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ABSTRACT
Dark matter, dark energy, and particle astrophysics represent the dynamic and changing boundary between

astronomy and unknown physics. In recent years astrophysics and cosmology have forced the push further into
the unknown in order to account for observations. Here, we briefly discuss the shape of this exciting frontier and
what might come next. Because of their nature, future breakthroughs in experimental dark matter astrophysics
and other areas of particle astrophysics will require coordinated international efforts and Canadians are an
integral part of these efforts. In the field of dark energy astrophysics a unique opportunity now exists for a
world-class breakthrough by Canadian astronomers.
Subject headings:Dark Matter, Dark Energy, Particle Astrophysics

1. THE UNKNOWN FRONTIER

Astronomy and astrophysics have a rich tradition of push-
ing beyond the envelope of known fundamental physics. This
is certainly true today. While the standard model of parti-
cle physics and general relativity (GR) are arguably the best-
tested and most successful scientific theories in history, as-
tronomical observations now suggest the former and perhaps
even the later are fundamentally incomplete. New particles,
and perhaps new or revised laws of physics are required by
recent astronomical observations. In thiswhite paperwe
take a snapshot of the present state of the “unknown physics"
frontier of astronomy, and discuss prospects for progress at
the boundary of fundamental physics and observational as-
trophysics while focusing on the topics of dark matter, dark
energy, and particle astrophysics.

2. DARK MATTER

Abundance —While evidence for dark matter has long been
known via its gravitational effects (1), its fundamental na-
ture has remained elusive (see, for e.g., 2, for a pedagogical
review of dark matter astrophysics). While there are other
lines of evidence, observations of the fluctuations in the cos-
mic microwave background (CMB) now provide the clean-
est evidence that dark matter is not a standard model par-
ticle (dark matter is non-baryonic). CMB observations are
sensitive to bothΩbh2 = (the density of baryonic matter) and
Ωdh2 = (the density of cold non-baryonic dark matter). Only
with a baryon density nearΩbh2 ≃ 0.026 and a collisionless
dark-matter density nearΩdh2 ≃ 0.1123 can the shape of the
power spectrum measured by WMAP be fit (3).
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The abundance of dark matter is already significant in-
formation. In canonical weakly interacting massive particle
(WIMP) models this abundance requires the cross-section as-
sociated with the annhilation of dark-matter particles to be the
same characteristic size as in theelectroweakinteractions.
Astrophysical Distribution —In the astrophysical and cos-
mological context the most important property of dark matter
is its gravitational influence. It provides the scaffoldingfor the
rest of the Universe to form around. The standard cold dark
matter paradigm remains highly successful and can account
for the observed distribution of galaxies in the Universe (the
tension over the number of Milky Way satellites has lessened
markedly). N-body simulations have shown that dark matter
collects into a nearly-universal halo shape over a wide range
of halo masses from dwarf galaxy to cluster scales (4). For
large astrophysical structures, to the extent that dark-matter
acts like cold gravitationally interacting particles the astro-
physics of dark matter is by now well-established (at least in
the limit that baryonic physics is unimportant). For smaller
substructures there may be interesting imprints of dark-matter
particle physics on the astrophysical distribution. This may
arise because the dark-matter particle was once kinetically
coupled to the primordial plasma (e.g., 5; 6), or perhaps be-
cause the dark matter is somewhat warm and free-streamed
through the Universe prior to becoming non-relativistic (e.g.,
7; 8). In either case the small-scale matter power spectrum
of dark matter is suppressed, which leads to a minimal mass
scale for the first protohalos that form in the Universe (e.g.,
6). Interestingly, the unknown particle nature of dark mat-
ter might imprint itself gravitationally on the visible Universe
even if it otherwise does not interact with standard model par-
ticles (8). Constraints on the free-streaming length (and mass
of the dark matter particle) also are also imposed by measure-
ments of the matter power spectrum via the Lyman-α forest
(see, e.g., 9; 10).

We note that the large-scale distribution of dark matter,
dark-matter substructure, and the shape of dark-matter halos
can be directly probed by gravitational lensing because it is a
purely gravitational effect that probes thetotal matter distri-
bution (please see the white paper onGravitational Lensing
for further information).
Direct Detection —If WIMP dark matter makes up the halo
of the Milky Way, then we expect these particles to have a lo-
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cal spatial density of aboutnχ ∼ 4(mχ/100GeV)m−3. If they
interact strongly enough with ordinary matter we should be
able to detect Galactic WIMPs in a low-background under-
ground detector. If they are detectable, thenCanada’s SNO-
LAB is a premier place to make that detection because it is
the deepest (hence lowest background) laboratory in the world
for direct dark matter searches (11). Canadian scientists are
both developing their own experiments, as well as attracting
leading foreign-led experiments to come to SNOLAB (such as
SuperCDMS and COUPP).SNOLAB scientists are located
throughout Canada.

