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Summary

• Cosmological limits on cold dark matter (large scales)
• CDM relic density
• Could it be sterile neutrinos or axions?
• Limits on DM annihilation

• Astrophysical concerns about cold dark matter (galactic scales)
• simulations: cusp/core issues, missing satellites, mass of sub-halos 

• Cosmological limits on neutrinos

• (Astrophysical indirect detection - not covered but extra slides)



History of early universe
Inflation? T ∼ 1015 GeV t ∼ 10-35 s 

CDM decoupling? T ∼ 10 GeV? t ∼ 10-8 s 

Quark-hadron transition  T ∼  GeV t ∼ 10-6 s 

Neutrino Decoupling T ∼ 1MeV t ∼ 1s 

Big Bang Nucleosynthesis T ∼ 100 keV t ∼ 10 min 

Matter-Radiation Equality T ∼ 0.8eV              t ∼ 60000 yr 

Recombination T ∼ 0.3eV t ∼ 380000 yr 



The CMB temperature sky

Planck Collaboration 2013



Planck Collaboration: The Planck mission

2 100 500 1000 1500 2000 2500 3000

�

102

103

104

D
�[
µ
K

2 ]

Planck

WMAP9

ACT

SPT

Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is `0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇠ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e↵ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit⇤CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-` anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high `. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base ⇤CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the ⇤CDM parameters are relatively robust to the inclusion
of di↵erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
⇤CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ` < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence
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ΛCDM: constraint on relic density

Planck +WP (2013) 
Ωbh2 = 0.0221 ± 0.0003 
Ωch2 = 0.120 ± 0.003 
ns = 0.960 ± 0.007 
109As = 2.20 ± 0.06 
τ = 0.089 ± 0.014

ΩΛ = 0.685 ± 0.017 

H0 = 67.3 ± 1.2  
σ8 = 0.83 ± 0.01

High mass à low cross section à high relic density 
Assume a collisionless non-relativistic particle



Baryon Acoustic Oscillations

BOSS,
Anderson et al 2012

rs is the comoving sound horizon at the baryon drag epoch
DV combines the angular diameter distance and the Hubble 
parameter

20 L. Anderson et al.

Figure 18. BAO in the power spectrum measured from the reconstructed
CMASS data (solid circles with 1� errors, lower panel) compared with un-
reconstructed BAO recovered from the SDSS-II LRG data (solid circles
with 1� errors, upper panel). Best-fit models are shown by the solid lines.
The SDSS-II data are based on the sample and power spectrum calculated in
Reid et al. (2010) and analysed by Percival et al. (2010); it has been shifted
to match the fiducial cosmology assumed in this paper. Clearly the CMASS
errors are significantly smaller than those of the SDSS-II data, and we also
benefit from reconstruction, reducing the the BAO damping scale.

Figure 19. A plot of the distance-redshift relation from various BAO mea-
surements from spectroscopic data sets. We plot D

V

(z)/r
s

times the fidu-
cial r

s

to restore a distance. Included here are this CMASS measurement,
the 6dF Galaxy Survey measurement at z = 0.1 (Beutler et al. 2011), the
SDSS-II LRG measurement at z = 0.35 (Padmanabhan et al. 2012a; Xu
et al. 2012; Mehta et al. 2012), and the WiggleZ measurement at z = 0.6
(Blake et al. 2011a). The latter is a combination of 3 partially covariant data
sets. The grey region is the 1 � prediction from WMAP under the assump-
tion of a flat Universe with a cosmological constant (Komatsu et al. 2011).
The agreement between the various BAO measurements and this prediction
is excellent.

Figure 20. The BAO distance-redshift relation divided by the best-fit flat,
⇤CDM prediction from WMAP (⌦

m

= 0.266, h = 0.708; note that
this is slightly different from the adopted fiducial cosmology of this paper).
The grey band indicates the 1 � prediction range from WMAP (Komatsu
et al. 2011). In addition to the SDSS-II LRG data point from Padmanabhan
et al. (2012a), we also show the result from Percival et al. (2010) using a
combination of SDSS-II DR7 LRG and Main sample galaxies as well as
2dF Galaxy Redshift Survey data; because of the overlap in samples, we
use a different symbol. The BAO results agree with the best-fit WMAP
model at the few percent level. If ⌦

m

h2 were 1 � higher than the best-
fit WMAP value, then the prediction would be the upper edge of the grey
region, which matches the BAO data very closely. For example, the dashed
line is the best-fit CMB+LRG+CMASS flat ⇤CDM model from § 9, which
clearly is a good fit to all data sets. Also shown are the predicted regions
from varying the spatial curvature to ⌦

K

= 0.01 (blue band) or varying
the equation of state to w = �0.7 (red band).

place the acoustic peak at other nearby locations and particularly
at smaller scales is rejected at 8 �.

Fig. 18 repeats this comparison with the power spectrum from
the SDSS-II LRG analysis presented in Reid et al. (2010) and Per-
cival et al. (2010). This analysis did not use reconstruction, but one
can see good agreement in the BAO and significant improvement
in the error bars with the CMASS sample.

In Fig. 19, we plot D
V

(z) constraints from measurements of
the BAO from various spectroscopic samples. In addition to the
SDSS-II LRG value at z = 0.35 (Padmanabhan et al. 2012a) and
the CMASS consensus result at z = 0.57, we also plot the z =

0.1 constraint from the 6dF Galaxy Survey (6dFGS) (Beutler et al.
2011) and a z = 0.6 constraint from the WiggleZ survey (Blake
et al. 2011a). WiggleZ quotes BAO constraints in 3 redshift bins,
but these separate constraints are weaker and there are significant
correlations between the redshift bins. We choose here to plot their
uncorrelated data points for 0.2 < z < 1.0. Each data point here is
actually a constraint on D

V

(z)/r
s

, and we have multiplied by our
fiducial r

s

to get a distance.
As described further in Mehta et al. (2012), the WMAP curve

on this graph is a prediction, not a fit, assuming a flat ⇤CDM cos-
mology. For each value of ⌦

m

h2 and ⌦

b

h2, one can predict a sound
horizon, and the angular acoustic scale measured by WMAP plus
the assumptions about spatial curvature and dark energy equation
of state then provide a very precise breaking of the degeneracy be-
tween ⌦

m

and H0 and hence a unique D
V

(z)/r
s

. Taking the 1�
range of ⌦

m

h2 and ⌦

b

h2 produces the grey band in Fig. 19. There
is excellent agreement between all four BAO measurements and the
WMAP ⇤CDM prediction.
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cases, one should plan to repeat the fits both to the CMB and BAO
data sets.

Our fitting to the mocks does return a value of ↵ that is 0.004
higher than the input value. As noted above, non-linear structure
formation and galaxy bias do shift the acoustic scale. Seo et al.
(2010) find shifts of order 0.002 from non-linear structure forma-
tion, while Mehta et al. (2011) finds a similar level from galaxy
clustering bias. Perturbation theory calculations by Padmanabhan
& White (2009) yield similar results. However, reconstruction has
been found to remove these shifts, both in periodic box simulations
(Seo et al. 2010; Mehta et al. 2011) and in SDSS-II mock cata-
logs (Padmanabhan et al. 2012a). It is possible that the BOSS DR9
survey geometry is not large and contiguous enough to remove the
shifts in full, but it is also possible that the shift in the real data
might be different than that in the mocks. As the shift is small, we
have decided not to subtract it from our fitted values and instead to
consider it as a small systematic uncertainty.

