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Termination of the phase of quintessence by gravitational back reaction
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We study the effects of gravitational back reaction in models of quintessence. The effective energy-
momentum tensor with which cosmological fluctuations back react on the background metric will in some
cases lead to a termination of the phase of acceleration. The fluctuations we make use of are the perturbations
in our present Universe. Their amplitude is normalized by recent measurements of anisotropies in the cosmic
microwave background; their slope is taken to be either scale invariant or characterized by a slightly blue tilt.

In the latter case, we find that the back-reaction effect of fluctuations whose present wavelength is smaller than
the Hubble radius but which are stretched beyond the Hubble radius by the accelerated expansion during the
era of quintessence domination can become large. Since the back-reaction effects of these modes oppose
acceleration, back reaction will lead to a truncation of the period of quintessence domination. This result
impacts on the recent discussions of the potential incompatibility between string theory and quintessence.
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[. INTRODUCTION [8,9], this leads to a potential incompatibility between mod-
els of quintessence and string theory. It has been ar(aesd

Evidence is increasing that the Universe is spatially flate.g.[10] and references thergithat in the presence of de
and, at the present time, accelerating. The best evidence forSitter horizons, string theory cannot be defined since physi-
spatially flat Universe comes from the location of the acouscal observables cannot be expressed in terms oBthatrix
tic peaks of the spectrum of cosmic microwave anisotropie®f string theory. As is obviou$8,9], the problem immedi-
(see e.g[1] for a recent discussionSince dynamical mass ately carries over to models of quintessence postulated which
determinations from observations of large-scale structure af@day and, in many models, at all future times, dominates the
converging[2] to a mass density far short of the critical matter content of the Universéhis conclusion can be
density, the density required for a spatially flat Universe, thedvoided in certain models with an exponential potential
difference must be due to either a remnant small cosmologi@long “tracker” solutions[11,12).
cal constant, or a new form of matter which is not clustered By adding more new fields, it is possible to solgee e.g.
gravitationally on the scale of galaxy clusters, and has beehl3—15) this problem by constructing models in which the
given various names, includindark energyand quintes- period of quintessence is terminated in a way which is analo-
sence the name we will adop(see, e_g'[3,4] for origina| gous to the termination of the period of inflation in hybrld
papers and5] for a recent review and detailed references inflation [16] models. In this paper, we point out that the
This conclusion is Supported by the recent supernova Obsegravitational back reaction of Cosmological fluctuations pro-
vations which yield Hubble diagrams which directly supportvides a mechanism which, in some models, will lead to a
the evidence that the Universe is, at the present time, accelermination of the phase of acceleration, without the need to
erating[6,7]. Hence, quintessence must have an equation o®dd new physics.
statep<—(1/3)p, p and p denoting the pressure and the
energy density, respectively.

Most models of quintessence proposed involve a new sca-
lar field Q which is taken to be homogeneous in space, and The idea of gravitational back reaction of cosmological
via its kinetic and potential energy contributions to thefluctuations is simple. In the presence of the fluctuations of
energy-momentum tensdr,, tuned to provide an equation the space-time metric and of matter, the cosmological back-
of state leading to accelerated expansion, beginning to domground evolves differently compared to its evolution in the
nate the matter content of the Universe today. In many suchbsence of perturbatiord7,18. This effect is due to the
models, acceleration will continue forever. nonlinearities of the Einstein field equations. The effect can

It can easily be seen that in such models there is an evele characterized in terms of an effective energy-momentum
horizon for every observer. As has recently been pointed outensor 7, with which the fluctuations back react on the

background metric.
In this paper we will focus on the back-reaction effect of

IIl. METHOD AND QUALITATIVE CONSIDERATIONS

*Email address: limz@hptc5.ihep.ac.cn infrared modes[modes with wavelength larger than the
TEmail address: whlin@hptc5.ihep.ac.cn Hubble radiusH ~%(t), whereH(t) is the Hubble expansion
*Email address: xmzhang@hptc5.ihep.ac.cn rate] on the evolution of a Universe dominated by a quintes-
SEmail address: rhb@het.brown.edu sence field. In a separate paper, we will analyze the back-
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reaction effect by ultraviolet mod¢49]. m2,
In models with accelerated expansion, the phase space of 700—8—[+12H(<Dd>) 3(((1))2>+9a‘2<(V<1>)2>]
infrared modes grows since the Hubble radius is decreasing

