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In this work we study the background evolution and the early time behavior of scalar cosmological
perturbations with an ultralight vector dark matter. We present a model for vector dark matter in an
anisotropic Bianchi type I universe. Vector fields source anisotropies in the early Universe characterized by
a shear tensor which rapidly decays once the fields start oscillating, making them viable dark matter
candidates. We present the set of equations needed to evolve scalar cosmological perturbations in the linear
regime, both in synchronous gauge and Newtonian gauge. We show that the shear tensor has to be taken
into account in the calculation of adiabatic initial conditions.
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I. INTRODUCTION

Although the concordance model ACDM (which includes
cold dark matter and a cosmological constant) does a great
work at fitting cosmological observables, it does not explain
the nature of the dark sector. Many alternative theories are
being studied in order to explain the dark sector (DM), such
as weakly interacting particles and ultralight fields (ULF).
Recently, ULF models have gained interest due to its small
scales predictions. Their small masses may let them behave
as a collection of waves, leading to new phenomena such as a
suppression in the mass power spectrum on small scales, the
presence of characteristic interference patterns, the formation
of soliton cores [1-3]. One important characteristic of ULF
models is that the cosmological observables are highly
dependant on the particle mass.

In this work we focus on the study of cosmological
perturbations in the linear regime. For the standard CDM
scenario, DM is treated as a pressureless component with no
interactions other than gravity. We consider a vector field
dark matter (VFDM) model, where DM is described by a
classical real vector field with only gravitational interactions.

One important development that motivates this study for
VFDM models is the possibility of making very precise
calculation to predict cosmological observables for the case
of scalar field dark matter (SFDM) candidates, which
serves as the basis for the models at hand. Indeed, for
scalar ULF models, and not for vector ULF, there are public
codes (such as AxionCamb [4] or class.FreeSF [5]), which are
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based on the standard codes, caMB' or cLass.? With the
use of such codes it is possible to calculate the evolution of
the cosmological perturbations in the linear regime, the
power spectrum of the species, as well as many other
cosmological observables that require the linear power
spectrum, such as the temperature and polarization of the
cosmic background radiation (CMB), the large-scale struc-
ture, the Lyman-alpha forest, and hence to use precision
cosmological data to set constrains on the models (see for
instance [4—13]).

Specifically, the goal of this paper is to provide the
complete set of equations together with an extension of the
standard adiabatic initial condition that are necessary to
advance in the development of an extension of such codes,
appropriate for the study of vector and mixed ULF models
(that is, with different types of dark matter), which in turn
will allow us to contrast the predictions of theoretical
models with recent observational data.

The other development motivating this study is that
nonscalar dark matter models are in principle as viable as
the scalar ones. It has been shown that there are several
mechanisms that can give rise to the presence of a
cosmological scalar ULF with large occupation numbers
(for an introductory review see [1]). Although the produc-
tion mechanisms for vector ULF are more restrictive (see
for instance [14,15]), recently several models have been
developed [16-22].

The first difficulty in cases of spin fields already appears
at the level of the background Universe, since such fields

lhttp://camb.info.
“https://lesgourg.github.io/class_public/class.html.
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generally break isotropy. However, a general result [23]
shows that for massive fields without self-interactions and
masses much larger than the expansion rate, the average
energy-momentum tensor is isotropic and behaves like
CDM.’

In the early Universe, during radiation domination era
one may expect the VFDM would not significantly affect
the evolution of the metric and radiation perturbations.
As we show in this work for adiabatic perturbations,
although this expectation turns out to be correct, to arrive
at this conclusion it is necessary to consider an anisotropic
background metric characterized by a tensor shear. Indeed,
in Sec. III B we show that the vector stress energy tensor
has non-negligible contributions to the perturbed Einstein
equations for superhorizon modes, at least for masses
m < 10722 eV. Since the initial conditions for cosmologi-
cal evolution of the perturbations are to be set when modes
are superhorizon and observables are in general sensitive to
modifications of the initial conditions, if this contribution
significantly modified them, it could leave an imprint on
cosmological observables. However, it turns out that such
VFDM contribution is exactly canceled by the presence of
a term proportional to the shear.

The paper is organized as follows. In Sec. II we present
the VFDM model at the background level. We calculate the
initial conditions and study the background evolution. In
Sec. III we present the VFDM model at linear order in
cosmological perturbation theory in synchronous gauge
and we study the implications of the background shear in
the calculation of adiabatic initial conditions. Finally, in
Sec. IV we summarize the conclusions of our work.

In Appendix A we present the metric in both gauges and
discuss how the field and the metric perturbations transform
under a change of gauge. In Appendix B we present
supplementary equations for the discussion of the synchro-
nous gauge, and in Appendix C we present the model in
Newtonian gauge and the analogous study of the initial
conditions. In Appendix D we use the Weinberg’s con-
struction [25] to find the adiabatic solution for the vector
field in the long wavelength limit.

II. VECTOR FIELD BACKGROUND

A. Background equations
We work in a Bianchi type I spacetime with metric
given by
ds?* = a(t)*[—d7* + y;;dx'dx'], (1)

where y;; = ¢?/i(")5,; and the functions g; (with i = 1,2,3)
are constrained by >3 ; = 0. Following [26], we define the

3 Another possibility to preserve isotropy is to consider a triplet
of orthogonal vector fields or N randomly oriented vector fields
(see for example [24]). We will not consider these alternatives in
this paper.

shear of the metric as ¢;; = %yi ; where prime derivatives are
with respect to conformal time 7.

