e
a=n
l_‘i.

o !

Bl
- D.

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

DEPARTMENT OF PHYSICS AND ASTRONOMY "A. RIGHI”

SECOND CYCLE DEGREE

PHYSICS

Embedding the Axio-Chameleon Screening of
Fifth-Forces into String Theory

Supervisor Defended by
Prof. Michele Cicoli Giacomo Micheli

Co-supervisor
Prof. Susha Louise Parameswaran

Graduation Session September 2025
Academic Year 2024/2025



Abstract

Light scalar fields are ubiquitous in beyond the Standard Model and string construc-
tions, but they naively induce unobserved fifth-forces. Axio-chameleon screening [1]
has recently been proposed as a promising mechanism to explain the absence of these
fifth-forces, and the goal of this thesis is to embed it in String Theory. In particular, a
good contender seems to be a D3/D3-brane moving on a warped deformed conifold
along both the radial and some angular directions. In the model presented here, the
Standard Model is assumed to live on the brane and the radial brane-position modulus
couples to it as a Quasi-Brans-Dicke scalar through the warp factor. This can be inter-
preted as a Quintessence field and the screening mechanism provides justification for
the lack of observable fifth-forces in solar-system experiments.
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Conventions

Metric signature: (—, +, +, +)
Fields mass dimension: [¢] = 0

2
Einstein-Hilbert action: Sgy = +% fd”:c\/—gan

Planck mass-length relation: M, =

lp
String mass-length relation: M, = 3* = \/%

10D gravitational coupling: 2x% = (2m)7(a/)?



1 INTRODUCTION

1 Introduction

The lack of observable evidence for fifth-forces is one of the main constraints in the for-
mulation of cosmological models involving additional scalar fields on top of the Stan-
dard Model (SM). Post-Newtonian tests of gravity performed within the solar system
rely on the observable L defined as

¢ext(r> = ¢oo - % ) (1)

where ¢e is the scalar field outside of a spherically symmetric astrophysical object, like
the Sun, with asymptotic value ¢..

Screening mechanisms relax experimental constraints from unobserved fifth-forces
by introducing a matter-density dependence for some parameters of the field, such as
its mass or its coupling constant with the SM. In particular, the axio-chameleon mech-
anism described in [1] manages to reduce L by considering a saxion-axion couple inter-
acting through the generalized kinetic term

2
£5 VG Gu(0)0,0%0"0" @)

where f is a scale factor of mass dimension 1. This is a totally novel mechanism which
cannot be reduced to single-field screening due to the fact that the metric in (2) cannot
be diagonalized in general.

Taking the saxion to be a Quasi-Brans-Dicke (QBD) scalar has the additional merit
of automatically ensuring the validity of the Equivalence Principle, which stands on ex-
tremely firm experimental ground. One does so by coupling it to the Standard Model
only through a Weyl rescaling of the metric. The original paper assumes the rescaling
to be of the form

g;w = A2(¢)gm/ = 629¢guy ) (3)

where g is a constant. In this thesis, we broaden the discussion to generic Weyl factors.

In addition, we embed the axio-chameleon mechanism in String Theory. We imag-
ine the SM to live on a D3/ D3-brane moving on a warped deformed conifold on both
the radial and some angular directions. By taking the warp factor, which depends on
the radial direction, as our Weyl factor, we manage to couple the radial-position mod-
ulus to the SM as a QBD scalar. The angular coordinates, or combinations of them, are
assumed to act as axions, forming a saxion-axion pair and making the screening mech-
anism possible. To be more precise, by taking the 4D SM metric as the pull-back of the
10D Einstein-frame metric, we end up with a disformal transformation

Guw = A2 (0) g + B(6)Gab(¢)0,.0"0,0" . (4)
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This can be effectively brought back to a conformal transformation for non-relativistic
matter only if the scalar fields are static, as we analyze.

The saxion-SM interaction generates a source term in the saxion equation of mo-
tion, which cannot be solved analytically in general. We approximate the Solar System
matter distribution with the Sun alone, assuming it to have uniform density, and use nu-
merical techniques to approximate the system total energy Ei.. Finding it dependent
on the field integration parameter ¢,, we minimize it with respect to it and finally quan-
tify the amount of screening through the ratio L./ Ly, where Ly is the post-Newtonian
parameter without screening applied.

In Chapter 2, the reader finds a comprehensive summary of the effective Supergrav-
ity theory arising from type 1IB String Theory. We focus in particular on the Einstein-
Hilbert (EH) and Dirac actions, highlighting the emergence of brane-position moduli
from compactification. We mention axions and their properties and conclude with an
introduction to conifold geometries. Chapter 3 consists of an overview on QBD theo-
ries, as well as on fifth-forces sourced by these. We also describe both single-field and
the axio-chameleon screening mechanisms. Chapter 4 presents original research, pro-
viding attempted embeddings of the axio-chameleon screening mechanism in String
Theory, using both closed-string and brane-position moduli. We focus mostly on the
latter, since it is far more promising. We believe this novel mechanism could be rel-
evant in cosmological models where one takes the radial modulus as a Quintessence
field. Therefore, we provide a short overview on Quintessence in the Appendix, to-
gether with a discussion on fictitious non-linear sigma models.



2 TYPEIIB STRING THEORY

2 Type lIB String Theory

It is a well-known result that low-energy string theories effectively produce 10D super-
gravity theories. We start our discussion here, focusing in particular on the bosonic
sector of the type IIB theory (see [2] for an extensive review). In the Einstein frame, the
closed string effective action is

2 2 |2
5= L /dloXm(Rm_2|aT| Gyl _|F5\>

T 2K2 (m(r)?  2m(r) 4 -
i Cy N Gs A Gs
 8k? / Im(r)

where G and R; are the 10D Einstein metric and Ricci scalar respectively,

r=Cy+ie® (6)
is the axiodilaton,

G3=F;—TH;3, (7)
F3=dCsy, (8)
Hs; =dB,, (9)
Fs=dC, (10)

and i ) )
Fs=F5— 502 N Hs + 532 A Fj (11)

are fluxes, with F5 = *F5 to impose self-duality. The Cy, Cy and C, are even-dimensional
forms coming from the R-R sector, which are characteristic of type IIB string theory,
while B, comes from the NS-NS sector and is shared with type lIA. Finally,

2k? = (27)7 (/). (12)

In (5) one can recognize the 10D Einstein-Hilbert term, which is going to be of ex-
treme relevance for us in the upcoming discussion. However, before that, let us briefly
recall that type IIB string theory also admits additional localized objects charged under
the R-R forms: D-branes. These are the loci where open strings end. A Dp-brane has p
spatial dimensions and is charged under C),, via the Chern-Simons action

Ses = ifip / > Cune, (13)
pt1

n
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where X, is the Dp-brane worldvolume, 1, is the brane charge and
fab = Bab + 27TO{/Fab (14)

represents interactions with the closed string background. In (14), B, is the pullback
of Bj;n on the brane worldvolume.
Together with (13), one must also consider the Dirac-Born-Infeld action

SDBI = _gsTp/dp—Ho-e_q) \/_det(Gab + ]:ab) ) (15)

where T}, is the brane tension, G is the pullback of the 10D metric on the brane world-
volume and F; plays the same role as in (13). Neglecting fluxes, simplifies into the
Dirac action. One can express (i, and T}, through fundamental quantities using

pp = 95T, (16)

for a brane/anti-brane and

1 2m
T, = - = . (17)
i (27T)Pgs(o/)% gslZt!

In the end, the open string bosonic sector consists of the gauge field A, associated to
the field strength £, and scalar fields representing fluctuations of the brane position.

The EH and Dirac terms are going to be the object of our attention for the next two
sections. In particular, we are going to study their behavior under compactification,
splitting the 10D metric as [3]

dsly = h™2 (1)@ g datd” + b2 (y)V3 (&) gmady™dy™ | (18)

where h(y) is the warp factor, V is the dimensionless compactified volume, g,,,, is the
6D metric of the compact space defined such that

[ vt (19)

and w(x) represents some preserved rescale freedom and will be fixed once we go to
the 4D Einstein frame.

2.1 The Einstein-Hilbert action
Let us start from the 10D EH action

1
Sen = @ dloXV —GRy ; (20)
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our goal is to express the volume element and the Ricci scalar in terms of their 4D
counterparts. We start from the former. From (18), one can write the 10D metric as

hie=2g 0
G - v 1 1 . 21
i ( . h2V3gmn) @)

Using the determinant property

A 0
det (0 B) = det(A) det(B) (22)
we obtain
det(Gyn) = det <h’%62”gw> det (h%V%gmn)
4 6
_ (h—%€2w> det(g,w) <héyé> det(gmn) (23)
= he®V?det(g,, )det(gmn)
and finally .
V=G = h2e"V\/g6v/— 91 - (24)
Moving on to the Ricci scalar, we can use the fact that it scales as the inverse metric to
write L
hie_ngMV 0
Ryp ~ GMY = 25
g (e 0 ) -
and
R4 ~ glu/ . (26)

From the top-left element in (25), we deduce that
Ryp D hie *R, . (27)
Together, and give
V=GR D he*V\/gsv/—gaRy4 . (28)

Staring from (20), using and splitting the integral along spacetime and compactified
coordinates gives

1
Sen D — [ day/—gee™ @ (V/d6y\/g_6h(y)) Ry

2K2
M2 (29)
- / do =GR,



2 TYPEIIB STRING THEORY

We used our conformal freedom to define

e = = -, (30)
V [dSy\/gsh(y) Vw
where Vy, is the warped dimensionless volume and we chose VBV such that
0 76 0

P 2 2
K [2

2.2 The Dirac action

Looking now at the DBI action , we consider the specific case of a D3/D3-brane,
ignoring fluxes and assuming the dilaton ® to be stabilized at its minimum, so that we

find the Dirac action
Sp = —TS/d4$\/ —Ja (32)

where the brane tension T3 = 2 /(g,l?) is evaluated using (7). Recall that in (32) g,..
is the pullback of G/, i.e.

