PHYSICAL REVIEW D 67, 083505 (2003

Probing dark energy with supernovae: Exploiting complementarity with the cosmic
microwave background

Joshua A. Friemah? Dragan Huteret,Eric V. Linder? and Michael S. Turnér®®
IDepartment of Astronomy & Astrophysics, Center for Cosmological Physics, The University of Chicago, Chicago, lllinois 60637-1433
2NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, lllinois 60510-0500
3Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106-7079
“4Physics Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
SDepartment of Physics, Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637-1433
(Received 7 August 2002; published 21 April 2003

A primary goal for cosmology and particle physics over the coming decade will be to unravel the nature of
the dark energy that drives the accelerated expansion of the Universe. In particular, the determination of the
equation-of-state of dark energy=p/p and its time variatiordw/dz will be critical for developing a theo-
retical understanding of the new physics behind this phenomenon. Type la supefBdi&eand cosmic
microwave backgroundCMB) anisotropy are each sensitive to the dark energy equation of state. SNe alone
can determinev(z) with some precision, while CMB anisotropy alone cannot because of a strong degeneracy
between the matter densify,, andw. However, we show that the Planck CMB mission can significantly
improve the power of a deep SNe survey to preband especiall[dw/dz. Because CMB constraints are
nearly orthogonal to SNe constraints in thg,-w plane, for constrainingv(z) Planck is more useful than
precise determination of),,. We discuss how the CMB/SNe complementarity impacts strategies for the
redshift distribution of a supernova survey to determirfe) and conclude that a well-designed sample should
include a substantial number of supernovae out to redshifta.
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I. INTRODUCTION variations in the dark energy densitgf less than a part in
10° on scales~H51 [9]). In all models proposed thus far
Recent observations of type la supernoy&&e have dark energy can be characterized by its equation of state
provided direct evidence that the Universe is accelerating/leasuring the present value wfand its time variation will
[1,2], indicating the existence of a nearly uniform dark- provide crucial clues to the underlying physics of dark en-
energy component with negative effective pressure,p/p ergy.
< —1/3. Further evidence for dark energy comes from recent As far as we know, dark energy can only be probed di-
cosmic microwave backgroun@MB) anisotropy measure- rectly by cosmological measurements, although it is possible
ments pointing to a spatially flat, critical density Universe,that laboratory experiments could detect other physical ef-
with Q=1 [3], combined with a number of indications that fects associated with dark energy, e.g., a new long-range
the matter density),=0.3[4]; the “missing energy” must  force arising from an ultra-light scalar fie[d0]. Dark en-
also have sufficiently negative pressure in order to allowergy affects the expansion rate of the Universe and thereby
time for large-scale structure to forff]. Together, these two influences cosmological observables, such as the distance vs
lines of evidence indicate that dark energy composes 70% ogdshift, the linear growth of density perturbations, and the
the energy density of the Universe and has an equation-otosmological volume elemenisee, e.g.,[11]). Standard
state parameten< — (0.5—0.6) [6]. Determining the nature candles such as type la supernovae offer a direct means of
of dark energy, in particular its equation of state, is a criticalmapping out distance vs redshiee, e.g.[12]), while the
challenge for physics and cosmology. CMB anisotropy can be used to accurately determine the
At present, particle physics theory provides little to nodistance to one redshift, the last scattering epoghs (
guidance about the nature of dark energy. A cosmologica=1100). Because they measure distances at such different
constant—the energy associated with the vacuum—is theedshifts, the SNe and CMB measurements have comple-
simplest, but not the only, possibility; in this cases —1 mentary degeneracies in tlig,-Q , andQy-w planeg 11—
and is time independent, and the dark energy density is spd3]. More recently, Spergel and Starkm@i¥| have sug-
tially constant. Unfortunately, theory has yet to provide agested that this complementarity argues for using supernovae
consistent description of the vacuum: the energy density oét relatively low redshiftz~0.4, to most efficiently probe
the vacuum, at most 16° eV*, is at least 57 orders of mag- dark energy. In so doing, they used a highly simplified model
nitude smaller than what one expects from particle physics—which did not consider a spread of SNe in redshift, system-
the cosmological constant problefid]. In recent years, a atic error, possible evolution a¥, or the finite precision with
number of other dark energy models have been exploredyhich planned CMB missions can actually consti@i and
from slowly rolling, ultralight scalar fields to frustrated topo- w.
logical defectg8]. These models predict thet# — 1, thatw By including these “real-world” effects, this paper clari-
may evolve in time, and that there may be small spatiafies the complementarity of the CMB and SNe and explores
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strategies for best utilizing it in SNe surveys to probe the TR T
i \
properties of dark energy. We show that dark energy- LA \
motivated supernova surveys should target SNe over a broa 6 - SN \\\
range of redshifts out ta~2, and that CMB/SNe comple- ' 4.8 A\
mentarity in fact strengthens the case for deep SNe surveys p% v
\\\\
\
Il. HOW SUPERNOVAE AND THE CMB PROBE DARK B \:\\ \
ENERGY \
0.8 - L
Supernovae and the CMB anisotropy probe dark energy ir —_— PLANCK
different ways and at different epochs. However, both do so ——- SNe,z=03| J
through the effect of dark energy on the comoving distance ! \ e
vs redshift relationy(z). For a spatially flat Universe and L NSNe(Z)=3OOO/(1+Z)2 \
constantw: gl VPRI i\ T AP BRI I
0 0.1 0.2 0.3 0.4 0.5
QM

z dz
Hor(z)= foH(T/Ho FIG. 1. 68% C.L. “error ellipses” in the(),-w plane for 3000

