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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.
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relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
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dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R
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(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
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µ(a/a0) = (1 + a0/a)−1. Under this form, the acceleration
at the radius where a dark matter fit has an enclosed DMmass
fraction of one-half can be interpreted instead as the value
for a0. We have made such an estimate from our data for
the gNFW fits. We find a0 =0.78±0.37×10−10 m s−2 from
the gas-based data and a0 =0.56±0.40×10−10 m s−2 from
the stellar-based data. For both, we find root-mean-squares of
0.57×10−10 m s−2, meaning that our data appear to favor a
non-constant value of a0. The significance for a non-constant
value, however, is modest as 5/7 and 3/7 of the gas-based and
stellar-based measurements deviate from the central estimate
by 1-σ significance.

4. INTERPRETING THE MASS MODELS
4.1. Agreement Between Kinematic Tracers

We find that the posterior mass models inferred from the
gas and stars are not always consistent. However, the den-
sity profiles are usually consistent. We show the inferred
rotation curves for both kinematic tracers in Figure 5. The
curves, their decomposition into various mass components,
and the 1-σ ranges around the total rotation curves are cre-
ated by averaging rotation curves from 1000 of the MCMC
samples. NGC 2552 shows clear disagreement with the gas-
traced asymptotic velocity being larger than the stellar-traced
one, while the situation is reversed for NGC 959. We have
tried evaluating the stellar-traced models against the gas data
and vice versa, and the fits for these two galaxies are truly
poor representations of the swapped data sets. In our current
framework, we have no set of parameters that can bring the
potentials into agreement. We speculate that the two poten-
tials could be brought into better agreement by adding non-
spherical structure to the DM halo, as the gas and stars will
react differently. The simplest approach would be to make
oblate or prolate DM halos in JAM. A constant ellipticity to
the DM halo would shift the normalization of the rotation
curves (Simon et al. 2005). More complicated structure, such
as ellipticity varying as a function of vertical height, could
change the rotation curve shape, although a significant shape
change could only come about by very contrived alignments,
vertical scalings, and strong ellipticity gradients. Since the
gas is the thinnest component, a constant ellipticity shift to the
DM will change the gas-traced normalization more strongly
than the stellar-traced one. This general problem is beyond
the scope of this work. NGC 2976 shows modest, but sig-
nificant, disagreement in the same sense of the radial and
bisymmetric DiskFit models and as we found in Adams et al.
(2012). The stellar-traced rotation curve has larger ampli-
tude at smaller radii. The other four galaxies, UGC 2259,
NGC 5204, NGC 5949, and UGC 11707 show fairly good
agreement.
The data regions driving each fit can be seen in Figure 6.

There, the residuals to the gas and stellar kinematic maps are
shown along with the residuals from the parameter set se-
lected by the alternate tracer.
The logarithmic DM slopes derived from the gas and stellar

tracers are compared in Figure 7. The data agree fairly well
with the simple one-to-one relation. The most cored halos
show a small bias toward being steeper from the stellar-traced
models, but there is no doubt that several galaxies are incom-
patible with NFW profiles. NGC 2976 agrees with the one-
to-to relation within the uncertainties, in contrast to our previ-
ous work. The gas-traced model has become steeper, because
the model has swept over several PAs and not modeled non-

Figure 5. The rotation curves for the best fit parameters from the gas-traced
and stellar-traced data. The median rotation curves for the various parts of
the mass budget are shown as well as the 1-σ confidence bands. Arrows are
drawn to show the largest radius bin for each tracer. The circular velocity
curves have been fit for each tracer as described in the text. For the gas data,
the fit is made to the observed rotational velocity field. For the stellar data,
the fit is made to the quadrature sum of rotational velocity and dispersion.
NGC959 The two tracers do not agree in their large-radii normalizations. The
disagreement is robustly contained in the data, and is likely due to our models
not containing necessary complexity, such as from non-spherical DM halos.
UGC 2259 The gas-traced model appears cuspier. NGC 2552 The large-radii
normalization again disagrees between the two models. NGC 2976 A subtle
but significant disagreement exists in the shape of the rotation curves. The
disagreement is mainly in normalization with Υ∗ fit differently between the
two models. If a fixed value is used, the disagreement is primarily in a cuspier
shape to the stellar-traced model. NGC 5204 The two tracers show excellent
agreement in their mass models. NGC 5949 The two tracers show reason-
able agreement in their mass models, but with the stellar-based model being
modestly more cuspy. UGC 11707 The two tracers again show modest dis-
agreement at small radii, but the large error bars may explain the difference.

circular terms, and the stellar-traced model has become shal-
lower because the stellar photometry and mass has increased
as discussed in §4.2. Two galaxies are outliers beyond 1-σ
significance, which is expected from normal statistics alone.
NGC 5949 looks more cuspy from the stellar-traced models.
NGC 5949, however, does not have evidence for a bar from
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circular terms, and the stellar-traced model has become shal-
lower because the stellar photometry and mass has increased
as discussed in §4.2. Two galaxies are outliers beyond 1-σ
significance, which is expected from normal statistics alone.
NGC 5949 looks more cuspy from the stellar-traced models.
NGC 5949, however, does not have evidence for a bar from
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Figure 2. The gas-traced and stellar-traced data and the best fitting gNFWmodels. Top Stellar kinematic fields in the vrms parameters. Bottom Gas line-of-sight
velocity kinematic maps. Left Data. Right The best fitting models. The contours show logarithmically scaled surface brightnesses for the continuum, on the
stellar maps, and the emission lines, on the gas maps. The data-side contours show the actual surface brightnesses and the model-side stellar contour shows the
MGE model. Stellar contours are spaced by one magnitude and gas contours by two magnitudes.

the other input parameters are shared with the stellar-traced
models.
The models previously presented have assumed axisymme-

try. Dropping this assumption adds significant complexity.
In order to model triaxial structures through stellar kinemat-
ics, the best option is to use triaxial Schwarzschild codes, for
which van den Bosch et al. (2008) is the current standard. The
code has primarily been used to assess the robustness of super-
massive black hole mass estimates in the presence of triaxial
halos. The main limitation is that only static potentials can
currently be modeled. The code could profitably be employed
to more generally fit triaxial halo shapes in our sample, but it

cannot fit structures with a pattern speed such as bars. We hy-
pothesize that bars may be a significant dynamical perturber
to the gas kinematics, but less so to the hotter stellar kine-
matics. We do not attempt to model triaxial structure through
stellar kinematics herein.
Fortunately, the problem of triaxial structure affecting

gaseous kinematics has been extensively studied. The gen-
eral solution for an arbitrary number of harmonic terms
is presented in Schoenmakers et al. (1997). A general
solution named DiskFit, accompanied by software, has
been given in a set of papers (Spekkens & Sellwood 2007;
Sellwood & Sánchez 2010). The basic idea is that a bisym-
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.
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Figure 6. Lower panel: average stellar to dark mass ratio (filled points) for the
COSMOS+LM03 sample and average gas fraction (empty points). Uncertainties
are computed from the standard deviation of the mean in all cases. Upper panel:
total baryonic fraction obtained summing the points in the lower panel compared
with the universal value by WMAP5 (dark gray stripe). The dashed-dotted line
represents the fit to the measured points. The dashed line represents the fit to the
points where the gas fraction has been corrected for a 10% gas depletion. The
light gray stripe is the fit to the relation taking in account both gas depletion and
a constant (11%–22%) ICL contribution to the stellar mass.

