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Abstract

After a review of the two-dimensional supersymmetric non-linear sigma models and
the geometric constraints they put on the target space, I focus on sigma models in
one dimension. The mathematical framework in terms of supersymmetry and complex
geometry will also be studied and reviewed.

The geometric constraints arising in D = 1 are more general than in D = 2, and
can only after some assumptions be reduced to the well known geometries arising in
the two dimensional case.
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1 Introduction

Non-linear sigma models provide a link between supersymmetry and complex geometry.
The number of supersymmetries imposed on the sigma model determine the geometry of
the target space, as was first realized in [3] and developed in [4], [5], [7], among others.
In dimension D = 2, which is the dimension central for string theory, one supersymmetry
implies no restriction on the target manifold, whereas two supersymmetires require a
Kahler manifold and four supersymmetries require hyper-Kéahler geometry. This has been
described in detail in [7], [20], [31], [32] and will be studied and reviewed in section 6. The
mathematical framework in terms of generalized complex structures was developed in [24]
and [25].

Under the two assumptions, that the kinetic part of the Lagrangian depends only on
the metric as ~ g, (¢)0,¢*0%¢"”, and that the fields ¢ are functions of time and at least
one spatial coordinate, three classes of supersymmetric sigma models are known: generic,
Kahler and hyper-Kéahler [29]. The first assumption can be extended by introducing an
anti-symmetric B-field in addition to the metric, which was realized in [7] and will be
reviewed in section 2.1 and 6. Obviously, the second assumption is automaticly relaxed
when studying one-dimensional sigma models, since the fields don’t depend on spatial
coordinates per definition. Therefore, in D = 1, even a larger variety of supersymmetric
sigma models can be constructed, as we will see in section 4.2.

The bosonic sigma model is derived in section 2 and its supersymmetric extension
in section 4. Supersymmetry, (generalized) complex geometry and further mathematical
framework needed for the study of non-linear sigma models are reviewed in section 3 and
5.

In section 7, I focus on the geometry of target space arising from supersymmetric non-
linear sigma models in dimension D = 1. After a review of what is known in the area, I
discuss some of these results in more detail in section 7.1 and in section 7.2 I explicitly
construct a one-dimensional sigma model by dimensional reduction from two-dimensional
sigma models. In section 7.3, the geometry arising on the target space by supersymmetric
sigma models in one dimension is compared with higher dimensional cases. The manifolds
of the one dimensional sigma models have a more complicated structure, and can only after
certain assumptions be reduced to the well-known geometries that appear in dimension
D = 2 [12]. Also, in D = 1, there is some flexibility when deriving the constraints
imposed on the target space [22]. In one dimension, there is less space-time symmetry,
which implies that one can construct more general Lagrangians than in higher dimensions.
Some supersymmetric D = 1 sigma models feature target space geometries which cannot
be reproduced by direct dimensional reduction from higher dimensional models, a fact
which make them an interesting subject to study.

The one dimensional sigma models have many applications, such as describing the
geodesic motion in the moduli space of black holes [17] and being the model for supersym-
metric quantum mechanics, which arises in the light cone quantization of supersymmetric
field theories.

For clarity, most of the longer calculations have been omitted or relegated to the
appendix.



2 Sigma models

A sigma model is a set of maps X* : 3" — 7, where & € >_,i = 1, ..., D are the coordinates
on the D-dimensional parameter space » , and X*, p=0,...,d — 1 are the coordinates in
the d-dimensional target space 7, and an action giving the dynamics of the model.

2.1 The bosonic sigma model in D =2

Although in no way fundamental, it is interesting that the action describing the 2-dimensional
bosonic sigma model can be derived from a classical string. The potential energy of the
string depends on its tension 7', and setting ¢ = 1, the mass density is equal to the tension
and we get an action of the form

S = —T/dA (2.1)

Denote the Minkowski metric of the target space by 7,, = diag(—1,1,...,1) and let 4 be
the induced metric on the world surface,

<ax)2 XM 0Xy

. OXH o0XY . @ dez dgl
Tab = Toga agr M T\ g 0x, (LX)Q (22)
del de? dg?

We require the action of the theory to be invariant under diffeomorphisms. Under a
coordinate transformation, the invariant volume element is in general given by the so
called proper volume dV = dP&+/— det 4. To see this, we note that under a coordinate

transformation, writing = := det 7y, and the Jacobian matrix A := [%} ,

d’¢ — det AdP¢  and /=7 — \/— det (A1) Ty A=) = /—v(det A=1)2 = di‘e;X
(2.3)
Hence, the area element on the world sheet is given by dA = d?¢y/— det 74, and we get
the Nambu-Goto action [26]

S=-T / d?¢\/—det v = —T ng\/ (02 XH0pX )2 — (0aX)2(9pX)2, (2.4)

where a,b € {1,2} are the indices for the parameters £* on the world surface. The
difficulties of quantizing this action motivates the introduction of the classically equivalent
Polyakov action [1], [2]

S = —g / d2e/—hh ™y, (2.5)

where h := det hqp, hqp being defined as the independent metric of the world sheet. The
fact that the Polyakov action is equivalent with the Nambu-Goto action can be seen by
varying the action (2.5) with respect to h?:
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Requiring this to be zero gives 2745 = haph®y.q which in turn implies 2v/—7 = h%yqv/—h.
Inserting this into the Polyakov action (2.5) recovers the Nambu-Goto action (2.4).

By a theorem by Hilbert, for any 2-dimensional surface with metric hy, we can choose
conformal coordinates in which the metric takes the diagonal form his = hoy = 0,h11 =
—hag so that v/—det hqp = hi1. In this gauge the Polyakov action (2.5) takes the simplified
form

s = 2 / e/ T

T
= -3 /d2§h11(h11711 + 040 — h'l g

B _T/d2£( OX" 90X axuaxv)
- T oet pet T i gez pe2

T
= 3 / d*6n,,0, X1 X" . (2.7)

For a target space with curvature, the Minkowski metric 7,, is replaced by a general
metric G, and finally we arrive at the bosonic non-linear sigma model action

§— % / drdod, XP9" X" G (X). (2.8)

In D = 2, we can include an anti-symmetric tensor B, in the background. Using
light-cone coordinates, x* = %(5 1 4 €2) the action thus takes the simple form

1
5= / de[aaX“nababX”GW(X)+e“b8aX“8bX”Bw,} - / 220, X" E,,0-X". (2.9)

where E,, = G, + B, and we for simplicity skipped the factor T'. The field equations
are obtained from 4S5 = 0:

O O_XF + (TOF 4 TH)Y, XVO_XT =0, (2.10)
or in shorter notation,
viDo_x# = 0. (2.11)

From these field equations one can see that the geometry of the target space involves
torsion 7.
2.2 The bosonic sigma model in D =1

The geodesic equation for a free massive particle is, in accordance with the two dimensional
case (2.1), given by extremizing the action

dX®dXv
S = —m/dT: —m/\/ —ds? = —m/d)\ — G : (2.12)

dx  dA
where ) is a parameter proportional to the arc length. This is the one-dimensional analogue
of the Nambu-Goto action (2.4). X* maps from the one-dimensional parameter space t € ¥



to the target space 7 and can be viewed as the world line for a propagating particle. The
geodesic equations resulting from 65 = 0 read

a2xe , dX*dx’

Since time t can be chosen as the parameter, the geodesm equations are obviously equiv-
alent to the equations of motion V;X#* = X# 4+ ¥ ﬁX @XF = ( arising from the Euler-
Lagrange equations for the Lagrangian for a free massive particle,

2
L= m;’ = % GuXPXV. (2.14)

The action for the one-dimensional sigma model can be derived in a manner similar
to the two-dimensional case. The analogue of the Polyakov action (2.5) in one dimension
is given by [1]

1
S = B /dt[ G X1 XY — em2] (2.15)
where e = e(t) is the equivalent of the world-sheet metric Ay, in the two-dimensional case.

Varying this action with respect to e gives the equations of motion

1 —
e= E\/—gWX“X”. (2.16)

Eliminating e in (2.15) by inserting these equations of motion recovers the Nambu-Goto
analogue (2.12) and shows the equivalence between the two actions. In the limit where
e =1, m = 0, the one-dimensional bosonic sigma model

S = /dtL = /dtg,wX“X” (2.17)

is finally recovered.



