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Constraints on the gravitational force on photons from microlensing
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Gravitational microlensing observations are used to study the radial dependence of the gravitational force
acting on photons. The Newton inverse square law is shown to be valid at a few % level at a distance scale of
a few AU (where 1 AU=1.496x 10° km is the astronomical unit Constraints on possible non-Newtonian
terms are derived.
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[. INTRODUCTION Hence, microlensing observations are not sensitive to the ab-
solute value of the gravitational constant. On the other hand,
In the past decade, interest in experimental studies of dghe impact parameter of the lensed photons changes with
viations from Newton’s law of gravitation, the so-called in- time when the lens moves in front of the source. This allows
verse square law, has been renewed by claims of detection #sts of the radial dependence of the gravitational force act-
new macroscopic forcesee for instancgl] and references ing on photons.
therein. The inverse square law has been tested over scales

ranging from 1 cm to 19 km. At astronomical scales, the IIl. THE GRAVITATIONAL LENS EQUATION
most stringent limits on possible deviations come from plan-
etary and rocket motions]. A. Angular position of images

The status of Newtonian gravity is more controversial at  p¢ simplest lensing configuration is shown in Fig. 1. A

larger scales. Some authors have suggested to modify thg,rce star located at S is lensed by a massive lenéséess

inverse square law in an attempt to explain the galactic rotaM) at L and observed at O. The Schwarzschild radigyand
tion curves[3-5] (the so-called “dark matter” problejn It the Einstein radiusg are defined by

has been noted that the gravitational deflection of light is an

important test of these mod€§,7]. 2GM
The gravitational force on photons is known from studies rs=— (1)
of the deflection of light by the Sun at the scale of a fraction c
of an AU (where 1 AU=1.496<10° km is the astronomi-
cal unit and by gravitational lensing observations on larger 2rsD Dol
scales. The deflection of light by the Sun has been shown to re="\ D—os 2

be consistent with the inverse square I8}

Gravitational lensingsee Ref[9] for a review is a con-
sequence of the gravitational deflection of light. It has Dos=DoL*Dis. ()
evolved from a theoretical speculation to being an important
tool for observational astrophysics. Lensing by structures oiBince we want to study non-Newtonian gravity, G in the
scales differing as much as clusters of galaxies and sta@ove equation is not necessarily the same as Newton’s con-
(“microlensing”) has been observed. Lensing by galaxiesstant measured in the laboratory. The image positioase
and clusters of galaxies has been used by[@}to inves-  given by the normalized lens equation:
tigate the validity of the inverse square law at the kpc (3

X 10'® km) scale and above. This author compared the mass r—ro=al(r) (4)
inferred from the size of the Einstein ring to the velocity
dispersion inside the lensing system. An agreement wac Lens L, mass M

found at the 30% level. However, as mentioned previously,

the validity of the inverse square law at the galactic scale has

been questioned by several authgg 0 0&ooo-----eeoo--oo-- Source §
Microlensing is sensitive to gravitational interactions at a Observer O - S

scale of a few to a few tens of AU. Hence it would fill a P

small part of the gap between the solar system sgalere

Newton’s law is known to be accurate at the 20evel [1]) b b
and the galactic scale. The purpose of this paper is to address oL Ls

the following question: can we learn something on the gravi- FiG. 1. An observer located at O receives photons from a source
tational interaction of photons from microlensing experi-star at S. The source star is lensed by a lens star at L. The distance
ments? between the observer and the len®is,_ , the distance between the

Microlensing observations have an obvious drawback: théens and the source B, 5. The lens plane is normal to the line of
lensing mass cannot be estimated in two independent waysight OS.
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wherer , is the projected position of the source in the plane 1
perpendicular to the line of sight containing the lens, and B T
is related to the deflection angl by

r r

The last mode(model IIl) simply adds an extra 47 term

_ DisDoL 5 to the ordinary 1 deflection:
a=— 8. (5)
os
1 re
_ B —|1+e'—]|. (14
B. The deflection angle r r

