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Cosmology Update:VWWMAP /-year+

® Standard Model

o H&He = 4.58% (+0.16%) Universal Stats

o Dark Matter — 229% (i | .5%) Age of the'un.iverse today Universe composition
13.75 billion years

® Dark Energy = 72.5% (£1.6%)

® H0=70.2i | 4 km/s/M PC Age of the cosmos at

time of reionization
4.5%

Ordinary
matter

® Age of the Universe = 13.76 billion #°7 Million years
years (0.1 | billion years) “ScienceNews™ article on
the WMAP 7-year results



Cosmology: Next Decade!

® Astro2010: Astronomy & Astrophysics Decadal Survey

® Report from Cosmology and Fundamental Physics Panel

(Panel Report, Page T-3):

TABLE I Summary of Science Frontiers Panels’ Findings

Panel Science Questions
Cosmology and CFP 1 How Did the Universe Begin?
Fundamental Physics CFP 2 Why Is the Universe Accelerating?
CFP 3 What Is Dark Matter?
CFP 4 What Are the Properties of Neutrinos?



Cosmology: Next Decade!

® Astro2010: Astronomy & Astrophysics Decadal Survey

® Report from Cosmology and Fundamental Physics Panel
(Panel Report, Page 1-3): Translation

TABLE I Summary of Science Frontiers Panels’ Findings

Panel Science Questions

Cosmology and CFP 1 How Did the Universe Begin / nflation

Fundamental Physics CFP 2 Why Is the Universe Acceler Dark Ener gy
CFP3  What Is Dark Matter? Dark Matter
CFP 4

What Are the Properties of N Nleutrino Mass
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Cosmology: Next Decade!
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Large-scale structure of the universe,
has a potential to give us valuable
information on all of these items.
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Cosmology and CFP 1

Fund: tal Physi
undamental Physics CEP 2

CFP 3
CFP 4

How Did the Universe Begin / nflation
Why Is the Universe Acceler. Dark Ener gy
What Is Dark Matter? Dark Matter

What Are the Properties of N Nleutrino Mass
5




What to measure!

e [nflation

® Shape of the initial power spectrum (ns; dns/dlnk; etc)
® Non-Gaussianity (3pt fnL'o%?; 4pt T, etc)

¢ Dark Energy
® Angular diameter distances over a wide redshift range
® Hubble expansion rates over a wide redshift range

® Growth of linear density fluctuations over a wide
redshift range

® Shape of the matter power spectrum (modified grav)



What to measure!

® Neutrino Mass

® Shape of the matter power spectrum

¢ Dark Matter

® Shape of the matter power spectrum (warm/hot DM)

® |arge-scale structure traced by Y-ray photons
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T(k): Suppression of power
during the radiation-
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Current Limit on ns

® Limit on the tilt of the power spectrum:

®* Ns=0.96810.012 (68%CL; Komatsu et al. 201 I)
® Precision is dominated by the WMAP 7-year data

® Planck’s CMB data are expected to improve the error
bar by a factor of ~4.

11



Komatsu et al. (201 1)

Probing Inflation (2-point Function)

Tensor—to—Scalar Ratio (r)
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r = (gravitational waves)? /

(gravitational potential)? | |
® Joint constraint on the

N-5060 | primordial tilt, ns, and the

4 °
e o|e 1 tensor-to-scalar ratio,r.
S -flation m2¢> o | O ‘
SN v m 1 ® Not so different from the
- >-year limit.

® r <024 (95%CL)

anck!? | ® Limit on the tilt of the
) . .1 power spectrum:

Primordial Tilt (ny)

0.94 0.96 098 100  1.02 ns=0.968+0.012 (68%CL)



Role of the Large-scale
Structure of the Universe

® However, CMB data can’t go much beyond k=0.2 Mpc™!
(1=3000).

® |arge-scale structure data are required to go to
smaller scales.
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Shape of the Power Spectrum, P(k)
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Measuring a scale-
dependence of ns(k)

® As far as the value of ns is concerned, CMB is probably
enough.

