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Cross-correlating two different types of galaxy gives rise to parity breaking in the correlation function
that derives from differences in the galaxies’ properties and environments. This is typically associated with
a difference in galaxy bias, describing the relation between galaxy number density and dark matter density,
although observational effects such as magnification bias also play a role. In this paper we show that the
presence of a screened fifth force adds additional degrees of freedom to the correlation function, describing
the effective coupling of the force to the two galaxy populations. These are also properties of the galaxies’
environments, but with different dependence in general to galaxy bias. We show that the parity-breaking
correlation function can be calculated analytically, under simplifying approximations, as a function of fifth-
force strength and the two populations’ fifth-force charges, and explore the result numerically using
Hu-Sawicki f(R) as a toy model of chameleon screening. We find that screening gives rise to an octopole,
which, in the absence of magnification bias, is not present in any gravity theory without screening and is
thus a qualitatively distinct signature. The modification to the dipole and octopole can be O(10%) and
O(100%) respectively at redshift z > 0.5 due to screening, but decreases towards lower redshift. The
change in the background power spectrum in f(R) theories induces a change in the dipole of roughly
the same size, but dominant to the effect of screening at low z. While current data is insufficient to measure
the parity-breaking dipole or octopole to the precision required to test these models, future surveys such as
dark energy spectroscopic survey, Euclid and square kilometre array have the potential to probe screened

fifth forces through the parity breaking correlation function.
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I. INTRODUCTION

The standard cosmological model, A cold dark matter
(ACDM), relies on the assumption that gravity is described
by a rank 2 symmetric tensor on large scales. The
cosmological parameters fitted to observations such as
the cosmic microwave background [1,2] and large scale
structure [3—5] assume general relativity (GR) as the theory
of gravity. However, fundamental puzzles in the ACDM
model such as the nature of dark energy and dark matter
have encouraged research into the cosmological implica-
tions of modifications to GR, dubbed modified gravity.
There are a plethora of modified gravity models, ranging
from the addition or alteration of terms in the Einstein-
Hilbert action to the explicit coupling of additional scalar,
vector or tensor fields (see e.g., [6] for a review). This
motivates expanding the parameter space of traditional
cosmological inferences, as well as designing novel probes
with maximum sensitivity to new gravitational degrees of
freedom.

The diversity of modified gravity models makes it
inconvenient to test them individually. This has led to

fdarsh.kodwani@physics.ox.ac.uk
1 harry.desmond @physics.ox.ac.uk

2470-0010,/2019,/100(6)/064030(17)

064030-1

the development of generalized frameworks within which
many theories may be tested simultaneously, for example
the effective field theory of dark energy [7] and para-
metrized post-Friedmannian framework [8]. Modified
gravity theories may also be characterized by the screening
mechanisms they incorporate to hide the effects of new
interactions at small scales. As almost all viable theories
employ one of just a handful of screening mechanisms,
probing such a mechanism is tantamount to probing a
potentially broad class of theories. These theories may
often be cast as screened scalar—tensor theories (see [9—11]
and references therein), in which a long-range dynamical
field couples universally to matter, generating a new
(“fifth”) force between masses. The Lagrangian is designed
so that the strength or range of the force depends on the
local gravitational environment: the fifth force is sup-
pressed in high-density regions (such as within the Solar
System where the most stringent constraints exist; see [12]
and references therein) but emerges at the lower densities of
the Universe at large. This leads to differences in both
intergalaxy clustering and intragalaxy morphology and
dynamics between galaxies in stronger vs. weaker gravi-
tational fields. The latter class of signal has been the subject
of arange of tests in recent years [13-20]; our purpose here
is to explore the former.

© 2019 American Physical Society


https://orcid.org/0000-0003-4341-3852
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.100.064030&domain=pdf&date_stamp=2019-09-18
https://doi.org/10.1103/PhysRevD.100.064030
https://doi.org/10.1103/PhysRevD.100.064030
https://doi.org/10.1103/PhysRevD.100.064030
https://doi.org/10.1103/PhysRevD.100.064030

DARSH KODWANI and HARRY DESMOND

PHYS. REV. D 100, 064030 (2019)

This paper investigates the galaxy correlation function
(CF) as a probe of screened fifth forces. It is well known
that standard general relativistic effects in large scale
structure give rise to odd CF multiples [21,22] (or, in
Fourier space, an imaginary part of the power spectrum
[23,24]). These CFs break two distinct symmetries, at
different scales and with different physical causes:

(1) Inacluster environment, the CF is asymmetric under

a swapping of spatial locations of galaxies along the
line of sight. This is because galaxies behind the
center of a deep potential well appear closer in
redshift space (and therefore more strongly corre-
lated) than galaxies in front, due to the redshift
induced by the gravitational potential.' This con-
stitutes a breaking of the spatial isotropy symmetry
group SO(3) into an SO(2) perpendicular to the line
of sight, and is present for a single population of
galaxies on cluster scales ~1-10 Mpc [25,26].

(2) The second type of symmetry breaking is present
only in the cross-correlation of two different
populations of galaxies: (Ap(X|)Ap(X,)) #
(Ap(X,)Ag(X,)). Here B and F denote “bright”
and “faint” galaxies, meaning that they trace the
underlying matter field in different ways or other-
wise have different properties pertinent to their
clustering. For example, even if the galaxies form
within the same dark matter density field and hence
gravitational potential, they may form at different
rates and hence end up with different final number
densities. This is manifest in a difference in their
bias. These differences in their spatial statistics
correlate most strongly with their z = 0 halo masses
[27-29], with secondary effects deriving from other
galaxy and halo properties (“assembly bias”; e.g.,
[30-32]). Thus galaxy subsamples that differ in any
observable that correlates with halo mass, e.g.,
luminosity or type, will manifest a parity-breaking
CF. The formation of these different types of galaxy
may be driven by the tidal field or other features of
the cosmic web, making the effect a function of
large-scale environment. This effect is present on
larger scales than isotropy violation, ~100 Mpc, and
breaks the qualitatively different symmetry group
Z,, which is parity under swapping the discrete
B and F labels.

