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Questions & Answersin Cosmology

Q.1 What would be the fate of the solar system if (tiassical) law of gravity
were other than an inverse-square law?

Ans. The orbits of the planets would not be ellipti¢hky would either spiral in to
the Sun, or escape from the Sun. This is due tdatttethat only inverse-square and
elastic central forces give rise to closed orlgee( e.g., p. 93 of Ref. 2).

Q.2 In Relativity, time is not completely separatenfr, and independent of, space,
but is combined with it to formspacetimeln this 4-dimensional space there is no real
distinction between space and time coordinateslaixphy.

Ans. In Newtonian mechanics, if a pulse of light isitsiEom one place to another,
different observers would agree on the time that jhurney took (since time is
absolute) but will not always agree on how far light travelled (since space is not
absolute). In Relativity, on the other hand, alb@lyvers must agree on how fast light
travels. They still, however, do not agree on tigadce the light has travelled, so
they must now also disagree over the time it hiesntaThus, Relativity puts an end to
the idea of absolute time. Moreover, space and tamee interrelated through the
invariance of the speed of light: the transformatid space and time coordinates from
one inertial reference frame to another must bé s$hat a light ray would proceed
with the correct speedin both these frames. This requirement dictategezific law
of transformation of spacetime coordinates in whsplace and time coordinates are
convoluted. Thus, there is no absolute, frame-iaddpnt distinction between space
and time coordinates.

Q.3 In Q.2 we said that, according to Newtonian maats two observers may
disagree on the distance an object has travellddnna certain interval of time. But,
isn't length (thus also distance) an invariant dianaccording to classical
mechanics?

Ans. Not in general! The length of a linear objectinsleed invariant (frame-
independent), but to determine this quantity oretbarecord the coordinates of both
ends of the objedt the same timeThis is not so when one measures the distance an
object has travelledithin a nonzero time intervakince, in this case, the initial and
final coordinates of the object were not recordmduianeously. This explains why
velocity is not a frame-independent quantity even tihe context of classical
mechanics.

Q.4 By what methods can we measure the distancdarsffsom us?

Ans. As the Earth goes round the Sun, stars thatedaéively near to us are seen
from different positions against the backgrounadnaire distant stars, the positions of
which appear fixed. This enables us to measurettliréhe distance of the former
stars from us: the nearer they are, the more tppga to move.
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Indirect methods, developed by Hubble, are usedetermine the distances to
galaxies which are so far away that, unlike neathys, their positions appear fixed.
Such distances are estimated by comparing the eqplanghtness of certain types of
distant stars to the brightness of nearby statk@fame kind, whose distances have
been measured by direct methods.

Q.5 (a) How can we determine a star's temperaturgHfw can we determine
which chemical elements are present in a star' espimere?

Ans. (a) From the spectrum of the star’s light, anduking Wien'’s law. (b) By
observing which colors are missing from the starsission spectrum (presumably
they are absorbed by elements contained in this stinosphere).

Q.6 How did Hubble discover his law of expansioniad tJniverse? Give a simple
mathematical proof of this law.

Ans. By looking at the spectra of stars in other galsxastronomers found that
there were the same characteristic sets of migsitaggs as for stars in our galaxy but
they were all shifted toward the red end of thecspen. This is attributed to the
Doppler effect and suggests that the other galaares moving away from us.
Moreover, as Hubble found, the magnitude of a gédaved shift is not random but is
directly proportional to the galaxy’s distance fras. That is, the farther a galaxy is,
the faster it is moving away.

By Friedmann’sCosmological Principle the Universe is homogeneous and
isotropic. Thus, Hubble’'s law must be valid for aplyserver in any galaxy in the
Universe. (Note that individual galaxies themselasmnot expanding structures: it is
the distance betweadtifferentgalaxies that increases.) Now, @tbe any observer in
the Universe, and IR be the distance of any galaxy frad Let dR be the change of
R in a time intervaldt. If we assume that the expansion of the Univesseniform
(i.e., all distances increase proportionally), theccording tdO, the ratiodR'R must
be the same for all galaxies, and so must ) dRdt. Thus, (1R) dR/dt=const=H,
so thatv=dR/dt=HR (Hubble’s law).

