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1 Introduction

Supergravity was initially envisaged to be an elementary field theory which will be free of UV divergences
and thus unite all the forces with the gravity. Nowadays it’s viewed as an effective theory of a more fun-
damental theory, the only candidate for which is superstring theory, or rather M-theory, in the framework
of which all the supergravity and superstring theories are connected to each other.

In this paper we are going to discuss the general structure of the massless fields which are in the same
multiplet as the graviton, called supergravity multiplet. To do that we’ll introduce spinors in general
dimensions, how they work, what possibilities one has, which will give us some ground to continue to
supersymmetry algebras discussion in section two, which will include the discussion of the R-symmetry
groups in the various dimensions. Then we’ll discuss the supergravity multiplets from the group-theoretical
point of view and classify all possible supergravity theories. Doing that we’ll go to specific cases and discuss
in detail the structure of d = 11 theory, and also outline the main properties of the three d = 10 theories.
To help the reader to understand d < 10 theories in his/her future, we then introduce non-linear sigma
models, and discuss them in the case of IIB theory.

We conclude with a very brief discussion of non Lorentz scalar “central” charges (it’s an abuse of
notation to call them central, since that would seem to imply that they commute with Lorentz, which
obviously won’t be the case if they are not scalars), and a couple of references that the reader may find
useful for a more powerful immersion into the field of supergravity.

2 Spinors in diverse dimensions

Let us start our discussion of spinors with a brief introduction of Clifford algebras. In Appendix [A] we
define Clifford algebras more rigorously, which will hopefully make the reader more comfortable with them
(especially that we all know Clifford algebra C; in pseudo-Euclidean space - it’s just the same as algebra
of complex numbers).

The way the Clifford algebra is usually introduced in physics is - think of it in terms of gamma matrices.
That will be almost good enough for our discussion. To bring the way of thinking of Clifford algebras
in terms of gamma matrices closer to what Clifford algebras are, let us introduce the following matrices.
Let’s for simplicity work in a d-dimensional Euclidean space R?, d = 2n being even, and introduce main
ingredients of Clifford algebra C; in RY. Let us also consider 2" x 2"-dimensional matrices in Ma» (note
that the dimension of My is (27)% = 291).

1. Let 1 be the identity in Man.

2. Let v*, a = 1,...,d be our gamma matrices, which satisfy {’y“,vb} = 269 and are hermitian.
Clearly this implies that (y*)? = 1.

3. Let n®102ak = %7[a17a2 .. .,yak].



In fact these matrices can be thought of as a basis of Clifford algebra representation in terms of
matrices. Le. any combination of gamma matrices (sum or product, since this is an algebra) can be
written in a form b1 + bay* + -+ + bayag-ay Y %2, where b,bg, . . ., bayas--a, are some real numbers.

Doing simple counting we see that the number of basis elements in Clifford algebra, hence the dimension
is (g) + (‘11) + (3) = (1+1)? = 29(= dim(Man)). For d odd, it turns out that the Clifford algebra C4
is the direct product of two subalgebras, both isomorphic to C4_1.

Another interesting fact is that matrix representation of Clifford algebra, forms also a representation
of the rotation group, which is actually a fundamental representation of the rotation group, and is called
spinor representation! But the map (homomorphism) from matrix representation of Clifford algebra to
spinor representation of the rotation group is not 1 — 1 (an isomorphism), rather it’s 2 — 1, i.e. for every
element in the rotation group there are two elements in the Clifford algebra which map to it. The elements
of the vector space on which the matrices of spinor representation of Clifford algebra act are called Dirac
spinors and naturally have dimension 212 (recall that for d odd, C,, = Cp,—1 ®C,—1, it reduces to the even
case).

Let’s now consider more specifically all of the above for spinor representations of SO(t,s), where t
and s denote the number of plus and minus signs correspondingly in the signature of the metric 745, and
let d =t 4+ s denote the dimension of our space. So for instance a d-dimensional Minkowski space would
correspond to SO(1,d — 1). Condition 2 for gamma matrices then becomes:

{v*,7"} = 20, (1)

where a = 1,...,d, and v* are hermitian for ¢ = 1,...,¢ and antihermitian for a =¢+1,...,d. As before

the dimension of the gamma matrices is alg) x 2l8), An explicit representation of gamma matrices can

be constructed as tensor products of Pauli matrices and the 2 x 2 unit matrix and is given in [IJ.
Consider now the matrix

v5 = (_1)%(3—”7172 .. .,yd o ,yalaz"'ad (2)

(the volume form). It’s should be clear that (v5)? = 1, {75,7%} = 0 and that it’s hermitian, by just using
. Using 75 one can define Weyl spinors with positive (or negative) chirality by their v5 eigenvalues:

Vs = Py (or v = —y_) (3)

In odd dimensions 5 is proportional to the identity, so it doesn’t help us to reduce the spinors (this is
in perfect accordance with Dynkin diagram for SO(2n), which has two branching dots on one end which
correspond to two inequivalent spinor representations, as well as with Dynkin diagram for SO(2n+1),
which has a short root on one end, corresponding to one spinor representation).

