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Part 1

Supermanifolds and Supermoduli



Chapter 1

Supermanifold

1.1 Basic Definitions

One can define a C*°-manifold M in two ways: First is the usual way of defining to be
a topological space that is locally diffeomorphic to R™, and with a set of chart transition
maps satisfying C°°-compatibility condition. However, one can also note that the smooth
manifold M comes with a sheaf of smooth functions Op; on M, which algebraic geometers
like to refer to as the structure sheaf. Then one can define a C°°-manifold to be a locally
ringed space that is locally isomorphic to the model space (R", Ogn). The first approach
is more intuitive, however the second approach is easier to generalize to supermanifold,
which we will define below.

Definition 1.1 (supercommutativity). A Zs-graded algebra A = Ay @ A; is said to be
supercommautative if aff = (—1)1*1%15a.

Definition 1.2 (split supermanifold). Now let M be a manifold and V' a vector bundle
over M. Then we define the split supermanifold S := S(M,V') to be the locally ringed
space (M, Og), where Og := Oy @ \*V* is the sheaf of Os-valued sections of the exterior
algebra A*V*. In other words,

S(M,V) = (M,0p @ \°V*).

If we interpret V as a locally free sheaf of Oy;-modules, then Og is simply A*V*. Then Og
is Zs-graded (as there is a natural notion of eveness and oddness in the exterior algebra),
and supercommutative, and its stalks are local rings.

Example 1.3 (examples of split supermanifolds). The affine superspace A" is defined
by
(Am, OAmln) = S(Ama 0@2)7

where for M a manifold V = Ojﬁ,” is the trivial rank n bundle on it.

Here the affine space A" = A’ depends on the choice of the base field K. In our case,
we almost always consider either K =R or K = C.

More specifically, let us consider the case where K = R. Then S(R™, O%ﬁ) is just the
smooth manifold R", with a sheaf of supercommutative ring

O:Uw— C(U)[F,...,0M,

that sends U to the Grassmann algebra with generators 61, ...,0" over C*°(U) = Ogm (U).
This is the structure sheaf. An element of the structure sheaf looks like f =", f 7607 where
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I = (i1,...,i) C {1,...,n} is an index set and @/ = 6162 ... 9%, We will call this model
space R™". Thus R™" has even coordinates z', ..., 2™ and odd coordinates 61, ..., 8". For
brevity, we will usually write an element f in the structure sheaf as f(z#,60"), and we will
denote the structure sheaf O by Opm|. if we want to be specific.

Similarly, one can define C™I".

Definition 1.4. A supermanifold of dimension m|n is a locally ringed space (S, Og) that
is locally isomorphic to some model space S(M, V), where dim M = m and rank V' = n.
We will usually just refer to this supermanifold as S with the understanding that it also
comes with the structure sheaf Og. The manifold M is called the reduced space of S
and we usually write |S| = M.

In particular, a real supermanifold of dimension m|n is a locally ringed space locally
isomorphic to (]Rm‘”, Opgmin), and a complex supermanifold of dimension m|n is a locally
ringed space locally isomorphic to (C™I", Ocmin)-

Remark 1.5. In the C° C!, C™, or analytic settings, we may as well restrict our local
models to affine superspaces A", But in the algebraic setting we muts allow all S (M, V)
with affine M, as in the bosonic algebraic case.

Remark 1.6 (morphisms of supermanifolds). In the definition above, by an isomorphism
we mean an isomorphism of locally ringed spaces. Recall that a morphism f : (X,O0x) —
(Y, Oy) of locally ringed spaces is a map f : X — Y between topological spaces together
with a morphism of sheaves f* : Oy — f,Ox, where f,Ox is a sheaf on Y defined to
be Ox(f~Y(U)) for any open set U C Y. That is, every morphism f of locally ringed
space comes with the data of a ring homomorphism f}; : Oy (U) = Ox(f~1(U)), called
pullback on U. With this notion of morphism, supermanifolds form a category.

It is also important to note that the isomorphisms above are isomorphisms of Zo-
graded algebras, but they need not preserve the Z-grading of A*V*. For example, let z
be a coordinate on M and @’ are the fiber coordinates of V. Then z cannot go to z + 6
under such isomorphisms, since this changes parity, but it can go to z + 6162,

Theorem 1.7. Let f : S — S’ be a morphism between supermanifolds. Choose a local
coordinate (x',....2™, 0, ...,0") on U C S and (y',...,y%, X", ..., x") a local coordinates on
an open subset containing f(U) C S’. Then f has the local expression

f(x“? 9”) = (f*y17 ey f*ys7 f*XI’ R f*XZ)

where f* : Og — f+Og is the morphism on locally ringed spaces. Conversely, the informa-
tion above on all local charts completely determines f : |S| — |S’| and f.: Og — f.Og.

Proof. To obtain the local expression, note that y®, x? are the (even or odd) coordinate
functions on S’. Since the local expression of f is obtained by postcomposing f with the
coordinate functions, the theorem follows. Note that in the case that the odd dimensions
are zero, we reduce to the case of a map between smooth manifolds. ]

Remark 1.8. In the familiar case where f : M — M’ is simply a smooth map be-
tween manifolds, we have similar results, where if we take local coordinates ', ..., 2™ and
y', ...,y" containing U C M and f(U) C M’ then we have

f(:zl, ™) = (f*yl, o Y™,

Hence we can also define manifolds as locally ringed space isomorphic to the Fuclidean
model. However, note that in the case of supermanifolds, there are way more morphisms
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than ordinary manifolds, because a morphism can mix even and odd part as long as it
preserves grading. For example, the map ¢ : RY? — RY2 defined by

p(,0%,6%) = (z +6'6%,6",6%)

is an isomorphism. But note that ¢*x = 2 + 062, so it need not be true that in the above
expression f*y? only involves even coordinates, it can also depends on odd coordinates.

Remark 1.9. [recovering manifolds from supermanifolds] Given a supermanifold (S, Og),
its structure sheaf Og contains an ideal J consisting of all nilpotents. This is the ideal
generated by all odd functions. Note that the underlying topological space of S is already
given, which we call M = |S|. To recover the structure sheaf Oy, we note that Oy =
Og/J. The dual bundle V* can also be recovered because V* = .J/J?. Hence from the
supermanifold S = S(M,V) we can recover the data of S and V. In other words, a
supermanifold S determines its reduced space.

Note that the definition of a supermanifold (S, Og) gives Og the structure of a sheaf
of (real or complex) algebras, and also with a surjective homomorphism to O by setting
0¥ = 0 for all odd coordinates. In other words, Oy = Og/J induces an exact sequence of
sheaves

0—J— 05— Op— 0.

However, this does not endow Og the structure of Oy;-modules, because although there
are open sets U on which Og is isomorphic to Oy (U)[#1, ...,0"], and multiplication by
elements in Oy (U) is commutative there, but it need not commute for larger open sets.
In other words, multiplication by Ops need not to commute with gluing isomorphisms.

Definition 1.10 (split and projected supermanifold). A supermanifold S is said to be
split if it is globally isomorphic to S(M, V') for some manifold M and some vector bundle
V — M. In other words, it is globally isomorphic to some split supermanifold.

A supermanifold S is said to be projected if there exists a projection map 7 : S — M,
such that the inclusion ¢ : M — S, which is identity on the reduced space i : |[M| — |5],
and i* : Og — Oy given by imposing ' = --- = 6" = 0, is a section of 7, i.e., mi = idy;
and ¢*7* = idp,, .

Remark 1.11 (equivalent definition for split and exactness). There are equivalent ways
of defining splitness and projectedness, which is used in [12]. Our definition follows from
[11].

Let S be a supermanifold with M = |S| its underlying topological space. There is a
natural closed immersion i : M — S of locally ringed spaces that is identity on M = |S]|
together with the morphism i* : Og — i,Opy = Og/J induced by the quotient (it is easy
to see that this closed immersion is precisely the inclusion ¢ : M — S in the definition
above, and i* is the pullback of 7). Thus we have an exact sequence of Op/-modules

0—>J—>OS£>OS/J5—>0.

We call this exact sequence the structural sequence of the supermanifold. We call S
projected if its structural sequence splits, i.e., there exits a morphism 7* : Oy — Og
such that i*7* = idp,,.

What about splitness? Given a supermanifold S of dimension m|n, we have a filtration

Os=J">J>J?>--->J">J" =o.
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We can then define a sheaf of Z-graded rings

CrOs =PI/ =oye g/ e/ Pe. o m
k=0

Then a supermanifold S is said to be split, if there is an isomorphism Og = GrOg. It
is easy to see that if S = S(M,V) = (M,Op @ A\°V*), then clearly S is split in this
definition, since Og = Oy & N'VF & N V* & - -

Lemma 1.12. Any split supermanifold S is projected.

Proof. Indeed, if S is split, then Og = Oy ® A®°V*. Then we have a morphism 7* :
On — m.0Og via embedding Ojr to be the degree zero part. And it is easy to see that
*r* =idp,,. Now to construct 7 : S — M with the desired property, we choose the map
of underlying space |S| — |M]| to be identity, and 7* : Oy — 7.Og to be the map given
above. O

Lemma 1.13. The product of two split supermanifolds is split.

Proof. Suppose we have two split supermanifolds with global isomorphisms S; = S(M;, V1)
and Sy = S(My, V3). Let mp @ My x My — My and 7y : My X My — Ms be the projections
onto the first and second components. Then the pullback bundles 7iV; and 73Vo are
vector bundles on M; x My. Hence we now consider the vector bundle V' = w7 M; & 75 Mo
over My x M. Then it is not hard to see that

S1 X Sy = S(Ml X MQ,V) = (Ml X M230M1><M2 & /\.V*)
because clearly we have an isomorphism between
Ontixnry @ N* TV @ w3 Va)”

with the sheaf
051><52 U — OMlXMZ(U)[Hl, ...,9”,)(1, ...,Xn]

where 0%, ..., 0™ are local fiber coordinates on V" and x5 X”’ are local fiber coordinates
on V5. O

Lemma 1.14. Let S be a supermanifold and |S| = M. Let f : M' — M be a map between
manifold (which is also a morphism between locally ringed space). Then there exists a
pullback supermanifold S' = f*S and an induced morphism f : S’ — S of locally ringed
space. Moreover, 8" = f*S is split (resp. projected) if S is split (resp. projected).

Proof. We first make sense of S’ = f*S as a locally ringed space. Clearly |S’| = M'. To
define the structure sheaf Qg, note that f : M’ — M defines a pullback map f*: Oy —
f«Onr. Moreover, we have local isomorphisms S = S(M, V') where V' — M is a vector
bundle, hence we may consider the pullback bundle f*V — M’. This allows us to define
the structure sheaf as

OS' U — (’)M/(f_l(U))[Hl, ,9”]

where 6”s are local fiber coordinates on f*V — M’. In other words, Og = f*Og.

To show the claim, note that if S is split, i.e., if there is a global isomorphism S =
(M,0p @ \°V*), then " = f*S = (M',Op @ \°f*V*) since pullback commutes with
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wedge product. Now suppose S is projected, i.e., there is a projection 7 : S — M such
that i*7* = idp,,, then the pullback functor f* takes the split exact sequence

O—>J—>OSQOM—>0

to a split exact sequence
O—)f*J—>OS/—>OM/—>0.

Hence S’ is also split. O

Remark 1.15. Note that however, a submanifold of a split supermanifold need not in
general be split as a supermanifold.

Now we introduce sheaves on supermanifolds.

Definition 1.16. A sheaf F on a supermanifold S is simply a sheaf on the reduced space
M, and sheaf cohomology H*(S,F) of F on S is simply the sheaf cohomology H*(M, F)
on the reduced space.

Remark 1.17. Despite the fact that sheaves and cohomology are defined to be the same
as the reduced space, it is usually more illuminating to denote the cohomology as H*(.S, F)
instead of H*(M,F). For example, it is much more natural to think of a sheaf of Og-
modules as a sheaf on S rather than a sheaf on M.

Example 1.18 (tangent bundle). The tangent bundle Ts of supermanifold S is an
example of a sheaf of Og-modules. It can be defined in terms of derivations, i.e., as
sheaves

Ts := Der(Og).

It is a Zo-graded vector bundle, or a locally free sheaf of Og-modules.
In the simplest example where S = A™" TS is the free Og-module generated by even
tangent vectors % for p =1,...,m and odd tangent vectors % forv=1,..,n.

Remark 1.19. In general, for a split supermanifold S = S(M, V), the tangent bundle
Ts need not have distinguished complementary even and odd subbundles: The even and
odd parts are not sheaves of Og modules. For example, % is an odd vector field, but
multiplication by an element of Og might change parity: Consider 01%. This is now an
even vector field. However, we note that since elements in O); are even, if we restrict
ourselves to multiplying only elements in Oy then parity is preserved. More specifically,
what we are saying is that the restriction Ts|p; of Ts to the reduced space M does split
(By restriction to M we mean pullback, under the natural inclusion i : M — S, of a sheaf
of Og-modules to a sheaf of Oy-modules. In this case, this is accomplished by setting all
odd functions to 0). Explicitly, the splitting is given by
Tst:=Tm,

)

Ts_:=1V.

For a general supermanifold S, we only have local isomorphisms between S and S(M, V)
for some model space M and vector bundle V', but there is no canonical identification
Ts_ = V. However, there is still a way to define T's _. We consider the natural embedding
M — S, where we view M as the subspace that is locally given by ¢ = 0 for all «. Then
then we have a normal bundle sequence

0—>TM—>T5]M—>NM/S—>O.

Now Njy/s is a purely odd bundle. Therefore, we may define T's . = Ty and T's - = Njy/g.
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1.2 Examples of Supermanifolds

Example 1.20. The simplest example is the affine superspace A™", which we already
saw. In the algebraic case, the global function ring is

O pmin (A™™) = K21, ..., 2, 01, ..., O]

is just the polynomial ring in m commuting variables and n anticommuting variables. In
the C°, C', C™ or analytic case we allow the even part of the function to be C?,C!,C>®
or analytic, but the anticommuting part is unchange, still the polynomial ring in 6;’s.

Example 1.21. The complex projective superspace P"I" is defined by the quotient
pmin = {22, ..., 2™, 0%, ...,0") € AT g # 0 for some p}/ ~c+

where (z#,0") ~c- (z,0"") iff 2* = Az# and ¥ = A" for some A € C*. Note that the
group C* is purely even, i.e., Az* is even and A" is odd for all A € C*.
The complex projective superspace are covered by local charts of open sets

Uy = {(2°,...,2™, 0%, ...,0") € PI" ;2 £ 0}

for « = 0,...,m. Each U, can be identified with affine superspace A™" via the ratios
2P /2% B # a, and 0¥ [z, for v = 1,...,n.
Note that for m = 0 there is a unique open set Uy, so PO" = A0ln,

Example 1.22 (submanifolds). Given a supermanifold, one can construct super sub-
manifolds by imposing equations. For example in P"" we can impose the equation
f(20 .., 2m 0L ... ,6") = 0 where f is a homogeneous polynomial in the homogeneous
coordinate of P™" that is either even or odd. If f is even and sufficiently generic, this
will give a complex supermanifold of dimension m — 1|n. For suitable odd f, this gives a
supermanifold of dimension m|n — 1.

A divisor is a super submanifold of codimension 1|0, i.e., when the defining polynomial
is even.

Example 1.23 (covering of supermanifolds). Let S = (M, Og) be a supermanifold, and
[+ M — M a covering map of the underlying reduced space. Then there is a way to
define a covering supermanifold F' : § — S.

Of course |S| = M. So it remains to construct the structure sheaf Og. We define
Og = f~1Og to be the pullback sheaf of Og under f. Recall that this is defined to be

[710s: U = lim O5(V)

where the direct limit is taken over all open sets f (U) cVCc M, for U C M open.
We claim that this gives S = (M, Og) the structure of a supermanifold, i.e., it is locally

isomorphic to some model space. To see this, note that we can choose an open cover
(Ua)aca of S such that

o flu, : Ua = Vo := f(Uy) is a isomorphism of underlying space. So this implies that
V, is open in M, in particular.

o For each «, there is an isomorphism ¢, : Vo — @o(Ve) € A™" of locally ringed
spaces, since S is a supermanifold to start with.
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Now we simply consider ¢, f : Uy — va(Va), clearly this is an isomorphism of the un-
derlying space. So it remains to show that this induces isomorphism on structure sheaves
for all . Since ¢}, is an isomorphism for every « to begin with, it suffices to show that
J* 1 Os = f«Og restricts to isomorphism on each U,. Since f* is defined to be precompo-
sition with f, which restricts to local isomorphisms of the underlying space, we conclude
that f*: Ogly, — f«Ogly, is an isomorphism of structure sheaves.

We now look at a more complicated example, which is a variant of the covering su-
permanifold. We first need to introduce the notion of a branched cover. This might seem
a little bit abstract at this stage, but branched cover will not play a huge roll until later
part of the book. We will give a more thorough treatment of this topic in Section 5.4.

Definition 1.24. A map f : M — M between complex manifolds is called a branched
covering if there exists a divisor B on M such that f is a covering map on M — B, and
for every p € B, there is a local coordinate (z1, 22, ..., z,) around p, such that in this local
coordinate B is given by the equation z; = 0, and f is of the from

(21,22, 2m) — (zf,z% ey Zm)-

Example 1.25 (branched covering supermanifold). Suppose we are given the following
data:

o A supermanifold S = (M, Og);

e A branched covering f : M — M of the reduced space, with a smooth branch divisor
B C M;

o A divisor D C S whose intersection with M is B. Note that here we view M as a
subset of B via the natural inclusion ¢ : M — S by setting all the odd coordinates
to zero. Hence this means that D becomes B when we set all ¥ =0 in D.

We will now construct a supermanifold S, with a morphism F : S — S which is a
branched covering with branch divisor D, and such that on the reduced space F' is simply
f:M— M.

We will do the construction for the case where we can find global coordinates on S, as
we can also glue local pieces together. Now let (z1, ..., zm, 01, ..., 05) be global coordinates
on S, where (21, ..., zp,) are global coordinates on M. Without loss of generality we can
assume the branch divisor B is given by z; = 0. Then the corresponding coordinate on M
are (w1, 22, ..., zm). Then locally f is of the form (w1, 22, ..., 2m) — (WF, 22, ..., zm). Hence
we see that f*: Oy — O takes 21 to (wq)".

Since the divisor D is given by vanishing of some even function 2’ = 2'(z,,6,) whose
image is z; when we set 8, = 0 for all v = 1,...,n, this implies that the coordinate ring
Os(S) which is generated by 21, ..., zm, 01, ..., O, is also generated by 2/, 29, ..., 2m, 01, ..., Op.

Now we construct Og. Let w’ = (2/)1/* be a k-th root of 2. Now we define

O5:U — fOs(U)[w'].

Note that this makes Og into a sheaf of Og-algebra. To check that this definition makes
sense, we first look at the coordinate ring. This is given by

05(S) = f10s(9)[w'] = Os(S)[w'] = K[, 2/, 29, ..., 2, 01, ..., O]

= K[w', 29y veey Zmyy 91, veay Qn]
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since (w')* = 2’. Thus the coordinate functions on S are w', zo, ..., Zm, 01, ..., 0,,. We then
see that there is a natural identification S = M, by w' — wi,z — zi,0; — 0. We
now construct a map F : S — S of locally ringed space. By definition, this comes with
a morphism of reduced space, which is required to be f : M — M. Thus we need to
construct F* : Og — F.Og accordingly. It suffices to specify F* on generators of Og,
namely on 2/, 29, ..., Zm, 01, ..., 0,,. This is done by sending z; — z;,6; — 6;. What about
2'? Since we discussed that on the level of reduced spaces f*(z1) = (w1)¥, and w; is
now identified with w’, 2z’ is now replacing the role of 21, it only makes sense to define
F 2 (w')F = 2.
This completes the construction.

Remark 1.26. We have constructed a branched covering S — S. There is a notion of
branched covering of a super Riemann surface, which is not quite the same as the branched
covering of a supermanifold in general. A branched covering of a super Riemann surface
is not a super Riemann surface, but can be modified into a super Riemann surface by
blowing up along the divisor.

Example 1.27 (Parity Reversed Tangent Bundle IIT'M ). Let M be a manifold of dimen-
sion p and £ — M a vector bundle of rank ¢. Then there is an associated supermanifold
IIE of dimension p|g with [ILE| = M, defined by revering the parity of the fiber coordi-
nates. Namely, for every local chart U C M, we note that the space C*°(U, E) of smooth
sections of E over U is a free C°°(U)-module generated by ¢ sections o1, ...,04. We now
identify these sections with grassmann variables @', ..., 0%, and define the structure sheaf

One(U) = C>®(U)[6, ...,6m).

In the particular case where ' = TM, we have the parity reversed tangent bundle
I[ITM. Let C*°(IIT M) be the smooth global sections of the structure sheaf Oprps, namely
the superalgebra of smooth functions on IIT"M. Then there is an isomorphism

p: A (M) = C™(IITM) (1.1)
between smooth functions on IIT'M and differential forms on M, where we identify

W= Z ail_,,ip(x)dxil Ao Ada' € AP(M)

1<ig<-<ip<n

with ' |
pw)= > ai (@) 07 € CF(ITM).

1<i1<-<ip<n

Using the identification (1.1), we can integrate smooth functions on IIT'M by defining

/ p(w)daP - - - daPdot - .. deP = / w
nrm M

where dzP - - - dzPdf! - - - d6P is the canonical volume form on IIT'M, which we will denote
as dxdf for short.
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Chapter 2

Obstruction Theory on
Supermanifolds

The goal of this chapter is to classify up to isomorphism supermanifolds S which have a
given underlying manifold M and a given odd tangent bundle V. For this we will use sheaf
cohomology. We assume some familiarity with this machinery. We can ask a very general
question: given a model object S, can we classify objects which are locally isomorphic to
it? There is a general framework for approaching this question (refer to Chapter A for
details).

Theorem 2.1 (Deformation Theory Meta-Theorem). Let S be a geometric object on a
manifold M, in our case a supermanifold. Let A be the sheaf of automorphisms of S. That
is, to each open set U C M we associate Aut(S|y). Then the first sheaf cohomology group
HY(M, A) parametrizes isomorphism classes of objects which are locally isomorphic to S.

Remark 2.2 (recovering automorphism of spaces). In fact, the collection of automor-
phisms of locally ringed spaces can be recovered from only the collection of automor-
phisms of structure sheaves in the case where the space is a manifold. To illustrate this,
let f: (M,Opn) — (M,Op) be an automorphism of manifold as locally ringed spaces.
If we only have informations of f* : Oy — Oy, then let z# be a set of coordinates of
U C M and consider f* : Op(U) — Op(U). Then f*(z*) = a# o f is precisely the
p-th component of f|y : U — f(U). Since we know these data for every p and for any
arbitrary open set U C M, this completely and uniquely determines f : M — M as an
automorphism of the underlying space.

2.1 Obstruction to Splitting

Applying Theorem 2.1 to the local model S = S(M, V'), we see that the sheaf of nonabelian
group of interest is Aut(S(M,V)). By Remark 2.2, we see that we only need to concern

Aut(Osr,yy) = Aut(A°V7),

where we view V' as a sheaf of Oj/-module (recall that we identified V' = T_S). The sheaf of
automorphisms of the Zs-graded sheaf of algebras A\*V*. Note that these automorphisms
send J to itself, which implies they send J? to itself as well since they are homomorphisms
in particular. Hence by Remark 1.9, they send V* = J/J? to itself. In other words, we
have a map Aut(A\°V*) — Aut(V*) by restriction, or equivalently (by transpose inverse)
we have a map Aut(A\*V*) — Aut(V). Let G be the kernel of this map. So G is the group

16



of automorphisms of the split model S(M, V') that preserves both M and V' (Note that
this does not mean that these automorphisms are literally identity, because for example
we can have an automorphism described in Remark 1.8: it preserves the reduced space
because the reduced map is obtained when setting odd coordinates to zero, and it fixes
the odd direction by our construction).

Thus we have a short exact sequence of nonabelian sheaves

1—= G —= Aut(A*V*) = Aut(V) — 1 (*)
which will induce a long exact sequence in sheaf cohomology:

1 — H(M,G) — HO(M, Aut(\°V*)) — H°(M, Aut(V))
— HYM,G) —» HY (M, Aut(A\°V*)) = HY (M, Aut(V)) — - -

Note that since our sheaves are nonabelian sheaves, the sheaf cohomology need not be
groups in general, but only pointed sets. By Theorem 2.1, the term in the long exact
sequence that parameterizes isomorphism classes of supermanifolds with reduced space M
and odd dimension n is

HY (M, Aut(Osarvy)) = H' (M, Aut(A*V*)).

The distinguished point in this cohomology set corresponds to the isomorphism class
S(M, V). But since any two vector bundles over M of the same rank are locally isomorphic,
we could have used another vector bundle V’ of the same rank instead of V. This would
have yielded another description of the same set of isomorphism classes of supermanifolds
S with given reduced space M and given odd dimension, and the only difference being
that the base point would now be S(M, V’).

H'(M, Aut(A\*V*)) is certainly an object of our interest. However, the object of most
of our concern is

HY(M,G),

which consists of isomorphism classes of pairs (S, p) where S is a supermanifold with
reduced space M and p : V = T_S is an isomorphism. The advantage of studying
HY(M,G) instead of H'(M,Aut(A*V*)) is that the former parameterizes isomorphism
classes of supermanifold that has a particular prescribed odd tangent bundle V', whereas
in the latter case the isomorphism classes can be supermanifolds whose odd tangent bundle
is merely of rank n, as any two rank n vector bundles are locally isomorphic.

Remark 2.3. The inclusion G — Aut(A°*V*) induces a map
HY(M,G) — H (M, Aut(A\*V*))

that is given by (S, p) — S, which forgets the isomorphism V' = T_S and just consider S
as a supermanifold with |S| = M and odd tangent bundle of rank n.

Remark 2.4 (vanishing of H!(M,G) and implications). Recall that a supermanifold S
is said to be split if it is globally isomorphic to some model S(M, V). Let us consider
the exact sequence (*) with this particular M and V. Clearly the isomorphism class of
(S(M,V),id) is an element of H'(M, Q). If H' (M, G) vanishes, that means there is only
one isomorphism class whose base space is M and odd tangent bundle is V. This shows
that any supermanifolds satisfying such conditions must split.
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The group G has a descending filtration by normal subgroups G* for i > 2:
G=G*>G>G" >

We give three description of these subgroups: algebraic, geometric, and analytic. We then
use these groups to describe obstruction theory for splitting of a supermanifold.
Algebraically, we recall the filtration J? that appeared in Remark 1.11, and we define

G'={geG:g(x)—zecJ Vre \NV)]

First, observe that G? = G, since elements in G fixes V, and G? is trivial if i exceeds the
odd dimension of S.

Geometrically, we interpret G* as a filtration of S itself. Given a supermanifold S =
(M, Og) and a nilpotent subsheaf J C Og, we introduce the locally ringed space

St:=(M,0g = Og/J").

Note that S° need not be supermanifolds except for extremes i = 0,n. They form an
increasing filtration of S given by

S|=8°cStc--.cstcSc-.-cs"=5.

Recall that Aut(A*V*) preserves J, hence they preserve J¢, which means they also pre-
serve the filtration of S by the S%. If we take S = S(M,V) to be the split model, an
equivalent definition of G is as those automorphisms of S(M, V) that act as the identity
on S(M, V)=t

Now we come to the (interesting) analytic perspective. Maybe it is helpful to first
review the story for ordinary manifolds. Let M be a smooth manifold and G = Diff (M)
is the group of diffeomorphisms on M. Then its Lie algebra g can be interpreted as vector
fields on M. Somewhat informally, this is because there is a correspondence between
infinitesimal diffeomorphisms

= 2t 4 eht(x)

with the vector field 5

Oxk’

The same story holds for the case of supermanifolds. Concretely, the Lie algebra g of
the group G of automorphisms on the split model S(M, V') that preserves M and V is
generated by vector fields on S(M, V') that are roughly of the form 62¢9, or 62+19,. More
specifically,

ht

Proposition 2.5. In local coordinates z*, 6", these vector fields takes the form

1% 1% 8
fl/jl,...,ljgk ()0 ---0 2’“@ (2.1)
or 3
fllfll,..‘,ljgk+1 (I)HVI e 9”2k+1 W (22)

Proof. Recall that G is the kernel of the restriction map Aut(A*V*) — Aut(V*), where
we should keep in mind that Aut(V*) is obtained from restricting the automorphism to J
and quotient by J2, since V* =2 J/J? in our identification.
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Similar to what we discussed above, an infinitesimal automorphism of S(M, V') param-
eterized by € is given by

ottt +efl

0" v 0" + €f?,

()07 - . grek
()0t - - - Vi1,

yeeV2k
----- Vok+41
Note that these are indeed automorphisms on S(M,V) fixing M and V* = J2/J, as
the first equation preserves z* on the level of reduced spaces when we set ¢ = 0, and

the second line preserves #¥ modulo J2?. It is not hard to see that these are all the
automorphisms that preserves M and V. Hence we are done. ]

In these terms, the Lie algebra g’ of the subgroup G* is generated by vector fields on
S(M, V) are that schematically of the form 679, or 679y, depending on the parity of j, for
j > 1. Using this language, we get an concrete description of the consecutive quotients of
these filtration subgroups:

Theorem 2.6. There is an isomorphism of sheaves of abelian groups

GG =T o N'V*.
Here T _1yi denotes the odd or even part of the tangent bundle of S, i.e., V in the odd
case and T'M in the even case.

Proof. The filtration by the degree of 8 shows that g is a nilpotent Lie algebra, hence the
exponential map exp : g — G is an isomorphism of manifolds, which also induces isomor-
phism exp : g — G*. Then the statement of the theorem follows from the description of
g’ above. O

The obstruction theory for splitting of the supermanifold S is based on filtering
H'(M,G) by the images of H'(M, G%):
0=H"(M,G") - H'(M,G" ) —» ... = HY(M,G?*) = H'(M, G).
The geometric interpretation of H'(M,G?) is as the set of isomorphism classes of pairs

wi—1 = (S, pi—1), where S is a supermanifold with |S| = M, and p;_; is an isomorphism
between S(M,V)"~! and S~

Proposition 2.7. In order for a class ¢ = (S,p) € HY(M,G) to vanish, it is necessary
and sufficient that, for each i > 2, this class is the image of some ;1 € H'(M,G?).

Proof. Suppose for each i > 2, the class ¢ = (S,p) € H'(M,G) is the image of some
i1 € HY(M,G"). Then clearly ¢ vanishes because H'(M,G™) = 0. Conversely, if ¢
vanishes, we just take ¢;_1 € HY(M,G") to be trivial for every i. O

There is nothing to check for i = 2, since G> = G, p1 = p,p1 = ¢. If a given class
(S, p) is in the image for some 4, then to decide whether it is in the image for i + 1, we
note that by Theorem 2.6 we have a short exact sequence

0= G 5G>T M AV =0
which induces a long exact sequence of sheaf cohomology, which in part reads
HY (M, G — HY(M,G') & HY (M, T_1:M @ \'V*).

The obstruction for a class ¢;—1 € HY(M,G?) to come from some ¢; € H'(M,G"1) is
that its image .
wi =w(pi—1) € H' (M, T_1 M & \'V*) (2.3)

must vanish. This class is called the i-th obstruction class for splitting of S.
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2.2 Obstruction to Projection

So far, we discussed obstructions for splitting. We now briefly discuss obstruction to
projections. The group G has a subgroup G_ generated by vector fields #2+19y. This is
the subgroup of G that preserves a projection. Accordingly, a supermanifold S that are
projected but not necessarily split are labeled by a class in H'(M,G_).

In general, a supermanifold S modeled on M,V is projected iff the class w(S) €
H'(M,G) that represents it is in the image of H'(M,G_). If the subgroup G_ were
normal in GG, then we would have an exact sequence

HYM,G_) - HY(M,G) - H'(M,G/G_)

and then S would be projected iff w(S) maps to zero in H'(M,G/G_). But G_ is not
normal, and it does not appear to be possible to express the obstruction to a projection
in such simple terms.

Instead, we can define G* to be the subgroup of G generated by G* and G_. This
gives a sequence of subgroups

G=G>>G@F@ =G1>3 =G">G"=...

Similarly, in order for a class w(S) € H'(M, Q) to come from H'(M,G_), it is necessary
and sufficient that, for each (odd) i > 2, this class is in the image of H'(M,G%). To
convert this to the vanishing of a series of obstructions, we need G° to be a normal
subgroup of G*~2. This turns out to be true. We sketch the proof below:

Lemma 2.8. For each i, the group G is normal in its predecessor G2,

Proof. The condition for a subgroup to be normal is that its Lie algebra should be an
ideal in the ambient Lie algebra. Recall that the Lie algebra g of G is generated by vector
fields on the split model S(M, V) that are schematically of the form 62%9, or §2*+19,, for
k> 1,asin (2.1) and (2.2). The Lie algebra g_ of G_ is the subalgebra generated by the
vector fields #2*719y. The Lie algebra g’ of G for odd i is generated by all the above
vector fields except 02, ...,0""19,. Similarly, g"=2 is generated by all the above vector
fields except 620, ..., 0*~30,. Then the rest follows from a simple Lie bracket computation,
which we refer interested readers to [2, p.18]. O

Hence similar to the obstruction theory for splitting, given a class w(S) in the image
of H'(M,G?F) for some k, then to determine whether it is in the image of H'(M,G***1),
we look at the exact sequence

HY(M, G = HY (M, G?*) “— HY (M, T M © N*V*).

The obstruction for a class ¢y, _, € H'(M,G?*) to come from H'(M,G?**™) is that its
image
— —y - 2k rx
wop, =w (g 1) € HY(M, T M @ NV*)

must vanish. This class w,, is called the 2k-th obstruction class for projectedness of
S.

Note that in particular w, = ws. Hence we have the following

Corollary 2.9. The vanishing of wo € HY (M, Ty ® /\QV*) is a necessary condition for a
supermanifold S modeled on M,V to be projected.

In fact, this is the only necessary criterion for projectedness that [2] used in their paper,
hence we will not use higher obstruction classes either in the following part of the book.
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2.3 Applications of Obstruction Theory

In this section we give some immediate applications to the obstruction theory developed
above.

Corollary 2.10. Any C*° supermanifold S is split.

Proof. A C* locally-free sheaf is fine because of the existence of a partition of unity, hence
its H' vanishes. O

Corollary 2.11. Any supermanifold of dimension m|1 is split.

Proof. Indeed, since \'V* =0 for i > 2. O

Corollary 2.12. A supermanifold of dimension m|2 is determined by the triple (M, V,w),
where M = |S|, V =T_S, and

w=wy € HY(M,Hom(A\*T_S,TS)).

Moreover, any such triple arises from some S. A supermanifold of dimension m|2 is
projected iff it is split.

Note that in the above statement we used the identification
T.S ® N*V* = Hom((A*V*)*,T,.S) = Hom(A\?V, T.S) = Hom(A*T_S,T,.S),

where the isomorphism (A*V*)* 2 A\?V* is obtained by choosing a basis e, of V and its
dual basis €# of V* and identifying e* A € with e, A e, and extend linearly.
A result that we will use later concerns the projectedness of the covering supermanifold:

Corollary 2.13. Let 7 : S — S be a finite covering map of supermanifolds. If wa(S) #0
then wo(S) # 0, so S is not projected.

Proof. For a local isomorphism 7 : S — S, the structure sheaf Og is the pullback of
Og. It follows that wa(S) = 7*w2(S). But the composition 7* with the trace map is
multiplication by degree of m, hence 7* is injective and the result follows. For a more

elementary proof, see [2, p.22-23]. O

We conclude this section by a discussion of submanifolds. Suppose S is a supermanifold
modeled on M, V. Let M’ be a submanifold of M and V' be a subbundle of V|y;. We
ask the following question: whether there exists a submanifold S’ of S with |S’| = M and
TS =V

The answer in general is no. To analyze the obstruction, we define the subgroup
sheaf G, of G consisting of automorphisms of S(M, V') that restricts to automorphisms of
S(M',V"). The condition that S contains S’ is that the class in H'(M, G) that represents
S should be the image of a class in H'(M,G,). As in the discussion of projections, there
would be an easy criterion for this if GG, were normal, but it is not.

However, we can partially reduce to the normal case if we replace S with S? and ask
whether S? contains a subspace S'2 modeled on S (M',V")2. For this, we may replace G
by the sheaf of abelian groups

G/G3 = Hom(\?T_M, T, M)
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and G, by G,/G2, which is the subsheaf of Hom(A*T_M,T M) consistsing of homo-
morphisms that, when restricted to M’, map A*T_-M’ to T M’. We call this sheaf
Hom*(A\*T_M, T, M). The quotient of these two is given by the sheaf

Hom(A*T_M, T, M)/Hom*(\*T_M, T, M) = Hom(A\*T_M',N)

supported on M’, where N is the normal bundle to M’ in M. So we have an exact sequence
in cohomology

HY(M,Hom*(\*T_M, T\ M)) — H' (M, Hom(\>*T_M, T, M))
b HY (M, Hom(N\>T_M’, N)),
which gives

Corollary 2.14. A necessary condition for a supermanifold S modeled on M,V to contain
a submanifold S" modeled on M', V' is that

b(wy) € HY(M', Hom(A\*T_M',N))
vanishes.

Since G, is defined to be automorphisms of S(M, V') that restrict to automorphisms
of S(M', V'), there is a tautological map from G, to the sheaf G’ of automorphisms of
S(M', V") that acts trivially on M’ and its normal bundle. Hence G, maps to both G and
G/

g
G/
which induces maps in cohomology

H'(M,G,) —*— H'(M,G)
HY(M,G")

If we abelianize by replacing G, G, G’ by their quotients by G‘:’,G3,G’3, then we can
complete the diagram above to a commutating square:

Hom*(A\*T_M, Ty M) —“— Hom(A*T_M, T, M)

Hom(A*T_M', T M') — Hom(A*T_M', T M|pp)

where u,r are the linearizations of the corresponding maps above. Note that the top row
are sheaves on M and bottom row are sheaves on M’. The verticle maps are therefore
restrictions from M to M’, followed by restrictions from A\?*T_M to A*T_M’. Finally, j
comes from the inclusion T4 M’ — T’y M |;. Hence this induces a corresponding commu-
tative square in cohomology:

HY(M,Hom*(AN*T_M, T M)) —*— H*(M, Hom(A\*T_M, T M))

HY (M, Hom(N\*T_M', T, M")) —— H'(M, Hom(A*T_M', T M|yp))
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If S exists, the class wp(S) € H'(M,G) should be the image of some class wj(S) €
HI(M, G.) under u. The map r : Gx — G just restricts an element of G, to its action on
S(M', V"), so the image wj(S) in HY(M',G") is just the class wy(S’) that represents S'.
Hence the commutativity of the square implies the following compatibility condition:

Corollary 2.15 (Compatibility Lemma). If S” is a submanifold of a supermanifold S,
then wa(S") and wa(S) are compatible in the sense that j(w2(S")) = t(w2(S)).