OXM XN oy™ Oy
g I/:——G =G v __Gmn
I = ggn Gav N T S G (33)
_1 1,1 0y™oy"
_ 2w -7
- h ze gul/ _I_ h2v3 ax# amygmna
where we used the static gauge
XM = Lot y™} . (34)

highlights how the the 4D warped metric g,,, and the 4D unwarped metric g,,, are
related by a disformal transformation, which differs from a conformal one because of
its second term.

Similarly to what we did for the EH term, we aim at expressing the volume element
in terms of g,,,,. Using the determinant properties

det(AB) = det(A) det(B) (35)

and
det(/+A) D 1+TrA (36)
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we find that

1 oy™ 0
det g'u,V - ( 2 2wgua <6CL + h»e_2wV7 ab ai'b ayyngL))

ol ay oy™
2 2w ab
D det < e? gua> (1 +Tr (he % 3¢ D0t 5” ))
= (h 62“’> det(gu.) | 1+ he Vs Ty gab(9y_m8y g (37)
e Oxb Oav ™"

oy™ oy
dzt 9z

= h*e™det(g,,) <1 + he’Q‘”V%gmnauyma“y”>

= h2¢*det(g,q) (1 + he Vs gt

and consequently

\/_det@“”) - \/_det(g“”)h_le4w (1 + he‘%végmnmymﬁ“y"f

1
~ 1/—det(gu,,)h_1e4“’ (1 + §h6_2wV§gmn8Mym(9“yn)

1
—det(g,,) (h letw 4 562“V§gmnﬁuyma’*y”)

(VLI s g
= —det(gw,) (h ! (%) + §VZV gmnauy 3uy > :

It follows that can be rewritten as (see also [4][5])

VON? 1)
o / d'a\/—det(g,,) ( (%) +§%V gmna#ymaﬂyn> . (39)

Interestingly, the compactified coordinates 3" have assumed the role of scalar fields,
which are referred to as brane-position moduli. In (39), we can recognize both a poten-
tial and a generalized kinetic term, where the fields are coupled through the unwarped
6D metric g,,,,,. It is this last term that is going to be responsible for the interesting phe-
nomenology we are analyzing in Chapter 4; therefore, we drop the potential from now
on.

2.3 Interactions with the Standard Model

Although one need intersecting stacks of branes for non-abelian gauge symmetries to
emerge, assuming the Standard Model to live on a D3/D3-brane is a common simplifi-
cation [6] (see [7] for a model where Dark Matter lives on the D-brane). Following this
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toy model ourselves, we can infer relevant information on the interaction between the
well-known SM fields and the brane-position moduli.

Let us start by observing that Poincaré invariance forces the brane to be space-
time filling, since the opposite would create a distinction among the spacetime coordi-
nates. It follows that the brane lives on the Calabi-Yau as a dimensionless point. Higher-
dimensional branes would, instead, have spare dimensions to wrap around cycles of the
compact manifold.

A SM localized on the brane will feel the pullback metric evaluated at that point,
introducing a dependence on the brane-position moduli through (33). In symbols

Ssm = Ssm(Gpuv> V) 5 (40)

where we use v to represent the usual SM fields. As we have already stated, is
a disformal transformation relating g,,, and g,,,. While interesting considerations can
be made even in this general case [8], here we decide to take the non-relativistic limit,
where can effectively be reduced to a conformal transformation

Guv = hi%e%)guu (41)

when studying the coupling of static scalars to the SM [9].

Let us see how in a simplified example. While a conformal relation couples the SM
to the scalars (as we will see in details at the beginning of Chapter 3), a purely disformal
one couples it to the moduli derivative. For instance, considering

- 2
uv = Guv + W@gﬁ@ﬁ s (42)

where we are focusing solely in the non-conformal term, causes a term in the lagrangian
of the type [9]

1
S=7 / d'z/—g0,00,6T" | (43)

where T is the SM energy-momentum tensor built from g,,,. Recalling that for non-

relativistic matter the only non-vanishing tensor element is 7% = p, it is easy to see
that is null for a static field, i.e. 9y¢ = 0.

2.4 Axions

Among the fields produced by compactification, axions are of particular interest. These
are pseudo-scalars enjoying either continuous or discrete shift symmetry

a +— a + const. (44)

Because of this, they can interact with the SM only through terms like 0,,a, exp(ia/ay) or
cos(a/ag). This has the effect of protecting their mass from UV effects. Moreover, being
pseudo-scalars they evade constraints regarding spin-independent fifth-forces [10].
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Closed string axions are well-suited to exemplify the previous points in more details.
They arise from the integration of p-forms over p-cycles of the compact space, i.e.

b[ - —, BQ 5 (45)
(6% E%
1
cr = —,/ Cy, (46)
(0 Eé
0; = ! / C (47)
I — (O/>2 Ei 4,
where we KK-expand the 10D p-forms into 4D O-forms as
BQ = B2<$> + bl(x)wl 5 (48)
Cy = Cy() + ! (2)wy (49)
04 - 01(1‘)(:}] . (50)

The w; and W are a basis of harmonic forms for the Dolbeault cohomology groups H '+
and H?? respectively, normalized such that

/ w! = s}, (51)
EI

2

/ o’ = (a/)%5] . (52)
DA

For vanishing fluxes background values, the action depends on the p-forms only
through their field strengths. It follows that the gauge invariance of the 10D p-forms
translates into a 4D axion continuous shift symmetry. This is preserved to all orders
in perturbation theory, but is broken into a discrete symmetry spontaneously by non-
perturbative effects in o’ or g, and explicitly by D-branes. Identifying open string axions
is not as trivial. We will present a qualitative argument in Chapter 4.

2.5 Conifolds

While the compact CY3 metrics are only known numerically, we are allowed to approx-
imate a local region with a non-compact Calabi-Yau conifold [11][5], the metric of which
is better known.

A conifold can be thought of as the locus in C, defined by

4
d )2 =o0, (53)

A=1

10
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Figure 1: The singularity at the tip is avoided in the deformed and resolved conifold,
where one imposes a finite minimum radius for S® and S? respectively. Figure from
[12].

with z4 complex coordinates of C,. Alternatively, it consists of a radial direction and
an Einstein manifold for base, where with this label we indicate manifolds such that
R, X gap. For the 1+5-dimensional case we are interested in, the base manifold is the
fibration of S over S3, or equivalently the coset space

TH = [SU(2) x SU(2)]/U(1) (54)
with isometry group SU(2) x SU(2) x U(1) and metric

2

2 2
1 1
% = 5 <d¢ +> :cosﬁidgbi) 3 3" (d6? + sin*0:de?) (55)
i=1 i=1

where 0; € [0, 7], ¢; € [0,27] and ¢; € [0, 47]. The full conifold metric can be written
as

ds® = dr® + r2dQ2T1,1 ) (56)

From (56), one can notice that the conifold presents a singularity at » = 0. This
corresponds to both S? and S? shrinking to a point at the tip. To avoid the singularity,
it is enough to impose one of the spheres to not shrink completely. Depending on our
choice, we obtain either the resolved [13] or deformed conifold [3] (see Fig. . In String
Theory, one tends to prefer the deformed conifold, since the parameter ¢ responsible
for smoothing out the tip can be interpreted as a complex structure modulus.

11
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By adding branes on the manifold, one warps the metric. This effect is represented
by the appearance of a warp factor A(y) in the metric. The most well-know solution is
the Klebanov-Strassler geometry [14], obtained from a deformed conifold by consider-
ing the backreaction of a stack of D3-branes at the tip and D5-branes wrapped around
the collapsed S?. Far from the tip (or equivalently for small enough ¢), the KS metric
reduces to that of a warped singular conifold [15][3]

D=

4
ds® = (1 + %) (dr2 + r2dQ2T1,1) , L= 2?T7TgsN(a’)2 , (57)
where N is the number of stacked D3-branes. Apart from the numerical coefficient in
L, one can appreciate the similarity to the warping induced on the simpler geometry
AdSs x S®, often used in the context of AdS/CFT dualityﬂ 171[161.
In the warping is sourced by a stack of D-branes at the tip. However, since the
warp factor ultimately comes from the 6D Laplace equation [13][18]

Vh(y) =0, (58)

one can invoke the Superposition Principle for linear differential equations to generalize
(58) into what is known as the multi-center solution [19][6]

La

hy) =1+ —2
W =15y

(59)

representing the warping for multiple parallel and similarly-oriented branes centered
aty,.

'The volume modulus V does not appear in [16] because of a different choice of Weyl factor in .

12



3 SCREENING MECHANISMS

3 Screening Mechanisms

When introducing new scalars on top of the SM, these often result in new interactions
among matter particles, causing modifications to their equation of motion that we col-
lect under the name of fifth-forces. However, experiments have not been able to detect
these forces so far. For instance, one could hope to observe modifications to GR in the
motion of macroscopical objects both on Earth and in the Solar System. The absence
of such deviations causes tension between these type of beyond-SM theories and ex-
periments.

