








WHY DARK ENERGY?
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WHY DARK ENERGY?
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COSMIC COMPLEMENTARITY
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BUT WHY DARK ENERGY DIFFERENT FROM A?

Why is dark energy starting to dominate the

Why is A 120 orders : energy budget today?
of magnitude smaller S
than expected? "

4 )\
Note: 2 separate problems
that could be linked.
Acceleration and V.E. Even if
solve DE problem, need to
solve V.E. problem (v.v.)
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TWO APPROACHES IN THE DE GAME

® (CREATE SPECIFIC MODEL FOR DARK ENERGY FROM A
THEORETICALLY PLEASING STANDPOINT. USE
OBSERVATIONS TO EITHER RULE OUT OR CONSTRAIN
THE MODEL.

B (CLUMP ALL OF ABOVE MODELS INTO NON-V.E. CLASS.
TRY TO FIRST RULE OUT THIS COSMOLOGICAL
CONSTANT SCENARIO BY SEARCHING FOR W(z) # -1.

USE GENERALIZED PARAMETERIZATIONS.
.




EARLY DARK ENERGY

DORAN AND ROBBERS 2006
JOUDAKI AND KAPLINGHAT 2011
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E.g. DE from galaxy clustering measurements biased by 1-sigma (Linder & Robbers 2008).




PRESENT STATUS OF DE MEASUREMENTS
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WHILE CURRENT DATA FULLY CONSISTENT WITH ACDM, THEY DO NOT EXCLUDE
MORE EXOTIC MODELS OF DE IN WHICH THE DENSITY OR EOS VARY WITH TIME.
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PROBLEMS WITH NEUTRINO MASS
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FERMION MASSES IN GENERAL

ONE OF MAJOR MYSTERIES OF
SM. MEASUREMENT OF
NEUTRINO MASSES COULD
PROVIDE USEFUL NEW
PERSPECTIVE.

e ™
WHY NEUTRINO MASSES SO
MUCH SMALLER THAN
OTHER FERMIONS?

\ J

NEUTRINOS FUNDAMENTALLY
DIFFERENT?

NEUTRINO MASSES GENERATED BY A
DISTINCT DYNAMICAL MECHANISM?




ALLOWED MASS SCHEMES

solar
IH atmospheric
atmospheric
NH Sum of neutrino
solar

masses greater than

Sum of neutrino about 90 meV

masses greater than

about 60 meV ATMOSPHERIC: OM2 = 3 X 103 EV2

SOLAR: OM2 = 5 X 105 EV?2

SEE PARTICLE DATA GROUP

Laboratory experiments (such as FOR REFERENCES
double beta decay) and cosmology
should be able to probe this regime.




CURRENT LIMITS ON NEUTRINO MASS:

WMAP DRIVEN RESULTS
ALL RESULTS FROM WMAP TEAM
B8 COSMOLOGICAL CONSTANT (EOS=-1)+CDM+FLATNESS

B8 WMAP7: ) Mnu<1.4 (95% CL)

8 WMAP7+HUBBLE CONSTANT+BAO (SDSS): ZMNU<O.6
(95% CL)

@ DE WITH CONSTANT EOS (# -1)+CDM+FLATNESS

8 WMAP7+HUBBLE CONSTANT+BAO (SDSS): ZMNU<'I.3
(95% CL)

8@ WMAP7+SNE (CONSTITUTION)+BAO (SDSS): ZMNU<O.9
(95% CL)

2 WMAP7+LUMINOUS RED GALAXIES (SDSS)+HUBBLE
CONSTANT: ) Mnu<O.8 (95% CL)

® WMAP7+LUMINOUS RED GALAXIES (SDSS)+HUBBLE
CONSTANT+SNE (CONSTITUTION): Y Mnu<O.5 (95% CL)

WMAP7+ACT+BAO+HST
SIMULTANEOUSLY: Ngrr, EDE, CURVATURE, RUNNING:
> Mnu<1.5 (95% CL)

(JOUDAKI & KAPLINGHAT, IN PREP)




CURRENT LIMITS ON NEUTRINO MASS:

WMAP DRIVEN RESULTS
ALL RESULTS FROM WMAP TEAM
B8 COSMOLOGICAL CONSTANT (EOS=-1)+CDM+FLATNESS

B8 WMAP7: ) Mnu<1.4 (95% CL)