But this is not all of the reducing power we have! It turns out that Clifford algebra has a fundamental
anti-automorphism under which v* — —~* for dimensions s — ¢ = 0, 1,2 mod 8 (the number 8 comes out
here, and will later too, because it can be shown that representations of Clifford algebras are periodic with
period 8). In a sense this means that 3B_, such that:

—(v)*=B_~"*BZ',  with B*B_ =1 (4)

The matrix B_ naturally defines a charge conjugation of a spinor:

¢ = B2l (5)
It can then be used to impose Majorana condition, which is a reality constraint:
P =1, (6)

which identifies the charge conjugated spinor with itself.



Another lucky fact for us is that Clifford algebra also has another fundamental anti-automorphism
under which v* — —~® for dimensions s — ¢ = 2,3,4 mod 8 (there are just these two, in case you're
wondering about more). I.e. 3B, such that:

(v*)* = Byy*Bi ", with B} By =1, (7)
charge conjugation being defined by:
¢c — B-T-lw* (8)
and the pseudo-Majorana condition being:
ve=1 (9)

Recall that the reason the above defined charged conjugation is called so, is because the charge conju-
gated spinor satisfied Dirac equations with opposite electric charge (in case of By conjugation the mass
term changes it’s sign too). Note also that charge conjugation can be defined in terms of Dirac conjugate:

b=ylA, A=alyt
,(/}C — CJr’(Z}T or '(/)C = CfﬂT with Ci = B;l(A_1>T7 (10)

where C'y are unitary matrices. For more details we refer the reader to [IJ.

Taking into account that in general, when a spinor ¢ has a chirality + (-), the charge conjugated spinor
¥° has a chirality (—1)2(~% (—(=1)2(=9), we can see that (pseudo) Majorana-Weyl spinors are possible
only if 9 has the same chirality as ¢¢, i.e. when s —¢ = 0 mod 8. In Minkowski space where ¢t = 1 and
s =d — 1, (pseudo)Majorana-Weyl spinors exist if d = 2 mod 8.

There is one more final type of spinors we’ll be dealing with. In cases when we cannot impose
(pseudo)Majorana condition because (1¢)¢ = —1 and we have Dirac spinors (or Weyl spinors in even
dimensions). Then we could introduce a fermion doublet consisting of even number of fermions ¢,
i=1,...,2d, and impose symplectic condition:

Y= Q9 (), (11)

where Q% is a constant antisymmetric matrix. Such spinors are called symplectic (pseudo) Majorana
spinors. They clearly don’t reduce the dimension of the spinors, since we double the number of fermions,
and then impose a condition that halves the number back, but they can be more convenient than Dirac
spinors, if the theory has a symplectic symmetry.

Let us summarize our results for a particular case of d-dimensional Minkowski space in a table.

3 Superalgebras

We restrict ourselves in this section to flat Minkowski spacetime of dimension d. The generators of
the super-Poincaré algebra consist of supercharges Q** (we’ll often omit the spinor index « if it’ll be
unambiguous what we mean), transforming as spinors under the Lorentz group, generators of translations
P,, generators of the Lorentz group M,;, and possibly additional generators (central charges) that commute
with the supercharges, which we’ll ignore for now.

So we have supercharges that commute with translations and are spinors under Lorentz transforma-
tions:

PeQ]=0. M, Q] = J7Q (12

and the form of these relations is independent on what type of spinor are the supercharges. But the anti-
commutation relation between the supercharges do depend on the type of the spinor, thus the dimension
of the space. Let’s recall though that for a single supercharge they are:

{Qa, Qs} = (v")asPu (13)



Type | d mod 8 n
W |[24,6,8] 23]
M 2,3, 4 2lg)
pM | 2,8,9 | 2l&
MW 2 olgl-1

pMW 2 olgl-1
sM 7 olgl+1
spM 5 algl+1

sMW 6 alg)

Table 1: Possible types of spinors in d-dimensional Minkowski space (t = 1, s = d —1). W, M, pM,
MW, pMW, sM, spM, sMW denote Weyl, Majorana, pseudo Majorana, Majorana-Weyl, pseudo Majorana-
Weyl, symplectic Majorana, symplectic pseudo Majorana, symplectic Majorana-Weyl spinors respectively.
Second column entries list the possible spacetime dimension congruency classes for each type of spinors,
and the last column n is the number of independent real components of the spinor.

