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We describe a general scenario, dubbed “inflatable dark matter,” in which the density of dark matter
particles can be reduced through a short period of late-time inflation in the early Universe. The
overproduction of dark matter that is predicted within many, otherwise, well-motivated models of new
physics can be elegantly remedied within this context. Thermal relics that would, otherwise, be disfavored
can easily be accommodated within this class of scenarios, including dark matter candidates that are very
heavy or very light. Furthermore, the nonthermal abundance of grand unified theory or Planck scale axions
can be brought to acceptable levels without invoking anthropic tuning of initial conditions. A period of late-
time inflation could have occurred over a wide range of scales from ~MeV to the weak scale or above, and
could have been triggered by physics within a hidden sector, with small but not necessarily negligible

couplings to the standard model.
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A variety of well-established astrophysical and cosmo-
logical observations support the conclusion that there exists
a form of matter whose interactions with the particles of the
standard model have, thus far, eluded detection. Although
this dark matter (DM) could plausibly consist of particles
with a very wide range of characteristics, weakly interact-
ing massive particles (WIMPs) represent the most broadly
studied class of DM candidates. Such candidates have been
motivated in large part by the realization that a stable
particle with an approximately weak-scale mass and weak-
scale annihilation cross section is calculated to freeze out in
the early Universe with a thermal relic abundance, QU 0.,
similar to the measured cosmological DM density, Qi =
0.26 [1]. Since such particles are also theoretically moti-
vated by the quantum stability of the Higgs potential (the
“hierarchy problem”), this is sometimes referred to as the
“WIMP miracle.” In recent years, however, the null results
of and increasingly stringent constraints from direct detec-
tion experiments and the Large Hadron Collider (LHC)
have slashed into this parameter space and, consequently,
tempered much of the enthusiasm for the WIMP hypoth-
esis. The sensitivity of experiments attempting to detect the
elastic scattering of DM with nuclei has increased at an
exponential rate over the past two decades, on average,
nearly doubling in reach each year. As this march toward
increasingly stringent constraints has progressed, many,
otherwise well-motivated, varieties of WIMPs have become
untenable. WIMPs that remain experimentally viable are
generally depleted in the early Universe through processes
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that do not induce a large elastic scattering cross section
with nuclei, such as through efficient coannihilations [2],
resonant annihilations [2,3] or annihilations to final states
consisting of leptons, gauge bosons, Higgs bosons, or
particles residing within a hidden sector. In this Letter, we
present another way to decouple the DM’s elastic scattering
and production cross sections from its relic abundance.

A qualitatively different, but also very well-motivated
DM candidate, is the QCD axion, a [4,5]. This particle is a
consequence of the Peccei-Quinn (PQ) mechanism [6,7],
which can dynamically account for the extreme smallness
of the CP-violating parameter, & < 10~'°, in strong inter-
actions. The QCD axion is a pseudoscalar with a mass that
is fully determined by a symmetry-breaking scale, fpq.
Stellar and laboratory  constraints require that
m, 51072 eV, corresponding to fpq = 10° GeV. The
axion abundance (generated via misalignment production),
Qi scales roughly linearly with fpq, and is close to Qe
for fpg~10'? GeV [8-10], corresponding to m, ~
O(ueV) (for a review, see Ref. [11]). For the most
theoretically well-motivated values of fpg ~ Mgyr ~
10'® GeV or Mpjex ~ 10" GeV [12], the value of QI
is predicted to be very large, overclosing the Universe.
Anthropic selection of the misalignment angle has been
proposed as a way to evade this conclusion [13—16]. The
class of scenarios described in this Letter provides a
different, nonanthropic solution.

In light of these considerations, we are motivated to
propose scenarios in which the thermal history of the early
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Universe departs from the standard radiation-dominated
picture, putting theories that seem to overproduce DM into
agreement with the observed DM abundance. This is
particularly attractive given the host of DM candidates
that arise from well-motivated theories that represent
compelling extensions of the standard model, apart from
their DM candidates.

