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ABSTRACT

We present a new method for measuring the episodic lifetime of quasars with current and future large-scale
sky surveys. Future photometric observations of large samples of confirmed quasars can provide a direct mea-
surement (or interesting lower limit) to the lifetime of an individual episode of quasar actyyity ( ) and potentially
enable the study of postquasar host galaxies. Photometric observations of the quasars found by the Sloan Digital
Sky Survey (SDSS) and Two-Degree Field Survey could, with a time baseline of 10 years, detgrmine  to within
a factor of 2 ift,<10° yr or set a lower limit to the quasar lifetime. Multiple-epoch precise photometry with
the proposed Large Synoptic Survey Telescope could test more complex models for quasar variability and mean
quasar luminosity evolution. These observations could also constrain the rate that tidal disruptions of single stars
produce quasar luminosities. It is possible to reverse the order of this investigation; previous-epoch plate material,
such as the Digitized Sky Survey, can be used to determine if any of the SDSS quasars had not yet turned on
at the time of these prior observations. Measurements of the entire SDSS quasar sample~d@ytHemseline
provided by these plates potentially can be used to estitpate  to within a factor ¢f 2 #0°>° yr, provided
quasar variability can be accurately characterized and the detection efficiency and photometric calibration of the
plate material can be well determined. These measuremetys of  will have comparable quality to existing, more
indirect estimates of the quasar lifetime. Analysis of the 3814 quasars in the SDSS Early Data Release finds that
t, must be larger than approximately 20,000 yr.

Subject headings: galaxies: active — quasars: general — surveys —

1. INTRODUCTION the possibility that a supermassive black hole goes through
multiple episodic quasar phases that sum to produce the net
lifetime. The episodic lifetime is an important parameter for
the accretion physics, as it is the timescale that an accretion
disk can maintain accretion at approximately the Eddington

The quasar lifetimet{ ) is an important timescale for su-
permassive black hole growth and for the determination of the
mechanism(s) that fuel active galactic nuclei (AGNs). The net
time that black holes are radiating at quasar luminosities andrate. Existing constraints on the episodic lifetime suggest

therefore accreting at approximately the Eddington rate sets thetQ > 10°~10°and are based primarily on the radiative properties

importance of luminous accretion for the production of the . o L
present-day space density of dormant supermassive black hoIesOf guasars. These lower limits are due to the minimum lifetime

e 7 required to explain the proximity effect in the &yforest
\I/t/:)ﬁllfj Iggﬂ??elj ,lgnt%(zr ;Egt&;nl %f r%[; (;[E egnf ?hguﬁgzrsﬂgatshi (Bajtlik, Duncan, & Ostriker 1988; Scott et al. 2000) and the sizes

largest present-day supermassive black holes. However, the Iov\?f |on|zat|on-boun(_:ied narrow-line regions (B_en_nert et al_. 2002).
space density of quasars, even at high redshift, then im|oliesA recent Iobslervatmlr_]f Otf the trani\cl)srse p;oxklmt;ty effetctl 'g%% .
that a quasar phase was relatively rare and not all supermassivgoes Imply a longer liretime af, ~ yr (Jakobsen etal. );
black holes were quasar hosts. In contrast, shorter quasar life"OWeVer, there is currently only one such observation (see also
times require more of the present-day supermassive black hole>cnirber, Miralda-Escude, & McDonald 2003).

population to have been quasars but then to have accreted a Measurement of both the episodic and net lifetimes of qua-
smaller fraction of their total black hole mass as quasars. sars is important to determine the methods that trigger quasar

Most estimates of the net quasar lifetime produce values in ctivity, as well as the physics of the accretion process. If net
the ranget, = 10°~1C° yr or lower limits that are consistent and episodic lifetimes are similar and lpy implication long, qua-
with these values (for a recent review see Martini 2003). TheseSars could be produced by the relatively rare merger of ap-
estimates are generally based on either integral or demographi®roximately equal-mass gas-rich galaxies. This is currently the
arguments, which combine data on the present-day populationmMost favored mechanism invoked to explain the'mass., accretion
of supermassive black holes and the accretion by the high-rates necessary to fuel quasars, as well as their rapid decrease
redshift quasar population (e.g., Softan 1982; Haehnelt, Na-in space density at low redshifts (Carlberg 1990; Barnes &
tarajan, & Rees 1998; Yu & Tremaine 2002) or incorporate Hernquist 1992). In contrast, if the episodic lifetime of quasars
quasars directly into models for galaxy evolution (Kauffmann is significantly less than the net lifetime, then quasar activity
& Haehnelt 2000). However, most demographic models only must be triggered by a phenomenon that is more frequent than
constrain the net time that a supermassive black hole is radiatindarge galaxy mergers. Some fraction of quasars could also be
above the luminosity threshold for quasars and do not addresgowered by the tidal disruption of individual stars as they pass

