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Dark matter (DM) exists!

Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency-averaged
temperature spectrum computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters de-
termined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm, computed over 94 % of the sky. The best-fit base ⇤CDM theoreti-
cal spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown
in the lower panel. The error bars show ±1� uncertainties.

The large upward shift in Ase�2⌧ reflects the change in the abso-
lute calibration of the HFI. As noted in Sect. 2.3, the 2013 analy-
sis did not propagate an error on the Planck absolute calibration
through to cosmological parameters. Coincidentally, the changes
to the absolute calibration compensate for the downward change
in ⌧ and variations in the other cosmological parameters to keep
the parameter �8 largely unchanged from the 2013 value. This
will be important when we come to discuss possible tensions
between the amplitude of the matter fluctuations at low redshift
estimated from various astrophysical data sets and the Planck
CMB values for the base ⇤CDM cosmology (see Sect. 5.6).

(4) Likelihoods. Constructing a high-multipole likelihood for
Planck, particularly with T E and EE spectra, is complicated
and di�cult to check at the sub-� level against numerical
simulations because the simulations cannot model the fore-
grounds, noise properties, and low-level data processing of
the real Planck data to su�ciently high accuracy. Within the
Planck collaboration, we have tested the sensitivity of the re-
sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2016). The most highly developed of

them are the CamSpec and revised Plik pipelines. For the 2015
Planck papers, the Plik pipeline was chosen as the baseline.
Column 6 of Table 1 lists the cosmological parameters for base
⇤CDM determined from the Plik cross-half-mission likeli-
hood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations,
and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasize that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on
the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
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We have never observed a dark matter particle.

Planck Collaboration: The Planck mission

Fig. 9. Maximum posterior CMB intensity map at 50 resolution derived from the joint baseline analysis of Planck, WMAP, and
408 MHz observations. A small strip of the Galactic plane, 1.6 % of the sky, is filled in by a constrained realization that has the same
statistical properties as the rest of the sky.

Fig. 10. Maximum posterior amplitude Stokes Q (left) and U (right) maps derived from Planck observations between 30 and
353 GHz. These mapS have been highpass-filtered with a cosine-apodized filter between ` = 20 and 40, and the a 17 % re-
gion of the Galactic plane has been replaced with a constrained Gaussian realization (Planck Collaboration IX 2015). From
Planck Collaboration X (2015).

8.2.1. Polarization power spectra

In addition to the TT spectra, the 2015 Planck likelihood in-
cludes the T E and EE spectra. Figure 12 shows the T E and EE

power spectra calculated from the 2015 data and including all
frequency combinations. The theory curve shown in the figure
is the best-fit base ⇤CDM model fitted to the temperature spec-

tra using the PlanckTT+lowP likelihood. The residuals shown
in Fig. 12 are higher than expected and provide evidence of
residual instrumental systematics in the T E and EE spectra. It
is currently believed that the dominant source of errors is beam
mismatch generating leakage from temperature to polarization
at low levels of a few µK2 in D`. We urge caution in the in-
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Table 3. Parameters of the base⇤CDM cosmology computed from the 2015 baseline Planck likelihoods, illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at low
and high multipoles and is the same as column [6] of Table 1. Columns [2] and [3] use only the T E and EE spectra at high
multipoles, and only polarization at low multipoles. Column [4] uses the full likelihood. The last column lists the deviations of the
cosmological parameters determined from the Planck TT+lowP and Planck TT,TE,EE+lowP likelihoods.

Parameter [1] Planck TT+lowP [2] Planck TE+lowP [3] Planck EE+lowP [4] Planck TT,TE,EE+lowP ([1] � [4])/�[1]

⌦bh2 . . . . . . . . . . 0.02222 ± 0.00023 0.02228 ± 0.00025 0.0240 ± 0.0013 0.02225 ± 0.00016 �0.1
⌦ch2 . . . . . . . . . . 0.1197 ± 0.0022 0.1187 ± 0.0021 0.1150+0.0048

�0.0055 0.1198 ± 0.0015 0.0
100✓MC . . . . . . . . 1.04085 ± 0.00047 1.04094 ± 0.00051 1.03988 ± 0.00094 1.04077 ± 0.00032 0.2
⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.053 ± 0.019 0.059+0.022

