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DBI Chameleon Gravity

Burin Gumjudpai'? * and John Ward?:!

"TPTP, The Institute for Fundamental Study, Naresuan University, Phitsanulok 65000, Thailand
?Thailand Center of Fxcellence in Physics, Ministry of Education, Bangkok 10400, Thailand
I Department of Physics and Astronomy, University of Victoria, Victoria, BC, V8P 1A1, Canada
(Dated: August 21, 2011)

DBI dark energy motivated from open string constructions is considered here with chameleon
mechanism. The chameleon interaction can be suppressed in laboratory experiments, due to mass de-
pendent on local matter density environment. We found the DBI equation of motion with chameleon
term in both cosmological case and static spherical symmetric case. The static case solution is found
using exponential integral function for small field velocities and relativistic limits. Assuming run-
away potential V(¢). The tension T(¢) = To(1 + ¢?/M*?)? for a spherical compact body, the DBI
chameleon will lead infinite series in 1/7‘”"2 correction to Newton’s law The Eddington parameters
and constraint for laboratory are calculated here for objects, e.g. the sun and 40 cm sphere.

PACS numbers: 98.80.Cq

I. INTRODUCTION

Present cosmic accelerating expansion was spotted by various observations, for example supernovae type Ia [1],
cosmic microwave background anisotropies [2, 5], large scale galaxy surveys [3] and X-Ray source [4]. However, the
acceleration can not be understood in the framework of standard cosmology. Proposals to explain this acceleration
made till today could be, in general, categorized into three ways of approach [6]. In the first approach, in order to
achicve acecleration, we need some form of scalar fluid so called dark energy with equation of state p = wp where
w < —1/3. Various types of model in this category have been proposed and classified (for a recent review see Ref.
[7, 8]). The other two ways are that accelerating expansion is an cffect of backreaction of cosmological perturbations
[9] or late acceleration is an effect of modification in action of general relativity. This modified gravity approach
includes braneworld models (for review, see [10]). Till today there has not yet been true satisfied explanation of the
present acceleration expansion.

Although the simplest way to explain this behavior is the consideration of a cosmological constant [11], the known
fine-tuning problem [12] led to the dark energy paradigm. The dynamical nature of dark energy, at least in an effective
level, can originate from a variable cosmological “constant” [13], or from various ficlds. such is a canonical scalar field
(quintessence) [14], a phantom field, that is a scalar field with a negative sign of the kinetic term [15, 16], or the
combination of quintessence and phantom in a unified model named quintom [17]. Finally, an interesting attempt
to probe the nature of dark energy according to some basic quantum gravitational principles is the holographic dark
energy paradigm [18] (although the recent developments in Horava gravity could offer a dark energy candidate with
perbaps better quantum gravitational foundations [19]).

Inflation driven by the open string sector through dynamical Dp-branes recently is of interest, so-called DBI
inflation [20, 24]. The model lies in a special class of K-inflation models. It was originally thought that such models
yielded large levels of non-Gaussian perturbations which could be used as a falsifiable signature of string theory [21}.
However subsequent work has shown that this is not in fact the case, and that the simplest DBI models are essentially
indistinguishable from standard field theoretic slow roll models [26, 28, 29]. However, that the models proposed in
[25, 29] evade such problems. The problem is that the WMAPS5 dataset imposes very tight constraints on the allowed
tuning of the free parameters in the theory. We are then left with the choice of either having large non-gaussianities
but with vanishing tensors, or assume that the tensor spectrum will be visible - in which case there is no non-Gaussian
signature. The models are only falsifiable once these conditions are relaxed. One can get around these conditions by
considering more complicated models such as multi-field, multiple branes [27], wrapped branes [30] or monodromics
[31] -~ but even here there are still problems with fine tuning, backreaction and the apparent breakdown of perturbation
theory in the inflationary regime [32].

