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We explore a possibility of dark matter (DM) interacting with the vis-
ible sector only through gravity. We consider the case of the vector DM
and discuss both perturbative and non-perturbative mechanisms that can
be relevant for DM production. In the first case, we investigate particle
production during reheating phase via the freeze-in mechanism, while the
latter refers to the particle creation in the time-varying background during
inflation. In each case, we find a viable range in parameter space which
reproduces the observed DM relic abundance.
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1. Introduction

The existence of dark matter (DM) is well-established by completely in-
dependent cosmological and astrophysical observations spanning over a wide
range of cosmological scales. However, its nature remains one of the most
puzzling and challenging problems in modern physics. The known proper-
ties of DM can be summarized in the following statement: it is invisible,
extremely elusive, and electrically neutral. It should be emphasized that
the existence of DM has been inferred only from gravitational effects. There
is no direct evidence that DM interacts with forces other than gravity to the
visible matter, however, it is commonly assumed that its interactions with
the Standard Model (SM) are mediated via some non-gravitational forces
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of weak strength. This is the well-known weakly interacting massive parti-
cle (WIMP) DM paradigm. However, decades of intensive searches of these
WIMP DM remain fruitless with ever-strengthening constraints. These null
results motivate to explore alternative paradigms for DM.

In this work, we consider an extreme possibility by assuming that DM
interacts only gravitationally with the visible sector. We focus on the case
where DM consists of spin-1 particles and investigate its perturbative and
non-perturbative production mechanisms. In Sec. 2, we study the DM pro-
duction via the freeze-in mechanism, where the SM particles annihilate to
produce DM through the exchange of a graviton in s-channel [1, 2] and SM
Higgs doublets annihilate into DM particles via a dim-6 effective operator |[3].
By solving Boltzmann equations in Sec. 3, we find the region in parameter
space that reproduces the observed DM abundance. In Sec. 4, we inves-
tigate DM production via the gravitational particle creation from vacuum
fluctuation during inflation [4]. In particular, we focus on the production of
longitudinal modes of the dark vector boson and find their number density
today. We conclude in Sec. 5.

2. Vector DM production via freeze-in mechanism

To study the production of DM via the freeze-in mechanism, we consider
the following action:

R
S = /d4x\/—g{2ﬁ2 —I—£SM+£DM} , (1)

where k = /87GN = Ml§11 is the effective gravitational constant (G is
Newton’s constant and Mpj is the Planck constant), R is the Ricci scalar,
and Lgnv(Lpwm) denote the Lagrangian density of the SM (DM). In the weak-
field approximation of general relativity, the graviton h,,,, i.e. the fluctuation
of the metric tensor g,,,,, is defined as follows

Juv = M + ﬂh;u/ ,

where 7, is the Minkowski metric diag(+1,—1,—1,—1). We assume here
that DM has no self-interactions and it does not interact directly with the
SM particles. The only interaction between these two sectors is through
gravity, which couples to their energy-momentum tensors. However, from
the effective field theory perspective, one may expect interactions between
the two sectors through the higher dimensional operators suppressed by the
scale of a new physics A, which is assumed here to be of the order of the
Planck mass Mp;.
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At the first order in the graviton perturbations, the effective action can
be written as

Set = /d”z»cceﬁ _ /d%; o R AN S )

where £ = ﬁgﬁ/[ + ﬁg& is the effective dim-4 renormalizable Lagrangian,

whereas Cl(j,z and ‘Ci(r?t) contain operators of dim-5 and -6 suppressed by Mgll
and MP_127 respectively. The dim-4 Lagrangian for an Abelian vector DM is

1 1
Lig =~ XX+ Sm3 X, X1, (3)

where the mass for the dark vector boson mx is generated via the Abelian
Higgs mechanism. We assume that the interaction part of the effective action
is given by

2

5 _k DM SM 6) K
Ll = S (T +T') s £y = S Cx mYHIHX, X", (4)
where T5M and Tl]LDVM denote the energy-momentum tensor for the SM and

DM sectors, respectively, H is the SM Higgs doublet and Cx is the dimen-
sionless Wilson coefficient.

A possible dim-4 kinetic mixing between X, and the field tensor for the
weak hypercharge is eliminated by a dark charge conjugation that ensures

the stability of the vector. It is worthwhile to mention that El(r?t) involves

only interactions of the SM and DM with gravity, i.e. there is no dim-5 direct
SM and DM interaction. The 'Cl(r?t) will induce tree-level s-channel graviton
exchange amplitudes O(k?). Note that the same suppression appears for the

contact interactions (4) involving dim-6 operator, see Fig. 1.