Q.7 If Hubble’s law is correct, then the rate of expian of the Universe must be
ever increasing, since the receding spebdtween any two galaxies must be growing
constantly with their separation distariReThis looks unphysical since it implies that
gravity will accelerate the expansion rather thaft h, contrary to what one would
expect from an attractive force. Is there sometiwngng with the law?

Ans. This would be a real concern if the Hubble “canst H were constant in
time! This is not so, however. Thud=H(t). The “constancy” oH means that the
ratio dR'R has the same value for all galaxies around anyergbsO, i.e., is
independent oR, in accordance with the hypothesis that the Usiras expanding
uniformly about any point. Now, by differentiatikfubble’s law with respect to time,
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Since the expansion must be decelerating, we navetdiR/dt’<0, so we expect that
dH/dt<0. (If we assumed that were constant in time, thefiR/dt® would have to be
positive, which would mean an ever increasing oaxpansion!)

Q.8 Explain the effect o€osmic Background Radiatid€BR).

Ans. It has been found (Penzias & Wilson, 1961) thatWniverse is filled with a
low-intensity cosmic radiation that is essentiabgtropic. Its spectral distribution
resembles blackbody radiation that correspondstemmgerature of about 2K7 This
radiation pervades the whole Universe and is thenemt of the E/M radiation that
existed shortly after the Big Bang, when the Urseewas extremely hot. Due to the
expansion of the Universe and the accompanyingrapaihe original E/M radiation
has shifted toward the red, or longer, wavelengtbstresponding to lower
temperatures. At this time, it is predominantly i@nowave radiation, hence it is often
called the “cosmic microwave (background) radidtion

To understand the effect, imagine that the esg is filled with standing CBR
waves with a fixed number of wavelengths. As thaverse expands, there is an
increase of cosmic length scale with a correspanoiaorease of CBR wavelength. By
Wien’s law, this amounts to a decrease of the aeetamperature of the Universe.
That is, as the Universe expands, it is constasdbling and the CBR radiation is
shifting toward the microwave region of the spettru

It should be noted that the expansion of thev&fse is not like the adiabatic free
expansion of an ideal gas, which, by tielaw of Thermodynamics, is isothermal.
The latter case of expansion assumes no intergcaarmong the constituents of the
physical system (ideal gas), which is not the caik the Universe where there is
always a gravitational interaction of any body vathy other.

Q.9 State th&Cosmological Principle

Ans. It is postulated that, apart from local irregiiles, the large-scale features of
the Universe are spatially homogeneous (same gioalits in space) and isotropic
about every point (same in all directions abous thoint). This is clearly not true
locally but may be a good approximation on a veaggeé scale. One particular
corollary is that, matter in the Universe is distited uniformly and isotropically. This
means that the average density of the Universepeated to be the same in all local
measurements within the Universe.

If this principle is valid, we can reach corsgtns about the Universe as a whole
from measurements of a small portion of it whickl@se enough to study in detail.

Q.10 Describe the three models for the possible lemgitdevelopment of the
Universe. (See also Q.19)

Ans. (a)Closed UniverseThe Universe is expanding sufficiently slowlyatow
the gravitational attraction between galaxies towsldown the expansion and
eventually halt it. The galaxies then start to mtoeard each other and the Universe
contracts back to a point (“Big Crunch”).
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(b) Open Universe The Universe is expanding so rapidly that thevigeéional
attraction can only slow it down but never stopTihe Universe keeps expanding
forever.

(c) Flat Universe The gravitational attraction exactly balances itiation of the
galaxies and the Universe is expanding only justtéaough to avoid recollapse.

In the closed model, where the Universe expamdksrecollapses, space is bent in
on itself, like the surface of the Earth. It is réfere finite in extent but has no
boundary. In the open model, where the Universeeap forever, space is bent the
other way, like the surface of saddle. So in thaisecspace igfinite. In the flat model,
with just the critical rate of expansion, spac#as(thus also infinite).

