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Abstract

The observ ation in the univ erse of a small but p ositiv e v acuum energy strongly sug-

gests, in the string landscap e picture, that there will ultimately b e a phase transition

to an exactly sup ersymmetric univ erse. This ground state or "true v acuum" of the uni-

v erse could b e similar to the minimal sup ersymmetric standard mo del with all the susy

breaking parameters set to zero. Alternativ ely , it migh t b e similar to the prominen t

sup erstring theories with nine 
at space dimensions or to the sup ersymmetric an ti-

deSitter mo del that seems to b e equiv alen t to a conformal �eld theory . W e prop ose

that the dominan t phenomenological feature of these p oten tial future univ erses is the

w eak ening of the P auli principle due to F ermi-Bose degeneracy . Pro viding the phase

transition o ccurs in the cosmologically near future, an exact sup ersymmetry could ex-

tend the life exp ectancy of in telligen t civilizations far b ey ond what w ould b e p ossible

in the brok en susy univ erse.

1 In tro duction

Sev eral recen t observ ations ha v e made it increasingly lik ely that the expansion of the univ erse

is accelerating in a w a y consisten t with an in terpretation in terms of a p ositiv e v acuum energy
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densit y of appro ximate magnitude

�

now

= 3560 M eV =m

3

= ( : 0023 eV )

4

: (1.1)

This is some 124 orders of magnitude greater than the natural v alue that migh t ha v e b een

exp ected for this quan tit y:

M

4

P lanck

= 10

127

M eV =m

3

: (1.2)
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Figure 1: A sc hematic represen tation of the e�ectiv e p oten tial in the string landscap e picture.

The p oten tial measured in units of MeV/m

3

is not dra wn to scale. The y axis has a brok en

scale tak en to b e linear in V at lo w v alues of the p oten tial. Our w orld with a small v acuum

energy is sho wn together with the neigh b oring exact susy phase with zero v acuum energy .

W e assume that, in addition to our brok en susy univ erse, there is a neigh b oring v alley

in the string landscap e describ ed b y a p erfect sup ersymmetry (susy) [1 ] and, most lik ely , a

v anishing cosmological constan t as pictured in �gure 1 . F or our curren t purp oses it matters

little whether the susy minim um has four or more dimensions or whether the space is 
at,

deSitter, or an ti-deSitter as long as the cosmological constan t is not m uc h greater in absolute

v alue than our curren t one. W e p ostulate that this susy minim um is the true v acuum and,

therefore, the �nal phase of the univ erse. A t CERN, the brok en susy phase has b een referred

to as "Susonia" and w e ha v e corresp ondingly suggested the future exact susy phase b e called

"Susyria".
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In this talk w e discuss the prop erties of this end-phase and address the four basic ques-

tions that w ere raised in [1]. While our primary in terest, at presen t, is in the �nal transition

from our brok en susy w orld to the exact susy univ erse, it is though t that the in
ationary

phase in the v ery early univ erse corresp onded to a sequence of similar phase transitions to

progressiv ely lo w er v acuum energies. Man y suc h scenarios ha v e b een considered recen tly b y

Susskind and collab orators [2] as w ell as b y others. W e do not consider here the disfa v ored

p ossibilit y of quan tum jumps bac k to higher lo cal minima. Some, presumably for philo-

sophical reasons, ha v e pursued the idea of an "eternal in
ation" con tin ually thro wing o�

bubble univ erses in some of whic h the cosmological constan t is small enough to supp ort the

ev olution of life. Others, for similar reasons, ha v e em braced the idea of a cyclical univ erse

with rep eated big crunc hes alternating with big bangs. These alternativ e philosophies en vi-

sion an in�nite n um b er of life-supp orting univ erses existing elsewhere in space time causally

disconnected from our w orld. They therefore seem uneconomical in the extreme although

this migh t dep end on one's philosophical presupp ositions. As, p ossibly , the most economical

in terpretation of the big bang data w e prefer an absolute b eginning of the m ultiv erse at a

