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Supermassive black holes (SMBHSs) and their host galaxiesagenerally thought
to coevolve, so that the SMBH achieves up to about 0.2 to 0.5% the host
galaxy mass in the present day. The radiation emitted from tle growing SMBH
is expected to affect star formation throughout the host gaxy. The relevance
of this scenario at early cosmic epochs is not yet establistheWe present spec-

troscopic observations of a galaxy at redshift = 3.328, which hosts an actively
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accreting, extremely massive BH, in its final stages of growat The SMBH mass
is roughly one-tenth the mass of the entire host galaxy, suggting that it has
grown much more efficiently than the host, contrary to modelsof synchro-
nized coevolution. The host galaxy is forming stars at an irgnse rate, despite

the presence of a SMBH-driven gas outflow.

Several lines of observational evidence, spanning a witlgeraf cosmic epochs, have led to
a commonly accepted picture wherein supermassive blaels (@MBHs Mpy > 10° M ; M,
is the solar mass) coevolve with their host galaxiesl]. Moreover, energy- and/or momentum-
driven “feedback” from accreting SMBHSs (Active Galactic ®lei; AGN) is thought to quench
star formation in the host galax) To directly test the relevance of such scenarios at early
cosmic epochs (high redshifts), requires the most basic properties of SMBHs and their hosts
including masses and growth rates, to be observed. Seussahational studies found that
atz < 2 (more than 3.3 billion years after the Big Bang), the typiBhl-to-stellar mass ratio,
Mgy /M., increases towards higher redshifés-§), suggesting that some SMBHs were able
to gather mass more efficiently, or faster, than the stelbgufations in their hosts. To date,
measurements af/zy at earlier epochsz( > 2) have only been conducted for small sam-
ples of extremely luminous objectd [on > 10% ergs™! (9—12] representing a rare subset
of all accreting SMBHs, with number densities of ordeto 10 per Gpé [i.e., ~ 107° to
10~8 Mpc~ (13)]. Moreover, the high AGN luminosities in such sources oxelm the host
galaxy emission and prohibit a reliable determinationff and therefore oMy /M.,. We ini-
tiated an observational campaign aimed at estimaltig in x-ray—selected, unobscured- 3
to 4 AGN within the Cosmic Evolution Survey field [COSMOS3:4)]. Such sources have lower
AGN luminosities and are more abundant than the aforemmadituminous sources by factors
of 100 to 1000 (13, 19 and thus form a more representative subset of the generhll pdp-

ulation. Moreover, the fainter AGN luminosities and rich Itmavelength coverage of AGN
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within the COSMOS field enable reliable measurements of thesnand growth rate of the

stellar populations in the host galaxiéd,( and star-formation rate, SFR).

CID-947 is an x-ray—selected, unobscured AGN at 3.328, detected in botXMM-Newton
andChandrax-ray imaging data of the COSMOS field [see Figl S4 and sesfi8thand S4 in
the supplementary materialsg)]. We obtained a near-infrared (IRK)}-band spectrum of CID—
947 using the MOSFIRE instrument at the W. M. Keck telescogech atz = 3.328 covers
the hydrogen K broad emission line (see details in secfioh S1 in the supgiéany materials).
The calibrated spectrum shows a very broaglétission line, among other features (Fig. 1).
Our spectral analysis indicates that the monochromatic A@Nnosity at rest-frame 5108
is L5100 = 3.5870 0% x 10% ergs—!. The typical line-of-sight velocity, i.e. the full-widttt half-
maximum of the line, i 1330755 kms™! (see section S1.2 in the supplementary materials).
By combining this line width with the observdd;, and relying on an empirically calibrated
estimator forMgy, based on the virial motion of ionized gas near the SMBR,(we obtain
Mgy = 6.9795 x 10° M. All the reported measurement-related uncertainties anvet by
a series of simulations and represent the 16th and 84thitgsaat the resulting distributions.
These simulations indicate a SMBH mass larger thénx 10° M, at the 99% confidence level
(see sectioris S1.2 ahd|S3 for more details). Determinatibi;y from single-epoch spectra
of the H3 emission line are known to also be affected by significartesgatic uncertainties, of
up to~ 0.3 to 0.4 dex. For a detailed discussion of some of the systematicsedaied issues,
seefS3 in the supplementary materials. This highy is comparable with some of the most
massive BHs known to date in the local univer$8)(or with the masses of the biggest BHs in
the much rarer, more luminous AGNat- 2to4 [e.g., ©)]. The bolometric luminosity of CID—
947 is in the rangé,,; ~ (1.1 — 2.2) x 10" erg s~!, estimated either from the observed optical

luminosity or the multiwavelength spectral energy disttibn. Combined with the measured



Mgy, we derive a normalized accretion rate/gfLq ~ 0.01 t00.02. This value is lower, by at
least an order of magnitude, than the accretion rates of krf8MBHs atz ~ 3.5 [e.g., ©,10)].
Further assuming a standard radiative efficiency of 10%, taio ane-folding time scale for
the SMBH mass of at leastl x 10° (Gy; see section $3), which is longer than the age of the
universe at = 3.328. By contrast, even the most extreme models for the emergeriseed”
BHs predict masses no larger thafy..q ~ 10° M, atz ~ 10 to 20 [e.g., 9)]. Therefore, the
SMBH powering CID-947 had to grow at much higher accretiagasand at a high duty cycle
in the past, to account for the high obsen/dy only 1.7 Gyr afterz ~ 20. CID-947 could
have evolved from a parent population similar to the fastgng SMBHs observed in 2 5
quasars, which have/Lgqq ~ 0.5 to 1 and My ~ 10° M, [e.g., 1, 12]. The requirement
for a high accretion rate in the very recent past is suppdrtethe clear presence of a high-
velocity outflow of ionized gas, observed in the rest-frarteauviolet spectrum of the source
(fig.[S4). The broad absorption features af/C\1549 and Siiv \1400 have maximal velocities
Of Umax ~ 12,000kms™'. Assuming that this outflow is driven by radiation pressunese
velocities require accretion rates bf Lgqq 2 0.1, as recently a0’ to 10° years before the
observed epoch (see section S4). We conclude that the SM&Erjmmg CID—947 is in the final
stages of growth and that we are witnessing the shut-dowcagton onto one of the most
massive BHs known to date.

