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ABSTRACT

The TT operator provides a universal irrelevant deformation of two-dimensional quantum
field theories with remarkable properties, including connections to both string theory and
holography beyond AdS spacetimes. In particular, it appears that a TT-deformed theory
is a kind of new structure, which is neither a local quantum field theory nor a full-fledged
string theory, but which is nonetheless under some analytic control. On the other hand,
supersymmetry is a beautiful extension of Poincaré symmetry which relates bosonic and
fermionic degrees of freedom. The extra computational power provided by supersymmetry
renders many calculations more tractable. It is natural to ask what one can learn about

irrelevant deformations in supersymmetric quantum field theories.

In this work, we describe a presentation of the 7T deformation in manifestly supersymmet-
ric settings. We define a “supercurrent-squared” operator, which is closely related to 7T,
in any two-dimensional theory with (0,1), (1,1), or (2,2) supersymmetry. This deforma-
tion generates a flow equation for the superspace Lagrangian of the theory, which therefore
makes the supersymmetry manifest. In certain examples, the deformed theories produced
by supercurrent-squared are related to superstring and brane actions, and some of these the-
ories possess extra non-linearly realized supersymmetries. Finally, we show that 7T defines
a new theory of both abelian and non-abelian gauge fields coupled to charged matter, which
includes models compatible with maximal supersymmetry. In analogy with the Dirac-Born-
Infeld (DBI) theory, which defines a non-linear extension of Maxwell electrodynamics, these

models possess a critical value for the electric field.

viil



CHAPTER 1
INTRODUCTION

A central goal of modern theoretical physics, broadly speaking, is to better understand the
space of all quantum field theories and string theories. One familiar way to explore this
space is to begin with a well-understood theory and deform it, for instance by adding an
integrated local operator to the Lagrangian. It is convenient to adopt a Wilsonian perspective
and organize such deformations into classes according to the dimension of the perturbing
operator, as one does in effective field theory. If the scaling dimension of the deforming

operator is A and the spacetime dimension is d, then there are three cases.

1. If A < d, then we say that the operator is relevant. This class of deformations triggers
a conventional renormalization group flow, which modifies the behavior of the theory
in the infrared. A classic example is adding a mass term m2¢? to the theory of a free
scalar field, which is relevant in any dimension. The term “relevant” refers to the fact
that such operators become more important at low energies (and conversely, become

negligible at high energies).

2. A (classically) marginal operator does not become more nor less important as one flows
to low energies. In a general QFT, quantum corrections can introduce a weak scale
dependence to such an operator which makes it either marginally relevant or marginally
irrelevant. If the seed theory is conformal, however, there may exist certain exactly
marginal operators whose scaling dimension A = d matches their mass dimension. In
this case, addition of a marginal operator generates motion on the conformal manifold,
and the coupling constants of these marginal operators parameterize the moduli space
of the theory. For example, the kinetic term 0#¢d,,¢ is marginal in any dimension; in
the 2D CF'T of a single compact boson, the addition of this operator is interpreted as

a change in the radius of the boson’s target-space circle.

3. An drrelevant deformation is one for which A > d, like the square of the kinetic
term (8/%8,@)2. Such an operator grows more important at high energies and less
important at low energies, which means that this class of deformations modifies the
ultraviolet behavior of the theory. Because the process of flowing from high to low
energies is lossy (there can be many UV theories in the same universality class), it is
not possible in general to uniquely reverse a renormalization group trajectory by adding
an irrelevant operator. Mathematically, adding such an operator will generically turn
on infinitely many other operators which leads to a loss of predictive power. For this
reason, deformation by irrelevant operators is more difficult to understand.
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In view of the technical and conceptual challenges associated with addition of an irrelevant
operator, it is especially surprising that there exists a well-defined irrelevant deformation of
any two-dimensional field theory with the property that the deformed theory remains under
analytic control, in a sense which we will describe shortly. This observation was first made
by Zamolodchikov in [1], where he studied the deformation of two-dimensional Euclidean

quantum field theories by the combination
det (Tyw) = TooT11 — T3 (1.0.1)

where T},,, is the stress-energy tensor of the theory defined in Euclidean signature with a flat
metric g, = dyp. The determinant can be written in a manifestly Lorentz-invariant way

using the property of 2 x 2 matrices that

det (T}) = % (1) =TT, . (1.0.2)
The expression (1.0.2) involves products of stress tensor operators, and products of local
operators are generally divergent in quantum field theory. However, [1| showed that this
particular combination gives a finite, well-defined local operator as the insertion points of
the stress tensors are taken coincident (up to total derivative terms, which are not relevant
inside of one-point functions or integrals over spacetimes without boundary). It is therefore
possible to deform a quantum field theory by the local operator defined by det (T /W) in this
coincident point limit; this operator is commonly referred to as TT due to its expression in
complex coordinates for a conformal field theory.

Because T}, has mass dimension d in d dimensions, a bilinear in the stress tensor such
as (1.0.2) — and, therefore, the local TT operator defined by their coincident point limit
— has dimension 2d, and is irrelevant in any number of spacetime dimensions. As we saw
above, deformation of quantum field theories by irrelevant operators is typically difficult
to understand. However, for the very special case of deformations by the TT operator in

two-dimensional quantum field theories, a flow equation of the form

oLM) A
S = det (T,SV)) (1.0.3)
leads to a controlled one-parameter family of theories in which certain quantities can still
be computed. One can think of the equation (1.0.3) as defining a curve in the space of
two-dimensional quantum field theories. At each point along the curve, the “tangent vector”

(or the local operator by which we deform to move along the curve) is the determinant of



(\)

the stress-energy tensor 7, M/V\ computed from the Lagrangian LX) of the theory at that point
(not the stress-energy tensor of the seed theory at A = 0).

The proof of well-definedness for the 7T operator, as well as the derivations of the flow
equation for the cylinder energy levels and the deformed Lagrangian for a free scalar, will be
reviewed in more detail in Chapter 2. For now, we will simply quote some results by way of
motivation. Consider a family of TT-deformed quantum field theories defined on a cylinder
of radius R, whose energy levels are denoted by F, (R, \). These energies satisfy an equation
of inviscid Burgers’ type, namely

oFy, ok, 1

Sy = Enap }—%Pﬁ, (1.0.4)

where P, = P, (R) is the momentum (which does not flow). If the seed theory is a CFT, then

on dimensional grounds the undeformed energies E7(10) = En(R,0) must scale as Eéo) ~ %

In this case, one can solve the differential equation (1.0.4) in closed-form to obtain

(0) 2 p2
R \/1 AT AR ) (1.0.5)

E -
n(f,A) 2\ R R2

This is an example of what we mean by saying that the deformed theory “remains under
analytic control.” More concretely, one can make precise statements about quantities in
the deformed theory in terms of the corresponding quantities in the undeformed theory;
here, the deformed energies Ey, (R, \) are functions of the undeformed energies E}(»LO). There
are analogous statements about other properties of the deformed theory such as its torus
partition function, S-matrix, and — at least perturbatively in \ — its correlation functions.

It turns out that the square-root structure of the energy levels (1.0.5) implies a surprising
result about the theory’s asymptotic density of states. Recall we have assumed that the UV
behavior of the undeformed theory is described by a CF'T. This implies that the high energy
density of states has Cardy behavior

c
(B ~ exp ( §E§P>) . (1.0.6)
On the other hand the high energy behavior (£, > %) of the deformed energy scales as

REY)

0)  AE2
s —n

E(
" R

En(R,\) ~ (1.0.7)



It can be shown — by first demonstrating that a TT-deformed CFT enjoys modular invariance,
and then by using the modular S transformation to relate the high-temperature and low-
temperature limits of the partition function — that the high energy density of states in the

deformed theory grows as
cA
p(Ep) ~ exp ( —En> . (1.0.8)

A theory with the asymptotic behavior (1.0.8) cannot be a local quantum field theory, which
would necessarily exhibit the Cardy growth (1.0.6). Rather, this Hagedorn growth is more
characteristic of a string theory.

This result is the first hint that a TT-deformed theory is some new and mysterious
intermediate structure, neither a local quantum field theory nor a full-fledged string theory
which includes dynamical gravity. This Hagedorn behavior was interpreted in [2] — at least
for the so-called “single trace” version of TT — by exploring its connection to little string
theory and asymptotically linear dilaton spacetimes. In particular, it seems that adding
the single-trace TT to a boundary conformal field theory dual to a bulk AdS spacetime
corresponds to a deformation of the bulk which changes the asymptotics to linear dilaton.
Because asymptotically AdS spacetimes are qualitatively different from asymptotically linear
dilaton spacetimes, which behave more like flat space, this result suggests that 77 may be
a promising avenue for understanding holography beyond AdS.

A more direct way to see that TT-deformed theories share some properties of string
theories is to directly deform the seed theory of a single free boson. Beginning from the

undeformed Lagrangian
Ly = 0"¢0u0, (1.0.9)

it was shown in [3] that applying 77 to this theory leads to a deformed Lagrangian corre-

sponding to a Nambu-Goto string in static gauge,

Ly = % (\/1 2N, 000G + 1 — 1) . (1.0.10)

This gives another piece of evidence, independent of the Hagedorn density of states, to
suggest that 7T is related to string theory.

On the other hand, it has been known since the 1970s that the introduction of supersym-
metry resolves several unsatisfying properties of bosonic string theory, such as the presence
of a tachyon and the absence of fermions in the spectrum. Given the tantalizing connections

between TT-deformed field theories and (bosonic) string theories, it is natural to ask whether
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some supersymmetric presentation of 77 might similarly be related to the superstring.

In one sense, the interplay between 7T and supersymmetry is trivial: the finite-volume
spectrum of a TT-deformed theory obeys a differential equation whereby each deformed
energy level is determined in terms of the corresponding undetermined energy level. This
means that any degeneracies of the undeformed energies — such as a pairing between the
energy levels of bosonic and fermionic states, characteristic of supersymmetric theories —
will also persist in the deformed theory. From this perspective, it is obvious that applying
the TT deformation to a supersymmetric seed theory produces a deformed theory which is
also supersymmetric.

However, the analytic control offered by supersymmetry is most powerful when the sym-
metry is made manifest, for instance by a superspace construction which geometrizes the
supersymmetry transformations. Although the ordinary TT preserves the supersymmetry
of the deformed theory, the supersymmetry transformations will generically flow, so that
the action of the supersymmetry generators on the fields of the theory must be corrected
order-by-order in the 7T parameter \. It is desirable to present a formulation of 7T where
the supersymmetry of the deformed theory acts in a simple way, for instance by formulating
a flow equation for a superspace Lagrangian. This is one motivation for the present work,
and we will propose such superspace flow equations for theories with various amounts of
supersymmetry in Chapters 3 and 4.

Another motivation is the possibility of finding 7T-like deformations for higher-dimensional
theories. We will briefly explain why the point-splitting definition of the local TT operator

fails in D > 2 spacetime dimensions. In any D, there is some operator product expansion

1

T (@) T y) = 5—T"% 0T (1) = > Aa (Io = y?) Oaly), (1.0.11)

The argument of [1], to be reviewed in Chapter 2, showed that that in D = 2 the conservation
equation 0MT),,, = 0 implies A, is independent of coordinate unless the corresponding O
is a total derivative. This is sufficient to define a local operator by taking x — y, modulo
total derivative terms. When D > 2. however, the conservation equation imposes fewer
constraints on this operator product expansion, and there can be additional non-derivative
divergences on the right side of (1.0.11) which obstruct a universal definition of T'T.
However, in theories with supersymmetry, the stress tensor sits in a multiplet that con-
tains additional fields which are related to T}, by supersymmetry. This multiplet of operators
satisfies a larger collection of constraints than conservation, which correspondingly imposes
more structure on the operator product expansions of fields in the multiplet. One might

hope that, with a sufficiently large amount of supersymmetry (likely maximal), a particu-
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lar combination of supercurrent bilinears might satisfy a property similar to that of 7T in
two dimensions, and therefore provide a universal irrelevant deformation of any sufficiently
supersymmetric theory. Although there is no proof of this statement, we will discuss some
classical properties of supersymmetric TT-like deformations for four-dimensional theories in
Chapter 5 and speculate about the possibility of defining a quantum operator in Section 5.5.

We close this introductory section by reiterating that irrelevant current-type deformations
lie at an exciting intersection of many interesting directions in theoretical physics. Here we
have focused on the relationship of 7T to string theory and on tantalizing hints of holography
beyond AdS. However, TT and related deformations also have connections to integrability,
random geometry, topological gravity, the uniform light-cone gauge, and many other areas
of interest. For an informative overview of the subject, see [4].

The layout of the remainder of this dissertation is as follows.

e In Chapter 2, we will review some facts about the ordinary 7T deformation, such as
the point-splitting definition of the operator and the flow equation for the energies on

a cylinder. This chapter is a review of previous results, primarily from [1| and [3].

e Next, Chapter 3 presents a manifestly supersymmetric version of the 7T operator for

theories with (0,1) or (1,1) supersymmetry. This chapter is based on [5].

e In Chapter 4, we extend this definition to theories with (2, 2) supersymmetry and study

some deformed models in detail. Here we follow the treatment in [6].

e Chapter 5 then identifies certain non-linearly realized symmetries of the (2, 2) deformed
models that we first introduced in Chapter 4; we also discuss how these theories are
related to certain models with AV = 1 supersymmetry in four dimensions. This chapter

is based on the paper [7].

e Finally, Chapter 6 uses the ordinary 77T deformation to define a new theory of a
non-abelian gauge field coupled to scalars in two dimensions; this deformed theory is

compatible with maximal supersymmetry. The discussion of this chapter follows [8].

The details of various calculations which we use in the main body of the thesis are

presented in Appendix A.



CHAPTER 2
THE TT DEFORMATION

In this chapter, we will review some aspects of the ordinary TT deformation with no su-
persymmetry required. We also set our conventions for the various superspaces that will be
used in later chapters.

Nothing in Section 2.1 is new; our goal is to present results from earlier works on 7T for
context and motivation, focusing on [1] and [3]. Another useful review of the content in this

chapter is [4].

2.1 Review of TT

In this section, we will provide more detailed derivations of a few results concerning the

ordinary TT deformation which were quoted in the introductory chapter.

2.1.1 Definition by point-splitting

As we mentioned in the introduction, the first remarkable property of TT is that it can be
unambiguously defined by point-splitting (up to total derivatives), despite involving products
of local operators. Here we will review the proof of this fact from the original paper of

Zamolodchikov [1]. There he considered a Euclidean QFT with the following properties:

1. Local translation and rotation symmetry. This property implies the existence of a

stress energy tensor T}, which is conserved,
8, TH =0, (2.1.1)

and symmetric, Ty = Tyy. In the 2D parametrization 7., = T, T ="Tss, © =T,

this can be written

0:T(2) = 0,0(2) ,  0.T(z) = 3:0(2) . (2.1.2)

2. Global translation symmetry. This property implies that any 1-point function is inde-

pendent of position

(0i(2)) = (04(0)) , (2.1.3)

<OZ(Z)OJ(Z/)> = G”(z — Z/) s (2.1.4)



depends only on the distance |z — 2’| between the insertion points.

3. Clustering. That there exists some direction of infinite length such that

lim (O;(x)0;(0)) = (OHO;) . (2.1.5)

T—00

4. UV CFT. The seed QFT which we begin with is assumed to be described by a CFT

at short distances.

These conditions then require that we consider a theory on the flat plane or cylinder. Using

these assumptions one can show that the coincident point limit

TT := lim (T(2)T(z) — ©(z")0(z)) , (2.1.6)

2=z

defines a local operator.

First, note that the conservation of the stress tensor implies

0:(T(=)T (<) = ©(2)6(2')) = (92 + 0.)O()T (<) — (95 + 0:)6(2)0(2") , 2.17)
0(T(2)T () — 6(2)0(2)) = (02 + 0.)T(2)T(2) — (05 + 0:)T(2)0(%'
Now using the operator product expansions
T(2)0() =) Ai(z=)0i(+) . 0(2)8() =) Cilz = 2)Oi(<) .
! ! (2.1.8)

O(x)T(x) = ZBz'(Z -)0i(?") . TET(E) = ZDz'(Z - 2N0i(7)
the equations (2.1.7) imply

Z@gFl(Z - Z/)OZ'(Z/) = Z (BZ(Z - Z/)aZ/OZ' - CZ(Z - Z/)OE/OZ) ;
! ! (2.1.9)
> 0:Fi(z = )0i(Z) = 3 (Dz-(z — 0,0:(2") — Aj(z — z')@zx(’)i(z')> ,

1

where
Fi(z —2)=Dij(z =)= Cj(z= = 7). (2.1.10)

This implies that any operator arising in the OPE
T()T() - 0(2)0() = > Fi(z - 2)0;(7) (2.1.11)
i

8



must either have a coordinate independent coefficient function F;(z — 2’) or is itself the

derivative of another local operator:

T(2)T(z") — ©(2)0(2') = Opp(2') + derivative terms . (2.1.12)

TT(z) := Opp(2) . (2.1.13)

Note that we have only defined 7T up to derivative terms, but by the assumption of global
translation symmetry above, any one-point function of a total derivative vanishes.
Although it will not be used in this thesis, we note that assumption (2) of global trans-
lation symmetry can be weakened to the existence of a transitive global isometry. This can
be used to define the TT deformation in AdSs, as is done in [9]. In that case, one can show

that the TT operator obeys a factorization property in the AdSs-invariant ground state.

2.1.2  Deformed Lagrangian for free scalar

In this subsection, we will review the solution of the 7T flow equation for the deformed
Lagrangian L£(\) of a free scalar field ¢. We stress that this is a purely classical result,
unrelated to the preceding argument that the 7T operator is well-defined by point-splitting.
Indeed, the explicit solution for the deformed Lagrangian of scalars coupled to an arbitrary
background metric was already written down in [10], which follows from the analysis in [3].

Consider a general A-dependent Lagrangian for a real scalar ¢ coupled to a background
metric g,,. For simplicity, we assume that the Lagrangian reduces to the usual free kinetic

Lagrangian for ¢ at A = 0:

1
The TT flow will not introduce dependence on the undifferentiated field ¢, as one would
have in a potential energy term, so the finite-\ Lagrangian can only depend on the scalar
quantity g"”9,,¢0y¢ and on the parameter A\. To ease notation, we define { = g/” 9,00, ¢
so that

L) = f(A, g 0u00,0) = f(A, ). (2.1.15)



We now compute the components of the stress tensor,

(M)
T()‘) B 2 65

/’I‘V — _\/—__gW, (2.1.16)

where S(N) is the effective action of the deformed theory

S = / 4% /=g L(N). (2.1.17)
Taking the variation, one finds

of
23

Written in a manifestly diffeomorphism invariant form appropriate for a general background

A)

T = g f — 229,60, (2.1.18)

metric, the flow equation for the Lagrangian is

oL 1 9
Note that, when g, = 6,1, the right side of (2.1.19) reduces to the ordinary determinant of
a 2 X 2 matrix.

Evaluating (2.1.19) with the components (2.1.18), one finds

1 of

2
3 <(g“”TW) — g“pg”"TWTpg) 22 f§ % (2.1.20)
Thus the differential equation for the deformed Lagrangian becomes
f of
= f — f{' 9E" (2.1.21)

To solve this differential equation, we begin by noting that the solution can depend only on
the dimensional parameter A and the dimensionless combination A¢. Since % has the same

mass dimension as the Lagrangian, it must be consistent to make an ansatz of the form

- F(A¢)
f(x), (2.1.22)

X6 =

>/I'—>/I»—‘

10



where we have defined x = A\¢. With this ansatz, we have

b (P - ).
Z_fg ~ @), (2.1.23)

so the differential equation becomes

_ @)+ f(2)?

T = s 2ia)

(2.1.24)
The result is now an ordinary differential equation which can be solved by separation of
variables. After replacing x = A\ = Ag"”0,,¢0,¢ and imposing the initial condition (2.1.14)),

the result is

LN = % (\/1 NG D0 — 1) . (2.1.25)

Expanding about A\ = 0, one finds
L Ao 2 2
L) = 59" Ouddo — (9" 0,0y 0)~ + O(N) . (2.1.26)

We emphasize that this is a purely classical result that is true for any conformally flat metric
guv- The additional power which comes from working in (Lorentzian or Euclidean) flat space,
with metric 7, or d,, is that one can unambiguously define the local T T operator up to
total derivatives, as described in Section 2.1.1. With a flat metric, one can also obtain a flow

equation for the finite-volume spectrum, which we turn to next.!

2.1.3 Factorization and inviscid Burgers’ equation

We conclude the review of TT by deriving the flow equation (1.0.4) for the cylinder energy
levels of a TT-deformed quantum field theory, which has square-root type solutions of the
form (1.0.5) when the seed theory is conformal.

The first step is to show that the expectation value of the point-split TT operator is

actually independent of the distance between the insertion points. Define the function

C(z,w) = (T(2)T(w)) — (6(2)O(w)), (2.1.27)

1. As we mentioned earlier, one can also obtain a flow equation for the AdS-invariant ground state for
TT-deformed theories in AdSg, as shown in [9].
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where as in Section 2.1.1 we use the notation T' = T,,, T = T3, © = T,5. Following the

steps we used in (2.1.7) above, we take a z derivative to write

0:C(z,w) = (0:T(2)T (w)) — 0z(0(2)O(w)) (2.1.28)
and use the conservation equation 857 = 9,0 to write this as

0:C(z,w) = 0:(0(2)T(w)) — 95(O(2)O(w)) . (2.1.29)

On the other hand, by the assumption of global translation invariance, the two-point function

(©(2)O(w)) can depend only on the separation |z — w|?, which means that

9:(0(2)0(w)) = =05 (0(2)0(w)) . (2.1.30)
Similarly in the first term,
0:(0(2)T(w)) = —0w(©(2)T (w)) . (2.1.31)
Therefore we conclude that
0:C(z,w) = —(0(2)0uT(w)) + (0(2)dzO(w)) =0, (2.1.32)

where we have again used the conservation equation 9,7 = 0z0.

