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Abstract

Alternative theories of gravity often feature new degrees of free-
dom in addition to those of the metric tensor that are present in gen-
eral relativity. One such class of alternative gravitational theories are
scalar—tensor theories, which generally predict the existence of a ‘fifth
force’ mediated by a scalar field through a non-minimal coupling to
gravity. Such forces are constrained both by laboratory experiments
and by observations of our solar system, but ‘screening’ mechanisms
weaken these constraints by suppressing the fifth force in the presence
of a high matter density, allowing the dynamics of the scalar field to
be relevant on cosmological scales but invisible to our most sensitive
experiments.

Nevertheless, many experimental and observational methods for
testing screened fifth forces have been proposed. To fully understand
their prospects for detecting or constraining new scalar fields, one must
ensure that the behaviour of these fields is accurately represented by
any approximations that are made in the process of calculating ob-
servables. Contributions to this behaviour may include non-linearities
in the scalar field’s bare potential, the non-minimal coupling between
the field and its own stress—energy, and quantum corrections. This
thesis will study all three of these effects, both in isolation and in
the context of two important scenarios, for two types of screening:
the symmetron, in which the strength of the scalar field’s coupling to
matter varies with the background matter density, and the chameleon,
in which it is the Compton wavelength of the scalar field that varies.

The first scenario is black hole superradiance, an astrophysical
phenomenon that can be used to probe any bosonic field through the
universality of the gravitational interaction. It will be shown that
non-linearities are important for screened scalar fields undergoing a
superradiant instability, but that previous studies on axion-like parti-
cles are not entirely relevant for symmetrons and chameleons; namely,
no ‘bosenova’ is expected to occur for these models.

The second scenario is that of static field profiles around spherical
and cylindrical sources, with particular focus being on the limit in
which these sources are point-like compared to the field’s Compton
wavelength. Scaling relationships for the field profiles are obtained,
and screening factors are calculated which show that the symmetron
model is well approximated by conventional analytical approxima-
tions, while a similar chameleon model requires numerical methods
to obtain accurate results.
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1 Introduction

For more than one hundred years, the paradigmatic description of gravity has
been that of Einstein’s general theory of relativity (‘general relativity’). In
this paradigm, gravity is inertial motion in curved spacetime, the geometry
of which is encoded in the metric tensor g,,, and the metric is influenced
by the distribution of energy, momentum, and stress of all other (‘matter’)
fields, which are packaged into the stress—energy tensor 7,,.

General relativity is the theory in which the coupling between g,, and
the matter fields is in accordance with the Einstein—Hilbert action and the
Einstein field equations. With a mostly-plus metric signature (such that
the Minkowski metric is diag(—1, 41, +1,+1)) and natural units (h, ¢ = 1),
these are respectively

M3 1
S = /d4;pw/—g (TPR—F Em), G = RMV_§R9W = MEQTW . (L.1)

Here g is the determinant of g,,. The Ricci tensor R,, = R, ° and Ricci
scalar R = g"” R, are also obtained from g,,,, and its derivatives up to second
order, via the Riemann tensor R, itself defined through the commutator
of covariant derivatives V, such that

R;wapwp = [V;u Vl/]wa (12>

for any w,, [1]. The Ricci tensor and Ricci scalar terms in the field equations
can be added together to make the Einstein tensor G . Mp ~ 2.435x10*" eV
is the reduced Planck mass, such that Newton’s gravitational constant G =
1/8wM2. Finally, £, is the Lagrangian of the matter fields such that the
stress—energy tensor is given by

=2 0y/—gLn
To = =" (1.3)

One can also add a cosmological constant, as a constant term in the action
and a term proportional to g, in the equation of motion, but as this is
equivalent to a constant term in the matter Lagrangian we will not include
it in the gravitational part of the action here.

To introduce this thesis, I shall first explain why we study alternative
theories of gravity, in particular ones that have additional fields beyond g,
(Section , then describe how such theories generally result in matter




feeling additional gravitational forces (Section and how experimental
and observational bounds that apply to the most simplistic theories may in
reality be avoided through ‘screening’ (Section . Finally, I will give an
overview of tests that target screening models (Section .

1.1 New degrees of freedom

Despite successfully describing gravity in laboratory and solar-system testsﬂ
[2], general relativity has limitations. Fundamentally, it is a classical theory
whereas T}, is in reality sourced by quantum matter. But even on a classical
level, cosmology tells us that Eq. with known sources of T, is insuffi-
cient to explain all observations [3]: there also need to exist new degrees of
freedom which source gravitational forces in the manner of pressureless dark
matter [3,4], and furthermore explanations are required for the accelerated
expansion of our universe both in the present day as dark energy [5] and
possibly in the early universe as inflation [6].

To be accurate, as it is the combination of the general theory of relativity
with the Standard Model of particle physics that is insufficient to explain
cosmological observations, a priori either one individually (or both) may be
in error. However, the distinction is less important than might initially seem:
although at first glance, the addition of new degrees of freedom amounts
only to adding new terms to £, and sources of T}, beyond those presently
contained within the Standard Model, Lovelock’s theorem |[7,|8] provides us
with an argument that new degrees of freedom are also a fairly general feature
of modified theories of gravity.

The argument [7,9] is that if a theory is described by a local action
S = [d*z\/=gL(g,,) with a Lorentz scalar density £(g,,) then the classical
equations of motion obtained by extremising the action with respect to g,
are K" = 0 for some tensor E*”. Then Lovelock’s theorem itself states
that, in four spacetime dimensions, the only choices for a divergence-free
EM that depend only on the metric and its first two derivatives have the
form EM = aGM + bgh” for constants a, b [8], so the equations of motion
are the Einstein field equations with a cosmological constant. For any theory
of g, to have different equations of motion, as long as it is described by a
local action in four spacetime dimensions and its equations of motion are no

'Examples that are particularly relevant to the topic of this thesis will be brought up

in Sections and



more than second order in derivatives, it must therefore contain additional
degrees of freedom [9].

The simplest choice for a model with at least one new degree of freedom
is to add a single scalar field ¢ to the universe. Ignoring couplings to other
fields (besides a minimal coupling to the metric), the very simplest choice
would be for said field to obey an equation of motion that is linear in ¢,
whose only free parameter is the mass p,, such that the action and equation
of motion are respectively

I 1
S = /d“x\/—g (—59“ VuoVip — 5#2902), Op=p2e  (14)
where [0 := ¢V, V,. As the equation of motion is linear, it is easy to com-
pute observables with this model to obtain experimental and observational
constraints. However, we cannot expect that new physics will be this simple

in reality. There are a few features that even a single scalar field could have
which would take its description beyond Eq. (1.4):

e A more complicated kinetic structure, that is to say an action where
Vi appears in terms other than the canonical kinetic term $(V)? [5].
These theories are not the subject of this thesis.

e Non-linearities from the potential, that is to say an action where the
terms not containing Ve have higher powers of ¢ than 142¢?. Indeed,
the only known fundamental scalar field, the Higgs, is non-linear in
this manner [10-12]. Nonlinear scalar field theories are often invoked

in order to explain dark matter [4,13], dark energy [5], and inflation [6].

e When the scalar field is non-linear, quantum corrections will further
change its dynamics from that of the classical equation of motion.
These will be discussed in Section 2.2

e Couplings to other fields. This thesis will consider theories in which
the scalar field is non-minimally coupled to gravity through changing
the gravitational term R in the Einstein-Hilbert action into A?(¢)R for
some function A(yp), in effect making the Planck scale field-dependent
as Mp — A(p)Mp. Such couplings are to be expected if they are not
forbidden by some symmetry.



The aim of this thesis is ultimately to consider a class of scalar field theories
that are somewhat more complicated than Eq. , to determine under
what conditions Eq. provides a suitable approximation for deriving
experimental and observational constraints on new degrees of freedom, and
to examine some consequences that arise when this linear approximation
proves to be too simplistic.

The models of scalar fields that we will study here are ones which display
some consequences of non-minimal couplings to gravity and non-linear equa-
tions of motion that are already well understood, namely fifth forces and the
‘screening’ of fifth forces. The remainder of the introduction to this thesis
will provide an overview of these phenomena, models which experience them,
and their implications for searches for new degrees of freedom.

1.2 Scalar fields and fifth forces

A non-minimal coupling to gravity of the form A%(¢)R is equivalent to a
coupling to matter. In order to see how this works, we shall begin by looking
at two actions with which we might describe a canonically normalised real
scalar field and how they are transformed into each other.

Firstly, there is the action in the Jordan frame, in which the scalar field
can be non-minimally coupled to the metric through the A?(p)R term.

M3 1
5= /d“l’x/—gﬁw Ly = TPAQ(SO)R = 59" VeV =Vip)  (L5)
Secondly, there is the action in the Einstein frame, which is defined such that
the scalar field is minimally coupled to the metric.

M2 - 1_ -~ - ~
S= [dov=ite  Lo="FR-3"V000-T6) (1)
The Einstein-frame and Jordan-frame metrics are to be related through a
local rescaling g, = A%g,,, and other tilded quantities and operators are

defined using §Wﬂ the relationship between ¢ and ¢ will be explored in
Section 2.1

2Usually this is a straightforward matter of performing the calculations described after
}:Zq. (1.1) up to Eq. (L.3) with §,, instead of g,,. For the potential, the relationship is

V=1/9/3V.




Note that the relationship g,., = A%g,, requires A(p) # 0 everywhere,
as if A were to vanish then the mapping between the two frames would not
be invertible. This requirement is illustrated by the fact that many of the
calculations that follow, both here and in Sec. , will include factors of A~

The Weyl transformation g, — g, = A%g,, gives [1]

V=i=A%=g (L.7a)

R=A"%R-6¢"V,V,InA—6¢""V,In AV,In A) . (1.7b)

V=GR in the Einstein frame outputs the term \/—gA?R in the Jordan frame
as necessary to equate Egs. and (| .

A direct coupling to matter is then apparent when we introduce the
matter part of the action, [d*z\/=g¢L,, which in the g-centric Einstein
frame contains a coupling to the scalar field through A’s—and thereby g’s—
dependence on ¢. The coupling between ¢ and the curvature sourced by the
matter fields has been converted into a direct coupling between ¢ and the
matter fields themselves which will mediate a fifth force, as we can see by
using the geodesic equation

d?xH dz? dx°
=TIy, 1.8
dr? YO dr dr (1.8)
where )
Fllja = §gup(gpu,a + Gpo,v — gz/o,p) (19)

are the Christoffel symbols of the metric g,,, to give the acceleration of a
test particle. Here g, is the metric felt by matter fields, and is therefore the
metric on whose geodesics matter particles move. Taking the nonrelativistic
limit
0 i
di:l, dz =0, —Joo =1+29 , P11, gio =0,
dr dr
(1.10)
where ¢ runs over the spatial indices pu # 0 and ® is the Newtonian gravita-
tional potential, one obtains
d*x : 1 1 0A -
= —T}, 2—29 900,]—3<I>+Ad¢

e i 8¢ =: Fy + Fy (1.11)

(where d' are derivatives from Eq. ( - with the index raised using §¥/). The
Fy := 0'® term is the Newtonian gravitational force, and Fy = 81“‘8’@5

5



gives the scalar-mediated fifth force. Importantly, perturbations in ¢ are
themselves sourced by matter. The ¢ equation of motion, obtained from
varying the action of Eq. ((1.6)), gains an additional term from L, of the form

1 0v—9gLn _ 11 O/— gL OgH :—l%T G
V=g 09 Aty/—g Og 09 Adg™ "

(where the last equality uses Eq. (T.3) and /—gT,,9"" = /—§T,,§") such
that

(1.12)

E¢:-Q(wa+TmA>, (1.13)
O¢

i.e., ¢ couples to the trace of the matter stress—energy T = ngw with a
coupling strength In A; throughout this thesis I will consider nonrelativistic
perfect fluid-like sources in which 7" is dominated by the matter density p. We
call the combination of potential and matter coupling the effective potentialﬂ

Ve (¢) :==V(¢p) + TIn A . (1.14)

In vacuum around a spherically symmetric source in three spatial dimen-
sions, a scalar field with the quadratic potential %,uigz? of Eq. and a
Yukawa coupling In A(¢) = ¢/M (where M is a mass scale needed to make
A dimensionless) will have a Yukawa field profile ¢yuxawa () = gse ™" /1 at a
distance r from a material body, where g3 depends on M and also the mass
and radius of the soulrceﬁ7 and a corresponding force of Fyyawa = V Ovukawa =
—g3(1 + pgr)e ror [r2.

Also of interest to us will be the field profile around a cylindrically
symmetric source, or equivalently around a spherically symmetric source
in two spatial dimensions. There Gvukawa(r) = g2Ko(pgr) where Ky is a
modified Bessel function of the second kind, for a g, that also depends on
M and the mass and radius of the sourceﬂ, and a corresponding force of
Fyukawa = Vdvukawa = —92fte 1 (1er). Scalar fields around one-dimensional
sources will not be dealt with here, as the models that we will focus on can
be and have been studied in an entirely analytical manner [14].

3A classical object, not to be confused with an ‘effective potential’ that is formed by
adding loop corrections to the tree-level potential, which is the topic of Sec.

4To find an explicit expression for the constant of integration g3, one must solve for ¢
both inside and outside the source and enforce that the field profile and its derivative are
continuous at the surface of the source. For example, with O¢ = ﬂi(b in vacuum and the
approximation O¢ = p/M inside the source, g3 = my/[4nM (1 + pyrs)], where mg and 7
are the source mass and radius respectively.

®Using the same approximation as the previous footnote, go = ms/[27 M pprs Ko (pers)]-
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1.3 Screened fifth forces

Yukawa forces are constrained by laboratory tests of gravity such as torsion
pendulum experiments and precision measurements of the Casimir force |15,
16]; and by solar-system tests of gravity, in particular lunar laser ranging and
planetary orbits [17-19]. However, simple constraints obtained by assuming
a quadratic potential for the scalar field, as in Eq. (L.4), are not general.

Non-linearities in the scalar equation of motion mean that fluctuations
in the scalar field depend on the evolution of the background scalar field,
which is in turn dependent on anything in the environment that the field
is coupled to. When this dependence is such that fifth force of Eq. ({1.11])
is suppressed by its environment, such as by decreasing its range or the
strength of its coupling to matter — say, the field follows a Yukawa-like
potential ~ ge~#¢" /r and the coupling g decreases or mass i, increases —
this is called screening, and when the force is screened around dense sources
then it may evade precision constraints that are obtained from observations
made in the environment around the Sun and Earth.

Screening can be quantified with a screening factor A\; which we will define
here to be F,/Fyukawa, the ratio between the scalar force Fj of Eq.
experienced by a test particle and the Yukawa force Fyuiawa X V@vukawa
described in Sec. 1.2l

In this thesis I will only consider scalar fields whose screening comes
from non-linearities in their potential, rather than from non-canonical kinetic
terms. Thus there are two such mechanisms of screening, the symmetron and
the chameleon, which are conventionally studied in the Einstein frame. Com-
bined with appropriate choices of potential f/(gb) which will be described in
their individual sections, the standard symmetron model features a quadratic
matter coupling In A ~ ¢? such that dIn A vanishes as ¢ — 0 inside a high
local matter density, while chameleon models work with a linear matter cou-
pling In A ~ ¢ such that the chameleon mass increases with the local matter
density.

1.3.1 Symmetron models

In a symmetron model, the coupling to matter decreases as the local matter
density increases, vanishing when the density reaches some critical value [20].
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Figure 1: Symmetron bare potential (blue, solid) and an example of a
screened effective potential in the presence of a matter density p > p?M?
(orange, dashed).

The potential and the matter coupling are symmetric under ¢ — —¢,

2 2
V(0) = Vot 30t - L ’

2
5 A% () ~ 14 2 (1.15)
where Vj is a constant term of mass dimension four, ;o and M are mass scales,
and A is a dimensionless self-coupling constant. As I will discuss in Section
2.2] A < 1is desired to ensure that quantum corrections do not dominate over
the bare potential. There is little a prior: constraint on M, but M < Mp is
needed to make the unscreened force stronger than gravity, the situation in
which a screening mechanism is necessary. Finally, typical values of p depend
on the context in which the model is being studied: for laboratory tests, the
Compton wavelength ~ 1/u needs to be comparable to laboratory scales; in
other contexts, one needs to consider the effective potential
~ A 1
Verr (¢) = Z¢4 +t3 <% - M2> ¢? . (1.16)
The form of the bare potential in Eq. is symmetry-breaking such that
its minima are at £u/vX # 0, and as long as p < pu’M?, the effective
potential has two minima at ¢(p) = £sor/1 — p/p2M?2, where ¢og = 11/ V.
However, when p > p2M?, the minimum of V.g(¢) vanishes, as seen
in Fig. [I| so fluctuations d¢ around this minimum couple to matter with
strength ~ ¢d¢/M? = 0 and the force is thus screened. For the original

8



cosmological symmetrons, p is chosen such that this phase transition occurs
at late times, around the current cosmic density, therefore p?M? ~ HZME
[20].

Symmetron-like behaviour has also been studied in a model where the
symmetry-breaking potential is generated through loop corrections induced
by a coupling to a massless scalar field [21], which is expected to behave in
a similar manner to Eq. phenomenologically.

Screening factors

In order to treat the screening behaviour analytically, we consider a com-
pact, maximally symmetric source with finite radius r,, uniform density p;,
and total mass m,, embedded in a diffuse background with uniform density
Pout that is less than the critical value p?M?. In the literature, e.g., Ref. [22],
the screening of the symmetron fifth force sourced by this object is deter-
mined by dividing space into two regions: one inside and one outside the
source object. In addition, we make the following assumptions: (i) the field
inside the source remains close to zero and (ii) the field outside the source
remains close to the value that minimises the effective potential outside the
source, which we denote by

Pout = G(Pout) = Poo /1 — pous/ W2M? (1.17)

where we have arbitrarily (but without loss of generality) selected the posi-
tive vacuum solution at spatial infinity. We then approximate the effective
potential as quadratic about its minimum in each of the two regions. The
effective mass of the field inside and outside the source is given by

2 o d2%3(¢)

m; = _
IH(OUt) d¢2 ¢= ¢in(out) ’
P = Pin(out)

(1.18)

where ¢y, = Q@(pin). We impose the boundary conditions that the field be
regular at the origin and tend to a constant at infinity, and that ¢ and d¢/dr
be continuous at the surface of the source.

