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Supermassive black holes (SMBHs) and their host galaxies are generally thought

to coevolve, so that the SMBH achieves up to about 0.2 to 0.5% of the host

galaxy mass in the present day. The radiation emitted from the growing SMBH

is expected to affect star formation throughout the host galaxy. The relevance

of this scenario at early cosmic epochs is not yet established. We present spec-

troscopic observations of a galaxy at redshiftz = 3.328, which hosts an actively
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accreting, extremely massive BH, in its final stages of growth. The SMBH mass

is roughly one-tenth the mass of the entire host galaxy, suggesting that it has

grown much more efficiently than the host, contrary to modelsof synchro-

nized coevolution. The host galaxy is forming stars at an intense rate, despite

the presence of a SMBH-driven gas outflow.

Several lines of observational evidence, spanning a wide range of cosmic epochs, have led to

a commonly accepted picture wherein supermassive black holes (SMBHs,MBH > 106M⊙; M⊙

is the solar mass) coevolve with their host galaxies (1–4). Moreover, energy- and/or momentum-

driven “feedback” from accreting SMBHs (Active Galactic Nuclei; AGN) is thought to quench

star formation in the host galaxy (5). To directly test the relevance of such scenarios at early

cosmic epochs (high redshifts,z) requires the most basic properties of SMBHs and their hosts,

including masses and growth rates, to be observed. Several observational studies found that

at z <
∼ 2 (more than 3.3 billion years after the Big Bang), the typicalBH-to-stellar mass ratio,

MBH/M∗, increases towards higher redshifts (6–8), suggesting that some SMBHs were able

to gather mass more efficiently, or faster, than the stellar populations in their hosts. To date,

measurements ofMBH at earlier epochs (z > 2) have only been conducted for small sam-

ples of extremely luminous objects [LAGN > 1046 erg s−1 (9–12)] representing a rare subset

of all accreting SMBHs, with number densities of order1 to 10 per Gpc3 [i.e., ∼ 10−9 to

10−8Mpc−3 (13)]. Moreover, the high AGN luminosities in such sources overwhelm the host

galaxy emission and prohibit a reliable determination ofM∗, and therefore ofMBH/M∗. We ini-

tiated an observational campaign aimed at estimatingMBH in x-ray–selected, unobscuredz ∼ 3

to 4 AGN within the Cosmic Evolution Survey field [COSMOS; (14)]. Such sources have lower

AGN luminosities and are more abundant than the aforementioned luminous sources by factors

of 100 to 1000 (13, 15) and thus form a more representative subset of the general AGN pop-

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

stellar populations in the host galaxies (M∗ and star-formation rate, SFR).

CID–947 is an x-ray–selected, unobscured AGN atz = 3.328, detected in bothXMM-Newton

andChandrax-ray imaging data of the COSMOS field [see Fig. S4 and sections S2 and S4 in

the supplementary materials (16)]. We obtained a near-infrared (IR)K-band spectrum of CID–

947 using the MOSFIRE instrument at the W. M. Keck telescope,which atz = 3.328 covers

the hydrogen Hβ broad emission line (see details in section S1 in the supplementary materials).

The calibrated spectrum shows a very broad Hβ emission line, among other features (Fig. 1).

Our spectral analysis indicates that the monochromatic AGNluminosity at rest-frame 5100̊A

isL5100 = 3.58+0.07
−0.08 × 1045 erg s−1. The typical line-of-sight velocity, i.e. the full-width at half-

maximum of the line, is11330+800
−870 km s−1 (see section S1.2 in the supplementary materials).

By combining this line width with the observedL5100 and relying on an empirically calibrated

estimator forMBH, based on the virial motion of ionized gas near the SMBH (17), we obtain

MBH = 6.9+0.8
−1.2 × 109M⊙. All the reported measurement-related uncertainties are derived by

a series of simulations and represent the 16th and 84th quantiles of the resulting distributions.

These simulations indicate a SMBH mass larger than3.6× 109M⊙ at the 99% confidence level

(see sections S1.2 and S3 for more details). Determinationsof MBH from single-epoch spectra

of the Hβ emission line are known to also be affected by significant systematic uncertainties, of

up to∼ 0.3 to 0.4 dex. For a detailed discussion of some of the systematics andrelated issues,

see§S3 in the supplementary materials. This highMBH is comparable with some of the most

massive BHs known to date in the local universe (18),or with the masses of the biggest BHs in

the much rarer, more luminous AGN atz ∼ 2 to4 [e.g., (9)]. The bolometric luminosity of CID–

947 is in the rangeLbol ≃ (1.1− 2.2)×1046 erg s−1, estimated either from the observed optical

luminosity or the multiwavelength spectral energy distribution. Combined with the measured
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MBH, we derive a normalized accretion rate ofL/LEdd ≃ 0.01 to0.02. This value is lower, by at

least an order of magnitude, than the accretion rates of known SMBHs atz ∼ 3.5 [e.g., (9,10)].

Further assuming a standard radiative efficiency of 10%, we obtain ane-folding time scale for

the SMBH mass of at least2.1 × 109 (Gy; see section S3), which is longer than the age of the

universe atz = 3.328. By contrast, even the most extreme models for the emergenceof “seed”

BHs predict masses no larger thanMseed ∼ 106M⊙ at z ∼ 10 to 20 [e.g., (19)]. Therefore, the

SMBH powering CID–947 had to grow at much higher accretion rates and at a high duty cycle

in the past, to account for the high observedMBH only 1.7 Gyr afterz ≃ 20. CID–947 could

have evolved from a parent population similar to the fast-growing SMBHs observed inz >
∼ 5

quasars, which haveL/LEdd ∼ 0.5 to 1 andMBH ≃ 109M⊙ [e.g., (11, 12)]. The requirement

for a high accretion rate in the very recent past is supportedby the clear presence of a high-

velocity outflow of ionized gas, observed in the rest-frame ultraviolet spectrum of the source

(fig. S4). The broad absorption features of CIV λ1549 and SiIV λ1400 have maximal velocities

of vmax ≃ 12, 000 km s−1. Assuming that this outflow is driven by radiation pressure,these

velocities require accretion rates ofL/LEdd
>
∼ 0.1, as recently as105 to 106 years before the

observed epoch (see section S4). We conclude that the SMBH powering CID–947 is in the final

stages of growth and that we are witnessing the shut-down of accretion onto one of the most

massive BHs known to date.