Let’s defer the discussion of anti-commutation relations for a moment and discuss an important concept
of the automorphism group Hgi. To do that we consider not 1 but N spinor charges which transform
reducibly under the Lorentz group and comprise N irreducible spinors. For Weyl we can consider N,
positive chirality and N_ negative chirality spinors. In all these case there exist a group Hpr acting on the
supercharges, which commutes with the Lorentz group and leaves the super-Poincaré algebra invariant.
This group is also referred to as the R-symmetry group, and is formally defined as the largest automorphism
group of the supersymmetry algebra that commutes with the Lorentz group. As an example of Hg consider
case of 1 supercharge, N = 1, then clearly is invariant under U(1) transformations:

Qa - eieQa - {Qaa QB} - ewe_w{Qou QB} = {Qou Q,B} (14)

We will encounter more complicated examples of Hr when we start discussing possible superalgebras in
different dimensions.

Another important concept we have to introduce before we start enumerating dimensions and algebras
is one which we skipped in the beginning - the concept of central charges Z. It turns out that one can
have such charges which commute with Lorentz group, and supercharges, but have R-charge, i.e. transform
under the automorphism group Hg. They will also appear in general in the supercharge anticommutation
relations. Actually we are cheating here a little bit, since one can have a more general form of central
charges, which transform under Lorentz group, the discussion of which we’ll skip for now.

So combining all we said, the invariant (under change of dimension) part of the super-Poincaré algebra
is:

M Q] = 510 [T4,Q7 = (1),
[T4,20] = (1), 249 + (), 2%, (T4,TP) = pA2.T°, (15)

where t4 are representation matrices and fABC are the structure constants of the Lie algebra of the
automorphism group Hpg.
The possible automorphism groups and forms of the anticommutator {Q, @} are listed in the Appendix

Bl
4 Supergravity multiplets

Particles that appear in supergravity theories belong to irreducible representations of super-Poincaré
algebras. We are interested here in massless states only.



As far as it’s known today (June 10, 2003) there are no consistent interacting theories of particles
with helicity > 2, and the only known consistent interacting theory of particle with helicity 2 is general
relativity, i.e. a theory where helicity 2 particle couples to the energy-momentum tensor (for details see
[2]). This puts a limitation on the possible spacetime dimension a supergravity theory can have.

Consider spacetime d = 12. And let’s suppose that we have just one supercharge, i.e. N = 1. The
supercharge is then Weyl or Majorana (but not both!), depending on the conditions one imposes. The
number of independent real components it has is ol=) =64 (using Table . First we note that central
charges vanish, Z% = 0, for massless states [3]. Then going to light-cone coordinates the supersymmetry
algebra becomes just creation and annihilation operators algebra with half of the operators represented
trivially (assuming the number of real components of the supercharges is even, which is the case for
D > 4, for discussion of D = 2 and D = 3 cases see [4]). Then we’re left with 32 creation and annihilation
operators, thus 16 creation operators, each of which will increase the helicity of the state it acts on by
1/2. Thus we’ll clearly have to have helicity 4 states, acting on helicity -4 state with 16 creation operators
each of which carries helicity 1/2, will give helicity —4 + 1—26 = 4 state. It should be clear that increasing
the spacetime dimension d or the number of supercharges would worsen this, thus this puts a limit on
the spacetime dimension to be 11! Just as a check let’s see that N = 1 in 11 dimensions doesn’t have
helicity > 2 particles. The supercharges in d = 11 are Majorana, thus the number of real components is
olz) = 32. Halving for massless states, we get 8 creation operators and 8 annihilation operators, which
will allow you going from helicity —2 states to helicity 2 states, thus we will stay in the consistent regime!

Having noticed the dimensional constraint there is limited number of possibilities we have to consider.
Let’s concentrate on the d = 11 case and introduce the concepts that are needed to classify possible
supergravity multiplets. The main concept we need is the concept of the little group, which is the subgroup
of Lorentz transformations that leaves the momentum invariant in the light-cone coordinates. It should
be clear that for SO(1,d — 1) the little group is SO(d — 2) (we are just chopping off time and one space
space coordinate, whose linear combinations, #° + 2! and 2° — 2!, are fixed in light-cone coordinates).
Recalling that in d = 11 there are 16 independent spinor components, which would thus transform in the
spinor representation of SO(16), we want to see how would that spinor representation decompose under
the embedding of the little group SO(9), to figure the helicity content of the bosonic and fermionic states.
This is similar to 4 dimensions, where we consider decomposition under the SU(2) subgroup to determine
what the helicities of the particles are.

