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ABSTRACT

The luminosity function of active galactic nuclei has beeeasured down to luminosities 10* ergs s*

in the soft and hard X-rays. Some fraction of this activityassociated with the accretion of the material
liberated by the tidal disruption of stars by massive blaclef. We estimate the contribution to the X-ray
luminosity function from the tidal disruption process. Wé¢hihe contribution depends on a number poorly
known parameters, it appears that it can account for theritagd X-ray selected AGN with soft or hard X-
ray luminosities< 10*3-10* ergs s*. If this is correct, a picture emerges in which a significamtion of the
X-ray luminosity function of AGN is comprised of sources ped by tidal-disruption at the faint end, while
the sources at the bright end are powered by non-stellagtimer Black holes with masses2 x 10°M, could
have acquired most of their present mass by an accretiodalfdebris. In view of the considerable theoretical
uncertainty concerning the detailed shape of the lightesiof tidal disruption events, we focus on power-law
luminosity decay (as identified in candidate tidal disraptvents), but we also discuss constant accretion rate
models.

Subject headings: accretion — black holes — cosmology: observations — gataxietive — galaxies: nuclei

1. INTRODUCTION however, remains unknown.

A main-sequence or giant star passing near a massive blaclé At least a fraction of low-luminosity AGN must be powered

hole (MBH) of massMy, < 1GBM,, is disrupted by the tidal y stellar tidal disruption. Here we estimate .the cpntli'cbmt
forces (HillS 1975). The disruption and the subsequeniaccr ©f these sources to the X-ray LF of AGN. This estimate is an

tion of stellar debris by the black hole are potential power- €SSential step to understanding the origin of activity inNAG
ful sources of X-ray emission (e.d., Mészaros & Silk 1977; With black hole masses; 10°'Mg, and ultimately to under-

Young et al.[ 1977 Rees 1988, 1090). The emission canStanding the origin of low-mass MBHSs. A

be produced in various phases of tidal disruption, inclgdin Theoretical investigations of the stellar tidal disruptio
the initial compression of the star_(Kobayashi étal._2004), groce_sds,l g_nd the detection X-raKy flares éhgt are candi-
the interaction of ejected debris with the ambient medium Jate tida |s:rup2t600n eyentls, (€.g., Iorgossa elner 1999;
(Khokhlov & Melid 1996), in tidal stream collisions and de- Komossaetal. 2004b; Halpern erial. 2004), suggest that the
bris fallback onto a nascent accretion disk (Kochsnek 1994;nuclei in which stellar tidal disruption has occurred remai
Lee et all 1996;_Kim et &l. 1999; Lietlal. 2(502), and in the lUminous fqr 1-10yrs after disruption or longer. The inte-
accretion of disk material onto the black hdle (Cannizzdkta 9rated luminosity of the AGN depends on the mass of the
1990:[Ulmer 1999). The purpose of the present study is toStellar debris that remains bound to the black hole, and on

estimate the contribution of activity associated with igia-  the fraction of this mass that ends up accreting onto thexblac
ruptions to the luminosities of typical active galaxies. hole in a radiatively-efficient fashion. The bound mass aan b

Recently, surveys wittHEAO 1, ASCA, Chandra, and a fractionf ~ 0.25-5 of the initial stellar mass_(Aval etlal.

- o : 2000).
XMM-Newton have vyielded luminosity functions (LFs) of . . _ .
active galaxies at low and high redshift in the hard _ € bound mass inferred in the giant X-ray flare in NGC
(e.g., [Ueda et al__2003; Barger et AL 2005) and soft (e.g. 5905 using a black-body fallback model is much smaller than

: 3 , s (Liet 5l. 2002); in two other candidate flares
Hasinger et 4., 2005) X-rays. The measured X-ray LFs extend!N® Solar mass.( ’ . ’
to lower luminosities than their optical counterparts haga. ~ RX J1624.97554 and RX J1242:6119A, the light curves

