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The evidence for the accelerated expansion of the Universe and the time dependence of the fine-structure
constant suggests the existence of at least one scalar field with a mass dfi grdfesuch a field exists, then
it is generally assumed that its coupling to matter must be tuned to unnaturally small values in order to satisfy
the tests of the equivalence princigeP). In this paper, we present an alternative explanation which allows
scalar fields to evolve cosmologically while having couplings to matter of order unity. In our scenario, the mass
of the fields depends on the local matter density: the interaction range is typically of order 1 mm on Earth
(where the density is higrand of order 10—1DAU in the solar systeniwhere the density is lowAll current
bounds from tests of general relativity are satisfied. Nevertheless, we predict that near-future experiments that
will test gravity in space will measure an effective Newton's constant different by order unity from that on
Earth, as well as EP violations stronger than currently allowed by laboratory experiments. Such outcomes
would constitute a smoking gun for our scenario.
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I. INTRODUCTION have proposed a dynamical mechanism to suppress the cou-
pling constantss; between the various matter fields and the
There is growing evidence in cosmology for the existencedilaton of string theory. Alternatively, the suppression could
of nearly massless scalar fields in our Universe. On the onbe the result of approximate global symmetdi@g].
hand, a host of observations, from supernovae luminosity- In a recent papell3], we presented a scenario in which
distance measuremenits] to the cosmic microwave back- scalar fields can evolve cosmologically while having cou-
ground anisotropy2], suggests that 70% of the current en- plings to matter of order unity, i.e8;~0O(1). This is be-
ergy budget consists of a dark energy fluid with negativecause the scalar fields acquaiemass whose magnitude de-
pressure. While observations are consistent with a non-zergends on the local matter density a region of high density,
cosmological constant, the dark energy component is morsuch as on Earth, the mass of the fields is large, and thus the
generally modeled as quintessence: a scalar field rollingesulting violations of the EP are exponentially suppressed.
down a flat potentidl3,4]. In order for the quintessence field In the solar system, where the density is much lower, the
to be evolving on cosmological time scales today, its massnoduli are essentially free, with a Compton wavelength that
must be of ordeH,, the present Hubble parameter. can be much larger than the size of the solar system. Finally,
On the other hand, recent measurements of absorptioon cosmological scales, where the density is very low, the
lines in quasar spectra suggest that the fine-structure constantiss can be of the order of the present Hubble parameter,
a has evolved by roughly one part in >LOver the redshift thereby making the fields potential candidates for causing the
interval 0.2<z<3.7 [5]. Time variation of coupling con- acceleration of the universe or the time evolution of the fine-
stants is generally modeled with rolling scalar fiel§ and  structure constant. While the idea of density-dependent mass
the recent evidence for a time-varyiagrequires the mass of terms is not new10,14-18, the novelty of our work lies in
the corresponding scalar field to be of ordtey [7]. the fact that the scalar fields can couple directly to baryons
In either case, the inferred scalar field is essentially masswith gravitational strength.
less on solar system scales, and therefore subject to tight In our scenario, scalar fields that have cosmological ef-
constraints from tests of the equivalence princi(®) [8].  fects, such as quintessence, do not result in large violations
The current bound on the B@s parametery, which quan-  of the EP in the laboratory because we happen to live in a
tifies the deviation from the universality of free fall, is  very dense environment. Thus, the main constraint on our
<10 13, from the E¢-Wash experimeni9]. model is that the mass of the field be sufficiently large on
From a theoretical standpoint, massless scalar fields dfarth to evade EP and fifth force constraifit3].
moduli are abundant in string and supergravity theories. In- The generation of a density-dependent mass for a given
deed, generic compactifications of string theory result in anodulus¢ results from the interplay of two source terms in
plethora of massless scalars in the low-energy, fourits equation of motion. The first term arises from self-
dimensional effective theory. However, these massless fieldsteractions, described by a monotonically decreasing poten-
generally couple directly to matter with gravitational tial V(¢) which is of the runaway form(see Fig. 1 In
strength, and therefore lead to unacceptably large violationgarticular, we underscore the fact that the potential need not
of the EP. Therefore, if the culprit for quintessence or time-have a minimum; rather, it must be monotonic. The second
varying « is one of the moduli of string theory, some mecha-term arises from the conformal coupling to matter fields, of
nism must effectively suppress its EP-violating contribu-the form efi¥/Mpi. The coupling constantg; need not be
tions. small, however, and values of order unity or greater are al-
For instance, Damour and PolyakpiQ] (see alsd1l])  lowed. Although these two contributions are both monotonic
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V((l)) the near future, STEPLY], Galileo Galilei (GG) [20] and
MICROSCOPH 21], will test the universality of free fall in
orbit with expected accuracy of 18, 107" and 10,
respectively. We predict that these experiments should ob-
serve a strong EP-violating signal. In fact, for a wide range
of parameters, our model predicts that the signal will be
larger than the ground-basedtB&ash bound of 10*3,

If SEE does measure an effective Newton’s constant dif-
ferent from that on Earth, or if STEP observes an EP-
violating signal larger than thought permitted by thet-Eo
Wash experiment, this will strongly indicate that a
mechanism of the form proposed here is realized in nature,
for otherwise it would be hard to explain the discrepancies
between measurements in the laboratory and those in orbit.

(l) These new and surprising outcomes are a direct consequence
of the fact that scalar fields in our model have drastically
FIG. 1. Example of a runaway potential. different behavior in regions of high density than in regions
of low density.

functions of ¢, their combined effect is that of an effective Ve refer to¢ as a “chameleon” field, since its physical
potential which does display a minimufsee Fig. 2. Fur- properties, such as |t_s mass, depen.d sensmyely on the envi-
thermore, since this effective potential depends explicitly orfo"ment. Moreover, in regions of high density, the chame-
the local matter density, both the field value at the mini- €0n “blends” with its environment and becomes essentially
mum and the mass of small fluctuations depeng as well, ~ Invisible to searches for EP violation and the fifth force.
with the latter being an increasing function of the density.  Even though we predict significant violations of the EP in
Although the scalar fields are quite massive on EarthSPace, all existing constraints from planetary orfs such
their behavior is strikingly different in the solar system &S those from lunar laser rangifige], are easily satisfied in
where the local matter density is much smaller. Thus oufU" Model. This is because of the fact that the chameleon-
model makes a crucial prediction for near-future experimentdediated force between two large objects, such as the Earth
that will test gravity in space. For example, consider the SEEd the Sun, is much weaker than one would naively expect.
Project[18] which among other things will measure New- To See this, we use _calculus and break up the Earth into a
ton's constant to an unprecedented accuracy. Our scenari@llection of infinitesimal volume e_Ier_nents. ConS|d.er one
generically predicts that the SEE experiment should observa|ch volume element located well within the Earth. Since the
corrections of order unity to Newton's constant compared tgnass of the chameleon is very large inside the Earthgthe
its measured value on Earth, due to fifth-force contributiond!U* from this volume element is exponentially suppressed
which are important in space but exponentially suppresse@nd therefore contributes negligibly to thiefield outside the
on Earth. Earth. This is true for all volume elements within the Earth,
Moreover, three satellite experiments to be launched iffXCePt for those located in a thin shell near the surface. In-
finitesimal elements within this shell are so close to the sur-
face that they do not suffer from the bulk exponential sup-
\éf(q)) pression. Thus, the exterior field is generated almost entirely
by this thin shell, whereas the bulk of the Earth contributes
negligibly. A similar argument applies to the Sun. Conse-
quently, the chameleon-mediated force between the Earth
and the Sun is suppressed by this thin-shell effect, which
thereby ensures that solar system tests of gravity are satis-
fied.
LT However, note that this applies only to large objects, such
as planets. Sufficiently small objects do not suffer from thin-
Y shell suppression, and thus their entire mass contributes to
' the exterior field. In particular, a small satellite in orbit, such
V() as SEE, may not exhibit a thin-shell effect. This is why the
orbits of the planets are essentially unaffected bydgHerce,

