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1 Introduction

Much is unknown about the properties of dark matter. A very intriguing option is that
dark matter is a light vector particle [1-4], typically referred to as a dark photon. Dark
photons are well motivated for both theoretical reasons, they often appear in string theory
examples [5, 6], and phenomenological reasons, such as mediators of interactions to a dark
sector [7—10]. There are a wide range of proposed experiments to search for dark photon
dark matter, such as direct detection experiments, e.g. [11-27], as well as many indirect
astrophysical searches, see e.g. [28-39]. For a review of experiments related to dark photon
dark matter consult [40]. Despite their rich phenomenology, and the large experimental
effort searching for light vector dark matter, there are only a limited number of cosmological
production mechanisms that can achieve the correct dark matter abundance.
Interestingly, most of these new experiments are dominantly sensitive to dark photons
with very light masses so that they behave as coherent fields. This field-like regime occurs
when the mass of dark matter is between eV > m > 1079 eV, with eV being dictated by
when each dark matter particle’s de Broglie wavelength starts to overlap, and the 107 eV
bound comes from galactic dynamics [41]. It is very difficult to produce dark photon dark
matter at the smallest of masses. The reason for this is that the dark photon field must
point in a direction. Producing dark photons completely at rest would involve breaking



rotation invariance. Since all models producing dark matter respect rotation invariance,
the directions of the produced dark photon field must average to zero over large volumes.
Therefore, they cannot be fully homogeneous and the produced dark photons must have a
velocity. Reconciling this non-zero momentum with dark matter’s non-relativistic nature is
why producing very light dark photon dark matter is difficult.

This non-zero momentum manifests itself in every dark photon dark matter production
mechanism. When produced from inflationary fluctuations [42, 43] or cosmic strings [44] dark
photons are created with momentum of order Hubble. Parametric resonance [45] produces
dark photons with momentum of order the mass of the decaying scalar and thus requires
the two masses tuned to be close to get non-relativistic dark matter. There are many other
production mechanisms, all of which have to deal with this tension in some way or another.
A popular category of production mechanisms, and the one we will pursue, is to use the
misalignment mechanism to populate some dark scalar, and find a way to convert this energy
into a dark photon [45-47].

We take inspiration from recent work on the mixing of a dark photon with an ALP [48].
It was found that in the presence of a background magnetic field, mixing effects between a
dark photon and an ALP can decrease Hubble friction making the energy density of an ALP
decay as a~! instead of the usual a=2. We will use this same phenomenon to convert an ALP
into dark photon dark matter. We will consider an ALP coupled as [48-59]

LD ?Fﬁd, (1.1)

f

which describes an interaction between an axion like particle (ALP), a dark photon and
another photon (that may or may not be the SM photon). In the presence of a magnetic
field, this interaction will adiabatically convert cold ALPs into cold dark photons.

Our particular cosmology proceeds as follows. A first order phase transition will create a
turbulent charged plasma, which by equipartition generates long range coherent magnetic
fields. This large magnetic field causes large mixing between the dark photon and the ALP.
At some point later, the misaligned ALP begins to roll, in the process converting back and
forth with the dark photon. Eventually, the magnetic field is too small to keep up the
conversion between the ALP and the dark photon and all of the energy is transferred into
the lighter dark photon. In this manner, the cold ALP is converted into a cold dark photon.
Using our mechanism, dark photons with masses as small as 10713 eV can be produced in
the magnetic field from a hidden sector U(1).

In our approach we will be taking the phase transition, turbulent charged plasma, and
long range coherent magnetic fields to all be part of a separate dark sector because it is
unclear if conversion in the SM electromagnetic field is viable. This is due to the presence
of charged particles with masses below the temperature of the phase transition wreaking
havoc with the coherence length of the B-field. The modeling of such a scenario would
require dedicated numerical simulations in an expanding universe. We discuss potential
limits for this scenario in appendix A.

In section 2, we review previous results. In section 3, we discuss conversion of an ALP
into a dark photon in the presence of a homogeneous magnetic field. Section 4 treats the
conversion in an inhomogeneous magnetic field. Finally, we conclude in section 5.