Although bias is the galaxy property convention-
ally responsible for giving the two populations
different clustering, another possibility is sensitivity
to a screened fifth force. Screened theories of gravity
produce modifications to the gravitational force that
depend on galaxies’ internal properties and envi-
ronments (Sec. II), in such a way that lower mass
galaxies in lower density regions effectively feel

'See Fig. 2 of [21].
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FIG. 1. Schematic of the effect of parity breaking in the CF. The

two galaxies are located in regions of identical external dark
matter density and hence gravitational potential (i.e., excluding
the potential due to the galaxies’ halos themselves, which are
responsible for their self-screening), but the larger-scale envi-
ronments are different. This is illustrated by the surroundings of
the trees, which are windy at x, but not x,. This difference in
environment affects various properties of the galaxy that impact
its clustering, including its bias, magnification bias and, of
particular interest here, sensitivity to a fifth force (quantified
by 6G = AG/Gy). Swapping these parameters between the
galaxy overdensities at x; and x, alters the CF, so that it is
not symmetric in the galaxy labels.

stronger gravity. As we describe in detail in Sec. III,
this alters the Euler equation and hence the number
densities predicted by relativistic perturbation
theory. We illustrate the effect schematically in Fig. 1
where we show two galaxies at different spatial
locations x; and x, in the same gravitational poten-
tial, but with different biases and screening param-
eters due to their different environments. The
environment is represented by the tree, which
experiences wind at x, but not at x;, delineating
the fact that the environments are different at the two
locations.

Both of these effects are proportional to the gradient of
the gravitational potential and hence receive contributions
from fifth forces. In particular, as noted in [21,33], in GR
the gravitational redshift term of the parity-breaking CF is
precisely canceled by the light-cone term and part of the
Doppler term. This apparent coincidence is a result of the
equivalence principle, whereby both light and matter feel
the same potential. In contrast, theories that are confor-
mally equivalent to GR yet include fifth forces effectively
violate the equivalence principle due to the effect of the
fifth force on timelike but not null geodesics. This
reintroduces the redshift term, enabling relativistic effects
to provide a consistency check on the validity of the Euler
equation. While this effect would also be present under an
unscreened fifth force, the additional effect of screening
is that the two types of galaxy that enter the CF may feel
different fifth-force strengths due to their different
gravitational environments endowing them with different
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scalar charges.2 Thus timelike geodesics are affected differ-
entially by the fifth force as a function of their trajectory, in
further violation of the strong as well as weak equivalence
principle. We show in Sec. III that this introduces interest-
ing novel behavior into the parity-breaking CF. We
emphasise that this is not a fundamental breaking of either
parity or the equivalence principle at the level of the
Lagrangian. Rather, it is an effective violation stemming
from differences in galaxy properties.

The structure of this paper is as follows. In Sec. II we
provide theoretical background on screened fifth forces,
and in Sec. III we lay out the formalism for calculating the
CF in their presence, paying particular attention to the
relativistic parity-breaking part. Sec. V presents our results
for the dipole and octopole, specializing to a specific
chameleon-screened theory, Hu-Sawicki f(R), when
numerical results are required. Section VI provides a
summary of our results and a brief discussion of future
work, including prospects for testing the effects observa-
tionally. Appendix A presents the full calculation of the CF,
and Appendix B shows how our work could be made more
general within the chameleon paradigm by casting the
chameleon action in Horndeski form.

II. SCREENED FIFTH FORCES

To see the need for screening in theories with new
dynamical degrees of freedom, consider the behavior of a
free light scalar ¢. The Klein-Gordon equation for the
scalar field in the quasi-static limit is

V3¢ = 8npGa, (1)

where p is the energy density and a the coupling coefficient
of the scalar field to matter. This is solved by ¢ = 2aGM/r,
which produces the fifth force

Fs = —-aV¢p = —2a°GM/r* = 20°Fy. (2)

This modifies the spatial part of the weak-field metric but
not the temporal part, making it sensitive to tests of the
parametrized post-Newtonian light-bending parameter y.
The most stringent constraint derives from the radio link to
the Cassini spacecraft, which requires y < O(1073) and
hence a < O(1073) [34]. In a Friedman-Robertson-Walker
(FRW) metric, the cosmological effect of the scalar field is
given by

¢ +3H¢ +aGp =0, (3)

where H is the Hubble parameter and prime denotes
derivative with respect to cosmic time. For values of a
this small, the final term is negligible and hence the fifth
force is a tiny perturbation to GR dynamics.

>The screened fifth force that we invoke does not have to be
mediated by a scalar field, but we will assume so for simplicity.

The operation of screening may be seen from the most
general equation of motion the scalar field could obey:

(o) 0ip0;p + m (o) = 8nGa(epo)p. (4)

where X is a matrix that allows for general nonlinear and
nondiagonal kinetic terms. The effective mass is given by
the second derivative of the potential term in the
Lagrangian, and « is in general a function of the back-
ground field value ¢,. The solution to this equation is

L e~ Mett (o)1 ,
(o)

which illustrates the three qualitatively different mecha-
nisms for removing the influence of the scalar field in high-
density regions:

(1) The field can be made short range by giving it a large
effective mass at high density, i.e., mqy > 1/R
where R is the size of the system. This is called
chameleon screening [35].

(2) The amplitude of the force can be decreased by
reducing the coupling to matter a(¢y). This is most
commonly done via spontaneous breaking of a Z,
symmetry in the field configuration, in which case it
is known as symmetron screening [36,37].

(3) The amplitude of the nonlinear kinetic terms can be
increased, X/ > 1, effectively decoupling the scalar
field from matter. Depending on the precise imple-
mentation this is called kinetic [38] or Vainshtein
screening [39].

Under any one of these mechanisms, the scalar charge of an
object depends on its density and, in the case of chameleon
or symmetron screening, also on its gravitational environ-
ment [40-42]. Low mass unscreened objects feel the full
fifth force, which, in case the scalar field is light relative to
their size, effectively causes them to feel an enhanced
Newton’s constant G = Gy + AG. Conversely, high mass
screened objects have no scalar charge and hence decouple
from the fifth force and feel regular gravity. We describe
this with a parameter 6G = AG/Gy, which takes the value
2a? for fully unscreened objects and O for fully screened
objects. For partial screening 6G may take any value
between these limits. We show in the following section
how this behavior is manifest in cross-correlation functions
when the galaxy subpopulations have different degrees of
screening. In this case we will label 6G with a subscript to
indicate which type of galaxy it refers to.

¢ =2a(gy)G (5)

III. CORRELATION FUNCTIONS UNDER
SCREENED FIFTH FORCES

The number density of galaxies traces the underlying
density field in the universe on the largest scales. The
overdensity in the number of galaxies at position X is

defined by A(x) = W where N is the galaxy number
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density and N is the mean number density overall. These
overdensities contain a wealth of information about both
the initial conditions of the universe and the distribution
and properties of matter on cosmological scales [43]. The
derivation of the main effects contributing to galaxy over-
densities at linear order, including observational effects,
can be found in [21,43-45]. We summarize them here. At a
given redshift z, the overdensity of galaxies at an angular
position fi on the sky is given by

A(Z,ﬁ) :Ast(z’ﬁ) +Arel<Z,ﬁ) +Alens(z’ﬁ) —‘rAAP(Z,ﬁ)

AS'(z,0) =bS(z,8) —H ', (v-h) (6)

A®(z,8) = HT'O,¥ + H'V - i (7)
H o2 1 R

B2 (- D

r—r

AM%Lﬁﬁzﬁs—ZXAZhW< m_>v1@»+w> )

dr(z,f) =

AAP(Z, ﬁ) = (ar - 8,,)[AS’ 4+ Arl Alens} 56.

