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1 Introduction

1.1 Background and motivation

Over the past few decades, evidence for a recent era of cosmic acceleration has accumulated
from a diverse set of cosmological observations and is now overwhelming. These observations
include type Ia supernovae [1-4], anisotropies of the cosmic microwave background radiation
(CMB) [5, 6], and large scale structure (LSS) surveys [7—9]. The most common explanation



for the current phase of cosmic acceleration is dark energy, with a cosmological constant being
its simplest realization.! Besides dark energy, which accounts for about 70 percent of the
Universe’s overall energy, observations have long supported the notion that about a quarter
of the energy content of the Universe is in the form of non-luminous, non-relativistic, and
weakly interacting matter that is commonly referred to as (cold) dark matter. As for dark
energy, the evidence for dark matter has various origins, with the oldest pieces of evidence
coming from the observations of galaxy rotation curves [11, 12] and the more recent though
somewhat indirect ones coming from observational cosmology, e.g. the CMB anisotropies [5].
Non-dynamical dark energy, or cosmological constant, along with cold dark matter form the
so-called ACDM model of cosmology, which is by far the most successful model describing
the history of our Universe from well before the epoch of matter-radiation equality. In
conjunction with the standard predictions of inflation, the ACDM model provides nearly
perfect theoretical fits to the CMB anisotropy data [13].

Despite its overwhelming success, the ACDM model faces some theoretical and obser-
vational challenges. A long standing theoretical challenge to non-dynamical dark energy is
the well known cosmological constant problem [14]. With observations indicating that the
cosmological constant has a present value Ag ~ (1073eV)?* [5], a large amount of fine tun-
ing is necessary to cancel out loop corrections of about (102 GeV)? that it receives from the
Standard Model fields alone over the energy ranges at which the Standard Model is known
to be valid. On the observational end, a prominent challenge to the ACDM model is the
discrepancy in the deduced values of the Hubble constant Hy from observations of Cepheid
variables [15] and the CMB data collected and analysed by the Planck collaborations [5].

Dynamical dark energy models, of which there are many [10], are a useful theoretical
foil for analysing dark energy observations. They can also potentially address the Hub-
ble discrepancy problem [16]. Generically they do not address the fine tuning problems of
the cosmological constant [14], and in fact generically have additional fine tuning problems
associated with matter couplings [17].

If dark energy is indeed dynamical and driven by a single degree of freedom, then its
dynamics can be described by an effective field theory (EFT) where the dark energy pertur-
bations are the pseudo Nambu-Goldstone bosons that spontaneously break the approximate
de Sitter symmetry of the background spacetime [18-20].2 A question then arises as to how
the dark energy field couples to other forms of matter, including dark matter. If the matter
sectors are incorporated in the EFT of dark energy, all generic interaction terms that are com-
patible with the assumed internal symmetries of the matter sectors must be included. Such
interaction terms amount to the dark energy field mediating a new kind of force, the so-called
“fifth” force, among particles of various kind, in violation of the weak equivalence principle
(WEP) or the universality of free fall for test particles in an external gravitational field.?

More specifically, one can classify violations of the WEP into three types:

1. Baryonic-Baryonic (BB): this is the type of WEP violation most commonly considered
in the past. An additional scalar field (here the dynamical dark energy field) couples in
different ways to different sectors of the standard model. Then the total gravitational
force between two bodies (tensor plus fifth force) can depend on for example baryon

!See [10] for a comprehensive review of the many theories of cosmic acceleration.

2This EFT formulation is analogous to the effective field theory of inflation developed in refs. [21, 22].

3The weak equivalence principle is expected to be violated in generic theories where dynamical dark energy
interacts with dark matter. See [23] and [24] for some of the first studies of WEP violation for dark matter.



number as well as total mass. This scenario is now tightly constrained thanks to a
variety of satellite and Earth-based experiments.*

2. Baryonic-Dark Matter (BD): this occurs when dark matter particles and baryonic mat-
ter experience different accelerations. As an example,” suppose that the action for the
baryonic fields ¥, and dark matter fields ¥, can be written as

Sp[2@) g, W] + Syle?@(@) gy, T ] (1.1)

for two different coupling functions «a; and aq4 to the spacetime metric gq;. The effective
Newton’s constant then becomes a matrix with elements [26]

Gij o< 14 2mze;(9)a(9), (1.2)

where ¢ and j run over the dark and baryonic sectors d and b. Since the dark matter
is observed only through its gravitational effects, the individual constants G44 and
Ggy are not directly observable. A rescaling of the form pg — €’pg, Gag — e 2 Gaa,
Gay — e YGay, where pg is the dark matter density, has no effect on the dynamics of
visible matter and is thus not observable. Hence only the combination Gg,/v/GaaGpy
is observable, and its deviations from unity are a measure of the WEP violation [27].

3. Dark Matter-Dark Matter (DD): finally, if the couplings between the dark energy and
dark matter fields have generic forms, then not only is there a violation of the WEP
between dark matter and baryons, but also within the dark matter sector alone. This
means that the dark matter couples not just to a combination of the metric and dark
energy field, as in eq. (1.1) above, but to the metric and dark energy fields individually.
In this case, if there is more than one species of dark matter particle, the acceleration
experienced by a freely falling particle can vary from one species to another.

In the absence of direct detection of dark matter, the status of WEP violations of the
DD type is currently unknown. Violations of the BD type can be constrained by a variety of
astrophysical and cosmological observations. One constraint comes from observations of tidal
streams of tidally disrupted satellite galaxies [27]. An analysis of dark matter clustering in
the Abell Cluster A586 also hinted at the possibility of a dark energy-enhanced gravitational
interaction for dark matter particles over baryons [28, 29]. On the other end, in observational
cosmology, it has been suggested that weak lensing and redshift space distortions can be used
to search for the WEP violation between dark matter and baryons if the dark matter density
perturbations obey the ACDM continuity equation [30]. Moreover, existing and upcoming
CMB and LSS observations provide a large amount of information that can be used to
constrain dark energy interactions with dark matter, which in turn can be used to constrain
WEP violations between the dark and baryonic matter sectors [31-41].

1.2 Outline of the paper

In this paper, we generalize the EFT of dark energy by incorporating a dark matter sector.
We model dark matter as a complex scalar field with a global U(1) symmetry,® which has

4The so-called E6tvos parameter, which is a dimensionless measure of the amount of the WEP violation
for baryons, is currently constrained down to [ — 14 9(syst) +9(stat)] x 107'° by the recent MICROSCOPE
experiment [25].

5More general WEP violating interactions are discussed in the following sections.

5The number of the EFT operators are reduced if fermions are used in place of scalar fields.



some similarities to axion dark matter models.” Coherent excitations of this field can act like
a pressureless fluid, at the level of the background cosmology and of linearized perturbations,
as we discuss in more detail below. Since the WEP is not a symmetry, it is generically
violated by EFT operators in the dark matter sector in this and similar models [43].

The structure of this paper is as follows. In section 2 we introduce the basics of the
dark matter model under study. After a brief review of the systematics of the WEP in a
field theoretic Lagrangian, we show in sections 2.1.1 and 2.1.2 that with a suitable choice
of parameters, the basic dark matter model gives rise to the same background and linear
perturbations phenomenology as cold dark matter. We then move on to formulating the
EFT of dark matter interactions with dark energy in section 3. After identifying the EFT
operators and expressing the action in sections 3.2 and 3.3, we discuss the regime of validity
of the EFT in section 3.4. We work out the EFT dynamical equations for the background
cosmology and linear perturbations in section 4. Finally, as an example of how the WEP
violation modifies the cosmological and astrophysical observables, we derive the effective
Newton’s constant for dark matter in section 5.

1.3 Summary of the main results

The following summarizes our main findings in the present analysis:

e In the space of solutions of the background equations, there are fairly generic solutions
for which the background stress energy tensor of the dark matter candidate converges
exactly to that of a pressureless fluid in the limit of complete cosmological constant
domination, without the need to fine tune its mass. This is in contrast to axion mod-
els, where the equation of state parameter for dark matter becomes nearly zero after
averaging over a period large compared to the period of oscillations [42].

e As for axions, the sound speed of dark matter linear perturbation modes® is close to
zero when averaged over a period large compared to the period of oscillations. For
this to hold today, the dark matter mass should be at least a few orders of magnitude
larger than the Hubble constant. If this is to be true at the time when the shortest
linear mode became subhorizon, then the dark matter mass is required to be at least
ten orders of magnitude larger than the Hubble constant. This is consistent with the
lower bound on the mass of ultralight axion dark matter that was found in [44].

e We have not analysed the dark matter perturbations in non-linear regime to see if they
continue to behave as perturbations of a pressureless fluid. This is an open question.

e There are thirteen dark energy-dark matter interaction operators in the EFT with
dimension < 4 that are relevant for analysing the background and linear perturbations.
The results of analyses performed in [38] and [39] are used to constrain the coefficients
of some of these operators. However, most of these constraints are weak.

e Some fine tuning in the EFT coefficients is necessary if the model is to successfully
reproduce the ACDM background cosmology. The fine tuning becomes more severe as
the dark matter mass becomes lighter.

"For a recent review of axion cosmology and axion models of dark matter see [42].
8I.e. modes with physical momenta kppnys = 0.1 Mpc™*.



e As far as observations are concerned, we can only talk about the WEP violations of
the BD type. An astrophysical signature of this effect is a modification of the Newton’s
constant for dark matter as compared to baryons. However, we show that a similar
modification can be obtained from a non-minimal coupling of dark matter to gravity.
In order to differentiate the two effects, one can potentially exploit the fact that the
latter correction to the Newton’s constant is scale dependent.

2 A first step: a simplified model of gravity-dark matter-dark energy in-
teractions

Before introducing our more comprehensive effective action for the interactions of dark matter
and dark energy in section 3, we find it instructive to study the preliminary aspects of such
interactions using a simpler model. We model the dark energy field using a single real scalar
field ¢ and the dark matter field using a complex scalar field II. We require the dark matter
sector to respect a global U(1) symmetry.

The action is given by?

S[gab7 (ba HTv H7 w] - Sgravity [gab] + SDE [gabu ¢] + SDM—DE[gaby (bv HTv H] + Sb [gaba w}: (21)

where the gravitational action, dark energy and dark matter actions are

2
Sgravity[gab] = SEH[gab] = /d4$\/jg %Ra (22&)
Soelgan o] = [ d'av=g [X - Vi(0)] (22b)
Sowipelgan 001 = [ dloy=g e[y — i, X WM]. (229

Also Sj is the baryonic action of the Standard Model fields collectively denoted by 1. Here
we have defined
X =~ g"VadVi6, (2.3a)
Y = —¢®V,IITV,II. (2.3b)
In eq. (2.2) “EH” stands for Einstein-Hilbert, R is the Ricci scalar, and « is a smooth but

otherwise arbitrary function of ¢.
If the dark matter potential V5 does not depend on ¢ and X,

Va(o, X, TI'TT) = Vo(IT'TT), (2.4)
then the conformal transformation
Jab = e*agab (25)

removes all direct couplings between the dark matter and the dark energy fields. The action
is then cast in the form

SGabs &, T T 9] = Seravity [Gabs 8] + SoE[Gabs @] + Som[Gap, T T + Sp[e“Gap, 1], (2.6)

?Our convention is to set ¢ = h = 1 and define the reduced Planck mass mJ = (87G)~'. The metric has
signature (— + ++).




where

N e2m2 T . A 3 A A
Seravity [Gav, ¢] = / dley/—g —* [R = 3§"VaVia = S§"VaaVia |, (2.7a)
SpE[Jabs ¢] = /d4$ —g e [e_aX - V1(¢)}7 (2.7b)
St T T = / dian/=5[¥ — Va(I'mm)], (2.7¢)

and X and Y are the same as X and Y with g replaced with §%°. We will refer to the
hatted frame as the Jordan frame and the unhatted frame as the Einstein frame, in a slight
generalization of the common terminology. Note that dark matter has no violations of the
WEP of the DD type in the model (2.6) satisfying the condition (2.4), since from the form of
the action dark matter particles freely fall along the geodesics of the metric §,;. However, it
will have violations of the BD type whenever o/(¢) # 0. Allowing the potential V5 to depend
on ¢ and X will generically result in additional violations of the DD type. The dark energy
field ¢ then mediates an extra force on dark matter particles. In section 3.3 we will express
the EFT action in the hatted (generalized Jordan) frame associated with g,,. However, we
will conduct most of the following analysis in the unhatted (Einstein) frame.

