
4Mi crolensing

We derived in Chapter 3 the formalism to describe lensing by point masses. Such
simple model of lensis useful to describe a classof lensingphenomena which are called
microlensing events. Theseareproduced by lenseswhosesizesaresmallcompared to the
scale of the lensing system. In other words, to classifya lensing event as microlensing,
we need su�c iently small massesandsu�c iently distant lensesandsources. Such lenses
can be for example planets, stars or any compact object 
oa ting in the halo or in the
bulge of our or of other galaxies. Typically, a mass which gives raise to microlensing
events is in the range 10� 6 � M =M � � 106. The corresponding Einstein radii are
smaller than a milli-arcsecond.

In this chapter we will brie
y review someimportant results in microlensingstudies.
For a more detailed discussion, we recommend the paper by Joachim Wambsganss
(astro-ph/0604278).

4.1 Lensing of single stars by single stars

We consider here the simplest caseof microlensing: lensing by single foreground stars
on singlebackground 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 space time is negligible
so that in most caseswe can assume that DS = DL + DLS.

Moreover, we can generally safely adopt the approximation of point lens and point
source. This is justi�ed in most of the cases of interest:

(1) the massdistribution of a star can be assumed to be spherically symmetric. This
impliesthat the projected massdistr ibution is axisymmetric, independentof the
direction. The mean free path of photons is small in all but the extreme outer
layers of stellar atmospheres, Therefore the star is not transparent. If it has a
radius R?, all the light approaching the lens with an impact parameter b � R?

will be absorbed. On the other hand, all rays having b > R? will passby the lens
and will be de
ec ted by

�̂ =
4GM
c2b

; (4.1)

whereM is the total massof the star. The point massapproximation then holds
as long as we considerimpact parameters larger than the star radius;

(2) the characteristic scale, which characterizesthe lens is the Einstein radius, � E .
This scale de�nes the typical separation between multiple images, � � � 2� E .
Then, the source canbe well approximated by a point if its angular sizeis smaller
than � E . Stellar sources subtendconsiderably smaller anglesthan the Einstein
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Figure 4.1: Einstein radius vs massof the lens (red line), assumingthat the lensand
the sourceare at � 5kpc and � 10kpc, respectively. The horizontal green line shows
the angular sizeof a red giant star at the distance of the source.

radii in most of the microlensingsystems. Fig. 4.1 compares the Einstein radius
of lenses with di�e rent masses (red line) with the typical angular sizeof a red
giant star (green line), assumingthat the star acting as sourceis at the border of
our galaxy (� 10kpc) and the lensat half way to the source(� 5kpc). Clearly,
the approximation holdseven for source stars of the largest angular sizes.

Giventhe smallnessof the Einstein radius, a microlensing event cannot be detected via
observationof multiple imagesof the background source. However, the Earth and the
stars in our galaxy participate to the motion of the galaxy around its center. Potential
lenses in the galaxy then move relative to potential sources in the halo or in some
external galaxies. The relative velocities are such that the time scale of the relative
change of lensand sourcesis of the order of weeks or shorter.

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

L [y(t)] = � [y(t)]L̂ ; (4.2)

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

tE =
DL� E

v?
: (4.3)

In the last equation, v? is the component of the velocity of the source relative to the
lenswhich is perpendicular to the observer's line of sight (transversevelocity).

Assumingthat for the durationof the lensingevent the motionof the sourceis rectilinear,
the trajectory of the source can be represented by

y(t) =

s

y2
0 +

�
t � t0

tE

� 2

; (4.4)

wherey0 is the minimal distancebetweenthe lensandt0 is the time of closestapproach,
y(t0) = y0. Combining Eq. 3.17 with Eq. 4.4, we derivedi�e rent light curves of the
sourcefor di� erent impact parameters y0, as shown in Fig. 4.2.
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Figure 4.2: Magni�c ation of a point sourcelensed by a point lensfor di�e rent impact
parameters y0. Figure taken from Wambsganss(2006).

Such light curvesare described by four parameters: the unlensedluminosity (
ux), L̂ ,
the time of closest approach, t0, the distance of closest approach, y0, and the Einstein
crossing time tE . Of these, L̂ can be measured when the sourceis at large angular
distances from the lens; t0 can be taken as the time when the light curve reaches
its maximum; y0 can be measuredif the lens posit ion is known, which happens very
rarely. In any case, y0 only depends on the random placement of lens and sourceon
the sky. Only tE contains physical informations about the lensing system, because it
depends on the lens massM , on the distancesbetween observer, lens and source and
on the transversevelocity v? . Assumingthat the distancebetween observer and source
can be determined in some way, we remain with three physicalparameters which are
embedded into tE in a degeneratecombination. The microlensing event itself givesus
very little possibility to measure or estimate the lensmassM , the lensdistance DL or
the transversevelocity v? independently.

