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1. Introduction 

Emstem mtroduced the cosmological constant term mto his field equations m order to get a static 
model of the universe [1]. This term mtroduced a repulsive force mcreasmg With distance to balance 
the mutually attractive graVltational forces between the various bodies m the universe. This A 
term brought negative pressure, with an equation of state p = _pc2, mto play Later when Hubble 
discovered the unIversal expansIOn between galaxlCs and eVidence for a dynamiC evolvmg UnIverse, 
Emstem abandoned the A term, callIng It rus biggest blunder [2]. 

However LemaItre and others showed that even while retammg the cosmological constant, It was 
pOSSible to get expandmg cosmolOgIcal model and mdccd dc-Sitter m 1917 had alteady obtained an 
exponentially expandmg (with time) UnIverse With no ma.tter but only a A term Many cosmologists 
retamed the cosmolOgIcal constant term as It ha.d the ('ffect of mereasmg the age of the UnIverse 
consistent With the age of the oldest stars m the globular clusters [3J Even qUite recently when tho 
Hubble space telescope (HST) team, first obtaIned a Hubble constant, Ho ~ 80 km!s/Mpe, Implymg 
an age for a closed umversc of only about ten Gyr, a A term was suggested as a panacea 

In modem quantum field theory a vacuum zero pomt energy of virtual particle-antiparticle paIrs 
is present and has to be considered. In calculatmg quantum transitions between statCb A and B, say, 
the vacuum energy IS cancelled out, but once graVlty IS mvolved, vacuum energy also contrIbutes to 
graVlty A covariant quantum vacuum energy has an equatIOn of state p = _pc2 (or Ta {3 = Aga (3), 
prcclsely that of an effectIVe cosmological constant Phase transitiOns m the early universe are also 
accompanied by large changes m the quantum vacuum energy [4] 

2. Dark energy and an accelerating universe 

The past few years have seen some excltmg developments m observatIOnal cosmology [4,5] An 
Impressive variety of recent observatIOns, whICh include lummoslty evolutions of high redshlft su
pernovae strongly suggest that the universe IS acceleratmg at the present epoch The deceleratIOn 
parameter m cosmology IS gIVen by qo = (1/2)Om - OA, where Om and OA are the relative contn
butlons of the matter and vacuum energy m terms of the cntieal density Pc Normally one would 
expcct the expansion of the umverse to slow down owmg to the combined graVltational attractIOn 
of all ItS constituents ThiS gIVes a deceleratIOn parameter, +qo, mdICatmg the slow down lD the 
expansion of the Universe However a dark energy lIke WA term causes a net repulsive graVlty force 
(due to negative pressure causing the Umverse to accelerate) An overall cosmic repulSIOn as implied 
by a A term would make qo negative and cause a cosmic acceleration The rccent observatIOns [6] 
independently corroborate thiS, the universe mdeed appears to be m an acceleratIOn phase With 
a negatIve qo of around qo = -0 55 Agam analYSIS of the anlSotroplcs m the cosmic microwave 
background (CMBR) as ImplIed by the Wtlkmson microwave anisotropy probe (WMAP) satellite 
and other projects is corullstent WIth a flat universe haVlng a total 0, Ie, Om + OA of one, Ie, a 
universe With a denSity equal to the CrItICal density Taken With the supernova results thiS m tum 
ImplIes a OA of at least 07 and Om of about 0 3 The early umverse nucleosynthcsls [7], when about 
onc-fourth of the the hydrogen was converted to hehum and trace amounts of oeuterIum (10- 5 ) and 
Lithium (10-1l ) (which are fully corunstent With observatIOns of these abundances) Imply a baryon 
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fractIOn of around five perccnt The present observatIOns are conslstent Wlth thls, lmplymg a baryon 
fractIOn of only four per cent Thls suggests an mventory of the umverse of about 70% dark encrgy 
(DE), 26% dark matter (DM) and four per cent baryons [8J Thc dark energy ha.& an equatIOn of 
statc like that for the cosmolOgIcal constant, 1 e , 

p = -wpc? 

