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Inflation as a probe of short distance physics
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We show that a string-inspired Planck scale modification of general relativity can have observable cosmo-
logical effects. Specifically, we present a complete analysis of the inflationary perturbation spectrum produced
by a phenomenological Lagrangian that has a standard form on large scales but incorporates a string-inspired
short distance cutoff, and find a deviation from the standard result. We use the de Sitter calculation as the basis
of a qualitative analysis of other inflationary backgrounds, arguing that in these cases the cutoff could have a
more pronounced effect, changing the shape of the spectrum. Moreover, the computational approach developed
here can be used to provide unambiguous calculations of the perturbation spectrum in other heuristic models
that modify trans-Planckian physics and thereby determine their impact on the inflationary perturbation spec-
trum. Finally, we argue that this model may provide an exception to constraints, recently proposed by Tanaka
and Starobinsky, on the ability of Planck-scale physics to modify the cosmological spectrum.
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[. INTRODUCTION been observed in black hole physics. If one traces the history
of a Hawking radiated photon, one finds that it gets ever
In the last two decades, particle physics has become amore blueshifted toward the moment of its emission, and
indispensable part of cosmology. In fact, one of the strondience one might think it could carry an imprint of extremely
motivations for studying particle physics theories that go be-high energy physical processes. In reality though, a number
yond the standard model and incorporate gravity is that thepf studieq 2] concluded that such short distance physics does
may shed light on the nature of the cosmological singularinot have any impact on the low energy features of Hawking
ties arising in general relativity. There is widespread hopeadiation; heuristically, short distance modifications are
that in one form or another these and other cosmologicalvashed out by the memoryless process of thermalization.
considerations may one day allow us to test physical theories In a cosmological context, the situation in this regard has
whose fundamental scales are now, and perhaps forever, bieeen less clear. Brandenberger and Ma@hcarried out a
yond the reach of conventional accelerator experiments. study of the impact of various models of trans-Planckian
Inflationary cosmological models, in particular, signifi- physics(in fact, the same models considered in the black
cantly highlight the important role of microphysics. For ex- hole studies just mentiongdn the spectrum of density per-
ample, since the pioneering work of R¢fl] it has been turbations in power law inflationary models. They found that
known that quantum field fluctuations in the early universewhile some hypothesized Planck scale modifications to ordi-
are stretched by inflationary expansion to scales of astronary field theory yield no late time consequentsmilar to
physical relevance, providing a gratifying first principles the black hole conclusigrsome do, indicating a cosmologi-
mechanism for structure formation. Galaxies, from this view-cal sensitivity to short distance physics. On the other hand, it
point, are quantum fluctuations writ large. was argued in Ref4] that there should be no change in the
In order to solve the standard cosmological puzzles, gerturbation spectrum if the proposed modifications still
minimum of 60 e-folds of inflationary expansion must be yield the adiabatic vacuurh.
invoked, but in many models this number can fmeich In this paper we take up the issue of cosmological sensi-
larger. Taking this at face value, it means that today’s scaletivity to short distance physics, but from a different ap-
of cosmological relevance expanded from Planckian or subproach. Namely, rather than considering thé hoc short
Planckian scales at the onset of inflation. Inflation may therescale modifications studied in Rdf3,4], we focus on an
fore provide a kind of Planck scale microscope, stretchingnteresting model introduced in Ref5], whose short dis-
the smallest of distance scales to observably large size. tance physics is designed to incorporate a minimum length, a
It is possible, however, that in the process of such infladevelopment naturally inspired by string theory. We present a
tionary expansion the effect of Planck scale physics getfull analysis of the perturbation spectrum produced by the
washed out, being diluted by the very growth of scales whiclpresence of such a minimum length in a de Sitter back-
potentially makes them visible. A similar phenomenon hagyround. As withany calculation of the inflationary perturba-
tion spectrum, the modes are normalized well inside the ho-
rizon, and the calculational task is to track their evolution
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0556-2821/2001/64.0)/1035028)/$20.00 64 103502-1 ©2001 The American Physical Society



EASTHER, GREENE, KINNEY, AND SHIU PHYSICAL REVIEW D64 103502

until they are far outside the horizon, as the perturbatiorThe parameteg is related to the minimum distandex,,;,
spectrum is fully determined by their asymptotic values. Weby Ax,i,~ 3. A Lagrangian suggested by Ed) was dis-
solve the mode equation numerically to avoid invoking anycussed in Ref[5]. In this model, the tensor mode obeys
new analytical approximations, and fix the initial conditionsthe following equation of motion:

for the numerical solution by matching to an approximate
analytical solution of the mode equations that is valid at very
early times.

