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Abstract. Several observational analyses suggest that mattetréggalactic objects is structured at length scales about an order of
spatially structured at a scale bf gg ~ 130 h~! Mpc at low magnitude greater than thg ~ 5k~ Mpc scale which char-
redshifts. This peak in the power spectrum providesandard acterises galaxy clustering via the two-point auto-correlation
ruler in comoving spacevhich can be used to compare thdunction. Observational analyses from several different data
local geometry at high and low redshifts, thereby constrainiisgts suggest that this is due to a characteristic length scale at
the curvature parameters. L ss~ 130 h~! Mpc, or in other words, that there is a maxi-

It is shown here that this power spectrum peak is presentim in the power spectrum at= 27 /L g5~ 0.05h Mpc~!
in the observed quasar distribution at~ 2: qualitatively, (e.g. Broadhurst et al. 1990; Broadhurst 1999; Broadhurst &
via wedge diagrams which clearly show a void-like structurdaffe 1999; da Costa 1992; da Costa et al. 1993; Baugh & Ef-
and quantitatively, via one-dimensional Fourier analysis of tistathiou 1993, 1994; Gaftaga & Baugh 1998; Einasto et al.
quasars’ tangential distribution. The sample studied here cd®94, 1997a,b; Deng et al. 1996 or Guzzo 1999 for a recent
tains 812 quasars. review).

The method produces strong constraints (68% confidence It has already been suggested that this scale could be used
limits) on the density parameté&, and weaker constraints onas a standard ruler which could be compared at low and high
the cosmological constanty, which can be expressed by theedshifts in order to constrain the curvature parametgy¢the
relationQ2g = (0.2440.15)+(0.1040.08) \y. Independently of density parameter) ang (the dimensionless cosmological con-

Ao (inthe range\, € [0, 1]), the constraintif.1 < Qp < 0.45. stant). In the redshift direction, at least two analyses have been
Constraints if the cosmological constantis zero apis 1-, carried out based on this idea: one analysis of a quasar catalogue
areQy = 0.24709% andQy = 0.30 + 0.15 respectively. and one analysis of Lyman break galaxies.

The power spectrum peak method is independent from the Deng et al. (1994) implicitly used the large scale structure
supernovae Type la method by choice of astrophysical alzale as a curvature constraintin quasar data, under the assump-
ject, by redshift range, and by use of a standard ruler inste@h that)\, = 0, and found thaf), ~ 0.4. Broadhurst & Jaffe
of a standard candle. Combination of the two results yieldsed the radial (redshift) distribution of Lyman break galaxies
Qo = (0.30 £ 0.11) + (0.57 £ 0.11)(Ag — 0.7), 0.55 < atz ~ 3 (Table 1, Giavalisco et al. 1998; Fig. 2, Adelberger et
Ao < 0.95, (68% confidence limitswithout assuming that al. 1998). They found a correlation scale®f ~ 0.22 4 0.02,

Ao = 1 — Qp. This strongly supports the possibility that theand inferred a relatio.2 Qg — A\g = 0.7.
observable universe satisfies a nearly flat, perturbed Friedmann-The purpose of this paper is to (i) emphasise that the prin-
Lemdtre-Robertson-Walker modahdependently of any cos-ciple can be applied to a class of bright objects easily found at

mic microwave background observations super-unity redshifts: quasars; (ii) show that redshift selection
In other words it has been shown thiag + Ao = (1.0 £ effects can be minimised by using the tangential distribution
0.11) + (1.57 £ 0.11) (Ao — 0.7). instead of the radial distribution; and (iii) show pictorially (i.e.

qualitatively) that quasars do indeed trace large scale structure
Key words: cosmology: observations — cosmology: theory atz ~ 2.
galaxies: quasars: general — cosmology: distance scale — cos{i) Because quasars are much brighter than Lyman break
mology: large-scale structure of Universe — reference systergalaxies, they offer a potentially much more rapid method of
obtaining high precision estimates of the curvature parameters
thanthe latter. Both classes of objects have the advantage relative
to supernovae type la (Perimutter et al. 1999; Riess et al. 1998)
of being at super-unity redshifts, so that the dependence on the
Ithas been known for more than adecade (e.g. de Lapparent etafvature parameters is strong.
1986; Geller & Huchra 1989) that the spatial distribution of ex- (i) In order to avoid the well-known selection effects in the
redshift distribution of quasars (which could also in principle

1. Introduction

Send offprint requests 18.F. Roukema
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b Fig. 2. Sky distribution of quasars in the compilation oéin-Cetty
& V éron (1998).

Figs. 1 and 2 show the redshift and sky distributions of these
guasars. Depending on the redshift range of any quasar sample,
afew hundredh—! Mpc typically correspond tchz ~ 10~ in
redshift to within an order of magnitude, andzat- 2, where
the peak in the redshift distribution lies, f09 ~ 1°.

Fig. 1. Redshift distribution of quasars in the compilation cérgn- There is clearly structure in the combined redshift histogram
Cetty & Véron (1998). for the full sky at around this scale. As discussed in detail by
Scott (1991), the ratios in wavelength of important emission
lines which contribute to the chance of detecting a quasar,(Ly
affect the redshift distribution of Lyman break galaxies), thé IV, C 111, Mg II) correspond to intervala In A ~ 0.2 and
tangentialdistance distribution of quasars is investigated. ~ clearly contribute to the obvious peaks in the distribution.

(iii) However, two-dimensional wedge diagrams are also The alternative to searching for structure in the redshift di-
plotted to show clear qualitative evidence of the tracing of largiection is to search in the tangential direction. Most of the deep
scale structure by the quasar distribution. surveys visible in Fig. 2 are based on photometric selection from

Details of the method and selection of homogeneous quaghptographic plates of size roughd§y x 6°, in particular from
samples are described in Sect. 2. Results are presented in Seehjgctive prism surveys. This is moderately larger than the scale
and discussion and conclusions are presented in Sect. 4.  of interest.