4.4. Comparison with WMAP

4.4.1. Raw Values

As Figure 6 shows, there is a gap between the values of
f

stars+gas
500 estimated from WMAP5 and those obtained here; this

discrepancy, before any correction, is significant at more than
5σ for systems less massive than ∼1014 M⊙ (see Table 3), where
the uncertainties are calculated as described in Section 4.3.2.

4.4.2. Values Corrected for Gas Depletion

We now correct the value of the baryon fraction for gas
depletion. As discussed in Frenk et al. (1999), simulations
without feedback suggest that the ICM has a slightly more
inflated distribution than the dark matter (see also observations
by Pratt & Arnaud 2002), resulting in a decrease in the gas
fraction of 10% at R500. In the absence of indications to the
contrary we do not assume a mass dependence for the gas
depletion. For average massive clusters (⟨M500⟩ = 7×1014 M⊙)
the value of gas depletion-corrected f

stars+gas+depl
500 is consistent

within 1.4σ with the WMAP5 estimate. However, the gas
depletion corrected value in the group regime (⟨M500⟩ =
5 × 1013 M⊙) is still 4.5σ discrepant from that of WMAP5.27

4.4.3. Values Corrected for Gas Depletion and ICL

The existence of a diffuse stellar component in galaxy groups/
clusters is now a well established observational result, but the
way the ICL is defined and measured is not unique (see Zibetti
2008 for a recent review). The quality of our observations is
insufficient to measure the contribution of diffuse, very low

27 We note that this discrepancy represents a lower limit if a further 10%
reduction of the gas mass is applied due to the clumpiness of the ICM as in Lin
et al. (2003). However this correction is not applied in most of the studies of
gas component in clusters.

Table 3
Discrepancy of fb from the WMAP5 Value in Sigma Units

M500/[h−1
72 M⊙] ∆fb /[σfb ] ∆fb /[σfb ]a ∆fb /[σfb ]b

2.1e+13 > 1.2 > 0.8 > 0.3
5.1e+13 5.3 4.5 3.3
1.2e+14 5.1 4.2 3.2
3.0e+14 3.7 2.6 2.1
7.1e+14 2.6 1.4 1.0

Notes.
a After correction for gas depletion.
b After correction for gas depletion and ICL.

surface brightness light (>25.8 K mag arcsec−2) within r500
directly for individual systems in the sample. To quantify the
amount of stellar mass which is associated with diffuse light
that escapes detection during the standard photometry extraction
with SExtractor (Capak et al. 2007), we are guided by previous
observational results. In particular, we consider Zibetti et al.
(2005), Krick & Bernstein (2007), and Gonzalez et al. (2005).
Zibetti et al. (2005) used stacking analysis of 683 systems at
z = 0.2–0.3 ranging in total mass from a few times 1013 to
5 × 1014 M⊙ (the average total mass is 7 × 1013 M⊙), selected
from a 1500 deg2 of SDSS–DR1, reaching the unprecedented
surface brightness limit of ∼32 mag arcsec−2 (R band in the
z = 0.25 observed frame). They show that on average the
ICL contributes ∼11% of the stellar light within 500 kpc. In a
complementary study, Krick & Bernstein (2007) used a sample
of massive clusters with a range of morphology, redshift and
densities to find that the ICL contributes with 6%–22% to the
total cluster light in the r band within one quarter of the virial
radius, finding no appreciable correlation with cluster mass.
Given these results, we assume that the contribution of the ICL
to the total mass of a system is equal to its observed contribution
to the total light and ranges between 11% and 22%. This range
is consistent with the theoretical results by Murante et al. (2007)
and Purcell et al. (2008), in their attempt of modelling the
ICL by numerical simulations. Furthermore, given the complete
lack of observational constraints, we assume that the ICL mass
fraction is not evolving with redshift for 0 < z < 1; this is
supported by the simulation of Dubinski et al. (2003) as shown
in Feldmeier et al. (2004). We discuss the impact of our choice
on the results in Section 4.5. The final gas depletion corrected
values including the ICL contribution of fstars+gas+depl+ICL

500 are
lower than the WMAP5 estimate across the entire explored mass
range; f

stars+gas+depl+ICL
500 is in agreement with the WMAP5 result

within 1σ in the massive cluster regime, but still discrepant at a
significance level of at least 3.3σ for groups (see Figure 6).

4.5. Impact of Systematic Effects

The basic observational result of the present study is that
the baryon mass fraction, corrected for gas depletion and ICL
contribution, is consistent with WMAP5 estimate within 1σ for
clusters with ⟨M⟩ = 7 × 1014 M⊙ but is significantly (3.3σ )
lower for groups with ⟨M⟩ = 5 × 1013 M⊙. At the cluster
scale our result on the baryon fraction is consistent with that
of Lin et al. (2003), indicating that different approaches do
not show systematic differences in the determination of the gas
fraction scaling with the cluster mass. Furthermore, we note
that the scaling relation determined by Pratt et al. (2009) is
based on three different samples of groups and clusters: this
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.
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Planck Collaboration: Cosmological parameters

Table 5. Best-fit values and 68% confidence limits for the base ⇤CDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highL” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration 2013b).

Planck+WP Planck+WP+highL Planck+lensing+WP+highL Planck+WP+highL+BAO

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . . 0.022032 0.02205 ± 0.00028 0.022069 0.02207 ± 0.00027 0.022199 0.02218 ± 0.00026 0.022161 0.02214 ± 0.00024
⌦ch2 . . . . . . . . . . 0.12038 0.1199 ± 0.0027 0.12025 0.1198 ± 0.0026 0.11847 0.1186 ± 0.0022 0.11889 0.1187 ± 0.0017
100✓MC . . . . . . . . 1.04119 1.04131 ± 0.00063 1.04130 1.04132 ± 0.00063 1.04146 1.04144 ± 0.00061 1.04148 1.04147 ± 0.00056
⌧ . . . . . . . . . . . . 0.0925 0.089+0.012

�0.014 0.0927 0.091+0.013
�0.014 0.0943 0.090+0.013

�0.014 0.0952 0.092 ± 0.013
ns . . . . . . . . . . . 0.9619 0.9603 ± 0.0073 0.9582 0.9585 ± 0.0070 0.9624 0.9614 ± 0.0063 0.9611 0.9608 ± 0.0054
ln(1010As) . . . . . . . 3.0980 3.089+0.024