In what follows we shall neglect the baryonic contributions to the equations of motion.
The equations of motion derived from the action (2.1), neglecting baryons, are the coupled
Klein-Gordon equations for the dark energy and the dark matter fields,

Va0 + Va[e 0V Vo x| +age [V =267 ] + Vi + e H Vo = 0, (280)
_ye [e—avanq +e 2V, =0, _ya [e—avan] +e Vo = 0, (2.8b)
and the Einstein’s equations
1
m2Gap = m? {Rab - 2Rgab] = TRE 4 TOMPE, (2.9)

Here the dark energy and dark matter stress-energy tensors are

-2 4S5
TR = = = Xartoa[X -V, .
TDMDE _ —2 0SpM-DE 9y oy X Y — e V. 2.10b
W = S = [P = e Ku k(Y V)] (2000)

Also Ry is the Ricci tensor, Xgp = VooV, Yo = VIITV,IL, and we use the notation
A p = 0pA. Note that all indices are raised and lowered using the metric ggp.
Note that by virtue of the Bianchi identity V¢Gy, = 0, we have

V(TDE 4 TDM-DE) _ (2.11)

despite each individual stress energy tensor not being covariantly conserved. However, if V5
did not depend on ¢ and X, we could analyse the model in the Jordan frame using the action
given in egs. (2.6) and (2.7). Then it is not difficult to see that the dark matter stress energy
tensor defined with respect to gup,

vV 6

(2.12)



is covariantly conserved, i.e. @‘IT;%M = 0, by virtue of the dark matter equations of motion
derived from the action (2.6).

2.1 A study of the minimally coupled dark matter model

In the following subsections, we show that the dark matter model (2.2c¢) admits a fluid
description which comports with two of the main properties of cold dark matter, namely that
it has negligible equation of state parameter and sound speed at the level of the background
and the linear perturbations respectively. To simplify this analysis, we assume that the dark
matter field is minimally coupled to gravity, so that « = 0 in the action (2.2c). We also
assume that dark energy is non dynamical and described by a cosmological constant with a
value of Ay ~ 10_120m3. We take the dark matter potential to be

Vo(IT'TD) = +m2I T + A1), (2.13)

where m and )\ are some constants. There are several ways of expressing II in terms of two
real scalar fields. The parametrization

I = Re, (2.14)

in terms of the radial and angular variables R and ¢ makes the presence of the global U(1)
symmetry in the dark matter sector manifest, and simplifies the analysis of the background
dark matter equations of motion. The dark matter potential V5 in this case becomes

Va(R?) = +m?R? + AR, (2.15)

Another parametrization is

= \}i(% + i), (2.16)

which is useful for deriving an effective fluid description beyond the background level (par-
ticularly when A = 0). We will return to this latter point in section 2.1.2.

2.1.1 Background dynamics

We assume that the background geometry is described by the spatially flat Friedmann-
Robertson-Walker metric

ds® = a(n)?*[—dn® + dr* + r*dQ?), (2.17)

where a is the scale factor, 1 is the conformal time, and d? is the metric on the unit 2-sphere.
At the background level, all fields are functions of 7 alone. We denote the background values
of all quantities using subscript 0.

The background Einstein equations are the two Friedmann equations that are derived
from egs. (2.9) and (2.10a) (set a = 0),

H 1
Bmi—r = — (T + Tind) = o= + o™, (2.18a)
7_[2 20/, 1
" <z pe > = 3 (726 + TR ) ="+ B, (2.18b)



where ¢ denotes a spatial index, H = d’/a, and

" = Ao, e = —Ao, (2.192)
1

PPN = 5 [RE + RiGE] + m*RE + ARS, (2.19b)
1

PP = —[RE + R3] F m?R3 - RS, (2.19¢)

In addition, the following background Klein-Gordon equations are derived from eq. (2.8) for
the dark matter fields

Ry R

R T 2%7?0 — ¢ 4 aPm? + 2a°ARE = 0, (2.20a)
2R0Go + Roh + 2HRo(y = 0. (2.20b)

It is also helpful to define the following quantities

DM 2 DM
pM _ Po DM _ @70

=2 _ Q = 2.21

v pODM7 ‘3)771;2,’7'-[27 ( )

where the quantity defined on the left is the equation of state parameter and the one on the
right is the density parameter for the background dark matter.
Equation (2.20b) can be integrated to give

a®’REC) = c, (2.22)

for some constant c. The integrability of this equation is the result of the U(1) symmetry
of the dark matter action.!® The conserved quantity given in eq. (2.22) can be thought of
as angular momentum in the dark matter field space. Thus, the background dark matter
equations of motion reduce to a single non-linear ODE given by

" / 2
Ro oo

+ a’m? + 2a°\R2 = 0. 2.23
Ro Ro (14733 a‘“m* + 2a ( )

Prior to conducting a detailed analysis of the background equations (2.18) and (2.20),
we find it illuminating to discuss some overall aspects of the solutions to these equations.
This is largely determined by the form of the dark matter potential given in eq. (2.13). See
figure 1 for the four different possibilities for the dark matter potential.

Since we expect the dark matter energy density to continue to get diluted into the
future, we look for background solutions where the dark matter field Rg eventually settles
at a minimum of its potential. Thus, we discard the potential —m?R? — |\|[R* as it has
no minima. Also note that one needs to add the constant term m?/(4|)\|) to the Higgs-like
potential —m?R2+ |A|R* in order to set the minimum of the potential to zero, Otherwise the
dark matter’s energy density will eventually be dominated by its non-zero potential, which in
turn renders its equation of state parameter wPM — —1. Adding this constant is compatible
with the internal U(1) symmetry of the dark matter action, though doing so is a fine-tuning
of the potential.

19 Cosmological dark matter models with internal U(1) symmetries have previously been previously explored
in ref. [45].
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Figure 1. Different shapes of the dark matter potential V5 are drawn here. we have suppressed the
angular dependence of the potential. The solid blue potential corresponds to m?R? + |\|R?* , the
dashed red potential to —m?R? — |A\|R?%, the orange dashed-dotted one to —m?R? + |A\|R?, and the
dotted green one to m?R? — |A\|R*.

We first analyse the future asymptotics of eq. (2.23) for the potentials m?R? £ |A\|R*.
Assuming that the overall background energy density is dominated by Ag in this limit, we
approximate a and H using

— —V/3m, _ 1
= Aon +O(n), H= ” + O(n), (2.24)

a(n)
where —oo < 1 < 0 and n — 07 is the future limit. Moreover, as the dark matter fields roll
towards the minimum of their potential at Ry = 0, we ultimately have R2 < m?/|\| (unless
m = 0). Using this approximation and eq. (2.24), the background dark matter equation (2.23)
reduces to

"9 R! A% c2 774 3m§

0 0 2
o _ 2o _ —0. 9.25
Ro nRo 9ImiRE T agE™ (2.25)

If ¢ # 0 we can find a solution Ry = an®? where « satisfies

9  A2®  3mim?
_ 2 _ =0. 2.2
4 9Imiat * Ao 0 (2.26)

It is easy to check that for this solution, we have

1 c?
DM 2 2712
o = 3 {RO +— %] m“Rgy = 0. (2.27)



This set of solutions therefore correspond to pressureless dark matter solutions in the asymp-
totic future. Although the choice of the value of « satisfying eq. (2.26) is a fine tuning, one
can check that linearized perturbations around this solution are stable.!!

Turning to the Higgs-like potential Vo = —m?2R? + |A\|R* + m*/4|)\|, eq. (2.23) in the
vicinity of the minima of the potential at R = m/+/2|)| is approximately

23/2|)\|3/2A302n4 6m2m

9m3m; Agn?

5”—25’— ’2’5 =0 2.30
0~ ;% 0o=70, (2.30)

where we used eq. (2.24) and defined 069 = Ro — m/+/2|\|. If ¢ = 0, one arrives at a
conclusion similar to the previous case; namely that by fine-tuning the value of m, one can find
asymptotically pressureless background solutions for the dark matter fields. Alternatively, if
¢ # 0, one finds that dy o< n®. However, it is not difficult to check that wPM — 1 in this case.
We therefore disregard the Higgs-like potential for the following discussions in this section.

We now use Rg = an’/? as an approximation for Ry when R2 < m?/|\|. We set
2/ Aomg = 1 and require « to satisfy (2.26). We then numerically integrate the background
equations given in (2.20) away from Ry = 0. We do this for the potentials Vo = m?R? £ |\|R*
for two separate cases:

e First, we set A = 0 while varying m?m/Aq (see figure 2).
e Next, we assume X # 0 and vary m?/(m2)) (see figure 3).

Note that all numerical results are plotted as functions of the numberfold N= loga/log ay,
where ag is the value of the scale factor today.

2.1.2 Dynamics of linear scalar perturbations

We now turn to analysing the linear scalar perturbation theory of the minimally coupled
dark matter. We take the dark matter potential to be Vo = m2II'II and show that the sound
speed for the dark matter perturbation modes in the linear regime can be averaged to near
zero values for sufficiently large values of the dark matter mass m.

For the purpose of analysing perturbations, we find it convenient to express II in terms
of p1 and ¢ using eq. (2.16). Then the dark matter stress energy tensor can be written as a
sum of two separate stress energy tensors, each associated with one of the real scalar fields.
Using eq. (2.10a) (with a = 0) we have

DM 1)rDM 2)DM
Tab [gabanv HT] = )Tab [gabv 901] +( )Tab [gabv 902]> (2'31)
On the other hand if ¢ = 0, the general solution to eq. (2.25) is
3tv 3-v
Ro=a1n 2 +aen 2, (2.28)
m2m2
for constants a;, where v =4/9 — 12 /’ZO Using this solution, we compute the background equation of state

parameter for dark matter in this limit to be

2
WPM 728 — mzRg _ n2”a§ [SAO — 4771277112J + Agz/] + Oc% [SAO — 4m2mf, — A()V] ‘ (2.29)
727(; + m2R2 n?a? [31\0 + Aou] + 8m2mZoncen” + a3 {31\0 — Aoy]

It can be seen from above that as n — 07, w®™ — 0 if and only if m? — 3Ao/(4m3). In other words, one is
required to fine-tune the value of the dark matter mass to be on the order of the Hubble constant today in
order to find asymptotically pressureless solutions in this case.

~10 -
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Figure 2. We plot the equation of state parameter and the density parameter for the background
dark matter when A = 0 and dark energy is approximated using the cosmological constant at all
times. N = 0 corresponds to today and N < 0 corresponds to the past. In particular, N = —3 roughly
corresponds to the redshift z ~ 19. We also defined p? = QOf) /Ao. As can be seen from the plots,
the larger the value of 2, the smaller the equation of state parameter will be as we go to the past.
Also note that the density parameters almost completely coincide in all cases.

0.030r 1.0
0.025; — y=10 0.8t
- y=1
0.020} -~ y=-10
0.6/
30015 B 8
[a) . (:
0.4}
0.010}
0.005" 0.2
0.000k ‘ ‘ ‘ ‘ 0.0 ‘ ‘ ‘ r
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N N

Figure 3. Here we plot the equation of state parameter and the density parameter of the background
dark matter for different values of v = m?/ (mf,)\) when A # 0 and the dark energy is approximated
using the cosmological constant at all times. While it is evident from the above plot that the negative
values of v result in a smaller equation of state parameter for the background dark matter, this
observation need not hold asymptotically to the past.

where
1 1
WM, 01] = Va1 Vo1 + gab [ — §Va¢1va901 — 2m2<ﬁﬂ 7 (2.32a)
1 1
A TEM g, 02] = Vapa Vo2 + gab [ - §Vasozva<ﬁ2 - 2m2¢§} : (2.32b)
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The above stress energy tensors can be cast in the perfect fluid form.'? The energy density,
pressure, and four-velocity associated with ¢ are given by'?