Note: A closed spacéas the topology of a hyperspheref(oite extentand withno
boundary. An open spacés eitherfinite with boundaryor infinite with no boundary

The problem is analogous to that of the firafga rocket upward from the surface
of the Earth. If the rocket has a fairly low spegrhvity will eventually stop it and
pull it back toward the ground. If, however, theket has more than a certain critical
speed (“escape velocity”), gravity will not be stgoenough to pull it back, so it will
keep going away from the Earth forever. This aitspeed is determined by the mass
and radius of the Earth. In the case of the Unejenge need to know its present rate
of expansion and its present average density.elfdinsity is less than, or at most
equal to, a certain critical value, determinedHtmy tate of expansion, the gravitational
attraction will be too weak to halt the expansitinthe density is greater than the
critical value, gravity will eventually stop the mansion and the Universe will
recollapse.

We can determine the present rate of expansjomeasuring the velocities at
which other galaxies are moving away from us. Tikigsccomplished by using the
Doppler effect. On the other hand, the densitytdube visible matter in the Universe
is far less than the critical value. The Univeltsayever, must contain a large amount
of dark matterthat we cannot see directly but which we know thasts because of
its gravitational influence on the orbits of stardhe galaxies. The present evidence
suggests that this dark matter is not sufficiemtise the density of the Universe to its
critical value.

Q.11 Quantum gravity is the combination of GeneraldReity and Quantum
Mechanics. Now, G.R. deals with the large-scaleabien of gravitating bodies in the
solar system and beyond, while Q.M. deals with lWebavior of matter on a very
small scale. Why then is there any need to trelkate these theories?

Ans. For basically two reasons: (a) There are physsialations, a proper
understanding of which requires both theories. &@mple, just after the Big Bang
the gravitational fields were extremely strong &nel distances minute, so that both
relativistic and quantum effects would have beety ymportant. According to G.R.,
the Big Bang itself is &ingularity because the density of matter was infinite. G.R.
specifically excludes singularities from its domagso a new theory, which takes
quantum effects into account, is needed in ordstudy the Big Bang as well as other
singularities, such ablack holes (For example, as S. Hawking has shown, black
holes are not really so black when Q.M. is taketo iaccount: particles can be
radiated from these objects while, classically,séh@bjects absorb everything and
emit nothing; see Q.15.)



Questions & Answers in Cosmology 5

(b) A major problem of modern physics is th@fication of all known forces of
nature under a single master theory. The objedive incorporate gravity into Grand
Unified Theory (GUT) which attempts to unify themaining three interactions
(strong, electromagnetic and weak). But, GUT islanqum theory. Thus, if gravity is
to be included in the scheme, it must first be faated as a quantum theory.

Q.12 Describe the stages of evolution of a star.

Ans. It has been found that hydrogen is the most adminelement in the Universe,
followed by helium. At the very early stages of thriverse (about 18 years ago),
some of the very large number of protons (hydrogeclei), together with the much
smaller number of deuterium, tritium, helium, aneuttons, condensed into large
bodies such as stars. In the process of condenstiare is a transformation of
gravitational potential energy into kinetic energgsulting in an increase of
temperature (to about 1K). At such temperatures, fusion of hydrogen inttune
takes place by a series of fusion reactigm®ton-proton cyclg see Q.24). Small
quantities of nuclei with higher mass, such asnay also be formed.

Since helium is more massive than hydrogen,hédeim nuclei produced in the
fusion process are carried to the center (or cofrf)e star by gravitational attraction,
gaining kinetic energy in the process. This causefsirther increase in the core
temperature (up to ¥R) which allows for the production of Be by heliumsfon
reaction. When the helium concentration is largeugh, C may also be formed. As
the amount of C increases, a new fusion procedsdcttie carbon cyclebecomes
important.