in comoving coordinates, as is the case in inflationary cos- 1. 1 1

mology. Hence, we expect the back-reaction effect of infra- + 5((5¢)2>+§a_2<(V590)2)+ EV"(<P0)<5<P2>
red modes to grow. In the following we will show that in

models with a sufficiently blue spectrum of primordial fluc- +2V' (o) (D So), (5

tuations, the back-reaction terms will eventually dominate
the field equations for the effective background. Since the
equation of state corresponding tg opposes acceleration, and
back-reaction effects cannot be neglected and are expected to
terminate the accelerated expansion, or, in other words, to 5
screen the effects of the background quintessence field. o My
We first give a brief review of gravitational back reaction 7ii — 5”{%
of a general scalar matter field and then apply it to the
period of quintessence domination.
The basic idea of gravitational back reactisee e.g[20]
for a review is to expand the Einstein equations to second
order in the perturbations, to assume that the first order terms —Ea‘z((Vé )2>_4- <5- ®)— EV”( )(502)
satisfy the equations of motion for linearized cosmological ¢ PoloP 2 ' \P0NOP
perturbationgsee e.g[21] for a comprehensive reviewto
take the s_patial average of the re'maining terms, and to regard +2V (o) (@ 5<P>] _ (6)
the resulting equations as equations for a new homogeneous
metricg " which includes the effect of the perturbations to
quadrat|c order:

[(24H2+16H)(<I>2)+2414<Ci>(1>>+<(6i>)2)

LUDB)~ 22 (T |+ Aok @)+ 5((50)?)

All terms are quadratic in the fluctuations. The two-point
V(g(O br)) — 87.TG[-|—§LOV)Jr 7], (1) func.tions in the angular brackets can pe viewed cIassjcaIIy as
spatial averages or quantum mechanically as equal-time two-
point functions.
We will now apply these equations to quintessence mod-
els and thus replace by Q. Since we are interested in the
ack-reaction effect of infrared modes, we can drop all terms

where the effective energy-momentum tenspy of gravita-
tional back reaction contains the terms resulting from spatial
averaging of the second order metric and matter perturb%

tions: involving spatial gradients. We will focus attention on quin-
1 tessence models for which the slow-rolling approximation is
<-|—(2) G(2)>, (2)  valid. In this case, the background satisfies
87wG M
where the angular brackets stand for spatial averaging, and . A
the superscripts indicate the order in perturbations. Q=-— 3R’
In longitudinal gauge the perturbed metric can be written
in the form
ds2=(1+20)dP—a(t)d(1-20) 5;dxdx,  (3) He= 27Ty 0
3my,
wherea(t) is the cosmological scale factor. Provided there
are no linear contributions to the spatial off-diagonal terms in
the matter energy-momentum tensor, the above metric con- H mgl V)2
tains the full information about scalar metric fluctuations. T F(V) ,
) . H T
The energy-momentum tensor for a scalar field is
Tis=¢ .0 Gy %QD,QQD’Q_V(QD)} (4) whereV(Q) is the pote_ntia_l for t_he quintessence f_ield, and a
prime denotes the derivative with respecitQoln this case,

the expressions for,, become
In this case, the spatial off-diagonal termsTip, vanish.
By expanding the Einstein tensor and the above energy-
momentum tensor to second order in the metric and matter o My : PR R S
fluctuations® and 8¢, respectively, it can be shown that the Pbr=T7o=g _(12H(P®)—=3(P%))+ 5(5Q%) + 5 V"(6Q7)
non-vanishing components of the effective back-reaction
energy-momentum tensat,, become +2V'{® 5Q), (8