It then turns out that out of two spinor representations of SO(16) (two Weil spinors), one branches
into:

128 — 44 + 84, (16)

while the second one transforms irreducibly:
128(50(16)) — 128(50(9)). (17)

This may look quite strange but it’s actually very similar to N = 1 supergravity in 4 dimensions. The
44 is the veilbein e, (or the graviton), the 128 is the Rarita-Schwinger representing a spin % particle 9,
(gravitino), but also there is an additional to 4 dimensional case particle - a bosonic 3-form B,,,, which
has 84 components, which is an object similar to A* in electromagnetism.

Some remarks we would like to add here are the following. First it’s easy to see that bosonic and
fermionic degrees of freedom are the same. This is of course a general fact for supersymmetry. The second
remark is that the way we got the graviton and gravitino, i.e. by finding the irreducible representations
under the little group embedding, makes them automatically satisfy the so called v-traceless condition,
which arises if one considers starting with vector and spinor representations and tensoring them together
to get spin % particle, but since tensor product is always reducible one also gets a residual spin % particle
to get rid of which ~-traceless condition is imposed:

Y, =0, (18)



and similarly for the veilbein (for more discussion see [2]).

One can do this procedure for all dimensions and all the possibilities including not only supergravity
multiplets (those containing graviton and thus gravitino), but also matter and Yang-Mills multiplets are
listed in [4]. We list here only the possible supergravity multiplets in Table

The numbers of the physical degrees of freedom for each field are:

(d—2)(d—-1) -1, symmetric traceless tensor

S8
\
)

d—2)(d—3)(d—4)(d—5), 4-form

1
21
%(d —2)(d—-3)(d—4), 3-form
%(d —2)(d - 3), 2-form

[\

ISH
| w |
o
~— O~~~
Il

&
| o
[\)

=d -2, 1-form/vector

—_

real scalar

(d—2— 1)2L%J, Rarita-Schwinger spin % spinor

A 2L%J, spin % spinor, (19)

oy
=
AN
Sl Lt e e Y e N i U
oY

where the -1 for graviton and gravitino comes from the above mentioned v-traceless condition.

5 Supergravities in higher dimensions

In this section we will discuss supergravities in d = 11 and d = 10 in some detail, and at the end briefly
discuss some lower dimensional theories. We assume from the reader some knowledge of the d = 4 minimal
supergravity theory, a short review of which is in [I], and a longer one in [3].

5.1 d =11 supergravity

The field content of this theory as we discussed earlier contains the graviton e,”, a gravitino ¢, and a
3-form B,,,,. The Lagrangian has the following form [5]:

1 [ 1 B -
L = _ZeR - 5’61/&&7” PDyipp — @eFquoFH P+ %e(ww‘ 04y, + 12077 79°) Foprs
2
+ TVE erveabrBuwrp L Fa .5, Buvp + (4-fermi terms), (20)

where Fy, . = 401, B,,0 is the field strength of the 3-form, covariant derivative of gravitino is a spin
connection covariant derivative, i.e. Dy, = (0, + iw#“b'yab)wp. This Lagrangian is invariant under the
local supertransformation

6eu“ = —iey"Y,, 0By = g?y[wwp],
i

144
in addition to general coordinate and local Lorentz transformations. It is also invariant up to surface
terms under the local gauge transformations of the 3-form B — B + dA, where A is a 2-form.

As wusual supersymmetry algebra closes on shell [5]. We emphasize this, because since we don’t
include auxiliary fields the supersymmetry algebra doesn’t close off-shell. In the present status of theory
it is possible to actually include auxiliary fields and close the algebra off-shell only for d =4, N = 1.

6t = Dye+ (’yam‘sﬂ — 8y7196%)eFapys + (3-fermi terms), (21)



dimensional

fields

Qirr n
(N4, N_) reduction?

11 1 — e,s Yu, Buvp 32 | 128
10 (1,1) N=1 €,y Vi Vs Buvpy Buvy Buy A, A, ¢ 32 | 128
(2,0) - €% 204, Biwpe, 2By, 2)_, 20 32 | 128

(1,0) — e, Yps Buvy, Aoy @ 16 64
9 2 (1,1) and (2,0) | e,*, 2¢u, Buvp, 2Buw, 3B, 4, 3¢ 32 | 128
1 (1,0) €,y Yus Buvs Bu, A, ¢ 16 56
8 2 N =2 e,y 20u; Buvp, 3By, 6B, 6, 79 32 | 128
1 N=1 €,y Yus Buvs 2B, A, ¢ 16 48
7 4 N=2 eua, 41, 5B, 10B,, 16, 14¢ 32 128
2 N=1 e,y 20u; Buy, 3By, 2, ¢ 16 40
6 (4,4) N=4 e, s iy, 4y, 5By, 168y, 204, 20\, 25¢ 32 | 128
(4, 2) — e, 4y, 20y, 5By, Bl , 8B,, 100y, 4A_, 5o | 24 | 64

