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Abstract:

Is all the rage in the string
theory/ quantum field theory/ phenomenology
communities; generating theory papers at the
rate of about 300 per year.

What's going on?

Why is it interesting?

e Physics.

e Sociology.

What are the prospects for an empirical test?



Qverview:

are based on the idea
that our familiar (341)—dimensional universe is
a “membrane” ( ) in @ more fundamen-
tal (941)—dimensional or (1041)—dimensional
reality.

These models are based on cross-fertilization
between some of the more bizarre and outre
speculative models of 20'th century physics.

Specifically:

e Mutant Kaluza—Klein theories.
(Exotic Kaluza-Klein theories.)

e String theory/ D-brane theory/ M-theory/...
(pick your favorite “nom du jour”.)

e Feeble forces.
(The “fifth force”.)



Kaluza—Klein: 1

The theories date back to the
early days of GR (1920's).

They started out as an attempt to classically
unify electromagnetism with gravity, by intro-

ducing a ‘“fifth dimension” .

In the original versions this extra space dimen-

sion was supposed to be into a little
circle.
Electric was supposed to in

the fifth direction, with quantization of electric
charge guaranteed by periodic boundary con-
ditions in the extra dimension.

Being rather generous with the experimental
bounds:
hc

1 TeV

R < ~ 1018 metres.




Kaluza—Klein: II

During the 1970’s theories got
more complex — more dimensions, more clas-
sical fields (gluons, electro-weak bosons).

Fermions were added, as were various addi-
tional symmetries.

Almost always people kept the extra dimen-
sions “‘compact” and small.
The suspicion generally was

R < Planck length ~ 1073° metres.

This was the era of the-
ories and the like.

By and large, these theories were not demon-
strably wrong; but they were not demonstrably
right either.



String theory: 1

In 1984 theories got a new lease
on life with the advent of the anomaly-free
string theories.

had been languishing in the wilder-
ness since the early 1970’'s, when it was first
conceived as a model for the strong nuclear in-
teractions, but quickly shown to have several
undesirable features. (Mark 1 string theory.)

In the late 1970’'s an early 1980's steps were
taken to string theory as a
model for a theory of quantum gravity.

The discovery in 1984 that the resulting theory
was free of quantum field theory *“
surprised everyone.

(The point being that once you are sure that
certain classical symmetries are not broken by
quantum effects it is much easier to prove renor-
malizability or even finiteness.)



String theory: II

For various technical reasons string theory is
most easily set up in (9+41) dimensions, though
(10+1) dimensions is increasingly popular.

(There are also arcane ways of setting up string
theory in (3+1) dimensions, but let's not open
that particular can of worms right now.)

If you are going to work in (941) dimensions
you had better quickly find a way of

the six extra embarrassing dimensions
— theories were drafted to do
the job.

The resulting “Mark 2 string theory” is not
demonstrably wrong; and is a reasonable

for a theory of , but is
not demonstrably right either.



Brane theory: 1

In the mid 1990’s string theorists began to re-
alize that string theory was not just a theory
of strings but that it also contained a large
number of membrane-like solitonic degrees of
freedom that would be excited in generic col-
lision processes.

Thus was born p-brane theory:

e —1 brane: instanton.

e O brane: particle.

e 1 brane: string.

e 2 brane: membrane.

e p-brane: p-dimensional object sweeping out
a (p+1)-dimensional world volume.



Brane theory: II

In standard theory the particles
are free to move in the extra dimensions, which
iIs why you have to keep them small.

In theories based on brane the-
ory, (Mark 3 string theory) string theory effects

the matter on (near) the brane, and you
can let the extra dimensions get large without
mucking up particle physics.

Consider a / (Dirichlet-brane);
this means that the open strings in the theory
are constrained to end on the D-brane.

If a string has energy E and string tension «,
then the maximum distance it can penetrate
into the extra dimensions is

E

L = —.
2x



Brane theory: III

So the new model of empirical reality is this:
In higher-dimensional
spacetime.
All normal “particles” (electrons, quarks, pho-
tons) are associated with whose
lie on the 3-brane, and are thus
on the 3-brane by stringy effects.