In the weak field approximation, the deflection angle isan extra 1f2 term exists also in general relativifg9], but it

related to the gravitational potentidl by is predicted to be very small. On the other hand, this term
o might be non-negligible for some exotic lenses such as
B= _Zf 9, ddz (6) lenses with scalar chargés4].
S

. . . I1l. SCHWARZSCHILD LENSES
where z is a coordinate along the source-observer axis. For a

Schwarzschild lens, the potential is For a Schwarzschild lens, E() is readily solved. Two
imagesr , andr _ are found. However, these images are not
qml @ detected individually in microlensing observations. Instead,
r the experiments take advantage of the apparent magnification
of the flux of the lensed source.
which gives the well known resultL8] The magnification factor is given by
re r r, dr r_dr_
a(r)=TE 1+0 TS) . ® A(rg)= i drz A (15)

Since deviations from the inverse square law are not exThe lensing is detected when the lens moves in front of the
pected to be large, the class of lenses for which source with a transverse velocity,. For Schwarzschild

) lenses, the shape of the “light curvéfnagnification A ver-

r sus time } is given by the well known formul@l5
a(r)zTE[lJrf(r)], f(r)<1 (9) tisg Y €]
B u?+2
[hereafter called quasi Schwarzschil@dS) lenses, is espe- A= uJul+ 4 (16
cially important.
2 2
L. . 2 2 Ut(t_to)
C. Models of deviations from the inverse square law U“=ug+ ——5— (17
re

Three models for a deviation from the inverse square law
are considered in this paper. The first mofmbdel )) is a

| del wherev;, is the transverse velocity of the lens. The Einstein
power law model:

radius crossing time defined ly=rg /v, is the only physi-
Doy (10) cal observable.
' The microlensing events found by astronomical surveys
This model is convenient for lensing analysis, since the deSuch as EROS, MACHO or OGLE] fit well the expected
flection angle is also found to follow a power law with index Shape. Since our goal is to constrain the deviations from

— 5. When s~ 1, this model is equivalent to a QS lens with Newtonian gravity, the expected magnification for QS lenses
has to be computed and compared to the slia@e The first

Ir] step is to solve the lens equatié¢h). This equation has in
f(r)=(1=8In—. (1) general more than two solutions, even in the case of QS
E lenses(see e.g[14]). It is easy to show that models | and Il
The second modemodel Il) is a Yukawa type model (with e<1) have only 2 solutions for Eq4). Model Ill has

2 solutions fore’ >0, but can have either 2 or 4 solutions for

1 ) €'<0. The lens equation for model Ill witlk’<0 has 4
G —(1+ee ) (12 solutions if
wheree and\ are phenomenological parameters. Potentials Irol< r—E—Ze’r (18)
of this type have been proposed to describe short range L Bl

[12,13,17 or long range[4] modifications of gravity. The
deflection angle induced by the model Il potential can beThe right-hand side of this inequality can be arbitrarily large
expressed with the modified Bessel functiég: for small €', so that this inequality holds for practical values
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of ro ande’. Discarding this casémodel Il with ¢’ <0), the y=a(r) (20)
lens equatiori4) has only 2 solutions for the models consid-
ered in this paper. These solutions can be expressed as infi- y=—r,+a }y). (21

nite series in two special cases: large source distances an L . ion 1 | o
QS lenses. In the next 2 sections, these special cases ard€ Lagrange inversion formula now gives:
investigated in turn.