More exotic galaxy bias models could in principle add addi-
tional shifts. However, the only physically motivated model known
that does couple to the acoustic scale is that of Tseliakhovich &
Hirata (2010), in which relative velocities between the baryons and
dark matter at high redshift modulate the ability of the smallest ha-
los to trap gas. Whether this modulation will affect the properties
of galaxies a million times more massive is speculative. Yoo et al.
(2011) discuss how the imprint on the acoustic scale in galaxy clus-
tering could be detected and removed using the three-point func-
tion, but we have not yet investigated this in the CMASS sample.

In summary, our consensus value for the acoustic scale fit is
↵ = 1.033± 0.017. Our estimates of systematic errors are signifi-
cantly smaller than the statistical error and are negligible in quadra-
ture. Our best value corresponds to a distance constraint of

D
V

(0.57)/r
s

= 13.67± 0.22. (35)

We adopt this as our primary result and use it for all of our cos-
mological interpretations and comparisons to other work. For easy
reference, the key values of ↵ are summarised in Table 2. For the
fiducial sound horizon of 153.19 Mpc, Eq. (35) corresponds to
D

V

(0.57) = 2094± 34 Mpc.

8 THE BAO DISTANCE LADDER

8.1 Comparison to Previous BAO Measurements

In the last few years, acoustic scale results have been obtained with
a variety of data sets over a considerable range of redshift. We now
focus on the comparison between our CMASS DR9 results and past
work.

First, we compare the correlation function at z = 0.57 from
CMASS with that obtained at z = 0.35 by the reconstruction anal-
ysis of SDSS-II LRGs presented in Padmanabhan et al. (2012a).
Fig. 16 shows these two correlation functions as r2⇠(r). The two
samples involve different average masses of galaxies and redshifts,
and hence have a different amplitude of clustering, leading to a
vertical offset. Both correlation functions use our fiducial ⇤CDM
cosmology. Given this choice of distance-redshift relation, one can
see that the acoustic peaks are in excellent agreement.

Fig. 17 shows combined significance of the acoustic peak de-
tection in ⇠(r). In combining the constraints on CMASS DR9 with
the SDSS-II LRG DR7 data, we neglect the slight overlap in effec-
tive volumes when using these data in cosmological constraints.
The LRG data fromPadmanabhan et al. (2012a) cover only the

Figure 16. The correlation function measured from CMASS data (black
circles) versus that from SDSS-II LRG data (grey squares) as shown in
Padmanabhan et al. (2012a). The vertical offset is due to the difference
in galaxy bias between the samples; on average the SDSS-II LRGs are
more luminous and reside in more massive halos. These two analyses used
slightly different fiducial cosmologies; we have scaled the SDSS-II LRG
points to cosmology of this paper. One can clearly see that the acoustic peak
is located at the same position in both datasets. As an aside, we note that
the difference in the size of the errors has several contributions in addition
to sample size: the CMASS sample has a higher number density and less
shot noise, the CMASS sample used 4h�1 Mpc bins, whereas the SDSS-
II analysis used 3h�1 Mpc bins, and the linear scaling of the vertical axis
causes equal fractional errors to appear larger in the higher bias sample.

Figure 17. The total significance of the BAO feature, combining the
CMASS and SDSS-II LRG results, both after reconstruction. This figure
is analogous to Fig. 6 and indicates that in the combined CMASS and LRG
data sets, we have detected the acoustic peak at greater than 6.5�, with the
local minima extending to the ⇠ 8� level.

NGC which result in 2496 sq deg of overlapping area with CMASS
over the redshift interval of 0.43 < z < 0.47. We find this is less
than 9 per cent of the effective volume of our CMASS sample, and
less than 5 per cent overlap with the LRG effective volume (frac-
tionally less since the LRG DR7 data cover a larger area). This is
consequently a good but not perfect assumption. Combining the
two correlation functions assuming independence rejects models
without acoustic oscillations at ��2

⇡ 45 or 6.7 �. Trying to

c
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Planck Collaboration: Cosmological parameters

from excess residuals at the µK2 level in the high-` spectra rela-
tive to the best-fit AL = 1 ⇤CDM+foregrounds model on scales
where extragalactic foreground modelling is critical.

5.2. Baryon acoustic oscillations

Baryon acoustic oscillations (BAO) in the matter power spec-
trum were first detected in analyses of the 2dF Galaxy
Redshift Survey (Cole et al. 2005) and the SDSS redshift sur-
vey (Eisenstein et al. 2005). Since then, accurate BAO measure-
ments have been made using a number of di↵erent galaxy red-
shift surveys, providing constraints on the distance luminosity
relation spanning the redshift range 0.1 <⇠ z <⇠ 0.718. Here we use
the results from four redshift surveys: the SDSS DR7 BAO mea-
surements at e↵ective redshifts ze↵ = 0.2 and ze↵ = 0.35, anal-
ysed by Percival et al. (2010); the z = 0.35 SDSS DR7 measure-
ment at ze↵ = 0.35 reanalyzed by Padmanabhan et al. (2012); the
WiggleZ measurements at ze↵ = 0.44, 0.60 and 0.73 analysed by
Blake et al. (2011); the BOSS DR9 measurement at ze↵ = 0.57
analyzed by Anderson et al. (2013); and the 6dF Galaxy Survey
measurement at z = 0.1 discussed by Beutler et al. (2011).

BAO surveys measure the distance ratio

dz =
rs(zdrag)
DV(z)

, (45)

where rs(zdrag) is the comoving sound horizon at the baryon drag
epoch (when baryons became dynamically decoupled from the
photons) and DV(z) is a combination of the angular-diameter dis-
tance, DA(z), and the Hubble parameter, H(z), appropriate for the
analysis of spherically-averaged two-point statistics:

DV(z) =
"
(1 + z)2D2

A(z)
cz

H(z)

#1/3
. (46)

In the ⇤CDM cosmology, the angular diameter distance to red-
shift z is

DA(z) =
c

H0
D̂A.

=
c

H0

1
|⌦K |1/2(1 + z)

sinK
h
|⌦K |1/2x(z,⌦m,⌦⇤)

i
, (47)

where

x(z,⌦m,⌦⇤) =
Z z

0

dz0

[⌦m(1 + z0)3 +⌦K(1 + z0)2 +⌦⇤]1/2 , (48)

and sinK = sinh for ⌦K > 0 and sinK = sin for ⌦K < 0. Note
that the luminosity distance, DL, relevant for the analysis of Type
Ia supernovae (see Sect. 5.4) is related to the angular diameter
distance via DL = (c/H0)D̂L = DA(1 + z)2.

