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High-z galaxy redshift surveys open up exciting possibilities for precision determinations of neu-
trino massesand in ationary models. The high-z surveys are more useful for cosmologythan low-z
onesowing to much weaker non-linearities in matter clustering, redshift-space distortion and galaxy
bias, which allows us to usethe galaxy power spectrum down to the smaller spatial scalesthat are
inaccessible by low-z surveys. We can then utilize the two-dimensional information of the linear
power spectrum in angular and redshift spaceto measurethe scale-dependernt suppressionof matter
clustering due to neutrino free-streaming aswell asthe shape of the primordial power spectrum. To
illustrate capabilities of high-z surveys for constraining neutrino massesand the primordial power
spectrum, we compare three future redshift surveys covering 300 square degreesat 0.5 < z < 2,
2< z< 4,and 35< z< 6:5. We nd that, combined with the cosmic microwave background data
expected from the Planck satellite, these surveys allow precision determination of the total neutrino
masswith the projected errors of (m. ) = 0:059, 0.043,and 0.025eV, respectively, thus yielding
a positive detection of the neutrino massrather than an upper limit, as (m. «: ) is smaller than the
lower limits to the neutrino massesimplied from the neutrino oscillation experiments, by up to a
factor of 4 for the highest redshift survey. The accuraciesof constraining the tilt and running index
of the primordial power spectrum, (ns) = (3:8; 3:7; 30) 10 %and ( s)= (5:9; 5:7; 2:4) 10 3
at ko = 0:05 Mpc 1, respectively, are smaller than the current uncertainties by more than an or-
der of magnitude, which will allow us to discriminate between candidate in ationary models. In
particular, the error on s from the future highest redshift survey is not very far away from the
prediction of a classof simple in ationary models driven by a massive scalar eld with self-coupling,

s= (0:8 1.2) 10 3.
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I. INTR ODUCTION

We are living in the golden age of cosmology Vari-
ous data sets from precision measuremets of tempera-
ture and polarization anisotropy in the cosmicmicrowave
badkground (CMB) radiation as well asthose of matter
density uctuations in the large-scalestructure of the
universe mapped by galaxy redshift surveys, Lyman-
forests and weak gravitational lensing obsenations are
in a spectacular agreemen with the concordance CDM
model [1{4]. These results assurethat theory of cos-
mological linear perturbations is basically correct, and
can accurately describe the ewolution of photons, neu-
trinos, baryons, and collisionlessdark matter particles
[5{7], for giveninitial perturbations generatedduring in-
ation [8, 9]. The predictions from linear perturbation
theory can be comparedwith the precision cosmological
measuremets, in order to derive stringent constraints on
the various basic cosmologicalparameters. Future obser-
vations with better sensitivity and higher precision will
cortinueto further improve our understanding of the uni-
verse.

Fluctuations in dierent cosmic uids (dark matter,
photons, baryons, and neutrinos) imprint characteristic
features in their power spectra, owing to their interac-
tion properties, thermal history, equation of state, and
speed of sound. A remarkable example is the acoustic
oscillation in the photon-baryon uid that wasgenerated
beforethe decoupling epoch of photons, z"' 1088, which
has been obsened in the power spectrum of CMB tem-

perature anisotropy [10], temperature{p olarization cross
correlation [11], and distribution of galaxies[12, 13].

Yet, the latest obsenations have shavn convincingly
that we still do not understand much of the universe. The
standard model of cosmologytells us that the universe
has been dominated by four componerts. In chronolog-
ical order the four componerts are: early dark energy
(also known as \in aton" elds), radiation, dark mat-
ter, and late-time dark energy The striking fact is that
we do not understand the precisenature of three (dark
matter, and early and late-time dark energy) out of the
four componerts; thus, understanding the nature of these
three dark componerts has beenand will cortinue to be
one of the most important topics in cosmologyin next
decades. Of which, one might be hopeful that the next
generationparticle acceleratorssuch asthe Large Hadron
Collider (coming on-line in 2007) would nd some hints
for the nature of dark matter particles. On the other
hand, the nature of late-time dark energy which wasdis-
covered by measuremets of luminosity distance out to
distant Type la supernovae [14, 15|, is a complete mys-
tery, and many people have beentrying to nd a way to
constrain properties of dark energy (see, e.g., [16] for a
review).

How about the early dark energy in aton elds, which
causedthe expansionof the universeto acceleratein the
very early universe? We know little about the nature
of in aton, just like we know little about the nature of
late-time dark energy The required property of ina-
ton elds is basically the same as that of the late-time



dark energycomponert; both must have a large negative
pressurewhich is lessthan 1=3 of their energy density.
To proceedfurther, however, oneneedsmore information
from obsenations. Dierent ination models make spe-
ci ¢ predictions for the shape of the power spectrum [8]
(seealsoAppendix B) aswell asfor other statistical prop-
erties [17] of primordial perturbations. Therefore, one of
the most promising ways to constrain the physics of in-
ation, hencethe nature of early dark energyin the uni-
verse,is to determine the shape of the primordial power
spectrum accurately from obsenations. For example,the
CMB data from the Wilkinson Microwave Anisotropy
Probe [1], combined with the large-scalestructure data
from the Two-DegreeField Galaxy Redshift Survey [1§],
have already ruled out one of the popular in ationary

models driven by a self-interacting masslessscalar eld

[19]. Understanding the physics of in ation better will
likely provide animportant implication for late-time dark
energy

\Radiation" in the universe at around the matter-
radiation equality mainly consists of photons and neu-
trinos; however, neutrinos actually stop being radiation
when their mean energy per particle roughly equalsthe
temperature of the universe. The physics of neutrinos
has been revolutionized over the last decadeby solar,
atmospheric, reactor, and accelerator neutrino experi-
ments having provided strong evidence for nite neu-
trino massesvia mixing betweendi erent neutrino a-
vors, the so-called neutrino oscillations [20{24]. These
experimernts are, however, only sensitive to masssquare
di erences between neutrino masseigenstates,implying

m3,' 7 10 °%eVZand m3,' 3 10 3 eV?; thus,
the most fundamertal quantity of neutrinos, the abso-
lute mass, has not been determined yet. Cosmological
neutrinos that are the relic of the cosmic thermal his-
tory have distinct in uences on the structure formation.
Their large energydensity, comparableto the energyden-
sity of photons before the matter-radiation equality, de-
termines the expansion history of the universe. Even
after the matter-radiation equality, neutrinos having be-
come non-relativistic a ect the structure formation by
suppressingthe growth of matter density uctuations at
small spatial scalesowing to their large velocity disper-
sion [25, 26, 29, 30] (see Sec. |l and Appendix A for
more details). Therefore, the galaxy redshift surveys,
combined with the CMB data, provide a powerful, albeit
indirect, meansto constraining the neutrino properties
[3135]. This approach also complemers the theoreti-
cal and direct experimental e orts for understanding the
neutrino physics. In fact, the cosmological constraints
have placedthe most stringent upper bound on the total
neutrino mass, m.; < 0:6eV (2 ) [36], stronger than
the direct experiment limit < 2eV [37]. In addition, the
result obtained from the Liquid Scirtillator Neutrino De-
tector (LSND) experiment, which implies to  oscil-
lations with  m? > 0:2eV? [38] in an apparert contra-
diction with the other neutrino oscillation experiments
mentioned above, potentially suggeststhe needfor new

physics: the cosmologicalobsenations will provide inde-
pendert tests of this hypothesis.

In this paper we shall study the capability of future
galaxy surveysat high redshifts, combined with the CMB
data, for constraining (1) the neutrino properties, more
speci cally the total neutrino mass,m .  , and the num-
ber of non-relativistic neutrino species,N™, and (2) the
shape of the primordial power spectrum that is parame-
terized in terms of the spectral tilt, ns, and the running
index, s, motivated by in ationary predictions (seeAp-
pendix B). For the former, we shall pay particular at-
tention to our ability to simultaneously constrain m .
and N™, asthey will provide important cluesto resolv-
ing the absolute massscaleas well asthe neutrino mass
hierarchy. The accuracy of determining the neutrino pa-
rameters and the power spectrum shape parameterswill
be derived using the Fisher information matrix formal-
ism, including marginalization over the other cosmologi-
cal parametersas well asthe galaxy bias.

Our analysis diers from the previous work on the
neutrino parametersin that we fully take into accourt
the two-dimensional nature of the galaxy power spec-
trum in the line-of-sight and transversedirections, while
the previous work used only spherically averaged, one-
dimensional power spectra. The geometrical distortion
due to cosmologyand the redshift spacedistortion dueto
the peculiar velocity eld will causeanisotropic features
in the galaxy power spectrum. These features help to
lift degeneraciesbetween cosmologicalparameters, sub-
stantially reducingthe uncertainties in the parameter de-
terminations. This is especially true when variations in
parameters of interest causemodi cations in the power
spectrum shape, which is indeed the casefor the neu-
trino parameters, tilt and running index. The useful-
nessof the two-dimensional power spectrum, especially
for high-redshift galaxy surveys, has been carefully in-
vestigated in the context of the prospected constraints
on late-time dark energy properties [39{45].

We shall show the parameter forecastsfor future wide-
eld galaxy surveys that are already being planned or
seriouslyunder consideration: the Fiber Multiple Object
Spectrograph (FMOS) on Subaru telescoge [46], its sig-
ni cantly expanded version, WFMOS [47], the Hobby{
Ebery Telescoe Dark Energy eXperiment (HETDEX)
[48], and the Cosmic In ation Probe (CIP) mission [49].
To model these surveys, we consider three hypothetical
galaxy surveys which probe the universe over dierent
rangesof redshift, (1) 05 z 2,22 =z 4and
(3) 35 =z 6:5. We x the sky coverageof ead sur-
vey at s = 300 ded in order to make a fair compari-
son betweendi erent survey designs. As we shall show
below, high-redshift surveys are extremely powerful for
precision cosmologybecausethey allow us to probe the
linear power spectrum down to smallerlength scalesthan
surveys at low redshifts, protecting the cosmologicalin-
formation against systematics due to non-linear pertur-
bations.

We shall also study how the parameter uncertainties



are a ected by changesin the number density of sam-
pled galaxiesand the survey volume. The results would
give us a good guidanceto de ning the optimal survey
designto achieve the desiredaccuraciesin parameter de-
terminations.

The structure of this paper is asfollows. In Sec.ll, we
review the physical pictures asto how the non-relativistic
(massiwe) neutrinos lead to scale-degndent modi ca-
tions in the growth of mass clustering relative to the
pure CDM model. Sec.lll de nes the parameterization
of the primordial power spectrum motivated by in ation-
ary predictions. In Sec.IV we describe a methodology
to model the galaxy power spectrum obsenable from a
redshift survey that includesthe two-dimensionalnature
in the line-of-sight and transverse directions. We then
preser the Fisher information matrix formalism that is
usedto estimate the projected uncertainties in the cos-
mological parameter determination from statistical errors
on the galaxy power spectrum measuremen for a given
survey. After survey parameters are de ned in Sec.V,
we shaw the parameter forecastsin Sec.VI. Finally, we
presert conclusionsand somediscussionsn Sec.VIIl. We
review the basic properties of cosmologicalneutrinos in
Appendix A, the basicpredictions from in ationary mod-
elsfor the shape of the primordial power spectrum in Ap-
pendix B, and the relation betweenthe primordial power
spectrum and the obsened power spectrum of matter
density uctuations in Appendix C.

In the following, we assumean adiabatic, cold dark
matter (CDM) dominated cosmologicalmodel with at
geometry, which is supported by the WMAP results
[1, 36], and employ the the notation usedin [51, 52]:
the present-day density of CDM, baryons, and non-
relativistic neutrinos, in units of the critical density, are
denotedas ., p,and , respectively. The total mat-
ter density isthen = + ,+ , and f is the
ratio of the massiwe neutrino density contribution to ;:
f =

= m-

Il.  NEUTRINO EFFECT ON STR UCTURE

FORMA TION

Throughout this paper we assumethe standard ther-
mal history in the early universe: there arethree neutrino
specieswith temperature equalto (4=11)*2 of the photon
temperature. We then assumethat 0 N™ 3 species
are massive and could become non-relativistic by the
presert epoch, and those non-relativistic neutrinos have
equal massesm . As we show in Appendix A, the den-
sity parameter of the non-relativistic neutrinos is given
by h? = N"m =(94:1eV), where we have assumed
2.725K for the CMB temperature today [50], and h is the
Hubble parameter de ned asHo = 100hkms *Mpc 1.
The neutrino massfraction is thus given by

N™m 0:14
f — = 0:05 : 1
m 0:658 eV mh? (1)

3

Structure formation is modied by non-relativistic
neutrinos on scales below the Hubble horizon size
when the neutrinos became non-relativistic, kn, =
0:0145(m =1eV)¥2 *2nMpc ! (seeEq. [A8]). In par-
ticular, the characteristic scaleimprinted onto the galaxy
power spectrum at a given redshift z is the neutrino free-
streaming scale,which is de ned by Eq. (A11):
m nh2 5 12
leVv 0:14 1+ z

kis(z) = 0:113Mpc * 2)

Therefore, non-relativistic neutrinos with lighter masses
suppressthe growth of structure formation on larger spa-
tial scalesat a given redshift, and the free-streaming
length becomesshorter at a lower redshift as neutrino

velocity decreaseswith redshift. The most important

property of the free-streaming scaleis that it depends
on the massof eat species,m , rather than the total

mass,N " m ; thus, measuremeis of ks allow us to dis-
tinguish di erent neutrino mass hierarchy models. For-

tunately, kis appearson the scalesthat are accessibleby

galaxy surveys: kis = 0:096 0:179Mpc tatz=6 1
form = 1leV.