2 Review of previous work

In previous work [48], it was shown that a large mixing between an axion like particle (ALP)
and a dark photon induced by a background magnetic field can parametrically enhance the
late-time abundance of the ALP. The Lagrangian under consideration is
d) ~
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where the hat indicates the factoring out of \/—g. In the presence of a homogeneous
background magnetic field, B (t), the equations of motion in an FLRW universe with scale
factor a(t) are
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where we have defined the mixing, b(t) = B(t)/f, Ap(t) is the component of the dark photon
field parallel to B in 0, A%, = 0 gauge, and H = a/a is the Hubble expansion rate. The
ALP is produced via the misalignment mechanism, while the initial vector abundance after
inflation is taken to be negligible, so that the initial conditions for both fields are

o(tpr) = dpr, P(tpT) =0, (2.3)
Ap(tpr) = Ap(tpr) =0, 2.4

where we have denoted the initial time as tpr for consistency with a later section where the
initial time is identified with a first order phase transition.

It is useful to analyze the system in terms of the instantaneous normal modes in the
friction-less limit (i.e. ignoring Hubble friction). To gain more intuition, we also first take
b to be time independent. Focusing first on the regime where m4 > my, we find that the
two oscillation frequencies of the system are:

2,2

2 Mg™a
Wi 2.5
S0 mE+mG (2:5)
w]% ~ b+ m% +m3. (2.6)

In the large mixing regime, i.e. b > ma, my, the first frequency is much smaller than
either of the masses, while the second one is much larger. We will denote the normal mode
associated with the smaller frequency the slow mode, and the one associated with the larger
frequency the fast mode.

The slow mode satisfies

,m¢ b
Ap Ri—F ——=¢, (2.7)
ma, /b2 + m?
whereas the fast mode,
~ 1 b AD ) (2 8)



where in both expressions we have used m4 > mgy, but did not assume b > m 4. Note that
when b > m, the vector field’s amplitude is suppressed by m/m compared to the scalar for
the slow mode while for the fast mode both amplitudes are approximately the same. However,
as the mixing goes to 0 the slow mode becomes the lighter field, ¢, and the fast mode becomes
the heavier field, Ap. Given the initial conditions in eqs. (2.3) and (2.4), if the mixing is large,
bpT >> my, the initial amplitude for the slow mode goes as ¢pr bl%T / (b%T + mi), whereas the
amplitude for the fast mode goes as ¢pr mﬁ) /(b3 + mi) Thus, because the initial condition
has zero kinetic energy, the fast mode is effectively not excited in the b > my limit.

Much of the intuition from the previous discussion carries over by considering the
instantaneous normal modes of eq. (2.2) after allowing for time depedence by including the
expansion H and b # 0. The equations of motion (2.2) resemble harmonic oscillators with
time dependent friction. In analogy with the misalignment mechanism we define the crossing
time, tx, as the time at which the slow mode becomes underdamped

Hx = ws(tx) (2.9)

where a subscript, X, indicates a quantity evaluated at crossing time. Notice that if the mixing
is large, bx > m 4, the crossing time is later than in the usual misalignment mechanism because
ws < mg. The fields are therefore frozen for longer, leading to a greater late time abundance.

For a large mass hierarchy, the kinetic and friction terms for the dark photon are
subdominant and we can approximate m3 Ap ~ —a(t)b(t)¢. Plugging this into equation (2.2)
leads to

¢+ ((3 —20M)H + AZ) b= —wi(t)o, (2.10)

where \ = b%/(b? + mi +m?%). It was found that if the mixing changes adiabatically, the
fields will approximately remain in the instantaneous slow mode. We can approximate the
field as completely frozen for ¢t < tx. Meanwhile for ¢ > tx, we use the ansatz

o(t) =~ p(t) exp (z /t: ws(t')dt’) : (2.11)

The time evolution of the amplitude ¢ can be found using the WKB approximation and
equation (2.10). The solution exhibits a phenomena coined ‘gliding’ [48] and is given by

(t) L /t dtH |1+ _ 2 (2.12)
~ exp | —= . )

v PXEP TS tx m?% + b(t)?

As a function of time the mixing will start large, bp > my4, but at late times b(t) — 0. If the

mixing is still large after tx, then equation (2.12) indicates ¢ ~ a~'/2

, and thus the energy
density decreases as a~'. Once b < m4, the ALP will start diluting like matter ¢ ~ a=3/2
(and, thus, p o< a™3), as expected since in this limit the mixing becomes negligible and the
slow mode becomes effectively just the scalar field.