Di↵erent groups fit and characterize BAO features in di↵er-
ent ways. For example, the WiggleZ team encode some shape
information on the power spectrum to measure the acoustic pa-
rameter A(z), introduced by Eisenstein et al. (2005),

A(z) =
DV(z)

q
⌦mH2

0

cz
, (49)

18Detections of a BAO feature have recently been reported in the
three-dimensional correlation function of the Ly↵ forest in large sam-
ples of quasars at a mean redshift of z ⇡ 2.3 (Busca et al. 2012;
Slosar et al. 2013). These remarkable results, probing cosmology well
into the matter-dominated regime, are based on new techniques that are
less mature than galaxy BAO measurements. For this reason, we do not
include Ly↵ BAO measurements as supplementary data to Planck. For
the models considered here and in Sect. 6, the galaxy BAO results give
significantly tighter constraints than the Ly↵ results.

Fig. 15. Acoustic-scale distance ratio rs/DV(z) divided by the
distance ratio of the Planck base ⇤CDM model. The points are
colour-coded as follows: green star (6dF); purple squares (SDSS
DR7 as analyzed by Percival et al. 2010); black star (SDSS DR7
as analyzed by Padmanabhan et al. 2012); blue cross (BOSS
DR9); and blue circles (WiggleZ). The grey band shows the ap-
proximate ±1� range allowed by Planck (computed from the
CosmoMC chains).

which is almost independent of !m. To simplify the presenta-
tion, Fig. 15 shows estimates of rs/DV(z) and 1� errors, as
quoted by each of the experimental groups, divided by the ex-
pected relation for the Planck base ⇤CDM parameters. Note
that the experimental groups use the approximate formulae of
Eisenstein & Hu (1998) to compute zdrag and rs(zdrag), though
they fit power spectra computed with Boltzmann codes, such
as camb, generated for a set of fiducial-model parameters. The
measurements have now become so precise that the small di↵er-
ence between the Eisenstein & Hu (1998) approximations and
the accurate values of zdrag and rdrag = rs(zdrag) returned by camb
need to be taken into account. In CosmoMC we multiply the ac-
curate numerical value of rs(zdrag) by a constant factor of 1.0275
to match the Eisenstein-Hu approximation in the fiducial model.
This correction is su�ciently accurate over the range of !m and
!b allowed by the CMB in the base ⇤CDM cosmology (see e.g.
Mehta et al. 2012) and also for the extended ⇤CDM models dis-
cussed in Sect. 6.

The Padmanabhan et al. (2012) result plotted in Fig. 15 is
a reanalysis of the ze↵ = 0.35 SDSS DR7 sample discussed
by Percival et al. (2010). Padmanabhan et al. (2012) achieve a
higher precision than Percival et al. (2010) by employing a re-
construction technique (Eisenstein et al. 2007) to correct (par-
tially) the baryon oscillations for the smearing caused by galaxy
peculiar velocities. The Padmanabhan et al. (2012) results are
therefore strongly correlated with those of Percival et al. (2010).
We refer to the Padmanabhan et al. (2012) “reconstruction-
corrected” results as SDSS(R). A similar reconstruction tech-
nique was applied to the BOSS survey by Anderson et al. (2013)
to achieve 1.6% precision in DV(z = 0.57)/rs, the most precise
determination of the acoustic oscillation scale to date.

All of the BAO measurements are compatible with the base
⇤CDM parameters from Planck. The grey band in Fig. 15
shows the ±1� range in the acoustic-scale distance ratio com-
puted from the Planck+WP+highL CosmoMC chains for the base
⇤CDM model. To get a qualitative feel for how the BAO mea-
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8

Could it be warm dark matter?

5

(20,512) run to reach z = 2, with the higher resolution
simulations requiring around 5 times longer.
During the simulation runs, we extract the non-linear

matter power spectra in order to compare with [10]. For
the reference case only, we additioanlly extract the po-
sition of the haloes with a friends-of-friends halo finding
algorithm for our model of the impact of spatial fluctu-
ations in the UV background on the flux power (see the
Appendix for further details).
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FIG. 1: Ratio between the 3D non-linear matter power spec-
trum of 3 different WDM models (1, 2 and 4 keV, black, blue
and orange curves) at 3 different redshifts (z = 3, 4.2, 5.4,
represented by the dot-dashed, dashed and continuous curves)
and the corresponding ΛCDM model. The green curve rep-
resents the linear redshift independent suppression in terms
of matter power for a mWDM = 2 keV model obtained using
Eq. 6 of Ref. [17]. The arrows in the bottom part of the figure
indicate the maximum value of the wavenumbers probed by
the SDSS data and by the data set used in the present anal-
ysis. This figure refers to the reference (20,512) simulations.

Lastly, we note that the physical properties of the
Lyman-α forest obtained from the TreePM/SPH code
GADGET-II are in very good agreement at the per-
cent level with those inferred from the moving-mesh code
AREPO [62] and with the Eulerian code ENZO [63].

IV. THE MOCK QSO SAMPLE

The simulated Lyman-α forest spectra are extracted
along 5000 random line-of-sights (LOSs) after interpola-
tion of the relevant physical quantities along the LOSs us-
ing the SPH formalism. Box-size effects on the flux power
are estimated with (60, 512) simulations. Note, however,

that the necesary box size correction is below the percent
level at the largest scales used. Resolution corrections
are, however, important. The flux power spectra are cor-
rected for resolution effects using the (20, 768) simula-
tions (see the Appendix for further details).
The mean flux is varied a posteriori, after having

extracted the spectra, by reproducing 0.8, 1, 1.2 times
the observed τeff (see Appendix). At the end of
the procedure the four-dimensional parameter space in
(mWDM, τeff , T0, γ) is explored fully by means of quadri-
linear interpolation performed over the set of 36 hydro-
dynamical simulations and 108 (36× 3 mean flux values)
flux models.
In order to get a better understanding of the expected

(co)variance properties of the observed data we generate
samples of mock QSO absorption spectra which resemble
the observational data as closely as possible. The proce-
dure used to create the mock spectra can be summa-
rized as follows: i) we consider the total redshift path in
each redshift bin and combine the short simulated spec-
tra (20 Mpc/h in length) to match the total length of an
observed QSO spectrum (approximately 40 spectra are
used); ii) we allow for an optical depth evolution along
the LOS (which is absent since our simulated spectra are
from snapshots at fixed redshifts) following the scaling
expected from the fluctuating Gunn-Peterson approxi-
mation, τ ∝ (1 + z)4.5 (see e.g. [64]); iii) for each short
simulated spectrum we consider a ± 20% error on the
quasar continuum placement (the continuum is drawn
randomly from a Gaussian distribution around the value
1 with a σ = 0.2); iv) we smooth the flux with a Gaussian
at a given FWHM corresponding to the spectrograph res-
olution and rebin the spectra with the observed pixel-size;
v) we add Gaussian-distributed noise on top of the flux,
matching the signal-to-noise of the observational data.
We demonstrate in the Appendix that the (instrumental)
effects of noise and finite resolution, which are scale and
redshift dependent, are below 20% (6%) at the smallest
scales for MIKE (HIRES).
The (co)variance properties of this mock sample are in

reasonable agreement with those of our observed sample,
both as a function of redshift and wavenumber. There
are only 5 data points that appear to have error bars that
are smaller than those obtained from the mock sample: 4
data points from the MIKE sample (log k(s/km)= −1.5
at z = 4.2, log k(s/km)= −2.1 at z = 4.6, log k(s/km)=
−1.3,−1.1 at z = 5) and one data point from the HIRES
sample (log k = −1.1 at z = 4.2). As the observed sample
is still small and it is thus expected that the bootstrap
errors estimated from the data could be unrealistically
small, for these data points we increase the error bars to
match those obtained from a mock sample of 30 QSOs in
the same redshift bin. These mock data points, with the
extra 30% error added, otherwise agree well with those
of the observational data, giving us confidence that this
is reasonable.
Finally, we note that the hydrodynamical simulations

used to construct our mock Lyman-α forest spectra do

• Viel et al 2013, analyse clustering of 
hydrogen via the Lyman-alpha forest 
from high-redshift quasars.

