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Figure 1. Equal area projections of the combined catalogue, which is based on the UGC, ESO and MCG catalogues. 
Each dot corresponds to one of the 14 650 galaxies with angular diameter larger than 1.3 arcmin. (a) and (b) show the 
northern and southern Galactic hemispheres, respectively. The ruler at the bottom right indicates intervals of 9° in 
latitude, while the numbers on the circumference indicate longitude. 
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Outline: 4 decades of Ofer

• 1980s: 
– Dipoles

• 1990s: 
– Λ
– ANN

• 2000s: 
– Bias and 2dFGRS

• Now:
– DES and the post-DES statistical outlook



The Good Old Days…



1987: optical dipole

Figure 1. Equal area projections of the combined catalogue, which is based on the UGC, ESO and MCG catalogues. 
Each dot corresponds to one of the 14 650 galaxies with angular diameter larger than 1.3 arcmin. (a) and (b) show the 
northern and southern Galactic hemispheres, respectively. The ruler at the bottom right indicates intervals of 9° in 
latitude, while the numbers on the circumference indicate longitude. 
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SUMMARY 
In the light of recent studies suggesting significant amounts of power in the galaxy 
distribution on wavelengths of several hundred Mpc, this paper considers the likely 
contribution of very large-wavelength modes to the peculiar motion of the Local 
Group. This velocity is often compared with an estimate from redshift surveys of the 
gravitational acceleration generated by galaxy clustering, in order to estimate the 
density parameter, Q. We show that, for Gaussian density fields, the neglect of mass 
concentrations beyond the survey limit can produce a large change in magnitude of 
predicted velocity, \ v\, while having little effect on the agreement in direction between 
the predicted and true velocities. We present reahzations which show that spurious 
apparent convergence in the acceleration can occur quite commonly. Even for the 
deepest redshift surveys available to carry out this test, the fractional precision on Q 
which can be obtained is likely to be poorer than an rms of 30-40 per cent. The 
results from the cosmological dipole test therefore do not at present provide 
definitive evidence for a high-density Universe. 

Key words: galaxies: clustering - galaxies: interactions - Local Group - cosmology: 
observations - large-scale structure of Universe. 

1 INTRODUCTION 
The well-determined absolute motion of the Earth with 
respect to the microwave background provides one of the 
possible methods of estimating the cosmological density 
parameter, Q. Given a galaxy redshift survey, an estimate can 
be made of the gravitational acceleration of the Local Group 
produced by large-scale galaxy clustering. In perturbation 
theory, this leads to a peculiar velocity 

v = — Q0'6 

An (i) 

(Peebles 1980). The fractional density perturbation is 
denoted by <5; since this is unobservable directly, one makes 
a connection with the galaxy distribution via the linear bias 
parameter 

flight “ ^mass- (2) 
The combination 
f=Q°-6/b (3) 
can therefore be measured in principle, given the observed 
dipole velocity, plus a large deep redshift survey from which 
the density perturbation field can be estimated. 

Perhaps the most successful application of this technique 
has come from redshift surveys of galaxies detected by the 
IRAS satellite, which combine depth with uniform sky cover- 
age. Independent surveys have been carried out to 2 Jy by 
Strauss & Davis (1988) and 0.6 Jy by Rowan-Robinson et al. 
(1990; the QDOT survey). The results have indicated a high- 
density model (/= 0.85±0.15 from QDOT), in agreement 
with earlier analyses based on dipole analysis of the sky 
distribution of IRAS galaxies (e.g. Kaiser & Lahav 1989). 
The QDOT result was based on the density field out to radii 
of 150/T1 Mpc; very similar answers were obtained from a 
more local analysis of the velocity field by Yahil (1991): 
0.75 </< 1.15. This work applied the potent algorithm 
(Bertschinger & Dekel 1989) which uses Hubble-flow 
deviations to reconstruct the density field for radii ^ 40 h~1 

Mpc. A comparison with the light-density contrast inferred 
from the Strauss & Davis IRAS redshift survey then allows / 
to be estimated. The good agreement between the values of/ 
from these two different methods has seemed to argue 
strongly for a Universe of close to critical density, given the 
common prejudice that strong antibias (6-0.3 for Q = 0.1 ) is 
not a credible possibility. 

However, the picture has been muddied somewhat 
recently by the results of Shaya, Tully & Pierce (1992). They 
obtain /- 0.2 from an optical-based study of a volume only 
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Local Group, which is defined by Rowan-Robinson et al. 
(1990) as a sphere of radius 4 h~l Mpc (roughly equivalent 
to smoothing with RG = 1.8 h~l Mpc). The results are satis- 
fyingly insensitive to the exact choice of RG. 

