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Isocurvature and adiabatic fluctuations of the axion in chaotic inflation models
and large scale structure

M. Kawasaki
Institute for Cosmic Ray Research, The University of Tokyo, Tanashi 188, Japan

Naoshi Sugiyam*a
Department of Physics & Research Center for the Early Universe, School of Science, The University of Tokyo, Tokyo 113, Japan

T. Yanagida
Department of Physics, School of Science, The University of Tokyo, Tokyo 113, Japan
(Received 19 December 1995

In chaotic inflation models, quantum fluctuations from axion fields lead to overproduction of domain walls
and overly large isocurvature fluctuations, which is inconsistent with observations of cosmic microwave back-
ground anisotropies. These problems are solved by assuming a very flat potential for the Peccei-Quinn scalar
field. As the simplest possibility, we consider a model where the Peccei-Quinn scalar is an inflaton itself, and
show that the isocurvature fluctuations can be comparable with the adiabatic ones. We investigate the cosmo-
logical implications of the case when both adiabatic and isocurvature fluctuations exist, and find that the
amplitude of the matter spectrum becomes smaller than that for the pure adiabatic case. This leads to a
relatively high bias parameteb&2) which is favored by the current observatiof80556-282(196)00816-3

PACS numbg(s): 98.80.Cq, 98.65-r, 98.70.Vc, 14.80.Mz

I. INTRODUCTION and its fluctuations are given Kya)=H/(2), whereH is
the Hubble constant at that epoch. Since the phase of the

The axion[1-4] is the Nambu-Goldstone boson associ- Peccei-Quinn scala#, is related toa(x) by 6,=a(x)/F,,
ated with the breaking of Peccei-Quinn symmetry, and waghe fluctuations of9, are given by
invented as a natural solution to the stro@i problem in
QCD [5]. The Peccei-Quinn symmetry-breaking schlgis H
stringently constrained by laboratory experiments, astrophys- 60,= 27F,
ics, and cosmology; the allowed range Bf is between
10" GeV and 16 GeV [6] in standard cosmology. AXions | chaotic inflation with the potentiak ¢*/4, H is about
are also cosmologically attractive since they can be cold darkgl4 Gev for A~10"3 which is required to produce the
matter (CDM) if F, takes higher values in the allowed re- anisotropies of the cosmic microwave backgrou@MB)
gion. observed by the cosmic background exploi€OBE) Dif-

The inflationary universd7,8] was invented to solve ferential Microwave RadiometefDMR) [11]. Then, from
problems in standard cosmologffatness problem, horizon Eg. (1), the fluctuations of the phast, become of order 1
problem, monopole problem, ekcin particular, the chaotic for F,<10"® GeV, which means that the phase is quite ran-
inflation model[9] is the simplest and most promising can- dom. Therefore, when the universe cools down to about 1
didate that produces an inflationary universe. In chaotic inGeV and the axion potential is formed, the axion sits at a
flation, some scalar fielegh, which is called the inflaton, has different position of the potential in different regions of the
a very flat potentialV($)=\¢*4 with A~10"13 In the universe. Since the axion potential hisdiscrete minima
chaotic conditions of the early universe, the inflaton may(N is the color anomaly domain walls are produced?2].
have an expectation value much greater than the Planck ma$§e domain wall withN>2 is disastrous because it quickly
and then slowly roll down to the true minimum of the poten- dominates the density of the universe. _
tial. During the slow-rolling epoch, the universe expands ex- 1he second problem is that quantum fluctuations for the
ponentially. axion cause anisotropies of the CMIB3—15 which are too

When we consider the axion in a chaotic inflationary uni-large. Since the axion is massless during inflation, the axion
verse, we confront two serious problems associated witfluctuations do not contribute to the fluctuations of the total
large quantum fluctuations generated during exponential exdensity of the universe. In that sense, the axion fluctuations
pansion of the universe. One is the domain wall problenfre isocurvature, i.e., zero curvature fluctuatl_ons and the con-
[10]. At the inflation epoch the axion field(x) is massless Stant entropy perturbations between the axion and the pho-

ton: S,,=d,— %5,/= const, wheres, and 6, are density per-
turbations of the axion and the photon, respectively. On the
“Present address: Department of Physics, Kyoto University, Kyot&ontrary, the adiabatic perturbations requig,=0 with
606, Japan. constant curvature perturbations.
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After the axion acquires a mass,, the axion fluctuations with A~10 2 Here the axion fielda(x) is the phase of
become density fluctuations given b§p,/p.~3860,/6,,  ®,, namely,®,=|d,/e?™/Fa We also assume that the ax-
which cause CMB temperature fluctuations ion is dark matter and that the density of the axion is equal to
6TIT~66,16,. From Eg.(1), the CMB anisotropies pro- the critical density. After the axion acquires a mass, the
duced are of order 1, which contradicts observations. isocurvature fluctuations with comoving wave numkeare