• Constrain mass for particles as early 
decoupled thermal relics

• Could be sterile right-handed 
neutrino

• This is a difficult measurement
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Warm Dark Matter as a solution to the small scale crisis: new constraints from high
redshift Lyman-α forest data
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(Dated: August 27, 2013)

We present updated constraints on the free-streaming of warm dark matter (WDM) particles
derived from an analysis of the Lyman-α flux power spectrum measured from high-resolution spectra
of 25 z > 4 quasars obtained with the Keck High Resolution Echelle Spectrometer (HIRES) and the
Magellan Inamori Kyocera Echelle (MIKE) spectrograph. We utilize a new suite of high-resolution
hydrodynamical simulations that explore WDM masses of 1, 2 and 4 keV (assuming the WDM
consists of thermal relics), along with different physically motivated thermal histories. We carefully
address different sources of systematic error that may affect our final results and perform an analysis
of the Lyman-α flux power with conservative error estimates. By using a method that samples
the multi-dimensional astrophysical and cosmological parameter space, we obtain a lower limit
mWDM ∼

> 3.3 keV (2σ) for warm dark matter particles in the form of early decoupled thermal relics.
Adding the Sloan Digital Sky Survey (SDSS) Lyman-α flux power spectrum does not improve this
limit. Thermal relics of masses 1 keV, 2 keV and 2.5 keV are disfavoured by the data at about the
9σ, 4σ and 3σ C.L., respectively. Our analysis disfavours WDM models where there is a suppression
in the linear matter power spectrum at (non-linear) scales corresponding to k = 10h/Mpc which
deviates more than 10% from a ΛCDM model. Given this limit, the corresponding “free-streaming
mass” below which the mass function may be suppressed is ∼ 2× 108 h−1 M⊙. There is thus very
little room for a contribution of the free-streaming of WDM to the solution of what has been termed
the small scale crisis of cold dark matter.

PACS numbers: 98.80.Cq,98.62.Ra,95.35.+d

I. INTRODUCTION

The ΛCDM paradigm, in many respects, has proven
to been an immensely successful cosmological model.
ΛCDM is based on a cosmological constant plus “cold”
dark matter, i.e. dark matter particles whose streaming
velocities are negligible for most astrophysical consider-
ations. On large scales, the Planck mission has just de-
livered another ringing endorsement of this model with
its first-year cosmology results [1]. On scales below a
few (comoving) Mpc, however, the matter power spec-
trum is still difficult to probe, and it has been repeatedly
suggested that dark matter is perhaps “warm”, with a
free-streaming length that affects the properties of low-
mass (dwarf) galaxies. Warm dark matter (WDM) could
alleviate the apparent difficulties of ΛCDM models in re-
producing some observations related to the matter power
spectrum on scales of a few Mpc and below. The most
notable possible tensions under ΛCDM are: the excess of
the number of galactic satellites, the cuspiness and high
(phase space) density of galactic cores, the luminosities of
the Milky Way’s satellites and the properties of galaxies

filling voids (e.g. [2–5]).
The main effect of the larger velocities of WDM parti-

cles, and the resulting significant free-streaming length,
would be to suppress structures on Mpc scales and below.
The last few years have seen a re-intensified discussion of
this possibility, particularly in light of improvements in
numerical models and observations of the mass and in-
ternal structure of Local Group satellites [6]. It has been
suggested that a free-streaming length corresponding to
that of a thermal relic WDM particle with a mass of 1-
2 keV (and in some cases as low as 0.5 keV) provides
better agreement between the most recent data and nu-
merical simulations [7, 8]. The difficulties associated with
the cold dark matter paradigm, however, arise on scales
where the matter spectrum is highly non-linear at z ∼ 0,
and where very uncertain baryonic physics is known to
play an important role [9–11].
The Lyman-α absorption produced by intergalac-

tic neutral hydrogen in the spectra of distant quasars
(QSOs)–the so called “Lyman-α forest”–provides a pow-
erful alternative tool for constraining dark matter prop-
erties, particularly the free-streaming of dark matter par-
ticles on the scales in question. The Lyman-α forest
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Could it all be (ultra-light) axions?

.

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 ⇠> 3H

0

⇠ 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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Can we put limits on DM annihilation?

Planck Collaboration: Cosmological parameters

Fig. 36. Posterior distribution functions for the A2 parameter

CMB and deuterium observations, in order to derive some in-
formation on the value of the thermal rate R2 of the d(p, �)3He
process. To this end (as shown in Di Valentino et al. (2014)), it
is enough to parametrize the generic R2(T ) in terms of an over-
all rescaling factor A2, namely R2(T ) = A2 Rex

2 (T ), and use it
in PArthENoPE. To put it simply, a value of A2 greater than
one from this combined analysis, would suggest that current
experimental determinations of the rate of the capture process
d(p, �)3He could be systematically biased towards lower values
and that theoretical computations provide a more precise de-
scription.

Indeed, for a Planck (lowTEB+TTTEEE) + 2H/H
(Cooke et al. (2014)) combined analysis in the standard
LCDM framework we get A2 = 1.115 ± 0.060, suggesting a
⇠ 10% underestimate of the of the rate of the capture process
d(p, �)3He from current experimental data.

The posterior distributions for A2 in case of Planck TT, TE
and EE channels are reported in Figure 35.

6.7. Dark matter annihilation

Energy injection from dark matter (DM) annihilation can
change the recombination history and a↵ect the shape
of the angular CMB spectra (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005; Zhang et al. 2006;
Mapelli et al. 2006). As recently shown in several papers (see
e.g. Galli et al. (2009, 2011); Giesen et al. (2012); Hutsi et al.
(2011); Natarajan (2012); ?); ?); ?) CMB anisotropies o↵er the
opportunity to constrain DM annihilation models.

High-energy particles injected in the high-redshift thermal
gas by DM annihilation are typically cooled down to the keV
scale by high energy processes; once the shower has reached
this energy scale, the produced secondary particles can ion-
ize, excite or heat the thermal gas (Shull & van Steenberg 1985;
Valdes et al. 2010; ?); the first two modify the evolution of the
free electron fraction xe, the third a↵ects the temperature of
baryons.

