THE ASTROPHYSICAL JOURNAL, 627:L1-L4, 2005 July 1 ®
© 2005. The American Astronomical Society. All rights reserved. Printed in U.S.A.

CONSTRAINTS FROM GALAXY-AGN CLUSTERING ON THE CORRELATION
BETWEEN GALAXY AND BLACK HOLE MASS AT REDSHIFT 2<s z=< 3"

KURT L. ADELBERGER?
Carnegie Observatories, 813 Santa Barbara Street, Pasadena, CA 91101
AND
CHARLES C. STEIDEL
Palomar Observatory, Caltech 105-24, Pasadena, CA 91125
Received 2005 April 24; accepted 2005 May 25; published 2005 June 14

ABSTRACT

We use the clustering of galaxies around distant active galactic nuclei (AGNs) to derive an estimate of the
relationship between galaxy and black hole mass that obtained during the ancient quasar epoch, at redshifts
2 < z=< 3, when giant black holes accreted much of their mass. Neither the mean relationship nor its scatter
differs significantly from what is observed in the local universe, at least over the ranges of apparent magnitude
(16 = G,z = 26) and black hole massl(f M, < Mg, < 10"°°*M, ) that we are able to probe.

Subject headings: galaxies: high-redshift — large-scale structure of universe — quasars: general
Online material: color figures

The study of black holes has been driven to the forefront of plus baryon) mean madg, of the galaxies associated with
extragalactic research by the recent discovery of black holesblack holes in each mass range. The relationship between
as massive as a billion suns inside nearby bulge galaxies. Sim+, and M,, depends on the redshift and on the mass of the
ple physical arguments (e.g., Silk & Rees 1998) suggest thattypical (nonactive) galaxies in our survey, but the resulting
these enormous objects should profoundly affect the processsystematic errors itM, are much smaller than the random
of galaxy formation, a belief that is strengthened by the tight errors (Fig. 2).
observed correlation between the masses of local galaxies and We found galaxy-AGN cross-correlation lengthsrgf=
their black holes (Gebhardt et al. 2000; Ferrarese & Merritt 5.27°13 for the 38 AGNs with 10°* M < Mg, < 10° M
2000). Various theoretical models attempt to explain the ex- andr, = 5.20'3; for the 41 AGNs with10’ M, < Mg, <
istence of the correlation with a wide range of physical pro- 10'°°* M. The inferred relationship betwedag Mg, and
cesses. Since these models make discordant predictions for thédog M,) is shown in Figure 3.
evolution of the correlation over time, we decided to testthem  If the predicted relationship between galaxy and black hole
by measuring the relationship between galaxy and black holemass has the fornog Mg, = f(log M,) + ¢ , witha function
mass in the distant past, at redshifts z<3 . to be specified and a random deviate, the expectation value

A novel approach (see, e.g., Kauffmann & Haehnelt 2002) of log M,, for a given value oflog Mg,, follows from the ele-
lets us use our existing surveys (Steidel et al. 2003, 2004) of mentary relationship
~1600 galaxies at redshiftt5<z=<3 to measure the de-

pendence of galaxy mad8, on black hole milss over a [ iy 1,P()P( 1))
5 decade baseline of black hole mass, reaching masses roughly E(ilon) = = nn thl venihl (1)
1000 times smaller than the limits of other surveys (e.g., Shields [ dly PP gill)

et al. 2003; Walter et al. 2004; Croom et al. 2005) at similar
redshifts. After using the technique of Vestergaard (2002) t0 \yherel, = log M, ,I5, = logMs, ,P(,) is the distribution of
estimate the masses of the black holes that powered each ofyg M, measured in the GIF-LCDM simulation and extrapo-