A perturbed Friedmann-Leritee-Robertson-Walker cos-  In order to minimise possible systematic effects due to ob-
mological model is assumed here. The context in which quasagsiration by dust and modification of the sky background by
could reasonably be expected to form a tracer population ight stars, surveys nearthe South or North galactic poles would
large scale structure may be any model in which quasars fob best.
in galaxy centres or in which galaxies form around quasars. The Near the South galactic pole (SGP), several regions have
expected short life times of quasars should not prevent thé@en observed contiguously, with (at least to the eye) a reason-
from forming a tracer population, though they might form a bable homogeneity across the different plates in the region.
ased population which could either weaken or strengthen the More objectively, the largest single homogeneous subset of
amplitude of the signal. the Veron-Cetty & \eron (1998) catalogue in the SGP region

The Hubble constant is parametrised here fas = is that of lovino et al. (1996), who used an ‘automatic quasar
Hy/100km s ! Mpc~!. Comoving coordinates are usedletection’method,i.e. applied a computer algorithm to the digi-
throughout [i.e. ‘proper distances’, eq. (14.2.21), Weinbettged images of objective prism plates taken on the UK Schmidt
(1972), equivalent to ‘conformal time’ if = 1]. Values of Telescope at Siding Spring, Australia.
the density paramete®, and the dimensionless cosmological This is the catalogue chosen for analysis here. The overall

Z

constant,)\, are indicated where used. redshift distribution of this catalogue is shown in Fig. 3, and the
sky distribution of thel .8 < z < 2.4 component is shown in
Fig. 4.

2. Method Wedge diagrams of the catalogue, within the limits of Ta-

ble 1 (see Sect. 2.2) are shown in Fig. 5. Note that the right
ascension and declination subsamples are not entirely indepen-
There are now arourid)?* quasars which have publicly availabledent sets of quasars (see Fig. 4), though since only one angular
redshifts and celestial positions &bn-Cetty & \eron 1998). coordinate is used in each analysis, they are very close to be-
What is the optimal way to search for the power spectrum peialg effectively independent. Although quantitative analysis in
among these data? these planes would be difficult to carry out due to the obvious

2.1. Choice of catalogue and sky regions
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Table 1. Definition of the two tangentially long, densely observed,
homogeneous, subsamples of the lovino et al. (1996) quasar survey
listed in the \&ron-Cetty & \eron (1998) catalogue, near the south
galactic pole (SGP). The right ascension (first row) and declination
(second row) subsamples are defined by J2000 limits<{ o < ao,

01 < § < d2). For the purpose of Poisson simulations, these are sub-
divided in right ascension at(, o) and in declination at¥, "), in
order to allow for the possibility of different magnitude zero points or
different magnitude cutoffs in the different plates. The number of ob-
jectsN in each subsample is indicated. The total number of physically
distinct quasars in the two subsampledvgt = 812.

150
T
I

N
100
T
I

o (e % o1 02 o o & & N
St _ ‘Right ascensiond) subsample’

ot42™ 1h59™ —42.0 —37.5 1"07T™ 1"33™ 604
‘Declination () subsample’

0"42™ 1h00™ —42.0 —28.0 —37.5 —32.5 373

z 2.2. One-dimensional Fourier analysis

Fig. 3. Redshift distribution of quasars with redshifts from lovino et alThe study of structure ak gg is made by one-dimensional
(1996). Fourier analysis of two subsamples of the lovino et al. (1996)
. . . . . . . sample [i.e. of the subset of th&kbn-Cetty & \eron catalogue
5L ' ' ' ' ' b for which redshifts are obtained from lovino et al. (1996)] which
Ll - MR have maximum tangential survey length. Thatis, one subsample
L 1 o h combining three plates in the right ascension direction and one
R subsample combining three plates in the declination direction
- REEEES S are chosen.
i (R The right ascension and declination boundaries are chosen
- conservatively, i.e. to within at most 2.5 great circle degrees
from the plate centres, and are shifted even closer in where it
looks like there may be incompleteness close to the boundary.
Although what appears to be a lack of quasars near a few plate
boundaries might in fact be due to real voids, it is preferable
to risk losing some real signal rather than risk including some
noise.
The angular limits chosen are indicated in Table 1. The red-
st | L ol KA shift range used is; = 1.8 < z < 25 = 2.4, which includes
i T most of the catalogue, and is small enough to superimpose only
ISR N N S RS S N T S B a few ‘units’ of large scale structure, i.e. the signal should not
2Bg™  45™ 30 15™ 1Bo™ 45T be significantly reduced by the superimposition of structures
a (J2000) which are out of phase.
In each of the two subsamples, the angular positions in the
long direction (right ascension and declination respectively) are
Hverted to comoving tangential lengths by

°

—-30
T
1

°

° 33
T T

& (J2000)

—36
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-39
T
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Fig. 4. Sky distribution of quasars with redshifts from lovino et al

(1996), which lie in the redshift range8 < z < 2.4. Thick lines

show the outlines of the right ascension and declination samples chas®

for one-dimensional Fourier analysis. Thin vertical and horizontallings (» 9) = (9 — 6,) dpm(2)

show divisions in right ascension and declination in the right ascension .

and declination subsamples respectively, which simulated distributions Re sinh[d(z)/Rel, ko <0

are Poisson distributed. See Table 1 for numerical values of these limits. = (0—061)q d(2), ko=0 , (1)
Resinld(z)/Rc], ko > 0.

. ] o o __where the angular positich= « cos § or § = § and the survey
redshift selection effects, itis qualitatively clear that a void-likgmit is 0, = a1cosd, or §, = &, respectively (in radians),
structure is present, at a scale néagg ~ 130 L~ Mpc for
(Qo = 0.3, X0 = 0.7). In order to avoid the redshift selec-
tion effects (see also Hartwick & Schade 1990; Scott 1991), tg&) < /1 da
analysis here is restricted to Fourier space. Ho J1/(142) ay/Qo/a — ko + Xoa? ’

dpm(z) is the proper motion distance,

()
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that the one-dimensional number density distributidfydd ;.
isauniform projection of a (large) subset of the two-dimensional
distribution &N/ddedpm. Inclusion of the small amount of
lost data would create a nonuniform number density projection
and would introduce non-physical power to the Fourier trans-
form, so is not attempted here.

Forvalues ofQ, \p) intherang®.0 < Qy < 1.1,-0.1 <
Ao < 1.0, the list of positions0 < d; < dj(z1,62) is
binned into 1024 bins and fast Fourier transformed to a function
f(¥|Q0, o). The results below are found to change slightly but
insignificantly if fewer bins, e.g. 128 bins, are used. The con-
tours in the(Qy, Ag) plane are more noisy with fewer bins.