The rate of energy release dE
dt per unit volume by a relic an-

nihilating DM particle is given by

dE
dt

(z) = 2 g ⇢2
cc2⌦2

c(1 + z)6 pann(z), (61)

where pann is in principle a function of redshift z defined as:

pann(z) ⌘ f (z)
h�vi
m�

(62)

where h�vi is the thermally averaged annihilation cross-section,
m� is the mass of the DM particle and ⇢c the critical density

of the Universe today; g is a degeneracy factor equal to 1/2 for
Majorana particles and to 1/4 for Dirac particles ( in the follow-
ing, constraints will refer to Majorana particles); the parameter
f (z) indicates the fraction of energy which is absorbed overall
by the gas at redshift z. We note that the presence of the brackets
in h�vi denote a thermal average over the velocity distribution
of particles.

In Eq. 62, the f (z) factor depends on the details of the an-
nihilation process, such as the mass of the DM particle and the
annihilation channel (see e.g. Slatyer et al. (2009)). The func-
tional shape of the f (z) can be taken into account using general-
ized parametrizations (?Hutsi et al. 2011). However, as shown in
Galli et al. (2011); Giesen et al. (2012); ? it is possible to neglect
in first approximation the redshift dependence of f (z) since cur-
rent data shows very little sensitivity to variations of this func-
tion. The e↵ects of DM annihilation can therefore be reasonably
well parametrized by a single constant parameter, pann, that en-
codes the dependence on the properties of the DM particles.
FIXME: SG: We’ll update analysis with more accurate f(z) treat-
ment

We compute here the theoretical angular power in the pres-
ence of DM annihilations, by modifying the RECFAST routine
in the CAMB code as in Galli et al. (2011) and by making use
of the package cosmomc for Monte Carlo parameter estimation.
We checked that we obtain the same results by using the CLASS
Boltzmann code (Lesgourgues 2011) and the Monte Python
package (Audren et al. 2012), with DM annihilation e↵ects cal-
culated either by RECFAST or HyRec (Ali-Haimoud & Hirata
2011), as detailed in Giesen et al. (2012).

Besides pann, we sample the same set of cosmological and
foregrounds parameters described in Section 2 and we consider
di↵erent additional datasets. Table 7 shows the constraints for
di↵erent combinations of data.

Data Upper limit

WMAP9 < 2.1 ⇥ 10�27

Plik v13 TT+lowTEB < 5.0 ⇥ 10�27

Plik v13 EE+lowTEB < 4.8 ⇥ 10�28

Plik v13 TE+lowTEB < 5.9 ⇥ 10�28

Plik v13 ALL+lowTEB < 3.0 ⇥ 10�28

Plik v13 ALL+lowTEB+HST07p6 < 2.7 ⇥ 10�28

Plik v13 ALL+lowTEB+BAO < 2.4 ⇥ 10�28

Plik v13 ALL+lowTEB+lensing < 2.3 ⇥ 10�28

Plik v13 ALL+lowTEB+HST07p6+BAO+lensing < 2.2 ⇥ 10�28

Table 7. Constraints are in units of cm3/s/GeV. FIXME: SG:
Names in table will be fixed when final likelihood will be avail-
able

As we can see, TE or EE alone already spectacularly con-
strain the pannparameter, placing a constraint about one order of
magnitude stronger than the one obtained using TT data alone.
This is due to the fact that dark matter annihilation mainly
causes a suppression of the amplitude of the peaks both in tem-
perature and polarization, due to the increased width of the
last scattering surface, and this e↵ect is very degenerate with
other parameters such as ns or As (Chen & Kamionkowski 2004;
Padmanabhan & Finkbeiner 2005). However, at large scales ` .
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• If DM annihilates, energy injection 
changes recombination

• Suppression of peaks due to increased 
recombination duration

• Boost of large-scale polarisation

Planck Collaboration: Cosmological parameters

Fig. 36. Posterior distribution functions for the A2 parameter

CMB and deuterium observations, in order to derive some in-
formation on the value of the thermal rate R2 of the d(p, �)3He
process. To this end (as shown in Di Valentino et al. (2014)), it
is enough to parametrize the generic R2(T ) in terms of an over-
all rescaling factor A2, namely R2(T ) = A2 Rex

2 (T ), and use it
in PArthENoPE. To put it simply, a value of A2 greater than
one from this combined analysis, would suggest that current
experimental determinations of the rate of the capture process
d(p, �)3He could be systematically biased towards lower values
and that theoretical computations provide a more precise de-
scription.

Indeed, for a Planck (lowTEB+TTTEEE) + 2H/H
(Cooke et al. (2014)) combined analysis in the standard
LCDM framework we get A2 = 1.115 ± 0.060, suggesting a
⇠ 10% underestimate of the of the rate of the capture process
d(p, �)3He from current experimental data.

The posterior distributions for A2 in case of Planck TT, TE
and EE channels are reported in Figure 35.

6.7. Dark matter annihilation

Energy injection from dark matter (DM) annihilation can
change the recombination history and a↵ect the shape
of the angular CMB spectra (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005; Zhang et al. 2006;
Mapelli et al. 2006). As recently shown in several papers (see
e.g. Galli et al. (2009, 2011); Giesen et al. (2012); Hutsi et al.
(2011); Natarajan (2012); ?); ?); ?) CMB anisotropies o↵er the
opportunity to constrain DM annihilation models.

High-energy particles injected in the high-redshift thermal
gas by DM annihilation are typically cooled down to the keV
scale by high energy processes; once the shower has reached
this energy scale, the produced secondary particles can ion-
ize, excite or heat the thermal gas (Shull & van Steenberg 1985;
Valdes et al. 2010; ?); the first two modify the evolution of the
free electron fraction xe, the third a↵ects the temperature of
baryons.

The rate of energy release dE
dt per unit volume by a relic an-

nihilating DM particle is given by

dE
dt

(z) = 2 g ⇢2
cc2⌦2

c(1 + z)6 pann(z), (61)

where pann is in principle a function of redshift z defined as:

pann(z) ⌘ f (z)
h�vi
m�

(62)

where h�vi is the thermally averaged annihilation cross-section,
m� is the mass of the DM particle and ⇢c the critical density

of the Universe today; g is a degeneracy factor equal to 1/2 for
Majorana particles and to 1/4 for Dirac particles ( in the follow-
ing, constraints will refer to Majorana particles); the parameter
f (z) indicates the fraction of energy which is absorbed overall
by the gas at redshift z. We note that the presence of the brackets
in h�vi denote a thermal average over the velocity distribution
of particles.

