Thank you for the invitation.

SEEKING EVOLUTION

OF

DARK ENERGY

PAUL H. FRAMPTON

University of North Carolina
at Wilmington

April 8, 2011



OUTLINE

Introduction

Evolutionary Dark Energy Models
Analysis of the Models

Slowly Varying Criteria

Discussion and Conclusions



Reference

PHF and K. Ludwick
Seeking Evolution of Dark Energy
arXiv:1103.2480 hep-th]



Introduction

The interface between astrophysics and par-
ticle physics has never been stronger than now
because our knowledge of gravity comes in large
part from observational astronomy and cosmol-
ogy. At particle colliders, seeking the con-
stituent of dark matter is an important target
of opportunity.



Dark energy is widely regarded as the most
important issue in all of physics and astron-
omy. Other than the Cosmological Constant
(CC) model, and the very interesting, if not yet
fully satisfying, usage of string theory, there is
no compelling theory. So we are motivated to
pursue a purely phenomenological approach to
attempt to make progress towards the under-
standing of dark energy.



The discovery of cosmic acceration in 1998 has
revolutionized theoretical cosmology. The sim-
plest theoretical interpretation is as a CC with
constant density and equation of state (EoS)

= —1. We shall refer to alternatives to the
CC model, with w(Z) redshift-dependent, as

evolutionary dark energy.



The equations which govern cosmic history,
which assume Einstein’s equations, isotropy, ho-
mogeneity (FLRW metric ), and flatness as ex-
pected from inflation, are (with ¢ = 1):

e

and
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together with the continuity equation:

d

a==3(p+p). 3



In these equations, p is pressure and p is the
density with components p = pp + pm + pr.
Although, for small redshitts, the radiation term
is by far the smallest, we still include it.

Using Eq. (2), the CC model with w = —1,

and the WMAP7 values!
Qp(tg) = 0.725 £ 0.016 (4)
and
Qm(tg) = 0.274 4+ 0.013, (5)
we find that
1
3

x (QQA(tO)) L

= 0.743 £ 0.030. (6
Qm<t0) ( )

!Note that we use the WMAP7 value for Q,,(to), unless explicitly stated otherwise. We use Q. (ty) =
5x 1075,
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With evolution, Eq. (6) is modified. We shall
introduce various evolutionary models, includ-
ing the very popular CPL model w<CPL>(Z)
and a new proposal w("€W)(Z) that is more
physically motivated with respect to the whole
expansion history?. We present figures which
make predictions for Z*, and we suggest
slowly varying criteria which support the use

of w(meW)(Z) over w!CPL)(Z).

2References C&P and L do, however, specify that the CPL model is to be used only for 0 < Z < 2.
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Evolutionary Dark Energy Models

When we consider dark energy models, we
must specify an equation of state w(Z). Since
there exists no compelling evolutionary theory;,
we choose to consider models for w(Z) each con-
taining two free parameters, which we designate
as wo and w1, each ornamented by a superscript
which denotes the model. To add more param-
eters would be premature. The first three are
aleady in the literature, while the fourth is, to
our knowledge, new.
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(i) Linear model (lin) The evolutionary
equation of state (EE0S) is:
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(ii) Chevallier-Polarski-Linder model —(CPL)
The EFos for CPL is:
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(iii) Shafieloo-Sahni-Starobinsky model

(SSS) The SSS version of the EEoS is:

(SSS) (SSSH

w(555><2) _ _1 + tanh[(Z — ;uo )w1
(9)
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(iv) New proposal  (new) Here we consider,

as a novel EEoS, a simple modification of the
CPL EEoS:

(new) _ (new) (new) 4
W (Z) +- 5 g (10)
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Analysis of the Models

We begin with the model where the EEoS

is linear in redshift, w!™(Z). In Fig. 1 are
(lin) (lin) .

shown wy ' —wq 7 curves for Z* in the range

04 < Z* < 0.9. Several interesting features

of Fig. 1 deserve discussion. First, the dot at

(0, -1) confirms Z* = 0.743 4+ 0.030 for the CC

model. If Z* is measured to be Z* > 0.75, it is

necessary that w%lm) < 0. If Z* is meaured to

be Z* > 0.831, we find that w(™ > —1. As

Z* increases, the requisite w"™(Z) becomes
more and more distinct from the CC model. In

Fig. 1, we note that for any measured value of

Z*, there are two possible values of w(()lm) for

(lz7z).

each value of wy

15



The EEoS for w!lin)(2) possesses singular be-
havior for Z — oo because w!!™(Z) = +oo
(lin)

for wy
tively.

being positive or negative, respec-

The reader will remark the confluence of the
Z*-orbits in Fig. 1, which is an artifact of the
restriction to 0.4 < Z* < 0.9. For values of Z*
near to but outside this range, the confluence
desists. A similar phenomenon appears in later
plots.
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We next discuss the model w(CL)(Z) in which

the EEoS is linear in (1 —a), where a is the scale

factor. In Fig. 2 are shown wéCPL) — wgCP L)

curves for Z* in the range 0.6 < Z* < 1.0.
There are several features of Fig. 2 to note.
The dot at (0, -1) confirms Z* = 0.8, which
is the resulting Z* value from Eq.(6) when the
value €2, (tg) = 0.255 is used, as determined by
S9S5 as the best fit value for the CPL model.