Needless to say, the direct detection of dark matter would
be a discovery of fundamental importance in both physics and
astrophysics. If a detection is made future experiments could
conceivably measure the local phase space density of dark
matter (12), constraining the substructure distribution of the
Milky Way and enabling a new kind of dark-matter-particle
astronomy. Furthermore, by inferring the properties of dark
matter particles the (perhaps subtle) astrophysical impact of
dark matter in all environments in the Universe could be bet-
ter understood.
Indirect Detection —It dark-matter particles annihilate or de-
cay into standard model particles it may be possible to detect
this by looking for these standard model particles. They en-
ergy injected by these particles may leave signatures in the
CMB or in the cosmic gamma ray background (13; 14), or
result in secondary observational signatures like synchrotron
radiation. As we discuss below in the context of particle as-
trophysics, the products of a dark matter annihilation cascade
(for instance, gamma rays or neutrinos) might be detected in
high energy gamma ray or neutrino detectors. Interestingly,
the intensity and angular distribution of the observed particles
could reveal the dark-matter substructure distribution ofthe
Milky Way (15; 16).

3. DARK ENERGY

Discovery — It has been suggested for almost two decades
that a cosmological-constant dominated Universe (the sim-
plest form of dark energy) was the best fit to cosmological
data (17; 18; 19). After the accelerated expansion of the Uni-
verse was directly measured via the dimming of high redshift
supernovae dark energy has become an integral component of
the standard cosmology (20; 21). Almost a decade ago CMB
(22), large scale structure (LSS) (23), and Hubble constant
(24) measurements implied independently from supernovae
that nearly 70% of the energy budget of the Universe must
be in the form of dark energy. Further LSS measurements
from SDSS (25) and larger supernovae catalogues (26; 27)
have put dark energy on ever firmer ground. A correlation
between CMB and LSS due to the Integrated Sachs-Wolfe ef-
fect is expected in a dark-energy dominated Universe (28),
and has been reported at the 4.5σ level (29). Current limits
indicate dark energy may constitute as much as 74% of the
energy budget of the Universe in the standard cosmological
model (e.g., 3).
Theory — Dark energy is arguably the most puzzling open
question in physical science today. A vast phenomenology of
dark energy models has emerged (which we will not compre-
hensively cover here), ranging from a minimal cosmological
constant, to scalar field models, to models that modify gravity
itself.

The simplest form of dark energy, a cosmological constant,
is predicted in the standard model of particle physics, but with

a value that is a factor of∼1060 times larger than the observed
dark energy density (and that is the optimistic case). The res-
olution of this cosmological constant problem(30) has the
potential to revolutionize our understanding of physics. Paths
to resolution may include the string-theory landscape, (e.g.,
31), extra-dimensional models that decouple gravity from the
quantum vacuum (e.g., 32; 33; 34), or alternatives to general
relativity that are blind to vacuum energy (35). It is notable
that, especially with respect to modified-gravity explanations
of dark energy,much of the work has been done in Canada.

Matter density dilutes with cosmic expansion while a
cosmological-constant does not. The fact that the observed
dark energy density of the Universe is close to the current
matter density presents acoincidence problem. Approaches
to explain this coincidence include, for instance, relating dark
energy density to the matter-radiation transition (36), neutrino
mass (37), the formation of astrophysical black holes (38),or
a cyclic Universe model (39).

In any model beyond a cosmological constant differences
are predicted that can potentially be tested by future cosmo-
logical surveys. Theoretically, it is important to quantify these
signatures in order to design and optimize future dark energy
probes. Along these lines, progress has been made in under-
standing the potential of future observations to distinguish be-
tween different classes of models (40), and frameworks for
testing GR using the growth of LSS have been developed
(41; 42; 43; 44).

The bottom line is that dark energy is an unknown, and any
explanation of this phenomena will require a new understand-
ing of physics. Canada has strong efforts in dark energy the-
ory throughout the country. Also, there is avery fruitful re-
lationship between theorists and observers studying dark
energy. Many Canadians are particularly well-placed because
they work at this interface and should be strongly supported
as this field develops observationally.
Observations —Dark energy science is data starved. The
only way to learn about the nature of dark energy (or discover
new surprises) is with new observations.

