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Abstract. A statistical analysis of an extended data set onah (1996, Paper IlI) we confirm the value4if6 — 417 days and
time basis of 17 years of optical observations of the gravitationse it as a basis for refined variability analysis. We also try to
ally lensed quasar 0957+561 is presented. We use all availabiplain why the determination of the correct time delay value
photometry to estimate the time delay betweemnd B images was so complicated and controversial.
as416.3 + 1.7 days. Using this refined value we investigate ba- Using the established time delay value we are now in a posi-
sic statistical properties of the difference curve betweendthetion to divide the total observed variability of the quasar images
and the time shifted? image. We find a significant variability into four separate statistically defined components: source vari-
of 0.25 mag on a time scale of 5 years, which we interpret ability, long term variability (years) due to the microlensing, a
microlensing by compact objects in the lensing galaxy. possible rapid microlensing (days to months) and observational
We show that masses down to abaQt > M, may explain noise. We do our analysis with simple statistical tests and pro-
this microlensing event. Solar mass objects alone can morecedures. The reason for that is twofold: first - we can be sure
less be excluded. However, a distribution of compact objedtsat applied procedures are well known and consequently all
with a small fraction £ 5%) in solar mass objects, seems t@ur computations can easily be repeated, and secondly - we can
be possible. The best constrained parameter is the radius ofdheid any artifacts of the more modern but less understood meth-
source which roughly should Bex 10'5cm (within a factor of ods which often tend to distort the results in unexpected ways,
3). especially when the data sets involved have a complex nature
With the present noise level an additional variability du@rregular timing, long gaps, non-uniform precision of different
to the microlensing on shorter time scales (days to monthshigasurements). There are parallel developments which use cer-
difficult to prove with a reasonable significance. All steps of thiain complex interpolation schemes (Thomson & Schild 1997)
analysis are carried out by using simple statistical tests and wathwavelet analysis (Schild 1998) but in the current report we
as fewa priori assumptions as possible . want to lay a groundwork for more advanced studies.
In Sect. 2 we describe the data sets and the process of merg-
Key words: methods: statistical — methods: data analysisirg them into one master data set. Sect. 3 is devoted to the time
quasars: individual: 0957+561A,B — gravitational lensing  delay determination. As a byproduct of the method used we also
get a numerical estimate of the difference curve betwéand
time shiftedB (microlensing). In Sect. 4 we use simple statis-
1. Introduction tical tests to analyse residuals after the main fitting procedure.
In the discussion we try to put the obtained estimates into the

The problem of time delay estimation for the double quasgéntext of current understanding of microlensing physics.
0957+561A,B is generally considered as having a consistent

solution417 + 3 days (Kund¢ et al[ 19917, Haarsma et al. 1997 .

and references therein). In the context of the Hubble const&njf' Notation

determination this is sufficiently accurate. But if we are intefn the following presentation we often use combined statistical
ested in a more detailed study of the microlensing on all relevapgights
time scales we must have a secure value for the time delay with W
at least 1-2 day precision. This is why we revisit the problemy; ; = ——2_ (1)
of the time delay estimation. Using all data available to us and Wi + W,

methodology developed by Pelt et al. (1994, Paper |) and Pelt§tine pair of observer estimated weights = - W, = L.
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i
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only pairs of observations whose observing timeso not differ  Table 1. Stated and estimated standard errors
by more thart:

Data set| Image | Npairs Ostd Oest ot
S . = 1, if [t —t;] < ét, 5 mag mag | days
B0, i | —t] > 6t @ rcr A | 681 [ 0.0137 0.0116] 1.5
CR B 681 0.0162 0.0115 1.5

or downweight the pairs linearly according to the distance 0BR A 632 | 0.0108 0.0114] 1.5
time points: SR B| 632 | 0.0113 0.0113 1.5
ity KR A 10 0.0107 0.0084| 1.5

o — {1 — it — 1] < At (3) | KR B| 10 |0.0107 00080 1.5
d 0, if |t; —t;] > At KR A 55 | 0.0107 0.0116/ 3.5
L . KR B 55 0.0107 0.0117] 3.5

The downweighting parametéxt can often be considered as a kg A 9 0.0116 0.0081 1.5
decorrelation lengtl{see Paper II). KG B 9 0.0118 0.0109 15
Below all the brightness estimates are given in magnitudegc A 55 0.0116 0.0123 3.5
and all time arguments are given in days. KG B 56 0.0118 0.0123| 3.5
OR A 20 0.0229 0.0261] 1.5

OR B 30 0.0200 0.0176] 1.5

2. Data sets OR A| 20 |00220 00229 35
Our new analysis is based on five data sets. The largest &R B|] 30 [00200 00167 3.5

them is the significantly extended (when compared to the data
set used in Paper Il) data set compiled by R. Schild and Eis encouradi h h Vi .
Thomson. It contains 1074 pairs of and B image mea- ging to see that b.Ot numbers are generally in quite
surements in the R photometric band from 16 Nov. 1979 9(90d agreement for all the involved data setsf > osia

20 Nov. 1996; we will denote it as CR (combined) data Sé/{ould reveal fast ﬂl.JCtl.J.""tion&“t.z Istd ab;ence of signifi-
( ) nt day to day variability). Th& image precision for the CR