After making the assumptions describedqabove and further approximating
the fifth force as F' = —¢pVo/M? ~ —¢OutV¢/M2E| the external field profile

6The full expression for A, does not approximate the fifth force —(/)ﬁqb/M 2 as
—pout V$/M? and therefore depends on the distance from the source.

9
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Figure 2: An approximate symmetron field profile around a spherical source
of radius rg, produced by matching a sinh(my,r)/r profile in r < r, to an
e~mew” [y profile in r > r,. In this example, u = 1/75, pous = 0, and py, =
2u2M?. The thin vertical line marks the surface of the source.

around our object, which we centre at the origin, can be written as

ms e_mout (7'_7"5)

ou = 7ou - )\s i ) 1.19
¢ t(r> ¢ ' ¢out (1 + moutrs)47r7n ( )
where the screening factor A, is given by
- A2 (1 + Mowirs) 1 G\ _MinTs — tanh(minr) (1.20)
mg (,bout Min + Mout tanh(minrs)

An example of a full construction can be seen in Fig. 2

The cylindrically symmetric (i.e., two-dimensional) case can be treated
in a similar manner, with the exterior field falling off as the modified Bessel
function of the second kind Ko(mour):

My 1 Ko(meowr) (121)

¢0ut(r) = &out —A

’ ngut 2mmMouTs K1 (mout"”s)

with

o 272 (1 bin ) MinMout s J1 (MinTs ) K1 (Mot Ts)
° Mind 1(

mg B ngut minrs>K0(m0utrs) + mout10<minrs)K1 (n?outrs; ’
1.22
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Figure 3: Power-law chameleon bare potential (blue, solid) and an example
of an effective potential in the presence of a non-zero local matter density
(orange, dashed).

where we have again assumed that the fifth force can be approximated as

_ngutﬁqﬁ/Mz

1.3.2 Chameleon models

In a chameleon model, the scalar mass increases with the local matter den-
sityﬂ. The prototypical chameleon model [24] features a monotonically de-
creasing potential and, given the absence of any symmetries forbidding terms
that are linear in ¢, a matter coupling that is to leading order linear

2¢

A%(¢) ~ 1+ T (1.23)

A4+n

V() = al

for mass scales A and M. Often A has been considered to be around the scale
of the cosmological constant ~ 2.4 meV, with the idea being that the full
potential might be ~ A% exp(A"/¢") such that the leading-order term in the
¢ > A expansion is the cosmological constant. However, this region of the
parameter space has been almost entirely excluded by precision atomic mea-
surements, interferometry, and Eot—Wash experiments, which have pushed
the space of viable chameleon models to smaller values of A [25].

7Although the symmetron also sees a density-dependent mass with ui ~ p for large p,
this is not the primary mechanism of its screening.
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Figure 4: Symmetry-breaking chameleon bare potential (blue, solid) and an
example of an effective potential in the presence of a non-zero local matter
density (orange, dashed).

Inside a nonrelativistic source of density p, the minimum ¢ of the effective

potential
5 A4+n

Vet (¢) = o

as shown in Fig. , scales as 1/¢""' ~ p and therefore the mass-squared
py = V.i(¢) around this minimum scales as pl ~ 1/ ~ pntl/(nt2) - For
large p and with a large source radius—these will be quantified shortly—
the chameleon field will decay to the minimum within a short range of the
surface of the source, and will therefore not feel the majority of the source
mass which is deeper within the material.

Chameleonic behaviour can occur in a wider variety of theories than those
with bare potentials of the form A**"/¢". For instance, it has been studied
in the context of the environmentally-dependent dilaton [26], which in the
notation of this thesis used V(¢) = VyA*e=#/Me,

Throughout this thesis we will also consider a model where a linear matter
coupling is paired with a symmetron-like potential, previously studied as a
toy model of the Higgs with a Yukawa coupling [14], giving an effective
potential

p
479 (1.24)

N \ 2
Ver () = Z¢4 — %¢2 + %¢ ; (1.25)

as seen in Fig. 4| This is still a chameleon theory, as for large p > p*M/v/A

the minimum ¢ of the effective potential scales as ¢®> ~ —p such that the

12



mass scales as y3 ~ ¢* ~ p*/, with the caveat that—if this is to be a scalar—
tensor theory with a Jordan-frame description—higher-order terms in A(¢)
must come into play at large negative ¢ in order to ensure that A = 0 is not
reached by the field reaching ¢ = —M.

Although I have so far mentioned only theories with a Jordan-frame action
of the form Eq. , there is an even simpler option for the chameleon. The
presence of kinetic terms for In A in Eq. means that a theory without
a kinetic term for a scalar field in the Jordan frame can still become a scalar
field theory in the Einstein frame with a linear matter coupling In A < ¢.
Such a theory is known to be equivalent to f(R) gravity, in which the Jordan-
frame action is that of Einstein-Hilbert, Eq. (L.1), but with R — f(R) such
that A%(p) = f'(R) and V(p) = sME(f'(R)R — f(R)); therefore f(R) grav-
ity theories can experience chameleon screening [27-29].

Screening factors

Considering again a uniform-density, maximally symmetric source of mass
m and radius r,, embedded in a low-density background, the standard ap-
proach to computing the chameleon screening factor is to divide space into
three regions: one outside and two inside the source [30]. In the innermost
region, the field is so massive that the field value is approximately con-
stant. The surface of this region defines a “thin shell” radius 7, with
0 < 7ghen < 15. In the region rgen < r < 7y, the effective potential is
dominated by the matter coupling.

The exterior field profile around a homogeneous spherically-symmetric
source of radius ry is [31]

my e—mout(r—rs)

out (1) = Gout — s . 1.26
Gout (1) = Pout M (1 + mours)dnr ( )

The resulting screening factor is given by

3
Ae=1-— (“h"‘“) (1.27)

Ts

and, taking mqr < 1, the thin-shell radius is

Tshell = Ts\/l - 2M(¢OUt - (bin) . (128)

pinr?

13



Only the matter within the shell near the surface of the object sources per-
turbations in the field. This form of the solution holds for all models with a
linear coupling to matter, as different self-interaction potentials V' (¢) merely
lead to different expressions for dous.

When rgpen = 0 (or rghen has no real solutions) and Ay = 1, which occurs
for 2M (ngut — q@in) > pinrg, the field cannot reach its minimum anywhere and
the object is entirely unscreened. When rg,en — 7, and Ay — 0, occurring
when pinr? > 2M (¢pous — ¢in), the field quickly drops to its minimum near
the surface of the source and the object is maximally screened.

The cylindrically symmetric or two-dimensional case is similar, with [31]

o) = AL Kolmour) (e} )
out out s M 27rm0mrs Kl (momrs) ) s 9 .

and the thin-shell radius rg,e is given by

Tenenl \ _ —(X+Y) (1.30)
Ts W_i(—eX(X+Y))’ '
where
2 KO (moutrs> 4M(q§1n - (,Bout)
X=1 Y = 1.31
N MouwtT's Kl (moutrs) ’ pr? ’ ( )

and W, denotes the £*® real branch of the Lambert W function. The argu-
ment of the W function becomes non-negative when X < —Y| and Eq.
no longer gives an rg,.; between 0 and 5. As the argument approaches zero,
the W function tends to —oo, renen — 0, and the source is unscreened.

1.4 Tests for screened fifth forces

Screened fifth forces, hidden from conventional tests, need unconventional
tests to uncover them or, conversely, to rule out their existence. Such tests
occur in a vacuum environment in order to minimise the risk that the back-
ground density is sufficient for screening, and therefore tend to involve as-
trophysical or cosmological observations [5,25], experiments conducted inside
vacuum chambers [5,25], or experiments searching for violations of the equiv-
alence principle in space [32].

As chameleon screening between masses depends on the density and phys-
ical dimensions of the masses—for a spherical source this is the combination
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pim2—tests for chameleons often feature sources that minimise their spatial
extent in some way so as to maximise the chameleon force. Searches for
chameleons that make use of this feature include torsion pendulum and Eot-
Wash experiments [15,33,134], and precision measurements of the Casimir
force [35-37], all of which are used to measure the force between thin plates;
and atom [31,38-41] and neutron interferometry [42,43], which use particles
that might be very dense but have very small source radii. In a similar vein,
searches for fifth forces have been conducted using optically levitated micro-
spheres [44], which are neither dense nor large; another proposal is to measure
the effect of a fifth force on the cyclotron motion of charged particles [45].

Constraints on the chameleon have almost entirely excluded the param-
eter space where A 2> 2.4 meV, the dark energy scale [25]. As symmetron
screening, however, depends only on whether the density is greater than the
critical density p2M? and is not alleviated by a small spatial extent, many
fiftth force experiments that provide stringent constraints for the chameleon
are less effective in constraining the symmetron but are nevertheless valu-
able [2340,41,/46,47]. On the other hand, symmetrons can display behaviour
impossible for the chameleon: the presence of degenerate minima in the sym-
metron potential makes domain walls possible, which could be detected if
they form inside vacuum chambers [23,48] or pass close to the Earth [49)].

Not all tests that are designed for screened scalar fields are directly tests
for the resulting fifth forces. Constraints can also be obtained from mea-
surements of the electron magnetic moment [50|, from searches for variations
in the fine-structure constant and fermion masses [49], and from neutron
spectroscopy [51].

1.5 Outline of this Thesis

In Section , I will look at the contributions of a non-minimal coupling (Sec-
tion [2.1)) and one-loop corrections (Section to the dynamics of a scalar
field, ultimately obtaining sets of bounds—Eq. and —for the
symmetron and the symmetron-like chameleon in which we can trust the
classical Einstein-frame Eqs. and to provide reliable predictions
for observations and experiments.

The remainder of this thesis will then focus on the consequences of non-
linearities in the equation of motion, primarily for the symmetron, for two
scenarios of interest. Section |3 will examine the superradiant instability of
scalar fields around Kerr black holes, and Section [ is a study of the sym-

15



metron, and the chameleon of Eq. (1.25]), around compact spherical objects,
ending with scaling relationships and screening factors that can be applied
even in the limit of point-like sources.

16



17



2 Suitability of the Classical Approximation

Before we can assess when the linearised Eq. is a suitable approximation
for a model such as Eq. or Eq. (1.24]), we must first determine whether
models such as Eq. or Eq. (1.24]) are themselves reliable given the
effects of non-minimal couplings and quantum corrections.

Sections [2.1] and will examine respectively a non-minimal coupling
and one-loop corrections, and will conclude in both cases that the effects
can be accounted for by additional non-linearities in the effective potential
that are suppressed with respect to those of the bare potential under sets of

bounds given in Eq. (2.40]) and (2.43]).

2.1 Non-minimal coupling contributions

As shown in Section [I.2] a non-minimal gravitational coupling term in the
action of the form A?(p)R can be removed by a suitable conformal transfor-
mation. One might therefore suppose that, since in the Einstein frame the
scalar field equation of motion in vacuum is exactly Cg = V” (¢), the effects
of non-minimal couplings are nonexistent in the absence of matter. Similarly,
the Jordan-frame equation of motion reduces to the simple Oy = V/(p) in
vacuum when the curvature R = 0.

However, ¢ has its own stress—energy and therefore it sources a non-zero
curvature, so the Jordan-frame equation of motion must be more complicated
than it would at first appear, and a frame transformation cannot cause the
physics of the coupling to cease to exist, so this physics must also be hiding
somewhere in the Einstein-frame equation of motion. In this section I shall
uncover where exactly the physics is hiding, and what form it takes—how the
form of Cl¢ = V'(¢) differs from that of Oy = V'(p)—after the conformal
transformation has been performed.

Consider the transformation between Egs. and ((L.6),

2

M 1
= AR = 59"V, Vip = V() |

S = /dA‘x\/—gE@, L, = 5
ME -

= 1. U v (7
5= / on/=5Lo,  Lo="FR=S5"V,0V.6 — V(0).
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via Egs. (1.7a)) and (1.7b),
V—g=A%~g, (2.2a)

R=A2(R—-6¢"V,V,InA—6¢"V,InAV,In A) (2.2b)

more closely. To compare the terms in the two frames it is easiest to transform
the L, action into the Jordan frame. The R term sees the greatest change:

~M132> 5 4 MPQ’ —2 v v
\/—gTR =A \/—gTA (R—6¢g""V,V,InA—6¢g""V,InAV,In A)
2
==y <%AQR — 3MpA*g"'V,V, In A — 3M}A*g"'V, In AV, In A)
=\/—g ( My epy +3MpA*g"' VY, In AV, lnA> :
(2.3)
In the final line we have integrated by parts to find
A?’VIV, In A = V*(A’V,In A) — 24°V*In AV, In A

and, as we take spacetime to have no boundaries and all fields to attain a
constant value at infinity, removed the resulting total divergence. The other
two terms in the Lagrangian of Eq. (1.6)) become

1 e e 1
V=050V 0V = V=g AV ,0V 00 (24a)
V=3V (9) = AWV=gV(9) . (2.40)

Under these transformations, £, is transformed into

—7 M2 1 dA do\ 2
e~ ey o () - (%)) rmsmo-vio

(2.5)
and, in the other direction, L, is transformed into

— M2 dA d 2  /
o= i (0 () + () )

(2.6)
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Equating the kinetic term in Eq. (2.5) with that in £, and the kinetic term
in Eq. (2.6) with that in £y, tells us that

2
g |1+ 6ME (%) :
d_ - A2 - ) (27)
? 42— oMz (4)

where each of the two expressions is useful if we know A as a function of ¢ or
of ¢ respectively. As long as (dA/dy)?, (dA/d¢)? < 1/M3, the expressions
simplify and d¢/dp — 1/A.

The fact that the scalar field is transformed between the two frames,
combined with the relationship V() = A*V(¢), shows us that we can expect
the effects of the non-minimal coupling to be reflected in the differences
between the Jordan- and Einstein-frame forms of the potential.

However, this does not mean that we cannot use Oy = V'(y), as a good
approximation to the true equation of motion O¢ = V'(¢). The differences
between the equations of motion in the two frames may be suppressed, such
as when the curvature sourced by ¢ is sufficiently small such that A%(p) =~ 1,
as is the case when A%(p) ~ 1+2¢"/n!M™ and |p| < M. In such a situation,
¢ = p, up to a constant of integrationﬁ.

It is necessary to assess the suitability of an approximation of the form
Oe = V() on a model-by-model basis. I will do this for the symmetron in
Section 2.1.7] and for the chameleon in Section 2. 1.2

2.1.1 Quadratic matter coupling and symmetrons

The quadratic matter coupling A%(p) ~ 1 + p?/M? needs only ¢?/M? <
M?/ME to give us the approximation d¢ = dp/A, which may be integrated
to get

3 1
I R
b=¢ 6M2+0(M4> | (2.8)
The same logic can be applied to A%(¢) ~ 1+ ¢?/M?, giving
¢3 4

8This constant, call it ¢, does not change the kinetic term, nor does it change the form
of the potential. What it does is shift the potential from V(¢) — V(¢ + ¢) and therefore
the zero of the potential to —c. Choosing a non-zero constant of integration c¢ therefore
amounts to taking an expansion of the potential around ¢ = —c.
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The symmetron model [20], as described in Section|1.3.1] has such a quadratic
matter coupling with a symmetry-breaking potential such as

Ay,

Vi(e)=Vo+ 9 3% (2.10)
where Vj is a constant term of mass dimension four, p is a mass scale, and
A is a dimensionless self-coupling constant. The minimum of this potential
is @ = u/v/A. When Eq. [2.10) is the potential in the Jordan frame, the

potential in the Einstein frame is

¥ _ A 10 p° 4 1 4V 2 AP 4 ¢!
W)—Vﬁz( +§W)¢ —7(1UQM2)¢ 3027 +O<M4)

(2.11)
where the coefficients of the O(¢*/M*) terms depend on higher-order terms
in A(¢). The leading-order addition to the potential is of order ¢?/M?, which
we take to be small in order to ensure that A ~ 1. There are also @?/M?
and Vy/u?M? corrections to the values of A and u? respectively; if Vo < /A
then Vo/u?M? < @*/M? and these corrections are both guaranteed to be
small as well.

A change that is not immediately quantified by Eq. - is that the
minimum of V(gzﬁ) is generally displaced from ¢ = @, which is important to
recognise if one attempts to find a linearised approximation like Eq.
to the symmetron by taking a Taylor expansion of the potential around its
minimum. This displacement is not only due to the inequality between ¢
and ¢, but also because ¢ couples to the curvature sourced by a non-zero
V (@), and so the Jordan-frame potential will also have the location of its
minimum shifted from /v unless Vy = p*/4X such that V(@) = 0. It
turns out that the Einsten-frame minimum ¢ will be displaced from /v VA
unless Vo = p*/3), to leading order.

In order to isolate the cause of the displaced minimum from the Einstein-
frame viewpoint and thereby determine when it can be neglected, it is helpful

to expand Egs. (2.10) and (2.11)) around ¢, ¢ = ¢ and express the result in
terms of the field excursions (¢,1) = (¢,¢) — @. The original potential

Eq.becomes
5+ ()+36)
<@> + 2 —|—4 2 . (2.12)

21

_“_ “_
V() =W TS




Then ‘7(12) acquires several differences: Firstly, each of the terms in Eq.
is transformed into an infinite series of order (/M )%™ terms with integers
m > 0. Secondly, there are also terms of higher order in ¢, which are gen-
erally negligible when ¢ < @ and are further suppressed by factors of order
©*/M?. Both of these types of contributions are therefore of the same order as
those that can be seen in Eq. (2.11)). Finally, V(¢) has an O(¢)/@) term and
this is responsible for ¢ # @; its coefficient is —4Vyp?/M? or +4p*u?/3M?
(depending on the presence and size of Vo). To ensure that Eq. is a

valid approximation to V(¢), the most restrictive condition is that the P
term remains dominant over this ¢ term, which requires

16 Vo 16 @* 43
R 2.13
)\@2M2’3M2<<@3 (2.13)
When [Vg| < p*/A, these become another constraint that ¢*/M? must be
small, although here it must also be smaller than (//®)? that may itself be
< 1

2.1.2 Linear matter coupling and chameleons

Naively, we run into a problem when trying to transform a linearly-coupled
theory between the Jordan and Einstein frames. The final expression in
Eq. (2.7)) is not real unless the theory in the Einstein frame satisfies

2 o (dA ’
A? > 6M3 (d—¢> . (2.14)
In theories such as the symmetron or with even higher-order couplings, dA/d¢
will be at least of order ¢/M and so this constraint is easily satisfied for
|p| < M, telling us only that higher-order terms in A% will become relevant
for larger |¢|. However, with a linear coupling A%(¢) ~ 1 + 2¢/M, the
constraint turns into A% > 6 M3/ M?.