While the precise values and errors of the dark energy pa-
rameters depend on the assumed model, and the choice of
phenomenological parametrization, all current data (CMB,
SDSS, SNIa) are consistent with acceleration being due to a
cosmological constant. If oneassumesa cosmological con-
stant (w = −1) and a flat Universe (Ωk = 0) then the dark
energy density is measured to beΩΛ = 0.722± 0.015 from
WMAP7 data combined with current SNIa and BAO data (3).
If one allows for a constantw 6= 1 the constraints become
ΩΛ = 0.718± 0.015 andw = −0.980± 0.053. Allowing for
non-zeroΩk impedes the ability of the CMB alone to con-
strainw, but still gives tight limits onw if the CMB is com-
bined with other cosmological data (3).10

The quality of current data is insufficient to go beyond a
constantw description. Stage IV dark energy experiments, as
classified by the Dark Energy Task Force (DETF) (45), will
offer the ability to test for varyingw(z). Many approaches
to modeling and constrainingw(z) have been discussed, in-
cluding: fitting models (46; 47; 48; 49) one of which is
a simple few-parameter approximation developed by Cana-
dian researchers which accurately paves the space of trajecto-

10 In addition to the galaxy power spectrum, we note that weak lens-
ing shear and magnification fields have been observed by COSMOS and
CFHTLS, adding to the arsenal of large scale structure probes of dark en-
ergy (see the LRP white paper onGravitational Lensingfor further details).
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ries from quintessence/phantom-energy models (50); princi-
pal component analysis (PCA), (51; 52; 53), and direct differ-
entiation of distance data (54). Each approach has potential
advantages. In the PCA method, adopted by the JDEM Fig-
ure of Merit Science Working Group (55),w(z) is binned in
redshift or scale-factor, and the value in each bin used as a
parameter of the model. The best measured principal com-
ponents can be used to reconstructw(z). The PCA method
was also recently utilized to study possible modifications of
gravity as alternatives to dark energy (40).

While they provided the first concrete evidence for dark en-
ergy, Type Ia supernovae might have already reached their
level of systematic uncertainty (27). Observations of large
scale structure at large redshifts, however, promises to provide
complementary constraints on the phenomenology of dark en-
ergy and/or modified gravity. The rate of growth of cluster-
ing of galaxies, weak lensing surveys, and redshift space dis-
tortions provide measures of different components of gravita-
tional perturbations, which can distinguish dark energy from
many modified gravity models (e.g., 56). Dark energy astron-
omy is an active field, and additional multinational-level sur-
veys are being built and planned, such as DES (57) and LSST
(58), which will be in a qualitatively better position to con-
strain alternative models.

Perhaps the most promising probe of the expansion rate of
the Universe are baryon acoustic oscillations (BAO). In the
early Universe the baryons and photons were coupled together
by Thomson scattering into a single photon-baryon fluid. Un-
til the time of recombinationηdec, when baryons and photons
decoupled, this fluid supported acoustic waves with sound-
speedcs ≃ c/

√
3. These cosmic sound waves imprint a char-

acteristic length scalelBAO ≃ csηdecon the baryons in the Uni-
verse (the corresponding effect in the photons results in the
CMB acoustic oscillations), which is now embedded in the
distribution of large scale structure. This effect has already
been detected in current low-redshift surveys of large scale
structure (59; 60).

The utility of BAO in terms of dark-energy science is that
lBAO provides astandard rulerwhich can be used to infer the
distance out to sources of known redshift and determine the
expansion history of the Universe (61).

To achieve a precision probe, large volumes of the Universe
must be mapped. One promising way to do this is by observ-
ing fluctuations in the intensity of cosmic 21-cm radiation due
to overdensities or underdensities of galaxies. This technique
is ideally suited to mapping BAO because, since 21-cm ra-
diation is a line, the source redshift is trivial to determine.
It has been shown in (62) that 21-cm intensity mapping ex-
periments can probe enormous volumes of the Universe at a
comparatively low cost, and compare extremely favorably to
future generations of dark energy experiments (see also the
white paper on21-cm Cosmologyfor further information).

