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This is a review of the workshop on Dark Matter with 
Quantum Sensors from March 6th at Kings College…

Dark Matter at AION

.. with the focus on AION.
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What is the DM scale?

v MPl

What do we know about the scale of DM? 
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What do we know about the scale of DM? 

What is the DM scale?
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For bosons there is no such lower limit.

What is the DM scale?

v MPl

Dark bosons can be arbitrary light, but for a mass of  

the de Broglie wavelength is larger than a few hundred 
kpc and galaxy-size structures don’t form.   

m� . 10�25 eV
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For bosons there is no such lower limit.

What is the DM scale?
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Figure 5: Lensing convergence power spectra of an m ⇠
10�22 eV FDM model and a CDM model. The error bars shown
are from the diagonal terms of the simulation-based TT lens-
ing noise covariance matrix described in the appendix. Here
the black solid and silver dashed error bars correspond to 0.1 µK-
arcmin and 0.5 µK-arcmin CMB noise in temperature, respec-
tively. For both sets of error bars, a 10% observed sky fraction is
assumed and 18” resolution. Note that the 0.5 µK-arcmin error
bars are shifted to the right for clarity.

forecasts that follow, we assume only temperature maps
are used in the lensing reconstruction since including the
other estimators only marginally improves the results.

We calculate the SNR with which we could distinguish
between CDM and an alternative model for the lensing
power spectrum, such as FDM, as

S

N
=
s

Â
L,L0

(XL � YL)C�1
LL0(XL0 � YL0) (17)

where XL = C
kk,FDM
L

, YL = C
kk,CDM
L

, and C�1
LL0 is an ele-

ment of the inverted covariance matrix corresponding to
row L and column L

0. For the N
kk
L

from the quadratic es-
timator described in [97], on large lensing scales L tradi-
tionally measured, treating each L-mode as independent
is a good approximation [107]. However, each L-mode
is not independent on the small scales considered here.
This is because the primordial background CMB gradi-
ent enters as a source of sample variance noise. It may be
possible for maximum likelihood estimators under de-
velopment to utilize knowledge of the background CMB
gradient, and remove it as a source of noise in the esti-
mator [102–104]. However, in this work, we adopt the
quadratic estimator in [97] and construct the full noise
covariance matrix, including o�-diagonal terms, using
simulations. We describe the simulations and the con-
struction of the covariance matrix in detail in the ap-
pendix.

Sky fraction Noise Signal-to-noise ratio
(fsky) (µK-arcmin) 18”

Resolution
9.5 ”

Resolution
0.1 0.5 3.9 5.2

0.025 0.1 10.1 15.9
0.1 0.1 20.2 31.9

Table I: Significance with which an m ⇠ 10�22 eV FDM model
can be distinguished from a CDM model, based on observa-
tions of high-resolution CMB lensing. Here we vary observed
sky fraction, noise levels in temperature, and resolution. The
lensing noise power assumes only the TT estimator is used,
however, the gain from including other estimators is minimal.
For these signal-to-noise ratios, we use the full simulation-
based lensing noise covariance matrix detailed in the appendix.

In Figure 5, we show as error bars on C
kk
L

the diago-
nal terms of the simulation-based noise covariance ma-
trix for TT. Here, we assume a survey of 10% of the
sky (4,000 square degrees), at 18” resolution, with 0.5µK-
arcmin (grey), and 0.1µK-arcmin (black) white noise lev-
els. Table I shows the SNRs for these two cases, as well
as for a survey covering less than 3% of the sky (1,000
square degrees). We limit the CMB-` range from 100 to
45,000 since the inclusion of more modes does not make
any significant impact on the SNRs. From this we see
that a survey covering 4,000 square degrees of sky at a
noise level of 0.5µK-arcmin can already detect the dif-
ference between 10�22 eV FDM and CDM with almost
4s significance. For deeper noise levels of 0.1µK-arcmin,
SNRs over 20 can be achieved. With finer resolution,
such as 9.5” to match the LMT, SNRs above 30 are possi-
ble.