Fig. 1 shows that the expected bias in dipole velocity is 
negligible beyond R -150 h~l Mpc (the limit adopted by the 
QDOT group): F-0.097. However, at this point r- 0.97 
also, leading to a fractional rms error on Q of 41 per cent on 
the above discussion (according to the Appendix, the exact 
result is that the 95 per cent confidence interval for B when 
r=0.97 is 0.65<#<1.54, a range which corresponds to a 
factor 4.2 in Q ). Even for R = 200 h~1 Mpc, r- 0.98 and the 
expected rms error is 33 per cent, falling to 22 per cent for 
# = 300 h~l Mpc. 

Clearly, if the large-scale structure indicated by recent 
clustering data is real, and is the result of gravitational 
growth of Gaussian fluctuations, it is not yet possible for the 
cosmological dipole to provide a usefully accurate 
measurement of Q. In order for the test to become feasible, 
redshift surveys will be required with depths considerably 
greater than those currently available. 

3.2 Velocity realizations 
The above conclusion is both pessimistic and model- 
dependent, since it assumes a specific form for the large- 
scale velocity power spectrum. Can we not settle the question 
empirically? Rowan-Robinson et al. (1990) argue that the 
peculiar acceleration has converged by their truncation 
radius of 150 h~l Mpc; we must now ask whether such an 
observation is reasonable if significant power is lurking at 
larger radii. 

To address the question of whether accidental apparent 
convergence is possible, we need to generate some realiza- 
tions of the density field and see how the dipole signal 
evolves as R is increased. This is straightforward in the case 
of Gaussian fluctuations. Consider the k-space description of 
the velocity field: 

v^-iHfZ^k. (18) 
k k 

We could build a realization of the velocity field by using the 
fact that, for a Gaussian field, the individual complex ôk are 
independent 2D Gaussian random variables. As far as the 
dipole as a function of R is concerned, however, we do not 
need the full 3D velocity field. Each shell in k-space 
produces a 3D Gaussian velocity field, which is independent 
of all other shells, and whose variance is determined by the 
power spectrum and by the shell /c-space volume. Since we 
only want to know how the velocity at the origin changes as a 
function of R, we proceed as follows: set up three one- 
dimensional grids in k, which are filled with independent 
random Gaussian-distributed values of vx, vy and vz for each 
shell. For a given #, find the total vx, etc. by summing over all 
/c-space shells weighting by W* = ( 1 - sin kRjkR). This yields 
one realization of | as a function of R. 

Plots of some of these realizations are shown in Fig. 3. It is 
clear that real convergence of the dipole does not occur until 
#^200 /r1 Mpc, although restricted regions of conver- 
gence can appear to exist at much smaller radii. 

R/h 1 Mpc 
Figure 3. Ten realizations of the radius dependence of the cosmo- 
logical dipole, assuming Gaussian fluctuations and a power 
spectrum of the shape given by equation (16), Gaussian filtered with 
#G = 3 h~l Mpc. Regions of apparent convergence (stationary 
points) can occur even when the predicted velocity is far from the 
asymptotic value. For clarity, the curves in this figure have been 
normalized to agree at # = 300 A"1 Mpc, although in practice there 
is still a 5-10 per cent scatter in \v\ even at this radius. 

o 

Figure 4. The velocity dispersion as a function of truncation radius. 
A power spectrum of the shape given by equation (16) is assumed, 
together with Gaussian filtering of the high-A: power A2(k)-+ A2(k) 
x exp( - k2RG). Results for #G = 1, 3,10 h~1 Mpc are shown. 

3.3 Power-spectrum constraints from dipole results 
What information on the power spectrum can we obtain 
from the known velocity results? We know that the micro- 
wave dipole velocity for the Local Group is 550 km s-1, and 
that the QDOT dipole estimate gives a vector within 30° of 
this and an estimate of/= 0.81 ± 0.15. 

First consider what limits to /can be set from the observed 
dipole. Fig. 4 shows the 3D rms velocity dispersion as a 
function of R for our adopted power spectrum, assuming 
/=1. The asymptotic velocity is about 1150 km s“1 (for 
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SUMMARY 
We use an all-sky sample of radio galaxies at redshifts z ^ 0.1 to study clustering in the 
Universe on scales up to several hundred Mpc. The two-point correlation function 
for these galaxies is consistent with their high optical luminosity and location in 
moderately rich environments: £(r)-(r/ll h~l Mpc)-18, where //0/100 km s-1 

Mpc-1. 
We discuss direct methods for obtaining the power spectrum of the density field 

traced by the radio galaxies, taking into account the selection function of the sample. 
The results of the power-spectrum analysis indicate that the distribution of radio 
galaxies is more uniform on very large scales than would be predicted from an 
extrapolation of the power-law clustering found on small scales. There is a break to an 
effective spectral index -0.5 for wavelengths X ^ 200 h~1 Mpc. The variance in 
ÔN/N, a2, is about 0.3 for wavelengths 80<A<200 h~l Mpc, and there is no 
concentration towards the supergalactic plane for z ^ 0.02. We thus do not confirm 
suggestions made by Broadhurst et al and by Tully of strong clustering on scales of 
^100 Mpc. 

