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Abstract. Although controversial, the scenario of microlensing &dbminant mechanism for the long-term optical variability
of quasars does provide a natural explanation for both #itesstal symmetry, achromaticity and lack of cosmolobttae
dilation in quasar light curves. Here, we investigate to tadwent dark matter populations of compact objects allowed
the currently favored2y, = 0.3, Q, = 0.7 cosmology really can explain the quantitative statistieatures of the observed
variability. We find that microlensing reasonably well repuces the average structure function of quasars, butdedsplain
both the high fraction of objects with amplitudes highemtl®a35 magnitudes and the mean amplitudes observed at ftedshi
below one. Even though microlensing may still contributéhlong-term optical variability at some level, anothgnsficant
mechanism must also be involved. This severely complidhtetask of using light-curve statistics from quasars wiaighnot
multiply imaged to isolate properties of any cosmologigalignificant population of compact objects which may in faet
present.
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1. Introduction microlensing, where the optical depth due to lensing is much
higher.

In principle, the possibility that the long-term opticafiability N . _ .

of quasars may be due to microlensing caused by a populationSeveral papers critical of the scenario of microlensing-

of planetary-mass compact objects (HawkIf&=1993, Hawkiiluced quasar variability have been published. Laf&yZ[L99

I99) has several attractive features. It provides a nagura & Alexander [L5595) both modelled the relation between time

planation for the symmetrical and largely achromatic reafr scale and redshift predicted by microlensing scenarios.and
quasar variability on time scales of a few years, in additmn found the result to be in conflict with observations of Haw:k|.n
explaining the lack of cosmological time dilation in the ivar (C533). The observed relation has since been slightly eevis
ability time scales (HawkinE=ZD1). This idea is nonethele§1awkinsliSss), and neither Alexander nor Lacey explored th
controversial, since it appears to require a cosmologicag- entire param_eter space relevant for the microlensing sicena
nificant population of dark, compact bodies in a mass ranfethe selection féects involved. Bagarb& Malkan (L555)
which due to constraints from the MACHO and EROS projecgggued that the observed redshift trend could be explaiged b
(e.g. Alcock et allZI998, Lasserre et BI=4000) can contibdptrinsic, wavelength-dependent variability, but thissaater

no more than a small mass fraction to the dark halo of tf@futed by Hawkins & Taylorf{is97) on the basis of predicting
Milky Way. Inferring a limit on the cosmological density 0fc,jolor—dependent variation time scales in conflict with obae
compact objects from the mass fraction of a single halo is-hot!ONs-

ever, dificult given our poor knowledge of the cosmic variance Despite the qualitative agreement between statisticai-pro
of dark matter properties. There are also concerns that mgfges of long-term optical quasar variability and exptotes
diffuse lenses (e.g. gas clouds) would not produdgcgently from microlensing scenarios, the detailed comparisons per
strong microlensingféects to be detectable in our own halogormed between observations and microlensing simulations
but only at cosmological distances (Walker & WarliEZ199%qve so far been very limited. Here, we use numerical simu-
Gibson & Schild(15=9) have furthermore suggested thabgtroations of quasar microlensing to investigate the full paeter
clustering of lenses inside our halo could make a large pr“épace of relevance for the currently favo@g = 0.3,Q, =

tion of planetary-mass bodies evade the MAQBEROS con- (.7 cosmology and investigate to what extent microlensing re-
straints, yet allow detection of such objects in studiesuafsgr ally can reproduce quantitative features of the observed-|
term variability, like the average structure function, gmapli-
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In Sect. 2, the machinery used to simulate the microlensirtgnt to probe the entire plausible range of microlensingipar
induced optical variability of quasars on long time scasemut- eter values. When comparing statistics derived from sasmgdle
lined. Section 3 describes the parameter space exploreth@andbserved and simulated light curves, potential selectitaces
method of building synthetic quasar samples used in comparst also be considered.
ison with observations. In Sect. 4, 5 and 6, the observed aver
age structure function, cumulative amplitude distribaténd . .
amplitude-redshift relation are compared to the corredpgn  3-1- The microlensing parameter space
results from our microlensing simulations. In Sect. 7 we di
cuss various assumptions on which this investigation iedhas
Sect. 8 summarizes our findings.

For each combination of microlensing parameter valuesdist
in Tablel, 35000 light curves have been generated, uniforml
distributed in the range of quasar redshi{go = 0.13 - 3.6,
giving on the order of 15 million light curves. Her@compact
2. Numerical simulations of quasar microlensing represents the contribution to the cosmological densiynfr
the compact object populatioNcompactthe mass of the com-
;ﬁgé\ct objects responsible for the microlensifi@et, oy compact
: " = e , i the velocity of compact objects perpendicular to the line of
tion approxlmatmn (V|et.r| & Ostrikel = 3). In this caséet sight andRgso the typical size of the optical-UV continuum-
magnification o, due toi microlenses is equal to the produch,iing region of quasars, normally assumed to correspond
of the individual ones: some fraction of an accretion disc surrounding a central su-
Lot = H“i' (1) permassive black hole. In this investigation, we will assum
i all compact objects to have the safilgompactand all quasars
to have the samB&gso. Even though more complicated mass
@ectra and distributions of source sizes may be presestinr
E\ ity, we will show that this has no impact on the conclusions
of this paper.

