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1 Chern-Simons theory

Our first goal is to formulate the flatness equation for a connection of Ad(g) bundle over
R3 in terms of pertrubative field theory.

In order to do this we fix a f connection V and consider other connections as a
pertrubation as Vy + A with A € Q'(R3, g). Now we want to write down a local action
functional S(A) = [ L(A,dA) such that the equations of motion following form it are
precisely:

dA+ANA=0,
note that 2A A A = [A, A].

Fix a basis in g — t*. We can write down A = A,t® From variang the action with
respect to we can see that 65 = [ 04, A 25 + 0dA, A % = [0AuN (35 + d(555),
since dA is arbitrary 1-form, and [ gives a non-degenerate pairing Q' x Q* — R it
follows that % + d(%) = 0. Now since our equation is under the conjugation by
elements of G it follows that £ should also be invariant under it, so it should contain
only invariant functions of ¢*. The most natural choice for this would be taking the
Killing form, which we will denote by T'ry since we can think about it as taking trace in
a certain representation. So our ansatz for £ becomes £ = Try(L'), thus we can rewrite
6S = [Try(6AN (%" + d(2£5)) = 0, and now since T'rq is also non-degenerate pairing it

oA sdA
follows that 25 + d(££;) = 0.

Now the term A A A can only appear from L' /0 A, so L’ contains a term A A A A A.
The term dA can appear from both places, from the first summand it can appear as
d(ANdA)/6A and from the second as d(§(dA A A)/6dA). But these terms are the same,
hence our £’ is equal to:

2
cs(A) :A/\dA+§A/\A/\A.

Also note that we can act on the connection by a local symmetry A — gAg~! + gdg=.

In the terms of Lie algebra we have A — A+ dX + [X, A], for X € Q°(R3, g). Let’s see
what this does with our theory. Since we already calculated §5/0A lets use this:

68 = 2/Trg((dX +[X, A A (dA+ AN A)) =

:Q/Trg(d(X/\dA)—I—d(X-A/\A)+X-A/\A/\A—X-A/\A/\A):O,

So action functional is invariant under all such transformation.

2 4d theory on C x R?

Now the idea is to find a 4d perturbative field theory which would describe for us partially
flat pertrubations:

dzNF(A)=0.
The most obvious idea to take £’ = dz A c¢s(A) works and we get the following definition:
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Definition 1. The four-dimensional Yangian theory on C x R? is given by the following
data: the space of fields is A € Q(C x R?) ® g such that 75, A = 0 and the action is given
by:

S(A):/dz/\CS(A):/dz/\<A,dA—|—%[A,A]> :/dz/\Trg (A/\dA+§A/\A/\A) |
g

Remark 1. We will sometimes use the notation 7Try instead of <, >, for invariant form on
g. This makes complete sense for g — reductive, since the invariant form can be given as
a trace of certain representation.

Remark 2. Note that the same action can be written for A € Q'(C?) ® g without any
additional constraint, but this would lead to a theory invariant under a gauge transfor-
mation A — A+ fdz, so we will work the theory above which is obtained by fixing the
gauge to be A, = 0.

Now we can derive the equations of motion for this theory:

58:/dz/\Trg(5A/\dA+A/\d6A+25A/\A/\A):/dzATrg(QéA/\[dAJrA/\A]):0,

since we have [ dzATry(ANdSA) = — [ Try(d(dzANA)NSA) = [dzATry(§AANdA) .Thus
we get [ dz ATry(0A N F(A)) = 0, since the form is non-degenerate, this leads to three
equations:

dzNdZANF(A)=0,dzNdwANF(A)=0,dzNdoNF(A)=0,

which are explicitly given by:

a111/4117 - 81I)Aw + [Awa Aﬂ)]
0:Ap — OpAs + [Asz, Ag)
OwAs — 0: Ay + [Aw, A5

0
0
0

The first equation means that A defines a flat connection over any {pt} x C. Second
and third equation mean that then we go along the antiholomorphic direction in the first
coordinate everything that happens is a gauge transformation of 2d connection with gauge
function As. So the connection varies holomorphically in the first coordinate. Dually one
can think about holomorphic connection on C x {pt} given by dzZA; which varies in a flat
way in the second coordinate since going in any direction produces a gauge transformation
by linear combination of A, and Ag.

