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Overview

1. Introduction & Challenges for Superheavy 
dark matter (SHDM). 

2. Relic Abundance for SHDM. 

3. Superheavy dark matter SHDM from Higgs 
Mechanism. 

4. Dark first order phase transitions & 
Gravitational Waves.
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Can dark matter be a fundamental particle heavier than       
1014 GeV? 

Challenges:  

      1) Relic abundance  

      2) Mechanism for generating masses >> 1014 GeV 

      
   Introduction
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Freeze - Out: DM as a thermal relic 

      
   Introduction: Relic Abundance

Relic Abundance

DM

SM
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   Introduction: Relic Abundance

Alternative: Gravitational production at the end of inflation.

Griest-Kamionkowski bound: Freeze-out DM cannot be heavier 
than O(100) TeV. Not viable for SHDM 

Highly suppressed  
for SHDM.
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Mass Boost
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  Mass Boost

Gravitational        
Production of 
low mass DM

Mass Boost 

Superheavy mass  
from DM coupling to  

y ⟨ϕ⟩ χ̄χ

g2 ⟨ϕ2⟩ AμAμ

ϕ

ℒint = g2ϕ2AμAμ + yϕχχ − V (ϕ)
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  Mass Boost

Inflation ends

Mass Boost

Reheating

Gravitational  
Production

If mfi > Trh 

If mfi < Trh

Negligible  
DM production 
after reheating.  Need negligible  

DM - SM coupling 
to maintain relic  

abundance. 
  

Inflation ends

Reheating

Mass Boost

Negligible  
DM production 
after reheating.

Two Possibilities
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  Mass Boost
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Figure 8: Dark matter relic abundance parameter space is shown for heavy dark matter
produced gravitationally and nonthermally at the end of inflation, in terms of the initial
mass mfi, which is later mass-boosted from mfi ! m� by a dark sector phase transition.
For simplicity, we have required that initial dark matter mass is larger than the Hubble
constant at the end of inflation (mfi > He), and have selected the range of the final dark
matter mass m�, to exceed the reheating temperature Trh. For details about specific
cosmologies, which can place further restrictions on this parameter space, please see
text following Eq. (44). The Planck 2018 and BICEP2/Keck Array BK15 bound on the
tensor-to-scalar ratio (r < 0.061) place an upper bound on He [2].

First we discuss when a mass boost will occur for the simple scalar potentials we
will consider. In order to provide a compact treatment of mass-boosting scalars in this
section, we will be considering simplified versions of the scalar potentials detailed in
Section 2 and 4. In particular, we will focus on the fact that these scalar potentials V (')
are su�ciently flat in the early universe, that V

00 ('i) ⌧ H
2. We assume that these

scalars attained initial field values close to ' = 0 prior to inflation. During inflation,
such a scalar will obtain a vacuum expectation value from Hubble fluctuations of order
' ⇡ He. As previously stated, for all cases we consider He ⌧ mfi, so this Hubble-
induced vacuum expectation value ' ⇠ He will not alter the mass of � during inflation,
since from inflationary fluctuations the induced mass will be yHe . He. In this scenario,
the scalar acts just like a curvaton field [82], or like any scalar/ axion/modulus with
a flat potential in the early universe, and the initial field value ' ⇠ He remains fixed
by Hubble friction so long as V

00 ('i) . H
2, see e.g. [6, 40, 82]. Therefore we can safely

assume that during and after inflation ' maintains its initial field value because of Hubble
friction, until the Hubble constant drops to a smaller value than the scalar mass, which
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SHDM from 
Large  
VEVs
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  SHDM from Higgs-like Mechanism      
 

V(ϕ) = −
1
2

μ2ϕ2 +
λ
4

ϕ4

⟨ϕ⟩ =
μ

λ
λVery small makes

⟨ϕ⟩ large
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mχ = y ⟨ϕ⟩

yϕχ̄χ



∼ y4∼ g4

λeff ∼
1

16π2 (4y4 − 3g4)
Small y, g

Avoid tuning between  
y and g.

not arbitrarily small. Receives loop corrections.λ
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  SHDM from Higgs-like Mechanism      



⟨ϕ⟩ ∼
μ

4y4 − 3g4

V0 (ϕ) =
μ2

2
ϕ2

V1 (ϕ) =
μ2

2
ϕ2 −

λeff

4
ϕ4

Loop corrections generate a VEV.

ℒint = g2ϕ2AμAμ + yϕχχ +
μ2

2
ϕ2
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  SHDM from Higgs-like Mechanism      
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Dark Sector 
Phase 

Transitions
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   Dark First Order Phase Transitions      
 

ϕ

V(ϕ)
T > T1

T = T1

V (ϕ, T) = D (T2 − T2
0) ϕ2 − ETϕ3 + λ (T) ϕ4

Only from  
gauge field
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   Dark First Order Phase Transitions      
 

T = TC

T < TC

ϕ

V(ϕ)

Valley

Hill

Valley
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   Dark First Order Phase Transitions      
 

⟨ϕ⟩ = 0

⟨ϕ⟩ = ν (T)
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   Dark First Order Phase Transitions      
 

PT to complete  
bubble nucleation rate  
must be fast compared  
to Hubble Expansion.

Nucleation temperature TN :  
Temperature when bubble  
nucleation rate is one per  
Hubble volume.

Bubbles grow, collide, and percolate.

Percolation

Collision
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   Dark First Order Phase Transitions      
 

Bubble collision

Bubble collision

Gravitational Waves (GW) 
emitted from collisions of bubbles.

