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The cosmological constant revisited
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Abstract. | briefly review the observational evidence for a small cosmological constant at the
present epoch. This evidence mainly comes from high redshift observations of Type 1la supernovae,
which, when combined with CMB observations strongly support a flat Universeyjtih Qx ~ 1.
Theoretically a cosmological constant can arise from zero point vacuum fluctuations. In addition
ultra-light scalar fields could also give rise to a Universe which is accelerating driven by a time de-
pendentA-term induced by the scalar field potential. FinallAedominated Universe also finds
support from observations of galaxy clustering and the age of the Universe.
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1. Introduction

The cosmological constart was introduced into cosmology by Einstein in 1917. Ein-
stein, under the influence of Mach'’s principle, constructed a Universe which was static
and closed — a configuration that could only arise under the joint influence of both mat-
ter and a cosmological constant. Subsequently Friedmann derived expanding solutions to
the Einstein equations and Einstein acknowledged that the introductiowa$ probably
unnecessary, particularly in view of Hubble’s discovery that the Universe was expanding.
However, interest in the cosmological constant remained, partly due to the rich variety of
new solutions which arise in the Einstein equations with a cosmological constant includ-
ing: the static Einstein Universe, singularity free ‘bouncing’ models, quasi-static ‘loitering’
models etc. Interestin was reignited in the late 1960's, when it was felt than an excess of
QSO’s was being observed at redshift 1.95. This observation was difficult to explain in the
framework of standard FRW cosmology, but easier to account for if the Universe loitered
at that redshift. More recently a large cosmological constant at an early epoch is the basis
of the inflationary model, and a much smaller cosmological constant at a much later epoch
is suggested by current observations.

2. Observational issues

Recent observations using Type la supernovae (Sn) as standard candles have shown that the
Universe may be accelerating driven by the negative pressure of a cosmological constant.
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The small dispersion of Type la supernova at maximum light({(.3 mag), combined
with their high absolute luminosity{ 5 ~ —19.5mag) makes these objects ideal standard
candles with which to try and determine cosmological parameters sugh &g, 4, Q)

etc. The luminosity flux reaching an observer at redshift 0 from an object of absolute
luminosity L located at a redshift is

L
47Td% ’

1)

whered, (z) — theluminosity distancéo a source at redshift— depends crucially upon
both the curvature of space and the matter content of the Universe
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andS(z) is defined as followsS(z) = sin (z) if kK = 1 (Qiota1 > 1), S(z) = sinh (z)
if £ = =1 (Qota1 < 1), S(x) =zif K =0 (Qotar = 1). h(z) = H(z)/Hp is the
dimensionless Hubble parameter

1

2

h(z) = (1+2) (4)
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whereQoiar = >, Qar Yo = 1+ 3w, Wherew, = P,/p, is the equation of state

(p = —p for a cosmological constant) addt- z = aq/a(t) is the cosmological redshift
parameter. Expressions (2) and (3) demonstrate that, since for a given valyg.pfthe
luminosity distance increases in the presence,@n object at a fixed redshift will appear
brighter in a Universe with\ = 0 than it will in a Universe withA > 0. Therefore by
observing a sufficiently large number of Type 1a supernovae at a high redshift it should,
in principle, be possible to distinguish the cosmological effects &ftarm if the latter

exists. In practice (1) translates into the magnitude-redshift relation between the apparent
magnituden of an object and its absolute magnitutde

d
uzm—M:510gwM—IL)C+25 (5)

wherey is known as the distance modulus. If batrandM are known then the parameter
pair {Q,,,, 24 } can be estimated by minimising thé statistic

2
P 0,0,

i(zi5 Ho, Qum, Q0) — po,i}2
C(Ho, Ry ) = 37 HepiC H0. O, ) = o) (6)

wherey,(z;) are the observed values of the distance modulug:afie};) are the theoret-
ically predicted valueQ, = A/3H?2. The resulting best-confidence regions obtained by
Perlmutteret al [1] from the analysis of 42 Type 1a high redshift supernovae are shown
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in figure 1. A positive value of the cosmological constant is clearly suggested by these
measurements.

The parameter paf(2,,,, 24 } can be further constrained by combining Sn observations
with those of the cosmic microwave background (CMB) anisotropy on intermediate an-
gular scaleg < 1°. The CMB anisotropy when expanded on the celestial sphere has the
form

5T = .
T(07¢):Z Z ale} (07¢)7 (7)

=2 m=-I

where the coefficients;,,, are statistically independent and distributed in the manner of a
Gaussian random field with zero mean and variance

Cr = <|alm|2>' (8)

