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What can WMAP tell us about the very early Universe? New physics as an explanation
of the suppressed large scale power and running spectral index
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The Wilkinson Microwave Anisotropy Probe microwave background data may be giving us clues about new
physics at the transition from a “stringy” epoch of the Universe to the standard Friedmann-Robertson-Walker
description. Deviations on large angular scales of the data, as compared to theoretical expectations, as well as
running of the spectral index of density perturbations, can be explained by new physics whose scale is set by
the height of an inflationary potential. As examples of possible signatures for this new physics, we study the
cosmic microwave background spectrum for two string inspired modglsnodifications to the Friedmann
equations and?2) velocity dependent potentials. The suppression of ldiviodes in the microwave back-
ground data arises due to the new physics. In addition, the spectral index is<dd on small scales and blue
(n>1) on large scales, in agreement with data.
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[. INTRODUCTION Some of the recent speculations which attempt to explain
the lack of power aroun@d=60° involve a finite-size Uni-
The high precision of observational cosmology has placedrerse with nontrivial topology17,18,9 or a closed Universe
tight constraints on various cosmological parameters and s®—8J. It is too early to conclude whether these ideas would
far seems to be in excellent agreement with'theoncor- ~ accommodate the rest of the cosmological data that fit so
dance model.” The Wilkinson Microwave Anisotropy Probe Well with the “concordance model[19]. Another proposed
(WMAP) is an important experiment in this field oriented at €xplanation for the suppressed power on large scales in-
measuring the anisotropies in the cosmic background radiatolves double inflation with a period of chaotic inflation fol-
tion (CBR). Its recent finding§1—3], especially the suppres- lowed by new inflation due to a single potentjaD,21].
sion of the spectrum at large angular scales and the running We take the Universe to remain flat and topologically
of the spectral index, have generated a source of great efivial, and take the point of view that the suppression of the
citement and speculatidd—12. Unfortunately it is difficult ~ correlations at low multipoleb=180/¢ is providing us with
to isolate the findings of suppression of léwnodes from clues about the initial conditions of inflation. More precisely
cosmic variance limitationsHowever, we here investigate our claim is that from the low I suppression of the signal,
the possibility that the lack of a signal in the temperaturewe could be learning about theitial conditionsfor the part
angular correlation function on angular scals60° is a of inflation that gives rise to observables in structure forma-
hint of new physics. In addition, there is some indication intion and in the microwave background. The initial conditions
the data that the spectral index runs from red on small scale§r the observable Universe cout determined by the new
to blue on large scales as compared to a scale invariant spebysics which is the relevant theory valid beyond, and
trum, although the statistical significance of these results i@round the cutoff scalg. of effective low energy theories.
not entirely cleaf14—16. Both of these effects in the data,  Inflationary cosmology22] was proposed as a solution to
the suppression of large scale power and the running of thiée horizon, flatness, oldness, and monopole problems of the
index, can be explained by new physics. standard cosmology. An early epoch of superluminal expan-
sion explains why the universe looks so homogeneous and
flat today. We here consider potential-driven models of infla-

*Email address: mbg20@pact.cpes.susx.ac.uk tion, in which a potential dominates the energy density of the
*Email address: ktfreese@umich.edu universe and causes the universe to accelerate. In particular,
*Email address: |.mersini@phys.syr.edu in models where the height of the potentiais determined

'The concordance model is a spatially flat Universe with adiaPy the grand unified theoryGUT) scale, roughly 60
batic, nearly scale invariant initial fluctuations. The most popular€-foldings of inflation are required to produce a universe that
variant is aA CDM model. is homogeneous out to the horizon scale. It is only these last

2See for example Ref13] for an attempt to understand the cos- 60 e-foldings of inflation that give rise to the observed struc-
mic variance limitations in terms of its implications on tkepace  ture at present, and the scale of our present Hubble horizon
power spectrum. H, would correspond roughly to the $0e-folding before
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the end of inflation. We here consider models in which physwherep is the energy densityy is a parameter, antlindi-
ics beyond the inflationary scale.g. GUT scalgis modified  cates the modification term to the Friedmann equation. The
by the introduction of new physics; this new physics cansecond term is important in the regimpe= o whereo is an
leave imprints in the CMB at scales near and above the hcenergy scale, introduced by the underlying string model, to
rizon. be defined below. In particular, we focus on the model of

Above the 68' e-folding the theory is described by new Randall and Sundrurthereafter RSIthat was proposed as
physics. This is the regime corresponding to all the energyn explanation of the hierarchy probl€i29]. Here our ob-
scales abov&,, the cutoff scale of the effective low energy servable universe is a three-dimensional surface situated in
theories. According to this point of view it then follows that extra dimensions. During the inflationary epoch, the Fried-
the low “I” feature in CBR may originate from the new mann equation on our 3-brane becomes
physics taking place around the initial time of inflation.