�0.019 0.079 ± 0.017 �0.1
ln(1010As) . . . . . . 3.089 ± 0.036 3.031 ± 0.041 3.066+0.046

�0.041 3.094 ± 0.034 �0.1
ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.965 ± 0.012 0.973 ± 0.016 0.9645 ± 0.0049 0.2
H0 . . . . . . . . . . . 67.31 ± 0.96 67.73 ± 0.92 70.2 ± 3.0 67.27 ± 0.66 0.0
⌦m . . . . . . . . . . . 0.315 ± 0.013 0.300 ± 0.012 0.286+0.027

�0.038 0.3156 ± 0.0091 0.0
�8 . . . . . . . . . . . . 0.829 ± 0.014 0.802 ± 0.018 0.796 ± 0.024 0.831 ± 0.013 0.0
109Ase�2⌧ . . . . . . 1.880 ± 0.014 1.865 ± 0.019 1.907 ± 0.027 1.882 ± 0.012 �0.1

likelihood. The residuals in both T E and EE are similar to those
from Plik. The main di↵erence can be seen at low multipoles
in the EE spectrum, where CamSpec shows a higher dispersion,
consistent with the error model, though there are several high
points at ` ⇡ 200 corresponding to the minimum in the EE spec-
trum, which may be caused by small errors in the subtraction
of polarized Galactic emission using 353 GHz as a foreground
template (and there are also di↵erences in the covariance matri-
ces at high multipoles caused by di↵erences in the methods used
in CamSpec and Plik to estimate noise). Generally, cosmolog-
ical parameters determined from the CamSpec likelihood have
smaller formal errors than those from Plik because there are no
nuisance parameters describing polarized Galactic foregrounds
in CamSpec.

3.3.3. Consistency of cosmological parameters from the TT ,
T E, and EE spectra

The consistency between parameters of the base ⇤CDM model
determined from the Plik temperature and polarization spec-
tra are summarized in Table 3 and in Fig. 6. As pointed out by
Zaldarriaga et al. (1997) and Galli et al. (2014), precision mea-
surements of the CMB polarization spectra have the potential to
constrain cosmological parameters to higher accuracy than mea-
surements of the TT spectra because the acoustic peaks are nar-
rower in polarization and unresolved foreground contributions at
high multipoles are much lower in polarization than in temper-
ature. The entries in Table 3 show that cosmological parameters
that do not depend strongly on ⌧ are consistent between the TT
and T E spectra, to within typically 0.5� or better. Furthermore,
the cosmological parameters derived from the T E spectra have
comparable errors to the TT parameters. None of the conclu-
sions in this paper would change in any significant way were we
to use the T E parameters in place of the TT parameters. The
consistency of the cosmological parameters for base ⇤CDM be-
tween temperature and polarization therefore gives added confi-
dence that Planck parameters are insensitive to the specific de-
tails of the foreground model that we have used to correct the
TT spectra. The EE parameters are also typically within about
1� of the TT parameters, though because the EE spectra from
Planck are noisier than the TT spectra, the errors on the EE pa-
rameters are significantly larger than those from TT . However,
both the T E and EE likelihoods give lower values of ⌧, As and
�8, by over 1� compared to the TT solutions. Noticee that the

T E and EE entries in Table 3 do not use any information from
the temperature in the low-multipole likelihood. The tendency
for higher values of �8, As, and ⌧ in the Planck TT+lowP solu-
tion is driven, in part, by the temperature power spectrum at low
multipoles.

Columns [4] and [5] of Table 3 compare the parameters
of the Planck TT likelihood with the full Planck TT,T E, EE
likelihood. These are in agreement, shifting by less than 0.2�.
Although we have emphasized the presence of systematic ef-
fects in the Planck polarization spectra, which are not accounted
for in the errors quoted in column [4] of Table 3, the consis-
tency of the Planck TT and Planck TT,T E, EE parameters pro-
vides strong evidence that residual systematics in the polariza-
tion spectra have little impact on the scientific conclusions in this
paper. The consistency of the base ⇤CDM parameters from tem-
perature and polarization is illustrated graphically in Fig. 6. As a
rough rule-of-thumb, for base ⇤CDM, or extensions to ⇤CDM
with spatially flat geometry, using the full Planck TT,T E, EE
likelihood produces improvements in cosmological parameters
of about the same size as adding BAO to the Planck TT+lowP
likelihood.

