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How MANY NEUTRINOS?

OPEN QUESTIONS: EFFECTIVE NUMBER OF
NEUTRINOS AND THEIR MASSES

PRESENT DATA

® WMAP7+BAO+HST: NEFF =4.34 +/- 0.87

(WMAP ALONE > 2.7 (95% CL)) KOMATSU ET AL (2011)

® WMAP7+BAO+HST+ACT: NEFF = 4.56 +/- 0.75

(WMAP+ACT: 5.3 +/- 1.3)
DUNKLEY ET AL (2011)

3.86 +/- 0.42

KEISLER ET AL (2011)

8 WMAP7+BAO+HST+SPT: Neer

(WMAP+SPT: 3.85 +/- 0.62)

HoOw ROBUST ARE THESE ESTIMATES?




SIGNATURES OF Nger (Zeq, Qph2, 05, 04)

@ MATTER-RADIATION EQUALITY:

g o o 1
i O OO

KEEPING Zgq AND Qph2 FIXED AS Nirr INCREASES
ACHIEVED BY BOOSTING DM DENSITY

@ AN INCREASE IN Ngrr GIVES AN INCREASED
EXPANSION RATE. KEEPING 65 FIXED:

sl )22 v =Y, s

THUS, SUPPRESSION OF CMB DAMPING TAIL
PICKED OUT AS Ngrr > 3 WHEN Yp IS KNOWN.
CONSTRAINTS RELAX WHEN Yr IS FREE.

Hou ET AL (2011)
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...AND RUNNING.
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DISTANCES

CONSTRAINT ON Ngr CAN BE IMPROVED VIA LOW-
REDSHIFT DISTANCES AND Ho, AS THESE ARE USEFUL IN
CONSTRAINING DM DENSITY, AND BY EXTENSION NEgkr.

HOWEVER, DISTANCES SUFFER FROM IGNORANCE OF
DARK ENERGY. ACCURATE SN DISTANCES CRITICAL.

DARK ENERGY MOREOVER CORRELATED WITH NEUTRINO
MASS. IN CMB TT, NEUTRINO MASSES SHIFT FIRST PEAK

POSITION TO LOWER ¢ BY CHANGING FRACTION OF MATTER-
RADIATION AT DECOUPLING.

WILL BE CORRELATED WITH THE CURVATURE. USE BAO
AND Ho TO REDUCE CORRELATIONS.




OVERDENSITIES W/ MASSIVE NEUTRINOS
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CONSTRAINTS IN EXPANDED SPACES

GIVEN THE PREFERENCE FOR Ngrr >3, WE RELAX THE STRONG
INFLATION PRIOR. LARGE CURVATURE IN STRINGY MODELS AND
LARGE NEGATIVE RUNNING IN MULTI-FIELD MODELS.

Parameter Symbol Prior
Baryon density ini 0.005 — 0.1
Dark matter density o R0 = (00T
Angular size of sound horizon 0 0.5 — 10
Optical depth to reionization T 0.01 — 0.8
Scalar spectral index i 0.5 —> 1.5
Amplitude of scalar spectrum In (10'°A,)| 2.7 — 4
Effective number of neutrinos Neg 1.047 — 10
Sum of neutrino masses > m, [eV]| 05
Constant dark energy EOS w -3 =0
Running of the spectral index ffl—nsk —0.2 - 0.2
Curvature of the universe o —04 —04
Primordial helium abundance 5 0—1
Present dark energy EOS wWo — =1
Derivative of dark energy EOS Wq, —10 — 10
Early dark energy density Qe 0—0.2