�0.027 3.0959 3.090 ± 0.025 3.0947 3.087 ± 0.024 3.0973 3.091 ± 0.025

APS
100 . . . . . . . . . . 152 171 ± 60 209 212 ± 50 204 213 ± 50 204 212 ± 50

APS
143 . . . . . . . . . . 63.3 54 ± 10 72.6 73 ± 8 72.2 72 ± 8 71.8 72.4 ± 8.0

APS
217 . . . . . . . . . . 117.0 107+20

�10 59.5 59 ± 10 60.2 58 ± 10 59.4 59 ± 10

ACIB
143 . . . . . . . . . . 0.0 < 10.7 3.57 3.24 ± 0.83 3.25 3.24 ± 0.83 3.30 3.25 ± 0.83

ACIB
217 . . . . . . . . . . 27.2 29+6

�9 53.9 49.6 ± 5.0 52.3 50.0 ± 4.9 53.0 49.7 ± 5.0

AtSZ
143 . . . . . . . . . . 6.80 . . . 5.17 2.54+1.1

�1.9 4.64 2.51+1.2
�1.8 4.86 2.54+1.2

�1.8

rPS
143⇥217 . . . . . . . . 0.916 > 0.850 0.825 0.823+0.069

�0.077 0.814 0.825 ± 0.071 0.824 0.823 ± 0.070

rCIB
143⇥217 . . . . . . . . 0.406 0.42 ± 0.22 1.0000 > 0.930 1.0000 > 0.928 1.0000 > 0.930

�CIB . . . . . . . . . . 0.601 0.53+0.13
�0.12 0.674 0.638 ± 0.081 0.656 0.643 ± 0.080 0.667 0.639 ± 0.081

⇠tSZ⇥CIB . . . . . . . . 0.03 . . . 0.000 < 0.409 0.000 < 0.389 0.000 < 0.410
AkSZ . . . . . . . . . . 0.9 . . . 0.89 5.34+2.8

�1.9 1.14 4.74+2.6
�2.1 1.58 5.34+2.8

�2.0

⌦⇤ . . . . . . . . . . . 0.6817 0.685+0.018
�0.016 0.6830 0.685+0.017

�0.016 0.6939 0.693 ± 0.013 0.6914 0.692 ± 0.010
�8 . . . . . . . . . . . 0.8347 0.829 ± 0.012 0.8322 0.828 ± 0.012 0.8271 0.8233 ± 0.0097 0.8288 0.826 ± 0.012
zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1
H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77
Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037
100✓⇤ . . . . . . . . . 1.04136 1.04147 ± 0.00062 1.04146 1.04148 ± 0.00062 1.04161 1.04159 ± 0.00060 1.04163 1.04162 ± 0.00056
rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

corresponding cosmological parameter constraints are shown in
Fig. 4.

We can draw the following general conclusions.

– The cosmological parameters for the base ⇤CDM model are
extremely insensitive to the foreground model described in
the previous subsection. The addition of the ACT and SPT
data causes the posterior distributions of cosmological pa-
rameters to shift by much less than one standard deviation.

– With Planck data alone, the CIB amplitude at 217 GHz is
strongly degenerate with the 217 GHz Poisson point source
amplitude. This degeneracy is broken by the addition of the
high-resolution CMB data. This degeneracy must be borne
in mind when interpreting Planck-only solutions for CIB pa-
rameters; the sum of the Poisson point source and CIB con-
tributions are well constrained by Planck at 217 GHz (and
in good agreement with the map-based CIB Planck analysis
reported in Planck Collaboration 2013a), whereas the indi-
vidual contributions are not. Another feature of the CIB pa-
rameters is that we typically find smaller values of the CIB
spectral index, �CIB, in Planck-alone solutions compared to
Planck+highL solutions (which can be seen in Fig. 6). This
provided additional motivation to treat �CIB as a parameter
in the Planck likelihood rather than fixing it to a particu-
lar value. There is evidence from the Planck spectra (most
clearly seen by di↵erencing the 217 ⇥ 217 and 143 ⇥ 143
spectra) that the CIB spectrum at 217 GHz flattens in slope
over the multipole range 500 <⇠ ` <⇠ 1000. This will be ex-

plored in further detail in future papers (see also Appendix
C).

– The addition of the ACT and SPT data constrains the ther-
mal SZ amplitude, which is poorly determined by Planck
alone. In the Planck-alone analysis, the tSZ amplitude is
strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di↵er substantially from those for Planck+WP+highL, the
total foreground spectra are insensitive to the addition of the
high-resolution CMB data. For example, for the 217⇥ 217 spec-
trum, the di↵erences in the total foreground solution are less
than 10 µK2 at ` = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su�ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di↵erences between
spectra (including beam errors).
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zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1
H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77
Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037
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corresponding cosmological parameter constraints are shown in
Fig. 4.

We can draw the following general conclusions.

– The cosmological parameters for the base ⇤CDM model are
extremely insensitive to the foreground model described in
the previous subsection. The addition of the ACT and SPT
data causes the posterior distributions of cosmological pa-
rameters to shift by much less than one standard deviation.

– With Planck data alone, the CIB amplitude at 217 GHz is
strongly degenerate with the 217 GHz Poisson point source
amplitude. This degeneracy is broken by the addition of the
high-resolution CMB data. This degeneracy must be borne
in mind when interpreting Planck-only solutions for CIB pa-
rameters; the sum of the Poisson point source and CIB con-
tributions are well constrained by Planck at 217 GHz (and
in good agreement with the map-based CIB Planck analysis
reported in Planck Collaboration 2013a), whereas the indi-
vidual contributions are not. Another feature of the CIB pa-
rameters is that we typically find smaller values of the CIB
spectral index, �CIB, in Planck-alone solutions compared to
Planck+highL solutions (which can be seen in Fig. 6). This
provided additional motivation to treat �CIB as a parameter
in the Planck likelihood rather than fixing it to a particu-
lar value. There is evidence from the Planck spectra (most
clearly seen by di↵erencing the 217 ⇥ 217 and 143 ⇥ 143
spectra) that the CIB spectrum at 217 GHz flattens in slope
over the multipole range 500 <⇠ ` <⇠ 1000. This will be ex-

plored in further detail in future papers (see also Appendix
C).

– The addition of the ACT and SPT data constrains the ther-
mal SZ amplitude, which is poorly determined by Planck
alone. In the Planck-alone analysis, the tSZ amplitude is
strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di↵er substantially from those for Planck+WP+highL, the
total foreground spectra are insensitive to the addition of the
high-resolution CMB data. For example, for the 217⇥ 217 spec-
trum, the di↵erences in the total foreground solution are less
than 10 µK2 at ` = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su�ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di↵erences between
spectra (including beam errors).
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tional nuisance parameters for “highL” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration 2013b).