Particularly important is the case that the normal sequence decomposes:

Corollary 2.16. Let S be a supermanifold and S’ C S a submanifold, with reduced space
M’ C M, such that the normal sequence of M' decomposes: T M|y = Thp & N, where N
is the (even) normal bundle. If wa(S’) # 0, then also wa(S) # 0 and S is not projected.

Proof. This follows from Corollary 2.15 and the fact that, when the normal sequence
decomposes, the map j is injective. ]
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Chapter 3

Super Atiyah Classes

In this chapter we give a more geometric perspective of obstruction theory on supermani-
folds, via super Atiyah classes. We will first give a sheaf theoretic treatment of obstruction
classes. Then we will introduce obstruction theory using differential operators on super-
manifolds. After that, we introduce the ordinary Atiyah classes, which obstructs existence
of holomorphic connections on a vector bundle. Finally, we introduce the super Atiyah
class.

3.1 Obstruction Theory Revisited

Throughout this section, let S = (M, Og) be a supermanifold with reduced space M of
dimension m and modeled on the vector bundle V' over M of rank n. So dim S = (m/|n).
Let J denote the nilpotent ideal of Og. So V = J/J?, and Oy = Og/J.

We define, for every ¢ > 0, the ringed space

SO = (M, 0g/JY),

These need not be supermanifolds, except for the extreme cases S = (M,0y) = M
and S = (M, Og) = S. Nevertheless, the form an increasing filtration

M:S(O)Cs(l)cCS(Z)CS(Z+1)CCS(H):S

This is the geometric filtration, defined by Manin [25]. A supermanifold S splits iff all of its
filtrations S split, and similarly S is projected iff all of its filtrations S are projected.

3.1.1 Obstructions to Projection

A projection is a morphism ¢ : S — M of supermanifolds which is the identity on M.
Such a morphism must induce a morphism of ringed space ¢( : S() — M that is identity
on M for each 1.

When i = 0, this is just a map between ringed spaces M — M, which we obviously
take to be the identity. This can always be done. Hence the obstruction to splitting boils
down to, inductively, given ¢; : S() — M, can we extend it to the next level of filtration
¢i+1 : S(i+1) — M.

Theorem 3.1. The obstruction of extending ¢; one filtration level up to ¢;4+1 s charac-
terized by a cohomology class

w; € HY(M, Ty @ \'V*).

In other words, such an extension is possible provided this cohomology class vanishes.
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Proof. On the level of topological space, of course we can (and we need to) set ¢;11 to
be the identity on M. Hence the problem lies in extending the morphism on structure
sheaves.

We choose a good cover M = |, Uy, such that on each open set the supermanifolds
S and S(M,V) are isomorphic.

Now suppose ¢; : S — M is given. Note that we have an exact sequence

0— JH_l/JH—2 — OS(¢+1) — Os(i) — 0.

By an extension of ¢; on U, we mean a morphism (identity on the base) ¢;+1 such that
the diagram

(U, Opr) —25 T(Uy, Og/JiH2)

| J

D(Ua, Ou) —5— T(Ua, Os/T+)

commutes, where the vertical map on the right is induced by the quotient of the exact
sequence above. That is, ¢7,; , agrees with ¢, mod Ji*1. This is achievable on U,,
because by our choice of U, there are local isomorphisms

I'(Ua, Os) 2 T'(Ua, Osuryy) = T'(Ua, O @ \°V7),
which gives a natural inclusion map
o . F(Ua, OM) — F(Ua, Os).

We claim that we can construct the required extension ¢7,, , by defining it to be the
composition of the ¢, and the quotient by Ji*+2:

Oti10: DU, Oar) = T(Ua, O5) = D(Ua, 05/ J?).

One can check that the construction indeed satisfies the commutative diagram above and
moreover they are extensions of ¢ , = ido,,(v,)-
We further note that by our choice of U, we have the isomorphism

(0 T4)/(0s /T4 2 JiH1 /Ji¥2 2 NIy

on U,. Now define, on the intersection U,g = U, N Ug, the quantity

OJ(;,B = sz*'(—i-l,oc aB ¢:+175|Ua3 : F(UaB, OM) N F(Uaﬁg Os/JH_Q),

But note that since ¢;, ,’s are extensions of ¢;’s, the difference w_ hves entirely in
Jitl) git2 o AP % Hence w, is actually (AT1V*)-valued.

Now we show that w5 is an even derivation of On(Uap). To see this, we take two
sections f,g € I'(Uap, Onr). Then

wo5(f9) = ¢a(fa) — ¢5(f9)



Now note that w,5(g) is already valued in ATVE 22 Jitl )/ Ji+2 Moreover, since ¢ =
$711,o 18 an extension of ¢ , which is the identity, they must agree mod J. Hence oL(f) =
f + J, which means the last expression above becomes

W;B(fg) = fw;g(g) + Wgﬂ(f)g-

This shows that w4 is an even derivation of Oa(Uag), hence valued in T} ® ANV
Moreover, one can check that (w;ﬁ) defines a Cech cocycle, hence gives rise to a cohomology
class

w™ e H' (M, Ty @ NV,

which is the right place for obstruction class according to the statement of the theorem.

Finally, we show that why vanishing of w™ implies the ability to extend ¢; to ¢;i1.
Suppose w~ vanishes, then it is a coboundary, so there must exists 0 € HO(M,T; ®
ATV 2 T(M, T © N"TV*) such that on the set Uap we have

(600)a6 =0q — 03 = ¢a — qbﬁ = WaB-

S0 ¢j 114 — 0o = ¢;1153 —op- Then define 1, = $i+1,0 — 0a 00 Us. One can check that
o extends ¢] , on U, because o, is valued in /\ZHV*, which means it vanishes mod J*+!
in the commutative diagram above, and ¢; 1, Is an extension of <Z>;-k7 o This concludes the

proof. O

This beautiful geometric proof was essentially given by Manin in [25]. Instead of
using filtration by S, Donagi and Witten [2] used filtration of automorphism groups of
splitting for the split model S(M,V) and gave a more algebraic proof. Hence it is not
surprising that their results are slightly stronger than what we obtain above. In particular,
they showed that the odd obstructions to projection wy, ,, always vanish, and only the
even obstructions w,, survive. Moreover, they showed that the second obstruction wy,
is actually the same class as the second obstruction to splitting wo, which we will study
next.

3.1.2 Obstructions to Splitting

A splitting of supermanifold S is a global isomorphism ¢ : S — S(M, V) that is identity
on the reduced space M, together with an isomorphism of structure sheaves. Therefore,
it must induce isomorphisms on every level of filtration

¢i + 8D = S(M, V),

When ¢ = 0, this is just a map between ringed spaces M — M, which we obviously take
to be the identity. This can always be done. Hence the obstruction to splitting boils
down to, inductively, given ¢; : S — S (M, V)(i) an isomorphism, can we extend it to an
isomorphism ¢; 41 : ST — S(M, V)E+D),

Theorem 3.2. The obstruction of extending ¢; one filtration level up to ¢;41 is charac-
terized by a cohomology class

wi € H' (M, Ty @ N'V*).
In other words, such an extension is possible provided this cohomology class vanishes.
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Proof. On the level of topological space, of course we can (and we need to) set ¢;11 to
be the identity on M. Hence the problem lies in extending the morphism on structure
sheaves.

We choose a good cover M = |, Ua, such that on each U, the supermanifolds S and
S(M, V) are isomorphic. On each U,, we are given the pullback isomorphisms

(l);a : OS(My)(i)(Ua) — ¢i*os(i)(Ua) = Os(i)(Ua).
By definition of structure sheaves of both supermanifolds, this is an isomorphism

¢k : D(Ugy NS'VF) = DUy, 05/,

2,00
where by convention A\"V* = Oy;. Now the question is whether we can extend ¢; o That

is, whether we can find ¢; 41, such that the diagram

D(Uy, ASHIV) =225 D(Uy, Og/J1+2)

| J

F(Ua, ASZV*) T F(Ua, OS/JZ'+1)

commutes, where the vertical maps are induced by quotient. This is of course achievable
provided U, is sufficiently small, since we have local the isomorphism

/\Si-l-lv*//\éiv* I~ Ji+1/Ji+2

on U,. Hence we conclude that the extension problem is locally solvable, and the obstruc-
tion lies in our ability to patch these local solutions glocally. Namely, for two such open
covers Ug, Ug, define on the intersection U,g := U, N Upg

Wap = Ori1alUns — i1 8lUas : D(Uag Osarvyivr) = T'(Uag, Os/J ).
Note that on U,g, we have the isomorphism

O/ T2 2 00 @ J)J2 @ T2 )T @ J [T @ i+l Jit?
2Oy ANV ANV S e A\NVEe ATV

S0 wqap is valued in the truncated exterior power /\SHIV*. But in fact it is more con-
strained: Because both ¢}, , and ¢7 4 5 are extensions of the same morphism ¢; , = ¢ 5
when restricted on the intersection, they agree on elements of AS‘V*. Therefore, Wag is
actually is valued in the sheaf

/\Si-l-lv*//\SiV* ~ /\H—lv*.

We claim that that wag is an even derivation of Og(psyyi+1(Uag), and the proof is exactly
the same calculation as we did in Theorem 3.1. There is one subtle point though: we
follow the same calculation until we reach the last step, which reads

wap(f9) = Pa(fwap(9) +was(f)d5(9),
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where this time f, g € I'(Uy, OS(M,V)@H)) =T'(U,, /\SHIV*). We use the same argument
that ¢7, = &7, , is an extension of ¢g , = ido,,, so the following diagram must commute:

D (Ua, ASHIV*) —%2, D(U,, 0g/J72)

mod A>OV*J' J'mod J

F(Ua, OM) W F(Ua, OS/J)
=
and similarly for 8. Therefore, if we decompose f = fyo + f,, where fy is the part in Oy
and f,, is the nilpotent part, then the commutativity of the diagram actually says

$o(f) =¢5(fo) = fo mod J.

Hence the expression of Libniz rule before actually becomes

wag(f9) = fowap(g) + was(f)go-

But this is in fact the desired Libniz rule in this case. Because to say that ¢7,, , is a
derivation from

L (Ua, Ogaryyitn) = T(Uay ASTHVF)

to T'(U,, Og/Ji2), we need to specify the action from the domain (a supercommutative
ring) to the codomain (a module over that ring). Here, after we identify I'(U,, Og/J""2) =
(U, /\SiHV*), the action simply becomes multiplication modulo /\>i+1V’"7 which means
the action of f on I'(U,, Og/J+?) is literally multiplication by fy. The same is true when
we restrict to U,g, and for the right action. We refer the readers to p.156 and p.158-159
of [25] for detailed definitions of superalgebra. Therefore, we may as well write

was(fg) = f - wap(9) +was(f) - 9.

This shows that wag is an even derivation of Og s yyi+1)(Uag), as previously claimed.
Since wqg is even, by parity it must follows that

Wap € F(UQB,T(,l)i-Q-l & /\i+1V*).

Finally, one can check that the family (wqg) forms a Cech cocycle, and descends to a
well-defined cohomology class

wit1 € HY (M, Ty ® /\HIV*),

as desired. The final statement can be proved precisely in the same way we proved the
analogous statement in Theorem 3.1. O

Remark 3.3. One should note that the definition of w; depends on the choice of ¢;_1, as
is evident from our construction. Indeed, in section 2.2.2 of [2], the authors showed that
even for the split model S(M, V'), nonstandard choice of ¢y gives wg # 0. So non-vanishing
of w; for a particular choice of ¢;_1 is not sufficient to show that a supermanifold does not
split. Same problem occurs for the obstruction class w,;” to projection.

However, none of these affects the obstruction class wo, which is an invariant of any
supermanifold S and obstructs splitting or projection (recall that we = w, as we previously
mentioned). Hence nonvanishing of wy is sufficient to deduce the failure of a supermanifold
to be split or projected. In fact, this is the only obstruction class that we will use in the
remaining part of this writing.
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3.2 Obstruction Theory via Differential Operators

Let S = (M,Og) be a supermanifold. Recall that the second obstruction class wy (for
simplicity we denote by w), is given by

we HY (M, Ty @ N°T*) = ExtY (A*T_, T,)
using the identification Ext!(F,G) = H'(M,Hom(F,G)) and the isomorphism V* @ W =
Hom(V, W).

Definition 3.4. An extension of F by G (where F,G are sheaves or vector bundles on
M) is an exact sequence
0=-G—=-E=F—=0

of sheaves on M. Two extensions £ and £ of F by G are said to be equivalent if there
exists an isomorphism & — £ making the following diagram commutes:

0 g & F 0
L]
0 g g F 0

Theorem 3.5. The equivalent classes of extension of F by G are in bijection with elements

in Ext!(F,G).

Proof. This is a standard result in homological algebra. See Theorem 7.30 of [26], for
example. O

Therefore, the class w can be interpreted as the extension class [D,] of vector bundles
0—=T, = D, — NT_ =0 (3.1)

on M. We claim that D, can be realized as a certain sheaf of differential operators along
S. We first introduce several sheafs of differential operators on S or M:

e Dg: sheaf of differential operators on S.

o Dgl|ps: the restriction of Dg to M. This is achieved by setting all the Grassmann
coordinates to zero. Algebraically speaking, this is achieved by tensoring the Og-
module Dg with Oy = Og/J over M.

e Djs: sheaf of differential operators on M. Note that we can identify Djy; as a
subsheaf of Dg|y; because if A is a differential operator on M, we can define its
action on a function f on S by A(f|m).

Note that when S = S(M,V) = (M, Oy @ A\*V*) is split, we can view \°V as a
subsheaf of Dg|as, since we can identify

0 A o _ 9 0
aor 96— 9or 96V
Note that both sides are antisymmetric. Using the fact that for a split supermanifold
S the most general differential operator in Dg|ps takes the form

0 o 0 0
. IJ (. gv —
A= AZ @ =0 g e B
I=(i1,...,01),J=(J1,---,Js)

we can identify
Dyl = NV ®o,, Dy (3.2)

29



. ng: subsheaf of Dg consisting of differential operator of order (maximum number
of differentiation involved, with respect to both even and odd variables) < i.

o D= Di: the restriction of D% to M. This is a subsheaf of Dg|y.

« DI = ng_: the subsheaf of D' whose symbol, i.e., the i-th order term, is purely
odd. That is, it is the sum of terms of the form

0

0
A:f(xu)w...%

+ lower order terms.

The precise claim is that

Theorem 3.6. The vector bundle D, in (3.1) corresponding to the obstruction class
we HY (M, Ty @ N*T*) = Ext' (A>T, T}) can be identified as the sheaf

D:=D?*/D*

on M. In local coordinates, D* = Op(1,0,,09,07) and DX = Op(1,0p). Hence D =
OM<1789>

This is the key theorem of the section. The proof is quite technical, and requires some
preparation. We first collect some useful results and notions in algebra.

3.2.1 Algebra Preliminaries

Lemma 3.7. Let V be a vector space over a field F'. Then we have the isomorphism
End(V) = F @ Endg(V)

where Endg (V') denote traceless endomorphisms.

Proof. For any linear map T : V. — V, let Tr(T) = t be its trace. Then we have the
decomposition T' = tI + (T — tI), where the first part is clearly isomorphic to the base
field F', while the second part is in Endg (V). O
Lemma 3.8. Let V,W be F-vector spaces. Then we have the isomorphism

V @ W* = Hom(W, V).

Proof. Let v € V and ey € W*. Then the isomorphism maps v ® e to the map
w — e (w)v for all w € W. O

Lemma 3.9. Let V be a F-vector space, we have the isomorphism
AV (N
Proof. We need to exhibit a pairing (—, —) : A*V* x A*V — F. The pairing is
(e1 A Aeg,v1 A+ Avy) = det (€ (v))).
The rest of the detail is omitted. O
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Lemma 3.10. Suppose we are given F-vector spaces A, B,C. Suppose we have X and X'
that fits into exact sequences 0 - AQC - X - B —-0and0 — A — X' - BC* — 0.
Then we can recover X from X', and vice versa. More specifically, we have

X' = (X ®C*)/(A® Endy(C))

and

X =ker(X' ® C — B ® Endy(C)).

Proof. Let us start with the exact sequence 0 - A® C — X — B — 0. Then we can
tensor everything by C*, and using Lemma 3.8 we have C' ® C* = End(C), hence the
sequence reads 0 - A ® End(C) - X ® C* - B® C* — 0. Now using Lemma 3.2.1, we
see that A®End(C) 2 A® (A®Endy(C)). The map A® End(C) — X ® C* thus factors
through A ® Endy(C') and descends to a well-defined exact sequence

0—-A4A— (X®C"/(A®Endy(C)) - Be C* = 0.

The other direction is similar, starting by tensoring with second sequence by C. We leave
the rest of the proof to interested readers. O

The above lemmas on vector spaces generalizes directly to vector bundles or sheaves
of vector spaces. Next, we introduce the notion of torsors.

Definition 3.11. Let G be an abelian group'. By a G-torsor or a G-principal homo-
geneous space we mean a set X, together with a group action G x X — X, such that
the map

p:GEGxX =X xX (g,z) — (x,9.7)

is a bijection.

Remark 3.12. Note that p defined above being bijection implies two things: First, in-
jectivity of p implies only identity element e € G can fix every element of X. In other
words, the action is free. Surjectivity of p implies that the action of G on X is transitive.
Hence, equivalently, one can say that a G-torsor is a set with an action of G on it that is
freely transitive.

We now introduce the most relevant example of a G-torsor that we will use in this
writting:

Definition 3.13. Let V be a vector space, viewed as an abelian group under addition.
An affine space A modeled on V is simply a V-torsor A.

Remark 3.14. Let P,Q € A be two points in the affine space A modeled on V. By
definition, there exists v € V such that P = v.Q). If A is a subset of the vector space V
itself, then the action of V on A is by translation, hence we can switch to the additive
notation P =v + Q. Thus P — @Q = v.

This might sound familiar. An affine space is often described as a vector space that
has "forgotten its origin." You can’t add two points P, () together, but you can subtract
two points to get a vector P — Q = v (the displacement vector).

The most useful example of affine space to think about is plane Py defined by z = A
for some A # 0 in R3. If you add two such points in the plane, the resulting z coordinate
would be 2\ # A, so is no longer in Py. But the difference of two points in Py would still
be a vector, hence in R3.

Again, the above notion generalizes to vector bundles.

'If G is nonabelian then one must distinguish between left and right torsors according to whether the
action is on the left or right.
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3.2.2 Proof of Theorem 3.6

Now we start on our proof of Theorem 3.3.
Recall that the family of all splittings of S is parameterized by the group of isomor-
phisms from S(M, V) to S that fixes M and V. So

Splt(S) := Isomps v (S(M, V), S).
Note that Splt(S) is a Splt(S(M, V))-torsor. A bit more generally, we can define
Splt(S@) := Isomys v (S(M, V)@, §@),

Similarly, this is a Splt(S(M, V)®)-torsor. Working locally over M, we can also define
sheaves of groups

Splt(SW) : U s Tsomp v (S(M, V) D |y, SO )

and similarly Splt(S(M, V)®). And we note that Splt(S®) is a Splt(S(M, V)®)-torsor.
In particular when i = 2, by [2] just before their equation (2.7), using G = G? (defined in
the paper) we have the identification

Splt(S(M,V)?)) =~ HY(G/G?) = H(G?)G3) = HO (M, T, @ N*T*),

and similarly when we restrict to U we get the global section of Ty ® /\ZTf over U. This
tells us that the sheaves of groups Splt(S(M, V)?) can be identified with the vector bundle
Ty @ A*T*. In general (also discussed in the same place in [2]), the torsor Splt(S®)) over
it becomes an affine bundle modeled on Ty ® /\2Tf, the structure group being the group
of translations.

Now we need a core lemma. The proof is technical and not so obvious, so we omit it.
But it follows directly from our treatment of obstruction classes from the previous section.

Lemma 3.15. The first obstruction class defined in [2] can be identified with the class of
this affine bundle discussed above. Equivalently, it is identified with the extension class of
the sequence of vector bundles

0— Ty @ N*T* = Dy = Oy — 0,
from which Splt(S?)) is recovered as m1(1).
Now we begin the proof of Theorem 3.6.

Proof of Theorem 3.6. First, note that by the definition of D from the statement of The-
orem 3.6, it fits into an exact sequence

0—=T, =D— A\7T_—=0 (*)

or in local coordinates this is 0 — (8;) — (95, 05) — (97) — 0. To compare it with the
extension class D,,, we first message the sequence above into the sequence in Lemma 3.15
by tensoring with /\ZTf. Using the conversion recipe from Lemma 3.10, with A =T, B =
On, C = N*T*, X’ = D, we see that we need to make sense of identifying D,, with

K :=ker(ag : D ® A*T* — Endo(A’T*)).
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Let us recall what this aq is by tracing through the construction. We started by tensoring
(*) with A*T*, from which we get a map

a: D NT* — N°T- @ N*T* = End(A*T),
where if we trace through the isomorphisms Lemma 3.8, this is the map
a:d® (A0 AdE?) 5 @ (dO° A dB7) = (o — 6(0)d" A db7),

where § € D, and ¢ is its image mod 7%, and o € /\2T* Finally, for ¢ = dfP A d#9, and
0= 69%%7 the pairing is §(0) = det(aeu (d6)) := det (d@"(ae“ ), using Lemma 3.9. The
point is, by Lemma 3.2.1, we have a decomposition End(A*T*) = Oy @ Endo(A*T*).
Therefore, o decomposes into two maps «g that maps to Endg( /\2T *), and 7 that maps

to Opr. Recalling the proof of Lemma 3.2.1, we see that to say ¢ € D ® /\sz is in ker oy
is to say that a(p) is a multiple of id AT hence its data must be entirely captured by

its image under aq, and we note that a1 (¢) = Tra(p).
Because we are asked to identify D, with K, we must compare the exact sequence in
Lemma 3.15 with the following exact sequence:

0T O NT - K25 0y —0

and show that these are two equivalent extensions. Since D, is characterized by the
property that the affine bundle Splt(S®) is recovered by 7—1(1), it suffices to identify
Splt(S?)) with a; (1), the elements 7 € D& A*T* such that «(7) is a multiple of identity
on A*T* with trace 1.

To this end, suppose we are given a splitting s : S(M, V)(Z) — S®). The equality
(2.5) in [31], namely ng(i) = D%, gives us an identification of D,iS’(M,V) with D% for i = 1,2.
Thus we get a corresponding identification of Dg(ys,1/) with Dg. But by (3.2), the inclusion
AV — Dg a1,y naturally gives rise to a map

/\QT_ — DS

which in local coordinate reads

9,0 .0 9
a0m 9o 9™ oon
This map gives an element of Hom(A*T_, D) = D ® A\’T*, which, after tracing through

the isomorphism of Lemma 3.8, reads

o 0
do* AN dOY)— —
( )89“ o0v”
Indeed, as one can check, using the determinant pairing in Lemma 3.9, one obtains

o 0 1 o 0 1/d0 o 8 0 o 0
I U R V72N « 2R v/ S Y 2 W - < Z Y y__Z “
<aam " aen) 2 OmOn = 9n0m) g 5w = 3 <09m a0m — ogn aem> o6 on’

which is indeed the map of interest. Since « is just modulo Ty and our 7 is built up purely
of odd elements,

o 0
o0+ 06V

Doing exactly the same calculation shows that «(7) is actually identity on /\zTi. Nor-

o(r) = é(d@“ A doY)

malizing 7 so that Tra(7) = 1, in other words replacing 7 — 7/(dim A*T*), we see that
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the splitting s indeed gives an element 7 in a;*(1). Finally, note that 7 = 7(s) depends
on the splitting s, since the inclusion /\2T_ — Dy is defined by the following commutative
diagram

whose vertical isomorphisms are induced by s, hence is splitting dependent. Thus our
identification is given by

Splt(S?) S a7l(1) s 7(s).

This concludes the proof. O

3.3 Obstruction Class via Map Spaces

In this section, we give another equivalent characterization of the obstruction class. Let

By, = C[nu, ooy mi) / (mim; = —mjmi)

be the polynomial ring of k& independent odd variables 7, for 1 < m < k. Note that
Spec By, = A% In fact, for any supermanifold S and a Zs-graded Artinian C-algebra B,
we can define the set of B-points of S

S(B) := Maps(Spec B, S),

which is the set of all maps from Spec B to S. This set S(B) is naturally a manifold: it
is finite dimensional, smooth, and purely even. Indeed, the reduced space of Spec B is
just a finite collection of points, hence this set of maps has a natural structure of a finite
dimensional manifold.

Example 3.16. We first look at the example S(B1) = Maps(Spec By, S). Solet ¢ € S(B1)
be such a map. Since Spec By = A% is topologically just a point, the map on the level of
topological space is not interesting, and in fact the information of where ¢ maps the point
to can be fully recovered from the information of ¢* : Og — @O o).

Since Opop1 = C[m1], and ¢* is a Zg-homomorphism, we see that

90*1"& — )¢ 90>»<0b — Ub771,

where )\“,Ub are even parameters, for 1 < a < m,1 < b < n. Using an abuse of notation
for simplicity, we write
4 =\ 0> = vbm.

In fact, A%’s describe the coordinates of a point on the reduced space M of S, which is
exactly the coordinate of the point that ¢ maps to in M.

On the other hand, v’s are the coefficients of an odd tangent vector. The easiest way
to see this is to imagine if we change the coordinate z% — y®(z,6) and 6° — (z,6). Say
with respect to this new coordinate the map ¢* on the odd direction reads

WP = whny.
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Then Taylor expanding * near # = 0 gives
Ot

b b J
Y(2,0) = eh@) + 05 (2).
Plugging in 6/ = v/n;, and collecting only the first order term in 7, we see that
b
b _ i
w = (x),

which is the transformation rule for an odd vector restricted on M (note that since it is
restricted on M, any functions on M cannot have # dependence, so the above transfor-
mation rule is indeed correct). So A\%’s describe a point on M, while v?’s describe an odd
tangent vector, and these information completelet determines ¢. Therefore, we conclude
that S(B;) can be identified with the total space of T_ M.

Next we come to the core example of this section, S(B3z). Using the same local coor-
dinate analyze as the previous example, we see that a map Spec(B3) — S is determined
by the even parameters A%, h*, v, w®, where 1 < a < m,1 < b < n, given by

= X" 4 ninh? 0" = vPm + wPna.
Now we change coordinates to

oy" b ;OPP

We will get a new set of rules defining ¢ in this coordinate, namely

y*(z,0) = f*(z) + 0'¢7 () + -
y* = A+ H® b =V + Wy,

We do the same computation as before, collecting and comparing terms of C[ny,n2], we
see that

A= f(N)
Vb= gzgj (\)
Wb =w' ?;gf (\)
o — hbg?;: () + (viwd — wivj)aijg; (A), (**)

where f()\) is a point whose component is given by f%(\) in the Taylor expansion above.
Hence we see that A = (A%) describes a point in M, while v = (v*) and w = (w®) describes
two odd tangent vectors. So A together with v, w describe a point of the total space of
the bundle 7_ @& T_ over M. The more interesting piece is h = (h®). For each fixed A and
v, w, the transformation rule (**) is a linear transformation f’(\), which is the transition

functions for the even tangent space Ty, plus a constant shift (viw’ —wiv? )%(A), which
is an affine transformation. This shows that A is an affine bundle over the total space of
Y =T_ ¢ 7T, modeled on 7*T, where w : Y — M is the projection map. Note that if
we insist that the affine bundle is over Y, then it has to be modeled on a vector bundle
over Y, so it is modeled on 7*T’y, not on T. But we can also view it as an affine bundle
modeled on T for every given parameters A,v,w. In fact, the bilinear dependence of
(**) shows that a point S(B3) is a family of affine bundle modeled on T, parameterized
linearly by A*7-.
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Proposition 3.17. The family of affine bundles over a model space F' over M that is
parameterized linearly by another vector bundle E over M, is classified by the cohomology
group H'(M,Hom(E, F)).

Proof. We choose a good cover M = |, U, by open sets. Over each open set Uy, say the
section of our affine bundle over that is given by A,. Then on the overlap U,g = U, N Ug,
the transition rule is that of an affine transition

Ag = MQBAQ + SaB;

where M, is a section of End(F’), which are transition functions that are already specified
when we construct the vector bundle F', while s,z is a section of I’ that depends on the
parameter in F| so in other words a section of Hom(F, F'). Moreover, compatibility asserts
that they satisfy the cocycle condition

Sary = Sap T Spy-

Hence s = (sop) defines an element in H'(M, Hom(E, F)). Moreover, this family modeled
on F' that is parameterized by E is completely determined by the affine shift s = (s,5) on
the overlap. Therefore, H'(M,Hom(E, F)) classifies such family, as desired. O

By the previous Proposition, we see that S(B2), which is an affine bundle modeled on
T, parameterized linearly by A*T_, corresponds to an element in H'(M, Hom(A*T_,T})),
which is the right place for the obstruction class. We claim that these two classes in fact
coincide. It suffices to prove, because of the previous section, that the class of S(Bg) is
the same class as the extension class of D defined previously. But this is easy: In local
coordinates, an operator in D takes the form

0
ox®

0 o

L= 067 963"

+&Y

Now we change coordinates % — y®(x,0) and 6° — ¥*(z,6). Then the differential opera-
tor in D takes the form

9 )
R T

To figure out how these coefficients relate, we use the chain rule modulo D! :

+EY

o _of o oo _oy o
dze  9dze Qyk  Oze oYl Oz Oyl

and
0 _of o oo
00t 90 Oyt 09t Oyl

Hence

g 0 ayk 0 ot 9 oyP 0 oY1l 0
001 067 (aeiayk*aeiw) (aaay+aa&p>
ooyt 9 9 oyF *yP 0
= 067 967 oul vt T 967 oFoi ogr T
B ooyt 9 9 oYk 9*yP 0

T 00" 967 oYl dyYe T 96T DykHeI Dy

mod D! .

36



Hence we see that the transformation rule is

dyP o O%yP
HP = ho ij OV

02 T Ggi0g
sta _ i OV O

907 963

We see that if we identify £ with v A w in S(Ba), then the first transformation equation
above is precisely (**), and the second transformation equation is the combination of that
of v and w.

But what we have established, S(Bz2) as an affine T -bundle over the total space Y of
T_®T_ over M corresponds to an element

[S(By)] € HY(M,Hom(\*T_,T})) = HY(M, T, @ N\*T*) = Ext'(\°T_, T}).

Hence S(B;) corresponds to a vector bundle that is an extension of /\2T_ by T'y. Moreover,
the computation above shows that the transition functions of this affine bundle is the same
as that of the transition functions of the vector bundle D, hence we conclude that [S(B2)]
and [D] are the same class. Summarizing what we have established in the last two sections,
we come to the first crutial theorem of this chapter:

Theorem 3.18. For any supermanifold S with reduced space M, the following three classes
in HY(M,Hom(A*T_,T)) are equal:

1. The first obstruction class w = wo to the splitting of S;
2. The extension class [D] of the ring of the differential operators D := D? /D! ;

3. The class [S(B2)] as an affine T-bundle over the total space Y of T_ ®T_ over M.

3.4 Atiyah Classes

Atiyah class was first proposed by M. Atiyah in his paper [27], and is briefly reviewed in
[28]. We will give an overview of Atiyah class, presenting several equivalent definitions,
but not worried about showing these definitions being equivalent.

3.4.1 Jet Bundle and Extension Class

Let E be a vector bundle over a manifold X of dimension m. Let p € X be a point.
We denote I'(E, p) the set of all local sections of E whose domain contains p. Let 0,7 €
I'(E, p) be two such local sections. Near p, we can choose a local frame e, € I'(E, p) for
1 < a <rank E. Then we can write 0 = 0%, and n = n%e, where 0%, n* € I'(Ox,p). For
multi-index I = (I(1), ..., I(m)), where I(k) is to be thought of the order of differentiation
with respect to the k-th variable, and [I| =), I(k), we define the derivative operator

o1l g\ (k)
I_ —
0= dxl kl;[l (c’h;’f)

in a local chart of M near p. We say that o,n have the same r-jet at p if
8'o%(p) = 81 (p)
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for all 0 < |I| < r and for all p. An r-jet is an equivalence class under this relation, and
the equivalence class of r-jet with representative o is denoted by jj,o. We now define the
set

J(E)={jpo:pe X,0 €T(E,p)}.

There is an obvious projection 7 : J"(E) — X, by 7(j,0) = p. A coordinate system on F
will induce a set of coordinates on J"(E) as follows: If (z*,u®) is a set of coordinate systems
on E, where 2* is the coordinate on an open set U C X and u® the fiber coordinates, then
a coordinate system on J"(E) is given by (z',u®,u¥), where z'(jlo) = 2'(p), u®(jjo) =
u*(o(p)), and uf(j,o) = 01, for 0 < |I| < r. These coordinate systems makes J"(E)
into a vector bundle over X called the r-th jet bundle of E.

In particular, the first jet bundle J*(E) of E is the vector bundle whose fiber at p € X
is the equivalence class of sections of E with the same first order derivatives at p.

Proposition 3.19 (Atiyah Sequence). Let X be a complex manifold and E a holomorphic
vector bundle on X, then J'(E) fits into the following exact sequence called the Atiyah

sequemnce.
0= Qx®F— J(E) = E—0. (3.3)

Proof. The map J'(E) — E is defined fiberwise by jpo = o(p). Hence its kernel consists
of jpo such that o(p) = 0. Hence it suffices to show K = Qx @ E holds fiberwise. We
may choose local holomorphic coordinates around p, say (z') on an open set of U C X
containing p. We may choose a local frame e, near p on E for 1 < o < rank E. Then
a section o = 0%e,. Since for jyo € K, all the information are contained in the first
order derivatives, we define the isomorphism @ : K, — Qx|, ® E|, is given in this local

coordinates by sending
(03

) do »
Q(jpo) = W(p)dzZ ® eqlp-
It is easy to check that this is a linear isomorphism. Hence we get the desired claim. [
The sequence (3.3) therefore gives rise to the extension class known as the Atiyah
class:
ap € Ext! (B, Qx ® E) = HY(X,Qx ® End(E)).

Let Dx be the sheaf of differential operators on X, and DP be the subsheaf of operators
of order < p. Then we have the following;:

Lemma 3.20. J}(E*)* = D' @0, FE.

Proof. We work near p € X and choose a local coordinate z* around it on X once and
for all, and choose a dual frame € for 1 < o < rank E* of E* to that of e, of E once and
for all. Then jécp where ¢ € I'(E*, p) is given by the tuple (¢(p), Oupa) Where ¢ = @ €e®
near p. Then contraction gives a map T,M — Ep:

v = PO, p,.
Hence we see that the derivative part of j;gp can be identified with an element in
Hom(T,M,E;) 2T, X ® E,.

Now, a section L of D' @ E can be decomposed into the zeroth and first order part
L = Ly + L4, each is a E-valued differential operator with the given order. We define a
bilinear pairing from D! ®o, E and J'(E) to C by

<L7];90> = <L07§0> + (lea;ﬁpoc>-
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One can check that this pairing is nondegenerate (left as exercise), hence the statement
immediately follows. ]

By Lemma 3.20, we can dualize (3.3) with E replaced by E* and get an exact sequence
0—+FE—D'®o, E—Tx®FE—D0.

By properties of Ext! from homological algebra, the extension class corresponding to this
sequence is —ap. Now replacing E by E* again gives the representative of ap. Hence we
get the following.

Theorem 3.21. The following two classes in H'(X,Qx ® End(E)) are equal, for any
complex manifold X and holomorphic vector bundle E on it:

1. The Atiyah class ag;

2. The extension class [D' ®p, E*] of 0 - E* — D! ®0p, E* = Tx @ E* — 0 given
by the sheaf of first order differential operators from E to Ox.

3.4.2 Obstruction to Existence of Holomorphic Connections

Next, we introduce Atiyah class as the obstruction of finding a holomorphic connection
on a vector bundle. Our treatment follows [29]. The advantage of this formulation is that
we have a very concrete discription of the Atiyah class as a Cech 1-cocycle.

Definition 3.22. Let £ — X be a holomorphic vector bundle over a complex manifold.
A holomorphic connection on F is a complex-linear map V : £ — Qx ® E such that
the Libniz rule holds

V(f-0)=0(f)®o+f- Vo,

for any local holomorphic function f on X and any local holomorphic section o of E.
Here, 0f = (0f/02")dz" is the holomorphic differential.

Proposition 3.23. Locally, any holomorphic connection is of the form 0 + A where A is
a holomorphic section of Y ® End(E). Given o = o*e,, for some local frame e,, the map
9 is defined by d(cte,) = (dot)e, € N @ E.

Proof. This can be proved by using applying the Libniz rule above to the local expression
o = ote,. Then we have

Vo = (9c")e, + 0" Ve,.

We write Ve, = Aje,, for some section Ay of {2x. Then the equation above becomes
Vo = (0ot + ALo")e,.

Using matrix notation o = (¢!, ..., "), the equation becomes V = 9 + A, as desired. [

Now let E be a holomorphic vector bundle and X = |J; U; be an open covering with
holomorphic trivilizations ¥; : E|y, = U; x C". On the intersection U;; = U; N Uy, if a
point on Ely,; is given by (p,v;) under ¥; and (p,v;) as ¥;, then we define the transition
map V¥;; : Uy = GL(r,C) by v; = ¥;;(p)v;. Note that we have the cocycle condition of
the transition map: W;;V;,V; = id. Now we introduce the Atiyah class as follows:
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Definition 3.24. The Atiyah class ap € H'(X,Q ® End(E)) of the holomorphic
vector bundle E is given by the Cech 1-cocycle

(aE)ij = \I/j_l o (\I/I_Jld\I/U) oW,

on U;j. Here, by ‘lJi_jld\Ilij we mean taking the exterior derivative of the components of
the matrix ¥;;, then multiply by the inverse matrix \I/i_jl of W;;. This gives an element
\IJi_jld\IJij € I'(U;;,92x ® End(C")). Then by conjugation of ¥; we get an element in
F(Uij, Qx ® End(FE)).

Proposition 3.25. A holomorphic vector bundle £ admits a holomorphic connection iff
its Atiyah class ap € H'(Qx ® End(E)) vanishes.

