Extracting Primordial Density
Fluctuations

Eric Gawiser and Joseph Silk

The combination of detections of anisotropy in cosmic microwave background radiation
and observations of the large-scale distribution of galaxies probes the primordial density
fluctuations of the universe on spatial scales varying by three orders of magnitude. These
data are found to be inconsistent with the predictions of several popular cosmological
models. Agreement between the data and the cold + hot dark matter model, however,
suggests that a significant fraction of the matter in the universe may consist of massive

neutrinos.

Shortly after the Big Bang, the universe
was smooth to a precision of one part in
10°. We can measure this smoothness in
cosmic microwave background (CMB) ra-
diation—photons that provide us with a
record of conditions in the early universe,
because they were last scattered about
300,000 years after the Big Bang. To a
remarkably precise degree, the early uni-
verse was characterized by isotropic homo-
geneous expansion. However, temperature
fluctuations have been measured in the
CMB (1), and complex structure surrounds
us. There is a simple connection: The seeds
of large-scale structure were infinitesimal
density perturbations that grew through
gravirational instability into massive struc-
tures such as galaxies and galaxy clusters.

One can search for the primordial seeds
of large-scale structure with two comple-
mentary techniques. CMB fluctuations
probe the density fluctuations in the early
universe on comoving scales greater than
~100 Mpc. The gravity field of these den-
sity fluctuations also generates fluctuations
in the distribution of luminous galaxies, as
well as deviations, known as peculiar veloc-
ities, from the Hubble flow of universal
expansion. Oprical redshift surveys of gal-
axies can now examine a range of scales out
to ~100 Mpc that overlaps with the range
probed by fluctuations in the CMB.

The expected rate of growth of density
fluctuations depends on the precise cosmol-
ogy adopted (2). One can therefore use the
comparison between CMB anisotropy and
fluctuations in galaxy distribution to dis-
criminate among rival cosmological models.
Scott et al. (3) have illustrated this compar-
ison. Several similar analyses (4-7) have
been presented but have used only a portion
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of the compilation of observations we
present here.

Structure Formation Models

We examined 10 models of structure forma-
tion (Table 1), which represent the range of
cosmological parameters that are currently
considered viable (8). Each model gives
transfer functions that predict how a pri-
mordial power spectrum of infinitesimal
density perturbations in the early universe
develops into CMB anisotropies and inho-
mogeneities in the distribution of galaxies.
A cosmological model whose predictions
agree with both types of observations pro-
vides a consistent picture of structure for-
mation on scales ranging from galaxy clus-
ters to the present horizon size. The cosmo-
logical parameter ) = Q_ + Q, gives the
ratio of the energy density of the universe to
the critical density that is necessary to stop
its expansion. Critical density is p. = 3
H3/8wG for a Hubble constant of H, = 100
h km™ s7! Mpc? (G is the gravitational
constant). The portion of this critical ener-
gy density contained in matter is ) =
+ Q, + Q, which is the sum of the con-
tributions from cold dark matter (CDM),
(), hot dark matter (HDM) in the form
of massive neutrinos ({},), and baryonic
matter (). O, = A/3HZ is the fraction of

the critical energy density contained in a
smoothly distributed vacuum energy re-
ferred to as a cosmological constant, A. The
age of the universe in each model is deter-
mined by the values of h, Q_, and Q,; a
universe with critical matter density has an
age of 6.5 h™* Gyr (Gyr = 10? years) (9).

Each model has a primordial power spec-
trum of density perturbations given by P (k)
= Al for each wave number k, where A is
the square of a free normalization parameter
and n is the scalar spectral index (10). Scale
invariance (I1) corresponds to n = 1 for
adiabatic (constant entropy) initial density
perturbations and n = -3 for isocurvature
(constant potential) initial density pertur-
bations. Instead of normalizing to the Cos-
mic Background Explorer Satellite (COBE)
result alone (12), we found the best-fit nor-
malization of each model (Table 2) using
the entire data compilation. Our rationale
is that COBE is just one subset of the
available data, albeit with small error bars,
and is in fact the data most likely to be
affected by a possible contribution of grav-
itational waves to CMB anisotropies. These
gravitational waves from inflation would
have a significant impact only on large
angular scales and are not traced by the
large-scale structure observations. Normal-
izing to all of the data made our results less
sensitive to the possible contribution of
gravitational waves.

