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We now know
that we
have more
than 5
senses

The romance of science lies in its explorations. Equipped with
his five senses man explores the universe around him and calls the
adventure Science. He is confined to the surface of the planet Earth,
hence his explorations of outer space are restricted to the interpretation
of light-waves which come flooding in from all directions. In this
manner he has found that the sun is merely one of the stars, one of
the many millions which, together, make up the stellar system - the
system of the Milky Way. From his position in the midst of this system,
man looks out through the swarm of stars, past the boundaries, into
the universe beyond.

For ages he has speculated upon those distant realms, but only
to-day have his instruments reached the powers required for the actual
exploration. The last and greatest of these instruments is on Mt.
Wilson in southern California. With the 100-inch reflector one could
detect a candle at 5,000 miles, one could detect an arc-light on the
moon. And with this magic mirror we are now exploring the remoter
regions of the universe, far beyond the Milky Way. Nebulae is

what we
nowadays
call
galaxies.

There is the habitat
of the nebulae those faint patches of light which have been identified
as vast independent stellar systems, comparable with our own system,
the system of the Milky Way.

There they lie, thinly scattered through the depths of space, out
as far as the telescope can reach. We know something of their actual
dimensions, something of their real luminosities, hence their mere
appearance in the telescope indicates the general order of their distances.
We see a few that appear large and bright: these are the nearer nebulae.
Then we find them smaller and fainter in constantly increasing numbers,
and we know that we are reaching out into space farther and ever farther
until, with the faintest nebulae that can be detected with the greatest
telescope, we have reached the frontiers of the known universe.

The true
last
horizon,
the cosmic
microwave
background
is the
furthest we
can see
back in
time, up to
13.8
billion
light years
ago

It is distant, this last horizon Light travels for two hundred
million years to make the journey. Yet it defines the observable
region of space and restricts our knowledge to a definite portion
of the universe. Within the vast sphere are scattered several millions
of nebulae - stellar systems - in various stages of their evolutional
histories. One of the multitude is our own stellar system, the system
of the Milky Way. It is, we believe, one of the older and more mature
organizations.

The nebulae are found singly, in groups, and even in great clusters;
but when large volumes of space are considered, the tendency to cluster
averages out and, to the limits of the telescopes, the distribution
is approximately uniform. There is no evidence of a thinning out,
no trace of a physical boundary. The universe, we must suppose, stretches
out beyond the frontiers, far into the realms of speculation.
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But it
turns out
that the
universe is
actually
infinite
and
homogenous.

Yet it cannot continue indefinitely. An infinite homogeneous universe
is not compatible with the laws and the phenomena of nature. The
best working hypothesis of the day, the general theory of relativity,
postulates a universe which is finite. The dimensions can be calculated,
in a tentative way, by assuming the observable region to be typical
of space in general. It then appears that we are actually observing
an appreciable, though very minute, fraction of the entire universe.
Such is the present status of the explorations of space - our adventures
in cosmography.

A definite region has been sketched in outline, a definite boundary
established, at least as a working hypothesis, and astronomers are
now proceeding with the task of mapping in the details.

Such is the present status. Tomorrow the outlook may change, may
fade into a newer, broader vision of the universe. For the history
of astronomy is a history of receding horizons. Again and again the
narrow frontiers of the ancients have swept outward on surging waves
of discovery.

The belief
was
prevalent
but not
exclusive.
Aristarchus
and many
other
believed in
heliocentrism.

The Greeks formulated the first complete system of astronomy, in
the centuries immediately preceding the present era. Their great
contribution was the realization that the earth is a sphere. They believed
it to be at rest in the very center of the universe - that around
it at great distances revolved the sun, the moon, and the lesser planets,
each in its own particular sphere. The stars, because of their daily
rising and setting, they believed to be fastened to a spherical shell
which rotated once a day around the axis of the universe. This shell
lay just beyond the orbit of the outermost planet, and they believed
it to be the visible boundary of the universe.

The true
distance is
over 390
times.

The size of the earth they knew very accurately and the size and
distance of the moon as well. They even attempted to measure the
distance of the sun; but there, as for all the other heavenly bodies,
their instruments were too crude. Aristarchus, in the third century
B.C., placed the sun at nineteen times the distance of the moon. Although
this is only five per cent of its true distance, no improvement was
made for more than eighteen centuries. But where the measures failed,
they resorted to speculation. The planets were squeezed into a universe
as compact as their motions would allow, and around them was snugly
fitted the shell of the fixed stars. Even so, the boundary shell
had to be placed at 20,000 times the radius of the earth- 80,000,000
miles-in order to clear the orbit of Saturn.