The second set is a subset of CR which contains only 9\5% ; babl g s 4 by the ob on th
observations made at Mt Hopkins (SR data set). The 82 'S probably even underestimated by the observers. On the

data sets measured by Kuadt al. (1995,1997, ftp as- basis of this observation alone we can conclude that high level

tro.princeton.edu/elt/:0957 ) contain 1004 and daily variability is generally ruled out. Any daily microlensing
10'13 imagé measu.rements in the R band andA9nd 9g 2and/or source variability must be less than the mean errors of
B image measurements in the G band (data sets KR and K%%reported observations, or about 0.01 mag expressed as an

Finally, we also used the data set obtained by Oscoz/etall 1 deviation. Periods of quiescence in the quasar’s brightness

(data by private communication) which contained originally 4 ave been noted by Schild_1990. However, some infrequent

A,B pairs in the R photometric band. Because we were intésiharp rises or drops are not ruled out.
ested in comparison of different photometries we skipped the
two first observations (from an earlier year) from this data s&.2. Merging of data sets

The resulting data set of 42 pairs will be denoted OR. . . . .
To get as precise and stable estimates as possible for the time de-

_ o lay we merged the CR, KR and OR data sets into one master data
2.1. Stated and estimated precision set (MR). The KR set was chosen to be merged into the master

All five data sets contain photometric measurements and egﬁl_ta set because of smaller color differences between it and the
mates of standard errors. To check the internal consistency of ftf¢ data sets. We also considered apropriate color corrections

data and also to get some idea about possible high frequeé?ﬁ Kenl 1,985)' but found that they (,10 not. fqlly describe the
variations (generally from one day to the next) we calculat crepancies between the photometries. It is important to note
also values for the following simple statistic: that the observers rgly more on the G band photometry. How-
ever, there is a certain divergence between the KG and the KR
) Ei]i_ll Wiis1(Yi — yit1)? 2 photometry, to be discussed below. We assume that at the cur-
9 ZN—1 Wi g (4)  rentlevel of precision these differences do not play a significant
=1 Tt role for our conclusions.
wherey;,7 = 1,..., N is the sequence of measurements and Before merging, the KR and the OR data sets were formally
W;,; are the combined weights. Generally we included into tighifted in magnitudes to match the SR data. The magnitude off-
average only pairs which were observed in adjacent nights ( sets were calculated from observed pairs which were obtained
1.5); however for sparse data sets KR,KG and OR we used atsothe same night in different observatoriés & 0.5). The
0t = 3.5. In Table[1 the computed estimates,; are listed corresponding magnitude corrections are given in Table 2. The
together with the mean standard errors given by the observarsrrections for the OR photometry are large because the original
magnitudes were given relative to a nearby star. The master data
Zif\il o? set MR contains 1216 measurements for thienage and 1217
N ) measurements for the image. The stated and estimated mean

g

est

Ostd =
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Table 2. Magnitude shifts relative to CR for merged data sets can now be computed and searched for significant minima with
respect tor. In this paper we use two methods to estimate dis-
Data set| Image | Npairs | 0m persions. The simplest dispersion estimate (Paper ) is:
KR A 43 -0.635
N-—-1
KR B 44 -0.430 D2 — mi k=1 Wk7k+1Gk,k+1(Ck+1 - Clc)2 (10)
OR A 15 14.512 1= Iﬁgl o N1y a )
OR B| 15 | 14.709 2 k=1 Wek1Gr ki1

where thelV}, ;.11 are combined statistical weights (E¢. 1) and
Gy k+1 are weights which switch off pairs @}, Cy+1 which
Standard errors akes;q = 0.0140 andgest =0.0126 for theA happen to be |y|ng on one and the same curve (A or B)

image,ostq = 0.0159 ando.; = 0.0124 for the B image. The slightly more complicated dispersion estimate (see Pa-
per I1):
3. Time delay , . Zg:_fZZ:nHWn,mSZ,mGn,m(Cn —C)?
. . . L hD =min g p— ,(11)
The seemingly simple procedure oftime delay estimation forthe (1) 23 S s Wam S Gam

two lightcurves turned out to be much more complicated than o ]

was first anticipated. References to previous work can be fol#Rfs linear downweighting 8/, ,,, and includes generally more

in Papers | and Il. Recent events are described in Kureti Pairs into the summation.

al.[ 1997, Haarsma et &I, 1997, Oscoz €t al. 1997 and Goicocheal N€ reason we use not only3 but alsoD? in this paper is

et al.”T998. Now it can be safely said that there are two typ following. First, the simplest scheme does not contain arbi-
of nuisance factors which strongly influence time delay calculiary parameters and this gives to it a certain edge over the more
tions. The first one is heterogenity of observational data in terfffdMPplicated methods. Second, it was found that smoothing of
of its sparseness and unequal quality. The second one is Siglq;ﬁpersmn spectra by additional weighting can introduce extra
cant additional variability (besides source variability) in one dtias due to the asymmetry of the details in the curves compared.
both observed signals from the source quasar. We assume Hefeaper Il we found that there can be systematic errors up to a
that this additional variability is due to microlensing by star§vel of 2 days (in the context of the data sets treated then). As
or other compact objects, probably in the lensing galaxy (s¥& can see below, we ;Ilghtly underestimated the blgs. Recent
Chang & Refsdal 1979). In the following analysis we divide thehotometric events which were observed (0.13 mag in 22 days
overall change in both components into distinct statistical diduring the so called “Kundr event, Kunde et al 1995, 1997)
persion components - source variability, long timescale (yea%)ow that intrinsic variability can contain quite sharp episodes.

microlensing, possible rapid microlensing ( days to months) ah#® underlying assumption (implicit) in Paper Il that high fre-
observational noise. guency intrinsic fluctuations (on a time scale less than ten days)

are mostly due to observational errors, was not fully justified.
In this paper we want to utilize the information in the data sets
on all the relevant timescales.