1 INTRODUCTION 
Radio galaxies have an honourable history as probes of cos- 
mological large-scale structure: some of the first evidence for 
large-scale isotropy came from the observed lack of cluster- 
ing in the sky distribution of sources found in cm-wavelength 
surveys. As the culmination of a series of papers on radio- 
galaxy clustering, Webster (1977) was able to show that the 
fluctuations in radio-galaxy number density between ran- 
domly-placed cubes of side 1 Gpc were < 3 per cent. Scaling 
density perturbations as (1+z)-1 back to last scattering at 
z-1000, this implies density fluctuations ^10-4 at that 
time - which still provides a limit comparable to present 
observations of microwave background anisotropies on the 
relevant scales ( ~ 10°). 

Webster’s constraint probes such large scales because he 
was investigating the 2D projected clustering in radio sur- 
veys. The typical redshift in these surveys is z- 1, so that 
projection effects decrease sensitivity to clustering on smaller 
scales very severely. Nevertheless, Webster’s work empha- 
sizes the utility of radio galaxies for work on large-scale 
structure; the simplicity and uniformity of source selection 
makes these objects excellent statistical probes. This paper 
therefore considers the three-dimensional distribution of 
radio galaxies, based on a redshift survey which we have 
recently completed. Our principal results are not only to 
obtain the first detection of clustering of these objects on ~ 

10 Mpc separations, but also to constrain clustering on 
larger (^100 Mpc) scales. This region of the clustering 
spectrum has been of especial interest recently through sug- 
gestions that the galaxy distribution may display large inhom- 
ogeneities on these scales (Tully 1986, 1987; Broadhurst et 
al. 1990). Existing optical redshift surveys lack the depth to 
form a fair sample of such fluctuations, so our sample has an 
important role to play here. 

The plan of the paper is as follows: we describe the data- 
base in Section 2. Section 3 performs the autocorrelation 
function analysis. Section 4 considers superclustering in the 
radio-galaxy distribution, and investigates whether there is 
any large-scale concentration towards the supergalactic 
plane. In Section 5, we perform a direct power-spectrum 
analysis, in an attempt to constrain very large-scale cluster- 
ing. Section 6 summarizes our conclusions. 

2 A RADIOGALAXY REDSHIFT SURVEY 
We now describe the data to be used in this paper; a full 
description will be given in Nicholson et al (in preparation). 
The sample of galaxies analysed here is an approximation to 
the following idealized criteria: (i) flux density 5'>0.5 Jy at 
1.4 GHz; (ii) redshift 0.01 <z<0.1; (iii) galactic latitude 
I 61 > 15°. An outline of the actual properties of the sample is 
given in Appendix A. We began with a list of nearly 600 
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SUMMARY 
The possibility of measuring the density parameter Q0 and the cosmological constant 
A0 = A/(3//o) using dynamical tests is explored in linear and non-linear theory. In 
linear theory we find that the rate of growth of the perturbations at the present epoch 
is approximated by /(z = 0)Â Qo6 + è A0(l +2 Q0). Therefore, dynamical tests such 
as infall around clusters and dipoles at the present epoch do not distinguish well 
between universes with and without a cosmological constant. At higher redshifts, the 
perturbations also depend mainly on the matter density at a particular epoch, 
/(z)« Q06(z), which has a strong dependence on A0 at z~0.5-2.0. Therefore, 
information on both parameters can be obtained by looking at clustering at different 
redshifts. In practice, however, the other observables also depend on the cosmology, 
and in some cases conspire to give a weak dependence on A0 . By using the non-linear 
spherical infall model for a family of Cold Dark Matter (CDM) power-spectra we also 
find that dynamics at z = 0 does not tell much about A0. At higher redshifts there is 
unfortunately another conspiracy between conventional observables, which hides 
information about A0. The final radius of a virialized cluster (relative to the turn- 
around radius) is approximated by Ä ( 1 - rj/2)/{2- rj/2), where rj is the ratio of 
A to the density at turn-around. Therefore a repulsive A gives a smaller final radius 
than a vanishing A. 

1 INTRODUCTION 
The Cosmological constant A has had a chequered past. 
Einstein introduced a positive A (universal spatial repulsion) 
to counterbalance the gravitational attraction of matter in 
order to get a static universe (Einstein 1917; Kerszberg 
1989) . Eddington-Lemaitre cosmologies, which have large 
spatial volume interval at some intermediate redshift range 
(the coasting period), were invoked to explain the abundance 
of quasars at z~2-3 (e.g. Petrosian, Salpeter & Szekeres 
1967). Although these previous appeals to A are now 
thought to be misguided, A is becoming popular in cos- 
mology again in order to help resolve a number of problems. 