023519-2



TERMINATION OF THE PHASE OF QUINTESSENCE BY . .. PHYSICAL REVIEW B5 023519

1 . m2 " m2 12 VVHZ
_ i pl 2 2 pl
=— =1 + + = - L [ "_
Por="37=g> (16HQ<¢ )+ 24H(0D) +(?) Por [zv 72| | v 1t
b 4V’2 2 2 1. 2 4 r\m "2 12\ 14 "\
+HDD)+ = (PF) | +8V(DF)+ 5(5Q%) LM [VIVE VL VTV V__ZVV
4872 \ \% v? V3 v’
. " 2 ’ 4V’ y 2
— EV (8Q%)+2V' (P sQ) + ﬁ<5Q(D> 9) V"3 mgl \VZARV VL V'3
+4— |+ —V"+ ——-5——+3—
v'2] 19273V V' \4 V2
Each two-point function can be evaluated as an integral X(®?), (14)
over the Fourier modegve assume a flat universe for sim-
plicty) of the linear fluctuation variables. We use the follow- vV m2, [ V'2 "2
ing convention for the Fourier expansion of a functiofxt) pPpr=y —2V 7—2 12p 77_22VH+ 13—
(e.g.,P,8Q): v v
mgl VHZ V4 2V// \V& 4 v\
2872 25V—17 V2 +2?—27
U(x,t)= . 3/2f U (t)e ™ xd3k. (10 g
( 77) V//3 m[63| . "2 5VHV/ 3vr3 2
_ o _ V'2) 19273V & \% V2
Making use of the slow-roll approximation for the quin-
tessence field), the linear perturbation equations have the X(D?). (15
following solution for d, on scales larger than the Hubble .
radius[21]: The energy density and pressure of the background for
quintessence during the slow-roll period is
(V') Pbg= ~Ppg=V, (16)
O =A , 11
KTk 16m | v (1) so we have
Por+ 3Pbr

whereA, is an integration constant. By taking derivatives of P
Eg. (12) and using the background equatitf obtained in Pbg™ 2Pbg
the slow-rolling approximation, we can easily find

. v [V \V& 2
D= — o | —— | —| |®,

V/2 \V VHZ m4
11— - 28— 14—
V'2 96772

3HQ V Vv V/V/// V//2 V/ZVH
(12 s Ve

2 14 AV 12\ "2

. m V V"V V'V V 14 "\ ym "3 6

@k—24| 7— Z—V —13—— +47 D, +9V _8VV _zov _ Mol

v VAR VALY, V'2V/)  96mV?
- . - - - . . V/12 \VAVA V13 2
The linearized Einstein constraint equations yield X | V" + T—ST+3W (17
2 When this ratio becomes of order unity, the back-reaction

5Qk— (q)k+ Ho®y) effects begin to dominate. Hence, in the following we will

focus on calculating this ratio.
The crucial quantity to evaluate is the expectation value

®2(1)). It obtains contributions from all Fourier modes of
o,  ay PO

from which the time derivativédQ, can easily be expressed

in terms ofd,, making use once again of the background

equations in the slow-rolling approximation. wherek;=a;H; andk,=a(t)H(t) are infrared and ultraviolet
Inserting Eqs(10)—(13) into Egs.(8) and(9), we obtain  cutoffs, respectively. The infrared cutoff is given by the

ke k3 dk
<<I>2(t)>=Jk_ﬁl¢k(t)|27, (18)
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length scale above which there are no fluctuations. This is iwation[22-24 of the Bardeen parameter

turn determined by the cosmological model. If our Universe _

results from a period of inflation, thek; is given by the 2®+H 1P

comoving wave number corresponding to the Hubble radius = 37 1+w +P, (19
at the beginning of inflation. The ultraviolet cutoff is a more

tricky issue. We will return to a discussion of this point in g relate the values aboi(t) and® . (to). Here,w=p/p is

[19]. For the moment, let us remark that the phase space ¢f measure of the equation of state of the background. Thus,
ultraviolet modes increases more slowly in an accelerating

Universe than the phase space of infrared modes. —14 -14
. . 2P, +H, P 2 O tHg P
There are two reasonable choices for the ultraviolet cut- = M+®mk=_ MJFCDQK,
off: either at constant physical or at constant comoving wave 3 1+wWn 3 1+wq

numberk. The first prescription is more physical. In an ex-

ponentiglly expanding background, the resulting phase SPaGEhere the subscript® andQ denote whether the quantity is
of ultraviolet modes is constant, whereas the phase space Sl aluated during the epoch of matter domination or during

4
. m
14 _ su pl
HQ D =—-A P—

(8)2 @

infrared modes grows rapidly as the wavelengths of modesg . -

are stretched exponentially to become larger than the Hubbl%umte?sence domlnatlon._ .