On the other hand, “gravitons” are associated
with with — they
can in principle move off the 3-brane; and so
you have a hybrid theory where (low-energy)
particle physics is automatically (34+1) dimen-
sional but gravity probes the higher-dimensional
structure of “reality”.

“For the weak shall overcome the strong...”
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Feeble forces: 1

(the “ ") are the the-
oretical framework used to describe hypothet-
ical deviations from the inverse square-law of
gravity.

Observationally, the inverse square law works
well on solar system scales, and on stellar clus-
ter scales.

Something goes wrong at galactic scales, but
this is typically attributed to (not
to a breakdown of the inverse square law).

The inverse square law also works well at [ab-

oratory scales (about 1 metre; Cavendish ex-
periments).
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Feeble forces: II

Surprise 1: Until about 1993 Gizporatory aS
measured by Cavendish experiments could have
differed from Gsolar system DY up to 30 percent;
present data constrain them to be equal to
within one percent or so.

Surprise 2: Below about 5 cm, there’s
on the inverse square law.

This is one of the that

the brane theorists hope to exploit: the other
IS cosmology...
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Brane model building: 1

There are three main branches of brane-based
model building:

e Antoniadis, Arkani-Hamed, Dimopoulos,
Dvali (1998; 500 citations):
In this scenario (AADD) the extra dimen-
sions are large (millimetre) but still “com-
pact” in the mathematical sense.

e Randall=Sundrum (1999; 300 citations):
In (one version of) this scenario (RS1) the
extra dimensions are large (millimetre) but
still “compact” in the mathematical sense.
We live on one 3-brane, and there is an
additional anti-brane which carries “mirror
matter” .

12



Brane model building: II

e Randall=Sundrum (1999; 300 citations):
In (one version of) this scenario (RS2) the
extra dimensions are infinite and “

" in the mathematical sense.

For technical reasons these models are all (4-+41)-
dimensional.

They start out in (10+1) dimensions, but six
dimensions are eaten up in the usual

fashion with compact dimensions; it is
only the last step in going from (4+41) to (3+41)
dimensions that uses these “exotic techniques”.

There are now also a number of papers at-
tempting to have many infinite dimensions, not

just one...
13



Brane model building: III

All three of these models predict
from the at short distances,
typically at centimetre scales.

The experimentalists are very happy to finally
have some sort of prediction from string the-

ory... ( )
The other place where these brane models might

lead to experimental/ observational testing/
verification are in cosmology...
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Brane cosmology: I

I want to talk about a particularly simple and
compelling implementation of

Details: Phys. Lett. B482, 183-194 (2000)

To keep life as simple as possible, I will have
only one 3-brane, and only one bulk (441)-
dimensional region.

The 3-brane will be the boundary of the (4+41)-
dimensional region, so that we are quite liter-
ally “living on the edge” of spacetime.

Take the bulk geometry to be

dr?
F(r)

dsgyq = —F(r) dt* + + 72 dQ3.

dQ2 = dx? 4 sin? x (d8? 4 sin? 6 d¢?).

15



Brane cosmology: II

(X "

Now this cosmology at finite

r=a(T).

The surface of this truncated geometry is au-
tomatically a (3+41)-dimensional k = +1 FLRW
geometry with induced metric

2 . 1 dCL 2 2
ds341 = — F(a(t))_F(a(t)) (dt) ] a
+a(t)? dQ3.

