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We show that in large-field inflationary scenarios, superheavy ~many orders of magnitude larger than the
weak scale! dark matter will be produced in cosmologically interesting quantities if superheavy stable particles
exist in the mass spectrum. We show that these particles may be produced naturally during the transition from
the inflationary phase to either a matter-dominated or radiation-dominated phase as a result of the expansion of
the background spacetime acting on vacuum quantum fluctuations of the dark matter field. We find that as long
as there are stable particles whose mass is of the order of the inflaton mass ~presumably around 1013 GeV!,
they will be produced in sufficient abundance to give V051, quite independently of any details of the
nongravitational interactions of the dark-matter field.
@S0556-2821~98!03124-5#
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I. INTRODUCTION

It is now commonly accepted that most of the mass in
galactic halos as well as in the Universe as a whole is com-
posed of dark matter ~DM!. There are many indications that
the DM consists of some new, and yet undiscovered, weakly
interacting massive particles ~WIMPs!.
Despite the fact that the nature of the DM is still

unknown, it is usually thought that DM particles cannot be
too heavy. If the WIMP is a thermal relic, then it was once
in local thermodynamic equilibrium ~LTE! in the early
Universe, and its present abundance is determined by its
self-annihilation cross section. From unitarity arguments @1#,
one expects the mass of a thermal relic to be less than
about 500 TeV. The present abundance of non-thermal relics
is not determined by their self-annihilation cross section
since they need not have been ever in LTE in the early
Universe. An example of a non-thermal relic is the axion,
and the present axion abundance is determined by the
dynamics of the phase transition associated with symmetry
breaking. Non-thermal relics are typically very light;
e.g., the axion mass is expected to be in the range
1025– 1022 eV @2#.

Because the assumption of relatively low-mass DM seems
quite natural, it is rarely questioned.1 The goal of this paper
is to show that the Universe might be made of superheavy
WIMPs ~we will refer to them as X particles!, with mass
larger than the weak scale by several ~perhaps many! orders
of magnitude. Two conditions are necessary for this to hap-
pen: ~a! the X particles must be cosmologically stable and
~b! their interaction rate must be sufficiently weak such that
thermal equilibrium with the primordial plasma was never
obtained. This second condition is easy to satisfy as long as
the particle is extremely massive ~of the order of the Hubble
parameter at the end of inflation!.
We point out that superheavy dark matter may be created

during the evolution of the Universe in a number of ways. If
it is produced during the process of reheating after inflation,
then the upper bound on its mass MX can be as large as the
reheating temperature TRH . The latter should be less than
about 109 GeV in order to avoid overproducing dangerous
relics such as quasistable gravitinos in supergravity inspired
scenarios. The mass upper bound can be pushed higher than
the reheating temperature if one allows the DM to be pro-
duced directly through the decay of the inflaton field. In that
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1Of course, superheavy dark matter particles have been considered
before to a certain extent. In particular, there is an extensive litera-
ture regarding observational constraints on unusually heavy dark
matter candidates ~for example, see Refs. @3,4,5#, and references
therein!. However, they do not restrict our scenario; nor do they
consider our production mechanism.
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Abstract. There are many reasons to believe the present mass
density of the universe is dominated by a weakly interacting
massive particle (wimp), a fossil relic of the early universe. The-
oretical ideas and experimental efforts have focused mostly on
production and detection of thermal relics, with mass typically
in the range a few GeV to a hundred GeV. Here, I will review
scenarios for production of nonthermal dark matter. Since the
masses of the nonthermal wimps are in the range 1012 to 1016

GeV, much larger than the mass of thermal wimpy wimps, they
may be referred to as wimpzillas. In searches for dark matter
it may be well to remember that “size does matter.”
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Abstract. We demonstrate the existence of a generic, e�cient and purely gravitational chan-
nel producing a significant abundance of dark relics during reheating after the end of inflation.
The mechanism is present for any inert scalar with the non-minimal curvature coupling ⇠R�2

and the relic production is e�cient for modest values ⇠ = O(1). The observed dark matter
abundance can be reached for a broad range of relic masses extending from m ⇠ 1keV to
m ⇠ 108GeV, depending on the scale of inflation and the dark sector couplings. Frustratingly,
such relics escape direct, indirect and collider searches since no non-gravitational couplings
to visible matter are needed.
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Abstract: Through a mechanism similar to perturbative particle scattering, particles

of mass mχ larger than the Hubble expansion rate Hinf during inflation can be gravita-

tionally produced at the end of inflation without the exponential suppression powers of

exp(−mχ/Hinf). Here we develop an analytic formalism for computing particle produc-

tion for such massive particles. We apply our formalism to specific models that have been

previously been studied only numerically, and we find that our analytical approximations

reproduce those numerical estimates well.

Keywords: Cosmology of Theories beyond the SM, Space-Time Symmetries

ArXiv ePrint: 1812.00211

Open Access, c⃝ The Authors.

Article funded by SCOAP3.
https://doi.org/10.1007/JHEP01(2019)189

J
H
E
P
0
9
(
2
0
1
8
)
1
3
5

Published for SISSA by Springer

Received: May 3, 2018

Accepted: September 16, 2018

Published: September 24, 2018

Production of purely gravitational dark matter

Yohei Ema,a,b Kazunori Nakayamaa,c and Yong Tanga

aDepartment of Physics, Faculty of Science, The University of Tokyo,
Bunkyo-ku, Tokyo 113-0033, Japan

bTheory Center, High Energy Accelerator Research Organization (KEK),
Tsukuba, Ibaraki 305-0801, Japan

cKavli IPMU (WPI), UTIAS, The University of Tokyo,
Kashiwa, Chiba 277-8583, Japan

