1903.11009v1 [astro-ph.CO] 26 Mar 2019

arxXiv

Non-comoving Cosmology

J.A.R.Cembranos*, A.L.Maroto, and H. Villarrubia-Rojo*
Departamento de Fisica Tedrica and Instituto de Fisica de Particulas y del Cosmos IPARCOS,
Universidad Complutense de Madrid, E-28040 Madrid, Spain
(Dated: March 27, 2019)

One of the fundamental assumptions of the standard ACDM cosmology is that, on large scales,
all the matter-energy components of the Universe share a common rest frame. This seems natural
for the visible sector, that has been in thermal contact and tightly coupled in the primeval Universe.
The dark sector, on the other hand, does not have any non-gravitational interaction known to date
and therefore, there is no a priori reason to impose that it is comoving with ordinary matter. In
this work we explore the consequences of relaxing this assumption and study the cosmology of non-
comoving fluids. We show that it is possible to construct a homogeneous and isotropic cosmology
with a collection of fluids moving with non-relativistic velocities. Our model extends ACDM with
the addition of a single free parameter fy, the initial velocity of the visible sector with respect to
the frame that observes a homogeneous and isotropic universe. This modification gives rise to a rich
phenomenology, while being consistent with current observations for 8y < 1.6 x 1072 (95% CL). This
work establishes the general framework to describe a non-comoving cosmology and extracts its first
observational consequences for large-scale structure. Among the observable effects, we find sizeable
modifications in the density-velocity and density-lensing potential cross-correlation spectra. These
corrections give rise to deviations from statistical isotropy with a dipolar structure. The relative
motion between the different fluids also couples the vector and scalar modes, the latter acting as
sources for metric vector modes and vorticity for all the species.
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I. INTRODUCTION

The isotropy and homogeneity of the Universe on large scales are two foundational assumptions of the standard
cosmological model, the so-called ACDM model. These two assumptions are usually grouped under the name of
Cosmological Principle. All the observational evidence, ranging from the extremely isotropic cosmic microwave
background (CMB) [1, 2] to the galaxy number counts and the measured expansion from SNIa [3-5], supports the
conclusion that the Universe is very nearly isotropic on large scales. However, the notions of homogeneity and
isotropy are inextricably linked with the election of a privileged frame. For any observer moving with respect to this
frame, the Universe would appear anisotropic and inhomogeneous. This is precisely our situation on Earth.

Starting with the early CMB measurements [6, 7], a significant dipole modulation, much larger than any other
anisotropy, was found. This was readily interpreted as a kinematical effect: a Doppler shifting effect arising from the
relative motion of the Earth with respect to the CMB rest frame, i.e. a frame in which the CMB looks isotropic.
Recent analysis by the Planck Collaboration [1, 8] explored other kinematical effects, like the violation of statistical
isotropy induced by the observer motion, and reported an independent measurement of our relative velocity with
respect to the CMB frame. This measured velocity can, given the uncertainties, fully account for the observed dipole,
supporting its kinematical origin. Even if it is mostly kinematical, it may still contain an intrinsic contribution.
Some authors have proposed searches for the intrinsic dipole, e.g. using spectral distortions [9].

A different kind of dipole should appear in the distribution of galaxies, induced by our motion with respect
to the matter frame, i.e. a frame in which the matter distribution looks isotropic. The origin of the large scale



structure (LSS) dipole lies in a combination of Doppler shifting and aberration effects in the galaxy number counts
[10, 11]. Unfortunately, current observations can only loosely constrain its amplitude and direction, yielding a
value compatible with the CMB dipole [12, 13]. Future surveys like Euclid [14] and SKA [15] will measure it with
unprecedented accuracy.

To complete the picture, we only need to know the relative velocity between the matter and CMB frames.
Concerning this point, ACDM contains the underlying assumption, that usually goes by unnoticed, that both frames
coincide. ACDM assumes matter and CMB to be comoving. As we will see in this work, it is possible to relax
this condition. The homogeneous and isotropic Robertson-Walker (RW) metric can be sourced, at the background
level, using non-comoving fluids. Thus, we will show that it is possible to construct a viable cosmological model for
non-comoving fluids, with interesting phenomenological consequences and without any flagrant isotropy violation.

Early theoretical work concerning non-comoving fluids was mostly developed under the framework of tilted
universes. The term was coined in the groundbreaking work by King and Ellis [16]. The authors considered a class
of homogeneous models sourced by a single moving fluid, i.e. models in which the fluid 4-velocity is tilted with
respect to the homogeneous hypersurfaces. These tilted models produce homogeneous but anisotropic universes.
In a different context, Coley and Tupper [17] analyzed two-fluid cosmological models with general imperfect and
non-comoving fluids. In order to source homogeneous and isotropic RW metrics, only very special configurations with
radial velocities were considered. Later on, Turner [18] proposed a theoretical mechanism to produce a mismatch
between matter and CMB velocities. In Turner’s tilted universes, the presence of a near-horizon-sized perturbation,
remnant of inflation, could introduce a spatial gradient, driving the velocity of matter.

The analysis of non-comoving fluids has been extended to dark energy. Given our fundamental ignorance about the
behaviour of the dark sector, it is conceivable that it has not ever been coupled to ordinary matter and that it does not
share the same rest frame. Following this idea, a model of moving dark energy was proposed in [19]. In this case, for a
dynamical dark energy fluid, even if the matter and CMB frames coincide initially, they differ at late times. Different
models of moving homogeneous dark energy were analyzed in [20], as well as its possible impact in observables like
the CMB quadrupole. The construction of a fully anisotropic model in which the full dark sector, i.e dark energy and
dark matter, is non-comoving with the CMB and ordinary matter was carried out in [21]. The authors analyzed a
Bianchi I universe in which dark matter and dark energy had different relative velocities with respect to the frame of
ordinary matter and then derived some observables, like a modified luminosity-distance relation and CMB quadrupole.

From the observational point of view, a signal of the relative motion of the matter and CMB frames will be the
detection of a large-scale bulk flow. In recent years, several works have claimed measurements of matter flows well in
excess the ACDM predictions on different scales and at different statistical confidence levels [22-24]. Although there
seems to be a broad agreement on the direction of the flow, the amplitude is still subject to controversy [23]. Such
flows will be an indication of the existence of a cosmological preferred spatial direction. On the other hand, detected
anomalies in the low multipoles of the CMB temperature power spectrum [1], such as the low-multipole allignment
and the dipolar or hemispherical anomalies, also suggests the presence of a preferred cosmological direction [25].
This fact has triggered the search for mechanisms which could break isotropy while keeping the predictions of the
standard cosmology.

This work builds upon these previous studies, but we will present the first complete analysis for the evolution of a
set of non-comoving fluids, from the early to the late Universe, both at the background and perturbation level. As
we will see later, it is reasonable to assume that any pair of tightly coupled fluids share the same velocity. Hence, we
can expect that photons, baryons and neutrinos, being in thermal contact in the early Universe, shared a common
rest frame, i.e. a frame in which the plasma looked isotropic. However, there is no a priori reason to assume the
same about the dark sector. The dark sector, regardless of its composition, may very well possess its own rest frame,
with a given global velocity with respect to the visible sector. The only reasonable assumption is that there is one
frame that observes a homogeneous and isotropic universe, i.e. a RW background. In this paper we take seriously
this possibility and prove, at the background level, that

e If the dark and visible sectors are initially moving with non-relativistic velocities, to first order in these velocities,
it is possible to define a cosmic center of mass frame that observes a RW background. Our model only contains
one additional free parameter By, the velocity of the visible sector with respect to the cosmic center of mass
frame deep inside the radiation era. As we will see later, 8y < 1.6 x 1072 is a conservative limit to be in
agreement with all observations.

e The subsequent evolution gives rise to relative velocities between all the different components of the visible



sector, e.g. between baryons and photons, defining each of them its own rest frame.
While at the perturbation level,
e There appear couplings, of order 3y, between scalar and vector modes.
e There is a production of vorticity for all the species and a net production of vorticity and metric vector modes.
e The transfer function of every cosmological quantity acquires a dipolar contribution of order .

e There is a violation of statistical isotropy of order 5y. Among the different observables where such an effect could
be measured, the easiest to compute is the cross-correlation spectrum between different scalar perturbations,
which acquire a dipolar contribution of order 5.

In this work we will limit ourselves to LSS observables, letting for a forthcoming work the analysis of CMB signatures
[26]. The structure of the paper goes as follows. Section II assesses the problem of constructing a homogeneous and
isotropic universe using non-comoving fluids. First, only the energy-momentum tensor for a perfect fluid with bulk
velocity is considered in IT A, where the conditions for isotropy and homogeneity are discussed. Then, the formalism is
extended to imperfect fluids in II B, using the kinetic approach, where both background and perturbations are studied
inIIB1 and II B 2. Section I1II analyzes the dynamics of this model from the point of view of the Boltzmann equations.
The free-streaming term is derived in III A, while the collision term for the photon-baryon plasma is computed in
IIT B. The main evolution equations are presented in III C. The usual scalar-vector-tensor decomposition is performed
in section IV, where we describe our approximation scheme. Section V contains the Einstein equations, which are not
modified in our case. In section VI, we present a reduced version of the original system, under our approximation
scheme. Sections VI A, VIB and VIC are devoted to bulk velocities, scalar and vector modes, respectively. Finally,
section VII contains the numerical solution of the aforementioned reduced system and discusses some observables.
Section VIII gathers the main conclusions and presents some prospects for future work.

II. MOVING FLUIDS
A. Perfect fluid with bulk velocity
1. Physical setting

Let us consider a perfect fluid with energy-momentum tensor
", = (p+ P)uru, + Po", | (1)
in a flat Robertson-Walker (RW) metric
ds® = a*(7) (—dr* + 6;;da’da’) . (2)

Now we will consider the situation where the fluid possesses a bulk velocity with respect to the frame in which the
metric takes the form (2). Parameterizing the four-velocity as

ulL = a,‘Y(ila Ui) ’ (3)
from the normalization condition, u,u* = —1, we have
1
= 4
Uil e (4)

where the spatial indices in v; are lowered and raised using d;;. With this parameterization the components of the
energy-momentum tensor are

T% =—p—(p+ P)y**, (5a)
T% = (p+ P)Y’vi (5b)
Tij = P§ij +(p+ P)’vaivj . (5¢)

Since the non-diagonal components are not zero, this moving fluid cannot act as a source for the geometry (2). Let
us show how to construct a valid source for the homogeneous and isotropic metric (2) using a collection of fluids.



a. Isotropy. For non-relativistic fluids, the only non-diagonal component, to first order in v, is
T% = (p+ Puv; . (6)
If instead of a single fluid we have several fluids in relative motion, they can act as a source for (2) if they satisfy
7% =3 T.% = (ps + P)vsi = 0. (7)

The physical content of this condition is that of a kind of center of mass frame condition. An isotropic source can
be constructed, to first order in v, out of two non-relativistic fluids if the net flux of momentum of one fluid is
counterbalanced by that of the other fluid. We will see later that this constraint is conserved in time, so it can be
implemented with an appropiate choice of the initial conditions. In [20] it is discussed how to transform to this
frame, starting from an arbitrary configuration of the fluids.

b. Homogeneity. Homogeneity is easily implemented when the fluids are at rest, but we need to be cautious in
our context. Consider two observers locally related by a boost

e (7,x), O frame in which (7) is satisfied and the metric takes the form (2).
e (7,&), O frame moving with respect to O with velocity 3.
In the O frame, the transformed coordinates are obtained applying a local Lorentz transformation
dit = A%, (B)da” (8)
and the metric looks inhomogeneous
ds?® = a®(7(7,&)) (—d7? 4 6;;dz'da7) . (9)

The same applies to other time-dependent quantities like p and P. To provide a consistent source, we will require
that the energy-momentum tensor of each fluid is homogeneous in the O frame, i.e. the frame that observes an
isotropic and homogeneous metric, not in the comoving frame with the fluid.

Notice that on the tangent space at a given space-time point, we can always define an orthonormal basis e, given
by

0

- w . —1 "
agh e, =a " (1)o", . (10)

e, = e u

and the corresponding orthonormal basis in the O frame reads

- B Tt ) ()

Thus, as expected, the two basis are just related by a Lorentz transformation on the tangent space

b

&= (A1B)" e . (12)
To sum up, we can source a flat RW metric (2) with a collection of non-relativistic moving fluids as long as

e We are in the center of mass frame, where

S (ps+ Pyl =0. (13)

S

e The energy-momentum tensor is homogeneous in that frame

T, =0 . (14)



2. FEwolution

Finally, in this subsection we will analyze the evolution of a perfect fluid with bulk velocity. Assuming homogeneity

T, =0, (15)
the conservation equation
v.T" =0, (16)
for a flat RW metric in conformal time (2) yields the equations of motion
9o (a®TY) = Ha®T", | (17)
3 (a*T%) =0, (18)

where H = a/a is the conformal Hubble parameter and = = dy = 9/97. As it was anticipated, (18) proves that the
center of mass constraint (7) is conserved in time. Writing explicitly the components (5), the equations of motion can
be rewritten in terms of v; and p. The equation for the velocity can be expressed as

dov; — 0 log ((1 +w)a*+*p)v; =0, (19)

where w = P/p is the equation of state of the fluid. In the absence of interactions, the velocity does not change its
direction, so we only need to follow the evolution of its magnitude. Combining (17) and (18), it is possible to obtain

) v? —3)(1 +w) w

p= : 1 7)1(01)2 Ho+ 1 — wo? v (20)
. (1=v?)(Bw—1) w1 —?

v 1 — wo? HU+1+w1—wv2v’ (21)

assuming w # —1. It is worth particularizing these results to two kind of fluids.
e Radiation, w = 1/3.
0=0. (23)

The fluid moves with constant velocity and with the usual scaling p oc a=%.

e Matter, w = 0.
p= (> =3)Hp, (24)
v=—(1—-v)Hv . (25)
The equations can be solved analitically in this case
Po
a?\/v3 +a?(1 — v3)

)
, 27
vg +a?(1 —vg) 27

2 Po /
0% p:m ’U%"‘a?(l—’l)g) N (28)

0

. , (26)

where vy and pg are the velocity and density today. If the fluid starts with ultrarelativistic initial conditions, it
behaves as radiation y2p oc a=* until the velocity drops down and it enters the non-relativistic regime. In the
non-relativistic regime, to first order in v, the velocity slows down with the expansion v o< ¢~! and the density
scales as usual ¥2p ~ p o< a7 3.

Analytic expressions for a generic equation of state w(a) can be obtained in the regime of small velocities
da 9
p=poexp (=3 [ — (1 +w))+0(7) (29)
1 d
po Ut o (3/;(14—11))) +0(v?) , (30)

a*(1+ w)



where wy is the value of the equation of state today. For the particular case w = const., we have [19, 20]

p=poa 30+ ¢ o(v?) , (31)
v=1vga 173 4 o(v?) . (32)

B. Kinetic approach

Non-relativistic particles and the photon-baryon plasma in the early Universe can be well approximated as perfect
fluids, and analyzed using only their energy-momentum tensor. However, to describe the free-streaming of neutrinos
or the details of decoupling, the fluid approximation is not enough and we must use a more general kinetic approach.
In this section we follow closely the presentation of [27].

