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Abstract
An exact analytic calculation is presented for the spectrum of relic gravitational
waves in the scenario of an accelerating universe Q2,5 + 2, = 1. The

spectrum formula contains explicitly the parameters of acceleration, inflation,
reheating and the tensor/scalar ratio, so that it can be employed for a variety of
cosmological models. We find that the spectrum depends on the behaviour of
the present accelerating expansion. The amplitude of gravitational waves for
the model 2, = 0.65 is about ~50% greater than that of the model 2, = 0.7,
an effect accessible to the design sensitivities of LIGO and LISA. The spectrum
sensitively depends on inflationary models with a(r) o |t|'*#, and a larger
B yields a flatter spectrum, producing more power. The current LIGO results
rule out the inflationary models 8 > —1.8. LIGO, at its design sensitivity,
and LISA will also be able to test the model 8 = —1.9. We also examine the
constraints on the spectral energy density of relic gravitational waves. Both
the LIGO bound and the nucleosynthesis bound rule out the model g = —1.8,

but the model § = —2.0 is still possible. The exact analytic results also
confirm the approximate spectrum and the numerical one from our previous
work.

PACS numbers: 98.80.—k, 98.80.Es, 04.30.—w, 04.62.+v

1. Introduction

Recently, much progress has been made in the Laser Interferometer Gravitational waves
Observatory (LIGO), with a typical sensitivity of 10722-10~2* being reached in the frequency
range 100-1000 Hz [1-4]. The chance to directly detect gravitational waves (GW) has thus
increased. Therefore, it is necessary to examine the possible objects of detections, such as
relic GW, which have a spectrum distributed over a rather broad range of frequencies. The
stochastic background of relic GW has long been studied [5—7]. The calculation of spectra

0264-9381/06/113783+18$30.00  © 2006 IOP Publishing Ltd  Printed in the UK 3783


http://dx.doi.org/10.1088/0264-9381/23/11/007
mailto:yzh@ustc.edu.cn
http://stacks.iop.org/CQG/23/3783

3784 Y Zhang et al

generated during a transition from the inflationary era to the radiation-dominated era, or
to the matter-dominated era, has been carried out [§—14]. More recently, studies have been
made of the detailed slow-roll inflationary effects [15—17], and on the other post-inflationary
physical effects on relic GW [18]. A constraint on the tensor-to-scalar ratio r has been derived
using the CMB-galaxy cross-correlation [19]. Relic GW can influence the CMB and cause
magnetic type CMB polarizations, which can serve as another distinct signal of the relic GW.
These kinds of effects have been studied in [20-24]. A recent review of both theoretical and
observational issues of the relic GW is given by Grishchuk [25].

The observations of SN Ia [26, 27] indicate that the universe is currently under accelerating
expansion, which may be driven by cosmic dark energy (25 ~ 0.7) plus dark matter
(2, ~ 0.3) with Q24 + 2, = 1 [28-30]. The evolution of the relic GW after being generated
at the inflationary stage depends on the subsequent expansion behaviour of the spacetime
background. The current accelerating expansion of the universe will have an impact on the
relic GW and their spectrum. The spectrum of the relic GW has been studied in specific
models for dark energy, such as the Chaplyngin gas model [31] and the X-fluid model [32].
Previously, we have studied the effects on the relic GW caused by the acceleration of the
universe for fixed 2, = 0.7 and €2,, = 0.3, and have obtained an approximate [33], and a
numerical spectrum [34] of the relic GW. It was shown that in comparison with the decelerating
models, both the shape and amplitude of the spectrum have been modified due to the current
accelerating expansion. However, in our previous work, the dependence of the spectrum upon
the dark energy fraction €2, was not examined. Extending these previous studies, in this
paper we present an exact analytic calculation of the spectrum for any fraction €2, of the dark
energy. We will demonstrate how 2, affects the spectrum, and discuss the dependence of
the spectrum upon the inflationary models. We will also examine the resulting spectrum by
comparing it with the sensitivity curves of the gravitational wave detections, such as LIGO and
LISA, and constrain the corresponding spectral energy density by the recent LIGO bound and
by the nucleosynthesis bound. The resulting formula of the spectrum will contain explicitly
the parameter for dark energy, as well as the parameters for inflationary expansion, reheating,
initial normalization of the amplitude and the tensor/scalar ratio, so that it is quite general and
can be used in other applications. In this way the paper serves as a useful compilation. Thus,
we have listed the main formulae and the relevant specifications involved in the calculation
of the spectrum. For convenience throughout the paper we adopt notation similar to that of
[10, 33].