The constraint Eq. thus cannot be satisfied given A?(¢) ~ 1+2¢/M
with both ¢ < M, which we need so as to ensure that any results are not
dependent on the exact form of A(¢), and M < v/6Mp, which is the situation
that we are interested in as forces with M > Mp are weaker than gravity and
so do not require screening to remain hidden. We cannot then talk about
contributions caused by non-minimal coupling when the bare equation of
motion Oy = V'(p) does not exist.
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To see what happens when we try to transform a linearly-coupled theory
with small M into the Einstein frame using Eq. (2.7)), consider starting from
a Jordan-frame coupling A%(p) = 1+ 2¢/M with A ~ 1, M? < M%. Then
from Eq. [2.7) we find d¢/dp ~ /6 Mp /M A?, which gives

6
o= Yo (

2¢ 2¢
14+ 22) = A2 =14 22 = p20/VoMp 2.15
2 * M) e ’ (2.15)

or to leading order

2¢
V6Mp

An arbitrarily small Jordan-frame M has given us an Einstein-frame coupling
scale of v/6Mp. Note that the scale M hasn’t been removed from the theory;
it will still be present in the form of O(M?/M3) terms.

A special case of this frame transformation is when A? = e
2#/V6Mp exactly. In this case the kinetic term of the Jordan-frame action
Eq. (2.5) vanishes and we therefore have f(R) gravity as mentioned in Sec-
tion ; M disappears as there is no independent scale M # /6Mp in the
Jordan frame to begin with [27-29].

oMy

A =1
i Y = +

¢ (2.16)

20/M  _

The source of the apparent impossibility of obtaining M < v6Mp is
that Eq. is based on the assumption that the action in Eq. has a
canonical sign on its kinetic term as does our original Jordan-frame action
in Eq. . If the Jordan and Einstein frames are equivalent on a quantum
level then this cannot be necessary, as the Einstein-frame action in Eq.
is clearly free of pathologies even for small values of M. One could then
argue that the reason why a ‘canonical’ kinetic term in the Jordan frame is
not necessary is that the A%(p) R term in the Jordan-frame action means that
the metric, and therefore the theory as a whole, is not canonically normalised.
anyway. This would mean that in the Jordan-frame description, the ¢ ghosts
must somehow be kept in check by the A%(¢)R coupling even in vacuum
where R — 0.

Assuming for the sake of calculation that it is viable to have a chameleon
in the Jordan frame whose Einstein-frame matter coupling is small, let us
consider here the consequences of a ‘non-canonical’ Jordan-frame chameleon.
What we must do to get a theory with a small Einstein-frame M is then to
take an action like the Jordan-frame Eq. but give it the ‘wrong’ sign
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in its kinetic term, such that we are comparing the potential in (¢ = V'(¢)
to that in the ‘uncorrected” —Op = V’(¢). Changing the sign of the kinetic

term in Eq. (L.5) turns Eq. (2.7)) into

i oM (3) 1
dp Ca 6M3 (1) a2 0

and so we can make sense of an Einstein-frame M < Mp such that d¢/dp ~
AM/ V/6Mp. Thus in this case we now find that an arbitrarily small Einstein-
frame M corresponds to a Jordan-frame coupling scale of v/6Mp, and taking
A~ 14 ¢/M gives us, to O(¢/M),

~ V6Mp ¢? M ¢’
Y= <¢—m>, qﬁ—\/éMP(goer). (2.18)

The original chameleon model [24], as described in Section [1.3.2] involves
a linear matter coupling and an inverse power-law potential, of which the
simplest is V() = A®/¢. When this is in the Jordan frame, with A%(¢) ~
1 + 2¢/+/6Mp, the potential in the Einstein frame is

V(g) = ]\AI—Z (\/% + constant + O (%)) . (2.19)

The leading-order effect on the non-minimal coupling contributions is simply
the swapping of ¢/ V6Mp with ¢/M, such that the chameleon scale A has
been effectively transformed into some A = (M/v/6Mp)'/>A. The overall
constant term is A°(1/2v/6 —4)/Mp plus any constant that is present in the
full Jordan-frame potential.

The coefficients of the O(¢/M) terms in Eq. depend on higher-
order terms in A%(¢) (and the presence of any constants in the Jordan-frame
potential) so we cannot quantify them exactly, but they are generally non-
zero and so the chameleon minimum will be at a finite value even in vacuum.

The chameleon model of Eq. combines the linear coupling to matter
with the symmetron-like bare potential of Eq. . Transforming this
Jordan-frame potential into the Einstein frame with A?(¢) ~ 1+ 2¢/v/6Mp,

24



and performing the rescalings 1 — uM /+/6Mp and X — AM*/36 M3, gives
Vi(g) = (1—4\/'¢) 4<1—2(1+2\/_) )

—“;(1+(1+4¢6)M)¢ +O(¢2)

(2.20)

where, as with Eq. , the coefficients of the higher-order terms generally
depend on higher-order terms in A%(¢) so we cannot quantify them exactly.
As with the symmetron, the Einstein-frame minimum ¢ of ‘N/(gb) will be
displaced from ¢ = ,u/\/;\ﬂ in this case unless V5 = (1 — 1/v/6)u'/4), to
leading order. And again as with the symmetron, it is helpful to rewrite
Eq. in terms of 1; = ¢ — @ and compare it with Eq. . In this
case, each of the terms in Eq. is transformed into an infinite series
of order (¢/M)™ terms with 1ntegers m > 0, and terms of higher order in
¢ are further suppressed by factors of order @/M. The O(/@) term has a
coefficient of —4v/6Vyp/M or 4(v/6 — 1)@ u? /M (depending on the presence
and size of Vj), so requiring that the e term remains dominant over the 1;
term gives

1/6 Wy g
—_— 4ve—-1)— <K — 2.21
TR >M<<¢ (2:21)
When V| < /X, these become another constraint that ¢/M must be small,
although here it must also be smaller than (¢//%)? that may itself be < 1.

2.1.3 Equations of motion

Although a careful look at the Weyl transformation of the action, as per-
formed earlier in this section, shows us where the effects of the non-minimal
coupling are to be found in the Einstein frame, for completeness I shall now
examine how the equations of motion are transformed.

In the absence of matter fields, the gravitational equations of motion from
the Einstein-frame action are, by construction, the Einstein field equations
M 2G uw sourced by the stress—energy tensor 7),, of the scalar field ¢.
Meanwhlle the equation of motion for the scalar ﬁeld is simply O¢ = V’ (9).

9Somewhat of an abuse of notation, as y and \ here are different from those in Eq. (2.10)
such that this “@” and the Jordan-frame @ differ by a factor of v/6Mp /M.
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For the Jordan-frame actions, the gravitational equations of motion are
more complicated, as we have

§(A*R) = A*R,, 69" + " 0(A’R,,) = (R, — V.V, + g, 0)A%6g" (2.22)

and therefore the gravitational equations from Eq. (1.5) are

1 1 1
AQGHV - (VMVV - guyD>A2 + Mgvu(pvu(p - mgul/ (E(VQD)Q + V(QD))

(2.23)
from which we can take the trace to obtain
1 4V ()
A*R =30A% + 24— 2.24
Meanwhile, the scalar field equation of motion is
dA
Op =V'(p) — MfA—R (2.25)
dep
in which we can eliminate R to end up with
1dA 4V (p)dA  3M3EdA
O =V'(p) - —H— P 04?. 2.26
o+ Ve = Vi) - D R (2.26)

When this equation is transformed into the Einstein frame, the potential
terms simplify as

¢

Vi) = - (A7(0) AV T + ALV 0 2m
4V (p) dA e, dA
S  = v (2.27h)

The two Jordan-frame V-dependent terms have been reduced to a single term
proportional to V’(¢).

Demonstrating this with V(@) = \p*/4—p2p?/2 and A%(p) = 1+ ¢*/M?
as an example, Eq. becomes

M2
Op = Ap® — (,ﬁ + 27z R) (2.28)

and so it initially appears that the mass of the symmetron, in the Jordan
frame, is modified in the presence of non-zero R by the non-minimal coupling.
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When R is sourced only by matter fields, this is indeed the whole story. At
the other extreme, when R is purely dependent on ¢, this equation becomes
Eq. (2.26]), which after a bit of rearrangement is

p(Ve)®  6M3 ©*Op + p(Ve)? 52 AV + AP — 228

0 = AP —
SO—i_]\4'2_|_()02 M2 M2+§02 ¥ M2+

(2.29)
The R-containing term has separated into many non-linear terms. Those
that contain factors of V¢ and [y, which I have placed on the left-hand
side, will not affect the mass of fluctuations around @, where Oe = V,p = 0.

They will affect the overall evolution of ¢, but from Egs. and (2.27Df m
we know that the right-hand side is equal to A*92 V’ (9), so from the Einstein-
frame equation of motion we know that the k1net1c terms of the left-hand
side in fact equal A4%Egb.

The remaining R-derived terms simply correspond to O(¢*/M?) contri-
butions to the potential. From Eq. ([2.7), A4V V() ~ ~ A3V'(¢), and indeed
applying this transformation to the right- hand side of Eq. - gives

—3/2
Ao — g2 _/\905_2M2903 1+£ /
e —M2+902 e

7@2 3 2 4% 5)\Q02 3 SOB
:)\(1+2M2>gp — 1 1+—u2M2 v— 53¢ TO\im (2.30)

102 4V, ? »?
:)\(1+3]\§2>¢3—u2<1+ﬂ2]\22>¢ pyga ¢3+0<M)

which is the derivative of Eq. (2.11)).

2.2 One-loop corrections

To compare the size of quantum corrections with the size of the classical
terms, including the contributions from non-minimal coupling, we can use
the effective action and look at the one-loop corrections.

From here on we will apply our calculations to the Einstein frame, and
drop the tilde on . This section will only study the coupling of the
scalar field to its own stress—energy. Ideally one should include couplings

0Nevertheless, this can work in the Jordan frame (although recall the caveat in Sec. m
that the two frames may not be equivalent when it comes to quantum field theory). V
should then be taken to be the classical effective potential (that is to say, the non-kinetic
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to all matter fields, as these are also explicit in the Einstein frame through
S D [d*a/—g(¢)Lm, but such calculations are beyond the scope of this
project.

The method to obtain the effective action is as follows [52]: taking mass
terms to be part of the interaction and not the free Lagrangian, each possible
one-loop Feynman diagram consists of n vertices each contributing iV" ()
to the amplitude, and n lines each contributing a massless propagator. In-
cluding also a symmetry factor of 1/2n gives the one-loop correction

S LY L () e

This integral can be performed by Wick-rotating it and using d*k = 272k3dk.
The integral is divergent, but integrating it up to a cutoff, AE, results in

A2 " 11\ 2 " 1
v +(V) (1 V———) : (2.32)

3272 6472 AZ 2
Ideally, the next step would be to add appropriate counterterms to remove

the cutoff-dependence, resulting in the initial form of the one-loop-corrected
effective potential being

AQv// (V//)Q V// 1 ap "
Viep =V + o5+ o (Inqm =5 ) + 2. 1% (2.33)
where the sum is over all necessary counterterms, one for each power of ¢
that appears in Eq. (| . The expression is completed by fixing the coun-

terterms, which can usually be achieved by enforcing conditions on VnoOp(SO)

at some chosen value of . For example, we could pick Vlloop(gb) =V (p),
where ¢ is a minimum of V(y), to ensure that we are describing a theory
in which the classical equation of motion is accurate around the classical
minimum.

As an example, we can consider the p? potential as studied by Coleman
and Weinberg [52]. With Ap?/4, V" (¢) = 3\p? and so Eq. (2.32) is

BAAZ , 02 3 0N2
41 — + 2.34
32,27+ 5an2? H(Afo) 128727 (234)

terms in Eq. ), rather than the true potential that appears in the action, in order
to capture the p-dependence of the non-minimal coupling which only arises at the level of
the equations of motion.

1QOnly in this section will A refer to an arbitrary cutoff rather than to the mass scale
of the chameleon potential.
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There are two counterterms, one for ©? and one for 2. The first can be
fixed at ¢ = ¢ = 0 with V11 ,(0) = V®(0) = 0, but Vnoo contains a
In(¢?) term which cannot be analysed at ¢ = 0, so the ¢* counterterm
requires some arbitrary scale m # 0 such that we choose A\(m) by taking

v (m) = V®(m). Both of these give simple equations that can be solved

1loop
easily to produce the final one-loop corrected potential,
A 9\? 0?25
oop = 1 In———1] . 2.
Vitoop = 7 < +167r2[nm2 6D (2:85)

What makes this work is the fact that we cannot enforce all conditions at
¢ = . If we could have Vuoop(’) = V() for all applicable n then we
would in effect be matching the Taylor series of Vijo0p With that of V', leading
to Vieop = V' (up to a constant, as n = 0 receives no counterterm) in the
vicinity of ¢. That is to say, we would be describing a theory with Vijoep(9)
chosen by us, rather than finding the general Vijo, generated by V.

What we will do here instead is take the corrections to be of order
—(V")2/12872. That this is somewhat sensible can be justified in two ways.

Firstly, regardless of how we fix the counterterms, they serve to remove
all dependence on the cutoff A and so they must always fully cancel out the
first term in Eq which is oc A%, Similarly, regardless of what values
we fix any V1100p(90> to, the In(V"(p)/A?) in Eq. (2.32) will be countered by
the presence of terms that go like —In(V”(¢)/A?) to leave an overall factor
of In(V"(¢)/V"(¢)) which is negligible for ¢ ~ @. This leaves only the
—(V")2 /12872 term able to source the one-loop corrections.

Secondly, we should acknowledge that our model is an effective field the-
ory, so the cutoff must have some finite value. We can simply choose the
cutoff and directly compare the terms in Eq. to those in V' without
employing counterterms. Choosing A* = V() again makes the logarithm
negligible for ¢ ~ ¢, and also makes the two remaining terms in Eq.
similar in size so we can examine either one of them.

2.2.1 Corrections to the symmetron potential

We shall take as an example here only the symmetry-breaking potential ex-
panded around the Jordan-frame minimum ¢, Eq. (2.12]),

OROR IR
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and the contributions from non-minimal coupling. Without those contribu-
tions, our estimate for the size of the one-loop correction is

V// 2 4 n
528712 - z%a”’# <%> (237)

with O(0.1) numerical coefficients aWH. The n = 0 term is a constant that
can be ignored, and an n = 1 term shows us that the minimum of the
loop-corrected effective potential has been shifted from that of the classical
potential. Finally, the n > 2 terms differ from their counterparts in Eq.
by factors of a,A (or 4as\ for n = 4), and thus are comparatively small if
A < 1/a, = O(10). This is to be expected: a smaller A means a smaller
probability of vertices and hence loops, so the loops will have a smaller overall
effect.

For both A%(¢) ~ 1+ ¢*/M? and A*(¢) ~ 1+ 2¢/M, the non-minimal
coupling corrections to the coefficients of ¥™ in Eq. (2.12)), with n > 1, are
respectively of order (¢/M)?™ and (¢/M)™ with m > 0. Therefore, as long as
@? < M? and ¢ < M respectively, the additional one-loop corrections from
(V)2 are similarly suppressed and this introduces no one-loop corrections
more significant than those in Eq. . This leaves us only to compare
the classical non-minimal coupling contributions to the minimally-coupled
one-loop corrections.

2.2.2 Corrections to the symmetron model

With A?(¢) ~ 1+ ¢*/M? and V; = 0, the leading-order @?/M? terms found
in the 1/@, (¢¥/@)%, and (¢/@)* coefficientd™| respectively give the following
one-loop—to—non-minimal ratios:

3t /1672 9 A2M2 A M2 (2.380)
= ~ —— 004
AuS/302M?  64m? 2 70 g2
opt/32mr 21 NM? A M? (2.38b)
1068 /3X2M2 — 32072 p2 117 @2 '
9ut /12872 27  NM2 X M2
/128 ~ (2.38¢)

2518 /6X2M? 160072 2 585 @2

28pecifically ag = 1/327% ~ 1/316 ~ 0.003, a; = 3/167% ~ 1/53 ~ 0.019, ay =
3/8m% &~ 1/26,~ 0.038, az = 9/327% ~ 1/35 ~ 0.028, ay = 9/1287% ~ 1/140 ~ 0.007.
13There are no contributions to %2 /@? before @*/M*.
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The /@ and (¢/@)?* terms also have Vj-dependent terms suppressed only
by @*/M QE, and using them in a comparison gives

3ut/167* 3 NPMP N pPM? (2.39)
AV /AM? — 64m2 WV, 211 W, ’
4 2 /\ 2M2 )\ 2M2
/8T 3 NCEME A g (2.39D)

Wou2/AM? 1672 V, 53 V,

which provide the same kind of ratios as Eq. when |Vp| ~ p*/A.

Thus, for the non-minimal coupling terms to dominate over quantum
ones, we require not only that A < O(10), but that A\ < O(10)@?/M?. Recall
that we also need ¢?/M? < 1 for the non-minimal coupling contributions
to not dominate over the bare potential A\p?/4 — pu?p?/2. Combining these
bounds, ,

M H

e ALK i (2.40)
is the condition under which we can trust the minimally-coupled classical
theory to provide a valid approximation to the full dynamics. Its validity
given a particular solution can be further limited with ¢? /g% > @*/M? from
Eq. , a bound which ensures that the minimum of the Einstein-frame
scalar field can be taken as that of the Jordan-frame field at @ = /v,
Y =0.

As the symmetron has been a popular subject of phenomenology, we may
compare Eq. to regions of the symmetron parameter space studied in
previous works in order to determine how applicable any constraints obtained
therein actually are. Useful for this is Fig. 24 of Ref. [25], which shows
bounds on the symmetron parameters M and A\ from atom interferometry,
Eot-Wash experiments, and astrophysics. The astrophysics constraints are
independent of u but are relevant for M from just below 10'® to above 10%°
GeV and constrain A no greater than around 10~°; Eq. tells us that
they are in fact trustworthy as long as pu > /\ME, which is never larger than
1072t eV. Conversely, the interferometry and Eot-Wash constraints exclude
only regions of 1 € [107°,107%] eV for M € [1,10°] GeV, giving a maximum
{p?/M?* u/M} of {107%,107?} and a minimum of {107'*,1077}, providing
far narrower ranges of A than depicted in the figure.