The first seven models (Table 1) are
based on the standard cold dark matter
(SCDM) model (13) and assume that the
initial density perturbations in the universe
were adiabatic, as is predicted by the infla-
tionary universe paradigm. The tilted CDM
(TCDM) and cold + hot dark matter
(CHDM) models are both motivated by
changing the shape of the matter power
spectrum of SCDM to eliminate its problem
of excess power on small scales relative to
large scales (7, 14). The CHDM model has
one family of massive neutrinos that con-
tributes 20% of the critical density (15). For
the cosmological constant (ACDM) and
open universe (OCDM) models, Q_ = 0.5,
h = 0.6 roughly guarantees the right shape

Table 1. Values of cosmological parameters for our models. Parameters marked with an asterisk have

been optimized (59).

Model Q Q, Q. Q. Q, Q, h n Age (Gyr)
SCDM 1.0 0 1.0 0.95 0 0.05 0.5 1.0 13
TCDM 1.0 0 1.0 0.90 0 0:10” 0.5 0.8" 13
CHDM 1.0 0 1.0 0.70 0.2~ 0.10” 0.5 1.0 13
OCDM 0.5 0 0.5" 045 0 0.05* 0.6" 1.07 12
ACDM 1.0 0.5 0.5" 0.45 0 0.05” 0.6* 1.07 14
¢$CDM 1.0 0 0.92 0.87 0 0.05 0.5 1.0 13
BCDM 1.0 0.88 012 0.08 0 0.04 0.8 16 15

ICDM 1.0 08 0.2 017 0 0.03 07 -18 15

PBH BDM 1.0 0.6 0.4 0 0 0.10 07 -20 13

Strings + A 1.0 0.7 0.3 0.25 0 0.05 05 ~1 19
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of the matter power spectrum (5). We have
optimized some parameters of these models:
n and Q, for TCDM; Q,, £, n, and the
number of massive neutrino families for
CHDM; and Q, Qy, h, and n for OCDM
and ACDM (16). The $CDM model (17)
contains a vacuum energy contribution
from a late-time scalar field with Q, =
0.08. This energy behaves like matter today,
but during matter-radiation equality and re-

combination it alters the shape of the mat-
ter and radiation power spectra from the
otherwise similar SCDM model. The bary-
onic + cold dark matter (BCDM) model
(18) contains nearly equal amounts of bary-
onic matter ({, = 0.04) and CDM (Q), =
0.08). Its parameters have been tuned to
produce a peak due to baryonic acoustic
oscillations in the matter power spectrum at
k = 0.05 h Mpc!, where a similar peak is

Table 2. Best-fit normalizations and biases. The normalization of each modei is given by o or by the
value of dT expected at € = 10, which can be compared to the COBE normalization of dT = 27.9 uK.

Model dTm (FLK) Og bclus bcfa bicrs bapm biras
SCDM 254 1.08 212 0.83 0.72 0.89 0.57
TCDM 31.2 0.79 2.73 1.13 1.01 1.18 0.83
CHDM 271 0.75 252 1.1 1.01 1.13 0.78
OCDM 29.0 0.77 2.67 1.25 1.11 1.10 0.93
ACDM 26.8 1.00 2.14 0.91 0.82 0.87 0.68
$CDM 27.6 0.74 3.12 1.35 1.20 1.31 0.98
BCDM 24.8 1.76 1.30 0.48 0.40 0.41 0.37