�nite time in the past in a state near the p eak of the v acuum energy distribution although

this is not crucial to the curren t discussion. W e do assume that imme diately after the big

bang the univ erse w as in a lo cal minim um of v acuum energy densit y near M

4

P

and w as,

therefore, in
ating rapidly . W e assume that the distribution of string minim a in v acuum

energy densit y is strongly p eak ed at this natural v alue M

4

P

as, for example, in a Gaussian

distribution:

N ( � ) = N

0

exp

� k ( � � M

4

P

)

2

= M

8

P

: (1.3)

If k is large enough, the v ast ma jorit y of lo cal minima are of order M

4

P

but if the total

n um b er of minima prop ortional to N

0

is also v ery large, a few of the minima will ha v e v acuum

energy densit y v alues � b elo w the maxim um at whic h life could ev olv e. This maxim um is

ab out t w o orders of magnitude higher than our observ ed v acuum energy densit y [3]. The

existence of suc h a mildly accelerating univ erse is the �rst prerequisite for the study of ph ysics

b y in telligen t b eings. String theory suggests that the distribution of eq. 1.3 in tegrates up

to a total n um b er of lo cal minim a ab o v e 10

100

. Ho w ev er, it is not enough to ha v e a lo cal

minim um with a small enough v acuum energy . It is also crucial for the rise of life that the

transition to our minim um �

now

happ en in a time that is neither to o short nor to o long.

If the transition tak es to o long the univ erse w ould b e to o dilute to form galaxies, planets,

and life. If the transition tak es place to o rapidly , there w ould b e to o sudden an en trop y

gro wth and to o m uc h o v erheating of the nascen t univ erse. Susskind and collab orators [2]

ha v e in v estigated man y scenarios for the emergence from the in
ationary era in to the presen t

mildly accelerating univ erse.

F rom Coleman and collab orators [4], w e adopt the simplest v acuum deca y probabilit y p er

unit time p er unit v olume from a minim um of initial energy densit y �

0

to a lo w er minim um

of energy densit y � . Multiplying this b y eq. 1.3 , the n um b er of minim a near � , giv es us the

transition rate p er unit v olume

d

2

P

dtdV

= N ( � ) Ae

� 13 : 5 �

2

S

4

= ( �

0

� � )

3

: (1.4)
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Here A is an undetermined normalization and S , the surface tension of the bubble of v acuum

� , is a function of the initial and subsequen t v acuum energies. If S is su�cien tly small and/or

k is su�cien tly large, the p eak of the transition probabilit y as a function of � is to v alues

of � v ery near �

0

. This leads to a \slo w roll" of the e�ectiv e scalar �eld � do wn to our

univ erse. If w e re-order the minim a in �g. 1 the picture suggested is as app ears in �g. 2

where our univ erse with a brok en susy and a residual v acuum energy is sho wn together with

the ultimate exact susy true v acuum. If the true v acuum is a deSitter space with negativ e

v acuum energy densit y man y of our considerations will remain true although the univ erse

will ultimately collapse in a big crunc h. If string theory is a guide [5], a future transition

to some suc h univ erse is essen tially inevitable. Since the particle masses , as w ell as other

prop erties of the theory , are di�eren t in eac h of the meta-stable in termediate univ erses, the

en trop y release is not necessarily as sev ere a problem as in the con v en tional theory . In the

exact susy true v acuum susy particles will b e degenerate with their standard mo del (SM)

coun terparts. W e will assume the common masses are those of the SM particles in our

brok en susy w orld. F or simplici t y w e can think of the minimal sup ersymmetric standard

mo del (MSSM) with all of the susy breaking parameters put to zero. Also, at the curren t

stage of in v estigation, w e assume the future top ology of space time is as in the brok en susy

w orld.
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Figure 2: A sc hematic represen tation of the e�ectiv e p oten tial in the string landscap e picture