3 Supersymmetry and superfields

Supersymmetry is a symmetry relating bosons and fermions. It does so by combining
integer and half-integer spin-states in one multiplet. The non-linear sigma model studied
in the previous sections is valid only for bosons, and so fermions have to be included
in the theory. Imposing supersymmetry simplifies the equations and relates the bosonic
and fermionic fields in a way that has many far-reaching consequences. Supersymmetry is
central in the recent understanding of non-perturbative physics [19] and it appears in most
versions of string theory. Supersymmetry removes the tachyon out of string theory, and
is a promising key ingredience for extending the standard model. Also, it relates physics
and mathematics in an elegant way, as we will see in the following chapters.

3.1 The supersymmetry algebra

We first concentrate on D = 4 dimensions. The symmetries of quantum field theory can be
divided into internal symmetries and the Poincaré group, i.e. the 10 dimensional symmetry
group containing the 6 dimensional Lorentz transformations (boosts and rotations) and
4 dimensional translations. The attempts to find a larger symmetry group containing
both the Poincaré group and the internal symmetry group came to a halt in 1967, after
Coleman and Mandula proved the no-go theorem, saying that any larger symmetry group
containing the Poincaré group and an internal symmetry group must be a direct product
of the both. In other words, it is impossible to combine the Poincaré group and internal
symmetries to a larger group in a non-trivial way.

The Coleman-Mandula theorem is based on the axioms of relativistic quantum field
theory and the assumption, that all symmetries can be written in terms of Lie groups.
Haag et al showed in the 70’s that the no-go theorem can be circumvented by relaxing
this last assumption, assuming instead that the infinitesimal generators of the symmetry
obey a graded Lie algebra, or superalgebra. In a superalgebra, some of the generators are
fermionic, which means they obey anti-commutation rules instead of commutation rules.
This Zs grading can for the bosonic (even) and fermionic (odd) infinitesimal generators
be stated as the (anti-)commutation rules

[even,even] = even
[even,odd] = odd (3.1)
{odd,odd} = even.

With B and F' denoting even and odd generators, respectively, the generalized Jacobi
identities are given by [9]

[[B1, Ba], B3] +|[Bs, B1], 32] [[B2, Bs], B1] =
[[B1, Bs), Fs]+ [F37Bl 2] +|[Be, F3], B |
{[B1, F»], F3}+{ By, F3], F2}+[{F2,F3} B| =

[{FLFQ} s+ [{F1, B3}, B>+ [{F», F3}, Fi

(3.2)

coc oo

Using the rules for the Zy grading (3.1) and the generalized Jacobi identities, the super-
symmetric algebra can be derived. For a more comprehensive derivation than the one
given here, I refer to one of the textbooks [6], [9] or [14].



First, the supersymmetric group must contain the Poincaré group P, with generators
for translations P, and for Lorentz transformations M, fulfilling the algebra

[PAH Pl/] =0
[P/MMV‘I‘] = n,u[TPV}
[Mlu/’ MTO'] = nT[uMV}U - na[uMu]T' (33)

Secondly, it may contain an internal symmetry group G, where the generators B € G
fulfills its Lie algebra and commutes with the Poincaré generators

[Br,Bj] = f1,"Bxk
[P,,, B]] =0
[Mw/» BI] = 07 (3.4)

where f; JK is the structure constant for the Lie algebra of G. These six equations represent
the equation for even generators in the Zo graded algebra (3.1).
Now introducing N fermionic (odd) generators QL,Q?2,...,QY will give N-extended

Super-Poincaré algebra. Since () are the only odd generators, the Zs grading give the
commutation rules between the even and odd generators as

[ éuP,u] = (au)ng@
[ ém MW] = (bul/)gQ%
Qi Bi) = (en)aiQ), (3.5)

where a, b and c are yet undeterminded. Inserting these relations in the generalized Jacobi
identities and choosing the @Y, to be in the (0,%) & (4, 0)-representation of the Lorentz
group yields

[ Q’PM] =0
Qi M) = ()@
Q. Bil = (Bn)i@}. (3.6)

The anti-commutation rule of the Zs-grading between the odd generators in equation
(3.1) has not yet been considered. The fermionic generators must anti-commute to an
even generator, which in its most general form is given by the linear combination

(@4 Q) = r(1"C)apPud + 5(0" C)apMud? + CapZ + (15C)agY,  (3.7)

where C,3 = —Cp, is the charge conjugation matrix and Z% .Y are the central charges.
The central charges exist only in extended supersymmetry N > 1 [6], and are called central
because they commute with all generators O

12,0] = [Y,0] = 0. (3.8)

Inserting equation (3.7) into the generalized Jacobi identities and normalizing P, by setting
r = 2 finally gives

{QL, Q%) = 2(+"C)apPud™ + CopZ + (15C)apY ™. (3.9)

9



The full N-extended Super-Poincaré algebra in D = 4 is now given by the equations (3.3),
(3.4), (3.6), (3.8) and (3.9).

The algebra can equivalently be written in Weyl representation using 2-component
Weyl spinors. The equation (3.9) then take the form

{QlouQi} = 2P01(565ij

{Qn, Q4 = cap(Z27 +YY), (3.10)
where P4 1= (0")aa Py is a useful way of representing vector indices as pairs of spinor
S Y 0 —1
indices, and €qp = €45 = —eof = 4B — Lo )

The algebra is greatly simplified in N = 1 supersymmetry and lower dimensions. In
D = 2, the relevant part of the N = (1, 1) superalgebra is given by

{QiaQi} = 2i8j:t:2pj:t

{Q+.Q+} = 0, (3.11)
where 1, = are light-cone coordinates and the spinor index o = +, —. Correspondingly,
the N =1 superalgebra in D = 1 dimensions is given by

{Q,Q} = 2i9; = 2P. (3.12)

We introduce covariant derivatives D as odd differential operators defined to anti-commute
with the supersymmetry generators, {D,Q} = 0. Their explicit form and algebra in D = 1
and D = 2 can be taken to be

D=1 N=1 N =2
D=2 +i02 D=4 +if%, D=4 +i05
D2:z8t D2:D2:O, {D,D}:2z8t
(3.13)
D=2 N=(1,1) N =(2,2)
Di =30 +i0F0n  Di= 3% +i6*0., Di = 30 +i0*0.,
D% =0, D? =D? =0, {D,D} = 2i0,,.

3.2 Superspace and superfields

In the same manner as the Minkowski space is defined as the coset of the Poincarégroup
and the Lorentzgroup, 1SO(d — 1,1)/SO(d — 1,1), the superspace is defined as the coset
of the Super-Poincarégroup and the Lorentzgroup, SISO(d — 1,1)/SO(d — 1,1). The
parameters of superspace are (z, ) and relative to any origin, an element in the superspace

is parametrized as '
h(z, ) = @P+oQ), (3.14)

where 2P and 6Q is short-hand notation for °P;,i = 1, ..., D and 0°Qq., o = 1,2.

A superfield is a function defined on the superspace, ¢ = ¢(x,6). Since 6 are Grass-
mann variables, a Taylor expansion of the superfield in these parameters will terminate
after a finite amount of terms. A superfield can thus be viewed as a collection of ordinary

10



fields over the Minkowski space. In D = 1, the N = 1 and N = 2 superfields have 2 and
4 terms, respectively:

PH(t,0) = [+ 00" =1 XH(t) + ON(1)
#(t,0,0) = ¢ +0D¢"| +0D¢*| + 00[D, D]o|
XH(E) + ON(L) + ON“(t) + 00FH(t), (3.15)

where | is short-hand notation for |yj_g_,. The component fields (X#, A, F#*) are often
referred to as a multiplet. The leading component X* is a bosonic scalar field, whereas
the fields A are fermionic (odd), since the covariant derivatives D are odd. F' is an
auxiliary field in the sense that its equations of motion are purely algebraic (i.e. contain
no derivatives), and can so be used to eliminate F'. Nevertheless, the presence of F' will
make it possible to write the supersymmetry transformations for the component fields
which close off-shell.