E-mail: ema@post.kek.jp, kazunori@hep-th.phys.s.u-tokyo.ac.jp,

ytang@hep-th.phys.s.u-tokyo.ac.jp

Abstract: In the purely gravitational dark matter scenario, the dark matter particle does

not have any interaction except for gravitational one. We study the gravitational particle

production of dark matter particle in such a minimal setup and show that correct amount

of dark matter can be produced depending on the inflation model and the dark matter

mass. In particular, we carefully evaluate the particle production rate from the transition

epoch to the inflaton oscillation epoch in a realistic inflation model and point out that the

gravitational particle production is efficient even if dark matter mass is much larger than

the Hubble scale during inflation as long as it is smaller than the inflaton mass.
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We calculate the production of a massive vector boson by quantum fluctuations during inflation. This
gives a novel dark-matter production mechanism quite distinct from misalignment or thermal production.
While scalars and tensors are typically produced with a nearly scale-invariant spectrum, surprisingly the
vector is produced with a power spectrum peaked at intermediate wavelengths. Thus dangerous, long-
wavelength, isocurvature perturbations are suppressed. Further, at long wavelengths the vector inherits
the usual adiabatic, nearly scale-invariant perturbations of the inflaton, allowing it to be a good dark-
matter candidate. The final abundance can be calculated precisely from the mass and the Hubble scale of
inflation, HI . Saturating the dark-matter abundance we find a prediction for the mass m ≈ 10−5 eV×
ð1014 GeV=HIÞ4. High-scale inflation, potentially observable in the cosmic microwave background,
motivates an exciting mass range for recently proposed direct-detection experiments for hidden photon
dark matter. Such experiments may be able to reconstruct the distinctive, peaked power spectrum, verifying
that the dark matter was produced by quantum fluctuations during inflation and providing a direct
measurement of the scale of inflation. Thus a detection would not only be the discovery of dark matter, it
would also provide an unexpected probe of inflation itself.

DOI: 10.1103/PhysRevD.93.103520

I. INTRODUCTION

Inflation [1,2] is a compelling model of the earliest
moments of the Universe. It addresses many theoretical
puzzles such as the observed large-scale homogeneity and
isotropy of the Universe. Simultaneously, through quantum
mechanical perturbations, it seeds density inhomogeneities
that can explain the origin of structure in the Universe [3].
These inhomogeneities are imprinted on the cosmic micro-
wave background (CMB), and where probed, their spec-
trummatches with those of the predictions of inflation. This
remarkable agreement is often regarded as the best obser-
vational evidence for the inflationary paradigm.
Cosmological measurements show that the observed

growth of structure in our Universe requires the existence
of a new particle, namely, dark matter. Conventionally, it is
assumed that the origins of dark matter are decoupled from
the mechanics of inflation—candidates such as weakly
interacting massive particles (WIMPs) are assumed to arise
from thermal processes that occur after inflation reheats the
Universe [4] while ultralight scalars such as axions acquire
a cosmological abundance as a virtue of initial conditions
[5,6]. While it is reasonable that these two sectors are
decoupled, it is tempting to ask if inflation, a theory that so
beautifully explains the origins of structure in the Universe,
could also simultaneously be the source of the dark matter
that is essential for the growth of this structure.
In fact, inflation contains a natural mechanism to

generate a cosmological abundance of particles. The

transition from the early inflationary era to the later
radiation- or matter-dominated era populates field modes
that were initially in the vacuum state [7,8]. For example,
inflation is expected to produce a nearly scale-invariant
spectrum of gravitational waves [3], whose discovery
would be regarded as proof of the inflationary paradigm.
Similarly, a scalar field whose mass is less than the Hubble
scale during inflation will generically be coherently popu-
lated [3] with a scale-invariant spectrum. This could
produce an energy density equal to that of cosmic dark
matter for a sufficiently light scalar (such as an axion).
However, the power spectrum of such a field would contain
isocurvature perturbations that do not match CMB obser-
vations. This rules out this production mechanism for these
dark-matter candidates, instead leading to constraints on
such scenarios in simple models [9].
Given these known results for scalars and tensors, we

consider the inflationary production of ultralight vector
bosons, i.e. vector bosons with a small (≪ 100 GeV), but
nonzero mass. Such vector bosons may arise naturally in
frameworks of physics beyond the Standard Model [10].
Further, much like axions, their interactions with the
Standard Model can be naturally very small, preventing
their thermalization with the Standard Model plasma in the
early Universe and allowing them to make up the dark
matter of the Universe [11–13]. Consequently, an abun-
dance of such particles produced during inflation can be
cosmologically interesting. We show that ultralight vector
bosons are produced by inflation. While they are initially

PHYSICAL REVIEW D 93, 103520 (2016)
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The observed dark matter abundance in the Universe can be fully accounted for by a minimally coupled
spectator scalar field that was light during inflation and has sufficiently strong self-coupling. In this
scenario, dark matter was produced during inflation by amplification of quantum fluctuations of the
spectator field. The self-interaction of the field suppresses its fluctuations on large scales and, therefore,
avoids isocurvature constraints. The scenario does not require any fine-tuning of parameters. In the simplest
case of a single real scalar field, the mass of the dark matter particle is in the range 1 GeV ≲m ≲ 108 GeV,
depending on the scale of inflation, and the lower bound for the quartic self-coupling is λ≳ 0.45.

