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ABSTRACT

The empirical relationship between the broad-line region size and the source luminosity in active galactic
nuclei (AGNs) is used to obtain black hole (BH) masses for a large number of quasars in three samples. The
largest black hole masses exceed and are found to occur in the objects with the highest luminosities.1010 M,

Such BH masses, when converted to galaxy bulge mass and luminosity, indicate masses in excess of1310 M,

and in excess of 700 km s�1. Such massive galaxies have never been observed. The largest BHs reside, almostj∗
exclusively, in high-redshift quasars. All this is inconsistent with several suggested scenarios of BH and galaxy
formation. Possible ways out are that either the observed size-luminosity relationship in low-luminosity AGNs
does not extend to very high luminosity or else the correlations observed in the local universe doM -M -jBH bulge ∗
not reflect the relation between those quantities at the epoch of galaxy formation.

Subject headings: black hole physics — galaxies: active — galaxies: high-redshift — galaxies: nuclei —
quasars: general

1. INTRODUCTION

Recent progress in reverberation mapping of active galactic
nuclei (AGNs) allowed the first meaningful correlation between
the broad-line region (BLR) size ( ) and the black holeRBLR

(BH) mass in more than 30 objects. This provided a simple
way to calculate BH masses for a large number of sources and
resulted in a flood of papers on this topic. Some papers (e.g.,
Vestergaard 2002, hereafter V02; McLure & Jarvis 2002) in-
vestigated, in great detail, the wavelength dependence of the

relationship and provided useful ways for adoptingR -L-MBLR

the method to other wavelength bands. This opens the way for
the study of BH masses in large samples of high-luminosity
high-z quasars.

All the new BH mass estimates are based on a single rela-
tionship obtained for a single sample of 34 AGNs for which
BLR sizes are available from decade-long reverberation map-
ping campaigns. More than half the sample was observed at
the Wise Observatory over a period of about 12 years (Kaspi
et al. 2000, hereafter K00). Other objects have been monitored
in other observatories and in several “AGN watch” campaigns
(Netzer & Peterson 1997; Peterson 2001). The main findings
are a significant relationship [ is theR -lL (5100) L (5100)BLR l l

monochromatic luminosity at 5100 A˚ ] and the confirmation
that the BLR gas is in virial motion (e.g., Peterson & Wandel
2000). These, plus the (model dependent) conversion of the
observed full width at half-maximum (FWHM) of various
emission lines into three-dimensional gas velocities, are suf-
ficient to derive the mass of the central BH.

This Letter discusses the mass of the largest BH in the uni-
verse: those found in the centers of the most luminous quasars.
It follows the works of Laor (1998, 2001), McLure & Jarvis
(2002), Woo & Urry (2002), and others who used such methods
for obtaining BH masses beyond the original K00 sample. The
Letter addresses also the Shields et al. (2002) new results and
extends the mass estimates to much larger quasar samples.
Section 2 presents new mass calculations for a large number
of sources, and § 3 illustrates the new correlations found. Sec-
tion 4 discusses the new results in light of the available in-
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formation on the largest, most luminous elliptical galaxies and
the epochs of quasars and galaxy formation.

2. THE LARGEST BLACK HOLE

2.1. Black Hole Mass Measurements

New mass estimates have been obtained for a large number
of AGNs using the relationship obtained from the K00R -LBLR

sample, the only sample available for such calibration. This
relationship is given, schematically, by

gR p c L , (1)BLR 1 l

which results in the following mass estimate:

g 2M p c L [FWHM] . (2)BH 2 l

Here and are constants that include the flux normalizationc c1 2

and various assumptions about the velocity field in the BLR.
The slope is derived from the reverberation campaign resultsg
and is in the range 0.5–0.7 (see below). The expression in
equation (2) can be used to derive “single-epoch” masses that
combine the constantsg and with observed FWHMs ofc2

certain emission lines inindividual objects. The method has
been described in various papers including K00, V02, Maoz
(2002), and McLure & Jarvis (2002). Its more useful appli-
cations are based on measured (5100) and FWHM(Hb) forlLl

low-redshift sources (the quantities used by K00) and the com-
bination of (1350) and FWHM(Civ ) for high-red-lL l1549l

shift objects. V02 has looked into the intercalibration of the
two and supplied the expressions that are used in this work,
except for a small correction in the value of that was intro-c2

duced to adjust her constants to the cosmology assumed here:
km s Mpc , , and . McLure &�1 �1H p 70 Q p 0.3 Q p 0.70 m L

Jarvis (2002) provided similar expressions for Mgii l2798,
which are not used in this work.