(i) There is a conflict between globular cluster estimates 
of the age of the Universe (Sandage & Cacciari 1990) and 
the age estimated for A = 0 and a large value of the Hubble 
parameter //0 « 75 km s_ 1 Mpc- ^ that seems increasingly to 
be favoured by observations (see, e.g. Fukugita & Hogan 
1990) . 

(ii) Inflation implies vanishing curvature K = D (e.g. 
Peebles 1984; Turner, Steigman & Krauss 1984; Linde 
1990), i.e. Q0 + A0=l where A0^A/3//^, so if Q0«0.2, as 
suggested by some observations, then Â0 ~ 0.8. 

(iii) Number counts of galaxies at high redshifts (e.g. 
Tyson 1988) are incompatible with Q = 1 without a possibly 
unrealistic degree of merging. By increasing the spatial 
volume interval at high redshift, a lower Q and/or a positive 
A may avoid this problem (Cowie & Lilly, private com- 
munication). Indeed Fukugita et al (1990a) suggest that with 
no merging, Q0 = 0.1 and A0 = 0.9 give the best fit to existing 
data. 

(iv) Finally, the ‘standard’ Cold Dark Matter (CDM) 
model (Blumenthal et al 1984; Davis et al 1985) with Q = 1, 
Harrison-Zeldovich primordial fluctuations spectrum and a 
simple prescription for biasing, apparently predicts sub- 
stantially less large-scale structure than observations indicate 
(Efstathiou, Sutherland & Maddox 1990). A lower Q0«0.2 
gives more large-scale structure since with later matter 
dominance the bend in the CDM fluctuation spectrum is 
shifted to larger scales (e.g. Blumenthal, Dekel & Primack 
1988; Holtzman 1989), but this is incompatible with obser- 
vational limits on cosmic background radiation fluctuations 
for A = 0, but not incompatible if A0 = 1 - Q0 (Vittorio & Silk 
1984; Kofman & Starobinsky 1985; Bond et al 1990; 
Sugiyama, Gouda & Sasaki 1990). (There are of course other 
ways to modify CDM to increase the amount of large-scale 
power.) 
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ABSTRACT

We cross-match the two currently largest all-sky photometric catalogs—mid-infrared Wide-field Infrared Survey
Explorer and SuperCOSMOS scans of UKST/POSS-II photographic plates—to obtain a new galaxy sample that
covers 3π steradians. In order to characterize and purify the extragalactic data set, we use external GAMA and
Sloan Digital Sky Survey spectroscopic information to define quasar and star loci in multicolor space, aiding the
removal of contamination from our extended source catalog. After appropriate data cleaning, we obtain a deep
wide-angle galaxy sample that is approximately 95% pure and 90% complete at high Galactic latitudes. The
catalog contains close to 20 million galaxies over almost 70% of the sky, outside the Zone of Avoidance and other
confused regions, with a mean surface density of more than 650 sources per square degree. Using multiwavelength
information from two optical and two mid-IR photometric bands, we derive photometric redshifts for all the
galaxies in the catalog, using the ANNz framework trained on the final GAMA-II spectroscopic data. Our sample
has a median redshift of z 0.2med = , with a broad dN dz reaching up to z > 0.4. The photometric redshifts have a
mean bias of z 10 3∣ ∣d ~ - , a normalized scatter of σz = 0.033, and less than 3% outliers beyond 3σz. Comparison
with external data sets shows no significant variation of photo-z quality with sky position. Together with the overall
statistics, we also provide a more detailed analysis of photometric redshift accuracy as a function of magnitudes
and colors. The final catalog is appropriate for “all-sky” three-dimensional (3D) cosmology to unprecedented
depths, in particular through cross-correlations with other large-area surveys. It should also be useful for source
preselection and identification in forthcoming surveys, such as TAIPAN or WALLABY.

Key words: catalogs – galaxies: distances and redshifts – large-scale structure of universe – methods: data analysis
– methods: statistical – surveys

1. INTRODUCTION

Direct mapping of the three-dimensional (3D) distribution of
galaxies in the universe requires their angular coordinates and
redshifts. Dozens of such wide-angle galaxy redshift catalogs
now exist, the most notable of which include the SDSS (York
et al. 2000), the Two-degree Field Galaxy Redshift Survey
(Colless et al. 2001), and the Six-degree Field Galaxy Survey
(6dFGS; Jones et al. 2004).