The rich collection of ancillary COSMOS multiwavelength data available for CID–947 en-

ables us to study the basic properties of its host galaxy (seedetails in section S2 in the supple-

mentary materials). A previously published analysis of theobserved spectral energy distribution

of the emission from the source reveals an appreciable stellar emission component, originating

from 5.6+2.8
−0.4 × 1010M⊙ in stars (20). Our own analysis provides a yet lower stellar mass, of

M∗ = 4.4+0.4
−0.5 × 1010M⊙. However, we focus on the previously determined, higher stellar

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

4



wavelengths, which allows us to constrain the SFR in the hostgalaxy to about400M⊙ year−1.

The stellar mass of the host galaxy is consistent with the typical value for star-forming galaxies

at z ∼ 3 to 4 [i.e., the “break” in the mass function of galaxies; (21)]. Similarly, the combina-

tion of M∗ and SFR is consistent with the typical values observed atz ∼ 3 to 4, which appear

to follow the so-called main sequence of star-forming galaxies (22). Thus, the host galaxy

of CID–947 is a typical star-forming galaxy for its redshift, representing a population with a

number density of about5 × 10−5Mpc−3 [e.g., (21)]. This suggests that neither the intense,

ionizing radiation that emerged during the fast SMBH growth, nor the AGN-driven outflow,

have quenched star formation in the host galaxy. The relatively high stellar mass and SFR of

the host galaxy further suggest that it is unlikely that the AGN affected the host in yet earlier

epochs. That is, even in this case of extreme SMBH growth, there is no sign of AGN-driven

suppression of star formation in the host.

Our analysis indicates that the BH-to-stellar mass ratio for CID–947 isMBH/M∗ ≃ 1/8. In

comparison, most local (dormant) high-mass BHs typically haveMBH/M∗ ∼ 1/700 to 1/500

[see Fig. 2 and, e.g., (4, 23)]. TheMBH/M∗ value that we find for CID–947 is thus far higher

than typically observed in high-mass systems in the local universe, by at least an order of mag-

nitude and more probably by a factor of about 50. The only local system with a comparably

extreme mass ratio is the galaxy NGC 1277, which was reportedto haveMBH/M∗ ≃ 1/7 [with

MBH = 1.7 × 1010M⊙ ≃ 2.5 × MBH(CID–947); see (24), but also (25)]. At earlier epochs

(still z < 2), the general trend is forMBH/M∗ to increase slightly with redshift, but typically

not beyondMBH/M∗ ∼ 1/100 (see Fig. 3). Only a few systems with reliable estimates ofMBH

showMBH/M∗ reaching as high as1/30 [e.g., (6–8)].

Given the high masses of both the SMBH and stellar populationin CID–947, we expect

this system to retain an extremeMBH/M∗ throughout its evolution, fromz = 3.328 to the
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present-day universe. Because theMBH that we find is already comparable to the most massive

BHs known, it is unlikely that the SMBH will experience any further appreciable growth (i.e.,

beyondMBH ≃ 1010M⊙). Indeed, if the SMBH accretes at the observed rate throughz = 2,

it will reach the extreme value of∼ 1010M⊙, and byz = 1 it will have a final mass of∼

2.5×1010 M⊙. As for the host galaxy, we can constrain its subsequent growth following several

different assumptions. First, if one simply assumes that the galaxy will become as massive as

the most massive galaxies in the local universe [M∗ ≃ 1012M⊙; (26)], then the implied final

mass ratio is on the order ofMBH/M∗ ∼ 1/100. Alternatively, we consider more realistic

scenarios for the future growth of the stellar population, relying on the observed mass (M∗) and

growth rate (SFR). Our calculations involve different scenarios for the decay of star formation

in the galaxy (see section S5 in the supplementary materials), and predict final stellar masses

in the rangeM∗ (z = 0) ≃ (2− 7) × 1011M⊙, which is about an order of magnitude higher

than the observed mass atz = 3.328. The inferred final mass ratio isMBH/M∗ ∼ 1/50. This

growth can only occur if star formation continues for a relatively long period (>∼ 1 Gy) and at

a high rate (> 50M⊙ year−1). This would require the presence of a substantial reservoir, or the

accretion, of cold gas, which, however, could not increase the SMBH mass by much. Finally,

in the most extreme scenario, the star formation shuts down almost immediately (i.e., due to

the AGN-driven outflow), and the system remains “frozen” atMBH/M∗ ∼ 1/10 throughout

cosmic time. If the SMBH does indeed grow further (i.e., beyond 1010M⊙), this would imply

yet higherMBH/M∗. Thus, the inferred final BH-to-stellar mass ratio for CID–947 is, in the

most extreme scenarios, aboutMBH/M∗ ∼ 1/100, and probably much higher (see Fig. 2).

