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1. EARLY EXPLORATIONS

‘1.1  Voids in Astronomy

In the fifth century B.C., Democritus postulated the existence of immutable
atoms characterized by size, shape, and motion. Changes in the com-
bination of these atoms were postulated to result in the qualitative changes
observed in everyday matter. In order to make the motions of atoms
possible, the existence of the void (unoccupied space, empty space) was
required [cf. 15th edition of the Encyclopaedia Britannica (1985)].

In astronomy, it is likely that individual voids were first observed by
prehistoric man, who saw distinct dark regions within the prominent
luminous band (now called the Milky Way) stretching across the sky.
Although to the unaided eye these dark regions may seem devoid of light,
on well-exposed photographs they appear dark only in contrast to their
luminous starry neighborhoods. Counts, magnitudes, and colors of the
few stars that lie within the boundaries of the dark regions imply the
presence of vast quantities of obscuring particles (dust). The Coalsack is
an example of a dust void in Galactic stellar astronomy (29, pp. 166-78;
141).

A typical “void” in the surface distribution of a sample of stars is not
empty; it is a region where the stellar surface density is substantially smaller
than that of (@) its surrounding (large local density contrast) or (b) an
average over the entire sample of stars (large global density contrast),
where the calculation of the average includes corrections for the selection
functions of the sample. In Galactic stellar astronomy, a typical void in
the surface distribution of stars corresponds to a region of three-dimen-
sional space with an atypically large density of obscuring material. In
extragalactic astronomy, the three-dimensional region that constitutes a
void is transparent and empty or nearly empty of galaxies. Voids were not
immediately recognized in the surface distribution of galaxies because
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they tend to be overlaid by superimposed background and especially
foreground galaxies. Voids were recognized only after Doppler velocities
were measured for statistically homogeneous samples of galaxies in selected
solid angles of the sky, which provided (through application of the Hubble
relation between distance and redshift) direct information on the three-
dimensional distribution of galaxies. '

In extragalactic astronomy, the basic material unit is a galaxy with a
characteristic length D, ~ 20 kpc that typically moves within a group or
cluster (D. ~ 50 kpc—5 Mpc) in a supercluster (D, ~ 50 Mpc or larger).
(Herein, a length calculated from an angular extent and Hubble distance
has been normalized with an adopted Hubble constant H, = 50 km s™'
Mpc~'.) [Work on detecting and deciphering the structure of groups and
clusters of galaxies (including discussion of the problem of the “missing
mass’’) has been reviewed by Bahcall (10), Rood (156), and Sarazin (169).]
The latter two reviews briefly discuss superclusters. A comprehensive
review of research on superclusters is given by Oort (128). Superclusters
and voids are often discussed together because (a) they are identified and
studied with a common data base, and (b) it is likely that they share a
common origin and represent two complementary effects of related physi-
cal evolutionary processes. Therefore, the present review refers frequently
to Oort (128), and figures therein.

If the physical universe is modeled as one vast system of individually
distinct galaxies, then these galaxies are immersed in one void, an analog
of the void of Democritus. We obtain a similar result if the Universe is
modeled as one vast system of groups and clusters of galaxies. However,
research on superclusters is in such an early stage that it is not yet clear
whether they are typically (a) individual entities immersed in the void
(i.e. analogs of Democritus’ atoms—galaxies, and groups and clusters of
galaxies), or (b) parts of one vast system of galaxies that is polka-dotted
in three-space with individual voids [analogous to the voids in two-space
of Galactic stellar astronomy, but with a much larger fraction of the
volume occupied by the voids (large polka dots)], or (¢) parts of a connected
structure of galaxies intertwined with a connected structure of voids.
Models (a) and (b) are discussed in depth by Shandarin & Zel’dovich (176),
and model (c), a spongelike universe, is described in detail by Gott et al.
(80).

Pending clarification of the topological nature of superclusters and
voids, which may require the completion of the Center for Astrophysics
(CfA) redshift survey of galaxies with apparent photographic magnitude
m, < 15.5 [where the adopted m;, is generally the Zwicky (220) magnitude;
see (93a) for discussion of comparisons between Zwicky magnitudes and
other, more accurate but less abundant blue magnitudes], it is often useful
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to think of a void as a discrete entity—a region containing significantly
fewer galaxies than predicted by the appropriate Poisson distribution. The
occurrence of physical groupings of galaxies evidently requires the presence
of voids defined in this way.

There are two ways that an individual void can be studied obser-
vationally: (a) The void can be probc(Lwn:h telescopic sensors in attempts
to detect something within it. () The structure and content of the con-
tiguous shell of superclusters surrounding the void can be studied. [The
term “shell” has been adopted from de Lapparent et al. (56). M. Postman
(private communication, 1987) suggests that “‘shell of galaxies” may be a
more appropriate term, as it is not yet clear that superclusters are physically
correlated.]

1.2 Technological Prerequisites

Early surveys of galaxies over large solid angles of the sky indicated to a
number of astronomers (including William and John Herschel, Lundmark,
Holmberg, Shapley, Oort, de Vaucouleurs, Shane & Wirtanen, and Abell)
the superclustering of galaxies, i.e. the predominant occurrence of galaxies,
groups, and clusters within larger structures now called superclusters (cf.
5, 58, 92a, 113a, 128, 142, 158a, 178). Zwicky interpreted cluster cells as
the space fillers of the cosmos (219a). In contrast, from independent counts
of galaxies to faint magnitudes in a large number of small survey fields
distributed over the sky, Hubble concluded that groups and clusters of
galaxies are aggregations drawn from the general field, which is everywhere
and in all directions approximately uniform (93, pp. 72, 81-82). To dis-
criminate between these models, we need to know the three-dimensional
distribution of galaxies in large homogeneous samples. To an approxi-
mation that neglects the peculiar motions of galaxies, distances can be
estimated from redshifts, using the Hubble relation between redshift and
distance. The observational requirement reduces to obtaining redshifts
from Doppler-shifted spectral lines of the galaxies in large homogeneous
samples.

In the 1920s it took several nights of observation to accumulate the
necessary exposure time for the spectrographic determination of the
redshift of a bright galaxy. By the mid-twentieth century, the sensitivity
of photographic emulsions had increased to the extent that with the nebular
spectrograph of the 36-inch Crossley reflector at the Lick Observatory, N.
U. Mayall could determine the redshift of a luminous galaxy in the Coma
cluster with an exposure of five hours. By 1960 Mayall had identified a
homogeneous sample of 83 bright galaxies in a field of the Coma cluster
of solid angle ~33 sq deg (116, Figure 1), and had measured the redshifts
of 50 galaxies in this sample. Mayall’s (116, Figure 2) plot of redshift vs.
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radial distance from the center of the Coma cluster is depicted in Figure
1. Mayall recognized that the development of electronic photography
pioneered by A. Lallemand, in which the intensity of an image is amplified
electronically before it is recorded on a light-sensitive emulsion, would
usher in a new era of extragalactic spectroscopy (116). By the late 1960s,
a device of this type, the Carnegie image-tube, reduced the exposure time
for each of the remaining galaxies in Mayall’s sample to ~30 min, and
the redshift survey was completed (161).

Although electronic photographic spectroscopy reduced exposure times
immensely, the spectrum of a galaxy along with the night sky was still
registered on a photographic plate, and tedious hours were spent meas-
uring the plate for final reduction with a digital computer. The Doppler
velocity was derived from the measured shift of the few strongest spectral
lines, and the accuracy achieved was typically + 100 km s~! for absorption
lines and +50 km s~' for emission lines (157). Early work on super-
clustering of galaxies (Section 1.3) was done primarily with these tech-
niques, and the postobservation reduction time tended to limit these studies
to samples of ~ 100 galaxies in regions of the sky covering only ~ 30-300
sq deg.
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Figure 1 Doppler velocity (derived from observed redshift) vs. distance (on the sky) from
the center of the Coma cluster for the 50 galaxies in the sample by Mayall (116). The Coma
cluster is part of a structure that extends to >8 Mpc (25 million lt-yr). Note the large empty
region in the foreground. Adapted from Figure 2 of (116).
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Finally, in the 1970s, equipment was developed by, e.g., Shectman &
Hiltner (181, and references therein) that, at the telescope, continuously
subtracts off the contribution from the night sky, electronically integrates
the spectrum during the exposure, and then transfers the sky-subtracted
spectrum directly onto a magnetic tape for computer utilization, where the
final reductions can be performed quickly and as automatically as desired.
Current observational studies on superclustering of galaxies (Section 2.1)
are done primarily with these electronic spectroscopic techniques and with
the complementary automatic techniques provided by 21-cm spectral-line
radio astronomy. With modern reduction techniques (described below)
applied to the spectral data of electronic spectroscopy, Doppler velocities
are derived with a typical accuracy of +30 km s~' independent of the mix
of absorption and emission lines in the spectrum. The techniques of 21-
cm astronomy achieve typical accuracies of +10 km s~' (60, 157).

The 1974 paper by Susan Simkin (183) marked a watershed between (a)
the early technique of measuring the Doppler velocity of an individual
galaxy from the locations of a few strong lines of a sky-contaminated
spectrum and (b) the modern technique of applying Fourier transform
(172) or cross-correlation (197a) techniques to obtain the Doppler velocity
that provides the best match between a sky-free absorption-line spectrum
and that of a well-constructed zero-redshift templet spectrum. Simkin
introduced the new techniques, described many of their advantages, and
presented a mathematical apparatus to determine both the systemic Dop-
pler velocity and the internal Doppler velocity dispersion of a galaxy. The
accuracy achieved in a determination of the Doppler velocity of a galaxy
by 21-cm and modern optical techniques (+10-30 km s~ !) permits the
determination of the internal Doppler velocity dispersion of (@) individual
galaxies (typically ~100-300 km s~') and (b) small groups of galaxies
[typically ~ 130 km s™' (214)] (Section 4.2).

1.3 A4 Hidden Paradigm

As noted above, early studies of the surface distribution of galaxies fea-
tured three different models: (a) superclustering of galaxies, (b) super-large
rich clusters, and (¢) groups and clusters drawn from a uniform general
field. In order to discriminate between these models and to relate the data
to predictions of physical models of the growth of structure in the Universe,
Peebles and coworkers (69a, 142) extracted the amplitude and slope of the
correlation function from large sets of data on the surface distribution of
galaxies (cf. Section 3.1.2). They found that galaxies and systems of gal-
axies are correlated on all scales up to the noise limit of their analyses,
between ~ 10 and 100 Mpc. The results are consistent with () and (4) but
not with (c).
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Nevertheless, model (¢) remained popular. In 1975 Turner & Gott (205)
analyzed the surface distribution of galaxies with apparent blue magnitude
m, < 14 and found that if the galaxies are separated into two classes, A
(associated) and S (single) [terminology by (187)], according to whether
the nearest neighbor on the sky lies within or beyond 45 arcmin, respec-
tively, then the galaxies in set A (60% of the total) display the correlation
function found by Peebles and coworkers, but the galaxies in set S (40%
of the total) exhibit no correlations among themselves and are identified
as a homogeneous (i.e. almost uniform) population of galaxies (205).
However, in 1977, Soneira & Peebles (187) studied the problem more
thoroughly and found that (a) the galaxies in set S are in fact clustered
among themselves and with the galaxies in set A, (b) the S and A galaxies
show strong and similar correlations with fainter galaxies, (c) the large-
scale clustering of the galaxies in sets S and A are quite similar, and (d)
the observational data agree well with simulation data of a hierarchical
model of structures with no homogeneous field population; Soneira &
Peebies concluded that if a field component of galaxies does exist, it
accounts for substantially less than 1¢% of the galaxies in a catalog selected
by apparent magnitude. This result was confirmed in a recent analysis by
Vettolani et al. (207b, 209) of the three-dimensional distribution of galaxies
with m, < 14.5 covering a large solid angle in the sky, which failed to
detect a nonclustered homogeneous background of galaxies.