8 WMAP7+HUBBLE CONSTANT+BAO (SDSS): ZMNU<O.6
(95% CL)

@ DE WITH CONSTANT EOS (# -1)+CDM+FLATNESS

8 WMAP7+HUBBLE CONSTANT+BAO (SDSS): ZMNU<'I.3
(95% CL)

8@ WMAP7+SNE (CONSTITUTION)+BAO (SDSS): ZMNU<O.9
(95% CL)

2 WMAP7+LUMINOUS RED GALAXIES (SDSS)+HUBBLE
CONSTANT: ) Mnu<O.8 (95% CL)

® WMAP7+LUMINOUS RED GALAXIES (SDSS)+HUBBLE
CONSTANT+SNE (CONSTITUTION): Y Mnu<O.5 (95% CL)

FOR COMPARISON, TRITIUM DECAY
(KRAUS ET AL 2004):
Mve< 2 EV (95% CL)




FUTURE OF LABORATORY CONSTRAINTS

8 KINEMATIC: KATRIN
(TRITIUM [3 DECAY)
(p+2n—>2p+n+e_ +De)
® AIM: M, < 0.2 EV AT

95% CL.

@ NEUTRINOLESS DOUBLE
BETA DECAY:

(E.G. GERDA, SNO+, MAJORANA, DUSEL, INO) /’ \ “\
u u
| \ | \
® TEST IF NEUTRINOS ARE nd: dip
!
MAJORANA PARTICLES d u

@ NEXT GEN ~ 100 MILLI-
EV TO 10 MILLI-EV IN
DOUBLE BETA DECAY
MASS







ARXIV:1106.0299

Dark Energy and Neutrino Masses from Future Measurements of the
Expansion History and Growth of Structure

Shahab Joudaki, Manoj Kaplinghat
Center for Cosmology, Dept. of Physics & Astronomy, University of California, Irvine, CA 92697
(Dated: June 3, 2011)

We forecast the expected cosmological constraints from a combination of probes of both the
universal expansion rate and matter perturbation growth, in the form of weak lensing tomography,
galaxy tomography, supernovae, and the cosmic microwave background incorporating all cross-
correlations between the observables for an extensive cosmological parameter set. We allow for non-
zero curvature and parameterize our ignorance of the early universe by allowing for a non-negligible
fraction of dark energy (DE) at high redshifts. We find that early DE density can be constrained
t0 0.2% of the critical density of the universe with Planck combined with a ground-based LSST-like
survey, while curvature can be constrained to 0.06%. However, these additional degrees of freedom
degrade our ability to measure late-time dark energy and the sum of neutrino masses. We find that
the combination of cosmological probes can break degeneracies and constrain the sum of neutrino
masses to 40 meV, present DE density also to 0.2% of the critical density, and the equation of state
to 0.01 — roughly a factor of two degradation in the constraints overall compared to the case without
allowing for early DE. The constraints for a space-based mission are similar. Even a modest 1% dark
energy fraction of the critical density at high redshift, if not accounted for in future analyses, biases
the cosmological parameters by up to 20. Our analysis suggests that throwing out nonlinear scales
(multipoles > 1000) may not result in significant degradation in future parameter measurements
when multiple cosmological probes are combined. We also find that including cross-correlations
between the different probes should result in better constraints by up to a factor of about 2 for the
sum of neutrino masses and early dark energy density.




COSMOLOGICAL PROBES OF DARK
EBNERGY AND NEUTFRINO MASS
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COVARIANCE MATRIX [% Qo 2 Zm(eV) no g
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AND LOW-Z PROBES. FUNCTIONS OF P(K) AND DISTANCES.

FIRST TIME SUCH A COMPREHENSIVE FUTURE DATASET
INCLUDING BOTH AUTO AND CROSS CORRELATIONS ANALYZED.
S TOUGH, BUT KIND OF COSMOLOGICAL DATA WE WILL HAVE.
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CLOSER LOOK: WEAK LENSING TOMOGRAPHY

MOST POTENTIAL TO CONSTRAIN DARK ENERGY: DETF 2006

GRAVITATIONAL LENSING MAGNIFIES (CONVERGENCE=%) AND DISTORTS THE
SHAPE (SHEAR=Y) OF GALAXIES. IN THE WEAK LENSING LIMIT: [Y[, [%] << 1.

IN THE WEAK LENSING REGIME THESE PERCENT-LEVEL MAGNIFICATIONS AND
SHAPE DISTORTIONS OF GALAXIES NEED TO BE ANALYZED STATISTICALLY.