Go to a new coordinate  measuring
along the edge, then

ds3y1 = —dr? + a(7)? dQ3.
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Brane cosmology: II

Now apply the (44 1)-dimensional Einstein equa-
tions. To do this you need a (4-+1)-dimensional
version of the *“ " formalism, modified
for this brane. A brief agony of for-
mal GR vyields

F(a a2
87TG4+1P3-|-1=3\/ (C)L_I_ :

Rearranging

(4) = L@ 4 (3nGatrponn)”

In contrast the standard Friedmann equation
for a Kk = +1 closed FLRW universe is

(Q)Q __1 A, BTG 3
a a? 3 3 .
How do we get these equations to (

) agree?
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Brane cosmology: III

Split the (341)-dimensional energy into a con-
stant pg determined by the brane tension, plus
“ordinary’” matter p, with p < pg to suppress
the quadratic term in comparison to the linear.

Then

16w G441 PO
G341 =Ga41 ( 3+ ) ;
that is
Gaq1 = +
167 pg
Therefore
N~ 2
a . F(a) <87T G3_|_1> 1p
<a> - a? + 3 2”0 +p+2po

Observational cosmology forces us to take pg
large [electro-weak scale or higher to avoid ma-
jor problems with nucleosynthesis], and then
forces us to deduce the presence of an almost
perfectly countervailing cosmological constant

in the bulk.
18



Brane cosmology: IV

For the (4+1)-dimensional Reissner—Nordstrom-—
de Sitter geometry

2Mat1 |, Qa4q Aot 72
_|_ _

F(r)=1— - 4 .

Myy1 is a (44+1)-dimensional “mass” param-
eter, corresponding to the mass of the central
object in (441)-space — it does not have a
ready (3+1)-dimensional interpretation and is
best carried along as an extra free parameter
that from the 4-dimensional point of view can
be adjusted to taste.

(441 corresponds to an “electric charge” in
the (4+1)-dimensional sense.

Our universe, the boundary D-brane, must then
be viewed as carrying an equal but opposite
charge to allow field lines to terminate.

19



Brane cosmology: V

iFrom the (3+1)-dimensional view Q441 may
be taken to be a second free parameter.

The (441)-dimensional cosmological constant
combines with the term coming from the D-
brane tension to give an effective (341) di-
mensional cosmological constant

A
N\ = 42+1 + 47wG341 po-
The generalized equation is now
(9)2 — _i+%_Q‘2H‘1 _|_ﬁ
a o a? a? a® 3
8w G3_|_1) 1p2
+ ( 3 p+ 200"

By tuning these parameters appropriately one
can recover standard cosmology to arbitrary
accuracy.
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Brane cosmology: VI

Rewrite the generalized Friedmann equation as

"N\ 2
a . 1 N\ 81 G3_|_1)
(a) - d? + 3 + ( 3 P
2
+2M4_|_1 Q4_|_1 4 (87‘(‘ G3_|_1) [p2]
.4 6 '
a a §) P0o

My, Can be used to mimic an arbitrary quan-
tity of what would usually be called “radiation”
(relativistic fluid, p = 3p).

Q441 mimics “stiff’ matter (p = p), though
with an overall minus sign.

An observational astrophysicist or cosmologist
could now simply forget about the underlying
string theory and D-brane physics, take this ex-
pression as the D-brane inspired generalization
of the Friedmann equations, and treat My,
Qa+1, N\, and pg as parameters to be observa-
tionally determined.
21



Prospects:

Of course we actually want to do than
just standard cosmology. We can
already see several interesting possibilities:

e Look for short-distance deviations from the

e Use the free Mgy, Qa, po,
for better cosmological fits.
e Re-do the analysis for k = 0 and k = —1;

(relatively easy but not as ‘“nice”).

e Re-do the analysis for more complicated
(4+1)-dimensional geometries; (downright
ugly and increasingly baroque).
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Conclusions:

The model cosmology I've described in this

talk is the best I have come up
with between something enough
to be , and yet close enough to

to not be completely uncon-
strained by current observational data.

If you actually want to string theory
with observation or experiment, this sort of
cosmology is the string theory has.

Remember:
L2
a . k N\ 8 G3_|_1>
(a> - a2 T 3 T ( 3 P
2
2Maq1  Ripa n (877 G3-|-1> [PQI

+ a® a® §) P0o

— HHH—
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