To estimate the time delaybetween imagesd and B we use Before going further with application of the simple scheme

basically the same methods as described in Paper | and II. t0 the master data set MR we try (once again) to explain why
Our data model is: we carefully avoid gap filling approaches in our analysis.

3.1. Dispersion spectra

Ay =qti) +ealti)i=1,.... Na, ®) 3.2 Filling of the gaps can be misleading!
and In Figs[1 anf@2 thel andB lighcurves for the master data set are

) depicted with smoothed versions of them. The smoothing pro-
Bj=q(t; — 1) +1(t;) +ep(t;),j =1,..., Na, () cedures we used are described in detail in Appendix A. For this
whereq(#) is the source variability of the quasaft) is a con- example we used a local parabolic fit with downweighting pa-
stant difference in magnitudes plus additional variability in tim@MeterAt = 300 (the results are not strongly dependent on the
due to microlensing (for simplicity we assign it fully to tti chosen value). The continuous curves are obtained by calculat-

curve),e4(t) andep(t) are observational errors. We generati(!?g local parabolicfits (polynomial degrde: 2) fo.revery.fifth-
a combined light curve’ by taking all values ofd as they are day and by connecting the obtained estimates with straight lines.

and “correcting” theB data byl() and shifting them by In Fig.[3 two spectrg are depipted, the Iower one is computed
from the data set which is obtained by sampling the continuous

A;, if tp, =t estimate ofA and B curves exactly at the moments where ac-
Cr(ty) = { Bj —1(t;), ifty=t;+T, (8) tual observations were made. The upper spectrum is computed
using continuous curves (sampled with a time step 5 days). Itis
wherek = 1,..., NandN = N4+ Np. Thedispersion spectraamazing to see, how the minimum of the dispersion spectrum

2/ . T2 moves from around 420-430 days to the 530-540 day region.
D(r) = ! D(r, 1(t)). ) This illustrates well how combining values in the gaps with the
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Fig. 1. Master data set, image A. The continuous line is the smooth&tg. 4. Dispersion spectrai (r) for two iterations, downweighting
version of it (downweighting parameteéxt = 300 days, smoothing ParameteAt = 720 days for smoothing with local parabolic fit= 2
polynomials degree

d=2) 0.0012 , , , ,
0.0010} 1
16.30
0.0008
16.40 c
)
16.50 20.0006
o 3
216.60 0.0004
£
16.70 0.0002} 1
16.80
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J.D. — 2440000

Delay

Fig. 5. Dispersion spectr®3 () for three iterations, downweighting

parameterAt = 720 days for smoothing with local parabolic fit and
Fig. 2. Master data set, image B. The continuous line is the smoothad — 2.5 days for dispersion estimate

version of it (At = 300 days, smoothing polynomials degrée-= 2)

0.0070F 3.3. Basic iteration
0.0060 The algorithm described above for time delay estimation con-
tains a free functiof(¢) which can be determined in two ways.
5000901 We can postulate a parametric model far) (for instance a
50.0040 I polynomial) and then minimize over the shifand the parame-
8 ters in the model of(¢) all in one procedure. Or we can proceed

0.0030[ iteratively. For the current analysis we chose the second method.

First we estimated the shift ~ 416 days from the raw data.
Then we estimated thE¢) curve (see below). This estimate
was then used to correct tligcurve. After that the modified B

0.0020}

200 300 400 500 600 700 A At
Delay curve was used together with the origiaturve to get a new
estimate forr etc.

Fig. 3.Dispersion spectr®? for master data set with gaps filled (upper

9 ; :
curve) and with original gaps (lower curve) The D3 (r) dispersion measure does not depend on any ar-

bitrarily chosen parameter. F&¥2 (1) however, we must fix the
value for the downweghting paramet&t. In Paper Il we used
actual measurement data can shift the minimum. Changing the valueAt¢ = 20 days because it gave statistically stable and
smoothing and the gap filling method or parameters of the probust spectra. Here we are interested in smaller details of the
cedure can change the way the spectrum is distorted. An ovespltctrum and consequently chodse = 2.5 days forD3 (7).
drastic shift of the minimum can often be observed. For both dispersion estimation methods we needed only one or
We still believe that the optimal interpolation method ofwo iterations to obtain convergence (see Table 3 and Eigs. 4-
Press et al. 1992a, 1992b failed not because of nongaussianiiy)of The difference curvé(t) was estimated in the following
the underlying process (see Press & Ryblicki 1997), but becawsgy. For every time point in the shiftedB curve (B(")) we
of unfortunate sampling and distortions caused by microlensihgoked for the nearest point (in time) in tiecurve. Thed and
B(™) pair was included into the fit if the distance betwetand