By the process of hydrogen and helium capttire, production of successively
more massive nuclei such as O, Ne and others isilgpes With the production of
heavier nuclei, a further gravitational contractioh the star takes place, with a
corresponding increase in the kinetic energy ofrthelei and a core temperature that
approaches fB. Under such conditions of very high density andtresre
temperature, other nuclear reactions are posdialerhay produce nuclei of higher
mass number, up to the iron group (abA=60) but not heavier, since it would no
longer be energetically favorable for a fusion teacto occur. On the other hand,
some reactions produce neutrons and the lattensswe for the production of nuclei
beyond the iron group. This is accomplished by meutcapture followed by beta
decay, by means of which some neutrons transfotmprotons. As time passes, the
number of free neutrons available for this proc#ssreases and the production of
heavier elements becomes increasingly more difficul

Stars in the Universe do not all follow the sasequence of events at the same rate,
so that stars are presently in different stagegwafiution. Stars where hydrogen
burning is the dominant process at this time afedanain sequence star3hese
stars (which include the Sun) are in their firsiggt of evolution. Those stars in which,
at present, the most important process is heliumibg are calleded giantsbecause
of their color. Stars that have evolved in the vdmgcribed above are calldidst
generation stars

Instabilities that arise during the evolutiamdaageing of a star may result in the
ejection of some of its material into interstelgyace. This is what happens in a
supernova explosior(see Q.21). The ejected material mixes with uneosdd
hydrogen and other particles in space, which resnlthe formation osecond{and
later)generation starsSuch a star is the Sun.
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The heat released by nuclear reactions hasftbet of increasing the pressure in
the interior of the star. Stars will remain statdleas long as the heat from the nuclear
reactions balances the gravitational attractionekVl star runs out of fuel, it starts to
cool off and so to contract. Its further evoluties then governed primarily by
gravitational forces among its components and dépenitically on the star’'s mass.
This mass is expressed in terms of a charactegstfatity, called th€handrasekhar
mass M, which is about 1.4 times the mass of the SunsStdah masses less than 10
Mc eventually contract to a radius of a few thoushitmimeters and their density is
such that electrons and nuclei are packed as gl@selallowed by the exclusion
principle. These stars are calletiite dwarfs (The Sun is expected to become a white
dwarf in a few billion years.) Stars with masseasselto 1M¢ contract even further,
crushing electrons into protons so that the latertransformed into neutrons by the
process of electron capture. Such stars are cadletton starsand their collapse is
limited by the exclusion principle as it appliesneutrons. Neutron stars have a radius
of a few kilometers. Finally, stars whose massargédr than 10Mc contract even
further, acquiring extremely high densities anddmeingblack holes

Q.13 How could we hope to detect black holes, as by trery definition they do
not emit any light (or, generally, any E/M radiaij@

Ans. (a) A black hole still exerts a gravitational der on nearby objects.
Astronomers have observed many binary systems ichwmwo stars orbit around
each other, attracted toward each other by graVihey also observe systems in
which there is only one visible star that is orgtiaround some unseen companion.
Some of these systems are also strong sourcesafsXThe best explanation for this
phenomenon is that matter has been blown off tiias of the visible star. As it
falls toward the unseen companion, it developsralsmotion (like water running out
of a bath) and it gets very hot, emitting X-raysr fhis mechanism to work, the
unseen object has to be very small, like a whitarflwneutron star, or black hole.
From the observed orbit of the visible star, one datermine the lowest possible
mass of the unseen object. If this mass exceed€hlaadrasekhar limit, the object
must be a black hole.

(b) The mass of the visible stars in our galsxysufficient to account for the rate
at which our galaxy rotates. The observed rateot#Htion must be due to the extra
gravitational attraction of a large number of bl&ckes in the galaxy.

Q.14 There is some talk about “miniature” black holegth masses much less
than that of the Sun. Such black holes could ndbbeed by gravitational collapse,
since their masses are below the Chandrasekhar Huow could then such objects
exist?

Ans. Low-mass black holes could form only if matter revecompressed to
enormous densities by very large external press@ush conditions could occur, for
example, during the explosion of a very big hydrogéusion) bomb. Another
possibility is that such low-mass black holes mighate been formed in the high
temperatures and pressures of the very early Wsevieecause of the assumed lack of
perfect uniformity of the latter.
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Q.15 According to S. Hawking, a black hole is capatfieemitting particles and
radiation as if it were a hot body with a tempermatinat depends on the black hole’s
mass. How is this possible, given that nothing&seape from within the horizon of a
black hole?

