
IN DEFENSE OF         
DARK MATTER 



What I will try to argue in this talk 
§  The existence of dark matter is on extremely strong empirical 

footing  
§  Standard 𝚲CDM cosmology has been incredibly successful, 

explaining a large number and variety of precise cosmological 
observations 

§  We have “discovered” dark matter in a variety of different 
ways over the past several decades (although we do not yet 
have any unambiguous indications of dark matter’s particle 
nature) 

§  In contrast, no proposed version of MOND or other 
modification of general relativity has been able to explain the 
observed large scale structure of our universe, or the cosmic 
microwave background 



What I am NOT going to argue in 
this talk 

§  It is entirely impossible that the observations that we currently 
attribute to dark matter are actually somehow the 
consequence of some departure from general relativity – I will 
merely argue that this is highly unlikely 

§  No one should be working on MOND or other modifications of 
general relativity  

These positions are strawmen 



Myths and History 
§  I’ve seen hundreds of seminars, colloquia and 

conference talks which summarize the history of 
dark matter in terms of Fritz Zwicky (Coma 1933) 
and Vera Rubin (Andromeda 1970) 

 
§  This is more mythology than history 

§  Although Zwick and Rubin made important 
contributions, it was not the dynamics of galaxies   
or galaxy clusters that lead to the broad consensus 
that dark matter exists in large quantities                       
(in fact, neither Zwicky nor Rubin was convinced 
that dark matter exists) 

For a history of dark matter, see Bertone and DH (2016) 



Myths and History 
§  Many of the papers that we now think of as the pioneering work on 

particle dark matter in fact make no reference to any missing mass or 
dark matter problem – the authors were, at the time, either unaware of 
or unconcerned with these issues 

§  Take, for example, Lee and Weinberg (1977): “Of course, if a stable 
heavy lepton were discovered with a mass of order 1-15 GeV, the 
gravitational field of these heavy neutrinos would provide a plausible 
mechanism for closing the universe.” 

§  Until the mid-1980s, most papers discussing cosmological constraints 
on particle physics models made no reference to the dark matter 
problem 

§  Many of the early papers on neutralinos and axions that we now think 
of as being about dark matter, in fact made no reference at all to the 
missing mass problem – the necessity of dark matter became a 
consensus view only later 

For a history of dark matter, see Bertone and DH (2016) 



What Lead to the Dark Matter Consensus? 
 

For a history of dark matter, see Bertone and DH (2016) 
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What Lead to the Dark Matter Consensus? 
1)  Large Scale Structure: By the mid-80s, it was appreciated that the 

results of simulations matched galaxy surveys only if the universe 
contained large quantities of cold dark matter 

2)  The CMB: In 1982 it was pointed out (by Jim Peebles) that the 
absence of fluctuations at a level of ~10-4 was incompatible with a 
universe with only baryonic matter, arguing in favor of massive, feebly 
interacting particles; in the years leading up to COBE, this argument 
became only more persuasive 

3)  Microlensing MACHO Searches: By the late-1990s, it was clear that 
most of the dark matter could not be in the form of compact objects 

4)  The Tightening of the Baryon Budget: In the 1970s, light element 
abundances required only 𝜴b<0.1; high precision deuterium 
measurements in the 1990s improved this to 𝜴bh2=0.020±0.002 

Galactic dynamics had little to do with the rise of particle dark matter 
Cosmological considerations played a very important role 

 
For a history of dark matter, see Bertone and DH (2016) 



The Spectacular Success of 𝚲CDM in 
the Age of Precision Cosmology  



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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Planck Collaboration: Cosmological parameters

Table 4. Parameter 68 % confidence limits for the base⇤CDM model from Planck CMB power spectra, in combination with lensing
reconstruction (“lensing”) and external data (“ext”, BAO+JLA+H0). While we see no evidence that systematic e↵ects in polarization
are biasing parameters in the base ⇤CDM model, a conservative choice would be to use the parameter values listed in Column 3
(i.e., for TT+lowP+lensing). Nuisance parameters are not listed here for brevity, but can be found in the extensive tables on the
Planck Legacy Archive, http://pla.esac.esa.int/pla; however, the last three parameters listed here give a summary measure
of the total foreground amplitude (in µK2) at ` = 2000 for the three high-` temperature power spectra used by the likelihood.
In all cases the helium mass fraction used is predicted by BBN from the baryon abundance (posterior mean YP ⇡ 0.2453, with
theoretical uncertainties in the BBN predictions dominating over the Planck error on ⌦bh2). The Hubble constant is given in units
of km s�1 Mpc�1, while r⇤ is in Mpc and wavenumbers are in Mpc�1.

TT+lowP TT+lowP+lensing TT+lowP+lensing+ext TT,TE,EE+lowP TT,TE,EE+lowP+lensing TT,TE,EE+lowP+lensing+ext
Parameter 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits

⌦bh2 . . . . . . . . . . . 0.02222 ± 0.00023 0.02226 ± 0.00023 0.02227 ± 0.00020 0.02225 ± 0.00016 0.02226 ± 0.00016 0.02230 ± 0.00014

⌦ch2 . . . . . . . . . . . 0.1197 ± 0.0022 0.1186 ± 0.0020 0.1184 ± 0.0012 0.1198 ± 0.0015 0.1193 ± 0.0014 0.1188 ± 0.0010

100✓MC . . . . . . . . . 1.04085 ± 0.00047 1.04103 ± 0.00046 1.04106 ± 0.00041 1.04077 ± 0.00032 1.04087 ± 0.00032 1.04093 ± 0.00030

⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.066 ± 0.016 0.067 ± 0.013 0.079 ± 0.017 0.063 ± 0.014 0.066 ± 0.012

ln(1010As) . . . . . . . . 3.089 ± 0.036 3.062 ± 0.029 3.064 ± 0.024 3.094 ± 0.034 3.059 ± 0.025 3.064 ± 0.023

ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.9677 ± 0.0060 0.9681 ± 0.0044 0.9645 ± 0.0049 0.9653 ± 0.0048 0.9667 ± 0.0040