The central idea of this Letter is that, if there was a period
of late-time inflation after the production of DM (thermally
or otherwise), models with Q¥ > QI can be viable.
During the reheating phase that follows inflation, the
injection of entropy dilutes the abundance of DM. Such
a scenario is quite general, may require no fine tuning, and
could have taken place at any time prior to big bang
nucleosynthesis (BBN). (The phenomenology of this sce-
nario is similar, in some ways, to the dilution of DM
through the late-time decays of moduli or other massive
states [17-22]).

In exact analogy to how primordial inflation mitigates
the monopole problem [23,24], late-time inflation reopens
theory-space windows that would, otherwise, be closed by
particle overproduction in the early Universe. For instance,
a period of post-freeze-out inflation can enable very heavy
DM particles (my Z 100 TeV) to be thermal relics, evading
the, otherwise, very general unitarity bound on their
annihilation cross section [25]. Similarly, inflation after
the QCD phase transition enables very light axions (arising
as a result of symmetry breaking at energies from ~M gyt
to ~Mpjanek) With an order one misalignment angle to be
reconciled with the observed DM density. Because the
sector responsible for this inflationary phase could be
almost entirely decoupled from the standard model and
DM sectors, we are able to discuss this general class of
scenarios independently of the DM theory under consid-
eration. A period of late-time inflation can also dilute the
abundance of problematic relics, such as moduli and
gravitinos [26].

When the energy density of the Universe is dominated by
a term with negative pressure, exponential expansion
occurs. Our viewpoint is that this behavior is quite generic:
if any scalar potential energy dominates the energy density
at any time, exponential expansion will occur. Furthermore,
the field that sources this potential energy density can be
sequestered from known fields and need not couple with
any significant strength to any other sector of the Universe,
and as long as the late-time inflation and subsequently
reheating does not occur during or after BBN, it will have
no adverse effects on the well-established concordance
cosmology.

Let us define p, to be the sum of all temperature-
independent contributions to the stress-energy tensor of the
Universe that are proportional to the metric [27,28]

<®/u/> = PAYGuw> (1)

such that p, is independent of the scale factor. In addition to
an omnipresent cosmological constant term, p, receives
contributions from the minima of particle potentials,
including the trace anomalies of confining potentials.

The Universe inflates whenever p, dominates the total
energy density. In the early Universe, this generally
corresponds to the condition p, > pg, where pp is the
energy density in radiation. In the current epoch, p, in the
form of “dark energy” dominates the energy density of
the Universe, and a period of exponential expansion has
recently begun as a result.

At times in the early Universe, there were other signifi-
cant sources of vacuum energy, including those associated
with the trace anomaly of QCD near Agcp and the Higgs
minimum near the electroweak phase transition. In each of
these cases, however, the fields transitioned to their broken
phase before they came to dominate the energy density of
the Universe and, thus, did not provoke a period of late-
time inflation (see, however, Refs. [29-32]). In Fig. 1, we
show the values of the QCD and electroweak potential
energy minima as a function of temperature and compare
this to the energy density in radiation. We take the QCD
phase transition temperature from Ref. [33], the value of the
constant part of the QCD trace anomaly from Ref. [34], and
the number of degrees-of-freedom for the whole temper-
ature range from Ref. [35]. We simply treat the electroweak
phase transition as a step function with coupling
A = m3 /202, my, = 125 GeV, and v;, = 246 GeV, corre-
sponding to a scalar energy density of m?v2 /8. The vacuum
energy density associated with the electroweak phase
transition is similar in a simple two Higgs doublet model
with supersymmetric parameter relations. Contributions
from matter and dark energy do not appear within the
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FIG. 1. The density of the vacuum energy associated with the
electroweak (green line) and QCD (orange line) phase transitions,
compared to the radiation energy density of the Universe (blue
line), as a function of temperature. We also show the vacuum
energy density associated with a new phase transition (red line),
as discussed in the text. Schematically, a period of inflation
occurs when the vacuum energy density exceeds the radiation
energy density, starting at 7' and ending at 7',,. Reheating is not
fully captured by this plot.
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range of energy densities included in this plot. Given only
the QCD and electroweak phase transitions, it seems
unlikely that late-time inflation would occur. In moving
forward, we will focus on inflation that is triggered by the
potential energy density of fields that reside beyond the
standard model. For a concrete illustration, we have
considered a toy model described by the following zero-
temperature  scalar  Lagrangian:  —L D —juj¢*+
S yrffb+31440*, where ¢ is a real scalar coupled to
some number of light fermions, f. For sufficiently small
values of 4, (which, in this toy model, corresponds to a
degree of fine tuning), we find that the scalar energy density
will come to dominate the energy density of the Universe
before the corresponding phase transition takes place,
leading to a period of late-time inflation. We discuss this
model and its phenomenology in more detail in the
Supplemental Material [36].