Figure 1 shows the approximate comoving volumes probed
by various ongoing or proposed redshift surveys, with approx-
imate completion dates. The power to constrainlBAO is ap-
proximately proportional to volume, with some improvement
at higherzdue to less non-linear degradation of the BAO fea-
ture. The key short-term experiment is BOSS (63), which is
composed of a 10000 sq. deg. galaxy redshift survey out to
z < 0.7, and an 8000 sq. deg. survey of the Lyman-α for-
est absorption atz > 2 in quasar spectra, which provides a
map of 3D structure on the BAO scale.11 BOSS has started

11 This measurement by BOSS will fall significantly short of thesample

FIG. 1.— Comoving volume probed as a function of redshift by various
ongoing or proposed BAO-oriented redshift surveys, along with approxi-
mate/potential completion dates.

observing and will finish in 2014. On longer time scales,
there are several expensive possibilities for BAO/LSS experi-
ments with volumes of order 100 Gpc3h−3 including proposed
satellites like Euclid (64) or JDEM (65).12 A 21-cm intensity
mapping experiment, like theCanadian Hydrogen Intensity
Mapping Experiment (CHIME) initiative, can potentially
cover a similar redshift range and sky area for a fraction of
the cost of the satellites, and much more quickly.13

Figure 2 shows projected constraints on the dark energy pa-
rametersw0 andw′ defined byw(z) = w0 + w′(1− a), for a few
combinations of experiments. All include the CMB satellite
Planck and DETF Stage II experiments (the completed and
ongoing weak lensing, supernova, and cluster experiments).
We see that CHIME could represent a remarkable accelera-
tion of the rate of progress in measuring dark energy proper-
ties, perhaps achieving results comparable to proposed satel-
lite missions (and would be straightforwardly extendable to a
Southern hemisphere version and/or larger version to resolve
higherz structure).

4. PARTICLE ASTROPHYSICS

Particle astrophysics covers the boundary between parti-
cle physics and astronomy on several fronts. It includes the
study of subatomic particles of astrophysical origin (such
as solar neutrinos, astrophysical neutrinos, or the searchfor
particle dark matter). It also includes the study of particle
physics properties that may impact upon astrophysics or cos-
mology (in for instance, by modifying the properties of stars,
or changing the evolution of the early Universe). It further
covers the study of astronomical sources using techniques
adapted from the realm of particle physics experiment (such
as atmospheric Cherenkov telescopes). Canada is involved in
each of these fronts.

variance limit due to sparse sampling
12 We assume here that JDEM would cover 30000 sq. deg. at 1< z< 2

with number density 0.001h3Mpc−3 and biasb = 2.
13 Note that, for a 100m telescope CHIME-class telescope, measurements

atz> 2 would fall short of the sample variance limit due to limitedresolution.
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FIG. 2.— Projected 2− σ constraints on the dark energy parametersw0
andw′. The blue (dot-dashed) lines show constraints from Planck and DETF
Stage II experiments; magenta (long-dashed): Planck+StageII and BOSS and
HETDEX galaxy redshift survey BAO constraints; green/red (dotted/short-
dashed): Planck+StageII and EUCLID/JDEM satellite BAO constraints;
black (solid): Planck+StageII and CHIME 21-cm intensity mapping BAO
constraints.

Very High Energy Gamma-Ray Astronomy —
Very-high-energy (VHE) gamma-ray astronomy covers the

energy range from 50 GeV to 50 TeV. Observations carried
out with ground-based telescopes detect Cherenkov light pro-
duced in atmospheric air showers triggered by astrophysi-
cal gamma rays. These gamma rays typically arise from
shock-accelerated electrons (which inverse-Compton scatter
low energy photons to high energy) or protons (that produce
π0 mesons that subsequently decay to photons). The shocks
are sometimes identified with Galactic sources like supernova
remnants, or with extra-galactic sources like active galactic
nuclei (AGNs).

Alternatively, as discussed above in the dark-matter sec-
tion, in popular WIMP models dark matter particles may an-
nihilate at the Galactic centre or in the substructure of dwarf
spheroidal galaxies and yield energetic gamma rays that can
appear in atmospheric Cherenov telescope bands (66). Com-
plementary searches for WIMP annihilation are underway us-
ing data from the Fermi telescope. These astrophysical obser-
vations complement the particle physics effort at facilities like
the Large Hadron Collider (LHC) because they can reach be-
yond the energies the LHC is able to explore and also provide
the direct astrophysical connection that is lacking in purely
accelerator-based discoveries (where the dark-matter is prob-
ably not the most easily produced particle). Very-high-energy
gamma-ray astronomy can also be used to test violations of
Lorentz invariance and the degree to which the speed of light
is energy-dependent (which may occur in some theories of
quantum gravity). By observing flares from distant AGNs in-
teresting limits can be set on such models (67).