2.2. The Sample

Three AGN samples have been used in this work: (1) the
Large Bright Quasar Survey (LBQS) sample (Forster et al. 2001
and references therein), (2) a sample of 104 high-redshift, high-
luminosity quasars with ground-based spectrophotometry
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Fig. 1.—Black hole mass as a function of (1350) for the quasar sampleslLl

described in the text assuming . Open symbols represent mass ob-g p 0.58
tained from the Hb line and filled symbols masses obtained using Civ

. The two C iv samples completely overlap in properties andl1549 l1549
were not given different symbols. The dashed lines represent the� rangejM

around the median and the solid line the relationship.0.8M ∝ L

[ ] and good FWHM(Civ ) measurements, andL (1350) l1549l

(3) the new and FWHM(Hb) listed by Shields et al.L (5100)l

(2002). Many of the sources in the second sample are UM
quasars, and the raw data can be found in MacAlpine & Feld-
man (1982), Baldwin, Wampler, & Gaskell (1987), and Baldwin
(1977).

Forster et al. (2001) supplied monochromatic luminosities
and FWHMs for many emission lines in about 1000 LBQS
quasars. Since many of the sources have been observed through
relatively small aperture, and under poor weather conditions,
it was decided to use the magnitudes, which are much moreBj

accurate. This follows Green et al. (2001), who studied the
Baldwin relationship in this sample and obtained monochro-
matic luminosities using the same method. All fluxes have been
corrected for Galactic reddening using the Green et al. pro-
cedure. A major assumption here, and in Green et al. (2001),
is that the observed continuum can be described by a single

power law with . This approximation�aL ∝ n a p 0.5n

neglects the possible dependence ofa on source luminosity,
which may affect the relationship (see § 4). ForsterM-L
et al. (2001) provided several different measurements of
FWHM(C iv ) with and without the narrow-line com-l1549
ponent. The “single” component fit was used, and the “broad
only” fit was checked to verify that the results are not sensitive
to this choice. A handful of sources with FWHM(Hb) !

km s or with FWHM(C iv km s�1 �11000 l1549)1 20,000
were removed from the sample since those were considered
unreliable or affected too much by the narrow emission line.
As for the second Civ sample, no Galactic reddeningl1549
was applied, and the same assumption about was used. InL n

this case there is no significant dependence ona since the
original papers quote the observed flux at around a rest wave-
length of 1450 A˚ .

The above samples are optically selected and suffer from
various selection effects. This is of no real consequence to the
main goal of the Letter, which is to derive the mass of the
largest known BHs. It may, however, affect the derivedM-L
correlations (§ 4). This correlation is the subject of a more
detailed paper (Corbett et al. 2002) addressing the 2dF and 6dF
quasar samples.

3. THE RELATIONSHIP FOR HIGH-LUMINOSITY AGNsM-L

BH masses have been calculated using equation (2) and the
normalizations derived by K00 and V02 adjusted to the cos-
mology chosen here. The determination of the slopeg is crucial
for the present work and will be discussed prior to presentation
of the new results.

We start from the original K00 sample, to which we apply
two statistical methods for findingg: the Akritas & Bershady
(1996) BCES estimator (for which we consider only the BCES
bisector) and thefitexy method described in Press et al. (1992).
The merits of the different methods have been discussed, ex-
tensively, in several papers and will not be repeated here. Our
experience shows that the differences between the slopes ob-
tained by the different methods are larger than the formal un-
certainties on the slopes of each method. The K00 sample
adjusted to the new cosmology gives for theg p 0.58� 0.12
BCES bisector estimator and for thefitexyg p 0.68� 0.03
method. The two slopes are formally consistent with each other.