14V/5-dependent contributions for higher powers of 1)/ are further suppressed.
15And also u < M.
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Figure 5: Bounds of applicable A given Eq. and a symmetron with
w>M? ~ H2ME, with lines obtained by setting u?M? = HyM3 and approxi-
mating Hy as 10732 eV. The applicable region must be where j1/M > p?/M?,
and as the lines intersect when p? = HyMp, this requires u < 4.9 x 1073 eV,

We may also consider symmetrons obeying the cosmologically-motivated
relationship, u?M? ~ HZM}, as described in Sec. [1.3.1] This relationship
gives M ~ HyMp /1, and therefore {u? /M?, u/M}y ~ {u*/HEME, u?/ HoMp }.
These bounds are illustrated in Fig.

2.2.3 Corrections to the symmetron-like chameleon model

With A%(¢) ~ 1+ 2¢/M and V, = 0, the leading-order ¢*/M? terms found

in the ¥/@, (¢¥/p)?, (¥/@)3, and (1/@)* coefficients respectively give the
following one-loop—to—non-minimal ratios:

3ut /167 _ 3 NEM A M (2.410)
(V6 — 1)us/N32M  16(v/6 — 1)72 76 o '
3ut /8 _ 3 NPM A M (2.41b)
(8vV6 + )2 /2032 M 4(8V6 + T)m2 1 350 ¢ '
R 5 NPMAM g
(16v/6 4 9)ub/2X3/2M  16(16V/6 4+ 9)w2 1 846 ¢ '
9ut /128 9 NN A £  (2414)

52v6 + )5 2032M 3200276 + )n2 @ 2070 @
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The 1 /@ term also has a Vj-dependent term suppressed only by @/M, and
using thiﬂ in a comparison gives

3ut/16m* 3 AN2AM N2 PM
AV6Vou/N2M 64672 Vo 515 Vp

which provides the same kind of ratios as Eq. when |Vy| ~ pt/\.

Thus, for the non-minimal coupling terms to dominate over quantum
ones, we require not only that A < O(10), but that A < O(10)¢/M. Recall
that we also need /M <« 1 for the non-minimal coupling contributions
to not dominate over the bare potential A\p?/4 — u?p?/2. Combining these
bounds,

(2.42)

12 1203

e AL VB (2.43)
is the condition under which we can trust the minimally-coupled classical
theory to provide a valid approximation to the full dynamics. Its validity
given a particular solution can be further limited with ¢? /@ > /M from
Eq. , a bound which ensures that the minimum of the Einstein-frame

scalar field can be taken as that of the Jordan-frame field at ¢ = p/ VA,
P = 0.

2.3 Conclusions

In this section we have calculated or estimated the contributions from non-
minimal gravitational couplings and one-loop quantum corrections to mod-
ified theories of gravity in which the fifth force is screened due to non-
linearities in the bare potential. Through this, we have obtained bounds
on model parameters for models with the symmetry-breaking potential of
Eq. . For a self-coupling constant A and a non-minimal coupling term
~ ¢"/M", the bare potential dominates over contributions from the non-
minimal coupling as long as @"/M™ < 1, and the one-loop corrections are
weaker still as long as A < @"/M™. When rewritten in terms of the mass
scale p instead of the minimum @, these give bounds on A\, which we provide

in Eq. (2.40) for n = 2 and Eq. (2.43)) for n = 1.

From here on we will always consider choices of parameters such that the
conditions of Eq. (2.40) or Eq. (2.43) are satisfied, and that we no longer
need to distinguish between the Jordan and Einstein frames.

6 There is no contribution to any ¥™ /@™ term before " /M™, so only v/ is useful here.
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3 Non-Linearities in Black Hole Superradi-
ance

Having established the conditions of Eqgs. and under which the
minimally-coupled classical equations of motion hold, we can move on to
estimating both when and how non-linearities will affect scenarios of interest
for tests of screened fifth forces.

In this section, the scenario under consideration is the superradiant insta-
bility of uncharged scalar fields around Kerr black holes, hereafter referred to
as ‘black hole superradiance’ without further qualification. In Section [3.1.1]
I will provide definitions for the terms and symbols used for discussing Kerr
black holes, and in Section I will provide an overview of what super-
radiance is and how it has been previously applied to obtain constraints on
scalar fields. Then, Section will show that non-linearities are expected
to affect the process of black hole superradiance, and finally Section will
apply a method previously used for axion-like fields to determine how the
effects of non-linearities in the symmetron and chameleon theories will differ
from those in models of axions.

3.1 Black hole superradiance
3.1.1 Kerr black holes

A Kerr black hole is a vacuum solution to the Einstein field equations Eq. (1.1))
given (in Boyer—Lindquist coordinates) by

A —a*sin® 0 e 2aryr sin® 0

ds? = — 5 5 dtdg + %dﬁ + 2d6* + gdqﬁQ (3.1)
where

A=r*+a®—rr, (3.2a)

Y =12 +a’cos’ 0 | (3.2b)

I = (r*+a*)? — Aa*sin® 6 , (3.2¢)

ry = 2G My (3.2d)

and My is the mass of the black hole and its angular momentum is aMy.
Two important regions of the Kerr black hole are the outer event hori-
zon and the ergoregion. The event horizons, surfaces from inside which no
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21 Ergoregion
Outer horizon
0.5 o " Inner horizon

Figure 6: Surfaces of the Kerr metric in coordinates (p,z) = r(siné, cos )
for a = 0.45r5: the surface of the ergoregion (blue, solid), the outer event
horizon (orange, dashed), and the inner event horizon (green, dotted).

particles can escape, at r4 are the solutions to
A — _1 2 2
Grr —> 00 = —0:>ri—§ rs £ /12 —4a?) | (3.3)

from which it can be seen that the maximum value of a is ry/2 = GMpy.
The ergoregion, a volume outside the horizon inside which no particles can
remain stationary, is given by r <17 < rego Where re, is the larger solution
to

1
g = 0= A =a’sin*f = Tergo = 5 <rs + \/7”3 — 4a? cos? (9) ) (3.4)

The radii at which these surfaces occur for an example of a = 0.45r¢ are
shown in Fig. [6]

3.1.2 Superradiance

Superradiance is a phenomenon whereby waves are amplified upon interac-
tion with a dissipative medium that is moving faster than the phase velocity
of the waves. In superradiance around a Kerr black hole, the ergoregion be-
haves as the dissipative ‘medium’, as the energy of a wave or particle within
the ergoregion can become negative for a stationary external observer [53].

36



Black hole superradiance is equivalent to the Penrose process, whereby clas-
sical particles, rather than waves, similarly gain kinetic energy from a Kerr
black hole [54].
The condition that a wave must satisfy to undergo superradiant amplifi-
cation is [53]
w < mQy , (3.5)

where w is the frequency of the wave and m is its azimuthal number with
respect to the black hole-centred coordinates of Eq. (3.1)), such that in said
coordinates the wave behaves as e "¢ and

O (3.6)
9o lp=r,  TsT+

is the angular velocity of the black hole; that is, the angular velocity, on the
equator of the outer event horizon, of an object with zero angular momentum.

If the waves are trapped in the vicinity of the black hole—for instance,
when a field has mass then its waves are able to form bound states around the
black hole—then the waves are continually amplified and a ‘cloud’ of particles
grows exponentially around the black hole until enough angular momentum
has been extracted from the hole that the condition Eq. is no longer
satisfied [53].

As we will see in Sec. [3.3], waves in orbit of a black hole obey a classical
equation of motion which has a similar form to the Schrédinger equation
for a hydrogen atom, so they will behave analogously to electrons in atomic
orbitals in that they will have discrete energy levels whose energy increases
with the orbital radius. One might therefore expect that superradiance is
maximised for fields where the lowest-energy modes have an average orbital
radius close to the ergoregion, in order to be amplified, but outside the event
horizon, so as to not fall in; this requires the Compton wavelength to be of
order the Schwarzschild radius of the black hole, which indeed has been found
to be the case [55,[56]. Observations of black hole superradiance, either by
detecting nearly monochromatic gravitational wave emission (gravitons being
produced when particles transition between energy levels, and when pairs of
uncharged particles annihilate) or by noting an absence of high-spin black
holes with certain masses, would therefore provide not only evidence for a
new field but also an approximate measurement of its mass [57,58|. Searches
for black hole superradiance can thereby probe any theory which introduces
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new light degrees of freedom, because all fields feel the gravity of black holes
and are thus subject to the process.

Here I shall consider only the case of an uncharged scalar field around
a single Kerr black hole. For this case, constraints from black hole mass
and spin measurements have been obtained over the last few years in e.g.,
[59-67], while constraints from the non-observation of gravitational wave
signatures were made in 2019 from LIGO data [68,69]. Many analyses of
superradiance even for this case have only considered the linearised limit
Eq. of scalar field theories, taking the potential of the scalar field to have
the form p%¢?, both for studying the phenomenon in general [54-56,70,71]
and for deriving constraints on scalar masses from observations of black holes
[57-59,64}68, 72-78]. Some focus on ‘non-linearities’ in fact refers to non-
linear terms that result from interactions with additional fields rather than a
more complicated potential [79]. Even in the context of scalar—tensor gravity,
studies of superradiance have made use only of quadratic potentials, and the
non-minimal coupling between the scalar field and the curvature is taken
to manifest only in the form of a coupling to surrounding matter in the
Einstein frame [80,81]. Otherwise, studies of black hole superradiance in
modified gravity have considered modifications made to the Kerr metric, but
the fields undergoing superradiance have only come from the simple model of
Eq. rather than the degrees of freedom of the modified gravity theories
themselves [82-84].

Studies of the effects of non-linearities from the potential have instead
primarily focused on axions and axion-like particles, which for the purposes
of superradiance are either scalars or pseudoscalars (parity does not come
into the calculations) with a periodic potential such as

2 4
V(o) = s {1 — cos (?)} — g = gt 0 (*;L) @)

Only the leading-order non-linearity in Eq. is necessary to obtain the
results described throughout this section, with the sign of the term being the
most important for a qualitative understanding. Early papers identified two
effects of the —¢* non-linearity on the progress of black hole superradiance.
One of these is the bosenova, where self-interactions cause the axion cloud to
collapse and release a burst of gravitational radiation [85-88].

Bosenovae were first predicted as a phenomenon that can be induced in
Bose—Einstein condensates by adjusting the strength of the self-coupling be-
tween a fixed number of particles [89]; in the context of superradiance, they

38



come from an increase in particle number. They slow down the exponen-
tial growth of the cloud, but also provide an additional gravitational wave
signature as the cloud collapses [85].

The second effect is level mixing or mode mixing, where self-interactions
transfer energy to non-superradiant modes and thereby inhibit the growth
of the superradiant instability [85,87]. Early numerical simulations showed
the effects of level mixing to generally be weak, failing to prevent the cloud
from growing to the point where a bosenova occurs [87,88], and consequently
many attempts to derive constraints on axion-like fields (and, in one case,
constraints on primordial black holes by using pions [90]) from superradiance
acknowledged or accounted for bosenovae in analyses that are otherwise based
on linearised models of a scalar field [60-63,/65-67},69,90-94].

2019 and 2020 saw a few papers that, noting how numerical simulations
suffered from a large hierarchy between the timescale of the evolution of the
scalar field and the time for a bosenova to occur, aimed to deal with non-
linearities more accurately, and with applicability to more scalar field theories
than those of axion-like particles [95-97]. Baryakhtar et al. determined
that particle emission and coupling between modes will generally suppress
superradiant growth such that a bosenova will not occur [95]; however, Omiya
et al. then claimed that the Baryakhtar paper is flawed by its adherence to
a perturbative treatment of level mixing and that its results are therefore
inconclusive [97].

The topic of non-linearities in black hole superradiance, and whether non-
perturbative effects such as bosenovae are relevant to the process, is therefore
still a developing field as of the time of writing. I will not attempt here to
resolve the issue myself. Instead, upon confirming in Section that non-
linear effects do indeed become important for screened scalar fields, I will
then in Section [3.3] go through a nonrelativistic calculation that has been
previously used to justify the occurrence of bosenovae for axion-like particles
and see whether it predicts anything different in terms of phenomenology
when applied to other theories, in particular to the symmetron and chameleon
models.

A useful quantity that often appears throughout the topic of black hole
superradiance is the gravitational coupling a between a black hole of mass
My and a particle of mass i, o = GMgyji,. Previous work has shown that
superradiance occurs at its fastest rate for « = O(1), specifically o = 0.42 for
a linearised field around a near-extremal black hole (and slightly lower values
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Figure 7: Plots comparing the region of parameter space depicted in Figs. 7
and 8 of Ref. (marked with dotted lines) with the bounds of Egs.
and (marked with solid diagonal lines), for M = 10 GeV (top) and
M = 10" GeV (bottom). The thin vertical lines mark g such that o = 0.45
(the right-hand edge of the figures of Ref. [95]) for a supermassive black
hole of mass My = 10'° M (left) and a stellar-mass black hole of mass
My = 3 My, (right) respectively. For the larger value of M we can see that
the entire parameter space is included within both Egs. (2.40]) and ([2.43)); for
the smaller value, it all falls into A < p?/M? and so non-minimal coupling
contributions will dominate over the bare potential.

for lower angular momenta) , so we can treat o as a conversion constant
relating p, and My: any given black hole mass will be most sensitive to one
particular scalar mass, and any given scalar mass will undergo the fastest
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superradiance around one particular black hole mass.

For reference, Fig. [7] shows how the parameter space of Figs. 7 and
8 of Ref. [95], throughout the entirety of which it is calculated that non-
perturbative effects do not occur, compares to the bounds of Egs.
and , in which we can trust that the symmetron and symmetron-like
chameleon equations of motion are close enough to the classical Oy = \p?® —
p%p that our results are relevant. For large M (e.g., 10'® GeV) the classical
equation of motion is trustworthy, but for small M (e.g., 10 GeV) A < p?/M?
so non-minimal coupling contributions will dominate over the bare potential.

3.2 Initial fluctuations

First we must confirm that non-linearities will influence the process of black
hole superradiance at all. Nonlinear effects are usually insignificant when
small fluctuations ¥ = ¢ — ¢ around a minimum ¢ of the effective potential
are much smaller than ¢. That is to say, 1» behaves like a massive linearised
field Oy = /Ligp, and as it grows with superradiance it may eventually reach
¥ =~ @, by which point the non-linear terms in its equation of motion become
important. It may be the case that the linearised approximation Uy = ,u?pap
breaks down before this point, with one candidate to cause this breakdown
being the perturbative level mixing effects of Ref. |95], but the onset of non-
perturbative effects when ¢ =~ ¢ will at least provide a definite upper bound
for the timescale on which the breakdown will occur.

In linearised analyses of superradiance, the scalar field grows exponen-
tially with time, i.e., p(t) = ©(0)e!/™ for some instability timescale 7 that is
no less than O(1 — 100)(My /M) seconds [55,80]. We therefore expect that
non-linear terms will become important after no more time than

tcrit =T7ln (%) ) (38>

where 1) is the size of the initial fluctuation in the scalar field, assuming the
background value is @. We can estimate this size by taking the fluctuation
to be a single particle, with its potential energy being equal to its mass .
When it forms a bound state with a black hole, it is spread over a volume of
order the Schwarzschild radius, 2c/ 1, =~ 1/11,, cubed and so we can express
the approximate mass density of the fluctuation as ufo. An estimate for the
value of 1y then comes by solving

V(3ho) = py - (3.9)
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The Schwarzschild radius is an underestimate of the scale involved (as will
be shown in the next section, the Bohr radius (au,) ' might be a better
choice), but we are interested in finding the largest value of vy outside the
event horizon and therefore we can afford to overestimate the density.

For a field with only a mass term in the potential, which we expect to be
a suitable approximation when vy < ¢, Eq. is easily solved.

L,

5%% = i = o = V2, (3.10)

3.2.1 Symmetrons

Writing the symmetron potential as a function of ¥ as in Eq. makes
it apparent that non-linearities are indeed suppressed when vy < ¢ such
that Eq. is a sensible approximation to use. Because j, = V24 and
©=pu/ VA, the number of e-foldings required for 1 to reach @ is

terit 1 > 1 1
——In(&)~ZIn(—) . 3.11
T2 (w3> 2" (4A> (3.11)

Substituting v/2u = p, = /G My = 8taM2 /My into the bounds of Eq. (2.40)
tells us that, in order for us to both detect symmetrons via black hole super-
radiance and have any trust in the theory, we need

2 2 4 2
64m a® Mp <A< 8ra M (3.12)
2 M?2Mg V2 MMy
such that Y ) )
2 My M D 1 Mz M
B <? < i (3.13)

64ma Mp Mp ~ o3 ~ 128722 M2 M3~
Nonlinear effects will become important if the resulting number of e-foldings,
given by Eq. , is smaller than that required for superradiance to end,
which happens when enough angular momentum has been extracted from
the black hole for the condition w < mf{2y to no longer hold. The number of
bosons N at the end of superradiance can be obtained by equating their total
angular momentum, Nm (assuming most particles are in the same state),
with the change in the black hole’s angular momentum, AaMy (assuming
the change in mass is negligible). This gives N at this end point as [72,91]

MaMy _ 10}

N =
m  ~ 8w M3

(3.14)
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since Aa < GMy and m > 1. This is larger than the lower bound for @2/¢§
by a factor of order My /M, and thus requires of order In(My /M) additional
e-foldings to reach, which is large for My = My > Mp 2 M; for instance
In(Mg /Mp) =~ In(4.6 x 10%®) ~ 89. Tt is also larger than the upper bound for
% /12 by a factor of order ME/M?. So the time until superradiance would
end for a scalar field with a linear equation of motion is longer than the time
until the symmetron stops behaving like a scalar field with a linear equation
of motion.

For any of the preceding comparisons to matter, these e-foldings must also
take a small enough time so as to occur within the lifetime of our universe.