In Eq. 62, the f (z) factor depends on the details of the an-
nihilation process, such as the mass of the DM particle and the
annihilation channel (see e.g. Slatyer et al. (2009)). The func-
tional shape of the f (z) can be taken into account using general-
ized parametrizations (?Hutsi et al. 2011). However, as shown in
Galli et al. (2011); Giesen et al. (2012); ? it is possible to neglect
in first approximation the redshift dependence of f (z) since cur-
rent data shows very little sensitivity to variations of this func-
tion. The e↵ects of DM annihilation can therefore be reasonably
well parametrized by a single constant parameter, pann, that en-
codes the dependence on the properties of the DM particles.
FIXME: SG: We’ll update analysis with more accurate f(z) treat-
ment

We compute here the theoretical angular power in the pres-
ence of DM annihilations, by modifying the RECFAST routine
in the CAMB code as in Galli et al. (2011) and by making use
of the package cosmomc for Monte Carlo parameter estimation.
We checked that we obtain the same results by using the CLASS
Boltzmann code (Lesgourgues 2011) and the Monte Python
package (Audren et al. 2012), with DM annihilation e↵ects cal-
culated either by RECFAST or HyRec (Ali-Haimoud & Hirata
2011), as detailed in Giesen et al. (2012).

Besides pann, we sample the same set of cosmological and
foregrounds parameters described in Section 2 and we consider
di↵erent additional datasets. Table 7 shows the constraints for
di↵erent combinations of data.

Data Upper limit

WMAP9 < 2.1 ⇥ 10�27

Plik v13 TT+lowTEB < 5.0 ⇥ 10�27

Plik v13 EE+lowTEB < 4.8 ⇥ 10�28

Plik v13 TE+lowTEB < 5.9 ⇥ 10�28

Plik v13 ALL+lowTEB < 3.0 ⇥ 10�28

Plik v13 ALL+lowTEB+HST07p6 < 2.7 ⇥ 10�28

Plik v13 ALL+lowTEB+BAO < 2.4 ⇥ 10�28

Plik v13 ALL+lowTEB+lensing < 2.3 ⇥ 10�28

Plik v13 ALL+lowTEB+HST07p6+BAO+lensing < 2.2 ⇥ 10�28

Table 7. Constraints are in units of cm3/s/GeV. FIXME: SG:
Names in table will be fixed when final likelihood will be avail-
able

As we can see, TE or EE alone already spectacularly con-
strain the pannparameter, placing a constraint about one order of
magnitude stronger than the one obtained using TT data alone.
This is due to the fact that dark matter annihilation mainly
causes a suppression of the amplitude of the peaks both in tem-
perature and polarization, due to the increased width of the
last scattering surface, and this e↵ect is very degenerate with
other parameters such as ns or As (Chen & Kamionkowski 2004;
Padmanabhan & Finkbeiner 2005). However, at large scales ` .
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CDM on galaxy scales
Large numerical simulations, now increasingly with baryons but largest still CDM

Astrophysical concerns:
• cusp/core problem: simulations mostly predicted cuspy behavior, but 

observed halos have flat core. But may be effect of baryons in simulations

• ‘Missing satellite problem’ - thought to be missing satellites, but perhaps 
not after all. 

• ‘Too Big to Fail’  - simulations predict larger sub-halos than we see. But 
may just be simulation limitations.

Warm dark matter doesn’t solve all problems, and not evidence yet that there is a 
problem that definitively can’t be solved with CDM. 
Dark matter halo substructure is interesting path for distinguishing DM models.
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Satellite Galaxies in WDM 5

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square
of the density, and hue the projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high
velocity dispersion). Each box is 1.5 Mpc on a side. Note the sharp caustics visible at large radii in the WDM image, several of which
are also present, although less well defined, in the CDM case.
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Figure 4. The correlation between subhalo maximum circular
velocity and the radius at which this maximum occurs. Sub-
haloes lying within 300kpc of the main halo centre are in-
cluded. The 12 CDM and WDM subhaloes with the most mas-
sive progenitors are shown as blue and red filled circles respec-
tively; the remaining subhaloes are shown as empty circles. The
shaded area represents the 2σ confidence region for possible hosts
of the 9 bright Milky Way dwarf spheroidals determined by
Boylan-Kolchin et al. (2011).

the same radii in the simulated subhaloes. To provide a fair
comparison we must choose the simulated subhaloes that
are most likely to correspond to those that host the 9 bright
dwarf spheroidals in the Milky Way. As stripping of sub-
haloes preferentially removes dark matter relative to the
more centrally concentrated stellar component, we choose to

associate final satellite luminosity with the maximum pro-
genitor mass for each surviving subhalo. This is essentially
the mass of the object as it falls into the main halo. The
smallest subhalo in each of our samples has an infall mass
of 3.2 × 109M⊙ in the WDM case, and 6.0 × 109M⊙ in the
CDM case.

The LMC, SMC and the Sagittarius dwarf are all
more luminous than the 9 dwarf spheroidals considered by
Boylan-Kolchin et al. (2011) and by us. As noted above, the
Milky Way is exceptional in hosting galaxies as bright as
the Magellanic Clouds, while Sagittarius is in the process of
being disrupted so its current mass is difficult to estimate.
Boylan-Kolchin et al. hypothesize that these three galaxies
all have values of Vmax > 60kms−1 at infall and exclude sim-
ulated subhaloes that have these values at infall as well as
Vmax > 40kms−1 at the present day from their analysis. In
what follows, we retain all subhaloes but, where appropri-
ate, we highlight those that might host large satellites akin
to the Magellanic Clouds and Sagittarius.

The circular velocity curves at z = 0 for the 12 sub-
haloes which had the most massive progenitors at infall are
shown in Fig. 5 for both WDM and CDM. The circular
velocities within the half-light radius of the 9 satellites mea-
sured by Wolf et al. (2010) are also plotted as symbols. Leo-
II has the smallest half-light radius, ∼ 200pc. To compare
the satellite data with the simulations we must first check
the convergence of the simulated subhalo masses within at
least this radius. We find that the median of the ratio of the
mass within 200pc in the Aq-W2 and Aq-W3 simulations is
W 2/W 3 ∼ 1.22, i.e., the mass within 200pc in the Aq-W2
simulation has converged to better than ∼ 22%.

As can be inferred from Fig. 5, the WDM subhaloes
have similar central masses to the observed satellite galax-

c⃝ 2011 RAS, MNRAS 000, ??–8

WDMCDM

Lovell, Eke, Frenk, et al. 2012

WDM simulation at right has no “too big to fail” subhalos, but it 
doesn’t lead to the right systematics to fit dwarf galaxy properties as 
Kuzio de Naray+10 showed.  It also won’t have the subhalos needed 
to explain grav lensing flux anomalies and gaps in stellar streams.

Aquarius simulation. Springel et al. 2008 

From	  J.	  Primack
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WDM simulation at right has no “too big to fail” subhalos, but it is inconsistent at 
>10σ with Ultra Deep Field galaxy counts.  It also won’t have the subhalos needed 
to reionize the universe unless mνthermal ≳ 2.6 keV (or mνsterile ≳ 15 keV) assuming an 
optimistic ionizing radiation escape fraction (Schultz, Onorbe, Abazajian, Bullock14).  
And the new Ly-α forest analysis (Viel+13) excludes mνthermal ≲ 2 keV at 4σ.

