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Beyond WIMPs

• No WIMP in direct detection so far

• Important to think about alternative dark matter candidates

• The dark photon, a massive vector from a dark U(1) gauge group, is a 

good candidate

• I will discuss a non-thermal mechanism for producing a relic density of 

cold massive dark photons

• It can lead to interesting phenomenology
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Sociology and dark photon fest
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New VDM/Dark Photon Production Mechanisms

R. Vega-Morales (U of Granada) - VDM and Inflation
VDM = Vector Dark Matter = Dark Photon Dark Matter
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Some equations
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More equations
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Ä± +HȦ± +
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Evolution of the energy densities
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Relic abundance

Graham, Mardon, Rajendran 1504.02102

Constraints
•                      for efficient tachyonic production                    
• VDM must NOT thermalize with the visible sector:                                          

and SMALL KINETIC MIXING
• negligible back reaction effect on inflaton dynamics: 
• start with a universe dominated by visible radiation:
•                   : VDM becomes non relativistic (cold) before m.r.e.
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practice, requiring the dark vector is not over abundant along with the first two constraints

automatically ensures the remaining constraints are satisfied, so only these are shown. Along

the contours labeled “Transverse” for di↵erent values of ⇠end which separate the purple

shaded regions we obtain the observed relic abundance with the transverse mode making

up the entirety of the dark matter. In the colored regions to the right of these lines the

dark matter is overabundant. We see that the transverse mode of the dark vector can make

a viable dark matter candidate over a wide range of parameter space: µeV . m . TeV,

100 GeV . H . 1014 GeV for ⇠end ⇠ O(1 � 10) (see Eq.(23)).
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Figure 2. Parameter space in the dark photon mass versus Hubble scale m � H plane for values

of the parameters ⇠end, ✏R, and ✏H as indicated above each plot and described in the text. Along

the lines labeled “Transverse” for di↵erent values of ⇠end, we obtain the observed relic abundance

for the transverse mode while in the colored regions to the right of these lines the dark matter

is overabundant. The region in the grey band at large masses is excluded by requiring e�cient

tachyonic production during inflation while the region in gray at low masses is excluded by requiring

the dark photons are non-relativistic by the time of CMB formation (see Eq.(39)). For the case

when the dark vector has a mass during inflation, we also show along the black line labeled

“Longitudinal” the contour where the longitudinal mode makes up all of the observed dark matter.

For comparison, we also plot the relic abundance of the longitudinal mode in Eq.(38) in

the case the dark vector has a mass during inflation and is thus also produced via inflationary

16



Lorenzo Ubaldi Dark Photon Dark Matter11

Inflation
C

o
m

o
v

in
g

 s
c

a
le

 k
 -1

Scale factor a

R
e
h

e
a

tin
g

Radiation Matter

   SUPER 
  HORIZON
NON-RELAT.
      (III)

  SUPER
 HORIZON
   RELAT.
       (II)

  MATTER
       (V)

  RADIATION
        (IV)

M
.R

.E
.

H
 =

 m

  TACHYONIC
PRODUCTION
          (I)
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inflation until matter radiation equality (see text for more information).

(crosses the Compton wavelength contour in Fig. 7) while again aend is the scale factor at the

end of inflation. The scale factors ā and amax (or e-folds) indicate respectively the time when

the modes kend and kmax become non-relativistic. Since we are taking the end of inflation as

the initial condition for cosmological evolution, unless otherwise stated we define m̄ as the

ratio of the dark vector mass to Hubble scale at the end of inflation,

m̄ =
m

Hend

. (50)

For the following discussion it will also be useful to rewrite the electric and magnetic energy

density spectra respectively as a function of scale factor a,
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where we have used da = a2Hd⌧ and H = (aend/a)2Hend for a radiation dominated era.

