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Baryon oscillations as a cosmological probe

Eric V. Linder
Physics Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

~Received 12 May 2003; published 17 October 2003!

Mapping the expansion of the Universe gives clues to the underlying physics causing the recently discovered
acceleration of the expansion, and enables discrimination among cosmological models. We examine the utility
of measuring the rate of expansion,H(z), at various epochs, both alone and in combination with distance
measurements. Because of parameter degeneracies, it proves most useful as a complement to precision
distance-redshift data. Using the baryon oscillations in the matter power spectrum as a standard rod allows
determination ofH(z)/(Vmh2)1/2 free of most major systematics, and thus provides a window on dark energy
properties. We discuss the addition of this data from a next generation galaxy redshift survey such as KAOS to
precision distance information from a next generation supernova survey such as SNAP. This can provide useful
crosschecks as well as lead to improvement on estimation of a time variation in the dark energy equation of
state by factors ranging from 15–50 %.

DOI: 10.1103/PhysRevD.68.083504 PACS number~s!: 98.80.2k, 98.62.Py
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I. INTRODUCTION

We now have strong evidence that the expansion of
Universe is accelerating, from the original method of type
supernova distance-redshift measurements@1,2# and concor-
dant observations of the cosmic microwave backgrou
~CMB! power spectrum and of large scale structure@3,4#.
The nature of the dark energy responsible for the accel
tion will have profound implications for cosmology, partic
physics, and fundamental physics. Mapping the expan
history of the universe offers a way to gain insights into t
dark energy and the fate of the Universe, for example
characterizing the equation of state behavior that is dire
related to properties of the scalar field potential.

As discussed in Linder@5#, one would like to carry out
this mapping with not only precision measurements of
distance-redshift relation, but ideally with data on different
distances corresponding to the change between neighbo
redshift epochs. The former, notably from the type Ia sup
nova method, have proved adept at constraining the en
density and equation of state of the dark energy, with gr
improvements expected in the next decade. But these inv
an integration over the expansion rate behaviorH(z), which
itself involves a redshift integral over the equation of st
w(z). Probes more closely related to the differential distan
might giveH(z) more directly.

However the integral nature of the distance-redshift re
tion also provides the power to break degeneracies betw
cosmological parameters, which is an equally important
pect. So@5# found that the Alcock-Paczyn´ski effect of the
cosmic shear distortion—due to the source distances ra
and transverse to the line of sight being measured at diffe
epochs—did not in fact automatically give more stringe
estimations of the dark energy properties, despite involvin
bare factorH(z). The cosmic shear~not to be confused with
the local, weak lensing shear! is related to the ratio of the
differential distance over some redshift interval to the in
grated distance to the source. So it is interesting to cons
whether the situation changes if we can independently m
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sure the two quantities, basically finding the Hubble para
eterH(z) separately.

In Sec. II we investigate the use ofH(z) for constraining
the cosmological model. But in Sec. III we find that the mo
promising technique—the baryon oscillation method
actually measures a slightly different quantity. We then e
amine the use of the radial and transverse distances prov
by precision next generation galaxy redshift survey obser
tions of the linear matter power spectrum, separately
together. In Sec. IV we show that the full power of th
method comes from adding the information to a deep d
tance survey such as from accurate observations of typ
supernovae~e.g. SNAP!. We summarize our conclusions an
the need for future work in Sec. V.

II. USING H „z… INFORMATION

In this section we consider a data set giving the Hub
parameterH(z) at some redshiftsz, with a certain fractional
precision. This is a purely theoretical investigation as we
not specify how the measurements are made. Indeed, as
tioned in the Introduction, the cosmic shear method o
gives the product ofH(z) with the distance corresponding t
the redshiftz, and as we will see in Sec. III the baryo
oscillation method also provides a ratio involvingH(z). So
this is meant as a thought experiment.

Similarly, it is obvious that knowledge ofH(z) over the
entire redshift range from the observer atz50 out to some
depth is overly optimistic and would supersede any dista
measurements in that range. So we consider data at on
few redshifts in a narrow range and ask what cosmolog
information this can provide and what value it adds to a m
realistic set of distance measurements. Recall thatH(z) is
directly related to the total energy density and involves
single integral over the equation of state. The comoving d
tance r or conformal timeh is related toH(z) in a flat
universe by

r ~z!5h~z!5E
0

z

dz8H21~z8!, ~1!
©2003 The American Physical Society04-1
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ERIC V. LINDER PHYSICAL REVIEW D68, 083504 ~2003!
and the angular diameter distanceda5(11z)21r and lumi-
nosity distancedl5(11z)r . The differential distance along
the line of sight~radially! is simply dr i5dh5dz/H and
transversely isdr'5hu, whereu is the angle subtended.