where P lS the pressure and p the density, and w ::::: -1, corresponds to the cosmologIcal constant 
term The DE exerts a negative pressure causmg a cosmic repulSIOn and smce thls dommatcs, thc 
umvcrse lS m an acccleratmg phase (qo lS negative) Current mdlcatlOns support w = -1 Thus 
lromcally the A term whlCh Emstem dlSCarded now seems to overwhelmmgly dommate the dynamlc 
of the umverse 

3. What is the dark matter (DM)? 

As mentIOned m the preVlOUS sectIOn 2, about 26% of the umverse in the form of non-baryonic dark 
matter (readers may sec artlcle by V Thmble m the present book for an mtroductlOn) 

The deductIOn of DM has qwte a tradltion and goes back to over seventy years when Fntz 
ZWlcky observed that several massive clusteres of galaxles (mcludmg the Coma cluster) have veloclty 
dlsperslOns < v 2 > which lmply a dynamlCal mass (given by Mdyn :::::< v 2 > R,)G, Rc lS cluster 
slZe) at least a hundred tlmes more than the vislble mass as deduced from thClr lummoslty So the 
lummous mass m the form of stars, etc, lS only a small fractIOn of the total mass gravltatlOnally 
bmdmg the cluster Thls means that most of the mass lS non-lummous, 1 e , dark ThlS soon became 
the paradigm for the other large structures as well, mcludmg large splral galaxlCs bmary galaxlCs 
etc [9J For mdlvldual SPiral galaxlcs like our own It was observed from the rotatIOn curves (I e , 
from the velocltlcs of varlOUS stars, nebulae etc. at dlfferent dlstances from the galactlc centre) 
that while one would expect the veloclties of stars further away from the central regIon to show 
a Keplerian drop (l e., ex: R-I/~), the velocltlCs even at large distances (> 20kpc) tend to remam 
constant, Ie, a flat rotatIOn curve The light from the galaxy on the contrary comes mamly from 
the core and falls off exponentlally in the outer regions(Wlth mcreasmg radlUs) ThlS suggests that 
there lS a progressive mcrease m DM m the galactlC halo (keepmg the orbItal velocitles constant, 
M ex: R, would keep the velocity of rotatIOn of the galaxy at a distance R, V, constant as seen 
from Kepler's laws) So DM progressIvely mcreascs as one goes to the outer regIOns Implymg that 
at least 90% of the total matter m mdlvldual galaxIeS lS unknown DM. ThiS lS also true for bmary 
galaxlcs, elliptical galaxlCS, dwarf galaxles, etc. It was thought that the DM could be m the form of 
low mass stars or compact evolved obJects like whlte dwarfs, neutron stars or solar mass black holes 
But results from gravltational IDlcrolensing (like that of MACHOS, OGLE and EROS proJects) 
suggest that only a small fraction of the galactic halo mass could be m the form of such obJects 
[lOJ The bulk of the DM is expected to be of the non-baryolllc form. An early suggestIOn made 
by several 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 dlscovery of the 
CMBR by Penzlas and WIlson m 1965, It was well establlShed even much earlier by the work of 
Alpher, Herman, Follin and others that the early umverse would have left an equally profuse relic of 
pnmordlal neutnnos (several hundred per cubiC cm at the present epoch) So even If the neutrmo 
had a small mass (a few electron volts) the combmed mass of so many neutrmos would far exceed 
the baryon mass (see Tnmble's artlcle m the present book) Even formation of large structurcs 
wlth massive neutrmos was dlscussed as early as 1964 Neutrmo osclllatlOns [14J (mvolvmg three 
specles of massive neutrinos) were discussed m 1961 while a degenerate masslve neutrmo Sea [13J 
dommatmg the mass was descnbed m 1965. However the cOll,Jecture of several authors m the 1960's 
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that massive neutrinos could dominate cosmic dynamics is now known not to be consistent with 
cosmological observatIOns and current experiments on neutrino oSCillatIOns which yield too Iowa 
m8tls (Implying that neutrinos perhaps contribute hardly one per cent to the universe mass) Again 
neutrinos bemg relativistic at decoupJing constitute what is called hot dark matter which forms 
only very large scale structures at firl:lt. This is clearly incon!:tistent With observations which imply a 
bottom-up scenario, where the sma.llest structures formed first .. 