SNe all at a single redshi#t=0.3,1.0, or 2.0, and for the Planck
CMB anisotropy measuremefvithout polarization, assuming a
fiducial model with(},,o=0.3 andwy= —1. Because observations

at a single redshift cannot break the parameter degeneracies, the
ellipses do not close. As expected, the CMB constraint lies along

whereQ,, is the present fraction of the energy density con-QM:O'sJF?'ZS(H‘;]V)' At higherlz, the SNe e"iﬁses becoulrlne nar-
tributed by non-relativistic matter. This relation is easily gen-/OWer but less orthogonacomplementary to the CMB ellipse.
eralized to non-constant and a curved Universgl1]; for Note, a matter-density prior corr'esponds to a vertical s_trlpe, whlc_h
notational simplicity we write this and succeeding formulas's less orthogonal to the SNe ellipses than the CMB ellipse. This is
in terms of constantv. thouah we aeneralize them to the the basic reason why a CMB prior is more effective than a matter-
: . S . S ' ug W. 9 12 density prior.

evolving case in our analysis. It is becaldgr (z) depends

upon only two quantities()y, andw, that prior information  cisjon with whichD is determined by about 50¢48], absent
aboutQ, (or two independent combinations ©fy, andw) problems with foregrounds or the polarization measurements
has such potential to improve the efficacy of a cosmologicathemselves.
probe of dark energy based upbhyr(z). The Microwave Anisotropy Prob@MAP) CMB mission
CMB experiments can determine the positions and19] currently underway should determiri2 to a precision
heights of the acoustic peaks in the temperature anisotropipat is about 10 times worse than Planck, assuming tempera-
angular power spectrum to high accuracy. The positions ofure anisotropy information alone. This constraint is too
the acoustic peaks in angular multipole space depend upoteak to usefully complement the SNe measurements. How-
the physical baryon and matter densit@gh? and Q,h?,  €ver, if MAP polarization measurements are successful, this
onQy, w, and to a lesser extent other cosmological parameonstraint could be improved by about a factor of f48];
eters (e.g., [11,15). Anisotropy measurements from the W€ discuss the potential impact of MAP further in Sec.
Planck[16] mission, planned for launch later in the dec:ade,IVA 3. . .
should determine the positions of the peaks to better tharc] As an a;'de' W%_notel th.at the pf;}yagal baryon_and rfnart]ter
0.1%: the heights of the peaks will determifib,h? and ensities do not directly impact the determination of the
2 . properties of dark energy. Rather, together with other cosmo-
Qgh“ (and other cosmological parametete roughly per-

i sion(17]. Together. th ts shoul ogical measurements, they can be used to deterfjpe In
cen pr_eC|5|on[ ] ogetner, these measurements ShouiGpe o|1owing sections we illustrate how independent knowl-
constrain a combination d¢,, andw alone(e.g.,[11,14)) to

. ; . Il _edge ofQ)y, can improve the determination of.
about 10% precision. In particular, in the vicinity of the fi-  \1easurements of the energy fluxes and redshifts of type
ducial valuesvg=—1 and(,,=0.3, the combination

la supernovae provide an estimate of the luminosity distance
as a function of redshifgl, =(1+2z)r(z). As an example of

a supernova survey, the Supernova/Acceleration Probe
(SNAP) [20] is a proposed space-based telescope to observe
~3000 SNe la out to redshit~1.7, specifically designed

to probe dark energy. To illustrate the essential principles for
such a survey, though not all the details, we make the sim-
will be determined to aboutp==0.03((2,0/0.3) [this re-  plifying assumption that SNe la are nearly standard candles
sult follows directly from Eq.(18) of Ref. [11] by setting (after correction for the observed correlation between light-
All1=AQ,/Qy=0]. The resulting 68% C.L. error ellipse in curve decline rate and peak luminosf®1]). With this as-

the O \,—w plane predicted for Planck is shown in Fig. 1. sumption, the mean peak energy flux from a supernova at
Polarization information could, in principle, improve the pre- redshiftz is

(H/H)?=Qu(1+2)%+(1— Q) (1+2)3¢™W (1)

DEQM _094QM0(W_W0)
~Q0},—0.281+w)=0.3 ?)
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C10°9M  (101%/47)10" 04M optimal for cor)stra_in.ing/v (gs we show in Sec. IV ?Aand
F(z)= = o) would be very inefficient, since large numbers of discovered
4mdi HodL SNe would have to be discarded. More importantly, a broad
0 Y distribution of SNe redshifts is crucial for addressing system-
_ (10c/4)10 atic and/or evolutionary trends in the SNe population, which
o (7 dz 2 must be under control if SNéor anything elsgare to be
(1+2) J; O (00 (1125 valid probes of dark energy.

In addition, there is much more to studying dark energy
(3  than determining the average valuewin the most efficient
manner. Constraining the time variation of the equation of
where C=3.02x10* erg sec ! is an unimportant constant, state is critical for understanding the nature of dark energy.
M is the mean absolute peak magnitude of a Type la supeiffhe CMB has no sensitivity to evolution af; SNe can
nova, andM=M —5 log(Hp) +25, with distances measured probe time variation ofv, and a broad distribution of SNe
in Mpc. redshifts(out to z~2) is required to achieve it, as we show
It is important to note several things from E@). First  below. In Sec. IV we discuss strategies for the distribution of
the energy flux at fixedH ,d, depends only upon the combi- SNe redshifts and results for some plausible examples. Fi-
nation M and not uporM andH separately. Thus, the cos- nally, determining cosmological parametdiere (), and
mological parameter®,, andw can be determined by mea- w) by two very different techniques has the virtue of provid-
suring ratios of fluxes at different redshifts, which areing consistency checks on the framework of dark energy as
independent of\, and soM is sometimes referred to as a well as the Friedmann-Robertson-Walker cosmolf@s;,25.
nuisance parameter and can be easily marginalized over. Sec-
ond, sinceHOdL—>z. for z—0, low-redshift supernovae can Ill. CMB /SNe COMPLEMENTARITY
be used to determingA,

4) Some trends in the CMB/SNe complementarity are illus-
trated in Fig. 1. For the fiducial modemwg=—1, Qg