We believe that these simulations span the entire micrelens
ing parameter space relevant for the present situation. The
cosmological density of compact objec3sompact iS limited

When calculating the time-dependent magnificati@ihre- upwards by the adopted background cosm_olc@M (,: 0.3,
sulting from each compact object, we assume a circular soutts = 0.7), whereas a@compact < .0.05 the variations mduce_d .
with uniform brightness and the approximate magnificati come much too smaIIt.o c_expla_lnthe observed quasar Vhr_'ab'
formulas for point-mass lenses of Schneid&rT1993) andisuly The time scale of variations induced by lens massesdtigh

et al. [[Z0i03), relevant for the small and large source regim an M?"mpa‘”: 1 Mo \.NOl.JId typlcally be Ion%elr than the tlmle
respectively. The compact objects acting as microlenseasar span of present monitoring campaigns, and lens masses lower

5 . - L .
sumed to be uniformly and randomly distributedthroughbentthan 1? hMO would glllve negllglt;]Ie va}rla(;lons expepl)t in the
simulated observing beam and the influence of external shg?ﬁe 0 ;Og \I\'Aeryhsmabe%so' W eredlr} oubt, single sam_l—_h
is neglected. Since the quasars used in this investigat®n gles at 10° Mo have been generated for test purposes. The
all located in the directiom = 21"28" § = —45° a univer- velocity dispersion of the compact objects is related tarthe
sal observer velocity will be used. Adopting the velocitytioé prgfer_rehd \l/vhereab?utsl, 1.€. Wretzherkmalnly(lg?gated in e fi
Sun relative to the cosmic microwave background derived g}/'n rich clusters of galaxies. In zackrisson ergv.mﬂij.
Lineweaver et al.[LT996), the velocity of the observer perpe e argue, based on results from cold dark maFter smulapons
dicular to the line of sight becomes 39k&nys. The velocities that o7y.compact = 200-600 kiys represents the likely velocity

of quasars perpendicular to the line of sight are assumedsrf?nt') The p;]ar?metébsokls ?Ot well detéa-rmlnhed obserya;:n-
be normally distributed with velocity dispersiof gso = 300 ally, butin the framework of accretion-disc theory const

to be at least a few times larger than the gravitational sadfu
kmys. h | ive black hole, which for &40, ob
Unless otherwise stated, all calculations will be carriad ot e central supermassive black hole, which for o 00-

in the framework of the currently favoret-dominated cos- jects amounts t0.5x 1012 m. The smallest value considered
mology, withQy = 0.3,Q, = 0.7 and H = 65 knys/Mpc. The

here isRgso = 10'2 m. Values ofRgso significantly larger than
3o X 2
mean density inside the simulated observing beam is assurﬁéﬁlol m give very modest light variations and are therefore
to be equal to the mean density of the universe, which impli@

at of interest for the present investigation.
a homogeneity parametgr= 1.0 (Kayser et alEis97).
Z_ackrisson & Bergvalllitzlii3) may be consulted for furtheg 5 Light curves
details on the method used.

The microlensing model used is described in Zackrisson
Bergvall [Z0LiB), and is based on the multiplicative magaific

Although this approximation cannot be expected to repr
duce detailed features of microlensing light curves, it h
been proved useful (e.g. HELID93) for statistical invesitigns
and significantly reduces the calculation time requiredayy r
tracing and similar methods. It has also previously beefieghp
(Schneidellis¥3, Lacdiizi94) to investigations of quagat-i
curve statistics.

Each microlensing light curve generated has a time span of
25 years, where the time-dependent magnification is esimat
four times per year within a period of three months. The in-
In order to be able to draw firm conclusions about possible disayear variation in magnitudes is then averaged over ©2fv
crepancies between simulations and observations, it isimpmagnification data pointsi(t), wherem(t) = —2.5logu(t), in

3. Synthetic quasar samples
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Table 1. The set of discrete microlensing parameter valuésnction of a sample of microlensing light curves, repréisen
which define the grid of synthetic light-curve samples used & curve of growth of variability with time lag, is defined as:
this study.

1 2
Qcompact 005 01 015 02 025 03 S(0)= «WZ [m(t;) - m(t)] > 2
log Mcompact(Mo): -5 -4 -3 -2 -1 0 I<]

Oy compact (KM/s): 200 400 600

log Raso (M): 12 125 13 135

where the sum runs over tiN{r) data points for which; —t; =
T.