1 1
Wp = —5Vapr Vi1 + gm*el, (2.33a)
1 1
Wp = =5 Vapr Vi1 — gmPel, (2.33b)
(l)ua — % (2330)

V—Vap1Vep;’

with similar expressions holding for 2. We can then compute the sound speed associated
with each dark matter degree of freedom for any given mode k by

M2l — Wap| _ 3(=VeprVepr —m?pi) (2.34a)
s k (1)5p 5( c<P1V0901 +m2 ) k

02| _ Pop| _ 0(= VeraVeps —m?sd) (2.34b)
s (2)5/) 5( — VepaVeps +m23) [

Another quantity of interest is the relative boost Au between the two components of dark
matter, which can be parametrized in terms of

o« o

To compute these quantities, we need to track the evolution of the scalar perturbations
in the gravity-dark matter system from the moment that they enter the Hubble horizon up
until today.'* Here we are interested in doing this for the perturbation modes that are in
the linear regime, i.e. for the modes with wavenumbers 1 < k/Ho < 450, where H is the

conformal Hubble constant today. To begin, recall that the linearly perturbed Friedmann-
Robertson-Walker metric in the Newtonian gauge is given by

(2.35)

k

ds® = a(n)2 { — (1 +29[n, xi])dn2 + (1 — QW[n,xi})(dmi)Q], (2.36)

where ¢ is an spatial index and ® and ¥ are the metric perturbation functions. We also
perturb the dark matter fields ¢; and @2 by writing

e1(n,7") = p10(n) + 1 (n, z°), pa(n,x") = pa,0(n) + dpa(n, z°), (2.37)

where @10 and @2 are their background values.

When there is no anisotropic shear in the stress energy tensor of dark matter, as is the
case for the minimally coupled dark matter model under study, it follows from the Einstein
equations that ® = W.'® Therefore, a complete dynamical description of the linear scalar

1253]though generally not an isentropic fluid.

13There are ambiguities with defining a comoving frame for the stress energy tensor of a scalar field. For
instance, if the background solutions 1 o are oscillatory, then (1)ua70 is discontinuous. In addition it is required
that Va1 and Va2 be timelike.

14We ignore radiation and other forms of matter for this analysis.

15See any introductory book on the cosmological perturbation theory, e.g. [46].
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perturbations can be obtained by solving for ®, dp1, and dpy. To do this, we linearize the
dark matter Klein-Gordon equations given in (2.8) as well as

3 3

=1 =1

in ®, dp1, and dpo. The resultant equations, after Fourier decomposing the perturbation
16 5

functions™ are
30"+ 2HOG, + b [k:2 + m2a2] + 2m2ap) o® — g (@ = 0, (2.39a)
Sl + 2Hph + Spo [k:Q + m2a2] + 2m2a%pg 0@ — dipy @ =0, (2.39b)
a” 1
mf,q)” + Bmf)H(I)/—i—q) 2m12, <2a — 7—[2> + g0/1270 + go'fo — §m2a2 (goio—}— @%70) —a’Ag
1 1 / / / /
—|—2m a (@1 001 + @2 05902) 5 (gom&pl + <p2705<p2> =0, (2.39¢)

where k is the wavenumber associated with a given mode. We integrate the system of
equations (2.39) for a given mode k from the time it enters the Hubble horizon, i.e. at the
time 7; given by k = H(n;), up until today. If no entropy perturbations were generated
during the inflationary period, the initial conditions for the perturbation functions @, dyp1,
and dp9 at the time of horizon entry are given by [46]

)y = C(F) [ 1+ foj); /ZO a2 dn}, (2.408)
501 (k) paiy = —C(k:)%(’?g;) /_ 7; a? dn, (2.40D)
52(B) yao) = —C(k)iz(’ggé) / noo a? dn, (2.40¢)

where C(k) ~ i10~*k~3/2 is the superhorizon value of the so-called comoving curvature
perturbation for a single field slow roll model of inflation at the energy scale of ~ 10_2mp [47].

Upon solving egs. (2.39), we compute the sound speeds and the relative four-velocity
using eqs. (2.34) and (2.35) for any given mode k. Evaluated in the Newtonian gauge, the
results are

2| = Prol09 = #he?) —meida
ko P10 (5 — ¥ 0(1)) + m2a%p1,0001 |

@2 = <p:2,0(5 — b o®) — m?a*pa 002
ko Ph0(0s — @2,0‘1’) + m2a%p20002 |

A = |2 (5% e )2. (2.41)
k 2 Ciolk P20k

16We Fourier decompose a perturbation function using

i &’z —i8;50t kI i
F(n, k") = We T F(n, ).
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Figure 4. This is the plot of Au (left), (N¢? (right-yellow), and )¢ (right-blue) for the mode
k/Ho = 1. Here we have taken m/Hy = 10%. Note that the sound speeds are highly oscillatory with
a nearly vanishing mean value throughout. Also, the relative four-velocity between the dark matter

components is negligible.

2 - . "WWW
4.x1077 ) /v\/\ MW“ m ‘

Figure 5. This is the plot of Au (left), (N¢? (right-yellow), and ?¢2 (right-blue) for the mode

k/Ho = 11. Here we have taken m/Hp = 102. Note that the sound speeds begin with a value of
about one, and eventually become highly oscillatory with a nearly vanishing mean value. Also, the
relative four-velocity between the dark matter components is negligible.

As an example, we numerically compute the two sound speeds and the relative four-velocity
for the modes with k = Hy and k = 11Hy. We plot the results in figures 4 and 5 respectively.
Note that in doing so we have made use of the background solutions found in section 2.1.1.

The qualitative features of the plots in figures 4 and 5 can be explained as follows.
First, note that the sound speeds for both modes exhibit highly oscillatory behaviour as they
evolve towards the present time (and in fact, well into the future). This is the result of
the oscillatory behaviour of the background dark matter fields ¢1,0 and 29 and their linear
perturbations dp; and dpy. In fact, for the background solutions that we specialized to in
section 2.1.1, it follows from egs. (2.22) and (2.26) that ¢1,9 and @3 roughly oscillate with
frequencies ¢}/a = ¢/(a®R2%) ~ m in the n — 0~ limit. This observation remains valid as
long as pODM ~ 0, as this relation implies {j/a ~ m for m > Hy. On the other hand, we
have already seen in the numerical results presented in the previous section that for values
of m that are large compared to the Hubble constant today, the dark matter model under
study maintains a near zero background pressure for a longer duration as we evolve the
background solutions towards the past.'” Therefore, for sufficiently large values of m, we can

17See figure 2.
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find background solutions for which ¢1 ¢ and ¢ o oscillate with frequencies comparable to m
and larger than the Hubble parameter from the moment that the shortest mode in the linear
regime enters the Hubble horizon up until today.

Similarly, the oscillatory behaviour of the perturbations dy; and d¢p2 in the n — 07 limit
can be surmised from eq. (2.39). By taking the future limit of the latter set of equations, we
arrive at

5@ 4 2H3P) + m*a®Spr + 2m°a®p10® — 4] (@' =0, (2.42a)
Sty 4+ 2Hph + m*a®5ips + 2m°a 0o 0@ — diph (@' =0, (2.42b)

1 1
mgq)"—FSmgH(I)’—i—aQAo(ID—l—imQaQ (901705@1 —i—(pgpé(pg) -5 (4,0’170590’1—1—@’270590’2) =0, (2.42c)
where we used the background solutions found in section 2.1.1. It is not difficult to see that
in the future limit, dp; and dpo decouple from ®. Indeed, if we ignore the couplings in
eq. (2.42), then

d¢pi, 0o — cng/QniiHﬂO am? (2.43a)
D — c1n + con’, (2.43b)

where ¢, ¢1, and co are some constants. Notice the frequency of oscillations for dyp; and dps
which is identical to their background counterparts ¢ 9 andys o when m > Hy.'® To see that
this decoupling is consistent with the set of equations (2.42), observe that the corrections
due to the ® terms to the first two equations become

2m2a2cp1,0¢> — 4(,0’1’0(1)’ — 2 or n°/?, (2.44)

which induce corrections in dp; and dgo that decay as n°/2 or n?/2. Thus, the corrections
due to ® are subleading in the 7 — 0~ limit. On the other hand, the corrections due to dp;
and dps to the ® equation decay at least as 1, which is the same decay form as given by the
® terms if ® — con? solution is selected. If ® — ¢y is selected instead, then the ® terms
in the same equation blow up as n~!, which implies that the asymptotic dynamics of ® is
unaffected by its couplings to d¢1 and dpo. In fact, the leading corrections to the asymptotic
solution for @ in this latter case are of n form. Numerical solutions to eq. (2.39) confirm
the asymptotic decoupling of the perturbation functions. Also, the asymptotic solutions for
® turn out to be of the & — ¢1n form.

Next, note that the qualitative form of the sound speeds for £k = Hg and k = 11H,
modes at the onset of horizon entry are quite different, with the former quickly becoming
oscillatory and the latter remaining close to one for roughly an e-fold. Numerical investiga-
tions suggest that if ma < H at the time of horizon entry for a given mode, then all three
sound speeds associated with that mode initially remain close to one, whereas a sharply os-
cillatory behaviour results for modes with ma > H at the time of their horizon entry. On
the other hand, we observe that the sound speeds for both modes end up oscillating with
a nearly constant amplitude as they evolve to the present time. This is consistent with the

Hot

¥Note that a o™ o e in the n — 07 limit. Thus,

9H?2 9H?2
iom (/1270 imir]1— 20
nizHO 1 2 eilmt 1 Tm?
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previously found asymptotic forms for the perturbation functions. In fact, using ® o 77 and
81,09 o 13/2 along with the asymptotic forms of the background solutions, one finds that
the numerators and denominators of the sound speeds given in eq. (2.41) decay as 1 to the
leading order. This implies that the amplitude of oscillations approaches a constant value in
the  — 0~ limit. Note that it is more difficult to analytically infer the period of oscillation
in this limit, though numerically we have found it to be much shorter than m™1.

The other noteworthy feature seen in figures 4 and 5 is the negligible relative velocity
between the two dark matter fields. This is expected theoretically, because Au defined
in (2.35) is roughly k/(mpHo) % d¢ <K ke/(mpHo) ~ kphys/m. Therefore, for a sufficiently
large value of dark matter mass m, this quantity remains small for linear perturbations.

To close this discussion, we remind the reader that an averaged out near zero sound
speed for the dark matter candidate is achievable should one select the dark matter mass
m to be sufficiently large. More specifically, in order that the modes with wavenumbers
1 < k/Ho < 450 have negligible sound speeds at the present time, one needs m/Hy = 450.
Requiring these modes to have negligible sound speeds as early as they become subhorizon
necessitates m/Hy > H(n.)/Ho ~ 10'°, where n, is the conformal time at which the mode
k/Ho = 450 becomes subhorizon, assuming that the dark matter candidate generates the
CDM background cosmology up until then. This is similar to the conclusion of a detailed
study in [44] that uses ultralight axions for dark matter.

3 The effective field theory of interacting dark energy and dark matter

3.1 Overview

In this section we expand the analysis of the preceding section to allow for more general
couplings between the dark matter and dark energy fields. We use the techniques that were
previously employed in constructing the EFT of single clock inflation [21] to construct an
EFT of both dark energy and dark matter.'” Such methods have already been applied in
constructing EFTs of dark energy [19, 20, 49, 52, 53].2° The successful application of EFT
methods in these scenarios is based on the fact that the degrees of freedom driving the current
and the primordial phases of cosmic acceleration determine a preferred choice of spacetime
foliation.

We now review the basic idea of the construction as applied to the present context, in
a language that does not refer to coordinate choices. Suppose that we start with a general
action S = S[gap, I1, ¢] for the metric g,p, dark energy field ¢ and dark matter field II. This
action is diffeomorphism invariant:

S[¢*gabaw*naw*¢] = S[gab,H, gb] (31)

where v is any smooth diffeomorphism and 1, is the pullback operation. Suppose now that
we are given a background solution g, 0,Ilp, ¢o. We choose to use the foliation determined
by the dark energy background solution ¢g, and define a modified action functional

S1[9ab, 1L, 6¢] = S[gap, I, ¢o + I ). (3.2)

19Gee [22] for an extension of the single clock formalism to multifield models of inflation. There have also
been more recent extensions of this EFT [48, 50]. Also see [51] for a different EFT formalism for inflation.
207 different kind EFT valid under certain assumptions about the UV physics can be found in [54].
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which is a functional of the scalar field perturbation d¢. The action S is invariant under the
transformations

Gab = VsGap, I — Pdl, 0 — 1¥dd + Yudo — Po. (3.3)

The action of these symmetries is linearly realized only for foliation preserving diffeomor-
phisms, those for which

VYo = Po. (3.4)

More general diffeomorphisms are realized nonlinearly, from eq. (3.3).
We next define a new action functional of the metric and dark matter fields by setting
d¢ to zero:
S2[gabaH] =5 [gab,H,O]. (3'5)

Because of the gauge redundancy in the description of the theory, the action S5 still contains
complete information about the theory. However it is no longer invariant under the full
diffeomorphism group: the relation

So[th«Gabs Y1) = S2[gap, 1] (3.6)

is valid only for the foliation preserving diffeomorphisms that satisfy (3.4). The action So
describes the theory specialized to unitary gauge.

