Mi_crolensing

We derived in Chepter 3 the formalism to de<ribe lensingby point masss. Such
simple model of lensis useful to descibe a classof lensingphenomea which are called
microlensing events Thes are produced by lensesvhose sizesare smallcompaed to the
sale of the lensing system. In other words, to classifya lensing event as microlensing,
we neda su ¢ iently small masgsandsu ¢ iently distant lensesand sources. Suchlense
can be for example planets, stars or any compact objed oating in the halo or in the
bulge of our or of other galaxies. Typically a mass which gives raise to microlensing
ewvents is in the range10 ¢ M=M 10°. The carespnding Einstein radii are
smaller than a milli-arcsecond.

In this chapter we will briey review someimportant results in microlensingstudies.
For a more detailed disaussion we recommend the paper by Joachim Wambsgass
(astro-ph/0604278).

4.1 Lensing of single stars by single stars

We mnsider here the simple$ caseof microlensing: lensing by single foreground stars
on singlebackgrourd stars in the Milky Way or in the Local Group. In this regime, lens
and source distancesare of the order kpc. The curvature of the spacetime is negligible
sothat in most caseswe can assime that Dgs= D + Dys.

Moreove, we can generally safely adopt the approximation of point lens and point
source Thisisjustied in most of the cases of interest:

(1) the massdistribution of a star can be assumel to be spterically symmetric. This
impliesthat the projected massdistribution is axisymmetric, independentof the
direction. The mean free path of photonsis small in all but the extreme outer
layers of stellar atmosptleres, Therefae the star is not transpaent. If it has a
radius R», all the light approaching the lens with an impact parameer b R»
will be absorbed. On the other hard, all rays havingb > R, will passby the lens
and will be de ected by
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(4.1)

whereM is the total massof the star. The point massapproximation then holds
aslong aswe considerimpact parameters larger than the star radius;

(2) the chaacteristic scale, which characterizesthe lens is the Einsten radius, g.
This scle denes the typical sepaation between multiple images 2.
Then, the source can be well approximated by a point if its angular sizeis smaller
than g. Stellar sources subtendconsiderably smaller anglesthan the Einstein
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Figure 4.1: Einstan radius vs massof the lens (red line), assumingthat the lensand
the sourceare at  5kpc and  10kpc, respedively. The horizontal green line shaws
the anguar sizeof a red giant star at the distance of the source

radii in most of the microlensingsystems. Fig. 4.1 comparesthe Eingein radius
of lenses with di e rent masss (red line) with the typical angular size of a red
giant star (green line), assumingthat the star acting as sourceis at the border of
our galay ( 10kpc) and the lensat half way to the source( 5kpc). Clealy,
the approximation holds evenfor source stars of the largestangula sizes.

Giventhe smallressof the Einstein radius, a microlensing event canrot be detected via
observationof multiple imagesof the backgrourd souice. Howeve, the Eath and the
stars in our galaxy participate to the motion of the galaxy around its center. Potentia
lense in the galaxy then move relaive to potential sources in the hao or in some
exernal galaxies. The relaive veocities are suchthat the time scle of the relative
charge of lensand sourcess of the order of weeks or shorter.

Since the magni cation given by Eq. 3.17is function of the source position, the relative
motion of the souice with regect to the lensintroducesa variability in the light curve
of source:

Liy® = [ymiC; 4.2)

wherel® is the source intrinsic luminosity. The characteristic time scale of the change
of L is given by the time neealed to the source to cross the lensEinstein ring,

DL e .
Vo '

(4.3)

tg =

In the last equation, v, is the component of the velccity of the source relative to the
lenswhich is perpendcular to the obsever's line of sight (transversevelccity).
Assuminghat for the duration of the lensing event the motion of the sourceis rectilinear,
the trajectory of the source can be representel by

S
2

0= e L (4.4

whereyg is the minimal distance betweenthe lensandtg is the time of closstapproach,
y(to) = yo. Combining Eq. 3.17 with Eq. 4.4, we derivedi e rent light curves of the
sourcefor di erentimpact parameters yp, asshown in Fig. 4.2.
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Figure 4.2: Magni c ation of a point sourcelensel by a point lensfor di e rent impact
parameersyy. Figure taken from Wambsganss(2006).

Such light curvesare described by four parameers: the unlensedluminosity (ux), [,
the time of closed approach, tq, the distarce of closed approach, yo, and the Einsten
crossng time te. Of these, [ can be measued when the sourceis at large anguar
distarces from the lens; to can be taken as the time when the light curve reaches
its maximum; yo can be measuredf the lens postion is known, which happens very
rarely. In any case yo only depends on the random placement of lens and sourceon
the sky Only tg contairs physical informations about the lensing systeam, becauseit
depend on the lens massM , on the distarces between observe, lens and souice and
on the transversevelocity v, . Assumingthat the distance between obsever and source
can be determined in some way, we remain with three physicalparameers which are
embedded into tg in a degeneratecombination. The microlensirg event itself givesus
very little possbility to measue or estimate the lensmassM , the lensdistance D or
the transversevdocity v, independently.