Observationally, the amplitudem is defined as the €ier-
ence between the minimum and maximum magnitude observed
in a quasar when monitored for a certain period of time with
a particular sampling rate. For the case of variations irduc

close agreement with the procedure used in the observedlqug’é'rely by microlensing, this reduces to:

light curves used for comparison. 5m = max((t)) — min(m(t)). 3)
Averaging over the intrayear magnification data points has
the dfect of smearing variations that occur on time scales In the present investigation, the amplitude is derived from
smaller than three months and reducing the amplitudes for rifi€ first 21 data points of the light curve, in accordance with
crolensing scenarios where a significant fraction of théavar the observational procedure of Hawkifisi2000).
tions are of this kind. Although the intrayear observatioese
sometimes_, carried out within a period shorter Fhan assumgql_ Selection effects
here, and in some years only one plate was available, tests us
ing no magnitude averaging in the yearly data points of the nWwhen comparing the results from microlensing simulatians t
crolensing light curves do however show that this discrepanobservations, we will use light-curve statistics derivedni
between model and observations has no significant impacttbe UVX sample of HawkinsEEZGD0), containing 184 objects
the conclusions of this paper. brighter thanmg = 215 in the redshift rangegso = 0.242—-
In Hawkins [T995), the variability on time scales shorter-21, which has been selected on basis of ultraviolet excess

than one year was studied by taking 16 plates over a periofi — B < ~0.2). Despite its smaller redshift span, the rele-
of six months. Small short-term variations, supposedlsiriat vant selectionfects are more easily simulated than in the case

sic in nature, were noted. Even though the present study is fb variability-selected samples, where the proposed bty
cused on the long-term variability of quasars, such shesrtt mechanlsm must generate approximately the same fraction of
variations will give a small contribution to the variationg- aMPlitudes higher than the sample threshold as in real guasa

tween the yearly averages, and therefore need to be coedidg? order not to introdyce un.realistic biases. As will be show
when assessing the reason for possible discrepancieseretfé SECt: 5, microlensing by itself does not seem to be able to
the observed long-term variability and that predicted by miulfill this criterion. o

crolensing. The observed dispersion among the roughly four ASSUMIng the colour-criterion of the UVX sample not to
plates taken each year amounts to 0.13 magnitudes (HawlGRE€late with variability (see Sect. 7 for a discussidmg, most
2003, private communication), where part of the variapilifMmportant selectlom&c_t to pon.5|d_er |§the ampllflcatllon bias.
comes from the approximately 0.08 magnitude measureméﬂuasar_thgtlacks shicient |nt(|n3|c brlght_r?ess to be mclud_ed
error. Assuming the variations due to short-term varigptty N @ flux-limited sample may still be magnified through gravit
be Gaussian and uncorrelated, tifieet of both measurementtional microlensing to reach above the threshold for degact
error and intrinsic short-term variability can be modellgg A flux-limited sample will therefore contain an enhancedira
adding acm = 0.065 component of Gaussian noise to ead" of highly m_agqlfled objects..As demonstratgd in S_chemd
yearly m(t). This procedure, which we adopt in the follow{'=5#), magnification and amplitude correlate, implyingtta
ing, is however not entirely consistent for the whole mierw-  flux-limited sample should also display an enhanced prébabi
ing parameter space probed, since many combinations of srif¥|fr large amplitudes. Thisftect may be further boosted by
Meompaciand smallRoso already predict variability among thethe fagt that gach data point in the observec_i light curvesis al
four intrayear measurements on a level close to that at(:.ﬂtbuassouated with an observational error, which statidticat

to the intrinsic component, and may therefore slightly prer Créases the light curve amplitudes. Provided that the @mror

dict the variability of such scenarios. This will howevertndh® data point used to define the magnitude of an object is cor-

have any impact on the outcome of the present investigatio €/ated with the amplitude of its light curve, affeet similar
to that of amplification bias will result from the measuremen

noise alone, increasing the probabilities of high amp&gudf-
3.3. Light-curve statistics ter the magnitude limit has been imposed. In the present case
however, we find that the measurement error is too small and
The comparison between observed and simulated light curtles number of data points in the light curve too large for this
will be carried out in terms of the average structure funttianeasurement uncertainty bias to have any significdiatieon
and the light curve amplitude. The average first-order stirec the statistical variability properties of the sample.
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Fig. 1. The observed UVX average structure function (thickig.2. The observed UVX average structure function (thick
solid) and the best-fitting (in a least-square sense) ageraplid) and the ten best-fitting average structure functibes
structure functions predicted by microlensing scenaridth wrived from microlensing scenarios (dashed).

parameter constraint3compact< 0.15 (thin solid),Mcompact >
101 M, (thick dashed), anBqso > 3 x 10" m (thin dashed).
All simulated average structure functions obeying thesama
eter constraints but having larger residuals are locatémibe
the ones plotted.