Planck+WP Planck+WP+highL Planck+lensing+WP+highL Planck+WP+highL+BAO

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . . 0.022032 0.02205 ± 0.00028 0.022069 0.02207 ± 0.00027 0.022199 0.02218 ± 0.00026 0.022161 0.02214 ± 0.00024
⌦ch2 . . . . . . . . . . 0.12038 0.1199 ± 0.0027 0.12025 0.1198 ± 0.0026 0.11847 0.1186 ± 0.0022 0.11889 0.1187 ± 0.0017
100✓MC . . . . . . . . 1.04119 1.04131 ± 0.00063 1.04130 1.04132 ± 0.00063 1.04146 1.04144 ± 0.00061 1.04148 1.04147 ± 0.00056
⌧ . . . . . . . . . . . . 0.0925 0.089+0.012

�0.014 0.0927 0.091+0.013
�0.014 0.0943 0.090+0.013

�0.014 0.0952 0.092 ± 0.013
ns . . . . . . . . . . . 0.9619 0.9603 ± 0.0073 0.9582 0.9585 ± 0.0070 0.9624 0.9614 ± 0.0063 0.9611 0.9608 ± 0.0054
ln(1010As) . . . . . . . 3.0980 3.089+0.024

�0.027 3.0959 3.090 ± 0.025 3.0947 3.087 ± 0.024 3.0973 3.091 ± 0.025

APS
100 . . . . . . . . . . 152 171 ± 60 209 212 ± 50 204 213 ± 50 204 212 ± 50

APS
143 . . . . . . . . . . 63.3 54 ± 10 72.6 73 ± 8 72.2 72 ± 8 71.8 72.4 ± 8.0

APS
217 . . . . . . . . . . 117.0 107+20

�10 59.5 59 ± 10 60.2 58 ± 10 59.4 59 ± 10

ACIB
143 . . . . . . . . . . 0.0 < 10.7 3.57 3.24 ± 0.83 3.25 3.24 ± 0.83 3.30 3.25 ± 0.83

ACIB
217 . . . . . . . . . . 27.2 29+6

�9 53.9 49.6 ± 5.0 52.3 50.0 ± 4.9 53.0 49.7 ± 5.0

AtSZ
143 . . . . . . . . . . 6.80 . . . 5.17 2.54+1.1

�1.9 4.64 2.51+1.2
�1.8 4.86 2.54+1.2

�1.8

rPS
143⇥217 . . . . . . . . 0.916 > 0.850 0.825 0.823+0.069

�0.077 0.814 0.825 ± 0.071 0.824 0.823 ± 0.070

rCIB
143⇥217 . . . . . . . . 0.406 0.42 ± 0.22 1.0000 > 0.930 1.0000 > 0.928 1.0000 > 0.930

�CIB . . . . . . . . . . 0.601 0.53+0.13
�0.12 0.674 0.638 ± 0.081 0.656 0.643 ± 0.080 0.667 0.639 ± 0.081

⇠tSZ⇥CIB . . . . . . . . 0.03 . . . 0.000 < 0.409 0.000 < 0.389 0.000 < 0.410
AkSZ . . . . . . . . . . 0.9 . . . 0.89 5.34+2.8

�1.9 1.14 4.74+2.6
�2.1 1.58 5.34+2.8

�2.0

⌦⇤ . . . . . . . . . . . 0.6817 0.685+0.018
�0.016 0.6830 0.685+0.017

�0.016 0.6939 0.693 ± 0.013 0.6914 0.692 ± 0.010
�8 . . . . . . . . . . . 0.8347 0.829 ± 0.012 0.8322 0.828 ± 0.012 0.8271 0.8233 ± 0.0097 0.8288 0.826 ± 0.012
zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1
H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77
Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037
100✓⇤ . . . . . . . . . 1.04136 1.04147 ± 0.00062 1.04146 1.04148 ± 0.00062 1.04161 1.04159 ± 0.00060 1.04163 1.04162 ± 0.00056
rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

corresponding cosmological parameter constraints are shown in
Fig. 4.

We can draw the following general conclusions.

– The cosmological parameters for the base ⇤CDM model are
extremely insensitive to the foreground model described in
the previous subsection. The addition of the ACT and SPT
data causes the posterior distributions of cosmological pa-
rameters to shift by much less than one standard deviation.

– With Planck data alone, the CIB amplitude at 217 GHz is
strongly degenerate with the 217 GHz Poisson point source
amplitude. This degeneracy is broken by the addition of the
high-resolution CMB data. This degeneracy must be borne
in mind when interpreting Planck-only solutions for CIB pa-
rameters; the sum of the Poisson point source and CIB con-
tributions are well constrained by Planck at 217 GHz (and
in good agreement with the map-based CIB Planck analysis
reported in Planck Collaboration 2013a), whereas the indi-
vidual contributions are not. Another feature of the CIB pa-
rameters is that we typically find smaller values of the CIB
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over the multipole range 500 <⇠ ` <⇠ 1000. This will be ex-

plored in further detail in future papers (see also Appendix
C).
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alone. In the Planck-alone analysis, the tSZ amplitude is
strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
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The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di↵er substantially from those for Planck+WP+highL, the
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high-resolution CMB data. For example, for the 217⇥ 217 spec-
trum, the di↵erences in the total foreground solution are less
than 10 µK2 at ` = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
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20. BIG-BANG NUCLEOSYNTHESIS

Revised October 2007 by B.D. Fields (Univ. of Illinois) and S. Sarkar
(Univ. of Oxford).

Big-bang nucleosynthesis (BBN) offers the deepest reliable probe of
the early universe, being based on well-understood Standard Model
physics [1–4]. Predictions of the abundances of the light elements, D,
3He, 4He, and 7Li, synthesized at the end of the “first three minutes,”
are in good overall agreement with the primordial abundances inferred
from observational data, thus validating the standard hot big-bang
cosmology (see [5] for a review). This is particularly impressive
given that these abundances span nine orders of magnitude — from
4He/H ∼ 0.08 down to 7Li/H ∼ 10−10 (ratios by number). Thus BBN
provides powerful constraints on possible deviations from the standard
cosmology [2], and on new physics beyond the Standard Model [3].

20.1. Theory

The synthesis of the light elements is sensitive to physical conditions
in the early radiation-dominated era at temperatures T <∼ 1 MeV,
corresponding to an age t >∼ 1 s. At higher temperatures, weak
interactions were in thermal equilibrium, thus fixing the ratio of
the neutron and proton number densities to be n/p = e−Q/T ,
where Q = 1.293 MeV is the neutron-proton mass difference.
As the temperature dropped, the neutron-proton inter-conversion
rate, Γn↔p ∼ G2

FT 5, fell faster than the Hubble expansion rate,
H ∼

√
g∗GN T 2, where g∗ counts the number of relativistic

particle species determining the energy density in radiation. This
resulted in departure from chemical equilibrium (“freeze-out”) at
Tfr ∼ (g∗GN/G4

F )1/6 ≃ 1 MeV. The neutron fraction at this time,
n/p = e−Q/Tfr ≃ 1/6, is thus sensitive to every known physical
interaction, since Q is determined by both strong and electromagnetic
interactions while Tfr depends on the weak as well as gravitational
interactions. Moreover, the sensitivity to the Hubble expansion rate
affords a probe of e.g., the number of relativistic neutrino species [6].
After freeze-out, the neutrons were free to β-decay so the neutron
fraction dropped to ≃ 1/7 by the time nuclear reactions began. A
simplified analytic model of freeze-out yields the n/p ratio to an
accuracy of ∼ 1% [7,8].