Since the purpose of this work is to extrapolate to very large
L, we also experimented with removing the lowest luminosity
objects from the sample. Removing the three objects with

ergs s resulted in43 �1lL (5100)! 10 g(BCES)p 0.71�l

and . Removing the seven ob-0.21 g( fitexy) p 0.69� 0.03
jects with ergs s resulted in43.7 �1lL (5100)! 10l

and . Allg(BCES)p 0.58� 0.19 g( fitexy) p 0.74� 0.04
these results suggest that the two methods are consistent with
each other, and the slope cannot be determined to an accuracy
better than about 0.15. The value adopted for illustrating the
results of this work is the smaller one found for the entire K00
sample, . The implications for the case of larger org p 0.58
smallerg are discussed in § 4.

Shields et al. (2002) suggested the use of the “physically
motivated” value of . The strongest argument for usingg p 0.5
this value is the suggestion by Netzer & Laor (1993) that the
outer boundary of the BLR is determined by the dust subli-
mation radius, which is similar to the measure to withinRBLR

a factor of∼2. There are several problems in applying this idea
to the present mass determination. First, the “reverberation ra-
dius” is determined by the responsivity of Hb to changes in
the ionizing luminosity, , which is smaller than the bolo-L ion

metric luminosity that determines the dust sublimation radius.
In addition, implies the same BLR ionization param-g p 0.5
eter for low-luminosity Seyfert nuclei and the highest lumi-
nosity quasars. This has never been shown to be the case in
large QSO samples. Thus, more work is required to justify this
theoretical value ofg.

The masses computed with the slope are presentedg p 0.58
in Figure 1. The diagram contains data for 505 QSOs with
C iv measurements and 219 sources with Hb measure-l1549
ments. The luminosity range is roughly 44lL (1350)p 10 –l

ergs s . Also shown is the best regression line (see47.5 �110
below) and the mass range of� around the median cal-jM

culated in luminosity bins of 0.3 dex. The largest BHs are
found in sources with with (15 with10.2z 1 2 M � 10 MBH ,

mass exceeding ). Using (the slope found1010 M g p 0.68,

with the fitexy method) raises this number to about10.410
(62 with mass exceeding ). Figure 2 shows10M 10 M M, , BH

as a function of redshift for the same sample under the same
assumptions. The fraction of quasars with de-10M 1 10 MBH ,

pends on the luminosity function and is addressed in Corbett
et al. (2002).

The data in Figure 1 suggest a simple linear dependence of
the form . This has been tested by performing a linearbM ∝ LBH
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Fig. 2.— vs. redshift for the sample in Fig. 1 with the same symbolsMBH

TABLE 1
Regression Analysis Results for log (MBH) p a � b log (lL1350)

Method g Sample b a

BCES bisector. . . . . . 0.58 All C iv l1549 1.12� 0.05 �42.9
fitexy . . . . . . . . . . . . . . . . 0.58 All Civ l1549 1.13� 0.04 �43.1
BCES bisector. . . . . . 0.58 All Hb 0.83 � 0.03 �29.2
fitexy . . . . . . . . . . . . . . . . 0.58 All Hb 0.80 � 0.02 �27.6
BCES bisector. . . . . . 0.58 All objects 0.80� 0.02 �27.7
fitexy . . . . . . . . . . . . . . . . 0.58 All objects 0.78� 0.01 �26.9
BCES bisector. . . . . . 0.68 All objects 0.90� 0.02 �32.2
fitexy . . . . . . . . . . . . . . . . 0.68 All objects 0.89� 0.01 �31.9

regression analysis using the same two methods described ear-
lier. The procedure used for calculating the errors is the fol-
lowing: for , the assumption is of a constant error of 0.15L1350

dex representing the measurement uncertainty, the extrapola-
tion in wavelength, and the typical range in luminosity due to
continuum variability. This number does not affect the resulting
slopeb in any significant way. As for the mass, this was done
using standard error propagation by combining all errors due
to the uncertainties inL and in FWHM (line width uncertainties
are given in Forster et al. 2001). The combined error for this
case is typically 0.15–0.25 dex. No uncertainties are listed for
FWHM(C iv ) in the second quasar sample and forl1549
FWHM(Hb) in Shields et al. (2002). A uniform error of 0.2
dex in was assumed in those cases. The errors are relativelyMBH

large and are expressed in logarithmic form (i.e.,
; see Lyons 1991).0.5[log (x � dx) � log (x � dx)]