slopes predicting by the disc instability.4@ + 0.03) and star-
burst (083+ 0.08) scenarios appeared to favor microlensing as
the dominant mechanism. The parameter space of ffereint
models was however not probed at any depth. In the case of mi-
The dfects of amplification bias is simulated by assigningrolensing, structure functions derived from single miens-
each microlensing light curve a random absolute magnituiilg light curves in the literature were used, not averagecstr
following the probability predicted by the optical lumiritys ture functions derived from simulated samples. THeats of
function of Boyle et al.[&Zfm0), converting this into an appathe sample selection bias, the distribution of quasar iéidsh
ent magnitude given the background cosmology and assum@igl the statistical variations betweerffelient microlensing
a power-law continuuml(, o v~) with slopea = 0.5 for all light curves were thereby neglected.
guasars when calculating thecorrection. The magnification,  Due to the complicated selection procedure of the quasar
m(0), combined with the corresponding, = 0.065 short-term sample from which the observed average structure function
variability (measurement error and intrinsic intrayeaiafil- of Hawkins [Z0R) was derived, we will instead compare av-
ity) of the first data point in the light curve is then addedtte t erage structure functions derived from our simulated sampl
magnitude. Subsequently, all light curves falling on thiatfa to an observed average structure function (Hawkins 2003, pr
side of the UVX magnitude limit are rejected. A selection igate communication) derived from the more easily reproduce
finally made from the remaining light curves to ensure that ttUVX sample. The power-law slope of this average structure
redshift and magnitude distributions of the simulated guagunction is 0.19, very close to the value derived in Hawkins
sample fully match that of the observed one. (Zaom).

Apart from the slope, the scaling of the structure funct®ni
also important, since this is related to the variance of g |
curves. It turns out that most of the simulated average tstreic
The observed first order structure function of quasars &lyic functions lie significantly below the observed one, indigit
consists of three distinct parts (Hughes effaill 992). Foe ti that most parameter combinations generate too little baitia
lags longer than the longest correlation time scale, thee ilf microlensing is to be able to reproduce the observed geera
plateau at a value equal to twice the variance of the fluctustructure function, certain regions of the microlensingapa
tion. For short time lags, there is another plateau at twhiee teter space can therefore be ruled out. In Hg. 1, we plot the
variance of the measurement noise. These regions are linkbderved average structure function in comparison to the av
by a curve whose slope is related to the nature of the vagirage structure functions with the highest scaling out o§¢h
ability of the source. In Hawkind<lizfiD2) the observed powepredicted by microlensing in specific parameter rangesh@®n t
law slope (20 + 0.01) of the average structure function wabasis, all scenarios witdcompact< 0.15, Mcompact> 107! M, or
compared to predictions from three proposed mechanismsRefko > 3 x 103, out of those allowed by the microlensing pa-
variability: The starburst model, accretion-disc inslisies and rameter grid defined in Table 1, can be ruled out as inadequate
microlensing. The close resemblance to the slope predic®cenarios withMcompact= 10 M,, can provide a high degree
by microlensing (®5 + 0.03), compared to the much steepeof variability but have a maximum average structure functio

4. The average structure function
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slope of 0.06 (indicating too much of variability occurring 1 :
short time scales) and are therefore also unsuitable catedid

In Fig. @ we plot the observed average structure fun

tion derived from the UVX sample and the ten best-fittin  0.8f
(in a least-square sense) simulated average structuredosc
Even though no single microlensing curve completely repr
duces the shape and scaling of the observed average struc S 061
function, the agreement is reasonable given the limited-resw g5
lution of the explored microlensing parameter space. The ;z\{"
rameters of the best fits lie inside the rarm@gmpact = 0.2—
0.3, Mcompact = 10741072 Mo, 0y compact = 200-600 kiys 0.3r
and Rgso = 10'%-10"® m. This method of determining the
lens masses required by any viable scenario of microlensit
induced long-term quasar variability is in good agreemdttiw  0.17
that of Hawkins[i&96), where the mass of the lensing obje«
was estimated a¢ 103 M, using simple time-scale argu- 0 0.5
ments.

When fitting power-law slopes to the 432 average structytgy 3. The cumulative probabilitie®(< 6m) of observing
functions derived from simulated samples based on thierdi qyasars with amplitudes lower tha@m for the UVX sam-
ent microlensing parameter configurations of Tdble 1, we fingk (thick solid). The other lines represent the corresjrand
the slope to vary in the range 0.004-0.50. The slope of 0.25 @stributions derived from microlensing simulations assg
rived in Hawkins EZL002) from single microlensing light ces Qcompact = 0.3, Roso = 102 m, o7y compact = 400 kmys and
in the literature can therefore not be said to be a robusi@req\ﬂcompam: 1 My, (thin solid), 10 M, (thick dashed), 16 My,

tion of the microlensing mechanism. Instead, the fittedesiep (thin dashed), 16 M, (thick dash-dotted), 1@ M, (thin
quite sensitive to the model parameters assumed. Even in {ign-dotted), 16 M, (thick dotted).

parameter region spanned by the best average structure func
tion fits, the range of slopes is 0.06-0.24.

