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The cosmic microwave background~CMB! has provided a precise template for features in the linear power
spectrum: the matter-radiation turnover, sound horizon drop, and acoustic oscillations. In a two-dimensional
power spectrum in redshift and angular space, the features appear as distorted rings, and yield simultaneous,
purely geometric, measures of the Hubble parameterH(z) and angular diameter distanceDA(z) via an absolute
version of the Alcock-Paczynski test. Employing a simple Fisher matrix tool, we explore how future surveys
can exploit these rings of power for dark energy studies. High-z CMB determinations ofH andDA are best
complemented at moderate to low redshift (z&0.5) with a population of objects that are at least as abundant
as clusters of galaxies. We find that a sample similar to that of the ongoing SDSS luminous red galaxy survey
can achieve statistical errors at the;5% level for DA(z) and H(z) in several redshift bins. This, in turn,
implies errors ofs(w)50.03–0.05 for a constant dark energy equation of state in a flat universe. Deep galaxy
cluster surveys such as the planned South Pole Telescope survey can extend this test out toz;1 or as far as
redshift follow-up is available. We find that the expected constraints are at thes(w)50.04–0.08 level, com-
parable to those of galaxies and complementary in redshift coverage.

DOI: 10.1103/PhysRevD.68.063004 PACS number~s!: 98.70.Vc, 95.35.1d, 98.62.Py
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I. INTRODUCTION

Cosmic microwave background~CMB! measurements
have now established the sound horizon and horizon
matter-radiation equality as standard rulers for cosmolo
Current errors on the absolute scales are approximately
and 8%, respectively@1#, and will continue to improve as
higher angular resolution data further resolve the morph
ogy of the acoustic peaks. From the angular scale subten
by these rulers, the CMB provides a comparably prec
measurement of the angular diameter distanceDA to the ep-
och of recombination.

These rulers appear in the matter power spectrum a
smooth turnover at the matter-radiation horizon, a shar
drop at the sound horizon, and a series of acoustic osc
tions at harmonics of the sound horizon@2,3#. The acoustic
features are close analogues of the CMB peaks and c
variations of order 10% in power. They are preserved ou
nearly the nonlinear scale at any given redshift@4#. The
whole set of features does not evolve with redshift in
linear regime in the absence of a significant massive neut
component to the dark matter. Matching of the observed
tures with the template provided by the CMB provides c
mological distance measuresDA(z) based on the same phy
ics and method as the CMB@5,6#. There is, in fact, more
information in a three-dimensional redshift survey since
redshift dimension measures the evolution of the Hubble
rameterH(z) and so the dark energy density evolution d
rectly @7#.

These features appear asrings in the two-dimensional an
gular and redshift space. Atz50, the angular diameter dis
tanceDA and the Hubble parameterH depend only on the
current expansion rate. Here the rings are circular and
0556-2821/2003/68~6!/063004~8!/$20.00 68 0630
at
y.
%

l-
ed
e

a
er
a-

se
o

e
o

a-
-

e
a-

e

measurement of their location returns the Hubble cons
H0 @5#. In the range 0,z&1, the scalings ofDA and H
depend on the dark energy evolution, whereas forz*1 they
are expected to return to the matter-dominated scalings
vided by the CMB. The relative distortion between the re
shift and angular dimensions provides the Alcock-Paczyn
@8# test for dark energy. Here, we show that the absol
distortion can be measured from the absolute calibration
the standard rulers.

Recently there have been several studies of the utility
acoustic features to constrain cosmology atz51–3 empha-
sizing the extended range of the linear regime and the la
volumes encompassed by surveys with moderate angula
mensions~e.g., a few hundred square degrees! @7,9,10#.
High-z surveys would provide important consistency chec
with the high-z CMB as well as limit any residual dark en
ergy component at those epochs. However, given the C
determination, the most important regime to probe is at m
erate to low redshift, since this provides the largest lever a
in distance.

