeMap ~ (see T15 for a detailed discussion).

0.4—7Myyr~1. A comparison of theViap values obtained In Figure 6we illustrate several evolutionary tracks for the

throughEquation 5and those estimated froiy, (Table 3 SMBHSs in our sample, sinee= 20. The simplest scenario as-

suggests that for most of the sources, the observed data areumes that each SMBH grows with a constfitgqg, fixed
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FiG. 6.— Calculated evolutionary tracks gy andLye back toz= 20, for the sources studied here, compared with other releva 2 samples (as described
in Figure 4. The calculations assume continuous accretion at a (foegtiqtive efficiency of) = 0.1, and accretion rates that are either constant (at observed

values), or increase 44+ z)2 (illustrated with solid and dashed lines, respectivelygfit: evolutionary tracks oMgy. Some of thez~ 3.3 sources studied here

require massive seed BHs, wilhseeq> 10* M, and/or a higher accretion rate in previous epochs. Forsxtierae source CID-947, these calculation strongly
support a scenario in which the SMBH used to accretaueh higher rates ar > 3.5. Thez~ 2.4 sources can be easily explained by stellar BH seeds, even
if invoking a non-unity duty cycle Right: evolutionary tracks ofpo. Here we also plot higla-X-ray selected samples with spectroscopic redshifts fieen t
Chandra COSMOS Legacy (gray crosses; M15b) and the 4Ms CDF-S (gray ‘Witp et al. 2013 surveys. The flux limits of these surveys are indicated &sed
dashed lines (assuming tiMarconi et al. 2004olometric corrections). Both surveys should, in pringjpdetect the progenitors of our sample of AGN, up to
z~ 5— 6. However, such faint AGN are detected at very small numlifeas all (see discussion in text).

to the observed value. The points where each of the (diago-cycle of 100%. Any other, more realistic choice for the duty
nal solid) lines cross the y-axis of theft panel ofFigure 6 cycle, as well as the indirect evidence for somewhat eleivate
may be considered as the implied (seed) BH mags-af0, radiative efficiencies for some of the AGN$(3), would fur-
under these assumptions. The- 2.4 sources have high- ther challenge the ability of stellar BH seeds to account for
enough accretion rates to account for their observed masseghe observed AGN masses.

even if one assumes that they originate from “stellar” BHisee =~ Another interesting point which is clearly evident fréig-
(Mseed < 100M)), and/or a fractional duty cycle for accre- ure 6is that most of the SMBHs studied hecannot be
tion. Among thez~ 3.3 sources, however, we see some ev- considered as the descendants of the known higher-redshift
idence for either more massive seeds and/or higher acaretio SMBHs. This is due to the simple fact that the observed
rates in yet earlier epochs, as the implied seed massegpare ty masses of the ~ 3.3 SMBHs are lower than, or comparable
ically of orderMseeg~ 10°M..,. To illustrate the effect of hav-  to, those of the higher-redshift ones. The only exception fo
ing higherL/Lgqq at earlier epochs, we repeated the calcula- this interpretation (except for CID-947) would be a scemari
tion of evolutionary tracks, this time assuming thatlgyq where the lowest-mass SMBHszt 6.2 would shut off their
increases with redshift, as suggested by several studies ofccretion, and then be “re-activated’zat 3.5 — 4. However,
higher-luminosity AGN (se€igure 4 and alsdDe Rosa etal.  given the large difference between the number densitideeof t
2014). We assume two very simple evolutionary trends, of the population from which our sample is drawn, and that of the

form L/Legg 0 (1+2) andL/Legq O (1+z)2, both capped at higher-redshift, higher-luminosity samples showrrigure 6
the Eddington limit (i.e.L/Lgqq < 1). The stronger evolu- (e.g.,McGreer et al. 2013 this scenario is unlikely.
tionary trend is consistent with a fit to all the data pointthie The evolutionary tracks we calculate for oar~ 3.3

bottom panel ofigure 4 The results of this latter calculation SOUrces, combined with their associated number density
are illustrated as dashed linesfkigure 6 & These calcula- of their parent population, strongly support the existence