(10)

0 is the cosmological parameter vector and b is the linear
bias between the galaxy density and the dark matter density
8. A(x) = bS(x). H is the conformal Hubble parameter
and ¥ and ® are the weak-field metric potentials in the
conformal Newtonian gauge:

ds? = a*(n)[-(1 +2¥)dn* + (1 = 2®)dx'dx/5;;).  (11)

s describes the magnification bias that derives from the
slope of the luminosity function:

s=2([aretmon)” [arfe . a2

Ny(f)df is the number density of sources with flux f + %
and e(f) is the detection efficiency of those sources. r is the
comoving radial coordinate in the direction n.

The terms have been separated according to the physical
effects that they embody. A*’ contains the standard terms
that relate the galaxy overdensity to the dark matter
overdensity and the anisotropy caused by redshift space
distortions. This term is always accounted for in CF
analyses. A™ contains the relativistic contributions such
as the Doppler and integrated Sachs-Wolfe effects. This is
the term which modified gravity effects alter: the accel-
eration terms are sourced by the Poisson equation and are
therefore affected by the presence of a fifth force. Alen
derives from the conversion of observed solid angle to

physical solid angle given lensing along the line of sight.
The final term describes the Alcock-Paczinski effect. We
will only be interested here in the standard and relativistic
terms, as it is their correlation that gives rise to the parity-
breaking signal.

The expressions for the overdensities in Eqs. (6)—(10) are
the same in all metric theories of gravity where photons
travel along null geodesics. This includes all theories
conformally identical to GR, which includes most screened
theories. Galaxies on the other hand are nonrelativistic
tracers of timelike geodesics, and are therefore directly
affected by fifth forces. Their motion is governed by the
Euler equation, which, in a perturbed FRW background can
be written as

V-A+HY-A+0,¥=0. (13)

Here we are using the conformal Hubble parameter H. This
can be used in Eq. (7) to give

R H 2 1 .
A™(z,5) = —[ﬁ—f—m—i—Ss(l —m>]v-n. (14)

We see that the gravitational effects in the Euler equation
cancel some of the terms, which is a manifestation of the
equivalence principle. As noted in [33], this is no longer
true in the presence of a fifth force. According to Eq. (2) a
long-range fifth force behaves identically to Newtonian
gravity, enabling us to capture its effect with the trans-
formation

9, — (1+68G)d, ¥, (15)

which describes a fractional increase in the strength of
gravity by an amount 6G. As discussed in Sec. II, the logic
of screening implies that this is different for different
galaxies as a function of their mass distributions and
environments. We make the simplifying assumption that
0G is a constant for each galaxy population, thereby
ignoring the effect of partial screening. As we consider
one population to be fully screened and the other fully
unscreened, this provides an upper bound on the magnitude
of their asymmetric cross-correlation. The simple modifi-
cation of Eq. (15) provides a clear intuitive picture of the
physical origin of fifth force effects in the correlation
function, and will also show clearly why these generate an
octopole in the presence of screening, a key result of our
paper. Deriving the exact degree of screening of each object
would require solving the equation of motion of the scalar
field numerically in the presence of a given density field
(e.g., [46]), which is beyond the scope of this work.

With this modification, the new expression for the
relativistic part of the overdensity A™(*) is the sum of
the usual relativistic term in Eq. (7) and an additional term
A7 due to the fifth force:
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FIG. 2. Geometry of the CF. The observer is at the origin. B and
F denote “bright” and “faint” galaxies; we are interested in their
cross-correlation.

Are]<f>(z,ﬁ) = Arel(z,ﬁ) ~|—A]:(Z,ﬁ)

Af(z,ﬁ):g“[‘}ﬁﬁJrv-ﬁ] (16)

where C (725 T ). This replaces A™ in the total expression

for A.> ¢ = 0 in the case of complete screening (fifth force
fully suppressed) and ¢ = {,,« for objects that are fully
unscreened. ¢, 1S set by the coupling coefficient of the
scalar field to matter; for example it is 1/4 in f(R) where
6G = 1/3. As { for a given galaxy depends on its mass
|

ENF)(r,d, ) = Er,d, B) + EX)(r.d, p)

2
) = g g | Pa(eos )| (o = i)
+2P3(cos B)vs(d) <1 - %)f(SB - SF)}
P (r.d. ) =

distribution and gravitational environment via its degree of
screening, we assign the two galaxy populations (which we
denote “bright”, B, and “faint”, F, as in Sec. I) different
average values {5 and . We can now compute the parity-
breaking CF. The cross-correlation between the B and F
populations is given by (Ap(x;)Ar(X,)), which we write,
with the geometry of Fig. 2, as
£(z.2.0)pp = (Ap(z. ) Ap(Z 0')). (17)
Due to the assumption of statistical isotropy this depends
only on the angle 6 between the galaxies as they are
projected on the sky. Furthermore, it is important to
remember that z, 77 and @ are observed redshifts and
angular sizes. Converting these to physical quantities
depends on the background cosmology, although to linear
order the corrections from this are already accounted for in
the expressions for the overdensities.
In principle there is a CF for each term in A, although we
are only interested here in the relativistic part &) which
is sensitive to the fifth force

(A (z.R) A (2 i)
+(AY(Z 8)AF T (zR)). (18)

grel(F)(Z’ / )

The individual CFs are calculated in Appendix A; here
we show the final result, expanded to leading order in
d/r<1:

% N %) - (1 - %) (5(sgbr — spbg) + 3f(s5 — SF)):|

ot { Pilcosn @) (bra = but) = 1 6a =] + Piteospps@)[L o]} 9

We have defined f = ‘211‘:1[) , Where D is the linear growth factor. Throughout our calculations we have assumed these are
scale-independent, following [33]. P is the Legendre polynomials of order n, by and b are the biases for the bright and

faint galaxies respectively, and

vold) = [ dmkioy (Hi) jokd)T(K),

2

HoH

M(a) = (Hf + Hf + fPH? + fH). (20)

We have dropped all terms in & that involve the correlation of two relativistic terms ((A™ A™)) as these are suppressed by

factors of %

*Our parametrization of modified gravity is related to that of [33] by I' = 6G, ® = 0; thus, although somewhat more general, their
model does not account for screening as it effectively assigns the same 8G to all galaxies.

