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» 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.
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Inflation Dark Matter Dark Energy
Driven by a single Is it interacting? Is it evolving?
scalar field? (WIMP?)

What is the energy | Self-annihilating? | Cosmological
scale? constant?

Growth of
Structure

How to inform
modeling and/or
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What is the star
formation rate
density at high
redshift?
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Where to Look Next?

: ., : : Recombination
Ultimately, it’s about access to information.

- A good figure-of-merit is: Npodes

(constraints scale as: 1/N. L/2 )

modes

« CMB: Planck measured |[NSMB 902 107

modes max

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

Polarization E-modes: getting there.

* Anything left? B-modes!

More about that later....
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Where to Look Next?

» Dark ages: accessible via 21cm line
fluctuations extend to: /... ~ 10°
independent redshift slices: N, ~ 10*

—> in principle: N2~ 10 11l

m

 Reionization: first stars/galaxies
hard to resolve faint sources.
—> intensity mapping!

measure star-forming line emission.
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Where to Look Next?

« (Galaxies:
r{ P
Q: can we beat the CMB? }

Width r set by max linear scale: kpax =

Total modes accessible:

3 3
NGal ~ Nyoxels = (R) — Vkmax

d
modes r 3

A: Yes, but need high redshifts!!!

(factor of >10° gain from z < 1to z < 5)

Q: How many sources needed?

_ 5 1 | \@@®+
Variance: (0°) > ————— (shot noise) .
NSOUI'CQS
A: To beat CMB, need to measure: Niotal ~— pvoxel N o o> 10N > 108

LSST, Euclid - both target 10° sources, but not with spectroscopy...
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« The quest for B-modes from Inflationary GWs

» Heat signatures of DM in the dark ages

- Star formation rates from intensity mapping

- Empowering galaxy surveys
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« The quest for B-modes from Inflationary GWs

Kamionkowski and EDK, Phys. Rev. Lett. 113 (2014)
EDK and kamionkowski, Phys. Rev. D91 (2015)

Kamionkowski and EDK, Annual Review of A&A, in press (2016)

EDK and Kamionkowski, New Astronomy 43 (2016)

EDK, Dvorkin and Kamionkowski, in preparation
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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)
NP
— -
SN N

Inflationary gravitational waves (IGWs) create both!

N\ ‘/—
| o\
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B-modes and IGWs: Review

(Kamionkowski and EDK, ARAA 2016)

Main takeaways:

- How bigisr = AZ /A% 7

Energy scale:

>
2 x 1016 GeV]*

r ~ 0.1

GUT scale —>» 1 ~ (0.01 — 0.1

Slow-roll potential parameters:
M2 V/ 2 o /"
- ' pl ~ M= —
=y (V) Y
nse — 1 = 2n — 6¢ r = 16€

what does ng >~ 0.968 4= 0.006 imply?

¢* Inflation: R? Inflation:
best-fit 7 | 3o bound  best-fit » | 3¢ bound
0.13 [ 0.057 0.003 | 6 x 10~
Monodromy ¢: Natural Inflation:
best-fit » | 30 bound 30 bound
0.087 | 0.038 0.04
> ¢ Monoc?romy $2/3: Higgs-like Potential:
best-fit r» | 3¢ bound 30 bound
0.065 | 0.028 0.03
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B-modes and IGWs: Review

(Kamionkowski and EDK, Annual Review of A&A 2016)

* Biggest obstacle: Dust B-modes

Ideal S/N

Q: How rare is the
BICEP2 field?
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Confronting Dust B-modes: Before (or During)

(EDK and Kamionkowski, PRD 2015; EDK and Kamionkowski, New Astronomy 2016)

According to Planck estimates, there are better
patches, but with huge uncertainty.

Proposal: observe best candidate
patches from Planck with a higher-
frequency experiment (> 150 GHz )

-2.0 e e 1.0 10g,¢(7e)

— existing technology: O(1000) detectors. “BEORE: The B-mode
. Foreground Experiment”,
—> with 3 months (2 weeks) from the ground (a balloon), Niemack et al.,

upper bound on r can be reduced by as much as 70%!  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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Confronting Dust B-modes: After

What do we do after the fact?

Can we identify the presence of dust B-modes in a given map?

Dust B-modes are far from statistically isotropic:

.
————.

P LN

- — q’~’_—

-

i 7)) P "

It would be useful to develop an estimator to detect this!
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—> B-modes exhibit local hexadecapolar departure from statistical isotropy.
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Confronting Dust B-modes: After

(Kamionkowski and EDK, PRL 2014)
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Flat-sky estimator, constant orientation:

BICEP2/Keck sky patch



Confronting Dust B-modes: After

(Kamionkowski and EDK, PRL 2014)

Flat-sky estimator, constant orientation:

BICEP2/Keck sky patch



Confronting Dust B-modes: After

(Kamionkowski and EDK, PRL 2014; EDK, Dvorkin and Kamionkowski, in preparation)

Flat-sky estimator, general case:
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Confronting Dust B-modes: After

(EDK, Dvorkin and Kamionkowski, in preparation)