We can reconstruct from the action Sy the fully covariant version of the theory by
performing the so-called Stueckelberg trick.?! We define a new action functional that depends
on gup, II and an arbitrary smooth diffeomorphism & : M — M by

S3[gab, I, §] = Sa[&xgap, E11]. (3.7)
This action is invariant under general diffeomorphisms:
53 [w*gaba ¢*H, d}_l 0 g] = S3 [gaba H7 g] (38)

From the action S3 one can obtain the original action .S, coming a full circle, as follows.
We have

83 [galn H7 g] = SQ [f*gab’ S*H] = Sl [g*gabv f*H, 0]) (39)
from eqgs. (3.7) and (3.5). Now applying the invariance (3.3) with 1 = =1 gives
S3[9ab, 11, €] = S1[gab, L, (671)s b0 — do] = Slgab, 11, 4. (3.10)

Here we have used (3.2) and defined ¢ = (¢71).¢o; the action S3 depends on & only through ¢.

The key idea of the EFT of inflation/dark energy is to apply the usual rules of EFT to
the unitary gauge form (3.5) of the action. One proceeds by writing down all possible oper-
ators that are invariant under foliation preserving diffeomorphisms, which for perturbations
about FRW solutions includes all time dependent spatial diffeomorphisms. This can be done
efficiently using the 3+ 1 ADM splitting of the metric, which splits the spacetime metric gqp
into a spatial metric h;j, lapse N, and shift vector N ¢ via

ds? = hij(dx' + N'dt)(dz? + N7dt) — N?dt*. (3.11)

218ee [55] for an excellent review of this technique and its applications in gauge theory as well as gravitational
theories.
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Here the surfaces of constant t are chosen to coincide with surfaces of constant ¢g. Neglecting
for the moment the dependence on the dark matter field II, the most general unitary gauge
action that is invariant under foliation preserving diffeomorphisms is

Sg[gab] = /d333/dt\/ﬁﬁ[t,hij,N,Kij,Di,at _EN]’ (3.12)

where D; is the 3D covariant derivative associated with h;; and K;; = (hw — D;N; —
D;N;)/(2N) is the extrinsic curvature, with N; = h;;N7. This process is more efficient
than other approaches since the field ¢ does not appear anywhere in the action (3.5). After
all the appropriate operators have been identified, one can always return to the fully covariant
form of the theory using the Stueckelberg trick.

The action (3.12) can depend on the three dimensional Riemann tensor (3)Rijkl through
the derivative D;. It is convenient to re-express this dependence and the dependence on the
lapse and the extrinsic curvature in terms of the perturbations

SN = N — a(t), (3.13)
0Kij = Kij — B(t)hij, (3.14)
3 Rijr = O Rijrg — v(t) [harhji — hyrha — hahj + hjhi] . (3.15)

Here the functions a(t), 5(t) and v(t) parametrize the background solution, and are regarded
as fixed functions of time, which are allowed in the action (3.5). Finally the dependence on
three dimensional curvature can be re-expressed in terms of a dependence on four dimensional
curvature and on the extrinsic curvature using the Gauss-Codazzi equations [21].

In the following subsections we follow this approach, but generalize previous treatments
by including the dark matter field II. For simplicity, we disregard baryonic matter. In
section 3.2 we identify all the relevant (dimension < 4) and marginally relevant (dimension
= 4) operators in the dark matter sector.?? Just as in the EFT of dark energy, we only
include the geometric objects that are either spacetime tensors or tensors intrinsic to the
surfaces of constant dark energy field. We find it convenient to implement the Stueckelberg
trick from the beginning by expressing all terms in the action in their covariant forms. We
present the EFT action in section 3.3, discuss the EFT regime of validity in section 3.4,
and derive the relevant equations of motion in section 4. Our present work is intended to
complement previous attempts to formulate a generalized interacting theory of dark energy
and dark matter [56-60].%3

3.2 The effective field theory operators for the dark matter sector

In this section we identify all the operators of dim < 4 that appear in the dark matter effective
action up to the second order in perturbations. The goal is to replace the action (2.1) with
a more general action. Following [21] we perform a field redefinition

¢ — ¢ =0(e) (3.16)

so that in the new coordinates on field space the background solution is just ¢g(t) = t. We
denote the perturbation to the scalar field in these field space coordinates by

7(t,2') = 6p(t, %) = p(t,x°) — do(t) = o(t, ") —t. (3.17)

22Irrelevant operators (dimension > 4) could be important if one is interested in probing the dynamics of
energy scales that are comparable to the cutoff scale of the EFT. See section 3.4 for a discussion.
28ee [61, 62] for studies on some aspects of the effective field theory of dark energy in presence of matter.
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Background | Perturbations | dimension
I v 2
Sf II'II
Voo f IITTI
SK I
(I111)?
gV JITV,IT
h*V 1TV, 1T
gV, Vi f TITTI
hV Vo f TITTT
noV, 0K II'TI
SK? II'TT
§[ KoK I
h®§ Ry ITTTI
RII'MI

\

X X[ X[ X |X|X|X|N|N XXX
NN NN AN N AN EN EN ENENIEN

=R R R R R R R R R WWND

\
\

Table 1. Operators that are relevant for the effective linear perturbation theory of interacting dark
energy-dark matter. Here we have defined f = g% ,¢,. Also, for any object X, X = X — X with
X being its background value.

As discussed above, the allowed operators can be constructed from scalar functions such as
the dark matter field II, spacetime tensors such as gu, and Rgp.q, and foliation dependent
tensors such as the unit normal n%, induced metric hy, and extrinsic curvature tensor K.
After covariantizing using the Stueckelberg trick, these quantities can be written as

ab
ne = 9 Pb q{’b _ (3.18)
\/ _ng¢,c¢,d
hap = Gab + nane, (3.19)
Kap = hg “hy IV ong. (3.20)

The independent operators in the dark matter sector are given in table 1. Some of the
operators are relevant for both the background and the linear perturbation theory as discussed
in the subsequent sections. [See appendix C for a more detailed discussion of all possible
operators.|

3.3 The effective field theory action

We are now ready to express the EFT action. This action provides a complete picture for
the dynamics of the background and the linear scalar perturbation theory of interacting dark
energy and dark matter. The general EFT action in the “hatted frame”?* with metric §qp is

24This is a slight generalization of the commonly used Jordan frame. For a general interacting theory of
dark energy and dark matter, there could be no conformal frame in which all couplings between the two
sectors are eliminated. The hatted frame here coincides with the standard Jordan frame if we set a; = 5; = 0.
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given by [see egs. (2.5) and (2.6)]

[gab’ d)v H H @b] grav1ty [ga67 ¢] + SDE[gaby QE] + gDM-int [gaba QE, HT; H] + Sb [6a§abv 1“ (321)

Here S’gravity / DE are the effective gravitational / dark energy actions that were worked out
in ref. [19, 20], and S'DM_int. is the effective dark matter action which includes its interactions
with the dark energy field and gravity. Since our focus in this paper is on the dynamics of
dark matter, we choose the following simple forms for the effective gravitational and dark
energy actions

Sgravlty[gab> = /d4$\/

3
R —35%V,Vya — fgabVaaVba

A(]f_‘& )

SDE[Gabs ¢ /d433 —g e* [_ 5 (3.22)

where R o
f=§"V,oVo (3.23)

and A = Ao(1+ B1) for some function 31 of ¢. This is essentially the same action for gravity
and dark energy that was given in eq. (2.7). Using the operators listed in table 1, the effective
dark matter action takes the following form

SpMint [Gab, &, T, TT] = / d'z\/—g [ GOV LIV, 4 a1 A%V TV, — A(TITTT) 2
+(:Fm2+’71%+u2a25f+ua3ﬁa@a5f+[Oz4§ab+Oé5ilab]@a¢b5f+ua65k

+a7ﬁa¢a6K’ + Oég(S[KZ] + a95[KabK“b] + alofz“béﬁab> HTH:| R (3.24)

where 041 are some functions of ¢ and p is some constant of mass dlmensmn one. Also,
m? = m2(1+ B2), A = M1+ B3), and 7 = (1 + B4) for some constants m?, A, and  and
some functlons B; of ¢.

The action (3.24) incorporates different possibilities for dark matter interactions. The
term proportional to a; is associated with local Lorentz violation for the dark matter pertur-
bations. The term proportional to 4 encodes non-minimal coupling to gravity. Note that this
term does not result in the violation of the WEP as long as 84 = 0. All terms proportional
to a; result in the violation of the WEP by virtue of being foliation dependent.

Finally, note that expressing A, m, A, and 7 in terms of constant terms and the f;
functions is a gauge dependent procedure. To compare the predictions of this model with
observations, one would need to fix the values of the §; functions at a fiducial redshift.

3.4 The effective field theory regime of validity

We now determine the domain of validity of the EFT constructed in the previous section.
We first examine the bounds on the UV cutoff of the EFT by estimating the magnitude of
the dark matter irrelevant operators and requiring them to be suppressed compared to the
relevant operators. We then complement our estimates by demanding radiative stability for
the coefficients of the main operators, namely the masses and the leading coupling constants
of the dark matter and dark energy fields. Here we do not speculate on the nature of the UV
physics from which this EFT results in the infrared limit.
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Figure 6. An illustration of the various energy scales F in the effective field theory, where H is the
Hubble parameter. Here (IT) and (¢) denote the present values of the dark matter and dark energy
fields respectively. The UV cutoff C of the EFT is generically expected to be larger than (IT) and
(¢) and the masses m and m, of the dark matter and dark energy fields. Radiative stability for the
parameters of the dark matter-dark energy Lagrangian places an upper bound on the cutoff C. One
such upper bound is mA~'/2 which comes from the one loop contribution of A(IT'D)? to the mass m
of the dark matter fields.

Since we have multiple degrees of freedom in the EFT, it is possible that the scales at
which different sectors of the EFT become strongly coupled are substantially different. In
this work, our estimates for the range of the UV cutoff are based on the dark matter sector,
including dark matter-dark energy interactions. Our main conclusion is that in order to
minimize the amount of fine tuning for the parameters of the EFT Lagrangian,

e the hierarchy between the dark matter mass m and the dark energy mass mg should
not be more than a few orders of magnitude,

e the dark matter mass should be many orders of magnitude larger than the Hubble
parameter today, and

e the UV cutoff C should be several orders of magnitude larger than Aé/ 4107 3eV.

See figure 6 for an illustration of these conclusions.

3.4.1 Cutoff estimation based on the dark matter potential

Let us begin by ignoring the dark matter interactions with dark energy and gravity. Focusing
on the operators with dim < 4, the effective dark matter Lagrangian that we formulated in
section 3.3 has two parameters, namely the mass m of the dark matter fields and the dark
matter coupling constant \. As a first step, it is reasonable to demand that the UV cutoff C
be within the range m < C < m,. Note that m > Hj as the dark matter mass is required
to be several orders of magnitude heavier than the Hubble constant.?®

It is necessary in any EF'T that irrelevant operators be suppressed compared to relevant
and marginally relevant operators in the regime where EFT is expected to be predictive.
To examine this more closely, consider non-derivative self-interactions in the dark matter
potential which we parametrize as

Zan@ (3.25)

CZn—4 ’
n>1

where o0, are some dimensionless constants.The dark matter mass m and coupling constant
A are expressed as /01C and oy respectively. The condition m < C requires o to be small

25Gee the analysis given in section 2.1.2. Also, the lightest dark matter candidates that can account for the
entire CDM content of the Universe have m > 1072*eV ~ 10° Hy [44].
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compared to unity. If we assume that dark matter is weakly interacting with itself, then

A2
MITTD)? ~ Am—‘i < Ay, (3.26)

where we used m?II'II ~ Ag. This implies that A < m?*/Ag. If m < Aé/ 4, then A\ must be
suppressed compared to unity.?® Setting A to values much smaller than unity is a fine tuning
if no assumptions regarding the UV physics have been made.