Since C(z,w) can depend only on |z — w|?, and since 9,C(z,w) = 0, it follows that
C(z,w) = C is a constant. Thus we may evaluate it for any choice of z and w. On the one
hand, when 2z and w are taken coincident, we have

Zlgrzlu C(z,w) =(TT), (2.1.33)
since we have established in Section 2.1.1 that this limit defines a local operator up to total
derivative terms (which vanish inside of one-point functions). But on the other hand, for a

theory defined on the cylinder, we may take the points z,w to be infinitely separated alone

the non-compact cylinder direction:

C= lim C(zw)=(TT)—(©)?, (2.1.34)

|z—w]—00

where in the last step we have used the fact that vacuum two-point functions cluster de-

compose into products of one-point functions at infinite separation. We therefore conclude
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that
(TT) = (T)(T) — (8)?, (2.1.35)

which is referred to as the factorization property of TT.
The above derivation establishes factorization of the TT operator in the vacuum state,
where cluster decomposition holds. To show that it also factorizes in any energy eigenstate,

one can insert a complete set of states to write

(n| T(2)T(w) [n) = (n|T(2) [ m)(m|T(w)|n)

m
- exp ((En — Ep)|Imz — Imw| + (P, — Py)|Rez — Rew\) ,
(2.1.36)

and likewise for (n | ©(z)O(w) | n). Because the exponential factors contain explicit depen-
dence on the coordinates z,w, but the function C(z,w) is a constant when the correlation
functions are taken in any energy eigenstate, all of the terms in the sum (2.1.36) must vanish

except when m = n. In the coincident point limit, this implies that
(0 | TT | n) = (0 | T [ nin | T ) — (0| © | m)2, (2.1.37)

which is the statement that 7T factorizes in all energy eigenstates, not just the vacuum
state.

Once the factorization property of TT is established, the flow equation for the cylinder
spectrum follows almost immediately. The interpretation of the components of the stress

tensor for a theory on a cylinder of radius R is

1

(n| Tyz | n) = —0gEn(A\, R),
(n | Tey | n) = 1iPy(R). (2.1.38)

Here z ~ z 4+ R is the circular direction of the cylinder and y is the non-compact direction.

Because the Euclidean Lagrangian density is the Hamiltonian density, and we are deforming
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by adding the TT operator to the Lagrangian, the flow equation for the energy levels is

NEn(\ R) = —R(n | det(Tyw) | n)
— R (0 Taa | m) (0 | Ty | m) — n | Tay | m)2) (2.1.39)

where in the second step we have used factorization. Expressing the stress tensor components

in terms of energies and momenta according to (2.1.38), we find

1
\Ey = EndpEn + }—ng . (2.1.40)
This is the inviscid Burgers’ equation (1.0.4) which we referred to in the introduction. Given
any seed theory with energies FE,, this flow equation determines the energy levels of the
TT deformed theory at finite A, although for a general starting theory we cannot solve the
differential equation in closed form. Matters simplify if the undeformed theory is a CFT,

since in this case the energies and momenta satisfy

1 _ c
1
Po=(n-7), (2.1.41)

where ¢ is the central charge. Because of the especially simple R-dependence of the unde-

formed energies, in this case we can solve the flow equation to write

(0) 2 p2
al \/1 BT AR (2.1.42)

which is equation (1.0.5) that was quoted in the introduction.
One generic feature of TT-deformed CFTs is apparently from the square-root structure of
the energy levels. Let’s restrict to the ground state, n = n = 0, for which the flow equation

becomes

R

4)\c

2
When A exceeds %, the argument of the square root becomes negative and the energies
are complex. This signals that there is a maximum allowed value of the flow parameter A,

after which the theory appears to suffer some pathology. A complete understanding of this
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complex-energy behavior is still lacking, but it might be related to the non-locality of TT
deformed theories; a possible interpretation is that this maximum value of A represents the
point at which the non-locality scale becomes comparable to the radius of the cylinder, and

that this large non-locality causes the theory to become ill-defined [11].

2.2 Conventions

We consider two-dimensional field theories in Lorentzian signature with coordinates (xo, xl).

It will be convenient to change coordinates to light-cone variables, defining

ot = % ( 04 x1> : (2.2.1)

Here we have used the bi-spinor conventions, where coordinates and vector quantities are
written with a pair of + indices (%) rather than a single index (z%).

The derivatives corresponding to the coordinates (2.2.1) are written

1

Of4 = \/5(80 +0p) (2.2.2)

In these conventions, we have 94425 =1 and d442TT = 0.

Spinors in two dimensions carry a single index which is raised or lowered as follows:

V==, YT =y (2.2.3)

The advantage of writing all vector indices as pairs of spinor indices is that it allows us to
more easily compare terms in equations which involve a combination of spinor, vector, spinor-
vector, and tensor quantities. For instance, in this notation the derivatives with respect to
light-cone coordinates carry two indices 044, whereas spinor quantities ¢4 carry only a
single index, which allows us to distinguish between spin—% and spin-1 objects. Similarly, the
supercurrent has components Sy, S___ Sy __ . and S_44 — which we can immediately
identify as a spinor-vector because it has three indices — and the stress-energy tensor carries

two vector indices so its components will be written as T4 444, 7 _ T4 =T _ .

(1, 1) and (0, 1) Superspace

When we consider (1,1) supersymmetric theories, we will introduce anticommuting coor-

dinates 6%. The corresponding supercovariant derivatives are defined in our conventions
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as

0

D:I::a&?—l—

001y, (2.2.4)

which satisfy D+ D+ = 0+4 and {D4+, D_} = 0. There are also two supercharges @+ given
by

0

= 5T~ 0F 0,1, (2.2.5)

Q+

which satisfy Q+@Q+ = —0++. The Lagrangian for a field theory is written as an integral

over this (1, 1) superspace,

L= / 420 A(), (2.2.6)

where A is the superspace Lagrangian, ® represents some collection of (1,1) superfields, and
d*0 = do= dot.

We will briefly describe theories in (0, 1) superspace by truncating the conventions for
(1,1) superspace described above. Such a superspace has a single anticommuting coordi-
nate A along with the associated supercovariant derivative D and supercharge Q. The

Lagrangian for a (0, 1) theory can be written as an integral
L= /de+ AL (9), (2.2.7)

where now the superspace Lagrangian A4 must carry spin to ensure that the bosonic La-

grangian density £ is a Lorentz scalar.

(2, 2) Superspace

When we study two-dimensional theories with 4 = 2 + 2 supercharges, the four anti-
commuting coordinates will be written 6+ and gi. It will sometimes be convenient to
collectively denote the superspace coordinates by ¢ M _ (xH, 6%, éi). In Chapter 4, we will
use the supercovariant derivatives, collectively denoted by D4 = (9,4, D+, D), given by

0 - — 0 i

Di=—"—_0 Dy=——_ 4 _p* 2.2.
+ = ggx 50 Ok t=—E s Ot (2.2.8)
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and which satisfy
{Dx+, Dj:} =10+, (2.2.9)

with all other (anti-)commutators vanishing.
The supersymmetry transformations for an N' = (2, 2) superfield F(¢) = F (ztE 0F, éi)

are given by
SF =ie" QyF +ic” Q_F —ie" Q1 F —ie O_F, (2.2.10)

where on superfields the supercharges are represented by the following differential operators

0  — — '
Ot = 0% + %Qiaii ; Qf = ——7 — 001y, (2.2.11)

satisfying
{Q+,Qs} = —i04+ (2.2.12)

and commuting with the covariant derivatives D 4.

In Chapter 5, to more easily facilitate comparison between N' = (2,2) in 2D and N =1
theories in 4d, we will use a slightly different convention for the supercovariant derivative
which differs only by relative constant factors. There we will use supercovariant derivatives

;0 oy o, 0
Dj: = 80? + 10 8ii7 D:t = —897:‘: — 10 aii, (2213)
which satisfy the rescaled algebra {D’,, D/} = —2i0+ 4.

When we write integrals over (2,2) superspace, we use the notation d20 = do—deT,
d*0 = df+df~ and d*0 = d>6d°6.

Four Dimensional Theories

When we study theories in four spacetime dimensions, we will mostly follow the conventions
of Wess and Bagger [12]. The D = 4, N' = 2 superspace is parametrised by bosonic
coordinates z# and anticommuting coordinates (6%, %), (6%, 6%4).

To discuss chirality constraints in these theories, it is convenient to introduce the coor-
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dinates
gt = 2t + 00”0 + ot (2.2.14)

In terms of the y*, the supercovariant derivatives are given by

0 . U po 0 B 0
Dy = w + QZJOZQGQ@, D¢ = _&W ’ (2'2'15)

and similarly for Dy, Dg.
Our conventions differ from those of [12] in the conversion between vector and bi-spinor

indices. We will use the normalization

1 .
Vog = —QUgde, vy = Zéaavad. (2.2.16)
In these conventions, for instance, one has
1 : 1 L
_ I — 5 2 = —
Joi = =2006Tp, T = 3J0a0™ TT =0 Iudy = —gﬁaﬁeaﬁjaatfﬁg :

(2.2.17)
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CHAPTER 3
(1,1) AND (0,1) SUPERCURRENT-SQUARED DEFORMATIONS

In this chapter, we propose a solvable, irrelevant deformation that is built from bilinears in
currents and which manifestly preserves supersymmetry. Just as the remarkable properties
of the TT deformation follows from continuity equations, in the supersymmetric case, we
will describe analogous relations based on the conservation laws in superspace. This chapter

is based on the paper “Supersymmetry and 7T Deformations” [5].

3.1 TT and Supersymmetry

3.1.1  Supercurrent-squared

Because the usual 7T deformation discussed in section (2.1) is built from the Noether current
for spatial translations, we will generalize this construction by writing a manifestly super-
symmetric Noether current associated with translations in superspace. For concreteness, we
work in the (1,1) theory, but a similar calculation in (0, 1) will be described in section 3.3.

Consider a supersymmetric Lagrangian which is written as an integral over (1, 1) super-
space as L = [ d20 A. We allow A to depend on a superfield ® and a particular set of ®

derivatives listed below:
A=A(P,D;®,D_0,044P,0-_D, Dy D_P). (3.1.1)

The supercovariant derivatives D+ are defined in (2.2.4). The superspace equation of motion

associated with this Lagrangian is

5A 5A 5A 5A
5~ D+ ((5D+<I>) D= ((5D_<I>) 04 <5a++<1>)

0A 0A
+ 8—— (58__@) — D_|_D_ (m) . (312)

As in the derivation of the usual stress tensor T, we now consider a spatial translation of the

form dz+* = a** for some constant a**. The variation 6 A of the superspace Lagrangian
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is given by

0A 0A 0A
0A = Dy (5¢5D+q)) <5(D5D—(I)> + 8++ (6(1)58++<I>)

5A 1 5A 5A
+o__ (5@(@@) +3 (D+ (—5D+D®D5<I>) +D_ (5¢D+—5D+D®>)

1 5A 5A
- — N [ ) () ) —
2 <D <5D+D pD+0 ) + D+ (5 D-550- c1>>)

5A 5A 5A 5A 5A
- o0 ( 5o D+5D+<I> *P-50% a++58++<1> R
0A
—D+D- 5D+D_<1>) '

(3.1.3)

Here we have chosen to symmetrize the term involving D+D*5Df% using {D+,D_} = 0.

The last two lines of (3.1.3) are the superspace equation of motion; we now specialize
to the case of on-shell variations, for which this last term vanishes. Further, the left side of
(3.1.3) is A = a1t 04+ A+ a”~O__.A, which is a total derivative. We use 044+ = Dy Dy
to express (3.1.3) in the form

0=a""Dy [a++q>5gfq) + Dy <<9++‘I>5;Aq)) + %&%D (04++2)
- %8++CI>D_ (wfﬁ) - D+A}
+aTTD- [qu)dgi‘@ (a“q’aaéf ) - %wiﬁp +(04+®)
: %8++<I>D+ (%) } (3.1.4)
+a Dy [a__obdg“j@ + Dy (a__%aﬁ@) + %wi% (0 ®)
oo (4 )]
+a~ Do 52,4@ (a q)éan)) - %wf%l)* (0--2)
+ %8<I>D+ (ﬁ%) - D,A]
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This equation gives a conservation law for a superfield 7 which we define by

dA 0A 1 A

Tose = e+ Dy (GH(I)W) +55p, gl @r+?)
- %a++q>p (ﬁ) _ DA,
Tt = 3++‘I)5gilq) +D- (3++(I)5;_—{q)> - %M)f%lh (04+9)
+ %3++‘1>D+ (mf%) 7
T = a__<1>5g“j® Dy (8__@)%) + %MDE%D‘ (O__®) (3.1.5)
- 30--oD- (wf%) |
- %8__<I>D+ (517?3@) m A

In terms of 7, then, equation (3.1.4) implies the superspace conservation laws:
DiTiy +D_Tyyy =0, DT __+D_T__4=0. (3.1.6)

We are now in a position to propose the supercurrent-squared deformation. Consider a
one-parameter family of superspace Lagrangians labeled by ¢, which satisfy the ordinary

differential equation

9
ot

AW =t 0 ) (3.1.7)

where T() is the supercurrent superfield (3.1.5) computed from the superspace Lagrangian
A®) | This uniquely defines the supercurrent-squared deformation of an initial Lagrangian

A©) at finite deformation parameter t.

3.1.2  Reduction to components for a free theory

To illutrate the relationship between the flow equation (3.1.7) and the usual 7T operator,

let us explicitly compute the components of the supercurrent-squared deformation for a free
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(1,1) superspace Lagrangian
A=DydD_9o, (3.1.8)
where ® is a superfield with component expansion
O=¢+i0 Ty +i0 Y+ 0707 f. (3.1.9)
The entries of T, defined by (3.1.5), for the free theory are

Tit-=044+2D-® - Dy (D4 @D_D),
Tty = —0449D1 D,

T __=0__®D_0,

Tt = —0__®D4y®— D_ (Do®D_d).

(3.1.10)

In components, (3.1.10) is

Tii— = — i [+ 07 (= fO440 + 104 49—) + 607 (—f2 - ¢+3——¢+>
+ 0707 (=044 00— —tp4 — 0444 0—— — fO4 40— + Oy f + Ot (V40— — - [)),
Tt = —ip40140— 07" (1/1+3++¢+ + (3++<Z5)2) — 07 (fO4+0 + 104 49-)
— 0707 (2044004 40— + 4011 f — fO1114),
T =0+ 0F (-0 tps — fO-—0) + 07 (-0t +(0--0)%)
+i0 0T (YO f — fO__th_ —20__ O _y), (3.1.11)
T = =i f 407 (2 Ym0 ) 407 (— 06 — v_0__ty)
070 (—0-—¢Dy b + fO— Py — O 044 p— Py f+ 0 (Vi f +1-0440)).

To compare with the bosonic 7T deformation, we identify the components of the usual stress
tensor T for the theory of a free boson ¢ and fermions v+ which one obtains by performing

the integrals over 6%, In our conventions, these take the form:

Tigrt = (0440)° + 101404,

3.1.12
T =0 ¢ 0. ( )

We will also drop terms involving the auxiliary field f, since in the bosonic part of the

supercurrent-squared deformation, these terms vanish after integrating out f using its equa-
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tion of motion. Then the bilinears appearing in our flow equation (3.1.7) are

Tiis T = 04190 ¢+ i7" (V1001400 Yy — Ty 14000 9)
+i07 (s O T g p Oy h-0——p) = 070 (Togyy T
+ 2044 90— (V10— by + 0119 ) = 04401 O__1by),

Tit-T-—t = =20707 (40—~ 04 1) .
(3.1.13)

The superspace integral of the deformation 74447 __ + 744 _T__4 picks out the top

component, which is

/d29 (Te 4 T + Tt -T——4) =

~ Tyt T = 204400 (Y Oy + 0044 p—) — -0 Y30ty
(3.1.14)

We see that (3.1.14) contains the usual 7T deformation, given in our bi-spinor notation by
—Ty 44T along with extra terms which are all proportional to the fermion equa-
tions of motion, 0441+ = 0. These added terms vanish on-shell, which means that the
supercurrent-squared deformation is on-shell equivalent to the usual bosonic TT deforma-
tion. In particular, this means that these additional terms do not affect the energy levels of
the theory deformed by supercurrent-squared, which means that the same inviscid Burgers’
relation between the deformed and undeformed energy levels holds for our supersymmet-
ric deformation as for the ordinary 7T flow. An explicit check that the energy levels are

unaffected can be found in [5].

3.1.3  Relationship with the S-multiplet

The (1, 1) superfield 7 contains the conserved stress-energy tensor 7T),,, and the supercur-
rent Sjq. Such current multiplets have received much attention in the literature; the first
construction for four-dimensional theories was the FZ multiplet [13], which was later shown
to be a special case of the more general S-multiplet [14].

For the two-dimensional theories we consider here, it is known that the S-multiplet is the
most general multiplet containing the stress tensor and supercurrent, subject to assumptions
that the multiplet be indecomposable and contain no other operators with spin greater than
one. Since our supercurrent superfield 7 satisfies these properties, it must be equivalent to

the S-multiplet. As we will show, the four superfields contained in 7 are identical to the
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four superfields of the S-multiplet, up to terms which vanish on-shell and therefore do not
affect the conservation equations for the currents.
The S-multiplet is a reducible but indecomposable set of two superfields & and x satis-

fying the constraints

D+S+44 = Dy x+, (3.1.15)

D_x+ = Dyx-.

In components, the S-multiplet for (1,1) theories contains the usual stress tensor T}, the

supercurrent S),q, and a vector Z;, which is associated with a scalar central charge:

St =St + 0 Tt +07 21 — 07070115 1+,
S =S 40T 0T _+0T00__Si
Xt =St + 07 24y +0 Ty — 0707044 54—,
Xo =St 0T +0Z 10070 S ..

(3.1.16)

In terms of these component fields, the constraints (3.1.15) give conservation equations for

the currents:

Il + 0Ty =0=04 4T 4 + 0 Th iy,
E)++S+__ + 8__S+++ =0= (9++S___ + 8__S_++, (3.1.17)
8++fo -+ 8ffZ++ = 0.

We claim that the components (3.1.11) of our superspace supercurrent are the same as
those in the two superfields S and x appearing in the (1, 1) S-multiplet (3.1.16), up to signs
and terms which vanish on-shell. In particular, after discarding terms which are proportional

to the equations of motion, we find the identifications:

Stx+ =FTxxx, X+ =Trt—  x-=T— (3.1.18)

We will check this explicitly for the free theory, A = Dy ®D_®, for which we computed
the components of 7 in section (3.1.2). Writing only those terms that survive when the

component equations of motion f =0, d449_ =0 = 0__1, and 0440__¢ = 0 are all
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satisfied, (3.1.11) becomes

on-shell

Tiv— =0,
on-shell . 4 )
Titr = —ipy0p40—0 <¢+3++¢+ + (04+0) ) ,
on-shell . _ 2 (3.1.19)
ool o _gr0 (w,aﬁw, 4 (0-_0) ) ,
T on—s:hell 0.

For the free (1,1) superfield considered here, the supercurrent is given in our conventions by

Stit = V40140,
S = O (3.1.20)
St——=0="5 414,

while the stress tensor components are as in (3.3.12). To find expressions for the scalar
central charge current Z44, we use the supersymmetry algebra implied by the S-multiplet

constraints, which gives

{Q, 5444} = Tosty,
{Qx, Sz} = Thirs,
{Qx,55++} = Z44,
{Q+, Ss55} = Z5%.

(3.1.21)

Note that the S-multiplet constraints only hold when the conservation equations for the
currents hold, so the relations (3.1.21) should be viewed as an on-shell algebra. Acting
with the supercharges ()4 on the stress tensor and supercurrent components, one finds that
Z__ ~p_0__2y and Zyy ~ p104 41—, both of which vanish when the fermion equations
of motion are satisfied.

Thus, after imposing the equations of motion, we can write our supercurrent superfield

components as

Tit—=x+=0, T+ =0=x-,
T_|__|_+ = —S_|_+_|_ — Q+T_|_+_|__|_ = —S_|__|_+, T __=5S___+0T____=8___. (3.1.22)

Since terms which vanish on-shell do not affect conservation equations, one can view 7T as

an improvement transformation of the S-multiplet. The constraint equation DxS4+4+ —
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Dix+ = 0 is expressed by our conservation equations Dy T4+ + D_T1411 = 0 and
DyT___+D_Ty__ =0.
3.2 Theories with (1,1) Supersymmetry

In this section, we consider the supercurrent-squared deformation of a theory involving a

single (1, 1) superfield ®, both in the free case and with a superpotential.

3.2.1 Free (1,1) superfield

First consider an undeformed superspace Lagrangian A0) = Di®D_®. We make the

following ansatz for the deformed Lagrangian at finite t:
Al = <t8++®8__<1>, t(D+D_<I>)2> D4 ®D_0. (3.2.1)
Here F' may only depend on the two dimensionless combinations which we define by
r=1t0,,P0__®, y=1t(DyD_®)%, (3.2.2)

In order to reduce to the free theory as t — 0, we must also impose the boundary condition
F(0,0) = 1.
After computing the components of the supercurrent-squared deformation and simplify-

ing, the flow equation (3.1.7) yields

gF - ((D+D_<I>)2 - a++<1>a__<1>) F?
t oF (3.2.3)
_OF (044 ®O__ D) (a++<1>a__<1> + (D+D_cI>)2> =
In terms of the dimensionless variables x and y, equation (3.2.3) becomes
oF oF 9 oF
—r+ —y=(y—a)F" —2F— . 24
9" T 9,V (y — ) 5, 2@+ ) (3.2.4)

Supplemented with the boundary condition F'(0,0) = 1, the partial differential equation
(3.2.3) uniquely determines the deformed Lagrangian at finite ¢.

