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Note on the robustness of the neutrino mass bounds from cosmology
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The recent high precision maps of cosmic microwave anisotropies combined with measurements of the
galaxy power spectrum from new large-scale redshift surveys have allowed stringent bounds on the sum of the
neutrino masses to be placed. The past analyses, however, have implicitly assumed that the spectrum of
primordial density fluctuations is adiabatic and coherent, as predicted in the simplest models of inflation. In this
paper, we show that the limits hold even if the assumption on the primordial power spectrum is relaxed to
allow for a contribution of nonadiabatic, incoherent fluctuations such as would be predicted by topological
defects.
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I. INTRODUCTION

Recently, there has been a lot of progress in neutr
physics. Measurements of solar and atmospheric neut
fluxes have yielded tight bounds on the mass differences
tween the different neutrino mass eigenstates~see e.g.@1# for
recent reviews!. The bounds on the absolute masses fr
direct measurements, however, are much weaker. Curre
the bounds on theabsoluteneutrino masses coming from
indirect cosmological considerations are much stronger
particular, given the recent high precision data on cos
microwave background~CMB! anisotropies and the in
creased information about the galaxy power spectrum ba
on the recently completed large-scale galaxy redshift s
veys, it is possible to deduce tight bounds on the sum of
neutrino masses@2#. These analyses, however, make use
certain assumptions about the evolution of the early U
verse. Specifically, they make use of theoretical predicti
for the power spectra of the galaxy distribution, derived u
der the assumption that the primordial spectrum of cosm
logical perturbations was purely adiabatic and coherent
predicted in simple single field models of inflation. In th
paper we show that the bounds derived in@2# are robust
against the addition of a contribution to the primordial pow
spectrum which is nonadiabatic and incoherent, name
contribution coming from a distribution of topological de
fects.

The cosmological limits on the sum of the neutrin
masses are derived by combining the high precision dat
CMB anisotropies with the measurements of the gala
power spectrum which have recently improved in accur
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upon completion of the 2dF~two degree field! large scale
structure survey. Given the assumption that the primord
power spectrum is purely adiabatic and coherent~as pre-
dicted in simple single scalar field models of inflation!, the
CMB angular power spectrum determines to good accur
the slope of the primordial power spectrum and the cosm
logical parameters~see e.g.@3# for recent reviews!. The most
sensitive dependence on the neutrino masses comes from
smallest scales, those which are not~yet! probed by CMB
anisotropies but rather by the galaxy power spectrum. T
reason for this dependence lies in the phenomenon ofneu-
trino free streaming@4#. Because of their small mass, th
neutrinos have large velocities atteq , the time of equal mat-
ter and radiation. Hence, neutrino density perturbations
comoving scales smaller than the neutrino free stream
length ~the distance the neutrinos travel in one Hubble e
pansion time! at teq are suppressed~the suppression facto
increases exponentially as a function of the wave numb!.
Hence, if the contribution of the neutrinos toV ~the energy
density in units of the critical density! is too large, there will
be insufficient power to explain the observed magnitude
the galaxy power spectrum. A lower bound on the gala
power spectrum thus translates into an upper bound on
contribution of neutrinos toV, and thus to an upper boun
on the sum of the neutrino masses. Note that the most s
gent constraints come from the smallest length scales
which the galaxy power spectrum can be reliably det
mined.

However, the assumption that the primordial spectrum
fluctuations is purely adiabatic and coherent is a very rest
tive one. Even in the context of scalar field driven inflatio
ary cosmology, as soon as one considers models with m
than one scalar field, it is possible to obtain a contribution
entropy fluctuations@5#. Many inflationary models based o
grand unified theories~see e.g.@6#! or on the brane inflation
scenario~see e.g.@7#! predict a contribution to the powe
©2004 The American Physical Society01-1
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spectrum from cosmic strings, yielding a contribution
isocurvature and incoherent fluctuations. It has been kno
for a long time@8,9# that the transfer function which relate
the primordial power spectrum to the present power sp
trum changes dramatically on small distance scales if a c
tribution of seed perturbations such as those created by
mic strings is added. The basic point is that the cosm
strings constitute density fluctuations seeds which are
erased by neutrino free streaming. Thus, in a seed model
accretion of neutrinos on small scales is delayed~and thus
reduced in amplitude! but not prevented. Hence, it appears
first sight that even a small addition of cosmic string se
fluctuations to the primordial power spectrum might drama
cally loosen the cosmological bounds on the sum of the n
trino masses. Here, we shall demonstrate that this is in
not the case.