The phase-space of the system is described by
e Three positions z°.

e Three conjugate momenta P;. These conjugate momenta are defined as the spatial components of the four-
momentum

y_ dzt v 9
PH = ma y PMPVg = —-m , (33)

where d\ = v/—ds? is the proper time and the spatial index i has been lowered with the full metric g, .
The number of particles per unit of phase-space volume is
dPrd®P
(2m)®

where g, is the number of internal degrees of freedom, e.g. the number of helicity states, and f is the phase-space
distribution function. In the kinetic approach, the energy-momentum tensor can be defined as [27]

AN = g.f (7, z’, P;) (34)

P.P, ;
TR f(r et By (35)

where g is the determinant of the metric g,,,. In a cosmological setting, the next step would be to particularize these
definitions to a RW metric (2) and then to study perturbations over the metric and the distribution function. We will
split the discussion in two parts. Since our main modification with respect to standard comoving cosmology concerns
the definition of the unperturbed distribution function, we will focus on the background in the next section IIB1.
Section I1B 2 contains the complete treatment of perturbations.

1. Background

Starting again with the metric

ds® = a*(7) (—dr? + §;;da’da’) | (36)
and denoting the momentum as
€= _PO ) (373‘)

such that ¢* = ¢;, we obtain from the mass-shell condition (33)
62 _ m2a2 =+ q2 . (38)
We introduce again two related frames.

e O, frame in which the metric takes the form (36).



e O, frame moving with respect to @ with velocity 3.

The local Lorentz transformation (8) that connects both frames yields

E=Age=v(e—q-PB), (39a)
§'= Mg’ =Pjq’ —eB’, (39b)
B-a=~(q B—ep). (39¢)
We have defined
Pi=6i+(y—1)BB , (40a)
y=(1-p)712, (40b)

where Bi is a unit vector along B and every spatial index has been lowered or raised with J;;. Next we consider a
homogeneous distribution function in the O frame

f(r.2,q) = fo(r,q) . (41)
With this distribution function, we can define the usual fluid quantities
pEa‘4g*/(gj;;{36fo, PEa‘4g*/(;i‘)zggifo,
Q"Ea“g*/(gj:)gqifo, nEa?’g*/(;:)]Sfo,
M = a74g*/ (;1;33 (qieqj B (?])z(;ij) fo . Vi= afSQ*/ (;7?33 q?ifo , (42)

that represent the usual energy, momentum, shear tensor, pressure, number and velocity densities of the fluid. To
relate this set of quantities with those computed in the boosted O frame, we can either use their tensorial character
under local Lorentz transformations or the fact that f transforms as a scalar

fo(7,#,4) = fo(r(7,%),q(@)) , (43)

where, from now on, we will denote fo(%, x, (j) just as fO(T, q). With this property and the Lorentz-invariant volume
element we can write, for instance,

N G iz - d’q (Age)(Agq?)

@ =aty. [ Gd fitrw = ate [ G g (14)
Using this procedure, one can obtain

p=p+7 (BB —28.Q%) + 2B (p+ P) , (45a)
Q' =P (@ = BIIY) =28 (p+ P~ Q7B)) (45b)
i1 = (PP = 320" | 14— (8P 4 7P~ 520750 ) @ % (897 = 35767 ) (o P) . (a50)
=Pt 29 (BT~ 25@%) + 37°F (o + P) (45)
n=~y(n-— V]ﬂj) , (45¢)
f/i — fPlej _ ’Yﬁin . (45f)

It is important to stress that the preceeding relations hold as well if the quantities are defined with the full distribution
function f, instead of using just the background part fj, and we will make use of them when we study perturbations.

There remains the question of how to describe the moving fluids of section IT A in terms of a distribution function.
We will describe the different constituents of the universe with an unperturbed distribution function that satisfies

fO(Ta (I) = fO(T7 (j) . (46)



That is, the distribution function is homogeneous in the O frame, i.e. the frame that observes a homogeneous and
isotropic universe, and isotropic in the O frame, i.e. the frame comoving with the fluid. This parallels the discussion
in section ITA and allows us to describe a fluid moving with velocity 8. The condition (46) is the main physical
assumption in our work. For instance, applying it to a black-body spectrum for massless particles, using (39) we
obtain the usual boosted distribution function

s 1 _ 1 _ . q- /6 ~
0 = i = s —h@ . T@=a(1- L) 7. (47)
If the distribution function satisfies (46) we have
I; =0, Vi=Qi=0, (48)

so we are indeed in the comoving frame with the (perfect) fluid. In this case, the relation between both sets of fluid
variables is

p=p+B(p+P), (492)
Q' =~p' (ﬁ +P) (49b)
19 = 72 (Bzﬂj _ ;)(5”ﬁ2> (p+ ]5) , (49c¢)
P=P+ %vQﬁQ(ﬁ +P), (49d)
n="9n, (49e)
V=B . (491)

Using the definition of the energy-momentum tensor (35), we can write its components as

T% =—p=—p—7(p+P)B*, (50a)
T = Qi=7"(p+ P)B; , (50D)
T% = P§: +1I% = PS5t +~2(p+ P)B'B; . (50¢)

These expressions agree with the ones obtained for a perfect fluid (5). Both approaches are equivalent at this level.
To first order in 8 we have

TOO = */5 ’ (513)
T% = (p+ P)Bi , (51b)
T = Psi . (51c)

The full energy-momentum for a collection of fluids is homogeneous, as it was imposed in (46), and it is also isotropic,
to first order in S, if the velocities of the fluids satisfy the constraint

Z(ﬁs + ps)ﬂz =0, (52)

S

which is the same condition obtained in (7). It is clear from (50b) that a similar constraint can always be imposed,
to all orders in 3, to achieve T = 0 but this is not enough to source a RW geometry. Already to second order in f3,
(50c) contains a quadrupolar anisotropy that cannot be compensated by the other fluids. In this case, we should go
one step further and consider a Bianchi universe. However, for the values of 5 that we will consider, this quadrupole
lies well below the observed value [20]. Therefore, in this work we will restrict ourselves to first order and a RW
background.

2. Perturbations

Our starting point now is a perturbed flat RW metric

ds® = CLZ(T)( — (1= A)dr? +2B;drdz’ + (6;5 + Hij)da:idxj) . (53)
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Reparameterizing the momentum as

Po = —aF + (SPO 5 (543)
1
P=a(#+ 5 ) s (54b)
from the mass-shell condition (33) we obtain
E? =m? +p*, (55a)
1 .
5Py = §A aF + ap;B* . (55b)

These expressions can be regarded just as redefinitions but they have a very simple physical interpretation in terms
of the vierbein (11). Our choice of momentum, P, = e 4" Pa, corresponds to a choice of vierbein with components

1
e =a (1 - 2A> ) (56a)
e =0, (56b)
ey = aB", (56¢)
. 1
e/ =a <(5; + 2H;> . (56d)

With these definitions, p; are the momenta measured by a locally inertial observer at a fixed spatial position. It is
convenient to work with a closely related set of variables defined as

¢i = ap; , e=akb. (57)

As we will see, written in terms of g;, the Boltzmann equation in section III does not contain a zero-order term. We
perturb the phase-space distribution accordingly

f(r.2,q) = fo(r,q) +0f(r,2,q) , (58)
and define the corresponding perturbed fluid variables
d3q d3q q2
dp=a g, ) oP =a* */ — 90
p=a g/(%)y,ef, ayg (277)33€f,
. d3q . d3q
Q" = a g, v n=a? */ )
Q'=a g/(%)gq [ n=a"yg (Qﬂ)gf,
y &g (dd P ; d’q ¢
SIIY = a4g, — =674 Vi=a? */ -9 59
“ 9 /(271')3< € 3e ux “ 9 (2m)3 € f (59)
The components of the perturbed energy-momentum tensor are
6T = —6p+ B'Q; , (60a)
1 1.
5T = 6Q; + iAQz‘ + gHng ) (60b)
i i i i 1 i i
0Ty = 6P + 0115 — B'Q; + o (HJ T}, — HiIIj) . (60c)

Expressing the background quantities in the O frame

0T = =6p++2(p+ P)Bif3" (61a)

5T = 6Q; + %72(,5 +P) (Aag' + H”) Bi (61b)
) ) ) B - 1 ~ - ; ;

0Ty = 6P + 0115 —7*(p+ P)B'B; + o7 (p+ P) (B'Hj B — B H}BY) (61c)

It is easy to show that, to first order in 3, once we apply the center of mass condition (52), every metric variable
cancels out and does not appear in the definition of the total energy-momentum tensor.
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Non-relativistic limit

We end this section with an aside about the non-relativistic (NR) limit (¢/¢ < 1). In the next sections only
massless (photons and massless neutrinos) and NR particles (baryons and cold dark matter) will be taken into
account. In particular, we will only keep the first NR order, neglecting the pressure and sound speed of baryons.

Although this kind of approximation is standard, we must be careful when taking the NR limit in a moving frame.
The proper way to account for this limit is to take it in the frame comoving with the fluid, i.e. O. To first NR order
we have

o9 ~0, 6P~0. (62)

However, in the O frame, using (45), it can be seen that we do have pressure and anisotropic stress

2 ~ 1
OP = 297 500" + 5776200 , (63a)
o1 = (5P + P - 520750 ) 00" 497 (5157 - 5607 )67 (630)

To first NR order and to first order in 3, we have the following useful results

2 , :
6P ~ ZB0Q" , svi 28 ,
3 m
ij isj ici 2ij k 5 1 i i
OII" ~ ﬁék—l—ﬁjék—gé]ﬂk 0", 1% :%(5Q —Bép) ,
61 . 1 .
on~ — ~ — (6p — 2Bk6Q") , én~ — (6p — BroQ") . (64)
m m m

Note that the preceeding results hold as well for the corresponding unperturbed quantities, see (42). Finally, the full
energy-momentum tensor for a non-relativistic species to first order in 3 is

T% + 0T ~ —p—dp+ pB'Bi (65a)
1 1 .
T’ + 6T ~m (8'V; — B;0V") + pB; B’ . (65¢)

III. BOLTZMANN EQUATION

After writing the energy-momentum tensor in terms of the distribution function, we need to compute its time
evolution. This information is encoded in the Boltzmann equation, which in the locally Minkowskian frame takes the
form

Df
o = Cll- (66)

where dt = euodx“ is the time measured by the locally Minkowskian observer, which for the vierbein choice in (56)

reads dt = a(1 — %A)dT. The left-hand side, the so-called Liouville operator, describes the free streaming of particles
in phase space. It is defined as

Df of daidf dq of

dt — ot  dt 9zt dt Oq°

(67)

This operator contains the information about the space-time geometry, through its effects on the geodesics of the
particles. The functional on the right-hand side of (66) is the so-called collision term. It takes into account how the
number of particles per unit of phase-space volume change due to collisions, i.e. local interactions. Hence, it does not
contain information about the underlying geometry [28]. The collision term takes the same form as in flat space-time
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when written in terms of the momenta measured by a locally inertial observer p, defined above. The final form of the
Boltzmann equation in conformal time is

gj:a<1—;A> crfl . (68)

The next section is devoted to the left-hand side of the Boltzmann equation, i.e. the Liouville operator, particularizing
to massless and non-relativistic particles. This analysis exhausts all the information needed to follow the evolution of
non-interacting particles, like CDM and neutrinos. However, to describe the photon-baryon plasma, we must move
on to the full Boltzmann equation. Section III B studies the interaction between photons and electrons.

A. Liouville operator

In order to compute the time derivatives appearing in (67), we need the geodesics in the metric (53). The whole
computation of the geodesics can be found in detail in the appendix A. Using the definition of the four-momentum
(33) and the parameterization (54), the final results are

dzt ¢ 1 P
=21 (1= *A) _ BY— —_H! k
dr € ( 2 2¢ ke (692)
dg' 1 : 7"
ar = 5681'14 + qJCij + TDijk , (ng)

where the following combinations of metric variables have been defined

1.
Cij =0iBj — §Hz‘j ; (70a)
1
Dijr = 5(31'ij — O Hij) (70b)

The left-hand side of the Boltzmann equation (68) is evaluated in the O frame, where the geodesics are computed,

Df _of daidf dq of

-_— = . . . 1
dr o7 + dr oxt + dr 9¢* (71)
We will assume that the distribution function takes the form
f(Tva:a q) = fO(T’ q) + 5.f(T7 z, q)
= fO(Ta A,ﬁe) + 5f(T7 T, q) ; (72)

where fo (7, €) is the standard isotropic distribution in the O frame. Since (69b) is already first order in perturbations,
the left-hand side of the Boltzmann equation can be recast as

Df dfy  05f  da'dsf  dq' df

— =+t 5+ g - . 73
dr or or dr dx*  dr O0¢ (73)
We will restrict our discussion to massless and non-relativistic massive particles.
1. Massless particles
For massless particles the Lorentz transformations (39) take a simpler form
g=v(1-n-PB)q, (74a)
q’t _ ( ;TL‘] _ ’Yﬂl) q, (7413)

where we have splitted the momentum into direction and magnitude

¢ =qnt, nidn; =1. (75)
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Using the Boltzmann equation, it can be directly checked that the unperturbed distribution function in the O frame
only depends on ¢, if there is no zero-order collision term,

fo(r,d) = fo(q) - (76)

It is convenient to work with the reduced phase-space density, integrating out the dependence on the momentum
magnitude, defined as

Flran) =~ [ ¢dgsfmz.q) , (77)

where the constant A is related to the comoving energy density

N = [ a7 fu@) = a5 (78)

*

Plugging the geodesic equation (69) into the right-hand side of (73) and integrating over the momentum magnitude,
we obtain, to all orders in 3,

Df | 0 1 . : 4 1 ., o
sqe 2L |2t igr_ 2 (Llig 4l iion
/q dq 1 Nl3n74(1ﬁ',3)4+‘7:+n81}- T <2n(’)z +n'n’ Cy;
1 .. . o
—QB’GiA—B’n]Cij—b’zn]nkDijk>] . (79)
Expanding it to first order in /3, we have
s, Df vadUrS: ; i L i j o
qdqd—:./\/ an-B+F+n'0F —4 anaiA—&—nnJCij (1+5n-08)
T
(1 . .