2. Expansion stages of the universe

The overall expansion of the spatially flat universe is described by the Robertson—Walker
metric ds?> = a?(t)[d7? — §;; dx’ dx/], where 7 is the conformal time. The scalar factor a(t)
is given by the following for various stages.

The initial stage (inflationary):

a(r) = lp|t|"**, —00 <1 <1, (1)

where 1 + 8 < 0, and 7y < 0. The special case of B = —2 is the de Sitter expansion of
inflation.
The reheating stage:

a(t) = a,(t — )", 7 <1 <1, (2)

This stage is introduced to allow a general reheating epoch [10, 33].
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Figure 1. For the accelerating expansion with 2, = 0.7 the scale factor a(r) can be fitted by
equation (5) with the parameter y = 1.05.

The radiation-dominated stage:
a(t) = a.(t — 7.), T, < T K 1. 3)
The matter-dominated stage:

a(®) = an(t — )%, n <t <1, (4)
where t is the time when the dark energy density p, is equal to the matter energy density py,.
The redshift zz at the time 7 is given by 1 + 75 = (%)1/3. If the current values 2, ~ 0.7 and
Q,, ~ 0.3 are taken, then 1 + zp ~ 1.33. For Q, ~ 0.65 and 2,, ~ 0.25,then 1 +zp ~ 1.23
[33].

The accelerating stage (up to the present time 7y):

a(t) =lylt —wl™”, TE S TS Tw, &)
where the parameter y = 1.0 is the de Sitter acceleration for 2, = 1 and 2,, = 0. For
the realistic model with 2, = 0.7 and 2,, = 0.3 at present, we have numerically solved the
Friedman equation

12 2
(“-) = HX(Q\ +Q,a72), (6)

a2

where @’ = da(r)/dr. The resulting a(t) is plotted in figure 1. We have found that the
expression of (5) with y = 1.05 gives a good fit to the numerical solution a(tr). Similar
calculations show that y = 1.06 fits the model 2, = 0.65 (in figure 2), y = 1.048 fits the
model 2, = 0.75 (in figure 3) and y = 1.042 fits the model 2, = 0.80. Thus, for the
spatially flat universe (25 + €2, = 1), as long as the dark energy dominates over the matter
component (2, > €2,,), the generic fitting formula (5) is effectively valid, and the range of
values for the parameter y are close to 1.0. The constant 7, in equation (5) can be taken as
the same value, not very sensitive to the various values of 2, and €2,,,.

There are ten constants in the above expressions of a(t), except B, B; and y, that are
imposed as the model parameters. By the continuity conditions of a(7) and a(t)’ at the four
given joining points 71, T;, T and T, one can fix only eight constants. The other two constants
can be fixed by the overall normalization of @ and by the observed Hubble constant as the
expansion rate. Specifically, we put a(ty) = [y as the normalization, i.e.,

lth — | =1, @)
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Figure 2. For the accelerating expansion with 2, = 0.65 the scale factor a(z) can be fitted by
equation (5) with y = 1.06.
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Figure 3. For the accelerating expansion with 2, = 0.75 the scale factor a(7) can be fitted by
equation (5) with y = 1.048.

and the constant /j; is fixed by the following calculation:

1 2 I
1_ (“_) _ ®)
H aj., y

As we have shown that y >~ 1.0 in the realistic models of acceleration expansion, so [ is just
the Hubble radius at present. Then everything in the expressions of a(t) from equation (1)
through to (5) is fixed. For instance, one obtains
—(1+12y Bt ﬂ:i
lo=Inbyty 7 &7 g™ ©)
where b = [1+ 817" tp =t /th, & = (/)% & = 1o/t and & = (7, /1)

To completely fix the joining conditions we need to specify the time instants 7y, 75, T,
and tp that separate two consecutive expansion stages. From the consideration of the
physics of the universe, we take the following specifications [33]: a(ty)/a(tg) = 1.33,
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a(tg)/a(t) = 3454, a(ry) /a(t,) = 10** and a(z,) /a(z;) = 300. From these, one makes use
of the continuity conditions of @ and a@’, and obtains

i 2(1 + zg)
lte — tal = (1 +zE)7, |‘L'E—‘[m|=TE,
k) t|=M |,2_I|ZM
" pBasa] RV V7 o
1+ 107 1+ 10
gy — gl = LX) X 07 e — 1)l = (14 gy (LF2E) X 107

y~/3454
(14 By) (1+zp) x 1072 1+ B] (A +2zp) x 107

[T1 — 7p] ,
T Soom y/3454 3007 y~/3454

The expressions above all depend on the model parameters 8, B; and y explicitly, and thus
depend on €2,. So we can expect that the spectrum of the relic GW will depend on the present
acceleration behaviour of the universe through y.
In the expanding Robertson—Walker spacetime the physical wavelength A is related to the
comoving wave number k by
2ma(t)

h=—— (1)