Screening mechanisms aim to resolve this tension by introducing a matter-density
dependence in the intensity of fifth-forces. More precisely, they manage to suppress
fifth-forces in high-density environments, like the Solar System, while keeping them
relevant on the cosmological scale.

In this chapter, we focus on (Quasi-)Brans-Dicke theories and describe the associ-
ated fifth-forces. Then we describe the working of single-field and (most importantly
for us) two-field screening mechanisms.

3.1 (Quasi-)Brans-Dicke Scalars and the Equivalence Principle

BD theories (see [20] for the original paper and [21][22][23] for more recent reviews
and cosmological applications) are a subclass of scalar-tensor theories. Their action
was first expressed as

M? W
S = Tp /d4x\/ —g (XR - ;gw uXauX) + Ssm(Gpuw) - (60)

where a non-minimal coupling is introduced between the Ricci scalar and a new scalar
field.

Nowadays, we recognize this as a Jordan-frame action. To go to the Einstein frame,
one introduces the Einstein metric through the Weyl rescaling

N 1

Juv = ;g,ul/ . (61)
It follows that

g =xg" (62)

and

- 1 1 1
\/ —det(g,,) = |/ —det (;gw> = @/—Fdet (gw) = 2\ [—det(g,,).  (63)

13
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The Ricci scalar is also affected by the change of metric. To see that, let us recall that
for a Weyl rescaling
gun = € gun (64)

the Ricci scalars enjoy the relation [2]
e R=R—2(D—1)V?a— (D -2)(D —1)g" oy adya (65)

with V evaluated from g,,y. To go back to our case, we just need to apply the substi-
tutions

o= —%Inx, D=4 (66)
and we obtain
R = xR+ 3x*0O(Iny) — gxgwau(lnx)ay(lnx) : (67)
The action has now become
M? 3 w
S = Tp / d*z\/—g (R + 30(Iny) — g" (Eﬁu(lnx)&,(lnx) + F@x@x)) +

1
+ S <—g ,,)
SM Y o

2

=2 [atevma (r= (30 ) g 0um00,m0 ) + Sae (S0

(68)
where in the last step we canceled the total derivative. The field redefinition
3 73
b= w+§|nx—>xze v+ (69)

gives us the action in canonical form

2

M 5’
5= [ dav=5 (R~ 90,60,6) + Sa (e Ve gw) . (0

2

Looking at this Einstein-frame action, we can interpret the BD theory as the addition
of a new scalar x with conformal coupling to matter of the form

g,uu = 629¢guu . (71)

As we will see, has the perk of giving a constant scalar-SM coupling g. When gen-
eralizing to QBD theories [24], we assume a more generic Weyl factor

G = AQ(@QMV (72)

14
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and consequently an Einstein-frame action

M2
S = TP /d4x\/—g (R — 0,00"¢) 4+ Ssm (AQ(ng)g,ﬂ,) . (73)
The reason people are interested in BD and QBD theories is because they automat-
ically satisfy the Equivalence Principle [24]

v, T" =0. (74)
That is, the stress-energy tensor
- 2 5SSM)
T = ——— ( _ (75)
V=g 5guu

is conserved. Notice that is not true for 7" defined through g,,. We can prove
(74) starting from the diffeomorphism invariance of Sgy, i.e

O0Ssm - - 0 Ssm
6uSsm = | d*2—""0,Gu + ——0,¥ = 0. 76
SM / ﬂf(sgw Guv + S0 (76)
The second term vanishes when the SM equations of motions are satisfied. We are left
with e _
?SM(SU@W = 2_gT“” (@#vy + @l,v“> = \/—gT“"@#vy =0. (77)
nv

Integrating by parts gives (74).
Let us see how the scalar-SM interaction expressed through Ssy modifies the scalar
equation of motion by applying the Variational Principle. We find

1 0Ssm(A*(@)gw) 1 6Ssu O(A’¢u) 1 1 0Ssu  O(A?)

vV —9 §¢ B VvV —9 5<A29;w) aQb B V —QE (Sg;w Tuv a¢
1 1 0Ssuy A@A 2 0Ssy 10A

= G o) o, = Gw A AL
g v —3g A? 6g;w a(b g vV —4 5gw/ A a(b
= gWT“”aqglnA = 0¢InA T.

That is, ¢ couples to the trace of the SM energy-momentum tensor through
g(¢) = OylnA. (79)

Notice how for (71), this gives g = const. as we claimed.

15
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3.2 Fifth-forces from Scalar Fields

Let us now study in details how QBD theories source fifth-forces (we elaborate on the
review in [25]). From (74) we know that SM-matter (approximated as dust) moves along
geodesics in the Jordan frame. In the Newtonian limit, the geodesic equation is

i+ Thy = &'+ Ty + 9(9)0'0 = 0, (80)

where 'y and '}, are Christoffel symbols of the Jordan and Einstein metric respectively
related through . The same way one interprets I}, as the Newtonian force,

Fs = —g(¢)Vo (81)

represents a new fifth-forcef]
We have already shown in how interaction with the SM results in an additional
term in the scalar equation of motion. In general, one has something like

1dV(g) 11 dVe(9)

O) = —m—— + 59 = : (82)
Mg do Mg MI? do
where we defined the effective potential
Vert(0) = V(¢) + pInA(9) . (83)
As usual, one finds the field mass through
1
M (9) () - (84)

= 9 Veff
M;

Notice how both the coupling g and the mass m.g are functions of the field ¢. To
fix these, one imagines the field to be around a minimum of Vg, in order to perform a
background-perturbation split

b= o+ 09, (85)

where ¢y is the field evaluated at the minimum. For now we assume, as most research
does, ¢, to be spatially uniform (although this is not going to be the case for our model
in Chapter 4). Close to its minimum, we can approximate the effective potential to

M2
~ P, 2 2
V(6) 2 —mi(90)(00)° (86)
2Notice that Fy is missing the mass of the moving particle to be an actual force, so it has the mass
dimension of an acceleration, i.e 1. For this same reason, when we later write F5(r) = —0,.V (r), we use

V' as a potential and not as the potential energy density as we do in the rest of the thesis.
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3 SCREENING MECHANISMS

Finally, we obtain from the static equation of motion with a source for a massive

scalar
1

(V2 —mZe(0)) 0¢ = WG(%)P(T) ; (87)

which is solved by

_ngbo) f(Ma R) o MeT
MZ? 47 r
if we assume the source to be spherically symmetric. Here f(M, R) is a function of the
source mass and radius. Notice that we expect it to have mass dimension 1. From now
on, we drop the delta in ¢ to lighten the notation.
Let us obtain explicitly, momentarily sending mes into m again for ease of read-
ability. We start from the Fourier expansions of the field and the source density

0p = (88)

1 L
= d*ke™*p(k 89
00 = 5 [ 0 89)
p(r) = L / d3ke™®*p(k) (90)
(2m)? '
Since p(r) has spherical symmetry, we can express its Fourier transform as [26]
+oo
o) = @OIET [ e p(r) e hr). (91
0
where we are using the first order ordinary Bessel functions [26]
+oo 1 (z\2!
T\ (=1)(3)
= (= . 92
@ =(3) X i t5T %2

=0

For us the number of dimensions n = 3, so it is relevant to point out the special result

J%(x) =1/ %Sinx : (93)

Using (93), we simplify (91) into
,sin(kr)

+oo
p(k) = 47r/0 drr o p(r), (94)

from which it is easy to see that p dependent just on the modulus £, is even and has
no poles. Although it seems like could give problems regarding convergence, these
are avoided if one considers a finite-size source, i.e p(r) = 0 for r > R. Itis instructive
(and a good quality check) to consider the point-source case, i.e

x,r=0, (95)
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3 SCREENING MECHANISMS

where we used

“+o0o
/d3x(53(x) :/ 7’7“2/ d@sm@/ dpd®(x)
O—i-oo —+o00
= / dr47rr253 = / dro(r
0 0

or)

Amr?

which implies

0%(x) =

(97)

Plugging into results in p = M. We can finally apply and to to

obtain the momentum-space equation of motion

~ 1
2 2 ~
Isolating é gives us the propagator
Z 1 gp(k)
k)= ——+ )
o(k) M2 k? + m?

From here, all that is left to do is evaluate (89), resulting in

1 wx Pk
o(r) = —W@g)g /d3k61k %

27 ~
2 ikrcosd p(k)
) /0 dkk / d&sm@/o dype [y~
400 ~ 1 N )
dl{/’]{?2 d 0 ikrcos
/0 m2 / (cosf)e

g e 2 D 1 ik ik
dkk IRT _ —1IRT
27?)2 /0 k2 —i— m2 ikr (e ™)

+oo

]\/[p2 (2m)2ir k? + m?
2

l\D

o0

1 g . kp(k) i
_ __—2 R A S IRT
M2 (2m)%ir reRes {k2+m26 i
1 g p(im)e™"

1\42 Am r
as we claimed. Notice that from (94)

+00 i(tm)r _ —i(im)r +o0 mr __ ,—mr
plim) = 47T/ A p(r) = 47r/ derLp(r)
0 0

2i(im)r 2mr

+o0 inh
= 47?/ drrzwp(r) €ER.
0

mr
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3 SCREENING MECHANISMS

Figure 2: Feynman diagram of a scalar exchange t-channel.