Starting in 2003, three major VHE gamma ray detectors
have come on line worldwide:VERITAS (68), MAGIC (69),
and HESS (70). They cover between them the entire sky with

flux sensitivites of a few percent of the Crab with 20 hours
of observation (a typical exposure in this field). The group at
McGill is a key member of the VERITAS collaboration (cur-
rently the most sensitive of the three new VHE detectors) and
in recent years, Canadians have been integral in the construc-
tion, commissioning and running of VERITAS.

The recently launched Fermi telescope, which operates in
survey mode, is (besides its own very interesting science pro-
gram) already identifying new sources for the source-targeted
VHE detectors to observe. A particularly interesting recent
VHE discovery was that M82, which is a starburst galaxy, is
shining in VHE gamma rays (71). This provides evidence in
favour of the idea that supernova remnants are the source of
charged cosmic rays, and is an example of the interesting as-
trophysics that is possible when you open a new window onto
the Universe they way VHE is now doing.
Neutrino Astronomy —In the past decade Canada has devel-
oped into a world leader in low energy neutrino astronomy
with the incredible success of theSNO experiment located
near Sudbury, Ontario. SNO provided a conclusive solution
to the decades old solar neutrino problem, helping to confirm
our basic understanding of the Sun, and has significantly en-
hanced our knowledge of basic neutrino properties (72).

High energy neutrino astronomy uses very large scale neu-
trino detectors to search for neutrinos from the most vio-
lent astrophysical sources: including supernovae, gamma ray
bursts (GRBs) and AGNs. The elusive nature of the neutrino,
due to its tiny interaction cross-section, makes it an idealas-
trophysical messenger particle; traverssing large cosmologi-
cal distances without deflection or absorption. Thus, unlike
photons or charged particles, neutrinos can emerge from deep
inside their source and travel with minimal interference to
their point of detection. The challenge with this observational
avenue is that the same property that makes the neutrino ideal
also makes it very difficult to detect. However, when detec-
tions are made, neutrino astrophysicists will have a unique
new window into the high-energy astrophysics and physics
responsible for these violent sources.

There are solid theoretical expectations for the neutrino flux
from various astrophysical phenomena. The observed cosmic
ray flux at high energies places an upper bound on the high-
energy neutrino flux produced in sources via p-p, p-n and p-γ
collisions (which produce neutrinos via pion production).The
protons that produce neutrinos are the very same high energy
protons must also contribute to the cosmic ray flux, and so
the observed cosmic ray flux bounds the neutrino emission
rate (73). Current predictions suggest a km3 detector may ex-
pect to detect∼1 neutrino event per year from optically thin
AGNs and GRBs. It is only recently, since about 2005, that
neutrino detector technology has made it possible to consider
volumes as large as 1 km3. The IceCube neutrino observa-
tory, for which theUniversity of Alberta is a member insti-
tute, will be an∼1km3 detector located in the very pure deep
ice at the South Pole. As of January 2010, IceCube construc-
tion is 93% complete and has 3 seasons of high quality data-
taking with a partial observatory. IceCube currently leadsthe
world in astrophysical neutrino searches from point (74) and
GRB (75) sources and has a sensitivity nearing the Waxman-
Bahcall upper-bound. Within Canada the University of Al-
berta group plays a significant role in searching for neutrinos
at the lowest energy threshold for the current GRB astrophys-
ical models (76). A northern hemisphere counterpart of Ice-
Cube, called Km3Net, is currently in the final design stages
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and is planned to be deployed in the Mediterranean Sea.
As mentioned in the dark-matter section, neutrino tele-

scopes like IceCube can also search for indirect evidence of
dark matter. Dark matter particles may accumulate in the
gravitational wells of massive objects, like the Sun and the
Galactic Centre, and in some models are predicted to anni-
hilate and produce neutrinos. Dark-mater particle capturein
the Sun (primarily made of light nuclei) allows one to probe
theories where the coupling is primarily spin-dependent (77).
Results from the partial IceCube dataset currently providethe
most stringent limits on searches for spin-dependent dark mat-
ter in the Sun (78). TheCanadian IceCube group provides
leading expertise in the taking data with DeepCore (79), the
low energy extension to IceCube, that enhances the sensitivity
to astrophysical dark matter searches.