with re-ordered minim a to re
ect the slo w roll of the e�ectiv e �eld do wn to the curren t brok en

susy minima and sho wing the neigh b oring exact susy true v acuum.
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W e ha v e prop osed [1] that the primary distinguishing prop ert y of matter in the exact

susy phase relativ e to our univ erse is an e�ectiv e w eak ening of the P auli Principle. This is

due to the fact that, in the brok en susy w orld, ev ery atom ab o v e Helium is c haracterized b y

energy p ermanen tly stored in a P auli to w er of electrons and in a separate to w er of n ucleons

in the atomic n ucleus. In exact susy , con v ersion of F ermion pairs to degenerate scalar pairs

not go v erned b y the P auli principle allo ws the release of this energy .

f f !

~

f

~

f (1.5)

This pro cess [6] o ccurs in ev ery susy mo del with or without R parit y violation. F or electrons

the pair con v ersion pro cess is mediated b y photino exc hange while for quarks it is mediated

also b y gluino exc hange. Th us, follo wing a phase transition to exact susy , fermions in excited

states will con v ert in pairs to b osons whic h can then drop in to the ground state as indicated

in �g. 3.

Susy atoms in their ground state will therefore consist of zero, one, or t w o fermionic

electrons with the rest of the leptonic cloud consisting of selectrons in the ground state.

Similarly , all the particles in the n ucleus will o ccup y the ground state w a v e function with

as man y as necessary b eing scalars. There will b e no orbital angular momen tum in ground

state susy n uclei or leptonic clouds and therefore greatly restricted magnetic momen ts.

Figure 3: A F ermi degenerate system in the brok en susy phase (on left) and after a phase

transition to exact susy (on righ t).

A phase transition in v acuum will b egin with the n ucleation of a bubble of true v acuum

with radius greater than a critical radius

R

c

=

3 S

�

now

: (1.6)
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Although he did not sp eci�cally consider a sup ersymmetric true v acuum, the w ork of [4]

generically predicts that suc h a bubble will expand in the v acuum at the sp eed of ligh t

con v erting all the matter in its path to the new phase. As suc h, the bubble w all will strik e

eac h planet without the p ossibilit y of adv ance w arning. An artist's depiction of suc h a bubble

striking the earth migh t b e as in �g. 4 . Although there can b e no adv ance w arning of the

arriv al time of a susy bubble n ucleated in the v acuum, the inevitabilit y of suc h a phase c hange

is implied if gamma ra y bursts or other violen t astroph ysical ev en ts are due [7] to densit y

stim ulated susy phase transitions in degenerate stars (for a review see ref. [8 ]). Stim ulated

phase transitions are con�ned to the region of high densit y although photons, ligh t in b oth

phases, can escap e. After suc h transitions, the absence of an out w ard degeneracy pressure

will lead to gra vitational collapse to a susy blac k hole.

Figure 4:

The four basic questions p osed in ref. [1 ] are

1. Could life ha v e arisen if there had b een a phase transition directly from the

in
ationary era to the exact susy minim um ?

Only if other lo w lying minim a in the string landscap e are few in n um b er or are

unsuitable for the ev olution of life do es observ er bias or the an thropic principle pro vide
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some understanding of wh y the univ erse is as it is. The lik eliho o d that exact susy

minim a exist in string theory forces one to examine the p ossibilit y of life arising after

a transition from the in
ationary era direct to an exact susy minim um . There are

sev eral w eak hin ts arguing that no suc h p ossibilit y exists. First of all, one could note

that galactic ev olution seems to rely on a large dark matter comp onen t to pro vide

the gra vitational w ell within whic h normal matter can condense in to galaxies. In the

brok en susy w orld, this role is pla y ed b y the stable ligh test sup ersymmetri c particle

(LSP) whic h is though t to ha v e a mass in the 100 GeV region. In the exact susy

phase, the LSP's are massless partners of the photon and gra viton and there is no

hea vy stable particle to pro vide dark matter. Of course one could in v estigate whether

other non-susy particles suc h as hea vy neutrinos or axions could plausibly pro vide the

dark matter in the exact susy phase without otherwise hindering the ev olution of life.