From equation (7) the wave number corresponding to the present Hubble radius is kg =
2rna(ty)/ly = 2m. There is another wave number, kg = 2ma(tg)H = ky /(1 + zg), whose
corresponding wavelength is the Hubble radius 1/H at the time 7.

y~/3454

[T1]

3. The gravitational wave equation

Incorporating the perturbations with the Robertson—Walker metric, one writes
ds? = a*(v)[dt* — (8;j + hyj) dx’ dx’], (12)

where h;; is 3 x 3 symmetric, representing the perturbations. The gravitational wave field is
the tensorial portion of 4;;, which is transverse-traceless d;h"/ = 0, §' h;; = 0, and the wave
equation is

0. (v/—803"h;j(x, 7)) = 0. (13)

For a fixed wave vector k and a fixed polarization state o, the wave equation reduces to the
second-order ordinary differential equation [33, 35]

/
W +2Z 0 4 12 =0, (14)
a

where the prime denotes d/dz. Since the equation of hl((")(‘c) for each polarization o is the
same, we denote hl(f) (t) by hk(7) in the following. Once the mode function 4 (7) is known,
the spectrum h(k, 7) of the relic GW is given by

4
h(k,7) = Tp;kmk(m, (15)

which is defined by the following equation:

/ h2(k, z)i—k = (0|hY (x, T)h;j(x, T)|0), (16)
0
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where the right-hand side is the vacuum expectation value of the operator 4"/ h;;. The spectral
energy density parameter 2, (k) of the GW is defined through the relation

dk
&=/m®7,

Pe

where p, = ﬁhi j,ohfé is the energy density of the GW, and p, is the critical energy density.
Then, one reads
2 2
k
Q) = T h k) () (17)
3 ky

which is dimensionless. Note that there might be divergences in the integration for p,, either
infrared or ultraviolet. As is known, the infrared divergence is avoided if an infrared cutoff
is introduced. This can be done since the very long waves with wavelengths comparable to,
or longer than, the Hubble length do not contribute to the GW energy density [36]. As for
the very short wavelength portion, the ultraviolet divergences are also avoided by considering
the Parker’s adiabatic theorem [37], which states that during a transition between expansion
epochs with a characteristic time duration Af, the gravitons created will be suppressed for
wave numbers k > 1/At. Thus, the spectrum segments in both the very low and very high
frequency ranges should be discarded from these physical considerations.

4. Initial amplitude of the spectrum

Regarding the relic GW, the initial conditions are taken during the inflationary stage. For a
given wave number k, the corresponding wave crosses the horizon at a time t;, i.e., when the
wavelength is equal to the Hubble radius: A; = 2mwa(t;)/k to 1/H(z;). Equation (1) yields
H(t) = lo_l|1 + Bl - ||, and, for the case of exact de Sitter expansion of f§ = —2, one
has H(7;) =1, ! Thus a different k corresponds to a different time t;. Now choose the initial
condition of the mode function 4, (7) as

1
lhe(ti)| = —. (18)
a(t;)
Then the initial amplitude of the spectrum is [10, 33]
k 2+
h(k, 7;) =A(—) , (19)
ku
where the constant
[
A= Sﬁblﬂ. (20)
0

The power spectrum for the primordial perturbations of energy density is P (k) o |h(k, T5)|%,
and its spectral index n is defined as P (k) o< k"~!. Thus one reads off the relation n = 28 +5.
The exact de Sitter expansion of 8 = —2 leads to n = 1, yielding an initial spectrum
independent of k, called the scale-invariant primordial spectrum. Other values of 8 will differ
from the scale-invariant one.