Now we would like to understand what are the gauge symmetries of S(A). In order
to understand this let’s rewrite the action in the following form:

—/zTrg(F(A)/\F(A)) = —/ZTTg(dA/\dA+dAAA/\A+A/\AAdA+A/\AAA/\A) =

:_/zTrg <dA/\dA+§d(AAA/\A)) =S(A) .

Here we've used the fact that A" = 0. From this form of action it follows that gauge
transformations should leave F(A) invariant. Hence they are given by X € Q°(C?) ® g,
acting by:

A= A+ X, Al +dX .

Remark 3. Note that since we fixed A, = 0 we need to follow the above gauge transfor-
mation with another one sending A, — A, — 0. X.



For the next generalization of our theory we would like to reformulate it in the following
terms:

Definition 2. The Yangian deformation of holomorphic BF theory on C x R? is the
theory whose fields are A € Q*}(C x R) ® g and B € O*°(C x R?) ® g and the action is:

S(A,B) :/Trg (B/\F(A)+%dz/\A/\aA) :

where X is coupling constant. Note that A A 0A = A A dA.

Remark 4. This theory for A = 0 turns into a holomorphic BF theory which we might
discuss later. Here A describes pertrubations of holomorphic connections. These theory is
a ”cotangent” theory since field A and B can be thought as a dual pair in dgla Q%*(C?, g)
and Q*Y(C?, g) there the second one describes a shifted cotangent bundle to the moduli
space of holomorphic connections. This statements will become clearer in the next talks.

We can easily show that if we write B = Bydzdw and we take B = \"'Bydw and
A = B + A we get the action of the original theory. Indeed:

S(A,B):)\/Trg(dz/\B/\dAerz/\B/\A/\AJr1/2A/\dA):

:%/dz/\Trg(BAdA+A/\dB+AAdA+2BAAAA):

A .
_ §/dz ATro((A+ B) Ad(A+ B) +2/3(A + B)) = 25(A) |
since dBA B = BAB=0and A" = 0.

We can rewrite the gauge transformations as follows:

A A+0X +[X,A] ,Br B+ Mz N\O0X .

3 Theory on complex surface

We can generalize the previous construction in the following way. Suppose X is a complex
surface, D is a reduced divisor, w is nowhere vanishing element of Kx(2D), and V is a
holomorphic vector field preserving D and Ly (w) = 0. We also fix a lift of V € TX to
At(P) = TP/G which we denote by V.

More precisely we consider an exact sequence of bundles: 0 — g(P) — TP/G =
At(P) — Vect(X), there Vect(X) is the bundle of holomorphic vector fields. The
splitting of this sequence gives us a holomorphic connection, so we can think about
lifting a single holomorphic vector field to be a partial connection. But we also need
to consider the modified short exact sequence g(P)(—D) — At(P,D) — Vect(X, D),
there we restricted ourselves to field parallel to D. We can further restrict ourselves to
g(P)(=D) — At(P, D)% — Vect®™ (X, D), there we restrict ourselves to fields which fix
w. So Vy is a lift of V' in the latter sequence.

Definition 3. The Yangian deformation of holomorphic BF theory is a theory where
fields are a € Q% (X, gp(—D)) and 8 € Q%(X,gp(—D)), where gp is a Lie algebra
bundle associated with P and gp(—D) = gp ® O(—D). The action is given by:

S(a,ﬁ):/w/\Trg<—a/\55+%a/\vva+ﬁ-a/\a) :
X



First, it is easy to see that if X = C%, D =0, w = dz A dw, V = 9,, and the bundle is
trivial with trivial connection we get our previous theory under the identification oo = A
and wf = B. The first and the thrid terms give us:

/Xw/\TTg(—oz/\dﬁ—i—ﬁ-a/\oz) :/Trg(B/\ [dA+ AN A]) .
And the middle term is:
/Xw ATrg(aAiyda) = /iv(w) ATrg(laAda) = /dzTrg(A NOA) ,
so the sum is indeed S(A, B).