J. Pelt et al.: Microlensing in the lightcurves of QSO 0957+561 A,B 833
Table 3. Iterations to obtain correct value for 0.00100F
Iteration | Delay D? 0.000901
0 416.1 | 0.0004547 0.00080
1 416.1 | 0.0002845 S
5 ‘20.00070
D5 5
0 416.0 | 0.0004067 £0.00060
1 416.3 | 0.0002691 0.00050}
2 416.3 | 0.0002685
0.00040
0.00030

420 440 460 480
Delay

B(™) did not exceedt = 5.5 days. The time points for differ- 360 380 400
ences were calculated as a simple mean betwe&mepoint
andB(") timepoint. More than half of the total differences wer€ig. 6. Dispersion spectra for Paper Il optical dak% — erratic,D3 —
effectively exact hits{t < 0.5 days). Weights for differencessmooth
were calculated according to Hd. 1. After computing the dif-
ferences we used local quadratic least squares fits with lined°°*°[
downweighting withAt = 720 (see Appendix A. and Ef] 3)t0 4 qo40l
get a continuous estimate fi).
The entire iteration procedure is robust against moderate®°3>f
changes in the setup. Use of smoothing with different dovv@blooso |
weighting parameters did not change delay values by more than
one day. 0.0025
We estimated the rms error for thg2 minimum by using
bootstrapping as in Papers | and II. The final regft.3 + 1.7
agrees well with the value obtained from KG data set by Kéindi

et al[1997.

0.0020

420 440 460 480
Delay

380 400

360

Fig. 7. Dispersion spectra for Paper | optical daf — erratic,D3 —

3.4.423 + 416 ? smooth

We were slightly surprised by getting the= 416 day value 4o : — : —
from the master data set because the statistically stable value .
from Paper Il {23 £ 6) was somewhat larger (see also Oscoz et 0-00¢
al.[1997). To fully understand the reason why we earlier got ao.io}
slightly different value (although nearly inside error limits)
we revisited our previous analyses. In Hig. 6 thé and D?
dispersion spectra for the first 831 data point pairs compiled®3°f
by R. Schild (as used in Paper Il) are depicted. Thecurve 0.40}
is so erratic that it is not reasonable to assume that one or the _ |- g
other local minimum is a correct time delay estimate. However, Tes
the D2 curve shows a nice, unique and stable minimum in the 0-60*
region.

In Fig.[1 the spectra ab} and D3 are plotted for the Van- Fig. 8. “Vanderriest episode” in the early data (marked by a vertical

derries{ 1989 data (as used in Paper I). There is a sharp Mls). The B data are shifted by 417 days and by 0.4 mag.
imum at415 days in theD? spectrum and a less sharp mini-

mum at418 days in theD32 spectrum (after removal of the low
frequency component). Both of them (taking into account thuncertainties, possible microlensing events or by the results of
photometric precision) are in extremely good agreement wigltcursions due to the unknown systematic errors on different
recent estimates (Kuntlet al[1997). But still, from a statisticaltime scales. They can also be masked statistically when we use
analysis it is quite easy to see that this minimum results moshigterogeneous data sets with widely different error levels. Due
from the relatively fast decrease and following increase in th@the general asymmetry of the large scale features in the source
A lightcurve, later repeated in th® lightcurve (“Vanderriest curve it can then happen that smoothed estimates of theype
episode”) depicted on Fifl 8. (with At > 10.0) can be slightly biased and sharp minima in

In conclusion, it seems now that the quasar source varialtite D7 curves can be misleading (see FEig. 6). A similar conclu-
ity indeed contains some decreases or increases like the “Vaion was reached by Schild & Thomson 1997 who found that
derriest episode” and the “Kurdepisode” on relatively short structure in the brightness curves causes multiple local minima
time scales. Often these events are mixed with observatioaal different calculations gave significantly different results;

0.20

o

6000

5000 5500 6500 7000

J.D. — 2440000

4000 4500
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By changing smoothing methods or procedure parameters
(say downweighting paramet&xt) we can slightly change the
appearence of thét) curve, but the total minimum to maximum
variability level of 0.27 mag. and the maximum steepness of
rising and downfalling parts df.083 mag per year and-0.124
mag per year, respectively, remain practically the same for a
wide range of setups. This allows us to bracket some physically
important parameters (see Discussion).

o)

5000 6000 7000 8000 9000 10000 3.6. Analysis of residuals
J.D. = 2440000

Fig. 9.Estimate ford— B(™) and its smoothed version. Upperand |0wepnfortunately the smooth component, which we interpret as

continuous curves depitt spread corridors obtained from bootstrag® Microlensing, is not enough to describe the flil- B™ .
runs variability. The residual standard deviation after removal of this

smooth component from thé — B(™) curve is0.0242. If we
compare this value with the expected rms error valig97

we are still left with unexplained variability at the level =
0.0145. For so heterogeneous data as our master data set this can
be considered as insignificant. But when we make analoguous
computations with more exact and homogeneous data obtained
at Mt Hopkins (SR) during the last four years we again find a
significant residual variability. The expected error in this case is
justy/2 % 0.0100 = 0.0141, the standard deviation fot— B(™)
i50.0210 and consequently the unexplained variability is at the
level of 0.0155.