In summary, the previous work found that kinetic mixing with a heavy vector induced by
a magnetic field enhances the abundance of ALPs by two effects. Firstly the ALP is frozen

for longer, and thus its energy density begins diluting later. In addition to this there is a



period in which the scalar ‘glides’; its energy density, pg, dilutes more slowly than matter,
Pg O a~!. In this paper we invert the hierarchy my < mg, and notice that at late times
the slow mode is the dark photon. We will see that misaligning an ALP will still excite
the slow mode, and the energy density will adiabatically convert from ALP to dark photon,
leaving a late-time abundance of dark photons.

3 Producing dark photons in a homogeneous background

We first consider the simplified example of how the scalar misalignment mechanism (egs. (2.3)
and (2.4)) produces dark photons in the presence of a homogeneous magnetic field b = b(t)
when mg > my4. The initial conditions still excite the slow mode, so long as the magnetic field
evolves adiabatically we can assume almost all the final energy will remain in the slow mode.

In the large mass limit, ¢ and H¢ are small compared to the mass term so that migb R
bAp/a. Plugging into the equations of motion gives an analogous result to equation (2.10)

. b
Ap+ [(1—2MH + Ap | Ap = —wA(t)Ap. (3.1)

n

For a B-field that decays as a power law, b « a™", we can find an analytic solution in

the WKB approximation,

Ap(t) = A(t) exp (z / ws(t’)dt’)

1/2n
ra b2+ mé (a%)?n

where Ax is the amplitude, and ay is the scale factor, evaluated at crossing time (i.e.,

when ws(tx) = H(tx)). This solution is a very good approximation for times ¢ > tx. We
study the case bx > myg, leaving the other ordering for the appendix. The energy density
in the vector is given by

m3

PAp & ﬁAQ(t)- (3.3)

The amplitude (3.2) exhibits the same qualitative behaviour as previous work. For large

1/2

mixing, b > mg, the amplitude, A o a'/#, and the energy density falls off as pa, o 1/a,

so we see that the gliding mechanism persists when the vector is the lighter field. Finally,

as the mixing turns off, b < mg, the amplitude falls off as A o a~1/2

dilutes like matter p4, o< a=3.

, and the vector

3.1 Estimating the amplitude

The amplitude of the vector can be determined within O(1) factors by assuming that all
the energy is in the slow mode. We note that the fields are frozen before tx, so we can
assume ¢y ~ ¢pr, and then use the equivalent of equation (2.7) with the inverted mass

/0% +m?
m X @
ma bX

hierarchy to find
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Figure 1. Left: In black we plot the numerical solution to equation (2.2) with parameters chosen to
satisfy the gliding criteria, bx > my. In teal we plot equation (3.2) with Ax given by equation (3.4),
and the crossing time defined by (2.9). We see that the analytical estimate closely approximates
the amplitude of the vector field. Right: In black we plot the total energy, ps + pa. In teal we plot
equation (3.3), with LA(¢) given by the line on the left graph. The agreement shows that all the energy
density of the system is in the vector.

In figure, 1 we plot both the numerical solution in black and the analytic solution for the
envelope from (3.2), and (3.4) in blue. We see that the analytic estimate matches the
numerical solution to the equations of motion (2.2) when parameters are chosen such that
the mixing is still large at the crossing time.

At late times the B-field dilutes away and the slow mode becomes the vector field Ap.
Effectively, the conversion from ALP to dark vector occurs at tys, defined by

b(tar) = me. (3.5)
As long as mg/Hpy 2 1 the conversion efficiency is exponentially sensitive to the ratio
mg/Hyr, where the subscript M indicates quantities evaluated at tps, with
Po < Mg >
x exp| —c—— |, 3.6
Ptot Hyy (3.6)

for some constant ¢. The exponential sensitivity comes from an analogy with the Landau-

Zener formula, which is expanded on in appendix A [60, 61]. The conversion from ALP to
dark photon is therefore efficient provided that

m¢
—2 > 1. T
Ty > (3.7)

The condition in (3.7) is always satisfied in the gliding regime, where bx > mg. Using the
analytic solution (3.2) we can estimate that at late times pgs/pa ~ b(t)? /mé

Po b(t)?
~ . 3.8
prot  O(t)2 +m3 (3:8)

The only reason why there is any energy at all in ¢ is that the slow mode oscillations still
have some non-trivial overlap with the heavy scalar ¢. In figure 2 we test equation (3.8).