Through the Friedmann equations, the expansion
H(z) is related to the cosmological components by

~H/H0!25Vm~11z!31~12Vm!e3*0
zd ln(11z8)[11w(z8)] ,

~2!

where H0 is the Hubble constant, the present valueH(z
50), Vm is the dimensionless matter density, andw(z) is
the equation of state of the dark energy. We can examine
impact of measurements ofH(z) on determinations of the
cosmological parameters through the sensitivities]H/]Vm
etc., achieving formal constraints through the Fisher ma
method@6#. For a fractional determination ofH(z) the im-
portant quantity is the logarithmic derivative] ln H/]Vm etc.;
this also cancels out the dependence ofH0.

The sensitivities are shown in Fig. 1, with the parame
zationw(z)5w01waz/(11z) of Linder @7# that allows ro-
bust treatment of the equation of state to redshifts gre
than one. However, the sensitivities are not the whole st
degeneracies between the parameters play a major ro
their estimation. To emphasize this for the dark energy
rameters, we fixH0. Unless otherwise noted we take a fid
cial model ofVm50.3, w0521, wa50. Sensitivity to dark
energy parameters generally increases for smallerVm and
more positivew0 andwa due to the resulting increasing dy
namical importance of the dark energy density.

While a 1% measurement ofH(z) at z53, say, would
apparently constrainVm to 0.06,w0 to 0.14, andwa to 0.3,
this holds only upon fixing all parameters but one. In fa
because of degeneracies a measurement at a single re
only gives an infinite ellipsoid in the joint three dimension

FIG. 1. The logarithmic sensitivity of the expansion rateH(z) to
the cosmological parametersp5$Vm ,w0 ,wa% is plotted as a func-
tion of redshift. The larger the derivative at a particular redshift,
more constraining the observations are there, but the curve
themselves~labeled by the corresponding parameter! do not account
for degeneracies between the parameters.
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parameter space. Even over a redshift range, such asH(z) to
1% at z52.8, 3, 3.2, the uncertainties are uselessly lar
s(Vm)50.87, s(w0)576, s(wa)5207. But because the
ellipsoid is fairly narrow, and the degeneracy direction
different than for distance measurements, the combinatio
H(z) information with distance information can be valuab

For example, adding the estimation ofH(z) at z52.8, 3,
3.2 to a simulation of the data expected from the Superno
Acceleration Probe~SNAP; @8#! survey out toz51.7 allows
parameter determination tos(Vm)50.0082, s(w0)
50.078,s(wa)50.45. This represents a factor 3.5 improv
ment in constrainingVm , 2% inw0, and 23% in the measur
of the time variationw8'wa/2, relative to the canonica
SNAP results. So as expected there is clearly value in obt
ing measurements ofH(z) ~though we have not establishe
how such would be carried out!—though only in comple-
mentarity with a distance probe.

Indeed one can show that measurements ofH(z) at red-
shifts z.1 basically act like information about the matt
density Vm . One can see from Eq.~2! that in the matter
dominated epoch the behavior approachesVm

1/2(11z)3/2.
~Formally we cannot even obtainVm if we violate this mat-
ter domination at high redshift by allowing unphysical valu
for the dark energy parameters.! If one eschewed anyH(z)
data but added a priorsVm

50.0082 to the SNAP data the
one would roughly recover the previous parameter estim
tions. This is not surprising since atz.1 one is increasingly
in the matter dominated, deceleration epoch and the exp
sion rate therefore best measures the matter density, no
dark energy properties. So an integral measure such as
distance-redshift relation actually has an advantage in p
ing the dark energy equation of state, despite this quan
entering the distance through a double integral.

We emphasize this important point further by consider
two elaborations. If we spread the redshift range of theH(z)
measurements, toz52.5, 3, 3.5and add simulated informa-
tion from the future Planck cosmic microwave backgrou
survey @9#, then the dark energy constraints are still wea
s(Vm)50.039, s(w0)51.6, s(wa)55.4. Again, the CMB
has limited sensitivity to the dark energy equation of st
and little complementarity with theH(z) measurement. In
particular, because CMB data comes from a single redshi
is essentially blind to the time variation described bywa ; the
covariance ofwa with other parameters then weakens tho
constraints as well. If we now add the SNAP data, the e
mations improve to 0.0056, 0.070, and 0.34 respectively,
little of this is due toH(z) since the CMB complementarity
is much stronger. The part of the improvement due toH(z) is
mostly restricted toVm @since that is whatH(z53) best
probes# and somewhatw0 ~due to its degeneracy withVm);
addingH(z) tightens estimation ofVm by 44%,w0 by 11%,
but wa by only 4%.