DOI: 10.1103/PhysRevD.98.123532

I. INTRODUCTION

The existence of a significant dark matter (DM) com-
ponent in the Universe seems indisputable [1,2]. However,
due to the increasingly tight constraints on conventional
particle DM models [3], fresh ideas are needed to explain
the properties and the observed abundance of DM, as well
as its formation mechanism in the early Universe. Instead of
undergoing usual thermal freeze-out [4] or, alternatively,
nonthermal freeze-in [5–7], dark matter abundance may
have been initiated purely gravitationally either during or
after cosmic inflation. This idea dates back to the 1980s
(see [8] and e.g., [9–11]) but has recently gained increasing
attention; see e.g., [12–26].
In this paper, we will focus on the scenario in which dark

matter is produced by amplification of the vacuum fluc-
tuations of a scalar field χ during inflation. We assume that
χ is spectator field, which means that it is light relative to
the Hubble rate during inflation, its energy density is
subdominant, and that its couplings with the standard
model degrees of freedom are negligible. This scenario
has been discussed before in Refs. [11,12,14,17,24].
In contrast to DM creation during the reheating epoch

[16,26], if the field(s) responsible for DM production were
amplified during inflation, perturbations in the resulting
dark matter energy density may not coincide with those in
baryonic matter. Observations of the cosmic microwave
background radiation (CMB) by the Planck satellite have
recently put stringent constraints on the amount of such

isocurvature density perturbations at large scales [27], and
any dark matter model dealing with inflation has to satisfy
these constraints. Indeed, an example of this is the axion
dark matter model, where the isocurvature constraints
suggest a specific connection between the energy scale
of inflation and the axion decay constant [28] (see also
[23,29]). In the current scenario, it has been shown
previously that a free minimally coupled scalar field would
violate the isocurvature constraints [24] (see also [18]).
In this paper, we will study the production of self-

interacting DM using the stochastic approach developed in
[30] (see also [11,31–33]). A similar scenario was origi-
nally studied in [11] but in this paper we will improve the
analysis in several different ways. First and foremost, we
refine the analysis of isocurvature perturbations, showing
that the recent Planck data is not problematic for the
success of the scenario. We will also discuss the effect of
DM self-interactions on the evolution of DM number
density, as well as the current observational constraints
on DM self-interactions that can be inferred from collisions
between galaxy clusters. As we will show, the DM
production mechanism we will discuss in this paper is
sufficiently strong to yield the measured DM abundance for
a wide range of masses extending down to sub-GeV ranges
and that all observational bounds considered in this paper
may be avoided with no fine-tuning of parameters. We will
also discuss different ways to test the scenario.
The paper is organized as follows: in Sec. II, we show

how cold dark matter forms from an inflationary conden-
sate. In Sec. III, we discuss the isocurvature perturbations
inherent to the scenario, and then present the results and
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The standard model could be self-consistent up to the Planck scale according to the present
measurements of the Higgs boson mass and top quark Yukawa coupling. It is therefore possible that
new physics is only coupled to the standard model through Planck suppressed higher dimensional
operators. In this case the weakly interacting massive particle miracle is a mirage, and instead minimality as
dictated by Occam’s razor would indicate that dark matter is related to the Planck scale, where quantum
gravity is anyway expected to manifest itself. Assuming within this framework that dark matter is a
Planckian interacting massive particle, we show that the most natural mass larger than 0.01Mp is already
ruled out by the absence of tensor modes in the cosmic microwave background (CMB). This also indicates
that we expect tensor modes in the CMB to be observed soon for this type of minimal dark matter model.
Finally, we touch upon the Kaluza-Klein graviton mode as a possible realization of this scenario within UV
complete models, as well as further potential signatures and peculiar properties of this type of dark matter
candidate. This paradigm therefore leads to a subtle connection between quantum gravity, the physics of
primordial inflation, and the nature of dark matter.

DOI: 10.1103/PhysRevLett.116.101302

Introduction.—The recent measurements of the Higgs
boson mass and top quark Yukawa coupling, together with
an absence of new physics beyond the standard model (SM)
in the experiments at LHC, leave open the possibility that
new physics will not have to manifest itself below the
Planck scale [1]. Within the traditional mindset of natu-
ralness in the ’t Hooft sense [2], this would be problematic
and leave open the hierarchy problem, with no reasonable
explanation of why the electroweak scale is so much
smaller than the Planck scale. However, with the advent
of the string landscape, an alternative approach to natu-
ralness has been developed. In this framework, the con-
stants of nature which are required to be unnaturally small
in order for complex life to emerge, could simply be a
consequence of environmental selection [3]. For example,
it has been argued that the properties of nuclei and atoms
would not allow for a complex chemistry to exist if the
electroweak scale is too far away from the confinement
scale of QCD [4–6].
If indeed the smallness of the electroweak scale is a

consequence of environmental selection and the hierarchy
problem is resolved by anthropic arguments, then there is
no compelling reason to believe that dark matter (DM)
should be related to the electroweak scale, and we might be

forced to give up the weakly interacting massive particle
(WIMP) [7] paradigm for DM. In this case, if we do not
want to introduce any new energy scale specifically for
explaining DM, the only required scale for new physics to
appear is the Planck scale Mp ¼ 1.2 × 1019 GeV, or
perhaps the grand unified theory (GUT) scale, 10−3Mp.
We are therefore led to the possibility that in a minimal
framework DM must be related to the Planck scale or GUT
scale, and DM interactions with the SM are controlled by
Planck suppressed higher dimensional operators. Thus,
within this alternative approach to naturalness, a possible
“natural” DM candidate is a Planckian interacting dark
matter particle (PIDM).
While we assume that, within the minimal PIDM

paradigm, DM has gravitational interactions only and a
mass not too far below the Planck or GUT scales, it is
certainly possible that the hidden sector is more compli-
cated. For example, if there are additional symmetries that
protect the PIDM mass, it could be much lighter than the
Planck or GUT scales. However, taking Occam’s razor as a
principle, in this Letter we study the simplest case from a
low energy field theory point of view, where the hidden
sector is minimal, and the PIDMmass is close to the Planck
scale—we call this the minimal PIDM paradigm, as
opposed to the nonminimal PIDM paradigm where the
mass can be lighter.
This type of scenario has not received much attention

previously in the literature, possibly because it has been
assumed to be very hard to test. There certainly will not
be such dramatic signatures as in direct DM detection
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the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Cosmic rays of the highest energy, above the Greisen-Zatsepin-Kuzmin cutoff of the spectrum, may origi-
nate in decays of superheavy long-living X particles. These particles may be produced in the early Universe
from vacuum fluctuations during or after inflation and may constitute a considerable fraction of cold dark
matter. We calculate numerically their abundance for a wide range of models. X particles are considered to be
either bosons or fermions. Particles that are several times heavier than the inflaton, m inflaton'1013 GeV, and
were produced by this mechanism, can account for the critical mass in the Universe naturally. In some cases
induced isocurvature density fluctuations can leave an imprint in the anisotropy of cosmic microwave back-
ground radiation. @S0556-2821~99!07010-1#