• Region I - End of Inflation: H = Hend

During inflation (region I in Fig. 7) quantum fluctuations of the dark vector boson

are amplified by the expansion of the Universe leading to the tachyonic instability and

exponential production of one polarization. As discussed, this production is maximal

just at the end of inflation leading to a power spectrum peaked at kend that serves as

input for cosmological evolution after inflation (see Eq.(48)). Explicitly, at scale factor

24
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The inflaton speed is not constant

case could be an interesting possibility.

We next examine the dependence of the energy density spectrum on ⇠end. Since around

the peak the electric component always dominates and largely does not depend on the vector

mass, we can focus on the region around the peak and consider di↵erent values for ⇠end. On

the right in Fig. 5 we show the same spectra as on the left, but only around the peak for

⇠end = 3, 6, 9 and m/Hend ⌧ 1. Here the exponential sensitivity to ⇠end becomes clear as well

as the domination of the electric component of the energy density. Note also that only for

the ⇠end = 9 case does the energy density in the dark vector begin to approach the energy

density of the inflaton ( d⇢E

d ln k
⇡ ⇢end

I
) so we can safely neglect back reaction e↵ects.
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Figure 6. Left: Instability parameter ⇠ as a function of number of e-folds for various models of

inflation. Right:Energy density spectrum at the end of inflation for the same models with ⇠end = 9.

Finally, we examine how the shape of the inflaton potential a↵ects the dark vector energy

density spectrum. In Fig. 6 we show on the left how the instability parameter ⇠ changes as

a function of the number of e-folds for various models of inflation while the energy density

spectrum at the end of inflation is shown on the right for the same models. We see that

regardless of the behaviour of ⇠ early on during inflation, the largest growth occurs just

at the very end of inflation as ⇠ approaches ⇠end. We also see that di↵erent inflationary

potentials can lead to di↵erent spectra for the same ⇠end. This opens the possibility that by

precisely measuring the dark vector power spectrum, we can potentially infer properties of

the inflaton potential, but we leave an exploration of this possibility to future work. These

energy density spectra will serve as the input needed to track the cosmic evolution of the

dark vector energy density. Below we study the cosmic evolution to obtain the late time

22
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Figure 6. Left: Instability parameter ⇠ as a function of number of e-folds for various models of

inflation. Right:Energy density spectrum at the end of inflation for the same models with ⇠end = 9.

Finally, we examine how the shape of the inflaton potential a↵ects the dark vector energy

density spectrum. In Fig. 6 we show on the left how the instability parameter ⇠ changes as

a function of the number of e-folds for various models of inflation while the energy density

spectrum at the end of inflation is shown on the right for the same models. We see that

regardless of the behaviour of ⇠ early on during inflation, the largest growth occurs just

at the very end of inflation as ⇠ approaches ⇠end. We also see that di↵erent inflationary

potentials can lead to di↵erent spectra for the same ⇠end. This opens the possibility that by

precisely measuring the dark vector power spectrum, we can potentially infer properties of

the inflaton potential, but we leave an exploration of this possibility to future work. These

energy density spectra will serve as the input needed to track the cosmic evolution of the

dark vector energy density. Below we study the cosmic evolution to obtain the late time
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2a4
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d⇢B
d ln k

=
1

2a4
(k2 + a2m2)PA+(k, ⌧)

in ⇠ leads to stronger suppression of power at large scales than the analytic case. Note

this way of suppressing power at large scales is distinct from other dark matter production

mechanisms connected to inflation which also lead to a peaked power spectrum [4, 38, 39].
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Figure 4. Energy density spectrum for the electric (E) and magnetic (B) components in Eq.(20)

obtained numerically (solid) versus analytically (dashed) at both early times during inflation (left)

as the CMB modes leave the horizon and just at the end of inflation (right) for ⇠end = 9 and

m = 0. The spectrum for the Bunch-Davies vacuum modes is also shown (dotted).