As a check, we would like to verify that the bosonic structure of the solution to (3.2.3)
reduces to the known results for the TT-deformed theory of a free boson. We will argue
that, in fact, it suffices to set y = 0 in (3.2.3) and note that the result agrees with the flow

equation obtained in the purely bosonic case [15].
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Indeed, let us write the components of the superfield ® as ® = ¢ + i@y + i +
676~ f. To probe the bosonic structure, it suffices to set ¢+ = 0, perform the superspace
integration, and then integrate out the auxiliary field f using its equation of motion. Thus

consider an arbitrary superspace integral of the form
£® = / d20F ") (z,y)D, ®D_. (3.2.5)

The lowest component of the superfield y = tD;®D_® is —f, and the higher components
will not contribute to the bosonic part because they come multiplying D4 ®D_ &, which is
already proportional to #T0~ after setting the fermions to zero.

Thus the purely bosonic piece of the physical Lagrangian associated with a superspace
Lagrangian AW = p() (x,y)D+PD_d is

£® = plt) (ta++¢a__¢, ¢ f2) ( 2 4a++¢a__¢) . (3.2.6)

The equation of motion for the auxiliary field f is
or
2 <= ( 2 4a++¢a__¢) F2fF =0, (3.2.7)
dy
which admits the solution f = 0. The Lagrangian for the bosonic field ¢ is then
£ =47 (t0,, $0__$,0) 014 00— _0. (3.2.8)

Therefore, to determine the terms in the Lagrangian which involve only ¢, we may solve the

simpler partial differential equation

8F . 2 28F

which holds upon setting y = 0 in (3.2.4). But this is precisely the equation discussed in

section 2.1, whose solution is equation (2.1.25):

B \/1 +4t044p0—_¢p — 1

()
£ 2t

(3.2.10)
We see that the supercurrent-squared deformation of the free superfield is indeed a general-
ization of the T'T deformation of a free boson, in the sense that it yields the same modification
to the purely bosonic terms in the action but also includes additional terms which affect only

the fermions.
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3.2.2  Interacting (1,1) superfield

Next, we consider the case with a superpotential: that is, we begin from the undeformed

superspace Lagrangian
AO = D dD_d + h(d), (3.2.11)

where h(®) is an arbitrary function (it need not give rise to a theory with infinitely many

integrals of motion). After performing the superspace integral, the physical Lagrangian is
£O) = [0 A0 0,000 6+ w400y +v-Dprvo+ PN (3212

Integrating out the auxiliary field using its equation of motion f = —%h’ (¢), we see that the
physical potential V' is given by V = _zllh/ (6)2.
We might expect that both the kinetic and potential terms are modified by a finite

supercurrent-squared deformation, which would lead us to make the ansatz
AD = F(z,y)DL®D_® + G(t, ), (3.2.13)

where G is a new function to be determined, and x = t04++P0__P, y =1 (D+D_<I>)2 as
above. However, the deformation does not induce any change in the potential h, so in fact
we may put G = h for all t. To see this, we can write down the supercurrent-squared

deformation associated with the ansatz (3.2.13), which gives

0 B
5 F (@)D @D @ + Gt ®) = (3.2.14)
1 oF

OF 2 OF
| (y—a)F*—2F —+ (G")" +2¢" — —F) —2/yzG'— | D+ ®D_0.
t((y z) plw+y) o+ (G) +26Vy (e VG | Dy
The details of the calculation leading to (3.2.14) are discussed in Appendix A.1. We see that
deformation is proportional to D4 ®D_®, so it does not source any change in the potential
h(®); thus we may take G(h,®) = h(®P) in our ansatz. This leaves us with a single partial

differential equation for F', namely

or or 2 OF N2 / or .\ ,OF
x8x+y8y_(y xz)F 2Fx(x+y)ax+(h) +2h\/§(xax F) 2\/yzh T
(3.2.15)

In the second line, we have used the constraint that F' can depend only on the dimensionless
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combinations ¢ = t04+4+P0__P and y =1 (D_|_D_<I>)2.

As in the free case, we would like to study the purely bosonic terms in the physical
Lagrangian resulting from (3.2.15) and compare them to known results. Here the auxiliary
will play a more important role since f = 0 is no longer a solution.

We can expand both the Lagrangian £ = [ d?6 (F(x,y)D+®D_® + h(®)) and the aux-

iliary field f as power series in ¢:
m . . m . .
£=>"vcd =Nl (3.2.16)
=0 =0

and then integrate out the auxiliary order-by-order in ¢. Doing so to order ¢3, we arrive at

eo oo v (o~ (2)7) o (4 (5) woor - o 2 (2))

X

3((2\3,/ \2 Loy 8 4 4
¢ (—) h — —5(—) oth),
8 ((5) WP+ ggor =5 (7)) + o
(3.2.17)
after setting the fermions to zero. Up to conventions, this matches the Taylor expansion

of the known result [15, 16] for the TT deformation of a boson with a generic potential V/,

which is given in our conventions as

_ _ 2
o 11—V 1\/t(4V+3++¢0——¢) (1—2tV) (3.2.18)

TR 1—v 1—tV (1—tV)2"

Again the physical potential V' is related to h via V' = —%h’ (¢)2. We have checked explicitly
that the bosonic part of the series solution to the PDE (3.2.15) matches the Taylor expansion
of (3.2.18) up to O(t").

3.3 Theories with (0,1) Supersymmetry

In this section we study the deformation of a theory with chiral (0, 1) supersymmetry; a (0, 1)
scalar superfield ® consists of a scalar and a real fermion, ® = ¢ 4 i#T¢1. The Lagrangian

in superspace is a function of D4 ®, 044+ @, 0__P, as well as P itself.
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3.3.1 Free (0,1) superfield

The free theory is defined by the Lagrangian,

ﬁ:/ﬁwwh@a_g
(3.3.1)

= 04490~ + Y01y

Following the approach of section 3.1.1, we first look for conservation laws for a given super-

space Lagrangian 4. They take the form,

O——Stq4+ DT —— =0,

(3.3.2)
oS _++D, T ___ =0,
where S++4 1 and 71+ _ are superfields given by:
Sttt = 585Aq)3++¢,
St = 58&‘1@3_@ -4 (353)
Tr—— = 5gf®a++¢ + Dy <5ai“jqu)a++q>) — DA, -
T = 5gf®8<b + Dy <5a(ifrq)8®) :
We define the supercurrent-squared deformation as follows:
OAD) Sy T~ S T (3.3.4)
BT et +T++

To understand what the deformation (3.3.4) does to a (0,1) theory, consider an unde-

formed Lagrangian in superspace
A = g(®)D, B, (3.3.5)

where ¢g(®) is an arbitrary differentiable function of the superfield. A free theory corresponds
to a constant g(®). To find the deformed theory A(t), we first make a general ansatz for the

deformed Lagrangian

A® = f(td,, ®O__ @)D, DO__ D, (3.3.6)
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where f(z) is some differentiable function. Using the expression for the supercurrents given
in (3.3.3) and imposing the initial condition f(z — 0) = g(®), we find the function f(z)

satisfies the same differential equation found in (3.2.9). Its solution is given by

fla) = YT A09(®) =1 (3.3.7)

2z

3.3.2  Reduction of (1,1) to (0,1)

Any theory with (1, 1) global supersymmetry can also be viewed as a theory with (0, 1) global
supersymmetry. Up to possible field redefinitions, we should therefore be able to relate the
(1,1) theory deformed by the supercurrent-squared deformation defined in (3.1.5) to the (0, 1)
of (3.3.4), which we would have used if we had simply restricted to (0,1) supersymmetry.

To be more precise, consider a (1, 1) theory whose physical Lagrangian £ is given by the
integral of a superspace Lagrangian ALY over (1,1) superspace. We can also view this as
a (0,1) theory,

L= /dQQA(M) = /d9+ A1), (3.3.8)

The flow equation defining the supercurrent-squared deformation of AL g 875A(1’1> =

Tig+T——— — T—_4{T4+4—. By performing the integral over #~, this induces a flow for
AL due to (3.3.8), namely

0
aA(O’l) = /d9Jr (Tt T = Tt T —) - (3.3.9)

For instance, let us consider the deformation of the free theory ALD = D+<I>(171)D_<I>(1’1).

This can be written as an integral over (0, 1) superspace as

/d29 D oD p_ oLl = /d9+( — i O — i f — 0T (f2+ 0sp00__¢
+ 10—y + ¢73++¢7)> (3.3.10)

— —/d9+ <D+<I>(071)6__<I>(0’1) +\11_D+\11_).

Here we have written the integrand on the right side of (3.3.10) as a superspace Lagrangian
A1) <<I>(O71), \If_> for a superfield 3(0.1) — ¢ + 1011 of the form discussed above, along
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with an extra Fermi superfield ¥_ = j¢p_ + 07 f:
A0.1) <q><0’1>, xp,) =D,;3O0Vg__oOD) L ¢ _p w_. (3.3.11)

For comparison, we compute the supercurrent squared deformation to leading order in
8A

t; that is, we compute the tangent vector |t o to the free theory along the flow and
compare it to that of the free (0,1) theory Wlth an extra fermion.

The components of the supercurrent superfield associated with the free theory, after
integrating out the auxiliary using f = 0, are given in equation (3.1.13). Using these and

performing the integral over 6, the reduced flow equation (3.3.9) at t = 0 becomes

—A‘” 1m0 = § (4 Dt T b D00 ) + 07 (T T

2044 00—~ (Y4 Oty + YOy tb) + YO Dy ),
(3.3.12)

where we have used T4444 = (8ii¢)2 + 1041,

We know that the solution to (3.3.12) must represent a solvable deformation of the
original (0, 1) theory because it descends from a solvable deformation in the parent (1,1)
theory. On the other hand, one can construct the flow equation (3.3.4) directly in the (0, 1)
theory. This must also yield a solvable deformation since it is built out of currents which
satisfy a superspace conservation equation of the same form as in the (1,1) supercurrent
multiplet. One might suspect that these two deformations should be the same, up to field
redefinitions which do not affect the spectrum.

To check this, let us compare the leading-order deformations for these two cases in com-

ponents. After including the contributions 0++W_ W to T4+ _ due to the fermion
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U_, the currents (3.3.3) for this theory are

St =D 2011+ ®
= it + 67 (¢+3++@/)+ + (a++¢)2> :
Sy =—U_D V_
— + (2
=i f =0 (£ +9-04s-), (3.3.13)
T++__ = 8__<I>(9++<I> + \11_(9++\If_ — Dy (D+<I>8__<I> + \I’_D+\I/_)

= 10—y — 240" (01100 vy — 10440 9),
T =(0-_9)? -V 5 _V_
=(0-—¢)* + 0 i (—fO__ Y+ O _f+20__¢0__1y).

The bilinears appearing in the (0,1) deformation are

Spit T =iy 04y T + 0" (Tt T
+ 140446 (Y0 f — fO_—tp— +20__¢D—_1p)),

St T =i f (U 0—ty + f2) + 0 (24 vt ) (2 + v )
+ - f (V4 0440——p — D4 9Ot ) ),

(3.3.14)
and thus the (0, 1) flow equation at ¢ = 0 is given by
OO, =S T ST
By t=0 = St++ +T++
= itp D 6T — it f (V10— + f?) (3.3.15)

+07" (T++++T———— + 10440 (V-0 f — fO——tp— +20-_¢0__tpy)
(PP v ) (P2 s O ths ) = U f (401006 = D 60th4) ).

The deformations (3.3.12) and (3.3.15) agree up to terms proportional to the equations of
motion f = 0 and 0441 = 0. At this order in ¢, such terms can be removed by making
a field redefinition involving f and ¢_. If this can be repeated order-by-order in ¢, as we
suspect should be the case, then the two flows are genuinely equivalent and give rise to

deformed theories with the same energies.
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CHAPTER 4
(2,2) SUPERCURRENT-SQUARED DEFORMATIONS

In this chapter, we will extend the supercurrent-squared deformation of Chapter 3 to theories
with more supersymmetry, focusing on the case of (2,2) theories. Our discussion is based

on the paper “I'T Flows and (2,2) Supersymmetry” [6].

41 D =2 N = (2,2) Supercurrent Multiplets

Our manifestly supersymmetric modification of 7T is built from bilinears in fields of the

supercurrent multiplet. In this section we review the structure of such multiplets in D = 2
N = (2,2) theories.

4.1.1 The S-multiplet

For Lorentz invariant supersymmetric theories, there is an essentially unique supermultiplet
which contains the stress-energy tensor 7Tj,,, the supercurrent S, and no other operators
with spin larger than one, under the assumption that the multiplet, though in general re-
ducible, cannot be separated into decoupled supersymmetry multiplets; namely that it is
indecomposable [17]. This S-multiplet can be defined in any theory with D =2 N = (2,2)
supersymmetry. By “essentially unique,” we mean that the S-multiplet is unique up to
improvement terms which preserve the superspace constraint equations.

For two-dimensional theories with (2,2) supersymmetry, the S-multiplet consists of su-

perfields S++, x4, and Y+ which satisfy the constraints:

DiSex =+ (x5 + V%) (4.1.1a)
l_)iXi =0, EiX? = iC(i) ) Dyx—— E—YJF =k, (4.1.1b)
DiYi=0, DyYr=FCH, DY +D Y, =k . (4.1.1¢)

Here k and &’ are real constants and C(F) is a complex constant. The S-multiplet contains 8+
8 independent real component operators and the constants k, &k, o) [17]. The expansion
in components of S+, x4, and )+ are given for convenience in Appendix A.3.

Among the various component fields it is important to single out the complex super-
symmetry current Sq, and the energy-momentum tensor 7),,,. The complex supersymmetry
current, associated to S4++ and S_44, is conserved: 9"Sqy, = 0. The energy-momentum

tensor, associated with T4++4 and 74— =Ty, is real, conserved (0"T),;,, = 0), and
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symmetric (T}, = Ty;,). In light-cone notation the conservation equations are given by

04454 ——(z) = —0--S141(2), (4.1.2a)
O44S4——(v) = —0-—Syi4(x), (4.1.2b)
8_|_+T____(J}) = —3__@(1’) ) (4.1.2C)
0140(zx) = —0--Tyii4(a), (4.1.2d)
where we have defined as usual
O@) =T44——(x) =T__44(x) . (4.1.3)

To conclude this subsection, let us describe the ambiguity in the form of the S-multiplet
which is parametrized by a choice of improvement term. If I/ is a real superfield, we are free

to modify the S-multiplet superfields as follows

St++ — St++ + D+, l_)i]bl , (4.1.4a)
X+ —x+—DyD-Dil , (4.1.4b)
Y+ —=Ye-DiDiD-U, (4.1.4¢)

which keeps invariant the conservation equations (4.1.1). In general the S-multiplet is a
reducible representation of supersymmetry and some of its component can consistently be
set to zero by a choice of improvement. The reduced Ferrara-Zumino supercurrent multiplet,

which plays a central role in this chapter, is described next.

4.1.2  The Ferrara-Zumino (FZ) multiplet and old-minimal supergravity

If there exists a well-defined superfield U such that x4+ = Dy D_D1U, then we may use the
transformation (4.1.4) to set y+ = 0 in the S-multiplet. If in addition k& = C(#) =0, then
we will rename S+4 to J++; then the fields J++ and Y+ satisfy the constraints

DiJzs = +V+, (4.1.5a)
DiY+ = 0, (4.1.5b)
DiY+ = 0, (4.1.5¢)
D Y_+D_Yy. = k. (4.1.5d)
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These are the defining equations for the Ferrara-Zumino (FZ) multiplet (J++,Y+). In this
case, J+4 turns out to be associated to the axial U(1)4 R-symmetry current and satisfies

the conservation equation
8__j++ — 8++j__ =0. (4.1.6)

This multiplet, which has 4 + 4 real components, is the dimensionally-reduced version of the
D =4 N =1 FZ-multiplet [13]; see Appendix A.3 for more details. All of the models we
consider in section 4.3 have the property that y+ can be improved to zero; that is, they all
have a well-defined FZ-multiplet.

In Chapter 3, we obtained the components of the supercurrent superfield by finding the
Noether currents associated with translations in superspace. One could use a similar Noether
procedure in the case (2,2) superspace, as is done for 4D N = 1 in [18]. However, we will
find it more convenient to avoid the Noether procedure in this chapter and instead use the
supersymmetrized version of the Hilbert definition of the stress tensor. Just as the bosonic
Hilbert stress tensor T}, represents the response function of the Lagrangian to a linearized
perturbation f,;, of the metric, the supercurrent multiplets correspond to linearized couplings
to supergravity. Therefore, we can compute the components of the supercurrent by coupling
our (2, 2) theories to one of the formulations of 2D supergravity, which we now briefly review.

Different formulations of off-shell supergravity couple to different supercurrent multiplets.
If a theory has a well-defined FZ-multiplet, as is the case for all the examples found in
section 4.3, then the theory can be consistently coupled to the old-minimal supergravity
prepotentials H¥* and o. The nomenclature “old-minimal” is again inherited from D = 4
N = 1 supergravity; see [19, 20| for pedagogical reviews and references. Here H ++ ig the
conformal supergravity prepotential—the analogue of the traceless part of the metric—and
o is a chiral conformal compensator.

We refer the reader to [21-25] and references therein for an exhaustive description of
D =2 N = (2,2) off-shell supergravity in superspace, which we will use in our analysis; see
also Appendix A.4. For the scope of this work, it will be enough to know the structure of
linearized old-minimal supergravity. For instance, at the linearized level the gauge symmetry

of the supergravity prepotentials H¥*, ¢ and &, can be parameterized as follows

SHTT = %(E_L+—D_E+), (4.1.7a)
SH™™ = %(E+L_—D+Z_), (4.1.7b)
fo = —%D+E_ (DyLt —D_L7) | (4.1.7¢)
55 — —%D_D+ (DIt —D_I7) . (4.1.7d)



in terms of unconstrained spinor superfields L= and their complex conjugates.
The conservation law (4.1.5) for the FZ-multiplet can be derived by using the previous
gauge transformations. The linearized supergravity couplings for a given model are written

as
Liinear = /d49 (HY Ty + H T2 - /dQGJV— /d%av, (4.1.8)

with V a chiral superfield and V its complex conjugate. Assuming the matter superfields
satisfy their equations of motion, the change in the Lagrangian (4.1.8) under the gauge

transformation (4.1.7) is

0 Llinear = / dYo (SH T Jpq +0H ~J-_) — / 4?0505V — / 42065V

= %/d‘le{ (DL —D_L*) Jr4 + (Dy L™ —=DyL™) T
~ (D+L* = D_L7)V ~ (D+L* - D-L7) V}
i

: /d46 {L+ (D_Tis +DyV)+ L~ (DyJ-— —D_V) + c.c.} . (41.9)

where we have integrated by parts. Demanding that the variation vanishes for any gauge

parameter LT gives
D_Jyy+DyV=0, DyJ-_—D_V=0. (4.1.10)
This matches the constraints (4.1.5) for the FZ-multiplet if we identify
Y+ =DV, (4.1.11)

and set k' = 0.

As we will soon see, studying 7T deformations requires consideration of a composite
operator constructed out of the square of the supercurrent multiplet. Hence to solve the
TT flow equations we need to be able to calculate the supercurrent multiplet explicitly.
The coupling to supergravity provides a straightforward prescription for computing the FZ-
multiplet for matter models that can be coupled to old-minimal S.Ulpergravity.1 In particular,

for a given N = (2,2) matter theory we will:

1. Begin with an undeformed superspace Lagrangian £ in flat N' = (2,2) superspace.

1. Though we will not need it in this thesis, it is worth mentioning that the non-minimal supergravity
results of [21-25] allow the computation of the supercurrent multiplet for more general classes of models.
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2. Minimally couple L to the supergravity superfield prepotentials H ++ 5 and .

3. Extract the superfields J+*, V and ¥ which couple linearly to H¥%, o and 7, respec-
tively, in the D- and F-terms of (4.1.8).

Thanks to the analysis given above, the superfields 7=+, V and V will automatically satisfy
the FZ-multiplet constraints (4.1.10). A detailed description of the computation of the FZ-

multiplet for the models relevant for our discussion is given in Appendix A.4.

4.2 The TT Operator and N = (2,2) Supersymmetry

After having reviewed in the previous section the structure of the S-multiplet, we are ready
to describe N = (2,2) TT deformations.

4.2.1 The TT operator

Given a D = 2 N = (2,2) supersymmetric theory with an S-multiplet, we define the
supercurrent-squared deformation of this theory, denoted 77 in analogy with T'T, by the

flow equation

L = —%T’T : (4.2.1)

where TT is constructed from current bilinears with
TT = —/d49 S48 — (/ do—do x o x_ + /a@_al@jL ViV + c.c.) , (4.2.2)

and where the factor of % is chosen for later convenience. This deformation generalizes the
results we recently obtained for D = 2 theories possessing N' = (0,1), N' = (1,1) and
N = (0,2) supersymmetry [5, 26, 27| to theories with A" = (2,2) supersymmetry.

Let us recall the form of the TT composite operator 1], which we denote
T 2
TT(z) = Tyqqiy(2) T———_(z) — [O(2)] . (4.2.3)

An important property of the N' = (0,1), N' = (1,1) and N' = (0,2) cases is that the TT
operator turns out to be the bottom component of a long supersymmetric multiplet. This is
true up to both total vector derivatives (044 and 0—_), and terms that vanish upon using the
supercurrent conservation equations (Ward identities). For this reason, in the supersymmet-

ric cases studied previously, the original 7T deformation of [1] is manifestly supersymmetric
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and equivalent to the deformations constructed in terms of the full superspace integrals of
primary supercurrent-squared composite operators [5, 26, 27].
Remarkably, despite the much more involved structure of the (2,2) S-multiplet compared

to theories with fewer supersymmetries, it is possible to prove that the following relation
holds:

TT(x) =TT (x) + EOM's + 04 4-(--+) + 0——(---) . (4.2.4)

In (4.2.4), we use EOM’s to denote terms that are identically zero when (4.1.1) are used.
Showing (4.2.4) requires using (A.3.1)-(A.3.3), along with several cancellations, integration
by parts and the use of the (2,2) S-multiplet conservation equations (4.1.1).