JOUDAKI 2012




ING' DM WITH MASSIVE NEUTRINOS

SPT+WMAP+Hy+BAO
ACDM ACDM ACDM
t+ Neg A T Y My BOUND
Primary Ns 0.9648 = 0.0092 0.981 £ 0.013 0.9661 =0.0096 COMPETITIVE WITH
Extended Neog — ST == (il — CMASS 0.36 EV
> -m, [eV] —— — < 0.45
es — — & Os DECREASES AS
Derived o8 0.811 +0.018 0.862 + 0.033 0.758 % 0.042 S'My INCREASES
ACDM ACDM ACDM
+Neg+D>_ my  +Neg+Yp +Neg+)d mu+Y,
: o = =  Ngrr 2.20 WHEN
Primary Ns W08 OIS0 S S SR NIISRR) 10 S TES = (R[S
MASS INCLUDED
Extended Neg 4.00 £+ 0.43 S 08 ae (E5s 3.99 &= 0.59
Y, — 0.277 £0.037  0.261 = 0.039 UNITY AT 1ot
Derived o8 05798 = 0:05300.860'5=0:034  0.796 £ 0.0565

FROM METAL-POOR EXTRAGALACTIC HII REGIONS:
Y = 0.2534 +/- 0.0083 (AVER ET AL 2011)

JOUDAKI 2012




«CDM WITH MASSIVE NEUTRINOS

wCDM ACDM wCDM
SPT+WMAP+H,+BAO P e i e T
Primary Mg BR9SSESHORDIRERN 9 s @s= DIRSHIIO6S S=si0ii22
Extended w o o 10 ol 051 31 — —1.31 £0.30
e Ll AR e T
> - my [eV] — < e gl
Y, £l il AE:
Derived s 0 343EH0N04980. IS =0 Moo S OGS

WITH W: Nggrg CONSISTENT WITH 3 TO 10 (DOWN FROM 2.20)

>My < 1.2 EV - FACTOR OF 2 WORSE

CONSTRAINT ON W DEGRADES BY FACTOR OF 3 B/C NEUTRINOS

JOUDAKI 2012




RELAXING THE STRONG INFLATION PRIOR

ACDM wCDM wCDM
SPTHWMAP+Ho+BAO | i NotSme +NatEme +Neat D mo+Yp
et "'ddl?lsk + +dd17:18k +

dln k
Primary e DR0S S0 0IDER1 0960 ==:0.025 0.949 4 0.027
Extended w — —1.46 4+ 0.39 —1.35£0.41
Neg 4 SH0:58 Sl 0T 3.38 £+ 0.86
> my [eV] < L < i <l
ddlzsk —0.011 £ 0.019 —0.018 £0.019 —0.033 £0.031
100€2, 0k 7881 == (020 (M8 =E80.99 ONAGEEERNIES
Yo — — 0.196 4 0.084
Derived o8 0.768 &= 0.070  0.803 £ 0.085 0.779 £ 0.091

Nerr 1.20 INSTEAD OF 2.20 (MAINLY B/C RUNNING)

ZMV < 1.2 EV - FACTOR OF 2 WORSE (MAINLY B/C CURVATURE)
(MASS BOUND AT 1.2 EV EVEN WHEN W+CURVATURE)

Os DECREASES (FROM 0.80) AS ZMV INCREASES.

FURTHER AGREEMENT WITH Ngrr=3 WHEN W AND Yp INCLUDED.

LARGE ERROR BARS. CURV, W, RUN WITHIN 10 OF NULL VALUES.
JOUDAKI 2012




INCLUDING UNIONZ2 SNE

wCDM wCDM wCDM wCDM
SPT+WMAP+ Ho+BAO+SNe +Nei+>_mu +Ne+> My +Ner+> mu+Yp
NF ddlzsk + S o ddlzsk + S
Primary Ns U210l U BN ORE (0BRSS L B BRI - (%) == (0RO 0.953 £ 0.026
Extended w —1.049 £0.072 —-1.09+£0.11 -1.10+£0.11 — 151 3= 42
e Fap 3.88 £ 0.44 3.58 £ 0.60 S S IRGI!
il -— < 0.92 Qi) <ahilisg
e — — —0.013£0.019  —0.035 £ 0.030
10092, i =k 0.64 & 0.95 Ll T
Yp 2 L= S 0.176 = 0.079
Derived o8 DESSOEE 0S5 SERL 790G U ST RS 32 0.751 £ 0.081

SNE CONSTRAIN W: 35% REDUCTION FOR SINGLE PARAMETER
EXTENSION, AND FACTOR 4 IN FULL EXTENSION.