The quantitative tools developed to address these is
have focused on the angle-averagedP(k) which entangles
and degrades information onDA andH @9#. In contrast, the
separately developed general tools for analyzing the infor
tion in redshift surveys at cosmological distances are co
plete but computationally costly to implement@11#. This dif-
ficulty has prevented a full exploration of the use of tw
dimensional power spectrum rings given a CMB pow
spectrum template and the requirements that their meas
ment places on surveys. Here we generalize the approxim
mode counting estimates for power spectrum measurem
errors @12# to the two-dimensional space and quantify t
information through a Fisher matrix approach.
©2003 The American Physical Society04-1
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We begin in Sec. II with a discussion of the cosmologic
distortion of power spectrum rings. We continue in Sec.
with the mode counting technique for estimating the ca
bilities of redshift surveys. In Sec. IV, we describe two mo
surveys for illustration purposes, one based on the ongo
Sloan Digital Sky Survey~SDSS! luminous red galaxy
~LRG! survey at intermediate redshifts and the other ba
on a deep galaxy cluster survey such as the planned S
Pole Telescope~SPT! survey@13#. We examine potential cos
mological constraints on distances, the Hubble parame
and the dark energy in Sec. V. Their dependence on su
and other assumptions is explored in in Sec. VI. We disc
the results in Sec. VII.

Throughout this paper, we take as the fiducial cosmolo
a flat CDM with a cosmological constant (LCDM! model
with baryon densityVbh250.024, matter densityVmh2

50.14, scalar slopens51, dark energy density in units o
the critical density VDE50.72 ~or Hubble constantH0
5100h km s21 Mpc21 with h50.72), initial curvaturedz

55.0731025 at k50.05 Mpc21 ~or present normalization
s850.9 and reionization optical deptht50.17), and a con-
stant dark energy equation of statew5pDE/rDE521. These
values are consistent with recent determinations fr
Wilkinson Microwave Anisotropy Probe~WMAP! @1#.

II. RINGS OF POWER

Geometrical distortions at cosmological distances are
scribed by the Friedmann-Robertson-Walker spatial line
ment

ds25a2~dD21DA
2dV!. ~1!

The metric elements are related to the observable redshi
a5(11z)21 for the scale factor,dD5dz/H for the radial
distanceD, and DA5R sin (D/R) for the angular diamete
distance, where the radius of curvatureR5H0

21AV tot21,
andV tot is the total density in units of the critical density. A
distances are in comoving coordinates. The Hubble par
eter is given by the Friedmann equation as

H2~z!5
8pG

3
r tot~z!2

1

~aR!2 , ~2!

with H05H(z50). Since the conversion from the obser
able angular and redshift space coordinates to physical c
dinates depends on the metric, a ‘‘standard ruler’’ of a kno
physical size can be used to measure cosmology.

Suppose now that we have a survey of some biased tr
of the mass, effectively at some redshiftzs . The two-point
correlation or power spectrum of the objects acts as the s
dard ruler. Since power spectrum modes are usually qu
in units of inverse length scale, let us choose the fidu
cosmology for the conversion
06300
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fid5

,

DA
fid~zs!

,

ki
fid5

2p

lz

Dz

DD
'

2p

lz

dz

dD

5
2p

lz
Hfid~zs!, ~3!

where lz is the radial wavelength in redshift and, is the
angular wave number or multipole. Note that in our fiduc
flat cosmologyDA5D. The true modes being probed by
given , andlz are

k'5s'k'
fid ,

ki5siki
fid , ~4!

where the shift parameters are

s'5
DA

fid

DA
,

si5
DDfid

DD
'

H

Hfid
. ~5!