“In principle this can generalized and the growth factor made scale dependent. We plan on exploring this for more generic modified
gravity theories in the modified Boltzmann code HiClass [47] in future works. We take the first steps in this direction by writing our

screening model in Horndeski form in Appendix B.
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As anticipated in Sec. I, besides modifying the cosmo-
logical background the fifth force affects the CF in two
distinct ways. The first is the reintroduction of redshift terms
due to the difference induced between null and timelike
geodesics (first term in &F)). This would also be present
under a universally-coupled (i.e., nonscreened) fifth force
and is the type of modified gravity considered by [33]. The
second is the relative effect on the B and F populations due to
their different sensitivities to fifth forces under a screening
mechanism. This is shown by the remaining terms in &)
which are proportional to {5 — {. We see that the fifth force
introduces both a dipole (the term proportional to P;v) and
an octopole (the term proportional to P5v3). While the dipole
is increased by both screened and universal fifth-force terms,
in the absence of screening the octopole is only present if
sp # Sp. Thus, as discussed in more detail below, the
octopole may provide a particularly clean probe of screening.

IV. CORRELATION FUNCTION
PARAMETER SPACE

The CF of Eq. (19) depends on several parameters of
standard ACDM, as well as those of modified gravity. The
aim of this section is to explain and quantify the effects of
these parameters. We begin by classifying them into two sets:
(1) Those that affect the background cosmology and hence all
CFs, and (2) Those that are specific to the parity-breaking CF
and describe the environmental dependences of galaxy
formation. We term the first set global and the second set,
whose members carry a B or F' index, local. The parameters
are listed in Table I, along with their fiducial values which we
use throughout our analysis unless otherwise stated.

On a practical note, the global parameters take longer to
evaluate as they affect background quantities such as the
matter power spectrum: thus each point in parameter space
corresponds to a run of a Boltzmann code. The local
parameters are simply multiplicative factors in front of the
functions of global parameters, making their parameter
space in principle much quicker to explore.

TABLE 1. Global (upper) and local (lower) parameters, along
with their fiducial values. The bias values used in the f(R) plots
are different from GR and are denoted by the f(R) superscript
index.

A, 2.1x107°
h 0.7
Q,n? 0.0224
Q1> 0.112
k. 0.05 Mpc™!
n, 0.96
Sfro 0
(bp.br).—o (1.7, 0.84)
(B[R pIR) (1.64, 0.8)
(s855F) (0.1, 0)
(5Gy.5Gy) 0, 1/3)

A. Global parameters

There are three groups of global parameters. The first
contains the standard ACDM parameters. As the effects of
these on CFs have already been extensively studied
[48-53], we do not investigate them further here. The
second set quantifies the effects of “galaxy formation”
physics, which generates nonlinear corrections to the
transfer function. We check the importance of this by
using the Halofit fitting function [54] to obtain the non-
linear matter power spectrum, and show its effect on the
dipole in Fig. 3. We see that on scales below ~10 Mpc
nonlinearities lead to an O(1) modification, but the differ-
ence decays away rapidly on larger scales. From now on we
will only use the transfer functions and power spectra with
these nonlinearities included.

The final set of global parameters describes the effect of
modified gravity on the background perturbations, specifi-
cally the transfer function and power spectrum. To compute
this effect we specialize to the case of Hu-Sawicki f(R)
[55], an archetypal and well-studied chameleon-screened
theory known to be stable to instabilities, propagate
gravitational waves at the speed of light and be capable
of screening the Milky Way to pass local fifth-force tests.
Although representative of the chameleon mechanism, Hu-
Sawicki occupies only a small part of the full chameleon
parameter space. A general chameleon model introduces
three new degrees of freedom. At the level of the
Lagrangian these are, for example, the {n, A, M} of [56]
Eq. (2.5) (see also Appendix B). Phenomenologically they
are the strength of the fifth force between unscreened
objects [related to @ in Eq. (1)], the range of the fifth force
(Compton wavelength of the scalar field) and the self-
screening parameter y [e.g., [56] Eq. (3.2)] that determines
the threshold Newtonian potential at which screening kicks
in. In f(R) the coupling coefficient of the scalar field to

Linear v Non-linear comparison at z = 0.30

10
—— Linear
----- Non-linear

100

o
2 10!

(]
[=2)
S 100
S
0 - - - - -
20 40 60 80 100
d [Mpc]
FIG. 3. The change to the z = 0.3 ACDM dipole when a linear

or nonlinear power spectrum/transfer function (from Halofit) is
used, relative to the linear case.
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matter is fixed at @ = 1/1/6 (6G = 1/3) while the param-
eters n and A describing the field’s potential are related.
In the Jordan frame, the Hu-Sawicki action is given by

2
M,

S:/d4x\/—_g< ' (R+f(R))+£m>, (21)
where

Cy (R/mz)k

S

(22)
and £,, is the matter Lagrangian. The mass scale is set by
the average density of the Universe, m* = p,,/(3M?), and

¢y, ¢ and k are dimensionless free parameters. It is shown
in [57] that only k and E—i affect the matter power spectrum
and thus the model only contains two relevant degrees of
freedom. k = 1 is a standard choice that we adopt here. In
the Einstein frame this is a scalar—tensor theory in which
the scalar field is fz = df/dR, the present value of which
is also completely determined by z—é The field at the

cosmological background value of R, [y, determines
the structure formation history of the Universe as well as
the range and screening properties of the fifth force at a
given epoch, and is effectively the theory’s only degree of
freedom. GR is recovered in the limit fz, — 0, and values
in the range ~10™* — 107 have observable consequences
in galaxy clustering, redshift space distortions, cluster
abundance, intensity mapping and the matter bispectrum
(see e.g., [58-61] and references therein). For the Solar
System to be screened requires fgy < 107°. Smaller values
may be probed by galaxy-scale tests [15-17,19,20], which
now rule out fg, > few x 1078 [18].

For one of our galaxy types to self-screen and the other not,
the screening parameter y must be between their character-
istic Newtonian potentials. This can be written in terms of the
background scalar field value as y ~3/2fx,. The halo
masses calculated in Sec. IV B imply |®5| ~ 1 x 107 and
|®p| =6 x 1070 (c =1). The galaxies may however be
partly environmentally screened, increasing the required
value of y.> 107 < fro < 1075 is therefore likely to separate
the galaxies by screening properties, and also causes the
scalar field to mediate an astrophysical-range fifth force [55].
This is therefore the range that we consider.

We compute the matter power spectrum using a modified
version of Camb calibrated with N-body simulations in the
k = 1 model [63], and plot this for different f, values at

To determine the screening properties of both galaxy pop-
ulations one would ideally solve the equation of motion for the
scalar field given the mass distribution around the galaxies, or at
least a proxy for the field such as the Newtonian potential [62].
However, as we are interested here in the general effects of a
screened fifth force we leave this more detailed investigation for
future work.

