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ABSTRACT
We present a power spectrum analysis of the final 2dF Galaxy Redshift Survey,
employing a direct Fourier method. The sample used comprises 221 414 galaxies with
measured redshifts. We investigate in detail the modelling of the sample selection,
improving on previous treatments in a number of respects. A new angular mask is
derived, based on revisions to the photometric calibration. The redshift selection func-
tion is determined by dividing the survey according to rest-frame colour, and deducing
a self-consistent treatment of k-corrections and evolution for each population. The
covariance matrix for the power-spectrum estimates is determined using two different
approaches to the construction of mock surveys which are used to demonstrate that
the input cosmological model can be correctly recovered. We discuss in detail the
possible differences between the galaxy and mass power spectra, and treat these
using simulations, analytic models, and a hybrid empirical approach. Based on these
investigations, we are confident that the 2dFGRS power spectrum can be used
to infer the matter content of the universe. On large scales, our estimated power
spectrum shows evidence for the ‘baryon oscillations’ that are predicted in CDM
models. Fitting to a CDM model, assuming a primordial ns = 1 spectrum, h = 0.72
and negligible neutrino mass, the preferred parameters are Ωmh = 0.168 ± 0.016 and
a baryon fraction Ωb/Ωm = 0.185 ± 0.046 (1σ errors). The value of Ωmh is 1σ lower
than the 0.20 ± 0.03 in our 2001 analysis of the partially complete 2dFGRS. This
shift is largely due to the signal from the newly-sampled regions of space, rather than
the refinements in the treatment of observational selection. This analysis therefore
implies a density significantly below the standard Ωm = 0.3: in combination with
CMB data from WMAP, we infer Ωm = 0.231 ± 0.021.

On acceptance of this paper, power spectrum data will be made available at
http://www.mso.anu.edu.au/2dFGRS/Public/Release/PowSpec/

Key words: large-scale structure of universe – cosmological parameters
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Figure 16. The redshift-space power spectrum calculated in this paper (solid circles with 1-σ errors shown by the shded region) compared
with other measurements of the 2dFGRS power spectrum shape by Percival et al. (2001) – open circles, Percival (2004c) – solid stars,
and Tegmark et al. (2002) – open stars. For the data with window functions, the effect of the window has been approximately corrected
by multiplying by the net effect of the window on a model power spectrum with Ωmh = 0.168, Ωb/Ωm = 0.0, h = 0.72 & ns = 1. A
zero-baryon model was chosen in order to avoid adding features into the power spectrum. All of the data are renormalized to match
the new measurements. The open triangles show the uncorrelated SDSS real space P (k) of Tegmark et al. (2004), calculated using their
‘modelling method’ with no FOG compression (their Table 3). These data have been corrected for the SDSS window as described above
for the 2dFGRS data. The solid line shows a model linear power spectrum with Ωmh = 0.168, Ωb/Ωm = 0.17, h = 0.72, ns = 1 and
normalization matched to the 2dFGRS power spectrum.

from the analysis of the 2dFGRS by Tegmark et al. (2002) by
including a crude correction for luminosity-dependent bias,
which corrects for an amplitude offset for each data point,
but does not allow for the changing survey volume (Percival
et al. 2004a). As can be seen, the 2dFGRS and SDSS results
agree remarkably well, and the basic shape of the galaxy
power spectrum now seems to be well constrained.

We have chosen not to compare with galaxy power spec-
trum estimates obtained from surveys prior to the 2dFGRS,
or calculated by deprojecting 2D surveys because the 2dF-
GRS and SDSS data offer a significant improvement over
these data. However, we do note that the general shape of
our estimate of the power spectrum is very similar to that
obtained in such studies (e.g. Efstathiou & Moody 2001;
Padilla & Baugh 2003; Ballinger, Heavens & Taylor 1995;
Tadros et al. 1999).

6 TESTS OF SYSTEMATICS

Given the cosmological significance of the 2dFGRS power
spectrum estimates, it is important to be confident that the
results presented in the previous Section are robust, and
not sensitive to particular assumptions made in the analy-
sis. This Section presents a comprehensive investigation into
potential sources of systematic error in the final result.

Our default set of assumptions in modelling and ana-
lyzing the 2dFGRS data are:

(i) Our standard choice for the photometric calibration of
the catalogue is essentially that of the final data release (Col-
less et al. 2003) but with small shifts of −0.0125 and 0.022
mag. applied to the NGP and SGP respectively to bring
their estimated luminosity functions into precise agreement.

(ii) We combine data from the NGP and SGP strips and
also the RAN fields.

(iii) We model the galaxy population by a single
Schechter luminosity function and k + e correction as de-
scribed in Section 3 and shown in Fig. 5. Magnitude mea-
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results, so we use a single covariance matrix to analyse all
these mock surveys. This approach also has the advantage
that it is easier to test directly whether the distribution of
the recovered parameters from these catalogues is consistent
with the predicted confidence intervals.

In Fig. 25 we plot the recovered marginalized parame-
ters from different sets of 22 redshift-space, real-space and
cluster collapsed Hubble Volume mock catalogues. In gen-
eral, the distribution of Ωmh and Ωb/Ωm values follows the
general degeneracy of cosmological models which give pa-
rameter surfaces with the same approximate shape as shown
in Fig. 21. There is no evidence for a strong bias in the re-
covered parameters, and we find that the average recovered
parameters are close to the true values.

There is some evidence that the average recovered value
of Ωmh is higher for the real-space catalogues than for the
redshift-space catalogues. This reflects the slight difference
in large-scale shape between real and redshift space power
spectra observed in Fig. 11. Even so, this deviation is smaller
than the 1σ errors on the recovered parameters from an
individual catalogue.

9 SUMMARY AND DISCUSSION

9.1 Results from the complete 2dFGRS

This paper has been devoted to a detailed discussion of the
galaxy power spectrum as measured by the final 2dFGRS.
We have deduced improved versions of the masks that de-
scribe the angular selection of the survey, and modelled the
radial selection via a new empirical treatment of evolution-
ary corrections. We have carried out extensive checks of our
methodology, varying assumptions in the treatment of the
data and applying our full analysis method to realistic mock
catalogues.

Based on these investigations, we are confident that the
2dFGRS power spectrum can be used to infer the matter
content of the universe, via fitting to a CDM model. Assum-
ing a primordial ns = 1 spectrum the preferred parameters
are

Ωmh = 0.168 ± 0.016 (39)

and a baryon fraction

Ωb/Ωm = 0.185 ± 0.046. (40)

These figures assume h = 0.72, but are insensitive to this
choice.

These values represent in some respects an important
change with respect to P01, who found Ωmh = 0.20 ± 0.03
and Ωb/Ωm = 0.15 ± 0.07. Statistically, the shift in the pre-
ferred parameters is unremarkable. However, the precision
is greatly improved, by nearly a factor 2. This reflects a sub-
stantial increase in the survey volume since P01, both be-
cause the survey sky coverage is 50% larger, and because our
improved understanding of the selection function enables us
to work to larger redshifts. In particular, the reduced error
on the baryon fraction means that P01’s suggestion of a non-
zero baryon content can now be regarded as a definite mea-
surement. Our figure of Ωb/Ωm = 0.185 ± 0.046 appears at
face value to be a 4-σ detection of baryon features, although
this overstates the significance. The difference in χ2 between

the best zero-baryon model and the best overall model is 6.3,
so the likelihood ratio is L = exp(−6.3/2). This might sug-
gest a probability for no baryons of L/(1 + L) = 0.04, but
such a figure is too generous: for a Gaussian distribution, this
value of L would be a 2.5-σ effect, with one-tailed probabil-
ity of 0.006. It therefore seems fair to reject the zero-baryon
hypothesis at about the 1% level.

