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Background dynamics
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where n >0, 6a =1, A =3.0 x 1073 Mp,




Po = %éﬂ + V(o)
1.
Py = §¢2 — V(¢)

The dynamics of the inflaton field and the scale factor is described
by the following classical equations of motion:

¢+3Hp+ V y(h) =0

R (;&2 : V(¢))

Pl

where H = a/a denotes the Hubble parameter.

Assumption: px < pg




Vector boson dark matter

The FLRW metric:

ds® = dt? — 2*(t)dx? = a%(7) [d7? — d*?]

The action:
M2
5= /d4xs/7—g {QF"R + Ly + Loy
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Gravitational production of DM
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where k2 = |k|2, and
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A(a, k) = —_efit™
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2m2ﬁt(a)
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where

pla) 1% — V(9)

p(a) 1¢',2 V() w(a) € [-1,1]

- For minimal couplings, i.e. & =& = 0:
mgﬁx(a) = mgm(a) = m%.
- During inflation (dS)

mgﬁx(a) = mgm(a) = m% +3(4& — &)H?(a) ~ const.




b+3Hp+ V 4(¢) =0
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Evolution of the effective mass
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K2+ 2m2
s(a) = sign {aeﬁ’t(a)}
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a mefﬁt(a)

To avoid ghost instability s(a) > 0 for any a: ~» m2eﬁt(a) >0
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For
1
&= 552

The Lagrangian density reads

1
v—gLiM=y—g [ gle,“,X“X” 52 Ru X' X"\ = /=g 562Gu X! X",

where G, = R, — %ng.
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Figure 2: Left: Region in the & — & parameter space satisfying
f(w(a), &1, &) < 1, ie. for ne = 1, with two limiting choices of the

equation-of-state parameter w = —1 (light pink region) and w = 1 (light cyan
region). Right: Values of & — & ensuring the positivity of méﬁt(a) for two

values of s € {0,1}.



Xi(1, k) = Aa, k) X1
Integrating by parts and dropping the boundary term
3k
=S oy

: { -t 558248 )

XU (1, K) + 2(7, K)X(r, k) = 0,
X!/, k) + WP, k)X (7, k) = 0,
where the time-dependent frequencies are defined as

wi(r, k) = k* + azméﬁx( a),
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W2, K) = K2+ 2Pm2 — 22H2(2) [3(3W(a) 1) (fl - %fz) : fsz}

For the minimal coupling, i.e. &1 = & =0, the frequency recovers the
standard formula

k2 3" a/2 m2
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see also

- A. Ahmed, B.G. and A. Socha, “Gravitational production of vector dark
matter,” JHEP 08 (2020), 059

- E.W. Kolb and A. J. Long, “Completely dark photons from gravitational
particle production during the inflationary era,” JHEP 03 (2021), 283



UV behaviour, i.e. k? — oo

m2 e (a)
(e, k) = K2, Wi, k) — kziﬁi'x()
mefﬁt a
2
meﬁ,x(a)
2 (@ ="
mefﬁt a
Mefix(2) . .
——=— < 0 = massive creation of short-wavelength modes
a2

Remark:

. ; : : 2 - 2 2
during dS inflation meﬂ“,x(a) mefﬁt(a)' therefore for k* —
w?(a, k) = wi(a, k) = k2, i.e. no massive production of
short-wavelength modes,
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Credibility might be restored:

- One could impose the positivity condition on méffx

(a)

2 .
analogously to meff,t(a)'

2
f(Waglaéé) 5 <Hn(7:e)> = 77;1,

with
flw, &, &) =3 [3w(a) - 1] (51 - é&) +&o.

- For mx — 0 and &1, & 70 there is no region such that
2 2 H
mefﬁx(a) > 0and meff,t(a) > 0 for arbitrary w € [—1, 1].

. 2
If meﬁx

no tachyonic production of X7.

(a) > 0 for any a, then w2(r, k) = k2 + anéﬁX(a) >0, so
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Figure 3: Left: Region in the & — & parameter space satisfying
f(w(a), &1, &) <natand F(w(a), &1, &) < nat, for not = 0 (left panel) and
1. ' =1 (right panel).
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Flgure 5: Evolution of the kc momentum mode of the transversely polarized vectors with mass my = 5 - 1012GeV for different
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Flgure 6: Evolution of the kc momentum mods of the redefined longitudinal polarization with mass my =5 - 1012GeV (left)
and my = 1012Gev (right) for different non-minimal couplings assuming quadratic inflaton potential during reheating, i.e, n = 1.
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Evolution of the k. mode for n; ' = 0.006 and n = 1
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F'gure 7: Evolution of the kc momentum mod of the redefined longitudinal polarization with mass my = 5 - 1012GeV (left) and
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X(r2)= Y [ o Same a0,

A=, L (2r)?
X\(r, k) = a\(k)xa(r, k) + 3L (= k) X5 (7, k)
The power spectra:

“ ~ 272
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o ~ NS

(7, K) - B, 0)) = 5rx 60K + ) - Py (7, )

N ~ ~ N S 2m?
<X>\(T> k) : X)/\’(Tv q)> + <X)/\(T7 k) : XA’(Ta q)> = 5)\>\’(27T)35(3)(k + q)kiz’PXxX//\ (T7 k)
where \, M = £, L

where
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- Gravitational production of Abelian massive gauge fields,
candidates for dark matter, that are coupled non-minimally to

gravity has been discussed.