In D =2, the N = (1,1) and N = (2,2) superfields have, correspondingly, 4 and 16
terms:

¢(@,0) = XM(x)+ 0T (2) + 07 ¢! (2) + 0707 FH(x),
$(x,0,0) = XV(x)+ 0 (@) + 070 (@) + 07 () + 07" ()
02 M (2) + 0P M (x) + 010 A, + 070 Ao+ 60 0TA_ +070 A_-
FO20T N, () + 0207 A_(2) + 0207 X1 (2) + 020~ X~ (z) + 00 B(x).(3.16)
An infinitesimal supersymmetry transformation of a scalar superfield reads
0o = ¢ —¢
= Co(x,0)e 7 — p(,0)
= i[eQ, ¢(x,0)], (3.17)

where in the last step the Baker-Hausdorff formula was used and all infinitesimal terms
< €% were skipped.
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4 Supersymmetric sigma models

4.1 Supersymmetric sigma models in D = 2

Starting from the bosonic sigma model (2.9), the N = (1, 1) supersymmetric sigma model
is achieved by replacing bosonic fields by superfields and space-time derivatives by the
spinorial covariant derivatives,

Xt(z) — ¢H(x,0)

_ 2 .12 " v
a_H_’a: - D+,D_ } = 5= /d xd 9D+¢ E#VD_¢ . (41)

The superfields ¢ = X +601 1, +60"1_+ 6010~ F contain as we have seen the bosonic fields
as lowest component in the Taylorexpansion in 6, ¢*(x, 0)| = X*(x), where | denotes ’the

f-independent part of” as before. Using this and the properties of the Berezin integral, we
see that the bosonic action is contained in the supersymmetric action.

S = / d*rd*0D ¢" B, D_¢"
— [ @eDD_ (D16 EuD-¢")
= /d2:c< — Di(b“EW(@qub” +D_D ¢"E,,DiD_¢" + 8 fermionic terms) ‘

= dz( 0., X"E,, (X)0_X" —F"FE,,F" + 8 fermionic terms ), 4.2
- " [

the bosonic action

where in the last step the algebra for the N = (1, 1) covariant derivatives in D = 2 were
used, that is Di =0, D% =i0_.

An action written in terms of N = (1,1)-superfields ¢*(x,#) is manifestly invariant
under N = (1, 1)-transformations §¢* = ieT Q" + ie~ Q_¢* (see appendix A.2).

4.2 Supersymmetric sigma models in D =1

In one dimension, the supersymmetric sigma model is constructed in the same manner as
in the previous section for D = 2,

XE(t) — ¢(t,0)

S e 7 L S

As in the D = 2 case, the bosonic action is contained in this supersymmetric action, which
can be seen by expanding the action in the components of the superfields ¢*,

s = _% / dt df g, DOH ¢

— —% / dt D g, D"

= _% /dt <9uuD2¢u€.ﬁV - QWDQWDC.#/ + g””’TDd)TDQSMQBV)

1 .. ) . ] .
_ / At (o XIXY 2 gu NN — L g XY, (4.4)
| —
the bosonic action
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In addition to the bosonic superfield ¢*, one can introduce a fermionic superfield ® with
components

PO =Y, V| = P, (4.5)

where Vi® is defined introducing also a connection A as Vy® = Dy* + D(b“(AM)gz/Jb.
Comparing the component expansion of the bosonic field in equation (3.15), we see that
the lowest component in ¢ is a fermion A and the second lowest an auxiliary field F'. The
introduction of a fermionic superfield 1 is necessary for the addition of a scalar potential
in sigma models with N = 1 supersymmetry [22]. Attaching mass dimension zero to ¢ and
% to 1, dimensional analysis shows that the most general N = 1 action with dimensionless
couplings is given by [12]

S = [@dn (=5 9uDO + b DO DI DS — L V!
1 | a 1 voa
7 Labe "WV — i+ Smuas DS + Snya DY D" ). (4.6)

The model can be extended to include the coupling to a magnetic field and a scalar
potential by adding to the action the two terms [22]

S = / dtd@(... + A D¢ + msaw“>. (4.7)

For many purposes, it is necessary only to consider special cases of this action. For
example, the geometry of the moduli space of black holes is determined by a multiplet
with a real scalar X* and its real fermionic partner A*. The action of such a model is in
components written as [17]

S = % / dt[gu XP XY +igu NV ITIN - %a[uhm] MNAATN], (4.8)
where V(1) is a connection involving torsion h. This action corresponds to the N = (1,0)
supersymmetric sigma model in D = 2, but in one dimension, the torsion A need not
necessarily be a closed 3-form. For the case when h is closed, this action is obtained
by direct dimensional reduction of the two-dimensional N = (1,0) action. In superspace
formalism

¢l =X, D¢|=A\ D*=id, (4.9)
the action (4.8) reads

1 . v 1 v T
§S=-3 / dt do [igu, Detd” + 37 luwr DO D" Dop I (4.10)

13



5 Complex geometry

5.1 Complex structures

A complexr manifold is defined as a topological space M with an atlas of charts to C", so
that the change of coordinates between the charts are holomorphic. In other words, every
neighbourhood of the manifold looks like C" in a coherent way. A complex n-dimensional
manifold with complex vector fields Z = X + ¢Y can be viewed as a real 2n-dimensional
manifold with real vector fields X,Y and a complex structure J which tells us how the
two vector fields relate to one another, and which differential equations they have to fulfil
in order for the change of coordinates between the complex vector fields Z = X + Y to
be holomorphic. The complex structure represents multiplication with 4:

iZ=iX-Y & (X,Y)2 (Y X). (5.1)

Applying this map twice gives J? = —1. Any map fulfilling this condition is called an
almost complex structure. Any almost complex structure J : T,M — T, M, J? = —1 has
two eigenvalues +i. This implies that the tangent space of the manifold can be divided
into two disjunct vector spaces T,M = T,M* &T,M~, where TpMjE ={ZecT,M:JZ=
+iZ}. The distribution T, M= is called integrable if and only if

X,Y e T,M* = [X,Y]€T,M*, (5.2)

where [,:] denotes the usual Lie bracket. A complex structure is an almost complex
structure defining integrable subspaces. This condition for integrability can be rewritten
using the projection operators P* := Z(1 FiJ) as

PF[PEX,PEY] =0 for X,Y € T,M. (5.3)

Defining the Nijenhuis tensor for J as N(X,Y) := [ X, Y|+ J[JX,Y]+J[X, JY]|-[JX, JY],
this integrability condition can again be equivalently stated as the vanishing of the Nijen-

huis tensor,
N(X,Y)=0. (5.4)

In other words, the condition J2 = —1 is not sufficient for the change of coordinates to
be holomorphic. The theorem by Newlander-Nirenberg says, that a sufficient condition
for this is that the Nijenhuis tensor for J vanishes, N(X,Y) = 0. A structure J fulfilling
the two conditions J2 = —1 and N(X,Y) = 0 is called a complex structure, and a real
manifold with a complex structure is called a complex manifold.

A Riemannian metric g of a complex manifold is called hermitian if J'gJ = g, i.e.
the complex structure J preserves the metric. The hermitian metric ds? = gu,,dZ“dZ Y is
called Kdhler if the corresponding Kahler form w = 2ig,,dZ* A dZV is closed, dw = 0.
This implies the existence of a Kéhler potential K(Z, Z), so that the metric can be written
locally as [3]

_ ¥K
I = ozu9Zv
Denoting the coordinates of the real 2n dimensional manifold by X i = 1,...,2n and
relating them to the complex coordinates by Z# = X? + X"+ the Kéhler form can be

(5.5)
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written in terms of the complex structure J by
w = 2ig,,dZ" NdZ¥ = J) gipd X7 A dXP. (5.6)

The condition that the Kéahler form is closed, dw = 0, is equivalent with the vanishing of
the Levi-Civita covariant derivative of the complex structure

ViJF =0. (5.7)

Conversely, V.J = 0 implies the vanishing of the Nijenhuis tensor N(X,Y) = 0 and the
existence of a Kéhler potential such that g = 00K [23].
Let us include torsion H in the connection,

v = v+ H, (5.8)

where V is the Levi-Civita connection. If ¢ is hermitian with respect to two complex
structures, J&gJ&) = ¢, and the complex structures preserve the torsion, J®tH J(E) =
H, then a manifold for which the complex structure J is covariantly constant with respect
to this connection,

v JE =0 (5.9)

is called a bihermitian complex manifold. A new interpretation of this geometry in terms
of generalized complex geometry was given in [24] and [25].