Two null hypotheses are considered here for the Fourier
spectrum for each paify, \o): the possibility that large scale
structure is undetectable in the two quasar subsamples, and the
possibility that the best estimate of the scale of large scale struc-
ture iSLLSSi ALLSS‘

y (h™*Mpc)

3400 3600 3800 4000

4000

3800

2.3. Null hypothesi%{;: no LSS peak is detectable

Informally, H1 (20, Ag) is the hypothesis that there is no peak
in the tangential distributions of the quasars due to large scale
structure.

More preciselyH1 (€0, Ao) is the hypothesis that:

y (h™'Mpc)

3600

3400

(i) the pair(£2g, \o) is correct;
500 0 —500 (i) the value of the Fourier transforihat the large scale struc-
x (h™'Mpe) ture frequencyy = 1/L gg i.e. f(v0]Q0, \o), IS Not sig-

Fig. 5. Wedge diagrams for the for the right ascension (upper panel) and nificantly hlghgr j[han that expected from the_) dl_strlk_Jutlor_l of
- . the same statistic evaluated for Poisson distributiorn in

declination (lower panel) subsamples, @ = 0.3, \g = 0.7). Since for fixed val . O\ for both sub les: and

curvatureis zero, rectlinear coordinates are defined:dpmcos(8*— . orhixe Ve,‘ UES O, 320, Ao, TOT ,Ot SL,’ samples; an

0),y = dpmsin(0* —0), where§* = (0 +62)/2+ /2 andd, 0, 02 (iif) vmax, defined as the local maximum fi{v|€, )\10) atthe

anddpm are defined in Sect. 2.2. Voids consistent wijhgg = 130+ greatest value of satisfyingr < 0.01~Mpc™", is not

10 h~* Mpc and not due to selection effects are clearly visible. significantly higher than that expected from the distribution

of the same statistic evaluated for Poisson distributions in

is the proper distance [eq. (14.2.21), Weinberg (1972)], 0, for fixed values ot2o, Ao, for both subsamples.

The Poisson distributions are pseudo-random samplings of

Fo =G0+ A0 — 1 ) Uniform distributions ird within each of the three subdivisions
is the (dimensionless) curvature of the observational Univemsghe sample as defined as in Table 1. The number of simulations
and calculated is 30. A Gaussian smoothing of standard deviation
c 1 two bin widths is applied to the Fourier transforftv|Qo, \o)
Rc = Ho el (4) before searching for the local maximum.
0 /ol The purpose of criterion (ii) is that if a peak is present at
is its curvature radius. the scale expected, then this may contribute to rejeGindy

The maximum tangential length consideredlis(z1, 62), the presence of a strong peak. However, because the overdensity
wherez; = 1.8 is the low redshift limit of the sample. This ismay not be very high, this may not be sufficient in itself to reject
the minimum tangential length correspondingdto— 6, over H,.
the range inz and the(Q, \o) domain considered in this pa-  Anindependentand possibly more sensitive testis (iii): is the
per. For negative or zero curvatutg, is always an increasing best estimate of the frequency of a peak significantly different
function of z. For positive curvature ard, < 1.1, Ao < 1,the from that for Poisson distributions, independently of any crite-
d/Rc = m/2 point (halfway to the antipode) occursat, 8, rion on the absolute height of the peak? Likely value§afax)
so the domain of decreasinly is not reached here. Thug; for Poisson simulations are aroudd05 » Mpc~1, though this
is a strictly increasing function afin the domain of interest of depends on the smoothness or roughness fof the Poisson
this paper and (1) provides the minimum tangential lengthsimulations. Sincé /L| g ~ 0.0077 hMpc~!, then, as long

Note that the choice of this cutoff throws away a smadls the scatter inmax for the simulations is small enough, cri-
amount of data (e.g. for which ~ 25,0 =~ 65), but ensures terion (iii) may enable rejection @f; for pairs(2y, A\g) which
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correctly describe the observational Universe, because in that« |- ., \4 T Tl

case (under the principle assumed for this paper), the peak is ex-
pected to occur at a special frequency rather than at an arbitrary |
frequency.

2.4. Null hypothesi%i,: the best estimate of the frequency
of an LSS peakis @t/ L| gg

[Te]
The more interesting hypothesis#i& (2o, Ao), the hypothesis < °
that the best estimate of a peak in the tangential distributions of
the quasars due to large scale structure i5jag§g+ AL| gs,
independently of whether the peak is significant or not.

H2(Q0, Ao) is quantified as follows:

(i) the pair(Q29, Ao) is correct;

(i) vmax(definedasfol)is consistentwitvmax = 1/L| sg °er J/ /
where thel o uncertainty in the external estimatelgfggis
AL g5, andAvmax, thel o uncertainty in estimatingmax

0.5 1
from the present data is obtained robustly by bootstraps (e.g.
Barrow et al. 1984). O
The estimate\ | gg = 10 h~! Mpc is adopted here. N N

The bootstrap method (e.g. Barrow et al. 1984) for a cata-
logue of N objects, is forlV objects to be randomly drawn from
the same samplallowing multiple samplin@f single objects.
The statistical uncertainties in the properties of interest are then
estimated by running several such bootstrap simulations, which
are considered as independent experiments. This provides an
upper estimate to the uncertainty. The number of bootstrapsg |
used here is 30. o°

The bootstrad o uncertainty and\ | gg are assumed to
be independent and to arise from Gaussian distributions, so are |
combined in quadrature.

Although #- could in principle be consistent with the
data for(£2g, \g) pairs which are also consistent wity, the
(Q0, Ao) pairs for which?{; is rejected and is not rejected
are obviously of most interest.