Proof. Since ¥;; are holomorphic, we have that d¥;; = 0¥;;. Local holomorphic connec-
tions on U; x C" are of the form 0 + A; by Proposition 3.23. These can be glued to a
connection globally on E' iff on U;; we have

\I/;l o(0+ A;)oV; = \If;lo(a—i—Aj)O\Ifj.
Equivalently this is

UilodoW; =W odoW; =W AW, — U AW,

7
The left hand side of the equation above is
\P;loao\Ili—\Iljfloao\Ilj :\Ifjflo(\I/;jloﬁo‘I/io\Iljfl)o\Ilj—W;loaollj
:\I/j_lo(\I/i_jlo@o‘I/ij —0)oVY;
= U o (W, '0(Wy)) 0 Uy,

where the last equality \Ili_jl 0doVW;; —0 = q/;jla(\pij) can be proved easily by applying
both sides to a holomorphic section. The right hand side \I/j_lAj\I/j — \I/i_lAZ-\I/i is the

boundary of the 0-cocycle B; = \I’;lAi‘lfi. Hence ag = 0 iff there exists local connections
on F that can be glued to a global one. O

3.4.3 Atiyah Class of Tangent Bundle

Now we specializes to the case where E' = T’y is the tangent bundle. In this case we use
shorthand notation ax to denote ar, . The Atiyah class ax lives in H*(X, Qx ®End(Ty)).
We know

QX ® End(Tx) = T)*( & T)*( & TX

contains a piece Sym? Ty®Tx = Hom(Sym? Tx, T'x). In fact, in this case the Atiyah class
ax lies completely in this summand, i.e., ax € H'(Hom(Sym? T, Tx)). For a proof, see
discussion in [31] and (2.1.1) of [28].

We now present the bosonic analogue of Theorem 3.18 on a complex manifold X.
Recall that D is the sheaf of differential operators of order < i on X. We can identify
D'/D® = Tx and D?/D' = Sym? Tx. Then we have a short exact sequence of locally free
sheaves on X:

0— Tx — D?/D° — Sym*Tx — 0, (3.4)

whose extension class we shall denote by [D?]. Also, let A; = Cley, ..., €;]/(€3, ..., €2). Define

X (A;) := Maps(Spec 4;, X).
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By similar argument as we did in the supermanifold case, X (Ag) = X, X(A;) = Tx, and
X (A2) is the bosonic analogue of S(Bz). It is an affine T'x-bundle over the total space of
Tx ®Tx. Then Theorem 3.18 has a straightforward analogue:

Theorem 3.26. The following three classes in H'(X,Hom(Sym?Tx,Tx)) are equal for
any complex manifold X :

1. The Atiyah class ax;
2. The extension class [D?] of (3.4);
3. The class of X(A2) as an affine Tx -bundle over the total space of Tx & Tx over X.

3.5 Super Atiyah Classes

We defined the Atiyah class ag as an obstruction to admitting a holomorphic connec-
tion on F in Proposition 3.25. The notion of an affine connection can be extended to
supermanifolds quite easily. See [30] section 4 for example. Therefore, we can extend
the notion of super Atiyah class: Let S be a supermanifold. The super Atiyah class
ay € HY(S, T ®End(V)) of a (super) vector bundle V on S is defined as the obstruction
class to the existence of an affine connection on V' [30, Theorem 4.3], represented by a
Cech 1-cocycle exactly like 3.25, namely (av)ij = V; — V; is the difference between two
affine connections on the intersection of two fine covers.

We aim to get a straightforward analogue of Theorem 3.26 for supermanifolds. The
second equivalence is easy to generalize: We define the sheaf D’ of differential operators
of order < i on S, and the extension class [D?] corresponding to that of (3.4).

Now we generalize the third equivalence, which is more tricky. Let A be a graded
Artinian algebra. We wish to define S(A) of A-valued points of S. The first guess of
defining it by S(A) := Maps(Spec A4, S) is wrong because it is only a manifold, not a
supermanifold. Hence S(A) := Maps(Spec 4, S) is the reduced space of the desired S(A).

The correct definition requires us to consider the internal-Hom in the category of
supermanifolds. That is, we require

S(A) = Maps(Spec 4, S)

to be defined by the property that for every supermanifold S’ there should be a natural
identification
Maps(S’ x Spec A, S) = Maps(S’, Maps(Spec 4, S)).

This property is strong enough so that any two candidates for S(A) are naturally identified.
So if S = 51U .S, is the union of two open subsets S, S2 which are also supermanifolds,
then we can build S(A) from S;(A) and Sa(A). Hence it suffices to consider the case where
S is affine. When S = W is a super vector space, we define Maps(Spec A, W) := AQ W,
where the tensor product is taken as Zs-graded vector spaces. In general, if S is affine,
then it is defined by an ideal I in some super vector space W, in which case we take
Maps(Spec A, S) to be the subspace of Maps(Spec A, W) Defined by the ideal

I={p®r:pec A", rel}

where A* is the super vector space of linear functions on A.

As before, we consider the Artinian ring A; = Cley, ..., ¢;]/(€3,...,€?). Then similar
to the previous discussions for the bosonic case, we have S(A;) = Tg, and S(Az2) is
our super version of X (Ag) in Theorem 3.26. Then Theorem 3.26 has a straightforward

generalization:
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Theorem 3.27. The following three classes in H'(S, Hom(Sym? Ty, Ts)) are equal for
any complex supermanifold S:

1. The super Atiyah class as = ary;
2. The extension class [D?] of the sheaf of differential operators D?/D° on S;
3. The class of S(As2) as an affine Ts-bundle over the total space Y of Ts @ Ts over S.

Now comes the key point. When we restrict the supermanifold S to the reduced space
M, the tangent bundle decomposes:

Tsly =T+ & T-.
Therefore, Sym? T also decomposes:
Sym?Ts = Sym? T, @ Sym*T_ @ (T, ® T_),

where we note that the symmetric product of a graded vector bundle T is defined in the
graded sense: ab = (—1)ll%lba. Since T is purely odd, we have that Sym?7T_ = /\2T_.
By parity, the Hom group also splits into direct summands:

Hom(Sym? T, Ts) = Hom(Sym? Ty, T, ) & Hom(A\*T_, T} ) & Hom(Ty @ T_,T_),

where the second arguments of Hom in the decomposition are given by above because these
are Zo-homomorphisms, so it preserves gradings. This means the H' (M, Hom(Sym? T, Ts))
also splits into three pieces, which are H'(M, —) where — are the three pieces in the Hom
decomposition above. From an equivalent perspective: Since Ext! is additive in both
arguments, this means that we have a corresponding decomposition

Ext!(Sym? T, Ts) = Ext!(Sym? Ty, T) & Ext (A*T_, T}) & Ext (T @ T_,T_). (3.5)

Theorem 3.28. Under the decomposition (3.5), the three components of the super Atiyah
class (when restricted to M) ag € H'(M,Hom(Sym? Ty, Ts)) = Ext!(Sym? Ts|ar, Tis|ar)
are:

1. The Atiyah class oy of the reduced manifold M ;
2. The obstruction class w(S) to the splitting of S;
3. The Atiyah class ar_ of the vector bundle T_ on M.

Proof. We use (2) of Theorem 3.27 and consider the extension class of D?/D° on S in-
stead. The corresponding extension of (3.5) splits into three extensions, each involving
three submodules Di,Dz, D3 of D2, which we will prove to be invariant under choice of
coordinates:

Di = OM<6§,8$> D? = (’)M<33,8x> Di = On(0:09, ),
with the three obvious extensions

0—>T+—>Di—>Sym2T+—>0
0T, =D 5 N\N°T_ =0
0T —Di =T, T —0
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corresponding to (3.5). Then the claim immediately follows from Theorem 3.26, Theorem
3.18, and Theorem 3.21 with £ = T_. Hence it remains to show that the three submodules
of D? above are indeed invariant under change of coordinates.

Suppose we change coordinates =¥ — y*(x,0) and 0¥ — ¢ (x,0). Then by chain rule,
we have

o oy 0 ot o
ozt Ozt Qyo + @wa
o oyt o oy o
20" ~ 26" oyt T 00v oy

Since we are on M where the odd coordinates are zero, we see that

o0 oo 9 _ oo
oxk  Oxh QYo 00V 06 oYb’

Hence Di, D2, D_%E are indeed invariant submodules of D? under a change of coordinates,
hence are well-defined. O
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Chapter 4

Forms and Dualities on
Supermanifolds

4.1 Berezinian and Integration on Supermanifolds

On a purely bosonic manifold MP, the natural object that we can integrate is a top dimen-
sional differential form, i.e., a section of the canonical bundle A” 25;. On a supermanifold,
however, the differential of the odd variable commutes. Hence the complex of differential
forms is not bounded from above. That is, there is no top degree differential form. The
Berezinian will be the analogue of the canonical bundle in the supermanifold case, and we
can naturally integrate a section of the Berezinian (We already mentioned it a little bit in
Example 77).

Let us first define the Berezin integral on RPIZ. Let the coordinate of RPI¢ be
th, ... tP|01,...,09. Then a general function g(t!...]...09) can be expanded as a polynomial
in 0’s:

glt' ] 07) =" gr(t)0" = go(t', .., t7) + - + 0707101 gy (¢, .., 1),
1

Then we define the integral of g on RPI as

/ [dtl...y...deq]g(tl...y...eq):/ dtt...dtP g, (', ..., ).
Rrla RP

The left hand side is just formal notation, and the right hand side is to be taken as the
definition. But to generalize integration to arbitrary supermanifolds, we need to make
sense of the object [dt!...|...d#9]. We know it should be a section of some vector bundle
over RP1%, hence is completely determined by its transition functions.

Definition 4.1 (Berezinian). Let V' be a Zs-graded vector space of dimension p|g. Let
V =V%@® V! be a decomposition of V into even and odd subspaces, then any linear map

T :V — V decomposes as
A B
r= <c D)'

We define the Berezinian of T to be
BerT = det(A — BD™'C) det(D) .
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One can check that the definition of BerT' does not depend on the choice of the
decomposition V = V0@ V1. This is not trivial, but several references can be found in [5].

Now let M be a compact supermanifold of dimension plg. Let ¢ = (t'...|...09) and
&= (tll...]..ﬂq/) be two local coordinates on M. Then one can show that

Therefore, the object [dt!...|...d#9] can be interpreted as a section of a vector bundle over
M which we define as follows:

Definition 4.2. Let M?lY be a supermanifold. For two local charts ¢; : U; — RPl4 and
w;j » Uj — RPIY of M, let Yij = @; 0 gpj_l : RPl9 — RPIY be the change of coordinate
morphism. The Berezinian Ber(M) of M is the line bundle of rank 1|0 whose transition
functions on U; N Uj is given by Ber ¢;;.

Then, what can be naturally integrated over M is a section of Ber(M). For more
details, see [5]. Now we define integration on a supermanifold MPla. First, take o €
['(M, Ber(M)) a section of Berezinian that is supported on some open set U C M such
that U = RPI%. Then since this is a line bundle, locally

o= [dt'..|...d8%g(t ...|...09).

So we define

For a general section o € I'(M, Ber(M)), we choose an atlas M = U,U, of M, such that
Us 2 RPl9 and a partition of unity {p,} subordinate to {U,}. Then we define

[ e

and now each term in the summand is defined above.
A particularly common situation is when we have fiber bundle maps of supermanifolds.
Then one can show that the Berezinian is functorial in the following sense:

Proposition 4.3. Let 7 : E — B be a locally trivial fibration of supermanifolds with
fiber F. Then the integration along fiber map 7, : Ber(E) — Ber(B) is functorial in the

sense that
/ o= / MO
E N

Proof. By a partition of unity argument, it suffices to check the equality in the case that
the fibration is given by  : RP'l4" — RPIZ. Then this is just a simple application of Fubini’s
theorem. O

for any section o of Ber(E).

4.2 Differential and Integral Forms

Let MP4 be a supermanifold, with local coordinates t!...|...09. Then we introduce the
corresponding 1-forms dt!, ..., dt?,d6", ...,d#?. As established in Example ??, forms on M
will corresponds to functions

w(th,...,de?t, ..., dtP)

on IITM.
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Definition 4.4. If the function w(t!,...,d#4|', ..., dtP) € C°(IIT M) has polynomial de-
pendence on the even 1-forms dé?, then it is called a differential form on M. If in its
dependence on df', ...,d#?, the function w is a distribution supported at the origin (i.e., §
functions and its derivatives), then we call it an integral form on M.

A wedge product of two differential forms or a differential form and an integral form
is defined by multiplying corresponding functions. The differential forms A®(M) are nat-
urally graded by the number of differentials. The exterior derivative is defined in the
obvious way as a vector field on IIT M:

9 )
ZL,: ot Zj: 201 1)
Proposition 4.5. d? = 0.
Proof. The proof is similar to the bosonic case. O
Therefore, we have a chain complex A°(M) 4 AL(M) 9 ... of differential forms.

The cohomology Hjg (M) := H*(A®*(M),d) of this chain complex is called the de Rham
cohomology of M.

We will now introduce a grading on integral forms. A top degree integral form is given
by element of the form

f(th]...00)dtt...dtPs(det)...6(d09).

Therefore, a top degree integral form has degree p which is the even dimension of the
supermanifold M. We denote this space by XP(M). Note that such a form is annihilated
by multiplication by dt’ (anticommutativity of dt’s) or d§’ (because this will give a term
proportional to df'§(df?), and we know z§(x) = 0 in the distributional sense). An integral
form of codimension i can be obtained from a section of ¥P(M) by applying i derivatives
with respect to the variables dt’ or d§7. That is, a general element of an integral form of
codimension i is given by

Siagaggy ! (-0,
where |I| + |J| = i. Since we are viewing dt' and df’ as independent variables in the

coordinate ring of IIT'M, differentiation by dt’ needs no further explanation. Since the
only expression above that depends on dé’’s are the delta functions, we explain a bit more
about how the differentiation works. Clearly, if i # j then

0

8(OW.)é(de") =0.

If ¢ = j, then we formally write
0
o(de?)
and it formally becomes a derivative of the delta function. You can think of this as dis-

tributional derivative if you want. Similarly, taking k derivatives gives 6(*)(d#?). We said
before that d#5(d#7) = 0. More generally, one can verify that in the sense of distributions

z - 60 (2) = —ks* D (2). (4.2)

5(dg?) = &'(d6?),

Therefore, it follows that A ‘ A
dg76") (d67) = —ksF—1 (d67).

Let us make the above discussion into a formal definition:
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Definition 4.6 (Integral forms). Let MP!? be a supermanifold with local coordinates
t!...|...09. Locally, any integral form can be written as an Oy;-linear combination of ele-
ments of the form

w = f(t'...[..00dE" .. der 60 (oY) ... V) (dgT).
The degree |w| of the integral form w above is defined as
Wl =r—j1— g

We denote the space of integral forms of degree m as ¥™(M). By default we set (M) =
0 for all m > p, and we refer to XP~¢(M) as the space of integral forms of codimension i.

Proposition 4.7. The exterior derivative increases the degree by 1. That is, for each m
we have a map d : X™(M) — S™FL(M).

Proof. We decompose the exterior derivative (4.1) into the even and odd part d = d°+d!,

where d° = 3, d#* 6‘; and d! = > d@j%. Let

w = ft.]...00)dt" . At §U) (deh) ... 5V (d67)
where |w| = m. Then we have
P rof . . o ,
dow =" () dt' Ade™ .. At 60 (det) ... 5V (d67)

; ot
=1

which increases the degree by 1 since we are wedging an extra dt’. On the other hand,

q
of . L 4
1, 9N 408 A ar i 50D Qo). §Ua)
dw_;l: (C,W)de Adtit . dtir U (det) .. 50 (d69).

Now we apply (4.2) adn we see that each summand gives a term d@? - §Us)(dgP) =
— jgé(jﬂ_l)(deﬁ ). Hence each term in the summand now has one degree higher. Hence
we conclude that dw € ™M), as desired. O

Since d? = 0, it follows that we have another chain complex
oy tan S eoon Stan S S yrtan S sror) So.

We define the Spencer cohomology (or integral cohomology) to be the cohomology
H§, (M) = H*(X*(M),d) of this chain complex.
We will now give a different description of the space of integral forms.

Definition 4.8. Let V be a Zs-graded vector space and V = V@ V; be its even and odd
decomposition. The k-th supersymmetric power S*V of V is defined as

SV = @ Sym" Vo @ AVA.
r+s=k

If € is a Zy graded vector bundle, then S*& is defined similarly.
Theorem 4.9. ¥F(M) = Ber(M) @ SPFIIT M.
Proof. See Theorem 9.24 of [40]. O
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Remark 4.10. The significance of introducing integral forms on supermanifold is that
these are the object that we can integrate on. More specifically, we can integrate a section
of XP(M) = Ber(M) on M, and we can integrate a section of ¥?~¢(M) over a supermanifold
of codimension 7 inside M. The reason is that as we discussed in Example 7?7, integrating
a form w on M is the same as integrating the function w on IIT' M. That is,

/Mw = /H - BIITM) - w, (4.3)

where S(IITM) is the volume form on IITM as introduced in Example ??. That is,
B(IITM) is a normalized section of Ber(IIT'M). In fact, in the previous section we only
introduced how to integrate a function on a supermanifold, so (4.3) is actually the defini-
tion of [, w.

Now, if w has polynomial dependence on df',...,d#9, i.e., if w is a differential form on
M, then the right hand side of (4.3) does not converge. Conclusion: integrating a differ-
ential form over a supermanifold does not make sense in general due to convergence issues,
and we can only integrate differential forms over a purely bosonic manifold. However, if w
has distributional dependence on df!,..,df9, then the right hand side of (4.3) does make
sense, and we can integrate w.

Integration of an integral form on M and Berezin integration is equivalent in the
following sense:

Proposition 4.11. Let « : IITM — M be the parity-reversed tangent bundle and let
w € ¥P(M) be an integral form of top degree. Let 0 = 7. (B(IITM)w) € Ber(M). Then

[ o=[ w

Proof. Apply Proposition 4.3 to the fibration 7 : ITM — M. 0

4.3 Stokes’s Theorem

There is a super analogue of Stokes’s theorem for integral forms. Similar to the ordinary
Stokes’s theorem for bosonic manifold, the first step of the proof is to check the theorem
holds in R4,

Proposition 4.12 (Stokes’s Theorem, local version). Let v be a compactly supported
integral form on RP1? of codimension 1. Then

/ dv =0.
Rrla

Proof. Again, We decompose the exterior derivative (4.1) into the even and odd part

d=d"+d!, where d* =", d¢’ £i and d! = > de%. Then we claim that

/ d% = / d'v = 0.
Rrla Rrlg

The integral of d°v over the even variables vanishes by the ordinary bosonic version of
Stokes’s theorem. The integral of d'v over the odd variables vanish because d'v is a sum
of terms none of which are proportional to the product #'...07 of all the odd variables. [

We can immediately extend this to a general supermanifold:

48



Theorem 4.13 (Stokes’s Theorem, version I). Let M be a supermanifold and v be a
compactly supported integral form on M of codimension 1. Then

/ dv =0.
M

Proof. By a partition of unity argument, this follows immediately from the local version
of the Stokes’s theorem. O

Finally, we give the familiar version of Stokes’s theorem for supermanifolds with bound-
ary. We first must define what it means for a supermanifold to have boundary.

Definition 4.14. Let M be a supermanifold such that the reduced space |M| is an or-
dinary manifold with boundary. We say M is a supermanifold with boundary of
dimension p|q if there are open covers M = (UyU,) U (UgV,) such that for each o we have
isomorphisms ¢, : U, =2 RPl9 and isomorphisms

o : Vi = {(tL..12]61...07) € RPI9 ; 2 > 0}

As usual, we have the gluing functions in the intersections Uy N Ug, Uy N Vp,, Vo N V3. As
for the gluing function ¥4, on V, N V4, we require that

t2 = exp (Yap(ty...|...00)) ).
The boundary OM of M is the subset defined by the equations th = 0.

Theorem 4.15 (Stokes’s Theorem, Version II). Let M be a supermanifold with boundary
and v is a compactly supported integral form on M of codimension 1, then

/ dV:/ .
M oM

Proof. As usual, one first proves it by reduction to the ordinary form of Stokes’s theorem
for the case that v is compactly supported in just one of the U, or V,. The general case
follows by using a partition of unity. O

4.4 Poincaré Duality

Recall that for a supermanifold MP!9, we have two chain complexes over M: The de Rham
complex (A®,d) and the integral complex or Spencer complex (X°,d). The corresponding
cohomologies of these two complexes are the de Rham cohomology Hjy (M) and Spencer
cohomology H,(M). We will show that Berezin integral defines a perfect pairing of these
two cohomology groups in the correct dimension. First, just as in the bosonic case, we
need to show every closed form is locally exact:

Lemma 4.16 (Poincaré lemma). Let w be a differential or integral form on a superman-
ifold M. If w is closed, then locally there exists a form n such that dn = w.

Proof. Let the local coordinates of U be Z4 = (z!,...,zP|0', ..., 0%). We define a radial
contraction flow h; : U — U for ¢ € [0, 1] by scaling all coordinates equally:

h(Z) =tZ.
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Notice that h; = idy (the identity map) and hg = 0 (projection to the origin). Next, we
define the FEuler vector field F on U, which generates this scaling:

E:f:xi 6A+§q:9“ 0 :ZZAL.
Ol L= 00r =T 974

=1 =

We construct a homotopy operator K : A*(M) — A*1(M), and respectively K :
YE(M) — SF=1(M), as follows: For every k-form w, we define

1
1
Kw:/ —ip(hjw)dt,
o t

where ig is the contraction with the Euler vector field. Now by Cartan’s formula we have

1 1
d(Kw) + K(dw) = /O %(diE(h;‘w)JriEd(h;‘w))dt: /0 %ﬁE(hfw)dt.

A standard property of the radial scaling map is that the Lie derivative with respect to
the Euler vector field matches the formal time derivative scaled by t:

1 d

~Lp(hiw) = —(hjw).

t p(hiw) dt( W)
Substituting this identity into our integral reduces the entire expression to a total deriva-
tive:
d

1
d(Kw) + K(dw) = / a(h;kw)dt = hjw — hjw = w,
0
since h] = id and h§ = 0. Now if w is closed, the equation above reads d(Kw) = w, which

means we can take n = Kw. O

Next, we show that the de Rham and Spencer cohomology of M are both isomorphic
to ordinary de Rham cohomology of the reduced space |M|. This should make sense
intuitively: since as a topological space a supermanifold M is just identical to its reduced
space | M|, we should not be able to get new topological invariants.

Theorem 4.17 (Quasi-Isomorphism). Let M be a supermanifold. Then for any k, we
have isomorphisms
Hfp (M) = Hlp(|1M]) = HE,(M).

Proof. By Poincaré lemma, every d-closed form is locally d-exact. Then it follows from
the existence of partitions of unity on M that the sheaves A¥ and ¥ are acyclic, meaning
H (M, A*) = H(M,X*) = 0 for all i > 0. Therefore, we have an acyclic resolution

0= Ry = AL S A2 S LS

where we recall that a sheaf on M is simply a sheaf on the reduced space |M|. Therefore,
we have

Hfp(M) = R'T(M, A®) =: H*(|M|,Ryy) = H*(|M|;R) = Hip (|M]).

Now we look at the Spencer resolution. The isomorphism H}; (|M|) = Hé“p(M ) is a

consequence of the Cech-to-de Rham spectral sequence for the double complex (X°,6,d),
where ¢ is the Cech differential and d the exterior differential of integral forms. On one
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hand, we still have the de Rham isomorphism HE (|M|) = H’“(|M|,R|M|). On the other
hand, we have the Spencer sheaf

ker(d : ©F — xk+1)
HY(S%) =

o (%) im(d : k-1 — k)’

which is the quotient of the kernel sheaf of d by the image sheaf of d (it is defined to be
the sheafification of the image presheaf of d). The Poincaré lemma implies that

R k=20
HE(Z) =M
8 () {0 k> 0.
Hence it follows from the spectral sequence that Hé“p(M) = H’“(|M|,R|M|) =~ g (|M]).
This concludes the proof. ]

For details of this proof can be found in [40]. The quasi-isomorphism theorem above
immediately gives the following:

Corollary 4.18.
R k=0

Hy (RI9) = Y, (RV) = {0 e

Now we present the Poincaré duality theorem on supermanifolds. We first remark that
one can define compactly supported cohomology Hjg (M) and ng,c(M ) exactly as we
defined de Rham and Spencer cohomology on M, except that we obviously require the
forms in the cochain groups to have compact support. When M is compact, then these
are just ordinary de Rham and Spencer cohomologies.

Theorem 4.19 (Poincaré Duality for Supermanifolds). Let M be a real supermanifold
of dimension p|q with |M| oriented. Then, for any n > 0, the Berezin integral defines a
perfect pairing in cohomology

~

(—y=) s BI(M) x Hig(M) SR (], []) = /an.

*

Hence we have an induced isomorphism oy : Hé“p (M) S Hé);{k(M) .

Notation 4.20. In the proof below, we will commit to a slight abuse of notation and
write ([, [n]) as (w, ).

Proof. The pairing is well-defined by Stokes’s theorem. We first assume that M = RPI7. by
the previous corollary, the only nontrivial pairing occurs when n = 0, and this is a pairing
between one dimensional vector spaces. There exists a section of compactly supported
Berezinian 8 such that [p,, 8 = 1, which shows that o : ngﬁ(Rp'q) — H (RPI9) is
surjective, hence is an isomorphism. This proves the Poincaré duality in the case of
M = RPla.

The remainder of the proof is a classic Mayer-Vietoris argument and induction on
cardinality of good covers, See [41],§5 for details. We consider the case where M = U UV,
where the two open sets {U, V'} are each isomorphic to RP17 and all possible intersections
are contractible (this is called a good cover). We consider the short exact sequences of
complexes. For de Rham forms, we have the restriction sequence:

0o ANUUV) L ANU) & AN(V) S AU NV) =0
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where r(n) = (nlv,nlv) and é(nuy,nv) = nulvnv — nv|vav. For compactly supported
integral forms, we have the extension-by-zero sequence:

0o SHUNV) S SHU) e skV) S SHU UV) -0

where e(w) = (w, —w) and s(wy,wy) = wy + wy, which extends the forms wy, wy by zero
and then adds them. Taking the long exact sequences of these two complexes and taking
dual of the second one gives a diagram

e HE (UNV) -2 HE (U) @ HE, (V) = HE (M) —% BEYH U NV) 2

OCUOVJ' aU@avJ OZJWJ' aUﬁVJ'

We check that all the squares are commutative up to a sign. Then since the rows are
exact, by five lemma we can deduce ajs is an isomorphism, proving Poincaré duality for
the case where M = U UV is the union of two split superspace isomorphic to RPI4.

Let {pu, pv} be a partition of unity subordinate to {U,V'}. Checking commutativity
of the first two squares is straightforward. For the map e, and §*:

(exor () = [

[+ /V<—w> Ny = /W“’ A (s —mv) = (@, 6. (1))

This commutes exactly. Similarly, for s, and r*:

(52 (s wv)y ) = /U lwu+ay) A= /U wu Al + /V wy Ay = ((wir,v), 4 (1)

It remains to check the third square that involves the connecting homomorphisms. We
recall the definitions from p.24,45 of [41]: Let [n] € Hiz (U NV). Its image under the
de Rham connecting homomorphism d* : H},(UNV) — Hi Y(U U V) is represented by
d(pum) = dpy An. Let [w] € ngf’?*l(U U V). Its image under the connecting homomor-

phism d, : Hg;Z_I(U UV) — HE H(UNV) is represented by d(pyw) = dpy A w. Hence

we have

(dvw,m) =/ (de/\w)Anzi/ wA (dpy An) = £{w,d"n).
unv unv

Note that in the third equality we used the fact that d*w is supported in U NV, see p.24
of [41]. Hence, by five lemma, as is an isomorphism.

So we have proven that if the Poincaré duality holds on good covers U and V, then it
holds on U U V. The proof is concluded by induction on the number of good covers. [

We know that a compactly supported integral form on M Pla of codimension zero can
be naturally integrated over M. Now we claim that an integral form of codimension r can
be naturally integrated over a submanifold of codimension r|0.

Indeed, for every submanifold IV p=rla = MPl9 of codimension 7|0, there is a Poincaré
dual r-form . If N is locally defined by the vanishing of even functions fi, ..., f,, which
are real valued when the odd variables 6° all vanish, then locally

Sn = 6(f1)8(F)dfL A Adfr,

where one orders the factors so as to agree with the orientation of the normal bundle
N, ~N/m to N. One can check that changing the defining equations does not change dy, so
the definition make sense globally.
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Remark 4.21. Several remarks are in order: (1) The Poincaré dual dy, as the name
suggests, arises naturally from Poincaré duality as follows: Poincaré duality gives an

isomorphism (after taking duals) Hg 7(M)* = Hjz(M). Now if N is a submanifold of M

of codimension r, then integration over N is an element of stop "(M)*. Hence by Poincaré
duality, this corresponds to a unique element oy € Hjy (M), which is what we call the
Poincaré dual of N. By construction, its defining property is that for any u representing

a class in H: (M), we have
/(5N/\M=/M
M N

Sp,¢
This explains the notation dn: It is the form analogue of a delta function over N.

(2) If N is locally the zero set of fi,..., f,, then the functions fi, ..., f, provides the
local fiber coordinates of the normal bundle N, ~n/m- Therefore, by the expression of dy
given above, if 7 : N, ~n/m — N is the fibration map, then fiber integrating the Poincaré
dual § of N gives:

oy = 1.

In fact, this can be proven in general: The Poincaré dual dn of N can be chosen to be
the Thom class of the normal bundle N, ~/m — N, which is characterized by exactly the
property that m.dny = 1. See §6 of [41].

(3) Technically, since dy € Hjp (M) is a differential form, we should demand the
coeflicient function of dnx to be smooth functions on M, but in our expression we have
0(f1)...0(fr) which are distributions on M. This formal but clever definition is given by
Witten in [5]. There are two ways to remedy this: First is to note that by remark (2)
and uniqueness of Poincaré dual, we can take the Poincaré dual of N to be any form that
is supported in an arbitrarily small neighborhood of the zero section of N, N/ that fiber
integrates to 1. Hence we can explicitly construct a family of forms cohomologous to the
Poincaré dual of N by taking a sequence of smooth bump functions ¢, with total integral
1 and shrinking support around 0. Then the family is given by

Q. = SOe(fl) : -'(Pe(fr)dfl ARERNA dfr-

Then as € — 0, the forms &, converge to dy in the sense of distribution. Another way
to interpret this is that we can actually allow distributional coefficients, and instead of
a differential form, we will get an object known as the current. There is a rich theory
of cohomology of currents, and it turns out that they are isomorphic to the de Rham
cohomology [42]. Hence we can actually allow forms to have distributional coefficients.

If we perturb N slightly to a homologous submanifold NV, then Poincaré dual allows us
to prove that the integral of any closed integral form of correct codimension over N and
N’ are the same:

Proposition 4.22. If € ¥P~"(M) is a closed integral form of codimension r, and N ~ N’
(which means N and N’ are homologous submanifold in M), then

fyr=fr

Proof. Since N ~ N’ we have dy — dn» = d7 for some compactly supported (r — 1)-form
7. Since p is closed, we have d(7 A u) = d7 A p. Therefore,

/N // /dr/\,u /d(T/\u)—O

by Stokes’s theorem. O
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Chapter 5

Super Riemann Surfaces and
Supermoduli

5.1 Super Riemann Surfaces

Definition 5.1. Let S be a supermanifold of dimension 1|1. A distribution (i.e., a subsheaf
of the tangent sheaf) D C T'S is called a superconformal structure if it is

o an odd distribution, i.e., a subbundle of rank 0]1.

o everywhere non-integrable. Recall that by Frobenius theorem [14, p.48], a distri-
bution is integrable if it is closed under Lie bracket. Since D is an odd distribution,
its Lie bracket will be anticommutator. By assumption D is of rank 0|1, so it will
be generated by a single odd vector field v. Since v? := %{’U,U}, we define D to
be integrable if v> € D, and define it to be everywhere non-integrable if v? is
everywhere independent of v over Og.

Definition 5.2. A Super Riemann Surface (SRS) is a pair (S, D), where S = (C, Og)
is a complex supermanifold of dimension 1|1, and D is a superconformal structure.

Remark 5.3. We know from above that D is everywhere non-integrable if v? ¢ D. But
since v is an odd vector field, its square is an even vector field, so you might wonder how
could v? possibly be in D, which is an odd distribution. But remember that unlike in the
ordinary manifold situation where we can multiply vectors only by even functions O,
now on supermanifolds we can multiply by element in Og, which could be odd functions.
For example, it could happen that v = v?, as both sides are even. But in this case
fv — v? = 0 so v, v? are not linearly independent over Og.

Remark 5.4. Since S is of dimension 1|1, 7'S has rank 1|1. Since D has rank 0|1 and D? is
even hence has rank 1|0, together they generate the entire tangent bundle 7'S. Moreover,
we have an isomorphism 7'S/D = D?. Therefore we actually have an exact sequence of
sheaves

0—-D—=TS—D?—=0.

Lemma 5.5. Locally on a SRS S one can choose coordinates x and 0, refered to as
superconformal coordinates, such that D is generated by the vector field



Proof. We first choose any local coordinate system y|n on S. Let D be generated by the
odd vector field v, which we can always locally write as

v = F(y,n)0, + G(y,n)0y.

Taylor expand G(y,n) with respect to 7, and since 7 is fermionic, n? and higher order
term vanishes, so G(y,n) = Go(y) +n1G1(y), where Go(y) is an odd function that depends
only on y and not 1, and G1(y) an even function that depends only on y. The condi-
tion that v, v? generate T'S implies that G; # 0 everywhere. Given this assumption, it
becomes a standard exercise in differential geometry to find a coordinate transformation
z(y,n),0(y,n) that puts v into the desired form above. O

Corollary 5.6. Assume set up in Lemma 5.5, we have v?> = 0,. In some sense, we found
a square root of the vector 0.

Proof. We apply the vector v to a function h(x,8) = f(z) + 0g(x), where the right hand
side is Taylor expansion of h with respect to #, and again since §% = 0 the Taylor series
terminate at linear order. Using the expression in Lemma 5.5 we see that

v(h) = g(z) +0f'(z).

Doing this once again we see that

This proves the claim. O

Recall that a divisor on a supermanifold has codimension 1]|0. Hence it is natural to

define

Definition 5.7. A divisor on a SRS is a dimension 0|1 submanifold. Hence it is a collection
of points, with some odd dimension.

Example 5.8. One way to specify a subvariety (or a divisor) of dimension 0|1 in any
complex supermanifold is to give a point p and an odd tangent vector at p. There is then
a unique subvariety of dimension 0|1 that passes through p with the given tangent vector.

For the case of a SRS, let p be the point defined by equations x = xg,0 = 0. In this
case, a subvariety D passing through p has local equation z = zg + af,0 = 6y + «, where
« is an odd parameter that parameterizes D. Hence D is given by the equation

$:$0—909.

In general, on a supersubmanifold of dimension 1|1, a divisor that in some local coordinate
system defined by the above equation is called a minimal divisor or a prime divisor.
Since coordinates p = (zg,0p) are arbitrary, there is a 1-1 correspondence between points
and minimal divisors on a SSR. On a general supermanifold of dimension 1|1, there is
no such natural correspondence between points and minimal divisors, which makes sense
since a SRS is a more specialized classes of dimension 1|1 supermanifolds (with an odd
distribution D).
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Figure 5.1: A genus g Riemann surface ¥ (Here ¢ = 2). The loops «y, §; is a set of
generators of Hy(X) = Z5.

5.2 Moduli and Supermoduli

Although moduli space and supermoduli space is the main subject of study in this book,
going through all details on the fundamentals of moduli space will take a whole book
itself. Therefore, we content ourselves with the intuitive picture of moduli space, and refer
interested reader to any textbooks on moduli spaces, and many good notes on the subject,
for example [15].

In a word, a moduli space is a parameter space that parameterizes isomorphism classes
of objects of our interest. In our situation, the object of interests are Riemann surfaces
or algebraic curves (or simply curves), which are compact complex manifolds with com-
plex dimension 1. Such a Riemann surface ¥ will always satisfy Hi(X) = Z29, we we
define the genus of 3 to be g. See Figure 5.1 for an example.

We can consider the moduli space M, of curves of genus g. A point in M, will
correspond to an isomorphism class of curves. Its boundary corresponds to singular curves.
Inside the curve, the moduli space M, is smooth away from the curves that has nontrivial
automorphisms. In other words, automorphism of curves actually prevents the moduli
space from being smooth. This is because if a curve ¥ has nontrivial automorphism group
Aut(X), then locally around the point ¥, the moduli space looks like a quotient of a
smooth space by a finite group, in other words there is a quotient singularity.

Hence a more abstract but somehow better way, in some sense, to describe moduli
space is to consider the moduli stack M, which involves the language of algebraic stacks.
We will not use this machinery in our book, because in our cases it is enough to think
about M, as a manifold with possibly some singularities. We refer the reader to [15,
Chap.5] for an introduction to the theory of algebraic stacks.

Similarly, one can consider the supermoduli space 9, of super Riemann surface (SRS)
with genus g, which we mean the genus of the reduced space. However, since every split
SRS has a nontrivial automorphism (z,6) — (x,—0), which is identity on the reduced
space, we conclude that SRS with nontrivial automorphisms are actually dense in any
family of SRS. This means the stacky nature of the moduli problem is more essential for
SRS than the ordinary ones, and what we call supermoduli space 9, must be properly
understood not as a supermanifold but as the supermanifold analogue of a stack.

Recall from Corollary 2.11, a 1|1 supermanifold S defined over a field is split, so it
is specified by a pair (C,V), where C' is a Riemann surface and V' is the analytic line
bundle on C underlying D. Recall from Corollary 5.6, we actually have V®2? = Tx. Any
V' that satisfies this condition is called a spin structure on C. We will thus denote V'

1/2 /2 n/2

by T//”, and similarly we shall denote its n-th power by by Tg or equivalently K
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where Ko =15 =T, 1'is the canonical bundle on C.

An ordinary Riemann surface with a spin structure is often called a spin curve. Hence
the reduced space of C' of a super Riemann surface S is a spin curve. It follows that the
reduced space of the supermoduli 91, is the moduli space SM, of spin curves.

Now we can do deformation theory on SRS. Thus we must consider automorphisms
on the SRS. Locally, the infinitesimal automorphisms are generated by superconformal
vector fields, which preserves the distribution D. In superconformal coordinates, a short
calculation shows that the even superconformal vector field takes the form

1
F(@)0s + 5 1'(2)00, (5.1
while the odd one takes the form
—g(x)(9p — 00,). (5.2)

One define a subsheaf W of T'S whose local sections are of the form (5.1) and (5.2).
But note that W is not a locally-free sheaf, since multiplying a superconformal vector
field by a function of x and 6, or even a function of x, does not in general give a new
superconformal vector field. In fact W is only a sheaf of Zy-graded Lie algebras.

