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The accelerating expansion of the universesuggeststhat an unknown componert with strongly
negative pressure, called dark energy, currently dominates the dynamics of the universe. Suc a

componert makesup

70% of the energy density of the universeyet has not been predicted by

the standard model of particle physics. The best method for exploring the nature of this dark
energy is to map the recert expansion history, at which Type la supernovae have proved adept.
We examine here the depth of survey necessaryto provide a precise and qualitativ ely complete
description of dark energy. Realistic analysis of parameter degeneracies,allowance for natural
time variation of the dark energy equation of state, and systematic errors in astrophysical
obsenations all demonstrate the importance of a survey covering the full range 0 < z < 2 for

revealing the nature of dark energy.

I.  INTR ODUCTION

The discovery of the acceleration of the expansion of
the universe through the Type la supernova distance-
redshift relation is a major dewelopmen in cosmol-
ogy , ]. Exploring the expansion history of the uni-
verseis akey aim of cosmology producing literally a text-
book picture of the universe. Furthermore, suc a map
provideskey cluesto the underlying physics,independert
of whether this is dark energy higher dimensions,or an
altered theory of gravitation [E].

In its interpretation as arising from a universal vac-
uum, or dark, energy sud a componert would comprise
some70% of the critical density, be unclustered on sub-
horizon scales,and possess substartially negative equa-
tion of state (EOS) w = p= < 06 [H]. While these
properties are unexpected from the standard model of
particle physics, it has beensuggestedthat they can be
motivated by a number of fundamertal theories [g, f.
Dark energythus posesa crucial mystery to unravel for
the elds of high energyphysics, cosmology and gravita-
tion.

Supernovae studies, which rst provided the evidence
for the acceleration, are well suited for elucidating the
nature of the dark energy [ﬂ, E] One experiment being
designedspeci cally to probe the accelerating universe
using supernovae is the Supernova/Acceleration Probe
(SNAP [E]). At an initial theoretical glance, the red-
shift range over which this exploration is most easily
done seemssimple to understand: the energy density
dominanceand dynamical in uence (accelerating power)
of dark energy erters at redshifts z < 0:7 (see Fig. ﬂ)
Moreover, an idealized perturbativ e, or Fisher matrix,
calculation shaws that the \sweet spot" of sensitivity to
the equation of state w liesat z  0:3 [§, [, L[J. Sowhy
are obsenations at z > 1 necessanyfor characterizing the
dark energy?

The answer lies in the breakdown of the ideal case:
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FIG. 1: The epochs of equality betweenthe dark energy
density and matter and of transition from accelerationto
decelerationare plotted vs. dark energyequation of state.
The positively slanted hatching denotesthe accelerating
phase; the negatively slanted hatching shavs when the
dark energy density dominates over the matter density.
Despite theseboth occurring below redshift z  0:7, dark
energy can be probed to much higher redshift.

Cosmologicaldegeneracies
Dark energy model degeneracies

Systematic errors

The required survey depth depends on the rigor of our
scierti ¢ investigation, how much we are willing to as-



sume about the other parameters entering into the de-
termination of the dark energy equation of state. One
could estimate a false precision without knowing how ac-
curate, i.e. biased, the result is. We label this blind trust
by three heresie$, and here aim to demonstrate their
insidious e ects through simple illustrations rather than
mathematical arguments.

Il.  HERESY BY WORD: DARK ENER GY IS
ONL Y SEEN AT LOW z

Acceleration of the expansion must give way as we
look further into the past to a normal, matter domi-
nated decelerating phase so that structure could have
formed. Obsenation of the turnover in the distance-
redshift relation due to this transition provides both a
critical ched on our understanding and a discriminator
from (generically monotonic) systematic e ects; this re-
quires redshifts z > 1. While Fig. fll shows the accelera-
tion/deceleration transition occurs at lower z, the iner-
tia causedby the integral nature of the distance relation
prevens the turnover in the magnitude-redshift Hubble
diagram from appearing until higher redshift [[L1, L.
The turnover occurs when the EOS of the total energy
density wr = 1=3. Distinguishing betweendark energy
modelsbasedon their distance-redshiftbehavior depends
on the di erence between their wr(z), but the models
can crossin wy  z plane. Therefore, Hubble diagram
curves of models may divergeonly slowly with redshift.
These e ects presene the importance of dark energy at
higher redshifts. Fig. Eillustrates the falsity of the nasve
assumption that dark energy is only important at low
redshift: dark energyhasan in uence, signi cant on the
precision scalesSNAP can adhieve, out beyond z = 1:5.
A survey extending this deep can clearly map out the
transition from the acceleratingto decelerating phase,
basically seeingthe onsetof a presen day in ation [E E]