® However, if we want to measure the scale-dependence of

ns, i.e., deviation of Pprim(k) from a pure power-law, then we
need the small-scale data.

® This is where the large-scale structure data become
quite powerful (Takada, Komatsu & Futamase 2006)

® Schematically:

® dns/dlnk = [ns(CMB) - ng(LSS)]/(Inkcme - InkLss)

15



Probing Inflation (3-point Function)

Can We Rule Out Inflation?

® [nflation models predict that primordial fluctuations are very
close to Gaussian.

® |n fact,ALL SINGLE-FIELD models predict a particular form
of 3-point function to have the amplitude of fn'°<?'=0.02.

® Detection of fne>1 would rule out ALL single-field models!

16



Bispectrum

® Three-point function!

® Br(ki, k> ks)
= <Ck1CiaCk3> = (amplitude) x (217)30(k+ka+k3)F(ki,ka,k3)

T model-dependent function

Primordial fluctuation

17



(a) squeezed triangle (b) elongated triangle (c) folded triangle
(k zck >>k,) (k =k +k) (k, =2k =2k )

MOST IMPORTANIT

(d) isosceles triangle (e) equilateral triangle
(k >k =k,) (k =k =k )




Maldacena (2003); Seery & Lidsey (2005); Creminelli & Zaldarriaga (2004)

Single-field Theorem
(Consistency Relation)

e For ANY single-field models’, the bispectrum in the
squeezed limit is given by

® Br(ki~ka<<ks)=(l-ns) x (217)30(k +ka+ks3) x Pr(ki)Pc(ks)

® Therefore, all single-field models predict fne=(5/12)(1—ns).

® With the current limit ns=0.968, fnL is predicted to be 0.01.

* for which the single field is solely responsible for driving
inflation and generating observed fluctuations. 19



Komatsu et al. (201 1)

Probing Inflation (3-point Function)

® No detection of 3-point functions of primordial curvature
perturbations.The 95% CL limit is:

o —|0< fNLlocaI < 74
® The 68% CL limit; fn'oc@ =32 + 21

® The WMAP data are consistent with the prediction of
simple single-field inflation models: | -ns=r~=fnL

® The Planck’s expected 68% CL uncertainty: Afn 0% = 5

20



Trispectrum

o Tr(kika ks ks)=(217)30(k +k2tks+ks) {gnL[(54/25)

Pz(ki)Pz(k2)Pr(ks)+cyc.] +Tn[Pg(ki)Pz(ka)(P(]
ki+ks|)+Pg(|ki+ka]))+cyc.]}




TNLIocaI_fNLIocaI Diagram

In (TN |_)
3.3x 104 . (Gfﬁf“l)““xo. K

(Smidt et ..
al. 2010) ® [he current limits

from WMAP 7-year
are consistent with

single-field or multi-
fleld models.

® So, let’s play around
with the future.

74 In(fni) 2




Case A: Single-field Happiness

In(TNL) ® No detection of

L > (G‘fﬁfﬂ)ﬁxO.S anything after

‘ Planck. Single-field
survived the test
(for the moment:
the future galaxy
surveys can
improve the limits
by a factor of ten).

600

10 In(fni) 2



Case B: Multi-field Happiness

|n(TN|_)

600

30

TNLZ(

J

6 local \ 2
it ) x0.5

In(fNL)

® fnL is detected. Single-
field is dead.

® But, TnL is also

detected, in
accordance with multi-

field models: TnL>0.5
(6fnL/5)? [Sugiyama,
Komatsu & Futamase
(201 1)]
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600

Case C: Madness

30

In(fNL)

® fnL is detected. Single-
field is dead.

® But, TnL is not
detected, inconsistent
with the multi-field
bound.

® (With the caveat that

this bound may not be
completely general)

BOTH the single-field
and multi-field are gone.

25



Beyond CMB: Large-scale
Structure!