H0 . . . . . . . . . . . . 67.31 ± 0.96 67.81 ± 0.92 67.90 ± 0.55 67.27 ± 0.66 67.51 ± 0.64 67.74 ± 0.46

⌦⇤ . . . . . . . . . . . . 0.685 ± 0.013 0.692 ± 0.012 0.6935 ± 0.0072 0.6844 ± 0.0091 0.6879 ± 0.0087 0.6911 ± 0.0062

⌦m . . . . . . . . . . . . 0.315 ± 0.013 0.308 ± 0.012 0.3065 ± 0.0072 0.3156 ± 0.0091 0.3121 ± 0.0087 0.3089 ± 0.0062

⌦mh2 . . . . . . . . . . 0.1426 ± 0.0020 0.1415 ± 0.0019 0.1413 ± 0.0011 0.1427 ± 0.0014 0.1422 ± 0.0013 0.14170 ± 0.00097

⌦mh3 . . . . . . . . . . 0.09597 ± 0.00045 0.09591 ± 0.00045 0.09593 ± 0.00045 0.09601 ± 0.00029 0.09596 ± 0.00030 0.09598 ± 0.00029

�8 . . . . . . . . . . . . 0.829 ± 0.014 0.8149 ± 0.0093 0.8154 ± 0.0090 0.831 ± 0.013 0.8150 ± 0.0087 0.8159 ± 0.0086

�8⌦
0.5
m . . . . . . . . . . 0.466 ± 0.013 0.4521 ± 0.0088 0.4514 ± 0.0066 0.4668 ± 0.0098 0.4553 ± 0.0068 0.4535 ± 0.0059

�8⌦
0.25
m . . . . . . . . . 0.621 ± 0.013 0.6069 ± 0.0076 0.6066 ± 0.0070 0.623 ± 0.011 0.6091 ± 0.0067 0.6083 ± 0.0066

zre . . . . . . . . . . . . 9.9+1.8
�1.6 8.8+1.7

�1.4 8.9+1.3
�1.2 10.0+1.7

�1.5 8.5+1.4
�1.2 8.8+1.2

�1.1

109As . . . . . . . . . . 2.198+0.076
�0.085 2.139 ± 0.063 2.143 ± 0.051 2.207 ± 0.074 2.130 ± 0.053 2.142 ± 0.049

109Ase�2⌧ . . . . . . . . 1.880 ± 0.014 1.874 ± 0.013 1.873 ± 0.011 1.882 ± 0.012 1.878 ± 0.011 1.876 ± 0.011

Age/Gyr . . . . . . . . 13.813 ± 0.038 13.799 ± 0.038 13.796 ± 0.029 13.813 ± 0.026 13.807 ± 0.026 13.799 ± 0.021

z⇤ . . . . . . . . . . . . 1090.09 ± 0.42 1089.94 ± 0.42 1089.90 ± 0.30 1090.06 ± 0.30 1090.00 ± 0.29 1089.90 ± 0.23

r⇤ . . . . . . . . . . . . 144.61 ± 0.49 144.89 ± 0.44 144.93 ± 0.30 144.57 ± 0.32 144.71 ± 0.31 144.81 ± 0.24

100✓⇤ . . . . . . . . . . 1.04105 ± 0.00046 1.04122 ± 0.00045 1.04126 ± 0.00041 1.04096 ± 0.00032 1.04106 ± 0.00031 1.04112 ± 0.00029

zdrag . . . . . . . . . . . 1059.57 ± 0.46 1059.57 ± 0.47 1059.60 ± 0.44 1059.65 ± 0.31 1059.62 ± 0.31 1059.68 ± 0.29

rdrag . . . . . . . . . . . 147.33 ± 0.49 147.60 ± 0.43 147.63 ± 0.32 147.27 ± 0.31 147.41 ± 0.30 147.50 ± 0.24

kD . . . . . . . . . . . . 0.14050 ± 0.00052 0.14024 ± 0.00047 0.14022 ± 0.00042 0.14059 ± 0.00032 0.14044 ± 0.00032 0.14038 ± 0.00029

zeq . . . . . . . . . . . . 3393 ± 49 3365 ± 44 3361 ± 27 3395 ± 33 3382 ± 32 3371 ± 23

keq . . . . . . . . . . . . 0.01035 ± 0.00015 0.01027 ± 0.00014 0.010258 ± 0.000083 0.01036 ± 0.00010 0.010322 ± 0.000096 0.010288 ± 0.000071

100✓s,eq . . . . . . . . . 0.4502 ± 0.0047 0.4529 ± 0.0044 0.4533 ± 0.0026 0.4499 ± 0.0032 0.4512 ± 0.0031 0.4523 ± 0.0023

f 143
2000 . . . . . . . . . . . 29.9 ± 2.9 30.4 ± 2.9 30.3 ± 2.8 29.5 ± 2.7 30.2 ± 2.7 30.0 ± 2.7

f 143⇥217
2000 . . . . . . . . . 32.4 ± 2.1 32.8 ± 2.1 32.7 ± 2.0 32.2 ± 1.9 32.8 ± 1.9 32.6 ± 1.9

f 217
2000 . . . . . . . . . . . 106.0 ± 2.0 106.3 ± 2.0 106.2 ± 2.0 105.8 ± 1.9 106.2 ± 1.9 106.1 ± 1.8

Table 5. Constraints on 1-parameter extensions to the base⇤CDM model for combinations of Planck power spectra, Planck lensing,
and external data (BAO+JLA+H0, denoted “ext”). All limits and confidence regions quoted here are 95 %.