While completing this work, Kempf and Niemeyg8]
posted a complementary calculation of the spectrum in tha&vherea denotes the scale factor and the prime denotes dif-
presence of a short distance cutoff. We contrast our approadgrentiation with respect to conformal timg. Our uy is
with theirs, showing that the numerical evaluation of theequal toa2dy from Ref.[5], while Ki=ap'e #7"2 wherep'
mode functions leads to a complete description of the speds the Fourier transform of the physical coordinatgsand
trum. We also expect that the approach used here will gen-

!
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eralize to the broader problem of determining the impact of a?p? e3/280°
trans-Planckian physics on the inflationary perturbation spec- m( n,p)E(l_B 22" v( n,p)Em- 3
trum, which can manifest itself as a change to the dispersion P P

relation [3], or the initial normalization of the modes or

choice of vacuum. tivated by the minimum distance in string theory. Tensor per-

Ig \llvhgtthfollows,_ we brlleflyt;‘eV|e\év Ejh_e consg]uctlon IOI' a Iturbations with different comoving wave numbereach the
model with a minimum 1ength, and diSCuss the analylicaly, i p’=1/8 at different conformal time,, where

roperties of the perturbation equation. In particular, follow- )
i%g pRef. [5] we shpow that sinceqthere is a g”ninimum length, az(”k):ﬁkz-_ For de Sitter spacey = — 1/Ve18"_|ZEZ-
each mode is “created” at a finite time in the past, defined by ~NOte that in evaluating the derivatives af with respect
the moment when its physical wavelength first exceeds th& », we are holdingc (and not the usual comoving momen-
minimum length. We then show how to extract an approxi-tumK) fixed with time. It is therefore convenient to express
mate analytical solution that holds near this early time. ThiSM and v in terms ofk by introducing the product log, or
allows us to “match” this solution to a numerical solution of |ambertW function [8], which is defined so thaiV(xe*)
the full mode equation, and compute the amplitude of the=x:
perturbation spectrum as a function of the minimum length.
We find that, indeed, there is an imprint of the short distance a>  W(2) v oa
cutoff on the perturbation spectrum. We also confirm that the u#=— F w2 b a
scenario we study does not violate bounds coming from late (1+W(2))
time particle production and quantum mechanical self con- )
sistency. More generally, we emphasize that the effect of any, ., — Bk?/a%. The W function has an essential singu-
short distance modification can be encoded in two waver . : . .

remty when its argument is equal te 1/e, and this corre-

length dependent functions, providing a phenomenologlcaSponds to the precise momeffor a given k) when 7

approach for systematically analysing deviations from the” Let S detail th i f the singu-
standard prediction of the power spectrum. We conclude with 7k LELUS examine in more detail the nature of the singu
a brief discussion of the spectrum we might expectin a mor(%amy.m the equation of_mot|on at;_: 7 The Lambertw .
general spacetime, and a summary of our conclusions. unction W(z) has a series expansion near the branch point
We stress at the outset that our intent is to show explicitlyz_
that a modification to conventional physics at the Planck 1 11
scale can have an observable effect on precision cosmologi- W(z)=—1+p— sp?+==p3+... (5
cal measurements. While of interest in its own right, the 3 72
model[5] on which we focus should be viewed as one con- I v e .
crete example in which such calculations can be reliably per\_-i_vr?ere. p_l 2(ez_+t1). Ihe Series clon\()erges fd)tph|< \/E'ﬁ_
formed, allowing us to establish definitively that cosmologi- " e singular point at= 17, I Iregular because the coeffi-

’ _ ..
cal observations may be a window onto Planck scale physic§/€nts Ofty andu are not analytic iy — 7. However, the
non-analytic piece is less singular than 74 »,) and is

therefore subdominant. We can solve for the leading behav-
[l. PERTURBATIONS WITH A MINIMUM LENGTH ior of ug by extracting the most singular terms of the equa-

) ) , o tion of motion. First writep= 7,(1—y), so that the leading
Motivated by the stringy uncertainty principl€], a phe-  {arms in the equation of motion give
nomenological Lagrangian which incorporates a short dis-

The cutoff is defined by requiring thaf<1/8, and is mo-

W(z)(5+3W(z))
(1+W(2))?