Example: degeneracy between mass M and distance DL

As an example, consider a Galactic mi-
crolensingsystem in which the source is
known to lie in the Galactic Bulge at 8kpc
and the Einstein time tE has beenprecisely
determined to be 40 days. Assumingthat
the lensis within the galaxy, the transverse
velocity is likely to be 0 < v? < 600km
s� 1, with valuesnearer to the middle of the
range statistically favored. The �gu re on
the sideillustratesthe resultingdegeneracy
in the massand distance of the lens. The
distribution of the lensmasses rangesfrom
thoseof massivebrown dwarfs (. 0:1M � )
to that of a heavy stellar black hole (�
102M � ). From Wambsganss(2006)

Note also that, even if the source light typically dominates the lens light dramatically,
and the so calledblending e� ect is generallynegligible, in those caseswhen this does
not happen, the light curve depends on one additional parameter: the lens luminosity
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L L . This makes more problematic the determination of tE .

4.2 Searching for dark matter with microlensing

4.2.1 General concepts

Based on an idea proposedby Paczynski(1986), several groups have tried to usemi-
crolensingto measure the density and the total massof a population of objects, in
particular the so called MassiveAstrophysical Compact Halo Objects (MACHOs), one
of the possible candidates for the dark matter in the galaxy.

The idea is the following. Imagine that we are looking, through a distribution of mi-
crolenses in our galaxy, at some more distant sources, for examplein the Magellanic
Clouds. The microlenseswould producetime-variable magni�cation of the background
stars. The more abundant and massivethe microlenses are, the more frequent and
longerthe microlensingeventswould be.

Let the solidangle of the observation be � 
 , and the microlensdensity asa function of
distance be n(DL). Then, the optical depth is

� =
1

� 


Z
dV n(DL)� � 2

E ; (4.5)

where� � 2
E is the cross section of the microlensingevent. Since the volume element is

� V = � 
 D 2
LdDL, we obtain

� =
1

� 


Z D S

0
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c2

DLS

DLDS
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c2

Z D S

0
dDL

DLSDL

DS
� (DL) ; (4.6)

where � = M n is the mass density of lenses (assumed to have all the samemass).
Assumefurther that the space-time is 
at, so that DL + DLS = DS, and introduce
x = DL=DS. Then,

� =
4� G
c2 D 2

S

Z 1

0
x(1 � x)� (DSx)dx : (4.7)

If � � const along the line of sight to the sources

� �
2�
3

G�
c2 D 2

S : (4.8)

For a galaxy whose stars rotate with velocity v,

v2 �
GM g

r
) M g =

r v2

G
; (4.9)

the density is

� �
3M g

4� r 3 �
3

4� G

� v
r

� 2
; (4.10)

and the optical depth is

� �
1
2

� v
c

� 2
: (4.11)
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Thus, the optical depth for a galaxy like the Milky way is of the order of 10� 6, if all
of its matt er is composedof microlensesand 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. magni�e d by at least � � 1:34.

Therefore, if onemeasuresthe optical depth for microlensingby counting the number of
microlensing events in a particular direction, he can characterize the wholepopulation
of microlenses. The possibility of detecting such eventsdepends on their duration (the
Einstein crossingtime). This is determined by the transversevelocity v? and by the
lens mass. For microlenses in the halo of the galaxy (DL � 10kpc) with tangential
velocity v? � 200km s� 1, it is

tE � 6 � 106 s
�

M
M �

� 0:5

� 0:2 yr
�

M
M �

� 0:5

(4.12)

In reality, sincethe lenseshavevelocity vectorswith di�erent orientationsand intensities,
there will be a distribution of event durations characterized by a tail of long events,
causedby those lenseswhosevelocity is mainly radial. At the sametime, alsothe lens
masses and distancesare within a rangeof values, which also contributes to broaden
the distribution of the durationsof the microlensingevents.

If all events have the same time scale, then the number of events N expected in the
monitoring time � t would be given by

N =
2
�

n�
� t
tE

; (4.13)

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

4.2.2 Observational result s in searches for dark matt er

Among the many candidates, it has been proposed that the dark matter could be in
the form of compact objects distributed in the halo of the galaxy. If the massof
such objects is in the range 10� 6 . M =M � . 106, they would originate detectable
microlensing signal, becausethey would occasionally passcloseto the line-of-sight to a
background star in the Large or in the Small Magellanic Clouds.