QObserver’s pla;z"‘e Cluster of galaxies Source|
s i ; : Convergence alone

Source

<

Weak Lensing -

(Arclets) . Convergence + Shear
ey Statistical Distortions

- (Small ellipses) Bartelmann & Narayan (1996)

B. Jain (www.hep.upenn.edu/~bjai ing.html)




WEAK LENSING POWER SPECTRUM

MEASURE SHEAR ON THE SKY. PLOT SHOWS FOURIER
TRANSFORM OF CORRELATIONS IN SHEAR, AGAINST

ANGULAR SCALE.
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FROM WHERE ARE WE GETTING THE INFO?
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IMPACT OF DE AND NEUTRINOS ON
DISTANCES AND MATTER POWER SPECTRUM
DARK ENERGY INCREASES DISTANCES BETWEEN OBJECTS.

NEUTRINOS CANNOT BE DISENTANGLED FROM BARYONS
AND CDM IN DISTANCE MEASUREMENTS (E.G. SNE).

10°

As =2.445x 107 constant

P, [(Mpc/h)°]

2
10°F —— wCDM linear *
—— wCDM with Halofit A\
_ .EDElinear: @ =0.04 -> o, =0.6718
— — - EDE with Halofit
10‘ -4 ‘»3 ‘»2 ‘»l ‘0
10 10 10 10 10
k [h/Mpc]

HOLLENSTEIN 2009




OVERDENSITIES W/ MASSIVE NEUTRINOS
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SYSTEMATIC UNCERTAINTIES IN WL

Optimism with lensing predicated on overcoming vast systematic
uncertainties in measurement and theory.

NONLINEAR MATTER POWER SPECTRUM -- DE (McDoNALD 2006),
NEUTRINOS (SAITo ET AL 2009), BARYONS (RUDD 2007, DALEN 2011)

SN FEEDBACK, RADIATIVE HEATING/
COOLING, STAR FORMATION, AGN FEEDBACK
REDUCED SHEAR (DODELSON 2005, SHAPIRO 2009: 1-SIGMA BIASES)

g=7/(1-k)

PHOTOMETRIC REDSHIFT UNCERTAINTIES (MA 2005, HUTERER 2006)

> SPECTROSCOPIC SAMPLE 10%-10° GALAXIES
(AMARA & REFREGIER 2006)

SHEAR CALIBRATION ERRORS & PSF ANISOTROPIES (HUTERER ET AL 2006),
HIGHER ORDER CORRECTION TERMS TO LENSING INTEGRAL (E.G. BORN
APPROX: COORAY & HU 2004), INTRINSIC ALIGNMENTS (HIRATA & SELJAK 2004)

JOINT ANALYSES MAY SELF-CALIBRATE SYSTEMATICS
(E.G., JAIN & HU 2004, ZENTNER ET AL 2007)

ADDITIONAL INFORMATION MAY BE EXTRACTED FROM
WL MAPS (E.G. BPT FCN (Takapa & JAIN 2004))







EXPLORED SURVEY PROPERTIES:
WL AND SNE

4 )\
LARGE-SCALE STRUCTURE SURVEY PROPERTIES

Probe ) L A G T G = AR P s Ny e

LSST 0.5 50 1.0 0.22° 3000 5
JDEM 0.1 100 1o 022 00 )
LSST1000 0.5 50 L0 22 1000 5
JDEMip00 0.1 100 1.0 0.22 1000 5

300 SNE FOR Z<O0.1
JDEM: 2000 SNE 0.1<z<1.7
LSST: 300,000 SNE 0.1<z<0.8
INTRINSIC NOISE: O.1

SYSTEMATIC FLOOR O O.01(1+Z)/2.7




ESFEORED SURVEY PROPERTIES:
GALAXIES AND CMB

ONLINEAR CUTOFFS IN GALAXY SURVEYS
Bin 1 2 3 4 5)

b Oeas O 1.8 LT 25
Kmax  0.11 0.14 0.17 0.21 0.29
Cmax 120 320 490 720 1200

( CMB SURVEY PROPERTIES )
Experiment Channel FWHM AT/T x 10° AP/T x 106
Planck 100 10 25 40

143 ol 16 30
217 5.0 24 49
EPIC-2m 100 8.0 0.84 1.19
150 510 0.81 1Ll
220 3.5 1.24 1.75




FISHER MATRIX

How ACCURATELY CAN WE ESTIMATE MODEL
PARAMETERS FROM GIVEN DATA SET?

BASIC BUILDING BLOCK: LIKELIHOOD FUNCTION, DEFINED AS PROBABILITY
THAT GIVEN EXPERIMENT WOULD GET THE DATA IT DID GIVEN A THEORY.