In the linear regime, the power spectrum of the trac
objects reflect the underlying mass power spectrumP(k)
modified by redshift space distortions as@14#

Ps~k' ,ki!5F11bS ki

k D 2G2

b2P~k!,

k25k'
2 1ki

2 , ~6!

whereb is the linear bias assumed to be scale independ
~e.g.,@15#!. Deep in the linear regime, the distortion param
eter

b5
1

b

d ln Dgrow

d ln a
, ~7!

whereDgrow is the linear growth rate; we alternatively con
siderb to be a free parameter to reflect uncertainties in
distortion approaching the nonlinear regime. With pri
knowledge of the underlying form ofP(k) from the CMB,
the shifting in the observational domain measures the an
lar diameter distanceDA and Hubble parameterH through
Eq. ~5!.

The redshift power spectrum is shown for the fiduc
model in Fig. 1. Note that the locations of the rings rema
undistorted in the presence of the smooth linear reds
space distortion but not under a change in the cosmolo
Note further that the usual Alcock-Paczynski test utiliz
only the departure of the rings from perfect circles@8#, re-
gardless of their radius. We utilize more information he
the absolute distortion, including the radius. HenceDA andH
can in principle be measured independently. Moreover, in
4-2
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REDSHIFTING RINGS OF POWER PHYSICAL REVIEW D68, 063004 ~2003!
complete absence of template information from the CM
cosmological constraints on the dark energy become subs
tially weaker and subject to uncertainties in the correction
redshift space distortions@11#.

III. ERROR ESTIMATES

To estimate potential constraints on cosmology from
rings, we begin by considering statistical errors on the m
sured two-dimensional power spectrum. Statistical err
arise from the finite number of spatial samples of the cl
tering and that of the tracer objects contributing shot no
These will depend on the effective volume probed by
sample, which we will parametrize by the solid angleAs ,
redshiftzs , and redshift extentDzs of the survey.

The survey dimensions define a set of fundamental mo
or equivalently a fundamental unit in three-dimensionak
space. Each of these units can be considered an indepe
measurement of the power spectrum and so the net error
larger cell ink space over which the power spectrum is me
sured is simply (2/N)1/2, whereN is the number of funda-
mental units in the cell~see, e.g.,@16#!. The shot noise from
the finite number density of the tracers increases the f
tional errors by (111/n̄Ps) to give a net error of@12#

S DPs

Ps
D 2

5
2

VkVeff
, ~8!

where

Veff~k!5 E dVsF n̄~zs!Ps~k!

11n̄~zs!Ps~k!
G 2

~9!

is the effective volume probed and
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FIG. 1. Acoustic rings in the two-dimensional power spectru

Ps / P̄s21 with a smooth componentP̄s @3# removed to highlight
the features; shaded contours are spaced by 0.02. The locatio
the features are preserved in the presence of linear redshift s
distortions here atz50.45 andb53.5. Cosmology distorts the ring
here shown withw522/3, VDE50.62, andh50.61, which pre-
serves the CMB-determined high-z DA andH. Arrows indicate the
shifting of extrema; solid curves trace the extrema forw522/3, to
be compared with the shaded contours of the fiducialw521 cos-
mology. Jaggedness reflects ourk-cell discretization.
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2pD~k'

2 !Dki

~2p!3 ~10!

is the k-space volume of the double ring of positive an
negativeki . For a roughly constant number density, the va
ance scales as 1/Vs or 1/As . The covariance between cells
negligible so long as Dk'@(DA

fidAs
1/2)21, Dki

@(Dzs /Hfid)21 @16#.
Power spectra error estimates can be converted into e

estimates on cosmological parameters. Given a set of pa
eterspm , the Fisher matrix

Fmn5 (
i

] ln k'
2 kiPsi

]pm

VkiVeff i

2

] ln k'
2 kiPsi

]pn
~11!

approximates the variance of the parameter estimate
s2(pm)5(F21)mm . Note that fractional errors onk'

2 kiP(k)
are the same as forP(k) for sufficiently small cells and so
this prescription follows from simple error propagation.

