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Amazingly: just six parameters are enough to fit all existing data. 

⌦CDM⌦bH0 As ns⌧
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Inflation Dark Energy Growth of 
Structure

4...

Focus of This Talk: What is Dark Matter?

Made of particles?
(MACHOs?) 
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CMB fluctuations: 

Harmonic Space:

 

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

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

The CMB Power Spectrum: Theory

Power Spectrum:
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⌦ch
2Cold dark matter:

(from W. Hu’s website)

⌦ch
2 = 0.1198± 0.0015
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Also sensitive to various dark matter signatures:

(ESA, Planck Collaboration 2014 Press Release)

DM annihilation (energy injection) DM-baryon scattering (suppression)
more about this later...

(Courtesy of C. Dvorkin)
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• A good figure-of-merit:                 

    Planck and others have measured:            

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

Polarization (E-modes): getting there.

• Probes one very small epoch. 

   Not too sensitive to late(r) time effects.           

N
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NCMB
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modes

We want access to new information.

CMB weak points:
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Not a lot of modes, 3D space limited 

• Fermi identified > 200 gamma-ray flares, ~20% unassociated with known sources.

• LIGO detected burst(s) of gravitational waves from coalescing black holes.

Is there potential for a DM discovery here?

Transients?
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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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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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Consider a cross-section:  

Constraints have been drawn from CMB/Lyα-forest small-scale power spectra. 

However, these are mostly effective for               . What about later times? 
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• Flaring tidally compressed DM clumps

Ali-Haïmoud, EDK and Silk, Phys. Rev. D93 (2016)
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A: It will be undergo compression 
    orbital-plane: stretching/compression
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A: annihilation flux will be boosted
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h�vi
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• DM clumps:
   Could be very dense (“failed” primordial black holes).
   Core could possibly survive destruction.
 
• Tidal radius:

• Solve the equation of motion for each mass element:

• Phase-space conservation (Liouville theorem): 
   Allows to easily track the density evolution in either orbital plane or “z”-axis.

• Initial turbulent velocities prevent DMC from reaching infinite densities. 
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TCEs of DMCs: Orbital Plane
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• Marginal net dilatation in the orbital plane (factor ~2)
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TCEs of DMCs: Time Evolution (z-axis)
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• Compression peaks shortly after pericenter.
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We see that the DMC’s density profile along the z-axis
remains Gaussian (if it was initially so) with a character-
istic extent
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FIG. 1: Compression factor perpendicular to the orbital
plane, as a function of the true anomaly f (focusing on the in-
terval �⇡/4 < f < ⇡/4), for several values of the penetration
factor �. Pericenter passage occurs at f = 0.

Ref. [15] gives explicit expressions for a(f) and b(f).
In the large-� limit, they are approximately
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and width (measured between the two passages at half-
maximum)
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In order to convert this to a duration, we use the di↵er-
ential relation between time and the true anomaly
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and obtain the following time interval between the two
passages at half maximum:

�tflare ⇡ 8
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D. Deformation in the orbital plane

The same steps can be followed for the DMC deforma-
tion in the orbital plane. Starting from the relation

r||(f) = A(f)r||0 + B(f)v||0, (26)

where A(f) and B(f) are two-by-two matrices, we show
in Appendix A that the contribution of the in-plane axes
to Eq. (10) is

⇢̃||(r||, f) =
⇢

2/3
⇤q

det(ATA + BTB)

⇥ exp


�3

2
rT
|| (A

TA + BTB)�1r||

�
, (27)

where the superscript “T” denotes the transpose. We see
that the isodensity contours are deformed into ellipses.
The characteristic elongations are the square roots of the
eigenvalues of ATA + BTB.

Ref. [15] explicitly provides the components of A(f)
as a function of �, but not those of B(f). We compute
B(f) by numerically solving the ODE satisfied by r||(f).
As a sanity check we have verified that our numerical
solution for A reproduces that of Ref. [15] and that the
determinant of the bloc matrix with rows (A, B) and
(Ȧ, Ḃ) is unity, as it should.

We show the in-plane compression factor �|| ⌘

1/

q
det(ATA + BTB) in Fig. 2. We see that the net

result of tidal forces is to stretch the DMC (�|| < 1).
However, this stretching remains of order unity even for
large penetration factors, in qualitative agreement with
the results of Ref. [15]. We find that accounting for ran-
dom in-plane motions further reduces the net compres-
sion factor (i.e. increase the net stretching) by ⇠ 25%.
The characteristic value of �|| near pericenter and for
large � is �|| ⇡ 0.5.

