
Invited, Rapporteur, and Highlight papers of ICRC 2001: 93

ICRC 2001
c© Copernicus Gesellschaft 2002

Supernovae and dark energy

A. Goobar

Physics Department, Stockholm University, SCFAB, SE-106 91 Stockholm, Sweden

Abstract. Observational cosmology is currently experienc-
ing a revolution. The measurements of magnitude vs red-
shift of very distant type Ia supernovae indicate that the ex-
pansion rate of the universe is increasing. This acceleration
requires the existence of an energy form that overcomes the
gravitational self-attraction of matter, such as the vacuum en-
ergy density associated with thecosmological constant(Λ).
These findings are supported by the measurement of the total
energy of the universe through the cosmic microwave back-
ground anisotropies, combined with mass density estimates
stemming from galaxy cluster data and large scale structure.

The prospects for improving our knowledge of the two
most fundamental missing pieces of cosmology, the Dark
Matter and Dark Energy, are discussed.

1 Introduction

In the Standard Modelof cosmology the Universe started
with a Big Bang. The expansion of an isotropic and homo-
geneous Universe is described by the Friedmann-Lemâitre-
Robertson-Walker model (or FLRW model, for short).

The free parameters of the FLRW model are the energy
contributions from radiation, matter and vacuum fluctua-
tions. At the present epoch, the energy density in the form
of radiationρrad can be neglected in comparison with the
matter densityρm, and the Friedmann equation for the Hub-
ble parameter (H) becomes:

H2 ≡
(
ȧ

a

)2

=
8πG

3
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Λ
3
− k

a2
, (1)

wherea is the growing scale factor of the Universe and
k=-1,0 or 1 represent the three possible geometries for the
Universe: open, flat or closed.

Thus the expansion rate of the Universe depends on the
matter density, the cosmological constant (Λ = 8πGρvac)
and the geometry of the Universe. It is also customary to
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rewrite equation (1) so that it instead contains the fractional
energy density contributions at the present epoch (z = 0).
We thus introduce the definition:


ΩM ≡ 8πG
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There are only two independent contributions to the en-
ergy density since in the FLRW model:

ΩM + ΩΛ + ΩK = 1 (3)

The time evolution of the scale factora and thus thefate
of the universe as determined by the two independent cosmo-
logical parameters is shown in Figure1. A large cosmolog-
ical constant, for example, leads to rapid “inflation” of the
universe.

Thedecelerationparameter (at z=0),q0, is defined as:

q0 =
ΩM
2
− ΩΛ, (4)

thus, anegativevalue ofq0 implies that the rate of expansion
of the Universe is increasing, i.e. the expansion is accelerat-
ing.

In the next section we generalize the discussion as to also
include contribution from any arbitrary energy form charac-
terized by the the relation between its pressure and density.

Cosmological parameters from “standard candles”

A source of known strength, astandard candlecan be used to
measure relative distances to provide information on the cos-
mological parameters (Goobar and Perlmutter, 1995). If ΩM
and ΩX denote the present-day energy density parameters
of ordinary matterΩM (z) and a “dark energy” component
ΩX(z), respectively. The “dark energy” is characterized by
the equation of state parameter,w(z), wherepX = w · ρX .
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Fig. 1. Time evolution of the scale factor of the universe, normal-
ized to its current value, wheretH is the age of the universe today.
Various combinations of cosmological parameters are shown. The
universe with non-vanishing cosmological constant (dotted line)
will go through an exponential expansion. Figure fromBergstr̈om
and Goobar(1999)
.

For the specific case of the cosmological constant,w = −1,
i.e. pΛ = −ρΛ.

The apparent magnitudem of a supernova at redshiftz is
then given by

m(z) = M+ 5 log10 [d′L(z)] , (5)

M = 25 +M + 5 log10(c/H0), (6)

whereM is the absolute magnitude of the supernova, and
d′L ≡ H0 dL is theH0-independentluminosity distance,
whereH0 is the Hubble parameter1. Hence, the intercept
M contains the “nuisance” parametersM andH0 that apply
equally to all magnitude measurements (in this section we do
not consider possible evolutionary effectsM = M(z)). The
H0-independent luminosity distanced′L is given by

d′L =


(1 + z) 1√

−Ωk
sin(
√
−Ωk I), Ωk < 0

(1 + z) I, Ωk = 0
(1 + z) 1√

Ωk
sinh(

√
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(7)

Ωk = 1− Ωm − ΩX , (8)
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∫ z

0
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, (9)

H ′(z) = H(z)/H0 =√
(1 + z)3 Ωm + f(z) ΩX + (1 + z)2 Ωk,(10)

f(z) = exp
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3
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0
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1 + z′

]
, (11)

1In the expression forM, the units ofc andH0 are km s−1 and
km s−1 Mpc−1, respectively.