The rich collection of ancillary COSMOS multiwavelength@available for CID-947 en-
ables us to study the basic properties of its host galaxydsetsls in sectiof S2 in the supple-
mentary materials). A previously published analysis ofdthgerved spectral energy distribution
of the emission from the source reveals an appreciablastgthission component, originating
from 5.672% x 10'° M, in stars 20). Our own analysis provides a yet lower stellar mass, of
M, = 4.4702 x 10'° M. However, we focus on the previously determined, highdtaste

mass, as a conservative estimate. The source is also detdctar-IR and (sub)millimeter



wavelengths, which allows us to constrain the SFR in the galsixy to about00 M, year .
The stellar mass of the host galaxy is consistent with thie@ypalue for star-forming galaxies
atz ~ 3to4 [i.e., the “break” in the mass function of galaxiel)]. Similarly, the combina-
tion of M, and SFR is consistent with the typical values observed-at3 to 4, which appear
to follow the so-called main sequence of star-forming gas2). Thus, the host galaxy
of CID-947 is a typical star-forming galaxy for its redshifépresenting a population with a
number density of about x 10-° Mpc~2 [e.g., @1)]. This suggests that neither the intense,
ionizing radiation that emerged during the fast SMBH grqwtbr the AGN-driven outflow,
have quenched star formation in the host galaxy. The relgtivigh stellar mass and SFR of
the host galaxy further suggest that it is unlikely that théM\affected the host in yet earlier
epochs. That is, even in this case of extreme SMBH growthietiseno sign of AGN-driven

suppression of star formation in the host.

Our analysis indicates that the BH-to-stellar mass ratidCi®—947 isMpu /M, ~ 1/8. In
comparison, most local (dormant) high-mass BHs typicadlye\ /gy /M, ~ 1/700 to 1/500
[see Fig[2 and, e.g.4(23]. The Mgy/M, value that we find for CID-947 is thus far higher
than typically observed in high-mass systems in the loceanse, by at least an order of mag-
nitude and more probably by a factor of about 50. The onlyllegatem with a comparably
extreme mass ratio is the galaxy NGC 1277, which was reptothdveMpy /M, ~ 1/7 [with
Mgy = 1.7 x 101° M, ~ 2.5 x Mgu(CID-947); seeZ4), but also 25)]. At earlier epochs
(still z < 2), the general trend is fab/gy /M., to increase slightly with redshift, but typically
not beyondVipy /M, ~ 1/100 (see FigLB). Only a few systems with reliable estimate®/gf;
show Mgy /M, reaching as high as/30 [e.g., 6-9)].

Given the high masses of both the SMBH and stellar populaticdiD-947, we expect

this system to retain an extremdzy /M, throughout its evolution, from = 3.328 to the



present-day universe. Because tHigy that we find is already comparable to the most massive
BHs known, it is unlikely that the SMBH will experience anyrttoer appreciable growth (i.e.,
beyondMgy ~ 10 M,). Indeed, if the SMBH accretes at the observed rate thraugh?2,
it will reach the extreme value of 10 M., and byz = 1 it will have a final mass of-
2.5 x 101° M. As for the host galaxy, we can constrain its subsequentthrimdlowing several
different assumptions. First, if one simply assumes thaigddaxy will become as massive as
the most massive galaxies in the local universg [~ 10'% M; (26)], then the implied final
mass ratio is on the order df/gy /M, ~ 1/100. Alternatively, we consider more realistic
scenarios for the future growth of the stellar populatietying on the observed mass/() and
growth rate (SFR). Our calculations involve different smeos for the decay of star formation
in the galaxy (see sectidn S5 in the supplementary matgresl predict final stellar masses
in the rangel/, (z = 0) ~ (2 —7) x 10'' M, which is about an order of magnitude higher
than the observed massat= 3.328. The inferred final mass ratio &gy /M, ~ 1/50. This
growth can only occur if star formation continues for a rigky long period (2 1 Gy) and at
a high rate & 50 M, year~!). This would require the presence of a substantial resemoihe
accretion, of cold gas, which, however, could not increageSMBH mass by much. Finally,
in the most extreme scenario, the star formation shuts démwost immediately (i.e., due to
the AGN-driven outflow), and the system remains “frozen &ty /M, ~ 1/10 throughout
cosmic time. If the SMBH does indeed grow further (i.e., bay®0'° M.,), this would imply
yet higherMpy /M,. Thus, the inferred final BH-to-stellar mass ratio for CI@#9s, in the
most extreme scenarios, abddgy /M, ~ 1/100, and probably much higher (see Hig). 2).
CID-947 therefore represents a progenitor of the most meydiigh-mass systems in the
local universe, like NGC 1277. Such systems are not detéctedge numbers, perhaps due to
observational selection biases. The above consideratiditaite that the local relics of systems

like CID-947 are galaxies with at leasdf, ~ 5 x 10'! M. Such systems are predominantly



quiescent (i.e., with low star-formation rat&f;R < 1 M, year~!) and relatively rare in the
local universe, with typical number densities on the order010~° Mpc™ (26). We con-
clude that CID—-947 provides direct evidence that at leastesof the most massive BHs, with
Mgy 2 10 M., already in place just 2 Gy after the Big Bang, did not shut nlstar forma-
tion in their host galaxies. The host galaxies may expeeappreciable mass growth in later
epochs, without much further black hole growth, resultimgéry high stellar masses but still
relatively highMpy /M.,. Lower-mass systems may follow markedly different coetiohary
paths. However, systems witligy; /M, as high as in CID-947 may be not as rare as previously
thought, as they can be consistently observed among pamgatith number densities on the
order of~ 10~° Mpc ™, both atz > 3 and in the local universe, and not just among the rarest,