There was of course every reason to believe that baryon
features would be present in the power spectrum, since this
is a firm prediction of the ΛCDM model (e.g. Springel et
al., in preparation). The signature is much smaller than the
corresponding acoustic oscillations in the CMB, so this mea-
surement in no way competes with the CMB as a means of
pinning down the baryon density. Nevertheless, by demon-
strating a clearcut connection between the temperature fluc-
tuations in the CMB and the present-day galaxy distribu-
tion, the identification of baryon features in the 2dFGRS
provides an important verification of our fundamental model
of structure formation.

9.2 Cosmological implications

The ability of the matter power spectrum to determine cos-
mological parameters in isolation is limited owing to the in-
herent physical degeneracies in the CDM model. As is well
known, these can be overcome by combination with data on
CMB anisotropies. The most striking success of this method
to date has been the combination of the 2dFGRS results
from P01 with the year-1 WMAP data (Spergel et al. 2003),
the results of which were subsequently confirmed using the
SDSS galaxy power spectrum by Tegmark et al. (2004). It
is of interest to see how our earlier conclusions alter in the
light of our new results. We have used the Markov-Chain
Monte-Carlo (MCMC; Lewis & Bridle 2002) method to fit
cosmological models to our new power-spectrum data com-
bined with WMAP year 1 (Hinshaw et al. 2003) CMB data.
For the choice of model, we adopted the philosophy of Per-
cival et al. (2002), allowing Ωm, Ωb, h, ns, τ , σ8 and σgal

8

to vary while assuming negligible neutrino contribution and
a flat cosmology. The results, ignoring the normalization of
the model power spectra, are as follows:

Ωm = 0.231 ± 0.021

Ωb = 0.042 ± 0.002

h = 0.766 ± 0.032

ns = 1.027 ± 0.050.

(41)

We see that using the new 2dFGRS result decreases Ωm

by approximately 15% from the best-fit WMAP value of
Ωm " 0.27. This change is easily understood because our
new best-fit Ωmh = 0.168 is lower than that of P01. The
CMB acoustic peak locations constrain Ωmh3, so to fit the
new data requires a lower value of Ωm coupled with a higher
value of h. Again, what is impressive is that the accuracy is
significantly improved, breaking the 10% barrier on Ωm. For
comparison, The WMAP analysis in Spergel et al. (2003)
achieved 15% accuracy on Ωm. As a result, we are able
to achieve a firm rejection of the common ‘concordance’
Ωm = 0.3 in favour of a lower value (0.19 < Ωm < 0.27 at
95% confidence). This result demonstrates that large-scale
structure measurements continue to play a crucial role in
determining the cosmological model.

c© 0000 RAS, MNRAS 000, 000–000
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ABSTRACT

We present results of joint modeling of the probability distribution function (PDF)
and the one-dimensional power spectrum (PS) of the Lyα forest flux decrement. The
sensitivity of these statistical measures to the shape and amplitude of the linear matter
power spectrum is investigated using N-body simulations of two variants of the ΛCDM
cosmology. In the first model, the linear power spectrum has a scale-invariant spectral
index ns = 1, whereas in the second, it has a negative running index (RSI), dn/dlnk <
0. We generate mock catalogs of QSO spectra, and compare their statistical properties
to those of the observations at z = 3. We perform a joint fit of the power spectrum
and the PDF. A scale-invariant model with σ8 = 0.9 matches well the data if the mean
IGM temperature is T <

∼
1.5× 104 K. For higher temperature, it tends to overestimate

the flux power spectrum over scales k <
∼

0.01 s km−1. The discrepancy is less severe
when the PS alone is fitted. However, models matching the PS alone do not yield a
good fit to the PDF. A joint analysis of the flux PS and PDF tightens the constraints
on the model parameters and reduces systematic biases. The RSI model is consistent
with the observed PDF and PS only if the temperature is T >

∼
2 × 104 K. The best

fit models reproduce the slope and normalisation of the column density distribution,
irrespective of the shape and amplitude of the linear power spectrum. They are also
consistent with the observed line-width distribution given the large uncertainties. Our
joint analysis yields σ8 = 0.8±0.1 for a temperature 1 <

∼
T <
∼

2×104 K and a reasonable
reionization history.

Key words: cosmology: theory – gravitation – dark matter –baryons– intergalactic
medium

1 INTRODUCTION

Absorption features in the Lyα forest provide direct infor-
mation on the large scale distribution of neutral hydrogen in
the highly ionized intergalactic medium (Bahcall & Salpeter
1965; Gunn & Peterson 1965; see e.g. Rauch 1998 for a re-
view). The Lyα forest is believed to trace the warm pho-
toionized, fluctuating intergalactic medium (IGM) which
smoothly traces the distribution of the dark matter. This
is sustained by hydrodynamical simulations which have suc-
ceeded in reproducing the observed statistics of the absorp-
tion lines and transmitted flux (e.g. McGill 1990; Bi 1993;
Cen et al. 1994; Zhang, Anninos & Norman 1995; Petit-
jean, Mücket & Kates 1995; Hernquist et al. 1996; Katz et
al. 1996; Miralda-Escudé et al. 1996; Hui, Gnedin & Zhang

1997; Theuns et al. 1998). The Lyα forest, therefore, serves
as a probe the physical state of the IGM, and the underlying
matter distribution over a wide range of scales and redshifts
(e.g. Croft et al. 1998; Nusser & Haehnelt 2000; Schaye et
al. 2000). Several method have been proposed for recover-
ing the shape and amplitude of the primordial power spec-
trum, ∆2

L(k) (e.g. Croft et al. 1998, 2002; McDonald et al.
2000; McDonald 2003). The current methods rely on an in-
version of the one-dimensional flux power spectrum ∆2

F(k),
and the calibration of the nonlinear relation between the
matter and flux power spectra by means of detailed numer-
ical simulations (e.g. Croft et al. 2002; McDonald 2003).
These methods are fundamentally limited by continuum fit-
ting errors, metal contamination and nonlinear corrections
(e.g. Hui et al. 2001; Zaldarriaga, Scoccimarro & Hui 2003;
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Figure 2. Synthetic spectra extracted from each of the simulations at z = 3. The vertical bars above the spectra show the position
of the lines with fitted column densities NHI exceeding 1012.5 cm2. The comoving length of each spectrum is L = 25 h−1Mpc, which
corresponds to a redshift interval ∆z ∼ 0.04 at z = 3.

we expect kF to depend on the physical state of the IGM.
However, since the relation between kF and T̂g depends no-
ticeably on the reionization history of the Universe (Gnedin
& Hui 1998), it is more convenient to treat kF as a free
parameter (see e.g. Zaldarriaga, Hui & Tegmark 2001). We
discuss gas smoothing in more detail in Appendix §??.

3.2.2 The synthetic spectra

Once we have smoothed the DM density and velocity fields
on the filtering scale 1/kF, the flux distribution depends
only on the mean flux 〈F 〉, the adiabatic index γ and the
mean IGM temperature T̂4. For any value taken by the four-
dimensional parameter vector p=(kF, 〈F 〉,γ,T̂4), we gener-
ate mock catalogs as follows. For each of the simulations, we
randomly select 104 lines of sight (LOS) of comoving length
L = 25 h−1Mpc. Next, the optical depth τ and the trans-
mitted flux F = exp(−τ ) are computed along each LOS in
512 pixels of width ∆v $ 6 kms−1 according to the Gunn-
Peterson approximation (Gunn & Peterson 1965). Note that
the spectral resolution is somewhat smaller than that of the
M00 data, where it is ∆v = 6.6 kms−1. Finally, the value
of n̂HI is adjusted such that the mean flux 〈F 〉 of the whole
sample matches the desired value (e.g. Rauch et al. 1997).
To account for the noise in the observations, we add a uni-
form Gaussian deviate of dispersion σ = 0.02 per interval of
width ∆π = 2.5 km s−1.