In fact, the specific combination of current superfields given in (4.2.2) was chosen pre-
cisely for (4.2.4) to hold. The combination (4.2.4) is also singled out by being invariant
under the improvement transformation (4.1.4). The important implication of (4.2.4) is that
the TT deformation for an N' = (2,2) supersymmetric quantum field theory is manifestly
supersymmetric and equivalent to the 77 deformation of eq. (4.2.2).

Note that in the NV = (2,2) case the deformation we have introduced in (4.2.2) is con-
ceptually different from the cases with less supersymmetry. Specifically, the deformation is

not given by the descendant of a single composite superfield. On the other hand, suppose

the S-multiplet is such that CF) =k =k =0 and it is possible to improve the superfields
X+ and Y+ to a case where

YVi=DiV, Yir=DiV, (4.2.5a)
xi =iDyB, x_=iD_B, Y+=—-iDiB, Y_=—iD_B, (4.2.5b)

with V chiral and B twisted-chiral:

DiV=0, DiV=0, (4.2.6a)
DiB=D_B=0, DiB=D_B=0. (4.2.6b)
In this case (4.2.2) simplifies to
TT — — / 0SS + ( / d6=do* D, BD_B — / 8 d6* D VDV + C.c.)
= — / d*0 (S+4S-— —2BB —2VV) | (4.2.7)

and we see that, up to EOM’s, TT(x) is the bottom component of a long supersymmetric
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multiplet. In this situation, once we define the composite superfield

O(¢) = =S++(O)S-~ () +2B()B(¢) + 2V(OV(C) (4.2.8)

eq. (4.2.4) turns into the equivalent result?
/d49 O)=D_D+D+D_0O()|g—o = TT(x) + EOM's + 014 (- ) +0—_(--+) , (4.2.9)

stating that the D-term of the operator O(() is equivalent to the standard 7T (x) operator.

For a matter theory that can be coupled to old-minimal supergravity, leading to the FZ-
multiplet described by (4.1.10), the operator O(() further simplifies thanks to the fact that
the twisted-(anti-)chiral operators B and B disappear. For these cases, the TT flow turns

into the following equation
1 A —
L = o (T4 T-—— =2VV) . (4.2.10)

This will be our starting point in analyzing ' = (2,2) deformed models in section 4.3.

4.2.2  Point-splitting and well-definedness

The TT(x) operator (4.2.3) is quite magical because it is a well-defined irrelevant composite
local operator, free of short distance divergences [1]. In fact, this property generalizes to the

larger class of operators
[As(w) ALy () = Byya(a) By_o(a) (4.2.11)

where (As, Byy2) and (A’,, Bl, ,) are two pairs of conserved currents with spins s and s'.
The operator TT(z) is a particular example with s = s’ = 0. As proven in [28], these
composite operators of “Smirnov-Zamolodchikov’-type have a well-defined point splitting
which is free of short-distance divergences. In the case of N' = (0,1) and N/ = (1,1)
supersymmetric 77 deformations, the entire supermultiplet whose bottom component is
TT(z) is comprised of well-defined Smirnov-Zamolodchikov-type operators [5, 26]. In the
N = (0,2) case, the primary3 operator whose bottom component is 77 (x) is not of Smirnov-

Zamolodchikov-type. Nevertheless, also in this case it was recently shown that, thanks to

2. In the subsequent discussion by # = 0 we will always mean % = 0= = 0.

3. We denote as primary operator the top component of a supersymmetric multiplet even when the theory
is not superconformal.
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supersymmetry, the whole multiplet is well-defined [27].

In the NV = (2,2) case it is clear that the situation is more complicated than any of
the cases mentioned above. First, in the general situation, according to (4.2.2), the TT
deformation is a linear combination of a D-term together with chiral and twisted-chiral
F-terms contributions. Though the F-terms might be protected by standard perturbative
non-renormalization theorems (see, for example, [19, 20| for the D = 4 N' = 1 case which
dimensionally reduces to D = 2 N' = (2, 2)), the D-term associated to the S+ +S—__ operator
has no clear reason to be protected in general from short-distance divergences in point-
splitting regularization, and hence has no obvious reason to be well-defined. This indicates
that there might be a clash between supersymmetry and a point-splitting procedure in the
general setting.

We will not attempt to analyze this issue in full generality in the current work; instead
our aim is to describe a subclass of models for which the 7T deformation turns out to be
well-defined. A natural restriction to impose is that the S-multiplet is constrained by (4.2.5)
and the 7T deformation is therefore described by the D-term (4.2.7). By trivially extending
the arguments used in [27] for the N' = (0,2) case, it is not difficult to show that these
restrictions are sufficient to imply that the multiplet described by the NV = (2,2) primary
operator O(() of (4.2.8) is indeed well-defined despite not being of Smirnov-Zamolodchikov-
type. As in the NV = (0,2), unbroken N = (2,2) supersymmetry turns out to be the reason
for this to happen.

Let us quickly explain how this works for the FZ-multiplet and the deformation (4.2.10),
which are the main players in this chapter. Note, however, that the same argument extends
to more general cases where both chiral and twisted-chiral current superfields, y+ and V4,
satisfying (4.2.5) are turned on. We also refer to [27] for details that we will skip in the
following discussion, which are trivial extensions from the (0, 2) to the (2,2) case.

A first indication of the well-definedness of the multiplet associated to O(() comes by
looking at the vacuum expectation value of its lowest component. Define the primary com-

posite operator
O(&) = —j— (2)j+(x) + 20(@)5(x) = O(C)lg—p - (4.2.12)
and its point-split version

O(2,2') = —j—(2)j+ (&) + v(2)o(a’) + D()o(a’) | (4.2.13)
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where

(@) = Tex(Qlo=o ,  v(z) =V(Qlo=o . 0(x) :=V()lg=o - (4.2.14)

Note that equation (4.1.10) implies the following relation among the component operators

Qx5 (@)] = £[Qx,v(2)] ,  [Q+,j5+(2)] = £[Q%,7(2)] , (4.2.15)

with Q+ and Q4 denoting the A" = (2,2) supercharges.* By then using d++ = i{Q+, Q1 },
{Q+,Q-}y ={Q4,Q_} =0, [Q+,v(z)] = [Q+,0(z)] = 0, super-Jacobi identities, together
with the conservation equations (4.2.15), and the assumption that the vacuum is invariant
under supersymmetry, it is straightforward to show that vacuum expectation value of O(z, z')

satisfies

Ost (J——(@)j++ (")) = i([{Q+,Q4},j——(2)] j++( o)
= i ({Q+, Q- v(@)} jy+ (") + {Qp, [Q_, v(2)]} jr+ ()
= —i{[Q+,v(@)][Q=, j++(=")] + [Q1, 0(@)][Q—, j++(")])
= i {[Q+,v(2)][Qx, v(z")] + [Qx, v(2)][Q+, v(2")])
= ([{Q4, Q+}v(x)}o(a) + [i{Q+, Q4 }, v(x) } v(2))

= 044 (v(2)v(2) + v(z)v(2))) | (4.2.16)
and, after performing a similar calculation for (0— _j__(2)jy4 (') = — (j——(2)0__j1+(2')),
it is clear that the relation

d++ {(O(z,2")) =0 (4.2.17)

holds. Therefore, <O(x, z )> is independent of the positions and free of short distance diver-
gences. It is worth noting that similarly to the argument showing that the two point function
of two chiral or twisted-chiral operators is independent of the positions = and 2/, the previous
analysis for (O(z, z’)) necessarily relies on unbroken N = (2,2) supersymmetry.

The argument given above can be generalized to a statement about operators in super-
space in complete analogy to the AV = (0, 2) case of [27]. Let us investigate the short distance

singularities in the bosonic coordinates by defining a point-split version of the N' = (2,2)

4. Given an operator F'(z) defined as the § = 0 component of the superfield F(¢), F'(z) := F(¢)|o=0,
then its supersymmetry transformations are such that [Q+,F(z)} = Q4+F(()lp=0 = D+F({)|o=0 and

[Qi,F(z)} = Q1+ F(C)lo=0 = D+F({)]o=o-
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primary 77 operator,
O(z,2',0) := —T——(2,0) T4+ (2',0) + V(z,0) V(2,0) + V(z,0) V(2',0) . (4.2.18)

We want to show that the preceding bilocal superfield is free of short distance divergences

in the limit x — 2. A straightforward calculation shows that

0++0(x,2',0) = —{iD+V(C) [DL~7++(C’) + DL V()] +iD4V(Q) [DLI44(¢) + DY)
+i(Q+ + Q) [(D +V (] +i(Qr + Q) [(DVOV(C)]

+i(Q- + QL) [(D4 ‘7++(C N +i(Q-+QL) [(D+V(Q))T++(¢)]

+(044 + 4 y) [ D+V OW(C) + 07 (D+V(C) T4++(¢ }

[

8++ + 8++ 9+ D+V (C/> + 9_(E+V j_|_+ } }‘ _y 4 2. 19)

Note that the first line in the preceding expression is zero because of the FZ conservation
equations (4.1.10), which hold up to contact terms in correlation functions. The other lines
are either total vector derivatives or supersymmetry transformations of bilocal operators. A

similar equation holds for 0—_O(x, 2’, §) showing that the operator O(z,2’,0) satisfies
0++0(z,2',0) = 0+ EOM’s + [P,---] + [Q, -], (4.2.20)

where [P, -] and [Q, - - -] schematically indicate a translation and supersymmetry transfor-
mation of some bilocal superfield operator.> To conclude, by employing an OPE argument
completely analogous to the one originally given by Zamolodchikov in [1] and extended to

the A/ = (0, 2) supersymmetric case in [27], one can show that eq. (4.2.20) implies
O(z,2',0) = O(¢) + derivative terms . (4.2.21)

Here “derivative terms” indicate superspace covariant derivatives Dy = (0++, D+, Di) act-
ing on local superfield operators while O(() arises from the regular, non-derivative part of
the OPE of O(x,2',0). As a result the integrated operator

So = /d2 d*0 lim O(z, x4 ¢,0) = /d2xd46 :O(x,2,0) @, (4.2.22)

e—0

5. See Appendix A of [27] for the relation between the operators (Q++Q".), (O —l—@/i) and the generators
of supersymmetry transformations on bilocal superfields such as O(z,z’,6). The extension of that analysis
from N = (0,2) to N = (2, 2) is straightforward.
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which can be considered as a definition of the integrated 777 (z) operator,% is free of short
distance divergences and well-defined in complete analogy to the non-supersymmetric case
[1] and the N = (0,1), N = (1,1), and N = (0, 2) cases [5, 26, 27].

4.3 Deformed (2,2) Models

In this section, we will apply our supercurrent-squared deformation (4.2.10) to a few examples
of N' = (2,2) supersymmetric theories for a chiral multiplet ®. The superfield ® can be

written in components as

O = dp+0 YL +0 Y + 00 F —i0 0 06— 00 O__o
0070 O__py —i0 00 Oy — 0 00 0 00—,  (4.3.1)

where ¢ is a complex scalar field, 14+ are Dirac fermions, and F' is a complex auxiliary field.
The multiplet ® satisfies the chirality constraint D+® = 0.

We denote the physical Lagrangian by £ and the superspace D-term Lagrangian by A,
so that

S = /d%c = /ded40A. (4.3.2)

A broad class of two-derivative theories for a chiral superfield can be described by superspace

Lagrangians of the form
L= / A0 K (P, ®) + / 2OW (®) + / d20W (®) | (4.3.3)

where K (®,®) is a real function called the Kihler potential and W (®) is a holomorphic
function called the superpotential. These are N' = (2, 2) Landau-Ginzburg models. In order
for the kinetic terms of the component fields of ® to have the correct sign, we will assume
that Kz = 88;—8% is positive.

Although we will not expand on this point in detail, all the results found in this section
can be derived almost identically for the case of a generic model of a single scalar twisted-

chiral superfield Y, DY = D_)Y = 0, and its conjugate. This is not surprising since theories

6. Note that, consistently, one can show that

{Q+. Q1 {Q-.[Q_, 0@z 2" )M}} = T (2) T 44+(2') — O(2)O(a’) + EOM’s + [P, - -] (4.2.23)

implying that the descendant of the point-split primary operator O(z) is equivalent, up to Ward identities
and total vector derivatives (014 ), to the point-split version of the descendant TT'(x) operator.
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containing only chiral superfields are physically equivalent to theories formulated in terms
of twisted-chiral superfields; see, for example, [21-25] for a discussion of this equivalence
in models with global and local supersymmetry. There are also many more involved (2, 2)
theories that one might also want to study involving chiral, twisted-chiral and semi-chiral
superfields; see, for example, [29] for a recent discussion and references. For this analysis,

we have chosen to consider only models based on a single chiral multiplet.

4.3.1 Kdhler potential

First we will set the superpotential W to zero and begin with an undeformed superspace

Lagrangian of the form
L= /d40 K(®,®) (4.3.4)

for some Kéhler potential K. To leading order around this undeformed theory, the FZ

supercurrents are

J++ = QK(P@DiCDI_)iE : (4.3.5a)
vV = 0, (4.3.5b)
where Kg = aa—‘g,K 3P — aa;—a%, etc. Therefore, at first order the supercurrent-squared

deformation driven by O = (—S++S,, + QVV) will source a four-fermion contribution in

the D-term, giving
1 — —
W =0 4 §>\K§@D+<I>D+CI>D_<I>D_<I> . (4.3.6)

Next, we would like to find the all-orders solution for the deformed theory. We make the

ansatz that, at finite deformation parameter )\, the Lagrangian takes the form
Ly = / d'0{K(@. %)+ f(\,2.7.9)K23D @D D D 3} (4.3.7)
where we define the combinations

xr = K(I@&#q)aff@ y Yy = K(I)a (D+D7q)) (D+575) . (438)
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Using the results in Appendix A.4, one finds that the superfields J14+ and )V appearing in

our supercurrent-squared deformation, computed for the Lagrangian (4.3.7), are given by

KD DT 7 0 e ezl ooz
T+ =2Kg5D4 @D @ |1+ f(z +7 — 3y) + xax(az Y) —|—wa§(x ) +y8y (x+7T 2y)]
5 ® % of _of of , of
2 gl 72
+ 2K¢$D7¢D7@8++¢8++q) f l’ax .Z'a_ +vy (ax -+ ax>:|
. —— 0 0
— QZK(%ED+<I>D,®8++CI>D+DJI> |:—f + (l’ - :c)a—{ + (.T - y)@_]yC]
~2iK25D D By Dy D- @[f+@p—@gf (y—fi%}, (4.3.9)
and
9K--D D3 7 0 e ezl ooz
J-— =2K4g5D-9D_ [1 + flx +7 —3y) + T (T —y) + wa_(:zc y) + y@y (x+7T 2y)]
S af 8f of of
2 gt A
+ 2K¢$D+¢D+@877¢877® |: f a_ —+ Yy (8$ + ax>:|
: == = = _ of of
2
— 2iKz Dy @D _®0- 9D DO [—f + (7 — :c)% + (T — y)(‘?_y]
e o of
2
—%K€@D+®D_®&_¢D+D_®[f+@p—@5%+{y—xb%}, (4.3.10)
and
K? 7 044+ ®(D4D_®)D_®D_® + 041 P0__D_®D, P
Kys + a|:_z++(+—)——+++———+
—~D_®D,® D+D @)-—ﬁL,¢UL11j®D+¢E+6 : (4.3.11)

The supercurrent-squared flow then induces a differential equation for the superspace La-

grangian Ay (where, again, £y = [ d*o Ay) given by

d 1 1 -
— Ay =—0=- =2 . 4.3.12
A= =50 =g (T W) (4.3.12)
Given our ansatz (4.3.7), we see that
dAy _ df 9
—A = K35 D@D 8D-9D-F . (4.3.13)

On the other hand, plugging in our expressions (4.3.9), (4.3.10), and (4.3.11) for the supercur-
rents into the right hand side of (4.3.12) also gives a result proportional to K %6D+®E+5Df®l_7f§
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Equating the coefficients, we find a differential equation for f:

d B of12 ) of12
) B 9f1? B af12
+2(x —y)(y — ) {f+ya—£ +f—a£ +x—0£] + 2T {f+ (f—y)—a£ + (z —y)—ai}

2
+ {1%—(x+f—3y)f+(x+f—2y)y%+T($—y)%+$(f—y)%} } (4.3.14)

In particular, this shows that our ansatz (4.3.7) for the finite-\ superspace action is con-
sistent: the supercurrent-squared deformation closes on an action of this form. It could
have been otherwise: the flow equation might have sourced additional terms proportional,
say, to two-fermion combinations Dy ®D®, or required dependence on other dimension-
less variables like A(DyD_®)?, but these complications do not arise in the case where the
undeformed theory only has a Kéahler potential.

On dimensional grounds, f must be proportional to A times a function of the dimension-
less combinations Az and Ay. Thus, although the differential equation for f determined by
(4.3.14) is complicated, one can solve order-by-order in X. The solution to Q(\3) is

A T 3
f()\vx7fay):§+)\2 (x_'_x __y)

4 4

2, =2 =
¢ +7T°+ 32T 37 9 25
A3 —y° - — T 4.3.1
+ ( 3 + oY 24(x+x)y)+ (4.3.15)

We were unable to find a closed-form expression for f to all orders in A\. However, the
differential equation simplifies dramatically when we impose the equations of motion for the
theory, and in this case one can write down an exact formula. This is similar to the 7T flow
of the free action for a real N' = (1, 1) scalar multiplet that was analyzed in [5, 26].

We claim that, on-shell, one may drop any terms where y ~ (D4 D_®)(D4+D_®) mul-
tiplies the four-fermion term |D®[* = Dy ®D, PD_®D_P. This is shown explicitly in
Appendix A.5 and follows directly from the superspace equation of motion and nilpotency
of the fermionic terms D4+ ® and D4+ ®. It is also an intuitive statement associated to the
fact that for these models, on-shell, N' = (2,2) supersymmetry is not broken. In fact, note
that the superfields (D4 D_®) and (D4 D_®) have as their lowest components the auxiliary
fields F and F. If supersymmetry is not broken, the vev of F has to be zero, (F) = 0,
which implies that the auxiliary field F' is on-shell at least quadratic in fermions and, more

precisely, can be proven to be at least linear in 4+ = Dy ®|yp_y and 1)+ = DL ®|y_y. From
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this argument it follows that on-shell (D4 D_®) is at least linear in D+ ® and D1 ®, and
then the two conditions (D D_®)|D®|* = 0 and y|D®|* = 0 follow.
After removing from (4.3.14) the y-dependent terms which vanish on-shell, we find a

simpler differential equation for the function f,

9 2
%:%{—m [f+xg—£+fg—£] +{1+(x+f)f+ﬁ<g—£+g—£ﬂ } ,  (4.3.16)

whose solution is

A

f(A7$7T7y:O) =
1—%(z+f)+\/1—>\(x+f)+%§(a:—f)2

(4.3.17)

Thus we have shown that the supercurrent-squared deformed Lagrangian at finite A is equiv-

alent on-shell to the following superspace Lagrangian

AK&D@D@D_@D_@

o (4.3.18)

£,\:/d40 K(®,®) + — ; = —
— PAKZpA+ 1= AK2 A+ INKL B

where
A= 6++<I>8f,5 + 8++58,,<I> , B = 8++<I>6,,5 — 8++5877(I) . (4.3.19)

When K (®,®) = ®®, it is simple to show that this model represents an A = (2,2) off-
shell supersymmetric extension of the D = 4 Nambu-Goto string in an appropriate gauge—
often referred to as a static gauge in presence of a B field, though it can be more naturally
described as uniform light-cone gauge [30, 31| (see refs. [32, 33| for a discussion of this point).
In particular, by setting various component fields to zero and performing the superspace
integrals, one can show that (4.3.18) matches the expected answer for TT deformations in
previously known non-supersymmetric cases. For instance, setting the fermions to zero and
integrating out the auxiliary fields F' and F gives the TT deformation of the complex free

boson ¢, whose Lagrangian is

142 a+ M\202 — 1 _ HO__
L bos = Vit 2t S A 011909011909 ) (4.3.20)
, 4\ 4 14+ Xa+ V142 a + \2b2

where

0 =01400——¢+044+90——¢,  b=04100__¢ — 044+90——¢ . (4.3.21)
48



The Lagrangian (4.3.20) indeed describes the D = 4 light-cone gauge-fixed Nambu-Goto
string model.

Alternatively, setting all the bosons to zero in (4.3.18) can be shown to give the TT
deformation of a complex free fermion. These calculations are similar to those in the case of
the (0,2) supercurrent-squared action, which are presented in [27]. In fact, it can even be
easily shown that an A" = (0,2) truncation of (4.3.18) gives precisely the 7T deformation
of a free N' = (0, 2) chiral multiplet that was derived in [27].

It is worth highlighting that, unlike the N' = (2,2) case, an off-shell (0,2) chiral scalar
multiplet contains only physical degrees of freedom and no auxiliary fields. Interestingly,
related to this fact, it turns out that (up to integration by parts and total derivatives)
the N = (0,2) off-shell supersymmetric extension of the D = 4 Nambu-Goto string action
in light-cone gauge is unique and precisely matches the off-shell 7T deformation of a free
N = (0,2) chiral multiplet action [27].

In the N' = (2,2) case, because of the presence of the auxiliary field F' in the chiral
multiplet ®, there are an infinite set of inequivalent N = (2,2) off-shell extensions of the
Lagrangian (4.3.20) that are all equivalent on-shell. A representative of these equivalent
actions is described by (4.3.18) when K (®, ®) = ®®.