Turning to terms in eq. (3.25) with n > 3 (irrelevant operators), we have

(i A
In”can—1 ~ O onoan—i

< Ao (3.27)

which using Ag ~ mZQ)Hg ~ (1073 eV)* requires the cutoff to be bounded below by

n

1 m o2
C> 07" " \/mpHy <> . (3.28)

mpHg

Assuming o, ~ O(1) this gives a lower bound below 1072 eV for m > 1073eV, but a more
stringent lower bound above 1073 eV for larger m. If the dark matter fields are similar to the
QCD axions, then m > 107%eV 2" which implies C > O(1) MeV. Note that m > 10713 eV as
C cannot exceed m,,.

If one allows o, < 1, then smaller values for m are feasible at the expense of fine
tuning. This may be necessary if one is interested in significant interactions between dark
matter and dark energy fields when the dark energy field has a mass mg ~ Hy.?® We can
rearrange eq. (3.28) to derive the following upper bound on oy,

H2 2n—4 2n
on < =0 (C) <m> . (3.29)
my \ My Hy

We expect m/Hg > 10% if the dark matter candidate accounts for all of dark matter in the
Universe [44]. For n = 3 and using C < m,, this gives o3 < 107%, which is an extreme fine
tuning. If we lower the cutoff scale to C ~ eV, the fine tuning of o3 becomes more severe,
where now it becomes bounded above by 107129, Overall, the smaller the hierarchy between
the cutoff scale and the dark matter mass, and the lighter the dark matter fields, more severe
fine tunings should be expected. However, this is not particularly surprising because fine
tuning is a generic problem of dynamical dark energy models which has now become more
severe as a result of dark energy coupling to dark matter. This level of fine tuning may not
harm the self consistency of the EF'T model as long as the EFT parameters are stable under
radiative corrections. Whether extreme fine tuning of parameters can prevent the EFT from
admitting a well defined UV completion is a relevant question which we will not address in
the present work.

206Recall that our analysis in section 2.1.1 indicated that smaller values of A result in w™™ < 1 for higher
redshifts and therefore are better suited for reproducing the background ACDM cosmology.

2See [63-66]. The lower bound on the mass of the QCD axions can be significantly lowered if one allows
for fine tuning of its parameters [67, 68].

28Ultralight dark matter fields can interact significantly with dark energy if the hierarchy between their
respective masses is not too large [69].
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3.4.2 Bounds on the cutoff from radiative corrections

Unless prohibited or strongly constrained by a symmetry, radiative corrections can induce
large changes in the parameters of a Lagrangian. Such corrections, which are cutoff depen-
dent, are then absorbed by carefully tuned “bare” Lagrangian parameters in order to produce
“physical” Lagrangian parameters, which are cutoff independent.?? This process requires fine
tuning of bare Lagrangian parameters. If this fine tuning is undesirable, then the cutoff needs
to be suitably lowered in order to keep radiative corrections under control. By demanding
radiative stability at one loop order for a number of primary EFT parameters, we derive an
upper bound for the EFT cutoff C.

For simplicity, we ignore direct couplings of gravity to dark energy and dark matter.?’
We restrict attention to modes with momenta k£ > H for which we can neglect the influence
of background geometry on the mode dynamics. The EFT action that we formulated in
section 3.3 can then be written as (ignoring irrelevant operators)3!

St s T, 11] = / d'z [ — 50u00°0 — V(6) — 0TI9I — mPTITTT — A(TT)?
— @I — e®T1T H} : (3.30)

where ;1 and € are constants of dimension one and zero respectively. The dark energy potential
V(¢) is assumed to be sufficiently flat with a current value of approximately Ag. If we take
this potential to be V(¢) = mi¢2/2, we have

1

V({¢)) = §mi<¢>2 ~ Ao, (3.31)

where (¢) is the present value of the dark energy field. Potential flatness then requires

mey S A(l]/ 4 < (¢).32 The interaction terms in action (3.30) result from expanding m? in
eq. (3.24) in powers of ¢. If m? has an analytic dependence on ¢, we can write

m%(¢) = m? [1 + zg (?” : (3.32)

for some constants &;. In the EFT framework, the strong coupling limit occurs when ¢ ~
C/fil/i. This parametrization gives u = ¢&m?/C and € = &m?/C?. Note that we should
require €, A < 1 in order to rely on perturbation methods for computing radiative corrections.
This latter requirement implies in particular that & < C?/m?, which is not a stringent
constraint given that C 2 m.

29We are using brute-force cutoff as a method of regularization.

30In our case, these direct couplings take the forms e*R and #RII'II that appear in egs. (3.22) and (3.24)
respectively.

31We ignore foliation dependent operators as they result in local Lorentz violation. Note, however, that we
have no direct evidence that dark matter or dark energy respect local Lorentz symmetry. Here we do so to
simplify our analysis.

32For the dark energy potential to be flat, we require |V’ /V3/4|, |[V" /VY/?| <« 1.
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DM DE

om? ~\C? ~eC?
5m35 ~eC?
o | ~ A log (%)
2 C 2 C
OAN | ~ A log (E) ~ € log (m—¢)
de | ~ Xe log (%)

Table 2. Leading one loop corrections to mg, m, u, €, and A due to the dark matter (DM) and dark
energy (DE) loops based on the interactions terms that appear in eq. (3.30). One loop corrections
that are inversely proportional to C are omitted.

Figure 7. One loop corrections to my (left) and m (right) from ¢*IITII operator, as well as the one
loop correction to m (center) from (ITTII)2.

Our objective here is to keep the one loop radiative corrections to mg, m, u, A, and
€ not large compared to their bare values. The estimates for radiative corrections to these
parameters are provided in table 2. Among these parameters, m and mg are most sensitive
to the UV cutoff where ém?, 5mi o« C?. The most stringent bounds on C result from these
corrections (see figure 7 for the Feynman diagrams associated with these loop corrections).
Requiring 0m? < m? and 5m% < m?b gives

. mom Mgy
Cgmln{,,}. 3.33
VX Ve Ve (333
Several remarks should be made regarding the above relation. First, using the definition
given in eq. (3.32) for € we have
min{m, mg}
Vém
which necessitates fine tuning of & to values smaller than order unity unless my 2 m.
Additionally, while lowering A increases mA~1/2 classically, the quantum corrections to A
from dark energy loops require Aphys = Apare + 0A 2 e2log (C /mg). if we assume my ~ m,
this lower bound on Appys gives

1 1 m
C<mxmin{ —, —— 7 = — (3.35)
{ﬁ €4/ log (%) } Ve

Z 1, (3.34)

for ¢ < 1. Finally, note that e too is not protected from quantum corrections even if we
classically set € = 0. Indeed, one loop corrections to A and e from ¢II'TI operator are roughly
pt/C*, which using the definition of  become roughly £$m®/C® (see figure 8 for the relevant
Feynman diagrams). This gives
4
s o O Loy, (3.36)
Vephys  &m?
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Figure 8. One loop corrections to A (left) and e (right) from @IITII operator.

which, while consistent with our expectations that m < C for & ~ O(1), does not provide
any upper bounds on C. Therefore, the UV cutoff cannot be constrained using eq. (3.33) if A
and € are tuned to zero classically and ¢II'II is the only interaction operator. In that case,
an upper bound for C is obtained by requiring the one loop correction (5m35 to the mass of
the dark energy field to be bounded by mi, which gives log (C/m) < m?ﬁ /u?. In particular,
if C is larger than m by at least a few orders of magnitude, then pu? < mi

4 The effective field theory dynamical equations

In this section we derive the effective dynamical equations for the gravitational and the
dark matter fields by varying the action (3.21) with respect to gu, IIf, and II. Given the
parameterization (3.17) of the dark energy field as ¢, we find it more convenient to derive the
dark energy background and linear perturbation equations separately in sections 4.1 and 4.2
respectively.

The Einstein equations are (we drop the hat from the operators in section 3.3)

Gap = TRF + TEM + Tint (4.1)
where the gravitational tensor Gy, is defined as

2 5Sgravity

Gab = 7=5 5 g

1 1
= e*m} [Gab + 5 9ab (zg“bvavba + 2gabvaavba> — VoV
1
+2vaavba] , (12

the effective dark energy stress energy tensor T(B)E is given by

a

—2 §8 1, .
TRP = 2 22DE _ cop 4 eQagab< —5¢ “hof - A), (4.3)

the effective dark matter stress energy tensor T(B)M is given by

—2 0SDM-int

T]%M = —
‘ V=g 99 a;=Pi=y=0

= 2V TV T+ ga [ — gy T, £ m2ITH I

—art H)ﬂ : (4.4)
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and the effective stress energy tensor T;I,}t for the dark matter interactions with dark energy
and gravity is given by

—2 0SDM-int
/_g 5gab
S IITTT — A3 (ITTID)? — QngVCVd('?HTH)} — 23R, I — 2010 [VCHT V (oIl ) + V. I1

Th = — T = =20,V ITTVy) T + gap [OéthchHTVdH + (Fm*B2 +7R)

XV ITf nb)] 4201 Jay 00V TV + 2V, V, (FITTIT) + u2a2{gab5 -2 fab} + /Lag{gab

XV f = 2uViydf + Jan®V3f |+ s gah® IV Vb f 2V, Viy0f — Ann( Vi) Vo f
1

120NtV oV g6 f} n uaG{gabéK _ 26(Kab -3

JabK) } n a7{ Gasn°V K + 26 [K (Kab

5o k)] } + o007 — 45K (K~ L7 ) |} + a0 L gusd(Kea k) — 45 (K° (uF
1

—= abKCchd> } + Oélo{gathd(sRcd -2 (5Rab +2n°6 Re(aMpy — ncnd5Rchab> } I — 26 £,

2

X [ — 1V (agnCII ) 4 g°4V V4 (asIITIT) + VCVd(Oé5thHTH):| — g9V fV g [044HTH]
+2V(, [aaTTHT) V3 f — g7V [a5habvcé it H] +2v, [asv(a§ £ he gyt H} n QJ{VC {(n(ahb) e
1 c c c 1 c i
_ihabn )}([,uag — a7K]HTH -n Vc[aﬂ_[TH])] — 2V, [ow (n(ahb) — ihabn )5KHTH}
c 1 C 1 C C 1 C
+2V [ 1T T] [n 6 (Kb = 5Ja K ) +3K (3¢, may—m Jab)] +45{v6 [K (n(ahty = han )}
1

s TTT H} +4§{vc [(n(aKb) c_ 5ncz{ab) }aQHT H] +§{2vcv(b} [amha) eyt H] —5{ gcdvcvd}

X [amhabnT H] — 5{ gabvcvd} [amhcdnf H}. (4.5)
In egs. (4.2), (4.3), (4.4), and (4.5) we defined fg = G.a®bs S fap = (900 — a*Fpadyp), and
Jab = 0,09/ (9,c07¢). We also used the notation XYy = (XaYs + XpYa)/2.

For much of the subsequent analysis we use the dark matter parameterization in terms
of R and ( defined in eq. (2.14). We therefore find it convenient to express the dark matter
and interactions stress energy tensors as a sum of stress energy tensors each associated with
R and (.33 The dark matter stress energy tensor given in eq. (4.4) is written as

ToM = RroM 4 cToM (4.6)
where

RTOM = 2V, RV,R + gap [ — VeRVR F m?R? — AR?],

TRM = R[29,0V0C — gunVeC V€. (4.7)

33The ¢ pieces of both stress energy tensors actually include factors of R?. This is expected because ( is
dimensionless.
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Similarly, we write the interactions stress energy tensor given in eq. (4.5) as

Tngt — 'RTmt + CTlnt (48)

a

where

STt = R | = 2VaCViC — VeV (o€ ) + 20 n? Vol VaC + ganh ™V C |,

RTHY = —201V,RV,R — 4a1n°VRY (R ) + 201 Jpnn? VRV R — 27 Rqy R
+2V oV [AR?] + gap[a1hV RV R + (Fm?Ba + FR)R? — AB3R* — 2V V. (R?)]