It has been pointed out in Refl5] that the above two given by
problems are simultaneously solved if the potential of the
Peccei-Quinn scalar is very flat. For a flat potential the iso (| OPa 26a  \2H 3
Peccei-Quinn scala®, can have a large expectation value ba (k)= E(k) T Ta @k
~Mp, at the epoch of inflation. Then we should take,) as 1so
the effective Peccei-Quinn scale insteadrgf and the phase \yhereH is the Hubble constant when the comoving wave-
fluctuations are suppressed. Therefore, the production of dqangthk—* becomes equal to the Hubble radids® during
main walls is suppressed and isocurvature fluctuations dgne inflation epoch. It should be noted that the above initial
crease. However, the isocurvature fluctuations may not akpectrum is the Harrison-Zeldovich type in case of isocurva-
ways be negligible relative to the total density fluctuationsyre perturbations. Therefore, in our simple model, there is a
and hence to the CMB anisotropies. In fact, as is shown iegjigible contribution from the gravity wave mode. Since
the next section, the isocurvature fluctuations can be compane flyctuations forg, are much less than 1 fob~Mp,

rable with the adiabatic ones for a large region of parametefiation can makef, homogeneous beyond the present-day
space. Therefore, it is natural for the axion to have both typegqrizon. Therefore, the domain wall problem might be
of fluctuations in the chaotic inflation scenario. solved[24].

_Since isocurvature fluctuations @i\a 6 times larger con- o the other hand, the inflaton generates adiabatic fluc-
trlb_utlon to CMB_ anisotropies at CQBE scalg¢$6] than _ tuations which amount to
adiabatic fluctuations, the mixture of isocurvature and adia-
batic fluctuations tends to decrease the amplitude of the mat-
ter fluctuations if the amplitude is normalized to the COBE- 52"(k)E
DMR data. This means that a relatively high bias parameter,
which is defined as the ratio between the density perturba- ~
tions of galaxies and the total density perturbations includingvhereR(t) andH are the scale factor and Hubble constant
the contributions from dark matter, is necessary compare@t some arbitrary timeé. Here we assume that the universe
with the purely adiabatic case. In the standard adiabatits radiation dominated and_that the waveleng®(t)/k]
CDM scenario, i.e., density paramet@r=1, Hubble con- is larger that the horizon~4H ™). To compare these two
stantH= 50 km/s Mpc with the Harrison-Zeldovich initial types of fluctuations, it is convenient to take the ratio of the
power spectrum, the COBE normalization results in a biagpower fpectra[P(k)Eé(k)Z] at horizon crossing, i.e.,
parameter less than 1, which is quite unphysical and alsk™*R=H "1, which is written as
contradicts observationl7—19. Therefore, the high bias

, ©)

D) 2H3
—p(k>) -k @
P g BV'HZR(1)?

parameter predicted by a model with both adiabatic and _ Piso L 9(V')? .
isocurvature fluctuations is favoréd. TPl H4D2g2" 5)
In this paper, we consider axionic isocurvature fluctua- WR=H
tions generated by chaotic inflation and investigate their cossjnce the cosmologically interesting scales
mological effects on CMB anisotropies and the large-scalgk-1—1 kpc—3000 Mpc) correspond to the Hubble radius
structure of the universe. for ®,~4Mp, at the inflation epochg is given by
a=2x10"%6,2. (6)
Il. AXION FLUCTUATIONS Furthermore, since the axion is dark mattey,is related to
Let us first estimate the amplitude of the isocurvature anéhe Peccei-Quinn scafé, by [6]
adiabatic fluctuations generated in the chaotic inflationary Q0.h2\ 12 = -0.59
scenario. For a demonstration of our point, we consider a aa:0_017< 0a25 (1015 aGeV) , @)

model where the Peccei-Quinn scalar plays the role of an

inflaton. The potential for the Peccei-Quinn scalar is g|venWhereQa is the density parameter of the axion at the present

by epoch andh is the dimensionless Hubble constant normal-
\ ized to 100 km/s Mpc. Then the ratie is written as
V(Pa)= 7 (|Pa*~Fa)?, ) F, |18 0. h?| 1
0‘:6'24( 105 GeV) 0.25 ®

There are other alternatives of standard CDM models to explail herefore, the isocurvature fluctuations are comparable with
the large-scale structure and the COBE normalization at once sudiie adiabatic ones fdf =10 GeV.
as models with a tilted spectruf20], with the cosmological con- It seems natural to takef,~1 (corresponding to
stant[21,27, or with a low Hubble constarj23]. F,~ 102 GeV). In this case we have~ 102 and adiabatic