We consider a VFDM model in the Bianchi I universe
given by

/ drdx’\/—g [ F*"F, e 5 A”A (2)

where F,, = V,A, — V, A, is the usual field tensor, g is the
determinant of the metric and m the vector mass. The vector
field equations of motion are

V,F* + m2A* = 0. (3)

In this work we consider that the VFDM candidate can
be described as a combination of a background homo-
geneous field and a perturbation A¥#(z,X) = A¥(z) +
6A#(z,X). In this section we focus on the background
quantities.

To solve for the homogeneous background component
we can split Eq. (3) into an equation for the spatial

components A, and a constraint equation for the time
component giving A° = 0. The equations of motion are’

Ag/ - 20’1{1'14;C + mzazA,- = 0 (4)

The background fluid variables of the vector field in
Bianchi I are

pa =5 [AJA} + m*a*AA ]y (5)
2a

Py = — (AU — P AA (6)

A7 6d?

. 1|1
th a |:3A/A/[}’kl}’j _A/A/

o ‘
+m2a? (A’A =AY jﬂ : (7)

where X', is the traceless part of the energy-momentum
tensor. In what follows we use the convention of lowering
and raising latin indices with the “spatial metric” y;; and its
inverse y%/, respectively. The vector field is the only species
we consider here that has anisotropies at the background
level. Then, Finstein’s nondiagonal equations are only
sourced by the vector field,

. . a .
(Ulj)/ -+ ZHUIJ = WZ’j, (8)
with mp the Planck mass.

*This equation was first derived in [27] in the context of
inflation driven by a vector field.
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The last relevant equation for the background is
Friedmann equation in Bianchi I geometry, given by

2

H> ——06> = —p, 9

5 30’ )
where ¢ = 6"/6;;. From the previous equation we define
the shear relative abundance as

02

Qo‘ :6—'}-(2 (10)

B. Initial conditions

The initial conditions for vector dark matter can be
calculated by looking for attractor solutions of the back-
ground equations during radiation domination era where
a « 7. In what follows we assume any initial anisotropy in
the background metric can be neglected. We set the initial
time 7;,; early enough so that the mass of the vector field is
sufficiently small with respect to the Hubble rate (m <«
Hiyi = Hina;,!, where the subscript “ini” on a quantity
denotes the quantity evaluated at the initial time). Other-
wise, if m 2> Hjy;, it will be clear towards the end of this
section that the VFDM does not generate significant
anisotropies on cosmological scales after the initial time.
We solve the metric shear’s equations [Eq. (8)] perturba-
tively at linear order in the magnitude of X/ ; by keeping the
lowest order in the metric shear on the right-hand side of
Einstein’s equations. That is, by setting the metric shear to
zero on the fluid variables of the vector field.

In this work we assume an homogeneous background
vector field given by

Ai(t) = A(7)A,. (11)

In Bianchi I the versors change in time because of time
derivatives of y;;. In particular, we have that A;Ai =0y,
where 6, = A'/A/ ;- We solve the equations of motion of
the vector at early times assuming that for any component
of the shear we have that |s;;| < . Then, for the masses

considered in this paper (m <« H,,;) we can solve Eq. (4)
near the initial time as

Ai() = (b+ cr)A, (12)

where b and c are integration constants. Therefore A}(7) ~
HA;(7) and we can neglect the time derivatives of the
versor. The constant mode corresponds to a decaying mode
in the rescaled vector A; defined as A; = aA;. Weset b =0
for simplicity.

The fluid variables at early times and in the lowest order
approximation are given by

Pa=57 (13)

A Vi

with a radiationlike equation of state wy = %
Now we can solve for the shear. Equation (8) admits the
following formal solution:

. Aini 2 1 a i
Glj = (an) Sl'i+az/__S37—[7nJ%ds’ (15)

where §'; is a constant tensor. We assume there is no
significant shear at the initial time and set S’ ;=0. By
neglecting the metric shear in the vector stress-energy
tensor, we obtain that the leading order solution can be
written as (for a;,; < a)

~oa Vi

where R, = p,/p, (with p, the radiation energy density) is
the vector-to-radiation energy ratio. For the masses con-
sidered in this work at early times we have that R, < 1.

Therefore, we obtained a shear that is much smaller than
the Hubble rate, but which decays more slowly than any
primordial shear that could eventually be present before
Tini- As we show in Sec. III B, the magnitude of the shear
generated at early times by the vector field is sufficiently
large to have an impact in the calculation of the initial
condition for the cosmological perturbations for a range of
masses He, S m < 10722 eV [see Eq. (40)], where H, is
the Hubble rate at equality.

C. Background evolution

In the previous section we have seen that the shear at
early times has a decaying mode determined by the vector-
to-radiation energy ratio R,. The general result of [23]
implies the VFDM effectively stops sourcing the metric
shear after the Hubble rate falls below the mass of the
field. As a consequence the metric shear ¢; decays as a?
at late times and the spacetime approaches to an isotropic
Friedman-Lemaitre-Robertson-Walker one. Indeed, from
Eq. (4) we can see that (at zero order in the shear) a few
Hubble times after ma = may. ~ H the background field
behaves as a an oscillatory function with a frequency given
by the mass. Then, the background vector field has two
different behaviors which are separated by the starting
time for the vector oscillations (when the scale factor
is a = a,,). We can write the approximate solution of
Eq. (4) as

A(T)oc{a

aicos([mada) an <a’

a < Agge

(17)
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where for a,,. < a we used a Wentzel-Kramers-Brillouin
approximation which assumes m > H = H/a.