Many groupshavetr ied to detect suchlensingsignal. This wasnot an easytaskbecause
it requires to monitor a huge number of stars with a good time resolution, wait ing
for 
uc tuations of their luminosity. In the last �ftee n years however, such campaigns
became possible. First, technological improvements in construction of astronomical
detectors allowed to build up wide �e ld CCD cameras,so that large spots in the sky
could be observed simultaneously. Second, software for automatic data reductionwas
developed and computer speed increased allowing to process huge amounts of data in
few time. Third, dedicatedtelescopesbecameavailable to the scienti� c community for
large monitoring campaigns.

A huge number of stars have then been monitored in the direction of the LMC/SMC.
The principal results found by the severalgroups active in this �eld can be summarized
as follows:

� the MACHOteam(USA/Australia) analyzed data taken from 11.9million stars in
the direction of the LMC over 5.7 years. They found 13-17microlensing events,
whilebetween 2 and 4 were expected from known stellar populations in the Milky
Way and in the LMC. Themicrolensing optical depthdeduced from lensing events
lasting between2 and 400 days is (Alcock et al., 2000)

� LMC (MA CHO) = 1:2+0 :4
� 0:3 � 10� 7 : (4.14)
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Figure 4.3: Exampleof likelihood contours obtained from the MACHO experiment for
one speci�c model for the Milky Way halo. The abscissa is the fraction of the halo
masscontained in MACHOs, the ordinate is the MACHO mass. The contours shown
are the 60%, 90%, 95% and 99% con�dencelevels. From Bartelmann (2005).

This implies that between 8% and 50%of the Milky Way's halo canbe composed
of MACHOs(at 95%con�dence), whosemost likelymassrangesbetween0:15M �

and 0:9M � . The likelihood contours obtained from the MACHO experiment for
onespeci�c model of the Milky Way are shown in Fig. 4.3;

� the EROS project (France) found results consistent with those of the MACHO
collaboration. Based on their observations of the LMC and SMC, MACHOs
cannot dominanate the Galactic halo if their masses are . 1M � . They �nd
that the halo massfraction in MACHOsis < 20% for MACHO massesbetween
10� 7M � and 0:1M � (at 95% con�dence). The upper limit to the optical depth
from the data towards the SMC is (Afonso et al., 2003)

� SMC( ER OS) � 10� 7 : (4.15)

Preliminary analysis of the full 6.7 year EROS data set on the LMC indicate an
optical depth (Wambsganss,2006)

� LMC (ER OS) � 10� 7 : (4.16)

Thus, although MACHOs have been detected between us and the Magellanic Clouds,
they are insu�c ient for explaining all of the Milky Way's dark mass.TheseMACHO's
can in principle be anywhere between the source stars and the observer, i.e. in the
dark halos of the Milky Way or of the Magellanic Clouds. It is unlikely that all of
the LMC lensingevents are due to self-lensingby stars. The important results of the
microlensing experiments is that the Galaxy and the LMC must be embedded into
extended dark matter halos,only a fraction of which is composed of compact objects
of stellar and sub-stellar mass.

Microlensingmonitoring programs are now targeting the Andromedagalaxy M31. M31
is roughly 15 times as distant as the LMC/SMC and the individual stars cannot be
resolved anymore. This meansthat we can only measure the 
ux of many stars within
any pixel of the CCD camera. Since the source is so much extended, the magni�c ation
e� ect during a microlensingevent is diluted. Only high magni�cation events will result
detectable.
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However,using the \pixel lensing" approach
towards M31 has also several important ad-
vanges. First, the high inclination of the
disc of M31 would result in an asymmetry
in the observed rate of microlensingevents,
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.
(2001)): the optical depth is expected to be
lower towardsthe \near" diskand higherto-
wards the \fa r" disk. Neither variable stars
or self-lensingevents in the disc of M31
would exhibit such asymmetry.
Second,beingfar away from M31 has the advantagethat the we can accuratelymeasure
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 massivegalaxy, it contains a huge number of potential sources and we can
chooseseveral line of sight through its halo, allowing to map the spatial distribution
of MACHOs. Fourth, due to the large distance of M31, microlensingevents due to
the Milky Way halo objects are statistically distinguishable from those produced by
M31-halo objects.