PACS number~s!: 98.70.Sa, 95.35.1d, 98.80.Cq

I. INTRODUCTION

According to the Greisen-Zatsepin-Kuzmin @1# ~GZK! ob-
servation, the energy spectrum of ultrahigh energy ~UHE!

cosmic rays produced at extragalactic distances should ex-
hibit an exponential cutoff at energy E;531010 GeV. How-
ever, a number of cosmic ray events with energies well be-
yond the predicted GZK cutoff were recently observed by
the various experimental groups @2#. This is in obvious con-
tradiction with the standard cosmological and particle phys-
ics models and clearly requires some new physics beyond the
standard model.
Conceptually, the simplest explanation @3,4# could be that

the highest energy cosmic rays are produced in the decays of
heavy long-living particles in a cosmologically local part of
the Universe. We will call these progenitors of the cosmic
rays X particles. The mass of the X particles has to be very
large, mX*1013 GeV, for them to be responsible for cosmic
rays events in the energy range E*1011 GeV. It was noticed
@5,6# that such heavy particles are produced in the early Uni-
verse from vacuum fluctuations and their abundance can be
correct naturally, if the standard Friedmann epoch in the evo-
lution of the Universe was preceded by an inflationary stage.
This is a fundamental process of particle creation unavoid-
able in the time varying background ~space-time metric in
the present situation! and it requires no interactions. The
temporal change of the metric is the single cause of particle
production. Basically, it is the same process which during
inflation had generated primordial large scale density pertur-
bations and seeded the formation of galaxies and galaxy
clusters. However, there is a difference. An inflationary stage
is not required to produce superheavy particles from the

vacuum, unlike the case of the generation of long-
wavelength perturbations. Rather, inflation provides a cutoff
in excessive production of heavy particles which would hap-
pen in the Friedmann universe if it would start from an initial
singularity @5#. Note that we consider sterile or almost sterile
X particles, so that their production in usual plasma interac-
tions and decays can be neglected. Thermal production of
heavy X particles was discussed in Refs. @3,4# and production
during reheating was considered recently in @7#.
Particle production from vacuum fluctuations in the Fried-

mann universe during matter- or radiation-dominated stages
was considered long ago @8,9,10# and this gave the basis for
simple estimates of X-particle abundance @5#, which have the
mass of order or smaller than the Hubble constant at the end
of inflation, mX&Hi . However, the more interesting case of
heavier X particles, mX.Hi , requires detailed calculations.
Relevant calculations were done already by Chung, Kolb,
and Riotto @6#. However, to describe the end of inflation and
the transition to the Friedmann universe, they match the
fixed de Sitter background to the subsequent radiation or
matter-dominated expansion either as an instantaneous junc-
tion or with the help of a smoothing function. The result is
especially sensitive to the details of the junction procedure in
the case of large mX which is of interest for us here. Further,
the range of models considered in Ref. @6# was restricted to
the case of scalar particles with conformal coupling to grav-
ity.
The purpose of the present paper is to calculate the pro-

duction of superheavy particles from the vacuum in the in-
flationary Universe for a wide range of models, and to give a
detailed and extended discussion of our other results already
reported in Ref. @5#. When considering particle creation, we
do not make any approximations. To this end we find nu-
merically the exact evolution of the scale factor in the model
of the ‘‘chaotic’’ inflation @11#. Our basic formalism relies
on the method of Bogolyubov transformations, which for the
case of particle creation by nonstationary gravitational field
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Does dark matter interact 
with more than gravity? 



Dark matter pulls on things
Dark matter pulls on stars in galaxies

(galactic rotation curves)
Dark matter pulls on light

(gravitational lensing)

Dark matter pulled on e-p+ plasma
(CMB & large scale structure)



We haven’t yet seen dark matter bump into things



Does dark matter interact with more than gravity?

Does dark matter interact…  
   … with the Standard Model? 
   … with itself?   
   … with other dark particles? 

? 
? ? 

For today: let’s assume not.



Menu du models!

MASS 
 

10-22 eV 
… 
...  
...  

1 Mpl 

SPIN 
 

0 
½ 
1 

3/2 
2 
... 

(no	PBH	in	this	talk)	
see:		talks	by	Kusenko	&	Profumo	

S =

Z
d4x

p
�g Ldark matter
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Dessert Menu 
(“optional”) 
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AµA⌫R
µ⌫ , AµA⌫g

µ⌫R ,

· · ·
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The problem:   
 

Where did all the  
dark matter come from? 

 
 

( how do we use gravity  
to make dark matter? )



big bang

after 
inflation

How do we make dark matter that only interacts with gravity? 



