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Standard Model Neutrinos

Number of species of weakly
interacting neutrinos (3)

a hundred quadrillion cosmic neutrinos passing through
this screen every second



Sterile Neutrinos produced via oscillations

Rate = l sin” (20 I

2 weak

where the mixing
angle needs to be
computed in matter
and the usual

sin’(AE t) term
averages to % since 1204.5861
the interaction time e
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Indirect Detection

Extra neutrinos affect the energy density, and therefore
the expansion rate

Massive neutrinos contribute to the energy density
today so affect the formation of structure

Cold Dark Matter
Cold+ Hot Dark Matter




Neutrinos contribute to energy density of the
early Universe
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Anisotropies damp on small scales because
photons random walk

Other distances scale as H




Larger N4 leads to
more damping

Angular scale of acoustic
peaks (r/D) is known
precisely
Angular scale of damping
(r,/D) measured recently
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Effect on CMB Spectrum

C4oo(Ne1f) = CZES‘

fixing Qyh% zgq Bs
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Decreased
by early-time ISW
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Consistency

WMAP & SPT - | vs. DI

SPT+WMAP lead to N4 =3.6210.48, a 7.5 sigma detection
of the neutrino background



Current Constraints

SPT+WMAR7 |

More damping than
expected in CMB tail; only
way to fit in Standard
Model is to decrease D, in
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Adding N_«leads to better fit :
3.71+0.35
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Current Constraints
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Several 1-sigma E s CMB+BAO +SPTo,
hints combine to : %\ === CMB+BAO+Hy
. . . 5 2 +SPT¢g
give a 3-sigma
“detection”:
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Future Constraints
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Structure

current energy density of massive neutrinos

Neutrinos have relatively large thermal velocities so do not cluster on small
scales. This non-clustering component could be as large as 10% of the total
matter, so inhibits the formation of large scale structure.

Cold+ Hot Dark Matter

Cold Dark Matter




Structure

Growth of structure delicate balance between gravitational
instability and expansion

Potentials remain constant if all matter participates
Potentials decay if some of the matter does not cluster

So clumpiness in the universe is very sensitive to the total
mass density of all neutrinos:




guantify this with the
power spectrum, or the
dimensionless k3P(k).
When this dimensionless
number is less than one,
inhomogeneities are
linear

Structure




Structure

Lyman alpha

«QED /QCD~

SDSS Galaxies
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Probes of Structure

Probe

Current

> mu (eV)

Forecast

> my (eV)

Key Systematics

Current Surveys

Future Surveys

CMB Primordial

1.3

0.6

Recombination

WMAP, Planck

None

CMB Primordial +
Distance

0.58

0.35

Distance
ments

measure-

WMAP, Planck

None

Lensing of CMB

0.2-0.05

NG of Secondary

anisotropies

Planck, ACT

SPT [96]

39,

EBEX [57],
SPTPol,
BEAR [5],
(6]

ACTPol,
POLAR-
CMBPol

Galaxy Distribution

Nonlinearities, Bias

SDSS [58, 59], BOSS
[82]

DES [84], BigBOSS [81],
DESpec [85], LSST [92],
Subaru PFS [97], HET-
DEX [35]

Lensing of Galaxies

Baryons, NL, Photo-
metric redshifts

CFHT-LS [23], COS-
MOS [50]

DES [84], Hy-
per SuprimeCam,
LSST [92], Euclid [88],
WFIRST[100]

Lyman o

0.1

Bias, Metals,
continuum

QSO

SDSS, BOSS, Keck

BigBOSS([81], TMT[99],
GMT[89)]

21 cm

0.1 — 0.006

Foregrounds, Astro-
physical modeling

GBT [11], LOFAR
01, PAPER [53],
GMRT [86]

MWA [93], SKA [95),
FFTT [49]

Galaxy Clusters

Mass Function, Mass
Calibration

SDSS, SPT., ACT,
XMM [101] Chan-
dra [83]

DES, eRosita [87], LSST




CMB Lensing

CMB photons from the last scattering surface are deflected (~“few
arcminutes) by coherent large scale structure (~few degrees)

Effect is not as dramatic in
real maps, but estimators
of non-Gaussianity extract
projected gravitational
potential

Hu 2002



Dark Energy and the CMB

ACT: Sherwin et al. 2011

— - WMAP
— WMAP + ACT-Lensing




SPT has 6 sigma detection

SPT: van Engelen et al. 2012
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with maps!




Conclusions

intriguing small scale CMB results; Planck to report in 2
weeks

CMB Lensing is blossoming with real hope of
eventually detecting neutrino mass in the cosmos



Current Constraints
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NINE-YEAR WILKINSON MICROWAVE ANISOTROPY PROBE { WMAP) OBSERVATIONS:
COSMOLOGICAL PARAMETER RESULTS [ .
G. aw’, D. Larson®, E. Komarsu™*®, D. N. SpERGEL™, C. L. BENNETT" A%, M.
H: . R. S. HiLL?, N. ODEGAR . Page™, K. M. Suv LAl
Kogur™, M. Limon'', 8. §. MEYER™", G. S.
ABSTRACT
We present cosmological parameter constraints based on the final nine-year WMAP data, in conjunc
o tion with a number of additional cosmological data sets. The WMAP data alone, and in combination,
— continue to be remarkably well fit by a six-parameter ACDM model. When WMAP data are combined
bt with measurements of the high-l cosmic microwave background (CMB) anisotropy, the baryon acous-
N tic oscillation (BAQ) scale, and the Hubble constant, the matter and energy densities, k%, Q.h?,
o and 1, are each determined to a precision of ~1.5%. The amplitude of the primordial spectrum is
as 4 measured to within 3%, and there is now evidence for a tilt in the primordial spectrum at the 5o level,
— confirming the first detection of tilt based on the five-year WMAP data. At the end of the WMAP
- mission, the nine-year data decrease the allowable volume of the six-dimensional ACDM parameter
o) space by a factor of 68,000 relative to pre- WMAP measurements. We investigate a number of data
combinations and show that their ACDM parameter fits are co :nt. New limits on deviations from
e~ the six-parameter model are presented, for example: the fractional contribution of tensor r 5 18
ot limited to r < 0.13 (95% CL); the spatial curvature parameter is limited to Q; = —0.0027~ : the
-, summed mass of neutrinos is limited to ) m, < 0.44 eV (95% CL); and the number of relativistic
.. species is found to lie within N.g = 3.84 £0.40, when the full data are analyzed. The joint constraint
o on N.g and the primordial helium abundance, Yy, agrees with the prediction of standard Big Bang
o nucleosynthesis. We compare recent Planck measurements of the Sunyaev-Zel'dovich effect with our
o seven-year measurements, and show their mutual agreement. Our analysis of the polarization pattern
o around temperature extrema is updated. This confirms a fundamental prediction of the standard
2! cosmological model and provides a striking illustration of acoustic oscillations and adiabatic initial
:' conditions in the early universe.
Subject headings: cosmic microwave background, cosmology: observations, early universe, dark matter, 1
| space vehicles, space vehicles: instruments, instrumentation: detectors, telescopes 3
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