THIS HELPS BREAK CORRELATION WITH Ngrr - BACK TO 20.
BUT RELAXING STRONG INFLATION PRIOR - AGAIN 10.

JOUDAKI 2012




ALTERNATIVE DARK ENERGY PARAMETERIZATIONS

QU(&)ZZZUK)4-(1'—'Q>U%L

INFLATION PRIOR ENFORCED: ZMV < 1.2 EV (FROM 0.9 EV)
INFLATION PRIOR RELAXED: ZMV < 1.4 EV (FROM 1.2 EV)

i — .24 1 0.63
P, < 1.6 eV

(COMPARED TO:
Nerr = 3.58 +/- 0.60)

dMy < 1.2 EV)

Wo ~-1.1 +/- 0.2
Wy ~ -0.4 +/- 1
EDE < 0.05

JOUDAKI 2012
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ERFETERE A TENSTON"WITH CLUSTERS?
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SPT+WMAP7+Hy+BAO+Clusters —— 5 N = 3.42 4+ 0.32

KEISLER ET AL (2011)




BERINOT [N EXTENDED SPACES
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SUMMARY

GIVEN WMAP7+SPT+BAO+HST+SNE, EXPLORED DEPENDENCE
OF CONSTRAINTS ON Ngrr AND ZMV ON UNDERLYING COSMOLOGY.

IN COMBINED ANALYSIS WITH THE MASS, Nger > 3 AT 2.20. THIS
BECOMES CONSISTENT WITH Ngr= 3 AT 10 IN EXTENDED SPACES.

THE NEUTRINO MASS BOUND DEGRADES FROM 0.45 EV (95% CL)
TO 1.0 EV WHEN CURVATURE INCLUDED, AND DOWN TO 1.2 EV
WHEN DE, Ngrr, RUNNING ALSO INCLUDED. FURTHER ADDING
HELIUM ABUNDANCE AND EDE DEGRADES BOUND TO 2.0 EV.

IN EXTENSIONS OF COSMOLOGICAL MODEL, Og CONSISTENT WITH
CLUSTER ABUNDANCES AT 10, Yp CONSISTENT WITH HII REGIONS
AT 10, AND SPECTRAL INDEX CONSISTENT WITH UNITY AT 1-2 O.
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MASSIVE STERILE NEUTRINOS IN THE

UNIVERSE? LET EXTRA CONTRIBUTIONS TO Ngrr BE
MASSIVE INSTEAD OF MASSLESS.

0.8
0.6
- WMAP7+ACBAR
= Al +QUAD+BICEP
o il +P(K)+HST
0.2
0.0 [
0 1 2 3 4 5
N

COSMOLOGY DOES NOT EXCLUDE STERILE

NEUTRINOS IF THEY ARE NOT TOO MASSIVE.
HAMANN ET AL 2010

EXTENDED WITH W AND Nggr -
POTENTIALLY LARGER MASSES ALLOWED. HAMANK BT Ak ok




eSS ERE STERIEE-NEWUTRINOS AT

THE EV SCALE?
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WISESKOPP ET AL"201"T"AS PRIOR

3+1: 3+2:

Am?2, = 1.78 EV? Am?2, = 0.47 EV?
AmZ, = 0.87 EV?

MINIMAL ACDM: MINIMAL ACDM:

AY2 = 24.7 Ay2 = 22.6

CURVED WCDM: CURVED WCDM:

A2 =12.0 AY? = 9.3

WMAP7+P(K)+HST

+SNE (UNIONZ2)

KRISTIANSEN &
ELGAROY (2011)




USE KOPP ET AL 2011 AS PRIOR: CMB
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WIS ESKOPP ET AL 20T 1"AS PRIOR: P(K)
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IS 3+2 CONSISTENT WITH COSMOLOGY?