- The a-attractor T-model potential for the inflaton field has been

adopted:

9]

V(¢)= A*tanh®" <
vV 6(%,/\//})1

)=

/\4

/\4

[0}

Mpy

2n

‘(])|>> M]’)]

|pl< Mp;

- Energy density corresponding to various polarization
components of the vector field have been calculated.

- Spectator vector X,;: px < pg
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- It has been shown that the presence of the non-minimal
couplings may imply a massive, tachyonic production of
high-momentum modes of the gauge field.
- For mx — 0 and &, & 70 there is no region such that

2 2 H
mefﬁx(a) > 0and meff,t(a) > 0 for arbitrary w € [—1, 1].

- Oscylatory tachyonic production during reheating have been
observed.
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Figure 10: Evolution of various cosmological distances during and after
inflation for heavy vector DM i.e. Hy, < mx < Hr (left diagram) and light vector
DM mx < H.y, (right diagram). The red region corresponds to modes with
wavevector in range amx, aH < k, purple refers to the region where

amx < k< aH, blue corresponds to the condition k<amx <aH and in the
green region aH, k<< amx. Here a. = k/H refers to the second horizon
crossing, a, = alry), km = aemx, ke = a,mx, ke = acHr and ky, = anHen. The
plot assumes —1/3 < w < 1/3 during the reheating phase.
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Evolution of the Hubble rate H(a) Evolution of the energy density p(a)
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Figure 11: The cosmological evolution of the Hubble rate H(a) (left-panel)
and energy density p(a) (right-panel) as a function of the scale factor a. The
scale factor at the end of inflation a., end of reheating a,,, and
matter-radiation equality amse are represented as gray dashed vertical lines.
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with the Hubble rate H? = 3,\41;[ (o * psm * px)
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Quantum particle production from a vacuum in a classical infla-

ton/gravitational background

For the interactions proportional to the ¢ = ¢ - P term, the
lowest-order non-vanishing S-matrix element takes the form

SP =" Pitf] / d* xp(t) e " Ling(x) [1)
k
where

i) = |0), |f) = a4l |0).

If the envelope o(t) varies on the time-scale much longer than the
time-scale relevant for processes of particle creation, the S-matrix
element can be written as

S =ip(t) S PreMos (k) x (2r)*o(ke — 2E¢)8%(pr, + pr).
k
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Higher dimensional operators in the dark matter production

1 Cgé 2 2
Lmtj d)‘ “G)| _EW‘M |D (D‘

where D, ® = (9, — igx X,,)® is the covariant derivative of the ® field
and g is the U(1)x gauge coupling.

h i h2+ih3
V2 \ ho+ihy )’
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Generalized Stuckelberg action

Sx = /d4X\/—g
1 po vf L nz
7Zg g X/LL/XQB + Eg (au(DX + mXXl/)(a/l,@X + mXX/L)

1 R
* 5 (1 N n’72) gﬂu(altq)l + |£1|1/2m1XM)(81/®1 + ‘51‘1/2m1X1/)
1

1 R
*- g — ) (0, D2+ 16 2ma X, (0, D + &2 maX,) b
2 m5

where @, (i = X, 1,2) stand for the Stuckelberg real scalar fields. The
above action is invariant under the following three local Ux(1)
transformations

XM(X) — X/_/L(X) = X,u,(X) + a;L)\i(X):

D;(x) = Dix) = Di(x) — |&[H2mii(x),
fori=X,1,2and £x = 1. Choosing the unitary gauge, i.e., ®} = 0 for
each symmetry transformation we rediscover our initial action. 3



Higgs mechanism generation of the non-minimal couplings

1 2
Sowm = / d*xy/~g {—4g*“g”ﬁxwxaﬂ * TEgIX X

&2

—%g‘“’RXMX,, + 2Rf“'xﬂx,,} ,

where X, = 0, X, — 0, X, with Z, : X, = —X,.

1
5DM = /d4x\/ —8 {_4guagVﬁX/u/onﬁ + |Du®|2
8 RID, P+ 52 RH(D,®)(D,®)
N2 " N2 " v
for D,® = (9,, — igx X, )® and A = gxvx = mx.
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