In September 1975, a paper by Chincarini & Rood appeared in the
journal Nature that presented results of a nearly complete homogeneous
survey of redshifts of galaxies with m, < 15.0 in a 30 sq deg region west
of the center of the Coma cluster (45). A graph was published that sug-
gested to the authors that galaxies are associated with the Coma cluster
to a radial distance of at least 32 Mpc (Figure 2). This extended the directly
measured radial extent of the associated galaxies by a factor of 4 beyond
that evident in the tantalizing original plot by Mayall (116, Figure 2)
(depicted in Figure 1) and an updated version discussed with model ex-
trapolations (161, Figure 1). This result suggested to the authors that
the Coma cluster (radial extent >32 Mpc) is larger than the Local
Supercluster. They also mentioned that such a large radius implies that
gravitational mixing between the inner and outer regions is not well
advanced, so that the properties of the outer regions reflect to a significant
extent the initial conditions of the cluster formation period. J. H. Oort
(private communication, 1975) pointed out that our observed and deduced
properties of the structure more consistently indicate that it is a super-
cluster containing the Coma cluster. And P. J. E. Peebles (private com-
munication, 1975) noted the consistency between (i) our direct detection
of large-scale correlations to radii > 30 Mpc among the galaxies in a three-
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Figure 2 Doppler velocity vs. observed radial distance from the center of the Coma cluster
for the galaxies in the sample by Chincarini & Rood (45). The Coma cluster is part of a
structure that extends to >30 Mpc (100 million It-yr). Note the large empty region in the
foreground. Adapted from Figure 1 of (45).

dimensional sample of small solid angle, and (ii) similar recent results from
analyses of correlation functions derived from the surface distribution
of galaxies over large solid angles of the sky. The evidence was fast
accumulating that the Universe conforms to model (a), the superclustering
of galaxies.

The stream of research that led to (45) (a) began in 1960 with Mayall’s
far-reaching paper on electronic photographic spectroscopy (116); (b) con-
tinued in September 1969 with a remark by T. W. Noonan (private com-
munication, 1969) that the rich cluster A1367 may be associated with the
Coma cluster because they have the same Abell richness and distance class
and are only 20° apart on the sky; (c) continued in the late 1960s with the
application of the Carnegie image-tube spectrograph on the 2.1-m tele-
scope at Kitt Peak National Observatory to complete the redshift survey
begun by Mayall, and with the application of the data to a comprehensive
study published in 1972 on the structure of the Coma cluster (161); and
(d) continued in the late 1960s and early 1970s with the determination of
large numbers of redshifts of galaxies in clusters at a rate of >10 per
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night of observation (a realization of Mayall’s vision) (43a), and with the
publication in 1972 of initial results from the redshift survey for the 30 sq
deg region west of the Coma cluster [selected to simultaneously (i) extend
Figure 1 to larger radial distances, (ii) make significant, albeit leisurely
headway toward A1367, and (iii) decipher the nature of the survey field
that Zwicky et al. (220) identified as Cluster No. 16 in Field No. 158]
(44). The data and analytical techniques that provided the bases for the
discussion in (45) were published more fully in November 1975 (153a) and
May 1976 [(46), but with most of the new data mistakenly placed by the
printers in (95)]. This work, in major respects, was superseded in 1978 with
the publication by Gregory & Thompson (81) of results obtained from
their redshift survey of galaxies in a region that spanned completely from
the Coma cluster to A1367. It independently occurred to Gregory &
Thompson (from evidence similar to that which led Noonan to a similar
insight at least six years earlier) that the Coma cluster and A1367 are likely
to be part of a common physical entity. Gregory & Thompson constructed
their observing program to test this hypothesis, obtained the necessary
new data in one observing run, and then wrote the benchmark paper that
clearly presented the observational evidence demonstrating the existence
of (a) the Coma/A1367 supercluster with a characteristic length >40
Mpc and (b) a foreground region apparently devoid of galaxies with a
characteristic length >40 Mpc (81). The discussion and Figure 2 of (81)
[= Figure 12 (p. 391) of Oort (128)] provided a significant catalyst for
motivating extragalactic astronomers into action. Observational workers
began a dedicated and systematic attack on the problem of determining
the direct three-dimensional distribution of galaxies by applying efficient
and accurate analytical techniques to the data of modern detector and
computer technology (Section 2.1). And theoretical workers began to use
results from the new data to constrain parameters in old, revised, and new
models invented for the purpose of explaining the astrophysical origin and
evolution of large-scale structure in the Universe.

During the early 1970s, Chincarini and I were accumulating new galaxy
redshifts to study the structure of a Zwicky cluster (220) in the constellation
Hercules, which contains three Abell clusters (A2147, A2151, and A2152)
(4). In 1974, while examining the data accumulated up to that point,
Chincarini noticed that the redshifts are segregated into a small number
of groups. Because this also occurs in all of the relatively homogeneous
samples of redshifts that we had obtained for other parts of the sky, he
hypothesized that galaxies occur in groups (e.g. clusters and superclusters),
and that the apparent field of galaxies in a surface distribution is the result
of a superposition of such groups. [Chincarini & Martins (43), Focardi et
al. (73)].
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In 1976, efforts were intensified to complete the redshift survey for a
homogeneous sample of galaxies in the constellation Hercules and to add
a redshift survey for a homogeneous sample of galaxies in a contiguous
region that extends from Hercules to the cD cluster A2199. Results were
published in 1979-81 (37, 49, 191, 191a, 192). The distribution of points
in plots of redshift vs. declination for these galaxies [Figures 17-19 (pp.
401-2) of Oort (128)] led to (a) the definitive demonstration of the reality
of a supercluster that connects the triplet of Abell clusters in Hercules
(A2147, A2151, A2152) to A2199 [Abell had suggested the existence of
this supercluster as early as 1961 (5)], and (b) the discovery of a large void
in its foreground, both with a characteristic length > 50 Mpc. The stream
of research that led to the discoveries of superclusters and voids from early
redshift surveys of the Coma and Hercules regions was described in 1980
by Chincarini & Rood (48) and in 1982 by Gregory & Thompson (82).
Perhaps the first use of the term ‘““void” in the extragalactic literature
occurred in (48) and the Hercules papers (191, 192) following a suggestion
in 1979 by an individual at the University of Oklahoma, identity unknown.
“Void” is in fact a natural contraction of “region devoid of galaxies,”
which had been used earlier (e.g. 81, 196). A summary of the discoveries
from the early redshift surveys and a pioneering discussion of the statistics
and characteristics of superclusters, their formation, and a possible relation
of superclusters and voids to La absorption lines in quasars were presented
in 1981 by Oort (127).

The superclustering of galaxies [model (@)] and the presence of voids are
now accepted as fact, a paradigm among workers on large-scale structure.
I have suggested that 1975 was a pivotal year in the birth of this paradigm,
which to a large extent replaced Hubble’s model (¢); it is fascinating to
identify elements of model (¢) in the analyses and discussions within papers
written around that time (e.g. 53, 126a, 154, 165, 166). The latter two
papers, published in 1976 by Rubin et al., are especially interesting. For a
homogeneous sample of Sc I, II galaxies, (a) the distances derived by
assuming that the galaxies are “‘standard candles” (each with the same
absolute blue luminosity) and (b) the distances inferred from their redshifts
through the Hubble relation were found to display slightly different sys-
tematic variations across the sky consistent with a 454 + 125 km s ™' motion
of the Local Group relative to the reference frame defined by the galaxies.
The literature contains discussions of the influence on derived standard-
candle distances of systematic errors caused by, e.g., effects of super-
clustering and Malmquist bias (cf. 70, 83, 164a, 210c), but a recent study
that analyzes subsets of the Rubin et al. sample by correcting for systematic
biases and applying independent distances derived from, e.g., red and
infrared luminosities and absolute luminosities inferred from H I 21-cm
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velocity widths through the Tully-Fisher relation suggests that the effect
represents real motion (50a).

On September 12-16, 1977, IAU Symposium No. 79 was held in Tallinn,
Estonia, USSR. There I learned that as early as 1970, Ya. B. Zel’dovich
and coworkers were evolving theoretical models showing that interesting
large-scale structure (e.g. Figure 3) was formed by nonlinear dissipative
collapse of gaseous density perturbations, forming “pancakes,” followed
by condensation into galaxies (215, 215a, 215b, 217). In contrast, many
cosmologists in the West assumed that galaxies formed initially by Jeans
instabilities within random density perturbations that evolved into a hier-
archy of larger structures that could be tracked by N-body computer
experiments [cf. (2a, 187a, 205b) and Figure 26 (p. 424) of Oort (128)].
By analyzing the heterogeneous data in the literature, including the new
homogeneous data from redshift surveys discussed above, Einasto and
coworkers (e.g. 99a) found that the observed large-scale three-dimensional
distribution of galaxies exhibits cellular structure with remarkable quali-
tative similarity to the model realizations of Zel’dovich et al., but not
to results of random gravitational clustering. These suggestive general
conclusions were consistent with the discoveries of superclusters and
regions “devoid of galaxies” obtained from redshift surveys of homo-

e,
‘ ﬂ-: -

[ J -
Figure 3 A realization of large-scale structure that has evolved from initial gaseous density
perturbations that undergo nonlinear dissipative collapse. This figure, the result of cal-

culations by Zel’dovich & Novikov (217), was presented at IAU Symposium No. 79 held on
September 1216, 1977, in Tallinn, Estonia, USSR (215b).
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geneous samples of galaxies in selected regions of the sky that were reported
by observers from the US (191a, 196a).

In 1981, Ikeuchi (98) and Ostriker & Cowie (133) suggested that cosmic
explosions with an energy release ~ 10*' ergs originating from, e.g., quasars
or young galaxy starburst events would create blast waves that might be
influential in promoting, or amplifying, galaxy formation, and that might
also produce large-scale structure by tending to create voids with outward-
moving galaxies on their contiguous shells (130). In summary, by 1981 the
astrophysical inventory of known mechanisms that tend to generate large-
scale structure had grown to include (a) gravitational mechanics of galax-
ies, (b) dissipative gravitational collapse of gaseous density perturbations,
and (c) blast waves from cosmic explosions.

2. INDIVIDUAL VOIDS
(CURRENT OBSERVATIONAL STUDIES)

2.1 Results From Galaxy Redshift Surveys

Previous reviews of this topic include those by Chincarini (38, 39), Dorosh-
kevich et al. (62), Geller et al. (79a), Oemler (126b), Schwarzschild (175),
Shandarin & Zel’dovich (176), and Zel’dovich et al. (216). The review by
Geller et al. (79a) contains information in addition to that below.

2.1.1 IDENTIFICATION AND STRUCTURE OF vOIDS The early Coma/A1367
redshift survey (81) covers 260 sq deg. The sample of galaxies is nearly
complete to m, ~ 15 corresponding to an effective Doppler velocity limit
Vim ~ 8000 km s~'. The early Hercules/A2199 redshift survey (49) covers
a 332 sq deg region. The sample of galaxies was drawn randomly in
location and apparent magnitude from a population complete to m, ~ 15.5
(Viim ~ 11,000 km s™'). Both surveys revealed a prominent void with a
characteristic length >40 Mpc. These voids were detectable because they
are small compared with the effective depth of each survey (~160-220
Mpo).

Although redshifts have been measured for the galaxies in the all-sky
Shapley-Ames survey (59b, 167a) complete to m, ~ 13 (i.e. Vi, ~ 3000
km s7'), the effective depth (~60 Mpc) and the location of our Local
Group of galaxies within the Local Supercluster precluded the discovery
from these data of any obvious void with characteristic length >40 Mpc.
Because of these same survey properties, however, the data on Shapley-
Ames galaxies have contributed greatly toward increasing our knowledge
of the structure of the Local Supercluster, and Tully (202), 203) [papers
reviewed by Oort (128), pp. 380-384] finds that the great majority of
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galaxies in the supercluster are located in nine “clouds,” with most of the
space between empty.

Although the redshift surveys covering small solid angles of the sky led
to pioneering discoveries of individual voids (e.g. Coma/A1367, Her-
cules/A2199), redshift surveys covering large solid angles of the sky are
necessary to obtain statistical information on the locational and physical
properties of voids in general, as well as to obtain more complete structural
information about individual voids and their contiguous shells. The data
from the CfA redshift survey of the 2400 galaxies complete to m, = 14.5
withbd > 40°,6 > 0°and b < —30°,6 > —2.°5[where bis Galactic latitude
and J is declination (epoch 1950)] have been published (93a), and initial
results (59c) have been reviewed by Oort (128, pp. 385-94). Significant
progress has been made toward the completion of a corresponding redshift
survey of the >12,000 galaxies in the same solid angle of the sky with
m, < 15.5 (J. Huchra, preprint, 1987); for example, initial results from
part of this survey (discussed below) are beautifully illustrated by de
Lapparent et al. (56) as reproduced in Figure 4. Da Costa et al. (51b) have
carried out a complementary redshift survey of 1963 galaxies that is 84%
complete (redshift measurements obtained for 1657 galaxies) to an angular
diameter limit of 1 arcmin (very roughly m, ~ 15) in 1.75 ster of the
southern sky (6 < —17.°5, b < —30°).