To see which lensing L-modes and CMB `-modes
contribute most to the SNR, we show in Figure 6, for
lensing L-modes (solid) or CMB `-modes (dashed), the
SNR as a function of minimum and maximum modes
included in the calculation. Here the maximum `-mode
refers to the maximum multipole used in the CMB
map that was filtered to isolate the small-scale CMB
fluctuations, as discussed above. In this Figure and
in Figure 7, we use the N

kk
L

from Eq. 16 and assume
no o�-diagonal terms in the covariance matrix, to
gain qualitative insight. Using a full simulation-based
covariance matrix gives a similar result, but is more
computationally expensive when exploring many `-
mode ranges. In Figure 6, the lower bounds are fixed
to `/L = 100, when the upper bounds are varied, and
the upper bounds are fixed to `/L = 45, 000 when
the lower bounds are varied. This is shown for the
fiducial case of 0.1µK-arcmin noise and 18” resolution.
The SNR stops increasing at around `/L = 30, 000,
consistent with the rise in the noise curves shown in
Figure 4. The SNR only starts increasing significantly
when `/L = 10, 000, which is the multipole where the
10�22 eV FDM C

kk
L

makes a notable deviation from that
of CDM, as seen in Figure 5. To further identify which
`-modes contribute to the SNR, we divide the `-range

Ultralight Dark Matter

m� ⇡ 10�22 eV )

�dB =
hc

10�3m�
⇡ 1 kpc

[1710.03747]

There is however a scale that is particularly motivated:

For bosons there is no such lower limit.

Fit the small scale power 
spectrum:
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Missing satellite problem

Ultralight Dark Matter

Core cusp problem

[Salucci, Martin, 2009]



For very light scalar fields, the occupation number is very 
high and the field can be treated classically.

What is the DM scale?

QFT

Large (continuous) 
occupation number. 
Classical field theorya

Large spacing. 
Particle mechanics

�dB
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For very light scalar fields, the occupation number is 
very high and the field can be treated classically.

Ultralight Dark Matter

Dark Matter relic density from misalignment: 

early universe: Hubble friction late universe: oscillations
!13

H(t) > ma H(t) < ma

ä+ 3H(t)ȧ+m
2
aa = 0

Solution a(t) = const. harm. oscillator: a(t) = a0 cos(mat)



Cosmological implications
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Mass is fixed by halo size ma . 10�22 GeV



Cosmological implications
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Mass is fixed by halo size 
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Mass is fixed by halo size 
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Cosmological implications
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Experimental consequences:
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Resonant detection possible with 

The linewidth is characteristic for ultralight dark matter.  

Annual modulations provide a smoking gun signal.

Q ⇡ 106 periods.



[Marsh et al 1410.2896]

Cosmological constraints
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FIG. 6. CMB temperature power spectrum with varying ULA mass and energy density fraction ⌦a/⌦d. Here, as in Fig. 2, we
introduce ULAs as a fraction of the dark matter, holding ⌦d = ⌦a +⌦c fixed. Since ULAs have wa = �1 for some time during
the radiation era this changes the ratio of matter to radiation and alters the relative heights of the CMB acoustic peaks. For
dark-matter like ULAs with the highest ULA masses, and lowest fractions, CTT

` becomes indistinguishable from ⇤CDM, with
the ⇤CDM curve lying directly underneath the ULA curve.

FIG. 7. CMB temperature power spectrum with varying ULA mass and energy density fraction ⌦a/⌦d. Here, we introduce
the lightest ULAs as a fraction of the dark energy, holding ⌦ch

2 and H0 fixed so that maintaining flatness while introducing
ULAs reduces ⌦⇤. The lightest ULAs transition to matter-like behaviour late in the lifetime of the universe and can contribute
to the dark energy. The visible e↵ects come from the change in the age of the universe, which changes the angular size of the
sound horizon, and in changing the integrated e↵ect of dark energy, which changes the amplitude of the ISW plateau. For
dark-energy like ULAs with the lowest ULA masses, and lowest fractions, CTT

` becomes indistinguishable from ⇤CDM, with
the ⇤CDM curve lying directly underneath the ULA curve.

We have now seen that for low mass ULAs, the ULA
relic-density is degenerate with the value of ✓A at fixed
H0. We now explore the e↵ect of ULAs on the CMB
holding ✓A fixed by varying H0. Compared to Fig. 7 this
will shift the locations of the acoustic peaks back towards
their ⇤CDM locations and shift the ULA e↵ects largely
into the ISW. We hold 100✓A = 1.04 fixed, which requires

reducing H0 at fixed ⌦ch
2 and ⌦ah

2. For example, with
ma = 10�32 eV and ⌦a/⌦d = 0.25, H0 is reduced from
67.15 km s�1Mpc�1 to 50.15 km s�1Mpc�1 to maintain
constant ✓A. As H0 is lowered at fixed ⌦ch

2 and ⌦ah
2 in

order to maintain flatness eventually one finds ⌦⇤ < 0.
We exclude such situations by prior. They can lead to a
collapsing universe at a  1, and will always collapse in

!19

Axions behave as Dark Energy before they begin to 
oscillate
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A search for ultra-light axions using precision cosmological data

Renée Hlozek,1 Daniel Grin,2 David J. E. Marsh,3, ⇤ and Pedro G. Ferreira4

1Department of Astronomy, Princeton University, Princeton, NJ 08544, USA
2Kavli Institute for Cosmological Physics, Department of Astronomy
and Astrophysics, University of Chicago, Illinois, 60637, U.S.A.