The outline of our analysis is as follows. We will firs
consider the largest contribution of cosmic strings to the
gular power spectrum on large angular scales which is c
sistent with the current data on CMB anisotropies, mak
use of the recent Wilkinson Microwave Anistropy Pro
~WMAP! results @10#. This result will then determine the
contribution of the cosmic strings to the mass power sp
trum. In this context, it is important to take into account t
fact that the perturbations produced by the strings are iso
vature in nature~as emphasized e.g. in@11#!. This will effect
the ratio of their contributions to the angular CMB pow
spectrum and the matter power spectrum. We then use
~approximately! known transfer function for strings and co
dark matter~which is larger on small scales than the stand
transfer function for adiabatic fluctuations with cold da
matter! to estimate the total matter power spectrum on sm
scales, and analyze whether the loss of power on small sc
when increasing the neutrino contribution toV can be com-
pensated by the increase in power coming from the prese
of cosmic string seed perturbations.

II. ANALYSIS

The recent WMAP data on the angular power spectrum
CMB anisotropies has mapped out with high precision
region of the power spectrum corresponding to the fi
acoustic peak. This peak is narrowly centered at a valul
522061 @10#, in good agreement with a cosmology
which the Universe is spatially flat and the primordial spe
trum of fluctuations is coherent and adiabatic. Cosm
strings, on the other hand, give rise to isocurvature fluct
tions which are incoherent. As a consequence, there ar
marked acoustic oscillations in the angular power spect
@12–15#, but only a fairly broad Doppler peak@16#. Thus, the
present data tightly constrain the maximal contribution
strings to the angular power spectrum of CMB anisotrop
on large angular scales.

Since the theoretical predictions for the spectrum of CM
anisotropies resulting from cosmic strings in the acou
peak region are quite uncertain, the bounds on the contr
tion of cosmic strings to the CMB angular power spectru
on large scales are also not certain. Different investigati
have yielded bounds between 1%@17# and 10%@18# ~see
08130
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also @19#!. We will denote the upper bound asf.
We will assume that the fractionf CDM of the dark matter

is cold, and the rest hot. There are two sources of fluct
tions, the conventional adiabatic perturbations~e.g. produced
by quantum fluctuations during inflation! and the cosmic
strings. We will assume that the cosmic strings are not c
related with the inflationary perturbations. In this case,
cross terms~between the string fluctuations and the adiaba
perturbations! to the angular CMB power spectrum and
the mass power spectrum vanish, and the mass power s
trum P(k) calculated in linear cosmological perturbatio
theory can be written as

P~k!5~12 f !Pa~k!1 f PCS~k!, ~2.1!

wherePa andPCS are the power spectra for a pure adiaba
model and a pure cosmic string model, respectively.

Since the tightest constraints on the fraction of hot d
matter come from the observed power spectrum of matte
the smallest scales for which linear perturbation theory
adequate and for which observational results are robust
will in the following focus on these scales. For these sca
the contribution of hot dark matter to the matter power sp
trum for adiabatic fluctuations is negligible, and thus

Pa~k!. f CDM
2 P0~k!, ~2.2!

whereP0 is the power spectrum of the current concordan
model ~scale invariant adiabatic fluctuations in theLCDM
model @31#!. The result~2.2! is not exact for two reasons
first, since cold dark matter does cluster about the primor
perturbations, neutrino free streaming delays but does
totally prevent the clustering of neutrinos. This effect wou
lead to a spectrum larger than given in Eq.~2.2!. On the
other hand, the local clustering of the cold dark matter occ
as if the Universe were slightly open. This effect tends
reduce the spectrum from the result~2.2!. However, both of
these effects are small if the fraction of hot dark matter is
too large. Even if we use the exact transfer function of ad
batic fluctuations@20#, the final result does not change si
nificantly.

On small scales, the transfer function for a model w
cosmic strings and cold dark matter is different from t
transfer function in the concordance model@21#. The transfer
function is, in fact, much larger. Thus, as noted in@21#, a
pure cosmic string model which iss8-normalized~i.e. nor-
malized such that the power spectrum on a length scal
8h21 Mpc agrees with observations! produces too much
small scale structure. Hot dark matter clustering onto cos
string loops, on the other hand, is delayed but not preven
Thus, the hot dark matter power spectrum in a cosmic str
model on small scales is not exponentially suppressed. H
ever, the hot dark matter cosmic string power spectrum
small scales is much smaller than the cold dark matter po
spectrum, so that to a good approximation we can use

PCS~k!. f CDM
2 P(0,CS) , ~2.3!
1-2
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whereP(0,CS) denotes the power spectrum in a pure cosm
string model with cold dark matter and the current conc
dance parameters.