However, we can give W the structure of a locally free sheaf because of the following

Theorem 5.9. Under the projection T'S/D = D?, we can project W to the sheaf of sections
D? via the inclusion W — T'S. This projection gives an isomorphism W = D?.

Proof. We recall that a general section of D? is of the form A(x,0)d, for some function
A, we must show that A(x,0)d, can in a unique fashion be written as a section of W
modulo D. But note that since we can add vector of the form in Lemma 5.5 since we are
computing modulo D, we have

£y, + 100, — g(2)(05 — 00,) = £(2)0n + g(x100, + T 00, — g(ape
~ F(2)0s + 29(x)00, + L /;x)eao
~ F(2)0s + 29(x)00," 'g"”)e(—eagg)

= f’(l‘)@x + 29(1‘)9(995

since 2 = 0, we can choose f, g such that A(x,0) = f(z) + 20g(x). In fact the left hand
side is in 1-1 correspondence with the right hand side by Taylor expanding A with respect
to 0, and since #> = 0 there are precisely two terms, corresponding to f(x) and 2g(x).
This shows that the map in question is indeed an isomorphism. O

Hence by the theorem above, we have H'(S,W) = H'(S,D?). In fact, this gives the
tangent space to the supermoduli 9, at the point S:

TsM, = H'(S,W) = H(S,D?).

This should not come as a surprise, since in ordinary algebraic geometry, the tangent
of moduli space M, at a point X is given by Tx9M, = H'(X,Tx). Note that under the
correspondence of infinitesimal automorphism z# +— z#+4eh* and the vector field h*9/0x*,
the automorphism of X is identified with Tx (See Chapter A for more details).
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When S is split, the sheaf W of supercomformal vector fields decomposes into W =
Wi @& W_ where W, = T and W_ = Tcl/ ?. Hence we may identify the even and odd
tangent spaces T4.9M, via

Ty,sMy = H'(C, Tc)
T M, = H(C,TY?).

5.3 Punctures

In the construction of moduli space M, of genus g curves, we identified two curves X, %
in the moduli space M, if there is an isomorphism ¢ : ¥ — ¥'. We can also consider
M n, the moduli space of curves with n marked point. This space consists of equivalence
classes of (X, p1,...,pn), where ¥ is a genus g curve, and py,...,p, € ¥ are just n points
on the curve. We identify (X, p1,...,pn) and (X', q1, ..., g,) if there exists an isomorphism
¢ : X — X such that ¢(p;) = ¢; for i =1,...,n.

The notion of marked point, or a puncture on an ordinary Riemann surface has two
analogs on a super Riemann surface. In string theory, they are known as the Neveu-
Schwarz puncture (NS puncture) and Ramond puncture (R puncture).

An NS puncture on a SRS S is the obvious analog of a puncture on an ordinary
Riemann surface: it is simply the choice of a point in S, given by x = x¢,0 = 6y. From
Example 5.8, we learned that an NS puncture determines and is determined by a minimal
divisor on S. In deformation theory, NS puncture at a point p is obtained by restricting the
sheaf W of superconformal vector fields to its subsheaf W), consisting of superconformal
vector fields that leave the point p fixed. We have the following result:

Proposition 5.10. Let I’ be the minimal divisor that corresponds to the point p. Then
W, can be given a natural structure of a locally-free sheaf. In fact,

Wp = DQ(_F)a

where the right hand side is a short hand notation for D? ® Og(—F), where we used the
identification between the divisor class group Div(S) and line bundles Pic(S), given by
D — Og(D), as in classical algebraic geometry.

Proof. We take superconformal coordinate x, 8, and without loss of generality we set p to
be the point where x = # = 0. The condition that the superconformal vector field vanishes
at p, from (5.1) and (5.2), is that f(0) = ¢g(0) = 0. From the proof of Theorem 5.9, this
means that A(z,0) = f(x) 4+ 20g(z) vanishes at = 0. But the divisor corresponding to
the point p is precisely defined by = 0 by Example 5.8, see also [2, Remark 3.2]. So the
condition A(0,#) = 0 precisely mean that A(z, )9, is a section of D?(—F). O

Let us now consider the supermoduli 9,1 with just a single NS puncture. Then
its reduced space is SM, 1, which parameterizes spin curves S of genus g with a single
puncture p. SM,,, has two components S/\/l;n, corresponding to even and odd spin
structures. Similarly, 91, has two components fmgi, corresponding to even and odd spin
structure.

And we have the analogus tangent space identification:

Ty sMy1 = HY(C,Tc(—p))
T M, = H'(C, T *(-p)).
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Now we introduce the second kind of puncture: Ramond puncture. In this situation,
we assume the underlying supermanifold (C, Og) is still smooth, but the odd distribution
D C T_S is no longer everywhere non-integrable. The generator v in the local form in
Theorem 5.5 is replaced by

In other words, D fails to be a distribution along the divisor = 0. It can be shown that
in the presence of a Ramond puncture, the sheaf of superconformal vector fields is still
isomorphic to D2, but D? is no longer isomorphic to T'S/D. Instead, we have

D* = (TS/D) ® Og(—F).

We can also have multiple Ramond punctures, by which we mean D fails to be distribution
along multiple divisors, and near each divisor we can find local coordinates as described
above. See Fig 5.2 for an illustration of two kinds of punctures.

(a) (b)

Figure 5.2: Two kinds of punctures on SRS. (a): A g = 2 SRS with a series of marked
points, i.e., NS punctures; (b): A g =2 SRS with a Ramond punctures marked in black,
i.e., points where the distribution D degenerates (We surpress 6 by looking at the reduced
space).

5.4 Branched Covering

We have already seen branched covering of complex manifolds in Definition 1.24. For our
purposes, we will focus on branched covering of supercurves. However, it is helpful to
first get a feeling of this construction in the ordinary (bosonic case), which we will discuss
below.

Suppose we have a smooth map f : X — Y between manifolds. We know what it means
for f to be a covering map. A branched covering f is something that is almost a covering
map, except at a bad subset B C Y of codimension one. Recall that a codimension one
submanifold is called a divisor, hence the bad subset B on which f fails to be a covering
map is called the branch divisor. Intuitively, B is the set of points where different sheets
of the cover merges together, or equivalently the set of points p € Y where f~!(p) has less
points than excepted compared to points outside of B, where f is a normal covering map.
The points R = f~1(B) are the points on which f fails to be a covering, and we say f is
ramified on R. The points in R are called the ramification points of f. See Fig.5.3 for
an illustration.
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Figure 5.3: A 2-sheeted branched cover X of a disk Y. The branched divisor B C Y in
this case is a line radiating from the origin, on which X fails to be a 2-sheeted cover.

Example 5.11. The canonical example of branched cover we should keep in mind is the
map f: C — C given by f(z) = 2" for some n. The map f is clearly a covering map of
degree n away from z = 0, but is ramified at the point z = 0. Hence in this case, the
branch divisor is simply given by the point z = 0.

Now we give formal definition of branched cover between complex curves (Riemann
surfaces), and we will see that Example 5.11 fully characterizes branched covers, at least
locally in this case.

Definition 5.12. Let f : X — Y be a nonconstant holomorphic map between Riemann
surfaces. A point x € X is called a branch point or ramification points of f, if there
is no neighborhood U of = such that f|y is injective. The map f is called an unbranched
holomorphic map if f has no branched points.

Hence, a branched cover f : X — Y of Riemann surfaces is specified by a divisor
B C Y of branched points of f, which is called the branch divisor, and is a covering
map restricted to X — f~1(B) =Y — B.

Theorem 5.13. Let f : X — Y be a holomorphic branched cover of Riemann surfaces with
branch divisor B C Y. Then for any p € f~Y(B), we can always find local holomorphic
chartspe U C X, ¢:U = p(U) CC, and f(U) CV CY,9¥:V —=(V)CC, such that

s ¢(p) =0,9(f(p)) = 0.

e The local representation f = o foo™t: U) — (V) is given by f(z) = 2* for
some k > 2 and for all z € p(U).

Proof. The statement just follows from the classification theorem for local behavior of
holomorphic mappings, which is proven in [17, p.10]. Note that the assumption that f is
holomorphic is essential for the theorem to apply. O

Next, we define branched covers of supercurves. But in order for us to formulate the
definition, we need a little bit of algebra:

Definition 5.14 (Finite presentation). We say R — S is of finite presentation if there
exist integers n,m € N and polynomials fi,..., fi, € R[x1,...,2,] and an isomorphism
of R-algebras

R[l’l,...,xn]/(fl,...,fm) 25.
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Definition 5.15 (étale morphism). We say that a ring homomorphism ¢ : A — B is
étale (resp. smooth, unramified), or that B is étale (resp. smooth, unramified) over A
if the following two conditions are satisfied:

o A — B is formally étale (resp. formally smooth, formally unramified): for
every square-zero extension of A-algebras R’ — R (meaning that the kernel I satisfies
I? = 0), the natural map

Hom (B, R') — Hom, (B, R)
is bijective (resp. surjective, injective).

e B is essentially of finite presentation over A: A — B factorsas A — C — B,
where A — (' is of finite presentation and C' — B is C-isomorphic to a localization
morphism C' — S~!C for some multiplicatively closed subset S C C.

The second condition is just a finiteness condition; the meat of the concept is in the
first one. Formal smoothness is often referred to as the infinitesimal lifting property.
Geometrically speaking, it says that if the affine scheme Spec B is smooth over Spec A,
then any map from Spec R to Spec B lifts to any square-zero (and hence any infinitesimal)
deformation Spec R’. Moreover, if Spec B is étale over Spec A this lifting is unique.

Differential-geometrically, unramifiedness, smoothness and étaleness correspond to the
tangent map of Spec ¢ being injective, surjective and bijective, respectively. In particular,
étale is the generalization to the algebraic case of the concept of local isomorphism.

Now we are ready to define branched cover of supercurves.

Definition 5.16. Let S be a supercurve, i.e., a dimension 1|1 supermanifold, and let
B C S be a closed subscheme of codimension 1]0, and let U = S — B.

A branched cover of S with branch locus B is a finite, surjective morphism 7 : S —
S such that the local morphisms 77 : Og () — OS’,p are étale for all p € U.

The cover 7 may be ramified along a closed subscheme R 7= 1(B) C S of codimension
110 called the ramification divisor of w. The bosonic reduction mpes : C — C of
7: S — S is ramified along a divisor R = |R| with branch locus B = |B].

An isomorphism of branched covers is a pair of isomorphisms of supercurves
¢:8— S and ¢: S — S such that the following diagram commutes
¢

—_ !

U

ﬂ'/

3
«

!

n
U +—

—_
¢

and such that ¢(B) = B and ¢(R) = R'.

Remark 5.17 (local description). Let 7 : S — S be a branched cover, and let P ¢ R
be a connected component of the ramification divisor of w. Near P, we can find (local)
coordinates (w,#') and (z,6) on S and S, respectively, such that B C S is defined by the
equation z = 0 and 7 is locally of the form

z=wk  6=uw'

for some k > 0, £ > 0.
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Branched covering has intimate relations with NS and R punctures. In fact, we have
the following theorem:

Theorem 5.18. Let S be a SRS, S a supermanifold and m : S — S is a branched
cover. We can blow up S at an ideal to get a new SRS Q with punctures, such that the
composition 11 : Q — S is still a branched cover, and the NS punctures of Q) are precisely
the ramification points of m with odd local degree, and R punctures of QQ are precisely the
ramification points of m with even local degree.

Proof. We choose superconformal coordinates x,6 on S. Recall that from Example 1.25
that we can find local coordinates z,6 on S such that locally w* = z near a branch point
(so k is the local degree).

Now by Lemma 5.5, the superconformal vector field v on S is given by v = 0y + 60,.
But now using 9, = (kw*~1)718,,, we see that the lifted vector field is given by

) — g + # i
700 T kw1 gw
which now has a parabolic structure. What we can do, is to blow up S at the point
w = 0 = 0. This will give a new set of coordinates ¥, on the blow up @ with y = w and
1 = 0/w. Now using chain rule:

0 dy 0 0y 0 10 10

0 oo wo _ 10 10

00 000y 00 oy woy Yoy

g odyo oo o Y I

dw  wdy  owdp Oy  you
Therefore, the vector ¥ on Q now becomes

19w (0 woy_ 19 1 9
Cyoy kyRl\oy  woy

Away from y = 0, the superconformal structure on @ is generated by

y00 kg2 0y’

X

0 1 0

o0 oy

Therefore, we see that blowing up once decreases the parabolic structure from order ~
w1 to order ~ wk=3) = = (k=142 by 9,

In general, we can consider the ideal on S given by I} = (wl,wk, 0), and we blow up
S along this ideal to obtain Q. This will decrease the parabolic structure form ~ w=*=1)
to ~ w—F=D+2 by 9

We see that if £ is odd, then & — 1 is even, so we can blow up along some ideal I; so
that @ reduces the parabolic structure to just NS punctures (marked points). However, if
k is even, then k — 1 is odd, so after blow up along some ideal will this form will decrease
the parabolic structure at most to R punctures. ]
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Part 11

A Crash Course in Quantum Field
Theory
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Chapter 6

First Installment

6.1 Introduction

Quantum field theory (QFT) is the universal language for many phenomena. Some exam-
ples includes particle physics (LHC collisions, v scattering...), condensed matter physics,
statistical physics (phase transitions, superconductivity, quantum Hall effect...), cosmology
(perturbations from inflation, freeze in and freeze out), and also in mathematics (topology,
differential geometry, algebraic geometry, representation theory...). We will mostly focus
on particle physics side, but many of QFT can be transported in many different settings
mentioned above.

QFT is helpful whenever lots of states are involved, and symmetries and locality are
in play. Historically, physicists were forced to do two things at once: combining quantum
mechanics and special relativity.

Now that I have told you how wonderful QFT is, I should tell you what QFT actually
is. What is a definition of a QFT? Nobody knows. What we know are many examples. So
QFT is a work in progress, and to define it abstractly to the level where mathematicians
are satisfied is still an open problem.

We will mainly work in flat space in 4 dimension, R3!. We will write 2# = (x,t) as
spacetime coordinates. A field is an assignment of a scalar (spinor, vector...) operator to
each point in spacetime. Very abstractly, we write @(:L'“) where O is a quantum mechanical
operator. These could be scalar fields (Higgs bosons, for example), electromagnetic fields...

Classically, we write down a Lagrangian or a Hamiltonian, and we derive the equations
of motion. What we do in quantum mechanics? We quantize the system. So we turn fields
into operators: ¢ +— .

6.2 Harmonic Oscillators
Example 6.1. We look at an example of QFT in D = 0 + 1 dimensions, no one time

dimension, and no space dimension. So we will have a field ¢(¢) that depends only on ¢.
I will take ¢ to be my favourite example: the harmonic oscillator, whose Hamiltonian is

P? 1
H =2 1 —ky?
2m | 2"¢
And its Lagrangian is
1 1
L= -m@? — Sk’
ngo 5 12



In QM class, they might write ¢ as the position x in space, but here we will have no space
dimension, ¢ is just a field. Now I quantize the system but putting hats on everything.
We universally set A = 1. We require

(@, Pp| = i.
We can write them in terms of the raising and lowering operator

1

A i
7 s (a'+a)
and
]5@ =1 %(cﬁ —a)

where w = +/k/m, and [a,al] = 1, a]|0) = 0 and a'[0) = n +1|n+1). The field

evolution is L L
(ﬁ(t) — eZHt(ﬁ(O)e_lHt.

Example 6.2 (Coupled Harmonic Oscillators). This is the model of acoustic phons on a
lattice. The Lagrangian is

N 2
1y me® (¢ — it
L=) 3méi - = < ]
=1

where we set ¢1 = ¢ny11. So there are only nearest neighbor interactions, and ¢ is the
spacing of the lattice. See Fig.6.1 for an illustration.

$1
ON

b2
PN-1
Figure 6.1: Acoustic phons on a lattice

Let us view this model as the discretized approximation to a (141)-dimensional QFT.
Allowing continuous variables for ¢ and setting ¢ — 0, the Lagrangian becomes

o\ ? oo\ ?
L=|—=] - =) . 6.1
( ot ) <31: (6-1)
In the above we set m = ¢ = 1. What about Hamiltonian? The discretized system has
Hamiltonian

N
H = 15@‘2_’_”%2 ¢ — dir1
£~ 2 m 2 l '
=1
Quantizing, we require [qgl,]%] = 40;;. We want to diagonalize H, just like where in

SHO we switch from position and momentum to raising and lowering operator where the
Hamiltonian is diagonalized. So we change the basis.
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Let us first look at classical equation of motions for the discrete version. The Euler-
Lagrange equations for L reads

. 2
me; — <—TZ§(2¢@‘ = Qit1 — @'—1)) =0

for each 7« = 1,..., N. This equation is solved by the technique of (discretized) Fourier
transform. We introduce the Fourier modes

Bu(t) = jN 3 ekl (1)

and the inverse Fourier transform

2m /¢

flt) = jﬁ S emking, (1

k>0

where k = 2ms/N/{ with s € Z. Plug this into EOM gives

d24 c? 5
d:;k _ _?2(2 — 2cos kl) .

Using half-angle formula, this is

d2(£k _ —LCQS'DZ kj(i
dt? 02 2 Tk

Thus we see that in the frequency space, the EOM decouples. We now define

2
wp = 7C|sin(k£/2)|

so that ~
d* oy,
dt?
Now that I have noticed that the expression of ¢, is a good guess for the classical solution,
we rewrite L in terms of the Fourier modes. Note that

| 1 —27mi(sn+rn dés dér
2=y e

1 dos Ao, dos do_g
—_ -_— N r.—s pr— .
Z or, dt dt — dt dt

-
= —WiPk-

Hence the expression of L becomes
1 dgz;k dﬁz—k 27 7
L=- — — k|-
2 Zk: ( a ar ROk

Let’s start quantizing! We promote everything into operators and we introduce the con-
jugate momenta:

oL

—_— = ‘n = HTL
a6, "

We require
[</>m Hn’] = Z.677,,77,"
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In the frequency space, we have

6k, i) = UnUprnt [0, T = Y UpnUpr = i,

where we define

1 .
U, — e—zkf'n‘
kn \/N
We write
~ 1
_ T
oK = ﬂ(ak +al,) (6.2)
and
~ . w
Iy = —iy/ ?k(ak - aT_k)
where [ag, aL,] = 0p - The Hamiltonian now reads
w/l ~
1 P}
_ T 0
k=—m/t

where the last term is the zero mode energy. Of course, there is a ground state |0) which
is annihilated ax [0) = 0. And we have a,t |0) = |k). The interpretation is that the raising
operator created a particle on the lattice on the site k. We can also have alaz, |0) = |k, k'),
which means now we have two particles at site k, k' respectively.

We define the Hilbert space Hys of M particles, which is spanned by all elements of
the form

(af )M -+ (af, YN 0)

such that ), N; = M. We can also introduce the Fock space, which is defined by
F=@Hyy.
M

The next approximation will be to take continuim limit. We take N — oo, £ — 0, so
k¢ — 0 in the above example. So that

2kt _

2
wi = = sin(kl/2) ~ = ck.

L L2
Then the L above becomes (6.1) in the continuous limit.

So what is the moral of the story? The moral is that we should write scalar quan-
tum field ¢(z*) as a sum of annihilation and creation operators aj and GL: because when
we Fourier transform and quantize, the Fourier modes (6.2) will be a sum of these op-
erators. When we study spin fields as summations of these operators with a spin index
(creates/annihilates spin up and down particles). In the bosonic case we introduce com-
mutation relations to these operators, but fermionic case will also require anticommutation
relation.
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6.3 Symmetries

We will be studying fields of the form ¢(z#), where 2# € R®»!. Compared to discrete field
theory, our setting has a lot more symmetries, which is one reason why we are interested
with continuum field theory.

Our goal is to set up the path integral for continuum QFT’s. We will balance two
competing considerations. One one hand, we will be interested in spacetime symmetries,
but we will also pay attention to theory that are unitary (the consideration is quantum
mechanical). The first consideration prefers Lagrangians, while the second prefers Hamil-
tonians.

So, what symmetries do we want? Obviously, we have rotations. The rotation group
is

ON)={ReGL,(R): R"TR=1}
There are two connected components of O(N). The component in which det R = +1
is called SO(N). It is clear that rolation preserves length of a vector. But in special
relativity, we instead want to preserve the relativity norm

gm/-’IJMCUV — 62t2 _ .’L‘2 _ y2 _ 2’2

where x# = (t,x,y, z). Here, we choose the convention
g = diag(+1,-1,-1,-1).

We will be interested in Lorentz transformations. These are transformation of the
form
xt = AP

that preserves relativity norm. The Lie group is called SO(3,1).

Example 6.3. Ordinary rotations in R? (the spacial direction) is a Lorentz transforma-
tion. Another example is a boost in the ¢ and x direction:

coshf sinhfg 0 0
sinhf8 coshpg 0 0
0 0 10
0 0 0 1

and we allow —oo < < oo, where 3 is called rapidity. To see how this matches the
boost we are used to in special relativity, recall that those boosts are given by

Here, we just set

and we recover the form of boost above.

What happens to a vector V# or a tensor T under Lorentz transformations?
ot AF x¥
Also recall the 4-momentum is p = (E, p', p?, p?), which transforms exactly the same:
pH =AM pY.
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And tensor transforms as
T — A* AV TP

In general,
VL
|/]/H1 Hm 3 /\Mlyl e /\Mm Wt m

Vm

We call vectors with V#V,, > 0 timelike, vectors with V#V,, < 0 spacelike, vectors with
VH#V, = 0 null. We stress that discrete transformations are not in SO(3,1). For example,
the transformation

diag(1,—1. —1,-1)

flips the space direction, so is called a parity transformation. Similarly
diag(—1,1,1,1)

is called time-reversal. Finally,
diag(1,-1,1,1)

is called reflection. How about fields? What happens to these fields when I apply a
Lorentz transformation? The transformation rule, for example for a vector field, trans-
forms like

AF(x) — AF A" (Az).

Another interesting question is how a field changes under translation. Doing a Taylor
expansion gives

p(at) = p(at + ) ~ ¢(x) + 0, h(x)

which shows that J,, is the infinitesimal generator for translations. If we do similar analysis
for Lorentz transformation, one can check that to first order,

A ~ g + Ly

where
L, =x,0, —x,0,.

6.4 Quantization of Free Field

Let us consider the Lagrangian
1
ﬁ = 59’“’(%(25(%(;5.
The EL equation reads
" 0,,0,¢ = 0.

Note that expressions above are clearly Lorentz invariant because all the indices are con-
tracted and by our previous discussion on how Lorentz transformation acts on tensors.
The equation reads

02y = V3.

It is not hard to check that the solution to this equation is

3
P(a) = / P 1 e + af()e P,

(2m)3 /2wy
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where wg = p?, and such that (7 + p?)a,(t) = 0. Equivalently, we can absorb the time
dependence into the exponent and get a cleaner solution
d3p 1 ; n . m
) = [ ——= ——[ape PrT" 4 qFe'Pr®
¢( ) / (271’)3 QWP[ P P ]
such that p,p" = 0. The expression above now looks more relativistic. In the future, we
are not even going to write p,x#, we will simply write p - x or even just px.
Now we are ready to quantize. We replace the amplitudes by creation and annihilation
operators. Hence the quantized free field is

- dBp 1 a
Pty = / (2m)3 \/2wp pe™" +GL6W}

where we require (ignoring the hat)
lap, af] = (27)°6°(p ~ k).

What is the Hilbert space? We need a ground state |0). Of course we have ap |0) = 0.

Moreover, we require
1

\/M|p>7
2 _ 2

where |p) is a state representing a particle with momentum p, and again wp =P~
Let us check this normalization is correct. Using the commutation relation, we have

(plk) = \/4wpwk<0|apa;r<|0> = \/4wpwk(27r)353(p - k)= 2wp(27r)353(p - k).

Let us check causality, Say z* is a point inside the lightcone, and y* outside. So
(z —y)? < 0, they are spacelike separated. A natural question to ask is whether ¢(z#)
affects dg(y“) Causality says this must not be the case. How do we see this? We calculate
[6(z), ¢(y)]. Because by Hisenberg’s uncertainty, if the commutator vanishes, then they
do not affect each other. We have

_ [ dp 1 d’q 1
[¢($)7¢(y)]_/(27r)3\/E/(27T)3\/m

3
_ / d°’p 1 (efip(xfy)_eip(ffy))'

(2m)3 | /2wp

Can we sent x —y to y — x? Hence set z = x — y, we are asking does there exist a Lorentz
transformation such that z — —z7 If so, then by a change of coordinate, the two integrals
above cancels each other, and we are done. Indeed, because x,y are spacelike separated,
there is indeed such a Lorentz transformation. Hence we conclude that [¢(x), ¢(y)] = 0.

al, |0) =

—ipx T otPT —iqy T wiqy
lape™ " + ape”, aqe™ " + age']

6.5 FEuler-Lagrange Equation for Fields, Symmetries

In this section we will review classical field theory, and their symmetries. The Lagrangian L
of a field theory usually involves fields and their derivatives, so L = L[, d)] An equivalent
formulation is achieved by using Hamiltonian H = H|[¢, 1] where II is the conjugate
momentum of the field ¢. The conversion between these two formulations are achieved

by Legendre transform
I .
¢
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Similarly the discussion carries over to Lagrangian densities and Hamiltonian densities. A
typical example is the theory (now using Lagrangian density)

L= 20,000~ V(9) = 56 — L(V6) ~ V(0).

The Hamiltonian density is therefore

H = %HQ + %(w)? + V(o).

The equation of motion is obtained by variation of the action

S[¢] = / d*zL[p,0,9).
The variation reads

Sl + 6] / Q2L + 56,8, ( + 50)

! oL oL
- /d x<£[¢, 0u9) + 8¢5¢+8(6u¢)5(8”¢)>

= S[¢] + /d4:v<g§ — a“a(%j@)‘s‘f’

after integration by parts. Note that we used 6(0,¢) = 0,(d¢) because J,,d are both
derivatives, hence they commute. The variation S[¢ + d¢] — S[¢] must be zero, hence we
recovered the Fuler-Lagrange equation (EL for short):

oL oL

TG)

Example 6.4. Consider the theory
£= 0,00 - im?e?
Since 0L/0¢ = —m?¢ and dL/9(0,¢) = 0"¢, the EL equation reads
~0,0"p —m?¢p = 0.

Or equivalently, introducing the operator [ = g#*”0,0,, we have

(O +m?)¢ =0.
The field ¢ satisfying the above equation is called the Klein-Gordan field of mass m.

Example 6.5. Now suppose we have a theory with two Klein-Gordan fields;
1 1 1 1
L= 50,00") — §m2¢2 + 5 0u0" — §w¢2.
The EL equations are just
(O4+m?)é =0 (O 4 w?)y = 0.
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Assuming for the moment that m = w, then let us define the complex fields
LGt et = (o i)
= — ) = — (¢ — ).
TR MG
Then using these new fields the Lagrangian becomes
L= 0,0 0"p —m*p*p.

Note that the expression above is still real, because it is invariant under conjugation. This
new expression is completely equivalent to the Lagrangian £ we started with, but now it
has a new interesting symmetry: it is invariant under the symmetry
@ — e,

This is a global U(1)-symmetry, where « is independent of z#. More generally, if the
Lagrangian is invariant under the symmetry ¢ — e~“*®) . then we say that the theory
has a gauge symmetry.

Since the Lagrangian L[] is the same as the Lagrangian L[, 1], the latter should also
have this symmetry. Indeed, one can check that the original Lagrangian is invariant under

the transformation
¢ , [ cosa sina\ [ ¢
0 —sina cosa/\Y )’

Hence equivalently, the theory has a SO(2)-rotation symmetry. It is very easy to generalize
to the theory

1 1

\]

And it is immediate just from the expression that the theory has a SO(N)-symmetry.

6.6 Noether’s Theorem

The reason that symmetry is so good is that they implies that there are conserved quanti-
ties. More concretely, each symmetry gives a conserved current J#, conserved in the sense
that 9, J" = 0.

This gives the conserved charge

Q= / d3zJ,
b

where ¥ is a connected smooth submanifold. Physically, if we require that nothing can
flow out of X, i.e., the surface integral of 3 dotted with any vector is zero (which is a
physical requirement), then the charge @ is conserved by Stoke’s theorem:

atQ:/d%aOJO:/d%(v-J):/ J.dA =0.
b b))

[

Theorem 6.6 (Noether). Fvery continuous symmetry gives rise to a conserved current.

Proof. Suppose we have a continuous symmetry parameterized by «, such that infinites-
imally ¢q — ¢¢ + 00a = bq + R, 0y, where ¢,’s are all the fields that appears in the
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Lagrangian £, for a = 1,..., N. Then symmetry of £ under « implies

0= 0L 0L 0¢q oL  0(0uda)
da 0, S 0(0upa) O

(0L, 0L Now (0L b6,
B <8¢a aﬂa@u@) oo +aﬂ<a(au¢a) da )

The first term vanishes by EL, hence if we define

el 0L 84,
— 0(0ua) S

(6.3)

then clearly we have 0,J" = 0, as desired. Note that the expression is summed over all
fields, i.e., summed over a. ]

Example 6.7. In the example where
L =8, Mo —mP*o,

we have .

b . dp .

sa 7 sa P

Then (6.3) reads
S = 0"p* (—ip) + 0" p(ip”).

If we lower the index J, = g, J" we have

Jy = —i(p0up™ — @ Oup).

It is not explicitly obvious that d,,J# = 0. But if we use the classical equations of motion,
it follows that 0,J# = 0. It is not surprising that equations of motion are needed, since
in the proof of Noether’s theorem, we used the EL equation.

Example 6.8. We can also talk about spacetime symmetries. We have translation sym-
metry, for example. Under infinitesimal translation

¢(x) = ¢(z + §) ~ ¢(x) + £ 0y ().

In this case

é0p
@— l/¢

5L oL 60,
oL = =0 s
ogv (3(%%) 55“)

where the second equality is obtained by the same variational procedure. Hence moving
the lefthand side from the left, we get

0L  0¢,

(25t <o
"\ 0(0,¢q) 6€¥ K

Hence in this case, we have four Noether currents, one for each v:

oL b6,
no— 9P _ L.
YT 0(0upa) 06r I

and

These are called energy-momentum tensor. Note that the component TOO is the energy
density.
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Example 6.9 (gauge theories). Let’s go back to the U(1)-example. The Lagrangian is

L= dup* "o —mPp* o — V(|¢|).

ia(x)

What if we consider the symmetry ¢ — e~ ©? This will give a change to the Lagrangian

L[] — L[e~"®) ). Let us introduce
£ = L)~ A

where the transformation of A, is given by A, — A, + J,a, then the same variational
Lagrangian £ is invariant under £'[¢] — £'[e~**(®)] by simple calculation. These A,’s
are called gauge fields or vector potentials. If a Lagrangian contains a vector field A,
and is invariant under the transformation A4, — A, + J,a for all «a(z), then the theory is
called a gauge theory.

Maxwell’s theory (setting e = 1) in vaccum is the most important example of a gauge
theory:
1
T4

One can check that it is indeed invariant under A, — A, + 0,«. There is a mathematical
explanation to this. What we call A, is actually the component of a differential 1-form

L F F*

A= A,dx".

What we defined to be F),, = 9,4, — 0, A, is actually the component of a differential
2-form F = %F wdx? A dx, which is the exterior derivative of A:

F =dA.

Our manifold X = R!3 is 4-dimensional. The Hodge star operator x : Q?(X) — Q2(X)
maps a 2-form to a form with complementary dimension, which is again a 2-form. The
Lagrangian £ in this language is simply given by

L=FN*xF =dAA*(dA).

A gauge transformation A, — A, + J,« is simply a transformation A — A + da, where
a € C*°(X), hence da is a 1-form. Since the action is given by

S:/ F/\*F:/ dA A x(dA),
X X
we see that under such a transformation

dA — d(A+da) = dA + d*a = dA

using the fact that de Rham differential satisfies d> = 0. Another example of a gauge
theory is

1 .
LsqED = —ZFWFW + [0 + ieAup|* — mP[p.

where again F,, = 0,4, — 0,A,. As we will see, this theory, called scalar quantum
electrodynamics (SQED), is an important example of gauge theory.
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6.7 Maxwell Equations and Tree Level Diagrams

Following the previous example, let us look at the most famous example of a U(1)-gauge
theory, the Maxwell theory:

1
L=~ FuF" —ed,J".

where again F,, = 0,A, — 0,A,, and Fy; = E; is the component of electric field, and
Fj; = €;jx By, gives the component of magnetic field. We have

oL oL 1
— o JH — _ (WY _ YRy — _
oA, eJ DO Ay) 2(F FYF) .

Hence the EL equations read
o =eJ”. (6.4)

This is the famous Maxwell equations in component form. Actually in components we

recover two of them:
V‘E:p/ﬁo V x B = puoJ + 0:E.

The other two is just intrinsically encoded in the Bianchi identity:
e"P?0,Fy, = 0.

Now we will focus on solving A, given the information of J#. The Maxwell equation

reads
Ou(OHAY — 0V Al) = eJ”.

Or equivalently
OA” — 07(0,A") = eJ"”. (6.5)

We will solve (6.5) by the method of Green’s function. We will find an operator II,,,, such
that
I, (eJ") = Ay,

which will yield the solution A,. We will refer to II,, a propagator. Since this is a
differential equation, it is often more convenient to Fourier transform the equation into
momentum space. Let us instead look for a Fourier transformed counterpart to this
relation. Fourier transforming gives

4 . ~
Ay(z) = / (§W§4elkwAu(k).

Let us look for . o
Au(k) =11, J" (k). (6.6)

Now, in equation (6.5), the notation II,, (eJ”) means II,, acts on eJ* in someway. In
momentum space we will require something stronger, namely the right hand side of (6.6)
simply is given by multiplication by II,,. After Fourier transform, (6.4) reads

—k?*AY 4+ kVk, AP = e (6.7)
We will use the best method to solve equation (6.6): Guessing! Here is my guess:

G — (1 — §>kukv/k2'

M, = - =

(6.8)
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Now I am going to simply check if my guess works. Let us check it: Substitute (6.8) into
the Fourier transformed Maxwell equation gives

—k*AY + Kk AF = kPP T, + Kk LM,

, K kP G — (1 — VMKV K2 =
=(gp(1§) o Kk ( k2) / )J”

L kYR -

So we need to show k”kpjp/kQ = 0. But note that k:pjp = 0 because there is a physical
requirement 9, J* = 0, i.e., conservation of current. And note that k:"jp = 0 is just the
Fourier transform of the current conservation equation. Therefore, we conclude that (6.8)
is indeed a good guess that solves (6.7).

Note that in (6.8) there is a unphysical parameter . This is just a choice of gauge. In
other words, we can choose £ to be anything we want (most popular choice is Feynman
gauge & = 1, there is also Landau gauge £ = 0), and any physical observable will not
depend on it (which we will show later).

6.8 Columb’s Law

Let us derive the Columb’s law using these results. We take
JH = (%(x),0,0,0).

Since the current J* is time independent, so must our vector potential A,. Hence in (6.8)
we may set £ = 1 and drop all the time dependence. Equivalently, this can be obtained
by going back to the original equation (6.4), choosing a gauge such that 9, A* = 0. Hence
the Maxwell equation becomes [JA” = 0. By time independence this is just V2AY = eJ”.
Then

(& dgk € ikx

In the second equality, we used V2AY = J (setting e = 1), and 1/V? is a formal symbol
that means we Fourier transform and multiply by 1/|k|? in momentum space. In spherical
coordinate, this integral becomes

0o 1 2w
e 1 .
A — kzdk‘ d 0 do— ikr cos 6
O(X) (27)3A [1 (COS )/0 ¢k2e
e [e's) 1 eikrcos@
k*dk [ d(cosf) ———
oy [, Hak [ et
e 1 [* i e

eikr _ —ikr
= — dk ——.
(2m) ir/o k

The last integral can be evaluted using Residue theorem. This is a standard computation
in complex analysis. The result is

[\

e 1
dr x|

Ap(x)

This is exactly Columb’s law.
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6.9 Green’s Function
Consider G(z,y) such that

.G (x,y) = =8 (z — ).
Written formally, G is the solution to

G=—.
O
Again, the expression makes sense in momentum space. Using Fourier transform, one can
find solution A
d*k 1
G , = _— Zk(xfy)_
@)= [ ST
One can check easily that
DxG(I‘v y) = —(54(.'13‘, y)

We call G(z,y) the Green’s function in a field theory. This is really useful in field
theory. For example, let us consider the following theory of a scalar field:

A

1
_ = vy _ Zpd
L= 23#118 h 4!h Jh.
The EL reads NE

When A\ = 0, the solution is simply the Green’s function
1
h() == —EJ

More specifically, we have

ho(w) = [ d'y Gla.)Iw). (69)
When X # 0, there is no closed solution. We perturbatively expand h in orders of A:

h = ho + Ahy + Nhg + - -

Then the EL equation reads

A
—g(ho—l—)\h1+)\2h2+---)3—¢]:0.

Using ho = J/0, to the first order in A we must have

—O(ho + Ay + Nhg + -+ +)

—OMhy — %h% = 0.

Thus 1 1 1
o 3\ _ 4 3
M) =~ <3!ho> — 51 [ G i)

Using
hi(y) = ho(y)ho(y)ho(y)
=/d4ylG(y, yl)J(yl)/d”‘yzG(y,yg)J(yz)/d4yzG(y,y3)J(y3),
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we get

hi(x) = ?}!/d“yd‘*yld”‘yzd”‘ng(azy)G(y, y1)G(y, y2)G(y,y3)J (y1)J (y2)J (y3).  (6.10)

There is a nice diagrammatic interpretation the calculation above. The perturbative so-
lution A, up to first order in A, is given by

h(IL‘) = ho(l‘) + )\hl(l‘),

which is the sum of expressions (6.9) and (6.10). The order A approximation, which is
ho, is just the solution to the free theory where A = 0 (A is usually a measure of how
strong the interaction is, when A\ = 0 the theory has no interaction, which we call free).
By looking at the expression (6.9), we can represent it by the following diagram:

z J(y)

ho(x) =
The line segment with endpoint x and J(z) is simply a pictorial instruction for us to
compute the integral [ d*yG(z,y)J(y). So we can think of the line segment with vertices
z,J(y) as the propagator G(z,y), and we need to truncate the end by multiplying J(y).
Now we look at hj(z). Thisis (6.10), which is much more interesting. We can represent
the expression (6.10) pictorially by:

J(y1)

® J(y2)

J(y3)

Again, using the previously established rule for hg, we replace each line segment with
a propagator. So for example the line segment with endpoints z, y corresponds to G(z, y),
and the line segments with endpoints y, J(y;) is replaced by G(y,y;), for i = 1,2,3, and
we truncate by J(y1)J(y2)J (y3). We add two new rule: Any internal vertices (in this case
y) is an free variable, that we need to integrate over. And for every internal vertex, we
need to multiply by a factor of . Integrating over all the variables other than = so that
the result will be a function of = only, we see that we exactly recover (6.10) multiplied by
A, which is what we want in the perturbative expansion, except we are off by a factor of
1/31.