With the numerical solutions in hand, we obtain the energy density spectrum at the end

of inflation for various inflationary scenarios. We first examine the e↵ects of the dark vector

having a mass already during inflation5 which can arise through either a Stueckelberg or

Higgs mechanism. In Fig. 5 we show the energy density spectrum for the electric (solid) and

magnetic (dashed) component at the end of inflation as a function of k/kend for m/Hend =

0 (black), 3.15 · 10�5 (red), 3.15 · 10�1 (green) and ⇠end = 9. The spectrum for the Bunch-

Davies vacuum (black dotted) is also shown. We see all the spectra are above the vacuum for

modes with k/aend < 2⇠endHend showing the particle production e↵ect. Higher momentum

modes stay in the Bunch-Davies vacuum and have a spectrum below the vacuum one once a

proper subtraction scheme has been implemented (see Appendix). This signals the absence

of the tachyonic instability and particle production e↵ects for these modes.

We also see a number of features which arise when the dark vector has a mass already

during inflation. For instance, we see at around km/kend = m/Hend (see Fig. 3 and Eq.(47))

indicated by the red and green dotted vertical lines, the slope in the spectrum for the

5 In this case there may be a constraint from the Swampland conjecture which requires m > 60 eV [5, 40].
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Figure 5. Left:Energy density spectrum for the electric (solid) and magnetic (dashed) component

at the end of inflation for m/Hend = 0 (black), 3.15·10�5 (red), 3.15·10�1 (green) and ⇠end = 9. The

red and green dotted vertical lines indicate km/kend = m/Hend (see Fig. 3 and Eq.(47)). The

spectrum for the Bunch-Davies vacuum (black dotted) is also shown. Right: Same energy density

spectra as left, but zoomed in around the peak for ⇠end = 3, 6, 9 and m/Hend ⌧ 1.

magnetic component changes from decreasing like k�4 to one decreasing like k�2 as we go to

larger scales. This change occurs when q = m and the modes at large co-moving scale (top

in Fig. 3) cross the Compton wavelength contour in Fig. 3 causing them to become non-

relativistic and damp more slowly with expansion than the still relativistic modes at smaller

scales. As discussed above, the last mode for which this occurs is at km so modes at scales

larger than k�1

m
will see an enhancement relative to the massless case as seen in Fig. 5. We

see also that at the end of inflation this leads to domination by the magnetic component

at scales k�1 > k�1

m
where m >> q. At even larger scales k�1 � k�1

m
, we see the electric

component also changes slope from one decreasing like k�4 to one decreasing like k�2 after

going through a kink when the field time derivative @⌧A+ changes sign. However, we see it

still remains subdominant to the magnetic component at these scales. This is in contrast

to the massless case in which the electric component dominates at all scales6. Finally, we

see that around the peak the mass e↵ects are negligible and, in particular, the massive and

massless cases have the same spectrum for modes k > km which will always contain the

majority of the peak. This is the case unless Hend . m < ⇠Hend which we do not consider

since the tachyhonic production begins to be suppressed. However, this super heavy mass

6 We discuss these mass e↵ects on the spectrum at large scales in more detail in the Appendix.

21



Lorenzo Ubaldi Dark Photon Dark Matter16

Evolution of the power spectrum

where we have used the change of variables from physical time to scale factor,

t ! 1

2Hend

(
a2

a2
end

� 1) + tend. (63)

We see the amplitude damps like a�1/2 while the derivative grows like a1/2 leading to

a scaling for the electric and magnetic energy densities respectively,

d⇢B
d ln k

/ m2

a3
/ a�3,

d⇢E
d ln k

/ a4
end

H2

end

a3
/ a�3. (64)

Thus both the magnetic and electric components of the energy density redshift like

matter at late times. In this regime the longitudinal component has the same equation

of motion and therefore same solution as in Eq.(62). So again we have the same

damping behaviour with scale factor [4], but with di↵erent coe�cients in Eq.(62).

C. Late time energy density spectrum
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Figure 8. On the left and right we show the electric and magnetic energy density

spectra respectively (near the peak) for various numbers of e-folds after inflation, Ne =

0 (dashed black), N⇤/10 (blue), N⇤ (orange), Nmax (light brown) where a = aende
Ne defines the scale

factor (see Fig. 7). We have normalized the spectrum to the energy density of the inflaton at the

end of inflation for ⇠end ' 9, m̄ ' 10�5 with a �
4 inflaton potential and factored out an a

4.