Graviton-mediated freeze in

Gravity is a universal mediator: 

SM plasma
@ T ~ TRH

dark sector 
is populated

graviton

M�1
pl
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M�1
pl
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see	also	[Tang	&	Wu	(2017)]	

Lint = M�1
pl hµ⌫T

µ⌫
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PIDM:				[Garny,	Sandora,	&	Sloth	(2015,	2018)]	

This is an example of UV-dominated freeze-in   (like the gravitino) 
[Ellis,	Kim,	&	Nanopoulos	(1984);					Hall,	Jedamzik,	March-Russell,	&	West	(2010)]	

H ⇠ T 2/Mpl
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(assumes:	instant	rehea?ng	&	mDM	<<	TRH)	

see	also	[Lee,	Park,	&	Sanz	(2014)]	
see	also	[Adshead,	Cui,	&	Shelton	(2016)]	



Graviton-mediated freeze in
PIDM:				[Garny,	Sandora,	&	Sloth	(2015,	2018)]	
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see	also	[Lee,	Park,	&	Sanz	(2014)]	

the fact that entropy continues to be generated for a time
after reheating. For the contribution from gravitational
production at the end of inflation, which still needs to
be added to Eq. (12), we use the result from Ref. [14]. In
addition, the gravitational coupling to the inflaton sector
can lead to another source of PIDMs, which is, however,
model dependent: possible mechanisms are a perturbative
decay for a light PIDM, and a contribution similar to
Eq. (10) for a heavy PIDM. We checked that these
contributions are subdominant within the accessible para-
meter space. We have also checked that the relevant
temperatures fulfill H < αT within the viable range of
parameters. Note that the naive estimate of the thermal-
ization rate lies close to the value found in Ref. [20] for
over-occupied initial conditions, which resemble most
closely the spectrum expected from perturbative decay
(cf. Refs. [21–23] for related discussions in the opposite
regime). Nevertheless, a more detailed treatment of ther-
malization would be desirable for a precise determination
of the relic density.
Results and discussion.—The level curves in Fig. 1 show

the lines for which the PIDM abundance matches the cold
dark matter density measured by Planck, Ωch2 ¼ 0.1198"
0.0015 (68% C.L.) [25], plotted as a function HiðmXÞ for
several values of γ. For γ close to 1, the PIDM is produced
shortly after reheating via freeze-in. Only for smaller values
of γ does the production during reheating become relevant.
The shape of the level curves results from an interplay of the
suppression of the cross section for small masses and the

exponential Boltzmann suppression for large mX. We also
show how the contour lines are modified when including the
production due to a time-dependent metric at the end of
inflation (gravitational production, dotted lines), which is
relevant for mX ≃Hi. The results are similar when the
PIDM is a fermion, so we do not display them here.
A scalar PIDM with mX ≪ Hi acquires locally a typical

value X ∼
ffiffiffiffiffiffiffiffiffi
hX2i

p
¼ Hi=2π during inflation, and the dom-

inant energy density of the PIDM comes from the con-
densate generated during inflation (unless the potential of
the PIDM is modified away from the pure quadratic form
for large field values.). This situation leads to DM iso-
curvature perturbations, which are ruled out [9] (see
Refs. [26–28] for related discussions). Otherwise, the
PIDM inherits adiabatic perturbations from the inflaton
or radiation sector.
In the limit of instantaneous reheating (γ ¼ 1) the range

of viable masses is quite large: from 10−10Mp–10−2Mp. If
reheating takes just a bit longer, then the mass range
quickly shrinks significantly. For γ ≲ 10−3, corresponding
to a reheating that takes Nrh ≳ 10=ð1þ wÞ e-folds, only the
contribution from gravitational production remains, with
masses centering around mX ∼ 10−6Mp.
It can bee seen that, indeed, there are values for which the

minimal PIDM paradigm with mX ≳MGUT is in accor-
dance with observations for large enough γ, corresponding
to a very efficient reheating. The maximum possible mass,
given that r < 0.07, is 0.01Mp. For slightly less efficient
reheating this upper limit strengthens to 10−3Mpð10−4MpÞ
for γ ¼ 0.1ð0.01Þ. Therefore, the minimal PIDM setup
demands that the scale of inflation is such that we expect
to see tensor modes in the next round of CMB experi-
ments. For the futuristic sensitivity of r ∼ 10−4 quoted in
Ref. [24], the maximum upper bound can be improved to be
10−3Mp for instant reheating, and 10−4Mpð10−5MpÞ for
γ ¼ 0.1ð0.01Þ. Remarkably, the entire parameter space with
mX ≳MGUT and γ ≤ 1 can be probed in the foreseeable
future. Therefore, if we exclude tensors to this level in the
next generation of CMB experiments, the PIDM scenario
will only be viable if its mass is significantly below the
natural cutoff scale. We finally reiterate that our conclu-
sions are predicated on the standard reheating setup, with a
constant equation of state and decay rate. More general
scenarios could step away from these restrictions, but at
the cost of introducing heavy model dependence. We
checked that the results are robust when varying w in
the range ð−2=3; 2=3Þ.
We have shown that the completely minimal model of

dark matter, which is purely coupled gravitationally to all
other sectors, and with mass within the ballpark of the
Planck or GUT scale, is a plausible candidate. Natural
values of the mass, in the sense of Occam’s razor, are
allowed only if the scale of inflation is high and reheating is
practically instantaneous, leading to a testable prediction,
that we will see primordial tensor modes in the foreseeable

10 19 10 16 10 13 10 10 10 7 10 4 10 110 13

10 10

10 7

10 4

10 1

mX Mp

H
i

M
p

1 0.1 0.01

MGUT

r 0.07

m X
H i

FIG. 1. The value of the Hubble rate at the start of reheating that
gives the correct relic abundance, as a function of the mass of the
PIDM. The blue curve is for γ ¼ 1, the orange curve is for
γ ¼ 0.1, and the green curve is for γ ¼ 0.01. The red region is
excluded from the current bound on the tensor-to-scalar ratio, and
the purple dashed line is the projected sensitivity for next
generation CMB experiments, from Ref. [24]. The dotted lines
show the modification when taking also gravitational production
into account [12–14]. The dashed-dotted line marks mX ¼ Hi,
and for a scalar PIDM the left-hand side of this line is excluded
unless corrections to the PIDM potential are important during
inflation. All values are given in units of Mp.
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big bang

the end 
of inflation

during 
inflation

after  
inflation 

How do we make dark matter that only interacts with gravity? 