5.2 Generalized complex structures

In the previous section, we saw that a complex structure is a map J : TM — TM with
J? = —1 and whose Nijenhuis tensor vanishes. Complex structures can be generalized by
substituting the tangent bundle by the direct sum of the tangent bundle and the cotangent
bundle

TM — TM & T*M, (5.10)

and the Lie bracket by the Courant bracket
1
where X +& € TM & T*M, Lx denotes the Lie derivative along X, d the outer derivative

and ix the inner product. A H-twisted Courant bracket has an additional term including
a closed 3-form H

1. . .
(X +&Y +nlp =X, Y]+ Lxn— Ly - §d(ﬁx77 —iy§) +ixiy H. (5.12)
An important property of the Courant bracket, is that it allows an extra symmetry in
addition to diffeomorphisms, namely b-field transformations involving a closed 2-form b

acting as
X+E&— X+ E+ixd. (5.13)
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The natural pairing Z on TM & T*M is given by <X +£Y 4+ 77> =ixn+iy&. An almost

generalized complex structure is thus, in accordance with the previous section, defined as
an automorphism
TJ:TMoTM —TM ®T*M (5.14)

which squares to minus one and preserves the natural pairing,
J*=-1, J1J=T (5.15)

The integrability condition is defined analogously as for complex structures. With projec-
tion operators defined as Il := 1(1F4J), it can be written as

I [ (X + &), ILe(Y + )] = 0. (5.16)

A map J fulfilling the conditions above is called a generalized complex structure, in ac-
cordance with the previous section. The generalized complex structure and the natural
pairing can be written in local coordinates as [31]

J—(if{)), z_<(1)(1)> (5.17)

A generalized Kdahler geometry is defined as a pair of two commuting generalized
complex structures Ji,J2 for which G = — 7172 defines a positive definite metric on
TMeT*M. If (J,g,w) is a Kéhler form and we define two generalized complex structures

by
J 0 0 —w!
51=<0 _Jt), J2=<w P ) (5.18)

-1
Py ( 2 g ) (5.19)

then

defines a generalized Kahler geometry where the metric G is constructed from the Kahler
metric g [27]. More generally, given a bihermitian structure (g, B, J+) with corresponding
forms w1 = gJi, a generalized Kéhler structure can be defined by the two generalized
complex structures [25]

1/1 0 Jp+J. —wi'Fwll 1 0
= — . .2
J12 2<B 1)<w+:Fw —[JL 4+ Jt) -B 1 (520)
The inverse is true up to the symmetries of the Courant bracket; b-transforms and dif-

feomorphisms [33]. This is the explicit map between bihermitian geometry given by
(9, B, Jy,J_) and generalized Kéhler geometry.
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6 Geometry of supersymmetric sigma models in D = 2

Adding one supersymmetry to the sigma model does not result in any requirements on
the geometry of the target space; we achieve the field equations

viPD ¢t =o. (6.1)

(See appendix A.1.) This can be compared with the field equations achieved for the
non-supersymmetric sigma model,

viPDo_x# = 0. (6.2)

The field equations (6.1) tell us, as in the bosonic case, that the target space is Riemannian
with torsion. In order to get more conditions on the geometry of the target space, an extra
supersymmetry has to be added to the model. This can be done in two ways; either by
starting with a manifest N = (1,1) sigma model and making an ansatz for an extra
(non-manifest) supersymmetry, or by reducing the manifest N = (2,2) sigma model to a
manifest N = (1,1) sigma model with one extra supersymmetry. These two methods will
be studied in section 6.1.

In recent years, the concepts of complex structures have been generalized [24] [25], as
reviewed in section 5.2. It is an interesting question to ask, whether the geometry arising
from supersymmetric sigma models can be incorporated in this broader mathematical
framework. Indeed, this question has been asked, and it has been found that sigma
models do encompass a more general geometry. This will be studied in section 6.2.

6.1 Complex geometry realized in D = 2 sigma models

The manifest N = (1,1) sigma model (4.1) S = [ d?zd*0D,¢"E,,, (¢)D_¢", where E,,,, =
Guv+ By can be extended to a non-manifest N = (2, 2) sigma model by making an ansatz
for a second supersymmetry

Sogh = "D " JSHH 4 e~ D_gv TS, (6.3)

This ansatz is unique, as can be shown by dimensional analysis. The second super-
symmetry should fulfill the same algebra as the N = (1,1) supersymmetry algebra,
05 (e1),05 ()] = —2i€i €5 Doy Further, the new supersymmetry must commute with the
first, [01, 2] = 0, and the transformation in the left- and right-going direction must com-
mute, [65(€5),0F (e5)] = 0. Under these assumptions, one can show that the N = (1,1)
action is invariant under the extended supersymmetry, if and only if the tensors Jﬁi)“ are
covariantly constant complex structures, i.e. they fulfil the conditions [7]

o J&) are almost complex structures, J(F)?2 = —1

o J& leaves the metric invariant, J&HTGJE) = G or with other words, the metric is
hermitian with respect to J) and J(),

(ﬁ:)ujf()ﬁ:)uHmy‘T] = Hy,m,

e J(F) leaves the torsion invariant, JP\
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e The Nijenhuistensor vanish, N, ,Sf)T = ,Si)aa[aJlE}i)T

—(pev)=0

° V(Ti)Jéi)“ = (0 with respect to the connection involving torsion, V& = v©) 4
G~ldB.

Hence, the manifest N = (1, 1) sigma model can be extended to non-manifest N = (2, 2)
supersymmetry if and only if the target manifold is bi-hermitian. Letting the B-field
be zero, the torsion T = G~ 'dB vanishes, and the covariant derivative reduces to the
ordinary Levi-Civita connection. In this case, the target manifold is Kahler, according to
the definition of a Kahler manifold in section 5.1.

In order to make the algebra close, in general, the field equations (6.1) had to be
used. In other words, the algebra closes on-shell and it will not be possible to rewrite the
action in a manifest N = (2,2) invariant way. On the other hand, if the two complex
structures commute, [J(+), J(_)] = 0, the algebra does close off-shell, i.e. without using
the field equations. If we want the algebra to close off-shell even in the case when the two
complex structures don’t commute, additional auxiliary spinorial N = (1,1) fields have to
be included in the Lagrangian. This will be studied in section 6.2.

As mentioned in the beginning of this chapter, the geometry of the target space can
also be studied starting from a manifest N = (2,2) sigma model S = [ d?zd*0d*0K (¢, ¢)
and reduce it to a N = (1, 1) model with an additional non-manifest supersymmetry. This
is done in detail in appendix A.4. The N = (2,2) action is reduced to

K
IPHOPY

D¢ Do”

S——%/fxfe : (6.4)

where the Kahler metric can now be identified in terms of the Kéahler potential as g,, =
02K

DSrOG”

action is given by

In complex canonical coordinates, the second supersymmetry of this N = (1,1)

Sust = Do ap, e =("0 ) (6.5)
J

JI' squares to minus one and it’s Nijenhuis tensor vanishes. In other words, J is a
complex structure. The same result as previously is achieved, namely that the N = (1, 1)
supersymmetric sigma model with zero B-field admits extended supersymmetry if the
target manifold is Kéhler.

6.2 Generalized complex geometry realized in D = 2 sigma models

A seen in the previous section, the algebra for the N = (2, 2) supersymmetry close off-shell
only when the two complex structures commute, [J(*), J(=)] = 0. In the more general case
when [J(H), J(5)] +£ 0, new fields have to be introduced to make the algebra close. Since
we want the new sigma model to possess the same physical degrees of freedom as the
original one, the fields have to be auxiliary [30], [33]. The auxiliary fields transform in the
cotangent space T*M, which generalizes the geometry.

The fact that a N = (2,2) model written in terms of (anti) semi-chiral fields X, X
will give rise to such auxiliary fields when reduced to N = (1,1), gave a hint how to
construct a manifest N = (2,2) sigma model. In [37] it was shown that chiral, twisted
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chiral and semi-chiral superfields are sufficient for the off-shell formulation of the most
general manifest N = (2,2) sigma model with non-commuting complex structures. The
underlying geometry of this model is generalized Kéahler geometry [32]. Further, it was
found that the generalized Kahler geometry has a potential K which determines the metric
and the B-field.

Using the N = (2,2) covariant derivatives (3.13), we can define (anti) chiral fields ¢

(¢) by . _
Dig =D =0, (6.6)

twisted (anti) chiral x (x) fields by
Dix=D_x=Dyx=D_x=0 (6.7)
and left or right (anti) semi-chiral fields by
D.X; =D,X; =0, D_Xp=D_Xp=0. (6.8)

With these fields, the most general N = (2,2) action is then given by [37]
S = /d2$d20d2§K(¢7 (57X7)_(7XL7XL7XR7XR) (69)

describing the full generalized Kéhler geometry. This N = (2,2) model can be reduced to
N = (1,1) supersymmetry by writing the Lagrangian as

D2Q2K(¢7 d_)v X5 X XLa XL, XRa XR)‘ = DQ[?(qbza Xis XL,Ra ’QZ)L—’ ¢R+)' (6]‘0)

In order to recover the original N = (1,1) sigma model (4.1), the fields ¢;, xi, X1 r are
identified with the scalar fields in the N = (1,1) model, and the auxiliary spinorial fields
¥, YRr+ are integrated out using their field equations [32].
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7 Geometry of supersymmetric sigma models in D =1

The conditions imposed on the target space geometry by supersymmetry for non-linear
sigma models in one dimension were first explored in [12]. It was found, that super-
symmetry implies less constraints on the geometry and that there is no clear geometric
interpretation of the constraints, as compared to the situation in higher dimensions. In
the same paper, a N = 3 model was constructed explicitly, showing one of the differences
between sigma models in one and higher dimensions. This will be discussed in section 7.3.