A few teams are actually looking for microlensing events towards M31. Interestingly,
the POINT-AGAPE collaboration (UK/F rance) is � nding a large microlensing signal
compared to that measured by the EROS team towards the Magellanic Clouds(Paulin-
Henriksson, private communication).

4.3 Binary lenses

We consider now a lens consisting of two point-mass components. Let assume that
these have massesM a and M b, respectively. Due to the linear dependence of the
de
ection angleon the mass,the total de
ection angleof a ray crossingthe lens plane
at ~� is in this case

~̂� (~� ) =
4G
c2

"
M a

j~� � ~� a j2
(~� � ~� a) +

M b

j~� � ~� bj2
(~� � ~� b)

#

: (4.17)

The presence of the second lens component breaksthe axial symmetry of the system.
The resultinglensinge�ec t is much di�e rent from the caseof a single lens.

First of all, the lens becomes astigmatic. This results into a completely di� erent mag-
ni�cation pattern on the source plane and in the appearance of extendedcaustics. As
seen in the previous chapters, caustics are lines which separate regionswith di� erent
imagemultiplicities. Whenthe sourcecrosses a caustic during its motion relative to the
lens,new images are created or destroyed. As in the caseof a singlepoint mass,the
imageseparations are too small to allow to see them, but the light curvesare generally
much more complicated and exhibit multiple peaks,asymmetries, etc.

Due to the presence of the second lens component, there are three new parameters
which characterize the light curves. Theseare

(1) the massratio, q = M a=M b;

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

(3) the angle � between the sourcetrajectory and the line connecting the two lenses.

Thanks to the large number of parameters involved, the analytical derivation of the
critical lines and caustics of binary lenssystems is very complicated. Qualitatively, we
can �nd three regimes, which are illustrated in Fig. 4.4 for two lenses with the same
mass(q = 1):

(1) whenthe two lensesare widely separated d > 1, they act like singlelenses which
slightly feel the perturbation of the companion. The point caustic becomes an
asymmetric asterisk with four cusps. The corresponding critical line becomesan
oval (top left panel, d = 1:2);

(2) once the separation of the two lensesapproachesd = 1, the critical lines and
the corresponding caustics merge together. They �r st touch in one point (top
right panel, d = 1), then, for further decreasingseparations, there is one single
critical line and one singlecaustic, which is characterized by six cusps(middle
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Figure 4.5: Imagecon�gurations for an extended source lensed by a binary lenswith
q = 1 and d = 0:5. The insetsshow the position of the sourcerelative to the caustics.
From Schneider & Weiss(1986).

Figure 4.6: The left panel shown somepossible trajectories of an extended source
(circles) relative to the caustics of a binary lens. In the right panel, the corresponding
lightcurves are displayed. From Wambsganss(2006).

panel, d = 0:5);

(3) whenthe separation reachesd = 8� 0:5 � 0:35355(bottom left panel), two regions
inside the critical line detachand the caustic breaks down into threeparts. These
are a central diamond-shaped and two triangular-shaped caustics. By reducing
further the separation between the two components, the two tr iangular caustics
move 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. Several examplesof imagecon�gura tions for di�erent positionsof an extended
sourcewith respect to the caustics of a binary lenswith q = 1 and d = 0:5 are shown
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 crosses the caustic, two or
three images merge together and disappear. During the transition the imagesassume
the usual arc-like shape. Their size increasesand therefore they are highly magni�ed.

Microlensinglightcurves originated by binary lenses re
ect the complexity of the caustic
structures. For example,in the left panel of Fig. 4.6 we considerseveral parallel tra-
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Figure 4.7: Variations of the lightcurvesduring a fold caustic crossing due to di� erent
sourcesizes. From Schneider & Weiss(1986).

jectories of an extended sourcerelative to the caustic of a binary lens, and in the right
panel we show the result ing lightcurves. A peak appears when the sourcecrosses or
passesvery closeto the caustic. The number of the peaksand their height can di�er
substantially. The peaks themselvescan be more or less sharp. Thisdepends on the size
of the source: small sources produce sharper peakswhen they crossa caustic, larger
sources produce smoother lightcurves (Schneider & Weiss, 1986). Someexamplesare
shown in Fig.4.7, where the crossingof a source with varying radius alongthe fold of a
causticis simulated. The source radius is expressed in units of the Einstein radius.