The smallness of this universe was a necessity arising from the
daily rotation of the boundary shell. The larger they made the shell,
the more terrific would be the linear speed of its rotation. Even
at 80,000,000 miles, a star on the celestial equator travelled 500,000,000
miles each day, 6,000 miles each second. Small wonder the mind rebelled
at enlarging the scale.

This snug universe of the Greeks, with its restricted frontiers,
dominated the minds of men for many centuries until Copernicus heralded
the dawn of modern science. Then the mad whirl of the universe was
seen to be an illusion and was replaced by the more sober rotation
of the little earth. The axis of the universe was recognized as the
axis of the earth itself. The boundary shell of the fixed stars,
no longer a necessity, faded away into nothingness. The stars themselves
receded to distances immeasurable. The sun, with its family of tiny
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planets, was left isolated and lonely in the bleak emptiness of space.

The
micrometer
is a screw
gauge tool
that can
allow for
the
measurement
of very
small
distances

The systems of the planets offered a restricted field for accurate
investigation. The telescope came and with it brought undreamed precision
in measuring. The laws of motion were formulated and the majestic
law of universal gravitation. Out of these factors emerged the Astronomy
of Position. Distances, dimensions, and motions were accurately measured
with the micrometer and the motions were explained according to the
law of gravity. The stars to the austere priests of this sect were
merely convenient fixed points in the sky by reference to which the
motions of the planets and comets could be followed.

The Astronomy of Position reigned supreme during the eighteenth
century and much of the nineteenth. The micrometer became a symbol.
Its results were certain, all else was speculation. But while the
Astronomy of Position was busy with the planets, laboriously accumulating
the measures which signify positive knowledge, the imagination was
roaming wide and free through the realms of the stars. Those realms
lay beyond the reach of the micrometer, hence the orthodox astronomer
paid them scant attention. But bolder spirits, daring greatly, invoked
the vague growing principle of the Uniformity of Nature and assumed
that the stars were distant suns. As a first approximation they supposed
that all stars were exactly as bright as the sun and hence that we
see them distributed through space according to their apparent faintness.
Distances could be estimated by calculating how far the sun would
have to be removed in order to appear as faint as the stars appear.
Grand theories were constructed by interpreting the phenomena on this
assumption. The stars thinned out as they became fainter, that is,
more distant; and hence before a single stellar distance had been
actually measured, it was realized that the stars themselves form
a definite system, of vast dimensions, but quite isolated in space.
This system was called the Galactic System because the Milky Way,
or Galaxy, was the most conspicuous feature.

All this was speculation but, beyond the frontiers of positive
knowledge, speculation was legitimate. Verification had to wait until
the Astronomy of Position had developed an accuracy sufficient to
measure directly the distances of a few stars and hence to test the
assumptions on which the speculations were based. Attempts were made
with each advance in instruments and in technic and, finally, about
ninety years ago, the feat was accomplished.

Direct measures of stellar distances by triangulation from opposite
sides of the earth’s orbit around the sun marked an epoch. They introduced
the second chapter in the history of modern astronomy - the study
of the stars in the Galactic System.

In the
international
system of
units is
9.461× 1015

metres

Precision in measuring has increased, thanks to the methods of
photography. The feats accomplished today are almost unbelievable.
Imagine measuring - not merely detecting, but actually measuring with
reasonable accuracy - the change in direction of a point seventy miles
away when the observer moves his instrument to right or left a single
inch. This represents what can now be done with the micrometer in
observing stars from opposite sides of the earth’s orbit. Increase
the inch to 186,000,000 miles, and the seventy miles is increased
to the 160 light years, the greatest stellar distance which can be
measured directly. A light year is about 6,000,000,000,000 miles
the distance which light travels in one year going at a speed of 186,000
miles per second. Yet even so, the micrometer penetrates but a very
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little way into the swarm of stars which surrounds us. Were our knowledge
of the universe confined to the distances that can be measured directly,
our knowledge would be limited indeed.