An additional period of exponential expansion in the
early Universe could have major qualitative ramifications
for the matter density of the Universe. The density of any
particle species that had already decoupled by the begin-
ning of this inflation will be diluted, leading us to alter our
expectations for the interaction strength, mass, and other
characteristics of the DM. This can resuscitate theoretically
attractive DM models that would be ruled out by direct
detection experiments or by the LHC under standard
cosmological assumptions. For the case of the toy model
described by the equation in the above paragraph and in the
Supplemental Material [36], we find that, with commen-
surate tuning, dilution factors as large as A ~ 10° can easily
result.

The cosmological abundance of DM candidates that
were in thermal equilibrium in the early Universe is
determined by their ability to deplete their number density
via self-annihilation. For thermal relics, the surviving
abundance (under standard cosmological assumptions)
scales as Qf « (ov)~!, where (ov) is the thermally
averaged annihilation cross section of the DM candidate.
Over a wide range of masses, DM candidates with an
annihilation cross section of approximately (cv)y, ~ 2 X
1072 ¢cm?/s freeze out with a thermal relic abundance in
agreement with the measured cosmological DM density;
higher or lower cross sections lead to a DM abundance that
is too small or too large, respectively. Candidates with
larger cross sections generally provide only a subdominant
fraction of the DM, and must be supplemented with another
source or sources of DM. While perhaps a departure from
minimality, such a scenario does not pose any phenom-
enological problems. Candidates with smaller cross sec-
tions, in contrast, lead to the overproduction of DM. Any
theory that contains a stable thermal relic with annihilation
cross section {ov) < (ov)y, (evaluated at freeze-out) is
ruled out under standard cosmological assumptions.

In Fig. 2, we plot the effective annihilation cross section
as evaluated at thermal freeze-out for four benchmark DM

candidates (see Supplemental Material [36] for details). For
these four models, we see that, under standard cosmologi-
cal assumptions (A = 1), the desired thermal relic abun-
dance is obtained for DM with masses between
approximately 30 GeV and 3 TeV. This is roughly the
mass range generally associated with the WIMP paradigm.
For a similar model with larger couplings, the preferred
mass range shifts upwards. This has a firm upper limit,
however, because perturbation theory eventually breaks
down when the coupling gets too large. A model-indepen-
dent upper limit can be placed by requiring that the DM
annihilation cross section respects partial-wave unitarity
[25]. This requirement implies ov <3 x 10722 cm?/sx
(2J + 1)(TeV/my)?, or my < 120 TeV x /2J + 1, where
J is the partial wave through which annihilation occurs.

Very different conclusions are possible if DM is inflat-
able, however. For significant values of the dilution factor,
even nearly inert particles can be perfectly viable DM
candidates. In particular, thermal DM particles could be
much heavier than would, otherwise, be possible, as
indicated by the contours in Fig. 2. Here, we see that,
with a moderate amount of dilution, A, DM candidates with
masses of O(10-100) TeV or more can lead to the observed
DM abundance, QF§3* = 0.26.

If the experiments at the LHC do not provide any signals
of new physics over the next few years, one may be
compelled to assume that there is at least a modest
hierarchy between the weak scale and scale of new physics.
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FIG. 2. The effective annihilation cross section

at freeze-out for four benchmark DM models (described in
the Supplemental Material [36]). The approximately horizontal
thick black lines represent the values of the cross section that
generate the observed dark matter density, for four different
values of the dilution factor, A. Large low-velocity annihilation
cross sections, as shown in the upper left region, are ruled out
by Fermi’s observations of dwarf galaxies (assuming that the
annihilation cross section is the same at low velocities and
freeze-out) [48]. The upper right region is incompatible with
partial wave unitarity [25].
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Apart from an apparent fine-tuning of the weak scale, one
could argue that such a scenario would lead to unacceptable
relic abundances of DM within well-studied and theoreti-
cally interesting new physics models [49]. If there were a
period of late-time inflation, however, phenomenological
relic abundance arguments against high scale physics
would no longer pose serious problems, potentially open-
ing a new landscape of possibilities for model building.

