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Abstract

In the string landscape picture, the e�ectiv e potential is characterized by an enor-
mous number of local minima of which only a minuscule fraction are suitable for the
evolution of life. In this \m ultiv erse", random transitions arecontinually madebetween
the various minima with the most likely transitions being to minima of lower vacuum
energy. The in
ationary era in the very early universeendedwith such a transition to
our current phasewhich is described by a broken supersymmetry and a small, positive
vacuum energy. However, it is likely that an exactly supersymmetric (susy) phaseof
zero vacuum energyas in the original superstring theory also exists and that, at some
time in the future, there will be a transition to this susyworld. In this article we make
somepreliminary estimatesof the consequencesof such a transition.

PACS numbers: 11.30.Pb,12.60.J,13.85.-t

1 In tro duction

Current indications are that the universebeganabout 1010 bc in a phaseof largevacuumen-
ergydensity resulting in a rapid expansion.In the very early instants the universeunderwent
a transition to the current phasecharacterizedby a vacuum energydensity

� = (0:0023 eV)4 (1.1)

� lclavell@bama.ua.edu
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small enoughto allow the evolution of stars, planets,and life. Although this vacuumenergy
is more than 100 orders of magnitude below the \natural" scaleof M 4

P l it is argued that
its existenceis made likely by the sheernumber of minima in the string landscape [1]. A
possibleartist's conceptionof a pieceof the string landscape is given in �gure 1.
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Figure 1: A schematicrepresentation of the e�ectivepotential in the string landscapepicture.
The potential is measuredin units of MeV/m 3 and the y axis has a broken scaletaken to
be linear in V at low valuesof the potential. The low lying valleys have a bi-cuspid nature
characterizedby a broken susyaswell as an exact susyminimum.

The string landscape shows promise [2] for the understandingof several featuresof the
in
ationary eraand its subsequent transition to the current phase.In order to provide a long
enoughperiod of in
ationary growth, it is currently assumedthat the transition took place
via a \slow roll" rather than a suddenquantum jump. Perhaps,the slow roll was actually
a long sequenceof jumps betweenprogressively lower minima. Although the details remain
problematic, it is clear that such a transition out of an in
ationary era was a prerequisite
for the evolution of life.

It is widely believedthat the current phaseof the universeis oneof brokensupersymmetry
wherethe partners of the standard model particles are in the hundred GeV massregion or
above. In the Cern theory group this universe has been referred to as \Susonia". One
of the primary goalsof the Large Hadron Collider presently under construction at Cern is
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to establish that this is indeed our universe. Just as the existenceof water in one phase
can prompt a search for other phasesof water, con�rmation of the existenceof Susonia
would give addedimpetus to the search for other phasesof supersymmetry. SinceQuantum
Chromodynamics seemsalmost certain to exist in at least two phases,it should not be
surprising if more than onephaseof supersymmetry exists.

It is very likely that, in addition to our universe with a vacuum energy given by eq.
1.1, there exists a lower minimum of the e�ective potential corresponding to an exact su-
persymmetry. This seemsto be a persistent prediction of superstring theory. In 
at space
such a universewould have vanishing vacuum energy. It is possiblethat other minima of
negative vacuum energycorresponding to anti-deSitter phasesalso exist. If theseminima
are supersymmetricand have a vacuumenergythat is not too large in absolutevalue, many
of our considerationswould remain valid although such a universewould ultimately collapse
toward a big crunch. For de�nitenesswe considerprimarily the phaseof zerovacuumenergy
asthe true vacuum. Figure 2 illustrates the doublewell potential in which the falsevacuum
is our broken susyuniverseand the true or absolutevacuum is the world of exact susy.

SUSYUS

e

Figure 2: The doublewell e�ectivepotential representing our brokensusyworld and a nearby
world of exact susy.

In the string landscape picture, such a world could exist now beyond our visible universe
or in localizedbubbleswithin it. In any case,given a supersymmetricabsoluteminimum of
vacuum energylessthat that of eq. 1.1 and assumingthe e�ective potential is dynamically
determined, there will inevitably be a future transition from our broken susy world to a
world of exact susy. This world of perfect susymight well be the �nal phaseof our universe.
Either of theseconsiderationscould justify sometheoretical exploration of thesealternate
worlds. An initial study in string theory of the transition from a deSitter world of positive
vacuum energyto an exact susyground state hasalready beenmade[3].