For example, a sample of 300 low-redshift superncieag., — 0-3). the Planck error ellipse in th@y-w plane is ap-

as will be targeted by the Nearby SN Fact@p]) could be ~ Proximately oriented along the lin@,=0.3+0.28(1+w),
used to pin downM to a precision of* (0.01—0.02). Fi- as indicated by E(2). By contrast, the error ellipse for 3000

nally, an absolute calibration of nearby SNe la Iuminosities_SNe at fixed redshift has a negative slope in this plane; with

by another reliable distance indicatt.g., using Cepheid NCreasing redshift it rotates towarfly =const, and its
variables to determine distances to galaxies that host SNe Width narrows. The reason for the rotation is simple: at high
[23]) can determineM; together,M and M then fix the redshift, matter becomes more dynamically important than

Hubble constant, but we emphasize that this is not needed rk energy, and th? SNe are therefqre probi_ng thg matter
probe dark energy. ensity. While the width of the SNe ellipse shrinks with in-

For a survey of SNe la, the likelihood function for the creasing redshift, it becomes less complementary with the

three parameters the supernova energy flux depends uponGMB €llipse. Figure 1 also makes it clear why CMB anisot-
given by ropy is more complementary than the matter density infor-

mation: the matter density prior, which corresponds to a ver-
tical stripe, is less orthogonal to the SNe ellipse.

) (5) To be quantitative, it is useful to write down the joint
likelihood function:

7°F(z)—(10°C/4m) 10" %M asz—0.

[Fi—F(z)]?

20'i2

ESNE(QM ,W,M)OCHi eX[{ —
where z; are the redshifts of the supernovde, are their
measured fluxes, ang, are their measurement uncertainties
(which also includes any random intrinsic spread in pea
SNe la luminosities

Unlike the CMB, which probes the angular diameter dis- ( 2
tance at a single, fixed redshig, the efficacy of SNe for o Q % _ P8~ PBO
determiningw depends upon the redshift distribution of the oms= Lowms,ol ;W) X ex 2
supernovae. As a first example, Fig. 1 shows how well 3000 B
supernovae at a single redshift could const@ig and w, e F{_ (pM_pMO)ZI

ﬁjoint: LsneX Leme X Lother- (6)

kThe CMB likelihood function can be approximated as

20

assuming a random flux error of 0.15 mag per supernova. (7)
Because the sensitivity of the comoving distan¢®) to the
dark energy equation of state.g., as measured kr/dw)
increases with redshift, the ellipse shrinks for SNe at highewhere
redshift[11].

While Fig. 1 displays important trends, we note that a
realistic survey would not target SNe all at one redshift. Such Lcmp, 0™ exp{
a delta-function redshift distribution is very much less than

2
ZUPM

, ®
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D=Qy—0.28(1+w), Dy=0.3 is the fiducial value oD, .
op=0.1D, is the projected accuracy for Plantkpg 0.1
=1.8803h?x 10" gem 3, pw=1.880,h?>x10"%° i
gem 3, pgo is the fiducial value of the baryon density, and
pwmo IS the fiducial value of the matter density.

The accuracy of the CMB constraint in tlig,,-w plane

depends on three factors: the experim@md whether polar- 3001 |

ization information is includexl the parameter set consid- .

ered, and the presence and nature of foregrounds. For con [|—— SNe+o,=0 I

parison with SNe without systematics, we consider the CMB [| = = $Ne~+Elanck

without foregrounds and assuming a moderate set of eigh . T

cosmological parameters and adopt the CMB constraint fromr 0001 g SNHPEﬁwkHyS E
Ref. [26]. Under these assumption§,,h? and Qgh? are : SNe + 0, =0.03 + 535 ]
determined to 1.6% and 0.8%, respectively, for Planck with S R R R
temperature information only. Comparison with SNe with 0 o ! L 2

systematics requires the inclusion of foregrounds, and is ob- z

viously model dependent. Tegmaek al. [27] have shown
that the accuracy in all cosmological parameters of our inter-
est degrades only slightly even in the presence of a fairl
generous foreground modétheir MID mode). Neverthe-
less, the presence of foregrounds is expected to degrade t
optimistic uncertainties computed without the SyStematiCSgression from “solid to dashed to dotted” goes from “ideal to re-

(e.9.[28]). To account for that, we folloyv Re[l,B]' where a . alistic.” The legend entries correspond to order at the very left end,
more generous set of ten parameters is considered, but WitQeom to top.

out such “luxury parameters” such as running of the spectral

tilt and neutrino mass which were assumed in R27]. As a . . )

result, our model of the CMB with systematics constrains the?€rnova. In Fig. 2 we show the effect of including CMB or

quantityD 30—40 % worse than the CMB without systemat- {m information in the determination of the dark energy

ics. equation of state, assuming= const. If the CMB measure-
As noted in Sec. Il, the CMB determination of the baryonment of D is assumed to be “perfect’¢,=0) as was done

and matter densities is not directly useful for constrainingin Ref. [14], the predictedo,, drops significantly with in-

dark energy: when the joint likelihood function is marginal- creasing redshift and continues to do so ouz4el.5. The

ized over the matter and baryon densities to obtain the oneeffect of a perfect matter density prios g, =0) is similar.

dimensional probability distribution fow, the integrations this qualitative behavior can be understood by referring to

2 2 i :
overQth. and Qyh” are g'v'al' On the other har(;(_:l, if W& Fig 1 and considering the intersection of the CMB linew
can obtain information abouv (from non-SNe distance an infinitely thin ellipsg¢ with the SNe ellipses or of a verti-

measurementsand M (from low-redshift SN and thereby cal line (fixed Q,,) with the SNe ellipses. The decreasing

or otherwise constrainH,, then the CMB determination of . - . .
gl h2 const?ainsQ as \?vell which would directly impact width of the SNe ellipses wins out over the decreasing
M M ’ complementarity at higher redshift.