CID–947 therefore represents a progenitor of the most extreme, high-mass systems in the

local universe, like NGC 1277. Such systems are not detectedin large numbers, perhaps due to

observational selection biases. The above considerationsindicate that the local relics of systems

like CID–947 are galaxies with at leastM∗ ∼ 5 × 1011M⊙. Such systems are predominantly
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quiescent (i.e., with low star-formation rates,SFR ≪ 1M⊙ year−1) and relatively rare in the

local universe, with typical number densities on the order of ∼ 10−5Mpc−3 (26). We con-

clude that CID–947 provides direct evidence that at least some of the most massive BHs, with

MBH
>
∼ 1010M⊙, already in place just 2 Gy after the Big Bang, did not shut down star forma-

tion in their host galaxies. The host galaxies may experience appreciable mass growth in later

epochs, without much further black hole growth, resulting in very high stellar masses but still

relatively highMBH/M∗. Lower-mass systems may follow markedly different coevolutionary

paths. However, systems withMBH/M∗ as high as in CID–947 may be not as rare as previously

thought, as they can be consistently observed among populations with number densities on the

order of∼ 10−5Mpc−3, both atz > 3 and in the local universe, and not just among the rarest,

most luminous quasars.
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ies (at most,MBH/M∗ ∼ 1/500; dotted line). The error bars shown for CID–947 represent
only the measurement-related uncertainties, propagatingthe uncertainties onMBH and onM∗.
The different data points atz < 2 represent typical (median) values for several samples with
MBH/M∗ estimates, with uncertainties representing the scatter within each sample [filled sym-
bols, open circles, and open triangles represent samples from (7), (29), and (6), respectively;
adapted from (7)]. Even compared to the extrapolation of the evolutionary trend supported by
these lower-redshift data,MBH/M∗ ∼ (z + 1)2 [dashed line, scaled as in (30)], CID–947 has a
significantly higherMBH/M∗.
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In these Supplementary Materials, we provide additional details about all the aspects of our

study presented and discussed in the main article, including: the new Keck/MOSFIREK-band

observations and their analysis (§S1); the multiwavelength data and related derivation of stellar

mass (M∗) and star formation rate (SFR;§S2); the derivation of black hole mass (MBH) and

accretion rate (L/LEdd), and a discussion of the SMBH evolution (§S3); the rest-frame UV

spectrum, broad absorption features and properties of the AGN-driven outflow (§S4); and of the

calculations of possible finalM∗ of the host galaxy (§S5).

S1 New Keck/MOSFIREK-band Data and Analysis

S1.1 Keck/MOSFIRE Observations and Data Reduction

The source CID–947 (J2000.0 coordinatesα = 10:01:11.35,δ = +02:08:55.6) was observed

with the Keck/MOSFIRE instrument (31) during the night of January 23-24th., 2014, with

observing time allocated through the Yale-Caltech collaborative agreement. We used the normal

K-band setup, which covers order 4 of the 110.5 mm−1 reflection grating. As CID–947 was our

primary target, it was positioned near the center of the mask, providing a spectral coverage

of λ =19,415–23,837̊A. To ensure adequate coverage of the sky background emission, and

its subtraction from the AGN signal, we used 4 pairs of MOSFIRE bars, to form a 24′′-long

pseudo-slit. The MOSFIRE pixel scale is 0.18′′/pix. To prevent significant slit losses, we set

the slit width(s) to 1′′, which resulted in a spectral resolution of aboutR ≡ λ/∆λ = 3600.

Observational conditions during the night were generally good, with typical seeing of∼0.8′′ in

theK-band during the science observations. The science exposures, totaling an hour, consisted

of 20 separate sub-exposures of 3 minutes each, dithered between two positions along the slit

with a separation of 4′′, to allow for an accurate subtraction of the sky emission. The typical

airmass during the observations was about 1.08. Several times during the night we also observed

the A0v stars HIP-34111 and HIP-56736, as well as the fainterwhite dwarf GD71, to allow a
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robust flux calibration.

The data were reduced using a combination of different tools. First, we used the dedicated

MOSFIRE pipeline (2014.06.10 version) to obtain flat-fielded, wavelength calibrated 2D spec-

tra of all the sources observed within each mask (including the standard stars). The wavelength

calibration was performed using sky emission lines, and thebest-fit solutions achieved an rms

of ∼ 0.1Å. Next, we used standardIRAF procedures to produce a 1D spectrum, using an aper-

ture of 11 pix (i.e., 2′′). Finally, we used theSpextool IDL package to remove the telluric

absorption features near 2µm and to perform the relative and absolute flux calibrations,based

on a detailed library spectrum of Vega (32, 33). The absolute flux calibration we obtained is in

excellent agreement with the archival photometry available for CID–947: the synthetic magni-

tude derived from the spectrum isKs = 20.03 (AB magnitudes), compared with the archival

value of20.00 ± 0.01 (34). We however chose to apply the minor scaling needed to matchthe

archival photometry (a factor of 1.03), in order to be fully consistent with the value used in the

SED decomposition (§S2). We finally note that CID–947 is one of several COSMOS targets

observed in this campaign, and we verified the robustness of the different reduction steps by

visually verifying that the same reduction yields artifact-free spectra for the other sources. The

typical signal-to-noise across the core part of the spectrum is S/N ∼ 5 − 7 per pixel. Af-

ter re-binning the spectrum to a uniform spacing of 1Å (in rest-frame;60 km s−1), we obtain

S/N ∼ 7− 10 per spectral resolution element.

S1.2 Spectral Analysis of Hβ Emission Complex

We modeled theK-band spectrum of CID–947 to measure the monochromatic continuum lumi-

nosity at (rest-frame) wavelength of 5100Å (λLλ

[

5100Å
]

, orL5100) and the width of the broad

Hβ emission line (FWHM(Hβ)). The analysis methodology is very similar to that discussed in

numerous previous works (e.g., (35–37), and references therein), and is only briefly described
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here.