Slope of A-B

5000 8000 7000 8000 9000 In the remaining parts of the paper we will carefully ex-
JD.~2440000 amine characteristics and the possible sources for this excess
Fig. 10. Estimate for a slope ol — B{™) with 1o error corridors variability.

- . . .4, Short time scale variabilit
their final 404-day time delay estimate, computed by using an y

evolved gap filling scheme, has a large error bar consistent Wittom this point onward we fix the time delay value= 416.3
the present 416-417 day value. and start to analyse the available data sets assuming that this is
the correct value. Because the observational sequences contain
relatively sharp increases and decreases, on time scales of days
and weeks, this decision is quite important ( see additional dis-
By removing a smooth long timescale componittfrom the cussion in Sect. 4.3.1 and Table 7). For other values of possible
B curve we largely improved the fit between thend the time delays the pattern of residuals for the very short time scale fea-
shifted B (below B(") curve and decreased the overall dispetures can be quite different (at least on the level of quantitative
sion estimate by7% for D? and34% for D3 (see Tablg13). estimates).
As a byproduct of this iteration scheme we got an estimate for
I(t) = A — B curve (see Fid.19) and also an estimate fof 4
its slope (see Fid.10). The estimates of slopes are computed
from the same locally fitted polynomials as the curve itself. ThBecause of the relatively low amplitude of the unexplained short
approach allows us to suppress wild osillations in the slope ¢ismescale variability we cannot use the master data set as a basis
timates by the methods which use numerical differentiation fafr analysis.
already computed curve estimates. The differences of the photometries (see Appendix B) in
The error corridors depicted in Fig$. 9 10 can not be idifferent observatories are well demonstrated in Table 4 and in
terpreted as point estimates for every single point on the curvegy.[11 (worst fit case) and Fif. 112 (best fit case). The cross-
They simply showl o limits for the distribution of 1000 boot- diagrams show quite large scatter. However it is hard to find
strap runs. Every single run is a continuous smooth curve (asig/ hints about systematic differences in the qualities of the
the basic estimate itself) and consequently its points are stronghotometries. Even when we consider the closeness of OR es-
correlated. Without any doubt the microlensing curve signifiimates to SR (when compared with OR distance to KR or KG
cantly differs from constant but it is very hard to quantitativelphotometry) we can be mislead because of the small number of
estimate the overall significance for such a complicated data getints in the OR data set. The observers of OR data also give

3.5. Microlensing curve

Cross dispersion between data sets
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16.65 A Table 4. Cross-disperison®,, , (see Appendix B) between data sets
Data sets| Image | Npairs | Daz.y
°° ° SR,KR A 134 | 0.0181
16.60 ¢ ¢ ] SRKR B 136 | 0.0174
S o0 e 8 e SR,KG A 133 | 0.0235
A SR,KG B 135 | 0.0196
Q 16.55}F o i&& %?w:g . SR,OR A 27 | 0.0103
X o 0,2 SR,OR B 27 | 0.0104
I ° o KR,KG A 114 | 0.0141
C16.50} oot o ° . KR,KG B 114 | 0.0237
00 o °° KR,OR A 33 | 0.0207
w o, 0T KR,OR B 33 | 0.0108
16.45 F 0 % oo 8% oo | KG,OR A 26 | 0.0158
o o0’ N KG,OR B 26 | 0.0150
16.40 ' ' '
16.40 16.45 16.50 16.55 16.60 are between SR and KG measurements and between KR and
SR KG photometries in B curve.
Fig. 11. Scatter between SR and K@,image, “worst case” It is also mterestmg to note that undomg the backgrqun_d
galaxy correction (see Sect. 4.3) for SR B image data signif-
A icantly improves the fit between SR and OR (from 0.0104 to
16.65 : : : 0.0088) and between SR and KR (from 0.0174 to 0.0147), but
the fit with KG data becomes slightly worse (from 0.0196 to
0.0215). As the cross-dispersion analysis does not rule out con-
16.60 } g clusively any of the data sets, in the following we will consider
them all to be equally informative for the task of establishing
the nature of excess variability on the shorter time scales.
5 16.55 . E
<t 3 . .
n 4.2. Dispersion oA — B(")
o <
S16.50 vos 98 ° T The simplest test to analyse excess variability is to look at
: 0:’; & the distribution of differenced; — BJ(.T) whenA4;, B](.T) occur
16.45 1 ¢ | nearby after shifting thé data by the assumed time delay.
) Put formally, we will construct from the original data sets
Aji=1,...,Ny andBj(.T),j =1,...,Np anew sequence:
16.40 ' ' ' P
16.40  16.45 16.50 16.55 16.60 Oy = C(+ 1)y =A; - B\, (12)
SR

Fig. 12. Scatter between SR and OR,image, “best case”

somewhat higher rms errors for their data, when compared w

other groups.