L X X ) . i i . IDonley et al. |(2002) con-
contamination with host galaxy light makes optical deteeti ~ &r€ consistent with massesM, yerdl. L
of low-luminosity AGN difficult. The LFs are approximately strained the rate of outbursts by comparing the ROSAT All-

broken power lawsN /d In Ly oc L (Lx +Lx,)* ™ with v ~ 2 Sky Survey with archival pointed observations. They irddrr

and-1 < u < 0 andlLy, ~ 10— 10* ergs 5. The power- a rate of~ 107° yr! per galaxy. We adopt a theoretical es-

law behavior at the bright end has been attributed to the in_?g(]qal'tf) for the tidal disruption rate that is significantlgher

trinsic structure of quasar luminosity histories. The Inos-

ity histories (light curves) are convolved with the blackeého
mass function to calculate the LF (elg., Wyithe & Lloeb 2003;
Hopkins et all 2005). The origin of the LF at the faint end,

The outline of our calculation of the AGN LF is as follows.
In 8[Z1, we estimate the mass function of MBHs and the rate
of tidal disruptions. In £2]2, we present simple modelsfier t
light curves of tidally disrupted stars. IN[8P.3, we caltela

1 Theoretical Astrophysics, Mail Code 130-33, Californisstitute of the LF and explore Its dependence on various parameters in

Technology, 1200 East California Boulevard, Pasadena, TIRS. the model. In {_B, we diSCUSS_imp_IicationS of our estimate for
2 Hubble Fellow. the understanding of low-luminosity, X-ray selected AGN.
3 Department of Physics, Rochester Institute of Technol@gy,Lomb

Memorial Drive, Rochester, NY 14623. 2. CALCULATION OF THE LUMINOSITY FUNCTION
4 Observatories of the Carnegie Institution of Washingtdi 8anta Bar- : :

bara Street, Pasadena, CA 91101. 2.1. Tidal Disruption Rate
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Stars passing within distancg?Mpn/m,)Y/°R, of the black
hole, wherem, is the mass of the staR, is its radius, and
n ~ 1 is a numerical factor, are tidally disrupted. Here we
estimate the tidal disruption rate in a galaxy with blackehol
of massMy, and stellar velocity dispersian The disruption
rate depends on the detailed structure of the stellar nsicleu
of the galaxy. The galaxies relevant to this study are those
With Mph < Mmax = 10BMo (R, /R:)%/?(m, /M) %2 which
can disrupt stars.

In spheroids as faint as that of the Milky Way, the relax-
ation time within the black hole’s radius of dynamical in-
fluencerpn ~ GMpp/0? is short enough that a collisionally-
relaxed distribution,p o r™, where v ~ 1.5-175, is
set up (Bahcall & Wolf 1946_1977; _Merritt & Szell 2005).
This is consistent with what is seen at the Galactic Center
(Genzel et al. 2003;_ Schodel etlal. 2006). But just beygpd
the Galactic Center density profile steepengta r™2, and
this is also the slope observed with tHebble Space Tele-
scope near the centers of all but the most luminous galax-
ies (Gebhardt et &l. 1996; Ferrarese €t al. 2006). Furthrermo
nuclear relaxation times in galaxies with,, > 10’M, gen-

erally exceed a Hubble time_(Faber etlal. 1997) and so a

Bahcall-Wolf cusp would not form.

The rate of stellar disruptions in stellar density cusps has
been studied at various levels of detail (elg., Frank & Rees
1976; | Lightman & Shapira_1977; Cohn & Kulsiud 1978;
Magorrian & Tremaine 1999). We adopt the most recent esti-
mate of the rate in a o< r2 cusp (Wang & Merritt 2004)

.

1)

Mbh
106M,,

o 7/2
I'(Mpp) =7 x 107 r‘l( ) (
( bh) y 70 km S_l
Mo Ro/)
wherem, andR, are the mass and radius of the tidally dis-
rupted stars.