Other p ossible problems with pro duction and distribution of hea vy elemen ts follo wing

a transition directly from the in
ationary era to the exact susy phase ha v e b een noted

in ref. [1 ].

Th us it is p ossible that the existence of life in a susy univ erse migh t require the prior

generation of hea vy elemen ts in a brok en susy phase.

2. Could life surviv e, or re-establish itself, follo wing a transition from our

brok en susy w orld to the exact susy w orld?

It is easy to �nd p ossible imp edim en ts, suc h as the one discussed in p oin t 1 ab o v e,

to the ev olution of life in an exact susy univ erse follo wing a direct transition from an

in
ationary era. If it is con�rmed that these are incurable, one could still ask whether

an exact susy univ erse could supp ort life if there w as an in termediate brok en susy

phase. Lik e the time critical prop ert y of the transition from the in
ationary era to our

calm brok en susy univ erse, the transition to exact susy migh t also b e time critical. If

the curren t accelerating phase lasts to o long, most stars will consist of white dw arfs

out of causal con tact with eac h other. A t that p oin t it is unlik ely that life could

b e reviv ed through a susy phase transition. The energy release in the con v ersion of

fermions to b osons w ould b e primarily in the form of gamma radiation and w ould not

e�cien tly redistribute hea vy n uclei through the univ erse. On the other hand, if the

transition tak es place while there are still earth-lik e planets orbiting burning stars,

it is conceiv able that life could re-establish itself. Although the radiation released

from the P auli to w ers w ould totally sterilise planets, it is not su�cien tly energetic to

totally disso ciate n uclei. Leptons w ould ev en tually condense on hea vy n uclei and it is

plausible that molecular binding qualitativ ely similar to that of our w orld w ould o ccur.

Afterw ards, as w e discuss in p oin t 3 b elo w, hea vy elemen ts w ould b eta deca y do wn

to susy n uclei near Oxygen. Since all the elemen ts needed to form DNA and 96% b y

w eigh t of animal sp ecies are no hea vier than Oxygen, ev olution w ould b e exp ected to

recur leading to the re-emergence of sp ecies qualitativ ely similar to man y of those in

the brok en susy w orld and de�ned b y the same genetic co des.

The prop erties of bulk susy matter are discussed in p oin t 3 b elo w and in p oin t 4 w e

sho w that the exp ected time of the transition is close to the critical time discussed here

for the re-establishmen t of life.

7



3. What w ould b e the primary c haracteristics of the ph ysics (and biology , if

an y) of the exactly sup ersymmet ric phase?

The primary distinguishing features of bulk susy matter relativ e to matter in the

brok en susy phase are the greater n um b ers of states due to sup ersymmetry and the

w eak ening of the P auli Principle due to the p ossibilit y of pair con v ersion from F ermions

to Bosons according to eq. 1.5. Whenev er, in the brok en susy phase, b ound F ermions

are forced in to elev ated energy lev els, in the susy phase it will b e adv an tageous for

them to con v ert in pairs in to their degenerate susy partners whic h, b eing Bosons, can

drop in to the ground state. Susy atoms will consist of zero, one, or t w o fermionic

electrons. The remaining leptonic cloud will consist of selectrons. The en tire leptonic

cloud will b e in the 1S state. This has the e�ect of making susy atoms m uc h smaller

in general than their brok en susy coun terparts although the e�ect is mo derated b y the

increased self repulsion of the cloud. Smaller atoms in a solution will b e exp ected to

ha v e slo w er reaction rates due to the decreased probabilit y of collisions but migh t bind

more tigh tly in to molecules b ecause of the smaller in tra-molecular distances.

