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Background dynamics

The FLRW metric:
ds® = dt? — 2*(t)dx® = a°(7) [d7? — d*®]

The action: 2

S= /d4x\/ { LR+ Ly + E\/B]
The a-attractor T-model

L4 = 50:60"6 — V(o)

9 a S
V(¢)= A*tanh®” <)~ 2n ,
V6aMp, A Mipl || < Mpy

where n > 0,6c=1,A =3.0 x 1073 Mp,



1. 1.
Po = §¢2 + V(o) Py = §¢2 — V(o)
Classical background equations of motion:
$+3He + Vy(¢) = 0
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Assumption: px < pg




Vector boson spectator (dark matter)

2

SVB = /d XF{ g'uagyﬂxuuxaﬁ l %guyxuxu"'

§2

S v
—%g” RX, X, + 5 RM XX,

where X, = 0, X, — 0, X, with Z : X, = —X,.
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Production of Dark Photons", 240315536,
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coupled to gravity", in progress,
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Gravitational production of DM

X, (r, %) = / (d X, e X R = Y @ )X(r, R).

P A=+, L

2> / [ s {3t o3 + i (Mt O

/dT/ o {2A2( Platas S Sl }

where k2 = |k|2, and

k2 + a2m? . (a)
A(a, k) = —_efit™

)

2m2ﬁt(a)
mag(a) = mk — &1R(a) + %ﬁzR(a)+3§2H2(a),

M 0) = M — 61R()+ SoR() — HAa)



i) = mi 3 (6 - 3ee) Gula) - ) - &2 G
(

m =k - [3 (8- g ) Gwla) - D+ | HCa)

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

1 (1,
H? = (¢2 * V((b))
33 \2

Evolution of the effective mass
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K2+ 2m2
s(a) = sign {aeﬁ’t(a)}

3 2
a mefﬁt(a)

To avoid ghost instability s(a) > 0 for any a: ~» m2eﬁt(a) >0

2
Fwla), €1,62) < (’"X) = !
with

@), .6 =3 (61 - 56 ) Gwla) - 1 - o] for wla) € [-1,1




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.

mZs,(a) = m% — w(a)3&H(a)

£1=62/2
= mi *+3&H(a)

mgp(a)
§1762/2
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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 méﬁ’t(a) for two
values of s € {0,1}.
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. .
/ /(g l)(s{lAz( X Dk ;azméff,x(a)'XL(T’k)'z}

Xy (1, k) = Al(a, k)X, (7, k)
Integrating by parts and dropping the boundary term
3
/dT/ d k

// I 2
X {|XLI(T, K)|?— [a meﬂ:x(a)Az( k) + AL(S’kk)) -2 (2&3’ l;;) 1 |x(r, E)|2}

X{'(7, k) + wir, k)Xi(r, k) = 0,
X/ (7, k) + w7, KX, k) = 0,
where the time-dependent frequencies are defined as

w3 (T, k) = k* + a2méﬁsx( a),

wilr, k) = 32meﬁx( a)A%(a, k) +

12

A(a, k) Al(a, k)
e 2(acw)



w¥(a, k) = k? + 22m% — a*H%(a) {3(3w(a) -1) <fl = éfz) + 52}

2(2. k) 2mgff>< 22 (3) — k?
wi(a, k) = k*—"= + 3°m —
L\a, mZe, effix® = 2y 2m fft(a)
2 m! 2 m (2’ Megrt + M, a)?
. + efft +02 efft effit efft
a  Mery a Mert k2 +22m? . (a)

efft

For & =& =0, the frequency recovers the standard formula

k2 3" a/2 m2
2 2 2 2.2 X

= = + [ I S—— S

Wi (T’ k) Wi (T’ k) |51=52=0 k a Mx k2 + a2m§< a k2+ a32m X

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 5



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, i.e. no "runaway production"



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

i
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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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Figure 4: Evolution of various length scales, n. = (%) .



Evolution of the ke mode for 7, = 0.16 and n = 1 Evolution of the k. mode for 7. = 0.16 and n = 2
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Figure 5: Evolution of the k. momentum mode of the transversely polarized
vectors with mass mx =5 - 1012GeV for different non-minimal couplings for
n =1 (left) and n = 2 (right). Lower panels: Evolution of the transverse

2

frequency w3 /k2, ne = (H—) .

mx
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Evolution of the k. mode for ;' = 0.16 and n = 1 Evolution of the k. mode for ;' = 0.006 and n = 1
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Figure 6: Evolution of the k. momentum mods of the redefined longitudinal
polarization with mass mx =5 - 10*2GeV (left) and mx = 10*2GeV (right) for
different non-minimal couplings assuming quadratic inflaton potential
during reheating, i.e, n = 1. Lower panels: Evolution of longitudinal

2
frequency w?/k2, ne = ("’—) .

mx
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Evolution of the k. mode for n; ' = 0.006 and n = 1

10%F ‘ — o
L1
a 10
X100 ‘
S 10-11 —0.0005, —0.0005 l
= 0.001,0.001
i 1072 [ —— —0.001,0.001
(U 0.0005, —0.0005
T T T ‘ T \ml T ‘ T ’ ‘
100} I
- (AN |
ae 10720 [
~ ’
m3.q 10—4 L II I ! i
1070} |
L ‘ L ' L ‘ L L l ‘
—6 —4 -2 0 2 4