Based on the fact that more than 50% of all stars are in binary systems, Mao &
Paczynski(1991) predicted that a large number of microlensingevents is originated by
binary lenses. Not all of them can be identi�ed through the shape of the lightcurves
becauseof the large rangeof separations between the lenscomponents. For very close
pairs of stars and for wide systems, these binaries act as singleor two single lenses,
respectively. For this reason,only 10% of the microlensinglightcurves should show
signaturesof binarity in the lens.
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Example: OGLE-7

OGLE-7 is the �rst microlensing event
whoselightcurve revealed the presence of
a binary lens. It wasdiscoveredin 1993by
the OGLE team, a collaboration between
Poland and USA, who was monitoring the
LMC and the SMC in search of microlens-
ing events.
The source star had a constant 
ux during
the monitoring in 1992,then brightened up
by more than two magnitudesduring 1993,
showing two sharp peaksseparatedby � 60
days. Udalski et al. (1994) found a binary
lenssolutionfor describing such lightcurve.
The lenshave q = 1:02 and the projected
separation between the two components is
1:14� E . The star has a trajectory with im-
pact parameter b = 0:05� E and inclina-
tion angle � = 48:3 degrees with respect
to the axis passing through the two lens
components. The Einstein crossingtime is
tE = 80 days, the baseline magnitude is
I 0 = 18:1, and the fraction of \b lended"
light is f = 56%.
The \blending" is due to the presenceof an additional sourcealong the line of sight.
This can be the lens itself 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 caused by \blending" or by a
third component in the lens(\tr iple lens"). For OGLE-7the magni�c ation in between
the caustic crossingwas 2.2 and 2.4 in the R and I bands respectively.
The observed lightcurve and the best �t lens model are shown in the �gure above
(taken from Udalski et al. (1994)).
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4.4 M icrolensing surveys in search of extrasolar plan-
ets

4.4.1 General concepts

A particular type of binary lenses is that consisting of a star and of a planet orbit ing
around it. In this case,the lens is characterized by a mass ratio q = M p=M ? � 1,
whereM p and M ? are the massof the planet and of the star, respectively. 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
proposed to reveal the presenceof planets around stars. This method is sensitiveto
massesaslow asthe massof the Earth, and, aswe will see, is giving the �rst interesting
results.

In the �gur e on the right, we
show the geometry of a microlens-
ing event involving a star and a
planet. The optical axis is chosen
such to pass through the observer
and the star. The large dots indi-
cate the lensand the source stars,
the small �ll ed dot represents the
planet. Its projected position on
the lensplane,whosedistancefrom
the lensstar de�nes the parameter
d, is givenby the small empty cir-
cle. (The �gu re is taken from Rat-
tenbury (2006))

The natural unit of length is the Einstein radius, � E . Being q � 1, this is determined
essentially by the massof the star,

� E (M p + M ?) � � E (M ?)

=
�

4GM ?

c2

DLDLS

DS

� 1=2

= 4:42AU
�

M ?

0:3M �

� 1=2 �
DS

8kpc

� 1=2

[x(1 � x)]1=2 ; (4.18)

wherex = DL=DS and DLS � DS � DL.

A planetary microlensingevent falls into one of two broadly de�n ed groups, basedon
whenand how the planet perturbation is produced.Typically, in these binary lenses, the
massratios and the distancesbetweenthe components are such that both the planet
and the star develop separated and extended caustics. There is always a small central
causticlocated near the lens-observer line of sight. This originatesfrom the degenerate
point-like caustic of the star, slightly perturbed by the presence of the planet. One or
two planetary caustics are also present. Their size, position and orientation depends
on the planet-star massratio and projected orbit radius. The planet alone should also
develop a point caustic, but the strong perturbation given by the star transform such
a point into a much more extendedcaustic. This is shown in Fig. 4.10. In the upper
panel the caustics of a star-planet lensare recognizable along the axisy = 0. A zoom
over them, displayed in the two bottom panels, show their shape in detail.



4 Mi crolensing 55

Figure 4.8: Comparison between detecting planetsthrough caustic crossing events and
highmagni�cation events. Both axesare in units of � E . Top: Critical and caustic curves
for a planetary lens system with q = 10� 3 and d = 1:4. Two source star tracks are
shown, onecorresponding to a low ampli�c ation planetary caustic crossingevent, with
ymin = 0:2 and inclination angle 106� ; the other corresponding to a high ampli�c ation
event, passing closeto the smallcentral caustic (ymin = 0:01) with an inclination angle
of 135� . Bottom: Zoom over the regionssurrounding the planetary (left) and central
(right) caustics. The dashedand dotted lines refer to sourceradii r ? = 2� 10� 3� E and
r ? = 10� 3� E , respectively. From Rattenbury (2006).