The disruption rate in equatiofll (1) must be weighted by
the stellar mass function in the spheroid at distances from
the black hole corresponding to the initial pericenteriratli
tidally disrupted stars. These radii are typically simtiary,
(Magorrian & Tremaine 1999). If the stellar mass function re
sembles the “universal” initial mass function (Krolipa 201
the disruption is dominated by, ~ 0.1M, stars. However,

the mass function near the black hole may differ from the uni-
versal initial mass function because higher-mass starardyn

ically segregate closer to MBH, and because stars with an un-

usual initial mass function may form in situ near the MBH
(e.g./Milosavlieve & L oehi2004, and references therein).
Mounting observational evidence indicates that the black
hole mass and the velocity dispersion of the host stellar
spheroid are tightly correlated with best-fit relatibhy, ~
1.7 x 10°M (/200 km §)*° (e.g.[Ferrarese & Fdid 2005,
and references therein). We explore departures from this fid
cial relation by parameterizing the logarithmic slope of th
relationMpp, o< 0.
No direct constraints on the cosmic density of MBH with

AGN LUMINOSITY FUNCTION

black holes

K(a+1)-1
Mon oMo/ IMon - o
M, M,

whereW¥g = kdg, M, = (1.27 AL, /A)Y¥, and 3 = Lpyige/L ~

0.3 for the Hubble type Sab (Simien & de Vaucoul&urs 1986)
which we use as reference. The latter is justified be-
cause spiral galaxies dominate galaxy LF belowv, (e.g.,
Nakamura et al. 2003). For the relation between the blue lu-
minosity of the galaxy and the black hole mass we adopt
L = 3900, (Mpn/M)%"® (Marconi & Hunl{200B).

The number density of~ 10°M. black holes esti-
mated using equatiol](2) agrees with a similar estimate in
Marconi et al. [(2004), while the number density~ofl0°M,
black holes exceeds their estimate by a faetd3—4. This
may be a consequence of our using B¥and galaxy LF
as reference, whereas Marconi €t al. (2004) useKiHrnd
LF that is flatter at the faint end. However our adoption of a
steepeMpq—o relation than they do has an opposite effect.

U (Mpn)dMph = ¥g <

2.2. The Light Curve of a Tidal Disruption Event

The light curves of candidate tidal disruption events
(Komossa et al. 2004b) are characterized by rapid fall in X-
ray luminosity on time scales of months to a year, followed by
a gradual continued fading over the following decade. Three
of the four candidate events (NGC 5905, RX J1428, RX
J1242-11) are consistent with luminosity dechy, o t™>/3
expected if the X-ray emission is produced during the falkba
of stellar debris onto a nascent accretion disk (Phinne®;198
Evans & Kochanek 1939). The fourth event RX J1628 ex-
hibits what appears to be faster initial decay followed bgyve
slow fading. In all cases, the total drop in X-ray luminosgty
by a factor~ 10° - 10° over about a decade.

The above candidate tidal disruption events have been se-
lected for characteristic, “outburst™-like light curveagt rise
and slow decay). However the true luminosity evolution of
tidal disruption events is unknown. If the emission durine t
fallback stage is absorbed or otherwise suppressed, tlag X-r
light curve will be dominated by thin disk accretion and a
quasi-steady flux over a longer period will be expected. Such
events would remain undetected in existing searches that ta
get outburst activity. To maintain generality, therefone
consider fallback-like power-law light curves, and alse-di
cuss constant accretion rate models.

The power irradiated during fallback was derivedin Li €t al.

