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BEYOND CDM: ASTROPHYSICAL
PERSPECTIVES

Astrophysical observations **might** be indicating deviations from vanilla cold dark matter.

Bl “Merging Cluster” (??)
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BEYOND CDM: COSMOLOGICAL
PERSPECTIVES
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A Lyman Alpha Forest
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Cosmological data are just

beginning to be sensitive to physics o
beyond CDM, but the window is e
rapidly closing!

Atoms
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INTERACTING DARK MATTER:
COSMOLOGICAL PERSPECTIVES

* In the vanilla WIMP scenario, dark matter decouples from the
standard model plasma in the very early Universe.

* This is a “particle-physics motivated” prior, not a result from
cosmological observations.

*  What do cosmological data actually say about dark matter
interactions??

* A useful toy model to answer this question 1s Atomic Dark Matter.
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~ ATOMIC DARK MATTER .
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* Postulate a new U(1) gauge force in the (hidden) Dark Sector.

* The dark matter 1s made of two oppositely-charged fermions
(dark ‘electron’ and dark ‘proton’).

The Dark Sector 1s neutral overall (no long-range force).

The Model 1s fully described by 4 parameters:

aDaBDamDaTD (ngD/TSM)

This model has a very rich phenomenology despite its minimal
set of ingredients.
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ATOMIC DARK MATTER: ORIGINS

A HEW CANDIDATE FOR DARK MATTER

Haim Goldberg
Department of Physics
Northeastern University

Boston, MA 02115
and
Lawrence J. Hall
Lyman Laboratory of Physics

Harvard University
Cambridge, MA 02138

Abstract
Two models for galactic halos are analyzed which involve
strongly interacting dark matter. The models are constrained
by big bang cosmology, galactic astrophysics and by recent
searches for fluxes of dark matter particles. The candidate
particles have masses in the TeV range and cross sections

NlO“26 cm2 with ordinary matter.

Phys. Lett. B174 (1986) 151
See also D. E. Kaplan et al. 2011, 2012.
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_* ATOMIC DARK MATTER: -
- THERMAL HISTORY .

* In the early Universe, the Dark Sector form a hot ionized plasma. The dark
fermions are tightly-coupled to the dark radiation.

* At late times, three important processes happen:

* Dark Recombination: At Tp << Bp, the dark fermions can form neutral
bound states.

* Kinetic Decoupling: Dark matter ceases to be dragged around by the dark
radiation.

* Thermal Decoupling: The dark-matter temperature decouples from that of
the radiation and begins cooling adiabatically.
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NEW ATOMIC REGIMES

£=0.1

ap = 0.003

* The thermal physics of dark ,ﬁ,’jié.lféfv
atoms can be very different [ mproved Treatment
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*  We have developed a very
flexible code that can
compute the thermal history
of the dark sector for any
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[Late-time Ionized Fraction
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Evolution of Fluctuations
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Evolution of Fluctuations

* Anew “DAOQO” scale corresponding to the size of the “dark” sound horizon at kinetic
decoupling emerges in the dark-matter density field.

* On smaller scales, the interaction of dark matter with the dark radiation suppresses
the amplitude of fluctuations.
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MATTER POWER SPECTRUM
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CORRELATION FUNCTION
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COSMIC MICROWAVE BACKGROUND

* There are 2 effects that can allow us to distinguish an “atomic dark
matter scenario” to a ACDM Universe (assuming the same
background cosmology!):

@ Since the dark radiation is tightly-coupled at early time, the
photon fluctuations do not obtain the usual phase shift and
amplitude suppression associated with extra free-streaming
neutrinos:

do(7,k) = 3Gn(1 4+ Ay) cos (s +d¢) +O(57 1)

where

—0.2683R, + O(R2) ,
Balshinsky & Seljak, 2004

0.19127R, + O(R2) .

@ Dark matter fluctuations are only allowed to grow after it
decouples from the radiation.
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COSMIC MICROWAVE BACKGROUND

* Fourier modes entering the Hubble horizon before dark radiation
kinematically decouples will not be affected by the amplitude suppression
and phase shift.

* On the other hand, Fourier modes entering the Hubble horizon after
kinematic decoupling will be.

* Key Signatures:

1. Non-uniform amplitude suppression and phase
shifts across the CMB spectra.

2. Modified ratios of odd and even peaks in the TT
spectrum.
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THE DATA IS JUST BEGINNING TO
CONSTRAINTS THESE EFFECTS

The fact that ACT resolves the higher order peaks of
the CMB spectrum allows for comparison with models
that allow for departure from pure free-streaming (e.g.,
Cyr-Racine & Sigurdson 2012). The effect on the small-
scale power of a model with dark photons which are ini-
tially coupled to dark matter and hence only start free-

streaming after they decouple - implies that the phase
shift and amplitude suppression associated with the free-
streaming of radiation will not be uniform across all mul-
tipoles. We leave the testing of such models to future
work.

Sievers et al. 2013
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Cosmic Microwave Background TT
Spectrum
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Cosmic Microwave Background EE
Spectrum
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Background EE
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ASTROPHYSICAL CONSTRAINTS
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DIRECT DETECTION

* There are a few ways to couple atomic dark matter to the standard
model:

I Mixing with the standard model hypercharge:

2 Mixing with the standard photons (MADM):

Key: Inelastic scattering due to the dark hyperfine transitions.
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Direct Detection: Hypercharge Mixing

* We generally need m, = m, to ensures the dominance of inelastic scattering:
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D. E. Kaplan et al., 2012.
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Direct Detection: Photon Mixing

J. Cline et al. 2012.
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CONCLUSIONS

* Atomic dark matter constitutes a simple yet powerful test bed for
physics beyond CDM.

* The new DAO scale emerges in the dark matter density field; below
this scale, dark matter fluctuations are suppressed.

* The decoupling of dark radiation and dark matter can leave distinct
imprints on the CMB.

* Astrophysical constraints favor dark atoms that are both more
massive and have a higher binding energy than regular atomic
hydrogen.
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