If a source star moves relative to the lens and passes across a planetary caustic line,
we havea �r st t ype of planetary microlensingevent, namelya \caustic-crossing" event.
Such casecorresponds to the solid track connecting the bottom left to upper right
corners of the upper panel in Fig. 4.10. The same source track is displayed in the
bottom-left panel. In this example, two values of star radius are used, r ? = 2� 10� 3� E

(dashed lines) and r ? = 1 � 10� 3� E (dotted lines). The corresponding light curve is
shown in the upper panel of Fig. ??. It is characterized by three peaks super-imposed
to the single-masslight curve which should be originated by the star alone (dashed
line). The �rst peak correspondsto the passageof the star closeto the left cuspof the
planetary caustic. The other two occur at the caustic crossings. The thick and the thin
lines refer to the larger and to the smaller source radii, respectively.

The secondclassof planetary microlensing eventsinvolves the sourcestar passingclose
to the central caustic. Approaching the cusp of two caustic lines also produces a
perturbation in the source magni�c ation, which can be used to infer the presence of
the planet. Suchcase is illustrated again in Fig. 4.10. The source track is now given
by the line approaching the central caustic 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 planet appears as a secondary bump in the light curve(seethe bottom panel of
Fig. ??).

Extra-solar planets have beendetected 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� 6). Then, oncesucheventshavebeen detected, oneneedsto monitor
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Figure 4.9: Light curves of the microlensing eventsdescribed in Fig 4.10. The source
ampli� cation is shown as a function of the normalised time tN = (tJ D � t0)=tE , where
t0 and tE are the time of closest approach of the source to the star and the time
required for crossing the Einstein ring, respectively. Top: planetary caustic crossing
event. Bottom: high-ampli�cation event. The thin and thick linesrefer to the smallest
and the largest source radii, respectively. The dashedline shows the light curve in
absenceof the planet. From Rattenbury (2006).

accurately the light curvefor obtaining information about the lens system. The search
for extra-solar planet is related to that for dark matter concentrations. As said, some
groupsmake routineobservations towardsthe Galactic bulgeand theMagellanicClouds.
Those which are currently active are the OGLE and the MOA (New Zealand/Japan)
collaborations. OGLE uses a 1.3m telescope located at La Silla (Chile). MOA works
with a 1.8 telescope at Mount John, New Zealand. They analyze images at real-time
and whenever they �nd light curves which show clear deviations from a single lens light
pro�le they alert the scienti�c community.

Then, there are several other groupswhich perform follow-up observationsof suchmi-
crolensingevents. Theseare PLANET (international collaboration), � FUN (US/SA/I s-
rael/Ko rea)and RoboNET (US/UK/Au stralia) who use telescopeslongitudinally spaced
around the world to measure in detail the light curves.

Sofar four planetshavebeendetectedthroughmicrolensing (OGLE-2003-BLG-235/MOA-
2003-BLG-53,OGLE-2005-BLG-071,OGLE-2005-BLG-390,OGLE-2006-BLG-169). One
more detection is likely to be a planet (MACHO-98-BLG-35). A Table summarizing the
detailsof suchdetections, taken from Rattenbury (2006) is shown below. For the con-
�rme d detections, the planetary massesare in the range between5:5+5 :5

2:7 M � (OGLE-
2005-BLG-390) and 0:5 � 4M J (OGLE-2005-BLG-071, preliminary result). MACHO-
98-BLG-35 is probably a very light planet (M p � 0:4 � 1:5M � ).
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Example: OGLE-2003-BLG/MO A-2003-BL G-53

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. Theplanetary signal
was discovered later (Bond et al., 2004).
The light curve in the I band is shown on
the right: it shows evidence of a plane-
tary caustic crossing feature, correspond-
ing to a crossingtime of � 7 days. The
data (1092data points from MOA and 183
from OGLE) were �t with di�e rent classes
of models.