I1l. HERESY BY THOUGHT: IGNORING
VARIA TION w°

TIME

A leading candidate for the physics behind the accel-
erating universeis a dynamical scalar eld acting asvac-
uum energy But high energy eld theories generically
predict that the equation of state of such a dark energy
{ other than the cosmological constart { should vary
with time. So consideration of only constart w mod-
els sewerely prejudices the parameter spaceof theories.
Convertionally one enlargesthe classesof fundamental
physics probed by including time variation to rst or-
der: w(z) = wo + w’% [14]. The parameter w° is di-

1The authors in no way advocate burning at the stake.
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FIG. 2: Dynamical in uence of dark energypersistssub-
stantially beyond the redshifts of equality zeq or the
acceleration-deceleratiortransition z,.. The curvesshow
how the magnitude-redshift relation is distorted whenthe
dark energyis ignored (i.e. treated as ordinary matter)
above di erent redshifts (labeled from top down). The
thicknessof the solid black curve that fully incorporates
dark energy represems 0.02 magnitudes { SNAP's pro-
jected sensitivity { sodark energyin uence remainsquite
detectable even at 5zcq.

rectly related to the scalelength of the eld potential
vy  dinv=d .

Allowing for w® has a dramatic e ect on the physical
content of the results. Consider the analogy of the now
classic con dence contours in the dark energy (cosmo-
logical constart) density vs. matter density, or M
plane. Finding a precisevalueof, say, m = 0:45, =1
{ purely hypothetical but consistert with current super-
nova data { would cortradict CMB results on atness.
Should we interpret this asevidencefor a radical rework-
ing of cosmology?Not necessarily for the simpler expla-
nation is that we unnecessarilylimited the dark energy
parameter spaceby forcing w = 1, a cosmologicalcon-
stant. Sud a hypothetical result could be equally well t
(over a redshift range z < 1) by a consisten at model
with y = 0:3,w= 1:15. Analogously, con ning our-
selvesto constart w can skew the results from the true
model cortaining a natural w°term { with a very di er-
ert underlying physics. That is, a restricted phasespace



is subject to bias becauseof ignoring other parameters’.
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FIG. 3: Uncertainty in determination of the dark en-
ergy equation of state today asa function of survey depth
Zmax ; W denotesassuminga priori that there is no time
variation while wg allows the possibility. The red, dot-
ted arrows denote the di erence; ignoring the possibility
that w varieswith time grosslyunderestimatesthe error,
esrecially for shallow surveys. The blue, solid arrows
show the e ect of ignoring systematic errors. Precisely
(and accurately) determining the equation of state re-
quires supernovae at z > 1:5.

The mere possibility of time variation also carriesim-
portant implications for error estimation. An a priori
assumption of constart behavior not only biasesthe con-
clusionson cosmologyand dark energy but givesstrongly
deviant estimations of the assaiated errors, illustrated in
Fig. E That is, onegetsinaccurate results extremely pre-
cisely! The error (w) { assuminga constart equation
of state { disagreeswith (wgp) { merely allowing for the
possibility of time variation { by a factor 3 for a survey
observing 2000 (plus 300 low z) SNeout to zmax = 0:5.
Another virtue of a deepsurvey to z > 1:5is that this
disagreemen is only 25% at zmax = 1:7. This is shonvn
by the red dotted arrows.

The necessiy for a long baselinesurvey is even more
evident in Fig. H which shaws the uncertainty (w9.

2Rather than calling these families of models degenerate, it is
more evocativ e to call them congeneric: resembling in nature or
action. This has the connotatio n in chemistry of a molecule that
acts analogously but yields a very dieren t taste.
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FIG. 4: Uncertainty in determination of the time vari-
ation of the dark energy equation of state as a function
of survey depth znh. . Even in the idealized caseof no
systematic error the uncertainty risessteeply aszax de-
creases.One needsa survey extending to Zmax = 1:5 to
detect this key discriminator of fundamental theories.

The error sensitivity curve steepens dramatically as the
depth decreasedelow zmax = 1:5, rapidly worseningto
uselessness.