%
12024

0%
b6
—

AAAAAAAAAAA
vvvvvvvvvv

S
O

3. Results 0 0.5 1
3.1. H: can the absence of a peak be rejected?

Confidence levels — P, [f(10)], 1 — Pa(vmax), 1 — Ps[f (10)] Fig. 6. Confidence levels for the different criteria for trying to reject
and1 — Ps(vmax), for rejecting#, are shown in Figs. 6 and 7 /1, for the right ascension subsample. The upper panel ig ),
for the right ascension and declination subsamples respectivil§;/OVe" Panel formax Rejection of the nullhypothesig, at> 0.,

. -~ : 2 0 and> 3 o confidence levels, i.d.— P > 50%,1— P
These are defined by the probability of the observatlor@%g’f_ ; < 9>8%an1 _ P> 99.9% is shoivn l;f;contou?ed

results given the hypothesis: regions with light shading, light cross-hatched, medium cross-hatched
B oo 1 2 /o and heavy cross-hatched shading, respectively. (In a few of this set of
P(t) = Pgausét, t, At) = / } ftfu /? du, figures, a few contours at 0o and< —1¢ are also shown. These
|| /At V2T B are not useful for null hypothesis rejection.) Lines indicathag= 0
1 1 |t—t andXo = 1 — o are shown fof2, < 1 as a guide to the eye.
= —effc{ ——— (5)
2 V2 At

wheret is the parameter studied (eithgfvy) or vmax), andt  quency higher than that for Poisson distributions (given the lim-
and At are the mean value ofand the standard deviation of its for searching for a local maximum defined in Sect. 2.3), the
obtained from the Poisson simulations. probability above is defined to be one-sided.

Since the question of interest is to filif,, \g) pairs for The upper panel of Fig. 6 shows that if there is a pedl ajg
which there is, ideally, an excess of powerlgigg and a fre- in the right ascension subsample, then it is not strong enough to
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enabled o rejection ofH; (2, Ao). Asmall band within the lat-
ter, for thevmaxtest, enables rejection #o7, i.e.1 — P > 98%.

As noted above, the fact that th#wv,) test for the right
ascension sample does not rejggtis not a problem for alter-
native hypotheses t#&; (in particular for#,). The failure of
one test to reject a model does not imply that it is correct, and in
the presence of independent tests witioheject the model, the
overall result should be to reject the model. This is expressed
mathematically as follows.

The results for the two tests, for the two subsamples, imply
a confidence level

1-P=1- Pu[f(n)] Palvmax Ps[f(vo)] Ps[vmax (6)

for rejecting?,. Note that although th¢ () andvmax tests
seemto be independent (e.g. Figs. 6, 7), this has not been strictly
proven, so the combined confidence levels for rejeckingnay

be slightly overestimated.

The final contours in confidence levels for rejecting
H1(2, Ag) are shown in Fig. 8.

These show that the null hypothesis of the absence of the
large scale structure peak is rejected at at leastth® > 84%
level for nearly all pairgQg, A\o) with 0 < Qy <0.6 and at the
1— P > 98% level for0.1 £ Qy < 0.5. Moreover, for a band
running from(Qg ~ 0.15, \g = —0.1) to (29 = 0.4, Ao = 1),
H1(2, Ao) is rejected at the — P > 99.9% level.

In other words, if the matter density of the Universe is low,
then the possibility that there is no large scale structure peak at
L ss = 130~ Mpc in the quasar sample is rejected, and it
is rejected to high significance for the most favoured values of
the (Q0, Ao) pair: a low density hyperbolic model witt§2y ~
0.2, Ao = 0), or a low density flat model wit€2y ~ 0.3, A\ =
1—Qy).

For a flat, critical density mode{2y = 1, )\ = 0), H; is
not rejected. Could it be argued that(flg = 1, = 0) is
correct, then the rejection @{; for low values ofQ}, is simply
an artefact due to making a wrong assumption?

A simple, quantified counterargument to this is the follow-
ing. If a peak really is present in the data, even though its ampli-
tude may be low, then even for incorrect valueg(@g, o) it is
likely that non-random frequencies can be detected. Since the

Fig. 7. Confidence levels for rejectirid1, for the declination subsam- search for the frequency starts just a little abby®| gg, then if
ple. The upper panel is fof (1), the lower panel formax. Shading a low value of(} is correct, the case df)y = 1, Ay = 0) may

is as for Fig. 6.

lead to the detection of a low frequency harmonic. Thisisindeed
the case. By substituting the word ‘lower’ for ‘higher’ in (iii) of
the definition ofH, (Sect. 2.3), and recalculating the equivalent

significantly reject the null hypothesig; (2o, Ag) of the non- of Fig. 8, the confidence level for rejectifify (29 = 1, \g = 0)
existence of a peak for any pdi,, \o). Note, of course, that is found to be at thé — P > 98% level.

non-rejection ofH{; does not imply tha#{; is correct. It just
implies (states) thak{, is not rejected.

However, the lower panel of Fig. 6 shows that the best es-
timate of the frequency of a peak, independently of its signifi-

3.2. Ho: what pairs(€2o, Ag) are consistent with the frequency
of the peak being att/L| 55?

cancejsrejected at thé — P > 84% level for a large (though Given that?#; is strongly rejected for interesting pairs of

noisy) band in th€Q, Ao) plane, forQ2y ~ 0.4 £+ 0.1.

(Q0, Ao) values, what are the paifQ,, Ao ) which are consistent

Both thef (1) amplitude test and themaxtest for the dec- with L| gg = 130 + 10 A~ Mpc?

lination subsample (Fig. 7) independently confirmptat0.2

For consistency, this question is formally answered by trying

precision iny and g, the region of théQg, A\¢) plane which to reject the null hypothesigls(Q0, Ao), according to which
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Fig. 8. Combined confidence levels for rejectiftfy, using Eq. (6) to Fig. 10. Confidence intervals fok., for the declination subsample,
combine the results shown in Fig. 6 and Fig. 7. Shading is as for Figsbading as for Fig. 9.
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Fig. 9. Confidence intervals for rejectiry», the hypothesis that the
large scale structure peak occurslaf| gg, for the right ascension

subsample. Shading styles are as for the previous figures, except
the confidence levels are two-sided, i.e. the four successively darREP

frequency is to the hypothesised frequency, and both low and
high frequencies would reject the hypothesis.

The region in thegQg, \g) plane for whichH, cannot be
significantly rejected provides an estimate of the valueQof
and),. Inthe present case, as for most other methods which pro-
vide significant constraints on the curvature parameters, there
is a degeneracy between the latter, so that an estimate can only
be provided for the relation between them, rather than for both
parameters independently. A linear fit is used to describe this
relation.

Figs. 9 and 10 show the confidence levels for rejecting
Ha(00, Ao) for the right ascension and declination subsamples
respectively. Neither subsample is sufficient on its own to pro-
vide a precise estimate of df2g, ) relation, although both
rejectQy 2 0.5 to 2, 70% significance.