The spectra were modeled with a linear (pseudo) continuum, abroadened FeII template

(38), and a combination of Gaussians which account for the broadand narrow emission lines,

namely Hβ, [O III ] λλ4959,5007, and HeII λ4686. The Hβ model consists of a broad com-

ponent (modeled with 2 Gaussians) and a narrow component, which is tied to the width of

the [OIII ] lines. The continuum flux at 5100̊A was estimated directly from the best-fit lin-

ear continuum.1 We preferred to useFWHM over σBLR as the probe of the virial velocity

field of the BLR gas, as the former can be more robustly estimated in spectra of limited

S/N, as is the case with our MOSFIRE data (39). However, since the best-fitting model for

Hβ turned out to be overwhelmingly dominated by a single broad Gaussian component (the

flux ratio between the two components is 45:1), the differences between the results derived

by two approaches are expected to be negligible. The best-fitmodels are presented in Fig-

ure S1. The relevant best-fit parameters resulting from our fitting of the MOSFIRE spectrum

areFWHM(Hβ) = 11330 km s−1, andL5100 = 4.16 × 1045 erg s−1. After accounting for

host-galaxy contamination of about 14% (following the analysis presented in§S2), the intrinsic

optical luminosity becomesL5100 = 3.58 × 1045 erg s−1. We note that the broad Hβ profile

in our best-fit model is highly symmetric, with an asymmetry index ofA.I. = 0.03, consistent

with the typical value found in large samples of un-obscuredAGN (see, e.g., (40)). The broad

component is, however, blue-shifted by about830 km s−1, relative to the expected wavelength

(at the source systemic redshift). Such large blue-shifts are relatively rare, with an occurrence

rate of only about 5%.2 To verify that our estimate ofFWHM(Hβ) is not severely affected by

these properties of broad Hβ profile, we obtained an alternative estimate of the line width, which

relies only on the blue part of the profile, which is not blended with Iron and [OIII ] emission.

1The monochromatic luminosity, as all other luminosities and ages reported here, are calculated assuming a
cosmological model withΩΛ = 0.7, ΩM = 0.3, andH0 = 70 km s−1 Mpc−1.

2This estimate is based on the Hβ measurements of about 20,000 SDSS AGN, presented in Ref. (37).
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This alternative estimate is obtained by doubling the one-sided line width, which was measured

following the approach described in Ref. (41). This results in aFWHM(Hβ)-equivalent of

9236 km s−1, only 0.09 dex lower than our best-fit value. However, we stress that this alterna-

tive estimate is far less robust than our fiducial, best-fit value, as it relies on the identification of

the (spectral) pixel with maximal flux density, which is verysensitive to small-scale flux density

fluctuations in spectra of limited S/N, as in the present case. We conclude that our estimate of

the width of the broad component of Hβ is not significantly affected by the shape or shift.

Due to the complexity of the spectral fitting procedure, the best approach to derive the

measurement-related uncertainties onL5100 andFWHM(Hβ) (and therefore onMBH; see§S3

below) is via re-sampling of the data. To this end, we constructed a set of 500 artificial spectra,

by adding normally-distributed random noise to the observed spectra of CID–947, scaled to

provide eitherS/N = 10 (comparable to the noise level in the observed data). An additional

set of 500 simulations assumed a more conservative noise level of S/N = 5, to verify that

our results are not driven by an under-estimation of the noise level in the data. We then re-

fitted each of these artificial spectra, using the same fittingprocedure as described above. The

resulting best-fitting models are illustrated in the top panel of Figure S1. After measuringL5100

andFWHM(Hβ) for each of these best-fitting models, we obtained an artificial sample of

FWHM(Hβ) values, the cumulative distribution function of which is illustrated in the lower-

left panel of Fig. S1. Fig. S1 clearly demonstrates that, even under the conservative assumption

of S/N = 5, about 95% of our simulations resulted inFWHM(Hβ) >
∼ 8600 km s−1. This

conservative lower limit onFWHM(Hβ) is lower than the best-fit value by about 0.14 dex.

The spectral region adjacent to the [OIII ] lines may suggest that their profiles may include

an additional broad component (i.e., a “blue wing”). We therefore performed yet another set of

simulations, with an alternative version of the fitting procedure that allows for an additional

broad component for [OIII ]. The broad components for the two [OIII ] lines were forced
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to share a common width (in the range500 − 1400 km s−1) and relative shift (in the range

−350− +150, km s−1). These limits are motivated by the distributions of line widths and shifts

found for large samples of un-obscured AGN (e.g., (42–44)). The results of the simulations

indicate that this adjustment to the [OIII ] profiles does not systematically affect our estimate of

FWHM(Hβ). The median value obtained in the simulations isFWHM(Hβ) = 10150 km s−1,

and 95% of the simulations resulted inFWHM(Hβ) > 6740 km s−1.

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

We used the available multiwavelength data for CID–947 to determine the bolometric luminos-

ity (Lbol) of the AGN in CID–947, and the stellar mass (M∗) and star formation rate (SFR) of

the host galaxy. The broad-band spectral energy distribution (SED) for CID–947 includes data

from a large variety of surveys of the COSMOS field, includingdata in the X-ray (Chandraand

XMM-Newton), optical-to-near-IR (Subaru and CFHT), mid-to-far-IR (SpitzerandHerschel)),

and millimeter (JMCT) regimes.

The broad-band SED of CID–947 was analyzed in previous studies of COSMOS AGN,

which derived and reported estimates ofLbol. One such analysis, based onChandraX-ray

data (45), yieldsLbol, SED = 1.31× 1046 erg s−1 (correcting for our adopted cosmology).3 An-

other study, based onXMM-NewtonX-ray data (ref. (46); XMM-ID 60131), givesLbol, SED =

1.81 × 1046 erg s−1 (also cosmology-corrected). The difference between thesetwo values, of

a factor of 1.6, is mostly due to the markedly different X-rayfluxes reported for CID–947 in

theChandraandXMM-Newtonsurveys of the COSMOS field, which may be due to intrinsic

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

3Here we use the luminosity integrated between 40 keV and 1µm, to avoiddouble-counting the re-processed
mid-IR emission (which would add about 17% toLbol for CID–947).
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contribution to these estimates ofLbol (i.e.,< 1%).

To derive the host galaxy properties, the SED of CID–947 was modeled separately for the

rest-frame UV-optical-NIR, and for the Mid-IR-to-millimeter regime.

The rest-frame UV-optical-NIR part of the SED includes the emission from the accreting

SMBH, a part of which is re-processed by a dusty toroidal structure (“torus”) and re-emitted in

IR wavelengths, and from stellar population of the host galaxy. The data in this regime consists

of flux measurements in 13 spectral bands (obtained with Subaru, CFHT andSpitzer), ranging

from ∼ 3700 Å (CFHT/u∗) to 24µm (Spitzer/MIPS). We first rely on the data accumulated

and analyzed in a previous COSMOS study by Bongiorno et al. (20). Here we mention briefly

only some of the features of this modeling, and refer the reader to (20) for a detailed discussion.