The world of broken supersymmetry is dominated by the Pauli principle. Every atom
aboveHelium is characterizedby energypermanently storedin a Pauli tower of electronsand
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in a separatetower of nucleonsin the atomic nucleus. In exact susy, conversion of fermion
pairs to degeneratescalarpairs not governedby the Pauli principle allows the releaseof this
energy.

2 Susyria and Susalia

The physics of bulk supersymmetric matter is very much terra incognita. Many questions
cannot be easily answered. Only the simplest issuesare addressedhere. We tentativ ely
assumethat the primary di�erences betweenour world and the world of exact susyare the
degeneracyof the susymultiplets and the diminished importance of the Pauli principle.

For de�niteness, we explore a world governedby the minimal supersymmetric standard
model (MSSM) with all the susy breaking parametersset to zero. We name it \Susyria".
In this world each particle-sparticle pair has a commonmassequal to that of the standard
model particle in the broken susyphasewith coupling strengthsapproximately as in broken
susy. Clearly, other nearby susyworlds [4] are equally deservingof study asare broken susy
deSitter and anti-deSitter worlds of vacuum energy lessin absolutevalue than that of our
world. String theory, however, while presenting somegeneralpossibilities, has few speci�c
predictions at the present time. The question of the dimensionality and topology of space
time in a future phasehasalsoreceived someattention [5]. In view of the attractiv e notion
of radiative breaking of the electroweak symmetry, another high priorit y goal would be the
world of exact susyand alsoexact electroweakgaugeinvariance. In such a totally symmetric
world, \Susalia", all fermionswould be massless.However, at present, this world is beyond
reach since we have no calculational techniques for studying the interactions of massless
charged particles. Perhaps in Susalia the gaugegroup is left-right symmetric to allow for
particle masses.

In cosmologyone must distrust arguments basedon \naturalness". The low vacuum
energyof our world given by eq. 1.1 must at present be consideredvery unnatural although
our existencedependson it. In fact, if a theorist in someother world werepresented with the
standard model Lagrangian with its nineteen free parameters,he would concludethat the
evolution of life in such a universewould be highly unlikely sincethe necessaryparameters
would probably form a set of measurezero.

For example, in our world of broken symmetry, the neutron is heavier than the proton
with no present explanation other than an anthropic coincidenceamong the Higgs yukawa
couplings. We use the word \coincidence" to describe a fact for which there is as yet no
physicsexplanation in the traditional sensewithout implying that nonewill ever be found.
The coincidenceamongquark massesis illustrated in �g. 3.

As a function of generationnumber, the up quark masscurve is slightly concavedownward
on a log plot while the down-type quark masscurve is slightly concave upward. The pattern
of baryon massesfollows the pattern of quark masses. If the neutron were 1% heavier,
other things beingequal, the only stableatom would be Hydrogensincethe nuclei of heavier
atomswould � � decay followed sometimesby proton ejection. If the neutron were1%lighter
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Figure 3: The up-type and down-type quark massesas a function of generation. Quark
massesare taken from the Particle Data Group review [6]. In the two heavier families the
up-type quark is heavier than the down-type quark. This is reversedin the �rst generation.

all protons would � + decay followed sometimesby neutron ejection and there would be no
atoms. In either caseno presently conceivable life forms could exist. In this senseour life
dependson the unexplainedsmallnessand relative sign of the quadratic terms in the mass
formulae.

Somequestionswe would like to answer are

1. Could life have arisen if there had been a phase transition directly from the
in
ationary era to the exact susy minim um? If not, there might be an anthropic
lower limit to the vacuum energydensity in addition to Weinberg's anthropic upper
limit [8].

2. Could life surviv e, or re-establish itself, follo wing a transition from our
brok en susy world to the exact susy world? If the answer to the �rst question
is \no" and the answer to the secondquestion is \y es" there could be an anthropic
understanding,after the transition, of why the universeexistedfor a time in the broken
susyphase.

3. What would be the primary characteristics of the physics (and biology , if
any,) of the exactly supersymmetric phase?

4. Can we estimate the probable time remaining before our univ erse converts
to a susy world?
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The primary goal of this preliminary theoretical expedition is, perhaps, the search for
life in other worlds. As alluded to above, the absenceof life in other universesmight help
explain why our present universeis as it is. However, a priori, it cannot be ruled out that
Susyriais a newGalapagosteemingwith abundant life. Therefore,whenambiguities present
themselves,we will tentativ ely assumethe solution seeminglymost favorable to life. These
choicesare motivated by a desireto determine if there are any reasonablepossibilities that
are consistent with the evolution of susylife and, obviously, no claim is madethat no other
possibilitiesare present.