The first moments of the angular distribution can be obtained performing the appropiate integrals

dQ s, DF e 40 o A g A A
/4 /q dg I —N{é—l—?)aldv 30”5 735 0;A 73D13k5 JoR (81)
d7i 3 ifé~ 3i I §1J 11711 _ (§Y Rk Jk gty .
/4 n /q dq I —3./\/ {B + 00 +48j7r +465 28A (098" + 67" Ci | (82)

where we have defined

65/@ :6p7 (83a)

4 ?
Q
4 ) 4rm p+ P
i ae / , . 1. ST1%
i — 1ond . ZSU —
™ _/—47r (nn 35 )]—' 5 (83c¢)

2.  Massive particles

The results for massive particles are much more involved. In this case, we must use the full expressions for the
Lorentz transformations (39) and the geodesics (69). However, since we will focus on non-relativistic particles, we
can simplify the analysis restricting it to the first moments of the Boltzmann equation. Summing up, in this section
we compute the evolution of the number density, energy and velocity perturbations.
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The energy density contrast, equation of state and sound speed are defined as

0

op P
= C
P

6P
— w z
D

— . 84
5 (84)
Note that in these definitions the background quantities are referred to the O frame while the perturbed quantities are
defined in the O frame. The election of intermediate variables is a matter of choice, the only condition being that we
write the energy-momentum tensor consistently in terms of these variables. We stick to this convention throughout
this work. The final results for the first moments of the distribution are

o Number density.

d*q D 0 ) , 1. y g
g / (27:)13 Tf =a”’ o= (va®h) +a - (adn) + 9V — v [2628“4 +0YC; + Dz‘jk‘S%k] - (89)

o Energy.

d®¢ D o N . 4 .
. [ ned = [P0+ 2P + 3+ P) (14 552 + 00
+p (5 +3H5(? — w)) +4 (ﬁ + 3H(p + 15))
— 2 (p+ P) [B'0;A+ 6 Cy; + B'BICyy + Dyj1,6" B (86)

o Momentum.

_ d®¢ .Df _, 0 - ) , o
4 A 4 20t 4 4 4 % . ©j ©j
a 9*/ (277)3(1 i [’y B'a (p+P)] +a 3 (a*0Q") + 0; (611 4 66 P)

NN i ik gi | sij
~*(p+ P) {2 (0" +8°8") BA+ (78" + 69 8%) (Cjr + D) | - (87)
These results are exact to all orders in 3, for relativistic and non-relativistic particles alike. They can be shown to
reproduce (81) and (82) for massless particles. Next we define

on , Sv' = 5‘{ : (88)
N

Op =

n

Assuming that the zero-order Boltzmann equation (without collisions) is satisfied, so we keep only cosmological
perturbations and terms with 3, and expanding to first NR order and to first order in 8 we have

o Number density.

&’ Df | | 1 ) }
9. —— =N 60" — — IO, A — 69 Cy; — Dyjpo R L
a g /(27_[_)3 d’]' {577,"’816’() 25 az (S CZJ Z]k:(s ﬂ } (89)
o Energy.
@q Df o i : ’
—4 ~ 7 k i in gy i ok
0. [ o = {3+ 2HBS 00" 50,4~ 89C, — DB (90)

e Momentum.

d3¢ . D . _ _ y . .
a g, / (2;)13 qld—Tf ~p {ﬁl +HB" + 00" + (,6”6% + ﬁ%,@) 9;0vF + How'

— %aiA — (67 B" + 6" p*) cjk} . (91)
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B. Collision term

This section is devoted to the calculation of the collision term for Compton scattering between electrons and
photons. The notation in this section is slightly different. As we mentioned before, the collision term must be written
in terms of the momenta p; measured by a locally inertial observer at a fixed spatial position. They are related to
the momenta ¢; we have been using as defined in (57), i.e. ¢; = p;/a.

The standard physical assumptions underlying the derivation of the collision term are

e When written in terms of the momenta p;, the collision term is the same as in flat space, since it takes into
account local information where the curvature effects are not important. In the same way, the matrix element
M is computed using quantum field theory (QFT) in flat space.

e The temperature of the plasma is low enough so that the electrons are non-relativistic. We keep only the first
order correction in the non-relativistic expansion, so we keep the electron velocity but neglect its pressure and
sound speed. We consider the NR limit of Compton scattering, i.e. Thomson scattering.

e Electrons and protons are much more tightly coupled between them than to the photons. The velocities of free
electrons, protons and the full baryonic velocity are the same throughout the evolution.

e The angular dependence of Thomson scattering is neglected. This angular dependence has proven important
for 1% accuracy and especially for polarization, but we will not take it into account in this work. We use the
angle-averaged matrix element instead.

e The number of internal degrees of freedom is not included in the definition of f, i.e. the equilibrium distributions
correspond to the usual Bose-Einstein and Fermi-Dirac distributions.

e The medium is diluted enough so that we can neglect the quantum statistical factors (1 & f) responsible for
the Bose enhancement and Pauli blocking effects. We do not take into account any plasma effect from finite
temperature QFT.

With these qualifications, our starting point is the following definition of the collision term for the process e(pe) +
V(p) < e(pe) + ()

CLw)] = 3 [ DrDI DA 05+~ — o) 1)L ~ FR )] S IME L (92)

spins

where Dp = (27‘3)#215 is the Lorentz-invariant phase-space volume element and the dependence of the distribution
functions on space-time coordinates has been omitted since it does not play any role. In our setting, we must
implement the fact that the fluids are moving. The collision term is defined in the cosmic center of mass, O frame,
and in this frame both photons and electrons have their own bulk velocity. We will represent it schematically as

Clf) = 55 [ DoDI DL 80" + 52 = 1 = ) [FAap) Fhs) = Fhsm)Eeap )| Y IMPE L (99)

spins

where f and fe are the distribution functions of photons and electrons in their frame, moving with bulk velocities 3
and 3., respectively, with respect to the O frame.

Previously, the ~(’N) frame was defined as the frame comoving with the fluid. In this case, we are facing two moving
fluids. We take O to be the frame moving with velocity 8, with respect to O, i.e. the frame comoving with the
electrons. Performing the integration in this frame, we have

Clf) = 55 [ DRI DR 65 + 5 = 7 = ) [FsA5 BB — a5 DB 3 1MP . (o4

spins

The previous two equations may seem devoid of any additional content with respect to (92). As they stand, without
defining f and f., they correspond just to a renaming of functions and reshuffling of variables. The physical content
lies in (72), i.e. in the structure and relation of the background distribution function in @ and O. The O frame is
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comoving with the electrons and observes a standard isotropic equilibrium distribution. It is in this frame that we
can perform the usual NR expansion [29] to get

_or [ /| = full full - AP —p)] (7 —1=N _F —1=
— = [rapar i - ) + il - )20 L (7 - Tans!p) o9
where o7 is the Thomson cross section and we have defined

~ d3 ~e ~ o~ dgﬁe p'~ ro=
full _ full _ e
T 2/( )7 fe( o) s Ny = 2/ @) B fe(Pe) (96)

Pe

where f, f. correspond to the full distribution functions. Just as we did for the left-hand side in section III A, we
will split the distribution functions into a background and a perturbation part and integrate out the magnitude of
the photon momentum. The whole process, to all orders in 3, is detailed in the appendix B. Here we present only the
final results. To first order in (3, we get

%/qlsqu[f] — hor [—(1—&-@)]—}4—(14—37}-@)57— §Be~6vw—4ﬁ-Aﬁ—§5ve-Aﬁ

Fdi - Gve - AB+ 460, - (7 — B, + dii- B,) — 47 - B2 | (97)

€

where 71, is the number density of free electrons in the O frame, dn. and dv, are defined in (88) and the difference of
velocities is

AB=B-0.. (98)

Since, to first order in S8, the background quantities like p or n concide in the @ and @ frames, we will drop the
distinction. The first two moments of the photon collision term are

E / ds / dg CLF( fneaT 8. - (50, — 6v) + dv. - AB] . (99)

0N

ﬁ/ﬂnl/quq C[f(p)] = _%neUT |:(51} _51} +Aﬁl+ﬂl

) 3 L
3 — Bedy — 4Bej7r$] : (100)

Conserved quantities

We have just computed the collision term for photons. However, the whole plasma is described by the coupled
system

Df _

dt - [fa fe] 9 (1013)
Dfe _

AR (101b)

We ought to compute the collision term for electrons C. as well. Not surprisingly, both terms are not independent.
In fact, we can make use of some conservation laws derived from the full Boltzmann equation to save us most of the
work. Following [29], we write both collision terms with the compact notation

= 335 apaE, a2 00 ok = = [FEN L) - I®)p)] D IMP, (102)

spins

3 3,/ 3
Ce[fe(pe)] = / (;71-1))3 ((;73;3 ((;;_?)63 Cey = <C€’Y>pp’pé s (]_02]3)

C[f(p)] = <Cew>P’PéPe : (102C)
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Integrating over all the momenta, it is easy to see that we have

<Cev>pepp;p' =0, (103)
(p+ Ep.)Cer) peppirr =0, (104)
(p+ pe)cev>pepp;p’ =0, (105)

corresponding to the conservation of the number of particles, energy and momentum. Using these results, the following
equalities hold

3 3

/g:;Epe Celfe(pe)] = —/ (gﬂl))BpC[f(p)] : (106)
3 3

| Gpclinl = - [ gpclso). (107)

This means that we can compute the first two moments of the Boltzmann equation for electrons, the only ones that
we will need since they are non-relativistic, from the first two moments of the photons, already computed in (99) and
(100).

C. Boltzmann equation for different components
1. Photons

The reduced Boltzmann equation for photons is obtained combining the Liouville operator (80) and the collision
term (97). To zero order in cosmological perturbations, it describes the evolution of the bulk velocity 8

B = —an.opAB . (108)

To first order in cosmological perturbations and 3, we get the evolution of the reduced phase-space density
) _ 1 . o /1 . _
]:,Y + nzﬁi]-ZY —4 (277,16114 + n’nJCi]) (1 + 5n - ,8) + 45" (26114 + nJC’ij + njnkDijk)
. R 8 8
=ancor | — (1 —n-B)Fy+ (1 +30-8.)0, — g/@e S0V — 551;(, WANG

+4ﬁ-6vbﬁ-A,6+46vb~(ﬁ—ﬁe+4ﬁﬁ-ﬁe)—4ﬁ-ﬁ6ne

+ 27 ABA| . (109)

Te

Since protons and electrons form a single tightly coupled baryonic fluid, we have substituted dv, with dvy, the velocity
of baryons. The evolution of the fluid variables can be obtained performing the appropiate angular integrals. The
equations for the density, combining (81) and (99), and the velocity, combining (82) and (100), are

. 4 ;4 i 4 4 ” 4
B, + 3000 — 203307 — 2810, A — SDyd" 8" = —Zan.or [,@e (60, — dvy) + Sy, - Aﬁ] , (110)

0N

¥ 3 ij 1 i 1 i ij ik i i i i i 3 ij 1 i
00, + 7057 + 700y — 50" A= (9 Ik 4+ §7% BN Oy = —aneor [5% —ovj + B Bedy = JBemi — 5AB A}

(111)

€

2. Baryons

The evolution of the baryon density can be found using the left-hand side (90) and energy conservation (106). For
the velocity, we must use the left-hand side (91) and momentum conservation (107). As mentioned before, since they
are much more tightly coupled between them than to photons, electrons and protons form a single baryonic fluid. We
use B, to denote the baryon velocity. To zero order in cosmological perturbations, we find the evolution of the bulk
velocity (e

B+ HB = P or A (112)
3pp
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To first order in cosmological perturbations and 3, the evolution of the first two moments of the distribution is

b 4+ 2HB, - vy + Bidvl — BLO;A — 69 Ci; — Dy, 6% B

4
= P anor [ge - (6v+ — dwp) + vy - Ag] , (113)
3pp
60 + Hovy + (B0] + BL0L) 0005 — 50" A — (6781 + 8 BE) Cin
4p i i ;0ne i 3 ii LA
= szaneJT {5% — v+ 0 n, P T iﬁejmj — iAﬁ Al . (114)

8. Massless neutrinos

Since we will neglect both the mass and coupling of neutrinos, they only free-stream with the same left-hand side
as photons. The equation for 3, is

B =0. (115)
The equation for the evolution of the reduced phase-space density is

1

.7'.—1, + n’@l]-'l, —4 <2

n'0; A+ nZnJCiJ) (1 + 5n - ﬂy) + 45}, (28214 + nJCij + njnkDijk) =0. (116)

4. Cold dark matter

Cold dark matter behaves as collisionless non-relativistic matter, i.e. it just follows the same equations as baryons
without interactions. The equation for . is

B+ HBL=0. (117)

The relevant equations for the perturbations are
dc 4+ 2HB, - dv. + Didvl — BL0; A — Y Cij — Dijud Y =0, (118)
5ot + Hovl + (5252 + ﬁg(s;) 8,00F — %am — (67%Bi 4 69 B5) Cip =0 . (119)

5. Total fluid

The total energy-momentum tensor, adding all the components, does not contain any explicit 8 contribution after
enforcing the cosmic center of mass condition. The conservation of the total energy-momentum tensor, which is a
direct consequence of the Einstein equations,

v, T", =0, (120)
gives us the conservation and Euler equations for the total fluid
. ] ] 1 .
64+ 3H (2 —w)d + (1+w)d; (v' — B") + 5(1 +w)H', =0, (121)
0v; + H(1 — 3w)dv; + L&U‘ + La' (c26) + La-nf‘ - 18-14 =0 (122)
! Cl4w 14w N T4w 700 277 7

where the different variables are defined in the same way as for the individual components, but using the total
energy-momentum tensor, e.g.

1
§=- O 123
pzs:p (123)

1 1
s = ;6P = ;ZdPS . (124)
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IV. MULTIPOLE ANALYSIS

The cosmological perturbations can be classified according to their transformation rules under the group of spatial
rotations. This yields the usual splitting in scalar, vector and tensor perturbations, the only ones that contribute to the
Einstein equations. Additionally, in the standard cosmological perturbation theory, the three types of perturbations
are decoupled at the linear level, a fact known as decomposition theorem [30]. Since, in this case, the only angular
contribution comes from factors of the form (7 - I%), i.e. the angle between the line of sight and the direction of the
Fourier mode, it is customary to write a multipole expansion for the scalar part of the Boltzmann equation (109) in
terms of Legendre polynomials [27]

F(r ki) =Y (=) 20+ 1) Fo(r, k) Py(i- k) . (125)

£=0

The Boltzmann equation then unfolds into a whole hierarchy of coupled differential equations for the coefficients F;.
The vector modes are usually neglected altogether since, even if initially present, they rapidly decay. The tensor
modes are predicted in small quantities in many inflationary scenarios and their evolution must be followed when
studying polarization effects.