The �tting parameters were ymin , tE , t0, q, d, � and the sourcesizein units of the
Einstein radius. The best �t model corresponds to the light curve givenby the solid
black line. This model has an extreme mass ratio of q = 0:0039, which is a strong
indication that t he secondary lens component is a planet. Other \non planetary"
models with q > 0:03 are strongly disfavored (see the magentadashedline in the
Figure), becausethey would require larger magni�c ation insidethe causticcurve than
is observed. Moreover they would deviatemore from the single lenslight curvebefore
and after the caustic crossing (as shown by the two insets). A single lens model is
obviously ruled out as well (blue long-dashed line).
Somedegeneracy between the system parameters exists which can be broken using
some external constraints. The only parameter which is directly measurable is the
Einstein crossing time tE , which constraints the lens mass, distance and transverse
velocity with respect to the line of sight to the source. The color and baseline mag-
nitude of the source star suggested that this was a G-type bulge star near the Main
Sequence turn-o�. Using color-color relation and empirical relations between V � K
and surface brightness, the sourceangular radius was determined. Modeling the light
curve givesinstead the sourceradius in units of the Einstein radius. Combining the
two determinations, the Einstein radius was found to be � E = 520� 80 � as. Using
Eq. 4.18, the massof the lensstar was found to be

M ?

M �
= 0:123

�
� E

mas

� 2 DS

kpc
x

1 � x
: (4.19)

The mass-luminosity relations for main-sequence stars allows to de�ne an upper limit
to the lens distance star, which is determined to be DL < 5:4 kpc. Thus, if it is
a main sequencestar, the lens must be in the Galactic disk. Using Galactic disk
models, a maximum likelihood analysis based on the measurements of � E and tE

givesDL = 5:2+0 :2
� 2:9 kpc, from which it was inferred that t he lensstar is an M2-M7

dwarf star of mass0:36+0 :03
� 0:28 M � . The best �t ting q = 0:0039and d = 1:12 therefore

suggest that the planetary companion has mass M p = 1:50:1
� 1:2M J and orbits at a

distance of 3:0+0 :1
� 1:7 from the lens star.

4.4.3 Discussion

Other methods havebeen employed to search for extrasolar planets. Brie
y, the most
usedcan be summarized as follows:

� astrometry: it consists of searching for the in
uences of planets on the proper
motionsof the stars around which they orbit. A number of candidates havebeen
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Figure 4.10: Distribution of known exo-planets in the planeorbit radius/planet mass.
From Rattenbury (2006).

found using this method but none of them are con�rmed. The main reasonof
suchuncertainty is that t he changes in proper motion are so small that they can
be hardly measured with the instruments available today;

� Doppler e� ect: high precisionspectroscopy allows to evidencethe presence 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 radial velocity of the star which can
be deduced from the displacement in the star's spectral linesdue to the Doppler
e� ect. This method was very successful and allowed to detect � 160 extra-solar
planets. However, its works for relatively closestars and it �nds planets with small
orbital radii. Moreover, it cannot be used to detect planets whose orbital plane is
almost perpendicular to the line of sight;

� tran sit: this method detects a planet's shadow when it transits in front of its
host star. This "tra nsit method" works only for the small percentage of planets
whoseorbits happen to be perfectly alignedfrom astronomers' vantagepoint, but
can be used on very distant stars. It has led to the discovery of a few planets
with high mass;

� pulsar ti ming: the presenceof a planet around a pulsar is found by observing
anomalies in the regularity of pulses from the pulsar itself. Even if it has allowed
the discovery 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
speci�c classof lensesonly.

In Fig. ?? the distribution of all the known extra-solar planets in the planet mass/o rbit
radius plane is shown. Systems discovered via Doppler e�ec t are indicated by the black
triangles. Theyare concentrated in the upper-left corner of the diagram, re
ecting the
fact that this method is most e�cie nt in detecting massive planets orbiting at small
distance 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 also e�cient at detecting massive,
close planets. The theoretical detection limits are shown by the dashed dotted lines for
ground based and spaceobservations (as expected for the Kepler Space Observatory,
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scheduled for launch in 2008). Astrometry still have to providedetections. The region
of the diagram whereinstruments like Keck and VLTI could be able to � nd planets is
that enclosed by the upper green dot-dashedline. NASA is building a space interfer-
ometer called SIM PlanetQuest, which will measure the proper motion of stars with an
accuracy of one millionth of an arcsecond. The detection limits of this instrument are
giveby the bottom greendot-dashed curve. Finally, the red ellipsesshow the microlens-
ing detections. The upper red dashedlines represent the detection limits reachedby
the ongoing microlensing collaborations. The MicrolensingPlanet Finder, a proposed
spacetelescope dedicated to microlensing observations will dramatically increasethe
detectability of low-mass, large orbital radius planets. The yellow dots indicate the
solar planets.

Clearly, microlensingis the most successful method for detecting low-massplanets. As
mentioned before, planets of a few Earth masseshave already been found and, with the
next generation of experiments, objects of sub-earth masswill become detectable.