The quantityC; defines thengular power spectrurof the CMB. On large angular scales
(smalll) the form of C; is determined by the spectrum of primordial density perturba-
tions generated during inflation. On smaller scateg (1°,1 > 60) C; has sharp peaks
reflecting accoustic oscillations in the photon-baryon plasma prior to recombination. The
location and amplitude of these so-called ‘Doppler peaks’ depends sensitively upon both
the curvature of the Universe and its matter content. From figure 2 we see that a spatially
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Figure 1. Constraints o{Q.,, 2} from the analysis of Type 1a high redshift super-
novae by Perimuttest al [1].
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Figure 2. The angular spectrum of CMB fluctuations as measured by different CMB
experiments. Also shown are predictions from the following theoretical models: (i)
Flat ACDM model with parameter&a, Q,,, Q, h) = (0.7,0.3,0.05,0.65) (dotted
line). (ii) Flat CDM models with(Q,, 2, h) = (1,0.1,0.5) and (Qm, 2, h) =
(1,0.0.5,0.5) (solid lines). The largef2, model shows a higher Doppler peak. (iii)
Open CDM model withQ,,,, 2, h) = (0.3,0.05, 0.65) (broken line). For more de-
tails, see Peacock [13].

flat A-dominated cold dark matter modeiCDM) agrees well with observations. A ma-
jor advantage of combining low redshift supernovae and high redshift CMB observations
arises because the degeneracy in the parametef®air{2, } from Sn measurements is
orthogonal to the corresponding degeneracy in CMB experiments. A combined likelyhood
analysis of CMB anisotropy and Type la Supernovae data gives the best fit values [2]

Q, =0.257018 Q) = 0.6370 3% (9)

which is strongly supportive of a flat Universe with,, + Q24 ~ 1. The corresponding
value of the deceleration parameter turns out to be

o O
QOE_HO z(a/a)OZT—QA§—0.5 (10)

which shows that the Universe is currerdigcelerating
Other features of ACDM model include:
1. Alonger age.

2. Greater long range power in the perturbation spectrum. (The latter is quantified by
means of the dimensionless paramétee 1,,,h, the valuel' ~ 0.25 appears to
agree with most current observations of galaxy clustering.)
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3. The growth of long wavelength perturbations still in the linear regime is slower in
ACDM, affecting the abundance of rich galaxy clusters at high redshift.

4. A closedA-dominated Universe can expand forever, while open/flat universes with
A < 0 will eventually recollapse. Thus the late time behaviour df dominated
Universe is radically different from standard FRW.

3. Theoretical issues

In 1968 Zeldovich [3] having being drawn to the debate surroundljrehowed that zero-

point vacuum fluctuations possessed the Lorentz invariant equation of state —pyac

and therefore described matter with an energy-momentum téfispr = Ag;x. (The
presence of zero-point fluctuations had by then been convincingly demonstrated by the
experimental verification of the Casimir effect.) However it turns out that for bosons and
fermions the vacuum energy is an infinite quantity, having the form

(0| Hy,¢]0) = i‘% > ke (11)
k

The fact that the ‘infinite’ contribution from fermions is equal and opposite to the corre-
sponding ‘infinite’ contribution from bosons (having identical mass) led to the hope that
bosonic and fermionic infinities might cancel each other within the framework of a super-
symmetric theory [4]. However this would only occur at high temperatures prevailing in
the early Universe when supersymmetry is restored, at lower temperatures supersymmetry
would be broken and a large cosmological constant would therefore reappear during the
present epoch. (In fact the exact opposite of this scenario is good for cosmology: a large
A during an early epoch will drive inflation and resolve the horizon and flatness problems
and seed structure formation while a small valud dbday is indicated by observations.)
Zeldovich also suggested that after the removal of infinites (associated with one loop
effects) a small residual may be generated at the two loop level due to the gravitational
interaction between particle-antiparticle participating in a virtual loop. This would lead to
a vacuum energy density.. = pyacc® ~ (Gm?/\)/N\° = GmS¢c* /h*, wherel = i/mc
is the typical separation between pairs. Substituting for the mase find that whereas
the electron and proton give too small/large a valuepfgg, the pion mass gives just the
right value to be in agreement with observations

1 My 6 _
pA = ot pp1 (m_pl> ~ 1.45pp; x 10723, (12)

pp1 is the Planck densitypp; = ¢®/G?h ~ 5 x 10°2 g cm —3. Expression (12) illustrates
the enormous energy difference between the Planck energy and the current value of the
vacuum energy. Thus if the value afwas set during the Planck epochtgfi ~ 10~43
sec. it would involve a fine tuning of one partlin 23!

Vacuum effects also play an important role if the Universe is expanding. Consider for
instance the Klein Gordon equation describing a massive scalar field which couples non-
minimally to gravity

[0+ (R +m?]® = 0. (13)
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In a spatially flat FRW Universe field variables separate and

By = (2m) 72 AE () e

for each wave mode. Substituting in (13) leads to
e+ k2 = V()lxe =0, (14)

whereV (n) = —m?a® + (1 — 6¢)i/a and differentiation is carried out with respect to
the conformal time; = [ d¢/a. Comparing (14) with the one dimensional Sudiiriger
equation in quantum mechanics

K2 420

gt [E—V(z)]¥ =0, (15)

we find thatV/ (n) in (14) is complementary t& () in (15): the latter is a potential barrier

in space whereas the former ipatential barrier in time Thus in analogy with quantum
mechanics one should expect a particle moving forward in time to be both reflected and
transmitted by the barridr (n). The resulting wave function at late times is described by

a superposition of positive and negative frequency states

Pout (k,n) = ad + By, (16)

wherelimy,_, o, ¢ ~ 1/v/2kaexp (Fikn). The Bogoliubov coefficients, 3 quantify the
extent of ‘particle production’ and ‘vacuum polarization’ in the space-time brought about
by its changing geometry.