—1/e [8]:

tance cutoff was recently proposed by Kenipi. In this ) 1. 1 1
approach, the short distance cutoff is modeled by modifying U= S Uit | oot 1) oy Uk (6)
the usual commutation relation to y 28H y

where the dot denotes derivatives with respecy.tavritten
[x,p]=i%(1+ Bp?). (1) in this form, theuy andug terms both have divergences that
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scale as 1/g— 7), so the equation for the leading behavior if the adiabatic conditionsoj/w<1 and |wj/wi|<1 are

of ug actually has aegular singular point aty, . both satisfied. The Bunch-Davies vacuum amounts to choos-
Since any second order differential equation has a poweling the Heisenberg form of the field operatgf,x) to be

law expansion about a regular singular poifi, we can

explicitly construct the two independent solutions of E). d3k A A

in the vicinity of . Let ug take the form u(z,x)= J (ZT)S/Z(uljake'kXJr ur fale ), (13

Up=y* >, c,y". (7)  with a vacuum stat¢0) satisfyinga,|0)=0. In our case, if
n=0 we could ignore ther in Eq. (6), similar reasoning suggests

Theindicial equationis obtained by inserting this expression 1 ,
into into Eq.(6), expanding aboug=0 and indentifying the u ()= —ex;{ _if » (ﬂ')dﬂ'), (14)
lowest order terms, which are proportional y6~ 2. This K V2w “
givesa=0 or 3/2. Therefore, for smail,
where, from Eq(6), we see that fom~ 7,

Ui~y +Coy %2 (8)
, A
The coefficientsc; , are constrained by the Wronskian con- “’k:Ty (19
dition which follows from the canonical commutation rela- i
tion [ ¢y, 77]1=i8%(k—T) for ¢p=uy/a and its conjugate and
momentuma; [5,6]%
3 A= ! + ! (16)
u~k<n)uik"<n)—u§<n)uﬁw):i(l—ﬁpz)exp( - Eﬂpz)- apH? 2.
©) This would give a Bunch-Davies-like vacuum of the form
Hence 2,,\ 14
+ 7Yy .
4 ug ()= A exp(—2i VAy). (17)
15 —ctc,=i Tz € 32, (10)

Of course, though, we can not ignotg in Eq. (6), and
hence this does not yield a solution to our modified mode
equation. However, by modifying the prefactor of the expo-
nential, we can in fact construct a solution of this form

The Wronskian condition mixes the two power series solu
tions with complex coefficientsA priori, there is a one pa-
rameter family of solutions of; ,, corresponding to differ-
ent choices of the vacuum state. In the usual inflationary

scenario, the natural choice of the vacuum state is the so- F(y)=
called Bunch-Davies vacuum which reduces to the

Minkowskian vacuum for wavelengths much shorter than the

Hubble scale. We now motivate a natural choice of vacuunt his solves Eq(6); equivalently, in the series expansion of
in the present context by comparing with the Bunch-Davied=(y) the y*? term cancels out, an&(y) is seen to be a
vacuum. Recall that in the standard setting, the high frelinear combination of the two power series solutions found

@HA\/?) exp(—2i VAY). (18)

guency limit of the mode equation takes the form above withc, = \/A/2 andc,= —i 2AZ.
) The general solution is a linear combination of the posi-
u(7) + wi(n)u(7) =0, (11)  tive and the negative frequency modes

whose solution is well approximated by the WKB form up(y)=C,F(y)+C_F*(y), (19

B 1 ” with the constant€ . constrained by the Wronskian condi-

u(n)= exp(iif w(n')d ’) (120 tion
k7 \/Z_wk k77 n
(SRR A . 1) 7w
+TTIC = — T3 .
2In the model of Ref[5], the commutation relations afandp are \/ERH 4BH 2