The subtlety in Eq.~11!lies in the choice of the observabl
k'

2 kiPsi . Herei indexes an array of cells in two dimension
that are evaluated with fixed observablek'

fid ,ki
fid and hence

k' and ki that shift with the cosmological parameterspm .
This prescription is the high-z analogue of bands in
h Mpc21. Likewise, the weightingk'

2 ki}s'
2 si reflects the

observable angular and redshift space variance and is
high-z analogue of quoting power spectra in units
h23 Mpc3. Thus some sensitivity to the shifts is comin
from the change in the volume element with cosmology. T
information is degenerate with an amplitude change in
power spectrum at the given redshift.

IV. MOCK SURVEYS

Tracer objects must have a sufficient number density
clustering strength for a measurement of the power spect
in the presence of shot and other noise sources. If system
errors can be controlled, integration time is best spen
tracing a large volume with the lowest-abundance obje
that suffice. The power spectrum error estimates of the p
vious section provide a simple criterion for the choice
astrophysical tracers such as galaxies and galaxy cluste

For definiteness we will mock up the tracer objects
dark matter halos to a limiting mass in the theoretical m
function @@17#, Eq. ~B3!# that approximately matches th
number densities expected from a given observation. T
prescription also fixes the bias through the halo prescrip
@18# as modified by@19# for the improved mass function
Note that the larger bias of the high-mass objects parti
offsets their lower number density. Shown in Fig. 2 is t
halo mass scale at which the signal to noise ration̄Ps(k'

5k,ki50)52 for the fiducial cosmology fork values corre-
sponding to the extrema of the acoustic oscillations@9#. For
intermediate redshifts, objects with the number density a
bias of low-mass clusters and groups suffice.

Let us therefore consider two mock surveys, one based
galaxies and the other on clusters. We choose parameters
are roughly similar to the SDSS main and LRG samples@20#

of
ce
4-3
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W. HU AND Z. HAIMAN PHYSICAL REVIEW D 68, 063004 ~2003!
and a deep cluster survey such as the planned SPT su
@13#. Specifically, we take the number density of LRGs to
n̄5131024h3 Mpc23 at z50.3 @20# and so mock the popu
lation with halos ofM.1013.5h21M ( and hence an averag
bias b'2. We divide the sample into three bins ofDz
50.1 fromz50.1 to 0.4. We take the main survey to cons
of galaxies withn̄5331023h3 Mpc23 corresponding to a
population withM.1012.1h21M ( andb'1 in a single vol-
ume fromz50 to 0.1. We take both samples to cover a s
area ofAs510000 deg2. Note that the LRG population is
well placed for measuring the acoustic rings in terms of b
number density and redshift.

We take the cluster survey to coverAs54000 deg2, to
have a constant mass threshold ofM.1014.2h21M ( @21#,
and to extend in the range 0.1,z,1.3 binned in steps o
Dz50.2. We will assume that the cluster survey h
follow-up redshifts on all clusters (N'25000). We explore
the precision required in the redshifts and degradation
fered from lack of high-z follow-up (N'14000; 0.1,z
,0.7) in Sec. VI. For both mock surveys we approxima
the number densities to be constant across the redshift
evaluated at the angular diameter distance midpoint.

To be conservative, we marginalize the bias and hence
information contained in the growth of structure. This proc
dure isolates the geometric aspect of the test so that a
estimate in the tracer bias simply scales the signal to n
ratio and does not bias the results. We leave a full consi
ation of the cosmological information in the power spectru
to a separate work@22# ~see also@23#!.

We take 292 linearly spacedk cells from k',i50.005 to
0.15 Mpc21 defining a cylinder in three-dimensionalk
space. Note that the totalk volume we utilize is a factor of
1.5 larger than the volume of a corresponding sphere wi
radiuskmax5k',max5ki ,max; a cylindrical volume facilitates
tests of the required redshift resolution~see Sec. VI!. The
maximum k in each direction hits the nonlinear scale atz
50 and the measurements will be somewhat degraded
nonlinear corrections to the redshift space distortion and

1013

1014

z

M
 (

h-
1 M

  )

0.1 1

k=0.03 Mpc-1

0.05

0.07

0.09

FIG. 2. Tracers of power at the peak wavelengths of the acou

rings with a signal to shot noisen̄Ps52 ~range of 1.5–2.5 shade
for thek50.05 ring!. Tracers are quoted in terms of the parent h
mass threshold which parametrizes the number abundance and
of the tracer population.
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washing out of features in the mass power spectrum@4#; we
explore the dependence of the results onkmax in Sec. VI
below.