The result of a detailed calculation of particle production from an inflationary Universe
by Sahni and Habib [5] showed that for an ultra-light scalar field, the vacuum expectation
value of the energy momentum tensor had the form of a cosmological constant

Aer = 87G(Too) ~ m?/2|€],

- 20 1 2
Qp = Aeg/3H” ~ 6|§|(m/H) . 17)

Thus quantum effects in an expanding Universe can give rise to a cosmological constant
having just the right value to be in agreement with observations!

3.1 Late time inflation and\

An altogether different means of generating a smalt the present epoch is suggested by
scenarios involving ‘late time inflation’. In this case a scalar field rolls down a potential
having the chaotic fornfv’ « ¢, wherep can be either positive or negative. Consider
for instance the case of a massive scalar fiéld= 1/2m?2¢?, the inflationary condi-
tion py ~ —pgy is realised ifm/H < 1, which suggests a very small mass for the scalar
m ~ 10733 eV [3,4]. A different possibility arises for the potentidloc ¢ P, in this case

it can be shown that the ratio of the scalar field density to that of background matter
grows as [6,7]
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Po

Pl t74r (18)

as a result fop > 0 the scalar field density can dominate the background matter/radiation
density at late times, evengf, < pg initially. In both scenario’s the Universe accelerates
at late times under the action of a scalar field whose potential mimitkseadependent
A-term. For models with « ¢ P the fine tuning problem is significantly less acute since
the initial value ofp; can be much larger than its present value-of0 —2?g cm2. (see

[8] for a recent review of the cosmological constant and [9,10,3] for earlier reviews.)

4. Conclusions

We briefly discuss the issue of whether a small cosmological constant can dominate the
mass density of the Universe as implied by current observational data. Although the data
indicates that the Universe is accelerating, the precise mechanism which generates either
a time independent cosmological constant or else a time dependent cosmaletgical
remains unsettled. Several possibilities exist: the cosmological constant may be induced
by quantum effects at either one loop or higher order. Ultra-light scalar fields can give rise
to a time dependernit-term by virtue of a scenario involving late-time inflation, although

it is not clear whether such models arise naturally in particle physics theories of the funda-
mental interactions. Finally a small cosmological constant may also be motivated by the
anthropic principle [11]. Observational evidence fohas come from the results of Type

la supernovae observations made by members of the Supernova Cosmology Project [12,1]
and the High-Z Supernova Search Team [14]. Since several dozen supernovae events are
likely to be added to the Sn inventory every year, the statistical evidence for (or against)
A can only get better with time (provided of course systematics is well understood). The
results from Sn observations are complemented by CMB analysis. Here too one expects
significant improvement in the data from the MAP and PLANCK satellite missions which
are expected to be launched in the near future. Thus the ongoing qué&gpfomises to

bear rich fruit and could lead to deep theoretical consequences of a radical nature.

Acknowledgements

I would like to thank Richard Ellis and Saul Perimutter for the figures in this manuscript.

References

[1] S J Perimutteet al, astro-ph/9812133 (1998b)

[2] G Efstathiou, S L Bridle, A N Lasenby, M P Hobson and R S Ellis, astro-ph/9812P2%8)
[3] Ya B Zeldovich,Soviet Physics — Uspek@b, 209 (1968)

[4] B Zumino, Nucl. PhysB89, 535 (1975)

[5] V Sahni and S HabibPhys. Rev. LetB1, 1766 (1998)

[6] B Ratra and P J E Peebld3hys. Rev37, 3406 (1988)

[7] P J E Peebles and B Ratvsstrophys. J325 L17 (1988)

[8] V Sahni and A A Starobinskynt. J. Mod. Phys(D) in press (1999)

Pramana — J. Phys.Vol. 53, No. 6, December 1999 943



Varun Sahni

[9] S M Carroll, W H Press and E L Turneknn. Rev. Astron. Astrophy30, 499 (1992)
[10] S WeinbergRev. Mod. Phys51, 1 (1989)
[11] H Martel, P Shapiro and S Weinberystrophys. J492, 29 (1998)
[12] S J Perlmutteet al, Nature391, 51 (1998a)
[13] J A PeacockCosmological physic€Cambridge University Press, 1999)
[14] A G Riesset al, astro-ph/9805201 (1998)

944 Pramana — J. Phys.Vol. 53, No. 6, December 1999



