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Galatic rotation curves Cluster collisions

Gravitational lensing of CMB DM ~ 85% of total matter

[Planck Satellite]
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Dark matter (DM) is massive and stable.

DM interacts with gravity!

No (so far) evidence of non-gravitational interactions of DM.
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Nightmare scenario: DM only interacts gravitationally!

Mechanisms for gravitational DM production:

Primordial black holes (PBH) as DM 

Freeze-in via graviton portal 
 

PBH decay/scattering
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FIG. 1. Black thick line: ⌦PBH(M ) for parameters given in Eq. (14)
is shown. We require the total abundance be equal to the ob-
served DM density, ⌦PBH,tot = ⌦c . The solid lines with shades
represent relevant observational constraints on the current PBH
mass spectrum [class (a)]: extra-galactic gamma-ray (EG�) [25],
femtolensing (Femto) [26], existence of white dwarfs in our lo-
cal galaxy (WD) [32], Subaru HSC microlensing (HSC) [1], Ke-
pler milli/microlensing (Kepler) [27], EROS/MACHO microlens-
ing (EROS/MACHO) [28], dynamical heating of ultra-faint dwarf
galaxies (UFD) [31], and X-ray/radio constraints [33]. The solid
line without shade illustrates the observational constraints on
the past PBH mass spectrum [class (b)]: accretion constraints
by CMB [37–39]. Here we do not show the pulsar timing array
constraints [44–46] on gravitational waves via second order ef-
fects [40–43] because they are indirect and depend on the con-
crete shape of the scalar power spectrum. Nevertheless, it is no-
ticeable that their constraints are so strong that PBHs with M ⇠

0.75�M�–75�M� are excluded (See for instance Fig. 1 in [15]), if
they are generated via superhorizon fluctuations. See [15, 47, 48]
for details. The conservative bound of the new HSC microlensing
constraint is shown by the thick blue line with the deep shade,
and the dotted one utilizes an extrapolation from the HST PHAT
star catalogs in the disk region [1].

substantial amount of GWs as second order effects [40–
43]. This is because the energy-momentum tensor of scalar
perturbations acts as the source term in the equation of
motion for GWs. Since GWs are produced when the scalar
perturbations reenter the horizon, the momentum scale of
GWs is necessarily related to the PBH mass, Eq. (2). Also,
the amount of GWs is roughly proportional to the square
of the scalar perturbation, which may be conveniently es-
timated as ⌦GW ⇠ 10�9(P⇣/0.01)2. The current pulsar tim-
ing array experiments [44–46]put severe constraints on k ⇠

106 Mpc�1 corresponding to M ⇠ 0.75�M�–75�M�. If one
would like to interpret the LIGO events as PBH-mergers,
these constraints play important roles [15, 47, 48].

IV. PBH AS ALL DM

As one can infer from Fig. 1, there are very limited ranges
of the PBH mass in which PBHs can be a dominant com-

FIG. 2. Constraints on parameters (M⇤,�, fPBH) of the extended
mass function given in Eq. (13). Here we have adopted all the con-
straints shown in Fig. 1. The region consistent with the full DM,
fPBH = 1, is inside the dashed line near M⇤ ' 1020 g with�Æ 1.

ponent of DM. The first viable region may lie between
the white dwarf and HSC constraints around ⇠ 1020 g.1

The next possibility would be between the MACHO/EROS
and the dynamical heating constraints around 1034�35 g [7],
since the CMB constraints can be much weaker as claimed
recently [37–39]. This region is recently revisited because
there is a possibility to explain the LIGO gravitational
events simultaneously [8, 36, 49]. However, in Ref. [50], it
is argued that PBHs as all DM in this region is disfavored
if one uses the constraint from the dynamical heating of
ultra-faint dwarf galaxies.6 Ref. [33] also claims that PBHs
cannot constitute all the DM for M ⇠ O (10)M� by using
a new accretion constraint on PBHs at the galactic cen-
ter via the radio and X-ray.7 In addition, for PBHs gener-
ated via superhorizon fluctuations, the pulsar timing ar-
ray experiments [44–46] set severe constraints on gravita-
tional waves via the second order effects [40–43] for M ⇠

0.75�M�–75�M� as mentioned previously. If the formation
of PBHs is well approximated by the Gaussian statistics,
the power spectrum of curvature perturbation should be
sharp enough to avoid the constraints at O (10)M� [15, 48].
Inflation models with enhanced non-Gaussianity at small
scales may evade this constraint since the same amount of
PBHs can be produced by a smaller amplitude of the cur-
vature perturbation than the Gaussian one [47]. We will re-
turn to these issues elsewhere [51].

Fig. 2 shows observational constraints shown in Fig. 1
on parameters of the following form of the extended mass
function adopted in Ref. [50]:

d
dM

⌦PBH(M )
⌦c

=N exp


�(log M � log M⇤)2

2�2

�
, (13)

6 Ref. [7] varies the parameters of constraints from the dynamical heating
of Eridanus II.

7 Note that this constraint depends on the profile of PBH DM. For the
Burkert profile, we can evade it as discussed in Ref. [33].
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DM from gravitational particle production due to quantum 
fluctuations 

Rapid expansion in the early universe (during and after inflation) 
leads to non-adiabatic production of quantum excitations from the 
background fields.

Analogy: 1D hormonic oscillator with time-dependent frequency 

[Schrodinger 1939; Parker 1969 ; Zeldovich, 
Starobinsky 1972; Ford 1987; +…]
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Why gravitational production of dark matter?

Unavoidable consequence of rapid expansion of the Universe

DM number density is tied with inflationary observables; Hubble 
scale , reheating temperature , inflaton potential , etc.

Beside gravity no other interaction is required

Spectator field: not relevant directly for inflationary dynamics

Inflation dynamics is less important during inflation, however it 
could be relevant during the reheating phase.

HI Trh V(ϕ)
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Scalar  inflaton fluctuation  adiabatic density perturbations 
 
 
 
 

Tensor  metric fluctuation  primordial gravity waves 
 
 
 
 

Vector  cold relic  DM

→ →

→ →

→ →
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I. The vector dark matter model

II. Cosmological evolution

III. Evolution of the vector mode functions

IV. Vector DM relic abundance

V. Next to minimal gravitational vector DM model

VI. Reheating dynamics and role of inflaton
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Massive Abelian vector Xμ

<latexit sha1_base64="MvVvzeifKqFj5FLd2HUoLZt9y4A="></latexit>

ds2 = a2(⌧)
�
d⌧2 � d~x2

�
FLRW metric

<latexit sha1_base64="KtQYLO2tIE5wilhAlNo4eHR9HUA="></latexit>

X 00
± + !2

±(⌧)X± = 0, eX 00
L + !2

L(⌧) eXL = 0

<latexit sha1_base64="h4H7BIVaj2YXKMZiOfOWaM+2LNo="></latexit>

Xµ(t,x) =
X

�=±,L

Z
d3k

(2⇡)3/2
✏�µ(k)X �

µ (t,k)e
ik·x

<latexit sha1_base64="yXtk8hQevTfJF+da+kYEfFl8jHY="></latexit>

eXL(⌧,k) ⌘
a(⌧)mXp

k2 + a2(⌧)m2
X

XL(⌧,k)

Mode equations 

<latexit sha1_base64="/Vy2aIGxhieeITHBBRiF048J9VE="></latexit>

!2
±(⌧) = k2 + a2m2

X

!2
L(⌧) = k2 + a2m2

X � k2

k2 + a2m2
X

✓
a00

a
� 3a2m2

X

k2 + a2m2
X

a02

a2

◆

tachyonic enhancement

[Graham, Mardon, Rajendran 2015]

Non-minimal coupling with gravity see 
[Alonso-Alvarez, Jaeckel, Hugle 2020]
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Energy density of the longitudinal component of vector DM
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Figure 1: The cosmological evolution of the Hubble rate H(a) (left-panel) and energy density fl(a)
(right-panel) as a function of the scale factor a. The scale factor at the end of inflation ae, end of
reheating arh, and matter-radiation equality amre are represented as gray dashed vertical lines.

Consequently, during the de Sitter stage the longitudinal frequency Ê
2
L

(2.8) simplifies as

Ê
2
L(· Æ ·e) © Ê

2
I (·) = k

2 + a
2
I (·)m2
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4
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2
a

2
I (·)m2

X

(k2 + a
2
I (·)m2

X
)2 a

2
I (·)H2

I , (2.24)

where we have used the fact that during the slow-roll period of inflation
1

a
Õ

a

22
= a

2
I (·)H2

I ,
a

ÕÕ

a
= 2a

2
I (·)H2

I .