For some applications, it is an advantage if the survey can
cover the majority of the sky; for example, searches for a
violation of the Copernican principle in the form of large-scale
inhomogeneities or anisotropies (Gibelyou & Huterer 2012;
Appleby & Shafieloo 2014; Alonso et al. 2015; Yoon &
Huterer 2015) and coherent motions (Bilicki et al. 2011;
Branchini et al. 2012; Carrick et al. 2015), as well as cross-

correlations of galaxy data with external wide-angle data sets.
Examples of the latter include studies of the integrated Sachs–
Wolfe effect (see Nishizawa 2014, for a review), gravitational
lensing of the cosmic microwave background (CMB) on the
large-scale structure (Lewis & Challinor 2006), and searches
for sources of the extragalactic γ-ray background (e.g., Xia
et al. 2015), including constraints on annihilating or decaying
dark matter (Cuoco et al. 2015). These analyses are limited by
cosmic variance, and much of the signal frequently lies at large
angular scales—both of which are factors that make it desirable
to have the largest possible sky coverage.
But there is a practical limit to the number of spectroscopic

redshifts that can be measured in a reasonable time. Spectro-
scopic galaxy catalogs covering the whole extragalactic sky,
such as the IRAS Point Source Catalog Redshift Survey (PSCz;

The Astrophysical Journal Supplement Series, 225:5 (24pp), 2016 July doi:10.3847/0067-0049/225/1/5
© 2016. The American Astronomical Society. All rights reserved.

1Figure 14. Dependence of photometric redshift quality on the apparent W1 magnitude in the WISE × SuperCOSMOS sample calibrated on GAMA spectroscopic
redshifts. Panel (a) shows the full sample, and the subsequent panels (b)–(f) present data binned in W1 intervals. Red lines illustrate the running median and scatter
(SMAD) of zspec.
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Figure 18. The large-scale structure at z = 0.1–0.4: all-sky projections of Δz = 0.1 photo-z slices from the WISE × SuperCOSMOS galaxy catalog, illustrating the
power of this data set in mapping the cosmic web at these redshifts.
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AB S TRACT

We compare the amplitudes of fluctuations probed by the 2dF Galaxy Redshift Survey

(2dFGRS) and by the latest measurements of the cosmic microwave background (CMB)

anisotropies. By combining the 2dFGRS and CMB data, we find the linear-theory rms mass
fluctuations in 8 h 21Mpc spheres to be s8m ¼ 0:73^ 0:05 (after marginalization over the

matter density parameter Vm and three other free parameters). This normalization is lower

than the COBE normalization and previous estimates from cluster abundance, but it is in
agreement with some revised cluster abundance determinations. We also estimate the scale-

independent bias parameter of present-epoch Ls ¼ 1:9L* APM-selected galaxies to be

bðLs; z ¼ 0Þ ¼ 1:10^ 0:08 on comoving scales of 0:02 , k , 0:15 hMpc21. If luminosity
segregation operates on these scales, L* galaxies would be almost unbiased,

bðL* ; z ¼ 0Þ < 0:96. These results are derived by assuming a flat LCDM Universe, and by

marginalizing over other free parameters and fixing the spectral index n ¼ 1 and the optical
depth due to reionization t ¼ 0. We also study the best-fitting pair (Vm, b), and the robustness

of the results to varying n and t. Various modelling corrections can each change the resulting

b by 5–15 per cent. The results are compared with other independent measurements from the
2dFGRS itself, and from the Sloan Digital Sky Survey (SDSS), cluster abundance and cosmic

shear.

Key words: surveys – galaxies: general – galaxies: statistics – cosmic microwave background
– cosmology: miscellaneous.
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flat, there are additional constraints on our free parameters that
come from the position of the first acoustic peak that make our
error bars slightly smaller than studies that marginalize over the
curvature of the Universe as well. We overlay in Fig. 4 the
constraints from cluster abundance obtained recently by various
authors. The cluster abundance constraint is fortunately orthogonal
to the CMB constraint, but the spread in normalization values is
quite large. It is interesting that some of the latest estimates are in
good agreement with our estimates from the CMB and 2dFGRS
plus CMB (see further discussion below).

4 COMBINING 2DFGRS PLUS CMB

When combining 2dFGRS and CMB data, the parametrization for
the log-likelihoods is in five parameters:

lnLtot ¼ lnL2dFGRS½Vm; h;vb;s8m; bðLs; 0Þ%

þ lnLCMB½Vm; h;vb;s8m%; ð14Þ

where L2dFGRS and LCMB are the likelihood functions for 2dFGRS
and the CMB.
The 2dFGRS likelihood function takes into account the redshift-

space distortions, the CGC biasing scheme and the redshift
evolution of Vm(z). Here we use our compilation of 49 CMB data
points (shown in Fig. 3). Other parameters are held fixed
ðn¼ 1; t ¼ 0Þ.
Fig. 4 (solid lines) shows the 2dFGRS plus CMB likelihood as a

function of (Vm, s8m), after marginalization over h, b(Ls, 0) and vb.
The peak of the distribution is consistent with the result for the
CMB alone (shown by the dashed lines in Fig. 4), but we see that
the contours are tighter due to the addition of the 2dFGRS data.
Further marginalization over Vm gives s8m ¼ 0:73^ 0:05. The
importance of adding the shape information of the 2dFGRS power
spectrum is that it requires no external prior for h and vb, unlike
deriving s8m from CMB alone (Table 1). Our result is very similar
to the value s8m . 0:72 derived in E02 using the WTZ data set and
after marginalizing over the raw 2dFGRS amplitude of the power
spectrum and other parameters.
To study the biasing parameter we marginalize the 2dFGRS