Even though a large part of th@compact = 0.2-0.3, observed distribution of amplitudes fdficompact = 1073 Mo,
Mcompact= 1074=10"2 Mo, Roso = 10'2-10* m microlensing provided thaRoso = 3 x 10" m instead. Our model confirms
parameter space can actually be ruled out on the basis tttat $his to be the case for the Einstein-de Sitter cosmologynott
scenarios significantly overpredict the fraction of highplim as we show in Fidll4, for thy = 0.3, Q4 = 0.7 cosmology
tudes (Zackrisson & Bergvdiizil03), we make no attempt heagsumed here. At such largyso, no microlensing scenario
to determine how close the observed average structurdduncieven comes close to reproducing the observed amplitude dis-
can be reproduced in the absence of these, since this wouldrigution. This is in good agreement with our conclusiorsir
quire a significant increase in the parameter resoluticteld, the analysis of average structure functions, where saenas-
we are content to conclude that there is no strong reasonstaningRgso > 3 x 10*3m were also ruled out on the basis of
doubt that the observed average structure function can -be giving to little variability.
plained by certain combinations of microlensing paranseter In Fig.l, many of the cumulative probability distributions
As we will show, this is however not true for the cumulativeredicted by microlensing scenarios can be seen to clearbgc
amplitude distribution or the amplitude-redshift relatio over to the right-hand side of the corresponding observed di
tribution, indicating an overprediction of the fraction thfe
very highest amplitude objects. This fact was used in Sclemei
(F=53) and Zackrisson & BergvaltiZzil03) to infer upper lignit
In the absence of any variability-related bias in addition ©NQcompacifor differentMcompact Here, we willinstead concern
those treated in Sect. 3.4, we should expect microlensieg seurselves with another discrepancy between the obsenad an
narios to approximately reproduce the observed distbutipredicted amplitude distributions more directly relatedhe
of amplitudes in the UVX sample, provided that microlensinguestion of whether microlensing really is responsibletfer
truly is the dominant mechanism for the long-term optical-va observed light variations or not.
ability of quasars. As shown in SchneidBELi993), the cumula The selection criterion ofm > 0.35 has proved useful
tive amplitude distributions predicted by microlensingsla- (HawkinsEZGED) for building observational samples of quasa
tions are very sensitive to the model parameters. In Blged3 axtending to redshifts higher than tagso ~ 2.2 limit of sam-

B we show examples of the cumulative amplitude distribwtioples based only on ultraviolet excess. The fraction of dbjec
predicted for diferent lens masses in the cas®géo = 10>m  with amplitudes higher than 0.35 magnitudes predicted by th
and 3x 103 m, respectively. dominating mechanism of variability therefore has impotta

In Hawkins [(L5595), it was argued that the amplitude distiimplications, since it is related to the completeness ohsuc
butions predicted by the microlensing simulations of Sathere variability-selected samples. If an adequate fractionmopla
(LS53), which assume®gso = 102 m and an Einstein-de tudes higher than 0.35 magnitudes cannot easily be repedduc
Sitter Universe, could probably provide a good match with thby microlensing, there is no way to simulate the properties

0.9r

0.41

15 2

1
4 m (mag)

5. The cumulative amplitude distribution
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Fig. 4. Same as Fidl3 exceRyso = 3 x 10 m. Fig. 5. The fraction of objects with amplitudes higher than 0.35

magnitudes predicted by microlensing scenarios fefiedént
Mcompaot assumingzcompactz 03, Ov,compact = 600 kmS and
of variability-selected samples using the > 0.35 criterion Roso = 10'2 m (thick solid), 3x 10'? m (thin solid), 133 m
(like in the VAR sample of HawkinE=Z&D0), since this wouldthick dash-dotted), % 10'® m (thin dash-dotted). The thick
mean rejecting an unrealistically large fraction of simeth dashed line marks the observed fraction (93%) of the UVX
light curves. guasar sample.
As can be seen in Figh 3 afll 4, none of the microlensing

scenarios explored manage to reproduce the observedfiaciample of quasars does notimprove the agreement, butlgctual

of amplitudes higher than 0.35 magnitudes. The microlensipakes it slightly worse.

simulations instead predict large numbers of objects béhisv We conclude that the fraction of amplitudes higher than

limit. This turns out to be a general feature of our simulaio g 35 magnitudes cannot fully be reproduced by our present
and not just of the small number of parameter combinatiofiicrolensing simulations. The gap between observatiods an

plitudes smaller than 0.2 magnitudes in the predictedibistr Meompact= 1075-104 M, as seen in Fidl5.