2444 M. KAWASAKI, NAOSHI SUGIYAMA, AND T. YANAGIDA 54

F, (Qh2/0.25)-085[GeV]
1F T - 1013 1014 1015 1016
: \\\ : 2 IIIII| T IIIIII|| T IIIIII| T IIIIIII| T TTTIT
[ —— h=1.0 (Iso) ™\ ] .
i 0.8 \ ] 1
i 0.5 j ]
L r=05 (adi) W 15 7
o '=0.25 (adi) N\ - 1
0.1 \\\ - i ]
E N E bm 1+ _|
I \\ i = -
L \ i - i
AY " L |
[ \\ X - -
I oA 05 - —
\ i i
\
.01 IIIIII| 1 1 |||I||I 1 1 IIIIIII 1 11 ~ =
0’001 O.Ol 0.1 1 O i 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIT
k[hMpc~!] 0.01 0.1 1 10 100 1000
o

FIG. 1. The matter transfer functidr(k) for Q=1 pure isocur-
vature models witth=0.5, 0.8, and 1.0. Adiabatic CDM models FIG. 2. o5 for models with adiabatic and isocurvature fluctua-
with T'=0.5 and 0.25 are also plotted. tions as a function ofr (lower x axis) or F,(Qh?/0.25) %8 (upper
x axis). We takeh=0.5, 0.8, and 1.0.

fluctuations dominate. However, singg is homogeneous ) )
over the entire universe, we can taikgas a free parameter 2_ ij ﬂ‘ka k)( 311(kR))
and we are allowed to tak&,~ 102, leading toa~ 10. This 2 k kR
contrasts with the standard cosmology whegés random in
space and the averaged vatwb/3 should be taken. Further-
more, if the Peccei-Quinn scalar is independent of the mﬂaparameterb is the inverse ofrg: b= 08 " If we normalize

ton, the expectation value df, at the inflation epoch can be the amplitude of fluctuations to the COBE DMR data, the
less than the Planck mass, depending on the coupling Co0A1ues of g are 0.11, 0.20, and 0.25 for=0.5, 0.8, and

stant of|®|". In this model we have found that the isocur- 1.0, respectively. Here we take the normalization scheme
vature fluctuations comparable with the adiabatic ones, i. eproposed by White and Burf27] for the COBE normaliza-
~ 1012 i
a~1, are produced even fdf,~10'* GeV (equivalently o The observed values of, are 0.57 from galaxy cluster
0a~1). surveys[17], 0.75 from galaxy and cluster correlatiofis3],
and 0.5-1.3 from peculiar velocity field49] if Q=1 is

assumed. Therefore we can reject pure isocurvature models
ll. OBSERVATIONAL CONSTRAINTS using these observations.

NC)

R=8h"1 Mpc

wherej, is the first order spherical Bessel function. The bias

A. Pure isocurvature fluctuations

First we examine models with pure isocurvature fluctua- B. Adiabatic and isocurvature fluctuations

tions. Throughout this paper, we only consider models with  Next we investigate models with an admixture of isocur-
total density paramete(n 1 and baryon density parameter yature and adiabatic perturbations. As we have shown in Sec.
0,=0.012%"2 derived from primordial nucleosynthesis ||, the amplitudes of the isocurvature and adiabatic fluctua-
[25]. The matter transfer functionk) for differenth’s are  tions are comparable in chaotic inflation, for a certain range
shown in Fig. 1, together with those for adiabatic cold darkof initial values of 6,. Thus it may be interesting to study
matter _models. The transfer function is defined asthe cosmological effects of these admixture fluctuations. In
T(k)=5(k)/5(0), where 5(k) is k325°(k) for isocurvature linear perturbation theory, isocurvature and adiabatic pertur-
andk™ 1/252d(k) for adiabatic fluctuations. It is well known bations are independent solutions. Therefore there is no cor-
that the transfer functions for adiabatic CDM models arerelation between these two modes. We simply add two
controlled by a single parametEe=Qh for low baryon den-  power spectra in order to get the total one. In Fig. 2, we
sity [26]. Recent large-scale structure observations suggeshow the values ofrg as a function ok (or F,) for models

the best-fit value of’~0.25[18,21]. In Fig. 1, it should be with h=0.5, 0.8, and 1.0. As is shown in this figure, we can
noticed that the transfer function of the isocurvature modekasily overcome the antibias problem of the standard purely
with h=0.5 is very similar to the best-fit adiabatic one. How- adiabatic CDM model by employing admixture models. As-
ever, as we pointed out before, there is a problem of oversuming the COBE normalization, the value @f for stan-
producing temperature fluctuations on large scales for isocudard CDM =1, h=0.5, and(},,= 0.05 with adiabatic per-
vature perturbations. Let us consider next the amplitude ofurbationg is 1.4. For admixture models, we can obtain
mass fluctuations att8 ! Mpc, i.e., og, which is defined as desirable values ofg= 0.5-0.8 for the range ok~ 1-10
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_ _ FIG. 4. Power spectrum of CMB anisotropig€3, for the
FIG. 3. Matter power spectrufd(k) for the(Q=1, h=0.5, and ) ) : )
pow P uri (k) Q=1, h=0.5, andQ),=0.05 models with adiabatic and isocurva-

