PUBLISHED VERSION

Ng, S. C. Cindy; Wiltshire, David L.
Future supernova probes of quintessence Physical Review D, 2001; 64(12):123519

© 2001 American Physical Society
http://link.aps.org/doi/10.1103/PhysRevD.64.123519

PERMISSIONS

http://publish.aps.org/authors/transfer-of-copyright-agreement

“The author(s), and in the case of a Work Made For Hire, as defined in the U.S.
Copyright Act, 17 U.S.C.

8101, the employer named [below], shall have the following rights (the “Author Rights”):
[...]

3. The right to use all or part of the Article, including the APS-prepared version without
revision or modification, on the author(s)’ web home page or employer’s website and to
make copies of all or part of the Article, including the APS-prepared version without
revision or modification, for the author(s)’ and/or the employer’s use for educational or
research purposes.”

5th April 2013

http://hdl.handle.net/2440/12756



http://hdl.handle.net/2440/12756�
http://link.aps.org/doi/10.1103/PhysRevD.64.123519�
http://link.aps.org/doi/10.1103/PhysRevD.62.093023�
http://hdl.handle.net/2440/12756�
http://publish.aps.org/authors/transfer-of-copyright-agreement�
http://publish.aps.org/authors/transfer-of-copyright-agreement�

PHYSICAL REVIEW D, VOLUME 64, 123519

Future supernova probes of quintessence
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We investigate the potential of a future supernovae data set, as might be obtained by the proposed SNAP
satellite, to discriminate between two possible explanations for the observed dimming of the high redshift type
IA supernovae: namely, eithé€r a cosmological evolution for which the expansion of the universe has been
accelerating for a substantial range of redshaftsl; or (ii) an unexpected supernova luminosity evolution
over such a redshift range. By evaluating Bayes factors we show that within the context of spatially flat model
universes with a dark energy the future SNAP data set should be able to discriminate these two possibilities.
Our calculations assume particular cosmological models with a quintessence field in the form of a dynamical
pseudo Nambu-Goldstone bos@NGB), and a simple empirical model of the evolution of peak luminosities
of the supernovae sources which has been recently discussed in the literature. We also show that the fiducial
SNAP data set, simulated with the assumption of no source evolution, is able to discriminate the PNGB model
from a number of other spatially flat quintessence models which have been widely studied in the literature,
namely those with inverse power-law, simple exponential and double-exponential potentials.

DOI: 10.1103/PhysRevD.64.123519 PACS nunider 98.80.Cq, 95.35:d, 98.80.Es

[. INTRODUCTION out the simplest models of source evolution. Furthermore,
supernovae events at such redshifts are the type of observa-
Type la supernovaéSNe |3 can be used as standard tions which should enable a discrimination to be made be-
candles to infer the luminosity distandg as a function of tween some of the different quintessence models.
redshift[1-3], and such data provide a key element in the Much more data is needed to enable an accurate estima-
case for cosmic acceleration. The measurements providetin of the nature of the dark energy. This might be accom-
simple way to estimate cosmological parameters. This is thplished by a dedicated space telescope, the SuperNova Ac-
aim of at least two collaborations: the Supernova Cosmologyeleration ProbgSNAP) [15,16], which aims to collect a
Project[1,3] and the High-Redshift Supernova Search Teanmarge number of supernovae with<2. In this paper, we
[2]. However, the analysis of some50 supernovae at red- assess the ability of the SNAP mission to determine various
shifts aroundz~0.5 has not yet provided strong constraintsproperties of the “dark energy.” By analyzing a simulated
on the nature of the “dark energy.” data set, as might be obtained by the proposed SNAP satel-
“Quintessence”[4—-6] has been proposed as a candidatdite, we can test the ability of such experiments to distinguish
for the “dark energy” to provide a dynamical solution to the among  currently  attractive  quintessence  models
cosmological constant problef@]. The supernova data, al- [4,5,9,10,17-2B
though sufficient to constrain the parameters of quintessence The feasibility of determining the properties of the dark
models[8-10], is not yet abundant enough to allow a dis- energy component by using simulated data sets has already
crimination between competing quintessence models. Moredeen considered by several authf22,24—-28. One com-
over, the unexpected dimming of the type IA supernovae aimon approach is to assume that the quintessence field is
redshiftsz~0.5 is a phenomenon which could be readily described by a perfect fluid with equation of st&te-wp,
attributed either to an accelerating Universe or to an unexwherew is approximately constant over epochs of interest, or
pected luminosity evolutiofill]. The present data alone is else slowly varying. For example, various authf?§—28
not sufficient to allow a discrimination between these twoconsider models with an equation of state linear in redshift,
possibilities with complete confiden¢&0,12,13. w(z) =wg+w,z. However, many realistic cosmological
Very recently the identification of a SN la event at redshiftmodels could fall outside the confines of these approxima-
z~1.7[14] has provided tantalizing evidence that the expan+tions. In this paper we wish to take a different approach by
sion of the universe could have been decelerating at thatonsidering models in which the quintessence field is di-
epoch. Naturally, no firm conclusions can be drawn from arectly given by a Lagrangian, and in whick(z) has the
single event. However, if this result holds up it would rule freedom to vary widely over measurable redshifts. We will fit
simulated SNAP data sets to the exakgiz) of different
quintessence models derived from numerical integration of