likelihood over h, vb and s8m. Other parameters are held fixed
ðn¼ 1; t ¼ 0Þ. The resulting likelihood as a function of
(Vm, bLs, 0]) is shown (by solid contours) in Fig. 5. Further
marginalizing over Vm gives bðLs; 0Þ ¼ 1:10^ 0:08 (1s). With
Fry’s biasing scheme (equation 9) b(Ls, 0) is increased by 8 per
cent.
The effect of changing the spectral index to n¼ 0:9 is shown (by

dashed lines) in Fig. 5 (with t ¼ 0Þ. Results for n¼ 0:9 and n¼
1:1 with further marginalization over Vm are given in Table 2,
showing that b(Ls, 0) is slightly down and up respectively relative
to the standard n¼ 1 case. We see that, when we fit CMB data over
a wide range of ‘, the effect of changing n is small. This is in
contrast with the large variation of fitting the normalization with
COBE only, where for the concordance model s8m ¼
ð0:72; 0:90; 1:13Þ for n¼ ð0:9; 1:0; 1:1Þ, respectively.

We also tested sensitivity to the optical depth t. Recent
important constraints come from the spectra of SDSS quasars,
suggesting t * 0:03–0:04 (Becker et al. 2001; Fan et al. 2002). For
fixed n¼ 1, vb ¼ 0:02 and marginalization over Vm, s8m and h,
we get bðLs; 0Þ ¼ 1:06^ 0:09 for t ¼ 0:05, i.e. lower by 4 per cent
compared with the case of t ¼ 0:0. Note that setting vb ¼ 0:02 or
marginalizing over it makes little difference to b(Ls, 0). The effect

of the optical depth is indeed expected to increase s8m by a factor
exp (t), and hence to decrease b by that factor, about 5 per cent in
the case of t ¼ 0:05 [corresponding to redshift of reionization
zr . 8 for the concordance model parameters (e.g. Griffiths &
Liddle 2001)].
Other possible extra physical parameters may also slightly affect

our result. For example, a neutrino with mass of 0.1 eV (e.g. Hu,
Eisenstein & Tegmark 1998; Gawiser 2000) would reduce s8m by a
few per cent.
Finally, to translate the biasing parameter from Ls to e.g. L*

galaxies, one can either assume (somewhat ad hoc) no luminosity
segregation on large scales, or divide by the factor 1.14 (equation
11) that applies on small scales. For example, using the fully
marginalized result bðLs; 0Þ . 1:10, we get bðL*; 0Þ . 0:96, i.e. a
slight anti-bias. Overall, our results can be described by the
following formula:

bðL*; z ¼ 0Þ ¼ ð0:96^ 0:08Þ exp½2tþ 0:5ðn2 1Þ%: ð15Þ

5 COMPARISON WITH OTHER
MEASUREMENTS

5.1 Other estimates of 2dFGRS amplitude of fluctuations

An independent measurement from 2dFGRS comes from redshift-
space distortions on scales ,10 h 21Mpc (Peacock et al. 2001).
This gives bðLs; zsÞ ¼ 0:43^ 0:07. In Fig. 5 we show this

Figure 5. The result of a joint likelihood 2dFGRS plus CMB (solid lines).

The marginalization (without any external priors) is over h,vb and s8m.

Other parameters are held fixed ðn¼ 1; t ¼ 0Þ. The contours are for (two-
parameter) 68 per cent and 95 per cent confidence intervals. The dotted
lines represent the 1s envelope for b(Ls, 0), based on bðLs; zsÞ ¼
0:43^ 0:07 from Peacock et al. (2001) and the CGC model. The result of a

joint likelihood 2dFGRS plus CMB for n¼ 0:9 is marked by the dashed

contours (68 per cent and 95 per cent).

Table 2. The biasing parameter bðLs; z ¼ 0Þ from the full
maximum likelihood solution (equation 14), and marginalization
over (h, vb, s8m, Vm) without any external priors (apart from the
third entry, where vb ¼ 0:02Þ.