We account for uncertainties in the CMB template mat
power spectrum by allowing (Vbh2,Vmh2,ns) to vary from
the fiducial model. Current CMB uncertainties are at t
level s( ln Vbh

2)50.04,s( ln Vmh2)50.08,s(ns)50.03@1#.
We take (0.01,0.01,0.01) as a projection of future CMB co
straints implemented by the addition of (Fprior)mn

5dmns(pm)22 to the Fisher matrix of Eq.~11!. We discuss
the effect of weakening these priors in Sec. VI.

For reference, the Planck satellite can in principle achie
errors of (0.009,0.0065,0.004)@25#. Moreover, the combina-
tion of WMAP with high-resolution ground and balloo
based measurements should also be able to reach this
eventually. When implementing Planck-specific priors in t
consideration of dark energy constraints, we employ the
Fisher matrix forecast rather than the diagonal approxim
tion.

Aside from these three parameters, we also include un
tainties due to the initial normalization lndz , the reionization
optical deptht, and the tensor-scalar ratioT/S, when con-
sidering prior knowledge from the CMB. The remaining p
rameters in the Fisher matrix are then lnb, ln b, and the dark
energy parameters. We take weak priorss( ln b)5s( ln b)
50.4 unless otherwise stated.

V. COSMOLOGICAL CONSTRAINTS

A cosmology parametrized by a discrete set of shift p
rameterssi(zs) ands'(zs) away from a fiducial cosmology
returns the distance and Hubble parameter asDA5DA

fid/s'

and H5Hfidsi at the given redshift. This parametrization
valid for any model of dark energy evolution, including tho
involving spatial curvatureRÞ0, and is a complete descrip
tion for geometrical tests. The underlying assumption is t
the dark energy remains smooth on survey scales and h
does not affect the shape of the power spectrum.

The projected constraints on the shift parameters for
galaxy and cluster mock surveys are shown in Fig. 3.
eliminate the information coming from redshift space dist
tions and the growth of structure, we marginalizeb and the
biasb with weak priors.

To understand the efficacy of the projected constraints
dark energy studies, recall that the fiducial cosmology is c
sen so thatDA

fid(z* ) andHfid(z* ) hit the central value of the
WMAP results @1#. Thus si ,s' are constrained to lie nea
unity at z* , the recombination redshift. In terms of cosm
logical parameters, a fixedHfid(z* ) implies a fixedVmh2.

Deviations due to the influence of the dark energy mai
appear at low redshift. In a simple constant-w parametriza-
tion of the dark energy, the high- redshift constraint requi
VDE to decrease asw increases since

rDE~z!5
3H0

2

8pG
VDE~11z!3(11w). ~12!

In Fig. 3, we show an example satisfying this constraint w
w522/3 and henceVDE50.62. This constraint tends t

tic
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REDSHIFTING RINGS OF POWER PHYSICAL REVIEW D68, 063004 ~2003!
make dark energy effects disappear more rapidly asz is in-
creased than variations, say, at a fixedVDE. Note that at
some redshifts the shift in the parallel and perpendicular
rections have the opposite sign. An angle averaging of
power spectrum@9# would recover an average shift of

s̄'
2

3
s'1

1

3
si , ~13!

and hence this procedure both degrades the signal and
plicates the interpretation for a model of the dark energy w
arbitrary evolution.