This mysterious factor 1/3! can in fact be covered as the order of the automorphism
group of the graph above. These are called Feynman diagrams for this theory, and the
rules associating each diagram to a term of mathematical expression in the perturbative
expansion of h are called Feynman rules. In the case of this simple theory, the Feynman
rules can be summarized as follows:

1. Draw a point x and a line from z to a new point x;.

2. Either truncate a line at a source .J or let the line branch into two lines adding a
new point and a factor of A.

3. Repeat previous step.
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4. The final value for h(x) is given by graphs up to some order in A with the ends capped
by currents J(x;), the lines replaced by propagators G(x;, z;), and all internal points
integrated over, and divide the value of each diagram by the symmetry factor (i.e.,
order of the automorphism group of the graph).

It is worth remarking that the diagram corresponding of h; has 4 edges coming out
of each internal vertex y is due to our theory having a interaction term —Ah*/4! in the
Lagrangian. In general, if the interaction term is given by —Ah™/n!, then each internal
vertex will have n edges coming out of it.

So the upshot is: Up to a certain order A", the perturbative expression of h can be
recovered by summing over all allowed Feynman diagrams with no more than n internal
vertices using the above Feynman rules. This is just a pictorial (but much faster) way
of doing the perturbative computation that we could have done without using Feynman
diagrams and just grind the math.! Of course, that way you are much easier to make a
mistake, and you need to write down very long expressions.

Feynman diagram is the key to perturbative QFT (i.e., QFT whose Lagrangian con-
tains a nonzero interaction term). As we will see later, for each theory there is an associated
set of Feynman rules that allow us to do perturbation theory.

!Feynman diagrams were invented by Richard Feynman. Julian Schwinger, who won the Nobel Prize in
Physics together with Feynman, disliked him so much that he forbade his students to do any perturbative
computation of QFT using Feynman diagrams!
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Chapter 7

Path Integral Formalism

Thirty-one years ago Richard Feynman told me about his sum over histories
version of quantum mechanics. The electron does anything it likes, he said. It
goes in any direction at any speed, forward and backward in time, however it
likes, and then you add up the amplitudes and it gives you the wave-function.
I said to him, Youre crazy. But he wasnt.

- F. J. Dyson

Perhaps the best way to introduce the path integral formalism is by starting with the
double slit experiment. A particle emitted from a source at time ¢ = 0 passes through one
or the other of two holes drilled in a board and is detected at time ¢ = T by a detector
located on the screen, as shown in Fig.7.1. The amplitude for detection is given by a
fundamental postulate of quantum mechanics, the superposition principle, as the sum of
the amplitude for the particle to propagate from the source through one hole and then
onward to the detector and the amplitude for the particle to propagate from the source
through the other hole and then onward to the detector.

double-sh% I

! \\S reen
Electrons | ; i ‘;‘”

[ p—WONVEE Y | — [}

e!)ch’on i g

beam gun \

|
ﬁ
'
|
{
|
é
m’rerfelencc \
pattern

Figure 7.1: The double slit experiment

There is an obvious generalization to this situation: If we drill more than two holes,
say Ai,...., Ay of the holes, and we want to measure the amplitude Ag o for the particle
to propagate from the source S to the detector O, it should be given by

Aso = As a0+ As a0 + -+ As.a,,0,

where Ag 4, 0 is the amplitude of the particle starts from .S, passes Aj;, then ending up at
O. If we drill so many holes on the board that it feels like the screen is not really there,
then we should get the contribution Ag po from every point P on the board. Similarly,
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if we have a sequence of boards, say Bi, ..., By, of them, then the amplitude Ag o should
recieve contributions from every

As,Py,Py,.... PO

where P; is an arbitrary point on B;. Taking n, m — oo, the amplitude Ag o should recive
contribution from amplitude of every possible path from S to O. This clever thought
experiment was due to Richard Feynman, who later formulated his deep insights to the
path integral formalism.

To understand the path integral formalism, we have to be more precise about how
do we interpret Agop. The symbol is not totally precise because we didn’t consider the
time in which detection is made. Suppose we want to express the amplitude of a particle
started at an initial position ¢; at time ¢;, and ended up at a final position ¢p at time
tp. Let |qr) denote the position eigenstate at gy, and similarly define |gr). Suppose the
particle is governed by the Hamiltonian H. Then if we denote T' = tp — ¢, after we waited
T units of time, the particle started off as |g;) would have been in the state e 7 |¢;) by
Schrédinger equation, and the amplitude for it to end up at gr at time tp is given by the
inner product

(grle” T qp),

which is the quantity we are interested in evaluating. Now we use Feynman’s idea described
above to slice up the path into small intervals. Namely, we divide T" into N segments by
defining 6t = T'/N. Thus

<QF| e—iHT ‘q1> — <QF| e—inte—iH(st . e—iHét ‘q1> ]

Since the position eigenstates are complete, we insert a bunch of identity operators of the
form [ dg;|gj)(g;| = 1. So now we have that
{arle™"g;)

N-—1
= H/de (qrle™™" lgn_1) (an-1l e jqn_a) -+ (qr] = |qr) .
j=1

Let us focus on one factor {gji1|e™# 5t|q]~>. Suppose! first that our Hamiltonian is just
given by the Hamiltonian of a free particle H = p?/2m. Inserting the identity using
momentum eigenstates [ g—ﬁ Ip)Xp| = 1 and using {(q|p) = €7 gives

_ist(52 /2m dp —i0t(p?/2m
(gj+1]e &@/2>|%>=1/<%+ne SLE/2m) 1 p) (p|g;)

27
= [ SRS (g0 1p) o)
:/we—i&(ﬁ/?m)eip(%ﬂ—qJ')‘
27

The integral over p is an Gaussian integral, which can be evaluated. Doing this integral
yields

.\ 1/2
_ist(52 /2m —im imlas 1 —a:)?
<Qj+1| e ot(p?/2m) |Qj> — <2ﬂ—6t> e[ (gj+1—q5)°1/26t

12
_ m eiét(m/2)[(qj+1*‘1j)/5t]2.
2ot

!The general case H = $?/2m + V(&) with potential is similar.
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Putting all these pieces back we get

- UNJ2
—iHT I i5t(m/2) 30 (g5 41— qg)/5t]
(gr|e lar) (277675) (H /dq > i=

where gy = q7,qn = qr. Now we take the limit where N — oo, or equivalently where
6t — 0. Then the exponent in exponential above becomes fOT dt%qu. Thus the formula
above becomes

) T .
<qF‘eszT|qI> _ /quzfo dt%qu

where we define
2N 1

—im N2 N —imN
Dq = hm <27r5t> H/qu— hmoo< 9T > H/qu

The integral with respect to dgi above should be interpreted as integrating over all points
on a screen in which the particle passes at time t = kdt. So what we are doing is assigning

a weight of e’ Jo dt3md® 16 each path ¢(t) that the particle can possibly take and integrate
over all such paths. However, everything we have done here is at a formal level, and
immediately we see two concerning things from the formula above:

The first thing is that the formula above is just nonsense. There is a constant in front
that diverges at N — oo. However, what physicists usually do is to calculate time ordered
correlation function (as we will see later), which is the ratio of two path integrals. Hence,
this infinite constant will be canceled because both the numerator and the denominator
will contribute the same diverging constant.

The second thing is that Dqg can not be interpreted as a measure on the space of paths.
This is a more mathematical statement, but it is known that in many cases that such
measure cannot exist. Therefore, we should interpret the path integral as intergrating
over all possible paths only at a heuristic level, while in reality it always means we do
the procedure above and consider the limit of infinite product of integrals in small time
interval. In fact, the only path integral that can be evaluated exactly are those that are
Gaussian, and for non-Gaussian integral we will need to use perturbation theory (as we
will see later).

As a second step, repeat the derivation above with the Hamiltonian now replaced with
its most general form: H = p? /2m + V(§). I claim that the result we will get is

(arle™ " ar) = /qu ifo dt(zmi*=V (@), (7.1)

We recognize that what is inside the exponential is just ¢ times the action S = fOT dtL(q, q).
This is the path integral formalism: The amplitude (qr|e~7T|q;) = (qr, tF|qr, t1) recieves
contribution from all possible path ¢(t) from ¢; to qr, each weighed by a factor of ei5(a:9)

We will prove (7.1) shortly, but let us discuss first why the path integral formalism
is more favourable compared to the Schréodinger picture that we have developed. This
formalism is highly advantages because classical solutions emerges naturally in the limit
h — 0. Note that in the derivation above (in fact in pretty much every other places of this
writing), we assumed A = 1. If we restore the unit in (7.1), the actually formula should

read
(arle™" M gr) = / Dge 5D/,
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When A — 0, the integrand e*¥(@9)/" will oscillate rapidly. For any g, if ¢ and its nearby
path does not minimize the action S(g, ¢), then they will destructively interfere and the
contribution from them cancels out with each other. Therefore, the only significant con-
tribution to the amplitude come from those paths that minimizes the action, which are
the classical paths by the principle of least action.

To prove (7.1), note that each term in the insertion will be of the form

—ist(p2/2m) —i § dp —ist(p?/2m —i §
(gjs1]e” 0P /2me &V((’)Iq»:/(qg'ﬂle SHE™/2m) | p) (ple PV @)

2w
d —1 m —1 i
:/27]:‘3 PHPE2m) (g5 41 |p) (plg;)e Y (9)
.\ 1/2
— o i0tV(gy) [ M 0i0t(m/2)[(aj41—a;) /6]
276t
B <—im)1/2 iét(%(iqj"’;t_qj)z—‘/(q]'))
= e .
276t

So it follows that when we multiply all the insertion, and take limit as N — oo, we would
get (7.1).

Example 7.1 (Gaussian integral in one variable). As a warm up, in the finite dimensional
case, we consider the integral
/dp e~ P’ +Jp.

Recalling that f dp e~ = \/7/a, we just need to complete the square, and the above

expression becomes
J\2, J? [T g2
/dp e—oz(p—%) + — 7eJ /404'
[0

A somewhat equivalent method is called the method of stationary phase. Taking the
derivative of the exponent to find the critical point:

0= aap(—czp2 + Jp) =2ap+J

gives the critical point

J

p*:%-

Then up to the constant /7 /c, we see that

/dp e—ap2+Jp ~ e—ap,%+]p* _ eJ2/4a.

Example 7.2 (Gaussian integral in finite dimension). Suppose now J be a n-dimensional
vector, and A an n X n matrix. We now consider the n-dimensional integral

/dnpeépTAp+JTp_
After diagonalizing A the integral becomes just a product of integrals over the p;, and the
result is the product of one-dimensional Gaussian integrals, with a being replaced by an

eigenvalue of A. That is,

2
/dnpe—épTAp+JTp - we%ﬁ/"”, (7.2)
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7.1 Time Ordered Correlators and Partition Functions

Now suppose I have some operator of interest. In the Hisenberg picture, the operator O(t)
evolves with time ¢. What we will be interested in calculating is calculating expectation
values of the form, say
(4, 1| O(t)O'(t')|4a; ta)
(ab: to|qa, ta)

The denominator is the path integral that we already did. So let us redo the calculation
of the numerator. Now assuming that O, @’ is just built up from the position operator Q
(example, O = Q?). Now assuming t, < t < t’ < t,. Then going through the computation.
Routine calculation shows that the expression above becomes

[Dq e O@)O'(t)
j‘ Dq )

It is important to stress that inside the integral, O(¢), O’'(¢') now become classical functions
of position and momentum, instead of being operators. We now introduce the time
ordering operator, which is defined by

O1(t1)Oa(t2) t1 > to

T{O:1(t1)O2(t2)} = {02(t2)01(t1) t, < ta.

Then in fact we have that
(qv, to| T{O1(t1)O2(t2) }as ta) = /Dq SO, (1) Oy (ts).

This is not surprising, since the right hand side are all classical objects, hence they must
be independent of orderings. Therefore, the left hand side should also be something that
does not depend on the ordering of the operators. Indeed, if we go back into the derivation
of the path integral, we recall that we slice up time in order, so the only way that the
expectation on the left agrees with the path integral on the right, is that the left hand
side is already time ordered.

The formal object we obtain is called functional integral. We now introduce functional
derivatives. The rule is defined as follows: We have

0
——q(ty) = 6(t — tg).
This is the analogue of ordinary derivative 0q,/0q; = d;;. Now suppose I want to look at
the following functional, called the partition function:

Z[J] = /quxp(z‘/dtL—i—i/dt J(t)q(t)>.

Here, J is called the current, and Z[.J] is commonly referred to as the partition function
of the theory. Suppose we know the answer to this expression, then essentially we know
everything there is to know about the theory defined by the Lagrangian L. To see this,
consider calculating

Note that

o

(=) gyt 700 = ot o / 6(t — t)q(t)dt = ef Y1q(t)).
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Hence

6
0573

Z[J] = (@, to| Q) |da- ta) = (Q(1)).

J=0

Generalizing, we see that

w13 5
0 ZisTm) e

Z[J]

= (T{Q(t1) - - Qtm)})-

J=0

Similarly, changing the appropriate expression of the integral involving J, we can recover
all time ordered correlators by taking functional derivative to path integrals of the theory.

Example 7.3 (Harmonic Oscillators). We will next show how this works for a concrete
example: harmonic oscillator. The Lagrangian is

1, 1
r—tp2_ L1 202
o1 T3

This is slightly different from the usual expression you see in classical mechanics because
the mass is not in the kinetic term but in the potential term now. We can translate in-
between by a rescaling of z, but this expression is more common in QFT so we will study
the expression above instead. We would like to calculate

(01T'4(t1)4(t2)[0)-

We see that the potential term will have an integrand which is a Gaussian. Let’s compute

Z[J] — /Dq eiS[q]+ifdt Jq

1 1 )
= /Dq exp </—2q8t2q— 2m2q2+Jq).

The integral is quadratic in ¢, hence is just an infinite dimensional Gaussian. The answer
should be the infinite-dimensional analogue of (7.2). Using stationary phase method, we
take derivative of the exponent with respect to ¢ and set it to zero shows the extremum
appears at the solution to the differential equation

—8,52q —m?q=—.

Note that instead of —92q/2 we get —02q in the first term, because the derivative can hit
both ¢’s in gd?q. To solve the equation above, we formally write

1
J.

qz_—@f—mQ '

Formally, we are taking Fourier transform and invert the operator on the left hand side of
the differential equation. Now, seperating the part that depends on J, we get:

Z07] = Zoexp <z / dtdt’ ;J(t’)_ajJ(t))

—m?2
t m

Note that this is precisely what we expected: This is nothing but an infinite dimensional
analogue of (7.2). Now let us take functional derivatives and calculate some correlation
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functions. We have

) )
6J(t2) 6J(t1)

(0|TG(t1)d(t2)]0) = —(—i)? Z1J)

J=0

= (—i) M?tQ) exp (z / dtdt’ ;‘](t/)aflm?‘] (t)>
1

1 !/ /_ # / / - _
« 2</dtdt 5(t tl)_atz_mQJ(t)—lr/dtdt Il t1)>

J=0

Now we take functional derivative with respect to J(t2) again. If the derivative hit the
J in the exponential, we will get some integral with J in it, which vanishes when we set
J = 0 in the end. Hence we only need to worry about the situation where the derivative
hits the J in the integral. Thus the expression above reads

i [ dedt’ J(¢)

S\ A ——J(t) L
(Tq(t1)q(t2)) = e —of—m / dtdt’ 6(t' — ¢1)

2 _ .2 :
0p —m J=0

Recall that the Green’s function satisfies

Gty ) = — S6(ty — ta).

O +m

Here, the derivative 8152 is taken with respect to t1. The function §(t; —t2) acts like identity
matrix on the space of functions, because the expression [ dtidts J(t1)d(t1 — t2)J (t2) is
just the infinite dimensional generalization of the vector contraction expression JTAJ for
some matrix A (which is identity in our case) and vector J. Compare this with Example
7.2. Hence G(t1,t2) is the inverse matrix of the operator —(9? + m?). Hence the above
expression becomes

i [ dedt’ J(t/ L__J
R =T (t)/dtdt’ St — )G, t)6(t — ta) = G(t1,t2).

J=0

(Tq(t1)q(t2)) = e

Thus we have shown that the two point time ordered correlator is exactly the Green’s
function. Let’s see what this looks like in frequency space. In frequency space (with
variable w), the derivative J; becomes —iw. Doing Fourier transform, we see that

0 etwl(ti—tz2)

(Ti(t1)q(t2)) = /

oo 2T —w? +m?2’
The integral is the same as
/OO dw eiw(tl—tg)
oo 2™ —w? +m? — e

and send € — 0. The above integral can be evaluated using residue technique from complex

analysis. The poles (Fig.7.2) are located at the solutions w? = m? — ie. In other words,

w=tvVm? —ie = Etmy/1 —ie/m? ~ tm(1 —ic/2m?).
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Figure 7.2: Pole Location.

The interested readers are encouraged to complete the computation using residue the-
ory and contour integral techniques. The result is

7 .
G(tl,t2> = %exp(—zwﬁl — tg‘).

7.2 Path Integrals in QFT

Next, we will generalize path integral to QFT setting. Let us consider the path integral
whose Hamiltonian density is given by

H = %HQ + %(w)? + V(o).

In the above, II = 0;¢ is the canonical momentum. The Langrangian density is given by

L= 50,00" ~ V(9).

In QM, the eigenstates of the position are |q) which satisfies @ |q) = ¢|g). In QFT,
the field ¢(x) will become an operator valued function. The eigenstates are |¢(x)) such
that @(x)|d(x)) = ¢(x)|p(x)), where ¢(x) is a number, namely the eigenvalue, which
depends on the location x. Similarly, we have momentum eigenstates |II(y)) such that
I(y) |H(y)) = II(y) |I(y)). We also require the commutation relation

[6(x), T1(y)] = id*(x — y).
The functional integral formalism derived in the last chapter should hold for all quantum
mechanical systems. In particular it should hold for quantum field theories. In the scalar
QFT theory above, it is merely a quantum mechanical systems with infinite degree of
freedoms, where each degree of freedom is simply the value of the field ¢(x) instead of
position g. Suppose now at time ¢, the field configuration is ¢, (x), and at time ¢, the field
configuration is ¢p(x), then the transition amplitude A must be of the form

A= (o(a0)]e= 01|, (x)
— [popn ex(i | i (16 51 - 5v02 - v@)). @)

where the D¢ integral are constrained to the specific configurations ¢, (x) at t, and ¢p(x)
at t,. Note that (7.3) is simply infinite dimensional generalization of (??). Note that the
exponents in (7.3) is quadratic in II, so we can first do the Gaussian integral involving
DII. Using the stationary phase method, we obtain

. wli iy( Lo some— >> _ iS(6.0,9)
A /Dqﬁe p<z/ta<t<tbd x(2<9“¢8 o —V(9) /que :
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7.3 Free Theory and Wick’s Theorem

Let us work out the path integral formalism for the free theory
1 1 459
£=§ Mqﬁ@“gb—im -,

This should be familiar as it is just the 4D generalization of Example 7.3. So we already
know the answer to the time ordered product in some sense from that example. We know
we should get something like

R R 4 i
(O[T ¢ (1) (2)[0) = / &k

ik(x1—a22)' 7.4
(2m)4 k2 — m? + e (74)

Indeed, we carry over the exact same steps as in Example 7.3, with 0? + m? becomes
O — m?, which leads to (7.4). Note that (7.4) is manifestly Lorentz invariant.
Now that we are masters in two-point functions, what about three-point functions?
Let us calculate now X R R
(0]Tp(x1)p(x2)p(3)[0).
To do this, we calculate the functional derivative as expected. The partition function for
the free field theory reads

Z[J] = / D exp (2 / d4x<;8u¢8“¢ - %m%ﬁ? + J(:):)(b(ac))).

This expression is quadratic in ¢. Hence the path integral can be computed directly using
the method of stationary phase. Direct generalization of (7.2) leads us to the result

Z[J] = Zyexp <z / dtzdly J(a;)D;mQJ(y)),

where Zj is independent of J. We can define the Green’s function G(z,y) to satisfies the
relation
(O — m*)G(x1,20) = —(z1 — T2).

One can check that G(z1, z2) is precisely given by the right hand side of (7.4). Hence
1 621J] ( / 4 a4 >
—1)— =expl|i | d*zd*y J(2)G(z,y)J] X
( Zo5d@n) |,y O y J(z)G(z,y)J (y)
([ aveani+ [aterocie.s)),

which we see is zero when we set J = 0. When we take the second derivative, the nonzero
contribution comes from 6/6.J hits the J in the integrand of the integral on the right. But
when we take third derivative again we have similar expression above, hence becomes zero.
Therefore, we conclude that all the correlator for an odd number of insertions vanishes.
Hence very generally, we wish to compute correlators with an even number of insertions:

A . 1 6 0
(To(wa) - o@m)) = 5o 57w

The computation in Example 7.3 already showed that taking two functional derivatives
gives the propagator:

Z[J] (7.5)

J=0

1 9 0
Zo6J (1) 6 (2)
where G(x1,x2) is defined by the integral on the right hand side of (7.4). In general, the
answer is given by the famous Wick’s Theorem:

Z[J] = G(Jfl,l’g),
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Theorem 7.4 (Wick’s Theorem). The value of the expression (7.5) is given by the sum
of products of propagators valued at all possible pairings of the insertion points x1, ..., Tom.
That is,

(Td(a1) - p(xam)) = Y G(Ti),Tiy) -+ GTigyy_+ Tigy,)- (7.6)

all pairings
We will use Wick contractions to indicate the pairing, as shown below. For example:

— I
(To(z1)p(z2) - - d(T2m—1)P(x2m)) = G(21,22) - - - G(T2m—1, T2m)-

The proof of Wick’s theorem is not very illuminating, so we omit it for now. What’s more
important is convincing oneself that the theorem is right by working through examples.
For instance, the 4-point function will be given by the sum of three terms:

(Th(x1) -~ d(x4)) = Gw1, 22)G(ws, 24) + G(x1, 13)G (w2, 24) + G(21, 24)G (22, T3).

The expression above has a nice pictorial representation given by Feynman diagrams.
It is given by the sum of the three diagram in Fig.7.3, where each line from x; to x; is the
instruction for us to multiply by a Green’s function G(x;, z;):

x
1 9 1 2 1 T2
— o

o —O
x3 T4 T3 T4 €3 T4

Figure 7.3: 4-point correlator function

7.4 Interacting Quantum Fields and Feynman Diagrams

The Lagrangian in section 7.3 only has a quadratic term in ¢. In general, we may have
some higher order polynomials in ¢. So the theory might have some interaction terms. So
the Lagrangian will be the same Lagrangian in section 7.3, called Lee, plus some higher
order interaction terms:

L = Leree + Ling.

For example, we might have something like

A

Z B, (7.7)

1 1,
£=g0u00io = gmio =g

2
In this case, Ling = A¢3/3!. Theory like this cannot be solved exacly like what we did in
Section 7.3. But QFT like this is of great importance because most practical quantum
field theories have higher order interaction terms in the Lagrangian. Therefore, it is still of
great interest to calculate the time ordered correlators with arbitrary number of insertions.
To this end, we need to compute the correlators of theory (7.7) perturbatively: That is,
we assume A is a small number and do Taylor expansion. Assuming the quantity Q is
what we want to compute for the theory (7.7). This could be a correlator with 4 insertion
points. Let Qg be the corresponding quantity we would get if A = 0 (i.e., in free theory).
Then, we Taylor expand Q in terms of A:

Q=0Qp+ A0 +\Qy+---.
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Feynman diagram is a powerful tool that tells us how to determine the coefficients Q;
when Q are time ordered correlators with arbitrary number of insertion points. We will
formulate this idea for the remaining of this chapter. The partition function for the theory
(7.7) is given by

Z[J] = /Dqﬁexp <i/d4m(;au¢8“¢ — %m2¢+ Jo — ;!qﬁ?’))

: —-A
—_ /D¢ elfd4x(%au¢)a“¢7%m2¢+¢]¢') exp (Z/d4x 3'¢3>

- / D¢ o [ d'2(30u00" 9= 3m>¢+79)

: <1 St et (S2) 5 [ s [ dw e - )

Each term in this expansion can be viewed as a path integral in the free theory. Using

ZolJ] = /D¢exp (i/d4$ <;8M¢8“¢ — %m%b—l— J(]ﬁ))

to denote the partition function of the free theory, we can write the Taylor expansion of
Z[J] above as

—i) 20320 —ia\?1 , 88 Zo[J
2] = ZolJ) + 5 | da(=)’ 6J(Oz[)3] +< 3! > 2/d4z/d4w(_l)6(5J(z))3?c£=7](w))3

(7.8)
:exp<_3i!)\(—i)3/d426J5(32>3>Z0[J].

Let us denote the ground state of the theory (7.7) by |Q2). We avoided using |0) because
we want to reserve it for the ground state of the free theory, which may be different from
|©2). We are interested to compute the time ordered correlator

(=" i AV (7.9)

(QUTen) - olen)l) = o STy auem 27,

From (7.8) we know that Z[J] can be Taylor expanded in A, with the constant term being
Zo[J]. Hence the correlator also has a Taylor expansion in A, whose constant term is the
free theory correlator function:

QTP (1) -~ p(an)|Q) = (0T ¢(w1) -+ - $(wn)|0) + AQ1 + A*Qa + - .

Now we discuss how to determine the coefficients Q,,,. These can be determined by
Feynman diagrams and Feynman rules. We will construct a collection of diagrams called
Feynman diagrams that are relevant (will be made explicit below), and using a set of rules
called Feynman rules we can turn these diagrams into mathematical expressions. Then
Q,, is simply the sum of all such relevant Feynman diagrams (namely their expressions
obtained from applying Feynman rules to the diagrams).

The first step is to determine the number of insertion points xi,...,z,. In this case
we have n of them. This determines the external vertices of Feynman diagrams, which is
equal to n.
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The second step is to determine which coefficient we want to compute, in our case
say it is Q,, for a fixed integer m > 1. This means we need to find terms in the Taylor
expansion (7.9) that are proportional to A™. Using (7.8), we see that up to a constant,

53 53

0J(z1)® 6J(zm) < /d4xd4y<]( )G(x,y)J(y))

exp
BT A A IS T () 6J (2m)3 2= 201 TEYILEL YY) ) -

{=0
(7.10)

577,
mwi)\m d4 d4m
S S, / Are s

Note that in each summand of (7.10), the number of currents J is equal to 2/, and the
number of functional derivatives 6/0.J is n + 3¢. In this sum, if 2¢ > n + 3m, then after
we finish taking all derivatives, we will still have some current J left. Hence these terms
will vanish when we evaluate at J = 0 in the end. On the other hand, if 2/ < n + 3m,
then after taking some functional derivatives, we will run out of J’s, which means taking
functional derivatives again will give zero. Hence we conclude that

Proposition 7.5. The only terms in (7.10) that have nonzero contributions to (Q|T'¢y - - - ¢,,|$2)
are those that satisfy n 4+ 3m = 2¢.

Next, we note that for each fixed ¢ in the sum (7.10), we have terms proportional to

§n 53 53 V4
§J1 -0, (5J(Zl)3"'5j(z )3/d4x1"‘d4$éd4yl'"d43/€HJ(J«"j)G(xj,yj)J(yj)-
n m i1

By product rule, this is the sum of all possible cases where some §/.J(p) hits some J(q).
Each time this happens, we will get a delta function §(p—¢q). Since Proposition 7.5 tells us
that n + 3m = 2/, that is, all of the vertices pi, ..., p, (external vertices), and three copies
of z1,..., zm, must be paired with some current J. And the propagators G will record all
possible pairings among these vertices. For example:

[ttty $HER G S = Gl ).

Now we are ready to build a bridge between the expressions in the perturbative series of
the time ordered correlator and Feynman diagrams. We first need a definition

Definition 7.6. Let D be a (Feynman) diagram. The value e(D) of the diagram D is

given by
1
D) = —ix)Vol G(pi.
6( ) |AutD\( ? ) H (pup])a
(pipj)€E
where Vj is the collection of all internal vertices of D, and |Vp| the number of internal
vertices, and F is the set of all edges of D. Finally, Aut D is the group of automorphisms of

the diagram D fixing the external vertices (meaning these automorphisms cannot permute
external vertices).

Therefore, we conclude that

Theorem 7.7 (Feynman Rule). The coefficient Q,, in the Taylor expansion of the time
ordered correlator (Td(p1) - - d(pn)) is given by the sum over values of all possible diagrams
with external vertices p1, ..., pn, and m internal vertices, where the sum is over all possible
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pairings between these vertices (every external vertices must be paired with some internal
vertices). If we denote the set of all such graphs by Gy, ym, then the above statements simply

becomes
O = Z e(D).

DeGn,m

In the above statement, the only thing we did not justify is the coefficient 1/| Aut D|.
This is just some combinatorial result which we will omit. However, we will give a sample
calculation in the next section, showing that for a loop D we have | Aut D| = 2. People
usually denote | Aut D| by s(D) and call it the symmetry factor. Note that since we
are pairing two verticles by an edge (propagator), of course we should get twice as many
points as edges. That is,

n+dm = 2/,

where d is the degree of ¢ in the interaction piece Lint. In our case d = 3. This is precisely
Proposition 7.5.

Now, we have almost constructed a dictionary between physical quantities and geo-
metric elements in Feynman diagrams:

Physical Quantities Elements in Feynman Diagram
number of insertions in correlator number of external vertices
order of A in the Taylor expansion number of internal vertex

propagators edges of the diagram
degree of ¢ in the interaction term valence of the diagram

The only thing that is possibly not clear is why does valence of the diagram corresponds
to the degree of the interaction. To see this, we go back to (7.10). Say we are looking at
an internal vertex z;. Then asking the valence of the graph at the vertex z; is the same
as asking how many things can we pair z; into. Equivalently, this is asking how many
0/0J(z1) we are taking in (7.10), which is evidently the degree of the interaction.

7.5 Momentum Space Feynman Rules

Usually, momentum space Feynman diagram computation is very messy. The calculation
is greatly simplified if we do Fourier transforms and go to momentum space. Let us
consider the example of a ¢* theory:

1

L= %aﬂww — §m2¢2 A st

4

One Feynman diagram in position space for the 4-point correlator is given by

T T2

T3 T4
In position space the Feynman rule gives the value of this diagram:

e(D) = —i)\/d4x G(x,21)G(x,22)G(x, x3)G (2, x4).

92



Since the propagator reads

d4k 4 ik(x—z’
G(x,:c’):/wkwe (@=a"),

we see that after Fourier transform, the diagram has value

L d4k; i
. 4 ikj(x—x;
e(D) = —z)\/d x | | (271)347]& ~e j(z—j)
j=1 !

J

Note that the expression contains a term
/d4l‘ ei(k1+k2+k3+k4):p — (54(k31 + ko + k3 + ]{54)

This enforces conservation of momentum. Therefore, in momentum space, we must always
write down such a delta function associated to each diagram which enforces momentum
conservation.

Let us give an example of how to compute the symmetry factor | Aut D| of a diagram.
For example let us take this diagram in for the ¢* theory:

X1 €2

X

The related term in the series expansion is given by
—iA
(D) = S [t 0lo(a)o()o(a) o) a1)o(a2) ).
Using Wick’s theorem, ¢(z1) can hook onto 4 of the ¢(x), and ¢(x2) can hook onto any

of the remaining 3 of the ¢(z4), then the remaining 2 ¢(z) must pair up. Hence the
expression becomes

e(D) = —% /d4$ 4G(x, 11)3G(x, x2), G(x,x) = —% /d4:n G(z,11)G(x,22)G(x, x).

Hence in this case we see that | Aut D| = 2. Fourier transform to momentum space, this
becomes

—iA 1 i g i
2 k2 —m2k%—m? pr—m2
which corresponds to the diagram in Fig.7.4.

p
° °
—> —>
k k

Figure 7.4: Momentum space loop diagram.

To get back to the position space, we simply inverse Fourier the expression above.
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For now, it might not be obvious why we would prefer calculating Feynman diagrams
in momentum space instead of in position space, except that it makes momentum con-
servation more obvious. This will come clear when we introduce the LSZ formula: What
experimental physicists can measure is something called scattering amplitude, which is
usually denoted by M. The scattering amplitude is directly related to the time ordered
correlator by the LSZ formula: In fact, it is just proportional to the sum of all Feynman
diagrams, with external legs amputated (by this we mean when we evaluate Feynman
diagrams, we just ignore all the propagators connecting to external vertices). In this case,
to calculate M it is much easier to calculate the Feynman diagram in momentum space.

7.6 Example: Feynman Rules for Scalar QED

In the previous section, we have studied how we can generate Feynman diagrams given
a theory with a specified Lagrangian. If the Lagrangian is free, then we can solve the
theory exactly, otherwise if it includes a nontrivial interaction term, then we need to
compute the correlator functions perturbatively by a systematic procedure of calculating
Feynman diagrams. We have already seen how this works for ¢ and ¢* theory (and
the story is pretty much the same for ¢™ theory). In this chapter, we will work out
another important example to illustrate this procedure: the theory of scalar quantum
electrodynamics (SQED). We have already seen this theory in Example 6.9. What makes
this example different from the ¢™-theory is that instead of just one real scalar field ¢, we
now have a complex scalar field ¢ (which gives two real scalar fields «, 8 where ¢ = a+if,
or equivalently we have two independent scalar fields ¢, ¢* that we need to consider).
Moreover, there is in addition the presence of a vector field A,,.
Let us go back to the Lagrangian in Example 6.9. The Lagrangian is

1 . * - *
L = _ZF/WF‘W + (8u¢ + leAuﬁb)(auqs —ieAl¢*) — m2‘¢|2

- %FWFW — ¢* (O +m?)¢ — ied, (670" p — 0"¢*) + * A, A¥|g|*. (7.11)

In the second equality we used integration by parts to replace 0,¢0"¢* by —¢*0"0,¢ =
—¢*¢. The resulting difference in action will be the integral of a total derivative, which
under suitable boundary conditions will be zero by Stokes’ theorem. Hence, the action is
invariant under such replacement. In other words, in going from £ to (7.11), we did not
change any physics, since action is all that matters.

An easy way to remember this Lagrangian is by introducing the covariant derivative
operator D, = 0,, +ieA,. Then the SQED Lagrangian simply becomes

1
L=~ Fp, + Dyl —m?|g]*.

2
Looking at (7.11), we must first determine what is the free piece and what is the

interaction piece. Since the free piece should have at most quadratic order in fields, and
interaction piece at least cubic order in fields, we conclude that

1
Efree = _ZFMVF;W - ¢*(D + m2)¢7 (712)

Ling = —ieA,(¢*0" ¢ — pOF¢*) + e? A, AP pg*. (7.13)

As we have seen from the previous section, we must first solve the free theory, which will
give us all the propagators in the theory. And then we will focus on the interaction piece,
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which will give us information of what our Feynman diagram beyond tree level will look
like: coefficients for vertices, valence of the diagrams, etc.

As discussed, we will first look at the free theory (7.12). The free theory partition
function is

ZolJH, J, J¥]
— /pAqus* exp <z / d*z (—iFWF“” — ¢ (O +mHo+ A"+ T ¢+ ¢*J)>.
(7.14)

In (7.14), there are three different currents, one is the vector current J#, and there are also
J, J* current for ¢ and ¢*. To calculate time ordered correlators, we take the corresponding
functional derivatives of (7.14), and evaluate at J# = J = J* = 0.

7.6.1 Photon Propagator and Gauge Fixing

The first quantity we want to calculate is

1 6% Zy
Zo[0] 8T (21)0J (w2) | y—o'

(TAu(x1) Ay (22)) = (—i)?
Since anything in the exponent of (7.14) containing ¢, ¢* does not couple with the vector
current J#, we see that

1 827y
Zo[()] (5J“(IL’1)(5JV(1’2)

_7;)2

—~

(_i)Q/ v i [ dt(—gr @rm2)g) T[]
— D ’D 1 i m ,
Zolo] | PoPoe 5T (e0)0T" (1) |5

(7.15)

I[J" = / DAexp (z / d*x (—iF,wF’“’ +AHJ“)>. (7.16)

Hence let us calculate Z[J#] first. Rewriting the first term in the exponent a little bit gives

J=0

where

1 1
-1 / d*x F,, F* = -1 / d*z (9,A,0"A” — 0,A,0" A — 9, A, 0" A + 0, A,0" AM)

= —% / d*z (0,A4,0" A" — §,A,0" A"

1
-, / da (A, 0,08 AY — A, 0" A,)
= ;/d% A, (g™ 0 — 0"0") A,

Hence Z[J#] now reads

T[] = / DAexp<z' / dz (;Au(g’“’D _910Y) A, +AuJ“>>. (7.17)

This is a standard Gaussian integral. The integration yields

—1

1
I[JH] :Nexp<2/d41:d4y J“(l‘)m

J”(y)>,

and the renormalization constant N, multiplied together with the DpD¢p* integral on the
right hand side of (7.15) would exactly cancel. Hence we would be able to conclude that
the propagator (T'A,,(z1)A,(x2)) is proportional to the inverse of g"’[0 — 0*9”. Right?
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Unfortunately, there is one very serious mistake in our argument. The operator
PH = ¢gM0 — 9*9”

is not invertible. To see this, just consider any function of the form d,«, for any o(x),
then we see that P*”0,a = 0. Therefore, the operator P*” is not injective, hence cannot
be inverted. Hence our argument above falls apart. If you remember Example 6.9, a
gauge transformation is precisely given by A, — A, + 0.« for some a. Indeed, the SQED
Lagrangian is invariant under such a transformation. The fact that P*” fails to be injective
for having kernels containing 0,,a’s is precisely the indication that we are working with
a gauge theory. Looking at the integral (7.17) we see that when we are integrating over
A, = 0,0, the exponents become zero when J* = 0. Hence Z[0] would receive infinite
contribution equal to measure of all field configurations A,, = 0,,«, which means it is badly
divergent. Since Z[J#] is a factor of Zp[J], this means that Zy[0] is also badly divergent,
which is problematic. Physically, this means that we are counting contributions from the
entire gauge orbits, when we should have just counted contribution from one representative
from each gauge orbit, since fields differ by a gauge transformation are physically the same.
But we are really close. The solution is to add a gauge fixing term

1
(D, AM)?
25( 2 )
to our Lagrangian, which now reads
L WA JH 1 9, AM)?
_ZFHVF + AuJ +E( L A)T

This seems odd at first. But we claim that we can always choose a gauge such that
0, A" = 0. To see this, we first note that our original Lagrangian is gauge invariant, i.e.,
invariant under any shift A, — A, + 0,«a. Now under such a gauge transformation, we
have

A" — 0, A" 4+ Oa.