SM\
A’gf;ﬁﬁﬁf(ﬁf{ 7 %
SM/ Hl

Fig.1. Feynman diagrams that arise from (4). The left panel shows annihilation
process for SM particles to vector DM X, via the s-channel graviton exchange
while the right panel shows contact interaction induced by the dim-6 operator.

We briefly motivate the origin of dim-6 operator in (4), i.e. HT'HXMX“,
[5]. In our model, we assume that mass of the vector DM is generated by
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a heavy complex scalar @ charged under the gauge U(1)x symmetry. The
covariant derivative of such a scalar field is

D@ = (8, —igx X,,)®,

so that the kinetic term D,®(D*®)* contains g% X, X" ®®*. It is assumed
that @ acquires its vacuum expectation value (VEV), which leads to spon-
taneous symmetry breaking (SSB) of the extra U(1)x gauge symmetry and
generates a mass for the vector DM, m% = 2¢%(®)2. The dim-6 interac-
tion of Eq. (4) arises through the Higgs doublet coupling to the new scalar
field @ as

2
Dy (DB HIH > gi 00 HIHX, XV — ZX HIHX, XV

The first step toward computing DM production via the freeze-in from
the SM is to calculate the annihilation amplitudes. To do this, we expand
action (1) in the linearized level in the graviton field. By considering gravi-
ton interactions with spin-0,1/2,1 fields, we obtain Feynman rules that are
collected in Table I. Using the Feynman rules we find cross sections for X X
production in annihilation of SM spin 0,1/2 and 1 states. Note that the
scattering amplitude for the SM scalars going into DM vectors is a sum of
contributions from the SM annihilation via graviton exchange and contract
interactions.

TABLE I

Feynman rules for the gravitational vector DM model, where h;, f, V(X) represent
spin-0,1/2, 1 fields, respectively.

S
D .
R ’/' R
l‘VV\N\!\ 7/5 [ppp/y +pyp:L - n#u (p . p/ —+ m%{)]
2 \\ H
e
v KR / / /
it [ 0=, 2 0= 9),) ~ 20 (= §) + 2m)]
PINF
15V i Cuas (0 1+ M) + Dl + Map (urs + PoD))
o 5 |Cuas PP+ My ) + NuwPpPo + Nap \Pul v + PrPp
P Ve —PB ('Wuap/y + ﬂuap;) - p/oz (Wﬁpv + n”ﬁp#) ]
hi s X
,:{ MQCX"@(’IW ) Chv.ap = Mpatlup + NppTva = MuwTap
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3. Boltzmann equations

The thermal evolution in our model involves unstable massive parti-
cles ¢ (inflaton), a stable non-relativistic massive DM particle X, and ultra-
relativistic SM species R (radiation). We assume that ¢ decays into the SM
(radiation) and DM with rates I’z and I'x, respectively. The DM X are
created by (and annihilated to) the SM with the cross section (ov);. To find
the relic abundance of DM species, we generalize the system of Boltzmann
equations [6]

pg +3(L+w)Hpy = —(I'r +I'x)pg, (5)
pr+4Hpr = Trpy+2(Ex)(oon [nk — (09)°] . (6)
. o Po 2 eq\2
nx +3Hnx = FXm—¢—<ov>1 [nx—(n)?) } , (7)

where pyr and nx are corresponding energy and number densities, n is
the equilibrium number density of X, (Ex) ~ mx is an averaged energy of
the DM field, w is the equation-of-state parameter for the inflaton field', and
mg denotes its mass. For the sake of simplicity, we make here the simplifying
assumption that I'y — 0. Moreover, we also neglect the possibility of the
inflaton annihilation into DM species. Time evolution of the Hubble rate is
governed by the first Friedmann equation, i.e.

2
K
H? = g(%*‘ﬂx-i—mz) :
To solve the above Boltzmann equations, it is instructive to introduce di-
mensionless variables

3(14w) o 3

a
R:p’Ria X:nXia
Tau Tiu

a
= P¢ )
Tin

where Tryy denotes the (end of) reheating temperature, when I'y = H,

1

. _< 00 > .
M=\ R, (Trm) ) 0

In the above expression Hy denotes the Hubble rate at the end of inflation,
9x«(Tru) counts effective number of relativistic degrees of freedom (d.o.f) at
Tru, and ¥2 = I'y/Hy = Hry/H; parametrizes the efficiency of reheating.