near peribarathron (Hills 1975; Young, Shields, & Wheeler

! Carnegie Observatories, 813 Santa Barbara Street, Pasadena, CA 911011977), which could produce quasar luminosities for on the order
1292. of 1 yr (Ulmer 1999). The current estimates and limits on both
St:eit’fﬁgtz"’(‘)d‘ngnsg:;'(ff;’aﬁfg‘ziggni?aft?:itgcfg ﬁ;rt\flgrr’g?diﬁsy 60 Gardenthe net and episodic lifetimes are still uncertain by several

3De’partme’nt of Astrgnc’)my and As’trgphysics, Peﬁnsylvan.ia S.tate Univer- orders of magmtl’!de because of the quality with \,NhICh the
sity, 525 Davey Laboratory, University Park, PA 16802; dschneider@ Current data are fitted by models and the assumptions of the
astro.psu.edu. models themselves. In the current work, we describe a method
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that could improve the limit on the episodic lifetime by ap-
proximately 2 orders of magnitude and determine if the episodic
and net lifetimes are comparable.

The most direct method to determiige  is to actually measure
a quasar turn on and off. This is impractical for any given
guasar, given the long lifetime implied by the methods de-
scribed above, but is possible for observations of an ensemble
of quasars, such as are now being produced by the Two-Degree
Field (2dF) survey (Croom et al. 2002) and Sloan Digital Sky
Survey (SDSS; York et al. 2000). The 2dF survey has produced
a final catalog of 23,424 quasars, while the SDSS plans to
complete a catalog of 100,000 quasars over the next several
years. In the next section we provide a detailed calculation of
how well t, can be computed from these spectroscopically Fic. 1.—Quality of the potential measurement of the quasar lifetime by the
identified quasar samples when compared with photometryLSST as a function of quasar lifetime. The constraint or measuremegt of

from at least one additional epoch. We also describe how theis based on reobservations of 120,000 quasars 10 yr after their epoch of
[ pectroscopic identification, which provides a net time baseline of approxi-
SDSS quasar Catal()g could be compared tothe existing Palomaimtely 500,000 yr for the redshift distribution of the SDSS EDR. The mag-

Observatory Sky Survey (POSS), P?-r'ticmarly in light of the nitude of the lower dpen circles) and upper filled triangles) bounds ont,
lower quality and comparable sensitivity of the POSS plates. has been computed with Poisson statistics.

This method is illustrated through application to the SDSS
Early Data Release (EDR) quasar catalog. We conclude withif t,<10° yr, or otherwise set a lower limit to the quasar
a discussion of the implications of these measurements or uppetifetime if no quasars have been observed to turn off. The upper
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limits on t, in the final section. and lower limits to the quasar lifetime are set by the length of
the time baseline and the probability that no quasars will ac-
2. METHOD tually be observed to turn off over this baseline, respectively.

For long values of the lifetime only a small number of quasars
will be observed to have turned off; we have calculated the
one-sided 1o confidence limits on the number of quasars that
are off using Poisson statistics as described in Gehrels (1986).