*Electronic address: cng@physics.adelaide.edu.au the coupled Einstein-scalar field equations.
"Electronic address: diw@phys.canterbury.ac.nz For the fiducial cosmological model used in the simula-
*Present address. tion of the supernova data set, we consider a form of quin-
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tessence, an ultra-light pseudo Nambu-Goldstone bosomally coupled to a scalar quintessence field with a PNGB
(PNGB) [17] which is still relaxing to its vacuum state. Our potential(1). In the case of the supernovae, we studied the
reasons for this choice of quintessence model are twofolcconstraints on the PNGB parametétsandf from 60 super-
First, from the viewpoint of quantum field theory PNGB novae data from the Supernova Cosmology Prdjeeteafter
models are the simplest way to have naturally ultra-lowP98 of Perimutteret al. [3]. We numerically evolved the
mass, spin-0 particles and hence perhaps the most natur@upled Einstein-scalar field equations of motion forward
candidate for a presently-existing minimally-coupled scalarfrom the epoch of matter-radiation equality to obtain the lu-
field. The effective potential of a pseudo Nambu-Goldstonaninosity distance-redshift relation, comparing the results
boson(PNGB) field ¢ can be taken to be of the form§] with the data both with and without an allowance for the
4 possibility of source evolution.
V(¢)=M"cog ¢/f)+1], &y In allowing for source evolution we are acknowledging

where the constant term ensures that the vacuum energy vaW—at. the peak IL_Jm|n03|t|es_(_)f d'ftan.t _SNe Ia_have been nor-
malized according to empirical “Phillips relation$32—34

ishes at the minimum of the potential. This potential is char- etween observed peak luminosity and supernova deca
acterized by two mass scales, a purely spontaneous symm%- P Y b y

. - . time, which have been found to be valid at low redshifts.
}\;ly breaking scalé and an explicit symmetry breaking scale Although we would hope that such relations remain appli-

Ipable at high redshifts, until the Phillips relations can be
odelled and accounted for physically some doubt will al-
ways remain about applying these relations at higher red-

The second motivation for choosing a PNGB model rathe
than other forms of quintessence is that it provides a natur
framework for studying the question of the possibility of _|

1 shifts.
source evolution. A simple empirical model for possible source evolution
Analyses of the SN la data performed with source evolu- P P P

tion have been undertaken in the case of open Friedmantiro> employed in Ref[10]: following Drell, Loreo!o and
Robertson-WalkeFRW) models[13]. Howevepr, the mea- Wassermanfl3] we added a tern@ In(1+2) to the distance

surement of the positions of the first acoustic peaks in th@?OdUIUS' This partlcglar Iumlnosny evolutlon_functlop IS
angular power spectrum of cosmic microwave backgroun&'mply chosen as an |IIustra_t|ve example, and is not singled
radiation anisotropies by the BOOMERANG, MAXIMA and Oqt. by any particular physical model. Naturgl!y, one can
DASI experiments now gives unequivocal evidence that thecrmmze it on these g_rt_)unds. However, the Phillips relations
Universe is close to being spatially fl&@9—31]. This makes are also purely emplrlcal,.and the purpose of our study as
the choice of a spatially open FRW model uncompeliing. with that of Ref.[13] was simply to test the extent to which

On the other hand, the PNGB cosmologies have the virtu8"Y form of source evolution was able to account fo_r the
that while they are spatially flat, there is agpriori prefer- Observed data as compared t(.) an accelergted expansion. .
ence for either accelerated or decelerated expandi®i?. For the purposes of analyzing the data it was assumed in

Both possibilities are available at modest redshifts, dependéefs' [.10’12.#]3 that the p(;lo; fo(; tr:je dpa_r atn;;th@hW? ?
ing on parameter values. Ultimately, the scalar field will un- aussian with a meafi, and standard deviatl e best-

dergo coherent oscillations about its minimum, and the reIlt value of B, for the P98 data set was found to vary very

sulting luminosity distance will become indistinguishable S'9htly with initial conditions, taking a valug,=0.414 for

from that of an Einstein—de Sitter model at late times, al-\Wi= ¢i/f=1.5 andB,=0.435 forw;=0.2, whereg, is the

though the fraction of energy density in clumped mattervalue of the quintessence field at the time of onset of matter
0, and the fraction of energy density in quintesseiftg, domination ¢=1100). In this paper we use the initial value

can take any values consistent with,+ ;= 1. Whether Wi=0._2. Our reason for doing this ig that in.general, and
the scalar field is currently rolling down the potential for the €SPecially for larger values of;, there is a tension between
first time in the history of the universe—leading to a lumi- th_e values of ;o andHot, favored by current observations,
nosity distance relation similar to that produced by a cosmoWith larger values oHot, often corresponding to values of
logical constant—or whether it has already undergone one P ¢o rather greater than 2/3. Itis still possible to find param-
more oscillations by the present epoch, is a matter of £t€r values oM andf which give Q,,~0.7 while yielding
choice of initial conditions. Beyond some bounds set by pri-2n age for the Universe consistent with the lower bound of
mordial nucleosynthesis these initial conditions are not veryh€ current observational ranf85], even forw;=1.5. How-
much constrained by our present knowledge of the model$£Ver, one finds that the tension between the valuef gf
resulting in diverse possibilities for cosmological evolution. @1dHoto is more easily mitigated by choosing a lower value
The current and final values 6f,, and(),, likewise depend of w;, for which the scalar field spends more of its early