(2,2) N=2 ey 204y, 20—y, By, 4By, 204, 20, ¢ 16 32

(4, 0) e,% 4P+, 581 16 | 24

(2, 0) — €% 201, BLy 8 | 12
5 8 (4,4) e, 8y, 278y, 48), 42¢ 32 | 128
6 (4,2) e,”, 60y, 15B,,, 20\, 14¢ 24 | 64

4 (2,2) and (4,0) | e,?, 44, 6B, 4\, ¢ 16 24

2 (2,0) e, 29, By, 8 8
4 8 N =38 e, 8¢y, 28B,, 56, 70¢ 32 | 128
6 N=6 e, 61y, 168, 26, 309 24 64

5 — e, 5y, 10B,,, 11X, 109 20 32

4 N=4 e,y 4y, 6B, 4\, 2¢ 16 16

3 — e,y 3us 3By, A 12 8

2 N=2 e, 2¢u, By 8 4

1 — e, Yu 4 2

Table 2: Supergravity multiplets. d is the spacetime dimension, N (or (N4, N_)) the number of su-

percharges (of positive/negative chirality), third column indicates whether the theory comes from the
dimensional reduction of a theory one dimension higher, fourth column is the field content of the theory,
Q;rr is the total number of real irreducible components of the supercharges and n denotes the number of
real bosonic = fermionic physical degrees of freedom. The subscripts + on spinor fields denote chiralities.
The superscripts (4) on k-forms mean that they are (anti-)self-dual.




5.2 d =10 supergravities

In 10 dimensions there are 3 supergravity theories - (1,1) supergravity [L1], which is a massless sector of
the type ITA superstring theory, (2,0) supergravity [6, [7, 8], which is a chiral (left-right asymmetric) and
is a massless sector of the type IIB superstring theory, and finally (1,0) supergravity [9, [10], which is also
chiral and is a massless sector of the type I superstring theory.

Let’s start from type ITA theory. As indicated in Table [2| it’s a dimensional reduction of the d = 11
theory. To see how it happens consider as an example the metric

ds® = g, dxtda”, (22)

where pu,v = 0,...,10. Now consider parameterizing the 10th dimension as follows
ds? = gijdax'da? + e?(dx'® 4 Vida') (dz'® + Vjda?), (23)
where i,5 = 0,...,9. If we now consider the 2'%-independent terms only, we’ll get a metric of 1 dimension

less, a vector field, and a scalar field. One can see more features of this, specifically that V), is gauge
invariant. By making coordinate transformations z'® — 219 — £(z) and 2° — 2%, where £(z) is an
arbitrary function of the first 10 spacetime coordinates, we get gauge invariance for the vector field:

Vu(x) = V() + 0,8(x). (24)

Similarly the other fields can be reduced under dimensional reduction, and the gravitino will decompose
into two gravitinos of the lower dimension (two because we have Weyl decomposition into chiral fields),
and the extra degrees of freedom from the last dimension will realize in terms of two chiral spin % particles
Ay and A_. Finally the 3-form will decompose into a 3-form of lower dimension and the 10th dimension
degrees of freedom will become a 2-form - B;; = Bi;; (these are all the extra degrees of freedom a 3-form
has since it’s totally antisymmetric).

We include the Lagrangian for this theory, without comments, to demonstrate how bad things can
look like in supergravity theories:

1 1 9 1
- _ -0 = 19/4 % 7 n = 43/4 IV Ap
‘C 46 R(ea w) 16€¢ FHVF + 326(aﬂ¢/¢)8 ¢/¢ 486¢ F,uv)\pF

+%e¢>_3/2Fw,\F“” +[3/2(12)%" #9 Foy iy Fogoas oo — %iez/;MV””ADV E(w +3)]
45163 Dy [0+ 0) A = SivBeB Do+ PO)/281 wA — 5ied” BB Ny
29"y ¥f + %\@ZW“”’A —3V2 PN - ZM”WM)(F + )y,
+%e¢3/ 8oy AP e, + 1201y AP + ZMW” A - %\/51/707“”’3 T A

F2V20H P Xy AV (F + F) oy + 4*18%5’3/ LGy AT e + 6Py

V2P, AN (F + F) o + La, (25)

with the 4-fermi terms given by:

1 1 - - - 1 — _ 1 _
Ly = _ae [m \/iA’Y#VA/\(Z/)p’YuV)\p'YH/\ - 371#;/}/1/)\’7“/\) + g\/iz/)p’Y#”AP’Y\l)‘(2wu7uz/)A + 5\/§wu7y/\7\|/\)

4 - - 1 . 44 -

+§)"7MV’7H)‘(2'IZ/\’7}LV}\p7H¢p + 2)"7;LV’VH>\ - 5\/§¢>\’7;Lu)\)\ + E\/iwu’yu)\)
16 N 1 — 4 - 16 — v