The rates of these reactions depend on the density of baryons
(strictly speaking, nucleons), which is usually expressed normalized to
the relic blackbody photon density as η ≡ nB/nγ . As we shall see, all
the light-element abundances can be explained with η10 ≡ η × 1010

in the range 4.7–6.5 (95% CL). With nγ fixed by the present CMB
temperature 2.725 K (see Cosmic Microwave Background review),
this can be stated as the allowed range for the baryon mass density
today, ρB = (3.2–4.5) × 10−31 g cm−3, or as the baryonic fraction of
the critical density, ΩB = ρB/ρcrit ≃ η10h−2/274 = (0.017–0.024)h−2,
where h ≡ H0/100 km s−1 Mpc−1 = 0.72 ± 0.08 is the present Hubble
parameter (see Cosmological Parameters review).

The nucleosynthesis chain begins with the formation of deuterium
in the process p(n, γ)D. However, photo-dissociation by the high
number density of photons delays production of deuterium (and
other complex nuclei) well after T drops below the binding energy
of deuterium, ∆D = 2.23 MeV. The quantity η−1e−∆D/T , i.e., the
number of photons per baryon above the deuterium photo-dissociation
threshold, falls below unity at T ≃ 0.1 MeV; nuclei can then begin to
form without being immediately photo-dissociated again. Only 2-body
reactions, such as D(p, γ)3He, 3He(D, p)4He, are important because
the density has become rather low by this time.

Nearly all the surviving neutrons when nucleosynthesis begins end
up bound in the most stable light element 4He. Heavier nuclei do not
form in any significant quantity both because of the absence of stable
nuclei with mass number 5 or 8 (which impedes nucleosynthesis via
n4He, p4He or 4He4He reactions), and the large Coulomb barriers
for reactions such as T(4He, γ)7Li and 3He(4He, γ)7Be. Hence the
primordial mass fraction of 4He, conventionally referred to as Yp, can
be estimated by the simple counting argument

Yp =
2(n/p)
1 + n/p

≃ 0.25 . (20.1)

There is little sensitivity here to the actual nuclear reaction rates,
which are, however, important in determining the other “left-over”

abundances: D and 3He at the level of a few times 10−5 by number
relative to H, and 7Li/H at the level of about 10−10 (when η10
is in the range 1–10). These values can be understood in terms of
approximate analytic arguments [8,9]. The experimental parameter
most important in determining Yp is the neutron lifetime, τn, which
normalizes (the inverse of) Γn↔p. The experimental uncertainty in
τn used to be a source of concern, but has recently been reduced
substantially: τn = 885.7± 0.8 s (see N Baryons Listing).

The elemental abundances are calculated using an updated
version [10] of the Wagoner code [1]; other modern versions [11] are
publicly available [12]. Results appear in Fig. 20.1 as a function of η10.
The 4He curve includes small corrections due to radiative processes at
zero and finite temperatures [13], non-equilibrium neutrino heating
during e± annihilation [14], and finite nucleon mass effects [15]; the
range reflects primarily the 2σ uncertainty in the neutron lifetime.
The spread in the curves for D, 3He, and 7Li corresponds to the
2σ uncertainties in nuclear cross sections, as estimated by Monte
Carlo methods [16–17]. The input nuclear data have been carefully
reassessed [10, 18-21], leading to improved precision in the abundance
predictions. Polynomial fits to the predicted abundances and the error
correlation matrix have been given [17,22]. The boxes in Fig. 20.1
show the observationally inferred primordial abundances with their
associated statistical and systematic uncertainties, as discussed below.
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as
predicted by the standard model of big-bang nucleosynthesis —
the bands show the 95% CL range. Boxes indicate the observed
light element abundances (smaller boxes: ±2σ statistical errors;
larger boxes: ±2σ statistical and systematic errors). The narrow
vertical band indicates the CMB measure of the cosmic baryon
density, while the wider band indicates the BBN concordance
range (both at 95% CL). Color version at end of book.

20.2. Light Element Abundances

BBN theory predicts the universal abundances of D, 3He, 4He, and
7Li, which are essentially determined by t ∼ 180 s. Abundances are,

Nuclei formation rates 
depend on the density 
of baryons (strictly 
speaking, neutrons)

⌘ =
nB

n�

⌦B =
⇢B
⇢crit

observed 
range

observed range

observed 
range

Agreement between 
CMB and BBN densities

Big Bang 
Nucleosynthesis
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0.04175±0.00004 pJ/m3 photons
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.

An invisible mass makes the Cosmic 
Microwave Background fluctuations grow 
into galaxies (CMB and matter power 
spectra, or correlation functions)

Planck

From CMB fluctuations to galaxies



Primordial 
plasma

Cold dark matter 
few nanoseconds

Atomic nuclei 
few seconds — few minutes

Protons and neutrons 
few milliseconds

Big Bang Nucleosynthesis (BBN)

Cosmic Microwave Background (CMB)
Atoms 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From CMB fluctuations to galaxies
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Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ≥ 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ effect and point sources. The solid line shows the best-fitting 6-parameter flat ΛCDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

systematic error is minimized by calibrating su-
pernova luminosities directly using the geometric
maser distance measurements. This is a significant
improvement over the prior that we adopted for
the 5-year analysis, H0 = 72 ± 8 km s−1 Mpc−1,
which is from the Hubble Key Project final results
(Freedman et al. 2001).

• Gaussian priors on the distance ratios, rs/DV (z =
0.2) = 0.1905 ± 0.0061 and rs/DV (z = 0.35) =
0.1097 ± 0.0036, measured from the Two-Degree
Field Galaxy Redshift Survey (2dFGRS) and the
Sloan Digital Sky Survey Data Release 7 (SDSS
DR7) (Percival et al. 2009). The inverse covariance
matrix is given by equation (5) of Percival et al.
(2009). These priors are improvements from those
we adopted for the 5-year analysis, rs/DV (z =
0.2) = 0.1980 ± 0.0058 and rs/DV (z = 0.35) =
0.1094± 0.0033 (Percival et al. 2007).