The very lowl modes in the CBR spectrum at present , 8w
time, correspond to very large wavelength modes of the or- H :SW
der of the current Hubble scalkl, *. Around thee-folding P
time corresponding to the cutoff scale, these were the firsiyhere o is the brane tension. Recall that in the original
modes to cross the horizon and are the last ones to re-enterRéndall-Sundrum model the brane tension has to be negative
present. Since these modes have been superhorizon sized he-order to ensure stability of the bufkPrevious authors
tween inflation and now, they have not been contaminated bEG]_,32_| have considered inflation in the presence of such a
the later evolution of the Universe. This means that the insecond term, but focused on the case of a positive tension
formation we get from these modes in the primordial specis|<V, with V the energy scale of the inflaton potential.
trum can contain and probenly very early-time effects, They found that the extra contribution to the Hubble expan-
which we refer to agristineinformation. For this reason we sjon helps damp the rolling of the scalar field so that the
could attribute the new feature observed in the spectrum ajondition for slow-roll inflation can be met even for a steep
low | to the initial conditions of inflation. potential. Here on the other hand, we are interested in a very

Since we use quantum field theof@FT) and general (different regime, with a mass scale
relativity (GR) as our conventional tools to study and de-
scribe inflation, it does not make sense to study inflation and |or| YA~ VYA~ 1107 ¥*Mp]. 3
the range ofe-foldings corresponding to scales above the
cutoff with these tools, as they cease to be valid. Due to thd he reason for this choice fer is that, in many inflationary
GR and QFT equations to draw any credible conclusions. FoFhus the second term in E¢2) will be important at the
this reason, the-folding corresponding to the cutoff scale “onset” of inflation, ¢;=0(Mp), exactly for this choice of
determineghe “onset” time for the conventional inflation. ~ the brane tensionr=V. As shown by33], inflationary po-

New physics is expected to “kick in” and be important tentials must be flat in the sense that the ratio of the hEIght of
above EC! for examp|e String theory_ Let us assume thatthe pOtentia| to the fourth power of the width must SatiSfy

slightly above and arouné there was a period where some 4 _;
kind of unknown transition took place. This transition is AVI(A¢)"<0O(107). )

nee_ded to smoothly bridge the end of the string_regime 3 his statement quantifies what is often known as the “fine-
(which we are taking here to be the fundamental high energyuning,, problem in inflation. ForA ~Mp, then one needs
theory, to the epoch of the conventional “lower” energy V=102M4

< 5

inflation V<.EC’ as described by QFT and GR formalisms. Such a parameter choice is plausible for the model of
As Sp?c'f'c examplgg Of. new physics aboye the sEgle Randall and Sundruri29]. In RSI, the four and five dimen-

we conS|d§r two mod|f|ca}t|ons Fo the formal|srr_1 of Stanqardsional Planck scalell, and M5 respectively are related via

cosmology: (1) the effective Friedmann equation receives

stringy correctiond23-24; or (2) the inflaton potential is M2

velocity dependent due to relative brane mot[@7]. Cer- M§,=(3/447)(—5) Ms, (5)

tainly, once inflation starts, after a fesfolds our patch of ]

spacetime has inflated sufficiently, that the “string era” be-

comes an irrelevant description and we enter or recover th

conventional cosmology period of the standard madek,

p?