It is seen that for vector DM mass mX ∫ HI, Ê
2
L

remains positive with no chance for the
tachyonic enhancement. Furthermore, another reason not to consider vector DM heavier
than the inflationary scale HI is the fact that we assume during inflation the inflaton energy
density 3M

2
PlH

2
I to be the dominant energy density. Therefore, hereafter we consider only

vector DM masses mX .HI.
In the far past during inflation (subhorizon limit) all modes were deep inside the

horizon, so that aI(·)mX πaI(·)HI πk. In this limit, the frequency Ê
2
L

becomes constant
which results in a simple harmonic oscillator equation for modes,

ÂX ÕÕ
L(·) + k

2 ÂXL(·) = 0. (2.25)

The unique solution that minimizes the energy is known as the Bunch-Davies state,
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·æ≠Œ

ÂXL(·) = 1
Ô

2k
e

≠ik·
. (2.26)

Hereafter we will take the above solution as our initial condition.
For the vector DM mass mX .HI, there are two other regimes relevant during inflation:

(a) Intermediate-wavelength case (aI(·)mX πk πaI(·)HI), such that

Ê
2
I ¥ k

2
≠ 2a

2
I (·)H2

I . (2.27)

– 8 –

Solve mode equations with Bunch-Davies initial condition 

Figure 6: Evolution of the energy density per log momentum dÈflLÍ/(d ln k) with the scale factor
a for di�erent choice of wavevector k: long-wavelength k <km (left-panel), intermediate-wavelength
km <k <kı (middle-panel), and short-wavelength kı <k <ke (right-panel). The numerical analysis
presented here agrees with the analytical predictions. Here we choose the parameter mX = 108 GeV,
HI = 1013 GeV, w = 0 and k = 10≠8 GeV, 10≠3 GeV, and 4 GeV for left, middle, and right plots,
respectively.

3 Relic abundance of vector dark matter

The present energy/number density of DM particles could be expressed in terms of en-
ergy/number density at H(aı)=mX . The number density of longitudinal modes, ÈnLÍ, is
related to their energy density ÈflLÍ as

d ÈnLÍ = d ÈflLÍ

EL

, (3.1)

where EL denotes single-particle energy. Consequently at H(aı)=mX the number density
per ln k is computed as,

dÈnL(aı)Í
d ln k

= 1
Ò

m
2
X

+ k2/a2(·ı)
dÈflL(aı)Í

d ln k
. (3.2)

In the following, we evaluate the DM number density in two mass regimes, the heavy vector
DM Hrh Æ mX < HI and the light vector DM mX < Hrh. Moreover, it should be stressed
that we consider the evolution of number density for super-horizon modes with k <ke, i.e.
the modes which were outside of the horizon at the end of inflation.

Before presenting detailed numerical analysis it is instructive to estimate the number
density per ln k (3.2) of the longitudinal modes at H(aı) = mX , from the energy density
scaling observed in Eq. (2.68). In Fig. 5, we show the dÈnL(aı)Í/d ln k scaling with k

for the longitudinal modes at aı = a(·ı). Note that the dominant number density is
generated by the modes with comoving momentum kı represented as dashed (red) line.
After exiting the horizon, these dominant modes pass through the purple region only until
they reach H(aı) = mX . Focusing first on the heavy vector DM case (Fig. 5 left-panel),
the modes with wavelengths longer that k

≠1
ı , i.e. k . kı, would have to pass through the

blue region where the energy density of these modes redshifts as a
≠2. Therefore in this

region the energy density associated with these longer wavelength modes k . kı scales

– 20 –

Number density at H (a⋆) = mX

Hence, in this case, the dominant mode momentum kı ∫kCMB for w =[1/3, 1) and mX Ø

10≠14 GeV, independent of the reheating scale Hrh (or reheating e�ciency “). However,
for the equation of state w = (≠1/3, 1/3), the heavy DM dominant mode momentum kı

can be of the order of the CMB scale for Hrh π mX and hence can generate dangerous
isocurvature perturbations. In this case, we find the following condition on the reheating
scale Hrh in order to safely avoid the isocurvature constraints with kı&1400 pc≠1

∫kCMB,

mX Ø Hrh Ø 10≠14 GeV
310≠14 GeV

mX

4 2(1+3w)

(1≠3w)

, with w = (≠1/3, 1/3). (3.25)

The strongest lower bound on the reheating scale corresponds to the extreme case in our
choice of parameters w ƒ ≠1/3 which implies mX Ø Hrh Ø 10≠14 GeV. Hence, the heavy
vector DM isocurvature perturbations are also highly suppressed at the cosmological scales
for mX ØHrh Ø10≠14 GeV (corresponding to Trh & 100 GeV, see Eq. (3.29)), which is the
case considered in this work. Therefore, we conclude that the isocurvature modes are not
problematic for the gravitationally produced vector DM in the parameter space of interest.

Relic abundance

We calculate the present day relic abundance of the vector DM as

�Xh
2 = flX

flc

h
2 = mX nX(T0)

flc

h
2
, (3.26)

where flc is the critical density and T0 refers to the present temperature. The present num-
ber density nX(T0) is related to the number density nı(Tı) © ÈnL(aı)Í at temperature Tı

such that H(Tı) =mX as:

nX(T0) = nı(Tı)
3

aı

a0

43
= nı(Tı) s0

srh

3
aı

arh

43
,

= s0
srh

H
2
rh

m
2
X

Y
___]

___[

3
mX

Hrh

4 2w

1+w

Èn
hDM
L (aı)Í , Hrh ÆmX <HI,

Ú
mX

Hrh
Èn

lDM
L (aı)Í , Hmre ÆmX <Hrh,

(3.27)

where in the last step we employed relation (2.17) for the ratio aı/arh, which is di�erent
for the two DM mass regimes. For the case of heavy vector DM with mass Hrh ÆmX <HI,
the H(aı)=mX equality takes place during the reheating phase, while for the case of light
DM with mass mX <Hrh, this condition is satisfied during the RD epoch. Above s0 is the
entropy density at present-day temperature T0 and srh refers to the entropy density at the
reheating temperature Trh, i.e.

srh = 4
3

flSM(arh)
Trh

= 4M
2
Pl H

2
rh

Trh
, (3.28)

where the reheating temperature is given by,

Trh =
3 90

fi2gı(Trh)

41/4 
MPl Hrh . (3.29)
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Present relic density
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Inflation: de Sitter solution

Reheat ing: non-standard 
cosmology 

S t a nda rd co smo lo g i c a l 
evolution after reheating
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Consequently, we can express the Hubble rate as a function of the scale factor a,

H(a) =

Y
_______]

_______[

HI, a Æ ae

HI

3
ae

a
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(2.17)

where ae ©a(·e) and arh ©a(·rh) define the scale factors at the end of inflation and reheating
periods, respectively. The total energy density fl(a) = fl„ + flSM in these di�erent epochs
during the evolution of universe is,

fl(a)=3M
2
PlH

2(a), (2.18)

where MPl © 1/
Ô

8fiG = 2.435◊1018 GeV is the reduced Planck mass. Approximate form
of individual components of the energy density, fl„ and flSM, can be obtained by solving
Eq. (2.11):
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(2.20)

where we have used �„ =(5≠3w)Hrh/2, such that Hrh ©H(arh) defines the end of reheating
period when fl„(arh) = flSM(arh). As mentioned in Introduction we confine w œ (≠1/3, 1),
therefore during the non-standard reheating period the SM radiation energy density flSM

approximately scales as a
≠ 3(1+w)

2 (the second term in the parenthesis in the middle line
of (2.20) proportional to a

≠4 is negligible). Hence the temperature during the reheating
period scales as a

≠ 3(1+w)

8 , this is a useful result for later use. Note that the SM energy
density flSM is zero during the inflationary period and is continuous at the end of reheating
since a

≠4 term in the middle line of (2.20) is negligible in comparison to a
≠3(1+w)/2 term

for ≠1/3<w<1.
Finally, it is convenient to define reheating e�ciency “ as

“ ©

Û
Hrh
HI

, (2.21)

which parametrizes the duration of reheating with non-standard cosmology. By fixing “

and w, we can express arh in terms of ae, or equivalently ·rh in terms of ·e, as

arh = ae “
≠ 4

3(1+w) , ·rh = ·e “
≠ 2(1+3w)

3(1+w) . (2.22)
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RD era happens 3. The continuity of the scale factor and Hubble rate imply
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e ·
2

1+3w , ·e < · Æ ·rh

1
HI

3 2
1 + 3w

42
·

≠ 3(1+w)

1+3w

e ·

1≠3w

1+3w

rh
1
· ≠

1
2·rh(1 ≠ 3w)

2
, ·rh < ·,

(2.15)

H(·) =

Y
______]

______[

HI, · Æ ·e

HI ·

3(1+w)

1+3w

e ·
≠ 3(1+w)

1+3w , ·e < · Æ ·rh

HI
4

3 1 + 3w

· ≠
1
2·rh(1 ≠ 3w)

42
·

3(1+w)

1+3w

e ·

≠1+3w

1+3w

rh , ·rh < · .

