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Some a priori successes of ΛCDM

• Prediction of cosmic microwave background temperature 
& E-mode polarisation anisotropies (up to a few 
parameters)

Planck  
Collaboration 
2015



• Prediction of baryon acoustic oscillation scale 
(and amplitude) in galaxy survey data
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Figure 1. The BAO “Hubble diagram” from a world collection of detections. Blue, red, and green points show BAO mea-
surements of DV /rd, DM/rd, and zDH/rd, respectively, from the sources indicated in the legend. These can be compared
to the correspondingly colored lines, which represents predictions of the fiducial Planck ⇤CDM model (with ⌦m = 0.3183,
h = 0.6704, see Section II C). The scaling by

p
z is arbitrary, chosen to compress the dynamic range su�ciently to make error

bars visible on the plot. Filled points represent BOSS data, which yield the most precise BAO measurements at z < 0.7 and
the only measurements at z > 2. For visual clarity, the Ly↵ cross-correlation points have been shifted slightly in redshift;
auto-correlation points are plotted at the correct e↵ective redshift.

On their own, the BAO data in Figure 2 clearly favor a
universe that transitions from deceleration at z > 1 to
acceleration at low redshifts, and this evidence becomes
overwhelming if one imagines the corresponding CMB
measurements o↵ the far left of the plot. We quantify
these points in the following section.

It is tempting to consider a flat cosmology with a con-
stant H/(1 + z) as an alternative model of these data
[66]. Note that although this form of H(z) occurs in
coasting (empty) cosmologies in general relativity, those
models have open curvature and hence a sharply di↵er-
ent DM (z). But even for the flat model, the data are
not consistent with a constant H(z)/(1 + z), first be-
cause the increase in c ln(1 + z)/DM (z) from z = 0.57
to z = 0.0 is statistically significant, and second because
of the factor of two change of this quantity relative to
that inferred from the CMB angular acoustic scale. The
change from z = 0.57 to z = 0 is more significant than
the plot indicates because the data points are correlated;

this occurs because the H
0

value results from normaliz-
ing the SNe distances with the BAO measurements. We
measure the ratio of the values, H

0

DM (0.57)/c ln(1.57),
to be 1.080±0.014 from the combination of BAO and SNe
datasets, a 5.5� rejection of a constant hypothesis and an
indication of the strength of the SNe data in detecting
the low-redshift accelerating expansion.

III. BAO AS AN UNCALIBRATED RULER

A. Convincing Detection of dark energy from BAO
data alone

For quantitative contraints, we start by considering
BAO data alone with the simple assumption that the
BAO scale is a standard comoving ruler, whose length is
independent of redshift and orientation but is not nec-
essarily the value computed using CMB parameter con-

Auborg+ 2015 
(BOSS  
collaboration) 
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• Prediction of CMB lensing amplitude and approximate 
scale dependence

7

FIG. 2. Combined two-season ACTPol lensing power spectrum, coadded across all patches and estimators. The best-fit theory
lensing power spectrum has an amplitude of Alens = 1.06± 0.15 (stat.)± 0.06 (sys.) relative to the Planck best-fit ⇤CDM
cosmology from the Planck temperature and polarization power spectra (which we define to have Alens = 1). The ACTPol
best-fit is indicated with a black solid line, and the error bars just include statistical uncertainty. The �2 to the best-fit, scaled
Planck ⇤CDM theory model has a probability to exceed (PTE) of 0.32, suggesting a good fit to the standard ⇤CDM cosmology.

TABLE III. Probability to exceed the
given �2 for the curl signal, compared
to null

Estimator D56 curl D5 curl D6 curl
TT, TT 0.10 0.89 0.60
TE, TE 0.05 0.66 0.29
EE, EE 0.43 0.74 0.58
EB, EB 0.08 0.50 0.55
TT, TE 0.49 0.75 0.45
TT, EE 0.36 0.64 0.96
TT, EB 0.53 0.99 0.54
TE, EE 0.51 0.995 0.99
TE, EB 0.90 0.98 0.43
EE, EB 0.51 0.82 0.94

coherently perturbing the beams in both temperature
and polarization for all patches upwards by one standard
deviation in order to obtain a conservative estimate.
As shown in Figure 6, we find only small changes in
the lensing bandpowers and a negligible overall shift of
�Alens < 0.01.

2. Calibration uncertainty.
We show the impact of CMB calibration uncertainty
in Figure 6. As the limits quoted by L16 are ⇡ 1%,
the bandpowers are perturbed by a factor ⇡ 1.04. The
corresponding shift in the lensing amplitude is similarly
�Alens = 0.04. We include this error as a contribution
to the total systematic error on Alens.

3. Polarization angle uncertainty.
We model a global polarization angle o↵set within the
stated limits of L16 by adding 1% of the Q maps to U
and subtracting 1% of the U maps from Q. This results
in small shifts to lensing bandpowers and a change in the
overall amplitude of �Alens = 0.01. We again include
this value in our total systematic error budget.