The great merit of the micrometer was that it bridged the wide
expanse of space around the sun and gained a foothold among the nearer
stars. It did verify the general trend of the speculations, but best
of all, it presented for our inspection a few hundred stars whose
distances and hence whose real luminosities and actual motions were
definitely known. From the intimate study of these stars, the new
and powerful methods of Stellar Astronomy have been formulated. These
were calibrated by the Astronomy of Position, but once established,
they pushed out into space far beyond the range of the micrometer.
It is with these new, indirect methods that the remoter regions of
the Galactic System are being explored.

As an example of the new methods the stars whose distances are
known have been classified according to certain recognisable characteristics
of the light they emit and the physical features of each class have
been carefully determined. Today wherever a star may be, if only
it can be classified, we know at once a considerable mass of information
concerning the physical features which it shares with all the other
stars in its particular class. Among other things we know the real
luminosity - accurately in some cases, approximately in others - and
hence, from its apparent faintness, we can estimate its distance.

But with all our knowledge of individual stars the study of the
Galactic system, as a system, progresses slowly. We are in the very
midst of the swarm, hence the details of the structure are blurred,
if only we could step outside the system and inspect it from some
vast distance, we should see at a glance those broad structural features
which patient investigation is slowly revealing.

The Milky
Way
contains
100-400
billion
stars, is
up to
180,000
light years
across and
rotates in
360 Myears

We know, however, that the swarm of stars is very much flattened
in the plane of the Milky Way - imagine two saucers rim to rim , bottoms
out, lentincular shape of the Galactic System. There are several billion
stars in the system. The diameter uncertainly 200,000 light years
and the thickness at the centre, perhaps 20,000. The system is rotating
in the plane of the Milky Way with a period of 150,000,000 years.
The sun is at a considerable distance from the centre in a local cluster,
one of many such subordinate aggregation in the great system. The
Milky way indicates the rim of the system - in the direction of the
Milky Way we look through great depths of star-filled space, the stars
appear crowded together and hence we have the impression of a luminous
belt around the sky.

The methods of Stellar Astronomy are well established and the study
of the Galactic System is the dominating theme of the day. It has
replaced in general interest the study of the Planetary System by
the methods of Position Astronomy. But now a third phase is opening.
History is repeating itself. Once the limited extent of the stellar
system was realised, speculation immediately busied itself with space
beyond the Milky Way. Again assuming the Uniformity of Nature, men
supposed that, scattered through spaced, there must be numberless
other system of the same general order as our own. Unresolved nebulae
were seized upon as visible evidence. The grand vague theory of island
Universes was launched upon it career.

While speculation swept through the new field, the empirical study
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of nebulae was slowly developing. A half dozen of these small cloudy
spots in the sky were known to the naked-eye observers. With the
growth of the telescope and continued exploration of the sky, the
numbers grew, slowly at first, finally by thousands. Some were resolved
into cluster of stars. These were weeded out, and around them has
grown up a separate department of research. The star clusters are
minor members of our own stellar system.

Among the unresolved objects, two utterly different sorts were
distinguished. The one consists of cloud of dust and gas found along
the Milky Way. They are called Galactic nebulae, for they are part
of the galactic System itself, unused remnants, perhaps, of the material
from which stars were formed. They are dark for the most part and
are seen silhouetted against the background of the more distant stars;
but here and there small portions are illuminated by bright stars
actually involved or conveniently near, and we see the shining surfaces.

The other sort of nebulae, the spirals and other small symmetrical
bodies, are found by the thousands everywhere in the sky outside of
the Milky Way itself. Nothing definite was known concerning either
their distances or their true nature, but among them alone of all
the heavenly bodies, did it seem profitable to search for Island Universes.
Speculation generally placed them outside the stellar system - in
extra-galactic space. It remained for positive investigation to verify
or to disprove the guess.

The Astronomy of Position gave no definite answer - these nebulae
were too remote for direct measures of the distances. The methods
of Stellar Astronomy applied only to stars; and with the smaller telescopes,
at least, no stars were found in the spirals. But telescopes developed,
and finally the great modern reflectors have resolved the larger and
brighter of the spirals into swarms of actual stars. They appear
very faint, even with the great reflectors, but they are stars, none
the less, and can be studied by the methods of Stellar Astronomy.