In Fig. ??, we plot four synthetic spectra selected from
each of our simulations. The spectra were extracted from
mock samples which, for a given simulation, give an accept-
able fit to the observed statistics of the Lyα forest (cf. Sec-
tion §??). In particular, we have respectively T̂4 = 1.5 and 2

for the scale-invariant (top panels) and RSI models (bottom
panels). Ticks above the spectra mark the Lyα absorption
lines which were identified with the spectral fitting program
VPFIT (Carswell et al. 2003). The lines are distinguished
by their column density NHI (in cm−2) and their width
or Doppler parameter b (in kms−1). This fitting technique
assumes that the fundamental shape of the lines is a Voigt
profile, which is a good approximation for column densi-
ties NHI <∼1017 cm−2 relevant to the Lyα forest. Absorption

systems with column density NHI ≤ 1012.5 cm2 are quite un-
certain and are not shown on the figure (e.g. Bi & Davidsen
1997). The spectra extracted from R1 and R2 feature some-
what more lines than those extracted from S1 and S2. The
reason is the larger clustering of the scale-invariant models.
As a result, blending of absorbers to form one strong line
occurs more often, and cause the number of lines identified
with VPFIT to be lower than that in the R1 and R2 mod-
els. Note that, in practice, associated metal lines can help
fixing the number of subcomponents. We will discuss the
properties of the simulated column density distribution in
Section §??.

4 COMPARISON WITH OBSERVATIONS

In this Section, we compare the statistical properties of our
mock catalogs to that of the observations. We perform a χ2

statistics for the observed flux power spectrum and PDF.
We also compare the simulated line column density and line-
width distributions to observational data for several models.

9

Figure 7. A comparison between the flux PS (left panel) and PDF (right panel) of scale-invariant models with rms density fluctuation
σ8 = 0.72 (solid), 0.82 (long-dashed), 0.9 (short dashed) and 1 (dashed-dotted curve). The RSI model is shown as dotted curves. All the
models have a temperature T̂4 = 1.5. The errorbars attached to the model with σ8 show our estimate of the cosmic variance error (cf.
text).

errorbars. The errors do not change much among the various
models. They are small, about <∼3% and <∼2% in the flux PS
and PDF respectively. However, since our simulations lack of
large-scale power, our calculation probably underestimates
the cosmic variance error. Nevertheless, even if they were
twice as large, the flux PS of models with σ8 >∼0.9 would

still lie above the data points on scale k <∼0.01 s km−1. This
effect is thus real. Moreover, it increases with the temper-
ature. As a result, there is a degeneracy between T̂g and
σ8 (at constant mean flux 〈F 〉). A model with larger σ8 re-
quires a lower temperature to match the flux PS. Note, how-
ever, that the measurement errors are large in that range of
wavenumber. As a result, although the models with σ8 >∼0.9

shown in Fig. ?? predict a ∆2
F(k) which, by eye, overesti-

mates the observations in that range of wavenumber, they
are still consistent with the data in a χ2 sense at least (The
worst chi-squared, χ2 = 25.4 for 23 degrees of freedom, is
obtained for σ8 = 1, and corresponds to a fit probability
∼30%).

To illustrate the correlation which exists between the
mean IGM temperature and the normalisation amplitude,
we plot in Fig. ?? the difference ∆χ2 = χ2 −χ2

min as a func-
tion of the normalisation amplitude, after marginalizing over
the mean flux level. The mean IGM temperature is T̂g = 1
(left panel), 1.5 (middle panel) and 2 (right panel). The
adiabatic index has a fixed value γ = 1.3, consistent with
that inferred from observations at z ∼ 3 (e.g. Schaye et al.
2000; Ricotti, Gnedin & Shull 2000; McDonald et al. 2001).
The filtering is kF =8.3 (solid curve), 7.1 (long-dashed) and
6.3 hMpc−1 (short-dashed). The reason for selecting partic-
ular values of γ and kF follows from the fact that it is difficult
to marginalize over these parameters since they are degen-
erated. The large measurement errors worsen the situation.
However, we can take advantage of the degeneracy (i.e. the

subspace kF-γ has one effective degree of freedom) by fix-
ing γ to some value and varying kF without restricting the
analysis. Note also that the wiggles which appear in ∆χ2 are
caused by numerical instabilities in the marginalization step.
Fig. ?? shows that, at a given filtering kF, decreasing the
temperature increases the best fit value of σ8. Moreover, at
fixed temperature, decreasing the filtering kF also increases
the best fit σ8. For e.g. T̂4 = 1.5, we find σ8 ≈ 0.71, 0.83
and 0.96 for kF=8.3, 7.1 and 6.3 hMpc−1. In other words,
one needs to increase the clustering amplitude in order to
compensate for the larger smoothing. As a result, it would
therefore be possible to match the data with a normalisa-
tion σ8 >∼1 if both the filtering and the IGM temperature

are very low, kF ≈ 6 hMpc−1 and T̂4 ≈ 1. A model where
kF = 6.3 hMpc−1 and T̂4 = 1 has a best fit value σ8 = 1.06,
and fits the data with an acceptable chi-squared χ2 = 22.4
for 24 degrees of freedom.

4.3.2 A temperature-dependent filtering

A model with σ8 >∼1 can match the data if both T̂g and
kF are very low. However, we would expect kF to be rel-
atively larger for a temperature T̂4 ∼ 1. To make further
progress, we we will assume that the filtering kF if a func-
tion of the mean IGM temperature T̂g. We discuss in more
detail the dependence of kF on the IGM temperature and
the reionization history of the Universe in Appendix §??.
To summary, we expect the filtering scale decrease with
increasing temperature as kF ∝ T̂−1/2

4 . Furthermore, the
filtering scale kF(T̂4 = 1) ≡ kF(1) at z = 3 should be
larger than ∼ 8 hMpc−1 for reasonable reionization sce-
narios. In order to illustrate the effect of such a relation
on the flux PS and PDF, we show in Fig. ?? ∆χ2 as a
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Fig. 2.— Images of the mass distribution at z = 0, 1 and 3 in our 8 simulations of the
assembly of cluster mass halos. Each plot shows only those particles which lie within r200

of halo center at z = 0. Particles which lie within 10h−1 kpc of halo center at this time are
shown in black. Each image is 5h−1Mpc on a side in physical (not comoving) units.

Early Formation and Late Merging of the Giant Galaxies

Liang Gao1 Abraham Loeb2 P. J. E. Peebles3 Simon D. M. White1 and Adrian Jenkins4



L39

The Astrophysical Journal, 574:L39–L42, 2002 July 20
! 2002. The American Astronomical Society. All rights reserved. Printed in U.S.A.

DECIPHERING THE LAST MAJOR INVASION OF THE MILKY WAY

Gerard Gilmore
Institute of Astronomy, Madingley Road, Cambridge CB3 0HA, England, UK; gil@ast.cam.ac.uk

Rosemary F. G. Wyse1,2
Johns Hopkins University, Department of Physics and Astronomy, 3400 North Charles Street, Baltimore, MD 21218; wyse@pha.jhu.edu

and
John E. Norris

Research School of Astronomy and Astrophysics, Australian National University, Mount Stromlo Observatory,

Cotter Road, Weston Creek, Canberra, ACT 2611, Australia; jen@mso.anu.edu.au

Received 2002 May 10; accepted 2002 June 14; published 2002 June 25

ABSTRACT

We present first results from a spectroscopic survey of ∼2000 F/G stars 0.5–5 kpc from the Galactic plane,
obtained with the Two Degree Field facility on the Anglo-Australian Telescope. These data show the mean rotation
velocity of the thick disk about the Galactic center a few kiloparsecs from the plane is very different than expected,
being ∼100 km s!1 rather than the predicted ∼180 km s!1. We propose that our sample is dominated by stars
from a disrupted satellite that merged with the disk of the Milky Way some 10–12 Gyr ago. We do not find
evidence for the many substantial mergers expected in hierarchical clustering theories. We find yet more evidence
that the stellar halo retains kinematic substructure, indicative of minor mergers.