most luminous quasars.
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Figure 1. The observed Keck/MOSFIRE spectrum and best-fit model for te HZ emission
complex of CID-947. The data are modeled with a linear continuum (dotted), admoad
iron template (dot-dashed) and a combination of broad andwasaussians (dashed), which
correspond to the Bland [O111] emission lines (see sectibn S1.2 in the supplementaryriakste
for details regarding the spectral modeling). The broadmament of H5 has a full width at
half maximum ofFWHM (H3) = 11330 kms™', which results inMgy = 6.9 x 10° M., and
Mgu /M, = 1/8. The red dashed line illustrates an alternative scenariahich the SMBH
mass derived from the Hline width would result inMgy /M, = 1/100 [i.e., FWHM (H3) =
3218 kms™!], clearly at odds with the data. The spikeXat, ~ 4640 Aisduetoa sky feature.
The bottom panel shows the residuals of the best fit model.
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Figure 2: A comparison of CID-947 with a compilation of observedMgy and M, esti-
mates in the local universgadapted from4), assuming the tabulated bulge-to-total fractions].
CID-947 (red star) has a very high BH-to-stellar mass rattido/gy /M, ~ 1/10. The asym-
metric error bars shown of/gy and M, represent measurement-related uncertainties, while
the symmetric ones demonstrate systematic uncertairfti@8 alex (on)zy) and 0.1 dex (on
M.,). The masses inferred for subsequent growth scenariosgirteghted as empty red stars.
The CID-947 system is expected to evolve only mildlyifyy (perhaps to~ 101° M.,), but
M, should grow to at least x 10*! M, and possibly to as much as7 x 10* M, by z = 0.
The local galaxies NGC 1277 and M87, which could be consilasedescendants of systems
like CID-947, are highlighted as filled symbolsd5 and @7), respectively]. Some studies
suggest these galaxies to have somewhat higfhgr, and therefore relatively high mass ratios,
of Mgu/M, = 1/7 and1/127, respectively 24, 29.
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Figure 3: The observed cosmic evolution of the BH-to-stellar mass rat, Mgy /M., and

its extrapolation beyond z ~ 2. CID-947 (red star) had/gy/M, = 1/8 at z ~ 3.3,
which is higher by a factor of at least 50 than the typical value in local, inactive galax-
ies (at most,Mpy /M, ~ 1/500; dotted line). The error bars shown for CID-947 represent
only the measurement-related uncertainties, propagttesgncertainties o/gy and onl/,.

The different data points at < 2 represent typical (median) values for several samples with
Mgy /M, estimates, with uncertainties representing the scattdiméach sample [filled sym-
bols, open circles, and open triangles represent samples (i), (29), and @), respectively;
adapted from7)]. Even compared to the extrapolation of the evolutionaend supported by
these lower-redshift datd/gy /M, ~ (z 4+ 1)° [dashed line, scaled as i8@)], CID-947 has a
significantly highetMgy /M.,
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In these Supplementary Materials, we provide additiontditdeabout all the aspects of our
study presented and discussed in the main article, inadudne new Keck/MOSFIRE(-band
observations and their analysis({l); the multiwavelength data and related derivation dfeste
mass (/,) and star formation rate (SFRS2); the derivation of black hole mas&/;;) and
accretion rate I/ Lrqq), and a discussion of the SMBH evolutio$iSg); the rest-frame UV
spectrum, broad absorption features and properties of&é¢-driven outflow §S4); and of the

calculations of possible findl/, of the host galaxy§S85).

S1 New Keck/MOSFIRE K-band Data and Analysis

S1.1 Keck/MOSFIRE Observations and Data Reduction

The source CID-947 (J2000.0 coordinates- 10:01:11.35p = +02:08:55.6) was observed
with the Keck/MOSFIRE instrumenB({) during the night of January 23-24th., 2014, with
observing time allocated through the Yale-Caltech coltathee agreement. We used the normal
K-band setup, which covers order 4 of the 110.5hmeflection grating. As CID-947 was our
primary target, it was positioned near the center of the mpskviding a spectral coverage
of A\ =19,415-23,837A. To ensure adequate coverage of the sky background emjssiol
its subtraction from the AGN signal, we used 4 pairs of MOSFIbars, to form a 24long
pseudo-slit. The MOSFIRE pixel scale is 0/A@x. To prevent significant slit losses, we set
the slit width(s) to 1, which resulted in a spectral resolution of abdut= A\/AX = 3600.
Observational conditions during the night were generatigdy with typical seeing 0£0.8" in
the K-band during the science observations. The science exgmgataling an hour, consisted
of 20 separate sub-exposures of 3 minutes each, ditheregdetwo positions along the slit
with a separation of’4 to allow for an accurate subtraction of the sky emissione ypical
airmass during the observations was about 1.08. Severes tinring the night we also observed

the AOv stars HIP-34111 and HIP-56736, as well as the faintete dwarf GD71, to allow a

18



robust flux calibration.

The data were reduced using a combination of different tde€ilst, we used the dedicated
MOSFIRE pipeline (2014.06.10 version) to obtain flat-fielderavelength calibrated 2D spec-
tra of all the sources observed within each mask (includiegstandard stars). The wavelength
calibration was performed using sky emission lines, and#s-fit solutions achieved an rms
of ~ 0.1A. Next, we used standamRAF procedures to produce a 1D spectrum, using an aper-
ture of 11 pix (i.e., 2). Finally, we used thepextool IDL package to remove the telluric
absorption features nearnn and to perform the relative and absolute flux calibratitased
on a detailed library spectrum of Vegd?, 33. The absolute flux calibration we obtained is in
excellent agreement with the archival photometry avadldbt CID—947: the synthetic magni-
tude derived from the spectrum i§;, = 20.03 (AB magnitudes), compared with the archival
value 0f20.00 4+ 0.01 (34). We however chose to apply the minor scaling needed to nilagch
archival photometry (a factor of 1.03), in order to be fulpnsistent with the value used in the
SED decomposition§&2). We finally note that CID-947 is one of several COSMOSetiarg
observed in this campaign, and we verified the robustnedseodlifferent reduction steps by
visually verifying that the same reduction yields artit&ete spectra for the other sources. The
typical signal-to-noise across the core part of the spetisuS/N ~ 5 — 7 per pixel. Af-
ter re-binning the spectrum to a uniform spacing o {in rest-frame;60 kms™"), we obtain

S/N ~ 7 — 10 per spectral resolution element.

S1.2 Spectral Analysis of B Emission Complex

We modeled th&-band spectrum of CID-947 to measure the monochromatieamh lumi-
nosity at (rest-frame) wavelength of 510\ L, [5100&, or Ls100) and the width of the broad
HS emission line FWHM (H/3)). The analysis methodology is very similar to that discdsee

numerous previous works (e.g35-37, and references therein), and is only briefly described
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here.