Along with the uncertainty in dark energy properties
is that in our cosmologicalknowledge. So rather than
xing the dimensionlessmatter density \ , wetakeasa
realistic casea gaussianprior ( u) = 0:03,i.e. y =
0:3 0:08.

IV.  HERESY BY DEED: IGNORING
SYSTEMA TIC ERR ORS

Uncertainties in source, propagation, or detector im-
posea o or on our ability to reduce errors merely by
gathering large numbers of supernovae. While the great
advantages of supernovae as a probe are the long his-
tory of supernova studies, the rich data stream and cross-
cheds they provide in their lightcurvesand spectra, and
their underlying physical simplicity, we still cannotignore
the impact of astrophysics on our attempts to measure
cosmology

In Fig. Ewe seethe hugediscrepancybetweenthe pre-
cision claimedin the ideal situation (actually with a prior

( m)=001not xed ) andin the presenceof sys-
tematics (see blue solid arrows). The systematic error
essetially represems imperfect knowledge of all the as-



trophysicslying behind the obsenations, leaving a small
residual error once we have carried out asgood a t as
possibleto the data. The systematic imposesan upper
limit on the number of supernovae useful for reducing
the statistical error in the magnitude through Poisson
statistics. One example of suc a systematic is nonstan-
dard host galaxy dust extinction. To model the slow
variation of astrophysical systematicswe adopteda o or
to the magnitude error within a bin of width z = 0:1
of dm = 0:02(1:7=zmax ) (1 + z)=2:7. Despite the error
growing with redshift, we seefrom Fig. Ethat the long
baselineof a deep survey provides crucial leverage.

Indeed this conclusion might be made even stronger.
Despite an increasedmagnitude error for short redshift
baselines, our adopted systematic might be said to be
overly generousto shallow surveys (e.g. it givesan error
of 0.02 at z = 0:5 for a survey readiing zZmax = 0:9),
since the level of the residual systematic will depend
on how elaborately the survey is designed. Without a
long redshift baseline,broad wavelength coverageinto the
nearinfrared, spectral obsenations, arapid observingca-
dence,small point spreadfunction, etc. this number can
be large. SNAP is speci cally designedto achieve 0.02
mag. For a typical ground basedsurvey, a more realistic
estimate might be 0.05 mag.

For the time variation w®in Fig. Ethe discrepancydue
to ignoring systematicsis also strong. For any reason-
able prior on y , systematicshave an extreme e ect for
shallow surveys: a factor 5 degradation of our esti-
mate (W% at zmax = 0:5. Compare this to a mere 12%
(40%) degradation for zmax = 1:7 whenthe  prior is
0.03(0.01); this clearly shaws the vast utilit y of including
supernovae at z > 1:5.

V. HERESIES COMPOUND

We have seenthat low redshift sensitivity to the form
of the dark energy depends on idealized conditions: 1)
reduction of the parameter spaceby xing the cosmo-
logical model (i.e. the matter density ), 2) reduction
of the parameter spaceby restricting the dark energy
model (i.e. ad hoc adoption of constart w, ignoring w9,
3) reducing errors by increasing statistics without limit
(i.e. no systematics o or from unknown uncertainties).
This perfect knowledgeof cosmology physics, and astro-
physicsis unrealistic and misleading.

Compounding approximations takes us further from
reality. Here we take the three oversimpli cations two at
a time to shaow the distortions they cause. The conclu-
sionin ead casewill bethat realistic analysis of probing
dark energyleadsinexorably to the necessi for the ob-
senations to extend beyond z > 1:5.

For clarity and concisenesswe demonstrate this in
simple illustrations. Fig. E shows the e ects of correct-
ing the rst two oversimpli cations. When both ; and
the dark energy model (e.g. constart w) are not overas-
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FIG. 5: Degeneraciesdue to the dark energy model,
e.g.equation of state value wg or ewolution w® and to the
cosmologicalmodel, e.g.value of |, cannot be resolved
at low redshifts. In this di erential magnitude-redshift
diagram the three parametersto be determined are var-
ied two at atime. Only at z 1:7 do thesevery di erent
physics models exceed0.02 mag discrimination; SNAP
will be able to distinguish them.

sumed, then degeneraciesan lead to complete inabilit y
to discriminate very di erent casesusing only data from
asurveyoutto z 1. A deepsurvey gains both by the
divergenceof the curvesand the longer redshift obsena-
tion baseline. The curvesin Fig. Ewould be distinguish-
able by SNAP, which will attain a precision, including
systematics,below 0.02 mag.