10°
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FIG. 4. The matter power spectrum evaluated in ACDM and
f(R) for a range of redshift and fg, values. The percentage
difference is plotted with respect to the ACDM values with the
fiducial parameters of Table I.

various redshifts in Fig. 4. We see that the power spectrum
changes by ~20% on scales smaller than ~1 Mpc for
fro = 1073, while for fr, = 107 the change is only a few
percent. This is propagated into the CF in Sec. V.

B. Local parameters

We consider three local parameters: galaxy bias b,
magnification bias s and fifth-force sensitivity 6G. The first
two are presentin ACDM and give rise to the standard parity-
breaking CF, while the latter is the specific focus of our study.
We describe our choices for these parameters below.

(i) (bg, br): As our fiducial case we take the B galaxies
to be luminous red galaxies and the F galaxies to be
emission line galaxies, with biases in ACDM of 1.7
and 0.84 respectively at z = 0 [5]. These are typical
populations that will be measured by the forth-
coming dark energy spectroscopic survey (DESI)
survey, which will provide the next significant
improvement in measurement of the parity-breaking
CF’ Under the Sheth-Tormen model [64] these
biases correspond to halo masses ~10'* h~! M and
~10" h=! M respectively. When showing results
for z > 0 we model the redshift dependence of the
bias as [21,65-67]

D(z=0)

bB/F(Z) = 1+(bB/F(Z:O)_ 1) D(Z)

(23)

with D the regular growth factor. We check how the
dipole is affected by a change in the bias and as a
function of redshift in Fig. 5. To account for the fact

®Forecasts for testing gravity with the parity-breaking CF for
nonscreened theories can be found in [33].
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CF dipole for various values of local parameters in a ACDM background, as listed in the legend of subfigure (a) and the same

in all cases. Changes are defined with respect to the fiducial values listed in Table I. Each subfigure corresponds to a particular redshift,
as indicated. The lower panels show the magnitudes of the percentage changes with respect to the fiducial ACDM dipole (grey line).

that the bias is reduced in f(R) due to the action of
the fifth force (e.g., [68]), we take b5P(z = 0) =
1.62, b1®) (2=0)=0.8 when we study fzo = 1075
We also use the growth function in f(R) theory to
compute the change in bias at different redshifts.
This leads to a O(10%) change in the bias at z = 1.
These bias values are used for the f(R) cases of
Figs. 6 and 7.

(sg,sp): If the magnification bias is the same for
both galaxy populations then the octopole in ACDM
is zero. Under this common assumption the octopole
is a unique signature of screened fifth forces: as

(iii)
(ii)
"Taken from Fig. 14 of [69] for galaxies of mass 10> My /h

and 10" My /h for bp(z = 0) and bg(z = 0). We take the mean

value from both box sizes and thus change the bias by ~ — 4% for
both types of galaxies.

064030-8

shown in Eq. (19), even modified gravity without
screening does not produce it. However, in order to
gauge the relative importance of magnification
bias and fifth force, we consider a plausible value
of sg — sy = 0.1 [50,70,71].

(6Gp,6Gr): There are various considerations for
setting the values of 6Gp and 6Gr. 6Gp should be
no larger than O6Gp because brighter galaxies
should be more massive (and occupy denser
environments), and hence more screened. Our
requirement that |®p| < ¥ < |®p|, and assumption
of f(R) in the background, implies 6Gp =0,
6Gr =1/3 as our fiducial choice. It is worth
noting, however, that one can construct theories
in which the change to the transfer function
and growth rate is small but the unscreened 6G
is O(1) or larger, in which case the predicted
signal simply scales the ACDM result linearly
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(b) The absolute value of the octopole for the same models as
in Fig. 6a. The change in the octopole for different local
parameter values can be read off from Eq. (19). We scale the
blue line down by a factor of 10 in the percentage change in
order for it to fit on the plot: the true value is ~200%.

(a) The dipole for a range of models involving local screening
and/or modification to the cosmological background. The solid
line is the fiducial ACDM dipole at each redshift, which the
percentage differences are defined relative to.

FIG. 6. Dipole and octopole components of the parity-breaking CF in ACDM and f(R) for 0.1 < z < 0.8.
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FIG. 7. Absolute values of percentage change in the dipole and octopole under local screening and/or background modification as a
function of redshift at a scale of 30 Mpc. The percentage difference is defined relative to ACDM with the fiducial parameters of Table I. The
points, connected by straight lines, indicate the specific redshifts at which we perform the calculation. The legend is the same in the two panels.

with 0G. The parity-breaking CF would provide  parameters presented in Table I and a range of red-

maximal sensitivity to screening per se in such a shifts, z € {0.1,0.3,0.5,0.8}.
scenario, due to the insignificance of modified First we check the sensitivity of the dipole to local

gravity in the background. parameters. Figure 5 shows the dipole at various redshifts
for a range of galaxy bias, magnification bias and 6G
V. RESULTS values. We assume thr'oughou.t that the B. galaxies are

completely screened while varying the screening felt by the

In this section we calculate the dipole and octopole  F galaxies; conversely, when investigating bias we fix by
numerically in our model. We use the Boltzmann  and sp. We see that 6Gr = 1/3, which corresponds to
code Camb [72] to compute the transfer functions in complete unscreening in f(R), changes the dipole by
ACDM, along with the modification presented in [63] for ~few x 0.1% for z = 0.1, 0.3, whereas at z = 0.5, 0.8
f(R). Throughout the computations we use the fiducial  the change is ~few x 1% — 10%. A ~ 10% change in the
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galaxy bias changes the dipole by the same amount.
Decreasing the magnification bias by a factor of (2, 5)
decreases the dipole by ~(10, 15)% at all redshifts except
z = 0.8 where the effect is slightly smaller. Interestingly, at
z = 0.8 the percentage change due to screening is roughly
the same as the effect of varying the bias in the range we
consider. This shows that to be able to detect the modi-
fication due to screening it will be necessary to know or
model the galaxy bias to ~0.1-1% for z = 0.1, 0.3, but only
~5,10% for z = 0.5, 0.8. It is also worth noting that the
galaxy bias is typically measured in combination with og in
clustering analyses, while breaking the degeneracy with oy
requires information from weak lensing. The magnification
bias would need to be known to a within a factor ~10 to
constrain screening parameters at low redshift, while at
higher redshift it must be known to within a factor ~2.

Next we show in Fig. 6(a) the dipole for £z, = 107>, which
generates a cosmological-range fifth force. We see that the
dipole changes by O(1) onscales <10 Mpc, but less at higher
redshift. For z = 0.5 and below the change is O(0.1 — 1%)
on scales 220 Mpc. Thus the effect from the change in
background in f(R) theories appears to dominate the effect
of realistic screening values by an order of magnitude for
7 < 0.5, while at higher z the screening effect can be twice as
important as the change in background. Thus the most
promising regime in which to search for signs of screening
in the dipole is z > 0.5, while at lower redshift one should
hope instead to detect the change due to the effect of modified
gravity on the growth rate and transfer function.