'
'
'
'
'
'
1
]
1

1

whereas the fifth force between two test particles in the SEE
¢ capsule is significant.
Since ¢ couples directly to matter fields, all mass scales
FIG. 2. The chameleon effective potenti&l; (solid curve is ~ and coupling constants of the standard model depend on
the sum of two contributions: one from the actual poteriély)  Space and time. Once again due to the thin-shell mechanism
(dashed curve and the other from its coupling to the matter density described above, spatial variations of constants are suffi-
p (dotted curvg ciently small in our model to satisfy current experimental
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bounds, for instance from the Vessot-Levine experiment The potentiaM(¢) is assumed to be of the runaway form.
[23]. Time variation of coupling constants are also not aThat is, it is monotonically decreasing and satisfies
problem since, during most of the history of the universe, the
various couplings actually change by very little. Thus the
bounds from big bang nucleosynthesis, for instance, are eas-
ily satisfied. This will be described in more detail in a sepa-
rate paper dealing with the cosmological evolution in ourgs well as
model[24].

In Sec. Il, we describe the ingredients of the scenario,
focusing on a single modulus for simplicity. We show how
the dynamics ofp are governed by an effective potential that
depends on the Ipcal matter density. In Sgc. I, we derivgynerev =dV/dé, etc.(see Fig. 1 For instance, a fiducial
approximate solutions fap for a compact object such as the examplé is the inverse power-law potential
Sun, for instance, and describe the thin-shell mechanism
mentioned earlier. In Sec. IV, we specialize the solution for V(g)=M*Tng~" (5)
¢ to the case of the Earth, and apply the results in Sec. V to
derive constraints on the parameters of the theory based omhereM has units of mass amilis a positive constant. The
laboratory tests of the EP and searches for a fifth force. Wabove conditions on the asymptotics\¢fare generally sat-
then show in Sec. VI that, for a potential of power-law form, isfied by potentials arising from non-perturbative effects in
V(¢)=M*T"¢ ™" these constraints translate into the re-string theory[14—16,26. Note that it is also of the desired
quirement that the energy scdlé be less than an inverse form for quintessence models of the univef&e].
millimeter or so. Curiously, this is also the scale associated The equation of motion fokp derived from the above
with the cosmological constant today. In Sec. VII, we argueaction is then
that our model easily satisfies constraints from solar system
tests of general relativityGR). It is shown(Sec. VIII) that Vgov ,~3 ﬂe4ﬁi¢,MplgMT(i) , ®
the same holds true for bounds from spatial and time varia- ¢4 Mp, (DR
tion of coupling constants. We then predi@ec. 1X that
near-future experiments that aim at testing the EP and meavhereTﬂ’Vz(ZI\/—gm) OLyl59(jy is the stress-energy ten-
suring a fifth force should observe a large signal, perhapsor for theith form of matter. For the purpose of this paper,
stronger than previously thought possible. Finally, we conit will suffice to approximate the geometry as Minkowski

V Vv
imv=0, lim—2=0, Im—=2=0..., @

p—o p—o \ p—» V,¢

i v
imV=c, lim-L=0o lim—=2=c.. ., (@

¢—0 ¢—0 ¢—0 V.

clude and summarize our results in Sec. X. space, that isg,,~7,,. This is valid provided that the
Newtonian potential is small everywhere, and that the back
II. THE INGREDIENTS OF THE MODEL reaction due to the energy density (’TIIS also small. This

latter assumption will be justified when we analyze post-
Focusing on a single scalar field for simplicity, the  Newtonian corrections in Sec. VII B.

action governing the dynamics of our model is given by For non-relativistic matter, one hgg)”Tﬂ)ﬁ ~7., where
M2 1 ‘bi is the energy density. However, we shall find it convenient
Szf d4x‘/_g(TP|R_ E(aqs)z—v(qs) to express our equations not in termsgf but rather in

terms of an energy density;=p;e*#¥/Mpi which is con-

. 0 ) served in Einstein frame. In other words,is defined so that
—j d* XL 1 9,0), (1 itis independent ofp. Equation(6) thus reduces to
whereMp,=(87G) 2 is the reduced Planck masgis the V2h=V ¢+2 Mﬁ_ipieﬁmwm_ (7)
' i PI

determinant of the metrig,,,,, R is the Ricci scalar ang/{})
are matter fields. The scalar fielt interacts directly with
matter particles through a conformal coupling of the form
efioMei. Explicitly, each matter fields() couples to a metric
g}, which is related to the Einstein-frame metgg, by the
rescaling

From the right-hand side of E{7), we see that the dy-
namics of¢ are not solely governed by(¢), but rather by
an effective potential

Verl( ) =V()+ 2 piefi?Me ®
gl =e?idMeg, 2)

which depends explicitly on the matter densjity. In par-
where g; are dimensionless constar{t85]. Moreover, for ticular, althoughV(¢) is monotonic,Ve¢; does exhibit a
simplicity, we assume that the differestf)’s do not interact minimum provided thaf3;>0. This is illustrated in Fig. 2
with each other. Note that E@l) is of the general form of for the case of a single compongntwith coupling 8. (One
low-energy effective actions from string theory and super-could equivalently consider the cagg,>0 andg;<0.) Un-
gravity, whereV(¢) arises from non-perturbative effects.  fortunately, known examples in string theory have, and
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\/;f Veff

FIG. 3. Chameleon effective potential for
large and small, respectively. This illustrates
that, asp decreases, the minimum shifts to larger
values of¢ and the mass of small fluctuations
decreasegLine styles are the same as in Fig) 2.

Large p Small p
B; occurring with the same sign. b is the modulus of an being perfectly spherical and having homogeneous density.
extra dimension, for instance, then one expects that0 Thus, consider a static, spherically symmetric body of ra-
andV ,— 0 in the decompactification limf28]; in this limit, dius R;, homogeneous densitp, and total massM.
the various masses of particles also tend to zero. =4wR§pC/3. In the case of the Earth, the latter can be ap-
We will denote by¢n,, the value assumed by at the  proximated by the characteristic terrestrial densjty
minimum, that is, ~10 g/cnt. We treat the object as isolated, in the sense that
8 the effect of surrounding bodies is neglected. It is not in
v 1S P aBidminMpi— (. 9 vacuum, however, but is instead immersed in a background
( min) Z Mp”' © of homogeneous density... In the case of solar system

objects, this models the fact that our local neighborhood of
Meanwhile, the mass of small fluctuations abdit, is 0b-  the galaxy is not empty, but rather filled with an approxi-
tained as usual by evaluating the second derivative of thﬂqate|y homogeneous component of baryonic gas and dark
potential atgpy;,: matter with densityp..=pg~10"2* g/cn?. In the case of a
baseball in the Earth’s atmosphepe, denotes the surround-

; ing atmospheric density,.= pm~10 3 g/cnt.