We also add that, if the DM has a mass below a few GeV,
stringent constraints from observations of the cosmic
microwave background (CMB) may imply that it cannot
be a thermal relic (unless strongly p-wave suppressed) [50].
If the DM is inflatable, however, it could have a subthermal
cross section and still constitute the observed DM density.
For a ~1 GeV DM particle, the current constraint (the
cosmic variance limit) from the CMB power spectrum is
(ov)/{ov)y, < 0.2 (0.02) [50]. Inflatable DM may not be a
feasible option for substantially lower masses, as the
freeze-out temperature gets too close to that of the BBN
era, Tggn ~ 1 MeV.

The axion, a, is a well-motivated nonthermal DM candi-
date [4,5] that arises dynamically from the Peccei-Quinn
solution to the strong CP problem [6,7]. The axion energy
density is roughly proportional to a heavy mass scale, fpq,
and the axion mass and couplings are proportional to f5(12~
The QCD axion field only acquires a mass after the QCD
phase transition, when it begins to coherently oscillate.
Neglecting contributions from the decay of topological
defects, the abundance of QCD axions scales as
QF  fp5°05, where 6, is the misalignment angle [51].
Despite the fact that axions are constrained to be very light
(m, <1072 eV), they behave like cold DM as a result of their
particular production mechanism and due to the fact that they
do not thermalize with the rest of the Universe.

For “natural” values of the misalignment angle,
0,, ~ O(1), the axion will be produced with an abundance
equal to QB for fpg ~ 10'* GeV [8-10]. For higher values
of the Peccei-Quinn scale, such as those motivated by string
theory compactifications with fpg ~ 10'® GeV [12], the
axion abundance will dramatically exceed Q7® unless the
misalignment angle is tuned to very small values, perhaps as
a result of anthropic selection [13-16]. Alternatively, a
period of late-time inflation could dilute the axion abun-
dance, bringing it into accordance with Q5.

In order to alter the cosmological abundance of axions, a
period of late-time inflation would have to occur after the
axion acquires its mass during the QCD phase transition.
Hence, if a QCD axion is to be an untuned remnant of string
dynamics at their natural scale, a period of inflation at a
temperature of O(1-100) MeV is required. This scenario
of “misanthropic misalignment,” with untuned high-scale
axions, represents a nonanthropic alternative for reconcil-
ing the theoretical preference for fpg > 10'? GeV with the
measured abundance of dark matter (alternatively,
see Ref. [52]).

If there exists a primordial asymmetry between the
matter and antimatter components of the DM, ny=
(ny —ng)/s, the process of thermal freeze-out can be
qualitatively altered. In asymmetric DM models, annihila-
tions cease when either the X or X population is almost
entirely depleted, in contrast to symmetric models in which
freeze-out occurs when Hubble expansion comes to domi-
nate over the annihilation rate. Fixing the DM asymmetry
to the baryon asymmetry provides a potential solution to
the coincidence problem (i.e., that Qpy ~ ;) and fur-
nishes a DM candidate at light scales [53] without relying
on the standard process of thermal freeze-out to set its
abundance (see Refs. [54-56] and references therein).
Investigations into the relation between the magnitude of
the asymmetry and the requirements on the annihilation
cross section have revealed a continuum of asymmetric
WIMP DM models [57-59].

Because of the porous boundary between asymmetric
and symmetric DM, a period of late-time inflation can have
a wide range of effects on this class of DM models. The
nature of the DM population that exists after a period of
late-time inflation depends on the magnitudes of the initial
asymmetry and annihilation cross section, and on whether
the process of reheating produces equal numbers of matter
and antimatter particles (i.e., whether reheating is sym-
metric). If the reheating temperature is below the temper-
ature of freeze-out, the resulting relic abundance is simply
diluted as in the case of a symmetric thermal relic. In the
case of asymmetric dark matter, however, we can also
consider scenarios in which the Universe is reheated after
inflation to a temperature above the freeze-out temperature,
but below the (presumably much higher) temperature at
which the asymmetry was initially established. For exam-
ple, suppose that DM annihilation is more efficient than
thermal, (ov) > (ov),, and the particle asymmetry is very
large, 7,7 > 75, Under standard cosmological
assumptions, the DM would be overly abundant in this
scenario. A period of late-time inflation prior to freeze-out,
followed by symmetric reheating would reduce the effec-
tive asymmetry, allowing for more efficient annihilations
during freeze-out and for a lower DM abundance.