|ICDM 28.2 0.83 2.95 1.25 1.12 1.02 0.97
PBH BDM 29.9 0.78 2.74 1.21 1.09 1.10 0.92
Strings + A 21.2 0.32 6.95 3.10 2.86 2.62 2.48
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Fig. 1. Compilation of CMB anisotropy results, with horizontal error bars showing the full width at half
maximum of each instrument’s window function and vertical error bars showing the 68% confidence
interval (67). The detections shown here are from COBE, FIRS, Tenerife, the South Pole, BAM, ARGO,
Python, MAX, MSAM, SK, and CAT (62). Predictions for the models with their best-fit normalizations are
plotted as dT, = [£(¢ + 1)C,/2m]"2T g for SCDM (solid black), TCDM (dashed black), CHDM (solid
red), OCDM (dashed blue), ACDM (solid blue), $CDM (dotted black), BCDM (dotted blue), ICDM
(dashed magenta), PBH BDM (solid magenta), and strings + A (dotted magenta). The ICDM, PBH BDM,
and strings + A models disagree with the slope implied by COBE, SP, and BAM, which prefers the
adiabatic models. SK favors a high acoustic peak near € = 250 and has small error bars, making it a

challenge for most models.

1406

seen in the three-dimensional power spec-
trum of rich Abell clusters (19) and the
two-dimensional power spectrum of the Las
Campanas Redshift Survey (20).

The isocurvature cold dark matter
(ICDM) model (21, 22) has a non-Gaussian
(x?) distribution of isocurvature density
perturbations produced by a massive scalar
field frozen during inflation. This causes
early structure formation, in agreement
with observations of galaxies at high red
shift and the Lyman o forest (23). The
primordial black hole baryonic dark matter
(PBH BDM) model (24) has isocurvature
perturbations but no CDM. The primordial
black holes form from baryons in high-
density regions of the early universe and
thereafter behave like CDM. Only a tenth
of the critical energy density remains out-
side the black holes to participate in
nucleosynthesis. These black holes have the
appropriate mass (M ~ 1Mg) to be the
massive compact halo objects (MACHOS)
that have been detected in our galaxy (25).
Albrecht et al. found that topological defect
models with critical matter density fail to
agree with structure formation observations
(26). In the strings + A model (27) that we
examined, the nonzero cosmological con-
stant causes a deviation from scaling and
makes cosmic strings a viable model.

We used the CMBFAST code (28) to
calculate the predicted radiation and matter
power spectra for the SCDM, TCDM,
CHDM, OCDM, ACDM, and BCDM

models.

Constraints on Cosmological
Parameters

The models we consider are all consistent
with the constraints on the baryon density
from Big Bang nucleosynthesis, 0.012
< Q. h* < 0.026, allowed by recent obser-
vations of primordial deuterium abundance
(29). A Hubble constant of 65 * 15 en-
compasses the range of systematic varia-
tions between different observational ap-
proaches (30). The age “crisis” has abated
with a recent recalibration by Hipparcos of
the distance to the oldest galactic globular
clusters, leading to a new estimate of their
age of 11.5 * 1.3 Gyr (31). All of our
models have an age of at least 13 Gyr
except OCDM (12 Gyr). Other constraints,
however, appear to limit the viability of our
models. Observations of high-redshift
damped Lyman « systems are a concern for
the CHDM and TCDM models, which
have little power at small scales (32). Bar-
telmann et al. (33) used numerical simula-
tions to compare the observed abundance of
arcs from strong lensing by galaxy clusters
with the predictions of various models and

concluded that only OCDM works, and
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they found that critical density models se-
riously underpredict the number of arcs.
Further support for low-Q}_ models comes
from the cluster baryon fraction of Q_/ €,
= 23k3/% (34). This favors the ratio of total
matter to baryons in the low-matter-density
models considered here and is inconsistent
with SCDM and ¢CDM. Observations of
Type la supernovae at high red shift are
progressing rapidly, and preliminary results
argue in favor of a positive cosmological
constant and strongly disfavor Q_ = 1 (35).
The amount of vacuum energy is con-
strained to be 2, = 0.7 by quasar lensing
surveys (36). Direct observations of cosmo-
logical parameters favor the low- _ mod-
els, but we found that the current discrim-
inatory power of observations of structure
formation outweighs that of direct parame-
ter observations.