Ptool (2

where o is the brane tension and is negative. With E3).
&nd takingM p= 10° GeV, we require

e.g.,[28]). That is to say that GR and QFT, soon after the M§’2~Mp/20, (6)
transition from the string era, should be recovered in the low
energy limit. a reasonable value. Here we are studying a situation in

As our first example, we consider modifications to thewhich, due to “stringy” effects, the effective Friedmann
Friedmann equation,

8 3There have been many variations of the model since then. When
H2= (p+f[p“D, (1) bulk scalar fields are introducg80], the stability condition on the
3M?2 ion i i
P brane tension is relaxed amdcan be positive.
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equation is modified above the scatefor the inflaton po- ll. STRING CORRECTION EFFECTS
tential V but returns to normal soon after. ON THE PRIMORDIAL SPECTRUM

We, will .ShOW that the den'SIty.quctuatmns well .below Let us assume that, due to the underlying theory valid at
today’s horizon scale are not significantly altered, while ﬂuc'high energies, for example string theory, the Einstein equa-

tuations on large scalésear the horizon scal@re substan-  ions receive corrections. Some familiar examples can be

tially suppressed. The perturbations produced on the largg,ynd in brane-world scenarios which generically either
scales near the horizon are produced cllose_ to the scale Hfodify Einstein equationf23—26,34 or contain a velocity
new physics. The role of the new physics is to cause thgiependent term in the inflaton potentj@7]. This velocity
breakdown of the slow-roll approximation. At the very ear- gependent term, related to the relative brane motion, can also
liest times, the kinetic energy of the inflaton field dominatedyg recast as a modification to the Friedmann equation and is
over the potential. Hence at these early times, density flucsg|culable in string theoryWe know that at later times gen-
tuations were not produced in the usual way. Eventually theyg| relativity is a perfectly valid theory and hence, we ex-
potential does come to dominate the energy density. Once thg,ct these corrections to be important and play a role only at
potential drops to the scalé~a, slow roll inflation ensues.  early times, during the transition from a string theory era to
This transition happens roughly &foldings before the end  the ‘onset of the standard brane-bound 3-dimensional infla-
of inflation. Smaller scale fluctuations are produced duringjon. Within very fewe-foldings during inflation, our patch
the slow-roll phase of inflation, where the height of the po-of spacetime becomes large enough and these modifications
tential is fairly constant, so that the slope of the power specpecome negligible.
trum is only mildly affected. _ Here we are interested in addressing the following issue:
This proposed explanation of the suppression of larggyg stringy corrections leave any imprint in the primordial

scale power in the_WMAPlgata relies on the fact that thesower spectrum, and at what scales would we expect to see
scale of new physic&.=o"" exactly corresponds to the thjs signature?

height of the inflationary potential at 68folds before the
end of inflation. This is the only fine-tuning that is required.
Once this energy scale is set, then it is automatic that kinetic
energy domination suppresses large scale perturbations at ex-
actly the right angular scale, namely just below the horizon. Initially, let us consider the corrections to be of a general
The fine-tuning need not be severe, e.g, in the sense that tferm f[p“], i.e.,
required ratio of four and five dimensional Planck scales in
Eq. (6) is not unreasonable.

A similar proposal byf9] also invokes the failure of slow-
roll at 60e-folds before the end of inflation. In that paper, the
authors proposed a change in shape of a hybrid inflatiolvherep is the inflaton energy density andis a parameter.
potential exactly at the right time to obtain the large scaleenergy conservation requires
suppression. The fine-tuning there is of a different nature.
The paper ofl 9] requires the potential or the initial condi- p+3H(p+p)=0, (8)
tions to be carefully chosen. In this paper, on the other hand,
we do not require any special features of the potential, whiclwherep is the pressure and “dot” denotes the derivative with
can indeed be quite ordinary. Instead, the violation of slowrespect to cosmic time. The acceleration equation for the
roll arises due to modifications e.g. to the Friedmann equascale factom is
tion. It would be interesting to consider the question of how

A. The spectrum for the modified Friedmann equation
from brane worlds

- 8

3M3

H (p+flp*D, )

to differentiate observationally between these different pro- 3M32[a| 3M3 . 5
posals. a7 |7l = 2. (HHHI=—(p+f[p%]+3p+3py),
In addition, the new physics changes the running of the 9)

spectral index. We will show that an oddity of the data,
namely that the index is redh 1) on small scales and blue wherep; would be an “effective” pressure contribution due
(n>1) on large scales is automatically explained in theto the modification to the energy density in the Friedmann

model we study. equation:
We demonstrate in Sec. Il how two types of modifications
that generically arise in string theory, those with modified df[p“] N
Friedman equation and those containing velocity dependent pr=(p+p) dp —flp®]. (10

inflaton potentials, may leave important imprints in the pri-

mordial spectrum. We also show the result generated witlGiven the above setup, let us proceed in calculating the pri-
the CMBFAST program, that convert the primordial spectrum, mordial spectrumsy(k) for the case when the Friedmann
oy Where these signatures are imprinted, to a present-dagquation contains corrections of the form Ed), that were
power spectrumP(k) and accompanying anisotropies in the