*Electronic address: buring@nu.ac.th
fBlectronic address: jwa@uvic.ca



DBI models may still have some use as an explanation for a dynamical equation of state. Moreover this fits in
nicely with several intuitive ideas from string theory. Namely that inflation can still occur, albeit only through the
closed string sector. This suggests that dark energy may well be a dynamical process, and moreover in the light
of these open string constructions, retains a sense of being geometric in nature. Therefore DBI-driven dark energy
comes on stage as [33, 34] which dealt with the dynamics of a solitary D3-brane moving through a particular warped
compactification of type IIB. )

Coupling between the dark sectors is somehow possible. However this could create fifth force which is not seen in
nature. A mechanism to suppress this force is through ”chameleon mechanism” [35]. The chameleon model is a scalar-
tensor theory of gravity, in which the scalar field couples non-minimally to the metric, this reduces effective mass of
the scalar field to be in order of Hubble parameter. The scalar ficld coupled to the metric tensor causes violations
of the equivalence principle and can produce fifth force effects if the scalar field is massive but the chameleon model
the scalar field couples to matter in a non-minimal way. This allows the chameleon interaction to be suppressed in
laboratory experiments, because its mass depends on the local matter density environment.

It is possible that at foundation, the theory of gravity could be made up from open string constructions giving
DBl-kinetic term at the same time, there could be chameleon mechanism to reduce the mass of DBI scalar field so
that the fifth force effect is reduced. In this report, our circa is to investigate DIBI chameleon dark energy and its
dynamics in various aspects.

II. DBI ACTION

Let us begin with the following action for a BPS D3-brane localised in a warped compacification of type IIB string
theory. We will also assume the existence of a matter sector coupled to the world-volume theory of the brane. The
resulting action can then be written in the form

Sy = / dizy=g <T<(/s>w<¢> 1- %Y T<</>>+V<(/>>> (1)

This is the generalised Dirac-Born-Infeld (DBI) action where

s 1
N = -59“”0,1(/)0,@ ::—§(v(/))2
e
I S Wit —e
o
and here
Vi |l (2)

for « usual DBI action. One can find that

Sgb:./d‘lgz;ﬁ[-:r(lu1)4/} (3)

where
1
T=—" 4
7@ W
and [{¢) is warped factor. For AdS throat,
X A
f(é) = el (5)

Combining Einstein-Hilbert, matter fickd and DBI scalar field,
5 = /('1’1:1:{5;51.1 4 Lo+ \F_a[f TI 1) - v” , (6)

This can read

, M2 ‘ 1
> = /(#-”’ -9 (%R - ](¢)(I o 1) - V(d)) + 7::(‘;5771.(7/1771,»!7/U/)> (7)



where R is the Ricci-scalar, v, is a matter field and we have defined Jordan frame metric

glu/ - 626(’b/1\'11)glw' (8)

The kinetic term for the scalar fleld ¢ is encoded in the DBI-part of the action (=1 (I' — 1)). Variation of the action
with respect to the scalar field results in the Euler-Lagrange equation,

5Ly Oy oL, 1
" [MWJ -0 )

s 0
We can also include matter term into the Euler-Lagrange equation as well. After long and very detail calculation, we
have found that

8£d>+m T . - .
SR - g | e (DD 1) — V) ! 10
s = g |- - v 4 g, (10)
and
f)ﬁ¢,+m 1. o
Y — g )u ; 11
oV, - VITe? (11)
with
0£¢+m, —4 2 1 . . ;
Vil === = -+ T¢ — =¢""(0,¢)(0,T 12
(5E5) = L oo - p@man) (12)
where
7 1 M
(P = —==0, [V—9g9"0,¢] (13)
-9
and
1
) 14
do (14)
We finally obtain the DBI equation of motion,
T o 2o J; L
. . N Vel i = - TV 517 - . ~m -
5T T-1) Vi+ T rz 9 (0,.0)(a.1) Ve (15)

The last term is matter Lagrangian density when the scalar field couples to the metric via equation (8)-the chameleon
mwechanism, the matter Lagrangian read

Ly, = ‘“\/"_gj\—ﬁ[—/)(l — 3’111)(:/}(1’3“’)‘/)/]\"["’ (16)
P

where w is equation of state parameter of barotropic fluid, i.e. matter and radiation. The full DBI ficld equation of
motion with chameleon mechanism is hence
T D2¢ g;u/ /3/) . )
— (D= 1) 4 === — 20,00, = V' 4 ZL(1 — 3w)ell 3¢/ My 17
QF ( ) 1—‘ F2 /L¢ L pr ( ) ( )
where the final term on the right hand side is proportional to the energy density of the matter sector. One finds
this expression by noting that variation of the matter Lagrangian yields a term proportional to T%*g,,, which for an
isotropic {luid will be of the form —(1 — 3w)p in the Jordan frame. In Einstein frame we see that p is conformally
related to p

p= ﬁ63(1+w)/3d’/1\{". (18)

The entire right hand side can therefore be regarded as an effective potential for the scalar field which we define as

Verr = Vi + —@ﬁ(l — Bw)e(1=5w)B8/ My (19)
M,

The notation we use is that dy = X for a quantity X, and (J* has the usual form in a curved geometry.