For determination ofH(z) nearz51, the situation is only
slightly better. It no longer acts as predominantly a mat
density prior, but againH(z) by itself cannot constrain the
dark energy parameters, even with observations over a ra
z50.521.5. Furthermore, it has less complementarity w
SNAP data and improveswa constraints by only 6%. But
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BARYON OSCILLATIONS AS A COSMOLOGICAL PROBE PHYSICAL REVIEW D68, 083504 ~2003!
conversely it gains in complementarity with the CMB info
mation, and improves SNAP1CMB parameter determina
tions ofVm , w0 , wa by 12%, 23%, 16% respectively. Thes
various cases are illustrated in Fig. 2.

So the distance data plays a central role in determin
dark energy properties andH(z) measurements only a sub
sidiary, complementary one. But in any case we note that
have not identified any cosmological probe that provid
these Hubble parameter measurements, let alone at 1% a
racy.

III. BARYON OSCILLATIONS

One cosmological probe that shows promise in obtain
differential distance measurements is the use of the imp
of the primordial baryon-photon acoustic oscillations in t
matter power spectrum. These are analogous to the osc
tions appearing in the CMB temperature power spectrum,
are much smaller, appearing as wiggles superposed on
larger dark matter component~see@10,11# for a comprehen-
sive discussion!. The wiggle wavelength can be used as
standard ruler, since the intrinsic scale is known from w
understood physics of the matter-radiation decoupling epo
Then the angular or redshift space scale can be meas
through a wide field redshift survey~though beyond the cur
rent state of the art! and the comparison probes the cosm
logical model. Current data from the 2dF survey, with de
z'0.2, may have detected a single bump@12#, and Sloan
survey data may add more support.

By observing at redshiftsz.1 some of the wiggles ap
pear in the linear density regime of the power spectrum,
by using only the locations and not the amplitudes of
oscillations one does not require problematic models
structure formation and evolution. This method then has s
eral positive aspects: simple, linear physics free from as
physical uncertainties, direct relation of observations to c
mological quantities, and sensitivity to a snapshot of

FIG. 2. Joint probability contours~68% confidence level! for the
time variation wa and the present valuew0 of the dark energy
equation of state show that measurement ofH(z) is not as powerful
as the CMB in complementing supernova data.
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expansion rate,H(z). For further discussion of the detail
and possible implementation of this probe see@13–15# and
Sec. IV. Substantial technical details appear in@16#.

However, the baryon oscillations do not provide a pu
measure ofH(z). Rather, the physics involves the ratio
the ‘‘standard rod’’ size to the observed oscillation sca
~generally in Fourier wave number,k-space!. So the central
quantity is

K[
kA

kobs
5

1

s
dz

dh

dz
5

dz

H~z!s
, ~3!

wherekA is the predicted acoustic oscillation scale, prop
tional to the inverse of the sound horizons, andkobs is the
observed scale, proportional to the inverse of the stand
rod lengthdh. The sound horizon is given by

s5E
zdec

`

dz~cs /H ! ~4!

5~Vmh2!21/2E dacs@a1aeq1~12Vm
21!a4

3e23*d ln a[11w(a)] #21/2, ~5!

wherea5(11z)21 is the scale factor of the universe,cs is
the sound speed in the baryon fluid,zdec is the redshift of
decoupling, andaeq is the scale factor at matter-radiatio
equality. Note that while a cosmological constant (w521)
would cause the last term in the brackets to have a neglig
contribution to the integrand, some forms of dynamical da
matter could have non-negligible influence at these redsh
~see@17# for a discussion of early quintessence!. The sound
speed for adiabatic perturbations in the baryons is

cs5
1

A3
S 11

3

4

rb

rg
D 21/2

. ~6!

Since the baryon densityrb;Vbh2 is well determined by
current CMB measurements, and will be further improved
Planck data, and the photon densityrg;Tg

4 is also accu-
rately known, then we can regardcs as fixed.