Subject headings: Galaxy: evolution—Galaxy: formation—Galaxy: kinematics and dynamics—
Galaxy: stellar content—Galaxy: structure— stars: kinematics

1. INTRODUCTION

Mergers and strong interactions between galaxies happen and
may well be the dominant process in the determination of a
galaxy’s current Hubble type, particularly in the context of
modern hierarchical clustering theories of structure formation
(e.g., Silk & Wyse 1993). The recently discovered (Ibata, Gil-
more, & Irwin 1994) Sagittarius dwarf spheroidal galaxy is
inside the Milky Way and is losing a significant stellar mass
through tidal effects (Ibata et al. 1997), forming star streams
in the halo (Mateo, Olszewski, & Morrison 1998; Ibata et al.
2001; Yanny et al. 2000) but having little effect on the present
structure of the bulk of the Galactic disk.
The outcome of a merger of two stellar systems depends on

several factors, most importantly the mass ratio and density
contrast. During a merger, energy, momentum, and angular
momentum are redistributed so that the common aftermath of
a merger between a large disk galaxy and a smaller, but still
significant, satellite galaxy (more massive than the Sagittarius
dwarf spheroidal galaxy) is a heated disk and a disrupted sat-
ellite (Quinn & Goodman 1986; Velazquez & White 1999).
This is currently the most plausible model for the origin of the
thick disk in our Galaxy (see reviews in Gilmore, Wyse, &
Kuijken 1989; Majewski 1993) and those of other galaxies; the
stochastic nature of the merger process allows for a wide variety
of, and indeed nonexistence of, thick disks in external galaxies,
as observed, provided only a small number of merger events
are involved. Determination of the stellar populations in the
Galactic thick disk tests this model and so constrains the merger
history of the Milky Way (Gilmore &Wyse 1985; Wyse 2001).
All indications are that the Galactic thick disk is composed

of only very old stars, ages !10 Gyr, equivalent to forming
at a redshift of !1 (Wyse 2000). This implies that the event

1 School of Physics and Astronomy, University of St. Andrews, North
Haugh, St. Andrews KY16 9SS, Scotland, UK.

2 Department of Astrophysics, University of Oxford, Keble Road, Oxford
OX1 3RH, England, UK.

that formed it from the thin disk, which now contains stars of
all ages, occurred a long time ago, with little subsequent ex-
traordinary heating of the thin disk. If this model is valid, it
may be possible to identify stars captured from the accreted
galaxy and to distinguish them from those formed in the early
thin disk of the Milky Way. This would allow tight constraints
on what merged, and when it merged, and on the early star
formation in an extended disk. These are important tests of
hierarchical clustering theories of structure formation.

2. THE SURVEY

We are investigating the stellar populations of the Galactic
thick disk and halo through a statistical study of the kinematics
(radial velocities) and metallicity distributions of stars a few
kiloparsecs from the midplane of the Galactic disk, down sev-
eral lines of sight. Our survey uses the Two Degree Field (2dF)
multiobject spectrograph (Lewis et al. 2002) on the Anglo-
Australian Telescope, which provides 400 spectra simulta-
neously; we obtained data with spectral resolution of 2.5 Å, in
the wavelength range of 3700–4700 Å. The velocity accuracy
per star is ∼15 km s!1, determined from repeat observations
and from a globular cluster standard. Chemical abundance de-
terminations are in progress. We here present our first kinematic
results, for around 2000 stars.
Our survey is of F/G stars (B! ) with V-band apparentV ≤ 0.7

magnitudes in the range 17.0–19.5. This preferentially selects
main-sequence stars close to the turnoffs of the thick disk and
halo populations, at distances of several kiloparsecs. Our pri-
mary fields are at , !45) and (270, "33), against(l, b) p (270
Galactic rotation; thus, radial velocities, in combination with
a distance, approximate Galactocentric orbital angular mo-
mentum, without the need for transverse velocities. Bulge stars
do not contribute at this distance from the Galactic center, while
the apparent magnitude/distance selection provides a strong
bias against the thin disk.
Star count model predictions in one of our “rotation” fields

for the relative contributions of F/G stars belonging to each of

if LCDM

Kinematics of stars a few kpc above the midplane of the disk:
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ABSTRACT

We search for signatures of past accretion events in the Milky Way in the recently
published catalogue by Nordström et al. (2004), containing accurate spatial and kine-
matic information as well as metallicities for 13240 nearby stars. To optimize our
strategy, we use numerical simulations and characterize the properties of the debris
from disrupted satellites. We find that stars with a common progenitor should show
distinct correlations between their orbital parameters; in particular, between the apoc-
entre A and pericentre P, as well as their z-angular momentum (Lz). In the APL-space,
such stars are expected to cluster around regions of roughly constant eccentricity.

The APL space for the Nordström catalogue exhibits a wealth of substructure,
much of which can be linked to dynamical perturbations induced by spiral arms and the
Galactic bar. However, our analysis also reveals a statistically significant excess of stars
on orbits of common (moderate) eccentricity, analogous to the pattern expected for
merger debris. Besides being dynamically peculiar, the 274 stars in these substructures
have very distinct metallicity and age distributions, providing further evidence of their
extra-Galactic provenance. It is possible to identify three coherent Groups among
these stars, that, in all likelihood, correspond to the remains of disrupted satellites.
The most metal-rich group ([Fe/H] > −0.45 dex) has 120 stars distributed into two
stellar populations of ∼ 8 Gyr (33%) and ∼ 12 Gyr (67%) of age. The second Group
with 〈[Fe/H]〉 ∼ −0.6 dex has 86 stars, and shows evidence of three populations of 8
Gyr (15%), 12 Gyr (36%) and 16 Gyr (49%) of age. Finally, the third Group has 68
stars, with typical metallicity around −0.8 dex, and a single age of ∼ 14 Gyr. The
identification of substantial amounts of debris in the Galactic disk whose origin can
be traced back to more than one satellite galaxy, provides undisputable evidence of
the hierarchical formation of the Milky Way.

Key words: Galaxy: disc, evolution, kinematics and dynamics – Solar neighbourhood
– Galaxies: formation, evolution
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1 INTRODUCTION

In the past two decades, our understanding of galaxy for-
mation has made a giant leap forward, thanks to both theo-
retical and observational developments. We currently know
the initial conditions from which all structure in the Uni-
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such stars are expected to cluster around regions of roughly constant eccentricity.
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much of which can be linked to dynamical perturbations induced by spiral arms and the
Galactic bar. However, our analysis also reveals a statistically significant excess of stars
on orbits of common (moderate) eccentricity, analogous to the pattern expected for
merger debris. Besides being dynamically peculiar, the 274 stars in these substructures
have very distinct metallicity and age distributions, providing further evidence of their
extra-Galactic provenance. It is possible to identify three coherent Groups among
these stars, that, in all likelihood, correspond to the remains of disrupted satellites.
The most metal-rich group ([Fe/H] > −0.45 dex) has 120 stars distributed into two
stellar populations of ∼ 8 Gyr (33%) and ∼ 12 Gyr (67%) of age. The second Group
with 〈[Fe/H]〉 ∼ −0.6 dex has 86 stars, and shows evidence of three populations of 8
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ABSTRACT