Supersymmetric topological sigma models were examined in [13]. There it was shown,
that a one-dimensional topological model with Lagrangian L, = bﬂaq'b“—wﬂmwudz”, where
1 = 1(t) are real fermions and w = db is a closed non-degenerate 2-form admits off-shell
closure of N = 2 supersymmetry if and only if the target manifold is an almost complex
manifold and w is (1,1) with respect to the almost complex structure. The action can be
written in terms of N = 1 superfields as the Chern-Simons action

S =—i / dtdfb, D", (7.1)

N = 4 requires a hypercomplex target manifold. Further, the D = 1 sigma model (4.10)
was examined in the limit where the kinetic term is set to zero, but no generic correspon-
dence to the quantum theory of the topological model was found.

Spinning particles with N = 1 supersymmetry were studied in [15]. Conditions for the
model to allow N = 2 supersymmetry were formulated in terms of a Yano Killing-tensor,
i.e. instead of requiring a covariantly constant complex structure on the target manifold,
a sufficient condition is the existence of a Yano Killing-tensor, satisfying V(#I;) = 0.
These results will be studied in section 7.1. In [16], they were used to find a new type of
supersymmetry in the particle-like behaviour (centre of mass approximation) of strings.

The fact that the bosonic sector of the one-dimensional sigma models describe the
geodesic motion in the moduli space of black holes was the motivation for examining
the geometry of a point-particle model with extended world-line supersymmetry in [17].
Two basic kinds of NV = 2 models in D = 1 were identified and studied. The two models,
classified as N = 2a and N = 2b models, were found to be the reduction of two-dimensional
models with N = (1,1) and N = (2,0) supersymmetry, respectively. These results will be
used when constructing a N = 1 supersymmetric sigma model in D = 1 in section 7.2.
Also N = 4 and N = 8 supersymmetry was studied in the paper, with the same result that
the two basic kinds can be obtained by dimensional reduction of N = (2,2) (N = (4,4))
or N =(4,0) (N = (8,0)) models. N = (1,0) and N = (2,0) models in two dimensions
had earlier been studied in [10] and [11].

In [18], the above results from [17] were used to study the bosonic sector of one-
dimensional sigma models in the general case of N supersymmetries. For conventional
supersymmetries there must exist N — 1 complex structures satisfying a Clifford algebra.
When the complex structures are simultanously integrable, the action can be written in an
extended superspace formulation. In this case, the geometry for N = 2 is given by a 2-form,
for N = 3 by a 1-form and for N = 4 by a scalar potential. For higher supersymmetries,
the metric is determined by a scalar potential satisfying differential constraints.

The method of obtaining one-dimensional supersymmetric sigma models by dimen-
sional reduction of higher dimensional models was compared with the method of discrete
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light-cone quantization (DLCQ) in [19]. DLCQ takes a quantum field theory in D dimen-
sions to quantum mechanics in D — 2 spatial dimensions, whereas dimensional reduction
takes quantum field theory in D dimensions to quantum field theory in one time-dimension,
with the fields reinterpretated as coordinates.

In [21] and [22], conformal and superconformal quantum mechanics was studied us-
ing one-dimensional sigma models. Extension from the conformal symmetry SL(2,R) to
SU(1,1|1) is possible if there exists a complex structure I and a holomorphic U (1) isome-
try generated by D?I°. Conditions for the action to possess conformal and superconformal
symmetry was derived in [22].

In [28], it was shown that a lot of off-shell N = 4 multiplets in one dimension with
irreducibility constraints of first order in spinor derivatives can be derived from non-linear
realizations of the N = 4, D = 1 superconformal group D(2,1; «). In the paper, all known,
as well as two new off-shell N = 4 supermultiplets in one dimension were derived.

The relations between different multiplets were interpreted geometrically and clarified
in [29]. In [34], different N = 4 multiplets in D = 1 were constructed by reducion from the
multiplet (4,4,0), where the notation (-,-,-) stands for the number of bosonic, fermionic
and auxiliary fields. This multiplet was termed the "root” multiplet, since the metric of the
bosonic manifold must depend on all four bosons in (4, 4, 0), whereas other supermultiplets
with fewer physical bosons have a metric which depends only on the physical bosons left
after the reduction from (4,4,0). All known N = 4 superconformal actions as well as their
interactions can be derived by reducion of the free action from this root multiplet. N =4
supersymmetry in D = 1 sigma models was further investigated in [36]. It was shown that
the tensor multiplet (3,4, 1) may be dualized into new non-linear supermultiplets with four
bosonic and four fermionic superfields. The constraints imposed on the metric defines a
hyper-Kéhler geometry in the bosonic sector of the dualized system.

Some of the above results will be explored in more detail in section 7.1 and the explicit
construction of a N = 1 model in D = 1 by dimensional reduction will be studied in section
7.2. The differences between one dimensional and higher dimensional supersymmetric
sigma models will be discussed in section 7.3.

7.1 Geometry of D =1 supersymmetric sigma models

The most general N = 1 supersymmetric sigma model is given in equation (4.6) and reads
' - 1 1
s = / At D (= 5 9u D& + Sihyur DI DY DG — Vo'

1 ) . 1 1
o Labe " i fuad V" + S DY + 1, DS DY ).
The ansatz for N = 2 supersymmetry can be found by dimensional analysis to take the
form [12]
opt = el D¢” + eelyp?
Y = eIV — (Au)pdpty’ + ieeliph + eEL, Dt D
+ M *y° + eFy, U Do, (7.2)

i.e. the transformations can take a more general form than in higher dimensions. A
complete list of the close to thirty different constraints put on the target space in order
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for the algebra to close and the action to be invariant under these transformations was
given in [12].

The geometry of the moduli space of black holes is determined by a special case of
the general one dimensional sigma model above, namely by the sector where the fermionic
superfields vanish. Restricting to the bosonic superfields of the above action, the simplest
N =1 sigma model in D =1 is given in equation (4.10) as

1 . v 1 v T
S = —Q/dtde [igu D" " + ah,“,Tqu)qﬁ D¢T].

This action is found to possess an additional off-shell N = 2 supersymmetry d¢* =
ell! Dg¥ provided that I is a complex structure preserving the metric and fulfilling the two

conditions [17]
V(+) v o_
w =0

a[u(lghwa)\]) - 21[7,;

(7.3)
a[Thl/a)\]] =0.
These two requirements guarantee the invariance of the action (4.10) under the additional
supersymmetry transformation. The second condition does not have a direct geometrical
interpretation, but it can be rewritten using the inner derivative with respect to I as

L]dh — %d/,]h =0. (7.4)
The requirement that I is a complex structure, i.e.
2 T o TATT ATT _
I — *1, N#V(I) — INI[V)\} - IVI[IMM - 0 (75)

ensures that the superalgebra closes to the right form [18].

Let us relax for a moment the requirement that I is a complex structure. If the
torsion A vanishes, then the first condition becomes the Yano tensor condition V(“I;) =0
implying that I, is a Yano Killing-tensor, and so the first condition can be interpreted
as a generalized Yano condition for a connection with torsion. This condition makes it
possible to write the Nijenhuis tensor as [17]

N (I) = —I{V,.I). (7.6)

Then if in fact I is a complex structure, VI = 0 and the space is Kéhler [18].

If h is closed and the complex structure is covariantly constant with respect to the
connection with torsion, VELJF)IT” = 0, then the two conditions (7.3) are satisfied and the
bosonic part of the one dimensional sigma model (4.10) can be obtained by dimensional
reduction of the N = (2,0) model in two dimensions. These are much stronger conditions,
though, and hence there exist many geometries that allow N = 2 models in one dimension,
but not N = (2,0) models in two dimensions [18].