3Perimeter Institute, 31 Caroline St N, Waterloo, ON, N2L 6B9, Canada
4Astrophysics, University of Oxford, DWB, Keble Road, Oxford, OX1 3RH, UK

(Dated: October 14, 2014)

Ultra-light axions (ULAs) with masses in the range 10�33 eV  ma  10�20 eV are motivated
by string theory and might contribute to either the dark-matter or dark-energy densities of the
Universe. ULAs could suppress the growth of structure on small scales, or lead to an altered
integrated Sachs-Wolfe e↵ect on large-scale cosmic microwave-background (CMB) anisotropies. In
this work, cosmological observables over the full ULA mass range are computed, and then used
to search for evidence of ULAs using CMB data from the Wilkinson Microwave Anisotropy Probe
(WMAP), Planck satellite, Atacama Cosmology Telescope, and South Pole Telescope, as well as
galaxy clustering data from the WiggleZ galaxy-redshift survey. In the mass range 10�32 eV 
ma  10�25.5 eV, the axion relic-density ⌦a (relative to the total dark-matter relic density ⌦d)
must obey the constraints ⌦a/⌦d  0.05 and ⌦ah

2  0.006 at 95%-confidence. For ma ⇠> 10�24 eV,
ULAs are indistinguishable from standard cold dark matter on the length scales probed, and are
thus allowed by these data. For ma ⇠< 10�32 eV, ULAs are allowed to compose a significant fraction
of the dark energy.

PACS numbers: 14.80.Mz,90.70.Vc,95.35.+d,98.80.-k,98.80.Cq

I. INTRODUCTION

A multitude of data supports the existence of dark
matter (DM) [1–12]. The identity of the DM, however,
remains elusive. Axions [13–15] are a leading candidate
for this DM component of the Universe [16–22]. Origi-
nally proposed to solve the strong CP problem [13], they
are also generic in string theory [23, 24], leading to the
idea of an axiverse [25]. In the axiverse there are multiple
axions with masses spanning many orders of magnitude
and composing distinct DM components. For all axion
masses ma ⇠> 3H0 ⇠ 10�33eV, the condition ma > 3H
is first satisfied prior to the present day. When this hap-
pens, the axion begins to coherently oscillate with an
amplitude set by its initial misalignment, leading to ax-
ion homogeneous energy densities that redshift as a

�3

(where a is the cosmic scale factor). If ma ⇠> 10�27 eV,
the axion energy-density dilutes just as non-relativistic
particles do after matter-radiation equality, making the
axion a plausible DM-candidate.

The fact that axions can be so light places them, like
neutrinos, in a unique and powerful position in cosmol-
ogy. For as we shall show, unlike all other candidates
for DM, axions lead to observational e↵ects that are di-
rectly tied to their fundamental properties, namely the
mass and field displacement. Signatures in the cosmic
microwave background (CMB) and large-scale structure
(LSS) can be used to pin down axion abundances to high

⇤
dmarsh@perimeterinstitute.ca

FIG. 1. Marginalized 2 and 3� contours show limits to the
ultra-light axion (ULA) mass fraction ⌦a/⌦d as a function
of ULA mass ma. The vertical lines denote our 3 sampling
regions, discussed below. The mass fraction in the middle
region is constrained to be ⌦a/⌦d ⇠< 0.05 at 95% confidence.
Red regions show CMB-only constraints, while grey regions
include large-scale structure data.

precision as a function of the mass; these constraints can
be used to place stringent limits on the mass of the ax-
ion as a candidate for DM. Furthermore, the nature of
inhomogeneities in the axion distribution yield, as with
primordial gravitational waves, a direct window on the
very early universe and, in particular, the energy scale of
inflation. This state of a↵airs echoes the remarkable re-
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Ultralight Dark Matter
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Spectroscopy constraints: [Leefer, Gerhardus, Budker, Flambaum, PRL 117, 271601 (2016)] 
Spectroscopy (DM) constraints: [Van Tilburg, Leefer, Bougas, Budker, PRL 115, 011802 (2015); 

Hees, Guena, Abgrall, Bize, Wolf, PRL 117, 061301 (2016)] 

Constraints on Linear Yukawa Interaction 
of a Scalar Boson with the Photon 
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By comparing 2 spatially separated atom interferometers phase 
differences can be measured.