CBR. The resulting anisotropies for two representative ex=—

amples are then compared with WMAP data. These are sum-This term is also expected from post Newtonian approximation in
marized in Sec. lll. higher dimensional gravity.
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introduced by the new high energy physics around the cutoff In the remainder of this section, we will present a rough
scale. The symbob, (k) denotes the primordial spectrum estimate of how density fluctuations may be modified due to
which gives the amplitude of perturbations as the comovinghe presence of an energy cutoff in the spectrum given by
wave numbek enters the horizorP(k) denotes the present- E.. Then in the following sections, we will present precise
day power spectrum giving us the amplitude of perturbatiorexamples in which we calculate exactly the resultant power
at a fixed given time. They are related by the transfer funcspectrum. The rough arguments in the remainder of this sec-
tion T(k) [35], for the present Hubble valug, tion give a good general idea of our results.

3 Let us denote the unmodified power spectruméﬁyand
k—P(k)= the unmodified spectral index hy2, obtained by the limit
2m f[p*]—0. We can re-express the corrections in the modified

spectrum in Eq(15) and the running of the spectral index as
a function of the weighted wave numblefikg

4

T2(k) 83(K). (12)

aHg

We will follow the standard approach to calculating the den-
sity (curvatur@ perturbations created during inflatiorput

will make the appropriate modifications required by EQ.
During inflation, when the inflatorb with energyp=V is
the dominant one, the primordial power spectrdp(k) is

52 = 5(0)2 1 M(E) e
N @+ AT+ p)l(MEH))? (ks

(18)
Suy= i (12)
Holp+p eaH with 892 given in term ofn
where K nd-1
H 6‘H°)2°<(k— (19
= f——\/' S
Sp= V' =5V, (13)
) Let us denote the term in brackets which is nexs}? in
Mp . N Eq. (18) by
ptp=—|7H+Tp]+ps, (14

1

with V' =dV/d¢. Henceforth, throughout the remainder of = .
(1+4m(f[p*]+ P/ (MEH))?

this section, all quantities in the equations will be evaluated
at horizon crossing, i.e., &=aH. Therefore,

9(¢) (20

Differentiating with respect to lkthe correction to the spec-

H -V’ tral index is
—H+ pa + P+ din
am (ns—1)=(nd— 1)+ d+(:)))=(ng—l)+5ns.
When the modification ternfif p*] is non-negligible, clearly (21)
oy “feels” the effect of “the stringy” corrections.
mordial spectrum, Eq.15)
din o7 —ne_n©= (39
ne—1= TnkH’ (16) MNs=Ns~Ns ( dink
where thek dependence of the spectrum is — ding(4)|( d¢ - 9(4)’ f (22)
do dink/ g(¢) H’
k ng—1
5&«(—) , 17) . _ .
ks where d¢/d Ink=¢/H (evaluated at horizon crossing,

. L . . =aH). Note that sincey(¢) is a function of¢(t) then the
Wf't.h f||(S a fiducial wave number depending on the dyn""m'cscorrection ong is generically a function ok. Its k depen-
0 I'Irjh:tlzlrt]t.er expression for the primordial spectrum in termsdence can be estimated in the same manner as we calculate
of k Eq. (17), can be derived from Eq15) by replacing in g?(kk;i l?i ;eﬁlacmg the time dependence of the field in favor
:Ee squtlon_ fore(t), thettlmlf dtipendﬁniﬁ of thedf_|t<_ald rnth Formally, thek dependence af( ) as a function obns,

€ comoving momentumk, -throug € condition in a similar manner ta&,, is expressed by

=a(t)H anda(t)=eNe, with N,= number ofe-folds.