4. Temperature-to-polarization leakage.
We model instrumental temperature-to-polarization
leakage by adding 1% of the temperature map to the
E-mode map (as a leakage of this form and magnitude
was found to be present in initial versions of the
ACTPol CMB maps, though it was fixed by better
beam characterization, as described in L16). We again

Sherwin+ 2017 
(ACTPol collaboration) 
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• Prediction of present day mass distribution on ~Mpc scales  
(and larger)

Clowe+ 2006 
“bullet cluster”

Some a priori successes of ΛCDM



Some challenges to ΛCDM
1. Anomalies in the cosmic microwave background 

2. The under-abundance of dwarf galaxies (aka “missing 
satellites”) 

3. The unexpected dark matter distribution around dwarf 
galaxies (aka “cusp/core”) 

4. The low masses of dwarf galaxies (aka “too big to fail”) 

5. Unexpected alignments in the distribution of dwarf galaxies 

6. The existence of a common acceleration scale



CMB anomalies: low-l alignments
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Figure 4. The combined quadrupole-octopole map from the Planck 2013 release [33].
The multipole vectors (v) of the quadrupole (red) and for the octopole (black), as well
as their corresponding area vectors (a) are shown. The e↵ect of the correction for
the kinetic quadrupole is shown as well, but just for the angular momentum vector
n̂

2

, which moves towards the corresponding octopole angular momentum vector after
correction for the understood kinematic e↵ects.

2.2. Alignments of low multipole moments

In the standard ⇤CDM model the temperature (and other) anisotropies have random

phases. In harmonic space this means that the orientations and shapes of the multipole

moments are uncorrelated. This was first explored in the first year WMAP data release

using the angular momentum dispersion [44] where it was discovered that the octopole

(` = 3) is somewhat planar (dominated by m = ±` for an appropriate choice of

coordinate frame orientation) with a p-value of about 5%. (A quadrupole is always

planar.) More importantly, the normal to this plane (the axis around which the angular

momentum dispersion is maximized) was found to be surprisingly well aligned with the

normal to the quadrupole plane at a p-value of about 1.5%.

Subsequently these ideas have been studied in more detail using other measures of

planarity and alignment [45, 46, 47, 38, 33]. A convenient tool for such a study are the

Maxwell multipole vectors [48]. They provide an alternative to the spherical harmonics

as a means to represent angular momentum ` objects in a manifestly symmetric,

rotationally invariant manner. Roughly speaking they represent the multipole moments

by products of unit vectors. A dipole is a vector. A quadrupole can be constructed

from the product of two dipoles (two vectors), an octopole from three dipoles (three

vectors), and so on for arbitrary multipole moment `. Of course two dipoles produce

both quadrupole and monopole moments so only particular combinations of the products

of dipoles will produce a pure quadrupole. Mathematically they are represented by the

(= “missing power” on large scales – see Pontzen & Peiris 2010)

Schwarz+ 2015
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Figure 3: (a) CMB cleaned map derived from the 4th release of the WMAP data, obtained via the template fitting technique described in
[75]. (b) wavelet coefficients of the previous map, obtained after the SMHW convolution at a scale of R = 250 arcmin. The location of the
Cold Spot is indicated in both panels by the circle. The centre of the Cold Spot is θ = 147◦ and φ = 210◦.

0

1

2

3

4

5

6

7

8

A
−ν R

9

10
×103

2 2.5 3 3.5

|ν| (in σR)

4 4.5

(a)

0

5

10

15

20

A
−ν R

25
×102

0 100 400

R (armin)

1050

(b)

Figure 4: (a) cold area of the SMHW coefficients (at R = 300 arcmin), as a function of the threshold (ν). (b) cold area (A−ν
R ) of the SMHW

coefficients (at ν = 3σR), as a function of the scale (R). As in Figure 2, the red, green, and magenta regions represent the 32%, 5%, and 1%
acceptance intervals, respectively. These plots correspond to the analysis done by [46].

2.2.4. The Higher Criticism. Higher criticism (HC) is a
relatively new statistic introduced in 2004 by [80], and firstly
applied to the context of probing the Gaussianity of the CMB
only a year after by [81]. Although there is not a unique
definition for the HC, all the forms proposed in the literature
satisfy the same key concept: HC is a measurement of the
distance between a given sample of n elements to a Gaussian
probability density distribution, established by means of the
difference between the p-value pi of a given observation Xi—
assuming it comes from a N(0, 1)—, and its cardinal position
on the sorted list (in increasing order) of p-values pi (i.e.,
pi−1 < pi < pi+1, forall i = 1, . . . ,n). The HC associated
with the sample is just defined as the largest value of such
differences.

This concept can be applied to the SMHW coefficients
of a given signal (e.g., the QVW map) at a given scale
R. This was the analysis proposed by [81]. Let us adopt

the following definition for the HC associated with Npix(R)
wavelet coefficients w(θi,φi;R), at scale R:

HCNpix (R) = max
{

HCi
Npix

(R)
}

, (11)

where the maximization is made over the quantity HCi
Npix

(R),
that provides the difference between the experimental proba-
bility of the wavelet coefficients w(θi,φi;R) at scale R and the
corresponding theoretical pvalue. Such quantity reads as

HCi
Npix

(R) =
√
Npix

∣∣∣
(
i/Npix(R)

)
− pi(R)

∣∣∣
√
pi(R)

(
1− pi(R)

) , (12)

where the p-value is given by pi(R) = P{|N(0, 1)| >
|ŵ(θi,φi;R)|}. The ̂ operator indicates that the Npix(R)
SMHW coefficients at the scale R have been transformed into
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Figure 6: Maps of HCi
Npix

obtained from the analysis of the QVW map derived from the WMAP data. Left panel corresponds to the study
of the real space case, while right panel shows the outcome of the analysis of the SMHW coefficients at R = 300 arcmin. Whereas for the
former there are not particular signatures in the map, the wavelet analysis shows some prominent features, being the Cold Spot the most
pronounced one.