In Fig. 8 and Fig. 9 we summarize the evolution of the energy density spectrum after

inflation focusing on modes with co-moving momentum k⇤ . k . kmax which contain the

vast majority of the power. In Fig. 8 on the left and right we show the electric and magnetic

28



Lorenzo Ubaldi Dark Photon Dark Matter17

energy density spectra respectively while in Fig. 9 we show their sum for various e-folds

after inflation with ⇠end ' 9, m̄ ' 10�5 and a V / �4 inflaton potential. The oscillatory

behaviour seen in Fig. 8 arises from the oscillatory solutions for the modes (see Eq.(59)

and Eq.(62)) in regions IV and V of Fig. 7. For modes k⇤ < k < kend this occurs once

they re-enter the horizon while modes with kend < k < kmax, which contain the peak of the

power spectrum, approach but never exit the horizon during inflation. Modes with k < k⇤

at N > N⇤ remain outside the horizon for longer than modes with k > k⇤ (see Fig. 7). Thus

they have not had enough time to begin oscillating upon reentering the horizon so we see a

still smooth spectrum in this regime. For the input values ⇠end = 9 and m̄ = 10�5 this gives

in terms of e-folds (Ne) after inflation Ne = N⇤ ' 5.65, N̄ ' 11.30, Nmax ' 14.19 where

a = aendeNe . There are a number of features which are evident that reflect the behavior of

the modes in the di↵erent limits of the equations of motion discussed in Sec. III B and can

be understood with the help of Fig. 7 and Eq.(47), Eq.(49).
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Figure 9. Total energy density spectra (electric plus magnetic shown in Fig. 8) for Ne =

0 (dashed black), N⇤ (red), N̄ (blue), Nmax (orange), 1.5 Nmax (grey) where a = aende
Ne and again

normalized to ⇢
end

I
with a

4 factored out. See text for more information.

Looking first at the electric energy density spectrum on the left in Fig. 8, we normalize to

the energy density of the inflaton at the end of inflation and divide by a�4 in order to compare

to radiation like damping. We see that once the input electric energy density spectrum is set

at the end of inflation (black dashed) and which dominates over the magnetic component,
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Density contrast power spectrum
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Figure 10. The late time density contrast power spectrum for m̄ ⌧ 1 and ⇠end ⇡ 9.

Finally, we comment that in the mechanism presented here, isocurvature for the transverse

mode is suppressed due to the fact that the tachyonic modes experience maximal growth

when they are of order the horizon combined with the time dependence of the tachyonic

instability parameter ⇠ during inflation. This is in contrast to the mechanism for suppressing

isocurvature in the energy density of the longitudinal mode 9 which is due to how the di↵erent

modes redshift after inflation [4].

E. Clumping of vector dark matter

As discussed in other ‘clumpy’ dark matter scenarios [4, 38, 39], the scale corresponding

to the peak of the power spectrum of energy density fluctuations also has implications for

the scale on which the dark matter ‘clumps’. In one of these scenarios, a dark vector has

a mass during inflation and the longitudinal mode is necessarily produced by inflationary

fluctuations [4]. In this case, due to how the modes redshift after inflation, a peak is produced

in the energy density spectrum at k⇤ (see Fig. 7) where,

1/k⇤ ⇠ 1010 km ⇥
r

10�5 eV

m
. (69)

9 Note this is also distinct from how isocurvature is suppressed on long length scales for scalar dark matter

production mechanisms [38, 39, 41] which are also connected to inflation.
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conjugate of the first. We see that the inflationary
initial condition (i.e. de Sitter vacuum) gives rise to
only the first term, setting the second to zero.

