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UNDERSTANDING OF “DARK AIR"

Lord Rayleigh
(Image: Nobel Prize Foundation)

When he compared
nitrogen extracted from
air with nitrogen extracted
from chemical
compounds, he found that
the nitrogen from air was
heavier. He concluded that
the air must contain
another, previously
unknown substance.

Now called Ergon.
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THE 3 FOLD WAY

Thermodynamics Cosmology

Kinetic Theory > Astrophysics

Chemistry Particle Physics
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COSMOLOGICAL PROBES OF DM
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ABUNDANCE AND DISTRIBUTION

Heavy Elements

Neutrinos

Stars
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IDEA 1: THERMAL FREEZEOUT

X X = SM SM XX-)SMSM —Hé—-)—SM—SM—
SM SM =» X X TEMP. FALLS
UNTIL DM
TEMP. T0O DILUTE
FALLS
BELOW M,
NO MORE PRODUCTION, NO MORE ANNIHILATIONS,
EQUILIBRIUM AT HIGH T BUT ANNIHILATIONS CONTINUE AS NO PARTNERS AVAILABLE
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FREEZE-OUT
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Zeldovich (1965); Chiu (1966); Lee and Weinberg (1977); Hut (1977); Wolfram (1979); Steigman (1979).
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PRECISION COMPUTATION

" Numerical
Analytical —---—

Canonical

xemT

102 (00 = 0.902<?2';1;> (;?2) (1 +(c1>:/(bF[>H)>

10*

Depends modestly
on Mass

Must take into
account for low-
mass WIMPs, below
DM mass = 10 GeV

Steigman, BD, and Beacom (PRD, 2012)

Gary
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IDEA 2: FREEZE IN

Freeze Out Freeze In

R——= XX r@awx

— Mg

Bernal et al (IJIMP 2017)
2
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STRUCTURE AS A PROBE OF DM

= ACDM (Planck)
Massive Neutrinos
Sterile Neutrino DM

1072 10

Mixed DM = Interacting DM
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SPHERICAL COLLAPSE

/)
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d2R / dt2 = -GM(<R,t) / R2

r

Assume no shell-crossing: M(<R,t) = M(<Rinit, tinit) = constant

Credit: Aseem Paranjape
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SPHERICAL COLLAPSE ...

Nonlinear solution:
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LINEAR PERTURBATION THEORY
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N BODY SIMULATIONS

Start with a box of particles, with
initial conditions (x,v) consistent
with CDM

Evolve their positions using
collisionless Boltzmann equation

Various numerical issues/
techniques

One key issue: “particles” can be
say, 1076 - 1077 solar masses!

Identify halos, merger trees, etc.

Millennium Run

4% D00 partxim

Predict clustering, substructure,
merger histories, etc.
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