® |n principle, the large-scale structure of the universe
offers a lot more statistical power, because we can get
3D information. (CMB is 2D, so the number of Fourier

modes is limited.)

26



Beyond CMB: Large-scale
Structure!

® Statistics is great, but the large-scale structure is non-
linear, so perhaps it is less clean!?

® Not necessarily.

27



(a) squeezed triangle (b) elongated triangle (c) folded triangle
(k zck >>k,) (k =k +k) (k, =2k =2k )

MOST IMPORTANIT

(d) isosceles triangle (e) equilateral triangle
(k >k =k,) (k =k =k )




Non-linear Gravity

quilatera

BG

00 02 04 06 08 1.0
ks/k,

ob3 | S (ky, k) P (K, 2) P (K2, 2) + (cyclic) |||

- .6

® For a given kj, vary kz and k3, with k3 <k <k

® F;(ko,ks) vanishes in the squeezed limit, and peaks at the _2
elongated triangles. 29
0



Non-linear Galaxy Bias

1.0

0.9
+«" 0.8
\N
x 0.7

0.6

0.5
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6

k. /K. k. /k.
bibo [P, (k1, 2) P (ka, 2) + (cyclic)

® There is no Fa: less suppression at the squeezed, and
less enhancement along the elongated triangles.

P2
k =0.01[h/Mpc]

® Still peaks at the equilateral or elongated forms.

, P2
k =0.05[h/Mpc]
0.8




Sefusatti & Komatsu (2007); Jeong & Komatsu (2010)

Primordial Non-Gaussianity

N

queezed equilatera
BnG
fnl
. k =0.01[h/Mpc] ‘
0.0 0.2 0.4 0.6 0.8 1.0 0.0
k_/k

307 e, Qo H

0.2

Po(k1, 2) P(ky, 2) k3T (k3)

k2T (k1) k3T (ko)

D

~/

A

)

0.6 0.8

(cyclic)

® This gives the peaks at the squeezed configurations,
clearly distinguishable from other non-linear/

astrophysical effects.

31
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Bispectrum is powerful

o fnU'o ~ O(1) is quite possible with the bispectrum
method. (See Donghui Jeong’s talk)

® This needs to be demonstrated by the real data! (e.g,,
SDSS-LRG)

32



Need For Dark “Energy”

® First of all, DE does not even need to be an energy.
® At present, anything that can explain the observed
(1) Luminosity Distances (Type la supernovae)
(2) Angular Diameter Distances (BAO, CMB)
simultaneously is qualified for being called “Dark Energy.”

® The candidates in the literature include: (a) energy, (b)
modified gravity, and (c) extreme inhomogeneity.

® Measurements of the (3) growth of structure break
degeneracy. (The best data right now is the X-ray clusters.)

33



WMAP/+

H(z): Current Knowledge

o H%(z) = HZ(O)[Q (1 +2)*+ (1 +2)3+ (1 +2) 2+ Qe (1 +2)30HW]
® (expansion rate) H(0) = 70.2 = |.4 km/s/Mpc
® (radiation) Q.= (8.4+£0.3)x10~
® (matter) (Qn=0.275£0.016
® (curvature) €2, < 0.008 (95%CL)
® (dark energy) Q4. = 0.725£0.015

® (DE equation of state) w = —1.00£0.06

34



H(z) to Distances

® Comoving Distance
* X(2) = ¢J7[dz/H(z)]
® |Luminosity Distance
® D (2) = (1+2)X(2)[1-(k/6)X*(z)/R*+...]
® R=(curvature radius of the universe); k=(sign of curvature)
® VWMAP 7-year limit: R>2X(00); justify the Taylor expansion

® Angular Diameter Distance

® Da(z) = [X(2)/(1+2)][1-(k/6)x?(z)/R*+...] 35



Da(2) = (1+2)2Dy(2)

DL(Z) Type la Supernovae
D A(Z) Galaxies (BAO) CMB
0.02 0.2 2 6 1090

Redshift, z

® Jo measure Da(z), we need to know the intrinsic size.