However, the fact that they are independent subsamples im-
plies that they can be combined via

1-P=1-— Pa [Vmax] Pg[Vmax] (7)

to give Fig. 11, which shows that most values(8§, o) can
be rejected to> 68% confidence i}y — 0.25| 2 0.15.

More precisely, a linear relation between the two curvature
Ay meters can be fitted to the points in Fig. 11 for which the
ability P of obtaining the observations is highest, using the

shadings are fot — P > 0%, 1 — P > 68%, 1 — P > 95% and 03/0 confidence limits as uncertainties, by linear regression of

1— P > 99.7% respectively.

Qo as a function of\,.
This relation is

Q) = (0.24 + 0.04) + (0.10 % 0.08) Xo. 8)

the frequency of the peak is assumed to béjats = 130 £ The uncertainties here relate to the fitting procedure. Since the
10 A~! Mpc. Two-sided confidence intervals are used [a factdir (68% confidence) uncertainties 6 for each value of\,

of two is inserted in front of the integral in Eq. (5)], since thare not mutually independent, the uncertainties in Eq. 8 do not
question of interest is now how close the best estimate of tfepresent measurement uncertainties.
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N R 3.3. Amplitude of large scale structure peak

Since the main aim of the present study is to usihgg scale
| as a ruler for measuring the curvature parameters, a statistically
oss 2 robust estimate of thamplitudeof the power spectrum peak
% 1 used as a standard ruler is beyond the scope of this paper.
_ Indeed, as can be seen in Fig. 6 (upper plot), the amplitude
RSE of the peak in the right ascension sub-sample is insufficient (on
its own) to significantly rule out the hypothesis of no peak at all,
with respect to the Poisson simulations. Of course, the search
for a local maximumdoesfind that this is closer ta, than
expected randomly, for a certain band in g, \o) plane.

However, as a guide to what might be expected in future
| less sparse surveys, the amplitude in the declination subsam-
2 ple, which has a stronger signal than that of the right ascension
subsample, may be useful to quantify, though caution is recom-
BSSR , mended in the interpretation of this estimate.
(') — 015 — i : For the pair(Qy = 0.3, ) = 0.7) (see Sect. 4), a crude

estimate of the amplitude expressed as a signal-to-noise ratio,
% _ F(volobsvi) — (f(vo|Poisson) . o[f(vo|Poissol]
A= . + . (10)
(f(vp|Poisson) (f (vp|Poisson)

isA~1.7+0.5.

This value is lower than the corresponding value in Broad-
hurst et al.’s (1990) one-dimensional survey, for whith= 7

Since the measurement uncertainty (includihg| sg) is  at thel| g scale (from Fig. 2b of that paper), but is similar in
already expressed in the contours in Fig. 11, this is restoretht@er of magnitude to the density contrast valuedgf > 2.5

o0 4
X
VA

Fig. 11. Confidence intervals fo¥2, combining the information from
the two subsamples. Shading is as for Fig. 9.

the zero-point of the relation, giving found in the Las Campanas Redshift Survey (Tucker etal. 1998).
This is not surprising. Even fai2g = 0.3, A0 = 0.7), a
Qo = (0.24 £0.15) + (0.10 £ 0.08) Ao, (9) somewhat lower amplitude of density contrast can be expected

atz ~ 2relative toz ~ 0, though this could be compensated for
where the zero-point uncertainty includes known measuremémt under- or over-compensated for) by positive biasing of the
uncertainties and the slope uncertainty relates to the fitting ptprasar distribution relative to that of galaxies, if quasars turn on

cedure. at the densest points where galaxies are most likely to interact
Note that, as revealed by this relation, the point least raad/or merge.
jected by the data foky = 0 is much closer to the largg, A full analysis of the amplitude of the signal in analyses

68% confidence limit than to the lof2, 68% confidence limit, following the present one should potentially provide a useful

so the representation by Gaussian uncertainties is not an optiomaistraint on models of quasar onset and lifetimes.

approximation. However, if one deduc@s = 0.24 + 0.15 for

th_e case\g = 0 an_d assumes that this is a Gau_ssli@nuncer- 3.4 Selection effects

tainty, then this will be sufficient for most applications, where

one prefers overestimates of uncertainties to underestimate3he results above are strikingly consistent with the most recent
Alternatively, the\g = 0 result can be written aQ, = expectations from independent observations regarding large

0.2419-93. scale structure and the curvature parameters: the power spec-
For aflat universe, i.6\y = 1 — )y, use of the uncertaintiestrum peak is present at| g5 = 130 + 10 A~ Mpc for the

in Eqg. (9) as Gaussian uncertainties and combination in quadsapular curvature paii2g = 0.3 + 0.15, A\g = 1 — Q).

ture yields2y = 0.30 £ 0.15, which is consistent with Fig. 11.  Could this just be a coincidence due to selection effects? In
A large part of the uncertainty here is due to the boothe redshift direction, selection effects have long led to surpris-

straps. For example, if the intrinsic measurement uncertairiig results, though not to expected results, from quasar cata-

due to the bootstraps is removed, and only the uncertaiftgues (see Scott 1991 and references therein).

AL gg = 10h~! Mpc is used for the equivalent of Fig. 11, The angular scale corresponding t0~ 2 and (2 ~

then the regions not rejected by the confidence level contoQr8, A\g = 1 — Q) is ~ 2°. This is half an order of magni-

shrink considerably, ankl) < 0.4isrejectedatthé—P > 95% tude smaller than the size of a UK Schmidt plated®). This

level. is sufficiently small that the large scale structure scale is clearly
However, although bootstrap estimates of uncertainties pswnaller than the size of the plates, but not so much smaller

vide an upper estimate to uncertainties, i.e. the true uncertaintiegt more subtle effects related to the plate size can be trivially

may be smaller, it is prudent to retain the bootstrap estimateexcluded from contributing to the result found above.
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Possible angular selection effects, instrumental and/or @sble 2. Angular separation of plate centres (Table 1, lovino et al.
trophysical, in objective prism quasar surveys include 1996) fromthe four bordersf1),(2),6(1),(2) intable, from the borders
] o ) _ in strictly increasing numerical or § values] and maximum centre-
(i) effects due to human subjectivity of selecting ‘quasar-likeorner angle (3) of the fields for the right ascensiopgnd declination
objects from the photographic plates (8) subsamples, defined here in Table 1, in great circle degrees. Field
(ii) notfinding quasars in regions where the sky backgroundrismbers (#) are ESO/SERC field numbers.
noisy or there is no signal at all due to step wedges, large,