Since si(z50) and s'(z50) both returnH0 /H0
fid , the

low-redshift side directly measures the Hubble constant
fact, the best single redshift at which to complement
CMB is z50 because a change inVDE implies a change inh
in a flat universe, sinceVmh25(12VDE)h2 is fixed by the
high-z Hubble parameter determination. Note the large
viation between the curves in Fig. 3 atz50, reflecting an
h50.61 and rapid return to the fiducial values forz*1.

The galaxy sample therefore provides the best com
ment to the high-z CMB constraint for bothDA and H, or

0

-0.1

-0.2

0.1

0.2

fr
ac

tio
na

l s
hi

ft

0

-0.1

-0.2

0.1

0.2
fr
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na
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hi
ft

clusters
galaxies

(a) Angular DA
-1

z
0.1 1

clusters
galaxies

(b) Radial H

w=-1

w=-2/3

w=-1

w=-2/3

FIG. 3. Projected constraints on the fractional shifts (s',i21) in
~a! DA and ~b! H from the fiducial model given the galaxy an
cluster surveys specified in Sec. IV. Constraints are marginal
over the redshift space distortionb and the bias parameter in eac
bin separately. The high-z tails of theDA and H curves are con-
strained by the CMB, currently to a precision of;2% and
;4% @s( ln Vmh2)50.08#; projections assume a future improv
ment tos( ln Vmh2)5s( ln Vbh

2)5s(ns)50.01 for the power spec
trum template, but the difference is not substantial.
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equivalentlyw. It can yield a highly significant separatio
between thew522/3 andw521 fiducial models and po-
tentially even an internal detection of the evolution inDA

21

and H due to the dark energy. Even though the clusters
not have the number density to be optimal for this test, th
ability to probe intermediate redshifts would be invaluab
for constraints on dark energy evolution.

Joint constraints on the dark energy equation of statw
depend on how well the CMB fixes the high-z tail of the
curves in Fig. 3. In Fig. 4 we employ a projection of Plan
capabilities from@25# and combine them with the constrain
from the mock galaxy and cluster surveys redshift slices
adding the Fisher matrices. Here we assume a dark en
parametrization given by (w,VDE) in a flat universe. The
filled ellipses represent constraints with a single overall b
parameterb marginalized and withb given by the linear
theory prediction. We discuss the sensitivity to these assu
tions in Sec. VI. Note that the geometric constraint from t
CMB peaks alone follows a pureDA(z* ) degeneracy curve
in the (VDE,w) plane, and so the ability to measureVDE and
w comes from the rotation of the degeneracy curves provi
by measurements ofDA andH at lower redshifts.

For the galaxy survey, the net constraint on a constantw is
s(w)50.024 ands(VDE)50.007. For the cluster survey
the net constraint is still a comparables(w)50.04 and
s(VDE)50.013 because of the higher bias and extend
Dz51.2 assumed. At the high-z end, constraints become de
generate with those of the CMB itself for models close to
fiducial model. Again, it is important to bear in mind th
tracking the return to the CMB values inDA andH would be
important for any future detection of a dynamical dark e
ergy component. This is especially true for models with
redshift-dependent equation of statew(z) where the dark en-
ergy can contribute to the energy density even at highz.

VI. EXPLORING ASSUMPTIONS

The Fisher approach enables us to explore efficiently
physical origin of the cosmological information and the d

d

-0.95

-1

-0.9

0.7 0.72 0.74

ΩDE

w

Galaxies

Clusters

FIG. 4. Projected 68% C.L. constraints onw,VL from the gal-
axy and cluster surveys described in Sec. IV in combination w
Planck priors on theP(k) template andDA(z* ),H(z* ). Filled el-
lipses represent constraints with a global bias amplitude margi
ized and withb given by linear theory; open ellipses marginalize
scaling factor tob and also the bias separately at each redshift.
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W. HU AND Z. HAIMAN PHYSICAL REVIEW D 68, 063004 ~2003!
pendence of the projected constraints on our assumpti
The main assumptions are the detectability of the acou
rings, the extent of the linear regime, the determination
redshifts for the objects, the number density of tracers,
the prior constraints.