In Fig. 6(b) the octopoles for both ACDM (with and
without screening) and f(R) background with fzy = 107>
are computed. We see that in the case of fry =0 (i.e, a
local screened fifth force in a ACDM background), the
octopole changes by few x1% for z = 0.1, 0.3, whereas for
z=1(0.5,0.8) it changes by ~(10%,25%). This always
dominates over the effect of background modification only
(no local screening). It is worth bearing in mind that in
ACDM (and nonscreened modified gravity), an octopole
only arises due to the difference in magnification bias
between the two galaxy populations, which is typically
assumed to be zero. In this case any octopole would be a
sign of screening. The results for any local parameter
choices can be readily constructed as they simply multiply
the curves in Fig. 6(b).

To summarize the effects of modified gravity, we show in
Fig. 7 the variation of the percentage change with redshift
in the range 0.1 < z < 0.8, at a fiducial scale of 30 Mpc. It
is worth remembering that the octopole is always negative
for our parameter choices, and the effect of screening is to
reduce the dipole [hence the red line lying below the green
in Fig. 7(a)]. We see that the octopole is very sensitive to
screening parameters at high redshift even with sz = 0.1
(which determines the size of the octopole in our ACDM
model). The change in dipole due to local screening is at
most O(10%) at high z, while the effect of background

modification in nonscreened modified gravity is roughly
independent of redshift.

Current measurements of the dipole, for example from
the LOWz and CMASS samples of the BOSS survey (e.g.,
[48] Fig. 7), have a signal to noise ratio (SN) of <1 in the
dipole. In addition to the relativistic effects considered here,
there are other terms that contribute to this and are in fact
larger, including the wide angle and large angle effects. It is
shown in [48] that the current data from BOSS is only able
to detect (at ~20) the large angle effect, which is a
geometrical combination of the monopole and quadruple
and hence contains no additional physical information.
Thus the detection of relativistic effects in the dipole will
require data from future surveys such as DESI and square
kilometre array (SKA). As the modifications due to screen-
ing are O(10%) in the dipole at high redshift one would
need SN > 10 to detect them, while the detection of local
screening at low redshift would require an additional order
of magnitude improvement (along with more precise
modeling of the bias parameters). While it will be chal-
lenging for future surveys to detect the dipole at SN = 100
(e.g., itis forecast in [48] that DESI will reach SN ~ 7), it is
shown in [49] that a combination of SKA intensity maps
and galaxy number counts can reach this sensitivity.
Therefore it may be feasible for future surveys to probe
both modified gravity in general, and screening in particu-
lar, through the dipole. To quantify the exact sensitivity to
screening parameters, folding in uncertainties in growth
rate and bias as well as cosmological variables such as m,,
Q,, and og, one could perform a Fisher forecast for next-
generation experiments with cross-correlations of tracers.
Any measurement of the octopole may provide information
on modified gravity.

Finally, it is worth noting that while we have computed
the effect of the fifth force on the CF across a wide range of
scales, in general we expect the force to be suppressed
beyond the Compton wavelength of the field responsible
for it. Given a Compton wavelength one can simply read off
the change in the CF from Fig. 6 up to that scale, and
assume a rapid transition back to ACDM beyond that. This
applies only to the local fifth-force modification, however,
and not the background. A completely self-consistent
model would require solving the equation of motion for
the field numerically given the mass distribution of the
volume under consideration, while ensuring that the same
fundamental theory parameters source both local screening
and cosmic structure formation.

VI. SUMMARY AND FUTURE WORK

We have calculated the effect of a screened fifth force on
the parity-breaking correlation function (CF) obtained by
cross-correlating two populations of galaxies that differ in
properties relevant to their clustering. We show that this
generates new terms in the dipole and octopole that are
not present in ACDM, and in some cases neither in
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nonscreened modified gravity theories. In particular, pro-
vided the magnification bias is the same between the two
galaxy populations the octopole is only present under
screening. Should the octopole be detected it could provide
a relatively clean probe of a screened fifth force.

The CF is also affected by cosmological modified
gravity in the background, which alters the transfer
function and growth rate. To model this we use a version
of Camb that has been modified [63] to implement Hu-
Sawicki f(R), a canonical chameleon-screened theory.
We find that Hu-Sawicki models with a fifth force on the
scales in which we are interested (107% < fro < 107°)
lead to deviations of O(10%) in the dipole. To model the
effect of screening we assume bright galaxies are com-
pletely screened in the Euler equation (i.e., feel GR),
whereas faint galaxies feel the full fifth force. This is, of
course, an approximation that is unlikely to be true in a
cosmological setting, however it allows us to estimate the
strength of the signal to screening. For fifth-force
strengths ~10% — 100% of Newtonian gravity this leads
to further changes in the dipole and octopole of a few
percent at redshifts below z = 0.3, while for higher
redshifts, e.g., z= 0.8, the dipole and octopole can
change by ~10% — 20%. We also show that uncertainties
in the magnification and galaxy bias affect the dipole at
the ~10% level across the redshift range we consider, and
therefore need to be known or modeled to this precision
in order to extract information about screening.

Current state-of-the-art data from BOSS has signal to
noise <1 in the dipole, and is not therefore able to detect
these effects [48]. However, upcoming DESI data will
increase the signal to noise to ~7, which will provide
sensitivity to interesting modified gravity modifications to
the cosmological background and local screening param-
eters at z ~ 0.8. The effect of screening at lower redshift
may also be detectable using cross-correlations of multi-
ple tracers, for example SKA intensity maps with galaxy
number counts from Euclid or DESI [49]. Another
interesting prospect is the cross-correlation of galaxies
with voids, which have negative bias and hence maximize
the bias difference with the bright galaxy sample. This
would however render the effect of screening further
subdominant to the ACDM dipole. As the magnification
and galaxy bias affect even multipoles of the CF as well,
the best way to constrain the combination of bias
parameters and screening (which affects the odd multi-
poles) will be to do a joint inference on all multipoles
simultaneously.

We have quantified modified gravity at the background
level for the chameleon-screened Hu-Sawicki model of
f(R) only. Our analytic result in Eq. (19), however, holds
for all screened theories, including those that employ
qualitatively different mechanisms such as Vainshtein.
Even within the chameleon paradigm Hu-Sawicki f(R)
covers only a small fraction of the parameter space.

In Appendix B we cast the general action for chameleon
screening into Horndeski form. Therefore, a natural follow
up would be to investigate the parity-breaking CF across
the full chameleon (or more general) parameter space in the
background, which could be achieved by implementing the
general action in a modified gravity Boltzmann code such
as HiClass [47].