Gravitational particle production

particle creation results from  
the non-adiabatic evolution  

of the vacuum state of quantum fields  
in a curved spacetime geometry  

(e.g., expanding universe) 

[Schrodinger	(1939);			Parker	(1965,	68);			Fulling,	
Ford,	&	Hu;		Zel’dovish;			Starobinski;		Grib,	Frolov,	
Mamaev,	&	Mostepanenko;		Mukhanov	&	Sasaki…]	



Example:  scalar field in FRW background
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action for canonically-normalized field

!2
k(⌘) = |k|2 + m2

e↵(⌘)

<latexit sha1_base64="KL30Z27NnACqFsI/92oYSFIsmys="></latexit>

time-dependent dispersion relation

the ground state 
wavefunction must adjust 

to the changing mass 

covariant action
S['(x), gµ⌫(x)] =
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field rescaling
�(⌘,x) = a(⌘) '(⌘,x)
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time-dependent effective mass
m2
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action in an FRW background
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An analogy with 1D quantum mechanics

Spring constant is varied  
slowly (adiabatically) 

Spring constant is varied  
abruptly (non-adiabatically) 

x

ψ
U

x

ψU

spring constant 

x

ψ

U

an excited
state!



Non-adiabaticity during inflation 
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[Turner	&	Widrow	(1998)]	

for light fields (m << H)

for heavy fields (m >~ H)
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2
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RdS = �12H2
dS
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for ⇠ = 0 and m ⌧ H

<latexit sha1_base64="ePYd5czpFcscU+exyjKclUge8zQ="></latexit>

!2
k = |k|2 � 2a2H2
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When inflation ends:  an 
accelerating spacetime 
begins to decelerate 
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Example:  scalar field in FRW background

mode decomposition

equations of motion

Bunch-Davies initial condition

energy density
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Figure 8: The late-time asymptotic density of produced particles for minimally-coupled scalars (⇠ = 0) and conformally-coupled
scalars (⇠ = 1/6). Self-conjugate particles have been assumed; for non-self-conjugate particles the result is simply multiplied
by a factor of 2. Since the spectra minimally-coupled case are red if m/He . 2, the result is infrared divergent and an infrared
cutoff is required. We illustrate the result for kmin = 10�20, which roughly corresponds to the present Hubble radius.

above.
First consider the condition m > aH . Assuming matter-domination when this occurs, m = aH will

happen at a/ae = (He/m)2/3. If m/He > 10�3, then the condition will be satisfied for a/ae > 102.
Now consider the requirement that the mode is inside the Hubble radius, k > aH . In a matter-dominated

phase this corresponds to a/ae > k�1/2. If k > 10�3, the mode will be inside the Hubble radius so long as
a/ae > 30.

Finally the requirement that the mode is nonrelativistic, k < am, will be satisfied if a/ae > kHe/m, or
in our region of interest a/ae > 103.

Thus, we see that if the universe remains matter-dominated until a/ae = 103, then we can simply inte-
grate the equations to a/ae = 103 for the effective late-time limit.

These considerations will be quite different when we consider minimally-coupled scalars discussed in
Sec. 5.1.2.

5.1.2 Minimally-Coupled Scalar Field

Now we will consider the minimally-coupled scalar field (⇠ = 0). The mode equation is Eq. (5.26), and
!2

k(⌘) for ⇠ = 0 is

!2
k(⌘) = k2 + a2(⌘)m2 +

1

6
a2(⌘)R(⌘) = k2 + m2

e↵(⌘) . (5.59)

48

⌦DMh
2 ' 0.1

✓
Hinf

1012 GeV

◆2 ✓
TRH

107 GeV

◆✓
mDM

Hinf

◆✓
a3n/a3eH

3
e

10�3

◆

<latexit sha1_base64="FW6OSkWrh0ksez6daxpbqEkgb38="></latexit>

a
3
n
/a

3 e
H

3 e

<latexit sha1_base64="HXPxxACoBPqKQUbWnvjuwuQuX70="></latexit>

m/He

<latexit sha1_base64="+59dT767EM4gn3KclAidioTVSvE="></latexit>

Example:  scalar field in FRW background

results	for	scalar	field	example	…	introduce	
mode	func?on	….	assume	chao?c	infla?on	…	
show	evolu?on	of	scale	factor	…	show	
evolu?on	of	mode	func?on	…	show	final	
relic	abundance	(from	K&T)	….	discuss	
exponen?al	suppression	at	high	mass	

procedure	
1)  select	a	background	(that	describes	infla?on	+	rehea?ng)	
2)  solve	for	evolu?on	of	mode	func?ons	
3)  late-?me	field	amplitude	translates	into	density	of	produced	par?cles	
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Figure 6: The evolution of k3|�k|2/2⇡2 as a function of a/ae in the left panel, and the asymptotic result for k3|�k|2/2⇡2

as a function of k for m/He < 1 in the right panel. For the left figure m/He = 0.1 and k = 0.1.

2. For k/aem > 1, Amax
k occurs after inflation and decreases as (k/aem)�3/2.

3. For a/ae ⌧ k/aem, Ak(a) grows as (a/ae)
3.

4. For a/ae � k/aem, Ak(a) decreases as (a/ae)
�3/2.

5. For all cases, Ak is proportional to He/m.

This behavior informs our expectation for the result of the evolution of ↵k and �k.
Since !2

k is non-zero and positive definite for conformal coupling, we can use the a-b parameterization.
We see from Eq. (5.42) that the factors that enter the equations for @⌘ak and @⌘bk are proportional to !k

and Ak. The !k term drives an oscillatory behavior while the Ak term drives change in the amplitudes of ak

and bk. For a given value of ⌘ (or, equivalently, for a given value of a/ae), whether the dominant behavior
is oscillatory or a growth or decrease in the amplitude depends on the relative sizes of Ak and !. Figure 5
shows !k in comparison to Ak.