Comparison with Observations

Since the COBE differential microwave ra-
diometer (DMR) detection of CMB anisot-
ropy (1), there have been over 25 addition-
al measurements of anisotropy on angular
scales ranging from 7° to 0.3°. The models
predict that the spherical harmonic decom-
position of the pattern of CMB temperature
(Tepmp) fluctuations on the sky will have
Gaussian distributed coefficients a,_ with
zero mean and variance C, (£ is the multi-
pole number of the spherical harmonic ex-
pansion of the pattern of CMB anisotropies
on the sky). Each observation has a window
function W,, which makes the total power
measured sensitive to a range of angular
scales given by 8 = 180°/¢:

(AT o
~T—)ms =i ;(ze + 1)C,W,

26 +1

1
=3 (dT/Tcemp)? ; W+ W, (1)

where COBE found dT = 27.9 = 2.5 pK
and Typ = 2.73 K (37). This allows the
observations of broad-band power to be re-
ported as observations of dT; and knowing
the window function of an instrument, one
can turn the predicted C, spectrum of a
model into the corresponding prediction for
dT at that angular scale (Fig. 1).

We translated these observations of the
radiation power spectrum into estimates of
the matter power spectrum on the same
scales (38). The matter power spectrum is
determined by the matter transfer func-
tion T(k) and primordial power spec-
trum P (k) of each model, with P(k) =
Tz(k)Pp(k). The matter transfer function
describes the processing of initial density
perturbations from the Big Bang during
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the era of radiation domination; the ear-
lier a spatial scale entered the horizon, the
more its power was dissipated by radiation
(and in the CHDM model, by relativistic
neutrinos as well). If the baryon fraction is
large, the same acoustic oscillations of the
photon-baryon fluid that give rise to peaks
in the radiation power spectrum are visible
in the matter power spectrum; otherwise,
the baryons fall into the potential wells of
the dark matter. Once matter domination
and recombination arrive, P(k) maintains
its shape and grows as (1 + z)~2 (z is the
redshift of a given epoch; z = 0 today):
Thus, determining P(k) today allows us
to extract the power spectrum of primor-
dial density fluctuations that existed when
the universe was over a thousand times
smaller.

Qur compilation of observations of fluc-
tuations in the large-scale distribution of gal-
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axies and galaxy clusters (Fig. 2A) includes
the determination of og, the rms density
variation in spheres of radius 8 h™! Mpc,
based on the abundance of rich galaxy clus-
ters (39). Another measurement of oy is
based on the evolution of the abundance of
rich clusters from red shift 0.5 until now
{40). The predicted value of gy is given by
an integral over the matter power spectrum,
using a spherical top-hat window function of
radius R = 8 h~! Mpc (41)

2= 1 epi ——
Ok = ga? ® Ry

(sin kR — kR cos kR)? (2)

which allows observations of o to determine
the amplitude of P(k) on scales k = 0.2 h
Mpc!. Another measurement of the ampli-
tude of the power spectrum comes from ob-
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Fig. 2. (A) Compilation of large-scale structure observations, with P(k) for SCDM (solid curve) shown for
reference. No corrections for bias, redshift distortions, or nonlinear evolution have been made. k is the
wave number in comoving units of h Mpc™. The black and blue boxes are measurements of o, from the
present-day number abundance of rich clusters and its evolution, respectively (39, 40), and the black

point with error bars is from peculiar velocities (42). £}

= 1is assumed (63). Uncorrected power spectra

are shown for the APM galaxy survey (blue triangles), Las Campanas (red squares), IRAS (filled pink
circles), APM clusters (orange circles), and SSRS2 + CfA2 (green crosses) (44, 43). (B) The SCDM
model with its best-fit normalization compared to the large-scale structure data with its best-fit biases
after model-dependent corrections for redshift distortions and nonlinear evolution (64). Beyond k = 0.2
h Mpc', the predicted matter power spectrum curve is dotted to indicate uncertainty in the data
corrections. We plot each CMB anisotropy detection as a box, where the width of the box represents
the range of k to which that experiment is most sensitive, and the height shows the 68% confidence
interval (65). (C) The TCDM model. (D) CHDM, our best-fit model. Note the agreement even on

nonlinear scales.
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servations of peculiar velocities of galaxies
(42).