the 79 active galactic nuclei (AGNs) in our survey (see Fig. 1 |ated with the appropriate Press-Schechter (1974) formula, and
and th_e Append|x), we estimated the typmaj halo mass forblackp(| enllh) is the distribution ofiog Mg, at fixed galaxy mass,
holes in different mass ranges by measuring how strongly the\yhich depends o and on the characteristics of the random
other galaxies in our survey clustered around them. variablee. Solving equation (1) numerically for different func-
Adelberger & Steidel (2005) describe our analysis in more tions f under the assumption thathas a normal distribution
detail. Briefly, we estimated the cross-correlation length with rms ¢, , we find the theoretical tracks shown in Figure 3.
ro from the ”number OT galaxy-AGN pairs with angular The solid line is for aMg, M, relationship identical to
separatlopfo <0§300 and comoving radial separation the one observed locallylog (Mg,,/10” M) = 1.65 log (,/
AZ <30 h* Mpc with the approach of Adelberger (2005), 1g2M_) + ¢ (Ferrarese 2002). For this line we assunsgc
and then used the GIF-LCDM numerical simulation (Kauff- g 5 roughly the expected error in our black hole masses (Vestergaard
mann et al. 1999) of structure formation in a standard cos- 2002). The line therefore assumes negligible intrinsic scatter in the
mological model to estimate front, the total (dark matter correlation. It fits the data well.
The other lines show that alternative relationships in the
* Based, in part, on data obtained at the W. M. Keck Observatory, which literature generally provide a worse fit. The dashed line in
is operated as a scientific partnership between the California Institute of TeCh'Figure 3 results from scaling the ratio of black hole to galaxy
nology, the University of California, and NASA and was made possible by / . .
the generous financial support of the W. M. Keck Foundation. mass by(1 + 2)5 °,as advo.cate.d by many Semlal_ﬁ'alytlc mo_dels
2 Carnegie Fellow. (e.g., Haehnelt et al. 1998; Wylthe & Loeb 2002,_Vo|onter| et
30,=03Q =07h=070,=09T =021 al. 2003). The dash-dotted line shows the redshi 3 pre-
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Fic. 1.—Overview of the characteristics of the AGNs in our sampleper |eft: Redshifts and absolute AB magnitude at rest frame 1850 . The uncertainty
in the AB magnitude is<0.2 mag for even our faintest objects (e.g., Steidel et al. 200@)er right: Relationship between @ line width and apparent AB
magnitude at rest frame 1350 . The uncertainty in line width ranges from 10% to 20% and is dominated by systematics (e.g., continuum placement) for the
brightest AGNs.Lower panels. Relationship between @ line width, m,,.,, and the resulting estimate of black hole mikg . The selection bias is severe in
our AGN sample, since (for example) we deliberately targeted AGNs that were bright and had broad emission lines. These panels show the shafracteristic
sample as selected, not of a fair sample of high-redshift AGNs.

diction Mg,/M, = 6.2 x 107 (M,/10"* M) *°* of a model in extreme evolution from the local relationship (e.g., Haehnelt
which black holes accrete a fixed fraction of the total gas mass& Rees 1993) can be ruled out with high significance.
in each merger (Di Matteo et al. 2003). The dotted line assumes The apparent lack of evolution in thd,, M;  correlation
that the mearMg, M, relationship is the same as observedseems consistent with models in which the correlation results
locally but that its intrinsic scatter has increased to 1.0 dex. from active feedback from the black hole. In these models the
Increasing the scatter decreases the typical mass of galaxieblack hole mass is pinned near the maximum allowed by its
that contain black holes of a given mass. This is because gal-halo at all times. If this maximum is set by the escape velocity
axies with low masses are much more common than galaxiesat a fixed proper radius from the black hole, it will not depend
with high masses; when the scatter in Mg, M, -  relationship strongly on redshift. One might object that black holes are able
is big, the largest black holes are more likely to reside in low- to enter the quasar phase in these models only because their
mass galaxies with unusual ratiosMf,, Mg  than in high- masses have temporarily fallen below the maximum allowed
mass galaxies with normal ratios. The clustering of galaxies by their growing halos, and so the most luminous AGNs should
around AGNs would therefore be far weaker than we observenever lie on the correlation. As long as the quasar phase occurs
if there were no relationship at all betwebty,,  dvg near the end of the accretion, however (e.g., Hopkins et al.
A x? test suggests that the three alternatives to the no-2005), the black hole should have nearly achieved its equilib-
evolution model (1 + 2)*? scaling, supply-limited accretion, rium mass. In any case, a slight decreas#lip at fixed
largeo, | disagree with the observations at the 90%—-95% level. would make the predictions fit our data even better.
They can therefore be considered marginally consistent with
our present data, although the odds are against them. More It is a pleasure to acknowledge several interesting conver-
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mass (in solar units) at redshift~ 2.5 . The ordinatélag M, | log Mg,)  , the

mean value ofog M, for a given value ébg Mg, . Points show our obser-

) EE B T T vations. Vertical error bars show thesTrandom uncertainty. Horizontal error

- 11.5 12 125 13 bars show the mean and rms valuelog Mg, for the two groups of black

. holes. Lines show theoretical predictior&lid line: No evolution in mean
log(M M) Mgu-M,, relationship, with negligible intrinsic scatter. We adopt eq. (6) of