(2.16)

Consequently, we can express the Hubble rate as a function of the scale factor a,

H(a) =

Y
_______]

_______[

HI, a Æ ae

HI

3
ae

a

4 3(1+w)

2

, ae < a Æ arh

HI

3
ae

arh

4 3(1+w)

2

3
arh
a

42
, arh < a ,

(2.17)

where ae ©a(·e) and arh ©a(·rh) define the scale factors at the end of inflation and reheating
periods, respectively. The total energy density fl(a) = fl„ + flSM in these di�erent epochs
during the evolution of universe is,

fl(a)=3M
2
PlH

2(a), (2.18)

where MPl © 1/
Ô

8fiG = 2.435◊1018 GeV is the reduced Planck mass. Approximate form
of individual components of the energy density, fl„ and flSM, can be obtained by solving
Eq. (2.11):

fl„(a) ¥

Y
____]

____[

3M
2
PlH

2
I , a Æ ae

3M
2
PlH

2
I

3
ae

a

43(1+w)
, ae < a Æ arh

0, arh < a ,

(2.19)

flSM(a) ¥

Y
_______]

_______[

0 , a Æ ae

3M
2
PlH

2
I

3
ae

arh

4 3(1+w)

2

53
ae

a

4 3(1+w)

2

≠

3
ae

a

446
, ae < a Æ arh

3M
2
PlH

2
I

3
ae

arh

43(1+w)3
arh
a

44
, arh < a ,

(2.20)

3
In order to satisfy the continuity conditions we adopt the freedom of shifting the conformal time by a

constant and a freedom of adjusting normalization of the scale factor separately in each considered region.
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Non-instantaneous reheating with w=0 also discussed in 
[Ema, Nakayama, Tang 2019, Kolb, Long 2020]
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Figure 3: Evolution of the mode function | ÂXL|
2 and the frequency Ê

2
L with the scale factor a during

inflation for k π aemX π aeHI (left-panels) and aemX π k π aeHI (right-panels). In the upper
panels cyan solid lines correspond to numerical solutions, while red, purple and blue dashed lines
show analytical predictions specified in the main text by (2.26), (2.32) and (2.41), respectively. In
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2
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The first three terms are divergent in the limit k æ Œ while integrating over k. How-
ever, since we are going to use a cut-o� � = aeHI for the integration, that will eliminate
contributions of those sub-horizon modes.

For modes with aImX πk πaIHI (purple region in Fig. 2) the energy density per log
momentum is

dÈflL(a)Í
d ln k

= 1
2

3
k

a

42 3
HI
2fi

42 ;
1 + O

31
mX

HI

22
,

1
k

aHI

224<
. (2.44)

The modes with k πaImX πaIHI (blue region in Fig. 2) contribute to the energy density
per log momentum as,

dÈflL(a)Í
d ln k

= 1
2

3
k

a

42 3
HI
2fi

42 ;
1 + O

31
k

amX

22
,

1
k

amX

24
·

1
HI
mX

224<
. (2.45)

Therefore, at the end of inflation, ae ©a(·e), the energy density per ln k of the longitudinal
modes with mX .HI scales as,

dÈflL(ae)Í
d ln k

¥

Y
___]

___[

k
4

4fi2a4
e

, sub-horizon modes k ∫aeHI (red),

1
2

3
k

ae

42 3
HI
2fi

42
, super-horizon modes k πaeHI (purple, blue).

(2.46)
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2 (upper) and frequency Ê

2
L (lower) with the scale

factor a after inflation for k < km (left-panel), km < k < kı (middle panel), and kı < k < ke (right-
panel). The solid cyan curves correspond to the exact numerical solution, while colored dashed
lines show analytical predictions. Here we take mX = 108 GeV, HI = 1013 GeV, w = 0 with
k = 10≠8 GeV, 10≠3 GeV, 1 GeV for the left, center, and right plots, respectively.

the exact numerical solution presented as solid cyan curve. Again note that the amplitude
of the modes in the blue region scales w.r.t. the wavelength as | ÂX (I)

L
|
2

Ã k
≠1.

Next, at · = ·ı = (b̃mX/HI)≠ 1+3w

3(1+w) such that mX ¥H(·ı), the modes enter the green
region in the left-panel of Fig. 2, in which the longitudinal frequency is well approximated
by Ê

2
L

¥ a
2
m

2
X

. Note that in this regime Ê
2
L

changes slowly, i.e.

2fi|Ê
Õ
L|πÊ

2
L. (2.53)

Since in this regime Ê
2
L

¥ a
2
m

2
X

, therefore the above condition implies

2fiH π mX , (2.54)

which usually (except a short period just after · = ·ı) is satisfied in this region. Hence,
we can use the following approximation to the solution of the mode equation

X̃
(II)
L

(·)= C
(II)
1

2a(·)mX

exp
1
i

⁄
·

·ı

d·
Õ
a(· Õ)mX

2
+ C

(II)
2

2a(·)mX

exp
1
≠ i

⁄
·

·ı

d·
Õ
a(· Õ)mX

2
. (2.55)

The · dependance could be easily converted into a dependance on the scale factor a. To
find C

(II)
1 , C

(II)
2 we should merge the above solution with ÂX (I)

L
at · = ·ı. The approximate

form of these coe�cients is

C
(II)
1,2 = HI

2

Û
a(·ı)
mXk

5
b̃

2

3
b̃mX

HI

4≠ 2

3(w+1) ae

a(·ı) ± i

6
exp

Ë
≠ik

13
2·e(1 + w) ≠

b̃mX

kHI

2È
. (2.56)

The form of solutions in this region are oscillatory decaying as shown in the left-panel of
Fig. 4 (dotted green) which match well with the exact numerical solution (solid cyan).
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panel). The solid cyan curves correspond to the exact numerical solution, while colored dashed
lines show analytical predictions. Here we take mX = 108 GeV, HI = 1013 GeV, w = 0 with
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Fig. 4 (dotted green) which match well with the exact numerical solution (solid cyan).
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Figure 5: Scaling of the energy density per ln k as a function of the scale factor a in various regions
of the (log k

≠1
, log a) space for heavy vector DM i.e mX >Hrh (left diagram) and light vector DM

mX <Hrh (right diagram). The main contribution to the total energy density comes from the mode
kı ©aımX . Here ke © aeHe and krh © arhHrh. Along the right sides of the panels we show scaling
of number density per ln k at a = aı w.r.t. mode momentum k.

where we have neglected the oscillatory terms proportional to exp [±i
s

d·a(·)mX ]. Note
that is this region the energy density behave as of the matter density.

The above red-shifting of the energy density and its scaling w.r.t. mode momentum k

can be summarized as,

dÈflLÍ

d ln k
Ã

Y
___]

___[

k
≠ 2(1≠3w)

1+3w a
≠4

, a(·)mX , a(·)H(·) π k (red),
k

2
a

≠2
, a(·)mX , k π a(·)H(·) (purple, blue),

k
2
a

≠3
, a(·)H(·), k π a(·)mX (green) ,

(2.68)

where the colors represent di�erent regions as in Fig. 5. Note that the dependance of energy
density per ln k on momentum k is w-dependent for the modes with k ∫a(·)mX , a(·)H(·),
i.e. the red region. However, if these modes are during the inflationary (de Sitter) period
then w=≠1 and if they are in the RD epoch then w=1/3. Whereas, during the reheating
phase the equation of state parameter w takes the value in the range wœ(≠1/3, 1).