The non-uniqueness of dynamical systems described by actions of the form (4.3.18) can
also be understood by noticing that, for example, it is possible to perform a class of redefini-
tions that leaves the action (4.3.18) invariant on-shell. As a (very particular) example, note

that we are free to perform a shift of the form
D.D_(Dy3D_&) — Dy D_ (D43D_®) +a(DyD_®+ DD 3)°  (4.3.22)
for any real number a. In terms of A and B, (4.3.22) implements the shifts
A— Ata <(D+D_(I>)2 oy + (T)J)_a)z) ., B-—B (4.3.23)

in (4.3.18). The resulting Lagrangian would enjoy the same on-shell simplifications described
in Appendix A.5 and would turn out to be on-shell equivalent to the Lagrangian (4.3.18).
In this infinite set of on-shell equivalent actions, a particular choice would represent an
exact solution of the TT flow equation (4.3.12)-(4.3.14), whose leading terms in a A series
expansion are given in (4.3.15). Another representative in this on-shell equivalence class is
the simplified model described by (4.3.18).

These types of redefinition and on-shell equivalentness are not a surprise, nor really new.

In fact, they are of the same nature as redefinitions that have been studied in detail in

49



[34] (see also [35] for a description of these types of “trivial symmetries”) in the context of
D = 4 N =1 chiral and linear superfield models possessing a non-linearly realised additional
supersymmetry [34, 36]. As in (4.3.23), the field redefinition in this context does not affect
the dynamics of the physical fields— it basically corresponds only to an arbitrariness in the
definition of the auxiliary fields that always appear quadratically in the action and then are
set to zero (up to fermion terms that will not contribute due to nilpotency in the action)
on-shell. Although here we only focused on discussing the on-shell ambiguity of the solution
of the N = (2,2) TT flow, we expect that the exact solution of the flow equations with y
nonzero (4.3.12)—(4.3.14) can be found by a field redefinition of the kind we made in the
action (4.3.18).

It is also interesting to note that similar freedoms and field redefinitions are also de-
scribed in the construction of D = 4 A = 1 supersymmetric Born-Infeld actions; see,
for example, [37]. In fact, as will be analyzed in more detail elsewhere [38|, it can be
shown that the Lagrangian (4.3.18) is structurally of the type described by Bagger and
Galperin for the D = 4 N/ = 1 supersymmetric Born-Infeld action [37]. The equivalence
can be formally shown by identifying Wy = D ®, W_ = D_&, W2 = D, ®D_®, and
D Wy = D2 D_® + D_D® to match their conventions. As a consequence, we can show
that our solution for the 77T flow possesses a second non-linearly realised ' = (2,2) su-
persymmetry, besides the (2,2) supersymmetry which is made manifest by the superspace
construction, which is discussed in much greater detail in Chapter 5. We note that the pres-

ence of a second supersymmetry is analogous to what happens in the N' = (0, 2) case [27].

4.3.2  Adding a superpotential

Now suppose we begin with an undeformed theory that has a superpotential W (®),

£ = /d49K(<I>,5) + (/ %6 W((I))) + (/ d25W(5)> . (4.3.24)

As shown in Appendix A.4, the superpotential F-term gives a contribution §V = 2W ()
to the field V which appears in supercurrent-squared. To leading order in the deformation

parameter, the Lagrangian takes the form

£0) _y £0) 4 p(1)

=0 4 / d*0 <%Ké¢D+¢>E+5D_<I>D_$+W(CI))W@)) . (4.3.25)
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In addition to the four-fermion term which we saw in section 4.3.1, we see that the deforma-
tion modifies the Kéhler potential, adding a term proportional to |W (®)|?.

Next consider the second order term in A. For convenience, we use the combination
|D<I>|4 =D, ®D ®D_dD_®, which is the four-fermion combination that appeared at first

order. Then

£? = %Q/d‘*e (x +7—3y—2W(®)2+WD_Dy + Wl_)+l_)_> DY . (4.3.26)
The new terms involving supercovariant derivatives of |D<I>|4 will generate contributions with
two fermions in the D-term.

As we continue perturbing to higher orders, the form of the superspace Lagrangian be-
comes more complicated. It is no longer true that the supercurrent-squared flow closes on
a simple ansatz with one undetermined function, as it did in the case with only a Kahler
potential. Indeed, the finite-A deformed superspace Lagrangian in the case with a superpo-
tential will depend not only on the variables z, T, and y as in section 4.3.1, but also, for
example, on combinations like 04 ®D D_ &, which can appear multiplying the two-fermion
term D_®D_® in the superspace Lagrangian. To find the full solution, one would need to
determine several functions contributing to the D-term—one multiplying the four-fermion
term |D®|* as in the Kihler case; one for the deformed Kihler potential which may now
depend on z, y, and other combinations; and four functions multiplying the two-fermion
terms D, ®D_®, D, ®D_®, etc. Each function can depend on several dimensionless com-
binations.

In the presence of a superpotential, the situation might further be complicated by the
fact that supersymmetry can be spontaneously broken. This would make it impossible, for
example, to use on-shell simplifications like y|DCI>|4 = 0 that we employed in the section 4.3.1,
where supersymmetry is never spontaneously broken.

It should be clear that the case with a superpotential is significantly more involved and
rich than just a pure Kéahler potential. In this case, we have not attempted to find a solution
of the T'T flow equation in closed form. However, it is evident from the form of supercurrent-
squared eq. (4.3.12)—which is always written as a D-term integral of current bilinears—
that this deformation will only affect the D term and not the N' = (2,2) superpotential W
appearing in the chiral integral. Therefore the superpotential, besides being protected from
perturbative quantum corrections, is also protected from corrections along the supercurrent-

squared flow.
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4.3.8  The physical classical potential

In view of the difficulty of finding the all-orders deformed superspace action for a theory
with a superpotential, we now consider the simpler problem of finding the local-potential
approximation (or zero-momentum potential) for the bosonic complex scalar ¢ contained in
the superfield ®. We stress that our analysis here is purely classical and we will make a
couple of comments about possible quantum effects later in this section. For simplicity, we
will also restrict to the case in which the Kihler potential is flat, K(®, ®) = &®. By “zero-
momentum potential” we mean the physical potential V' (¢) which appears in the Lagrangian
after performing the superspace integral in the deformed theory and then setting 0++¢ = 0.

For instance, consider the undeformed Lagrangian
£ = / 0P + / d2OW (®) + / 2O (D) . (4.3.27)

When we ignore all terms involving derivatives and the fermions 14, the only contributions
to the physical Lagrangian (after performing the superspace integral) come from an |F' \2
term from the kinetic term, plus the term W (®) = W (¢) + W’(¢)0T0~ F. This gives us the

zero-momentum, zero-fermion component action

S = /de (|Fy2 +W(G)F + W’(¢)F) . (4.3.28)

We may integrate out the auxiliary field F' using its equation of motion F' = —W’(¢), which
yields

S = / &2 (—|W’(¢)|2) , (4.3.29)

so the zero-momentum potential for ¢ is V = |[W’ (gb)]Q, as expected. Note that the previous
potential might have extrema that breaks N' = (2,2) supersymmetry while supersymmetric
vacua will always set (F) = (W/(¢)) = 0. We will assume supersymmetry of the undeformed
theory not to be spontaneously broken in our discussion.

Now suppose we deform by the supercurrent-squared operator to second order in A, which
gives the superspace expression (4.3.26). If we again perform the superspace integral and
discard any terms involving derivatives or fermions, we now find the physical Lagrangian

. 1 -
Llossomo = |FIF+ FW' S FW' 4 A (§|F|4 - IFIQIW'|2> + NIF[H(W'F + W'F)

1 3
—§A2|W’12|F|4 + ZA2|F|6 . (4.3.30)
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Remarkably, the equations of motion for the auxiliary F' in (4.3.30) admit the solution
F = —W'(¢), F = —W'(¢), which is the same as the unperturbed solution. This for
instance implies that if we start from a supersymmetric vacua in the undeformed theory
we will remain supersymmetric along the 7T flow. On the one hand, this is not a surprise
considering that we know the TT flow preserves the structure of the spectrum, and in
particular should leave a zero-energy supersymmetric vacuum unperturbed. On the other
hand, it is a reassuring check to see this property explicitly appearing in our analysis.

Returning to (4.3.30) and integrating out the auxiliary fields gives
1 1
_ / 2 - / 4 142 / 6
Lo, om0 =~ W @) = AW (@) = 22 W (9)° (4.3.31)

—|w'?
1- SN W2
the scaling of A\, one could have predicted this outcome from the form of the supercurrent-

These are the leading terms in the geometric series In fact, up to conventions for
squared operator and the known results for 7T deformations of a bosonic theory with a poten-
tial [3]. We know that, up to terms which vanish on-shell, the effect of adding supercurrent-
squared to the physical Lagrangian is to deform by the usual 7T operator. However, in the
zero-momentum sector, we see that the 7T deformation reduces to deforming by the square

of the potential:

=2 V2. (4.3.32)
O0++¢=0 0++9=0

Therefore, it is easy to solve for the deformed potential if we deform a physical Lagrangian

L= f(\0trg)+ V(A ¢) by TT, since the flow equation for the potential term is simply

ov

2
4.3.
WL = £ =V, (4.3.33)
which admits the solution
V (0, $)
V(A =7 4.3.34

We can apply this result to the Lagrangian (4.3.28), treating the entire expression involving
the auxiliary field F' as a potential (since it is independent of derivatives). The deformed

theory has a zero-momentum piece which is therefore equivalent to

2 ! 1N
A‘ :/fx (IF]* 4+ W'(¢)F + W' (9)F)
O++¢=0 w’

A (PP WO F W (@)F) (43.35)
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at least on-shell. Integrating out the auxiliary now gives

[ WP
A)‘aﬁ(bo - / e e (4.3.36)

as the deformed physical potential. This matches the first few terms of (4.3.31), up to a
convention-dependent factor of % in the scaling of \.

Now one might ask what superspace Lagrangian would yield the physical action (4.3.36)
after performing the df integrals. One candidate is

z(A)] ~ / 449 (6@—A|W(q>)|2> + / 420 W (D) + / E2IW(D),  (4.3.37)

O++0=0
where here ~ means “this superspace Lagrangian gives an equivalent zero-momentum phys-
ical potential for the boson ¢ on-shell.”

It is important to note that (4.3.37) is not the true solution for the deformed super-
space Lagrangian using supercurrent-squared. The genuine solution involves a four-fermion
term, all possible two-fermion terms, and more complicated dependence on the variable
y = M(D4+D_®)(D4+D_®) in the zero-fermion term. However, if one were to perform the
superspace integral in the true solution and then integrate out the auxiliary field F' using its
equation of motion, one would obtain the same zero-momentum potential for ¢ as we find
by performing the superspace integral in (4.3.37) and integrating out F'.

The form (4.3.37) is interesting because it shows that the effect of supercurrent-squared
on the physical potential for ¢ can be interpreted as a change in the Kéhler metric, which

for this Lagrangian is
2
Keg=1-AW'(®)°. (4.3.38)

When one performs the superspace integrals in (4.3.37), the result is

= Kyl FI? + W (¢)F + W' (§)F 4.3.39
oo = KaalFP = W(@)F + W@)F (4:3.39)
which admits the solution F' = —%. Substituting this solution gives
>3
. W/ 2 o W/ 2
d116=0 Ko 1= AW'(9)]

which agrees with (4.3.36).
As already mentioned, supersymmetric vacua of the original, undeformed, theory are
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associated with critical points of the superpotential W (¢). Any vacuum of the undeformed
theory will persist in the deformed theory: near a point where W/(¢) = 0, we see that
the physical potential V(¢) = 1_|Ij\‘|/—/V|[/2,|2 also vanishes (away from the pole [WW/|? = %, the
deformed potential is a monotonically increasing function of [W’|?). Further, the auxiliary
field I does not acquire a vacuum expectation value because F' = —W'(¢) remains a so-
lution to its equations of motion in the deformed theory. Once more, this indicates that
supersymmetry is unbroken along the whole TT flow if is in the undeformed theory.

However, this classical analysis suggests that the soliton spectrum of the theory has
changed dramatically at any finite deformation parameter A\. There are now generically
poles in the physical potential V(¢) at points where [WW/|2 = % which might separate distinct
supersymmetric vacua of the theory. For instance, if the original theory had a double-well
superpotential with two critical points ¢1, ¢o where W/(¢;) = 0, then this undeformed
theory supports BPS soliton solutions which interpolate between these two vacua. But if
the superpotential W reaches a value of order % at some point between ¢; and ¢, then this
soliton solution appears naively forbidden in the deformed theory because it requires crossing
an infinite potential barrier. Another way of seeing this is by considering the effective Kahler
potential (4.3.38), which would change sign at some point between the two supersymmetric
vacua in the deformed theory and thus give rise to a negative-definite Kahler metric.

Our discussion has been purely classical. As we emphasised in the introduction, a fully
quantum analysis of this problem is desirable, though subtle because of the non-local na-
ture of the TT deformation. The advantage of performing such an analysis in models with
extended supersymmetry is that holomorphy and associated non-renormalization theorems
provide control over the form of any possible quantum corrections. For example, the super-
potential for the models studied in this work is not renormalized perturbatively along the
flow. It would be interesting to examine the structure of perturbative quantum corrections
along the lines of [39], but in superspace with manifest supersymmetry. It should be possible
to absorb any quantum corrections visible in perturbation theory by a change in the D-term
Kéhler potential meaning that at least the structure of the supersymmetric vacua would be

preserved.
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CHAPTER 5
NON-LINEARLY REALIZED SYMMETRIES

In this chapter, we will investigate certain additional symmetries which are present in some
TT and supercurrent-squared deformed models. The treatment of this chapter follows the
paper “Non-Linear Supersymmetry and 77T-like Flows” [7].

It was briefly mentioned in Chapter 4 that our solution (4.3.18) for the supercurrent-
squared deformation of a chiral multiplet possesses a second non-linearly realized supersym-
metry — which we will demonstrate in more detail shortly — but there are already examples
of such additional symmetries in the non-supersymmetric context. For instance, we reviewed

in Section 2.1.2 that the 7T deformation of a free boson is given by

Ly = % (\/1 2N, p0Mp + 1 — 1) . (5.0.1)

Ignoring the constant —%, this is of the same form as the Dirac Lagrangian which describes

the transverse fluctuations ¢ on a brane. The Dirac action for a p-brane is usually written

SDirac = _Tp/dp+1€ \Va det(y), (5.0.2)

where T, is the tension of the Dp-brane and

oXHtoXx”

Yab = 850__8519 Nuv (5.0.3)

is the pullback of the target space metric 7, onto the brane’s worldvolume. We can choose
static gauge which identifies the p + 1 worldvolume coordinates £% with the target space

coordinates X%, and the remaining worldvolume coordinates are transverse oscillations:

X@:Sa’ a:07"'7p7

(5.0.4)
X =ord/ol(¢), I=p+1,---D—1.

Here D is the total dimension of the target spacetime and o' is a parameter which is pro-
portional to the square of the string length. In the case of a D1-string embedded in a three

dimensional spacetime, so that p =1 and D = 3, the Dirac action can be written as

SDirac = _Tp/d2§\/1 + 27704/8a¢8a¢7 (5~0~5)

which is the same form as the 77T deformed Lagrangian (5.0.1). Here o/ plays the role of
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the TT parameter \.
It is well-known that the Dp-brane Lagrangian (5.0.2) possesses a non-linearly realized
symmetry for any p. We will describe this symmetry in the case (5.0.5) of a D1-string. In this

case, for either fixed index a € {0, 1}, the action (5.0.5) is invariant under the transformation
5 = €% + 9% . (5.0.6)

The interpretation of this symmetry is that the presence of the brane as an embedded
hypersurface spontaneously breaks part of the Poincaré symmetry of the ambient spacetime.
The scalars ¢ are then the Nambu-Goldstone bosons of this spontaneously broken symmetry;,
which is then non-linearly realized. One can view the transformation (5.0.6) as a rotation
which rotates the transverse direction ¢ into the worldvolume direction £, breaking static
gauge, along with a compensating worldvolume diffeomorphism which then restores static
gauge. This symmetry, and its extensions to the Dirac-Born-Infeld action which includes a

gauge field, are nicely discussed in [40-42].

5.1 D =2 N = (2,2) Flows and Non-Linear N = (2, 2)

Supersymmetry

In this section, we are going to explore in detail how the non-linear supersymmetries —
which we briefly alluded to in Chapter 4 — arise for the simplest A" = (2,2) 7T flows. The
undeformed models are supersymmetrized theories of free scalars, while the deformed models

are N/ = (2, 2) supersymmetric extensions of the D = 4 gauge-fixed Nambu-Goto string.

5.1.1 TT deformations with N = (2,2) supersymmetry

In Chapter 4, supersymmetric flows for various theories were studied; the conclusion of Sec-
tion 4.2.2 was that 7T (x) operator of a supersymmetric theory is related to a supersymmetric

descendant operator 7T (z),
TT(x) =TT(x) + EOM + 04y () +0——(---) . (5.1.1)

The previous equation states the equivalence of TT(x) and 77 (x) up to total derivatives
and terms that vanish on-shell, which we have indicated with “EOM”.

The simplest cases of deformed models, on which we will focus in this section, are T'T-
deformed theories of free scalars, fermions and auxiliary fields. In the case of D = 2 N =

(2,2) supersymmetry, a scalar multiplet can have several different off-shell representations
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[43—46]|. The two cases we will consider here are chiral and twisted-chiral supermultiplets,
which are the most commonly studied cases.

In N = (2, 2) superspace, parametrized by coordinates M = (%, 07, éi), let the com-
plex superfields X (x,0) and Y (z, 0) satisfy chiral and twisted-chiral constraints, respectively,

DiX =0, DiY=D_Y=0. (5.1.2)

In this chapter, we use a slightly different conventions for the supercovariant derivatives than
in Chapter 4. These were referred to as DQE and 1_7;: in equation (2.2.13), but we will drop

the primes in the following discussion. For convenience, the conventions are repeated here:

0 ot _ 0 ot

D - Di=———— 1.

+ aei—i-zﬁ O++ , + E 0=0++ , (5.1.3a)
.0 - - .0
Q+r = 280? + Qiaj:j: , Q= —Zaoﬁ - Qiﬁii . (5.1.3b)
These satisfy

Di = Di =0, {Di,Di} = —2i044 , [Di,0+4] = [Diaaﬂ:i] =0 (5.14a)
Qi = Qi=0, {Q+,Q+} = —2i0++ , (Q+,0+4] = [Q+,0+4] = 0 (5.1.4b)

There is one more caveat worth mentioning: in much of the N' = (2, 2) literature, twisted-
chiral multiplets, often denoted ¥ in this context, naturally arise as field strengths for N =
(2,2) vector superfields V. The lowest component of such a superfield is a complex scalar,
but the top component proportional to #~ 61 encodes the gauge-field strength along with a
real auxiliary field. On the other hand, there are twisted chiral superfields denoted Y whose
bottom component is a complex scalar and whose top component is just a complex auxiliary
field. It is to this latter case that we restrict. The free Lagrangians for these supermultiplets

are given by
€= /d40X)‘( . L= —/d49Y}7. (5.1.5)
In [6] it was shown that the following Lagrangian

AD. XD, XD _XD_X
1— I A+ \/1 — M + 1A2B2

: (5.1.6a)

L5 = /d46 XX+
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with
A= 8++X8ff)? =+ 8++)_(8ffX , B = a++X877X — 8++X877X , (516b)

is a solution of the flow equation (4.2.10) on-shell, and hence describes the TT-deformation
of the free chiral supermultiplet Lagrangian (5.1.5).

A simple way to generate the TT-deformation of the free twisted-chiral theory is to
remember that a twisted-chiral multiplet can be obtained from a chiral one by acting with

a Zs automorphism on the Grassmann coordinates of N’ = (2,2) superspace:
0" =07, 0 o -0 . (5.1.7)

This leaves the Dy and D, derivatives invariant while it exchanges D_ with D_. As a
result, the chiral and twisted-chiral differential constraints (5.1.2) are mapped into each
others under the automorphism (5.1.7).1

Under the Zy automorphism (5.1.7), the Lagrangian (5.1.6a) turns into the following

twisted-chiral Lagrangian

AD.YD,.YD_YD_Y
~ It 1-aat iepe

, (5.1.8a)

Ly = —/d49 YY +

where
A= 8++Y8ff17 + 8++}78ffY , B = 8++Y8ff}7 — 8++Y8ffY . (518b)

Thanks to the map (5.1.7), by construction the Lagrangian (5.1.8a) is a T'T-deformation and
its superspace Lagrangian AYC, Eg\c = d*0 At is an on-shell solution of the following fow
equation

A gt (R4+R—— — 2BB) (5.1.9)

dNTA T g VT ‘ o
Here Ra+(z,0), B(z,0) and its complex conjugate B(x, #) are the local operators describing
the R-multiplet of currents for D = 2 N/ = (2,2) supersymmetry that arise by applying
(5.1.7) to the FZ multiplet of the chiral theory (5.1.6a) [6]. They satisfy the conservation

1. In the literature this Zs automorphism (5.1.7) is often called the “mirror-map” or “mirror-image"
because it exchanges the vector and axial U(1) R-symmetries.
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equations,
D R__=iD_B, D Ryt =iD.B, D B=D_B=0, (5.1.10)

together with their complex conjugates. Like the case of the FZ-multiplet, the supercurrent-

squared operator

TT(z) = / d9OR(z,0), OFR(z,0) = —Riy(z,0)R__(z,0) + 2B(z,0)B(z,0) ,
(5.1.11)
satisfies (5.1.1); namely, 7T (z) is equivalent to TT(z) up to total derivatives and EOM, as
we showed in Chapter 4.
Note that the bosonic truncation of both (5.1.6a) and (5.1.8a) give the Lagrangian

142 a+ M\202 — 1 _ HO__ b
L bos = V14 2kt _ 0\ 04400--9014¢0__¢ ’ (5.1.12)
, 4\ 4 14+ Xa+ V14 2 a + \2b2

where

0 =01400——¢ +044+90——¢ ,  b=04100__¢ — 044+90——¢ , (5.1.13)

and ¢ is either ¢ = Xlp—y or ¢ = Y|y—g- This is the Lagrangian for the gauge-fixed
Nambu-Goto string in four dimensions [3].