+§\/§¢#7 )‘(w)\%w/\p’)/llwp - g\/iwA'Yuu)\/\ - g\/%ﬂ,ﬁ\) - E\/iz/ﬂt’ﬂlw w)\’Y;w/\/\

5_ _ _ 1. 128
+3 0" M24% A — 4V2 M, — gwwww + 7(1/1”7#/\)2



1~ } _ 1
+§ \/§¢“7V’\’Y||)\(1/Jp7pw,\a¢a + 41/11/’7;/‘!))\ + g\/@/fﬂw\%V\)} ! (26)

The next theory we want to discuss is the I theory. It’s not a dimensional reduction of d = 11 theory,
but it can be obtained from the d = 11 theory by an operation called truncation. Morally truncation get’s
rid of the say negative chirality fields. Doing it more consistently is achieved by putting

A
o €; 0
e, = ( 0 eyl ) ; Bijk =0,

Yo = %(1 —¥5)1hi = 0, Y10 = %(1 +75)1¥10 = 0, (27)

where the latin indices run over 10 dimensions, and greek ones - over 11. Under this truncation the leftover
fields would be the 10-dimensional graviton, a scalar from the graviton truncation the 2-form part of the
3-form Bjg;j, a gravitino from v, truncation and an additional negative chirality spin % field from the
1_, truncation, thus the field content presented in Table @ The action for this theory has a fairly simple
form compared to ITA theory action and is presented in [9].

Probably the most interesting case is the type IIB theory. It doesn’t arise neither from dimensional
reduction nor from truncation of fields. We can see that it has two scalars, which makes it quite different
from the previous two cases, since the scalars are the coordinates of our manifold and thus will contain
interesting features, which we’ll discuss later when we talk about non-linear sigma models. The other
thing to notice is that it has a self-dual 4-form. The self-duality should be clear by just counting the
number of indices, the field strength of a 4-form is a 5-form, thus since we’re in 10 dimensions the dual
form would again be a 5-form, and thus the dual field - a 4-form. One can show that there is no covariant
Lagrangian for such a theory [I4), [12]. It is also notable that the ITA and IIB theories relate to each
other by so called T-duality [12], when one compactifies them on circles with radii R4 and Rp such that
RaRp =1.

5.3 d < 10 supergravities

Supergravities in lower dimensions are most easily obtained in a similar way to the way one obtains ITA
and I theories from d = 11 theory, i.e. by dimensional reduction or by truncation. Their field content is
give in Table[2] For small N (N < 4) theories there are also superspace formulations.

Notice that we did not include the case d < 3, the reason for that being that one has no dynamical
degrees of freedom in those dimensions for the graviton.

A general structure for d < 10 theories that we will be interested for the next section is the scalar field
structure. When they are present the theory has a rigid non-compact symmetry G, but also the scalars
transform locally under the maximal compact subgroup H C G, so to get the physical degrees of freedom
one has to mod out by H.

6 Non-linear sigma models

Scalar fields appearing in supergravities are described by G/H non-linear sigma models, where G is a
non-compact Lie group and H is a maximal compact subgroup of G. What this means is that one can
extend the symmetry of the scalar fields to get a linear G-symmetric model of scalars, but then to get
back our the original theory one has to quotient the additional local gauge transformations on the scalars
described by H.

Rather than presenting the mechanism for a general case, we will do it for a particular case of IIB
theory discussed previously, which will nevertheless include almost all of the tricks of non-linear sigma
models. For a more general treatment see [13].



Let us consider the case G = SL(2,R) ~ SU(1,1) and H = SO(2) ~ U(1). This sigma model appears
in IIB theory and also in d =4, N = 4 theory. The SU(1,1)-valued scalar field V' (x) is parameterized by
two complex scalar fields ¢g(x), ¢1(z) as

_ [ ¢olz) ¢i(z) 2 2 _
V(m) - ( (ybl(x) ¢6(I) > ’ >‘¢0| |¢1| =1 (28)

The rigid SU(1,1) transformations are given by:

V(z) = gV(z), g= ( o ) e SU(1,1), (29)

where |a|? — |b|?> = 1. The local H = U(1) transformations act from the right:

eiG(ac)
Viz) - V(@)h (@), h(x)z( . e&z))eU(l). (30)

To construct an invariant Lagrangian that will satisfy the demanded properties of global G and local H
invariances one has to look at the decomposition of the Lie algebra g of G:

g=b+n, (31)

where § is the Lie algebra of H and n is its orthogonal complement in g. The orthogonality is defined
with respect to a trace in a certain representation: tr(hn) = 0. Orthogonality then implies

[b,b] cb,  [h,n]Cn. (32)
The g-valued field V=19,V is decomposed as
V'OV =Q.,+P., Qu€bh, P,en (33)

For our case of SU(1,1)/U(1) we have

Q= @00 - 510,00 (o ) ).
_ 0 (¢Oat¢1 - ¢18L¢0)*
Fu= ( P00, 91 — 910,90 o ) . 34

Since we know how V transforms under local H transformations and have the orthogonality conditions
we can figure out the transformation laws for (), and P, under H:

Q, — hQ,h™ + ho,h™,
P, — hP,h . (35)

We see that (), transforms as an H gauge field, and thus can be used as a connection to define a covariant
derivative. In fact using we have:

P, =V Y0,V -VvQ,)=V"'D,V, (36)

where D,, is the H-covariant derivative on V.