For this it will be helpful to express Eq. (3.11) via Eq. (3.13) as

1 My M tcri 1 M2 M2
~In (1037—H—> << <1075—H—) . (3.15)

2 Mo Mp) ™~ 7 ™2 M2 M3

Although we have not calculated what 7 is for the symmetron, as our con-
cern is with the failure of linearity we shall estimate it to be of similar or-
der to the timescales obtained in previous superradiance studies i.e., 7 =
O(1 —100)(Myu/Mpg) seconds [55,80]. On the upper bound of Eq. (3.15]), for
a supermassive black hole of 10! solar masses—the largest from which super-
radiance constraints have so far been obtained [66}/67]—and a large coupling
constant M = Mp, it takes ¢y /7 = 110 e-foldings, and with an instability
timescale of 7 = 100 seconds per solar mass, the resulting time is around
3.5 million years. On the lower bound, and for a black hole of three solar
masses—which LIGO and Virgo use as the minimum mass required to count
an event as an unambiguous black hole detection [98]—given M = 1 GeV
and 7 = 1 s, non-linear effects could become important within /7 = 22
e-foldings or t.; = 66 seconds.

In conclusion, it is certainly necessary to take into account non-linear
terms when analysing symmetron superradiance.

3.2.2 Chameleons

The minimally-coupled chameleon potential of V() = A5/ does not have

a finite ¢, so we shall examine an effective potential, with a non-zero density
A p

Ve =—+—p. 3.16

n(e) =+ 3% (3.16)

43



In the context of black hole superradiance, p may be the density of the
medium surrounding the black hole.

Although the chameleon effective potential is typically derived for the
Einstein frame, the matter term also arises indirectly in the Jordan frame
when p is the Jordan-frame density. This is because the equation of mo-
tion for ¢ contains the non-minimal coupling term —MZA(p)A’(p)R, from
which the matter term in the effective potential can be obtained by using a
chameleon coupling function A(¢) ~ 1+ ¢/M and the trace of the gravita-
tional equations (neglecting the variation and stress—energy of the chameleon
itself) —M3A(p)?R =T =~ p.

The bounds on the validity of this potential are less general than those
on the symmetron in Eq. or on the symmetron-like chameleon in
Eq. (2.43). As mentioned in Section the contributions from non-
minimal coupling in Eq. have model-dependent coefficients, although
if these remain small enough that the matter coupling remains approximately
linear then we can still expect the leading-order contribution to be small com-
pared to the matter coupling as long as p > A°/M (if Eq. is defined
in the Einstein frame; if it is in the Jordan frame then only p > ASM /M3 is
needed). Additionally, we cannot compute the one-loop corrections for the
bare potential in vacuum.

This effective potential expanded around ¢ is

V() = Y (-1 (3.17)

“n+1
n>1 ¥

The (n + 1) term becomes equal in size to the n'™, for all n, when ¢ = .
If the effective potential is valid then Eq. (3.10) might be a good approx-

imation, with
20 3z 1 (AN
2
2 (2) 3.18

’uSO @3 wo 21/6 (Ms&) ( )
Using p, = a/GMy, ¢/ ~ (GMuA)>/3, so Eq. (3.8) gives

tow B 1 AMyg\ 5 o My A
=—In{— ~-In|10°"——| . 1
T 3 n<87ra M3 ) 3 n( 0 Mg Mp (3:19)

This is almost identical to the symmetron lower bound, except for depending
on A rather than M and having a factor of 5/3 rather than 1/2, and in that
there is an equals sign whereas the symmetron has a pair of bounds. A
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requirement of O(10) e-foldings is still to be expected; for instance, with
My = 3M and A as the dark energy scale 2.4 meV, Eq. gives tenp A
297.

Also of note is that the mass p, can be expressed in terms of A, p, and
M, namely (p*/A°M?3)"/4. The condition under which 1y < @ is therefore
p < A*M; this is easily compatible with p > A®/M, the condition for non-
minimal coupling effects to be negligible, as long as A% < M?.

The chameleon with a symmetron-like potential of Eq. can be anal-
ysed in a manner more similar to the symmetron; the only relevant difference
is that the power on /M in the upper bound of Eq. is 2/3 rather than
1. The equivalent of Eq. is therefore

2/3 =2 2 2
( V2 My £> < % <1 MgM (3.20)
0

64rar Mp My 1287202 M2 M2’
and the superradiance-saturating particle number N given by Eq. (3.14),

_ ACLMH < 1 MI%I

N — H
m  ~ 8w M3’

is larger than the lower bound for @?/¥2 by a factor ~ (M2/MMp)*®, and
thus requires of order % In(M7/M Mp) additional e-foldings to reach. This
is large for My 2 My > Mp 2 M; for instance 2 In(MZ2/M3) ~ 3 In(4.6 x
10%%) ~ 119. As in the case of the symmetron, it is also larger than the upper
bound for @2 /12 by a factor of order M2/M?. So the time until superradiance
would end for a scalar field with a linear equation of motion is longer than
the time until the symmetron-like chameleon stops behaving like a scalar
field with a linear equation of motion.
Likewise, the equivalent of the symmetron’s Eq. is

1 My M tait 1 M2 M>
“ln (10 ) < &< D (107 H 3.21
3“( M@MP>N : N2n< MZDMZ) (3:21)

where the only difference from Eq. is that the coefficient on the lower
bound has been multiplied by a factor of 2/3. This changes the minimum
possible timescale for the onset of non-linear behaviour, for a black hole of
three solar masses given M =1 GeV and 7 = 1 s, from 66 seconds to 44.

In conclusion, non-linear terms are just as important when the matter
coupling has been changed to a linear function of .
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3.3 Nonrelativistic energies

The effects of the non-linear terms in the potential can be estimated by mak-
ing a nonrelativistic approximation and looking for extrema of the energy.
This has previously been done for axion-like fields with a perioidic poten-
tial [85,186], so after reviewing the general case, we’ll look at those as an
example before moving back to models of screened fifth forces.

There are five steps to the process: expand the Lagrangian around the
minimum of the potential, split up the (Vp)? = (Vi)? term in the La-
grangian into g"¢® + g9 (where 4,j runs over the spatial indices),
choose the appropriate g,,, decompose v in such a way that a nonrelativistic
limit can be taken, and obtain the resulting expression for the energy.

The first two steps give

1 . 1 ..

L= 39" = 3670000 = V(¥) | (3.22)
and then, describing gravity by taking a small perturbation of the metric to
be —gy = 1 + 2®, where & < 1 is the Newtonian gravitational potential,
gives

1 ., . 1. .
Next, the decomposition of 1 is
1 . A
V= (xe e + et (3.24)

\/ 2y

which is so that the conditions for nonrelativistic behaviour are |x| < pi,|x|
and that timescales are much greater than 1/u,. The latter means that
any terms with phase factors that remain in Eq. after substituting in
Eq. can be dropped, because these are rapidly oscillating and so, upon
integrating the Lagrangian over time, have negligible net contribution to the
action (although they do contribute to the emission of scalar radiation [95]).

The potential V (v), expressed as a series in powers of 1, is then easily
dealt with. ™ for odd n has no terms without a rapidly-oscillating phase
factor, while for even n the slowly-oscillating term in the expansion of ¥™ is
(n72)(x*x/2p¢)”/2. In particular, the mass term u21?/2 becomes p,x*x/2,
while the following ¥* (the highest power that we will consider here) becomes

6(x*X)? /413
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For the ¢? term in Eq. (3.22), both x and e "¢’ have nonzero time
derivatives, so

1

1/'}2 — ﬂ (Xefi,u,wt . ilu/gaxefi,u,g;t + X*eiuwt + iﬂ@X*eiuwt)2
©
= (O = mgx® = 2ipxx)e ™! + (X% = ppx™ + 2ipX X )e™™']

I ., . P .
XX X X+ (XX = X*X)
©
R XX+ 20X7X -
(3.25)

Along with taking |x|* < ui|x|2 and neglecting terms with phase factors, the
final line of Eq. (3.25) uses —x*x = x*x — 0:(x*x), with the time derivative
in the latter also being dropped. Then,

S0 = @Y A TEXN XN — e XY — 200X (3.26)
Although the first term on the right-hand side is much larger than the rest,
when added to the remaining terms of Eq. (3.22)) it will be cancelled out by
the —p,x*x/2 from the mass term of the potential. However, the fourth term
is still small compared to the second term and can therefore be ignored. Thus,
one $-dependent term remains even though & < 1 because of the separation
of time-dependent parts in Eq. (3.24) and the condition |x| < p,|x|. As
there is no analogous separation of the space-dependent parts of i, any
perturbation of ¢¥ will remain negligible and need not be considered. The
term for the spatial derivatives in Eq. (3.22) is then simply

—597 00~ —5(81'1#)2 . (e et 4 Byxetet)?
1 A . 1 )
= —— [(Oix)%e 2" + (9,x*) ™| — —(0ix™)(8"x) -
T, 1100 (@ Pe'] = 50}

(3.27)

We now have Eq. (3.26]), the term without phase factors at the end of

Eq. (3.27)), and the expansion of the potential V(1) into p,x*x/2 plus higher-

order terms. Putting these into Eq. (3.28)), the nonrelativistic Lagrangian is
1

o 10:xI” — pe®x*x — v(X) , (3.28)

L~ix™x —
©
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where v(x) comprises the terms in the potential beyond O(¢?).
Having obtained the Lagrangian of Eq. (3.28)), the nonrelativistic energy
is then the volume integral of %)’( - L,

E = / (%Wle + p,Pxx + v(X)) av . (3.29)
©

The x-dependent terms can be integrated by taking the field profile to de-
scribe a cloud of N = [ x*x dV particleﬂ. For the gradient terms, consider
that in the linearised limit, v(x) — 0, we would derive a field equation that
looks like the Schrodinger equation, so bound states around a spherical source
mass (such as a black hole) will resemble the wavefunction of the hydrogen
atom. Substituting back in the gravitational coupling by p,® = —a/r, and
assuming for simplicity that all N particles, being created by superradiant
amplification of an original fluctuation, remain in the same state and thus
have the same [, this leads to an approximation for the energy

N [l(l+1) 1 aN
E=— = av :
o ( = + R2> . + [ v(x) , (3.30)

where [ is the angular momentum number (> 1 for any superradiantly am-
plified modes), r is the radial distance from the source mass, and R is the
scale of the cloud extension.

The average orbital radius of the cloud, r., is given by

O_d_E . Ni(l+1) OzNi I+
Codr| prd 72 T pLa
r=re (3.31)
= E= N _oN +/ (x) dV
C2u R 21, VX '

From now on we shall consider only the leading-order term in v(x), which we
take to be —&y* for some constant ¢, and thereby obtain our final approxi-
mation for the cloud energy,

_ N alN 66N 2
2u,R? 2. ApERE
1" This is slightly different to the N used in the Section as it gives [ %u?pw*w dV =

%N t, instead of Np,. Using this there would make 1)y smaller by a factor of V2, which
makes next to no difference to the results, especially given that V(¢) = p,/(GMy)? is
only a rough estimate to begin with.

E

(3.32)
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3.3.1 Bosenovae and axion-like fields

The non-linearities that have so far received most attention are those with
€ > 0—a negative 1)* term—as it is for the axion-like potential of Eq.
which has ¢ = 0 such that £ = p?/24f2. For £ > 0, one can find an energy-
maximising cloud extension R, from Eq. .

_dE N 9¢ N? 96N

0= — = - + 55 = tm =
dR R=Ru pp R, 2/’Lg20 Ry, 24

(3.33)

Having £ > 0 is key to ensure that the energy is maximised for a non-zero R.
When 7. > Ry, the cloud is stable with R ~ r., but when N increases (as it
does during superradiance), it reaches a point where R,, > R and then the
cloud can lose energy by decreasing in size, so the cloud collapses: this is a
bosenova.
From Eq. , the number of particles IV, at which bosenova occurs is
_20(1+1)

Rp=rc= Np="——"". 3.34
r %a (3.34)

It is worth comparing this to the condition required for v(x) — 0, which
if unsatisfied puts the Schrodinger-like approximation at risk, and which
cannot necessarily be expected to hold when non-linearities are so strong as
to change the qualitative behaviour of the cloud. The strongest bound comes
from ensuring that the 1* term in Eq. , —6EN?/ 4;130R3, is much smaller
than N/2u,R?, which tells us that EN < u,R. However, when R = Ry,
Eq. tells us that EN = %/LWR. Therefore, satisfying the condition for
bosenova takes us out of the regime where we can be sure that a hydrogen-
like field profile is valid in the first place. This is not an argument against
bosenovae being an outcome of non-perturbative effects on the evolution of
axion fields, and indeed bosenovae have been simulated numerically both
around black holes [87,88] and in boson stars [99-101]. However, it shows
that the analytic approximations described here are unreliable at quantifying
the point at which an axion bosenova occurs.

3.3.2 Black hole superradiance of screened fifth forces

For ¢ < 0, there is no non-negative R, from Eq. (3.33) and therefore no
collapse of the cloud will occur. What we can do instead is something that
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was not done in previous studies, which is to consider an energy-extremising
particle number N,.

E 1 N, 1)R?
o= L _ o 68N o mel () W DR
AN |n_n,  2upR2 2re 2u2 RP 6& r2

(3.35)
As A*’E/dN? o« —&, N, is a maximum for ¢ > 0, and when R ~ r. it is
also not a positive number, which simply tells us that all bound states have
less energy than zero-particle states as long as the cloud has not collapsed@.
There is no finite energy-minimising particle number for £ > 0, but rather the
energy continues to decrease as N — oo, which tells us only that the cloud
continues to growﬂ until it is inhibited by either of the conditions w = mQy
or R, > r. being reached. Thus for axion-like particles Eq. is not
useful.
However, N, is not only a minimum for £ < 0, it is also non-negative for
R ~ r.. This suggests that, although superradiance for £ < 0 potentials is not
slowed down by bosenovae, it is still inhibited by non-linearities increasing
the energy required to add more than N, particles to the cloud. The condition
that || N < p,R is also somewhat more reasonable here than in the bosenova
calculation: with R =r, and [ = 1, Eq. gives [¢|Ne = ¢, R.

Both the symmetron and the chameleon have ¢ < 0, respectively

A A6(x*Y)? 33X (x*x)?
1 44z 8 @2
5 9 5 ) ) (3.36)
A A*6(x"x)* _ 3(xx)
_527_5:_72:>U(X)%7_5 5 = .
¢ 29 ©>  Apg 4 9
Putting these into Eq. (3.35)), with R = r., gives
2L 1 L ¢?
e =30 (symmetron) , N, = 5% (chameleon) , (3.37)

where L = I(1 + 1)[I(l + 1) — 1]. These N, are ¢*/uZ, multiplied by an O(1)
coefficient, at least for field configurations whose particles have low angular

18A statement which is equivalent to N/2u,R? < aN/2r., which reduces to the trivial
I(I4+1)>0for R=r..

19The energy being minimised by actually infinite N neglects higher-order terms in the
potential, and is equivalent to stating that v(y) = —£3* on its own is unstable for £ > 0.
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momenta, much like the expressions for ¢2 /12 obtained in Section [3.2 This
seems to imply that the onset of non-linearity is, for thse models, around the
point at which N is sufficiently large that superradiance is inhibited.

In conclusion, regardless of whether or not level mixing prevents non-
perturbative effects such as bosenovae from affecting black hole superradi-
ance, screened scalar fields appear to have their superradiant growth rapidly
inhibited by their own self-interactions.

3.4 Conclusions

The aim of this section was to determine whether non-linearities in the sym-
metron and chameleon equations of motion have a non-negligible effect on
the growth of superradiant clouds around Kerr black holes, and if so, whether
this effect helps or hinders the prospects for probing these theories using ob-
servations of black holes that have lost, or are in the process of radiating
away, their spin through the superradiant amplification of scalar fields.

To achieve the first goal, we estimated the amount of growth necessary for
an initial scalar fluctuation vy to be amplified to a point where non-linearities
become significant, given only that the theory obeys the bounds of Eq.
or Eq. required for us to trust our classical models of screened scalar
fields. Even taking 1), to be as small as a single-particle fluctuation, we found
that this point is reached long before the superradiant instability ends, and
will also take a very short time on cosmological scales (no more than tens of
thousands of years).

For the second goal, we adapted to screened fifth forces a method that
has previously been used to study the black hole superradiance of axion-like
particles. This method involves making a non-relativistic approximation to
the action, from which one obtains an expression for the energy of a cloud
of bosons gravitationally bound to a central mass. By varying this energy
with respect to the spatial extent of the cloud or the number of particles
within it, one can estimate how the cloud behaves as it grows. For axion-like
particles this method suggested the existence of the bosenova, whereby a
cloud with a large number of particles can radiate away energy by decreasing
in size; when applied to the symmetron and chameleon, the method instead
suggests that there exists an energy-minimising particle number which might
instead inhibit the growth of clouds beyond this point, reducing the ability
of searches for superradiance to probe such theories.
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4 Extremely Compact Sources

In Sec. we looked at the wide variety of experimental environments in
which theories with screening have been studied [5,/15,23}[25,31-51]. In many
of these situations, there is a large hierarchy between the (small) spatial
extents of the source and probe objects and the (large) Compton wavelength
of the scalar field, in particular laboratory experiments that use small test
particles such as atoms [23}|31}|38-41], neutrons [42,/43,|51], or micro-spheres
[44], where the scalar Compton wavelength may be of order the size of the
vacuum chamber; and observations of astrophysical environments, where the
screening objects are stars and planets, but the scalar Compton wavelength
may be of order galactic scales [25].

We would like to be able to treat these sources as effectively point-like,
but, to understand their screening properties, it is currently necessary to
know the details of their structure. Herein, we will differentiate between
point-like and compact sources. While the former refers only to the spatial
extent of the source, we consider a compact source to be one that is both
small, compared to the Compton wavelength of the field, and high density.

A comprehensive treatment of the screening of individual point-like ob-
jects also represents an important first step towards a robust understanding
of how distributions of discrete objects interact with light scalar fields. Such
an understanding would tell us whether and when such distributions may
be “averaged over” and treated as a single extended source with some con-
tinuous density, which is how screening has so far been studied, and it is
also important for knowing how and when to include the effects of screening
when computing interparticle forces in N-body simulations, e.g., of structure
formation in the universe |[102H107], especially when it is too computation-
ally expensive to calculate the scalar fields sourced by each particle from
first principles. In this work, we consider the screening of fifth forces around
compact, point-like objects in flat space, paving the way to further study in
curved spacetimes, such as around black holes [108-111].