We present a detailed analysis of the disk component of a simulated galaxy formed in the !CDM
cosmogony. At redshift z ¼ 0, two distinct dynamical components are easily identified solely on the basis of the
orbital parameters of stars in the galaxy: a slowly rotating, centrally concentrated spheroid and a disklike com-
ponent largely supported by rotation. The disk may be further decomposed into a thin, dynamically cold com-
ponent with stars on nearly circular orbits and a hotter, thicker component with orbital parameters transitional
between the thin disk and the spheroid. Supporting evidence for the presence of distinct thick- and thin-disk
components is provided, as in the Milky Way, by the double-exponential vertical structure of the disk and in
abrupt changes in the vertical velocity distribution as a function of stellar age. The dynamical origin of these
components offers intriguing clues to the assembly of spheroids and disks in the Milky Way and other spiral gal-
axies. The spheroid is old and has essentially no stars younger than the time elapsed since the last major accre-
tion event,"8 Gyr ago for the system we consider here. The majority of thin-disk stars, on the other hand, form
after the merging activity is over, although a significant fraction ("15%) of thin-disk stars are old enough to pre-
date the last major merger event. This unexpected population of old-disk stars consists mainly of the tidal debris
of satellites whose orbital plane was coincident with the disk and whose orbits were circularized by dynamical
friction prior to full disruption. More than half of the stars in the thick disk share this origin, part of a trend that
becomes more pronounced with age: 9 out of 10 stars presently in the old (age of e10 Gyr) disk component
were actually brought into the disk by satellites. By contrast, only one in two stars belonging to the old spheroid
are tidal debris; the rest may be traced to a major merger event that dispersed the luminous progenitor at
z " 1:5 and seeded the formation of the spheroid. Our results highlight the role of satellite accretion events in
shaping the disk, as well as the spheroidal, component and reveal some of the clues to the assembly process of a
galaxy preserved in the detailed dynamics of old stellar populations.
Subject headings: dark matter — galaxies: evolution — galaxies: formation — galaxies: structure —

methods: numerical
On-line material: color figures

1. INTRODUCTION

Some properties of galactic disks seem at odds with many
of the ‘‘ natural ’’ trends expected in hierarchically clustering
models and present a significant challenge to the current
paradigm of structure formation on small scales (see, e.g.,
Sellwood & Kosowsky 2001; Navarro & Steinmetz 2000;
Moore 2001). Qualitatively, the main difficulty lies in recon-
ciling the early collapse and eventful merging history char-
acteristic of the buildup of galactic dark matter halos with
the many dynamical clues that point to a smooth assembly
of the luminous component of galactic disks. This difficulty
has made it necessary to postulate a substantial role for

complex astrophysical processes, such as feedback from
supernovae and/or active nuclei, in order to overcome some
of these trends and to bring models of hierarchical assembly
into agreement with observations.

The prime concern regards the fragility of centrifugally
supported stellar disks to rapid fluctuations in the gravita-
tional potential, such as those stirred by mergers and
satellite accretion events (Toth & Ostriker 1992; Quinn,
Hernquist, & Fullagar 1993; Velázquez & White 1999). As
first computed in detail by Toth & Ostriker (1992), the con-
straints on merger events undergone by a thin disk, such as
that of the Milky Way, are very strict indeed. These authors
find that less than 10% of the disk mass within the solar
circle could have been accreted in the past 5 Gyr in the form
of clumps, limiting severely the role of merging in the recent
mass accretion history of the Milky Way.

Although these numbers might be relaxed somewhat by
taking into account the coherent response of a self-
gravitating disk to the accretion event (Huang & Carlberg
1997; Walker, Mihos, & Hernquist 1996; Velázquez &

1 Observatorio Astronómico, Universidad Nacional de Córdoba and
Consejo Nacional de Investigaciones Cientı́ficas y Técnicas (CONICET),
Argentina; abadi@uvic.ca.

2 Fellow of CIAR and of the Alfred P. Sloan Foundation; jfn@uvic.ca.
3 Packard Fellow and Sloan Fellow; msteinmetz@aip.de.
4 Royal Society University Research Fellow; v.r.eke@durham.ac.uk.
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disks (Table 2). This implies that these two components
should exhibit a clear overlap in properties, reflecting their
common origin in a single system. This is in agreement with
the conclusions of Wyse & Gilmore (1995), who argue that
the dynamical and metallicity distributions of disk stars can

only be explained if stars with abundances ½Fe=H" < #0:4
contribute in substantial amounts to both the thick- and
thin-disk components.

4. SUMMARY

We present a detailed analysis of the dynamical compo-
nents of a galaxy simulated in the ‘‘ concordance ’’ !CDM
cosmogony. The galaxy forms in a dark matter halo chosen
so that mergers and accretion events are unimportant
dynamically after z $ 1. Star formation and feedback
parameters are such that the star formation history of the
galaxy is largely driven by the rate at which gas cools and
collapses within dark halos: this is a conservative choice, in
which feedback effects are relatively unimportant. The
shortcomings of this assumption concerning the global
photometric and structural properties of the simulated
galaxy are discussed in Paper I. We focus here on the multi-
component nature of the stellar disk and on their dynamical
origin. Our main results can be summarized as follows.

1. At z ¼ 0, two separate stellar components are easily
distinguishable solely on the basis of the orbital parameters
of stars in the galaxy: a slowly rotating, centrally concen-
trated spheroid and an extended disklike component largely
supported by rotation.
2. These components are also recognized in the surface

brightness profile of the galaxy, which can be very well
approximated by the superposition of an R1=4 spheroid and
an exponential disk, in agreement with observations of
early-type spiral galaxies.
3. Neither does the dynamically identified spheroid fol-

low closely de Vaucouleurs’ law, nor is the disk purely expo-
nential, a result that calls for caution in the interpretation of
estimates of the dynamical importance of the disk and
spheroid from traditional photometric decomposition
techniques.

Fig. 11a Fig. 11b

Fig. 11.—(a) The fraction of stars contributed by satellites 1–4 (see Table 2) to the old (! > 10 Gyr) thick-disk component, as a function of radius. (b) Same
as (a), but for the old thin-disk component. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 12.—Stellar surface mass density profile of the disk, split into four
components: thick/thin and young/old, where we term as old those stars of
ages exceeding 9 Gyr. All four components have similar half-mass radii,
and thus there is not a very substantial difference in the radial distribution
of disk stars, whether segregated by age or by orbital circularity. [See the
electronic edition of the Journal for a color version of this figure.]
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ABSTRACT

We investigate the well-known correlations between the dynamical mass-to-light ratio M/L
and other global observables of elliptical (E) and lenticular (S0) galaxies. We construct two-
integral Jeans and three-integral Schwarzschild dynamical models for a sample of 25 E/S0
galaxies with SAURON integral-field stellar kinematics to about one effective (half-light) ra-
dius Re. They have well-calibrated I-band Hubble Space Telescope WFPC2 and large-field
ground-based photometry, accurate surface brightness fluctuation distances, and their observed
kinematics is consistent with an axisymmetric intrinsic shape. All these factors result in an
unprecedented accuracy in the M/L measurements. We find a tight correlation of the form
(M/L) = (3.79 ± 0.13) × (σe/200 km s−1)0.82±0.06 between the M/L (in the I-band)
measured from the dynamical models and the luminosity-weighted second moment σe of
the line-of-sight velocity-distribution within Re. The observed rms scatter in M/L for our
sample is 17%, while the intrinsic scatter is negligible with respect to the measurement er-
rors. The (M/L)–σe relation can be included in the remarkable series of tight correlations
between σe and other galaxy global observables. The comparison of the observed correla-
tions with the predictions of the Fundamental Plane (FP), and with simple virial estimates,
shows that the ‘tilt’ of the FP of early-type galaxies, describing the deviation of the FP from
the virial relation, is almost exclusively due to a real M/L variation, while structural and
orbital non-homology have a negligible effect. The virial mass is a reliable estimator of the
mass in the central regions of galaxies, and can be safely used where more ‘expensive’ mod-
els are not feasible (e.g. in high redshift studies). The best-fitting virial relation has the form
(M/L)vir = (4.8 ± 0.1) × Reσ2

e/(L G), in good agreement with simple theoretical predic-
tions. We find no difference between the M/L of the galaxies in clusters and in the field. The
comparison of the dynamical M/L with the (M/L)pop inferred from the analysis of the stel-
lar population, indicates that dark matter in early-type galaxies contributes <

∼
30% of the total

mass inside one Re, in agreement with previous studies, and it also shows that the stellar initial
mass function varies little among different galaxies. Our results suggest a variation in M/L at
constant (M/L)pop, which seems to be linked to the galaxy dynamics. We speculate that fast
rotating galaxies have lower dark matter fractions than the slow rotating and generally more
massive ones. If correct, this would suggest a connection between the galaxy assembly history
and the dark matter halo structure. The tightness of our correlation provides some evidence
against cuspy nuclear dark matter profiles in galaxies.

Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation
– galaxies: kinematics and dynamics – galaxies: structure
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Figure 15. Observed values of the line strength index log[MgFe50] ver-

sus log(Hβ) for our galaxy sample. Overplotted are the contours show-

ing the corresponding predictions of log(M/L)pop for the SSP models by

VZ96, using the Salpeter IMF. The small crosses indicate the location where

the model predictions are available, and from which the contours were lin-

early interpolated. Note the concentration of galaxies near the contour level

log(M/L)pop = 0.6. The contours appear nearly horizontal in this plot,

and the same is true using the Kroupa (2001) IMF.

To test the robustness of the (M/L)pop predictions we re-

peated the analysis of Fig. 15 using the model by Bruzual & Char-

lot (2003; BC03) and the one by Thomas, Maraston & Bender

(2003; TMB03) and Maraston (2005). The absolute values of the

(M/L)pop agree to within 20% between the different models over

the line-strength index range relevant for our galaxies. However the

detailed agreement is better between the TMB03 and VZ96, while

the predictions of BC03 tend to be noisier. In this paper we choose

to use the VZ96 models which are representative of the other two

models.

We find that for single-burst stellar populations, the contour

levels of constant (M/L)pop in Fig. 15 tend to be nearly horizontal,

in the sense that (M/L)pop is essentially a function of Hβ alone.

This implies that, under the model assumptions, if the variations in

the dynamical M/L are driven by the variation in the stellar popu-

lation, a good correlation should exist between M/L and Hβ. This

is tested in Fig. 16, where we plot the measured M/L and Hβ mea-

surements and compare them to the (M/L)pop versus Hβ predic-

tions, for a set of models with a large spread in age (3–17 Gyr) and

metallicity ([M/H ] = [−0.68,−0.38, 0.00, 0.20]). As expected

from Fig. 15 the envelope of the different model curves traces a tight

relation, nearly linear in logarithmic coordinates (this is less true if

one also considers models with more extreme [M/H ] values). The

model relation follows the same trend as the data, suggesting that

the variation of the stellar population is indeed an important fac-

tor in determining the observed variations of the M/L. The span

of M/L from 1–6 mainly reflects differences in the luminosity-

weighted age of the stellar population.

However the accuracy of our M/L determinations allows us

to go beyond the general agreement, to detect significant deviations,

and to exclude a simple one-to-one relation between the total M/L
given by the dynamical models and the (M/L)pop predicted by the

stellar population models. In particular, for some galaxies, the mea-

sured total M/L is lower than any of the model predictions with

the Salpeter IMF. For this reason, with the above caveats about the

absolute scaling of the (M/L)pop values, and if we assume the
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Figure 16. Observed values of the dynamical M/L versus the observed

line-strength index log(Hβ). There is a clear inverse correlation between

the two quantities, however the scatter is significant, and cannot be ex-

plained by measurement errors alone. The red squares and the blue dia-

monds indicate the slow and fast rotating galaxies respectively, as defined

in Fig. 18. The colored lines show the predictions of log(M/L)pop ver-

sus log(Hβ) from the SSP models of VZ96, using a Salpeter IMF. The

blue, green and red solid lines correspond to a model age of 3, 7 and

17 Gyr respectively. The dashed lines indicate a metallicity [M/H] =
[−0.68,−0.38, 0.00, 0.20], the red dashed line being solar metallicity

[M/H] = 0. The difference in the labeling of the left and right axes is

meant to emphasize the fact that along the vertical axis we are comparing

two different quantities: the dynamical or total M/L, and the (M/L)pop of

the stellar population alone. All the population model lines essentially over-

lap and define a tight relation between the two quantities, which is generally

consistent with the measured trend. However the fact that some of the mea-

sured total M/L lie below all of the population model predictions shows

that the adopted IMF is unphysical. Adopting a Kroupa IMF the (M/L)pop

model predictions decrease by ∼ 30% (∆ log(M/L) ∼ 0.16) and all the

observed M/L lie above or on top of the stellar population models. This

indicates that a Kroupa IMF is consistent with the observations for all the

galaxies in our sample.

IMF to be the same for all galaxies, we have to reject the Salpeter

IMF (and any IMF with larger slope) as it gives unphysical results.

Kroupa (2001) has measured the IMF and constrained the shape be-

low one solar mass with the result that there are fewer low mass

stars than indicated by the Salpeter law. The effect of using the

Kroupa IMF is just to decrease all the (M/L)pop model predic-

tions by ∼ 30% (∆ log(M/L) ∼ 0.16). With this IMF, none of the

observed M/L values lie below the relation defined by the model

predictions, within the measurement errors. Although we cannot in-

dependently confirm the correctness of this IMF we adopt it for the

purposes of the following discussion.

A more direct, but more model dependent, way of looking at

the relation between the stellar population and the M/L variations,

is to compare M/L with (M/L)pop predicted using the Kroupa

IMF (Fig. 17). The similarity of this figure with Fig. 16, which was

obtained from the data alone, shows that the structure seen in the

plot is robust, and does not come from subtle details in the SSP pre-

dictions. Again the main result is a general correlation between the

total M/L and the stellar population (M/L)pop, consistent with

Gerhard et al. (2001; see their Fig. 14), albeit with a smaller scat-

ter. The relatively small scatter in the correlation indicates that the

IMF of the stellar population varies little among different galaxies,

consistent with the results obtained for spiral galaxies by Bell &

de Jong (2001). All galaxies have (M/L)pop <∼ (M/L) within the

errors, but the total and stellar M/L clearly do not follow a one-

c© 2005 RAS, MNRAS 000, 1–24
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Non-standard solution with minimal # of free parameters

Increasing the small scale clustering rate.
I. will give more objects at high redshift
II. will suppress merging at low redshift
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Partial remedy with minimal # of new free parameters

Increasing the small scale clustering rate:
I. will give more objects at high redshift
II. will suppress merging at low redshift
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Long Range Interactions in the Dark Sector

Collaborators: Jim Peebles & Steve Gubser

Assume two species of dark matter particles of masses M+(Φ)
and M−(Φ) that depend on a scalar field Φ. Consider the action∫

d4xΦ,iΦ
,i −

∑
particles

∫
[m+(Φ) ds+ + m−(Φ) ds−]

where
dM+

dΦ
< 0 ,

dM−

dΦ
> 0 .

To minimize the energy the field will acquire large values wheres
there are (+) particles and smaller values where there are (-)
particles. I.e., like particles will attract, unlike particles will

repel.
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Brandenberger-Vafa: If M+ = M0+ − y+Φ , M− = M0− + y−Φ .,
then minimization of the actions yields

∇2Φ = −y+n+(r) + y−n−

Compare with electromagentism!
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Brandenberger-Vafa: If M+ = M0+−y+Φ , M− = M0−+y−Φ .,
then minimization of the actions yields

∇2Φ = −y+n+(r) + y−n−

Screening mechanism:

M+ = MDM − yΦ , M− = y−Φ ≈ 0

I.e., the (-) particles are relativistic and the (+) are not. In this
case

∇2Φ =
Φ

rs

− yn
DM

(r)

where rs ∝ a(t) and depends on a combination of y− and the
assumed energy of the relativistic species.
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F++ = −
y2

+

4πr2
, F+− =

y2
+

4πr2
, F−− = −

y2
−

4πr2
,

Screening mechanism:

M+ = MDM − yΦ , M− = y−Φ ≈ 0

I.e., the (-) particles are relativistic and the (+) are not. In this
case

∇2Φ =
Φ

r2
s

− yn
DM

(r)

where rs ∝ a(t) and depends on a combination of y− and the
assumed energy of the relativistic species.