In that study, the data were modeled as the sum of two distinctcomponents, representing the

emission originating from the AGN and from stars in the host galaxy. The AGN component

is described by the multiwavelength AGN SED of Richards et al. (2006; (47)). The stellar

component was described by a grid of models, produced by a well-established stellar popular

synthesis procedure (48). Each of the templates represents a stellar population with a different

age (ranging from 50 Myr - 1.88 Gyr) and exponential decay rate (τSFH = 0.1 − 30 Gyr), and

further assume a Chabrier initial mass function (49). The templates were then subjected to both

nuclear and galaxy-wide dust extinction (withEB−V values of up to 1 and 0.5, respectively).

The best-fit model for CID–947 in the Bongiorno et al. study (Fig. S2, left) provides a stellar

mass ofM∗ = 5.57+2.78
−0.38 × 1010M⊙, with a reddening ofEB−V = 0.5. The fraction of the total

monochromatic luminosity at 5100̊A which is contributed by the stellar component is about

fhost (5100) = 0.14. This host contamination is taken into account when we estimate the mass

of the SMBH (see§S3).

We have repeated the UV-to-IR SED fitting, using the most up-to-date imaging data avail-

able for CID–947 (UltraVISTA DR2, (34); see Table S1), and a slightly modified AGN model,
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in which the emission from the dusty torus (dominating the mid-IR regime) is separated from

the intrinsic AGN radiation (dominating the UV-optical regime). Our analysis resulted in a very

similar stellar mass to the aforementioned one. The stellarcomponent is represented, as before,

by the Richards et al. AGN SED, which is however extrapolatedas a power-law atλrest > 4000

Å. The IR emission from the dusty torus is represented by composites from a dedicated study

of the IR SEDs of AGN (50). The grid of stellar population models have remained the same as

in the aforementioned “reference” SED fit, with the age of thestellar population capped at the

age of the Universe atz = 3.328. Our choice of the Bruzual & Charlot models is motivated

by the fact that they were also used in most studies of star forming galaxies atz > 3, which

we use here as reference (e.g., (21, 22)). For a detailed discussion of the effects of alternative

stellar population models, e.g., (21) and (22). We have restricted the components so that the

UV-optical part of the SED would be dominated by the AGN, i.e.fAGN > fhost. This is mo-

tivated by the overall AGN luminosity of CID–947 (see above)and the fact that the rest-frame

UV spectrum does not show significant host contamination in the deep absorption features (see

§S4). We have also explicitly omitted the data belowλrest = 1216 Å (i.e., theu andB bands),

as these are expected to be affected by Lyα absorption by the intergalactic medium along the

line of sight to CID–947. The resulting additional best-fit model (Fig. S2, right) relies on a

stellar population with an age of 1 Gyr, a stellar mass ofM∗ = 4.37+0.42
−0.48×1010 M⊙, with a red-

dening ofEB−V = 0.05. In this new fit, the stellar component contributesfhost (5100) = 0.36.

Next, we re-fitted the data with a restricted model in which the stellar population is kept at

the oldest reasonable age (1.8 Gyr). Since older stellar populations have higher mass-to-light

ratios, such a fit would in principle provide a conservative upper limit on the stellar mass. This

fit resulted inM∗ = 6.48+0.28
−0.56 × 1010M⊙, andfhost (5100) = 0.35. Finally, we have repeated

this oldest-population fit, this time without the restriction of fAGN > fhost. This resulted in

M∗ = 5.95 ± 0.21 × 1010M⊙, andfhost (5100) = 0.55. We stress however that these latter

24



age-restricted models donot provide the best fits of the data, as the resultingχ2 is higher than

that found for the non-restricted case. We conclude that thebest-fit stellar mass that we obtain

for the host of CID–947 isM∗ = 4.37 ±+0.42
−0.48 ×1010M⊙. We however choose to base the rest

of the analysis on the slightly higher mass found in the Bongiorno et al. study, as it represents

a more conservative choice given the extremely high BH-to-stellar mass ratio we find for CID–

947, and since it is based on the same SED decomposition code that was used in some of the

reference studies to which we compare our results (6).

The Mid-IR-to-millimeter part of the SED is dominated by emission from the (cold) dusty

gas in the host galaxy, heated by the star formation activity. Here we rely onHerscheland

JMCT/AzTEC detections at 500µm and 1.1 millimeter, and upper limits at 100, 160, 250 and

350µm, fromHerschel(51,52). The data were fit with a grid of dust-emission templates of star-

forming galaxies, covering a representative range of SED shapes (i.e., effective temperatures;

(53)). The best-fit template for the far-IR and millimeter data implies a star formation rate of

SFR = 392M⊙ yr−1. We present the Mid-IR-to-millimeter data and models in Fig. S3. We

stress that the AGN contribution to the emission in this regime is negligible, as demonstrated

by the dotted black line in Fig. S3 (54). The SFR estimate relies on low-resolutionHerschel

and JMCT/AzTEC measurements, and therefore may be contaminated (confused) 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 forL5100 andFWHM(Hβ) (see§S1.2 above), and applying commonly-

used virial estimators ofMBH (10, 37), we obtainMBH = 6.91 × 109M⊙. Alternative calibra-

tions of such virial mass estimators do not alter our findingssignificantly. For example, the cal-

ibration obtained by a recent reverberation mapping study (55) impliesMBH = 5.68× 109M⊙;
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that is, smaller than our fiducial measurement by less than 0.1 dex. We use the simulations de-

scribed above (§S1.2) to estimate the measurement uncertainties onMBH. The best-fittingL5100

andFWHM(Hβ) for each simulated spectrum were combined to provide a set ofartificial es-

timates ofMBH. The cumulative distribution function of theseMBH estimates is presented in

the lower-right panel of Fig. S1. For theS/N = 10 simulations we find that the 16% and 84%

quantiles are at5.73 × 109 and7.66 × 109M⊙, respectively, resulting in1σ-equivalent uncer-

tainties onMBH of −1.18× 109 and+0.75× 109M⊙. We further find that 95% (99%) of these

simulations resulted inMBH > 5.09× 109M⊙ (3.61× 109M⊙). The corresponding values for

theS/N = 5 simulations areMBH > 3.82 × 109 and2.96 × 109M⊙, respectively. Virial (or

