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1. Introduction

Emstein introduced the cosmological constant term mnto his field cquations mn order to get a static
model of the universe [1]. This term 1ntroduced a repulsive force mcreasing with distance to balance
the mutually attractive gravitational forces between the various bodies in the universe. This A
term brought ncgative pressure, with an equation of state p = —pc?, mto play Later when Hubble
discovered the universal expansion between galaxies and evidence for a dynamic cvolving universe,
Enstein abandoned the A term, calling 1t lus biggest blunder [2).

However Lemaitre and others showed that even while retaiming the cosmological constant, 1t was
possible to get cxpanding cosmological modc! and indeed de-Sitter in 1917 had alrcady obtained an
exponcntially cxpanding (with time) unuverse with no matter but only a A term Many cosmologists
retained the cosmological constant term as 1t had the effect of incrcasing the age of the universe
consistent with the age of the oldest stars in the globular clusters [3] Even quite recently when tho
Hubble space telescope (HST) team, first obtained & Hubble constant, Hg > 80 km/s/Mpc, implymg
an age for a closed universe of only about ten Gyr, a A tcrm was suggested as a panacca

In modern quantum field theory a vacuum zero pomt encrgy of virtual particle-antiparticlc pairs
is present and has to be considered. In calculating quantum transitions between states A and B, say,
the vacuum cnergy 18 cancelled out, but once gravity 1s involved, vacuum energy also contributes to
gravity A covariant quantum vacuum cnergy has an equation of state p = —pc? (or Tog = Agag),
precisely that of an cffective cosmological constant Phase transitions in the early universec are also
accompanied by large changes in the quantum vacuum cnergy [4]

2. Dark energy and an accelerating universe

The past few years have seen some cxciting developments in obscrvational cosmology [4,5] An
mmpressive varicty of recent observations, which include luminosity cvolutions of high redshift su-
pernovae strongly suggest that the universe 18 accelerating at the present epoch The deceleration
parameter 1n cosmology 18 given by go = (1/2)Q,, — Qa, where Q;, and 24 are the relative contri-
butions of the matter and vacuum energy in terms of the critical density p. Normally one would
expect the expansion of the universe to slow down owing to the combined gravitational attraction
of all 1ts constituents This gives a deceleration parameter, +¢qg, indicating the slow down in the
cxpansion of the Universe However a dark cnergy hike wa term causes a net repulsive gravity force
(due to negative pressure causing the Universe to accclerate) An overall cosmic repulsion as implied
by a A term would make gp negative and causc a cosmic accelcration The recent observations [6]
independently corroberate this, the universe indeed appears to be 1n an acceleration phasc with
a negative go of around g = —055 Agaimn analysis of the anisotropics 1n the cosmic microwave
background (CMBR) as implied by the Wilkinson microwave amsotropy probe (WMAP) satcllite
and other projects is consistent with a flat universe having a total Q,1¢, Q,, + 824 of one, 1¢, a
universc with a density cqual to the critical density Taken with the supernova results this in turn
implics a (24 of at lcast 0 7 and €, of about 0 3 The carly universe nucleosynthesis [7], when about
onc-fourth of the the hydrogen was converted to hehum and trace amounts of deuterium (10~3) and
Lithwum (10~®) (which are fully consistent with observations of these abundances) mmply a baryon
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fraction of around five percent The present observations arc consistent with this, implying a baryon
fraction of only four per cent This suggests an inventory of the universe of about 70% dark cnergy
(DE), 26% dark matter (DM) and four per cent baryons [8] The dark cnergy has an equation of
statc like that for the cosmological constant, 1 ¢,

P = —wpc?

wherc P 15 the pressure and p the density, and w =~ —1, corresponds to the cosmological constant
term The DE exerts a negative pressure causing a cosmic repulsion and since this dominates, the
universe 1s 1n an accelerating phase (go 18 negative) Current indications support w = —1 Thus
wronically the A term which Emstein discarded now seems to overwhelmingly dominate the dynamic
of the umiverse

3. What is the dark matter (DM)?

As mentioned 1n the previous section 2, about 26% of the universe in the form of non-baryonic dark
matter (readers may sec article by V. Trimble in the present book for an introduction)

