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1 2 3 4
What makes up 
dark energy?

How did large-
scale structure 
form and evolve?

Basic Questions in Cosmology



Source of Answers: Precision Cosmology



Tremendous progress in the past few decades: 

Source of Answers: Precision Cosmology



Tremendous progress in the past few decades: 

Source of Answers: Precision Cosmology

2003

1993 2013



The CMB Power Spectrum: Theory



CMB fluctuations: 

The CMB Power Spectrum: Theory



CMB fluctuations: 

Harmonic Space:

The CMB Power Spectrum: Theory

�T (n̂) =
X

`m

a`mY`m(n̂)



CMB fluctuations: 

Harmonic Space:

The CMB Power Spectrum: Theory

Power Spectrum: ha⇤`ma`0m0i = �``0�mm0C`�T (n̂) =
X

`m

a`mY`m(n̂)



CMB fluctuations: 

Harmonic Space:

The CMB Power Spectrum: Theory

Power Spectrum:

`(`+ 1)C`/2⇡

ha⇤`ma`0m0i = �``0�mm0C`�T (n̂) =
X

`m

a`mY`m(n̂)



CMB fluctuations: 

Harmonic Space:

 

• Acoustic oscillations: basic physics described by a driven harmonic oscillator. 

The CMB Power Spectrum: Theory

Power Spectrum:

`(`+ 1)C`/2⇡

ha⇤`ma`0m0i = �``0�mm0C`�T (n̂) =
X

`m

a`mY`m(n̂)



CMB fluctuations: 

Harmonic Space:

 

• Acoustic oscillations: basic physics described by a driven harmonic oscillator. 
Gravitational driving force generated by dark-matter potential wells.

Restoring force: radiation pressure; Baryons contribute to the effective mass.

The CMB Power Spectrum: Theory

Power Spectrum:

`(`+ 1)C`/2⇡

ha⇤`ma`0m0i = �``0�mm0C`�T (n̂) =
X

`m

a`mY`m(n̂)



CMB fluctuations: 

Harmonic Space:

 

• Acoustic oscillations: basic physics described by a driven harmonic oscillator. 
Gravitational driving force generated by dark-matter potential wells.

Restoring force: radiation pressure; Baryons contribute to the effective mass.

• Silk diffusion damping: exponential suppression of small scale fluctuations.

The CMB Power Spectrum: Theory
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Acoustic peaks are very sensitive to changes in cosmological parameters:
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Driven by a single 
scalar field?

What is the energy 
scale?

Inflation Dark Matter Dark Energy Growth of 
Structure

Is it interacting? 
(WIMP?)

Self-annihilating? 

Is it evolving?

Cosmological 
constant?

What is the star 
formation rate 
density at high 
redshift?

How to inform 
modeling and/or 
simulations?
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Ultimately, it’s about access to information.

• A good figure-of-merit is:             

   (constraints scale as:                )

•          : Planck measured            

Temperature: almost done (damping + cosmic-variance).

Polarization E-modes: getting there.

• Anything left? B-modes!

   More about that later....
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• Dark ages: accessible via 21cm line

fluctuations extend to:  

independent redshift slices:

         in principle:                        !!!

 

• Reionization: first stars/galaxies

hard to resolve faint sources.  

         intensity mapping!
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B-modes and IGWs: Introduction

The CMB is (weakly) polarized. Why?
• Induced by radiation anisotropy through Thomson scattering.
• A quadrupole anisotropy in the radiation field is required.
• Happens at the ionized        neutral interface (recombination, reionization)

Polarization can be linearly decomposed into modes:  E (gradient)           B (curl)

Inflationary gravitational waves (IGWs) create both!
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According to Planck estimates, there are better 
patches, but with huge uncertainty.

Proposal: observe best candidate 
patches from Planck with a higher-
frequency experiment (                 ) 

existing technology:             detectors. O(1000)

with 3 months (2 weeks) from the ground (a balloon), 
upper bound on    can be reduced by as much as 70%!  

�150GHz

r

“BFORE: The B-mode 
Foreground Experiment”, 
Niemack et al., 
arxiv:1509.05392
 

Proposal: adopt heuristics to solve the multi-
armed bandit problem to devise adaptive 
survey strategies in B-mode experiments. 

On average, improvement factors of 50%. 

Method can be implemented elsewhere. 
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Can we identify the presence of dust B-modes in a given map?

Dust B-modes are far from statistically isotropic:

It would be useful to develop an estimator to detect this!
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Translation: map is dominated by Fourier modes oriented at
                    with respect to the polarization orientation.