“single-epoch”), Hβ-based estimates ofMBH are also known to be prone to systematic uncer-

tainties, of up to∼ 0.4 dex, due to the reliance on the empiricalRBLR − L5100 relation, and the

overall normalization of the mass estimators. We stress however that our analysis of CID–947

should, in principle, sufferlessfrom systematics, compared to similar studies of more luminous

sources atz ∼ 3.5, as its luminosity ofL5100 = 3.4× 1045 erg s−1 lies within the range covered

directly by reverberation mapping experiments (55–57). The leading systematic uncertainty in

the present case is therefore associated with the assumption of a typical “geometrical factor”

(commonly referred to asfBLR), which is of order 0.1 dex (58,59).

Another source of concern is the possibility that the BLR is observed at a high inclination

angle, as suggested by the presence of the broadabsorptionfeatures (i.e., BAL features) in

the rest-frame UV part of the spectrum of CID–947 (see§S4 below). One may suspect that in

such a case, the measuredFWHM(Hβ) would systematically over-estimate the typical velocity

dispersion in the BLR, and thus lead to an overestimatedMBH. We have investigated this issue

by comparing the distributions ofFWHM(Mg II ) in large samples of non-BAL QSOs, and

those with a BAL feature in the CIV λ1549 line (as in CID–947), among sources at1.6 < z <

1.9, drawn from a large catalog based on the Sloan Digital Sky Survey (36). Although in the
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current work we used Hβ, and not the MgII λ2798 line as our virial estimator, the widths of

these two lines have been shown to be closely correlated, andthey are thought to originate from

a similar region within the BLR (e.g., (36, 37)). The distributions ofFWHM(Mg II ) for BAL

and non-BAL QSOs (1723 and 15370 objects, respectively) arevery similar in shape, with

the median FWHM value for BAL QSOs being only slightly higher, by merely230 km s−1.

Moreover, there is no excess of BAL QSOs with line widths comparable to what we estimate

for CID–947 (i.e., >
∼ 10, 000 km s−1).

Several phenomenological studies have raised the possibility that, forsomeluminous sources

with particularly broad Hβ lines (FWHM(Hβ) >
∼ 4000 km s−1), the line profiles might include

a significant contribution from a non-virialized “very broad component”, which should not be

taken into account when estimatingMBH (e.g., (60)). Simply adopting the empirically derived

(and perhaps luminosity-dependent) corrections suggested in such studies (60,61), our estimate

for MBH should be scaled down by about 0.2-0.25 dex. In the context ofour main finding, of an

extremely high BH-to-stellar mass ratio for CID–947, this would meanMBH/M∗ ≃ 1/15−1/12

- still a very high value (see Fig. 3). We however stress that the commonly advocated approach

to singling out such peculiar objects is based on the unambiguous identification of two com-

ponents in the broad Hβ emission line (the “core” and the “very broad component”), as well

as some line asymmetry. Since the Hβ profile in CID–947 does not show such a complicated

structure, the aforementioned empirical corrections should not be applied.

Finally, the alternative, “one sided” estimate of the line width (see§S1.2 above) would

translate to a decrease of about 0.18 dex in any “virial” estimate ofMBH. As explained in

§S1.2, and demonstrated in our simulations, this is not a robust estimate of the line width. We

note, however, that such a decrease inMBH would have a similar effect on our main result as

the one discussed above, namely providingMBH/M∗ ≃ 1/12.

We conclude that the SMBH powering the AGN in CID–947 has a mass ofMBH > 3.6 ×
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109M⊙, at the 99% confidence level, and our best estimate isMBH = 6.9× 109M⊙.

The rest-frame optical spectrum was used to derive yet another estimate ofLbol, by apply-

ing a bolometric correction (i.e.,fbol
(

5100Å
)

≡ Lbol/L5100). This approach is consistent with

many previous studies of un-obscured AGN, at all redshifts.We used the luminosity-dependent

prescription described in (37), which in turn relies on theB-band bolometric corrections pre-

sented in (62), translated to 5100̊A assuming a UV-optical SED withfν ∝ ν−1/2 (63). For

CID–947, this results inLbol, opt = 2.11× 1046 erg s−1. This value is highly consistent with the

XMM-Newton-based estimate ofLbol, SED (ref. (46); within 0.06 dex), but significantly higher

than theChandra-based value (ref. (45); by a factor of almost 2).

The derived values ofLbol andMBH were combined to provide estimates of the normalized

accretion rate, in terms of the Eddington luminosity,L/LEdd ≡ Lbol/ (1.5× 1038MBH/M⊙)

(this definition of the “Eddington ratio” assumes a Solar gas-phase metalicity). We obtain

L/LEdd = 0.021 for theL5100-based estimate ofLbol, or 0.019 and0.011 for theXMM-Newton

andChandra-based estimates ofLbol, SED, respectively. Given the fact that the estimates ofLbol

were obtained using very different approaches, and the systematic uncertainties associated with

the estimation ofLbol (e.g., the scatter infbol
(

5100Å
)

), we consider these estimates ofL/LEdd

to be in excellent qualitative agreement: the SMBH in CID–947 is accreting at a rate of at most

L/LEdd ≃ 0.02.