It is worth recalling here the assumptions that go into our
analytic calculation of the correlation function, which may
limit its scope:

(i) Our main assumption is that the effect of screening
can be accounted for by a simple modification to the
acceleration of the form Eq. (15), with constant 6G.
This amounts to the approximation that the two sets
of galaxies we are correlating are either completely
screened or completely unscreened. In reality gal-
axies may be partly screened, and the fifth force may
be sourced by only a fraction of the matter that
sources the Newtonian force. This generically re-
duces 5G below 1/3 in f(R), and hence reduces the
magnitude of &), To account for this fully one
would need to solve the scalar field equations
numerically given the density field surrounding
the galaxies (e.g., [46]).

(i) We have shown that the halo/galaxy bias is degen-
erate with the strength of screening in the dipole. It is
therefore important for the bias to be known or
modeled accurately in order to extract the screening
signal. An order O(10%) change in the bias at high
redshifts® (which is expected in f(R) theory, e.g.,
[68]) will lead to a change in the dipole of a similar
magnitude. Thus we must be able to model the
galaxy bias to percent level precision in modified
gravity in order to isolate the screening signal. We
have attempted to account for this by taking the bias,
as a function of mass, from f(R) simulations [69],
and accounting for the change in bias self-
consistently as a function of redshift by using the
using the f(R) growth factor. The octopole however
is independent of halo/galaxy bias, making it a
particularly robust probe of screened fifth forces.

(iii) Assembly bias will generically lead to differences in
the bias of the two galaxy populations at fixed halo
mass, and more generally to deviations from the
Sheth—Tormen prediction. It is also a function of
modified gravity, as halos tend to form earlier in
cosmologies with larger fro. A more precise under-
standing of this phenomenon will aid in distinguish-
ing bias differences from effects related to screening.

The effect of the environment in which the galaxies form
(represented by the trees in Fig. 1), could also contribute to
the breaking of parity. For example, as bright galaxies are
likely to have more dust around them than faint galaxies,

¥This also depends on mass.
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a faint galaxy in front of a bright one will appear brighter
than an identical one behind [21,73].

The fully self-consistent way to account for all of these
effects is to run numerical simulation of structure formation
under screened modified gravity (e.g., [74—78]) and then
compute the parity-breaking correlation function directly
from the resultant galaxy density field. The advantage of
our analytic approach is that it brings out the physical
processes underlying such parity breaking and hence
reveals novel features such as the presence of an octopole,
which is not typically calculated in simulations. More
detailed numerical modeling than we have performed will
in any case likely be necessary to extract, validate and
interpret a signal from data.

In summary, the effects of modified gravity in the parity-
breaking CF could be probed in the near future with surveys
such as DESI and SKA, with the best hope for constraining
screening parameters coming from cross-correlation of
tracers at multiple wavelengths. These analyses, augmented
by numerical simulations, should be included in the
fundamental physics agenda of large scale structure surveys
in the coming decade.
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APPENDIX A: DERIVATION OF SCREENED CF

In this section we calculate the relativistic component of
the two-point CF, &) in a theory with a screened fifth
force:

frel(]:>(Z,Z,70) = <Ag(z,ﬁ)A;Sl(F>(Z,7ﬁ/)>

+ (A )T ). (A1)
We can substitute the expressions in Egs. (6), (7) into
Eq. (A1). We work in Fourier space and use the following
convention for the Fourier transform of some function f:

FT{f(x,n)] = / Lhe*XE(k,y).  (A2)

1
(2m)?
We describe the Fourier transform of the density and
velocity as

FT[5(x,n)] = D(k.n)

FT{v(x,n)] = V(k.n). (A3)

These can be directly related to the transfer functions for
the metric potential and the underlying initial metric
perturbations ;.

D(k,n) = Tp(k.n)¥;(k)
V(k,n) = Ty(k,n)¥;(k)
Ty =Te = @T(k)
2a [ k\2 2 (k2
o= s () T == () DT
Tp  2aH k i
Tv == =30, Hym, T T
2 H k
ST f(a)D(a)T(k) (Ad)

where in the last line we have followed the standard
convention, following [33], of splitting the time-dependent
component of the transfer function into the linear growth
factor D(a) and the scale-dependent component into a
time-dependent transfer function 7'(k). In general modified
gravity theories, this type of separation may not be possible
as the growth can be scale dependent however we do not
include that in this analysis and leave that to future works.
We need only calculate one of the terms in Eq. (A1) as the
other will be related to this under B <> F, z <> 7/, fi <> /.

(A (2. R) AP (77 47))

= (AF (2, )AF (2 ) + (AF (2, A)AL (. )).  (AS)
We compute each of these terms individually.
(A(z.n)AR (7 A")) =TWH -7 (A6)

dInk
T = / zn>3 (ko) G(r )Ty (k. )bgT p (k. )TV
T

—~

(A7)

70 = / 40, XX (iR - i) (A8)

70 — / él;‘)’g (ko)™ G ()T (k. ') % Ty (k.r)I?

(A9)
A / dQue™* X (ik -@')(k -n)2  (A10)

where we have defined

F(r) E%+%(r)+5s3(r)<1 —%(r» (A1)
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To compute the angular integrals we use the following identities

1 2
o D ked dr - . fo 8r A A1
€lk(x_x): idk-h — 471'5 .]L kd LM( )YLM(n n:? § k Ylm 1'1 (kn)zzﬁ E :YZIn(n)YZM(k)+§’
m=— m=-2
(A12)

and we also make use of the Gaunt integral formula

, ) ) ) 2+ DL+ DL+ /L b LN/ L L I
Gﬁ’llllv};llzvaSE/dQYl],ml(n)le,mZ(n)Ylst(n)_\/( 1 )( 2 )( 3 )<

4r 0 0 O my, N

) (A13)

where we have defined the usual Wigner 3j symbol. Now we compute the angular integrals as

T = —4xcos aj, (kd)

I?) =4z {—%sinasinﬁ cos Blj (kd) + j3(kd)] + %cosacos(Zﬁ) {]—3 - J—l]

53 + L cosalj(kd) - ]I(kd)]] (Al14)

10

Using these we can now compute the k integrals

T = 205 G)D()D( by (r) cosaw () (7)
®) = 5 GDWD) (D () [ sinsinicos i (4) + (@) + Seosarcos2) Fé‘” } ylgd)]
l—locos alyz(d) — 4, (d)]} . (A13)

Thus the final answer for the two-point CF is

2ASG(r’)9Dﬂ(2;;)2§n)(r’)f(r’) E sinasinfcos flv;(d) + v3(d)] + %cos acos(2p) [V3

(AF (z.)AF! (1)) =

+ %cos alvs(d) = 4, (d)] + s (d) cos a} . (A16)

(A$(z',A")A%!(z,n)) is simply given by the relabeling of the indices and angles (which gives an rise to a sign difference in
this term)

(AF(Z. W) AR (z.0)) = —

2A,G(r)D(r)D(r)f(r) [2 vs(d) _ Vl(d)]
5

92202 zsinfsinacosaly,(d) + v3(d)] + %cos/}cos(za) [ 5 3

-I—%cosﬂ[%(d) —4v,(d)] + brv,(d) cosﬂ} (A17)

Next we compute the CF between the standard term for B galaxies and the fifth-force term for F' galaxies.