The High-z Universe Confronts Warm Dark Matter: Galaxy Counts, Reionization and the Nature of Dark Matter 5

Figure 3. Simulation snapshots from CDM (left) and 0.8 keV WDM (right) overlaid with circles to indicate identified dark matter halos that are more massive
than 3.4⇥10

8h�1M�. The size of the circle is proportional to the virial radius of each halo. The CDM slice is filled with collapsed structure at z=6, while the
WDM slice is largely devoid of collapsed halos that are massive enough for hydrogen cooling. Note that artificial haloes would show up as regularly separated
haloes in the filaments, suggesting that contamination by artificial haloes is likely negligible here.

matching technique we took into account the merger history of each
halo and used its maximal mass obtained over its lifetime M

peak

in-
stead of Mh. In any case, this correction turned to be small due to
the lack of substructure at high redshifts. We used a requirement of
at least 40 simulation particles to constitute a halo, setting a halo
mass completeness limit of Mh = 3.4⇥ 108 h�1M�.

Compared to the density maps shown in Figure 2, the differ-
ences between WDM and CDM become even more apparent when
we compare halo counts. Figure 3 shows two of the same density
slices overlaid with white circles to indicate identified dark matter
halos more massive than our Mh = 3.4 ⇥ 108 h�1M� complete-
ness limit. Circle sizes are proportional to the virial radius of each
identified halo. The difference in collapsed structures is striking be-
tween these two simulations. For example, the void in the upper left
corner is completely empty of any haloes in the 0.8 keV WDM run.

Figure 4 provides a more quantitative demonstration of the
differences in halo abundances from model to model, where each
panel shows the cumulative dark halo mass function at redshifts
z = 6, 7, 8, and 13. The CDM result (dotted line with shading) is
in all cases above the WDM models (solid lines with shading, as
labeled). Angulo et al. (2013) found a suppression of the halo mass
function of the form1

n
WDM

n
CDM

(M) =
1

2

✓
1 +

M
1

M

◆�↵ 
1 + erf

✓
log

M

M
2

◆�
. (5)

We have verified this expression provides a good fit to the
WDM/CDM abundance ratio for z . 10, with decreasing accu-
racy with increasing redshift. In our simulations, at 109M�, the
0.8 keV model is suppressed by more than an order of magnitude
at all redshifts relative to CDM.

As can be seen in the z = 13 panel of Figure 4, no haloes at all
exist in 0.8 keV WDM model. Indeed we find that no haloes have
formed before z = 12 for 0.8 keV WDM and none before z = 15

1 Strictly speaking Angulo et al. (2013) has ↵ = 1 fixed, however they also
correct for artificial haloes. We find that keeping ↵ as a free fitting parameter
is necessary to provide reasonable fits, probably owing to a strong evolution
with redshift.

in the 1.3 keV model. Detections at these epochs should be robust in
the future with JWST. However, even current detections offer an in-
teresting test: the point with error bar (2�) corresponds to the lower
limit on the cumulative abundance of galaxies at those redshifts, as
set by the faintest galaxies observed in the HUDF (Bouwens et al.
2007; McLure et al. 2012; Oesch et al. 2013). Its horizontal po-
sition (corresponding halo mass) is based on the luminosity limit
and our adopted Mh-L relation presented in the next section. Im-
portantly, the total abundance of galaxies at each redshift must be
above the data point shown (regardless of its horizontal positioning
on the plot). One can see without any further analysis that the 0.8
keV WDM model will have trouble producing enough galaxies to
match current observations at z > 8; there are simply not enough
collapsed objects of any mass to account for the known galaxies at
this epoch.

In order to provide a more precise connection with observa-
tions we will need a mapping between halo mass and galaxy lumi-
nosity. This is a primary subject of the next section.

3 PREDICTING OBSERVABLES

3.1 Observed Luminosity Functions

We will normalize our predictions using observed high-z galaxy
counts. In doing so, we follow the literature and assume that high-z
luminosity function is well characterized by a Schechter function

�(L) dL = �⇤

✓
L

L⇤

◆↵

exp

✓
� L

L⇤

◆
dL

L⇤
. (6)

Robust observations of luminosity functions with measures of �⇤,
L⇤, and ↵ exist out to z ⇠ 8 (Bouwens et al. 2011; McLure et al.
2012; Schenker et al. 2013) and current observations can provide
constraints on the normalization (with other parameters fixed) out
to z ⇠ 10 (Oesch et al. 2013).

We parameterize the evolution of the luminosity function with
redshift by fitting quoted observational results for log �⇤, L⇤ and ↵
and fitting them linearly as a function of z from z = 4 � 8. Fig-
ure 5 shows the fit used in this work in comparison with fits from

c� 0000 RAS, MNRAS 000, 000–000

WDMCDM

10 Mpc/h10 Mpc/h
z = 6z = 6

From	  J.	  Primack



Neutrinos: cosmological effects

• Neutrinos thermally decouple when weak interaction rate < expansion rate of 
universe ~ 1 MeV.

• If massive, become non-relativistic (z=6000 for 3eV; z=30 for 0.05eV)
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Neutrinos: measuring mass

1. Background: Neutrinos act like radiation 
while relativistic.

2. Perturbations: 
– Neutrinos free-stream when relativistic, 

and reduce damping of photon-baryon 
oscillations. 

– 1.5eV total mass ~ time of CMB 
– smears out matter clustering on scales 

where relativistic. 
– if N_mass<3, each neutrino becomes 

non-relativistic sooner.
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Planck constraints

Σmν < 0.66 eV (95%, Planck+WP+highL)
Σmν < 0.23 eV (+BAO)

• Still relativistic at recombination
• Improved limit also driven by lensing effect in power spectrum
• More mass; more suppression of lensing
• Some hints of ‘tensions’ with cluster counts - no evidence yet that this is not just 

astrophysics

Planck Collaboration: Cosmological parameters
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Fig. 28. Left: 2D joint posterior distribution between Ne↵ and
P

m⌫ (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne↵–me↵

⌫, sterile plane, colour-coded by ⌦ch2, in models with one massive
sterile neutrino family, with e↵ective mass me↵

⌫, sterile, and the three active neutrinos as in the base ⇤CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⌘ 4nHe/nb for helium-4 and yBBN
DP ⌘ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density !b, the number
of relativistic degrees of freedom parameterized by Ne↵ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne↵ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne↵ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters !b and Ne↵ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⌧n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (!b,Ne↵) and yBBN
DP (!b,Ne↵). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

�(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
�(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to !b, Ne↵ , and YP). We shall see below that
for the base cosmological model with Ne↵ = 3.046 (or even for
an extended scenario with free Ne↵) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e↵ects that will be di�cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes �(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from �(⌧n) = 0.8 s to �(⌧n) = 1.1 s Beringer et al. (2012).
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Neutrino number: effect on small scales

From E. Calabrese,  for ACT



Relativistic species

More species, longer radiation domination; suppress 
early acoustic oscillations in primary CMB; have 
anisotropic stress

Neff = 3.36 ± 0.34 (68%, Planck+WP+highL)
Neff = 3.30 ± 0.27 (+BAO)

Planck Collab XVI 2013

Planck Collaboration: Cosmological parameters
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Fig. 24. Constraints on ns for ⇤CDM models with non-standard
relativistic species, Ne↵ , (upper) and helium fraction, YP, (lower).
We show 68% and 95% contours for various data combinations.
Note the tightening of the constraints with the addition of BAO
data.