45�

(Kamionkowski and EDK, PRL 2014; Kamionkowski and EDK, ARAA 2016)

B-modes: constant orientation
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Flat-sky estimator, general case:

Confronting Dust B-modes: After 
 (Kamionkowski and EDK, PRL 2014; EDK, Dvorkin and Kamionkowski, in preparation)

Random sky patch



Full-sky estimator:

Confronting Dust B-modes: After 
 (EDK, Dvorkin and Kamionkowski, in preparation)
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• Heat signatures of DM in the dark ages

• The quest for B-modes from Inflationary GWs

Outline Ely D. Kovetz
WIS, Jan. 2016

• Heat signatures of DM in the dark ages

Muñoz, EDK and Ali-Haïmoud, Phys. Rev. D92 (2015)
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The 21-cm Signal: Lightning Review
RecombinationParallel Antiparallel
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n1

n0
= 3 exp(�E10/kBTspin)Spin Temperature:

Game of Temperatures:
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The 21-cm Signal: Lightning Review

Time dependence of different temperatures:
At              :                                          (Compton scattering off remaining electrons) 

At              :                             ;                          (Gas decouples from CMB, cools adiabatically)

Until              :  First,                     (Collisions in the IGM).  Then:                           

Absorption:

z > 200

z < 200

z ⇠ 30

TCMB ⇠ Tgas ⇠ Tspin

TCMB ⇠ (1 + z)�1 Tgas ⇠ (1 + z)�2

TCMB

Tgas

Tspin

T21 ⇡ Tspin � TCMB

1 + z
⌧

We measure a brightness temperature:

Tspin ! TCMB

Tspin < TCMB

Tspin ⇠ Tgas
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COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of � 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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FIG. 3: 90% CL exclusion limits on �e for candidates with
a DM form-factor FDM(q) of (↵me/q) (red/lower line), cor-
responding to DM with an electric dipole moment, and
(↵me/q)

2 (blue/upper line), corresponding to DM scattering
through a very light mediator. Dashed lines and bands are as
in Fig. 2. The pale blue region shows the previously allowed
parameter space for DM coupled through a very light hidden
photon (FDM = (↵me/q)

2), with the gray strip indicating the
“freeze-in” region (taken from [2]).

models in which the DM candidate is a fermion coupled
to the visible sector through a kinetically mixed “hid-
den photon” with O(MeV-GeV) mass, and satisfying all
previously known constraints (from [2]; see also [3] [25]).

Fig. 3 shows the exclusion limits in the m
DM

-�
e

plane
for DM candidates whose interaction with electrons is
enhanced at small momentum-transfers by a DM form-
factor, F

DM

. The red (lower) curves correspond to
F
DM

= (↵m
e

/q), or DM scattering through an elec-
tric dipole moment, and the blue (upper) curves to
F
DM

= (↵m
e

/q)2, or DM scattering though a very light
(⌧ keV) scalar or vector mediator. Bounds set by 1-,
2-, and 3-electron rates are shown by dashed lines, and
the central limits by dark lines. The bands illustrate
the theoretical uncertainty. Both form-factors suppress
the relative rate of events with larger energy deposition,
and so reduce the fraction (and hence the importance) of
events containing multiple electrons. The pale blue re-
gion shows the parameter space for DM coupled through
a very light hidden-photon mediator, and satisfying all
previously known constraints, with the gray strip show-
ing where the correct abundance is achieved through
“freeze-in” (from [2]). These regions should be compared
to the blue exclusion curve.
DISCUSSION. The results above demonstrate, for the
first time, the ability of direct detection experiments to
probe DM masses far below a GeV. It is encouraging that
with only 15 kg-days of data, and no attempt to control
single-electron backgrounds, the XENON10 experiment
places meaningful bounds down to masses of a few MeV.

It should be emphasized that this analysis lacks the
ability to distinguish signal from background. One

promising method is the expected annual modulation of
the signal. As discussed in [2], additional discrimination
may be possible via the collection of individual photons,
phonons [24], or ions, although at present such technolo-
gies have yet to be established.
Independently, this type of search could be signifi-

cantly improved with a better understanding of few-
electron backgrounds. A quantitative background es-
timate was not made in [10], making background sub-
traction impossible. Single-electron ionization signals
have been studied, and potential causes discussed, by
XENON10 [9], ZEPLIN-II [7], and ZEPLIN-III [8]. Pos-
sible sources include photo-dissociation of negatively
charged impurities, spontaneous emission of electrons
that have become trapped in the potential barrier at the
liquid-gas interface, and field emission in the region of
the cathode. The former two processes would not be
expected to produce true two- or three-electron events,
although single electron events may overlap in time, giv-
ing the appearance of an isolated, double-electron event.
With a dedicated study, these backgrounds could be
quantitatively estimated and reduced.
With larger targets and longer exposure times, ongo-

ing and upcoming direct detection experiments such as
XENON100, XENON1T, LUX, and CDMS, should be
able to improve on the sensitivity reported here. Such
improvements may require optimizations of the trigger-
ing thresholds, and will strongly benefit from additional
studies of the backgrounds.
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FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of � 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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FIG. 3: 90% CL exclusion limits on �e for candidates with
a DM form-factor FDM(q) of (↵me/q) (red/lower line), cor-
responding to DM with an electric dipole moment, and
(↵me/q)

2 (blue/upper line), corresponding to DM scattering
through a very light mediator. Dashed lines and bands are as
in Fig. 2. The pale blue region shows the previously allowed
parameter space for DM coupled through a very light hidden
photon (FDM = (↵me/q)

2), with the gray strip indicating the
“freeze-in” region (taken from [2]).

models in which the DM candidate is a fermion coupled
to the visible sector through a kinetically mixed “hid-
den photon” with O(MeV-GeV) mass, and satisfying all
previously known constraints (from [2]; see also [3] [25]).