on initial conditions for the scalar field, and on the param-dynamical history higher up the potential hill. Confidence
etersM andf. limits on the M,f parameter space obtained from the P98

data set, assuming no evolution, are shown in Fig. 1.
Il. ACCELERATING UNIVERSE In Refs.[lp,lﬂ we included all 60 data fr_om the P98 data
set. In fact, in Ref[3] Perlmutteret al. considered a subset
VS LUMINOSITY EVOLUTION .
of 54 SNe la which excluded 6 supernovae events: two that
In an earlier papefl0], we considered the observational are the most significant outliers from the average light-curve
constraints arising from SNe la data and gravitational lensingvidth, two that have the largest differences between ob-
data on cosmological models based on Einstein gravity miniserved and expected magnitudesfluxes, and two that are
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FIG. 1. Confidence limits oM, f parameter
values, withw;=0.2: (a) for the 60 supernovae la
in the P98 data setp) for the 54 supernovae la
in the reduced “fit C” P98 data set. Parameter
values excluded at the 95.4% level are darkly
shaded, while those excluded at the 68.3% level
are lightly shaded. Overplotted are the contours
for Q4 (dashedl andHt, (dotted.
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likely to be reddened. It was discovered that excluding theséhis prior. The choice of the bounds ghis explained below
six supernovae produced a more robust fit of the cosmologin Sec. 11 B.
cal parameter€),,, and Q,,. In Refs.[10,12 we took a Despite the differences from the approach used in Ref.
conservative approach and included all 60 SNe la, since wglL0] the conclusions of the analysis are broadly similar, and
are investigating models with different cosmological param-are shown in Fig. 2. In particular, two regions of parameter
eters from those fitted in Ref3] and we did not wish to space appear to be singled out: regiofseée Fig. 1, which
prejudge matters. However, one may of course redo theorresponds to cosmological models for which the scalar
analysis of Refs[10,12 for the “fit C” data set of Perlmut- field is rolling down the potentiall) for the first time(with
teret al. For the PNGB model we find that in the best-fit case¢ increasing at the present epoch, and regior{dee Fig. 2
this reduces the normalizeg? parameter from 101.6, i.e., in which the scalar field is rolling down the potential for the
1.75 per degree of freedom, for the full data set to 58.65, osecond timgwith ¢ decreasinpat the present epoch. In the
1.13 per degree of freedom, for the reduced “fit C” data set.absence of any evolution the P98 data set favors region I,
For the models with source evolution the normalizgdis ~ Whereas if evolution is allowed for then region Il appears to
similarly reduced from 101.1, or 1.74 per degree of freedombe favored slightly more than region I.
to 58.21, or 1.12 per degree of freedom. Thus the “fit C* Note that over the entire parameter space considered, we
data provides a more robust fit in all cases we have studiedind the value ofg with the best fit of all isB~0.622 using
whatever the model assumptions. the entire P98 data set, which occurs at parameter values
Since the results in Ref§10,12 were based on the full M=4.55x 10 3hY%V, f=0.884x10'® GeV, while for the
P98 data set, we have included results based on both the fulit c* data set it is 3~0.720, which occurs aM =4.64
gf#a set andNthte rt?]dltm??h dat?] ?ﬁt inzaIIIZig. 1d to co[[npta;]re the10-3h1%yV, £=0.901x10'® GeV. Averaged over the
ifferences. Note that althou er2allowed area to the "
right disappears entirely for tr?e reduced data setfer0.2, (M. 1) parameter space we fn((ﬁ>"§0.2"86 for the full P9_8
this is not the case fow=1.5, and thus the discrepancy data set, and3)~0.348 for the *fit C" data set. Thus in
between the P98 data set and that of Riesal. [2] which ~ both cases the value ¢ is peaked in region I, but for the
was noted in Ref{10] remains for the PNGB model whether “fit C” data the overall values of3 are somewhat larger.
or not one uses the full or reduced data set. The results of Ref4.10,12 were inconclusive. Ostensibly
Here we will take a somewhat different approach to Refthe source evolution models appeared to provide a slightly
[10] in our treatment of the case with source evolution. Webetter fit. However, the extent to which they were better was
will assume that the paramet@ has a flat prior bounded not quantified statistically. One relatively straightforward
over some rangel 8=2.3, with limits corresponding to way to compare the relative strengths of rival theoretical
—0.6<B< 1.7, and marginalize the likelihood function over models in fitting a common set of data is by the calculation
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of Bayes factor$13,36, even when the models involve dif- A. P98 data set