Log[a/a.]

o
F'gure 7: Evolution of the kc momentum mod 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. Lower
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S d*k ooy ik
X(T7X ‘)\gL/WEA(k)e X/\(T7 k)u

(7, k) = (k)X (r, k) + 3L (— k)5 (7, k)
The power spectra:
N ~ 272
(01(r, k) - Ry (7, 0)[0) = Sax (26K + @) 5P (7, K)
- ~ 22
(0183 (7, k) - 25,(7, @)]0) = Gan (275 (k + q)%m; (7, k)

N N N - o om?
(0187, k) &5, (7, @[0) + (O1L(r, K) - (7, @I0) = (218K + @) 5 Py (7
where \, M = £, L
(0]px[0) = (0|p1[0) + (0[p+|0),

where

(0]5]0) = (0| "|0) + (0|5{*|0) + (0] 5¢2|0),

-

(015£[0) = (0|2]0) + (0| 55 |0) + (0|52 |0)
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1 d3k 272
0L = 5 [ (F,;{mgn 0+ + )P, (.0}
- d3k 2
< | 51|0> f1/( )3 :—3 {—322H2pxi(7', k)+3aH'PXi)(:/t}

" g d*k 22
(01p£10) = =

272
2n)? 3 {23 H 'Pxi(T,k)—:’)aH'PXixli}

Spectral energy densities

doptoy 1 2. 2 o
Tk X a8 (PR (€ )P 0
4020 &

dink at
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Spectral energy density at a = e'a, for n=1 and 7" = 0.006 Spectral energy density at a = e'a, for n=2 and 7" = 0.006

-6
105F T T T T 10
SRS . .6
107 0.001,0.001 10 0.001,0.001 1
T 0.0 ) S107 0.0 ]
—— ~0.001,0.001 = Lotz —— —oom.0001
1071 = 4

107

10

(d(pa(a, k) /dIn k) /p,

20
v ol S = i

| T U | )

10t 107* 1072 107! 10° 10" 107" 107* 107 107! 10° 10!
k/ke k/k
. ;i 4 -1
Spectral energy density at a = e*a, for n=1 and 5" = 0.00006 Spectral energy density at a = ¢'a, for n=2 and 7;" = 0.00006
1078 107 T T T T T 3
SRS . .6

107 107,10 1077 10°°,10°° 1
1072 0.0 ) 107~ ~00 1
e R —-2-107%,10° q
10716 1

b oot

1(px(a. k) /dInk)/py

107"
1072 1
=z ot N 1
1075 - L
1072 ]
10 107 1072 107! 10° 10! 107 107 1072 107! 10° 10!
k/k, k/k,

Figure 8: Spectral energy density of the longitudinal (L) and transverse (T)
components of the minimally (dashed green) and non-minimally (violet

curves) coupled vector field for the quadratic (left panel) and quartic (right
panel) reheating model. ”



The physical expectation value of the energy density is calculated
with respect to the initial vacuum state, e.g., Bunch-Davies vacuum,
whereas the normal ordering is performed with respect to the
late-time ladder operators. At late time, i.e.,, when the evolution of
the modes becomes adiabatic, the total energy density can be
approximated by the following formula:

INY.~ . 1IN H ~ d3k
(O™ 0%) = lim o =~ [ SwnlokP

[P+

lim |6 [*= - | \2**
T—00

and similarly for (0'V]: pr: [0'V).
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Figure 9: Normally ordered spectral energy density of longitudinal modes.
Left: Comparison of the unregulated (solid curves) and regularized (dashed
curves) spectral energy density. The results perfectly overlap in the low-k
regime.
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Spectral energy density at a = ¢‘a, for n=2 and 57" = 0.006

Spectral energy der at a = e, for n=1 and 5, = 0.006
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Flgure 10: Normally ordered spectral energy density of longitudinal (L) and transverse (T) components of the minimally (dashed
green) and non-minimally (violet curves) coupled vector field for the quadratic (left panel) and quartic (right panel) reheating potential.



- 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:
o N* |o|> Mp,
V(4) = A*tanh®” () 2n
v 6aMp, Nt Mﬁ ‘¢|<< Mpy
Pl

+ Spectator vector X,;: px < pg

- Energy density corresponding to various polarization
components of the vector field have been calculated.
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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
meﬁ‘,x(a) > 0 and meff,t(a) > 0 for arbitrary w € [—1, 1].
- f mzeﬁ,x(a) > 0 for any a, then w?(r, k) = k2 + a2m2eff,x(a) >0, S0
no tachyonic production of X7.
. ; ; ; 2 - 2 2
During dS inflation meff,x(a) meﬁ,t(a)’ therefore for k2 — oo
w3(a, k) = wi(a, k) = k2, i.e. no massive production of
short-wavelength modes, i.e. no "runaway production".

- Appearance of a second maximum in normally ordered spectral
energy density of longitudinal modes has been noticed.
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Figure 12: The amplitude squared of the longitudinal polarization normalized
to the Bunch-Davies value for different choices of the non-minimal coupling
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