As an example, considera Galatic mi-
crolensingsysten in which the source is
known to lie in the Galactic Bulge at 8kpc
and the Einstein time tg has beenpredsely
determined to be 40 days. Assumingthat
the lensis within the gaaxy, the transverse
velocity is likely to be 0 < v, < 60Ckm
s 1, with valuesnearer to the middle of the
range statistically favaed. The gure on
the sideillustratesthe resultingdegeaeracy
in the massand distance of the lens. The
distribution of the lensmasse rangesfrom
those of massivebrown dwarfs (. 0:1M )
to that of a heavy stdlar black hole (
10°M ). From Wambsganss(2006)

lgm Lens Mass (M)

D, in kpe

Note also that, even if the source light typicaly dominaesthe lens light dramatically
and the so calledblendng e ed is generallynegligibk, in those caseswhen this does
not happen, the light curve depends on one additional parameer: the lens luminosty
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L. This makes more problematic the determingion of tg .

4.2 Seaching for dark matter with microlensing

4.2.1 General concepts

Based on an idea proposedby Paczynski(1986), severd groups have tried to use mi-
crolensingto measue the densiy and the total massof a population of objects, in
particular the so called MassiveAstrophysial Conpact Halo Objeds (MACHOs), one
of the possble candidates for the dark matter in the galaxy.

The ideais the following. Imaghe that we are looking, through a distribution of mi-
crolenss in our galaxy, at some more distant sources, for examplein the Magdlanic
Clouds. The microlensesvould producetime-variable magni cation of the backgrourd
stars. The more abundant and massivethe microlenses are, the more frequent and
longerthe microlensingeventswould be.

Let the solidangle of the observaionbe , and the microlensdensiy asa function of
distarce be n(D ). Then, the optical depthis
z
-1 avnoy 2 (4.5)

where 2 is the cross section of the microlensingevent. Since the volume dement is
V = DZdD_, we obtain

z D
1 S 4GM Dg
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= — D.—— (D) ; 4.
z dD, D< (Do) ; (4.6)
where = Mn is the mass densiy of lense (assuned to have all the samemass.

Assumefurther that the spacetime is at, sothat D, + D s = Dsg, and introduce
X = D =Des. Then,

z 1
= 4CTGD§ x(1 x) (Dgx)dx : 4.7
0

If constalong the line of sightto the sources

2 G
§C—2D§: (4.8)

For a galaxy whose stars rotate with velccity v,

GM rv2
e (4.9)

the density is

3My 3 v 2,

413 4G r (4.10)
and the optical depth is

1 v 2

5o (4.11)
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Thus, the optical depth for a galaxy like the Milky way is of the order of 10 ©, if all
of its matter is composedof microlenses and the sourcesare at the boundaries of the
galaxy (Ds r). This means that roughly one out of a million stars in the nearby
galaxieswill be lensed,i.e. magri ed by at least 1:34.

Therefore, if onemeasuresthe optical depth for microlensingoy counting the number of
microlensing eventsin a particular diredion, he can characterize the whole population
of microlenss. The possibility of detecting suc eventsdepend on their duration (the
Einstén crossingtime). This is determined by the transversevdocity v, and by the
lens mass. For microlenss in the halo of the gaaxy (D,  10kpc) with tangential
velocity v»  200km s 1, it is

M 0:5 M 0:5
te 6 10°s v 02yr o (4.12)
In reality, sincethe lense have velccity vedors with di erent orientations and intensities,
there will be a distribution of event durations characterized by a tail of long events,
causedby those lenseswhosevelccity is mainly radial. At the sametime, alsothe lens
mas®s and distancesare within a range of values which also contributes to broaden
the distribution of the durations of the microlensingevents.

If all events have the same time scale, then the number of eventsN expeded in the
monitoring time  t would be given by

2 t

N=5%n —; (4.13)
te

(Paczynski,1996), wheren is the total number of sources monitored.

4.2.2 Observational results in seaches for dark matt er

Among the mary candidates it has been proposel that the dark matter could be in
the form of compact objects distributed in the halo of the gaaxy If the massof
suchobjeds is in the range10 8 . M=M . 10°, they would originate detectable
microlensing signd, becausethey would occasiondly passcloseto the line-of-sightto a
background star in the Large or in the Small Magdlanic Clouds.