Kk | (k)
) (23

9(¢)=<k—s

SWe will neglect Kaluza Klein modes.
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' ' potential and the slow roll parameters. The effective action

6000 - i for the inflaton in this case is
5000 | F(¢)=f d*x —a3V(¢)+%aSZ(¢)¢2
4000 1
—5a2(¢)(V¢)2 - (26)

3000

I(+1) C/2r [UK]

The reader can find all the details of the calculation of the
modified primordial spectrum if27]. Here we will just re-
port their expression fofy, in terms of the unmodified spec-
trum 821 [the latter is obtained by the limiZ(¢)—1], and
the stringy modification ternZ(¢),

2000 -

1000 -

1 10 100 1000
|

Sy=080Z(¢). 2
FIG. 1. CBR spectrum of anisotropies with the modified primor- H= OnZ(®) @7
dial spectrum given in Egq.(25, with dng=1, and kg
=0.0005 MpcL. We also show for comparison the curves for the Therefore the running of the spectral index is given by
standard spectrum E¢19), with n{¥)=0.99. Cosmological param-

eters as given by the best fit model of the WMAP Collaboration.
dinz

dink’ 28)

- . . Sng=ng—n3=2
Depending on the model and the specific form of the modi S

fication functiong(¢), it should be noted that for certain
values ofk the correction termgng(k) may become large _ _ . _
and thus the slow roll conditions may be violated, as illus-Clearly by comparing this class of velocity dependent modi-

trated in Sec. Il C. fications with the modified Friedmann equation of the previ-
But atk=<kg, we can recast Eq23) in the form ous subsectiorthe effect of Z¢) in the spectrum is identical

to that of d ¢). The running of the spectral index is such

g(¢)m[l—e_(k/k§5n5]_ (24)  that if the slow roll conditions persist in the presence of

3 . . stringy modifications]éng/<1. Notice thaténg is a func-
The modified spectrum, witbng given by Eq.(22), be-  tion of the energy scalk and runs withk through its depen-
comes denceorV,V’, Z,Z', f, f'. For example, if we are deep into
B n the regime of new physic¥§>E,, it is possible that these
5E|= 5(H0)2[1—e (Whe)™5), (25) modifications are strong enough to break the slow-roll con-

: _ditions thus one would get a differepdng/=1 answer, if
In Fig. 1 we show as an example the result generated ity reaction of stringy terms violates the slow-roll regime
the CMBFAST program, that converts the primordial spectrum ;4 \ve show below with two examples.
to a present-day power spectrum. We show for comparison  gince we are interested in tiedependence of the modi-
the resglting_ anisg)tropies for an unmod?ﬁed _primordi_al SP€Ctications in the primordial spectrum one can do the same
trum &7, with n§ ):0-9_9' and the modification as given in gigepraic tricks in order to express the modifications in the
Eqg. (25, with the choice of parametersns=1 andks  gpectrum as
=0.0005 Mpc . We allowed all the parameters to be the
conventional ones of A CDM universe, with matter density Lo
0y =0.27, vacuum energy densify,=0.73, baryond) S _ ong
=0.046, andH,=71 kms ! Mpc™ 1. We note a very similar Z(¢)2:(k_s> #[1-e (7). (29
study to Fig. 19] appeared during the course of our work on
this paper.
The authors of27] made the important observation that one
possible signature of string models is the fact that tensor
perturbations are not affected by these modifications, there-
T _ ~ fore the ratio of tensor to scalar perturbations will be differ-
The second class of modifications generically derivedent from the unmodified inflationary models. This is due to
from string theoretical inflationary models involves a veloc-tne different origins of tensor fluctuations arising from bulk
ity dependence in the potentidl ¢) = $P/ $9+ const for the  modes versus scalar perturbations arising from brane quan-
inflaton field ¢. In string theory this term shows up and is tum fluctuation modes. In this work we are offering a new
non-negligible when branes move with respect to each otheway for detecting signatures of the string theoretical brane
These models were treated [i®87] by absorbing the ve- world models, through the suppression effect they induce on

w3

locity dependent modificatiod( ¢) into the definition of the the power spectrum at very lowl.

B. The spectrum for the velocity dependent inflaton potentials
from string theory
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C. Examples
o ) ) 6000 | —-— ke=2.4x10' Mpc', ’=0.11
1. Modifications of Friedmann equation for the Randall ——- ke=5x10* Mpc', A’=0.14 4

Sundrum type of brane worlds
5000 |

In this scenarigd29] the modification to the Friedmann

equation for the brane bound obser{28-26,34 is 000 |

Y
=
2 A4+ 8w N 47 \? 2, € 30 %3000
=3 ooz ]et gz Pt g so00 1
3 3M|23 3M5 a4 \E{

wheree is an integration constant that appears as a form of 2000 ¢

“dark radiation” that is not important during inflation. We

will also assume that the bulk cosmological constant 1000 -4
—47a?3M3, so that the three-dimensional cosmological f
constantA 4 is negligible during the early univer§eHence 0, m o 1000

the relevant correction to the Friedmann equation during in- |

flation is the quadratic term,
FIG. 2. CBR spectrum of anisotropies with the modified primor-

f[p*]=p?20, (31  dial spectrum for the Randall-Sundrum example, Ef), with
Vo=|o|~mgyr; ks=0.0005Mpc?! (dashed ling and kg
so that =0.00024 Mpc?! (dot-dashed line We also show for comparison
the curve for the standard spectrum Etg), with n{’=0.99(solid
L2 8w 14 o/2 32 line). Cosmological parameters as given by the best fit model of the
“3M2 pl1+pl20], (32 WMAP Collaboration.