III. OBSERVABLE SIGNATURES

A. Gamma-ray flares from dark-matter
annihilation

Self-annihilating WIMPs are among the most moti-
vated candidates for dark matter [25]. The observable
signals resulting from their continuous annihilation near
the Galactic center have been studied by several groups
[26, 27]. The signal can be enhanced if the dark matter

� ⌘ Rp
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factor �. Pericenter passage occurs at f = 0.

Ref. [15] gives explicit expressions for a(f) and b(f).
In the large-� limit, they are approximately

a(f) ⇡ 2�

�1

1 + cos f

(cos f �
p

� sin f), (19)

b(f) ⇡ 2�

�1

1 + cos f

(
p

2 cos f �
p

�/2 sin f). (20)

By Taylor-expanding the compression factor �
z

=
1/

p
a

2 + b

2 for f ⌧ 1, we arrive at

�
z

(f, �) ⇡ �q
3
2�f

2 � 4
p

�f + 3
, (21)

which peaks at true anomaly fmax = 4/(3
p

�) with max-
imum value

max[�
z

] =
p

3 �, (22)

and width (measured between the two passages at half-
maximum)

�f =
p

8/(3�). (23)

In order to convert this to a duration, we use the di↵er-
ential relation between time and the true anomaly

1

Tcl

dt

df

=
p

8�

�3/2(1 + cos f)�2
, (24)

and obtain the following time interval between the two
passages at half maximum:

�tflare ⇡ 8

3
Tcl�

�2 ⇡ 0.6 day ⇢

�1/2
10 (102

/�)2. (25)

D. Deformation in the orbital plane

The same steps can be followed for the DMC deforma-
tion in the orbital plane. Starting from the relation

r||(f) = A(f)r||0 + B(f)v||0, (26)

where A(f) and B(f) are two-by-two matrices, we show
in Appendix A that the contribution of the in-plane axes
to Eq. (10) is

⇢̃||(r||, f) =
⇢

2/3
⇤q

det(ATA + BTB)

⇥ exp


�3

2
rT
|| (A

TA + BTB)�1r||

�
, (27)

where the superscript “T” denotes the transpose. We see
that the isodensity contours are deformed into ellipses.
The characteristic elongations are the square roots of the
eigenvalues of ATA + BTB.

Ref. [15] explicitly provides the components of A(f)
as a function of �, but not those of B(f). We compute
B(f) by numerically solving the ODE satisfied by r||(f).
As a sanity check we have verified that our numerical
solution for A reproduces that of Ref. [15] and that the
determinant of the bloc matrix with rows (A, B) and
(Ȧ, Ḃ) is unity, as it should.

We show the in-plane compression factor �|| ⌘

1/

q
det(ATA + BTB) in Fig. 2. We see that the net

result of tidal forces is to stretch the DMC (�|| < 1).
However, this stretching remains of order unity even for
large penetration factors, in qualitative agreement with
the results of Ref. [15]. We find that accounting for ran-
dom in-plane motions further reduces the net compres-
sion factor (i.e. increase the net stretching) by ⇠ 25%.
The characteristic value of �|| near pericenter and for
large � is �|| ⇡ 0.5.

III. OBSERVABLE SIGNATURES

A. Gamma-ray flares from dark-matter
annihilation

Self-annihilating WIMPs are among the most moti-
vated candidates for dark matter [25]. The observable
signals resulting from their continuous annihilation near
the Galactic center have been studied by several groups
[26, 27]. The signal can be enhanced if the dark matter

max [�z] / �

�t / 1/�2

� ⌘ Rp

Rt
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(in principle)
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• Did advanced LIGO detect dark matter?

On the arXiv tomorrow, with: S. Bird, I. Cholis, J. Muñoz, Y. Ali-Haïmoud, M. Kamionkowski, A. Raccanelli & A. Riess
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To calculate the event rate:

• The PBH merger rate within each halo:

• Total merger rate as a function of halo mass:

Relative velocity
MB distribution
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Coalescing DM PBHs: Results and Prospects
(Bird et al., arXiv:1503.XXXXX)

We get a total LIGO event rate of: 

• Within the LIGO estimated event rate!

• Extrapolation to low masses not as bad as it may seem.

Predictions (some unique):

• Originate in the middle of nowhere (small halos are not luminous).

• No EM or neutrino counterparts.

• High initial eccentricities (orbit circularizes by the time it enters LIGO band).

• Potential peak in mass distribution of detected events (at PBH scale).

• Stochastic GW background (all the way to high redshifts         low frequencies).  

V = 5 f(Mc/500M�)
�11/21 Gpc�3 yr�1
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Coalescing DM PBHs: Results and Prospects
(Bird et al., arXiv:1503.XXXXX)

Even more motivation for aLIGO (full), ET, DECIGO, BBO...
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Predictions (some unique):

• High initial eccentricities (orbit circularizes by the time it enters LIGO band).

(Courtesy of I. Cholis)