(ii) Superhorizon relativistic regime (H ≫ k=
a ≫ m).—This is the region labeled “frozen kinetic
energy” in Fig. 2. Here we can drop the k2=a2

and m2 terms, and the equation of motion is
approximately

ð∂2
t þ 3H∂tÞAL ≈0⇔ð∂aaH∂a þ 3H∂aÞAL ≈0:

ð28Þ

During inflation, when H ¼ HI ≈const, this has
solution AL ¼ c1 þ c2a−3, while during radiation
domination, when H ∝a−2, this has solution
AL ¼ c1 þ c2a−1. In either case the second term
dies fast, and so in this regime

AL ¼ A0 ¼ const ð29Þ

to an extremely high accuracy (see Appendix B for
a more careful analysis). The contribution to the
energy density from thesemodes therefore evolves as

ρ∼m2A2
L=a

2 ∝a−2: ð30Þ

This behavior is the same as it would be for amassless
scalar, whose kinetic energy damps as a−2 in this

regime while the field itself is frozen. This is just as
expected from the discussion in Sec. III A.

(iii) Subhorizon relativistic regime (k=a ≫ m;H).—
This is the region labeled “radiation” in Fig. 2. Here
we can drop them2 terms and treat theH∂t term as a
small perturbation. Switching to conformal time
dt ¼ adη, the equation of motion is approximately

ð∂2
t þ 3H∂t þ k2=a2ÞAL ≈0

⇔ð∂2
η þ k2 þ 2aH∂ηÞAL ≈0; ð31Þ

with solution

AL ≈1

a
ðc1eikη þ c2e−ikηÞ: ð32Þ

The energy density in these modes evolves as
radiation:

ρ∼m2A2
L=a

2 ∝a−4; ð33Þ

which again is the same as the well-known behavior
of a massless scalar in this regime.

(iv) Late-time nonrelativistic regime (m ≫ k=a;H).—
This is the region labeled “matter” in Fig. 2. Here we
can drop the k=a terms and treat the H∂t term as a
small perturbation. The equation of motion is
approximately

ð∂2
t þH∂t þm2ÞAL ≈0; ð34Þ

with solution

AL ≈
1ffiffiffi
a

p ðc1eimt þ c2e−imtÞ: ð35Þ

The energy density in these modes evolves as matter:

ρ∼m2A2
L=a

2 ∝a−3; ð36Þ

just as it would for a massive scalar in this regime.
(v) Hubble-damped, nonrelativistic regime (H ≫ m ≫

k=a).—This is the region labeled “vector regime” in
Fig. 2. We can drop the k2=a2 and m2 terms, and the
equation of motion is approximately

ð∂2
t þH∂tÞAL ≈0⇔ð∂aaH∂a þH∂aÞAL ≈0:

ð37Þ

During inflation, whenH ¼ HI ≈const, this is
solved by AL ¼ c1 þ c2a−1. As in the superhorizon
relativistic regime, we can drop the rapidly decaying
second term. However, during radiation domination,
when H ∝a−2, the solution is

FIG. 2. Evolution of the energy density in longitudinal modes,
from inflationary production through to matter radiation equality.
As expected from Fig. 1, the evolution is the same as it would be
for a massive scalar in all regions except the red triangle labeled
“Vector regime.” In that regime, the energy stored in a scalar
would be constant, whereas for the vector it damps as a−2. This
damping suppresses large-scale isocurvature modes, allowing the
produced vector abundance to make up the dark matter. This
abundance is dominated by modes of comoving size 1=k%
indicated by the dashed line. The details of reheating do not
affect these modes, as long at it occurs before they reenter the
horizon.
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The longitudinal mode

AL ¼ c1 þ c2a: ð38Þ

Now there is a growing term, which one might guess
would dominate the solution. However, this regime
follows a long period of the superhorizon relativistic
regime, in which the field became constant to an
extremely high degree. The continuity of A and ∂aA
then prevents the linearly growing term from taking
off in the current regime, and the correct solution is
again

AL ¼ A0 ¼ const: ð39Þ

This result is not entirely obvious and needs check-
ing with care—we do this in Appendix B, where we
show that corrections to AL ¼ const are tiny
throughout the entire superhorizon regime. The
evolution of the energy density in these modes
damps as a−2. This is quite different to the energy
density of massive scalar modes in this regime. In
that case, the field ϕwould be frozen, contributing to
a constant vacuum energy m2ϕ2.