By combining the estimatedL/LEdd and a standard radiative efficiency ofη = 0.1 (62),

we obtain ane-folding timescale for the growth of the SMBH, following theexpressionτBH =

4×108 η/(1−η)
L/LEdd

yr. The resulting timescales are about 2.1 and 4 Gyr, for the higher (L5100-based)

and lower (Chandra-based) estimates ofL/LEdd, respectively. In any case, these timescales are

longer than the age of the Universe atz = 3.328, of about 1.88 Gyr, and than the elapsed time

since the earliest seed black holes likely formed, 1.7 Gyr (z ∼ 20). This very long timescale

thus suggests that the SMBH in CID–947 had to experience an earlier epoch of much faster
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growth (i.e., higher accretion rate), and/or that it had to originate from the most massive type of

seeds. In particular, extrapolating the growth history “backwards” toz = 10, assuming constant

accretion rate and radiative efficiency ofL/LEdd = 0.02 andη = 0.1 (respectively), results in

MBH (z = 10) ≃ 3.7 × 109M⊙. Even with the lowest efficiency within the framework of a

geometrically-thin, optically thick accretion disk,η = 0.038 (maximally retrograde spinning

BH; e.g., (64)), the implied mass is still about109M⊙. The most extreme BH seed production

mechanisms rely on different “direct collapse” scenarios,but generally provide very few seeds

as massive asMseed ∼ 106M⊙ (see, e.g., (65) and reviews in (19, 66, 67)). Some very recent

studies speculate thatsomeBH seed masses may be yet higher, perhaps up to∼ 108M⊙, but

not beforez = 10 (68). Considering the accretion rate onto the SMBH, some recentmodels

highlight the possibility of yet more efficient accretion, as the disk becomes “slim” and sur-

passes the simplified (spherical) Eddington limit, perhapsreachingṀ/MEdd ∼ 3 (69). We

note however that such extreme models for BH seed productionand accretion may not neces-

sarily be required to explain objects like CID–947. The impliedMBH of CID–947 atz ∼ 5, of

about3×109M⊙, is consistent with that observed in the population of high-luminosity quasars

at that epoch (11, 12). Such sources, however, have much higher accretion rates,typically

L/LEdd
>
∼ 0.5, and can emerge from standard accretion (at relatively highduty cycles and low

radiative efficiency), from a broad range of BH seed masses, including those of stellar remnants

(i.e.,Mseed
<
∼ 103M⊙). We stress that in any case, CID–947 had to have higher-than-observed

accretion ratesometimein the past, to account for its high mass. As we show in§S4 below,

we have evidence that this epoch of high accretion rate took place relatively 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 zCOSMOS survey (ref. (70);

zCOSMOS-ID 823936), and we present it in Fig. S4. It clearly shows very broad and deep

absorption troughs blue-ward of the SiIV λ1400 and CIV λ1549 lines, identifying CID–947 as

a Broad Absorption Line Quasar, a sub-population that comprises about 10-20% of luminous,

un-obscured AGN (BALQSOs; see, e.g., (71–73), and references therein). Moreover, the ab-

sorption feature blue-ward of the AlIII λ1857 line suggests that CID–947 may belong to the yet

rarer sub-class of low-ionization BAL QSOs (i.e., it is a “LoBAL”). For bothC IV andSi IV we

estimate a maximum outflow velocity of|vmax| ≃ 12, 000 km s−1, with theC IV trough proba-

bly slightly broader. While this value ofvmax is not uncommon among BALQSOs (73), it is an

outlier in thevmax − L/LEdd plane: virtually all known BALQSOs with comparablevmax have

much higher accretion rates, typicallyL/LEdd > 0.1 (74).

A simple model for the launching of such high-velocity outflows (75, 76) yields a value for

the maximum outflow velocityvmax ≃ 9300
(

Rabs,0.1

M8

)−1/2 (

1.5 f0.1
N22

L/LEdd − 0.1
)1/2

km s−1,

whereRabs,0.1 is the distance of the absorber from the continuum source, scaled to 0.1 pc;M8

is the SMBH mass, scaled to108M⊙; f0.1 is the fraction of continuum photons absorbed (or

scattered) by the outflowing gas, scaled to 10%; andN22 is the absorber column density, scaled

to 1022 cm−2. Assuming the observed value forMBH, and alsoNH = 1022 cm−2, Rabs,0.1 = 1

andf0.1 = 1, this expression implies that a wind withvmax ≃ 12, 000 km s−1 should have been

launched by a SMBH accreting atL/LEdd
>
∼ 0.1, and probably at rates as high asL/LEdd ≃ 0.7

(see (76) for discussion of viable ranges on all parameters). This issignificantly higher, by at

least an order of magnitude, than the observed value ofL/LEdd. We also note that, since within

the framework of this modelL/LEdd ∝ Rabs,0.1, the implied accretion rate can easily reach

L/LEdd ≃ 1 if the outflow has reached∼ 1 pc.
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The high-velocity outflow was launched at a time∆t ∼ Rabs/vmax prior to the observed

epoch. Even for a conservative assumption ofRabs
>
∼ 1 kpc (e.g., ref. (77) and references

therein), the implied age of the outflow is about105 years. Any alternative, more realistic

assumption regardingRabs would imply an even shorter timescale.

Thus, the relatively high terminal velocity of the observedoutflow lends further support to

the scenario in which CID–947 was accreting at much higher rates, probably as recently as

∼ 105 years before the observed epoch.

S5 Subsequent evolution ofM∗

We estimated the “final” stellar mass of CID–947 (M∗ (z = 0)) in several ways, all of which

rely on the observed stellar mass (5.6 × 1010M⊙) and star formation rate (∼ 400M⊙ yr−1).

Our calculations assume that we are observing the host galaxy of CID–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 typicale-folding timescales in the

range ofτ = 1 − 2 Gyr. These short timescales are supported by several observational stud-

ies which constrain the ages of the stellar populations in massive, low-redshift galaxies (78),

and basically implies that the final mass of the galaxy can be approximated byM∗ (z = 0) ≃

M∗ (z = 3.328) + SFR × τ . These “integrated” masses should be scaled down, by factors of

about 1.6, to account for the fact that some of the mass is returned back to the galaxy’s gas

(e.g., through stellar winds, Supernovae explosions etc.). Using the observedM∗ and SFR for

CID–947 we obtain final masses ofM∗ (z = 0) ≃ (2.8− 5.3)× 1011M⊙.

