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Dynamics:
the cosmological density
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® Primordial Harrison-Zeldovich:
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The Cosmological Matter Power Spectrum
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Distinguishing Features in the Power Spectrum

1.2 I | | |
k

1 =~ Ym,, =0.14eV.

08

=

0.6

Pk / P(k)v

Lesgourgues & Pastor (2006)

O |
10™ 10° 1072 107 1
k (h/Mpc)

|. Shape Information:
Galaxy Surveys (Future: Weak Lensing Surveys)

2. Relative Amplitude Information: AP 0
CMB plus Lyman-alpha Forest, Galaxy Bias P —89—”
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Relative Large Scale Amplitude
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The Primordial Spectrum:
Precision Determination
at Large Scales

P(k) = Ak"

WMAP 9 + eCMB BAO + HO: (Hinshaw et al. 2012)

A=2464+0.072  (2.9%)
n = 0.9608 & 0.0080 (0.8%)

P LAN CK + SD S S LRG.. (Eisenstein, Hu, Tegmark 1998)

Fa)

A

n

2.4450 4+ 0.0085 (0.35%)
0.9600 & 0.0077 (0.8%)

forecast!
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Qm & Other Parameter Degeneracy
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Summary of Cosmological Neutrino Mass Constraints: 2010

WMAP1

2dFGRS Shape (conservative but very important limits of),,, )

[Elgaroy etal 2002]: —m = ==~~~ = = = = l

SDSS 3D Pg(k) shape + WMAP |
Tegmark et al,2003): - = - = — = — — — — —

CMB + SDSS 2-point correlation function (nonlinear modeling):

[Abazajian et al 2005]:
Ym,, < 0.69 eV

95% CL

WMAP /7

WMAP 7 alone
[Komatsuetal 2010):—- — — — _ _ _ _ _ _ _ _

|
: Em,/i < 1.3 eV |
SDSS Ly-alpha forest + WMAP 3-year
[Seljak et al., 2006]:
2my,, < 0.17eV

WMAP 7 + SDSS LRG BAO + Hp [Komatsu et al, 20IO]:




Summary of Cosmological Neutrino Mass Constraints: today

WMAP /7

® SDSS BOSS Galaxy Clustering + BAO + WMAP 7 + SNe + Ho
(Zhao et.al 2012)

Ym,, <0.34 eV 95% CL

® SPT +WMAP 7 + Hop + SPTcL (Hou et al. 2012)
= See, however, Rozo et al 2012

0.10 eV < Xm,, < 0.54 eV

® ACT +WMAP7 + BAO + Hp
(Slevers et.al 201 3)

WMAP9




Estimating Upcoming Cosmological
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Estimating Upcoming Cosmological
Neutrino Mass Constraints

N Q,
~ 1(7 ~ 8 u, Eisenstein egmar ;
P ( k) ’ Qm HA’bEtzajian & é(o-lc-ieglsonkZ(l)gzg’
0 > My
93 h? eV

— m, < (1%/8) x 0, (93h° eV)

— m, < 0.02 eV

MN\Y



Estimating Upcoming Cosmological
Neutrino Mass Constraints

INZO Q,
~ 1(7 ~ 8 u, Eisenstein & legmar ;
P(l{j) ’ Qm HA’bEtzajian & go-lc-ieglsonkZ(l)gg&
QV ~ Z ml/i
93 h? eV

— m, < (1%/8) x 0, (93h° eV)




Estimating Upcoming Cosmological
Neutrino Mass Constraints

INZO Q,
~ 1(7 ~ 8 u, Eisenstein & legmar ;
P ( k) ’ Qm HA’bEtzajian & go-lc-ieglsonkZ(l)gg&
QV ~ Z ml/i
93 h? eV

— m, < (1%/8) x 0, (93h° eV)
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Kaplinghat et al PRL 2003 (CMB WL)
Wang et al PRL 2005 (WL Clusters)
De Bernardis et al. 2009 (Opt. WL)