3

where T is half the time between the two ⇡/2 beam-
splitter pulses, L ' x2 � x1 is the light travel time be-
tween the two laser sources, and n is the number of large-
momentum-transfer (LMT) photon kicks each atom re-
ceives. In the limits of m� ! 0 and m� ! 1, �s asymp-
totes to zero. However, a nontrivial signal phase response
does occur when the period of the DM wave matches the
total duration of the interferometric sequence, namely
2⇡/m� ⇠ 2T . (By construction, T > nL, and T � L

for the setups under consideration.) For example, in the
optimally-matched case with a DM phase � = 0 at the
start of the interferometric sequence, all of the terms
in Eq. 9 are negative, because terms 2 and 3 (1 and
4) are generated during positive (negative) anti-nodes
of the DM wave, yielding a signal phase shift of or-
der �s ⇠ �4�!A(nL). The signal amplitude of Eq. 9,

�s ⌘ (2
R 2⇡
0 d� �2

s/2⇡)
1/2, for general m� is

�s = 8
�!A

m�
(10)

⇥

����sin

m�nL

2

�
sin


m�(T � (n� 1)L

2

�
sin


m�T

2

����� .

Since �!A / 1/m� at fixed DM energy density (see be-
low Eq. 3), we deduce that the e↵ect decouples / m� for
m� ! 0, and / 1/m2

� for m� ! 1.
The experiment under consideration can be thought of

as a comparison of two atomic clocks. Here the clocks
are spatially separated, which is what makes it a GW
detector. This also creates a di↵erence in the e↵ect of
the scalar DM on the two clocks, allowing a di↵erential
measurement to cancel laser noise but not the DM signal.
This observable e↵ect di↵ers from that of other proposed
experiments searching for scalar DM using atomic clock-
based technology. For example, our proposal shows that
the scalar DM e↵ect can be detected using a single species
of atoms, in contrast to the methods of Ref. [9]. This is
because the di↵erential setup of Ref. [14] allows us to
compare the response of two otherwise identical atomic
clocks at di↵erent points in time, which is kept by the
phase evolution of the DM wave. The advantages of GW
sensors of the type described in Ref. [14] will thus improve
DM searches by many orders of magnitude over a wide
range of masses.

Additionally, our proposal di↵ers from the recent
Ref. [20], which also proposed atom interferometer GW
detectors for scalar DM detection. We consider the direct
e↵ect of the scalar DM on the internal state of the atomic
ensemble while Ref. [20] mainly relies on the DM e↵ect
on the Earth’s gravitational field. Our proposal achieves
best discovery potential in the most sensitive frequency
band of GW detectors, while Ref. [20] is sensitive only to
lower-frequency signals.

Experimental sensitivity.— The scheme proposed in
Ref. [14] can be realized in a ground-based interferometer
as well as in a space-based satellite antenna. A terres-
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FIG. 2. Parameter space for the coupling dme to electrons
(top panel) and de to photons (bottom panel), as a function of
dark matter mass m�. Blue curves depict the SNR = 1 sensi-
tivity envelopes of the proposed atomic sensors: a terrestrial
experiment operated in broadband mode (“AI-TB”), long-
baseline, broadband, space-based antenna (“AI-SB”), and a
shorter, resonant satellite antenna (“AI-SR”). Also depicted
are 95%-CL constraints from searches for new Yukawa forces
that violate/conserve the equivalence principle (“EP/5F”,
gray regions), atomic spectroscopy data in Dy and in Rb/Cs
(light and dark purple regions), and seismic data on the fun-
damental breathing mode of Earth (red). The potential reach
for an analysis on existing AURIGA data, representative of
the sensitivity of resonant-mass detectors, is also shown in
red. Green regions show natural parameter space for a 10-
TeV cuto↵, and allowed parameter space for the QCD axion.

trial experiment could be operated in a vertical shaft of
length L = 103 m with 10-meter interferometers at the
top and bottom, allowing free-fall times of T = 1.4 s.
We restrict to a maximum number of Nmax = 103 laser
pulses in order to retain atom number, which in turn
limits the number of LMT kicks to n = 250. We assume
shot-noise-limited sensitivity above f = 10�1 Hz with a
noise spectral density

p
S� ⇡ 10�5

/Hz1/2, made possible
with an atomic flux of 1010/s, or with fewer atoms and
significant squeezing [21].
A space-based satellite experiment can exhibit a much

longer baseline length L and interrogation time T , be-
cause the laser platforms can move on free-fall geodesics

Graham et. al. 1606.04541

Differential atomic clock

Excited state phase evolution:
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By comparing 2 spatially separated atom interferometers phase 
differences can be measured.

slide from Graham

Proposed Detector Sensitivity

100-meter detector:
Initial: 100 ћk, 1e6/s flux
Upgrade: 1000 ћk, 1e8/s flux

AI-TB: km baseline
AI-SB: Space GW detector

�� / !a(2L/c)
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Constraints on Linear Interaction of 
Scalar Dark Matter with the Photon 