The e ect of the secondand third heresieds to mistake
the uppermost, more realistic curve on Fig. Efor the
lowestone. Ignoring both time variation and systematics
would misestimate the errors by a factor 12.5at znx =
0:5 but only 2 at zna = 1:7.

Finally, considerthe rst and third together: the ide-
alized casevs. realistic knowledgeof the cosmologyin the
form of atness, a prior on  of 0.03, and systematic
error. Fig. Eillustrates seweral important properties:

1. w% A shallow survey is incapable of appreciably
limiting w® evenfor perfectassumptions;a medium
survey fails under any realistic conditions.

2. Depth: While there appearsto be only moderate
di erence betweenthe results of a zymax = 0:9 and
1.7 survey under the ideal case, for the realistic
casethe 1 constraints on wy, w° degradeby a full
sigma. Depth plus long redshift baselinesmmunize
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FIG. 6: The e ect of breaking oversimplifying assump-
tions on cosmologicalparameter determination asa func-
tion of survey depth zmax . Uncertainties in -, and the
presenceof systematics drastically weaken constraints
from shallow surveys but the long baseline and depth
Zmax > 1:5 immunize against systematics. The outer
contours of eat of the three pairs represen realistic es-
timates for the cosmologicalparametersas a function of
survey depth (see[@]). Contours hereenclose39%of the
probability sothe 1 errors canberead o by projection
onto the axes.

againstthe e ect of systematics. The main remain-

ing in uence is the degeneracyfrom an uncertain
m » Which can be dealt with by complemenary

cosmologicalinformation (seethe next section).2

3. Liketo like: Experiments should be compared un-
der the appropriate assumptions. An idealized
z = 0:9 survey might unfairly claim limits on wp,
w0 better than the realistic z = 1:7 one, in noted
contrast to the above like to like comparison.

As a nal wrap up, consider Fig. Ij This illustrates
the comparison between surveysto zmax = 0:7 and 1.7,
roughly correspnding to the depths for completeness

3Note also that uncertainty in \; tends to fatten contours in
one direction. Especially for the shallow survey casesthe limits on
wp, w@ change relativ ely little with increasing uncertain ty on
but the area of the error contours increasesby up to a factor three.
So one must be cautious at low redshift of simple quotes such as
\this experiment determines wg to  0:1".
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FIG. 7: Realistic assessménof cosmologicalparameters
from complete and precise surveys in the next decade
from the ground (zmax = 0:7) and space(Zmax = 1:7)
[@]. Contours here enclose39% of the probabilit y sothe
1 errorscanberead o by projection onto the axes.

and precision from ground based and space based su-
pernova surveysin the next decade. Each includes 2000
supernovae plus an additional 300at z < 0:1, and makes
realistic assumptionsabout cosmologicaland astrophys-
ical knowledge. The deep survey is seento represem a
huge advancemet in determination of the dark energy
model.

VI. ROLE OF COMPLEMENT ARY PR OBES

Complemertary probes of cosmologysud asthe cos-
mic microwave badkground (CMB), weak gravitational
lensing, galaxy couns, etc. play an important role in elu-
cidating dark energy In particular, they are crucial for
constraining atness and the matter density . They
will also impact, together with supernovae and perhaps
independertly, the determination of a redshift averaged
form of the equation of state hwi. But theseprobespos-
sessvery little sensitivity to the physically decisive time
variation w® and even any prior constraint provided on
hwi cortributes minimally to nding wC Furthermore,
except for the CMB (which doesnot seetime variation
sinceit measuresthe distanceto a single redshift), they
are rst generation experimens, with their own system-
atic e ects (overthe 2/3 of the ageof the universestretch-
ing back to z  1:5) at best partially accourted for.

Seweral supernova cosmology surveys will go forward



over the next sewral years. For example,the \ w Project"
g at CTIO should obtain 200 SN at redshifts z =
0:15 0:75 over the courseof v e years. With a quoted
systematic [@] of dm = 0:03(z=0:5), and using a prior
of ( m) = 0:04and the crucial low redshift data of the
Nearby Supernova Factory [@], this should determine w
to +0:10; 0:12. Suppose (hwi) = 0:1, where hwi is in-
terpreted asan averagevalue of the EOS over the redshift
range. This would of coursebe quite interesting in itself,
but for the further important parameter w® such mid-
dle redshift experiments provide no useful prior. In fact,
such a prior on hwi would improve SNAP's constraint on
wO by lessthan 3%. In this senseSNAP is very much a
next generation experimert.