Asin the D = 2 case, the complex structure allows us to introduce complex coordinates
@, @ so that ¢* = (¢!, @7),i,j = 1,..., ¢ and ds? = 2g;;dp'dp’. In these coordinates, the
complex structure takes the simple form

o ié;i 0
I* (0 st ) (7.7)
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7.2 Constructing N =1 model in D =1 by dimensional reduction

Reducing a N = (1, 1) model in two dimensions directly to a N = 1 model in one dimension
recovers only a small part of the most general N = 1, D = 1 action (4.6), as will be studied
in subsection 7.2.1. What is the most general form of a NV = 1 supersymmetric sigma model
in one dimension that can be obtained by dimensional reduction from sigma models in
two dimensions? To answer this question, the reduction from a N = (2,0) model in two
dimensions must also be analyzed, as will be done in subsection 7.2.3. As mentioned in
the beginning of this chapter, there are two basic kinds of manifest N = 2 models in one
dimension, referred to as N = 2a and N = 2b models [17]. They can be obtained by
dimensional reduction from the N = (1,1) and the N = (2,0) models, respectively. But
not even the reduction from a manifest N = 2 model in one dimension recovers the most
general N =1, D = 1 action, as seen in subsecion 7.2.2.

7.2.1 Reduction directly from a N = (1,1) model

Let us study in detail how to construct a N = 1 sigma model in one dimension by
dimensional reduction from a N = (1,1) sigma model in two dimensions.
The manifest N = (1, 1) sigma model in two dimensions is given by (4.1)

S:i/d%d%D+d%@lL¢K

where ¢# = ¢H(z*,2=,07,07) is a N = (1,1) superfield with component expansion given
n (3.16). Let all fields be independent of the spatial variable o, so that

O = 0y + 0y = 0. (7.8)

Given the covariant derivatives D, D_ and the Grassmann coordinates 67, 0™, define new
N =1 supersymmetry generators D, Q) and new Grassmann coordinates 6,0 as

0

0 =

0 +67) D
(0 =07)" Q =

(D++D )_%ﬂ'g@t

S-Sl

(7.9)

smw

Under the substitution (61,07) — (9,5), the multiplet (X# ¢k " FH) is changed to a
new multiplet (X#,¢H p# FH) as

GU(LOF,07) = XP() + () + 0 (1) + 010 F (1)
= XM+ L0+ ) (t) + L0 — 0)r(t) — 00F (1)
= XM(t) 4 0 (t) + OH(t) — 00F (t)
= (t,0,0), (7.10)

with ¢# = %(I/Ji + ") and PH = %(wi — "), The goal is to reduce one of the two

supersymmetries. Let us therefore study the components of the new multiplet QAS when we
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set 6 = 0 (with other words, let 6 = 67).

., =X = X1

D(% o~ B ?Xu(t’ g (7.11)
QO =T+ OPME) = 0(0)

DQ4|.  =Fr) — Dy (t,0).

Hence, we have defined two new N = 1 superfields; the bosonic field X H(t,0) and the
fermionic field ¥*(¢,0). The supersymmetry transformations of these superfields take the
simple form

60X =eQX :eQé‘ :e@;
0 =eQd =eQQd| =cX.

Using the equations (7.9) and (7.11), the dimensional reduction can be performed.

(7.12)

S = / dtd0*d0~ D ¢"E,, D_¢"

= - / dtdodo [L(D + Q)¢'Eu (D — Q)¢"]

6=0

- _% / dtddQ[(D + Q)¢"Ey (D — Q)¢ |

- / dtd0[ — DQY"E,, D" + DQIEpnQe” + Q2" En DS’ — Q¢ B,y Qb
_D¢NE/W,TQ¢TD¢V + D¢#EyV,TQ¢TQ¢V - Q¢“EMV,TQ¢TD¢V - quME,uu,TquTQQZ)V
+D¢E,,DQ¢” + D" E,,Q*¢” + Q¢ E,yDQe” + QFE, Q¢ ]

0=0

= —% / dtd0[ — DY E,, DXY + DO B’ + iX"E, DXY — i XV By
~DX" By T DXY + DXV By 70" — M By T DXY 4 By T
+DX" B DY + DXV EyiX? + 0By DU + 1 E,,iX"]

_ / dtd0| — iGuy DXPXY — G "V +(DXP DXV + 1007 ) Hyr],  (7.13)

where we defined the connection V as GWV@E” = GHZ,D&” + GW,TD)A(%/A)T, and H is the
torsion H,,,, 1= %(B,MT + Bruy + Bur ).
Hence, if the manifest N = (1,1) sigma model in D = 2 (4.1) is dimensionally reduced

to a D = 1 sigma model with manifest N = 1 supersymmetry, we get the action (7.13)
5 — / 0]~ iGpu DS — GV + (DY D" + 19 §7) Hye .

It is interesting to note, that this action is equivalent with the Hamiltonian formulation of
the N = (1,1) model in two dimensions. The geometry of this model has been interpreted
in terms of generalized complex geometry in [35].
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Comparing this action with the most general N = 1 sigma model in one dimension,
given in equation (4.6) as

1 . 1
s = 3 / dt do ( 19 D¢"9" + Shyyr DYDY’ DYT — hyu V"
1 ; ' v v, T v, T
5 B VT = 20 fu 0+ 60T DS 4 e DYDY ),

one finds (using integration by parts) that all terms except fuuéﬂl/}” are recovered. More
specific, we recover the special case of the action (4.6) where all the undetermined tensors
in (4.6) are constructed of the metric G and torsion H as

G = le’ hum_ = G,uzz,n hﬂy = GlW’ I/,w'r = Hy,l/T? (7 14)
fuy =0, Nyvr = Hum'a h,u)\(AV)i + Mypr = G;u/,r‘ .

Note, that this is not the most general form of a N = 1 model in one dimension. For
example, f,, = 0 and the term G, D¢"D¢” D¢™ vanishes due to the symmetry of the
metric G,,. The reduction can be illustrated graphically as

D=2
N=(1,1)

20
[y

>

7.2.2 Reduction via manifest N = 2a model in one dimension

The N = 2a models are described by unconstrained, real N = 2 superfields and can be
obtained by dimensional reduction from the N = (1,1) model in two dimensions. The
most general N = 2qa action is given by

S = / dtd20(Dy¢" By Dyd” + Ly D1 Dy " + my Dag Do) (7.15)
where ¢ = ¢(t,0',60?) is a real N = 2 superfield with components

¢| =X, Dig| =X Dap|=:¢, DiDyp|=F (7.16)

and the supersymmetry derivatives fulfill the algebra D? = D2 = i9;, {D;, D3} = 0.
When the two-forms [, and m,,, vanish, this action is obtained by dimensional from the
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N = (1,1) model in two dimensions (4.1). The two couplings [, m correspond to non-
Lorentz invariant terms in the two-dimensional action. By construction, we see that they
are both anti-symmetric.

Reducing one of the supersymmetries of the manifest N = 2a model (7.15), the reduc-
tion of the first term (I = m = 0) recovers the same N = 1 action as when performing the
reduction directly from the N = (1,1) model in two dimensions, as done in detail in the
previous subsection. It is interesting to see which terms in the N = 1 action correspond to
the non-Lorentz invariant terms [, m. The full N = 2a model (7.15), with non-vanishing
and m, reduces to

S = / dtdO[ — G D" — (G + 8, )PH V" + %SWTqu“Dqﬁ”D(bT

v 1 v . | v
+(Hpwr — Tpur ) (DPH DT + gib’% YT = ity G| (7.17)
where L[LVT = %(l,ul/,’?' + lu’r,u + lT,u,l/)a M,um' = %(mMV,T +Myrp+ m’T‘M,lI)v Suv = l,u,l/ — My,
tuw = by + My, Suwr = Lyyr — My and 1,7 := Lyyyr + M7, Is this the most general
N = 1 supersymmetric sigma model in one dimension? All terms in the action (4.6) are
indeed recovered, with

uv = G,uzza h,uzz = G,uzz + Suvs hm/r = G/J,I/,T + S,uu‘m f,uu = t;wy
I,uV’T = Hum' - T,U,V’T) Nyvr = H[LVT - T,umw h,u)\(Al/)q)-\ + Myyur = GMV,’T + Spv,T-
(7.18)
This is a more general action than (7.13), obtained by dimensional reduction from the
N = (1,1) model. In (7.17), the term S, D¢ D¢” Dp™ does not necessarily vanish due
to the antisymmetry of S,,,r. Also, here f,,, does not vanish, and anti-symmetric tensors
Suv, Tywr are added to the couplings. Still, in the most general action (4.6), the couplings
are arbitrary and need not be closed. Here, H,,,, S, and T}, are constructed from
derivatives and are by construction closed. Hence, the most general N = 1 model in one
dimension cannot be constructed by dimensional reduction even from a manifest N = 2a
model in one dimension. The figure from previous subsection can now be enlarged to