® VWhat can we use as the standard ruler? 36



How Do We Measure Da(z)?

0 Galaxies i dsao
Da(galaxies)=dpao/0
0 CMB idCMB
Da(CMB)=dcmg/0
0.02 0.2 2 6 1090
Redshift, z

® |f we know the intrinsic physical sizes, d, we can

measure Da.What determines d? .



CMB as a Standard Ruler

O~the typical size of hot/cold spots

6000 | | A" . . —
- fz"”‘,, WMAP 5yr ¢ -
- x - Acbar ¢ 7
. °000 - Boomerang ¢ -
Nz CBI ¢ i
3. 4000 — —
2
N
'IZN 3000 —
(/)\ i
T 2000 [ | -
Li/ i . % |
~ | <;<r
1000 3 RN _
0 : ¢ | | 0 | | |
10 100 500 1000 1500

Multipole moment [

® The existence of typical spot size in image space yields
oscillations in harmonic (Fourier) space.What
determines the physical size of typical spots, dcmp?! *



Sound Horizon

® The typical spot size, dcms, is determined by the
physical distance traveled by the sound wave
from the Big Bang to the decoupling of photons at

zcme~ 1090 (tcme~380,000 years).

® The causal horizon (photon horizon) at tcmg is given by

® du(tcme) = a(tcme)*Integrate[ € dt/a(t), {t,0,tcms}].

® [he sound horizon at tcmg is given by

® d(tcmp) = a(tcme)*Integrate[ cs(t) dt/a(t), {t,0,tcms}],
where ¢s(t) is the time-dependent speed of sound
of photon-baryon fluid.

39
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® [The WMAP 7-year values:
® |cmg = TT/0 = TTDA(zcMe)/ds(zcms) = 302.69+0.76

e CMB data constrain the ratio, Da(zcm)/ds(ZcmB).

® rs(zcme)=(1+zcme)ds(zcme)=146.611.6 Mpc (comoving) 4



What Da(zcme)/ds(zcms)

lees You (3-year example)

F|g 2O N Spergel et ol 2007

1.0
0.8 :—
0.6 :—
0.4

0.2

’ color)Q,—Q, constraint derived solely from the WMAP prior: _

— lcmg=301.8%1.2

~ 7,,=(3.06+0.20)x10% Q,h?=0.02217+0.00081 _

< \\‘
\ \\

h and Q,h° are marginalized over
with the WMAP prior on z.,, and Q, h?.

1 Qm'ﬂ/\ - ;
0.3040Qnm -
+O 4067QA

! o
':
.,

Q
!,
‘e
.

0.0

|1 ® Color: constraint from

lcMe=TTDA(zcmB)/ds(zcms)
with zeo & Qph?.

| ® Black contours: Markov

Chain from WMAP 3yr
(Spergel et al. 2007)
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2.0

1.5

ESSENCE+SNLS+gold
(R\,€24) = (0.27,0.73)

QTotal=

@n Spergel et al.(2007)
7 7/ e B B B R L B

color)f

Ram/ 7/ 7,=(3.06+0.20)x10°, Q,h?*=0.02217+0.00081

A Cofsfrgfint derived solely from the WMAP prior:

~/ ) /dx(z.)=(1.0385+0.0037)x 1077

h and Q,h* are marginalized over
with the WMAP prior on z,, and Q.h°.

J .
* 1
’
,, N,
l' l'
] .
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2dFGRS

O in Galaxy Distribution

® [he same acoustic oscillations should be hidden in this
galaxy distribution... 43



BAO as a Standard Ruler

200
« .
Iy  Position Space -:
= 150 b~ .
S TN L
SN S 1
— Ol % AW ERENIR, E
» — AN /,"‘-\
550 NS ' -
NCD \-‘-

U \\ N T
SRR I
- ' NG
= -90 ~“__,_-
kv, (1+z)dBao ¢
O 400 L :

50 100 200

Comoving Separation s (h'1l\/lpc)

® The existence of a localized clustering scale in the 2-point

log,, P(k) / h™°Mpc®

Fourler Space

9002) 1019 ooy

function yields oscillations in Fourier space.
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Sound Horizon Again

® The clustering scale, dgao, is given by the physical distance
traveled by the sound wave from the Big Bang to the

decoupling of baryons at zgao=1020.5%1.6 (c.f,
zcm=1091%1).