One promising method of adding value to SNAP is
the information the Planck Surveyor experiment [@] pro-
vides via the cosmicmicrowave background anisotropies.
This constrains a combination of the matter density and
the dark energy parameters; the result of this comple-
mentarity is not only to strengthen the advantage of
a high redshift supernova survey, but to greatly im-
prove its precision [. For example, adding the in-
formation expected from Planck would improve SNAP's
determination of w® by roughly a factor of two. In
fact, using a new, well behaved parametrization of the
function w(z), Linder [E] shows that one could attain

(dw=dIn(1 + 2)j,=1) 0:1 for a model such as super-
gravity inspired dark energy For the particular SUGRA
model [@] this would represen a 99% con dence level
detection of time variation in the EOS.

VI'l.  CONCLUSION

The discussionsand illustrations presered here show
that expectations based on oversimplied cosmology
physics, and astrophysics prove insu cien t and mislead-
ing for understanding how to probe dark energy Could
we detect dark energywith measuremets at z < 1? As-
suredly { we already havethrough the supernova method.
Could we reliably distinguish its equation of state from
that of a cosmologicalconstart? Possibly { wide eld
ground basedsurveys, possibly together with higher red-
shift Hubble Space Telescog obsenations, could well
give indications of this, though not necessarilyde nitiv e
ones. Could we seethe critical evidenceof time varia-
tion in the equation of state that setsus on the path of a

for a precision survey reacing out t0 Zpax 1.5 2.
More rigorous Monte Carlo simulations [E] implement-
ing a variety of systematic error, cosmology and dark
energy models bear out this conclusion.

ACKNO WLEDGMENTS

This work was supported at LBL by the Director, Of-
ce of Science,DOE under DE-ACO03-76SF0009&nd at
CWRU by a DOE grant to the particle astrophysicsthe-
ory group. We gratefully adknowledge Ramon Miquel
and Nick Mostek for computations.

REFERENCES

[1] S. Perlmutter et al., Astrophys. J. 517, 565 (1999)

[2] A. Riesset al., Astron. J. 116, 1009(1998)

[3] E.V. Linder, astro-ph/0208xxx

[4] S. Perlmutter, M.S. Turner and M. White, Phys.
Rev. Lett. 83, 670(1999)

[5] J. Weller and A. Albrecht, Phys. Rev. D 65, 103512
(2002)

[6] P.J.E. Peebles and B. Ratra,
Rev. Mod. Phys. (hstro-ph/0207347)

[7] N.A. Bahcall et al., Science,284, 1481 (1999)

[8] D. Huterer and M. S. Turner, Phys. Rev. D 64,
123527(2001)

[9] http://snap.lbl.go \

[10] D. Huterer and G.D. Starkman, submitted to Phys.
Rev. Lett (hstro-ph/0207517)

[11] I. Maor, R. Brustein and P.J. Steinhardt, Phys. Rev.
D 86, 6 (2001)

[12] E.V. Linder, pstro-ph/0108280

[13] M.S. Turner and A.G. Riess,Astrophys. J., 569, 18
(2002)

[14] A. R. Cooray and D. Huterer, Astrophys. J., 513,
L95 (1999)

[15] R. Miquel et al., in preparation

[16] w Project: pttp://www.noao.edu/gatew ay/surv eys/|
programs.html

[17] A. Riess,talk presenied at the \Cosmological Probes
of Dark Energy" workshop, Decenber 2001

[18] G. Aldering et al., in Proc. SPIE 4836 (2003);
http://snfactory .Ibl.goy|

[19] Planck:http://astro.estec.esa.nl/Planc k/|

submitted to

fun 5 [20] J. Frieman et al., submitted to Phys. Rev. D,
obstr\nfinn: outtoz 1.5 2 andcontrol of :\J/cfnmm‘ir‘: ph/0208106

In the realistic view, one clearly appreciatesthe need

[21] P. Brax and J. Martin, Phys. Lett. B 468, 40 (1999)


http://arXiv.org/abs/astro-ph/0207347
http://snap.lbl.gov
http://arXiv.org/abs/astro-ph/0207517
http://arXiv.org/abs/astro-ph/0108280
http://www.noao.edu/gateway/surveys/
http://snfactory.lbl.gov
http://astro.estec.esa.nl/Planck/
http://arXiv.org/abs/astro-ph/0208100
http://arXiv.org/abs/astro-ph/0208100