Graham et. al. 1606.04541

slide from Y. Stadnik
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Constraints on Linear Interaction of 
Scalar Dark Matter with the Photon 

Graham et. al. 1606.04541

slide from Y. Stadnik
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new photons from    
dark photon oscillations

�d ! �
<latexit sha1_base64="Uus5tI9VlIe06NS13/ZPaBS5t8o="></latexit><latexit sha1_base64="Uus5tI9VlIe06NS13/ZPaBS5t8o="></latexit><latexit sha1_base64="Uus5tI9VlIe06NS13/ZPaBS5t8o="></latexit><latexit sha1_base64="Uus5tI9VlIe06NS13/ZPaBS5t8o="></latexit>

EDGES
(99% C.L.)

Bowman et. al. Nature 555, 67 (2018)

TCMB = 2.73K⇥ (1 + z)
<latexit sha1_base64="bB3+xzEJz2fWzUeihOgJAJcOpTg="></latexit>

2

Rayleigh-Jeans Tail

Cosmic Microwave Background Spectrum

unmeasured

� = 21 cm
<latexit sha1_base64="pJOxiL0cLWQNMnFYex3f9fus2S0="></latexit>

at z=17

slides by Josh Ruderman
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EDGES vs. Theory
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• absorption: ~7σ
• extra absorption: ~4σ

EDGES
(99%)

max

max absorption:

1)   
2)       cools adiabaticallyTk
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Ts ⇡ Tk
<latexit sha1_base64="1k54Wmtw2byHAOZNkN4mJjfQKms="></latexit>

(marginalized over 
astro uncertainties)

ex)        param

Lyman-α and X-ray 
fluxes

astro 
uncertainties:

10

II. 21cm Photons  
from Dark Photons  

H �obs
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<latexit sha1_base64="w5ub76xoO4owxz0DncNOdcOacyo=">AAACGXicbVC7TsMwFL0pr1JeBUYWiwqJAVUJIJWxgoWxSPSB2qhyHKe1aieR7VSUqF/BCHwMG2Jl4ltYcNsM0PZIlo7OuVf3+HgxZ0rb9reVW1ldW9/Ibxa2tnd294r7Bw0VJZLQOol4JFseVpSzkNY105y2Ykmx8DhteoObid8cUqlYFN7rUUxdgXshCxjB2kgPT6ijmEBOpVss2WV7CrRInIyUIEOtW/zp+BFJBA014ViptmPH2k2x1IxwOi50EkVjTAa4R9uGhlhQ5abTwGN0YhQfBZE0L9Roqv7dSLFQaiQ8Mymw7qt5byIu89qJDq7clIVxomlIZoeChCMdocnvkc8kJZqPDMFEMpMVkT6WmGjT0dLMZ/6QxSqL/zjLXzBtOfPdLJLGedm5KDt3l6XqddZbHo7gGE7BgQpU4RZqUAcCAp7hFd6sF+vd+rA+Z6M5K9s5hH+wvn4BsVyhIQ==</latexit>

(at              ) 
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EDGES vs. Theory
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• absorption: ~7σ
• extra absorption: ~4σ

EDGES
(99%)

max

max absorption:

1)   
2)       cools adiabaticallyTk

<latexit sha1_base64="jEHOi8GGDmN0Zpk12XJph1Zq8Vo=">AAACFHicdVDLTgIxFO3gC/GFunTTSEhcmMkMDAF2RDcuMfJKYEI6nQ40dB5pO0Qy4RPc4s+4M27d+y8uLDAmavAkTU7OuTc99zgRo0IaxoeW2dre2d3L7ucODo+OT/KnZx0RxhyTNg5ZyHsOEoTRgLQllYz0Ik6Q7zDSdSa3S787JVzQMGjJWURsH40C6lGMpJIeWsPJMF8w9Eq1VLHq0NDLNatsWoqY9ZJZqUJTN1YogBTNYf5z4IY49kkgMUNC9E0jknaCuKSYkXluEAsSITxBI9JXNEA+EXayijqHRaW40Au5eoGEK/XnRoJ8IWa+oyZ9JMfir7cUN3n9WHo1O6FBFEsS4PVHXsygDOHybuhSTrBkM0UQ5lRlhXiMOMJStZMrbgp97U5pJNL8j+sDcqqu707g/6RT0s2ybt5bhcZNWlwWXIBLcAVMUAUNcAeaoA0wGIEnsADP2kJ70V61t/VoRkt3zsEvaO9fF2eftw==</latexit>

Ts ⇡ Tk
<latexit sha1_base64="1k54Wmtw2byHAOZNkN4mJjfQKms="></latexit>

(marginalized over 
astro uncertainties)

ex)        param

Lyman-α and X-ray 
fluxes

astro 
uncertainties:

10

II. 21cm Photons  
from Dark Photons  

H �obs
<latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit><latexit sha1_base64="iuRuccpmEZfhikwV25l4LLseUWM=">AAACM3icbVBNS8NAFNz4WetX1aOX1SJ4kJKIoMeiF48VrApNKZvNa13cTcLuS2kJOftrPKq/RbyJV3+BF7dtDlo7sDDMvPd2mCCRwqDrvjlz8wuLS8ullfLq2vrGZmVr+8bEqebQ5LGM9V3ADEgRQRMFSrhLNDAVSLgNHi5G/m0ftBFxdI3DBNqK9SLRFZyhlTqVPR9hgOM7mYYwz/weU4p1Ml8rGgcmzzuVqltzx6D/iVeQKinQ6FS+/TDmqYIIuWTGtDw3wXbGNAouIS/7qYGE8QfWg5alEVNg2tk4Qk4PrBLSbqzti5CO1d8bGVPGDFVgJxXDezPtjcRZXivF7lk7E1GSIkR88lE3lRRjOuqFhkIDRzm0hHEtbFbK75lmHG17MzMfhX2RmCL+YJK/bNvyprv5T26Oa55b865OqvXzorcS2SX75JB45JTUySVpkCbh5JE8kRfy6jw7786H8zkZnXOKnR3yB87XD+JqrTg=</latexit>

�d
<latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit><latexit sha1_base64="R6hqzviitfjmC9EyoXngEOTElPE=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKZPJbTt0JgkzN6UlFPwal+rHuBFx60+4cZpmoW0PDBzOuXfu4XiR4Bod58NaWV1b39jMbeW3d3b39gsHhzUdxopBlYUiVA2PahA8gCpyFNCIFFDpCah7g7upXx+C0jwMHnEcQVvSXsC7nFE0Uqdw3EIYYfpP4okYJkmrR6WkHX/SKRSdkpPCXiRuRookQ6VT+Gn5IYslBMgE1brpOhG2E6qQMwGTfCvWEFE2oD1oGhpQCbqdpLcn9plRfLsbKvMCtFP170ZCpdZj6ZlJSbGv572puMxrxti9aSc8iGKEgM0OdWNhY2hPC7F9roChGBtCmeImq836VFGGpralmS/8IY90Fn80y583bbnz3SyS2mXJdUruw1WxfJv1liMn5JScE5dckzK5JxVSJYw8kWfySt6sF+vd+rS+ZqMrVrZzRP7B+v4F4lqqLA==</latexit>

�
<latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit><latexit sha1_base64="lifvEciJI/g2FVPh9m4wzkD2S5M=">AAACKXicbVDLSsNAFJ3UV62vqgsXboJFcCElEUGXRTcuK9gHtKVMJrft0JkkzNyUlpCvcal+jDt162e4cdpmoW0PDBzOuXfu4XiR4Bod59PKra1vbG7ltws7u3v7B8XDo7oOY8WgxkIRqqZHNQgeQA05CmhGCqj0BDS84f3Ub4xAaR4GTziJoCNpP+A9zigaqVs8aSOMcfZPosBPk3afSknTbrHklJ0Z7GXiZqREMlS7xZ+2H7JYQoBMUK1brhNhJ6EKOROQFtqxhoiyIe1Dy9CAStCdZHY4tc+N4tu9UJkXoD1T/24kVGo9kZ6ZlBQHetGbiqu8Voy9207CgyhGCNj8UC8WNob2tA3b5woYiokhlClustpsQBVlaDpbmfnSH/FIZ/HH8/wF05a72M0yqV+VXafsPl6XKndZb3lySs7IBXHJDamQB1IlNcJISp7JK3mzXqx368P6mo/mrGznmPyD9f0LVm6o3g==</latexit>

✏
<latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit><latexit sha1_base64="dzYtA+HwjFBDQA/yPz3EXtgSuuk=">AAACLHicbVDLSsNAFJ34rPVVdaebYBFcSElE0GXRjcsK9gFtKJPJbTt0MgkzN6UlFPwal+rHuBFx60+4cdpmoW0PDBzOuXfu4fix4Bod58NaWV1b39jMbeW3d3b39gsHhzUdJYpBlUUiUg2fahBcQhU5CmjECmjoC6j7/buJXx+A0jySjziKwQtpV/IOZxSN1C4ctxCGOP0nrYgkHKctiDUXkRy3C0Wn5ExhLxI3I0WSodIu/LSCiCUhSGSCat10nRi9lCrkTMA430o0xJT1aReahkoagvbS6e2xfWaUwO5EyjyJ9lT9u5HSUOtR6JvJkGJPz3sTcZnXTLBz46VcxgmCZLNDnUTYGNmTQuyAK2AoRoZQprjJarMeVZShqW1p5otgwGOdxR/O8udNW+58N4ukdllynZL7cFUs32a95cgJOSXnxCXXpEzuSYVUCSNP5Jm8kjfrxXq3Pq2v2eiKle0ckX+wvn8BKMyqVg==</latexit>

