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In closed bosonic string theory explain how, starting from the action, one constructs
the four-point scattering amplitude for tachyons.

The action for a bosonic p-brane propagating in d-dimensional Minkowski spacetime
is
I= [ e 200, X0, X 0~ (- 1),
b))

where ¥ is the world-volume of the p-brane, £# labels points on the world-volume, X%(¢)
are the spacetime co-ordinates of the point £, 74, is the Minkowski spacetime metric, 7,
is the world-volume metric and v = —det .

Derive the equations of motion for X and ~,,, taking care to explain how and why
the case p = 1 differs from p # 1 and what boundary conditions are needed.

For the case p = 1, in other words the string, and assuming that we are dealing with
the open string with NN boundary conditions, derive the operator version of the Virasoro
constraints assuming we can choose the orthonormal gauge for the world-sheet metric.

Find the commutators of the Virasoro operator, paying particular attention to the
central term.
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The action for supersymmetric closed string theory in the orthonormal gauge is
I= / dodr(9, X0, X napn®” + i V0,4 nap)
b

where 7 and o are time and space co-ordinates of the string world-sheet which has
Minkowski metric 7,,, 74 is the metric of the background Minkowski spacetime, X¢
are the (bosonic) string-world-sheet coordinates, and ® are a set of Majorana fermions
which are the superpartners of X?.

Explain what is meant by the terms Majorana fermion and chirality.

Show that it is possible to choose the positive chirality components to be right-
moving on the string world-sheet and hence similarly that the negative chirality compo-
nents are left-moving.

Show that rigid supersymmetry transformations
X" =ie®”, " = ("0, Xe,

where € is a Majorana spinor, leave the action I invariant up to possible surface terms.

In the critical dimension for the left-moving sector only, demonstrate that the
number of spacetime degrees of freedom for massless string states is the same for the
bosonic excitations as the fermionic excitations, stating clearly any assumptions you need
to make.
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The action for the closed bosonic string in a curved spacetime with metric g, and
with vanishing dilaton in the orthonormal gauge is

1
I= [ @6 50.X°0,X g (X).
where the world-sheet metric is flat 7,,,, {# are the string world-sheet coordinates and X

labels where in spacetime the points £# on the string are located.

Explain how to derive the background field equation
Rab = 07

where R,y is the Ricci tensor of the metric g,p, from requiring that the classical symmetries
of the string are preserved quantum mechanically.

Suppose that the background metric has vanishing Ricci tensor and admits a

(spacelike) Killing vector
0 0

dre 0z

and that the d-dimensional background metric is of the form

a

gzz:‘/v 92120, 121727((1_1)7

with all metric coefficients independent of z. By making the appropriate field transforma-
tions on the string worldsheet, show that the T-dual metric with g,. replaced by V! but
g.1 and g7y unchanged is equivalent to the original string theory.

Briefly explain why the fact that Ry, # 0 for the new metric does not imply an
inconsistency for bosonic string theory.
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