3.4. Constraints on the reionization optical depth parameter ⌧

The reionization optical depth parameter ⌧ provides an important
constraint on models of early galaxy evolution and star forma-
tion. The evolution of the inter-galactic Ly↵ opacity measured in
the spectra of quasars can be used to set limits on the epoch of
reionization (Gunn & Peterson 1965). The most recent measure-
ments suggest that the reionization of the inter-galactic medium
was largely complete by a redshift z ⇡ 6 (Fan et al. 2006). The
steep decline in the space density of Ly↵-emitting galaxies over
the redshift range 6 <⇠ z <⇠ 8 also implies a low redshift of reion-
ization (Choudhury et al. 2015). As a reference, for the Planck
parameters listed in Table 3, instantaneous reionization at red-
shift z = 7 results in an optical depth of ⌧ = 0.048.

The optical depth ⌧ can also be constrained from observa-
tions of the CMB. The WMAP9 results of Bennett et al. (2013)
give ⌧ = 0.089 ± 0.014, corresponding to an instantaneous red-
shift of reionization zre = 10.6 ± 1.1. The WMAP constraint
comes mainly from the EE spectrum in the multipole range
` = 2–6. It has been argued (e.g., Robertson et al. 2013, and ref-
erences therein) that the high optical depth reported by WMAP
cannot be produced by galaxies seen in deep redshift surveys,
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DM in our neighborhood

vDM ⇠ 10�3c

⇢DM = mDM ⇥ nDM

Few heavy particles, 
or lots of light particles…  

what is DM mass?

Local measurements of stars tell us:

Figure 3: Key predictions from dark-matter-only (DMO) cosmological simulations. a) Pro-
jected density contours of the Aquarius Aq-A-1 DMO cosmological simulation of a halo of Milky
Way mass (M200 ⇠ 1012M�), run with 4.2 billion dark matter super-particles (Springel et al.,
2008). The size of the Galactic disc out to the Sun position R0 = 8kpc (not modelled in this
simulation) is marked by the red horizontal line. b) The spherically averaged dark matter den-
sity profile from the GHALO suite of Milky Way mass halo simulations (Stadel et al., 2009).
Four di↵erent resolutions (super-particle numbers) are marked, showing excellent numerical con-
vergence. c) The dark matter density Probability Distribution Function (PDF) in the Aquarius
suite, calculated using a kernel average (64 smoothing neighbours) at each super-particle, nor-
malised to a power law model fit over a thick ellipsoidal shell at 6-12 kpc from the halo centre
(Vogelsberger et al., 2009a). Simulations Aq-A-1 through Aq-A-5 (of decreasing numerical reso-
lution, as marked) are over-plotted; only Aq-A-1 and Aq-A-2 resolve the high density tail due to
subhalos. The black dashed line shows the intrinsic scatter due to Poisson noise in the density
estimator. d) The dark matter velocity PDF averaged over 2 kpc boxes at 7-9 kpc from the halo
centre of Aq-A-1.
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[Read, J. Phys. G 2014; COBE/NASA; Springel et al. MNRAS 2008]
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Axion vitals
Mass: sub-eV 

Spin: 0 
Parity: odd 
Charge: 0 

Field value: angular
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“axion decay constant”  
or 

“Peccei-Quinn (PQ) scale”

(dimensionless)



Who ordered that?

[Peccei & Quinn, Phys. Rev. Lett. 1977]

Wikipedia says neutron  
looks like this:

But experiments say  
it looks like this!
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This is the “strong-CP problem” of QCD



Who ordered that?