We use the exact solution in de Sitter space (A.6) to set our initial conditions on ↵ and � (hence, from
(5.41), initial conditions for a and b) deep in the inflationary era. We use the freedom to define ⌘i in Eq. (5.29)
to set the phase equal to zero for the initial conditions.

In Fig. 6 we show an example of the results of numerical integration for m/He = 0.1. The left-panel in
the figure shows the evolution in a/ae for the particular value of k = 0.1. As can be seen from the figure, the
evolution is adiabatic for a/ae . 0.5, then it is nonadiabatic in the region 0.5 . a/ae . 50, and thereafter
adiabatic. The right panel shows the spectrum of k3|�k|2/2⇡2 as a function of k for three different values
of m/He = 0.1, 0.01, and 0.001. It is convenient to express the spectrum in terms of k3|�k|2/2⇡2 since
it is the amplitude of the contribution to the number density per log interval in k (see (5.4)). Again, this is
the asymptotic value of the number density. As can be seen from the evolution part of Fig. 6, the adiabatic
region is not reached until a > ae. Integrating the spectrum as in Eq. (5.50) we obtain n a3 = 7 ⇥ 10�5 for
m/He = 0.1; 7 ⇥ 10�6 for m/He = 0.01; and 7 ⇥ 10�7 for m/He = 0.001.

The surface simplicity of the evolution equations (5.42) for ak(⌘) and bk(⌘) belies the richness of the
system. The oscillations of ak and bk contribute to the complexity. A significant part of the complexity is
the rapidly varying phase of ak and bk. The terms driving the oscillatory behavior (the first terms on the rhs
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Figure 10: Assuming a scalar field with minimal coupling to R (i.e., ⇠ = 0), as a function of a/ae the evolution
of nk = (k3/2⇡2)

⇥
(am)�1

�
1
2

|@⌘�k|2 + 1
2
!2
k |�k|2

�
� 1

2

⇤
for k = 0.1 and m/He = 0.1 is presented in the left

panel, and the asymptotic result as a function of k for several values of m/He < 1 is shown in the right panel.
Shown by the dotted curve is the spectrum for a minimally-coupled scalar for m/He = 0.1 and k = 0.1.

Sec. 5.1 are met. This was reasonable for conformal coupling as discussed at the end of Sec. 5.1.1. But since
in the minimal-coupling case the spectrum can extend to small k, and we may be interested in m/He ⌧ 1,
we have to reconsider the requirements in more detail. So now we will consider light scalar fields; light in
the sense that the mass is less than (perhaps much less than) the expansion rate during inflation. For the
remainder of this section we will also assume that the expansion rate during inflation is constant, equal to its
value at the end of inflation, He.

During inflation the scalar field experiences quantum fluctuations (it’s premature to refer to the quantum
fluctuations as produced particles). The quantum fluctuations provide the initial conditions for the classical
evolution of the field. For minimally-coupled scalars, during inflation the field stores energy in modes larger
than H�1

e . After inflation the Hubble parameter decreases below the particle’s mass, and all modes (including
modes of arbitrarily long wavelength) begin to oscillate with period ⌧ = 2⇡/m. When the mode is also
nonrelativistic the field’s amplitude damps as � / a�3/2. Only after this point we can interpret the energy
carried by the oscillating field as a collection of nonrelativistic, noninteracting particles of mass m.

The cartoon in Fig. 11 is useful for understanding particle production for modes with m < He. For
models with with m > He, modes that exit the Hubble radius during inflation are already nonrelativistic
and their evolution is nearly adiabatic. In the figure the evolution of the scaled (I use scaled rather than
comoving here because I think of comoving as something that doesn’t change in expansion.) Hubble
radius, RH/a = (aH)�1, is shown in blue as a function of the scale factor a. During the epoch of inflation
H ' const. ' He, so (aH)�1 / a�1. The inflationary epoch ends at a = ae with a transition to a matter-
dominated era. In a matter era H / a�3/2, so (Ha)�1 / a1/2. This evolution continues until “reheating”
when the energy in the oscillating inflaton field is converted to radiation. In a radiation era H / a�2, so
(aH)�1 / a1. In the the standard cosmological scenario the radiation era lasts until the epoch of matter-
radiation equality, after which the universe again evolves such that (aH)�1 / a1/2. Then at late times in the
standard cosmology there is a transition to an epoch of dark energy (not illustrated in the cartoon).

Shown in red is (am)�1, the evolution of the inverse of a representative value of the mass, scaled by
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[Kolb	&	AL	(in	prep)]	

⇠ = 0 : m2
e↵ = a2[m2 +R/6]
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⇠ = 1/6 : m2
e↵ = a2m2
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Take Aways 

(1)  light (m<<H) & min-coupled scalars  
 are easily populated (a3 n large) 

 
(2)  however, there is too much 

 isocurvature to explain dark matter 
      [see talk by Tommi Tenkanen] 

(3)  heavy & min-coupled scalars have a 
blue spectrum & avoid isocurvature 

è  WIMPzilla m > He
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Beyond scalar dark matter 
 

Beyond m2φ2 inflation



Beyond scalar fields … 

spin-0 (real scalar boson)

spin-1/2 (Dirac fermion)

spin-1 (real vector boson)

spin-3/2 (Rarita-Schwinger fermion)

spin-2 (Fierz-Pauli boson)
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no	studies	of	gravitational	DM	production	;							see	also	Babichev,	et	al	(2016)	
	see	also	Bernard,	Deffayet,	&	von	Strauss	(2015);		Mazuet	&	Volkov	(2018)	
		

Chung,	Kolb,	&	Riotto	(1998)	
Kuzmin	&	Tkachev	(1998)	

Kuzmin	&	Tkachev	(1998)	
Chung,	Everett,	Yoo,	&	Zhou	(2011)	

Graham,	Mardon,	&	Rajendran	(2016)		…	only	for	m<<H	
	earlier	Dimopoulos	(2006)	did	not	consider	dark	matter	