Forecast Sensitivities

Probe Current Forecast Key Systematics Current Surveys Future Surveys
> my (eV) > My (eV)
CMB Primordial 1.3 0.6 Recombination WMAP, Planck None
CMB Primordial +|0.58 0.35 Distance = measure-| WMAP, Planck None
Distance ments
Lensing of CMB 00 0.2—-0.05 |NG of Secondary|Planck, ACT [39],|EBEX [57], ACTPol,
anisotropies SPT [96] SPTPol, POLAR-
BEAR [5], CMBPol
6]
Galaxy Distribution |0.6 0.1 Nonlinearities, Bias |[SDSS [58, 59], BOSS |DES [84], BigBOSS [81],
(82] DESpec [85], LSST [92],
Subaru PFS [97], HET-
DEX [35]
Lensing of Galaxies |0.6 0.07 Baryons, NL, Photo-|CFHT-LS [23], COS-|DES (84], Hy-
metric redshifts MOS [50] per SuprimeCam,
LSST [92], Euclid [88],
WFIRST[100]
Lyman o 0.2 0.1 Bias, Metals, QSO|SDSS, BOSS, Keck |BigBOSS[81], TMT[99],
continuum GMT[89]
21 cm 00 0.1 — 0.006 |Foregrounds, Astro-|GBT [11], LOFAR/MWA [93], SKA [95],
physical modeling |[91], PAPER [53],|FFTT [49]
GMRT [86]
Galaxy Clusters 0.3 0.1 Mass Function, Mass|SDSS, SPT, ACT,|DES, eRosita [87], LSST
Calibration XMM [101] Chan-
dra [83]
Core-Collapse Super-|oo 013 > 0.001" |Emergent v spectra |SuperK [98],|Noble Liquids, Gad-
novae ICECube[90] zooks (7]

Abazajian et al. 2011




Forecast Sensitivities

Forecast

Probe Current | ey Systematics Current Surveys Future Surveys
> my (V) ||>"m, (eV)
CMB Primordial 1.3 {0.6 combination WMAP, Planck None
CMB Primordial +|0.58 0.35 istance  measure-| WMAP, Planck None
Distance ents
Lensing of CMB 00 0.2 —0.05 G of Secondary|Planck, ACT [39],(EBEX [57], ACTPol,
| anisotropies SPT [96] SPTPol, POLAR-
| BEAR [5], CMBPol
6]
Galaxy Distribution |0.6 ! 0.1 Nonlinearities, Bias |[SDSS [58, 59], BOSS |DES [84], BigBOSS [81],
| 82] DESpec [85], LSST [92],
Subaru PFS [97], HET-
DEX [35]
Lensing of Galaxies |0.6 0.07 Baryons, NL, Photo-|CFHT-LS [23], COS-|DES (84], Hy-
etric redshifts MOS [50] per SuprimeCam,
LSST [92], Euclid [88],
WFIRST[100]
Lyman o 0.2 0.1 ias, Metals, QSO|SDSS, BOSS, Keck |[BigBOSS[81], TMT[99],
| ontinuum GMT|[89]
21 cm 00 0.1 —0.006 QForegrounds, Astro-|GBT [11], LOFAR/MWA [93], SKA [95],
hysical modeling |[91], PAPER [53],|FFTT [49]
| GMRT [86]
Galaxy Clusters 0.3 0.1 ass Function, Mass|SDSS, SPT, ACT,|DES, eRosita [87], LSST
alibration XMM [101] Chan-
| dra [83]
Core-Collapse Super-|oco 013 > 0.001" [[Emergent v spectra |SuperK [98],|Noble Liquids, Gad-
novae ICECube[90] zooks (7]
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Cosmological Matter Power Spectrum &
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SDSS+WMAP3 Lyman-alpha Constraints (Seljak et al 2006)
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SDSS+WMAP3 Lyman-alpha Constraints (Seljak et al 2006)

WMAP3 :

os = 0.741002
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SDSS+WMAP3 Lyman-alpha Constraints (Seljak et al 2006)

SDSS Ly-alpha
(Seljak et al
2003):

e +0.03

WMAP3 :

os = 0.741002

N, = 5.4f8:2 Seljak et al. Ly«

N, =3.08737%
BBN, Cyburt et al. 2004
N, = 3.04 (standard model)




Summary of Cosmological Net Constraints

WMAP /7

SDSS BOSS Galaxy Clustering + BAO + WMAP 7 + SNe + Ho
(Zhao et.al 2012)

N off = 4.308 £ 0.794: 68% CL

ACT +WMAP 7 + BAO + Hp
(Sievers et.al 2013)

WMAP9

WMAP 9 + eCMB + BAO + Hp (Hinshaw et al. 2012 v2)

— |

‘, but see Verde et al. 201lshapeof pors |




Tension in CMB + BAO leading to neutrino “anomalies”?
(Hou et al. 2012)
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Forecast sensitivities: Planck + LSST
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Neutrino Mass from Cosmology:
Beware Hidden Assumptions!

1. Uniform primordial scale
Invariance

2. No other prevalent
“non-vanilla” cosmological
parameters

-0.8

-1.0

(Zhao et.al 2012)

0.0 0.2 0.4 0.6 0.8 1.0

Zm [eV]



Summary

® Cosmology has the strongest inferred
constraints on the total neutrino mass.

® The constraints rely on an underlying set of
assumptions [scale invariance, flatness, w = -1,
etc.]. While simplifying, they introduce a large
level of systematic uncertainty.

e Kvidence for extra relativistic degrees of
freedom persists, though may be becoming less
significant.