Because of non-linearities, it is not always obvious how the behaviours
of the field and the associated fifth force extrapolate to new regimes. Ex-
act analytic solutions can often be obtained for systems that vary only in
one spatial dimension, having applications to experiments that take place
between parallel plates, such as torsion-pendulum, Casimir, and neutron ex-
periments [42,46,48),/112,|113], as well as the nested cylinders of the MI-
CROSCOPE mission [114]. The solution for a point source in one spatial
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dimension is also known analytically for particular choices of potential and
coupling [14]. Beyond these examples, however, our knowledge is more lim-
ited. Therefore, in this work, we perform a detailed analysis of the impact
of the dimensionality of the system on the problem of taking the point-like
limit of an object in models with screening.

In this section, we aim to solve for the static configurations of the scalar
field around spherical and cylindrical matter sources in the limit where the
radius of the source tends to zero. The scalar fields we will consider are the
symmetron model of Eq. and the chameleon model of Eq. (1.25)), the
latter of which has a symmetron-like bare potential but a linear rather than
quadratic coupling to matter. We will see that it is important to differentiate
between the point-like limit where the spatial extent of a source is sent to
zero, while holding its mass fixed, and the compact limit where the size of
the source is shrunk and the mass of the source is increased.

Non-trivial static vacuum solutions of non-linear classical field theories
are well known, and they are often referred to as (topological) defects. These
solutions may be stable if they’re supported by some non-trivial topology of
the vacuum manifold in field space [115], and their stability properties can
be characterised using Derrick’s theorem [116]. The solutions that we con-
sider in this work differ in that they are supported by matter distributions.
We present a new extension of Derrick’s theorem, which, for the first time,
characterises the stability properties of field profiles supported by sources.
Moreover, in three spatial dimensions, it allows us to infer the behaviour of
the scalar field profiles in the point-like limit. While we might expect the
point-like limit to be divergent, carefully studying the limiting procedure al-
lows us to understand how these divergences are regulated®|and to determine
how the fifth forces due to compact, point-like sources are screened.

The key results of this section are:

e An extension of Derrick’s theorem to scalar profiles supported by ex-
ternal sources.

e Piecewise analytic approximations for finding the field profiles around
point-like sources.

e A numerical treatment of the scalar field profiles around point-like and
compact sources.

20A similar approach is taken in theories of infinitesimally thin branes in higher-
dimensional spacetimes [117,/118].
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e A comparison of the screening factors between the full numerically cal-
culated field profiles and the approximate solutions that are currently
used in the literature to quantify the amount by which the fifth force
is screened.

A summary of the behaviour of screening in this limit for the two prototyp-
ical theories that we study, and for spherically and cylindrically symmetric
sources, can be found in Table

Section [4.1| describes how Derrick’s theorem is modified in the presence of
classical sources and discusses its implications for the behaviour of the scalar
field profiles as the source becomes increasingly compact. In Sec. we
turn our attention to the computation of the field profiles. Sections to
focus on improved piecewise approximations to the potentials and field
profiles. Section subsequently describes the numerical procedure that
we employ to solve for the field profile without making any approximations
to the form of its potential, with Sec. [£.2.5] giving examples of the profiles
that are thereby obtained. In Sec. .3 we describe the implications of our
numerical results for screening and estimates of screening around extremely
compact sources, quantified by scaling relationships (Sec. and screen-
ing factors (Sec. . In Sec. , we comment on the reliability of our
classical calculations, establish the regimes in which we trust the classical
predictions and identify when quantum corrections may become large. Fi-
nally, we provide our conclusions in Sec. [£.4] Extra details relating to the
numerical procedures and an explicit example of a construction of a piecewise
field profile are included in the appendices. A summary of our notation is
provided in Table [I}

This section is based on Ref. [119] written in collaboration with Clare
Burrage, Benjamin Elder, Peter Millington, and Daniela Saadeh. Secs.
and include derivations initially performed by Peter and Benjamin re-
spectively; I have checked the calculations for myself and included them here
due to their vital role in interpreting our results. The results of Secs.
and are obtained using code based on penics, which is described in
Ref. [120] by Jonathan Braden, Clare Burrage, Benjamin Elder, and Daniela
Saadeh, but the modifications to make a numerical solver that works for the

symmetron and chameleon of Eqs. ((1.15)) and (1.25]) are my work.
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¢in(out) = ¢(pin(out)>

MMin(out)

T = pur
Tg = UTs
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d
p=p/pe
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)\approx

>\full

mass scale determining the strength of the matter
coupling

mass parameter in the potential of the screening
scalar

quartic self-coupling of the screening scalar

energy density of the matter source

screening factor

position of the density-dependent minimum of the
effective potential

position of the minimum of the effective potential for
p=0

source radius

source mass

constant density of the source

constant ambient density external to the source
position of the minimum of the effective potential for
P = Pin(out)

effective mass of the
side(outside) the source
dimensionless radius
dimensionless source radius
thin-shell radius

number of spatial dimensions

normalised density: p. = p2M? for the quadratically
coupled model and p. = p?M/v/X for the linearly
coupled model

normalised source mass, ms = m ud=2¢"2/M™: for
the quadratically coupled model (n = 2), m, =
mgud=2/M?; for the linearly coupled model (n = 1),
ms = ms\/X:udig/M

effective mass of scalar fluctuations in units of p
screening factor as obtained from piecewise quadratic
approximations to the effective potential

screening factor as obtained from the full numerical
solutions

scalar fluctuations in-

Table 1: Summary of key notation of Section 4| and their definitions (in order

of appearance).

95




4.1 Derrick’s theorem with classical sources

Derrick’s theorem [116] provides a set of conditions for the existence of stable
and stationary localised solutions to non-linear field equations. It is usually
applied in vacuum, that is, in the absence of sources. In this section, we
generalise the derivation of Derrick’s theorem to incorporate the presence of a
classical hyperspherically, i.e., O(d) symmetric uniform source, with density
described by a top-hat distribution. The usual stability arguments then
translate into information about how the theories introduced in the previous
section behave around point-like sources and allow us to test the accuracy of
our numerical solutions in Sec.[4.2.4] For comparison, the standard derivation
of Derrick’s theorem is recovered straightforwardly when the density p of the
classical source is taken to zero.

We are interested in stationary localised solutions, which must correspond
to a minimum of the energy. For the quadratically and linearly coupled
models that we study here, the energy is given in d spatial dimensions by

Bl = [a'x |5 (Vo0)” + Viso) + 2 Aot L (a)
n! Mn
where n = 1,2. This energy is finite as long as we shift the potential so
that the field has zero energy density in vacuum, see Eq. with V) =
pt/4X. We can write the contributions from the kinetic, potential and matter-
coupling parts respectively as

Exlé] = %/ddx (ngﬁ(x))Q, (4.2a)
Belol = [a'x V(e (4.2b)
E¢] = %/ddx%qbn. (4.2¢)

For a spherically symmetric, uniform source with p(x) = p(r) = pi0(rs —r),
where py, is a constant and 6 is the unit step function, we can write

1 " —1 Pin ,pn
Blol = o [aou [Tt 2. (43)
where [ d€, is the integral over the solid angle

Qq = 212 /T(d/2) (4.4)

56



subtended by the d-dimensional sphere.

In order to determine whether any given solution ¢ is stable (with respect
to growth or collapse), we are interested in the first and second variations
of the energy with respect to the transformation ¢(x) — ¢'(x) = ¢(wx), re-
quiring that dE[¢]/dw| _, =0 and d*E[¢]/dw?| _, > 0. These conditions
are respectively

0 ) = (- 2)Bxlg] + d(Bvid] + Bld) . (450)
L B 100, 6(r) > 2Ad—2)Ekl¢] . (45b)

(n—1)! S Mn
Writing m, = pi,Qqr?/d (the source mass), we have

d m,

nl Mn

¢"(rs) = (d—2)Ex[¢] + d(Ev[¢] + E,[4]) , (4.6a)
d Mg

oD @ (r)0nd(r) > 2Ad=2)Exld] . (46b)

We now suppose that we want the field profile to be generated by a point
source of finite mass, with r, — 0. As long as ¢ and its spatial deriva-
tives remain finite, this removes the left-hand side of Eq. , giving
(d — 2)Ek[¢] < 0. Since Ek[¢] > 0 for theories with a canonical kinetic
term and spatially varying profiles, this is satisfied in d = 1 and 2, but not in
d > 2. Therefore, for any model with a canonical kinetic term, the derivative
of any stable and stationary field has to diverge at r; in d > 2 as r; — 0.

Whether the field itself also diverges cannot be derived from the argu-
ments above, but we might expect it to depend on the form of the potential
and the matter coupling, such that the field will tend towards the minimum
of its effective potential. This may or may not diverge as p — oo, depending
on the choice of V(¢) and the value of n. With the choice of bare poten-
tial in Eq. , an even value of n brings the minimum of V,g(¢) to zero
as p — oo, while an odd value causes it to diverge, as we will see later in
Sec. (see Fig. [10]).

In the remainder of this work, we take d to be the effective dimension-
ality of the source. The case d = 3 corresponds to a spherically symmetric
source in three spatial dimensions; the case d = 2 instead corresponds to
a cylindrically symmetric source in three spatial dimensions, i.e., a cylinder
with infinite extent along its symmetry axis. For the latter case, we assume

o7



that the solution ¢(r,z) in three spatial dimensions has a separable solu-
tion, ¢(r,z) = ¢(r)Z(z) (with some abuse of notation), such that we can
integrate out Z(z) to obtain an effective two-dimensional action, absorbing
the mass scales and separation constant into the model parameters, such
that ¢(r) is dimensionless (having therefore canonical dimensions within a
two-dimensional action).

In this work, Egs. (4.6a)) and (4.6b]) will be used to perform quantitative
checks of the numerically obtained field profiles (see Sec. . However, as
we have seen, they provide us with a qualitative prediction for the behaviour
of those numerical solutions in the point-like limit in d = 3.

4.2 Computing field profiles around extremely com-
pact sources

In this section, we will describe how to compute the static scalar field profiles
around sources as they become more compact and point-like. We begin by
describing how the piecewise analytic approach to solving the field profiles
can be extended to more compact sources. We then proceed to describe our
numerical approach to computing these profiles, and the properties of the
solutions that we find. We will consider solutions around an infinite cylinder
(d = 2) and around a sphere (d = 3). Both sources will have a radius ry and
uniform density p, such that py, = p inside the source (r < ry) and poy, = 0
outside the source (r > r;). We note that p is a mass density with units
mass/length® for a sphere and units mass/length? for an infinite cylinder.

Since we consider extended sources of finite density, we demand that the
field profile is regular at » = 0 and that it approaches one of the field values
that minimise the effective potential as » — oco. In vacuum, the effective
potential for both models is invariant under ¢ — —¢, and the field is equally
likely to sit in the minimum at positive or negative ¢. If the field couples to
matter quadratically, as in Eq. , then the symmetry under ¢ — —¢ is
preserved in the matter coupling, and, up to an overall sign, the form of the
field profile is insensitive to the choice of vacuum at r — oo.

The linearly coupled model of Eq. requires more careful consider-
ation, as the symmetry is broken explicitly inside the source by the matter
coupling. For certain combinations of boundary conditions and sources, we
will be unable to find piecewise analytic solutions. For example, if the bound-
ary condition is ¢ — —¢s as  — oo then the field may enter a regime close
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to the surface of the source where the ¢* term of the full effective potential
dominates. It will not be possible to find a piecewise analytic solution in this
case.

In what follows, and for the linearly coupled model, we will consider
configurations where the field is in the ¢o, vacuum at infinity but where the
field becomes large and negative inside the source. This raises the question
of whether such a configuration is truly stable or whether it can tunnel to
nucleate a bubble of the —¢., vacuum around the source. We leave further
investigation of this interesting possibility for future work.

4.2.1 Piecewise appproximations

In Secs. [1.3.1) and [1.3.2] we outlined the approach that is common in the
literature to finding piecewise analytic solutions for the scalar field profiles
around compact objects, by approximating the full equations of motion,

Vi = Vig(9) . (4.7)

with equations that use approximate potentials that are either quadratic in ¢
around the density-dependent minima of the full effective potentials Vg (o),
or are linear functions of ¢ in a “thin shell” region where a linear matter
coupling dominates over the other terms in Vig(¢). For the quadratically
coupled model, and for unscreened objects in the linearly coupled model,
we divided space into two parts: one inside and one outside the source; for
screened objects in the linearly coupled model, we further divided the space
inside the source into two regions. We will refer to these as two- and three-
part solutions, respectively. When we outlined these approximations to the
field profiles and the corresponding screening factors, however, we failed to
check whether the values of the field in each spatial region were consistent
with the approximations made to the effective potential. We will see here that
for more point-like sources, these approximations do fail, and the solutions in
Secs. and are inconsistent. For a wide range of sources, however,
we can continue to make successive linear and quadratic approximations
to the scalar potential, before matching the solutions to these approximate
equations together.

The effective potentials in Eqgs. and depend on three fixed
scales, which we take to be the Compton wavelength 1/ (in vacuo), the
vacuum expectation value (vev) ¢ = 1/v/A and the matter coupling p/M"
(n = 1,2, depending on whether the coupling to matter is linear or quadratic
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in the scalar field). This gives us the freedom to make two rescalings of
the equations of motion and express them only in terms of dimensionless
quantities. The solutions will depend on the dimensionless distance z = ur
(so that the source radius is 23 = prs) and the dimensionless source density
p = pd" 2/ M™. For the quadratic coupling, this dimensionless density is
p = p/u?M?; it is the ratio of the source density to the critical density. For
the linear coupling, it is p = vV Ap/udM.

When taking the point-source limit x; — 0, we keep the source mass
fixed. We therefore parametrise the source mass as m, = Qgpz¢/d =
msp®2¢n2 /M", where © is the d-dimensional solid angle defined in Eq. ([{£.4).
For the quadratic coupling, this dimensionless mass is 1, = m u®2/M?; for
the linear coupling, it is 7y = mgv/Au®3 /M . Solutions and screening factors
then depend only on 7, and x,, except for an overall factor of ¢2 /M? for
the screening factors in the quadratically coupled models (Sec. .

4.2.2 The effective potential

We now briefly outline when linear and quadratic approximations can be
made to the effective potential for our models. We begin by considering
the effective potential outside the source, which is the same for both the
quadratically and linearly coupled models.
1. Around ¢ ~ 0, to quadratic order the potential —17>¢?+ 3 A¢* is simply
o % ,U,2 ¢2.
2. The expansion of the potential to quadratic order around the minima
£u 15 V(Goe) + V()] g (6] = 9:c)?. Since V(6s) = —u'/4) =
— 2% and V7(9)|,_s = 247, this gives us 3102 4129 =21 hoo| ¢|.
3. Joining these together is a linear piece a — b|¢|, where a and b, and the
values of ¢ where the three pieces are stitched together, are the con-
stants of integration that must be determined by enforcing continuity
of the approxiated potential and its first derivative.
When this is done we find that the effective potential is well approximated
by
—30%, 0< 9| < 30w
Voui(0) = 7§ 5% = 50e0l0l; 30w SIBI <G00 - (48)
105 + 6" = 20s|@l, oo < 6] < ¢

As a result, we can consider up to three spatial regions outside the source. A
comparison between this approximation and the full form of V' (¢) is shown

Wl
<
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Figure 8 The symmetron potential V(¢) = A¢*/4 — p2¢?/2 for ¢ > 0 (blue,
solid) and the corresponding piecewise approximation (orange, dashed).

in Fig. [§

Inside the source, p > 0, and we must differentiate between the behaviour
of the linearly and quadratically coupled models:
1. Quadratic coupling. We approximate the effective potential as

Vial0) = V(0) + 2076~ 6(0)* (19)
This expansion is valid when v, the mass of the scalar fluctuations in
units of u, satisfies v2 > 2¢(p)(¢ — ¢(p))/d%. This is always true for
sources with p > p2M?, since ¢(p) = 0 and v? = p/(u>M?) —1 > 0 for
this case. For sources with p < u2M?2, ¢(p) = door/1 — p/(u2M?) and
vt = 2[1 — p/(u2M?)]. The condition v > 2¢(p)(¢ — é(p))/P% then
simplifies to ¢ — ¢(p) < ¢(p), and it is possible to make a consistent
quadratic approximation around this minimum everywhere inside the
source as long as ¢ remains less than 2¢(p) = 2¢\/1 — p/(u2M?).
Otherwise, the field profile must be found numerically, as we do below.
. Linear coupling. For the linearly coupled model, there are two cases
to consider: p < /12 /9, when the effective potential inside the source
has two non-degenerate minima; and p > 1/12/9, when the effective
potential has only one minimum.
When the effective potential has two minima, the first minimum ¢,
satisfies ¢oo/V3 < ¢4 < (o (moving from the upper to the lower limit
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of this range as the density increases). The second minimum ¢_ lies in
the range ¢_ < —¢o (decreasing monotonically as p increases). The
only situation that we can approximate analytically is when ¢ remains
close to ¢, inside the source, in which case we can approximate the
effective potential as a quadratic around ¢, i.e.,

Vou(8) = V(6:) + 52076~ 6.7 (4.10)

When only one minimum is present, the field may pass through a region
where |¢| < p'/3¢, before it is able to reach the minimum of the
potential. This region defines a “shell” near the surface of the source.
In this case, we find

00" = 300 + i) e

2 o 3 S 0o
V(gb) = U + %VQ((b o ¢(ﬂ))2 , ) (4'11)

ﬁQEOOQS - %¢2 ) Cagoo S Qb

where
2 _ p*—2U
YT a0 —20(p) + %) (4.12)
_2U = pp(p)
(= ST o0) (4.12b)
A _

U= o e (2(p)) (4.12¢)

and @(p) := ¢(p)/pe. Although not obvious from the expression, ¢ < 0
by construction, since ¢(p) < (poo < 0. As p — 00, ( — —p'/3/2 =
e(p)/2.