In the regime where the field oscillations become fast on
cosmological timescales the effect of the fast oscillatory
contributions in the VFDM stress-energy tensor can
be computed by approximating the corresponding expres-
sion by its time average. We first notice that under the
Wentzel-Kramers-Brillouin approximation we have that
pa = (A? + m?a*A?)/2a* x a3, at leading order in
H/m. Then, the vector energy density at zero order in
the shear can be approximated by

2 a < dgyge
pa = c* (dosc\3 ’ (18)
zaésc( a ) Aosc < a

We see that once the field starts oscillating, it behaves as
cold dark matter. Indeed, by inserting Eq. (17) into Eq. (6)
we can see that the pressure oscillates and averages to zero
in this regime on cosmological timescales. The same
argument holds for the shear tensor.

By setting the initial conditions at a;,; < g, for a;,; <K
a < a.. we can use (16) to obtain Q, [given in (10)] at
leading order in a;,;/a. Then, matching such solutions at
a = a,, with the one obtained in the regime of fast
oscillations of the VFDM [where the right-hand side of
Eg. (8) vanishes and Eq. (15) implies ;; decays as a=?], we
obtain

a < Aoge

Q 4R (19)
T 4ARE(E)? age <a

For the vector field to be the whole dark matter, it should

start oscillating before matter-radiation equality epoch

Qr.O

b
DM, 0

(20)

Aose < Aegq =

where Q, and Qpy; are, respectively, the radiation and the
dark matter energy fraction, and the subscript 0 denotes the
value at the present time. Using the Friedmann equation
[Eq. (9)], for a = any < aeq we can applroximate5

Q,
m2:H<2)sczH% 4,07 (21)
aOSC
with H = H/a, from where we obtain
H\ 1/2
s = QL) (ﬁ) : (22)

>For small values of m a more precise calculation can be
performed by including on the right-hand side the vector
contribution and solving perturbatively for a..

Using this result in Eq. (18) and that for a > a,., p4 =
pom = 3mpH§Qpy pa™ we can solve for the constant ¢,

H\ 1/2
c? 2,0cr,OQDM,OQi,/o4 (WO) ) (23)

where p., o = 3m3H}.

For Planck cosmological parameters [28], from Eq. (22)
and the condition Gy, < deq We obtain m > Hey~ 1072 eV.
Therefore, the mass range we consider in this paper
is Hiyi > m > He,.

At early times before the field starts oscillating
(a < @og), we obtain Ry = py/p, ~c?/(2p,0), and Q,
can be written as

-3/2(Ho
Q, =402 Q7 <ﬁ

where we have defined Q,; ;. For a > a.,, we have two
different behaviors depending on whether we are on
radiation or matter epoch,

a2
Q, x ;
a aeq < a

Qini ’ (24)

Aoge < 4 < deg

(25)

One of the strongest constraints for the shear’s abun-
dance is set by big bang nucleosynthesis (BBN), giving
Q,|gpn < 1073 for a universe with no anisotropic sources
in the background [29], where Q,|ggn is the shear
abundance at BBN (a ~ 107%). Using this and Eq. (24) it
is immediate to obtain an approximate lower bound on the
VFDM masses allowed by BBN®:

mz 4x 10392, Q0 Hy

Q 2/Q.0\3/ H
~0.25 x 10724 eV M0 al 0 ),
x © <O.26 10¢) \107 ev

(26)

where to write the second line we used approximate values
Qpmo ~ 0.26, Q. ~ 1074, Hy ~ 10732 eV, estimated from
Planck cosmological parameters [28]. For such parameters
we obtain the bound m = 0.25 x 1072* eV.

By analogy with the scalar field case, stronger bounds on
m are expected from the analysis of cosmological pertur-
bations, even in the linear regime. Interestingly, as we show
next, a simple estimate indicates that for small values of the
mass [but still allowed by the BBN constraint in Eq. (26)]
the characteristic anisotropy of the VFDM case (which is
absent in the scalar case) may have an impact on the CMB

%Since for the smaller masses allowed by this bound the vector
starts oscillating closed to equality, in order to obtain a more
precise bound one needs to include corrections in the background
evolution, such as those mentioned in the previous footnote. A
precise background evolution accounting for this corrections will
be presented in [30].
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quadrupole temperature. Notice VFDM models are differ-
ent from the standard CDM scenario in a Bianchi I
background metric considered in [29]. For the latter
scenario the authors of [29] conclude that given the
BBN constraint on the initial Q, the effect on the CMB
quadrupole temperature turns out to be observationally
irrelevant. In particular, they estimated a value of Q, at the
present time, given by Q, ~4 x 10720 = Q, ;. for which
the so-called quadrupole temperature problem [28] could
be addressed. For smaller values of €, the effect on the
quadrupole would be smaller. The effect of the metric shear
on the quadrupole temperature depends on the evolution of
the quantity Q. from the time of decoupling of CMB
photons to the present (see [29]). Since during such period
of time the VFDM evolves effectively as CDM (at the
background level), the background metric shear has no
source and the quantity €2, evolves just as in the standard
Bianchi I scenario studied in [29]. The reason why in the
VFDM scenario such conclusion does not apply for all of
the masses of the VFDM we considered here goes as
follows. For masses smaller than the Hubble rate at BBN
(m < HBBN),7 in the VFDM scenario the anisotropy
characterized by €, decays less from BBN to the present
than in the standard case. While in the standard case €,
always decays (as a2 in radiation domination era and as
a3 in matter domination era), in the VFDM scenario Q, is
practically constant from BBN until the field starts oscil-
lating (i.e., when H ~ m). Indeed, by matching the different
approximations for the evolution of Q;, in the VFDM
scenario, we have