Ans. The particles do not come from within the bladtehbut from the “empty”
spacejust outsidethe black hole’s horizon. This purely quantum nastbal effect
can be explained as follows: According to QuantuetdFTheory, space is filled with
vacuum fluctuations of the E/M field, in which paiwf photons with energie€ and
—E are created and then recombine within a tutiegiven by the time-energy
uncertainty principle. Normally, a photon with néga energy could not propagate in
ordinary space, but if a vacuum fluctuation takke near the horizon of a black
hole, the position of the horizon itself being ughced by the uncertainty principle,
then there is a small chance that within tiftehe negative-energy photon will end
up inside the horizon, where gan propagate freely (the gravitational field inside a
black hole is so strong that even a real partiale l[tave negative energy there). The
positive-energy photon can then escape to infipitgyducing radiation thappearsto
have been emitted from the black hole. This medmarworks not just for photons
but for other types of particles as well. Note herethat, for matter particles, the
pair of particles with energies= and—E must be a particle-antiparticle pair.

Q.16 How did we come to the conclusion that Big Bangever occurred?

Ans. It has been observed that remote galaxies areng@way from our galaxy
with velocities that are proportional to their distes from us. By the cosmological
principle, this must be true for all observers hie Universe, regardless of location.
This suggests that the Universe is uniformly exjpramdNote that individual galaxies
themselves araot expanding structures: it is the distance betwaifarentgalaxies
that increases.)

By extrapolating backward in time, we can inm&giall the galaxies coming
together, until some time in the distant past wakithe matter in the Universe was
crowded to an extreme density. This is a conditimat marks the beginning of the
Universe as we know it. At that moment, the Unieessddenly began its expansion
with a phenomenon called the “Big Bang”. Viewedamsevent, the Big Bang is a
singularity in spacetime, since at this instant the densityhef Universe and the
curvature of spacetime were infinite, implying datoloss of predictability and a
breakdown of all physical theories, including Gehdételativity itself. It may be said
that this singularity wathe beginning of space and tirage we know them.

The rate of expansion of the Universe (i.eg, ridte at which galaxies are receding
from each other) is given Byubble’s law At any time, the rate of separation (i.e., the
relative speed) of any two galaxies is proportidoaiheir separation distance at that
time. By using this law, it has been estimated thatpresent age of the Universe (i.e.,
the time elapsed after the Big Bang) is about1L.@"™ (14 billion) years.

Q.17 As mentioned in Q.12, the ultimate fate of a stepends critically on its
mass. By what means are we able to determinerstefiases?
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Ans. The most effective way to measure stellar maissbyg studying the motions
of stars inbinary systemgtwo stars orbiting about each other) and by usiagler’s
Laws. The process simplifies considerably in tasecof a star-planet system, where
the mass of the orbiting planet is so much smalian that of the star that the total
mass of the system is almost equal to the madseo$tar. By measuring the period
and size of the orbit of the planet, the mass efstlar may be determined. It is by this
process that the mass of the Sun is found.

Q.18 Discuss briefly the large-scale structure of threverse. What is the role of
gravitation in the formation of this structure?

Ans. From the point of view of an observer on the Eathis structure can be
studied at various levels of increasing magnitude:

1. Ourplanetary systemwhere planets revolve around the Sun in a regbomut 10
light hours across. The dynamics of the systemx@aged by Newton’s law of
gravitation.

2. A large number of bright objectssiars located at different distances from the
Sun. The closest are the set of three stars cAljgia Centauri at a distance of 4.3
Lyr (light years).

3. The Sun forms part of a rotating conglonmecaimposed of about *stars held
together by their gravitational attraction and edltheMilky Wayor ourgalaxy. This
is a spiral galaxy of radius of about® Lyr. Its stars are separated by an average
distance of 10 Lyr. The Sun is located in one efahms of the spiral, about 310*
Lyr from the center, moving under the consolidageavitational action of the huge
number of stars in the galaxy. Its orbital velo@bout the center is approx. 250 km/s.