The spectra were modeled with a linear (pseudo) continuubrpadened Fe template
(38), and a combination of Gaussians which account for the babadnarrow emission lines,
namely H3, [O111] A\4959,5007, and He A4686. The H3 model consists of a broad com-
ponent (modeled with 2 Gaussians) and a narrow componemthwvid tied to the width of
the [Oni] lines. The continuum flux at 51@0was estimated directly from the best-fit lin-
ear continuumi. We preferred to us@ WHM over o« as the probe of the virial velocity
field of the BLR gas, as the former can be more robustly estichat spectra of limited
SIN, as is the case with our MOSFIRE da8®)( However, since the best-fitting model for
HS turned out to be overwhelmingly dominated by a single broadisSian component (the
flux ratio between the two components is 45:1), the diffeesnicetween the results derived
by two approaches are expected to be negligible. The bestsiitels are presented in Fig-
ure[S1. The relevant best-fit parameters resulting from ttimgiof the MOSFIRE spectrum
are FWHM (HB) = 11330kms™', and Ly = 4.16 x 10* ergs~'. After accounting for
host-galaxy contamination of about 14% (following the ge& presented ifiS2), the intrinsic
optical luminosity becomegs;oo = 3.58 x 10* ergs~!. We note that the broad Hprofile
in our best-fit model is highly symmetric, with an asymmetrgiex ofA.I. = 0.03, consistent
with the typical value found in large samples of un-obscu&dN (see, e.g.,40)). The broad
component is, however, blue-shifted by ab8sd kms™!, relative to the expected wavelength
(at the source systemic redshift). Such large blue-shiétiselatively rare, with an occurrence
rate of only about 5%.To verify that our estimate df WHM (H/3) is not severely affected by
these properties of broadiprofile, we obtained an alternative estimate of the line widthich

relies only on the blue part of the profile, which is not blesh@éth Iron and [O11] emission.

1The monochromatic luminosity, as all other luminositiesl ages reported here, are calculated assuming a
cosmological model witl2y = 0.7, Qy = 0.3, andHy = 70kms™* Mpc .
2This estimate is based on thgdheasurements of about 20,000 SDSS AGN, presented in R@f. (
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This alternative estimate is obtained by doubling the ddeesline width, which was measured
following the approach described in Red1j. This results in & WHM (Hj)-equivalent of
9236 km s, only 0.09 dex lower than our best-fit value. However, wesstithat this alterna-
tive estimate is far less robust than our fiducial, best-fiteaas it relies on the identification of
the (spectral) pixel with maximal flux density, which is vesgnsitive to small-scale flux density
fluctuations in spectra of limited S/N, as in the present cé¢e conclude that our estimate of
the width of the broad component offHs not significantly affected by the shape or shift.

Due to the complexity of the spectral fitting procedure, tlestlapproach to derive the
measurement-related uncertainties/gm, andFWHM (Hg) (and therefore oi/py; seefS3
below) is via re-sampling of the data. To this end, we comrstdia set of 500 artificial spectra,
by adding normally-distributed random noise to the obs#isgectra of CID-947, scaled to
provide eitherS/N = 10 (comparable to the noise level in the observed data). Arntiaddi
set of 500 simulations assumed a more conservative noisedé\s/N = 5, to verify that
our results are not driven by an under-estimation of theentsgel in the data. We then re-
fitted each of these artificial spectra, using the same fiinogedure as described above. The
resulting best-fitting models are illustrated in the topgdan Figure SIL. After measurinbs ;oo
and FWHM (Hj3) for each of these best-fitting models, we obtained an adifeample of
FWHM (Hp) values, the cumulative distribution function of which imdtrated in the lower-
left panel of Fig[SIL. Fid. 31 clearly demonstrates thateweler the conservative assumption
of S/N = 5, about 95% of our simulations resulted FWHM (H3) % 8600kms™'. This
conservative lower limit o WHM (Hj) is lower than the best-fit value by about 0.14 dex.

The spectral region adjacent to thel[Q lines may suggest that their profiles may include
an additional broad component (i.e., a “blue wing”). We #fere performed yet another set of
simulations, with an alternative version of the fitting pedare that allows for an additional

broad component for [@]. The broad components for the two [0 lines were forced
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to share a common width (in the rangé0 — 1400 kms™') and relative shift (in the range
—350 — +150, kms™'). These limits are motivated by the distributions of lineltkis and shifts
found for large samples of un-obscured AGN (e.42-44). The results of the simulations
indicate that this adjustment to the [0 profiles does not systematically affect our estimate of
FWHM (Hp3). The median value obtained in the simulationEWHM (Hj3) = 10150 kms ™,

and 95% of the simulations resultediWHM (H3) > 6740 kms ™.

S2 Broad-band Spectral Energy Distribution and Estimates
of Ly, M, and SFR

We used the available multiwavelength data for CID—947 temieine the bolometric luminos-
ity (Ly,01) of the AGN in CID-947, and the stellar mas¥/() and star formation rate (SFR) of
the host galaxy. The broad-band spectral energy distab8ED) for CID-947 includes data
from a large variety of surveys of the COSMOS field, includitaga in the X-ray Chandraand
XMM-Newton, optical-to-near-IR (Subaru and CFHT), mid-to-far-I®pftzerandHersche)),
and millimeter (JMCT) regimes.

The broad-band SED of CID-947 was analyzed in previous esuoi COSMOS AGN,
which derived and reported estimatesiqf,. One such analysis, based GmandraX-ray
data @5), yields Ly, sep = 1.31 x 10*¢ ergs~* (correcting for our adopted cosmologB)An-
other study, based ocXMM-NewtonX-ray data (ref. 46); XMM-ID 60131), giveSLy) sep =
1.81 x 10 ergs~! (also cosmology-corrected). The difference between thesevalues, of
a factor of 1.6, is mostly due to the markedly different X-fayes reported for CID-947 in
the Chandraand XMM-Newtonsurveys of the COSMOS field, which may be due to intrinsic

source variability. We note that the stellar component 3D (see below) has a negligible

3Here we use the luminosity integrated between 40 keV apthlto avoiddouble-counting the re-processed
mid-IR emission (which would add about 17%#g,, for CID—947).
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contribution to these estimates b, (i.e., < 1%).

To derive the host galaxy properties, the SED of CID-947 wadeted separately for the
rest-frame UV-optical-NIR, and for the Mid-IR-to-millinter regime.