4
A. Solutions of the field equation

Solution to the field equation (17),

,]-,, . ] UQ(b J/u/ ,5/) _— ]
~5p( ~ 1)+ e nddL = -V M,( 1 — 3w)elt 3188/ M,y

is major ingredient of the project since this encodes both dynamical behavior (temporal dependent) and spatial
cosmography of the universe.

B. Cosmological solution

Let us assume that the metric is just that of the flat FRW form, and that the scalar field is homogeneous, i.e. the
field equation is only-time dependent. The equation of motion therefore reduces to the following

- - T . ; .
¢+ 3HT? — —;- (2% 41— 30?) 4 Vg = 0 (20)
or in another form,
. . X T
b+ T23HS+ T2 (V' =T+ T — f—w e D2 e g (21)
27 Mp

Let us consider the regime where ¢? < T(¢) which is the non-relativistic regime. Keeping the fourth order terms,
one finds that the equation of motion admits the following expansion

. . 52 3T, b2 3¢2 3
¢)+3H¢<1 -&) vl S o (1 30 4o 0! )wo (22)

877 20 877

IIT. RADIAL SOLUTION

Assuming isotropy of the universe but not homogeneity, the non-zero component of the FRW metric for the field
equation is radial, i.e.

ol
T T+ ¢2/T)

2 b, o = ¢z y P2
w2t t (7)) - f(”é‘f>”< “?)

+ VT + Tip(r)e”(‘b)/Mp (23)
Mp

1 Limit It ¢2)T < 1

Expanding /1 + ¢2/T and keeping the lowest order term,

2 2 s sl AN
() BB ()] = v

or

2 o (T ' 3 _
.t 2, Lo )| = TV 4 p(r)el e M 2
v+ 2 [H T <T>} |V e (25)



[Gas

2. Limit I1: ¢2)T > 1

Under the limit ¢?/7T > 1, approximations

z ¢
= 1+ 28 =~ == 26
T VT (26)
and
¢r 2 2
L =7I1°—1~7TI" 27
7 (27)
are made. Field equation then takes the form,
2 1
S — ) (28)

IV. SPHERICALLY SYMMETRIC WITH LOCALLY FLAT SOLUTION

Let us assume that g, = 1), where we work in polar coordinates on the world-volume. The resulting expression
for the equation of motion becomes

2 e
gbrr + ‘ng)r = ;(b
r 2

(2T3 + 1 -3 — T3V =0 (29)

Let us first consider the case of constant T and the pressureless fluid. We split the solution into those that are outside
the sphere, and those that are inside the sphere. Outside the sphere we may approximate the potential terms by
m?_ (¢ — @) because the scalar field is driven towards ¢o.. The resulting equation of motion therefore takes the form

2

brr + =020 = TOmE (4 ~ ¢ec) (30)
=

which we must study in the two asymptotic limits.

We first, expand for small velocities, introducing a perturbation ¢ which satisfies the condition that I' = 1 as ¢ — 0.
The scalar field therefore admits the following solution

A .
4+ = e—mw(v~R)(1 o1 6)
r

2 2
736A Tnoo(/)oc —21m0e (r— R)

4 2T
A 3
B e 7Tloo¢oo [emm(T’FQR)E1<43771007’) T efmm(TAQR)Ei(_mOOT)}
8 T
+ .. (31)

where we have introduced the exponential integral function.
In the relativistic case we see that T' > 1 implies that ¢2 > T. We can find a solution to this equation under the
assumption that ¢, > 1 with ¢, ~ 0. The resulting expression for the scalar field becomes

T

oy 2
TS,

d(r) = doo + (32)

In the limit, ¢, < T'(¢), we find that I' ~ 1 + ... where the corrections are a derivative expansion, resulting in the
approximation

T

brr ¥ o s o7 812

26, <1+ ¢3> Ty 3¢, (33)

2 3¢2
— Verr <l+3¢T ¢7) ~0



V. DBI CHAMELEONS WITH RUNAWAY POTENTIAL AND STRING-INSPIRED TENSION

We consider the dynamics of a scalar field coupled (o matter according to

- V((/)) - T((/)) + Sm(wmy AQ(ql))g/w) (34)

i ' R O, pOF O
AS: 14 . = Ya 0{ 1 4 ¥ :
f {%i )

where A(¢) = #¢/71 and V(¢) is a runaway potential. The tension T(¢) is chosen to be