tions is almost entirely due to the presence of simulateémbs
vational errors and intrinsic intrayear variability in badata . i i
point of the light curves. Without the added short-term apis®: The amplitude-redshift relation
significant fractions of even lower amplitudes would be pre¢n Hawkins [ZID), the observational relation between mean
dicted. amplitude and redshift was explored. In the UVX sample, the
In Fig.H we compare the observed fraction of objects withean amplitude was found to increase up to a redshift around
amplitudes higher than 0.35 magnitudes in the UVX sampige, followed by a roughly constant mean amplitude towards
with the corresponding microlensing predictions as a fungigher redshift. This was attributed to a magnitutfee in the
tion of Mcompactand Rgso in the case 0f2compact = 0.3 and  sense of higher luminosity quasar having smaller amplgude
av.compact= 600 ks (the scenario giving the most variability).  The most naive expectation from microlensing scenarios
In no case can microlensing fully reproduce the observed fravould perhaps be a mean amplitude which continuously in-
tion. Given the trend of variability with lens mass in the@ascreases with redshift due to increased optical depth to- lens
of Ryso = 10" m, one could however imagine that extendinghg. Qualitatively, the observed behaviour of the mean ampl
the investigation to lower lens masses than°1d, mightim- tude may however be explained by microlensing-induced vari
prove the agreement, but tests show that the predicteddnactations, provided that the size of the continuum-emittirgior
of amplitudes above 0.35 magnitudes does not become sigrifithe rest wavelength observed is larger for the more luagino
cantly higher at 1& M. Such scenarios can also be ruled owuasars found at high redshifts.
on the basis of giving too much short-term variability (sture In Fig.H, the empirical amplitude-redshift relation is plo
function slopes much flatter than observed). ted together with the corresponding relations derived ftbhen
Hawkins [Z002) shows that the Seyfert galaxies in his sa#32 diferent microlensing parameter configurations allowed
ple are dominated by a ftiérent kind of variability. Since the by Tablefl. Since every microlensing curve assuRgso to
UVX sample used here also contains a number of such die constant with redshift, the fact that the shapes of the-sim
jects, one might expect that this coulffexct the comparison. lated and observed relations are verffetient does not rule out
However, following the procedure of HawkinEZtZD02) of remicrolensing as a plausible mechanism. More serious is how-
moving objects witlzgso < 0.5 andMg > —23 to get a clean ever the fact that no microlensing scenario appears capéble
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1.6 with similar characteristics. Although the chromaticitypwo-
posed mechanisms of intrinsic variability like accretidise in-
14r 7 stabilities and supernova explosions have not been thbtpug

investigated, both of these mechanisms appear capabl@of ge
erating statistically symmetric variations on long timealss
(e.g. Kawaguchi et ali998, Aretxalia_iD97). The one piece
of evidence pointing uniquely in the direction of an extiins

i mechanism is however the lack of cosmological time dilaiion
the characteristic time scales of the variations (Haw<iisi).

Mean amplitude (mag)
o
0]

0.6 . Provided that noféicient extrinsic variability mechanism other
than microlensing can be found, one possible way of setting a
0.41 7 lower limit to the contribution from microlensing could ttee
fore be to investigate how large the microlensing poputeatio
0.2 1 would have to be to eradicate the cosmological time dilation
0 ‘ ‘ ‘ ‘ signal believed to be a feature of the intrinsic variabitiom-
0 0.5 1 15 2 25 ponent.

Qso How robust are then the results presented here? So far

Fig. 6. The empirical relation between mean amplitude and reff€ have considered only populations of compact objects and
shift for the UVX quasar sample (thick black) and the corrélu@sars characterized by single valueB@fo andMcompact In
sponding relations derived from the 432fdient microlensing "€@lity, extended distributions of quasar radii (possitmyre-

parameter combinations generated (thin grey). The ernar plated with quasar luminosities) and qus masses may of eours
indicate the uncertainty in the position of the observedmmea P& Present. In the framework of the microlensing model used,
such distributions pose no threat to our conclusions, &g &sn

our simulations truly probe the entire range of plausiblapa

explaining the high mean amplitudes observedg@b < 1, eter values. Since no single parameter combination exgplore
where one third of the quasars in the UVX sample are locategdn reproduce the high mean amplitudes observed at low red-
Even though relaxing the approximation of const&ggo may, shift, neither will any mixture.
in principle, create a plateau in the amplitude-redshiétren, The results presented assufag = 0.3, Q4 = 0.7, but the
the mean amplitudes can never lie higher than the maximwanclusions are not sensitive to minor variations in thepéetb
microlensing prediction of Fidll6, provided that microlergs cosmology. In Fidll7, we present the predicted mean ampitud
really is the dominating mechanism for variability. Thissdi redshift relation in the case @compact = @m, Mcompact =
crepancy between observations and simulations is muchrlargo* Mg, Roso = 10'2 m, oy compact = 400 knys (one of the
than that discovered in connection to the cumulative aniit scenarios giving the highest mean amplitude in the lowest re
distributions. We therefore conclude that, at least forsqaumat  shift bin of Fig.lB) for a number of dierent combinations of
Zgso < 1, significant contributions to the long-term variability,, and Q,. Clearly, variations like@y = 0.2, Q) = 0.8)
must come from a mechanism other than microlensing in ordgid Qy = 0.4, Q4 = 0.6) allowed by current uncertainties
to explain the observed amplitude-redshift relation. in these parameters do not provide an obvious way around the
discrepancies between simulations and observations.i®aly
cosmology with a matter density significantly higher, likefhe
case of an Einstein-de Sitter Univergey( = 1.0, Q5 = 0.0),
Even though our microlensing simulations appear capableigthere a reasonable agreement at the lowest redshifts.
reproducing the observed average structure function cfamsa Our simulations also assume= 1, which is admittedly
they fail to explain both the observed fraction of objectshwi not self-consistent for the entire microlensing paramsperce
amplitudes higher than 0.35 magnitudes and the high mean anvestigated. This parameter describes the fraction ofdysan
plitudes observed ahso < 1. This does not rule out the pos-neously distributed matter, where the scale of clumps imehe
sibility that microlensing may still contribute to the valility maining matter per definitionis on the same order of mageitud
at some level, but indicates that another mechanism must as the angles involved (Kayser etiaiii997). Fmarameter af-
contribute significantly. fects the angular diameter distances going into the magnific