Hence, we may find an « such that o = —9,A*. Indeed, the solution is given formally
by

1
o = —EQNA“.
After adding such a term, performing integration by part, our operator P*” now becomes
o (1- Do
3
Substituting this into the modified version of (7.17), and comparing with (7.2) in Example
7.2, we see that the propagator would be an operator II,,, such that
PHIL,, = OF.

Fourier transforming into frequency space, we see that we want an operator II,, such that
Py, — o,
Now the Fourier transform of P*¥ is

N 1
P = — kg + (1 - 5) kMR
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We claim that
= 1 kHrEY

Compare (7.18) with (6.8), we see that this is exactly the Green’s function obtained from
solving the Maxwell equation. Indeed, the partition function Z[J#] we are working with
in (7.16) is literally Maxwell theory! Let us verify that (7.18) is indeed the operator we
want:

- kHEY 1 1
Poy I = k2 <_k29fw9’w + k2 gou(1 =€) 2 (1 - f) kakug"” — (1 - ) kaky(1—§)

§

_ /32< K267 + (1 — E)kak” + <1 _ 2)/%1@ _ (1 _ 2) Fo(1 — £)k”>

( k26% + ky L gJrg—k: k”) =%,

w‘H

3 §

However, note that in (7.17), or rather the modified version after we add the gauge term,
has quadratic fluctuation ¢P*” in the exponent inbetween A, and A,. Hence we really
want to find the inverse of the operator iP*”, which is —iII*¥. But remember that in
calculating the time ordered correlator (7.15) we need to multiply —ilI* by (—i)? = —1,
hence

0L )
_ (2 _
(TAu(21)Ay(22)) = (1) 5TH6T  Dghv — (1= )8“8” = il (21, 72).

Since our theory is translation invariant, propagator only depends on the distance between
two points, ~i.e., Huy(xl,xg) = II,,(x1 — x2). Hence it is related to the Fourier space
propagator 11, (k) by

d*k - o
Huu(xh:rz) = HW(:m —xg) = /wnﬂy(k)ezk(zl @)

Therefore, in momentum space, the photon propagator iII*” is simply

2 v
e = (9 (- 95

We will usually denote the photon propagator by a curly line. In the next section we
will evaluate all other possible propagators in SQED, but the hard work is mostly done.
The remaining calculation will be easier.

7.6.2 Complex Scalar Propagator and Others

We now want to evaluate the 2-point correlator (T'¢*(z)$(0)). In fact, we could evaluate
(To*(x)p(y)) for any arbitrary x,y. But as we discussed before, any reasonable theory
should be translation invariant, hence without loss of generality we can set y = 0 and just
focus on (T'¢*(x)¢(0)). Going back to (7.14), we see that

2 52 2 52
0 N

zl0] 57 @) P =zt s wea)

(T'¢p*(2)9(0)) = QlJ, J7,

(7.19)
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where
QMJﬂ:/ﬁwD&@mo/ﬂ%pwﬂD+m%¢+ﬁ¢+dﬂo. (7.20)

We will directly evaluate Q[J, J*]. There is a version of Gaussian integral for complex
scalars. In n-dimensional space, this is just the identity

- e [N N e ¢ N
/ H dzrdzy, exp (z Z 2y Mpgzq + i Z(Jp Zp + szp)> = et &P <—Z Z Jp (M l)quq> :
k}:l p,q p,q

P

(7.21)
The proof of (7.21) is rather tedious and not very instructive. So we simply assume this
result and omit the proof. The infinite dimensional generalization is immediate. Using
this to evaluate (7.20) we get that

1
Taking functional derivative of the above expression, we see that
52 s .
o, J ] =N—" !

5.7 (x)6.J(0) a=m  NareE

Substitute this into (7.19). We multiply the expression above by the overall coefficient
(—i)? = —1, and again N and Z[0]/Z[0] cancel out each other. Hence we conclude that

(T (2)$(0)) = ——

O -m?
Fourier transform into momentum space, the complex scalar propagator reads

______________ 1
k k2—m2+z’e'

Finally, let us look at (7.14) again. Is there any other propagators that we haven’t
calculated yet? For example, what about (T'¢(x)¢(0)) or (T'A,(x)$(0))? Let us discuss
(T'p(x)e(0)) first. We know that

2 2 *

(To(@)o(0) ~ o D0 N
0J*()J*(0) | ju—yegeg  0J*(2)J*(0) | 1 jey

Now using (7.22), it is not hard to convince oneself that the expression on the right hand
side is zero: When we takes the first functional derivative with respect to J*, it is the
exponential time with derivative of its exponent, which is proportional to J (independent
of J*). Hence when we take functional derivative with respect to J*, we pull down another
derivative of the exponent, which is again proportional to J. All these factors multiplies,
hence the expression on the right hand side is proportional to J, which vanishes when
we set J = 0 in the end. Same argument also shows that (T'¢*(z)¢*(0)) = 0. The same
argument also shows (T'A,(z)¢(0)) = (T'A,(x)¢*(0)) = 0: When we take derivative of J#*
with respect to the gauge fixed Z[J#], we get a term proportional to J#, this is multiplied
with §Q/8.J(0) or 6Q/§.J*(0), which is proportional to J or J*. In the end when we set
JH = J = J* =0, the expression vanishes.
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Hence, we conclude that in SQED, the only possible nonzero Wick contractions must
pair (contract) A, with its own kind A, , whereas ¢ can only be contracted with ¢* and vice
versa. All other Wick contraction will vanish. In other words, the photon propagator and
the complex scalar propagator are all the propagators there are to calculate. Therefore,
we have completely solved the free theory given by the partition function (7.14) at this
point, and we can proceed to the full SQED partition function to study interactions of
this theory.

7.6.3 Interactions

Now we can study interactions in SQED. Our goal will be modest: We want to determine
what type of interaction vertices that we might have, and determine the coefficients for
the interaction vertices. Recall that the interaction part of the SQED Lagrangian is

Ling = —ieA,(¢*0" ¢ — pO"¢*) + e* A, AFpp*.

We see that there is a cubic term (in fields), and a quartic term. This means that we will
get both 3-valent and 4-valent diagrams in SQED. Let us first look at the cubic terms.
It contains 3 fields, hence in momentum space, we have a 3-valence diagram with vertex
value

= —ie(p+p)m.

b

Figure 7.5: Cubic vertex in SQED.

To see why the vertex coefficient is —ie(p + p’)*, we note that this cubic diagram is
related to the three point function

. A ———= ——
(—ie) / dw (0]66" A, Aad*376|0) — (0|66 A, Aadd™ 6" |0).

We are a bit careless in the above expression: The time ordered operator was omitted, also
all position coordinates were omitted. The first three terms in front are external points,
and the internal vertex is w.
Now, recall from the previous section that we expanded the interaction term exp (z i d4:):£int) .
Hence the associated coefficient in front of the vertex should be the coefficient in front of

i(—ie) / dtw A (w)[¢" (w)Du(w) — g (w)d(w)]. (7.23)

For the sake of convenience, it is of our best interest to obtain the vertex coefficient in
momentum space rather than position space. This means we need to Fourier transform

(7.23). We have

4 R 4 o 4y
) = [ G AW o) = [ R i) o) = [ Ghera).

Then (7.23) becomes

4 4 4,/ . N o, - ) _ . )
(—ie) / d'w (;’; (gw@ éﬁw‘(k)e—m (6" (7)™ P (p)e " 4}, 0" (') Bp)e ]
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Note that the second term become a plus sign instead of minus becomes J,, acting on elP'w
produces a —|—p;, Hence the expression reads

4 4 4,0 - ~
(cie) e s o Gy 8 W)+ 1)

The d*w integral gives (2m)*6*(p — p’ + k), which is just a momentum conservation con-
dition, which is automatically enforced by the momentum space Feynman rule. Hence in
momentum space, with external legs amputated by LSZ formula. The cubic diagram has
value just equal to its vertex value —ie(p + p')H.

There is also an interaction term e2AMA“¢<;5* in the Lagrangian. This gives a diagram
with value

= 2je2gh”.

Figure 7.6: Quartic vertex in SQED.

To see why Fig.7.6 has value 2ieg"”, we first note that this diagram is associated with
the 4-point correlator (0|A,A,¢¢p* A A%p¢*|0). Already, we know that there will be a
factor of 2 coming from this diagram, because we have two different contractions

—F— —F———
(0|4, Aypp* Ao A%Pp*10)  (0]AuALdd™ Aa A%G9"|0)

that both give the same value by symmetry, hence the quartic diagram should include
contributions from both contractions. Hence we conclude that the diagram Fig.7.6 should
have value 2ie?gH.

Since one of the interaction term in (7.11) is of degree 3, another typical Feynman
diagram for 4-point correlator is something like

¢ ¢

¢ ¢*

Figure 7.7: A typical Feynman diagram for SQED. The curly line is the vector boson
propagator, and the straight line is the propagator for scalar boson.

We have completed our derivation of SQED Feynman rules in momentum space. We
will come back to concrete SQED scattering amplitude calculations much later, but hope-
fully this chapter serves as a good exercise in applying the techniques we learned from the
previous section to an interesting example.
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7.7 Path Integrals and Partition Function

The Greens functions of quantum theory are related to time-evolution operators, which
(roughly speaking) look like a complex exponential e~*#!, with E an energy and ¢ the time.
The probabilities (and density matrices) of statistical physics are based on the Boltzmann
factor, given (roughly) by the real exponential e=#/T' where T is the temperature and kp is
the Boltzmann constant. The fundamental elements of the two theories are therefore both
exponentials, albeit one is real and the other is complex. This similarity can be exploited
by making the identification i¢ = T~!. The claim is that this will map a quantum field
theory on to a statistical field theory. The advantage of this mapping is that it allows
us to transfer results from one subject directly to the other, and vice versa. Within the
framework of the mapping, inverse temperature 5 = 1/T in statistical physics behaves
like imaginary time in a quantum field theory. It turns out that the concept of imaginary
time is a remarkably powerful one with uses across quantum and statistical field theory.
We examine the imaginary time formalism now. A Wick rotation is the substitution

T =1t

i.e., allowing imaginary time. With this substitution, we replace the Minkowski metric
(+,—,—,—) to the Euclidean metric (+,+,+,+) up to a minus sign. We will see the
benefit of this trick very soon.

Arguably the most important object in statistical physics is the partition function
of a system. Suppose the system is governed by a Hamiltonian H, the partition function
is given by

Z(B) = Tre P,

If we have an complete orthonormal basis of our Hilbert space, say |A) for A in some index
set, then the partition function is expressed by

Z(B) =Y (Me PHIA).

A

In particular if these are chosen to be eigenstates of the Hamiltonian, H |E,,) = E, |E,),

then
Z(B) = Z<En‘e_/BH‘En> = ZG_BEH'

n

Our next claim is that the partition function is really a path integral in disguise. Note that
the expression (Ale™?H|)\) can be interpreted as an amplitude (gr|e~"t|q;) if we choose
|A) to be the position eigenstate at gr = gr = A (of course then instead of suming over A
in the Z (/) expression we should integrate over all position A), and make the replacement
B =it. Then we have

Z(B) = / dA(Afe T HEN) = / dx / Dyel o HL(a®)

But we already made the replacement ¢ = —i3. So our limit of integration goes from
t =0 tot = —if. To make the expression nicer, we apply Wick rotation ¢t = —ir. After
performing change of variable, we end up with

Z(B) = / d\ / Dyge~ o drLela(n) (7.24)
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where we denote the Lagrangian L(q(¢)) under the change of variable by Lg(q(7)), the
Fuclidean Lagrangian. For example, if the Lagrangian we started with is the standard
Lagrangian

2
L) = 3m () -V

then under the Wick rotation dg/dt = idg/dr, thus

i/o_w AL (q(t)) = i/f _idr [—;m<jf_)2 —V(g)

_ —/OﬁdT[;m(jz>2+V(q)

2
Lp(q(T)) = ;m(gi) +V(q).

Note that the sign of the kinetic term of Lg is not changed compared to L, but the sign of
the potential term is reversed. But there is still more to (7.24). Note that in the formula
above it we had to integrate (\|e~*7t|\) where ¢ goes from 0 to —if3, so T goes from 0 to
B. Since q; = qr = A\, we have ¢(t = 0) = q(t = —if8) = A. Thus ¢(1 =0) =q(r = 5) = \.
But that’s not all. If we imagine 7 extending from —oo to oo then the boundary conditions
are periodic: after a period 3, the state returns to where it started. The integral over
A means that we integrate over all path subject to these periodic boundary conditions
(PBC). Thus (7.24) becomes

Hence we see that

Z(8) =Tre P = [ Dge= o drLela(r) (7.25)
PBC
where PBC stands for the periodic boundary condition with period . This result will be
very useful, because as we will see later, we can write the index of a Dirac operator on
spin manifold as a partition function, which can then be computed using the right hand
side of (7.25) using path integral techniques, which will lead to the famous Atiyah-Singer
index theorem.
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Chapter 8

Vectors and Spinors

8.1 Canonical Quantization of Vector Bonsons

In this chapter we discuss the theory of vector-valued quantum fields. The most important
example of a vector field theory is the Maxwell’s theory £ = —iF w ' where as usual we
have F,, = d,A, — 0,A,. Another example is the theory of massive vector bonson with
Lagrangian given by £ = —iF Y+ %mQAMA“. Note that the signs of the coefficient
is important, because in this way the term for the time derivative will be %A? So far,
these are classical fields, so we need to quantize A, the vector boson. We will do some-
thing similar as the canonically quantized scalar field. We first present the expression for
quantized vector bonson:

(2m)? \/2up

In the expression, p is a 4-vector with p = (p', p). Note that we require the on shell
condition (p°)? — |p|? = m? and wp = /|p|?> + m2. In our case, m = 0 since the vector
boson is assumed to be massless. The index j represents polarizations which we will get
to shortly, and a;; ; s creation operator defined by

d3p 1 j —1ipT j ipx
A,(x) :/ ™ E e, (p)apje” " + €, (p)a;jep . (8.1)
J

t 1
a, .10y =
psJ ’ > /2wp

Now we need to determine the range of j = 1,...,n in the summand (8.1). For the massive
boson, the Lagrangian is

p.el).

1

L=

1
F, F* + 5m?A,J,éw.
The equation of motion is given by
Ou(OFAY — 0¥ AM) + m2AY = 0,

The solution, as one can easily check, is given by the solution to the following two equations

0O A” +m2AY =0, (8.2)
0, AF = 0. (8.3)
Using the expression (8.1), we find constraints on the vectors e”*. The first equation (8.2)

applied to (8.1) gives
»”)? = Ip[* =m* =0.
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The second equation (8.3) applied to (8.1) gives

pucs (p) = 0. (8.4)

In addition, we also require the normalization condition

e, (p)e* (p) = —1.

Let us pick a reference frame such that the 4-momentum of our vector boson takes the
form p* = (F,0,0,p.). The condition (8.4) immediately gives 3 polarization vectors

e’é) =(0,1,0,0) e’é) =(0,0,1,0) e’é) = (p./m,0,0, E/m).
These are the three physical polarizations. Thus in (8.1), if A, is massive, then the sum
in j should go from 1 to 3. To get a more mathematically sophisticated explanation,
we can look at Lorentz transformations which don’t change p*. We can go to the rest
frame of the particle, in which the 4-momentum is p* = (m,0,0,0). Then clearly the
Lorentz transformations which fixes p# is a copy of SO(3) which rotates the last three
components. The group SO(3) fixing p* is called the little group. Mathematically, spin
1 representation of little group tells us the propagating states (polarizations).

Now we can turn to the massless case. In this case we have a gauge redundancy (or a
gauge symmetry), because now the Lagrangian

1

£:4

F, F*
is invariant under the gauge symmetry
Ay — Ay + 0.

The equation of motion for the massless boson is simply 9, F*” = 0. Expanding it out we
get

D (D" AV — 5” A,

As explained in the path integral derivation of SQED Feynman rules, we can choose a
gauge where J,A" = 0. Then substitute (8.1) into the equation of motion and gauge
condition yields same equations for €. But the gauge condition which says we identify
A, with A, + 0,a requires us to identify |e,) ~ |e, 4 p,). This is one more constraint, so
we should expect to find less €,’s than the massive case (in which case there are 3). Let
us now find €,’s. We still have the condition

pue =0 e et = —1.
We pick a frame where p* = (E, 0,0, E). The above two conditions will give 3 polarizations
e’é) =(0,1,0,0) e’é) =(0,0,1,0) e’(lg) = (E,0,0,F).

But the last polarization is not physical because e’é) is proportional to p*, hence is equiv-
alent to zero because |e,) ~ |e, + pu). Therefore, we only get two polarizations.
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8.2 Representations of the Lorentz Group

We will now give a precise definition of spin. Let’s return to the group of Lorentz transfor-
mations. This is a six dimensional Lie group, with generators (basis of Lie algebra) three
rotations J (rotation in the zy,xz,yz plane) and three boosts K (rotation in the tx, ty,tz
plane). Hence the most general Lorentz transformation is obtained by exponentiating the
basis:

A=exp(i@-J+i3 -K).

The commutation relations that the Lorentz algebra satisfies is
[Ji, JJ] = Z'Ez'jkjk [Ju Kj] = ieiijk [Ki, Kj] = —iGiijk.

We can define two operators

1 1
Jr = Wiy J7 =S (Ji— K.
We see that J;FJ; = J;, and it is not hard to check that [J;, J;7] = 0. Hence it is possible
to diagonalize J simultaneously. Moreover, [J;", J;r] = i€y, and [J;, Ji ] = i€y -

Hence we see that J* are two sets of Lie algebra satisfying the commutation relation of
angular momentum operators, i.e., two copies of s0(3) algebra.

Let us look at finite dimensional representations of Lorentz group. By the discussion
above, these are finite representations of J*’s, hence are labeled by two indices (3t,77),
but the more common notation is (jr,jgr), i-e., the left and right handed representations.
The dimension of the representations will be dy, = 2j;, + 1 and dr = 2jr + 1. A possible
list of representations could be (jr,jr) = (0,0),(5,0),(0,3),(3,3),(1,1)...

If we have two irreducible representations jr,, jr of s0(3), their tensor product repre-
sentation j; ® jr decomposes into direct sums of irreducible representations

JL®Jr=jL + Jr|® - ® | — jrl,

called the Clebsch-Gordan decomposition. Thus the list of j; ® jr corresponding to the
list above is 0, %, %, 100,20140. Thus there are two spin % representations, associated to
(3,0) and (0, 1), which we refer to as the left-handed and right-handed Weyl fermion.
Let us find the representation of the Lorentz group corresponding to the (%, 0) and
(0, %) representations. In the case (3,0) we take
J=0/2 J- =0.

)

Hence we see that
J=0/2 K = —io/2.

Similarly, for the (0, %) representation, we take

3 (2

Therefore
J=0/2 K =io/2.

We denote an element of the left-handed representation (%, 0) by

(n
i = <¢2>
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and an element of the right-handed representation (0, %) by

Then the corresponding Lorentz transformation is
i 1
P, — exp 5(9]'0']‘ + iﬂjaj Uy,
and
7 1
LZJR — exp §9jaj — iﬁjgj wR-

The 11 ’s are called the left-handed Weyl spinors, and ¥g’s are called the right-handed
Weyl spinors. We also define the Dirac spinor as a 4-component object, which is the

direct sum of the two representations (%, 0) @ (0, %), by

U1
(o)
wi
wé

U=

8.3 Four Dimensional Representations of the Lorentz Group

We want our Lorentz algebra to act on Dirac spinors. There is another more covariant
way to package the Lorentz algebra, whose commutation is given by

[JHV | JP7) = i(gVPJHT — ghP JV7 — PO JHP 4 gho JvP), (8.5)

where g is the Minkowski metric, and J*¥ is a rotation in the uv plane (if indices are
spatial, this is a rotation, if it involves a time coordinate then it is a boost, since a boost is
like a rotation between space and time). What we want are 4 x 4 matrices (S*) s, where
w,v, A, B =0,1,2,3, which acts on Dirac spinors, and satisfies (8.5). In fact, we also have
a representation (J*"),s s that acts on Lorentz 4-vectors, not on the spinors satisfying
(8.5). In the above notation, uv index tells us which generator J*¥ it corresponds to, and
A, B, ',V are matrix indices.

Theorem 8.1. There exists 4 x 4 matrices (v*)ap with {y*,~"} = 2¢g"1. Then

L
T4
will satisfies the Lorentz algebra (8.5) above.

S v, "]

Proof. The proof is constructive. We define

0 I ;
0 _ 2X2 7
7 (I2><2 0 ) 7

The more compact notation to denote this is

0 o#
e

"= (o %)

where o# = (Iox2,0") and 7* = (Iox2, —0'). The proof that the given S*¥ satisfies (8.5)
is just computational, so we omit it. ]

Il
7N\
4 o
O q@,
~_

~

[0'd)

=
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One can also check that
[V, 57 = (TP A",
where

(\.7/“’)“/1// = 2(55/55/ - 7/5/’:/(55/)
Moreover, one can check that if
) s
Ap = exp —inS R
then
Ap'AHAD = A,

where A = exp(—%ww,j‘“’).

8.4 The Dirac Equation

Consider the quantity
(tv' Oy — m) W (z).

If we do a Lorentz transform A = exp(—%w,wj o ), then the left hand side reads
Ap(ir* 9, —m)W (A - 2).

Therefore, under a Lorentz transformation, the left hand side transform like an honest
spinor. But we are interested in building a Lorentz invariant action. Since (iy*0,—m)V¥(x)
is a column vector, we want to multiply it by a row vector and get a scalar that is Lorentz
inavriant. Therefore, we want a row vector ® such that under a Lorentz transformation
d — dAL

The first guess is to simply take ® = UT. Then since ¥ — Ap¥, we have UT — \IJTATD.

Unfortunately, the representation is not unitary so AE need not equal to ABI. So we need
to work harder. The correct answer turns out to be

T = 0ia0,

where 7 is defined in (8.6). Then we see that if we have a Dirac spinor
¢L>
U =
<¢R

v = (vl v}).
One can then check that the quantity

then

W (iy" 9, — m)¥

is Lorentz invariant. A more common notation is @ = y#0,,. More generally for a vector
pu we define p = 4#p,. Since we have a Lorentz invariant quantity now, let us consider
the Dirac action

S = /d4x U (iy"0, —m)W.
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From this action, we can get the action for the left handed spinor 9, and the right handed
spinors x® that together constitute W. This is because we know all the ingredients in the
action in terms of left handed and right handed spinors:

S S I T (I T (LT3

Plugging these into the Dirac action, we see that the action breaks into the left and right
handed pieces:

S = / At (z'XT "9 x + it et — m(xT + Wx))-

We see that the mass term is causing the left and right handed spinors to couple together.
So, if there is no mass term, we could have introduced the left handed Weyl spinor action

Sy = / Atz Tichd,
and the right handed Weyl spinor action
Sp = /d4a: XTia“(?ux.

The term m(xT¢ 4+ ¢Ty) is called the Dirac mass term.

8.5 Canonical Quantization of Spinors

Let us canonically quantize the spinor field ¥(x). The mode expansion reads

d3p 1 S, S —ipx st..s Jip-x
‘1’(90)2282/(2%)3 m(%upe P bplupe?)
and
- d3p 1 ) .
U(z) = /(asTﬂS e PT 4 b7 useT).
zg: (2m)3 /Twp PP PP

We require
{a;a @;/T} = 55,5’(277)353(1) - p,) {a, bT} =0.

Thus we see that the spinor component anticommutes: Va¥p = —WpWy.
Recall that the Dirac equation reads

(i —m)¥ =0,

0 ot
po—
= %)

Hence the Dirac equation of ¥ applied to the canonical quantization expression above, we

see that
—mopo\ s _ I A WP
p-g —m) P -p-¢ —m )P
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Assume that m # 0 first. In the rest frame of the particle, we have that p* = (m,0,0,0).
Then the equations above becomes

-1 1 -1 -1
(1 _1>uS:O (_1 _1>1)5:O.

For any nonzero &, ns which are two component vectors (remeber each entry in the matrix
is a 2 x 2 matrix) We have solutions

Thus we have two linearly independent solutions, denoted by s =7, |, given by

-1 0

= V| o =vm|
0

-1

<
—
|

UT:m U¢:\/ﬁ

S = O =
_ O = O

Now we want to go to some general Lorentz frame, not just the rest frame of the particle. So
we may apply a Lorentz transformation. We will discuss the frame where p,, = (F,0,0,p.),

VE —p. 0
Yo — < 0 \/E-I-pz>§s
T <\/E—|—pz 0 )5
E_pz B

0
Similarly,
VE —p, 0
. — 0 VE+p. s
5 —VE+p. 0
0 Y E — Dz 1Is
Using

we can write
_ (VP& _ ([ VPons
wi = (Vge ) 0= (V55,)
8.6 Path Integrals for Quantum Electrodynamics

Now we want to use path integral formalism to deduce Feynman rules of QED, and cal-
culate scattering amplitudes. But we first need to define path integral for vector bosons,
and path integral for fermions. The QED Lagrangian is given by
L= —LF, P B(i) —m)u
= gt T (1) —m)
So we denote the action by

S[A, U, V] = /d4x <—iFWF’“’ + W (id — m)\I/).
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And we want to cinsider path integral
/ DADIDY AT Y],

We need to address the issue of defining path integral over fermionic fields because they
anticommute, and we note that we have gauge redundancy A, — A, + d,a. So we also
need to address gauge redundancy in the path integral.

8.7 Faddeev-Popov Procedure

To address the gauge redundancy, we choose a gauge G(A) = 0, A" = 0. Now consider a
change of gauge

A = A, + 20,0

Then A,(f) should be identified with A, because it is in the same gauge orbit of A,. The
technique we will present is called the Faddeev-Popov procedure. We use the identity

SG(A@)
5 9y

(07

1= /Da 5(G(A(a)))det<

which is just an analogue of the identity in multivariable calculus

-/ 1_11d 5"<g<a>>det<§;j’;)-

This is just the standard change of variable expression of the identity 1 = [ [], da; 6"(a).
Now the key point is that the analogue of the Jacobian

det <W)

is a constant independent of A. We first pick the gauge G(A4) = J,A" + w(x). Then
G(A%) = 0, A" — w(x) + 0u(%0" ). Note that the only o dependence is in the last term,
so the functional Jacobian will just be a functional determinant

(@) ;
det <W> = det <28#8“> =C
oo e

where C will be a formally infinite constant. Thus, if we now look at the path integral

/ DAL

Inserting the identity above, we can write

/ DA = ¢ / DaD A (G(AW))

=C / DaDASMAIS(G(A))

110



because S[A] is gauge invariant, so we can shift the integral by a gauge choice, which is
fine since we are still integrating over all gauge choices and all vector bosons. Continuing,
we have that

/ DA = ¢ / DaD A5, A" — w).
The last expression is proportional to
/DAeiS[A] o< det <282> /DaDwDAe_;éfd4m2(z)eis[‘4]5(3uz4“ —w).
The path integral is now quadratic in A:

This is now quadratic in A. This yields the vector boson propagator

<9w/ —(1- £>pff;”>

I, = 5—
M p? e

as we did in section 7.6.

8.8 Fermionic Path Integrals

For fermionic fields we have ¥ (z1)Y(z2) = —¢(x2)¥(x1). Thus we need to define integra-
tion over anticommuting variables. We start with some formal definitions. We introduce
the Grassmann numbers 01, ...,0,,, such that 0,60; = —0;6,. A function f(x,6) may
depends on the position z# and Grassmann variables ¢ for « = 1,...,m. We have the
nice property when we Taylor expand

F(2,0) = folx) + Ouf(x) + 0a05fP (x) + -+ 0102 - - O f 1 ().

The Taylor series terminates because §7 = 0. We now introduce calculus of Grassmann
numbers. The derivative operator satisfies the usual property:

0 0

5@=1 =0

Integration is more interesting, it is exactly the same as derivatives:

/da(e) =1 /d@(l) = 0.

If we have multivariable integration, we require

/d@l---dﬁn(en---el) =1.
We require the measure df; and ¢;’s to anticommute, so derivative and integration are

order sensitive. We can also have conjugation variables Q_j’s, just like holomorphic and
antiholomorphic coordinates z;, z;. Let us now evaluate an important Grassmann integral:

7= /d§1d01 cee déndgn exp(—Q_iAinj).
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Recall that in the bosonic case, we have the Gaussian integral

/dildil - - dZpdzp, exp(—Z;Aij25) exp(—JTA_lJ). (8.7)

1
™ det A
In fermionic case, we will show that actually Z oc det A. Our strategy of evaluating 7 is

to do the Taylor expansion, since it always terminates. Let us expand exp(—éiAiij). We
have

_ _ 1
eXp(—HiAijej) =1- HiAijgj —+ -+ g(—GZAUHJ)n + O(9n+1)

Note that the Grassmann integral only picks out the order n term in the Taylor expansion,
hence

_ N N 1
1= /d91d01 cee dﬁndﬂnﬁ(—elAlﬁj) = Ug ﬁ Sgl’l(o‘)Ala(l) tee Ana(n) o det A.

Thus, we conclude that
/d91d91 cee dénden exp(—éiAinj) o det A. (88)

Now we do the analogues source term in the bosonic case, by introducing additional
Grassmannians 7;,7;’s. We consider the integral

7 - / A0 exp(—0;Aij6; + 76, + 6,1,
where d6d6 is the shorthand for IL df;df;, as before. Using matrix notation, we have
T = /d§d9 exp(—(6 — FAHAG — A7) + ﬁA_ln) = exp(ﬁA_lr]) det A. (8.9)

Compare (8.9) with (8.7). Now, (8.8) and (8.9) have direct generalizations to grassmannian
path integrals. Now let us consider the action

Zn,q) = /D\IID\IJ exp <z / dtz U (i) — m)¥ + ¥ + \1117). (8.10)

We are interested in two point functions (0|7 (z)¥(y)|0). By (8.9), we already know the
answer should be:

Zn,n] < ew(ﬁ(z’@ — m)_ln) det A.

Hence

Zln,al| o (i —m)~h

2
OTU(@)T)0) = i 0
n=ij=

[0] d77()dn(y)

Therefore, we would like to find (i — m)~!. In momentum space, we find

1 4 i ,
O|Tw ()T (y)|0) = m54(af —y) = / (SWP;4 py—— Z_eeﬂp(x*y).

Therefore, the fermionic propagator © 4p is given by the spinor

)
(C) = — .
AB <p—m—|—ie)AB
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We want to simplify the expression a bit more. Using

(p+m)(p—m) :pp—mZ
and )
PP =1uwp"p” = Sl W' = gupp” =,
we can clear the denominator of © 45 because

1 ptm
pom o p

—m2’

8.9 Feynman Rules for QED

Recall that the QED Lagrangian is given by
1 _
SQED = /d41‘ <—4FMVFMV + Z\I/(Zw — m)\I/),

where ) = y*D,, with D,, = 9,, —ieA,. Now we write down the Feynman rules for QED.
Previously we have computed the propagators for boson and fermions already. Similar
to the SQED case, one can calculate that the vertex rule is given by —iey*. Thus the
Feynman rules for QED is given by:

» _ Z(p + m) i _ —’L'gw/ I — —ie'y“
—»—  p2—m2+ie k2 + e

There is one more rule we need to discuss, that is the rule for fermionic loop. This involves
a term like

U(2)U(z) ¥ (y)¥(y)

because if we expand out the path integral of the interaction terms, the Grassmann valued
variables will appear exactly in this order. To make them into the correct position so that
we can wick contract, we need to swing the first term all the way to the last, producing a
minus sign:

_ _ — I
V()W (2)V(y)¥(y) = —V(2)V(y)¥(y)¥(z).

Thus a fermionic loop contributes to a minus sign to the overall result.

8.10 Fermionic Partition Functions

The fermionic harmonic oscillator is the direct analogue of the bosonic harmonic oscillator.
The fermionic oscillator has Hamiltonian
Lot ool
H= §(C ¢ —cchw.
Recall that the bosonic oscillator hamiltonian is of the same form, with ¢, ¢ replaced by
the creation and annihilation operator af, a, satisfying commutation relations [a,al] = 1
and [a, a] = [af, af] = 0. Naturally, we would like to require the fermionic analogue of such
relation:
{e,ch =1 {e,c} ={c,cf} =0.
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Similar to the bosonic case, we can define the number operator
N = cTc,

which will put the Hamiltonian into simpler forms

ne (v L)

Since N2 = cfecfe = N, the eigenvalue of N must be either 0 or 1. Let |n) denote the
eigenvector of H with eigenvalue n, where n = 0,1 as argued earlier. Then it is easy to
verify that

doy=11) ¢cloy=0 1)=0 ¢[1)=]0).
Hence it follows that cfc|n) = n|n), for n = 0,1. Now consider hilbert space
H = span {[0) , |1)}.
Now we consider the states
0) =10) +11)6 (6] = (0] + 6" (1],

where 6 and 6* are Grassmann numbers. These states are called coherent states and
are eigenstates of c, cf respectively, since

cld) =100 =100  (6]c =0 (0]=06"(9)].
Now we have a very useful completeness relation:

Lemma 8.2. Let |0) and (0| be defined as above. Then we have
/ d40*d0 (60 e=0? = 1. (8.11)
Proof. This is just a straightforward computation:
/de*de 10Y0] 070 — /de* d6(10) + |1)8) (0] + 6*(1) (1 — 6*6)

_ /de* a6 ([0)(0] + [196(0] + [0)6* (1] + |1)06" (1]) (1 — 6%6)

= [0X0[ + [1)1]
=1.

This completes the proof. O

Now we use the completeness relation to calculate the partition function of fermionic
oscillator.

Lemma 8.3. Let H be the Hamiltonian of a fermionic oscillator. Then the partition
function of the system is given by

Tre PH = /d@*d&(—@]e_ﬁHW}e_e*e. (8.12)
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Proof. We insert the completeness relation (8.11) into the definition of a partition function
to get

Z(B)= Y (ne”"n)

n=0,1

-y / A0 d0e=""? (n]0) (8]e=" |n)
_ Z/d@*d@(l — 0°0)((n]0) + (n|1)0)((0]e#H n) + 6% (1]e~PH|n))
_ Z/d@*de(l — 0*0)[(0]e= M |n) (n]0) — 6*0(1]eH |n) (m|1)

+60{0le™ " |n) (1) + 6* (e~ |n) (n]0)].

The last term of the last line does not contribute to the integral, since (n|0) # 0 only
when n = 0, in which case (1je™?#|0) = 0. Hence we may change #* to —6* in the last
term. Therefore,

Z(B) = Z/de*de(l — 070)[(0le P |n) (n]0) — 0*0(1|ePH |n)(n|1)
+60(0[e™""[n) (n|1) — 6*(1]e "7 |n) (n|0)]

= / do*dge="% (—0le=PH|0).

This completes the proof. ]
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Part 111

Supersymmetric Proof of the
Atiyah-Singer Index Theorem
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Chapter 9

Mathematical Aspects of the
Atiyah-Singer Index Theorem

In this chapter we put together the mathematical backgrounds required to understand the
statement of the Atiyah-Singer index theorem for Dirac operators on a spin manifold. The
mathematical aspect involves a beautiful combination of analysis, algebraic topology, and
Riemannian geometry, which demonstrates the richness of this theorem. Our treatment
follows [32] quite closely.

9.1 Clifford Algebras and Spin Groups

The goal of this section is to construct, for every n > 3, the unique double cover of the
rotation group Spin,, — SO,,. When n = 3, using the standard quaternion argument we
have a double cover SU(2) — SOgs. This argument does not work for higher dimensions.
To generalize this construction, we need to introduce the notion of Clifford algebra.

Definition 9.1. Let V be an (real) inner product space. The Clifford algebra C1(V') of
V' is the quotient of the tensor algebra

Cl(V)=x°V/ ~
where the relation is vw + wv = —2(v,w) for all v,w € V. Of course @’V = R.

Equivalently, we may choose an orthonormal basis ey, ..., e, of V. Then CI(V) is the
algebra generated by ey, ..., e, with the relation

2 _ o — —p.p.
e;j =—1 eiej = —e;e;

for i # j. Therefore, we see that as a vector space, we have Cl(V') = A®*V, where the
isomorphism is given by e; ---e;, — e;; A--- Ae;,. This identification gives CI(V) a
natural Zs-grading

P

ClV) = CI°(V) @ C1Y(V)

which is given by the parity of the number of vectors. Moreover, using the isomorphism
with the exterior algebra, the number of vectors gives a grading

cv) = pa® ).
k=0
Now we study the case where V = R" with the standard inner product and the
standard orthonormal basis. Then we use shorthand Cl,, to denote CI(R™). We first study
its center Z(Cl,,).
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Proposition 9.2. If n is even, then Z(Cl,) = Y. If n is odd, then Z(Cl,) =
Y e 1V, In any case, Z(Cl,)NCI% = .

Proof. Clearly Z(Cl,) = {a € Cl, : av = va,Vv € R"}. Now let ef = ¢;, ---¢;,. For j # I
we have ere; = (—1)Pejer, and if j € I then ere; = (—1)P"lejer.
Clearly Clq(lo) C Z(Cl,) for any n. For 1 < p < n —1, since if e; € Z(Cl,,) we must

have ere; = ejey for all j, we must have that p is both even and odd, which is impossible.
(n)

Now if n is even, and e; € Cl,”, above calculation shows that e;e; = —eje; for all j,
hence e; cannot be in the center. If n is odd, then it is easy to see from above that
M c (Cl,). This concludes the proof. O

Now we consider the group Cl' C Cl,, which is the group of multiplicative invertible

elements in Cl,. If v € R™ is a nonzero vector then we have v=! = —v/||v||?>. Therefore

R™\ {0} C CI:. In particular S"~! C CI.

Definition 9.3. The pin group Pin, is the subgroup of Cl’ generated by the unit sphere
S"=1. The spin group is the even part of the pin group: Spin,, := Pin, N Clg.

We now define an automorphism of Cl, called transpose, namely (e; ---e;,)" =

eip...ei1.

Proposition 9.4. We have that
Spin,, = {a € Pin,, : aa’ =1} = {vy---v, : v; € S"7L, p even}.
In particular, Spin,, C C12.