2. = . _I . ﬁi¢min/M
Mimin V'¢¢(¢m'”)+2 szlp.e oo (10 With these assumptions, E(Y) reduces to
Equations(9) and (10) respectively imply that the local d’¢ 2d¢ B BHIM
value of the field ¢, and its massn,,;,, both depend on F+ T W—V,¢,+M—Plp(r)e i 1D

the local matter density. Sindg,, is negative and monotoni-

cally increasing, whileV ,, is positive and decreasing, it where

also follows that larger values gf; correspond to smaller

dmin and largerm,,;,. This is illustrated in Fig. 3. The pe for r<R.,
denser the environment, the more massive is the chameleon. p(r)=
We will later see that it is possible fon,,;, to be sufficiently

large on Earth to evade current constraints on EP violationg§gte that we temporarily focus on the case wheress

and fifth force, while being sufficiently small on cosmologi- gssuyme the same valyg This is done for simplicity only,

cal scales foip to have interesting cosmological effects.  and the following analysis remains qualitatively unchanged
The upshot of our model, from a theoretical standpoint, iSyhen these are taken to be different. Moreover, this assump-

that the potential/(¢) need not have a minimum, nor does tjon will be dropped when we derive the resulting violations

the coupling constant need to be tuned to less than @0 of the EP in Sec. V. In other words, in the end we are not

satisfy EP constraintl0]. Quite the contraryV(¢) is as-  assuming that the theory is Brans-Didia9].

= 12
p. for r>R.. (12

sumed monotonic, whilg can be of order unity. Throughout the analysis, we denote By and ¢.. the
field value which minimized/q¢; for r<R. andr>R., re-
Ill. PROFILE FOR A COMPACT OBJECT spectively. That is, from Egqg9) and (12), we have

In order to study the observable consequences of our B
model, in particular with regard to EP violations and fifth V (o) + M—pceﬁd’c“"""=0,
force mediation, we must first understand the profile ihat Pl
acquires on Earth and in the solar system. Therefore, in this
section, we derive an approximate solution #in the case V() + ipmeﬁmll\ﬂ PI=00. (13
where the source is a compact object, which we idealize as ' Mp
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Similarly, we denote byn, andm,, the mass of small fluc-
tuations aboutp. and ¢.,, respectively. That ism.(m,,) is
the mass of the chameleon field insi@ritside the object.
Equation(11) is a second order differential equation and
as such requires two boundary conditions. Since the solution
must be non-singular at the origin, we requité/dr=0 at
r=0, as usual. Moreover, singe=p,, at infinity, it is natural
to impose¢p— ¢, asr—oo. This latter condition is physi-
cally sensible as it implied¢/dr— 0 asr —oo, and thus that
the ¢ force between the compact object and a test particle
tends to zero as their separation becomes infinite. To sum-
marize, Eq.(11) is subject to the following two boundary
conditions:

r

d¢
W_ at r=0,
FIG. 4. For large objects, thé field a distance >R. from the
center is to a good approximation entirely determined by the con-
¢p— ¢, asr—oe. (14 tribution from infinitesimal volume elementdV (dark rectangle
lying within a thin shell of thicknesd\ R, (shaded region This
A. Qualitative description of the solution thin-shell effect suppresses the resulting chameleon force.
Before solving this problem explicitly, it is useful to give AR,  ¢.— ¢
a heuristic derivation of the solution. Far outside the object, R = 6AMo D’ (16)
C :8 PI*c
r>R., we know that the chameleon tends ¢g., as re-
quired by the _second bour_ldary condition. There are t_hen W@hered = MC/871-M,23|RC is the Newtonian potential at the
types of solution, depending on whether the object is larggyface of the object. The derivation of EG.5) implicitly

(e.g., the Earthor small (e.g., a baseball The distinction  assumed that the shell was thin, that is,
between large and small will be made precise below.

Small objects do not generate large variationginrhus, AR,
their solution can be thought of as a perturbation on the
background solutiorb= ¢.,. Hence, one hag~ ¢.. every-
where in this case, including the interior of the object. We shall henceforth refer to this as the thin-shell condition.

Large objects, on the other hand, are strongly perturbing. Small objects, in the sense thaR./R.>1, do not have
Within the object,r<R., one finds that the chameleon a thin shell. Rather, their entire volume contributes to ¢he

<1. (17)

C

nearly minimizes the effective potential, and thiis= ¢.. . field outside, and thus the exterior solution is

Hence, the solution essentially extrapolates betwgenp. St

within the core andp= ¢, far outside. b(r)~ _( B )Mce ” + (18)
To be more precise, let us describe the exterior solution A7Mp, r -

(r>R,) for large bodies, assuming,.R.<1 for simplicity. o ) ) _
For this purpose, it is convenient to break up the object intdVhich is recognized as the Yukawa profile for a scalar field
infinitesimal volume elementsV and consider their indi- Of massm... Note that Eqs(15) and (18) differ only by a
vidual contribution to thep field. Well within the object, one thin-shell suppression factor &fR:/R.. To summarize, the
has ¢~ ¢., and the mass of the chameleon is large, exterior solution for a compact object is given by

>m,. Thus, the contribution from a volume elemed¥ B \Mge M AR
within the core is proportional to exp(mr) and is therefore P(r)y~— ( Y ) i + ¢, f R °>1,
exponentially suppressed. In other words, it contributes neg- VPl r c
ligibly to the ¢ field outside. This holds for all infinitesimal

o - ) B 3AR | M e~ ™M="
volume elements within the object, except for those lying ¢(r)%_( )( ) + e
within a thin shell of thicknesA R, near the surfaci30]; see 4mMp) Re r
Fig. 4. Thus, the exterior solution is obtained by summing AR
over all elements within this shell: if = ‘<1, (19
C
B 3AR \M e M= . , .
¢(r)%—(4 M )( = ) ; +¢., (15  with AR./R; defined in Eq(16).
VP ¢ The ratio (..— ¢.)/Mp P, which appears in Eq.16)
and determines whether or not an object has a thin shell, can
wherer is the distance from the center of the object. be interpreted physically as follows. Given a background
We will find in Sec. Il B that profile ¢(r), it is straightforward to show from the actigh)
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0 ¢

;,—"" Pinﬁ)fp(].’)q)/ Mp)

FIG. 5. The inverted potential-Vq¢; for a
compact object of radiuR. is discontinuous at
r=R. since the matter density equak p. for
r<R.; (b) p., for r>R;. The dots represent the
position of the particle at some value iof

e pexp(or vy

-V () Va0
ayr<R, b)r>R,

that the resulting chameleon force on a test particle of masthe limit r —oo, as desired(lt is easy to prove that suc;
M and couplingg is given by always existg. Thus the problem is reduced to determining
the initial value; .
Fo__ iMﬁqﬁ (20) In the end¢; will depend on the physical properties of the
b Mp, ' compact object, such as its density and its radiusRR;, as
well as on the various parameters of the theory, suclp as
It follows that ¢ should be thought of as a potential for this and the shape of the potential. Rather than first choosing a
“fifth” force. Thus, (¢..— ¢.)/Mp D, is the ratio of the dif- set of values fop., R., etc. and then solving fop;, we
ference ing potential to the Newtonian potential, and effec- will instead choose a range @f; and determine the corre-

tively quantifies how perturbing the object is for tiefield.  sponding region in theg ,R;, .. .) parameter space. More
precisely, we shall consider the two regimes € ¢.) < ¢,
B. Derivation and ¢;= ¢, and we will show that these correspond respec-

tively to AR./R.<1 andAR./R.>1. Anticipating this re-

To get an intuition for the boundary value problem atg ;" we refer to these two regimes #sn shell and thick
hand, it is useful to think of as a time coordinate anflas  gpq| respectively.