(a) (b)

Figure 7: Image of the Cold Spot (θ = −147◦,φ = 209◦) in the real (a) and wavelet (b) spaces. The homogenously filled circles correspond
to positions where known extragalactic point sources have been masked.

therefore, quite different to the typical frequency dependence
of the Galactic foregrounds. (The analyzed WMAP frequency
channels were in thermodynamical temperature and, there-
fore, the CMB appears as a frequency independent emitter.
Notice that, since the SMHW transform is a linear operation,
the same behaviour is expected for the wavelet coefficients.)

4. The Significance of the Detection:
The A Posteriori Issue

One of the most questioned aspects of the WMAP anomalies
in general, and of the Cold Spot in particular, is the issue
of the actual significance of the detection. This is a very
important point that is intimately linked to the blind nature
of all the Gaussianity/isotropy tests that led to the report of
such anomalies.

The author reviews where this problem comes from:
if many tests are performed in a given data set, it is not
strange that some of them report some deviation from
the null hypothesis. It is quite usual to face the following

situation: a set of blind tests (i.e., tests that just challenge
the compatibility of the data with a given null hypothesis,
H0, and not confronting such hypothesis with an alternative
one, H1) claim a given incompatibility of the WMAP data.
A subsequent test is performed, taking into account the
previous finding and, usually, in such a way that the initial
reported deviation is now found at higher significance. In
this procedure, there are two weak points: the first one,
already mentioned, is to assess the probability of finding a
deviation as the one claimed during the first step, taking
into account all the possible tests that were performed. The
second one is the credibility of the probability for the follow-
up test, where a particularity was studied in greater detail.

As mentioned above, this is a common situation for the
WMAP anomalies works and, therefore, the Cold Spot is not
an exception. Several tests were made in the first work by
[28], namely, the estimation of the skewness and the kurtosis
at several scales of the SMHW. A particular deviation was
highlighted: the excess of kurtosis at several scales around
R = 250 arcmin. After that, the Cold Spot was identified as
a prominent feature, and further tests (the MAX, the cold

Figure 8. Cold spot in WMAP 7th year temperature maps. Left panel shows the
map with the circle. Middle panel is the more detailed picture of the spot, while the
right panel is the wavelet-filtered version of the middle panel (wavelet size R = 2500).
The small spots in the right panel are regions of known point sources that have been
masked). All figures are adopted from the review in Ref. [80].

2.5. Special regions: the cold spot

Evidence for an unusually cold spot in WMAP 1st year data was first presented in [67].

The spot, shown in Fig. 8, is centered on angular coordinates (l, b) = (207�, �57�), has

a radius of approximately five degrees, is roughly circular [68], and the evidence for its

existence is frequency independent [67]. The cold spot was originally detected using

spherical Mexican hat wavelets, which are well suited for searching for compact features

on the sky; tests in [67] detected a deviation from the Gaussian expectation in the

kurtosis of the wavelet coe�cients at the wavelet scale of R = 3000. Taking into account

the ‘look elsewhere’ e↵ect, that is the fact that not all statistics attempted with the

wavelets returned an anomalous result, [69] estimated the statistical level of anomaly of

the cold spot to be 1.85%.

These original detections were followed up, confirmed, and further investigated

using not only Mexican hat wavelets [70, 71], but also steerable [72] and directional

[73] wavelets, needlets [74, 75], scaling indices [76], and other estimators [77]. The

detection of the cold spot has also been challenged by [78] on grounds that alternative

statistics – say, over/under density at disks of varying radius – does not lead to a

statistically significant detection once look-elsewhere e↵ects are taken into account.

While the lingering worries about a posteriori nature of this particular anomaly make

its significance di�cult to quantify, the basic existence of the cold spot seems to be

confirmed by most analyses. For comprehensive overviews of the cold spot, see [79, 80].

The intermediate size of the cold spot, as well as its frequency independence,

argue against simplest systematic and foreground explanations. The size of the cold

spot (⇠ 10�) makes it too large to be a point source, yet typically too small to be a

di↵use foreground, especially since it is found in a relatively foreground-clean part of

the sky. And while the Sunyaev-Zeldovich e↵ect – inverse Compton scattering of the

CMB photons o↵ hot electrons in galaxy clusters – could in principle lead to the desired

amplitude and spatial extent of the signal, the SZ e↵ect has a very pronounced frequency

dependence that is completely incompatible with the observed frequency independence

Vielva 2010

CMB anomalies: cold spot
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p(T|D) = p(D | T) p(T) / p(D)

Use all the relevant data 
(or get as close as possible)

Be realistic about 
what other theories 
are plausible

Pontzen & Peiris 2010 

Even very contrived anisotropic theories  
only improve p(D|T) by factors of a few tens;  

easily overwhelmed by p(T). 

CMB anomalies: look elsewhere

Chances of anisotropic expansion 121,000:1 against
Saadeh+ 2016



Benson et al 2003

Simulations
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Missing 
satellites 

(and 
missing 
bright 

galaxies)



With a posteriori solutions,  
try to find independent cross-checks

Observational data =  
HIRES/UVES compilation  

(Prochaska 2008)
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Box A — how gas affects dark matter through gravity
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Process can repeat. Analytic arguments and simulations 
show effect accumulates with each episode.

The simplest known mechanism with which baryons and DM exchange energy through gravity is called adiabatic contraction26. The
word ‘adiabatic’ refers to a slow deepening of the gravitational potential as gas gradually accumulates in the centre of a dark matter halo on
timescales longer than the local dynamical timescale. The added gravitational attraction of the accumulated material causes the dark matter
to contract.