The early studies described in Section 1.3 established that the void in
the foreground of the Coma/A1367 supercluster spans at least from the
Coma cluster (A1656) (o = 12857, 6 = 28°15, ¥V = 6955kms~") to A1367
(o = 11%42™, § = 20°7’, V = 6446 km s~ ') and that the void in the fore-
ground of the Hercules/A2199 supercluster spans at least from the Hercules
cluster (A2151) (o = 16"3™, § = 17°53’, V' = 11,122 km s~ ') to A2199
(¢ = 16"27™, 6 = 39°28’, V' = 9264 km s~ '), where the equatorial coor-
dinates are for epoch 1950 and the Doppler velocity is relative to the
centroid of the Local Group. Neta Bahcall (private communication, 1986)
pointed out that these two voids are in fact segments of the two largest
voids in Figure 4a from de Lapparent et al. (56), which I call the
Coma/A1367 void (or “Coma void,” for short) and the Hercules/A2199
void (or “Hercules void,” for short). Figure 4a is a plot of Doppler velocity
vs. right ascension (over a range of 9 h) for a nearly complete sample of
galaxies with m, < 15.5in a 6° strip of declination that contains the Coma
cluster. Figure 4b is the same as Figure 4a but with m, < 14.5. Figure
4(a,b,c) [which supersedes Figures 11 and 12 (pp. 390-91) of Oort (128)]
provides a clear demonstration of the detailed new structural information
on voids that is obtainable from the CfA redshift survey to an apparent
magnitude limit of m, = 15.5 and demonstrates that the Coma and Her-
cules voids are much more well defined from data with a survey limit of
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Figure 4 (a) Map of the Doppler velocity vs. right ascension in the declination wedge
26.°5 < § < 32.°5. Data are plotted for 1061 galaxies with m, < 15.5 and V' < 15,000 km
s~'. (b) Same as Figure 4a for m, < 14.5 and ¥ < 10,000 km s~'. Data are plotted for 182
galaxies. (¢) Projected map of the 7031 objects with m, < 15.5 listed by Zwicky et al. (220)
in the region bounded by 8" < a < 17" and 8.°5 < § < 50.°5. Reproduced from (56) by
permission of Margaret J. Geller.

m, = 15.5 (Figure 4a4) than from data with a survey limit of mz, = 14.5
(Figure 4b); this unequivocally demonstrates the physical reality of these
voids with their contiguous shells—i.e. with improved statistics, these
structures have risen significantly farther above the noise. [The reader may
wish to assess quantitatively whether the statistical confidence level of this
statement is actually tantamount to certainty; some considerations relevant
to this problem are discussed in (57) and Section 3.1.]. De Lapparent et
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al. (56, 57) note that the Coma and Hercules voids each have a charac-
teristic length ~ 50 Mpc, and their contiguous shells are sharply structured.
Part of the Local Supercluster with its effective Doppler velocity ~ 1000
km s~! that is evident in Figure 2 is also apparent in Figure 4a as part of
the contiguous shell of the Coma void. Because the angular extent of the
Coma and Hercules voids are each > 6°, de Lapparent et al., in order to
obtain additional information on their structure, examined a map of the
surface distribution of the galaxies with m, < 15.5 in a strip with the same
center and range of right ascension but with a width of 40° (Figure 4c¢).
De Lapparent et al. suggest that the cellular pattern evident in Figure 4a
and the smoothness of Figure 4¢ are simply understood if the galaxies are
distributed on the surfaces of shells tightly packed next to each other. [It
is remarkable that 10 yr earlier Einasto and coworkers were able to reach
very similar conclusions from examination of the heterogeneous data
available at that time (cf. 99a), albeit with some theoretical guidance by
Zel’dovich et al. (cf. 215b, 217).]

The de Lapparent et al. study (56, 57) underlines the potential value for
future work of (a) the entire CfA redshift survey complete to m, = 15.5
over a large fraction of the sky and (b) the completed subset of data
covering the 6° strip that was analyzed in (56, 57). [This data is being
prepared for publication and will also be made available on magnetic tape
for distribution by the Astronomical Data Center at the Goddard Space
Flight Center (M. Geller, private communication, 1987)]. With (a), one
should be able to establish with certainty whether the galaxy distribution
is in fact cellular, filamentary, some combination of both, or something
else. With (b), one could, e.g., subtract out the distorting effect of virial
motions of galaxies, especially from the Coma cluster, to establish whether
the Coma and Hercules voids are independent entities, or possibly, e.g.,
two parts of one void or the network of voids in the spongelike model of
Gott and coworkers (cf. 80). And one could examine the declination of
each galaxy with the same Doppler velocity and right ascension as a point
in the interior of the Coma or Hercules void to determine whether the
galaxy is nevertheless outside or actually within the void.

In 1978, Kirshner et al. (103) set out on a pioneering study of the
deep-space distribution of galaxies. They obtained redshifts and direct
photometric magnitudes for most of the galaxies (164 of 184) to a com-
pletion limit of m, ~ 15.5 (V;m ~ 11,000 km s~') in eight representative
square fields ~4° on a side, four in the northern and four in the southern
Galactic hemisphere. They planned to redetermine the galaxy luminosity
function and, stimulated by the recent progress in our understanding of
the distribution of galaxies in space derived from studies of the two-point
correlation function and the early redshift surveys [e.g. (81) and other
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work described in Section 1.3], to redetermine this space distribution.
Their data immediately suggested that the galaxy distribution might be
significantly smoother in the south Galactic polar cap (b < —40°) than in
the north Galactic polar cap (b > 40°), and the correlation function that
they derived was inconsistent with results from previous studies of the
surface distribution of large samples of galaxies (104). This was sufficient
to motivate Kirshner et al. (105) to obtain similar data for six rep-
resentative fields ~1.4° on a side, three in the northern and three in the
southern Galactic hemisphere, located near six of the fields in the previous
survey but penetrating to the pioneering apparent magnitude limit
m, ~ 11.5 (corresponding to Vyy, ~ 30,000 km s™' ~0.1¢). The three
northern fields are located approximately 35° equidistant apart on the sky
near the periphery of the constellation Booétes, as illustrated in Figure 5.

SURVEY FIELDS IN BOOTES AND CORONA BOREALIS

]
16h 15h 14h
x
Figure 5 Location on the sky of (@) the original Bootes survey fields NP5, NP7, and NP8
of Kirshner et al. (105), (b) the 283 small square survey fields (represented by small circles)
in the recent, more detailed survey of Boodtes (106), and (c) the Corona Borealis survey field
of Postman et al. (148a). Reproduced from (148a) by permission of M. Postman.
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Kirshner et al. found that the histogram of observed redshifts for 133
galaxies in these three northern fields (90% complete redshift survey) is
nearly empty in the interval between 12,000 km s~! and 18,000 km s™!
(Figure 6a); this surprising result led them to make the plausible inference
that the region within Bodtes may contain a very large void (characteristic
length ~ 120 Mpc) (105). To test this inference, they decided to survey the
entire BoGtes region in a representative manner to an apparent magnitude

30

Viooo

Figure 6 (a) Histogram of Doppler velocities in 1000 km s~! intervals for a sample of 133
galaxies ~90% complete to m, ~ 17.8 in the 1.4 sq deg fields NP5 (dark), NP7 (light), and
NP8 (hatched) depicted in Figure 5. The smooth curve is the distribution expected in
a homogeneous universe. Reproduced from (105) by permission of R. P. Kirshner. (b)
Corresponding histogram for a sample of 231 galaxies comprising (i) a subset ~97%
complete to m, ~ 17.5 (dark shading) and (ii) other galaxies in 239 square fields 15" on a side
(out of the 283 small fields depicted in Figure 5). The smooth curve is the distribution
expected in a homogeneous universe. Reproduced by courtesy of A. Oemler.
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limit m, ~ 17.5, measuring both redshifts and magnitudes for a large
homogeneous sample of galaxies. This was accomplished by first selecting
283 small square survey areas 15 arcmin on a side, covering 2% of the sky
area of the Bootes region, and distributed as shown in Figure 5. Then for
each of these fields they visually identified galaxies and ranked them
according to apparent luminosity. Apparent magnitudes of the galaxies
were then estimated from these ranks (typically, for a given galaxy, the
adopted rank is a logarithmic average of four values, one measurement
per observer) calibrated by photoelectric magnitudes measured for 59 of
the galaxies. Finally, redshifts were measured for 231 galaxies in 239 of
the 283 survey fields (90% complete redshift survey to m, ~ 17.5 in the
subset of 239 fields). The resulting histogram is shown in Figure 6b. The
region between 12,000 km s~' and 18,000 km s~ !, while not empty, remains
significantly deficient in galaxies relative to the number expected if the
galaxies were homogeneously distributed in space. Moreover, the largest
empty sphere that Kirshner et al. could place in the effective volume
occupied by their sample has a radius ~60 Mpc and is centered at
a = 14"50™, § = 46°, and Doppler velocity V' = 15,500 km s~'. Kirshner
et al. point out that, curiously, this empty sphere does not extend as far
as the three survey fields (NP 5, NP 7, or NP 8) on the basis of which the
original discovery of the Boodtes void was made. Kirshner et al. suggest
that the most plausible explanation is that the void, although apparently
sharply bounded in front and back, is surrounded in other directions by
a larger region of low density that fields NP 5, NP 7, and NP 8 happen to
penetrate at particularly empty spots (106). A direct test of this hypothesis
requires an even more extensive redshift survey. [Additional review of
work on the Bodtes void is provided by Oort (128, p. 417) and Oemler
(126b).]

The catalog by Zwicky et al. (220), constructed primarily by visual
techniques, provides coordinates and magnitudes for the galaxies north of
declination § ~ —3° complete to a limiting apparent magnitude m, ~ 15.5.
This information is prerequisite for the CfA redshift surveys to (a)
m, < 14.5 and (b) m, < 15.5. To construct deeper redshift surveys, and to
study in more detail the structure of the Bootes void, it seems advisable
to first create an analog of the Zwicky et al. (220) catalog, but to a limiting
apparent magnitude of, say, m, = 17.5 and by vastly more automated
procedures. This goal is now within practical reach through the application
of an automated plate scanner. One that is extremely fast, accurate, and
in refinement-developmental stages is the automated plate scanner (APS)
at the University of Minnesota; astronomers there are planning to use this
instrument to create useful primary data bases of this type. The APS was
initially built under the direction of W. J. Luyten specifically to carry out
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a stellar proper motion survey, but it has been refurbished with new
detection electronics and data-taking and processing equipment that make
it a practical instrument to apply to a plate copy of the Palomar Observatory
Sky Survey to construct an all-sky catalog of locations, magnitudes, and
other properties of galaxies nearly complete to m, = 17.5 (61, 96). The
APS can automatically identify and measure all objects with m, < 17.5
registered on a 14-inch x 14-inch plate of the Palomar Observatory Sky
Survey in a scan time of <2"45™ plus an equal reduction time. Completely
automatic discrimination between stars and galaxies is achieved for most
of the objects, and a semiautomated procedure achieves excellent dis-
crimination for nearly all of the remaining objects. It appears that the APS
system now provides a state-of-the-art technique for constructing the next-
generation galaxy catalog of coordinates and apparent magnitudes, data
that constitute a crucial prerequisite for next-generation galaxy redshift
surveys.

It should be recognized, however, that the advanced technology (e.g.
laser-beam scanning, computer and supercomputer reduction methods)
represented by APS cannot now make morphological classifications of
galaxies (61), so visual inspection of galaxies on photographic plates is
still needed to construct catalogs with extensive, detailed, and internally
consistent morphological information on galaxies (59b, 123a, 167a, 188b).

2.1.2 MATERIAL CONTENT OF VOIDS A récent review by Oemler (126b)
contains information in addition to that provided below.

The following evidence supports the hypothesis that the Coma and
Hercules voids are actually empty of matter: (a) Bothun et al. (30) studied
the 4624 galaxies with known redshifts listed in the Nilson UGC catalog
(123a). The sky was subdivided into cells of width 10° in declination and
length 4". For each of these cells, a histogram of Doppler velocity for
galaxies within each of three surface brightness categories was constructed.
The three velocity histograms had similar shapes. More specifically, there
was no tendency for redshift voids to be filled in by low-surface-brightness
galaxies (see Section 3.1.2 for additional statistical evidence). (b) Thuan et
al. (193) obtained a nearly complete sample of redshifts for 58 low-surface-
brightness galaxies (the majority with m, > 15.5) that are classified as
dwarf, irregular, or Magellanic irregular in the UGC and that are
located in the region of the sky for which the CfA redshift survey of
galaxies with m, < 15.5 is complete (Figure 4a). Thuan et al. found that
the low-surface-brightness dwarf galaxies lie on the structures delineated
by the normal high-surface-brightness galaxies. They do not fill in the
voids. (¢) The Coma void is evident in the three-dimensional distribution
of IRAS infrared galaxies (A. Yahil, private communication, 1987). (d)
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With the Green Bank 300-ft telescope, Krumm & Brosch (109) searched
for neutral hydrogen clouds in roughly 7% of the Perseus-Pisces void and
19% of the Hercules void. No clouds were detected, and the detection
threshold was sufficient for Krumm & Brosch to conclude that voids do
not contain a cosmologically significant population of H I protogalaxies.
Independent confirmation of this result, at about three times lower sen-
sitivity, was recently obtained from observations with the Dwingeloo tele-
scope by Hulsbosch (94a). Some suspected signals worthy of follow-up
checks were identified in the latter study.