the joint determination ofv. Of course, any other external o . -

determination ofQ},, would have the same effect; later, we The_ qualitative behavior changes, hpwever, when f|n|t¢

will discuss how varioug),, priors affect the determination precision for the CMB and matter density measurements is
taken into account; as examples, for the CMB we use the

of w. ) .
Assuming no information aboud! (or equivalentlyH), prolecteql Planck accuracy discussed above,_ and for the mat-
ter density we assumeQMzo.OB. Not only is the uncer-

the joint likelihood function becomes
tainty o, larger in these cases, but it now reaches a mini-
mum atz~ 0.2 and rises slightly at higher redshift. For finite
Lioint( Qm »W) = Leyg,0X Lse- (9)  widths of the matter density or CMB priors, the decreasing
complementarity now wins out over the decreasing width of
the SNe ellipse with increasing redshift.
From this function, we obtain one-dimensional probability ~Thus far, we have not allowed for systematic error in
distributions forw by marginalizing overQ),,. As a first measuring the supernova flux at a given redshift. This means
case, we again assume a baseline sample of 3000 SNe allthat by measuring a large number of supernovae at a given
one redshift, with a random flux error of 0.15 mag per su-redshift, the flux and therebr(z) can be determined to ar-
bitrarily high accuracy. In reality, the presence of residual
systematic uncertainty is likely to impose a floor to improve-
INote that this is merely illustrative. In fact we tre@ by the ~ ment. As a simple model for irreducible systematic error in
exact expression for the distance to the last scattering surface, i.dhe SNe measurements, we assume the flux error in a speci-
Eq. (1) generalized to evolving/(z). fied redshift interval is given by/(0.02)7+ (0.15¥/N; mag,

FIG. 2. The predicted I+ uncertainty in the equation-of-state
arameterv for 3000 SNeat a single redshift z2with matter density
and CMB priors as indicate@nd the same fiducial model as in Fig.
rll). The dotted curve in each case includes the effect of a 0.02 mag
irreducible systematic error in measuring the energy flux. The pro-

083505-4



PROBING DARK ENERGY WITH SUPERNOVAE: . .. PHSICAL REVIEW D 67, 083505 (2003

where 0.15 mag is the assumed statistical error per SN, 0.0. 2000 ——————1—— |
mag is the irreducible errérandN; is the number of super- [ no systematic

novae observed in that redshift interval. This model penal-= - mmm fiducial, SNe

izes observing large numbers of SNe at the same redshit[i |50 [ - gptix} gngrPlamk
since the irreducible error adds to the Poisson error: one< _ Ogﬁmalj SNe+G =0
reaches diminishing returns fd&;~ 100, at which point the & 2
error is only~20% larger than its asymptotic value. While o

this model is certainly simplistic, it captures in a straightfor- & 1000
ward way the essential point: increasing the number of SNe¥g
cannot decrease the measured errddgn(z) to arbitrarily 5

[
small valued29]. 'g 500
Figure 2 illustrates the effect of systematic error. At red- g
shifts less than abowt~0.5, systematic error increases,
significantly: without the irreducible flux error, the estimate 0
for o, was optimistically small because the flux error was 0 0.5 1 1.5 2

allowed to decrease to a tiny value-(0.003 mag). With z

systematic flux error included, the predicted erromifrom oo 5 ko) redshift distributions in bins of widthz=0.1

a combined Planck CMB meagurement and a hypo_thetlc%r determiningw from SNe alongsecond widest columns of the

sample of 3(_)00 SN_&"" at redshiftz) flattens az~1, with histogram and with CMB information adde¢third and fourth wid-

an asymptotic amplitude,~=0.05. esh. All cases assume,,,=1.7 and no systematic error. The per-
As noted in Sec. Il, a realistic survey would not targetfect CMB prior (fourth widest, o= 0) is a “strong” prior: the

supernovae all at a single redshift, as assumed up to NoWptimal distribution comprises two delta functions; the Planck CMB

Moreover, since the orientation of the SN error ellipse in theprior (third wides) is not strong, as three delta functions remain.

Qy-w plane rotates withe (see Fig. 1, a spread of SNe For comparison, the black histogramidest columnsshows a “fi-

redshifts helps break the degeneracy betw@gnandw. In ducial” SNAP + SN Factory redshift distribution with 28342300

the next section, we consider more realistic strategies for th8Ne.

supernova redshift distribution to optimally probe dark en-

ergy. comprisesN delta functions, with one a=0, one atz,,,y,
and the others in between. The amplitudes of the delta func-
IV. STRATEGIES FOR CMB /SNe COMPLEMENTARITY tions and their positions relative ,,, vary little with the

value ofz,,.> Adding a “strong” prior on one, or a combi-
nation, of the three parameters reduces the number of delta
The issue of optimal strategies for determining dark en{unctions by one; adding two strong priors reduces the num-
ergy properties using SNe in a realistic experiment has beeer of delta functions by two, and so on. A strong prior is one
addressed in Ref$11,30. Here, we extend these results to that constrains one, or a combination, of the three parameters

A. Optimal

incorporate CMB anisotropy and other measurements.  better than the SNe measurements alone would. In actuality,
) this is a continuous process, with the amplitude of one of the
1. No systematic error delta functions going to zero as the quality of the prior im-

The optimization problem can be stated as follows: weproves. Further, for smaller,. it is easier to have a strong
have three cosmological parametess(( Q,,, andw; later  prior, since the SNe constrain the parameters less well.
we will add a fourth,dw/dz); we have “prior information” For illustration we consider a survey of about 3000 SNe
(from the CMB anisotropy and/or an independent determinaWwith survey deptte,,,,=1.7. These choices are motivated by
tion of ,,); and we wish to determine the redshift distribu- the proposed SNAP survey0] and thus provide a useful
tion of the SNe which minimizes the error am with the ~ benchmarKSNAP should obtain 3000 Type la SNe in about
constraint that they are confined to the intef@f,,.,]. For ~ two years of observationsFigure 3 shows the optimal SNe
now, we assume that the total number of observed SNe dshift distribution with no CMB prior, a perfect CMB prior
held fixed, and we do not include systematic error in the SNéop=0), and the Planck priofsee Sec. Ill. For compari-
measurements. Later we will relax both of these assumpson, we also show one of the redshift distributions currently
tions. proposed for SNAR2812 SNe in the redshift interval 0.1