On the spatial scaleslarger than the free-streaming
length, k < k¢s, neutrinos can cluster and fall into gravi-
tational potential well together with CDM and baryonic
matter. In this case, perturbations in all matter com-
ponerts (CDM, baryon and neutrinos, denoted as “cb '
hereafter) grow at the samerate given by

kfs(z); (3)

where D (z) is the usual linear growth factor (see,e.g.,
Eq. (4) in [53]). On the other hand, on the scalessmaller
than the free-streaminglength, k > ks, perturbations in
non-relativistic neutrinos are absent due to the large ve-
locity dispersion. In this case,the gravitational potential
well is supported only by CDM and baryonic matter, and
the growth of matter perturbations is slowed down rela-
tive to that on the larger scales.As a result, the matter
power spectrum for k > Kss is suppressedelative to that
for k < k. In this limit the total matter perturbations
grow at the slower rate given by

Do (k;z)/ D(2) k

D (k;z)/ (1 f)D@)]* P k ki(2); @)
wherep (5 p25 24f )=4[25]. In [51, 52] an accurate
tting function for the scale-degndert growth rate was
derived by matching thesetwo asymptotic solutions. We
shall usethe tting function throughout this paper.
Figure 1 shaws suppressionin the growth rate of total
matter perturbations at k = 0:01, 0.1, and 1 hMpc ?
due to the neutrino free-streaming. The suppression
becomesmore signi cant at lower redshifts for a given
wavenumber, or for higher frequency perturbations at a
given redshift, becauseneutrino can grow together with
CDM and baryonic matter after the spatial scale of a
given perturbation has becomelarger than the neutrino
free-streamingscalethat varieswith redshift as given by
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FIG. 1: Suppressionin the growth rate of total matter per-
turbations (CDM, baryons and non-relativistic neutrinos),
Dw (@), dueto neutrino free-streaming. (a= (1+ z) listhe
scalefactor.) Upper panel: Do (2)=D =o (&) for the neutrino
mass fraction of f = = m = 0:05. The number of non-
relativistic neutrino speciesis varied from N™ = 1, 2, and 3
(from thick to thin lines), respectively. The solid, dashed,and
dotted lines represert k = 0:01, 0.1, and 1 hMpc L respec-
tively. Lower panel: D¢, (a)=D =0 (a) for a smaller neutrino
mass fraction, f = 0:01. Note that the total mass of non-
relativistic neutrinos is xed to m.,t = N"m = 0:66 eV
and 0.13 eV in the upper and lower panels, respectively.

Eqg. (2). It is thus expected that a galaxy survey with
di erent redshift slicescan be usedto e cien tly extract
the neutrino parameters,N™ and m .

The upper and middle panelsof Figure 2 illustrate how
free-streaming of non-relativistic neutrinos suppresses
the amplitude of linear matter power spectrum, P (k),
at z = 4. Note that we have normalized the primordial
power spectrum sud that all the power spectra match at
k! 0 (seexlIll). To illuminate the dependenceof P (k)
onm , we X the total massof non-relativistic neutri-
nos, N"m , by f = 0:05 and 0:01 in the upper and
middle panels,respectively, and vary the number of non-
relativistic neutrino speciesasN™ = 1, 2 and 3. The
suppressionof power is clearly seenas one goes from
k < kis(z) to k > kis(z) (seeEg. [2] for the value of
kis). The way the power is suppressedmay be easily un-
derstood by the dependenceof kis(z) onm ; for example,
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FIG. 2: Upper panel: A fractional suppressionof power in the
linear power spectrum at z = 4 due to free-streaming of non-
relativistic neutrinos. We x the total massof non-relativistic
neutrinos by f = = m = 0:05, and vary the number of
non-relativistic neutrino species (which have equal masses,
m ) as N™ = 1 (solid), 2 (dashed), and 3 (dot-dashed).
The mass of individual neutrino species therefore varies as
m = 0:66, 0.33, and 0.22 eV, respectively (seeEqg. [1]). The
shadedregionsrepresen the 1- measuremern errors on P (k)
in eadh k-bin, expected from a galaxy redshift survey observ-
ing galaxiesat 3:5 z 45 (seeTable | for de nition of the
survey). Note that the errors are for the spherically averaged
power spectrum over the shell of k in each bin. Dierent N™
could be discriminated in this case. Middle panel: Same as
in the upper panel, but for a smaller neutrino mass fraction,
f = 0:01. While it is not possible to discriminate between
dierent N™, the overall suppressionon small scalesis clearly
seen. Lower panel: Dependencesof the shape of P (k) on the
other cosmological parameters.

P (k) at smallerk is more suppressedor a smallerm , as
lighter neutrinos have longer free-streaminglengths. On
very small scales,k kis(z) (k > 1 and 0.1Mpc * for
f = 0:05and 0:01, respectively), however, the amount
of suppressionbecomesnearly independert of k, and de-
pendsonly on f (or the total neutrino mass,N"m )
as

P 3In(D =4 )
— 2 1+ 2z
P 5

8f : (5)
We therefore concludethat onecan extract f and N™
separately from the shape of P(k), if the suppression
\pattern" in di erent regimesof k is accurately measured
from obsenations.



Are obsenations good enough? The shadedboxesin
the upper and middle panelsin Figure 2 represen the 1-

measuremen errors on P (k) expected from one of the
ducial galaxy surveysoutlined in Sec.V. We nd that
P (k) will be measuredwith 1% accuracyin ead k bin.
If other cosmologicalparameters were perfectly known,
the total mass of non-relativistic neutrinos as small as
M-t = N"m ~ 0:001eV would be detected at more
than 2- . This limit is much smaller than the lower
mass limit implied from the neutrino oscillation exper-
iments, 0.06eV. This estimate is, of course, unrealistic
becausea combination of other cosmologicalparameters
could mimic the N™ or f dependenceof P(k). The
lower panel in Figure 2 illustrates how other cosmolog-
ical parameters change the shape of P(k). In the fol-
lowing, we shall extensively study how well future high-
redshift galaxy surveys, combined with the cosmic mi-
crowave badckground data, candeterminethe massof non-
relativistic neutrinos and discriminate betweendi erent
N ", fully taking into accourt degeneraciebetweencos-
mological parameters.

I1.  SHAPE OF PRIMORDIAL PO WER
SPECTR UM AND INFLA TIONAR Y MODELS

In ation generally predicts that the primordial power
spectrum of curvature perturbations is nearly scale-
invariant. Dierent inationary models make specic
predictions for deviations of the primordial spectrum
from a scale-invariant spectrum, and the deviation is of-
ten parameterized by the \tilt", ns, and the \running
index", s, of the primordial power spectrum. As the pri-
mordial power spectrum is nearly scale-irvariant, jng 1]
and|j sj are predicted to be much lessthan unity.

This, however, doesnot mean that the obsened mat-
ter power spectrum is also nearly scale-irvariant. In Ap-
pendix C, we derive the power spectrum of total matter
perturbations that is normalized by the primordial cur-
vature perturbation (seeEq. [C6])

KP(k;z) _ , 2k ?

22 R BHE ,
K 1+ns+ % < In(k=ko)
D% (ki2)T?(k) +— ; (6)
ko
where ko = 0:05 Mpc !, 2 = 2:95 10 °A, and A

is the normalization parameter given by the WMAP
collaboration [1]. We adopt A = 0:871, which gives
R = 5:07 10 5. (In the notation of [63,64] r = .)
The linear transfer function, T(k), describesthe ewolu-
tion of the matter power spectrum during radiation era
and the interaction between photons and baryons be-
fore the decoupling of photons. Note that T (k) depends
only on non-in ationary parameterssuc as ,h? and
b= m,andisindependert of ng and . Also, the e ects
of non-relativistic neutrinos are captured in D¢, (k;2);
thus, T(k) is independert of time after the decoupling

5

epoch. We usethe tting function found in [51, 52] for
T(k). Note that the transfer function and the growth
rate are normalized such that T(k)! l1andD =a! 1
ask ! 0 during the matter era.

In Appendix B we describe generic predictions on ns
and ¢ from in ationary models. For example, in ation
driven by a massiwe, self-interacting scalar eld predicts
ns = 0:94 0:96and = (0:8 1:2) 10 2 for the num-
ber of e-foldings of expansion factor before the end of
in ation of 50. This example shows that precision deter-
mination of ng and ¢ allows us to discriminate between
candidate in ationary models (see[8] for more details).

IV.  MODELING GALAXY POWER SPECTR UM

A. Geometrical and Redshift-Space Distortion

Suppose now that we have a redshift survey of galax-
ies at someredshift. Galaxies are biased tracers of the
underlying gravitational eld, and the galaxy power spec-
trum measureshow clustering strength of galaxiesvaries
as a function of 3-dimensional wavenumbers, k (or the
inverseof 3-dimensionallength scales).

We do not measurethe length scale directly in real
space;rather, we measure(1) angular positions of galax-
ies on the sky, and (2) radial positions of galaxiesin
redshift space. To convert (1) and (2) to positions in
3-dimensionalspace,however, one needsto assumea ref-
erencecosmologicalmodel, which might be di erent from
the true cosmology An incorrect mapping of obsened
angular and redshift positions to 3-dimensionalpositions
producesa distortion in the measuredpower spectrum,
known as the \geometrical distortion" [5456]. The ge-
ometrical distortion can be described as follows. The
comoving sizeof an object at redshift z in radial, ry, and
transverse,r- , directions are computed from the exten-

sion in redshift, z, and the angular size, , respec-
tively, as

e = —

r- = Da(2) ; )

where D, is the comoving angular diameter distance
given in the spatial sector of the Friedmann-Robertson-
Walker line elemen, di? = a(d 2+ D3d) ( is the
comoving radial distance). We assumea at universe
throughout this paper, in which case = D,. The co-
moving angular distance out to a galaxy at redshift z
is

Z z
dz°®
Da(2) = m, (8)
where H (z) is the Hubble parameter given by
H2(z)= HZ 1+ 2)°%+ ; (9)



Here n+ = 1,and =(3H¢) is the presert-day
density parameter of a cosmologicalconstart, . A tricky
part is that H(z) and Da(z) in Eq. (7) depend on cosmo-
logical models. It is therefore necessaryto assumesome
ducial cosmologicalmodel to compute the conversion
factors. In the following, quartities in the ducial cos-
mological model are distinguished by the subscript " d'.
Then, the length scalesin Fourier spacein radial, k4 ,
and transverse,k 4 » , directions are estimated from the
inverseofr 4 andr 4 » . These ducial waverumbersare
related to the true wavenumbers by

Da(2)d
Da(2)
- H@
T H@. '

k- Kdao2;

(10)

Therefore, any di erence betweenthe ducial cosmolog-
ical model and the true model would causeanisotropic
distortions in the estimated power spectrum in (kq -,
kg4 k) space.

In addition, shifts in z due to peculiar velocities of
galaxies distort the shape of the power spectrum along
the line-of-sight direction, which is known asthe \redshift
spacedistortion" [57]. From azimuthal symmetry around
the line-of-sight direction, which is valid when a distant-
obsener approximation holds, the linear power spectrum
estimated in redshift space,Ps(kq4 7 ; K4 k), is modeledin
[39] as

DADAHE @ "
. _ A . k
Plkariked = B . M P
P (k; 2); (11)
wherek = (k3 + k2)*? and
(czy LdnDe (52). 12)

b din(l+2z)

is a function characterizing the linear redshift space
distortion, and by is a scale-indegndert, linear bias
parameter. Note that (k;z) depends on both red-
shift and wavenumber via the linear growth rate. In
the infall regime, k kis(z), we have by (k;z)

dIn D(z)=dIn(1+ z), while in the free-streamingregime,
k  kis(2), wehaveby, (k;z) (1 p)dinD(z)=dIn(1+
z), where p is de ned below Eq. (4).