* n+tl 4n—-1
r_=—a Y(ry)+ >, #d—_l
IV. MAGNIFICATION OF QS LENSES AT LARGE AND n=1 n: drE
SMALL DISTANCES -1
daYro) .,
A. Solutions of the lens equation at large distances d—ro[a (ro)] (22
As written above, the lens equati®$) is assumed to have .
only 2 solutions. One of the solutions, denotedrhy, goes S (1" d"t Lo (o) T" 23
continuously tor, whenrg is large compared tog. r, is iz1 nlogen-t ort
easily found by application of the Lagrange inversion for- °
mula[17]: To simplify the calculation, we now specialize to model |

lenses to obtain the magnification in the limits of large and

small source distances. However, the conclusion obtained in

re= fﬁgl nr W[a(ro)]”. (19 the next section can be shown to hold qualitatively for model
0 Il and model Il QS lenses.

o1 odt

The second solution of the lens equation is denoted_by
and goes continuously to 0 whepis large compared to .
To obtain this solution, the lens equation is rewritten as The explicit values of .. for power law model | are:

B. Application to model | lenses

rite 2 (=" Y (ns)...(ns+n—2)] rae+h
2

E
ry=ro+ _rg +n: o rg(‘”l)’l (29
—1)n-1 1 —+n-2
B re l/5+§ ( ) Sl LS n re [(n/6)+n—1] )
el T 7 T 2
|
It is clear that these expressions have a restricted validitg well known result.
range inr, . Using the methods of Ref17], the series for The magnification factor for model | is
are found to converge for
5+1 Alrg)=| - ars +( ) (30)
ro)=|——=—|+(ry<r_
rOBWrE (26) 0 o dr0 i
while the series for _ converge if the same inequality is true _ ry
with 8 changed into 1. In the worst caséhat of Schwarzs- = re)| 27t H(reer) (32)
child lensey the expansions converge fo§=2rc. ro]1+6 r_)
For a Schwarzschild lens, the expressionsrfoisimplify *
to
r2 ‘
L So[2(n=1i(=1" o - Slr@r o, —arg o) (32)
0 nl(n—1)! r2n-1
In the high magnification limit (,<<rg), the magnifica-
“ r2(n=1)1(—1)""171 r2n tion can be written as
S S € TG e W 8
= ni(n-1) g2t
A —ré 33
=ro=r. (29 "™, 39
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Where_r_’E ig defingd byr’E=2_rE/(1+ d). Thus_, in the_ high . Z (=" dn [ f(ro)r2 n
magnification limit, a lens with a power law interaction can- r.=r%+ E | ] — (39
not be distinguished from a Schwarzschild lens with Einstein n=1 N drg Vro+arg

radiusr ¢ .

" ; 1 /.1
In the low magnification limit (,>2rg), ther .. solutions A necessary condition for Eq39) to hold is thatr (r-)

o o H
can be expanded in powers ofg(ro)® and (g/r,)¥.  andri (=) have the same sign.
Keeping only the leading terms of the expansion, the magni- 1€ magnification of a QS lens can be expressed as
fication is given by 1
redtl re2(0+D) AQSZW(
Am=1+(1-8) =  +826-1) o
(o)

I'o

r ‘
2 _ _ 20
ro—ro—rgf (r+)’

+(ryr_). (40

21(U8) +1] Replacingr .. by their values from Eq(39) and keeping
1 s (34) only leading order terms ifgives:

Oy
ra+2rg  rglrSEf(ry) -2 (r%)]
For a QS lens §=1+¢€,e<1), this can be rewritten as Qs= — )
Fo\ra+4r ro(r2+4r2)
re|? re\* re|®
A|m:1—e(— +2 —) (1+€)+O(62, —) ) 2rg[f(r9)+f(r%)]
o o o + > 2 3 (41)
ro(ro+4rg)3?
This has to be compared to the magnification of a Schwarzs- In the case of the power law model I, a straightforward
child lens: calculation shows that
Sch re\? re|® r2+(2—e)r?
Am(]: W:l+2 —1] +0 r_ . (36) Al _ 0 E (42)
[0} [0}

Qs rox/r02+ 4r7E '

The magnification has also a simple expression for model
I,

Thus, in the low magnification limit, the magnification is
the sum of the magnification of a Schwarzschild lefes (
=0) and of an additional term. A pure Schwarzschild lens
has a magnification which is fourth orderrip/r,. The non-