Huterer and Turnef11] showed that for thé\-parameter —1.7) combined with that for the Nearby SN Fact¢B00

problem with no priors, the optimal redshift distribution SNe atz<0.1). We see that a perfect CMB prior is a strong
prior: the optimal SNe distribution in this case becomes two

delta functions, one &=0 and one az=z,,,. The Planck

2In practice, the level of the residual systematic error depends on
survey design, e.g., telescope aperture and stability, wavelength
coverage, observing cadence, point spread function, seeing, sky’The optimization can be done with respect to the errors of the
background, etc. The systematic error quoted here is based on tfiredividual parameters or the determinant of the Fisher métasea
fact that SNAP is specifically designed to achieve 0.02 mag systensf error ellipse” for the two-parameter probl@nThe results in the
atic error in redshift bins of widtiAz=0.1. two cases are similar. We will minimize,, unless otherwise noted.
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00— T T T ] 1500 T T
| no systematic = i L
_ i y mmm fiducial, SNe | " | w(z)=const, |=— fiducial, SNe
S m Optimal, SNe+GQM= 0.03 |] N optimal, SNe
5] 1500 . optimal, SNe+(5Q =0.01 [+ ? optimal, SNe + Planck
M ] N o
5 optimal, SNe+GQM= 0.005] | ﬂ 1000 4
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1000 |- . s
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Gy 95}
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—dg ] 5 500
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z

FIG. 4. Same as Fig. 3, except with matter density priors of

oq,,=0.03(second widest columis0.01(third wides}, and 0.005 1500 BN

(fourth widesj. The matter density prior is only strong f@rQM v I w(z) = Wa "+ WiZ [— fiducial, SNe

<0.005. For a strong matter-density prior, the delta functian,gt g i "P‘?ma}’ gge S

disappears because the highest redshift SNe preferentially probe tr ! Oplima’, Ae+ e

matter density. f 1000 |- .
Q
o

prior is not strong: in this case, three delta functions remain,:oz)

at z=0,0.5, and 1.7. Figure 4 shows the optimal SNe red- 3

shift distribution usingQ,, instead of CMB priors, with 5

chM=0.005,0.01, and 0.03. THe,, prior is only strong for _qg SRt

O'QM$0005 ,'_E‘>

In Figs. 3 and 4, the~0 peaks in the optimal distribu- &
tions serve mainly to determin&!. Indeed, the Nearby SN

Factory redshift distribution is strongly peakedzat0.05, in
part for this reasofiWe could have simply imposed a prior
on M instead of including this portion of the redshift distri-
bution. FIG. 5. Optimal redshift distributions for determinimgby 3000
Finally, it is important to consider how much improve- SNe measurements alofsolid line) and for 3000 SNet+ Planck
ment the optimal redshift distribution actually provides com-CMB measurementgdashed ling with z,.,~=1.7 and including
pared to a uniform distribution or the SNARSN Factory systematic error. For comparison, the black histogram shows the
distribution: for the cases shown in Figs. 3 andd, is fiducial SNAP + SN Factory redshift distribution. Bins of width
typically 20% to 30% smaller for the optimal distribution. Az~0.25 are used solely for numerical convenierieg.Constant
w; (b) evolving equation of statey(z)=wgy+w;z. The optimal
2. Inclusion of systematic error and evolution off distributions are no longer sums of delta functions when systematic

. . error is taken into account.
Now we consider the effect of systematic flux error on the

optimal SNe redshift distribution. As before, we use the
simple model of an irreducible flux error of 0.02 mag in each+w,z, with w;=dw/dz|,_,. Comparison of Figs. (&) and
redshift interval of widthAz=0.1. We should expect that 6(@ with Figs. 3 and 4 shows that inclusion of systematic
this will broaden the optimal distribution, since it is more error indeed changes the optimal distribution significantly,
expedient to spread the remaining SNe to other redshift binsroadening it to become more uniform.
once the error in a given bin becomes comparable to the For the case of constamt [Figs. 5a) and Ga)], the gain
irreducible error. Figures 5 and 6 show the optimal SNe redin performance for the optimal SNe distribution vs a uniform
shift distributions, with and without CMB an@,, priors, in ~ or SNAP+SN Factory distribution is reduced to only 3—5%
the presence of systematic errors. Figures &nd §a) show  when systematic errors are included. We find that a number
results for thew=const case as before, while Figgbpand  of qualitatively different redshift distributions yield essen-
6(b) allow for evolution of the equation of state;(z) =w, tially the same value oér,. In particular, in this case, is
relatively insensitive ta,,: there exist distributions with
no SNe atz>1 which yield o, only 3% larger than the
“The SN Factory has another important purpose: the systemati@ptimal value(see also Fig. )7
study of type la SNe to better establish their efficacy as standard- The situation is markedly different if we allow for time
izable candles. variation in the equation of state. In Figgbband Gb), we

083505-6



PROBING DARK ENERGY WITH SUPERNOVAE: . ..

1500 ———————————————
“ W(z)=const. [— fiducial, SNe |
g optimal, SNe + ¢, =0.03
5 |
i L optimal, SNe + 6, =0.01}]
M
<1000 —— o
L H
a 1
o 1
Z | ]
» I
o i
= 500 !
]
a) E 1
£
=
Z
0
1500 ———————————————
- [ W(z) =W+ W,Z [ Tiqucial, SNe I
g optimal, SNe + 6, =0.03
5 1
i L optimal, SNe + o, =0.01}]
< L = -
J 1000
] L
e
] —
4 Lo
= I
= 500
2
E
=
Z
0
0 0.5 1 1.5 2

z

FIG. 6. Same as Fig. 5, except for matter-density priors.

show the distributions that minimize,, (the results are al-
most identical iwao is minimized instead In the presence
of CMB or matter density priors, the optimal distributions
now include larger numbers of SNe at high redshift. Further
more, SNe in the high-redshift range<¥<1.7 are crucial
for precision constraints tev;, even in the presence of a
strong prior. For example, ag,,, increases from 1 to 1.7,
Ow, decreases by more than a factor of two, cf. Fig. 9.