5. CANADIAN OPPORTUNITIES

World-leading experimental efforts are being planned or are
already underway in Canada to further our understanding of
dark matter, in particular the cutting edge direct detection ef-
forts atSNOLAB, which has the opportunity to make the first
detection of dark matter and usher in the era of dark-matter
astronomy. Indirect astrophysical signatures of dark matter
are being pursued by a worldwide community of scientists
(including Canadians) working with new data from the Fermi
gamma-ray space telescope and ground-based telescopes like
the VERITAS array.

The next big step in VHE gamma-ray astronomy will be the
construction of larger more sensitive instruments thanVERI-
TAS, MAGIC, or HESS. They will have an expanded energy
range, wider field-of-view and sensitivity to fainter sources.
Worldwide efforts include the Cherenkov Telescope Array
(CTA) project in Europe and the Advanced Gamma-ray Imag-
ing System (AGIS) in the US. These new facilities are ex-
pected to cost several hundred million dollars and will be built

and run by large multinational teams (which will undoubtedly
include important Canadian involvement).

The next breakthrough in neutrino astronomy will require a
coordinated worldwide effort and new facilities likeIceCube
and Km3Net which are currently being completed or in fi-
nal design stages. Canadian neutrino astronomers are plugged
into these developments and are poised to reap the rewards of
these significant efforts over the next decade (a share in the
first discoveries from a brand new window on the Universe!).

The next breakthrough in our understanding of the expan-
sion rate of the Universe, and dark energy, will very likely
come from observations of BAO during the next decade.
While an observational breakthrough in dark-matter astro-
physics and particle astrophysics necessarily involves large
international efforts, the same can not be said of dark energy
astronomy. Future international efforts are being pursued,
like the proposed JDEM space mission (65), that Canadians
should be poised to contribute to. However, world-leading
dark energy science could conceivably be explored at the scale
of a purely Canadian astronomical effort.

In order to precisely probe the nature of dark energy with
BAO a significant fraction of the volume of the Universe must
be surveyed, and an efficient way to do this is to detect hydro-
gen in the radio. A 21-cm intensity mapping experiment, like
the Canadian Hydrogen Intensity Mapping Experiment
(CHIME) initiative, could be used to observe the expansion
rate of the Universe and provide constraints on dark energy
comparable to planned future generation experiments that use
different observational techniques (see, for instance, Fig. 2).
There is a unique opportunity for Canadian astronomers and
cosmologists, by leveraging existing Canadian strengths like
the DRAO and the strong Canadian cosmological community,
to tackle the dark energy question during the start of the next
decade — one step ahead of the world.

REFERENCES

[1]F. Zwicky, Helv. Phys. Acta6, 110 (1933).
[2]G. D’Amico, M. Kamionkowski andK. Sigurdson arXiv:0907.1912

[astro-ph.CO].
[3]E. Komatsu et al., arXiv:1001.4538 [astro-ph.CO].
[4]J. F. Navarro, C. S. Frenk and S. D. M. White, Astrophys. J.462, 563

(1996) [arXiv:astro-ph/9508025].
[5]K. Sigurdson and M. Kamionkowski, Phys. Rev. Lett.92, 171302 (2004)

[arXiv:astro-ph/0311486].
[6]S. Profumo,K. Sigurdson and M. Kamionkowski, Phys. Rev. Lett.97,

031301 (2006) [arXiv:astro-ph/0603373].
[7]S. Dodelson andL. M. Widrow, Phys. Rev. Lett.72, 17 (1994)

[arXiv:hep-ph/9303287].
[8]K. Sigurdson arXiv:0912.2346 [astro-ph.CO].
[9]U. Seljak, A. Makarov,P. McDonald and H. Trac, Phys. Rev. Lett.97,

191303 (2006) [arXiv:astro-ph/0602430].
[10]A. Boyarsky, J. Lesgourgues, O. Ruchayskiy and M. Viel,JCAP0905, 012

(2009) [arXiv:0812.0010 [astro-ph]].
[11]http://www.snolab.ca/
[12]M. Vogelsbergeret al., arXiv:0812.0362 [astro-ph].
[13]T. R. Slatyer, N. Padmanabhan and D. P. Finkbeiner, Phys. Rev. D80,

043526 (2009) [arXiv:0906.1197 [astro-ph.CO]].
[14]F. Y. Cyr-Racine, S. Profumo andK. Sigurdson Phys. Rev. D80, 081302

