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• δρ/ρ ~ 10-5, but this is total ρ: baryonic + non-baryonic

• we investigate 3 effects of variation of the baryon fraction

1. constraints from light-element abundances

2. constraints from galaxy cluster gas fractions

3. CMB differential Thomson scattering + predictions for polarization

• A compensated baryon-cdm isocurvature mode would have negligible 
effect on CMB power
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Is the cosmological fraction of matter 
that is in the form of baryons a universal 
constant?



BBN
• light-nuclide yields from BBN are 

functions only of ΩBh2 under standard 
assumptions of BBN (uniform entropy per baryon, 
only SM particles, neutrino-antineutrino asymmetries not much larger 
than the corresponding baryon asymmetry, no late additions of 
entropy)

• Predicted D/H steep with baryon 
density; ΩBh2 = 0.0213 ±  0.0010 
(Pettini et al 2008) 

• cf. WMAP: 0.02258 ± 0.00057

• studies of inhomogeneous BBN have a 
long history (e.g. trying to avoid DM)

• but these generally considered 
baryon inhomogeneities within BBN 
length scales, ~0.1 pc (neutrino streaming scale; 

neutron diffusion scale; Jeans scale), 

• ..or considered locally homogeneous 
BBN, which mixed later

Coc & Vangioni 2010
3



Measuring abundances

4He: BCD HII region, z < 0.1

7Li: halo stars, z = 0

D: QSO absorption, z ~ 3

Nollett 2007
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We use Izotov et al (2007) - 93 BCDs

We use 7 D/H observations, z=3.5-4.5 
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z = 0

z  ~ 3

z ~ 0.1

Light-element abundance dispersion



Cluster dispersion

• Allen et al. (2008) X-ray 
survey: 42 relaxed galaxy 
clusters, z ~ 0.06-1

• fgas is systematically below 
the WMAP mean

• star formation, feedback 
from BH accretion

• but little evidence for 
cluster-to-cluster scatter
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Likelihoods & upper limits

• Plot shows likelihood vs. 
baryon fluctuation for 
different datasets

• assume overall scatter in 
observed quantity that 
adds to measurement 
error & map this into 
δρB/ρB

• upper limits (95% CL):

δρB/ρB  < 0.08 (fgas)
δρB/ρB  < 0.26 (D/H)
δρB/ρB  < 0.27 (4He)
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• Clusters are selected for being 
relaxed - undisturbed & 
relatively circular

• Baryons lead to suppression 
on small scales

• Conversely, lower baryon 
density ⇒ higher CDM 

fluctuations

• Selecting clusters for being 
relaxed could therefore 
preferentially favor regions of 
lower baryon fraction, since 
clusters form earlier there

Cluster selection effect?
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FIG. 3.ÈFour examples of the !t compared to numerical results. The larger plots show the numerical result (solid lines) and the !t (dashed lines). The
smaller subplots show the residuals, de!ned as the di†erence between the two divided by a nonoscillatory envelope. Note that in the fully baryonic models,
the oscillations have alternating sign in the transfer function. Also shown is the zero-baryon case (dotted lines) ; note the strong suppression on scales below
the sound horizon due to the baryons.

resulting phase shift is unobservable in practice, but one can
see the deviations when comparing to numerical results (see
Fig. 3).

3. FITTING FORMULAE

As we have seen in analytic solutions exist for the° 2,
transfer function at both large and small scales. The tran-
sition between these extremes is de!ned by two scales, the
horizon at matter-radiation equality and the sound horizon
at the end of the drag epoch. The former sets the dynamics
of the expansion and perturbation growth ; the latter sets
the scale at which pressure support becomes important for
the baryons. Because the range of scales accessible by the
study of structure formation falls within this transition
regime, it is important to understand the full transfer func-
tion in detail. To that end, we present in this section a !tting
formula that approximates the full transfer function on all
scales.

We write the transfer function as the sum of two pieces,
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whose origins lie in the evolution before the drag epoch of
the baryons and cold dark matter, respectively. This separa-
tion is physically reasonable, as before the drag epoch the
two species were dynamically independent and after the
drag epoch their Ñuctuations are weighted by the fractional

density they contribute. This automatically includes in T
cthe e†ects of baryonic infall into CDM potential wells. Note

however that and are themselves not true transferT
b

T
cfunctions, as they do not reÑect the density perturbations of

the relevant species today. Rather, it is their density-
weighted average T (k) that is the transfer function for both
the baryons and the CDM.