0,=0.05 models with adiabatic and isocurvature fluctuations. Wet fluctuati functi f ltinol hisWe tak
take «=3.75, i.e.,o04=0.75. Contributions from isocurvature fluc- ure fluctuations as a function of muftipole mome € lake

tuations and adiabatic fluctuations are plotted, together with th@:3'75’ "e".("g:(.)'?S' Cont_rlbutlons from isocurvature flyctua-
total power spectrum. An adiabatic CDM model with=0.25 and tions and adiabatic fluctuations are plotted, together with total
0g=0.75 is also plotted. The observational data are taken fronPOWer spectrum.

Peacock and Doddsl8]. Shaded regions are the best-fit value of

the Mark Il catalog of peculiar velocities of galaxies by Zaroubi IV. CONCLUSION AND REMARKS

i 0, . . . . .
et al. [28] with 30% errors. We have examined the cosmological implication of ax-

ions in the chaotic inflationary scenario. By assuming a very

or F,~10""1%GeV. For the model with=0.5, 03=0.57 flat potential for the Peccei-Quinn scalar, we can solve the
for a=7.7 andog=0.75 fora=3.8. overproduction problems of domain walls and of CMB

The matter power spectrum of the model witk 0.5 and ~ anisotropies. The simplest model, where the Peccei-Quinn
a=3.8, i.e.,04=0.75, is shown in Fig. 3 lfzg=0.5, the scalar plays the role of an inflaton of chaotic inflation, has

adiabatic and isocurvature fluctuations is very small. There@nd isocurvature fluctuations. From recent observations of
fore, the same problem with the purely adiabatic CDM mod_large-_scale structure and _ CMB anisotropies, models with
els arises. Namely, it is difficult to obtain the shape whichPUré isocurvature fluctuationr a negligible amount of
fits the observations if we empldy=0.5. However, a recent

analysis of velocity field$28], which have much sensitivity AL A RALL B
on larger scales, suggests that the turnover point of the power L o,=1 T —o,=1
spectrum is smaller than previously thought. Their best-fit [~ 0g=0.5 T 0g=05

o
T
=
Il
]
)]

shape id"=0.5 (see shaded regions of Fig.. Iherefore, it
might be premature to rule out the model merely from the
shape of the power spectrum.

Figure 4 shows CMB anisotropy multipole moments
Ci={(lam|?. Here sT/T=3,amYim, With Y,, being
spherical harmonics. There is a clear distinction between
pure adiabatic and admixture spectra. The admixture spec-
trum has very low peaks against the Sachs-Wolfe plateau on N
small I's. It might be possible to determine from future 0 sl Sl
experiments using a new satellite or long-duration balloon 10 1?0 1000 10 1?0 1000
flights. In order to see how general this feature of the tem-

perature spectrum is, we pl@,’'s for a desirable range of FIG. 5. Power spectra of CMB anisotropi€s's for the =1

0g, €.9,, 0.5-1.0 foh=0.5and 0.8, in Fig. 5. In the case of anq0, =0.05 models with admixture fluctuations as a function of
h=0.5, there still remain high peaks farg=1 since the  muyitipole moments. Left panel: models with=0.5,05=1.0, i.e.,
isocurvature and adiabatic fluctuations are comparabley=1.45 (solid line), and og=0.5, i.e.,a=10.6 (dashed ling are

These peaks disappear, however, if we consider the higpiotted. Right panel: models with=0.8, 03=1.0, i.e.,a=6.04
Hubble constant and/or lowg because isocurvature fluctua- (solid line), andog=0.5, i.e.,a=32.0(dashed ling are plotted.
tions dominate.

. h=0.8

1010x4({+1)C,/2m
fav]
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adiabatic fluctuationsare ruled out. The preferable value of However, explicit models for producing both adiabatic and
F, for the desired bias parametds+2) is about 18° Gev  isocurvature fluctuations were not considered in their paper.
which happens to be the grand unified the@®UT) scale.

Note addedAfter finishing this paper, we became aware ACKNOWLEDGMENTS

of a paper by Stompoet al. [29] which also discusses the ~ We would like to thank M. Sasaki and S. Zaroubi for
cosmological consequences of an admixture of fluctuationshelpful discussions.
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