If gas arrives not in a smooth flow but in dense, discrete chunks (i.e. infalling satellite protogalaxies), this picture may be qualitatively
modified by dynamical friction83. This effect is usually pictured as a gravitationally-induced density wake behind infalling dense clumps
– the wake pulls back on the clump with the result that the kinetic energy of the clump is transferred into the dark matter.

The assumptions underlying adiabatic modelling can also fail due to outflows if these evacuate gas at speeds significantly exceeding the
local circular velocity78. Under the adiabatic approximation, removing gas would be expected to simply reverse the effects of accumulating
it in the first place, so that the final energy of any given dark matter particle would be unchanged87. However if the removal proceeds
sufficiently quickly, net energy is transferred into the dark matter80, 89. Moreover this transfer is irreversible in the sense that re-accreting
the lost gas does not lead to a compensating energy loss80 (see box figure). These results hold even if the gas never leaves the galaxy but is
simply moved in bulk internally80, 90, 91.

The reason for this is as follows80. Consider a dark matter particle that orbits close to the centre of the halo, where the gas is dense. If the
gas is locally removed on a short timescale, the gravitational centripetal force holding the dark matter in its orbit instantaneously vanishes
(or, rather, is substantially reduced in magnitude). The dark matter particle responds by flying outwards. Even if the gas later returns, the
dark matter particle resides further away from the centre by the time this reversal occurs. The 1/r2 law of gravity means the increase in
force felt by the particle is quite small compared to the force originally holding the particle near the centre. The particle therefore continues
to live at a large radius; this implies a net gain in energy. Repeating the process has an accumulative effect, which allows a significant
transformation to be accomplished by recycling a small amount of gas instead of expelling an unfeasibly large amount of gas in one episode.

clumps can flatten the central DM profile over a range of scales,
although significant core creation has only been demonstrated in
simulations of galaxy clusters rather than at the scale of individ-
ual galaxies86. Note that dense, centrally-concentrated baryons in
in-falling clumps are an essential pre-requisite in this process.

The second class of energy sources comes from within the galaxy
itself: energy liberated from stellar populations can be large com-
pared to the binding energy of the galaxies44. Early work sug-
gested that removing most of the baryons in a rapid, dramatic star-
burst event could over-compensate for the previous adiabatic con-
traction, leading to the desired effect of reducing the central DM
density 78. Subsequent works studied the feasibility of this mech-
anism in more detail87–89, showing in particular that repeated out-
flow episodes interspersed by reaccretion had a cumulative effect

on the dark matter89.

However these early investigations were limited by the unknown
behaviour of gas in dwarf galaxies over cosmic time, and the lack
of any clear analytic framework for understanding the apparently
irreversible response of the dark matter. It was unclear even to what
extent the available energy in stellar populations couples to the gas
through heating and radiation pressure; consequently the idea of
energy transfer from baryons to the DM was not widely accepted
at this stage.

Other authors90, 91 showed that gas remaining fully within the
system can still be effective in removing cusps when coupled to
an energy source such as stellar feedback. For instance super-
novae driving gas on timescales close to the local orbital period
was identified as a mechanism to transfer energy to dark matter

5

Cusp/core

Pontzen & Governato 2014/2012

Also at cluster scale with AGN (e.g. Martizzi, Teyssier & Moore 2013)
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Cusp/coreparticles91. In this case the cusps were destroyed in an energeti-
cally consistent manner without requiring any unrealistically dra-
matic outflows. By 2008 advances in numerical resolution and
understanding of how gas cools before forming stars allowed for
realistic treatments of the relevant hydrodynamics (Box B). Simu-
lations at high redshift92 showed that dark matter could indeed be
expelled self-consistently from the central regions of small proto-
galactic objects. This work provided the first proof-of-concept in
a cosmological setting, but did not make predictions of observable
objects (dwarfs, for being faint, are only observable in the nearby,
redshift-zero Universe).

As it became possible to resolve star forming regions93 through-
out the assembly of a dwarf galaxy from the young universe to the
present day, for the first time simulations formed galaxies with stel-
lar, gas and dark matter distributions consistent with observational
bounds45, 94, 95. Multiple short, locally concentrated bursts of star
formation were the key new phenomenon enabling modification of
the DM distribution: by temporarily evacuating gas from the cen-
tral kiloparsec of the galaxy these cause dark matter to migrate ir-
reversibly outwards80; see Box A. The actual process in play thus
combines characteristics of the multiple-epoch outflow picture89

and the internal-motions picture91. It does not require fine-tuning
of the gas velocity or dramatic evacuation of the gas from anything
but the innermost region. The key requirement is that the gas exit
the centre of the galaxy faster than the local circular velocity.

Analytic modelling of multiple, impulsive changes to the gravita-
tional potential gives considerable insight into how these changes
arise and why they are irreversible80. This allows for an accumula-
tion of effects as the process repeats in several gas outflow events.
In a single event the total gas mass in the galaxy limits the effect
of outflows87 but when the same gas is recycled and used in multi-
ple events the only practical limitation is the total energy liberated
from stellar populations and black holes (see below). The model of
core creation through repeated outflows draws strong support from
both analytic arguments80, and simulations using different numer-
ical techniques81. Observationally, dwarf galaxies, where the evi-
dence for cores is strongest, are observed to be gas rich and show
evidence for repeated small bursts and prolonged star formation
histories96. This supports a picture where the effect on the dark
matter builds up over several Gyrs80, 89, during which gas is being
cycled in repeating outflow and cooling episodes.