One might think that the geometrical and redshift-
spacedistortion e ects are somewhat degeneratein the
measured power spectrum. This would be true only
if the power spectrum was a simple power law. For-
tunately, characteristic, non-power-law featuresin P (k)
sudh asthe broad peak from the matter-radiation equal-
ity, scale-degendert suppressionof power due to baryons
and non-relativistic neutrinos, the tilt and running of the
primordial power spectrum, the baryonic acoustic oscil-
lations, etc., help break degeneraciegjuite e cien tly [39
44, 47, 55, 56).

B. Commen ts on Bary onic Oscillations

In this paper, we employ the linear transfer function
with baryonic oscillations smathed out (but includes
non-relativistic neutrinos) [51, 52. As extensiwely in-
vestigatedin [39, 44, 47], the baryonic oscillations can be
usedasa standard ruler, thereby allowing oneto precisely
constrain H(z) and Da(z) separately through the geo-
metrical distortion e ects (especially for a high-redshift
survey). Therefore, our ignoring the baryonic oscillations
might underestimate the true capability of redshift sur-
veysfor constraining cosmologicalparameters.

We have found that the constraints on ng and ¢ from
galaxy surveysimprove by a factor of 2{3 when baryonic
oscillations are included. This is becausethe baryonic os-
cillations basically x the valuesof ., mh?and ph?,
lifting parameter degeneraciedetween nh?, ,h?, ng,
and . Howewer, we suspect that this is a rather opti-
mistic forecast, as we are assuminga at universedom-
inated by a cosmologicalconstart. This might be a too
strong prior, and relaxing our assumptionsabout geom-
etry of the universeor the properties of dark energy will
likely result in dierent forecastsfor ns and . In this
paper we try to separatethe issuesof non- at universe
and/or equation of state of dark energyfrom the physics
of neutrinos and in ation. We do not include the bary-
onic oscillations in our analysis, in order to avoid too
optimistic conclusionsabout the constraints on the neu-
trino parameters,ns, and .

Eventually, the full analysis including non-at uni-
verse, arbitrary dark energy equation of state and its
time dependence,non-relativistic neutrinos, ng, and s,
using all the information we have at hand including the
baryonic oscillations, will be necessary We leave it for
a future publication (Takada and Komatsu, in prepara-
tion).

C. Parameter Forecast: Fisher Matrix Analysis

In order to investigate how well one can constrain the
cosmologicalparameters for a given redshift survey de-
sign, one needsto specify measuremem uncertainties of
the galaxy power spectrum. When non-linearity is weak,
it is reasonableto assumethat obseneddensity perturba-
tions obey Gaussianstatistics. In this case,there are two
sourcesof statistical errors on a power spectrum measure-
ment: the sampling variance (due to the limited number
of independent wavenumbers sampled from a nite sur-
vey volume) and the shot noise (due to the imperfect
sampling of uctuations by the nite number of galax-
ies). To be more speci c, the statistical error is givenin
[58, 59] by

Pe(ki) > 2 1 2
Ps(ki) Nk ngPs(ki) '

where ng is the mean number density of galaxiesand Ny
is the number of independent k 4 modeswithin a given

(13)



bin at kg = k;:
2 3
Nk = 2 k* Kk — (14)
Vs
Here 2 :\/51:3 is the size of the fundamenrtal cell in k

space,Vs is the comoving survey volume, and is the co-
sine of the angle betweenk 4 and the line-of-sight. Note
that we have assumedthat the galaxy selectionfunction
is uniform over the redshift slice we considerand ignored
any boundary e ects of survey geometry for simplicity.

The rst term in Eq. (13) represerts sampling vari-
ance. Errors becomeindependert of the number den-
sity of galaxieswhen sampling variance dominates (i.e.,
Ps ng over the range of k considered), and thus the
only way to reducethe errors is to survey a larger vol-
ume. On the other hand, the secondterm represerts shot
noise, which comesfrom discretenessof galaxy samples.
When shot noise dominates (Ps ng), the most e ec-
tive way to reducenoiseis to increasethe number density
of galaxies by increasing exposure time per eld. Note
that for a xed ng the relative importance of shot noise
cortribution can be suppressedby using galaxies with
larger bias parameters, by, asPs / 1. In Sec.V we shall
discussmore about the survey designthat is required to
attain the desired parameter accuracy

We use the Fisher information matrix formalism to
convert the errors on Pg(k) into error estimatesof model
parameters[39]. The Fisher matrix is computed from

z, Z
oo Ve Tl T ey, @nPs(ki ) @nPs(k; )
8 2 1 kmin @ @
ngPs(k; ) %
ngPs(k; )+ 1 ° (15)

wherep expresses set of parameters. One may evalu-
ate somederivativ e terms analytically:

@npPs(k; ) 2

@r - _R; (16)
@nPslki ) F(;(Sk; ) = k%; 17
Ps(K; 1 2
@”@7(5) = 5 g (18)

The 1 error on p marginalized over the other parame-
tersis givenby 2%(p )= (F 1) ,whereF 1!isthein-

verseof the Fisher matrix. It is sometimesusefulto con-
sider projected constraints in a two-parameter subspace
to seehow two parametersare correlated. We follow the

method described around Eq. (37) in [53] for doing this.

Another quantit y to describe degeneraciebetweengiven
two parameters,p and p , is the correlation coe cien t

de ned as

1
((pip)= pot )

"FL (FO (19)

If jrj = 1, the parameters are totally degenerate,while
r = 0 meansthey are uncorrelated.

To calculate F  using Eg. (15), we needto specify
kmin and kmax for a given galaxy survey. We use the
upper limit, kmax, to exclude information in the non-
linear regime, where the linear theory prediction of den-
sity uctuations, Eq. (11), becomesinvalid. Following
[39], we adopt a consenative estimate for kmax by im-
posingthe condition mass(R;2z) = 0:5, where mass(R;z)
is the r.m.s. mass uctuation in a sphere of radius
R = =(2kmax) at a given redshift z. All the Fourier
modesbelow kmax are consideredasin the linear regime.
This idea is partly supported by the simulation-based
work in the literature [60{62], while a more careful and
guantitativ e study is neededto understand the impact
of non-linearities on cosmologicalparameter estimatesas
well asto study how to protect the cosmologicalinfor-
mation against the systematics. Table | lists kmax for
ead redshift slice of galaxy surveyswe shall consider. In
addition, we shall shonv how the results will changewith
varying Kmax . As for the minimum wavenumber, we use
Kmn = 10 * Mpc 1, which giveswell-cornverged results
for all the caseswe consider.

D. Mo del Parameters

The parameter forecastsderived from the Fisher infor-
mation formalism depend on the ducial model and are
alsosensitive to the choiceof free parameters. Weinclude
a fairly broad range of the CDM dominated cosmology:
the density parametersare (= 0:27), nh?(= 0:14),
and ph?(= 0:024) (note that we assumea at universe);
the primordial power spectrum shape parametersare the
spectral tilt, ns(= 1), the running index, s(= 0), and
the normalization of primordial curvature perturbation,

rR(= 5:07 10 %) (the numbersin the parenthesesde-
note the values of the ducial model). The linear bias
parameters, by, are calculated for ead redshift slice as
givenin Table I; the ducial values of the neutrino pa-
rameters, f and N", are allowed to vary in order to
study how the constraints on f and N™ change with
the assumed ducial values. For a survey which consists
of N5 redshift slices,we have 8+ Ns parametersin total.

As we shall show later, a galaxy survey alone can-
not determine all the cosmological parameters simulta-
neously but would leave some parameter combinations
degenerated.This is especially true when non-relativistic
neutrinos are added. Therefore, it is desirableto com-
bine the galaxy survey constraints with the constraints
from CMB temperature and polarization anisotropy, in
order to lift parameter degeneracies.When computing
the Fisher matrix of CMB, we employ 7 parameters: 6
parameters (the parameters above minus the neutrino
parameters and the bias parameters) plus the Thom-
son scattering optical depth to the last scattering sur-
face, (= 0:16). Note that we ignore the e ects of non-
relativistic neutrinos on the CMB power spectra: their



e ects are small and do not add very much to the con-
straints from the high-z galaxy survey. We then add
the CMB Fisher matrix to the galaxy Fisher matrix as
F = F9 + FCMB e entirely ignore the cortri-
bution to the CMB from the primordial gravitational
waves. We use the publicly-available CMBFAST code
[65] to compute the angular power spectrum of tempera-
ture anisotropy, CT, E-mode polarization, CFE, and
their cross correlation, CE. Specically we consider
the noise per pixel and the angular resolution of the
Planck experiment that were assumedin [66]. Note that
we use the CMB information in the range of multip ole
10 | 2000.

V. GALAXY SURVEY PARAMETERS

We de ne the parameters of our hypothetical galaxy
surveys so that the parametersresenble the future sur-
veys that are already being planned and seriously pur-
sued. As shown in Eq. (13), the statistical error of the
galaxy power spectrum measuremen is limited by the
survey volume, Vs, as well as the mean number density
of galaxies,ng. There are two advantagesfor the high-
redshift galaxy surveys. First, givena xed solid angle,
the comoving volume in which we can obsene galaxiesis
larger at higher redshifts than in the local universe. Ac-
cordingly, it would be relatively easyto obtain the well-
behaved survey geometry, e.g., a cubic geometry that
would be helpful to handle the systematics. Second,den-
sity uctuations at smaller spatial scalesare still in the
linear regime or only in the weakly non-linear regime at
higher redshift, which gives us more leverageson mea-
suring the shape of the linear power spectrum.

Of course, we do not always win by going to higher
redshifts. Detecting galaxiesat higher redshifts is obvi-
ously more obsenationally demanding, as deeper imag-
ing capabilities and better sensitivity for spectrographs
are required. To increasethe survey e ciency, the use
of Multi Object Spectrographs (MOS) or Integral Field
Unit (IFU) spectrographswill be favorable. It is there-
fore unavoidable to have a trade-o0 in the survey design
betweenthe number of spectroscopictargets and the sur-
vey volume: for a xed duration of the survey (or a xed
amount of budget), the total number of spectroscopic
targets would be anti-correlated with the survey volume.
As carefully discussedin [39], a survey having ngPy > 3
over the range of wavenumbers consideredis closeto an
optimal design.

To make the comparison betweendi erent survey de-
signs easier, we shall x the total sky coverage of the
surveysto

survey = 300 degz;

for all cases.We chooseto work with three surveys ob-
serving at three di erent redshift ranges:

Gl: 05<z< 2

G2:2<z< 4

SG:35< z< 65

where G1 and G2 stands for the \Ground-based galaxy
survey" 1 and 2, respectively, while SG stands for the
\Space-basedGalaxy survey". Table 1 lists detailed sur-
vey parametersfor ead survey design.

A. G1l: Ground-based Galaxy Survey at 0:5<z< 2

The rst survey design, G1, is limited to 0:5< z< 2
for the following reasons. One of the reasonabletarget
galaxies from the ground would be giant ellipticals or
star-forming galaxiesbecauseof their large luminosity. If
spectroscopicobsenations in optical wavebandsare avail-
able, galaxieshaving either 3727 A[Ol I] emissionlines or
4000A corntinuum break may be selected,in which case
z = 1:3 would be the highest redshift bin, asthese spec-
tral line featureswill move out of the optical wavebands
otherwise. If spectroscopy in the near infrared band is
available, such as that proposedby the FMOS instru-
ment on Subaru telescope, one may select6563 A H
emissionlines which usually have the highest equivalent
width amongthe lines in a star-forming galaxy, in which
casea higher redshift, z < 2, may be reached. Basedon
theseconsiderations,we considera survey of 0:.5< z < 2
and subdivide the surveyinto 3 redshift bins certering at
z = 0:75, 1:25 and 1.75with widths z = 0:5. While it
is currently dicult to estimate the number density and
bias parametersfor these galaxieswith any certainty be-
causewe have a limited knowledge of how suc galaxies
formed within the CDM hierarchical clustering scenario,
we follow the argumert givenin [39, 40, 42] and assume
ng = 05 10 3 h3 Mpc 3. We determine by sothat it
satis es the condition g4 = 1 at a givenredshift, where

r

2
8,g — b gmass 1+ Tm + ) (20)

U‘I‘gm

with » = dInD=dIn(1 + z) (i.e. we do not include
the massive neutrino contribution when we estimate the
ducial by). Note that there is no a priori reasonto be-
lieve that the r.m.s. uctuation of the number density of
galaxieswithin an8h ! Mpc sphereshould be unity; this
condition is rather motivated by obsenations, and it does
not have to be true for arbitrary population of galaxies.
Nevertheless,this approach seemsto provide reasonable
valuesfor by, and alsoit makesit easierto compareour
results with the previous work that usedthe samerecipe
[39, 44]. The valuesof kmax in Table | are computed by
mass(R;z) = 0:5, where mnass(R;2) is the rrm.s. mass
uctuation in a sphereof radius corresponding to Kmax ,
R = =(2kmax) (seeSec.IV A).