T(6) = To(1 + 2oy (35)
(@) = To(L + 775) 35

When ¢ < M, the tension is constant while T'(¢) ~ ¢? in an AdS region ¢ > M. The equations of motion for such
an action read

1 [
Mo — —(06)2 = T'T(0 — 1) + VT — ~T/(I'* ~ 1) + g1 (36)
F 2 My

in the presence of non-relativistic matter of density p.

A. Cosmological evolution

At large scale, the cosmological evolution of the field is governed by

3T ., 5 Bp
4 ) ek
2 r[’(b { mp|

¢ + IP3H$ + % iR, Figs =0 (37)

B. Static radial case
We consider static confligurations in spherical coordinates for which the radial equation becomes
¢ 2do dep\? 3. dgp\? )
——r+—*/ L+T7H == = |1+=T71{— Vil (38)
dr? e dr dr 2 dr

mpj
Let us now consider the case of a small perturbation by the non-linear terms 7'~ (
profile obtained when the kinetic terins are canonical. Expanding

dagy

032 with respect to a spherical

¢ = o + 8¢ (39)
we find that
2 . 2d . N L /A8 \? /3 2 debo
0o+ =—bp—mp = Tyt | — Y - 2= 40
dr2” I rar? .~ v <dr 20 rdr (10)
where
m? = V(o) + Ba~os (41)
M}’i;
and
Vi = V'(¢o) + B2 (42)
Mp

. We will analyse this equation in the case of a spherical body large enough to have a thin shell.

C. Spherical Bodies

We consider a compact body with a density ¢, embedded in a fiuid of density po.. We also assume that the object
has a thin-shell obtain when | — ¢.] < $x where ®y is Newten’s potential at the surface of the body of radius £.
As ¢, € ¢ for dense bodies, this is tantamount to a condition on ¢g,.



1. Multipoles

The solution of the DBI equation (40) outside the body is given by

. 73~m,,)0]r~7"|
6([)(7’) I /(137./( _}'!(7‘/) (/13)

drmlr — /|
where
1 (doo\ (3 2 depy
pury— 7ot (920 (3y, 24 14
o) 0 <d'r> 20 odr (44)
1

We consider distances which are far less than the inverse mass m_
shell of width AR.

and use the fact that d¢g/dr is zero outside a

. o F(r)
{) -y — 13/ - 47
#r) /A]i’ ¢ drlr — | o)
using the multipolar expansion of 1/|r — /| we find
. =LA
Sop(r) = — Z WEN) (46)
1=0
where
1 .
A = -~—/ Prrt F(r)Pi(cos 8) (47)
i Janr

in terms of the Legendre Polynomials. Notice that the corrections to the thin shell solution has multipoles of arbitrary
order despite being in a spherical sitnation. In particular this will lead to the presence of an infinite series in 1/rt+?
correcting Newton’s law.

2. The Eddington Paramelers

The force induced by a spherical body is modified by the scalar ficlds. This is due to the fact that test particles
feel the potential

B(r) - o) + 5 (48)

In the chameleon case, the metric outside a body reads
ds? = 2PE/mer (<1 4 205 (1) At + (1 + 265 (1)) (dr? +12dQ3)] (49)
This can be written (as ¢/Mp < 1)

" )

ds? = (—1 + 20 — 45%—) dt? + (1 +20) (dr? + r2d0?) (50)
Mp

The scalar field modifies the trajectories of test particles. For large bodies such as the planets in the solar system, the
post-Newtonian formalism can be applied and corrections to Newton’s law in 1/72 and 1/7® have been parameterised.
The Eddington parameters involve the 1/r and 1/r2 corrections to the Newton potential. Denoting by

Fa
X .
b0 = hoc — - (51)
the background solution outside the spherical body where
G N
X ~ N”LOQSOC_ (52)

Dy



we truncate

a a .
o(r) = —,i —~ 7,2'% +0(1/1%) (53)
where
a] = X + }10
ay = /11 (54)