In Susyriamany of the anthropic coincidencesof our world would continue to hold. The
neutron proton massdi�erence discussedabove would be, at least roughly, as in our world.
Similarly, the electromagneticand strong coupling constants would be approximately as in
our world. Slight di�erences in massesand coupling strengths might be found by requiring
granduni�cation and extrapolating to low energiesin exactsupersymmetry. Such arguments
would suggestthat each of the gaugecouplingconstants at low energiesaresomewhatsmaller
in an exactsusyuniversethan in our brokensusyworld. To seethis it is su�cien t to compare
the one loop running of the couplings. The two loop results do not signi�cantly changethe
answersand could be incorporated asin [7]. With susybrokenat energyscale,M S, the three
couplingsat the Z are

� i (MZ )� 1 = � � 1
0 + (bi � bS

i ) ln(MS=MZ ) + bS
i ln(MG=MZ ) (2.1)

wherethe di�erences betweenthe susyand standard model beta function coe�cien ts are

bS
1 � b1 = 1

2� (2N f =3 + NH =5)

bS
2 � b2 = 1

2� (4=3 + 2N f =3 + NH =3) (2.2)

bS
3 � b3 = 1

2� (2 + 2N f =3) :

The number of Higgs and fermion families are nominally NH = 1 and N f = 3. In exact
susy the central term in eqs.2.1 is absent. Thus, assumingthe GUT-scale parametersare
not a�ected by the low energybreaking or non-breakingof susy, the relation between the
couplingsat the Z in an exact susyuniverseand the couplingsin our broken world is

(� i
S)� 1(MZ ) � � � 1

i (MZ ) = (bS
i � bi ) ln(MS=MZ ) (2.3)

Sincethe three beta function di�erencesof eqs.2.3 arepositive de�nite, it would be expected
that the couplingsin an exact susyworld areslightly lessthan thosein our universe.extrap-
olating from the Z to low energythe active number of fermionsdecreasesstepwise. Roughly
speaking, therefore,we would expect that the susy�ne structure constant would be

(� S)� 1 � � � 1 +
1

3�
ln(MS=M e) � 138:5 (2.4)

Similarly, the di�erence between the strong coupling constants at 1 GeV (and therefore
perhapsthe di�erence betweenthe � -Nucleoncouplings)would be governedapproximately
by

(� S
s (1GeV)) � 1 � � s(1GeV) � 1 +

1
�

ln MS=(1GeV) � 10: (2.5)
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Susalia, the susy island universewhere electroweak breaking is also absent, would also
be quite interesting to explore if the problem of masslesschargedparticles could be solved.
However, in such a world, one might expect heavier protons than neutrons which might
precludethe existenceof planets and life.

The nuclear mass form ula

In Susonia,the broken susy world, the massesof nuclei are given, generally to better
than 0:1%, by the semi-empiricalformula [9]

M (Z; A) = N M n + ZM p � avA + asA2=3 + ac
Z 2

A1=3
+ aa

(Z � N )2

A2=3
+

�
A1=2

(2.6)

where

av = 15:67M eV

as = 17:23M eV

ac = 0:714M eV

aa =93:15M eV (2.7)

� = � 11:5M eV (even � even)

= 0 (even � odd)

= 11:5M eV (odd� odd)

In addition to the volume term, av, surface term, as, and the Coulomb repulsion term,
ac, there is the asymmetry term, as, and the pairing term, � . These last two are direct
consequencesof the Pauli exclusion principle among fermionic constituents. In the susy
phase,the Pauli principle canbe evadedby pair conversionfrom fermionsto bosonsallowing
all particles to drop into ground state energylevels.

f f ! ~f ~f (2.8)

The addedenergyrequired to store fermionswould then be eliminated. We would there-
fore expect nuclear massesin the susyphaseto be governedby a formula of the form

M s(Z; A) = N M n + ZM p � avA + asA2=3 + ac
Z 2

A1=3
�

11:5M eV
A1=2

: (2.9)