{ Qi (aff“)z
Q ~ )

7 Qi ((Zej)z(%f deq < a '

Aose < A < Qg 27

where i, deg, and a, are given in (24), (22), and (20),
respectively. Hence we can estimate Q,, in the VFDM
model (ignoring the effect of the cosmological constant) by
setting @ = 1 on the second line of Eq. (27). Then, the
condition Q, 2 Q, ., under which we expect a relevant
effect on the CMB quadrupole temperature can be recast as
the following bound in the mass of the VFDM:

Q H
PM L5 x 1072 eV ———
Q,, 1073 eV

Qpy 4 x 10720 (28)
0,26\ Q,, °

Therefore, there is a mass range for which the BBN
constraint as estimated in (26) can be satisfied and the

m§2H0

"For m > H BBN, the field effectively behaves as CDM at the
background level and, therefore, the same argument given in [29]
does apply.

VFDM can induce a relevant effect on the CMB quadrupole
temperature. We expect to quantify this more precisely in
future work. For this, the equations presented below are the
basic necessary ingredients.

III. VECTOR FIELD PERTURBATIONS

In this section we focus on Einstein’s equations at linear
order in perturbation theory. We show that the metric shear
has to be considered in the calculation of adiabatic initial
conditions. We work here in synchronous gauge and we
present the equations in Newtonian gauge in Appendix C.
As it will be enough, in what follows we only keep up to
linear corrections in the shear and assume that |o;;| < H.

We work with the perturbations in Fourier space, and use
the convention

) = / Prf(R)e, (29)

where we denote with “”” the product with metric y;; (e.g.

k-%=k;x'). Here x' are the comoving coordinates. In
Fourier space k; is constant while k' =y"k; changes
with time.

It is convenient to choose an orthonormal basis given by
{e,.65.2} where 3 =4k, &, =kxA and &, =k x .
This is a mode-dependent basis where the background
vector is always contained in the plane defined by k and &, .
We decompose the metric shear in this basis as

3(ss Vi A,
0y =3 <k,'kj - ?) o +2) oy, ke + > o€l
a=1,2 A=+,%

(30)

£ plpal 3242 x _ pls2 | 5241 )
i =¢;é;—¢éje; and ¢]; = ¢;&; + ¢;é;. By com

paring with Eq. (16) it can be shown that in this basis, the
shear at early times is given by

where ¢

2 4 2
—2c; + ¢,

=——, 31
°l = ZmdaH (31a)
CLCy,
le = m%a%]_[ s (31b)
2
ci,
6+:—72m%a2H, (3]C)

where ¢; = c(k-A) and ¢, = c(é -A). The remaining
components of the shear are not sourced by the vector at
early times, so we can set 6,, = o, = 0.

Taking into account that y” is time dependent the
derivative of the relevant versors can be derived as®

8For a more detailed derivation see Sec. II in [26].
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kK = —GHk, (328.)
(k;) = 0\\72,, (32b)
(e4) = —Za,jeéeief’ + 20;;€l (32¢)

A. Linear equations
Now we present Einstein’s equations in synchronous
gauge as defined in Appendix A, which in Fourier space
reads

8900 = 690; = 0, (33a)

O;i A A
8g; = a [—2 (m + g’)n + kik;(h + 677)] . (33b)

where we have neglected vector and tensor perturbations of
the metric. For simplicity, we consider the equations to
linear order in any component of o;;.

The vector equations of motion at linear order can be
extracted from Eq. (3). In order to do this we wrote a code
in mathematica using xAct-xPand packages [31,32]. As for
the background, the dynamics can be split into a constraint
equation for the temporal component and one equation of
motion for each polarization of the spatial components. By
projecting on the basis we obtain

SA] + (m*a® + o|)0AL, — ik(8A) = 20)6A,) = S, (34a)

/
c
I

SA] + <m2a2 + k2 - 5+ 0’+>5A,] + 2iko, 6A¢ = S,

(34b)

/

o
SA], + <m2a2 - a’+>5Alz =0,

5 (34c¢)

where the sources on the right-hand side are given by
Eq. (B1). From the temporal equation we have that

—ik Oy,
1
=3 (AL +0yAL +20,,A, ) (h + 87])] . (35)
The Einstein’s equations to linear order are
1 3 a?
k27’] - iHh/ + 50“77/ = _Mép’ (363)
K2 H gm a2
K2y 4~ K—— 3)0 ——}1 =5—(p+P)d, (36b)
2 [\ 12 L T

2

3
W'+ 2HK 2K + 9oy = — m—“zfsp, (36¢)
P
/!
B+ 61" +2H(W +6n') = 2k*n + 3 o _H
n n n H H2 o)
H' H' 3a?
—2(—— 1> <a’ -—o0 >}1 =——(p+ P)o%,

(36d)

where the fluid variables are defined as

8p = —5T%, (37a)
1.
6P = 3oT", (37b)
(p + P)0 = ik'5T;, (37¢)
P .

and the expressions in terms of the vector field are given in
Appendix B.

By setting o = 0 in Eq. (36) we recover the Friedman-
Lematitre-Robertson-Walker limit (see for instance [33]).