Kmax surv ey Vs Ng Bias Pg Ng

Survey Zeenter (Mpc 1) (deg?) (h 3Gpc®) (10 ° h®Mpc ®) (Kmax )
Gl (0:5<z< 2) 0:75 0:14 300 0.33 0.5 1.22 4.83
1:25 0:19 300 0.53 0.5 1.47 2.49

1.75 0:25 300 0.64 0.5 1.75 1.38

G2(2<z< 4) 2:25 0:32 300 0.68 0.5 2.03 0.80
2:75 0:41 300 0.69 0.5 2.32 0.46

3:25 0:52 300 0.67 0.5 2.62 0.27

3.75 0:64 300 0.64 0.5 2.92 0.16

SG (3:5< z< 65) 4 071 300 1.6 5 4 2.19
5 1:.01 300 1.13 5 5 1.04

6 1:50 300 1.02 5 5.5 0.35

TABLE I: Galaxy survey speci cations that we assumein this paper (seeSec.V for the details). We assumea xed sky coverage
(300 deg?) for all the surveys, and Vs and ng are the comoving survey volume and the comoving number density of sampled
galaxies for eac redshift slice, respectively. zeenier denotesthe certer redshift of eac redshift slice, and kmax is the maximum
wavenumber below which information in the linear power spectrum can be extracted. (We do not use any information above
kmax in the Fisher information matrix analysis.) \Bias" denotesthe assumedlinear bias parameters of sampled galaxies.

B. G2: Ground-based Galaxy Survey at 2<z< 4

The seconddesign,G2, probeshigher redshiftsthan G1
by observing di erent tracers. The primary candidates
from the ground in this redshift range would be Lyman-
break galaxies or Lyman- emitters, which are accessi-
ble from a deepsurvey of 8-m classtelescopesin optical
wavebands. This type of survey hasbeenproposedby the
Hobby{Eb ery Telesco Dark Energy eXperiment (HET-
DEX) [48] and Wide Field Multiple Object Spectrograph
(WFMOS) collaborations [47]. To make the comparison
easier, we shall assumethe samenumber density as for
G1, 05 10 ® h® Mpc 3, for G2. This number cor-
responds to 4500 galaxies per square degrees,or 1.25
galaxies per square arcminutes for the surface density.
We subdivide the redshift range of G2 into 4 bins, 2.25,
2.75,3.25and 3.75, and again determine the bias param-
eters by imposing g4(z) = 1 at certer redshifts of ead
bin.

C. SG: Space-based Galaxy Survey at 4<z< 6

The third design, SG, is a space-basedobsenation
which targets galaxiesat evenhigher redshifts, 4 < z < 6.
The useful line features will be redshifted into infrared,
which makes sudch high-z galaxies accessibleonly from
space. We determine the survey parameters on the ba-
sisof the CosmicIn ation Probe (CIP) mission[49], one
of the nine studies selectedby NASA to investigate new
ideasfor future mission conceptswithin its Astronomical
Seard for Origins Program. The CIP is a slitless-grating
survey in the near infrared, 2:5{5 m, which detectsH
emissionlines in star-forming galaxiesat theseredshifts.
Being up in spacewith low background, CIP can achieve
a superb sensitivity in infrared. We assumethe num-

ber density of 5 10 3 h® Mpc 2 [49], which is larger
by one order magnitude than that by the ground based
surveys. This number density may be partly justied by
the fact that the Lyman break galaxiesor the Lyman-
emitters show the similar number density at these red-
shifts as implied from a deepimaging survey [67], and
most of sudh galaxiesare very likely to exhibit an even
stronger H emissionline. For this survey, we assume
the bias parameters, by = 4:5, 5 and 5:5 for redshift
slicesof z = 4, 5 and 6 with redshift width z = 1,
respectively. The bias parameters for this survey have
beendetermined using a di erent method. We usedthe
mass-weighted mean halo bias above a certain minimum
mass, M nin . The minimum masswas found such that
the number density of dark matter halos above M yin
p@ould match the assumednumber density of galaxies,
w. dM dn=dM = 5 10 * h® Mpc 3. Therefore, we
baS|caIIy assumedthat ead dark matter halo above M nin
hostsoneH emitter on average. One may improve this
model by using the Halo Occupation Distribution model,
at the expenseof increasingthe number of free parame-
ters.

Note that we chose these survey designsnot to say
these are the optimal designsfor doing cosmologywith
high-z surveys,but rather to shav how well theseplanned
surveys can constrain the neutrino and in ationary pa-
rameters. We are hoping that our results provide some
useful information in designinghigh-z galaxy surveys.

VI.  PARAMETER FORECAST:
RESUL TS

BASIC

Tables Il and Il summarize the basic results of our
forecastsfor the cosmologicalparametersfrom the high-
z galaxy redshift surveyscombined with the Planck data.
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N" =1N"; =2N", =3
Survey f (M. o ev) N™ N™ N™ Ns s m INnrg In wh? In ,h?
Planck alone { { { { 0.0062 0.0067 0.035 0.013 0.028 0.011
G1 0.0045(0.059) 0.31 0.64 1.1 0.0038 0.0059 0.0072 0.0099 0.0089 0.0075
G2 0.0033(0.043) 0.20 0.49 0.90 0.0037 0.0057 0.0069 0.0099 0.0086 0.0072
SG 0.0019(0.025) 0.14 0.40 0.80 0.0030 0.0024 0.0041 0.0090 0.0055 0.0050
All (G1+G2+SG) |0.0018(0.024) 0.091 0.31 0.60 0.0026 0.0023 0.0030 0.0089 0.0043 0.0048

TABLE |I: The projected 68% error on the cosmological parameters from Planck's CMB data alone (the 1st row) and the
high-z galaxy survey data combined with the Planck data (from the 2nd to 5th rows). The quoted error for a given parameter
includes marginalization over the other parameter uncertainties. Note that the valueswith and without parenthesis in the 2nd

column are the errors for f

and m. ot (eV), respectively. The ducial values for the neutrino parameters are f. 4 = 0:05

(the neutrino massfraction; Eq. [1]) and N™y = 3 (the number of non-relativistic neutrinos), while the ducial valuesfor the
other parameters are given in Sec.IV D. We alsovary the ducial value of N™, from 1to 2 and 3 when quoting the projected
errors for N™ with f. 4 = 0:05 being xed, asindicated in the 3rd and 5th columns.

N;d=1N;d=2N;d:3
Survey f (M. o ev) N™ N™ N™ Ns s m INnrg In wh? In ,h?
G1 0.0044(0.058) 2.2 7.1 14 0.0037 0.0059 0.0069 0.0099 0.0085 0.0073
G2 0.0033(0.043) 2.1 7.1 13 0.0036 0.0058 0.0059 0.0098 0.0075 0.0066
SG 0.0021(0.028) 1.9 6.4 13 0.0028 0.0021 0.0034 0.0090 0.0048 0.0048
All (G1+G2+SG) |0.0019(0.025) 1.1 3.7 7.4 0.0021 0.0016 0.0017 0.0087 0.0030 0.0045
TABLE Ill: Sameasin the previous table, but for the smaller ducial neutrino massfraction, f. 4 = 0:01.

Each column shows the projected 1- error on a partic-
ular parameter, marginalized over the other parameter
uncertainties. The 1st row in Table Il shows the con-
straints from the Planck data alone, while the other rows
show the constraints from the Planck data combined with
ead of the high-z galaxy surveysoutlined in the previ-
ous section. The nal row shows the constraints from
all the data combined. The di erence betweenthesetwo
Tablesis the ducial value for f = = . Tablell
usesf = 0:05, whereasTable Il usesa lower value,
f = 0:01, asthe ducial value. In addition, in eac Ta-
ble the ducial value for the number of non-relativistic
neutrino species,N™, is also varied from N™ = 1to 2
to 3. Therefore, in Table Il the ducial mass of indi-
vidual non-relativistic specieschangesfrom m = 0:66
to 0.33to0 0.22 eV, whereasin Table Il it changesfrom
m = 0:13to 0.066to 0.044eV for N™ = 1, 2, and 3,
respectively. It is alsoworth showing how the parameter
errors are correlated with ead other, and we give the
parameter correlations in Table VII for the caseof SG
combined with Planck in Appendix D.

A. Neutrino Parameters

In this paper, we are particularly interestedin the ca-
pability of future high-z redshift surveysto constraining
the neutrino parameters,f andN", aswell asthe shape
of the primordial power spectrum, the tilt (ns) and the

running spectral index ( ). First, we study the neutrino
parameters.

The upper panel of Figure 3 shaws error ellipsesin the
subspaceof (f , N™). Two \islands" show two di erent
ducial models: the left island is (f ;N™) = (0:01; 1),
while the right island is (0:05;3). We nd that the er-
rorsonf andN™ are only weakly degeneratewith eac
other, implying that the constraints on the two parame-
ters comefrom di erent regionsof P (k) in k-space,which
can be seenmore clearly from Figure 2.

1. Total Neutrino Mass

As we have shown in Sec.ll, galaxy surveys constrain
the total massof non-relativistic neutrinos by measuring
the overall suppressionof power at small scalescompared
with the scaleslarger than the neutrino free-streaming
length, P (k)=P(k) ' 8f [Eg. (5)]. Tablesll and
Il and Figure 3 (the widths of the error ellipses show
the accuracy of constraining the total neutrino mass,
N"m ) shaw that the high-z galaxy surveys can pro-
vide very tight constraints on the total neutrino mass,
M.t = N™m , and the constraint improves steadily
by going to higher redshifts for a given survey area.
The projected error (assumingf = 0:05) improvesfrom

(M. ) = 0:059t0 0.025eV for G1 to SG. (The con-
straint on m,« is very similar for f = 0:01.) This
is becausethe suppressionrate of the amplitude of the
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FIG. 3: Upper panel: Projected 68% error ellipses in the

neutrino parameter, (f -N™) plane, expected from the high-

z galaxy survey data combined with the Planck data (see
Table | for the survey de nition). The two ducial mod-

elsfor f and N™ are considered: the left contours assume
(f; a;N™;) = (0:011), while the right contours assume
(f; ¢ ;N™y) = (0:05; 3). The outer thin lines and the middle

light-gray contours are the forecasts for SG (the space-based
mission at 3:5 < z < 6:5) plus Planck, without and with

a prior on the running spectral index, s = 0, respectively.

The innermost, dark gray contours show the forecasts when
all the galaxy surveys(two ground-basedsurveysand SG) and
Planck are combined. The vertical dashed and dotted lines
show the lower limits onf implied from the neutrino oscilla-
tion experiments assuming the normal and inverted mass hi-

erarchy models, respectively. The dashed and dotted curves
then show the e ective number of non-relativistic neutrino

species, Ne , for the two hierarchy models (see Eq. [21] for
the de nition). Lower panel: The projected 68% on N™ asa
function of the ducial value of f . The thick solid, dashed,
and dotted lines usethe ducial valuesof N™; = 1,2, and 3,
respectively. The dot-dashed curve shows the di erence be-
tweenN, for the normal and inverted masshierarchy models.
The leftmost thin solid line shows the error expected from a
hypothetical full-sky SG survey for N™y = 1.

linear power spectrum on small scalescan be precisely
measuredby the galaxy survey when combined with the
tight constraint on the amplitude of the spectrum on
large scalesfrom Planck (also seeTableV and Table VI |
in Appendix D). The steady improvemert at higher red-
shifts is simply becausesurveys at higher redshifts can
be usedto probe smaller spatial scales(i.e., larger Kmax ;
seeTable I). We nd that it is crucial to increasekmax
as much as possiblein order to improve the constraints
on the neutrino parameters. Figure 4 shows how onecan
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FIG. 4: The projected 68% error on f (upper panel) and
N™ (lower panel) against the maximum wavenumber, Kmax ,
assumingthe information in the linear power spectrum at k
kmax can be usedin the Fisher matrix analysis. The arrows
in the above x-axis indicate our nominal kmax used in the
analysis at ead redshift (seeTable I). Note that f. 4 = 0:05
and Ny = 3 are assumed.

reducethe errorsonf and N™ by increasingKmax -

Theseresults are extremely encouraging. If we a pri-
ori assumethree- avor neutrinos in compatible with the
neutrino oscillation experimerts, then it is likely that one
candetermine the sum of neutrino masseausing the high-
z galaxy redshift surveys, as the current lower bounds
implied from the neutrino oscillation experiments are
M.t ~ 0:06and 0:1 eV for the normal and inversemass
hierarchies, respectively. It should also be noted that a
detection of the total massin the rangeofm . < 0:1 eV
givesan indirect evidencefor the normal masshierarchy,
thereby resolving the masshierarchy problem.