4. The Milky Way is surrounded by several “Ha&® mini-galaxies, each
containing about o 1@ stars, callegjlobular clusters

5. Our galaxy is just one of the more thar® ifalaxies that have been observed.
Galaxies appear groupeddtustersof a few tens up to a few hundred. Our galaxy is
part of theLocal Group which is a cluster of some 20 galaxies looselyriabby
gravitational forces. The closest neighbors inltbeal Group are two small galaxies
(about 18° stars each) known as tMagellanic CloudsThey are about 140° Lyr
from the SunAndromedais one galaxy in the Local Group that is very &mio
ours. It contains aboutd0"* stars and is abou20® Lyr distant.

6. Clusters seem to group in chain-like striegucalledsuperclusterscontaining
several thousands of galaxies in a region of theroof 18 Lyr in diameter. The
Local Group is part of theocal SuperclusterThe largest cluster in this structure is
Virgo. A relatively recently (1989) discovered supertduss theGreat Wall

7. The superclusters are separated by regialhsdosoids where the density of
matter is less than 20% of the average. Some woias large as 1Qyr in diameter.

The question now is how these large structtoased after the Big Bang, which
occurred about 1:4.0' years ago, as well as which forces played a mléheir
formation. The weak and strong forces, being of/\&rort range, were important in
shaping the events during the first few minutegrathe Big Bang. They are still
responsible for nuclear processes that occur ns.sBat, to explain the formation of
large structures in the Universe, long-range foraes needed. Aboutx30° years
after the Big Bang, gravitation, the weakest of@tes but always attractive, became
the dominant factor at large scales in the Universe it was this that produced the
large structures described above. Now, by the clzggioal principle, matter in the
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Universe is distributed uniformly and isotropicallyhe problem is then how, out of
an initially homogeneous Universe, did matter bdgirlump into certain structures.
One possible answer is that, although cosmic mattethe average is distributed
uniformly, the distribution experiences local fluations. These fluctuations act as
“seeds” for the concentration of cosmic matterdieg to the formation of these
structures.

Q.19 In the presence of gravity, 4-dimensiosphcetimdas curved. How about 3-
dimensionalspac® How is the spatial curvature associated withetd@ution of the
Universe? (See also Q.10)

Ans. First of all, it must be made clear that by “sgase mean the totality of
points in the Universe. It makes no sense to talkpaceoutsideof the Universe!
Similarly, spacetime consists of all events in thaverse. Thus, the Universe itself
definesthe concepts of space and spacetime. Now, 3-spagebe regarded as a
space-sectiornof spacetime, i.e., a “surface” of simultaneityevBral possibilities
exist:

a. The space-sections afiat (i.e., they are surfaces of zero curvature). These
space-sections continue indefinitely; thus this spatially infinite universelt will
therefore contain amfinite number of galaxies because of the spatial homatyesfe
the distribution of matter in it (cosmological priple). We stress that it i3-space
that is flat; the fulspacetimes curved!

b. Three-space islayperbolicspace of constant negative curvatlre). Again, the
space-sections continue indefinitely. This is asapatially infinite universeopen
univers@ containing annfinite number of galaxies.

c. Three-space is aglliptic space of constant positive curvatuke0. The space
sections are then necessafilyte, as is the total volume of the 3-space. The Uswer
is spatially closedand contains dinite number of galaxies. To understand the
geometry of the situation, consider the lower-disienal example of a 2-sphe®&.
Geodesics leaving in opposite directions from aap@ (say, the north pole) meet
again atP (south pole), the point antipodal @ Or, starting fromO and moving
along a geodesic (great circle), we arrive baclOatrom the opposite direction.
Physically, an elliptic 3-space would mean tharehmay exist galaxies whose light
reaches us from two completely different or everpasgite directions. Or, light
emitted by an observer in some direction may retarhim after some time from the
opposite direction.

The future evolution of the Universe dependscatly on thespatial curvature of
spacetime. Ifk<0 (hyperbolic case), the Universe is a low-densityverse that
expands foreverf k=0 (flat case), it is a higher-density universe flhhat manages to
keep expanding. k>0 (elliptic case), it is a high-density universattexpandsand
thencontractsagain, recollapsing into another spacetime simgulé'Big Crunch”).

