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Constraining isocurvature fluctuations with the Planck Surveyor
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We consider the detection possibilities of isocurvature fluctuations in the future CMB satellite experiments
MAP and Planck for different cosmological reference models. We present a simultaneous 10 parameter fit~8
for the case of open model! to determine the correlations between the cosmological parameters, including the
isocurvature cold dark matter contribution to the anisotropy. Assuming that polarization information can be
fully exploited, we find that an isocurvature perturbation can be detected by the Planck Surveyor if it contrib-
utes more than 4% to the angular power spectrum at large scales. In the absence of polarization data, the signal
from isocurvature perturbations can be confused with tensor perturbations or early re-ionization effects, and the
limit is larger by almost an order of magnitude.

PACS number~s!: 98.70.Vc, 98.80.Cq
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I. INTRODUCTION

A second generation of satellite experiments, the Mic
wave Anisotropy Probe~MAP! @1# and Planck@2#, will soon
provide highly detailed temperature maps of the cosmic
crowave background~CMB!. From the measured spectru
of temperature fluctuations one may infer the properties
the cosmic fluid, such as its density or the rate by which
comoves with the expansion of the Universe, and thus de
mine most cosmological parameters to an accuracy of a
percent@3–5#. In addition, the spectrum of temperature flu
tuations allows us to study and constrain physics at v
small distance scales, corresponding to energies much hi
than can be achieved in any particle accelerator in the f
seeable future. This is so because the features on the
perature map depend on the nature of the primordial den
fluctuation.

Cosmic inflation is currently the most popular explanati
for the origin of the primordial perturbations, and it typical
predicts a near scale invariant spectrum with Gaussian fl
tuations. The perturbations are adiabatic with the num
density proportional to the entropy density so thatd(n/s)
50. This is so because the quantum fluctuations of the fi
responsible for inflation, called the inflaton, directly give ri
to perturbations in the energy density of the inflaton field

However, the inflaton may not be the only field which
subject to quantum fluctuations during inflation. In fact, a
effectively massless scalar field will fluctuate by virtue of t
nearly constant energy density of the inflation era with a r
mean square amplitudeH/(2p), whereH is the Hubble pa-
rameter during inflation. Such fluctuations will contribute
the perturbations in the microwave background. They m
be adiabatic, in which case it is difficult to entangle th
effect from the inflaton fluctuations. The other possibility
isocurvature fluctuations, which are fluctuations in the nu
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ber rather than the energy density so thatd(n/s)Þ0. Ex-
amples of particle physics models giving rise to isocurvat
fluctuations include axions@6,7#, inflation with more than
one inflaton field@8#, and supersymmetric theories with fla
directions in the potential@9#.

Isocurvature perturbations@10,11# in a given particle spe-
cies havedr50 with the overdensities balanced by pertu
bations in other particle species, such as radiation. At the
scattering surface~LSS! the compensation for the isocurva
ture perturbations can be maintained only for scales lar
than the horizon, effectively generating extra power to ph
ton perturbations at small angular multipolesl. As a conse-
quence, the spectrum of isocurvature perturbations diffe
great deal from adiabatic perturbations, and a purely isoc
vature cold dark matter~CDM! perturbation spectrum is in
fact already ruled out@12# on the basis of the Cosmic Back
ground Explorer~COBE! normalization ands8, the ampli-
tude of the rms mass fluctuations in an 8h21 Mpc21 sphere.
~There are suggestions that a decaying CDM model co
sustain purely isocurvature perturbations@13#; however, such
models are not motivated from a particle physics point
view.! A small isocurvature contribution might, however, b
beneficial in the sense that it could help to improve the fit
the power spectrum inV051 CDM models with a cosmo-
logical constant@14,6#.

The simplest possibility is that there is a single CD
which has both adiabatic and isocurvature perturbations.
example of such a situation is obtained in supersymme
models with the so-called Affleck-Dine~AD! fields @15#,
which also provide a basis for baryogenesis. The AD fie
are superpositions of squark and slepton fields correspon
to the flat directions. During inflation they will fluctuat
along the flat directions forming a condensate. They
complex fields and, in the currently favored D-term inflatio
models @16#, are effectively massless during inflation. Th
condensate does not correspond to the state of lowest en
but fragments into non-topological solitons@17#, which carry
baryonic ~and sometimes leptonic! number @18# and are
called B-balls~L-balls!. The fluctuations in the AD field are
©2000 The American Physical Society02-1
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both adiabatic and isocurvature@9#, and will be inherited by
the B-balls, which are either stable or decay later into light
supersymmetric particles, which form the CDM. In the lat
case there will be a lower bound on the amplitude of
isocurvature perturbation.

