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Goal:

To probe the nature of dark sectors
by all accessible dark properties,
including those of inhomogeneous dark kinetics

 Probed dark sectors:

Dark energy, dark matter, neutrinos

 Why dark inhomogeneities are important:

> Information additional to background Q,_,h? and w(z)

» The inhomogeneous dynamics is very specific to
models of dark microscopic kinetics and interactions

» Some signatures of perturbations of dark species are
less degenerate than the species’ background signatures



Parameterizing Dark Properties: (focus on scalar

perturbations)
a) Metric Any convenient fixed gauge will do
5gw(Z, K) Use thl\c/le Newtonign gauge |
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c) Dynamics (kinetics T
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Probes
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e« CMB pP+P Neoo
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iy+niVi lj/ :—4niVi(®+T)+CT E____d_7> [”Rbyﬁzrdk]dy
« LSS (Matter) "N These equations
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— Dark perturbations with p ~ p, (Rezubbic ~ Apert)
iIncluding dark energy and radiation, , ,
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k? k) p

— Fluctuations of the CMB

are affected by any dark species mostly atz,,  General-relativistic
description is essential



Conserved (Canonical) Density Perturbations

(In any gauge without shear, i.e. where §g;; = —2a’5; i)
d, describes the perturbation of the coordinate denS|ty
of a conserved number

5,0 _5npr
p+p Ny d. = OPa _3\P_5nacoo T/
Neoo _ VPT _ 33 a _ﬁ : Pa Tt Pa Na coo
H
Npr CO0
| de%&HxP)
Connected to - canonical f (x',P)): d(x') =
a*(p+p)

— the canonical pert. 3 _
of radiation intensity: d(x" :Z< z(x',ni)>
n.
The canonical d, of(x|,P,), «(x\,n)
— are conserved on superhorizon scales
for (internally) adiabatic perturbations

— match to the corresponding unambiguous perturbations in FRW



Conserved (Canonical) Density Perturbations

* (In any gauge without shear, i.e. where sg;; =-2a°;¥)
d, describes the perturbation of the coordinate density
of a conserved number
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All such generalizations of a perturbation measure
coincide in the superhorizon limit in linear theory SB 06

 Tge canonical d, of(x\,P,), «(x',n)
— are conserved on superhorizon scales
for (internally) adiabatic perturbations

— match to the corresponding unambiguous perturbations in FRW



Dark Properties — Observables

Propert Quantified Important Effect on Effect on
perty by for the CMB Matter
Early Amplitude Minor on power
Anisotropic o stage of (Suppressed  (Enhanced
Stress [® — U] horizon by o from by o from
entry streaming) streaming)
Late Amplitude Medium on power
, ~ spler | stage of (Enhanced (Suppressed
Stifiness Ceft = ﬁi‘iﬂ horizon by tracking by tracking
entry quintessence) quintessence)
Velocity of Features Phase of Phase of
a perturbation Cp local in the acoustic baryonic
front real space peaks oscillations
Horizon Significant Primary
Self-clusterin O, P+ sl ko) suppression driving of
9 ’ and subhorizon fpp C the structure
evolution (LSS) O POWEr v qrowth

SB, arXiv:0707.0692



1. Anisotropic stress o (of streaming neutrinos)
— Suppresses the amplitude of the CMB oscillations

O =¥ _87Ga’(p+ p)o d, +csk*(d, -D)=0, D=-3(0+7¥)
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Caused by o sourcing gravity,
not by neutrino viscosity

Test: Remove ¢
as a source of R,

kS{)/n  [S(x) = e di]



1. Anisotropic stress o (of neutrinos)
— Somewhat boosts the CDM transfer function
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2. Stiffness ¢?;; (of tracking quintessence)
— a. Somewhat boosts the CMB amplitude
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2. Stiffness ¢?;; (of tracking quintessence)
— b. Noticeably suppresses CDM perturbations
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Dark Properties — Observables
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Propert Quantified Important Effect on Effect on
y by for the CMB Matter
Early Amplitude Minor on power
Anisotropic o stage of (Suppressed  (Enhanced
Stress [® — U] horizon by o from by o from
entry streaming) streaming)
Late Amplitude Medium on power
, ~ spler stage of (Enhanced (Suppressed
Stifiness Ceft = ﬁi‘iﬂ horizon by tracking by tracking
entry quintessence) quintessence)
Velocity of Features Phase of Phase of
a perturbation Cp local in the acoustic baryonic
front real space peaks oscillations
Horizon Significant Primary
Self-clusterin O, P+ sl ko) suppression driving of
9 ’ and subhorizon fpp C the structure
evolution (LSS) O POWEr v qrowth
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3. Propagation velocity c,
— Shifts the acoustic phase of the CMB

Real-space propagation of inhomogeneities:

d(k) =" dx e ®d(x) [ N\

SB, Bertschinger 01, 02 T

D P .
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The acoustic phase is shifted o (©+¥)| _ . %0

< some perturbations propagate faster than ¢ = 1//3
SB, Seljak 04



3. Propagation velocity c,

n
coo  Coo

on

— Shifts the acoustic phase of the CMB
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Dark Properties — Observables
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Propert Quantified Important Effect on Effect on
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Early Amplitude Minor on power
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Probing ® + ¥ by the CMB F
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« For the modes that were superhorizon at the last scattering

- f d
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o For either small or large scales, ®+Y¥ affects the CMB most of all
during horizon entry, not at recombination or low redshift



Probing ® + ¥ by the CMB
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x Incre&ising statistfcal accuracy
'} Weaker :
| late ISW

. -
(leq>200)  (/_k x14Gpe)

For modes that enter in the radiation era zZ~ 20|



Dark clustering — Significantly suppresses C,™"
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SB 06
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The suppression is 25-fold for the modes that enter
during the domination of pressureless matter
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\“"'-" -

kS(t) /=
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Dark clustering — Affects the growth of structure

]
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Expect non-standard
growth for:

— modified gravity
— k-essence
— interacting DM
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Conclusions

Cosmological signatures of dark inhomogeneities encode
plentiful information about the dark sectors
(dark energy, dark matter, neutrinos, laws of gravity).

Its decoding from horizon-scale dynamics is
considerably more direct and tractable with the canonical
variables for the species’ perturbations.

The dark perturbations can be probed by the CMB
during horizon entry over all zZ ~ 1-10°, better for higher Z.
(The sensitivity of LSS, on the other hand, increases toward low 2).

Dark o, C%, Cp,, and gravitational potentials ® and @ + ¥
are reflected by specific and distinct observable features
in LSS and the CMB.
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