Now that we have proven (88), we can use it in (81) to find

L g*(¢o)f (M, R)e~mento)r

F5(r) = —9(0)0,¢ = VP 12 (1 + met (o)) - (102)

To find the associated potential, we use
F5(r) = =0,V (r), (103)
which gives [27]

1 g*(¢o) f(M, R)e*meff(%)?"
M2 4r r :

p

From a QFT perspective, we recognize in and the Klein-Gordon equation
and propagator respectively, if we assumed a point-source, i.e. p = M. Indeed, in this
case would be the standard Yukawa potential one obtains integrating over k the
tree-level amplitude of and interaction like

(104)

V(r) = a(¢o)o(r) = —

Lint = gbt) (105)

representing a scalar exchange between matter particles (see Fig. [2).
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3 SCREENING MECHANISMS

3.3 Single-field Screening Mechanisms

Looking at (102), one can think of at least two ways to reduce Fj in the Solar System
without relying on fine-tuning: me¢ > 1 or g < 1. This is possible thanks to these
parameters’ dependence on the minimum ¢,. The two strategies above represent ex-
amples of single-field screening mechanisms: the chameleon and symmetron screening
mechanism respectively. Let us see how these work in details.

3.3.1 Chameleon Screening

The chameleon screening mechanism achieves high m. in regions of high density p
and low me in regions of low p. This is possible for specific choices of potential V' (¢)
and Weyl factors A(¢). Here we illustrate the mechanism with [25]

Ant4
V() = Mg (106)
where A is just a scale factor with mass dimension 1, and [25]
Ap) = €%, (107)
which using gives s
Vet(¢) = My + pgg . (108)
A p-dependent minimum exists forn = —2, —4, —6,...andn > 1 and it is
1
olp) = (7;\2;;) o (109)
The effective mass is given by
nt2
meg(p) = M%? eii(00) = %A”ﬂ (%) o (110)

Notice that for n = —2 (110) loses the dependence on p. By plotting (108) in Fig. 3| one
can see from the width of the valley that m¢ grows with p as we aimed.

3.3.2 Symmetron Screening

The symmetron screening mechanism uses density-induced symmetry restoration. We
start from a potential [25]

V(9)
M,

__1 5,0 A4
= —W*"+ 50 (11)
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3 SCREENING MECHANISMS

V(¢)

________
———————
S ==

n > 0, low density n > 0, high density
V(¢) V()
! i !
1 1 7
] \ 7
ll l| ,l
/I |‘ II
/ \ /
’ 1
/ \
/’ '
2 )
\
¢ ; ¢
\
‘\
\\\
n < 0, low density

n < 0, high density

Figure 3: Sketches of the chameleon effective potential for positive n (upper panels)
and negative n (lower panels). The left and right panels show the cases of low and high
density environments respectively. The blue lines show the bare potential and the red

lines show the contribution from the coupling to matter. The black dashed lines show

the resultant effective potential, which is the sum of the red and blue lines, and governs
the dynamics of the scalar. Figure from [25].
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3 SCREENING MECHANISMS

Figure 4: The effective potential for the symmetron when p < p, (red) and when p > p,
(blue). Figure from [25].

with A > 0, and the Weyl factor [25]

¢2
Ald) =1+ o7 (112)

with &, a numerical factor. Combined, these give an effective potential

Vet 1 A 2 1
M(;) =g 10 (1 5) =5 (1- i ) ¢ g
(113)
for small ¢. The value
pe = Myp? M (114)

plays the role of a critical density. For p < p, the quadratic term in (113) has negative
coefficient, while it is positive for p > p,. The two cases correspond to broken and
restored Z, symmetry. When symmetry is broken, we find two minima

P p<Lpx X
oF = 1- £ i +- (115)
=t VA
and, using (79),
b u
~ |~ = (116)

If the symmetry is restored, ¢ = 0 and g = 0. Basically, this mechanism turns off
coupling to the SM in regions of density greater than a certain threshold (see Fig. [4).
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Figure 5: Model-independent constraints on chameleon fields in the g, me¢ plane with
pab = 10g/cm?®. Shaded regions show loop bounds from and experimental con-
straints from E&t-Wash [28]). The dashed curve shows the direct bound on the ¢* model
forg <1 , converted to meg. Figure from .

3.3.3 Instability due to Quantum Corrections

As we have seen above for some examples, single-field screening mechanisms rely
heavily on specific shapes for the potential. However, quantum effects can spoil these
through Coleman-Weinberg corrections [31], nullifying the screening mechanism one
had achieved classically. In particular, here we focus on the instability these corrections
bring to the chameleon screening mechanism [30].

Coleman-Weinberg corrections grow more and more relevant as the mass of the
scalar field increases. This causes some tension, since in high-density regions ¢ should
be heavy enough to achieve significant screening, but also light enough to suppress
guantum correction to the potential. As a result, m. ends up squeezed in a quite nar-
row region (see Fig. [5).

Let us be more quantitative. For scalar fields, 1-loop Coleman-Weinberg corrections

are given by , ,
AViep(9) = ") 1 (o)) (1)

with 1o arbitrary mass scale. Since we are interested in scalars with low mass but high
Mest, We assume most of the potential contribution to come from SM interaction, mean-
ing

Veir(¢) ~ gp¢ . (118)
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3 SCREENING MECHANISMS

For the classical theory to be predictive, we need quantum corrections not to change
the potential minimum ¢, and the effective mass m. too much. Since the firstis related
to V and the second to V%, this means requiring

Vi 64m2gp ’

AV 4\
Hoop | ~ (meﬁ)2 <e, (120)
| 64m2m 2

where all primes represent derivation with respect to ¢ and we approximated by
setting the logarithm to unity [30].
We can go from 0, to 0, by noticing that

O Vgt 0Vt O

o o 2 ¢ %_ g
opde 1T 0% 0p

- — = . 121
op " 9p  M2ZmZ (121)

a2
—Mpm

This, together with

6 6 4 4
O(m%) _ 0(m®) dm*) _ 3 ,0(m') 2
dp d(m*) 0p 2 op
and
0*(m°) :§§ m23(m4) :§ m282(m4)+ 1 9(m?)
0p? 20p dp 2 0p? 2m?  Jp (123)
Mef>1 §m282(m4)
2 op?
turns and into
1dmS; |d®mS 9 9
—— | —F < . 124
> dp | dp? < 967°g e (124)
Integrating, we find [30]
meyr < (487°9° i e)% ~ 0.0073 (92" dey . (125)
- lab 10gcm—3

By setting ¢ = 1 and p;, = 10g/cm?, we get our constraint on the effective mass
and coupling constant. Combining them with experimental constraints on fifth-forces,
bounding mes from below, we get Fig.
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3 SCREENING MECHANISMS

3.4 The Axio-Chameleon Screening Mechanism

The axio-chameleon screening mechanism presented in [1] has its novelty in the intro-
duction of a second scalar field: an axion a. The backbone of the mechanism is no
longer the scalar potential, but a generalized kinetic term

2
L> —\/—_gf?Qab(@Guwaﬂgbb . (126)

Because axio-chameleon screening does not rely on properties of the scalar potential,
it is robust against the quantum corrections that endanger single-field screening, dis-
cussed in section 3.3.3.

The non-linear sigma model together with the Einstein-Hilbert term give the
action

M? 2
5= [y (PR Louoord -vie) . o)
from which the Variational Principle provides the equation of motion
1 1 a 0.V
\/—_—gau (vV=9G40"¢") — §acgabau¢ e’ — = 0. (128)
Let us see how in details. We start by evaluating
198 10 0.V
_ — /g aH P /=g 129
f2(5¢c 2a¢c(gabau¢a¢)+ .gfz ) ( )
where the first term can be expanded into
0
aﬁbc(gabaugbaaugbb) = 8cgaba,u¢aau¢b + gabac(augbaaugbb)
(130)

= 0:.Gap0, 00" 9" + Gup(9,000°0"¢° + 9,6 0"0.¢")
= 0.Gap0, 00" P° + Gup(9,020" ¢ + 0,6°0"38%) |

turning (129) into

108 1 .

Here, the second term can be integrated by parts, obtaining

o.V
12

(131)

V050050 + 0,604
= —0, (\/—_g%gabaﬂqs”) 5 — o <\/—_g%gabﬁu¢a) o (132)
= —0, (\/ngcbau¢b) .
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3 SCREENING MECHANISMS

We find (128) by imposing

1 o5 _, (133)
Ve
The equation of motion can equivalently be expressed as
u o.V
G (O¢" +I°,0,0°0"¢") — = 0, (134)

as one can see by making the following considerations. Firstly,

1
——0,, (V=9G0"¢") = ——=+/—9G40,0"¢" + V=9Ga) 0"
Hu(gbgﬁ)r bgb“_( b)¢(135>
= gcbaua'u¢b + —,_—gau V _ggcbau¢b + 0pgcbau¢ :
Secondly,
0,607 = L2 61076" = L (0.6, + 0,Gua) 0,807 (136)
ndchb _8¢d“ —2 d¥cb bYcd u¢ ¢7

where we used the symmetry of the term under b <+ d swap. Together, these two
insights allow us to rewrite (128) as

[gcbau8”¢b + \/L_—ga,u\/__ggcbau(bb] +

(137)
|5 0160 + 060 0,806 - 20,60, | -

0 _

=0

The first bracket can be simplified into

Go \/_(\/_ 90,0"¢" + 0,7/=90"d") = Gop——= \/_ O (vV—g0"¢") = G4¢" (138)
using
%aﬂ (V=90"¢) = O¢, (139)

while the second into
1
3 (04Ge + O6Gea — 0:Gpa) 0,0°0" "

= gacgac (adgcb + &,ch — 0 gbd) M¢baﬂ¢d (140)
- gacrbdaugﬁba‘ugbd ,

giving us precisely (134).
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3 SCREENING MECHANISMS

As we anticipated, two fields are considered in this model: the saxion-axion pair
{¢', ¢*} = {¢, a}. By virtue of the axion shift-symmetry, the target-space metric G,
must be independent of a. Without loss of generality, one can write [32]

Moo
gab = (]E) W2<¢)> 9 (141)

where the overall scale factor has been chosen such to put ¢ in canonical form in (127).
Direct calculations reveal that the only non-vanishing Christoffel symbols are

1
[, = —WWW’ (142)
w’
I3, =05 =— 143

where primes represent derivation with respect to ¢. Also, since we are interested
in screening a light saxion, we assume ¢ to be a flat direction in the scalar potential,
i.e. V= V(a). As was the case for single-field screening mechanism, we introduce a
saxion-SM interaction of the QBD type in order to preserve the Equivalence Principle.