Our data compilation includes power
spectra from four redshift surveys: the Las
Campanas Redshift Survey (LCRS), the
combined Infrared Astronomical Satellite
(IRAS) 1.2 Jy and QDOT samples (1 Jy =
10-%6 W m=2 Hz 1), the combined Southern
Sky Redshift Survey (SSRS2) + Center for
Astrophysics-2 (CfA2) survey, and a cluster
sample selected from the Automated Plate
Measurement (APM) Galaxy Survey (43).
We also use the power spectrum resulting
from the Lucy inversion of the angular cor-
relation function of the APM galaxy cata-

log (44, 45). The APM galaxy power spec-
trum is measured in real space, whereas the
others are given in redshift space. Each of
these power spectra can be scaled by the
square of an adjustable bias parameter,
which is expected to be near unity for the
galaxy surveys (46).

Following the methods of Peacock and
Dodds (41), we performed model-depen-
dent corrections for redshift distortions for
each galaxy power spectrum (47, 48) and
divided by the square of a trial value of the
bias factor. We then corrected for nonlinear
evolution (49) to produce estimates of the
unbiased linear power spectrum from these
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Fig. 3. (A) OCDM, with scale invariance of potential perturbations causing an increase in the matter
power spectrum beyond the curvature scale. (B) The ACDM model. (C) The $éCDM model. (D) The

BCDM model.

Table 3. The x2 values for our models, computed from data at k < 0.2 h Mpc™' (60). P is the probability
of getting x2 greater than or equal to the observed value if a model is correct. df, degrees of freedom.

2 2 2 2
Xcms Xo-g Xcius Xota

2
Xicrs

2 2 2
Xapm Xiras Xlotal

galaxy surveys. Comparison with the pre-
dicted linear P(k) determined the best-fit
bias parameter of each survey for each mod-
el (Table 2). We compared the corrected
large-scale structure data, the CMB anisot-
ropy observations, and the predicted matter
and radiation power spectra and calculated
the x? value for each model (Table 3). Only
points observed at k = 0.2 h Mpc™' were
used in selecting best-fit bias factors and
normalizations and in calculating x* (50).
On smaller scales, the linearization process
yielded qualitative information despite sys-
tematic uncertainties.

Discussion

The current large-scale structure observa-
tions agree well with each other in terms of
the shape of the uncorrected matter power
spectrum (Fig. 2A). The APM clusters are
biased compared to galaxies by about a fac-
tor of 3, and their power spectrum has a
narrower peak and a possible small-scale
feature. There is no clear evidence, howev-
er, for scale dependence in the bias of the
various galaxy surveys on linear scales. The
observed galaxy power spectra are smooth,
showing no statistically significant oscilla-
tions. A peak in the matter power spectrum
appears near k = 0.03 h Mpc™!, which
constrains {)_h by identifying the epoch of
matter-radiation equality (44). The large-
scale structure observations contain too
much information to be summarized by a
single shape parameter; no value of the
traditional CDM shape parameter (51) can
simultaneously match the location of this
peak and its width.

We find a poor fit for SCDM (Fig. 2B),
due to the difference in shape between the
theory curve and the data. The best-fit
normalization is only 0.91 that of COBE, as
the model would otherwise overpredict the
0y mMmeasurements by an even greater
amount. The fit to the CMB is poor, be-
cause the Saskatoon (SK) observations (52)
would prefer more power. The fit of the
data to the TCDM model (Fig. 2C) is bet-
ter, although the peak of the matter power
spectrum is still broader than that found in
the data. Agreement with the CMB is
harmed by the high normalization versus
COBE and the tilt on medium scales.