L It is assumed here that during reheating, the total energy density pio; is dominated
by the inflaton component, i.e. piot ~ pg. In particular, at the end of inflation
pr =px =0.



1814 A. AHMED, B. GRZADKOWSKI, A. SOCHA

To find approximate semi-analytical solutions to the above system of
coupled equations, we assume that during reheating, i.e. the epoch between
H 1 and H};}ll, the total energy density p is dominated by the inflaton
field, while after reheating, during the radiation-dominated period, the main
contribution to the total energy density comes from the SM radiation. Those
assumptions allow to solve the first two Boltzmann equations that provide
relations between the Hubble rate and the scale factor and also between the
temperature and the scale factor

GRH

3
T(q) ~ Tmaxa” 50 for  a,<a<arm
(a) ~ T ¢
RH ¢ or @ 2> aru

and

(a) HIa_%(H'w) for a<ary
a) = )
Hgry (GRTH)Z for a>ary

where Ti .« is the maximal temperature that was obtained during the reheat-
ing and aerp) denotes the scale factor at the end of inflation (reheating).
After obtaining H(a) and T'(a), we can solve the last Boltzmann equation
which, in terms of new variables, takes the form of

dX ov e
o =g (- 07). o

The Gondolo-Gelmini formula for the thermally-averaged cross section is [7]:

B 1 T Vs
90) = AT R (mx /1) / dsv/s (5 = dmiy) o(s) <T> ’

2
4ms5,

with

1 )
o(s) )/dt|./\/l| ,

~ 167s (s —4m?
t+
where t+ = —(1/s/4 — m3% F y/s/4)? and we have assumed that masses of

the SM d.o.f. are negligible.
The total cross section for the SM annihilations into spin-1 DM can be
written as a sum of the following three contributions:

(ov)y = No{(ov)g_1 + Nij2 <UU>1/2—>1 + Ni{ov)yy

where Nog = 4, Ny = 45, N = 12 denote the number of d.o.f. of the SM
scalars, fermions and vectors, respectively (before the EW SSB), whereas,
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(0v)0,1/2,11 refers to the thermally averaged cross sections for the SM
scalars, fermions and vectors to the vector DM, respectively. Assuming
that nxy < n, we rewrite Eq. (8) as

GRH ao
(lv))1 2 eqy2 (olv])1 2/ eqy2
X(Tp) = / da o’ (n{) "+ [ da a” (n%)
HT3, HT3y, ’
Qe ARH
where ag denotes the present-day scale factor and we can adopt ag — oo
since in this limit, the production rate is exponentially suppressed.
Finally, the relic abundance of the vector DM is defined as

mxnx (1
Qyh? = PX g2 = mxnx(T) o (9)
Pec Pe
where the present-day number density is given by
3 4 S
nx (To) = X(To)TRpy ™ — (10)
SRH
Hi(mx) for w=—-1/4 Hi(mx) for w=0
14 14
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Fig.2. Relations between the Hubble rate at the end of inflation H; and vector
DM mass my that reproduces the observed relic abundance 2835h2.
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with so(srm) being the entropy density at the temperature To(Try). We use
relations (9)—(10) and require the parameters to be such that the present-
day abundance 2xh? reproduces the value measured by Planck Q%?&W =
0.1198 £ 0.0015 [8]. The results are shown in Fig. 2 in Hi—-mx plane for
several values of the equation-of-state parameter w € {—%, 0, %}, reheat ef-
ficiency v € {1073,1072,1071}, and Cx € {1073,10}. We note that the
difference between the case with Wilson coefficient Cx = 1073 and Cx = 10
is rather small and is important only in the small mass limit. This means
that the contribution from the term Ny(o|v|)o—1 to the vector DM pro-
duction is small compared to the Nj/51(0(v|)1/2151. On the other hand,
this mechanism of DM production is very sensitive to reheating efficiency.
The allowed range in parameter space is quite large in the limit of efficient
reheating and shrinks significantly as v declines.