For PT to complete  
bubble nucleation rate  
must be fast compared  
to Hubble Expansion.

Nucleation temperature TN :  
Temperature when bubble  
nucleation rate is one per  
Hubble volume.

GW signal strongest TN.  
Spectrum a power law  
peaked at TN .
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  Gravitational Waves      
 

ΩGWh2 = ΩSWh2 + ΩBCh2 + ΩMTh2

Dominant

Three sources of GW: 

  BC - Bubble collisions themselves. 

  SW - Sound Waves from bubble dumping its energy into the  
  Standard Model plasma. 

  MT - Magnetohydrodynamical turbulence 
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  Gravitational Waves      
 

Figure 2: The critical temperature TC in first order phase transitions for the potential
given in Eq. (7), for scalar mass mS, Yukawa coupling y, and gauge coupling g. The
upper left, upper right, lower left and lower right panels correspond to the bare scalar
mass mS = 106 GeV, 109 GeV, 1012 GeV and 1015 GeV as indicated. The x-axis is the
ratio of gauge to Yukawa coupling, which varies between 0.2 and 1.07. Note that this
and the following plots are only accurate to one-loop order, two loop corrections may be
sizable for the region where g/y & 1.07 (not plotted), as discussed in Section 2.

at y ⇠ 1, g/y ⇠ 1, can be compared to the critical temperature, peak frequency, and
SGWB densities for the same parameter space shown in Figures 2-4. Generally a larger
Yukawa coupling indicates a lower phase transition temperature, as can be understood
from Eq. (15) since both 1/D and T0 decrease with a larger Yukawa coupling. As g/y

approaches a particular value 3g4 = 4y4, the critical temperature grows drastically due
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TC ~ TN : Indicates when GWs emitted. 
Early GWs are highly redshifted. SHDM induced GWs might be detected at planned 

future detectors. 
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  Gravitational Waves      
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Figure 3: The peak frequencies of gravitational waves produced in a first order phase
transition fac, for the potential given in Eq. (7), for scalar mass mS, Yukawa coupling y,
and gauge coupling g. The panels and axes are the same as in Figure 2.

to an exceptionally small e↵ective scalar quartic, �(T ) ⌧ 1. In Figure 3, we show the
frequency at which the produced gravitational wave spectrum is peaked. As mS varies
from 1015 GeV to 106 GeV, the peak frequency drops from more than a GHz to less
than 100 Hz, which falls within the frequency reach of LIGO. Compared with TC and
the peak frequency fac, and the final fermion mass m�, the gravitational wave energy
density today at peak frequencies is most sensitive to the gauge-Yukawa ratio g/y as can
be seen from Figure 4. Intriguingly, several features, including a low gravitational wave
peak frequency, high GW energy density, and a large fermion mass (which can be dark
matter) are all attained when 3g4 ⇠ 4y4.

16

y

Figure 3: The peak frequencies of gravitational waves produced in a first order phase
transition fac, for the potential given in Eq. (7), for scalar mass mS, Yukawa coupling y,
and gauge coupling g. The panels and axes are the same as in Figure 2.

to an exceptionally small e↵ective scalar quartic, �(T ) ⌧ 1. In Figure 3, we show the
frequency at which the produced gravitational wave spectrum is peaked. As mS varies
from 1015 GeV to 106 GeV, the peak frequency drops from more than a GHz to less
than 100 Hz, which falls within the frequency reach of LIGO. Compared with TC and
the peak frequency fac, and the final fermion mass m�, the gravitational wave energy
density today at peak frequencies is most sensitive to the gauge-Yukawa ratio g/y as can
be seen from Figure 4. Intriguingly, several features, including a low gravitational wave
peak frequency, high GW energy density, and a large fermion mass (which can be dark
matter) are all attained when 3g4 ⇠ 4y4.

16

g/y g/y

Peak Frequency GW from SHDM

107 Hz

10 Hz

104 Hz

108 Hz

1012 Hz

1010 Hz

�23



  Gravitational Waves      
 

Figure 9: Gravitational wave spectra for oscillating fields after inflation and dark sector
phase transition scenarios. The T-Model SGWB spectra sourced by oscillating inflatons
are given for r = 10�4

, 10�6
, 10�8

, 10�10 as indicated. Note that the E-Models are only
plotted for r = 10�4

, 10�6
, 10�8. Phase transition spectra are shown for y = 1, g/y = 1.05,

with scalar masses ms indicated. Acoustic GW production predominates and we use a
bubble velocity vb = 0.9. The dashed-dotted sensitivity curves are projections from [92]
that include the contribution of the astrophysical foregrounds. Dotted curves show a pro-
jection that did not include astrophysical foregrounds. The solid sensitivity curves are
the present LIGO bounds from [93, 94] along with a bound on SGWB contributions to
relativistic degrees of freedom, derived from a fit to CMB power, baryon acoustic oscilla-
tions, lensing, and primordial nuclear abundances [95]. Prospects for an improvement of
this cosmological SGWB bound, using projected constraints from the COrE and EUCLID
satellites [95] is shown with dash-dotted line.
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  Conclusion
1) Possible for dark matter to be a fundamental particle heavier than 
1014 GeV. 

2) Mass boost mechanism an excellent way to achieve right dark 
matter relic abundance. 

3) Superheavy dark matter can be generated through the Higgs 
Mechanism. 

4) Superheavy dark matter can produce gravitational wave signals 
within reach of future experiments. 

5) Gravitational wave detectors offer an exciting new probe of dark 
sector phase transitions.
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