3. Gains from complementarity

The preceding analysis shows that, for fixed,,, the
error onw is only weakly dependent on the SNe redshift
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FIG. 7. The predictedr,, vs SNe survey depth for a combined
set of experiments, ordered from top to bottof@: SNe only,(b)
SNe + MAP (temperature only (c) SNe+MAP (temperature and
polarization, (d) SNe+ (UQM:O.O3),(e) SNe+ (UQM:O.Ol),(f)
SNe+Planck, andg) SNe + Planck+ (UQM:O.Ol). In all cases,
we assume the scaled SNAPSN Factory redshift distribution and
an irreducible systematic error in flux measurements of 0.02 mag in
redshift binsAz=0.1.

sion of the SNAP+ SN Factory distribution of redshifs.
(As noted above, the optimal redshift distribution with the
same value of,,, would yield only slightly smallero,.)
Figure 7 also includes the error @nfor the case of no CMB
prior or knowledge of the matter densifiglack curve.

The primary effect of incorporating additional informa-
tion, from either the CMB or the matter density, is to dra-
matically decrease,, at redshifts less than one and thereby
lessen the dependence @f, on z,,.x. With SNe only, o,
decreases from 0.8 to 0.15 as,, is increased from 0.5 to
1.5. With the Planck or matter density priar,, decreases
less rapidly and levels off @&~ 1. Note that the Planck prior
is more effective than either matter density prior shown.
Even combining agQMZO.Ol prior with Planck provides

little improvement over the Planck prior alone. Although an
independent determination 6%y, to = 0.03 can substantially
improve the precision with whichkv can be determined if
Zmax=1.5[11], the Planck CMB prior by itself does better by
a factor of two.

As mentioned at the end of Sec. Il, time variation in the
equation of state is generically expected and is a potentially
important discriminator between dark energy models. Allow-
ing for evolution, withw(z) =wg+w,z,° there are now four
parameters to determingA, Q,,, wg, andw;. As Figs. 8

distribution: in the presence of systematic error, distributions;,q 9 illustrate, without an additional prior, SNe have little
which are broadly spread over the range £< z,,,, differ

only slightly in their performance. Therefore the chief deter-
minant of the error iz, itself, and we now address how  Syhen varyingz,, from its fiducial value of 1.7, we truncate the
the efficacy of SNe with complementary information de- figucial SNAP distribution at the new,,, and scale it to preserve

pends on this maximum redshift. In Fig. 7, we show thethe total of 2812 SNe. The SN Factory distribution is then added
effect of various CMB and matter density priors on the pre-unchanged—300 SNe in the lowest redshift bin.

dicted value ofoy, VS Z,, assumingw=const, with sys- ®As discussed in Ref11], the exact form chosen for the param-
tematic error modeled as before and assuming a scaled vestrization is not essential.
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FIG. 8. Same as Fig. 7, but far,, wherew(z)=wy+w,z. The FIG. 9. Same as Fig. 7, but fov, = (dw/d2)|,—o, wherew(z)
curves for SNet+ MAP are not shown. =Wg+w;z. The curves for SNeMAP are not shown.

leverage ornwgy andw, [11,31]. An independent determina- pend in ger_1era| upon its rfedshift. Thus, an _imp_ortant but
tion of the matter density te- 0.03—not much more strin- more cpmpllcated problem involves the opt_lmlz.auon of the
gent than already achieved: 0.p41—would allow w, and determination of dark energy parameters v_wth fixed total re-
w; to be determined to a precision of abau@.1 and=0.35  SOUrces. Actually determining What these fixed resources are
for Zma~1.7 [11]. The Planck prior is just as good as a (€--» discovery time, follow-up time, spectroscopy firaad
7q,,=0.03 matter density prior fow, (if zm,=1) and bet- hqw much each supernova “costs” is beyond the scope of
. . . this paper(relevant ongoing studies can be found[20]).
ter forws. Note that the |mpr0vem¢nt with survey depth " We note that these costs will depend in detail upon a variety
Tw, (and to a lesser extemwo) continues out t&ma,=2 in of technical factors: telescope aperture, pixel size and num-
all cases. That is, even in the presence of complementanyer, CCD quantum efficiency, sky brightness, atmospheric
information from the CMB or the matter denSity, a SNe SUr'Seeing (for ground-based Observati()ngequired Signa] to
vey aimed at detecting and constraining the evolution of theygjse, etc.
dark energy equation of state should extend out to high red- As a highly simplified model, let the normalized cost of
shift, Zya—~1.5-2. each supernova observed at redshife (1+2)™, so that the
Thus far, our discussion of CMB anisotropy has been contotal cost of a survey that follows upl supernovae is
fined to the Planck mission. It is also worth considering WhatziNzl(lJrzi)m_ The problem is to find the optimal SNe red-
can be learned from the ongoing MAP experiment. As notedift distribution for fixed total resourcesotal cosi R. For
in Sec. Il, with temperature anisotropy measurements annesNAp’ the observing time cost for spectroscopy or photom-
MAP can determin@ about 10 times Iess accurately than etry per supernova is estimated to scale as £J° for fixed
Planck,op=0.3. In this case, MAP provides a far less usefulsignal to noisg20]. In the case of wide field, multiplexing
prior than the matter density prior,  =0.03(about a factor  ppotometry that SNAP is designed for, simultaneously dis-
of two worse foro,), cf. Fig. 7. Even if MAP can achieve covering and following up supernovae by repeatedly sweep-
its full polarization capabilitya factor of two improvement ing the same field could reduce this by a large factor. To span
in op [18]), a MAP prior is still not as good as the matter the plausible range of cost functions, we show results for
density prioraQM=O.03. Moreover, mapping the polariza- m=0,3, and 6.