Adiabatic perturbations@19–21# are characterized by th
gauge-invariant quantityz, which equalsdr/(r1p) when
the perturbation exits or enters the horizon. Outside the
rizon, z does not change with time. Isocurvature perturb
tions @10,20,21# are characterized by the gauge-invariant e
tropy perturbationS[d(nc /sg)5dc2(3/4)dg , wherenc is
the number density of CDM,sg is the entropy density asso
ciated with photons, anddc anddg are the relative overden
sities in the CDM and photon energy densities. During rad
tion domination S;dc[dnc /nc . Outside the horizon,S
does not change with time. ‘‘Initial’’ scale-free (n51) adia-
batic and isocurvature perturbation spectra are given by

Pz~k![^uzku2&5Akn245Ak23,

PS~k![^uSku2&5Bkn245Bk23. ~1!

Following these remarks, we assume in this paper that th
is just a single species of CDM, and that it has both adiab
and isocurvature fluctuations. As is natural when both fl
tuations have their origin in inflation, we also assume t
their power spectra are similar. The goal of the paper is t
to study how well particle physics models with isocurvatu
fluctuations can be tested by the future CMB satellite exp
ments, and at what level isocurvature perturbation can
detected. In Sec. II we define the Fisher information ma
needed for the cosmological parameter error estimates,
describe the expected performance of MAP and Planck
Sec. III we discuss parametrization of isocurvature fluct
tion and possible cosmological models. In Sec. IV
present the results of a numerical study for MAP and Plan
while Sec. V contains a discussion of the results.

II. ACCURACY OF PARAMETER DETERMINATION

For a CMB temperature map with Gaussian fluctuatio
all statistical information is contained in the angular pow
spectrum

CTl[^ualm
T u2&. ~2!

This spectrum contains a wealth of cosmological inform
tion. The major cosmological parameters can be determ
from a high-quality measurement of the spectrum, with
unprecedented accuracy. This is because the CMB an
ropy reflects conditions at the early universe, as well as
geometry out to the present horizon, the microwave phot
having travelled through essentially the whole observa
universe as well as most of its history@22#. There are, how-
ever, degeneracies with respect to some cosmological pa
eters: different effects causing similar features in the po
spectrum. Also the information from the large angular sca
is severely limited by cosmic variance.
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Important additional information can be obtained by t
measurement of the polarization of the CMB@23–26#. Since
polarization of the CMB is caused by scattering only, pol
ization carries information about the LSS only~including
late scattering due to reionization!, eliminating confusion
with line-of-sight effects. Polarization is especially useful
separating out the effects of tensor fluctuations, isocurva
fluctuations, and re-ionization, all of which produce exce
power at large scales.

Unfortunately the polarization is expected to be of rath
small amplitude, at least an order of magnitude below
anisotropy signal, making it difficult to detect@24#. The con-
tamination with the foreground may also be a worse probl
than for the temperature anisotropy, since there are polar
foreground sources, e.g., galactic synchrotron emission.
MAP satellite is expected to provide a definite detection
CMB polarization. The higher sensitivity of the Planck Su
veyor will then help in getting a reasonable power spectr
for the polarization.

The polarization pattern on the sky can be separated
two components, the E-mode and the B-mode@23#. Thus an
experiment which also measures the polarization will p
duce three maps: temperature, E-mode polarization,
B-mode polarization. The B-mode polarization of the CM
is uncorrelated with the temperature or the E-mode polar
tion. Thus the statistical information is carried by three a
gular power spectra

CTl[^ualm
T u2&,

CEl[^ualm
E u2&,

CBl[^ualm
B u2&, ~3!

and one correlation function

CCl[^alm
T* alm

E &, ~4!

giving the correlation between the temperature and
E-mode polarization@23–27#. The different spectra are dem
onstrated in Fig. 1.

These four spectra can be calculated for different val
of the cosmological parameterssi and compared to data from
CMB experiments. This way the true values of the cosm
logical parameters can be determined.