B0 = In L) + & i

Hainen b
§W|A=x(>\—/\)2 /_>

A1
e 0C,T
BN AL Tr [C 1—¢C 1—]+
B z/: {7 apa 0 8p,3

Fisher (1935); Tegmark et al (1997); Dodelson (2003)




FISHER MATRIX

How ACCURATELY CAN WE ESTIMATE MODEL
PARAMETERS FROM GIVEN DATA SET?

BASIC BUILDING BLOCK: LIKELIHOOD FUNCTION, DEFINED AS PROBABILITY
THAT GIVEN EXPERIMENT WOULD GET THE DATA IT DID GIVEN A THEORY.

apa Za_m

= A, 2V(F)
B = In LO) + . "
18°InL e 5
Ci) gl i g olsHe)
Cf(:ﬂc{ﬂ} cf;cm C{;CT 0 C{;c(g} 2/\/P"
Cy, = CZT{N} Cz%c C[TT CZ‘E CZT{Q}
0 0 O
Ce{g}{n} Cl{g}wc CZ{H}T 0 Ce{y}{y} A1
mtto] @i i e
total __ —1 2 Z—1l L
B D AL Tr [Ce —C +
/

Fisher (1935); Tegmark et al (1997); Dodelson (2003)




JOINT ANALYSIS WITH FUTURE MEASURES OF
STRUCTURE FORMATION AND EXPANSION RATE

0.055

o(Q) ~6x 1074
< 0.027F 3 | O—(Qe) il 0002
A | Zmy ~ 35 meV

0.47

0.24

Im, (eV)

—0.061 0 0.061
LSST O JOUDAKI AND KAPLINGHAT (2011)




JOINT ANALYSIS WITH FUTURE MEASURES OF
STRUCTURE FORMATION AND EXPANSION RATE
0.470
e - e . e
./., \
L 0,235 "\‘ !
< 0.027F . 3 % \\. :
5 O'TOOO 8 I i
0.47] 0.000 0.027
Qe
= S —4
2024 O'(Qk) ~ 6 x 10
i g (0 =t 0:002
0 ’ E m, ~ 35 meV
-0.061 0.061
(20 MILLI-EV WITHOUT EDE)
LSST

JOUDAKI AND KAPLINGHAT (2011)

0.054




JOINT ANALYSIS: EARLY DARK ENERGY

DOMINANT CONSTRAINT FROM CMB: WITHIN 1% FROM
PLANCK

CONSTRAINT IMPROVES BY FACTOR 4 IN JOINT ANALYSIS
(ALL PROBES + ALL CROSS-CORRS)

LATE-TIME DE DEGRADED BY ADDITIONAL DOF FROM
EDE: 0.002 IN DENSITY AND 1% IN EOS. FACTORS 2 AND
3 WORSE THAN W/ EDE FIXED.

THROWING OUT NONLINEAR SCALES ({>1000) MAY NOT
RESULT IN SIGNIFICANT DEGRADATION. INCLUDING
CROSS-CORRS IMPROVES DE DENSITY AND SUM OF
NEUTRINO MASSES BY FACTOR OF 2.

EVEN MODEST 1% EDE, IF NOT ACCOUNTED FOR, MAY
SHIFT DE ESTIMATES BY 1 - 2 SIGMA.




JOINT ANALYSIS: MASSIVE NEUTRINOS

DOMINANT CONSTRAINT FROM CMB LENSING: 0.2 EV
FROM PLANCK

CONSTRAINT IMPROVES BY FACTOR 5 IN JOINT ANALYSIS
WITH PLANCK

THE JOINT CONSTRAINTS IMPROVE BY FACTOR <2 WHEN
EDE IS NOT ALLOWED TO VARY.

THESE CONSTRAINTS UNAFFECTED BY OUR IGNORANCE
OF CURVATURE, WHICH CAN BE CONSTRAINED TO 6 X 103
BY CMB T+LENSING ALONE, AND IMPROVED BY ORDER OF
MAGNITUDE IN THE JOINT ANALYSIS.

EVEN MODEST 1% EDE, IF NOT ACCOUNTED FOR, MAY
SHIFT ESTIMATES OF NEUTRINO MASS SUM AND NUMBER
BY 20-40%.




EPIC-2M

8 PROPOSED FUTURE CMB MISSION. WITH UP TO 40%
INCREASED RESOLUTION AND FACTOR OF 30 LOWER
NOISE IN AN INDIVIDUAL BAND THAN PLANCK, THE
EPIC-2M SURVEY SHOWS IMPROVED CMB CONSTRAINTS
ACROSS THE BOARD.