tions suggest that massive seeds are required to exqolaim ogﬁ?&gmﬂcant population of refatively low-masblg -

z~ 3.3 sources, even under these favorable conditions. Thel® M), active SMBHs az~ 5—7. Moreover, as the right
only scenario in which all the implied seed masses are in thePanel ofFigure 6shows, such sources should be observable,
“stellar” regime is indeed the one with the strongest evotut as their luminosities are expected to exceed the flux linfits o
in accretion rated, /Lgqq O (1+ 2)2. We note, however, that existing deep X-ray surveys, such as endra COSMOS

all these calculations assume continuous growth, i.e dut Legacy survey itself, or the CDF-S 4 Ms survee et al.
9 1€ R 2011). However, very few such sources are indeed detected.

6 As for the maximal allowed./Lgqg, We note that few of the ~ 6.2 and Several surveys of optically selected, unobscured AGNs at

z~ 4.8 sources have observed accretion rates above the Eddiimgtorbut z~ 5—7 suggest number densities of order iMpc—3 (e.g.,
those could well be due to the uncertainties related wijtheqq estimation. McGreer et al. 201;3Kashikawa et al. 2015nd references
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therein). Even when combining all currently available X-ra
surveys, and includingll sources with redshiftg ~ 5, the
number density of the sources which have comparable lumi-
nosities to what we predict here (lbg 19 ~ 43— 435) is
roughly ~ 5 x 10-"Mpc~3. In particular, the recent study
of Marchesi et al(20150 identified about 30 X-ray AGN

at z > 4, based on the same X-r&handra data used for

the selection of the sample studied here. Of these sources,

9 are atz> 5 and only 4 are at > 6, with a vast majority
of such highz sources having only photometric redshift es-
timates. In terms of the typical luminosities of these AGN,
the right panel ofFigure 6clearly shows that the ~ 5 X-

ray AGNs can indeed be considered as the parent population
of our sources. However, the number densities of such high-

z AGN is significantly lower than that of our sample. The

Marchesi et al. study shows that the cumulative number den-

sity of X-ray selected AGN drops dramatically with increas-
ing redshift, to reachb ~ 5x 10~ "Mpc 2 by z~ 5 (split
roughly equally between obscured and unobscured AGN),
and to about 10’Mpc 2 by z~ 6. This is about an order
of magnitude lower than what we consider for the 6 pro-
genitors of our sources. This discrepancynit driven by
the (X-ray) flux limit of theChandra COSMOS Legacy sur-
vey. Indeed, the study deigel et al.(2015 did not identify
any (X-ray selected > 5 AGN in the 4 Ms CDF-S data, the
deepest available surve)(e et al. 20117 As illustrated in
the right panel ofigure § the 4 Ms CDF-S data should have

13

frequency of major galaxy mergers (e.greister et al.
2010. A more plausible scenario is therefore that the
progenitors of our sources are embedded in dusty, high-
column density galaxy merger environments.

(i) Second, it is possible that early on our sources grew
with lower radiative efficiencies, which would result
in yet-lower luminosities per given (physical) accre-
tion rate. To illustrate the possible effects of lowgr
on the projected evolutionary tracks of our sources, we
repeated the aforementioned evolutionary calculations
with n = 0.05 (comparable to the lowest possible value
within the standard thin AD model). Indeed,zat 5
the expected luminosities are significantly lower than
those projected under the fiducial assumptions. The
differences amount to at least an order of magnitude
atz~ 5, and at least a factor of 30 at~ 6, making
most of these projected progenitors undetectable even
in the deepest surveys. In this context, we recall that the
efficiencies we infer for the sources are actually some-
what higher than standardr( ~ 0.2; §3.3). However,
lower efficiencies at earlier times may still be expected
if one assumes, for example, a relatively prolonged ac-
cretion episode that (gradually) “spins up” the SMBHs
(e.g.,Dotti et al. 2013and references therein), or super-
critical accretion through “slim” accretion disks (e.g.,
Madau et al. 2014

easily detected the progenitors of our sources. We conclude

that our sample provides compelling evidence for the exis-
tence of a significant populatio®(~ 10-6Mpc~3) of faint
z~5—6 AGNSs, powered by SMBHSs witMgy ~ 10°~" M.,
andLpo ~ (1—3) x 10*ergst, which is however not de-
tected (at sufficiently large numbers) in the currently bvai
able deep X-rays surveys. We note that while the decline in
the number density of AGN at > 3 was well established
in several previous studies, including those basechan-
dra data in COSMOSCivano et al. 201,1M15b), our analy-
sis clearly demonstrates that such “progenitor” AGNsexre
pected, given the masses and accretion rates ofzhe3.3
AGNSs.