4 non-cov Tlnt

(4.9)

IIII=R2
In the above equation, "™ VTt refers to the operators in the interaction stress energy
tensor that are expressed in the non-covariant format.

Lastly, the dark matter equations of motion are
vev, It — v, [alhabvbrﬂ} n [; M2 — 2T + AR + p2asd f + pazn®Vad f
+(a4g“b + a5h“b)VaVb5f + pogd K 4+ arnVad K + agd K2 + agé(KabKab)
+a10h“b5Rab] I =o, (4.10)

along with its complex conjugate. Expressed in terms of the radial and angular fields R and
¢, they become

(9 — 1h™) VaVyR = Vi (a1h™) ViR = R(g = a1h™) VaCViC + | F i0? — 2AR?

+AR + p2and f + posn®Vad f + (a4g“b + a5h“b) VoVidf + pogdK 4+ arnVad K + agd K2
+a95(KabKab) + Oqohab(SRab} R =0,

Vo (R [g" = a1h™]Vi¢) = 0. (4.11)

4.1 Background equations revisited

The EFT action that was worked out in section 3.3 subsumes the original action of section 2.
Due to the dark energy parametrization, the effective action’s dependence on the dark energy
field is partly disguised in our choices for the EFT functions «, a;, and ;. This dark energy
parametrization significantly simplifies the study of the background dynamics. We now use
the results of the previous subsection to derive the effective background equations.

The Einstein equations (4.1) evaluated on the flat FRW background reduce to the
following two Friedmann equations

1

—0m0 = 5 To + 5 TEN + —Tinty = B + pB 4 pit
HQ 3a/2 HO& R/2 /2 67‘[ ~ ,
= eo‘m]% <3a2 + r‘? a2 204 (7/&0 + A) +— + R ?(’V’R/(Q))

g % 6H? _
+<im2+)\7€%— a27>7z2,
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t DE ¢
ggii,o Tu 0o+ Tu 0 Tzlzno po" + oo + Py

’H2 2d" o Hd o2 e e 73’2 C "
o, 2 _ 2« ~12
iemp(w‘as‘az‘ﬁ ‘4a2>e (2 AO‘A)++ = ()
2H ~ " 7‘[2
+ 2SR + <q:m )\RO+[ -2 5 } )RO, (4.12)

where 7 is a spatial index and we used the dark matter parametrization in terms of R and (
given in eq. (2.14).
The background dark matter equations of motion evaluated using eq. (4.10) are
R Ry

/
— +2
R0+ HRO

"
F+ <i a?m? + 2a*\RE — 6‘%) =0 (4.13)
a
and the same equation as in (2.20) for (p.
Finally, to derive the background equation associated with the dark energy field we
expand the effective action (3.21) to linear order in the dark energy perturbation function T,
then vary the resultant expression with respect to 7. Doing this we get

m2 a 1" 9 / —« A A/
—Le¥a/ 6—+3a—+3a—+67{—§ — e e—Ao[o/JrGH] 20 + =
2a 2a? a a A

"

200 @l p2 1@ R 2 3 2 Ro
+{ Fm5, A63R0+6764a3 +2,uaoz2R —1—33'-[—1—2

Ro
R/ RIQ Oé a// R// a//
2ualasR2( 3H? + 10H =2 + 2 Y] 0% 3 2 =3
s 0< " R0+ 733+ as 730043+ i R0+a3
R/Q O[ R/Q O[/ a//R/ CLNO[ RII Rl RH
—2a04RE( 6H=S + 121 0% 6 4447 "0 497 4 67—[— 60" 0
acu ( R + Roo + R0y + — + o + + R2
47?/// I/ ()064 RIII a/l/ 9 3 9 RO 9 Oéi:)
+6 3 46 20 2dacsRE ([ — H® +2H2 20 4 125
a4Ro+ - + R0a4+ R0+ 4>+ acs 0( + R0+ -
"
+27{> =0. (4.14)
a

As expected, the above equation is non-dynamical, rather it enforces a constraint that is
to be satisfied by the background and the EFT functions. It can be seen from the above
derivations that we have a total of five background equations for a total of three background
functions which are the FRW scale factor a and the dark matter fields Rg and (p, as well
as all the EFT functions in the action (3.21) except a, ag, a7, ag, ag, and ajg. Therefore,
thirteen of fourteen EFT functions can be freely specified.

Lastly, we find it worthwhile to relate the results of our EFT formalism to the phe-
nomenological models for interacting dark matter and dark energy, where such interactions
are typically represented via the non-conservation of the dark matter stress energy ten-
sor [30, 70-72]. To derive the background continuity equation for the dark matter, we begin
by noting that

V.M =V,G%, — VPR v, T ¢ (evaluated on background)
= oo+ 3H(E + pp™) = “““ — 3H(pp" +pb“t) o = 3H(" 10"
—(G" 40)" = 3H(G" 4o — G’ @',0)- (4.15)
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Using egs. (4.12) and (4.14) we find
~ a//
po™ "+ 3H (o™ + pp™M) = —2R0R; ( +m® By + 2\BRE — %3)

Rl
—2u2a aR0< +3H+2 >

Ro
R/ R/2 R/ a/ CL” R” Oé”
—2ualasRE( 3H? + 10H=2 + 2 5 03 +3 2 -3
pa” o3 0<’H+ HRO+ R2+’H R0a3+ a+R0+a3
R/Q R/QQ //R/ CL”O[ R” Rl R//
27367—[—127—(046044 2= 4 4 60 4 600
+2a%ay 0( + R0a4+ Rga4+ Ro+ o + Ro+ R
0447?//0/ /I 0@4 R/// aZI
6———0 3% 624 4 9-0
+ 054Ro + + R0a4 + R(] T g
R CL”
—24a2a57z§< H 2120 R +%2 T 2%@). (4.16)

As expected from our choice of frame in the effective action (3.21), the background dark
matter continuity equation deviates from the standard CDM result®* by terms that either
break the WEP or are associated with non-minimal gravitational interactions.

In ref. [39], the current value of the right hand side of eq. (4.16) is roughly parametrized
as EHoAg, where the CMB anisotropy maps together with the matter power spectrum are
used to show that |£| < 0.1. We apply this constraint individually to the terms appearing
on the right hand side of eq. (4.16), upon which we arrive at the following set of constrains:

m2

17l < 0. 1H2,
m4
|B2] < 0.1, |B3] < 0~1)\7A07
2 2 2
|| < 0.1 2 , |las] < 0. 1uH laal, Jas| < 0. 1H2, (4.17)

where we estimated mQR% ~ Ay, 8,’71730 ~ H"Ry, 8,77104@- ~ H"ay;, and set ag = 1. Of the
above constraints, only the ones on 5 and possibly as are stringent. Indeed, following the
arguments provided in section 3.4, we have

mi

Hy<m, — >1, 4.18
0 Ao (4.18)
which implies that the above upper bounds on 7, 83, a4, and a5 are large compared to unity.
Furthermore, as we argued in section 3.4, we require u < my. Given that a small hierarchy
between m and my is preferred based on the fine tuning arguments previously outlined, we
can have p < m. This latter implies that while the above upper bound on a3 is not stringent

at all, the upper bound on as could be somewhat stringent if m?/u? < 10.

4.2 Linear perturbation equations in the Newtonian gauge

We now derive the linearly perturbed Einstein equations (4.1), the dark matter equa-
tions (4.11), and the dark energy equation in the Newtonian gauge. The latter is derived

34Note that for CDM one has pd™ < pP™. Here we did not omit pressure from the continuity equation.
However, in section 2.1.1 we showed that pressureless solutions can be found.
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by expanding the EFT action (3.21) to second order in the scalar perturbations and then
varying the resultant expression with respect to 7.
We express the components of the Einstein equations in the following way:

§(Gapnn®) = §(THEn n® + TOMnnb + Tnn?)

7‘[2 HO/ 3 0/2 7'[0/2 a/3 HOZ” O/O/,
2
ﬁeamp[‘b(‘%—ﬁaz 2 a2> +3T<2a3+m+cﬁ+zcﬁ>

/ 2 7_[ 12 H / .
—:3827'4'&282\114'3( a? a>7/_3<2_|_2;>\1,/:| :5PDE+5PDM+5pmt,

2a3 a?
(4.19)
(gabhab (5 TDEhab TDMhab T(i%thab)
/ 3 2 " " 12 13
[ ( a+2a2+12a +6a)+3r<—7;a3—2‘a3
o CL” 7’[ O/l 3 O/ " o ) ) 7‘[ o 0/2 o ,
6 .

< > (@ +20'] — 3%7” + QQ\IJ”} = 3(6pPF + 6pPM 4 spnt), (4.20)

gabh in?) = S(TRER® i + TRMA in®) 4 THER® nP))

27‘[ + « Oé/ / 2 /| aal(s R DM
|:<4 2— > (a) aZ(P + ?317' 581\1’ = BZT R6 [ o

a0;d 1r
+5p0 + gt + g + <<9ﬂ - <> oo™ +po™ ] + (4.21)

¢ 4
1 .
O(Gaph® ih” i) = S0(Gaph™his) = 6(Tgy"h® i i+ Tp "W i i + Top'h® ih' )
1
—55(T£Ehabhii + TC]L%Mhabhii + mthabhu)

a2 ! /
= eé"p[a?@ Uy O‘T> 397 <q>— Uy aT)] Rynt
a a

1
5(Gaph® ihb j)—gé(gabh“bhij)zd(TBEh‘l AP+ TOMRS BY ;4 TR hb )

1
—gé(TgEthhzj + T(B,Mhabhij + mthabhl])

a2 /

——rt) [cp v ir] = Ryint, (4.22)
where we used eq. (4.2) and the results of the last subsection. The functions dp, dp, dp,
¢;, and ¥;; are the energy density perturbation, the pressure perturbation, the “generalized
pressure” perturbation, the “heat flow” covector, and the “anisotropic stress” tensor for the
dark matter, dark energy, and interaction sectors. We have borrowed this terminology from
imperfect relativistic fluids, which we briefly review in appendix B. The complete definition
for these quantities and their expressions in the Newtonian gauge is provided in appendix B.1.
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Similarly, we derive the linearized dark matter equations using eq. (4.11). For the radial
dark matter perturbation R we find

1 2 2 H / ~ 9 ) Na” (/)2
(02— [1 — an]0P)R — S8R (2 4+ 9a1) — 6R( & n? + ARG — 675 — 2%
2 12

+2 ROCO (5C + <I><2,u27€ + GiRo[a7 —3ag — ag — 0510] + 3/H,ua6720 — QROC

R// HR/ a// ~ H2 G,/
—|—27 + 2 (2 +9) — 3730?[4’7 + a7 + 2a10]> — 6a10Ro (CL2 + a3> v

P’ R
+£ < F mQROBQ AR 0B — 9R0a17-g + 67RoB)—= a4 ) < — 2pa3Ro + 70

H_ o Ro o/ Ro
_ZRO [67 + 4oy + 65 + 3a7 + 3aag] | + T\II 3uag + 3[1 + 3aq] =
0

H R HZ "
+—[—18% + 3a7 — 18ag — 6ag — 15a10]> + 0’7'/< — 6—2045 — 2;L2oz2 — 2a4(13>
a a a a

R Ro R R R{
+— O ™ (2uas + 6az) — 2— 1@ — 3—20(2’? + a7 + a10)¥” + —20827 <a10
a? a a aRo

R _ R -
+pag + 2a7 — 6ag — 2059) — ?2082(1)(2’7 — 204 — 205 + 0610) + 4?2082\11(’7 + 0510)

+2&a4 " — &:5827/(2044 + 2a5 + ay7) =0, (4.23)
a

and for the angular dark matter perturbation §¢ we find

2 / 2+
_&(02 —[1 = a1]6%)é¢ — 2R <H +Z ) 5¢ — 2R0C05R’+2 <06R+ R;’QCO (@' + 3¥)
0

0092 =, (4.24)

where we used eq. (2.22).