Many groupshavetried to detect suchlensingsignal. This wasnot an easytask because
it requres to monitor a huge number of stars with a good time resolution, waiting
for uctuations of their luminosi. In the last ftee n yeas however, such campagns
became possible. First, technologial improvements in construction of astronomicl
detectors allowed to build up wide eld CCD cameras,so that large spots in the sky
could be obseved simultaneoudy. Semnd, software for automatic data reductionwas
devdoped and computer speel increased allowing to process huge amounts of data in
fewtime. Third, dedicatedtelezopesbecameavailable to the scienti ¢ community for
large monitoring campaigrs.

A huge number of stars have then been monitored in the direction of the LMC/SMC.
The principd reailts found by the severalgroups active in this eld canbe sumnarized
asfollows:

the MACHOteam(USA/Australia) analyzed data taken from 11.9 million starsin
the direction of the LMC ove 5.7 years. They found 13-17 microlensing events,
while between 2 and 4 were expeded from known stellar populations in the Milky
Way and in the LMC. The microlensirg optical depth deduced from lensing events
lasting between2 and 400 days is (Alcock et al., 2000)

Mc (A cHoy = 12743 10 7 (4.14)
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Figure 4.3: Exampleof likelihood contours obtained from the MACHO experiment for
one speci ¢ model for the Milky Way halo. The abscisa is the fraction of the hao
masscontained in MACHGs, the ordinate is the MACHO mass. The contours shavn
are the 60% 90%, 95% and 99% con dence levels. From Bartelmann (2005).

This implies that between 8% and 50% of the Milky Way's halo canbe composed
of MACHOs(at 95%con dence), whosemostlikely massranges between 0:15M
and 0:9M . The likelihood contours obtained from the MACHO experiment for
one speci ¢ model of the Milky Way are shown in Fig. 4.3;

the EROS project (France found resuks consisent with those of the MACHO
collaboration. Based on their obsevations of the LMC and SMC, MACHOs
canmot dominanae the Galactic halo if their masss are . 1M . They nd
that the halo massfraction in MACHOsis < 20% for MACHO massesbetween
10 ‘M and 0:1IM  (at 95% con dence). The upper limit to the optical depth
from the data towards the SMC is (Afonso et al., 2003)

smc(eros) 10 7 (4.15)

Preliminay analysis of the full 6.7 year EROS data set on the LMC indicate an
optical depth (Wambsganss2006)

Mc gros) 10 7 (4.16)

Thus, although MACHOs have been detected between us and the Magdlanic Clouds,
they are insu ¢ ient for explaning all of the Milky Way's dark mass. These MACHOQO's
can in principle be anywhere between the source stars and the observe, i.e. in the
dark halos of the Milky Way or of the Magdlanic Clouds. It is unlikely that all of
the LMC lensingevents are due to self-lensingby stars. The important results of the
microlensing experimentsis that the Gdaxy and the LMC must be embedded into
extended dark matter halos, only a fraction of which is composed of compact objeds
of stellar and sub-stella mass

Microlensingmonitoring programs are now targeting the Andromedagalaxy M31. M31
is roughly 15 times as distant as the LMC/SMC and the individud stars cannot be
resolvel anymae. This meansthat we can only measure the ux of many stars within
any pixe of the CCD camera. Sincethe source is so much exended, the magn ¢ ation
e ed during a microlensingewvent is diluted. Only high magni cation events will result
detectable.
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However, using the \pixel lensing" approach

towards M31 has also severd important ad

vanges. First, the high inclination of the

disc of M31 would reailt in an asynmetry Lower halo

in the obseved rate of microlensingevents, <« a2l <en
if the discis surroundedby a halo lle d with

MACHOs The ideais illustrated in the g-

ure on the right (taken from Kerins et al. Higher halo
(2001)): the optical depth is expeded to be < a2
lower towardsthe \near" diskand higherto- D e o

wards the \far" disk. Neither variable stars

or self-lensingevents in the disc of M31

would exhibit such asymmetry.

Secondpeingfar away from M31 has the advantagethat the we can acaurately measure
the rotation curve and the surface brightnesspro le of the galaxy and derivea more

reliable model than we can do from inside the Milky Way. Third, since M31 is a

large and massive galaxy, it contains a huge number of potential souices and we can

choose seveal line of sight through its halo, allowing to map the spaial distribution

of MACHOs. Fourth, due to the large distance of M31, microlensingevents due to

the Milky Way halo objects are statistically distinguishale from those produced by

M31-hab objects.

A few teams are actudly looking for microlensing events towards M31. Interestingly,
the POINT-AGAPE collaboration (UK/France) is nding a large microlensing signd
compared to that measued by the EROS team towards the Magdlanic Clouds(Paulin-
Henrikson, private communication).

N Far disc

4.3 Binary lenses

We mnsicer now a lens consising of two point-mass components. Let assume that
these have massesM, and My, regectively. Due to the linea dependence of the
de ection angle on the mass,the total de ection angle of a ray crossingthe lens plane
at ~isin this case

" #

A 4G Ma . Mp .