tion anisotropy on large angular scales—where it helps de- To fix the total resource®, we assume that there are
terminew indirectly, by imposing an upper limit to the ion- sulfficient resources to carry out a survey of 3112 SNe with
ization optical depthr—will be difficult in the presence of the fiducial SNAP+ SN Factory redshift distribution shown,
polarized synchrotron radiation from the Galaxy. Finally, we€.9., in Fig. 3. That is, for a given value of, we fix R by
mention that while polarization measurements also have thgomputing the total cost of the fiducial SNAP SN Factory
potential to improve the Planck determinatiorffby about ~ redshift distribution. Then we find the SN redshift distribu-
50%), this only improves the joint SNe/CMB determination tion that minimizeso,, within the resource constraint, i.e.,

of w by about 15%. The reason is simple: it is the width offor the same value dR. If we place no upper bound on the
the SNe error ellipse that controds, . number of SNe per redshift bin, the number of SNe at low

redshifts would be driven to huge valuesrass increased.
Clearly a distribution with many thousands of SNe in any
redshift bin is not experimentally realistic, and the systematic
In the analysis so far, we have assumed a fixed total numerror makes this an unwise choice: the gains in terms of
ber of observed supernovalgy=3112. However, the re- reducedo,, are negligible once the number of SNe per bin
sources required to discover and follow up a supernova degoes much above 100. We therefore impose the further con-

B. Resource limited
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FIG. 10. The resource-optimized redshift distributions for deter-
mining (constant w by (a) SNe measurements alone affl SNe FIG. 11. Same as Fig. 10, but with(z) =wy+w; z.
+Planck, including systematic errors, assuming the cost per super-
nova scales as #z)™, for m=0,3,6. The fiducial SNAP+ SN

Factory distribution is shown for comparison. this degeneracy, and the number of SNe in the highest red-

shift bin therefore decreases.

) The case of evolvingv is qualitatively similar, with one

straint that the number of SNe per redshift bin of width 0.25mportant difference: the high-subsample of SNe is always

not exceeda very generoys1000. o present in the optimal distribution, regardless of the prior or
The results fom=0,3, and 6 are shown in Figs. 10 and the value ofm. As Fig. 11 shows, the highest redshift bin

11, again forzqy,,= 1.7, the same model for irreducible sys- glways has a significant number of SNe%00), even for

tematic error as above, and either no prior from the CMBm=6, when their cost is large.

[Figs. 1Ga), 11(a)] or the Planck priofFigs. 1ab), 11(b)]. In Although the exact optimal distribution for a given value

Fig. 10 we assume constamfwhile in Fig. 11w can evolve. of m, and the corresponding values of, and o, , Wwill

We note that the performance of the optimal distribution independ in practice on details of the optimization—the num-
minimizing o, (or ay,,) is only 2% to 10% better than the ber of redshift bins and the maximum number of SNe al-
SNAP + SN Factory distribution in all cases. lowed per bin—some clear trends emerge from this analysis.
Consider first the constamt case. Figure 10 shows that, While the lower redshift bins become relatively more popu-
asmincreases, SNe start filling up the lower redshift bins tolated in the optimal distributiongeflecting the lower cost of
the maximum allowed number; this continues until the re-low-redshift SN¢, the importance of high redshift superno-
source limit is reached. While this is strictly true for the vae remains: irall cases, at least 800 SNe are at redshifts
Planck prior, with no prior a significant fraction of SNe re- z>1. For the constaniv case with no Planck prior, or for
mains in the highest redshift bin. This behavior can be unevolving w regardless of prior, these high-redshift SNe are
derstood simply: without any priors, the high redshift SNecrucial to making the error ow small enough to be useful.
are crucial for breaking the degeneracy betw€gp andw Clearly we have just scratched the surface with regard to
(see Fig. 7, the addition of the Planck prior partially breaks resource-limited optimization; to proceed further, one would
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need a much more quantitative description of the resources We have also explored how the SNe determination of the

available and the systematics. dark energy equation of state, with or without prior informa-
tion from the CMB or the matter density, depends upon the
V. SUMMARY AND CONCLUSIONS redshift distribution of the survey, including the effects of

. ) systematic error and a realistic spread of SNe redshifts. For

Unraveling the nature of dark energy is one of the out-gjther constant or evolving, the optimal strategy calls for
standing challenges in physics and astronomy. Determiningignificant numbers of SNe above redshift 1. For the con-
its properties is critical to understanding the Universe and itgtantw case with no Planck prior, or for evolving regard-
destiny and may shed light on the fundamental nature of thgass of prior, these high-redshift SNe are necessary for
quantum vacuum and perhaps even of space-time. Type W hievingo,,<0.1. Observing substantial numbers of SNe at
supernovae and CMB anisotropy can both probe the darfese high redshifts also provides the only hope of probing
energy equation of state, and we have explored in detail {ime evolution of the equation of state with reasonable pre-
the synergy between the two. With the MAP mission incision, Moreover, the improvement itrg,q, continues to
progress, the Planck mission slated for launch in 2007, a”ﬁigh redshift:og,q, falls by more than a factor of two when
the deggn of .dedlcated SN surveys now underway, such ?max increases from 1 to 2Fig. 9). Since we currently have
study is very timely. _ _ no prior information aboufor consensus physical models

CMB anisotropy alone cannot tightly constrain the prop-yyhich significantly constrainthe time variation ofw, the
erties of dark energy because of a strong degeneracy betweggsign of a SNe survey aimed at probing dark energy should
the average equation of state and the matter density. SNe Cfke into account the possibility that evolves. These con-
probe w with a precision that improves significantly with ¢|sions about the need for high-redshift supernovae do not
knowledge of the matter density, becausgr(z) depends  change significantly if we consider a hypothetical survey for
only uponw and{}y, . A key result of this paper is that CMB \yhich resources are constrained and a redshift-dependent
anisotropy measurements by the upcoming Planck missiogys; is assigned to each supernova.
have even more potential for im_proying tht_a ability of SNe to Referencd14] raised the question whether a shallow SNe
probe dark energy. The reason is simple: in&hg-w plane  gyrvey is better than a deep one in determining the dark
(Fig. 1), the CMB constraint is more complementary to theenergy equation of state, given prior knowledge from the
SNe constraint than is the deterr_nmat_lon(b,‘& . CMB. Our results indicate that it is not, once the SNe and