Since any mechanism other than microlensing contributitign contribution from each lens and the luminosity disemc
to the observed variability would have to give largely achraused to make the conversion from absolute to apparent magni-
matic and symmetrical variations to be consistent with cbseéudes. When the microlensing source is large and the vanisiti
vations, this means that microlensing cannot be the onlyhmeare due to Poisson fluctuations in the number of compact ob-
anism involved possessing these properties. The excitiagip jects in front of the source (Surpi et BLZD03), rather thaa
bility of deriving properties of dark matter by comparinguéis rare and isolated microlensing events, the mean densityeof t
from microlensing simulations to the observed properties simulated observing beam becomes approximately equatto th
quasar light curves is thereby severely obstructed, simcene  mean density of the universe, which makes 1 reasonable.
crolensing signal that may be present in the light-curvissta However, when the angular extent of the source is small com-
tics is likely to be blended with a fierent kind of variability pared to that of the lenses, the density in the simulatedrebse

7. Discussion
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16 ever depend on the details of the sampling of the light curves
and is hard to quantify without making a direct comparison be

Lar 7 tween the two methods. If a proper treatment of caustic eross

10 ings would in fact give a significant contribution to the pre-

dicted amplitudes, this would also strengthen the uppetdim
on Qcompactinferred by Zackrisson & BergvalliZiiD3), where a
large part of the relevant small source microlensing patame

, space has already been ruled out. For this reason, it is fibubt
whether relaxing the approximation of multiplicative mégn

1 cation really can bring the model into better agreement with
observations.

Z Our simulations furthermore assume all compact objects to
be randomly and uniformly distributed with constant conmgyi

o
o
:

Mean amplitude (mag)
o
0]

o

~
:
N\
Y
.

0.2f i density throughout the simulated observing beam, an approa
0 ‘ ‘ ‘ ‘ commonly referred to as the Press & Guinti973) approxima-
0 05 1 15 2 25  tion. Wyithe & Turner [ Z002) showed that although this ap-

V4 . . . . . .
Qso proximation can give very misleading results if only known

Fig. 7. The empirical relation between mean amplitude and redf€!lar populations contribute to the microlensirfieet, it is
shift for the UVX quasar sample (thick solid) and the corrd!Seful for estimating the microlensing optical depth in¢hse
sponding predictions from microlensing simulations assgm where a significant fraction of the dark matter is in the forfm o
different background cosmologies: The standaggd = 0.3 compact objects, as in the scenario explored here. Thisniites
Q, = 0.7 case (thin solid)y = 0.4,Q, = 0.6 (thick dashed), Necessarily imply that this approximation is valid whengen
Qu = 02,0, = 0.8 (thin dashed) an@y = 1.0, Q, = 0.0 ating light-curve statistics, since correlated lens pos#could

(thick dash-dotted). All simulations assurtBompact = O give rise to correlated magnifications in the simulated time
Mecompact = 107 Mo, Roso = 102 m and o, Comppact -4 ries and thereforefect the distribution of amplitudes. When

00

kmys. The error bars indicate the uncertainty in the position §¥aluating such possibléfects, one should instead of the iso-
the observed mean. Ia_teq dark matter halos as.sur.ned_ in V\/ylth(? & Turner more re-

alistically use the mass distributions predicted when send

the observing beam through cosmological N-body simulation
ing beam varies violently with time. In this cage< 1 is more of large-scale structure. The naive expectation for thiigion
appropriate. This situation arises naturally when modelthe of clustered lenses is however an increased bimodalityén th
gravitational lensing of supernovae (e.g. MortSeii002)ich  distribution of amplitudes, as some simulated observiragize
are generally assumed to be less extended than quasarswiilitontain huge concentrations of compact objects wherea
also in the present investigation when small valueRRgéo other will be essentially devoid of matter. This is likelyde-
are considered. By testingftirent values of; in the range crease the fraction of light curves with amplitudes abos0.
n = 0-1, we have however found that variations in this paramagnitudes, since a growing number of quasars should gispla
eter have only a negligible impact on the amplitude distribpractically no microlensing variability. The demonstchtiis-
tion and the mean amplitude-redshift relations prediciedur crepancy between microlensing predictions and obsensiio
simulations, and therefore pose no threat to our conclssion Fig.H are therefore expected to grow even furtherffects of