Assuming that the actual values of the parameters ares̄i ,
the information obtained on these parameters by observa
is described by the Fisher information matr
@3,28,23,4,5,27#

Fi j 5(
l

(
X,Y

]CXl

]si
U

s̄i

Cov21~CXl ,CYl!
]CYl

]sj
U

s̄j

, ~5!

whereCXl5CTl ,CEl ,CBl , or CCl .
The covariance matrices, whose nonzero components

Cov~CTlCTl!5Nl S CTl1F(
c

wT
cBl ,c

2 G21D 2

,

2-2
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Cov~CElCEl!5Nl S CEl1F(
c

wP
c Bl ,c

2 G21D 2

,

Cov~CBlCBl!5Nl S CBl1F(
c

wP
c Bl ,c

2 G21D 2

,

Cov~CClCCl!5Nl H CCl
2 1S CTl1F(

c
wT

cBl ,c
2 G21D

3S CEl1F(
c

wP
c Bl ,c

2 G21D J ,

Cov~CTlCEl!5NlCCl
2 ,

FIG. 1. The angular power spectra for SCDM~see Table II!
adiabatic~a! and isocurvature~b! perturbations. These scalar pe
turbations produce E-mode polarization only; thus no B-mode sp
tra are shown. The dashed lines indicate negative values~for CCl).
04300
Cov~CTlCCl!5NlCClS CTl1F(
c

wT
cBl ,c

2 G21D ,

Cov~CElCEl!5NlCClS CEl1F(
c

wP
c Bl ,c

2 G21D ,

~6!

depend on the sensitivity and angular resolution of the ins
ment with

wT
c5

1

sT,c
2 uFWHM,c

2
,

wP
c 5

1

sP,c
2 uFWHM,c

2
, ~7!

and

Bl ,c
2 5e2 l ( l 11)uFWHM,c

2 /8 ln 2 ~8!

wheresc is the pixel noise~sensitivity! anduFWHM,c is the
beamwidth~full width at half maximum! of instrument chan-
nel c.

The prefactor is given by

Nl5
2

~2l 11! f sky
, ~9!

where f sky takes into account the fact that the whole s
cannot be mapped because of foreground contamination.
adopt f sky50.65, i.e., assume that foreground can be co
pletely removed from 65% of the sky and the rest of the s
is unusable.

The Planck Surveyor carries two instruments, HFI a
LFI. For MAP and LFI we use the three highest frequen
channels, for HFI the three lowest frequency channels for
estimates~see Table I!.

The 1s error on parametersi is

Dsi5A~F21! i i , ~10!

when all parameters are estimated from the same data.@If all
the other parameters were somehow knowna priori, the er-

c-

TABLE I. The beamwidths and sensitivities of the satellite e
periments@1,2#.

Instrument Frequency uFWHM sT sP

MAP 40 GHz 0.47° 35mK A2335 mK
60 GHz 0.35° 35mK A2335 mK
90 GHz 0.21° 35mK A2335 mK

LFI 44 GHz 238 2.431026 A232.431026

70 GHz 148 3.631026 A233.631026

100 GHz 108 4.331026 A234.331026

HFI 100 GHz 10.78 1.731026

143 GHz 8.08 2.031026 3.731026

217 GHz 5.58 4.331026 8.931026
2-3
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ror would beDsi5(Fii )
21/2.# This is a lower limit for the

error, but when the error is small it is usually a good appro
mation for the error@28,5#.

III. PARAMETERS AND MODELS

We consider a simultaneous fit of 10 parameters,C2 ,
V0[VL1Vm , VL2Vm , Vbh2, VHDM , H0 ,t, nS , r ,
anda. Heret is the optical depth to LSS andr[C2

T/C2
S is

the tensor/scalar ratio. We assume three matter compon
Vm5VCDM1VHDM1Vb . Note that we have definedV0 to
include the vacuum energy; it is the parameter which de
mines the curvature of space. We assumeT052.728 K,
YHe50.24, andNn53. For hot dark matter we assume th
all 3 neutrinos have equal masses.

The isocurvature contribution to anisotropy is given
the parametera, which gives the fraction ofC2

S due to
isocurvature perturbations. Thus

a[C2
iso/~C2

iso1C2
ad!. ~11!

Our a is the same as 12a of Stompor et al. @14#. The
isocurvature fluctuations are assumed to be primordial d
sity fluctuations in CDM, initially balanced by radiatio
1baryons1neutrinos to make the total energy density h
mogeneous. The isocurvature spectral index is assumed
the same as for adiabatic fluctuations; in principle, th
could be different, but if both fluctuations originate fro
inflation, and in particular from massless field fluctuatio
during inflation, then their power spectra are guaranteed
be equal.