P
However, the slow roll assumption breaks down at early
times due to the new physics modifications. In this example,
(33) if we extrapolate backwards to a valug, of the inflaton
field at whichV(¢,)=2|o|, we havesng— and §4—0.
Notice that in the absence of bulk fields<O in order to  Therefore near the critical point, , the calculation for the
ensure stability. As can be seen from Ef5 we have a spectrum should be done by using Eg5) instead of Eq.
suppression of power when the modification term is signifi-37) since the approximatiogp=—V’/3H breaks down.
cant at early times. One recovers the conventional spectrum At the high energy scale@arly times at which the slow
at later times when the modification term becomes negligiblgo|| approximation breaks down, the energy density is domi-
nated by the kinetic energy of the inflaton, and density fluc-
tuations are not produced. So this effect is imprinted in low
since these modes are the first to cross the horizon at the
initial time. However, we need to translate the suppression of
these wave numbers into the “spreading” that this feature
has over the range ofl's” in the present day power spec-
trum, P(k), as seen in Fig. 2.
, (35 The magnitude of suppression is of course model depen-
dent and it is a function of our assumptions about the modi-
fication termV2/(2¢) and the energy scales ot |o| which
we took to be GUT scale here.

with the cutoff scale given by the brane tension,

Ec~|ol.

8y<6®  when p?%|o|=p,
Sy— o9 when p?|o|<p. (34)
Under the slow roll conditiongV, Eg. (32) becomes

B 8
3M3

Vv
2|a]

H2

and the expression fos? can be derived by using Egs.

(20—(22): For the sake of concreteness, let us assume the following
. _\y'2 92 - inflaton potentia[36,37:
n = = . —\/.a N
S 3H2v—2]a]) (2lo]-V) V=Voe (38)

(where p=®/87Mp is the inflaton field given in Planck
units in order to be dimensionles&Ve shift the field so that
its initial value at 60e-folds before the end of inflation is at

We note that an equivalent expression to Ep) has been
derived previously31] in the slow roll regime:

5127 | V3 v 13 ¢;=0. Then the solution for the inflaton field in the presence
a,v SN DU ) [ (37 of modifications becomes
75M8) vz T 2|o]
= A I an NAN
P Vo M, Vo
6This fine-tuning is the usual cosmological constant problem, 2|a| 2|0
which is not addressed in this paper. (39
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where Let us parametrize the kinetic energy of the inflaton as
K K= ¢%/2=aV. Slow roll requires thatr<1/2. Then the in-
AN=N|(k)—N|(ks)=ln(f>, (40)  flaton energy density ip(¢)=(1+a)V(¢). The value of

the field ¢, for which the modified Hubble parameter van-

and N, (k) is the number ofe-foldings before the end of Shes H=0, ~is —given by the solution ¢,
inflation at which perturbations on scdtdeave the horizon. = (LM)IN[RlolVoL/(1+ a,)].(1+ a,)<3/2. At ¢=d,
The spectral index obtained in the usual exponential inflatiovhere H=0 the inflaton has a lot of kinetic energy. But
case without modified Friedmann equations is givenny When the field rolls at some; given by p(¢;)=0(|o|) we