Finally, we derive the linear perturbation equation for the dark energy field by varying
the perturbed effective action with respect to 7. In doing so, for simplicity and due to our
focus being on the dark energy interactions with dark matter, we only keep the second order
perturbation terms in Spy.int that depend on the dark matter perturbations. Other terms
that are either quadratic in 7 or the metric perturbations, or are products of 7 and the metric
perturbations, are discarded as they would be generated by the EFT of dark energy. Doing
this we find

a 3mZa’? o m2
42—2 (2A0 - :2 ) [t — 9*1] + 42—2 (2/\0[27-[ +a']-3—=2 g { + 20/0/’})7’

+2€—2 (Ao [10Ha' + 202 + 2" — 4e®{HP} — 4a/ B} — BI}] — 8e*A[Ha! — 202 — "]

" " "

+3 |:4H2 2 HO/3 _ 05/4 + 4Ha’a— _ 20/2&— —9Hd o — 5a/2 " 4a//a 20//2
a a a

2 "

« ~ m
20/0/”})7 + < (Ao[—24’H — 4]+ 16Ae*a’ + 8e“ Ao ] + 6— [27-[0/2 +af 20l
a a a
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+da'a” + 20/”] > o +3- <A0[24H —40] — 16Ae“a’ — 8e* Ao 8] + 62 [Q’Ha'z +a
a

" 9 / 2 !
+20/ a— +4d/a” + 20/"])\1/ + 32Ro (ugag{ —3H — Ry _ az} +ua3{ - 37_[— - 5%
a

Ro o aRq
_57-la3 _q Lok 3 3a7" B 0 3 fo%4 b 2a”7€6 +3’H'R6’ Ry 6HR, Y
aos aRoas a? aRo aas a3Ro a?Ro  a’Ry  a?Roou
a’lo "o 7‘[04 "o o' fHd fH2R/ ’Ha” CL”'R/
2——2 4394 13 3504 4 3— —3 -6 — 66—
+ adoy + a?Roou aouy + a?Roos  a2ay tas a?Ryo a3 a3Ro
HRg o 7—[2a5 ’H'Raaé a//ag 7‘[04 mQBQ )2 a’
-3 —3— -3 —6 —6 — MBERE — 3B — |0R
a?Ro a3 a2as a?Roas adas a2a5 + 2 + AR = 376 a3
16R, R, H R, H R, . al
- —2Z a0 9 —2Z g0 98
" a? < “ "aRy -|-044{ aRo aoy T aRy aa5 poe
R/ /
I L L +a9{” . })a%m 1601 0<082§(+8 “m2 % 9% — 3]
a a a aRy aag P g3
Ro( H Ry L ah Ry . Ry . M
32— — — 5* —2— =2 6 2* 3 6
+ o ( ey +ua3{ aRo a0 + oy 6H——— Ry + + Ry + oy
6200 g 0 3H2 6tk _ g2 GH% 5RO gag - 12"
* a’Roay * a’oy Ty T T ®Ry a3 dlas + a\ + a?

R R
x[Ha' 4 o/* + o/’]) (®' +3V') — 16a—§(20z4 + 205 4 9)*IR + 32a—20 ( — pasg + a4{37z

R/ /
0 g%
aRo aoy

/
R
+3 } — 3a5H) SR" + 24e“mz2,a—3\11” + 32044—;573’” =0. (4.25)
a a a

We will be using these equations in the next section to compute the effective Newton’s
constant for dark matter in this EFT.

5 Effective Newton’s constant for the weak equivalence principle violating
dark matter

In order to compute the effective Newton’s constant G for dark matter, we first take the
Newtonian limit of the Einstein equations (4.19) and (4.20), the dark energy equation of
motion (4.25), as well as the angular dark matter equation of motion (4.24) by omitting all
terms that include a perturbation functions with conformal time derivatives®® and dropping
all background function of dimension two% in favour of k2, where k is the wavenumber
of a given mode. We also disregard all components of the stress energy tensors for the
dark energy, dark matter, and interactions besides the energy densities. In addition, we
make two simplifying assumptions regarding the EFT functions, namely that {«, 51} — 0
and all terms involving the EFT functions with two or more conformal time derivatives are
vanishingly small. The former is assumed in order to disregard the Universal corrections to
the Newton’s constant,?” and the latter is done assuming that the EFT functions are slowly
varying with time.38

35In the Newtonian limit, the gravitational potentials ® and ¥ are assumed to be nearly time independent.
The situation for the dark matter perturbation functions is less obvious. However, a numerical study shows
that terms like 6R” and §¢” are suppressed compared to terms k%8R and k25¢.

%B.g. H% ad"/a, R /Ro,. ..

3"L.e. corrections that are not specific to dark matter.

38In consistency with approximate de Sitter invariance of the spacetime.
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After implementing the above approximations, the Einstein equations (4.19) and (4.20),

the dark energy equation of motion (4.25), and the angular dark matter equation of mo-
tion (4.24) reduce to (we set 0% — —k?)

2k? .
|: GEN(I)_GL \I’:| (5pDE+N5pDM—|—N5pmt,

N ~ Ny
8Aok? 24AoH 32Ro [ Rhk? Ry o
.2 N — . N+ 3Nw) + Qa(Q)RO o + plagd —3H — R—g - 072 + pas
H? HR, Holy Hod a” R k2 O o
"t -9 _32 _ o o0y 4
{ 3 g aRg =9 aos aRpos 3(12 aRo + 2™ et Ro + o
k> R, L% k> k*H k2 H k> Ry
+a2a5{7-[—|—R0 a5}+2a/,6046+a2047—3a20é8—22049{%—7€0—ag}
2 " R :IC2
252 + ABLRE — 3’yﬁfla3} NoR 4 160 —2 CO 0207 Ni¢ 0,
R(z)k'2 N Ro Co N R(Q)k%ﬂ% N
— [1—aq] V¢ — 2— 27—[@0 Ro C OR— — 3 T =0, (5.1)

where the left superscript “N” on the perturbation functions stands for “Newtonian”. In

this limit, the perturbed energy densities for the dark energy, dark matter, and interactions
become

NépDE A N@

2
NgpPM = NRgpPM 4 NoC5pPM ~ oRGNGR [ - m® 1 2AR3 1 0 ] —2 {R + RZC } o,

2k 2 R
Nop™t ~ 2R [ +m?Bs + 2ABRG — —5- ]Nm + RO[ (7—[2 YL ’M) — 2p% 0

Ro g
k? 6 6?—[2 3a"\ | 6H? H>  d”
—1-2*@5 - /fHO&ﬁ—FCw(— e + ;)) >+ a2(3048+049)+60510<2 + %)]N@
R3k? R3 k2 Ry
+ 2507 (25 4 3a10)N W + 20 | £ 2B+ ABRE — {27/ +daq [ =0 4+ 2T
a? a2 Ro o7
— 2H(3ag + ag)H Nr (5.2)

where we used egs. (B.5), (B.6), (B.8), and (B.9).

Using the above equations we find the following Poisson equation for the dark matter
perturbations,

]452
=N = arGg!t NopPM, (5.3)
CL

where the effective Newton’s constant GEHM is given by

G}e)é\/l B Ay + Ay
/2
m? + S+ 2)R3

+0(2). (5.4)
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Here O(2) stands for terms that are second order or higher in the EFT functions, and we
defined
k?

_ 5 0

12
Ar—o = m*Ba + 2RENGs — STGRE <m2 + i% + 2AR3) (o5 +3a10) + O(k7%),  (5.5)

where A, vanishes when v — 0 and A,—p has no dependence on 7. The above linearization
in the EFT functions is based on the assumption that the violation of the WEP and the
non-minimal coupling between the spacetime curvature and the dark matter fields are small
effects that can be incorporated as perturbations to the standard minimally coupled dark
matter. This assumption is reasonable if dark matter has similar gravitational/dark energy
interactions to baryonic matter.

As can be seen from eq. (5.5), only five of the nearly dozen EFT operators introduced
in section 3.2 contribute significantly in the Newtonian limit. We now use the results of
the analysis performed in ref. [38] to derive individual constraints on the five EFT functions
7, B2, B3, a5, a19.2? From ref. [38] we have

GeDfTM < -5
15107, (5.6)

which gives
2

m

k‘2

phys

82| < 1077, B3]

5l < 1077,

4
S m710_57
Ao

2

|Oz5‘, |0410‘ S nH%lOS. (57)
Here kppys denotes the current value of the wavenumber k& and we used the approximations
m? + (?/a? + 2AR2 ~ m? and m*RE ~ Ag. Given that m > 1072 eV and kpnys S 10730eV
for the CMB modes, the functions 4, a5, and a1 are not strongly constrained. On the other
hand, the above constraint on s is quite strong. Likewise, unless m*/(AAg) 2> 10°, B3 is
tightly bounded. Note that the constraints given in eq. (5.7) on 7, B2, B3, and a5 are far
more stringent than the ones obtained from eq. (4.17).

6 Concluding remarks

Our main objective in this paper was to incorporate dark matter in the EFT of dark energy.
Unfortunately, our current understanding of dark matter physics does not provide us with a
preferred model for dark matter. We chose to model dark matter using a complex scalar field,
the coherent excitations of which corresponds to the usual notion of dark matter particles.
In this respect, the dark matter model under study overlaps with axion dark matter models.

39Tn ref. [38], the authors use the induced changes to the location of the acoustic peaks of the CMB anisotropy
spectra to constrain the difference between the inertial and gravitational masses of dark matter. Note that
the constraints are valid for the modes with physical wavelengths Apnys 2 O(1) Mpec.
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The formulated EFT has a total of fourteen relevant and marginally relevant operators
in the dark matter sector, ten of which only contribute to the linear perturbation theory while
the other four contribute to the background dynamics as well. The former set of operators
necessarily violate the WEP in the dark matter sector. We used the results of two cosmo-
logical studies to constrain the coeflicients of eight of these operators. However, the most
meaningful constraint only applied to one of these coefficients, namely f2(¢) which enters the
dark matter effective action via m?2B2(4)IITII. The most stringent bound on this quantity was
obtained from a study of the CMB acoustic peaks [38], which places an upper bound of 107>
on its magnitude. This is the best observational evidence constraining the WEP violation in
the dark matter sector. It should be noted, however, that the majority of the EFT operators
are not constrained or at least well constrained by the current observational data.

It was noted that the astrophysical and cosmological signatures of the WEP violation,
primarily the effective Newton’s constant GEHM for dark matter, is degenerate with the effects
of non-minimal coupling between dark matter and gravity. This coupling is negligible for
background cosmology as R ~ HZ < m?. However, its contribution to GEF%VI is proportional
to k:f)hys /m?, which becomes significant on scales shorter than the Compton wavelength of
the dark matter particles. Such a coupling could significantly modify structure formation on
sub-galactic scales, particularly for ultralight dark matter fields. Moreover, since the dark
matter perturbations in this model are expected to have a significant sound speed on scales
shorter than their Compton wavelengths [42], it would be interesting to explore through N-
body simulations how non-minimal couplings to gravity alter structure formation on small
scales as predicted by this model.

Finally, as we noted in section 3.4, the EFT constructed here requires a certain degree
of fine tuning to both successfully reproduce the background ACDM cosmology and to be
sensible as a radiatively stable EFT. Discovering any connections with UV theories from
which such an EFT can result would be of primary interest.
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A Some background geometric tensors
We find it useful to reminder the reader of the values of some of the geometric tensors

evaluated on the spatially flat FRW background that we used in the construction of the EFT
given in section 3. We gather this information in table 3.

B The stress energy tensor for imperfect relativistic fluids

Here we review the basic formalism and definitions for the stress energy tensor of imperfect
relativistic fluids. For a more comprehensive discussion, one may consult [73].
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Background Value
1 b t
2 i -19,
3| Vene -3
4 neV.n?
5 Ped a*0eq
6 Ked —a'dcd
7| Radatda? | 3(2 = 2L )dip + (H2 + &) da'da,
8 R 6%

Table 3. The background values for some of the geometric tensors used in the EFT formalism.

For imperfect fluids, one typically expresses the stress energy tensor using the following
ansatz
Tap = eugqup — €(q up) + phap + Lap, (B.1)
where u, is the unit normal vector field associated with the fluid’s comoving frame, ¢ =
Topuul is the locally measured energy density in the fluid’s comoving frame, €, = Toqhlc aub)
is regarded as the heat flow covector for fluids in thermal equilibrium, hqp, = gap + uatp is
the spatial metric intrinsic to the surfaces of constant time in the fluid’s comoving frame,
p = Tpph® /3 is the generalized pressure for the fluid, and X4, = Tcdhghl‘f —T.ghhy, /3 is the
anisotropic stress tensor for the fluid. The generalized pressure p is typically decomposed in
the following way
p=p—rvVuu, (B.2)
where p is regarded as the pressure and v > 0 is called the bulk viscosity. For fluids in
thermal equilibrium, €, is proportional to the temperature gradient, though its interpretation
for fluids that are not in thermal equilibrium is somewhat obscure. Also, note that X, is
symmetric and traceless by definition.