radius. For quintessence models with — p, the ultraviolet During the matter dominated ena,=0 and® =0, so

phase space does grow slowly, but as long as the equation #te left-hand side of20) is 5®,¢/3. During the slow-roll

state of quintessence does not differ too much flpm—p,  Period of quintessence domination, we hafrem Egs.(7)

the growth of the infrared phase space will exceed thénd(12)]

growth of the ultraviolet phase space. The problem with this

first way of setting the ultraviolet cutoff is that it requires the VIV (V2

continuous creation of modes at the ultraviolet cutoff fre- v/ilv v

quency, and this is hard to reconcile with unitarity. This

problem is avoided if the ultraviolet cutoff is set at a constaniyhere the subscriptsup’ indicates that the mode is outside

comoving wave number. In this case, the phase space @he present Hubble radius. In addition,

ultraviolet modes always decreases in an accelerating back-

ground cpsmology. because the Hubble radius is decreasing Qz mgl VA

in comoving coordinates. 1+WQ=V=E(V> (22
We conclude that, once the ultraviolet cutoff is set at some

time (e.g. the present timg), the ultraviolet terms will be ‘o

well controlled at all future times. In the following, in evalu- Combining Egs(11), (20), (21), and(22), we have

ating the strength of the back reaction at titewe will 5

restrict our attention to the effect of infrared modes, and §¢mk=A§“p(1+55—277), (23

hence we will only consider the contribution to EG8) of

modes with a wave number smaller than the vadyg, cor-

responding to the Hubble radius at tihe

making use of the two slow-roll parameters,

m2 V& 2
pl
e=—| | <1, (24
lll. SPECTRUM OF COSMOLOGICAL FLUCTUATIONS 167\ V
In this section we will estimate the strength of the back 2
reaction for two classes of quintessence models, assuming — My V

. . . . - o<l 2
that the spectrum of cosmological fluctuations is normalized =87 V (25

by the recent observations of cosmic microwave background
(CMB) anisotropies, and that the spectrum is either scald hus, we have
invariant or given by a slight tilt. We will find that in the

former case back reaction is always small, whereas it can ARP=50 /3~ D . (26)
become large and end the period of quintessence domination ) ) ) ]
in the latter case. We see that the amplitude df, during the period of quin-

To apply the formulas of Sec. Il we need to relate thet€Ssence domination is suppressed by the slow-roll parameter
value of ®, during the period of quintessence domination,€ compared to the corresponding value in the matter-

from now on denoted by, to the corresponding value dominated era. _ S
@, at a redshift just before the quintessence begins to FOr the modes which are at the present tigénside the
dominate, i.e. in the matter-dominated phase. For simpliciiubble radius, but exit the Hubble radius before timeve
ty,we will take this time to be the present timg use the fact that while on scales smaller than the Hubble
It is convenient to consider separately modes which aréadius the dominant mode df scales as

outside the Hubble radius today, and modes which are out- Vv’
side the Hubble radius at the tinte-ty, but inside at the O o —

\ D = Qi (27)
present time. For the former modes we can use the conser- 3Hq
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Hubble radius

[see EQ.(6.54 of [21]], while on scales larger than the 2V’4 dk
(@qm)= [ *c|

v4 k
A 2 3 14
Do | (28 kk Vo[ V V'*dk
v T Cuzl vz Vi K
ko VHZ\V’ v4 k
k:aHQ

[see Eq(11)]. This allows us to expresB in terms of the

values of the potential and its derivatives at the times _celn aoHo CEV_”‘ k[ VO dink
to, ty(k) andt, wherety(k) is the time when the scale € aiH; V’2 v4 Jk, sz '
crosses the Hubble radius, and is givenagy(k))H=k, t(k)
(33
1 (v v ( /A
kT T —_ |\ o —2 T Replacing the integral ovec by the integral ovea(ty(k))
6v2amy \ VI o V 6v2mmy Vo we obtain
VY2 [ /32 2
= mk_o V_ V_2 <(I)2(t)> c 2| aoH0+C VO V’4J*a V3 "
|y =Cé%In — na,
Vol Vi m Y Q aHi w2 vA e vi2
V72 (34)
= Sub (29)
k 2 —
1677 v where we have neglectetin Ho=—edIna.
The slow-rolling approximation gives
where
¢ SWJQ V
a(ty=agexp| — — | —
Asub— 167 Vélz V32 @ (30) ()=aoexp QV' Q).
VARV mi (35

87 V
is introduced in accord with the notation of Ed.1). Note dina=- : VdQ

that since the quintessence field is a scalar field, we were
able to use equations for cosmological perturbations derive
for a scalar field-dominated equation of state.