The large-scale anisotropy due to isocurvature peru
tions is @21#

dT

T
52

1

3
S1

1

3
F, ~12!

where

F52
1

5
S ~13!

is the Newtonian gravitational potential@29,20,22#, whereas
for adiabatic perturbations we have just

dT

T
5

1

3
F, ~14!

where the potential is related to the gauge-invariantz by @30#

F52
3

2
z. ~15!

Thus the ‘‘observational’’ isocurvature parametera is re-
lated to the amplitudes of the initial isocurvature and ad
batic spectra by

a

12a
5

~2dT/T! iso
2

~2dT/T!ad
2

5S 4S

5z D 2

5
16

25S B

AD . ~16!
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In a given particle physics modelA and B are known in
terms of the model parameters, and Eq.~17! tells how these
parameters are related to the observed isocurvature pa
etera.

We have chosen to consider three different reference
mological models~see Table II!, which are the same as dis
cussed by Wanget al. @31#: the standard CDM model with
V051, a CDM model with a cosmological constantVL

50.7 andV051, and an open CDM model withV050.4.
To find the derivatives]CXl /]si we usedCMBFAST @32#

to run variations around these three reference models,
stepsDsi or Dsi /si between 0.01 and 0.05.

We COBE-normalized@33# C2 for the three reference
models. Note that asC2 is one of the parameters to be d
termined from the data, we do not COBE-renormalize it
the variations around these reference models.

Wang et al. @31# considered 7-parameter fits. Our add
tional parameters areVHDM , r, anda. For OCDM we con-
sidered 8-parameter fits only, keepingr[0 andVHDM[0,
sinceCMBFAST does not allow nonzero values for these p
rameters in open models.

IV. RESULTS

We are interested in how accurately the isocurvature c
tribution can be determined and what is the smallest con
bution that can still be detected. In Tables III, IV, and V! we
give the 1s error on the isocurvature parametera for the
three experiments, MAP, Planck LFI, and Planck HFI, a
an ideal experiment with zero noise and infinitely fine res
lution. Full sky coverage would reduce these errors by
factor of A0.65.

We see that the addition of the two parameters,VHDM and
r, increased the error ina determination significantly for the

TABLE II. The cosmological models considered.

V0 VL Vb VHDM H0 t nS r a

SCDMa 1.0 0 0.05 0 50 0.05 1 0 0
LCDMb 1.0 0.7 0.06 0 65 0.1 1 0 0
OCDMc 0.4 0 0.06 0 65 0.05 1 0 0

aStandard CDM.
bCDM with a cosmological constant.
cOpen CDM.

TABLE III. Da from 10-parameter fits.

MAP LFI HFI Ideal

Without polarization

SCDM 0.37 0.26 0.23 0.14
LCDM 0.38 0.23 0.20 0.17

With polarization

SCDM 0.23 0.058 0.038 0.015
LCDM 0.21 0.067 0.045 0.019
2-4
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CONSTRAINING ISOCURVATURE FLUCTUATIONS WITH . . . PHYSICAL REVIEW D 61 043002
case without polarization data, but had only a small effect
the case with polarization. This is because the tempera
spectra from tensor and isocurvature fluctuations resem
each other, resulting in a degeneracy between the param
r anda. ~Adding VHDM as a free parameter changesDa at
most by 10%.! Because only tensor fluctuations ha
B-mode polarization, polarization measurements break
degeneracy.

Note that the tensor and isocurvature parameters,r anda,
are non-negative by definition. It is quite likely that their tru
values are smaller than the errors in their determination
that we will only obtain an upper limit. For the case witho
polarization information, there will be a degeneracy betwe
these two parameters, such that their sum can be obta
with a higher accuracy than the parameters themselves~see
Fig. 2!. Since the upper limit to the sum is also an upper lim
to the individual parameters, we can then obtain a tigh
upper limit toa than theDa given in Table III. This upper
limit is essentially theDa given in Table IV, where we have
made the restrictionr[0.

For MAP, there are also other significant degenerac
among the 10 parameters considered here. For Planck w
out polarization, the only other important degeneracy is w
the optical deptht due to re-ionization. Polarization break
this degeneracy, since early reionization produces a pola

TABLE IV. Da from 8-parameter fits (VHDM[0,r[0).