We comment specifically on some points from Table 4. i
the rows SR,OR forimages A and B we note the small dispersi

with statistical weights

Wy = Wi ;87

4,37

(13)

\IlmereS;j ; downweights linearly the pairs according to the time

difference betweeml; and B](T). Using theC} sequence we
an now form a dispersion estimate which will depend on the
gﬂwnweighting parametekt:

estimates 0.0103 and 0.0104 respectively. This suggests that the EK W,C2
Mt Hopkins (SR) photometries and Oscoz (OR) photometrid®’ (At) = =E=L "k (14)
agree quite well. This agreement is partly due to the fact that ob- 23 =1 Wi

servation nights that were common for SR and OR data ocurred i is th | ber of pairs:. B with

at times with good seeing (compare Figsl[11-12). In the ro\)ogl_ere Is the to.ta number o p.aur Gt ) wit n-onzero

KR,OR comparing Kundi and Oscoz photometries for image¥/€ight. WhenAt increases the dispersian®(At) will also

Aand B, the dispersion estimates are 0.0207 and 0.0108 res&erally increase and asymptotically itmustapproach the value

tively, suggesting that there can be some systematic error in the Na Np

KR photometry A curve. The KundiKG photometry agrees pj2 — 1 Wi (A — B2
(00) = ng i, (Ai — j ).

(15)
quite well with Oscoz photometry, but the largest differences

i=1 j=1
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'K - Table 5. Stated and estimated errors and total variability for SR(1992-
0.045} undic G

ool 1996) subset
0.040} e Sopiid R
0.035} xxxxxx::DDDDDDDDDDDDDDDDDDDDEl Image Npairs Cstd Cost Crot
' aﬁéw;nnﬂ“”n . A 471 0.0099 0.0103] 0.0371
=0.030F i Sende R | B 471 | 0.0094 0.0100 0.0576
O.OZSDDDDD XXXX ooooooooooooo |
0.020 5 | Table 6.Minima in the D? spectra for SR(1992-1996) subset
o.o1sf” E Data Statistic T D3
S S Original D? | 416.5| 0.000348
> 10120 B 30 3 4048 50 Oiginal D? | 419.5| 0.000417
] Uncorrected| Di 416.5 | 0.000275
Fig. 13.Dependence of D orht Uncorrected| D2 | 419.0 | 0.000333
Detrended D? 416.0 | 0.000169
Detrended D3 419.0 | 0.000223

If there is no excess source of variability, then the lowest values
of D?(At) must be abouo? whereo is the mean obervational o
error. To have a fair base for comparisons we cut from the §F§ - Fast variability in SR data set
data set a subset(in time) which has the same time span asTéanalyse more closely the variability df— B(") differences
KR and KG data. In Figi_13 the three curves f0fAt) are on shorter timescales we analysed the most densely sampled
depicted. Although all three data sets are quite similar whenbset of the SR data — the last four years. There argairs
plotted together, the curves on Higl 13 show strong differences.A and B measurements in this subset. Principal data for both
There are three important differences to be noticed. images are given in Tallé 5, wherg,, is the mean rms devi-
First, and most prominent, is the fact that the KG photometafion estimated by the observers, ang; is defined in Eq_}4.
attains the expected noise level for small values\of Corre- The total variabilityo;,; (weighted standard deviation for the
spondingly - for the short time episode covering the commai data) for theB data is significantly higher than for thé
span of4 andB(") photometry for the KG data there are no exdata. One of the reasons for this is that the values ofBhe
cess variabilities at all. However, observing this, we must takaage for SR data are corrected for an underlying galaxy con-
into account that the total number df, BJ(T) pairs for short tribution using a fixed valué8.3 mag. as an estimate for the
At is rather small: 15 folAt = 0.5, 25 for At = 1.5, 57 for galaxy brightness (see Schild & Cholfin 1986). For uncorrected
At = 2.5 etc. The SR subset is more abundant, the number/gfvalues the total variability is lesg{,; = 0.0482). It was in-
pairs is 28 forAt = 0.5, 79 for At = 1.5, 131 forAt = 2.5. teresting to see that the fit betwedrand B(™) is significantly
The second observation is that the KR and KG data sets Bgtter for uncorrected data (see Figsi[14-15 and Table 6). In
have differently. Whereas the general dispersion of differencizerture photometry the total amount of light inside the aper-
for KR is lower than for KG, in the first part of the graph itdure depends strongly on seeing conditions. On the nights with
dispersion is higher. We interpret this as follows: the overdlrd seeing a significant part of the light is dispersed out of
amplitude of KR variability is smaller than in KG and consethe aperture. This effect was expected to be slight because the
quently the differences (after removing the mean) tend to Balaxy image is more diffuse than the quasarimage, and images
less. However, because both KR data are noisier than the Kith FWHM> 2.5" were rejected. However some effect may
data, we see the excess dispersion for Ibtwalues. be still present and consequently it is not totally correct to use
Finally, once again we clearly see that the SR data cont&sonstantgalaxy brightness value for all the nights indepen-

an excess variability component well above the expected erfisnt of seeing conditions. Since the seeing data are not available
level. for a realistic correction we chose to usecorrectedB image

In summary we have now conflicting evidence. The k&hotometry, which gives better fit between A aitf).

photometry can be well explained in the context of a simple
lensing model, without any need to introduce concepts of shar8.1. Statistical characterization of the excess variability

time scale excess variability. The KR photometry seems to be_. h . d h microlensi is depicted
of poorer quality (this is also claimed by the observers). AHH Fig.[I8 the estimated smooth microlensing curve is depicte