To summarize the scaling of energy density w.r.t. the scale factor a, we present the
exact numerical results for di�erent wavelength modes discussed above in Fig. 6. We note
that as the universe expands the redshift of the energy density varies for di�erent modes
and the approximate analytic scaling of the energy density (2.68) matches well with those
of the exact numerical results. We see that at the end of inflation (a = ae) the main
contribution to the total energy density comes from modes with the shortest wavelength
(k ≥ ke). However, after the end of inflation, those modes receive the strongest suppression
proportional to a

≠4. On the other hand, modes with longer wavelength initially have a
smaller contribution to the total energy density, but their energy is also redshifted to a
lesser extent. The intermediate-wavelength modes contribute the largest to the energy
density as noted above.
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proportional to k
2. Hence the long wavelength longitudinal vector modes k <kı lose their

power proportional to k
2 and therefore are safe from generating dangerous isocurvature

perturbations at the CMB scales. This result would remain same for the number density
of modes in the blue region, i.e. dÈnL(aı)Í/d ln k Ã k

2. On the other hand, the shorter
wavelength modes, k >kı, re-enter the horizon at a<aı and follow the evolution in the red
region (Fig. 5 left-panel) where the energy density of these modes redshifts as radiation
i.e. a

≠4. Since these shorter wavelength modes k > kı re-enter the horizon during the
reheating phase when the Hubble rate scales are a

≠3(1+w)/2, therefore the number density
of the modes scale as k

≠ 3(1≠w)

(3w+1) . Note that for w < 1, the number density per ln k at aı

has a peak structure and the dominant modes are kı where most of the number density is
contained. This peak structure was first noted in [15] for instantaneous reheating and RD
universe after inflation. Here, we extended this observation for non-standard cosmology
with equation of state w<1.

Similarly for the light DM case, mX < Hrh, we observe that the dominant modes
(shown as dashed red line in the right-panel of Fig. 5) are those with k = kı. The number
density for longer wavelength modes (k < kı) scales as k

2 as they pass through the blue
region to reach aı = a(·ı). However, in the light DM case, the modes with wavenumber
krh < k < kı re-enter the horizon during the RD universe (H(a) Ã a

≠2) and their energy
density also redshifts like the radiation a

≠4. Therefore, the number density of the modes
with krh <k <kı scales as k

≠1. The modes with comoving momentum ke <k <krh re-enter
the horizon during the period of reheating, i.e. H(a)Ãa

≠3(1+w)/2 and their energy density
(in the red region) scales as a

≠4, and the number density dÈnL(aı)Í/d ln k of these modes
scales as k

≠ 3(1≠w)

(3w+1) . Hence, for w < 1, the number density per log momentum has a peak
structure with maximum values around kı modes. In the following we present detailed
numerical analysis of this qualitative discussion by calculating the number density of the
vector DM.

Number density of the heavy vector DM: Hrh ÆmX <HI

For vector DM in the mass range Hrh ÆmX <HI , we consider two cases for the momentum
vector k:

(a) kı <k <ke,

(b) k <kı.

The number density for modes with kı <k <ke can be written as

dÈnL(aı)Í
d ln k

----
kı<k<ke

¥
aı

k

dÈflL(aı)
d ln k

= aı

k

dÈflL(ae)Í
d ln k

3
ae

ac

42 3
ac

aı

44
, (3.3)

where ac corresponds to the horizon crossing and it is defined as

ac = k

H(ac)
. (3.4)

– 21 –

L
og

k
�
1

Log aae arh

Inflation Reheating RD universe

k
�1
?

k
�1
e

k
�1
rh

a?

H
=
m

X

(a
m

X ) �
1

(a
H
) �
1

(a
H
)�

1

h⇢Li/a�4

h⇢Li/a�2
h⇢Li/a�2

h⇢Li/a�3dominant mode

d
n
L (a

? )/d
ln
k/

k
2

k
�
1

k
�

3
(1�

w
)

(3
w
+
1
)

L
og

k
�
1

k
�1
m

Log aae arh

(I) (II)

(V)(IV)

(III)

(b)

(a)

Inflation Reheating RD universe

a?a
(3)
c

k
�1

?

k
�1
3

k
�1
e

k
�1
1

k
�1
2

k
�1
rh

H
=
m

X

55
⌧̃1 ⌧̃3

⌧1

⌧2

⌧̃2

5

5

(a
m

X
) �
1

(a
H
) �
1

5

5

5 5

5 5

(VI)

(a
H
)
�1 L
og

k
�
1

Log aae arh

Inflation Reheating RD universe

k
�1

?

k
�1
3

k
�1
e

k
�1
rh

k
�1
1

k
�1
2

a
(3)
c a

(2)
c

a?

H
=
m

X

⌧̃1

⌧1

⌧̃2

(a
m

X
) �
1

(a
H
) �
1

5 5 5

5 5 5 5

5 5 55

5 5 5

(a
H
)
�1

Figure 2: Evolution of various cosmological distances during and after inflation for heavy vector
DM i.e. Hrh Æ mX < HI (left diagram) and light vector DM mX < Hrh (right diagram). The red
region corresponds to modes with wavevector in range amX , aH π 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 π amX . Here ac = k/H refers to the second horizon crossing, aı © a(·ı), km © aemX ,
kı = aımX , ke © aeHI and krh © arhHrh. The plot assumes ≠1/3 < w < 1/3 during the reheating
phase.

(b) Long-wavelength case (k πaI(·)mX πaI(·)HI), such that

Ê
2
I ¥ a

2
I (·)m2

X + k
2

a
2
I (·)m2

X

a
2
I (·)H2

I . (2.28)

In Fig. 2 we sketch the evolution of various cosmological distances as functions of the
scale factor a for the two vector DM mass regimes; heavy Hrh Æ mX < HI (left-panel)
and light mX <Hrh (right-panel). During inflation the intermediate- and long-wavelength
regimes are shown as the purple region ‘(a)’, and the blue region ‘(b)’, respectively. The
intermediate- and long-wavelength modes are represented in the left-panel of Fig. 2 by
k1 < km © aemX and k2 such that km < k2 < ke © aeHI 4, respectively. Early enough both
these modes were in the red region (sub-horizon) and they satisfied the initial condition
provided by (2.26) known as the Bunch-Davies vacuum. Next they enter the intermediate-
wavelength region (purple) and before the end of inflation at ae the mode with momentum
k1 crosses the Compton wavelength (amX)≠1 at ·2 and enters the long-wavelength regime
(blue) region. We solve the mode equation in di�erent regimes of k until the end of inflation.
After that, at ae, we match solutions found during inflation with those during the reheating
phase, that will be discussed in the next subsection 2.2.

Starting with the first (purple) region during inflation, i.e. intermediate-wavelength
aI(·)mX πk πaI(·)HI, the equation of motion for modes takes the form

d
2

d÷2
ÂXL +

3
k

2
≠

2
÷2

4
ÂXL = 0, where ÷ © · ≠

3
2(1 + w)·e. (2.29)

The solution to the above equation is given by

ÂX (a)
L

(÷) =
Ú

2
fik

C
(a)
1

5sin(k÷)
k÷

≠ cos(k÷)
6

≠

Ú
2

fik
C

(a)
2

5cos(k÷)
k÷

+ sin(k÷)
6

, (2.30)

4
Note that, in fact, this is the case only towards the end of inflation.
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Hence the number density for the longitudinal modes for the case (a) can be rewritten as,

dÈnL(aı)Í
d ln k

----
krh<k<ke

¥
1

8fi2 m
3/2
X

H

1≠3w

2(1+w)

rh H

2(3w
2

+3w+2)
(1+w)(1+3w)

I

3
ae

k

4 3(1≠w)

1+3w

,

= 1
8fi2 m

3/2
X

“
1≠3w

1+w H

3(w+3)

2(1+3w)

I

3
ae

k

4 3(1≠w)

1+3w

. (3.11)

In the case (b), i.e. kı <k <krh, we get the number density for longitudinal modes as

dÈnL(aı)Í
d ln k

----
kı<k<krh

¥
aı

k

dÈflL(aı)Í
d ln k

= aı

k

dÈflL(·e)Í
d ln k

3
ae

arh

423
arh
ac

423
ac

aı

44
, (3.12)

where again ac corresponds to value of the scale factor at the second horizon crossing and
for light vector DM this happened during the RD epoch. Therefore,

ac|kı<k<krh
= ae

3
HI
Hrh

4 2

3(1+w)

3
Hrhac

k

41/2
, (3.13)

which implies

ac|kı<k<krh
= a

2
e

3
HI
Hrh

4 4

3(1+w) Hrh
k

= a
2
e“

≠ 2(1≠3w)

3(1+w)
HI
k

. (3.14)

Hence the number density in the case (b) is

dÈnL(aı)Í
d ln k

----
kı<k<krh

¥
1

8fi2 m
3/2
X

H

2(4+3w)

3(1+w)

I H

≠1+3w

6(1+w)
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3
ae

k

4
= 1

8fi2 m
3/2
X

H
5/2
I “

≠1+3w

3(1+w)

3
ae

k

4
.