modified as in Eq(1), but the field commutation relations are not ) ) )

changed from their standard form. While one can seek a particuldgomparison of the osciallatory part B{y) with that of the
interpretation, here we simply view this as providing an interestingBunch-Davies vacuum suggests ti@t =0. However, the
short distance modification of the field equations that allows for anormalization ofF(y) is not 1A2w since the adiabatic con-
reliable calculation of cosmological implications. dition is not satisfied. To be specific,
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o' 1 of the full mode equation. In principle we might hope to
—=—. (21 evaluate the mode equation numerically from an initial time
@i 2VAY of y=0, but the coefficients afiy andu;, are infinite at this

point so it is easier to match the numerical solutions to the
approximate analytical solutions &, a small but finite
value ofy. By varyingy, we can ensure that our results do
not depend on our choice of starting point, and that we are
therefore “close enough” ty=0.

A subtle point that arises during the integration is that the
subdominant terms iog contribute terms of order®Zog(y),
which contribute\y logy in the derivativeu: . While these
terms do go to zero in the limit wheng, is vanishingly
small, they approach zero comparatively slowly. Since we
are using a small but not infinitesimal valueygf, we match
the numerical solution to the “corrected” asymptotic solu-
tion, which includes the lowest order logarithmic terms. We
evolve the mode equations numerically using the Bulrisch-
Stoer integrator implemented in Fortran, and from the
asymptotic values dfu,/a| we obtain the spectru(k).

In general the spectrum ksdependent, but for the special
case of de Sitter inflation, the background spacetime is time
translation invariant, which implies that the spectrum should

not depend ok (which is equivalent td at late times This

Therefore fory~0, no matter how largd is (or, more im-
portantly, how smallg is), the adiabatic conditiohw;/ ]|

<1 is violated. Thus these initial conditions are not
smoothly connected to the “standard” form of the mode
equation when it is well inside the horizon, even in the limit
B—0 although the Lagrangian is smooth in the same limit.
The discrepancy arises because when@#£0, the mode’s
evolution begins at dinite conformal time. Moreover, we

expanded the Lambert functiow(z) with z=— gk%a?
aroundz= —1/e, and this expansion is only convergent when
z<0. If B=0, the argument of th&V function is zero, and
this expansion cannot be used.

We have found the leading behavior af around »
~n¢. The equation of motion for the tensor modg is
solved only up to order ¥/ The residual terms can still be
significant fornp~ 7, . We deduce the subleading bahavior of
uy by the method of dominant balan¢&0]. Define ug(y)
=F(y)(1+ €,(y)) and extract the most singular terms in the
equation of motion fore:

1. 3A-3/2 is manifest from the mode equation and, in practice, we veri-

€1— =—€1= =0, (220  fied the code by solving the mode equation for multiple val-
2 Jy .

y y ues ofk and found that the numerically computed spectrum

was indeed scale invariant to better than one part f 10
In Sec. Il we saw that imposing the Wronskian constraint
2 led to a one parameter family of solutions, but that a com-
er(y)=(2A— 1)y3’2( logy— §) _ (23)  parison with the standard Bunch-Davies vacuum suggests the
choiceC_=0. We begin by analyzing the consequences of
relaxing this choice. In Fig. 1 we plot the spectrum computed
for small values ofg with C_=0, and compatre this plot to
a calculation with a finite value o _ . In the former case,
the spectrum smoothly approaches the de Sitter rds¥t
=H/2, but does not do so for any finite value Gf .
Figure 2 displays thg@ dependence of the spectrum. For
moderate values 0B, the spectrum can be either lower or
1 7 higher than the “standard” value, but for largg P2 ap-
62=ﬂ(105— 330A— 112A3’2)y2+Z(ZA— 1)y2logy. proaches zero. For sufficiently large the overall amplitude
(24) of the perturbation spectrum is significantly reduced. In de
Sitter space the power spectrunkismdependent, so the only
The equation of motion fou, is therefore solved up to terms €ffect is an overall normalization dependencethrough
that vanish asy—0. the dimensionless combinatiOfEH. Assuming one has an
When the mode is well outside the horizpagH, and see  independent measure ¢f, we see that the short distance
that w(7,p)—k? and v(75,p)—1. Consequently,u,(7) cutoff specified byB does indeed leave an imprint on the
~a(7), which reproduces the standard late time limit in thespectrum. In more realistic inflationary models, as we indi-

usual case with8=0. This limit defines the power spectrum cate below, we believe the imprint will dedependent and
hence also affect the shape of the power spectrum.