Compared to the matter density priep, =0.03, Planck  c\MB experiments are realistically modelled. On the con-
CMB data reduce the predicted erm@y, (under the assump- trary, CMB/SNe complementarity strengthens the case for a
tion of constantw) by about a factor of twdFig. 7). In deep SNe survey that extends to redshift2.
probing possible variation ofv with redshift, the Planck
prior is also significantly better than the same matter density
prior (Fig. 9). Given the concern expressed by sofeqy., ACKNOWLEDGMENTS
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pendent of dark energy properties may be difficult, this ismilab, LBL, and CWRU, NASA (at Fermilab by grant NAG
good news. On the other hand, we find that even if MAP cans-7092, and the NSF Center for Cosmological Physics at
successfully measure polarization on large scales, its potehjcago. E.L. would like to thank Ramon Miquel and Nick
tial for complementarity with SNe falls short of that for \mostek for their help with computations. D.H. thanks Wayne
Planck and is not as good as thg, =0.03 matter density Hy for conversations regarding the MAP and Planck CMB

prior. missions.
[1] S. Perlmutteret al, Astrophys. J517, 565(1999. Imutter, M.S. Turner, and M. White, Phys. Rev. L8, 670
[2] A. Riesset al, Astron. J.116, 1009(1998. (1999; S. Hannestad and E. Msell, Phys. Rev. D66,
[3] A. Balbi et al., Astrophys. J. Lett545 L1 (2000; C. Pryke 063508 (2002; R. Bean and A. Melchiorri,ibid. 65,
et al, Astrophys. J.568 46 (2002; C.B. Netterfieldet al, 041302R) (2002; P.S. Corasaniti and E.J. Copelaitzd. 65,
ibid. 571, 604 (2002; J.L. Sieverset al, ibid. (to be pub- 043004(2002.
lished, astro-ph/0205387; A. Benodt al., Astron. Astrophys. [7] See, e.g., S. Weinberg, Rev. Mod. Ph§s, 1 (1989.
399 L25 (2003. [8] See, e.g., A. Dolgov, imhe Very Early Universeedited by
[4] See, e.g., M.S. Turner, Astrophys. J. L&ff6 L101(2002; A. G.W. Gibbons, S.W. Hawking, and S. Sikl@@ambridge Uni-
Lewis and S. Bridle, Phys. Rev. B6, 103511 (2002; X. versity Press, Cambridge, England, 1988. Freese, F. Ad-
Wang, M. Tegmark, and M. Zaldarriag&id. 65, 123001 ams, J.A. Frieman, and E. Mottola, Nucl. Phy287, 797
(2002; R. Durrer, B. Novosyadlyj, and S. Apunevych, Astro- (1987; B. Ratra and P.J.E. Peebles, Phys. Re\3D 3406
phys. J.583 33 (2003; L. Verdeet al, Mon. Not. R. Astron. (1988; C. Wetterich, Nucl. PhysB302, 668 (1988; J.A. Fri-
Soc. 335 432(2002. emanet al, Phys. Rev. Lett75, 2077(1995; R.R. Caldwell,
[5] M.S. Turner and M. White, Phys. Rev. &5, R4439(1997). R. Dave, and P.J. Steinhardtjd. 80, 1582(1998; M. Bucher
[6] P.M. Garnavichet al, Astrophys. J509 74 (1998; S. Per- and D.N. Spergel, Phys. Rev. 89, 043505(1999; for a re-

083505-10



PROBING DARK ENERGY WITH SUPERNOVAE: . . .

view, see S.M. Carroll, astro-ph/0107571.
[9] K. Coble, S. Dodelson, and J.A. Frieman, Phys. Re\bd)

1851(1997; R. Dave, R.R. Caldwell, and P.J. Steinhaiiigl.
66, 023516(2002.

[10] C.T. Hill and G. Ross, Nucl. Phy€3311, 253 (1988; S.M.
Carroll, Phys. Rev. Leti31, 3067(1998.

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

[12] J. Weller and A. Albrecht, Phys. Rev. 65, 103512(2002.

[13] M. Zaldarriaga, D.N. Spergel, and U. Seljak, Astrophy<.88
1 (1997; M. White, ibid. 506, 495(1998; M. Tegmarket al,

PHSICAL REVIEW D 67, 083505 (2003

[19] MAP: http://map.gsfc.nasa.gov

[20] SNAP: http://snap.lbl.gov

[21] M.M. Phillips, Astrophys. J. Lett413 L105 (1993.

[22] Nearby Supernova Factory: http://snfactory.lbl.gov
[23] W. Freedmaret al,, Astrophys. J553 47 (2002.

[24] See, e.g., E.V. Linder, Phys. Rev. Le3D, 091301(2003.
[25] M. Tegmark, Phys. Rev. B6, 103507(2002.

[26] W. Hu, Phys. Rev. 065, 023003(2001)).

[27] M. Tegmarket al, Astrophys. J530, 133(2000.

[28] L. Knox, Mon. Not. R. Astron. Soc307, 977 (1999.

astro-ph/9805117; G. Efstathiou, Mon. Not. R. Astron. Soc.[29] S. Basaet al, in Resource Book on Dark Energyellow

310, 842(1999.

[14] D.N. Spergel and G.D. Starkman, astro-ph/0204089, Version 2.

[15] W. Hu and N. Sugiyama, Astrophys. 444, 489(1995.

Book), Community Memos for the Snowmass 2001 Workshop
on the Future of Particle Physics, edited by E. Linder, http://

supernova.lbl.govt evlinder/sci.html.

[16] Planck: http://astro.estec.esa.nl/SA-general/Projects/Planck [30] E.V. Linder and D. Huterer, this issue, Phys. Rev. 6,

[17] D. Eisenstein, W. Hu, and M. Tegmark, Astrophys518 2
(1999.
[18] W. Hu et al, Phys. Rev. 69, 023512(1998.

081303(2003.
[31] I. Maor, R. Brustein, and P.J. Steinhardt, Phys. Rev. 18&t6
(2001).

083505-11