ACT and SPT, Hinshaw et al. (2012) found a negative running
at nearly the 2� level with dns/d ln k = �0.022 ± 0.012 (see
also Dunkley et al. 2011 and Keisler et al. 2011 for analysis
of ACT and SPT with earlier data from WMAP). The ACT
3-year release, which incorporated a new region of sky, gave
dns/d ln k = �0.003 ± 0.013 (Sievers et al. 2013) when com-
bined with WMAP 7 year data. With the wide field SPT data at
150 GHz, a negative running was seen at just over the 2� level,
dns/d ln k = �0.024 ± 0.011 (Hou et al. 2012).

The picture from previous CMB experiments is therefore
mixed. The latest WMAP data show a 1� trend for a running,
but when combined with the S12 SPT data, this trend is ampli-
fied to give a potentially interesting result. The latest ACT data
go in the other direction, giving no support for a running spectral
index when combined with WMAP29.

The results from Planck data are as follows (see Figs. 21 and
23):

dns/d ln k = �0.013 ± 0.009 (68%; Planck+WP); (62a)

29The di↵erences between the Planck results reported here and the
WMAP-7+SPT results (Hou et al. 2012) are discussed in Appendix A.

dns/d ln k = �0.015 ± 0.009 (68%; Planck+WP+highL); (62b)
dns/d ln k = �0.011 ± 0.008 (68%; Planck+lensing

+WP+highL). (62c)

The consistency between (62a) and (62b) shows that these re-
sults are insensitive to modelling of unresolved foregrounds.
The preferred solutions have a small negative running, but not
at a high level of statistical significance. Closer inspection of
the best-fits shows that the change in �2 when dns/d ln k is in-
cluded as a parameter comes almost entirely from the low multi-
pole temperature likelihood. In fact, the fits to the high multipole
Planck likelihood have a slightly worse �2 when dns/d ln k is in-
cluded. The slight preference for a negative running is therefore
driven by the spectrum at low multipoles ` <⇠ 50. The tendency
for negative running is partly mitigated by including the Planck
lensing likelihood (Eq. 62c).

The constraints on dns/d ln k are broadly similar if tensor
fluctuations are allowed in addition to a running of the spectrum
(Fig. 23) . Adding tensor fluctuations, the marginalized posterior
distributions for dns/d ln k give

dns/d ln k = �0.021 ± 0.011 (68%; Planck+WP), (63a)
dns/d ln k = �0.022 ± 0.010 (68%; Planck+WP+highL), (63b)
dns/d ln k = �0.019 ± 0.010 (68%; Planck+lensing

+WP+highL). (63c)

As with Eqs. (62a)–(62c) the tendency to favour negative run-
ning is driven by the low multipole component of the tempera-
ture likelihood not by the Planck spectrum at high multipoles.

This is one of several examples discussed in this section
where marginal evidence for extensions to the base ⇤CDM
model are favoured by the TT spectrum at low multipoles. (The
low multipole spectrum is also largely responsible for the pull of
the lensing amplitude, AL, to values greater than unity discussed
in Sect. 5.1). The mismatch between the best-fit base ⇤CDM
model and the TT spectrum at multipoles ` <⇠ 30 is clearly vis-
ible in Fig. 1. The implications of this mismatch are discussed
further in Sect. 7.

Beyond a simple running, various extended parameter-
izations have been developed by e.g., Bridle et al. (2003),
Shafieloo & Souradeep (2008), Verde & Peiris (2008), and
Hlozek et al. (2012), to test for deviations from a power-law
spectrum of fluctuations. Similar techniques are applied to the
Planck data in Planck Collaboration XXII (2013).

6.2.2. Tensor fluctuations

In the base ⇤CDM model, the fluctuations are assumed to
be purely scalar modes. Primordial tensor fluctuations could
also contribute to the temperature and polarization power spec-
tra (e.g., Grishchuk 1975; Starobinsky 1979; Basko & Polnarev
1980; Crittenden et al. 1993, 1995). The most direct way of test-
ing for a tensor contribution is to search for a magnetic-type par-
ity signature via a large-scale B-mode pattern in CMB polar-
ization (Zaldarriaga & Seljak 1997; Kamionkowski et al. 1997).
Direct B-mode measurements are challenging as the expected
signal is small; upper limits measured by BICEP and QUIET
give 95% upper limits of r0.002 < 0.73 and r0.002 < 2.8 respec-
tively (Chiang et al. 2010; QUIET Collaboration et al. 2012)30.

30As discussed in Planck Collaboration II (2013) and
Planck Collaboration VI (2013), residual low-level polarization
systematics in both the LFI and HFI data preclude a Planck B-mode
polarization analysis at this stage.
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Gravitational lensing and galaxy clustering promises to detect a 0.05eV neutrino mass 
sum in the next decade (sigma = 16meV) - some close work needed between astro 
and particle to make sure we trust any result.

8

Figure 2. Shown are the current constraints and forecast sensitivity of cosmology to the neutrino mass
in relation to the neutrino mass hierarchy. In the case of an “inverted hierarchy,” with an example case
marked as a diamond in the upper curve, future combined cosmological constraints would have a very high-
significance detection, with 1� error shown as a blue band. In the case of a normal neutrino mass hierarchy
with an example case marked as diamond on the lower curve, future cosmology would detect the lowestP

m⌫ at a level of ⇠ 4�. Also shown is the sensitivity from future long baseline neutrino experiments as
the pink shaded band, which should be sensitive to the neutrino hierarchy at least at 3� [50].

neutrino mass is an unknown quantity that needs to be marginalized over. The majority of information in
this case comes from precise measurements of the photon di↵usion scale relative to the sound horizon scale
as described in the previous section. Here, the addition of high accuracy E-mode polarization measured to
fine angular scales allows these two quantities to be measured with su�cient precision to decrease the error
bars several-fold with respect to Planck data. The addition of broadband galaxy power spectra does not
help in this case.

This accuracy will not allow us to distinguish between N
e↵

= 3 and N
e↵

= 3.046 at more than 2�. However,
we note that even if the true value of N

e↵

is not 3.046, it is highly unlikely to be the unphysical value of
a simplified model N

e↵

= 3. We argue that the error on N
e↵

is of the same order of magnitude as typical
corrections stemming from detailed modeling of the thermodynamical processes in the early universe and
therefore we are sensitive to the non-standard physics that would produce a signal in N

e↵

order or larger
than those processes.

Community Planning Study: Snowmass 2013



Summary

• CMB tightly constrains the relic density of CDM.  Within that there is room for 
it to be WIMP, sterile neutrino, or axion etc.

• On galactic scales there are questions about whether CDM really works, 
zooming in on halo substructure. But effects are very hard to simulate 
correctly.

• From cosmology we limit the sum of neutrino masses to be <0.23eV, and limit 
any excess relativistic density to be Delta Neff=0.3+-0.3

• Numerical simulations will continue to improve, and we will map out the CDM 
with gravitational lensing. Projected to reach a neutrino mass detection in next 
decade.
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