-Although measured redshifts of the 22 surveyed IRAS galaxies within
a region covering one-sixth of the solid angle of the Boétes void indicate
that not one lies within the void (206a), the following results indicate that
the Bootes void is not empty. (a) Superseding anticipatory results of
Balzano & Weedman (20), Moody et al. (120a) discovered several emission-
line galaxies (which typically, but not always, spectroscopically resemble
H II regions with narrow lines and moderately weak stellar continua) in
the Bootes void, bringing the total number of known emission-line galaxies
in this void to eight. (b) Brosch & Gondhalekar (32) report the detection
of absorption lines in the ultraviolet spectra of background quasars at the
redshifts of the voids in Bootes and Perseus-Pisces; they state that the
detection of metal lines suggests chemical enrichment of gas in the voids
in support of the explosion-dominated model of formation of galaxies (98,
133). Additional discussions and interpretations of these observations are
found in (33, 35, 136-138).

2.1.3 STRUCTURE OF CONTIGUOUS SHELLS The structure of superclusters,
the material entities that make up the contiguous shells, is reviewed by
Oort (128). Particularly interesting are correlations of structural properties
of galaxies such as Hubble morphological type with local number density
of galaxies, first discovered by Dressler (cf. 63a) for rich clusters and
later found to extend monotonically into the domain of the dispersed
component of superclusters (41, 84b).

The determination of the geometry of contiguous shells is basically a
problem in map making [cf. Robinson & Sale (150) and MacKay (114)].
Ellis et al. (67) review the theoretical foundations of established astro-
nomical methods for determining the structure of the Universe from tele-
scopic observations. They also discuss selection effects introduced by this
process. Barrow & Bhavsar (22a) examine factors that determine pattern
recognition by the human eye, with special application to their role in the
evaluation of whether large-scale structure is, for example, filamentary or
cellular.

The geometry of contiguous shells derived by identifying observed Dop-
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pler velocities of galaxies with their Hubble velocities is systematically
distorted through the neglect of corrections for motions relative to the
Hubble flow. The latter include (a) the motion of a galaxy in a system
relative to the barycentric velocity of the system and (b) the motion of the
system relative to the Hubble flow. Galaxies in clusters for which item (a)
may cause significant distortions are generally excluded from analyses of
geometrical structure. Although our knowledge concerning motions of
systems of galaxies relative to the Hubble flow is still in an early state
(Section 2.1.4), what we do know indicates that their effects can be
neglected in estimating at least some broad features in the large-scale
geometry of contiguous shells (42, 56, 57). Nevertheless, in detailed analy-
ses, Fujimoto (79) and Kaiser (100b) demonstrated with several specific
examples that the neglect of effects of peculiar motions relative to the
Hubble flow can introduce some major geometrical distortions; for exam-
ple, the infall motion caused by the self-gravity of a supercluster translates
into a significantly sharpened contiguous shell, as estimated from uncor-
rected maps in velocity space (see Figure 4a).

2.1.4 KINEMATICS OF CONTIGUOUS SHELLS Previous reviews include
Davis & Peebles (54) on evidence for local anisotropy of the Hubble flow,
Mould (121) on the motion of the Local Group relative to the nearest
clusters of galaxies, and Andersen (6) on recent indications of general
streaming of galaxies within 100 Mpc.

Studies of galaxy samples within the Local Supercluster demonstrate
that (a) the distance from the observed redshift by means of the Hubble
relation and (b) the distance derived by a direct method that applies specific
intrinsic structural properties of galaxies (e.g. the Tully-Fisher relation
between H I velocity width and absolute luminosity of spiral galaxies, the
Faber-Jackson relation between nuclear velocity dispersion and absolute
luminosity of elliptical galaxies, and the approximately constant absolute
luminosity of Sc I galaxies) display different systematic variations across
the sky consistent with an infall velocity ~300 km s~' of the Local Group
toward the Virgo cluster (54).

Similar studies of samples of Sc and elliptical galaxies beyond the Local
Supercluster and within a volume of radius ~100 Mpc have led to the
detection (in the frame defined by the galaxy sample) of a velocity com-
ponent of the Local Group in addition to infall velocity (cf. 2, 6, 50a, 113b,
and references therein). But the derived values are very uncertain, and
systematic effects may be insufficiently understood. Therefore, the relation
of this motion to that derived from the anisotropy of the 2.75-K cosmic
microwave background is currently unclear. The 0.1% cosine dependence
(on sky angle) of the cosmic blackbody radiation is most simply interpreted
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to indicate that our galaxy (also the Local Group) is moving (in the
universal frame defined by the cosmic blackbody radiation) at a velocity
of 600+ 50 km s~ toward a point in the constellation Hydra (212a). A
recent study of an ensemble of galaxy clusters with distances between 80
and 200 Mpc indicates that the motion of the Local Group is within 250
km s~ of that inferred from this microwave dipole anisotropy (la, 121).
Evidently, the velocity of the Local Group (in the universal frame defined
by the cosmic blackbody radiation) contains a component in addition to
its infall velocity (i.e. the component caused by the gravitational attraction
of the Local Supercluster). This additional component may represent
motion of the entire Local Supercluster. On the other hand, A. Yahil
(private communication, 1987) reports that results from a study of the
three-dimensional distribution of IRAS infrared galaxies (which are detect-
able into the obscuring layer of the Milky Way) indicate that the additional
component represents transverse motion of the Local Group within the
Local Supercluster or its very near proximity.

The detected infall velocity of the Local Group suggests that super-
clusters, i.e. the components of contiguous shells, expand internally at
rates that are slower than the rate of universal expansion. It follows that
the observed velocity of a local region on the perimeter of a void relative
to its center (i.¢. the velocity caused by its origin and dynamical evolution)
contains (@) a positive component corresponding to the infall of galaxies
within a supercluster and (b) an additional component corresponding to
the cause of the difference between the 600 km s~! velocity relative to the
microwave background and the infall velocity of the Local Group. An
outward velocity component of a void perimeter of ~500 km s™! cor-
responds to a change in its characteristic length of ~20 Mpc in a Hubble
time ~ Hy L.

2.2 Indications From Distant Objects

The galaxy redshift surveys described in Section 2.1 extend to z ~ 0.1,
Abell rich clusters of distance classes D < 4 extend to z ~ 0.1, the more
distant Abell clusters extend to z ~ 0.3, quasars extend to z ~ 4, and the
cosmic blackbody radiation is believed to have originated at z ~1000.
These tracers with different limiting effective redshifts facilitate comparison
of present large-scale structure with that at epochs extending into the past
up to the epoch of hydrogen recombination following the primordial
fireball (48, p. 371).

2.2.1 ABELL CLUSTERS Previous reviews of this topic include Bahcall
(11, 13) and Oort (128, pp. 403-8, 417-18).
In 1961, Abell (5) detected superclusters by visual inspection of the
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surface distribution of rich clusters of galaxies listed in his catalog (4). A
rudimentary 1976 study of superclustering among Abell clusters (154, 155)
[which examined, for example, the three-dimensional spatial configuration
of the 27 Abell clusters of distance classes D < 2 (complete sample) with
known redshifts from Peterson (146)] was superseded by a parallel, but
more extensive and more technically sophisticated 1982-86 analysis by N.
Bahcall, R. Soneira, and W. Burgett [which examined, for example, the
locational properties of the 104 Abell clusters of distance classes D < 4
(statistical sample) with redshifts from Hoessel et al. (90a)]. The Bahcall
et al. study confirms the existence of superclusters of Abell clusters and
provides a list of their membership (18). [Locations and other properties
of the superclusters in the Northern Hemisphere are illustrated in Figure
21 of Oort (128, p. 406); similar but not identical memberships are depicted
by the complete-linkage dendrogram, an especially informative branching
diagrammatic representation of locational interrelations of Abell clusters
(cf. 158 and Figure 7).] The Bahcall et al. study demonstrates that the
correlation scale length (cf. Section 3.1.2) of the two-point correlation
function of Abell clusters is ~ 50 Mpc, i.e. five times larger than that for
galaxies (17) [cf. (65, 148) for evidence from independent observational
studies that directly supports this result, and cf. (12, 25, 50, 100) for studies
that explain the result astrophysically]. Furthermore, the study shows that
if the separation vectors of cluster pairs in superclusters are derived by
assuming that observed redshifts can be converted directly into distances
through the Hubble relation, then the average radial (i.e. line-of-sight)
component of the centroid of a pair, (R), tends to be larger than the
average transverse component, {7") (19). This result is illustrated in Figure
8 with reference to the dendrogram superclusters depicted in Figure 7, and
it is most naturally understandable as an effect of a characteristic non-
Hubble relative velocity of clusters within superclusters, AV ~ 2000 km
s~!. This value significantly exceeds the 600 km s~' motion of the Local
Group indicated by the anisotropy of the 2.75-K cosmic blackbody radi-
ation and causes serious problems for various cosmological models
advanced to explain large-scale structure (cf. Section 3.2.2); therefore,
explanations in terms of observational uncertainties and elongation of
large-scale structures are also being scrutinized in extensive detail (19).
Finally, the Bahcall et al. study demonstrates that superclusters lic on the
periphery of the Bootes void (16) [e.g. the Hercules supercluster lies on the
near side and the Corona Borealis supercluster lies on the far side (the
reader is referred to Figures 4, 5, and 6 for general locational orientation)];
that a void may be present in the three-dimensional distribution of Abell
clusters, which extends from /™ ~ 140° to 240°, " ~ 30° to 50°, z ~ 0.03
to 0.08, and has a characteristic length of ~300 Mpc (15); and that the
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Figure 7 A complete-linkage dendrogram for the statistical sample of Abell clusters with
distance classes D < 4 in the northern Galactic hemisphere (cf. 158). The ordinate specifies
the similarity level [defined as the logarithm (base 10) of the complete-linkage distance] of a
dendrogram supercluster, and the abscissa specifies the Abell designations (4) of its member
clusters. Each dendrogram supercluster is represented by a hoop with a similarity bar, below
which is written its identification number. (The superclusters Coma/A 1367, Hercules/A2199,
and Corona Borealis are Nos. 83, 120, and 86, respectively.) The similarity level of this bar
represents the diameter of the dendrogram supercluster. The vertical line that extends upward
from the center of the bar of the dendrogram supercluster is one of the two branches of the
hoop representing the next higher dendrogram supercluster in its membership hierarchy (its
neighborhood supercluster). A darkened branch means that the dendrogram supercluster is
a physical supercluster modulo 6; > 20, where §, is the local density contrast, i.e. the number
density of the dendrogram supercluster divided by the number density of the neighborhood
supercluster.

superclusters may be correlated on a scale of ~200 Mpc, suggesting the
possible existence of the largest structures yet detected (14).