The best-fit model is CHDM (Fig. 2D).
The agreement with the location and shape
of the peak of the matter power spectrum is
remarkable, with the exception of the APM
cluster power spectrum. The agreement
with CMB anisotropy detections is excel-
lent. The matter power spectrum of CHDM
matches the linearized APM galaxy power
spectrum down to nonlinear scales, making
this model a good explanation of structure
formation far beyond the scales used for our

2
Model (df34) (df3) (df8) (df2) (dfS) (df9) (df9) (df 70) xe/df P
SCDM 46 36 37 0.2 8 121 18 266 3.8 <1077
TCDM 51 5 27 0.4 6 49 11 148 21 18x1077
CHDM 30 4 20 3 9 10 11 86 1.2 0.09
OCDM 36 2 24 2 11 42 12 128 1.8 29x107°
ACDM 30 3 26 2 12 46 13 132 1.9 1.1 x10°°
$CDM 32 4 30 0.1 5 71 12 155 22 <1077
BCDM 32 38 33 1 125 225 56 511 7.3 <1077
ICDM 61 3 17 2 21 50 16 170 25 <1077
PBH BDM 65 4 22 2 9 30 11 142 20 83x1077
Strings + A 64 37 20 0.3 8 43 10 182 2.6 <1077
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statistical analysis (53).

For the OCDM model (Fig. 3A), ,, =
0.5 is favored by the shape of P(k) and the
SK and cosmic anisotropy telescope (CAT)
(54) CMB anisotropy detections and gen-
erates agreement between the two observa-
tions of o5. However, the location of the
peak of P(k) appears wrong. This model is
our second-best fit but is statistically much
worse than CHDM. The ACDM model
(Fig. 3B) is nearly as successful as OCDM.
It is a slightly better fit to the CMB but is
worse in comparison to large-scale struc-
ture. The observations of oy are again in
agreement, but the shape of the matter
power spectrum does not compare well with
that of the APM galaxy survey.

The ¢CDM model is too broad at the
peak and misses a number of APM galaxy
data points (Fig. 3C), although its agree-
ment with the other data sets is rather good.
[t remains to be seen whether other varia-
tions of scalar field models can match the
observations better. The BCDM model
(Fig. 3D) does not fit the data. Choosing
parameters to place an acoustic oscillation
peak near k = 0.05 h Mpc™! has generated
the wrong shape for P(k), even though the
APM galaxies and clusters seem to fit the
first and second oscillations, respectively
(55). The main peak of P(k) is in the wrong
place; no model with similar oscillations
and a baryon content consistent with Big
Bang nucleosynthesis can fix that problem
(18).

For the ICDM model (Fig. 4A), the fit
to the CMB is poor, due to the rise of C, on
COBE scales, too much power in the first
peak near £ = 100, and too little power
compared to SK. The fit to large-scale
structure is mediocre. The PBH BDM mod-
el has similar problems compared to the
CMB, but the peak location and shape of
the matter power spectrum are better (Fig.
4B). The strings + A model (Fig. 4C) un-
derestimates the amplitude of the bias-in-
dependent measurements and therefore re-
quires a large bias for all types of galaxies,

which is difficult to justify.