Full-sky estimator:
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« The quest for B-modes from Inflationary GWs

- Heat signatures of DM in the dark ages

Munoz, EDK and Ali-Haimoud, Phys. Rev. D92 (2015)
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The 21-cm Signal: Lightning Review

Parallel Antiparallel

Recombination

neutral hydrogen

1100
Hydrogen hyperfine

structure
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Game of Temperatures:

TovB

0
Tgas y 4

n
— = 3exp(—E10/kBTipin)

Spin Temperature: 1o
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The 21-cm Signal: Lightning Review

Time dependence of different temperatures:

At z > 200: Tomp ~ Tyas ~ Tspin (Compton scattering off remaining electrons)
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The 21-cm Signal: Lightning Review

Time dependence of different temperatures:

At z > 200: Tomp ~ Tyas ~ Tspin (Compton scattering off remaining electrons)

At z < 200: Toup ~ (1 + Z)_l ; Loas ~ (1 -+ Z)_2 (Gas decouples from CMB, cools adiabatically)
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The 21-cm Signal: Lightning Review

Time dependence of different temperatures:

At z > 200: Tomp ~ Tyas ~ Tspin (Compton scattering off remaining electrons)

At z < 200: Toup ~ (1 + Z)_l ; Loas ~ (1 -+ Z)_2 (Gas decouples from CMB, cools adiabatically)

Until 2 ~ 30: First, Ty,i, ~ Tgas (Coliisions in the IGM). Then: Tgpin — TomB
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The 21-cm Signal: Lightning Review

Time dependence of different temperatures:

At z > 200: Tomp ~ Tyas ~ Tspin (Compton scattering off remaining electrons)

At z < 200: Toup ~ (1 + Z)_l ; Lgas ~ (1 -+ Z)_2 (Gas decouples from CMB, cools adiabatically)

Until 2 ~ 30: First, Ty,i, ~ Tgas (Coliisions in the IGM). Then: Tgpin — TomB

Absorption: Tspin < IcoMmB
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The 21-cm Signal: Lightning Review

Time dependence of different temperatures:

At z > 200: TCMB ~ Tgas ~ Tspin

At z < 200: Toup ~ (1 + Z)_l ; Lgas ~ (1 -+ Z)_2 (Gas decouples from CMB, cools adiabatically)

Until z ~ 30: First, Tspin ~ Tgas (Collisions in the IGM). Then: Tspin — ToMB

Absorption: Tspin < IcoMmB

We measure a brightness temperature:

TS in_TCMB
151 ~ p1+z T
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Dark Matter: Direct and Indirect detection

Detecting DM:

Direct detection experiments are not sensitive to low m,, .
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Dark Matter: Direct and Indirect detection

Direct detection

X > 4
DeteCting DM: Production Indirect
at colliders detection
Y
P P

Direct detection experiments are not sensitive to low m,, .

What about cosmological constraints?

Consider a cross-section: ¢ = ogv"

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

Dvorkin, Blum & Kamionkowski (2014)

However, these are mostly effective for n > —3 . What about later times?
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* Focus on the temperatures of DM and baryons.

- Intuitively, we expect the coupling to cool down the baryons (equilibration).

 But relative velocity is important:
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Heating from DM-Baryon Scattering in Dark Ages

(Munoz, EDK and Ali-Haimoud, PRD 2015)

* Focus on the temperatures of DM and baryons.

- Intuitively, we expect the coupling to cool down the baryons (equilibration).

- But relative velocity is important:

2 2
e_gvxb,O/(2vrms)

73(be,O) —

Vrms = 29km /s Tseliakovich & Hirata (2010)

27,2 \3/2
( 3 Urms) / at decoupling, then
redshifts away
1 b 3 3
- Conservation of energy: 5 PxP vib + §”xTx + ianb — const
Pm

—> dissipation of kinetic energy into thermal energy:

Ty, +2HT, = Uo(Ty —T1p) + Ty (T — Tb)[_l_F(v)Q(b)j

TX 2HT, = (np/ny) Ty (T — Tx)[ G(”ib))
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(Munoz, EDK and Ali-Haimoud, PRD 2015)

Heating effect: global signal
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Heating from DM-Baryon Scattering in Dark Ages
(Munoz, EDK and Ali-Haimoud, PRD 2015)

Heating effect: global signal
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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.
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Heating from DM-Baryon Scattering in Dark Ages

(Munoz, EDK and Ali-Haimoud, PRD 2015)

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.
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« The quest for B-modes from Inflationary GWs

» Heat signatures of DM in the dark ages

- Star formation rates from intensity mapping

Breysse, EDK and Kamionkowski, MNRAS 443 (2014)
Breysse, EDK and Kamionkowski, MNRAS 452 (2015)

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

Definition: 3D mapping of the specific intensity due to line emission.

21-cm: CHIME,
SKA, HERA,...

y [deg]

-05 0.0
X [deg]

Several experimental efforts are geared towards intensity mapping:

Lya: SPHEREX

Cll: TIME,...