The rest-frame UV-optical-NIR part of the SED includes timeission from the accreting
SMBH, a part of which is re-processed by a dusty toroidalcstme (“torus”) and re-emitted in
IR wavelengths, and from stellar population of the hostxjal@he data in this regime consists
of flux measurements in 13 spectral bands (obtained withrf@ukd&HT andSpitze}, ranging
from ~ 3700 A (CFHT/u*) to 24 pm (SpitzefMIPS). We first rely on the data accumulated
and analyzed in a previous COSMOS study by Bongiorno eR6). Here we mention briefly
only some of the features of this modeling, and refer theeetd0) for a detailed discussion.
In that study, the data were modeled as the sum of two distimtiponents, representing the
emission originating from the AGN and from stars in the hagdagy. The AGN component
is described by the multiwavelength AGN SED of Richards ef{(2006; @7)). The stellar
component was described by a grid of models, produced by laestlblished stellar popular
synthesis procedurd®). Each of the templates represents a stellar populatidnawtifferent
age (ranging from 50 Myr - 1.88 Gyr) and exponential decag (ay = 0.1 — 30 Gyr), and
further assume a Chabrier initial mass functidf)( The templates were then subjected to both
nuclear and galaxy-wide dust extinction (wiffs_v values of up to 1 and 0.5, respectively).
The best-fit model for CID-947 in the Bongiorno et al. studig(f52, left) provides a stellar
mass ofM, = 5.572%8 x 10'° M, with a reddening ofsz_y = 0.5. The fraction of the total
monochromatic luminosity at 5108 which is contributed by the stellar component is about
fhost (5100) = 0.14. This host contamination is taken into account when we ed#rthe mass
of the SMBH (sed]S3).

We have repeated the UV-to-IR SED fitting, using the mostasgdéte imaging data avail-
able for CID-947 (UltraVISTA DR2,34); see Tablé S1), and a slightly modified AGN model,
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in which the emission from the dusty torus (dominating the-h regime) is separated from
the intrinsic AGN radiation (dominating the UV-optical rege). Our analysis resulted in a very
similar stellar mass to the aforementioned one. The stedarponent is represented, as before,
by the Richards et al. AGN SED, which is however extrapolated power-law ak .., > 4000

A. The IR emission from the dusty torus is represented by amitgs from a dedicated study
of the IR SEDs of AGN %0). The grid of stellar population models have remained tineesas

in the aforementioned “reference” SED fit, with the age ofgtedlar population capped at the
age of the Universe at = 3.328. Our choice of the Bruzual & Charlot models is motivated
by the fact that they were also used in most studies of stamifgy galaxies at > 3, which

we use here as reference (e.g1,22). For a detailed discussion of the effects of alternative
stellar population models, e.g21) and @2). We have restricted the components so that the
UV-optical part of the SED would be dominated by the AGN, ifg@an > frost- ThiS is mo-
tivated by the overall AGN luminosity of CID-947 (see abogall the fact that the rest-frame
UV spectrum does not show significant host contaminatiohedeep absorption features (see
§54). We have also explicitly omitted the data belbw, = 1216 A (i.e., theu and B bands),

as these are expected to be affected by Bpsorption by the intergalactic medium along the
line of sight to CID-947. The resulting additional best-fiodel (Fig..S2, right) relies on a
stellar population with an age of 1 Gyr, a stellar mass/ff= 4.377)12 x 10'° M, with a red-
dening of Eg_y = 0.05. In this new fit, the stellar component contribufgs,, (5100) = 0.36.
Next, we re-fitted the data with a restricted model in whicé $tellar population is kept at
the oldest reasonable age (1.8 Gyr). Since older stellanlpbpns have higher mass-to-light
ratios, such a fit would in principle provide a conservatipper limit on the stellar mass. This
fit resulted inM, = 6.48702% x 10'° My, and fy.os (5100) = 0.35. Finally, we have repeated
this oldest-population fit, this time without the restrictiof faan > fuost- This resulted in

M, = 5.95 4 0.21 x 10'° M, and fi. (5100) = 0.55. We stress however that these latter
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age-restricted models dwt provide the best fits of the data, as the resultifids higher than
that found for the non-restricted case. We conclude thab#ése-fit stellar mass that we obtain
for the host of CID-947 8/, = 4.37 7512 x10'° M. We however choose to base the rest
of the analysis on the slightly higher mass found in the Bomy et al. study, as it represents
a more conservative choice given the extremely high BHté¢das mass ratio we find for CID—
947, and since it is based on the same SED decomposition batieas used in some of the
reference studies to which we compare our reselts (

The Mid-IR-to-millimeter part of the SED is dominated by esion from the (cold) dusty
gas in the host galaxy, heated by the star formation actiitgre we rely orHerscheland
JMCT/AZTEC detections at 500m and 1.1 millimeter, and upper limits at 100, 160, 250 and
350um, fromHerschel51,59. The data were fit with a grid of dust-emission templateganf s
forming galaxies, covering a representative range of SEApa# (i.e., effective temperatures;
(53)). The best-fit template for the far-IR and millimeter datgplies a star formation rate of
SFR = 392 M, yr~—'. We present the Mid-IR-to-millimeter data and models in. 8. We
stress that the AGN contribution to the emission in thismegyis negligible, as demonstrated
by the dotted black line in Fig. $%4). The SFR estimate relies on low-resolutiderschel
and JMCT/AzTEC measurements, and therefore may be cordgadificonfused) by emission

originating from neighboring (unrelated) sources.