The above measurements can be translated into a
measurement of rs/DV (z) at a single, “pivot” red-
shift: rs/DV (z = 0.275) = 0.1390 ± 0.0037 (Per-
cival et al. 2009). Kazin et al. (2010) used the
two-point correlation function of SDSS-DR7 LRGs
to measure rs/DV (z) at z = 0.278. They found
rs/DV (z = 0.278) = 0.1394 ± 0.0049, which is an
excellent agreement with the above measurement
by Percival et al. (2009) at a similar redshift. The
excellent agreement between these two independent
studies, which are based on very different methods,

indicates that the systematic error in the derived
values of rs/DV (z) may be much smaller than the
statistical error.

Here, rs is the comoving sound horizon size at the
baryon drag epoch zd,

rs(zd) =
c√
3

! 1/(1+zd)

0

da

a2H(a)
"

1 + (3Ωb/4Ωγ)a
. (15)

For zd, we use the fitting formula proposed by
Eisenstein & Hu (1998). The effective distance
measure, DV (z) (Eisenstein et al. 2005), is given
by

DV (z) ≡
#

(1 + z)2D2
A(z)

cz

H(z)

$1/3

, (16)

where DA(z) is the proper (not comoving) angular
diameter distance:

DA(z) =
c

H0

fk

%

H0

"

|Ωk|
& z
0

dz′

H(z′)

'

(1 + z)
"

|Ωk|
, (17)

where fk[x] = sin x, x, and sinhx for Ωk < 0
(k = 1; positively curved), Ωk = 0 (k = 0; flat),
and Ωk > 0 (k = −1; negatively curved), respec-
tively. The Hubble expansion rate, which has con-
tributions from baryons, cold dark matter, pho-
tons, massless and massive neutrinos, curvature,
and dark energy, is given by equation (27) in Sec-
tion 3.3.
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FIG. 4: Measured power spectra for the full LRG and main galaxy samples. Errors are uncorrelated and full window functions are shown
in Figure 5. The solid curves correspond to the linear theory ΛCDM fits to WMAP3 alone from Table 5 of [7], normalized to galaxy bias
b = 1.9 (top) and b = 1.1 (bottom) relative to the z = 0 matter power. The dashed curves include the nonlinear correction of [29] for
A = 1.4, with Qnl = 30 for the LRGs and Qnl = 4.6 for the main galaxies; see equation (4). The onset of nonlinear corrections is clearly
visible for k ∼

> 0.09h/Mpc (vertical line).

Our Fourier convention is such that the dimensionless
power ∆2 of [77] is given by ∆2(k) = 4π(k/2π)3P (k).

Before using these measurements to constrain cosmo-
logical models, one faces important issues regarding their
interpretation, related to evolution, nonlinearities and
systematics.

B. Clustering evolution

The standard theoretical expectation is for matter
clustering to grow over time and for bias (the rela-
tive clustering of galaxies and matter) to decrease over
time [78–80] for a given class of galaxies. Bias is also
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Fluctuations are too small to 
gravitationally grow into galaxies 
in the given 13 billion years.
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More than 80% of all matter 
does not couple 
to the primordial plasma!

Dark matter
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1. Calculating the dark matter distribution

Tuesday, May 13, 2014 Bode et al 2001
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Neutrinos as dark matter

Cosmology 
provides 
upper limits 
on neutrino 
masses

∑m < 0.25 eV

“large” neutrino masszero neutrino mass
✓

Galaxy formation and Lyman-α forest

Future reach 
~0.06 eV



• Neutrino oscillations (largest Δm2 from SK+K2K+MINOS) 
place a lower bound on one of the neutrino masses,  
mν > 0.086 eV !

• Cosmology places an upper bound on the sum of the 
neutrino masses, Σmν < 0.23 eV!

• Therefore neutrinos are hot dark matter (mν ≪ Teq=1.28 eV) 
with density 0.0009 < Ωνh2 < 0.0025 

Detecting this Cosmic Neutrino Background (CNB) is a big challenge

Neutrino as dark matter

Gonzalez-Garcia et al 2012

Planck+WP+ACT/SPT+BAO 2013



CDM is an Excellent Model for the  
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Small galaxies and dark subhalos
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Dark-matter-only simulations do not 
match observations at small scales (~kpc)

They incorrectly predict:!

- Too many galactic bulges (too 
much low angular momentum gas)!

- Steep density profiles in dwarf 
galaxies (cusp/core problem)!

- Too dense subhalos/satellites 
(“too big to fail” problem)!

- Too many subhalos/satellites
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Including models for baryons in the universe can significantly alter 
the results from structure formation simulations:!

- Triaxial halos ➠ Oblate/round halos.!
- Cuspy dark matter profiles ➠ Cored dark matter profiles.!
- Cored halos are more easily tidally disrupted ➠ Fewer satellites.!
- An existing stellar disk ➠ An accreted dark disk.

Small galaxies and dark subhalos



Vogelsberger et al 2014Illustris Collaboration 2014

!
!
-Hydrodynamical simulation!
-Volume: (106.5 Mpc)3!
-Resolution: 710 pc (DM)/48 pc (gas)!
-Solves `missing satellite’ and `too big-
to-fail’ problems. Produces observed 
galaxy shapes and metallicity.!

AGN-feedback 
explosion

Dark 
matter

Gas!
(baryons)

 

Figure 5: Non-linear matter power spectrum. The dimensionless total matter power

spectrum, ∆2(k),  of the Illustris simulation (top panel, black line) differs significantly,

due to baryonic effects,  from that  of  the dark matter-only  counterpart  Illustris-Dark

(light blue). Analytic fitting models39,40 (green and pink) do not provide an adequate

description  of  the  hydrodynamic  results.  The  lower  panel  shows  their  relative

difference, highlighting that baryonic effects exceed 1% already on scales smaller than

k ~ 1 h Mpc-1. The theoretical shot noise level (shown as thin dashed lines) has been

subtracted in the measurements.
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Oh et al 2011

Creation of a Dark Matter Core

Oh et al., 2011, AJ, 142, 24

See also: Navarro et al. 1996; Read & Gilmore 2005; Mashchenko et al. 2006, 2008; Pasetto et al. 2010;  
de Souza et al. 2011; Cloet-Osselaer et al. 2012; Maccio et al. 2012; Teyssier et al. 2012; Ogiya & Mori 2012
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Observed density profiles in 
dwarf galaxies are shallower 
than predicted with DM only

With baryons, density profiles 
appear to match observations
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Satellites that are Too Denseno
t

Brooks'&'Zolotov'(2014),'ApJ,'786,'87,'arXiv:1207.2468

With DM-only, the predicted 
satellites are too dense

Brooks, Zolotov 2014

With baryons, the predicted 
satellites match observations

Predicted

Observed
Observed

Predicted

“Too big to fail” problem

Small galaxies and dark subhalos



the Bigger Picture:  
The Small Scale “Crisis” of CDM

Baryons WDM SIDM

Bulge-less 
disk galaxies

The Cusp/
Core Problem

Too Big to Fail

Missing 
Satellites

Brooks 2014

Small galaxies and dark subhalos



3 kpc

8.3 kpc

Rotation curve (Clemens 1985)

Image by R. Powell using DSS data

Sun

Our galaxy is inside a halo of dark matter particles
1 kpc = 2.06×1011 AU

Galactic dark matter



~200pc

MW

The Milky Way disc

~100pc
Hydro

~20pc
DM only

Solar system is a million times smaller 
than this!