Fig. 3 shows the exclusion limits in the m
DM

-�
e

plane
for DM candidates whose interaction with electrons is
enhanced at small momentum-transfers by a DM form-
factor, F

DM

. The red (lower) curves correspond to
F
DM

= (↵m
e

/q), or DM scattering through an elec-
tric dipole moment, and the blue (upper) curves to
F
DM

= (↵m
e

/q)2, or DM scattering though a very light
(⌧ keV) scalar or vector mediator. Bounds set by 1-,
2-, and 3-electron rates are shown by dashed lines, and
the central limits by dark lines. The bands illustrate
the theoretical uncertainty. Both form-factors suppress
the relative rate of events with larger energy deposition,
and so reduce the fraction (and hence the importance) of
events containing multiple electrons. The pale blue re-
gion shows the parameter space for DM coupled through
a very light hidden-photon mediator, and satisfying all
previously known constraints, with the gray strip show-
ing where the correct abundance is achieved through
“freeze-in” (from [2]). These regions should be compared
to the blue exclusion curve.
DISCUSSION. The results above demonstrate, for the
first time, the ability of direct detection experiments to
probe DM masses far below a GeV. It is encouraging that
with only 15 kg-days of data, and no attempt to control
single-electron backgrounds, the XENON10 experiment
places meaningful bounds down to masses of a few MeV.

It should be emphasized that this analysis lacks the
ability to distinguish signal from background. One

promising method is the expected annual modulation of
the signal. As discussed in [2], additional discrimination
may be possible via the collection of individual photons,
phonons [24], or ions, although at present such technolo-
gies have yet to be established.
Independently, this type of search could be signifi-

cantly improved with a better understanding of few-
electron backgrounds. A quantitative background es-
timate was not made in [10], making background sub-
traction impossible. Single-electron ionization signals
have been studied, and potential causes discussed, by
XENON10 [9], ZEPLIN-II [7], and ZEPLIN-III [8]. Pos-
sible sources include photo-dissociation of negatively
charged impurities, spontaneous emission of electrons
that have become trapped in the potential barrier at the
liquid-gas interface, and field emission in the region of
the cathode. The former two processes would not be
expected to produce true two- or three-electron events,
although single electron events may overlap in time, giv-
ing the appearance of an isolated, double-electron event.
With a dedicated study, these backgrounds could be
quantitatively estimated and reduced.
With larger targets and longer exposure times, ongo-

ing and upcoming direct detection experiments such as
XENON100, XENON1T, LUX, and CDMS, should be
able to improve on the sensitivity reported here. Such
improvements may require optimizations of the trigger-
ing thresholds, and will strongly benefit from additional
studies of the backgrounds.
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This is not the end of the story, though.

Dependence on the initial relative velocity means that the brightness temperature 
will depend on position on the sky, yielding a new source of 21-cm fluctuations. 

Realistic: SKA, 6-km baseline, 2% cover fraction.

Optimistic: 50-km baseline, 10% cover fraction.
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• Star formation rates from intensity mapping

Breysse, EDK and Kamionkowski, MNRAS 443 (2014)

Breysse, EDK and Kamionkowski, MNRAS Letters, in press (2016)

Breysse, EDK and Kamionkowski, MNRAS 452 (2015)
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Large deep surveys lack redshift information.

How to recover z? 

Probing the dark sector in new dimensions: z

Credit: M. Rahman

Clustering-based redshift estimation! Ménard et al. (2013)

Metric: 2-point correlation function

Matching on-sky structure in 
reference redshift slice with 
selected (unknown) sample
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—> Can we do Cosmology with this? You bet!

Parameterizing the dark energy equation-of-state as: 

Our error forecast:                                  (better than combined CMB + low-z)

Cosmology with Clustering Redshift Estimation
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What about the nearby Universe?

Not a lot of modes, 3D space limited. what if look at temporal variations?

Example: Fermi performed a search for flares on a weekly timescale.

                Identified ~200 flares, ~20% of them unassociated with known sources.

Is there a potential for discovery here?

Probing the dark sector in new dimensions: t
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Ṅann =
h�vi
m2

�

Z
d3r⇢(r)2 / h�vi0

m2
�

⇢clMcl ⇥�z�||�v



DM annihilation:

TCEs of DMCs: Gamma-Ray Flares

⇠�
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Ṅann =
h�vi
m2

�

Z
d3r⇢(r)2 / h�vi0

m2
�

⇢clMcl ⇥�z�||�v

Predictions for gamma-ray flares from TCEs of DMCs:

• Universal energy spectrum.

• Flares on various timescales.



DM annihilation:

        ~1000 photons per week for certain parameter choices. 

TCEs of DMCs: Gamma-Ray Flares

⇠0.5⇠�

/

8
><

>:

1 s-wave

�2 p-wave

�4 d-wave
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Predictions for gamma-ray flares from TCEs of DMCs:

• Universal energy spectrum.

• Flares on various timescales.

• Isotropic sky distribution.

• Full light curve prediction (in principle).
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