4.5 M icrolensing of QSOs

In the next Chapter we will discuss in more detail the lensinge�ects of galaxies on
background QSOs. In general, if the QSO happens to be within the galaxy caustics,
it is strongly lensed and has multiple images (see also the discussionabout axially
symmetric and elliptical lensesin Chapter 2). The galaxy is made of stars, star clusters
and possiblyother compact objects, whose Einstein radii are of the order of

� E � 10� 6

s
M

M �
arcsec (4.20)

for \t ypical" lens and source redshiftsof zL � 0:5 and zS � 2. The QSO continuum
emitting regionshavesizescomparable or smallerthan the Einsteinradii of stellar mass
objects. Thus, such microlensesin the halo of the lensing galaxy can perturb the
multiple imagesof distant QSOs. Since the galactic halo participate to the motion of
the galaxy, the microlenses move relative to the background QSO. Thus their e�e ct
remain imprinted in the luminosity curve of the source. In particular, there will be
luminosity 
u ctuations on a time scaleof the order of

tcr oss =
Rsou r ce

v?
� 4R15v� 1

600months ; (4.21)

whichcorrespondsto the the time required for a source of radiusRsou r ce and transverse
velocity v? to crossits own diameter. In the previousequation, the sizeof the QSO
and its relative velocity have been parameterized in units of 1015 cm and 600 km/s
respectively.

In microlensingof multiple QSOs,the convergenceis of order unity. This means that a
any giventime a wholeensembleof microlensesisa� ecting theQSO. The phenomenonis
illustrated in Fig.4.11. Theensemble of point lensescreatesa complicatedmagni�c ation
pattern on the source plane (left panel). High magni�cation regions are brighter and
correspond to a network of caustics. Three di� erent tracks are given by the dashed
lines, along which a backgroundQSOmoves. The corresponding light curvesare shown
in the right panel for small (solid lines) and large (dashedlines) sources. If the sizeof
the QSO is small compared to the intra-caustic spacing, each individual causticcrossing
is resolved. Otherwise, the light curvesappear smooth. The shape of the light curve is
also determined by the brightness pro�le of the source. The steeper it is, the sharper
are the 
uctua tions.
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Figure 4.11: Left: microlensingmagni�cation pattern produced by stars in a lensing
galaxy. The dashedlines indicate three tracksalong which a background QSO moves.
Right: light curvescorresponding to the tracksshown in the left panel. Solid and dashed
lines refer to small and largesources, respectively. This �rst is a sourcewith a gaussian
luminosity pro� le with width of about 3% of the Einstein radius. The second is larger
than the �rst by a factor of 10. Figures from Wambsganss(2006).

Thus, several important informations about the lens and the source can be derivedby
analyzing the light curvesof multiply imagedQSOs:

� the existenceand e� ects of compactobjects between the observer and the source;

� the sizeof QSOs;

� the two-dimensional brightnesspro�le of QSOs;

� the mass(and the massdistribution) of lensingobjects

Example: QSO 2237+0305

QSOs are intrinsically variable sources.
Therefore, it is usually very di�cult to
understand if the eventual 
u ctuations in
their light curves are due to microlensing.
However, if mult iple imagesof a QSO ex-
ist, then this becomes possible. Indeed,
the intrinsic variability of the sourceshould
show up in all the light curves(with some
time delay). Conversely, those
uctuation s
whichare not present in all the light curves
are due to microlensing events.

Irwin et al. (1989) found evidencefor cosmological microlensing in one of the light
curvesof the quadruply imagedQSOQ2237+0305. Such object has beenaccuretely
observed by the OGLE group (Wo�zniak et al., 2000a,b) who showed that all four
componentsshow variations corresponding to � m between � 0:4 and � 1:3.
Comparison of the lightcurves with simulations show that the continuum emittin g
regionof the QSO is relativelysmall, of order 1014 cm (see e.g Wambsganss, 1990).
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Example: QSO Q0957+ 561

By measuring the microlensinge�ec ts, the
population of microlenses can be con-
strained. A decade ago, it was popular the
ideathat dark matt er halos could be made
of black holesin the massrangeof about
106M � . If such a population of black holes
exist, it would produce clear lensing sig-
natures observable in the high resolution
imagesof radio jets observed with VLBI.
This wasshownby 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. Basedon these re-
sults, Garrett et al. (1994) ruled out that
the halo of the lensing galaxy in this double
QSOconsist of such objects.