2002)
- 2 =1
Looi~ 4 x 10* ergs § (0.25) ( )
m,

O

where the tidal disruption occurs &t 0, and the luminos-
ity reaches peak value and starts decaying as in equétion (3)
at timetpeaka 0.02(Mpn/10°PMg)Y2(m, /M) (R, /Re)¥/2 yr
after tidal disruption.
Although equatior{3) was derived for the fallback process,

Mbh
10PM,,

t
lyr

masses< 10'M,, exist. The majority of these MBH should we interpret it as a representative power-law decay model fo
be in spiral galaxies. The density can be estimated by as-the luminosity evolution, independent of the emission mech
suming a relation between the bulge luminosity and the blackanism To test the sensitivity to the power law index of lumi-
hole mass of the forntpyige = AM'gh. Following [Ferrarese  nosity decay, we consider decay of the fdrgg o< t™, where
(2002), we substitute this in the Schechter DFL)dL = A > 1is a constant. We also test the sensitivity to the value of
Po(L/L,)*edL/L, to obtain a cosmic mass function of tpeakby scaling it vidpeal§) = £tpeak(0). In both cases we keep
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the total energy irradiated betweent,eacandt = co constant  incompleteness of the soft X-ray LF resulting from obscura-
and equal tof m,c?. tion. . o

We also discuss an alternative to power-law light curves. In models with power-law decaying light curves, the low-
Accurate theoretical modeling of a time-dependent thitk dis luminosity slope of the AGN LF is determined by the power-
emission is difficult. We therefore adopt a crude quasidstea law of the decay, rather than the shape of the black hole mass
accretion scenario, in which we assume that accretion at confunction (Fig[d). The amplitude of the LF, however, is sen-
stant rate proceeds “while the supplies last,” i.e., unitilre sitive to the black hole mass function. The steep drop in the
bound debris has been accreted. This is inevitably an overLF around 16¢* ergs §' is associated with the peak luminos-
simplification. Taking into account the redistribution ofgs ity produced in a tidal disruption event, which correspotuds
in the disk/ Cannizzo et Al (1990) estimate that under irerta the peak mass inflow rate from the debris that is beginning to
assumptions the light curve will Heysk o< t™+2. On the other  circularize around the black hole (Figa,h). _
hand, if outer parts of the disk become thermally unstable In the “while the supplies last” model, where the accretion
and neutral, the accretion may be delayed (Menou & Quhtaerfuminosity is a constant and equaldiozqq, the LF reads
2001). € orC m,

In the “while the supplies last” constant-accretion scenar U(lx) = Z47erp EF(Ml)‘I’(Ml)’ ()
we assume that the luminosity is a fractioof the Eddington
luminosity Lead(Mbh), and that the luminosity is related to the  for Mmin < M1 < Mmax, whereM; = worlx/4mn{Gmyc. In
mass accretion rate via= eMc2, where as usua parame-  the low luminosity regime, the LF is a power la¥(Lx) o
terizes radiative efficiency. The duration of the activeggha L;>"7/23"(@*k y1-7/2aa+1k which assuming a constaftis
is thenAtacive = ¢ fm,c?/(Leqq, implying a model luminosity  steeper,Lx ¥(Lx) x L3, than the observed relation &
Lbol(Mon, t) = (LeadH (Atactive=t), WhereH(x) is the Heaviside  -1), although the two LFs have comparable amplitudes at
step function. Lx ~ 10*3 ergs s. The discrepancy may reflect a luminosity-
dependent Eddington ratio The dependence dfon lumi-
nosity or black hole mass is expected if the accretion rate is

The LF of tidal disruption events is obtained by weighting supply limited, rather than radiatively limited. For exdmp
the disruption probability modeled as a Poisson processéy t to reproducel(Lx) oc L3, we must havef oc Ly. At present
black hole mass function. In the fallback model, the LF reads it is not clear how such dependence should arise.