In the casek=0 andk<0, the spatial sections are infinite, without edged the
expansion is simply a continual increase of distadpetween every pair of galaxies in
the Universe. In the cade 0, the spatial sections are finite but again withedge
(like S?), and the expansion (contraction) is again anemse (decrease) of distance
between every pair of galaxies. We note the foliawi

1. The expansion takes place isotropicallyaitdout a center: every galaxy “sees”
every other galaxy to be receding from it equaillyail directions. Thus, we can
equally well choose any galaxy to lie at the origirour coordinate system.
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2. The expansion is an expansion of the Unevassa whole; it is not an expansion
into anything! Indeed, there is nothing outside thevdrse for it to expand into, since
it is the totality of all that exists. Thus, oneoald not visualize the expansion process
as taking place into a surrounding vacuum or angtlglse: it is simply a continuous
increase in distance between every pair of galaxies

Note: Regarding spatial curvature, it is such that tired¢ angles of a triangle add
up to less than 18dn anopenuniverse k<0) and to greater than 18 aclosed
universe k>0). As mentioned above, a flat and an open univerg@nd forever,
while a closed universe eventually contracts agathrecollapses.

Q.20 Explain howdark mattercan affect the large-scale geometry, thus also the
evolution, of the Universe.

Ans. A key question in Cosmology is whether the dgnsitmatter in the Universe
is as high as the critical densityneeded to cause a recollapse (“Big Crunch”) in the
future (similar to a time-reversed Big Bang) rathesn a continual expansion. The
visible matter is much less than is needed to causk a recollapse. Thus a central
problem is determining how much dark matter thermithe Universe, and what it is
made of. We note thai, is about 13° kg/n?®, while the observed matter density is
about 10 kg/m®, much less thap. . Current evidence seems to indicate that, despite
the presence of much dark matter, the matter depsétsent is less than , which
implies that the Universe will expand forevepén universe This then means that
the space-sections are of constant negative cuevdhyperbolic 3-space, spatially
infinite universe). However, for theoretical reasorelated to the *“inflationary
universe” idea, many astronomers believe that thevddse actually has almost-flat
spatial sections K=0), containing a large amount of yet undetected# dsatter, much
of which may be “exotic” (i.e. non-baryonic, unlikedinary matter).Note: It is the
spatial sections that are flaspacetimas still curved!)

Note that, according to a certain model, passible that the Universe bpatially
flat and yetspatially closedthusfinite). On a large scale (i.e. globally), the Universe
may have a torus-like topology, although locallg.(iin the region we can observe) it
may look like a Euclidean 3-space. To understarel shuation, consider a 2-
dimensional analogue: Topologically, a torus is/inder whose two end faces have
been identified. A cylindrical surface istrinsically flat, since it can be cut and
developed onto a plane. The topology (i.e., theba@loconnectivity) of a torus,
however, is very different from that of an infinpéane (althoughocally they are both
intrinsically flat).

Q.21 Describe the physical conditions leading supernovaexplosion of a star.

Ans. When a star of several solar masses evolvesaistate of high density, the
gravitational field can become so intense thaitrkerior pressure is unable to support
the weight of the outer layers of the star. Theeaufrthe star crushes itself in its own
gravitational field and collapses on itself, unitiieaches nuclear densities, where the
collapse suddenly slows or stops. This sudden gmperates a shock wave that
travels outward and rips off the outer layers af #tar in a tremendous explosion,
which we see as a supernova. Meanwhile, eithecdre attains a stable configuration
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as aneutron staror, if the core is too massive, it continues tbagse and ultimately
forms ablack hole

Q.22 Explain the notion ofosmological inflation

Ans. This hypothesis gives answers to a number oftgunsson the evolution of
the Universe that the Big-Bang theory fails to addr (1) Why the densipy of the
Universe appears to be so close to the criticasitien: (i.e., the Universe is nearly
flat). (2) Why the Universe is so uniform on largeales. For example, the CBR is
uniform in temperature even over regions separhyedast distances. Such regions
are so far apart that there has not been enoughdiince the Big Bang for even light
to have traveled between them. (3) What is thenalte origin of the relatively small-
scale irregularities we see as galaxies.