4. Gravitational production of vector DM

In this section, we study DM matter production in the rapidly expanding
early Universe. We consider the following action for a massive vector DM:

1 1
S = /d4a:\/—g <—4g“ag”ﬂXWXa5 + 2m§(g’“’XﬂX,,> )

The background metric is the Friedmann-Lemaitre-Robertson—Walker
(FLRW) form, d.e. ds?> = dt? — a?(t)d#2. To derive equation of motion
(e.o.m.) for the X, field, it is convenient to go to the Fourier space

Xt 7) = [ Lk X, (t,k )R
u(t,T) = W ull, K )je™ ™,
where the reality of X, implies A, (¢, k)= X (t, —k). Three physical com-
ponents of the vector field satisfy, k - X = kXy, k x X = £k|X.|. It should
be emphasized that the A mode is non-dynamical and can be express as
—ik AL,

Xy = —rAL
07 k2 1 a2m?2

(11)

The e.o.m. for the transverse modes is
X!+ (K +a*mk) Xy =0,
and for the longitudinal mode, it is

2k

X//+ -
U k2 o a2md

/
%Xﬁ + (K + a’m%) XL =0, (12)

where the prime denotes the derivative with respect to conformal time 7
which is related to the physical time ¢ by dt = a(7)dr.



Production of Purely Gravitational Vector Dark Matter 1817

For the two transverse modes X1, we get e.o.m in a form of the oscillator
equation with frequency w% = k2 —i—azm%(, whereas in the case of longitudinal
mode A7, we redefine A}, as follows:

\/ k% 4+ a?mi
PO A ) (13)

amx

in order to rewrite Eq. (12) in a form of the oscillator equation, i.e.

X+ Wi (1), =0, (14)
where
k‘2 a// 3a2m2 a/2
2/ N _ 1.2 2 9 X
=%+ - r (=X 7 ) 15
wi,(7) amy K2+ a?m? (a (k2 + a?m?2,) a? (15)

Note that wi is always positive, while w?(7) can be negative. It can be
shown that this happens for mx <« Hi. This phenomenon leads to the so-
called tachyonic enhancement and results in the growth of the super-horizon
modes (k < aH) during inflation. Therefore, in what follows, we focus on the
longitudinal modes because it turns out that in this case, the gravitational
production is much more efficient than in a case of transverse modes.

Our ultimate goal is to find the present-day energy density of DM parti-
cles produced by the vacuum fluctuations during inflation. For this purpose,
we start with quantizing the longitudinal mode as

(05,2, B 7.)] = 09— ). (16
where

: Bk - S o
XL(va):/W[GL(k)d(k)XL(T,k)elk“—i—ef(k)&T(k)Xﬁ(T,k)e1’”}
(17)

and ITy,(1, ©) = X£ (7, %) denotes the canonical momenta. It is easy to check
that (16) implies

a(B),at(@)| = s@(E-#),  |a(F).a(W)] =0=|a'(F).a"(#)] .

(18)
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with the time-independent Wronskian normalized as
WAL, X = XA — X0, = —i.

Using the energy-momentum tensor we get the energy density as
_ _ L e 2 1e o g 2 22 2 2
px—Tog— 9a2 X VX() +a2 V x X +mxa XO —|—T)’LXX .

In the following computations, we replace the above expression with its
vacuum expectation value. We define the vacuum state by the following
Bunch—Davies initial condition, i.e.,

lim .)EL = —ikT

1
T——00 V2k
Using Egs. (11), (13), (17) and (18), we find

dlpr) _ K
dlnk 2m2a4

k2 a'
2 202
k? 4+ a*m% a

k! a’\’ 2 2 2 2
W(Q) ‘l‘k +a mx |XL| . (19)

Therefore, in order to find (pr,(7)), one should first determine solutions to
Eq. (14) at some time 7.

Assuming that during inflation the Universe undergoes almost purely
the de Sitter expansion, we find that d(pr,)/dInk at the end of inflation is
proportional to

{laf - (e + xp )

Qe

4
k. . ; .
d{pr(7e)) < ) for sub-horizon modes a.Hy < k

W f h 1701 e
<k?i) or S]]per— O [0) Od k; <<

where a. denotes the scale factor at the end of inflation. Then we obtain
the evolution of (pr,(7)) after inflation as follows
a™t, max[a(r)mx,a(r)H ()] < k
d(pr(7)) i
I max[a(T)mx, k] < a(T)H(T)
a3, max[a(r)H(7), k] < a(t)mx