Spectral
analysis
and Type Ia
Supernovae
are used
today to
estimate
distances

After long and careful investigation, many of these stars have
been identified as belonging to various well-known classes - Novae,
for instance, Cepheid variable stars. Red Irregular variables, Blue
Helium stars. All of these classes are known to consist of very brilliant
giant stars, among the very brightest in the entire Galactic System.
In order to appear so faint they must be vastly remote. Distances derivedrom
all of the various classes agree reasonably well, and hence we feel
confident that the status of these nebulae has finally been established.

Detailed study of the stars involved has led to reliable distances
of seven extra-galactic nebulae, and this is about all we can expect
from existing instruments. These systems are at distances ranging
from 100,000 to 1,500,000 light years, their diameters range from
4,000 to 45,000 light years, and the total luminosities from 20 to
500 million times the luminosity of the sun. They are Island Universes
in very fact - our nearest neighbors in space.

R136a1 is
the most
luminous
known star
with a
luminosity
8.7× 106L�

Estimates, less reliable, but good enough for statistical purposes,
are available for 40 or 50 fainter, more distant nebulae. It appears
that there is an upper limit to the real luminosity of stars, some
60,000 times the luminosity of the sun. This limit is generally attained
and seldom surpassed in all the great isolated systems. Advantage
is taken of this fact and, from the apparent faintness of the brightest
stars involved, distances can be roughly estimated for all nebulae
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in which any stars at all can be detected with the great telescope.
Beyond some four or five million light years, however, even the brightest
stars can no longer be detected as individuals. This represents the
maximum range of the methods of Stellar Astronomy.

But, just as the micrometer reached out beyond the system of the
planets and gained a foothold among the nearer stars, so the methods
of Stellar Astronomy have reached out beyond the stellar system and
have gained a foothold among the nearer nebulae. Just as the stellar
methods were calibrated by the micrometer, so new and distinctly nebular
methods have been devised and have been calibrated by the stellar
methods. Once established, these new methods have pushed out into
regions where even the brightest stars can no longer be detected -
out to the very frontier of the known universe.

Hubble
realised
that
galaxies
can change
shape but
he got the
direction
of the
evolution
wrong.
Spirals
turn into
the much
larger
ellipticals

These methods emerged from the statistical study of nebulae in
general. On casual inspection, they exhibit a bewildering variety
of structural forms, but persistent investigation soon indicates a
high degree of order. The characteristic feature of extra-galactic
nebulae is rotational symmetry around dominating central nuclei. A
few objects are irregular in the sense that they lack this feature;
such, for instance, are the Magellanic Clouds, the nearest of all
the nebulae. More than ninety-seven per cent, however, are regular
and fall naturally into a progressive sequence of structural forms
which probably represents their evolutional history. The sequence
ranges from globular masses of unresolved nebulosity, through flattening
ellipsoids, to a limiting lenticular form, and thence on into a succession
of flat spirals with gradually opening arms. Fairly early in the
sequence of spirals, stars begin to appear in the outer regions of
the arms. As the arms unwind, the resolution approaches the nuclei,
until, at the end of the sequence, the spirals, like the irregular
nebulae, appear to be swarms of stars.

The Milky
Way is
actually a
relatively
young
compared to
other
galaxies,
being 13.21
billion
years old

If the sequence of types does represent an evolutional history,
then the presence of bright stars is an indication of age. Our own
stellar system, the system of the Milky Way, is at the very end of
the sequence, hence it should be classed among the oldest organizations
that are known. There is independent evidence for the vast age of
our system. Certain binary stars show the effects of occasional encounters
with other stars, which must have required at least several millions
of millions of years to accumulate - and the life of a star is doubtless
but a fraction of the life of a stellar system.

The sequence of types is an expanding sequence. If nebulae of
the same apparent brightness are arranged in order, the diameters
increase steadily along the sequence. From the small bright globular
forms, they develop into the large, faint open spirals. The progression
is so smooth and uniform that, in spite of wide varieties of structure,
all the nebulae can be reduced to a single standard type, or stage
in the sequence, and can be discussed as a single group. When the
variation in diameter along the sequence is corrected, a new and very
significant relation appears. All the nebulae are constructed on
the same pattern; the small ones are correct miniatures of the large
ones. They may appear large and bright or small and faint; but the
relation between size and brightness is precisely that which would
be observed if the nebulae were all of about the same dimensions but
were distributed through space at different distances.

