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SPECTRUM OF STRING STATES is plotted for the heterotic string theory in which the
extra six dimensions of spacetime have been curled up. Each black dot represents a set of |
bosons and each colored dot represents a set of fermions. All string states that correspond |
to known particles are massless states; the states with nonzero mass form an infinite series t
whose masses are a whole number times the square of the Planck mass, which is 10*° GeV. |
For each mass the number of fermion states is equal to the number of boson states. If each |
possible spin direction is counted as a different state, there are 8,064 massless states, and
18,883,584 states at the first mass level; the number increases exponentially thereafter.
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TRAJECTORY of a particle in space-
time traces a worldline. Similarly, that of
a string or a membrane sweeps out a
worldsheet or worldvolume, respectively.

hoch U‘QF&O%LL& O.M Trofedse. Spn'c(f M (o
Supﬂrs‘éfi‘atltcoﬂé‘ Von P~ - dimacimmatsn /!{(emé/u«&«
lwre p- brawes { oclse auch - braves) a“/{d@“&f S

oo(&r 1- bme.s euo(ﬂ.,\kon olwte e chn
(bu&(&« So wg«ko(q wp«Zm o&ﬁﬁ Unrickebon ewes

b Ol Torus wicd }Z[aﬂ‘ﬂk MASEV6. - braves mOLde
Wy‘ AaS Cinm ;GW Loth veg«@«ﬂm' (



\(/éccxsaaa{rkuj 740 Tw@h\ forn S\[n,«(j -&[0(

‘——%Tlme

Figure 2.30. Space-time diagram of a string interaction with two strings, (A and B)
(b), in comparison with a particle interaction (a). The space-time point of the string
interaction (C) is ambiguous and depends on the Lorentz frame; the end products are D
and E (from [Gro93]).
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Figure 2.31. First order corrections to the Feynman diagrams reveal themselves in string
theories by holes in world sheets. The number of holes (also called the genus) describes
the order of perturbation theory (see e.g. [Wit96]).
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SUPERSTRING THEORY that is based on the huge symmetry linked to supergravity, whose symmetry is associated with the
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na by way of the connections shown in the logical diagram. When  model of elementary particles and forces, which accounts for the
the effects of curvature in the six curled-up dimensions are consid-  three nongravitational forces. New particles and forces that may be
ered, the theory resembles a supersymmetric grand-unified theory required by certain interpretations of the theory are shown in color.
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M-THEORY in 11 dimensions gives rise to the five string theories in 10 dimensions.
When the extra dimension curls into a circle, M-theory yields the Type IA superstring,
which is further related by duality to the Type IIB string. If, however, the extra dimen- =~
sion shrinks to a line segment, M-theory becomes the physically plausible EgX Eg het-
erotic string. The latter is connected to the SO(32) string theories by dualities.
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Duality between Large and Small

T—duality connects the physics of large space-times
with that of small ones. Visualize a curled space-time
as a cylinder. A string looped around it has two kinds of en- :
ergy states. One set arises from the waves in the string that Vibration modes
fit around the cylinder; call these the “vibration” modes. If
the cylinder is fat, the vibrations tend to have long wave-
lengths and less energy. So the energies corresponding
to different numbers of waves around the cylinder are
separated by small amounts—that is, they are “closely
spaced.”
The string can, however, also loop around the
) cylinder like a stretched rubber band. If the cylinder
is fat, the string needs to stretch more, requiring
more energy. So the energies of the states corre-
sponding to. different numbers of loops—call
these the "winding” modes—are widely spaced.
Now look at the energy levels for a thin cylin-
* der. The waves fitting around it are small and
so have high energy. As a result, the vibration
states are widely spaced. But the loops re-
quire less energy, and so the winding modes -
are closely spaced.
To an outside observer, however, the
different physical origins of the vibration S
and winding states are not apparent. _ Energylevels ———
Both the thin and the fat tube yield ulti- —
mately the same energy levels, which
physicists interpret as particles. Thus,
the minute scales of the thin space-
time may yield exactly the same
physics as the large scales of our
universe. —M.J.D.
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