i . . - . For second-epoch survey material that does not extend many
baselineAt i, = Al(2)/ty , wherat(z) = AU(1 +2) isthe oqqindes below the limits of the spectroscopic sample, the
time baseline in the quasar frame from the spectroscopic iden-

e . sensitivity limit, quasar variability, and quality of the photo-
tification to the second photometric epoch. For a sampl of o vic cajibration could all produce a false signal of off quasars.
guasars in which onl|,, are observed to be on at the second

e . These additional effects can be accounted for by assigning a
epoch, the lifetime can then be directly calculated as weightw, to each quasar that quantifies the probability that it
could be detected at the second epoch, given an assumed mag-
(1) nitude distribution based on the spectroscopic epoch, a param-
on eterization of quasar variability, and the sensitivity of the sec-
ond-epoch photometric survey,

where this assumes that a quasar will definitely be detected if
it is on at the second epoch. Here we adopt the same definition
of a quasar as the SDSS EDR quasar catalog: an AGN brighter W = f dm; B,(my |p)R(my). (2)
thanM,. = —23 mag (Schneider et al. 2002). For a spectro-
scopically identified quasar with one additional photometric
epoch, we consider a quasar as on if it is above this luminosity The expected magnitude distribution for the quagm, |u,)
threshold and off if it is fainter than this limit. The limitations can be calculated from a Gaussian distribution centered on its
of this assumption are discussed in § 3. assumed mean magnituge  at the time of identification, as

One survey that could provide the second epoch photometricwell as the photometric uncertainty and quasar variability. Be-
observation for the SDSS and 2dF quasar samples is the procause of a variant of the Eddington bias, this mean magnitude
posed Large Synoptic Survey Telescope (LSST; Tyson 2002).will on average be fainter than the magnitutle  at the time
The LSST is intended to regularly survey the entire visible sky of spectroscopic selection because of quasar variability , the
to a depth many magnitudes fainter than the limit of the SDSS photometric uncertainty, , and the slope of the quasar number-
and 2dF quasar samples. This telescope will therefore easilymagnitude relation. The variability of quasars is commonly
obtain high-quality photometry of all of the quasars in the final parameterized with a structure function (Simonetti, Corder, &
2dF and SDSS catalogs, provided they are still on at the timeHeeschen 1985; Hughes, Aller, & Aller 1992), and long-term
of the LSST observations. We have modeled the quality with monitoring of quasars shows that the amplitude of the varia-
which the SDSS and 2dF samples could be used to measurility increases with time (Hawkins 2002). The width of the
the quasar lifetime by generating mock catalogs with a rangedistribution of likely quasar magnitudes at the second epoch
of lifetimes and the same magnitude and redshift distributions is thus the quadrature sum of the photometric uncertainty and
as the SDSS EDR. Figure 1 shows the quasar lifetimes andthe time-dependent variabilitg(At) = [02 + oZ(At)]¥? . This
uncertainty int, attainable with this second-epoch LSST ob- magnitude distribution is then convolved with the detection
servation. If the LSST obtains a second baseline measuremenprobability R(m;) for a quasar with magnituae;  at epgch
of these 120,000 quasars 10 yr after their initial spectroscopicWith this weighting function the total number of expected qua-
identification, then this will measutg  to within a factor of 2 sars in the second epoch becomes the sum of these weights

We first examine the problem of quasar lifetimes with a
simple model for the quasar luminosity: the quasar is either
“on” or “off” with a characteristic on lifetimet,, . In this sce-
nario, the probability that any quasar will turn off over a time

o= LAt(z)
TR -N,
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Iw, and the total time baseline available becorbest(z;)
The equation for the lifetime is rewritten as

EwAt(z) s I ot P

Q=7I = (3) %08:_'4: : ‘tQ:max : t‘)_:
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A particularly useful set of archival observations are the §0,4 - E i <:> 5 3

POSS:-I plates obtained in the 1950s. All of these observations = oz b & Lol &

have been digitized, are publicly available on CD-ROM, and 5 "t | o & ° I

provide the longest time baseline for the SDSS quasar catalog. = 0l , ¢ s s s s s e ® " L
As above for the LSST calculation, we have used the redshift 0 2 4 6

and magnitude distribution of the SDSS EDR quasars to model log t, [years]