This addition, ( 142) and (143) turn (127) into
M? ]\42
- [ (TP 1= 0,000~ LIV, - V(w))

(144)
+ Ssm (G )
and the equation of motion into
gT
p
0,V + 0,U
V#(W28“a) — T =0, (146)
where in (145) one can recognize the QBD source term coming from , while in (146)
1 0Ssm
0 U = ——— 147
= da (147)

represents direct axion-SM interaction [1].
For non-relativistic matter 7' ~ —p, so (145) becomes

/ ap
O¢ — ~zWW (0a)? — =0 (148)
p p
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Figure 6: Calculated axion profile a(r) as a function of the radius in the adiabatic ap-
proximation [1]. The external minimum is chosen to be a, = 0. The left panel uses a
step-function matter-density profile and the right panel a decaying exponential profile.
The solid and dashed lines in the right panel differ only in the value used for the eternal
axion mass, with the solid line using a larger value. Figure from [1].

Since we are assuming a static, spherically symmetric system, we can use [0 = V? =
d,(r?0,)/r? to find the equation of motion in the radial coordinate

M? (r2¢))" = r’gp + fAr*WW'(d)?, (149)

where primes on ¢ and a indicate derivation with respect to 7.

In one can recognize the kinetic term, the matter source term and the saxion-
axion interaction term arising from the non-linear sigma model. In particular, notice
how this last one is related to the axion gradient. Different terms are going to be rele-
vant or not in different environments. By simplifying the matter distribution of the solar
system with just the Sun itself (as we must given our assumption of spherical symme-
try), we can define three regions: outside the Sun (r > R), inside (r < R —[) and close
to the surface (R — | < r < Rwithl < R).

We isolate the third region on its own because we know most of the axion gradient
to be concentrated here, the reason being the following. One expects axion-matter
coupling inside the Sun to contribute to the effective axion potential, giving something
like

1 1
Vert(a) = V(a) + U(a)F(r) = §m§utf2(a —ay)?+ Em%fQ(a —a_)*F(r), (150)
where F(r) is a normalized function proportional to the density of matter coupled to
a. Assuming meoy < Mmin, a_ and a are the field minima inside and outside the Sun
respectively and the gradient between the two happens in a narrow layer just beneath
the surface of the Sun [[1] (see Fig.[6).
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We can finally give our full attention to (149). Forr > R, p = O and a = a4,
therefore (149) simplifies to

(r’¢Le) =0, (151)
which is solved by
bow = e — (152)
where ¢, is the asymptote at infinity and we introduced
L=?¢)—r =1L . (153)

Combining with , one can notice that F5 o ¢.,, o< L. Our goal of screening
fifth-forces can then be reformulated in terms of L. In particular, we want our mecha-
nism to drive L to small values.

Through integration, can be also expressed as

B 1
]\/[1027“2

@' (r) / drr? (gp(f) + fQWW’(a')Q) (154)
0

using the boundary condition ¢/(0) = 0 coming from spherical symmetry. In a standard

QBD theory, the last term is not present and the integral can be solved exactly for ¢/( R)

noticing that

R
M = 47r/ drr?p(r) , (155)
0
where M is the Sun mass. Since
1
one obtains 9
g
o' (R) = =7~ (157)

Comparing this result with (153) shows that the unscreened parameter is
Lo =2gGM . (158)

Interestingly enough, looking at and (158), notice how we got the same result as
in for a point source and massless scalar.

To solve the full equation of motion (149), we need first to formalize the behavior
of a in the narrow width R — [ < r < R. We approximate it with a step-function

a(r)=a-+ (ay —a_)O(r — R), d'(r)=Aad(r — R), Aa=(ay —a—) (159)

with
@(x)zhm%(lthanh (%)), @@ =0, 50) =~ (160)
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The last equality lets us write

§*(r — R) = d(r — R)6(0) = 55(7“ - R), (161)

which is necessary to convert (149) into

M2 (r*¢) = r'gp + f2WW’2l(Aa) §(r—R). (162)

Integrating both sides gives

g [ ar ey =z (6% 2¢>Rl)
i , (163)
= M; (R’ ¢|R — 0 ¢'l5)
= M; (¢ext’R - ¢ ’Rfl)
and
R R R
/ drr29p+/ drf2WW’ (Aa) 5(r — R) = fPW W/ —(Aa)*,  (164)
R R 2l 2l

where the first integral in (164) vanishes for continuity of the integrand and the subscript
s denotes evaluation at r = R. Combining the two sides back gives the jump condition

onl ) = (= 1)+ L T o, (165)
which can be turned into the condition on L
f2 / 2 2
L:L0+M2WWS 57 (Aa) (166)
by recalling that
Sl F) = o5, (R 1) = o/ (R) = 222 = 24 (167)

To quantify the amount of screening provided by the saxion-axion coupling, it is
convenient to look at the ratio L/ Ly, which from (166) can easily be expressed as

2 R2 Ag)2
L 32 o7 (Aa)
=14+ WW. 1
[ A Vs (168)

To achieve screening, we need this ratio to be smaller than 1.
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Given the presence of W (¢)W.(¢), (168) is not fully determined yet, but has a
dependence on the integration parameter d)( ) = ¢s. One chooses to fix its value by
minimizing the energy of the whole system. Outside the Sun, the energy is given by

+oo 1 +o0 1 L2 L2
Bext = 47TM§/ drr2_<¢ext> - 47TM2/ dTT‘ —— =27 M2
" ’ i 2t TR (1e9)
L2
T AGR’
while inside by

R
By = 4n / drr? (% P22+ %Mg(d)’)Q) ~ f2}§ (Aa)2W2 + By, (170)
0

using the narrow width approximation for the axion gradient. £, comes from the saxion
gradient and is independent of ¢,. Overall,

4G 4G
_Eo = 5 Eex Ein
R et R (Eext + Ein)
PR, e PR, ., N\ 4G
M2 5 —(Aa)’W? + R 0 WZ<AG) W W | + on (171)
1 2
- y(¢s) + (B + Ey'(gbs)) + const. |
where we defined
f2 2112 Ly
(172) lets us rewrite (168) as
L "(¢s
= =1+ % . (173)
0

Recalling that L, and g are directly proportional through (158), one can introduce
and effective coupling ge¢ such that L = 2g.4G M and consequently

L geff
Lo g
This allows to interpret the screening as the weakening of the saxion-SM coupling. The
absence of observable fifth-forces imposes ges < 1073 [33] (see Fig. .
This is as far as our general framework can take us. To continue our analysis, one
needs to assume functional forms for W?2(¢).

(174)
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Figure 7: Solar-system and binary pulsar 1-¢ constraints on the matter-scalar coupling
constants o and 3, assuming InA(¢) = InA(¢o) + ao(¢ — ¢o) + 380(d — o) + ...
Note that a logarithmic scale is used for the vertical axis ||, i.e. that GR (ag = By = 0)
is sent at infinite distance down this axis. LLR stands for lunar laser ranging, Cassini
for the measurement of a Shapiro time-delay variation in the Solar System and SEP for
tests of the Strong Equivalence Principle using a set of neutron star-white dwarf low-
eccentricity binaries. The allowed region is shaded and it includes GR. Figure from .
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3.5 Exponential /2
Here we consider the case

Wig) = Wye 28 — y(os) oce %y = €y (175)
It follows that the total energy is

4G

1 2
fEtot = y(os) + <B — 5@(@)) + const. (176)

Since y(¢;) is monotone, one can equivalently minimize Eio; with respect to it in place
of ¢,. Direct calculations show the energy minimum to be at

2B (1 L ) (177)
y=—7\1-5]-
3 §B
Plugging (177) into (173) gives
L &y 1 R
B I LA ) 178
Ly 2B (B 28gGM (178)

For the Sun, R/GM ~ 107° [1]. Starting from a coupling g ~ O(1), this means that
one needs ¢ > 10? to reach the required amount of screening.