From the form of Eqs.~3! and~4!, we see thatH(z) enters
in both numerator and denominator, as itself and as an i
grand. This is the same form as for the cosmic shear pr
@5#. So as pointed out there, the value of the Hubble cons
H0 or h does not enter the problem and therefore does
require marginalization. This is a definite advantage. Furth
more, one can divide numerator and denominator
(Vmh2)1/2. At a casual glance, one might think that all d
pendence on this quantity is then removed. But in fact,
approximation thats;(Vmh2)21/2 is not a good one, as
pointed out in@18#. There, a closer approximation for a fla
cosmological constant universe was found to bes
;(Vmh2)20.3, while a more precise analysis@11# is equiva-
lent to s;(Vmh2)20.23. The additional factors come from
the presence ofaeq and to a much lesser extentadec. How-
ever, since the dependence arises from the sound horizo
is the same for all the redshifts at which the measurement
4-3
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ERIC V. LINDER PHYSICAL REVIEW D68, 083504 ~2003!
kobs are carried out by the redshift survey. This, combin
with the precision to which Planck will determineVmh2,
means that its uncertainty couples very weakly to the ot
parameters~this was explicitly tested!, and we will neglect it.
However, one still must incorporate the uncertainty inVm in
order to obtain realistic parameter error estimations.

Therefore, the baryon oscillation method can essenti
provide measurements of two cosmological variab
according to Eq.~3!: H̃(z)[H(z)/(Vmh2)1/2 and h̃(z)
[r (z)(Vmh2)1/2. These come respectively from the wav
numbers along (dh) and transverse (h) to the line of sight.
This distinction from a plainH(z) as treated in Sec. II is
important for the parameter degeneracies and compleme
rity with other methods.

Figure 3 shows the sensitivities for these two quantiti
As expected, forw0 andwa the derivatives are the same
for H(z) and r (z). However, the degeneracy relations b
tween the parameters have now changed, and so the stre
of the estimations have as well. Again we find that the pro
in isolation cannot effectively constrain the cosmologic
model—even the matter density since most of its depende
has been removed in the ratio. Even in combination w
CMB data it has little leverage.

However the situation changes significantly for a fiduc
model that has time variation in the equation of state. Fo
supergravity inspired model@19# that is well fit by w05
20.82, wa50.58, the oscillation data offers definite sen
tivity to the time variation. Now a 2%~1%! measurement o
K in both its radial and transverse aspects, in combina
with Planck data, allows estimation ofwa to 0.29~0.20! for
measurements atz5$0.5,1,1.5% and 0.62 ~0.47! for z
5$2.5,3,3.5%. However, the estimations ofw0 remain poor:
0.16 ~0.09! and 0.36~0.27! respectively. Furthermore, sinc
only 1–2 wiggles are in the linear regime atz'1, the ob-
servations are unlikely to achieve better than 2% precis
there, while we see that even 1% precision atz'3 gives less

FIG. 3. As Fig. 1 but for the baryon oscillation scale. Bary
oscillation measurements provide two quantities, correspondin
wave modes along@dh# and transverse@h# to the line of sight. The
Vm curves do not have zero sensitivity atz50 because of the
division by (Vmh2)1/2.
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impressive results. And of course we have no guarantee
the true cosmological model will have a strong time variati
in the dark energy equation of state.

IV. BARYON OSCILLATIONS PLUS SUPERNOVAE

As with the H(z) analysis in Sec. II, the baryon oscilla
tion method cannot stand alone as a robust cosmolog
probe. In this section we consider it in complement with
SNAP supernova distance survey. As expected, we find
it does not behave in the same manner asH(z), as effec-
tively a prior on the matter density. In fact, unlikeH(z),
within a cosmological constant model of dark energy t
complementarity with precision distance measurements
now substantial, providing good constraints. Adding oscil
tion information acts even slightly more strongly than addi
CMB information, relative to supernovae. When the bary
oscillation information is added to SNAP1CMB, further
modest improvements are seen—around 14% in bothw0 and
wa for 2% measurement of the oscillation scale and 30%
1% measurement. This is fairly insensitive to the exact r
shift distribution of the matter power spectrum measu
ments, i.e. for redshifts near 1 or 3, or a spreadz
5$0.5,1,1.5% vs. $0.8,1,1.2%.

For the SUGRA model, the improvement is strong
Baryon oscillations and CMB have increasing complemen
rity to each other and to supernovae. Now upon adding
oscillation probe to SNAP1CMB the estimation ofwa
sharpens by 46–37 %~54–60 %! for 2% ~1%! precision, de-
pending on whether the measurements are nearz51 or 3.
Furthermore,s(w0) reduces by 51–39 %~59–57 %!. So this
offers hope that the baryon oscillation method can prov
important complementarity useful in uncovering the natu
of the dark energy. The error contours for the cosmologi
constant and SUGRA cases are shown in Figs. 4 and 5.