The key difference in our scenario is the existence of a new direction B , introducing new angular dependencies in the
Boltzmann equation (109). This means that we must resort to a full decomposition in terms of spherical harmonics
of the form

[e's) ¢
F(r ki) = Var > Y (—) V22U + TF (k)Y (R) (126)
=0 m=—/

where the coefficients have been defined to match the previous ones for the scalar m = 0 modes. In particular, in our
case, the decomposition theorem no longer holds. As it can be checked, in addition to the usual coupling between

¢ —1 and ¢+ 1 modes, the term (72 - 8) introduces new couplings between the modes m — 1 and m + 1. It is possible
to write down the new hierarchy of coupled differential equations for the modified Boltzmann equation (109) and it is
important for a correct computation of CMB anisotropies [26]. However, in this work we are mainly concerned with
LSS observables and we do not need to trace the evolution of ultrarelativistic species with high accuracy. Therefore,
we will be working under an approximation scheme that allows us to consider only a subset of these equations.
Consequently, we present in this section a self-contained simplified derivation of the system of equations that we will
solve in later sections, bypassing the full multipole decomposition.

A. Scalar-vector-tensor decomposition

Any spatial vector, in particular the velocity, can be decomposed into a divergence and a divergenceless part
v =00 +xi . Oix'=0, (127)

where 9 is the scalar part of the velocity and x is the vector part, the vorticity. In Fourier space, it can be written
as

ov; = *1?9 + Xi » 0= —k*5 . (128)
A spatial traceless tensor can be decomposed in a similar way
1 k S %

where again the vector part 7V is divergenceless and ’/T;‘Tj is the tensor part, satisfying

i T ij, T _
d'mi; =0, 6Ym; =0 (130)
Alternatively, we can write it in Fourier space as
= o (b, — L, ik (ki) + kjmy = _ s 131
Tij = g~ 30 g+l iy R ) T U—?W ) (131)
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according to the notation of [27] for the scalar part of the shear tensor, . Adapting the notation of [31] for a generic
gauge, the metric perturbations can be decomposed as

ds? = GQ(T){—(l +2)dr? +2(0;B — S;)da'dr

+ ((5@‘ — 2¢5ij + 26i8jE + (&Fj + 8jFZ-) + hij>d$id.%'j} , (132)

where S and F are vector perturbations, i.e. divergenceless vectors, and h;; is a tensor perturbation, i.e. a diver-
genceless and traceless tensor. Our previously defined variables for a general metric perturbation (53) now take the
form

A=—20, (133a)
B;=0;,B—-S;, (133b)
H;,, = _2¢5ij + 26i6jE + 8iFj + ajFi + hij . (1330)

From now on it will be convenient to work in Fourier space and to choose a basis adapted to the previous decomposition.
The components of the line-of-sight vector 7 are

7 =sinfcosPpT +sinfsingy + cosb 2, (134a)
1 . 1 . ~
_ ip _: ~ —ig N
= —e'¥Ysinfé, + —e ?sinfé_ +cosfk , 134b
V2 V) (310)
4 +14 —15 03,
- g(—nfq+n a+ﬁk), (134c)
where we have chosen the so-called helicity basis [32]
k=2, (135a)
1
6= (i) . (135b)
= (5 +19) (135¢)
é_ = —(z+1iy) , c
vzl

and our convention for the spherical harmonics matches those of [32] or [33].

B. Lower moments evolution

The first moments of the Boltzmann equation have already been obtained in the previous sections, with £ = 0
corresponding to the density (110) and ¢ = 1 to the velocity (111). The next moment ¢ = 2 can be obtained via direct
integration of the Boltzmann equation (109) and corresponds to the shear tensor (83c). Performing the appropiate
integral, we have

. dQ 4 4 1 8 1
i + Ok / Enkninj}",y — §6ij8k6v’j — § (ﬁ(iaj) — 35ijﬂk8k> A— B <C(ij) — 36”5“0“)
8 1
+ Bﬁm (Dm(ij) - 36iijkl6kl)
dQ 4 32 1
= —an<or |ij‘ — 65 / Enkninj]:,y + 6'86 . 5Ufy5ij — ﬁ (5116 (iﬁej) — g(sij(S’vb . ﬁe)

. (136)

To obtain the scalar, vector and tensor parts of this expression, we compute the components as

33 = kzkjﬂ'ij y T34+ = klé‘iﬂ'ij y T4 = ézré‘iﬂ'” . (137)
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The projection of a vector V' in the helicity basis is computed in a similar way
Va=k-V, Vi=é, -V, V.=é -V. (138)
Projecting the equations of motion we obtain

4

. 1
P / (- RY'F, — 36, —ﬂ kA- S ((133—0 ) 85 (ﬁmDmgg—SﬁmDmm“)

dQ RPN 4 32 1
= —an.or |jT33 — / E(ﬁe -n)(k - 71)2.7:,Y + §ﬂe S 0vy — i (61}5’53 — gévb . Be)
8

- (139)

<5U2A53 - %5% : Aﬂ)

: . dQ,. -5 . . 2, 4 4 .
34 + lk/ E(” k) (R éy)Fy - glﬁﬂfA R (Cs4 +Cy3) + Bﬁj (Djs+ + Dj+3)

dQ A 16 , . . a8
aww%+/mmfwwwwmawwmw&mﬁ1gwMﬁw@Mﬂ,um

Crde, 8 s
7T+++1k/ﬂ(”'k)(”‘€+)2fv*EC+++T55 Dyt

dQ s 32 8
= —aneor [W++ - / E(ﬁe ~h) (7 - €+)2]'—~/ - B(;U;ﬂ: - T55U;Aﬂ+ ) (141)

where it is easy to check that the projections correspond to the scalar part and one of the two vector and tensor
helicities
_ 4 _ iV T
M33 = =30, w34 =ik, Tpp =T4 . (142)

There remains to perform a couple of angular integrals, writing down the appropiate coeflicients of the expansion
(126) and to substitute the metric variables defined in the previous section (132). After these simplifications, and
rearranging terms, the first moments of the Boltzmann equation for photons are

Scalar. (m=0, £=0,1,2)

5+ %%—i—?(B—E) _4d+ gi(ﬂ k) (¢ — ¢)—|—%ﬂ F

= —%aneaT {ﬁe Xy —Xp) X AB— Ek' (/Be (6y — 6b) + 65 Aﬁ)} ; (143)
0., — %2(% —do.) — k¥ — 4i(B - k)¢ + 2ik*(B - k) (B — E) — k*8 - (S + F)

= —aneor lew — 0 — ik - <Be(67 —0y) — ﬁ‘Z’) - %ﬁ Y +ipAB - k] : (144)
o - éw+%ﬂ—%wkﬂwww—iﬁﬁ—ﬂ—%WﬂF

= —an.or [ay 15 k- (8,0, +48.0, + AB6,) + :i ((B k) FY —i\/g((ﬂe~é+)f3l + (ﬂe~é)]-‘§1)>

(145)

—%(ﬂ~x7+4ﬁe~xb+Aﬂ-xb)
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Vector. (m=+1, £=1,2)

. 3k? - i . 1.
Xy - TWX — 4816+ B4 k*(B— E) + iﬂ kFy + *5—h++
one +5 1, 3
= —ancor | X5 — X + 5+ —Booy — 5 oy = *(5 k)Y 4ﬂe T +PABL (146)
4 3 4 4 . 2 2i
v, * o+ 9 1 2 2 _ < 2
1 (Xw + \/g]'—s ) + 155+(¢+5¢) 1 <5+ +F+) 155JL++ + 1553kF+
= —aneor | Ty BE (0, + kFS) + 1\/ 3 Fi2+ —53 X+ \Ff“
¢ + 15k2 k 15k v 27 ?
e (AB40, + 487 0,) + 15k (Aﬁsxb +482x )] (147)
Tensor. (m=+2, {=2)
4 8
T4y + k‘\/ f h++ + — R i(B-k)hyy = —aneor [ﬂ++ T (ﬁ+ + 485X + Aﬂ+xzr)] . (148)

The corresponding results for the other helicity can be obtained substituting — <+ + in every sub and superscript.

Several comments are in order now. In the first place, note that all the couplings between scalar, vector and tensor
modes are introduced by terms proportional to 8. In the standard case, each mode evolves independently. In the
second place, note the appearance of terms with ¢ = 3. What we present here are but the lowest moments of a whole
hierarchy of coupled differential equations. This system obeys a recurrence relation but it must be truncated at a
finite, prefearably large, value of ¢. The traditional line-of-sight approach [34] was developed to allow a truncation at
lower ¢, and it is used by every modern Boltzmann solver [35, 36]. It will not be used here, even though it can be
adapted to our case [26], since we are mainly interested in the matter power spectra and not in the CMB. Instead,
we will study a simplified version of the system, under the following approximations.

e We will work to first order in 8 and to first order in cosmological perturbations, keeping cross-products. We
have been implicitly working under this assumption, since the RW background is only correct to first order in
B, but we will consistently carry it through.

e We will assume that there are no initial vector or tensor modes to zero order in 5. The assumption is justified
for vector modes, since most popular models of inflation do not produce them at all. On the other hand, since
we have not detected tensor modes so far, and we have stringent limits on their amplitude, we assume that their
amplitude is small enough so we can neglect them.

Under this assumption, the hierarchy is simplified. Since they are zero initially the only production occurs
through their new couplings, i.e. it is proportional to 8. The vector modes are then O(8) and the tensor modes
are 0(62). In general, we can neglect the backreaction of higher m modes into lower m modes. As we will see
in the next section, the Einstein equations are not modified, so we can apply the same reasoning to the metric
variables, i.e. S and F are O(8) and h;; is (9(62).

e The last approximation is the so-called fluid approximation. We will truncate the hierarchy at ¢ = 2 for scalar
and vector modes. This is a classic working assumption in approximate computations of the CMB, that may
introduce up to 10% errors in computations of the CMB spectrum [37]. Another source of error in our case is
the naive truncation scheme we are using, i.e. setting to zero all higher moments. It is a well known fact that
this truncation scheme, neglecting the damping produced by the transfer of power to higher moments, produces
some spurious growth at small scales in the ultrarelativistic species. Since, in this work, we are not interested
in following with great precision the evolution of photons or neutrinos, and we have checked that they have a
negligible impact in our final results, we will nonetheless stick to this crude truncation scheme in our numerical
solutions.

To increase the accuracy of the results for ultrarelativistic species one would need to evolve the full hierarchy
[26], or at least introduce a better truncation scheme [27] or an effective viscosity in the equations of motion for
ultrarelativistic species [38].



23
V. EINSTEIN EQUATIONS

In this section we present the last piece of information needed to solve the system: the evolution of the metric
perturbations. It is worth remembering that, to first order in 3, the background quantities we are interested in, e.g.
p and P, are equal in the O and O frames. Hence, as in previous sections, we will drop the distinction. The full
energy-momentum tensor for each component is

T% +6T% = —p—dp—(p+ P)Bif’ (149a)
T% +6T% =6Q; + (p+ P) (53 + %Aé{ + ;HJ> B8, (149b)
T'; + 6T"; = Pd} + 6P 6} + 011 + (p+ P)B;B" (149¢)

where  is different for each component. We must write now the Einstein equations with this source for the metric
(132). For the background evolution we obtain the standard Friedmann equations plus a condition for the cosmic
center of mass frame

,  81Ga?
W= = ijs : (150)
0=> B.lps+P), (151)
y 1 2 2
H+ 51 = —4nGa > P, (152)

Applying the condition (151), the explicit 8 contributions to the full energy-momentum tensor vanish

5T = o0T,5% == éps, (153a)
0T = 01,5 = " 6Qs4 (153b)

0T =361, = (6P,6% + OIL)) (153¢)

S

In our case the non-relativistic species have pressure and anisotropic stress of order 8. Splitting the sources into
relativistic and non-relativistic components we have

Sp=> dp+ > dp, (154)
NR R

2 |
5P:§Zpﬁk5v +§Z5p, (155)
NR R
5Q" = pév +§Zp511 , (156)
NR R
17 7 j j S0 2 17 k 17
5HJ:Zp<551)J+5J5v —35J5k5u)+25nﬂ. (157)
NR R
Finally, the Einstein equations read
e (0,0)
22 + 6H( + Hp) — 2k27-l(B - E) = —87Gasp . (158)
e (0,4)
k(¢ 4+ Hy) = —4nGa?6Qs | (159)

k(S + F,) = 167Ga?6Q, . (160)
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e (i,])
kK26 — ) — k2(0, + 2H) (B . E) — 127Ga0ll3; | 161

(8r + 2H) (¢ + HY) + Y(H — H?) = 4nGa* (6P + 51133)
ik(9r + M) (Sy 4+ Fy) = 167Ga?011 5

162

(161)
(162)
(163)
%(672_ + 2?’[87— + k2)h++ = 87TGa26H++ . (164)

Again, the results for the — helicity can be obtained substituting — <> + in every sub and superscript. With our
notation, the Newtonian gauge can be obtained just setting B = E = 0 and the synchronous gauge is defined as

v=B=0, (165a)
o=, (165b)
E=—-—— : 1
572 (h + 6n) (165¢)
The Einstein equations in the synchronous gauge for scalar perturbations can be written as
. 2k3n
h — =3HS6 166
~ (166)
3H?
1= —(1 1
=S (14 w)0, (167)
ho -+ 6if + 2H <h+67'7) — %% = —12M%0 (168)
h+Hh=—3(1+3¢)H? , (169)
where we have defined
1 1 4
25 = —6P 0= ——§ = ——0ll53 . 170
Cs p ) 1k(p+ P) QS 5 g 3,0 33 ( )

Appendix C contains a discussion about how the gauge transformations are modified for non-comoving fluids and, in
particular, how to relate the Newtonian and synchronous gauges.

VI. REDUCED SYSTEM AND FINAL EQUATIONS

This section contains the final, simplified equations that will be numerically integrated. In the first place, the
relevant equations for the evolution of the bulk velocities are presented in section VI A. The background follows the
standard ACDM evolution to first order in 3, but there is a first order effect on the perturbations.

Once the evolution of the bulk velocities is known, we need to study the modified evolution of the perturbations.
Working to first order in 8 and with the approximations made at the end of section IV, our modifications to the scalar

and vector modes decouple and can be treated separately. This is the subject of the last two sections VIB and VIC.
As mentioned before, the tensor modes are second order in S and we neglect them.

A. Bulk velocities

The evolution of the velocities of the different fluids is governed by

B=-1nag, (171a)
Te
B, =0, (171b)
Be = _Hﬁe + LA/8 ) (1710)
R,
Bc = _H/Bc . (171d)



25

where we have defined

3

Pb
= — AB = —
R=12 B=8,-B. .
R
“=an, = — 172
T aneor , A TR (172)

and, as we mentioned before, the initial conditions are chosen according to the constraint

> (ps+ P)B, =0, (173)

S

so the cosmic center of mass condition is maintained in the evolution. Moreover, we will assume that all the bulk
velocities (83, 3.,8,,0.) are aligned along the 3 axis in the O frame. As we will shortly see, and can be inferred
from (171a) and (171c), when two species are tightly coupled their velocities evolve to become equal. Once a particle
species decouples, the magnitude of its velocity evolves independently but, in the absence of additional interactions or
other sources of anisotropy, it does not change its direction. In our scenario, we assume that the whole visible sector
has been in thermal equilibrium at some time so all its components, even if they are decoupled like the neutrinos,
have velocities pointing in the direction B The only remaining contribution is the dark sector, with DM among its
components. The dark sector in the O frame counterbalance the flux of momentum of the visible sector to achieve
an isotropic universe, so it must point in the —B direction.