Parameter TT TT+lensing TT+lensing+ext TT,TE,EE TT,TE,EE+lensing TT,TE,EE+lensing+ext

⌦K . . . . . . . . . . . . . . �0.052+0.049
�0.055 �0.005+0.016

�0.017 �0.0001+0.0054
�0.0052 �0.040+0.038

�0.041 �0.004+0.015
�0.015 0.0008+0.0040

�0.0039
⌃m⌫ [eV] . . . . . . . . . . < 0.715 < 0.675 < 0.234 < 0.492 < 0.589 < 0.194
Ne↵ . . . . . . . . . . . . . . 3.13+0.64

�0.63 3.13+0.62
�0.61 3.15+0.41

�0.40 2.99+0.41
�0.39 2.94+0.38

�0.38 3.04+0.33
�0.33

YP . . . . . . . . . . . . . . . 0.252+0.041
�0.042 0.251+0.040

�0.039 0.251+0.035
�0.036 0.250+0.026

�0.027 0.247+0.026
�0.027 0.249+0.025

�0.026
dns/d ln k . . . . . . . . . . �0.008+0.016

�0.016 �0.003+0.015
�0.015 �0.003+0.015

�0.014 �0.006+0.014
�0.014 �0.002+0.013

�0.013 �0.002+0.013
�0.013

r0.002 . . . . . . . . . . . . . < 0.103 < 0.114 < 0.114 < 0.0987 < 0.112 < 0.113
w . . . . . . . . . . . . . . . �1.54+0.62

�0.50 �1.41+0.64
�0.56 �1.006+0.085

�0.091 �1.55+0.58
�0.48 �1.42+0.62

�0.56 �1.019+0.075
�0.080
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Table 4. Parameter 68 % confidence limits for the base⇤CDM model from Planck CMB power spectra, in combination with lensing
reconstruction (“lensing”) and external data (“ext”, BAO+JLA+H0). While we see no evidence that systematic e↵ects in polarization
are biasing parameters in the base ⇤CDM model, a conservative choice would be to use the parameter values listed in Column 3
(i.e., for TT+lowP+lensing). Nuisance parameters are not listed here for brevity, but can be found in the extensive tables on the
Planck Legacy Archive, http://pla.esac.esa.int/pla; however, the last three parameters listed here give a summary measure
of the total foreground amplitude (in µK2) at ` = 2000 for the three high-` temperature power spectra used by the likelihood.
In all cases the helium mass fraction used is predicted by BBN from the baryon abundance (posterior mean YP ⇡ 0.2453, with
theoretical uncertainties in the BBN predictions dominating over the Planck error on ⌦bh2). The Hubble constant is given in units
of km s�1 Mpc�1, while r⇤ is in Mpc and wavenumbers are in Mpc�1.

TT+lowP TT+lowP+lensing TT+lowP+lensing+ext TT,TE,EE+lowP TT,TE,EE+lowP+lensing TT,TE,EE+lowP+lensing+ext
Parameter 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits

⌦bh2 . . . . . . . . . . . 0.02222 ± 0.00023 0.02226 ± 0.00023 0.02227 ± 0.00020 0.02225 ± 0.00016 0.02226 ± 0.00016 0.02230 ± 0.00014

⌦ch2 . . . . . . . . . . . 0.1197 ± 0.0022 0.1186 ± 0.0020 0.1184 ± 0.0012 0.1198 ± 0.0015 0.1193 ± 0.0014 0.1188 ± 0.0010

100✓MC . . . . . . . . . 1.04085 ± 0.00047 1.04103 ± 0.00046 1.04106 ± 0.00041 1.04077 ± 0.00032 1.04087 ± 0.00032 1.04093 ± 0.00030

⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.066 ± 0.016 0.067 ± 0.013 0.079 ± 0.017 0.063 ± 0.014 0.066 ± 0.012

ln(1010As) . . . . . . . . 3.089 ± 0.036 3.062 ± 0.029 3.064 ± 0.024 3.094 ± 0.034 3.059 ± 0.025 3.064 ± 0.023

ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.9677 ± 0.0060 0.9681 ± 0.0044 0.9645 ± 0.0049 0.9653 ± 0.0048 0.9667 ± 0.0040

H0 . . . . . . . . . . . . 67.31 ± 0.96 67.81 ± 0.92 67.90 ± 0.55 67.27 ± 0.66 67.51 ± 0.64 67.74 ± 0.46

⌦⇤ . . . . . . . . . . . . 0.685 ± 0.013 0.692 ± 0.012 0.6935 ± 0.0072 0.6844 ± 0.0091 0.6879 ± 0.0087 0.6911 ± 0.0062

⌦m . . . . . . . . . . . . 0.315 ± 0.013 0.308 ± 0.012 0.3065 ± 0.0072 0.3156 ± 0.0091 0.3121 ± 0.0087 0.3089 ± 0.0062

⌦mh2 . . . . . . . . . . 0.1426 ± 0.0020 0.1415 ± 0.0019 0.1413 ± 0.0011 0.1427 ± 0.0014 0.1422 ± 0.0013 0.14170 ± 0.00097

⌦mh3 . . . . . . . . . . 0.09597 ± 0.00045 0.09591 ± 0.00045 0.09593 ± 0.00045 0.09601 ± 0.00029 0.09596 ± 0.00030 0.09598 ± 0.00029

�8 . . . . . . . . . . . . 0.829 ± 0.014 0.8149 ± 0.0093 0.8154 ± 0.0090 0.831 ± 0.013 0.8150 ± 0.0087 0.8159 ± 0.0086

�8⌦
0.5
m . . . . . . . . . . 0.466 ± 0.013 0.4521 ± 0.0088 0.4514 ± 0.0066 0.4668 ± 0.0098 0.4553 ± 0.0068 0.4535 ± 0.0059

�8⌦
0.25
m . . . . . . . . . 0.621 ± 0.013 0.6069 ± 0.0076 0.6066 ± 0.0070 0.623 ± 0.011 0.6091 ± 0.0067 0.6083 ± 0.0066

zre . . . . . . . . . . . . 9.9+1.8
�1.6 8.8+1.7

�1.4 8.9+1.3
�1.2 10.0+1.7

�1.5 8.5+1.4
�1.2 8.8+1.2

�1.1

109As . . . . . . . . . . 2.198+0.076
�0.085 2.139 ± 0.063 2.143 ± 0.051 2.207 ± 0.074 2.130 ± 0.053 2.142 ± 0.049

109Ase�2⌧ . . . . . . . . 1.880 ± 0.014 1.874 ± 0.013 1.873 ± 0.011 1.882 ± 0.012 1.878 ± 0.011 1.876 ± 0.011