2.3. Integration over the Black Hole Mass Function

Mmax(m.) Sy
\I/(LX): deh/ dt \IJ(Mbh) F(Mbh)e—F(Mbh)t - 3 DISCUSSIO-N -
Mumin toeaMbh) While many theoretical uncertainties frustrate an aceurat
ST (M £) = L 4 estimate of the contribution of activity associated wittilst
.>< [ Lol (Mon, _) xl: _ _ _ “) tidal disruption to the X-ray LF of active galaxies, it seems
wherew is the bolometric correctionj(x) is the Diracé-  that the contribution can be significant at low luminosities
function, and the dependence érandm, is implicitly as- |y < 10* ergs s'. The tidal disruption activity makes a neg-

sumed; for the radius of subsolar stars we adopt the reladigible contribution at higher luminosities (power-lawcfite
tion R, =R (m,/Mg)%® (e.g./Kippenhahn & Weigert 1990).  of the measured soft X-ray LF extendstp ~ 10°"5 ergs st
Here Mmin is the minimum MBH mass, and as befdfigaxx  at redshiftsz ~ 1-3). MBHs with masses above 10'Mg,
m is the maximum MBH mass near which a star can be dis- grow by accreting non-stellar material from the interstell
rupted. We takélyi, = 10°M, as systems in which an even medium.

smaller black hole is expected have been found to lack one What is the origin of the featureless knee in the LF at
(e.g.,.Merritt et all 2001; Valluri et al. 2005). For the bolo Ly ~ (10*3-10*) ergs §'? The location of the knee co-
metric correction in the 8- 2 keV band, we takey = 45, incides with Eddington-limited accretion onto black holes
which at low luminosities is approximately independent of with massesMyn ~ 10°°'Mo.t  Given the tidal disruption
luminosity {(Marconi et . 2004, and references thereik), a rate assumed here (dd. 1), black holes with mabggs<
though in reality the bolometric correction could be catetl 2 x 10°(f /0.25)M, wheref is the fraction of the stellar mass

with Lpoi/Legq rather tharpg). that ultimately gets accreted onto the MBH, could have grown
In Figure[d, we plot the resulting LF for our fiducial model to their present size by accreting stellar debris over a Hubb

with a light curve that decays as a power-law t™ with time, although undoubtedly, non-stellar accretion museha
= g The modelis based on a galaxy LF with amplitdege= played a role. This critical mass is compatible with the foca

0.02h~3 Mpc™3 and absolute blue magnitude of Bpgalaxy tion of the knee in the LF assuming near-Eddington accretion
of Mg, =—20.0+5log,,h (Blanfon et all 2001), where we as- Black holes with masses 1(_)7M®, in turn, roughly lie at
sumeh = 0.7. We vary the various parameters, including the demarcation Img separating the dominance of Ialte-type
Figure[Hd, to explore the sensitivity of the X-ray AGN LF to  and early-type galaxies. If major mergers are responsle f
our choice of the fiducial model. In the low-luminosity regim ~ diverting gas into accretion onto black holes in early type
Lx < Lpeak= w_lLbo|[m*,tpeak(l”ﬂ*)], the LF is a power-law galax!es, then the abs.ence.of merging activity in Iaj[e-type
UMD pf LS L 10% (0 /45 /3 A galaxies leaves stellar tidal disruption as competitiyapsier
q;](l-ﬁzoal-x - AtLx & peak™ (w/45)"m.”" ergs s, of material to the MBH. This may explain why the steep
the rops preczpltous_yi. power-law behavior of the quasar LF fails to extend to lower
Below Lx ~ 104 ergs s, the calculated X-ray AGN LF |, minosities.
slightly overestimates but is roughly compatible with tloé s The observed X-ray LF of AGN evolves with redshift. The

X-ray AGN LF of|Hasinger et al.l (2005) (shown in the fig- ber densitv of low-luminosity AGN i bv a fact
ure), and is a factor of a few lower than the hard X-ray AGN number density ot low-iuminosity Increases by a tactor

LF (Ueda et all 2003;_Barger efial._2005). The Qiscrepancy 1 The maximum accretion rate might exceed the Eddington by fac-
between the soft and hard X-ray LF could be attributed to antor of a few (e.g [BegelmEn 20102).
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FIG. 1.— The X-ray LF of tidal disruptions calculated using etipra {@) assuming a bolometric correctian = 45 and a light curve that decays

as a power-law\ = % In each panel, a parameter is varied to illustrate depemde(e) m. = (0.1,0.3331.0,3.0)M¢; (b) o = (-1,-1.15-1.3,-1.45);