S3 Determination of black hole mass and accretion rate, and
the past evolution of the SMBH

Using the best-fit values fdrs; o0 andEWHM (Hp) (seefS1.2 above), and applying commonly-
used virial estimators af/zy (10, 37, we obtainMpy = 6.91 x 10° M. Alternative calibra-
tions of such virial mass estimators do not alter our findsigaificantly. For example, the cal-

ibration obtained by a recent reverberation mapping stG8yiMplies Mpy = 5.68 x 10° M;
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that is, smaller than our fiducial measurement by less thihdéX. We use the simulations de-
scribed aboveiS1.2) to estimate the measurement uncertaintiee/gi. The best-fittingls
andFWHM (Hj) for each simulated spectrum were combined to provide a satifitial es-
timates of Mpy. The cumulative distribution function of thedégy estimates is presented in
the lower-right panel of Fig. $1. For th& N = 10 simulations we find that the 16% and 84%
quantiles are a8.73 x 10° and7.66 x 10° M., respectively, resulting ino-equivalent uncer-
tainties onMpy of —1.18 x 10? and+0.75 x 10° M. We further find that 95% (99%) of these
simulations resulted in/zg > 5.09 x 10° M, (3.61 x 10° M). The corresponding values for
the S/N = 5 simulations are\/gy > 3.82 x 10% and2.96 x 10° M, respectively. Virial (or
“single-epoch”), Hi-based estimates df/zy are also known to be prone to systematic uncer-
tainties, of up to~ 0.4 dex, due to the reliance on the empiriéal; .r — L5100 relation, and the
overall normalization of the mass estimators. We stresskienthat our analysis of CID-947
should, in principle, suffelessfrom systematics, compared to similar studies of more l@umsn
sources at ~ 3.5, as its luminosity of.5,oy = 3.4 x 10% ergs~! lies within the range covered
directly by reverberation mapping experimeri§{57. The leading systematic uncertainty in
the present case is therefore associated with the assumgfte typical “geometrical factor”
(commonly referred to agz;.r), which is of order 0.1 dex58,59.

Another source of concern is the possibility that the BLRbserved at a high inclination
angle, as suggested by the presence of the babadrptionfeatures (i.e., BAL features) in
the rest-frame UV part of the spectrum of CID-947 (§8d below). One may suspect that in
such a case, the measuted’HM (H/3) would systematically over-estimate the typical velocity
dispersion in the BLR, and thus lead to an overestimatgd. We have investigated this issue
by comparing the distributions dFWHM (Mg 11) in large samples of non-BAL QSOs, and
those with a BAL feature in the @ \1549 line (as in CID-947), among sourceslat < z <

1.9, drawn from a large catalog based on the Sloan Digital Skye&u36). Although in the
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current work we used B, and not the Mg A2798 line as our virial estimator, the widths of
these two lines have been shown to be closely correlatedhagdire thought to originate from
a similar region within the BLR (e.g.36, 37). The distributions oFWHM (Mg 11) for BAL
and non-BAL QSOs (1723 and 15370 objects, respectivelyvarg similar in shape, with
the median FWHM value for BAL QSOs being only slightly highby merely230kms™".
Moreover, there is no excess of BAL QSOs with line widths camaple to what we estimate
for CID-947 (i.e., 2 10,000 kms™).

Several phenomenological studies have raised the pagsibdt, forsomduminous sources
with particularly broad H lines FWHM (Hj3) % 4000kms ™), the line profiles might include
a significant contribution from a non-virialized “very baomponent”, which should not be
taken into account when estimatingzy (e.g., 60)). Simply adopting the empirically derived
(and perhaps luminosity-dependent) corrections sugg@ssich studiesg0, 61), our estimate
for Mgy should be scaled down by about 0.2-0.25 dex. In the conteotiomain finding, of an
extremely high BH-to-stellar mass ratio for CID-947, thisudd mean\/gy /M, ~ 1/15—1/12
- still a very high value (see Figl 3). We however stress ticommonly advocated approach
to singling out such peculiar objects is based on the unamobig identification of two com-
ponents in the broad Hemission line (the “core” and the “very broad component®) weell
as some line asymmetry. Since thg Hrofile in CID-947 does not show such a complicated
structure, the aforementioned empirical corrections khoat be applied.

Finally, the alternative, “one sided” estimate of the linalth (see§S1.2 above) would
translate to a decrease of about 0.18 dex in any “virial’neste of Mzy. As explained in
§S1.2, and demonstrated in our simulations, this is not astodstimate of the line width. We
note, however, that such a decreasé4gg would have a similar effect on our main result as
the one discussed above, namely provididgy /M, ~ 1/12.

We conclude that the SMBH powering the AGN in CID-947 has aswwéd/gy > 3.6 X

27



10° M., at the 99% confidence level, and our best estimatégs = 6.9 x 10° M.

The rest-frame optical spectrum was used to derive yet aneitimate of_,;, by apply-
ing a bolometric correction (i.ef;,q (5100A) = Lyo/Ls100)- This approach is consistent with
many previous studies of un-obscured AGN, at all redshifis.used the luminosity-dependent
prescription described irB7), which in turn relies on thé3-band bolometric corrections pre-
sented in §2), translated to 5108 assuming a UV-optical SED witlf, o« v~'/2 (63). For
CID-947, this results iy, opr = 2.11 x 10 ergs™. This value is highly consistent with the
XMM-Newtorbased estimate df,. sep (ref. (46); within 0.06 dex), but significantly higher
than theChandrabased value (ref46); by a factor of almost 2).

The derived values af,,,; and Mgy were combined to provide estimates of the normalized
accretion rate, in terms of the Eddington luminosity,Lzqq = Lo/ (1.5 x 103 Mpy /M)
(this definition of the “Eddington ratio” assumes a Solar-ghase metalicity). We obtain
L/Lggq = 0.021 for the L5190-based estimate dfy,,;, or 0.019 and0.011 for the XMM-Newton
andChandrabased estimates @f,, sep, respectively. Given the fact that the estimatesf
were obtained using very different approaches, and themsstic uncertainties associated with
the estimation of.,,, (e.g., the scatter iff, (5100]3\)), we consider these estimatesiofLyqq
to be in excellent qualitative agreement: the SMBH in CID~8laccreting at a rate of at most
L/Lgqq ~ 0.02.