As is known, any calculation of the spectrum of relic GW always has some overall
uncertainty, originating from the normalization of the amplitude. Currently, from the
observational perspective, the best that one can do is to use the CMB anisotropies to constrain
the amplitude, as they receive the contributions from both the scalar (density) and the tensorial
(GW) primordial perturbations. However, there is a well-known problem of how much the
relative contribution is from the relic GW, in comparison with the scalar-type contribution (the
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density perturbations). There have been a number of discussions on the ratio of the relic GW
to the scalar contribution,

r= Py/Ps. 21

Theoretically, it is, in our view, a problem of initial conditions on the ratio of the scalar and
tensorial modes of cosmic perturbations. So far, in regard to the very long wavelength, some
preliminary conclusions on the upper limit of GW contributions have been given, based upon
the analysis of WMAP and the observational results of SDSS, for instance, r < 0.37 (95%c.1.)
[38, 39]. The final conclusion on this issue might eventually rely on more observations of
CMB anisotropies and polarization (such as the Planck project in the near future). In the
following, the ratio r is treated as a parameter, representing the relative contribution by the
relic GW to the CMB anisotropies AT /T at low multipoles. This will determine the overall
factor A in (19). Using the observed CMB anisotropies [29] AT /T ~ 0.37 x 1075 atl ~ 2,
which corresponds to anisotropies on the scale of the Hubble radius, we put

hiky, Tn) = 0.37 x 10757, 22)

Then the spectrum £ (k, T ) at the present time 7y is fixed. If we take the upper limit r = 0.37,
then h(ky, Tyy) =~ 0.14 x 1072, For smaller r, our calculation is still similar except that the
resulting spectrum is reduced by the corresponding numerical factor.

5. Analytic solution

Writing the mode function (1) = ui(t)/a(r) in equation (14), the equation for p(t)
becomes

a//
1y + (k2 - ;) i = 0. (23)

For a scale factor of power-law form a(t) o t¢, the general exact solution is of the following
form:

() = c1 (k)2 J,_ 1 (kT) + 2 (kT)? Ji_g(kt),

2
where the constants ¢ and c¢; are determined by continuity of the function p;(7) and the time
derivative (1 (t)/a(t)) at the time instance joining two consecutive stages.
The inflationary stage has the solution

1
() = x2[AJp 1 (0 + AdJ_gyy (0], —oo<T <1, (24)
where x = krt, and the two constants A; and A,, determining the initial states, are taken
to be
A= ——t T s, Ay = iA e 7 (25)
cosfBr 'V 2

Both are independent of k. From equation (25) the mode function w;(t) is proportional to
Hankel’s function H/;i)l ,
2

i . T 1
() = Are ™ sin (B + ) x H, (), (26)

which, in the high frequency limit, approaches the positive frequency mode
lim () — e %7,
k—o00
Thus the initial state fixed by equation (25) corresponds to the so-called adiabatic vacuum in
the high frequency limit [40, 41].
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The reheating stage has
1
1 (T) = 12 [B1Jg 1 (1) + Bod_ _1(1)], n<t<7, @27
where the variable t = k(t — 7,,), and the two coefficients B; and B, are fixed by joining
the functions (1) and (ux(t)/a(t))’ continuously at the time t; when the reheating epoch
begins:
_ [x1 Jprt (x0)J_p 3 () + T3 (x1)J_pg 1 (t1)
t Jp1 () g 3(t) +J g 1 (t1)Jp 3 (1)
+\/Ej_ﬂ_é(x1)l_,gs_;(t1) —J g () g 1 ()
o Jpr () () +J g 1(t)Jg 43 (1)
B \/)Tl J5+%(x1)‘]ﬂs+%(tl) — J5+%(XI)J,3J+%(¢1) 4
= [ —
1 Tt (T3 () + I 1 ()T 43 (1)
+\/§Jﬁ;(x1)lﬂx+;(t1) +J_p_1(x)Jg 3 (1)
1 gy (0T 3 () + Ty ()3 (1)

1

Az, (28)

As (29)

with x; = kT, 1y = k(1 — 7,,), and (1 + B,)x; = (1 + B)t;, which follows from the continuity
of a(t) and a’(7) at the time ;.
The radiation-dominated stage has

wi(t) = Cre ™™ +Cre”, T, <1< 1, (30)

where the variable y = k(t — t.), and C; and C; are given by

eiy‘*‘té . 1
Cl = N {[(1—;) ‘,ﬂﬁ';(t“)-'-']ﬂs*';(%)jl B]

+ [(l — yl) J_ﬁs_%(ts) - J_ﬁﬁ_;(t‘v)i| BZ} B (31)
—e’iyfts% o1
C, = o H:— (1+ ;) Jﬂﬁ_%(ts) + Jﬂﬁ% (tx)i| B
+ [— (1 + yi> J,ﬂl‘_,%(ts) - Jﬂ‘yg(ts)] B2} s (32)

where t; = k(ty — 7,), ¥s = k(t; — 7.) and £, = (1 + ).
The matter-dominated stage has