The aim of the remainder of this section is to show that the Lagrangians (5.1.6a) and
(5.1.8a) are structurally identical to the Bagger—-Galperin action for the D = 4 A/ = 1 super-
symmetric Born-Infeld theory [37], which we will analyse in detail in section 5.4. Since the
Bagger—Galperin action possesses a second non-linearly realized D = 4 A/ = 1 supersymme-
try, we will show that the theories described by (5.1.6a) and (5.1.8a) also possess an extra

set of non-linearly realized N' = (2,2) supersymmetries.

5.1.2 The TT-deformed twisted-chiral model and partial-breaking

Let us start with the twisted-chiral Lagrangian (5.1.8a) which, as we will show, is the one
more directly related to the D = 4 Bagger-Galperin action. In complete analogy to the
D = 4 case, we are going to show that (5.1.8a) is a model for a Nambu-Goldstone multiplet
of D=2N = (4,4) — N = (2,2) partial supersymmetry breaking. The analysis is similar
in spirit to the D = 4 construction of the Bagger-Galperin action using D = 4 N = 2
superspace proposed by Roc¢ek and Tseytlin [47]; see also [48-50] for more recent analysis.

To describe manifest N' = (4,4) supersymmetry we can use N = (4,4) superspace

60



s+ oF éj:) of the previous

which augments the A = (2,2) superspace coordinates (M = (
section with the following additional complex Grassmann coordinates (ni, ﬁi). The extra

supercovariant derivatives and supercharges are given by

0 - 0
Dy = — +if" Dy=——"—in" .1.14
+ 677+ + a—F-‘r ’ + 677]—’_ m 6‘|‘+ ) (5 a)
.0 _ - .0
Qi = owes +0t 0, Q= “ig T nt oy, (5.1.14b)

with similar expressions for D_ and Q_. They satisfy

DI = Di=0, {Di, Dy} = —2i0sy | [Di,044] = [Di,8+4] =0 ,(5.1.15a)
0F = 02 =0, {Q4,0+}=-2i0ss, [Qu,0+4]=[0x,0+x]=0(5.1.15h)

while they (anti-)commute with all the usual D4+ and @+ operators.

Two-dimensional N' = (4, 4) supersymmetry can also be usefully described in the lan-
guage of NV = (2,2) superspace. In this section, we will largely refer to [51] for such a de-
scription. In this approach from the full (4,4) supersymmetry, one copy of (2,2) is manifest
while a second (2,2) is hidden. For our goal of describing a model of partial supersymme-
try breaking, we view the hidden (2,2) supersymmetry as broken and non-linearly realized.
We will derive such a description starting from N = (4,4) superspace and describe the
broken /hidden supersymmetry using the nt directions.

The hidden supersymmetry transformation of a generic D = 2 N = (4,4) superfield
U= U(mii, 6%, Q_i, n*, ﬁi) under the hidden (2,2) supersymmetry is

U =i(e"Qy+e¢ Q- —7Qy —& QU . (5.1.16)

The (2,2) supersymmetry, generated by the Q+ and Q4 operators, will always be manifest
and preserved, so we will not bother to discuss it in detail. For convenience, we also introduce
the chiral coordinate y**+ = &+ + inT7*. Using this coordinate, the spinor covariant

derivatives and supercharges take the form

%, 4 0 _ d
Dy = ——+2if——, Di=——nv 11
+ ani + “7 ayii ) + 8ﬁi ) (5 7a)
9 C 0 £ 9 (5.1.17h)

ST TaE ST aE g

After this technical introduction, let us turn to our main construction. Consider a (4, 4)
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superfield which is chiral under the hidden (2,2) supersymmetry:
DX =0. (5.1.18)
We can expand it in terms of hidden fermionic coordinates,
X=X+n"Xy+n X_+n"n F, (5.1.19)

where X = X(yii,éi,éi), Xy = Xi(yiiﬁi,éi) and F' = F(yii,ﬁi,éi) are them-
selves (2,2) superfields. In the following discussion, we will keep the 6%, #% dependence
implicit. The hidden (2,2) supersymmetry transformation rules can then be straightfor-
wardly computed using (5.1.16) and (5.1.19). They take the form

60X = —e"X,—e X, (5.1.20a)
60X+ = TFeTF—2ietdrsX, (5.1.20D)
6F = —2ie 0. X, +2ie" 0, X _ . (5.1.20c)

The X superfield is still reducible under N = (4, 4) supersymmetry so we can put additional
constraints on the (2,2) superfields X, X+ and F. Here we will consider (4,4) twisted
multiplets, and refer the reader to [43, 52-57| for a more detailed analysis. For this discussion,
we will follow the NV = (2,2) superspace description of [51]. One type of twisted multiplet
with (4,4) supersymmetry can be defined by setting

Xy =D,Y, X_=-D.Y, (5.1.21)

where X and Y are chiral and twisted-chiral, respectively, under the manifest (2,2) super-

symmetry:
DiX=D_X=D.Y=DY=0, DiX=D_X=D.Y=D_Y=0. (5122
The superfield (5.1.19) becomes

X=X+n"D,Y—n D.Y4+nn F. (5.1.23)
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The supersymmetry transformation rules then become

6X = —eDyY +e DY, (5.1.24a)
6F = —2ie 0__D.Y —2ie"0,,D_Y , (5.1.24b)

while 0 X+ remains the same as (5.1.20b). By using the conjugation property for two
fermions, Y& = £y = —x¢, and the conjugation property Dy A = D, A for a bosonic
superfield A, it follows that

6X =etDyY —e D_Y . (5.1.25)

One can check that
SD2X = D%X = D? <€+D+Y - g—p_?) —2iet0, . D_Y +2ie 0__D.Y , (5.1.26)

where D? = D, D_. Note that in the first equality we made use of the fact that the manifest
and hidden (2, 2) supersymmetries are independent. The supersymmetry transformation rule

for —D2X is then exactly that of the auxiliary field F. Thus we can consistently set
F=-D?X (5.1.27)

which is the last constraint necessary to describe a version of the (4,4) twisted multiplet in
terms of a chiral and twisted-chiral N' = (2, 2) superfields. The resulting (4, 4) superfield X,

expanded in terms of the hidden (2,2) fermionic coordinates, takes the form

X=X+n"D.Y—y DY - 77+77_D2

>

(5.1.28)

which closely resembles the expansion of a D = 4 N' = 2 vector multiplet when one identifies
the analogue of the D = 4 N = 1 chiral vector multiplet field strength W, with the (2,2)
chiral superfields D1+Y and D_Y. Note in particular that X turns to be (4,4) chiral:

DiX =0, DiX=0. (5.1.29)

To summarize: the entire (4, 4) off-shell twisted multiplet is described in terms of one chiral
and one twisted-chiral (2,2) superfield, which possess the following hidden (2, 2) supersym-

metry transformations:

6X = —'DyY+e DY, (5.1.30a)
Y = € D_-X+e¢ DX . (5.1.30Db)
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Let us now introduce the action for a free N' = (4,4) twisted multiplet. Taking the
square of X in (5.1.28) we obtain

x? = n+n‘( —2XD%X + 2D+}7D_Y> o (5.1.31)

where the ellipses denote terms that are not important for our analysis. Since X and therefore

X2 are chiral superfields, we can consider the chiral integral in the hidden direction
/dn+dn_x2 —=92XD?’X —2D,Y-D_Y . (5.1.32)

Note also that, since X and Y are chiral and twisted-chiral under the manifest supersym-
metry (5.1.22), it follows that

/ Pz dfTdo—doTdIT (XX - YY) = / d?xdITdo Dy D_(XX - YY),
- / A2 do*do~ (XD+D_X —D.Y- D_Y)a.1.33)
which can also be rewritten as
/ d2x doTdo~ditdi (XX YY) = / 2 o do~ (XD+D_X—D+Y-D_Y) . (5.1.34)
The sum of the two equations above yields
4 / dPrdiTdo™doTdIT (XX — YY) = / Az dotdo~dntdn~ X2 + cc. (5.1.35)

The left-hand side has an enhanced N' = (4,4) supersymmetry as discussed in [51]. This
becomes manifest from our (4,4) superspace construction on the right-hand side.

To describe N' = (4,4) — N = (2,2) supersymmetry breaking we can appropriately
deform the (4,4) twisted multiplet. Analogous to the case of a D = 4 N = 2 vector
multiplet deformed by a magnetic Fayet-Iliopoulos term [58] (see also [47-50, 59]), we add a

deformation parameter to the auxiliary field F' of X', which is deformed to
Xieg =X +0"D4Y =0 DY — "0~ <D2X + /4:) . (5.1.36)

Assuming that the auxiliary field F' gets a VEV, (F) = & or equivalently (D?X) = 0, then
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by looking at the supersymmetry transformations of X4 for the deformed multiplet
§Xy = 4eF (DQX + /i) 25t X | (5.1.37)

we can see the N' = (4,4) — N = (2,2) supersymmetry breaking pattern arises; specifically,
the hidden N' = (2,2) is spontaneously broken and non-linearly realized. For later use, it
is important to stress that, though the hidden transformations of § X4 are modified by the
non-linear term proportional to k, the hidden transformation of X remains the same as in
the undeformed case given in eq. (5.1.24a).

In analogy to the D = 4 case of [47-49|, to describe the Goldstone multiplet associ-
ated to partial supersymmetry breaking we impose the following nilpotent constraint on the
deformed (4,4) twisted superfield:

A= 0= 20" (X(k+ D?X) = D4V DY) + ... . (5.1.38)

This implies the constraint

X(/f+l_)2)_(> ~DyY-D_Y =0, (5.1.39)
which requires
D.Y-D.Y W2
= — = S— 5.1.40
k+D?2X K+ D2X’ ( )
and its conjugate
. % 172
X = _DyY - DY = __ W . (5.1.41)
K+ D2X K+ D2X
Here D> = Dy D_,D? = —D, D_ and we have introduced the superfields:
W2 = —-X,X_ =D.Y-D.Y=D,D (YY)=D*YY), (5.1.42a)
W2 = X, X =—-D,Y-D Y=-D,D (YY)=D*YY). (5.1.42b)

The constraint (5.1.39) is the D = 2 analogue of the Bagger-Galperin constraint for a
Maxwell-Goldstone multiplet for D = 4 N = 2 — N = 1 supersymmetry breaking [37].
Combining (5.1.40) and (5.1.41) gives

 DyY-D.Y-D_Y-DyY
(k+ D2X)(k+ D2X) 1’

kX = D2(YY — XX) = D? [YY/ (5.1.43)

which is consistent thanks to the x terms in the denominator. Because of the four fermion
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coupling in the numerator of the last term, no fermionic terms can appear in the denominator.

So effectively we have the equation

w2 D?*w?
D?*X) o = ( DQT> = _— 5.1.44
(ot D" X)etr = (K + DV 505 ) o ki + (D2X ) o (5.1.44)
and its conjugate
o DQWQ
D?X) o = _. 5.1.45
Solving them we get
B— 2 B2 19,24 4
(D2X)og = Y . e AT (5.1.46a)
K
5 _B— g2 B2 19124 1
(D%X).g = W+ VB4 2P A Y (5.1.46b)
2K
Substituting these expressions into (5.1.43) gives
1 | . _ 2W 22
X==-D?>T, X=-D?r, T=T=YY- . (5.1.47)
K K A+ K2+ VB? 4+ 2k2A + K*

A = DW2+D?W2={D2D*}(YY)=0,,YO_ Y +0,,YO__Y  (5.1.48a)
B = D’W?—-D*W?=[D?D?|(YY)=0,4YO_ Y —0,,YO__Y . (5.1.48D)

The result is that the N' = (2,2) chiral part X of the N' = (4,4) twisted multiplet is
expressed in terms of the (2,2) twisted-chiral superfield Y. Thanks to the linearly realized
construction in terms of (4,4) superfields, it is straightforward to obtain the non-linearly
realized N' = (2,2) supersymmetry transformations for Y. In particular, it suffices to look
at the transformations of DY and D_Y that can be obtained by substituting back the
composite expression for X = X[Y] into the transformations (5.1.37). By construction,
these expressions ensure that 6.X transforms according to (5.1.24a).

Since X is chiral under the manifest (2,2) supersymmetry (5.1.22), we can consider the

chiral integral

1 1 ~
So = —ém/ded(?*dGX tec= —§/d2xd9+deD2T +c.c.

R

= - / d?xd0Tdo—doTdo~ T | (5.1.49)
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A remarkable property of this action is that it is invariant under the hidden non-linearly

realized supersymmetry. Using (5.1.24a), we see that

1 2
08,2 = —éﬁ/d xD+D_5X‘9:0,:O+C.c. , (5.1.50a)

_ 1 2 - A+ Y _
= —2/45/61 m( — 2ie" 0__D1Y — 2ie 8++D_Y>‘9 50 + c.c. = 0(5.1.50Db)

where we used the fact that Y is a twisted-chiral superfield (5.1.22).
Explicitly, the action reads

L _ QW22
S :—/ﬁ%ﬂmdyumdw’YY— : 5.1.51
& k2 4+ A+ VKt + 2k2A + B2 ( )

which precisely matches the model of eq. (5.1.8a) if we identify the coupling constants:

A= -2 (5.1.52)

K2

This shows explicitly that the TT-deformation of the free twisted-chiral action possesses a

non-linearly realized N' = (2,2) hidden supersymmetry.

5.1.83 The TT-deformed chiral model and partial-breaking

Let us now turn to the 7T deformation of the free chiral model of eq. (5.1.6a). The construc-
tion follows the previous subsection with the difference that we will start with a different
formulation of the (4,4) twisted multiplet described in terms of (2,2) superfields. Consider
again an N = (4, 4) superfield which is chiral under the hidden (2,2) supersymmetry:

DY=D.Y=0. (5.1.53)
Its expansion in hidden superspace variables is
Y=Y +nTYi+n Y. +9Tn G, (5.1.54)

where Y = Y (y*, 0% 0%), Yo = Yo (y™F,0F,6%) and G = G(y*F, 6%, %) are themselves
superfields with manifest (2,2) supersymmetry. The hidden (2,2) supersymmetry transfor-
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mation rules of the components are

Y = —€Yi—e Yo, (5.1.55a)
§Ye = FeTG—2iet0p1Y | (5.1.55b)
6G = =20 0__Yy +2iet0 4 Y- . (5.1.55¢)

This representation of (4,4) off-shell supersymmetry is again reducible so we can impose

constraints. As in the construction of the previous section, we impose
Yy =DiX, Y_=D_X, (5.1.56)

then
Y=Y+ D X+n D X+nnG. (5.1.57)

Here X and Y are consistently chosen to be chiral and twisted-chiral under the manifest

(2,2) supersymmetry:
D.X=D X=D,Y=D_.Y =0, DyX=D_X=DyY=D_Y=0. (51.58)

Then we have

Y = —"DyX —e D_X, (5.1.59)
as well as its conjugate
Y =etDyX +e D_X . (5.1.60)
Hence it follows that
§(DiD_Y)=DyD Y =2ietdyyD_X — 2 0__D, X . (5.1.61)

This should be compared with
6G = 2ietd D _X — 2% 0__D X , (5.1.62)

showing that Dy D_Y transforms exactly like the auxiliary field . This enables us to
further constrain the (4,4) multiplet by setting

G=DiD_Y . (5.1.63)
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Imposing these conditions gives a (4,4) twisted superfield
YV=Y+y"'DyX+n D X+n"y DyD_Y, (5.1.64)

which by construction is twisted-chiral and chiral with respect to the manifest and hidden

(2,2) supersymmetries, respectively:
DyY=D_Y=0, DiY=0. (5.1.65)

Its free dynamical action can be easily constructed by considering its square

Y2 = oty (YD+D_Y D X D_X) T (5.1.66)
In fact, the following relations hold:
/ > dfTdo—doTdI (XX - YY) = / d?xd9Tdd- D D_ (XX —-YY),
- / &2 dotdf~ <D+X D_X — ?D+D_Y}(5-1.67)
Alternatively,
/ Pz dotdo—dotTdo (XX - YY) = / dPrddtdo D D_(XX -YY),
- / A2 dg*de~ (DJ{ D_X — YD+D_Y}(5.1.68)
These relations imply

4 / PrdiTdo—doTdIT (XX — YY) = / Pz dotdo—dntdyT Y? +ce . (5.1.69)

Once again the (4,4) supersymmetry of the left hand side becomes manifest on the right
hand side.

As in the (4,4) twisted multiplet considered in the previous subsection, we can deform
this representation to induce the partial breaking. The deformed multiplet is described by
the following (4,4) superfield:

Vit =Y +1n" DX +0 " D_X +ntn~ (D+D_Y . /{) : (5.1.70)
The hidden supersymmetry transformations of the component (2,2) superfields can be
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straightforwardly computed using the arguments of the previous subsection. For the goal
of this section, it is enough to mention that Y is the same as the undeformed case of
eq. (5.1.59).

To eliminate half of the degrees of freedom of Yq4.¢ and describe a Goldstone multiplet
for N' = (4,4) — N = (2,2) partial supersymmetry breaking, we again impose the nilpotent

constraint
Vi3 =0=27n" (Y(k+ DyD_Y) =~ D1 X - D_X) +... . (5.1.71)

This yields the following constraint for the (2,2) superfields

Y(k+DyD_Y)-DyX -D_X =0, (5.1.72)
which is equivalent to
DiX-D_X W2  D_X-DiX W2
= 22 =, Y= il S— (5.1.73)
H+D+D_Y /ﬂ',—i-jj Y R+D+D_Y /<;,—|-D2Y

Here 52 =D.D_, D? = —D, D_ and we have introduced the following bilinears:

—~

W2=D,X-D_X=DXXX), W2=D_X. DX =D*XX). (5.1.74)

Using exactly the same tricks as before and inspired by the D = 4 Bagger-Galperin
model, we can solve the constraints (5.1.72) to find
[ 1 - = 2021172

Y= DT, V=-D2T, T=T=XX-— i _
K K A+ K2+ VB2 +2k24 + ik

. (5.1.75)

where

A = D*W24 D2W?={D2 D2V (XX) =044 XO__X + 04 XO__X (5.1.76a)

B = DW? - D?W?=[D% DY(XX) = 0ss XO__X — 044 XO__X . (5.1.76b)

Since Y is twisted-chiral under the manifest (2,2) supersymmetry (5.1.58), we can con-

sider the twisted-chiral integral

1 _ 1 2o e
S 5= S / A2z doTdoY +e.c = 5 / A2z doTdd D*Y4c.c. = / 2z dotdo—dotdo— Y .

K
(5.1.77)
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By using arguments analogous to those around egs. (5.1.50) of the previous subsection, the
action (5.1.77) proves to be N = (4, 4) supersymmetric.
Explicitly, the action reads

o ) 2172
S,z = /de dotdg=dotdo | XX — L — AR
K2+ A+ VKA + 2624 + B2

which precisely matches the model of eq. (5.1.6a) if we identify the coupling constants:

A=—5 . (5.1.79)
This shows explicitly that the TT deformation of the free chiral action possesses a non-

linearly realized N' = (2,2) supersymmetry.

5.2 T2 Deformations in D = 4 and Supersymmetric Extensions

In section (5.1) we exhibited the non-linear supersymmetry possessed by two D = 2 N =
(2,2) models constructed in [6] from the 7T deformation of free actions. The striking
relationship with the D = 4 supersymmetric Born-Infeld (BI) theory naturally makes one
wonder whether some kind of 77T flow equation is satisfied by supersymmetric D = 4 BI,
and related actions. We will spend the rest of the chapter exploring this possibility. In this
section, we start with a few general observations on T2 or supercurrent-squared operators
in D> 2.

5.2.1 Comments on the T? operator in D = 4

In two dimensions, by TT we mean the operator T}, TH — (Tﬁ )2, which is proportional to

det [TMU} [1, 3, 28]. One can attempt to generalize this structure to D > 2. In general, one
could consider the following stress-tensor squared operator
r 2 _

or) =TT, —r0?,  e=T", (5.2.1)

with r a real constant parameter. In two dimensions, the unique choice » = 1 yields a well

defined operator which is free of short distance singularities [1, 28]. However, to the best

of our knowledge, there is no analogous argument in higher dimensions that guarantees a

[r]
T2

space-time, one possible extension is given by O

well-defined irrelevant operator O,,; at the quantum level. Nevertheless, in a D-dimensional

]2 with r = 1/(D — 1), which reduces to the

[r
T

71



TT operator in two dimensions.
This operator has received some attention recently since it is motivated by a particular

holographic picture in D > 2 [60, 61]. We will not enter into a detailed discussion of the
[1/(D-1)]

T2

invariant under a set of improvement transformations of the stress-energy tensor. Indeed it

physical properties enjoyed by O , but simply comment that this combination is

is easy to show that such a T2 operator transforms by,

O[Tg/(Dfl)] N OEZ/(DA)] + total derivatives , (5.2.2)

if the (symmetric) stress-energy tensor shifts by the following improvement transformation,
T,uy — Tuu + (a‘uay - mw@z)u s (5.2.3)

for an arbitrary scalar field w.
In four dimensions, there is another choice of interest, specifically » = 1/2. In fact, it

was shown in [62| that the bosonic Born-Infeld action can be obtained by deforming the
11/2 12
T2 T2

our deforming operator. Once generalized to the supersymmetric case, we will see that this

free Maxwell theory with the operator O 2 In this work, we are going to use O as

operator plays a central role for various models possessing non-linearly realized symmetries.
[1/2]
T2

density of the theory, or equivalently a shift of the zero point energy. This can serve as

One interesting property enjoyed by O is its invariance under a shift of the Lagrangian

motivation for this particular combination. Under a constant shift of the Lagrangian density

L, and correspondingly its stress-energy tensor,

L—L+c, T — TH — et | (5.2.4)
the composite operator Og:]Q transforms in the following way:
O} — Ol 1 2e(2r — 1)© +4P(1 - 1) . (5.2.5)

When the theory is not conformal, which is the general situation at an arbitrary point in
T
1
transforms in a non-trivial way because of the extra trace term. This implies that under a

the flow since the deformation introduces a scale, and r # 1/2, the operator O, always

constant shift in the Lagrangian, the dynamics is modified which is certainly peculiar since

2. It is worth mentioning that another type of higher-dimensional generalization of TT-deformations,
specifically the operator |det T|*/(P=1) | was studied in [10, 63].
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the shift is trivial in the undeformed theory.?