The deduction of DM has quite a tradition and goes back to over seventy ycars when Fritz
Zwncky observed that several massive clusteres of galaxies (including the Coma cluster) have velocity
dispersions < v? > which imply a dynamcal mass (given by Mgy, ~< v?2 > R.:/G, R, 1s cluster
size) at least a hundred times more than the visible mass as deduced from their luminosity So the
luminous mass 1in the form of stars, etc, 1s only a small fraction of the total mass gravitationally
binding the cluster This means that most of the mass 1s non-luminous, 1 e , dark This soon became
the paradigm for the other large structures as well, including large spiral galaxics binary galaxies
ctc [9] For individual spiral galaxics like our own 1t was observed from the rotation curves (1e,
from the velocitics of various stars, nebulae etc. at different distances from the galactic centre)
that while onc would expect the velocities of stars further away from the central rcgion to show
a Keplerian drop (1e., « R™Y/?), the velocities even at large distances (> 20kpc) tend to remain
constant, 1 e, a flat rotation curve The hght from the galaxy on the contrary comes mainly from
the core and falls off cxponentially in the outer regions(with increasing radius) This suggests that
there 18 a progressive increasc in DM 1n the galactic halo (keeping the orbital velocities constant,
M o R, would keep the velocity of rotation of the galaxy at a distance R, V, constant as scen
from Kepler’s laws) So DM progressively mcreases as one goes to the outer regions 1mplying that
at least 90% of the total matter in individual galaxies 1s unknown DM. This 1s also true for binary
galaxics, elliptical galaxics, dwarf galaxies, etc. It was thought that the DM could be 1n the form of
low mass stars or compact evolved objects like white dwarfs, neutron stars or solar mass black holes
But results from gravitational microlensing (like that of MACHOS, OGLE and EROS projects)
suggest that only a small fraction of the galactic halo mass could be in the form of such objects
{10] The bulk of the DM is expected to be of the non-baryonic form. An early suggestion made
by scveral authors m the 1960s [11-13], was that massive neutrinos could constitute the bulk of the
DM Once the case for the hot dense early phase for the universe was made by the discovery of the
CMBR by Penzias and Wilson 1 1965, 1t was well cstablished even much earlier by the work of
Alpher, Herman, Follin and others that the carly universe would have left an cqually profuse relic of
primordial neutrinos (several hundred per cubic cm at the present epoch) So even if the neutrino
had a small mass (a few electron volts) the combimed mass of so many neutrinos would far exceed
the baryon mass (see Trimble’s article mn the present book) Even formation of large structurcs
with massive neutrinos was discussed as early as 1964 Neutrino oscillations [14] (involving three
species of massive neutrinos) were discussed i 1961 while a degencrate massive neutrino Sca [13]
dommating the mass was described in 1965. However the conjecture of several authors 1n the 1960’s
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that massive neutrinos could dominatc cosmic dynamics is now known not to be consistent with
cosmological obscrvations and current experiments on necutrino oscillations which yicld too low a
mass (implying that ncutrinos perhaps contribute hardly one per cent to the universe mass) Again
neutrinos being relativistic at decoupling constitute what is called hot dark matter which forms
only very large scalc structurcs at first. This is clearly inconsistent with obscrvations which imply a
bottom-up scenario, where the smallest structures formed first.

It 1s now belicved that the DM could be cither the axion (ueV') or the neutialino (a supersym-
metry candidate waighing & few GeV') There are scveral other particle physics candidates which
have been postulated ranging from cento PeV champs to gluchalls, gluinos, wimpzillas and what
not! There arc scveral ongoing searches with many clever experimental techniques to look for such
particles {15] Many of the experiments have been gomng on for years So far there 1s no confinming
evidence Several possible candidates have been ruled out while, upper flux limits have been put
on several others Unlhike DE, DM is clustered in halos of galaxies or in galaxy clusters and exerts
posttive pressure Pp = ppv?, like ordinary matter. One has also to understand why at the present
epoch DM and DE are within an order of magnmitude of cach other (the cosmic coincidence problem)
and why the baryon density is only 0 04. In the succceding scctions we shall try to understand some
of these aspects

4. Cosmological constant and interaction coupling strengths

The present author has long since been advocating a cosmological constants dominated universe
Somc of these arguments have to do with the evolution of quantum vacuum energy in an cxpanding
universe [16-18]

Again 1t 1s remarkable that the couphng constant of various fundamental interactions and masses
of elementary particles have remained invariant for the entire Hubble age Of course there were re-
cent claims that spectral observations of distant quasars implied increase of the clectromagnetic fine
structure constant a, with cpoch, [19]. However the latest results as well as recent sensitive labora-
tory cxperiments comparing mecasurements of hyperfine transitions 1 rubidium-87 and Cesium-133
over a four ycars period arc still consistent with a zero-time variation in the fine structure constant
{20} Thus the remarkable constancy of the fundamental constants and particle masscs 1s a ’stcady
statc feature’ of the cvolving umverse So if the cosmological constant 18 again included as a fun-
damental cosmic parameter (1t scts a cosmic scale!) 1t introduces a steady state feature (at lcast
asymptotically) It may be natural to link the vacuum energy to local physical parameters [21]