@ SUM OF NEUTRINO MASSES AND DARK ENERGY
CONSTRAINTS IMPROVED BY FACTOR >2 FROM CMB
TEMPERATURE+LENSING COMPARED TO PLANCK.

@ JOINT ANALYSIS CONSTRAINTS ALSO SHOW SUBSTANTIAL
GAINS COMPARED TO PLANCK - ABOUT 30% IN DE, 40%
IN SUM OF NEUTRINO MASSES, AND UP TO FACTOR 2 IN
OTHER PARAMETERS.




FVIDE OR DEEP?
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LSST BETTER AT WEAK LENSING, WHILE
JDEM BETTER AT SNE. COMBINED
CONSTRAINTS EFFECTIVELY THE SAME.




How MANY DE EOS PARAMETERS (NO EDE)?

FOR EXPLORING PHYSICS BEHIND ACCELERATION,
CRUCIAL QUESTION IS HOW MUCH CAN WE LEARN ABOUT
DYNAMICS THROUGH NEXT-GENERATION EXPERIMENTS.

LINDER & HUTERER (2005): 2 AT <10%
(CMB+SNE+WL)

SARKAR, SJ, ET AL (2007): 4 AT 5-10%
(CMB+SNE+BAO)

JOUDAKI & KAPLINGHAT (2011): 1 AT 0.3%
OR 10 AT 1% (CMB+SNE+GALAXIES+WL
+CROSS-CORRELATIONS). INCLUDING
NEUTRINO MASS AND CURVATURE.




How MANY NEUTRINOS?

8 WMAP7+ACT+BAO+HST: Ner = 4.56 +/- 0.75

DUNKLEY ET AL (2011)

HOWEVER, WE KNOW NEUTRINOS HAVE MASS. MOREOVER,
INCLUDING CONSTANT W, RUNNING, CURVATURE:

8 WMAP7+ACT+BAO+HST: Nger = 3.84 +/- 1.09

JOUDAKI & KAPLINGHAT (IN PREP)

CMB:
NEFF = +/' 0-2.8

ALL:
NEFF = +/- 0.09

INCLUDES NEUTRINO MASS,
EDE, CURVATURE, ETC

S

-
-

Y

0.054

JOUDAKI AND
KAPLINGHAT (2011)




NEUTRINO MASS FORECASTS
03

CMB lensing (Planck)

Inverted

Sum of neutrino masses (eV)

[ ] [ AARRRRRRRRRRRRNNRRERNY)
CMB lensing (Planck)
fixing Curvature and
Early Dark Energy

Normal CMB lensing, Weak lensing,
Galaxy power spectrum, SNe
0.04
0.001 0005 001 002 005 0.

Lightest Neutrino Mass (eV)

JOUDAKI AND KAPLINGHAT (2011)




COMPLEMENTARITY WITH DOUBLE BETA
DECAY EXPERIMENTS

0.500

JOUDAKI AND KAPLINGHAT (2011)

Double beta decay mass (eV)

0.001

0.100¢
0.050¢

0.010¢
0.005}

CMB lensing,
Weak lensing,
Galaxy power
spectrum, SNe

CMB lensing
(Planck) fixing
Curvature and
Early Dark
Energy

CMB
lensing
(Planck)

0.05

0.10

=
[\}
S

0.50

Sum of neutrino masses (eV)




COMPLEMENTARITY WITH BETA DECAY
EXPERIMENTS

Jj K (2011)
0500 ; 3 : : OEUDAKI AND APLI'NGHAT.
b e T
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2 e
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CONCLUSIONS AND NOTES

B PRESENT DATA IS CONSISTENT WITH A COSMOLOGICAL
CONSTANT, ALBEIT WITH LARGE ERROR BARS.

B COSMOLOGY CAN CONSTRAIN DARK ENERGY AT BOTH HIGH
AND LOW REDSHIFT TO PART IN THOUSAND LEVEL PRECISION.

B NOT ACCOUNTING FOR DE AT HIGH REDSHIFT MAY BIAS LOW
REDSHIFT DARK ENERGY CONSTRAINTS BY 1-2 SIGMA.

® PRESENT DATA SUGGEST SUM OF NEUTRINO MASSES LESS
THAN ABOUT 1 EV.