Age/Gyr . . . . . . . . 13.813 ± 0.038 13.799 ± 0.038 13.796 ± 0.029 13.813 ± 0.026 13.807 ± 0.026 13.799 ± 0.021

z⇤ . . . . . . . . . . . . 1090.09 ± 0.42 1089.94 ± 0.42 1089.90 ± 0.30 1090.06 ± 0.30 1090.00 ± 0.29 1089.90 ± 0.23

r⇤ . . . . . . . . . . . . 144.61 ± 0.49 144.89 ± 0.44 144.93 ± 0.30 144.57 ± 0.32 144.71 ± 0.31 144.81 ± 0.24

100✓⇤ . . . . . . . . . . 1.04105 ± 0.00046 1.04122 ± 0.00045 1.04126 ± 0.00041 1.04096 ± 0.00032 1.04106 ± 0.00031 1.04112 ± 0.00029

zdrag . . . . . . . . . . . 1059.57 ± 0.46 1059.57 ± 0.47 1059.60 ± 0.44 1059.65 ± 0.31 1059.62 ± 0.31 1059.68 ± 0.29

rdrag . . . . . . . . . . . 147.33 ± 0.49 147.60 ± 0.43 147.63 ± 0.32 147.27 ± 0.31 147.41 ± 0.30 147.50 ± 0.24

kD . . . . . . . . . . . . 0.14050 ± 0.00052 0.14024 ± 0.00047 0.14022 ± 0.00042 0.14059 ± 0.00032 0.14044 ± 0.00032 0.14038 ± 0.00029

zeq . . . . . . . . . . . . 3393 ± 49 3365 ± 44 3361 ± 27 3395 ± 33 3382 ± 32 3371 ± 23

keq . . . . . . . . . . . . 0.01035 ± 0.00015 0.01027 ± 0.00014 0.010258 ± 0.000083 0.01036 ± 0.00010 0.010322 ± 0.000096 0.010288 ± 0.000071
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2000 . . . . . . . . . 32.4 ± 2.1 32.8 ± 2.1 32.7 ± 2.0 32.2 ± 1.9 32.8 ± 1.9 32.6 ± 1.9

f 217
2000 . . . . . . . . . . . 106.0 ± 2.0 106.3 ± 2.0 106.2 ± 2.0 105.8 ± 1.9 106.2 ± 1.9 106.1 ± 1.8

Table 5. Constraints on 1-parameter extensions to the base⇤CDM model for combinations of Planck power spectra, Planck lensing,
and external data (BAO+JLA+H0, denoted “ext”). All limits and confidence regions quoted here are 95 %.

Parameter TT TT+lensing TT+lensing+ext TT,TE,EE TT,TE,EE+lensing TT,TE,EE+lensing+ext

⌦K . . . . . . . . . . . . . . �0.052+0.049
�0.055 �0.005+0.016

�0.017 �0.0001+0.0054
�0.0052 �0.040+0.038

�0.041 �0.004+0.015
�0.015 0.0008+0.0040

�0.0039
⌃m⌫ [eV] . . . . . . . . . . < 0.715 < 0.675 < 0.234 < 0.492 < 0.589 < 0.194
Ne↵ . . . . . . . . . . . . . . 3.13+0.64

�0.63 3.13+0.62
�0.61 3.15+0.41

�0.40 2.99+0.41
�0.39 2.94+0.38

�0.38 3.04+0.33
�0.33

YP . . . . . . . . . . . . . . . 0.252+0.041
�0.042 0.251+0.040
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�0.036 0.250+0.026

�0.027 0.247+0.026
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�0.026
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�0.091 �1.55+0.58
�0.48 �1.42+0.62

�0.56 �1.019+0.075
�0.080
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It is significant that this determination is in such good 
agreement with the values yielded by cluster 
measurements, large scale structure, and other 
diverse types of cosmological data – the concordance 
between very different kinds of observations is a major 
part of what makes 𝚲CDM cosmology so compelling  
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4

2ϕ). The perturbation in the scalar field will support the
perturbations through recombination yet still allow the
damping of anisotropies in the photon fluid. Unlike the
case of dark matter however, the coupling between the
scalar field and the metric is such that ρφ does not play
a role in the magnitude of the effect. Even for minute
values of Ωφ we can still have a non-negligible effect. As
we can see in Fig. 3, the net result is that decreasing
µ0, ℓB or K will boost small scale power in such a way
as to overcome the damping of perturbations. This is an

FIG. 4: The angular power spectrum of the CMB (top panel)
and the power spectrum of the baryon density (bottom panel)
for a MOND universe (with a0 ≃ 4.2×10−8cm/s2) with ΩΛ =
0.78 and Ων = 0.17 and ΩB = 0.05 (solid line), for a MOND
universe ΩΛ = 0.95 and ΩB = 0.05 (dashed line) and for the
Λ-CDM model (dotted line). A collection of data points from
CMB experiments and Sloan are overplotted.

intriguing effect that goes in tandem with what we saw in
the CMB. While decreasing ℓB (and a sufficiently small
K and µ0) will contaminate the large scale power in the

angular power spectrum of the CMB, it can also play a
role in counteracting Silk damping of density perturba-
tions.

Given these two effects on the dynamics of large scale
structure, is it possible to construct a MOND universe
which can reproduce current observations of the CMB
and galaxy surveys? There is clearly a competition be-
tween overproducing large scale power in the CMB but
also overcoming damping on small scale. In Fig. 4 we
present two MOND universes compared to data [13, 14].
As mentioned above, a universe with a very large contri-
bution of Λ will not fit the current CMB data. By having
the three neutrinos with a mass of mν ≃ 2 eV each we
are able to resolve this mismatch. With an appropriate
choice of K, µ0 and ℓB it is possible to reproduce the
power spectrum of galaxies as inferred from the Sloan
Digital Sky Survey [14]. The possibility of using massive
neutrinos to resolve some of the problems with clusters
in a MOND universe has been mooted in [15].