TZ
wi(t) = /T[DIJ%(Z) +D2J 3 (2)], < T <1, (33)

where z = k(t — 1,,), and D; and D, are given by

o i . eiy2 + e—3iy2 iy i iy e_i}'Z + e3iy2
Dy = e - g e T e, B R

2y, 8y 2y 8y
. 12 i . 4 —iy2 i 4 .
D, = |:ie‘y2 S ;z(ely2 - 6_3‘)’2)] C, - |:ie_1y2 +S ;2(631))2 - e_‘”)i| Ca,
2y2 8y 2y 8y

(35)
with y, = k(1 — 7).
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The accelerating stage has

s
() = /T[ElJH%(s) +ExJ_,_1(5)], <7<, (36)

where s = k(t — 7,), and E| and E; are given by

~12E Sy 1(sE)
Ev=A""E ) |- =T, sGp) | = JsGe) o, 1 (se) § Dy
SE SE 2 2 2

J_y-1(E)
S @e) | ————— =, 36e) |+ s@e)J_, 1 (sE) ¢ D2, (B7)

SE

_1%E Jy+%
Ez =A S— J%(ZE)JV_'_%(SE)_J% - (SE)+Jy+%(SE) Dl
E 2 2

SE
J 1
" {—J;(ZE)JM(SE) — s [_ 2 (sg) + Jy+3(s5)]} Ds. (38)
- 3
J_,_1(sg) Jy i1 (SE)
A=J,i(p) | ——————J_, sGp) | =J_,_1(sp) | —————+J,,306) | (39)
2 SE 2 2 2

where zg = k(tg — 1), SE = k(tg — 7) and yzp = —2sE.
With all these coefficients having been fixed, the mode function %y (ty) is known as a
function of the wave number k at present time ty, so is the spectrum

4lp
h(k, tn) = ﬁkmk(fH)L (40

as defined in equation (15). The above results form a useful compilation for computing the
relic GW. To make use of formulation (40), one substitutes h;(ty) = ux(ty)/a(ty), where
Wi (ty) is given in equation (36). Of course, to specify i (ty), all the coefficients E;, E;
throughout A, A, have to be employed. One may, in his own computation, choose proper
values of the parameters 8, B, and y for the specific expansion behaviour, as well as the initial
amplitude A in equation (22).

For illustrations, taking the tensor/scalar ratio in equation (21) r = 0.37, we have plotted
the exact spectrum A (k, tg) as a function of the frequency v = k/2ma in figure 4 for y = 1.05
and in figure 5 for y = 1.06. In each of these figures of fixed y, three spectra are shown
for three inflationary models with § = —1.8, —1.9 and —2.0, and B; = 0.598, —0.552 and
—0.689, respectively [33]. As these figures show, the spectrum is scale invariant with a flat
segment in the range v < 107'® Hz and a slope segment in the range v > 10~'% Hz.

Now we make a comparison of the exact spectrum (v, ty) with the sensitivity curve
from the recent S2 of LIGO [1, 2, 4] with a sensitivity of 10722 to 10723 in the frequency range
v = 10> ~ 103 Hz. h(v, ty)is giveninfigure 6 for y = 1.05and in figure 7 for y = 1.06. Both
figures have three spectra plotted for inflationary models 8 = —1.8, 8 = —1.9and g = —2.0,
respectively. It is found that the inflationary models with 8 > —1.8 have an amplitude about
an order higher than the LIGO sensitivity curve. Even if we take a much lower value for the
tensor/scalar ratio, say r = 0.05, the spectrum is still within the region detectable by LIGO.
Thus, the inflationary model B = —1.8 generating relic GW with r > 0.05 is ruled out by
the LIGO null results. The models B8 < —1.9 are still possible by this test alone. Moreover,
when LIGO reaches its design sensitivity ~10~2* in the frequency range in forthcoming runs,
it will also be able to test the model 8 = —1.9.



3792 Y Zhang et al

Log, h(v7,)

Ul

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8
Log,,v (Hz)

Figure 4. For a fixed acceleration parameter y = 1.05 the exact spectrum h(v, 7g) is plotted for
three inflationary models, § = —1.8, B = —1.9 and 8 = —2.0, respectively.
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Figure 5. For a fixed acceleration parameter y = 1.06 the exact spectrum i (v, tg) is plotted for
three inflationary models, 8 = —1.8, 8 = —1.9 and B = —2.0, respectively.