~0=Z ——( )t ———(C b) (4.17)
N R N

The presence of the second lens component breaksthe axial symmetry of the system.

The resultinglensinge ect is much di e rent from the caseof a single lens.

First of all, the lens becomes astigmatic. This resultsinto a completdy di erent mag-
ni cation pattern on the souice plane and in the appeaance of extendedcaustics. As
seen in the previous chapters, caustics are lines which separate regionswith di erent
imagemultiplicities. Whenthe source crosss a cauwstic during its motion relative to the
lens, new images are created or destroyed. As in the caseof a singlepoint mass,the
imageseparations are too smallto allow to see them, but the light curvesare generdly
much mare complicated and exhibit multiple peaks,asymmetries, etc.

Due to the presence of the se@nd lens component, there are three new parameers
which characterize the light curves Theseare

(1) the massratio, q= Ma=My,;

(2) the separation between the two components,d, which is commonly expres®&d in
units of the Einstein radius for a point-masslens of massequal to the total mass
of the system, M = M, + My;
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Figure 4.4: Critical lines and caustics for a binary lenssygem consisting of two equd
point masses with decreasingseparation. From Schneider& Weiss(1986).

(3) theangke between the sourcetrajectory and the line conneding the two lenses.

Tharks to the large number of parameters involved, the analytical derivaion of the
critical lines and caustics of binary lenssysems is very complicated. Quaditatively, we
can nd threeregimes which are illustrated in Fig. 4.4 for two lense with the same
mass(q = 1):

1)

)

whenthe two lensesare widdy separated d > 1, they act like singlelense which
slightly fed the perturbation of the companion. The point caustic becomes an
asymnetric asterisk with four cusps. The carespnding critical line beconesan
oval (top left pand, d = 1:2);

once the separation of the two lensesapproachesd = 1, the critical lines and
the carespndng caustics mergetogether. They r st touch in one point (top
right pand, d = 1), then, for further decreasingsepaations, there is one single
critical line and one single caustic, which is characterized by six cusps(middle
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Figure 4.5: Imagecon gurations for an extended source lensel by a binary lenswith
g= 1and d = 0:5. Theinsetsshow the position of the sourcerelativeto the caustics.
From Schreider & Weiss (1986).

lime/t,

Figure 4.6: The left parel shown some possble trajectories of an extended souice
(circles) relative to the caustics of a binary lens. In the right pand, the caregponding
lightcurves are displayed. From Wambsganss(2006).

panel,d = 0:5);

(3) whenthe sepaation reachesd = 8 %5  0:35355(bottom left panel), two regions
insice the critical line detachand the caustic breaks down into threeparts. These
are a centrad diamond-shaed and two triangula-shaped caustics By reducing
further the separation between the two components the two triangular caustics
mowe away from the central one, which alsoshrink (bottom right panel,d = 0:3.

The signs + and  in Fig. 4.4 indicate the parity of the imagesforming on the lens
plane. Seveal examplesof image congurations for di erent positionsof an extended
sourcewith regect to the caustics of a binary lenswith g = 1 and d = 0:5 are shovn
in Fig.4.5. If the sourceis insidethe caustic, it produces ve images: three are inside
the critical line and two are outside it. When the source crosss the caustic, two o
threeimages merge together and disappea. During the transition the imagesassime
the usual arc-like shgpe. Their size increasesand therefore they are highly magni ed.

Microlensinglightcurves originated by binary lense re ect the complexty of the caustic
structures. For example,in the left panel of Fig. 4.6 we considerseveal parallel tra-
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Figure 4.7: Variations of the lightcurvesduring a fold caustic crossing dueto di erent
sourcesizes From Schreider & Weiss(1986).

jectories of an extended sourcerelative to the caustic of a binary lens, and in the right
panel we show the resuking lightcurves A peak appeas when the sourcecrosss or
passesvery closeto the caustic. The number of the peaksand their height can di er

substartially. The peaksthemsdvescan be more or less shap. Thisdepend on the size
of the source: small source produce sharper peakswhen they crossa caustic, larger
source produce smoother lightcurves (Schneider & Weiss 1986). Someexamplesare
shavn in Fig.4.7, where the crossingof a source with varying radius alongthe fold of a
causticis smulated. The source radius is expressel in units of the Einsten radius.