We have focused on one very specific model proposed
by Bekenstein with a somewhat artificial potential for
the new degrees of freedom. This phenomenological ap-
proach needs a firmer theoretical underpinning which
might come from the various approaches which are being
taken in the context of brane worlds, M-theory and a rich
array of theories of modified gravity. However, Beken-
stein’s theory can play an important role in opening up
an altogether different approach to the dark matter prob-
lem. It serves as a proof of concept which will clearly
lead to a new, very different view of the role played by
the gravitational field in cosmology.
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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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a role in the magnitude of the effect. Even for minute
values of Ωφ we can still have a non-negligible effect. As
we can see in Fig. 3, the net result is that decreasing
µ0, ℓB or K will boost small scale power in such a way
as to overcome the damping of perturbations. This is an

FIG. 4: The angular power spectrum of the CMB (top panel)
and the power spectrum of the baryon density (bottom panel)
for a MOND universe (with a0 ≃ 4.2×10−8cm/s2) with ΩΛ =
0.78 and Ων = 0.17 and ΩB = 0.05 (solid line), for a MOND
universe ΩΛ = 0.95 and ΩB = 0.05 (dashed line) and for the
Λ-CDM model (dotted line). A collection of data points from
CMB experiments and Sloan are overplotted.

intriguing effect that goes in tandem with what we saw in
the CMB. While decreasing ℓB (and a sufficiently small
K and µ0) will contaminate the large scale power in the

angular power spectrum of the CMB, it can also play a
role in counteracting Silk damping of density perturba-
tions.

Given these two effects on the dynamics of large scale
structure, is it possible to construct a MOND universe
which can reproduce current observations of the CMB
and galaxy surveys? There is clearly a competition be-
tween overproducing large scale power in the CMB but
also overcoming damping on small scale. In Fig. 4 we
present two MOND universes compared to data [13, 14].
As mentioned above, a universe with a very large contri-
bution of Λ will not fit the current CMB data. By having
the three neutrinos with a mass of mν ≃ 2 eV each we
are able to resolve this mismatch. With an appropriate
choice of K, µ0 and ℓB it is possible to reproduce the
power spectrum of galaxies as inferred from the Sloan
Digital Sky Survey [14]. The possibility of using massive
neutrinos to resolve some of the problems with clusters
in a MOND universe has been mooted in [15].

We have focused on one very specific model proposed
by Bekenstein with a somewhat artificial potential for
the new degrees of freedom. This phenomenological ap-
proach needs a firmer theoretical underpinning which
might come from the various approaches which are being
taken in the context of brane worlds, M-theory and a rich
array of theories of modified gravity. However, Beken-
stein’s theory can play an important role in opening up
an altogether different approach to the dark matter prob-
lem. It serves as a proof of concept which will clearly
lead to a new, very different view of the role played by
the gravitational field in cosmology.
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The Biggest Problem For MOND – The 
Matter Power Spectrum 

§  The matter power spectrum has been measured from scales as 
large as the cosmic horizon (~10 Gpc), down to those of galaxies 
(~1 Mpc) 

§  These observations are in          
fantastic agreement with                 t.          
the predictions of standard                                
𝚲CDM cosmology  
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§  These BAO are small in standard 𝚲CDM cosmology, because they are 
suppressed as baryons fall into the potential wells formed by dark matter 
– only a few percent of the primordial oscillations survive 



The Biggest Problem For MOND – The 
Matter Power Spectrum 

§  If you look closely, you can see small wiggles in the matter power 
spectrum, resulting from baryon acoustic oscillations (BAO)  

§  These BAO are small in standard 𝚲CDM cosmology, because they are 
suppressed as baryons fall into the potential wells formed by dark matter 
– only a few percent of the primordial oscillations survive 

§  In a universe without dark matter,                            
however, these oscillations should       
be much larger 

§  Even if structure growth is                      
somehow enhanced through            
modifications of gravity, without                 
dark matter, BAO should be                     
~30 times larger than observed 

FIG. 1: The power spectrum of matter. Red points with error bars are the data from the Sloan

Digital Sky Survey [9]; heavy black curve is the ΛCDM model, which assumes standard general

relativity and contains 6 times more dark matter than ordinary baryons. The dashed blue curve is

a “No Dark Matter” model in which all matter consists of baryons (with density equal to 20% of

the critical density), and the baryons and a cosmological constant combine to form a flat Universe

with the critical density. This model predicts that inhomogenities on all scales are less than unity

(horizontal black line), so the Universe never went nonlinear, and no structure could have formed.

TeVeS (solid blue curve) solves the no structure problem by modifying gravity to enhance the

perturbations (amplitude enhancement shown by arrows). While the amplitude can now exceed

unity, the spectrum has pronounced Baryon Acoustic Oscillations, in violent disagreement with

the data.

matter model, on the other hand, the oscillations should be just as apparent in matter as

they are in the radiation. Indeed, Fig. 1 illustrates that – even if a generalization such

as TeVeS fixes the amplitude problem – the shape of the predicted spectrum is in violent

5

Dodelson (2011) 



The Bullet Cluster (and its cousins) 



In light of these challenges, one might have guessed that interest 
in MOND would have declined as precision cosmological data 
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What has driven this dramatic surge in interest in MOND?!? 
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Small Scale Structure Problems for CDM 



The So-Called “Missing Satellites Problem” 
§  In the late 90s, its was pointed out that dark matter-only simulations 

predicted many more Milky Way satellite galaxies (~102-103) than had 
been observed at the time (~10) (Klypin et al., Moore et al. 1999) 

§  Since that time, SDSS, DES and other surveys have lead to the 
discovery of ~50 such satellites, and many more are expected from LSST 

§  Even more important has been the progress made in understanding how 
baryonic physics impacts such systems; it is now clear that most 
subhalos lighter than ~109 M⊙ do not efficiently form stars 
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A critical challenge to the cold dark matter (CDM) paradigm is that there are fewer satellites
observed around the Milky Way than found in simulations of dark matter substructure. We show
that there is a match between the observed satellite counts corrected by the detection e�ciency of
the Sloan Digital Sky Survey (for luminosities L & 340 L�) and the number of luminous satellites
predicted by CDM, assuming an empirical relation between stellar mass and halo mass. The “missing
satellites problem”, cast in terms of number counts, is thus solved, and implies that luminous
satellites inhabit subhalos as small as 107�108 M�. The total number of Milky Way satellites
depends sensitively on the spatial distribution of satellites. We also show that warm dark matter
(WDM) models with a thermal relic mass smaller than 4 keV are robustly ruled out, and that
limits of mWDM & 8 keV from the Milky Way are probable in the near future. Similarly stringent
constraints can be placed on any dark matter model that leads to a suppression of the matter power
spectrum on ⇠107 M� scales. Measurements of completely dark halos below 108 M�, achievable
with substructure lensing, are the next frontier for tests of CDM.