D=1 v
N=2a

20
(I
Ry
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7.2.3 Reduction from N = (2,0) model

Now turning to the reduction from the N = (2,0) model. The most general renormalizable,
Lorentz-invariant N = (2,0) model in two dimensions is given by [10]

S = / d*zd®0. | —%(K#(?JFCI)” — Kp0y ) + (fap W0 + f 0000 + fag\lfa‘l/i’)j, (7.19)

1 L2

where ®, ¥ are complex bosonic and fermionic superfields satisfying the chirality conditions
D_®# = D_U% = (. Reduced to a manifest N = 2 model in one dimension, one achieves
the N = 2b sigma model, constructed from complex chiral N = 2 superfields. These
models can be constructed from the real N = 2a model (7.15) by introducing complex
supersymmetry derivatives D := D1 +iDy = % +i00;, 6 := 0" + iH? fulfilling the algebra
D? =0, {D, D} = 2i0; and complex superfields ® fulfilling the chirality condition D® = 0.
The most general N = 2b action is then given by

S = % / dtd*0[iG, D' DRI + %(BWDI)’"‘D(I)” + By DO DPY)]. (7.20)

Reducing one of the supersymmetries of the N = (2,0) model (7.19) yields the N =
(1,0) action [10]

§=- / d2xdf, [i(0p K, D_¢"0, ¢ + 0,KuD_ "0, 6") + Gap(6)0"Vy'],  (7.21)
Ly L,

where G Vi)? = Gop®D_1)? +¢“AuabD¢“wb. In complex coordinates, the metric and
the B-field can be expressed in terms of the vector potential K, as

1 1

Using this, the N = (1,0) action (7.21) can be written in terms of real N = (1,0) fields as
S=- /d2xd9+ [z’(GW + B, )D¢! 09" + Gazﬂlﬂvwb]. (7.23)

Further reducing this sigma model to one dimension yields the N = 1 model

. 1
= [ dtd0[iG,, D"’ + =H e DO DG’ DP™ + Gopp®Vip?], 24
S = [ td8]iG,u, DS +  Hye D DY DT + GV (7:24)
L2
L1

where the torsion H,,, := %(BWJ + Byr, + Bru.) is closed. The bosonic part £ of
the N = (2,0) model reduces to the bosonic part of the one-dimensional model. The
bosonic part of the N = (1,0) model admits N = (2,0) supersymmetry if and only if the
target manifold is hermitian. If the torsion vanishes, the manifold is Kéhler [8]. The same
conditions are valid for the bosonic part of the one-dimensional sigma model obtained by
dimensional reduction from the N = (2,0) model, as already mentioned in section 7.1.
Including the fermionic part Lo, the action admits extended supersymmetry if in addition
Apab is a holomorphic connection.
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The above reduction scheme can be illustrated with the picture

=

7.3 Geometry of D =1 models compared to higher dimensions

As we have already seen, extended supersymmetry in one dimension impose weaker con-
straints on the geometry of the target space, than the same amount of supersymmetry
does in two dimensions. This is an implication of the fact than in one dimension it is
possible to construct an action with more couplings amongst the fields than in two di-
mensions, since in two dimensions they are ruled out by the Lorentz invariance [17]. In
one dimension, there is no restriction relating the number of bosonic and fermionic fields
[19]. Not only the actions, though, but also the supersymmetry transformations can be
constructed in a more general way in one dimension than in higher dimensions, as seen
in equation (7.2). When restricted to the bosonic sector of the theory, that is a one di-
mensional sigma model with only N = 1 bosonic superfields, but no fermionic superfields,
most of the constraints vanish. The constraints we are left with tell us, that the action
admits N = 2 supersymmetry d¢* = eIl D¢V if

e [ is a complex structure preserving the metric,

e [ fulfills a generalized Yano tensor condition, i.e. the Yano tensor condition for a
(+) 77

connection with torsion, V(:)Iy) =0 and
e [ fulfills the equation 0y, (I} h|7s)) — 2I[28[Thmﬂ“ = 0, for which there is no clear
geometrical interpretation.

In two dimensions, the last two constraints are replaced by the condition, that [ is covari-
antly constant with respect to a connection with torsion, V(Jr)Ilf = 0.

Another difference between the one dimensional and the two dimensional sigma models
is, that the existence of three supersymmetries implies four in D = 2, but not in D = 1. In
two dimensions, N = 3 supersymmetry of the same chirality require two anti-commuting
complex structures I, I2, which can be used to generate a fourth supersymmetry. This is
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not the case in D = 1, where supersymmetry impose weaker constraints on the target space
and there are no complex structures that can be used to generate N = 4 supersymmetry
[12].

Moving to higher supersymmetries N = 4, the off-shell multiplets containing only four
physical bosons and four fermions were studied in [34] and reviewed above. Such off-
shell multiplets which do not contain any auxiliary fields exist only in one dimension
[36]. In one dimension, it is possible to change between different supermultiplets by
writing the auxiliary fields as time-derivatives of physical bosons and vice versa. E.g., if a
bosonic auxiliary component of a N = 4 multiplet is transformed under a supersymmetry
transformation as

0A ~ parameter - O;(physical fermions), (7.25)

then one can replace A by a physical bosonic field v with dyu = A and the transformation
properties [36]
du ~ parameter - (physical fermions). (7.26)

Then the term quadratic in A turns into a kinetic term for the bosonic field u, and we
have constructed a new supermultiplet with an additional physical boson w.
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8 Summary and conclusions

In this master thesis, the geometric constraints arising on the target space when imposing
supersymmetry on one-dimensional sigma models has been studied and compared to the
situation in two dimensions. This has been done in several steps. First, the results in the
area have been gathered and analyzed in section 7. The relevant results have then been
developed in more detail in section 7.1. The sigma model in one dimension is given by

S = [ atds (= 59D + fihyur DI DS DY — bV
1 . i a 1 a 1 v, /a
7 Labe "WV — i+ Smuas DS + Snyua DS D" ).

As we see, the action can take a more general form than in higher dimensions, where many
of the terms present in one dimension are ruled out by the Lorentz invariance. Further,
there are both bosonic and fermionic superfields present. In two dimensions, the N = (1,1)
sigma model cannot contain dynamical fermionic superfields, since they generate fields
with high spin. The N = (2,0) model on the other hand, may contain fermionic superfields
since chirality condition can be used to avoid the higher spin fields. But not only can the
sigma model be written in a more general form than higher dimensional models. Also the
supersymmetry transformations take a more general form, as can be seen by comparing
the N = (2,2) supersymmetry transformation in two dimensions

S = eDg” JF"

with the N = 2 supersymmetry transformations in one dimension

0 = €ell'D¢” + eetiyp?

S = eIfVY — (Ao + el ¢t + eES, DM Do

+ eMiptye + ey, Do,

Naturally, since both the sigma model and the supersymmetry transformation take more
general forms than in higher dimensions, the geometric constraints arising when requiring
invariance of the action and closure of the algebra are more general and weaker than in
higher dimensions. Closure of the algebra on ¢ and ¢ result in fifteen different constraints
on the target manifold, invariance of the action under the supersymmetry transformation
in fourteen constraints. There is no clear geometrical interpretation of all these constraints;
we do not get a Kdhler manifold or such, as in the two dimensional case.

When restricted to the bosonic superfields, most of the constraints vanish. Only the
first two terms in the above sigma model survives, and the supersymmetry transformation
take the simple form

oot = el Do”
resembling the two-dimensional case. The algebra closes off-shell under the condition that
I is a complex structure. The (bosonic sector of the) one dimensional sigma model is
invariant under this N = 2 supersymmetry transformation provided that the metric is
hermitian with respect to I and the two conditions
(H v _
\Y% u I =0,

(w °7)

a[u(I;—h|T|a)\]) =217

[ua[T hl/a)\]] = 0.
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are fulfilled. The first of these constraints can be interpreted as a generalized Yano tensor
condition with torsion, but the second has no clear geometrical interpretation. The bosonic
part of the sigma model thus resembles the two-dimensional model in some aspects, but
not quite. If the torsion h vanishes, the only conditions we are left with are

INT) =~ almost complex structure
N(I)b. = integrability
I, =-1,, hermitian metric

Vud,r=0 covariantly constant

and so the target space is a Kéhler manifold. The bosonic sector of the one-dimensional
sigma model can be obtained by dimensional reduction from the N = (2,0) model in two
dimensions. In that case, the torsion will be closed and I will fulfill the much stronger
condition V,(f)f;’ = 0.