the sensitivity of the SDS$ POSS-I to the quasar lifetime.
For regions t>f/1at were not covered by the PqOSS—I survey, we Fic. Zd—_simesgg SFig- 1'|b“t_ Lorha ;gg%a”go” of the 100,000 guasare
. _expected in the sample with the observations. e time baseline
have used the more recent,POSS'“ data from the 1980s. WhIIQn this case is approximately 2 million years. In practice, the constraint on the
th_e 23,000 2dF quasars W"' also be valuable V_Vhen CombmedtQ from the POSS comparison will be limited by uncertainties in quasar var-
with future LSST observations, they are not suitable for com- iability and the POSS photometric calibration.
parison with the archival plate material, as the spectroscopic
quasar _candldat_es were |den_t|f|ed from these pIaFes. PI—— The measurement @f via LSST observations of the com-
fTEe grétsséeplm this ahrya:]yss was thedphotomer:rlﬁge,illlgratlon plete SDSS and 2dF qéasar samples will provide a comparable
of the plates, which was carried out wit stars - Mo ;
selected from the same plates as the EDR quasars, to have similag‘; rrlfgar'gt r?igoartourrrr]]aer:w}t/s()f\}vmei}cixItsuri]c?all?dlfriﬁ((:jt S:Lrgz:eifrom
colors (Richards et al. 2002) and small proper motions. This {7 rg(nghneItget o 1908 Kauff?/npann é Haehrelt 20(80_ U
produced a catalog 09800 stars that were used to calibrate T?/emaine 2002) h; the s’k SUrvey measurement or Iéwer
the POSS p'Iatefs directly onto the SD-SS magnltude system. Th imit and these othér estimatt)a/stgf ¥emain comparable in the
rms uncertainty in the photometric cal|t_)rat|0ﬁ~i3.4 mag. The_se_ face of improved data, this will be a strong validation of the
same stars were then used to determine the detection efficienc Ssum tioﬁs of radiati\’/e officiency. black r?ole mass function
as a_fgnctpn of magnitude by.measunng the number of starsand Edpdin ton fraction that are k)é, components of the dem’-
identified with SExtractor (Bertin & Arnouts 1996) in 0.5 mag ographic n?odels y comp
bins. The USNO catalog is complete ¥o= 21 , which is . . . .
fainter than the POSS—Iinmit andIO the magnitude for SDss _ Observations with the LSST will also provide superb mea-
quasar selection. The EDR quasars were detected using theurements of quasar variability, which motivates a more careful
same SExtractor. parameters and requiring that the source ori\onsideration of our definition of the episodic quasar lifetime.
the POSS-I plate be withirf 4f the SDSS coordinates. Finally, A Particularly important question is what is meant by a quasar
quasar variability was parameterized with the structure function that is off, (elgl_}!ve }E'O a quaks]ar tr:jatf]s :jnstead experle?fc_lfn.g
calculated by Hawkins (2002). This structure function, which Eéggmgsvgilﬁtérlt%/r}anetrr?ewaebsgl\(ﬁe reng]genitSﬁqel:JaS%raas 0 ulssltd
is similar to that recently derived from the SDSS EDR quasars . h S, i
by de Vries, Becker, & V)\//hite (2003), was used to set th?a width define the quasar sample. This definition is motivated by the
of the expected quasar variability distribution as a function of Small number of available epochs for the quasars in the POSS

time baseline in the quasar frame. Figure 2 shows the quasaf@ta and the poor photometric precision of the plates, which
lifetimes and uncertainty in, ~attainable with a combination make it difficult to characterize the variability of individual

of the 100,000 SDSS quasars and the POSS epoch. These dafiyi@sars. Our definition, however, allows for the spurious iden-
will thus in principle be able to measure the quasar lifetime if tication of off quasars due to misclassified, extremely variable
t, < 10°%, although in practice the sensitivity will be somewhat objects or simply variable quasars near the luminosity limit that

less because of uncertainties in quasar variability and the pho-d€fines the quasar class. In principle, a quasar should not be

tometric calibration of the plates. Application of this method classified as off if it has temporarily faded to become a lower
to the SDSS EDR sample sets a lower limittgf> 20,000  yr luminosity AGN and thep subsequently increases in brightness
on the episodic quasar lifetime. to become a quasar again. For quasars with only a small number

of epochs, particularly of poor photometric precision, this point
will be hard to circumvent.