Proof. By definition, a € Pin,, iffa = vy --- v, withv; € S"=1. Thus aa® = (vy - - cvp)(vp-rv) =
(—1)P, and aa® = 1 iff p is even. O

Now we consider the group homomorphism

p : Pin, — GL,(R) pla)v = ava'.

In general, a is a product of vectors, and ava' is an element in Cl,,. To show that it is an
honest vector, we note that for a unit vector u € R™, the Clifford relation gives

uvu' = uvu = —v + 2(u, v)u

which is a linear combination of vectors, hence is a vector. Now a = uy - - - u), is a product
of unit vectors by definition, hence ava’ is a successive conjugate of v by unit vectors,
hence is a vector. Therefore p : Pin, — GL,(R) is indeed well-defined.

Proposition 9.5. p(Pin,) = O,,.

Proof. We first look at the image of S~ ! under p. If a € S"! and v € R". By choosing
a suitable orthonormal basis we may decompose v = Aa+a’ for some A € R and such that
(a,a’) = 0. Then

pla)v = ava® = a(Aa + d')a = \a® + ad'a = —Xa + d’

since aa’ = —d’a — 2(a,a’) = —d'a. Therefore, p(a) is the reflection with respect to
the hyperplane perpendicular to a and the result follows from the classical fact that any
element in O, is a product of reflections. O
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Corollary 9.6. p(Spin,) = SO,,.

Proof. This follows immediately from the previous results, since any element of SO,, is a
product of an even number of reflections. O

Theorem 9.7. Ifn > 3, then the map p : Spin,, — SO,, is the universal double covering
map. In particular, Spin,, is compact.

Proof. By looking at the long exact sequence of homotopy group induced by the fibration
SO, = SOpy1 — S

one can compute that 71(SO,) = m(SOp41) for n > 3. Moreover, from the n = 3 long
exact sequence, one computes m1(SO3) = Zo. Hence we see that m1(SO,,) = Zo for n > 3.
Therefore, SO,, has a unique double cover. We claim that p : Spin,, — SO,, is that cover.

We have a € ker p iff va = av for any v € R" since a' = a~! by Proposition 9.4. But
this means by Proposition 9.2 that

a € Spin, NZ(Cl,) c CI2 NZ(Cl,) = C1¥) = R

and hence ker p = {£1}. This already shows that p : Spin,, — SO, is a double cover (local
invertibility is obvious because we can conjugate by a'). Since m1(S0,) = Zs for n > 3,
and since the universal cover of SO,, must have degree |m1(SO,,)| = 2, we conclude that
p : Spin,, = SO,, is the universal cover.

Finally, since Spin,, is a finite cover of a compact space SO,,, it is compact. O

9.2 Spinor Representation

Let us return to the general theory of Clifford algebra. Now our goal is to study repre-
sentations of the Clifford algebra. As always, complex representations are much nicer to
work with. Thus, let us complexify:

Definition 9.8. The complex Clifford algebra Cl,, is obtained after tensoring with C the
real Clifford algebra Cl,,:

We have the natural inclusion Cl,, C Cl,, and the gradings (Z or Zy) have direct
counterparts in the complex case. In particular, with obvious notation we have inclusion
Spin,, € CI% C Cl,,. Now we study complex representations of Cl,,:

Definition 9.9. A complex representation of a complex algebra A is an algebra homo-
morphism ( : A — Hom(V') where V is a finite dimensional vector space. We say that V
is a (left) A-module.

A representation ( is irreducible if there exists no nontrivial proper subspace Vp C V
such that ((a)(Vh) C W for any a € A. Otherwise, ( is said to be reducible.

A representation ( is called completely reducible if there exists a direct sum decom-
position V = @._,; Vi of V into irreducible submodules.

There is a priori no reason why a representation of an arbitrary algebra should be
completely reducible. But of course the situation for Clifford algebra is different.

Proposition 9.10. Any representation of Cl,, is completely reducible.
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Proof. We consider the Clifford group Cliff,, formed by all elements of the type +e;, - - - ¢;,
for 0 < p < n. This is a finite multiplicative group of order 2"*!. And clearly there ex-
ists a bijective correspondence between algebra representations ¢ : Cl, — Hom(V') with
group representations £ : Cliff,, — Aut(V) with £(—1) = —idy. This means we just
have to check any representation of Cliff,, is completely reducible. Indeed, let £ be such a
representation and let (-,-) be any hermitian product on V. Define

(0,0) = gor 3 {E@)vElg)w)

g€eClift,

for all v,w € V. It follows that £ acts by isometries with respect to (-,-). In particular,
if V, is a submodule then V;* = {v € V : (v,w) = 0 Yw € V,} is also a submodule. The
result follows from splitting off one irreducible module at a time (such irreducible module
exists by picking a representation with the least dimension). O

Remark 9.11. The averaging trick above shows that any representation of a finite group
G is completely reducible. In the case where G is a compact Lie group, we integrate with
respect to the Haar measure pg to get a continuous averaging expression

(v, w) = /G (gv, gw)duc(g)

for v,w € V. This shows that if G is a compact Lie group, then any representation of G is
completely reducible. In particular, every representation of Spin,, is completely reducible.

Now that we have established every representation of Cl,, is completely reducible, let’s
classify all irreducible representations of Cl,. The crucial ingredient to do this is the

chirality operator
n+1
r, = Z’L%Jel e

Simple computation shows

Lemma 9.12. The chirality operator I',, satisfies T2 =1, and T'p,v = (—1)" D, for any
v € R™. In particular, T, € Z°(Cl,) if n is odd and T, € Z°(C12) if n is even.

The main theorem of this section is:

Theorem 9.13. If n = 2k there exists a unique irreducible module of dimension 2F over
Cl,. If n =2k + 1, there exists exactly two inequivalent irreducible modules of dimension
2k gver Cl,,.

Proof. Since Clyg = Clg ®rC =R ® C = C, the base case n = 0 follows immediately. Now
assume the theorem holds for n = 0,1, ...,2k—2, and let V be a Cly;_;-module. By Lemma
9.12, Tgp_1 = i*ley...e9p_1 € Z(Cly,_1) and ng_l = 1. Thus we have a decomposition

V=VteV-

into Cly_1-modules with V+ = {z € V: T'gp_12 = +x}. Since Clg;_o C Clgg_1, both v+
are Cloi_o-modules and the inductive hypothesis gives the decomposition

VE = @W;—“
J

into irreducible Clyy_o-modules of dimension 2=, But = € VVjjE implies

1

k— +
ek 1T = *egp_1op_ 120 = F1 €1...62k—2F € Wj .
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Hence each Wji is also a Coi_1-module. Moreover, as Cly,_1-modules VV;r * W be-
cause left multiplication by eqr_1 gives distinct results, and Wj+’s (respectively Wj_’s) are
mutually equivalent since multiplication by eor_1 gives the same result. This proves the
theorem in this case.

Now assume the theorem holds for n = 0,1,...,2k — 1 and let V be a Clyi-module.
As before, Clog_1 C Clgg, V is a Clyg_1-module and the induction hypothesis splits V'
into a sum of Cly,_i-modules V = V*t @ V~, where V* is a direct sum of irreducible
Clyg_1-modules I/VjjE as above. Now since I'g;_1e9r = —egrl'ox—1, multiplication p by eqx
satisfies p(V*) C VF. Writing W; = I/Vj+ @ M(W;_) we get a decomposition

V=W,
J

into mutually equivalent Cly,-modules of dimension 2*. O

Next, we are ready of introduce the class of representations of Spin, we have been
searching for:

Definition 9.14. The spinor representation 7 : Spin, — Aut(V) is obtained by re-
stricting any irreducible representation of Cl,, under the inclusion Spin,, C Cl,.

Since the only case we care is the even dimensional case, we have the following:

Corollary 9.15. If n = 2k is even, then the spin representation T : Spin,, — Aut(¥)
splits as a sum
V=0t~

of two irreducible modules of dimension 2=t where UF = {x € U : Tz = 2} and we
have the exchange relation

(V) c UF i=1,...,n.

Proof. The decomposition follows from Theorem 9.13 and the exchange relation follows
from Lemma 9.12. 0

Remark 9.16. Let V be a real vector space of dimension n with an inner product and
an almost complex structure, i.e., a endomorphism J : V — V with J? = —idy. Then we
can give an explicit description of the ¥ above. We have a decomposition

VeC=V*reV"
where V7 is the (+i)-eigenspace of .J. Then we can define
U= A%(V)™

(Compare this with supermanifold case: The structure sheaf of a supermanifold is locally
given by Oy ® A®*V for a vector bundle V' — M, and odd sections of this sheaf is the
fermionic functions, which are spinors) The action of Cl,, = CL,,(V) on ¥ is as follows:
Any vector a € V has a unique decomposition a = at 4+ a~ where a* € V*. Now for any
¥ € VU, we define
@ =V2((@ ) A= iget)

where b : V= — (V7)* is given by the inner product (v=)? = (—,v~) and i,+ is contraction
by the vector a*. Through tedious computation one can check that (a®)? = 0 and
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ata”™ +a"a™ = —2(a*,a”). Thus this indeed defines a representation of Cl, on .
One can think of wedging by a™ as the creation operator (since it increases degree) and
contracting by a~ as the annihilation operator (since it decreases degree). Now since
dim(A*V~*) = 2% we conclude that it is the ¥ given in Theorem 9.13. Moreover, note
that

dim(Cl,,) = 2" = 2?* = (2%)2 = dim End(A®V ~*) = dim(¥).

Moreover, the map Cl,, — End(A®*V ~*) given by this representation is surjective: One can
reach any states v A--- Av, from 1 by successive creations, and one can go back to 1 from
any state by successive annihilation, it follows that this map is in fact an isomorphism.
Therefore, we conclude that

Cl,, = End(V). (9.1)

In fact this last equation holds for the most general case, even when V is not an almost
complex vector space.

9.3 Spin Bundles and Spin Manifolds

Throughout this section, let n = 2k be an even number.

In the previous section, we constructed irreducible representation ¥ of Cl,,, and we
showed that Cl,, = End(¥) when the vector space has an almost complex structure, but
we remarked that this holds in general.

Now we want to make the pointwise vector space picture into family of vector spaces
over a Riemannian manifold M of dimension n. Namely, we want to consider a bundle
Cl(M) such that at every point x € M its fiber is CI(T,M). That is,

cm) = [ cuzem)
xeM

as a set. To make sure this construction works globally, we need the following construction:

Definition 9.17. Let m : P — M be a principal G-bundle and p : G — Aut(V) a
representation of G. Note that G acts on the product P x V on the right via

(p,v) - g := (pg, (g~ ")v)

for (p,v) € P x V. The associated bundle E := P x,V is the quotient P x V/ ~ where
(p,v) ~ (p,v) - g for all g € G. Then it can be checked that with the obvious projection E
is a bundle over M with fiber V.

We can consider the principal SO,-bundle P]%[O (the frame bundle), whose fiber over
any x € M is the set of orthonormal frames of T, M. Then we can define the Clifford
algebra bundle to be the associated bundle

CIM) := PP %, Cl,
where y : SO, — Aut(Cl,,) is defined by

w(g)(v1...vp) = (gui1)...(gvp).

Proposition 9.18. At any point x € M, the fiber Cl(M), is canonically isomorphic to
CT,M).
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Proof. A point p € P]\SJO is an orthonormal basis (eq,...,e,) of T, M. This induces an
isometry ¢, : R" — T, M that sends the standard basis of R™ to the basis (eq, ..., ey) of
T, M. Therefore, this induces an isomorphism of Clifford algebras i, : Cl,, — Cl(T,M).
Therefore we can define an map ®, : CI(M), — Cl(T, M) by ®,([p,v]) = ip(v). Note that
there is an obvious inverse induced by i, L. T, M — R™. To check that this is well-defined,
let [p’,v'] = [p,v] in CI(M),. This means that p’ = pg and v' = u(g~*)v. Thus
i (V') = ipg (g™ v) = ip(p(g)p(g ™)) = ip(v).

Since ¢, is an isomorphism, the proof is complete. O

We can ask whether there exists a bundle S over M such that for each x € M, the
fiber S, is an irreducible module over C1(M), and CI(M) = End(S). However, there exists

topological obstructions to the existence of S, which we shall discuss now. We first need
a description of space that parameterize the set of principal G-bundles over M:

Theorem 9.19. The sheaf cohomology group H'(M,G) parameterizes the set of principal
G-bundles over M.

Proof. Let M = J, Ua be a good cover. Let P be a principal G-bundle. By shrinking
the good cover we might as well assume that P trivializes over each U, with transition
functions £,3. The transition functions satisfy the cocycle condition

€a5§ﬂ7 = ga'y-

Moreover, P’ is another principal G-bundle that is isomorphic to P (by passing to common
trivializing cover we might as well assume P’ also trivializes over U,) iff there exists a
family of maps &, : U, — G such that

féxﬂ = gﬁ_lfaﬁfaa
so they must differ by a coboundary. O

Now let £ be an oriented vector bundle of rank r over the Riemannian manifold M.
Thus we can consider the principal SO,-bundle Pgo which is its frame bundle. By Theorem
9.7, we have a short exact sequence of groups

0 — Zy — Spin, & SO, — 0.
This induces a long exact sequence in sheaf cohomology

- — HO(M,SO,) 2 HY(M, Zy) — H*(M,Spin,) 25 H'(M,S0,) 2 H2(M,Zs) — - --
(9.2)
The key observation is that the second Wtiefel-Whitney class w2(€) of £ is involved here:

Proposition 9.20. wy(&) = 9.(P£O).

Proof. This can be proven by looking at the axiomatic characterization of Stiefel-Whitney
classes. O

From the exactness of (9.2), we see that wo(E) = 0.(PS°) = 0 iff there exists a
principal Spin,-bundle PS P gver M such that

Soi

This means that PSSO is obtained from PgS P s the quotient by the Zs-action on the fibers.
Therefore, we obtain
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Proposition 9.21. Let & be a real oriented real vector bundle of rank r over M. The
following statements are equivalent: (1) wy(€) = 0; (2) There exists a Spin,-bundle Pg*™

over M and a nontrivial two-sheeted covering map ~ : PSpln PSO such that the diagram

PSpln PSO

\/

commutes and y(pg) = v(p)p(g), for p € ngin and g € Spin,..

If either of the conditions above happens we say that £ is a spin bundle. An oriented
Riemannian manifold of dimension n > 3 is said to be spin if its tangent bundle T'M is
spin in the above sense.

9.4 The Dirac Operator on Spin Manifolds

Now we turn our attention to geometry of spin manifolds. Let us now assume that M is a
spin manifold of dimension n = 2k with a Riemannian metric. We fix a spin structure, i.e,
we fix a lift v : PyP™ — PO of the frame bundle. If A € A'(P5O, s0,,) is the connection
1-form on the frame bundle induced from the Levi-Civita connection VL€ on M, then
A® = y*A € Al(Pf/}om,son) is a connection 1-form on the spin bundle, and it defines
a connection V*® := d 4+ A® called the spin connection. Recall that we have a spin
representation 7 : Spin,, — Aut(¥). Hence we can use the associated bundle construction
to form the spinor bundle on M:

S(M) = PP™ <, w.

This is a complex vector bundle of rank 2* over M. Elements in T'(S(M)) are referred to
as spinors. For each x € M, the fiber S(M), is an irreducible module over CI(M), and
in fact we have the global generalization of (9.1):

CI(M) = End(S(M)). (9.3)

Moreover, one can check that ¥ is unitary. In the case where Remark 9.16 applies, one
can this direct. Therefore the Clifford action ¢ : Cl,, — W given in Remark 9.16 satisfies
c(a)l = —c(a). Since c*(a) = c(a?) = —1, a skew-Hermitian operator that squares to
minus one must be unitary.

Since W is unitary, S(M) can be equipped with a natural metric (-, -) that is compatible
with the connection V®. We point out two properties of these structures:

1. Clifford multiplication by unit tangent vectors is an isometry: For any ¢, ¢’ €
['(S(M)) and any u € I'(T'M) with ||u|| = 1, we have

{(up, up’y = (p,¢'). (9.4)

2. Let V¢ be the natural connections on CI(M), which is the connection End(S(M))

induced from the connection on S(M), is compatible with the connection V* on
S(M): For any a € T'(Cl(M)) and ¢ € T'(S(M)) we have

Vi(ap) = Va- ¢ +aVip. (9.5)
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Now we can finally define the Dirac operator on a spin manifold.

Definition 9.22. In terms of a local orthonormal frame eq,...,e, of TM, the Dirac
operator § : T(S(M)) — I'(S(M)) is defined by

= Zei - Ve,
=1

We see that @ is a first order linear differential operator. Moreover, indeed we can view
@ as an endomorphism on I'(S(M)) because via the musical isomorphism § : T*M — TM
given by the metric on M and the Clifford I'(TM ® S(M)) — I'(S(M)), the sequence of
arrows

T(S(M)) L5 T(T*M @ S(M)) & T(TM ® S(M)) < T(S(M))
starts and ends at the correct spaces. With respect to the inner product on I'(S(M))
defined by

(o, ) = / (10, ¢)dQ2
M
where € is the Riemannian volume form on M, one can show that @ is self-adjoint:

Theorem 9.23. With respect to the inner product on T'(S(M)) defined above, @ is self-
adjoint: For any ¢,¢’ € T'(S(M)) one has

(Do, ¢') = (0, D¢).
Proof. If u is a unit vector, since u? = —1, (9.4) implies that (uep, ¢’) = —(p,uy’). Since
the connection 1-form A € A'(PJP,s0,) is induced from the Levi-Civita connection on
M, the connection V¢ on Cl(M) coincides with the Levi-Civita connection on vectors.
That is, at any point x € M we can choose local orthonormal frames e, ..., e,, of TM such
that V¢ e;|l, = 0. Then at this point, with respect to this frame, using (9.4) and (9.5) we
have
(Do, @) — (o, 00"y = (eVi0,¢) — (0,€V5, ")

= (eiVie, @) + (eip, Vi Q)
= (Vi (ei9), @) + (eip, Vi)

= Z €i<ei% 30/>7
%

where the last equality is because V* is compatible with the fiber metric on S(M). Now
we can define a vector field X € I'(T'M) by (X,Y) = (Yo, ¢'), where the left hand side is
the Riemannian inner product and on the right hand side the inner product is the fiberwise
inner product on S(M), where Y ¢ denotes the Clifford multiplication. Therefore, we have
that

(Do, @) = (0, 0¢) = eileip, o) =Y eilX,ei) =Y (Ve X, ;) = div X.

% % )
The rest is an easy application of Stokes’ theorem. Since Lx € = (div X){2, and Cartan’s
magic formula gives £xQ = d(ix) since dQ2 = 0, one has

/ (div X)Q = / d(ixQ) = / ixQ =0
M M oM
since M = (). Therefore, we see that (Jp, ') — (¢, P¢') = 0, as desired. O
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By Corollary 9.15, we have a decomposition
S(M)=ST(M)® S~ (M)

where S*(M) := P]\S/[p in x .+ ¥, This decomposition is preserved by V* and is orthogonal
with respect to the fiber metric of S(M). Now from the parity exchange relation in
Corollary 9.15, we have @(I'(ST(M))) C T'(ST(M)). Therefore, in matrix form, there
exists some differential operator D : T'(ST(M)) — T'(S~(M)) such that

(5 %)

since @ is self adjoint by Theorem 9.23. Using some technical analysis argument, one can
show that @ is Fredhom, meaning both dim ker D and dim ker D' are finite. Hence we may
define the index of the Dirac operator as

ind(@) = dimker D — dim ker DT,

The Atiyah-Singer index theorem is a striking result, which says the purely analytical
quantity ind(@) is already determined by the topology of M. Specifically, the curvature
2-form

Fu = Rypapda® A daP.

of TM. The splitting principle for real vector bundle (See [32], Theorem 7.2.2) shows that
if we want to define characteristic classes using the curvature 2-form F', we may assume
that it splits into block diagonal form

0 r - 0 0
—ry 0 -~ 0 0
[ .
0 0 0
0 0 —ry 0

Then the A-class of M is defined by the Taylor expansion of

~ L Tk/2
AM) == H sinh(ry/2)"

k

Extracting the top-dimensional piece of A(M ) and integrate, the Atiyah-Singer index
theorem in this case is

Theorem 9.24 (=Theorem 10.6). On a spin Riemannian manifold M of even dimension,
we have

ind(f) = /M A(M).

In the next chapter we will present a proof of this result on a heuristic level of rigor
using path integral techniques.
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9.5 General Atiyah-Singer Index Formula and Applications

In fact, there is a more general version of the index theorem without the need of a spin
structure. The characteristics of this theory is very similar to the spin case discussed
previously.

Throughout this section, let M be an oriented closed Riemannian manifold of dimen-
sion n = 2k.

Definition 9.25. A vector bundle £ — M is called a Clifford bundle if the following
holds:

1. E'is a (complex) vector bundle whose typical fiber is a Clifford module. This means
we have a Clifford action ¢ : CI(M) — End(E).

2. E has a fiber metric such that Clifford multiplication by unit tangent vectors is a
unitary isomorphism. For any ¢, ¢’ € I'(E) and any v € I'(T'M) with ||u| = 1, we
have

(c(u)p, c(u)e’) = (@, ¢). (9.6)

3. There is a connection V¥ on E that is compatible with the fiber metric and with
the Clifford connection V¢ on Cl(M) (induced by the Levi-Civita connection). For
any a € I'(CI(M)) and ¢ € I'(E), we have the Leibniz rule:

VE(a )= (V) -o+a-VEp. (9.7)

For a Clifford bundle E, we define the Dirac operator @ : I'(E) — T'(E) in a local
orthonormal frame {e;} of T'M:
@ == Z €; - Vg
i=1

Definition 9.26. We say a Clifford bundle E is Zs-graded if there is a decomposition
E = E*@® E~ preserved by the connection, such that Clifford multiplication by a tangent
vector v maps ET — ET (odd parity). The Dirac operator then takes the form:

0 D—
(3 %)
The index of the Dirac operator is then defined as:

ind(9) = dimker D% — dimker D™,

Proposition 9.27. Let S = S(M) be the spinor bundle as before. If E is a Clifford
bundle over M, then E is always isomorphic to a twisted spinor bundle, in the sense that
there exists a vector bundle ) and an isomorphism

Ex2S®Q.
Explicitly, @ = Homgyap) (S, E).
Proof. We claim that the map
T : S ®Homeya (S, E) = E T(s® @) = ¢(s)
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is an isomorphism. Since this is a bundle map, we only need to check that it is an
isomorphism on each fiber. At each x € M, the map is Y, : S, ®Hom@(M)(S$, E,) — E,.
Since S, is irreducible, we must have F, = S for some p. Under this identification we
have Y, : S, ®Hom(S,, Se¥) — SgP. Now since S, is irreducible, Schur’s lemma says that
every map in Hom(S;, S;) must be a constant multiple of identity, namely Hom(S;, S;) =
C. Now clearly Hom(S,, S5?) = Hom(S;,S,)®” = CP. Under this identification the we
have
Y:S,®CP— S5P T(s® (A1, Ap)) = (A1S, ..., Aps).

Clearly this is a surjective map, hence it is an isomorphism since dim(S, ®CP) = dim(Sg?).

O]

Theorem 9.28 (Atiyah-Singer). Let M be a compact, oriented, even-dimensional Spin
manifold and let § be the Dirac operator associated to the twisted Clifford bundle E = S®Q.
The analytical index is equal to the topological index:

ind(9) = /M A(TM) ch(Q).

This theorem is considered one of the greatest achievements of twentieth-century math-
ematics. We illustrate its power by sketching the proofs of several classical consequences.

Corollary 9.29 (Poincaré-Hopf-Gauss-Bonnet). The integral of the Euler class of TM is
the Euler characteristic of M :

X(M) = / e(TM).
M
Proof Sketch. Let E = A*T*M @ C. We define the Clifford action ¢(v) on a form « by:
c(v)a = 0" Ao — iy,

Here, b : TM — T*M is the isomorphism v* = g(v, —) given by the metric. Then one can
verify that c¢(v)e(w) + c(w)e(v) = —2¢(v, w). Hence this indeed defines a Clifford action.
Now the bundle F is naturally Zo-graded by even or odd degree forms. Moreover, the
metric on M gives E a fiberwise inner product by (da?,dz’) = ¢¥ and can be extended
to all p-forms by taking determinants, and integrating this over M gives an inner product
on FE, so we can make sense of the adjoint d* of the exterior differentiation operator. The
connection V¥ is the Levi-Civita connection extended to differential forms: Namely,

P

(VE)(X1, ., X)) = Xa(X1, .. Xp) = ) a(Xy, o, Vi X, 0, Xp).
i=1

The corresponding Dirac operator is the de Rham operator
P =d+d".

Then one can compute that @2 = dd* + d*d = A is the Hodge Laplacian. Moreover,
(An,m) = ||@n]|?. This implies ker @ = ker A. By the Hodge theory on Riemannian mani-
folds, the A-harmonic p-forms has dimension equal to the Betti numbers b,(M). Hence

ind(9) = dim(ker@ N E1) — dim(ker N E~) = dim(ker AN E1) — dim(ker AN E™)

:dim( EB’H”)—dim B => b— > b=x(M)

p even p odd p even p odd
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Topologically, on a spin manifold, we have the bundle isomorphism £ = S ® S. Indeed,
in this case
E=ANT"M@CZCI(M)=ZEnd(S)ZS"®@5=2S®S

by (9.3), and the last isomorphism is given by the fiberwise inner product on S. Thus,
the twisting bundle is @ = S. A fundamental identity in characteristic class theory states
that A(TM)ch(S) = e(TM). This concludes the proof. O

Another beautiful consequence of the index formula is the Hirzebruch signature theo-
rem. Since M is a closed manifold of dimension n = 2k, the middle de Rham cohomology
group H*(M) admits a bilinear form B : H¥(M) x H*(M) — C given by

Bl ) = /Moz/\ﬁ.

Moreover B(a, 8) = (=1)¥B(8, a). So if we assume that k = 2I so that dim M = 2k = 41,
then B is symmetric. Poincaré duality implies that B is nondegenerate and hence the
corresponding quadratic form has no null eigenvalue. We can then define the signature
of M by

sign(M) =b" — b~
where b* is the number of positive (negative) eigenvalues of the corresponding quadratic
forms counted with multiplicities. A consequence of the Hirzebruch signature theorem is

that this quantity (which is a topological invariant) can be computed by integrating the
Hirzebruch L-class, which is defined by the formal power series

k

c(rm) =]

=1

7“7;/2
tanh(r;/2)

where 7;’s are the block entries of the curvature 2-forms F' as in the previous section.

Corollary 9.30 (Hirzebruch Signature Theorem). For a closed oriented 4l-dimensional
manifold, we have

sign(M) = /M L(TM).

Proof Sketch. We still use the same Clifford bundle F = A*T* M ®C and the same Clifford
action ¢ : C1I(M) — End(FE). However, the grading of FE is different in this case. We define
an operation 7 : £ — F given by

7 = PP Fk on APT*M

where « is the Hodge star operator. Then one can check that 72 = 1, and 7 is self-adjoint,
moreover Tc(v) = —c(v)7. Hence E = ET @ E~ decomposes as the (+1)-eigenspace of
7. This defines the grading. The connection V¥ is still the same as in the Gauss-Bonnet
case, so is the Dirac operator

§=d+d.
But this time, because the change of the grading of E, we will get different results: ind(#) =
sign(M), and A(TM)ch(S) = L(TM). O

We conclude with the most celebrated theorem in algebraic geometry. Almost ev-
ery algebraic geometer uses Hirzebruch-Riemann-Roch theorem in their daily life (The
Hirzebruch-Riemann-Roch theorem implies the Riemann-Roch theorem on curves, so this
is an undisputed statement!):
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Corollary 9.31 (Hirzebruch-Riemann-Roch). Let X be a compact complex manifold and
E = X a holomorphic vector bundle on X. Let T X denote the holomorphic tangent bundle
(which is isomorphic to the real tangent bundle as real vector bundles) on X and x(X,E)
denote the alternating sum of dimensions of sheaf cohomology groups of £. Then we have

X(X,E) = /X td(TX) ch(E).

Proof Sketch. This construction will just be the one given in Remark 9.16, with V replaced
by TX.

Let our Clifford bundle be E = A%*T*X ®&. Fix a hermitian metric on TX compatible
with the complex structure, and a hermitian metric on £. This will give a hermitian
metric on E. Let V be the Chern connection with respect to fiber metric on A%*T* X
and similarly let V¢ be the Chern connection on £. Then we choose the connection V¥
on E defined by

VP =V ®id+id@Ve.

We have a natural Zy-grading on &, where e* is the direct sum of APT*X ® £ where p
is even (odd). Now for any v € TX ® C, the complex structure gives a decomposition

v=20"0 4% e TOX T X

Define the Clifford action ¢ : CI(M) — End(E) to be
c(v)a = \@((vo’l)b Ao — ivl,OOé).

One can check that this is indeed a Clifford action. Then with these data, the Dirac
operator is given by

d = V2(0¢ + 0%).

Then one calculates that ind(@) = x(X, ).

For the right hand side, one needs to use a variant of the index theorem above called
the Spin® index theorem. The bundle A®*T*X plays the role of the spinor bundle S
associated to the canonical Spin® structure of X. Thus, our bundle is £ = S ® £, and the
twisting bundle is @ = £. Using the Spin® version of the index theorem, or simply the
identity

A(TX)ch(S) = A(TX)erTX)/2 — tq(TX),

we obtain:

ind() = /X A(TX) ch(S) ch(€) = /X td(TX) ch(€).

This completes the proof. O
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Chapter 10

Witten’s Proof

We now present Witten’s proof of the Atiyah-Singer index theorem on spin manifold
using the technique of path integrals and supersymmetric quantum mechanics (SUSYQM).
We will first develop the basic of SUSYQM on manifolds, then we set up the problem
of computing the index of an elliptic operator on a spin manifold as a path integral
computation. Finally, we will prove Atiyah-Singer index theorem by evaluating the said
path integral.

It should be noted that the proof we present is at a formal level of rigor, since path
integral is not well-defined mathematically. Moreover, we should mention that the proofs
of the most general form of the Atiyah-Singer index theorem are much more complicated,
involving deep ideas in algebraic K-theory or analysis.

Our treatment follows [19] closely, with more computational details carried out. For a
more through introduction to SUSYQM, we refer the reader to [22], which also contains
some materials on the proof of index theorem, though more details are omitted compared
to here. Our approach is more computational, but for a more mathematical presentation
of the subject, we recommend Witten’s notes on the index of Dirac operators in [20], and
Chapter 8 of [10]. Finally, we refer the interested readers to the original papers [23],[24].

10.1 Supersymmetric Quantum Mechanics

For simplicity, we first introduce SUSYQM in flat space, then we will upgrade our SUSYQM
model to Riemannian manifolds. In the simplest case our space is R%, with coordinates
xk, and we have anticommuting Grassmannian 1, for k = 1, ..., d. We propose to consider
the Lagrangian

1 i,

L= —drar+ = .

5 Tkk + 27/%%/%
Note that we are summing over repeated indices, but we are not careful with upper
and lower indices since in R? the metric is so simple that there is no difference. Recall
from classical mechanics that for a Lagrangian L(¢y, ¢x) with generalized coordinates, the
canonical momentum is defined by

T, = OL/0¢y,

and the Hamiltonian of the system is related to its Lagrangian via Legendre transformation
by

H =" mdr — L(dk, 1)
K
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In our case the generalized coordinates are xy, v, performing the procedure above, we
find that the Hamiltonian is

. . 1
H =ajp; —jgv;— L= 5192

where p; = ; is the canonical momentum of the even coordinates x;. If we quantize this
system, the momentum operator becomes proportional to spatial derivative, and we have
that H = —A/2, proportional to the Laplacian.

Variation of the Lagrangian L gives

d
0L = &; dtéx] + (ijj + wjdt 0;.

Using the expression above, we investigate how L changes under supersymmetric trans-
formation:

Theorem 10.1. The action of the Lagrangian L defined above is invariant under the
supersymmetric transformation

(55.%']' = i€¢j
detpj = —€xj.

Here, € is an infinitesimal Grassmann (odd) real constant.

Proof. A simple calculation yields

(5€L = Z$j€¢j — 5exjwj - *’lﬁjexj
= z‘a'cjaﬂj e ]w] th (w]ea:]) + wjex]
i d
= 2dt (wjexj)

which is a total derivative. Hence the action which is the integral of L is invariant under
O O

Let us define supercharge Q to be the associated conserved charge by Noether’s
theorem:

EQ = z'epﬂ/)j = iET,Z)jpj = i€¢jij.
Let us now study how do these physical quantities change under d., and their relations.

Theorem 10.2. Under the SUSY transformation defined in Theorem 10.1, we have:

d
(1) 6L = 5§92,

5
(2) 0.Q = —2ieL;
(3) [552,551] = 0ey0¢; — ey 0y = _2i€162%;'

(4) Let H = —p?/2 be the Hamiltonian defined before. Then we have Q*> = —H, or
equivalently H = (iQ)?.
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Proof. (1) follows immediately from Theorem 10.1 and the definition of (). The rest are
just straightforward computation. For (2), we have

d .
0Q = i (30y) iy + ity O = i (—eity) iy + iny (ievly )

= et + ey = —2ie (21‘3%' + 2%‘%’)

= —2i¢el.
For (3), note that
662561 (ZL‘]) = 552 (ZL‘j + i61¢j) =x;+ i(61 + 62)¢j — ielﬁgi‘j
Se 0y (15) = 0y (W05 — €15) = 5 — (€1 + €2)j — ierenty
561562 (I'J) =x;+ i(El + 62)¢j — i6261115j
0e, 0ey (105) = 5 — (€1 + €25 — iea€rtd

and the claim follows from simple substraction. As for (4), we have

{Q,Q} =2Q° =2 (ip;v;) (ipribr)
= —pjpk (Vjr + Yribj) = —piprdjk
e

concluding the proof. O

Let us now quantize the system. We take d = 2n to be an even integer. The represen-
tation of 1); is achieved by defining

1
wj = \ﬁ%‘?

where «; are the gamma matrices and they satisfy the relation

{7 W} = 20k

Note that this is almost a Clifford algebra except ’y,f = 2 instead whereas technically for a
Clifford algebra we need generators to square to -1. However, this algebra is isomorphic
to the Clifford algebra generated by ep because if ez = —1 we can assign a algebra ho-
momorphism that sends v, to —iei. Physicists prefer the Clifford algebra represented by
gamma matrices since these are more common in quantum field theory.

The supercharge operator now becomes

0 1

. 1
Q = ip; = \ﬁ%%j = Ea

which is proportional to the Dirac operator (Compare with Definition 9.22).

Now let us upgrade our system to a Riemannian manifold. The calculation we have
done before remains mostly the same, we just need to express things in a covariant way.
We have a Riemannian manifold M with dim M = 2n, and g,, its Riemannian metric
tensor. Our coordinates now become z*, which commute, and ¥*, which anticommute.

The odd vector #(t) € T, 1yM for each instant ¢ (The rigorous characterization of the
vector Y (t) is given by Proposition 10.3). Thus under a transformation a# — z#(2”) we

have oulh
n m_ 9T v
o g = S
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Thus

O O™ "
dex'™ = 57 —dx” = D ey’ = iey
and 82 / or'
1 (0
/- AV €L v
o ax’/(‘?m)‘&v Vi oV oy
2.1 m
= 8iygx)\ie¢)‘¢” + —— (—et”) = —ei’t.

Note that in the last equality, the first term is zero by anticommutativity of Grassmann
numbers and symmetry of derivatives. Thus the SUSY transformation is covariant under
change of coordinates.

The supercharge introduced before now generalizes to

Q = igu(x)zHy”.

Note that when we quantize this system, Q) ~ g,.,p"*v"” = ¢ is the Dirac operator on M.
Now the question is, how do we construct SUSY Lagrangian on M? Theorem 10.2
part (b) suggests that we compute 0.Q), and read off L from the expression. We have that

0eQ :ia)\gu,j(&x)‘jj‘u’(ﬁy + iguu(se:b'ud)y + ig#V¢#5€¢V
=iy giep iy + igW(iaL“)z/)V - igw,:'c“ (—ei”)

e i
= — 2te <2guvw ¥+ gmﬂb”W - 5-%'# (8,\9#1/ - 8vgu)\ - 8ug)w) W\W)

. 1 TN Z v 7’ . v
= — 27€ <29w/l‘”$ + §gp,yw d}ll + §xug)\prLV¢)\w >

where
v

1
w §gyp (Oxgpu + Ougnp — Opgrv)

is the Christoffel symbol associated with the Levi-Civita connection. In the third equality
of the 6.Q) equation, we used

1 . y
$“§(a)\gw, - augu)\ - 6#9)\1/)¢>\7w[)y = Tua)\gw/?f))\?/) .

To see this, first note that the last term is ~ Bug,\yqb’\w” = 0 because gy, is symmetric
under the exchange of \,v while ¥/ is antisymmetric under such an exchange. The
second term is equal to the first term because

PH NG MY = B0, g P = —iH 0, g Y.

Thus we may read off the Lagrangian directly from the §.Q) equation and conclude
that our SUSYQM Lagrangian must be

L= S0 )5 + - g ()0 (w+ P (o )w“) (10.1)
= %guu($)5ﬂ‘uiy + %guu($)¢# DD%Z;V (10.2)

where Dy /Dt is the covariant derivative of ¢ along the curve x(t).
We now define some symbols that will be used in the following sections. The connection
1-form is
A
It =da’T%,
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and the curvature 2-form is

1
Qf = dI% + T A7 = D RY,,de? A da”,

vpo
where the curvature tensor component is given by

RS, = da* (vuvya - V”V“aiA

ax}\ ) = 8MF§)\ - aVFZ)\ + FZ/\FZn o FZ)\FSW

10.2 Connections to Supergeometry

We will now explain the connection between Dirac operators and supergeometry. Let R/
denote the super Euclidean space with one even variable ¢ and one odd variable 6. Then
C>®(R') = C°(R) ® A*R. We consider a quantum theory of maps

X R

where M is a compact, oriented, n = 2k dimensional spin manifold with a Riemannian
metric. Consider the vector field (differential operator) on R given by

0 0
=% "o
A simple computation shows that
0
D? = ——.
ot

This is not surprising, since D is essentially just the super conformal structure defined
on a Super Riemann surface (except we are working with real manifolds now), and the
computation follows identically. Now we consider the action

! X | -
5= 1 / dtdbg,, () X pxv = 1 / dtdo(X, DX).
2 R1l1 2 R

We now try to simplify this expression. Since X : R!I' — M is a map between superman-
ifolds, we may Taylor expand the function X = X (¢,6) in powers of §. Since #* = 0, we
see that

X =z(t) + 0y(t)

for some odd function #(t). The precise characterization of v is the following:

Proposition 10.3. The function () is a section of the odd tangent bundle II(x*T M)
over R, where z*TM is the pullback of the tangent bundle TM — M over the map
r: R — M.