(3.15)
Finally, for the longitudinal modes with k < kı (c), we obtain the number density as

dÈnL(aı)Í
d ln k

----
k<kı

¥
1

mX

ÈflL(aı)Í
d ln k

= 1
mX

ÈflL(ae)Í
d ln k

3
ae

arh

42 3
arh
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42
, (3.16)

= 1
8fi2 H

2(1+3w)

3(1+w)

I H

1≠3w

3(1+w)

rh

3
k

ae

42
= 1

8fi2 HI“
2(1≠3w)

3(1+w)

3
k

ae

42
,

where we have used the fact that in this case modes re-enter the horizon during the RD
epoch, which implies

aı = ae

3
HI
Hrh

4 2

3(1+w)

3
Hrh
mX

41/2
= ae“

3w≠1

3(1+w)

3
HI
mX

41/2
. (3.17)

We can summarize our results for number density for the longitudinal modes at a = aı

in both mass regimes as follows:
• For heavy vector DM mass Hrh ÆmX <HI,

dÈnL(aı)Í
d ln k

= 1
8fi2

Y
_____]

_____[

H

2(3w
2

+3w+2)
(1+w)(1+3w)

I m

2

1+w

X

3
ae

k

4 3(1≠w)

(1+3w)

, kı <k <ke,

H

2(1+3w)

3(1+w)

I m

1≠3w

3(1+w)

X

3
k

ae

42
, k < kı.

(3.18a)

(3.18b)
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Figure 7: Expectation value of the number density per ln k as a function of wavevector k at
a = aı for DM vector boson with mass in the range Hrh Æ mX < HI (left-panel) and mX < Hrh
(right-panel). Di�erent colors correspond to di�erent values of equation of state parameter w.
Grey dashed (dotted) lines indicate k = kı(krh) while colored dashed lines refer to k = ke for
corresponding value of w. For k < kı the number density increases as k

2, while for kı < k < ke it
is proportional to k

3(w≠1)
1+3w . Here we take HI = 1013 GeV, “ = 10≠3, mX = 108 GeV (left-panel),

mX = 103 GeV (right-panel).

• For light vector DM mass mX <Hrh,

dÈnL(aı)Í
d ln k

= 1
8fi2

Y
_________]

_________[

m
3/2
X

H

3(3+w)

2(1+3w)

I “
1≠3w

1+w

3
ae

k

4 3(1≠w)

1+3w

, krh <k <ke,

m
3/2
X

H
5/2
I “

≠1+3w

3(1+w)

3
ae

k

4
, kı < k < krh,

HI“
2(1≠3w)

3(1+w)

3
k

ae

42
, k < kı.

(3.19a)

(3.19b)

(3.19c)

In Fig. 7 we show results of exact numerical computation of the number density per
ln k as a function of k/kı for di�erent values of w at a = aı. Note that in the above two
vector DM mass regimes, the number density per log momentum has a peak structure if
and only if wœ(≠1/3, 1). A similar peak structure was also observed in [15] with standard
cosmological history assuming instantaneous reheating and radiation dominated universe
after the end of inflation. In this case, dÈnL(aı)Í/d ln k is dominated by modes with k ≥kı.
In Fig. 8 we compare the exact numerical results (solid curves) with the approximate
analytic form [(3.18a)-(3.18b)] (dashed curves) of the number density per ln k as a function
of k for w = 0, 1/3 at a=aı. As seen from the plots the exact numerical results agree very
well with the approximate analytic solutions.

The total number density ÈnL(aı)Í for the case of heavy vector DM, Hrh Æ mX < HI,

– 24 –
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Gravitational coupled vector DM generates isocurvature density 
fluctuations, which are severely constrained by the CMB data. 

However, the vector DM isocurvature density perturbations falls as 
 for the long-wavelength modes .

If  correspond to cosmological scales much smaller than the CMB 
scale, i.e. , then vector modes would not 
generate dangerous isocurvature perturbations. 
 
 
 

Requiring  places constraint on , 
corresponds to  for .

k3 k<k⋆

k⋆
k⋆ ≫kCMB ≈0.05 Mpc−1

k⋆ ≫kCMB mX ≥Hrh ≥10−14 GeV
Trh ≳ 100 GeV w = (−1/3,1/3)

kı ¥1400 pc≠1
Ú

mX

10≠14 GeV

Y
__]

__[

3
Hrh
mX

4 1≠3w

6(1+w)

, Hrh ÆmX <HI ,

1 , Hmre ÆmX <Hrh .

[Graham, Mardon, Rajendran 2015]
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Vector DM model which interacts with the SM through gravity and 
higher-dimensional effective operators suppressed by the Planck scale!
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Linf = 1
2ˆµ„ ˆ

µ
„ ≠ V („),

V („) = �4 tanh2n

3
|„|

M

4
=

Y
]

[
�4

|„|∫M

�4
--- „

M

---
2n

|„|πM

Figure 1: The inflaton potential as a function of the „ field.

where „̄ is the background solution of the inflation field, when parameterized as „(t, x) =

„̄(t) + ”„(t, x). Assuming the inflaton fluctuation ”„(t, x) π „̄(t), we can neglect these

fluctuations and can treat the inflation field as the background homogenous field „(t, x) =

„̄(t)
1
.

The evolution of the Hubble rate, H, is governed by the first Friedmann equation

H
2

=
1

3M
2

Pl

fl, (2.6)

where fl denotes the total energy density of the Universe, which during inflation and early

stage of the reheating period is well approximated by the energy density of the inflaton

condensate.

The stress tensor is given by,

Tµ‹ © ≠ 2Ô
≠g

”S„

”gµ‹
= ˆµ„ˆ‹„ ≠ gµ‹

3
1

2
g

fl‡
ˆfl„ˆ‡„ + V („)

4
, (2.7)

thus the energy density and pressure of the inflaton field are,

fl„ =
1

2
„̇

2
+ V („), p„ =

1

2
„̇

2 ≠ V („), (2.8)

where we have assumed that the background metric is in the FLRW form, with the line

element,

ds
2

= ≠dt
2

+ a
2
(t)

1
dr

2
+ r

2
d�

2
2

. (2.9)

During the slow-roll period of quasi-exponential expansion the second time derivative of the

„ field must be small i.e. „̈ π |3H„̇|, |V,„|. Moreover, in this period the potential energy,

dominates over the kinetic energy i.e. 1/2„̇
2 π V („). Consequently, the equation of motion

1
However, for more accurate account of dynamics one must include the non-homogenous part of the

fluctuation as well.

– 2/4 –

w = Èp„Í

Èfl„Í
= n ≠ 1

n + 1 .
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= ≠n„�„. (1.19)

The Boltzmann equation for the energy density of the „ can be found from the relation,

fl̇„ = m„ṅ„ + n„ṁ„. (1.20)

with,

ṁ„ =
Ò

2n(2n ≠ 1)
3 �

M

42
|

Ï

M
|
n≠2

Ï̇ (1.21)

= ≠3Hwm„, (1.22)

which in turn results in

fl̇„ + 3H(1 + w)fl„ = ≠fl„�„. (1.23)

Thus, the energy loss of the „ field due to the particle creation out of vacuum can be
parametrized by the inflaton decay width through fl̇„ = ≠�„fl„, which in turn provides us
the master formula for the „ decay rate:

�„ = Ï(t)2

8fifl„

ÿ

n

nÊ|Pn|
2

Û

1 ≠
4m2

n2Ê2 |M0æf |
2
. (1.24)

In the limit m π nÊ we can simplify �„ as follows,

�„ ƒ
Ï(t)2

8fifl„
|M0æf |

2 ÿ

n

nÊ|Pn|
2
. (1.25)

Finally, we arrive at the final formula of the Boltzmann equation for „ condensate:

fl̇„ + 3H(1 + w)fl„ = ≠�„fl„. (1.26)

2 Higgs boson producation

Here we consider the following interaction between inflaton and the SM Higgs doublet:

L
SM
H = gHMpl„HH

† (2.1)

The above interaction in describes the Higgs boson production during the reaheating phase.
At that time, the temperature of the Universe is much higher than the temperature of the
electroweak scale, which means that the Higgs field operator HH

† consists of four massless
scalar component i.e H =

q4
i=1 hi/

Ô
2. Thus, there is four annihilation channels and we

can calculate the amplitude for the single process.
Next, we can expand H

+
, H

≠ states in the Fourier modes

h(x) =
⁄

d�p̨

Ó
ap̨ e

≠ip·x + h.c.