WMAP7+SPT+P(K)+HST+SNE (UNION2 OR SDSS)

ACDM ACDM ACDM ACDM ACDM ACDM
+2vs |+SNeunion2 +2Vs+SNeunion2 |[+SNespss +2vs+SNegpss

ngf @B 512 4" 7517.2 (gl 7 fEoINg NS oo
EUANE2319 28.9 2ARS 30.2 28 2

Hy 16id 2.9 1657, T 4.6 389

SNe — — 530.8 536.0 245.9 237.9

FG 0.1 0.6 0.4 0.7 @St 0.7

Total 7537.9 7549.5 8068.5 8086.2 7787.0 7787.4

REESletal ' 7554.1  7566.1 8085.2 8103.0 7803.4 7804.1
i ilotal & — 11.6 - 117047 — 0.4
QllETTotal | — 1250 — | Thte) — 04n

DIC = x2:(6) + 2C;
@ — Xeﬂf(e) r Xeff(e)

CMB: SPT FOR SMALL SCALES

Cri theng ADIG=—/A) @

P(K): CUTOFF AT 0.1 h/Mpc (+5 IN AY2 IF ouT TO 0.2 h/MPC)

JOUDAKI ET AL

2012 (IN PREP)




INCREASED MATTER DENSITY

WMAP7+SPT+P(K)+HST+SNE
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JOUDAKI ET AL 2012
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CONSISTENCY OF DATA SETS

ACDM + ZVS

———————

1.02 1.02
. 0.98] 0.98f
: L
0.96} 0.96F
0.94f 0.94f
0.2

GREEN: WMAP BLUE: WMAP+SPT RED: WMAP+P(K)

BLACK: WMAP+SNE (SDSS)

JOUDAKI ET AL 2012
(IN PREP)




EXTENDED PARAMETER SPACES

DIFFERENT RESULTS DEPENDING ON CHOICE OF SN LIGHT
CURVE FITTER. EXCLUDING SNE, TO WHAT EXTENT CAN

AY? = 11.6 DECREASE VIA PARAMETER EXTENSION?

SEPARATELY:

W AND CURVATURE ~ 2
Nerr, Yr, RUNNING ~ 1 2.0 EXTRA MASSLESS

/

JOINTLY: 8.6 --> Ay2 = 3.0, BUT ADIC = 11.5

UNION2: AY2 = 6.4 (FROM 17.7), ADIC = 11.5 (FROM 17.8)
SDSS-SALT2: Ay2 = 7.4 (FROM 20.1), ADIC = 13.8 (FROM 19.4)

EXPANDED TO EXPANDED (NO SNE): Ay2 = 7.2, ADIC = 8.0
ExXcLUDE HST. REPLACE P(K) WITH BAO.

KOPP PRIOR: Y m2°V® < (.19 eV (FROM 0.34 EV)  ,ouom erac

2012 (IN PREP)




F(R) GRAVITY HELPS

el T e e e
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167mG 10f y
2 g (b o i
Gt k) L+aBE 38
" > £1/ § [
G T 3’;—2{;—, ~ 0.6 i
04+ 1
SMALL-SCALE BOOST OFFSETS ;
MASSIVE STERILE NEUTRINOS ool i
0.0 ;‘ "I ERMAME G MRt s AR MR 3 L, ‘;
WMAP7+P(K) 0.116 0.118 0.120 0.122 0.124 0.126 0.128

Qpmh’
1EV STERILE NEUTRINO:

AY? = -21.4 (cOMPARED To ACDM + STERILE)

DATA: EXCLUDES SMALL-SCALE CMB, BUT K<0.02 H/MPC.
ANALYSIS: SHOULD COMPARE W/ NULL MODEL (E.G. -8.6).

MOTOHASHI,
STAROBINSKY,
YOKOYAMA (2012)




SUMMARY

GIVEN WMAP7+SPT+P(K)+HST, 3+2 NEUTRINOS DISFAVORED

AT AXZ = 12. TO RECONCILE WITH LAB, NEED NEW PHYSICS?