Note that, although the �nal state is a sfermion pair and not a sfermion-antisfermion
pair, this processoccurs in supersymmetry without R parity violation. The argument from
grand uni�cation 2.4,2.5suggestsonly a few percent di�erence betweencoupling constants
in the brokensusyand exactsusyuniverses.It is, therefore,not unreasonableto assumethat
couplingsin Susyriahave the samestrengthsasin the brokensusyphaseso,asa zerothorder
approximation, we can usethe numerical valuesfrom eq.2.7. Of course,in addition to the
strength of the nuclear force,the averagebinding energyper nucleongovernedby coe�cien ts
av and as could also be a�ected by the necessity to put fermions in higher (less tightly
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bound) states. This could lead to somewhathigher averagebinding energiesper nucleonin
a supersymmetric nucleus. There will be two types of fermionic protons, one having zero
squarksand one having two squarks. The sameholds for fermionic neutrons. Stable susy
nuclei will have no more than two fermionic protons of each type and no more than two
fermionic neutronsof each type with the remaining nuclearchargeand atomic number �lled
out by sprotonsand sneutrons.Similarly, the lepton cloudssurroundingnuclei would have at
most two electronswith the remaining leptonic chargebeing carried by selectrons.Ground
state atomic and nuclear orbitals would be s-wave only although excited states of higher
angular momentum would exist. Thus, magneticmoments in Susyriaare much weaker than
in Susonia.Since,in Susonia,p-wave orbitals are prominent in the widespreadphenomenon
of doublecovalent binding, molecularand condensedmatter physicswould be quite di�erent
in Susyria where there might be no pronouncedshell structure. Are all the elements of
Susyria, therefore, inert like the Helium of Susonia? Or do, at least, the atoms with a
single fermionic electron bind as doesSusonicHydrogen? Alternativ ely, doesa large cloud
of s-wave selectronsmake it energetically favorable for one or more to be bumped up into
p-wave statesor even for s wave electronsto be more easilyshared?Thesequestionscannot
be answeredwithout detailed atomic physicscalculations. Following our stated program of
investigating assumptionsthat might allow the possibility of life until proven untenable,we
will tentativ ely assumethat molecular binding does occur in a susy world. Otherwise we
have our answer to questions1 and 2 of the introduction and Susyria is a totally sterile
world.

Although supersymmetricquantum mechanicshasproven usefulas a technicqueto deal
with normal atomic physics(as for examplein ref. [10]), we know of no attempts to predict
the atomic properties of atoms in a true supersymmetric background. Similarly, although
susyYang-Mills (YSM) hasbeenextensively investigated,often this is in a zero
a vor mode,
sothat little insight is available for the behavior of susynuclearlevels. Given the di�cult y of
explainingnuclearbinding from fundamental Quantum Chromodynamics,it is not surprising
that SYM is in a very early stageof providing an understandingof susynuclear physics.

A susynucleus(snucleus)would undergo� � decay if

M s(Z; A) � M s(Z + 1; A) � me > 0 (2.10)

or � + decay if

M s(Z; A) � M s(Z � 1; A) � me > 0: (2.11)

In the standard model, eq.2.6, the stablenuclei have atomic weights greater than but of the
sameorder of magnitudeastheir atomic numbers. Using eq. 2.9,onecanseethat the stable
snuclei as a function of atomic number, Z , would have very large atomic weights compared
to the sameelements in the broken susyworld.

Amin (Z ) < A < Amax (Z ) (2.12)

with

Amin (Z ) =

 
2ac(Z � 1=2)

Mn � M p + me

! 3

(2.13)
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and

Amax (Z ) =

 
2ac(Z + 1=2)

Mn � M p � me

! 3

: (2.14)

Using the Coulomb coe�cien t, ac, from eq. 2.7, the low-lying stablesusynuclei are asgiven
in table 1. Coulomb repulsion disfavors a large number of protons or sprotons, the Pauli
principle disfavors a large number of neutrons, but there is no principle disfavoring large
numbers of sneutrons.

Hydrogen Z = 1 1 < A < 19
Helium Z = 2 3 < A < 88
Lithium Z = 3 8 < A < 243
Berylium Z = 4 21 < A < 518
Boron Z = 5 45 < A < 946
Carbon Z = 6 82 < A < 1562
Nitrogen Z = 7 136< A < 2400
Oxygen Z = 8 209< A < 3494
Fluorine Z = 9 304< A < 4878

Table 1: Atomic weights of the stable isotopesof low-lying elements in the exact susy limit
of the MSSM. Elements up to He4 would have the samemassesas in the standard model.

�ssion and fusion

In the standard model, nuclear binding energiesper nucleon, as described by eq. 2.6,
increaseup to Iron and then decline. The result is that Iron is the end point of nuclear
fusion. The decline in binding energiesabove Iron allows very heavy elements to approach
the point of spontaneous�ssion. It is estimated that, for spontaneous�ssion to occur, one
must have [11]

Z 2

A
> 44: (2.15)

This ratio is proportional to the ratio of coulomb energyto surfacetensionin a heavy nucleus.
In the brokensusyworld this condition is never attained although, for a fewelements, notably
Uranium and Thorium, it is su�cien tly closelyapproached that slow neutrons can induce
�ssion.