Our results may be comparedwith the previous work
[31], where (m.:) 0:3eV (1 ) wasobtained; there-
fore, our errors are smallerthan theirs by afactor of 5{10,
even though the survey volumethat we assumedis larger
only by a factor of 1.5{3 than what they assumed.What
drives the improvemert? There are two reasons. The
rst reasonis becausewe considerhigh-z galaxy surveys,
while [31] consideredlow-z surveys, suc as the Sloan
Digital Sky Survey, which su er from much stronger non-
linearity. We are therefore using the information on the
power spectrum down to larger wavenumbers (i.e., Kmax
is larger). Figure 4 shows that all the galaxy surveys
have essetially equal power of constraining the neutrino
parameters, when the information up to the samekmax
is used. However, one cannot do this for low-z surveys
becauseof strong non-linearity. As long as we restrict
ourselvesto the linear regime, a higher redshift survey is
more powerful in terms of constraining the neutrino pa-
rameters. Interestingly, the error on the neutrino param-
eters appearsto be saturated at kmax 1 Mpc *; thus,
the space-basednission, SG, is already nearly optimal for
constraining the neutrino parametersfor the survey pa-



rameters (especially the number density and bias param-
eters of sampled galaxiesthat determine the shot noise
cortribution to limit the small-scalemeasuremets). The

secondreasonis becauseour parameter forecastusesthe

full 2D information in the redshift-spacepower spectrum

(seeEqg. (11)) that includes e ects of the cosmological
distortion and the redshift-spacedistortion due to pecu-
liar velocity. These e ects are very useful in breaking
parameter degeneracies. Table V shows that the con-
straint on m . would be signi cantly degradedif we
did not include the distortion e ects. In particular, ig-
noring the information on the redshift-spacedistortion,

which is consistert with the analysis of [31], leadsto a
similar-level constraint on m . 1« astheirs. The inclusion
of the redshift-space distortion helps break degeneracy
between the power spectrum amplitude and the galaxy
bias, which in turn helps determine the small-scalesup-
pressiondue to the neutrino free-streaming.

The projected error on the neutrino total massmight
also depend on the ducial value of ,h?, as the ef-
fect of neutrinos on the power spectrum depends on
f / m.= mh? [Eq. (1)] [31]. For agivenf , a
variation in  ,h? changesm .. Now that ,h? has
beenconstrained accurately by WMAP , however, we nd
that our results are not very sensitive to the precisevalue
of mh2. We have repeated our analysisfor h? = 0:1,
the 2 -level lower bound from the WMAP results[1], and
found very similar results.

2. Number of Non-relativistic Neutrino Species

Galaxy surveys could also be used to determine the
individual mass of non-relativistic neutrinos, m . As
we have shown in Sec.ll, galaxy surveys can constrain
m by determining the free-streamingscale,ks(z) / m
[Eq. (2)], from distortion of the shape of the galaxy power
spectrum near kis(2).

Neutrino oscillation experiments have provided tight
limits on the mass square di erences between neutrino
mass eigenstatesas jm3 m?j ' 7 10 5 eV? and
jm3 m3 ' 3 10 3 eV? where m; denotes mass of
the i-th masseigenstates. We model a family of possi-
ble models by the largest neutrino mass,m , motivated
by the fact that structure formation is sensitive to most
massiwe species. We may de ne the e ective number of
non-relativistic neutrino speciesas

m . m
N 1+ —+ L 21
: Tt (21)
which cortinuously varies between1 NI 3. The
total neutrino massis givenby m.ic = NI'm . We

then consider two neutrino mass hierarchy models (we
shall assume,by corvertion, that m,  my):
Normal masshierarchy. m = mj

In this model, m3 is assumedo bethe largestmass,
and m; < m, < mjz are allowed. When m,; m;
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m3z (the extreme casem; = 0 eV), N * 1. On
the other hand, when m; and m, are comparable
to the massdi erence betweenm, and ms, we have
NI" ' 3 (i.e., three massesare nearly degenerate).
Hence, the \normal masshierarchy" model allows
N{" to vary in the full parameterspace,1 N['

3.

Inverted masshierarchy, m; my=m

In this model, ms is assumedto be the smallest
mass,and mz < m; < my. A peculiar feature of
this model is that N™ cannot be lessthan 2: when
m3 = 0, the possiblesolutions allowed by the neu-
trino oscillation experiments are m, ' 0:055 eV
and m; ' 0:047eV orm.y ' 0:1eV;thus, m;
and m, must be very similar, giving N"™ ' 2.
Again, when m3 is comparable to the mass dif-
ference between m, and ms, all three massesare
degenerate,N)" ' 3. Hence, the \in verted mass
hierarchy" model allows NI" to vary only in the
limited parameter space,2 N 3.

In the upper panel of Figure 3, we shov N[" for the
normal mass hierarchy model (dashedline) and for the
inverted masshierarchy model (dotted line). Onecansee
that the two models are indistinguishable (all massesare
degenerate)for f & 0:02.

How do we constrain N ™ ? We measurem . o from the
overall suppressionof power at small scales,as described
in the previous section. Then we measurem from
the \break" of the power spectrum causedby the free-
streaming scale, kis(z). The number of non-relativistic
neutrinos is nally constrained as N™ = m.=m,
which tells us about the neutrino masshierarchy. In the
3rd to 5th columnsin Table I we show the projected er-
ror on N from high-z galaxy surveyscombined with the
Planck data, assumingthe ducial neutrino mass frac-
tion of f = 0:05. As the error dependsvery much on
the ducial value of N, we explore three dierent du-
cial values, N™; = 1, 2 and 3. As we have described
above, however, the rst two ducial values,N™; = 1
and 2, are inconsistert with the neutrino oscillation ex-
periments if f = 0:05 (all the massesmust be nearly
degenerate);thus, only the 5th column is actually real-
istic if there is no sterile neutrino. We nd that N™ is
going to be dicult to constrain: even when we com-
bine all the high-z galaxy surveys, G1, G2 and SG, the
projected error is N™ = 0:6. This implies that it is
not possibleto discriminate betweenN™ = 2 and 3 at
more than 2- , while onecanreject N™ = 1. When the
ducial value of f is small enoughto allow for N™ 2,
f = 0:01, the constraints are too weak to be useful (see
the 3rd to 5th columnsin Table I11).

As explained above, if the total neutrino massis larger
than 0.2eV, NJ" ' 3 is expected from the neutrino os-
cillation experiments. The lower panel of Figure 3 shaws
the projected error on N™ for the SG survey. A model
with N™ = 3 can be detectedat morethan 1 level only
if f > 0:04(m .yt ~ 0:52eV). Nevertheless,it should be
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+full Planck (@ko = 0:05 Mpc 1) @k = Kpiv ot
Ns s Ko;pivot (MpcC 1) Ns s
Planck alone 0.0062 0.0067 { { {
Gl 0.0038 0.0059 0.030 0.086 0.035
G2 0.0037 0.0057 0.18 0.018 0.025
SG 0.0030 0.0024 0.48 0.0033 0.0070

TABLE 1V: Projected 68% errors on the parameters that characterize the shape of the primordial power spectrum, the ftilt
(ns) and the running index ( s). The left block is the sameasthe 6th and 7th columns in Table |1, which combines the galaxy
survey data with the CMB data from Planck, while the right block shows the constraints when the CMB information on ns
and s are not used. The left block lists the constraints on ns and s using ko = 0:05 Mpc ! [seeEq. (C6)] which was chosen
such that the Planck data would yield the best constraints. The 1st column in the right block shows the pivot wavenumber at

which the errors on ns and
on ns and
better constraints on ns and comparable constraints on
Note that f, ¢ = 0:05and Ny = 3 are assumed.

noted that exploring the constraint on N" with future
surveys is extremely important becauseany nding of
a model with N™ 6 3 in this range of f may provide
valuable information for the existenceof sterile neutrino
or new physics. The generaltrend is that the error on
N™ increasesas m decreases(i.e., the ducial value
of f decreasesor N™ increases). This is becausethe
neutrino free-streamingscale,kss, is proportional to m :
whenm is too small, kis will go out of the k range ac-
cessibleby galaxy surveys. A possibleway to overcome
this obstacleis to enlarge the survey volume which, in
turn, can lower the minimum wavenumber sampled by
the survey. The leftmost curve shows the projected error
on N™ for N™; = 1 from a hypothetical full-sky SG
survey at 3.5 < z < 6:5. We nd that such a survey
will be able to distinguish between two mass hierarchy
modelsin principle.

B. Shape of the Primordial Power Spectrum

The amplitude of the primordial power spectrum ap-
pearsto be one of the most di cult parametersto mea-
sure very accurately. Adding the galaxy survey doesnot
help very much: the constraint on the amplitude im-
provesonly by a factor of 1.5 at most, even by combining
all the data sets. (Seethe 9th column of Table Il and
[11.) This is becausethe Planck experiment alone can
provide su cien tly tight constraint on the amplitude:
Planck allows us to break degeneracybetween the am-
plitude and the optical depth by measuringthe CMB
polarization with high precision (the current accuracy of
determining the amplitude, obtained from the WMAP , is
about 10%). Adding galaxy surveysdoesnot improvethe
accuracy of normalization due to the galaxy bias. The
constraint on the amplitude could be further improved
by adding the weak gravitational lensing data (e.g. see
[53, 63, 64]), which directly measuresthe dark matter
distribution. Also, the lensing data are actually sensi-

s are uncorrelated for a given galaxy survey, and the 2nd and 3rd columns show the constraints
s at the pivot wavenumber, respectively. The space-basedgalaxy survey at 3:5 < z < 6:5, SG, on its own yields
s compared to Planck alone, when evaluated at its pivot wavenumber.
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FIG. 5: The projected 68% error on ns (upper panel) and
against kmax , asin Figure 4.

tive to massclustering in the non-linear regime, and thus
would be complemenary to the galaxy surveys probing
the linear-regime uctuations.

The interesting parameter is the running spectral in-
dex, s. Actually G1 or G2 doesnot improve the con-
straint on ¢ at all: the error shrinks merely by 20%;
however, the space-basedsurvey, such as CIP, provides
a dramatic improvemert over the Planck data, by a fac-
tor of nearly 3. This indicates that SG alone is at least
as powerful as Planck in terms of constraining s. (We
shall come badk to this point below.) The driving force
for this improvemert is the value of the maximum us-
able wavenumber for SG, kmax 1 Mpc 1, which is sub-
stantially greater than that for G1, kmax ~ 0:2 Mpc *,
and that for G2, kmax ~ 0:5 Mpc 1. Our study there-
fore indicates that one needsto push knax at least up
to kmax 1 Mpc ! in order to achieve a signi cant im-
provemert in the constraint on ¢, for the survey parame-
ters (the number density and bias parametersof sampled
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FIG. 6: Left panel: Projected 68% error ellipsesin the (ns,

tilt

s) plane from Planck alone (the outermost contour), and the

high-z galaxy surveys combined with Planck. The dashedand dot-dashed contours are G1 (0:5< z< 2) and G2 (2 < z < 4),
respectively, while the dotted contour is SG (3:5 < z < 6:5). The highest redshift survey, SG, provides very tight constraints
on the shape of the primordial power spectrum. The innermost shaded area shows the constraint from all the galaxy surveys

and Planck combined. Right panel: Degradation in the constraints on ns and

s as a function of the non-relativistic neutrino

contribution, f , for SG plus Planck. The e ect of non-relativistic neutrinos hardly a ects the constraints on ns and .
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FIG. 7: Projected 68% error ellipsesin the (f ;ns) (left panel) and (f ; <) (right panel) planes, respectively, for SG combined
with Planck. Note that the ducial valuesoff, 4 = 0:01and N™; = 1 are assumed.

No CMB No Geometric Distortion No Redshift SpaceDistortion
Survey| f N"™ 1m0 ns s f N™  mo ns s f o N" o Ns s
Gl 0.19 11 0.037 0.31 0.22 0.0052 1.0 0.0074 0.0039 0.0059 0.017 3.8 0.0073 0.0039 0.0060
G2 0.082 4.1 0.023 0.10 0.060 0.0043 0.78 0.0073 0.0039 0.0057 0.015 3.0 0.0070 0.0038 0.0058
SG 0.044 2.6 0.0064 0.057 0.013 0.0033 0.64 0.0064 0.0038 0.0025 0.011 2.3 0.0048 0.0032 0.0027

TABLE V: Parameter degradation when some information is thrown away from the analysis. From left to right, CMB, the
geometric distortion, or the redshift spacedistortion hasbeenremoved from the analysis. Note that f;, ¢ = 0:05andN" = 3

are assumed.