bright galaxies or to bright stars and their ghosts (due to e 5

reflection from the secondary mirror support structure) . . 295 296 297 295 351 411
(i) notfinding quasars close to other quasars/stars due to ovgft) 2.37 2.55 2.53  2.37 1.73 1.40

lapping spectra a(2) 243 245 247  1.09 1.97 2.51
(iv) differential apparent magnitude limits due to the vignetting(1) 2.27 2.26 2.25 227 2.77 2.77

function of the telescope plus instrument geometry 6(2) 223 224 225 223 223 1.73
(v) differences in apparent magnitude limits between plates(3) 3.33 3.41 3.38  3.29 3.40 3.74
(vi) differential apparent magnitude limits due to intervening

dust

(vii) mistaking quasars for stars in low projected number defmoothethan the intrinsic angular distribution, i.e.. filamentary
sity open (star) clusters which happen to lie in the surv@pe structure would be less easy to detect 'ghan it should b_g.
region, thereby missing quasars in those regions Quasar-star overlap, and problems (vi), (vii) and (viii)

(viii) mistaking stars for quasars, which possibly explains th§§1ould be uncorrelated with the intrinsic quasar distribution and

excess numbers of objects at some specific redshifts in FigZes More likely to weaken any genuine signal rather than mimic
an expected signal.

Problem (i) is avoided by application of a computer algo-
rithm to_dlgltal scans _of the Schmldt pla_ltes_. The valldlty_ o§_4_1_ Differential magnitude limits?
the precise quantification and relative weighting of the various
‘quasar-like’ criteria chosen by lovino et al. (1996) to dete®roblem (iv) could, in principle, provide the largest systematic
quasars could be debated, but since they are calculated aatoer. Fig. 3 of Dawe (1984) shows that from 2° to ~ 4°
matically over the entire scanned regions, this aspect of hunfeam the centre of the UK Schmidt Telescope field, the apparent
subjectivity is applied in a consistent, objective fashion acrossmgnitude limit can become less faint from 0.02 mag to
the plates. ~ 0.2mag respectively. Thatis, less quasars would be detectable

Problems (i), (iii) to some extent (quasar-star overlapd)y a fixed search algorithm towards the edges and corners of the
(vi), (vii) and (viii) are likely to be minimised by the choice ofplate than in the middle.

a very high galactic latitude region, i.e. the SGP. Table 2 lists the angular distances, in great circle degrees,

Problem (v) is corrected for in the control simulations bfrom the boundaries and the corners of the plate images, assum-
Poisson distributing points independently within the boundhg that the plate centres listed in Table 1 of lovino et al. (1996)
aries of individual plates in each of the two sub-samples (sae the correct (B1950) centres of the actual fields observed by
Sect. 2.2). those authors.

The largest obvious contaminants listed in item (ii) which The borders of the fields, as analysed here (Table 1), are
ocur in the fields studied here are a moderately bright star neasstly abou® — 2.5° from the centres, so the magnitude limits
a~ 1" § ~ —30° (field 411, see Table 1 of lovino et al. 1996)%hould vary much less than 0.1 mag over most of the plates.
and a bright galaxy near ~ 0"50™, § ~ 39° (field 295), which The furthest corners from the centres are mostly at ahgut
occupy less than about 0.1 sg. deg. and 0.2 sq. deg. respectidely. from the centres, so the magnitude limit should be about
Neither corresponds to what visually appears to be a void(@rD6 mag brighter at these corners.

Fig. 4. Are differences in the (solid angular) quasar number den-

Counting the right ascension and declination analyses segiies due to these magnitude limit variations visible in Fig. 4?
rately, the fraction of the solid angle biased by these two obje&essible voids in three of the42° corners of fields in this fig-
is $[(0.2)+(0.2+0.1)] sq. deg/116.4 sq. deg= 0.4% ofthe ure, and in théa = 0"42™ § = —37.5°) corner of field #351
total solid angle included in the borders (as defined in Table {the middle declination field) could conceivably be related to
This is unlikely to be sufficient to mimic a large scale structuthe variation in magnitude limit.
signal at~ 2° in the full data set. However, since the majority of lovino et al.'s quasars (see

Problem (i) for quasar-quasar overlap could in principl€ig. 2 of lovino et al. 1996) are roughly uniformly distributed
cause a weakening of the real signal and not a false sigraler aninterval of about one magnitude in apparent magnitude, a
although the low number density of the quasars implies thihange in the magnitude limit of 0.06 mag could at most change
effect should probably be small. This is because overlaps #éne quasar number density by6%.
expected to occur at around”7i the dispersion direction and  Moreover, a small fraction of the quasars in the lovino et
3" in the orthogonal direction. If close quasar pairs are missall sample have > 2.4 and are not studied here. These are
due to this effect, then the angular distribution measured will kikely to have the faintest apparent magnitudes;-s6% is an
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upperestimate to the expected reduction in number density at— [
the furthest corners.

The apparent voids visible to the eye are presumably seenas |
voids because the number density is at least an order of magni- 3
tude lower than average. This is not explicable by a magnitude
limit varying by 0.06 mag.

In addition, in at least some of the fields, the number density
of quasars appears to be lower in ‘voids’ neardbatresof the 0
plates, where the exposure ought to be deepest. £°

Fig. 4 suggests that tle~ —30° field might appear to have
a circularly symmetric central concentration of quasars, apart
from a cluster/filament nedic ~ 0"42™ 6 ~ —31°). This
is partly because the right ascension centres of the declination
fields are offset from one another, which is why narrow limits
in right ascension were chosen. This could affect an analysisg |
using the boundaries adopted here if that analysis were carried
out in right ascension in the ‘declination’ subsample. Butthat [, "
is not the case here: only the distribution in declination of the 0 0.5 1
declination sample was studied, so the right ascension offsets Q,
cannot affect the results.