the position of a particle, and treat Ed.1) as a dynamical Thin-shell regime(¢;— ¢.) < ¢, . This corresponds té
problem in classical mechanics. This is akin to the familiarbeing released from a point very closedg. Sinced, is a

. . ; . . c
trick performed in bubble nucleation calculatiof8l]. I o5 extremum of the effective potential, the driving term
this language, the particle moves along the mvertgd potenti Vii/d¢ is negligible initially, and the dynamics are
—Verr, and the second term on the left-hand side of Edgyongly dominated by friction. Consequently, the field re-
(11), proportional to 7, is recognized as a damping t€rm. aing frozen at its initial valuey, ~ & for a long time, until

An important difference here is thatV¢ is “time” depen-  he friction force is sufficiently small to allow the particle to
dent sincep depends om. More precisely, the effective po- 11 we shall denote byR.o the “moment” at which this
tential undergoes a jump at time=R;, as illustrated ,.crs. Hence. we have

in Fig. 5.
The particle begins at rest, sinde/dr=0 atr=0, from d(H)~¢, for 0<r<Ry . (22
some initial value which we denote hy, :

=d(r=0 21 Whenr~R,,, the field is still nearg, but has now begun
Hi=4(r=0). 21) to roll. SinceMp||V‘¢|<BpeBd)/Mp| as soon asp is dis-
placed significantly fromp., as illustrated in Fig. 2, we may

For smallr, the friction term is large, and thus the particle is approximate Eq(11) in the regimeR, o <1 <R, by

essentially frozen a#h= ¢; . It remains stuck there until the

damping term, proportional to 1/ is sufficiently small to 5

allow the driving term,dV.:/d¢, to be effective. In other d_¢+ E d_¢% ip (23)

words, the amount of “time” the particle remains stuck near dr2 rdr Mp "%

¢ = ¢; depends on the slope of the potent@dV/.;/d¢, at

¢= ¢;. Once friction is negligible, the particle begins to roll where we have also assumgd/Mp<1. The solution to

down the potential; see Fig(&. Eq. (23) with boundary conditiong= ¢, andda/dr=0 at
It rolls down until, at some later time=R;, the potential r=R,,, is

suddenly changes shape#s) undergoes a jump from, to

p= [see Eq(12)]. But ¢ andd¢/dr are of course continuous Bpe [r2 R\ BpcR%,

at the jump, and the particle keeps rolling, this time climbing (=3 (E S B TV I

up the inverted potential; see Figbd. If the initial position Pl Pl

¢, is carefully chosen, the particle will barely rea¢h, in for Ry <r<R;. (24
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The full solution for 0<r <R, is thus approximated by Egs. AR,
(22) and(24). The approximation of separating the solution R >1 (32)
into the two regions &r<R,,, and R, <r<R, makes ¢
sense, however, only R.— R, <R., for otherwise there is
no clear separation between the two regions, and one need
solution valid over the entire range<0 <R...

At r=R., the energy density undergoes a jump from
to p.., as described by Eq12). For r>R;, the effective
potential is shown in Fig. ®), and the patrticle is climbing
up the hill. Since the speed of the particle is initially large
compared to the curvature of the potential, ELl) can be
approximated by

We conclude this section with a word on how the above
38iutions, which assumed homogene@uscan be general-
ized to the more realistic case of spatially varying matter
density. In most cases of interest, such as the interior of the
Earth for instance, we will find that the matter density varies
on scales much larger than the Compton wavelength of
the chameleon field in that region. More precisely, it is gen-

erally the case thaV log p(x)|<m within dense objects. If
S0, one can make an adiabatic approximation which consists

d2¢ 2 de of treatingp()Z) as a constant in the equations of motion. In

v togr =0 (25  other words, in this case one may simply substife(e) in
the expressions above.

whose solution, satisfyingg— ¢., asr—, is given by
IV. PROFILE FOR THE EARTH

— Mg (r—Rc)
d(r)~— Ce—c + .., (26) Since the most stringent constraints on possible violations

r of the EP derive from experiments performed on Earth, it is
important to discuss in some detail the profile thrinside
whereC is a constant and where we have used the fact thaind in the vicinity of the Earth. Admittedly, the model for
the potential is approximately quadratic negs ¢.. . our planet described below is rather crude, but is sufficiently
The two unknownsR,,; andC, are then determined by accurate to derive order-of-magnitude estimates of resulting
matching¢ andd¢/dr at r=R; using Egs.(24) and (26).  violations of the EP. More realistic descriptions can be ob-
With the approximation theR.— R, <R, it is straightfor-  tained for instance by using the adiabatic approximation dis-

ward to show that the exterior solution is cussed at the end of Sec. lll, or through numerical analysis.
The Earth is modeled as a solid sphere of radtus=6
B 3AR;\Mge™ ™" Rd) X 10° cm and homogeneous densipy, =10 g/cn?. Sur-
$(r)~- 47rMp, R. r t ¢, (27) rounding it is an atmosphere which we approximate as a
layer 10 km in radius with homogeneous denspy;n
with =103 g/cn. Moreover, we treat our planet as an isolated
body, neglecting the effect of surrounding compact objects
AR, ¢o—d. Re—Ru such as the Sun and the Moon. Furthermore, far away from
= ~ <1, (28)  the Earth, the matter density is approximated by the density
Re 68M P|(DC Re

of homogeneous gas and dark matter in our local neighbor-
hood of the galaxypg=10 2% g/cn?.

The setup is thus almost identical to that of Edl),
except that the matter density now has three phases instead
of two:

where we have substituted the Newtonian poterbial
Thick-shell regime¢;= ¢.. In this case, the field is ini-

tially sufficiently displaced from¢, that it begins to roll

almost as soon as it is releasedrat0. Hence there is no

friction-dominated regime in this case, and the interior solu-

tion for ¢ is most easily obtained by taking th&,;,;—0 pe  fOr 0<r<Re,

limit of Eq. (24) and replacingg. by ¢;. Matching to the p(r)=1 pam for Rg<r<Ryim, (32)

exterior solution as before, we obtain G for r>Ryim,

2
b(r)= Ppet +¢;, for 0<r<R, (299  Where Ryyn=R;+10 km. We henceforth denote by, ,
6Mp, darm and ¢g the field value that minimizes the effective
potential for the corresponding densities. Similanty,, ,
and Mam and mg are the corresponding masses.
8 Following the discussion in Sec. lll, the solution depends
. on whether or not the Earth and its atmosphere have a thin
é(r)~ (47T|V|p| +¢., for r>R..