15

VIN5

f an’ Ns s f an’

V5N1

V5N5
Ng s f N™ Ns s

G1|0.0038 0.83(2.0) 0.0037 0.0059
G2(0.0024 0.71(1.8) 0.0034 0.0052
SG|0.0018 0.66(1.6) 0.0026 0.0018

0.0033 0.59(1.4) 0.0036 0.0057
0.0025 0.59(1.4) 0.0034 0.0051
0.0017 0.49(1.1) 0.0023 0.0018

0.0029 0.50(1.3) 0.0034 0.0057
0.0021 0.46(1.2) 0.0028 0.0040
0.0016 0.42(0.97) 0.0019 0.0013

TABLE VI: Projected 68% errors on the neutrino and power spectrum shape parameters for advanced survey parameters.
\WVIN5" has a factor of 5 larger number density of galaxies than the ducial survey, \V5N1" has a factor of 5 larger survey
volume, and \V5N5" has a factor of 5 increasein the both quantities. Note that f. ¢ = 0:05and N™; = 3 are assumed,while
f, g = 0:0land N"y = 1areassumedfor N™ in the parentheses.

galaxies) we have considered. This can be also clearly
found from Figure 5.

On the other hand, the improvemen on the tilt, nsg,
at ko = 0:05Mpc ! is similar for G1, G2, and SG: from
a factor of 1.5to 2. The interpretation of this result is,
however, complicated by the fact that the actual con-
straint depends very much on the value of the pivot
scale, kg, at which ng is dened. The current value,
ko = 0:05Mpc 1, was chosensud that the Planck data
would provide the best constraint on ns. On the other
hand, as the galaxy survey data probe uctuations on
the smaller spatial scales(larger k), the optimal pivot
wavenumber for the galaxy surveys should actually be
larger than 0:05 Mpc !: the optimal pivot wavenum-
bers for G2 and SG are Kopivor = 0:18 and 0:48 Mpc 1
respectively, where Kopivot Was computed such that the
covariance between ns(Kopivot) @and s should vanish at
Kopivot @nd the two parameterswould be statistically in-
dependert (see[31] for more discussionon this issue;see
also[39] for the similar method for constraining the dark
energy equation of state at pivot redshift). Table IV lists
Kopivot for G1, G2 and SG, and the errors on ns(Kopiv ot )
and s;pivor. Note that we do not usethe CMB informa-
tion onns and s to derive Kopiv ot (but include the CMB
information on the other parameters). This Table there-
fore basically shows how the galaxy survey data aloneare
sensitive to the shape of the primordial power spectrum.
The striking oneis SG: the errors on ns(Kopivot) and s
are 0.0033and 0.0070,respectively, which should be com-
pared with those from the Planck data alone,0.0062and
0.0067. Therefore, SG alone is at least as powerful as
Planck, in terms of constraining the shape of the primor-
dial power spectrum.

The correct interpretation and summary of these re-
sults is the following. The Planck data alone cannot con-
strain the value of ng very well at small spatial scales
(the uncertainty divergesat larger ko), and the galaxy
survey data alone cannot do so at large spatial scales
(the uncertainty divergesat smaller kp). However, when
two data sets are combined, the accuracy in determin-
ing ns becomesnearly uniform at all spatial sales and
the constraint becomesnearly independert of a particu-
lar choiceof kg. This isin fact a hugeimprovemert of the
situation, which may not be seenvery clearly from just
an improvemen of ng de ned at a particular kqg. This

is probably best represerted by the constraint on ¢ we
described above: the signi cant reduction in the uncer-
tainty in s for SGindicatesthat SGin combination with

Planck hasnearly uniform sensitivity to the shape of the
primordial power spectrum from CMB to galaxy scales.
This is exactly what one needsfor improving constraints
on in ationary models.

The left panel of Figure 6 summarizesthe constraints
on s and ng at kg = 0:05 Mpc . This gure shaws
the projected error ellipsesin the (ns, ) subspace.The
overall improvemert on the parameter constraint in the
2D sub-spacds quite impressive, and it clearly showsthe
importance of high-z galaxy surveys for improving con-
straints on the shape of the primordial power spectrum.

Yet, one might be worried about the presenceof non-
relativistic neutrinos degrading the constraints, s in
particular, as the neutrinos might mimic the e ect of
a negative ¢ by suppressingthe power more at smaller
spatial scales.The right panelof Figure 6 basically shows
that there is no needto worry: the constraints on ns and

s are hardly aected by the non-relativistic neutrinos
forf = 0 0:05(the errorson ng and s are degraded
lessthan by  10%). This is becausehe in ation param-
etersand the non-relativistic neutrinos changethe shape
of the galaxy power spectrum in modestly di erent ways,
as explicitly demonstrated in the lower panel of Figure
2, and the high-z galaxy surveysare capable of discrimi-
nating thesee ects. Figure 7 shows the error ellipsesin
the sub-spacesf (f ;ng) (left panel) and (f ; ) (right
panel). We nd that the correlation betweenns andf is
modest (the correlation coe cien t de ned by Eq. (19) is
0:55; seealsoTable VI 1), while the correlation between ¢
and f is weaker. The most important result from this
study is therefore that the 2D joint marginalized con-
straint on in ationary parameters, ng and s, is hardly
a ected by the presenceof non-relativistic neutrinos.

from Geometric and Redshift

Space Distortion

C. Information

In TableV we summarizewhat happenswhenwethrow
away someinformation from our analysis. Without CMB
information, the errorson the neutrino parametersin ate
signi cantly by more than an order of magnitude, while



the error on the matter density parameter, n,, is still
comparable to or better than that from Planck alone.
(Why this is sois explainedin the next paragraph.) The
errorson ns and ¢ at ko = 0:05Mpc ! alsoin ate.

The geometric distortion e ect helpsto constrain
from galaxy surveys alone. The radial distortion con-
strains the expansionrate, H (z), while the transversedis-
tortion constrainsthe angular diameter distance, D a (2).
SinceH (z) and D (z) havedi erent dependenceson
and h for a at universe,the distortion candetermine
and h simultaneously ( » and h? for our parameter
set). The galaxy surveysat higher redshifts bene t more
from the geometric distortion e ect.

The redshift space distortion helps to constrain the
neutrino parameters, by lifting degeneracybetweenthe
neutrino parameters and the galaxy bias. We demon-
strate it in the third block of Table V. The errors on the
neutrino parametersincreaseup to nearly a factor of 5
for SG, if we ignore the information from the redshift
spacedistortion. The other parametersare not strongly
a ected.

D. Variations with Surv ey Parameters

To guide the survey design, we shonv how parameter
forecastsvary with two key survey parameters,the num-
ber density of galaxiesand the survey volume. Table VI
shows how much one can reducethe projected errors on
the key cosmologicalparametersby increasingthe num-
ber density of galaxiesor the survey volume or both by a
factor of 5. Theseadvancedsurvey parametersare named
as

V1IN5: The survey volume is kept the same, while
the number density of galaxiesis increasedby a
factor of 5.

V5N1: The survey volume is increasedby a factor
of 5, while the number density of galaxiesis kept
the same.

V5N5: Both the survey volume and the number
density of galaxiesare increasedby a factor of 5.

Figure 8 shaws how the error ellipsesfor f and N™ will
shrink for these advanced parameters.

We nd that the most e ectiv e way to improve deter-
mination of the neutrino parameters, particularly N™, is
to increasethe survey volume. One may understand this
from Figure 4| the information on the neutrino param-
eterssaturatesat kmax 1 Mpc !, and thus there is not
much to gain by reducing the power spectrum errors at
large k.

On the other hand, one can still improve determina-
tion of the parametersthat determine the shape of the
primordial power spectrum, ns and s, by increasingthe
number density of galaxies. This is especially true for
SG, which probesthe largest knax. Therefore, one can
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achieve even better accuraciesfor constraining in ation-

ary models by either increasingthe survey volume or the
number density of galaxies,in principle; however, in re-
ality one is evertually going to be limited by our un-
derstanding of the galaxy power spectrum in the weakly
non-linear regime at large k. In other words, there is not
much to gain by reducing the power spectrum errors at
large k, if the error is already as small as theoretical un-
certainty in the modeling of galaxy power spectrum at
the samek. Therefore, increasing the survey volume is
probably the bestway to improve accuraciesof both the
neutrino parametersand the in ationary parameters.

VI 1. CONCLUSIONS AND DISCUSSIONS

The non-relativistic neutrinos and the tilt and run-
ning index of the primordial power spectrum causescale-
dependert modi cations in the linear power spectrum
probed by galaxy redshift surveys. We have shavn that
one can determine these parameters precisely by fully
exploiting the two-dimensional information of galaxy
clustering in angular and redshift directions from high-
redshift galaxy surveys, when combined with the CMB
data from the Planck experiment. The main results are
summarizedin Tablesll and |11, and may be graphically
viewed in Figures 3 and 6. Our conclusionsare two fold.

The rst conclusionis for the neutrino parameters. We
have found that the future galaxy surveyswith 5= 300
ded® can provide very tight constraints on the total neu-
trino mass. The neutrino oscillation experiments have
given the solid lower bound on the total neutrino mass,



M.t - 0:06 eV, which is actually larger than the pro-
jected error on the total neutrino mass expected from
the high-redshift galaxy surveyswe have considered,up
to by a factor of 2.5 for the space-basedurvey targeting
galaxiesat 3:;5 < z < 6:5. If two neutrino specieshave
nearly equal masses(the inverted hierarchy), then the
lower bound from the neutrino oscillation experimerts,
m.wt - 0:1 eV, is up to 4 times larger than the pro-
jected errors of cosmologicalexperiments. Overall, the
high-redshift galaxy surveys combined with Planck al-
low a positive detection of the total neutrino massrather
than the upper limit, improving the constraints on the
total neutrino massby a factor of 20{40 compared with
the current cosmologicalconstraints. The error on m . ot
that we have found is smallerthan that shown in the pre-
vious work (e.g., see[31]) by a factor of 5{ 10, despite
the fact that the surveyvolume we assumeds larger than
theirs only by a factor 1.5{ 3. The main reasonfor the
signi cant improvemert is becauseour analysis exploits
the full two-dimensionalinformation in the galaxy power
spectrum in redshift space. In particular, the redshift
spacedistortion dueto peculiar velocity eld signi cantly
helpsimprove the parameter determinations by breaking
degeneraciesbetween the cosmological parameters and
the galaxy bias (also seeTable V).

In addition, we have carefully investigated how one
can use the future surveysto constrain the number of
non-relativistic neutrino species, which should play an
important role in resolving the neutrino masshierarchy
problem as well as the neutrino absolute mass scale,
independertly of the total neutrino mass. While we
have found that the accuracyneededto discriminate be-
tweentwo modelswith the samem . ¢ but dierent N™,

(N™) < 1, is going to be dicult to adhieve for the
nominal survey designswe considered,one may achieve
the desired precision by enlarging the survey volume. It
should be stressedhere that it is extremely important
to exploit independert constraints on m.y: and N™
from future cosmologicalobsenations, asany results un-
expected from the point of view of the standard three-
avor neutrino model would imply anomaliesin our un-
derstanding of the neutrino physicsand hints for the new
physics. Needlessto say, cortrolling the systematicsin
such obsenations is also a crucial issue.

The secondconclusionis for the shape of the primor-
dial power spectrum. We have graphically summarized
the expected performance of the future galaxy surveys
for constraining the tilt, ng, and the running index, s,
of the primordial power spectrum in Figure 6. Com-
pared with the constraints from the CMB data alone,
the galaxy surveys we have consideredcan improve the
determinations of ng and s by afactor of 2 and 3, yield-
ing (ns) 0:003and ( s)' 0:002,respectively. The
high-redshift galaxy surveys allow us to probe galaxy
clustering in the linear regime down to smaller length
scalesthan at low redshifts. It is alsoimportant to note
that the galaxy survey and CMB are sensitive to the pri-
mordial power spectrum shape at di erent k ranges,and
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therefore these two probesare nicely complemenary to
ead other in terms of constraining the tilt and the run-
ning index at di erent k. We have explicitly shown that
the space-basedjalaxy survey (SG), suc as CIP, hasa
similar level of precision for constraining ng and s at
the pivot scalekopvot ~ 0:5 Mpc 1, to the Planck ex-
periment at ko = 0:05Mpc ! (seeTable V). While it is
sometimesarguedthat simplein ationary modelsshould
predict negligible amourts of running index which are out
of reach of any experimerts, our results shov that the
projected error on ¢ from the SG survey with v e times
more survey volume is actually assmall as ¢ predicted
by the simple model basedon a massiwe, self-interacting
scalar eld, s= (0:8 1:2) 10 3. Our results for ng
and ¢ are still on the consenative side, as we have ig-
nored the baryonic oscillations in the analysis. We have
found that one can reduce the uncertainties in ng and

s by a factor of 2{3 by including the baryonic oscilla-
tions | however, in that caseone might also have to
worry about the e ect of curvature of the universeand
dark energy properties. We report the results of the full
analysis elsewhere.