which gives

This is indeed small compared with the leading term for
small y. With this correction, the equation is solved up to
order 14y, but there are still residual Iy) terms. The solu-
tion is further improved by the next subleading ordefy),
where ug=F(y)(1+€;(y))(1+€,(y)). The solution for

ex(y) is

3 2

Uk
Py(K)=—|=| (25)
2wl a IV. MODE MATCHING AFTER HORIZON CROSSING
which is evaluated when, is well outside the horizon. The physical origin of the change in normalization of the

power spectrum can be simply understood in terms of the
asymptotic behavior of the mode solutions. In the long wave-
length limit, the mode equation asymptotes to the standard
We match the analytical form of the solution valid when mode equation for cosmological perturbations. Therefore, re-
the mode is well inside the horizon to a numerical evaluatiorgardless of the nature of the short-distance physics, the mode

IIl. NUMERICAL RESULTS
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du duf
0.035 u’k‘d—;—ukd—;(:—i. (27)
0.03
0.025 With this constraint, the form of the mode function is com-
0 02 pletely determinedup to a phaseby the selection of a
’ vacuum. The standard case, that of a Bunch-Davies vacuum
0.015 at short wavelength, corresponds to the selediior=0 and
0.01 D, =1, with our choice of normalization.
o 005 The key attribute of this constructi_on is thagardlessof
' the nature of the short-distance physics, the long-wavelength
51 01502 03 s o7 1 b_ehavior of the modes is completely encoded_in the poeffi—
cientsD.. . In generalD .. arek dependent but in de Sitter
space the situation is particularly simple, siige are con-
0.025 stants.
In the standard analysis, the coefficie@s that deter-
0.02 mine the vacuum at short wavelengths are identical to the
D. found by matching the mode functions to the long-
0.015 wavelength limit[Eq. (26)]. Modifying the short distance
0 01 physics can break this correspondence, and the choice of
vacuumC _ =0 in the short wavelength limit can correspond
0.005 to a phase rotation in the long wavelength limit, with-
#0. This changes the normalization wf, since the power
spectrum depends on the integration constants as

0.1 0.150.2 0.3 0.5 0.7 1
2
«|D,+D_|? (29

FIG. 1. The top figure shows the spectru'f) as a function 3

of B with C_/C, =—0.5, while the lower plot shows the spectrum Pg(k) - 212
whenC_=0. Itis only in the latter case that the computed value of

the spectrum smoothly approac_hes the usual value in dle72 Sitteh the long wavelengthkK— 0) limit. In de Sitter spaceD ..
space, In this ploti=0.1, and with5=0 we would expecP are constant, so the rotation alters the normalization of the
=0.0159155. power spectrum, but does not introduce d&nglependence.
However, if the background deviates from de Sitter space
function takes the general form D. are, in generalk dependent, which will alter both the
shape and normalization of the power spectrum as well as the
1 short distance physics—perhaps in a dramatic Waij.
U(m)= E\/—7777[D+HV(—k77)+D,H’§(—k77)], Naturally, if a modification to short-distance physics alters
(26) D.., the perturbation spectrum will change. This will lead to
constraints on the form and magnitude of the modifications
toD. [12,13.

K
a

whereH , is a Hankel function of the first kind, ang= 3/2
in de Sitter space. The constams are constrained by the V. PARTICLE PRODUCTION BOUNDS

standard Wronskian condition arising from the canonical - .
commutation relations for the field operator: In addition to the perturbation spectrum, other arguments

place cosmological constraints on modifications to short-
distance physics. For example, Starobingk#] has recently

0.04 shown on quite general grounds that even a very tiny rotation
away from the Bunch-Davies vacuumtime current universe
0.03 would result in unacceptable production of relativistic par-

ticles. The Starobinsky bound corresponds to

0.02 HS
D_|2<—2, (29)
ID_| v

Pl

where the coefficienD _ is evaluated in the limit of a scale
much larger than the minimum distangg8 but still much
smaller than the current horizon sitt; . However, this
FIG. 2. The B8 dependence of the spectrum}?, is plotted ~ bound applies to the cosmic vacuum at late times, not during

againstg, with H=0.1. For a de Sitter background, the spectrum isinflation. While we will not study this issue in rigorous detail
independent ok. in the current paper, we do want to point out a simple and

2 5 10 20 50 100
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is consistent with the Starobinsky bound.