Batuski & Burns (24) and Burns & Batuski (33b) adopt a different
approach to the study of large-scale structure with data for Abell clusters.
Instead of concentrating on the Abell clusters of the statistical sample with
measured redshifts, they apply data for all 2712 Abell clusters (statistical
plus nonstatistical sample) with measured plus estimated redshifts. This
causes a loss of homogeneity and accuracy in the data base, which,
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Figure 8 The ordinate represents N gings> the number of crossing distances traversed by a
cluster in its dendrogram supercluster over one Hubble time-scale (Hy !). Superclusters in
the northern and southern Galactic hemisphere are represented by closed and open circles,
respectively. The crossing distance is defined as the radius of a dendrogram supercluster.
Nrossings 18 €stimated from the formula N ogings = \/EO'R/O'T, where the separation vectors of
the R;-pairs of clusters in a supercluster are estimated from the angular separations and the
Hubble distances of the clusters (cz/H,), oy is the standard deviation of the radial (i.e. line-
of-sight) component of the separation vectors relative to the average for the system, and o
is the corresponding standard deviation of the transverse (i.e. in the plane of the sky)
component. The abscissa represents D,, the diameter of a dendrogram supercluster (estimated
to be its complete-linkage distance). An interesting exercise for the reader is to identify the
selection effect that causes the calculated N, ,ines t0 approach 0 as D, approaches the effective
limiting diameter of the volume containing the sample of Abell clusters. This figure illustrates
(in a different way) the redshift broadening that could indicate the relative velocities of Abell
clusters in superclusters of ~2000 km s~! discovered by Bahcall et al. (19).

however, is counterbalanced by an increase in the number of tracers that
characterize the large-scale structure. Each assigned redshift has been
either measured directly or estimated through a calibration curve from the
apparent red magnitude of the tenth most luminous cluster galaxy mea-
sured by Abell (4). Because the fractional uncertainty of an estimated
redshift is 0,/z ~ 0.3, the increased sample with estimated redshifts typ-
ically causes a decrease of the ratio of signal to noise (S/N) for the identi-
fication and delineation of structures, but for very large structures, S/N
increases. From the rough three-dimensional distribution of the 652 Abell
clusters with measured or estimated redshifts z < 0.13, Batuski & Burns
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(24) constructed a finding list of 102 candidate superclusters and 29 can-
didate voids with measured or estimated redshifts less than z ~ 0.1.
They identified the candidate superclusters as the islands created by the
linking of overlapping spheres of sweeping radius R, = 60 Mpc attached
to each Abell cluster.! The four candidate superclusters with the largest
membership of Abell clusters and with more than 50% of their redshifts
measured are illustrated in Figure 9. Batuski & Burns (23) found that the
Pisces-Cetus supercluster (A in Figure 9) located near the southern Galac-
tic cap is part of a possible filament of galaxies and galaxy clusters with a
characteristic length ~450 Mpc. In an independent investigation (204,
204a), Tully pointed out that if the supercluster-identifying sweeping radius
in the Batuski & Burns sample of Abell clusters is increased by only 50%
to R, = 90 Mpc, then a dramatic change occurs in which the Pisces-Cetus
supercluster links with both the Coma/A1367 supercluster and the Local
Supercluster. (The linked structure is a band containing ~ 60 rich clusters
that stretches across the entire sky through both the southern and northern
Galactic caps!) Moreover, the main plane of this Pisces-Cetus supercluster
complex (characteristic length ~500 Mpc and thickness ~60 Mpc) is
coincident with the principal plane of the Local Supercluster [characteristic
length ~ 50 Mpc and thickness ~8 Mpc; cf. (203), (204), and Oort (128,
pp- 380-84)], which suggests that the two structures are physically con-
nected. M. Postman, D. Spergel, & B. Sutin (private communication, 1987)
are comparing the observational data with corresponding data generated
from computer simulations of models that incorporate selection functions
derived from the observational data; the results of these comparisons
could provide quantitative estimates of the statistical significance of Tully’s
observational results. A historical precedent for these kinds of studies on
the Pisces-Cetus supercluster complex is found in earlier published studies
on the Local Supercluster itself (cf. 9, 58, 59).

Although a definitive answer concerning the physical existence of the
Pisces-Cetus supercluster complex must await results of quantitative simu-
lation analyses such as that by M. Postman et al. and observational analyses
with measured redshifts for the complete sample of Abell clusters with
z < 0.13, T suggest that the hypothesis of a physically real Pisces-Cetus

! This “percolation technique,” introduced in another context by Turner & Gott (205a)
and later introduced to the study of superclustering by Zel’dovich et al. (216), is discussed
more fully by Oort (128, pp. 409-11), and is one of a family of related supercluster identi-
fication techniques (Section 3.1.3). A given sweeping radius applied to a sample of clusters
that is selection-free (or for which selection effects have been removed) specifies a given
minimum local number density for supercluster membership, p,... = (4nR3/3)~3, which cor-
responds to a minimum global density contrast dg; for example, Bahcall & Soneira (18)
identified 16 superclusters with dg > 20.

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1988ARA%26A..26..245R&amp;db_key=AST

FTIBBARAGA. .~76. ~ Z45R0

270 ROOD

ABELL CLUSTERS

= N
dhy, <
T g

G) -0.100
=0-6

Figure 9 Aitoff equal-area projection of the celestial sphere in Galactic latitude (b™) and
longitude (/™) displaying the locations of the Abell clusters in all richness classes (R = 0-6)
contained in four of the supercluster candidates of Batuski & Burns (24). Octagons and
triangles signify clusters with measured redshifts and estimated redshifts, respectively. The
legend contains the limits of the sizing scheme for the symbols (linear in redshift). The four
candidates, outlined by contour lines, are (A) Pisces-Cetus, (B) Sextans-Leo, (C) extended
Hercules, and (D) Aquarius. By inspecting the chart representing the sky distribution of
Abell clusters reproduced in Figure 20 of Oort (128, p. 404), we note that the zone of
Galactic obscuration lies between b ~ —30° and " ~ 30° and that the southern equatorial
hemisphere, which (for practical reasons) is not part of the Palomar Observatory Sky Survey,
lies primarily in the lower right-hand quadrant of the plot. The region occupied by the Pisces-
Cetus supercluster complex, with its characteristic length ~ 500 Mpc studied by Tully (204),
extends from the elongated Pisces-Cetus supercluster (A) through the Galactic plane at
I" ~ 120° and the Coma cluster near the northern Galactic pole. The Local Supercluster
(centered near I" = 284°, " = 74°) is contained within this supercluster complex. The void
of Abell clusters, with its characteristic length ~ 300 Mpc identified by Bahcall & Soneira
(15), extends from /™ ~ 140° to 240°, b™ ~ 30° to 50°, and redshift z ~ 0.03 to 0.08. Repro-
duced from (24) by permission of D. J. Batuski and J. O. Burns.

supercluster complex might make more understandable at least two astro-
nomical puzzles: (a) The polar Galactic extinction derived from the classical
interpretation of galaxy counts is much larger than the accepted value (0.2
mag) derived from less suspect methods (59b). The Pisces-Cetus super-
cluster complex would introduce a previously unrecognized bias that acts
in the direction of the effect. The steep selection function in Galactic latitude
that has been derived from the surface distribution of Abell clusters (17)
(corresponding to an equivalent polar extinction of 0.5 mag) may also
contain a component from this very large structure. The discovery by
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Kirshner et al. (104) that the galaxy distribution is significantly smoother
in a sampling of the south Galactic polar cap than in a sampling of the
north Galactic polar cap may be related to the structure of the Pisces-
Cetus supercluster complex. () The Local Group moves with a velocity
of 600 km s~ ! relative to the frame of the cosmic microwave background
(212a), which is consistent (within the uncertainties of measurements of
velocities and especially distances) with results from local samples of
galaxies within an effective distance of ~ 100 Mpc (2, 6, 50a, 113b). There
is also an indication from studies of kinematic properties of elliptical
galaxies within a distance of ~100 Mpc that this entire local region
might be participating in this motion (6, 113b). Bulk motion would be
understandable if the Pisces-Cetus supercluster exists, and part or all of
the 600 km s~! motion of the Local Group relative to the frame of the
microwave background could be caused by the gravitational attraction of
this supercluster complex. [A local feature sometimes called the “Great
Attractor,” located at a distance of ~90 Mpc positioned on the sky just
below the Centaurus cluster (Figure 10), has previously been suggested to
cause bulk streaming motion (6, 113b). Comparison of Figures 8 and 9
indicates that the “Great Attractor™ is located on the great circle of the
Pisces-Cetus supercluster complex and hence is likely to be a nearby
part of this relatively planar structure.] The mass of the Pisces-Cetus
supercluster complex is M = 10'7-10'® M, derived by Tully (204) from
summing the mass expected to be associated with the number of Abell
clusters in the complex (cf. 12, 45) and, alternatively, by estimating the
fraction of mass in the volume occupied by the complex in a universe with
a density parameter 0.1 < Q < 1. The Local Group and the galaxies in its
environs would be falling toward the center of the Pisces-Cetus supercluster
complex with an infall velocity given by AV,, = GM/R*H,. For R ~ 250
Mpcand M ~ 10"7-10" M, AV;, ~ 150-1500 km s~!, consistent with the
observed peculiar velocities relative to the Hubble flow (e.g. AV, = 600
km s~ corresponds to M ~ 4 x 10" M ).

The location of the ~ 300 Mpc void identified by Bahcall & Soneira (15)
(see above) is noted in the caption for Figure 9. From analysis of their
extended sample of Abell clusters, Batuski & Burns (24) and D. J. Batuski
et al. (private communication, 1987) find that this is indeed an extremely
large region of very low cluster density; knowledge of whether or not it
will break up into a collection of smaller voids, however, must await direct
redshift measurements for the Abell clusters whose estimated redshifts
would place them in or near this void.

2.2.2 QuasArRS Previous reviews of this topic include Tanaka & Ikeuchi
(190) and Oort (128, pp. 408-9).
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Figure 10 Computer-generated sky map by O. Lahav of galaxies with blue apparent
magnitude smaller than m, ~ 14.5. The plot is centered at /™ = 307°, b = 9°, the direction
of streaming motion found from a sample of elliptical galaxies within a volume of radius
~100 Mpc by Lynden-Bell et al. (113b). The dark vertical band represents the zone of
avoidance caused by Galactic obscuration. The location of the Galactic center is 37° up from
the bottom of the picture. The Virgo (V), Centaurus (C), Hydra (H), and Antilia (A) clusters
are indicated. The “Great Attractor” is the great concentration of galaxies just below the
Centaurus cluster. The nonlinear scale indicates 9° intervals spanning the range from the
center to the edge of the picture. Reproduced from (113b) by permission of Sandra Faber
and O. Lahav.

The distances of most quasars are much larger than the distances of
galaxies and clusters of galaxies from which superclusters and voids have
been detected in the large-scale structure. Shaver (180) discusses the pos-
sible existence of very large scale structure in the three-dimensional dis-
tribution of quasars, especially at redshifts z < 0.5. Oort (127, 129) suggests
that the redshift separation between known superclusters evolved back to
z = 2.5 1s of the same order as the separation between the strongest Lo
absorption systems observed in quasars (cf. 170a), which suggests that the
absorption systems may be caused by uncondensed Zel’dovich pancake
gas (215, 215b, and Section 1.3) that has remained uncondensed. Detailed
analyses of physical constraints for the gaseous clouds that are the La
absorbers have been derived by, for example, Melott (117) and Ostriker
& Ikeuchi (134), who discuss alternative models.
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2.2.3 COSMIC BLACKBODY RADIATION Previous reviews of this topic
include Sunyaev & Zel’dovich (189) and Wilkinson (212a).

Evidently, the cosmic blackbody radiation was generated by primor-
dial material with fluctuations in mass density that later evolved into
the (superclusters+ voids) large-scale structure that we observe today.
Searches are in progress to detect a signature of these fluctuations in the
form of irregularities in the sky distribution of the cosmic blackbody radi-
ation. Wilkinson (212a) reports that the 0.1% cosine distribution of the
all-sky cosmic blackbody radiation (interpreted to represent a 600 + 50 km s~
motion of the Local Group relative to the frame defined by this radiation)
shows no ripples on smaller angular scales at 10% of that level. In particu-
lar, bumpiness with angular scales of about 10 arcmin has not yet been
seen (cf. Section 3.2.2).

3. ENSEMBLES OF VOIDS (CURRENT STUDIES)

Previous reviews of topics discussed in Section 3 include de Lapparent et
al. (57), Doroshkevich et al. (63), Fall (69a), Krauss (108), Peebles (144),
Rees (148d), Shandarin & Zel’dovich (176), Silk et al. (182), Sunyaev &
Zel’dovich (189), Waldrop (210b), White (211e), and Zel’dovich et al.
(216).

3.1 Statistical Representations of Void Data

Once a homogeneous sample of superclusters or individual voids is ident-
ified, their structural properties can be determined and then studied sta-
tistically, just as is done for other cosmic objects (e.g. stars, supernova
remnants, galaxies); in 1981, Oort (127) pointed the way. The locational
properties of the galaxies or clusters that constitute the homogeneous data
bases used to identify voids can also be studied by statistical methods to
learn about void properties and their relation to predictions of models; the
techniques and results are described below.

3.1.1 ProissoN voIDS (SUBTLETIES) Individual voids in the space dis-
tribution of galaxies with characteristic lengths of ~50 Mpc were first
recognized definitively by visual inspection (Sections 1.3, 2.1.1); the Coma
and Hercules voids are illustrated in Figure 4. Bahcall & Soneira (15)
presented a variety of evidence that suggests the physical presence of a
void in the space distribution of the 71 northern Abell clusters of galaxies
(statistical sample, distance classes D < 4) corresponding to N, ~ 52 super-
clusters distributed according to the selection function f(b) = 10°3(—cs®
(where b 1s Galactic latitude) in solid angle Q, ~ =. The void was detected
visually as an empty region of solid angle Q, = g, £, (where g, ~ 1/7) in
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the surface distribution of Abell clusters. From an analysis of 100 computer
model simulations and an analytical calculation for a model of N, super-
clusters with uniformly Poisson-distributed locational coordinates, they
estimated that the statistical probability for the chance occurrence of a
void of solid angle Q > Q, is P, < 0.01. Politzer & Preskill [147; see also
(135)] proved that a void search-procedure correction must be applied to
Bahcall & Soneira’s analytical calculation [to allow for the fact that Bahcall
& Soneira identified the void by scanning the survey area Q. to find
the largest empty region, €,, and not by placing search windows of solid
angle Q, at random (or, alternatively, evenly spaced) locations within €Q,].
Hence, Bahcall & Soneira’s probability formula P, ~ Q,/Q, x e M
became replaced (for circular voids) by Politzer & Preskill’s
P, ~Q,/Q, x (Ng,)* x e"9/f. (where f, is a fiducial correction factor to
exclude circles that overlap the boundary of the sample), so that P, ~ 0.2.
The value is even larger if the shape of the void is allowed additional
degrees of freedom [see (147)]. The factor of > 20 discrepancy between the
value of P, derived from computer model simulations and the value derived
analytically is unexplained at this time.