Throughout this paper, we have assumedthe standard
three- a vor neutrinos, some of which have becomenon-
relativistic by the presen epoch, asfavored by neutrino
oscillation experiments and the current theory of parti-
cle physics. On the other hand, cosmological obsena-
tions such as CMB and the large-scalestructure can also
put independert constraints on the number of relativis-
tic, weakly interacting particles just like neutrinos, as
a changein the relativistic degreesof freedom directly
a ects the expansionrate of the universeduring the ra-
diation era. For example, an increasein the relativistic
degreesof freedom delays the matter-radiation equality,
to which the CMB and large-scalestructure obsenables
are sensitive. The number of relativistic particles (mi-
nus photons) is convertionally expressedn terms of the
e ective number of neutrino species(i.e., the tempera-
ture of additional relativistic speciesis assumedto be
(4=11)'"% of the temperature of photons, just like or-
dinary neutrinos). The current cosmological bound is
N = 4:2'%:2 (95% C.L.) [68], while the standard model
predicts N = 3:04[7Q] (also see[69] for the constraint
on the abundanceand massof the sterile neutrinos based
on the recert cosmologicaldata sets). Hence, it is inter-
esting to explore how one can simultaneously constrain
the number of relativistic degreesof freedom before the
photon decoupling epoch as well as the number of non-
relativistic particle speciesat low redshifts, N", using
the future cosmological data sets. Properties of sud
weakly interacting particles are still dicult to measure
experimentally .

It hasbeenshown in the literature that the weakgravi-
tational lensing[53, 72, 73] or the number count of galaxy
clusters[74, 75 can also be a powerful probe of the cos-
mological parameters. Di eren t methods are sensitive to
the structure formation at dierent ranges of redshifts
and wavenumbers, and have di erent dependenceon the



cosmological parameters. More importantly, they are
subject to very di erent systematics. Hence,by combin-
ing seweral methods including the galaxy surveysconsid-
eredin this paper, onecan ched for systematicsinherent
in one particular method. The combination of dierent
methods may alsoreducestatistical errors on the cosmo-
logical parameters. While it is worth exploring this issue
carefully, we can easilyimagine that, for the neutrino pa-
rameters, the weak lensing or the cluster number count
doesnot improve N™ very much. To constrain N™ bet-
ter onehasto nd away to probevery large spatial scales,
larger than the neutrino free-streaming scales;however,
thesemethods probe only very small spatial scaleswhere
uctuations have already becomenon-linear. (They may
provide improvemerts in the determination of m . (o .)

There is a promising way to ched for systematicsand
improve the parameter determinations using the galaxy
survey alone. While we have been assumingthat per-
turbations are strictly linear and hence perfectly Gaus-
sian, in reality small non-linearity always exists. The
correctionsto the power spectrum dueto suc small non-
linearity may be calculated analytically usingthe higher-
order cosmologicalperturbation theory (see[76] for a re-
view), which works extremely well at z > 2 (Komatsu
and Jeong,in preparation). Using the samehigher-order
cosmologicalperturbation theory, one may also compute
the higher-order statistics, sud asthe bispectrum, which
is a very powerful tool to ched for systematics due to
non-linearity in matter clustering, redshift spacedistor-
tion, and galaxy bias [77, 78]. Also, the bispectrum and
power spectrum have di erent cosmologicaldependences
[53, 79); thus, it is naturally expected that combining
the two would improve the determinations of cosmolog-
ical parameters. The results of our investigation along
theselines will be reported elsewhere.

No matter how powerful the bispectrum could be in
terms of cheding for systematics,better modelsfor non-
linearity in redshift-spacedistortion and galaxy bias are
de nitely required for our projected errors to be actually
realized. A good newsis that we do not needa fully non-
linear description of either componert: we always restrict
oursehesto the \w eakly non-linear regime" where per-
turbation theory shouldstill be valid. Having an accurate
model for the redshift spacedistortion in the weakly non-
linear regime is important for the precisedetermination
of the total neutrino mass,asthe redshift distortion plays
amajor role in lifting the degeneracybetweenthe galaxy
bias and the matter power spectrum amplitude (seeTa-
ble V what happenswhen the redshift spacedistortion is
ignored). Recerly, a sophisticated model of the distor-
tion e ect including the weak non-linear correction was
deweloped in [71] basedon the analytic method as well
as the simulations. Likewise, it will be quite possible
to dewelop a su cien tly accurate, well-calibrated model
of the distortion e ect at least on large length scales,
basedon adequatesimulations. While we have employed
a scale-indegendert linear bias throughout this paper,
this model must break down even at weakly non-linear
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regime. Analytical [80] as well as numerical [61, 62, 81]

work hasshown that deviations from a scale-independert

bias do exist even on large spatial scales. This e ect

would also becomeparticularly important for the preci-
sion measuremets of the baryonic oscillations for con-
straining properties of dark energy Therefore, careful
and systematic investigations based on both analytical

and numerical tools are neededto understand the real-
istic e ect of scale-degndert bias on estimates of the
cosmologicalparameters. As we have mentioned already,

information from the higher-order statistics in the galaxy
clustering would be a powerful diagnosistool to ched for
systematicsdue to non-linear bias. As perturbation the-
ory predicts that the galaxy power spectrum and bispec-
trum should depend on the galaxy bias di erently, one
can directly determine the galaxy bias and cosmological
parameters simultaneously, by combining the two statis-
tical quantities [77{79, 82, 83]. This method should also
allow us to seea potential scale-degndert biasing e ect

from the epoch of reionization [84].

Finally, let uscommen on survey parameters. In order
to make our discussiongeneral,we have consideredthree
hypothetical surveyswhich are di erent in their redshift
coverageand the number density of targeted galaxies(see
Sec.V for the survey de nition). We have also explored
how the parameter errors would changewhen the survey
parameters are varied from the ducial values (seeTa-
ble VI and Figure 8). Increasinga survey volume has a
greater impact on the parameter errors compared with
increasing the numbers of targeted galaxiesfor a given
survey volume. We are hoping that our results provide
useful information to help to de ne an optimal survey
designto attain the desired accuracy on the parameter
determinations, giventhe limited obsenational resources
and budget.
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APPENDIX A: PROPER TIES OF
COSMOLOGICAL NEUTRINOS

1. Mass Densit y

The preseri-day massdensity of non-relativistic neu-
trinos is given by

(A1)

where i runs over the neutrino speciesthat are non-
relativistic, and N™ is the number of non-relativistic
neutrino species. We assumethat someof the standard
three active neutrinos are massivandthus0 N™ 3.
These neutrinos were in thermal equilibrium with other
particles at early times until they decoupled from the
primordial plasma slightly before electron-positron an-
nihilation. Since they were still relativistic when they
decoupled,their distribution function after decouplingis
still given by that of a masslesd~ermion. After electron-
positron annihilation, the temperature of photons be-
camehigher than the temperature of neutrinos by a fac-
tor of (11=4)'=3. Thus, the neutrino number density of
ead species,n , at aredshift relevant for a galaxy survey
is given by the relativistic formula:

' 112(1+ 2)% cm 3 (A2)

where (3)' 1:202and T = (4=11)73T ,(1 + z), where
T o is the presert-day photon temperature and we have
assumedT o = 2:725K [50]. Note that the number den-
sity includesthe cortribution from anti-neutrinos aswell,
and doesnot depend on neutrino species,n = n. . The
density parameter of non-relativistic neutrinos is thus
given by

8G™ 8Gn X
2 - 2
33 3HZ .,

imsi
94:1h2 eV’

(A3)

Since  h? must be lessthan the density parameter of
dark matter, gmh? ' 0:112, the total mass of non-
relativistic neutrinos must satisfy the following cosmo-
logical bound,

(A4)
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2. Non-relativistic Ep och

Neutrinos becamenon-relativistic when the mean en-
ergy per particle given by
7 4
hEi = T
'~ 1803

3:15T ; (A5)
fell below the massenergy m. . The temperature at
which a given neutrino speciesbecame non-relativistic,
T4, is thus given by

180 (3) m )
-7 m; ' 3680 Tev K:

The redshift at which a given neutrino speciesbecame
non-relativistic is

T (AB)

1+ zoi ' 1890 TTIV
As the current constraints from the galaxy power spec-
trum at z 0 already suggestm ; leV, it is certain
that neutrinos becamenon-relativistic during the matter-
dominated era. The comoving wavenumber correspond-
ing to the Hubble horizon sizeat z,, is thus given by

(A7)

rjhzzh(l + Znri )1:2
2998Mpc

H (znr;i) —
1+ zp;

I(nr;i

m.; 1=2
' 00145 ——
0:0145 1oV
Note that this vaﬁjﬁ smaller than that given in [3]]
by a factor of ' 3:15. They assumedthat neutrinos
becamenon-relativistic whenT = m , ratherthan T =
(180 (3)=7 >)m ' m =3:15.

1%2h Mpc 1 (A8)

3. Neutrino Free-streaming Scale

Density perturbations of non-relativistic neutrinos
grow only when the comoving wavenumber of perturba-
tions is below the free-streamingscale,kss, given by

ro_
3 H(2)

Kis:i (2 e A9
fs,l( ) 2(1+ Z) vi (Z) ( )
where Z;(z) is the velocity dispersion of neutrinos and

givenin [25] as
R

dsp p2=m2
2 () pEPT @M _ 15 () T%2)
v T d%p (3) m2
exp[p=T (z)]+1 i
2=3 T2 2
T-0)(1+ z
_15(3) 4 O+2 )
3 11 ms;
where (5) "' 1:037. Hence,
0:677 m i -
kes;i (2) * L =2hMpe 0 (A11)

QA+ 2)1=2 1eV



Neutrino density perturbations with k > ki cannot
grow becausepressuregradient prevents neutrinos from
collapsing gravitationally; thus, neutrinos are e ectiv ely
smooth at k > ki, and the power spectrum of neu-
trino perturbations is exponertially suppressed. Note
that Eq. (A9) is exactly the sameas the Jeansscalein
an expanding universe for collisional particles, if  is
replacedby the speedof sound.

APPENDIX B: INFLA TIONAR Y PREDICTIONS

1. Generic Results

In ationary predictions are commonly expressedin
terms of the shape of the primordial power spectrum of
curvature perturbations in comoving gauge,R:

hR(Roi = (2 )3Pr (k) @ (k K9 (B1)
where
k3P k k l+ns+% s In(k=ko)
el £ (82)
22 ko
Here,ng and ¢ arecalledthe \tilt" and\running index"

of the primordial power spectrum. Theseparametersare
related to the shape of potential, V( ), of an in aton
eld, , a eld which causedin ation, as|8]

ns 1= M3 3V702+2 VVOO : (B3)
S:2|\/|;},4V702VVOO3\/704

KA (84)

where primes denote derivatives with respectto , and

My (8 G) ™2 =24 10' GeVisthe reducedPlanck
mass. Successfulin ationary models must yield su -
ciertly large number of e-folds for the expansionof the

universe, N, before in ation endsat teng When rolls
down on the potential to = ¢ng:
Z,, Z
en 1 V
N = dt H(t — d —; B5
t (t) mz 4o (BS)

which hasto be at least as large as 50. This condition
requires jns 1j and j sj to be much lessthan unity,
while exact valuesdepend on speci ¢ in ationary models
(i.e., the shape of V( )). Therefore, precisiondetermina-
tion of ng and ¢ is a very powerful tool for constraining
in ationary models.
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2. Specic Examples

An illustrativ e example of in ationary modelsis in a-
tion causedby a massiwe, self-interacting real scalar eld:
1 1
Vv =m2 2+ > 4
) 2 4
wherem is the massof and (> 0) is the coupling
constart of self-interaction. The massterm and the in-

teraction term equalwhen = , where
r _

2
c m =

(B6)

(B7)

The massterm dominateswhen < ., while the inter-
action term dominateswhen > .. One obtains

2 2 2
N  —t-=oin 1+2— ; (B8
8M2 ~ 16M7 2
8M 2
ne 1= 2”'
1+ §—+ 3
(:2 20, (Bg)
1+ —
o 3amy
s 4
2 2 4 6
1+2— 143+ 2-+3
[ c 4 c [ (Blo)

2
1+

c

Let us take the limit of mass-term driven in ation,

¢. One nds
2
N I — B11
iz (B
8M 2 2
pl _ .
ng 11! i (B12)
32M 4 2
s ! e L (B13)
For N = 50,n, = 0096and s = 0:8 10 3. In the
opposite limit, self-couplingdrivenin ation, ¢, One
nds
2
N T —y B14
gMZ (B14)
24M 2 3
ne 11 = = (B15)
192M 4 3
s | = N7 (B16)
For N = 50,ns = 0094and ¢ = 12 10 3. These
simple examplesshaw that a precision of (ng) 10 3

is sucient for discriminating between models, while

(s) 10 ® may allow us to detect ¢ from simple
(though not the simplest) in ationary models driven by
a massiwe scalar eld with self-coupling.