Data b(Ls, 0)

2dFGRSþ CBMDðn¼ 1:0; t ¼ 0Þ 1.10 ^ 0.08
2dFGRSþ CBMDðn¼ 0:9; t ¼ 0Þ 1.08 ^ 0.09
2dFGRSþ CBMDðn¼ 1:1; t ¼ 0Þ 1.15 ^ 0.09
2dFGRSþ CBMDðn¼ 1:0; t ¼ 0:05;vb ¼ 0:02Þ 1.06 ^ 0.09
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2dFGRS P(k) shape favours low 
Ωm. Plus pre-WMAP CMB 
amplitude shows 2dFGRS bias 
close to 1

– consistent with RSD and 
bispectrum results



Peak-background split and biased mass functions

= +

Shifted collapse threshold: δc → δc  - ε(large-scale)

n(m) → n(m) + (dn/dν)(dν/dε) ε = n(m) [1+b ε]

Bias parameter b(M) depends on halo mass function 
(Sheth & Tormen 1999)



Bias is nonlinear and stochastic
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ABSTRACT
We propose a general formalism for galaxy biasing and apply it to methods for measuring cosmo-

logical parameters, such as regression of light versus mass, the analysis of redshift distortions, measures
involving skewness, and the cosmic virial theorem. The common linear and deterministic relation g \ bd
between the density Ñuctuation Ðelds of galaxies g and mass d is replaced by the conditional distribution
P(g o d) of these random Ðelds, smoothed at a given scale at a given time. The nonlinearity is character-
ized by the conditional mean S g o dT 4 b(d)d, while the local scatter is represented by the conditional
variance and higher moments. The scatter arises from hidden factors a†ecting galaxy formation andp

b
2(d)

from shot noise unless it has been properly removed. For applications involving second-order local
moments, the biasing is deÐned by three natural parameters : the slope of the regression of g on d, abü
nonlinearity and a scatter The ratio of variances and the correlation coefficient r mix theseb8 , p

b
. bvar2

parameters. The nonlinearity and the scatter lead to underestimates of order and in the dif-b8 2/bü 2 p
b
2/bü 2

ferent estimators of b The nonlinear e†ects are typically smaller. Local stochasticity a†ects the(D)0.6/bü ).
redshift-distortion analysis only by limiting the useful range of scales, especially for power spectra. In this
range, for linear stochastic biasing, the analysis reduces to KaiserÏs formula for (not independentbü bvar),of the scatter. The distortion analysis is a†ected by nonlinear properties of biasing but in a weak way.
Estimates of the nontrivial features of the biasing scheme are made based on simulations and toy
models, and strategies for measuring them are discussed. They may partly explain the range of estimates
for b .
Subject headings : cosmology : theory È dark matter È galaxies : clusters : general È

galaxies : distances and redshifts È galaxies : formation È
large-scale structure of universe

1. INTRODUCTION

Galaxy ““ biasing ÏÏ clearly exists. The fact that galaxies of
di†erent types cluster di†erently (e.g., Dressler 1980 ; Lahav,
Nemiro†, & Piran 1990 ; Santiago & Strauss 1992 ; Loveday
et al. 1995 ; Hermit et al. 1996 ; Guzzo et al. 1997) implies
that not all of them are exact tracers of the underlying mass
distribution. It is obvious from the emptiness of large voids
(e.g., Kirshner et al. 1987) and the spikiness of the galaxy
distribution with D100 h~1 Mpc spacing (e.g., Broadhurst
et al. 1990), especially at high redshifts (Steidel et al. 1996,
1998), that if the structure has evolved by standard gravita-
tional instability (GI) theory then the galaxy distribution
must be biased.

Arguments for di†erent kinds of biasing schemes have
been put forward, and physical mechanisms for biasing
have been proposed (e.g., Kaiser 1984 ; Davis et al. 1985 ;
Bardeen et al. 1986 ; Dekel & Silk 1986 ; Dekel & Rees 1987 ;
Braun, Dekel, & Shapiro 1988 ; Babul & White 1991 ; Lahav
& Saslaw 1992). Cosmological simulations of galaxy forma-
tion clearly indicate galaxy biasing, even at the level of
galactic halos (e.g., Cen & Ostriker 1992 ; Kau†mann,
Nusser, & Steinmetz 1997 ; Blanton et al. 1998 ; Somerville
et al. 1999). The biasing becomes stronger at higher redshifts
(e.g., Bagla 1998a, 1998b ; Jing & Suto 1998 ; Wechsler et al.
1998).

The biasing scheme is interesting by itself as a constraint
on the process of galaxy formation, but it is of even greater

1 Racah Institute of Physics, Hebrew University, Jerusalem 91904,
Israel ; dekel=astro.huji.ac.il.

2 Institute of Astronomy, Madingley Road, Cambridge CB3 0HA,
England, UK; lahav=ast.cam.ac.uk.

importance in many attempts to estimate the cosmological
density parameter ). If one assumes a linear and determin-
istic biasing relation of the sort g \ bd between the density
Ñuctuations of galaxies and mass and applies the linear
approximation for gravitational instability, $ Æ ¿ \ [f ())d
with f ()) B )0.6 (e.g., Peebles 1980), then the observables g
and are related via the degenerate combination$ Æ ¿
b 4 f ())/b. Thus, one cannot pretend to have determined )
by measuring b without a detailed knowledge of the rele-
vant biasing scheme.