M Cef m..(r —Rg)

r shell. As we will prove below, it is necessary that the atmo-
(30 sphere has a thin shell, for otherwise unacceptably large vio-
lations of the EP will ensue. In this case, one B&s i, in
Moreover, equating these two equationsr atR., we find  the bulk of the atmosphere. Moreover, since the Earth is
¢i=¢.,—3BP./Mp,. In particular, sincep;= ¢, and using much denser than the atmosphere, it follows that the Earth
the definitionAR./R.=(¢..— ¢.)/6BMp P, this implies itself has a thin shell, in which cask~ ¢, inside the Earth.
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From Eqgs.(16) and (17), the thin-shell condition for the AR,  ¢c— damm
atmosphere reads R, = 6AM o,

1077, (34)

This condition, which ensures that the atmosphere has a thin
shell, will play a crucial role in the analysis of tests of grav-
ity in the following sections. The exterior solutiorr,
>Ram, IS then given by Eq(27) with m,=mg and ¢.,
=g
where ® 4= pamR2./6M3,. We can refine this bound by

ARatm _ d’G_ (;batm
Ratm 6ﬂM qu)atm

<1, (33

; - | B 3AR, \M e Me(" ~Raim
noting that, in order for the atmosphere to have a thin shell, ¢(r)~— + ¢ .
clearly the thickness of the shell must be less than the thick- 4mMp Re r 35
ness of the atmosphere itself, which~s10 °R,,,,. Hence (39
this requiresAR,im/Raim=10"3. Using the fact thap,m To summarize, the solution fogp for the Earth and its
~10 *p,, and thus®,,,~10 *®,, we can write this as atmosphere is well approximated by
do for 0<r=Rg,
Pat for Rg=r=Rm.,
d’(r)% atm Ry &) atm (36)
B 3AR; \Mge Mell ™ Fat
- +¢g for r=Rym,
A7Mp |\ Rs r
|
whereAR, /R, is defined in Eq(34). used in the EBWash experimenf9]. For 8 of order unity,

It remains to show that tests of the EP require the atmowe see from Eq.(37) that this violates the boundy
sphere to have a thin shell. The proof proceeds by contradic<10 3. It follows that the atmosphere must have a thin
tion. Suppose that conditiof84) is violated and instead we shell.

have
V. SEARCHES FOR EP VIOLATION AND FIFTH FORCE
AR, ON EARTH
>10"7. (37 _ _ _
Re The tightest constraints on our model derive from labora-

. tory tests of EP and searches for a fifth fof&17]. Since
We can therefore ignore the atmosphere altogether, and thgese experiments are usually done in vacuum, we first need
the ¢ profile in the laboratory is given by E¢35): to derive an approximate solution for the chameleon inside a

B 3AR.\M vacuum chamber. For simplicity, we model the chamber as a
b(r)~— $>_@+ s for r=R,, perfectly empty, spherical cavity of radi,,.. In the ab-
4mMp) Re r sence of any other parts within the chamber, and ignoring the
(38 effect of the walls, the equation fap is given by Eq.(11):
where we have neglected the exponential factor since d2¢ 2dg B
mgR;<<1, as we will see in Sec. VI. From E@20), this —+———=V 4+ ——p(r), (41)
profile results in a fifth force on a test particle of madsand drz2 rdr @ Mp

coupling §; of magnitude where we have assumeglp/Mp;<1 as we did throughout

3AR MM Sec. lll, and where
|F¢|=2ﬁ’ﬂi( = ®) - (39)
[S7]

877M2p,r2' 0 for r<R,ac,

p(r)= (42)

. , . Patm for Tr>Ryac.
Supposing that th@;’s are all of orderB but assume differ-
ent values for different matter species; then the resulting difThe boundary conditions are the same as in Sec. Il
ference in relative free-fall acceleration for two bodies ofd¢/dr=0 atr=0 and¢— ¢,m asr— .

different composition will be The solution within the vacuum chamber is analogous to
the solution for a compact object with a thin shedee Sec.

III). In both cases, due to the large density contrast between
the object or the vacuum cavity and its environmeminust
start atr =0 from a point where it can remain almost frozen
where 7 is the Edvos parameter, and where the numericalfor the entire volume; that is, for9r <R in the case of the
coefficient is appropriate for Cu and Be test magd€§, as  overdense object and<Or <R, . for the vacuum cavity. For

|a1_a2| ~1 4 ZARGB
a;+a, Re ’

n= (40)
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a compact object, this freezing point lies naturally near the M2 e "R
local extremume= ¢, of the effective potential. For the V(r)= —Zﬁz—cz (47)
vacuum chamber, the effective potential has no extremum for 8mMp, T

r<R,ac (since p=0 therg, and thus the only way) can
remain still is by starting from a point where it will be fric-
tion dominated for almost the entire rangelf<R, .. In
other words the curvature of the potential at that point mus
be of orderR;aZC, that is, this freezing point corresponds to a

value ¢= ¢, Where the mass of small fluctuatioms, .,
; -1
e e ice solution to Eq4D) depends of AR: _ Foac” e
t t t ; =
ile the precise solution to E¢41) depends of course R, 68Mp®,

on the details of the potential, numerical analysis confirms

the above qualitative discussion: o In this case, their field profile is given by EL5):
The chameleon assumes the valgie- ¢,,. within the
B ><3ARC

vacuum chamber, wher@, ,. satisfies
=\ 2oy | TR

Myac= V44 pac) =Ryac- (43 _ _ .
and the corresponding potential energy is

That is, ¢,4c is the field value about which the Compton

Comparison with Eq(44) shows that the coupling strength is
a=2[2 in this case, which clearly violates the bound in Eq.
{45 for g~0O(1).

Hence it must be that the test masses have a thin shell,
that is,

<1. (49)

Mce_r/Ruac
r

t dbpac, (49

wavelength of small fluctuations equdks,, the radius of V(r)= _232<3ARC)2 M2 e Ruac (50
the chamber. R, 81-rM§,, r
Throughout the chambet) varies slowly, with|d¢/dr|
= dpac/Ryac- Once again comparing with E¢4), we find that the bound
Outside the chamber the solution tendsdtg,,, within a  in Eq. (45) translates into
distance ofm,,;, from the walls. ,
These generic properties are all we need for our analysis. 2B2( 3A Rc) —10°2, (51)
C

A. Fith force searches Note that, for8=0(1), this constraint implies that the thin-

The potential energy associated with fifth force interac-shell condition in Eq(48) is satisfied.

tions is generally parameterized by a Yukawa potential: To make the conditio51) more explicit, note that a typi-
i cal test body used in Hoskiret al. had massvi;~40 g and
N MM, e (44) radiusR.~1 cm, corresponding t@.~3x 10, Substi-
g7M3, T tuting in Eq. (48) and assumingp,,.> ¢., we obtain the
constraint
whereM; and M, are the masses of two test bodiess bya=10"28 Mp,, (52)

their separationg is the strength of the interactigwith «

=1 for gravitational strenghand\ is the range. Null fifth-  which ensures that the current bounds from laboratory
force searches therefore constrain regions in thex] pa- searches of a fifth force are satisfied.

rameter spacésee Fig. 2.13 of17]).