Finally noting that @, and P, are invariant under the rigid G transformations, we can now finally
construct an action that would be invariant under the global G and local H. In particular the kinetic
term of the scalar field is:

Opz0*z*

1
L= itr(PMP“) = |p0dud1 — $10uh0|* = SEEE (Z = ¢T(¢3)71) (37)
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This is the final result we wanted to achieve! We have an action which has only two real scalars, as in
IIB theory, the variable z is U(1) invariant and the action has a non-linearly realized SU(1,1) symmetry

as
az + b*

z —
bz + a*
Similar sigma models can be constructed for other supergravities which have scalars. The full list of
G and H groups is given in [I].

(38)

7 Remarks and Conclusion

There are many issues in supergravities that we left out in this paper like massive supermultiplets, coupling
of supergravity multiplets with other multiplets (if there are any depending on the dimension [4]), duality
symmetries and the constraints they impose on the possible (or impossible as we saw for IIB) Lagrangians.

We would like to address here something else that we left out in the beginning - the non Lorentz scalar
central charges. If one introduces to our supergravities external p-dimensionally extended objects, called
p-branes (O-branes are point-particles, 1-branes - strings, etc.) which could couple to supermultiplet fields,
one can write down a general Lagrangian in spacetime dimension d, describing interaction of a graviton, a
k-form and a scalar with a p-brane, and general electrically charged p-brane solutions were found [16], as
well as “solitonic” solutions which exhibit topological magnetic charge satisfying Dirac quantization rule.
In the cases where the solutions are supersymmetric, those charges actually are the central charges! And
the supersymmetry algebra takes the approximate form:

{Qanﬁ} X Z(’YﬂlmupC)aBZM”'Mp’ (39)

p

where the sum is over the possible p-branes or alternatively central charges. Of course the possible types
of branes have been classified and are given as a nice graph in [IJ.

As a conclusion we would like to say that in this paper we barely scratched the surface of the su-
pergravity area, which is already quite old (in modern time-scales), but which still has new aspects to
be discovered and open problems to be solved. For those who want to study it more deeply we would
recommend reviews [13] [T} 15].
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Appendix
A Clifford algebras

We wish to define Clifford algebras in this section and list some useful facts about them. The way we do
it here is probably a little outdated, but is nevertheless quite illuminating. We follow [I7].

Consider real Euclidean space of n dimensions, R™. Consider also scalars a, vectors a’, antisymmetric
tensors of rank 2 (or 2-forms) a*, 3-forms a*/*, etc. Obviously we can’t have more indices than the
dimension of the space n, otherwise we’ll get trivially zero.

Consider now new objects, which we’ll call aggregates. A collection consisting of a scalar, vector,
2-form, 3-form,. .., n-form, will be called an aggregate A:

A = (a, at,a, ..., a“’é'”i") (40)

The numbers appearing in are called the coordinates of A in the given basis.

We wish to demonstrate that with certain operations of summation and multiplication aggregates may
be regarded as elements of a certain algebra over the field of real numbers (which will of course be Clifford
algebra).

First of all the operation of addition is defined trivially:

A(a,d’,...,a" ") £ B(b,b,... . b ) = Cla+b, (a+b), ..., (a+ b)), (41)

Note that since by summing k-forms we get back k-forms this is an invariant definition. Multiplication by
a number is also defined trivially:

bA = Ab = A(ba,ba’,... ba" ). (42)
With the risk of introducing confusion we introduce the following convention:

a=A(a,0,...,0),
a=A(0,0,...,a""" ... 0) (43)

Choosing then an orthonormal basis e; and denoting e;,...;, = %e[il -+ e,], we have:

A=a+ Z a'le;, + Z a"2e; ., + -+ a't e p (44)
i1

i1 <ig

We now define multiplication of aggregates, and demand it to have the following properties.
(a) It should be distributive:

(A+B)C=AC+BC, C(A+B)=CA+CB, (45)
(b) associative
(AB)C = A(BC), (46)
(c) if A =(a,0,...,0) = a, then
AB = BA =aB, (47)
(d) if a= (0,a",0,...,0) then
aa = [a]?, (48)
where |a|? should be regarded as (|al2,0,...,0).