H

��d = 21 cm
<latexit sha1_base64="ieC+tgkx8gUQw2vFHluP7bxe1Jg="></latexit>

z ⇠ 17
<latexit sha1_base64="w5ub76xoO4owxz0DncNOdcOacyo=">AAACGXicbVC7TsMwFL0pr1JeBUYWiwqJAVUJIJWxgoWxSPSB2qhyHKe1aieR7VSUqF/BCHwMG2Jl4ltYcNsM0PZIlo7OuVf3+HgxZ0rb9reVW1ldW9/Ibxa2tnd294r7Bw0VJZLQOol4JFseVpSzkNY105y2Ykmx8DhteoObid8cUqlYFN7rUUxdgXshCxjB2kgPT6ijmEBOpVss2WV7CrRInIyUIEOtW/zp+BFJBA014ViptmPH2k2x1IxwOi50EkVjTAa4R9uGhlhQ5abTwGN0YhQfBZE0L9Roqv7dSLFQaiQ8Mymw7qt5byIu89qJDq7clIVxomlIZoeChCMdocnvkc8kJZqPDMFEMpMVkT6WmGjT0dLMZ/6QxSqL/zjLXzBtOfPdLJLGedm5KDt3l6XqddZbHo7gGE7BgQpU4RZqUAcCAp7hFd6sF+vd+rA+Z6M5K9s5hH+wvn4BsVyhIQ==</latexit>

(at              ) 
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21cm Absorption with Extra Soft Photons
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�d ! �
<latexit sha1_base64="NTKcsHAoVFZI5GY5Zu0tp0EuEE8="></latexit> �d ! �
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The Dark Ages Polarimeter PathfindER (DAPPER):
A Space-based SmallSat Testbed 

• DAPPER will be placed in proximity to NASA’s Lunar 
Gateway to reduce Earth-based RFI.

• Operates over bandwidth of 15-30 MHz (93≥z≥46).
• Dual orthogonal≈ 7-m tip-to-tip dipole antennas deployed 

successfully many times (e.g., WIND/WAVES).
• Low noise amplifiers & dual channel receiver to measure all 

4 Stokes parameters.  Based upon FIELDS instrument to be 
flown on Parker Solar Probe (collaboration with S. Bale, 
Berkeley).

DAPPER
(proposed satellite)
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prediction: edge in high-z 21cm 
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FIG. 7. Parameter space for hidden-photons (A0) with mass mA0 < 1 MeV (see Fig. 6 for

mA0 > 1 MeV). Colored regions are: experimentally excluded regions (dark green), constraints

from astronomical observations (gray) or from astrophysical, or cosmological arguments (blue),

and sensitivity of planned and suggested experiments (light green) (ADMX [14], ALPS-II [15],

Dish antenna [19], AGN/SNR [151]). Shown in red are boundaries where the A0 would account

for all the DM produced either thermally in the Big Bang or non-thermally by the misalignment

mechanism (the corresponding line is an upper bound). Regions bounded by dotted lines show

predictions from string theory corresponding to di↵erent possibilities for the nature of the A0 mass:

Hidden-Higgs, a Fayet-Iliopoulos term, or the Stückelberg mechanism. Predictions are uncertain

by O(1)-factors.

ordinary matter. An A0 in this mass range is motivated by the theoretical considerations

discussed above, by anomalies related to DM [165, 166], and by the discrepancy between the

measured and calculated value of the anomalous magnetic moment of the muon [120–122].

Fig. 6 shows existing constraints for mA0 > 1 MeV [116] and the sensitivity of several

planned experiments that will explore part of the remaining allowed parameter space. These

include the future fixed-target experiments APEX [126, 132], HPS [133], DarkLight [134] at

Je↵erson Laboratory, an experiment using VEPP-3 [135, 136], and experiments using the

MAMI and MESA [137] at the University of Mainz. Existing and future e+e� colliders can

also probe large parts of the parameter space for ✏ > 10�4
�10�3, and include BABAR, Belle,

KLOE, SuperB, Belle II, and KLOE-2 (Fig. 6 only shows existing constraints, and no future
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Graham et. al. 1606.04541

Atom interferometer provide new tools to search for 
ultralight dark matter. 

Ultralight bosons represent a well-motivated Dark 
Matter candidate. 