However if r = %, Og:]Q is unaffected up to an honest field-independent cosmological
constant term. The shift of the vacuum energy does not affect the dynamics of the theory,
as long as the theory is not coupled to gravity. This property is especially interesting, since
the D = 4 N/ = 1 Goldstino action, which is also given by a TT flow, is the low-energy
description of supersymmetry breaking which can generate a cosmological constant. For
these reasons, we will study the particular operator quadratic in stress-energy tensors given
by

Op2 = TH'T),, — %@2 : (5.2.6)

in the remainder of this chapter.

5.2.2 D =4 N =1 supercurrent-squared operator

We would like to find the N' = 1 supersymmetric extension of the Op2 operator in four
dimensions. As reviewed in section 5.1, in two dimensions the manifestly supersymmetric
TT deformation is roughly given by the square of the supercurrent superfields. One might
suspect that a similar construction holds in four dimensions.

For the remainder of this work, we will assume that the D = 4 N = 1 supersymmetric
theories under our consideration admit a Ferrara-Zumino (FZ) multiplet of currents [13].
Generalizations of this case involving the supercurrent multiplets described in [17, 19, 64—
68] might be possible, but merit separate investigation. The operator content of the FZ
multiplet, which has 12412 component fields, includes the conserved supersymmetry current

Sy, its conjugate S M‘j‘ and the conserved symmetric energy-momentum tensor 7},,:

The FZ multiplet also includes a complex scalar field x, as well as the R-current vector field
Ju» which is not necessarily conserved [13].
In D =4 N = 1 superspace, the FZ multiplet is described by a vector superfield 7, and

a complex scalar scalar superfield X satisfying the following constraints:
DY =DoaX,  DyX =0. (5.2.8)

The constraints can be solved, and the FZ supercurrents expressed in terms of its 12 4+ 12

3. It is worth noting that 7T in D = 2 shares this peculiarity.
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independent components read?

_ 1 _ - 1 _ 1 I
Tulw) = Ju+0(Su~ Eoﬂx) +0(Su+ EU,»() + 5020u% — 50200

_ 2 1
—{—90”9(27—}” 377My® —El/,upaap] >
P YT Y S S Y Y R S
50 9<$SM+ ﬁaﬂax) 50 9<$Su ﬁauﬁx>
L oz v. Lo
and
X(y) = x(y)+ V20x(y) + 6*F(y) (5.2.10a)
2 .
Xa = \/?_(aﬂ)adsﬁ , F= §@+ianM , (5.2.10b)

where the chiral coordinate y* = z# + ifo0, and we used @ = al'oy, ¢:9 = ol

If we seek a manifestly supersymmetric completion of the operator (5.2.6) by using com-
binations of the supercurrent superfields with dimension 4, it is clear that the only possibility
is the full superspace integral of a linear combination of 72 and XX. Up to total derivatives
and terms that vanish by using the supercurrent conservation equations, or equivalently that

vanish on-shell, the D-terms of J2 and XX are given by”

1 2 1 2 1
2 — . . . 2.
J |92§2 = Uuyjujy|92§2 = _§<2T,u1/ - gﬁ;w@ - 551/#,008'0]0) +ju<a’uayjy - 53 l“)
+= 8ux8”x—|— (A A) (5.2.12a)
4 2 3 1
— . = _ v '/’l’ Y 2 ‘LL - - u
2(Tyw)? + 9@ 4<(‘3uj ) 43#(‘3 g+ 28ux8 X

+i( 805" = xix) + total derivatives + EOM ,  (5.2.12b)

4. For convenience, we have rescaled the supersymmetry current compared to [17]: Sﬂere = fiSthere.

5. The composite A (and analogously its conjugate A) is given by
1 _ =1 1 P al _ & a _ . .
A = (S“ — EU/LX> (85/ — ﬁa“ﬁx) = SH@S' —xdx + \/iSﬂaux + total derivatives .(5.2.11)

The equality can be obtained with some algebra. Note that the last term drops after integration by parts
because of the conservation equation for .S,.
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and

X.)E’ezég = FF— OyxoHx — i)‘((‘z@x + total derivatives (5.2.13a)

4 —
= 592 + (Gﬂj“)2 — 0 xOMx — ixPx + total derivatives .  (5.2.13b)

To get a manifestly supersymmetric extension of Op2 = T2 — %@2, we have to consider

the following linear combination

1 5N 1o 5 -
_ (v 2 _ ad 7 . °©
Opa = =5 (1" Ty + 7X8) = =T T~ SXX . (5.2.14)

In fact, the supersymmetric descendant of the supercurrent-squared operator O is

Op = / d*0 Oa (5.2.15a)

1 3 3 1 - 9 -
2 2 . a2 . - _
= T°— 5@ + g]uﬁ gH + g@uxaux — é(SMQS“ - ZX$X>
+total derivatives + EOM . (5.2.15b)

This result shows that Op2 is the natural supersymmetric extension of Op2. However, it
is worth emphasizing that in the D = 4 case, the supersymmetric descendent Op2 of O
has extra non-trivial contributions from other currents. This should be contrasted with the
D =2 case where Op2 = Op2 up to EOM and total derivatives, see eq. (5.1.1).

It actually does not seem possible to find a linear combination of J 2 and XX such that
an analogue of eq. (5.1.1) holds in D = 4. This suggests that, in contrast with the D = 2
case, deformations of a Lagrangian triggered by the operators Op2 and Op2 will in general

lead to different flows: one manifestly supersymmetric, while the other not.

5.3 Bosonic Born-Infeld as a T? Flow

It was shown in [62] that the D = 4 Born-Infeld action arises from a D > 2 generalization
of the TT deformation. Specifically, the operator driving the flow equation was shown to be
the Op2 defined in eq. (5.2.6) of the preceding section. In this section we review this result

in detail as it is a primary inspiration for our supersymmetric extensions.
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The D = 4 bosonic BI action on a flat background is given by

1
Spr = @/d% [ det(nquFO‘Fw)} )
1 [ 4 at -
_ 1ty [ \/ F2——FF2],
az/ g b5 6 )
1
= —Z/d4x F? + higher derivative terms , (5.3.1)

where Fj,;, = (0yvy — Oyvy) is the field strength for an Abelian gauge field v, and
- - 1
F?=F,F",  FF=F,F" = 5 Cuvpo IV FP7 (5.3.2)

The Hilbert stress-energy tensor for the BI action can be computed straightforwardly
and it reads [69]

A 2 P 2 o
T/W—_Fu FV)\—I— <\/1+0‘2F2 6(FF)2—1——0‘2F>77/“/ (5.33)
= P p— ) .3.
1+ 9 F2 - 9(FF)

This can be written in the following useful form

fiv 2
TMV — TMaxwell + MV A - B (534)
V1+24+ B2 oa?V14+24+B?1+ A+V1+2A+ B?
where we used the stress-energy tensor for the Maxwell theory
1
104 _ A 2
TMaxwell —Ft FV)x + ZF ", (5.3.5)
while A and B are defined by
1 ‘ -
A=-a?F?, B='d®FF. (5.3.6)
4 4
It is easy to compute the trace of the stress-energy tensor
4 A? - pB?
a?V1+2A+B*1+A+V1+24+B
where, interestingly, the combination (A2 — B?) proves to be related to the square of T Maxwell

76



Using the identity

. 1
(FF)? = Z(EWUF/“’FW)2 = 4F, FYPFye FOF — 2(F?)? | (5.3.8)
we see that
1 1 . 4
2 272 272 2 2 2
Nitaxwen = Eu "V Epg FH = 2(F%)" = Z(<F )"+ (FF) ) =A°=B). (539

Using tracelessness of the free Maxwell stress-energy tensor, the Op2 operator can be

easily computed:

1 4(A% — B2 A% - B?
Opp =T2— 202 = ( ) 2(1— ) (5.3.10a)
2 A1+ 24+ B2 (1+A+V1+24+ B2)2
4(A? — B2 1+ A—V1+24A+ B2
_ ( ) 2(1— + oA ) (5.3.10b)
o1+ 2A + B2 1+A+V1+2A+ B?
2 _
_ 84— B ! (5.3.10¢)

aAV1+24+B21+A+V1+24+ B2’

8(1+A—+/1+2A+ B?)
= + teAt (5.3.10d)
a?v/1+2A + B?

2

The variation of the BI Lagrangian with respect to the parameter a* can be readily com-

puted, and it is given by

aca 1+ 7 La2F2 — \/1+ 2F2—1—16a4(FF)2
2 =
Oa o2\/1+ Ja4F? — fod(FF)?

(5.3.11)

Once we use (5.3.6) it is clear that (5.3.10a) and (5.3.11) have exactly the same structure

and satisfy the following equivalence equation

0Ly 1
— = =0p2 , 5.3.12
a2 8 I? ( )
showing that the BI Lagrangian satisfies a T2-flow driven by the operator Op2.

Before turning to D = 4 supersymmetric analysis, it is worth mentioning that the struc-
ture of the computation relating the Op2 operator to the bosonic BI theory, which we just
reviewed, is quite similar to what we saw in section 5.1 for the D = 2 N = (2,2) supersym-

metric TT flows. For example, in the deformation of the free twisted-chiral multiplet action,

the analogue of the A and B combinations of (5.3.6) is given by (5.1.48), but the square root
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structure of the actions is completely analogous. This fact, together with the non-linearly
realized supersymmetry we investigated in section 5.1, naturally lead to the guess that the
D =4 N = 1 supersymmetric Born-Infeld (BI) theory may also satisfy a T2 flow. The next

section is devoted to explaining how this is the case.

5.4 Supersymmetric Born-Infeld from Supercurrent-Squared

Deformation

In Section 5.1 we proved, by analogy and extension of the D = 4 results of [37], that two
D = 2 supercurrent-squared flows possess additional non-linearly realized supersymmetry.
In this section we reverse the logic. We will look at a well-studied model, namely the Bagger-
Galperin construction [37] of D = 4 N' = 1 Born-Infeld theory [70, 71|, and show that it

satisfies a supercurrent-squared flow equation.

5.4.1 D=4 N =1 supersymmetric BI and non-linear supersymmetry

Let us review some well known results about the D =4 A" = 1 Born-Infeld theory [71], the
Bagger-Galperin action [37], the non-linearly realized second supersymmetry, and its precise
N =2 — N = 1 supersymmetry breaking pattern. For more detail, we refer to the following
references on the subject |37, 47-50, 71].

We start with the following N’ = 2 superfield,

W(y,0,0) = X(y,0) + V2iW (y,0) — 02G(y,0) ,  y" = 2 + ibc"0 + ibo"d , (5.4.1)
which is chiral with respect to both supersymmetries:
DW= DgW =0 . (5.4.2)

Since we are ultimately interested in partial N = 2 — N = 1 supersymmetry breaking,
we will mostly use N' = 1 superfields associated to the # Grassmann variables to describe
manifest supersymmetry, while we use the § variable for the hidden non-linearly realized
supersymmetry. The N = 1 superfields X, Wy, and G of eq. (5.4.1) are chiral under the
manifest NV = 1 supersymmetry. Under the additional hidden A/ = 1 supersymmetry, they
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transform as follows:

0X = V2w, (5.4.3a)
oW = V201E0, X + V2ieG | (5.4.3b)
0G = —V20,Wale. (5.4.3c)

The superfield (5.4.1) has 16+16 independent off-shell components and is reducible. It
contains the degrees of freedom of an N' = 2 vector and tensor multiplet. To reduce the
degrees of freedom and describe an irreducible N' = 2 off-shell vector multiplet, we impose

the following conditions on the N' = 1 components of W:

(i) First that W, is the field-strength superfield of an N = 1 vector multiplet satisfying,
DWWy — DWW =0, (5.4.4)

(ii) and that

G=-DX . (5.4.5)

o |

The latter condition can easily be seen to be consistent since it is straightforward to verify
that %IDQX transforms in the same way as G given in (5.4.3c). Therefore we can impose
(5.4.5) without violating N' = 2 supersymmetry.

Since W is chiral with respect to both sets of supersymmetries, we can consider the

following Lagrangian,
_ 1 ~ 1 1. 5
Lyt = 1 / d20d*0W? + c.c. = 1 / d26’<W2 - 5XD?X) +ce . (5.4.6)

On the other hand, the A/ = 2 Maxwell theory written in terms of the AN/ = 1 chiral
superfields X and W, is given by

o 1 _
cN=2 o /d29d29xx+1/d29w2+1/d29w2,

Mg,xwell

1 1. -5
= /d20(W2 - §XD2X> + c.c. + total derivative . (5.4.7)

We see that these two Lagrangians are the same, confirming that the extra constraint imposed
on W is correct. The off-shell N’ = 2 vector multiplet can therefore be described in term of
the following N = 2 superfield

- - |
W(y.0.0) = X(y,0) + V2i0W (y.0) - 10°D*X(y.0) . (5.4.8)
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where X and W, are N' = 1 chiral and vector multiplets, respectively. Their component

expansion reads:

Wo = —ida +0aD —i(0™0)oFu + 62 (c 9N\ )a (5.4.9a)
X = z4+V20x—60*F. (5.4.9b)

Following [47] (see also [48-50]), we break N/ = 2 supersymmetry by considering a Lorentz
and A/ = 1 invariant condensate with a non-trivial dependence on the hidden Grassmann
variables (W) = Wyet o 62 # 0, such that

I P
Waew = X +V2iW — 167 (DQX + E) . (5.4.10b)

The hidden supersymmetry transformations of the A/ = 1 components of the deformed

N = 2 vector multiplet turn out to be

0X = V2ieW , (5.4.11a)

W= ﬁe + QZWJ)?X + V2010, X . (5.4.11b)
Assuming the model under consideration preserves the manifest A/ = 1 supersymmetry,
which implies (D?X) = 0, the explicit non-linear x-dependent term in the transformation of
the fermionic W, signals the spontaneous partial breaking N' =2 — A = 1 of the hidden
supersymmetry.

To describe the Maxwell-Goldstone multiplet for the partial breaking N' =2 — N =1,
we can impose the following nilpotent constraint on the deformed A = 2 superfield strength
Whew [47]

(Whew)2 =0 (5.4.12)

Once reduced to N/ = 1 superfields, following the expansion (5.4.10b), this constraint implies
the Bagger-Galperin constraint [37]

1 1. -9

X =w?- EXDQX : (5.4.13)
K

which can be solved to eliminate X in terms of W2 = WW,, and its complex conjugate

W2 = W W,

X =sW? - 3D? (5.4.14)

W22
1+A+\/1+2A—B2] ’
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where we have introduced:
K2 2172 1 P22y A K2 2172 _ 212 7
A:?(DW + DW*) = A, Bz;(DW—DW):—B. (5.4.15)
For later use we denote the lowest components of the composite superfields A and B
A= Alp—p , B = Bly—g - (5.4.16)

We will not repeat the derivation of (5.4.14) which can be found in the original paper [37],
and was reviewed and slightly modified in section 5.1 for our analysis in two dimensions.
The N = 1 supersymmetric BI action can be constructed using the following N = 1

(anti-)chiral Lagrangian linear in X:

_ 1 2 25 %
Ly = E(/d 9X+/d 0X> . (5.4.17)

The second hidden supersymmetry eq. (5.4.11a) written in terms of the unconstrained real
vector multiplet V, where W, = —1/4D?D,V, takes the form:

- 1 _
0X = —Z\/§ieO‘D2DaV . (5.4.18)

Using the fact that D2D? D, & 0,4 D?D®, one can immediately see that the supersymmetry
variation of L, in (5.4.17) is a total derivative. Therefore this supersymmetric BI action is
invariant under the second hidden non-linear supersymmetry.

Using the solution (5.4.14), the supersymmetric BI Lagrangian takes the explicit form

1 3 21772
Ly = — d20<nW2—/$3D2[ W D—i—c.c.,
4r 1+ A+V1+2A4+B°
21172
= 1/d29W2—|—1/d29W2+252/d29d29 il (5.4.19)
4 4 1+ A+V1+2A+B

which makes it clear that the supersymmetric Bl is a non-linear deformation of the free N' = 1
Maxwell theory. This supersymmetric extension of BI was first constructed by Bagger and
Galperin in [37]. In this work when we refer to the supersymmetric BI theory, we will always
mean the Bagger-Galperin action.

We can easily calculate the flow under the x2 coupling constant,

21172
aﬁ; = 2/d20d2§ W ! . (5.4.20)
Ok 1+ A+ V1+2A+B2V1+ 24+ B2
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Our goal is now to show that the right hand side of this flow equation on-shell is the specific
supercurrent bilinear (5.2.14) that we introduced earlier. This will establish a supercurrent-
squared flow for the supersymmetric BI action.

Before turning to the core of this analysis let us recall that at the leading order in 2, the
fact that D =4 N = 1 BI satisfies a supercurrent-squared flow was already noticed in [71].
This result was also highlighted recently in the introduction of [5]. In fact, note that in the
free limit & = k = 0, the Lagrangian (5.4.19) becomes the N' = 1 supersymmetric Maxwell

theory. Its supercurrent multiplet is

Jaa = —4WaWy, Ax=0, (5.4.21)

where X = 0 because super-Maxwell theory is scale invariant. The supersymmetric 72

deformation operator (5.2.14) is then simply given by

Or2 = %Jaajm — gXX = W2, (5.4.22)
and to leading order (5.4.20) turns into |71]
ff; = / d*0d*9 W2W? + O(r?) = / d*0d%0 Oa + O(r?) . (5.4.23)
K

This shows that the supercurrent-squared flow equation is satisfied at this order. The rest
of this section is devoted to demonstrating the full non-linear extension of this result. First,

we are going to look at the bosonic truncation of (5.4.19) and (5.4.20).

5.4.2 Bosonic truncation

In the pure bosonic case the gauginos are set to zero in (5.4.9a), A = A = 0, and W2, W?

only have 62,62 components, so A, B can only contribute the lowest components:
_ _9,.2( 2 2 _ 0,21
A= Alg_g =2 <F —9D ) . B=DB|g_g=2x%FF . (5.4.24)

Therefore the supersymmetric Bl Lagrangian reduces to

L= 8% [1 - \/1 + 42 (FQ - 202) e (Fﬁ)Q] . (5.4.25)

The auxiliary field D = 0 after using its EOM, and the Lagrangian is equivalent to the
bosonic BI Lagrangian (5.3.1) with the identification o? = 8x2. This immediately implies
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that on-shell the bosonic truncation of the supersymmetric Bl satisfies a T? flow equation
driven by the Op2 operator (5.2.6), as we discussed in (5.3.10a). A similar conclusion holds
for the complete supersymmetric model of (5.4.19) and (5.4.20).

5.4.3  Supersymmetric Born-Infeld as a supercurrent-squared flow

The supercurrent for the supersymmetric BI action (5.4.19) was computed in [72] for k2 = %
To simplify notation, we will also consider the special case k2 = % in our intermediate
computations. The x-dependence can be restored easily and will appear in the final formulae.

We can straightforwardly use the results of [72| for our supercurrent-squared flow analysis.

The FZ multiplet was computed for a class of models described by the following Lagrangian,

1 1 o1 o
L = Z/dQQ w2 + Z/dz’e w2+ Z/dQQdQQ W2W2A(u, @) | (5.4.26)

where . .
u= gD2W2 . u= §D2W2 . (5.4.27)

The action (5.4.19) turns out to be given by the following choice of A(u,u)

4
A(u,u) = , (5.4.28)
1+ A+V1+24+ B2
where
A=2u+ua), B=2u-ua). (5.4.29)
Following [72], we also introduce the composite superfields
. O(uA) _, . O(uh)
(wa) =5 T = 5 (5430
which, in the case of interest to us where (5.4.28) holds, satisfy
_ 4
r+I'r=A = : (5.4.31a)
(1+A+\/1+2A+82>\/1+2A+82
_ 1
al' +ul’ = 1-— . (5.4.31b)
V14 2A+ B?
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The supercurrents will also be functionals of the following composite

: (5.4.32a)

N 1o (52 12200
iMy = Wa[1—4D <W (A+8D s 8u)>

— Wa(l - 2ar> FWW( )+ W) (5.4.32D)

where WW (---) denotes terms which are proportional to W, Wy, while W2(---) denotes
terms proportional to W2. We will use similar notation with ellipses denoting quantities
with bare fermionic terms that will not contribute to the calculation because of nilpotency
conditions.