In the following, we will evaluate the two-point function
(18) for timest>t,, making use of the amplitudes df
derived above. We will consider two potentials commonly HO 8w Vo V'4
used for quintessence. First, we will assume that the spec- <q) (1))=Ce?In a;H; m2 V2 y4
trum of fluctuations at the present time is scale invariant. ' pI-¥0

Later, we will relax this assumption and consider blue spec- . . )
tra. The first of the two quintessence models for which we

will evaluate the effect of the back reaction is

nging these relations, the expressi@) can be simplified,
yielding

V4
Q| V'

daQ.

A. Scale-invariant spectrum

V=BQ™ ¢ (36)
If the present spectrum of fluctuations is scale invariant,
then with B being a constant and>1. First, note that for this
K3 potential, the first term in Eq$14) and (15 dominates and
Pm(k)=—|®d%=C, (31) determines the equation of state of the effective energy-
2m? momentum tensor of the back reaction. In particular, it fol-

lows that the equation of state is that ohagativecosmo-

where the constar@ can be fixed by the amplitude of CMB logical constant, as in the case of the back reaction in

anisotropies on large angular scales measured by the Cosnifflationary cosmology17,18. Thus, we see that the effects
Background ExplorefCOBE) [25]: of the back reaction oppose the quintessence-driven accelera-
tion. Inserting Eq(36) into Eq. (33) yields

=10 °=P (k)% =C" (32)
4 6
(@é(t))=ciwlnaOHo CZ—W%mQ for a=4,
Substituting Eqs(11), (26), (30), (31) and(32) into Eq. m Q*  aH; 2 Q* Qo
(18), we finally arrive at (37)

023519-5



LI, LIN, ZHANG, AND BRANDENBERGER PHYSICAL REVIEW D65 023519

4

o mgl aoHo with 0<n<0.1, the upper bound being set by the joint

(B2(1))=C —In analysis of[27] of the Maxima-1, Boomerang and COBE
Q 2 74 aH; . - .
256m° Q i cosmic microwave anisotropy results. The upper bound cor-
2 | e 4 responds to the one sigma statistical error. Including the es-
iC 8m & %_ =01 for asd timate of [27] of the systematic errors would increase the
a(4—a) mfﬂ Q* Q4 ' bound ton<0.27. In the abovekcoge=7.5aoH,. The con-

stantC is again given by Eq(32). Straightforward calcula-
(38 tions yield

where Qu=Q(ty). Substituting Eq.(36) into Eq. (17), we 5

nave o i |
2 Q 7.5'n agHo 7.8 mp Ve v
Port3Por_ofL g of (M (25(1). (39)
Pbgt3Pbg |\ Q Q). B Y T
% (e (8mn mp|)fQ0( ) Q)dQ (43)
Q

. . o V'3
In this model,Q,~my,, andQ increases with time. It can be 0

seen from the combination of Eq&7), (38) and (39) that . . .

the back reaction is very small now and will be smaller in theAS ‘.""gue_d in the a_bove, th_e f|r_st term is generally small
future. Notice that the contribution of the first term in Eqgs. (noticen is ;mall which also implies that 7.5:1).

(37) and(38) is generally small in this case. For example, if For the first mode(36),we have
we assume the inflation started at the grand unified theory

: ) _ —1+[(1+n/2)al2]
(GUT) scale and the-folding number is 70, IrdgHo/k) is D21 =C 4m(—n) 1
aboutO(10Y). WhenQ> my,,, the first term can be neglected (Pg(t)= am?, -n
compared with the second term in E§37) and (38). P

The second model is ><Qg+(1+“’2)ae—4””Q3/am§|Q—4

V=De MM (40) XF( , (1tn2a 4mn , 4m
- ' 2 01_ 2 ]

with D and N constants. In this modek=\%/167<1, 7 2 amy, @M

=\?/8w<1. It can easily be verified that also for this poten- (44)
tial the first term on the right-hand side of Eq$4) and(15)

dominates, and once again leads to an equation of state of thghere I'(a,z,,z;) is the generalized incomplete gamma
effective energy-momentum tensor of the back reactiofnction:

which acts like a negative cosmological constant and hence

opposes the quintessence-driven acceleration. After some

z
straightforward calculation we have F(a,zo,zl)zf 1xé‘*le*de
)
2
Por T 3Ppr -~ C 2_{_4).\_ ~ 672028 J<Ooexxa elezril
Pog 3Pog 7 “T1—a))o zotx X T(1-a)
)\4 aoHO 8w —Xy—a
X In——+— (1—e MQ~Q0)/mp) J“e X
25672 aiHi )2 o 7 dx. (45)
167 _
:—C—Z(l—e"‘(Q‘Qo)/mpl). (41)  From Egs.(44) and (45) we can see that the back reaction
N

will become important and terminate the acceleration of the
Universe driven by the background of quintessence w@en

One can see that for a reasonable valua ¢26], the back  pecomes large enough, because we approximately have
reaction in this model is very small too.