Ô
, (2.2)

and the ladder operators satisfy the following commutation relations:

[ap̨, a
†

q̨] = [bp̨, b
†

q̨] = (2fi)3
”

3(p̨ ≠ q̨), [ap̨, aq̨] = [bp̨, bq̨] = [a†

p̨, a
†

p̨] = [b†

p̨, b
†

p̨] = 0 (2.3)

3

Boltzmann equation for inflaton

w = Èp„Í

Èfl„Í
= n ≠ 1

n + 1 .
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1.1 Annihilation mediated by a graviton

[...]

1.2 Total cross-section

The total cross section ‡t describing annihilation of DM vectors into pairs of SM Higgs is
therefore given by

‡t = 2
31

3

4
2 ⁄

t2

t1
dt

1
64fi|pi|

2s

ÿ

i,f

|Mt|
2
, (1.34)

with
ÿ

i,f
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ÿ

i,f
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In the limit �„/m„ æ 0 one can adopt the narrow width approximation and replace the
Breit-Wigner propagator ((s ≠ m

2

„
)2 + m

2

„
�2

„
)≠1 by the delta function:
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(1.38)

2 Boltzmann equation

The evolution of a system composed of the unstable inflaton field „, SM radiation R and
massive DM spin-1 field is governed by the following system of three, coupled Boltzmann
equations:

fl̇„ + 3
3 2n

n + 1

4
Hfl„ = ≠�„fl„ (2.1)

fl̇R + 4HflR = (1 ≠ BX)�„fl„ + 2ÈEXÍÈ‡|v|Í(n2

X ≠ n̄
2

X) (2.2)

ṅX + 3HnX = BX�„

fl„

m„

≠ È‡|v|Í(n2

X ≠ n̄
2

X), (2.3)

– 5/22 –
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<latexit sha1_base64="gK9FNnKKwsBq5f1uA5ecU4zO4hU=">AAAB+nicdZC7TsMwFIadcivlFi4bi0WFxICipALBWMHCglQkepGaKHJcp7VqJ5HtVJSQd0FshZX3YOZtcNoylMu/nF/nP8fy+YKEUals+9MoLS2vrK6V1ysbm1vbO+buXkvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0bawfC6yNsjIiSNo3s1TojHUT+iIcVI6ZZvHrihQDhz8uzWz1zBYYPluW9WbatmF4K/jWNNq10FczV888PtxTjlJFKYISm7jp0oL0NCUcxIXnFTSRKEh6hPMsSlHPMgh8ccqYH8mRXNv7KuthHiRJ72RjSRM6uQvtPLHqYc8sVxFV56GY2SVJEI6xd1FqYMqhgWHGCPCoIVG2uDsKD6oxAPkGahNK2KJvB9JvzftGqWc27Zd2fV+tWcRRkcgiNwAhxwAergBjRAE2DwCJ7BBLwaT8aLMTHeZqMlY76zDxZkvH8BIEWU3g==</latexit>

1

MPl

<latexit sha1_base64="gK9FNnKKwsBq5f1uA5ecU4zO4hU=">AAAB+nicdZC7TsMwFIadcivlFi4bi0WFxICipALBWMHCglQkepGaKHJcp7VqJ5HtVJSQd0FshZX3YOZtcNoylMu/nF/nP8fy+YKEUals+9MoLS2vrK6V1ysbm1vbO+buXkvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0bawfC6yNsjIiSNo3s1TojHUT+iIcVI6ZZvHrihQDhz8uzWz1zBYYPluW9WbatmF4K/jWNNq10FczV888PtxTjlJFKYISm7jp0oL0NCUcxIXnFTSRKEh6hPMsSlHPMgh8ccqYH8mRXNv7KuthHiRJ72RjSRM6uQvtPLHqYc8sVxFV56GY2SVJEI6xd1FqYMqhgWHGCPCoIVG2uDsKD6oxAPkGahNK2KJvB9JvzftGqWc27Zd2fV+tWcRRkcgiNwAhxwAergBjRAE2DwCJ7BBLwaT8aLMTHeZqMlY76zDxZkvH8BIEWU3g==</latexit>

1

MPl

<latexit sha1_base64="OkCMzquYUfbikHqc9tuXgMjfEeo=">AAAB/HicdZC7TsMwFIYdrqXcAkgsLBYVEgOKkgoEYwULC1KR6EVqQuS4TmvVTiLbqahCeBjEVlh5DWbeBqctQ7n8y/l1/nMsny9IGJXKtj+NhcWl5ZXV0lp5fWNza9vc2W3KOBWYNHDMYtEOkCSMRqShqGKknQiCeMBIKxhcFXlrSISkcXSnRgnxOOpFNKQYKd3yzX03FAhnTp7d+JkrOKyz/L6a+2bFtqp2IfjbONak2hUwU903P9xujFNOIoUZkrLj2InyMiQUxYzkZTeVJEF4gHokQ1zKEQ9yeMSR6sufWdH8K+toGyFO5El3SBM5tQrpS73sYUIinx9X4YWX0ShJFYmwflFnYcqgimFBAnapIFixkTYIC6o/CnEfaRpK8yprAt9nwv9Ns2o5Z5Z9e1qpXc5YlMABOATHwAHnoAauQR00AAaP4BmMwavxZLwYY+NtOrpgzHb2wJyM9y9SzpWC</latexit>

1

M2
Pl

graviton inflaton
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Total

Decay only

Collsion only

INFLATON DECAY AND EXCHANGE
Relic density only through inflaton decay and exchange 

�

hi

hi

X

X

�

X

X

<latexit sha1_base64="ZSvf68irhGqHZIZwAhXRXJPH87M=">AAACEHicdZDLSgMxFIYzXmu9VV26CRZBRMq0KLosduNGqGDbgc50yKRpG5rMDEmmWMK8g/gw4q66dePatzHT1kW9/Jvzc/5zQs4XxIxKZduf1tLyyuraem4jv7m1vbNb2NtvyigRmDRwxCLhBEgSRkPSUFQx4sSCIB4w0gqGtSxvjYiQNArv1TgmHkf9kPYoRsq0/MKpdjFisJb62kk7bjyg0O0JhDX3nU4l1be+dgWHdZamfqFolyp2JvjblEvTahfBXHW/8OF2I5xwEirMkJTtsh0rTyOhKGYkzbuJJDHCQ9QnGnEpxzxI4TFHaiB/Zlnzr6xtbIg4kWfdEY3lzCpkrvf0w5ROujiueleepmGcKBJi86LJegmDKoIZHdilgmDFxsYgLKj5KMQDZHgowzBvCHyfCf83zUqpfFGy786L1es5ixw4BEfgBJTBJaiCG1AHDYDBI3gGE/BqPVkv1sR6m40uWfOdA7Ag6/0Lpn6d7g==</latexit>

C�
X

m2
X

MPl
<latexit sha1_base64="1AcL/s9a2HARxDOOexCCojGVLxQ=">AAAB+nicdZC7TsMwFIYdrqXcwmVjsaiQGFCUViAYK1g6FolepCZEjuu2Vu3Esp2KEvIuiK2w8h7MvA1OW4Zy+Zfz6/znWD5fKBhV2nU/raXlldW19cJGcXNre2fX3ttvqjiRmDRwzGLZDpEijEakoalmpC0kQTxkpBUOb/K8NSJS0Ti602NBfI76Ee1RjLRpBfZhP0g9jBisZfdpBnngiQEN7JLrVNxc8LcpO9PqlsBc9cD+8LoxTjiJNGZIqU7ZFdpPkdQUM5IVvUQRgfAQ9UmKuFJjHmbwhCM9UD+zvPlX1jE2Qpyos+6ICjWzGpk7/fRhyiFbHNe9Kz+lkUg0ibB50WS9hEEdw5wD7FJJsGZjYxCW1HwU4gGSCGtDq2gIfJ8J/zfNilO+cNzb81L1es6iAI7AMTgFZXAJqqAG6qABMHgEz2ACXq0n68WaWG+z0SVrvnMAFmS9fwG4+pSb</latexit>g
H
m�

<latexit sha1_base64="ZSvf68irhGqHZIZwAhXRXJPH87M=">AAACEHicdZDLSgMxFIYzXmu9VV26CRZBRMq0KLosduNGqGDbgc50yKRpG5rMDEmmWMK8g/gw4q66dePatzHT1kW9/Jvzc/5zQs4XxIxKZduf1tLyyuraem4jv7m1vbNb2NtvyigRmDRwxCLhBEgSRkPSUFQx4sSCIB4w0gqGtSxvjYiQNArv1TgmHkf9kPYoRsq0/MKpdjFisJb62kk7bjyg0O0JhDX3nU4l1be+dgWHdZamfqFolyp2JvjblEvTahfBXHW/8OF2I5xwEirMkJTtsh0rTyOhKGYkzbuJJDHCQ9QnGnEpxzxI4TFHaiB/Zlnzr6xtbIg4kWfdEY3lzCpkrvf0w5ROujiueleepmGcKBJi86LJegmDKoIZHdilgmDFxsYgLKj5KMQDZHgowzBvCHyfCf83zUqpfFGy786L1es5ixw4BEfgBJTBJaiCG1AHDYDBI3gGE/BqPVkv1sR6m40uWfOdA7Ag6/0Lpn6d7g==</latexit>

C�
X

m2
X

MPl

Only inflaton decay discussed in [Takahashi 2007, Moroi, Yin 2020,+…]

PreliminaryPreliminary

/ /
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Assuming 

hµ⌫

hi

hi

X

X

+

hi

hi

X

X

<latexit sha1_base64="sS5EKBnSfOa0mkpHHsaTxlT1loU=">AAACBHicdZC7TsMwFIYdrqXcAoxIKKJCYkBRUoFgrGBhLBK9SE1UnbhuatVJLNupqNJuiIdBbIWVV2DmbXDaMpTLv/j3+c+xfL6AMyqV43waS8srq2vrhY3i5tb2zq65t1+XSSowqeGEJaIZgCSMxqSmqGKkyQWBKGCkEfRv8rwxIELSJL5XQ078CMKYdikGpUtt88hjEIeMeJKGEYwGI0/M7lwkXCVts+TYZSeX9du49vR0Smiuatv88DoJTiMSK8xAypbrcOVnIBTFjIyLXioJB9yHkGQQSTmMgrF1EoHqyZ9ZXvwra2kbQ0TkWWdAuZxZBXpjP3uYEhkvtqvulZ/RmKeKxFi/qLNuyiyVWDkRq0MFwYoNtQEsqP6ohXsgACvNragJfK9p/W/qZdu9sJ2781Lles6igA7RMTpFLrpEFXSLqqiGMHpEz2iCXo0n48WYGG+z1iVjPnOAFmS8fwECW5nt</latexit>

h�|v|i /

<latexit sha1_base64="+YPg9x5qjjqV86QgZV8XBmibTx8=">AAAB5XicdZBLTwIxFIXv+ER8oS7dTCQmLsxkIBpdEt24hEQeCUxIp1ygofNIe4dIJvwC4w7d+pNc+2/sAC7wcTb9cs9t03P8WApNrvtpra1vbG5t53byu3v7B4eFo+OGjhLFsc4jGamWzzRKEWKdBElsxQpZ4Ets+qP7zG+OUWkRhY80idEL2CAUfcEZmVGt3C0UXafsZrJ/Q8mZn24Rlqp2Cx+dXsSTAEPikmndLrkxeSlTJLjEab6TaIwZH7EBpizQehL4U/s8YDTUP71s+JfXNhiyAPVlbyxivUBiJpKXPs0jT1fXqX/rpSKME8KQmxeN10+kTZGdRbZ7QiEnOTHAuBLmozYfMsU4mWLypoHvmPb/0Cg7pWvHrV0VK3fLLnJwCmdwASW4gQo8QBXqwAHhGWbwag2sF2tmvS1W16zlnRNYkfX+BSS0jE0=</latexit>

2

<latexit sha1_base64="mtrHj+24dPUQf6QFFnUYQrdZfM0=">AAACFXicdZDLTgIxFIY7eEO8oS7dNBITF2YciEaXRDZsTDCRS8LApFM60NDOTNoOkTTzGMaHMe7QLWvfxnJxgZd/0/+c/5ym/fyYUakc59PKrK1vbG5lt3M7u3v7B/nDo4aMEoFJHUcsEi0fScJoSOqKKkZasSCI+4w0/WFlljdHREgahY9qHJMOR/2QBhQjZVpe/lK7GDFYST3dSruLopq6gUBYc6/VLaX63tOu4LDGUlN5+YJjl5yZ4G9TtOenUwBL1bz81O1FOOEkVJghKdtFJ1YdjYSimJE05yaSxAgPUZ9oxKUccz+FZxypgfyZzZp/ZW1jQ8SJvOiNaCwXViGDoKOf5ojS1XEV3HY0DeNEkRCbG00WJAyqCM4QwR4VBCs2NgZhQc1DIR4gQ0QZkDlD4Pub8H/TKNnFa9t5uCqU75YssuAEnIJzUAQ3oAyqoAbqAINn8Aom4N16sd6sifWxGM1Yy51jsCJr+gVWGJ/f</latexit>

CH

X
m2

X

M2
Pl

<latexit sha1_base64="gK9FNnKKwsBq5f1uA5ecU4zO4hU=">AAAB+nicdZC7TsMwFIadcivlFi4bi0WFxICipALBWMHCglQkepGaKHJcp7VqJ5HtVJSQd0FshZX3YOZtcNoylMu/nF/nP8fy+YKEUals+9MoLS2vrK6V1ysbm1vbO+buXkvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0bawfC6yNsjIiSNo3s1TojHUT+iIcVI6ZZvHrihQDhz8uzWz1zBYYPluW9WbatmF4K/jWNNq10FczV888PtxTjlJFKYISm7jp0oL0NCUcxIXnFTSRKEh6hPMsSlHPMgh8ccqYH8mRXNv7KuthHiRJ72RjSRM6uQvtPLHqYc8sVxFV56GY2SVJEI6xd1FqYMqhgWHGCPCoIVG2uDsKD6oxAPkGahNK2KJvB9JvzftGqWc27Zd2fV+tWcRRkcgiNwAhxwAergBjRAE2DwCJ7BBLwaT8aLMTHeZqMlY76zDxZkvH8BIEWU3g==</latexit>

1

MPl

<latexit sha1_base64="gK9FNnKKwsBq5f1uA5ecU4zO4hU=">AAAB+nicdZC7TsMwFIadcivlFi4bi0WFxICipALBWMHCglQkepGaKHJcp7VqJ5HtVJSQd0FshZX3YOZtcNoylMu/nF/nP8fy+YKEUals+9MoLS2vrK6V1ysbm1vbO+buXkvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0bawfC6yNsjIiSNo3s1TojHUT+iIcVI6ZZvHrihQDhz8uzWz1zBYYPluW9WbatmF4K/jWNNq10FczV888PtxTjlJFKYISm7jp0oL0NCUcxIXnFTSRKEh6hPMsSlHPMgh8ccqYH8mRXNv7KuthHiRJ72RjSRM6uQvtPLHqYc8sVxFV56GY2SVJEI6xd1FqYMqhgWHGCPCoIVG2uDsKD6oxAPkGahNK2KJvB9JvzftGqWc27Zd2fV+tWcRRkcgiNwAhxwAergBjRAE2DwCJ7BBLwaT8aLMTHeZqMlY76zDxZkvH8BIEWU3g==</latexit>

1

MPl

<latexit sha1_base64="ubexM0LaMuVpVPxmzrnTk0XGZHI=">AAACAHicdZDLSgMxFIYz9VbrrepON8EiuJAyLYoui924rGAv0BmHM2nahmZmQpIpLcOA+DDirrr1JVz7NqYXF/Xyb87P+c8JOZ8vOFPatj+tzMrq2vpGdjO3tb2zu5ffP2ioKJaE1knEI9nyQVHOQlrXTHPaEpJC4HPa9AfVad4cUqlYFN7rsaBuAL2QdRkBbVpe/ihxCHBcTb2klT44os8cEEJGI2x7+YJdLNtT4d+mVJxVu4AWqnn5D6cTkTigoSYclGqXbKHdBKRmhNM058SKCiAD6NEEAqXGgZ/i0wB0X/3Mps2/sraxIQRUnXeGTKi51WCudZPRjEa6PK67127CQhFrGhLzosm6Mcc6wlMauMMkJZqPjQEimfkoJn2QQLRhljMEvs/E/5tGuVi6LNp3F4XKzYJFFh2jE3SGSugKVdAtqqE6IugRPaMJerWerBdrYr3NRzPWYucQLcl6/wI5EZcd</latexit>