CDM and neutrinos are decoupled, but the photon-baryon system must be treated with some care. In the tight
coupling limit, 7. < 1, it is easy to see that the velocities converge in direction and magnitude and we can look for
an approximate solution of this system. Expanding perturbatively in the small parameter 7, we have

B=—-ANHB+O(7.) , (174)
AB = AHBT. + O(72) . (175)
The differential equation can be solved to yield
Bo
_ 176
B= e (176)

where (3, is the initial velocity of the visible sector in the O frame, the only additional free parameter in our model.
In a similar way, the neutrino and CDM equations can be solved to give

B, =B, (177)
B, =pr®a . (178)

Using the scaling (178) and enforcing the constraint (173) during the tightly coupled regime, the value of Bf°daY is
found to be

49,49,

today _ 1
B 350 Qo (179)

It is important to notice that according to the evolution of 3. (178), early enough in time, the condition 8. <« 1 could
break down. However, this is only the case if the DM keeps the non-relativistic distribution at early times. If the DM
were light enough it could behave as a radiation-like fluid well before its bulk velocity reaches 5. = 1. In this case, [,
would remain constant and small. On the other hand, if the DM is heavy, its bulk velocity can reach the relativistic
regime. In this case, it is worth mentioning that even if the anisotropies that would arise at the background level are
O(Bo) and not O(f33), their effects can only be relevant well before the matter-dominated era, with no observational
consequences.

In order to avoid choosing any particular framework for the dark sector, we will not follow the dark matter evolution
using (178). Instead, we follow the evolution of photons (171a), neutrinos (171b) and baryons (171c), and then the
momentum of the dark sector, regardless of its composition, can be obtained imposing the center of mass condition
(151). Thus, our only assumptions regarding the dark sector are that it is subdominant at early times and that it
behaves as cold matter plus cosmological constant at late times.
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B. Scalar modes

Here we provide the scalar mode equations for the photon-baryon system. Neutrinos and CDM obey the same
equations as photons and baryons, respectively, without the coupling term, i.e. o = 0. In addition to the definitions
(172) we define

AO=0,—0,, (180)

The evolution of the photon perturbations is described by the equations (143, 144, 145). Under the approximation
scheme discussed at the end of section IV, i.e. neglecting backreaction of vector modes and neglecting moments higher
than ¢ = 2, these equations take the form

482 .8 4T i,
6y + 9 + 5 (B-E)—4d+1(B- k)~ 9) = i {—kk-(ﬁemwbm)] , (181a)
2
by~ B0, — 40y) R0 — (B K)) + 202 (B-K)(B — ) = —— | A0 ik (ﬂm —0,) - B —Aﬂw)
] (181b)
4 4 4 1| 4 ;
dV—BGV—BkQ(B—E)—l—;(ﬂ.k) (¢+5z/)):—T—c oy — 151k (8.0, + 48, 6b+Aﬁeb)] . (181c)

Neutrinos are described by the same system, without collision term. For baryons, we apply our approximation scheme
to equations (113) and (114) obtaining

Be - k)
k

5y + 0, — 36+ 128 — ) — 2B Mg, o, k)0 - 6) = {—;k-(ﬁemwbw)], (182a)

R,

Oy + HO, — k> + 2i(8, - k)0, — 4i(8, - k)¢ + 2ik*(3, - k)(B — E) =

NG — ik - (ge(a7 — o) — 55”6 - Ag¢> ] .
(182h)

R,

Again, CDM equations take the same form, but without collision term. The evolution of the full energy-momentum
tensor is described by

§+3H(2 —w)d+ (1+w) 0 — (1+w) (34) k(B - E’)) ~0, (183a)
0+ (1 —3w)Ho + "4 K 25+ 4 —k*p =0 (183b)
v 1w 1+w " 30+w)’ -
where

1 1 1 Zipcﬁcec 2ipbﬁeeb
25 == =py0y + =pud, — — 184
CS p (Sp'Y 'Y+ Sp 3k Sk_ ) ( 8 )

1 ipcﬂcac ipbﬁeab

o= p (,o,ya,Y + pvo, + 3 + 3 . (185)

The system of cosmological perturbations is a system of linear differential equations. A generic cosmological
perturbation g(7, k) can be written as a product of a primordial perturbation, encoding the initial condition, and a
transfer function, encoding the subsequent evolution [39]

g(1, k) =T4(1, k)R, . (186)

As long as we consider only the adiabatic mode, every cosmological perturbation is proportional to the primordial
curvature perturbation Rg. Furthermore, since the system is linear, it can be recast into a system for the evolution
of the transfer functions with the substitution g — 7}. It is common practice to abuse slightly of the notation and to
denote T} as g, the perturbation itself, and to solve the system as if it had initial conditions Rg = 1. The information
about the initial conditions is recovered later, in the computation of the physical spectra, convolving the transfer
function with the primordial spectrum. We follow this practice.
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An important difference in (181) and (182) with respect to the 8 = 0 case is the appearance of imaginary terms.
Usually, even though the Fourier coefficients are generally complex, the evolution equations are real. In this case,
both real and imaginary part of T, satisfy the same equation and with a judicious choice of initial global phase it can
be made purely real. With the appearance of complex coefficients, real and imaginary parts form a coupled system
with different equations of motion.

We will assume that the global phase has been chosen so that the imaginary parts are initially zero, or at most
O(B). Even if they are initially zero, the terms proportional to 8 couple the imaginary to the real parts, driving them
to a finite value proportional to 8. Then we are in the same situation as with the vector modes. The imaginary parts
of the scalar modes are determined by the real parts, but they do not backreact on them. The real parts follow the
standard cosmological evolution. Therefore, every perturbation transfer function can be splitted as

9(7—7 k) = gR(Tv k) + I(B ) ];)91(7-7 k) ) (187)

where now g% and g’ are purely real and do not depend on the direction of k. Following this definition and the
previous discussion, we are in the following situation.

e The real part of the perturbations ¢ only contains adiabatic perturbations, as in standard ACDM, and follows
the standard evolution.

e The real parts act as external sources in the system for the imaginary parts, via contributions O(3). The
imaginary parts of the perturbations ¢! are O(3).

We will work in the synchronous gauge (165). The modified gauge-transformation properties are provided in the
appendix C. Written in the synchronous gauge, the final system for the photon perturbations is

. 4 2. 80k 4
I Zpr 251 _ OPF R _ AHR R A 1
B+ 500+ ght =S = o [ﬁe 0% + 0} 5} : (188a)
. k2 . . 1 snk
05 — = (& —403) + Bk (hR + gnR> = [Ael —k (ge((sﬁ — ol - ﬁ%) 1 : (188b)
4 2 /. 48k 1 4
Tt 4 (i I\ _ PR R L1 % R R R
o) — 20— (A +6i") - ==n - lav = (8.0 + 4507 + AB o] )] . (188¢)
The equations for neutrinos are the same, setting the collision part to zero. For the baryons we have
. 1., 2HB 1
I I i epR R _ _ R R
i+ 0f + ShT = 008 — 28,k e [ﬁeAe 4o Aﬁ} : (189a)
Bl 10T + 28,08 + 8ok (W 4 207) — —— | n07 — & (Bu(oR — o7y — g2 189b
o HOL 4+ 28.h00 + Bk (A 4 207) = e | 80T —k (o6 o) =57 ) | (189D)
And finally for the full fluid
) 1 .
O+ 3H(E —w)d' + (1 4+ w) o' = —5 (14 w) nt, (190a)
. H k2 4]'{32
6+ (1 o+ gl — R LA L— 190b
+(1-3w)H +1+w 1+w655 +3(1+w)0 0, (190Db)
where, in the synchronous gauge,
1/1 1 2p B0y
251 — Z (Zp 60 4+ Zp, 6L — b 191
CS p 3p’Y ¥ + 3p v Sk ’ ( 9 )
R
ol = % <p,y(7,€ + pool + pbﬁgeb ) : (192)

To complete the system, we compute the variables n and ah using a combination of the Einstein equations

. 3H2
0t = 5 (1+w)6!, (193)

W'+ HA! = =3 (1+3c2) H?! . (194)



28

Usually, one would integrate the equations for photons, baryons, neutrinos and CDM. Then, after adding all the
components, one would compute the sources for the metric perturbations, i.e. the full energy-momentum tensor. As
we mentioned before, in our setup we have found it more convenient to follow a different route. Instead of tracking
the behaviour of the dark sector, thus choosing a particular DM framework, we follow the evolution of the whole fluid
(190). Using these equations, the only underlying assumptions are

e The dark sector is subdominant with respect to neutrinos and photons at early times, i.e. before the matter-
domination era.

e There is a transition to a CDM behaviour at late times.

Under these assumptions, the only CDM contribution to the full fluid goes into the equation of state w, since in the
synchronous gauge it does not contribute to §P or o at first order in 8. The evolution of the dark sector can be
obtained afterwards subtracting the contributions of photons, baryons and neutrinos from the full fluid.

We are in position now to numerically solve the system. Our strategy can be summarized as follows.

I) The background and the real part of the perturbation, labelled with R, follow the standard evolution and act
as external sources in our system. We use CLASS [36] to precompute these sources and then solve numerically
the system for the imaginary parts, labelled with I. The equations for the evolution of § are (171a), (171b) and
(171c).

IT) The system to be solved for the imaginary parts consists of (188), (189), (190), (193), (194) and a neutrino
contribution equal to (188) but without collisions.

III) The initial conditions are discussed in the appendix D, where we find the analytic super-Hubble behaviour of
the perturbations. In addition to the usual adiabatic and isocurvature modes [40], we find a “sourced mode”
that depends on the initial value of n%, i.e. the standard initial curvature perturbation in the adiabatic mode.
If we assume that 6. (7 = 0) = 6, (7 = 0), since they have been thermally coupled at some point, the presence of
these external sources introduces an isocurvature velocity perturbation

0! (t =0) =0.(r =0) = 26kn"(r =0) , (195)

where (3 is the initial value of the velocity of photons and neutrinos. All other perturbations are assumed to be
initially zero. The whole analysis and the series expansions are described in the appendix D.

IV) The impact of perturbed recombination [41, 42] is usually neglected but it will be important in our case. This
subject is covered in section VIB 1.

V) We need two approximation schemes to follow the numerical evolution, the so-called tight coupling approximation
(TCA) and radiation streaming approximation (RSA). We use the same criteria and switches as CLASS [36]. The
appropiate equations for TCA are presented in section VIB2. While TCA is important at early times, RSA is
crucial at late times, when the ultrarelativistic species are decoupled and start oscillating fast. In this case, it is
time consuming to follow every oscillation but it is not necessary since at late times the impact of ultrarelativistic
components on the metric potentials is negligible. We describe this scheme in section VIB 3.

1. Perturbed recombination

The disturbances in the photon temperature field produce perturbations in the ionization fraction of the electrons.
In standard ACDM, this inhomogeneous recombination produces second order effects in the CMB, but it has proven
important at late times when computing other observables like the 21 c¢m radiation, through its effects in the gas
temperature [41, 42].

Boltzmann codes like cAMB [35] and cLASS [36] have implemented perturbed recombination at late times. This
implementations follow the formulae of RECFAST [43], including perturbations into the recombination coefficient
that effectively takes into account multilevel atom computations. These codes also track the evolution of the gas
temperature and its perturbations, that modify significantly the baryon sound speed.

The study of the dark ages in detail is beyond the scope of this work, but, in our case, perturbed recombination
plays a role in the photon-baryon system to first order in 5, where a perturbation in the number of free electrons dn.
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appears, e.g. see (109). The baryon sound speed has been neglected in our calculations, it is only important at very
small scales, and we will neglect the perturbations in the gas temperature and the recombination coefficient as well.
Defining the ionization fraction [43, 44] as
Ne
Te = — 196
= (196)
where n, and n; are the number densities of free electrons and baryons, respectively, we have

0ne

=0+ 0z, , (197)

€

where d,, = dx./x. is the relative perturbation in the ionization fraction. Since dn. always appears multiplied by 3,
to study its evolution it suffices to take (89) with 8 = 0. After a few manipulations we obtain

d [ don. o (1 1.
87’<n >_aT(a3n )a36n6+9b+2h:0. (198)

Substituting the definition (197) we get the final evolution equation

§un + i—i(éb + 5%) ~0. (199)

We solve this equation for each mode with initial conditions ¢, (7 = 7ini) = 0 and using the full ionization history
z.(7) provided by the thermodynamics module in CLASS, computed using RECFAST.

2. Tight coupling expansion

At early times, the time scale of Thomson scattering, 7. = (an.or)”!, is much shorter than the time scales of
evolution of the background, H~!, or that of the modes, k~!. In this regime, the photon-baryon system becomes
computationally hard to solve, since it involves widely different scales. However, we can find approximate expressions
to follow the evolution, expanding perturbatively in the small parameter 7.. This is known as the tight coupling
approximation (TCA). In this work, as usual, we will restrict ourselves to the lowest order in this expansion. Higher
order terms in the standard scenario, and the procedure to obtain them systematically, can be found in [45] and [36].

To obtain the equations of motion to leading order in 7., we need to expand A#’ and orfy to first order in 7., just as
we did with the TC expansion for 8. Solving simultaneously for both quantities, and plugging in the TC values for
the real part of the perturbations and 3, we get

k2
0" = Bk (65 — ot — 61 +Tc{4,4§§ + ANG!

+ Bk [A(A— DH (6 — 64 — 050 ) — AL + A0T — 2gr + AR + “ghR = (hR +67'7R)} } +0(72) ,

157
(200)
ol = 3§ oF + {4ef (i# + 67'71) +8 [k(A — 5)6% 4 dkn® + SAM 9R] } +0(r2) . (201)
The final equations of motion of the photon-baryon plasma during the tightly coupled phase are
of + 61 + %h’ = [MéR +k (iaﬁ i 6;'{) + 2kn® + AHHR} : (202)
5£+§0§+251:ﬂ[kp453 83kn3+63§1k?'19ﬂ ’ (203)

2

. k 4 . . AN .
9§+AH9§+Z(A— 1)6} = Bk [A(1—A)H (68 — ot — o) — A0k — geﬁ—Aai T~ (1+6) hR] . (204)

The evolution of every mode starts in a radiation-dominated phase during which TCA is valid. We start evolving this
set of equations for each mode until we switch the TCA off, according to the CLASS switches [36]. Once we switch it
off we evolve the full system, joining the solutions smoothly.