ferent numbers of parameters. Given more parameters, one |, order to ascertain what degree of improvement could
may always find a better fit to the data—however, the Bayeg, expected with data from SNAP, we will begin by calcu-
factor approach includes an effective “Ockham’s razor fac'lating Bayes factors for the existing P98 data set.
tor” which adds a weighting against the inclusion of extra 1o prior ranges for parameters play an important role in
parameters. The Bayes factor method may be readily appliegayesian model comparison. We will make a choice of the
to the results 0f10,12 to give an explicit statistic to com- i, ranges of parameters in the different models by the
pare the relative strengths of a cosmological explanation o esulting values of), and Ht, that they give rise to. In
the SNe la data versus an explanation in terms of SourCﬁarticular, we  will Zhoose a conservative bound of 0.5
evolution. L N <040=<0.9. For the expansion age of the universe we
In Bayesian inference, when comparing rival moddls choose 0.7 Hoto<1.15: forH,=70 kms *Mpc it cor-
gach with parameter@i + the likelihood fo_r a model cc_)ndij responds to a conservative boundtgt13+=3 Gyr consis-
tional on the datdD) in a model comparison calculation is ot with recent estimatd85]. The parameter space bounded
equal to the average likelihood for its parameters, by these two constraints is indicated by the contour€ g§
andHgtg in Figs. 1 and 2. In the largkéregion in region |
N _ M. _ where the contours appear to be parallel toftaeis, a cutoff
P(DM:) f dQi p(QM)L(Q). @ at f~10'° GeV, the Planck scale, is chosen.
We calculate the average parameter likelihood by integrat-
wherep(Q;|M;) is the prior probability forQ; , and£(Q;) is  ing £(M,f) over the prior ranges for the parameter and di-
the sampling probability foD presumingM; to be true. The viding the integral by the relevant area. For the full P98 data
ratio of model likelihoods, set the Bayes factor for the model without luminosity evolu-
tion versus the model with luminosity evolution, which is the
ij p(D|Mj) TABLE I. Interpretation of Bayes factors.

Strength of evidence fa; over H;

. . Bjj
is called theBayes factor When the prior odds do not "

strongly favor one model over another, the Bayes factor can to 3 Not worth more than a bare mention
be interpreted just as one would interpret an odds in betting to 20 Positive

Kass and Raftery36] provide a comprehensive review of 20 to 150 Strong

Bayes factors, and the recommended interpretation is sums 150 Very strong

marized in Table I.
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ratio of the average parameter likelihoodsBis 2.6. For the  cantly favored if the data hides a simple luminosity evolu-
reduced “fit C” data set we obtain a Bayes factor of 2.5, tion.
which is the same as far as its interpretation is concerned. We will use Bayesian analysis to estimate uncertainties.
Thus the data alone cannot discriminate between the tw&igorous calculation of the likelihood for the quintessential
hypotheses. parameters is very complicated, requiring the introduction
and estimation of many additional parameters, including pa-
B. SNAP data sets rameters from theT Iig'h't-curve model and parameters for chqr-
acteristics of the individual supernovae. With several simpli-
We will now simulate a data set which would be expectedfying assumptiong13], the final result is relatively simple.
to be obtained by the SNAP satellite to investigate its potenOne finds

tial for discriminating between the two possibilities. We will .

simulate two data sets from fiducial cosmologies chosen with L(Q)=e X2, (4)
parameters in each of regions | and Il. In each case we will
introduce a random error to the exact distance moduli tovhere
simulate a future supernova data set that has been converted

to a table of effective magnitudes; and redshifts; of ob- o~ Lasi—m(z;Q)7°
jects with a single fiducial absolute magnitudé,. We will X (Q)_E '
consider both statistical and systematic uncertainties in the

magnitudes. Typically the redshifts are known to sufficiently|y the above equation,
high precision that their uncertainties can be ignored. We

assume the supernovae observed uniformly within four dif- w(z;Q)=5logd, (z;Q)+25 (6)
ferent redshift ranges with the following different sampling

rates, which are the same as those chosen by Weller ané the distance modulus predicted by each model with param-
Albrecht[26]: In the first range fronz=0-0.2 we assume eters Q, while Usi=Mi— M, is the simulated distance
that there are 50 observations, in the second and largest reghodulus, and its uncertainty is, ;=0.15. Note that we fix
shift range fromz=0.2—1.2 there are 1800 SNe and in theHubble parameter téd,=70 km/s Mpc ! to simplify the

two high redshift binsz=1.2—-1.4 andz=1.4-1.7, there are computation.

50 SNe and 15 SNe observations respectively. The statistical The model with an unexpected luminosity evolution cor-
error in magnitude is assumed to bg,,~0.15, including  responds to replacing E¢5) with

both measurement error and any residual intrinsic dispersion

®

O i

after calibration. [psi—BIN(1+2z)—u(z;9)]?
For data set A, we assume there is no luminosity evolu- XZ(Q*:B):Z o2 -
tion. We choose the fiducial parameter=2.53 ol

x 10 3hY%eV and f=0.58<10"® GeV; these parameters
give (Qmo,40)~(0.23,0.77) andHty~0.9. For data set
B, we assume there is a luminosity evolution and we add
term BIn(1+2) to the distance moduli. We choose the fidu-
cial parameters M=4x10%hY%eV and f=0.676 £(0)= if d,Be‘Xz’z %)
X10'® GeV. These parameters give Qfo,Q 40) Ap '

~(0.25,0.75) andHyty~0.8. The best-fit value of the pa-

rameterg for this particular choice oM andf is 32=0.659 The above integration can be performezd by an analytic
for the full data set, ang@3=0.727 for the “fit C" reduced marginalization/10,13. We separatef from x~ where

data set. We will takgg~0.659 as the fiducial parameter for - 5
data set B, as it is the somewhat more conservative value, (Q)=— B(Q) > h*(z;Q)
representing less luminosity evolution. q 2 i o?