3.6 Quadratic 112

Another interesting possibility is the case

W2
W(9) = W5 + —5-(6 = 6o)” (179)
from which it follows that
y(6.) = 1o+ (6 — 60)? (180)
with R
= 21172
VST (Aa)* W7 (181)
Deriving gives
Y (6s) = y1(d — o) - (182)
From one obtains
4G 2
fEtot = Yo + %(éﬁ — ¢0)* + <B + %(@f) - ¢0)> ; (183)
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which can be extremized with respect to (¢, — ¢g) to find the minimum

B
b=d=—1rm
Combining (173), (182) and (184), we obtain
B
L ] Yiewr 1 1
Lg 2B 1—}—%1 1+}LA];_23%<AG)2W12'

(184)

(185)

Therefore, to have significant amount of screening, I/R < (Aa)* W7 f?/M? is re-
quired, which is likely to be valid in the narrow-width limit, since one expects W7 f* /M?

to be of order unity.
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4 The Axio-Chameleon Mechanism in String
Theory

Here we study potential embeddings of the axio-chameleon screening mechanism in
String Theory. In particular, closed string moduli give rise to the exponential form of
W2, while brane-position moduli can be used to implement the quadratic form of 172,
First, we discuss how closed string moduli are actually not good candidates for this type
of screening. We then move on to the much more promising second option.

4.1 Closed String Moduli

In the context of Supergravity, complexified closed string moduli are associated to Kahler
potentials of the form B
K = —nin(® + ®) (186)

with n = 1,2, 3 when dealing with the axiodilaton, some inner Kahler modulus or the
volume modulus respectively. We obtain the metric of the target space using

n
c= Kpg = —— . 187
Go % (@ + D)2 (187)
The saxion-axion pair can be seen by turning the complex field into two real fields
using cartesian decomposition
D =¢+ib. (188)

This guarantees, as opposed to polar decomposition, that & has no dependence on 6,
as one needs from an axion.
The generalized kinetic term [34] is

Kp30,80"® = ———0,50"D = —— (8,6 + i0,0) (9" — i0"6)
(@ + D) (2) 189)
_ ﬁ(amaw + 8,00"0) .
Using the redefinition
\/ga%b =8, x = \/gm((b), b=V (190)

to put the saxion in canonical form, we find (see [35] for the axiodilaton case)

_ M? M? 3
LDy —gMqu)@@M(I)@”(I) =—Vvg (Tp L X0 X + TPge—?\/Zxa,ﬂa“e) .
(191)
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By comparing it with , we notice that 2/2/n plays the role of £. Recalling that £ has
to be at least of order 10 if g = O(1) in order to get a significant amount of screening,
we easily realize that this cannot be achieved in the framework of String Theory.

We do need to point out that these results were obtained assuming a specific Weyl
rescaling between the Einstein and Jordan metric

g,uzz - 629)(9#” ) (192)

which results in a constant coupling between the saxion and SM matter. One could in
principle consider different types of coupling (as we end up doing for the open string
case), hoping to get a more string-friendly constraint on £. However a shift of 9 orders
of magnitude seems unlikely.

4.2 Brane-Position Moduli

We recall our final result from the section on D-branes: the action

M2 . 1 0
S = d — — A,y o y"
/ 94 l4 94 2V nY Y (193)
+ SSM (Guw) -
By taking the singular conifold as the compactified metric
1 1
ds* =dp* + p? {g(d@/) + costydp; + costaddy)? + é(dﬁf + sin*60,d¢?)
1 (194)
+6(d9§ + sin292dgbf)] :
we obtain
LV 1
l4 / Ty _g4__WV;gmna,uymauyn
ol (195)

ol /d4 \/—_g4——V3 (0,00" p + np*0,a0"a)
with n a numerical coefficient dependent on how we define the axion a starting from
the five angles 1, ¢4, ¢9, 01, 05. As an example, if we assume 1) to be our axion, then
n = 1/9. It is worth noticing that in general n # 1; for a detailed discussion on the
matter, see Appendix B. Clearly, after each definition of a, one must verify that field is
indeed a pseudo-scalar and enjoys shift symmetry.

Redefining the radial-position modulus into its canonical form through

1 27 VY, 2 2 VY, %
ATAVE AUAVE 196
O\ 2z gty \/4 V9 gty P 2gsVWl (196)
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we obtain
2
- B [ty o,
93542 (197)
0
927;4 d4x\/—g41V—WV%np28Ha8“a
= —/d4x —q4 27;4;5‘”1) sn (2g;VW ) $*9,a0"a
w 3 198
4 1 dm 9 (198)
= d*x/— Vanb 0padta
_ / d4x¢_—% f2gb2aua8“a
with f defined as
4
f= ZQ My/n (199)
and finally the action
2 M2 1
S = /d T/ — < PR, — 2p 0,p0" ¢ — §f2¢28ﬂa8“a — V(a)) (200)
+ Ssm(Gur) -

Notice that f has mass dimension 1 as expected.

In (200) we assumed the saxion potential to be negligible, i.e. flat, while V' (a) en-
joys shift symmetry. It would be desirable to back up these claims by studying the fluxes
living on the conifold. In this thesis, we provide only qualitative arguments, leaving
more rigorous demonstrations to future research. Let us start by addressing the flat-
ness of the saxion potential. This is what makes ¢ light and in need of screening in the
first place. Therefore, there is no point in studying the axio-chameleon screening mech-
anism for a massive saxion, since the fifth-forces would already be short-range. More-
over, it has already been shown that ¢ can be used as the inflaton [4][36][37][38][10]
or quintessence field [10][39], for which the flatness of the potential is mandatory. One
could then, for example, interpret ¢ as the quintessence field, currently living in the
flat region of the potential, and aim to use the screening mechanism to explain the ab-
sence of observable fifth-forces. Regarding the axion, the Kahler potential that sources
the singular conifold metric has no dependence on the angular coordinates [11]. This
is no longer true after introducing warping, unless the stack of branes sourcing it is
placed at the tip, preserving the symmetry of the geometry. However, the general case
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still preserve a discrete shift-symmetry of the angles, due to their intrinsic periodicity.
For this reason, we believe the conifold angles, or combinations of them, to be good
axion candidates.

4.21 Generalization to a Field-Dependent Coupling Constant

By comparing and (144), we notice that we have reached the same setup for
the screening mechanism as the one presented in [1], with quadratic 1#2. The only
difference lays in the Weyl factor and, therefore, in the saxion-SM coupling. Indeed,
while in [1] the authors assume

guu = A2(¢)gul/ = 629¢guu ) (201)

we keep a more general scope and for the moment consider a generic non-constant
g(¢). We present now the implications of this generalization. In doing so, we also re-
define all relevant elements to be dimensionless in preparation for the soon to come
numerical analysis.

Let us start again from the saxion equation of motion one obtains from the action

2
r —
ri¢” +2r¢" — o5 p9(0) — [rie(d) =0, (202)
p
where g = g(), p = const. for simplicity, f = f/M, = \/n and ¢ and a are already
dimensionless. We substitute also » with its dimensionless counterpart through the
definitions

. r /1
Tap—>f:Mpr7p:%—>r T\/E: ]\\;ﬁ_r\/ﬁ M_p (203)
P P p

and becomes
2" + 27¢ — 7Pg(p) — fA2p(d))* = 0. (204)

Again, we solve (204) both inside and outside the Sun, as well as in the narrow width
at the boundary. Outside the Sun, the terms representing interaction with the SM and
the axion gradient vanish, simplifying the equation of motion to

¢+ 27¢' =0 (205)
or equivalently
(F¢) =0. (206)
Introducing L as )
(F¢ )i = L, (207)
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we find the solution

N L
Pext(T) = Poo — 7o (208)
where ¢, is the value of the field at infinite distance from the Sun.
Inside the Sun we only have
¢ + 2 —Pg(¢) = 0, (209)

since we assume the axion gradient to be non-null only in a thin region at the boundary.
Through integration, (209) is equivalent to

§(F) = = / " drrg(6) (210)
0

712
from which one finds
R
Lo = ()i = / dii*g(9) (211)
0

where R ~ 7x10~4is the dimensionless Sun radius. Unlike in [, and cannot
be solved analytically in general, neither will they be for the specific case we are about
to consider.

In the narrow width, all terms of arerelevant. In narrow-width approximation,
we use

d'(f) = Aad(7 — R) (212)
to turn into
~2 B
P+ 27 = °0(0) + [ -0(8a)’0(7 ~ R), (213)
where we used B B
§*(F — R) = 0(F — R)6(0) (214)
and introduced the width thickness through
1
0(0) = —. (215)
(0) 5
Let us integrate both sides separately. We have
f 2 i 2 2 2
~ (~2 1 ~ 11 ~ (~2 .\ ~2 1/ ~2 11
/R_Zdr(rqﬁ +27’¢)—/R_Zdr(r¢) — (P4, — (P, )
=R | — (R—1)* ¢/| s~ R (Sel g — ¢'l5i)
and

/ " de(o) + / R FPL B0 ) - Pg a2, en
A TR A

R—
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where the first integral is subleading for small [ for continuity of ¢(7). Finally, we obtain
the jump condition on the derivative of ¢

SRy = d(R—1) + f?j—;@a)z , (218)

which equivalently gives the relation

2

s = R
L=1Ly+ fQE(ACL)Z% . (219)
Similarly to what we did in Chapter 3, we quantify the screening through the ratio

L L 2B (Ag)?
L_oL_ IHA, (220
LO LO 2L0

The first equation becomes apparent once one realizes that

1 (B 1 AR M, \ (M, _ 2
Lo = Vg/o drr?pg(¢) = Vﬁ/of d (%r> (%7’) pg()

b y (221)
- <%) /0 7 n(9) = Lo
p
and
L= Lo+ 5 (Aa)’s, = %;Eo + F%(Aaﬂbs
2 (40) (222)
My (5 B ) My
- \/ﬁ <L0+f 22<Aa) ¢S> - \/ﬁL