As the measurements are performed through broad-band
filters one has to correct for the fact that different parts of the
supernova spectrum are detected depending on the redshiftz
of the source. For example, at a redshiftz ∼ 0.5 the light
captured with a red (R) filter at a telescope at Earth origi-
nates from the blue (B) part of the spectrum. This so called
“K-correction” is preferentially done using blue (B) absolute
magnitudes in the resframe and V,R,I filters for the obser-
vation of supernovae with increasing redshift (Kim, Goobar
and Perlmutter, 1996).

2 Current results

Two collaborations, the SCP (Perlmutter et al, 1999) and the
High-Z team (Schmidt et al, 1998; Riess et al, 1998; Gar-
navich et al, 1998), have been searching for high-redshift
Type Ia supernovae with the aim to measure cosmological
parameters. Both groups find that the data is consistent with
the existence of some “Dark Energy” form that is acceler-
ating the rate of expansion of the universe at present, i.e.
q0 < 0, as shown in Figure2. The Hubble diagram for
42 supernovae found by the SCP along with 18 low-z su-
pernovae from the Calán/Tololo Supernova Survey (Hamuy
et al, 1996) indicates that supernovae atz ∼ 0.5 are 0.2–
0.5 magnitudes too faint to be consistent with an open or flat
universe withΛ = 0.

The error bars in figure2 represent the photometric uncer-
tainty with 0.17 magnitudes of intrinsic dispersion of SN Ia
magnitudes that remain after applying the width-luminosity
correction add in quadrature. The theoretical curves for a
universe with no cosmological constant are shown as red
(open) and green (flat) lines. The blue line shows the
best fit-cosmology for which the total mass-energy density
ΩM + ΩΛ = 1. The best fit value for the mass density in a
flat universe is (ΩΛ = 1− Ωflat

M ):

Ωflat
M = 0.28+0.08

−0.08
+0.05
−0.04,

where the first uncertainty is statistical and the second due
to known systematics. The details of the estimation of sys-
tematic errors such as from extinction, Mamlquist bias and
brightness evolution of type Ia supernovae can be found in
Perlmutter et al(1999).

3 Cross-cutting measurements

Because of the potentially revolutionary nature of the super-
novae results, it is appropriate to look for alternative expla-
nations for the dimming of supernovae atz ∼ 0.5. Two im-
portant sources of error to consider are brightness evolution
of Type Ia supernovae and extinction of the supernova light
by dust grains along the line of sight. In section4 we will
discuss these systematic uncertainties further. Next, how-
ever, we examine the constraints in theΩM − ΩΛ parameter
space from a combination of cosmological methods. Fig-
ure3 shows the the allowed regions derived from two com-
pletely different techniques, in addition to the SCP results.
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Fig. 2. Hubble diagram for 42 high-redshift Type Ia supernovae
from the Supernova Cosmology Project(Perlmutter et al, 1999), and
18 low-redshift Type Ia supernovae from the Calán/Tololo Super-
nova Survey (Hamuy et al, 1996), plotted along with 3 combinations
of cosmological parameters, two of which haveΩΛ = 0. The best-
fit flat cosmology is(ΩM,ΩΛ) = (0.28, 0.72). Yellow data points
indicate that the central value is in theq0 < 0 region (acceleration)
while the red points are in theq0 > 0 region (deceleration). Clearly,
the data favours an accelerating universe. Courtesy of S. Perlmutter,
(Bahcall, Ostriker, Perlmutter and Steinhardt, 1999).

The CMB anisotropies at scales 1◦ or smaller give a firm con-
strain on the geometry of the universe indicating that the sum
of all energy densities, i.e.ΩM+ΩX must be unity with only
5 % unceratinty (de Bernardis et al, 2000; Balbi et al, 2000;
Pryke et al, 2001). Constraints on the matter densityΩM
from cluster abundances (Bahcall and Fan, 1998; Carlberg et
al, 1998) and large-scale structure (Peacock et al, 2001) has
left cosmology with a concordance model withΩM ≈ 0.3
andΩΛ ≈ 0.7. Further, figure4 shows the isochrones cor-
responding to the age of the universe as derived from the
different combinations ofΩM and ΩΛ assuming a Hubble
constant value of 63 km s−1. The allowed region as derived
from the SCP data is thus also consistent with the age of the
oldest stars in our galaxy.

How much better can we do?