The fiducial parameters for the two data sets have been
deliberately chosen so as to give similar value$gf, 2 4o [h(z;Q)—B(Q)In(1+z)]?
and Hgt, on one hand, so as to be consistent with values —2 > €)
favored by other observational tests. On the other hand, the T
fiducial parameters for data set A are centered in region |,
which corresponds to a universe in which the scalar field ids independent ofs. The integral is thus an integral over a
rolling down the potential for the first time at the presentGaussian ing located at3 with standard deviatiow. /3 is
epoch, whereas the fiducial parameters for data set B atte best-fit value of8 given Q, and o is its conditional
centered in region II, which corresponds to a universe iruncertainty. They are given by
which the scalar field is rolling down the potential for the

We will marginalize overB with a flat prior, to obtain the
gwarginal likelihood

second time at the present epoch. As was discussgtiin 1 [In(1+2)7]2
region | is favored if the SNe la luminosity distances are true == E f' (10
cosmological distances, whereas region Il becomes signifi- o : O i

123519-5
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2.0

FIG. 3. Confidence limits oM, f parameter
values, withw;=0.2, marginalized over a flat
prior for the luminosity evolution parametes,
for the 1915 supernovae simulated assumiihg
=2.53x10 *hY%V, f=0.58<10'® GeV, and
B=0. Parameter values excluded at the 95.4%
level are darkly shaded, while those excluded at
the 68.3% level are lightly shaded. Overplotted
are the contours fof) . (dasheglandH,t, (dot-
ted.
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—
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f( 10'%GeV)

0.5

M(107% h'/%eV)

around the best-fit values dfl ~2.55x 10" *h¥%V and f
, (1)  ~0.592x 10" GeV, with normalizedy?>=1910. These best-
fit parameters are very close to the fiducial parameters that
generate the data set. The average parameter likelihood is
Lave=T7.1X10" %Ly, whereLy=exp(—1910/2). If luminosity
h(z;Q)=pusi—u(z:;9). (12 evolution is considered to exigssee Fig. 3, fitting the data
_ set from fiducial model A we find that the 95.4% confidence
As long asg is inside the prior range and<A g, the value level contour includes a larger region in region | of the pa-

- — h i In(1+ i
ﬁ(Q)=02[E = Q)zn( el

a

[ (o

where

of the integral is well approximated hy.2, so that rameter space around the fiducial parameters, and a region in
_ region Il. The average parameter likelihood £5,~1.9
oN2mw _ ., X 10 3L,. Hence, the Bayes factor for the model with lumi-
L(Q)= e 9=, (13 : : . S
AB nosity evolution versus the model without luminosity evolu-

tion is B=2.7. We conclude that it is not possible to dis-

The question of what bounds to place on the prior rangeriminate between the two hypotheses even though the
for the parameteg is an interesting one, since we are deal-underlying simulated data does not have any luminosity evo-
ing with a purely empirical model of source evolution with |ytion.
noa priori restrictions ong, other than that very large values  |f we fit the data set obtained from the fiducial model B
of B would not be physically plausible. We will therefore by assuming that there is no luminosity evolution, then the
seek the narrowest range of valuesptonsistent with our  95.4% level bounds a very small region around the best-fit
numerical results. One condition on the prior rangefois  values ofM~2.27x 10" 3hY2eV and f~0.764x 10*® GeV.
that B also lies inside the prior range: setting too tight aThe average parameter likelihood i&,,~9.4x 10 8,
bound onAB would count against parameter valueshdf  whereLy=exp(—1924/2). If luminosity evolution is consid-
and f which might otherwise be included. By explicit nu- ered to exisisee Fig. 4, on the other hand, then the 95.4%
merical integration we have found that for the initial condi- level bounds a small region around the best-fit valuesof
tions and the range of parameter valuedvbindf we have  ~4.00<10 3h¥%eV and f~0.695< 10" GeV, with B
consideretf% lies in the range- O.6<B< 1.7. We will there- ~0.626 and normalizegt?=1924. The average parameter
fore take these bounds to be the prior rangedor likelihood is £,,e=8.3x 10" 4L,. This time, the Bayes factor

If we fit the data set obtained from fiducial model A as- for the model with luminosity evolution relative to the model
suming that there is no luminosity evolution, the parametersvithout luminosity evolution is much greater than ork,
M and f are well constrained by the simulated data. The=9.1x 10" Thus if the true data were derived from fiducial
95.4% confidence level contour bounds a very small regiomodel B, it would show up clearly as givingdq (z) which

2.0

FIG. 4. Confidence limits oM, f parameter
values, withw;=0.2, marginalized over a flat

= ho prior for the luminosity evolution parametes,
E‘-” for the 1915 supernovae simulated assuniihg
2 ib =4x10"°h"%eV, f=0.676x 10" GeV, andp
= =0.659. Parameter values excluded at the 95.4%
/' level are darkly shaded, while those excluded at
05 the 68.3% level are lightly shaded. Overplotted

are the contours fof) 4 (dasheglandHt, (dot-

ted).
2 4 6 8 10 9

M(107% h'/%eV)
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can be discriminated from the model without luminosity evo-
lution.