APPENDIX  C: NORMALIZING

SPECTR UM

PO WER

While in ation predicts the power spectrum of R, what
we obsene from galaxy redshift surveys is the power
spectrum of matter density uctuations, . In this sec-
tion we derive the cornversion from R during in ation
to n at a particular redshift after the matter-radiation
equality.

Let usbegin by writing the Poissonequationin Fourier
space,

3H§ m m;k(a)

" ey
where is gravitational potential in the usual (Newto-
nian) sense(geo = 1+ 2). Cosmologicalperturbation
theory relates after the matter-radiation equality to R
during in ation as

k? k(@) =4 G m(a) mk(@a®=

(@ = R c2)

Do (k;a) .
—a
where D¢, (k;a) is the linear growth factor of total
matter perturbations including CDM, baryons and non-
relativistic neutrinos, and T (k) is the linear transfer func-
tion. Note that the transfer function and the growth
rate are normalized such that T(k) ! 1ask! 0 and
D¢ =a! l1lask ! O during the matter era. (We as-
sume that neutrinos becamenon-relativistic during the
matter-dominated era.) Hence,

2
k(@ = R T(K)Dey (K;d);

5HZ &
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which givesthe power spectrum of n,,
2 2

P(k,a) = W
0

Pr(K)T?(k)D, (k;a); (CA4)

after the matter-radiation equality. The WMAP
collaboration has determined the normalization of
k3Pg (k)=(2 2) at k = ko = 0:05Mpc ! as

2 =295 10 °A; (C5)
where A is a constart of order unity (Eq. [32] of [85]).
Putting these results together, we nally obtain the

power spectrum of density perturbations normalized to
WMAP:

2

k3P (k;2) 9 2k2
———= = 29 10 A ———
22 5HZ
K 1+ ns+ 3 sIn(k=ko)
D3 (k;2)T?(k) o (C6)
0
APPENDIX D: CORRELA TIONS BETWEEN

PARAMETER ESTIMA TES

It is worth noting how the parameter estimations are
correlated with ead other for a given survey, which can
be quantied by the correlation coe cien ts de ned by
Eqg. (19). Table VII givesthe correlation matrix for the
parametersfor SG combined with Planck.

[1] C. Bennet et al., Astrophys. J. Suppl. 148, 1 (2003).
[2] M. Tegmark et al., Phys. Rev. D 69, 103501(2004).
[3] U. Seljak et al., Phys. Rev. D 71, 103515(2005).

[4] M. Jarvis, B. Jain, G. Bernstein and D. Dolney, astro-
ph/0502243.

[5] P. J. E. Peeblesand J. T. Yu, Astrophys. J.
(1970).

[6] R. A. Sunyaev and Ya. B. Zel'dovich, Astrophys. Sp.
Sci. 7, 3(1970).

[7] J. R. Bond and G. Efstathiou, Astrophys.J. Lett.
45 (1984).

[8] A. R. Liddle and D. H. Lyth, Cosmolaical In ation and
the Large-Sale Structure, Cambridge University Press
(2000).

[9] S. Dodelson, Modern Cosmolagy Academic Press, San
Diego, (2003).

[10] G. Hinshaw et al., Astrophys. J. Suppl. 148, 135(2003).
[11] A. Kogut et al., Astrophys. J. Suppl. 148, 161 (2003).
[12] D. J. Eisenstein et al., Astrophys. J. 633, 560 (2005).
[13] S. Cole, Mon. Not. Roy. Astr. Soc. 362, 505 (2005).
[14] A. G. Riesset al., Astron. J. 116, 1009 (1998).

[15] S. Perimutter et al., Astrophys. J. 517, 565 (1999).
[16] P. J. E. Peeblesand B. Ratra, Rev. Mod. Phys. 75, 559

162, 815

285,

(2003).

[17] N. Bartolo, E. Komatsu, S. Matarrese and A. Riotto,
Phys. Rept. 402, 103 (2004).

[18] W. J. Percival et al., Mon. Not. Roy. Astr. Soc. 327,
1297 (2001).

[19] H. V. Peiris, et al., Astrophys.J. Suppl. 146, 213(2003).

[20] S. Fukuda et al. [Super-Kamiokande Collaboration],
Phys. Rev. Lett. 85, 3999 (2000).

[21] S.N. Ahmed et al. [SNO Collaboration], Phys. Rev. Lett.
92, 181301(2004).

[22] K. Eguchi et al. [KamLAND Collaboration], Phys. Rev.
Lett. 90, 021802(2003).

[23] T. Arakki et al. [kRamLAND Collaboration], Phys. Rev.
Lett. 94 081801(2005).

[24] R. D. McKeown and P. Vogel, Phys. Rep. 394, 315
(2004).

[25] J. R. Bond, G. Efstathiou and J. Silk, Phys. Rev. Lett.
45, 1980 (1980).

[26] J. R. Bond and A. Szalay, Astrophys.J. 276, 443(1983).

[27] D. Pogosyan and A. Starobinsky, Mon. Not. Roy. Astr.
Soc. 265, 507 (1993)

[28] D. Pogosyan and A. Starobinsky, Astrophys. J. 447,
465 (1995)



22

m r f N™ ng ¢ amh® ph? bi(z = 4) bi(z = 5) b (z = 6)
m 1 0.079 -0.28 -0.79 -0.68 -0.32 0.94 -0.41 -0.073 -0.96 -0.96  -0.96
R 0.079 1 0.81 0.24 0.10 -0.17 0.090 -0.001 0.98 -0.14  -0.16  -0.17
f 028 081 1 0.39 055-0.26 -0.27 0.033 0.86  0.30 0.28 0.27
N 079 024 039 1 030 045 -0.70 043 0.34  0.79 0.78 0.78
Ns -0.68 0.10 055 030 1 -0.29 -0.64 025 024 064  0.64 0.63
. -0.32 -0.17 -0.26 0.45 -029 1 -0.29 017 -0.13 0.35 0.35 0.35
mh? | 094 0090 -0.27 -0.70-0.64 029 1 -0.10 -0.073 -0.90  -0.90  -0.90
»h? -0.41 -0.0010.033 0.43 0.25 0.17 -0.10 1  0.022  0.40 0.40 0.40
-0.073 0.98 0.86 0.34 0.24 -0.13-0.073 0.022 1  0.0071 -0.0086 -0.021
bi(z = 4) -0.96 -0.14 0.30 0.79 0.64 0.35 -0.90 0.40 0.0071 1 0.99 0.99
bi(z = 5)| -0.96 -0.16 0.28 0.78 0.64 0.35 -0.90 0.40 -0.0086 0.9 1 0.99
bi(z = 6) -0.96 -0.17 0.27 0.78 0.63 0.35 -0.90 0.40 -0.021 0.9 0.99 1

TABLE VII: The correlation matrix for parameter estimation errors for SG combined with Planck.

[29] C.-P. Ma and E. Bertschinger, Astrophys. J. 455, 7
(1995).

[30] C.-P. Ma, Astrophys. J. 471, 13 (1996).

[31] W. Hu, D. Eisensttein and M. Tegmark, Phys. Rev. Lett.
80, 5255(1998).

[32] S. Hannestad, Phys. Rev. D 67, 085017 (2003).

[33] . Elgary and O. Lahav, New.J.Phys. 7, 61 (2005).

[34] O. Lahav and Y. Suto, Living Reviewsin Relativity 7,
1 (2004).

[35] S. Hannestad, astro-ph/0511595.

[36] D. N. Spergel et al., Astrophys. J.
(2003).

[37] J. Bonn et al., Nucl.Phys.B (Proc. Suppl.) 91, 273(2001).

[38] A. Aguilar et al. [LSND Collaboration], Phys. Rev. D
64, 112007(2001).

Suppl. 148, 175

[39] H.-J. Seoand D. Eisenstein, Astrophys. J. 598, 720
(2003).

[40] T. Matsubara and A. Szalay, Phys. Rev. Lett. 90,
021302(2003)

[41] W. Hu and Z. Haiman, Phys. Rev. D 68, 063004(2003).

[42] C. Blake and K. Glazebrook, Astrophys. J. 594, 665
(2003).
[43] K. Glazebrook and C. Blake, Astrophys. J. in press

(astro-ph/0505608).

[44] T. Matsubara, Astrophys.J. 615, 573 (2004).

[45] K. Yamamoto, B. A. Bassett and H. Nishioka, Phys. Rev.
Lett. 94, 051301(2005).

[46] M. Kimura et al., Proceedings of the SPIE, 4841, 974
(2003)

[47] K. Glazebrook et al., astro-ph/0507457.

[48] G. J. Hill, K. Gebhardt, E. Komatsu and P. J. MacQueen,
AIP Conf. Proc., 743, 224 (2004).

[49] G. J. Melnick et al., The NASA Origins Probe Mission
Study Report, \ The Cosmic In ation Probe: Study Re-
port" (2005). Seealso http://cfa-www.ha rvard.edu/cip.

[50] J. C. Mather et al., Astrophys. J. 512, 511 (1999).

[51] W. Hu and D. Eisensttein, Astrophys. J. 498, 497
(1998).

[52] W. Hu and D. Eisenstein, Astrophys. J. 511, 5(1999).

[53] M. Takada and B. Jain, Mon. Not. Roy. Astr. Soc. 348,
897 (2004).

[54] C. Alcock and B. Paczynski, Nature (London) , 281 358

(1979).

[55] T. Matsubara and Y. Suto, Astrophys. J. Lett.,, 470, 1
(1996).

[56] W. E. Ballinger, J. A. Peacak and A. F. Heavens, Mon.
Not. Roy. Astr. Soc., 282, 877 (1996).

[57] N. Kaiser, Mon. Not. Roy. Astr. Soc. 227, 1 (1987).

[58] H. A. Feldman, N. Kaiser and J. A. Peacak, Astrophys.
J. 426, 23 (1994).

[59] M. Tegmark, A. N. Taylor and A. F. Heavens, Astrophys.
J. 480, 22 (1997).

[60] A. Meiksin, M. White and J. A. Peacak, Mon. Not. Roy.
Astr. Soc. 304, 851 (1999).

[61] M. White, Astropart. Phys. 24, 334 (2005).

[62] H.-J. Seoand D. Eisenstein, Astrophys. J.
(2005).

[63] W. Hu, Phys. Rev. D 65, 023003(2002).

[64] W. Hu and B. Jain, Phys. Rev. D 70, 043009(2004).

[65] U. Seljak and M. Zaldarriaga, Astrophys. J. 469, 437
(1996).

[66] D. Eisenstein, W. Hu and M. Tegmark, Astrophys. J.
518, 2 (1998).

[67] M. Ouchi, K. Shimasaku, S. Okamura et al., Astrophys.
J. 611 660 (2004).

[68] S. Hannestad, astro-ph/0510582.

[69] S. Dodelson, A. Melchiorri and A. Slosar,
ph/0511500.

[70] A. D. Dolgov, Phys. Rep. 370, 333 (2002).

[71] R. Scoccimarro, Phys. Rev. D 70, 083007 (2004)

633, 575

astro-

[72] K. Abazajian and S. Dodelson, Phys. Rev. Lett. 91,
041301 (2003).
[73] Y. S. Song and L. Knox, Phys. Rev. D 70, 063510

(2004).

[74] M. Fukugita, G.-C. Liu and N. Sugiyama, Phys. Rev.
Lett. 84, 1082(2000).

[75] S. Wang, Z. Haiman, W. Hu, J. Khoury and M. Morgan,
Phys. Rev. Lett. 95 011302(2005).

[76] F. Bernardeau, S. Colombi, E. Gaztanaga and R. Scaoc-
cimarro, Phys. Rep. 367, 1 (2002).

[77] S. Matarrese, L. Verde and A. F. Heavens, Mon. Not.
Roy. Astr. Soc. 290, 651 (1997).

[78] L. Verde, A. F. Heavens and S. Matarrese, Mon. Not.
Roy. Astr. Soc. 300, 747 (1998).



23

[79] D. Dolney, B. Jain and M. Takada, Mon. Not. Roy. Astr. cimarro, Phys. Rev. Lett. 86, 1434 (2001).

Soc. in press(astro-ph/0409455). [83] L. Verde et al.,, Mon. Not. Roy. Astr. Soc. 335, 432
[80] A. F. Heavens, L. Verde, and S. Matarrese, Mon. Not. (2002).

Roy. Astr. Soc. 301, 797 (1998). [84] D. Babich and A. Loeb, astro-ph/0509784.
[81] A. E. Schulz and M. White, astro-ph/0510100. [85] L. Verde, et al., Astrophys. J. Suppl. 148, 195 (2003).

[82] H. A. Feldmann, J. A. Frieman, J. N. Fry and R. Scoc-