® The baryons decoupled slightly later than CMB.

® By the way, this is not universal in cosmology, but
accidentally happens to be the case for our Universe.

® |f 3Pbaryon/(4Pphoton) =0.64(C2h2/0.022)(1090/( | +zcmp)) is
greater than unity, zsao>zcms. Since our Universe
happens to have (Qph?=0.022, zsao<zcms. (ie, dsao>dcms) s



Komatsu et al. (2009)

Standard Rulers in CMB & Matter

Quantity Eq. b-year WMAP

CMB 2 x (66) 1090.51 4 0.95
CMB rs(2x) (6) 146.8 £ 1.8 Mpc
Matter 2 (3) 1020.5 £ 1.6

Matter rs(2q) (6) 153.3 £ 2.0 Mpc

® For flat LCDM, but very similar results for w#—1 and

curvature=0!
46



Not Just Da(z)...

® A really nice thing about BAO at a given redshift is that
it can be used to measure not only Da(z), but also the
expansion rate, H(z), directly, at that redshift.

® BAO perpendicular to l.o.s
=> Da(z) = ds(zeao)/0
® BAO parallel to l.o.s
=> H(z) = cAz/[(1 +2)ds(zZBA0)]

47



Transverse=DAa(z); RadlaI—H(z)

SDSS Data Linear Theory
DRB DRB + best model

ol ‘*’_ “J’ CAZ'R|+ z) |
: v =d (ZBAD)H(

(00

-
.
-
E
-

100}

—100 —-100

—-200L
—200

—200L
—200

Two-point correlation function measured B
from the SDSS Luminous Red Galaxies 0 = ds(zsao)/DA(Z)
48

(Gaztanaga, Cabre & Hui 2008)

200



Dv(z) = {(1+z)°Da*(z)[cz/H(z)]}'"

Since the current data are not good enough to
constrain Da(z) and H(z) separately,a combination
distance, Dv(Z), has been constrained.

A~
\N/ [ | I 1 ) | ) I | | | ! I ) | J
> L -
a - ]
= O r 2dFGRS and SDSS ]
9: O r main samples ]
N WO [ ]
O or SDSS LRG 1
Q - samples .
<< w1 | i
I?i o - —_
+ ©r 0n=0.278, Qr=0.722
~ i

0 0.2 0.3 0.4

Redshift, z Percival et al. (2010)



Komatsu et al. (201 1)
WMAP/7+BAO+...

| I | | | I I | | l I

*At the moment, BAO is Elxmg*'gig*ﬂo i
: 0.01 F + +Ho+D k
great for fixing curvature, but - Bl WMAP-BAO-+ SN

not good for fixing w ook
*We still need supernovae & _
for fixing w, but this would ;
change as more BAO data ~0.02 |
(especially at higher redshifts) "

become available. —0.08 E

_0_045.1...|...|...|...|...|...-
-2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8




w(z)=wotw,"z/(|+2z)

*Cosmological constant,
wo=—| and w,=0, are
perfectly consistent with
data.

eOf course we all want this
to change at some point...

1

Komatsu et al. (201 1)

~ I WMAP+H,+SN
- B WMAP+BAO+H,+SN
=[] wmAP+BAO+H+D+SN

I 1 1 1

-1.2 -1.0



Hobby-Eberly Telescope
Dark Energy Experiment (HETDEX)

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflatior

Quantt
Fluctuations

1st Stars
about 400 million yrs.