Dwarf

<100pc
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Measurement | Historic measures

Read 2014
Tuesday, June 24, 2014

Conclusions

• The latest constraints on the local dark matter density give:

• Comparing these with the rotation curve implies a near-spherical MW 
halo at ~8kpc, little dark disc, and a quiescent merger history. 

• We have searched for stars accreted along with the dark disc, finding 
none so far; this supports the “quiescent MW” scenario.

• Gaia will move us into the realm of truly precise measurements of the 
Local Dark Matter Density.

�dm = 0.33+0.26
�0.075 GeV cm�3 �dm = 0.25± 0.09GeV cm�3

[volume complete; G12*;R14] [SDSS; Z13]

Garbari et al. 2012; Zhang et al. 2013; Read 2014; Ruchti, Read et al. 2014, submitted
Tuesday, June 24, 2014

Local dark matter density

Galactic dark matter



Katz & Gunn 1991; Dubinski 1994; Debattista et al. 2008; Read et al. 2009

‘Dark disc’No baryons With baryons

Figure 4: Including baryons in the cosmological simulations alters the predictions
for �dm. Left & Middle: Adding dissipative baryonic matter causes the dark
matter halo to contract and change shape, becoming oblate and aligned with the
disc at least out to ⇥ 10 disc scale lengths. The left plot shows projected density
contours of a Milky Way-mass dark matter halo from a cosmological simulation
(Read et al., 2009) in the absence of baryons, which is triaxial (i.e. has no sym-
metry axis). The middle plot shows the same simulation run including baryonic
physics (the approximate size of the disc that is in the x � y plane is marked
by the red horizontal line). The dotted lines show density contours for the dark
matter accreted from the four most massive satellites. Right: The presence of a
massive disc at high redshift biases the accretion of satellites causing their tidal
debris – both stars and dark matter – to settle into a rotating disc. This plot
shows the ratio of the density of this ‘dark disc’ to the halo density at the solar
neighbourhood, for a series of controlled simulations where a satellite of the mass
of the Large Magellanic Cloud (LMC) or four times larger than this (LLMC) were
merged with the Milky Way with di�erent inclination angles, as marked. Notice
that it is the low inclination mergers (LMC-10� and LLMC-10�) that contribute
most to the ‘dark disc’, as expected. Plot adapted from data presented in Read
et al. (2008).

This above makes hunting for the gravitational e�ect of dark matter near
the Sun rather like looking for the proverbial needle in the haystack. This
is one motivation for using extrapolations from larger scales where the dark
matter dominates the potential. It leads to a trade-o� between moving away
from the Solar neighbourhood to see more dark matter, and minimising the
number of assumptions that must go in to the method. I discuss this further
in §3.

14

Shape change

A composite image of the dark matter disk (red contours) and the Atlas Image mosaic of the Milky Way obtained as part of the Two Micron All Sky Survey (2MASS), a joint project 
of the University of Massachusetts and the Infrared Processing and Analysis Center/California Institute of Technology, funded by the National Aeronautics and Space Administration 
and the National Science Foundation. Credit: J. Read & O. Agertz. 

Dark discs

Lake 1989; Read et al. 2008/9

1. Calculating the DM dist. | The importance of baryons 

Tuesday, May 13, 2014

Dark disks arise from dynamical friction on accreted satellites

Our galaxy had no recent major merger, thus no significant dark disk.

Galactic dark matter



Galactic dark matter

orbit
Pal 5

trailing tail

leading tail

Odenkirchen et al 2002 (SDSS)

SDSS, 2MASS, SEGUE,…….

Tidal forces can destroy subhalos and generate tidal streams

Streams of stars have been 
observed in the galactic halo

Majewski et al 2013 (2MASS)



Cosmological N-Body 
simulations including 
baryons are challenging

We know very little about 
the dark matter velocity 
distribution near the Sun 

Phase-space structure in the local dark matter distribution 3

for all six halos with about 200 million particles within R200. Fur-
ther details of the halos and their characteristics can be found in
Springel et al. (2008).

In the following analysis we will often compare the six level-2
resolution halos, Aq-A-2 to Aq-F-2. To facilitate this comparison,
we scale the halos in mass and radius by the constant required to
give each a maximum circular velocity of Vmax = 208.49 km/s,
the value for Aq-A-2. We will also sometimes refer to a coordi-
nate system that is aligned with the principal axes of the inner halo,
and which labels particles by an ellipsoidal radius rell defined as
the semi-major axis length of the ellipsoidal equidensity surface on
which the particle sits. We determine the orientation and shape of
these ellipsoids as follows. For each halo we begin by diagonal-
ising the moment of inertia tensor of the dark matter within the
spherical shell 6 kpc < r < 12 kpc (after scaling to a com-
mon Vmax). This gives us a first estimate of the orientation and
shape of the best fitting ellipsoid. We then reselect particles with
6 kpc < rell < 12 kpc, recalculate the moment of inertia tensor
and repeat until convergence. The resulting ellipsoids have minor-
to-major axis ratios which vary from 0.39 for Aq-B-2 to 0.59 for
Aq-D-2. The radius restriction reflects our desire to probe the dark
matter distribution near the Sun.

3 SPATIAL DISTRIBUTIONS

The density of DM particles at the Earth determines the flux of
DM particles passing through laboratory detectors. It is important,
therefore, to determine not only the mean value of the DM density
8 kpc from the Galactic Centre, but also the fluctuations around this
mean which may result from small-scale structure.

We estimate the local DM distribution at each point in our
simulations using an SPH smoothing kernel adapted to the 64
nearest neighbours. We then fit a power law to the resulting dis-
tribution of ln ρ against ln rell over the ellipsoidal radius range
6 kpc < rell < 12 kpc. This defines a smooth model density
field ρmodel(rell). We then construct a density probability distribu-
tion function (DPDF) as the histogram of ρ/ρmodel for all particles
in 6 kpc < rell < 12 kpc, where each is weighted by ρ−1 so that
the resulting distribution refers to random points within our ellip-
soidal shell rather than to random mass elements. We normalise the
resulting DPDFs to have unit integral. They then provide a prob-
ability distribution for the local dark matter density at a random
point in units of that predicted by the best fitting smooth ellipsoidal
model.