(2009) [arXiv:0904.3933 [astro-ph.CO]].
[15]V. Springelet al., arXiv:0809.0894 [astro-ph].
[16]M. Kuhlen, J. Diemand and P. Madau, arXiv:0805.4416 [astro-ph].
[17]G. Efstathiou, W. J. Sutherland and S. J. Maddox, Nature348, 705 (1990).
[18]J. P. Ostriker and P. J. Steinhardt, Nature377, 600 (1995).
[19]L. M. Krauss and M. S. Turner, Gen. Rel. Grav.27, 1137 (1995)

[arXiv:astro-ph/9504003].
[20]A. G. Riess et al. [Supernova Search Team Collaboration], Astron. J.116,

1009 (1998) [arXiv:astro-ph/9805201].
[21]S. Perlmutter et al. [Supernova Cosmology Project Collaboration],

Astrophys. J.517, 565 (1999) [arXiv:astro-ph/9812133].
[22]A. E. Lange et al. [Boomerang Collaboration], Phys. Rev. D63, 042001

(2001) [arXiv:astro-ph/0005004].

[23]W. J. Percival et al. [The 2dFGRS Collaboration], Mon. Not. Roy. Astron.
Soc.327, 1297 (2001) [arXiv:astro-ph/0105252].

[24]W. L. Freedman et al. [HST Collaboration], Astrophys. J. 553, 47 (2001)
[arXiv:astro-ph/0012376].

[25]M. Tegmark et al. [SDSS Collaboration], Phys. Rev. D74, 123507 (2006)
[arXiv:astro-ph/0608632].

[26]M. Hicken et al., Astrophys. J.700, 1097 (2009) [arXiv:0901.4804
[astro-ph.CO]].

[27]R. Kessler et al., Astrophys. J. Suppl.185, 32 (2009) [arXiv:0908.4274
[astro-ph.CO]].

[28]R. G. Crittenden andN. Turok, Phys. Rev. Lett.76, 575 (1996)
[arXiv:astro-ph/9510072].

[29]T. Giannantonio, R. Scranton, R. G. Crittenden, R. C. Nichol, S. P. Boughn,
A. D. Myers and G. T. Richards, Phys. Rev. D77, 123520 (2008)
[arXiv:0801.4380 [astro-ph]].

[30]S. Weinberg, Rev. Mod. Phys.61, 1 (1989).
[31]H. Martel, P. R. Shapiro and S. Weinberg, Astrophys. J.492, 29 (1998)

[arXiv:astro-ph/9701099].
[32]C. P. Burgess, Annals Phys.313, 283 (2004) [arXiv:hep-th/0402200].
[33]G. Dvali, S. Hofmann and J. Khoury, Phys. Rev. D76, 084006 (2007)

[arXiv:hep-th/0703027].
[34]C. de Rham, G. Dvali, S. Hofmann, J. Khoury, O. Pujolas, M. Redi and

A. J. Tolley, Phys. Rev. Lett.100, 251603 (2008) [arXiv:0711.2072
[hep-th]].

[35]N. Afshordi, arXiv:0807.2639 [astro-ph].
[36]C. Armendariz-Picon, V. F. Mukhanov and P. J. Steinhardt, Phys. Rev. Lett.

85, 4438 (2000) [arXiv:astro-ph/0004134].
[37]R. Fardon, A. E. Nelson and N. Weiner, JCAP0410, 005 (2004)

[arXiv:astro-ph/0309800].
[38]C. Prescod-Weinstein,N. Afshordi, M. L. Balogh Phys. Rev. D80, 043513

(2009) [arXiv:0905.3551 [astro-ph.CO]].
[39]P. J. Steinhardt andN. Turok, Science296, 1436 (2002).
[40]G. B. Zhao, L. Pogosian, A. Silvestri and J. Zylberberg, Phys. Rev. Lett.

103, 241301 (2009) [arXiv:0905.1326 [astro-ph.CO]].
[41]W. Hu and I. Sawicki, Phys. Rev. D76, 104043 (2007) [arXiv:0708.1190

[astro-ph]].



6

[42]E. Bertschinger and P. Zukin, Phys. Rev. D78, 024015 (2008)
[43]G. B. Zhao, L. Pogosian, A. Silvestri and J. Zylberberg, Phys. Rev. D79,

083513 (2009) [arXiv:0809.3791 [astro-ph]].
[44]L. Pogosian, A. Silvestri, K. Koyama andG. B. Zhao, arXiv:1002.2382

[astro-ph.CO].
[45]A. J. Albrecht et al., arXiv:astro-ph/0609591.
[46]E. V. Linder, Phys. Rev. Lett.90, 091301 (2003) [arXiv:astro-ph/0208512].
[47]M. Chevallier and D. Polarski, Int. J. Mod. Phys. D10, 213 (2001)

[arXiv:gr-qc/0009008].
[48]P. S. Corasaniti, M. Kunz, D. Parkinson, E. J. Copeland and B. A. Bassett,

Phys. Rev. D70, 083006 (2004) [arXiv:astro-ph/0406608].
[49]U. Alam, V. Sahni, T. D. Saini and A. A. Starobinsky, Mon.Not. Roy.