The construction of Eq. is similar to the much simpler construc-
tion of the linearly coupled solutions in Sec. [1.3.2], where instead only
the p term is kept in the shell and the interior region has a constant
¢(r) = ¢(p). By Eq. (L.28), the equivalent of ¢ is then 1—pr?/(2M ¢).
Note that, in the case of quadratic coupling, we only have one approx-
imation to the potential and one region inside the source; for the lin-
early coupled model, we have at most two. This is the same as in the
calculation of the screening factors outlined in Secs. [1.3.1} and [1.3.2)
respectively. However, in what follows, we will be careful to check the
validity of these approximations.

62



4.2.3 Piecewise scalar field profiles

Figure [9 provides examples of piecewise continuous field profiles around
spherically symmetric sources (in three spatial dimensions) and cylindrically
symmetric sources (in two spatial dimensions) for both the quadratically
(Fig. @ and linearly coupled models (Fig. . The constants of integration
in the piecewise solutions to the scalar equations of motion are determined
by ensuring continuity of the field and its first derivative at the matching
surfaces. An example of this construction is given in Appendix [A] For cylin-
drically symmetric sources, analytic solutions to the equations determining
the constants of integration are not available, and they must instead be solved
numerically. The source parameters for the various examples shown in Fig. [J]
were chosen to give sources of sufficient compactness to require a two-part
(solid blue), three-part (solid orange) or four-part (solid green) piecewise
construction. The dotted lines are the “standard” two- (for quadratic cou-
pling) and three-part (for linear coupling) approximations to the field profiles
around a source of the same mass and radius, as outlined in Secs. and
and references therein. For the linearly coupled case, the sources have
p > \/12/9 so that the effective potential inside the source only has a single
minimum. By inspection, we see that the approximations for the linear cou-
pling fail to capture the full behaviour of the field profiles, and this worsens
as the sources become more compact.

One can see from these profiles that the qualitative behaviour is the same
around spherically and cylindrically symmetric sources: for the quadratic
coupling, the field at the centre of the source tends towards zero as the
source density increases; for the linear coupling, the field at the centre of
the source becomes more negative as the source becomes more compact. We
begin to see indications of the behaviour of the field profiles around extremely
compact sources. For the quadratic coupling, the field value at the origin
decreases towards zero as the source becomes more compact. In three spatial
dimensions, as the source is made more compact, the field profile becomes
flatter in the exterior of the source, and the field rises more steeply in the
vicinity of the surface of the source. This matches our conclusions in Sec.
that the gradient of the field should diverge at the origin, while the field itself
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(a) quadratically coupled model
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Figure 9: Examples of piecewise-constructed field profiles around spherical
sources, i.e., d = 3 (left panels), and cylindrical sources, i.e., d = 2 (right
panels), for (a) the quadratically coupled model and (b) the linearly coupled
model. In each case, the values of the dimensionless source radius x, and
the dimensionless source mass m, are chosen so that we require a two-part
(solid blue), three-part (solid orange) or four-part (solid green) solution. The
quartic self-coupling was taken to be unity, i.e., A = 1. The dotted lines
give the corresponding approximate solutions constructed as described in
Secs. and In the quadratically coupled case, the solid blue and
dotted blue lines are indistinguishable. We remark that there is generally
good agreement with our multi-part solutions in the quadratically coupled
case. On the other hand, we see that the standard approximate solutions
deviate significantly from our multi-part solutions in the linearly coupled
case and especially for cylindrically symmetric sources, i.e., in d = 2.
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should go to ¢(p) = 0. This will be confirmed by our numerical solutions
in Sec. [4.3.1] Also in agreement with our conclusions in Sec. [£.1 we see in
the linearly coupled model that the field evolves through ¢ = 0 and becomes
negative for compact sources, and our calculations indicate the possibility
that the value of the field at the origin diverges in the point-source limit. We
will explore this further with our numerical field profiles in Sec. £.3.1]

4.2.4 Numerical calculations of field profiles

The piecewise approximations to the field profiles, derived in the previous
section, give us some intuition for how the quadratically and linearly coupled
models behave around increasingly point-like sources. In this section, we
compute numerical solutions to the full equations of motion for both the
linearly and quadratically coupled models around cylindrical and spherical
sources.

To obtain the numerical solutions, we have modified the penics codeE],
a numerical code building on the FEniCS libraryF_Z] [121-123] and applying
the finite element method to problems of screening. The modified numerical
code, as well as Jupyter notebooks for the main results presented in this
section, are available at https://github.com/benjthrussell/symsolver.
The numerical method underlying the penics code has been extensively
described in Ref. [120]. In the following, we limit ourselves to summarising its
main qualitative aspects, while focusing on the details of the implementation
specific to this work. We conclude by showing sample field profiles around
highly compact sources.

The equations of motion to be solved are

p
M2
for the quadratically coupled model of Eq. (1.15), and

V2 + 12— \p® — L= =0 (4.13)

V26 + 126 — AP — L =0 (4.14)

M
for the linearly coupled model of Eq. (1.25)), for field profiles with the bound-
ary conditions {d¢(r — 0)/dr = 0; ¢(r — oo) = u/+/A}. For computational
convenience, we work with dimensionless quantities: further details can be

2lhttps://github.com/scaramouche-00/phienics
2Znttps://fenicsproject.org/
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found in Appendix A of Ref. [120]. However, in this section, we will express
all equations in their native form for readability.

The equations of motion can trivially be rewritten in terms of ¥ = ¢— oo,
for which the Dirichlet boundary condition ¢(r — 00) = p/v/A becomes
(r — oo) = 0. We have developed both solvers, i.e., one for the field ¢ and
another one for the field ). We find the latter to be more accurate, thanks
to its better characterisation of the exponential decay at large r.

Egs. (4.13) and (4.14) are:

e non-linear boundary value problems

e which may have a large hierarchy in scales (between the source radius
and the field’s Compton wavelength)

e in which we need to calculate the field’s behaviour around a sharp
transition between p = 0 and p # 0 regions (in order to test our
results against the Derrick’s theorem conditions of Eq. , which
were derived under the assumption of a step profile),

all of which combine to make for a very challenging numerical problem, but
nevertheless a problem which the finite element method is suited for. The fi-
nite element method has been applied successfully to the study of chameleon
[33,/411/124] and symmetron screening [40,47,50], as well as Vainshtein screen-
ing [120,/125(126] (which involves non-canonical kinetic terms rather than
non-linear potentials). A detailed presentation of the method is beyond the
scope of this work; we refer the interested reader to Refs. [123,/127], while
listing here the most relevant basic aspects. A discussion focused on using
the finite element method for solving equations of motion with screening,
including worked examples, is given in Ref. |120].

The finite element method involves solving a discrete approximation to
the original continuous problem. The domain of the function is discretised
into a mesh, and the function space itself is discretised into a space of poly-
nomials. I will now explain each of these in turn.

Firstly, we run our numerical calculations over only a finite region of
space, and since the solutions we are studying are spherically or cylindrically
symmetric, this means we take a radial domain r/rs € [0, Fax] for some ap-
propriately large dimensionless number fmaﬁ. This domain is then divided

BWe take fpax = 10 /24 (so that fpaxrs = 10/u, ie., 10* times the field’s Compton
wavelength) when x4 < 1, and 72 = 100 when z > 1.
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into N intervals {[r;,7i11],7 € 0,--- N}, with 79 = 0 and 7yy1 = Tmax,
which we will refer to as “cells”. We will additionally refer to the collection
of all cells as a “mesh” and to cell extrema as mesh “vertices”. Details of the
meshes that we use are given in Ref. [120].

7;+1 — 7; does not need to be the same for all <. This allows us to over-
come the difficulties caused by having a large hierarchy of scales and a sharp
transition at the source radius, as we can calculate the field profile to a high
resolution close to the source by having small cells, while having large cells
far from the source, where the field is expected to evolve more slowly, means
that computational costs are not magnified across the entire domain.

Secondly, the space of solutions is discretised. A set of basis functionﬂ
is chosen—in this work, they will be Lagrange polynomials—on every mesh
cel]ﬁ, and each piece of the solution on each cell is a linear combination of
these basis functions, equated at the vertices to obtain a piecewise continuous
function across the entire mesh. Finding a numerical solution to a given
equation of motion then amounts to finding the coefficients of each term in
these sums of basis functions, which is a problem amenable to linear algebra
if the equation of motion is expressed in an appropriate form.

Our solver solves these linear algebra problems using Newton’s method,
which finds a sequence of iterated approximations {¢*} for integers k, with
the aim of starting from an initial guess ¢(*) and reaching a close approxima-
tion qb("itef), where nj, is the total number of iterations, to the true solution
0.

When ¢®*) is sufficiently close to ¢, Egs. and can be expanded
to first order to obtain linearised equations of motion for an improved ap-
proximation ¢**t1) using the current iteration ¢,

V2D 4 200D 33 (50)2(+D 1 o) (pk))3 _ %¢(k+l) —0,
(4.15a)
V2pkHD 12D 33 ()20 4 93 ((R))3 L _0 (4.15h)

M

Although the solutions to these will not solve the full non-linear equations
of motion, the residuals will decrease as more iterations are performed until

24For the number of basis functions used in the results we present, as well as for any
other numerical setting, we refer the reader to the code and the Jupyter notebooks on
https://github.com/benjthrussell/symsolver.

#°Tt is not always desirable to employ globally continuous function spaces; see, e.g.,
Ref. [120].
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a desired accuracy has been obtained. The convergence criteria that we use
are discussed in Ref. [120].

In particular, the finite element method works well with the “weak” for-
mulation of the equation of motion, in which rather than demanding that
the left-hand side of the chosen equation of motion in Eq. vanishes at
every point throughout the entire domain r/r; € [0, Fax], we demand only
the vanishing of the inner product of the left-hand side with some chosen
“test” functions v. The inner product in this case is a volume integral of
the product of the two functions, and so the weak form of the equations of

motion Eq. (4.15]) are

— /V(é(kH) Vo rdtdr + / (,u2 —3)\(p")? — %) SFHD 4 =1 qp

= —2)\/ (p"))2 v rdtdr |
(4.16a)

— / Vo) vy =t dr + / (u2 — 3)\(¢(k))2) SFHD 4 =1 qp

= / (% - 2/\((;5(k))3> vritdr
(4.16b)

where we have used the Neumann boundary condition d¢(r — 0)/dr = 0
and integrated by parts the term [ V2¢k+1 ¢ rd=1dr to lower the order of
the first differential operator. For the test space, we use the space of square-
integrable functions on R%, whose gradients are also square-integrable on R?.
This integral form is particularly adept at handling sharp transitions like the
step source profile for which we intend to solve.

Initial guess

In Sec. [4.2.1] we showed how to approximate the scalar field profile around
a compact source, which could serve as an initial guess for our iterative New-
ton’s solver. We use the conditions on the matching radii, derived for the
piecewise approximations of Sec. to determine how many piecewise ap-
proximations we need to match together to find a good initial guess for a
given set of model and source parameters. Whilst it would be possible to
also use the analytic expressions previously determined as piecewise approx-
imations in these regions, we find it numerically more efficient to use FEniCS
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to solve the linearised equations of motion in each region in order to find
a good initial guess. The resulting initial guesses are an excellent match to
our analytically derived piecewise profiles. The coefficients of the linearised
equations of motion solved by FEniCS to find the required initial guess are
given in Appendix [B]

For the quadratically coupled model, when p = 1, the approximation
described in Sec. fails. In this case, we artificially detune the physi-
cal parameters away from the critical point p = (uM)? for the purpose of
obtaining an initial guess for the algorithm. Further details are given in Ap-
pendix Bl We stress that the initial guess only needs to be accurate enough
to allow the solver to converge to the correct physical solution; it need not
be an accurate reflection of the final profile, although a more accurate initial
guess will ensure faster convergence to the true solution.

4.2.5 Numerical scalar field profiles

To ensure the validity of our numerical solutions, we perform all the conver-
gence tests described in Appendix B of Ref. [120]. Moreover, we perform the
Derrick’s theorem tests of Eqgs. (4.6a]) and (4.6b]). We have checked that our
results do not depend on the specific source profile used for the density: a
step function, a smoothed top-hat profile, or a Gaussian profile. We present
results for the step function here, since these can be compared with the an-
alytic results in Egs. and , derived from the generalisation of

Derrick’s theorem.

For choices of parameters where we trust the validity of our piecewise
initial guesses, such as those shown in Fig. [9]and the orange lines in Fig. [10]
we find that the field profile found by our solver is always close to that initial
guess. For the quadratically coupled model around spherically symmetric
sources (or in three spatial dimensions), we find the limiting behaviour that
¢(rs) — 0 for more compact sources, as we might expect. For cylindrically
symmetric sources (or in two spatial dimensions), we find the same limiting
behaviour, but shallower gradients, with the field reaching zero more slowly,
cf. Table 2l For the linearly coupled model around spherically symmetric
(three-dimensional) sources, we find that ¢(r = 0) =~ ¢(p) = —pop/?® for
small rg. For cylindrically symmetric (d = 2) sources, we find that that
¢(r = 0) becomes very negative, although the particular scaling with the
source parameters is more complicated, as we describe in Sec. [.3.1] This
confirms our hypothesis that the field at the origin diverges near a point
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Figure 10: Comparison of the numerically obtained (solid lines) and four-part
piecewise constructed field profiles (dotted lines) for (a) the quadratically
coupled model and (b) the linearly coupled model for spherically (d = 3)
and cylindrically (d = 2) symmetric sources. For the compact source in the
linearly coupled case (blue), only the numerical solution is plotted, since the
piecewise approximate solution overshoots the minimum to large negative
values. In this case, the field value |¢(ry)| is far greater than the vev ¢u
and is therefore outside the range of validity for the linearised potential in
Eq. . Nevertheless, the numerical results agree with our expectations,
such that the field reaches a minimum value with ¢/¢. = —p'/? at the
centre of the source. This relationship holds for other parameter choices,
allowing us to confirm that inside dense sources, the field generally reaches
the minimum of the effective potential at the origin. Elsewhere, we see that
there is excellent agreement between the full numerical profiles and the four-
part piecewise constructed profiles.
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source in the linearly coupled model. Examples supporting all the above
inferences are shown in Fig. [10]

4.3 Implications for screening around extremely com-
pact sources

In this section, we describe the key implications of our results for the screen-
ing of dense objects whose spatial extent is significantly smaller than the
Compton wavelength of the fifth-force mediator. We summarise these impli-
cations in two ways. First, we provide a set of scaling relationships, which
capture the behaviour of the scalar field and its boundary conditions at the
surface of the source. These allow our results to be extrapolated to even
more compact sources. Second, we compare the screening factors obtained
from our full numerical solutions with those obtained from the piecewise
approximations usually applied in the literature. Where these screening fac-
tors disagree, our full numerical results provide refined screening conditions,
which will find utility in phenomenological studies. Finally, and before offer-
ing our conclusions, we draw attention to the potential relevance of quantum
corrections.

4.3.1 Scaling relationships

The piecewise approximations to the field profiles derived in Sec. along
with the inferences from applying our generalisation of Derrick’s theorem,
indicated the possible behaviour of the field profiles as the compactness of
the sources increases. By complementing these results with full numerical
solutions, we are able to analyse behaviour in regimes beyond the applica-
bility of the piecewise approximations. By these means, we can extract a set
of scaling relationships that characterise how the field value ¢(r;) and the
field gradient de(rs)/dr at the surface of the source vary with source mass
and radius. This allows us to see the scaling in both the point-like limit,
where x; — 0 holding m, fixed, and the compact limit, where z, — 0 and
ms — 00. These scaling relationships for compact sources are presented in
Table 2l Together, they provide a guide to the boundary conditions that
should be applied at the surface of the source, allowing our results to be
extrapolated to still more compact sources without the need to solve for the
full behaviour of the field.
The key observations can be summarised as follows:
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Table 2: Summary of scaling relationships for ¢ and r - V¢ at the surface
of compact sources (r = ry), expressed in terms of the dimensionless source
radius xs and the dimensionless source mass mg (see Table . We reiterate
that “two dimensional” versus “three dimensional” refers here to cylindrically
and spherically symmetric problems, respectively. For the linearly coupled
model, the scaling relations hold for =y € [107%1], m, € [10'?,105]. For
the quadratically coupled model in d = 3, the ranges are z, € [1073,107%7],
ms € [101,103]. For the quadratically coupled model in d = 2 and the scal-
ing relation for ¢/¢uo| _ , the ranges are z, € [107%,1072], /m, € [10",107].
For the quadratically co&pled model in d = 2 and the scaling relation for
r-Vo/¢oo|, _ , the ranges are z, € [107%,107°%], m, € [10"°,10%. Co-
efficients that have been determined numerically are given to two decimal
places.

Linear coupling, d = 3: Both the field and its gradient diverge at
the surface of the source as the source becomes more compact. We
note that the value of the field at the surface of the source scales with
p'/3, tracking the minimum of the effective potential (Vog(¢) ~ Ap*/4+
péd/M when the —pu?$?/2 term is negligible), as discussed in Section

and Fig. [10]

Linear coupling, d = 2: The field diverges at the surface of the source
as the source becomes more compact. The behaviour of the gradient
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of the field at the surface of the source depends on the way in which
the limit is taken. In the point-like limit, where my is held fixed and
xs — 0, the gradient of the field at the surface of the source tends to a
fixed value. If x, is held fixed and the mass of the source is increased,
the gradient of the field at the surface of the source diverges.

Quadratic coupling, d = 3: The field tends to zero, the minimum of
the screened symmetron potential Vg (o) = A¢*/4 + (p — p?/M?)¢?/2
for p > p?>M?, at the surface of the source as the source becomes more
compact. In the compact limit, the gradient of the field at the surface
of the source diverges as 1/rg, in agreement with our expectations from
Derrick’s theorem that either the field or its gradient must diverge for
Eq. to be satisfied in d > 2.

Quadratic coupling, d = 2: The field tends to zero at the surface of
the source as the source becomes more compact. The field gradient is
independent of the source mass and scales as a function of the source
radius only.

The above behaviours agree with the inferences drawn from Derrick’s theorem
in Sec. in three spatial dimensions. Derrick’s theorem does not allow
similar inferences to be drawn in two spatial dimensions. We note that in
the limit that the source becomes point-like, the field profiles may not be
continuous functions, but instead be distributions, reflecting the nature of
the delta-function source. We also note that, for d > 1, we find no indication
of the breakdown phenomenon identified in Ref. [14] in d = 1 for the linearly
coupled model.