Susy n uclei w ould b e exp ected to b e sneutron ric h since the increased binding with

extra sneutrons w ould not b e in comp etition with the P auli exclusion principle whic h

forces F ermionic neutrons in to higher energy lev els. Sprotons are also una�ected b y

the P auli principle but their n um b er is limited b y Coulom b repulsion. In ref. [1 ] w e

ha v e considered the b eta deca y constrain ts on sn uclear stabilit y:

�

2 a

c

( Z � 1 = 2)

M

n

� M

p

+ m

e

�

2

< A <

�

2 a

c

( Z + 1 = 2)

M

n

� M

p

� m

e

�

2

(1.7)

where a

c

is the co e�cien t of the Coulom b term in the semi-em piric al mass form ula

for n uclei. W e ha v e assumed that the in teraction strengths are similar to those in

the brok en susy w orld. Assuming degenerate susy m ultiplets ha v e the same masses

as the standard mo del particles in the brok en susy w orld, the atomic w eigh t of sn u-

clei increases rapidly with atomic n um b er so that stable elemen ts ab o v e susy Oxygen

m ust ha v e atomic w eigh ts w ell ab o v e 238. Since in the brok en susy w orld there are

long-liv ed elemen ts with atomic w eigh ts only up to this n um b er, after a susy phase

transition only elemen ts up to susy Oxygen w ould b e abundan t. The elemen ts with

higher atomic n um b er w ould b eta deca y do wn to Oxygen and b elo w. A brief p erio d

of fusion burning migh t rebalance relativ e abundances of the ligh t elemen ts without

leading to appreciable quan tities of elemen ts b ey ond Oxygen due to the requiremen t

that higher elemen ts ha v e prohibitiv ely large n um b ers of sneutrons.

As preview ed in p oin t 2, the constituen ts of life w ould then b e a v ailable and, assuming

molecular binding is co op erating, life forms similar to man y of those w e are familiar

with w ould inevitably ev olv e giv en enough time. This assumes that the trace ele-

men ts hea vier than Oxygen found in living systems can b e someho w disp ensed with or

replaced with ligh ter elemen ts.

F usion in susy phase stars will pro ceed b ey ond the iron limit of the brok en susy phase

b ecause of the absence of a restrictiv e P auli Principle. This means that susy stars will

burn considerably longer than normal stars. Unless some new considerations come in to
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pla y , they will, of course, ev en tually exhaust their fuel and collapse in to blac k holes

irresp ectiv e of their mass since there will b e no degeneracy pressure to prev en t collapse.

4. Can w e estimate the probable time remaining b efore our univ erse con v erts

to a susy w orld?

The v acuum deca y probabilit y p er unit time p er unit v olume as giv en in eq. 1.4 de-

p ends on the v acuum energy of the curren t phase, eq. 1.1 . Th us the transition rate

is prop ortional to the v olume in whic h a phase c hange is p ossible. This v olume is

prop ortional to the cub e of the scale factor in the F riedman-Rob ertson-W alk er metric

whic h, for p ositiv e cosmological constan t, is exp onen tially gro wing at large times.

In the presence of a v acuum energy densit y , � , the scale factor of general relativit y will

satisfy

•a

a

= �

4 � G

N

3

( �

v ac

+ 3 p

v ac

) : (1.8)

Putting p

v ac

= � �

v ac

= � � , where � is our curren t v acuum energy , the �

now

of eq. 1.1 ,

this has the solution

a ( t ) = e


 t= 3

a (0)

 

1 + (

3

_

a (0)


 a (0)

� 1)

1 � e

� 2 
 t= 3

2

!