_ As_dis_,cussed above, the rangeof ¢-mediated intergc— B. Tests of the EP
tions inside a vacuum chamber is of the order of the size of ) ) ) L
the chamber. That isS\~R,,,. For A\~10 cm-1 m, the Turning our attention to the magnitude of EP violations
. v - L

inside our vacuum cavity, we recall that the solution &r
inside the chamber satisfies

d¢o
dr

tightest bound on the coupling constamtfrom laboratory
experiments is from Hoskinst al. [32]:

- ¢uac

RU ac

<1073, (45)

(53

Now consider two identical test bodies of uniform density
pe, radiusR; and total mas#/ .. If these have no thin shell,
then they each generate a field profile given by @8&) with

From Eq.(20), this yields an extra component to the accel-
eration of magnitude #/Mp)) ¢, ac/Ryac. For Cu and Be

- dm.—R-L test masses, as used in thet®dash experiment9], this
b= hpac ANAM. =R, 5 yields an E¢vos parameter of
B MC eir/RvaC MP|R2 ¢
~—| —— R . . — 4 @ vac
é(r) (47T Mo T buac (46) n~4ml0p—— = (54)
53] vac
Dropping the irrelevant constant, the resulting potential enSubstitutingR, ,.=10 cm and8~0O(1), the E¢-Wash con-
ergy is straint of »<<10™ 3 translates into
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Gpac=10"26 Mp,, (55) M=[n(n+1)]" V&M 13VE+M. (1 mm)~L. (62

which is a much weaker constraint than E§2) and thus

: , We thus see that, farand 8 of order unity, Eqs(59) and
will henceforth be ignored.

(62) both constrainM to be less than approximately an in-
verse millimeter, or 10° eV. It is remarkable that this is
VI. RESULTING CONSTRAINTS ON MODEL also the mass scale associated with the cosmological con-
PARAMETERS stant or dark energy causing the present acceleration of the
r+miverse[24]. Granted, this is tiny compared to typical par-
icle physics scales, such as the weak or the Planck scale, and
thus our potential56) suffers from fine-tuning. Neverthe-
less, it is our hope that whatever mechanism suppresses the
V(g)=M**"p™", (56)  scale of the cosmological constant from its natural value of
10 GeV down to 102 eV might also naturally account for
whereM has units of mass andis a positive constant. As the energy scale characterizing our potential.
mentioned earlier, potentials of this form have the desired The above constraints can be translated into bounds on
features for quintessence models of the univgsd. We  the range of chameleon-mediated interactions in the atmo-
will find that the energy scal#! is generally constrained to sphere tn,,.), in the solar systemni;*) and on cosmologi-

be of the order of (1 mm)*. We then discuss the resulting cal scales todaynf, *). From Eq.(10), these are given by
bounds on the interaction range in the atmosphere, in the

In this section we summarize the constraints derived i
the previous sections and apply them to a general power-la
potential

solar system and on cosmological scales. B2
. Broad considerations of EP V|0I§1t|on lead us to conclude mgtm:V,¢¢(¢atm)+ _Zpatmeﬁ¢atm/MPl,
in Sec. IV that both the Earth and its atmosphere must have Pl

a thin shell. This resulted in the constraisee Eq.(34)]

AR&B _ b6~ Patm

BZ
M&=V golbe) + 7 poetre e,

— — 7
R, 68Mpd, 1077 57) Pl
Recall that, by definitiongg is the value of¢p which mini- B2
mizes the effective potential with=pg, i.e., V 4(dg) mg:V’¢¢(¢o)+_2poeﬁ¢0/MPI, (63
+ BpgeP?eMPiIMp,=0. AssumingB¢s/Mp ;<1 and sub- Mp

stituting the power-law potential of E456) gives

n M4+nM F‘I) 1/(n+1)
Bpc

wherepo~10~2° g/cn? is the current energy density of the
universe andpg is the corresponding value @f on cosmo-
logical scales. Substituting the above boundsMnit is
straightforward to show that, for<2 andg of order unity,

=

(58)

With pg=10 24 g/cn? and® =109, it is then straightfor-

ward to show that Eq(57) can be rewritten as a bound dh m. =<1 mm-1 cm,
6n+1 1/(n+4)
M<( ) ’B(n+2)/(n+4).10(15nf7)/(n+4).(1 mm)*l. mélslo_ld AU
n )
(59 .
my '<0.1-1G pc, (64)

Then, in Sec. V, we studied laboratory tests of the EP and

fifth force, includ_ing the fact 'ghat these are performed inyynere the numbers on the fight-hand side depend somewhat
vacuum, and derived the condition on the value ofi and (recall that 1 AU=1.5x 10" cm and
128 1 pc~3x 10 cm).
vac=10" "M, (60 Thus, while ¢ interactions are short range in the atmo-
where ¢, is the field value about which the Compton SPhere(short compared to the size of the atmosphetteey
wavelength of small fluctuations is of the order of the size of2"€ rather long range in the solar system. In particular, it is
the vacuum chambeR, ... Applying Eq.(43) to the power-  Possible for the scalar field to be essentially free on solar

law potential yields system scales. This striking difference in behavior of the
field in space compared to Earth is an original ingredient of
R;azc: 10 %8M32,=n(n+ 1)M4+”¢;a(2+2), (61)  our scenario and, as we will show in Sec. IX, can lead to

unexpectedly large signals for EP and fifth force experiments
where we have assum&],.=1 m=10*M for concrete- to be performed in orbit in the near future. On cosmological
ness. It is easy to see that smaller valuesRpf. result in ~ scales, we see that a power-law potential implies an interac-
weaker constraints, and this is therefore a conservativion range which is smaller than the present size of the ob-
choice. It is then straightforward to show that E§2) re-  servable universet,*~10° pc. It follows thatm, is too
duces to large for ¢ to be rolling on cosmological time scales today. A
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general study of potentials and their viability for quintes- Substitutingb,=10"%, ®,=10"° and®,,,,=10 %, this
sence models of the universe will be presented in a futurgives a difference in free-fall acceleration of

paper([24].

AR, \?

—@) <p2.10° 14 (69)

&

|aMoon_ aea| .
VIl. SOLAR SYSTEM TESTS OF GRAVITY ay

ﬁZ

In this section, we discuss the constraints on scalar-tens%here we have used E(B4) in the last step. This satisfies
theories from planetary orbits, in particular from solar SYS-the bound in Eq(65) for reasonable values (ﬁ

tem tﬁlStS of the EP and f|f§th fo\r/ci{ISI??c.I V”hA)’ a‘; well as We next consider solar-system tests of the existence of a
post-Newtonian cqrr_ectlor( ec. ). In s nort, these CoNn- g force. Deviations from a 17 force law, for instance due
straints are all satisfied because large bodies, such as the the exponential factor in Eq44), contribute an anoma-

ahnd thfe Earéh, all havE a thin shell which greatly SUPPresseg s component to the perihelion precession of planetary or-
the ¢ force between them. bits in comparison with the predictions of GR. For instance,
lunar laser-ranging measurements lead to the consteaint
A. Solar system tests of EP and fifth force <10 Ofor a fifth force with range. ~10° m [34]. A similar
. . . 79
Precise measurements of the lunar orbit from laser rang@nalysis for the orbits of Mercury and Mars gives=10
ing constrains the difference in free-fall acceleration of thefor the rangex~1 AU [35]. (Not surprisingly, these tests are
Moon and the Earth toward the Sun to be less than approxmost sensitive to a fifth force whose range is of the order of
mately one part in 18 [8]. That is, denoting their respective the distance between the Sun and the orbiting bddyour

acceleration byay,o, anda, , we have model, thes:_a celestia_ll objects are all subject to the thin-sh_ell
effect, and, just as with the EP analysis above, the screening
lapoon— 8ol 13 mechanism makes the constraints from perihelion precession
—ay =10~ (65 trivial to satisfy.
whereay, is the Newtonian acceleration. B. Tests of post-Newtonian gravity

the Sun, Earth and Moon are all subject to the thin sheltions, consider thep profile due to the Earth given by Eq.
effect. We have already imposed that the Edethd its at- (35

mospherg have a thin shell. So must the Sun, therefore,
since its Newtonian potential is larger than that of the Earth. B 3ARg\ Mg