The multiple-epoch and greater precision observations with
The present lower limit af, > 20,000 yr from the SDSS EDR the LSST, however, will allow this point to be addressed in
guasar sample is in agreement with the lower limits,to  from two ways. First, extremely variable quasars can be identified
the radiative arguments outlined in § 1. This limit can be im- and not included in the sample through a variability cut for the
proved by approximately the factor of 30 increase in sample sizelifetime estimate. A second approach is to include even these
expected from the final SDSS quasar sample. The potential meaextremely variable quasars, yet require that they fade several
surement or limit of, > 10°° yr from the full sample will either magnitudes below the defining luminosity of a quasar for some
measurd, or produce an improved lower limit to the episodic number of years before they are formally classified as off. This
lifetime of quasars. Future observations of the full quasar samplelatter approach is more appealing, as eliminating the most var-
with the LSST and a 10 yr baseline could push the lower limit iable segment of the quasar population may eliminate quasars
to t, ~ 10° yr through use of the combined baseline provided that are near the end of their lives. If the quasar has turned off,
by POSS and LSST data. These observations will also be ablevhether completely or is simply temporarily quiescent, then
to set interesting limits on the rate at which tidal disruptions of this will offer an unprecedented opportunity to study the quasar

stars produce quasar luminosities. host galaxy.

3. DISCUSSION
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The luminosity and variability evolution of quasars can be timates of the net lifetime of quasars from other techniques
considered in greater detail with the multiple-epoch LSST ob- such as quasar clustering (Martini & Weinberg 2001; Haiman
servations. We have adopted the simple assumption that quasar& Hui 2001). A preliminary comparison of the 2dF clustering
undergo no luminosity evolution while they are on, other than measurements to the models in Martini & Weinberg (2001)
their known variability about some constant mean. Many mod- suggest that the quasar lifetime may be as shaig as10° yr.
els for quasars, however, adopt an exponentially decaying lu-If refined estimates based on SDSS measurements continue to
minosity (e.g., Haehnelt et al. 1998). If the mean luminosity point toward a shorter lifetime, then the net lifetimes deter-
of a quasar decays exponentially overafolding timescale mined from clustering will be comparable to the range of life-
t,, rather than experiencing a simple shut-off after , then the times probed by the method outlined here, and these two meth-
SDSS and LSST photometry could be used to search for aods could determine if the net and episodic lifetimes are
mean decrease in the luminosity of the quasar population, pro-comparable. If they are, then supermassive black holes expe-
vided that it is relatively short. For an assumed photometric rience only one quasar phase and the mechanism that ignites
uncertainty of 0.02 mag and a baseline of 10 yr, a data set ofand fuels quasar activity is a relatively rare event. In contrast,
100,000 quasars could in principle measure a change in meairif the episodic lifetime is much shorter than the net lifetime,
luminosity for a characteristic decay time of close tfp~ then quasar activity must be triggered by additional mecha-
10° yr, although in practice quasar variability will limit the nisms than just the relatively rare mergers of gas-rich galaxies.
sensitivity of such a measurement to much shorter characteristic
decay timescales. We acknowledge helpful comments from Pat Hall, Gordon

Longer lifetimes, whether in the simple on-off model or with  Richards, Martin Gaskell, and the referee, Elaine Sadler. P. M.
more complex luminosity evolution, could naturally be even was supported by a Carnegie Starr Fellowship, and D. P. S.
better investigated with yet larger samples. While a signifi- was partially supported by National Science Foundation grant
cantly larger spectroscopically identified sample is unlikely in NSF-03007582. Funding for the SDSS Archive has been pro-
the near future, a larger color-selected sample is possible. Orvided by the Alfred P. Sloan Foundation, the Participating In-
the basis of studies with the color-selection algorithms used stitutions, the National Aeronautics and Space Administration,
for the SDSS quasar sample, there are regions of color spacgéhe National Science Foundation, the US Department of En-
that are almost exclusively occupied by quasars (Richards etergy, the Japanese Monbukagakusho, and the Max Planck So-
al. 2002). Thus, large numbers of quasars could be identifiedciety. The SDSS is managed by the Astrophysical Research
through color-selection alone, either in the SDSS or with LSST, Consortium. The Digitized Sky Surveys were produced at the
and then monitored over a number of years. While the re- Space Telescope Science Institute under US Government grant
maining contaminating population must be considered, theseNAG W-2166 and are based on photographic data obtained
are almost exclusively nonvariable objects such as white using the Oschin Schmidt Telescope on Palomar Mountain and
dwarfs, and many of these contaminants could be identifiedthe UK Schmidt Telescope. The POSS-I was made by the Cal-
via their proper motions. ifornia Institute of Technology with grants from the National

Completion of the SDSS should also produce improved es- Geographic Society.
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