Figure 8 for y = 1.05 and figure 9 for y = 1.06 give a comparison of the exact spectra
h(v, Ty) with the sensitivity curve from the next generation LISA [42] in the lower frequency
range v = 107#-10? Hz. It is interesting to note that when LISA, as being designed, runs
in space in the near future, it will be able to examine directly not only the model 8 = —1.8
but also the model 8 = —1.9. For the latter model, even if a much lower value of the ratio
r = 0.05 is taken, LISA will still be able to detect it. This will be an improvement on the
LIGO detection on Earth. However, as the two figures show, the inflationary model 8 = —2.0
seems to be still difficult to detect by LISA as presently designed.

Let us examine the dependence of the spectrum % (v, ) upon the dark energy €2, through
the acceleration model parameter y. In figure 10, for a fixed § = —2.0 we plot two spectra
h(v, Ty) for the acceleration models ¥ = 1.05 and y = 1.06 in a broad range of frequencies.
As is seen, the difference between these two acceleration models is small. To show the details
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Figure 6. For a fixed acceleration parameter y = 1.05 the exact spectrum Ak (v, tg) is plotted
within the range of v = 102-10% Hz for three inflationary models, 8 = —1.8, B = —1.9 and
B = —2.0, to compare with the sensitivity curve of second run of LIGO L1 [4].
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Figure 7. For a fixed acceleration parameter y = 1.06 the exact spectrum A(v, tg) is plotted
within the range of v = 10>~10% Hz for three inflationary models, 8 = —1.8, 8 = —1.9 and
B = —2.0, to compare with the sensitivity curve of second run of LIGO L1 [4].

as enlarged pictures, in figures 11 and 12 we have plotted the spectra over a narrow range
of frequencies. It can be read that the amplitude of the model y = 1.06 is about ~50%
greater than that of the model y = 1.05. That is, in the accelerating universe with 2, = 0.65
the amplitude of the relic GW is ~50% higher than the one with 2, = 0.7. Note that
the spectrum amplitude & (v, ty) itself is very small, so this difference of ~50% is probably
difficult to detect at present. However, in principle, it does provide a new way of revealing
the dark energy fraction €2, in the universe. With LIGO approaching its design sensitivity,
this difference will hopefully be detected. As LISA is currently designed, it will also be able
to detect this effect.

Let us examine the spectral energy densities £2,(v) and their constraints. Figures 13 and
14 are the plots of the spectral energy density £2,(v) defined in equation (17) for y = 1.05
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Figure 8. For a fixed acceleration parameter y = 1.05 the exact spectrum A(v, ty) is plotted
within the range of v = 10~4-10? Hz for three inflationary models, 8 = —1.8, 8 = —1.9 and
B = —2.0, to compare with the sensitivity of the next generation LISA [42].

T T T T T T T T T T
The spectra to be probed by sensitivity curve
of next generation LISA. Fixed y =1.06

Log, h(v7,)

Log,,v(Hz)

Figure 9. For a fixed acceleration parameter y = 1.06 the exact spectrum A(v, 7y ) is plotted
within the range of v = 1074~10? Hz for three inflationary models, 8 = —1.8, 8 = —1.9 and
B = —2.0, to compare with the sensitivity of the next generation LISA [42].

and y = 1.06, respectively. These plots of the exact analytic results agree with the numerical
one in [34]. If we use the result of the LIGO third science run [3] for the energy density bound
for the flat spectrum with < 8.4 x 10~* in the 69—156 Hz band, then the model B=—-138
is ruled out, but the models 8 < —1.9 survive. However, this LIGO constraint on the GW
energy density is not as stringent as the constraint by the so-called nucleosynthesis bound
[43, 44], the idea of which is as follows. In the early universe at a temperature 7 ~ a few
MeV the nucleosynthesis process goes on. The relic GW will contribute to the total energy
density p that drives the universe expansion, and thus will increase the effective number of
species of particles g,. More relic GW energy will enhance the freeze-out temperature for
the process pe <> nv, and will lead to more neutrons being available for the production of
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Figure 10. For a fixed inflationary parameter 8 = —2.0 the spectrum A (v, ty) is plotted for
different acceleration models, y = 1.05 and y = 1.06. The two spectra are quite close to each
other, and the difference in amplitudes of A (v, Tg) is quite small, and difficult to tell from this
figure.