Table 1 lists several slopes obtained by the two methods for
the two cases of and . Given the variousg p 0.58 g p 0.68
biases and unknowns and the uncertainty ong, it is reasonable
to assume that the real uncertainty inb is at least as large as
�0.15. With this uncertainty, the slopes of the Civ l1549
sample and the entire sample are barely consistent with each
other, and the slopes of the Hb sample and the entire sample
are indistinguishable. The scatter in slope is probably due to
the very different luminosity range of the Civ and thel1549
Hb samples. A second approach that was tried assumed a uni-
form uncertainty in of 0.3 dex for all objects. This gaveMBH

very similar results. The overall conclusion is that for luminous
AGNs, .0.9�0.15M ∝ LBH

The correlation found here is very different from theM -LBH

one found in K00. The reason is probably the incompleteness
of the small K00 sample, which resulted in a biased sampling
of FWHM(Hb) versus not representing the parentlL (5100)l

population. Indeed, K00 found FWHM(Hb) , while in�0.27∝ L
the samples under study the correlation is much flatter. The
FWHM-luminosity dependence in various samples will be ad-
dressed in a separate paper (Corbett et al. 2002).

The tight relationship enables the study of the Ed-M -LBH

dington ratio, , in these samples. The observed re-L/L M-LEdd

lationship suggests a very weak, if any dependence of
on L or on . This impression is confirmed by aL/L MEdd BH

formal statistical analysis. Since the results are marginal, they
will not be presented here. Another important issue is the mean

. This depends on the distribution in this property as wellL/LEdd

as on the exact conversion from to bolometric luminositylLl

and the value ofg. Assuming first andg p 0.58 L pEdd

, as in K00, gives a median of 0.53. The9lL (5100) L/Ll Edd

composite spectra published recently by Telfer et al. (2002)
suggest a different conversion, with . ThisL � 5lL (5100)Edd l

translates to a median of 0.28. The above values are trans-
formed to 0.33 and 0.18 for the case of . In both casesg p 0.68
the distribution was wide, covering about a factor 10 in .LEdd

Thus, the choice of results in a large meang p 0.58 L/LEdd

and a large number of sources with super-Eddington luminos-
ities. As explained by Woo & Urry (2002), the implications to
the derived relation are very important (see § 4).M -LBH

4. DISCUSSION

The new results presented here suggest that the largest BHs
are situated in the most luminous quasars that are, typically,
the highest redshift sources. At the extreme end of the distri-
bution we find BH masses of order if105 # 10 M g p 0.7,

and if . This is greater than obtained101.1# 10 M g p 0.5,

so far in large samples. The recent work by Shields et al. (2002)
aimed at the calibration of the [Oiii] line width as al5007
bulge mass estimator. The method is based on the close agree-
ment between FWHM([Oiii] ) and the stellar velocityl5007
dispersion at low luminosity and the K00 mass estimates atj∗
higher luminosity. Using this method and (their Tableg p 0.5
2), they find one object with exceeding and10M 10 MBH ,

several others approaching this mass. As shown in Figure 1,
the Civ samples include many more sources with suchl1549
large masses.

Before addressing the cosmological consequences, we note
the various factors influencing the relationship and likelyM-L
reasons for overestimating :MBH

1. The K00 sample covers a limited luminosity range, and
all mass estimates corresponding to are nec-46lL (1350)1 10l

essarily obtained by extrapolation. Since this isthe only sample
available so far, there is no independent way to verify the largest
masses until successful reverberation mappings are obtained
for higher luminosity AGNs. Moreover, as explained in § 2,
the slope of the -L relationship is uncertain. The slopeRBLR

chosen here ( ) is close to the middle of the range. Itsg p 0.58
increase to 0.7 will increase the mass at the high-luminosity
end by a factor of about 2.5.