30

3. Radiation streaming approximation

The evolution equations for ultrarelativistic species (188), like neutrinos, can be combined into a single second-order
differential equation
k2

ol = —5(5,5 —doly + 22

45” (hR+4 ) %hl (205)

and the same applies to photons after decoupling. Once the perturbation is sub-Hubble, it starts oscillating very fast.
During matter domination, it is possible to ignore the contribution of ultrarelativistic species to the total density but
their contribution to the total velocity is still important. The radiation streaming approximation (RSA) consists on
following only the non-oscillatory particular solution of these equations [36]. Since in this regime |4, | < k2|5,| and
|ov| < 16,|, our RSA solution is

48, /.
I _ < I v R ‘R

51 = k2h . (h + 44 ) : (206)
o) = —ih’ +2B,kn" (207)
ol =0. (208)

We will apply the same equations to photons after decoupling, neglecting the small impact of reionization.

C. Vector modes

In this section, we will describe the evolution of the vector modes, following the same steps as in the previous
section. Since the evolution equations, and the initial conditions, for both helicities are the same, we can rewrite the
vorticity for the species s as

X =xs ((Bre)e+ (B )ey) (2092)

=x. ((B-9)a+(3-9)7) - (200b)

Then, we do not need to distinguish between helicities and we can just write one equation for xs. The same applies to
the vector part of the shear tensor Y. Starting from (146) and (147), under our approximation scheme, i.e. neglecting
tensor modes and moments higher than ¢ = 2, the evolution of the photon vector modes is described by

3k 1 one 1
Xy + 5 (h 277) T4 ™ T . {AX + <5 e Be <5'v + 2"7))] ) (210a)
WY+ aox 1z (S+E) 4 2By = —— ) + o (Bl + 45,6, + AB0) (210)
T Te 15k2 ¢ © ’
where we have defined
AX =Xy — Xb - (211)

Again, the behaviour of neutrinos can be obtained from these equations, setting to zero the collision term. From (114)
and (119), baryons and dark matter evolve according to

. 1 . ) 1 0N, 1
Xb + HXb + Beeb + 5/88 (h - 27]) - .R |:AX + (B Ne - ﬂe (57 + 207)>:| ) (212)
Xe + Hxe + 2 (h—2i)=0. (213)
(& (& 2 c

The evolution of the total vorticity, i.e. the vorticity of the full fluid, is

W K
X+H(173w)x+ﬁxfl+w7r =0, (214)
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where
v_ 1 v v_ 1
T = ; P, + 97777 — ﬁﬁeeb . (215)
Finally, the relevant Einstein equation is
. 167Ga?
S+F= 12 (p+P)x . (216)

Our strategy for the integration of the vector modes can be summarized as follows.

I) The background and the scalar modes evolve according to standard ACDM and act as external sources for the
vector modes. We use CLASS to precompute the sources.

IT) The system to be integrated consists of (210), (212), (214), (216) and a neutrino contribution equal to (210) but
without collisions.

ITT) The initial conditions are described in the appendix D.

IV) As in the scalar case, we have to take into account perturbed recombination and we need to implement the TC
expansion and RSA in the vector case, as discussed in the next sections VIC1 and VIC 2.

1. Tight coupling expansion

As in the previous section, we need to find the approximate equations to follow the tightly coupled phase. Performing
the same manipulations, and inserting the TC solutions for 8 and the scalar modes, we get

2 .
Ax/m6b6zﬂ>+n{Aﬂxﬁy+ﬁ[A<A1>H<av6b6ze>AH67+“§97+1597+A6%
A, 1 ,
+6h+15(h+6n>}}+0(n) ; (217)
45 4 . 5 A 2AH

The equation governing the evolution of the photon vorticity during TC is

1 . 1 1. .
Xy = _AHX’Y - ﬂev - 55 (h - 27]) +BA [(1 - A)H((% —0p — 515) - gev - gh — 0z, | - (219)

2. Radiation streaming approximation

The equations (210a) and (210b) for neutrinos, or photons after decoupling, can be combined into a second order
differential equation

. 2 .
(S+F) - %ﬁm - %By (h — 27’7’) : (220)

k2 k2
Xv = _EXU - E

During the period of rapid oscillations, we are in the situation in which |¥,| < |k?x,| and |x,| < |k?>7Y|. From the
previous equation and (210a), the approximate non-oscillating particular solution is found to be

%m (h - 27'7') : (221)

7Y = S%ﬁy (h - 27'7) . (222)

Xu:_(S+F)_Bu77+
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8. Semi-analytic solutions

The equations obtained admit semi-analytic solutions in some regimes. During the TC regime, from (217) and
(219), we find, to lowest order in 7,

(14 R)y, = —%50(}1 — ) + BoA (8 — 6 — 6,,) — %/ (1 + “j) 0,dr +C, | (223)
1 A
(L+ R)xo = —50(h —20) - 5 iOR (6, — 0y — 04,) — %/ <1 + 4) 0,dr +C, | (224)

where C, is a constant of integration, to be set with the initial condition, and S is the initial velocity of the photon-
baryon plasma. Another result that can be obtained, integrating (213), is the evolution of CDM

1
aXC::-—iﬁgxby(h——Qn)4—Cc. (225)

As discussed before, we do not specify the behaviour of the dark sector at early times. Hence, we do not use this
equation. We solve the system instead using the total vorticity (214) and then we obtain the vorticity of the dark
sector subtracting the other components.

VII. RESULTS AND DISCUSSION
A. Observables

Once we have constructed a consistent system of equations, we must discuss which of the intermediate variables
correspond to physical observables. One of the main observables in cosmology is the distribution of temperature
anisotropies in the CMB. The CMB is very nearly isotropic and described, at the background level, by an equilibrium
Bose-Einstein distribution

1

Deviations from this background distribution are usually parameterized as temperature perturbations

F(r, 2, p,0) = [exp (T[l —|—®p(7-,a:,ﬁ)]> - 1]1 . (227)

The temperature perturbation can then be written in terms of the distribution function as

/ﬁ@ﬁ—m
A+0) —1=4—— = A. (228)

/ﬁ@h
With our definition for the distribution function (72), the deviations from (226) are
A1 _4F (229)
A -pea)t T

To first order in cosmological perturbations we have

I PR U VR
@—7(175.71) 1+4’7(1 B-n)*Fy
:ﬁ~ﬁ+i(l—3(B~ﬁ)+(’)(ﬂ2)>}}+0(ﬁ2) . (230)

This would be the temperature perturbation observed in the O frame. From the Sun’s reference system, the observed
temperature perturbation Qg is

1400 =7 (1-n-By)(1+06), (231)
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where 3 is the velocity of the Solar System in the O frame. Expanding to leading order in 8 and 3 we get

Op = (,B—ﬁe)-ﬁ—i—i(1+ﬁ~(6—66)—4(%6))}}4—(9(62) ) (232)

The reduced distribution function can be decomposed schematically as

Fy(h, B) = FrPM(a) + (A - B)FL (A) + O(B?) (233)

where FAPM follows the standard evolution and FZ contains our modification, i.e. the imaginary part of the scalar
modes and the vector modes. Finally, we need to take into account the aberration effects. The direction 7 observed
from the Solar System is related to the direction 7 in the O frame as

Po i — 1086

o = Yol =7 Bg) 2
Then, to first order in 3, we can express the direction as
n' = niy = (8 —nne,) (B — ) + O(87) (235)
where we have defined the relative velocity between the Sun and the CMB rest frame
Béns =B - Bo - (236)
It is customary [8, 46] to express the deflection instead as
B—(r-B)a=V(n-B). (237)

Taking everything into account, the temperature perturbation that would be measured from Earth in the direction
fl@ is

1
O6(he) = o - Bius + 1 (14 e - Bp — 41 - B)) F2PM (o — V(ie - Bowg) + V(e - 8))

+ i(% - B)F (7o) + O(B?) . (238)

The first term represents the usual kinematic dipole, i.e. the Doppler-shifting effect associated with the relative
motion of the observer with respect to the CMB. The second term contains a dipolar modulation and aberration
effects. Both effects produce a kinematic mixing of the multipole coefficients. The third term is a purely dynamical
contribution, i.e. the effect of a relative motion between different species during the evolution. While recovering
standard results [8] for 3 = 0, in our setting we observe two kinds of new effects. First, the directions of the dipole,
the dipolar modulation and the aberration effects do not coincide. This effect comes from the fact that, in our
scenario, the standard ACDM evolution is recovered in the O frame and not in the CMB rest frame. In standard
cosmology both frames coincide and this difference does not arise. The second effect is an additional source of
statistical anisotropy, coming from the modified evolution, with a dipolar pattern.

The CMB dipole is very well measured, with the latest Planck value being 68MB = (1.23357 £ 0.00036) x 1073
[2]. Tt is widely accepted that its origin is mostly kinematical, so it gives us a very precise measurement of our
relative motion with respect to the CMB. The Planck Collaboration also measured our relative motion using the
kinematic correlations induced between different multipoles and the resultant anisotropic signal [1, 8]. Even though
the uncertainties are large in this case, and there seems to be some tension [1], the velocity inferred using this method
is compatible with the dipole, supporting its kinematical origin. The relative velocity with respect to the CMB
frame is usually interpreted as the result of peculiar motions of the Sun and the Local Group [47]. However, in our
scenario, the relative velocity would arise as a combination of the local motion, with respect to the matter frame, and
the relative motion between the matter and CMB frames. This gives rise to distinctive phenomenological consequences.

At the background level, the non-coincidence of the CMB and matter frames produces a global motion of large-
scale structures with respect to the CMB. This effect could be potentially observed as a bulk flow on the largest
scales. Measurements of bulk flows, at different scales, have been carried out in peculiar velocity surveys and using
the kinetic Sunyaev-Zeldovich (kSZ) effect [22, 23]. See, e.g., Table 5 of [24] and references therein for a collection
of recent measurements. Although there is a long history of conflicting measurements and anomalously large flows
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on cosmological scales, in this work we adopt the reported limit of Planck [23] for two reasons. In the first place, it
extends to the largest scales, up to 2 Gpc, where a cleaner determination of our global flow is expected. In the second
place, it sets the more conservative bound in our parameter 3y, in the sense of being the more restrictive to us. From
the reported Planck value v < 254 km/s (95% CL), and according to the time evolution of £ in Figure 1, we obtain

Bo < 1.6 x 1072 (95% CL) . (239)

Note that, since we are performing a first-order computation, all our results scale trivially and we will write them
explicitly in units of By. The previous constraint is wholly compatible with the local measurements of peculiar
motions mentioned above. The peculiar velocity of the Local Group, and other higher order structures, with respect
to the CMB is inferred from the movement of the Sun with respect to both of them. The constraint (239) yields a
value B < 0.85 x 1072 today, of the same order as the measured velocity B = (1.00 £ 0.05) x 1072 [2], so it can
be accomodated without fine-tuning the directions of these relative velocities. Potentially, it could even constitute a
component of unaccounted peculiar motions of the largest structures [47]. This constraint also justifies our first order
computation. In section IT it was discussed how to construct a RW background to O(S) and how the (9(62) terms
introduce anisotropies, i.e. a Bianchi background. Using (239) we can see that the terms (9(62) are in fact smaller
than than a typical cosmological perturbation. Therefore, it is completely justified to take the RW metric (36) as the
background geometry.

At the perturbation level, it can be proven that, to first order in 3, our modification does not leave an imprint
in the CMB temperature spectrum, i.e. Cy’s. To lowest order, the first CMB signatures appear as deviations from
statistical isotropy. It is very important to notice that our model produces a distinctive signature in the CMB. In the
standard picture, as mentioned before, the motion of Earth produces a violation of statistical isotropy in the CMB.
In our case, there would be an additional, purely dynamical, source of statistical anisotropy, caused by the relative
motion between matter and radiation during the evolution. Both effects could in principle be disentangled. We leave
this analysis for future work [26], focusing instead on LSS observables.

The local motion of the Earth also leaves an imprint in the observed galaxy distribution [10, 11, 46], even though
the analysis is not straightforward in this case. Upcoming galaxy surveys like Euclid [14] or SKA [15] will measure
the induced dipole with high precision. A significant difference between this dipole and the CMB result would be
difficult to accomodate in standard ACDM, but could be easily interpreted as the result of a relative velocity between
the CMB and matter frames. Even if no such difference is measured, the bulk motion can still be smaller than the
local one, and yet lead to observational signatures, as we will immediately see.

Until now, we have mainly discussed the effects on the CMB temperature perturbations. Another class of observables
comes from the clustering of matter. The distribution and redshift of galaxies give us information about density
perturbations and peculiar velocities. Again, in the standard matter power spectrum we do not have a first order
effect. On general grounds, if we consider a cosmological quantity g splitted as in (187), we have

|g(7_ak)|2 = ‘gR(Tv k)|2 + 0(62) y (240)

i.e. the standard result. However, in the cross-correlation between two cosmological perturbations g; and g, we get
a first-order dipolar contribution

9195 = 9ot +1(B - k) (g1 gf* — gffgl*) + O(B?) . (241)

Every cross-correlation between cosmological quantities contains a dipole modification with this structure. This effect
could be observed in the future in the cross-correlations between matter density and velocity [48], as the precision
of the surveys increases. It is conceivable that this effect could appear in cross-correlations between baryon and
CDM densities as well, even though a thorough analysis using lensing information would be in order. Finally, the
generation of vorticity, purely decaying in ACDM, is another distinctive feature of our model.

Since the most accessible observables are related to velocity perturbations, we conclude this section clarifying a few
points concerning our previous definitions. In particular, it is important to relate the intermediate variables we have
used with the physical velocities. The velocity that would appear in the energy-momentum tensor of a fluid (1) is the
velocity of a frame in which the momentum flux, i.e. the component Tp;, is zero [49]. Using the boost-transformation
properties (45b) we can obtain an equation for the physical velocity U of the fluid

VP (QF = UpT™) = 5°U" (p+ P — Q'U;) =0, (242)
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where
— — i 7 _ UZU
y=Q1-U»)"12, Pi=si+(7-1) U; . (243)
Working to first order in 8 and in cosmological perturbations we have
, . 1 . 4 A
Ul =B+ ——= (6Q" — B*6II}, — B'(3p + 6P)) . (244)
p+P

The physical velocity has two parts, a bulk velocity §; plus a peculiar contribution du*. For ultrarelativistic particles,
the peculiar velocity can be expressed in terms of our previously defined variables (83) as

, .3 , .
dut = dvt — Zﬁ’%,@ — 6% . (245)
It can be splitted into a scalar and a vector part

ik

ou’ = 0+ ¢t (246)

so that we have
9=0—-i(B-k)(d—0), (247a)
(F=x"—(B-éx) (6 + ;a> . (247b)

For non-relativistic species, the results are identical setting o = 0. It is worth noting that this is not the only
physically sensible definition of the velocity of a fluid. It can alternatively be defined as the velocity of the frame in
which the flux of particles (45f) is zero [50]. Both definitions agree for non-relativistic fluids if the number of particles
is conserved.