. ) ) o Ferrarese (2002) for the local relationship, but her two alternatives fit our
Fic. 2.—Relationship between cross-correlation length ~ and implied mass gpseryations comparably webotted line: No evolution, with 1 dex of scatter

of the black holes’ galaxies at redshiftss z=< 3 . The black, light gray, and Ma, at fixedM, .Dashed line: Local relationship scaled bl + 22 Dash-

dark gray points show the dependence,of My in the GIF-LCDM simulation  yotteq |ine: Relationship az = 3 in a supply-limited accretion model (Di

(Kauffmann et al. 1999) at redshifis= 2.97 , 2.74, and 2.32. Small offsets \jatteq et al. 2003). Observations at lafgl,, ~ agree with any of these sce-

have been added to the abscissae for clarity. The relationship is Some""haharios, as has also been noted by Shields et al. (2003) and Waiter et al. (2004).

uncertain because it depends on the assumed masses of the halos that conta@),; smallM... data help us to distinguish between theee fhe electronic
nonactive galaxies. Error bars show the ncertainty in the relationship that edition of theBF.‘]ournaI for a color version of this figure]

results from the uncertainty in the masses of the nonactive galasmsthe
electronic edition of the Journal for a color version of this figure.]

] — —
% % i 7 Fic. 3.—Observed and expected relationship between black hole and halo
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APPENDIX
TECHNICAL DETAILS

The general population of galaxies tends to cluster more strongly around individual galaxies with larger masses. We exploit this
effect to estimate the masses of the galaxies that harbor black holes. After estimating the characteridfic mass of the gener:
galaxy population from its measured correlation length (Adelberger et al. 2005), we use the GIF-LCDM simulation to calculate
as a function oM, how strongly galaxies of madds> M, cluster around galaxies ofMhagd, . We infer the masses of the
galaxies that harbor various black holes by finding the valu#pf required to match the observed cross-correlation length
Figure 2 shows the relationship we used to estimate from our measured cross-correlationy length  the typical mass of the galaxie
containing the black holes (light gray points). Adopting other plausible relationships betyweenM, and  would change the inferred
masses by less than their random uncertainties. Percival et al. (2003) and Kauffmann & Haehnelt (2002) have shown that halo
undergoing mergers have the same correlation length on large scales as other halos of the same mass, so our gstimates of shc
provide reasonable estimates of the halos masses even if AGNs are fueled by mergers.

To estimate the random uncertaintyrin , we took a Monte Carlo approach that exploited the similarity of the AGN-galaxy
cross-correlation length to the galaxy-galaxy correlation length. We generated many alternate realizations of our data by treating
randomly chosen galaxies in each field as that field’'s AGNs, rather than the true AGNs themselves, and reaglculated for eacl
simulated sample. Since the galaxies in our survey outnumber the AGNs by more than 20 to one, the simulated samples are near
independent of each other and of the true sample. We took the rms sprgad in  among themoagribertainty in our measured
correlation lengths™ . The distribution af? = X [(ro— r,”®Y/g, ] * for the predicted values,of in Figure 3 should be roughly
equal to the distribution 0k? in the simulated samples around therfiiié= constant= r2° , Wh¥re is the galaxy-galaxy
correlation length in our sample. We used this distribution to associate our measured vatdes of Pwiilua.

Our conclusion depends on the assumption that the estimated black hole iMgsses are not wildly inaccurate. We estimat
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Mg, from an AGN'’s luminosityl = AL, ah = 1350 A and @ line width FWHM with the relationship that is observed in the

local universeMg,,/M, = 10°?(/10** ergs s* §" (FWHM/1000 km'$ ?) (Vestergaard 2002). Correcting for a stellar contribution

to the AGNs' luminosities (which we have not done) would decrease our lowest observedMglues even further, strengthening
our conclusions. Our estimated black hole masses would be too low for some AGNs witivigmall if their obseresdigsion

line were produced in the narrow-line region rather than the broad-line region (as we assume). In this case the line widths would
be roughly equal to the galaxies’ stellar velocity dispersions (Nelson 2000), at least for radio-quiet AGNSs, but in fact the galaxies’
mean stellar velocity width~200 km s*) is an order of magnitude smaller than the mean AGN line widthMgy; < 10° M

(2100 km s7) or Mg, > 10° M, (4900 km s*). It is far smaller than even the smallest observed AGN line width in our sample,
800 km s*. Radio-loud AGNs make up too small a fraction of our sample to affect our results if omitted. In any case, the observed
range ofM,,, is so large that our estimated/f, would have to be wrorgdllprder of magnitude to alter our results significantly.

We cannot rule out the idea that the relationship betwégn , luminosity, and line width was utterly different in the past, but it
seems easier to believe that the relationship betwégn  Mgnd has not changed at all.
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