The authors are not aware of an effective mechanism to create a sufficiently homogeneous
(at the relevant scales) B-field of significant strength, so in the next section we begin studying
the effect of inhomogeneities. However, in appendix A we show that if a mechanism for
producing a very homogeneous magnetic field existed it would be possible to produce dark
photon dark matter down to the lowest viable masses of m4 ~ 10719 eV.
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Figure 2. In black we plot the fraction of the energy density in the scalar py/pior for the numeric
solution to equation (2.2). In teal we plot equation (3.8) and find good agreement. For the entire
gliding parameter space, that the approximation that all the energy density goes into dark photons is
well justified, since equation (3.7) is always satisfied.

4 Producing dark photons in a inhomogeneous magnetic field

4.1 How magnetic fields are generated and how they decay

Given the central role magnetic fields play in this production mechanism, and the fact that
their inhomogeneities will lead to significant changes to the final dark photon abundance,
we will first discuss an efficient production mechanism for large cosmological magnetic fields,
and the subsequent evolution of the generated field.

While first order phase transitions are interesting for many reasons, one of their common
features is the production of magnetic fields [62-64], which can lead to many interesting
consequences (see, e.g. [65, 66]). The random production of bubbles and their subsequent
collisions generates turbulence in the surrounding plasma. This turbulent behavior will
amplify any existing seed magnetic fields into large scale magnetic fields [67]. An order of
magnitude estimate of the size of these magnetic fields can be obtained by equipartition,
pPB ~ vj%pv, where vy is the typical turbulent velocity of the fluid and p is the energy density
in the photon fluid. A more detailed analysis reveals that the coefficients are typically order
one and that the wavelength of the produced magnetic field is of order the inverse size of
the bubbles [62, 68]. As a result of this, the magnetic field generated by a first order phase
transition can be easily as large as

B% ~ 017" (4.1)

After production, the produced magnetic fields slowly decay. If at any point the charged
plasma vanishes, e.g. if the temperature goes below the mass of the lightest charged particle,
then the magnetic field just decays away as a~2 while the characteristic momentum decays

away as a b

If the turbulent charged plasma is still present, then the magnetic fields
will discharge faster than just expansion of the universe. How the magnetic fields decay

due to turbulence has been mainly studied numerically [69-72]. These numerical results



find the scalings in equations (4.3), (4.4), (4.7). However there are a few rules of thumb
that roughly reproduce what is seen in these simulations that we will discuss below. For
simplicity, in the following paragraphs we will discuss the discharge of magnetic fields in
the absence of Hubble expansion.

The decay of magnetic fields depends heavily on whether the produced magnetic fields
are helical or non-helical. Non-helical magnetic fields are the easiest to understand. Due
to equipartition of energy

pry'l).?' ~ B2 (4.2)

If we take A to be the typical length (inverse momentum) scale of the problem, then because
CP and P are not broken, correlation lengths cannot do anything but a random walk, so that

A o Vi (4.3)

Combining this with A = vy(t)t, we find that the magnetic fields decay as

B x ’”t(t) (4.4)

On the other hand, helical Magnetic fields are subject to conservation of magnetic helicity
Oi(A- B) = —2F - B + total derivatives = —2nJ - B, (4.5)

where we have used Ohm’s Law £ = —v x B 4+ nJ, where 7 is the resistivity. Plasmas
are good conductors so 7 = 0 and magnetic helicity is conserved. If we take A to be the
inverse of the typical momentum scale of the problem, then conservation of magnetic helicity
(A - B o AB?) means that

B — (4.6)

X —. .
VA

As before, equipartition of energy between plasma and B fields gives ,071)}% ~ B? while A ~ v it.
Putting it all together gives

vV Py
Because we did not specify the dependence of eq. (4.6) on p,, the dependence of eq. (4.7) on
p~ requires additional comment. Fixing B? ~ p, at tpr implies the proportionality B o< ,/p,.

4.2 Dynamics in an inhomogenous magnetic field

In section 3 it was shown that an initial abundance of an ALP can be efficiently converted into
dark photons provided the ALP is the heavier particle, mg > m4, and the mixing is large at
the crossing time (2.9), bx > m,. However, in a phase transition the generated magnetic
fields are not correlated at scales larger than the horizon size at that time (generically even
on smaller scales), and thus are not homogeneous over large scales, but have a characteristic



correlation scale k [62-64]. In order to understand the effects of inhomogeneities in the
conversion mechanism, we consider the following simplified field profile

b(z,t) = bpy (T)zcos(kx)é, (4.8)