Now we can derive the equations of motions. First using [ wTry(aAdB) = [wTry(BA
da) we have from variation with respect to 3:

Fo%2(a) =0,

next using:

/wTrg(a A Vyoa) = /w A (g A SaTrg(t*Vy (1)) + au A Ly () Trg(t%")) =

= /w A (Say A agTry(t"Vy (%) 4+ ay A Ly () Trg(t°7)) = /w ANTrg(da A Vy(a))

we have:
55 — /w A Try(Sa A (=88 + Ay (@) + [, B]]) = 0 ,
so AVy(a) — 9B + |a, 8] = 0.
We know what in a special case of this theory the gauge transformations are given by
Q%0(X, gp(—D)), so the good idea is to try acting on « as on usual connection form and

to extend this action to some action on § in a such a way that the action is preserved.
So suppose da = dc + [¢, a], then:

08 = /w ANTrg(88 A F(a)+ (0c+ [c,a]) A (=3B + AVy(a) + o, 8])) .
Let’s work on the second summand term by term, we have:

/w NTrg(de N dp) = /d(w ANTrg(cdB)) =0,

/w/\Trg(dc/\[a,ﬂ]—[c, alNdB) = /w/\(dci/\&jﬁk—ci&j/\dﬁk)Trg(ti[tj,tk]) = —/w/\Trg(da[c, Bl)

/w/\Trg([c, alAe, B]) = —/w/\Trg(a/\[[c, al, Bl4+aAa, [c, B]]) = /w/\Trg([a,ﬂ]/\[c, al+|o, alAle, 5]

/w A Try(e, o] Ao, B]) = —% /w A Try(le, 8] A o, ) -

The next term:

/w ATry(de A Vya) = /w ATry(cVyda) = — /w ANTry(VyeAda) .

/w/\Trg([c, a]A\Vya) = /w/\Trg([ch, alAa+[c, Vyalha) = /w/\Trg([c, a]A\Vya—Vycla,al) .
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So we get:

5 = 65 — /u) ATry((58 = AVye — [e, B]) A F(a)) = 0.,
hence the formula for gauge transformation of [ is:
B B+ AVyve+ef].

Suppose X is a direct product.

So we can take X = X x (', there C' and ¥ are complex curve. Then we can consider a
divisor D is just a divisor on C' times 3, w is w’ on C times dw and V' = 9,,. This theory
can be then reformulated in the spirit of original Yangian theory as [w' A cs(A), and
we can suppose that ¥ is an arbitrary 2-dimensional manifold. In this case the theory is
connected with the following classes of quantum groups:

c=C , w=dz , double pole at co , (rational)
d

C=C* , W= & , poles at co and 0 , (trigonometric)
z

C=E , w=dz , 1o poles , (elliptic)

3.1 Theory on £ x S' xR

We can restrict ourselves to £ x C, with a divisor D given by D' x C, w = &' A dw ,
where w’ € K(2D') and vector field by 9,,. In this case we can also rewrite the theory
in the form [w' A CS(A), with A € Q(E x C,g). So we can compactify this theory on
E x S' x R, if we now restrict ourselves to the connections constant in R direction we get
the following equations of motion:

aZAr - axAZ + [AZ> Aac] =0 ;

this equations as before describe a flat family of holomorphic vector bundles on E. But
now the can have a non-trivial holonomy, indeed by exponentiation the equation along z
we get an isomorphism of holomorphic vector bundles. So we can think about solutions
as pairs A, ¢, there A is an (0,1) form and ¢ is a bundle automorphism which preserves
it.

Once you account for gauge transformations, the moduli space of pairs (A, ¢) modulo
gauge is known as the moduli space of “multiplicative Higgs” bundles.

Notice that the space of classical solutions admit a symplectic form:

w(A,A) = /w/\Trg(A/\A’) :

4 N =1 SUSY theory

Here the sketch the way to derive the Yangian theory from the N=1 supersymmetric
theory. Roughly the procedure consist of the following steps: writing down the action
for the thorny, rewriting it in holomorphic terms, twisting it to get rid of supersymmetry
(here the obtain the BF theory) and then deforming it (alternatively we can deform it
before twisting).

So we start with a theory with a following action functional:

/Trg(F(A)+ AB+cBANB+ Y, @ap ),



with A € QY(R*, g), B € Q%(R%,g), — the space of self-dual forms, ¥, € Q°(R* g ® S;)
with S being the images of the projection by £ (w = v'42v*y* — in the Clifford algebra)
and finally @, = (9, + A,).