We have already given several examples of this in carlier works [22, 23] One such intriguing
rclation arises if for instancc we consider a wave packet of spicad r Its gravitational self energy
density 1s then given by

_ G(h/rc)* _ GH?
g = 8rrt 8wr8e?’ (1)

(from the uncertamty principles the cnergy of the packet 1s = fic/r), m which G 1s the Newtonian
gravitational constant, 7 the Planck’s constant, and ¢ the veloaity of hight

To be bound by its gravitational attraction this should be at lcast the same as the repulsive
cnergy density of the cosmological vacuum given by

Act
E.= el (2)
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This gives
Ld
6. Ln
rf=F, (3)
where Ly is Planck’s length /GR/c® = 1.6 x 10~%2 cm.
So the required size of the wave packet can be written:
2/3

w1
T—Alle —A"‘/SAI/E' (4)
p

b

in which A, = L2, is the Planck curvature

If this localized packet acquires an electron charge e, then its clectrostatic self energy can be
calculated This preciscly works out to be the clectron rest mass m,.. Thus we can write: (There
was absolutely no apriori reason to expect this)

ah
Me = TA;‘/SAlle, (5)

(where a 18 the electromagnetic fine structure constant).

If we use the pion-nucleon strong interaction constant ;';-’5 = 14, instead of «, in the above
relation, we would get the proton rest mass. In a recent work we had obtained the relation for the
7-lepton mass as [24]

ah [ hc
=T Ve ©

where Gr 15 the universal Fermi-weak intcraction constant Gp = 15 x 10~49 crg cm®. We have
me/m, = A;{aAl/eAal/z (Ay is the ‘weak’ curvature (hc/Gr) The muon mass was obtamed as:

3k, 13
my, = E_C—A:“{ AI/G- (7)

The masses of several other particles were obtained simlarly mn [25] Again the quantum chro-
modynamic (QCD) energy scale, Agcp, and the quark-gluon dimensionless strong couphng constant
[26] can be related to A and G through the relation

652 hed  he 1
s = ‘JK_'C = JK— . 8
@ Ghdop G Agco Abep (8)

Using A = 10~%¢ cm~2 (as implied by recent observations), Agcp = 160 MeV, a, turns out to
about 0.13. o 1s related to the weak interaction as,

Gr
a= A";/,aAl/G\/—r;. ()]

The proton-clectron mass ratio, another fundamental ratio can be expressed as,

mp_ 1 [he 1
me 21\,1,4/3 Gr AY/8 (10)
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All these intriguing reclations show a subtlo link between the underlying cosmic vacuum cnergy
and the coupling constants (particle massos) of the fundamental intoractions. This is a natural cul-
mination of the pioncering attompts made by Zeldovich [43] in this dircetion. The abovo relations
all imply a cosmological vacuum dark cnergy of &~ 10~2% gm em—3 preciscly what is found in the
latest cosmological observations.

5. Origin of dark energy

There have been recent attompts to understand the cosmological coincidence between pa and pr,
etc. [28] This framework assumes a mass scalc around the electrowoak scale m,, and together with
the Planck scale My one has

2
/e M
A = Mpl (11)

This is almost similar to our carlier work [26, 29], whcre a cosmological constant of the observed
magmitude (1.e, A = 10756 cm~?) was obtained through the clectrowcak vacuum made up of the
weak boson condensate which (for k= ¢ = 1) gives,

A

7
~ SLISQQ & 10~%6¢cm =2 (12)

ol

The above arguments suggest that A may also be rclated to the QCD strong interaction scale,
(Agep = 160 MeV, close to my), 1.¢

A = 87G:AYcp (13)

Egs (10) and (11) and other cquations along with similar results in the cited references [28, 29]
above give tise to the mtriguing relation connecting electroweak, strong and gravity mass scales as

sz = MPIA?QCD . (14)

Defining Ly, = +/Gr/hc = 7 x 10717 cm as the weak scale length, and Lgcp as the strong
nteraction (quark-gluon) length scale corresponding to Aqgep (Lgep =~ 1/Agep = 10713 cm),
then we get the following intriguingly beautiful relation between the strong QCD scale, Fermi Weak
Constant (G r), the Newtoman constant (Gy) and the cosmological constant (A), as (A =¢= 1)