ρ ∼
!
m2A2

L=a
2 ∝ a−2 vector;

m2ϕ2 ¼ const scalar:
ð40Þ

We can now see that the power spectrum of the
longitudinal modes of vectors produced by inflation is
different from those of scalars. For both the vector and the
scalar, modes of all values of k have the same energy
density when they exit the horizon, dρ=d ln k∼H4

I . The
subsequent redshift of this energy density varies for differ-
ent modes and at different times as indicated in Fig. 2. In
particular, the energy density in vectors and scalars red-
shifts identically for modes that are in the pale blue and
brown regions of Fig. 2. This is unsurprising since in these
regions, the effective action of the vector is identical to that
of scalars (with some field redefinitions). However, in the
red region of Fig. 2, as seen in (40), the energy density in
vectors redshifts as a−2 while the energy density in a scalar
would be constant.
For the vector, it can be seen fairly simply (geometri-

cally) from Fig. 2 that the modes whose energy redshifts the
least are those of the special wave number k%. Modes with
longer wavelengths (further up the figure) receive extra
redshifting in the vector regime, causing the final energy in
them to fall as k2 at small k. Modes with shorter wavelength
(further down the figure) undergo rapid redshifting while
they are behaving like radiation, causing the final energy
density in them to fall as k−1 at large k. This means that the
power spectrum of the vector has a peaked structure (shown
in Figs. 3 and 4), with power concentrated at the wave
number k%. This implies that the power in experimentally
probed (CMB) long-wavelength fluctuations of the energy

density of vectors is suppressed. This production mecha-
nism does imply significant power at short wavelengths,
but these have not yet been accessed by experiment.
This is in stark contrast to scalars. The energy density in

a scalar mode is constant when it is in the red region of
Fig. 2. Hence, all modes with momentum lower than k%

FIG. 3. Primordial power spectrum of the amplitude of a
massive vector field’s longitudinal modes, produced purely by
inflationary fluctuations. The spectrum is shown at a time just
three e-folds after H ¼ m, and shorter-wavelength modes (on the
right of the plot) are still relativistic. At later times the k−1 scaling
will continue all the way to the right of the plot.

FIG. 4. (Lower plot) Primordial density power spectrum of a
massive vector produced by inflationary fluctuations. The spec-
trum is shown at a time when all modes covered are non-
relativistic, but before self-gravitation of the modes is important
(this should be approximately valid until matter-radiation
equality). The peaked part of the spectrum at large k is the
isocurvature power produced by the inflationary fluctuations of
the field itself. The also flat part of the spectrum at small k
corresponds to the usual adiabatic fluctuations, which are
imprinted onto the field from inflaton fluctuations. The values
m ¼ 10−5 eV andHI ≈ 1014 GeV were used here, corresponding
to k% ≈ 1400 pc−1. Because the density fluctuations are Oð1Þfor
k∼ k%, fluctuations on shorter scales (in the gray region) are not
well described by the power spectrum alone (see Fig. 5). These
higher k modes are also expected to be affected by quantum
pressure later in their evolution. For comparison, the top plot
shows the power spectrum of the field amplitude (Fig. 3).
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Conclusions
• I have presented a non-thermal mechanism for producing dark photon 

dark matter

• Large regions of parameter space available, several decades in mass and 

Hubble scale of inflation

• This dark matter candidate clumps at scales much smaller than those 

probed by CMB

• Clumpy nature: Implications for structure formation? Opportunities for 

indirect detection?

• Turn on a SMALL kinetic mixing with the visible photon: Opportunities 

for direct detection?

Outlook