2. The largest new mass estimates are based on the mea-
sured , which is scaled to the K00 luminosity as-lL (1350)l

suming the same spectral energy distribution for high- and low-
luminosity AGNs. This assumption has never been tested in
large quasar samples. The data for such test are already avail-
able (Telfer et al. 2002), but the results are not yet known.
Intrinsic reddening, in the quasar host galaxy, is another po-
tential complication related to the intercalibration of optical
and UV luminosities.
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3. The FWHM(Civ ) may not reflect the virial mo-l1549
tion of the BLR gas in the highest luminosity quasars.

4. The samples used here suffer from various selection
effects. This influences only slightly the largest derived masses
but can affect much more the correlation. For example,M -LBH

magnitude-limited samples may not include the less luminous
quasars, those with the smallest . This could result in aL/LEdd

false impression of a very strong correlation. It is im-M-L
portant to realize that the vertical scatter in Figure 1 is much
larger than the individual mass estimate uncertainties and must
reflect a true scatter in the ratio of the QSO population.M/L
Woo & Urry (2002) investigated such ideas in great detail and
concluded that all strong correlations obtained so far sufferM-L
from such a selection effect.

The main conclusion of this work is that the largest BH
masses are found in the highest luminosity quasars. The masses
of such BHs can reach the extreme values of10.3 10.610 –10

, depending on the value ofg. Using recent conversions toM,

host galaxy properties, one finds (Kor-13.1 13.4M ∼ 10 –10 Mbulge ,

mendy & Gebhardt 2001), mag (KormendyM ∼ �25B,bulge

2001), and exceeding 800 km s�1 (Tremaine et al. 2002).j∗
Such galaxies have never been observed and are not predicted
to exist by standard galaxy formation theories.

In principle, this is still consistent with the observations since
the sources with the largest are the most luminous onesMBH

and will completely outshine any host galaxy. Thus, there is
no direct way to rule out the existence of such galaxies. How-
ever, the theoretical implications are in conflict with recent ideas
that the largest galaxies attain their mass through a series of
mergers, a process that operates continuously to redshift 2 or
smaller. A similar difficulty is found for the BH growth since
those same theories (e.g., Haehnelt & Kauffman 2000; Yu &
Tremaine 2002) assume that galactic nuclei BHs increase their
mass up to redshifts 2 or smaller by the same series of mergers
(or, perhaps, only through large mergers). Thus, the largest BHs

are predicted to be associated with the most massive galaxies
at , in conflict with the data in Figure 2. It is clear thatz ! 2
active BH with are not found in the local uni-10M 1 10 MBH ,

verse. It is also clear that dormant BHs of this mass, or the
galaxies with extreme properties that are supposed to host such
BHs, have never been found. The whereabouts of the huge BH
formed at are thus unknown.z � 3

A more plausible suggestion is that some or all the conver-
sion factors used to obtain the galactic mass, magnitude, and

from the BH mass, which are based on measurements inj∗
the local universe, cannot be extrapolated to high-luminosity
high-redshift objects. Perhaps they are valid only at , afterz ! 2
galaxies and nuclear BHs have accumulated most of their mass.
If correct, this would mean that some “normal-looking” gal-
axies contain extremely massive BHs. A similar suggestion by
Laor (2001) involves a dependence of on the BHM /MBH bulge

mass or the absolute magnitude of the host galaxy.
To conclude, either the measurements of BH masses pre-

sented here for the most luminous quasars are grossly over-
estimated, because of the reasons described above, or else the
relationships between BH masses and various properties of their
host galaxies at highz are very different from those measured
in the local universe. A second conclusion, which is less certain
because of various selection effects, is that for AGNs,

.0.9�0.15M ∝ LBH
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