It 19 now believed that the DM could be either the axlon (tLeV) or the neutlalino (a supersynl
metry candidate wClghing a few GeV) There arc several other particle phYSICS candidates which 
have been postulated rangmg from cento Pe V champs to glueballs, gluinos, wlmpzi\las and what 
not! There are several ongomg searches with many clever experimental techniques to look for such 
particles [15J Many of the experiments have been gomg on for years So far there IS no confirmmg 
evidence Several pOSSible candidates have been ruled out while, upper flux limits have been put 
on several others Unhke DE, DM is clustered in halos of galaxies or in galaxy clusters and exerts 
POSitive pressure PD = PDV2 , like ordinary matter. One has also to understand why at the present 
epoch DM and DE are within an order of magnitude of each other (the cosmic comcldence problem) 
and why the baryon denSity is only 0 04. In the succeedmg sectIOns we shall try to understand some 
of these aspects 

4. Cosmological constant and interaction coupling strengths 

The present author has long since been advocatmg a cosmolOgIcal constants dominated universe 
Some of these arguments have to do with the evolutIOn of quantum vacuum energy in an expandmg 
universe [16-18J 

Agam It IS remarkable that the couplmg COlu,tant of variOUS fundamental mteractlons and masses 
of elementary particles have remamed mvarlant for the entire Hubble age Of course there were re
cent clrums that spectral observations of dH,tant quasars Implied mcrcase of the electromagnetic fine 
structure constant 0, With epoch, 119J. Howevcr thc latest rCbults as wcll as recent SCnsltlve labora
tory experiments comparing measurements of hyperfinl' transItions m rubldmm-87 and Cesmm-133 
over a four years period arc still consistent With a zero-time variatIOn in the fine structure constant 
120J Thus the remarkable constancy of the fundamental constants and particle masses IS a 'steady 
state feature' of the evolvmg umverse So If the cosmolOgIcal constant IS agam mcluded as a fun
damental cosmic parameter (It sets a cosmic scalel ) It mtroduces a steady state feature (at least 
asymptotically) It may be natural to lmk the vacuum energy to local phYSICal parameters [21J 

We have already given several examples of thiS m earher works [22, 23J One such mtrlgumg 
relatIOn arises If for mstance we conSider a wave packet of splead r Its gravitational self energy 
density IS then given by 

E ~ G(Ftlre?, _ GFt2 

9 ~ 871"r4 - 871"r6c2' (1) 

(from the uncertamty prmclplcs the energy of the packet IS ~ Ftelr), m which G IS the Newtoman 
gravitatIOnal constant, 1i the Planck's constant, and e the velocity of light 

To be bound by ItS gravitatIOnal attractIOn thiS should be at least the same as the repulSive 
energy density of the cosmolOgIcal vacuum given by 

Ae4 

Ec= --. 
871"G 

(2) 
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This gives 

(3) 

where Lpl is Planck's length ~ = 1.6 X 10-33 cm. 
So the required size of the wave packet can be written: 

L2/3 1 
r = ~ = --;-;::--

AI/6 AI/ 3AI/6' 
1'1 

(4) 

in which Apl = L p~, is the Planck curvature 
If this localized packet acquires an electron charge e, then its electrostatic self energy can be 

calculated This precisely works out to be the electron rest mass me. Thus we can write: (There 
was absolutely no aprlori reBSon to expect this) 

_ Cl!1'i A 1/3 A 1/6 
me - c pl , (5) 

(where Cl! IS the electromagnetic fine structure constant). 
~ 

If we use the pion-nucleon strong interaction oonstant f,; ~ 14, instead of Cl!, in the above 
relation, we would get the proton rest mass. In a recent work we had obtamed the relatIOn for the 
T-lepton mass as [24] 

(6) 

where G F IS the uDlversal Fermi-weak mteractlOn constant G F = 1 5 X 10-49 erg cm3 • We have 
me/m.., = A~3 A 1/6 A;;;I/'l (Aw is the 'weak' curvature (nclG F) The muon mass was obtamed as' 