Based on the fact that more than 50% of all stars are in binary sygems, Mao &
Paczynski(1991) predicted that a large number of microlensingeventsis originated by
binary lenses. Not all of them can be identi ed through the shgpe of the lightcurves
becauseof the large range of separations between the lenscomponents. For very close
pairs of stars and for wide sygems, these binaries ad as single or two single lenses,
respedively. For this reason,only 10% of the microlensinglightcurves shoud show
signaures of binarity in the lens.
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OGLE-7 is the rst microlensing event
whoselightcurve revesled the presene of ¢ |~
abinary lens. It wasdiscoeredin 1993by ==~ ' ' E
the OGLE team, a collaboration between ‘5"°’|°\ et /“

Poland and USA who was monitaring the ‘ . 1
LMC and the SMC in search of microlens- = ,, L=

V.

T(mag)

ing events. S Bl o

The source star had a constart ux during  ts=eessecaseceseconieestonseremconnocod
the monitoring in 1992,then brightened up “ I '

by more than two magritudesduring 1993, :—————————
shawing two sharp peakssepaatedby 60 | s

days. Udalski et al. (1994) found a binary —— trajectory

lenssolutionfor descibing such lightcurve. 1
The lenshaveq = 1:02 and the projeded |
separation between the two componentsis |
1:14 ¢ . The star has a trajedory with im- > ¢ '
pact paramder b = 0:05 ¢ and inclina

tion angle = 483 degres with resped | /

T

to the axis passing through the two lens -+
components The Einstein crossingtime is
te = 80 days, the basdine magnitude is | /

lo = 181, and the fraction of \blended" =<
light isf = 56%

The \blending” is due to the presenceof an additional sourcealong the line of sight.
This can be the lensitself or another star in the foreground or in the background.
Witt & Mao (1995) found that the minimum total magni cation for a source inside
the caustic is three. If this is not the case, it can be causal by \blending” or by a
third componentin the lens(\tr iple lens"). For OGLE-7the magri c ation in between
the cauwstic crossingwas 2.2 and 2.4 in the R and | bands regectively.

The obseved lightcurve and the best t lens model are shovn in the gure above
(taken from Udalskiet al. (1994)).

L=l
-
[
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4.4 Microlensing surveys in seach of extrasolar plan-
ets

4.4.1 General concepts

A particular type of binary lenses is that consising of a star and of a planet orbiting
around it. In this case,the lens is characterized by a massratio g = Mp=M» 1,
whereM, and M, are the massof the planet and of the star, regectively. Thus, the
light curve of a microlensing event producedby suchlenssystems consistsof a single-
lenslight curve,where the planet just add a brief perturbation. The detectionsof such
\anomalies' in the light-curves measured in microlensingevent is one of the methods
proposal to reweal the preenceof planets around stars. This method is sensitiveto
mas®saslow asthe massof the Eath, and, aswe will seg is givingthe rst interestng
results.

In the gure on the right, we
showv the geomery of a microlens-
ing ewent involving a star and a
planet. The optical axis is chosen
suchto passthrough the obsever
and the star. The large dots indi-

cate the lensand the source stars,
the small Il ed dot representsthe
planet. Its projected position on
the lensplane, whosedistarncefrom
the lensstar de nes the parameer
d, is givenby the small empty cir-

cle (The gureistakenfrom Rat-

tenbury (2006))

The natural unit of length is the Einsten radius, ¢. Beingq 1, this isdetermined
essatially by the massof the star,

e(Mp + M») e(M-2)
_ 4GM, D D5 '
B c2 Ds
M, ¥ Dg _
= 442AU : 1 =2, (4.8
0:3M gpc X X (4.18)

wherex = D =Dsg and D.s Ds D..

A planetary microlensingevent falls into one of two broadly den ed groups, basedon

whenand how the planet perturbation is produced. Typically, in these binary lenses the

massratios and the distancesbetweenthe components are suchthat both the planet
and the star devdop separated and extended caustics. There is always a small centra

causticlocated near the lens-obsever line of sight. This originatesfrom the degenerate
point-like cawstic of the star, slightly perturbed by the presence of the planet. One or

two planetary caustics are also present. Their size, postion and orientation depends
on the planet-star massratio and projeded orbit radius. The planet alone should also
devdop a point caustic, but the strong perturbation given by the star transfam such
a point into a much more extendedcaustic. This isshown in Fig. 4.10. In the upper
panel the caustics of a star-planet lensare recogrizable along the axisy = 0. A zoom
ove them, displayed in the two bottom panels, show their shape in detail.
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Figure 4.8: Compaison between detecting planetsthrough cauwstic crossng events and
high magni cation events. Both axesarein units of ¢. Top: Critical and caustic curves
for a planetay lens systemwith g = 10 3 and d = 1:4. Two source star tracks are
showvn, one caregpondng to a low ampli ¢ ation planetay caustic crossingevent, with
Ymin = 0:2 and inclinaion angke 106 ; the other corresponding to a high ampli ¢ ation
ewvent, passing closeto the smallcentral caustic (ymin = 0:01) with an inclination angle
of 135 . Bottom: Zoom ove the regionssurounding the plaretary (left) and centra
(right) caustics. The dashedand dotted lines referto sourceradi r, = 2 10 3 ¢ and
r- = 10 ° g, repedively. From Rattenbury (2006).