—1=—)\2 have the start of the slow-roll regime with the kinetic energy
By replacing the field solution we obtain of the inflaton decreasing to less that{¢;)/2. For field
values betweem);> ¢> ¢, the “friction term” H starts in-
- 3 Vo [k (ng=1)/(1-Vo/2]) |3 creasing and the kinetic energy of the inflaton decreases. The
9(d)=|1+ 5| =| 1~ m(k—) , point where the field acquires the valueg,
S (41) =(AM)IN[(Jol/Vo)L/(1+ a;)] is a maximum for H?( ).
Clearly aj<a, <1/2. In the region of the validity of new
and physics, due to the modified friction terkhfor the field, i.e.
0 for ¢i=¢= ¢, , the inflaton was in a “fast-roll” since its
52 ~8ar 5127 ﬁ[ﬁ (ns= I v0/2|u\)§(¢) (42) kinetic energy was large due to the highly suppressed modi-
H 75|\/|‘F‘; 22| Ks ' fied “friction term” H. Therefore all long wavelength pertur-

bations are highly suppressed in this regime. However as the

which produces the suppression feature in the ldWre-  modified Hubble parameter increases towagds¢; and at-
gime, corresponding tvo=|o], i.e. the regime where new tains its maximum atp; then the kinetic energy of the infla-
physics becomes important. Hekg,corresponds to the scale ton starts decreasing until it reaches a minimunpatAt ¢
of perturbations produced 6@foldings before the end of jts potential energyw(#;)=|co| dominates over the kinetic
inflation, Wh'c_hl corresponds to the horizon size tod&y, term and the inflaton enters the slow-roll regime of a con-
~ (4000 Mpc) . _ _ ventional inflationary period, even in the presence of a modi-

In Fig. 2, we present the results obtained usingahs- fied Hubble parameter. The Hubble parameter at{dh)

FAST code with the modifications of Eq$41) and (42) for .
two different values oh and ofks, with the height of the slowly decrease for the standa_rd model regime of the _slow
roll, ¢.ne=d=d¢; thus rendering the stringy correction

. . N ,-\_/ 6
potential determined bjr|~M gyt~ 10 GeV. In the plot, Jerms insignificant in this range a.

we have chosen to normalize all the curves to the value In short. modified Friedmann tions of RSI provid
the WMAP | =17 multipole for comparison. In order to Short, modifie edmann equations o provide a
possible explanation of suppressed large scale power in the

match the amplitude of the data, we choose values %of q ¢ hoi h h h :
~0.1 as shown in the plot. We see that the Doppler andVMAP data, for parameter choices such as those shown in

higher peaks can be essentially unaffected by these modifi-'9- 2-
cations, while the low modes are substantially suppressed.
Hence the WMAP data is better fit by these modifications 2. Running spectral index

than by a standard CDM model. We have not performed a .
guantitative study in this paper of how good the fit is to the, The WMAP data show some evidence that the speciral

data, which for a particular model may be the subject ofdeXNs runs(changes as a function of the scalat which
future work; it is our goal here to display the possible role oflt IS measurefifrom ng>1 (blue) on large scales tos<1
new physics in the suppression of low”‘modes. (red) on small scales. Chung, Shiu and Troddég2] pro-

In order to illustrate the role of modifications, let us startPoSed that such a running index may be obtained in infla-
in the slow roll regime, where Eq35) is valid, and go tionary models if the slope of the potential reaches a mini-
backwards in timéup the potentigl At first, as we climb up mum in the regime where the spectral behavior changes;
the potential, the value of the Hubble constahincreases. such a potential must be carefully chose. In another proposal

Then, when we reach the value ¢f at whichV(¢)=|d|, [38,39, an inflationary model motivated by supergravity was
we see that we have reached a maximum Fori.e., proposed as an explanation of the running spectral index, in
SH/8V=0. In other wordsH is maximized forvV=|a|. which a period of hybrid inflation is followed by a second

When we continue to climb up the hil decreases towards period of inflation. We here propose an alternate possibility
zero, and the slow roll approximation begins to fail as thefor explaining the running spectral index.

kinetic energy of the inflaton becomes more and more im- We will see that the density perturbations from modified
portant. Atp(¢, )=2|c| the spectrumsy—0, ng—o, thus  Friedmann equations in E¢42) (although not described in
signalling a completely stringy regime and the slow roll con-terms of an overall spectral indegive rise to a spectrum
ditions being badly violated. Notice that modifying the that is blue on large scales and red on small scales, in agree-
Hubble parametet! through the “stringy terms,” changes ment with the WMAP data. We find tha, is an increasing

the kinetic energy of the inflaton, sin¢¢ play the role of a  function of k for small scales, and a decreasing function for
friction term for the field. large scales. We find tha#, reaches a maximum at
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U(n-1) Again this correction term blows up &=E thus vio-

(43)  lating slow roll and introducing a cutoff on the spectrum
6y=0 at the energy scaM(¢,)=E.. Hence the period of
fast roll is due to the modified friction terid for the inflaton
at high energiesy=0(E.), and it comes to an end when the