Kallosh,	Kofman,	Linde,	&	Van	Proeyen		(1999)	
Giudice,	Riotto,	&	Tkachev		(1999);				Lemoine	(1999)	



Summary of results for high-spin DM

Summary of results for particles of different spin 
 è  assumes chaotic inflation (m^2 phi^2) 
 è  understand spectra 
 è  understand scaling at small mass 
 è  understand kink at m = 2H 
 è  understand suppression at large mass 
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assumes chaotic inflation 
V / �2 & minf ⇡ Hinf
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spin-3/2 & spin-2
are work in progress



Summary of results for high-spin DM

Summary of results for particles of different spin 
 è  assumes chaotic inflation (m^2 phi^2) 
 è  understand spectra 
 è  understand scaling at small mass 
 è  understand kink at m = 2H 
 è  understand suppression at large mass 

assumes chaotic inflation 
V / �2 & minf ⇡ Hinf
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scalar (ξ=0) vector (transverse)

spin-1/2 fermion vector (longitudinal)

blue	power	spectrum:	
	s	=	0	&	ξ	=	0	&	m	>	H	
	or	s	=	½,	1	

red tilt 

blue tilt blue tilt 

blue tilt 



Comparing spin-0 and spin-1

scalar field 

spin-1	spectator:				[Dimopoulos	(2006);			Graham,	Mardon,	&	Rajendran	(2016)]	
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d⇢/d ln k
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comoving wavenumber: k
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Large isocurvature problem! 
è  lots of power at low-k b/c δφ ~ H/2π and  
non-rel modes outside the horizon store energy  
è  WIMPzilla solution:   consider mφ >~ Hinf. 

⇠ k�1
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self-interaction	saves	scalar	spectator:				[Markkanen,	Rajantie,	&	Tenkanen	(2018);			Tenkanen	(2019)]	

⇠ m2H2
inf
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L-polarized 
vector field 

⇠ k2
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No isocurvature problem for spin-1 
è  low-k power is suppressed for non-rel modes 
outside the horizon ⇢ ⇠ m2AµA⌫g

µ⌫ ⇠ a�2
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lightish-but-clumpy:				[Alonso-Alvarez	&	Jaeckel	(2018),		+	Hugel	(2019)]	

for m ⌧ Hinf
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⇢ ⇠ m2�2 ⇠ a0
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Comparing spin-0 and spin-1

This is a familiar story:  remember inflaton inhomogeneities  
 è  mode evolution is non-adiabatic at horizon crossing 
   (for scalars & the longitudinal polarization of vectors) 
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Non-minimally coupled vectors

spin-1 (real vector boson)
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stress-energy tensor

new	work	

[Golonev,	Mukhanov,	&	Vanchurin	(2008)	only	has	ξ1	term]	



Beyond scalar dark matter 
 

Beyond m2φ2 inflation



Constraints on inflation
[Planck	2018]	
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hilltop-like models allow 
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naïve:

V (�) / �2
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WIMPzilla production at the end of hilltop-like inflation

Hilltop inflation breaks the 
relation beween Hinf and minf 

purely-gravitational	DM:				[Ema,	Nakayama,	&	Tang	(2018,	2019)]	

inflaton 
condensate

dark sector 
is populated

graviton

M�1
pl
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Hinf ⌧ mDM ⌧ minf
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WIMPzilla production can be 
described by annihilations 
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High-mass exponential 
suppression is softened  

to a power law 



mode function 

Grav. particle production from rapid a(t) oscillations

spectrum 

[Chung,	Kolb,	&	AL	(2018)]	
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for m >> H (acts like a Fourier transform) 
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if a(t) only varies on Δt ~ H-1 
then βk ~ exp[-m/H] 

if a(t) includes rapid oscillations, 
then the FT selects this out



Grav. particle production from rapid a(t) oscillations

predicted abundance 

[Chung,	Kolb,	&	AL	(2018)]	

hilltop-like models of inflation 
(incl. Higgs inflation, alpha attractor, … )

with dark matter mass in the window Hinf << mχ < minf 
softens the standard exponential suppression to a power law
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Closing comments



Does dark matter interact with more than gravity?Summary & questions for discussion

Summary 
 è   All of the evidence for dark matter arises from its gravitational influence.   

 è   Even if dark matter only interacts through gravity, we can make it during inflation.   

 è   For minimally-coupled scalars 

  è  light scalars (m << Hinf) can have a large abundance, but too much isocurvature 

  è  heavy scalars (m >~ Hinf) have blue isocurvature   è   WIMPzilla regime 

 è  For minimally-coupled vectors & fermions … blue isocurvature avoids problems.   

 è  We are extending these calculations to higher spin fields … s = 3/2 and 2 are WIP. 

 è  For currently-favored hilltop-like models of inflation, gravitational production is 
efficient in the regime Hinf << mDM < minf where exponential suppression is avoided.   

 

Questions  (or: things I hope to learn from discussions with you at KITP) 

 è   If the inflaton fragments during preheating, how does this impact (shut off) 
gravitational dark matter production at the end of inflation?   

 è  If the inflaton trajectory “turns a sharp corner,” can this enhance gravitational 
particle production (since a(t) has rapid oscillations, similar to hilltop)?   



BACKUP SLIDES 
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The effect of a large non-minimal coupling
despicable	dark	relics:			[Markkanen	&	Nurmi	(2016);			Rairbairn,	Kainulainen,	Markkanen,	&	Nurmi	(2019)]	
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[Kolb	&	AL	(in	prep)]	 (caveat:		raising	ξ	lowers	the	cutoff	Mpl	/	ξ1/2)	

Ricci scalar oscillates 
+ & - during reheating Efficient particle 

production via 
tachyonic resonance 

Scalar WIMPzilla with large 
non-minimal coupling to gravity 