An important observation can be made here, which is going to guide us in the real-
ization of our brane setup on the conifold. In order to have screening, i.e. L/Ly < 1,
the second term in needs to be negative. In [1], this was possible because at the
energy minimum the field would assume a negative value. This cannot be true for our
stringy model, since ¢ represents the radial coordinate on the conifold, which is always
non-negative. Our only hope is for L, and therefore g(¢), to be negative. Therefore,
we must build a setup where that is the case. We will put this insight to good use in
the next section; for now, we continue our generalization of the screening mechanism,
focusing on the energy profile and minimization.
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Similarly to Chapter 3, the total energy is given by the sum of the energy inside and
outside the Sun, with

+o0 1 Ar M3 [toe N
%meé 0 = =22 | 0 ()’
3 ) 2 3712 (223)
dm M3 ,102 2nMP L
= i = P
NIy 27 VP R
and
R2 R 1
Ein = 7rf2T(Aa)2¢§ + 47TM;3/ d”’2§(¢/)2
0
_ (224)
27TM3 R
= (Aa)?¢? + / dri(¢')? ]
7 < =(Aa) i (¢")

where to go from dimensionful to dimensionless lengths we used similar steps to those
in and (222). In the case of constant g, the last term of would not be relevant
for the energy minimization, since it would not depend on ¢,. However, this is not true
in general. After summing we find

p p
\/_ ~ Lot — \/_ = (Eext + Eln)
2 M3R 2 M3R

(225)
1 f 2 1IN2
+ = drr=(¢")
0
= 2624 (Bo) +26.) +1(6)
with

TR R L S AR VRS Y g
= PR >ngéldwm@&mmRJwgééd(;4.

Notice how y; is the same whether we use dimensionless or dimensionful lengths.

Using (226), (220) becomes

L_q.
Ly 2B<¢>)

Gs (227)

where ¢, is evaluated at the energy minimum.
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Figure 8: Pictorial representation of the brane setup on the conifold. The stack is stabi-
lized at py, while the SM-brane can move in all directions and has radial coordinate p.

4.2.2 Brane setup on the conifold

We have already highlighted how, for the screening mechanism to work, we need g(¢)
to be negative. Here we investigate what this implies for the brane setup on the coni-
fold.

Recall that g(¢) comes from the Weyl factor through the relation

9(¢) = 0gInA (228)

where A comes from
G = A% () Guv - (229)

For the open string model we found
Ty = h’%eQ“’gw, S A=hae . (230)
Using properties of the logarithm, we can trace the following logical map

9(¢) <0 <= OylnA <0 <= 0,A<0 <= 0sh>0; (231)
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that is, the warping must increase with the radial coordinate at least in some region of
the conifold. In the common scenario where the warping is sourced by a stack of branes
and fractional branes at the tip of the conifold, the opposite is true. Therefore, we are
led to consider a different setup. We imagine to stabilize a stack of branes at some
radial position py, while the SM lives on a probe D3-/D3-brane moving between 0 and
po and along the angular directions. For simplicity, we assume the stack and the probe
brane to be almost aligned in the angular coordinates and to be practically separated
only along the radial direction (see |8| and [40] for a more general solution). Starting
from (59), this allows us to write the warp factor in the strong warping regime as

¢t c*

h = = , (232)
(p—po)t (& — o)t
where we used (196) to go from p, pg to ¢, ¢y and all the multiplicative constants have
been reabsorbed into .
Consequently,

A= (hée%)é _phew = 2% (233)
and
(¢) = —
R

which is indeed negative. Since ¢, is constant, it is convenient from now on to use the
shifted field ¢ = ¢ — ¢ in place of ¢.

0< o<y, (234)

4.2.3 Numerical Analysis

Combining results from the last two sections, we obtain

1 _
2" + 27 — = — AP (o + ¢o)(d)* =0, (235)
@
E U1
LO L() 2B( s) (()0 ¢0) (
with ) 3
1 (B 1 -~ L
B(yps) = = dir’= = RY'(R) = = (237)
(v) = = / ~ - R(R) =
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varying Qs

I I I I I I I
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-0.0008 -

-0.0010 -

Figure 9: Numerical solutions of (239) for 7 € [0, &2] and various ;.

and

\/ﬁ = \/ﬁ ( ext“‘Ein)

Etot

- = —(F
27TM5’R 27TM§’R

R ~ 2
= P8P (ot o) + (% /0 dff% + f?f}(mﬁ(% N ¢0)>

! / —y

D ot d0)? + (Bw + Lot 00)) 100

T2 2

(238)

Our goal here is to find the energy profile and minimize it with respect to ¢, in order
to get an equation for the screening as a function of y; and ¢y. To do so, we need
to express Fiot as an explicit function of ¢,. That is, we need at least an approximate
dependence of ¢ on ¢, which we can find by solving numerically inside the Sun,
i.e. neglecting the last term.

Plotting the numerical results of

1
P’ 4+ 27 — = =0 (239)
@
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varying r
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Figure 10: Numerical evaluation of ¢ (7, ;) along ¢, for 7 = 0 (blue), 7 = R/Q (green)

and 7 = R (orange).

Figure 11: Hyperboloid given by (241) and ¢ at a fixed ¢, (black).
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Figure 12: Hyperboloid given by 1i and ¢ at two values of 7 (black).

for various ¢, and 7 € [0, R] helps us build intuition. From Fig. |§|andwe observe
that ¢(7, ) is sort of hyperbolic in both 7 and . Therefore, we formulate an ansatz

ai® + bp? —¢* =c, (240)

or equivalently
©=—\/ar?+bp?—c (241)

once we consider only the bottom half of the hyperboloid, and compare with~the nu-
merical solution with good qualitative results (see Fig. and . Imposing (R, ¢5) =
©s kills two of the three parameters. In details,

O(R, ) = —\/aR? + b2 —c =@, - b=1, ¢c = aR? (242)

and one is left with

¢ = —\/a(f2 — R2) + 2. (243)

Since our ansatz was just an approximation, a is not purely numerical, but in itself
a function of . One can see this by fitting over the numerical solution of
for different values of ;. The results are displayed in Fig. Fitting this plot gives the
approximate expression for a

1.5%107°

a =034+ o e (244)
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Figure 13: Values of a after fitting (243) over numerical solutions of (239) for various ¢,

(blue) and fit (red).

Figure 14: Hyperboloid given by 1} and three ¢ at fixed ¢, with different qualitative
behavior over the domain 7 € [0, R] (black).
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Let us make some remarks on this result. Numerical solutions of for different
s and Rreveal a boundary for ¢, at —R/\/§ (one can also see this in Fig. . We can
back this up with an analytical argument. Numerically, as (, tends to the boundary,
(T, 5) gets more and more pointy along 7 (see Fig. |§]) The same happens for our
ansatz (see Fig. [14). Here one sees even more clearly that when transitioning
from a region where ¢ is defined for every r > 0 to one where it is not, ¢ takes the
form
o =AF+B. (245)

Surprisingly, this ansatz gives an exact solution for (239) (clearly, we have to drop the
constraint ¢/ (0, ¢,) = 0). By substituting (245) into (239) we find

f2

9% A —
T AR B

=0, (246)
which is solved by A = il/\/§ and B = 0. We pick

T, (247)

since we know ¢ = ¢ — ¢y < 0. Imposing ¢(R) = ¢, gives p, = —R/+/2 for this
boundary case. Looking back at (243), we notice that it stops being defined at 7 = 0
when ¢, > —/aR. Therefore, we deduce that for ¢, = —R/\/Z we must have
a=1/2.

Let us now look at the horizontal asymptote in Fig. [13, which the raw fit in (244) sets
at 0.34. We can show that it corresponds to the region where ¢/¢, < 1,that is where

11 i ey 1
g RS (1+¢0)_ 20 (248)

In this regime g is practically constant Ieadlng us back to the case studied in [1] and in
Chapter 3. Taking the derivative of (243) and evaluating at 7 = R gives

| __ ok _aR__aR

Plp=——— = — ~ —— . (249)
R \ 903 Ps ¢0
Comparing it with the constant g case (154)
1 /R 1 R
(A =—= [ dit*—=—— (250)
7l R? Jo Po 390

reveals that a — 1/3 for ¢/¢y < 1. Being ¢'|; the fundamental quantity of this
mechanism, we expect the amount of screening L/ L, to match that of [1] in this limit.
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Figure 15: Energy profile Ei, for ¢ = 0.001. Notice how the minimum is close to
PYs = _¢0-

We will verify shortly that this is indeed the case. Imposing the asymptotic value and
fitting again, (244) gets updated to

1 2.5 107"
_ ! 251
S R PRE Y (FSTIE 251

and we obtain our final expression for ¢

1 2.5% 1079 -
r = — — =2 2 2
o(7, os) \/<3 + (o130 10_4)2> (72 — R?) + 2. (252)

Enforcing the boundary value a = 1/2 worsens the fit in the overall domain for the
ansatz assumed in (244). Therefore, we prefer not to impose it and label the region
© ~ —R/\/2,ie. ¢y ~ R/\/2 as not fully trust-worthy.

Plugging into the energy expression give an energy profile (see Fig.
that we can minimize numerically with respect to ;. This gives us a value for ¢, that
we can use in . Different values of ¢y and ¥, give different amounts of screening;
we sum them up in Fig.