LS
gf" VA & EG; ~ 1073, (15)

As GF 1s rclated to a, the electromagnetic coupling through eqn (8), eqn (13) connects the
interaction strengths of all four fundamental interactions to the cosmological vacuum energy A
similar carlier hypothesis by the present author published in 1982 (much before there was talk of a
dominating cosmic vacuum cnergy'), gave the following [30], relation for A m terms of G, clectric
charge e, pion-nucleon charge, g, Fermi constant G, ki, c as

G%'® &
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This gives exactly tho vacuum energy pa = Ac?/87G, deduced from the recent high-z supernovac
observations. The value for the Hubble constant, Hy obtained was,

Ge® | &
Hy = g_‘ Cs_G:;;- = 70km/8/1\’fpc (17)

The recent WMAP results have fixed Hy as 71 km/s/Mpc Egs (15-17) contain the actual
measured valucs of the coupling constants as occurring 1n the low cnergy umverse It was also in-
terpreted 1n terms of a residual dominating cosmological constant, A related to Hy as A = HE/c?,
pe=10"2 gm cm™3.

6. Vacuum energy and large scale structure

Given a A domimated universe, the requircment that for the various large scale structures (held
together by sclf gravity) to form on a variety of length acales their gravitational self cnergy density
should at lcast match the ambient vacuum cnergy repulsion, was shown to imply, espcaially in ref.
{30, 32] (and mm carlicr works cited therein), a scale invariant mass-radius relationship of the form
(for the various structurces):

M VR
RZT G

(essentially GM2/R* ~ Ac*/8nG) This can be casily shown to imply rough equality of ps, o, etc

Eq (18) predicts a universality of M/R? for a large varicty of structurcs For a typical spiral
galaxy, My =~ 10'2My, R = 30kpc and for globular cluster R a 100pc, M = 108M,, and for
clusters M, = 10'8M, and R, = 3Mpc For these and other structures, M/R? 1s the samc and
equals vVAc?/G (as given by Eq (18))

¢, (18)

7. The six numbers of Rees

Mertin Rees has enumcrated the six numbers needed to fix the umiverse [33] Two of these arc
the vacuum cnergy term (A) and FE the strength of the force that binds atomic nucler together It
would appear as 1if all the six numbers of Rees are independent entities The above arguments 1 the
previous sections would imply A as a connecting link Let us see if A and E, two of Rees' numbers
could be linked This has to do with the nuclear binding cnergy For a nucleus of mass number A
and radius r, the binding surface energy can be written as 4nr2(A%/3 — 1)T, where T 1s the ‘surface
tension’ of the nuclear force, i e, energy per unit arca (the nuclcus behaves like a hquid drop) For
the helrum nucleus A = 4, so that A%/3 ~ 16/ =~ 25 So the nuclear binding cnergy now becomes:
(for the helum nucleus) AE, = 6xr*T" Now for T, which 15 cssentially the cnergy per umt arca,
we use the same value as in Eq (18), ie,

VA

T= el 4 ~ 10%ergs/cm? (19)

This gives (when substituted into AE,) for the binding energy of the helium nucleus as AE, =
45 x 107 3%ergs,1¢,

4
an(h/mac)?(A23 — 1)%& = AE, =45 x 10~%rgs (20)
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This is preciscly the binding energy released in the conversion of hydrogen to helium, the AE,,
which is 0.007 fraction of the rest Energy So Eq. (18), not only gives the surface cnergy (cnergy per
unit area) of the large scale structures (galaxies, globular clusters, galactic clusters, etc.) but also
the nuclear surface tension T of the atomic nucleus In fact r in Eq. (3) corresponds to tLe nuclear
radius. Thus the cosmological vacuum energy also seems to fix T for the atomic nucleus, providing
a connecting link Many similar relations exist [34].