[Peccei & Quinn, Phys. Rev. Lett. 1977]

Wikipedia says neutron  
looks like this:

But experiments say  
it looks like this!
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This is the “strong-CP problem” of QCD

Solution: QCD axion dynamically cancels the neutron EDM,  
thus “cleaning up” the strong CP problem [Wilczek]



Axion DM: here and now
a(x, t) =

p
2⇢DM

ma
cos(mat+O(vDM)x)
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Classical physics is fine:

oscillates at frequency  
set by DM mass

Local DM velocity Spatial coherence Temporal coherence

�vDM ⇠ vDM ⇠ 10�3 �dB =
�Comp

vDM

e.g. ma = 10�9 eV

�Comp ⇠ km

⌧Comp ⇠ µs

⌧coh =
⌧Comp

v2DM
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[Graham and Rajendran, Phys. Rev. D88 (2013)]

ma = 10�9 eV =) Na ⇠ 1018/cm3
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amplitude set  
by local DM density



Hidden photons
Axions are (pseudo)scalars, but what if  

bosonic dark matter has spin 1?

new ingredient: space- and  
time-dependent 

polarization

Can think of hidden photon DM as either:

�
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mixing between ordinary  
and hidden photons: 

acts like a background current density

A0(x, t) =

p
2⇢DM

m�0
n̂(x, t) cos(m�0t+O(vDM)x)
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All charged particles feel an 
-suppressed “hidden 

Lorentz force”
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Axion “halometry”

!v = ma(1 +
1

2
v2 +O(v4))

Much easier to identify structure in f(v) for axions than WIMPS
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FIG. 8: Simulated power spectra observed over a 10 year pe-
riod for a halo model consisting of a smooth population of
axion dark matter with an additional component from a net-
work of tidal streams stripped from orbiting miniclusters. The
abundance is based on the calculation of Ref. [75]. The sig-
nal from minicluster streams appears as short-lived enhance-
ments which are modulated in frequency due to the orbit of
the Earth. The power spectra are displayed as a function of
time from Jan 2016 to Jan 2021 and frequency shifted by the
axion mass.

explore the prospects for their detection. Our exam-
ple here shows that even if miniclusters comprise only
a very small contribution to the local axion density, they
appear much more prominently in a high resolution ex-
periment. In principle one could make use of the meth-
ods described in Secs. V and VI to extract information
about individual streams such as their radius, age and
Galactic frame velocity as well as place constraints on the
minicluster population such as their mass spectrum and
abundance. This would require isolating the signal from
miniclusters from both the noise and the background ax-
ion power spectrum. A possible strategy could be to use
the observations during periods without any minicluster
enhancement to make accurate measurements of the un-
derlying parameters (as in Sec. V) to then subtract the
background spectrum thus isolating the stream crossing
events.

A further complication that we have not discussed in
this work is the presence of any short-lived environmental
peaks which may appear in real resonant cavity exper-
iments and could mimic a positive axion signal. These
would usually be dealt with by performing a repeat ex-
periment in the frequency range at which the peak was
observed. However in the case of minicluster streams
which are themselves short-lived this check would not
necessarily be successful if the timescales for the environ-
mental peak and the stream crossing were comparable.
However a careful treatment of the frequency modulation
of the peak over time may in some cases be enough to

distinguish a Galactic signal from a lab-based one. We
leave a more detailed study of axion minicluster streams
and implications for experiments to a future work.

VIII. SUMMARY

We have performed a simulation of a hypothetical high
resolution ADMX-like experiment following a successful
detection of an axion dark matter signal. Our focus
here has been on extracting astrophysical information
and performing axion astronomy. Our main conclusions
are as follows:

• The measurement of the axion-photon conversion
power spectrum enables the accurate reconstruc-
tion of both axion particle parameters in conjunc-
tion with the underlying astrophysical parameters.

• With the use of the annual modulation signal one
can make accurate measurements of the compo-
nents of the Solar peculiar velocity. With an exper-
imental duration longer than a year the accuracy
can reach below 1 km s�1, which would improve
upon the measurement from local astronomical ob-
servations.

• Substructure such as tidal streams appearing in
simulations of Milky Way-like halos show up promi-
nently in the resolved axion power spectrum and
can hence be measured to levels of sensitivity not
possible in the direct detection of WIMPs. The
annual modulation signal plays an important role
here too as the precise shape of the modulating
stream allows the reconstruction of its properties:
the Galactic frame velocity, density and dispersion.
This in principle would allow axion haloscopes to
trace the formation and accretion history of the
Milky Way.