Because of the insensitivity of the baryon oscillation r
sults to the exact redshift range, so long asz*1, one can
choose the survey characteristics based on observational

to
FIG. 4. As Fig. 2, for baryon oscillation measurements and

cosmological constant model. The baryon oscillation data is slig
stronger than the CMB data but not very complementary with i
4-4
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BARYON OSCILLATIONS AS A COSMOLOGICAL PROBE PHYSICAL REVIEW D68, 083504 ~2003!
siderations. As mentioned, at redshiftsz,1.5 one is likely to
detect only 1 or 2 baryon wiggles, making it more difficult
precisely determine the oscillation scalekobs. But for z
.1.5 the linear regime quickly extends ink-space, due to
behavior of structure formation in a universe recently dom
nated by dark energy~see Fig. 1 of@13#!, providing 3–4
detectable oscillations. The redshift ranges most adva
geous for observations are often identified asz50.5–1.3 and
z52.5–3.5@15# due to easy selection by 4000 Å break a
Lya features in the galaxies used in the survey. Estimate
number of galaxies required and sky coverage are give
@14,15#.

Such a redshift survey could be accomplished by la
telescopes on the ground within a decade. One possibili
the KAOS project@21#: the Kilo-Aperture Optical Spec
trograph proposed as a front end for the Gemini Sout
meter telescope. This would have multiplexing capabi
from some 4000 fibers for simultaneous measurement of
axy redshifts. With a 1.5 square degree field of view a
coverage of some 400 square degrees of sky KAOS co
measure precise redshifts for 106 galaxies. This could pro-
vide estimates of the wiggle scale at the 1.5–2.5 % precis
level @14#.

Another intriguing idea is to use wide field observatio
from space. This would have the advantage of not be
restricted to thez'1 and 3 ranges just mentioned, whic
were limited by the Earth’s atmosphere. Indeed, from a t
oretical point of view, a redshift rangez51.5–2 is essen-
tially as powerful asz'3 in terms of number of oscillation
mapped, a definite advantage overz'1, and yet requires
less spectroscopic exposure time than the deeper survey.
culations show that the parameter estimation for a given
cision is as tight as at the lower or higher redshift ranges

While there is no planned massively multiplexing spe
trograph for space, one interesting possibility is populat
spare regions of the SNAP focal plane with grisms capa
of low resolution spectroscopy. Also, photometric redsh
can be generated with SNAP’s nine filters. There is no pr

FIG. 5. As Fig. 4 but for a supergravity inspired dark ener
model. Now baryon oscillation and CMB data are more comp
mentary with each other as well as the supernova data, so the
provement with all three is more pronounced.
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lem achieving the number or area statistics as the propo
SNAP wide field survey~mostly focused on weak gravita
tional lensing! will find 108 galaxies over 300 square de
grees. However with a 2 meter telescope and spectral re
lutions of order 100 or less, this clearly is not capable
carrying out all the science that an 8 meter ground ba
telescope with high resolution spectrograph could. S
while this would not provide the same precision mapping
the 3D matter power spectrum, it might give decent qua
information on the 2D, projected spectrum, roughly cor
sponding to the transverse wavenumber modes in Eq.~3!.
Photometric or low resolution spectroscopic redshifts wo
additionally give a smeared representation of the radial
mension. Detailed analysis of the baryon oscillation meth
with SNAP is left for future work; here we simply invest
gate the parameter constraints from the transverse and r
modes separately.

One expects that the radial mode,dh̃, which involves a
bare factorH(z), should provide better limits, while the
transverse mode,h̃, acts basically like a distance-redsh
measurement though with the important degeneracy dif
ences previously mentioned. Indeed the sensitivities plo
in Fig. 3 bear this out~though the degeneracy relations a
not there apparent; also note that the radial mode has
sensitivity at redshifts that are well into the matter domina
epoch!. For example, denoting the full baryon oscillation i
formation as BO, the radial only as BOi , and the transverse
only as BO' , one finds that 2% precision givess(Vm)
50.0057,s(w0)50.069,s(wa)50.30 for SN1CMB1BO,
~0.0073,0.073,0.31! for SN1CMB1BOi , and ~0.0065,
0.075,0.35! for SN1CMB1BO' . ~Though presumably the
precision in a full 3D survey would be better than in a 2
plus low resolution radial survey.! In the last case there i
essentially no improvement over the SN1CMB case without
any oscillation information. Various cases are illustrated
Fig. 6.