B. Adiabatic initial conditions

In the ACDM cosmological model the initial conditions
for Einstein’s equations are calculated by extending the
solutions far outside the horizon (k7 << 1) and deep in
the radiation era. In this regime the radiation dominates the
right-hand side of Einstein’s equations, so the rest of the
species can be neglected. The equations are then solved by
looking for the attractor solutions of the radiation and the
metric. These solutions can be found from Egs. (36a),
(36¢), and (36d) in this regime, and are given by

n

n=rno— QR?O (ke)?, (38a)

h="10(kr)? (38b)
2 9

5, = —% (k7)?, (38¢)

where 6, = 6p, /p, (with the subscript y denoting photons),
a is a constant that is fixed with Eq. (36b) [in ACDM ap =
(5+4R,)(15 +4R,)~"/12 with R, the ratio of neutrinos
to radiation energy density [33] ], and 7, is an integration
constant. The initial conditions for the rest of the species are
calculated by imposing adiabatic initial conditions % = %j,

where the index runs over every species.
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In the presence of a background anisotropic stress the
metric shear o has to be included in this calculation.
At early times we have that o <M, so the shear can
be neglected from the left-hand side of Eqgs. (36a), (36¢),
and (36d). In this section we show that in the case of
adiabatic initial conditions, we can also neglect the vector
contribution from the respective equations. Then, we can
solve for the metric perturbations 4 and # and the radiation
energy density as in ACDM model. However, in the k£ < 'H
regime the leading order of Eq. (36b) in powers of k is
dominated by the shear in the left-hand side [as can be
easily seen by inserting Eq. (38a) into Eq. (36b)], giving a
contribution scaling as k”. Indeed, working at leading order
in kz for superhorizon modes and using Eq. (16), the term
with the shear becomes subdominant only when

1
(kT)2 Z 9aE1RA 0052(9k - §’
Q Hy\ /2 1
<o oo (80) Pleogg, -, 9)
Qr,() ag \M 3

where cos 0, = A - k. In order to quantify the effect of the
shear on observable quantities such as CMB one can study
the evolution of the perturbations for the same initial
conditions with and without the shear. This can be done
in an extension of a standard Einstein-Boltzmann code
which implements the equations presented in this paper. We
are currently working on such extension [30] and on this
study. For the moment we notice that if one sets the initial
condition outside horizon at most at kz = kz; ~0.1,
Eq. (39) implies that the shear can be neglected for masses
such that

oy (3e)
>055x 1072 eV(—) ————~2
"~ ) © (kfz) 0512e<1049r.0)3/2

(40)

Hence, for Qpyo~0.26, Q.o ~ 107, Hy~ 10733 eV,
we expect the effect to be potentially significant
for m < 10722 eV.

Let us now analyze the right-hand side of Eq. (36b). The
initial condition for the velocity gradients, €;, can be
obtained from the fluid-like equations for each species
in the long wavelength regime as described in [33].
For instance, for photons, from the equations at leading
order in kr,

4 2
8 +36,+ 30 =0. (41a)
/ kz
0~ 5, =0, (41b)

we obtain

6, = — 30 k', (42)

Using this result and Eq. (38) into Eq. (36b), from the
scaling behavior in powers of k2 of the terms it is immediate
to conclude that to preserve the standard adiabatic initial
conditions for the metric and radiation perturbations also in
the infrared (when the contribution of the shear is impor-
tant), the vector has to cancel the shear’s contribution at
early times.

The attractor solutions for the vector are found by
solving the equation of motion at early times far outside
the horizon. The solutions for Eqs. (34a)—(34c) in this
regime and for the masses considered in this work can be
written as a power law of the conformal time. The
integration constants can be calculated by imposing adia-
batic initial conditions with the radiation, namely 64 =
25,(1 +wy) at early times. At zero order in the metric
shear we obtain

SA = (2c k — c,, 81)thp. (43)

With this initial condition we can now check that the
scaling of the leading order in k7 of 64, 6P, and 6%y
[from Egs. (B2a), (B2b), and (B2d), respectively] is the
same as that of the other species (that is, ~k*7%). However,

this contribution is suppressed by a factor of R, = % in

Einstein’s equations [Egs. (36a), (36¢), and (36d), respec-
tively]. Then, we can neglect the vector variables from
these equations at early times. The initial condition for 6, is
given by

2 _ 2
2c7

—C
(Pa+ Pa)by = Tt'kzmov (44)

and therefore, inserting this result into Eq. (36b) and using
(31a), we see that this vector contribution exactly cancels
the one of the metric shear at early times.

The dark matter is expected to be subdominant at early
times, but comparing Eqs. (42) and (44) far outside the
horizon we see that the vector velocity divergence domi-
nates over the one of radiation in this regime. However, in
the presence of vector dark matter it is necessary to
consider an anisotropic metric, and the contribution of
such large vector velocity divergence is exactly canceled by
the contribution of the shear, so that the standard adiabatic
initial conditions are recovered at early times. Otherwise, if
one insists on working in an isotropic universe, in the
calculation of the initial conditions for the radiation and the
metric one would erroneously find a large infrared effect on
the perturbations due to the large velocity gradient 8, of the
vector field. In Newtonian gauge it can be shown (see
Appendix C) that the vector shear 60X, dominates Einstein’s
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traceless-longitudinal equation. As in the synchronous
gauge, it is necessary to consider an anisotropic metric
to cancel this contribution.