(e maF i) =4 [ S oo By - Py k|
[Pl )R (k1) Tk, )
=70 _T®), (A18)
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6G

where {r = 1756 TreG, is the fifth-force sensitivity for faint galaxies. Here we define

T6) — 4 / Ak ATy (k) + Ty ke )b To(k AT T = / Q™) (ik - i)

(27)
7% :A/EZIH)I§CF< )R )Ty (k. ') + Ty (k. )R (KT y (k. 1))
7% = / dQe ™ ) (ik - /') (k - A)>. (A19)

The other ingredients we need are the transfer functions

Ty = 3937_[0 <7_I;0) [aTy + T\P[a'H +a-aHH 2) 4 aH 1Ty
=0, (7)) 700 g @pt@ B () + stappiano | (A20)

where f(a) = dl;l—gi“). Further we can use D = fDH. We then put these into 7 and 7™

Sa n ns=1 7 7 ). 2(,
70 AU o [ AU (Y e [P ) PO 1 MO0 D ]

_ 2cosaAbplr
9% Ql

M(r')vi(d), (A21)
where we have defined

@ = [ Er (57 ) irkar )
D2

M) = 52 52 (HIDF) + HFG) 4 £ (PR + £ P). (A22)

Now we compute 7 )

70 = [ 0k [ (10 [ o) 4 0 Gep) 4 00 ) )|

x b3< ‘ ) (H@)) L é 7;5:) f(r)D(r)T(k)]
X 47 —gsinasinﬂcosﬂ[jl(kd) + j3(kd)) +§cosacos(2ﬁ) js(kd) _ji(kd)
[ 5 5 [ 2 3 }

geosalis(ka) ~ (k)|

= %}W [—%sin asinfcos f(vi(d) + v5(d)) + gcosacos(Zﬁ) (@ - #)
—l—]—locos a(vs(d) — vl(a’))} (A23)

Putting these pieces together, we find

<Af;t(z,ﬁ)A1(:F)(Z',ﬁ')> _ % {bB cos av; (d) + L((i,)) E sinasin g cos (v, (d) + v53(d))
_ %cos acos(2) <@ - ”1§d>> ll—Ocos a(vs(d) - v, (d))” . (A24)

(A (7, A’ )A%F)(z, n)) is given by the appropriate relabeling of the indices and angles:
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2AM(r)¢s

(A ()AL (2 ) = ==

3 ;
- gcosﬂ cos(2a) < >

By expanding [Eqs. (A24), (A25)] and [Egs. (A16), (A17)]
to leading order in d/r we obtain the expressions in
Eq. (19) for & and &) respectively.

APPENDIX B: GENERAL CHAMELEON
SCREENING IN HORNDESKI THEORY

This section casts generic chameleon-screened scalar—
tensor theories to Horndeski form. We anticipate that this
will be useful for implementing a more general theory than
f(R) in the background.

The general action for a scalar—tensor theory that is
immune to instabilities and has second order equations of
motion is the Horndeski action, given by [79,80]:

5
= / d4x\/__g |:Z ﬁi + ﬁm [g;w]:|
i—2
L, = Gy(9,X)
L3 = —-G3(¢, X)U¢
Ly = G4(, X)R + Gux (¢, X)[(0h)>
Ls = Gs(¢. X)G " —éGsx(fﬁvx)
x [(Og)® + 24,05 a = 3¢, Oh).

- ¢;;w¢;lw]

(B1)

This is written in the Jordan frame, in which the Lagrangian
components £; determine the dynamics of the metric and
the scalar field ¢. X is the canonical kinetic term of a scalar
field —1 g,,0#¢0"¢. The G, are free functions of the scalar
and its kinetic term, and we denote their derivatives
by Gix = 0xG;

Any scalar field minimally coupled to gravity has the
action

5= [ a3 [ o R 99~V (#) - L0
(B2)

where variables are in the Jordan frame unless denoted by a
tilde, in which case they are in the Einstein frame. In the
Einstein frame, the scalar is decoupled from the metric and
hence the gravitational part of the action is the same as in
GR. Working in Planck units, we transform this action to
the Jordan frame with the conformal transformation [81]

[bp cos vy (d) +

vld) _

f(r) 2. .
HOr) {g sin#sinacosa(v,(d) + v53(d))

Uy

@) _ liocos Blus(d) -, (d))” . (A25)

R = (R - 6a°g,,0"p0*$ — 6allp]  (B3)

This yields the Jordan-frame action
S = /d4x —gexp (—2aq)
1 1 )
X §R + 3allep — 3 +3a” ) g, 0" P ¢

_ exp(~2a)V() —cm<g,,y>] (B4)

In this frame the scalar field has the Poisson equation
¢ = 04V () +ap. The effective potential is then
Verr(¢) = V(@) + exp(ag)p. To implement the chameleon
mechanism V(¢) is chosen such that V.4 has a sharp
minimum, corresponding to high mass, in regions of high
density, and a shallow minimum, corresponding to low
mass, in regions of low density. A canonical example is
V(¢) = A*"/¢" with A an energy scale and n an as-yet
undetermined exponent [56,82].9

Comparing to the Horndeski form [Eq. (B1)] we find:

Gy = —exp (—4ah) V(@) + exp (-2a¢) X (1 + 607)
G; = —3aexp (—2a¢)

1
Gy = EeXP (—2a¢)

Gux = Gs = Gsy =0 (BS)

We note that the recent neutron star merger that constrains
the speed of gravitational waves to be the same of the speed
of light implies G5, G4x = 0 [83] and thus our action is
almost as general as possible given this constraint. The
f(R) Hu-Sawicki model corresponds to the range —1 <
n < —1/2 [56], with k =1 corresponding to n = —1/2.
Future work could explore the full parameter space of
chameleon screening by implementing this action in a
Boltzmann code such as HiClass [47].

9. . .
Note however that only some choices for n result in

chameleon screening. The mass is an increasing function of

density, as required, if n > 0, —1 < n < 0 or n is an even negative

integer. n =0 is simply a cosmological constant, n = —1, =2
does not make mass a function of density, and there is no
minimum of V. when n = =3,-5,-7,....
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