The scalar attraction force between two DM particles is

Fs = y2e−r/rs

r2

to be added to Gm2
DM

/r2.
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Fourier transforms of the gravitational and scalar field
equations are

k2Φg(k) = (k2 + r−2
s )Φ(k) = −4πGρ̄δ(k), (17)

where ρ̄ = mn̄ is the dark mass density, δ = ρ/ρ̄ − 1 is
the local density contrast. We have neglected the mass in
baryons and assumed that the spatial average of ∇2φ is
zero. An FFT particle accelerator is easily adjusted from
the standard computation of the gravitational potential
Φg to compute the scalar field Φ.

To get some indication of the baryon distribution we
follow the motion of trace particles under the gravita-
tional acceleration g = −∇Φg alone. These particles
have the same number and initial conditions as the dark
matter. We call these particles “baryons” though their
motions do not take account of hydrodynamical forces.

The particle motions were simulated with a particle-
mesh (PM) FFT N-body code kindly provided by E.
Bertschinger [14]. All simulations use 1283 particles in a
cubic box of 1283 grid points for FFT computations. The
initial conditions are represented by displacements from
a cubic lattice to represent Gaussian density fluctuations
with the ΛCDM power spectrum normalized so that the
linear value of the rms density fluctuations in spheres of
radius 8h−1 Mpc is 0.9 at the present time. (The Hub-
ble parameter is H = 100h km s−1 Mpc−1.) The N-body
code is run in practice with Ω = 0.3 and Λ = 0, but the
output times are scaled to Ω = 0.3 and Λ = 0.7 using the
recipe in [15]. All runs started at redshift z = 50, which
is sufficiently high to allow for the development of the
growing mode solutions to the linearized equations (6).

B. Simulations

We present results from simulations with two values of
the box widths, L = 10 and 50h−1 Mpc. For a given set
of the initial conditions, simulations were run for several
values of β and rs. For the larger box size L = 50h−1 Mpc
we obtained six simulations with different initial phases
for each pair of β and rs. For L = 10h−1 Mpc we ran two
simulations with different initial phases.

The main theme in the following discussion is the effect
of the scalar interaction in suppressing the amount of
dark matter debris between and around the massive dark
matter halos. This is illustrated first in two maps of
particle distributions and then in some statistics. The
observational appeal is discussed in §III C.

Figure 1 shows the effect of a scalar force of attrac-
tion with β = 1 for rs = 1.56h−1 Mpc and 3.12h−1 Mpc
in simulations with box size L = 50h−1 Mpc. The con-
trol case with no scalar force is shown in the slice in the
upper right, and the dark matter distributions for the
same slice with the same initial conditions and the two
values of rs are shown in the left panels. One sees that
the scalar interaction produces more prominent massive
halos and leaves less dark matter between the halos and

FIG. 1: Present particle distributions in a slice 0.5h−1 Mpc
deep through a simulation box of width 50h−1 Mpc. The ini-
tial conditions are the same in each simulation. The panel
at the top right shows the distribution in the absence of the
scalar force. In the other simulations β = 1. The baryons in
the lower right panel respond to the mass distribution in the
lower left panel.

filaments. Since the particles representing baryons re-
spond only to the gravitational force, it is not surprising
that the baryon distribution in the lower right panel is
less tightly clustered than the mass distribution in the
lower left that produced it and more strongly clustered
than the mass distribution in the control plot directly
above it.

Another aspect of the suppression of debris between
massive halos is illustrated in figure 2, which shows exam-
ples of the late time evolution of halos with and without
the scalar interaction. For the purpose of our analysis,
a “massive halo” is identified by the standard friends-
of-friends (FOF) algorithm. In this algorithm, a par-
ticle is in a group if it is within a prescribed linking
length of some other particle in the group. The sim-
ulation box width for the identification of these halos
is L = 50h−1 Mpc, the mean interparticle separation is
w = L/128, and the linking length in the FOF algorithm
is 0.2w = 80h−1 kpc. The comoving width of each panel
is 3h−1 Mpc and its height is 2h−1 Mpc. The particle
mass is 109.7h−1M", and the halo masses in figure 2 are
in the range 1011.7 to 1012.7h−1M". The panels labeled
z = 0 show the present positions of the particles iden-
tified by the linking list, and the panels labeled z = 1
show the positions of the same sets of particles at the
earlier epoch. The examples without the scalar interac-
tion show the prominent low redshift accretion predicted
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FIG. 2: Illustrations of the suppression of accretion at low
redshift. Each panel at z = 0 shows the projected positions in
a halo selected by the friends-of-friends linking algorithm with
a linking length of 0.2 times the mean particle separation. The
panels labeled z = 1 show the positions at that epoch of the
particles selected in the linking list at z = 0. The comoving
width of each panel is 3h−1 Mpc and its height is 2h−1 Mpc.

by the ΛCDM cosmology.

The behavior illustrated in figures 1 and 2 is quantified
by the probability distribution function in the density
contrast found within a randomly placed sphere, which
we estimate from the density obtained by convolving the
spatial particle distribution through a spherical window.
The sphere radii are r = 1.5h−1 Mpc and r = 5h−1 Mpc
in the distributions in figures 3 and 4. These sample
length scales are intermediate between the nominal halo
sizes of L∗ galaxies, r ∼ 300h−1 kpc, and the typical
sizes of voids, r ∼ 15h−1 Mpc. The mass distributions
for the baryons, shown in the top panels, are not greatly
affected by the scalar force, as one sees in figure 1. At
both sphere radii the scalar force increases the probability
of finding a sphere with large density contrast, but the
much larger effect is the increased probability of finding
a nearly empty sphere that contains density less than 3%
of the mean.

For a measure of structure formation on smaller scales
we use a halo mass function n(M) defined such that
n(M)d log10 M is the mean number density of halos in the
relevant mass range. Figure 5 shows n(M) for halos iden-
tified in the L = 10h−1 Mpc simulations using the FOF
algorithm. The linking parameter is 15h−1 kpc and the
particle mass is 107.6h−1M#. All halos with more than
20 particles are included in the calculation of n(M). Fig-

FIG. 3: The distributions of the density contrasts in dark
matter and baryons smoothed with a top-hat spherical win-
dow of radius 1.5h−1 Mpc at the present epoch. The standard
model is the solid curve, the dotted curve shows the effect
of the scalar force with rs = 0.78h−1 Mpc, and the dashed
curve shows rs = 1.56h−1 Mpc. The simulation box width is
50h−1 Mpc.

FIG. 4: The same as figure 3 for window radius 5h−1 Mpc.
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by the ΛCDM cosmology. Turning on scalar interactions
leads to less accretion at low redshift, not because the
scalar forces discourage accretion (the opposite is true)
but because there is less debris to accrete. Loosely speak-
ing, accretion finishes earlier when scalar interactions are
turned on.
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by the ΛCDM cosmology. Turning on scalar interactions
leads to less accretion at low redshift, not because the
scalar forces discourage accretion (the opposite is true)
but because there is less debris to accrete. Loosely speak-
ing, accretion finishes earlier when scalar interactions are
turned on.

The behavior illustrated in figures 1 and 2 is quantified
by the probability distribution function in the density
contrast found within a randomly placed sphere, which
we estimate from the density obtained by convolving the
spatial particle distribution through a spherical window.
The sphere radii are r = 1.5h−1 Mpc and r = 5h−1 Mpc
in the distributions in figures 3 and 4. These sample

FIG. 3: The distributions of the density contrasts in dark
matter and baryons smoothed with a top-hat spherical win-
dow of radius 1.5h−1 Mpc at the present epoch. The standard
model is the solid curve, the dotted curve shows the effect
of the scalar force with rs = 0.78h−1 Mpc, and the dashed
curve shows rs = 1.56h−1 Mpc. The simulation box width is
50h−1 Mpc.