IV. CONCLUSIONS

In this work we have computed all equations needed to
study the evolution of scalar cosmological perturbations in
the linear regime in VFDM models, neglecting vector and
tensor perturbations. The consistency of the model requires
the background metric must be taken to be an anisotropic
Bianchi I metric, characterized by a metric shear produced
by a VFDM background pointing in a fixed direction. We
have presented the equations for the metric and VFDM
perturbations around such anisotropic background, in both
synchronous gauge [see Eqgs. (36) and (34) with the sources
given in Eq. (B1)] and Newtonian gauge [see Egs. (C5)
and (34) with the sources given in Eq. (C2)].

We have studied the perturbations in the long-
wavelength (superhorizon) regime at early times during
radiation domination. We have shown that the limit k — 0
with k # 0 is subtle. Indeed, for small enough values of £,
the contribution of the metric shear becomes of the same
order as the other terms in the left-hand side of Einstein
equations. In the same limit the right-hand side of Einstein
equations involves large VFDM contribution (in synchro-
nous gauge this corresponds to a VFDM velocity gradient
that becomes larger than the velocity gradient of photons,
while in the Newtonian gauge the anisotropic VFDM shear
does not vanish as happens for the standard species).
Therefore, a careful study of the evolution of both the
metric shear and the VFDM in that regime, as the one
presented in this paper, becomes crucial to appropriately set
the initial conditions for cosmological perturbations. We
have derived the adiabatic initial conditions for the VFDM,
and we have shown the relevant contributions of the metric
shear and the one of the VFDM cancel each other, so that the
initial condition for the metric perturbations and the per-
turbations of the other species remain the same as in ACDM
at leading order in the vector-to-radiation energy ratio R.

Our analytic study of the evolution indicates VFDM
models are in principle as viable as the SFDM one. An
important difference that is already present at the back-
ground level is the contribution of the metric shear to the
Friedman equation, given by the corresponding abundance
Q.. In this paper we have used known constrains on
from BBN [29] to estimate a lower bound on the VFDM
mass m [see Eq. (26)]. We have also used the results of [29]
to estimate the mass range for which one can expect the
VFDM to affect the CMB temperature quadrupole in an
observationally significant way, without affecting BBN
predictions. The estimated mass range is between the BBN
bound given in (26), and the masses satisfying Eq. (28).
Moreover, in view of our knowledge of the SFDM case (see
for instance [4,9]), in the VFDM case we expect to obtain
stronger bounds from a quantitative study of the evolution

of the cosmological perturbations, even in the linear
regime. The equations derived in this paper are a necessary
ingredient to start such study precisely. The following step
to make progress in this direction is to numerically imple-
ment the equations in a code such as CAMB or CLASS, which
is the main goal of [30]. Finally, in the future, it would be
worth to extend the equations to include vector and tensor
perturbations which mix themselves in the presence of the
VFDM anisotropic background.
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APPENDIX A: GAUGE CHANGE
IN ANISOTROPIC BACKGROUND

In this appendix we study change of coordinates in
Bianchi I geometries. In particular, we consider the change
of gauge between Newtonian gauge and synchronous
gauge. The most general metric perturbation in Bianchi I
is given by

ds?> = —a*(1 + 2¢p)d7* + a*2B;dx'dr

+ a2 (yi; + hyj)dxdx, (A1)
where we can decompose
Bi = 0,B + V[, (A2)

Oj
with 0,V! = 9,E" = 0 and E'; = 9;E'; = 0. We consider a
change of coordinates

R o= x4, (A4)

where & is order one in perturbation theory and can be
written as & = q and & = 7 + €' with €' ; = 0. The metric
transforms under this change of coordinates as

G (X) = G (X) = 96 (%)0,7 = 9,5(x)0,87 = £70,9,,(%).
(AS)

The transformation of the metric perturbations defined in
(A1) can be found by inspection of the components of the
previous equation. The temporal equation, the 07 equation,
respectively, the trace of that with spatial indices and the
projection on (12,-1@ —17i;) directions, yielding to

A

¢=¢—-ad—Ha, (A6a)
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W =y + Ha, (A6b)
E=E-p, (A6c)
B=B+a-k2(k*p) (A6d)

The transformation properties of the vector perturbations
can be calculated by multiplying Eq. (A5) by
Py = (7 —l%,-lgj), which Aselects the component in a
direction perpendicular to k. Then, it can be shown that

= Vim () + 2iogPp. (A7)

A

Ei = Ei — €. (AS)

Finally, the tensor perturbation is gauge invariant, so
E; ; = E;;. This is a consequence of introducing the shear in
the definition of the metric perturbation £;; in the first term
of Eq. (A3).

The functions a and f can be found by fixing the gauge.
In this work we are interested in transformations between
synchronous and Newtonian gauge. We define the i*
coordinates to be in synchronous gauge while x* coordi-
nates are in Newtonian gauge. The Newtonian gauge is
given by the metric potentials ¢ and y and by setting
E=E; =0. For the synchronous gauge, we use the
convention of [33] and define it by fixing ¢ = B; =0
and by defining two new scalar functions % and # so that the
spatial part of the metric is written as’

W =n, (A9)
1

E=- h + 6n). A10

In terms of these functions & and #, the change of
coordinates is given by

a=p —20)p, (A11)

1
p =5+ 6n). (A12)
€ = _Ei‘ (Al?))

The energy momentum tensor transforms as a rank-2
tensor, so it has the same transformation properties as the
metric [Eq. (A5)]. By inspection of the different compo-
nents we obtain

ATy = —p/'&0, (Al4a)

°Einstein-Boltzmann solver codes are generally written in
terms of this scalar functions 4 and 7.