An alternative calculation relies on the scenario in which star-forming galaxies evolve on the

“main sequence” at all epochs, until they quench, and that the mass functions of such objects, at

all epochs, can be linked via the so-called “continuity approach” (79). In particular, we assume

that for star forming galaxies the specific star formation rate, sSFR, evolves assSFR ∼ 1/t,
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and that the probability of quenching depends predominantly onM∗. The different parameters

in the calculations were derived by applying the continuityapproach to the observed (evolving)

stellar mass functions (see ref. (79) for details). These calculations predict that a galaxy with

properties like those of CID–947 will evolve to reach7.2 × 1011M⊙ at z = 0, if it never

quenches. Alternatively, it can reach2.2 × 1011M⊙ if it quenches atzquench = 2.51, when

the (mass-dependent) probability of quenching reaches 75%. Allowing for some additional

mass growth through galaxy-galaxy mergers would increase the latter estimate of final mass

by a factor of about 2.6, to5.75 × 1011M⊙. The increase due to mergers for the former mass

estimate is minute, since the probability of experiencing asimilar-mass merger decreases with

increasing mass. In any case, these calculations show that the stellar population in CID–947

should grow by about an order of magnitude betweenz ≃ 3.3 andz ∼ 0.

We note that the high SFR we measure in CID–947 implies a molecular gas mass of at least

M (H2) ≃ 2 × 1010M⊙, and perhaps as high as2 × 1011M⊙ (80, 81). This suggests that the

host galaxy can experience significant growth by consuming this reservoir of cold gas, without

any additional gas accretion from its surroundings (i.e., the IGM), nor from mergers.
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Figure S1: Results of the re-sampling simulations for the Hβ emission complex of CID–
947. Top - (A): Results for 500 simulations, withS/N = 10 and “nominal” [OIII ] profiles
(i.e., single-Gaussian). The diagram illustrates the original spectrum (blue), the best-fit linear
continuum (dashed black), and the collection of 500 models that fit the simulated spectra (gray
shaded region).Bottom:Cumulative distribution functions (CDFs) of the obtained line widths,
FWHM(Hβ) (B) and SMBH masses,MBH (C). In both panels, the solid lines illustrate the
results for theS/N = 10 simulation, while the dashed lines correspond to a more conservative
simulation, withS/N = 5. The (dotted) horizontal lines mark the 5 and 50% (i.e., median)
levels. We find that 95% of theS/N = 10 simulations resulted inFWHM(Hβ) > 9615 km s−1

andMBH > 5.09×109M⊙; and that 99% resulted inFWHM(Hβ) > 8175 km s−1 andMBH >
3.61× 109M⊙.
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Figure S2: The UV-to-IR SED of CID–947, based on the available ground-based andSpitzer
imaging data in the COSMOS field, which is used to infer the stellar mass of the host galaxy.
Left - SED fitting from Bongiorno et al. (2012; (20)). The observed SED (black points) is fit by a
model (black line) that consists of three distinct components: an un-obscured AGN, dominating
the UV regime (solid blue) and a stellar population (magenta), which contributes a significant
fraction of the emission around rest-frame wavelength of∼ 1 µm. Right - our own best-fitting
model, in which the dusty toroidal structure, dominating the mid-IR regime (dashed blue), is
treated separately from the intrinsic AGN emission.

34



Figure S3: The mid-to-far IR SED of CID–947, based on the availableSpitzerdata and the low
resolutionHerscheland millimeter-wave observations, which is used to infer the star formation
rate of the host galaxy. The gray lines represent a subset of the far-IR templates of star-forming
galaxies we used (53), with the best-fit template and the corresponding SFR highlighted in
red. The AGN contamination at sub-millimeter-to-millimeter wavelengths (λrest > 200µm)
is negligible, as illustrated by the pure-AGN spectral energy distribution (black dotted line;
adapted from ref. (54)).
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Figure S4: Optical spectrum of CID–947, probing the rest-frame UV regime, obtained as part
of the zCOSMOS survey (70). Dashed vertical lines mark the expected center wavelength of
the SiIV λ1400, C IV λ1549, and AlIII λ1857 lines. Blue-shifted, broad absorption features are
clearly detected next to each of these three lines, identifying CID–947 as a low-ionization broad
absorption line QSO (or “LoBAL QSO”). The broad absorption troughs blue-ward of SiIV and
C IV reachvmax ≃ 12000 km s−1. The red part of the spectrum (λrest ≤ 1900 Å), including the
C III ] λ1909 line, is known to be affected by (instrumental) fringing.

36



Table S1: UV-to-IR Spectral Energy Distribution

Telescope/ band λobs mAB ±∆ λrest log (λLλ)±∆
Instrument [µm] [erg s−1]

Subaru/ V 5449 Å 20.900± 0.007 0.1259 45.937± 0.003
SuprimeCam r 6232 Å 20.803± 0.006 0.1440 45.918± 0.002

i+ 7621 Å 20.394± 0.004 0.1761 45.994± 0.002
z++ 8801 Å 20.588± 0.002 0.2033 45.854± 0.001

VISTA/ Y 1.020 µm 20.639± 0.003 0.2357 45.770± 0.001
VIRCAM J 1.250 µm 20.333± 0.003 0.2888 45.803± 0.001

H 1.650 µm 20.290± 0.004 0.3813 45.700± 0.001
Ks 2.154 µm 20.029± 0.005 0.4976 45.689± 0.002

Spitzer/ ch1 3.526 µm 19.734± 0.011 0.8147 45.593± 0.004
IRAC ch2 4.461 µm 19.589± 0.009 1.0307 45.549± 0.003

ch3 5.677 µm 19.349± 0.073 1.3117 45.540± 0.027
ch4 7.704 µm 18.765± 0.075 1.7800 45.641± 0.028

MIPS 24µ 23.68 µm 16.868± 0.026 5.4704 45.912± 0.010
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