One could imagine very different scenarios if the process
of reheating is itself not symmetric. For example, if the
annihilation cross section is approximately thermal or
somewhat smaller, (ov) < (6v)y,, both matter and anti-
matter components of the DM population will survive the
early Universe, even in the presence of a significant
asymmetry, 7,7, > 73S, If pre-freeze-out inflation
and reheating then occurred symmetrically, the surviving
DM abundance would be too large (since the DM-
symmetric population alone would saturate the observed
relic density). If the reheating following inflation were,
instead, antisymmetric (i.e., preferentially generating anti-
DM over DM), however, this could restore the DM to an
approximately symmetric state, allowing it to annihilate
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more efficiently during freeze-out. While there are many
other variations we could consider, the above examples
suffice to illustrate that inflatable DM has nontrivial
implications for the asymmetric DM framework.

The inflatable DM framework described in this Letter
could take many forms, and it would be impractical to
discuss the signals and consequences in all possible cases.
In some scenarios, inflatable DM may not lead to signals
that are easily accessible in planned experiments. In others,
however, experimental signatures in support of this frame-
work could very plausibly appear. Here, we will consider a
few representative examples that illustrate the scope (and
fecundity) of the phenomenology associated with inflat-
able DM.

Generally speaking, observations that appear to imply
DM parameter values outside of the expected range could
be interpreted as a hint in favor of a nonstandard cosmo-
logical history. The detection of DM with an annihilation
cross section that is too small to obtain an acceptable relic
abundance is one such example. The detection of a GeV-
scale WIMP-like DM particle could also be suggestive of a
nonstandard thermal history, since the annihilation cross
section of such a candidate is already strongly constrained
by CMB observations, as mentioned earlier. Although
GeV-scale DM is difficult to detect via nuclear recoils,
there have been a number of proposals to probe such
particles in accelerator fixed target experiments, making
use of their “dark” sector gauge interactions [60—64] (see
also Refs. [65,66] for alternative approaches based on
DM-electron scattering).

Another possibility, discussed earlier in this Letter, that
would support a scenario with late-time inflation would be
the discovery of an ultralight axion, corresponding to
frg > 102 GeV. As ultralight axions would generally
be predicted to yield a DM abundance in significant excess
of QF3®, a discovery of this type would imply a departure
from the standard axion DM picture, such as an anthropic
tuning of the misalignment angle, or a nonstandard cos-
mological history. Proposals for detecting time varying
CP-odd nuclear moments (such as electric dipole
moments) induced by such ultralight DM axions promise
to probe this parameter space in the coming years [67]. As
the mass of the axion is acquired during the QCD phase
transition, the dilution of this DM candidate requires a
period of late-time inflation at an energy scale of
~1-100 MeV. A hidden sector that triggers a phase
transition at such a low energy scale could potentially be
probed by a variety of intensity frontier experiments, even
if quite weakly coupled to the standard model [68].

Extensions of the electroweak sector, as may be required
to explain the Higgs potential, provide motivation for DM
masses in the range of O(10°-10%) GeV. DM in this mass
range generally freezes out at temperatures of
O(10-100) GeV or less. In this case, the post-freeze-out
inflation would occur at or below the ~100 GeV scale,

potentially accessible to collider experiments. On the other
hand, we argued that very heavy (~10-100 TeV or heavier)
relics could easily yield an acceptable abundance within the
context of inflatable DM. In such a scenario, inflation could
occur at a relatively high temperature, around or above the
TeV-scale. If the corresponding phase transition is first
order, we could expect associated gravitational wave
signals to be potentially observable [69,70].