By combining the estimated/Lgqq and a standard radiative efficiency of= 0.1 (62),
we obtain are-folding timescale for the growth of the SMBH, following tlegpressiongy =
4% 108 ’2//% ) vr. The resulting timescales are about 2.1 and 4 Gy, for tHeehi@.51,-based)
and lower Chandrabased) estimates @f/ Lrqq, respectively. In any case, these timescales are
longer than the age of the Universezat 3.328, of about 1.88 Gyr, and than the elapsed time
since the earliest seed black holes likely formed, 1.7 Gyx(20). This very long timescale

thus suggests that the SMBH in CID-947 had to experience diere@poch of much faster
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growth (i.e., higher accretion rate), and/or that it hadriginate from the most massive type of
seeds. In particular, extrapolating the growth historyckveards” toz = 10, assuming constant
accretion rate and radiative efficiency bf Lgqq = 0.02 andn = 0.1 (respectively), results in
Mgy (2 = 10) ~ 3.7 x 10° M. Even with the lowest efficiency within the framework of a
geometrically-thin, optically thick accretion disk,= 0.038 (maximally retrograde spinning
BH; e.g., 64)), the implied mass is still about® M. The most extreme BH seed production
mechanisms rely on different “direct collapse” scenaring,generally provide very few seeds
as massive as/,..q ~ 10° M, (see, e.g.,q5) and reviews in19, 66,67). Some very recent
studies speculate thabmeBH seed masses may be yet higher, perhaps up 16® M, but
not beforez = 10 (68). Considering the accretion rate onto the SMBH, some recetels
highlight the possibility of yet more efficient accretiors thhe disk becomes “slim” and sur-
passes the simplified (spherical) Eddington limit, perhmhingM/MEdd ~ 3 (69). We
note however that such extreme models for BH seed produatidraccretion may not neces-
sarily be required to explain objects like CID-947. The imgl\/zy of CID-947 atz ~ 5, of
about3 x 10° M, is consistent with that observed in the population of Highinosity quasars
at that epoch X1, 12. Such sources, however, have much higher accretion rgtgisally
L/Lgqq 2 0.5, and can emerge from standard accretion (at relatively g cycles and low
radiative efficiency), from a broad range of BH seed masgekjding those of stellar remnants
(i.e., Myeq < 103 M). We stress that in any case, CID-947 had to have higherdhaerved
accretion ratesometimen the past, to account for its high mass. As we shoW34 below,
we have evidence that this epoch of high accretion rate ttasleprelatively shortly before the

observed epoch.
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S4 Rest-frame UV spectrum and BAL features

An optical spectrum of CID-947 was obtained as part of the S80S survey (ref. 0);
zCOSMOS-ID 823936), and we present it in Higl S4. It cleahgves very broad and deep
absorption troughs blue-ward of thei8i\1400 and Civ \1549 lines, identifying CID—947 as

a Broad Absorption Line Quasar, a sub-population that caaprabout 10-20% of luminous,
un-obscured AGN (BALQSOs; see, e.dg/1£73, and references therein). Moreover, the ab-
sorption feature blue-ward of the Al \1857 line suggests that CID-947 may belong to the yet
rarer sub-class of low-ionization BAL QSOs (i.e., itis a BAL"). For both C1v andSi v we
estimate a maximum outflow velocity @f,,..| ~ 12,000 kms™*, with the C Iv trough proba-
bly slightly broader. While this value af,,., is not uncommon among BALQSOg3), it is an
outlier in thev,,., — L/ Lgqq plane: virtually all known BALQSOs with comparablg,., have
much higher accretion rates, typically Lgqq > 0.1 (74).

A simple model for the launching of such high-velocity outfo(75, 76 yields a value for
the maximum outflow velocity,,.. ~ 9300 (R@%&;-l)_m (1.55;0—2;L/LEdd — 0.1)1/2 kms™ !,
whereR,ps 0.1 IS the distance of the absorber from the continuum souredgeddo 0.1 pcMs
is the SMBH mass, scaled t®® M; f, is the fraction of continuum photons absorbed (or
scattered) by the outflowing gas, scaled to 10%; &ndis the absorber column density, scaled
to 10?2 cm 2. Assuming the observed value fdfpy, and alsaVy = 1022 cm™2, Raps01 = 1
and f,, = 1, this expression implies that a wind witf),.,, ~ 12, 000 km s~* should have been
launched by a SMBH accreting Af Lrqq 2 0.1, and probably at rates as highasLgqq ~ 0.7
(see {6) for discussion of viable ranges on all parameters). Thggaificantly higher, by at
least an order of magnitude, than the observed value éf;4q. We also note that, since within
the framework of this model/Lgqqa o< Rans 0.1, the implied accretion rate can easily reach

L/Lgqq =~ 1 if the outflow has reached 1 pc.
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The high-velocity outflow was launched at a timé ~ R..s/vmax prior to the observed
epoch. Even for a conservative assumptionfQyf, 2 1kpc (e.g., ref. {7) and references
therein), the implied age of the outflow is abolif years. Any alternative, more realistic
assumption regarding.;s would imply an even shorter timescale.

Thus, the relatively high terminal velocity of the obsereedflow lends further support to
the scenario in which CID-947 was accreting at much highisrgprobably as recently as

~ 10° years before the observed epoch.

S5 Subsequent evolution of\Z,

We estimated the “final” stellar mass of CID-94V/((> = 0)) in several ways, all of which
rely on the observed stellar mass6( x 10'° M) and star formation rate~( 400 M yr—1).
Our calculations assume that we are observing the hostygafaXD—947 near its peak of star
forming activity, and that the SFR can only decline with time

First, we assume an exponential decline in SFR, with typidalding timescales in the
range ofr = 1 — 2 Gyr. These short timescales are supported by several Glgaral stud-
ies which constrain the ages of the stellar populations iesina, low-redshift galaxies8),
and basically implies that the final mass of the galaxy cangpecximated byM, (z = 0) ~
M, (z = 3.328) + SFR x 7. These “integrated” masses should be scaled down, by &ofor
about 1.6, to account for the fact that some of the mass isn@tuback to the galaxy’s gas
(e.g., through stellar winds, Supernovae explosions.éttsing the observed/, and SFR for
CID-947 we obtain final masses df, (» = 0) ~ (2.8 — 5.3) x 10 M.

An alternative calculation relies on the scenario in whiei-$orming galaxies evolve on the
“main sequence” at all epochs, until they quench, and tteatrthss functions of such objects, at
all epochs, can be linked via the so-called “continuity aggh” (79). In particular, we assume

that for star forming galaxies the specific star formatiote raSFR, evolves aSFR ~ 1/t,
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and that the probability of quenching depends predomipamtl)/,. The different parameters
in the calculations were derived by applying the continajyproach to the observed (evolving)
stellar mass functions (see ref9j for details). These calculations predict that a galaxyhwit
properties like those of CID-947 will evolve to reagl2 x 10! M, atz = 0, if it never
quenches. Alternatively, it can reaet2 x 10' M, if it quenches atyuencn = 2.51, when
the (mass-dependent) probability of quenching reaches. 7A#6wing for some additional
mass growth through galaxy-galaxy mergers would increlasdatter estimate of final mass
by a factor of about 2.6, t6.75 x 10'! M. The increase due to mergers for the former mass
estimate is minute, since the probability of experiencirginailar-mass merger decreases with
increasing mass. In any case, these calculations showhihatellar population in CID—947
should grow by about an order of magnitude between3.3 andz ~ 0.