On the other hand, in the susyworld being exploredhere, the nuclear binding energies
de�ned by eq. 2.9 increasemonotonically. The result is that stellar lifetimes may be greatly
prolonged since fusion will not end at iron. For example, the energy releasefrom alpha
induced fusion
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� + (Z; A) ! (Z + 2; A + 4) (2.16)

is predicted from eq. 2.9 to be roughly 30 MeV nearly independent of A. The reaction
2.16 would be followed by beta decay processesdown to stable nuclei consistent with eq.
2.12

Fusion of Susy Hydrogen and Helium proceedsat a similar rate as in the broken susy
world except for the statistical e�ect of the large number of stable isotopesof the low lying
elements. Whether thesee�ects would besu�cien t to precludethe evolution of stars,planets,
and life if the susyphasetransition had occuredin the very early universeis still uncertain.

It is deducible from the form of eq. 2.9 that there are no exothermic �ssion reactions
and no alpha decays in Susyria. If we extend table 1 to include a few heavier elements
that are common or problematic in Susonia,it is clear that their extreme atomic weights
probably precludetheir existencein a susyworld except, perhaps,in extremely small trace
concentrations.

Silicon Z = 14 1218< A < 17346
Iron Z = 26 8209< A < 105888
Arsenic Z = 33 16994< A < 213917
Lead Z = 82 267992< A < 3195023
Plutonium Z = 94 404654< A < 4801840

Table 2: Atomic weights of the stable isotopesof a few highly charged nuclei in the exact
susy limit of the MSSM. The very large sneutron numbers required to stabilize such nuclei
suggestthat theseelements are nonexistent or extremely rare in a susyuniverse.

Of course,the seeminglyextreme atomic weights of tables 1, 2 could be moderated by
future analysesalong the lines suggestedabove. If for example, in exact susy, the �ne
structure constant were 10%to 20%lower than in broken susyor the neutron-proton mass
di�erence weregreaterby a similar percentage, the large atomic weights of table1 would be
signi�cantly reducedwithout negatingour qualitativ e expectation that susynuclei would be
much heavier, for �xed atomic number, than nuclei in the broken susyworld.

Susy Biology

Is a supersymmetric world capableof sustaining life? We cannot answer this question
de�nitiv ely as yet. However, in our broken susyworld, stable elements of atomic weight up
to 238exist. If the transition to exact susywere to take placein an already evolved broken
susyworld such asours, all of the elements with atomic weights above 209would beta decay
to Oxygen. Similarly, referring to table 1, elements with atomic weights between136and 208
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would decay to Nitrogen, etc. In this caseno elements of atomic number greaterthan Oxygen
would exist unlessfusion were ignited. On the other hand, someelements beyond Oxygen
could alsobe producedin this analysisif the Coulomb coe�cen t, ac, in the susyworld were
somewhatsmaller than given in eq. 2.7. The argument from grand uni�cation given above
would predict a weaker low energyelectromagneticinteraction but not su�cien tly weaker
to greatly modify the atomic weights in table 1. Other possiblee�ects might need to be
investigated.

Adenine C5H5N6

Thymine C5H6N2O2

Cytosine C4H5N3O
Guanine C5H5N5O

Table 3: The chemical formulae for the four basesthat encode all life forms in our universe.

It is interesting that the elements up to Oxygen are su�cien t to de�ne the structure of
DNA and, therefore,the geneticcode of every life form as indicated in table 3

Since these elements also exist in a susy world, each individual of every specieshas a
potential supersymmetric counterpart. The composition of the four basic elements in the
human body is summarizedin table 4.

Some21 elements of atomic number greater than that of Oxygen, though occuring only
in minor or trace amounts, play important rolesin life. It is not yet clear whether molecular
physicsallowsthe four basesto bind and whether the trace amounts of higherelements found
in life forms on earth can be dispensedwith or replacedby lower elements. The absenceof a
prominent shell structure suggestsa possiblea�rmativ e answer to the latter question. We
will tentativ ely assumethe answer to both thesequestionsis a�rmativ e.

% by weight
Hydrogen 9.5
Carbon 18.5
Nitrogen 3.2
Oxygen 65.0
Total 96.2

Table 4: Composition of the four basicelements in the human body by weight.