1.175¢ We do not pursue this in more detail as the current model
1.15} is simply a heuristic construction that mimics what we might

expect from a more rigorous string theoretic description of

spacetime. However, we can conclude that it is plausible that

1.1} a minimum length leads to a time dependent modification of

the backgroun in a universe whetfeis not constant, and that

the value ofD _ will be time dependent making the particule

1.05} production bound much less onerous.

Also of relevance is Tanaka's analy$ik5], showing that

L028 particle production during inflation can significantly change
0.1 0.150.2 0.3 0.5 0.7 1 the background evolution of the spacetime. The perturbation
to the stress-energy during inflation can be expressed as
0.6r
) s 00 dk | kID_|?
(2m)3¥  a*
0.4¢
d3

= | GappID-P
0.2¢

ID-|?
0.1 ~ P , (30)

0.1 0.130.2 0.3 0.5 0.7 1 wherep is the physical momenturmp=(k/a), with the mo-

FIG. 3. The values oD, (top) andD_ are extracted for the mentum cutoffp<<(1/\/B). If perturbation theory is to be
spectrum shown in Fig. 1 wittC_=0. As g—0, D,—1 and consistent, the contribution from the stress-energy from par-
D_—0, confirming that as the Hubble length becomes much largeticle production must be subdominant:
than the minimum length the spectrum approaches the standard re-

sult. | D

2
6'T00~ - |

. <M2H?2 (32)

natural mechanism to potentially avoid this bound, a mecha-

nism in fact that appears to be realized in the model StUdieQ'anaka’s analysis assumEdl_|~1, resulting in a bound on

herein. If|D _| is dependent oM, it can be significant dur- B of o

ing inflation, thus affecting the power spectrum, but small

enough in the universe today to satisfy the Starobinsky 1

bound. E< VMpH?. (32
As it happens, atd dependent value dD _ is precisely

what the model considered in this paper predicts. The magy this model,D_ is 8 dependent, weakening the Tanaka

nitude of the rotation depends not on the absolute physicagound’ and foD _~8H it becomes

scale of the cutoff, but on the ratio of the cutoff scale to the

horizon size,\/EH. If the horizon size and the minimum 5

length are comparable during inflation, the power spectrum E<MPI' (33

is significantly affected, but the rate of particle production

today will be strongly suppressed, by the much lower valuerpjs js easily satisfied if/8 is within an order of magnitude
of H in the present universe. Figure 3 shows the dependencg o of the Planck length. Therefore particle production

. . . 2 . . i L N ) o X
of the coefficientD  on the ratiogH® in the numerical hjaces no significant constraints on the viability of this
solution of the mode equation. The numerical results implyy,ggel.

|D_|<B", with 0.45sn<0.5 whenBH?<1. In the “real”
inflationary universe, we hol@ fixed and reducé, so this
result implies that as the universe expandsiheterm will
become negligible. We have presented an accurate calculation of the pertur-
On the basis of our present calculations, the exact deperation spectrum predicted for a de Sitter universe where the
dence ofD_ on B remains unclear, since the value 0f physics has been modified to include a minimum length. The
appears to be very weakly dependent@inf we evaluaten  spectrum is scale independent, which follows from the time
over a few decades iB (for fixed H) n appears to slowly translation invariance of a de Sitter universe. This calculation
approach 0.5 as this range is moved to smaller and smgller significantly extends the contemporaneous qualitative ap-
Thus it is not unreasonable to assume fiEat|< B in the  proach of Ref[6], allowing us to determin@owthe pertur-
present universe, and that the particle production rate todayation spectrum is modified. Furthermore, it lays the ground-