B. Time evolution and transfer functions

The time evolution of the bulk velocities for the different components is represented in Figure 1. All the
components in the visible sector start their evolution with the same velocity in the center of mass frame, and its
momentum is counterbalanced by the dark sector. The velocity of the neutrinos, since we are neglecting their
masses, is always constant. The velocity of the photon-baryon plasma is constant deep in the radiation-dominated
era. Once the baryonic contribution to the energy density becomes important, the plasma velocity drops down
as a~ !, see (176), until decoupling. After decoupling, the velocity of the baryons keeps scaling as a~!, like CDM,
while the photons keep a constant velocity, with a slight late-time effect from reionization. Today, the cosmic center
of mass, i.e. the O frame, almost coincides with the matter frame but photons and neutrinos possess a sizeable velocity.

Finally, we present the transfer functions evaluated today for a range of k£ and their time evolution for a fixed value
k=102 Mpc™!, as a sample from the full results for the evolution of the perturbations. All the results concerning
cosmological perturbations are computed in the synchronous gauge and then transformed back to the Newtonian
gauge, that can be more easily interpreted in the Newtonian limit [51, 52]. Figures 2, 3, and 4 contain the density
and velocity of CDM, baryons and the full fluid. Figure 5 contains the metric variables, i.e. Newtonian potentials and
vector metric perturbations. The quantities with an R superscript follow the standard evolution and are computed
using CLASS with the Planck 2018 [53] input values. The modified contributions, with an I superscript, remain
smaller than the standard ones for most values of k£, but not as small as could be expected. The difference at scales
of 0.1 Mpc™ is just one order of magnitude, instead of three as could be naively anticipated from Sy = 1073, and
the modifications could grow even larger above the non-linearity scale.

C. Spectra

We stick to the following conventions for the definition of the spectra. In the first place, we define the spectrum of
a single variable as

(0(2,k)6%(z, k")) = 6(k — k') Pss(2, k) (248)

= 0(k — K)|67(z, k)|22ki32737z(k) +0(6°%) . (249)
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FIG. 1: Time evolution of the bulk velocities for the different components. The dark matter velocity is obtained enforcing
the cosmic center of mass condition (151). Massless neutrinos behave as an uncoupled ultrarelativistic species throughout the
evolution and maintain a constant velocity. The photon-baryon plasma behaves as a single fluid, either matter- or radiation-like,
until decoupling zgec ~ 1090. Around z ~ 11 there is a small effect in the photon velocity due to reionization.

105 Transfer functions (z=0) 10! Transfer functions (k=0.01 Mpc 1)
[657] (6571
4] I64] . 3
10 _ \()’C”| 103_ _ :(S’Jl
1034 --- 1] ——— 0]
_ W?l 102' — ‘5R|
1024 === 17 === [
101
10' Ry
, _ 109125
10”1 s
" AN
10! 10714 NI
-2 | ™ \\‘*~\ ;’:;;’
1072 | 10 \\‘ ,’,_~~\‘ ‘,’/,1
3 ‘III, \\\\ ";’
10731 107 ¥
i i Vi
074 fesg o7 107 | H
Sz=== i
]
105 } : ' . v -5 r " — T
107° 107 1073 1072 107! 10° 0 10! 102 10 10*
k [Mpcfl] 1+=z

FIG. 2: Transfer functions, with initial curvature perturbation normalized to one, in the Newtonian gauge. Both panels
represent the evolution of the density contrast, both the standard and our modification. The imaginary parts are proportional
to Bo. We show the results for fo = 107%. (Left) The vertical line indicates the super-Hubble and non-linearity scales,
respectively. (Right) The vertical line marks the horizon crossing. In the red and green shaded regions the RSA and TCA,
respectively, are switched on.
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FIG. 3: Transfer functions, with initial curvature perturbation normalized to one, in the Newtonian gauge. Both panels
represent the evolution of the velocity divergence, where the imaginary parts have been redefined according to (247). The
imaginary parts are proportional to 3. We show the results for 8y = 1073, (Left) The vertical line indicates the super-Hubble
and non-linearity scales, respectively. (Right) The vertical line marks the horizon crossing. In the red and green shaded regions
the RSA and TCA, respectively, are switched on.

where §7(2, k) is the real part of the transfer function and Px (k) is the usual nearly scale-invariant curvature spectrum.
For the cross-correlations we define

Re (6(z,k)0%(2,k')) = 6(k — k') Pfi (2, k) (250)
=6(k — k)07 (2,k)0% (2, k)%QPR(k) +0(8%), (251)
Im (3(2,k)0% (2, k")) = 6(k — kK')(B - k) Ply(2, k) (252)
=0(k —K)(B-k) (6" (2, k)07 (2, k) — 6%(2, k) (2, k)) 21%27373(@ +0(8%) . (253)
The vorticity spectrum is defined in a similar way, according to definition (209),
(k) - ¢ (k) = ok = k) (1= (B 0)?) Pc(z: ) (254)
= ok — k) (1= (B 02) 1€ 2 Pr(h) + O(47) (255)

The results for the velocity spectrum and the density cross-correlation for CDM are represented in Figure 6. In
addition to this information, the velocity-density cross-correlation induced by our modification shows a distinctive
dipolar pattern. In the same way, the vorticity autocorrelation, even though its amplitude is very small, deviates
from statistical isotropy, with a quadrupole term in addition to the monopole. Figure 7 shows the cross-correlation
between the matter density and the lensing potential, defined as ¥ = ¢ + 1. This combination is observable using
weak-lensing information [32, 54]. Again, our additional contribution becomes important at small scales, being just
one order of magnitude below the standard result at scales k = 0.1 Mpc~" instead of three as might be inferred from
Bo = 1073. Both vorticity and deviations from statistical isotropy are absent in standard ACDM. Their presence,
with the structure proposed, is a testable effect that could be used to confirm, or disprove, the non-comoving scenario.

As we have seen, in our modified setting, velocity spectra are the most easily accessible LSS observables that
show significant deviations. Peculiar velocity surveys provide useful complementary information but currently are
not competitive with other cosmological observables to constrain standard cosmology [48, 55]. Nonetheless, as the
precision of velocity surveys increase, such an effect might be seen or at least prove more competitive than the dipole
measurements in the CMB and galaxy distribution to constrain Sy [56].
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FIG. 4: Transfer functions, with initial curvature perturbation normalized to one, in the Newtonian gauge. Both panels represent
the evolution of the vorticity, compared with the velocity divergence. Again, the vorticity has been redefined according to (247).
The vorticity is proportional to By. We show the results for Sy = 1073, (Left) The vertical line indicates the super-Hubble and
non-linearity scales, respectively. (Right) The vertical line marks the horizon crossing. In the red and green shaded regions the
RSA and TCA, respectively, are switched on.

VIII. CONCLUSIONS

In this work we have developed the theoretical framework needed to analyze the cosmology of non-comoving
fluids. We have shown that it is possible to relax one of the underlying assumptions of ACDM, comoving CMB
and matter frames, while retaining an homogeneous and isotropic universe. Even if the background behaviour is
preserved, the evolution of the perturbations is modified, leading to new phenomenological signatures. To first
order in the relative velocities, i.e. O(f), we reproduce ACDM behaviour in the main cosmological observables,
like the matter power spectrum and the CMB temperature power spectrum. We have postponed the full CMB
analysis [26], focusing instead on LSS observables in this work. As mentioned before, we find that the effects on the
autocorrelation spectra are 0(62) but there are O(p) effects on every cross-correlation between cosmological per-
turbations. Additionally, these corrections present a dipolar pattern, producing deviations from statistical isotropy.
We have observed that the additional contributions to the cross-correlation spectra become important for small scales.

Another distinctive feature of this model is the production of vorticity, which is absent in ACDM. The relative
motion of the fluids induces O(3) couplings between scalar and vector modes. This in its turn leads to the production
of vorticity and vector metric perturbations, sourced by the scalar modes. This vector contribution also leaves a
characteristic imprint in the velocity spectrum, with a statistically anisotropic quadrupolar modulation. No tensor
modes are excited to O(f).

Our only additional free parameter, 3y, is the initial velocity between the visible and the dark sector, in the frame
that observes a homogeneous and isotropic background. Measurements of large-scale bulk flows and the CMB dipole
allow us to set a conservative limit

Bo < 1.6 x 1073 (95% CL) . (256)

Satisfying this constraint, our model is compatible with current observations, and yet it can have striking phe-
nomenological consequences. There is a work under way to study the impact on the CMB and to give concrete
predictions about violations of statistical isotropy [26]. In particular, it may alleviate the tension that seems to arise
when interpreting the anisotropic signal in the CMB as a pure kinematical effect [1]. This tension corresponds to the
dipolar modulation anomaly [25, 57] that arises when analyzing low multipoles. The modulation points in a direction
different from the kinematic dipole and seems to have a larger amplitude, even if it is compatible with zero within 20 [1].
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FIG. 5: Transfer functions, with initial curvature perturbation normalized to one, in the Newtonian gauge. Both panels
represent the evolution of the Newtonian potentials, their difference and the vector metric perturbation. The imaginary parts
and the vector modes are proportional to Bo. We show the results for Bo = 1072, (Left) The vertical line indicates the super-
Hubble and non-linearity scales, respectively. The sharp drop in the difference between the Newtonian potentials at small
scales is a consequence of the RSA. On those scales we are setting the shear of ultrarelativistic species to zero, since it has a
negligible impact in our observables. (Right) The vertical line marks the horizon crossing. In the red and green shaded regions
the RSA and TCA, respectively, are switched on.

More importantly, the production of vorticity for the photon-baryon plasma opens an avenue for the creation of
magnetic fields [58]. The origin of the galactic magnetic fields is a long-standing open problem [59]. The Harrison
mechanism [60] is a cosmological production mechanism that needs vorticity in the photon-baryon plasma to operate,
but unfortunately it is absent in ACDM to first order in cosmological perturbation theory. Several studies of
second-order cosmological perturbation theory have proven that in this case vorticity, and thus magnetic fields, is
created but with an amplitude far too small to act as seed fields for the galactic dynamo amplification mechanism
[61-63]. Our setup is similar in some regards to a second order computation, but our relevant scale fy is larger than
a typical cosmological perturbation and so it is our vorticity production. The associated magnetic fields in our case
are expected to be larger and their spectrum would have a different tensor structure as well, since we are singling out
a privileged direction [58].

After setting up the formalism for a non-comoving cosmology and proving its viability, this work paves the way for

the search of these exciting new signatures.
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Appendix A: Geodesics

In this appendix we will compute in detail the geodesics for a general perturbed RW metric

ds? = a®(r) ( — (1 — A)dr? + 2Bidrda’ + (6;; + Hij)dxidxj) : (A1)
that is
o (-1+4+A B; w1 [-1-A B?
Juv = G ( B; 6ij + Hz) 5 g = E B 54 — HU y (A2)
and with the constraint
g""P,P, = —m? . (A3)

Defining the proper-time parameter as d\ = v/—ds?, the standard definitions for the 4-velocity and 4-momentum are

dzt

Ut = — A4
= (A1)
P, =mU, , (A5)
PO = —€e+ 5P0 . (AG)
The geodesics are given by
dau#
T v — A
Y +I',,U"U" =0, (A7)
that can be conveniently rewritten as
dU 109,
w— — o (A8)

A\ 2 Oze

This last form is especially useful. Since the background metric is homogeneous, we can keep only the zero order in
U, to compute the spatial part. Writing the evolution in terms of the conformal time we have

ap; au; 1 : :
== % o = 5. (COA+2PIOB; + PIPRO,H ) (A9)

The spatial momentum is redefined as

) 1 .
P, = (5'72' + 2HJ1-> 4 (A10)
a?P' = —¢B' + (5’”’ — ;H’“) a (A11)

where, from now on, every spatial index on a perturbed quantity is assumed to be raised or lowered using d;;. From
the mass-shell condition (A3) we obtain

e —m2a?+ ¢ (A12)
Py = —¢ (1 - ;A) +¢;B", (A13)
P== (1 + 1A> . (A14)
a 2
The geodesic equation can be written with this parameterization as
% = %EaiA +¢’9;B; + %qjqk (0iHji, — OrHj) — %qui‘ - (A15)

Further decomposing ¢; into direction 7 and magnitude g

g =qn; — niéijnj =1, ¢= §ijq¢qj , (A16)
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we have
dg _ ;dg
s SN B (2 Al
ar _ Var (AlTa)
dn; 1 /_; , dg;
== (5 —pi )J Al17b
dr q ( ¢ T dr ( )
Finally, using the following succint redefinition of metric variables
1.
Ci' = &BJ - §H2J 5 (A18)
1
Dijr = 5 (0iHj — OpHij) (A19)
the final formulae needed to compute the geodesics, with the parameterization (A10), are
dzt ¢ 1 A
=—|1--A)—-B'——H; A2
dr € < 2 ) ¢k (A202)
dg' 1 : ¢’ q"
= —ed;A+ ¢ Ciyj + ——Dyjp A20b
ar 263, +q C’,J + . ik ( )
d 1 . o
d—z = 56 n'0;A+gn'n’Cyj; | (A20c)
dn; ; . € q
4 = <5ji — njni) <2qajA + nijk + Gnknlekl) . (A20d)

Some relevant metric quantities, written in terms of the scalar-vector-tensor decomposition and in Fourier space,
are

A=-2, (A21)
B; =ik;B - S; , (A22)
. ) i ) ) 1.
Cii = —k‘ik?j(B — E) — ik’iSj + qbéij — % (k‘iFj + k?jFi> — ihij s (A24)
. 1 i
D = —l(kii(sj'k - kkéij)¢ -3 (k‘ik]‘Fk — kj]koi) + 3 (kihjk — kkhij) . (A25)
Appendix B: Full computation of the collision term
Starting from the collision term (95),
C _ ar ~/d~ldQI ~fu115 ~ ~/ ~ ~full ~ ~/ 85(ﬁ7ﬁl) _A A—l ~/ _(A A—l ~) (Bl)
[f]—% p'dp e 0(p —P') + et ~(p*p)87ﬁ, f(AgAy D) — f(AsA5 D))
we need to solve two integrals
I = [ FaFasts - ) (Fha!5) - F4s3'5)
= —Anpf(AsAg' D)+ [ A F(AsAS'D )= (B2)
i~ 00D —D) [z 1= 7 1
L= [ papa - )P EE) (Faans ) - F(aan; )
- o2 2 7 1~ = 1~ - ~roc 2 af(AﬁAilﬁ)
== [ A~ 28) (FAa5 o = A5 D) + 7 [ A0 () =0 (83)

7'=p
Now, we will integrate out the dependence on the momentum p in the O frame, like we did with the left-hand side of

the Boltzmann equation. First, for simplicity, we will assume that 3 and B, point in the same direction, so we can
obtain

6_ﬁe

-1 _ —
Mohp!=Aag.  AB={—

(B4)
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This assumption simplifies the derivation for arbitrary values of 8, but it is not needed and in fact the first order
results are independent of it. Since the expressions are already quite cumbersome, and this will be the only physical
configuration of interest, we will adopt this assumption throughout this appendix. Some preliminary results and
definitions are