Evolution of d(pr)/dInk with time is shown in Fig. 3. As the Universe
evolves, the redshift of the energy density varies for different modes. We
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Fig. 3. Scaling of the energy density as a function of the scale factor for heavy i.e.
Hpu < mx (left diagram) and light Hry > mx (right diagram) vector DM. The
main contribution to the total energy density comes from the mode k, = a(7: H =
mx)mx. Here, ke = aeHe and kRH = aRHHRH.

see that at the end of inflation (@ = ae) the main contribution to the total
energy density comes from modes with the shortest wavelength. However,
after inflation, those modes receive the strongest suppression proportional
to a™*. Note that the energy density of modes with k = k, is the least
redshifted. It turns out that the present-day number density of DM particles

could be expressed in terms of number density d(n.)/dInk at H(T.) = mx.
After some tedious calculations, we have:
— For DM vector bosons with mass Hry < mx < Hj
2(<1+3w)> s (k)2
3(1+w 3(1+w
T i R B <ks
dink 2(3w?+3w+2) L, S(1—w)
oy HCTIO0D g 150 () 0550 | ko > k> ke
— For DM vector bosons with mass mx < Hrpg
2(1-3w) k 2
HI’Y 3(1+w) (i) , k < ki
d(n.) 3/2 175/2  35F
Tk~ s%mx/H/ T (%) ke <k < kru -
3(w+3) 3(1—w)

1—-3w
Lmi(/;y T H12(3w+1) (%) 3w ke > k> k’RH

8T

Above, the equation-of-state parameter w corresponds to the total energy
density, i.e. p = wpior- The role of w is to allow for an extra freedom while

describing gravitational evolution during reheating. More microscopically,
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w would be an effective parameter that takes into account the presence of
an inflaton, radiation and perhaps another components of the Universe at
that time. We note that the number density per log frequency has a peak
structure if and only if w € (—3,1). Then, d(n,)/dInk is dominated by
modes with & = k. = a(r : H = mx)mx. The observed value of DM
number density, nx(7p), is related to the number density n. = (n.) at
T.: H(T,) =mx as

3
Ay s
nx (To) = n. (> =N,

Sx
where so(s.) refers to the entropy density at T'= Ty(T = T), respectively.
The entropy density is

p+p Apr  4ARTPm%

S, = = - A
T, 3T T,
Hi(my) for w=—1/4 Hi(my) for w=0
11 11
X X
=10 =10
< TS ’
) —107" = — 107"
b% 9 _ 10—2 b% 9 _ 10—2
S 3
— o 10—3 — o 10—3
8 — 107" 8 — 10"
2 4 6 8 10 12 2 4 6 8 10 12
Log,o[mx/GeV] Log,o[mx/GeV]
Hi(mx) for w=12
11
=10
% gl
) — 107"
b% 9 _ 10—2
3
— . 10—3
8 — 10
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Fig.4. Relations between the Hubble rate at the end of inflation Hy and vector
DM mass my that reproduces the observed relic abundance 2835h2.
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where T is determined by the following condition:

N1/
<W2I§1) , Hpm <mx
T, = TRH X

CoN1/2
72}%) , mx < Hgrpu

Relations between Hp and mx for several values of w and -~ that re-
produce the observed value of DM density QgﬁhQ are shown in Fig. 4. We
limit ourselves to mass mx < Hi, since in this case, we expect the tachyonic
enhancement in longitudinal mode production. We see that if the reheat-
ing was extended in time (i.e. for v = 107%), then the Hubble rate at the
end of inflation has to be larger than in the case of very efficient reheating
(y = 1071) to produce particle with the same mass. Moreover, we notice
that gravitational particle production is most relevant for relatively light
DM vector bosons.

5. Conclusion

In this work, we have demonstrated that massive vector particles that
communicate with the SM sector only through gravity can serve as a viable
DM candidate. It was shown that even in the minimal scenario, there exist
mechanisms, i.e. freeze-in from SM and pure gravitational production from
vacuum fluctuations during inflation that can reproduce the observed relic
abundance of the vector DM. In each case, we showed the viable range in
parameter space Hi—m x that produces the correct relic abundance. We have
found out that the thermal mechanism of particle production prefers rather
effective scenario for reheating and could produce very heavy (O(10'7) GeV)
vector DM, while the pure gravitational production is most relevant for
particles with masses smaller than the Hubble rate during reheating.
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