It is instructive to consider first the source of the cosm
logical information. In Fig. 5 we show the contribution to th
Fisher matrix for the parameterssi ands' . Here we take the
mock cluster survey atz50.4. For illustrative purposes, w
have first subtracted out the constant factor in the derivat
provided by the volume weightingk'

2 ki}s'
2 si as this is de-

generate with the normalization@see the discussion following
Eq. ~11!#. Note that any constant factor is degenerate w
normalization and so it is only the variations that carry ind
pendent information.

Not surprisingly,s' ~or DA) gains most of its information
from modes nearly perpendicular to the line of sight and w
k&0.1 due to the shot noise at highk; nonlinearity also limits
the information content on a comparable scale. The influe
of the acoustic rings is clearly visible, with the largest effe
being between the extrema. However, even the informa
in si is weighted toward nonzerok' due to increase in
sample variance from the smallk space aroundk'50. Fur-
thermore, estimates ofs' andsi come from nearly nonover
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FIG. 5. Contributions to the Fisher matrix showing the localiz
tion of information onDA ~or s') and H ~or si) in the (k' ,ki)
plane. Herez50.4, and we have taken clusters with a mass thre

old of 1014.2h21M ( (n̄5831026h3 Mpc23, b53.4). Notice the
concentration of information at the rise and fall of the acous
rings, the drop in information at highk due to shot noise, and th
k-space volume weighting of the sample variance, which pulls
si information away from the vertical axis.
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lappingk cells and hence yield nearly independent deter
nations ofDA andH.

A quantification of the amount of information comin
from the acoustic rings versus the broader features at
matter-radiation and sound horizons is important for
planning of surveys. The recovery of sharp features pla
stringent requirements on the survey geometry and argue
a large contiguous survey region. To address this question
replace the numerically calculatedP(k) from an Einstein-
Boltzmann code with a smooth fit which retains both t
matter-radiation bend and sound horizon drop but not
oscillations@3#. Constraints onH andDA then degrade by a
factor of 1.7 for the LRG galaxies.

The acoustic rings become even more important if
P(k) template is not well determined by the CMB. Weake
ing the prior constraints on the template paramet
(Vbh2,Vmh2,ns) to the current level~which may also be
viewed as a rough proxy for future uncertainties due to m
sive neutrinos, scale-dependent bias, and running of the
@22,24#! causes a degradation by a factor of;1.1 for the
LRG galaxies in the presence of the acoustic rings bu
factor of 2.2 in their absence. The acoustic rings theref
help make this geometric test robust to uncertainties in
power spectrum template.

The extent to which the information in the acoustic rin
can be recovered with broad windows from a noncontigu
region of sky is beyond the scope of the mode count
approximation used here. It is best addressed with the
pixel, or more generally mode, correlation matrix formalis
@11#. Here we simply note that, with prior knowledge of th
power spectrum template from the CMB, accurate kno
edge of the power spectrum window functions for the mod
induced by the survey geometry may in some circumstan
suffice for the measurement ofDA andH.

Because much of the information is coming from t
acoustic rings, the most critical prior assumption we ha
made is the extent of the linear regime. Changingkmax from
0.15 to 0.075 Mpc21 degrades the distance and Hubble
rors for the LRG galaxies by a factor of;2. These degra-
dation factors are less pronounced for clusters where
higher rings are lost in the shot noise~see Fig. 5!. Further-
more, at higherz the nonlinear scaleknl moves out to higher
k; a more detailed treatment would takekmax}knl(z) @9#.
Translated into constraints onw, moving kmax
50.15 Mpc21 to 0.075 Mpc21 takess(w) from 0.024 to
0.051 for the galaxy survey and 0.04 to 0.06 for the clus
survey.