Figure 5 shows the degenaracy in the CL-region of the
ΩM − ΩΛ parameter space defined by observations atsingle
redshifts, ranging from z=0.2 to 1.8, assuming an accuracy
of ∆m = 0.02 mag in the measured mean. In figure6, a hy-
pothetical data-set including supernovae at z=0.2–1.8 is used
to demonstrate how the major axis of the confidence region
could be dramatically shrunk. Clearly, enlarging the redshift

Fig. 3. Constraints from the Supernova Cosmology Project (Perl-
mutter et al, 1999). Top: Best-fit confidence regions in theΩM–ΩΛ

plane. In cosmologies above this near-horizontal line the universe
will expand forever, while below this line the expansion of the uni-
verse will eventually come to a halt and recollapse.

range of the followed supernovae has the potential of refining
our understanding of the cosmological parameters.

4 The highest redshift supernova: SN1997ff

In Fig. 6 we demonstrated how the accuracy in the
magnitude–redshift method increases as supernovae at
higher redshifts are added to the sample. In particular, at red-
shifts abovez ∼ 1 one can study the transition from accel-
eration to deceleration as the mass density term contribution,
enhanced by the the shrinking volume as(1 + z)3, overtakes
the effect ofΩΛ, as shown in Figure7.

The discovery of a likely Type Ia supernova at a remark-
able redshift ofz ∼ 1.7 (Gilliand, Nugent and Phillips, 1999;
Riess et al, 2001) generated a great deal of excitement in the
cosmology community. The measurement the restframe B-
band brightness of this object turned out to be very bright but
with a considerable uncertainty. Riess et al concluded that if
the faintness of Type Ia supernovae atz ∼ 0.5 was due to
either the fact that high-z supernovae are intrinsically fainter
than nearby ones or that the light had been absorbed/scattered
away by intergalactic dust, then az ∼ 1.7 supernova had
to be very dim, much dimmer than what was measured in
SN1997ff. The qualitative argument is that whatever effect



96

Fig. 4. Isochrones of constantH0t0, the age of the universe relative
to the Hubble time,H−1

0 , with the best-fit 68% and 90% confidence
regions in theΩM–ΩΛ plane for the primary analysis, Fit C. The
isochrones are labeled for the case ofH0 = 63 km s−1 Mpc−1,
representing a typical value found from studies of SNe Ia (Hamuy
et al, 1996; Riess, Press and Kirshner, 1996; Saha et al, 1997) .

Fig. 5. 68 % CL-regions in theΩM − ΩΛ parameter space defined
by each redshift bin (∆z = 0.2) assuming a total uncertainty in the
mean brightness of∆m = 0.02 /bin.

is going on, it should be monotonic, i.e. increasing with dis-
tance.

Fig. 6. The bands in5 are superimposed. The resulting CL region
is defined by the common area.

Unfortunatelly, there are considerable caveats to the re-
sults in Riess et al(2001). In (Mörtsell, Gunnarsson and
Goobar, 2001) we showed that, because of the presence sev-
eral foreground galaxies atz ∼ 0.5 very close to the line of
sight of SN1997ff, one cannot exclude a significant magni-
fication of the brightness of the supernova by gravitational
lensing. Riess et al argued against a major magnification of
the supernova brightness based on the roundness of the host
galaxy. However, in our work we showed that this is not
sufficient. By ray-tracing we inferr that a typicall elliptical
galaxy (E2) would have the observed spherical shape if it
is distorted by the gravitational field necessary to make the
measurements of SN1997ff completely unreliable.

Even disregarding the gravitational lensing uncertainties,
one single supernova cannot exclude the presence of inter-
galactic gray dust. WhileRiess et al(2001) consider an
extremely simple redshift distribution of putative dust in
the universe, nature might be more complex. In (Goobar,
Bergstr̈om and M̈ortsell, 2002) we showed that viable mod-
els of intergalactic dust can be constructed that are consistent
with the data atz ∼ 0.5 and SN1997ff.

It is clear that more than one supernova is needed to ex-
clude systematic effects and at the same time improve our
knowledge of the “Dark Energy”.

5 The next generation of SN experiments

Several projects with the aim to discover thousends of high-z
supernovavae are being proposed. One of the most interest-
ing ones is the SNAP satellite (Perlmutter et al, 2000), a 2-m
telescope equipped with an optical and NIR mosaic camera
with a field of view of 1 square degree.

In addition of having the capability of discovering about
2500 SNe a year up to a redshiftz = 1.7, the design of the
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Fig. 7. Differential magnitude for three cosmologies,
ΩM ,ΩΛ=(0.3,0.7) (solid line), (0.2,0) (dashed line) and (1,0)
(dotted line), compared with an empty universe, (ΩM ,ΩΛ)=(0,0)
(horizontal, dash-dotted line).