Thus far, we have not commented on any potential UV
completions of the inflationary sector. Such a sector could
plausibly originate from nontrivial low-scale dynamics in
“hidden valley” models [71] or a “dark QCD” sector, such
as arises within the twin Higgs model [72] and its
extensions. This would eliminate the introduction of further
hierarchies associated with low-mass scalar inflatons. The
observation of any signals of such dark dynamics [73-75],
possibly connected to the dynamics of the dark matter itself
[76—79], could shed light on their contribution to a period
of late-time inflation.

The connections between inflatable DM and baryo-
genesis are also intriguing. As noted above, the dilution
of relic abundances and particle asymmetries is a universal
prediction of scenarios with a period of late-time expo-
nential expansion. If evidence is found for late-time
inflation (after the establishment of the baryon asymmetry),
it would imply that the primordial baryon asymmetry must
have been much larger (by a factor of A) than the value
implied under standard cosmological assumptions by
observations of the CMB and the light element abundances.
It would also be intriguing to consider the possibility that a
baryon asymmetry could be generated through the process
of late-time reheating.

In conclusion, we have explored, in this Letter, a generic
mechanism for reducing the abundance of DM in the early
Universe, allowing us to bring theories that predict unac-
ceptably high DM densities into agreement with observa-
tions. This is accomplished through a brief period of
exponential expansion (i.e., inflation) taking place at late
times, but prior to big bang nucleosynthesis. Such late-time
inflation is quite generic, and is predicted to occur when-
ever any scalar potential dominates the energy density of
the Universe. The vacuum energy associated with the QCD
trace anomaly and with the Higgs potential each contrib-
uted significantly to the energy density of the Universe in
the moments leading up to the QCD and electroweak
phrase transitions, respectively, but likely did not come to
dominate over the density in radiation (see Fig. 1). The
vacuum energy density associated with another phase
transition with slightly different characteristics, perhaps
sequestered from the standard model in a hidden sector,
could easily have come to dominate the energy density of
the Universe, bringing forth a brief inflationary era.

Within the context of a simple representative model (see
Supplemental Material [36]), we derived the conditions for
late-time inflation to occur, finding only that it requires the
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scalar to have a somewhat weak self-coupling, delaying the
onset of the corresponding phase transition. No baroque
model building is required. We also calculated the impact on
the DM abundance, which is diluted in this scenario as the
result of entropy production during reheating. With com-
mensurate fine-tuning, dilution factors as large as A ~ 103
are easily attainable in this model, and even larger values are
possible in models with a first order phase transition.

A period of late-time inflation that dilutes the DM
abundance can have important implications for a wide
range of DM candidates. Among other possibilities, such
scenarios naturally accommodate both very light (sub-GeV)
and very heavy (Z10-100 TeV) thermal relics, which are
often not viable under standard cosmological assumptions.
Ultralight axions, corresponding to a very high Peccei-
Quinn scale, fpg > 10'2 GeV, are also easily accommo-
dated within this framework, without requiring any
anthropic tuning of the misalignment angle. The phenom-
enology of asymmetric DM models can also be altered in a
variety of ways by a period of late-time inflation.

In general terms, the very stringent constraints from DM
direct detection experiments have forced the particle-
astrophysics community to focus on WIMPs that possess
highly suppressed interactions with nuclei, while still being
able to efficiently annihilate in the early Universe.
Although there are many known ways to accomplish this
in model building (coannihilations, resonances, couplings
only to Higgs or gauge bosons and/or leptons, etc.), this
tension could also be alleviated by a period of late-time
inflation. After accounting for the dilution that results from
an inflationary event, the revised relic abundance calcu-
lation favors DM models with smaller annihilation cross
sections and, thus, weaker interaction strengths, than
would, otherwise, be expected of a thermal relic. This
leads us to anticipate lower DM event rates in direct and
indirect detection experiments, as well as at the LHC.

The framework of inflatable dark matter laid out in this
Letter offers a multitude of opportunities for model build-
ing, many of which make connections between the visible
and hidden sectors of our Universe, or are associated with
poorly understood phenomena, such as baryogenesis. As
the parameter space of many of our most well-motivated
DM candidates becomes more stringently experimentally
constrained, scenarios involving a period of late-time
inflation will become increasingly attractive.
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