I. INTRODUCTION

One outstanding problem for the cold dark mat-
ter (CDM) paradigm is the missing satellites problem
(MSP). When originally formulated, the MSP high-
lighted the discrepancy between the number of satel-
lites predicted in CDM simulations, numbering in the
100s, and observed in the Milky Way (MW), number-
ing ⇠10 [1–3]. Since then, increasingly sensitive surveys
have pushed the observed satellite count to ⇠50 (e.g.,
Ref. [4]). Simultaneously, however, improved resolution
in numerical simulations has also increased the number
of predicted satellites (e.g., [5]).

A crucial step towards resolving the MSP is to cor-
rect for those satellites that have not yet been detected.
Only a fraction of the MW’s virial volume has been sur-
veyed [6]. The Sloan Digital Sky Survey (SDSS), by
which ultra-faint dwarfs with luminosities as low as 340
L� (Segue I) were discovered, covered only about a third
of the sky. For the faintest dwarfs, SDSS was complete
out to about 50 kpc, less than 20% of the MW’s virial
radius [7, 8]. The observed count is thus a lower bound
on the luminous MW satellite population. Completeness
corrections must be applied to derive the total number
of luminous MW satellites.

Fully resolving the MSP requires that the
completeness-corrected galaxy count match the pre-
dicted luminous satellite abundance. This depends on
the physics of an additional key component: baryons.
There is growing evidence that not all dark matter

⇤
kim.4905@osu.edu

subhalos host an observable galaxy. Galaxy evolution
models [9] and star-formation histories of ultra-faint
dwarfs [10] indicate that feedback processes and reion-
ization prevent star formation. In fact, most subhalos
below ⇠109 M� are ine�cient in forming a luminous
component [11, 12], implying that most MW subhalos
are dark.

In this work, we provide analytic models to
completeness-correct the observed MW luminous galaxy
population and to predict the size of the luminous galaxy
population. Our correction builds on Refs. [6, 13–15],
which used simulations or Bayesian techniques to esti-
mate that the MW hosts hundreds of luminous satel-
lites. We calculate the total number of luminous galax-
ies down to 340 L� based on the satellites observed by
SDSS. We show that the MW satellite population should
number ⇠200 down to this luminosity limit. The un-
certainty budget is dominated by the poorly constrained
spatial distribution of satellites within the MW. For com-
parison, we predict the number of luminous satellites
expected in CDM based on empirical scaling relations
between halos and galaxies. We show that the CDM
predictions and the completeness-corrected observations
match—resolving the MSP down to halo masses of at
least ⇠108 M�. Our work thus pushes the frontier for
tests of CDM to scales below ⇠108 M�. These results
have implications beyond the MSP.

Successful dark matter models cannot produce just
enough dark matter subhalos to match the corrected
galaxy count—they must produce enough luminous

galaxies. This places stringent constraints on warm dark
matter (WDM) models, requiring a thermal relic mass of
at least 4 keV.

Successful galaxy formation models must produce
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in numerical simulations has also increased the number
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tests of CDM to scales below ⇠108 M�. These results
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Here’s an example, from Garisson-Kimmel et al. 2017, comparing the 
results of a dark matter-only simulation to a hydro-simulation (FIRE) 

4 S. Garrison-Kimmel et al.

Figure 1. Visualizations of dark matter (DM) in the Latte m12i halo. Coloring indicates log10 of the local dark matter density. From
left to right, the columns show the dark matter-only (DMO) simulation, the fully baryonic simulation using FIRE physics, and the dark
matter-only run that adds an analytic, embedded disk potential to the halo center (DM+disk), where the disk properties are matched
to the baryonic simulation. The top row illustrates a cube 500 kpc on a side, while the bottom row zooms in on a cube 100 kpc across.
The presence of the central galaxy (either real or embedded) leads to an enhancement in the DM density at the center. Substructure
counts are roughly similar on large scales in all cases (top row), but the tidal field of the central galaxy eliminates many subhalos within
⇠ 50 kpc (bottom row). Although the embedded disk potential does not capture all of the e↵ects of baryons, it does e↵ectively capture
subhalo depletion in the inner halo, where searches for dark substructure via lensing or stellar streams are most sensitive. We quantify
these di↵erences in Figures 2 – 3.

photo-electric heating. Every star particle is treated as a sin-
gle stellar population with a mass, age, and metallicity. We
tabulate all feedback event rates, luminosities and energies,
mass-loss rates, and other quantities directly from stellar
evolution models (STARBURST99 v7.0; Leitherer et al. 1999)
assuming a Kroupa (2001) initial mass function (IMF).

Full details of FIRE-2 are provided in Hopkins et al.
(2017). The source code and numerical parameters of our
baryonic simulations are exactly identical to those in all
FIRE-2 simulations (Wetzel et al. 2016; Su et al. 2016; Fitts
et al. 2016).

The FIRE simulations have been shown to reproduce a
wide variety of observables, including the relationships be-
tween stellar mass and halo mass, the Kennicutt-Schmidt
law, bursty star formation histories, the star forming main
sequence (Hopkins et al. 2014), galactic winds (Muratov
et al. 2015, 2017), the gas and stellar phase M

?

-metallicity
relations (Ma et al. 2016), the M

?

-size relation (El-Badry
et al. 2016), the HI content of galaxy halos at both low
and high redshift (Faucher-Giguère et al. 2015, 2016; Hafen
et al. 2017), and the structure and star formation histo-

ries of isolated dwarf galaxies (Oñorbe et al. 2015; Chan
et al. 2015; Fitts et al. 2016). Moreover, in simulations of
MW-mass halos, in addition to forming a realistic MW-like
galaxy in terms of stellar mass and disk morphology (Wetzel
et al. 2016; Ma et al. 2017), the FIRE model yields reason-
able populations of dwarf galaxies around those galaxies, in
terms of the distributions of stellar masses and velocity dis-
persions, as well as a wide range of star formation histories
that agree well with those of the actual MW satellites.