# COSMOLOGY CAN PROBE SUM OF NEUTRINO MASSES DOWN TO
AN EXQUISITE 0.04 EV EVEN WHEN ALLOWING FOR NON-FLAT
GEOMETRY AND UNKNOWN HIGH REDSHIFT UNIVERSE.
COMPLEMENTARITY WITH LABORATORY EXPERIMENTS WILL BE
VERY INTERESTING.
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Primordial non-Gaussianity from the 21 cm Power Spectrum
during the Epoch of Reionization
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(Dated: August 12, 2011)

Primordial non-Gaussianity is a crucial test of inflationary cosmology. We consider the impact
of non-Gaussianity on the ionization power spectrum from 21 cm emission at the epoch of reion-
ization. We focus on the power spectrum on large scales at redshifts of 7 to 8 and explore the
expected constraint on the local non-Gaussianity parameter fi, for current and next-generation 21
cm experiments. We show that experiments such as SKA and MWA could measure fni values of
order 10. This can be improved by an order of magnitude with a fast-Fourier transform telescope

like Omniscope.
: PRL 107, 131304 (2011)




INFLATION
V(o)

( INFLATIONARY EPOCH IN
EARLY UNIVERSE AS
SOLUTION TO HORIZON AND

 FLATNESS PROBLEMS.

(LASTING AT LEAST 60 E-FOLDS)
RESULTING IN ALMOST
GAUSSIAN SCALE-INVARIANT

\__DENSITY PERTURBATIONS.

$cMB dend reheating
——
Ag

( POWERFUL MECHANISM TO DISTINGUISH BETWEEN

INFLATIONARY MODELS IS AMPLITUDE AND SCALE DEPENDENCE|
\_. OF MILD NG IN PERTURBATIONS OF PRIMORDIAL DENSITY.

CANONICAL SINGLE FIELD INFLATION PREDICTS |FNL| SSRRTe
WHILE EVOLUTION AFTER INFLATION GENERATES Fn. ~ 1.

GUTH 1981 MALDACENA 2003
LINDE 1982 LIGUORI ET AL 2006




SCALE-DEPENDENT BIAS FROM PRIMORDIAL NG

( N\

B (x) = d(x) + fur (97 (%) — (¢?))

(DOMINANT FOR SQUEEZED TRIANGLES: k3 < ko & k1)

(SNG — —(3Qm/2ar%{)v2¢>NG

V20na = V3¢ + 2/NL[0V20 + [Vo|?]

.

[5NG ~ 01 + 2fNL¢]J <

== Abu(k, 2) = 3(bn — 1) fxr. 2 H3S/ (DB (K))

J/

DALAL ET AL 2008
MATARRESE & VERDE 2008




(PRESENT Fy. CONSTRAINTS)

Fne = 32 £ 21 (WMAP7: KOMATSU ET AL 2011)
Fne = 28 = 23 (SDSS: SLOSAR ET AL 2008)

(FUTURE Fy. CONSTRAINTS)

PLANCK TTT: O(FnL) ~ 5 (BLUEBOOK 2006)
GG+GT: CARBONE & VERDE (2008)

{ survey ] z range sq deg mean galaxy density (h/Mpc)? rAfNL]
SDSS LRG'’s 0.16 < z < 0.47 7.6 x 103 1.36 x 10~4 40
BOSS 0<2<0.7 10* 2.66 x 10~% 18
WFMOS lowz | 05<2z<13 2x10° 4.88 x 1074 15
WFMOS highz| 23<2<33 3x102 4.55 x 1074 17
ADEPT 1<7<9 2.8 x 10* 9.37 x 1074 1.5
EUCLID W<z<? 2 x 104 1.56 x 1073 1.7
DES WR=z<18  FxilP 1.85 x 1073 8
PanSTARRS 0<z<12 3 x 104 72 s 1= 3.5
LSST 03<2<36  3x10* 2.77 x 103 0.7

CLUSTER COUNTS: O(FnL) ~ 5 (CUNHA ET AL 2010)
21 CcM BISPECTRUM: O(Fn.) = 1 (PILLEPICH ET AL 2007)
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B CM LINE

MAIN OBSERVABLE: FLUCTUATIONS IN 21 CM
BRIGHTNESS TEMPERATURE FROM VARIATIONS
IN HYDROGEN DENSITY AND NEUTRAL FRACTION

PAT(k, Z) — @55(’6, Z) — 2(@3;5(]6, Z) iy @m;(k, Z)
+2 [‘9255(k7 Z) = 32965(]672)] :u2 ar 955(]{7, z),u4

Hydrogen hyperfine Nuclear Electron
structure spin spin
1s ] t t
— 15.9 x10 Cev
A t {
1420 MHz

A=21cm

UNIQUE SIGNATURE
ON HOW NEUTRAL
HYDROGEN EVOLVED
FROM LSS TO
COMPLETE
REIONIZATION

FURLANETTO ET AL 2006




BUBBLE GROWTH - BIASED TRACERS
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SANTOS ET AL 2008




SCALE-DEPENDENT BIAS FROM PRIMORDIAL NG

DALAL ET AL (2008)

== Aby(k,2) = 3@n)~ 1) incQmHH) (D(2)k*T(K))

JOUDAKI ET AL (2011)

== Ab,(k,2) = 3(bs)— 1) v HIPB/ (D(2)k*T (k)

\\>

ywé/y&s = ba: i Abxa 3290:5/3255 = (bx +Abx)2

B BIAS INCREASES LINEARLY WITH Fy..