MAP LFI HFI Ideal

Without polarization

SCDM 0.35 0.13 0.12 0.10
LCDM 0.22 0.16 0.15 0.15
OCDM 0.27 0.13 0.064 0.053

With polarization

SCDM 0.21 0.056 0.037 0.015
LCDM 0.16 0.062 0.044 0.018
OCDM 0.14 0.046 0.033 0.012

TABLE V. Da from 2-parameter fits (C2 anda). This table is
shown to illustrate, by comparison to Table IV, the effect of deg
eracies with other parameters. Because the best determinatio
many of the other parameters have to come from the same C
data,a cannot in reality be determined with this accuracy.

MAP LFI HFI Ideal

Without polarization

SCDM 0.053 0.049 0.047 0.046
LCDM 0.055 0.052 0.051 0.050
OCDM 0.041 0.038 0.036 0.035

With polarization

SCDM 0.053 0.039 0.030 0.013
LCDM 0.054 0.044 0.036 0.016
OCDM 0.041 0.030 0.026 0.010
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tion signal at large angular scales which cannot be mimic
by other parameter combinations@34#. For Planck with po-
larization there are no significant degeneracies betweea
and the other parameters~except, of course, a degenera
betweenC2 and a), and so the errors would not becom
much smaller even if all the other parameters were assu
known ~see Table V!.

V. DISCUSSION

From Tables III and IV we find that the (1s) detection
limit of isocurvature fluctuations isa;0.04 for the Planck
Surveyor. This corresponds to a ratioB/A;0.07 between the
amplitudes of the initial isocurvature and adiabatic pertur

-
of

B

FIG. 2. The error ellipses in the (r ,a) plane for~a! SCDM and
~b! LCDM. The dashed lines are for the case without polarizat
measurement, the solid lines with polarization. The four ellip
from the outside inward are for MAP, Planck LFI, Planck HFI, a
the ideal experiment.
2-5
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tion spectra. This is at the level predicted by certain B-b
models@9#, which thus could be tested by Planck. In B-b
models the isocurvature perturbation arises because of
tuations of the phase of the AD field. The size of the flu
tuation is correlated with the adiabatic fluctuation of the A
field, which, in addition to the inflaton field, thus contribut
to the adiabatic part of the power spectrum. However, a m
detailed study of the correlation between the adiabatic
isocurvature fluctuation is required before any firm pred
tion can be made.

In models where axions are the main ingredient for CD
the situation is more straightforward@6#. Like in the AD field
~i.e. B-ball! case, the spectral indices of the isocurvature a
adiabatic perturbations are equal. COBE normalization
data on mass fluctuations at the scale of 8h21 Mpc21

sphere implies that the axion coupling constantFa should be
larger by some three orders of magnitude compared with
standard cosmological upper bound. Axions may not yet
ruled out on the basis of this since in more complica
string-based modelsFa could be quite large. However
isocurvature measurements by MAP and Planck will d
nitely further constrain axion models.

In other models, such as two-field inflation models@8#,
the isocurvature and adiabatic perturbations may enter
different spectral indices. In such cases a direct compar
of A andB is not sufficient and instead one has to perform
more detailed analysis.

It is likely that other particle physics models can also
constrained in a significant way on the basis~or the absence!
of isocurvature fluctuation in CMB. However, to reach th
r-

s-

J

. D
a,
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sensitivity polarization measurements are crucial, as is
dent from Tables III and IV.

Without polarization information, the contribution from
isocurvature fluctuations to temperature anisotropies co
be confused with tensor perturbations or early re-ionizat
effects. Polarization measurements break this degener
since these other two effects both have a unique polariza
signal.

Whether such sensitivity can be realized is still uncle
the foreground contamination for the polarization spec
may turn out to be a more severe problem than in the cas
the temperature angular power spectrum. However, optim
ing the polarization information should have a high priorit
in particular for Planck; because of its higher sensitivity, it
in this respect that Planck is truly a superior instrument co
pared with MAP. CMB polarization measures both tens
and isocurvature contributions, which are of paramount
terest to inflation model builders.

Finally, the cosmic variance sets an absolute lower th
retical limit, at abouta;0.01, to how small isocurvature
fluctuations can be detected from the CMB anisotropy
any experiment.
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