3.1. Cold Dark Matter
The transfer function for cosmologies in which noninter-

acting cold dark matter dominates over baryons has been
studied by many authors, and accurate !tting formulae
already exist in this limit (e.g., & EfstathiouBond 1984 ;

et al. but see improvements in ourBardeen 1986 ; ° 4.2).
However the e†ect of baryons, though long known from
numerical calculations (e.g., & YuPeebles 1970 ; Holtzmann

have in the past either been included in !tting formu-1989),
lae in an ad hoc manner (see, e.g., & DoddsPeacock 1994 ;

or only in the small-scale limitSugiyama 1995) (HS96).
In the presence of baryons, the growth of CDM pertur-

bations is suppressed on scales below the sound horizon.
The change to the asymptotic form can be calculated and
has been shown in equations We introduce this(9)È(12).
suppression by interpolating between two solutions near
the sound horizon :
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Eisenstein & Hu 1998
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Fig. 1.— Top panel: The low-resolution Q-, V- and W-band
co-added WMAP map, to which the extended Kp0 mask has been
applied.
Middle panel: Results from the local power spectrum analysis.
The color of the large discs indicate the ratio between the ! = 2–63
power spectrum bin of the northern and southern hemispheres, as
determined in a reference frame where the north pole pierces the
center of the disc; light red/yellow indicates a low ratio, dark red
a high ratio. The medium sized dots indicate the absolute value
of the power spectrum estimated on a 9.!5 disc in the ! = 2–63 bin
(i.e., not on the full hemisphere), and a dark blue dot means that
this value lies below the lower 80% confidence limit, while a green
dot means it lies above the upper 80% limit. Finally, the ecliptic
poles are marked by the small dark-blue spots. The figure should
not be interpreted as implying that data close to the galactic plane
have been used in the analysis: the WMAP Kp2 mask has been
applied for all power spectrum computations.
Bottom panel: The results from the intermediate scale three-point
analysis. Blue corresponds to low "2, which again corresponds
to small fluctuations in the three-point function, while red corre-
sponds to high "2. The full Kp0 mask has been applied to the
data.

and computing the three-point correlation function for
each disc. The full Kp0 mask is applied to the sky map,
including the regions of exclusion related to known point
sources. In order to reduce disc-disc correlations we first
apply a high-pass filter to the maps, removing all multi-
poles with ! = 0, . . . , 18. On each of these discs, we com-
pute the three-point correlation functions for 460 isosce-
les configurations smaller than 5!.

The degree of agreement between the simulations and
the observations are quantified in terms of a standard
covariance matrix "2 statistic. Such a statistic is, in
principle, only appropriate if the data under considera-
tion follow a joint Gaussian distribution. Usually, it also
works quite well for mildly non-Gaussian distributions,
and in particular symmetric ones, but for strongly asym-
metric distributions it is likely to yield biased results. It
is easily seen that the distributions for the even-ordered
correlation functions for a given geometrical configura-
tion are in general strongly asymmetric. We therefore
transform the data of each configuration into a Gaus-
sian distribution by means of the empirical distribution
function, before performing the "2 analysis. The trans-
formation is defined as follows

Rank of observed map

Total number of maps + 1
=

1!
2#

! s

"#

e"
1

2
t
2

dt. (1)

The left-hand side is the fraction of simulations with a
lower correlation function value than the map under con-
sideration (i.e., it approximates the true, but unknown,
cumulative distribution function), and the right-hand
side yields the corresponding value, s, measured relative
to a standard normal distribution.

4. RESULTS

4.1. Power spectrum

We have computed a local power spectrum estimate
for 164 slightly overlapping discs with radius 9.!5, uni-
formly distributed on the part of the sphere outside of
the WMAP Kp2 sky cut and compared these to spec-
tra derived from an ensemble of 6144 simulated maps.
Concentrating on the lowest multipole bin ! = 2 " 63
we found that the amplitudes for discs in the northern
Galactic hemisphere were generally lower in the WMAP
data than in the simulated maps. Conversely, we found
that the discs in the southern Galactic hemisphere were
of generally higher amplitude than in the simulations. By
considering the ratio of the mean of the spectra in the
northern hemisphere to that in the southern hemisphere,
we found that only 0.5% of the simulations have a ratio
as low as the WMAP data. This is the first evidence of
a large scale absence of power in one hemisphere of the
WMAP data.

In order to pursue this e!ect further, we have com-
puted the ratio of the power spectrum amplitudes de-
termined for the northern and southern hemispheres as
defined in a particular coordinate system, and for a se-
lection of multipole ranges. The results are reported in
Table 1. In particular, we consider this ratio after first
determining that coordinate frame that maximizes its
value. The ratio for the WMAP data is larger than
# 99% of the maximum asymmetry values determined
from the simulated maps. We have also tabulated the
orientation, in Galactic coordinates, of the north pole
for the data-preferred reference frame. Note that whereas

CMB: Differential Thomson scattering
• Large-scale asymmetry of CMB power would arise from varying 

baryon fraction in the reionized region

• Observed dipole asymmetry is 0.072 ± 0.022 (68% CL) (Hoftuft et 
al. 2009); given best-fit τ = 0.088 ± 0.015 (Komatsu et al 2009), need 
baryon fluctuations on cosmological scales of 0.8 ± 0.3

• such large fluctuations not observed in light-element abundances 
or clusters, but smaller ones could be consistent with both the 
asymmetry and the light-element constraints