We note that the high SFR we measure in CID-947 implies a mla@egas mass of at least
M (Hy) ~ 2 x 10'° M, and perhaps as high as< 10! M, (80, 8]). This suggests that the
host galaxy can experience significant growth by consuntirsgreservoir of cold gas, without

any additional gas accretion from its surroundings (itee,IGM), nor from mergers.

32



[ T T T T ' T T T T ' T T T T ' T T T T ' T T T T ' T T T T ' T T T T ]
— A © ]
o<} - |
o T ]
g | ]
O i |
Toosr .
0 [ :
joY0] B 2 4
E')‘ SO | A A 4 L SO J
% 2:‘ ------------
‘ L
o i J
= - |
1__ -
~<
< - |
S/IN=10 1
[ 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 ]
4%00 4600 4700 4800 4900 5000 5100 5200
>\rest [A]
i 1

0.9~
0.8-— o.s-—
0.7-— o.7-—
o.e-— 0.6-_
og- 0d-
0.4-— 0-4-

0.3~ 0.3

Cumulative Distribution Function
Cumulative Distribution Function

0.2+ 0.2~

— SIN=10
5

e e T [P BT R
8 9 10 11 12 13 14

FWHM(HP) / 1000 km &' log (Mgn/My)

0.1~

Figure S1. Results of the re-sampling simulations for the dfnission complex of CID—
947. Top - (A): Results for 500 simulations, with/N = 10 and “nominal” [O11] profiles
(i.e., single-Gaussian). The diagram illustrates theiaigspectrum (blue), the best-fit linear
continuum (dashed black), and the collection of 500 modhelsfit the simulated spectra (gray
shaded region)Bottom: Cumulative distribution functions (CDFs) of the obtainagelwidths,
FWHM (Hp) (B) and SMBH masses)/gy (C). In both panels, the solid lines illustrate the
results for theS/N = 10 simulation, while the dashed lines correspond to a moresswatve
simulation, withS/N = 5. The (dotted) horizontal lines mark the 5 and 50% (i.e., medi
levels. We find that 95% of th&/N = 10 simulations resulted iFWHM (H3) > 9615 kms™*
andMpy > 5.09 x 10? M,,; and that 99% resulted INWHM (Hj3) > 8175km s~ and Mpy >
3.61 x 10° M. 33
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Figure S2: The UV-to-IR SED of CID-947, based on the avadajybund-based ar8pitzer
imaging data in the COSMOS field, which is used to infer thédastenass of the host galaxy.
Left- SED fitting from Bongiorno et al. (201220)). The observed SED (black points) is fit by a
model (black line) that consists of three distinct compaseean un-obscured AGN, dominating
the UV regime (solid blue) and a stellar population (maggmtich contributes a significant
fraction of the emission around rest-frame wavelengtk df xm. Right- our own best-fitting
model, in which the dusty toroidal structure, dominating thid-IR regime (dashed blue), is
treated separately from the intrinsic AGN emission.

34



" SFR = 392 Mg yr-
100.00 b o ¥

10.00

T |||||I1'|
1 ||||||,|,|

1.00 D

0.10

Flux (10™ erg s™' cm™ Hz™)

0.01

10 100 1000
Observed Wavelength (um)

Figure S3: The mid-to-far IR SED of CID-947, based on thelalsée Spitzerdata and the low
resolutionHerscheland millimeter-wave observations, which is used to infergtar formation
rate of the host galaxy. The gray lines represent a subskedat-IR templates of star-forming
galaxies we useds5@), with the best-fit template and the corresponding SFR fgptéd in
red. The AGN contamination at sub-millimeter-to-millireetvavelengths X;cs; > 200 pm)
is negligible, as illustrated by the pure-AGN spectral ggedistribution (black dotted line;
adapted from ref.54)).
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Figure S4: Optical spectrum of CID-947, probing the reatrfe UV regime, obtained as part
of the zCOSMOS surveyr(). Dashed vertical lines mark the expected center waveteoigt
the Siiv A\1400, C1v A\1549, and Al A1857 lines. Blue-shifted, broad absorption features are
clearly detected next to each of these three lines, idengf¢1D—-947 as a low-ionization broad
absorption line QSO (or “LoBAL QSQO”). The broad absorptiomughs blue-ward of Sv and
CIV reaChv., ~ 12000 kms™'. The red part of the spectrum,{, < 1900 ,&), including the
Cin] A1909 line, is known to be affected by (instrumental) fringing.
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Table S1: UV-to-IR Spectral Energy Distribution

Telescope/ band A\, map £ A Arest  log (ALy) £ A
Instrument [pm] lergs™!]
Subaru/ \% 5449 A 20.900 £ 0.007 0.1259 45.937 & 0.003
SuprimeCam r 6232 A 20.803+£0.006 0.1440 45.918 & 0.002
it 7621 A 20.394 +£0.004 0.1761 45.994 4 0.002
ztt 8801 A 20.588 £0.002 0.2033 45.854 & 0.001
VISTA/ Y 1.020 pgm  20.639 £ 0.003 0.2357 45.770 + 0.001
VIRCAM J 1.250 pm  20.333 £ 0.003 0.2888 45.803 = 0.001
H 1.650 pm  20.290 £ 0.004 0.3813 45.700 4+ 0.001
K, 2.154 pm  20.029 £ 0.005 0.4976 45.689 £ 0.002
Spitzef chl 3.526 um 19.734 +£0.011 0.8147 45.593 4+ 0.004
IRAC ch2 4461 pm 19.589+ 0.009 1.0307 45.549 4+ 0.003
ch3 5677 pum 19.349+0.073 1.3117 45.540 £+ 0.027
ch4 7.704 um 18.765+ 0.075 1.7800 45.641 4+ 0.028
MIPS 24 23.68 um  16.868 +0.026 5.4704 45.912 + 0.010
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