This result in no way contradicts the inconclusive result
obtained from data set A. If the underlying data were to truly
follow a simple luminosity evolution, then the analysis above
shows that this would stand out as a very strong positive
signal in the Bayes factor test. If the underlying data has no
luminaosity evolution on the other hand, then it may be pos-
sible to obtain a good fit with an extra luminosity evolution
parameter, simply because one has an extra parameter to fit.
Thus a simple luminosity evolution is easy to rule in, but
difficult to rule out. Combined together the two results dem-
onstrate the efficacy of the Bayes factor approach. With data
set B we would obtain a decisive result, but by Ockham’s
razor we should reject the more complicated evolutionary
hypothesis if we were to obtain an inconclusive result such
as that.pertaining to data setA. In fact, we have found that by log(k®V,/H,?)
narrowing the range of the pridyB that the Bayes factor for
data set A can even be made slightly greater than the cutoff FIG. 5. Confidence limits on the parameter space for the simple
value of 3 listed in Table I. Clearly any weakly positive exponential potential mod&i=Ve <%, for the 54 supernovae la
results should therefore also be treated with some caution.in the P98 “fit C” reduced data set. Parameter values excluded at

the 95.4% level are darkly shaded, while those excluded at the
IIl. PNGB VERSUS OTHER POTENTIALS 68.3% Igvel are lightly shaded. Overplotted are the contours for
Q4 (solid) andHt, (dotted.

The constraints on cosmological parameters which arise
from type la supernovae have been broadly studied for £98 “fit C” reduced data set, on the parameter spaces for
wide range of quintessence modf#s-10,13. However, all  these quintessence mode(§he equivalent figures for the
these models seem to have ranges of parameters that fit thdl data set have been omitted, as the dnd 2r confidence
existing data equally well, with no particular model standingregions are very similar to those shown in Figs. 57, but just
out as being observationally preferred. The lack of data anglightly narrowen.
the large statistical error bars are among the contributing In this section we will only compare mode($4)—(16) on
reasons. In this section, we will investigate the potential ofthe basis of assuming that the true data follows the PNGB
the SNAP supernovae data set to discriminate between conmodel, with the fiducial parameters of data set A. Naturally,
peting quintessence models, as contrasted with the P98 date could assume any of the other potent{d4)—(16) as our
set, assuming no source evolution.

We consider some simple scalar field potential functions
which have been widely studied in the literature. They are
the simple exponential potentigd,9,19

log A

V=V, e 9, (14)
the inverse power-law potentigh,20]
V=Vpd ¢, (15 s
and the double-exponential potential21]
V=V, exp —Ae?<d), (16)

where k is related to Newton’s constant by?=87G. We
evaluate the luminosity distance—redshift relation by numeri-
cally evolving the Einstein-scalar field evolution equations
forward from the time of onset of matter domination, as what g 3 - lo L

we did for the PNGB models. For the simple exponential and log(*™V,/Ho')

the double-exponential potentials, without loss of generality g 6. Confidence limits on the parameter space for the inverse
we choose the initial conditions;=0. For the power-law power-law potential modeV=V,¢ ¢, for the 54 supernovae la in

potential, we begin the integration by assuming that the scane P98 “fit C” reduced data set. Parameter values excluded at the
lar field has already reached the tracker solution. These leaw®.4% level are darkly shaded, while those excluded at the 68.3%

us with two parameters in each case. In Figs. 5, 6, and 7, Weevel are lightly shaded. Overplotted are the contours {y,
display the confidence limits for the 54 supernovae la in thésolid) andH,t, (dotted.

123519-7



S. C. CINDY NG AND DAVID L. WILTSHIRE PHYSICAL REVIEW D 64 123519

of the prior parameter ranges do not affect the conclusion
from the Bayes factor analysis.
For the simple exponential potential model, as shown in
Fig. 5, the( ,, andH,t, contours diverge at largé, , put-
ting a bound on the parameter space. In the simakgion,
where the potential is effectively a cosmological constant
model whose value depends &R only, the() ,, andHot,
contours remain near parallel. For the full P98 data set the
average parameter likelihood over the region bounded by the
Q 4o and Hotg constraints, with a cutoff ak=0.1, is L,
=0.67Lg, WhereLy is the average parameter likelihood for
the PNGB model. In the smaN region the likelihood only
changes slightly with decreasingand tends to a constant,
corresponding to an average parameter likelihood which we
| o) estimate to bel,,~1.5Lg. Since the smal\ region ex-
0.0 0.5 1.0 1.5 2.0 tends to an infinite range in terms of the parametrization
log(k?V,/H,F) shown in Fig. 5, if we enlarge the prior range)oto include
smaller values, then it has the effect of bringing the average
FIG. 7. Confidence limits on the parameter space for the do“bleparameter likelihood closer to the average parameter likeli-
exponential potential mod#l =V, exp(~Ae%), for the 54 super-  hooq in the small region, which is effectively an upper

novae la in the P98 “fit C” reduced data set. P_arameter Va'“e%ound. Thus the Bayes factor for the simple exponential po-
excluded at the 95.4% level are darkly shaded, while those exclud%ntial model versus the PNGB model lies in the range
at the 68.3% level are lightly shaded. Overplotted are the contour6 67<B<1.5 for the full P98 data set. Similarly 0.6B