SNAP satellite also includes an integral field spectrograph.
This will allow for detailed spectoscopic studies of the super-
novae and their host galaxies. Thus, systematic uncertainties
on the measured supernova brightnesses are supposed to stay
below 0.02 mag in which case one can expect to measureΩM
andΩΛ simultaneously to about 2% and 5% respectively, as
shown in Figure8.

6 The quintessence alternative

The exciting results from the SCP and High-Z teams suggest
that the method can be used to further improve our knowl-
edge of cosmological parameters with Type Ia supernovae.
While the existence of an energy form with negative pres-
sure is strongly supported by the present data, it is not clear
that the “Dark Energy” really is identical with the cosmolog-
ical constant. Alternative solutions have been proposed. E.g.
Steinhardt(2000) suggests that the effect might be caused
by a different type of matter characterized by an equation
of statep = w(z)ρ, wherew > −1, as shown in equa-
tion 11. The “quintessence” models do not suffer from the
two fundamental problems of the cosmological constant: a)
a value ofΩΛ ∼ 0.7 is about 122 orders of magnitude from
the naive theoretical calculation(!) b) It seems somewhat un-
natural that we happen to live in a time whenΩΛ

ΩM
≈ 2 since

this ratio depends on the third power of the redshift. For in-
stance, at the epoch of radiation decouplingΩΛ

ΩM
∼ 109. In

“quintessence” models, the “Dark Energy” density tracks the
development of the leading energy term making both compa-
rable.

Fig. 8. Target uncertainty for the SNAP satellite experiment (small
ellipses) compared to the published results in (Perlmutter et al,
1999).

Figures9 and10 indicate the accuracy to which the effec-
tive equation-of-state parameterw can be measured in a flat
universe using supernovae ranging from z=0.2 to 1.8, assum-
ing an accuracy of∆m = 0.02 mag in the measured mean.

The situation becomes more complicated once we try to
measure the time evolution of the equation of state param-
eter. Assming a linear expansion,w(z) = w0 + w1 · z, is
sufficient for the small redshift rangez < 2, one additional
parameter has to be considered. Figure11 shows what the
fit of simulated data corresponding to one year of the SNAP
satellite. The accuracy on the estimate of the nature of the
dark energywill depend on independent knowledge, espe-
cially, of theΩM from e.g. weak lensing measurements. The
SNAP satellite, with is large field of view, will also provide
extremely accurate measurements of cosmic shear. In addi-
tion, dedicated low-z supernova searches will be required in
order to bound the intercept of the Hubble diagram,M.

7 The nature of Dark Matter

With Type Ia supernovae it may be also possible to shed light
on the nature of Dark Matter. Gravitational lensing in the in-
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Fig. 9. 68% CL-regions in thew − ΩM parameter space defined
by each redshift bin (∆z = 0.2) assuming a total uncertainty in the
mean brightness of∆m = 0.02 /bin and a flat universe

Fig. 10. The bands in9 are superimposed. The resulting CL region
is defined by the common area.

homogeneous path that the beam of high-z supernovae follow
from the source to us, affects the dispersion of the data points
in the Hubble diagram. Thus, with a large sample of high-z
supernovae, it is possible to measure the fraction of com-
pact objects in the universe from the residuals of the Hubble
diagram. While the compact objects are likely to be of astro-

Fig. 11. 68.3 % confidence regions for(w0, w1) in the one-year
SNAP scenario. The elongated ellipses correspond to the assump-
tion of exact knowledge ofΩm: the dash-dot-dot-dotted line is with
exactM and the long-dashed line corresponds to no knowledge of
M. The larger, non-elliptic regions assume prior knowledge ofΩm:
the dash-dotted line assumes thatΩm is known with a Gaussian
prior for whichσΩm−prior = 0.05; the short-dashed line assumes
the same prior and exact knowledge ofM; finally, the solid line is
with Ωm confined to the intervalΩm± 0.1 and exact knowledge of
M.

physical nature, e.g. faint stars or black holes, a smooth Dark
Matter component would indicate that the missing mass is in
the form of particles, such as the lightest stable supersym-
metric particles. In (Mörtsell, Goobar and Bergström, 2001)
we used Monte-Carlo simulations to show that with one year
of SNAP data, the fraction of compact objects can be mea-
sured with 5% absolute precision.

8 Summary and conclusions

Observational cosmology is arguably one of the most excit-
ing fields in physics at the moment. Techniques developed
during the last years have provided new and unexpected re-
sults: the energy density of the universe seems to be dom-
inated by the Einstein’s cosmological constant (Λ), or pos-
sibly some even more exotic form ofdark energy. Within
the next decade, several measurement techniques are likely
to provide conclusive evidence for the nature of the energy
form that is currently causing the universe to expand at an
accelerated rate, and for ther nature of thedark matter, open-
ing a new era of precission observational cosmology.
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