AT = (p+ P)&, + 25,8, (A14b)

ATZJ — (éi’kzk.j - fk,jzik) - (Plﬁlj + Z/l})gﬂ (A14C)

It is now straightforward to show that the fluid variables
thus changes as

Sp=56p—ypa, (Al5a)
8P = 6P — P'a, (A15b)
(p+P)0=(p+P)0—K*[(p+P)+kk'E Ja,  (Al5c)

O = 0% +ik;e/2! j — (kikf +§7/J,~> Ta. (A15d)

Finally, the vector field transforms under a change of
coordinates as

A

8A, (%) = 8A,(x) — 9,8A,(x) — 0,A,(x)&,  (Al6)
so we obtain for the splitting

SAy = 6Ay — i(BK)A; — A€, (Al7a)

SA; = 0A; + ki(k-A)B — ik,(¢-A) — A,a.  (A17b)

APPENDIX B: SYNCHRONOUS GAUGE

The sources of the vector equations of motion in
synchronous gauge [Eq. (34)] to linear order in the metric
shear are given by

1
SL = 5 (A}‘ + UHAL + 201}1At1)(l’l/ + 877/)
- 20,64, =20, 6A;, = 2H7*[(Ho| — H'o|)A}

Oy,

Iy Ay —2
+ (Ho),, — H'o,,)ALIn 3

AL (Bla)

1 1
S, = =5 [A; + <0'+ —§6||>A,l] (W +41')
- H? [A;l (H/(O'” - 20+) - H(O’h - 26/_'_))
+24) (Ho), + (6H? = H')o,,)ln + 20, 6A]

Oy
- 20, ALh —ZW‘A’Lr]’. (B1b)

We can neglect the terms containing the shear to linear
order in the fluid variables. The vector fluid variables at
linear order in the metric shear are
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1 .
6pa=— [(A’L +ALo|+20, A, )(5A} +05A, — ik5Ag) + (A;] + < o, — “)A,l)(SAgl +2praty

c 2
+m2a2(AL5AL+At15A,I)+((a+_—”)A;l+ZUU1A2>5At1] (pL+ 100, AL A,]>(h+4n),

2

1
5PA:§

2

(B2a)

{(A’L +Ap0)+20, A, )(0A] +00A, —ikdAg) + (A;l + < o, — ) ,l>(5A§| +6a*Prn

2

2
—-m*a*(ALSAL +A, 0A, )+ ((mr——”)AQ] +261/,1A/L>5A,1:| (PL—I—3 50, AL A )(h+411) (B2b)

2

2

k c
(Pa+Pa)0s =— |

(Pa + Pa)dZy

where we defined p; = pAlA,:O’ Pt
Pp = Pyly—o and Py = Pyly, g

= pA|AL=O’

APPENDIX C: NEWTONIAN GAUGE

In this appendix we present the set of equations in
Newtonian gauge as defined in Appendix A,

Sg00 = —2a°¢, (Cla)
Sy = 0. (c1b)
Oji
8gij = —2a’ <7ij + #) v, (Clc)

where we have neglected vector and tensor perturbations.
In Newtonian gauge, the vector equations of motion are
given by (34), where the sources to linear order in the
metric shear are given by

S, = —2m?a’A, ¢ — 26, 5A,, — 20, 5A,

H,
PR T (Ao + Als) = (AL + ) |
61)
+ (AL + )AL + 20, A,) (¢ +y') - 2ﬁA§1U//a
(C2a)

2
k
[A/ YA, <o+ 2>]5AT1 —in;—zAL(SAO,

(B2c)

= {(A}‘ +Apo) + 26, A, )(0A] +0|6A, — ikdAg) — 3a*P;(h + 4n) + mZaQ(A,l 8A, —ALSAL)

3a
SAY, o o)\ Al )
= (o =5 ) +an ) +oa( (o0 =) 5 +20,41 ) | - 4P -

8
3a 5 4 GMA/ f (h + 4’7)»
(B2d)
|
S, = —2m*a*A,p — H*[A{(H' (o) — 20..)
— (6| 20,)) + 24, (Ko, — Hio, )l

+ <A;1 n ( o, — 2”) t> (@ + ') + 20, 6A,

o
2% Ay

= (C2b)

The temporal constraint equation is given by

SAy = - ————
0 lm2a2+k2

Oy, oy
+ 2714[[1// -

[6A] + 0 0AL + 20, 64,

(AL +0jAL + 20, A,) (¢ +y)].
(C3)

The VFDM fluid variables can be expressed in terms of
the field and metric potentials as

1
opy = F |:<A,L —|—AL0'|| + 26v1At1)(5A,L + 6“51414 - lk(SAo)
+ <A;I + (@ 2|)A,]>5A§] + m2a (A SA,

+ AtléA,]> + <<0'+ - 7) A+ 2ale'L> 5A,l]

+2pay = (pa +3P4) ¢, (C4a)
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1
5PA:W

+ 0A], <A;] + (@ —E”>A,1> -
+A, A, ) ( ( ?) A+ ZGU]A’L> 5At]}

|:(A/L +ALo+20, A, )(0A] +00AL — ikdA,)

2a*(AL6A,

|
+2Pyp —3 (pa+3P4), (C4b)
kT dl
(ps+ P4)0,4 = +5 |A +Ar( o2 =5 )| 847,
2
k
—i" 2 AL8A,, (C4e)