CO: COPSS,
COMA(P)....
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Intensity Mapping: Power Spectrum

The predicted form of the power spectrum:

Pline(ka Z) —

b*(2) P (k, 2)

1

Galaxies are
biased tracers
of dark matter



Intensity Mapping: Power Spectrum

The predicted form of the power spectrum:

Pline(k, 2) = (Thine)" (2)b° (2) P (K, 2)

1

Convert from
galaxy spectrum
to line spectrum



Intensity Mapping: Power Spectrum

The predicted form of the power spectrum:

Pline(ka Z) — <Eine>2(z)b2(z)Pm(k7 Z) =+ Pshot (Z)

1

We measure emission
from discrete sources



Intensity Mapping: Power Spectrum

The predicted form of the power spectrum:

Pline(ka Z) — <ﬂine>2(z)b2(z)Pm(k7 Z) =+ Pshot (Z)

m— Ul Spectrum
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(Breysse, EDK and Kamionkowski, MNRAS 2014)

The signal-to-noise depends on the model: L., = AcoMPc°
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Line foregrounds: higher frequencies from lower redshifts shifted into window.

These tend to be brighter —> is bright-pixel masking a solution?
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(Breysse, EDK and Kamionkowski, MNRAS 2015)

Line foregrounds: higher frequencies from lower redshifts shifted into window.

These tend to be brighter —> is bright-pixel masking a solution?

CO (HCN) Ly (Ha,Cll,Cll)  Cll (CO@3-2),C04-3)...)

oo i)

logil) (Jyisn

logiD (Jyfsn

T 2 |
4

-2 0
log(T) (uK)



Intensity Mapping: Interlopers

(Breysse, EDK and Kamionkowski, MNRAS 2015)

Line foregrounds: higher frequencies from lower redshifts shifted into window.

These tend to be brighter —> is bright-pixel masking a solution?

CO (HCN) Ly (Ha,Cll,Cll)  Cll (CO@3-2),C04-3)...)

T 2 i |
-2 0 2 4 -
logil) (Jyisn

oM k) ~logh (yks)

T 2 |
4

-2 0
log(T) (uK)



Intensity Mapping of CO: One-Point Statistics

(Breysse, EDK and Kamionkowski, MNRAS Lett. 2016)




Intensity Mapping of CO: One-Point Statistics

(Breysse, EDK and Kamionkowski, MNRAS Lett. 2016)

* An alternative to the power spectrum is the one-point PDF:



Intensity Mapping of CO: One-Point Statistics

(Breysse, EDK and Kamionkowski, MNRAS Lett. 2016)

* An alternative to the power spectrum is the one-point PDF:




Intensity Mapping of CO: One-Point Statistics

(Breysse, EDK and Kamionkowski, MNRAS Lett. 2016)

* An alternative to the power spectrum is the one-point PDF:




Intensity Mapping of CO: One-Point Statistics

(Breysse, EDK and Kamionkowski, MNRAS Lett. 2016)

An alternative to the power spectrum is the one-point PDF:

noise
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Intensity Mapping of CO: Fisher Analysis

(Breysse, EDK and Kamionkowski, MNRAS Lett. 2016)
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It’s important to constrain star-formation history at high-redshifts.
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It’s important to constrain star-formation history at high-redshifts.
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» Heat signatures of DM in the dark ages

- Star formation rates from intensity mapping

- Empowering galaxy surveys

EDK, Raccanelli, and Rahman, in preparation
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Large deep surveys lack redshift information.

How to recover z7 Clustering-based redshift estimation! Ménard et al. (2013)

Matching on-sky structure in
reference redshift slice with
selected (unknown) sample

<6ref . 6111‘11(110WI'1>

Metric: 2-point correlation function
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Cosmology with Clustering Redshift Estimation

(EDK, Raccanelli, and Rahman, in preparation)

—> Can we do Cosmology with this? You bet!

Parameterizing the dark energy equation-of-state as: w(a) = wg + wa(1 — a)

Our error forecast: wg = 1 £0.038841 (better than combined CMB + low-2)

Radio Continuum Constraints with Clustering Redshift Estimation
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Cosmology in the Data Driven Era

Inflation Dark matter Dark energy Growth of Structure
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Cosmology in the Data Driven Era

Inflation Dark matter Dark energy Growth of Structure
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Probing the dark sector in new dimensions: t

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.

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

Is there a potential for discovery here?
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Tidal Compression of Dark Matter Clumps

(Ali-Haimoud, EDK and Silk, PRD 2016)

Purely phenomenological questions:

Q: What happens if a dark matter clump penetrates
the tidal sphere of a super-massive black hole?

A: It will be undergo compression!
orbital-plane: stretching/compression
z-direction: maximum compression

Q: What if dark matter is self-annihilating?

Direct detection

A: annihilation flux will be boosted:

2
M

Nyn = (o0) /d‘gr,o(?”')2 Flares!
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e N (o) ()0
DM annihilation: N, = — d°rp(r)? P M x AN A,

m
X X
77N
Nﬁ ~0.9 S-wave
X 4 62 p-wave
—> ~1000 photons per week for certain parameter choices. B4 d-wave
\

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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