If a source star movesrelative to the lens and passe across a planetary caustic line,
we havea r & type of planetary microlensingevent, namelya \caustic-crossng" event.

Such casecorresponds to the solid track conneding the bottom left to upper right
corners of the upper pand in Fig. 4.10. The same source trad is displayed in the
bottom-left panel. In this example, two values of star radiusare used,r> = 2 10 3 ¢

(dashel line§ and r, = 1 10 3 ¢ (dotted lines). The carespnding light curveis
shown in the upper pand of Fig. ??. It is chaacterized by three peaks super-imposed

to the singlemasslight curve which shoull be originated by the star alone (dashed
line). The rst peak correspondsto the passageof the star closeto the left cusp of the
planetary caustic. The other two occur at the cawstic crossings The thick and the thin

lines refer to the larger and to the smaller source radii, respedively.

The second classof planetary microlensing eventsinvolves the source star passingclose
to the central caustic. Approachingthe cusp of two caustic lines also produces a
perturbation in the source magn c¢ ation, which can be used to infer the presence of
the planet. Suchcase is illustrated agan in Fig. 4.10. The source track is how given
by the line approaching the centrd cauwstic at  (0;0) from the bottom left. In this
casethe source is strongly ampli ed by the star lens, and the perturbation produced
by the plaret appeas as a seondary bump in the light curve (seethe bottom pand of
Fig. ??).

Extra-sola planets have beendeected in both typesof microlensingevents.

4.4.2 Observing strategy

As previouslyseen in this chapter, the probability that a microlensing event takes place
is verysmall (10 ®). Then, once suchewentshavebeen detected, one needsto monitor
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Figure 4.9: Light curves of the microlensing eventsdesaibed in Fig 4.10. The source
ampli cation is shavn as a function of the normalisal timety = (tyjp  to)=te, whee
to and tg are the time of closest appoach of the source to the star and the time
requred for crossing the Einstdan ring, respectively. Top: planetay cauwstic crossng
ewent. Bottom: high-ampli cation event. The thin and thick linesreferto the smallest
and the largest source radi, respedively. The dashedline shaws the light curve in
absenceof the planet. From Ratenbury (2006).

accurdely the light curvefor obtaining information about the lens system. The search
for extra-sola planet is related to that for dark matter concentrations. As said sone
groups make routine observatios towards the Gdactic bulgeand the Magélanic Clouds.
Those which are currently active are the OGLE and the MOA (New Zealand/Japan)
collaborations. OGLE uses a 1.3m telesope located at La Silla (Chile). MOA works
with a 1.8 telegope at Mount John, New Zealand. They analyze images at real-time
and whenevethey nd light curves which show clear deviations from a singk lens light
pro le they alert the scientic community.

Then, there are sewerd other groupswhich perfam follow-up obsevations of suchmi-
crolensingevents. Theseare PLANET (international collaboration), FUN (US/SA/l s
rael/Ko rea)and RoboNET (US/UK/Au stralia) who use telescopeslongitudinally spaced
around the world to measue in detail the light curves.

Sofar four planetshave beendetectedthroughmicrolensing (OGLE-2003BLG-235/MOA-
2003-BLG53, OGLE-2005-BLG071,0GLE-2005-BLG390, OGLE-2006-BLG169). One
more detection is likely to be a planet (MACHO-98-BLG35). A Table summearizing the
details of suchdetections, taken from Rattenbury (2006) is shovn below. For the con-
rmed detections, the planetary masgsare in the range between 5:5;':57:5 M  (OGLE-
2005-BLG390) and 0:5 4M; (OGLE-2005-BLGO071, preliminary result). MACHO-
98-BLG35 is probably a very light planet(M, 04 1.5M ).
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This event wasidenti e d by the OGLE col-
laboration on June 22, 2003 It was inde-
pendently identi ed by the MOA collabora-
tion on July 21, 2003. The planetary signal
was discoveed later (Bond et al., 2004).
The light curve in the | band is shovn on
the right: it shows evidene of a plane-
tary cauwstic crossng feature, correpond
ing to a crossingtime of 7 days. The
data (1092 data points from MOA and 183
from OGLE)were t with di e rent classes
of models.

The tting parameers were Ymin, te, to, 9, d, and the sourcesizein units of the
Einstan radius. The best t model careponds to the light curve givenby the solid
black line. This model has an extreme massratio of g = 0:0039 which is a strong
indication that the secondary lens component is a planet. Other \non planetary”

models with q > 0:03 are strongly disfavaed (see the magentadashedline in the
Figure), becausehey would require larger magni ¢ ation insidethe causticcurve than
is obseved. Moreove they would deviatemore from the single lenslight curvebefare
and after the cauwstic crossng (as shown by the two insets). A single lens model is
obviowsly ruled out as well (blue long-dashed line).