Proof. We already know from the expression of X that ¢ must be an odd function, hence
it remains to show that it transforms like a tangent vector. If we choose a different local
coordinate Z!, ..., " of M, then the new quantum map is given by X = &(t) 4+ 04(t). Now
the v-component of the new map after Taylor expansion at § = 0 is just

% ~ ~U ox” ~U v
X" =z"(x+60¢)=1"(x)+ BT (OYH) = &7 + 6y~
Therefore, we see that
~ oz¥
Vo
Y=t
which is the transformation rule of a vector in TM. Therefore, we conclude that 1 is a
section the parity reversed tangent bundle II(z*T'M). O
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In order to obtain a local coordinate expression of the Lagrangian, we can do the df
integral. Plugging everything in and collecting only the term linear in 6 (since it is the
only term that survives the Grassmann integral), we get

dXx#
§=—= / dtdfg,, (X )——DX"
R11 dt

1 0 v . j v "z
= /}R1|1 dtdo <gW ag;p 91/1/)) (" 4 0yH) (¥ — 02")
_ / | dtd@gw/ (iL‘qu' wudj ) <8gmx¢p Fap¥ >

R

= / dt (9#1/55#51‘51/ - gmﬂb”w” + guv¢p #T/’V>
RI

_ ;/R(a'c(t),ﬁc(t» — (Ve (1), (t))dt,

where the last equality follows from the same computation as in the previous section when
we carried out the 6.Q) computation. Comparing with (10.2) there is a missing factor of
7 in the second term, but this can be recovered by an appropriate rescaling of the odd
coordinate 0 and the spinor field .

10.3 Index on Spin Manifolds

Now the spinor bundle S = S(M) on M decomposes into the even and odd parts S = S*.
Recall that the index of the Dirac operator is given by

ind(@) = dimker D — dim ker DT

where D : T\(S*) — T'(S7) and DT : T\(S™) — T'(S*) are the two pieces of the self-adjoint
operator @ (Theorem 9.23):
0 Df
(%)

Proposition 10.4. ind(@) is invariant under small perturbation of D.

Proof. First, note that DD, DD are nonnegative operators, for ()| DDT|)) = || DT 1) ||?
which is nonnegative, and similarly for DTD. By the same formula we see that ker Dt =
ker DD', and similarly ker D = ker DTD. Now let {|¢,)} be an orthonormal set of eigen-
vectors of DT D with eigenvalue )\, > 0. Then it is easy to see that [t,) := D |¢y,) /v/\, are
eigenvectors of DD with the same eigenvalue \,. Also note that they are orthonormal,
hence form a basis:

An

i
3 —
>
3

Note that |¢,) € (ker D)+ and |t,) € (ker DT)!, and there is an isomorphism (ker D)+ =
(ker DY)+, which is a standard result in functional analysis. Hence we see that if under
a small perturbation of D, dimker D decreases (or increases), then dimker DT must also

decrease (or increase) by the same dimension to preserve the isomorphism (ker D)+ =
(ker DT)+. O
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Theorem 10.5. Let @ be the dirac operator, then
ind(9) = Tre #0'D _ Tre_’BDDT,
where B > 0 is a real constant. In fact, ind(Q) is independent of 3.

Proof. Let |¢n),|tn) be defined as in the proof of the previous proposition. Then let
{|¢i,0)} be orthonormal eigenvectors of ker D and similarly {|v;,)} be orthonormal eigen-
vectors of ker DT. Note that both lists are finite since D is assumed to be Fredholm. Then
simple computation yields

Tre_ﬂDTD — Tre_ﬁDDT

= Z (bnle PP P gy — an\efﬁwm + Z (Dioldio) — D (Vjoltryo)
J

= S (ale) ~ btnl) + 351 =301
= dim ker D — dim ker DF.

This shows the desired equality. It is immediately clear from the calculation above that
ind(D) is independent of 5. O

By the previous discussion, we could identify () with the Dirac operator. However, it
is more conventional to identify iQ) with the Dirac operator @. Since we have a matrix

representation
, 0 Df
Q= (D 0 >

Then by the generalization of Theorem 10.2 part (4) on manifolds, the Hamiltonian should

be ,
. D'D 0
H = (ZQ)2 = ( 0 DDT)'

Recall that the chirality operator gives +1 on S*. However, in physicist’s notation it is
more common to denote the chirality operator by

(-1

Then Theorem 10.5 can be written in a more compact form, with the right hand side
known as the Witten index:

ind(@) = Tr(—1)" e PH, (10.3)

In fact, if M is a spin manifold, and E its spin bundle, we already noted that Q ~ @ is the
Dirac operator on M, and we note that (—1)!" = 79,11 = i"; - - - 72,. Since 722n+1 =1, the
cigenvalues of 42,11 are &1, which we call chirality. Recall that S = ST is the eigenspace
decomposition with respect to (—1)¥. We assign F' = 0 to sections of I'(M, ST) and F = 1
to sections of I'(M, S™), which explains the notation (—1)¥. In this case, the index of the
supercharge () is defined to be

ind(Q) := ind(9) = dimker D — dim ker DT,
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10.4 The Proof

Let H = (iQ)? = %guyp“p” be the Hamiltonian corresponding to the Dirac operator Q.

By the generalized version of Theorem 10.2, in curved space the Lagrangian of this system
should be the generalization to the flat space SUSYQM Lagrangian, which we introduced
in (10.2). With the knowledge of (10.3) and (7.25), while noting the fact that (10.2)
contains both bosonic and fermionic fields, we are motivated to conclude that the index
can be computed by a path integral over all bosonic and fermionic field configurations:

ind(Q) = Tr(~1)Fe #H = | DiDve J§ L, (10.4)

where L is the Euclidean Lagrangian after performing Wick rotation to (10.2). Note that

since L in the formula above is in Euclidean time, to obtain L we should replace t — —it
in (10.2) and replace dt — —idt to get

1 1 Dy

I = 5gw,(:v)j:“js” + §gm,(x)¢1“ Dr

As a sanity check, note that compared to (10.2), the sign of the momentum term is
unchanged. We should explain why we integrate over PBC instead of APBC, since for
grassmann-valued fields (8.12) seems to indicate we should integrate over APBC. This is
because the factor (—1)f" disappears if the APBC for the fermionic variable is changed
into a periodic one. To see this, let us just instead consider the simple case of a fermionic
oscillator. Recall that from (8.12) we have

Tr(—1)"e P = 3 (n|(~1)" e |n)

n

- / A0*d0(—6](—1)F e=PH|g)e=0"0
Note that since |#) = |0) +|1) @ and F = cfc is the fermion number operator, we have that
(=1)710) = (=1)°[0) + (=1)"[1) 6 = |0) — [1) 8 = |-0),

hence the above integral becomes
/ do*do(0|e P |9)e=".

Therefore, we conclude that we must integrate over PBC. The rest of the section is dedi-
cated to evaluate the path integral in (10.4).
Now the action in the exponential of (10.4) reads

B 1 Dy
S= [ at( zgiti + =g, 0" .
/0 (29“$m+29’“/’ Dt>

Perform a change of variable t = s, then ##* — &#/3 and dt — ds. Moreover, since the
measure D is invariant under scaling, we can perform a change of variable 1) — ¥ /1/3.
Then the action reads

1Y /1 datdar 1 DY
= — — - _ 1%
5 5/0 ds(zg“” & a5 T adm @Vt )
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In the § — 0 limit, clearly the integal (10.4) localizes at constant paths = (ones with
##* = 0). Moreover, since

Dyr dy” , da® dy”

Ds  ds s ds’
and classical paths satisfies #* = 0, so we conclude that 1 = 0 as well. Hence (10.4)
localizes at constant paths and constant spinor fields.

Having identified the region in which the integral (10.4) localizes in the small 5 limit,
our next goal is to simplify the Lagrangian L in the small 8 limit as much as possible.
To make our lives easier, we pick a normal coordinate centered at xg, i.e., a coordinate
system in which

g;w(-TO) = 5/W7
8Ag,u,(a:0) =0.

Moreover, we may expand the paths and fields in Fourier modes by the PBC condition:

() = xf + E"(t) Z ghe?mini/B, (10.5)
n;éO

PH(E) = P + () Zn”ez’”"t/ﬁ (10.6)
n;ﬁO

In our normal coordinate, the Taylor expansion of the metric tensor is

1
Guv (l'() + 1’) = 5ulx + gguy,aﬁxaqfﬂ + -

Then the Lagrangian becomes

]. 1 PO s Y ]- 17 81/111 ATV k
L:§ 5W—|—§g,w,pg$m +... ) 2tz —|—§g,ﬂ,¢ 5 + 2T, ()

Now expanding the Christoffel symbol above, and throwing away terms of quadratic order
or higher, and using I'),(z¢) = 0, we get that

1., 1 Wk
_ lapgp o T " a
L 23535 +29;w¢ (8t VTS0 (T0) @ )

But in the normal coordinate we have
aaaﬁg;w (550) = Ruauﬂ (1'0) )

and the second term in the L formula above is

1
Dka = 5951' (957 ka + sk ra — Irk5a) -

Thus 1
9ol ko = 3 (Rsoxk + Rsakn — Raaks) -

Note that the first two curvature tensor components cancel, because the curvature tensor
is antisymmetric in the last two index. Thus

v _ v
Ae,oo — T ER)\ak'
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Hence putting everything together, after the expansion we have
1 1 oY 1
L= Sitih + S gui” ( (f)i + it pra® (—2R§ak (m0)>> :

Now we plug in (10.5) and (10.6) into the above Lagrangian. However, we should note
that L contains a curvature term ~ R,\akuw“i‘)wkaza. We can expand ¥* using (10.6),
and if we include terms other than the zero mode vf, then this term would involve a
power 1/4/f, which will be exponentially suppressed when we evaluate (10.4) in the small
f limit. Therefore, we only need to look at the curvature term ~ R)qk, 00 g'wgga in the
expansion. Therefore, putting everything together, and relabeling the indices, we get that
the effective action in (10.4)

1 gt dgh 1 dnt 1 e
S= / de <2dtdt+2n O Y Wy (20)€" > (10.7)

where we have put

1 o
9 RMVﬂJ (xO)wng .

To get rid of the 8 dependence in the integral, or rather to hide the 8 independence into
the fields, we make the substitution

b=t = € /BE o — v/ VB
The first substitution makes our range of integration goes from 0 to 1. The last substitution
is fine since in (10.4), we are integrating over all ¢, so a scaling does not matter. The scal-
ing & — /B¢’ is more tricky, but note that after the substitution the term R, 00 f ’\wlgﬁo‘
still survives the small 8 limit, but any other terms in R)\aku@/}“é’)‘wkfa that contains other
than the zero mode ¢ would involve a power 1/4/3, which will be exponentially sup-
pressed in the small # limit. Hence our expansion is still valid. In conclusion, after the
substitution and relabeling again by removing all the primes, we see that (10.7) can be

written as 1
1 der dgr 1 dpt 1 Lde”
S= [ dt|=-" Rl = 10.8
/0 (2 a ar T2 e T aww @ (108)

From (10.8), one can directly read off the fluctuation operator for £. After performing
integration by part, it is

W (T0) =

—5MV83 — WO
And the fluctuation operator for n is simply
000k

Now that we have identified that (10.4) localizes at constant paths in the small g limit,
and we know what L looks like in such limit, we might be tempted to evaluate (10.4) at
constant paths at xg, 1, and integrate over all such points. But we cannot just reduce
the path integrals to ordinary integrals directly, since we have only calculated the small 3
limit, whereas the region of integration localizes to constant path only at 5 = 0. Hence,
we should be reducing the path integral to a small neighborhood of constant paths instead
of just constant paths. This means that we should do the path integral over the mode
expansions &, as well. Thus (10.4) becomes, after performing Gaussian integration using
(8.8) and the path integral generalization of (7.2):

ind(Q) = / daroday / DEDne Ji AHE (002~ DI+ (5100}

—N / daod det(8,,0;) det (— 0,02 — wpwdy) 7,
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where N is a formal constant, and det(d,,0;) can be evaluated using the (-function reg-
ulator. The computation for det(d,,0;) is done in Chapter 1 of [19]. But we will omit
this since it is not of our concern: the result will only be a constant depending on the
dimension d. Next we evaluate

det (=6, 07 — wuw o).

Note that w,, defined above is skew-symmetric with even matrix element. Thus there
is an orthogonal transformation that turns w,, into the form

0o r - 0 0
-1 0 0 0
w= . :
0 0 0 7,
0 o -+ —r, O

where n = d/2 is half the dimension of the spin manifold M. If we just look at one block

of w, which is of the form
(=02 —r
=0 %)

It is not hard to see that O has the same spectrum as

A, . —83 — ir@t 0
o 0 —6752 + ’L"l“@t '

Hence
det A =det A" = det(—@f — irdy) det(—@f + irdy).

We will only evaluate one of the determinants, since the other is similar. Define the
differential operator
L= —8152 - ir@t.

A complete basis of eigenfunctions is given by
On(t) = >
for all integers n. Then
Ly, = (—(2min)? — ir(2mwin)) ¢, = (47°n% — 21rn) .
So the eigenvalues are
Ay = 4n’n? — 27nr = 270 (270 — 7).

Hence, throwing everything that is independent of r into the formally infinite constant in
front, we get

det L = H 2mn(2mn — r)

n#0
= (2m)* H n(2wn — r)
n#0
=N H(27m —7r)(=2mn —r)
n>1
N
-Vl <1 ~(5mm) )
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and we will ignore N’ as it can be thrown into the (-function regularization. Now using

the identity
2 .
x sin(7x)
1 _— =
II ( n2> T

n>1

we get
sinr/2
r/2
up to a normalization constant. The other determinant will give exactly the same result
by similar calculation. Hence
o= (22"
r/2

The quantity of interest det(—ém,&t2 - wm,@t) will be the product of determinants of the
block operator above, with r running from rq, ..., r,. Hence,

n (sinrg/2\?
det (—0,,0? — w,,0;) :H( rk/k2/ > :
k=1

Using the identity sinh(ir) = isin(r), our calculation yields

—1/2 n T /2 .. —
det (—8, 0} — wyudr) "= H (sinkr/k/2> =M,
k=1

det L =

using the identification of w,, on IIT'M with the curvature 2-form
1
Qu = QRngdxp A dx?

on M, where j(§2) is by definition

J(Q) = dt(W) -1I (IW)Q

k=1

and r; are the entries of the block form of the curvature 2-form 2, and the A-class of M
is by definition

A(M) = j(@)712
Therefore, we see that (absorbing i from j(i€2)~'/2 into C??) under the identification of
C>*(IITM) = A*(M), which we already used above to identify w,, with the curvature
2-form ,,, on M, that

ind(Q) = c /

dagdpy j(Q) 72 = C* / A(M).
M M
In this derivation we have been careless with universal constants depending only on dimen-
sion (infinite but regularized in some manner). To evaluate the constant one can either
follow through the regularization procedure or simply evaluate it on one example where
the index is nontrivial.

Therefore, we have proven the celebrated Atiyah Singer index theorem for the index

of a Dirac operator on a spin manifold:

Theorem 10.6 (Atiyah-Singer). The index of the Dirac operator § defined on a spin
manifold M is given by

ind(@) = /M A(M).
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Appendix A

Deformation Theory

We mentioned that for a curve X of genus g, the tangent space Tx M, is given by
HY(X,Tx). In this appendix we try to provide a heuristic reasoning why this is the
case (Theorem A.3). The reference is Chapter 4 of [18] and Chapter 9 of [14].

Definition A.1. Let X, B be complex manifolds, and ¢ : X — B a holomorphic map.
Let X; := ¢~ 1(t) denote the fiber of ¢ above the point ¢t € B.

We say that ¢ : X — B is a family of complex manifolds if ¢ is a proper holomorphic
submersion.

The following theorem is proved in p.220 of [14]:

Theorem A.2 (Ehresmann). Let ¢ : X — B be a proper submersion between two differ-
entiable manifolds, where B is contractible with a base point 0 € B. Then there exists a
diffeomorphism

T:X = Xox B
such that mooT = ¢, where wo : Xo X B — B is just the projection to the second component.

Giving such a trivilization is thus equivalent to giving its first component
To:=moT : X — Xy,

as mp o T = ¢ is given. Note that when Tj is restricted to the fiber X, it gives a diffeo-
morphism X; = Xy. Therefore, under the identification of such a diffeomorphism, we can
view that X; still has the same topology and smooth structure, namely it is still Xy as
a smooth manifold, but the complex structure is different. Of course, the theorem above
may not apply when B is not contractible. But since B is a manifold, at any base point
0 € B we can always restrict to a sufficiently small locally Euclidean neighborhood of it,
which will again be contractible.

Therefore, we conclude that infinitesimal deformation of X is the same as infinitesimal
deformation of complex structure on Xy. Hence the tangent space Tx M, of a curve X
should be identified with infinitesimal deformations of complex structures on X.

Next, let’s do some explicit calculation in coordinates. How do we quantitatively
describe deformation of complex structures? Instead of focusing on X = Xy, let us focus
on X; for general t € B. Furthermore, let us first consider the simplified case where
dimg B = 1, hence t is a local coordinate on B. Since ¢ is proper, X; = ¢ () is a
compact complex manifold. Hence we can cover X; by finitely many open sets U; for
i = 1,...,m, with chart ¢; : Uy — ¢(U;) C C" where n = dimc X;. By taking smaller
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charts if necessary, we may assume that U;’s are good covers, meaning finite intersections
Ui, N---NU;, are contractible. On the overlap we have transition maps

fij 10 (UinU;) = @i(Ui N U;)

which are biholomorphisms. These maps satisfy the cocycle condition
fi = fij o fik (A1)

on the overlap U; N U; N Uy. Recall that a complex structure of X; is defined by the
collection of biholomorphic transition maps f;;’s. Hence, by a deformation of complex
structure on X; along B we simply mean that these transition maps are allowed to vary
with respect to t. That is, now they have ¢t dependence:
z = fj(z]l e 255 1) a=1,..n.
We use the above notation z{' to denote the ath coordinate in the chart U;. In the
calculation below, we will only contract greek letters like o, 3, but not the letters i, j, k as
they only suggests the charts we are in and the initial and end position of the transition
maps.
With ¢ dependence, the cocycle condition (A.1) becomes

fiol[c (Zk7t) = fg(fjlk (Zkvt) ) jnk (Zkﬂt) 7t) (A2)

for every a = 1,...,n. Taking derivative of (A.2) with respect to ¢, and using the relation
zf = ffk(zk,t) gives

08 (ert) _ 005 (1) | OF5 (23,1) F (o)

ot ot 3235 ot (A-3)
Now using z* = f(z;,t), (A.3) becomes
o al,, P
of5 (zx,t) _ afij (25,1) n 0% afjk (zk»t). (A.4)

ot ot azf ot
Now using the expression (A.4) as the ath component function of a holomorphic vector
field gives

Ofg(zrnt) 0 Of5(z:t) 0 +affk<zk,t> )

A.
o 0z ot 0z ot 82]/.3’ (A.5)
where we used the chain rule
0 _ox o
82? 8zf 9z
We introduce the holomorphic vector fields
8]('%(*23'7 t) 0
0jk(t) = JT@ 2k = frj(zj,1). (A.6)
Using this definition, (A.5) becomes the beautiful cocycle condition
Oir(t) = 0i;(t) + 0 (t). (A.7)
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From (A.7), we conclude that 6;,(t) is a 1-cocycle with respect to the open cover il =
(Ui)x, on Xy, valued in the holomorphic tangent bundle Ty,. Hence this determines
an element of H'(4, T,). Since i is a good cover, we actually have the isomorphism
HY(U, Tx,) = H (X, Tx,). Let 6(t) be the element in H'(X;, Tx,) determined by 6,(t).
One can show that this class is independent of the open cover we choose. We can now
conclude:

Theorem A.3. The first order deformation (Taylor expand up to first order with respect
to t) of the complex structure fij on Xi

[ @) = fijli=0 + t05; + ot?)
determines a class in H'(Xy, Ty,).

In the above argument we assumed dimg B = 1. But this assumption is in fact redun-
dant. Suppose now B is an arbitrary complex manifold, with local coordinate %1, ..., %,,.
Then by a deformation of complex structure on X; with respect to B we mean the
chart transition function now depends on the coordinate of B:

1 1
25 = [ (s o 255 05 s TT) a=1,..n.

Now for a tangent vector

of B, where ¢* € C, we put

_ofent) o L 0f(ant) o

0:.(t) =
k() ot 928 OtH az;”

where again z; = fi;(2;,t). The previous argument all goes through and 6;;(t) again
defines a a 1-cocycle, hence determines an element §(t) € H*(Xy, Tx,). This defines, for
each t € B, a C-linear map

pi : T\B — H (X, Tx,)  ps: 5 o(t),

called the Kodaira-Spencer map.

Remark A.4. There is a coordinate free way of defining Kodaira-Spencer map. Let
¢ : X — B be a family of complex manifolds. Then Lemma 77 gives an exact sequence

0— TXt — TX‘Xt ¢—*> Qb*TB‘Xt — 0.
Then the Kodaira-Spencer map is simply the induced map
pr: HO(Xy,¢*Tg|x,) — H'(Xy, Tx,)

in the long exact sequence of sheaf cohomology induced by the short exact sequence above.
Note that H(Xy, ¢*Tg|x,) = ¢*Ts(X¢) = Ty B since ¢, is assumed to be surjective. For
a proof that these two definitions coincide, consult [14, p.225].
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Appendix B

Supersymmetry

In this appendix we discuss physical aspects of supergeometry, which is supersymmetry.
Perhaps the most convincing motivation for physicists to develop the theory of supersym-
metry is the so called hierarchy problem.

A hierarchy problem occurs when the fundamental value of some physical parameter,
such as a coupling constant or a mass, in some Lagrangian is vastly different from its
effective value, which is the value that gets measured in an experiment. This happens
because the effective value is related to the fundamental value by renormalization, which
applies corrections to it. In Standard model, the Higgs mass is modified by corrective terms
from every scale with which it interacts: terms that are proportional to those scales. For
the Standard Model this scale can go all the way to

[Gh
pl = 673 ~ 1019GeV,

M,

and so the QFT expectation for the Higgs mass is much higher than the experimental
result (~ 125GeV). Currently these two values are brought together through a numerical
cancellation of terms that results in the Higgs mass being reduced to its proper exper-
imental values. This process is called fine tuning [33]. This has spurred a number of
alternative theories which solve the problem of the disparity of expected and experimental
Higgs mass values without requiring fine tuning in the terms of the calculation.

One of such alternative solution is called Supersymmetry (SUSY). In a word, it
assumes there is some extra symmetry of spacetime (besides the Poincaré symmetry). In
particular, a symmetry under the exchange of bosons and fermions. This is the object of
study in this appendix.

Recall what we did with scalar/vector/spinor fields: We determined that the symme-
try group of interest is the Lorentz group SO(1,3). We studied its Lie algebra so(1,3),
in particular generators and commutation relations. We tried to find representations of
Lorentz group D[A], A € SO(1,3). We constructed fields ¢(x*) satisfying the transforma-
tion property

% (x) = DIAJ§e" (A e).

Taking D[A] = I (trivial representation), D[A] = A (standard representation), and D[A] =
S[A] (spinor representation), we constructed scalar, vector, and spinor fields. Using these
fields, we constructed Lagrangian that respects SO(1,3) symmetry.

What we will do now is similar to this procedure. First, we extend so(1,3) to the
SUSY algebra, and we extend R to a supermanifold. We will construct super fields
on this space, and construct a representation of SUSY algebra via differential operators
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on superspace. Finally, we will construct a SUSY Lagrangian, and solve the Hierarchy
problem via miraculous cancellation (at least a similar version of it to the standard model).

B.1 SUSY Algebra

In general, a physical theory need to be invariant under translations and Lorentz transfor-
mations z# — ALz” +a*. Mathematically, this means the symmetry group we are looking
at this the Poincaré group defined by the semidirect product

R % SO(1, 3).

The infinitesimal generators of the Poincaré Lie algebra are the momentum operators P*
(which corresponds to translations), and the 4 x 4 antisymmetric matrices M*¥ | which are
a total of 6 generators of so(1,3). A four dimensional representation is given by

(MPT), = i(n 6P, — "%,

where n** = diag(1,—1,—1,—1) is the Minkowski metric on R"3. One can verify the
commutation relations of the Poincaré Lie algebra are given by

[P*, P =0

[MH, Po] = i( Py — PYa)
[MM MP?] = i(MM P + MYPpe — MMPyPe — MYonhe).

The SUSY algebra includes all the generators and commutation relations of the Poincaré
algebra (P, MP? and their commutation relations) and a pair of left handed spinors Q,
and right handed spinors Qg (where a = 1,2), called supercharge operators. SUSY algebra
also includes the (anti)commutation relations involving the supercharges. In other words,
the SUSY algebra is a Zs-graded Lie algebra (also known as a super Lie algebra). All
derivations of these commutation relations can be found in [34]. The (anti)commutation
relations are given by the following:'

(MM, Qa] = (6)," Qg
M, Qal = (") Qg
[Qa, P*] = 0 = [Qa, P"]
{Qon Qﬁ} =0

{Qaa Qﬁ} = 2(Uu)a5PM

where

("), = ;05" = o"5"),”

(@) = ;@ = 50",

LAll internal symmetry must commute with the supercharges except possibly U(1)-symmetry: then
[R,Qu] = —Qa and [R, Qs] = Qa, where R generates U(1) symmetry.
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B.2 Superspace, Superfields, and SUSY Lagrangian

Let g be the SUSY Lie algebra. We can always exponentiate it to form the SUSY Lie
group G, whose general element is of the form

9(Wps ay, 0%, éo'z) = exp<—;w,wM“” +ia, P +10%Qa + igan>-

We define our superspace to be
X =G/S0(1,3)

which is the set of equivalent classes under the equivalence relation g ~ g - h for all
h € SO(1,3). Since every element in SO(1,3) has the form exp(—%wMVM“”), we see that
X = G/SO(1,3) is a supermanifold that can be parameterized by bosonic coordinates
" = at, and fermionic coordinates 6%, 9.

A superfield Y is a function Y : X — C on superspace. We mostly write Y (z*, 6, 05),
or simply Y (z,6,0).

Like how we found representations of so(1,3) on the space of fields in R%3, we would
also like to find a representation of SUSY algebra on space of superfields on X. That is,
we want to find operators M, P*, Q.. Q4 acting on superfields satisfying the SUSY Lie
algebra commutation relation.

We already know how to define so(1, 3) acting on superfields:

MY (204, 04) =Y ((M*)P 27, 04,04)

That is, M*” are still given by Lorentz transformations that we know well. What about
PH, Q., Qa? There are a lot of tedious calculations involved, but one can check that

9
Pu= g
N R
Qo = 1ga ~ 7
o 0. O
Qa—z%+9 aadax#.

does the trick. To prove this, we need the following:
Lemma B.1. Let (z,0,0) := exp (ix#P“ +10°Qq + iéde) denote a point in superspace,
and B
Ve, €) :=exp (ieaQa + iEan)
Then the action of V (¢,€) on (x,0,0) is given by
ot — aH + i9aagd€d — ieaagd?‘
0% — 0% + €~
6% — 6% + &,

Proof. Recall that we have the commutator relation [Qq, Q4] = 20" . P,, we have that

€(QaQa + QaQa)* = 2(e%c".0%)P,, so that [6°Qs,enQ*] = 2(ec”0)P,, where we
have picked up a minus sign from the previous equation to the last equation because of
anticommutitivity of 0, ¢, Q, @, turning {, } into [, ].

Since V (e, &)(x,0,0) = elc@HieQeieP+i0Q+i0Q " oyaluating this using the BCH formula:

eleB = eA+B+%{A’B]+'”, we get that

V(E, E) (33, 0, é) _ el’[L’P‘Fi(0+E)Q+i(é+€)@+(€a’0_)P7(QO'E)P

which gives precisely the desired transformation by definition of points in superspace. [
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Theorem B.2. The operators Py, Qa, Q4 should indeed by given as above. Since they
satisfy the SUSY relations, they define a representation of SUSY Lie algebra on the space
of superfields.

Proof. Let U = exp(ia"P"), then since P, generates translation, we have UY (z, 0, O)UT =
Y (x+ a,0,0). Expanding to 1st order: U ~ 1+ ia, P* and Y (z + a) ~ Y (x) + a*9,Y (),
and equating terms linear in a, we see:

[P,,Y] = —id,Y := P,Y.

Similarly for V (e, €) = exp (ieo‘Qa + iEdQé‘): using the previous lemma, acting on super-
fields gives
VY (2,0,0)VT =Y (x + ifo"e — iec0,0 + ¢,0 + ).

Now expand to leading order in € gives:

[Qa, Y] = (—i04 — 0" ,090,)Y := Q.Y
[Qa, Y] = (i04 — 0% ,0,)Y := QY.

This concludes the proof. ]

As mentioned earlier in the introduction, supersymmetry is a symmetry that exchange
bosons and fermions. This can be illustrated most directly by applying these SUSY oper-
ators on a super field Y (x, 0, #). The most general Taylor expansion of superfield in  and
6 is given by

Y(x,0,0) = p(x) + 0Ya(z) + 05X (x) + 0> M (2) + 0°N(z)
+0°0%6" V(%) + 0200 (x) + 0200 po(z) + 6020°D(x). (B.1)

Note that superfield ¥ contains all the things we usually care about: 4 complex scalar
fields ¢, M, N, D, two left-handed spinors 1, p, two right-handed spinors ¥, A, and a vector
V,,. To illustrate our point, let us take the simplest example where Y is just a bosonic
field

Y = p(x).

Then applying the supercharge on it gives
QaY = —(9up)(70:0%)-

Now Q.Y is an odd function on X, i.e., is a fermion. Hence we see the emergence of
spinor components from scalars.

Since applying the super charge operator flips parity of the particle (quantum field),
supersymmetric theory conjectures that for every type of elementary particles in the stan-
dard model, there exists a superpartner of it which has opposite parity (For example, the
electron e which is a fermion has a superpartner called the selectron é which is a boson).
Ideally, we hope that these superpartners have the same mass as their counterparts, and
we will see why when we do the calculation of hierarchy problem.

For now, let us return to (B.1). The infinitesimal change of superfield is defined by

§Y =i[eQ + €Q,Y] = i(eQ + €Q)Y.
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The natural question to ask is how to all the components in (B.1) transform under such
an infinitesimal SUSY transform. This requires pages and pages of painful calculation,
but the final answer is:

dp = eh + €x
0 = 2eM + (c"€) (10,0 + V)
dx = 2eN — (ed) (10,0 — V)
M =X — %Qﬂbaué
ON =e€p+ %eouﬁﬂi
8V, = o)\ + poye+ % (0"yYo,0,€ — €6,0,0"X)
6\ = 2eD + %6”0“68#‘/1, + icted, M
§p = 2eD — %a”&“e@uVV + ioMe0, N

0D = %(%(60“/_\ — pot'e).

Using these transformations, we can now build a Lagrangian on X = G/SO(1,3) that is
invariant under SUSY transformation. Here, the crucial fact is that linear combinations,
products, spatial derivatives of superfields are again superfields. Hence using these opera-
tions, we can field a Lagrangian £ that respects SUSY. There are many such Lagrangians
so we will not specify a particular one. We can define the action to be given by the
superspace integral

S = / d*zd%0d%0 L.
X

The transformation of field components above will ensure that under the SUSY action §£
will be a total derivative, hence the action S is invariant under SUSY.

B.3 Miraculous Cancellation

Now we explain how SUSY is useful in solving the hierarchy problem. The Minimal
Supersymmetric Standard Model (MSSM) is an extension to the Standard Model that
realizes supersymmetry. MSSM is the minimal supersymmetrical model as it considers
only the minimum number of new particle states and new interactions. The relevant part
involving Higgs field reads

€= - NHYp — g|HP|¢|* — aH|9* — h|H|? || — bH|o]* + -+,

where 1) is a Dirac spinor, ¢, are two complex scalar fields, A, g,a, h,b are coupling
constants.
The relevant interaction terms are given by the following three Feynman diagrams:



For example, 9 can be the top quark (Fermion), and ¢, ¢ are superpartners (Boson) of
tr,tr. The point is that SUSY puts constraints on the coefficients: one of such constraints
is \2 = g2 = h2.

We can first compute the g-diagram (the same computation works for the h-diagram).
Since the diagram is proportional to —ig? [ d*z(HyHoHyHy¢,0,), the symmetry factor
is Sy = 1. Thus

d*k i dk 1
. (L 2 Bl S 2 s
iMy = (=ig )/ (2m)* k2 —m3 g / (2m)* k2 —m3
) / KdkdQgs 1 ~ g 272 Afy ¢ It
(2n)* k27 167t 2 1672 UV

The trickier to compute is the A-diagram: The diagram is proportional to
(—iA)?
2!

/ d4$d4y<Hlﬁx¢x¢xHy¢ywyﬁ2>7

hence Sy = 1/2. Now

. _(—z‘A)2/ dik
My = 5 @n)t Tr

i+ my) i(p + sk +my)
k2 —m3 (p+k)? —m]

et T G+ )+ ]
T2 et e md) (et R md)

Y v
_ 2>\2/ T kop+ ke 4 my
- @2m)* (k2 = m3)((p+ k) —m3)

Keeping only quadratic divergences, we have

Ak k2 Ak k3dkdQgs o2 A2 \2
M), ~ 2)\2 — =2)? 5%~ )2 UV D A2
My =27 / Gryigt 2 / @rd k2 Aot 2 g2 UV

Hence the over all correction is

2 h2 )\2
ng+iMh+iMA:< J > 2

1672 T 1672 8n2) UV

Now the important point. One can show that if £ respects SUSY, then the constants need
to saisfy
g> =h?=)\2%

Hence the quadratic divergence nicely cancels. This is an elegant solution to the hierar-
chy problem, because the cancellation of quadratic divergence is enforced by a spacetime
symmetry, hence is natural compared to fine tuning.

Unfortunately, overall SUSY requires these constant to be proportional to the masses
of the fields interacting with the Higgs field. This means that the masses of particles in the
standard model and their superpartners must have identical masses for SUSY to cancel off
the quadratic divergence exactly. But if this were the case, then the energy level required
to find superpartners of these particles should be the same as that required to find the
particles in the standard model. However, physicists haven’t found any evidence that these
superpartners exist in the particle accelerators. This means SUSY is weakly violated at
best. The higher the difference of masses between particles and their superpartners, the
less effective SUSY is to cancel off the quadratic divergences in the MSSM model.
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Index

B-points, 34 Dirac action, 107
fl—class, 126 Dirac mass term, 108
r-jet, 37 Dirac operator, 125
r-th jet bundle, 38 Dirac spinor, 106
divisor, 13
affine space, 31
affine superspace, 8 energy-momentum tensor, 73
algebraic curves, 56 essentially of finite presentation, 61
associated bundle, 122 Euclidean Lagrangian, 102
Atiyah class, 38, 40 Fuler-Lagrange equation, 71
Atiyah sequence, 38 everywhere non-integrable, 54
extension, 29
Berezin integral, 44 exterior derivative, 46

Berezinian, 44, 45
boundary, 49

branch divisor, 59, 60 family, 143
branch locus. 61 Feynman diagrams, 78, 89

branch point, 60 Feynman rules, 78

branched cover, 60, 61 ﬁn? tuning, 145’{
branched covering, 14 finite presentation, 60
Fock space, 67

Faddeev-Popov procedure, 110

chirality, 137 formally smooth, 61
chirality operator, 120 formally unramified, 61
Clifford algebra, 117 formally étale, 61
Clifford algebra bundle, 122 functional derivatives, 84

Clifford bundle, 127
Clifford group, 120
cocycle condition, 144
codimension, 46

coherent states, 114
Columb’s law, 76
completely reducible, 119
complex structure, 144
conjugate momentum, 70
covariant derivative, 94
current, 53, 84

G-principal homogeneous space, 31
G-torsor, 31

gauge fields, 74

gauge symmetry, 72

gauge theory, 74

genus, 56

good cover, 51

good covers, 144

Grassmann numbers, 111

Green’s function, 77

Haar measure, 120

de Rham cohomology, 46 Hirzebruch L-class, 129
deformation of complex structure, 144, 145 holomorphic connection, 39
degree, 47 '
differential form, 46 index, 126, 127
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integrable, 54

integral form, 46

irreducible, 119

isomorphism of branched covers, 61

Klein-Gordan field, 71
Kodaira-Spencer map, 145

left-handed, 105

left-handed Weyl spinors, 106
little group, 104

Lorentz transformations, 68

Maxwell equations, 75

minimal divisor, 55

Minimal Supersymmetric Standard Model,
150

Neveu-Schwarz puncture, 58
null, 69
number operator, 114

obstruction class for projectedness, 20
obstruction class for splitting, 19

parity, 69

parity reversed tangent bundle, 15
partition function, 84, 101
pin group, 118

Poincaré dual, 52
Poincaré group, 147
polarizations, 103

prime divisor, 55
projected, 10

projective superspace, 13
propagator, 75

pullback, 9

puncture, 58

ramification divisor, 61
ramification points, 59, 60
ramified, 59

Ramond puncture, 58, 59
rapidity, 68

reduced space, 9
reducible, 119

reflection, 69
representation, 119
Riemann surfaces, 56
right-handed, 105
right-handed Weyl spinors, 106

scalar quantum electrodynamics, 74

sheaf, 12

signature, 129

smooth, 61

spacelike, 69

Spencer cohomology, 47
spin, 124

spin bundle, 124

spin connection, 124

spin curve, 57

spin group, 118

spin structure, 56

spinor bundle, 124

spinor representation, 121
spinors, 124

split, 10, 11

split supermanifold, 8
structural sequence, 10
super Atiyah class, 41

super Lie algebra, 147

Super Riemann Surface, 54
supercharge, 132
supercommutative, 8
superconformal coordinates, 54
superconformal structure, 54
superconformal vector fields, 57
superfield, 148
supermanifold, 9
supermanifold with boundary, 49
supersymmetric power, 47
Supersymmetry, 146
symmetry factor, 92

tangent bundle, 12

time ordering operator, 84
time-reversal, 69

timelike, 69

transition maps, 144
transpose, 118

unbranched holomorphic map, 60
unramified, 61

vector potentials, 74

Wick contractions, 89
Wick rotation, 101
Wick’s Theorem, 88
Witten index, 137

étale, 61
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