B BIAS INCREASES WITH SCALE As 1/K2.

® BIAS INCREASES WITH REDSHIFT AS (1+Z). EVNEAL, B AL HOEH
MATARRESE & VERDE 2008




BIAS IN THE IONIZATION SPECTRUM

SIMULATIONS OF THE IONIZATION DISTRIBUTION DURING EOR.
BOX OF COMOVING LENGTH 3000 MPC.
INITIAL MATTER DENSITY FIELD FROM NG POTENTIAL.
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JOUDAKI ET AL 2011




BIAS IN IONIZATION-DENSITY SPECTRUM
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LOwW FREQUENCY ARRAY (LOFAR)

PRIMARILY IN NETHERLANDS.

77 LARGE (DIAMETER ~ 100 M) STATIONS,
EACH WITH THOUSANDS OF ANTENNAE. SIGNAL
FROM STATIONS CORRELATED TO FORM IMAGE.

PRESENTLY AT CALIBRATION STAGE.

LOFAR.ORG




MURCHISON WIDEFIELD ARRAY (MWA)

BUILT IN WESTERN AUSTRALIA. 500
4AMX4M STATIONS, EACH WITH 16
CORRELATED ANTENNAE. AT LEAST 3
YEARS UNTIL DATA COLLECTION.

MWATELESCOPE.ORG




SQUARE KILOMETER ARRAY (SKA)

BUILT EITHER IN WESTERN AUSTRALIA OR
SOUTH AFRICA. 7000 SMALL ANTENNAE.
FIRST LIGHT AROUND 2020.

SKATELESCOPE.ORG




OMNISCOPE

FAST-FOURIER TRANSFORM TELESCOPE, WHICH
CORRELATES ALL OF ITS ANTENNAE. ONE MILLION
1Mx1M ANTENNAE IN CONTIGUOUS NUCLEUS.
PROTOTYPE STAGE.

TEGMARK & ZALDARRIAGA 2010




CURRENT AND FUTURE EXPERIMENTS

LOFAR
(NUCLEUS = CORE = ANNULUS) ....................... Em\
--=-—-—-—-—-—-  Omniscope
10
L Lipesmm a0 SR R s iR e . |
&5 L i ]
E 10*2 L T e A SRR S : ................................ : |
Q i : : i
1 1 H
o I TR :
10 100 1000
P+ {launy
BEpcEent  Nauti L i nd(h), Lok (o)) EOV: (deg= ) AL
LOFAR 32 100 650 2 x m2.42 590
MWA 500 4.0 100 7162 13
SKA 1400 10 430 78.62 45
Omniscope 106 1.0 1100 i .0

JOUDAKI ET AL 2011




FOREGROUNDS AND CONSIDERED SCALES

(THE LIMITING FACTOR FOR 21 CM OBSERVATIONS IS CLEANING
OF FOREGROUNDS, WHICH ARE 104 TIMES LARGER THAN THE
SIGNAL (E.G. GALACTIC SYNCHOTRON (~70%), GALACTIC
(BREMSSTRAHLUNG, AND EXTRAGALACTIC POINT SOURCES).

(BY SUBTRACTING A CUBIC POLYNOMIAL FROM THE
FOREGROUNDS (MCQUINN 2006), THEY ARE LOWERED WELL
BELOW THE SIGNAL FOR KLos > 2T/YB = 0.063/MPC FOR 6 MHZ
\BANDWIDTH. WE ALSO CONSIDER MORE OPTIMISTIC SCENARIO.