for Q 4o (solid) andHyty (dotted. The lower right-hand region is wre
exclugoed( fr02 the plgtodfje to ?:omputational gifficulties. ’ <15 fpr the reduced “fit C data S.et' In ?aCh case the larger
value is the one appropriate to including the entire small
parameter range fax. Such a Bayes factor is too small to
fiducial model, and then compare the other models on theonfidently discriminate between the two models.
basis of a new fiducial data set. This would allow us, for For the double-exponential potential model, the average
example, to compare the inverse power-law poterl®  parameter likelihood over the region bounded by fhg,
with the simple- and double-exponential potentiélsh),  and Ht, constraints, with a cutoff an=0.01, iS Lae
(16), a test which we have not performed here. However, we=0.92¢, for the full P98 data set. The average parameter
will restrict our attention to the fiducial data set A relevant tojikelihood in the smallA region, where the potential is
the PNGB potentia(1), since the amount of computer time effectively a cosmological constant model whose value
involved in computing the fiducial data sets is large, and ajepends orv, only, is £,,e~1.5Ck. By a similar argument
analysis based on a fiducial PNGB model will prove to beto above, the Bayes factor for the double-exponential
sufficient to illustrate the dramatically increased discrimina-pgtential model versus the PNGB model varies slightly over
tory power of a SNAP dataset as opposed to presently avail range 0.92B<1.5 for the full P98 data set. Similarly,
able SNe la data. Naturally, one could extend the discussiop 38<B< 1.5 for the reduced “fit C” data set. Again, the
to other fiducial data sets, but we will leave that to futuregayes factor is too small to confidently discriminate between
work. the two models.
For the inverse power-law potential model, as shown in
Fig. 6, the(),, and Hoty contours remain nearly parallel
A. P98 data set towards the upper right-hand region where bdth and o
First we will calculate the Bayes factor of the P98 data se@re large. The average parameter likelihood over the region
to compare the PNGB model with all the other quintessencéounded by th(ﬂgo andHt, constraints with arbitrary cut-
models. In order to calculate Bayes factors which compareffs atx® "2V, /H5= 10" anda =15 is L,,e=0.14Lg for the
different theoretical models we must naturally make choicedull P98 data set, and ,,~0.11L for the reduced “fit C”
of the range of prior parameters integrated over, and we ardata set, wherég is the average parameter likelihood for
dealing with different parameters in the different models.the PNGB model based on the “fit C” data set. This gives a
Different choices of priors for these parameters would leadBayes factor for the PNGB model versus the inverse power-
to some variation in the resulting Bayes factors. We willlaw potential model oB=7.2 for the full P98 data set, or
make a choice of the range of prior parameters by using thB=9.2 for the “fit C” data set. Both values are large enough
resulting values of) 4, andHt, that they give rise to. How- to provide slightly positive evidence that the P98 data set
ever, the parameter spaces are not completely bounded figvors the PNGB model over the inverse power-law potential
the ()40 andH,t, constraints. Without a physical cutoff for model. Since the Bayes factor is only weakly positive, how-
the parameters, such as a cutoff fat Planck scale for the ever, we cannot place strong confidence in this conclusion.
PNGB model, we will investigate in each case the depenNote that the() ,, and Hoto contours both extend towards
dence of the Bayes factor comparison on the prior ranges ahe smaller likelihoods region. Therefore, increasing the
the parameters. We will show that in some cases, the choiggrior ranges folV, and « will decrease the average param-

log A
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eter likelihood, and increase the slightly positive preferencef the dark energy from future supernovae survigd® 24—
for the PNGB potential as compared to the inverse power28]. One approach in past studies of scalar field quintessence

law potential in the Bayes factor test. has been to assume a poten¥glp) over which the scalar
field, ¢, would have slowly varied during cosmological time
B. SNAP data set scales, and then test the efficacy of reconstructing the poten-

. tial [22,24). Another approach has been to assume that the
We have shown that the P98 data set does not particularl uintessence field can be described by a perfect fluid with

favor any of the PNGB, simple exponential potential, andslowly varying equation of state=w(z)p, expandw(z) in

double-exponential potential models relative to the others, power series, and then test the efficacy of determining the

The P98 data set does disfavor the inverse power-law potengefficients in the power seri¢@5—28.

tial model as compared with the PNGB model. Thi; mightbe  The conclusions of investigations to date are mikes—
considered to result from the fact that the-2onfidence 28]. Weller and Albrechf26] find that many models can be
region only overlaps with a small regidthe low « region  distinguished with a fit to a linear equation of state for the
of the whole parameter space allowed by the priors set odark energyP =w(z)p with w(z) =wy+w;,z, but only if the

Q 40 andHoty,. current mass density),,, is known to a high precision.