Conclusions

The rough agreement of CMB anisotropy
and large-scale structure observations over a
wide range of models suggests that the grav-
itational instability paradigm of cosmologi-
cal structure formation is correct. The cur-
rent set of CMB anisotropy detections may
be a poor discriminator among adiabatic
models, but it strongly prefers them to non-
adiabatic models. Several models (SCDM,
TCDM, BCDM, and strings + A) have a
best-fit normalization significantly different
from their COBE normalization and would
have been unfaitly penalized if normalized
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to COBE alone. The strings + A model
already includes a tensor contribution, but
SCDM and BCDM would benefit from add-
ing a gravitational wave component to
bring them into better agreement with
COBE without changing the amplitude of
their scalar perturbations. Adding gravita-
tional waves is not, however, a panacea for
those models. In general, the models that
are the best fits to the shape of the matter
power spectrum prefer to be close to their
COBE normalization, which argues against
there being a significant tensor contribu-
tion to large-angle CMB anisotropies.
Large-scale structure data have more dis-
criminatory power at present than do the
CMB anisotropy detections. The average
ratio of best-fit biases (b) (Table 2) is b_
btbiersibanmibivas = 3-2:1.3:1.2:1.3:1 (56).
Most models allow optical galaxies to be
nearly unbiased tracers of the dark matter
distribution. The large-scale structure data
are smooth enough to set a limit on the
baryon fraction ,/Q}_; when that fraction
gets higher than 0.1, the fit worsens (57).
By restricting our analysis to the linear
regime and correcting for the mildly scale-
dependent effects of redshift distortions and
nonlinear evolution on those scales, we

t RESEARCH ARTICLE

made it possible to test models quantitative-
ly. The most likely cosmology is CHDM,
which is the only model allowed at the 95%
confidence level. The disagreement be-
tween the data and the predictions of the
other models is sufficient to rule out all of
them at above 99% confidence unless there
are severe systematic problems in the data
(58). CHDM itself is not statistically very
likely because of the APM cluster survey
P(k), which no model fits much better and
which disagrees somewhat with the galaxy
power spectra. Dropping the APM cluster
P(k) would give CHDM a % of 66/62,
which is within the 68% confidence inter-
val. [t is worth investigating whether the
APM cluster power spectrum contains a
scale-dependent bias or if its errors have
somehow been underestimated.

We have extracted the spectrum of pri-
mordial density fluctuations from the data
and found that it agrees well with that of
the CHDM model. This does not provide
direct evidence for the existence of HDM,
which requires experimental confirmation
of neutrino mass. The CHDM model has
other observational hurdles to overcome,
including evidence for early galaxy forma-
tion on small scales where this model has
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Fig. 4. (A) The ICDM model (66). (B) The PBH BDM model. (C) The strings + A model (67). (D) A
simulation of high-precision future observations of CMB anisotropy by the MAP {red boxes) and Planck
Surveyor (blue boxes) satellites. Green error bars show the accuracy of the SDSS data, and magenta
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underlying model (CHDM) for a wide range of k (68).
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little power, although it is impressive that
CHDM agrees with the linearized APM
data out to k = 1 h Mpc™'. If the rapidly
improving Type [a supernovae observations
follow current trends there may be enough
statistical power in the direct observations
of cosmological parameters to make OCDM
and ACDM preferred to CHDM, although
in that case none of these models would be
a satisfactory fit to both the supernovae and
structure formation observations.

10.

11.
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We averaged the predictions of the matter power
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local slope of the linear power spectrum.
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by 47).

See D. M. Goldberg and M. A. Strauss, Astrophys.
J. 495, 29 (1998) for the future prospects of this
constraint.

If the APM Galaxy P(k) were ignored, OCDM, ACDM,
and $CDM would become much better fits but
would still be ruled out at the 95% confidence level.
The $CDM model has a scalar field energy density of
Q,, = 0.08. The PBH BDM model has 30% of critical
density in primordial black holes, which act like CDM
but actually contain baryonic matter.