2 2 3
Newtonian term of the magnificatidiEq. (35)] is both first Al = ro+2rg e e 43)
order ine and second order in:/r,, and can become domi- 9%y Jrivar? ro(r2+4r)’
nant at large enough, .
The result obtained in this section shows that Newtoniarwhile the expression for model Il is more involved:
and non-Newtonian lenses are significantly different in the 0
low magnification regime. However, the microlensing events 2 Z 03k | |1=
are best observed in the high magnification regime. In the ’ r2+2r2 e\l < Ir2[*Ko \
next section, we show that the shafié) has a simple gen- Ags=—F—=1t| 5 5 >
eralization for QS lenses. FoVrot4rg A Fo(rot4rg)
0
rx
V. FIRST ORDER SOLUTIONS FOR QS LENSES . re Z |rg|K1( N ”
It is natural to compare the two solutions of the lens (X) f(r2+ar2)¥2 (44)
equation(4) [with « given by Eq.(9)] to the solutions ¢ of oro E
the lens equation for Schwarzschild lenses. Changing the
variabler to y=r—(rg/r), changes the lens equation into a VI. CONSTRAINTS ON THE GRAVITATIONAL FORCE
set of 2 equations: FROM A MICROLENSING EVENT
The detailed study of all available microlensing data and
1 Jy? 2 ; . o !
_f[Z(y+ y +are)] 0) (37) the extraction of the best possible constraints is outside the

scope of this paper and will be the subject of future work. A
simple simulation shows that the light curve of a bright mi-

y—To=
® L(y+yP+ard)

1 G242 crolensed sourc@vith photometric errors of-0.5%), moni-
y_rozf[Z(y y tarel (y<0). (3g) tored with a time sampling of 3 points per night, should
%(y—\/y2+4ré) constrain the parameters of model | and Il at the level of

~5%. The parametet¢ of model Il can be constrained at
Sincef<1, this set of equations is formally solvable by the the ~10% level forA~rg. The limits can be improved by
Lagrange inversion formula. Transforming back to thari- ~ combining the results of several light curves.
able, the solutions are It is interesting to compare these predictions with the lim-

062002-4



CONSTRAINTS ON THE GRAVITATIONAL FORCE ON . .. PHYSICAL REVIEW ®5 062002

»
o
[e}
o

2 L
= B
3 .
b -
05500 —
50
o L @
5000
4500 |
4000
C FIG. 2. Microlensing observa-
5500 tion OGLE BUL-SC39 361372.
= The solid line shows the overall fit
C to a Schwarzschild lens. Only the
3000 - first 225 days of data are shown
N for clarity.
2500 |-
2000 [
1500
1000 Sk |IIII|IIII|IIII|IIIIIIII
0 25 50 75 100 125 150 175 200 225

date (HUD — 2450552.774))

its obtained from a real life event. For this, we use data fronof residuals is well fitted by a Gaussian with a zero mean and
the Galactic bulge microlensing events catdla@] released a standard deviation of 1.43. This may be due to an overes-
by the OGLE Collaboration. This catalog, which containstimate of the errors or to other systematic effects. The micro-
214 events, is available on the wkBhe event BUL-SC39 lensing fit may be improved by using a more sophisticated
361372 has a very bright source star,hwét | band magni- lens model. The light curve may deviate from the shél®
tudel ,=13.392, and accordingly very small photometric er-if the source staf22] or the leng23] is in a binary system.
rors (<1%). Thelight curve of BUL-SC39 361372 is shown Other possible effects include the orbital motion of the Earth
in Fig. 2. (“microlensing parallax’) [24], or the finite size of the

All the fits presented here are performed with thauit source staf25]. No rescaling of the errors was attempted for
program[21]. The light curve has first been fitted to the the fits of the non-Newtonian effects.
shape(16), which corresponds to a Newtonian gravitational The fit of the power law model | gives

potential. A magnification at maximu#,,,, and an Einstein
crossing timetg of 6—1=0.014+0.018. (47

A= 5.48+0.06 (45) The gravitational pgtential is thus found to be'Nevvtonian at
the 2% level. The fit of model Ill parameter gives

were found, in very good agreerEr:ZeTt with tzhe values pubne maximum contribution of an extedr

lished by the OGLE Collaboratiof20]. The y“ has a high ; .