Again, the baryon oscillation method is more useful in t

-
m-

FIG. 6. As Fig. 4 but separating the contributions from t
baryon oscillation wave modes transverse and parallel to the lin
sight. Radial information, requiring accurate redshifts from a sp
troscopic survey such as KAOS, is more useful.
4-5
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ERIC V. LINDER PHYSICAL REVIEW D68, 083504 ~2003!
presence of a time varying equation of state dark ene
Moreover, due to the long baseline entering the integra
distance, the BO' information is actually more valuable tha
the radial, if at the same precision. The results for
SUGRA model are illustrated in Fig. 7. We see that 2% p
cision data on the transverse modes adds complementar
the supernova and CMB information, improving the es
mates ofVm by 56%, w0 by 46%, andwa by 42%. This
represents the vast majority of the impact of the full bary
oscillation data discussed at the beginning of this section

V. CONCLUSION

Differential distance measurements, providing a snaps
of the expansion rateH(z), have long seemed attractiv
theoretically as ways to probe the nature of dark energy.
they have also appeared difficult to implement observati
ally. The cosmic shear, or Alcock-Paczyn´ski, probe~not to be
confused with promising weak lensing shear measureme!
involves a ratio of differential to integrated distances, or
productH(z)r (z), and@5# showed that it could act only in a
minor, complementary role to precision distance obser
tions. However for the present it could provide some use
information as discussed in@20# for Sloan Luminous Red
Galaxy data. The growth of structure in the linear regim
also might be thought sensitive toH(z) but at redshiftsz
*2 this essentially probesVm not the dark energy; howeve
through other factors the linear growth still retains some s
sitivity to the equation of state and its time variation@24#.
Nonlinear structure formation can involveH(z) as a separate
factor through the differential volume element in cluster
galaxy halo counts, but this is entangled in systematic un
tainties from nonlinear physics and observational selec
effects@22,23#. On large scales this may be ameliorated,
the needed numerical simulations of large scale structure

FIG. 7. As Fig. 6 but for a supergravity inspired dark ener
model. Now the transverse modes, detectable through a 2D su
are more influential.
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corporating a time varying equation of state are just n
being carried out@24#.

In this paper we have pushed these observational diffi
ties into the background and considered the use ofH(z)
regardless. Our conclusion is that it is not a panacea and
offers aid through complementarity with a deep, precis
distance survey such as SNAP; then it contributes mild
provement to the cosmological parameter constraints. Th
basically due toH(z) acting at higher redshifts as a determ
nant of the matter density, not a direct probe of dark ene
properties. At redshiftsz,1 it has somewhat more leverag
but requires precision on the 1% level for significant im
provement.

The baryon oscillation method of using wiggles in th
matter power spectrum as a standard ruler determine
slightly different measure of the expansion rateH(z). This
probe is sufficiently promising, though again only in comp
mentarity with a supernova distance survey, that it should
pursued further. Depending on the nature of the dark ene
incorporation of oscillation measurements can offer sign
cant improvements on estimation of the time variation of
equation of state. One of the most striking aspects is
cleanness, based on simple, well understood physics
with no apparent major systematic uncertainties. Note tha
all the analyses presented here of different cosmolog
probes, only the SNAP data has included system
uncertainties—theH(z) and baryon oscillation precision
have been taken as purely statistical. For all known and o
proposed probes this is certainly overly optimistic. Wheth
systematics enter at the 1–2 % level in the baryon oscilla
method, from, say, residual nonlinearities or scale depend
mass vs. light bias, needs further investigation.

Two interesting concepts for baryon oscillation observ
tions are the KAOS project on the ground, and a spec
scopically less precise but reasonably straightforward sp
implementation with grisms or photometric redshifts fro
SNAP. We have seen that the optimal redshift range is
strongly determined by the parameter sensitivity, and so
be driven by tradeoffs in observation strategy. Both proje
deserve further investigation, though it is intriguing to ima
ine that SNAP could represent a cosmology superprob
incorporating the supernova distance, weak lensing, so
part of the baryon oscillation, and possibly even clus
count methods of cosmological parameter determination.
even if SNAP is rather promising for revealing the nature
dark energy, our understanding and confidence will still
strengthened by multiple, complementary and crosschec
next generation surveys.
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