• We have simulated an approximation to the ex-
pected signal from a population of streams from
disrupted axion miniclusters. We have extrapo-
lated a result for the calculation of the expected
number of stream crossings from Ref. [75]. In an
experiment that resolves the axion spectrum the
signal from minicluster streams would appear much
more prominently in the data and could be iso-
lated to place constraints on their mass spectrum
or abundance.

The issues we have discussed here are relatively un-
studied in the context of axion detection. Hence there
are a number of areas in which this study might be ex-
tended. We have shown that measuring the axion power
spectrum allows accurate reconstruction of underlying
parameters and although we have only considered sim-
ple models here, in principle the same should be true
of other models for the dark matter velocity distribu-
tion such as those containing anisotropy parameters or

[O’Hare and Green, Phys. Rev. D95 (2017); Foster, Rodd, Safdi, Phys. Rev. D97 (2018)]
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Figure 8. The axion contribution to the PSD as a function of frequency in the presence of DM substructure. (Left) We show
the e↵ect of a Sagittarius-like stream that makes up ⇠5% of the local DM density at two di↵erent times of year, corresponding
to the dates of maximum TS (June 5) and minimum TS (November 23), where all dates are for 2017. Annual modulation
plays an important role for cold substructure because the Earth’s orbital velocity may be larger than the substructure velocity
dispersion. (Right) As in the left panel, but for a dark disk that makes up ⇠20% of the local DM density. The dark-disk is
co-rotating with the baryonic disk, with a lag speed ⇠50 km/s, and so the contribution to the PSD is at lower speeds compared
to the stream case. Gravitational focusing also plays an important role for the disk since the solar-frame velocities are relatively
low. In this case the maximum and minimum TS occur on November 18 and June 5 respectively. For both of these panels,
the signal is generated using ma = 1 MHz, A set to the value for the threshold for detection of the SHM, and �B set to the
minimum SQUID noise.

small velocity dispersion.
Another possible source of DM substructure that has

low velocity dispersion is a dark disk. Co-rotating thick
dark disks are found to form in certain N -body simu-
lations with baryons [101–104] due to the disruption of
merging satellites galaxies that are pulled into the disk.
In the simulations, the dark disks are found to be co-
rotating with lag speeds and velocity dispersions both
⇠50 km/s. They may even dominate the local DM den-
sity [101, 103]; however, as we will see, even if the dark
disk is only a small fraction of the local DM density, it
can still leave a significant signature in the direct detec-
tion data due to the small velocity dispersion and lag
speed.

To develop some intuition for how important substruc-

ture could be, let us take the oversimplified scenario
in which the substructure of interest makes up a frac-
tion x of the local DM distribution and also follows the
Maxwellian distribution with the same vobs as in the
SHM, but with a much smaller dispersion parameter vstr

0
.

Then we can write

f(v) =(1 � x)fSHM(v|v0, vobs)

+xfSHM(v|vstr
0

, vobs) .
(94)

Using this we can explicitly calculate the expected test
statistic (in favor of the model of the SHM plus the
stream over the null hypothesis of no DM) of a signal
with a frequency independent background as:
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In Fig. 7 we show this TS plotted as a function of the
fraction of the DM in the stream x for various values of

vstr
0

, normalized to the TS when no stream is present.
The figure makes it clear that if the detector is within an

Broadband-type (e.g. ABRA/DM-Radio) Resonant-type (e.g. ADMX)

proportional to a2: 
traces out f(v)

a(t) ⇠
p
2⇢DM

ma

Z p
f(v)d3v cos(!vt+mav · x)
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Coherence length effects

inside a  
coherence length

outside a coherence length

What about two detectors?

at a coherence length 
(~1700 km for ma = 10-9 eV)

hS�1�2(!)i /
Z

d⌦ v f(v) cos(mav · x)
����
v=

p
2!/ma�2
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Mapping the 3D velocity distribution 

Mildly anisotropic DM “blob” DM stream

If you want to know the direction of an anisotropy, 
you need (at least) two detectors, orthogonal to the anisotropy

Axion power spectrum Likelihood framework extract params.

[ongoing work w/Rachel Nguyen, Josh Foster, Nick Rodd, Ben Safdi]
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