Astron. Soc.354, 275 (2004) [arXiv:astro-ph/0311364].
[50]Z. Huang, J. R. Bond andL. Kofman (2010), in preparation.
[51]D. Huterer and G. Starkman, Phys. Rev. Lett.90, 031301 (2003)

[arXiv:astro-ph/0207517].
[52]R. G. Crittenden,L. Pogosian andG. B. Zhao, JCAP0912, 025 (2009)

[arXiv:astro-ph/0510293]; D. Huterer and A. Cooray, Phys.Rev. D71,
023506 (2005) [arXiv:astro-ph/0404062].

[53]D. Huterer and A. Cooray, Phys. Rev. D71, 023506 (2005)
[arXiv:astro-ph/0404062].

[54]T. D. Saini, S. Raychaudhury, V. Sahni and A. A. Starobinsky, Phys. Rev.
Lett. 85, 1162 (2000) [arXiv:astro-ph/9910231].

[55]A. J. Albrecht et al., arXiv:0901.0721 [astro-ph.IM].
[56]Y. S. Song and O. Dore, JCAP0903, 025 (2009) [arXiv:0812.0002

[astro-ph]].
[57]http://www.darkenergysurvey.org/
[58]http://www.lsst.org
[59]D. J. Eisenstein et al. [SDSS Collaboration], Astrophys. J.633, 560 (2005)

[arXiv:astro-ph/0501171].
[60]W. J. Percival, S. Cole, D. J. Eisenstein, R. C. Nichol, J. A. Peacock,

A. C. Pope and A. S. Szalay, Mon. Not. Roy. Astron. Soc.381, 1053
(2007) [arXiv:0705.3323 [astro-ph]].

[61]H. J. Seo and D. J. Eisenstein, Astrophys. J.598, 720 (2003)
[arXiv:astro-ph/0307460].

[62]T. C. Chang, U. L. Pen, J. B. Peterson andP. McDonald, Phys. Rev. Lett.
100, 091303 (2008) [arXiv:0709.3672 [astro-ph]].

[63]http://www.sdss3.org/cosmology.php
[64]http://www.ias.u-psud.fr/imEuclid/modules/content/
[65]http://universe.nasa.gov/program/probes/jdem.html
[66]M. Woodet al., arXiv:0801.1708 [astro-ph].
[67]R. Buhler, A. Jacholkowska and S. J. Wagner [HESS Collaboration], AIP

Conf. Proc.1085, 419 (2009).
[68]http://veritas.sao.arizona.edu/
[69]http://magic.mppmu.mpg.de/
[70]http://www.mpi-hd.mpg.de/hfm/HESS/
[71]V. A. Acciari et al., arXiv:0911.0873 [astro-ph.CO].
[72]S. N. Ahmedet al. [SNO Collaboration], Phys. Rev. Lett.92, 181301

(2004) [arXiv:nucl-ex/0309004].
[73]E. Waxman and J. N. Bahcall, Phys. Rev. D59, 023002 (1999)

[arXiv:hep-ph/9807282].
[74]R. Abbasi et al. [IceCube Collaboration], Astrophys. J. 701, L47 (2009)

[arXiv:0905.2253 [astro-ph.HE]].
[75]R. Abbasi et al. [IceCube Collaboration], Astrophys. J. 710, 346 (2010)

[arXiv:0907.2227 [astro-ph.HE]].
[76]J. N. Bahcall and P. Meszaros, Phys. Rev. Lett.85, 1362 (2000)

[arXiv:hep-ph/0004019].
[77]F. Halzen and D. Hooper, Phys. Rev. D73, 123507 (2006)

[arXiv:hep-ph/0510048].
[78]R. Abbasi et al. [ICECUBE Collaboration], Phys. Rev. Lett. 102, 201302

(2009) [arXiv:0902.2460 [astro-ph.CO]].
[79]C. Wiebusch and f. t. I. Collaboration, arXiv:0907.2263 [astro-ph.IM].