C�
X ⇡ 0

Preliminary
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Assuming 
<latexit sha1_base64="ubexM0LaMuVpVPxmzrnTk0XGZHI=">AAACAHicdZDLSgMxFIYz9VbrrepON8EiuJAyLYoui924rGAv0BmHM2nahmZmQpIpLcOA+DDirrr1JVz7NqYXF/Xyb87P+c8JOZ8vOFPatj+tzMrq2vpGdjO3tb2zu5ffP2ioKJaE1knEI9nyQVHOQlrXTHPaEpJC4HPa9AfVad4cUqlYFN7rsaBuAL2QdRkBbVpe/ihxCHBcTb2klT44os8cEEJGI2x7+YJdLNtT4d+mVJxVu4AWqnn5D6cTkTigoSYclGqXbKHdBKRmhNM058SKCiAD6NEEAqXGgZ/i0wB0X/3Mps2/sraxIQRUnXeGTKi51WCudZPRjEa6PK67127CQhFrGhLzosm6Mcc6wlMauMMkJZqPjQEimfkoJn2QQLRhljMEvs/E/5tGuVi6LNp3F4XKzYJFFh2jE3SGSugKVdAtqqE6IugRPaMJerWerBdrYr3NRzPWYucQLcl6/wI5EZcd</latexit>

C�
X ⇡ 0

hµ⌫

hi

hi

X

X

+

hi

hi

X

X

<latexit sha1_base64="sS5EKBnSfOa0mkpHHsaTxlT1loU=">AAACBHicdZC7TsMwFIYdrqXcAoxIKKJCYkBRUoFgrGBhLBK9SE1UnbhuatVJLNupqNJuiIdBbIWVV2DmbXDaMpTLv/j3+c+xfL6AMyqV43waS8srq2vrhY3i5tb2zq65t1+XSSowqeGEJaIZgCSMxqSmqGKkyQWBKGCkEfRv8rwxIELSJL5XQ078CMKYdikGpUtt88hjEIeMeJKGEYwGI0/M7lwkXCVts+TYZSeX9du49vR0Smiuatv88DoJTiMSK8xAypbrcOVnIBTFjIyLXioJB9yHkGQQSTmMgrF1EoHqyZ9ZXvwra2kbQ0TkWWdAuZxZBXpjP3uYEhkvtqvulZ/RmKeKxFi/qLNuyiyVWDkRq0MFwYoNtQEsqP6ohXsgACvNragJfK9p/W/qZdu9sJ2781Lles6igA7RMTpFLrpEFXSLqqiGMHpEz2iCXo0n48WYGG+z1iVjPnOAFmS8fwECW5nt</latexit>

h�|v|i /

<latexit sha1_base64="+YPg9x5qjjqV86QgZV8XBmibTx8=">AAAB5XicdZBLTwIxFIXv+ER8oS7dTCQmLsxkIBpdEt24hEQeCUxIp1ygofNIe4dIJvwC4w7d+pNc+2/sAC7wcTb9cs9t03P8WApNrvtpra1vbG5t53byu3v7B4eFo+OGjhLFsc4jGamWzzRKEWKdBElsxQpZ4Ets+qP7zG+OUWkRhY80idEL2CAUfcEZmVGt3C0UXafsZrJ/Q8mZn24Rlqp2Cx+dXsSTAEPikmndLrkxeSlTJLjEab6TaIwZH7EBpizQehL4U/s8YDTUP71s+JfXNhiyAPVlbyxivUBiJpKXPs0jT1fXqX/rpSKME8KQmxeN10+kTZGdRbZ7QiEnOTHAuBLmozYfMsU4mWLypoHvmPb/0Cg7pWvHrV0VK3fLLnJwCmdwASW4gQo8QBXqwAHhGWbwag2sF2tmvS1W16zlnRNYkfX+BSS0jE0=</latexit>

2

<latexit sha1_base64="mtrHj+24dPUQf6QFFnUYQrdZfM0=">AAACFXicdZDLTgIxFIY7eEO8oS7dNBITF2YciEaXRDZsTDCRS8LApFM60NDOTNoOkTTzGMaHMe7QLWvfxnJxgZd/0/+c/5ym/fyYUakc59PKrK1vbG5lt3M7u3v7B/nDo4aMEoFJHUcsEi0fScJoSOqKKkZasSCI+4w0/WFlljdHREgahY9qHJMOR/2QBhQjZVpe/lK7GDFYST3dSruLopq6gUBYc6/VLaX63tOu4LDGUlN5+YJjl5yZ4G9TtOenUwBL1bz81O1FOOEkVJghKdtFJ1YdjYSimJE05yaSxAgPUZ9oxKUccz+FZxypgfyZzZp/ZW1jQ8SJvOiNaCwXViGDoKOf5ojS1XEV3HY0DeNEkRCbG00WJAyqCM4QwR4VBCs2NgZhQc1DIR4gQ0QZkDlD4Pub8H/TKNnFa9t5uCqU75YssuAEnIJzUAQ3oAyqoAbqAINn8Aom4N16sd6sifWxGM1Yy51jsCJr+gVWGJ/f</latexit>

CH

X
m2

X

M2
Pl

<latexit sha1_base64="gK9FNnKKwsBq5f1uA5ecU4zO4hU=">AAAB+nicdZC7TsMwFIadcivlFi4bi0WFxICipALBWMHCglQkepGaKHJcp7VqJ5HtVJSQd0FshZX3YOZtcNoylMu/nF/nP8fy+YKEUals+9MoLS2vrK6V1ysbm1vbO+buXkvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0bawfC6yNsjIiSNo3s1TojHUT+iIcVI6ZZvHrihQDhz8uzWz1zBYYPluW9WbatmF4K/jWNNq10FczV888PtxTjlJFKYISm7jp0oL0NCUcxIXnFTSRKEh6hPMsSlHPMgh8ccqYH8mRXNv7KuthHiRJ72RjSRM6uQvtPLHqYc8sVxFV56GY2SVJEI6xd1FqYMqhgWHGCPCoIVG2uDsKD6oxAPkGahNK2KJvB9JvzftGqWc27Zd2fV+tWcRRkcgiNwAhxwAergBjRAE2DwCJ7BBLwaT8aLMTHeZqMlY76zDxZkvH8BIEWU3g==</latexit>

1

MPl

<latexit sha1_base64="gK9FNnKKwsBq5f1uA5ecU4zO4hU=">AAAB+nicdZC7TsMwFIadcivlFi4bi0WFxICipALBWMHCglQkepGaKHJcp7VqJ5HtVJSQd0FshZX3YOZtcNoylMu/nF/nP8fy+YKEUals+9MoLS2vrK6V1ysbm1vbO+buXkvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0bawfC6yNsjIiSNo3s1TojHUT+iIcVI6ZZvHrihQDhz8uzWz1zBYYPluW9WbatmF4K/jWNNq10FczV888PtxTjlJFKYISm7jp0oL0NCUcxIXnFTSRKEh6hPMsSlHPMgh8ccqYH8mRXNv7KuthHiRJ72RjSRM6uQvtPLHqYc8sVxFV56GY2SVJEI6xd1FqYMqhgWHGCPCoIVG2uDsKD6oxAPkGahNK2KJvB9JvzftGqWc27Zd2fV+tWcRRkcgiNwAhxwAergBjRAE2DwCJ7BBLwaT8aLMTHeZqMlY76zDxZkvH8BIEWU3g==</latexit>

1

MPl

only graviton 

over-
abundant 

Preliminary
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Thank you!

All the evidences (so far) of DM existence are through gravity. 

Pure gravitational DM is produced in the early universe due to 
quantum fluctuations. 

We discussed gravitational particle production of massive vector 
DM with non-standard cosmology during the reheating phase. 

Non-minimal coupling between DM and SM are introduced 
through higher dimensional operators suppered by the Planck scale. 

DM production through the inflaton decays/exchange and effective 
operators are potentially important! 