Scaling with mass and the significance of satellite galaxies A
key part of confirming which mechanisms are responsible for flat-
tened dark matter profiles is to predict and understand in detail
how the processes affect systems of differing mass. Building on
the impulsive picture80, full numerical simulations94 and analytic
arguments97 have all pointed to a transition between core creation
and persistent cusps below a critical stellar mass. This dividing line
likely lies between 106 and 107 M� (assuming most of the energy
available from supernovae is transferred to the dark matter). For
less massive stellar systems, the direct effects of stellar feedback
on the dark matter should be minor on energetic grounds alone97,
as SF becomes less efficient; see Figure 3. The energetic argument
shows that the possible cores from supernova feedback would be
indetectably small for stellar masses significantly below 106 M�.
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Figure 3: The log slope of the dark matter density (at radius
500 pc) plotted against mass of stars formed (updated from Gover-
nato et al94). The expected slopes from pure dark matter calcula-
tions are approximated by the solid line, while hydrodynamic sim-
ulations have shallower slopes indicated by the crosses. When less
than ⇠ 106.5 M� of gas has formed into stars, there is insufficient
energy available to flatten the cusp97. The boxes show data from
the THINGS survey51 of field dwarf galaxies. Additional observa-
tional data at stellar masses lower than 106 M� would be highly
valuable.

For stellar masses exceeding 107 M�, it is clear that energy
from SF processes is available to alter the central regions of the
dark matter halo through sufficiently rapid galactic fountains or
outflows94, but few simulations of luminous galaxies reach the res-
olution necessary to study the formation of cores. The Eris simu-
lation (a high resolution simulation of a Milky-Way analogue) has
recently been reported98 to have a dark matter core on scales of
around 1 kpc. On the other hand it has been reported that cores
shrink with respect to the halo scale radius99 for masses exceeding
1011 M� (the Milky Way mass is ⇠ 1012 M�). These statements
may be reconcilable; further higher resolution work is required for
progress in our understanding. As masses continue to increase to
the cluster scale (see Section 3), further processes become inter-
esting. For instance numerical work has shown that accretion onto
the central black hole, if proceeding in repeated, highly energetic
bursts, replicates the effect of supernovae on dwarf galaxies100.

The alternative: modified dark matter Many possible processes
which can change the dark matter distribution in the centre of
galaxies assume that the dark matter particle is cold and colli-
sionless (i.e. interacts only through gravity) – a ‘minimal’ sce-
nario. However the observational controversies detailed in Section
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Figure 10

The Too-Big-to-Fail Problem. Left: Data points show the circular velocities of classical Milky
Way satellite galaxies with M? ' 105�7M� measured at their half-light radii r

1/2. The magenta
lines show the circular velocity curves of subhalos from one of the (dark matter only) Aquarius
simulations. These are specifically the subhalos of a Milky Way-size host that have peak
maximum circular velocities V

max

> 30 km s�1 at some point in their histories. Halos that are this
massive are likely resistant to strong star formation suppression by reionization and thus naively
too big to have failed to form stars (modified from Boylan-Kolchin, Bullock & Kaplinghat 2012).
The existence of a large population of such satellites with greater central masses than any of the
Milky Way’s dwarf spheroidals is the original Too-Big-to-Fail problem. Right: The same problem
– a mismatch between central masses of simulated dark matter systems and observed galaxies –
persists for field dwarfs (magenta points), indicating it is not a satellite-specific process (modified
from Papastergis & Ponomareva 2017). The field galaxies shown all have stellar masses in the
range 5.75  log

10

(M?/M�)  7.5. The gray curves are predictions for ⇤CDM halos from the
fully self-consistent hydrodynamic simulations of Fitts et al. (2016) that span the same stellar
mass range in the simulations as the observed galaxies.

While there are subhalos with central masses comparable to the Milky Way satellites, these

subhalos were never among the ⇠ 10 most massive (Figure 10). Why would galaxies fail

to form in the most massive subhalos, yet form in dark matter satellites of lower mass?

The most massive satellites should be “too big to fail” at forming galaxies if the lower-mass

satellites are capable of doing so (thus the origin of the name of this problem). In short,

while the number of massive subhalos in dark-matter-only simulations matches the number

of classical dwarfs observed (see Figure 8), the central densities of these simulated dwarfs

are higher than the central densities observed in the real galaxies (see Figure 10).

While too-big-to-fail was originally identified for satellites of the Milky Way, it was

subsequently found to exist in Andromeda (Tollerud, Boylan-Kolchin & Bullock 2014) and

field galaxies in the Local Group (those outside the virial radius of the Milky Way and

M31; Kirby et al. 2014). Similar discrepancies were also pointed out for more isolated low-

mass galaxies, first based on HI rotation curve data (Ferrero et al. 2012) and subsequently

using velocity width measurements (Papastergis et al. 2015; Papastergis & Shankar 2016).

This version of too-big-to-fail in the field is also manifested in the velocity function of

field galaxies4 (Zavala et al. 2009; Klypin et al. 2015; Trujillo-Gomez et al. 2016; Schneider

4We note that the mismatch between the observed and predicted velocity function can also be
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Fig. 2. The velocity function (VF) of galaxies and halos, and the Vrot-Vh relation according to abundance matching (AM). left panel: The blue and
red lines denote the VF of galaxies according to ALFALFA survey data (this work) and according to data for Local Volume galaxies (Klypin et
al. 2015), respectively. These VFs are inferred from the corresponding direct measurements of the galactic WF (see Fig. 1). The solid portions of
the lines denote the range of velocities over which each VF is constrained by data, while the dotted portions represent extrapolations. The shaded
bands represent estimated errors on each observational measurement. The black lines correspond instead to the VF of halos in a ⇤CDM universe
with Planck cosmological parameters. The thin solid line refers to the DM-only result (Klypin et al. 2015), while the thick dashed line includes
“baryonic” e↵ects such as baryon depletion and reionization feedback (Sawala et al. 2015). Note that the x-axis corresponds to Vrot,HI in the case
of galaxies, and Vh,max in the case of halos. Note also that, unlike in Fig. 1, the distributions are plotted in terms of cumulative number densities.
right panel: The blue and red solid lines are the Vrot-Vh relations that reproduce the galactic VFs measured by ALFALFA and in the Local Volume,
respectively. The relations were computed by abundance matching (AM), between each of the two observational VFs and the “baryonic” version of
the halo VF. The dotted portions of the lines are based on extrapolations of the galactic VFs. The shaded bands represent the uncertainty introduced
by the observational uncertainty in the galactic VFs. The black dashed line is a reference one-to-one line.

the ⇤CDM context to determine the velocity distribution of ha-
los that are able to host detectable galaxies (see the right panel
of their Fig. 2). One can compare the “baryonic” VF of halos
with the DM-only version of the distribution in the left panel
of Fig. 2. The two distributions start di↵ering from one another
at Vh,max⇡ 70 km s�1, due to the e↵ects of baryon depletion.
However, the di↵erence becomes more dramatic at Vh,max. 22
km s�1, where the baryonic version of the cumulative VF “flat-
tens out” completely due to the e↵ects of reionization feedback.

The second complication relates to the fact that the value
of Vrot,HI –which is measured from a galaxy’s HI linewidth– is
not necessarily a good measure of Vh,max. This statement is espe-
cially true for dwarf galaxies, which often have single-peaked HI
profiles suggesting that their rotation curves (RCs) do not reach
a flat outer part. Therefore, a comparison of the abundance of
galaxies with the abundance of halos at the same value of ve-
locity is not necessarily a meaningful one. For this reason, we
drop in this article the common assumption that Vrot,HI ⇡ Vh,max
(e.g., Zwaan et al. 2010; Papastergis et al. 2011; Klypin et al.
2015). Instead we try to infer the relation between Vrot,HI and
Vh,max that reproduces the observed VF of galaxies, when applied
to the “baryonic” VF of halos in ⇤CDM. This can be achieved
statistically, via the technique of abundance matching (AM). In
simple terms, AM consists of identifying the values of Vrot,HI and
Vh,max that correspond to the same cumulative number density of
galaxies and halos, respectively (refer to §2.2 and §4.3 in Pa-
pastergis et al. 2015 for details). Keep in mind that built into the
AM methodology is the assumption that galaxies with a lower
value of Vrot,HI are hosted by halos with (on average) lower val-
ues of Vh,max.

The Vrot-Vh relations needed to reproduce the galactic VF
as measured in the Local Volume and in the ALFALFA survey
are shown in the right panel of Figure 2. Note how the relations
drop significantly below the one-to-one line at low velocities,

to compensate for the large abundance of small halos produced
in ⇤CDM. The AM relations change behavior at Vh,max. 22
km s�1, reflecting the fact that very few observable galaxies are
hosted by such low-mass halos.

2.2. Constraining the host halo mass of dwarf galaxies

2.2.1. Galaxy sample

We use the compilation of galaxies with HI kinematics drawn
from the literature presented in Papastergis et al. (2015). Our
sample consists of a total of 198 unique galaxies, out of which
⇡90 can be categorized as dwarfs (Vrot,HI< 50 km s�1). In par-
ticular, we have drawn 29 galaxies from the FIGGS sample (Be-
gum et al. 2008a,b), 18 galaxies from the THINGS sample (de
Blok et al. 2008; Oh et al. 2011a), 54 galaxies from the WHISP
sample (Swaters et al. 2009, 2011), 5 galaxies from the sample
of Trachternach et al. (2009), 12 galaxies from the LVHIS sam-
ple (Kirby et al. 2012), 4 galaxies from the sample of Côté et
al. (2000), 30 galaxies from the sample of Verheijen & Sancisi
(2001), 12 galaxies from the compilation of Sanders (1996), 22
galaxies from the LITTLE THINGS sample (Hunter et al. 2012;
Oh et al. 2015), 11 galaxies from the SHIELD sample (Cannon
et al. 2011) and the dwarf galaxy LeoP (Giovanelli et al. 2013;
Bernstein-Cooper et al. 2014).

A more detailed description of the sample characteristics can
be found in §3.1 of Papastergis et al. (2015). As far as the galaxy
sample is concerned, the largest di↵erence with respect to our
previous article is that the LITTLE THINGS and SHIELD galax-
ies have updated measurements of their kinematics and other
observational properties (Oh et al. 2015; McQuinn et al. 2015).
In addition, the kinematic analysis to be described in §2.2.2 re-
quires a new piece of information with respect to the analysis
in our previous article: galactic stellar masses, M⇤. Estimates for
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Alignments
6 Pawlowski, McGaugh & Jerjen

Figure 2. Histogram (upper panel) and cumulative distribution
(lower panel) of mean and median o↵sets for 10000 randomized
distributions of the 10 stellar systems within the DES-Y1A1 foot-
print, as discussed in Sect. 2.2. Even though the DES footprint
is close to the VPOS, the observed mean and median (thick solid
blue and thinner dashed red histograms, respectively) o↵sets of
the 10 objects (vertical dashed and dotted lines, respectively) are
smaller than expected for isotropically distributed objects.

are the three previously-identified outliers Hercules, Ursa
Major I, and Leo I, as well as the newly discovered object
Hyd II. We note that Leo I has a proper motion indicating
that it does not orbit within the VPOS. It might not even be
a true MW satellite given its large Galactocentric distance
and high velocity. This VPOS+New-4 has a very similar
orientation as the VPOS+New (inclined by about 6�) but
is significantly thinner (� = 21.3 kpc, c/a = 0.224). It is
almost identical in orientation and thickness to the VPOS-
3, but also has a smaller o↵set from the MW center.

As reported before (Pawlowski, Kroupa & Jerjen 2013),

Figure 3. Distribution of satellite objects in Cartesian coordi-
nates around the MW. The upper panel shows the VPOS+new
fit edge-on (black solid line, the dashed lines indicate the rms
height), the lower panel shows a view rotated by 90�, in which
the VPOS is oriented approximately face-on. In this view, the
MW satellites with measured proper motions preferentially or-
bit in the clockwise direction. The 11 brightest (classical) MW
satellite galaxies are plotted as yellow dots, the fainter satellite
galaxies as smaller green dots and globular clusters classified as
young halo objects as blue squares. New objects confirmed to be
star clusters (PSO J174.0675-10.8774/Crater in the north, Kim1
& 2 in the south) are plotted as lighter blue diamonds, all other
new objects as bright-green stars. The red lines in the center in-
dicate the position and orientation of streams in the MW halo.
They preferentially align with the VPOS, but are mostly con-
fined to the innermost regions of the satellite distribution. Both
plots are centred on the MW (cyan line) which is seen edge-on.
The grey wedges indicate the region (±12� around the MW disk,
where satellite galaxies might be obscured by the Galaxy.

c� 2015 RAS, MNRAS 000, 1–17

MW e.g. Pawlowski, McGaugh & Jerjen 15
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Figure 1: Map of the Andromeda satellite system. The homogenous PAndAS survey (irregular 

polygon) provides the source catalogue for the detections and distance measurements of the 27 

satellite galaxies20  (filled circles) used in this study.  Near M31 (ellipse), the high background 

hampers the detection of new satellites and precludes reliable distance measurements for M32 and 

NGC 205 (black open circles); we therefore exclude the region inside 2◦.5 (dashed circle) from the 

analysis. The seven satellites known outside the PandAS area (green circles/arrows) constitute a 

heterogenous sample, discovered in various surveys with non-uniform spatial coverage, and their 

distances are not measured in the same homogenous way. Since a reliable spatial analysis requires 

a dataset with homogenous selection criteria, we do not include these objects in the sample either. 

The analysis shows that satellites marked red are confined to a highly planar structure. Note that 

this structure is approximately perpendicular to lines of constant Galactic latitude, so it is therefore 

aligned approximately perpendicular to the Milky Way’s disk (the grid squares are 4◦  × 4◦). 

M31 e.g. Ibata+ 2013

These are expected(ish) — check with proper motions
e.g. Libeskind+09; Buck, Dutton & Macciò 16 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FIG. 3. The centripetal acceleration observed in rotation
curves, g

obs

= V 2/R, is plotted against that predicted for
the observed distribution of baryons, g

bar

= |@�
bar

/@R| in
the upper panel. Nearly 2700 individual data points for 153
SPARC galaxies are shown in grayscale. The mean uncer-
tainty on individual points is illustrated in the lower left cor-
ner. Large squares show the mean of binned data. Dashed
lines show the width of the ridge as measured by the rms in
each bin. The dotted line is the line of unity. The solid line
is the fit of eq. 4 to the unbinned data using an orthogonal-
distance-regression algorithm that considers errors on both
variables. The inset shows the histogram of all residuals and
a Gaussian of width � = 0.11 dex. The residuals are shown
as a function of g

obs

in the lower panel. The error bars on the
binned data are smaller than the size of the points. The solid
lines show the scatter expected from observational uncertain-
ties and galaxy to galaxy variation in the stellar mass-to-light
ratio. This extrinsic scatter closely follows the observed rms
scatter (dashed lines): the data are consistent with negligible
intrinsic scatter.

Nevertheless, the radial acceleration relation persists
for all galaxies of all types. Some galaxies only probe the
high acceleration regime while others only probe the low
end (Fig. 2). The outer regions of high surface brightness
galaxies map smoothly to the inner regions of low surface
brightness galaxies. These very di↵erent objects evince
the same mass discrepancy at the same acceleration. In-
dividual galaxies are indistinguishable in Fig. 3.

TABLE I. Scatter Budget for Acceleration Residuals

Source Residual

Rotation velocity errors 0.03 dex

Disk inclination errors 0.05 dex

Galaxy distance errors 0.08 dex

Variation in mass-to-light ratios 0.06 dex

HI flux calibration errors 0.01 dex

Total 0.12 dex

Figure 3 combines and generalizes four well-established
properties of rotating galaxies: flat rotation curves in the
outer parts of spiral galaxies [1, 2]; the “conspiracy” that
spiral rotation curves show no indication of the tran-
sition from the baryon-dominated inner regions to the
outer parts that are dark matter-dominated in the stan-
dard model [35]; the Tully-Fisher [3] relation between the
outer velocity and the inner stellar mass, later general-
ized to the stellar plus atomic hydrogen mass [4]; and the
relation between the central surface brightness of galaxies
and their inner rotation curve gradient [37–39].
It is convenient to fit a function that describes the data.

The function [40]

g
obs

= F(g
bar

) =
g
bar

1� e�
p

gbar/g†
(4)

provides a good fit. The one fit parameter is the acceler-
ation scale, g†, where the mass discrepancy becomes pro-
nounced. For our adopted ⌥?, we find g† = 1.20 ± 0.02
(random) ±0.24 (systematic) ⇥10�10 ms�2. The ran-
dom error is a 1� value, while the systematic uncertainty
represents the 20% normalization uncertainty in ⌥?.
Equation 4 provides a good description of ⇠2700 in-

dividual data points in 153 di↵erent galaxies. This is a
rather minimalistic parameterization. In addition to the
scale g†, eq. 4 implicitly contains a linear slope at high
accelerations and g

obs

/ p
g
bar

at low accelerations. The
high end slope is sensible: dark matter becomes negligi-
ble at some point. The low end slope of the data could
in principle di↵er from that implicitly assumed by eq. 4,
but if so there is no indication in these data.
Residuals from the fit are well described by a Gaussian

of width 0.11 dex (Fig. 3). The rms scatter is 0.13 dex
owing to the inevitable outliers. These are tiny num-
bers by the standards of extragalactic astronomy. The
intrinsic scatter in the relation must be smaller still once
scatter due to errors are accounted for.
There are two types of extrinsic scatter in the radial

acceleration relation: measurement uncertainties and
galaxy to galaxy variation in ⌥?. Measurement uncer-
tainties in g

obs

follow from the error in the rotation veloc-
ities, disk inclinations, and galaxy distances. The mean
contribution of each is given in Table I. Intrinsic scatter
about the mean mass-to-light ratio is anticipated to be

Acceleration 
scale

McGaugh, Lelli  
& Schombert 2016
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Figure 1. Total acceleration (gobs) vs acceleration due to
baryons (gbar) from 2100 data points in the z = 0 MUGS2
sample, shown in the blue 2-dimensional histogram. The dot-
ted black curve shows the 1:1 relation expected if the acceler-
ation was due to baryons alone (without dark matter), while
the solid line shows the relation presented in McGaugh et al.
(2016). A Gaussian distribution fitted to these residuals finds
a variance of σ = 0.06 dex, significantly lower than the 0.11
dex found by McGaugh et al. (2016).
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Figure 2. The simulated gobs − gbar relation is not constant
with redshift. As this figure shows, at higher redshift the
low gbar slope is much shallower than at z = 0. This shows
that for high redshift galaxies, their discs can be depleted of
baryons compared with z = 0. We have focused on the low
gbar end of the relation here, where the changes are most
significant.

−12.0 −11.5 −11.0 −10.5 −10.0 −9.5 −9.0
log gbar[ms

−2]

−11.0

−10.5

−10.0

−9.5

−9.0

lo
g
g
o
b
s
[m

s
−
2
]

Feedback, z=0

Feedback, z=2

No Feedback, z=0

No Feedback, z=2

Figure 3. The evolution seen in figure 2 is primarily driven
by feedback. This can be seen when looking at the same
galaxy with and without feedback. Without feedback, the
baryon fraction within the disc increases slightly from z =
0 to z = 2, but still roughly follows the RAR. At z = 2,
strong outflows in the galaxy expel most of the baryons from
the disc, flattening the acceleration relation. This effect is
sensitive to the frequent merger-driven starbursts at high
redshift, which can drive bursty outflows.

at least as well as the original SPARC data.

3.2. Feedback & the Evolution of the Acceleration

Relation

If the SPARC acceleration relation is in fact due to
new physics, it would be surprising if the relation did
not hold at all redshifts. This would not be the case if
the relation was simply a consequence of galaxy evolu-
tion. In figure 2 we show that the acceleration relation
in the MUGS2 sample actually shows significant redshift
dependence, and only settles to the equation 1 relation
near z=0. For these data points, we scaled the thick-
ness of the annuli by the cosmic scale factor a, so that
δr = 300/(1+z)pc. This scaling ensures we are sampling
primarily from the stellar disc, and not well beyond it.
Omitting this scaling has little effect on these results,
save for extending the points to very low values of gbar
and removing points from the high gbar end. This evo-
lution is a consequence of the huge impact that stellar
feedback has on galaxies at z ∼ 2. Keller et al. (2015)
showed that SNe drive hot outflows from high redshift
galaxies with mass loadings of Ṁout/Ṁ∗ ∼ 10. This
leads to discs at high redshift with baryon fractions de-
pleted relative to those at low redshift. This feedback
effect is clear when a single galaxy, g1536, is compared
to the same galaxy simulated without SNe feedback. As
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Andrew Pontzen

ΛCDM health check 
1. There are, as yet, no killer blows to ΛCDM:  

It is resilient. That does not mean it is “correct”.  
 

2. Focus on physics, not p-values:  
p(D|T) will always be small; let’s see concrete alternative T  

(and avoid cherry-picking D). 
3. There is plenty of fun physics worth focussing on:  

SIDM, baryon physics, interplay with large scale environment 
 and (especially) combining two or more of these aspects. 