_ 31iAl/3AI/6 
ml' - 2c pl • (1) 

The masses of several other particles were obtamed SImilarly m [25) Agam the quantum chro
modynamic (QeD) energy scale, AQCD, and the quark-gluon dimensIOnless strong couplmg constant 
[26J can be related to A and G through the relatIOn 

c6 ",2 n.& nc 1 
Cl!s = VAGA2 = VAG-A-~' 

QCD QCD QCD 
(8) 

Using A ~ 10-56 cm-2 (as implied by recent observatIOns), AQeD = 160 MeV, Cl!s turns out to 
about 0.13. Cl! 18 related to the weak interactIOn as, 

_ A2/3AI/6 {G; 
Cl!- PI V-';;;' 

The proton-electron mass ratiO, another fundamental ratIo can be expressed as, 

mp __ 1_) n.c _1_ 
m. - 2A~3 GF AI/6 

(9) 

(10) 
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All these intriguing relations show a subtle link between tho underlying cosmic vacuum energy 
and the coupling constants (particlo massos) of the fundamental interactions. This is a natural cul
nunatlon of the pioneering attompts made by Zeldovich [43J in this direction. The above relations 
all imply a cosmological vacuum dark energy of ~ 10-29 gm cm-3 pTllciscly 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 Pm 
etc. [28J This framework assumes a mass scale around the electrowoak scale mV) and together Wlth 
the Planck scale MpJ one has 

1/4 M~ 
p", ~-

Mpl 
(11) 

This is almost similar to our earlier work [26, 29J, where a cosmological constant of the observed 
magnitude (I.e, A ~ 10-56 cm-2) was obtamed through the electrowcak vacuum made up of the 
weak boson condensate which (for 1i = c = 1) giVes, 

A 87rGM~ _ 10-56 -2 
~ 3 - em 

MpI 
(12) 

The above arguments suggest that A may also be related to the QCD strong mteractlOn scale, 
(AQCD ~ 160 MeV, close to m ... ), I.e 

(13) 

Eqs (10) and (11) and other equatIOns along with SImilar results m the Cited referenccs [28, 29J 
above give nse to the IOtngumg relation coIlnectlng elcctroweak, strong and gravity mass scales as 

(14) 

Definmg LV) = JGF /1ic = 7 x 10-17 cm as the weak scale length, and LQCD as the strong 
mtcractlOn (quark-gluon) length scale correspondlOg to AQCD (LQCD ~ 1/ AQCD ~ 10- 13 em), 
then we get the followmg mtngumgly beautiful relatIOn between the strong QCD scale, Fermi Weak 
Constant (GF), the Newtoman constant (GN) and the cosmolOgical constant (A), as (1i = c = 1)' 

L3 G 
1~D VA ~ GF ~ 10-33

• (15) 

As GF 18 related to ct, the electromagnetic coupling through eqn (8), eqn (13) connects the 
interactIOn strengths of all four fundamental mtera.ctions to the cosmolOgical vacuum energy A 
similar carhcr hypothesiS by the present author published in 1982 (much before there was talk of a 
dommatmg cosmic vacuum energy'), gave the followmg [30J, relatlOn for A m terms of G, clcctnc 
charge e, pion-nucleon charge, g, Fermi constant GF, 1i, cas 

(16) 
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This gives exactly tho vacuum energy Ph = Ac4 /8rrG, deduced from the recent high-z supernovae 
observations. The value for the Hubble constant, Ho obtained was, 

Ge8 In 
Ho = 7Y ~ = 70km/s/Mpc (17) 

The recent WMAP results have fixed llo as 71 km/s/Mpc Eqs (15-17) contain the actual 
measured valuC9 of the eouplmg constants as occurrmg m the low energy umverse It was also in
terpreted m terms of a rcsldual dominating cosmological constant, A related to H 0 as A = H5/ il, 
Pc = 10-29 gm cm-3 • 