T T T
2383071 different v yield differences in the
. T amplitudes. Fixed p =-2.0

;- solid

Log,, h (1,7,,)

Log, v(Hz)

Figure 11. This enlargment is a portion of figure 10 in the range v = 1-10% Hz to show the
differences in the spectrum (v, g ) for different acceleration models. Note that the amplitude of
h(v, g ) for the model y = 1.06 is about ~50% higher than that of model y = 1.05. But in the
range v = 10?10 Hz the amplitude is only about <3 x 10726, which is not yet accessible to the
current LIGO.

helium-4 (*He). In practice, the effective number of neutrino species N, is used in place of
g« The analysis has led to the nucleosynthesis bound on the relic GW energy density at the
present time [43],

/ Q. (v)d(logv) < 0.56 x 107, (41)

where the value p, ~ 2.481 x 1073 p. and a conservative value of N, < 4 have been
used. Note that this is bound on the total GW energy density integrated over all frequencies.
The integrand function should also have a bound Q,(v) < 0.56 x 1073 in the interval of
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Figure 12. For fixed 8 = —1.9 this enlargment in the range v = 10-10* Hz shows the differences
in the spectrum A (v, ty) for different acceleration models. Again the amplitude of i (v, ty) for
the model y = 1.06 is about ~50% higher than that of model y = 1.05. Now in the range
v = 10> — 3 x 10% Hz the amplitude is about ~1072*, accessible to LIGO as it approaches its
design sensitivity of 10724,
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Figure 13. For fixed y = 1.05 the spectral energy density $2,(v) is plotted for the models
B =-18,8=—19and B = —2.0. Obviously, the inflationary model 8 = —1.8 has an Q,(v)
increasing too rapidly with the frequency v, and is thus ruled out by the LIGO bound and the
nucleosynthesis bound. €2,(v) in the model B = —1.9 is narrowly below the nucleosynthesis
bound but since £2,(v) also increases too rapidly with v so it will barely survive. The model
of B = —2.0 has a flat spectral energy density with a value ~10~'", much lower than the
nucleosynthesis bound. Thus the model 8 = —2.0 is robust.

frequencies §(logv) =~ 1. By this constraint it is also seen from figures 13 and 14 that the
model B = —1.8 has an Q,(v) that is too high and therefore ruled out, the same conclusion
that we arrived at from figures 6 and 7. The model with 8 = —1.9 is barely possible, as its
energy density 2, (v) tends to grow higher with high frequencies. The model 8 = —2.0 is still
robust since its spectral energy density £2,(v) is a flat function much lower than the limit in
equation (41).
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Figure 14. This figure is similar to figure 13 but for fixed y = 1.06. The conclusions are also
similar to those from figure 13.

6. Analytic approximation

We now give an approximation to the above exact solution 4 (k, T ) to recover the approximate
analytic one given in [33]. The following approximation for the Bessel functions will be used:

2
Jﬂ(x)%,/;cos(x—“%—%), x> 1, 42)

N 1 X\ M
Ju(x) =~ T+l (§> , x <K 1. (43)
Note that the coefficients Dy, D, By, By, Ci, C, E| and E; are all functions of k, and they
need to be approximated according to the value of .

Inthe long-wave limit, x; = kt; < landt; = (1+8;)x1/(1+8) < 1, from equations (28)
and (29) one has

1+8\"
Dy~ ot (116 1P Ay, D, ~ 1] 4. (44)
1+ 8
D5 is a higher order of #; and can be neglected in the following.
From equations (31) and (32), in the long-wave limit z; < 1 and y; < 1, one has

B, ~it’ Dy oc kP, B, ~ —Bj. (45)
From equations (34) and (35), in the long-wave limit £k < 1/7,, one has
3
C\~ ——~ B ~ kb, C, < €, (46)
2y,
so C, can be neglected. In the short-wave limit £ >> 1/1,, one has
Cy ~ —2iB;sinzs, C, &~ 2iBj cos 25. “n
From equations (37) and (38), for k7 < 1, one has
E1 ~ Cy, Ey & (s, (48)

which also holds approximately for ktz > 1, with some extra oscillating factors.
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With all these coefficients being estimated, we can now evaluate the approximation of the
spectrum in equation (15) at the present time 7, which is written as
lo  |m(th)

h(k, =A—=%k
(k. 7) 2nb | a(ty)

Substituting expressions (36) for u,(ty) and equation (9) for [ into the above leads to

—(+22y et o BB ks
h(k,tH)=A[J/(§E g, cle“’c]k— SE|E )+ Ead )] (49)
- :