Somedegeneacy betweenthe systam parameters exists which can be broken using
sone external constrants. The only parameter which is directly measur#le is the
Einstdn crossng time tg, which consraints the lens mass distarce and transwverse
velocity with reged to the line of sight to the source. The cola and baseline mag-
nitude of the source star suggeted that this was a G-type bulge star near the Main
Seqence turn-o . Using colar-color relation and empirical relations betweenV K

and surface brightness the sourceangular radius was determined. Modeling the light

curve givesinstead the sourceradius in units of the Einsteén radius. Cormbining the
two deteminations, the Einstein radius was found to be ¢ = 520 80 as. Usig
Eq. 4.18, the massof the lensstar wasfoundto be

2
E Ds X

M- _
mas kpcl x°

= 0:123

(4.19)

The masshuminosty relations for main-sequence stars allows to de ne an upper limit
to the lens distarce star, which is deteeminedto be D, < 5:4 kpc. Thus, if it is
a main sequencestar, the lens must be in the Gahctic disk. Using Gadactic disk
models a maximum likelihood analysisbaseal on the measurements of ¢ and tg
givesD = 5:2'%:2 kpc, from which it was inferred that the lensstar is an M2-M7
dwerf star of mass0:36'% %3 M . Thebest t ting q= 0:0039and d = 1:12 therefae
sugges that the planetary companion has mass M, = 1:5%1,M; and orbits at a

distarce of 3:0*%:3 from the lens star.

4.4.3 Discussion

Other methods have been employed to seach for extrasolar planets. Brie y, the most
usedcan be sumnerized as follows:

astrometry: it consiss of seaching for the in uences of plarets on the proper
motionsof the stars around which they orbit. A number of canddates havebeen
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Figure 4.10: Distribution of known exo-plarets in the plane orbit radius/planet mass
From Rattenbuy (2006).

found using this method but none of them are con rmed. The main reasonof
suchuncetainty is that t he charges in proper motion are so smallthat they can
be hardly measued with the instruments available today;

Doppler e ect: high precisionspedroscoyy allows to evidencethe presene of a
planet around a star throughthe Dopplere ect. Both the star and the planet orbit
around the center of mass of the system. The component of this motion along
the line of sight is revealed by changes in the radid velocity of the star which can
be deduce from the displacement in the star's spectral linesdueto the Doppler
e ed. This method was very sucesfu and alloved to detect 160 extra-solar
planets However, its works for relatively closestarsand it nds planets with small
orbital radii. Moreover, it canrot be usedto detect planets whose orbital plare is
almost perpendcular to the line of sight;

transit: this method detects a planet's shadlow whenit transits in front of its
host star. This "transit method" works only for the small percentage of planets
whoseorbits happento be perfedly alignedfrom astronomes vantage point, but
can be usal on very distant stars. It hasled to the discovay of a few planets
with high mass

pulsar timing: the presnceof a planet around a pulsa is found by observing
anomaliesin the regulaity of pulses from the pulsar itself. Even if it has allowed
the discovey of a few planets in particular that orbiting aroundthe binary system
PSR B1620-26,the main limitation of the method is that it can be applied to a
sped ¢ classof lensesonly.

In Fig. ?? the distribution of all the known extrasola planets in the planet masgo rbit
radius planeis shavn. Systems discoveaed via Dopplereect are indicated by the black
triangles Theyare conentrated in the upper-left corner of the diagram, re ecting the
fact that this method is most ecie nt in detecting massive planets orbiting at small
distarce from their star. The theoretical detection limits of this method are shown by
the solid black lines (sensitivities of 3 m/s and 1 m/s, respectively). Transit detections
are given by the blue-circled plus. This method is alsoecient at detecting massive,
clos planets. The thearetical detection limits are shown by the dashed dotted lines for
ground based and spaceobservatios (as expeded for the Kepler Space Observatay,
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scheduled for launch in 2008). Astromdry still have to provide detections. The region
of the diagram whereinstruments like Keck and VLTI could be ableto nd planetsis
that enclose by the upper green dot-dashedline. NASA is building a spece interfer-
omeer called SIM PlanetQuest, which will measue the proper motion of stars with an
accuray of one millionth of an arcsecond. The detection limits of this instrument are
giveby the bottom green dot-dashed curve. Finally, the red ellipsesshav the microlens-
ing detections. The upper red dashedlines represent the detection limits reachedby
the ongoing microlensirg collaborations. The MicrolensingPlanet Finder, a proposed
spacetelescope dedicated to microlensirng observatiors will dramatically increasethe
detectability of low-mass, large orbital radius planets. The yellow dots indicate the
sola planets

Clealy, microlensingis the mog sucessul method for detecting low-massplanets. As
mentioned before, planets of a few Earth masgshave already beenfound and, with the
next generaion of experiments, objecs of sub-earth masswill become detectable.