If Z* is measured to be Z* > 0.810, we find

that w%CPL) < 0. As Z% increases, the neces-

sary w(CPL)(Z) becomes more and more dis-
tinct from the CC model. In Fig. 2, we see

that for any measured value of Z*, there are

two possible values of wéch) for each value of

WLCPL)
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Now we examine Fig. 3 for the SSS model. We
see that for a certain range of Z* > 0.8, which
includes the best fit value of Z* which we discuss

later, both wy and wy must be greater

than zero. Note also the degeneracy in w(()SSS)

for Z* = 0.85,0.9.
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Fig. 4 displays the new model. Once again we
see that the CC model has Z* = 0.743. For
(new) > —1.0. We note that for

Z* 2 0817 Wy
Z* > 0.75, wy must be negative.

(new)
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In Fig. 5, we show w™(2), wl¢PL)(Z), and
w555)(Z) as a function of Z (including the
future, —1 < Z < 0) using the best-fit pa-
rameters of Virey for w!™)(Z) and those of

SSS for the other 2 models. w(™W)(Z) is also

plotted using the choice of wénew) = —1 and
(new)
W1 = 0.1.

Unlike the CC model, where the future of the
universe is infinite exponential expansion, the
best fit for w(l)(Z) necessarily leads to a big
rip, at a finite time in the future. The EEoS
for w!CPL)(Z) possesses singular behavior for

Z — —1 because w!CPL)(Z) = +oo for

w%CPL) being negative or positive, respectively:.

For the SSS model, w999 (Z) varies in the
range 0 > w(999)(Z) > —1.
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As for our fourth and last model w(™eW)(Z),
from Eq.(10), we note that this choice has the
advantage that for all Z this EEoS lies between
(wénew) - w§”€w>) and (wénew) +w§new>). This

is illustrated in Fig 5 where, for the choices
(new) (new)

W) = —1.0 and w = +0.1, the EEoS
falls smoothly from —0.9 at the big bang to
—1.1 at the big rip.
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Slowly Varying Criteria

We now discuss which w(Z) for dark energy is
the best for observers to employ. Regretfully,
there is no theoretical guidance about evolu-
tion. Nevertheless, we here propose slowly vary-
ing criteria which is based purely on grounds of
aesthetics and, especially, conservatism. All the
present data are consistent with the CC model
wlCC) = 1. We choose to remain proximate
to it. Ome consideration is that we prefer any
global w(Z) to have analytic, non-singular be-

havior for Z7 — —1 and Z — oc.
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Finally, we propose to impose the inequality
representing conservatism,

lw(Z)+1] <1 for all —1 <7 < o0, (11)

Next, we consider application of our slow varia-
tion criteria to the four specific models we have
discussed in tbe present article. For this task,
Fig. 5 will be used. To be fair to their inven-
tors, these EEoS were intended to apply for only
a limited range of redshift.
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(i) Linear model

By studying the EEoS in Eq. (7), we notice
that for Z — +o0, w<lzn>(Z) approaches 400
depending on the sign of wghm. Also, w(lm>(Z )
violates the criterion of Eq. (11). We conclude
that this linear model is distavored according to

our slow variation criteria.
(ii) CPL model

By examining the EEoS in Eq. (8), we note

that as Z — —1, wCPL)(Z) = Foo for a (&)

sign for MEOPL). Therefore, according to our

criteria, this model is disfavored.
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(iii) SSS model

Looking at Eq. (9), we see that w(999)(2)
varies from 0 to —1 for the best fit given in
S99, so it is non-singular. By this token, how-
ever, it does not satisfy Eq. (11). This model,
then, is also distavored by our criteria. It should
be noted, though, that SSS studied this EEoS
as a toy model to illustrate the importance ot
an EEoS that fits data well for small and large
positive Z.
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(iv) New model

This model is non-singular for all —1 < 7 < o0
because |Z /(24 Z)| varies smoothly from —1 to
+1, as can be seen from examining Eq. (10). It

also satisfies Eq. (11) if we choose appropriate

values for w(()new) and w(gnew).
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Discussion and Conclusions

The outstanding observational question about
dark energy is whether it is a CC model with
w(Z) = —1 or an evolutionary model with a
non-trivial EEoS. The model-independent ob-
servational measurement of Z* is very useful for
making this distinction.