for comoving coordinate x. A field with the profile in (4.8) does not really correspond to a
realistic cosmological magnetic field characterized by a correlation scale k for several reasons.
The first is that the direction is the same everywhere in the universe, a large breaking of
rotational invariance. Any causal production mechanism would preserve rotational invariance
on super-horizon scales, and it is expected that for points separated by scales larger than
1/k the direction and amplitude of the field would be largely uncorrelated. The second is
that the correlation scale, k, and amplitude of the B field only evolves due to the expansion
of the universe. As discussed in the previous subsection, the presence of charged particles
with masses below the phase transition temperature wreaks havoc with the coherence length
and amplitude of the B-field. To avoid dealing with the extra complications arising from a
changing coherence scale, we instead consider the B-field to originate from a dark U(1),! with
all charged particles being sufficiently heavy, Tx < M < Tpr. where Tp is the temperature
of the phase transition and M the charged particle mass. This ensures the charged particles
are around to generate the magnetic field, but there are no plasma dynamics to affect the
conversion. In this case inhomogeneities of size k will dilute as (4.8). The equations of
motion are as follows

, : 1 b .
¢+3Ho+mip— —¢" =—Ap,
a a
. . 1 i
AD—FHAD—}—’I’I”L%AD— ﬁ Ib = —bao, (4.9)

where a prime indicates differentiation with respect to x. To solve these equations numerically
we place the fields in a box of size 27 /k and impose periodic boundary conditions.

4.3 Effective mass approximation

In previous work [48] it was shown that for k& > mg, we can effectively think of this as a

k'™ Fourier mode of Ap. In

two state system consisting of the zero mode of ¢, and the
equation (4.9), the spatial derivative acting on Ap will turn into a k2, whereas it will give
zero acting on ¢. The same analysis holds when the mass hierarchy is inverted and the spatial
derivative will look like an effective time-dependent mass for the dark photon. This suggests

we model the inhomogeneity as a homogeneous b-field, with a time dependent mass

ba(t) = 22 (ZT))Q

Meg(t) = \/m?4 + k2 (%)2 (4.10)

Tt would be interesting to know if the conversion mechanism would survive a realistic magnetic field profile

from our sector, but the analysis would require a more sophisticated numerical modeling beyond the scope of
this work.
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Figure 3. Above is a plot of the energy densities for the scalar and vector as a function of time.
The black line is the numerical solution to (4.9) in a box of size 27 /k with periodic BCs. The blue
line is the numerical solution to (2.2) with the time-dependant mass given in equation (4.10). The
parameters were k = 10my, mg = 10my, bpr = 104m¢, and Hpr = 25m.

There is a relative factor of v/2 due to averaging over a cosine. We checked the effective
mass approximation for the range of parameters of interest; figure 3 shows an example
of the agreement.

In the homogeneous case the gliding regime applied for bx > m,. We find that the
gliding regime still applies provided the vector is the lighter field m.g < mg when the mixing
becomes subdominant, b = mg. However, the presence of a time-dependent mass modifies
the formula (3.2) to [48]

)Qn 1/2n

meg(tx) at) 0% +md (%X
2

A(t) = Ax men(t) ax B+ m2

(4.11)

We can try to estimate the amplitude Ax by equation (3.4), replacing ma — meg(tx). The
fit is not as good, but still gives the correct scaling. The scaling can be easily understood, since
in this picture the homogeneous (0 momentum) axion converts to dark photons with comoving
momentum k&, and while those are relativistic, their energy density redshifts as radiation, but
once kapr/a < my, the dark photon becomes non-relativistic and its energy density starts
redshifting like matter. To estimate the final dark photon abundance, we can work at 3 levels:
the fully numeric approach, the fully analytic approach with Ax given by equation (3.4),
or a semi-analytic approach where we use equation (4.11), but fit Ax to the numerics. In
figure 4 we show the matching between the numerics and various analytic approaches for the
amplitude of A. Approximating all the energy density as being in the vector,

P le(t)msz(t)AQ(t). (4.12)

The right hand side of figure 4 also shows agreement between the numeric and analytic
approaches for the energy density, where the analytic lines begin at the crossing time. The
addition of meg(t) has no effect on equation (3.8), since the amplitude, A(t) cancels in pg/pa.
We checked numerically that equation (3.8) accurately describes energy transfer from the
ALP to the dark photon, and the graph looks identical to figure 2.