The ng category includes the contribution from pe-
culiar velocity measurements. The degree of free-
dom used by normalizing is counted under xZ,,a.
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of 69 degrees of freedom.
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universe. The calibration errors were added in
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good approximation after the recalibration of SK by
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CMB anisotropy observations are compiled by G. F.
Smoot and D. Scott, Rev. Part. Prop., [on-line] (avail-
able at http://xxx.lanl.gov/abs/astro-ph/9711069)
and at http://www.sns.ias.edu/~max/cmb/experi-
ments.html. Shown here are observations from
COBE (M. Tegmark and A. Hamilton, http://xxx.lanl.
gov/abs/astro-ph/9702019), FIRS [K. Ganga, L;
Page, E. Cheng., S. Meyers, Astrophys. J. 432, L15
(1993)], Tenerife [C. M. Gutierrez et al., ibid. 480, L83
(1997)], the South Pole [J. O. Gundersen et al., ibid.
443,157, (1994)], BAM [G. S. Tucker et al., ibid. 475,
L74 (1997)], ARGO [S. Masi et al., ibid. 463, L47
(1996)], Python [S. R. Platt et al., ibid. 475, L1
(1997)], MAX (Microwave Anisotropy Experiment) [M.
Lim et al., ibid. 469, L69 (1996); S. T. Tanaka et a/.,
ibid. 468, 181 (1996)], MSAM (Medium-Scale An-
isotropy Measurement) [E. S. Cheng et al., ibid. 488,
L59 (1997)], SK (52), and CAT (54).

The width of the box represents the range of spatial
scales to which oy is sensitive, and the height shows
the 68% confidence interval. The half-max window
for og is from k = 0.05 to k = 0.3, but it has been
narrowed for clarity. The width of the window func-
tion of the peculiar velocity observation is shown by
the ends of its error bars, which include cosmic vari-
ance. This observation scales as (1,12 {the square of
the growing mode). The determination of Pk) from
the value of o4 implied by the z = O cluster abun-
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dance scales roughly as )7 due to the relationship
between the observed mass and the pre-collapse
radius of rich clusters. The observation of o from the
evolution of the cluster abundance is nearly indepen-
dent of Q...

The high-k end of the LCRS data shows that the
combination of deconvolving the fingers-of-God ef-
fect and linearizing the data has kept the shape the
same but moved the points along that curve and
reduced the error bars. The linearization of the APM
dataset has removed the inflection at k = 0.2 h
Mpc™.

Each model has a particular value of mg; varying mg
moves the entire set of boxes horizontally. Compar-
ison of the CMB anisotropy predictions of each mod-
el with observations gives the vertical placement of
each box, showing the inferred amplitude of matter
density fluctuations at that scale. The boxes for CMB
anisotropy detections and o follow the local shape
of each model's Pk) to indicate they are a model-
dependent averaging of the power over a range of k.
The strong rise of the matter power spectrum is
caused by the sharptilt of the model away from scale
invariance. The linearization procedure used was
calibrated for Gaussian models, but nonlinear evolu-
tion is expected to be similar under the x? distribution
[A. Stirling, thesis, University of Edinburgh (1998)].
ltis possible that the linearization procedure needs to
be adjusted to account for non-Gaussianity in the
matter distribution, but the reduced power of this
model weakens the effects of nonlinear evolution.
Microwave anisotropy probe (MAP) and Planck pa-
rameters were taken from J. R. Bond, G. Efstathiou,
and M. Tegmark [Mon. Not. R. Astron. Soc. 291, L33
(1997)]. The Sloan Digital Sky Survey (SDSS) data
are from M. Vogeley (personal communication), and
the 2-Degree Field (2DF) Survey data are from S.
Cole, S. Hatton, D. Weinberg, C. S. Frenk, http://
xxx.lanl.gov/abs/astro-ph/9801250. No attempt has
been made in Fig. 4D to account for redshift distor-
tions or nonlinear evolution. The overlap in scale be-
tween CMB anisotropy detections and large-scale
structure observations should increase tremen-
dously in the next several years, and the errors in
these measurements should decrease significantly.
W. Hu, D. J. Eisenstein, and M. Tegmark (in prepa-
ration; available at http://xxx.lanl.gov/abs/astro-ph/
9712057) examine how well 2, can be determined
by SDSS observations, and Y. Wang, D. N. Spergel,
and M. A. Strauss (in preparation; available at http://
xxx.lanl.gov/abs/astro-ph/9802231)  discuss the
ability of combined MAP and SDSS observations to
constrain cosmological parameters.
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