The correctness of the interpretation is established by two independent
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criteria. First, there are the nebulae whose distances, and hence
dimensions, have been determined by the methods of Stellar Astronomy.
These are all of the same order of intrinsic luminosity and, when
reduced to a standard type, of the same order of actual size. Second,
there are the clusters of nebulae, physical organizations each containing
three or four hundred individuals. Less than a dozen clusters are
known, but they all appear to be comparable organizations distributed
at different distances. We observe a large cluster of large nebulae,
smaller clusters of smaller nebulae, and tiny clusters of tiny nebulae.
Each cluster offers a group of several hundred individuals at the
same distance in space. Although we may not know the actual distances
of the various clusters, yet the differences in apparent size and
brightness among the individual nebulae of a particular cluster indicate
the range in the intrinsic dimensions of the nebulae.

We now know
that
galaxies
are a lot
more
varied, and
they come
in all
shapes and
sizes

The various criteria all lead to consistent results. The nebulae
are cast from a single mould. There is some variation; the nebulae
are not so uniform as the globular clusters, but they are incomparably
more so than the stars. The brightest nebula may be a hundred times
brighter than the faintest, but it very clearly is not ten thousand
times brighter. For statistical purposes, they can be treated as
all equally luminous; and this mean luminosity, as derived from the
nebulae whose distances are determined from the stars involved, is
about 100,000,000 times the luminosity of the sun. Thus, for statistical
purposes, the apparent faintness of nebulae indicates their distances.

This offers a simple way of determining both the average dimension
of nebulae and their distribution through space. The progressive
sequence of structural forms ranges from the dense globular nebulae
about 1,200 light years in diameter, through steadily expanding forms
up to faint open spirals, about 10,000 light years across. The actual
count of the number brighter than a particular limit of faintness
indicates the numbers within a sphere of a certain radius. For instance,
the 150 nebulae brighter than the stellar magnitude 11.0 (100 times
fainter than the faintest star seen with the naked eye) are all within
5,500,000 light years of the earth. Counts to successive limits of
faintness indicate the numbers in successive spheres, and hence the
distribution in successive zones of the visible universe. It is estimated
that 10,000,000 nebulae are within reach of the 100-inch reflector.
The faintest are more than 100,000 times fainter than the faintest
stars that can be seen with the naked eye, and their average distance
is of the order of 200,000,000 light years. A sphere of this radius
represents the observable region of space.

The distribution of nebulae out to these limits appears to be fairly
uniform, hence we must suppose that the inhabited universe stretches
on beyond the frontiers and that for a while, at least, the unexplored
regions arc much the same as the known. Speculations concerning the
entire universe can be based on the assumption that the known region
is typical of space in general. The observed motions and luminosities
of stars and nebulae rule out all possibility of an infinite homogeneous
Universe, hence the speculator welcomes the theory of general relativity
which postulates a universe finite but boundless.

The form of this universe is one of the ultimate problems of science.
Alternative theoretical solutions have been offered, one by Einstein
and the other by De Sitter. Both solutions are enveloped in a fog
of mathematics, the famous tensor calculus of relativity, and both
incorporate curved space-time which cannot be visualized. Out of
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the welter of equations, however, there emerges a certain constant,
R, the radius of curvature, which measures the size of the world.
The actual determination of this constant depends upon which of the
two solutions is nearer the truth. Fortunately there is a critical
test which should distinguish between them, even within the observable
region of the universe. The necessary investigations are now under
way with the odds, for the moment, favoring De Sitter. We have a

high degree
of
certainty
that the
universe is
actually
flat and
infinite

If Einstein’s solution were correct, we could say at once that
the radius of curvature of the universe, which depends only on the
mean density, must be about 1010 (one followed by ten ciphers) light
years, and we could easily calculate the volume and the mass. If
De Sitter’s solution is preferred, we must wait for more data before
calculating the dimensions. At present we can only say that the radius
of curvature of the universe is greater than the radius of the observable
region, possibly many times greater, and hence we can only estimate
a lower limit, say of the order of 109 light years.

We can write the figures but they are utterly beyond our comprehension.
The vast scale of the universe is more readily grasped in terms of
time. In the study of cosmography - in observing the nebulae of extra-galactic
space - we are witnessing scenes and events which occurred in past
ages. When we look out into the depths of space we are gazing back
into history. The nearest star we see today as it was four and a
half years ago: the nearest nebulae, the irregular Magellanic Clouds,
as they were 100,000 years ago; the frontiers of the known universe,
as they were 200,000,000 years ago back in the Carboniferous Age of
the geologists.
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