Different Atom interferometer running in parallel can 
provide world-leading limits in a mass region hard to 
probe by clocks.
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46 2 Relics

For an additional, heavy neutrino to account for the observed dark matter we need
to require

Wn h
2 !
= Wc h

2 ⇡ 0.12 , mn ⇡ 10 eV . (2.12)

This number for hot neutrino dark matter is not unreasonable, as long as we only
consider the dark matter relic density today. The problem appears when we study
the formation of galaxies, where it turns out that dark matter relativistic at the point
of decoupling will move too fast to stabilize the accumulation of matter. We can
look at Eq.(2.12) another way: if all neutrinos in the Universe add to more than this
mass value, they predict hot dark matter with a relic density more than then entire
dark matter in the Universe. This gives a stringent upper bound on the neutrino mass
scale.

2.2 Cold light dark matter

Before we introduce cold and much heavier dark matter, there is another scenario
we need to discuss. Following Eq.(2.12) a new neutrino with mass around 10 eV
could explain the observed relic density. The problem with thermal neutrino dark
matter is that it would be relativistic at the wrong moment of the thermal history,
causing serious issues with structure formation as discussed in Section 1.5. The ob-
vious question is if we can modify this scenario such that light dark matter remains
non-relativistic. To produce such light cold dark matter we need a non-thermal pro-
duction process.

We consider a toy model for light cold dark matter with a spatially homogeneous
but time-dependent complex scalar field f(t) with a potential V . For the latter, the
Taylor expansion is dominated by a quadratic mass term mf . Based on the invariant
action with the additional determinant of the metric g, describing the expanding
Universe, the Lagrangian for a single complex scalar field reads

1p
|g|

L = (∂ µ f ⇤)(∂µ f)�V (f) = (∂ µ f ⇤)(∂µ f)�m
2
f f ⇤f . (2.13)

Just as a side remark, the difference between the Lagrangians for real and complex
scalar fields is a set of factors 1/2 in front of each term. In our case the equation of
motion for a spatially homogeneous field f(t) is
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(∂t

p
|g|)p

|g|
(∂tf)+∂ 2

t
f +m

2
f f

#
. (2.14)

For example from Eq.(1.13) we know that in flat space (k = 0) the determinant of
the metric is |g| = a

6, giving us

0 =
(∂ta

3)

a3 (∂tf)+∂ 2
t

f +m
2
f f =

3ȧ

a
ḟ + f̈ +m

2
f f . (2.15)

Using the definition of the Hubble constant in Eq.(1.14) we find that the expansion
of the Universe is responsible for the friction term in

f̈(t)+3Hḟ(t)+m
2
f f(t) = 0 . (2.16)

We can solve this equation for the evolving Universe, described by a decreasing
Hubble constant with increasing time or decreasing temperature, Eq.(1.47). If for
each regime we assume a constant value of H — an approximation we need to
check later — and find

f(t) = e
iwt ) ḟ(t) = iwf(t) ) f̈(t) = �w2f(t)

) �w2 +3iHw +m
2
f = 0

) w =
3i

2
H ±

r
�9

4
H2 +m

2
f . (2.17)

This functional form defines three distinct regimes in the evolution of the Universe:

– In the early Universe H � mf the two solutions are w = 0 and w = 3iH. The
scalar field value is a combination of a constant mode and an exponentially de-
caying mode.

f(t) = f1 +f2 e
�3Ht time evolution�! f1 . (2.18)

The scalar field very rapidly settles in a constant field value and stays there. There
is no good reason to assume that this constant value corresponds to a minimum of
the potential. Due to the Hubble friction term in Eq.(2.16), there is simply no time
for the field to evolve towards another, minimal value. This behavior gives the
process its name, misalignment mechanism. For our dark matter considerations
we are interested in the energy density. Following the virial theorem we assume
that the total energy density stored in our spatially constant field is twice the
average potential energy V = m

2
f |f |2/2. After the rapid decay of the exponential

2.2 Cold light dark matter 47

0 = ∂t

✓
∂L

∂ (∂tf ⇤)

◆
� ∂L

∂f ⇤

= ∂t

⇣p
|g|∂tf

⌘
+
p

|g|m2
f f

= (∂t

p
|g|)(∂tf)+

p
|g|∂ 2

t
f +

p
|g|m2

f f

=
p

|g|
"

(∂t

p
|g|)p

|g|
(∂tf)+∂ 2

t
f +m

2
f f

#
. (2.14)

For example from Eq.(1.13) we know that in flat space (k = 0) the determinant of
the metric is |g| = a

6, giving us

0 =
(∂ta

3)

a3 (∂tf)+∂ 2
t

f +m
2
f f =

3ȧ
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Action:

EL-equations:

|g| = a(t)6
appr. flat

yields:


