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暗物质的观测证据
• 星系旋转曲线


• 引⼒透镜


• ⼤尺度结构


• 微波背景辐射


• ⼦弹星系团碰撞
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⽬前确切的证据都来⾃引⼒作⽤


冷暗物质:  WIMP，Axion, …

温暗物质:  keV 惰性中微⼦…

热暗物质:  中微⼦…
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GR Lensing at Work 

SDSS J1004+4112  
HST AFT/WFC

10"

Abel 2218c Galaxy cluster 
gravitational lens

M. Lindner MPIK ITEP Winter School 2014 11 

Allows to determine the 
total mass of lenses from 
observed lensing effects  
" missing mass  
" dark 

More dynamical Evidence: Large Scale Structure 

ITEP Winter School 2014 

Simulations of structure 
of the Universe. 
 

Input: 
- initial fluctuations 
- laws of gravity 
 
calculate the evolution of 
- structures 
- their power spectrum 
 
Compare to measures power spectrum:  
- only visible matter " mismatch  
- inclusion of dark matter " OK  

Millenium simulation

M. Lindner MPIK 9 

Clowe et al, astro-ph/0608407
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扰动的演化
• 背景（均匀+各项同性）> 没有结构


• 扰动（不均匀）> 结构


• P(k) 物质功率谱
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扰动的演化
• 背景（均匀+各项同性）> 没有结构


• 扰动（不均匀）> 结构


• P(k) 物质功率谱
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Matter Distribution

Hlozek et al. 2012

Agrees with Double Dark Theory!

Sunday, September 9, 12

ΛCDM
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弱相互作⽤⼤质量粒⼦

• WIMP, 质量 10GeV～100TeV


• 耦合常数 ~ 0.5


• 剩余丰度 Ω~0.3


• 热历史

•热平衡 XX<>ff
•热平衡 XX >ff
•退耦

• 冷暗物质 (CDM)
6
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弱相互作⽤⼤质量粒⼦

• WIMP, 质量 10GeV～100TeV


• 耦合常数 ~ 0.5


• 剩余丰度 Ω~0.3


• 探测⽅式

•对撞机 qq > XXj
•直接   Xq > Xq
•间接   XX > qq

• 超出标准模型理论
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Ways to detect Dark Matter 

M. Lindner MPIK ITEP Winter School 2014 5 

直接探测

间
接
探
测

对
撞
机
探
测



      汤勇(国科⼤)                           暗物质间接探测与相关宇宙学                                  威海

暗物质晕的形成

• ⼴义相对论与标准
宇宙学扰动理论


• 结构形成标准图像

• 暗物质晕等形成的
等级结构


• ⼩尺度暗晕先形成

• 然后并合形成更⼤
的暗物质晕
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1.2 Basic Elements of Galaxy Formation 11

t1
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t3

t4

Fig. 1.3. A schematic merger tree, illustrating the merger history of a dark matter halo. It shows, at three
different epochs, the progenitor halos that at time t4 have merged to form a single halo. The size of each
circle represents the mass of the halo. Merger histories of dark matter halos play an important role in
hierarchical theories of galaxy formation.

have larger amplitudes on smaller scales. Consequently, dark matter halos grow hierarchically, in
the sense that larger halos are formed by the coalescence (merging) of smaller progenitors. Such
a formation process is usually called a hierarchical or ‘bottom-up’ scenario.

The formation history of a dark matter halo can be described by a ‘merger tree’ that traces
all its progenitors, as illustrated in Fig. 1.3. Such merger trees play an important role in modern
galaxy formation theory. Note, however, that illustrations such as Fig. 1.3 can be misleading. In
CDM models part of the growth of a massive halo is due to merging with a large number of much
smaller halos, and to a good approximation, such mergers can be thought of as smooth accretion.
When two similar mass dark matter halos merge, violent relaxation rapidly transforms the orbital
energy of the progenitors into the internal binding energy of the quasi-equilibrium remnant. Any
hot gas associated with the progenitors is shock-heated during the merger and settles back into
hydrostatic equilibrium in the new halo. If the progenitor halos contained central galaxies, the
galaxies also merge as part of the violent relaxation process, producing a new central galaxy in
the final system. Such a merger may be accompanied by strong star formation or AGN activity if
the merging galaxies contained significant amounts of cold gas. If two merging halos have very
different mass, the dynamical processes are less violent. The smaller system orbits within the
main halo for an extended period of time during which two processes compete to determine its
eventual fate. Dynamical friction transfers energy from its orbit to the main halo, causing it to
spiral inwards, while tidal effects remove mass from its outer regions and may eventually dissolve
it completely (see Chapter 12). Dynamical friction is more effective for more massive satellites,
but if the mass ratio of the initial halos is large enough, the smaller object (and any galaxy
associated with it) can maintain its identity for a long time. This is the process for the build-up of
clusters of galaxies: a cluster may be considered as a massive dark matter halo hosting a relatively
massive galaxy near its center and many satellites that have not yet dissolved or merged with the
central galaxy.
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暗物质晕的形成
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Fig. 1.3. A schematic merger tree, illustrating the merger history of a dark matter halo. It shows, at three
different epochs, the progenitor halos that at time t4 have merged to form a single halo. The size of each
circle represents the mass of the halo. Merger histories of dark matter halos play an important role in
hierarchical theories of galaxy formation.

have larger amplitudes on smaller scales. Consequently, dark matter halos grow hierarchically, in
the sense that larger halos are formed by the coalescence (merging) of smaller progenitors. Such
a formation process is usually called a hierarchical or ‘bottom-up’ scenario.

The formation history of a dark matter halo can be described by a ‘merger tree’ that traces
all its progenitors, as illustrated in Fig. 1.3. Such merger trees play an important role in modern
galaxy formation theory. Note, however, that illustrations such as Fig. 1.3 can be misleading. In
CDM models part of the growth of a massive halo is due to merging with a large number of much
smaller halos, and to a good approximation, such mergers can be thought of as smooth accretion.
When two similar mass dark matter halos merge, violent relaxation rapidly transforms the orbital
energy of the progenitors into the internal binding energy of the quasi-equilibrium remnant. Any
hot gas associated with the progenitors is shock-heated during the merger and settles back into
hydrostatic equilibrium in the new halo. If the progenitor halos contained central galaxies, the
galaxies also merge as part of the violent relaxation process, producing a new central galaxy in
the final system. Such a merger may be accompanied by strong star formation or AGN activity if
the merging galaxies contained significant amounts of cold gas. If two merging halos have very
different mass, the dynamical processes are less violent. The smaller system orbits within the
main halo for an extended period of time during which two processes compete to determine its
eventual fate. Dynamical friction transfers energy from its orbit to the main halo, causing it to
spiral inwards, while tidal effects remove mass from its outer regions and may eventually dissolve
it completely (see Chapter 12). Dynamical friction is more effective for more massive satellites,
but if the mass ratio of the initial halos is large enough, the smaller object (and any galaxy
associated with it) can maintain its identity for a long time. This is the process for the build-up of
clusters of galaxies: a cluster may be considered as a massive dark matter halo hosting a relatively
massive galaxy near its center and many satellites that have not yet dissolved or merged with the
central galaxy.

WDM

• ⼴义相对论与标准
宇宙学扰动理论


• 结构形成标准图像

• 暗物质晕等形成的
等级结构


• ⼩尺度暗晕先形成

• 然后并合形成更⼤
的暗物质晕
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暗物质晕的形成
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Fig. 1.3. A schematic merger tree, illustrating the merger history of a dark matter halo. It shows, at three
different epochs, the progenitor halos that at time t4 have merged to form a single halo. The size of each
circle represents the mass of the halo. Merger histories of dark matter halos play an important role in
hierarchical theories of galaxy formation.

have larger amplitudes on smaller scales. Consequently, dark matter halos grow hierarchically, in
the sense that larger halos are formed by the coalescence (merging) of smaller progenitors. Such
a formation process is usually called a hierarchical or ‘bottom-up’ scenario.

The formation history of a dark matter halo can be described by a ‘merger tree’ that traces
all its progenitors, as illustrated in Fig. 1.3. Such merger trees play an important role in modern
galaxy formation theory. Note, however, that illustrations such as Fig. 1.3 can be misleading. In
CDM models part of the growth of a massive halo is due to merging with a large number of much
smaller halos, and to a good approximation, such mergers can be thought of as smooth accretion.
When two similar mass dark matter halos merge, violent relaxation rapidly transforms the orbital
energy of the progenitors into the internal binding energy of the quasi-equilibrium remnant. Any
hot gas associated with the progenitors is shock-heated during the merger and settles back into
hydrostatic equilibrium in the new halo. If the progenitor halos contained central galaxies, the
galaxies also merge as part of the violent relaxation process, producing a new central galaxy in
the final system. Such a merger may be accompanied by strong star formation or AGN activity if
the merging galaxies contained significant amounts of cold gas. If two merging halos have very
different mass, the dynamical processes are less violent. The smaller system orbits within the
main halo for an extended period of time during which two processes compete to determine its
eventual fate. Dynamical friction transfers energy from its orbit to the main halo, causing it to
spiral inwards, while tidal effects remove mass from its outer regions and may eventually dissolve
it completely (see Chapter 12). Dynamical friction is more effective for more massive satellites,
but if the mass ratio of the initial halos is large enough, the smaller object (and any galaxy
associated with it) can maintain its identity for a long time. This is the process for the build-up of
clusters of galaxies: a cluster may be considered as a massive dark matter halo hosting a relatively
massive galaxy near its center and many satellites that have not yet dissolved or merged with the
central galaxy.

WDM

HDM

• ⼴义相对论与标准
宇宙学扰动理论


• 结构形成标准图像

• 暗物质晕等形成的
等级结构


• ⼩尺度暗晕先形成

• 然后并合形成更⼤
的暗物质晕
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冷暗物质（WIMP）
• 在早期宇宙中⼀般处于热平衡

• 退耦时的温度 T ~ m/20, 速度 v ~ c/3，之后速度
反⽐尺度因⼦a


• 当宇宙的温度降到keV时，暗物质粒⼦的速度很
⼩，温度很低，所以称为冷暗物质


• 暗物质与普通物质的相互作⽤不影响结构形成

• 暗物质之间的相互作⽤可以忽略

• Collisionless DM
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Cusp vs. Core
• 暗物质密度分布
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DM halo ↵ rs [kpc] ⇢s [GeV/cm3]

NFW � 24.42 0.184
Einasto 0.17 28.44 0.033
EinastoB 0.11 35.24 0.021
Isothermal � 4.38 1.387
Burkert � 12.67 0.712
Moore � 30.28 0.105

Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇢s):
this precision is su�cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and ⇢s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be ⇢� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2 ! 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌘ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di↵er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a↵ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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reader with ready-to-use final products, as opposed to the generating code. We make an
e↵ort to extend our results to large, multi-TeV DM masses (recently of interest because
of possible multi-TeV charged cosmic ray anomalies) and small, few-GeV DM masses (re-
cently discussed because of hints from DM direct detection experiments), at the edge of the
typical WIMP window. Above all, our aim is to provide a self-consistent, independently
computed, comprehensive set of results for DM indirect detection. Whenever possible, we
have compared with existing codes, finding good agreement or improvements.

2 Dark Matter distribution in the Galaxy

For the galactic distribution of Dark Matter in the Milky Way we consider several possi-
bilities. The Navarro, Frenk and White (NFW) [35] profile (peaked as r�1 at the Galactic
Center (GC)) is a traditional benchmark choice motivated by N-body simulations. The
Einasto [36, 37] profile (not converging to a power law at the GC and somewhat more
chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical sim-
ulations; the shape parameter ↵ varies from simulation to simulation, but 0.17 seem to
emerge as a central, fiducial value, that we adopt. Cored profiles, such as the truncated
Isothermal profile [38, 39] or the Burkert profile [40], might be instead more motivated by
the observations of galactic rotation curves, but seem to run into conflict with the results of
numerical simulations. On the other hand, profiles steeper that NFW had been previously
found by Moore and collaborators [41].

As long as a convergent determination of the actual DM profile is not reached, it is
useful to have at disposal the whole range of these possible choices when computing Dark
Matter signals in the Milky Way. The functional forms of these profiles read:

NFW : ⇢NFW(r) = ⇢s
rs

r

✓
1 +

r

rs

◆�2

Einasto : ⇢Ein(r) = ⇢s exp

⇢
�
2

↵

✓
r

rs

◆↵

� 1

��

Isothermal : ⇢Iso(r) =
⇢s

1 + (r/rs)
2

Burkert : ⇢Bur(r) =
⇢s

(1 + r/rs)(1 + (r/rs)2)

Moore : ⇢Moo(r) = ⇢s

⇣
rs

r

⌘1.16
✓
1 +

r

rs

◆�1.84

(1)

Numerical DM simulations that try to include the e↵ects of the existence of baryons have
consistently found modified profiles that are steeper in the center with respect to the DM-
only simulations [42]. Most recently, [43] has found such a trend re-simulating the haloes
of [36, 37]: steeper Einasto profiles (smaller ↵) are obtained when baryons are added.
To account for this possibility we include a modified Einasto profile (that we denote as
EinastoB, EiB in short in the following) with an ↵ parameter of 0.11. All profiles assume
spherical symmetry 2 and r is the coordinate centered in the Galactic Center.

2Numerical simulations show that in general halos can deviate from this simplest form, and the isodensity
surfaces are often better approximated as triaxial ellipsoids instead (e.g. [44]). For the case of the Milky
Way, however, it is fair to say that at the moment we do not have good observational determinations of its
shape, despite the e↵orts already made studying the stellar tidal streams, see [45]. Thus the assumption

5

Cuspy profiles, such as NFW, are predicted by N-body simulation of CDM

PPPC4DM
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• 暗物质湮灭

暗物质间接探测

NFW profile
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间接探测
• 暗物质湮灭的信号

• 连续谱上叠加特征谱
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间接探测
• 暗物质湮灭的信号

• 连续谱上叠加特征谱
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间接探测
• 各种观测对暗物质湮灭截⾯的限制

16
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Fermi-LAT
• Fermi-LAT对暗物质湮灭截⾯的限制
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DAMPE
• DAMPE伽⻢射线对暗物质湮灭截⾯的限制

18

Xiang Li， ICRC202

DAMPE, 2112.08860
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LHASSO
• LHAASO对暗物质湮灭截⾯的限制
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Bi, Lin, Yin, 2019 ICRC
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CTA
• CTA 灵敏度

20

500 h

Spain, Chile
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IceCube
• GC dark matter annihilation

21

The world’s neutrino telescopes!
10

2. Recent physics results from NT200

The physics program of the Baikal experiment covers the
typical spectrum of high energy neutrino telescopes [5–10]. In
this paper we review selected astroparticle physics results from
the long-term operation of NT200, in particular, an improved limit
on the diffuse astrophysical neutrino flux, upper limits on the
muon flux from annihilation of hypothetical weakly interacting
massive particles (WIMPs) in the Sun, and a limit on the neutrino
flux associated with gamma-ray bursts.

2.1. A search for extraterrestrial high-energy neutrinos

Our search for high energy extraterrestrial neutrinos is based
on studies of bright cascades detected in the telescope NT200. A
full cascade reconstruction algorithm (for vertex, direction, and
cascade energy) was applied to the 1038 live days of data taken
with NT200 in 1998–2002. Cuts were then placed on this
reconstructed cascade energy to select neutrino-induced events.
Within systematic and statistical uncertainties there are no
significant excess above the expected background from atmo-
spheric muons (see Fig. 2). For an E!2 behaviour of neutrino
spectrum a 90% C.L. upper limit on the neutrino flux of all flavours
obtained with the Baikal neutrino telescope NT200 is:
Ev

2Fo2.9"10!7 cm!2 s!1sr!1 GeV, for 20 TeVoEvo20 PeV.

2.2. A search for WIMP neutrinos from the Sun

A possible signal from WIMP annihilation in the Sun would
appear as an excess of upward going muons over atmospheric
neutrinos arriving from the direction of Sun. We have applied two
sorts of quality cuts, optimized for high and low WIMP masses.
We have selected 510 and 2376 upward going muon candidates in
the two data samples for 1007 live days. The distributions of

correlation angles between these muons and the Sun were
compared to the corresponding off-source background expecta-
tion. In Fig. 3 we show the results for the sample of larger
statistics.

No indications for excess muons were found. The 90% C.L.
upper limits on the muon flux from the Sun are obtained as
functions of the WIMP mass for b anti-b (soft channel) and W+W!

(hard channel) neutrino energy spectrum [11]. For WIMP masses
4500 GeV the limit depends weakly on the WIMP mass and is
Fo3"103 km!2 yr!1. The presented results are preliminary,
and allow estimating the NT200 sensitivity for high energy
neutrinos from DM annihilation processes in the Sun.

Fig. 1. The Baikal Telescope NT200+ and the GVD prototype string with 12 OM.

Fig. 2. Reconstructed cascade energy distribution for data (dots) and for
MC-generated atmospheric muons (boxes); true MC energy distribution given as
histogram.
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Fig. 3. Mismatch angle C (Muon/Sun): data and background (histogram).

A. Avrorin et al. / Nuclear Instruments and Methods in Physics Research A 626-627 (2011) S13–S18S14

storey

Figure 1. Schematic view of the ANTARES telescope. The inset shows a photograph of an optical
storey.

astrophysical objects: sources of high energy gamma rays, massive black holes and nearby
galaxies.

1.1 The ANTARES neutrino telescope

The ANTARES telescope [3] became fully operational in 2008. The detector comprises
twelve detection lines anchored at a depth of 2475 m and 40 km off the French coast near
Toulon. The detector lines are about 450 m long and host a total of 885 optical modules
(OMs), each comprising a 17” glass sphere which houses a 10” photomultiplier tube. The
OMs look downward at 45� in order to optimise the detection of upgoing, i.e. neutrino
induced, tracks. The geometry and size of the detector make it sensitive to extraterrestrial
neutrinos in the TeV-PeV energy range. A schematic layout of the telescope is shown in
Figure 1.

The neutrino detection is based on the induced emission of Cherenkov light by high
energy muons originating from charged current neutrino interactions inside or near the in-
strumented volume. All detected signals (hits) are transmitted via an optical cable to a shore
station, where a computer farm filter the data for coincident signals in several adjacent OMs.
The muon direction is then determined by maximising a likelihood which compares the time
of the hits with the expectation from the Cherenkov signal of a muon track. Details on the
event reconstruction are given in Ref. [7, 10].

Two main backgrounds for the search for astrophysical neutrinos can be identified: down-
going atmospheric muons which have been mis-reconstructed as upgoing and atmospheric
neutrinos originating in cosmic ray induced air showers at the opposite side of the Earth.
Depending on the requirements of the analysis both backgrounds can, at least partially, be
discriminated using various parameters such as the quality of the event reconstruction or

– 2 –

IceCubeAntaresNT-200+

Lake Baikal 
1/2000 km3 
228 PMTs

Mediterranean Sea 
1/100 km3 
885 PMTs

South Pole glacier 
1 km3 

5160 PMTs

Larger, sparser → higher energies

J. Gomez, IDM, 2022, Vienna
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• 理论动机

• Atomic DM, Mirror DM, Composite DM…

• Eventually, all DM is interacting in some way, the question 

is how strongly?

• Self-Interacting DM


• 可能的观测对象

• CMB, LSS, BBN

• 其他天体物理效应,…


• 可以解决冷暗物质中的疑难

• Cusp-vs-Core, Too-big-to-fail, missing satellite? …


•  H0,  σ8?

�

MX
⇠ cm2/g ⇠ barn/GeV
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哈勃常数疑难
• Hubble Constant H0


• Planck gives 
• HST    gives
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H ⌘ 1

a

da

dt
=

p
⇢r + ⇢m + ⇢⇤

Mp

67.8± 0.9 km s�1Mpc�1

73.24± 1.74 km s�1Mpc�1

biases in identifying these we use current results from the four
SN-independent projects shown in Figure16 of Planck Colla-
boration et al. (2014): IR Tully–Fisher from Sorce et al. (2012), 2
strong lenses from Suyu et al. (2013), 4 distant maser systems
from Gao et al. (2016), and 38 SZ clusters from Bonamente et al.
(2006). These are plotted in Figure 13. A simple weighted average
of these SN-independent measurements gives H0=73.4±
2.6 km s−1Mpc−1, nearly the same as our primary fit though
with a 45% larger uncertainty. The most precise of these is from
the analysis of two strong gravitational lenses and yields
H0=75±4 km s−1Mpc−1 (Suyu et al. 2013), a result that is
both independent of ours and has been reaffirmed by an
independent lensing analysis (Birrer et al. 2015). However, we
note that while lensing provides an independent, absolute scale,
the transformation to H0 depends on knowledge of H(z) between
z=0 and the redshifts of the two lenses (z=0.295 and
z=0.631) which may be gathered from parameter constraints
from the CMB or from an empirical distance ladder across this
redshift range. Either approach will add significantly to the overall
uncertainty. Given the breadth of evidence that the local
measurement of H0 is higher than that inferred from the CMB
and ΛCDM it is worthwhile to explore possible cosmological
origins for the discrepancy.

We may consider the simplest extensions of ΛCDM which
could explain a difference between a local and cosmological
Hubble constant of ∼4–6 km s−1Mpc−1. We are not the first to
look for such a resolution, though the roster of datasets examined
has varied substantially and evolves as measurements improve
(Dvorkin et al. 2014; Leistedt et al. 2014; Wyman et al. 2014;
Aubourg et al. 2015; Cuesta et al. 2015). The simplest
parameterizations of dark energy with w0<−1 or with
w0>−1 and wa<0 can alleviate but not fully remove tension
with H0 (see Figure 13) due to support for w(z)∼−1 signal from
high-redshift SNe Ia and BAO (Aubourg et al. 2015; Cuesta et al.
2015, see Figure 14). A very recent (z<0.03) and dramatic
decrease in w or an episode of strong dark energy at
3<z<1000 may evade detection and still produce a high
value of H0. Whether such a model creates additional tensions will
depend on its prescription and still, if empirically motivated, is
likely to suffer from extreme fine-tuning.

A synthesis of the studies cited above indicates a more fruitful
avenue is found in the “dark radiation” sector. An increase in the
number of relativistic species (dark radiation; e.g., neutrinos) in
the early universe increases the radiation density and expansion
rate during the radiation-dominated era, shifting the epoch of
matter-radiation equality to earlier times. The resulting reduction
in size of the sound horizon (which is used as a standard ruler for
the CMB and BAO) by a few percent for one additional species
(Neff=4) increases H0 by about 7 km s−1Mpc−1 for a flat
universe, more than enough to bridge the divide between the local
and high-redshift scales. A fractional increase (i.e., less than unity)
is also quite plausible for neutrinos of differing temperatures or
massless bosons decoupling before muon annihilation in the early
universe (e.g., Goldstone bosons; Weinberg 2013), producing
ΔNeff=0.39 or 0.57 depending on the decoupling temperature.
An example of such a fit comes from Aubourg et al. (2015) using
a comprehensive set of BAO measurements and Planck data,
finding Neff=3.43±0.26 and H0=71±1.7 km s−1Mpc−1. A
similar result from WMAP9+SPT+ACT+SN+BAO gives
Neff=3.61±0.6 andH0=71.8±3.1 km s−1Mpc−1 (Hinshaw
et al. 2013). Thus, a value of ΔNeff in the range 0.4–1.0 would
relieve some or all of the tension. Although fits to the Planck

dataset (Planck Collaboration et al. 2015) do not indicate the
presence of such additional radiation, they do not exclude this full
range either.
Allowing the Neff degree of freedom triples the uncertainty in

the cosmological value of H0 from Planck Collaboration et al.

Figure 13. Local measurements of H0 compared to values predicted by CMB
data in conjunction with ΛCDM. We show 4 SN Ia-independent values
selected for comparison by Planck Collaboration et al. (2014) and their
average, the primary fit from R11, its reanalysis by Efstathiou (2014) and the
results presented here. The 3.4σ difference between Planck+ΛCDM (Planck
Collaboration et al. 2016) and our result motivates the exploration of
extensions to ΛCDM.

Figure 14. Confidence regions determined with CosmoMC based on the data
from Planck (TT+TEB+lensing), BAO including Lyα QSOs, the JLA SN
sample (Betoule et al. 2014) and with and without our determination of H0 for
the wCDM cosmological model. As shown there is a degeneracy between w
and H0 and the local measurement of H0 pulls the solution to a lower value of w
though it is still consistent with −1.
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Fig. 30. Constraints on the sum of the neutrino masses for vari-
ous data combinations.

This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO (which is tighter in both the
CamSpec and Plik likelihoods), but is immune to low level sys-
tematics that might a↵ect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are28

H0 = 67.7 ± 0.6

�8 = 0.810+0.015
�0.012

9>=
>; Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of �8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2016). The situation with galaxy
weak lensing is rather di↵erent, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales, where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2015).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ⇤CDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
⇤CDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

28To simplify the displayed equations, H0 is given in units of
km s�1Mpc�1 in this section.

2.0 2.5 3.0 3.5 4.0 4.5

Ne�

60

66

72

78

H
0
[k

m
s�

1
M

p
c�

1
]

0.780

0.795

0.810

0.825

0.840

0.855

0.870

0.885

0.900

�
8

Fig. 31. Samples from Planck TT+lowP chains in the Ne↵–H0
plane, colour-coded by �8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s�1Mpc�1 of Eq. (30). Notice that higher
Ne↵ brings H0 into better consistency with direct measurements,
but increases �8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Ne↵ < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (�Ne↵ ⇡ 0.57), or before muon
annihilation (�Ne↵ ⇡ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(�Ne↵ ⇡ 1).

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Ly↵ flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2015)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

P
m⌫ <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

P
m⌫ < 0.23 eV preferred by Planck, detection with the

first generation experiment will be extremely di�cult.

6.4.2. Constraints on Ne↵

Dark radiation density in the early Universe is usually parame-
terized by Ne↵ , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the
photon density ⇢� at T ⌧ 1 MeV by

⇢ = Ne↵
7
8

 
4

11

!4/3

⇢�. (59)

The numerical factors in this equation are included so that
Ne↵ = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
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• Variance of perturbation field   collapsed objects


• where the filter function

    P(k) 物质功率谱

•                                  
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(kR)3
[sin(kR)� kR cos(kR)] ,
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Fig. 10. Comparison of constraints (68% confidence interval) on
�8(⌦m/0.27)0.3 from di↵erent experiments of large–scale structure
(LSS), clusters, and CMB. The solid line ACT point assumes the same
universal pressure profile as this work. Probes marked with an asterisk
have an original power of ⌦m di↵erent from 0.3. See text and Table 3
for more details.

for SZ and BAO and BBN with a prior on (1�b) distributed uni-
formly in [0.7, 1]. The figure thus demonstrates good agreement
amongst all cluster observations, whether in optical, X-rays, or
SZ. Table 3 compares the di↵erent data and assumptions of the
di↵erent cluster-related publications.

6.2. Consistency with the Planck y-map

In a companion paper (Planck Collaboration XXI 2014), we per-
formed an analysis of the SZ angular power spectrum derived
from the Planck y-map obtained with a dedicated component-
separation technique. For the first time, the power spectrum has
been measured at intermediate scales (50  `  1000). The same
modelling as in Sect. 2 and Taburet et al. (2009, 2010) has been
used to derive best-fit values of ⌦m and �8, assuming the uni-
versal pressure profile (Arnaud et al. 2010), a bias 1 � b = 0.8,
and the best-fit values for other cosmological parameters from
Planck Collaboration XVI (2014)6. The best model obtained,
shown in Fig. 7 as the dashed line, demonstrates the consistency
between the PSZ number counts and the signal observed in the
y-map.

6.3. Comparison with Planck primary CMB constraints

We now compare the PSZ cluster constraints to those from the
analysis of the primary CMB temperature anisotropies given in
Planck Collaboration XVI (2014) (see Footnote 6). In that anal-
ysis �8 is derived from the standard six ⇤CDM parameters.

The Planck primary CMB constraints, in the (⌦m,�8) plane,
di↵er significantly from our own, in particular through favouring
a higher value of �8, (see Fig. 11). For (1�b) = 0.8, this leads to

6 For Planck CMB we took the constraints from the Planck+WP case,
Col. 6 of Table 2 of Planck Collaboration XVI (2014). The baseline
model includes massive neutrinos with

P
m⌫ = 0.06 eV.

Fig. 11. 2D ⌦m–�8 likelihood contours for the analysis with Planck

CMB only (red); Planck SZ and BAO and BBN (blue) with (1 � b)
in [0.7, 1].

a factor of 2 larger number of predicted clusters than is actually
observed (see Fig. 7). There is therefore some tension between
the results from the Planck CMB analysis and the current clus-
ter analysis. Figure 10 illustrates this with a comparison of three
analyses of primary CMB data alone (Planck Collaboration XVI
2014; Story et al. 2013; Hinshaw et al. 2013) and cluster con-
straints in terms of �8(⌦m/0.27)0.3.

It is possible that the tension results from a combination of
some residual systematics with a substantial statistical fluctu-
ation. Enough tests and comparisons have been made on the
Planck data sets that it is plausible that at least one discrepancy
at the two or three sigma level will arise by chance. Nevertheless,
it is worth considering the implications if the discrepancy is real.

As we have noted, the modelling of the cluster gas physics
is the most important uncertainty in our analysis, in particular
through its influence on the mass bias (1� b). While we have ar-
gued for a preferred value of (1 � b) ' 0.8 based on comparison
of our Y500–M500 relation to those derived from a number of dif-
ferent numerical simulations, and we suggest a plausible range
of (1�b) from 0.7 to 1, a significantly lower value would substan-
tially alleviate the tension between CMB and SZ constraints. We
have undertaken a joint analysis using the CMB likelihood pre-
sented in Planck Collaboration XV (2014) and the cluster like-
lihood presented in the present paper, sampling (1 � b) in the
range [0.1, 1.5]. This results in a “measurement” of (1 � b) =
0.59 ± 0.05. We show in Fig 7 the SZ cluster counts predicted
by the Planck’s best-fit primary CMB model for (1 � b) = 0.59.
Clearly, this substantial reduction in (1�b) is enough to reconcile
our observed SZ cluster counts with Planck’s best-fit primary
CMB parameters.

Such a large bias is di�cult to reconcile with numerical sim-
ulations, and cluster masses estimated from X-rays and from
weak lensing do not typically show such large o↵sets (see
Appendix A). Systematic discrepancies in the relevant scaling
relations have, however, been identified and studied in stack-
ing analyses of X-ray, SZ, and lensing data for the very large
MaxBCG cluster sample, e.g., Planck Collaboration XII (2011),
Biesiadzinski et al. (2012), Draper et al. (2012), Rozo et al.
(2012), and Sehgal et al. (2013), suggesting that the issue is not
yet fully settled from an observational point of view. The uncer-
tainty reflects the inherent biases of the di↵erent mass estimates.
Systematic e↵ects arising from instrument calibration constitute
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Fig. 5. Comparison of constraints from the one-dimensional (dN/dz)
and two-dimensional (dN/dzdq) likelihoods on cosmological param-
eters and the scaling relation mass exponent, ↵. This comparison
uses the MMF3 catalogue, the CCCP prior on the mass bias and the
SZ+BAO+BBN data set. The corresponding best-fit model redshift dis-
tributions are shown in Fig. 6.

Fig. 6. Redshift distribution of best-fit models from the four analysis
cases shown in Fig. 5. The observed counts in the MMF3 catalogue
(q > 6) are plotted as the red points with error bars, and as in Fig. 5 we
adopt the CCCP mass prior with the SZ+BAO+BBN data set.

parameter constraints. Although the one-dimensional likelihood
prefers a steeper slope than the X-ray prior, the two-dimensional
analysis does not, and the cosmological constraints remain ro-
bust to varying ↵.

We define a generalized �2 statistic as described above, now
over the two-dimensional bins in the (z, q)-plane. This general-
ized �2 for the fit with the X-ray prior is 43 (PTE = 0.28), com-
pared to �2 = 45 (PTE = 0.23) when ↵ is a free parameter.

Figure 6 displays the redshift distribution of the best-fit mod-
els in all four cases. Despite their apparent di�culty in match-
ing the second and third redshift bins, the PTE values suggest
that these fits are moderately good to acceptable. We note that,
as mentioned briefly in Sect. 5.1, clustering e↵ects will increase
the scatter in each bin slightly over the Poisson value we have as-
sumed, causing our quoted PTE values to be somewhat smaller
than the true ones.

Fig. 7. Comparison of constraints from the CMB to those from the clus-
ter counts in the (⌦m,�8)-plane. The green, blue and violet contours
give the cluster constraints (two-dimensional likelihood) at 68 and 95%
for the WtG, CCCP, and CMB lensing mass calibrations, respectively,
as listed in Table 2. These constraints are obtained from the MMF3 cata-
logue with the SZ+BAO+BBN data set and ↵ free (hence the SZ↵ nota-
tion). Constraints from the Planck TT, TE, EE+lowP CMB likelihood
(hereafter, Planck primary CMB) are shown as the dashed contours
enclosing 68 and 95% confidence regions (Planck Collaboration XIII
2016), while the grey shaded region also includes BAO. The red
contours give results from a joint analysis of the cluster counts and
the Planck lensing power spectrum (Planck Collaboration XV 2016),
adopting our external priors on ns and ⌦bh

2 with the mass bias param-
eter free and ↵ constrained by the X-ray prior (hence the SZ notation
without the subscript ↵).

7. Cosmological constraints 2015

We extract constraints on ⌦m and �8 from the cluster counts in
combination with external data, imposing the di↵erent cluster
mass scale calibrations as prior distributions on the mass bias.
In Sect. 7.1, we compare our new constraints to and then com-
bine them with those from the CMB anisotropies in the base
⇤CDM model. We study parameter extensions to the base model
in Sect. 7.2. In the following, we adopt as our baseline the 2015
two-dimensional SZ likelihood with the CCCP mass bias prior,
↵ free and � = 2/3 fixed in Eq. (7). All quoted intervals are 68%
confidence and all upper/lower limits are 95% confidence.

7.1. Base ⇤CDM

7.1.1. Constraints on ⌦m and �8: comparison to primary
CMB parameters

Our 2013 analysis brought to light tension between constraints
on⌦m and�8 from the cluster counts and those from the primary
CMB in the base ⇤CDM model. In that analysis, we adopted a
flat prior on the mass bias over the range 1�b = [0.7, 1.0], with a
reference model defined by 1�b = 0.8 (see discussion in the Ap-
pendix of Planck Collaboration XX 2014). Given the good con-
sistency between the 2013 and 2015 cluster results (Fig. 3), we
expect the tension to remain under the same assumptions con-
cerning the mass bias.

Figure 7 compares our 2015 cluster constraints (MMF3
SZ+BAO+BBN) to those for the base ⇤CDM model from the
Planck CMB anisotropies. The cluster constraints, given the
three di↵erent priors on the mass bias, are shown by the filled
contours at 68 and 95% confidence, while the dashed black

A24, page 9 of 19

Planck



      汤勇(国科⼤)                           暗物质间接探测与相关宇宙学                                  威海

σ8 疑难?

26

A&A 594, A24 (2016)

Table 3. Summary of Planck 2015 cluster cosmology constraints

Data �8

⇣
⌦m
0.31

⌘0.3
⌦m �8

WtG + BAO + BBN 0.806 ± 0.032 0.34 ± 0.03 0.78 ± 0.03
CCCP + BAO + BBN [Baseline] 0.774 ± 0.034 0.33 ± 0.03 0.76 ± 0.03
CMBlens + BAO + BBN 0.723 ± 0.038 0.32 ± 0.03 0.71 ± 0.03
CCCP + H0 + BBN 0.772 ± 0.034 0.31 ± 0.04 0.78 ± 0.04

Notes. The constraints are obtained for our baseline model: the two-dimensional likelihood over the MMF3 catalogue (q > 6) with ↵ free and
� = 2/3 fixed in Eq. (7).

contours give the Planck TT,TE,EE+lowP constraints (hereafter
Planck primary CMB, Planck Collaboration XIII 2016); the grey
shaded regions add BAO to the CMB. The central value of the
WtG mass prior lies at the extreme end of the range used in
2013 (i.e., 1 � b = 0.7); with its uncertainty range extending
even lower, the tension with primary CMB is greatly reduced, as
pointed out by von der Linden et al. (2014b). With similar un-
certainty but a central value shifted to 1 � b = 0.78, the CCCP
mass prior results in greater tension with the primary CMB. The
lensing mass prior, finally, implies little bias and hence much
greater tension.

The red contours present results from a joint analysis of
the cluster counts and the Planck lensing power spectrum
(Planck Collaboration XV 2016), adopting our external priors on
ns and ⌦bh

2 with the mass bias parameter free and ↵ constrained
by the X-ray prior. It is interesting to note that these constraints
are fully independent of those from the primary CMB, but are in
good agreement with them, favouring only slightly lower values
for �8.

Table 3 summarizes our cluster cosmology constraints for the
base ⇤CDM model for the di↵erent mass bias priors. We give
the marginalized constraints on ⌦m and �8, as well as their com-
bination that is most tightly constrained by the cluster counts.
In addition, in the last line we list constraints when replacing
the BAO prior by a prior on H0 from direct local measurements
(Riess et al. 2011): H0 = 73.8 ± 2.4 km s�1 Mpc�1.

7.1.2. Joint Planck 2015 primary CMB and cluster
constraints

Mass bias required by the primary CMB. In Fig. 8 we compare
the three prior distributions to the mass bias required by the pri-
mary CMB. The latter is obtained as the posterior on 1�b from a
joint analysis of the MMF3 cluster counts and the CMB with the
mass bias as a free parameter. The best-fit value in this case is
1 � b = 0.58 ± 0.04, more than 1� below the central WtG value.
Perfect agreement with the primary CMB would imply that clus-
ters are even more massive than the WtG calibration. This figure
most clearly quantifies the tension between the Planck cluster
counts and primary CMB.

Reionization optical depth. Primary CMB temperature
anisotropies also provide a precise measurement of the param-
eter combination Ase�2⌧, where ⌧ is the optical depth from
Thomson scatter after reionization and As is the power spectrum
normalization on large scales (Planck Collaboration XIII 2016).
Low-` polarization anisotropies break the degeneracy by con-
straining ⌧ itself, but this measurement is delicate given the low
signal amplitude and di�cult systematic e↵ects; it is important,
however, in the determination of �8. It is therefore interesting
to compare the Planck primary CMB constraints on ⌧ to those
from a joint analysis of the cluster counts and primary CMB

Fig. 8. Comparison of cluster and primary CMB constraints in the base
⇤CDM model, expressed in terms of the mass bias, 1 � b. The solid
black curve shows the distribution of values required to reconcile the
counts and primary CMB in ⇤CDM; it is found as the posterior on 1�b

from a joint analysis of the Planck cluster counts and primary CMB
when leaving the mass bias free. The coloured dashed curves show the
three prior distributions on the mass bias listed in Table 2.

without the low-` polarization data (lowP). Battye et al. (2015),
for instance, pointed out that a lower value for ⌧ than suggested
by WMAP could reduce the level of tension between CMB and
large-scale structure.

The comparison is shown in Fig. 9. We see that the Planck

TT + SZ constraints are in good agreement with the value from
Planck CMB (i.e., TT,TE,EE+lowP), with the preferred value
for WtG slightly higher and CMB lensing pushing towards a
lower value. The ordering CMB lensing/CCCP/WtG from lower
to higher ⌧ posterior values matches the decreasing level of ten-
sion with the primary CMB on �8. These values remain, how-
ever, larger than what is required to fully remove the tension
in each case. The posterior distributions for the mass bias are
1� b = 0.60± 0.042, 1� b = 0.61± 0.049, 1� b = 0.66± 0.045,
respectively, for WtG, CCCP and CMB lensing, all significantly
shifted from the corresponding priors of Table 2. Allowing ⌧ to
adjust o↵ers only minor improvement in the tension reflected
by Fig. 8. Interestingly, the Planck TT posterior shown in Fig. 8
of Planck Collaboration XIII (2016) peaks at significantly higher
values, while our Planck TT + SZ constraints are consistent with
the result from Planck TT + lensing, an independent constraint
on ⌧ without lowP.

7.2. Model extensions

7.2.1. Curvature

We consider constraints on spatial curvature that can be set by
cluster counts. Our cluster counts combined with BBN and BAO
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Table 3. Parameters of the base⇤CDM cosmology computed from the 2015 baseline Planck likelihoods, illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at low
and high multipoles and is the same as column [6] of Table 1. Columns [2] and [3] use only the T E and EE spectra at high
multipoles, and only polarization at low multipoles. Column [4] uses the full likelihood. The last column lists the deviations of the
cosmological parameters determined from the Planck TT+lowP and Planck TT,TE,EE+lowP likelihoods.

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

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

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

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

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

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

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

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

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

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

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

3.4. Constraints on the reionization optical depth parameter ⌧

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

The optical depth ⌧ can also be constrained from observa-
tions of the CMB. The WMAP9 results of Bennett et al. (2013)
give ⌧ = 0.089 ± 0.014, corresponding to an instantaneous red-
shift of reionization zre = 10.6 ± 1.1. The WMAP constraint
comes mainly from the EE spectrum in the multipole range
` = 2–6. It has been argued (e.g., Robertson et al. 2013, and ref-
erences therein) that the high optical depth reported by WMAP
cannot be produced by galaxies seen in deep redshift surveys,
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Figure 7. Constraints on Ωm and σ8 from this work, from
the fiducial KiDS-450 analysis (Hildebrandt et al. 2017) and
from Planck Collaboration et al. (2016). Our combined-probe
constraints lie between those from the fiducial KiDS-450 analysis
and those from Planck, and are consistent with both.

4.1 Cosmological inference

The main result of this work is the constraint on Ωm − σ8,
which is shown in Fig. 7. It is this combination of cos-
mological parameters to which weak lensing is most
sensitive. We recover the familiar ‘banana-shape’ degener-
acy between these two parameters, which is expected as
gravitational lensing roughly scales as σ2

8Ωm (Jain & Seljak
1997). Also shown are the main fiducial results of KiDS-
450 (Hildebrandt et al. 2017) and the constraints from
Planck Collaboration et al. (2016). Our confidence re-
gions are somewhat displaced with respect to those of
Hildebrandt et al. (2017) and our error on S8 is 18%
smaller. Interestingly, our results lie somewhat closer to
those of Planck Collaboration et al. (2016), showing better
consistency with Planck than KiDS-450 cosmic shear alone.
As discussed below, our cosmic shear-only results are fully
consistent with the results from Hildebrandt et al. (2017),
although not identical, because our power spectra weight
the angular scales differently than the correlation functions.
Hence this shift towards Planck must either be caused by
P gm or P gg or a combination of the two.

We computed the marginalised constraint on
S8 ≡ σ8

√
Ωm/0.3 and show the results in Fig.

8. The joint constraints for our fiducial setup is
S8 = 0.801 ± 0.032. The fiducial result from KiDS-450 is
S8 = 0.745 ± 0.039 (Hildebrandt et al. 2017), whilst those
of Planck Collaboration et al. (2016) is S8 = 0.851 ± 0.024.

Compared to the results from Hildebrandt et al.
(2017), our posteriors have considerably shrunk along the
degeneracy direction. Since we applied the same priors, this
improvement is purely due to the gain in information from
the additional probes. Hence the real improvement becomes

Figure 8. Comparison of our constraints on S8 with a number of
recent results from the literature. We show the results for different
combinations of power spectra on top with black squares, as well
as the results from our conservative runs where we excluded the
lowest " bin of PE (‘cons-1’) and the highest " bin of P gm and
P gg (‘cons-2’) in the fit. In general, our results agree well with
those from the literature, including those from Planck.

clear when we compare the constraints on Ωm and σ8, for
which we find Ωm = 0.333+0.055

−0.071 and σ8 = 0.771+0.072
−0.100 , while

Hildebrandt et al. (2017) report Ωm = 0.250+0.053
−0.103 and

σ8 = 0.849+0.120
−0.204 . Hence our constraint on σ8 has improved

by nearly a factor of two compared to Hildebrandt et al.
(2017)9.

To understand where the difference between our results
and Hildebrandt et al. (2017) comes from, and to learn how
much P gm and P gg help with constraining cosmological
parameters, we also ran our cosmological inference on
all pairs of power spectra, as well as on PE alone. The
resulting constraints are shown in Fig. 8. Fig. 9 shows the
relative difference of the size of the error bars, while Fig. 10
shows the marginalized posterior of Ωm − σ8 and Ωm − S8.
Interestingly, the constraints from PE and P gm + P gg are
somewhat offset, with the latter preferring larger values.
The constraint on S8 from PE alone is 0.760± 0.040, hence
close to the results from Hildebrandt et al. (2017), while
for P gm + P gg we obtain S8 = 0.853 ± 0.042. PE is only
weakly correlated with P gg and P gm (see e.g. Fig. B3), and
if we ignore this correlation (it is fully accounted for in all
our fits), the constraints on S8 from PE and P gm + P gg

differ by 1.6σ. Since the reduced χ2 is not much worse for
the joint fit, our data does not point at a strong tension
between the probes, and they can be safely combined.

Combining PE with P gm or P gg results in a relatively
minor decrease of the errors of S8 of 8% and 5%, respec-
tively. Also, the mean value of S8 does not change much.

9 The improvement compared to the PE only results that are
discussed below is ∼ 38%.

MNRAS 000, 000–000 (2017)

KiDS+GAMA, 1706.05004

the distance ladder (“local”)11 or the CMB anisotropies
(“cosmological”).12

Figure 1 demonstrates that the “local” and “cosmological”
solutions are more than 3σ apart. While the distance ladder
H0 measurements are consistent even for multiple groups, the
value of H0 inferred from cosmological modeling, in contrast,
has monotonically decreased with the acquisition of progres-
sively better CMB maps (in resolution, sensitivity, and spectral
coverage). Once again, an accurate determination of the
expansion rate of the universe comes down to an intercompar-
ison of the stated error bars on the results of two competing
methods of measuring H0—a situation similar to that motivat-
ing the HST H0 Key Project twenty years ago (Freedman
et al. 2001).

The broad agreement between H0 derived from the distance
ladder and from cosmological models is actually quite
impressive given the very different methodologies being
employed. However, the value of the Hubble constant applies
so much leverage to the covariantly dependent solutions of
other cosmological parameters (simultaneously embedded in
the CMB data) that it remains crucial to determine if there is
new physics or simply as-yet-unappreciated systematics
driving these differences.

1.1. Uncertainties in Current H0 Measurements

We turn now to a discussion of the uncertainties in both the
distance ladder and CMB methods for determining H0. A
longstanding “first rung” for the distance ladder is the Large
Magellanic Cloud (LMC). The distance to the LMC is, in itself,
a source of active research (see, for instance, the summary of de
Grijs et al. 2014), and its suitability as the “anchor” for the
distance ladder is much debated (see, for instance,
Efstathiou 2014). The LMC is a low-metallicity, dwarf
irregular galaxy, unlike the spiral galaxies with higher
metallicity and higher luminosity that are common hosts to
SNeIa. The potential for metallicity effects between their
Cepheid populations is therefore a concern. The proximity of
the LMC to the Sun permits the application of numerous
independent distance measurement techniques, however,
including those with uncertainties much easier to control than
those of the Cepheids. Of note is the work of Pietrzyński et al.
(2013), in which a set of eight late-type double-eclipsing
binaries in the LMC were used to obtain a (largely geometric)
2.2% estimate of the distance to the LMC. On the other hand,
the proximity of the LMC also means that its three-dimensional
structure and line-of-sight depth are both of larger concern than
in most extragalactic applications, and extra attention must be
given to membership in specific structural components for a
given distance tracer (for further discussion, see Clementini
et al. 2003; Clementini 2011; Moretti et al. 2014). Replacement
of the LMC with the megamaser-host NGC 4258 as the anchor
point for the distance ladder provides an independent zero-
point calibration, but does not fully settle the issue of the zero-
point, given that, effectively, only one data set exists (with
multiple distinct distance measurements, including Herrnstein
et al. 1999; Humphreys et al. 2013; Riess et al. 2016, among
others), for which the systematic errors are difficult to ascertain.
The advantages of the Leavitt law (or the Cepheid period–

luminosity (PL) relation13) are well known. (a) Cepheids are
intrinsically high-luminosity supergiants. (b) In the infrared,
especially, their PL relations have small intrinsic dispersion
(∼0.1 mag) for the I band and redder wavelengths. (c) They are
found in all star-forming galaxies (spiral and irregular). Lastly,
(d) their variability is sufficiently stable over a human lifetime
that they can be repeatedly observed with different instruments
operating at different wavelengths and thereby be tested for any
number of systematic effects. Transient objects (like SNeIa)
are much more problematic in the latter regard. There are
remaining challenges for the Cepheid distance ladder, however,
such as (a) the need for a robust determination of the metallicity
dependence of the Leavitt law, particularly at optical
wavelengths (e.g., Romaniello et al. 2005, 2008, among

Figure 1. Comparison of recent determinations of H0 using the Cepheid
distance ladder (blue circles) and CMB modeling techniques (red squares) as a
function of publication year, with the recent value from Riess et al. (2016)
given as an open circle. Many of the projects shown here have multiple
measurements, but effort was taken to choose the measurements that are most
comparable; for the Cepheid distance ladder the “preferred value” based on the
different anchors is used and for the CMB modeling values are shown using
similar input priors on cosmological parameters (see Table 1 for a more
exhaustive list of individual and best-estimate values). Colored error bars
represent the “total” error (quadrature sum of random and systematic) quoted at
the time of publication, with the gray error bars indicating just the random
component (but only if it was indicated in the publication; see Table 1). The 1σ
range of the mean for the Cepheid distance ladder and CMB modeling are
shown as the shaded regions with the mean indicated by a dashed line. These
two approaches, which use techniques that are “local” and “cosmological” in
nature, respectively, differ by more than 3σ in their unweighted mean values.
As demonstrated here, the tension has grown with the accumulating CMB
data sets.

11 For visual simplicity, we have limited this to just those papers providing an
end-to-end distance ladder measurement.
12 Figure 1 uses the “preferred” H0results from specific works, which often
combine different anchor points for the Leavitt Law. We note, however, that
while the difference in the distance to the LMC adopted between the KP and
the most recent SH ES0 determination is <0.1%, thereby comparisons between
those measurements, despite the dramatic improvement of precision of the
distance to the LMC (i.e., those adopted in either Freedman et al. 2001;
Pietrzyński et al. 2013), are meaningful; the distance to the megamaser host
NGC 4258, in contrast, changed by ∼5% between Herrnstein et al. (1999) and
Humphreys et al. (2013) (used by Riess et al. 2011, 2016, respectively) and
thereby, H0 measurements and uncertainties anchored by either are not
immediately comparable without consideration of these changes. Additional
measurements with different anchors are given in Table 1 for completeness. By
demonstrating the impasse between these techniques in Figure 1, we motivate
the need for a third method; a detailed comparison between the “best” results
from each method is provided in Riess et al. (2016).

13 At the conclusion of the “Thanks to Henrietta Leavitt Symposium” on 2008
November 8, the attendees decided to adopt this nomenclature in honor of her
significant contribution to this field. See https://www.cfa.harvard.edu/events/
2008/leavitt/ for details.
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• Einstein’s equation


• Homogeneous&isotropy

  

Rµ⌫ � 1

2
Rgµ⌫ + ⇤gµ⌫ =

8⇡G

c4
Tµ⌫

320 J. Lesgourgues, S. Pastor / Physics Reports 429 (2006) 307 –379
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Fig. 5. Evolution of the background densities from the time when T! = 1 MeV (soon after neutrino decoupling) until now, for each component of
a flat "MDM model with h = 0.7 and current density fractions #" = 0.70, #b = 0.05, #! = 0.0013 and #cdm = 1 − #" − #b − #!. The three
neutrino masses are distributed according to the Normal Hierarchy scheme (see Section 2) with m1 = 0, m2 = 0.009 eV and m3 = 0.05 eV. On the
left plot we show the densities to the power 1/4 (in eV units) as a function of the scale factor. On the right plot, we display the evolution of the
density fractions (i.e., the densities in units of the critical density). We also show on the top axis the neutrino temperature (on the left in eV, and on
the right in Kelvin units). The density of the neutrino mass states !2 and !3 is clearly enhanced once they become non-relativistic. On the left plot,
we also display the characteristic times for the end of BBN and for photon decoupling or recombination.

(2) remains small everywhere, so that the differences between true quantities and spatial averages are still small
perturbations,

gives a new set of perturbations (new equations of evolution, new initial conditions), although the physical quantities
(i.e., the total ones) are the same. This ambiguity is called the gauge freedom in the context of relativistic perturbation
theory.

Of course, using a linear perturbation theory is only possible when there exists at least one system of coordinates
in which the Universe looks approximately homogeneous. We know that this is the case at least until the time of
photon decoupling: in some reference frames, the CMB anisotropies do appear as small perturbations. It is a necessary
condition for using linear theory to be in such a frame; however, this condition is vague and leaves a lot of gauge
freedom, i.e. many possible ways to slice the spacetime into hypersurfaces of simultaneity.

We can also notice that the definition of hypersurfaces of simultaneity is not ambiguous at small distances, as long
as different observers can exchange light signals in order to synchronize their clocks. Intuitively, we see that the gauge
freedom is an infrared problem, since on very large distances (larger than the Hubble distance) the word “simultaneous”
does not have a clear meaning. The fact that the gauge ambiguity is only present on large scales emerges naturally from
the mathematical framework describing gauge transformations.

Formally, a gauge transformation is described by a quadrivector field ε$(x, t) (see e.g. Ref. [73]). When the latter
is infinitesimal, the Lorentz scalars, vectors and tensors describing the perturbations are shifted by the Lie derivative
along ε,

%A$!...(x, t) → %A$!...(x, t) + Lε[%A$!...(x, t)]. (24)

Since there are four degrees of freedom (d.o.f.) in this transformation—the four components of ε$—we see that among
the ten d.o.f. of the perturbed Einstein equation %G$! = 8&G%T$!, four represent gauge modes, and six represent
physical degrees of freedom.

In addition, it can be shown that this equation contains three decoupled sectors. In other words, when the metric and
the energy–momentum tensor are parametrized in an adequate way, the ten equations can be decomposed into three
systems independent of each other:

(1) four equations relate four scalars in the perturbed metric %g$! to four scalars in %T$!,

Tµ⌫ = Diag[⇢,�p,�p,�p]

Lesgourgues, Pastor 

gµ⌫ = Diag[1,�a2,�a2,�a2]
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• perfect fluid
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FIG. 4. E↵ects of �Ne↵ = 0.1 on CMB temperature anisotropy. Dashed (Long-dashed) line

corresponds to the case with perfect fluid (free-streaming) radiation, as shown in the upper plot

for the overall e↵ect. In the lower plot, we show the relative di↵erence from the standard ⇤CDM,

at order of O(1%). See text for details.

matter dominate era. In dark energy dominant epoch ��1 will be eventually smaller

than H since ��1 is decreasing but H is nearly constant.

3. µ1 = 0 and �1 = 0: �1 is streaming freely after its kinetic decoupling just like neutrinos

in standard cosmology.

The above discussion can be best illustrated with a schematic plot in Fig. 3, where H and

��1 are shown as functions of photon temperature T� in log-scale. As T� decreases towards

to the right-hand side, H experiences first radiation dominant (RD) era as black solid line,

then through the matter dominant (MD) epoch shown in dotted line, and finally dark energy

(DE) dominant time with dashed line. Evolutions of µ-term and �-term in ��1 , Eq. 3.2, are

shown in blue median-dashed line and long-dashed line with arrow, respectively. Increasing

or decreasing µ1 and �1 will shift the corresponding arrowed line upwards or downwards

globally. All the above mentioned cases can be understood by shifting the arrowed lines.
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Diffusion Damping
• Dark Matter scatters with radiation, which induces 

new contributions in the cosmological perturbation 
equations,

32

�̇� = �✓� + 3�̇,

✓̇� = k2 �H✓� + S�1µ̇ (✓ � ✓�),

✓̇ = k2 + k2
✓
1

4
� � � 

◆
� µ̇ (✓ � ✓�),

where dot means derivative over conformal time d⌧ ⌘ dt/a ( a is the scale

factor), ✓ and ✓� are velocity divergences of radiation  and DM �’s, k is

the comoving wave number,  is the gravitational potential, � and � are the

density perturbation and the anisotropic stress potential of  , and H ⌘ ȧ/a is

the conformal Hubble parameter. Finally, the scattering rate and the density

ratio are defined by µ̇ = an�h�� ci and S = 3⇢�/4⇢ , respectively.

Boehm, et al

Bringmann, et al

…… 
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Relation to Particle Physics
• The precise form of the scattering term, <σc>, is fully 

determined by the underlying microscopic or particle 
physics model, for example

• electron-photon, <σc>~1/m2
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Relation to Particle Physics
• The precise form of the scattering term, <σc>, is fully 

determined by the underlying microscopic or particle 
physics model, for example

• electron-photon, <σc>~1/m2


• DM-radiation with massive mediator, <σc>~T2/m4
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Relation to Particle Physics
• The precise form of the scattering term, <σc>, is fully 

determined by the underlying microscopic or particle 
physics model, for example

• electron-photon, <σc>~1/m2


• DM-radiation with massive mediator, <σc>~T2/m4


• non-Abelian radiation, <σc>~1/T2
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Relation to Particle Physics
• The precise form of the scattering term, <σc>, is fully 

determined by the underlying microscopic or particle 
physics model, for example

• electron-photon, <σc>~1/m2


• DM-radiation with massive mediator, <σc>~T2/m4


• non-Abelian radiation, <σc>~1/T2


• (pseudo-)scalar radiation, <σc>~1/T2, µ2/T4, T2/m4
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Thomson scattering

Tang,1603.00165

Schmaltz et al(2015), 1507.04351,1505.03542 
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Effects on LSS
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Parametrize the cross section ratio
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where �Th is the Thomson cross section, 0.67⇥ 10�24cm�2.

Tang,1603.00165
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Recent Works

• 2107.12380, DM-electron 
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Recent Works

• 2107.12380, DM-electron 
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Recent Works

• 2107.12377, DM-proton
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Recent Works

• 2107.12377, DM-proton
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A Light Dark Photon

42

• Lagrangian


• DM    (+1), dark radiation    (+2), scalar(+2)

• U(1) symmetry (unbroken), massless dark 

photon 

•     is responsible for the DM relic density


•     can decay into     and N.

L =� 1

4
Vµ⌫V

µ⌫ +Dµ�
†
D

µ�+ �̄
�
i /D �m�

�
�+  ̄i /D 

�
�
y��

†
�̄
c
�+ y � ̄N + h.c.

�
� V (�, H),

�  

Vµ

P.Ko, YT,1608.01083(PLB)

�
⌦h2 ' 0.1⇥

⇣ y�
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⌘�4 ⇣ m�
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.
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Dark Radiation δNeff

• Effective Number of Neutrinos, Neff


• In SM cosmology, Neff =3.046, neutrinos decouple 
around MeV, and then stream freely.


• Cosmological bounds
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⇢R =

"
1 +Ne↵ ⇥ 7

8

✓
4

11

◆4/3
#
⇢� ,

⇢� / T 4
�

Joint CMB+BBN, 95% CL preferred ranges

Planck Collaboration: Cosmological parameters

Fig. 36. Constraints in the !b–Ne↵ plane from Planck and
Planck+BAO data (68 % and 95 % contours) compared to the
predictions of BBN given primordial element abundance mea-
surements. We show the 68 % and 95 % confidence regions de-
rived from 4He bounds compiled by Aver et al. (2013) and from
deuterium bounds compiled by Cooke et al. (2014). In the CMB
analysis, Ne↵ is allowed to vary as an additional parameter to
base ⇤CDM, with YP fixed as a function of !b and Ne↵ accord-
ing to BBN predictions. These constraints assume no significant
lepton asymmetry.

abundance measurements derived from emission lines from low-
metallicity H ii regions are notoriously di�cult and prone to sys-
tematic errors. As a result, many discrepant helium abundance
measurements can be found in the literature. Izotov et al. (2014)
have reported a helium abundance measurement of YBBN

P =
0.2551 ± 0.0022, which is discrepant with the base ⇤CDM pre-
dictions by 3.4�. Such a high helium fraction could be ac-
commodated by increasing Ne↵ (see Fig. 36 and Sect. 6.5.3).
However, at present it is not clear whether the error quoted by
Izotov et al. (2014) accurately reflects systematic errors, includ-
ing the error in extrapolating to zero metallicity.

Historically, deuterium abundance measurements have
shown excess scatter over that expected from statistical er-
rors indicating the presence of systematic errors in the obser-
vations. Figure 35 shows the data compilation of Iocco et al.
(2009), yDP = 2.87 ± 0.22 (68 % CL), which includes mea-
surements based on damped Ly↵ and Lyman limit systems.
We also show the more recent results by Cooke et al. (2014)
(see also Pettini & Cooke 2012) based on their observations of
low-metallicity damped Ly↵ absorption systems in two quasars
(SDSS J1358+6522, zabs = 3.06726; SDSS J1419+0829, zabs =
3.04973) and a reanalysis of archival spectra of damped Ly↵
systems in three further quasars that satisfy strict selection cri-
teria. The Cooke et al. (2014) analysis gives yDP = 2.53 ± 0.04
(68 % CL), somewhat lower than the central Iocco et al. (2009)
value, but with a much smaller error. The Cooke et al. (2014)
value is almost certainly the more reliable measurement, as ev-
idenced by the consistency of the deuterium abundances of the
five systems in their analysis. The Planck base ⇤CDM predic-
tions of Eq. (74) lie within 1� of the Cooke et al. (2014) result.
This is a remarkable success for the standard theory of BBN.

It is worth noting that the Planck data are so accurate that !b
is insensitive to the underlying cosmological model. In our grid

of extensions to base ⇤CDM the largest degradation of the error
in !b is in models that allow Ne↵ to vary. In these models, the
mean value of !b is almost identical to that for base ⇤CDM, but
the error on !b increases by about 30 %. The value of !b is sta-
ble to even more radical changes to the cosmology, for example,
adding general isocurvature modes (Planck Collaboration XX
2015).

If we relax the assumption that Ne↵ = 3.046 (but adhere to
the hypothesis that electron neutrinos have a standard distribu-
tion with a negligible chemical potential), BBN predictions de-
pend on both parameters (!b,Ne↵). Following the same method-
ology as in Sect. 6.4.4 of PCP13, we can identify the region of
the (!b,Ne↵) parameter space that is compatible with direct mea-
surements of the primordial helium and deuterium abundances,
including the BBN theoretical errors. This is illustrated in Fig. 36
for the Ne↵ extension to base ⇤CDM. The region preferred by
CMB observations lies at the intersection between the helium
and deuterium abundance 68 % CL preferred regions and is com-
patible with the standard value of Ne↵ = 3.046. This confirms the
beautiful agreement between CMB and BBN physics. Figure 36
also shows that the Planck polarization data helps in reducing
the degeneracy between !b and Ne↵ .

We can actually make a more precise statement by combin-
ing the posterior distribution on (!b,Ne↵) obtained for Planck
with that inferred from helium and deuterium abundance, in-
cluding observational and theoretical errors. This provides joint
CMB+BBN predictions on these parameters. After marginaliz-
ing over !b, the 95 % CL preferred ranges for Ne↵ are

Ne↵ =

8>>>>><
>>>>>:

3.11+0.59
�0.57 He+Planck TT+lowP,

3.14+0.44
�0.43 He+Planck TT+lowP+BAO,

2.99+0.39
�0.39 He+Planck TT,TE,EE+lowP,

(75)

when combining Planck with the helium abundance estimated
by Aver et al. (2013), or

Ne↵ =

8>>>>><
>>>>>:

2.95+0.52
�0.52 D+Planck TT+lowP,

3.01+0.38
�0.37 D+Planck TT+lowP+BAO,

2.91+0.37
�0.37 D+Planck TT,TE,EE+lowP,

(76)

when combining with the deuterium abundance measured
by Cooke et al. (2014). These bounds represent the best
currently-available estimates of Ne↵ and are remarkably consis-
tent with the standard model prediction.

The allowed region in (!b,Ne↵) space does not increase sig-
nificantly when other parameters are allowed to vary at the same
time. From our grid of extended models, we have checked that
this conclusion holds in models with neutrino masses, tensor
fluctuations, or running of the scalar spectral index.

6.5.2. Constraints from Planck and deuterium observations
on nuclear reaction rates

We have seen that primordial element abundances inferred
from direct observations are consistent with those inferred from
Planck data under the assumption of standard BBN. However,
the Planck determination of !b is so precise that the theoreti-
cal errors in the BBN predictions are now a dominant source
of uncertainty. As noted by Cooke et al. (2014), one can begin
to think about using CMB measurements together with accurate
deuterium abundance measurements to learn about the underly-
ing BBN physics.
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Planck 2015, arXiv:1502.01589 

Planck Collaboration: Cosmological parameters

�8. As mentioned in Sect. 6.4.2, massive sterile neutrinos of-
fer a possible solution to reactor neutrino oscillation anoma-
lies (Kopp et al. 2013; Giunti et al. 2013) and this has led to
significant recent interest in this class of models (Wyman et al.
2014; Battye & Moss 2014; Hamann & Hasenkamp 2013;
Leistedt et al. 2014; Bergström et al. 2014; MacCrann et al.
2014). Alternatively, active neutrinos could have significant de-
generate masses above the minimal baseline value together with
additional massless particles contributing to Ne↵ . Many more
complicated scenarios could also be envisaged.

In the case of massless radiation density, the cosmologi-
cal predictions are independent of the actual form of the dis-
tribution function since all particles travel at the speed of light.
However, for massive particles the results are more model de-
pendent. To formulate a well-defined model, we follow PCP13
and consider the case of one massive sterile neutrino parameter-
ized by me↵

⌫, sterile ⌘ (94.1⌦⌫,sterileh2) eV, in addition to the two
approximately massless and one massive neutrino of the base-
line model. For thermally-distributed sterile neutrinos, me↵

⌫, sterile
is related to the true mass via

me↵
⌫, sterile = (Ts/T⌫)3mthermal

sterile = (�Ne↵)3/4mthermal
sterile , (63)

and for the cosmologically-equivalent Dodelson-Widrow (DW)
case (Dodelson & Widrow 1994) the relation is given by

me↵
⌫, sterile = �s mDW

sterile , (64)

with �Ne↵ = �s. We impose a prior on the physical thermal
mass, mthermal

sterile < 10 eV, when generating parameter chains, to
exclude regions of parameter space in which the particles are
so massive that their e↵ect on the CMB spectra is identical to
that of cold dark matter. Although we consider only the specific
case of one massive sterile neutrino with a thermal (or DW) dis-
tribution, our constraints will be reasonably accurate for other
models, for example eV-mass particles produced as non-thermal
decay products (Hasenkamp 2014).

Figure 32 shows that although Planck is perfectly consistent
with no massive sterile neutrinos, a significant region of param-
eter space with fractional �Ne↵ is allowed, where �8 is lower
than in the base ⇤CDM model. This is also the case for massless
sterile neutrinos combined with massive active neutrinos. In the
single massive sterile model, the combined constraints are

Ne↵ < 3.7

me↵
⌫, sterile < 0.52 eV

9>>=
>>; 95%, Planck TT+lowP+lensing+BAO.

(65)
The upper tail of me↵

⌫, sterile is largely associated with high physical
masses near to the prior cuto↵; if instead we restrict to the region
where mthermal

sterile < 2 eV the constraint is

Ne↵ < 3.7

me↵
⌫, sterile < 0.38 eV

9>>=
>>; 95%, Planck TT+lowP+lensing+BAO.

(66)
Massive sterile neutrinos with mixing angles large enough to
help resolve the reactor anomalies would typically imply full
thermalization in the early Universe, and hence give �Ne↵ = 1
for each additional species. Such a high value of Ne↵ , espe-
cially combined with msterile ⇡ 1 eV, as required by reactor
anomaly solutions, were virtually ruled out by previous cos-
mological data (Mirizzi et al. 2013; Archidiacono et al. 2013a;
Gariazzo et al. 2013). This conclusion is strengthened by the
analysis presented here, since Ne↵ = 4 is excluded at greater
than 99 % confidence. Unfortunately, there does not appear to be

a consistent resolution to the reactor anomalies, unless thermal-
ization of the massive neutrinos can be suppressed, for example,
by large lepton asymmetry, new interactions, or particle decay
(see Gariazzo et al. 2014; Bergström et al. 2014, and references
therein).

We have also considered the case of additional radiation and
degenerate massive active neutrinos, with the combined con-
straint:

Ne↵ = 3.2 ± 0.5
X

m⌫ < 0.32 eV

9>>=
>>; 95%, Planck TT+lowP+lensing+BAO.

(67)
Again Planck shows no evidence for a deviation from the base
⇤CDM model.

6.4.4. Neutrino models and tension with external data

The extended models discussed in this section allow Planck to be
consistent with a wider range of late-Universe parameters than in
base ⇤CDM. Figure 33 summarizes the constraints on ⌦m, �8,
and H0 for the various models that we have considered. The in-
ferred Hubble parameter can increase or decrease, as required to
maintain the observed acoustic scale, depending on the relative
contribution of additional radiation (changing the sound hori-
zon) and neutrino mass (changing mainly the angular diameter
distance). However, all of the models follow similar degeneracy
directions in the ⌦m–�8 and H0–�8 planes, so these models re-
main predictive: large common areas of the parameter space are
excluded in all of these models. The two-parameter extensions
are required to fit substantially lower values of �8 without also
decreasing H0 below the values determined from direct measure-
ments, but the scope for doing this is clearly limited.

External data sets need to be reanalysed consistently in ex-
tended models, since the extensions change the growth of struc-
ture, angular distances, and the matter-radiation equality scale.
For example, the dashed lines in Fig. 33 shows how di↵erent
models a↵ect the CFHTLenS galaxy weak lensing constraints
from Heymans et al. (2013) (see Sect. 5.5.2), when restricted
to the region of parameter space consistent with the Planck
acoustic scale measurements and the local Hubble parameter.
The filled green, grey, and red contours in Fig. 33 show the
CMB constraints on these models for various data combina-
tions. The tightest of these constraints comes from the Planck
TT+lowP+lensing+BAO combination. The blue contours show
the constraints in the base ⇤CDM cosmology. The red contours
are broader than the blue contours and there is greater overlap
with the CFHTLenS contours, but this o↵ers only a marginal
improvement compared to base ⇤CDM (compare with Fig. 18;
see also the discussions in Leistedt et al. 2014 and Battye et al.
2014). For each of these models, the CFHTLenS results prefer
lower values of �8. Allowing for a higher neutrino mass lowers
�8 from Planck, but does not help alleviate the discrepancy with
the CFHTLenS data as the Planck data prefer a lower value of
H0. A joint analysis of the CFHTLenS likelihood with Planck
TT+lowP shows a ��2 < 1 preference for the extended neu-
trino models compared to base ⇤CDM, and the fits to Planck
TT+lowP are worse in all cases. In base ⇤CDM the CFHTLenS
data prefer a region of parameter space ��2

⇡ 4 away from the
Planck TT+lowP+CFHTLenS joint fit, indicative of the tension
between the data sets. This is only slightly relieved to ��2

⇡ 3
in the extended models.

In summary, modifications to the neutrino sector alone can-
not easily explain the discrepancies between Planck and other

44

Constraint on New Physics
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Dark Radiation δNeff

• Massless dark photon and fermion will contribute

44

δNeff=0.4~1 for relaxing tension in Hubble constant

where T⌫ is neutrino’s temperature,

g⇤s counts the e↵ective number of dof for entropy density in SM,

gD⇤s denotes the e↵ective number of dof being in kinetic equilibrium with Vµ.

For instance, when T dec � mt ' 173GeV for |��H | ⇠ 10�6, we can estimate
�Ne↵ at the BBN epoch as

�Ne↵ =
22

7


43/4

427/4

11

9/2

� 4
3

' 0.53, (1)

�Ne↵ =

✓
8

7
+ 2

◆"
g⇤s (T⌫)

g⇤s (T dec)

gD⇤s
�
T dec

�
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# 4
3

,



      汤勇(国科⼤)                           暗物质间接探测与相关宇宙学                                  威海

Numerical Results

45

We take the central values of six parameters of ⇤CDM from Planck,

⌦bh
2 = 0.02227, Baryon density today

⌦ch
2 = 0.1184, CDM density today

100✓MC = 1.04106, 100⇥ approximation to r⇤/DA

⌧ = 0.067, Thomson scattering optical depth

ln
�
1010As

�
= 3.064, Log power of primordial curvature perturbations

ns = 0.9681, Scalar Spectrum power-law index

which gives �8 = 0.817 in vanilla ⇤CDM cosmology.
With the same input as above, now take

�Ne↵ ' 0.53,m� ' 100GeV and g2X ' 10�8

in the interacting DM case, we have �8 ' 0.744.

Modified Boltzmann code CLASS(Blas&Lesgourgues&Tram)
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Matter Power Spectrum
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DM-DR scattering causes diffuse damping at relevant scales, 

resolving σ8 problem
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Residual Non-Abelian DM&DR
• Consider SU(N) Yang-Mills gauge fields and a Dark 

Higgs field 


• Take SU(3) as an example,


• SU(3)    SU(2) 

47

Aa
µt

a =
1

2

0

B@
A3

µ + 1p
3
A8

µ A1
µ � iA2

µ A4
µ � iA5

µ

A1
µ + iA2

µ �A3
µ + 1p

3
A8

µ A6
µ � iA7

µ

A4
µ + iA5

µ A6
µ + iA7

µ � 2p
3
A8

µ

1

CA .

�

h�i =
✓
0 0

v�p
2

◆T

,� =

✓
0 0

v� + � (x)p
2

◆T

,

The massive gauge bosons A4,··· ,8 as dark matter obtain masses,

mA4,5,6,7 =
1

2
gv�, mA8 =

1p
3
gv�,

and massless gauge bosons A1,2,3
µ . The physical scalar � can couple to A4,··· ,8

µ

at tree level and to A1,2,3 at loop level.

P.Ko&YT, 1609.02307

L = �1

4
F a
µ⌫F

aµ⌫ + (Dµ�)
† (Dµ�)� ��

�
|�|2 � v2�/2

�2
,
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• 2N-1 massive gauge bosons: Dark Matter

• (N-1)2-1 massless gauge bosons: Dark Radiation

• mass spectrum

48

SU(N) ! SU(N � 1)

mA(N�1)2,...,N2�2 =
1

2
gv�, mAN2�1 =

p
N � 1p
2N

gv�,

This can be proved by looking at the structure of fabc. Divide the generators
ta into two subset,

a ⇢ [1, 2, ..., (N � 1)2 � 1], a ⇢ [(N � 1)2, ..., N2 � 1].

Since [ta, tb] = ifabctc for the first subset forms closed SU(N � 1) algebra, we
have fabc = 0 when only one of a, b and c is from the second subset. If one
index is N2 � 1, then other two must be among the second subset to give no
vanishing fabc, because tN

2�1 commutes with ta from SU(N � 1).
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Phenomenology
• Scattering and decay processes


• Constraints
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A4 A5

A3

A1 A2

A4 A5

A3

A4 A5

�Ne↵ =
8

7

⇥
(N � 1)2 � 1

⇤
⇥ 0.055,

mA

Treh
⇠ ln


⌦bMP g4

⌦Xmp⌘

�
⇠ O(30).

g2 . T�

TA

✓
mA

MP

◆1/2

⇠ 10�7,

• N<6 if thermal

• small coupling, 

• non-thermal production, 

• low reheating temperature

Ko&Tang, 1609.02307

Schmaltz et al(2015) EW charged DM

φ
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GW to probe small scale
• 2207.14126, Boehm&Wong et al
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DM spike and GW
• Extreme mass ratio inspiral (EMRI)

• Dynamical friction from DM

• Gravitational wave 

51

M
m

m
d2x

dt2
= FG + FDF

<latexit sha1_base64="FY2Q5N3SzjJdZekx/bBIIezsSTI="></latexit>

Li, Tang, Wu, 2112.14041(Science China)
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Detection
• GW waveform changed, and S/N modified

52

Li, Tang, Wu, 2112.14041(Science China)
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Thank you！
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Discussions
• Gamma-ray excess in the galactic center

54

1. Dark matter?

2. Millisecond pulsar?

Daylan, Hooper, Slatyer et al, 2015
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Cusp vs. Core
• 观测⽀持Core

55
Fig. 1. The cusp-core problem. (Left) An optical image of the galaxy F568-3 (small inset, from the Sloan Digital Sky Survey) is superposed on the the dark matter
distribution from the “Via Lactea” cosmological simulation of a Milky Way-mass cold dark matter halo (Diemand et al. 2007). In the simulation image, intensity encodes the
square of the dark matter density, which is proportional to annihilation rate and highlights low mass substructure. (Right) The measured rotation curve of F568-3 (points)
compared to model fits assuming a cored dark matter halo (blue solid curve) or a cuspy dark matter halo with an NFW profile (red dashed curve, concentration c = 9.2,
V200 = 110 km s�1). The dotted green curve shows the contribution of baryons (stars+gas) to the rotation curve, which is included in both model fits. An NFW halo
profile overpredicts the rotation speed in the inner few kpc. Note that the rotation curve is measured over roughly the scale of the 40 kpc inset in the left panel.

typical for galaxy mass halos. When normalized to match the
observed rotation at large radii, the NFW halo overpredicts
the rotation speed in the inner few kpc, by a factor of two or
more.

Early theoretical discussions of the cusp-core problem de-
voted considerable attention to the predicted central slope of
the density profiles and to the e↵ects of finite numerical reso-
lution and cosmological parameter choices on the simulation
predictions (see Ludlow et al. 2013 for a recent, state-of-the-
art discussion). However, the details of the profile shape are
not essential to the conflict; the basic problem is that CDM
predicts too much dark matter in the central few kpc of typical
galaxies, and the tension is evident at scales where vc(r) has
risen to ⇠ 1/2 of its asymptotic value (see, e.g., Alam, Bul-
lock, & Weinberg 2002; Kuzio de Naray & Spekkens 2011).
On the observational side, the most severe discrepancies be-
tween predicted and observed rotation curves arise for fairly
small galaxies, and early discussions focused on whether beam
smearing or non-circular motions could artificially suppress
the measured vc(r) at small radii. However, despite uncer-
tainties in individual cases, improvements in the observations,
sample sizes, and modeling have led to a clear overall picture:
a majority of galaxy rotation curves are better fit with cored
dark matter profiles than with NFW-like dark matter profiles,
and some well observed galaxies cannot be fit with NFW-like
profiles, even when one allows halo concentrations at the low
end of the theoretically predicted distribution and accounts for
uncertainties in modeling the baryon component (e.g., Kuzio
de Naray et al. 2008). Resolving the cusp-core problem there-
fore requires modifying the halo profiles of typical spiral galax-
ies away from the profiles that N-body simulations predict for
collisionless CDM.

Figure 2 illustrates the “missing satellite” problem. The
left panel shows the projected dark matter density distribu-
tion of a 1012M� CDM halo formed in a cosmological N-body
simulation. Because CDM preserves primordial fluctuations
down to very small scales, halos today are filled with enormous
numbers of subhalos that collapse at early times and preserve
their identities after falling into larger systems. Prior to 2000,
there were only nine dwarf satellite galaxies known within the

⇠ 250 kpc virial radius of the Milky Way halo (illustrated
in the right panel), with the smallest having stellar velocity
dispersions ⇠ 10 km s�1. Klypin et al. (1999) and Moore et
al. (1999b) predicted a factor ⇠ 5 � 20 more subhalos above
a corresponding velocity threshold in their simulated Milky
Way halos. Establishing the “correspondence” between satel-
lite stellar dynamics and subhalo properties is a key technical
point (Stoehr et al. 2002), which we will return to below, but
a prima facie comparison suggests that the predicted satellite
population far exceeds the observed one.

Fortunately (or perhaps unfortunately), the missing satel-
lite problem seems like it could be solved fairly easily by
baryonic physics. In particular, the velocity threshold at
which subhalo and dwarf satellite counts diverge is close to
the ⇠ 30 km s�1 value at which heating of intergalactic gas
by the ultraviolet photoionizing background should suppress
gas accretion onto halos, which could plausibly cause these
halos to remain dark (Bullock, Kravtsov, & Weinberg 2000;
Benson et al. 2002; Somerville 2002). Alternatively, super-
novae and stellar winds from the first generation of stars could
drive remaining gas out of the shallow potential wells of these
low mass halos. Complicating the situation, searches using
the Sloan Digital Sky Survey have discovered another ⇠ 15
“ultra-faint” satellites with luminosities of only 103 � 105L�
(e.g., Willman et al. 2005; Belokurov et al. 2007). The high-
latitude SDSS imaging covered only ⇠ 20% of the sky, and
many of the newly discovered dwarfs are so faint that they
could only be seen to 50-100 kpc (Koposov et al. 2008; Walsh
et al. 2009), so extrapolating to the full volume within the
Milky Way virial radius suggests a population of several hun-
dred faint dwarf satellites (Tollerud et al. 2008). Estimates
from stellar dynamics imply that the mass of dark matter in
the central 0.3 kpc of the host subhalos is M0.3 ⇡ 107M�
across an enormous range of luminosities, L ⇠ 103 � 107L�
(encompassing the “classical” dwarf spheroidals as well as the
SDSS dwarfs), which suggests that the mapping between halo
mass and luminosity becomes highly stochastic near this mass
threshold (Strigari et al. 2008). The luminosity function of
the faint and ultra-faint dwarfs can be explained by semi-
analytic models invoking photoionization and stellar feedback
(e.g., Koposov et al. 2009; Macciò et al. 2009), though the e�-

2 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author
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Fig. 2. The missing satellite and “too big to fail” problems. (Left) Projected dark matter distribution (600 kpc on a side) of a simulated, 1012M� CDM halo
(Garrison-Kimmel, Boylan-Kolchin, & Bullock, in preparation). As in Figure 1, the numerous small subhalos far exceed the number of known Milky Way satellites. Circles mark
the nine most massive subhalos. (Right) Spatial distribution of the “classical” satellites of the Milky Way. The central densities of the subhalos in the left panel are too high
to host the dwarf satellites in the right panel, predicting stellar velocity dispersions higher than observed. The diameter of the outer sphere in the right panel is 300 kpc; relative
to the simulation prediction (and to the Andromeda galaxy) the Milky Way’s satellite system is unusually centrally concentrated (Yniguez et al. 2013).

ciency of converting baryons to stars remains surprisingly low
(⇠ 0.1%� 1%) well above the photoionization threshold, and
it is unclear which if any of the ultra-faint dwarfs are “fossils”
from before the epoch of reionization (Bovill & Ricotti 2009).
Despite the gaps in understanding, it seems reasonable for now
to regard the relation between low mass subhalos and ultra-
faint dwarfs as a puzzle of galaxy formation physics rather
than a contradiction of CDM.

Instead, attention has focused recently on the most lumi-
nous satellites. Circles in Figure 2 mark the nine most mas-
sive subhalos in the simulation, which one would expect to
host galaxies like the Milky Way’s “classical” dwarf satellites.
However, the mass in the central regions of these subhalos
exceeds the mass inferred from stellar dynamics of observed
dwarfs, by a factor ⇠ 5 (Boylan-Kolchin et al. 2011, 2012;
Springel et al. 2008; Parry et al. 2012). While it is pos-
sible in principle that these massive subhalos are dark and
that the observed dwarfs reside in less massive hosts, this
outcome seems physically unlikely; in the spirit of the times,
Boylan-Kolchin et al. (2011) titled this conflict “too big to
fail.” The degree of discrepancy varies with the particular re-
alization of halo substructure and with the mass of the main
halo, but even for a halo mass at the low end of estimates
for the Milky Way the discrepancy appears too large to be a
statistical fluke, and a similar conflict is found in the satellite
system of the Andromeda galaxy (Tollerud et al. 2012). While
“missing satellites” in low mass subhalos may be explained by
baryonic e↵ects, the “too big to fail” problem arises in more
massive systems whose gravitational potential is dominated
by dark matter. In its present form, therefore, the satellite
puzzle looks much like the cusp-core problem: numerical sim-
ulations of CDM structure formation predict too much mass
in the central regions of halos and subhalos. Indeed, Walker
& Peñarrubia (2011), Amorisco et al. (2013), and others have
reported evidence that the Milky Way satellites Fornax and
Sculptor have cored density profiles.

Solutions in Baryonic Physics?
When the cusp-core problem was first identified, the conven-
tional lore was that including baryonic physics would only
exacerbate the problem by adiabatically contracting the dark
matter density distribution (Blumenthal et al. 1986; Flores
& Primack 1994). Navarro, Eke, & Frenk (1996) proposed
a scenario, which seemed extreme at the time, for producing
a cored dark matter distribution: dissipative baryons draw
in the dark matter orbits adiabatically by slowly deepening
the gravitational potential, then release them suddenly when
the supernova feedback of a vigorous starburst blows out a
substantial fraction of the baryonic material, leaving the dark
matter halo less concentrated than the one that would have
formed in the absence of baryons. Since then, hydrodynamic
simulations have greatly improved in numerical resolution and
in the sophistication with which they model star formation
and supernova feedback. With the combination of a high gas
density threshold for star formation and e�cient feedback,
simulations successfully reproduce the observed stellar and
cold gas fractions of field galaxies. The ejection of low angular
momentum gas by feedback plays a critical role in suppressing
the formation of stellar bulges in dwarf galaxies (Governato et
al. 2010), another long-standing problem in early simulations
of galaxy formation. The episodic gas outflows also produce
rapid fluctuations of the gravitational potential, in contrast to
the steady growth assumed in adiabatic contraction models.

Figure 3, based on Governato et al. (2012), illustrates the
impact of this episodic feedback on the dark matter density
profile. In the left panel, the upper dot-dashed curve shows
the final halo profile of an N-body simulation run with grav-
ity and dark matter only. Other curves show the evolution of
the dark matter density profile in a hydrodynamic simulation
with star formation and feedback, from the same initial con-
ditions. Over time, the central dark matter density drops,
and the cuspy profile is transformed to one with a nearly
constant density core (lower solid curve). Pontzen & Gov-
ernato (2012) present an analytic model that accurately de-
scribes this transformation (and its dependence on simulation
assumptions); essentially, the rapid fluctuations in the central
potential pump energy into the dark matter particle orbits, so
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Fig. 2. The missing satellite and “too big to fail” problems. (Left) Projected dark matter distribution (600 kpc on a side) of a simulated, 1012M� CDM halo
(Garrison-Kimmel, Boylan-Kolchin, & Bullock, in preparation). As in Figure 1, the numerous small subhalos far exceed the number of known Milky Way satellites. Circles mark
the nine most massive subhalos. (Right) Spatial distribution of the “classical” satellites of the Milky Way. The central densities of the subhalos in the left panel are too high
to host the dwarf satellites in the right panel, predicting stellar velocity dispersions higher than observed. The diameter of the outer sphere in the right panel is 300 kpc; relative
to the simulation prediction (and to the Andromeda galaxy) the Milky Way’s satellite system is unusually centrally concentrated (Yniguez et al. 2013).

ciency of converting baryons to stars remains surprisingly low
(⇠ 0.1%� 1%) well above the photoionization threshold, and
it is unclear which if any of the ultra-faint dwarfs are “fossils”
from before the epoch of reionization (Bovill & Ricotti 2009).
Despite the gaps in understanding, it seems reasonable for now
to regard the relation between low mass subhalos and ultra-
faint dwarfs as a puzzle of galaxy formation physics rather
than a contradiction of CDM.

Instead, attention has focused recently on the most lumi-
nous satellites. Circles in Figure 2 mark the nine most mas-
sive subhalos in the simulation, which one would expect to
host galaxies like the Milky Way’s “classical” dwarf satellites.
However, the mass in the central regions of these subhalos
exceeds the mass inferred from stellar dynamics of observed
dwarfs, by a factor ⇠ 5 (Boylan-Kolchin et al. 2011, 2012;
Springel et al. 2008; Parry et al. 2012). While it is pos-
sible in principle that these massive subhalos are dark and
that the observed dwarfs reside in less massive hosts, this
outcome seems physically unlikely; in the spirit of the times,
Boylan-Kolchin et al. (2011) titled this conflict “too big to
fail.” The degree of discrepancy varies with the particular re-
alization of halo substructure and with the mass of the main
halo, but even for a halo mass at the low end of estimates
for the Milky Way the discrepancy appears too large to be a
statistical fluke, and a similar conflict is found in the satellite
system of the Andromeda galaxy (Tollerud et al. 2012). While
“missing satellites” in low mass subhalos may be explained by
baryonic e↵ects, the “too big to fail” problem arises in more
massive systems whose gravitational potential is dominated
by dark matter. In its present form, therefore, the satellite
puzzle looks much like the cusp-core problem: numerical sim-
ulations of CDM structure formation predict too much mass
in the central regions of halos and subhalos. Indeed, Walker
& Peñarrubia (2011), Amorisco et al. (2013), and others have
reported evidence that the Milky Way satellites Fornax and
Sculptor have cored density profiles.

Solutions in Baryonic Physics?
When the cusp-core problem was first identified, the conven-
tional lore was that including baryonic physics would only
exacerbate the problem by adiabatically contracting the dark
matter density distribution (Blumenthal et al. 1986; Flores
& Primack 1994). Navarro, Eke, & Frenk (1996) proposed
a scenario, which seemed extreme at the time, for producing
a cored dark matter distribution: dissipative baryons draw
in the dark matter orbits adiabatically by slowly deepening
the gravitational potential, then release them suddenly when
the supernova feedback of a vigorous starburst blows out a
substantial fraction of the baryonic material, leaving the dark
matter halo less concentrated than the one that would have
formed in the absence of baryons. Since then, hydrodynamic
simulations have greatly improved in numerical resolution and
in the sophistication with which they model star formation
and supernova feedback. With the combination of a high gas
density threshold for star formation and e�cient feedback,
simulations successfully reproduce the observed stellar and
cold gas fractions of field galaxies. The ejection of low angular
momentum gas by feedback plays a critical role in suppressing
the formation of stellar bulges in dwarf galaxies (Governato et
al. 2010), another long-standing problem in early simulations
of galaxy formation. The episodic gas outflows also produce
rapid fluctuations of the gravitational potential, in contrast to
the steady growth assumed in adiabatic contraction models.

Figure 3, based on Governato et al. (2012), illustrates the
impact of this episodic feedback on the dark matter density
profile. In the left panel, the upper dot-dashed curve shows
the final halo profile of an N-body simulation run with grav-
ity and dark matter only. Other curves show the evolution of
the dark matter density profile in a hydrodynamic simulation
with star formation and feedback, from the same initial con-
ditions. Over time, the central dark matter density drops,
and the cuspy profile is transformed to one with a nearly
constant density core (lower solid curve). Pontzen & Gov-
ernato (2012) present an analytic model that accurately de-
scribes this transformation (and its dependence on simulation
assumptions); essentially, the rapid fluctuations in the central
potential pump energy into the dark matter particle orbits, so
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spherical Jeans equation, Thomas et al. (2011) have shown
that this mass estimator accurately reflects the mass as de-
rived from axisymmetric orbit superposition models as well.
This result suggests that Eqns. (1) and (2) are also applica-
ble in the absence of spherical symmetry, a conclusion that
is also supported by an analysis of Via Lactea II subhalos
(Rashkov et al. 2012).

We focus on the bright MW dSphs – those with LV >
105 L� – for several reasons. Primary among them is that
these systems have the highest quality kinematic data and
the largest samples of spectroscopically confirmed member
stars to resolve the dynamics at r1/2. The census of these
bright dwarfs is also likely complete to the virial radius of
the Milky Way (⇠ 300 kpc), with the possible exception of
yet-undiscovered systems in the plane of the Galactic disk;
the same can not be said for fainter systems (Koposov et al.
2008; Tollerud et al. 2008). Finally, these systems all have
half-light radii that can be accurately resolved with the high-
est resolution N -body simulations presently available.

The Milky Way contains 10 known dwarf spheroidals
satisfying our luminosity cut of LV > 105 L�: the 9 clas-
sical (pre-SDSS) dSphs plus Canes Venatici I, which has a
V -band luminosity comparable to Draco (though it is sig-
nificantly more spatially extended). As in BBK, we remove
the Sagittarius dwarf from our sample, as it is in the pro-
cess of interacting (strongly) with the Galactic disk and is
likely not an equilibrium system in the same sense as the
other dSphs. Our final sample therefore contains 9 dwarf
spheroidals: Fornax, Leo I, Sculptor, Leo II, Sextans, Ca-
rina, Ursa Minor, Canes Venatici I, and Draco. All of these
galaxies are known to be dark matter dominated at r1/2
(Mateo 1998): Wolf et al. (2010) find that their dynamical
mass-to-light ratios at r1/2 range from ⇠ 10� 300.

The Large and Small Magellanic Clouds are dwarf ir-
regular galaxies that are more than an order of magnitude
brighter than the dwarf spheroidals. The internal dynamics
of these galaxies indicate that they are also much more mas-
sive than the dwarf spheroidals: Vcirc(SMC) = 50�60 km s�1

(Stanimirović et al. 2004; Harris & Zaritsky 2006) and
Vcirc(LMC) = 87 ± 5 km s�1 (Olsen et al. 2011). Abun-
dance matching indicates that galaxies with luminosities
equal to those of the Magellanic Clouds should have Vinfall ⇡
80 � 100 km s�1 (BBK); this is strongly supported by the
analysis of Tollerud et al. (2011). A conservative estimate
of subhalos that could host Magellanic Cloud-like galaxies
is therefore Vinfall > 60 km s�1 and Vmax > 40 km s�1. As in
BBK, subhalos obeying these two criteria will be considered
Magellanic Cloud analogs for the rest of this work.

3 COMPARING ⇤CDM SUBHALOS TO
MILKY WAY SATELLITES

3.1 A preliminary comparison

Density and circular velocity profiles of isolated dark mat-
ter halos are well-described (on average) by Navarro et al.
(1997, hereafter, NFW) profiles, which are specified by two
parameters – i.e., virial mass and concentration, or Vmax

and rmax. Average dark matter subhalos are also well-fitted
by NFW profiles inside of their tidal radii, though recent
work has shown that the 3-parameter Einasto (1965) profile

Figure 1. Observed Vcirc values of the nine bright dSphs
(symbols, with sizes proportional to log LV ), along with ro-
tation curves corresponding to NFW subhalos with Vmax =
(12, 18, 24, 40) km s�1. The shading indicates the 1� scatter in
rmax at fixed Vmax taken from the Aquarius simulations. All of
the bright dSphs are consistent with subhalos having Vmax 
24 km s�1, and most require Vmax . 18 km s�1. Only Draco, the
least luminous dSph in our sample, is consistent (within 2�) with
a massive CDM subhalo of ⇡ 40 km s�1 at z = 0.

provides a somewhat better match to the profiles of both
simulated halos (Navarro et al. 2004; Merritt et al. 2006;
Gao et al. 2008; Ludlow et al. 2011) and subhalos (Springel
et al. 2008) even when fixing the Einasto shape parameter
(thereby comparing models with two free parameters each).
To connect this work to the analysis of BBK, Figure 1 com-
pares the measured values of Vcirc(r1/2) for the nine bright
MW dSphs to a set of dark matter subhalo rotation curves
based on NFW fits to the Aquarius subhalos; the shaded
bands show the 1� scatter from the simulations in rmax at
fixed Vmax. More detailed modeling of subhalos’ density pro-
files will be presented in subsequent sections.

It is immediately apparent that all of the bright dSphs
are consistent with NFW subhalos of Vmax = 12�24 km s�1,
and only one dwarf (Draco) is consistent with Vmax >
24 km s�1. Note that the size of the data points is pro-
portional to galaxy luminosity, and no obvious trend exists
between L and Vcirc(r1/2) or Vmax (see also Strigari et al.
2008). Two of the three least luminous dwarfs, Draco and
Ursa Minor, are consistent with the most massive hosts,
while the three most luminous dwarfs (Fornax, Leo I, and
Sculptor) are consistent with hosts of intermediate mass
(Vmax ⇡ 18 � 20 km s�1). Each of the Aquarius simulations
contains between 10 and 24 subhalos with Vmax > 25 km s�1,
almost all of which are insu�ciently massive to qualify as
Magellanic Cloud analogs, indicating that models populat-
ing the most massive redshift zero subhalos with the bright-
est MW dwarfs will fail.

c� 2012 RAS, MNRAS 000, 1–17

Fig. 2. The missing satellite and “too big to fail” problems. (Left) Projected dark matter distribution (600 kpc on a side) of a simulated, 1012M� CDM halo
(Garrison-Kimmel, Boylan-Kolchin, & Bullock, in preparation). As in Figure 1, the numerous small subhalos far exceed the number of known Milky Way satellites. Circles mark
the nine most massive subhalos. (Right) Spatial distribution of the “classical” satellites of the Milky Way. The central densities of the subhalos in the left panel are too high
to host the dwarf satellites in the right panel, predicting stellar velocity dispersions higher than observed. The diameter of the outer sphere in the right panel is 300 kpc; relative
to the simulation prediction (and to the Andromeda galaxy) the Milky Way’s satellite system is unusually centrally concentrated (Yniguez et al. 2013).

ciency of converting baryons to stars remains surprisingly low
(⇠ 0.1%� 1%) well above the photoionization threshold, and
it is unclear which if any of the ultra-faint dwarfs are “fossils”
from before the epoch of reionization (Bovill & Ricotti 2009).
Despite the gaps in understanding, it seems reasonable for now
to regard the relation between low mass subhalos and ultra-
faint dwarfs as a puzzle of galaxy formation physics rather
than a contradiction of CDM.

Instead, attention has focused recently on the most lumi-
nous satellites. Circles in Figure 2 mark the nine most mas-
sive subhalos in the simulation, which one would expect to
host galaxies like the Milky Way’s “classical” dwarf satellites.
However, the mass in the central regions of these subhalos
exceeds the mass inferred from stellar dynamics of observed
dwarfs, by a factor ⇠ 5 (Boylan-Kolchin et al. 2011, 2012;
Springel et al. 2008; Parry et al. 2012). While it is pos-
sible in principle that these massive subhalos are dark and
that the observed dwarfs reside in less massive hosts, this
outcome seems physically unlikely; in the spirit of the times,
Boylan-Kolchin et al. (2011) titled this conflict “too big to
fail.” The degree of discrepancy varies with the particular re-
alization of halo substructure and with the mass of the main
halo, but even for a halo mass at the low end of estimates
for the Milky Way the discrepancy appears too large to be a
statistical fluke, and a similar conflict is found in the satellite
system of the Andromeda galaxy (Tollerud et al. 2012). While
“missing satellites” in low mass subhalos may be explained by
baryonic e↵ects, the “too big to fail” problem arises in more
massive systems whose gravitational potential is dominated
by dark matter. In its present form, therefore, the satellite
puzzle looks much like the cusp-core problem: numerical sim-
ulations of CDM structure formation predict too much mass
in the central regions of halos and subhalos. Indeed, Walker
& Peñarrubia (2011), Amorisco et al. (2013), and others have
reported evidence that the Milky Way satellites Fornax and
Sculptor have cored density profiles.

Solutions in Baryonic Physics?
When the cusp-core problem was first identified, the conven-
tional lore was that including baryonic physics would only
exacerbate the problem by adiabatically contracting the dark
matter density distribution (Blumenthal et al. 1986; Flores
& Primack 1994). Navarro, Eke, & Frenk (1996) proposed
a scenario, which seemed extreme at the time, for producing
a cored dark matter distribution: dissipative baryons draw
in the dark matter orbits adiabatically by slowly deepening
the gravitational potential, then release them suddenly when
the supernova feedback of a vigorous starburst blows out a
substantial fraction of the baryonic material, leaving the dark
matter halo less concentrated than the one that would have
formed in the absence of baryons. Since then, hydrodynamic
simulations have greatly improved in numerical resolution and
in the sophistication with which they model star formation
and supernova feedback. With the combination of a high gas
density threshold for star formation and e�cient feedback,
simulations successfully reproduce the observed stellar and
cold gas fractions of field galaxies. The ejection of low angular
momentum gas by feedback plays a critical role in suppressing
the formation of stellar bulges in dwarf galaxies (Governato et
al. 2010), another long-standing problem in early simulations
of galaxy formation. The episodic gas outflows also produce
rapid fluctuations of the gravitational potential, in contrast to
the steady growth assumed in adiabatic contraction models.

Figure 3, based on Governato et al. (2012), illustrates the
impact of this episodic feedback on the dark matter density
profile. In the left panel, the upper dot-dashed curve shows
the final halo profile of an N-body simulation run with grav-
ity and dark matter only. Other curves show the evolution of
the dark matter density profile in a hydrodynamic simulation
with star formation and feedback, from the same initial con-
ditions. Over time, the central dark matter density drops,
and the cuspy profile is transformed to one with a nearly
constant density core (lower solid curve). Pontzen & Gov-
ernato (2012) present an analytic model that accurately de-
scribes this transformation (and its dependence on simulation
assumptions); essentially, the rapid fluctuations in the central
potential pump energy into the dark matter particle orbits, so

Footline Author PNAS Issue Date Volume Issue Number 3

Bullock et al,1111.2048

• Right Panel: Observed circular velocity of the nine bright dSphs, along with rotation curves 
corresponding to NFW subhalo.
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