,10,
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Figure 4. A plot of vector field, and total energy density over time in the gliding regime. The
numeric solution is shown in black. The green envelope is the analytic result in equation (4.11), but
with Ax fit to the numeric result, and the blue envelope is a fully analytic result with Ax given by
equation (3.4).

4.4 Constraints

We consider an inhomogeneous dark magnetic field generated with 1% of the plasma energy
density? by a first order phase transition at Tpt > 1GeV and subsequently diluting as
b < a~2. Such phase transitions typically have bubble sizes ~ 1/(100Hpr) [73, 74] and thus
generate inhomogeneities of order k ~ 100Hpr. Requiring the ALP be frozen during the
phase transition, Hpt > mg, gives an upper bound on the ALP mass for each choice of Tpr.
To evade cosmological bounds, and prevent suppressing the matter power spectrum at small
scales, we also require the vector to dilute like matter sufficiently early. To be conservative,
we require that the produced dark photons are non-relativistic before 7" = 10 keV. Inspection
of equation (4.11) shows that this gives two conditions

Ty > 10keV, (4.13)
e (10keV) ~ m4. (4.14)

The first condition gives a lower bound on my. For small values of f the lower bound will
meet the upper bound and close out the parameter space, so this condition effectively places
a lower bound on f. The second condition, (4.14), gives a lower bound on the dark photon
mass. Ensuring the vector is the lighter field at the conversion time

meff(T]V[) < Mg, (4.15)

places a lower bound on mg which rises with f. This effectively places an upper bound on f
since for large f the upper and lower bound on mg will meet. Typically the lower bound
on f ~ 10®GeV and the upper bound is f ~ 102 GeV.

We vary f and determine the allowed parameter space for the dark photon to constitute
the entirety of dark matter. The allowed region of parameter space is shown in figure 5. The
diagonal line comes from requiring m, < mg. For a wide range of ¢ masses it’s possible

2We take the total energy in the dark sector to be 10% of the energy density of the Standard Model bath.
Since our results only depend on B/ f, the only change that arises by decreasing this 10% number, and hence
B, is to increase f. The effect of this combination is to move around the dotted lines, the region that requires
clockworking, in figure 5.
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Figure 5. The allowed region of parameter space for phase transitions occurring at Tpp =
1,10,100 GeV. For values below the dotted line an initial value ¢pr > f is required to repro-
duce the correct DM abundance.

to produce dark photon dark matter down to m4 ~ 10713 eV. It’s easier to produce higher
masses by having the phase transition occur at higher temperatures, but pushing for masses
any lower than this is hard. We can produce ligher dark photons by having the phase
transition occur later since k is related to the Hubble scale at the time of the phase transition,
the lower the temperature the smaller k£ will be. However, once we go much below ~ 1 GeV
the upper and lower bound on f quickly meet leaving no parameter space.

Finally, as mentioned in section 4.3, for the conversion to be efficient the dark photon
must be lighter when b = my,

meg(Tar) < M. (4.16)

This condition forces us to consider ¢pr > f in order to achieve the right abundance for some
regions of parameter space, which would likely require using the clockwork mechanism [75, 76].
The initial misalignment for an ALP is typically ¢pt < f, so the initial energy density in
the ALP is ppr < mi f?. In order to reproduce the correct abundance for lower masses we
can simply increase f. However, for fixed B, as f increases the mixing becomes unimportant
earlier, and thus T); increases. Since the effective mass decreases with time, this means that
the effective mass at T also increases. This gives a lower bound on m, which rises with f,
and eventually closes out the parameter space. The dotted lines in figure 5 show the boundary
between regions of parameter space that require clockwork to reproduce the observed dark
matter abundance, and those that don’t. For each phase transition temperature, the region
below the dotted line requires ¢pp > f.

5 Conclusion

In this article, we demonstrated how an axion like particle could be adiabatically converted
into a dark photon in the presence of a magnetic field. This provides a new production
mechanism for light vector dark matter, which can explain the dark matter abundance for
dark photon masses as small as 1073 eV. This mechanism differs from other scenarios in
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which an ALP energy density is transferred to dark photons in two relevant aspects. Firstly,
the momentum of the newly produced dark photons is not directly related to the mass of
the ALP, and is instead only sensitive to the scale of inhomogeneity of the magnetic field.
Secondly, even though the transfer is not through a decay of the ALP, the leftover ALP
abundance is exponentially smaller than the produced dark photon, due to the adiabaticity
of the conversion process.