/q dg fo(Apq) = (/\/7’1/6)4 ; (Bba)
~ 2
/Tq fo(Aasd) = N34 <1+ Af ) ; (B5b)
d3a
[ 20 fahast) = R385 (35¢)

where N is defined in (78) and P! j» Ve correspond to (40), evaluated with 8.. We can proceed now to compute the
integrals term by term. First for Iy

[ @0 AT D = -8 (5 + e ) (5362)

N AnN AB? dQ . .
Jaada [a05sn;a) = m s | (14 55 ) de 02 [ =204 (80 F| - (mon
And for I,

~i 7 ~ Y Pé i — ’Yeﬁé
/q2dqq fo(Aagq) :Nm )

7)1 J . K 2
/ 2dg / a0 o AABq)—47an—W72 <1+M ) , (BY)

w0 =Bt 7 3
O 5t F ~ i '}/
/quQ/qu Jo(Aapq) = NAﬁ % ) (B9)
- = 0fo(Aapq) - Plin? —~.p! AB?
2 i — _ J 2
/q dgqq /dﬂi&j 167TN7§(1—A-,6)47AB 1+ 3 , (B10)
- 8f0 Aqu) 647‘(‘ ’VAB
2 Qg i =—— z— . B11
[ o [ as NAS =By (o)
Finally, for the electron quantities,
> full = ﬁ £ (> — 7 o
ngt =2 OE fe(P.) = fe + 72 (B12a)
_ &pe P, s, - e Pe s - _
~ full e e e e ~
=2 =< =2 | —= = B12
Hethe /(27r)3 E, Je(®.) /(27r)3 E, 0e(Be) = edPe , (B12b)

where 7. is the physical background electron number density, computed in its comoving frame as every other back-
ground quantity. Using the Lorentz transformation properties

0Me = Ve (6ne — 51}2663-) , (B13a)
be = P ;00L — YeBione . (B13b)
The final results, to first order in 3, are
9 ~ . . . dQ dQ .
¢°dgly = —4nN ([ (1 —n-B.)Fy +4n-AB — (1 +3n-3,) E}'A, +23, - En}} ) (Bl4a)
/quq I, = 47N <§A,6 +4n(h-AB) +4(h— B, + 47 (7 - ﬂe))> , (B14b)
6ﬁe = 5”6 - ,86]‘(51}2 s (B14C)

608 = vl — Blom, . (B14d)



Appendix C: Gauge transformations with non-comoving fluids
After an infinitesimal gauge transformation
Azt = e | et = (T(T,w)7L(T,fB)> )
a tensor changes as

oT,,
AT, = GPT;IJ 4 EﬁLTpu 4 ef)uT,up =LT,, ,

where L, is the Lie derivative. Applying the result to the metric tensor, we have for the metric variables

AA = —2(T +HT),
AB; =L, —d,T ,
AH;; = 2HT6;; + 0iLj + 0L, .

On the other hand, for the perturbed fluid variables we get
Asp=Tp—2(p+ P)BO;T ,
1 .
AdQi = —(p+ P)O;T +To; (Bi(p+ P)) + §(P+ P)p7 (0iL; — 0;Ls)

ASP=TP — %ﬁi&-T(p +P),

2
A(SHU‘ = *(p -+ P) <ﬂ26'JT + ﬂJaZT — 3(52]ﬂk8kT> R
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(C1)

(C3a)
(C3b)
(C3c¢)

(C4a)
(C4b)

(C4c)

(C4d)

where we are adopting the definitions (59). With our previous definition for the scalar-vector-tensor decomposition

of the metric variables (133), we get, in Fourier space,

Ay =T +HT, AS, =—L,,
AB:f%f«LfT, AF, = L,
A(b:—HT, Ah++:0,
i
AE=——k-L.
k

(C5)

The results for the — helicity can be obtained substituting — <> + in every sub and superscript. If we want to change
from the synchronous to the Newtonian gauge, for scalar perturbations, the following conditions must be satisfied

v=T+HT,
1~ .
0= k-L-T
L )
¢_77:_HT7
1 is

that can be solved to yield
1 . .
= 5 (A +6i) |
=T+HT,
p=n+HT .
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Finally, for the fluid variables that we use in the main part of the computations, we have the rules

5(Newt) — §(Syn) — TE 91+ w)(B - k)T, (C10)
8(Newt) — 0(Syn) = k2T +i(3 - k)T +i(8 - k)f:];:r (C11)

o (Newt) = x(Sym) = Thy + 7522 (C12)
§P(Newt) — 6P(Syn) = TP — —([3 K)T(p+P) | (C13)
o(Newt) — o(Syn) = i(3 - k)(l +w)T , (C14)

7Y (Newt) — 7Y (Syn) = —B+(1 +w)T (C15)
7L, (Newt) — 71, (Syn) = (C16)

where we have neglected terms L., making use of the fact that, according to (C5), the transverse part of L under
our assumptions can be at most order 5. Again, we are omitting the results for the — helicity, that can be obtained
substituting — <> + in every sub and superscript.

Appendix D: Initial conditions

In this appendix we will find the appropiate initial conditions for the system of scalar and vector modes in sections
VIB and VIC. We will consider the most general initial condition and then study the physical restrictions that we
must impose. For § = 0, our system reproduce the standard cosmology. This case has been extensively studied over
the years and the relevant modes, i.e. one adiabatic and four isocurvature modes, have been identified [40]. In our
setup, the presence of an external source gives rise to the existence of a new “mode” of the system, in the sense
that we have a non-trivial evolution even if the usual adiabatic and isocurvature modes are absent. First, we will
identify this particular solution, setting to zero the other modes of the system. Note that the external sources only
contain variables that evolve according to standard ACDM, so for these variables only adiabatic initial conditions are
considered. After identifying the effect of the sources, the most general perturbation can be constructed adding to the
sourced mode the adiabatic and isocurvature modes. Finally, we must analyze what physical requirements constrain
our choice of initial conditions. In particular, we impose that neutrinos and photons, being tightly coupled in the
very early Universe, share a common initial velocity. Every other initial condition that is not fixed by this condition
is set to zero. This programme is carried out in detail in the next sections.

1. Scalar modes

To obtain our results, we have analyzed the most general type of perturbation, reproducing the results of [40] but
with a slight change of notation. In the first place, we use an alternative approach where we integrate (190) instead
of the dark matter equation. In this setup, matter isocurvature modes appear when taking non-zero initial conditions
for 4, &, or h. In the second place, even though it is perfectly equivalent, we parameterize the neutrino isocurvature
velocity mode with the initial value of 6., instead of 6,,.

Before presenting the results, some shorthand definitions that will be used later are
S =049, , (D1)

Re=Q/S0 , s=",v,b,c, (D2)
Rie = Ro + Re (D3)
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Assuming a universe composed of radiation and matter, where 7 stands for conformal time,

H()Rbc S’yuT
2oV T 4]
H = , (D4)
- <H0Rbc4./S.WT + 1>
HoRper/Su
a = Ho\/SyT <0b477—+1> . (D5)
During the radiation-dominated phase, they can be expanded as
a = Hy\/Sy7+0 (HORch,ﬂ,T ) , (D6)
1 HRC\/ v HZR2S.,
H=_t— bev o 20 b L+ 0 (HZRZS,, %) (D7)
1 HoReer/Syw HERZS..
HE= =+ 0bey v 170 1%0 Y 10 (H3RES,,7?) (D8)
3
y 1 H(?Rﬁcsw HSRZ’CS%/T 2752 2
= —ﬁ — 16 + 32 + O (HORchVVT ) . (Dg)

Now, if we look for regular super-Hubble solutions and expand every cosmological variable as
08 =D + D7+ DY+ DY 4 (D10)

The results for the sourced mode only (setting the initial conditions for n!, i, 5L, 55 and 9{/ to zero), can be written
in terms of the initial value of ¥%(7 = 0) = ¥ or

4R, +15

Rir = \ D11
n"(r=0) 0 : (D11)
as
0 b 4UBok (4R, + 15)
D((;’Y) =0, D((;V) = 5 , (D12)
(0) . (1) o 4\I/ﬂ0k‘ (RV — 1) (4RV + 15)
DY =0, D§) = R , (D13)
Bk (4R, + 15
Dy =0, D) = = ( : )| (D14)
DY =o, DM =o0. (D15)
p@ _ _Ho¥ /S Rofiok (Ry — 3) (4R, + 15)
) = 3 : (D16)
g 20(R, — 1)
HoU /5, RoBok (4R, + 15
D= - 0¥/ ReBok (4R, + 15) 7 (D17)
D@ _ 30U /S Rk (Ry —3) (4R, +15) (D18)
& 80 (R, — 1) ’
HoU\ /5, RoBok (4R, + 15
D§2) _ Ho y bfg ( +15) . (D19)
@ _ H3WS,, Rofiok (4R, +15) (5R, Ry (R — 1) = 3Ry (Ry — 6)) | 4Ufok® (44R, + 65) (D20)
5 300 (R, — 1) 225 (4R, +5)
o 300 (R, — 1) 225R,, ’
p® _ BHEUS 1 Rofil 4Ry +15) (2R = SRy (Ry — 1)) | Wok* (S0R3 + 392R, -+ 545) (D22)

400 (R, — 1) 450 (4R, + 5)
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0 1
Dy =0, DY =0, (D23)
o YBok (4R, + 15) 1
Dy = = DY =0, (D24)
DY =0, DV =o0. (D25)
T Bok®
DY = _73 , (D26)
p@ _ _ WBk? (4R] + 151R, + 135) (D27)
0w 30R, (4R, +5) ’
UBok3 (R, +2) (4R, + 15)
D@ _ _ D2
0 15 (4R, + 5) (D28)
DY =0, (D29)
2V B0k (Ry, +2) (4R, + 15)
DM — D
ov 15R,, (4R, +5) ’ (D30)
Do) _ 2Ho¥, /S5 RueBok (Ry + 2) (D31)
o 5(4R, +5) ’
e _ H3VS, RE.Bok (R +2) (4R, —45)  WRok® (32R} + 224R}) + 914R] + 2097R,, + 1620) (D32)
o 30 (2R, + 15) (4R, +5) 270R, (2R, + 15) (4R, + 5) '
2V B0k (R, +2) (4R, + 15)
7 ’ K 15 (4R, +5) ’ (D33)
D = p\ DV =0. (D34)
P _ HoW/SuBok (“Ry (4R, +5) (4R, + 15) + 40R. (R, +2)) (D35)
K 80 (4R, +5) ’
DO _ 3HoW /S, RyBok (4R, + 15) (D36)
h 40 ’
D® _  HZVS,, R Bok (4R, + 15) N H2US,, RyRyeBok (4R, + 15)
no 400 (R, — 1) 240
H2VUS,, R} Bok (R, +2) (4R, —45)  WBk? (—80R3 + 568R2 + 4525R,, + 4950) (D37)
24 (2R, + 15) (4R, +5) 1350 (2R, + 15) (4R, + 5) ’
DB _ H3VS,, RoBok (4R, 4 15) (3Rs — 5Ruc (R — 1)) WPok® (8OR] + 528R,, + 655) (D38)
ho 200 (R, — 1) 450 (4R, + 5)

Once we have the new behaviour of the system, we need to evaluate the assignment of initial conditions. It seems
reasonable to give zero initial values to our modification but there is one further physical requirement that we must
impose. As mentioned in the main text, if neutrinos and photons were in thermal contact in the primeval Universe it
is physically sensible to impose that they shared the same velocity

0,(r=0)=0,(r=0) =0, (D39)

In the standard scenario this leads to HEYO) = 0 and to the absence of neutrino velocity isocurvature modes. However,
in our case, if we consider a neutrino isocurvature velocity mode on top of the sourced mode, upon imposing this
restriction we get

0
o)

_ ‘m”%l‘r’wok . (D40)
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In order to obtain the correct initial conditions, we must consider the combination of the sourced mode with a neutrino
isocurvature velocity mode with the previous initial condition. The final results are

§l=6=0=06"=0+0() , (D41)
gr — YO0k (4R, +15) 3HoW /S, RyBok (4R, + 15)
T 5 20(R, — 1)
2 _ 3
. 3HFUS,, Rofok (4R, +15) ((Zz, DRy +3Ro) 5 29Bok* (Ry +5) 5 o) | (D42)
80 (R, — 1) 15
Uhok (4R, +15) WGk (8R2 + 62R,, + 95)
ol _ _ 2 3 D4
v 5 15 (4R, +5) T+ 0(r7) (D43)
TR, Bok? (4R, + 15)
0" = — 2+ 0(r? D44
sar, 15 TO0) (D44)
1 2PBok (4R, + 15) 6HoV /Sy Ry Reebok 9 3
- o D45
v 5(4R, +5) 5AR, +5) | () - (D45)
W =0+0(r°) , (D46)
3HoWU /S, R, RieBok
r_ _ 2UR, Bok (4R, + 15)7_ 0 y veBok Lo . (D47)
5(4R, +5) 2(4R, +5)

2. Vector modes

Considering adiabatic perturbations in the scalar contributions, during TC and deep in the radiation era, the
super-Hubble evolution is

0
D = p© D = 3DV Ho /SRy (D48)
Xy TTXY Xy T 4(R, —1) ’
By (4R, + 15
DO = - Bo ( i + 15) . DY =0, (D19)
DY =0, DV =0, (D50)
2 3DHZS. Ry (BRy + Rue (Ry — 1)) WHok? (SR, + 25)
D = > - , (D51)
“ 16 (R, — 1) 60
UBok? (S8R, + 2
D@ = YIE R 2 5] (D52)
D¥ =0, (D53)
D® =0, (D54)
50 Bok

DW= 2 F0% D55
X 7 8(8R, +45) (D35)
DO —g, (D56)
DM =0, (D57)
DP =0, (D58)

WBok? (32R2 + 268R,, + 375
pw - 2% (2R, + +57) (D59)

270 (8R,, + 45) ’
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©  _
DY), =0, (D60)
m _
Dyl =0, (D61)
50 Bok?
D@ _ D62
StE T 8R, 445 (D62)

Again, imposing the physical requirement that photons and neutrinos had the same velocity in the very early Universe,
we are led to

 WBy (4R, + 15)

0) _
DY) = o (D63)
The initial conditions provided for the numerical integration are
_ UBy (4R, +15) 3HoW, /S5 Refo (4R, + 15)7’
X = 10 A0(R, — 1) ’
2 _ 2
B 3H; \I’SAWRbﬁ() (4RV + 15) (R,;Rbc + 3Ry Rbc) 22 U Bok (SRV + 25) 224 0(7_3) ’ (D64)
160 (R, — 1) 60
U (4 1 U Bok? y
v = — PP (URy 15) _ WPok” (BRy +25) 1 | 53y (D65)
10 60
5UBk 5
= o D66
X=8®R, +45) (™) - (D66)
UBok? (4R, (8R, + 67) + 375)
v _ 3 4 D67
. 5WBk? 3
F=—77—"— @ . D68
S+ AR (%) (D68)
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