The equation of motion of this theory ensure that B is proportional to self dual part
of F(A), that both spinors satisfy the Weyl equation, and the following equation:

—dB + [A, B] + x(¢y0,dz*)_) =0 .

It can be easily seen that the action is invariant under the gauge transformation by
X € Q%R g) by A A+dX +[X,A], B B+ [X,B] ¢+ — ¢ + [X, 4], indeed
this action comes from the group action which acts on all F(A), B, and @,¢_ by
conjugation, and so leaves the action invariant.

This theory can be rewritten in terms of holomorphic geometry in the following way.
We choose a complex structure such that S- ® QY = Q10 then 02 = Q** @ w - Q" @ Q02
and Sy ® Q0 = Q. w P N2 In this terms dirac operator @, : S_ ® Q¥ — (9,) @ Q°
becomes:

(?A:le°®gMW@gQQZO@g@w-QO@g.

And the action is now equal to:
/TTQ(B/\F(A)nL@DJr/\dAw_—i—cB/\B) .

In this terms it is easy to introduce the supercharge () acting as follows: it maps S_
into Q' and Q% into S; by the natural maps.

Now if we do something called "twisting” to this theory we will gett BF theory,
which we should later deform to get Yangian theory. Alternatively we can deform theory
befory twisting, deform the charge and get Yangian theory after twisting without further
deformation.

5 Physical introduction to ghosts and BRST

Let’s consider a 4D Pure Yang Mills theory which is specifed by the action:
ﬂA%z—/Tg@L@A*FM”,

the equation of motion following from this action is d * F/(A) + [A,«F(A)] = 0 . This
action is obviously invariant under transformation A — A+ dX + [X, A]. So g®@ Q° is a
gauge algebra.

Now one of the main physical instruments in QFT is a functional integral, which is
roughly:

[ DAesplistalra)

where A is some local gauge-invariant functional polynomial in A and it’s derivatives.
The problem with this integral is that it is constant along gauge directions, so we get
an infinity we don’t know how to control. In order to make more sense out of it we would
like to somehow integrate over the transversal to the gauge orbits and take out from the
integral ”the volume” of gauge group.
More concretely we would like to fix some gauge G(A) = 0, and use the following
identity:
6G(AX)

sx )= L

/DxaGmX»@u



here AX = A+dX+[X, A]. This identity "holds” as an generalization of finite-dimensional
identity ([T [ dxz;) [16(gi(x)) det(dg;/0z;) .
If we now insert this identity in the functional integral:
GAY)
X

/ DA DX expliS(AX)] F(AX)5(GIAY)) det(

— ([ D) [ DASG() F(4) explis () aet (X9

since we are interested in ratios of functional integrals we may throw out infinite integral
[ DX.

The next trick is to notice that this works for every G(A) — w(x). So up to infinite
constant our integral is:

/Dwexp[i/d4x;—£]/DA5(G(A) —w)f(A)exp[iS(A)] det((SG(S(; >) =

_ / DAF(A) expliS(A) + i / cﬁc%?)] det(

We can rewrite it further introducting a new field:

5G(AX)
x )

B2 — 2BG(A)
28

Now the ghosts appear then we want to rewrite the determinant as a functional integral
of some other theory. The idea behind the next step is that the Gaussian integral over
anti-commuting variables ([] [ d&;) exp((€,€)a) is proportional to the determinant of A.

Here we need to make a choice for G. The most natural one is G = div(A) = 0, A".
Then the operator of which we want to calculate determinant is dG(AX)/6X can be
computed as follows:

5G(AX)
x )

/ DA DB f(A)expliS(A) — i / di | det(

G(AX> = 0, A" + 0,0" X + Ou[X, Ay]

if we denote 9, —[A,,, —] = D,,, then G(A*)/6X = 9,D" . Let’s denote this operator
by D4, then we can write:

/DcheXp[/ d*r — ED sc] = det(§G(AX)/6X) .

Thus as a result of our calculation we found that instead of working with the original
action we can take the action:
B?  Bdiv(A)

S(A,B,¢,c) = /TTE(F(A) NF(A)+ d4m{—% + — ¢Dc} .

It turns out that there is a new symmetry acting on this theory, which is called BRST-
symmetry and which sends:

0A, =dc—[A, ] ,50:—%[0,0} ,0c=B, 6B=0.

This symmetry also turns out to be nilpotent.
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