3.1.2 STATISTICAL PROBABILITY TECHNIQUES To study voids by means
of statistical probabilities, a statistic must first be identified that provides
a well-defined signature for the presence of voids. Then the probability-
density or distribution function of that parameter is calculated from the
locational coordinates of the galaxies in the sample. Finally, a comparison
is made between this observed probability function and the predicted
probability functions calculated from mathematical and astrophysical
models with the same number of galaxies and the same observational
selection functions as in the observational sample to identify that model
which provides the best fit to the observed probability function.

Early statistical studies of large-scale structure applied primarily the
spatial two-point and occasionally n-point correlation functions (cf. 142,
142a, pp. 138-256; 198). Correlation functions are insensitive to void
structure (cf. 77, 84, 114a), so the extensive work on determining cor-
relation functions from observational data, while contributing to our gen-
eral knowledge of large-scale structure, contributed not at all to the dis-
covery of voids. One can think of the observed two-point correlation
function, the structure indicator SI of R;, as a construction from the
totality of the N(N—1)/2 separation vectors of length R; (where the N
galaxies in the homogeneous sample are numbered from i,j =1 to N).
The two-point correlation function provides information on the observed
large-scale structure relative to a (structureless) model with Poisson-dis-
tributed locational coordinates, and it is defined as SI=[N(R;)/
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N(R;j)poissonl — 1, where N(R;) is the number of observed galaxy pairs with
R; to R;j+AR;;. Here AR; is a standard interval chosen to be sufficiently
large so that S7is statistically well determined at the smallest R; of interest,
but small compared with the effective radius of the cosmic volume con-
taining the sample of N galaxies. N(R;)poisson 1S the corresponding number
of pairs with R; to R;+AR; averaged over Ng samples (where Ng—
o), each sample with N galaxies constructed from an initially Poisson
distribution of locational coordinates to which the observationally derived
selection functions have been applied. The n-point correlation function is
obtained by generalizing these concepts to encompass the joint distribution
of the n separations: R;, Ry, etc. The observed two-point correlation
function is observationally well described by a power law, i.e. ST = AR},
where A is the correlation amplitude and x is the “slope.”” The correlation
scale length R, is the value of R, for which ST = 1,i.e. Ry, = A~ '”*. Analysis
of data on locational coordinates of galaxies and galaxy clusters indicates
that x ~ —1.8 for both types of cosmic object, but R ~ 10 Mpc for
galaxies and R; ~ 50 Mpc for galaxy clusters (cf. Section 2.2.1). Additional
information on large-scale structure is contained within the values of
corresponding parameters for the hierarchy of n-point correlation func-
tions; for example, within this framework, Fry (78a) studied statistics to
quantify the visual impression of filaments in galaxy maps.

White (211c¢) derived and displayed relations that can be used to express
any quantitative measures of clustering in terms of the hierarchy of cor-
relation functions. He found that on scales less than the expected nearest
neighbor distance most measures are influenced only by the lowest order
correlation functions, and on all larger scales the measures depend sig-
nificantly on higher order correlations only. White then suggested a par-
ticularly appealing statistical probability function that is influenced by
correlation of all orders: the probability density function p(r), or, alter-
natively, the distribution function, g(r) = jf° p(r) dr, of the distance r from
a randomly chosen point to its nearest galaxy neighbor; p(r) and g(r) are
very sensitive to the presence of voids (cf. 3). For a Poisson reference
model of galaxies with randomly distributed locational coordinates [i.e.
the local number densities n(x, y, z) equal the global number density z to
within Poisson uncertainties], we have g(r) = e™™. The probability func-
tions p(r) and g(r), and other closely related probability functions, seem
to encompass the entire set of probability density and distribution func-
tions that have been used to study the nature of voids as indicated by the
locational properties of homogeneous samples of galaxies. Void-sensitive
probability functions of this type have been derived for many mathematical
and astrophysical models (cf. 3, 78, 84, 171); as demonstrated by Fry (78),
for example, the main advantage of this type of analysis is that evolution
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and other effects are reduced to a single statistic whose distribution is
model sensitive. Some of these mathematical and astrophysical models have
been subjected to the selection functions derived from observational data
of homogeneous samples of cosmic objects, and the resulting predicted
probability functions have been compared with the corresponding empiri-
cal probability function derived directly from the observational data (cf.
31, 140, 167, 186, 208, 209). Probability functions derived from observa-
tional samples of galaxies with different ranges of absolute luminosity are
consistent with the assumption that the less luminous galaxies do not fill
in the voids (167, 186; see also Section 2.1.2). Finally, I note that the above
statistical procedures to study voids, which have been applied extensively
to samples of galaxies, seem not to have been applied to samples of Abell
clusters of galaxies. This may be a consequence of a reluctance to accept
the homogeneity of the statistical sample of Abell clusters (which was
identified visually). Abell (4) documents the care taken to insure that the
sample is statistically homogeneous so that it can be used for statistical
studies [with the proviso that care must be exercised to allow for effects of
the random and systematic uncertainties of the data, as has been done in
the work by, e.g., N. Bahcall et al. (Section 2.2.1)]. Concrete studies to
settle this issue are in progress.

Void-sensitive probability functions such as p(r) and g(r) derived from
observational galaxy data have been related to the amplitudes of the »-
point correlation functions by Sharp (179) [from data in the Zwicky cata-
logue (220)] and by Bouchet & Lachiéze-Rey (31) [from data in the CfA
catalog (93a)]. Masson (114a) points out that correlation function analysis
cannot distinguish between overdensity and underdensity structure. Fry
(77) and Hamilton (84) show that the qualitative and to some degree
quantitative aspects of n(x,y,z) < n, the spatial density function at the
small local densities appropriate to voids that is recovered from the ampli-
tudes of the n-point correlation functions, is largely independent of the
exact sequence of amplitudes [i.e. the correlation amplitudes provide a
poor characterization of n(x, y, z) within voids].

3.1.3 DENDROGRAM ANALYSIS All the information on large-scale struc-
ture extractable from a homogeneous sample of N cosmic objects is con-
tained in the N(N—1)/2 separation vectors of length R;. The two-point
correlation function extracts from these data two parameters, a slope
(x) and amplitude (A4), and the n-point correlation functions contain 2x
corresponding parameters. Correlation functions do not cleanly separate
internal from global structural properties of systems of objects. Complete-
linkage dendrograms, which use only those R;’s that refer to global struc-
ture, were introduced to astronomy by Materne (115).
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A complete-linkage dendrogram (e.g. Figure 7) diagrams the results of
an abstract elimination tournament. A sphere with sweeping radius R [cf.
Section 2.2.1 and Oort (128, pp. 409—11)] is centered on each object. The
x-axis of the dendrogram contains N evenly spaced nodes, one for each
object. As R, increases, the spheres begin to overlap. The first contact of
two expanding spheres is represented by a dendrogram hoop, composed of
two nodes, two vertical branches, and a horizontal similarity bar. The
branches connect the nodes to the ends of the similarity bar. The midpoint
of a similarity bar forms a new node. The y-coordinate of a similarity bar
specifies the similarity level of the corresponding dendrogram system. The
similarity level could be defined, for example, by the logarithm of R, the
complete-linkage distance, i.e. the largest R; among the mutual separa-
tions of the M objects in the dendrogram system. (The single-linkage
distance, i.e. the sweeping radius that resulted in the link, is the smallest
R; among the mutual separations of the M objects in the dendrogram
system.) R. is an approximation to D., the major diameter of the dendro-
gram system.

A dendrogram contains information about both large-scale structure
and individual structures. Parameters such as (M) and o, the average
multiplicity and rms multiplicity of the (N —1) dendrogram sysiems com-
prising the N objects, are model sensitive. D, and M, the diameter and
multiplicity of a dendrogram system, are fundamental global properties
of a system. Subsets of physical systems among the dendrogram systems
can be readily extracted by adopting a criterion for physical reality based
on, for example, global or local number density contrast or, similarly,
overdensity (if physical superclusters are to be identified) or underdensity
(if physical voids are to be identified). For an observational sample and
mathematical/physical models with the same number of objects and same
selection functions, one can construct (by analogy with the definition
of the two-point correlation function) the function S7 of D, defined as
SI = [N(D.)/N(D¢)poisson] — 1, which compares (for the sample of interest)
the distribution of characteristic lengths of the observed dendrogram sys-
tems with that for a Poisson sample with the same number of objects and
the same selection functions. Or one may wish to calculate an especially
void-sensitive function, e.g. ST of D, (where D, is the characteristic length
of a void), derived from the dendrogram systems with left and right nodes
(L and R) each located on either the x-axis [characteristic lengths D (L) = 0
and D.(R) = 0] or the similarity bar of the hoop representing a previously
identified dendrogram system (nonzero characteristic lengths). An estimate
of D, is provided, for example, by D, = D.—[D.(L)+ D.(R)]. The wealth
of research possibilities of dendrograms in general, and complete-linkage
dendrograms in particular, toward identifying physical systems in astron-
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omy and clearly describing basic properties of large-scale structure has
only begun to be tapped (115, 158, 191, 201a, and references therein).
Complete-linkage dendrogram analysis is one of a family of broadly
related techniques. Oort (128, pp. 409-11) reviews (a) “percolation cluster
analysis,”” which analyzes plots of the complete-linkage distance vs. the
single-linkage distance, and (b) “‘multiplicity function analysis,” which
analyzes the frequency distribution of multiplicities of dendrogram
systems. Bhavsar & Barrow (27) recently did a percolation cluster analysis
on the CfA (93a) sample of galaxies and a corresponding sample generated
by N-body simulations of gravitational clustering (2a). Dekel & West (55)
find that percolation is an insensitive discriminant between models of
clustering that are very different. (The reader should be cautioned not to
assume a priori that this result necessarily also applies to any other given
technique based on the concept of a sweeping radius.) Interesting new
techniques that for some purposes may provide complementary or pre-
ferred information to that accessible through study of complete-linkage
diagrams include analyses with ‘“minimal spanning trees” described by
Barrow et al. (22b) and ‘“‘taxonomical analysis™ introduced to astronomy
by Paturel (141a) and applied recently by Moles et al. (120; also 145, 145a).

3.1.4 POINT-SMOOTHING ANALYSIS Gott et al. (80) [also see (80a, 84a,
211), J. R. Gott III & A. L. Melott (preprint, 1986), D. Weinberg & A. L.
Melott (preprint, 1986), and A. L. Melott, D. Weinberg & J. R. Gott 11T
(preprint, 1987)] introduce at least three new ingredients into the analysis
of three-dimensional large-scale structure: point smoothing, high-contrast
mapping, and a ropological genus parameter to distinguish between differ-
ent models. The analysis is done with data from the CfA redshift survey
complete to apparent magnitude m, ~ 14.5. A “cosmic cube” with an
effective edge length of ~ 140 Mpc was selected for which the census of
galaxies with absolute magnitude M, < —20.5 is complete. Each of the
153 galaxies in the cosmic cube is given a unit mass that is smoothed into
a density distribution over a volume with an effective smoothing length
R, ~ 19 Mpc selected to be sufficiently large so that distorting effects of
motions of galaxies [cf. (100b) and Sections 2.1.3 and 2.1.4] are “small.”
Ateach location in the cosmic cube, the total local density is then calculated
by summing the contributions from the smoothed individual galaxies. The
known density distribution in the cosmic cube is then used to construct a
high-contrast three-dimensional map that consists of “‘white’” and “black™
regions corresponding to local densities larger or smaller than the medium
value, respectively. Thus, half of the volume of the cosmic cube is “white”
and half is ““black.” If theoretical considerations are neglected, then the
resulting topology of the cosmic cube is surprising. Instead of white polka
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dots (individual superclusters) on a black background [model (a) in Section
1.1] or black polka dots (individual voids) on a white background [model
(b) in Section 1.1], the white and black regions were found to be connected,
equivalent, and completely interlocking, a connected white structure inter-
twined with a connected black structure (one supercluster, one void), a
spongelike topology [model (¢) in Section 1.1].