(pa + P4)o%y

4
3 7 [(A +ALUH + 2011A,])
x (8A} + 0y8A, —

I I
-3 (A;l + (% 2) A, ) 5], +5miaX(A, 54,

1
—2AL5AL)—2<AQI <0+ 2> — 46 A’)éA,]}

2(pr + 3P|,

ikSAg) — 4o, A, AL

+25y + 5 [(/)T +3P7) — (C4d)

where the fluid variables are defined as in the synchronous
gauge [see Eq. (37)].
The Einstein’s equations to linear order are'®

2

Ry 3+ HY) = =5 op. (CSa)
mp
20 PRI 2
k (l// +H¢) —?H [(H —-3H )GH
a2
—Ho|ly =5— (p+ P)0, (C5b)
2mp
"+ (H2+2H)p + H(¢' +2y)
k? a?
+§(V/—¢)—M5Pv (C5c¢)

""We have checked that our equations in Newtonian gauge
reduces to the ones derived in [26] at linear order in the metric
shear when the assumption of no anisotropic shear for the matter
sector is made.

K2 (y — ¢)+3{H+(§ 77:;)0} /

3 ., .39 319 H
+§6H¢ +— +2|:H+2 H 1_ﬁ

H H/ H// k2
ca(2 (Hz R

2

3a
+ S(O-h + 2H0'H)¢ = 71% (p+ P)éZH (C5d)

To recover the set of equations in synchronous gauge the
vector perturbations has to be taken into account, since
they mix with the scalar sector because of the anisotropy in
the background. This checks has been performed, but the
vector perturbations has been left out of this work for
simplicity.

Using only that 6y < 'H it is immediate to see that the
contribution of the metric shear 6| can be neglected on the
left-hand side of Egs. (C5a)—(C5c), but not in Eq. (C5d).
Indeed, in the absence of nonlocal contributions, only terms
with the metric shear on the right-hand side of Eq. (C5d) do
not vanish as k — 0. Therefore, we can see the metric shear
contribution to the left-hand side of Eq. (C5d) will become
important for small enough values of k.

As in the synchronous gauge, in the ACDM model the
initial conditions are imposed far outside the horizon and
deep in radiation era, thus obtaining [33]

1
0, = 0, =5 k9. (C6a)
20C
=, C6b
? = 15+ar, (C6b)
2
v = <1 + §R”> ¢, (Céc)

where C is a constant and R, = ” v, In particular, we see that

y and ¢ are of the same order at early times.

In the presence of the VFDM, the solutions for the vector
equations of motion at early times can be written as a power
law A « 7%, and we can see that in a radiation dominated
universe we can neglect the terms with the metric shear in
Eq. (34), with sources given in Eq. (C2). The constants of
integration are chosen by imposing adiabatic initial con-
ditions for the VFDM component (5p, /p/y = dp,/p,), thus
obtaining

-

SA = —Ay. (C7)

With this asymptotic initial condition for the field we can
calculate the other initial expressions for the fluid variables
in Newtonian gauge,
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2
0Py = —§PA¢7 (C8)
2-2¢2 + c?
(pa + Pa)oZya = 5%457 (C9)
ci(p+2p)—ciy ,
(pa + P4)04 = i Kz. (C10)

This adiabatic initial conditions gives a nonzero contribu-
tions for the vector shear far outside the horizon. However,
as can be seen by inserting Eq. (C9) into Eq. (C5d) and
using (31a) and the radiation domination evolution for the
scale factor, we can see this contribution cancels the one
with the metric shear.

Therefore, as in the synchronous gauge, the large
infrared contribution of the vector field is exactly canceled
by the contribution of the metric shear, so we recover
ACDM behavior in the metric perturbations and the rest of
the species at early times.

APPENDIX D: ADIABATIC MODE
FOR THE VECTOR FIELD
AND THE WEINBERG’S CONSTRUCTION

In [25] the author uses a residual symmetry to find exact
solutions to the system for modes far outside the horizon.
In ACDM the linearized Einstein’s equations in Newton
gauge are invariant under a redefinition of the time
coordinates and a rescaling of spatial coordinates for
k = 0, namely

{t—>t+€(t) ’ (D1
x—=x(1-2)

where ¢ is the cosmic time dt = adr.

In the case of VFDM, the presence of anisotropies in the
early Universe could significantly break this invariance.
However, as shown in the previous appendix, in the
equations that do not vanish for k = 0 in ACDM the shear
(and the backreaction of the VFDM in radiation domination
era) can be neglected and, therefore, those equations reduce
to the standard ones in ACDM. Then, by performing the
transformation of the metric and each species, we can find
the corresponding solutions for the system at k = O:

SA; = —€A; + 1A, (D2a)
¢ = —¢, (D2b)
w = He -1, (D2c¢)

where a dot stands for a derivative with respect to cosmic
time. Since, in the radiation domination era, the back-
ground field satisfies A; ~ HA;, Eq. (D2) reduces to
Eq. (C7). As shown in the appendix above, despite the
fact that both the right-hand side and the left-hand side of
the nondiagonal ij FEinstein equations do not vanish
separately in the limit k — 0, as happens for ACDM, the
two sides are equal. Hence the equations that in ACDM
vanish in the limit £ — O are also satisfied and, therefore,
the above solution is a physical solution that can be
extended to k#0 for k — 0. More generally, one can
see that the solution in (D2) satisfies the VFDM equation of
motion at leading order in the shear for k — 0, not only in
radiation dominated era but also afterwards, provided that A
is constant [33], by replacing (D2) into Eq. (34) [with the
sources given in Eq. (C2)] and using the equation for the
background field.
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