(PERPENDICULAR K|-MODES SET BY THE MIN/MAX BASELINES. )
LOFAR: [0.039,0.25]/MPC, MWA: [0.0016, 0.040]/MPC,
(SKA: [0.0039, 0.17)/MPC, OMNISCOPE: [3.9E-4, 0.44)/MPC. |

(SlNGLE REDSHIFT BIN AT Z=7.5, WITH BIAS Bx=2.3 AND MEAI\?
NEUTRAL FRACTION Xy=0.5. NONLINEARITIES FORCE K < 2/MPcC

\BUT WE IMPOSE AN EVEN EARLIER CUTOFF AT O.15/MPcC. )

MCQUINN ET AL 2006
JOUDAKI ET AL 2011




P21(K) REVISITED: MODES CONSIDERED

= NEGLECTING OTHER PARAMETERS
fNLa bx7 TH o
GooD To 10% LEVEL

([Qch27 s dns/dlnkD + PLANCK

Pos(k)/ Pes(k)

k (1/Mpc) JOUDAKI ET AL 201 1




FUTURE CONSTRAINTS VS. FOREGROUNDS

|THICK LINES: WITH NOISE

THIN LINES: W/O NOISE

BANDWIDTH 6 MHZ|

le?

10.0

il.©

Marginalized fy; constraint
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Lw ol
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MWA: [0.0016, 0.040]/MPC ; MV At s
| |sKaA: [0.0039, 0.17V/MPc Omniscope —-=—==:=:=- |
OMNISCOPE: [3.9E-4, 0.44]/MPC
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ey

JOUDAKI ET AL 2011




WHAT IS FyL SENSITIVITY TO EXP. DESIGN?

SENSITIVITY ENTERS VIA TWO QUANTITIES:
ANTENNA NUMBER AND BANDWIDTH

BANDWIDTH LIMITS NUMBER OF MODES (I)
AND LARGEST SCALES PROBED ALONG LOS (I1)

1)

i B

1)

ﬁninocl/B

LARGER NUMBER OF ANTENNAE FOR FIXED ARRAY
DENSITY LOWERS THE NOISE (1)
AND NUMBER OF PERPENDICULAR MODES (II)

1)

] L e arh e

1)

ma.
kJ_ ¥ X Lmax X \/Nant

JOUDAKI ET AL 2011




FUTURE CONSTRAINTS VS. EXP. DESIGN

Bandwidth (MHz)

Nantenna/Nﬁducial

JOUDAKI ET AL 2011




SPECIAL CONSIDERATIONS

(EXTENDING THE CONSIDERED MODES TO SCALES K = 2/MPC 3

(WITH STRONG PRIOR ON EXPONENTIAL TAIL) IMPROVES THE
CONSTRAINTS BY UP TO A FACTOR OF 2 FOR THE DIFFERENT

\EXPERIMENTAL CONFIGURATIONS. Y

(WHEN ONLY INFORMATION FROM SCALES K < O.10/MPC (AS )
OPPOSED TO O.15/MPC) IS AVAILABLE, THE CONSTRAINT ON

Fne DEGRADES BY UP TO FACTOR OF 2 WHEN MARGINALIZING
\OVER [Bx, Xul, AND BY UP TO 30% WHEN [Bx, Xn] ARE FIXED,

Ve
FIXING THE IONIZATION FRACTION AND BIAS IMPROVES THE
Fne CONSTRAINTS BY FACTOR OF 1.5 UP TO FACTOR OF 10,
\FOR DIFFERENT CASES AND EXPERIMENTS CONSIDERED.

(FOR FIDUCIAL CONFIGURATIONS ALONE, THE Fno CONSTRAINTS
IMPROVE BY FACTORS OF 2 (MWA) 1O 3 (LOFAR, SKA,
OMNISCOPE) WHEN FIXING BIAS TO BE FUNCTION OF

\UONIZATION FRACTION.




CONCLUSIONS

THE SEARCH FOR SIGNATURE OF PRIMORDIAL NG IS A KEY
TEST OF INFLATIONARY THEORIES. LARGE VALUES FOR NG
PARAMETER Fno®1 WILL RULE OUT STANDARD SINGLE FIELD
INFLATIONARY MODELS.

THE IONIZATION POWER SPECTRUM FROM 21 CM EMISSION
DURING THE EOR PROVIDES AN ALTERNATIVE APPROACH TO
CONSTRAIN Fn. RELATIVE TO THE CMB AND LSS.

FUTURE 21 CM TELESCOPES LIKE MWA AND SKA WILL BE
ABLE TO MEASURE Fy. TO ACCURACY OF ORDER 10, WHICH
IMPROVES BY AN ORDER OF MAGNITUDE FOR OMNISCOPE.

INCREASED BANDWIDTH IS MORE POWERFUL THAN
BOOSTING ANTENNA NUMBER IN THE SEARCH FOR Fny,
ESPECIALLY FOR CVL PROBES LIKE SKA AND OMNISCOPE.