Using the results from equations (42) through to (48), we approximate this expression by
the leading term of the power-law of & in various ranges of k. By some straightforward
calculations, using |(tyg — t,)/(tg — ©2)| = 1/(1 + zg), we obtain the following expressions
for the analytic approximate spectrum:

k 2+
hk,tg) = A <—> , k < kg; (50)
ku
kP! 1
Wk, oy~ A —) @ —— ki <k <kg; 51
(k, TH) <ky> Tt E H 5D
hik, ty) ~ A A ! ky <k <k (52)
b r x e —7 N N ;
" ki) (1+zp)% " ?
hik, Ty) ~ A K\ kn ! ky <k <k (53)
9 t % P _—’ ~X N S;
. k) ko (L+zp) ?
ke \™ k(KNP
Wk, ) ~ A=) 2 (2 S — ks <k <k, 54
( TH) <kH> kz <kH> (1+ZE)3+€ 1 ( )

where the small parameter ¢ = (1 + 8)(1 — y)/y, also depending on the behaviour of
the acceleration expansion through y. The model y = 1 gives € = 0, and the results of
equations (50) through to (54) reduce to exactly our early result given in [33]. The influence
of the detailed accelerating expansion on the h(k, ty) is mainly demonstrated through the
factor 1/(1 + zg)*¢, causing a variation in the magnitude of h(k, ty). For the inflationary
expansion with 8 &~ —2, the model y = 1.05 (25, = 0.7) gives 1/(1 + zp)>*€ = 0.423, and
the model y = 1.06 (2, = 0.65) gives 1/(1 + zg)** = 0.533, yielding an amplitude of
the model y = 1.06 that is greater than that of the model y = 1.05 by about ~30%. The
more accurate computation from the exact solutions shows an average difference of ~50%, as
plotted in figures 11 and 12. Note that the factor 1/(1+zg)¢ = 0.987 for the model y = 1.05,
and 1/(1 + zg)¢ = 0.989 for the model y = 1.06, differs by only 0.2%, which is too small to
detect by the current experimental detectors. Therefore, with regard to the amplitude of the
relic GW, one can simply put € = 0 in the approximate spectrum given in equations (50)—(54),
just as it was in the model y = 1, causing only a difference of 0.2% in the amplitude for a
variety of models with various y .

We remark that each of these expressions from equations (51) to (54) holds up to a
numerical factor A, which contains certain oscillating factors of the form cos(kty), or cos(y,)
and sin(#,). In comparison with the decelerating models [10], equation (51) is a new segment of
spectruminkg < k < kg, whose occurrence is due to the acceleration of the current expansion
of the universe. Besides, the three segments of the spectrum, i.e., equations (52)—(54), all
have the extra factor (1 +z) 7€ = (Q,,/ Q) '™/3 that is missing in the corresponding three
segments in the decelerating models.
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7. Conclusion

We have presented a detailed calculation of the exact analytic spectrum of relic GW in
the present flat 2, + €2,, = 1 universe in accelerating expansion. The resulting exact
spectrum explicitly depends on the detailed behaviour of the present accelerating expansion,
characterized by the parameter y in the scale factor a(r) o |7|~". It also explicitly depends
on the inflationary model 8, the reheating model B, and the tensor/scalar ratio r as well.
Therefore, the result is general enough to describe the GW spectrum A (v, tg) produced from
a variety of accelerating cosmological models. One can use the formula in other applications
by choosing a set of parameters 8, f;, y and r. Besides, the analysis of the exact result gives
the following conclusions.

The GW amplitude of the model y = 1.06 is about ~50% greater than that of the model
y = 1.05, i.e., in the accelerating universe with 2, = 0.65, the amplitude of the relic GW is
~50% higher than the one with 2, = 0.7. Although it is probably difficult to detect at present,
the effect does provide a new way to identify the dark energy fraction 2, in the universe.
Hopefully this difference can be detected when LIGO approaches its design sensitivity of
~10~2*, and in LISA runs in the future.

The spectrum is sensitive to the parameter § of the inflationary model. A larger value of 8
yields a flatter spectrum 4 (v, Tg) with more power on the higher frequencies. The sensitivity
curve of the current LIGO rules out inflationary models with 8 > —1.8. LIGO at its design
sensitivity and LISA in future will also be able to test the § = —1.9 model directly.

The relic GW are also constrained through their spectral energy density Q,(v) by the
recent LIGO bound and the nucleosynthesis bound. While both bounds rule out the inflationary
model B = —1.8, the nucleosynthesis bound puts the model 8 = —1.9 in danger. However,
the model B = —2.0 (de Sitter) is robust, since its spectral energy density €2, (v) is flat and is
~10~'°, much lower than the nucleosynthesis bound.

Finally, the exact analytic spectrum reduces to the approximate analytic and the numerical
ones given in our previous study for the case y = 1.
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