Both m12i and m12f form thin, radially extended stellar
disks with M

?

(R < R90, z < z90) = 6.2⇥ 1010 M� and 7.5⇥
1010 M�, respectively, where R90 and z90 are the radius and
height that contain 90% of the mass. Thus, these galaxies
are comparable to, if slightly more massive than, the MW
in stars (Bland-Hawthorn & Gerhard 2016). At z = 0, the
total gas fraction, Mgas/(M?

+Mgas), within R90 and z90 is
13% for m12i and 15% for m12f.

The gravitational force softenings and kernel smooth-
ing lengths for gas particles are fully adaptive and con-
servative (following Price & Monaghan 2007). Hydrody-
namic smoothings and gravitational force softenings are al-

MNRAS 000, 1–20 (2017)
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Too Big To Fail? 
§  In 2011, Boylan-Kolchin, Bullock and Kaplinghat pointed out that 𝚲CDM  

simulations predict more very massive (~1010 M ⊙) satellite galaxies than 
are observed 

§  Even if baryonic processes suppress star formation, this seemed hard to 
explain 
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§  Baryonic effects can also reconcile simulations with observations   
(Brooks and Zolotov 2014, Brooks et al. 2013, Zolotov et al. 2012, Di 
Cintio et al. 2013, Arraki et al. 2014) 

§  Baryons can cool, moving mass toward the center of the parent halo and 
creating stronger tidal forces and greater tidal striping of satellites 

§  The presence of the Galactic Disk alone (which doesn’t exist in DM only 
simulations), will  destroy roughly a third of the most massive satellites 



Cores and Cusps 
§  In dark matter-only simulations, halos feature inner regions with high 

density cusps (𝜌 ~ 1/r), whereas some observations appear to favor 
shallower profiles or even flat density cores 

        



Cores and Cusps 
§  In dark matter-only simulations, halos feature inner regions with high 

density cusps (𝜌 ~ 1/r), whereas some observations appear to favor 
shallower profiles or even flat density cores 

§  More recent work has shown that stellar feedback can lead to repeated 
fluctuations in the gravitational potentials of such systems, removing dark 
matter from the central ~kpc (Pontzen and Governato 2012, Teyssier et 
al. 2013, Di Cintio et al. 2014, Pontzen and Governato 2014) 

                        Di Cintio et al.  
               (2014) 

Density Slope as a Function 
of Stellar/Halo Mass
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What To Make of the Small Scale Structure 
Problems? 

§  Personally, I think it’s likely that baryonic physics will ultimately resolve all 
of the small-scale problems currently being discussed 

§  Many very smart and informed experts hold other opinions, however, and 
no consensus exists 

§  But even if these problems are not the result of baryons, departures from 
cold, collisionless dark matter could very plausibly resolve the issues at 
hand, without resorting to modifications of general relativity 
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§  Personally, I think it’s likely that baryonic physics will ultimately resolve all 
of the small-scale problems currently being discussed 

§  Many very smart and informed experts hold other opinions, however, and 
no consensus exists 

§  But even if these problems are not the result of baryons, departures from 
cold, collisionless dark matter could very plausibly resolve the issues at 
hand, without resorting to modifications of general relativity 

§  Here’s an example from Brooks et al. (2014) of a series of dark matter-only 
simulations of a 1010 M ⊙ halo, for self-interacting dark matter (2 cm2/g),  
cold and collisionless dark matter, and warm dark matter (2 keV) 
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Fig. 1.— A 1010 M⊙ halo run with SIDM (left), CDM (middle), and WDM (right). These simulations are dark matter only. Each image
is 50kpc across. Color corresponds to density. The lowest densities (blue) are 100ρcrit, and the highest densities (white) are 106ρcrit. The
SIDM model (left) has been run with σ = 2 cm2/g (Fry et al., in prep). Note the more spherical shape of the halo compared to the CDM
run, as well as the lower densities reached at the very center (∼ 105ρcrit). The WDM model (right) has been run with the power spectrum
corresponding to a 2 keV thermal relic mass.

WDM is on the order of ∼2 keV, then a separate mech-
anism for creating dark matter cores in galaxies is still
required. Energetic feedback from supernovae provides a
natural mechanism for dark matter core creation within
the allowed WDM mass range (Pontzen & Governato
2012; Governato et al. 2012).
WDM has also been invoked to solve the Too Big to

Fail problem found in the Milky Way and M31 satel-
lites. The central densities of halos should be lower in
WDM models because structure formation occurs later.
In CDM, small structures form first, but in WDM mod-
els this smallest structure is wiped out, causing structure
formation to be delayed compared to CDM (Lovell et al.
2012). It has been established that the concentration of
a halo is related to formation time, with earlier forming
halos being more concentrated than later forming halos
(Wechsler et al. 2002; Zhao et al. 2003). Hence, WDM
halos are less concentrated, and there is less mass en-
closed at a fixed radius (Lovell et al. 2014). In the case
of the dwarf spheroidals, the mass is measured most ro-
bustly at the half light radii, which are typically !1kpc
for the luminous dwarfs (McConnachie 2012). The mass
enclosed at these small radii is sufficiently lowered to
solve the Too Big to Fail Problem (Lovell et al. 2012),
which requires masses to be lower by a factor of ∼2-4.
However, to fully solve the problem with no other con-
tributing solution, the mass of the WDM particle cannot
be larger than ∼2 keV (Schneider et al. 2014). In other
words, tension exists between the allowed mass range for
WDM from the Lyman-α forest (> 3.3 keV) and the
mass range required in order to solve the problems of
the satellites. If the dark matter mass is indeed above
∼3 keV, then an additional process is still required to
bring the masses of the luminous satellites in line with
observations. Fortunately, a baryonic solution (enhanced
tidal stripping in the presence of a disk) exists that could
solve this problem (Peñarrubia et al. 2010; Arraki et al.
2014; Brooks & Zolotov 2014).