' clal ; - vl ept
finally the SR photometry which is more abundant shows coff9ether with the original values of — B (only exact hits
irs withdt < 0.5; downweighting parametekt = 720 was

sistent excess short time variability at least on the level twib
sen the same as for the master data set). The change from

that expected from a simple model. None of the data sets ) o S .
be disregarded or ignored on the ground of poor quality (Vygar to year is statistically significant (see Appendix C.) at least

checked this by computing cross-dispersions and also by int?tg-the level99.999% (100 000 bootstrap runs, O hits, 53 adja-

ducing third party data as a calibration device, see Table 4).centobservatlons)._However, after rempval of the low frequency
component the residuals can be considered as nonrandom only

with significance84.0% (o = 0.0178, 100 000 bootstrap runs,
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00010} Table 7. Statistics of residuals for different time delays after removal
of the smooth component
0.0008 [ N
Delay o Significance
% 0.0005 415 0.0194 33.7%
g 416 0.0182 39.0%
50.0004} 417 0.0178 15.7%
418 0.0192 6.1%
0.0002 | 419 0.0198 17.9%
420 0.0193 4.4%
0.0000 ‘ ‘ ‘ ‘ ‘
360 380 400 420 440
Delay

fast microlensing. Slight changes in the applied time delay can
Fig. 14. Dispersion spectran(r) corrected for galaxy contribution cause large changes in the patterndof B residuals.
data (upper curve), uncorrected data (middle curve) and detrended un-

corrected data (lower curve)
5. Discussion

Using the simple methods of Papers | and |l we re-estimated the
0.0008 { time delay value for the extended data set of 12%6hd 12178
image measurements. The obtained delay416.3 + 1.7 was
used to estimate tha — B(™) curve. Using a simple smooth-

0.0006 |
ing scheme we divided the obtained differences into two com-
0.0004\/ ponents. The low frequency component with full amplitude

ispersion

D

0.27+0.08 mag is certainly a significant feature. This is proved
0.0002} { not only by the current analysis but also by the fact that its
existence had a strong impact on the time delay controversy
\ \ \ \ \ around QSO 0957+561 (see Schild & Cholfin_ 1986, Vanderri-
360 280 Delay 420 440 est etal. 1989, Press etlal, 1992a, 1992b, Papers I,1l and &undi
et al[1995] 1997). The physical reality of the second, high fre-
Fig. 15. Dispersion spectr®3 () for original data (upper curve), un- quency variability component (on the level= 0.013 — 0.015
corrected data (middle curve) and detrended uncorrected data UOWﬁc{g) can not be established firmly using the available data. It is
curve) important also to note that there is a certain gray area between
the low frequency variations of tha — B(") curve and the
high frequency variations for which observational sequences
are available during separate years. The changes with typical
time scales around one year are difficult to analyse because of
the long gaps between different seasons.
The mostimportantinformationin thé— B(7) lightcurve is
the largest variatioAm, and the corresponding timescale.
During the 17 years of monitoring the most prominent event
is a variation withAm = 0.25 mag inAt = byrs, from the
beginning of 1982 to the end of 1986, see Hiy. 9. From an
analysis similar to that in Refsdal & Stabgll 1993 (hereafter

0.0000

9000 90200 9400 9600 9800 RS) for QSO 2237+0305, we find that a microlens variation
_ _ _ o in A — BT of 0.25 mag or more is highly improbable in QSO
Fig. 16.Microlensing curve in SR(1992-1996) 0957+561 if the source radius is larger ti2aR,. We therefore

take R = 20R, as an upper limit for the relative source size.
Here Ry is the Einstein ring radius of a typical microlens pro-
15972 hits, 53 adjacent observations). In TaBle 7 the analoggeted into the source plane, and we have used lens parameters
ous results are depicted for delayi$ — 420 days. The absolute k4 = 0.22,74 = 0.17,kp = 1.24 andyp = 0.9 (J. Lehar,
minimum at417 days is additional evidence that this delay valu&997, private communication). Furthermore, by a simple scaling
can be considered as the most probable. But the most impor@irfEd. 6 in RS we get (with = R/ Ry):
result comes from bootstrap calculations. We see that the pat- r
tern of residuals very strongly depends on the delay value usee30t, < At = 5yrs < —8tg, (16)
Apparently this is a result of two important properties of ou 5
data sets: very uneven distribution of observations in time asitice the case discussed in RS vias- 5Ry. From numerical
quite fast variability of the source and possible small amplitudests we have found that the scaling argument is roughly correct
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for F' > 1. Note that we have here included an upper limit of Theidea of observing microlensing onthe shortertimescales
At which follows by inspecting Figs. 3 and 5 in RS (the longe$6-120) days is of course quite intriguing and it is very hard to
event lasted0t). ignore the evidence of it in the original SR data. We had hoped
With Ry = 5 x 10'\/M/M. andt, = Ry/V =~ to find strong evidence for it from a careful comparison of the
25yrsy/M/Mg, x 600rmkms~"/V itis now possible to con- Photometries of several observatories, but in spite of dedicated

strainM: observing the intercomparisons were inconclusive because of
inadequate overlap of the data sets, and apparent systematic
M <14 x 10‘2F‘2( 14 — )2( At )27 errors in some data sets. We were able to significantly reduce
Mo 600kms oyrs the dispersion between tieand B(") component by using data
M > 10‘3F‘2( Vv )2( At )2 (17) uncorrected for the galaxy brightness. It is not ruled out that
Mg 600kms '’ ‘Hyrs’ the use of more detailed information about seeing conditions