VI. DISCUSSION
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work for accurate calculations of the spectrum produced bygmall. It is tempting to interpret this as a mechanism for
other models where trans-Planckian physics has modified theolving the fine tuning problem endemic to the inflationary
“standard” evolution of cosmological perturbations, either generation of the primordial perturbation spectrum. A
by altering the dispersion relationship in the evolution equaimechanism ensuring that the overall normalization of the
tions or by changing the initial conditions. spectrum is small enough to satisfy observational constraints

If the minimum length is much smaller than the Hubble from large scale structure and the microwave background
length, its introduction has no detectable effect on the speawill solve this problem. For larg@, this model appears to do
trum. However if these two lengths are within an order ofjust that, but we caution that this conclusion is likely naive
magnitude or two, it is possible for the resulting spectrum tosince it requires the minimum physical length to be much
differ appreciably from thgg=0 limit and for various other larger than the horizon volume, and we cannot be sure the
particle production constraints, discussed above, to be satismodel has any physical validity in this regime. Further study
fied. Various values for the string scale and the Hubble scalalong these lines may reveal a trustworthy suppression
arise in recent string theoretic approaches to cosmaolsgg mechanism.
for example Refs[16—22) and hence the effects studied An interesting—but highly speculative—possibility is that
here can potentially be significant in these and other modelgarticle production induced by a finite value@f may both

In de Sitter space, the ratio between the minimum lengttbe small enough to satisfy Starobinsky's bound, but large
and the physical horizon size is constant. In almost all otheenough to lead to new physics. Epochs where this would be
inflationary backgrounds, the expansion rate is slower thaparticularly intriguing are immediately after inflation, where
exponential, and the physical horizon size will increase relaparticle production from the vacuum is a potential mecha-
tive to the minimum length scale. In this case our analysis ohism for reheating the universe, and in the present universe if
the de Sitter background suggests that the amplitude of thihe particle production was efficient enough to modify the
longest modesgproduced earliest in inflatiorwill be modi-  equation of state. To explain the latter possibility, the equa-
fied. Shorter modes will leave the horizon at a time when theion of state determines the relationship between the density
horizon length is much larger than the physical cutoff lengthand the scale factor as the universe expands and particle
and their amplitude will be unaffected. We plan to return toproduction reduces the rate at which the density of the uni-
this problem in future work, but our tentative conclusion isverse drops with increasing volume. In general, the more
that the spectrum of primordial perturbations could be alweakly the density of a perfect fluid depends on volume, the
tered at very long wavelengths by the existence of a minimore rapidly the universe will expand. Consequently, if par-
mum length scale. Whether this is observable in practice wilticle production is efficient enough to alter the expansion rate
depend crucially on the number effolds of inflation pre-  of the universe, it will be increased relative to that of a uni-
ceding the creation of the modes which are responsible foverse withD _=0. This is particularly interesting in the light
large scale structure in the observable universe. We closef observational evidence for dark energy, which is betrayed
with a few observations, some rather speculative, about fuby a too-rapid expansion of the spacetime background. For
ther studies we plan to undertake based on the present wodn alternative approach of understanding the origin of dark
[11]. energy from trans-Planckian physics, see R28].

All of the calculations in this paper have focused on ten-
sor perturbations. It would be worthwhile to extend the
analysis to scalar perturbations.

We find it particularly interesting that since short scale R.E. and W.H.K. are supported by the Columbia Univer-
modifications yield mode equations that are asymptotic teity Academic Quality Fund and the Department of Energy.
the standard form on large scalghat is what is meant by a The work of B.R.G. is supported in part by the DOE grant
short scale modificatiorthe effect on the power spectrum of DE-FG02-92ER40699B. The work of G.S. was supported in
any new short distance physics can be encoded in th@art by the DOE grant DE-FG02-95ER40893 and the Uni-
k-dependent coefficientS , andD _ . This provides a phe- versity of Pennsylvania School of Arts and Sciences Dean'’s
nomenological framework for systematically seeking signaldund. We thank Philip Argyres, Vijay Balasubramanian, Clif-
of—and establishing constraints on—short scale deviationford Burgess, Chong-Sun Chu, Eanna Flanagan, Achim
from conventional physics. Kempf, Jens Niemeyer, Lam Hui and Henry Tye for discus-

For very larges, the power spectrum becomes arbitrarily sions.
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