The question we would like to ask is whether the con
bution of cosmic strings to the power spectrum, given
Eqs. ~2.1! and ~2.3! is large enough to compensate for t
loss in small scale power from the adiabatic fluctuatio
@given by Eq.~2.2!# if f CDM,1 and to render the theor
compatible with observations. More specifically, we are
terested in finding the smallest value of the cold dark ma
fraction f CDM for which the theoretical power spectru
P(k) exceeds the observational resultPobs(k), i.e.

P~k!.Pobs~k! ~2.4!

on the smallest scales for which high quality observatio
results exist and for which we can trust the results of line
ized perturbation analysis, namelyk50.2h Mpc21 @22#.

The results of @23# indicate that on scales ofk
50.2h Mpc21 the cosmic string cold dark matter pow
spectrumP(0,CS) does not exceed the adiabatic cold da
matter spectrumP0(k) by more than a factor of 2. In fact
even on scales as low as 1h21 Mpc, the difference is not
more than a factor of 10. The results of@23# are for models
without a cosmological constant. However, as demonstra
in @24#, on the smaller scales of relevance here, the ma
power spectrum does not depend on the value of the cos
logical constant in a significant way, and thus we can m
use of the results of@23#. On the other hand, it is well known
that the perturbations seeded by strings are isocurvatur
nature~see e.g.@11#!. For isocurvature fluctuations, the CM
temperature anisotropies on large scales are given by

dT

T
52F, ~2.5!

where F is the relativistic gravitational potential~see e.g.
@25#! which determines the magnitude of the mass pertur
tions. This is to be compared with

dT

T
5

1

3
F, ~2.6!

in the case of adiabatic fluctuations. Thus, if we normal
the power spectrum by the CMB anisotropies on large an
lar scales, the cosmic string power spectrum on large sc
is a factor of 36 smaller than the power spectrum for ad
batic fluctuations. Hence, we see that on scales relevan
the large-scale structure, the decrease in the matter po
spectrum which results from the addition of strings as a s
ondary source of cosmological fluctuations far exceeds
increase which is obtained by the change in the transfer fu
tion. Using the optimistic value 2 for the increase in t
power due to the change in the transfer function on the
evant scale ofk50.2h Mpc21, we conclude that in a mode
with both cosmic string and adiabatic scale-invariant fluct
tions
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P~k!5~12 f !Pa~k!1 f PCS~k!

<~12 f ! f CDM
2 P0~k!1 f f CDM

2 2

36
P0~k!

, f CDM
2 P0~k!. ~2.7!

In a model with only adiabatic perturbations, the upp
bound on the sum of the neutrino masses obtained by c
bining the large-scale structure and CMB data comes fr
demanding that

P~k!>Pl~k!, ~2.8!

where Pl(k) is the observational lower bound on the ma
spectrum. Since in this case

P~k!. f CDM
2 P0~k!, ~2.9!

and knowing that theP0(k) fits the date well, this gives a
lower bound onf CDM which is equivalent to an upper limi
on the sum of the neutrino masses.

Combining these last three equations, we conclude
the inclusion of a contribution of cosmic strings to the p
mordial power spectrum does not lead to a relaxation of
cosmological bounds on the sum of the neutrino masses

III. DISCUSSION

In this paper we have shown that the current cosmolog
neutrino mass limits, which were derived under the assum
tion that the spectrum of cosmological perturbations
purely adiabatic, are robust against the addition of the ma
mal contribution which cosmic strings could make to t
primordial power spectrum.A priori, this is not obvious,
since cosmic string seeds survive neutrino free stream
and, therefore, clustering on small scales~scales which yield
the tightest constraints on the neutrino masses! is not pre-
vented but only delayed. However, if the power spectrum
normalized by the large-scale CMB anisotropies, then
contribution of strings to the matter power spectrum is s
pressed by a factor of 36 since the primordial string pert
bations are isocurvature instead of adiabatic.

To obtain the above result, we have assumed that
string-induced fluctuations and the adiabatic perturbati
are statistically uncorrelated. If they were correlated, a cr
term in the power spectrum would appear which would o
be suppressed by a factor of 6. We have also assumed
bias is unimportant, i.e. that the observed galaxy correla
function equals the calculated matter power spectrum. H
ever, in a cosmic string model we expect significant bias
~in particular in a model in which the dark matter has
significant component of hot matter!. However, in the ab-
sence of a better understanding of the dynamics of cos
strings ~in particular whether string loops@26# or string
wakes @27–29# are dominant!, no firm conclusions can be
drawn.

Even if it turns out that the addition of a cosmic strin
component to the primordial power spectrum does
change the cosmological neutrino bounds, this addition w
1-3
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be important for many cosmological issues, in particular
early structure formation@30# and reionization@17#.
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