In Susyria there are three atoms of each atomic number above Hydrogen having either
zero, one, or two fermionic electronswith the remaining charge in the atomic cloud being
made up of selectrons. Thus, even if no elements above Oxygen exist, there might be a
surprising variety of di�erent molecules.If nuclear di�erences are relevant, one might note
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that the 148 stable isotopes of susy Carbon are far more numerous than the two stable
isotopesof Carbon in the broken susyworld. In the nucleusof susyCarbon, there are either
zero,one,or two fermionic protons and zero,one,or two fermionic neutrons. Thus there are
1332di�erent stable speciesof Carbon nucleusin the susyworld. In addition, each proton
and each neutron can have either zero,one, two, or three fermionic quarks. Scalarnucleons
are those with zero or two fermionic quarks. Since molecular vibrational and rotational
frequenciesare inversely proportional to the squareroot of the atomic weights, molecular
emissionand absorption lines from a susyworld would appear strongly red-shifted.

3 The coming transition

We have not found a compelling proof that a direct transition from the in
ationary universe
to a susy universewas impossiblefrom the point of view of allowing for human evolution.
An exampleof such a proof could conceivably be a demonstrationthat the energyreleasein
supernovaecomesfrom a susyphasetransition in densematter such asproposedfor gamma
ray bursts [12]. Sincesupernovae are responsible for seedingthe universewith the elements
beyond Lithium which are necessaryfor life, if supernovae could be proven to require a
broken susy ground state, it would follow anthropically that we live, at least temporarily,
in a broken susy world. It is well known [13] that standard model monte carlos do not
succeedin generatingan adequatesupernova explosionalthough work in this direction is
ongoing. Alternativ ely, we could note that a �ne tuning in the strong force governing the
nuclearexcitation energyin Carbon wasessential in the stellar nucleosynthesisof Carbon and
higher elements in the early universe(the triple alpha process)[14,15]. Sincethis anthropic
coincidencewould be expectedto be de-tunedin an exact susyworld due to small di�erences
in the strong coupling constant, it might not be possibleto generateelements above Carbon
by stellar nucleosynthesis in such a world even if there is a suitable supernova mechanism to
distribute them.

Experimentally, in any case, such a direct transition from an in
ating state of high
vacuum energy to an exact susy world did not take place since we �nd ourselves in an
intermediate broken susy world. Therefore, the �nal transition must be from our broken
susyworld with positive vacuum energyto the exact susyground state.

In the standard astrophysics it is common to assumethat the universewill end in an
in�nitely dilute cold system where 99% of the massis in dark dwarfs and the rest being
in neutron stars and black holes. If the susy phasetransition were to occur at this stage,
there might be a multitude of gammaray bursts but, perhaps,no releaseof baryonic matter
that could lead to a rebirth of the universein a supersymmetric form. Although such a late
stagesusy transition might be the most likely, we will also entertain the prospect that the
susytransition happensat a time when burning stars are still encircledby planets possibly
supporting intelligent life forms.

The �nal transition will then begin with the quantum nucleation of a susy bubble of
critical size which will expand with the speed of light. Inside the growing bubble there
will be a new physicsand a new astronomy basedon the Lagrangian of exact susy. It will
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strike each planet without warning and wash around the globe at the speed of light and
through it with, perhaps,the speedof sound. In its wake all the Pauli towers will collapse
releasingmany times the lethal doseof radiation. For examplethe nuclearexcitation energy
releasedin a human body would be about 1015 rem comparedto the lethal doseof 400 to
450 rem. No known life form, including the resilient cockroach, could survive a radiation
burst of this magnitude. Afterwards all the elements will beta decay down to (roughly)
susyoxygenand lower elements. It is possiblethat fusion ignition will afterwards re-balance
chemical compositions and produce someelements above Oxygen. However, since there is
no activation of long lived radioactive isotopes in a susy world, the radiation will rapidly
die out leaving a calm isotopically rich soup of susy elements up to oxygen but not much
further. Over hundredsof millions of years,assumingmolecularbinding is still possible,this
susyworld hasthe ingredients and the potential to build DNA and, in principle, reconstitute
a susycounterpart to each previously existing carbon-oxygen basedlife form.

A similar reduction down to Oxygenwill happen in stars but heavier elements will then
be producedby fusion with no barrier at iron such as exists in the broken susyworld. The
lifetime of susy stars might, therefore, be expected to be many times longer than that of
stars in the broken susyphase.