Use 9.2-m HET to map the universe using

0.8M Lyman-alpha emitting galaxies
In z=1.9-3.5




HETDEX Foot-print
(in RA-DEC coordinates
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Comoving y [h~! Mpc]

HETDEX: Sound Waves in
the Distribution of Galaxies

k / h Mpc !
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Comoving y [h~! Mpc]
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HETDEX vs SDSS

L4+ 2 3% larger volume surveyed
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Beyond BAO

® BAOs capture only a fraction of the information
contained in the galaxy power spectrum!

® The full usage of the 2-dimensional power spectrum
leads to a substantial improvement in the precision of
distance and expansion rate measurements.
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Shoji, Jeong & Komatsu (2008)

BAO vs Full Modeling

® Full modeling improves upon [ ~ImA B
the determinations of Da & H 1.0oT ]
by more than a factor of two. 5] )

{ 1.00 T '

® On the Da-H plane, the size N )
of the ellipse shrinks by more 0951 " Full modeling
than a factor of four. oo BAO fitting

0’90“:II:::::I|::::|I—I—I—l—.
0.95 1.00 1.05 1.10
D /D
A A ref
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Alcock-Paczynski: The Most
Important I'hing For HETDEX

® Where does the improvement 1.0071

come from? . ff N
{ 1.00 T
® The Alcock-Paczynski test is the key. :: N

This is the most important component for 0.957 il modeling
the success of the HETDEX survey. oo BAO fitting

0.95 1.00 1.05 1.10
D /D
A A ref
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The AP Test: How T hat VWorks

® The key idea: (in the absence of the redshift-space
distortion - we will include this for the full analysis; we ignore
it here for simplicity), the distribution of the power
should be isotropic in Fourier space.

59



The AP Test: How T hat VWorks

® DAa:(RA,Dec) to the transverse separation, rperp, to the
transverse wavenumber

® koerp = (2TT)/rperp = (2TT)[Angle on the sky]/Da

® H: redshifts to the parallel separation, rpara, to the
parallel wavenumber

® Koara = (2TT)/Fpara = (2TT)H/(cAZ)

If DA and H are
correct:

kparail—‘ ‘l—‘ J—‘
kpe rp kpe rp kpe 'p

If Da is wrong: |f H is wrong:
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The AP Test: How T hat VWorks

® DAa:(RA,Dec) to the transverse separation, rperp, to the
transverse wavenumber

® koerp = (2TT)/rperp = (2TT)[Angle on the sky]/Da

® H: redshifts to the parallel separation, rpara, to the
parallel wavenumber

® Koara = (2TT)/Fpara = (2TT)H/(cAZ)

If DA and H are . . If DA and H are
If Da is wrong: |f H is wrong:
correct: wrong:

kpara | | | ‘
Kperp Kperp Kperp Kperp



DaH from the AP test

® So, the AP test can’t be used
to determine Da and H
separately; however, it gives a
measurement of DaH.

® Combining this with the BAO
information, and marginalizing

over the redshift space
distortion, we get the solid
contours in the figure.

1.05 ¢ A
B _ ¥
L | Co
0.95 o
T —-Full modeling
| EETETREPEPRES BAO fitting
090 ————t—
0.95 1.00 1.05

DA/ |:)A,ref
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Redshift Space Distortion

® Both the AP test and the redshift space distortion make
the distribution of the power anisotropic.Would it spoil
the utility of this method!?

® Some, but not aII'

1 10 i T L T T T T T T T T T T T T T T T .

| fls erd l f is marginalized over. ;

1.05F I

T | o F I ]

T 1.00} f ! _
I ! o ~/

O-9of 1 . Full modeling -

[ | ETERIRIRERED BAO fitting ]

Q 9Q ——————t—— I — |—|—|—|—|—

0.90 0.95 1.00 1.05 1 1O 0.95 1.00 1.05 1.10
D /D D /D
A A ref A A ref



VWMAP Amplitude Prior

® VWMAP measures the amplitude of curvature
perturbations at z~1090. Let’s call that Rx. The relation

to the density fluctuation is

| 2k
mk(2) = =7~ RiT (k) D(k, 2)
* ()=~

® Variance of Ry has been constrained as:

A% (kwaap) = (2.208 & 0.078) x 107°(68% CL)

where kwmap=0.027 Mpc™!
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Then Solve This Diff. Equation...

lgnoring the mass of neutrinos and modifications to
gravity, one can obtain the growth rate by solving the
following differential equation (Wang & Steinhardt 1998;
Linder & Jenkins 2003): g(z)=(1+z)D(z)

d*g 5 1 vy, | dg
P — 3 ae
dlna? | {2_'_2( (@) (@)%ae(@)) dIna

+ {Qm«a) 20— W)@ g@ =0, (76)
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Degeneracy Between
Amplltude at z=0 (Os) and w

Flat Unlverse 3 Non-flat Un|v

-0.5 |

-1.0 |
1.5 |
. WMAP
o0l M WMAP+BAO+SN




DETECTION OF A BY GROWTH HISTORY

11 '—I | S I B B | | l LA B | I | I A B | l | | |

WMAP
N §20.26, =04~~~ ——9-—
I Alexey Vikhlinin,
oo [ g AT k .
{f e d from a slide
o8 /17 A presented at the

a ST IPMU Dark Energy
E 3 Conference in
I - Japan, June 2009

g(z)= D(z)/(1+z)
-
~J
.

A>0 at~3.50from perturbations growth only

at ~50 from growth + geometry 67



HETDEX and Neutrino Mass

k / h Mpc

4.5

2.0

: ® Neutrinos suppress

_ the matter power
spectrum on small
scales (k>0.1 h Mpc™).

® A useful number to

_ remember:
o102 - ® For >my=0.1 eV, the
T oo,k /b pet o power spectrum at
For 10x the number density of HETDEX —| :
f =0.01, 0_=0.27, 0_h*=0.14 k>0.1h MPC 1S
N =1 (m,=0.13 eV) ~"70
N,=2 (m,,=0.066 eV) Suppressed b)’ 7%.

N,=3 (m,,=0.044 V)

® \We can measure this
easily!
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Neutrino Mass and P(k)

For 10x the number density of HETDEX
f =0.01, 0_=0.27, 0_h%*=0.14
N =1 (m,=0.13 eV)
N,=2 (m,,=0.066 V)
N,=3 (m,=0.044 &V)

e i

® TJotal neutrino mass: coming from the small scale
® AP/P ~ —8Qv/Qm = —[8/(th2)]ZmV/(

® VWhere the suppression begins depends on individual
masses!

3 H(z) 0.677 m,, | /9
L S, — = 1/ ( ’ ) Qm/
f”,(Z) \/;(1%_2)0_1’*2(2) (l_l_Z)l/Z 1 eV

h Mpc™!
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Expectation for HETDEX

0.10

CcO

: 1.952<2.5, 426deg?, 0.377M -

------- 2.552<3.5, 426deq?, 0.424M

Fractional Error in P,(k), per Ak=0.01 h Mpc ™!

001 L v v v v v 0, L e v Lot e Lot e

® CV limited: error goes as |/sqrt(volume)

® SN limited: error goes as |/(number density)/sqrt(volume)
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Expected RETDEX L|m|t

% i WMAP /7 only

7’ - i WMAP7+H, (HKP)

. : B WMAP7+H, (SHOES)

= i

g 1.0r -
5 I

O I

< 0.5F _
E ;

O

— 0.0

30

U1
O
@)
@)
o)
O
o)
@)
~
O
~
U1

® ~6x better than WMAP 7-year+Ho
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Summary

® Three (out of four) questions:
® What is the physics of inflation!?
® P(k) shape (esp, dn/dlnk) and non-Gaussianity
® What is the nature of dark energy!?
® DAa(z), H(z), growth of structure
® What is the mass of neutrinos?
® P(k) shape

® CMB and large-scale structure observations can lead to
major breakthroughs in any of the above questions.