According to the cosmological inflation hypatise there has been a period in the
history of the Universe during which the latter angdent extremely rapid expansion,
i.e. inflation. In a minute fraction of a second, the size of thmverse increased by
10* times! Here are some of the conclusions of therthe

1. Whatever the value of the dengitgf the Universe before inflation, afterwards it
is extremely close to the critical valyg . The rapid expansion causspaceto
become flatter in the same way the surface of #atimg balloon becomes flatter. A
flat universe hag= p..

2. Regions which were thought to have alwaysnbiar apart were actually very
close just before inflation. So, it is quite reamiole that they have the same
temperature after a period of inflation. This expdathe uniform temperature of the
CBR.

3. Quantum fluctuations in certain fields asst@al with inflation are a source of
density fluctuations which ultimately lead to tloerhation of galaxies.

4. Inflation may explain why we do not see @xobbjects like magnetic
monopoles: the expansion dilutes them to unobsexvatels.

Q.23 Explain the concept of thedsmological constantVhat is the effect of the
so-calleddark energyin the expansion rate of the Universe?

Ans. The Einstein gravitational field equations ar¢h#f formG,, =T, , where

G,, is the symmetric Einstein tensor, built from setquartial derivatives of the

components of the metric tensor with respect tovédmgous coordinates (this tensor
describes the geometry of spacetime and becomeswden spacetime is flat, i.e.,

has no curvature)T, is the symmetric energy-momentum tensor describireg

matter and energy responsible for the spacetimeatune, andc is a gravitational

constant. Einstein later inserted an extra terrdjrgdAg,, to G, , whereA is the

“cosmological constant” (we assum&>0). This he did in order to allow the
possibility of a static, unchanging universe asadigular solution of his equations.
With the discovery of the expansion of the Univeis@29), however, he decided that
A=0.

So, the Einstein static universe is possibley @in A#0. This term would then
represent a universatpulsiveforce that balances the gravitational (attractieeges
which tend to make the Universe collapse, thusaatig a static situation. Generally,
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if A#0, the expansion of the Universe must be fastem that which is predicted
solely on the basis of the presence of matter (dadkvisible), and there would be no
chance of a universal recollapse. There are inditaithat this is indeed the case and,
to account for this, modern Cosmology has postdlttie existence of another as yet
undetected substance which causes-gravity effects. This substance (whose nature
is not known) is called théark energy

The cosmological term can be interpreted asrangy-momentum of the vacuum,
i.e., an energy-momentum tensor not associated mitter but with empty (matter-
free) space. IN>0, the vacuum has an effective mass denpgitx 0. The value oA
may have been much larger during the early stafjfsecevolution of the Universe.
Such a large value of would have resulted in a fast expansion of thevehsie (an
inflation).

Q.24 Explain the role of theveak interactionin the nuclear processes that take
place in the Sun (as well as in other stars).

Ans. The energy in the Sun comes from nuclear reagtiovolving the fusion of
hydrogen to produce helium and heavier elementsveder, for fusion to proceed
according to the strong interaction (thus releadamge amounts of energy) the
presence ofleuterium(a proton-neutron system) is necessary. On ther ¢thnd, the
nuclear reaction involving ordinary hydrogen (preforoton reaction) proceeds very
slowly via theweakinteraction. Specifically, due to quantum mechahetfects, it is
occasionally possible for two protons to overcomartelectrical repulsion and come
close enough to interact weakly. In this proces® of the protons beta decays to a
neutron resulting in the formation of a deuteriuocleus. Then, proton-deuterium
reactions are possible through tkong interaction, releasing large quantities of
energy. This sequence of reactions is calledptison-proton cycleSuch reactions
are believed to be the main source of the Sun’sgggne

In many stars, however, where the temperaanmesigh enough, energy generation
may proceed vidBethe’s carbon cyclevhich does not require a weak interaction as
part of the process.
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