4.3.2 Screening factors

Having obtained full numerical solutions, we can determine screening factors
without approximation. This allows us to validate existing calculations based
on approximate analytic solutions, such as those presented in Secs. and
.o, 2

In Fig. we compare the analytic expressions for the screening factors
that appear in Eqgs. and with those obtained from Egs.
and using the field gradients from the full numerical solutions. We refer
to the former as A\ pprox and the latter as Apn. We note that Mgy depends on
the distance from the source but tends to a constant at large distances. We
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(a) Quadratically coupled model: The analytically derived, approximate screening factor
becomes highly accurate for small source radii. However, large deviations occur when
p ~ u?M?, because the effective mass of the scalar goes to zero inside the source, and
the non-linear terms in the potential dominate. This behaviour cannot be captured by a
piecewise linear approximation to the potential, and no analytic prediction is available.
The black (d = 3) and white (d = 2) dashed lines indicate where p = p?M?2.
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(b) Linearly coupled model: In both the spherically and cylindrically symmetric cases
(d = 3 and d = 2), the full screening factor is poorly approximated by the analytically
derived expression for compact sources, corresponding to the upper left regions of the
plots.

Figure 11: Logarithm of the ratio of the screening factors Agy and Aapprox, as
obtained from the full and approximate field profiles for (a) the quadratically
coupled model and (b) the linearly coupled model, and for spherically (d = 3)
and cylindrically (d = 2) symmetric sources. The quartic self-coupling was
taken to be A = 0.1.
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therefore compare the screening factors at a radius of 10/z,, which proves
to be sufficiently distant for all cases. For positive-definite and perturbative
values of the quartic self-coupling A\, we expect results qualitatively similar
to those shown in Fig. 11}

The comparisons of the screening factors can be summarised as follows:

Quadratic coupling (Fig. : We find that Asy > Aapprox, such
that the approximate analytic solutions generally overestimate the de-
gree of screening. This is because the full numerical field profiles have a
smaller gradient in the vicinity of the source compared to the analytic
approximation. As a result, the full numerical field profiles must have
a larger gradient at greater distances from the source in order to reach
the vev. We also find that the ratio Agy/Aapprox depends mostly on
the source radius z, in the p > p?>M? region (m, > Qqx?/d), tending
to 1 as zy — 0, while the source mass my is only relevant for small
masses. The disappearance of vertical contours for z, < 1 (with the
exception of the region around p = p2M?) results from the complete
symmetry restoration at the centre of the source: once the symmetry is
fully restored there, a further decrease in the radius of the source has
no effect.

Most notable are the large deviations of Agy from Aypprox that appear
close to p = p?M?. At this critical density, the effective mass of the
scalar goes to zero inside the source. The potential is then dominated
by the ¢* term, and the analytic approximations become invalid. This
leads to a significant enhancement in the ratio Aq/Aapprox-

Linear coupling (Fig. [11b)): While we observe contours along which
Aapprox = Amn (in the my > 1 and xy < 1 region of the parameter
space), there is poor agreement between Aypprox and gy across the
remainder of the parameter space. In contrast to the quadratically
coupled case and for increasingly compact sources, Aapprox > Afunl, such
that the degree of screening is underestimated by the analytic approxi-
mations. In the spherically symmetric case (d = 3), there is a transition
at small m,, where the equation for rg,en has no real solutions
and, consequently, the approximate screening factor becomes a con-
stant Aapprox = 1. For 2, — 0, this occurs when i, < 23/2.47/3 ~ 11.8.
In the cylindrically symmetric case (d = 2), we see that the ratio of
the screening factors becomes independent of the source radii for suffi-
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ciently small source masses (see Tab. [2)).

Overall, for the linearly coupled model, the analytic approximations pro-
vide a poor estimate of the degree of screening for compact sources. On the
other hand, the analytic approximations provide a reasonable reflection of
the true degree of screening for the quadratically coupled model. The im-
portant exception to this is the region of parameter space where the source
nears the critical density p ~ p2M? and for which the effective mass of the
scalar inside the source goes to zero. Interestingly, this is also the region
corresponding to more diffuse sources, which may have phenomenological
implications for astrophysical objects, such as nebulae. We remark that this
more strongly non-linear region of parameter space has previously been iden-
tified as interesting in the context of disk galaxies [128-130]. However, we
leave its detailed study to future work. This is not least because quantum
corrections may play an important role here (see also Sec. , at the very
least renormalising the condition that defines the critical density.

4.3.3 Quantum corrections

Throughout this section, we have studied the solutions to the classical equa-
tions of motion, implicitly assuming that, as long as we abide by models in
which Eq. or Eq. holds, quantum corrections can be neglected.
Nevertheless, not only were those bounds qualified by the assumption that
the field does not travel too far from its minimum, we also only considered
the impact of corrections to the potential in Sec. [2.2] in effect assuming that
gradient terms are negligible, whereas field profiles in the vicinity of point-
like sources feature large field gradients and therefore we might still expect
quantum corrections to become important. More precisely, if the classical
solution is to be valid, we require the quantum fluctuations to be subdomi-
nant once smoothed over scales smaller than the characteristic length scale
of the classical solution, where the latter is proportional to the Compton
wavelength of the field. The arguments that follow are based on those made
in Ref. [131] and references therein.

To make the quantum nature of the corrections clear, in this section we
will include A explicitly, and to keep A dimensionless in d = 3, we maintain
(1] = mass and [¢] = mass(d~1/2,

Our aim is to find a smoothing length L that satisfies two criteria:

(i) L < ehp?,
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i.e., the length L is smaller than the characteristic length scale of vari-
ations in the classical configuration. Assuming that the field rolls to
the vev in about one Compton wavelength gives € ~ 1. On the other
hand, for highly compact sources, we expect € < 1, as we will discuss
below.

(ii) (Adr)ou < (Adr)cr ,
i.e., the quantum fluctuations smoothed over an interval of length L are
smaller than the change in the classical solution over the same interval.

Since we will only be considering fields with non-vanishing mass in vacuum,
we can always choose L such that (i) is satisfied.

We note that, if the conditions (i) and (ii) are not met, it does not mean
that the classical solution is invalid or uninteresting. Instead, this indicates
only that one should look more closely at the predictivity of the classical
approximation in this regime.

The change in the classical field configuration over the distance L is ap-
proximately ,

do wL

(A¢L)CL d’f’L Eh\/x )

where we have taken ¢, /(ehu™") to approximate the derivative in the vicinity
of the source, viz. where the derivative is at its largest.

In order to estimate the quantum mechanical fluctuations, we first smear
the quantum field over an interval of length L. This can be done by taking
the average of the field over all space, weighted by a Gaussian of width L:

(4.17)

00(x) = oy [ Aty O g(y). (1.18)

(27 L?)

Placing = at the origin without loss of generality, we find

(AdL)om = (0oL (0)*10)

1 2 2 2
= e | A Al 0] o(y)o(a) )

d—1 ) o
- d B d/ddy d4z e—(y2+22)/(2L2)/ d kd e (y—2) |
(4.19)
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After performing the spatial integrals, we are left with

(A¢r)ipn = h*™ / % eV (4.20)
(2m)? 2, /K2 + p2 /12
i L1 Ed-1 ha-1
~ k7t [ dQ dk ————  ~ . 4.21
Jou[ @ e B

Hence, in order to satisfy the condition (ii) above, we must be able to
find an L such that X
eV A
ERARY Al (4.22)
In other words, we must be able to choose L to be large enough that quantum
fluctuations are under control. Combining this with the condition (i), we
therefore require that

ed=1 € d=3
AL = ’ . 4.23
=3 {ue, d=2 (1.23)

(We note that A has dimensions of mass in two spatial dimensions.)

From our analytic and numerical results, we have seen that ¢ < 1 for
small, dense sources, and our arguments from Derrick’s theorem in Sec.
suggest that e — 0 for point sources. That is to say, although the classical
solution varies rapidly in the vicinity of the point source and goes to zero,
the quantum fluctuations are sufficiently large that they swamp the classical
behaviour. Notice that this is not the case in d = 1, for which we require
A < p, independent of e, such that we can always find a coupling small
enough that the quantum effects are suppressed. A comprehensive analysis
of the quantum corrections to the scalar field profiles presented here is beyond
the scope of this work.

4.4 Conclusions

The aim of this section was to study the screening of fifth forces around
extremely compact sources that are effectively point-like compared to the
Compton wavelength of the scalar fifth-force mediator. To this end, we
have derived a generalisation of Derrick’s theorem in the presence of external
sources, which allowed us to infer the behaviours of the scalar field as the
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compactness of these sources is increased. These behaviours were confirmed
in two and three spatial dimensions by analysing the full numerical solutions
for the scalar field in models with a spontaneous symmetry breaking potential
and a linear or quadratic coupling to the matter source (at the level of the
action). We found that fields with a quadratic coupling are driven to zero
in the vicinity of point-like sources, whereas fields with a linear coupling
diverge. In addition, the numerically obtained field profiles were compared to
novel piecewise analytic solutions that extend the piecewise approximations
typically applied in the literature.

By these means, we have been able to establish a set of scaling rela-
tionships from which the behaviour of the scalar fields and their boundary
conditions at the surface of the source can be extrapolated to other sources.
These are shown in Table[2] In addition, we have undertaken a critical assess-
ment of the validity of existing screening conditions extracted from so-called
screening factors. For the linearly coupled model, this has provided a refined
estimate of screening over a large region of parameter space. On the other
hand, for the quadratically coupled model, we find reasonable agreement with
existing screening estimates in the screened regime, except in the region of
parameter space where the source has the critical density for which the field
effectively become massless and the field equation becomes unavoidably non-
linear. Here, we find that existing approximations significantly overestimate
the amount of screening, the screening factors obtained numerically differing
from those derived analytically by factors of up to 10*4. Since this region of
parameter space corresponds to diffuse sources, there may be potential im-
plications for astrophysical systems, such as nebulae, which warrant further
study. The comparisons between the screening factors extracted from our
numerical results and those based on existing approximations are shown in

Fig. [11]
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5 Conclusions

In this thesis we have looked at theories of scalar fields which mediate
screened fifth forces, and the effects of non-minimal couplings to the Ricci
scalar, quantum corrections, and non-linearities on the validity of linearised
equations of motion as approximations to these theories.

In Sec. [2| we studied the impact of non-minimal couplings and quantum
corrections on the physics of scalar fields, with the goal of determining when
a minimally-coupled classical equation of motion of the form Oy = V'(yp) is
a suitable approximation to the full dynamics of ¢. To achieve this, we anal-
ysed the transformation between the Jordan frame, in which a non-minimal
coupling is explicitly present between the scalar field and the Ricci scalar,
and the Einstein frame, in which the non-minimal coupling is obscured when
in vacuum, and discovered that the physics of the non-minimal coupling is
found in the transformed potential and scalar field. Through this, we were
able to quantify the contributions of the non-minimal coupling to the equa-
tion of motion, and thereby determine sets of bounds, Eqgs. and (12.43]),
for the symmetron model in which these contributions dominate over the
quantum corrections while remaining negligible compared to the minimally-
coupled classical equation of motion.

In Secs. Bland [ we turned our attention to non-linearities in the effective
potential and whether or not a linearised equation of motion Ly = ufogp can
be a suitable approximation to Og = V/;(¢). This depends on the context
and so the two sections study two different scenarios.

In Sec. [3, our focus was on black hole superradiance, an astrophysical
phenomenon that relies only on waves being able to feel the gravity of a black
hole and can therefore be used to search for a variety of new bosons. We
firstly estimated the timescales for single-particle fluctuations in symmetron
and chameleon fields to be amplified by superradiance to the point that non-
linearities can no longer be neglected, and confirmed that these timescales
are small on a cosmological scale. This was followed by our generalisation
of a previously established method in which a non-relativistic expression for
the energy contained within a superradiating field is derived and used to
estimate what happens when the number of particles in the field increases.
Contrary to the case of axion-like particles, where a ‘bosenova’ causes a large
and sudden release of potentially detectable gravitational radiation, when we
applied this to symmetrons and chameleons we saw hints that non-linearities
would hinder the increase in particle number and consequently render the
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effects of superradiance less observable.

In Sec. [4, our focus was on the screening of fifth forces around sources
that are taken to the limit of zero radius. We derived an extension of Der-
rick’s theorem in the presence of sources, generated full numerical solutions to
the symmetron and symmetron-like chameleon equations of motion around
spherically and cylindrically symmetric sources, and obtained scaling rela-
tionships (Table [2)) and screening factors (Fig. for both theories. We
found that symmetron field profiles are driven to zero in the vicinity of point-
like sources, and a comparison of numerically-obtained screening factors to
their previously calculated analytical counterparts shows that the established
analytical methods are suitable for dealing with the symmetron except for
when the source has a density close to the critical density of the theory, which
is when the equation of motion cannot be linearised and so the analytical ap-
proximations cease to be valid. When the symmetron’s quadratic coupling
is exchanged for a linear coupling to produce a chameleon theory, we found
that field profiles diverge in the vicinity of point sources, and our numer-
ical methods extend the parameter space beyond that in which analytical
methods can provide reliable approximations.

I will conclude by commenting on the possible future directions high-
lighted by the work on non-linearities in Secs. [3 and [4

On the topic of black hole superradiance, the most recent research by
Baryakhtar et al. [95] and Omiya et al. [97] has yet to reach a consensus on
whether non-perturbative effects, such as those studied in Sec. [3] will in fact
occur in realistic systems. If the answer turns out to be positive then further
studies, such as numerical calculations, will have to be conducted in order to
determine more fully whether black hole superradiance is a useful probe of
screened fifth forces or whether its applicability is limited to theories such as
those of §u%¢? potentials and axion-like particles.

In Sec. 4] we have laid the foundations for studying the conditions un-
der which distributions of discrete sources can be treated approximately as
continuous density distributions for the purpose of analysing screening. A
natural first step towards addressing this question is the extension of this
work to systems of two (or more) point-like sources, as were studied analyt-
ically in one spatial dimension in Ref. [14]. Additionally, the results of this
work should be extended to curved spacetimes and time-dependent settings.
For instance, in the linearly coupled model, we identified that the explicit
breaking of the Zs symmetry (¢ — —¢) by the matter coupling may give rise
to an instability. As such, the increasing compactness of a collapsing matter
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source has the potential to induce a transition in the scalar field from one
vacuum external to the source to another. Whether this transition is realised,
and the phenomenological implications that it might have, warrants further
investigation. Finally, we have identified the regions of parameter space in
which it may be necessary to account for quantum corrections to the scalar
field profiles in the vicinity of compact sources, since the latter induces large
spatial gradients in the field. The treatment of these effects requires us to
find the quantum corrections to spatially varying classical field profiles, and
the relevant self-consistent procedures for dealing with such calculations have
been developed in the context of vacuum decay [132}133].
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A Example construction of a piecewise solu-
tion

In this appendix, we show the explicit construction of a piecewise analytic
field profile, as discussed in Sec. [£.2.1] We consider a spherical source in the
quadratically coupled model, where the conditions for smoothly matching
the approximations to the scalar field profile can be solved analytically. We
will construct here a three-part solution. We make one approximation to the
form of the potential inside the source, assuming that the effective potential
has the form of Eq. , and two approximations to the potential outside
the source — the lower two approximations in Eq. . The field profile is
then

Asinhx(yac) 7 r <,
H(T) = oo § — % + S+ Cy ., <x <y, (A1)
1— g—;e_ﬂ(x_“) , To < X
where
Ao 225 4+ 303(V2 — x,) — '181‘8 + 22 + 25(3 — 3v/2x,) | (A.22)
18 sinh(vx;)
3 3vV2x2 + 223
0, = 2t t \g% ks (A.2b)
2 2
Cy=1+ \/;CQ +2, (A.2)
and x5 is the solution to
(25 — 22) (w4 4 225) — 3(1 + V/222) + 152, _ tanhwvz, (A.3)

To(Tg — 25)2 4 3(xa — 1)(1 4+ V220) + 152, v,

For this solution to be consistent, we must check that ¢, /3 < ¢(r,) < 50 /6.
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B The initial guess

At the end of Sec. [£.2.4] we described how the initial guess for the Newton’s
algorithm is found by numerically solving a series of linearised equations of
motion. In this appendix, we give further details of that procedure. We use
FEniCS to solve the linearised equation of motion

Vi —mPp=0b+cp (B.1)

in four spatial regions: one inside the source and three nested shells outside
the source. In these regions, the coefficients m?, b and ¢ in Eq. (B.1)) are
defined as follows:

r < T re <r<ry | <r<nr ro <71
m2 D2M2 _/~L2 0 2,u2
b _Sb/lzq_soo 0 -1/3 MZQZ_)OO _2N2§Z_500
Se/M 0 0 0

where the coefficients 12, s, and s, are assigned the following values depending
on the source density:

Linear coupling Quadratic coupling
p>111>p>/12/9 | p <+/12/9 p>1 p<1
7 -1 2 v? vlp—11] 2(1—p)
s 0 9 _p2pl/ ” 0 2(1 - ﬁ)3/2
Se 1 1 0 Se 0 0
p=Vp/(*M) p=p/(pM)’

To determine the matching radii r; and ry, we first establish which of the
approximating regimes described in Sec. is appropriate. After deriving
the matching conditions analytically, as outlined for an example solution in
Appendix [A] we solve them numerically. When a two-part solution is the
correct approximation, the columns ry, < r < r; and r; < r < ry above are
ignored. Similarly, when a three-part solution is the correct approximation,
the column r4, < r < ry is ignored.

As we do not use the full form of Eq. , the linearly coupled sources
with p > v/12/9 are split into high-density (5 > 1) and medium-density
(1> 5 > \/12/9) regimes. For the former, we make an approximation that
the matter coupling dominates over the non-linear term in the potential, such
that V¢ = —u?¢ + p/M provides us with a suitable initial guess; for the
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latter, we take the matter coupling to only slightly displace the field from
the vev, such that V2¢ = 2u2(¢ — ¢so) + p/M is the equation that we use.

For the quadratically coupled model, when p = 1, the analytic approx-
imations described in Sec. fail. In this case, we set v = 1071°. To
obtain the matching radii, we further set ¢(p)/m, = 1071°, where m, is a
rescaling mass that we use to make the field dimensionless (see Appendix
A of Ref. [120]). This choice shifts the initial guess slightly away from the
critical density p = (uM)?, and we find it leads to fast convergence for all
the parameter ranges examined in this thesis.
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