9
Eriksen et al 2004; color indicates N/S ratio of power



Effect on B-mode CMB polarization
B-mode power induced through 
two effects:

1. rescattering from incident 
quadrupole (Hu 2000)

• assuming power-law τ 
fluctuations Clτ ∝ l-3 and 

τRMS  = 0.2 τmean : possibly 
observable above reduced 
B-mode lensing floor at 
l~70

2. differential screening turns E 
to B (Dvorkin et al 2009)

• subdominant to lensing B-
modes

10



Other datasets

• CMB: can run independent cosmological parameter estimation on 
subsections of the sky; or construct quadratic estimator

• baryonic effects on the matter transfer function:

• limit on ∇ ln σ8 of 3% (99% confidence) across cosmological volume 
from QSO number counts (Hirata 2009) ; translates into ~15% baryon 
fluctuation 

• observability in 21cm neutral hydrogen distribution:

11

Gordon & Pritchard 2009
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FIG. 2: The 21 cm angular power spectrum for the adiabatic
mode is plotted (black, solid) with one sigma error bars, using
!! = 1. The signal from the adiabatic plus the curvaton
compensated isocurvature mode is also plotted (dashed, red).
The error bars are for a 20 km2 FFT telescope and a band
width of 8 MHz. They start at the minimum value of ! which
is detectable once foregrounds have been taken into account.

spectrum, provided one marginalizes over the reioniza-
tion model (see for example [25, 26, 27]). These are the
goals of current (e.g. MWA [44], LOFAR [45]) and the
next generation (e.g. SKA [46]) surveys. But next+1
generation surveys may probe the dark ages for z > 30.
As the neutral hydrogen follows the baryon distribution
at high redshifts it will have a signal for a compensated
isocurvature mode [16, 17]. In Fig. 2 the 21 cm signal
is plotted at di!erent redshifts for the adiabatic and the
adiabatic plus compensated isocurvature mode. The er-
ror bars are for those scales measurable after foregrounds
have been removed and will be discussed in Sec. V. For
!"r/r ! 1, (corresponding to ! ! 20 in Fig. 2) the an-

gular power spectrum can be approximated by [28]

!(! + 1)C!/2# "
1

!
Pb|k=!/r (11)

where r is the comoving distance to the center of the sur-
vey, "r is the comoving width of the survey, and Pb is the
dimensionless power spectrum of the baryons. The extra
factor of 1/! accounts for the smoothing e!ect of the sur-
vey window. For the redshifts in Fig. 2, r # 104 h Mpc!1.
Fig. 2 shows that the signal to noise is greatest where
! $ 300, which corresponds to k $ 0.03 h Mpc!1. As can
be seen in Fig. 1, the baryons in the compensated mode
add non-negligible power at these scales and this can be
seen in the corresponding compensated isocurvature plus
adiabatic mode curves in Fig. 2.

V. FORECASTS

The FFT telescope [29] is well suited for measuring
high redshift 21 cm. It has antennas arranged in a regu-
lar grid allowing an FFT to be used when calculating the
correlations between antennae. This greatly reduces the
associated computational cost, which otherwise becomes
prohibitive for large arrays with many antennae. Addi-
tionally, its large field of view means it can be used in
drift mode allowing a quarter of the sky to be surveyed.
As seen in Fig. 8 of [29], for the large collecting area
needed to survey a redshift of z = 50, the FFT telescope
is the cheapest option. The noise power spectrum is [29]

Cnoise
! = Cnoise

0 B!2
! , (12)

where the beam function is taken to be Gaussian

B!2
! = e"2!2 (13)

with the resolution given by [29]

$ = %/
%

A (14)

where A is the FFT telescope area. Also, [29]

Cnoise
0 =

4#

&

%3fskyT 2
sys

f coverA"c'
. (15)

Here fsky & "map/4# is the fraction of the sky covered by
the map, " is the field of view, we have introduced the di-
mensionless parameter & & #(/( = #( c/% to denote the
relative frequency bandwidth, and c is the speed of light.
In CAMB sources the averaging over frequency is done
with a Gaussian of standard deviation #(/(2

%
#) [30]

specified by “redshift sigma Mhz” in the CAMB sources
initialization file. The observation time is denoted by ' ,
the system temperature by Tsys, and f cover is the fraction
of the area covered by the array antennas.

The one sigma error bars for the angular power spec-
trum are [29]

#C! #

!

2

(2! + 1)#!fsky

"

C! + Cnoise
!

#

. (16)

adiabatic + CIC 
adiabatic only
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• large-scale variation in ΩBh2 is constrained by non-CMB observations:

• scatter in cluster fgas: < 8% (95% CL)

• scatter in light-element abundances: < 26% (95% CL)

• Can alleviate tension with observed 7Li abundance, and explain CMB power 
asymmetry, but only at higher amplitude than that allowed by BBN & 
clusters

• Can show up in search for gravitational waves in CMB

Summary