Another reason why problem (iv) is unlikely to be significarftig. 12. Confidence intervals from combining Fig. 11 with the relation
inthe present study is that, as Dawe (1984) points out, departuté§o — 0-6X0 = —0.2 + 0.1 from Perimutter et al. (1999). Shading
from circular symmetry of the magnitude limit are below th# s for Fig. 9.
measurement limits (0.01 mag) of his empirical estimates, and
are not expected theoretically.

The variations in quasar densigyound the field centres pe possible that this subjective judgment is wrong. Could it be
appear about as strong as the variations leading to voids fife case that a single structure provides most of the signal, and
wards field edges or corners. For example, the void centig@t very little signal comes from the rest of the full data set?
around (o = 0"50™,5 = —37°) in field #351 (the middle  One possible approach to investigating this is by subdividing
declination field) is adjacent to a quite dense region aroufik full data set into smaller ‘independent’ subsets. Given the
(a = 0"55™,6 = —37°), which is about equidistant from thesparsity of the data set, subdivision into smaller subsets is likely
field centre. This strong variation cannot be caused by the gigrincrease the noise. THg ggscale has a primarily statistical
cularly symmetric vignetting of the UK Schmidt Telescope. meaning, and random variation in the estimate of the value of

FinaIIy, shifting several of the borders defined in Table 1 bELSS (Something like the standard error in the mean) is ||ke|y
0.5” typically modifies the slope and zeropoint of f&,, \o)  to be greater in the smaller samples than in the larger samples.
relation of Eq. (9) by only about0.01. Since magnitude limits  However, in order to provide an illustrative answer to the
should, statistically, haveomeeffect at the corners, even ifquestion, a subdivision of the two subsamples (right ascension
small, this shows that uncertainty due to differential magnitudgd declination) was carried out, into the four redshift intervals
limits appears to be negligible relative to the basic result. 18 < » < 1.95, 1.95 < z < 2.10, 2.10 < z < 2.25 and

2.25 < z < 2.40. These provide radial intervals which are
3.4.2. Selection effects: summary close to theL| gg scale, at least fo(€2y = 0.3,Ag = 0.7).
Analyses across the full angular scale were carried oukfor

The possible selection effects discussed above do not seem sgfit7/, as before, but dividing the data into eight independent
cient to provide a non-cosmological explanation for the presefifhsamples instead of just two.

results. It remains that there could be unusual systematic effectsThe result is that the hypothesis (2, \o) is rejected more
not reported by lovino et al. (1996), e.g. dust on patches of t§@ongly than before, so that the equivalent of Fig. 8 is rejection
photographic emulsion, bright supernovae, very bright cometpr. p - 98% everywhere in the domain of th€0, Ao) plane
satellite trails. However, the overall Slmllarlty in the results f%tud|ed in this paper, arnd— P > 99.9% over most of this.

the right ascension and declination samples makes it unlikely This shows that the presence of signals of some sort is

that these could explain the principal results. stronger in the smaller subsamples than in the larger ones.
However, the length scales at which the signals occur in
3.5. Could the signal be confined to just a small part individual subsamples are noisier in the smaller subsamples,
of the data set? so that if no allowances are made for this, then the final result

) . o . ) for H,, the hypothesis that there is a sigmlthe expected
Although Fig. 5 providegjualitative evidence that the S'Q”alscaleLLSS in every subsamplés that it is also rejected, to
comes from structures spread through the full data set, it coyld p - 99.7%, for the full range of théQo, \o) plane covered.
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Fig. 13. Confidence intervals fok » (cf Fig. 11), for splitting up both of
the two subsamples into four redshift subsamples each, and increasing) '
the uncertainty in the power spectrum peak length scaleltipgg = — [
20 h~! Mpc (Sect. 3.5). Shading is as for Fig. 9, i.e. the small patch
suggesting a hyperbolic universe model isa P > 95% (‘> 20")
confidence interval region, and the restis for P > 99.7%.

o -
In order to find consistent solutions, either the uncertainty | ]
AL ggneedstobeincreased, in order to allow for the increased | [ ]
uncertainty per subsample, or some of the subsamples have to | ]
be (@ posterior) dropped. I ]
Since the number of objects per subsample decreases by’ [
roughly a factor of four, a doubling AL ggto AL g5 = I ]
20 h~! Mpc should be sufficient to allow for consistency with I |
the analysis for the full redshift range. This results in a small |
1 | 1 | f

region which provides & — P > 95% solution in a small .
patch close to th€2g = 0.3, Ao = 0.7) point, but suggesting a ° 0 200 400 600 800
hyperbolic universe model (Fig. 13).

Alternatively, retainingAL; sg = 10h~! Mpc and just
considering the four redshift intervals of the declination sulpig. 14. Confidence intervals fo#{, (cf Fig. 10), for the four red-
sample leads to Fig. 14. This shows a band in(fg \o) plane  shift subsamples of the declination subsample, retaididg gg =
within the1 — P > 68% contour, which is clearly consistentl0 =" Mpc (Sect. 3.5). Shading is as for Fig. 9, i.e. the lightest shaded
with (though narrower than) the corresponding contour for thiggion is for thel — P > 68% confidence interval.
declination sample considered as a single sample (Fig. 10).

_ It_|s therefore clear that the signal is present in most re%—w 2 provides a new and independent method of constraining
shift interval subsets of the full data set, but that because of

. d noi . dert bine th . Is int % curvature parameters.
INnCreased noise, In oraer 1o compine those signals INto a consis- ore precisely, what appears to be the optimal choice of

tent solution, a more sophisticated technique than that presente ogeneous tangential quasar surveys publicly available was

here would be necessary. chosen and analysed. The quasar data analysed were the right
ascension and declination subsamples (Table 1) of the lovino
et al. (1996) survey as provided in theeddn-Cetty & \eron
(1998) quasar catalogue.

Ithas been shown in this paper that the use of the power spectrumThe null hypothesi{, (2o, A¢) according to which no peak
peak corresponding to large scale structure as a standard raterbe detected &f g5 = 130 A~ Mpcin the one-dimensional

in the tangential distribution of a homogeneous quasar surveyatirier transform of the tangential proper motion distance dis-

T T y T
0,=0.30, A,=0.70, &

d, (h™'Mpe)

4, Discussion and conclusions
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o0 pothesisH, (02, Ag) according to which the best estimate of

XX the frequency of a peak below/d; = 0.01 hMpc~! in the
] Fourier transforms occurs &f (L gg+ AL| gg). Bootstraps
% 1 from the observational data set are used to robustly provide an
3 | upper estimate to the observational uncertainty.