Hence we need to show only that the same holds true for the P(r)~— ( M ) ( R ) -~ t¢e, (70)
Moon. But, assuminggg> dmoon. this trivially follows P N
from Eq. (34):

where we have neglected the exponential factor. Comparison
with the expected profile if there were no thin-shell suppres-

ARpoon ARg @y 105 (66)  Sion. given by Eq(30), we see that the exterior solution
Rmoon Re Pmoon ' above corresponds to that of a massless scalar with effective
coupling

where we have use®,=10"° and®oon=10 1%

Hence theg profile outside each of these bodies is given
by Eg. (27) with m.=mg and ¢..= ¢g. Assumingmg*
>1 AU, since this yields maximal violation of the EP, it is
then straightforward to show that the acceleration of theyvhere in the last step we have used the condition that the

AR, B
ﬁeff:3/3—R <3BX1077, (71)
(3]

Earth toward the Sun is given by atmosphere has a thin shébee Eq.(34)]. Treating our
model as a Brans-Dicke theory with effective coupling con-
B 5 AR\ [ARg stantBq¢ given above, which is a good approximation in the
as=an'|1+188 R. Ro solar system since the chameleon behaves essentially as a
) free field, it is straightforward to show that the corresponding
. [ 1+18,82(AR® %] 67) effective Brans-Dicke parametengp, is given by[8]
Rs | ®o
1
— 2n0—2
while for the Moon 3+2“’BD_2 5~ =6x10 : (72)
eff
amoon=an-{ 1+ 1832<ARM°°“ ARo ] The tightest constraint on Brans-Dicke theories comes from
Rmoon /| Ro light-deflection measurements using very-long-baseline radio
2 2 interferometer{8]: wgp>3500. We see that this is easily

il ] (68)  satisfied in our model. Similarly, one can show that the con-

[ 1+ 18,82( ARy
~ap- .
N Re | PoPmoon straint from the decay of the orbital period of binary pulsars,
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wgp>100, is trivially satisfied(Note that density-dependent o[ Pc— Paim
effective couplings were previously noted in a different con- Az=-128 N AD, (79
PIPe
text [33].)
from which we can read off the corresponding valueyof
VIIl. TESTS OF THE STRONG EP
AR
Our discussion of the EP has so far been restricted to the |y| = 1282 R ® <p2x 1078 (76)
(5]

weak EP, which essentially states that the laws of gravity are
the same in any inertial frame. General relativity, however
satisfies a stronger version of the [, in the sense that all

laws of physics, including non-gravitational interactions, as- " i . ,
physICS, JINg Non-gre > Time variations of coupling constants are constrained by
sume the same form in any inertial frarflecal Lorentz in-

variance, and the various parameters describing these nor}geODWS'C"’1I measuremerigich as the Oklo Nuclear Reac-

gravitational forces, such as the fine-structure constant, arg’ [37]), by the study of absorption lines in quasar spectra

independent of space and tinfcal position invariance and by nucleosynthesis. Recent analysis indicates that the
(LPI)% P P fine-structure constant has evolved by more than one part in

At any space-time event, one can find a coordinate systen1105 over the cosmological redshift range 6.2<3.7 [5],

in which the Einstein-frame metricg,, equals the thus suggesting that LPI does not hold in the Universe.

inkowski . . Il oth (0 In our scenario, the various coupling constants are deter-
.Mm. OWsKI m_etrlc 7y - Since all other metricy,, appe(%r- mined by¢, whose value depends on the local density. Thus,
ing in the action(1) are conformally related tg,,,, all 9., eyen though the coupling constants may vary on cosmologi-
are proportional tay,,, in this frame. All laws of physics are  ¢5| scales today, the fact that the density of the Earth is
therefore Lorentz invariant at that space-time event, and thygonstant in time implies that the various couplings measured
our model satisfies local Lorentz invariance. on Earth do not vary significantly. In particular, this implies

_The most stringent constraint on spatial variations of coUihat constraints from the Oklo Nuclear Reactor are easily
plings comes from the Vessot-Levine experimga8] which g\ aded in our modelSee[38] for a related discussion of a
measured the redshift between a hydrogen-maser clock flowé]bnsity-dependent fine-structure constant.

at an altitude of 10km and another one on the ground. Ina |, any case, we find that the time variation of coupling
theory which has LPI, as in GR, the redstift given by the  oonstants and masses on cosmological scales is very small in
difference in _Nevvtonlan potenh_ald) _between th_e emitter  the case of the power-law potential of E&6). To see this,

and the receivef36]. As shown in Will[8], LPI violations  consider once again a constant mass seglein the matter
generate an extra contributidre to the redshift, of the form  f3me  with correspondingn( ) =e#*Meim() in the Ein-

stein frame. Hence, the time variationof ¢) between nu-

This comfortably satisfies the Vessot-Levine bound| gff
<104

Az=y-AQD, 73 cleosynthesis and the present epoch, say, is given by
wherevy is a constant that depends on the Newtonian poten- Am 5
tial of the emitter, withy=0 corresponding to the case of no e S (77)
LPI violation. The bound from the Vessot-Levine experiment m| Mg
is | y|<10%.

To estimatey in our case, recall from Eq2) that a test WNere ¢gey is the value of¢ at nuclgosynthesL%nqun the
particle of the matter fields{}) follows geodesics of the met- power-law pote<nt|al con_sidere.d earlief(¢) =M """,
ric 9!} related to the Einstein-frame metrg,, by g¢), the bound ofM=(1 mm)"* derived in Sec. VI gives
—e?fi¥/Mpig . Thus, a constant mass scaté’ in the ) Am
frame is related to ap-dependent mass scate(¢) in the ‘W =px10 1, (78)
Einstein frame by the rescaling(¢)=ef*Mpim()_ Simi-

larly, a gy, clock with frequencys(") is measured in Einstein which satisfies all current astrophysical and cosmological

frame to have a frequency( ¢) = e#i#Mei,(), bounds. In particular, it appears that the power-law potential
~ AssumingB¢/Mp <1, the ¢ dependence of therefore  cannot account for the variation of the fine-structure constant
yields the following extra contribution to the redshift: reported by Weblet al.[5]. A more detailed analysis of time
8 variation of coupling constants in our model, including more
Az~ — M_F,,M(re”‘)_ B(r o], 74) general potentials, will be presented elsewter.