) i o during the SR photometry allows one to apply these corrections
Note thatV’ is the effective transversal velocity in the sourcg,qre precisely. The physical implications of the possible short

plane with the time measured by the oE)lserver (see Kaysetigfescale variability will be discussed in a subsequent paper.
al.[1986). ForF' = 20 (andV = 600kms™ ") we get a lower

L —6 -5
and upper limit forM /Mg, of about2.5 x 10" and3.5 x 10 Acknowledgementsie would like to thank the Research Council of

: _ -3 —2
respectively, and foF" = 1,We geth and1.4 x 107~ We Norway who through the Nordic Scholarship Scheme for the Baltic
thus see, as also for the Einstein Cross (see RS), that microlgBgniries and Northwest Russia supported financially one of the au-

masses down to abow~> M, can not be ruled out. thors (J.P.). We also thank the J. Wambsganss and the referee for several
For I < 1 our conclusions are less certain since the sirfelpful comments.

ple scaling argument on which the inequalities of EJ. 17 are

based, may not be applied anymore. By inspecting simulated

light curves forF" < 1 we find that lens masses as highidg,, Appendix A: smoothing techniques

are possible but rather improbable. On_e d|ff|CL_1|ty with so h'g'Po get estimates for the microlensing curve we explored three
masses and small valuesiofs that caustic crossing events usu;

ally have too large amplitudes. However, with a small fractiotP{pes of smoothing methods:

(S 5%) of the lens mass in solar mass objects and the rest in Fitting polynomials to the fuld — B() data set.

objects down to abouit.05M, or less, the observed microlens _ spline fitting with unequally spaced nodes.

event has a higher probability to occur. Extensive numerical Local fit of low degree polynomials with linear downweight-
simulations must be carried out before more precise statementsing_

can be made.

The best constrained parameter is the absolute radius of fipg first approach is good in terms of its simplicity. But ac-
source which roughly should e~ V' At/2 (within a factor of 3] trial calculations demonstrated that the global nature of the
3), see RS. Note that this is also valid for much smaller valuesgdiynomial fit can introduce unwanted artifacts. For instance
R/ Ry when the events are caused by the crossing of a causi 9-th degree polynomials can have up to the 8 alternating
ForV = 600kms™' we then getR ~ 3 x 10'%cm. Itis inter- extrema, and they tend to show themselves in our case, where
esting to note that the two lens systems QSO 2237+0305 (g difference curve is nearly flat most of the time.
Wambsganss et al. 1990 and RS) and QSO 0957+561 indicaterne second method is in principle more flexible. However,
about the same value &i. there is no automatic way to assign positions for fitting knots for

A more detailed analysis of the “allowed” regions in thgych heterogeneous data that we have here. Manual positioning

(M, R) plane will follow in a subsequent paper (see alsg ryled out if we want to follow the general methodology of
the interesting parallel development by Schmidt & Wambgpjective assessment.

ganss 1998). The third method has its own pitfalls. There are some points
in time where the local fit is sensitive to minor changes in time
or placement of observations. However, because it is imple-
mentable as a fully automatic procedure with only two free
We demonstrated that thH6 — 417 day value for the time parameters (polynomial degree and downweighting parameter
delay betweemd and B images of the double quasar can bet) we chose it as the basic smoothing procedure. There is an
firmly determined from the available data. This gives additionatiditional important bonus in the third method; we can estimate
weight to the estimate obtained by Kuéit al/ 1997 using only the slope of the approximation curve together with its value. For
a single episode in the lighcurves. the first two methods the slope estimate will be effectively the

The obtained time delay value was then used for the estiope of the approximation curve and all artifacts of the estima-
mation of the microlensing curvd — B("). We divided this tion procedure will manifest themselves strongly in the slope.
curve into two parts. The long timescale component is an ufer the local smoothing the slope is estimated for every sin-
guestionably significant feature, but this can not be said abgle point separately and it is basically as stable as is the local
the variability on shorter timescales. approximation itself.

6. Conclusions
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For an arbitrary time point we estimate a probable valuewith the same kind of sums which were computed with reshuf-
for the microlensing curvé(t) by minimizing: fled data. The significance of departure from randomness was
N then estimated as the ratio of cases when the original dispersion
2 . « 2 was less than the dispersion for the random row of the same
D) = Hﬁnzs (b= t)Wi(yi = palti = 1)), AD " Gata points. We used typically 100 000 runs of reshuffling to
=1 compute the levels of significance.
wherep,(t) is a low degree polynomial and thg*(¢)-s are
addditional weights
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Appendix C: significance estimation for the trends

In order to search for significant departures from random-
ness in the residuals we modified the well known method of
Durbin&Watson (see Draper & Smith 1981). For the row of
observationsy; (t;),i = 1,..., N and for statistical weights
Wi (t;) we computed a dispersion estimate

N—-1

1
Z Siit1Wiit1, (Wi — yi1)?, (C1)
=1

2 —_
Do) =55 2

where theS; ;-s exclude well separated pairs (see Eq. 2) and
W, ; are combined weights (see Hq. 1). We then compared it
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