In this section we want to compare the typical results weBarger and Marfatig27] find that, even by putting,
should expect when a future SNAP data set is used. We will=0.3 exactly, there is still a possibility of obtaining data sets
use data set A, simulated from a fiducial PNGB model aswhich might not discriminate between quintessence and
suming no luminosity evolution. We will study the potential “ k-essence,” namely an alternative form of dark energy with
of this data set to distinguish the PNGB model from othera scalar field characterized by nonlinear kinetic tef@ig.
quintessence models. Wang and Garnavich28] consider two classes of functions

For the simple exponential potential model, the averagev(z), corresponding respectively to a linear variation and to
parameter likelihood over the region bounded by fhg,  k-essence. Using somewhat different techniques to other au-
and Hyt, constraints, with a cutoff ak=0.1, is £,,~2.1  thors they are more optimistic about prospects for determin-
X 107°L,, whereLy=exp(—1910/2). In the smalk region, ing w(z) from future SNe la data.
we estimate the average parameter likelihood toQe. In the present paper we have taken a different approach
=6.6x10 3!£,. Comparing with the average parameterfrom those above, by considering a class of models—the
likelihood for the PNGB modelL,,~7.1x10 %Ly, the = PNGB models—which are very well motivated from the
Bayes factor for the PNGB model versus the simple expopoint of view of particle physics, but for which the above
nential potential model takes values in the range 34510 methods will not always be satisfactory in the case of all
depending on the prior range far. This would provide a plausible parameter ranges, given the potentially oscillatory
very strong conclusion that data set A favors the PNGBnature ofw(z) and the corresponding fact that the scalar field
model over the simple exponential potential model. may have varied over a wide range of valuesvgip) over

For the double-exponential potential model, the averag@bservable time scales. We fitted the simulated SNAP data
parameter likelihood over the region bounded by fhg,  sets to the exaal, () of different models obtained by nu-
andHt, constraints, with a cutoff aA=0.01, isL,,~1.6  merical integration, and compared them to other models.

X 10 3L,. The average parameter likelihood in the sl One real drawback of all approaches is that as yet there is
region, is L,e=2.1X10 2°C,. The Bayes factor for the no preferred physical model for the dark energy. On one
PNGB model versus the double-exponential potential modehand this means that any approximations made in potential
lies in the range 0.44—%% depending on the prior range for reconstruction methods may be too restrictive, since many
A. The lower bound of the Bayes factd3=0.44, is too different potential energy functiong(¢) are conceivable,
small to confidently discriminate between the two modelsand many of these may give results degenerate with each
However, provided small values of the parameteare in-  other. On the other hand, using a given Lagrangian for the
cluded in the prior range, the Bayes factor would provide squintessence field, as we have done, limits us to a model by
strong conclusion that data set A favors the PNGB modemodel test.

over the double-exponential potential model. Nevertheless, we find that data sets such as those that

For the inverse power-law potential model, the averagavould be produced by SNAP promise to be very successful
parameter likelihood over the region bounded by fhg,  On some tests, even if they will probably be less successful
and Hot, constraints with arbitrary cutoffs at®*?v,/H5 ~ 0On others. In particular, while existing data is not yet suffi-
=105 anda =15 is L~ 1.9% 10 192,. This gives a Bayes ciently large to d|scr!m|nate bgtween various quintessence
factor for the PNGB model versus the inverse power-lawhodels or models with evolutio8—10], we have shown
potential model ofB=10°. This provides very strong evi- that the much larger size and smaller error bars of the simu-

dence that data set A would favor the PNGB model over théated SNAP type IA supernovae data sets provide much
inverse power-law potential model. tighter constraints on the parameters for quintessence models

such as those corresponding to pseudo Nambu-Goldstone
bosons.
By evaluating Bayes factors in the context of the PNGB
Let us now consider our results in relation to previousmodel, we have shown that future satellite SNe la data sets
work concerning the feasibility of determining the propertiesshould have greater success in detecting whether the ob-

IV. DISCUSSION

123519-9



S. C. CINDY NG AND DAVID L. WILTSHIRE PHYSICAL REVIEW D 64 123519

served luminosity distance—redshift relation is purely cosmowith no evolution, for example, it would be interesting to
logical in origin, or is significantly contaminated by evolu- determine by how much we can reduce the paramgttar
tionary effects of the sources. The results of Sec. Il B showethe simulated SNAP data set B while still obtaining a very
that although it may be difficult to completely rule out lumi- strong result for the discriminatory power of the relevant
nosity evolution, if the true data were from a population with Bayes factor. Given the magnitude of the value obtained in
luminosity evolution then this would provide a strong dis- sec. |I1B, we suspect that the fiducial value @fcould be
tinctive signal. We have only studied one simple illustrativesjgnificantly reduced. Likewise many other tests could be
supernova luminosity evolution function, but we expect thatyerformed with fiducial data sets based on other quintessence
similar conclusions would apply to other simple luminosity potentials.
evolution models. In conclusion, we find that future supernovae measure-
We have further shown that with the future data it shouldments such as those that would be afforded by the SNAP
be possible to discriminate PNGB model from some othekatellite, will have the power to significantly increase our
particular types of quintessence; in particular, it gives a verjnowledge of the properties of the dark energy in the uni-
different signature to that of simple inverse power-law po-yerse. To be completely confident, however, we will require
tentials or simple exponential potentials. The case of & deeper theoretical understanding of the nature of the dark

double-exponential potential gives a lower Bayes factor, anénergy and hopefully new input from fundamental physics.
may therefore be more difficult to distinguish from the

PNGB model. However, even in this case some distinction
between the two models is possible if one allows a suitably
large prior range of the paramet&rto include small values.

A number of obvious extensions of our analysis are pos- D.L.W. wishes to acknowledge the financial support of
sible. In the case of testing source evolution versus the casdustralian Research Council grant F6960043.
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