The redshift resolution required by the cluster survey
also less stringent than for the galaxy survey. Examination
Fig. 5 shows that most of the information on bothDA andH
comes from modes withki,0.06 Mpc21 (lz50.03 at z
50.4). For the cluster survey, excluding higherki degrades
DA by 1.2 andH by 1.7 for thez50.320.5 band and less fo
the higher redshift bands. With an improvement in photom
ric redshift techniques and averaging over cluster memb
costly spectroscopic follow-up could potentially be avoide

The mass threshold and follow-up redshift range of
cluster survey also affect potential constraints. The rarity
high-z clusters due to the steepness of the mass func
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makes a low-mass threshold crucial for the recovery of
formation atz;1. The requirement is less stringent for me
suring a constantw since the lower redshift clusters suffice
the determination. WithM.1014h21M ( , s(w) improves
by 1.5; with z,0.7 it degrades by 1.3. Increasing the s
coverage of the survey decreases the errors asAs

21/2 to the
ultimate limit of an improvement by a factor of 3 for full-sk
coverage in the cluster survey.

Removing the weak prior onb @s( ln b)50.4# has a neg-
ligible effect on galaxies constraints and causes a facto
;1.2 degradation for the clusterDA andH constraints. The
weak prior on the overall bias@s( ln b)50.4# also has little
effect on the constraints. An improvement in prior know
edge to the percent level would substantially assist c
straints due in part to the degeneracy between the po
spectrum normalization and the volume effects in the s
@see the discussion following Eq.~11!#. Likewise, a further
weakening of the prior knowledge to account for bias evo
tion uncertainties by considering the bias at each reds
slice as an independent parameter degrades projection
s(w) by a factor of 1.6 for the galaxies and 1.9 for th
clusters as shown in Fig. 4~open ellipses!.

VII. DISCUSSION

The cosmic microwave background provides a temp
for power spectrum features in the linear regime, or equi
lently a set of absolutely calibrated standard rulers for c
mology. We have provided simple tools to estimate the c
mological information contained therein. Angular diame
distances and the Hubble parameter can be measured
purely geometric way that involves only the well-understo
physics of the CMB and linear perturbation theory. A dete
tion of the acoustic rings would assist in making the angu
diameter distance measurement robust, but is not strictly
quired if one assumes continued improvement in the de
mination of the power spectrum template from the CM
Conversely, current determinations of the power spectr
template suffice if the acoustic rings are detected.

The tools we have introduced should assist in plann
future surveys to complement current cosmological kno
n.
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edge. When actually analyzing data, of course they mus
replaced by more sophisticated tools that account for cos
logical evolution across the survey subvolumes, the ang
mask, the radial selection, and the curvature of the sky@11#.
The extent of the linear regime and nonlinear corrections
the translinear regime must also be addressed more care
in simulations@4#.

These estimates show that power spectrum rings at in
mediate redshiftsz,1 hold great promise for cosmology
The angular distortion can be measured with objects that
at least as abundant as clusters of galaxies. Atz,0.4 the
ongoing SDSS LRG survey can precisely determine
Hubble constant, the best complement to the CMB, and
tentially measure the dark energy driven evolution ofDA and
H separately to obtain net constraints at thes(w)
50.03–0.05 level, depending on the extent of the linear
gime. At intermediate redshifts, clusters can probe the on
of dark energy domination with comparable precisions(w)
50.04–0.08, ranging from perfect constraints on bias evo
tion to no constraints. Cluster distance and even cr
Hubble parameter measurements do not require high res
tion in redshift and are potentially possible with photomet
redshifts if the errors can be reduced toDz,0.01.

By z.1 the expectations are that dark energy is subdo
nant and hence measurements become degenerate wit
information in the CMB. A measurement would test that e
pectation and potentially reveal a more exotic form of t
dark energy@7#. Indeed, measurement of the geometric sh
ing of power spectrum rings at any redshift would comp
ment luminosity distance ratios from supernovae with
purely geometric test and lend credence to any future de
tion of a dynamical dark energy component.
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