8. Why is the baryon fraction only 4 percent?

As noted above, pg = 0.04p;, how do understand this small ratio? The total baryon mass 18
mp < 6 x 10% gm. In an earlier paper [35], pubhshed in 1982, this upper mit was fixed as
follows: In general relativity, the limiting luminosity is ¢®/G = 3 x 10%° ergs/sec. So baryons (like
H, etc.) undergoing nuclear reactions in all kinds of objects cannot exceed the Eddington luminosity
Lg = 4nGMmyc/or So the combimned luminosity £Lg should be limited by ELg < ¢®/G. This
fixes,

tJ’TG4

EMp < 4nG?*m,

=6 x 10%%gm, (21)
in which o is the Thompson cross-section, and m, the proton mass.
This gives the baryonic density as,

UTCHg

pB = e =3 x 10" gm.cm3, (22)

(23)

pp _ 8n Ge? [ R
pe 3 g*m?m, cllGi—.N‘ll% (24)

This estimate would be valid whatever be the conditions under which the nuclear reactions take
place, either n the early universe or inside supermassive objects. It was shown that this gives the
photon-baryon ration as m.,/mg = (hc/Gm2)!/4 ~ 2.5 x 10° [35]

and

9. The ratio of ppar/Pvac = 0.3

Consider the DM to consist of collisionless particles just bound by their self gravity [36, 37) All of
them have thc same kinetic energy grven by,

T = (1/2)mavi = GMmy/2r, (25)

M = Zmyg, where mg 15 the mass of the DM particle, M 18 a function of the radius, 1e., M = M(r)
We thus have: M(r) = (2T'r/Gmyg), (dM(r)/dr) = 4ar?p(r), so
T

2nr2Gmyg

v
anGrz ~ Pe (r), (26)

p(r)
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Now tho vacuum cnergy is pa = (Ac?)/(87G) (over large scales). Thus

pa J2VE L
PA 2 Ar?’ (27
Now the largost structurcs havo sizo r & 200Mpc, with A &~ 1075 cm~2, V ~ 2000km/s (lergest
dispersion velocitics), this gives.

£

PA (28)

Wi =

So pg =~ 0,3pa.
10. Conclusion

Recent observations strongly suggest that the universe is dominated by dark cnergy, i ¢, vacuum
cnergy given by the cosmological constant Dark matter of an unknown type constitutes about one-
fourth of the cosmic matter while batyons account for hardly four percent. Again the latest evidence
suggests that the coupling constants of various fundamental interactions have remained remarkably
constant from the carlicst cpochs. It is suggested that the cosmic vacuum encrgy plays a basic role
1n fixing these constants and an attempt has been made to understand how the various cosmological
paramcters acquire their present values and the seminal role of the cosmological constant 1n fixing
the coupling strengths of the various interactions and particle masscs

Appendix A: Detection of dark matter

There have been several ongoing experiments for more than two decades to scarch for dark matter.
As we have stated precise measurcments of the CMBR have shown that DM constitutes a fourth
of the cnergy budget of the universc. However, the naturc of this DM remains a mystery It 1s
only clear that massivc ncutrinos perhaps account for less than a percent For general arguments
as to why ncutrinos cannot account for most of the DM sce ref [37] and 1cfeicnee therein  Present
experiments are trying to scarch for cxotic particles (predicted in many particle physics models such
as supersymmetry, ctc ) like ncutralinos, wimps, axions ctc They arc expected to weigh a GeV
The scattering of nucleons by thesc particles in a crystal, or m superfluid vortices, cte  arc some of
the techmques suggested to detect them  To date there arc no detections. All strong annihilation
decay (7) radiation from the galactic center might be a signal for DM annihilation May be CERNs
LHC may producec ncutralinos after 2007. Several axion detectors arc also trying to look for these
cold DM particles from the sun, fiom the galactic halo cte For a recent summary of all such current
experiments sce ref  [38]. (For example, and the refeiences cited theren), Recently the Chandra
Obscrvatory has made x ray obsecrvations of hot gas 1n about 26 clusters of palaxies The results sug-
gest that the dark cnergy density may cven be a constant consistent with the cosmological constant
first 1introduced by Einstem [39] Scc also mn this context the 1cferences [40-42] In this context, the
predictions made through Eqs (14) and (15) appear exphatly m refs [18 30, and 40]

Appendix B: Holography
The relations between A, A—pl, and Agep as given m section (4), 1e, Eqs  (3). and (11) cte  arc

consistent with the hologiaphic principle wlich has cmerged as a novel 1dea in discussing black hole
entropy, which 1s proportioned to the horizon swiface
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In the case of a universe dominated by A the cntropy 1s proportional to the horizon surfacc
(g1ven by ~ 1/A) divided by, Lﬁ,, 1c,~1 /ALf,, This 1s the upper limit imposed by the holographic
principle. In Eq. (3), 718 ~ 1/Aqgecp So the volume entropy 15 proportional to~ 1/A%/ 2A%CD
As this should not exceed the holographic bound we arrive at Eq (3),1 ¢, A = A?)C o/ Af,,, thus

relating the strong interaction, gravitational and cosmological scales .
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