A more serious concern than the assumed values of @lustering are introduced.
model parameters is a number of simplifying approximations Testing the reliability of these approximations is not only
on which the microlensing simulations are based. important for investigations of the present kind, but also f
The multiplicative magnification approximation, which demodelling the time-dependent microlensing magnification o

spite having been used in similar contexts several times lather light sources at cosmological distances, like supe®
fore (e.g. Schneid@Zi&03, LadsP94) and having been shaam the afterglows of gamma-ray bursts. To conduct the re-
to give reasonable accuracy when it comes to the statisticojaired investigation does however represent a huge urkilegta
magnification distributions (PELLE93), has not been thghby  and is not within the scope of this article. Instead, detetigsts
tested for the case of light-curve statistics. A particdlan- of the multiplicative magnification approximation and the$s
cern is that it may underpredict the amplitudes, since thb-hi & Gunn approximation in the context of light-curve statisti
amplification features associated with caustic crossinggsat are intended to form the basis of a future paper.
well-reproduced in this approximation. This can e.g. badse Assuming that our simulations really arefistiently reli-
comparing the light curves in Schneid2Ciii993) where the malble, could it then be that the discrepancy between micselen
tiplicative magnification approximation is used, with teda ing predictions and observations is simply due to a miss-
Lewis et al. [Z553), which rely on a ray-shooting approadte Ting fraction of low amplitude quasars in the UVX sample?
naive expectation would be for inclusion of light-curvetfgas Ultraviolet excess is normally not assumed to correlatédn wit
associated with caustic crossings to increase the meari-amriability (e.g. Hawkins & Véerolizis¥5), but provided thbe
tudes and flatten the average structure function due todntro quasar continuum radiation originates from a large aamneti
tion of more short-term variability. The actuafect will how- disc which becomes bluer towards the center, one could still
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argue that a lensing event with small impact parameter wowddghes, P.A., Aller, H.D., & Aller, M.F. 1992, ApJ, 396 469
statistically both increase the amplitude and decréhseB, Kawaguchi, T., Mineshige, S., Umemura, M., & Turner, E.L989
thereby introducing a correlation between these two parame ApJ 504,671

ters. There are however two reasons why tlfisat is unlikely Kayser, R., Helbig, P., & Schramm, T. 1997, A&A, 318, 680

to produce a bias of the required strength. Firstly, bectuese -acey C.G. 1994, Nature, 371, 210

observed achromaticity of the quasar light curves are isison -25S€'e: T, Afonso, C., Albert, J.N. etal. 2000, A&A 3537

. . L Lewis, G.F., Miralda-Escudé, J., Richardson, D.C., & Wagdnss, J.
tent with strong colour gradients across the accretionitiibe 1993, MNRAS 261, 647

variations truly are caused by microlensing in the largec®u Lineweaver, C.H., Tenorio, L., Smoot, G.F., et al. 1996, A0, 38L

regime, and secondly because huge numbers of quasars wepflsell E. 2002, A&A 382, 787

have to be present on the redward side oftthe B < -0.2  press, W.H., & Gunn, J.E. 1973, ApJ, 185 397

threshold, which does not appear to be the case (e.g. Vem Y.C. 1993, ApJ, 403, 7

L9=8). Schneider, P. 1993, A&A, 279, 1

Surpi, G., Refsdal, S., & Helbig, P. 2003, submitted to A&A

Véron, P. 1983, Quasar Surveys and Cosmic Evolution. Irs@usand
Gravitational Lenses, Proceedings of the 24th Liege hatéonal

Using a microlensing model based on the multiplicative mag- A,‘StrophySiC?LCO"Oi‘g;?flo 067 488
nification approximation and the assumption of uniformigan’ /et M., & Ostriker, J.  ARJ, 267,

o . X . M., & Wardle, M. 1 PASA, 16, 262
randomly distributed compact objects, we find that m|crelenv\,;‘iltkheer‘J S‘% &a;ir%er Eigi’pJ 58’67’ 168 6

ing can rgasonably well reproduce the observed average StBL ckrisson, E., & Bergvall, N. 2003, A&A 399, 23
ture function of quasars, but fails to reproduce the higttfoa

of objects with amplitudes higher than 0.35 magnitudes bad t
mean amplitudes observedzko < 1. This indicates that an-
other mechanism must also contribute significantly to tingio
term optical variability and severely complicates the tafsks-

ing light-curve statistics from quasars which are not nplti
imaged to isolate properties of any cosmologically sigaific
population of compact objects which may be present. The one
piece of evidence pointing uniguely in the direction of an ex
trinsic variability mechanism is however the lack of cosopl

ical time dilation in the characteristic time scales of tlagia-
tions. If no other &cient mechanism for extrinsic variability
than microlensing can be found, one possible way of setting a
lower limit to the contribution from microlensing could ttee

fore be to investigate how large the microlensing poputeatio
would have to be to eradicate the cosmological time dilation
signal believed to be a feature of any intrinsic component of
variability.

8. Summary
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