(n%—1) Hubble parameter, due to the rolling field, goes through
s = (44) its  saddle point extremum  at V(¢;)=E/2,¢;
( _ ﬁ) =(1/\)In(E/2V,). This is also the point where the kinetic
2|a| energy of the inflaton drops by more than half its potential
energy and the inflaton enters into the slow roll phase from
For Vo=|o| and taking\?=0.11 as in Fig. 2, we find that this point onwards. Also SinCé( dend <V(d;)<V(s,) the
Kmax/ks=23 so that the maximum power is on scales ofcorrection terms soon become small when the field enters the
roughly 180 Mpc. The power decreases as one moves awgyhase of the standard physics regime, doe ¢, .
from the maximum in either direction. Hence, compared to a It should be noticed that the initial condition and the start
flat spectrum, the spectral index is shifted to the red on smalyf the slow-roll regime atp;, in both examples, result from
scales and blue on large scales. and are fixed by the stringy correction term of the new phys-
Hence modified Friedmann equations have the capabilitjcs because this modification determines the saddle point lo-
of explaining not only the suppression of power on the scalegation for the “friction term” of the field, namely the Hubble
of the quadrupole, but also the running of the spectral indexarameteH. Thus the model dependence cannot be avoided
observed in the data. in the absence of knowledge of the fundamental theory of
new physics. However, observational data ought to discrimi-
3. Velocity dependent potentials from string theoretical nate between the various theoretical models for the high en-
inflationary models ergy regime.

As mentioned in Sec. |, the cosmological consistency con-
ditior_ls_ for this class of modifica’gions Were_treated i_n great . SUMMARY
detall in[27]. In our work we are interested in searching for
possible low 1” signatures that this class of models may  The new results for the suppression of the low order mul-
give rise to, thus presenting this class of stringy modificatipoles in the microwave background spectrum, measured by
tions as a second example. In order to illustrate our point, lethe Wilkinson Microwave Anisotropy Probe mission, are
us consider the following velocity dependent modification asvery intriguing. They may give us clues towards new physics

|o]

Kmax/Ks= 2_\/0

where

n—-1=

a representative example for this class that determines the initial conditions for inflation. As ex-
amples of new physics that may be responsible for this de-
Z(p)=1-V(p)IE;. (45  viation we investigate modified Friedmann equations and ve-

locity dependent potentials, that may have resulted from a
Post-Newtonian corrections of higher dimensional gravitydeeper underlying theory, for example string theory. Using
are also expected to give rise to such modification terms. Ithe CMBFAST code we see that indeed fundamental new phys-

this case the correction power is given by ics can give rise to the feature observed by WMAP at low
“1.”” However the type of feature produced is determined
v'2 by the model chosen for the stringy modifications at high

Sns=(2/Z)(dZ/d¢)(pIH) =
above. The important issue, as we have shown in this work,
is that the low 1” signatures in the CBR spectrum would
. L . offer another piece of evidence for testing string cosmology
Inlthe (;egrg]lmef where the slow r(_)II con(:]mon 'j.f.va“.dns and our assumptions about the initial conditions of inflation
<Lan t erefore we can approximate the mo ffication .t?m?)riginating from new physics. In addition, these modifica-
in the primordial spectrum by an exponential. The mod'f'edtions to the basic physics have the capability of explaining
primordial spectrum will then be given by E(®5) with ¢ not only the suppression of power on the scales of the quad-
=—V'[3HZ. rupole, but also the running of the spectral index observed in
If we now takeV=Voe'? as in the previous case, this the data. It is exciting that ideas about new physics and the
class of modifications is another example whereby we agaifhitial conditions may be testable and within observational
obtain a suppression of the signal at low through reach.
) In some cases, the stringy modifications may become im-
) k \ ML= (Vo /Bl portant once more, at very recent times. An example is the
dNs=2\"(Vo/E) k_s class of string inspired models that contain late time effects
in the form of dark energy40—-44. A very interesting rela-
1 tion exists in that case between the two apparent coinci-

)2- (46) energies, as we illustrated with the examples of Sec. Il

2 _
3H Ec(l E

X - (Vo ET 2 (47)  dences around redshifts<1, dark energy domination and
— (V] _ the low “I” suppression; however, we will report on this
1-(Vo/Ec) L o
ks scenario in a separate publication.
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