2 2
e47TnQ /ampl

. 2
B. Blue perturbation spectra (Do(1))e W (46)

In the above we assumed that the spectrum for the gravi-
tational potential during the matter-dominated &ga(k) is
exactly scale invariant. However, if the primordial spectrum
has a slight blue tilt, the conclusion will change dramatically.

For the second modé#0) we have

Thus, we now assume that (d)é(t))zc 8w (Q-Qu) 47
Amy, '
P, (k)=C , 42
m(k) (kcose) “42 when 1+n[$—(1/7)]=0, and
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5 Iy radius, andk,(t) the wave number corresponding to the
<Q)Q(t)>zﬁ Hubble radius at time. If the spectrum has a blue tilt, it is
1+ n(i— ;) the upper limit which dominates. We find that for spectra

with a sufficiently large blue tilt, back reaction will terminate
X (1— e~ Wmp){1+n[(12)(AmIHQ= Qo)) (48) the period of quintessence domination. The effective energy-
momentum tensor which describes the back reaction has the

when 14 n[ 1 — (1/7)]#0. In the first case, the back reaction form of a negative cosmological constant and hence opposes

will terminate the acceleration of the Universe whén the quintessence-driven acceleration.

Nlolo\/mel_ In the second case, far>27/(2— ) the f Sll‘tlﬁe Ithe d<t)m|r|1ant ((t:q‘ontrlbutlo_r:]I in _?grtanbalyss cotmgzs
acceleration will stop when rom the largest values d&fwe consider, it is to be expecte

that the contribution to the back reaction from ultraviolet
7 IN{108n—(1+n/2) 5]+ 1} modes(modes whose wavelength at tires smaller than the
~Va- (17127 M+ Qo Hubble rad!u$ may domllna'te over the effects calculated
(49) here. We will return to this issue |E119_]. The point of our
analysis was to show that back reaction cannot be neglected

Recall that the S|0W_r0||ing parametarrefers to the dynam_ when COﬂSidering the future of a Universe dominated at the
ics of quintessence whereas the indexefers to the spec- Present time by quintessence. _ .
trum of fluctuations produced during inflation. Therefane, ~ The wavelength of modes which dominate the contribu-
and# are independent, and our constraint27/(2— ) for  tion to our effect was smaller than the Hubble radiuseat

back reaction to be important does not represent a severe fifiéence, these modes are subject to the usual nonlinear growth
tuning. of cosmological fluctuations in the matter-dominated phase.

Note that fom<27/(2— 7), similar to Eq.(41), the back  This is anqther gffect which has not been taken into account
reaction is generally still small unless the difference betweemere(but will be in[19]). However, it is reasonable to expect
the parameters and 7 is fine tuned a lot; for example, if  that nonlinear effects will enhance the amplitude of the fluc-

tuations and hence increase the back-reaction effects.
n—1010 7 Obviously, if the spectrum of fluctuations is so close to
1— 72 <N<71_ /2’ (500 scale invariance so that the back reaction only becomes im-
portant in the very distant future, then the modes which will
the contribution coming from the back reaction will termi- contribute in this case had a microphysical wavelength at the
nate the accelerating expansion of the Universe in the distapiresent time, and we are faced with the true ultraviolet prob-
future. lem of field theory.
It has recently been claimeld,9] that the presence of
IV. DISCUSSION future horizons in quintessence models poses a problem in
o _ trying to reconcile string theory and quintessence. In models

We have demonstrated that the gravitational back reactiofyhere our back-reaction effect becomes important, this prob-

of cosmological perturbations can lead to a termination ofgm may well disappeafwithout the need to have to intro-

the period of quintessence domination, in the same way i§juce extra physics such as additional scalar fields
can lead to a termination of a period of inflatifhi7,1§. In

this paper we have considered the effect of infrared modes,
i.e. modes. whose wavelength at tlm(evhgn back reaction is ACKNOWLEDGMENTS
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