The theoretical prediction of Z* is, however, de-
pendent on the EoS that is assumed. The value

for the CC model using the WMAPT values of
QO (tg) and Qp(tg) is ZF = 0.743 + 0.030. As
the data become even more precise, the error
on Z* will diminish, making it observationally
easier to detect deviation, if any, from the CC
model.
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In the four EEoS models listed earlier, the pos-
sible values of Z* for different values of the pa-
rameters wqp and wj can be read oftf from our
plots. These plots show that degeneracies ap-
pear. For a given Z* and a specific type of
EEoS, there is an allowed curve in the wi-wy

plane. For all 0.4 < Z* < 1.0, there exist dis-
allowed regions in the wi-wq plane.

To go further, we have to give criteria for select-
ing one EEoS. The most popular choice in the
last few years has been the CPL model because
it approximates the linear model at low redshitt.
Also, it has a simple interpretation in terms of
the scale factor:

WOPL) 7y = fCPD) o JCPL 7))
(12)
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However, as a(Z) — oo (Z — —1), the CPL
model diverges. Of course, the authors of CPL
intended their model to be applicable only for
a limited range of Z. However, it seems prefer-
able for w(Z) to cover the entire range of cosmic
history, both the past and future.

Our novel EEoS also approximates the linear
model at low redshift. It has, like the CPL

model, a straightforward physical interpretation
in terms of the scale factor:

1 —a(Z)

13
1+ a(Z)) (13)
We think one advantage of this new model over
the CPL model is that it is non-singular for

—1 < Z < oo. A second advantage is that
it can satisty the slow variation criterion of Eq.

(11).

w<n€w>(Z) _ w(()new)+w§new) (
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In conclusion, the choice of an evolutionary al-
ternative to the CC model depends theoreti-
cally on constraining the EEoS, and we have
proposed a new EEoS which not only has a
simple physical interpretation but also is well-
behaved for all possible redshifts. The model-
independent extraction of Z* from observa-
tional data is a familiar process discussed long
ago, by Ruth Daly. A more accurate model-
independent estimate of Z* by global fits to
all relevant data is worthwhile. It is an inter-
esting issue how the present considerations of
evolutionary dark energy are related to the pos-
sible occurence of a big rip. This requires ultra-
negative pressures of dark energy, so it is inter-
esting that situations involving phantom energy
have appeared in the context of extra spatial di-
mensions in string theory (Steinhardt and Wes-

ley).
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It has been argued by PHF that dark energy
effects can be detected only by studying physical
systems as large as galaxies. Thus, it is unlikely
that any terrestrial experiment can be sensitive
to dark energy.

Understanding dark energy may, or may not
(in the CC model), require a gravitational the-
ory more complete than general relativity, which
has been accurately confirmed only at the scale
of the solar system, say ~ 1012 meters, while
dark matter operates above the galactic size,
say ~ 1020 meters. Thus, it is likely, even prob-
able, that study of dark energy will inform us,
in the near future, how to go beyond Einstein,
which is the most important direction both for
pagrticle physics and astrophysics.

3Thank you for your attention.
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wl(lin)

Figure 1: w(()lm) is plotted against wglm) for 0.4 < Z* < 0.9 in increments of 0.05. The dot at (0,-1)

represents the CC model. Here we use Q,,(tp) = 0.275, which is consistent with the result of Vireyfor the
best fit for this model.

a)o(CPL)

Figure 2: wéCPL) is plotted against w%CPL) for 0.6 < Z* < 1.0 in increments of 0.05. The dot at (0,-1)

represents the CC model. We use €, (to) = 0.255, which is consistent with the analysis in SSS for the best
fit for this model.
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—1.0:J

Figure 3: wésss) is plotted against wfss) for 0.6 < Z* < 0.9 in increments of 0.05. We use €, (to) = 0.255,

which is consistent with the analysis in SSS for the best fit for this model.

wo ™)

P R N (new)
1.0 15 “1

Figure 4: w{"™") is plotted against w"*") for 0.6 < Z* < 0.9 in increments of 0.05. The dot at (0,-1)
represents the CC model. We use Q,,(ty) = 0.275.
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w(Z)

w(CPL)(Z)

Figure 5: w(Z) for all the models is plotted against Z from the highest Z* value to Z = —1 (when the

scale factor a is infinite). The horizontal axis at w(Z) = —1 is the line representing the CC model. We
use w(()lm) =—1.3, w%lm) = 1.5, and Z* = 0.4067 (from the best fit for this model given in Virey). We use
Wi = —0.522, W{“PH) = —2.835, and Z* = 1.11 for the CPL model and w(*%®) = 0.008, w!{**%) =128,

and Z* = 0.855 for the SSS model (both from the respective best fits given in SSS). w(™*®)(Z) is plotted
using w"") = —1 and w{"*") = 0.1, which gives Z* = 0.729.
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