(1.9)

where, in terms of Newton's constan t, G

N

,


 =

p

24 � G

N

� : (1.10)

Neglecting sub-leading terms, w e ma y write the v olume of the univ erse at time t in

terms of its presen t v olume V (0) as

V ( t ) = V (0) e


 t

: (1.11)

The natural time scale for the gro wth in v olume of the univ erse is




� 1

= 5 : 61 � 10

9

y r : (1.12)

This time is comparable to the curren t age of the sun and to its exp ected additional

lifetime b efore b ecoming a red gian t. The v olume of the univ erse is at least as big as

the Hubble v olume

V (0) > V

H

= 7 : 79 � 10

78

m

3

: (1.13)

What is the probabilit y that suc h a bubble will strik e Earth or some other lo cation in

a giv en time from no w? Once n ucleated somewhere in the univ erse, the bubble will

require some time to propagate to an y particular lo cation suc h as that of Earth.

The probabilit y p er unit time for a susy bubble to arriv e at an y giv en lo cation at lo cal

time t is the probabilit y p er unit time for a critically sized bubble to b e n ucleated at

an y p osition r

0

at the retarded time t

0

= t � r

0

=c

dP (0 ; t )

dt

=

Z

d

3

r

0

e


 t

0
dP ( r

0

; t

0

)

dV

0

dt

0

dt

0

� ( t

0

� t + r

0

) = e


 t

Ae

� B

Z

d

3

r

0

e

� 
 r

0

: (1.14)
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This can b e written

dP (0 ; t )


 dt

= e

( 
 t � B +ln (8 � A=


4

))

: (1.15)

An in tegrated probabilit y o v er an y time in terv al exceeding unit y should b e in terpreted

as the probable n um b er of susy bubbles hitting the earth in that time in terv al. W e

kno w that this has not happ ened b et w een the time of the big bang and no w. Requiring

that the in tegrated probabilit y from the big bang to no w ( t = 0) b e less than unit y

suggests

B > l n (8 � A=


4

) : (1.16)

If w e allo w ourselv es to consider saturating the limit 1.16, there is a non-negligible

probabilit y that the Earth will b e sw allo w ed b y a susy bubble in a time T from to da y

that is smaller than 1 =
 . This can b e seen b y replacing the inequalit y of eq. 1.16 b y

an equalit y and in tegrating eq. 1.15 from 0 to T :

P ( T ) = e


 T

� 1 : (1.17)

This is only relev an t while P ( T ) < 1 since the collision of m ultiple susy bubbles with

Earth is o v erkill.

W e �nd it somewhat amazing that the natural time scale de�ned b y the observ ed

v acuum energy eq. 1.12 is at the b oundary b et w een that at whic h the re-ev olution of

life is p ossible and that at whic h a susy phase transition w ould lead to a lifeless univ erse

of isolated susy blac k holes as describ ed in p oin t 2 ab o v e.

2 Conclusions

The time 


� 1

pro vides an appro ximate upp er limit to the lifetim e of in telligen t sp ecies in our

brok en susy univ erse. A t times signi�can tly larger than this all earth-lik e planets will ha v e

b een dev oured b y red gian ts or obliterated in sup erno v ae. 99% of stars will b e in the form

of cold white dw arfs accelerating rapidly a w a y from eac h other. The others will b e in the

form of neutron stars or blac k holes. This corresp onds to the m uc h-discussed heat death of

the univ erse, an end in ice. Alternate cosmologies under consideration p ostulate a rev ersal

of the curren t out w ard acceleration of the univ erse to w ard an ultimate "big crunc h", an end

in �re, or to w ard a recurring eternal sequence of big bangs follo w ed b y big crunc hes.

W e ha v e outlined a p ossible new end phase scenario, a phase transition to an exactly

sup ersymmetric univ erse. Because of the out w ard acceleration of the univ erse, the transition

probabilit y p er unit time is an exp onen tially increasing function of time. Pro viding the

inevitable transition o ccurs b efore ab out 


� 1

there is a p ossibilit y that sup ersymmetric life

forms could ev olv e.

This w ork w as partially supp orted b y the DOE under gran t n um b er DE-F G02-96ER-
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