Without further input, we cannot say anything about the probablefuture lifetime of our
current phase.The susytransition is an exampleof a decay of the falsevacuumtreated some
decadesago by Colemanand collaborators [16]. This is a quantum tunneling event which
could happen at any time even if the most probable time is arbitrarily far in the future. As
a crudeestimateof this time we can note that the probability per unit time per unit volume
to nucleatea critically sizedbubble and thereforea�ect a phasetransition was given [16] in
the form

dP
dtdV

= Ae� B (3.1)

wherein a vacuum with non-zeroenergydensity � , B takesthe form

B(vac) =
27� 2S4

2� 3
: (3.2)

Here S is the surfacetension of the susy bubble of true vacuum surroundedby the broken
susyfalsevacuum . At any time, t, at which the universehasvolume, V(t), the probability
per unit time to nucleatea critical bubble which will grow to engulf the universeis

dP
dt

= AV (t)e� B : (3.3)

In the presenceof a vacuum energydensity, � , the scalefactor will satisfy

•a
a

= �
4� GN

3
(� vac + 3pvac): (3.4)

Putting pvac = � � vac = � � , this has the solution

a(t) = e
 t=3a(0)

0

@1 + (
3 _a(0)

 a(0)

� 1)
1 � e� 2
 t=3

2

1

A (3.5)
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where,in terms of Newton's constant, GN ,


 =
q

24� GN �: (3.6)

Neglectingsub-leadingterms, we may write the volume of the universeat time t in terms of
its present volume V(0) as

V(t) = V(0)e
 t : (3.7)

The natural time scalefor the growth in volume of the universeis


 � 1 = 5:61� 109yr : (3.8)

The volume of the universeis at least asbig as the Hubble volume

V(0) > VH = 7:79� 1078m3: (3.9)

The integrated probability that the universewill undergothe susyphasetransition in a time
t from somestarting time t = 0 is, therefore,

P(t) =
AV (0)



e� B (e
 t � 1): (3.10)

P(t) greater than unity implies multiple critical bubble formation [17] but even a single
critical bubble will take over the universe. Therefore, we can use the time, T, at which
P(T) = 1 asan estimateof the probabletime beforethe nucleationof a susybubble destined
to take over the universe.

T = 
 � 1 ln (1 +



AV (0)
eB ): (3.11)

Frampton [17] has argued,subject to someassumptions,that the critical radius should
be at leastof galactic size. This leadsto a minimum valuefor the surfacetensionof S = 0:22
(MeV)3. The parameterA is estimated[17], largely on dimensionalgrounds,to beof order � .
Thesevaluesare roughly consistent with thoseneeded[12] to explain the gammaray bursts
as susy phasetransitions in densewhite dwarf stars. Unlessthe volume of the universeis
much greater than the Hubble volume, they lead to a value of T that is extremely large
even comparedto the large natural time scaleof eq. 3.8 since, then, B = 1:5 � 1099. This
conclusionis not signi�cantly changedby keepingthe sub-leadingterms in eq. 3.5.

The correct question to ask, however, is not the probability for a critical bubble to be
formed somewherein the universe,but instead what is the probability that such a bubble
will strike Earth or someother location in a given time. Oncenucleatedsomewherein the
universe,the bubble will require sometime to propagateto any particular location such as
that of Earth. If we take this local point at the present time as the space-timeorigin, the
probability per unit time for a susy bubble to arrive at time t is the probability per unit
time for a critically sized bubble to be nucleated at any position r 0 at the retarded time
t0 = t � r 0=c

dP(0; t)
dt

=
Z

d3r 0e
 t0dP(r 0; t0)
dV0dt0

dt0� (t0 � t + r 0) = e
 tAe� B
Z

d3r 0e� 
 r 0
: (3.12)
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This can be written

dP(0; t)

 dt

= e(
 t � B +ln (8� A=
 4 )) : (3.13)

An integrated probability over any time interval exceedingunity should be interpreted
as the probable number of susy bubbles hitting the earth in that time interval. Requiring
that the integrated probability from the big bang to now (t = 0) be lessthan unity suggests

B > ln(8� A=
 4): (3.14)

or, using 3.2,

S >

 
2� 3

27� 2
ln

8� A

 4

! 1=4

= 0:62� 1023(mm)� 3 = 4:91� 10� 7(M eV)3: (3.15)

The numerical value here is basedon the estimate of ref. [17] for A although it is only
weakly dependent on this estimate. On the other hand, this lower limit for S is far below the
estimatedlower limit of ref. [17]discussedabove. If we allow ourselvesto considersaturating
the limit 3.14, there is a non-negligibleprobability that the Earth will be swallowed by a
susybubble in a time T from today that is smallerthan 1=
 . This canbe seenby integrating
eq. 3.13 from 0 to T:

P(T) = (e
 T � 1)e(� B +ln (8� A=
 4 )) : (3.16)

This is only relevant while P(T) < 1 sincethe collision of multiple susybubbleswith Earth
is super
uous.