(c) k = (0.70,0.75,0.8,0.85); (d) A = 1.2221.444,1.666,1.888; (e) Mg, = (-18,-19,-20,-21) + 5log;oh; (f) Mmin = (10%,10%,10°,10°)Me; (g) a =
(4.0,4.333 4.666,5.0); and (hx = 0.5,1,2,4, where the fiducial value has been italicized. We also shewotv-redshift (0015< z < 0.2) soft X-ray (05-2 keV)
LF data from theChandra and XMM-Newton survey of_Hasinger et Al (2005). A Hubble constankgi= 70 km s Mpc™ is assumed throughout.

of ~ (10,4) atLy ~ (10%2,10*) ergs s* fromz~ 0toz~ 0.7 The relative contribution of stellar tidal disruptions teet
in the soft X-rays ((b-2 keV; |[Hasinger et al. 2005), while X-ray AGN LF can be studied by examining long-term X-
the respective increase is only a factor2-3 in the hard ray variability of the sources. Currently, long-term maonnit
X-rays (2-8 keV; |Barger et al. 2005). The location of the ing data have been analyzed for only a handful of sources
knee shifts fromLy ~ 10*3 ergs s to Lx ~ 10* ergs s* from (e.g.,[Markowitz & Fdelsan 2004). Theoretical uncertainty
z~ 0toz~ 1 in the soft and hard band alike, and the break notwithstanding, the light curves of tidal disruption etgen
becomes more prominent at higher redshift. These trends reshould be characterized by a fast rise and slow decay, but
quire explanation. the variability may or may not be detected as an outburst.
The number density of tidal-disruption powered sources The frequency of hard X-ray outbursts in tROSAT All-Sky
could increase with redshift because of one or more of theSurvee/ was studied by Donley et &l. (2002). Their estimate,
following reasons: 1. On average, MBHs are smaller at larger~ 107 yr! per galaxy, is significantly below the tidal disrup-
redshift, implying a larger tidal disruption rate or, spleeu  tion rate adopted by us. The rates can be reconciled if the
tively, a higher radiative efficiency in the soft X-ray bah; majority of tidal disruptions do not exhibit outburst chete-
Galactic nuclei were denser at larger redshift (or, eqeivéy, istics. In that case, a measurable asymmetry in the autcorr
stellar velocity dispersions were higher at fixed MBH mass), lation function will still be expected.
also implying a larger tidal disruption rate; and 3. Tidally
disrupted stars were more massive at larger redshift, iimgly
brighter events.Any one or all of these factor may contribute
to the observed trend at low luminosities, and could also be We thank Avishay Gal-Yam, Eran Ofek, Sterl Phinney, and
responsible for the apparent brightening of the locatiothef =~ Ohad Shemmer for inspiring discussions. M. M. acknowl-
knee of the LF. edges support by NASA through the Hubble Fellowship grant
In particular, if MBH grew gradually in pre-existing stalla HST-HF-01188.01-A awarded by the Space Telescope Sci-
density cusps with fixed velocity dispersions, then theltida ence Institute, which is operated by the Association of Uni-
disruption rate would be inversely proportional to the klac versities for Research in Astronomy, Inc., for NASA un-
hole mass (e 1) and would increase with redshift. Thisccoul der contract NAS5-26555. D. M. acknowledges support by
explain the increase in the number density of low-luminosit NSF grants AST-0420920 and AST-0437519 and NASA grant
AGN from the nearby universe to~ 0.7. NNG04GJ48G.

2 Note that for black holes smaller thay, < 10fMg, thermal emission
from an Eddington-limited disk enters the soft X-ray banmt] the soft X-ray
luminosity is thus anticorrelated with mass. It is also jaesthat transition
from high to low-state accretion is sensitiveMip,.

3 The remaining possibility, an increase of the number of lblaales in

the centers of galaxies with redshift, seems implausible.
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