Gott and coworkers point out that for a large class of cosmological
models [cf. Oort (128, pp. 418-25) and Section 3.2.2], spongelike topologies
are physically consistent with having equivalent high- and low-density
regions in the initial fluctuations. The topology does not change so long
as the fluctuations are in the linear regime. The topology of the two-
dimensional surface specified by the median density separating the black
and white regions is characterized at a particular location by the Gaussian
curvature K = 1/a,a,, where a, and a, are the principal radii of curvature
at that point. For a large class of surfaces, the integral of the Gaussian
curvature over the surface is given by the Gauss-Bonnet theorem,
I= jK dA = 4n(1 —g), where g is the genus of the surface. Loosely speak-
ing, g is the number of holes contained in the surface: for a sphere, g = 0;
for a donut, g = 1; for a sphere with N, handles, g = N,; and for two
spheres, g = — 1. In applications, Gott and collaborators calculate (a) the
genus of the median density surface and other contours of the smoothed
density distribution and (b) the mean genus per unit volume. Results
derived for the galaxy distribution in the cosmic cube of the CfA sample are
compared with corresponding results for models derived from numerical
simulations of galaxy clustering (cf. Section 3.2.2).

3.2 Theoretical Studies

3.2.1 DYNAMICAL EVOLUTION OF VvOIDS A typical void has a radius
R, ~ 25 Mpc and a sharp contiguous shell of superclusters with a non-
Hubble velocity (assumed outward relative to the center of the void)
Ve ~ 600-1400 km s~'. (The range is defined by the velocity of the Local
Group relative to the cosmic microwave background and the relative
velocity of Abell clusters in superclusters.) This velocity includes a com-
ponent V,, ~ 300 km s~ from infall of galaxies toward the center of a
supercluster. To this reviewer, these observed parameter values seem nicely
consistent with the results of the basic theoretical considerations now
described.

We adopt a model consisting of a galaxy located in a group (or cluster),
within a supercluster, constituting part of the contiguous shell of a void
in a universal homogeneous background of matter. The velocity V, and
radius vector R, of the galaxy are referred to an origin at the center of
the void. The velocity of the galaxy is specified by the vector relation
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V, = Ve +Vu+ Vi, + Vo + Vi, where V,;, is the virial velocity relative to
the barycenter of the group, Vy is the Hubble (cosmological) velocity
corresponding to the universal background, V,, is the supercluster infall
velocity [caused by the overdensity of the supercluster relative to the mass
density of the universal background], V., is the void outflow velocity
(caused by the underdensity of the void relative to the mass density of the
universal background), and V., is the vector sum of all extra components
[the only extra component suggested so far is that caused by a hypothesized
explosive origin of a void (98, 133)]. The components V,;, and V;, are
discussed in detail elsewhere (cf. 54, 69), and Vy, V., and V., are discussed
below; a previous review with different perspectives is provided by Ostriker
(130).

First consider a locally Newtonian, Euclidean, homogeneous, isotropic
universe of mass density p, ~5 x 1073 g cm™* consisting of non-
interacting unit point masses (which are henceforth simply called “par-
ticles””). The relative velocity Vy of any two particles separated by a
distance R; < c¢/H, (where c is the vacuum speed of light and H, is
the local Hubble constant) obeys the Hubble relation Vy = H,R;. Now
consider a similar universe—the same model except for the presence of a
single ellipsoidal void. For simplicity, the mass density of the void, p,, is
assumed constant, so that its density deficiency is p,, = p,— p,. As pointed
out, for example, by Icke (97), according to this model the void can be
considered as a region of megative density in a uniform background.
Therefore, a particle located on the perimeter of a void feels an outward
force that decreases with increasing distance from the void center (cf.
148c, pp. 161-84); consequently, as time passes, asphericities will tend to
disappear. In this way, Icke (97) explained analytically an effect that
had been observed by Centrella & Melott (36) from a three-dimensional
computer simulation of large-scale structure in the Universe. Icke’s result
was obtained independently by Fujimoto (79), whose extensive model
calculations in the framework of an expanding universe are also applied
to estimate time scales for achieving sphericity (which he finds are typically
< H; ") and to demonstrate that the neglect of the effect of outfall velocities
leads to an overestimate of the radial length of the Bootes void (by a factor
of ~1.4 according to the model calculations).

Consider a spherical void of radius R, ~ 25 Mpc with a contiguous shell
of particles moving outward at the velocity (relative to the Hubble flow
and with virial motions removed) given by V,, = V;, +V .+ V... We adopt
V.. ~ 300 km s~ ! and determine V, and V,, as follows. The acceleration
of a particle on the perimeter of the void equals the unbalanced force,
dVo/dt = GM,,|R? = 4nGp,, R,/3 directed outward from the void, where
G is the Newtonian gravitational constant. A crude integration then gives
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Vou = (GM/RY Hy'. If p,, = p,, then V,, ~ 600 km s~'. The con-
tiguous shell tends toward a sharp structure because points that lie at
distances r > R, experience a Keplerian falloff in outfall velocity
(Vou ~ r~ %), so that particles nearer the void tend to overtake more
distant particles.

An estimate of V,, similar to that by Ostriker (130) is now made. An
explosive origin of a void evacuates the mass M,,. The median distance of
this material from the center of the void is ~0.8R,. Hence
Ve = 0.2R,H;y!. From this relation, for R, ~25 Mpc, we obtain
Ve ~ 250 kms~!. For M,, = M,, the corresponding kinetic energy of the
ejected material, E,, ~ M, V2/2,is E.. ~ 2 x 10% ergs (the energy equiv-
alent of 10° solar masses). The source of this large quantity of energy and
other problems noted by Oort (128, p. 425) make difficult the creation
of voids with a characteristic length of ~50 Mpc by this mechanism.
Nevertheless, physical processes within blast waves generated in a cosmic
explosion may be significant for the formation of galaxies and smaller
voids, and details of models within this framework have been worked out
(e.g. 34, 98, 99, 130, 174, 210).

From the above discussion, it should be clear that the observed structure
and kinematics of voids are consistent with basic theoretical considerations
to within the large uncertainties of both the observational data and the
theory. The crude analysis presented above is intended both to illustrate
some basic aspects of the dynamical evolution of a void and to underline
the theoretical need for forthcoming observational results on detailed
structural and kinematic parameters of homogeneous samples of voids
and their contiguous shells. More sophisticated analyses of the dynamical
evolution of voids are given in (26a, 71, 85, 91, 92, 112, 122, 124-126, 139,
143, 144b).

3.2.2 ORIGIN OF vOIDS An excellent introduction to the origin of large-
scale structure is provided by Oort (128, pp. 418-25).

It is assumed that the present large-scale structure evolved from fluc-
tuations that occurred in an early era prior to the recombination of hydro-
gen [28, 76a, 86, 118, 177, 206, 211f, 215c¢, 218; also cf. Oort (128)]. The
primary aim of these theoretical calculations is to generate predictions
consistent with all known cosmologically relevant data [e.g. (@) the Hubble
relation, Vy = HyRy; (b) the presence of the 2.75-K cosmic blackbody
radiation, its 600 km s~' dipole anisotropy, and the nondetection of super-
imposed irregularities; (c) the correlation scale length of the space dis-
tribution of galaxies (10 Mpc) and clusters of galaxies (50 Mpc); (d) the
presence of superclusters and voids each with a characteristic length ~ 50
Mpc; and (e) the infall velocity of the Local Group within the Local
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Supercluster, and other less clearly determined motions]. According to
cosmological evolutionary calculations by, for example, Hoffman et al.
(91) [see also (29a, 210a)], the density contrasts at recombination required
to form the observed voids correspond to predicted irregularities in the
cosmic blackbody radiation of characteristic angular size ~ 10 arcmin,
which have not been observed (cf. Section 2.2.3). This discrepancy could
be understood if the irregularities originated after the recombination era
by, for example, the cosmic explosions discussed in Section 3.2.1. Alter-
natively, the irregularities might have originated in the prerecombination
era, but their effective amplitude is smaller than inferred from the dis-
tribution of galaxies because of the occurrence of biased galaxy formation.
This mechanism was suggested by Kaiser (100) and is being studied exten-
sively (cf. 33a, 118a, 144a, 149; S. D. M. White et al., preprint, 1987; A.
L. Melott, preprint, 1987).

The model of biased galaxy formation assumes that at a given epoch,
the initial density fluctuations [i.e. the spectrum of p(r) —< p), where p(r)
is the density at a given location and {p) is the global average density],
can be represented by the superposition of Gaussian functions with a
spectrum of amplitudes (4) and wavelengths (4). It also assumes that
galaxies form whenever a density fluctuation exceeds a threshold value
(astrophysically determined, but not necessarily known). Consider, for
example, a simple model in which most of the mass of the Universe is
contained in a Gaussian wave with 4 ~ oo (consistent with the smoothness
of the sky distribution of the cosmic blackbody radiation), but a small
fraction of the mass is in a Gaussian with 4 ~ 50 Mpc (superclusters,
voids) and another small fraction is in a Gaussian with 4 ~ 5 Mpc (galaxy
clusters). In this model, the peaks above threshold are more clustered than
the mass, so that the cluster-cluster correlation scale length is larger than
the galaxy-galaxy correlation scale length (cf. Section 2.2.1). In addition,
the voids contain matter, so that the predicted cosmic motions are con-
sistent with observational indications (cf. Sections 2.1.4, 2.2.1) and the
cosmic blackbody radiation is effectively smooth (cf. Section 2.2.3).

The successes of the biased galaxy model are to be weighed against the
ad hoc “save-the-phenomena’ nature of its assumptions (a feature that is
shared with many cosmological models). Such assumptions are necessitated
by a gap in our understanding of fundamentals, which is manifested
very noticeably in mass/time-scale problems (cf. Section 4). Cosmological
modeling is founded on the postulate that unexplained gravitational effects
are caused mainly by dark matter. Efforts to test this hypothesis have led
primarily to enigmatic empirical results and logical puzzles that must be
resolved before any of the cosmological models developed to explain the
observed large-scale structure can be considered to be substantially more
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than physically speculative mathematical constructs. These models, never-
theless, do provide logical predictions that can be compared with empirical
data, and in this way they supply diagnostic probes that may provide clues
to the resolution of the mass/time-scale problems reviewed in Section 4.

4. MASS/TIME-SCALE PROBLEMS

Previous reviews include Faber & Gallagher (69), Rood (156), Ostriker
(132), Bekenstein (26), and Trimble (201).

4.1 Masses

Newtonian/general relativistic mechanics, with its simple and beautiful
foundations, provides a logically consistent explanation of the observed
kinematic properties of the members of the solar system. In extragalactic
astronomy, however, perplexing inconsistencies exist between observed
kinematic properties and theoretical expectations:

1. The following problem in Galactic astronomy seems to be amplified
in the extragalactic domain: The application in 1932 by J. H. Oort and
more recently (with updated methodology and data) by J. Bahcall (7, and
references therein) of Newtonian dynamics to kinematic properties of
stellar tracers within about 200 pc of the Sun predicts a mass (the dynamical
mass Mg,,) that is a factor of 2 larger than that calculated from a com-
prehensive accounting of identified stellar, gaseous, and dust material in
the solar neighborhood (M;y). Included in the inventory of identified matter
are objects directly observed by means of their electromagnetic signatures
and objects plausibly inferred from reasonable extrapolations of data
guided by results from the theory of stellar evolution. If we define a
mass anomaly index by x,, = Mgy,,/M;q— 1, i.e. the fractional excess of the
dynamical mass relative to the identified mass, then x,, = 0 for the solar
system but x,, ~ 1 for the solar neighborhood.

2. The surface luminosity density of the disk of a spiral galaxy can be
approximated by an exponential function of radius with a disk scale length
of typically Ay ~ a few kiloparsecs. For radii less than approximately
2.5hp, the observed rotational curve, i.e. rotational velocity (deprojected
radial velocity) vs. radius, appears to be consistent with the model char-
acterized by a constant M/L (ratio of mass to luminosity) and a distribution
of mass identical to that of light. However, for radii larger than about
2.5hp, the rotation curve remains flat (constant rotational velocity) up to
a limit of approximately 104 (set by the current sensitivity for detection
of the 21-cm spectral line of neutral hydrogen). If, within a radius of 2.5kp,
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the dynamical mass and identified mass are assumed to be identical (a
conservative assumption), then as the radius is increased, the dynamical
mass exceeds the identified mass by larger and larger factors. The matter
within 10/, has a mass anomaly of x,, ~ 3. These properties and other
regularities and characteristic numerical values of the rotation curves of
spiral galaxies are discussed in depth by Bahcall & Casertano (8), van
Albada & Sancisi (207), Kent (101, 102), and Athanassoula et al. (6a).