The question, therefore, is whether such small valuesof S as in eq. 3.15 are truly ruled
out. Frampton's lower limit on S, cited above, relied on the assumption that the dark
energycan exchangeenergywith that of galactic magnetic �elds. Sinceno speci�c model
wasproposedin which this happens,oneis still freeto considerlower valuesof S limited only
by the current longevity of the universeas given in eq. 3.15. It remainsto be seenwhether
such low valuesof S are inconsistent with the susyphasetransition being the central engine
of gammaray bursts [12]. Signi�cantly larger valuesof S imply that the brokensusyuniverse
will probably survive for a time large comparedto 
 � 1.

4 Conclusions

The present article opens the discussionof the consequencesof a possiblenovel scenario
for the end-phaseof the universe. Our considerationsare intended to be non-speculative
except in so far as current theoretical ideasin the string landscape picture are speculative.
Nevertheless,we can anticipate somereasonablecriticisms of this work.

It couldbearguedthat wehavepresented moredetail than is justi�ed by the uncertainties
involved. On the other hand, there will be somewho feel that disseminationof the ideasin
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the current paper shouldbe discourageduntil a greaterdepth of analysishasbeenachieved.
We have, obviously, raised more questionsthan we have answered. The main results we
would like to put before the physics community are those that follow in a straightforward
way from the e�ective relaxation of the Pauli principle in a susyworld.

We have neither con�rmed the possibility of life on this world nor conclusively ruled it
out. When we return we will want a molecularphysicist and a biochemist on board.

It will be objected by somethat we have proposedthe investigation of a world removed
from the possibility of experimental con�rmation and that our considerationsare, therefore,
outside the realm of physics. The samecriticism has beendirected at other string theory
inspired suggestionsthat there are alternate worlds beyond the visible universeand outside
of causalcontact with us.

In fact, however, we are not ready to admit that there is no possibility of experimental
con�rmation of the existenceof other worlds including the world of exact supersymmetry.

First of all, although perhapsa priori unlikely, it is not impossiblethat a solar system
or even a small galaxy exists in a susy bubble within range of our telescopes. This would
require that the critical radius in that environment be less than the actual radius of the
physical system and that the actual radius be lessthan the critical radius in vacuum. In
such a situation, the bubble would be prevented from expandinginto the intergalactic space.
This mechanism for con�ning a susybubble hasbeendiscussedin [12]. To brie
y reiterate,
the critical radius for a bubble in the vacuum is governed by the surfacetension and the
dark energy.

Rc =
3S
�

: (4.1)

At nucleation or at any later stage in its development, a bubble will grow if its radius is
greater than the critical radius and otherwisebe quenched. The surfacetension, S, is such
that the critical radius in vacuo may be at least of the sizeof a typical galaxy [17]. In a
densemedium the denominator of eq. 4.1 will be replacedby the energydensity advantage
of a transition to true vacuum [12] and thereforethe critical radius can be much smaller. A
decreaseddensity outsideof a physical systemcan thus have the e�ect of preventing further
growth of the bubble.

Since photons and other standard model particles which are light in both phasescan
easily pass through the susy domain wall, it might be possible to search for anomalous
spectra from distant starsor galaxies.Also, any intelligent life existing in such a susygalaxy
might be capableof sendingradio wavesinto the broken susyworld. Thus a susycivilization
could, in principle, be found in the ongoingSearch for Extraterrestrial Intelligence(SETI).

Secondly, there is nothing in principle which would prevent a spaceprobe from entering
such a susy bubble. Of course,such a probe would be immediately vaporized due to the
collapseof its Pauli towers onceit entered a susy region. Nevertheless,a �nal signal could
be sent back to earth before crossingthe domain wall. Sincethe susy world will be quite
luminous, it should not be a problem to rule out a black hole as the causeof the probe's
disappearance.
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If the e�ective potential is dynamically determinedas in the string landscape and if the
state of lowest vacuum energydensity is supersymmetric, the supersymmetric world must
eventually take over from the broken susyworld. It is possiblethat the gammaray bursts
observedcomingfrom distant galaxiesarean advancesignof this comingtransition although
the expectedtime of the transition might be in the distant future.
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