There are several possible explanations for this appare
discrepancy between the expected and observed number
z2> 5 AGNSs:

(i) First, the small number of detected “progenitor” sys-
tems can be explained by a high fraction of obscured
AGNSs (fopg. If the obscuration of each accreting
SMBH evolves with central source luminosity, then
we should expect that a certain fraction of the pro-
genitors of our sources would be obscured at earlier
epochs. Such a scenario is expected within the frame-
work of “receding torus” models (e.d.awrence 199},
where lower luminosities are typically associated with
a higherfops. However, several recent studies show that
there is little observational evidence in support of such
torus models (see, e.gQh et al. 2015 Netzer et al.
2015 and Netzer 2015for a recent review). There
is however some evidence thij,s increases towards
high redshifts, perhaps in concert with an increasing

7 We note that another recent study ®iallongo et al(2015 did identify
severalz > 4 sources. However, their X-ray source identification témpie
goes far beyond the standard procedures used in the XLFestudi refer to
here.

(iii) Finally, the discrepancy may be explained in terms of
the AGN duty cycle, on either long (host-scale fueling)
or short (accretion flow variability) timescales. In the
present context, this would require that high-redshift,
lower-luminosity AGNs would have a lower duty cy-
cle than their (slightly) lower-redshift descendants. We
note that such a scenario would actually further compli-
cate the situation, as the growth of the SMBHs would
be slower. This, in turn, would mean that our sources
should be associated with yet higher-luminosity pro-
genitors atz 2 5, which have yet lower number den-
sities.

nOX\/e conclude that the simplest explanation for the discrepan

etween the observed and expected properties of the progen-
itors of ourz~ 3.3 AGNs is probably due to a combination
of an evolution in the radiative efficiencies and/or obseura
tion fractions, during the growth of individual systems. We
stress that such trends are beyond the scope of most “syn-
thesis models”, which assume time-invariable accretitesta
radiative efficiencies, and/or obscuration fractions.(é&Jgda
et al. 2014 Georgakakis et al. 201and references therein).

4. SUMMARY AND CONCLUSION

We have presented new Keck/MOSFIREband spectra
for a total of 14 unobscured,~ 2.1 — 3.7 AGNs, selected
through the extensiv€handra X-ray coverage of the COS-
MOS field. We mainly focus on 10 objectsat- 3.3, repre-
senting a parent population with a number density of roughly
106 —105Mpc 2 - a factor of~ 25 more abundant than
previously studied samples of AGNs at these high redshifts.
The new data enabled us to measure the black hole masses
(Mgy) and accretion rates (both in termslofLgqq andMap)
for these sources, and to trace their early growth. Our main
findings are as follows:
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1. Two of thez~ 3.3 sources, and possibly one additional CID-947 appears to be an outlier in the general dis-
source {& 17— 25%) have extremely weak broad3H tributions of Mgy and L/Lggg. We stress, however,
emission components, although their (archival) optical that it is highly unlikely that systems like CID—947 are
spectra clearly show strong emission from other, high- extremely rare, as we have identified one such object
ionization broad lines (e.g., @). The weakness of the among a sample of ten.

broad H3 linescannot be due to dust obscuration along

the line of sight, nor due to the lack of BLR gas. A Our sample presents preliminary insights into key proper-

sudden decrease in AGN (continuum) luminosity is also ties of typical SMBHs atz ~ 3.3. Clearly, a larger sample

improbable. Another source shows a peculiarly broad of faint AGNs is needed in order to establish the Black Hole