6. Vacuum energy and large seale structure 

Given a A dommated universe, the requirement that for the various large scale structures (held 
together by self gravity) to form on a variety of length scales thClr gravitatIOnal self energy density 
should at lcast match the ambient vacuum energy repulSIOn, was shown to imply, espeCially in ref. 
[3~, 32] (and In earlier works Cited therein), a scale Invariant mass-radius relatIOnship of the form 
(for the varIOUS structures)' 

M ../K 2 
R2 ::::Cc , (18) 

(essentially GM2 / R4 ~ Ac4 /8rrG) This can be easily shown to Imply rough equahty of PA, Pm, etc 
Eq (18) prcdlcts a umversahty of 1.1/ R2 for a large varIety of structurcs For a typical spiral 

galaxy, Mgal ~ 1012Mo , R = 30kpc and for globular cluster R ~ lOOpc, M = 106M o , and for 
clusters Me :::: 10161.10 and He = 3Mpc For these and other structures, M/ R2 IS the same and 
equals VAil /G (as given by Eq (18)) 

7. The six numbers of Rees 

Martin Rccs has enumerated the six numbers needed to fix the umverse [33] Two of these arc 
the vacuum energy term (A) and E the strength of the force that binds atomic nuclei together It 
would appear as If all the SIX numbers of Rees are mdependent entltlcs The above arguments In the 
previous sectIOns would imply A as a connectmg hnk Lct us sec If A and E, two of Rccs' numbcrs 
could be hnked ThiS has to do with the nuclear binding energy For a nucleus of masb number A 
and radlUs r, the blndmg surface energy can be written as 4rrr2 (A2/3 - I}T, where T IS the 'surface 
tensIOn' of the nuclear force, ie, energy per umt area (the nucleus behavcs hke a hqUid drop) For 
the helium nucleus A = 4, so that A2/ 3 ~ 161/ 3 ~ 2 5 So the nuClear bmdlng energy now becomes: 
(for the hehum nueleus) !1En = 6rrr2T Now for T, which IS essentially the energy per umt area, 
we usc the same value as In Eq (18), i e, 

(19) 

ThiS gIVes (when substituted mto !1En ) for the bmdlng energy of the hehum nucleus as !1En = 
45 x 1O- 5ergs, Ie, 

(20) 
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This is precisely the binding energy released in the conversion of hydrogen to helium, the .6.E .. 
which is 0.007 fraction of the rest Energy So Eq. (18), not only gives the surface energy (cnergy per 
Wlit 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 tile nuclear 
radius. Thus the cosmological vacuum energy also seems to fix T for the atomic nucleus, providmg 
a connecting link Many similar relations exist [34J. 

8. Why is the baryon fraction only 4 percent? 

As noted above, PB = O.04pc, how do understand this small ratio? The total baryon mass IS 
mB < 6 x 1064 gm. In an earlier paper [35J, published in 1982, this upper limit was fixed as 
follows: In general relativity, the limiting luminosity is c6/G = 3 x 1069 ergs/sec. So baryons (like 
H, etc.) undergoing nuclear reactions in all kmds of objects cannot exceed the Eddington luminOSity 
LE = 47rGMmp c/uT So the combmed luminOSity ELE should be limited by ELE ~ ~ /G. ThiS 
fixes, 

(21) 

in which lIT is the Thompson cross-section, and mp the proton mass. 
This gives the baryonic density as, 

PB uTcH3 _ 3 10-31 -3 
87r3G2m" - x gm.ern, (22) 

(23) 

and 

PB 87r Ge
12 ~ (24) "3 4 2 I1G3 ~41% Pc 9 m"mp C F 

ThiS estimate would be valid whatever be the conditIOns under which the nuclear reactions take 
place, either m the early universe or inside supermassivc obJects. It was shown that thiS gives the 
photon-ba.ryQn ratIOn as m.,/mB ~ (nc/Gm~)1/4 ~ 2.5 x 109 [35] 

9. The ratio of PDM / PVBC ~ 0.3 

ConSider the DM to consISt of collislonlcss particles just bound by their self gravity [36, 37] All of 
them have the sa.me kmetJc energy gIven by, 

(25) 

M = Emd, where md IS the mass of the DM partICle, M IS a functlOD of the radius, I c., M = M(r) 
We thus have' M(r) = (2Tr/Gmd), (dM(r)/dr) = 47rr2p(r), so 

per) 
T 

= (26) 
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Now tho vacuum energy is Ph = (Ac2)/(87l"G) (ovor large scales). Thus 

Pd =' 2Vl_1_ 
PA 02 Ar2 ' 

23 

(27) 

Now the largest structures havo sizo r R: 200Mpc, with A R: 1O-1l7 cm-2 , V R: 2000km/s (largest 
dispersion velocities), this gIVCS. 