4.5 Microlensing of QSOs

In the next Chager we will discussin more detail the lensinge ects of galaies on
background QSOs. In generd, if the QSO happens to be within the galaxy caustics,
it is strongly lensed and has multiple images (see also the discussionabout axidly
synmetric and elliptical lensesin Chapter 2). The galaxy is made of stars, star clusters
and possiblyother compact objeds, whose Einstein radii are of the order of

s
s M
e 10 M—arcsec (4.20)

for \t ypical" lens and source redshiftsof zz 0.5 and zs 2. The QSO continuum
emitting regionshavesizescompaable or smallerthan the Einsteinradii of stelar mass
objects. Thus, sud microlensesin the halo of the lensing galaxy can perturb the
multiple imagesof distant QSOs. Since the galectic halo participate to the motion of
the galaxy, the microlense move relative to the badground QSO. Thus their ee ct
remain imprinted in the luminosily curve of the source. In particular, there will be
luminosity u ctuations on a time scaleof the order of

R
teross = % 4R15v60%,months ; (4.21)

?

which correspondsto the the time required for a source of radius Rgoyr ce @and transverse
veocity v, to crossits own diameter. In the previousequaion, the size of the QSO
and its relative veocity have been parameterized in units of 10 ¢cm and 600 km/s

respedively.

In microlensingof multiple QSOs,the convergences of order unity. This mears that a
any giventime awholeensenbleof microlensesisa ectingthe QSO. The phenonenonis
illustrated in Fig.4.11. Theensemnble of point lense creates a complicatedmagri ¢ ation
pattern on the source plane (left panel). High magni cation regions are brighter and

coregond to a network of caustics Threedi erent tracks are given by the dashed
lines, along which a background QSO moves The arresponding light curvesare shavn

in the right panel for small (solid lines) and large (dashedlines) soures. If the sizeof
the QSO is small compared to the intra-caustic spacing, each individual causticcrossng
is resolved. Otherwise, the light curvesappea smooth. The shage of the light curve is
also determined by the brightness pro le of the source. The steeper it is, the shaper
are the uctuations.
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Figure 4.11: Left: microlensingmagni cation pattern produced by stars in a lensirg
galaxy The dashedlines indicate threetracksalong which a backgrourd QSO mowes.
Right: light curvescarrespndng to the tracks showvn in the left panel. Soid and dashed
lines referto small and large sources regectively. This rst is a sourcewith a gaussian
luminosity pro le with width of about 3% of the Einsten radius. The second is larger
than the rst by a factor of 10. Figures from Wambsgass (2006).

Thus, severalimportant informations about the lens and the souice can be derivedby
analyzing the light curvesof multiply imagedQSOs:

the existenceand e eds of compactobjects between the obsever and the source;
the sizeof QSOs;
the two-dimensiona brightnesspro le of QSOs;

the mass(and the massdistribution) of lensingobjects

QSOs are intrinsicly variable sources.
Therefore, it is usually very dicult to
unders@nd if the eventual u ctuations in
their light curves are due to microlensing.
However, if multiple imagesof a QSO ex-
ist, then this becomes possble. Indeed,
the intrinsic variability of the source should
showv up in all the light curves(with some
time delay). Convesely, those uctuations
which are not present in all the light curves
are dueto microlensing events

Irwin et al. (1989) found evidencefor cognologia microlensing in one of the light
curvesof the quadruply imagedQSO Q2237+0305. Such objed has beenaccuretely
observe by the OGLE group (Wozniak et al., 2000gb) who showved that all four
componentsshav variations corresponding to  m between 0:4and  1:3.

Compaison of the lightcurves with simulations show that the continuum emitting
regionof the QSO is relativelysmall, of order 10 cm (see e.g Wambsganss 1990).
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By measuing the microlensinge ects, the
populaion of microlense can be @n-

strained. A decade ago, it was popuar the
ideathat dark matt er halos could be made
of black holesin the massrange of about

10°M . If such a popuation of black holes
exst, it would produce clear lensing sig-
natures observable in the high resolution
imagesof radio jets observedwith VLBI.

This wasshown by Wambsganss& Paczyn

ski (1992), who foundthat the microlenses
would produce features like kinks, holes,

additional milli-images in the images of the
two jets of Q0957+561. Basedonthese re-
sults, Garett et al. (1994) ruled out that

the halo of the lensing galaxy in this doube
QSOconsist of such objects.