[O ] profile. Repeated optical spectroscopy of these Mass Function and Accretion Rate Function at this early cos-

sources may clarify the physical mechanisms that drive mic epoch. We are pursuing these goals by relying on the

the highly unusual broad line emission. (relatively) unbiased selection function enabled by deep X
ray surveys, in extragalactic fields where a rich collectibn

2. Thez~ 3.3 AGN are powered by SMBHs with typ-  supporting multi-wavelength data is available. A forthdom

ical masses oMgy ~ 6 x 108M., and accretion rates  publication will explore the host galaxies of the AGN stutlie

of L/Lggg ~ 0.1—0.5. These BH masses are signif- here, and trace the evolution of the well-known SMBH-host

icantly lower than those found for higher-luminosity scaling relations ta~ 3.5.

AGNSs at comparable redshifts. Our sample generally

lacks AGNs powered by high-mass, but slowly accret-

ing SMBHS (i.e.L/Leqa < 0.1), although such systems 1,0 o\ MOSFIRE data presented herein were obtained

are well within our chosen flux limit. Assuming a stan- S .
dard thin accretion disk model, the data suggests some-at the W. M. Keck Observatory, which is operated as a scien-

what high radiative efficiencies, of aboqt~ 0.2, ¢ Brlereiy O FCaIe e and the National Aeronautesia
agreement with several recent studies. Y

Space Administration. The Observatory was made possible
3. Assuming continuous growth at the observed accretiont-)y the generous financial support of the W. M. Keck Founda-
: rates, most of the ~ 3.3 SMBHs had to grow from tion. We are grateful for the support from Yale Universitgth
" - allows access to the Keck telescopes. Part of the Keck ob-
massive BH seeds (i.Mseeq> 10*'M.). Stellar seeds serving time was allocated through the Yale-Caltech collab
can only account for the observed masseglfeqaWas  rative agreement. We thank M. Kassis, L. Rizzi, and the rest
higher atyet earlier epochs. However, invoking any rea- of the staff at the W. M. Keck observatories at Waimea, HlI,
sonable duty cycle for the accretion, as well as the in- ¢, their support during the observing runs. We recognizé an
direct evidence for somewhat higher-than-standard ra-5cxnowledge the very significant cultural role and reveeenc
diative efficiencies, further complicates the stellar BH h5t the summit of Mauna Kea has always had within the in-
seeds scenario. digenous Hawaiian community. We are most fortunate to have
) ) ) the opportunity to conduct observations from this mountain
4. Our analysis predicts the existence of a large popula-gsome of the analysis presented here is based on data prod-
tion of z~ 5—7 AGN, with ® ~ 10-°Mpc 3, Mgy ~ ucts from observations made with European Southern Obser-
10°-"M;, andL, 10 > 10*ergs . Such sources are vatory (ESO) Telescopes at the La Silla Paranal Observatory
not detected in sufficiently large numbers in the exist- under ESO program ID 179.A-2005 and on data products pro-
ing deep X-ray surveys, perhaps because of increasediuced by TERAPIX and the Cambridge Astronomy Survey
obscuration at high redshift and/or because of lower Unit on behalf of the UltraVISTA consortium. We thank A.
radiative efficiences in the early stages of black hole Faisst, P. Capak, and M. Onodora for their assistance with
growth. the MOSFIRE data acquisition and reduction. We thank A.
Weigel and N. Caplar for beneficial discussions, and D. Mas-
5. One source in our sample, the BAL AGN CID-947, ters for providing us the QLF data. F.C. and M.C.U. gratgfull
has a significantly highevlgy and lowerL /Lgqq than thank Debra Fine for her support to women in science. This
the rest of the sample. Our detailed analysis (publishedwork was supported in part by NASA Chandra grant num-
separately asrakhtenbrot et al. 20)5uggests thatthe  ber GO7-8136A (F.C., S.M., H.S., M.E.). K.S. gratefully ac-
SMBH in this system is at the final phase of growth. knowledges support from Swiss National Science Foundation
Compared with the rest of the sample analyzed here,Grant PPOOP238979/1.
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