3. Typically, the identified mass of a group of galaxies is well approxi-
mated by the sum of the masses of its four or five most luminous members.
Operationally, a group is classified as compact or loose according to
whether a typical separation of two neighboring group members is a small
number of galaxy diameters or ~20 times larger. Williams & Rood (214)
recently found that typically x,, ~ 15 for a loose group chosen from an
especially carefully determined sample. Using scaling arguments, they
then found that typically x, ~ 0 for a compact group selected from the
homogeneous and complete sample obtained by Hickson (89). By applying
improved data and more sophisticated analytical procedures, P. Hickson
(private communication, 1987) obtains dynamical parameters suggesting
that typically x,, ~ 4 for compact groups.

4. The Coma cluster contains hundreds of luminous member galaxies
and possesses the symmetry and radial distribution of galaxies expected
from a system in Newtonian gravitational equilibrium. Therefore, in 1933
Zwicky (219) was surprised to find that the mass of this cluster derived
according to these assumptions from kinematic data applied to the virial
theorem is much larger than the mass estimated to be contained within its
entire galaxy content. In 1936, results for the Virgo cluster by Smith (185)
confirmed this effect. Nevertheless, uncertainties in the data and analyses
were sufficiently large to engender skepticism about the physical nature of
the effect (152). But by 1972, the homogeneity of the data base had
improved considerably, recently discovered optically luminous inter-
galactic material (59a) was added to the inventory of mass contributors,
and the analytical techniques were diversified to include model-fitting as
well as virial theorem techniques, which all gave consistent results (161).
A general agreement developed that the effect is real. Over the last decade,
the optical data base continued to improve (102a), and X-ray-emitting
intergalactic ionized gas was discovered, which contributes a mass com-
parable to that contributed by the galaxies themselves (68, 76, 123). Results
of the recent comprehensive dynamical analysis by Kent & Gunn (102a)
indicate that the mass anomaly index for the Coma cluster is x,, ~ 15, a
value that is typical for rich clusters. In accordance with results of the
discussion by Blumenthal et al. (28), we note that rich clusters and loose
groups have similar mass anomaly indices.
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5. The values of typical x,, estimated above appear to be related to the
class of extragalactic object under study. But even within a given class,
available evidence suggests that there is a physical range of x,. For
example, although typically x,, ~ 15 for loose groups, Williams (213) finds
from accurate data for the six most luminous galaxies in the IC 698 group
that x, ~ 0. Is x,, correlated with other physical properties of an extra-
galactic object such as radius, velocity dispersion, number of members,
number density, mass, or mass density? We have reason to be optimistic
that the suggestive results of early work (100c, 157, 159, 159a, 162) will soon
be superseded by definitive results made possible by modern computer
technology and the accurate and extensive modern data base.

Recently, several new techniques have been introduced to gain infor-
mation about the distribution of dynamical mass for galaxies with special
structural characteristics: (a) Some SO galaxies contain polar rings (which
intersect the galactic rotational axis); measurements are being made of
kinematic properties of polar rings to determine the angular dependence
of the dynamical mass distribution in these galaxies (207a, 212). (b) Mass
estimates for elliptical galaxies from the broadening of composite stellar
spectral lines are uncertain partly because the effective ellipticities of the
stellar orbits are unknown. However, the velocity vectors of the particles
constituting a gas in thermal equilibrium are isotropic, and some elliptical
galaxies reveal themselves in X-ray emission as an ionized gas with a
thermal spectrum. Nevertheless, the mass of a galaxy derivable from prop-
erties of this gas is sensitive to its radial temperature gradient, which
requires a next-generation X-ray detector for accurate measurement (68,
76, 169). (c) Some elliptical galaxies contain many shells of matter in their
outer parts; Hernquist & Quinn (88) have developed techniques that apply
properties of an array of shells to probe the distribution of dynamical
mass in the outer parts of these galaxies. (d) Structural parameters of
low-surface-brightness dwarf galaxies represent extremes that differ
considerably from typical structural parameters of the spiral, SO, and
elliptical galaxies ordinarily studied. Aaronson (1) determined definitive
dynamical masses of dwarf galaxies from accurately determined kinematic
properties of samples of well-chosen member stars. (e) The gravitational
lensing of quasars offers unique possibilities for probing the mass
distribution of galaxies and clusters of galaxies at large redshifts [see (132)
for references].

Heisler et al. (87) [see also Bahcall & Tremaine (9a)] have presented
three alternatives to the virial theorem for estimating the masses of groups
of galaxies. The various uncertainties in real data contribute differently to
the overall uncertainty in the dynamical masses provided by each of the
four mass estimators. As a valuable consistency check, all four techniques
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should generally be applied to determine the dynamical mass of a group
of galaxies.

Over the last several decades, a large part of the electromagnetic spec-
trum has become accessible to telescopic observation. This has led to the
discovery of neutral and ionized intergalactic gas clouds in small groups
of galaxies (14a, 163, 214) and ionized gas in rich clusters (76, 169) in
amounts that are small compared with the amounts needed to resolve mass
anomalies. After long-term intensive and diversified observational efforts
to increase the inventory of identified masses, the mass anomalies continue
to remain perplexing and formidable.

4.2  Survival Times

The dynamical mass of a system of galaxies may be written as M = V*R/G,
where V is an effective rms velocity of the galaxies about the system’s
barycenter, R is an effective radius (related to the harmonic radius) of the
system, and G is the Newtonian gravitational constant. The equation for
dynamical mass can be recast as an equation for dynamical time, i.e.
tagn = RIV = (R}|GM)'* = (Gp)~ "2, where p is an effective density. The
time scale for any specified effect of the gravitational interactions of gal-
axies in a system is simply #,,, multiplied by a dimensionless parameter.
For example, a derivation based on fundamentals of galactic dynamics
contained in the recent textbook by Binney & Tremaine (27a) implies, in
crude approximation, that the time scale to slow the motion of a galaxy
appreciably by dynamical friction is simply #4 ~ Nt4,, where N is an
effective number of galaxies in the system. It follows from this line of
reasoning that if derived dynamical masses lead to anomalous observed
effects, so too should derived dynamical friction time scales.

In 1975, Tremaine et al. (199) showed that the dynamical friction time
scale for globular clusters passing near the center of M31 is much smaller
than the age of M31. Thus many of the globular clusters should have
spiraled into the nucleus of M31, and their disruption products should now
contribute to the mass of the nucleus. The actual fractional contribution is
currently uncertain pending further kinematic observations of the nucleus
(198b).

The formula for ¢, adopted by Tremaine et al. is a logical consequence
of Newtonian mechanics and follows from the classical derivation by
Chandrasekhar (36a) for a test star that experiences random Newtonian
gravitational encounters as it moves in an infinite homogeneous field of
stars. This formula is consistent with results of N-body simulations by
Barnes (21) and an analytical formalism developed by Tremaine & Wein-
berg (200) for a test star that rotates or revolves through a spherical system.
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The latter study indicates that frictional effects arise entirely from near-
resonant stars.

In 1977, Hickson et al. (90) pointed out that #4 ~ 0.01 Hy' (where
Hy' ~ 2 x 10" yris the Hubble time scale) for compact groups of galaxies,
which measures the survival time of the group members against coalescence
by means of dynamical friction. N-body simulations of compact groups
by Barnes (21) confirm this time scale and depict the mergers graphically.
Let # = Nproduct/ Nsources Where Npoaue: 18 the number of galaxies that are
merger products of compact groups in a volume in space containing
Nyouree cOmpact groups. Then we can define a dynamical friction time scale
anomaly index by x, = #4,,/f.a— 1. The parameter 74y, is the value obtained
if Nproquer 18 inferred from the application of the formula for f4, and #;4 is
the value obtained from the observationally identified merger products.
For example, if the merger products of compact groups with properties as
defined by Hickson (89) are identified with the galaxies having the same
range of luminosity in the general luminosity function (a conservative
upper limit), and if the formation of compact groups and their coalescence
into galaxies (modeled as immutable end products) are steady-state pro-
cesses over the time ¢ ~ Hy ', then #4,, ~ 100 and n;4 ~ 10, so that x, ~ 10.
[Here the larger estimate of x, presented in (214) has been decreased by a
factor of 10 with the inclusion of new data and more refined analysis by
P. Hickson (private communication, 1987).]

Some of the uncertainties in an analysis for compact groups are not
present in an analysis for another class of extragalactic objects—the Abell
clusters of Bautz-Morgan type I, I-II (defined to contain a supergiant,
most luminous galaxy) as identified by Leir & van den Bergh (112a). These
clusters are easy to recognize because the most luminous member, whether
a single or binary supergiant galaxy, is much more luminous than any
other cluster member. It follows from the theory of dynamical friction that
when a binary supergiant galaxy merges, it becomes a single supergiant
galaxy. A major advantage of this type of sample is that nearly all of the
selection functions are the same for the sources (binary supergiant galaxies)
and the products (single supergiant galaxies). It is observed that 25% of
BM 1, I-II clusters contain binary supergiant galaxies (160). If each single
supergiant galaxy is the merger product of a binary supergiant galaxy (a
conservative upper limit), and if the formation of binary supergiant gal-
axies and their coalescence into single supergiant galaxies (modeled as
immutable end products) are steady-state processes over the time
t ~ Hy', then it follows that 5,4 = 3; and because 4 ~ 0.03H ' for the
merger of a binary supergiant galaxy (160, 211b,d,g), then 74y, ~ 30, so
that x, ~ 10. By reestimating values of parameters, the severity of the
anomaly could be reduced (198a), but its total elimination appears to
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require that single supergiant galaxies are mutable, i.e. they often transform
into binary supergiant galaxies through the capture of a luminous cluster
member. But visual inspection of BM I, I-1I clusters suggests that a single
supergiant galaxy is immutable in the sense that its capture of the next
most luminous cluster member would result in a system identified as a
single supergiant galaxy with a satellite, not a binary supergiant galaxy
[i.e. the difference in luminosity between a single supergiant galaxy and the
next most luminous cluster member is large compared with the difference in
luminosity of the components of a binary supergiant galaxy (160)]. This
important observational result should be checked both visually by inde-
pendent observers and photometrically by accurate modern techniques.

A class of Abell clusters has been discovered that contains numerous
binary galaxies (188). Research is needed to determine the detailed dynami-
cal structure of these binary galaxies and to identify the structural charac-
teristics or dynamical processes that permit this class of clusters to exist
in the presence of the dynamical friction that tends to transform binary
galaxies into single galaxies.

4.3 Explanatory Hypotheses

Every hypothesis attempting to explain mass anomalies applies one or the
other of the following two assumptions: (a) Galaxies and systems of
galaxies contain enough dark matter in one or more forms that have so
far escaped detection to resolve the mass anomaly (132, 201). (b) New-
tonian/general relativity theory does not apply in extragalactic astronomy
(cf. 72, 96a, 110, 119, 153, 168, 168a, 197). A theory is sought that is
conceptually elegant and explains all of the mass anomalies without requir-
ing any dark matter. A discussion by Bekenstein (26) describes major
difficulties with both dark matter and new physics hypotheses toward
explaining the mass anomalies (x,;, > 0). It seems that the time-scale anom-
alies (x; > 0), if they survive the detailed observational and theoretical
scrutiny that they deserve, would create even more difficulties for both
classes of hypotheses.

A plausibility argument in favor of dark-matter hypotheses is that the
known physical laws allow many different ways in which matter could
escape detection by modern detectors. A plausibility argument in favor of
a new physical law is that the forces relevant to a given system tend to
correlate with its mass density. For example, atomic nuclei and the solar
system have vastly different mass densities. Measured on scales that are
physically useful in other applications, the mass densities appropriate to
a galaxy and a system of galaxies are much closer to the cosmological
density than to the density of the solar system. Another plausibility argu-
ment is the following: Qualitative and quantitative descriptions of physical
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laws, including Newtonian/general relativistic dynamics, are specified from
results of experiments in terrestrial laboratories. Our experience with ver-
ifying these laws in and beyond the solar system suggests that they are
universal. If, in addition, our inventory of physical laws were complete,
then these laws would provide intelligent creatures with the tools they need
to understand the physical nature of the cosmos, and their role within it,
to the maximum extent that the laws allow. But our ability to identify
and quantify laws in the laboratory is limited by the range of physical
parameters accessible to the laboratory. Therefore, to obtain a complete
inventory of physical laws, it may be necessary to examine more fully the
experiments performed by nature in the ultimate laboratory, the Universe.
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