In Fig. 1 we show the DPDFs measured in this way for all
resimulations of Aq-A (top panel) and for all level-2 halos after
scaling to a common Vmax (bottom panel). Two distinct compo-
nents are evident in both plots. One is smoothly and log-normally
distributed around ρ = ρmodel, the other is a power-law tail to high
densities which contains less than 10−4 of all points. The power-
law tail is not present in the lower resolution halos (Aq-A-3, Aq-
A-4, Aq-A-5) because they are unable to resolve subhalos in these
inner regions. However, Aq-A-2 and Aq-A-1 give quite similar re-
sults, suggesting that resolution level 2 is sufficient to get a reason-
able estimate of the overall level of the tail. A comparison of the six
level 2 simulations then demonstrates that this tail has similar shape
in different halos, but a normalisation which can vary by a factor
of several. In none of our halos does the fraction of the distribu-
tion in this tail rise above 5× 10−5. Furthermore, the arguments of
Springel et al (2008) suggest that the total mass fraction in the in-
ner halo (and thus also the total volume fraction) in subhalos below
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Figure 2. Top four panels: Velocity distributions in a 2 kpc box at the Solar
Circle for halo Aq-A-1. v1, v2 and v3 are the velocity components parallel
to the major, intermediate and minor axes of the velocity ellipsoid; v is the
modulus of the velocity vector. Red lines show the histograms measured
directly from the simulation, while black dashed lines show a multivari-
ate Gaussian model fit to the individual component distributions. Residuals
from this model are shown in the upper part of each panel. The major axis
velocity distribution is clearly platykurtic, whereas the other two distribu-
tions are leptokurtic. All three are very smooth, showing no evidence for
spikes due to individual streams. In contrast, the distribution of the velocity
modulus, shown in the upper left panel, shows broad bumps and dips with
amplitudes of up to ten percent of the distribution maximum. Lower panel:
Velocity modulus distributions for all 2 kpc boxes centred between 7 and
9 kpc from the centre of Aq-A-1. At each velocity a thick red line gives the
median of all the measured distributions, while a dashed black line gives
the median of all the fitted multivariate Gaussians. The dark and light blue
contours enclose 68% and 95% of all the measured distributions at each ve-
locity. The bumps seen in the distribution for a single box are clearly present
with similar amplitude in all boxes, and so also in the median curve. The
bin size is 5 km/s in all plots.
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Maxwellian

Vogelsberger et al 2009

Median
68% 95%

Read et al 2009

A dark matter disc 3

Simulation (Ωm,ΩΛ,σ8, h) (Ndm, N∗, Ngas)/106 min(Mdm,M∗,Mgas)/105 M⊙ ϵdm,∗,gas/kpc M<300kpc
dm /1012 M⊙

MW1 (0.3, 0.7, 0.9, 0.7) (2.8, 3.1, 1.5) (7.6, 0.2, 0.3) 0.3 1.1
H204 (0.24, 0.76, 0.77, 0.73) (4, 3.3, 1.7) (10.1, 0.41, 0.58) 0.35 0.8
H258 (0.24, 0.76, 0.77, 0.73) (3.5, 2.2, 1.4) (10.1, 0.35, 0.58) 0.35 0.75
H258dark (0.24, 0.76, 0.77, 0.73) (3.5,−,−) (12.25,−,−) 0.35 0.9

Table 1. Simulation labels and parameters. From left to right the columns show the simulation label, the cosmological parameters used,
the number of dark, star and gas particles at redshift z = 0, the minimum dark matter, star and gas particle masses at z = 0, the dark
matter, star and gas force softenings (these are always equal), and the dark matter mass within 300 kpc at z = 0. H258dark was set up
with the same initial conditions as H258, but run with only dark matter particles, and at slightly lower mass resolution.

(a) MW1 (b) H204 (c) H258/H258dark

Figure 1. (a-c) The distribution of rotational velocities at the solar neighbourhood (7 < R < 8 kpc; |z| < 2.1 kpc) for three simulated
Milky Way mass galaxies MW1, H204 and H258. The lines show the dark matter (black) and stars (red). The dark matter distribution
for H258dark, simulated with dark matter alone, is overplotted on (c) (black dotted).

decay in angle θ to the host galaxies’ disc as a function of
redshift z.

The mass and rotation speed of the dark disc increase in
the simulations with more late mergers. MW1 has no signif-
icant mergers after redshift z = 2 and has a less significant
dark disc, with rotation lag with respect to the stars (red
lines in Figure 1) of ∼ 150 km/s, and dark disc to halo den-
sity ratio of ρDDISC/ρHALO = 0.23 (obtained from the dou-
ble Gaussian fit). H204 and H258 both have extreme dark
discs with ρDDISC/ρHALO > 1 and rotation lag with respect
to the stars of <

∼ 60 km/s; they both have massive mergers
at redshift z < 1.

Figure 2(i-j) demonstrates that disc plane dragging is
responsible for the formation of the dark disc. In MW1, the
green satellite is dragged towards the disc plane, the ma-
genta and cyan satellites start out close to the disc plane,
and the blue satellite merges at high inclination angle. Fig-
ure 2(a) shows the contribution to the dark disc owing to
each of these satellites. The magenta satellite contributes
the most, being both low-inclination and massive, then the
green. The cyan satellite is of too low mass to contribute sig-
nificantly, while the blue satellite contributes little rotating
material because of its high inclination. These results con-
firm our expectations from isolated disc-satellite merger sim-
ulations (Read et al. 2008). Similar results can be seen for
the four most massive mergers in H204. Although initially
on high inclination orbits, the magenta and cyan satellites
complete enough peri-centre passages to be dragged down
into the disc plane and contribute significantly to the dark

disc; the blue and green satellites also contribute in equal
measure, though somewhat less than the magenta and cyan
satellites owing to their higher final inclinations. H258 ap-
pears to present a similar picture. The green satellite is a
near ∼1:1 merger that starts out near the disc plane and
contributes nearly all of the dark disc. However, mergers
of this mass ratio define the post-merger plane of the disc.
They will lead to highly rotating, albeit hot, dark matter
discs, whatever their initial inclination. Yet there is no dark
disc in H258dark that has the same ∼1:1 merger, but no
baryonic material. This suggests that a second mechanism,
extra to disc-plane dragging, is important for the formation
of dark discs. We discuss this below in §3.2.

It is interesting that in all three galaxies, none of
the four most massive satellites contribute significant ret-
rograde material. We will investigate this further in fu-
ture work, but note here that retrograde mergers are
suppressed both because of reduced dynamical friction
(Quinn & Goodman 1986; Read et al. 2008), and reduced
tidal forces (Read et al. 2006b).

3.2 Maintaining the dark disc: the importance of

halo shape

Figure 3(e-h) shows projected density contours for the to-
tal dark matter (black) and the dark matter accreted from
the four most massive satellites (black dotted), in MW1,
H204, H258, and H258dark. All of the simulations that in-
clude the baryons produce near-spherical, slightly oblate,
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.

Evidence for cold dark matter

Planck



The warning

“For any complex physical 
phenomenon there is a simple, 
elegant, compelling, wrong 
explanation.”

Thomas Gold, 1920-2004, 
Austrian-born astronomer 
at Cambridge University 
and Cornell University