We notice that the bigger ¢, is, the smaller the minimized value of ¢, (see Tab. .
Taking ¢, as indicative of the order of magnitude of ¢ in the whole region inside the Sun,
we deduce that the ratio ¢/¢o can be small even for relatively small values of ¢,. We
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Figure 16: Numerical evaluation of screening for ¢y = 6 * 10~ (blue), ¢,

and analytical evaluation for g = const. [1] (black).

Table 1: ¢,/ ¢¢ at the energy minimum for various ¢q and y;. The top left value being
negative indicates that ¢, < 0 and that we cannot trust our analysis in that regime.
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bo=6%10"*] —107T |85%1072 1072
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Figure 17: Numerical evaluation of ¢, at the energy minimum (blue) compared to the
constant g case [1] (orange) for ¢y = 6 x 104,
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Figure 18: Numerical evaluation of ¢, at the energy minimum (blue) compared to the
constant g case [1] (orange) for ¢ = 0.1. The overlap is already practically exact.
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Figure 19: Relative difference between the B resulting from our analysis and the one
obtained in [1] where g = const. We took y; = 10.
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Figure 20: Relative difference between g ~ 1/, and g = —1/¢q. We took y; = 10.
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see this clearly in Fig[1] where for ¢y = 0.1 the amount of screening already coincides
with the constant g case, meaning that the approximation in is allowed.

To be even more certain of the validity of for ¢/ ¢y < 1, we compare relevant
quantities when evaluated numerically and with the g ~ —1/¢, approximation. Results
are shown in Fig. 17 [18} [19]and [20] Notice how the approximation gets better as y; and
¢p increase.

For constant g, Ly o< g. This allows us to reinterpret L/ L as getr/ g, Where ge is
the effective saxion-SM coupling resulting from the screening. In our model, this is true
only when ¢ /¢, < 1. In this regime, we can apply existing experimental constraints to
our model (experiments for space-dependent g are not as developed yet). In particular,
for fifth-forces to evade observation in the solar system, one needs g < 1073; for us
this means

L
|gest| = lg] 7~ O (107%) . (253)
0

To study the feasibility of , the parameters at our disposal are y; and ¢,. Recall
that the former is itself dependent on the axion gradient Aa and the Sun radius to width
thickness ratio R/!. To estimate the order of magnitude of these quantities, one would
need a better understanding of the axion potential and of the axion-SM interactions,
which we have been neglecting in this thesis. This remains thus an open question in
need of further research.

In contrast, ¢y can already be constrained quite accurately. As already mentioned,
we know ¢, < —f%/\/i Also, we have been limiting our analysis to the strong warping
regime; as a result, we must impose

1
o FmgN@)?  gheNE p—pol  (GsgsN)*
(p=po)" < Vi Vi Vi T < Vi a

Recalling (196) we find

254)

1 B 1 B
; V3 p—po 1 (P — ) 7 (255)
2gsVW ls \/QQSV?’ ls
where we used
V~Vw, (256)

which is true if we assume the conifold to be a small part of the overall Calabi-Yau.

Combining (254) and (255) we find

27, NI <ﬂ> !
’80| 1 (647{'3 s ) ~ gs ‘ (257)
V20,Vi Vs 4V3
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Overall

() ~
gs R
M <<~ 51071,

4V3 V2

Recalling that p ~ —¢,, our constraints on ¢, are

(258)

R ()
o~ 5%107 < gp < ~24 (259)
V2 4yz

Notice how we also get constraints on V from

)
5*10‘4<—1—>1§V§106(—> . (260)
4y2 9s

These allow a bit of overlap with the LVS regime, which is good news if one hopes to
stabilize the stringy moduli. However, one should remember that the volume upper
boundary is just the result of us limiting the model to the strong warping regime. It is
therefore worth it to attempt a generalization of our research beyond this regime, in
the hope of extending the axio-chameleon screening mechanism well inside LVS.
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5 Conclusion

We analyzed possible implementations of the novel axio-chameleon screening mech-
anism in Type |IB String Theory. While closed-string moduli seem unable to recreate
such effect, brane-position moduly showed promising results.

We assumed the Standard Model to live on a D3/D3-brane on a warped deformed
conifold. By using the radial coordinate and a combination of the angular coordinates of
the brane as a saxion-axion pair, screening can be achieved only for a warp factor that
decreases with the radial coordinate. For this reason, we assumed a stack of branes
to be fixed further away from the tip than the SM-brane. The saxion-SM coupling ap-
proaches a constant value the further the stack is from the tip.

Since we limited ourselves to the strong warping regime, we obtained a constraint
on the compactified volumes that lets us barely reach LVS. However, currently there is
no reason to believe this constraint could not the relaxed in the future.

We also acknowledge the necessity for further research in the study of the saxion
and axion potentials and the axion-SM interactions. In particular, managing to recre-
ate a slow-roll saxion potential in this non-conventional brane setup would solidify our
model. Also, throughout this thesis we have assumed that one can create an axion
from a combination of the angular brane-position moduli. This needs to be verified via
a detailed study of the field potential and its interaction with the SM.
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A REVIEW ON QUINTESSENCE

Appendix

A Review on Quintessence

Various models use the radial coordinate of a D3/D3-brane as a quintessence field in an
attempt of explaining the observed current accelerated expansion of the universe. The
stringy embedding of the axio-chameleon screening mechanism we proposed could be
used in this context, relaxing experimental constraints on quintessence fifth-forces. For
this reason, we provide here a short overview on the topic.

To describe an expanding universe, one must introduce a time-dependent scale fac-
tor in the metric. This is the role of a(t) in the FLRW metric

ds* = —dt* + a*(1)dx® = —dt* + a*(t) (dr® +r°dQ?) (261)

where the time coordinate is absolute, but the spatial ones are comoving with the ex-
pansion. The maximum comoving distance a particle can travel in an interval of time,
known as the particle horizon, is given by

" 2 odt “ da dt 2 d(In a)
Ar= [ dr=[ —o5= —a(t) = 262
' \/7'1 g /t1 a(t) /tl GQ(t) daa< ) /t; aH ’ ( )

where we obviously considered a massless particle (ds> = 0) and defined the Hubble
parameter as

1da
=——. 263
a dt (263)
For the horizon to be shrinking as we observe today, the comoving Hubble radius (a /)~
must be negative, i.e.
d 1 1(H
—— = =+1 0 264
dt aH a <H2 i > =Y (264)
which is equivalent to ‘
H

We will now show that (265) can be achieved from a scalar field, which is referred
to as quintessence, living in the FLRW spacetime. Let us start from the action

M?2 M2
S = /d4x\/—_g (TPR — Tp(&b)Q — V(qs)) , (266)
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where we are using the FLRW metric. The Variational Principle gives the Klein-Gordon
equation with Hubble friction

. . DV
¢p+3Hp=———7, (267)
Mg
while the Friedmann equation is
1. \%

p

Differentiating (268) with respect to time gives

&,(H*) = 2HH = %gbgb' + é% b (269)
By substituting 0,,V/M> with (267) we find
fi = (270)
and consequently turns into
LA L e Y (271)

€= = —
H2 %¢2 + Mlg

In the limit we took in (271), (265) is satisfied. This can happen in a number of poten-
tials, one of the most famous families being the slow-roll ones. These are characterized

by a very small slope, so that the kinetic energy of the field is indeed subleading to the
potential.

B Fictitious Non-Linear Sigma Models

Non-linear sigma models are characterized by a generalized kinetic term, responsible
for interactions between the scalar fields. However, there are instances when these
interactions are just artifacts of a poor choice of fields and an appropriate redefinition
can lead us back to a linear sigma model. Here we will argue that the action
M2

S = ?p /d‘{r\/—g (R — 0,00"¢ — gbZE)Maé“a) (272)
falls into this category. Our interest in (272) is justified by its similarity with (200), which
coincides for f = M,,.
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B FICTITIOUS NON-LINEAR SIGMA MODELS

The target-space metric in (272) is

1 0
Gap = (0 ¢2) ; (273)

which we recognize as the 2D flat metric in polar coordinates. Therefore, applying the
polar-cartesian coordinate conversion

¢* = x*+ 6%,
(274)
tana = —
X
is guaranteed to turn (272) into the equivalent linear sigma model
M2
S:if/f%ﬁgm—QmWX—@%W% (275)

where the fictitious interactions vanished.
One can make even further observations in the framework of Supergravity. Let us
start from a Kahler potential
K = 2n%0 | (276)

which originates the metric
Gap = Kog = 2n° (277)

appearing in the Supergravity lagrangian term [34]
LD —/—gM}Ky30,90"® . (278)

To express this in term of real fields, one needs to choose how to split the complex field
®. Picking ® = x + i or & = ¢ exp(ia) gives

LD —\/—gM52n2 (Oux0"x + 0,00"0) (279)

or

LD —\/—gM§2n2 (@ngﬁ(?“gb + ¢28“a3“a) (280)
respectively. Despite the minimalist appeal of (279), recalling that K appears in the
scalar potential

vzzﬂgeG(c@@G¢G@—4g, G =K+ In|W? (281)

might hint us towards the polar decomposition, since K would be independent of a,
making {¢, a} a promising saxion-axion pair. However, Kahler invariance

K K+ f(®)+ f(P),

W s e /@ (282)
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tells us that (276) is equivalent to

K =2n*®d + (n®)? 4 (n®)* = n?*(® + d)?, (283)

which seems to suggest {x, #} as a saxion-axion pair.

Based on these considerations, we conclude that (279) and (280) are indeed equiv-
alent and that information on the eventual axionic nature of a field can only come from
W.
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