(e) And finally for arbitrary vectors p1, ..., pk regarded as aggregates the following should hold:

Pl Py =P1 A APk, (49)
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where on the left hand-side is aggregate multiplication, while on the right hand-side wedging of vectors,
the result of which is treated as an aggregate.

The algebra of aggregates obeying the above written laws of summation and multiplication is called a
Clifford algebra C,.

After this probably confusing definition we want to show that this implies the rules we know. Using
property (d) of the product it’s not hard to show that orthogonal vectors anticommute, in particular:

eiej + ejei = 25@‘, (50)

which is the defining property of the gamma matrices as we know! In fact by fundamental theorem
of Clifford algebras, the forms e;,..;, can be put into 1-1 correspondence with 4% %  which are the
antisymmetrizations of Gamma matrices as defined in Section
We already discussed some of the aspects of Clifford algebras in Section 2] so let us just give an example
of the simplest Clifford algebra. Consider instead of real Euclidean space, 1-dimensional pseudo-Euclidean
space, this just means that the basis vector squares to -1 instead of 1 - €¥ = 1. Then the aggregates have
the form:
A =a+ale, (51)

where a,a' are arbitrary real numbers. This is just the algebra of complex numbers!

Similarly one can consider Clifford algebra on 2-dimensional pseudo-Euclidean space (where both
vectors square to -1), and get the algebra of quaternions.

For a more modern definition of Clifford algebras and there geometrical interpretation we refer the
reader to the extensive literature available at [1§].

B Superalgebras in different dimensions

We list possible automorphism (R-symmetry) groups Hg and the form of the anticommutators {Q, @},
depending on the spinor type of Q?, thus the spacetime dimension.

(a) d=4,8 mod 8

The supercharges are Weyl spinors with positive chirality Qi_ (¢ =1,...,N). Their charge conjugations
have negative chirality (Q', )¢ = Q_;, where the charge conjugation matrix C'= C_ (C = () is used for
d =4 (d =8) mod 8. The automorphism group Hr = U(N). Anticommutators of the supercharges are:

% 1 a i
{QJra ng} = 5(1 + 75)7 CPa5j7
N 1 ij
{QL.QY} =51 +95)C2Y, (52)
where Z% is antisymmetric for d = 4 mod 8 and symmetric for d = 8 mod 8. (b) d = 10 mod 8
The supercharges are Majorana-Weyl spinors with positive chirality Qj_ (i=1,...,N;) and Majorana-
Weyl spinors with negative chirality @ (¢ = 1,...,N_). The automorphism group Hr = SO(N.) X

SO(N_) (note that it’s SO group instead of U as in previous case, because we have Majorana spinors,
and thus have a reality condition). Anticommutators of the supercharges are:

(@@} = 501 + 351" C_ P,
{QLQ} = 50— 35nCPud,
(@@} = J(1 4+ 55)C 71, (53)

(c) d =6 mod 8
The supercharges are symplectic Majorana-Weyl spinors with positive chirality Q% (i = 1,...,Ny) and
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symplectic Majorana-Weyl spinors with negative chirality Q* (i = 1,..., N_). They satisfy Q’i(Qi)‘ =
Q'., where Qlij are antisymmetric matrices. The numbers N, and N_ must be even (simply by the
definition of symplectic spinors - they are doublets). The automorphism group is Hg = USp(N,) %
USp(N_), where USp(N) is the group of unitary symplectic N x N matrices. Anticommutators of the
supercharges are:

{Q), Q)= %(1 +795)7" C_ P2y,

(QL.Q} = J(1—s)rC- P,

{QL, Q") = %(1 +75)C_Z4. (54)
(d) d=9,11 mod 8

The supercharges are pseudo Majorana spinors for d = 9 mod 8 and Majorana spinors for d = 11 mod 8 -
Q' (i=1,...,N). The automorphism group is Hg = SO(N). Anticommutators of the supercharges are:

{Q, Q1) = 4*CP,6" + CZY, (55)

where C = O, Z¥ is symmetric for d = 9 mod 8 and C' = C_, Z¥ is antisymmetric for d = 11 mod 8.
(e) d=5,7 mod 8
The supercharges are symplectic pseudo Majorana spinors for d = 5 mod 8 and symplectic Majorana
spinors for d = 7 mod 8 - Q° (i = 1,...,N). They satisfy Q¥ (Q7)¢ = Q?, where Q¥ is an antisymmetric
matrix. The number N is even. The automorphism group is Hr = USp(N). Anticommutators of the
supercharges are:

{Q, Q1Y = 42CP,QY + CZY, (56)

where C = O, Z¥ is antisymmetric for d = 5 mod 8 and C = C_, Z%¥ is symmetric for d = 7 mod 8.
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