3.2. Future Prospects

If further investigation of the 3.5 keV x-ray line proves
that it is difficult to explain as something other than dark
matter, the mass of this WDM particle needs to be recon-
ciled with other observational constraints. The thermal

relic equivalent mass of an originating sterile neutrino
(1.5-3.0 keV, Abazajian 2014) is already in tension with
the limits set by the Lyman-α forest, suggesting that
we would need to re-evaluate our interpretation of the
hydrodynamic simulations used to place the Lyman-α
forest constraints. Further, a 1.5 keV WDM particle is
hard to reconcile with the number of ultra-faint halos al-
ready observed around the Milky Way, though ∼3 keV
is not. A 1.5 keV WDM particle would suggest that
we have been biased in finding faint dwarfs, so that our
extrapolations to the full number not yet detected are
overly generous. A more complete census of the number
of ultra-faint galaxies and their distribution on the sky is
required before this can be reconciled. Fortunately, there
are a number of upcoming surveys (Skymapper, DES, and
LSST) that should be able to inventory hundreds of faint
satellites if they exist.
A liberal reading of the observational constraints sug-

gests that a minimum mass of ∼2 keV is allowed, but a
more conservative reading of the Lyman-α forest limits
suggests an even heavier particle. Even 2 keV is broadly
consistent with the number of satellites around the Milky
Way, and anything heavier is nearly indistinguishable
from CDM in terms of the amount of small-scale struc-
ture formed. In fact, assuming a WDM particle of 2
keV, there is very little difference in the resulting struc-
ture of any individual galaxy between CDM and WDM.
The concentration – mass relation for WDM dark mat-
ter halos is essentially identical to CDM in this mass
range (Schneider et al. 2012). When baryons are added,
a slight contraction of the dark matter halo is seen in the
CDM case compared to the WDM case (Herpich et al.
2014; Lovell et al. 2014). Herpich et al. (2014) simulated
Milky Way-mass and smaller galaxies in both CDM and
WDM models that include baryons. They attribute halo
contraction in CDM to the existence of subhalos that
drive disk instabilities, causing gas to flow the center of
galaxies and leading to contraction. By the same argu-
ment, the WDM simulations with baryons have less star
formation at z < 1 due to a lack of subhalo induced
instabilities.
If the only change between the CDM+baryon and al-

lowed WDM+baryon models is in slightly less concen-
trated galaxies and slightly lower star formation rates at

SIDM                         CDM                         WDM 
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q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1712.023321.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃

0
1)<5 GeV 1711.03301710 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV 1712.023322.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1712.023322.01 TeVg̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Yes 14.7 m(χ̃
0
1)<300 GeV, 1611.057911.7 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)=0 GeV 1706.037311.87 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 36.1 cτ(NLSP)<0.1 mm ATLAS-CONF-2017-0802.15 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 36.1 m(χ̃
0
1)=1700 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2017-0802.05 TeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV 1711.019011.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV 1711.019011.97 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃
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1)<420 GeV 1708.09266950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
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0
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±
1 )= m(χ̃
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1)+100 GeV 1706.03731275-700 GeVb̃1
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1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃
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1 ) = 2m(χ̃

0
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1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, 1709.04183, 1711.11520t̃1 90-198 GeV 0.195-1.0 TeVt̃1
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0
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t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-500 GeVℓ̃
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χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039750 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.07875760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.13 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2
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2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 36.1 cτ<1 mm ATLAS-CONF-2017-0801.06 TeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1712.02118460 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

displ. vtx - Yes 32.8 τ(g̃)=0.17 ns, m(χ̃
0
1) = 100 GeV 1710.049012.37 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 36.1 m(χ̃

0
1)=1075 GeV SUSY-2016-221.875 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 1704.084932.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 1704.084931.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.07171100-470 GeVt̃1 480-610 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% 1710.055440.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
December 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.



Constraints on the QCD Axion 

     Kolb and Turner (1989) 



If dark matter exists, how surprised should 
we be that we haven’t observed it non-

gravitationally? 
§  The answer to this question clearly depends on one’s Bayesian priors 
§  I would argue that for essentially any reasonable set of priors, one should 

not be particularly surprised 
§  Example I (top-down theorist):  
     -Weak-scale SUSY, QCD axion dominate expectations 
     -Although SUSY is now significantly constrained, the axion parameter  
      space is essentially as wide open as it was 30 years ago 
 



If dark matter exists, how surprised should 
we be that we haven’t observed it non-

gravitationally? 
§  The answer to this question clearly depends on one’s Bayesian priors 
§  I would argue that for essentially any reasonable set of priors, one should 

not be particularly surprised 
§  Example I (top-down theorist):  
     -Weak-scale SUSY, QCD axion dominate expectations 
     -Although SUSY is now significantly constrained, the axion parameter  
      space is essentially as wide open as it was 30 years ago 
 

§  Example II (bottom-up phenomenologist): 
     -Motivated by “WIMP Miracle”, among other possibilities 
     -Viable models often (but not always) invoke features such as 
resonances, coannihilations, low-masses, etc. 
     -Hidden sector WIMPs are essentially unconstrained (as one of many 
possible examples) 
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If dark matter exists, how surprised should 
we be that we haven’t observed it non-

gravitationally? 
§  The answer to this question clearly depends on one’s Bayesian priors 
§  I would argue that for essentially any reasonable set of priors, one should 

not be all that surprised 
§  Example I (top-down theorist):  
     -Weak-scale SUSY, QCD axion dominate expectations 
     -Although SUSY is now significantly constrained, the axion parameter  
      space is essentially as wide open as it was 30 years ago 
 

§  Example II (bottom-up phenomenologist): 
     -Motivated by “WIMP Miracle”, among other possibilities 
     -Hidden sector WIMPs are essentially unconstrained 
§  For either of these cases – and for essentially any reasonable set of 

priors – the Bayes Factor against dark matter is of order unity; the fact 
that we have not yet observed dark matter should thus have relatively 
little impact on our posterior 