(28) 

So Pd R: 0, 3PA' 

10. Conclusion 

Recent obscrvatiollli strongly suggest that the umvcrsc is dominated by dark cnergy, ie, vacuum 
energy gIVen by the cosmolOgical constant Dark matter of an unknown type constltutC1> about ono
fourth of the cosmic matter while balyons account for hardly four percent. Again the latest eVidence 
suggests that the coupling constanu, of varIOW:I fundamental mteractlOns have remamed remarkably 
cOlllitant from the earliest epochs. It is suggested that the cosmic vacuum energy plays a basiC role 
m fixing these constants and an attempt has been made to understand how the varIOuS cosmological 
parameters acqUire their present values and the seminal role of the cosmological constant m fixmg 
the couphng strengths of the various interactIOns and particle massCl> 

Appendix A: Detection of dark matter 

There have been several ongomg experiments for more than two decades to search for dark matter. 
As we have stated precise mea8urements of the CMBR have shown that OM COnstitutes a fourth 
of the energy budget of the ulllverse. However, the nature of thiS DM remams a mystery It IS 
only clear that massive neutnnob perhaps account for less than a percent For gener:al arguments 
as to why neutrinos cannot account for most of the OM see ref [37] and lCfclence therem Pre&ent 
experiments arc trymg to search for exotic partlclCl> (predicted in many particle physic~ models such 
as supersymmetry, etc) hke neutrahnos, wimps, BXlOns etc They nrc expected to wClgh a GeV 
The scattering of nucleons by these particles III a crYlital, or III suprrfi1llcl VOl tlces, etc arC' some of 
the techmques ~uggestcd to detcct them To date there are no detcctions. All btrong anlllhilation 
dccay h) radiation from the galactic centci might be a ~Ignlll for DM annihilatIOn tllay be CERNs 
LHC may produce neutralinos after 2007. Several ax lOll detec.tors arc abo trymg to look for these 
cold OM particles from the sun, flom the gdlactlc halo et(' For a recent summary of all stich eurrent 
expellments sec ref [38]. (FOI example, Ilnd the rcfClCllCC1> ('Ited therem). Recently the Chandra 
Observatory has made x ray observatIOns of hot gab In about 26 dUbtel~ of gala.xlcs The results sug
gest that. the dark energy denSity may even be a constant Wl\bl~tent With the cosmologleal conbtant 
first mtroduccd by Embtelll [39] Src also m thiS wntcxt the IcfelC'nceb [40-42] In thlb context, the 
predictions made through Eqs (14) and (15) appem expliCitly III refs [18 30, and 40] 

Appendix B: Holography 

The relatlOn& betwccn 1\, A-pi, and '1 QCD Ill> glyell 111 ~ectJOn (4), I c, Eqs (3). and (11) etc arc 
consistent With the hologlaphlc pllnc.lple which ha'l emerged 0." ,1 Ilovclldca \l1 dli"ClIS~\l1g hlac.k hole 
entropy, which I~ propOl tlOllcd to the horizon SUI face 



24 21 rt Century Astroph .. ·slcs 

In the case of a UnIverse dommated by A the entropy IS proportIOnal to the hOrizon surface 
(given by '" II A) divided by, L~l' Ie, '" II AL~1 This IS the upper lImit Imposed by the holographic 

prmclple. In Eq. (3), r IS '" l/AQCD So the volume entropy IS propOltlOnal to'" l/A3/2A~cD 
As this should not exceed the holographic bound we arrive at Eq (3), Ie, A = AtcDI A~, thus 
relating the strong interaction, graVltatlOnal and cosmological scales . 
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