We find then the modification of the metric

{ QGN'IH,() 2,6(11 2,&6)(12

gop = —1- - =,
J00 r Mpr  Mpr?
2G ym 208a 28a
g = 14 2Cwme 2601 /[3 2 (55)
r ]\[p r ]\/[p 72
'This has to be compared to the post Newtonian parametrisation
2Gnm Tedd = Bead G2 m?
goo = 14 N + edd : edd ,\I‘2 )
7 2 7
2G N Loqam
Grr = 1+ LTN ’e(ld (5())

7

where myg is the bare mass of the spherical body. Redefining the mass to take into account the energy density carried
by the scalar field

a)
m = mg+ 20——— 57
0 F JYIEN (57)
we find that the Eddington parameters are given by
28(11 -
lFega=1- =———— 58
e Gy Mpm (58)
and
2/3 (48] /1,8(19
Beaa = 1 - = e 59
Podd Gy Mpm  MpG% m? (59)
From spherical symmetry we find that
T
Ay x / sinf cosf = 0 (60)
Jo

implying that
ay — 0

and the Eddington parameters depend only on a; = X + Ag. In particular, the most stringent constraints follows
from the Cassini bound on

Teqa — 1] < 107° (61)

In the thin shell case, the correction due to ¢y satisfics this constraint. Perturbatively we must impose that Ay < X.
Let us now calculate Ay and impose that the deviation from Newton’s law is small. In the thin-shell betwen (R —AR)
and R we have

d¢)0 ﬁf)c [)),D(‘ 3

= T £ 62
dr  3Mp ' 3Mpr? (62)

The existence of a thin shell imposes that

oo < 680N Mp (63)



Imposing that the earth and the sun have both a thin shell to prevent changes of the trajectories of the planets and

the moon implies that

boo < 1078Mp
where @ ~ 1072 at the surface of the sun. This gives a bound

(r) < 1078 Mp
inside the thin shell of the sun. For the earth this is

d(r)y < 1072 Mp

In the following we shall focus on scales M > 1078 Mp then T = M*. As result we find
‘ 1 B33 R3\ 2
Py = L0 (0D
6 M* M3, re

3 B33
2 MM

and therefore

RQ(AR)B

where the width of the shell is

AB ¢)oo W, ¢c

R 68Dy

This can be written as

7, AR\?
= U RSPl 1 ol
1% DBt T, il €

while

AR
TH GO
=p

Hence Ag <« X.

8. Laboratory Tests

Laboratory tests allow us to test the higher order corrections to Newton’s law. Defining

NN

Qo=

/ sin 0 F;(cos 6)
0
we find that

Al = CY[RIAQ

The correction to Newton’s potential d¢;(7) induced by the higher order terms reads

i ) , [

5 (r) o4 o ME( 1 N AR\’ (R
e A ) J- f— g

Dy - M N B R r

The FEotwash group has parameterised these deviations as

opy(r) 3 <lmm !
(I)N('I‘) -

(64)

(68)

(69)

(70)

(71)

(72)

(73)

(74)
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leading to

g o WM (1N (RN (G = 90)° (76)
"7 oy Ty \RMp) \1lmm M3,

For test bodies od radius B = 1 cm and weight 40g, Newton’s potential is
Oy ~ 1077 (77)
we find

M 65,

By ~ 10%0F Ty M3 (78)
for oy = O(1) and 8 = O(1). Using
B < 1073 (79)
for I = 1...7, this leads to
foe < 1072 (%) W Mp (80)
The presence of a thin shell requires
A g g (81)
implying that
ﬁ% 2 Mg (82)

Hence laboratory tests impose a drastic constraint on the tension at the tip of the throat.

VI. CONCLUSION

We consider DBI dark energy motivated from open string constructions as [33, 34] where the solitary D3-brane
moving through a particular warped compactification of type I1B. Coupling between scalar field and dark matter
creating the fifth force is reduced by chameleon mechanism [35]. The chameleon interaction can be suppressed in
laboratory experiments. due to mass dependent on local matter density environment. We have finally found the DBI
equation of motion and the full DBI field equation of motion with chameleon mechanism is found to be The static case
solution is found using exponential integral function. When assuming realistic situation V(¢) is a runaway potential.
For a spherical compact body, the DBI chameleon will lead infinite series in 1/7%+2 correction to Newton’s law which
a modified gravitational potential The Eddington parameters involving the 1/r and 1/r? corrections to the Newton
potential is found to be ¢y = ¢ — X/7, X ~ GnModso/Pn and the thin-shell constraint is ¢oe < 10720Mp.
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