B.1 Stress energy tensors in comoving frames

Here we compute the dark energy, dark matter, and interactions stress energy tensors up
to linear order in the scalar perturbations in the Newtonian gauge defined in eq. (2.36). To
begin, we express each stress energy tensor in terms of its components in the corresponding
comoving frame by writing®®
T(B)E = ePPngny — n(GCBE + pPEhyy, + EanE,
RTDM _ R DM Ry Ry, RU(aR(’:]b))M 4+ RpPM Ry 4 RyDM
RTcllrgt _ Relnt Rua Rub _ RU(aRQ:g)lt + Rplnt RHab + Rzz%t7
DM
CTab

— (DM Cua Cub _ Cu(aCQBM + CpDM CHab +Cz(113bM’

STt = ™ Cug Sup — ug €+ p™ CHyp + ST (B.3)

19The stress energy tensors are analogous to that of an imperfect relativistic fluid. The analogy, however,
is superficial in that a general interacting field theory does not admit a fluid description.

— 36 —



energy density | generalized pressure | heat flow | anisotropic stress
b1 T T
B2 v v
B3 v v
~ v v v v
o T T
aq
a9 v v v
Qa3 v v
(%] v v v
as v v v
(675 v v
oy v v v
ag v v v
Qg v v v v
a10 v v v v

Table 4. Above is a summary of the contribution of the EFT functions and their associated operators
to the dark energy (denoted with 1) and the radial interactions (denoted with v') stress energy tensors.

For each stress energy tensor above, ¢ is the locally measured energy density in the comoving
frame of the given fluid component, p is the generalized pressure, and €% and X, are the
analogous heat flow vector and anisotropic shear stress tensor for an imperfect fluid. We also
define the four velocities and the spatial metrics associated with the surfaces of constant R
and ¢ using

R = ViR ¢ _ vaC
Uq = ) Uq = )
V=gV RV R V=9V (Vi
7sz[ab = Gap T RuaRubu CIflab = Gab T Cuagub- (B4)

Our objective then comes down to computing e, p, €, and X, for each of the above stress
energy tensors up to linear order in the scalar perturbations. A summary of the contribution
of the EFT operators to the stress energy tensors is given in table. 4.

For the dark energy stress energy tensor we find

DE _ DE DE _ 2a|€ " x a B o TN e / &
e =py +op T =e Ao+ Al +e*[Ap S+ —7+ + —AT(2a + =) |,
2 2a a a A
—a B / / o A/
pPE = pDE | 5D _ (20 e—AO—A 1 Ao(—<I>—|—gT+T—)—€—AT<2o/+T>,
2 2a a a A
¢t =l =0, (B.5)
and for the angular dark matter and interactions stress energy tensors we find
DM DM DM DM 2G5 3 ¢po¢’
CpPM = DM = ¢ pPM 4 C65p :720(102+27€0[(572—R0<I>)(52 + Ro 0a2 ]
‘M =<z =0, (B.6)
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and , .
Cpmt _ C int CQ:IH‘B ng;;t =0, (B?)

where ¢ denotes a spatial index. For the radial dark matter stress energy tensor we find

Rl?
ReDM = RpPM 4 RepDM = 20 4 R3[ +m? + ARE| + 2Ro0R | £ m? + 23RS
a

2Ry 4 272{)573/’

a? a?
R/2
RyPM — Ry RgpPM — 20 1 R | Fm? = ARE| + 2Re6R | F m? — 2\RS]
C2RE 2RYR
a? o a?
(B.8)

RgDM _ Ry.DM _

As expected, the dark matter stress energy tensor is that of a perfect fluid.
Finally, for the radial interactions stress energy we find

~! /
R mt Rplnt 4 R(Spint RO |: +m 52 =+ )\BSRQ <H2 HP)/ + 2H7Z€O>:| + 27?,0(57?,
0

6 R/ =/ 12 !/ =/
X {im% + 2)\B3R2 — 2%(7# + HRo + L] ﬂ +RED { <H2 + pYadect + H? )
a Ro g a? Ro g
6 67’[2 3 " 67‘[2 7‘[2 " R2
_2u2a2 — g/[HCk(; + Ck7< — aT + ;J3> + 7(3048 + Oég) + 60(10 <2 + Zg>:| — 672(]&10\11
2 R/ / R ! ~/I
% 27—[2+L+% A im2ﬂ2+)\53722—f” 27—[R +7—l~ 4773032673
Ro 10 a a? Ro ¥
RQ R/ / R2
+a—§a27 {2&’ + 4ay (RO +H+ O”) — 2H (3 + Ozg)] - 2@—20 [a582<1> + (29 + 3a10)62x1/]

125HR, 2R3 (3, R} o 2 RE _RY
S 2—+4+3 — ) - = 2 2—
5 " 2 H+ua2+ Has R0+ H+a3 2% R2+ Ro

a
HR 5H 4R, alf 3 2, AHR, 24" 2Hak R2

4 ) 7" 4 . 3 - o ) (b/
+Ro+a4{2+720}+ +ges (3t T )

27?// X/ 4 /
() oo 1 ]
0 0

R (6%}
/ 2R o R2 Ro [
—&-2%} — 2H(3ag + ag) —0410{27'l+ 2+ aw}ﬂ 7;;)(2045 +a7)d?r' + =3 {73{6%0‘5
ar Ro a0 a

—20y <2R + )} + 3a7\If”} (B.9)

RO Qg
m2By — A8 RI4+ 25 —H2+2HR6+2R62+M/
o| TmP2 = ABRe T 57 Re ' “RZ TR

Rpint Rpmt + R(spint _

RQ[
R " R// ~ 1
+ 2“ fo0 7 )} + 2R05R{:Fm2,82 —2\B3R3 + -

- HR, HY
+4 —H+ 2+ =
Ro R() ( RO 0
R // R// ~ ! 8~R ”‘R R/ =~/
oo +27+— +l _ R0 grsg 4 a0 R0srr 4 A agisr |1 2 R0 40
Ro¥ Ro 3a? a? a2 Ro 5
HR/ R/2 H~/ RI ~ ! 11 R// 4 QR/
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/ " / 2 / " / / /
+8HRO+4G+4HQ8>+2a9<H 4+ 47t R +2—+2H >+2 10<2HR°+HQ1°)]
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a?Rg a3 a?ag a?Ryo a2ag a?Ro  a2oqg
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where 92 = §% 0;0;.
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dimension
STITSTI 2
2 | V OIIT6II, c.c 3
V01TV, 011 4

Table 5. Operators that are quadratic in dark matter perturbations.

C The effective field theory dark matter operators

The effective action for the dark matter sector expressed in eq. (3.24) consists of all the
relevant and marginally relevant dark matter operators that independently contribute to
the equations of motion at linear order in scalar perturbations. Some of the operators are
expressed in their perturbed forms since their contributions to the background equations of
motion are degenerate with those of the unperturbed operators. Our intention in this section
is to show that any effective dark matter operator that is quadratic in perturbations can
be expressed in terms of the operators listed in table 1. To this end, we first analyse the
operators that are quadratic in the dark matter perturbations and then move on to the ones
that are linear in the dark matter perturbations.

C.1 Second order operators in the dark matter sector

We list all such operators up to dimension four in table 5. The indices are contracted using
the background n®, h%, and ¢%.

All operators listed in the table above, except the second one, directly result from
perturbing the operators that are listed in table 1. The second operator can enter the
effective Lagrangian density (3.24) in the following form

fin® (kV 0TI 0TI + K*8T1TV,0T1), (C.1)

for some complex function x and some constant i of dimension one. It is not difficult to see
that a rescaling of the dark matter fields II and It by some complex function, together with
a redefinition of the functions «, aq, ™2, and A removes this extra term.

C.2 First order operators in the dark matter sector

Up to integration by parts, these operators enter the effective action in the form
O x (6I'y +c.c),*! (C.2)

where O is first order in the gravitational / dark energy perturbations and up to dimension
two. All such operators must be perturbations to the operators that transform covariantly
under spacetime diffeomorphisms, and when expressed in the dark energy uniform density
gauge they must transform covariantly under the foliation preserving diffeomorphisms. They

*1One might consider the more general linearly perturbed dark matter operator
kST o + c.c,

for some complex function . This term is consistent with the global U(1) symmetry. However, such a term
would have to result from perturbing an operator in the form of (HTH)m7 which then implies that x has to be
a real function.

40 —



dimension
O0Gab, ONg, O f 0
Ve Gab, Vedna, Ved f, 6 Kap 1
ViV ebgap, VaVeona, VaVeb f, VadKap, SRS 6 Raped 2

Table 6. Operators that are linear in gravitational / dark energy perturbations. Recall that f =
9°¢ ad . R is the Riemann curvature tensor on surfaces of constant ¢.

are listed in table 6. The indices on the operators listed above are contracted using the
background values of g and h% (or alternatively g? and n®n?). Also note that the covariant
derivative is evaluated using the background FRW metric.

We begin by noting that the operators associated with dg.;, are generated in the first
line of action (3.24). For instance, the operator

g®8ga, (ST + c.c) (C.3)

comes from the term \/ngTH. Through simple algebraic operations, such as integration by
parts, the same can be seen to be true for V.dg., and VgV 0gaup.

The operator dn,, which should appear in the effective action as n®dn,, and 0 f provide
a similar set of information about the spacetime foliation function ¢, with both being propor-
tional to the lapse function ® defined in eq. (2.36) in the dark energy uniform density gauge.

As for Vydn, and V. .Vyon,, they encode information about the changes to the unit
normal vector field to the surfaces of ¢. This information is provided by the extrinsic curva-
ture and changes to the extrinsic curvature along the unit normal to surfaces of ¢, as well as
the operators V0 f and V,Vdf. Therefore we regard the operators associated with dn, as
being redundant.

The operators associated with § K, appear in the effective action in one of the two
following forms

nnbo K, RS K . (C.4)
Note that h®§ K, is generated by §K, and n®n?6 K, vanishes. This latter results from

n*n’ K, =0 — 5(n“anab) = (5nanb + 5nbn“)Kab +n*n K, =0, (C.5)

together with # = — _;7 /a and the fact that the background extrinsic curvature is purely
spatial. As for the ones corresponding to V,d K., they should enter the action in the follow-
ing forms

n*hPV 0 Ky, n*nbn°v,6 K., nPheV 46 Kpe. (C.6)

The middle term in eq. (C.6) vanishes by simple algebraic operations and using eq. (C.5).
The first term can be written as

nhtV 0 Kpe = nOV o [hP6 K] — n%0K3.Voh' = nV [0 K — 6h" K] — n®0 Ky, Vo h"
= NV 0K — 0Kpen®Vo[nPnf] — noVa[6h" Ky = n®V 0K — n%Va[0g" Kpel,
(C.7)
where we used nVgon® = 0 and n®K,, = 0. It is evident from the last expression in

eq. (C.7) that this operator is already accounted for in the effective action. Similarly, we
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write nPh®V 0 Ky, as

nPhV 0 Ky = hVo[n?0 Kpy.] — h®0 K.V onb = h%V,[nb6 K] — 6 Ky K
= RV, [0n’ K] — 6 Kp K. (C.8)

This term can be generated from §[K,, K] along with operators associated with Jf in the
effective action.

Finally, the remaining two geometric objects are the Riemann curvature tensors for the
leaves of foliation and for the spacetime. It follows from

R = ha “hy The 9hg "Reggn — KacKya + KieKaa (C.9)

that the perturbations to the Riemann curvature tensor of the leaves of foliation can be
expressed in terms of on, (or 6f), 0K g, and dRypeq. As for the spacetime curvature tensor,
the following terms

6Rabcd nancgbd7 6Rabcd gacgbd (Clo)

along with their various indices-permuted counterparts should be included in the effective
action. We instead choose the perturbations to the Ricci tensor d Ry, for the spacetime. The
difference is absorbed in the terms involving the operators d f and 6g®.
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