Throughout the paper, we considered only the simplest of scenarios and it would be
interesting to see what occurs when these assumptions are relaxed. One of the critical
assumptions was that whatever sector the B field was a part of only had charged particles
whose masses are sufficiently large to not change the evolution of the B field during the
conversion time. It would be interesting to see if the mechanism proposed in this paper
was able to be extended to cases where this wasn’t true, as would be the case if the B field
belonged to the standard model photon. In addition, one of the main limitations to extending
the mechanism to smaller dark photon masses was due to producing dark matter that is
too warm. Thus, it would also be interesting to explore other production mechanisms of
near homogeneous magnetic fields which would produce dark photons nearly at rest. Next, a
more realistic modeling of the magnetic fields resulting from a first order phase transition
is important. While we expect all of our results to follow through in this case, it is not
guaranteed. Finally, like all dark photon production mechanisms in the small m 4 limit,
our approach requires living deep in the Stuckelberg limit. The presence of the dark Higgs
(mpg < Tpr) introduces a plethora of problems. The dark Higgs would result in a large
plasma mass suppressing conversion, string forming instabilities [77, 78], as well as often
being more observable than the dark photon [79-81]. It would be interesting if there existed
a production mechanism that circumvented these constraints.
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A Constraints in a homogeneous magnetic field

A.1 Conditions for full conversion

In section 3 we used the approximation that all the energy was in the instantaneous slow
mode, with the justification that the initial conditions excite mostly the slow mode. There
are two ways we can end up with some of the energy in the fast mode

1. Firstly, the initial conditions (2.3), and (2.4) will mostly excite the slow mode, but
there is some initial coefficient in the fast mode.

2. Secondly, some initial slow mode may convert to fast mode due to the time dependence.
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There is a quick argument that we may neglect any initial fast mode amplitude. At the
initial time, tpT, both masses are small relative to both the mixing and the friction. We
study the equations of motion (2.2) in the massless limit. In this limit the slow mode has
zero frequency. Making the substitutions X = a®2¢, Y = a3/? A leads to equations of motion

X+ Lpx = bY,
o (A1)
Y+ HY = —bX.

This is a first order equation, and the solution is an oscillator with a constant amplitude
X,Y = CyyeJ #elt), (A.2)

where the frequency is wy = |/b? — %H 2, The energy density then falls off quickly as a
function of the scale factor

oy~ B A2
_1
1

(X2 +Y?). (4.3)

Therefore any initial fast mode amplitude will quickly decay away and can be neglected.

Assuming the fields are initially in the slow mode, due to the adiabatic evolution of
the time-dependent quantities after the oscillations begin, it is natural to guess that the
probability of transitioning to the fast mode would have the same behaviour as in the
Landau-Zener problem [60, 61]

d

2
P(slow — fast) o exp(—cb>, (A4)
E(Wf — ws)

where the quantities in the exponential are to be evaluated at ¢5;. Up to order one coefficients,
WiM = BM. Since at late times the fast mode is the scalar and the slow mode is the vector,
the transition probability will scale the same way as the ratio of energy densities

2
Pé ( bM) _ ( me )
— xexp| —c=* | =exp| —c— ), A5
Ptot P b P Hyy ( )

where we used that the b-field dilutes with the scale factor, b < bH, and absorbed all order one
coefficients into the constant ¢. We found numerically that the guess based on Landau-Zener
fits the data, and figure 6 shows some examples of testing the exponential scaling.

A.2 Radiation like regime

In this section we study the regime neglected in the main text with
b(tx) < Mme. (AG)

That is, the scenario when the mixing becomes unimportant before the slow mode begins
oscillating t)y < tx.

Somewhat surprisingly, in this regime, the energy density still goes into the slow mode
as long as equation (3.7) is still satisfied. After mixing becomes unimportant, instead of
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Figure 6. We plot the energy density left in the scalar at late times against the quantity inside the
exponential in equation (A.5) for various choices of vector mass, and found the exponential scaling to
be a good fit.

the misaligned scalar depositing energy into the heavy oscillating scalar mode, it deposits
its energy into the kinetic energy of the slow mode Ap. Unlike a kinetic energy dominated
scalar, which dilutes away as a9, a kinetic energy dominated vector dilutes away as a~*.
Eventually, the mass term becomes important and the slow mode transitions to behaving
as a non-relativistic vector.