IX. NEW PREDICTIONS FOR NEAR-FUTURE SATELLITE

where we have dropped the superscrip}f, (and where EXPERIMENTS

rem (ree) is the distance between the emittezceivej and

the center of the Earth. For the Vessot-Levine experiment, Our scenario has the remarkable feature that the physical
we haver,~10* km~2R, andr..=R,, and it follows characteristics of the scalar field can be very different in the
from Egs.(36) that ¢(r o) =~ g and d(rec) =~ darm. respec-  laboratory than in space. We have seen, for instance, that the
tively. SinceAd~d /2 in this case, massaging E/4)  range of the interactions it mediates is of order 1 mm in the
gives atmosphere while being greater than 10 AU in the solar sys-
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tem. Hence, as we will show in this section, the predictedThis constitutes a wide region in parameter space. Following
strength of EP violations and fifth force can be strikingly the analysis of Sec. VI, for a potentis(¢)=M* "¢ "
different in orbit than in the laboratory. This is particularly with n=1/3 and8= 10, this requires the range of interac-
interesting as this decade should witness the launch of sevions in the atmospheren,,.,, to be anywhere between
eral satellite experiments that aim at making these measure:1 xm and 1 mm.

ments. Three of them, namely STEP, GG and MICRO- Therefore, if the inequality in Eq(79) is satisfied, the
SCOPE, will test the universality of free fall with respective scalar fieldg is only slightly perturbed by the satellite, and
expected sensitivities of 10% 107" and 10°*° for the  thus the field value within the capsuleds- ¢ . Moreover,
Eotvos parameten. Another satgllite, the SEE Project, will since mgl is much |arger than the size of the Sate”it;&,
further attempt to measure a fifth force between two teshehaves as a massless field. Hence, if the test bodies have
bodies in orbit. massM; and couplingB;, i=1,2, they will experience a

In this section we will shqw that, for a wide range of total force, gravitational plugy mediated, given by
parameters, our model predicts that these satellite experi-

ments will see a strong signal. It is in fact likely that the GM.M
signal will be stronger than previously thought possible ||:|=—2(1+231,32), (81)
based on laboratory measurements. For instance, the SEE r
capsule could detect corrections to the effective Newton’s
constant(including fifth force contribution of order unity ~where we have restored Newton’s constar®
compared to the value measured on Earth or inferred frome (87M3,) L. This implies, therefore, that the SEE satellite
planetary motion. Moreover, STEP, GG and MICROSCOPEwill measure an effective Newton’s consta.;=G(1
could measure violations of the EP wigh>10 '3 whichis  +28,8,), which differs by order unity from Newton's con-
larger than the current bound from tkground-basedEct-  stant measured on Earth
Wash experiment. Such outcomes would constitute a smok- Since this is an important prediction, let us summarize
ing gun for our model, for it would otherwise be difficult to how it was obtained. First of all, the key ingredient is that the
reconcile the results in space with those on Earth. SEE experiment is performed in orbit, where the range of
Let us begin with the SEE satellite, which will orbit the ¢-mediated interactions is greater than 10 AU. Thus, small
Earth at an altitude of approximately ®lBm. This multi-  perturbations inp are essentially massless on the scale of the
faceted experiment will test for deviations fronr4in the  capsule, and therefore the force law between two test bodies
force law, search for violations of the EP and measure Newis proportional to 172 to a very good approximation. A sec-
ton’s constan® to one part in 10. This will be achieved by ond crucial condition is that there is no thin-shell effect
accurately determining the orbit of two test masses as thewithin the satellite, as expressed in E@9). This ensures
interact gravitationally with each other and with the Earth.that there is no suppression of the fifth force, and the cou-
For our purposes we shall focus on the expected valu®, of pling strength is therefore of ordg@?®. Hence, forg of order
including the contribution from the fifth force mediated by unity, the effective Newton’s constant receives large correc-
¢. tions from the fifth force mediated by. As mentioned ear-
We first show that it is possible for the satellitdt to  lier, such an outcome would constitute strong evidence that a
have a thin shell. This is desirable in this case in order tanechanism of the kind we are proposing is at play in nature.
maximize the signal. That is, we derive the conditions under Our model also has surprising implications for satellite
which ARgge/Rsee>1 holds for the SEE capsule. Accord- experiments that aim at measuring EP violations in orbit,
ing to the current design, the satellite will have a total massuch as MICROSCOPE, GG and STEP. These experiments
of ~2000 kg and an effective radius &sge~2 m (al-  will attempt to measure a difference in free-fall acceleration
though it has cylindrical symmetry, we approximate the cap-between two concentric cylinders of different composition
sule as a sphere of equal volume for simplicitfhus its ~ with expected sensitivities of one part in'$010'” and 168
Newtonian potential isbgge~10 2*~10 1D, . Moreover, respectively.
at an altitude of 1000 km, the chameleon field assumes the We focus on the STEP satellite for concreteness. Although
value ¢(rsgp ~ ¢, as seen from Eq35). Therefore, the EQq. (79 pertains to the SEE capsule, a similar condition is
conditionARgge/Rsge>1 requires obtained for STEP, since its physical characteristics are not
too different from those of SEE. Hence, there is no thin-shell
AR effect if Eq.(79) holds, and thep profile within the satellite
— %101 (79 is well approximated by Eq35). It is then straightforward
Re to show that the Bwos parameter for Be and Nb test cylin-
ders, as appropriate for STEP, is given by

Combining this with the condition that the atmosphere have
a thin shell, Eq.(57), we find that the allowed range for ~10’4,82AR® 82
which the SEE satellite wilhot have a thin shell is K Re

Combining with Eq.(80), we find the allowed range

5 ARy
10 P<——<10". (80) 3
Re B2Xx 107 19< < g2x 1011, (83
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which falls almost entirely within the range of sensitivity of experiments that test gravity in space. It was argued that the
STEP. Moreover, we see thatcan be larger than 1% the  SEE Project could measure an effective Newton’s constant
current bound from experiments performed on Eq&h In  drastically different than that on Earth. Meanwhile, the MI-
other words, it is possible that MICROSCOPE, GG andCROSCOPE, GG and STEP satellites could detect violations
STEP will measure violations of the EP stronger than cur-of the EP stronger than currently allowed by ground-based
rently thought to be allowed by laboratory measurementsexperiments. Either outcome would effectively constitute a
This is another striking manifestation of the fact that scalamproof of the existence of chameleons. More importantly,
field dynamics in our model are very different on Earth thanthese possible surprises for space experiments will hopefully
in orbit. strengthen the case for launching these satellites.
Also, the door is open for conceiving of new table-top
X. DISCUSSION experiments to probe for the existence of chameleons, for
_ o _instance by exploiting the fact that the properties of chame-
In this paper, we have presented a novel scenario in whicfsons are sensitive to the surrounding matter density. For
both the strength and the range of interactions mediated by @&ample, one could imagine doing atomic physics experi-
scalar field¢ depend sensitively on the surrounding environ-ments inside or in the vicinity of a massive oscillating shell
ment. In a region of high density, such as on Earth, the masgf matter. These oscillations would induce a time depen-
of the scalar field is sufficiently large, typically of order gence in the profile of the chameleon and thus in the fre-
1 mm*, to evade constraints on EP violation from labora-quency of emission line@1]. It would also be interesting to
tory experiments. Meanwhile, the field can be essentiallynyestigate the behavior of the field at intermediate altitude,
free on solar system scales, with a typical Compton wavefor instance at about 40 km where balloon experiments take
length of 100 AU. . o ~_ place. This would require a more realistic modeling of the
We have argued that our scenario satisfies all existingtmosphere than presented here. Such an analysis could re-
bounds from ground-based and solar-system tests of gravityea| that it may be possible to detect chameleons by per-
It will be left for future work to study our model in the forming gravity experiments in balloorig2].
context of strongly gravitating systems, such as black holes
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