value of 358 for 246 degrees of freedom. The residuals of théatmnal potential is thus

fit, displayed in Fig. 3, show no obvious trend as a function 4x10 3<€e'<6.4<10 %(68% C.L). (49

of time. From this, it is clear that the Schwarzschild lens

model provides a reasonable fit to the data. The distribution The fit of the Yukawa type model Il is illustrated in Fig. 4.
The parametex was varied between 0.2 and 10 r¢. The
other parameters were fitted. Parametés less than 2.5¢0

'Web address: ftp://astro.princeton.edu/ogle/ogle2/microlensingfom zero everywhere, except near=1.25 rg. At this
gb/ value of \, € is 4.5 standard deviations from zero. Param-

2/r2 in the gravi-
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FIG. 3. Residuals of the
Schwarzschild lens fit to micro-
lens OGLE BUL-SC39 361372.
These residuals do not show any
obvious trend as a function of
time. Only the first 225 days of
data are shown for clarity.

FIG. 4. 68% C.L. upper limits
on the model Il parameter as a
function of . A typical value of
re=14 AU was assumed. The
hashed zone with horizontal lines
is the 68% C.L. accepted domain
obtained from the analysis of the
microlensing event OGLE BUL-
SC39 361372(this work. The
68% C.L. accepted domain of Ref.
[8] is shown by vertical lines. The
dashed lines show the boundaries
of the 68% C.L. accepted domain
for a simulated observation with
25 images per night on an 8 meter
telescope.
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eterse and tg are strongly correlatefisee e.g. Eq(33)]; toring a bright microlensed source with a dedicated 8-meter

because of this, the fitted parameters may sometimes driflass telescope. A simple simulati¢thashed lines in Fig.)4

away from the Schwarzschild lens solution. A 68% C.L. ex-shows that a 1% limit ore can be reached by taking an

cluded domain can be derived from the size of the error barsgverage of 25 images per night with a photometric accuracy

assuming that there is no non-Newtonian signal. of 0.1%.
The limits on the parameters of model Il are expressed in

units of the Einstein radiusz . They must be converted into

physical units. While this is not possible on an event by ] ) ]
event basis, an average value fgr can be obtained. Fur- In this paper, we have studied the radial dependence of

thermore, it is sufficient for our purpose to give an order ofthe grayitational force acting_ on photons with observed mi-
magnitude estimate. With typical values of crolensing events. Newton’s inverse square law was found to

be valid at the level of a few percent at a distance of about 1

VIl. CONCLUSION

Dos=8 kpc (500 AU. Some constraints on non-Newtonian gravity were de-
rived. These constraints are much weaker than the limits
D, s=3 kpc (51  from planetary and rocket dafd], but only slightly weaker
than those derived from the gravitational deflection of light
M=0.3 Mg (52 by the Sur{8]. Finally, the constraints might be improved by

systematically using all available “well measured” micro-

one findsre~2 10° km~1.4 AU. As shown in Fig. 4, lensing observations or by taking data with good time-
bulge microlensing events such as OGLE BUL'5C3gsampling on a dedicate8 m class telescope.

361372 give significant constraints @nfor \ in the range
0.5x 10'°—10'2 m. The deflection of light by the Suf8]
gives constraints fok in the range 18- 0.5x 10'* m. The
upper limits onle| from Ref.[8], also shown in Fig. 4, are an | would like to thank Marc Besancon for stimulating
order of magnitude smaller than the present work. questions which started the work exposed in this paper. | am

The limits on model Il parameters obtained from micro- grateful to the OGLE Collaboration for kindly allowing me
lensing can be improved either by using all the availableto use their data. | thank Alexis Amadon, Pierre Fayet, Dick
microlensing events or by taking data with better time samHubbard, Thierry Lasserre, Alain Milsztajn and James Rich
pling and better photometry. This can be achieved by monifor many useful comments.
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