It turns out that di†erent methods lead to di†erent esti-
mates of b , sometimes from the same data themselves (for
reviews see Dekel 1994, Table 1 ; Strauss & Willick 1995,
Table 3 ; Dekel, Burstein, & White 1997 ; Dekel 1999). Most
recent estimates for optical and IRAS galaxies lie in the
range 0.4 ¹ b ¹ 1.

The methods include, for example, (1) comparisons of
local moments of g (from redshift surveys) and d (from pecu-
liar velocities) or the corresponding power spectra or corre-
lation functions, (2) linear regressions of the Ðelds g and d or
the corresponding velocity Ðelds, (3) analyses of redshift
distortions in redshift surveys, and (4) comparisons of the
cosmic microwave background dipole with the Local
Group velocity as predicted from the galaxy distribution.

In order to sharpen our determination of ) it is impor-
tant that we understand the sources for this scatter in the
estimates of b . Some of this scatter is due to the di†erent
types of galaxies involved, and some may be due to unac-
counted for e†ects of nonlinear gravity and perhaps other
sources of systematic errors in the data or the methods. In
this paper we investigate the possible contribution to this
scatter by nontrivial properties of the biasing schemeÈthe
deviations from linear biasing and the stochastic nature of
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Nonlinear response of 
halo abundance to DM 
fluctuation is at the heart 
of the 2000 halo model



DES

From: lahav@star.ucl.ac.uk  Thu Aug 12 2004 
Delivered-To: jap@roe.ac.uk

Dear Alan, Andy, John,

From your previous messages I gather we all agree that we should not miss the
DES opportunity, and that we should act quickly before Fermilab contacts other
potential partners. Therefore it would be sensible to submit a SoI by the end of
the month (for the 21 Sep meeting of the PPARC Science committee). The idea
is to ask for approx 1M Pounds towards 'in kind' contribution via UCL
instrumentation, which will allow us participation in the science. It would be
great if you join me on this, perhaps also with Cambridge (and other UK
departments?)

Best regards,

Ofer
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• Scale covariances independently for each dataset

• Get p(a) by marginalising over all α‘s independently



Small errors breed ‘tensions’

1606.05338

Evidence for 
Modified 
Gravity?
− or just 
systematics?



Bayes doesn’t like new physics
Will we believe any ‘detections’ of new physics?

P(model | data) ~ L(data | model) P(model)

− Moderate prior belief in simplest neutrino hierarchy 
− Strong prior belief in unevolving Λ 
− Even stronger prior belief in Einstein gravity

Already plenty of ‘detections’ that are ignored: e.g. Λ in 
1990s; Bean 2009 GR disproof;  2014 Beutler et al. 
massive neutrino detection.

General prior: new physics is rare; human error is common 



Tensions: two distinct issues

(1) Are several datasets consistent or inconsistent?
− Various tests exist:

− Joint χ2 vs χ2 for subsets 
− Bayesian evidence ratio (Marshall++2011; DES)
− Index of Inconsistency (Lin & Ishak 2017)

(2) How do we combine datasets?
− Standard answers for consistent data:

− Multiply likelihoods; reciprocal variance weights
− But what about inconsistent data?

− And is consistent = perfect the right assumption?
– Some possible answers in Bernal & JP 1803.04470



“There are known knowns. 
There are things we know 
that we know. There are 
known unknowns. That is 
to say, there are things that 
we now know we don't 
know. But there are also 
unknown unknowns. There 
are things we do not know 
we don't know’’

The wisdom of Donald Rumsfeld (2002)



Shift systematics

• May still rescale χ2 if too high (fails null tests)
– but normally a small correction

• Assume all experiments equally likely to have 
systematics that mimic parameter shifts

• Assume shifts are drawn from a Gaussian prior
– Need to marginalise over shifts −  AND over unknown 

width of prior (or covariance, in n-D parameter space)



Some consequences
• One measurement tells you nothing
• Two consistent measurements doesn’t give any 

improvement in error − just limits size of systematics
• Possibility of large systematics leads to large tails on 

posteriors: Prob ~ (Δ par)1-N for N datasets

N=2 N=3



Consistent vs inconsistent
• One bad experiment damages everything
• Sufficient data can identify outliers automatically, 

even though prior is that all might be affected



Simple application to H0
• 73.75 � 2.11 (Riess et al. Cepheids++); 66.93 � 0.62 

(Planck CMB); 66.98 �1.18 (Addison et al. BAO+BBN). 

68% confidence: 65.2 – 73.2; 95% confidence: 57.0 – 84.2 !
Need more data to remove tails −  value in modest accuracy experiments



Application to H0 – more 
• + DES;  H0LICOW

68% confidence: 68.0 – 71.5; 95% confidence: 65.6 – 74.3



Conclusions

• Ofer has been ahead of the game in 
cosmology on many occasions:
– Λ
– ANN
– The opportunity of DES
– Systematics



Happy 
Birthday, 
Ofer