In more detail, the same approximation as section 3, migb ~ b/ aAp implies

1

AQ
577@%(]52 ~ =D

53 (A7)

¢ ~ ¢pr because the field is frozen until the time tj;, from which it’s clear that the total
energy at this time is pyot (tar) ~ miqﬁ%T. At time ty;, the scalar deposits all of its energy
into the slow mode. In the time ¢ty < t < tx, equation (3.1) is no longer solved by the
WKB approximation because friction is still larger than the slow frequency. Since the mixing
has fallen off, A\ < 1, equation (3.1) becomes

. . . 1
Ap+ HAp =0 — ADO(E. (A8)

Up until the crossing time the energy is therefore diluting like radiation

1 . 1
Prot = pA = T‘?AQD x e (A.9)

with the energy density in ¢ falling much faster than this. After the crossing time the mass
term becomes important and the vector dilutes like matter, so the energy density in dark
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Figure 7. The total energy density in the radiation like regime matches the approximation in (A.11),
that the energy density is frozen until the mixing becomes unimportant, at which point it dilutes like
radiation until the crossing time, after which it dilutes like matter, with the all the energy in the dark
photon. The vertical lines indicates the characteristics times, t); and tx.

matter at late times is given by
4 3
apm ax
t) ~ m3 ¢} () () : A10
pA( ) ¢¢PT ax a(t) ( )
In figure 7 we plot the total energy density against the following approximation

m3 e, t<ty
2 12 am 4
a

myoke (20)' (25)°, t>tx

A.3 Constraints for the homogeneous case

We show the constraints on the mass range of the dark photon if we assume that the magnetic
field can be treated as homogeneous, and the dark photon constitutes the entirety of dark
matter. We assume that a magnetic field was generated during a first order electroweak
phase transition, with a percent of the universe total energy density. The phase transition
occurs at a temperature Tpp ~ 100 GeV. During this period the universe was radiation
dominated. To a good approximation we assume that at temperature 7" the energy density
of the universe is given by the relativistic particles m < T,
2

p= %9*

where g.(T") counts the number of effectively relativistic degrees of freedom in the standard

(T)T*, (A.12)

model. As in the main text we take the conservative Tpy = 10keV. From now on anything
with a subscript DM is evaluated at this time/temperature. By Tpy we must have generated
the dark photons, Tx > Tpm, and they must be acting like matter, bpy < myg.
Supernova constraints give f > 108° GeV [58] for a SM B field. With the given range of
decay constants we want to know what values we can pick for mg, and m4. In figure 8 we
plot the region of masses allowed with the previously mentioned constraints. The boundary
conditions require Hy > mg which gives the vertical line on the right. With the more
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Figure 8. The constraints on the particle masses, with the allowed region shaded in grey. The upper
box is the gliding regime whilst the lower box is the radiation like regime. The area to the right of the
dotted line can produce the correct dark matter abundance for ¢gpt < f.

conservative choice of Tpy = 10 KeV a homogeneous magnetic field can generate dark
photons with a lower bound of m,4 > 1072°eV. We also note that the mechanism allows
for a large separation of scales between the masses of the two particles, with the far right
giving over 10 orders of magnitude separation.

B More general inhomogeneities

In the main text we studied the following field profile

- a 2
Bz, ) = bpr (J;) cos(kz)2, (B.1)

and showed that the inhomogeneity of a single mode can be modeled as an effective mass for
the dark photon as in eq. (4.10). We would like to say this approximation holds even if the
b-field is a wave-packet with its Fourier transform sharply peaked around the characteristic
wave number, k.

To simulate in a finite spatial box with periodic boundary conditions we consider the
following profile

- B apt\? 1
blet) = ber (a(t)) VNt 2+2N 2
X %cos(kx/3 + ¢1) + cos(kx/2 + p2) + N cos(kx) (B.2)

1
+ cos(2kx + ¢3) + N cos(3kx + p4q)| 2,
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Figure 9. A comparison of the vector energy density for the inhomogeneous field and the effective mass
approximation, with NV =1, 2,3 from left to right. The black lines are the numerical approximation,
and the blue line is from the effective mass approximation. In all simulations mg/ma = 10.

where ; are randomly generated phases. If N = 1 then the wave-packet receives equal
contributions from all 5 modes. However, as we increase N the wave-packet becomes more
sharply peaked around the characteristic wave number, k.

Figure 9 shows the results for various values of N. We found that even for N =1 the
effective mass approximation is still working. We expect that the conversion mechanism
still works for more general magnetic field profiles, although more detailed simulations are
required to verify this claim.
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