To see which parts of the one-dimensional sigma model correspond to two-dimensional
models, dimensional reduction from models in D = 2 was performed. Both the N = (1,1)
model and the N = (2,0) model were dimensionally reduced to one-dimensional sigma
models. In addition, the manifest N = 24 model in one dimension was reduced to a
N = 1 model. It was found, that neither of the models can generate the most general
sigma model. The two-dimensional models can recover only some of the terms in the
one-dimensional model, as expected. The couplings that were recovered had additional
constraints such as being created from the metric or being closed. The model most close
to the most general sigma model in one dimension was of course obtained by reduction of
a manifest N = 2 model in one dimension. But also in this case, the couplings obtained
were not arbitrary and some had the constraint of being closed. The reduction schemes
are given in detail in section 7.2.

Finally in section 7.3, the differences between the sigma models in one dimension and
higher dimensions were explored in detail. As we have seen, the geometry constraints,
the supersymmetry transformation and the sigma model in itself are more general in one
dimension. Another difference is, that the existence of N = 3 supersymmetry implies
N = 4 in two dimensions, but not in the one-dimensional case. Also, in one dimension,
off-shell N = 4 multiplets with no auxiliary fields exist and it is possible to switch between
different multiplets. Such multiplets do not exist in higher dimensions.
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A Appendix

A.1 Field equations for N = (1,1) susy sigma model in D =2

The N = (1,1) susy sigma model in D = 2 is given by S = [ d*¢d?0D;¢"E,,,D_¢", where
E., = Guu+B,,. The equations of motion are derived from §S = 0, which is equivalent to

the Euler-Lagrange equations D; <%> a ¢M = 0, where £ is the Lagrangian density

L =D ¢"E,,D_¢". First we calculate the parts in Euler-Lagrange.

D5 = RS ErD_¢" — Dy ¢ 508D ¢” — Dy¢" By =550 = —D 16" Eyy
Dy 8(1§f¢u) =Dy(EwD_¢")=E,; D ¢"D_¢" + E,,D D_¢"

D_(g5%my) =D-(~D4¢"Eyy) = —D_D1¢"Epy+ D16 By D_¢7

887% =Dy¢"Er, , D_o¢¥

(A.1)
Now inserting these expressions into the Euler-Lagrange equations and using the symmetry
and anti-symmetry of G, and B,,,, respectively yields

0 = GuDyD_¢" —D_Dy¢"Gyu+ BuDyD_¢" — D_D,¢"B,,
+Eu Dy ¢"D_¢* + Dy¢™uEy,D_¢" — Dy¢"Erppup_ oo
& 0 = 2GuDiD_¢" +[Eur + Erpy — Ery ) D™ D_ ¢

1 1
D, D,¢o+( 3G Gravr + G = Cru) + 3G Byur + Bruw Bmu]) Dyé™D_ o

i
I

~~

Qe 2
0 = DyD_¢° +T D o™ D_¢¥
0 = viPD g

T3

(A.2)

A.2 Manifest invariance of N=(1,1) sigma model under N=(1,1) trans-
formations

Because of the properties of the Grassmann coordinates, 70T = #~6~ = 0, any product

of N = (1,1)-superfields can be written as ¢ = a+b0" +c~ +df0+60~. The Berezin integral

is so defined that [ d?0(a+b0" +c0~ +df+t0~) = d, i.e. it picks out the 0 -component.
Consider a supersymmetry transformation of a superfield,

ot = et Q! +ie Q-

= et (0y — 010 )p" +ie (O — i~ 0-)pH

= det (Y + 07 F* —i0to, X" —i0T0 0, ¢")
+ie (Y — 0T FF — i 0_X* — 0~ 01 o_yh)

= Q"+ 0T (—etO XF + e FF)+0 (= 0-X+ — " FH)
~— ~
oxXH HSepH
+0107 (eTO P! —e Oyl (A.3)

SFH
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Hence, the 70~ -component of §¢* is proportional to a total space-time derivative of *.
Using partial integration together with boundary conditions y*(xg) = ¥*(z1) = 0, we find
the invariance of the N = (1,1) action under a N = (1, 1) supersymmetry transformation.

58S = / dxd?0ieQL
- /dzx(e+8Hwﬁ — e 0_yYk)
= 0. (A.4)
A.3 Integrability conditions for distributions
The distribution T}, M * where T,M =T,M* ®T,M" is called integrable when
X, Y e ,M* = [X,Y]e€T,M™". (A.5)

Let us introduce projection operators Pt := %(1 FiJ), where J is an almost complex
structure J2 = —1. Then for every X € T,M, PtX ¢ TpMi, and so the above condition
implies [PTX, PTY] ¢ T,M * and so the integrability condition can be rewritten as

PT[PEX, PYY] =0. (A.6)
This expression can further be rewritten using the Nijenhuis tensor.
0 = PT[PEX, P*Y]

_ ! (1+ iJ)[%(l Fil)X, %(1 FiJ)Y]

= 2(1 +iJ) ([X, Y] Fi[X, JY] Fi[JX,Y] - [JX, JY])

= é([x, Y] Fi[X, JY] FilJX,Y] = [JX,JY] +iJ[X, Y]+ J[X,JY] + J[JX,Y] FiJ[JX, JY])

= é([X, Y]+ JJX, Y]+ JIX, JY] - X, Y (X, Y] - [IX, Y] - (X, TY] — JIX JY]))
=N =IN(X.Y)

= é(liiJ}N(X,Y)

= iP?N(X,Y). A7)

(Pt + P7)N(X,Y) = N(X,Y) finally implies
N(X,Y)=0, (A.8)

i.e. the integrability condition is equivalent with the vanishing of the Nijenhuis tensor.
The Nijenhuis tensor is a (3)-tensor, and is in local coordinates written as

Nb, = JET  + T T8 5 (A.9)
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N(X,Y) = [X.Y]+JJX,Y]+ J[X,JY] - [JX,JY]
= (XYO,YP — YV +0,X")0, + JPdz® ® 05 [J#X”@M(Y"&U) —Y?0,(JEX"D,)
G @ 03[ XTO(JEY0,) — TV 0,(XT00)| — JEX 0, (JEY )
+JBY 95(JE X7 0,,)

_ [X”@VY,u — YV, X 4 JEISX VY — JEY OIS, XY — JEY O IS0, XY
HIEXTIS Y v+ JEXTIS0YY — JRIJY V03X — J)XV I Y
—JIXVTEOSY + JPY T XY 4 ngajyaﬁxy} 9,

= XUV | TG TS, = TLTE - TR O

—N,

A.4 Dimensional reduction of manifest N = (2,2) sigma model in D =2

The action S = [ d?zd?0d?0K (¢, $) is manifestly invariant under N = (2,2) supersym-
metry transformations if and only if K is a scalar function of N = (2,2) superfields. The
action is invariant under Kihler gauge transformations 6 K = A(¢) + A(¢) [7]. The lowest
representation is carried by chiral superfields D4¢ = 0. The covariant derivatives and the
SUSY generators are given by

Qi - Qi - léiaﬁ ]D)i == @i + Zéiaﬁ (A 10)
Qs =0+ —i0F 0. Dy =04 +i6%0. '

fulfilling the algebra {D4, Dy} = 2i0,,. Using these N = (2, 2) supersymmetry generators,
we now define N = (1,1) generators as

Dy = (Di+Dy)
Q:r = Z(Di—Dy). (A.11)

Using the chirality condition we get the two relations

Dip = Q+¢
—Di¢p = Q+0. (A.12)
Hence, the second supersymmetry is given by d2¢ = €*Qa¢ = i€*Dy¢ and dr¢p =
1€°Qa¢ = —ie*Dy¢ or, in more compact notation
¢ _ L« it 0 @ _ L« Vol
52((;3)_61)&(0 _Z,)(gb)—eDa(be. (A.13)

J} squares to minus one and it’s Nijenhuis tensor vanishes. In other words, .J is a complex
structure.
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Using D, D_D, Dy = Dy D_Q4Q_, the manifest N = (2,2) action can be reduced to
a N = (1,1) action:

S = / d*x d*0 d*0K (¢, ¢)
= [ #.D_B,DK(5,9)

= / d2$D+D7Q+Q7K(¢, QE)‘
0?°K
ALY

2
- —2/}FxD+D_( OK oD g —

OO b- WD*(ZBV)

0*K -
= =2 | dxd®’0———D"¢"Ds¢”
[ et D

: (A.14)

where partial integration was used and D*D,, = 8 DgDy=DyD_—D_D,.
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