NO SINGLE ADDITIONAL PARAMETER CAN ENTIRELY BRING AXz

OR AD]C DOWN TO ZERO. NOT EVEN ALL PARAMETERS ADDED
JOINTLY. EVEN MORE EXOTIC PHYSICS REQUIRED?

HOWEVER, SHIFTS IN AXZ OF ORDER 20 ‘““EASILY” ALREADY

OCCUR IN COSMOLOGICAL ANALYSES. FOR EXAMPLE, BASED ON
CHOICE OF SN LIGHT CURVE FITTER. IF SN RESULTS CONVERGE
TOWARD MLCS FITTER, THEN 3+2 PERFECTLY ALLOWED.

IF 3+2 IS TRUE, WOULD HAVE LARGE RAMIFICATIONS FOR OTHER
COSMOLOGICAL QUANTITIES, SUCH AS MUCH LARGER MATTER
DENSITY (FROM 25% TO 35% OF CRITICAL DENSITY).
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AIM: BREAK DEGENERACIES BY WIDE COMBINATION OF HIGH-Z
AND LOW-Z PROBES. FUNCTIONS OF P(K) AND DISTANCES.

FIRST TIME SUCH A COMPREHENSIVE FUTURE DATASET
INCLUDING BOTH AUTO AND CROSS CORRELATIONS ANALYZED.

& TOUGH, BUT KIND OF COSMOLOGICAL DATA WE WILL HAVE.
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JOUDAKI AND
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How MANY NEUTRINOS?

8 WMAP7+SPT+BAO+HST: Nger = 3.8 +/- 0.4

KEISLER ET AL (2011)

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

2 WMAP7+SPT+BAO+HST+SNE: Neger = 3.6 +/- 0.6

JOUDAKI 2012
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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 BYCMB T
+LENSING ALONE, AND IMPROVED BY ORDER OF MAGNITUDE IN
THE JOINT ANALYSIS.

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
ESTIMATES OF NEUTRINO MASS BY 20% AND NUMBER BY 40%.




NEUTRINO MASS FORECASTS

0.3

=)
O
@) \O)

Sum of neutrino masses (eV)

CMB lensing (Planck)

(AN AR AR RN RR RR RE AR AR RR AR AR AR U RE BN BN RR R RR RE RE RN DR RN DR R RE RN AR BN DR RN RR RU RR D= D4 BN BN RO BU BU BN BN BN BA |

I AR RN R R R R RNl AR R R R RN RRRRRRRRRRRRE

CMB lensing (Planck)
fixing Curvature and

O.1f Fverted Early Dark Energy
0.08}
0.06
Normal CMB lensing, Weak lensing,
Galaxy power spectrum, SNe
0.04
0.001 0005 001 002 005 0.1

Lightest Neutrino Mass (eV)

JOUDAKI AND KAPLINGHAT (2011)




COMPLEMENTARITY WITH DOUBLE BETA
DECAY EXPERIMENTS

0.500 JOUDAKI AND KAPLINGHAT (2011)
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COMPLEMENTARITY WITH BETA DECAY

EXPERIMENTS

0.500

JOUDAKI AND KAPLINGHAT (2011)
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SUMMARY

COMPREHENSIVE FUTURE DATASETS (PLANCK+LSST)
INCLUDING BOTH AUTO AND CROSS CORRELATIONS
ANALYZED FOR EXTENSIVE PARAMETER SPACE.

EFFECTIVE NUMBER OF NEUTRINOS CONSTRAINED TO O.3
LEVEL WITH PLANCK, AND O.1 LEVEL WHEN COMBINED WITH
WL+GALAXY SURVEY. INCLUDES EXTENDED PARAMETERS.

NOT ACCOUNTING FOR DE AT HIGH REDSHIFT MAY BIAS
FUTURE ESTIMATES OF )My BY 20% AND Ngrr BY 40%.

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.




THANKS FOR LISTENING.