FIG. 4: The same as figure 3 for window radius 5h−1 Mpc.
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FIG. 7: The dark matter and “baryon” correlation functions.

spite the scalar force of attraction at smaller scales. It is
interesting also that at r ∼ 300h−1 kpc this measure of
the baryon clustering is not much affected by the scalar
interaction. And it is worth noting that the scalar in-
teraction increases the slope of the mass autocorrelation
function at 1 to 3h−1 Mpc. A tantalizing prospect is that
this might reduce scale-dependent bias.

C. Observational Situation

At low redshifts, the scalar interaction lowers the den-
sity of dark matter in voids and suppresses the rate of
accretion of dark matter by galaxies. In this section we
comment on how these two related effects may improve
upon ΛCDM in matching observations.

Voids between the concentrations of large galaxies con-
tain plasma clouds with atomic hydrogen surface densi-
ties ∼ 1013 cm−2 detected as Lyα resonance absorption
lines [22], but voids contain strikingly few isolated dwarf
or irregular galaxies [23]. That is not what we might
have expected from simulations of the dark mass distri-
bution in the ΛCDM cosmology, as illustrated in figure 1
of [24]. The analysis in [24] indicates that the distribu-
tions of distances to the nearest low mass halo from giant
and low mass halos are not very different, consistent with
the observations. This is difficult to interpret, however,
because the distances in the simulation are an order of
magnitude larger than what is found for this statistic
applied to galaxy catalogs [23], and because our visual
impression is that the simulation presented in [24] shows

distinctly more low mass halos between the concentra-
tions of giants than are observed. This could be because
the low mass halos in voids contain too little gas or stars
to be observable. But that does not agree with the ob-
servations of nearby dwarfs at ambient densities close to
the cosmic mean. One would wonder why dwarfs in the
voids, where the ΛCDM cosmology predicts densities just
an order of magnitude lower than the mean, are not sim-
ilarly visible.

Perhaps the voids appear empty because a scalar force
has pushed most of the dark matter out of them. Since
the voids would have grown out of smaller density minima
(as measured in co-moving coordinates), their growth
would have been assisted by the scalar force even at the
relatively short ranges rs we have considered, and indeed
figure 4 shows an appreciable effect on the abundance of
very low density regions with diameter 10h−1 Mpc. In
this model it would not be surprising to see HI clouds
in the voids, as one sees in figure 1. It will require more
detailed analyses to check whether the parameters can
be chosen for consistency with, among other things, the
constraints on the mass fraction in the baryons left in the
voids and the observations of empty voids considerably
larger than 10 Mpc.

In the ΛCDM cosmology one expects considerable ac-
cretion at low redshift. This is illustrated in figure 2 of
[25]. Figure 2 of the present paper shows that the scalar
interaction distinctly suppresses accretion of dark mat-
ter at low redshift. The observations seem to favor sup-
pression; we mention three aspects. First, the evidence
reviewed in [26], from the ages, chemical abundances,
and spatial distributions of the stars in our Milky Way
galaxy, is that this system has not been substantially
disturbed by accretion since redshift z ∼ 1. Second,
Blitz et al. [27] show that if the high velocity HI clouds
were falling into the Milky Way from distances ∼ 1 Mpc
it would be a good match to the accretion expected in
the standard ΛCDM cosmology. However, as discussed
in [28], one does not observe HI emission around other
galaxies—hence a challenge to ΛCDM if we accept the
interpretation of [27]. Third, in the judgement of Abadi
et al. [29] the effect of accretion at low redshift on the
thin discs of other spiral galaxies is “not grossly incon-
sistent with current data” but “is worryingly difficult to
accommodate within this general scenario.” We conclude
that although the standard cosmology is not ruled out
by the observations, it does require that the ordinary-
looking Milky Way galaxy is quite unusual, and that the
recent accretion by other galaxies is well hidden. The
more straightforward interpretation is that the ΛCDM
cosmology might have to be adjusted, perhaps to include
a scalar interaction in the dark sector.

We have not explored whether the suppression of de-
bris around massive halos is accompanied by a reduction
in the numbers of dwarf satellites of a giant galaxy, which
arguably would be observationally desirable [30]. Check-
ing this requires more detailed simulations.
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From: Adi to Jim and Steve

Subject: screening with A/φα

Hello,

Here are my latest thoughts on the subject. As far as structure formation is concerned,
the conclusion is that A/φα with 2 massive species can be reduced to a single species
with screening. In one case Rs ∝ aβ with β > 3/2. In another Rs ∝ a, i.e., constant
in comoving coordinates. Maybe this is interesting. It might be old-hat for you but
I was not involved in your original discussions.

Following Jim, Let me begin with

V (φ) =
A

φα
+ n1|m0 − yφ| + n2(m0 + yφ) , (1)

where n1 and n2 are the local densities of the two species at a given position. Let me
know of any objections to that?

Lets look for the minimum of V (φ) for n1 = n2 = n̄ with n̄ being the mean number
density of either species. Because of the absolute value, the minimum is clearly not
at φ = ∞. Lets find it. Assume that the minimum is at φ0 > m0/y. Then we must
minimize the function

A

φα
+ n̄(yφ + m0) + n̄(m0 + yφ) , (2)

which is easy. This gives

φ0 =

[
2n̄

αA

] 1
1+α

. (3)

1 Case I

First lets assume that yφ0 $ m0 (the condition $ is for simplicity only). Lets write
φ = φ0 + δφ. Then for small δφ we have

V (δφ) ≈ −α
A

φα+1
0

δφ + α(α + 1)
A

2φα+2
0

(δφ)2 + n1(yδφ + m1) + n2(yδφ + m2) , (4)

where m1 = |m0 − yφ0| ≈ yφ0 and m2 = m0 + yφ0 ≈ m1. From this we get the
equation

1

a2
∇2

xδφ = −α
A

φα+1
0

+ α(α + 1)
A

φα+2
0

(δφ) + y(2n̄ + δn1 + δn2) (5)
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where x denotes comoving coordinates and n1 = n̄ + δn1. By virtue of (3) we get

1

a2
∇2

xδφ =
δφ

R2
s

+ y(δn1 + δn2) , (6)

where Rs = φα+2
0 /A/α/(α+1) ∝ a

3(α+2)
2(α+1) which is constant neither in comoving nor in

physical coordinates. Note that the equation of motion for any of the two species is
F = −y∇φ. Therefore, this model naturally gives you screening. This differs

from the screening we had in our paper in that the the screening length

here is Rs ∝ aβ with β > 1.5 which is not bad at all.

2 Case II

Now we a assume that yφ0 ≤ m0 where φ0 is defined by (3). In this case the minimum
of V (φ) (see ) for n1 = n2 = n̄ must be lie to the left of φ = m0/y. In fact it is easy to
see that the minimum in this case is exactly at φ = m0/y. I.e. one of the species starts
off relativistic at very high redshift when n1 ≈ n̄. It is easy to convince oneself that
this is exactly equivalent to the screening we had in our paper together.
I.e. it gives Rs constant in comoving coordinates.
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Final Remarks

• We have a good working model: the “concordance”
ΛCDM

–good match to power spectra

• No One owes Humanity Anything: the dark sector physics
of this model is extremely simple

• Anomalies: galaxy evolution, rotation curves, properties of
X-ray clusters... might be a reflection of new physics in the
dark sector

• Scalar interactions in the dark sector are useful

–merging rate is suppressed at low redshifts

–reionization at high redshift is easier

–voids are emptier

–mass functions looks closer to the luminosity function

• Potentially serious problems for scalar interactions:

–I. how much substructure should we expect?

–II. halo profiles?

• Future work on scalar interactions:

–semi-analytic galaxy formation models (Sadegh Khoch-
far)

–better estimates of the expected initial power spectrum

–higher resolution simulations targeted at specific effects:
reionization (R. Cen), halo profiles, hydrodynamics, Ly-α
forest...

– exploring other variants of the model
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