Based on alinear fit to the resulting estimates infig o)
plane, the relatiofy = (0.244+0.15)+(0.101+0.08) Aq is con-
i sidered to best summarise the constraints on the two curvature
< 4 parameters. For zero cosmological constant or flat models, the
I ] curvature parameter estimates &k = 0.247002 )\ = 0)
and(Qy = 0.30 £ 0.15, Ao = 1 — Q) respectively.

These estimates of the density parameter are in remarkable
agreement with analogous estimates obtained from the kine-

1
T

X

S

.

3

X
o)

AAAAAAA
X

matics of galaxy clusters (e.g. Carlberg et al. 1997), collapsing
oL i galaxy groups (Mamon 1993), as well as from the baryonic frac-
2 tion in clusters (White et al. 1993; Mohr et al. 1999) and groups
[ ] (Henriksen & Mamon 1994).
0 0.5 1 The estimate of the cosmological constant under the as-
Q sumption of a flat model is also remarkably close to those which

now tend towards a flat, cosmological constant dominated uni-
Fig. 15. Tangential length distribution fof2o = 0.3,X0 = 0.7), verse from faint galaxy number counts, the galaxy depletion
for the right ascension (upper panel) and declination (lower pangj}rve behind clusters, the supernovae type la method (Fukugita
subsamples (in bins of 128" Mpc). The null rj¥p°th93?3 test relateqy 5. 1990; Fort et al. 1997; Chiba & Yoshii 1997; Perlmutter et
to a power spectrum peakAf gg = 130 £10 h~ " Mpc. Differences ) 1999. Rjess et al. 1998) and cosmic microwave background
in number density between the plate boundaries are not corrected rr?éthods Results from the latter are being updated rapidly at the
these are corrected for in the simulations. ' . y .

moment, and are dependent on numerous assumptions which

do not enter either the present method or the supernovae type la

tributions, and according to which the best estimate of the fi@ethod, so are not discussed here.
quency of any such peak is random, is rejected to high sig- The present method is very independent of the supernovae
nificance for most ‘interesting’ pairs @£y, \o) in the range typela method: in choice of astrophysical object, in the redshift
(0.0 < < 1.1,-0.1 < Xy < 1.0). The highest rejection (at range and in the difference between using standard candles ver-
a confidence level — P > 99.9%) is for a band in théQg, \g) SUS standard rulers. What is the result of combining the two?
plane running fromv (0.15, —0.1) to ~ (0.4, 1.0). The combination of the present result with the relation

Inversion of the frequency condition (iii) o1 (Qo, Ag), 0-880 + 0.6 Ao = —0.2 + 0.1 from Perimutter et al. (1999),
by replacing ‘higher’ by ‘lower’, and recalculating confidencavhere the error is modelled as Gaussian, results in Fig. 12.

levels results in a rejection 611 (Qy = 1, o = 0) atl — P > Although the two relations are not quite orthogonal, they

08%. have different enough slopes that the uncertainty in both is con-
Since, is rejected, this implies that a power spectrum pediderably reduced, such that a nearly flat model is impliehl-

is present in the data. out using any cosmic microwave backgrounfbrmation.

Can the power spectrum peak be seen as a ‘periodicity’ in A linear fit to the6s% confidence contour in Fig. 12, fék,
the data? Fig. 15 allows the reader to judge this subjectively &% a function of Ay — 0.7), results in:
the pair(2g = 0.3, Ao = 0.7). - _

Consistently with the points g = 0.3,y = 0.7) in 2o = (0.3040.02) 4 (0.57 £ 0.11) (Ao — 0.7),
the upper panels of Figs. 6 and 7, a periodicity of significant 0.55 < Ao < 0.95, (11)

g”:p(:'_t“de shgluld_ b?hha:jd tol_de'i_ect inthe rllgh:cr?fce_nsﬂlqon SamWﬂere as before, the uncertainties from linear regression relate
ut discernable in the declination sample. This IS the casefy,q fitting procedure and underestimate the true uncertainties

Fig. 15. ; :

Moreover, although the redshift direction is potentialI)?homnt;]?stizggu:ﬁe maximum uncertainty i for a given
plagued by selection effects, the wedge diagrams in Fig. 5 Sh\%ﬂue of Ao in thé range above is(() — 0.11. Restoring this
clearly that large scale structure can be seen inthe plane, to the relation as before yields:
wheref = « cos d or § = ¢ as above. Voids at a scale of around
Ly ss~ 130 A~ Mpc and difficult to explain by selection ef- Q; = (0.30 & 0.11) 4 (0.57 + 0.11) (Ao — 0.7),
fects are visible in this figure. 0.55 < Ag < 0.95. (12)

A best estimate for the values @Ry, \¢) consistentwith
the occurrence of a large scale structure peak in the tangen-This combined result strongly supports the possibility

tial quasar distribution is found by trying to reject the null hythat the observable universe satisifies a nearly flat, perturbed
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Friedmann-Lemidre-Robertson-Walker model, where ‘nearlywould be a confirmation or refinement of the estimates of the
is quantified as-0.1 in the two dimensionless curvature paramocal geometrical parameters (Roukema & Luminet 1999).
eters. It does not require prior assumptions on the cosmological
constant, nor does it use cosmic microwave background (CMEdknowledgementsiVe thank Séphane Colombi, Emmanuel Bertin,
data. Guy Mathez, Bernard Fort, Enrique Gazsga, Jasjeet Bagla, Shiv

An independent confirmation that no systematic errors abethi, Daniel Kunth, Steve Hatton and an anonymous referee for use-
present in the data studied here (or else an independent estirfiiteomments. Use of the resources at the Centre de Eesias-
of the systematic errors) would obviously be very desirable. tronomiques de Strasbourlgt{p:/csdweb.u-strasbg)frthe support of

If further observations confirm that large scale structure cHif Institut d'astrophysique de Paris, CNRS, for a visit during which
be used as a standard ruler, then surveys such as the 2dF (2 d&§fe&" this work was carried out, and the support of la S&cde
field) and SDSS (Sloan Digitial Sky Survey) quasar surve ecours des Amis des Sciences are gratefully acknowledged.
should provide confirmation of the present results within the
next few years.
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