With the ingredients introduced above, the FZ multiplet for the supersymmetric BI action
is given by [72]

1 o _
x = Zw?D? (WQ(F T A)) , (5.4.33a)
R o 1 A 27772 I
Tois = —2MaWWs +20Wallg + —[Da, Dl (WHW2) - (T +T - o)
FWPW () + W2W () (5.4.33b)

For our purposes, the superfields X and 7, can be further simplified as follows:

1 o _ _
X = WD (F +T - A) FWE(---) (5.4.34a)
o2 D212 B
_ WZDTW W), (5.4.34b)
3(1 +A+V1 +2A+B2>
and
_ _ 1 _ _ _
Jog = —AWaWs(1 = al = ul) + =[Da, g <W2W2) : (F LT A)
FWAW () + W) (5.4.35a)
AW, N 2D, W2 - D W?
V1424 + B2 3(1+A+ \/1+2A+B2>\/1+2A+B2
FWRAW (- )+ W2PW(---) (5.4.35D)

where we used (5.4.31a).
The computation of XX is trivial and receives contributions only from the square of the
first term in (5.4.34b). The computation of J?2 is less trivial. It is obvious that the last two

complicated terms in the second line of (5.4.35b) make no contribution since all the terms
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are proportional to WW, and we have the nilpotency property WaWsW, = 0. The square
of the first term is easy to compute, and it is proportional to W2IW?2. Next we consider the

cross product between the first and second term in (5.4.35b) which leads to the relation:
WaWs, - DYW? . DYW? = W2(DW) - W2(DW) =0 . (5.4.36)

Remarkably, this cross term vanishes since, as shown in Appendix A.6. Therefore, we have
the on-shell relation that
W2W?2DW =0 . (5.4.37)

A simple physical interpretation of this condition is that the manifest supersymmetry is
preserved on-shell, implying that the auxiliary field D o« D*W,,|y—y has no vev, and is at
least linear in gaugino fields Ay, &x W |g—g. The vanishing of this cross term can be compared
with the pure bosonic case where the cross terms in 72 vanish because of the tracelessness
property of the free Maxwell stress tensor; see section 5.3. Finally, we compute the square

of the second term in (5.4.35b) which includes the following structure:
DW?2. DYW?2. D W2 . DyW? = W2W2D2W2D?Ww? . (5.4.38)

Here we have used (Dawﬁ)(DO‘WB )= —%DQVV2 + WP DQWB to simplify the result.
In summary, on-shell the contributions to the supercurrent-squared operator Op2 defined

in eq. (5.2.14) are given by

1 1612772 AWAW2D?W2D2W?
g2 = _é{ 5+ . 5 ¢ »(5.4.39%)
VIF2A+B VT 124+ B (1+ A+ VIt 24+ B)
- 4 21172 D212 D212
XE = A - (5.4.39D)
V14244 B2 (1+A+ \/1+2A+B2>
Adding these results gives the supersymmetric T2 primary operator Orpe:
1 S W22 D*W?2D2W?
Ops = _§<j2 n ZXX) — . (1 - 5 |(5.4.40a)
V1424 + B 4(1+A+\/1+2A+B2>
_ (1- A5 ). (5.4.40)
V194 + B2 (14+A+V1+24+8B2)2/ "
271172
- 2WTW (5.4.40c)

\/1+2A+62(1+A+\/1+2A+82> '
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It is worth noting that the simplifications occurring in constructing Op2 from the supercur-
rents are very similar to the bosonic case of (5.3.10a).
Comparing with (5.4.20), we see that eq. (5.4.40c) proves that the supersymmetric BI

action (5.4.19) is an on-shell solution of the flow equation

B 9 21172
Mg" = / d*0d%6* Wew : (5.4.41a)
Ok \/1+2A+5’2<1+A+\/1+2A+B2>
- / d*0d%62 O 2 + total derivatives + EOM | (5.4.41b)

It therefore describes a supercurrent-squared deformation of the A" = 1 free Maxwell La-
grangian. This result establishes a relationship between non-linearly realized supersymmetry
and supercurrent-squared flow equations in D = 4.

Before closing this section, we should make a few comments regarding the on-shell con-
dition (5.4.37) used in establishing the supercurrent-squared flow equation for the D = 4
N =1 BI action. First it is important to stress that the flow equation is not satisfied by
the supersymmetric BI action off-shell. Second, we note that the specific combination of J2
and XX studied is the unique choice for which (5.4.19) satisfies a supercurrent-squared flow
equation, even if only on-shell.

Such a non-trivial condition satisfied by the on-shell supersymmetric Bl action is in-
triguing and hints at the existence of appropriate (super)field redefinitions which might lead
to a different supersymmetric extension of BI that satisfies the flow equation off-shell. For
example, it is know that the dependence of the off-shell extension on the auxiliary field D
can be modified by appropriate (super)field redefinitions, as well as redefinitions of the full
superspace Lagrangian. We refer to [34-36, 73| for a list of relevant papers on this sub-
ject. Under field redefinitions, the hidden supersymmetry will be modified but will remain
a non-linearly realized symmetry of the theory. The existence of an off-shell solution of the

supercurrent-squared flow is an interesting question for future research.

5.5 Higher Dimensions and Connections to Amplitudes

In this thesis, we have primarily focused on two-dimensional quantum field theories, where
TT and related supercurrent-squared operators can be unambiguously defined at the quan-
tum level. For D > 2, there appears to be no complete argument showing that any of the
55]2 of eq. (5.2.1), including the holographic operator of [60, 61|, possess

any particularly nice quantum properties.

proposed operators O

However, despite the absence of a well-defined quantum operator in higher dimensions,
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the connection between non-linearly realized symmetries and our D = 4, A/ = 1 example
suggests that operators of this form still have some special properties (at least at the classical
level). It would be very interesting to understand whether any supersymmetric completion
of our descendant operator Op2 of (5.2.15) could provide a well-defined deformation at the
quantum level. Such an extension would necessarily involve contributions from other current-
squared type operators which do not vanish on-shell. This possibility seems most promising
in theories with extended, and perhaps even maximal, supersymmetry.

One interesting direction for future investigation concerns the relationship between TT
deformations and amplitudes. In two dimensions, T'T simply modifies the S-matrix of the
undeformed theory by a CDD factor [74], but one might wonder about the S-matrices of
higher-dimensional theories deformed by generalizations of 7T. One hint is that theories
with non-linearly realized symmetries exhibit enhanced soft behavior — indeed, in the case of
non-linearly realized supersymmetry, there is a proof that such symmetries generically lead
to constraints on the soft behavior of the S-matrix |75]. This fact which has been applied to
the Volkov-Akulov action [76], which also satisfies a TT-like flow.

There are also examples involving purely bosonic theories. For instance, in four dimen-
sions, the Dirac action is the unique Lorentz-invariant Lagrangian for a single scalar which
is consistent with factorization, has one derivative per field, and exhibits soft degree o = 2
for its scattering amplitudes [77]. Similarly, it has been shown that the Born-Infeld action
for a vector can be fixed by demanding enhanced soft behavior in a particular multi-soft
limit 78], which can be understood in the context of T-duality and dimensional reduction
[79]. Given the hints of a deeper relationship between supercurrent-squared deformations,
non-linearly realized symmetries, and actions of Dirac or Born-Infeld type, it is natural to
ask whether such deformations enhance the soft behavior of scattering amplitudes in a more

general context.
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CHAPTER 6
TT AND NON-ABELIAN GAUGE THEORY

In this chapter, we will define a theory for a non-abelian gauge field in two dimensions using
the TT operator, following the discussion in “A Non-Abelian Analogue of DBI from 77" [8].

Although we focus on the bosonic formulation of T'T rather than the supercurrent-squared
deformations developed in the preceding chapters, the gauge theory which we define here
is compatible with maximal supersymmetry. This deformed theory shares some properties
with the Dirac-Born-Infeld theory which describes gauge fields living on a brane, although
it does not reduce to DBI even in the abelian case. We begin by reviewing some facts and

motivation about brane physics.

6.1 Background on Brane Physics

Imagine a p-brane embedded in an ambient (D + 1)-dimensional Minkowski space-time.
By definition, any such brane spontaneously breaks the Poincaré symmetry of the ambient
space-time:

ISO(D,1) — ISO(p,1). (6.1.1)

In particular, the breaking of translational symmetry guarantees the existence of D — p
universal scalar fields on the brane world-volume, collectively denoted ¢, which are Nambu-
Goldstone (NG) bosons for the broken translations. The physics of these modes is governed

by the Dirac action,

SDirac = —Tp / "o \/_ det (77u1/ + aﬂ¢aV¢)7 (6.1.2)

with brane world-volume coordinates o and a single dimensionful parameter 7). The form
of this action is fixed by the broken Lorentz symmetries, which are non-linearly realized.
There might also be a function of any additional non-universal scalar fields multiplying this
form, which we will not consider here. This action can also equivalently be viewed as the
Nambu-Goto action for the brane in static gauge.

The Born-Infeld action, on the other hand, defines a non-linear interacting extension of

Maxwell theory with action:

Spr = —1p / ’Ho \/— det (nuw + aFu). (6.1.3)

One of the striking physical differences between Born-Infeld theory and Maxwell theory is
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the existence of a critical electric field determined by the dimensionful parameter «.. In string
theory, Born-Infeld theory describes the leading interactions for the gauge-field supported on
a D-brane [80]. In that context both 7} and « are fixed in terms of the fundamental string
tension o/ with a = 27d/.

The combined Dirac-Born-Infeld (DBI) action is a complete description of the physics of
a single D-brane at leading order in string perturbation theory, and under the assumption

that acceleration terms like OF or 92¢ are negligible:

For multiple coincident branes, the abelian gauge symmetry is replaced by a non-abelian
symmetry, and the fields (¢, F) typically take values in the adjoint representation of the
gauge group. We will not assume any particular representation for the scalar fields in this
discussion. It is natural to pose the following long considered question: what might re-
place (6.1.4) in the non-abelian theory? For the scalar fields appearing in the induced metric

of the Dirac action (6.1.2), one could easily imagine making the replacement

Ouddyd — Tr (DuéDyo), (6.1.5)

where ¢ is now matrix-valued and D is an appropriate covariant derivative. For the Born-
Infeld action of (6.1.3), however, an interesting gauge-invariant replacement of this sort is
not possible. In (6.1.5) Tr denotes the trace over gauge indices. When needed, we will use

tr to denote the trace over Lorentz indices so that,
tr <F2) = F 1. (6.1.6)

Indeed what one means by the Born-Infeld approximation, namely neglecting acceleration

terms like DF’, is ambiguous. Unlike the abelian case,

so there is no clear cut way of truncating the full brane effective action by throwing out
acceleration terms.

With considerable hard work there is, however, some data known about brane couplings
beyond the two derivative non-abelian kinetic terms Tr (FWFW ) at leading order in string
perturbation theory. This information is very nicely summarized in the thesis [81] to which

we refer for a more complete discussion. For comparative purposes with our analysis, we note
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that the known F4 terms are correctly captured by a symmetrized trace prescription [82, 83].

Up to overall scaling, they are given by

STr <tr P — i(tr F2)2) : (6.1.8)
with ,
STr (1115 Tn) = — > Te(To1)To ) -+ Tt ) (6.1.9)
" o€eS,

This prescription is known to fail for higher derivative terms. What is important for us is
that (6.1.8) defines a single trace operator.

To define a non-abelian analogue of the abelian DBI theory (6.1.4), our approach will be
to TT deform a non-abelian gauge theory with scalar matter in two dimensions. In contrast
to the preceding parts of this thesis, in this chapter we will restrict to bosonic theories for
simplicity. A priori this approach has no connection to either brane physics or string theory.
We will do this in steps by first recalling known results about deforming free scalars and
Maxwell fields [3, 10, 62|, and then extending to charged matter and non-abelian gauge
theories. Other than also involving an infinite collection of irrelevant operators, the reason
this approach should be viewed as giving a non-abelian analogue of DBI is that the TT

deformation of a free scalar with parameter A\ already gives the Dirac action, as we reviewed

in Chapter 2:
1
_ 2 2 _
Sy = /d o5 <\/1 + 4\|09)| 1) : (6.1.10)

This direct connection with brane physics is reason enough to suspect that TT applied to
gauge-theory will give further insight into brane physics.

The TT deformation of Maxwell theory, however, is already different from the Born-Infeld
theory of (6.1.3). This is the reason we call the TT-deformed theory an analogue rather than
a generalization of DBI; it does not reduce to DBI even in the case of abelian gauge theory.
The couplings are not given by the square-root structure of a relativistic particle but rather
by a hypergeometric function [62]. This might not seem very exciting in two dimensions
where pure gauge-fields have no propagating degrees of freedom, but that is no longer the
case when we add scalar fields, even in the abelian setting. For interesting recent discussions
of TT-deformed gauge theories, see [84, 85].

For the non-abelian theory defined using 77T, the O(F4) terms are already very different
from what is known about non-abelian BI theory. Rather than involving a single trace
operator like (6.1.8), they involve double trace operators. The TT-deformed theory is quite

remarkable because it has the following properties:
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e The theory is compatible with supersymmetry [5-7, 26, 27, 86, 87|. Indeed, we have dis-
cussed at length in Chapters 3 and 4 that TT always preserves degeneracies in energy
levels like those implied by supersymmetry, and that one can often make the supersym-
metry manifest via a superspace flow construction. In particular, if one 7T deforms a

maximally supersymmetric starting theory then this supersymmetry is preserved!

e The theory is believed to exist at the quantum level, unlike DBI which is an effective

theory with our present level of understanding.
e The theory has a critical electric field like BI.

This is already quite surprising in the abelian case with uncharged matter. Folklore suggests
that some of these properties, like compatibility with maximal supersymmetry, should only
have been true for DBI. Indeed there are no obvious reasons that the structures seen here
should not emerge from string theory, either in a closed or open string setting. In fact, the
D = 10 space-time effective action for the type I/heterotic strings does contain a double
trace F* term, which is required for anomaly cancelation in D = 10, or more generally
required by supersymmetry [88]. In the heterotic string, the term arises at tree-level and

takes the schematic form:

2
Shet ~ /dl%\/ge%’ (TrFQ) +.... (6.1.11)

In the dual type I frame, relevant for a brane picture, the same coupling arises from diagrams
with Euler characteristic —1 [89, 90]. This leads us to suspect that the TT flow equation
is connected with corrections to two-dimensional beta functions from higher orders in string

perturbation theory.

6.2 Deforming Pure Gauge Theory

Before we go on to solve the TT equation to find a non-abelian analogue of the DBI action, we
will first illustrate the above techniques by solving for the TT-deformed Yang-Mills theory.

That is, we begin with an undeformed Lagrangian of the form

kLo = Fjj,Fy” = Tr (Fu ') (6.2.1)

91



where we will often suppress the trace for convenience and simply write F' 2 for Tr (F 2), SO
that

Ly = %FQ. (6.2.2)
We retain an overall dimensionless constant k£ in the Lagrangian; in most of the calcula-
tions that follow, which we will suppress factors of k by setting k = 1. The value of k£ does
not affect the equations of motion associated with the action (6.2.2), but the sign of k will
be important for determining critical value of the field strength F2. To see the maximum
allowed electric field for the deformed theory in Minkowski signature, we will find that we
must take & < 0 so that the undeformed action is positive (however, all of our other results
are valid in either Minkowski or Euclidean signature). We will restore factors of k, replacing
F?2 %FQ, when the sign is relevant.
Our goal is to find the deformed Lagrangian £(\) = f()\, F2) which solves the flow
equation
ONLy =detTyy , (6.2.3)

with initial condition £(0) = L.
It is first convenient to rewrite this flow equation using the fact that 2 x 2 matrices M

satisfy
1 2 2
det(M) = 3 ((trM) ~tr <M )) . (6.2.4)
Thus we can write the 7T flow equation in a manifestly Lorentz-invariant way as
1 2
NLr =5 ((T“#) - TWTW> . (6.2.5)

Notice that the stress-energy tensor is a single-trace operator in the undeformed theory. In
the A expansion, the leading order deformation of the Lagrangian is therefore automatically
a double trace operator. Including further corrections in A will only generate higher order
multi-trace operators. In particular — as we show in Appendix A.7 — a single-trace deforma-
tion like the leading F* terms of non-abelian DBI in (6.1.8) will never be generated from a
TT flow beginning from an undeformed Lagrangian which is only a function of F2.

The details of the calculation of the stress tensor components 7, /Sﬁ) for the Lagrangian
L F 2) are presented in Appendix A.7, where we find the T'T operator for an arbitrary
Lagrangian depending on a field strength F},,, and a complex scalar ¢. We can set the scalar

¢ to zero in the result of that Appendix to find the flow equation for a pure gauge field
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Lagrangian. The result, using the shorthand notation = = F2, is

daf _

2
= flz)? - 4f(x)xg + 4z (g) . (6.2.6)

x Ox
Next we will present several methods for solving (6.2.6):

1. by directly solving the flow equation (6.2.5) in a series expansion;

2. by writing the solution implicitly in terms of a complete integral;

3. and by dualizing the field strength F’ 2 t0a scalar, deforming, and dualizing back.
The same three methods will also be applied to the case of a gauge field coupled to scalars

in Section 6.3.

6.2.1 Series solution of flow equation
The differential equation (6.2.6) derived in the preceding subsection can be brought into a
simpler form by refining our ansatz to
FON F?) = F2g(AF?) (6.2.7)
for some new function g. For convenience, we define the dimensionless variable y = AF2 =
Ax. Then the function g satisfies the differential equation

dg

By = (900) +2xd' ()" - (6.2.8)

One can solve this differential equation by making a series ansatz of the form g(x) =
Y e cnX'", determining the first several coefficients ¢,. To order x%, the function g(x)

is given by
_ 2 3 4 5 6 7
g(x) =14 x +3x“ + 13x° 4+ 68x™ + 399x” + 2530x° + O(x'). (6.2.9)

To determine the generating function, one can refer to an encyclopedia of integer sequences

[91] to find that g can be written as a generalized hypergeometric function,

545 256
=4 | = 1. - = = 2:— . 6.2.10
g(x) =4 3( T3y X) ( )
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Thus the full solution for the deformed Lagrangian can be written as

13 545 _ 256
:F2F 221 2.2 2 9.7 F2
£ 1 3(2’4’ PR T )
3 1 111226 .
=— (3| —=,—, ==, =;— - AF° | —1]. 6.2.11
4/\(32< 274433 2 ) ) (62.11)

The functions on the first and second lines of (6.2.11) are equivalent because of a hyperge-
ometric functional identity. We will use the expression in the first line, written in terms of
4 F5 rather than gF5, but we include the second expression to make contact with the work
of [62], where this expression was first derived. We also note that the function (6.2.11) has
appeared in an analogue of T'T defined for (0 + 1) dimensional theories [92].

6.2.2 Implicit solution

We will also find later that it will be useful to solve the TT flow equation using a different
method. We begin with the differential equation (6.2.6), but this time we make the ansatz

FN F?) = %h(/\FQ). (6.2.12)

As before, we define the dimensionless variable y = AF2. In terms of h, the differential

equation becomes

2
4 (W' ()™ = 4xh OO () = xI'(x) + h(x)* + h(x) = 0. (6.2.13)
Equation (6.2.13) is quadratic in h/(), so we can solve to find

dh _ 1+4h(x) — /1-8h(x) (6.2.14)

dy 8x ’

where we have chosen the root which makes /() finite as Y — 0, assuming lim, 0 h(x) = 0.

We may separate variables in (6.2.14) to write

8 dh [dy
/ ) — v v (6:2.15)

The integrals can be evaluated in terms of logarithms; exponentiating both sides then yields
3
x=C (1 Vio Sh) (3 +VI— 8h) . (6.2.16)
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Equation (6.2.16) implicitly defines the solution h(x) to the TT flow equation via the roots
of an algebraic equation.

We note that, choosing C' = 21%, equation (6.2.16) is consistent with the solution derived
in the previous section. Recall that the two ansatzes we made here and in subsection (6.2.1)

are related by

1
FOLF?) = F2f(x) = 1h(x). (6:2.17)
so h(x) = xf(x). Indeed, one can check that the function

13

5 4 5 _ 256
— v a2 2 1. 2.2 2 9. 257, 2.1
h(X) X 4 3(2747 ’473737 ) X>7 (6 8)

satisfies the functional identity

Y=o (1 - VI=8h(0) (8 VI—8h(0) (6.2.19)

256

We therefore see that the hypergeometric (6.2.11) obtained earlier is, in fact, an algebraic
function that can be defined as a root of (6.2.19).1

6.2.3  Solution via dualization

The above result can also be derived in a different way. The details of this procedure do
not depend on the sign of our constant k& nor the signature, so we will set k£ = 1 and take

Minkowski signature for concreteness. The undeformed Lagrangian (6.2.2) is then

1
Lo =1 Fu " = —2FZ, (6.2.20)

which can be equivalently expressed by dualizing the field strength to a scalar, as in

1

1
- §¢2 + 20 Fp. (6.2.21)

1. Other examples of hypergeometric functions which can be expressed algebraically include those on
Schwarz’s list [93], which is summarized on Wikipedia.
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The equation of motion for ¢ arising from (6.2.21) is

Lo

— = 2Fy1 =0 6.2.22
55 ¢ +2Fp =0, ( )
so ¢ = —2Fp1, and then replacing ¢ with its equation of motion yields
1
Lo = 5 (=2Fo1)” +2(~2Fy1) For = 25, (6.2.23)

which matches (6.2.20). On the other hand, (6.2.21) is easy to TT deform. After coupling

to gravity, one has
1
Solg] = (5/\/—9 ¢ de) + (/qbeWF,W d2x) : (6.2.24)

where the second term is purely topological and thus independent of the metric. The unde-
formed Lagrangian, then, is a pure potential term V' (¢) = ¢? for the boson ¢. The solution
to the T'T flow equation at finite A for a general potential is well-known [3, 10]; in this case,
one finds
1,2
20
L) =~
1—3¢2

¢2
o

+ o Fly
+ 2¢Fp1. (6.2.25)

We now integrate out ¢. The equation of motion for ¢ arising from (6.2.25) is

0= IL(N)
= 5o
2
:2¢+Fm(2—A&>, (6.2.26)
or
2¢
o= ————=. 6.2.27
To proceed, we series expand (6.2.27) in ¢ to find
0 A0 33200 X¢T  531g 1
o027 _Xe 2.2
=73 7 8 4 32 +O(¢)’ (6.2.28)
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and then apply the Lagrange inversion theorem to find a series expansion for ¢ in terms of

Fp1, yielding
¢ = —2Fy1 + SAFZ — 202y + 83203 Fl) — 10880\ FY) + O (Folll) . (6.2.29)

Substituting the expansion (6.2.29) into the action (6.2.25), and expressing the result in
terms of F2 = FuyFH = —2F021, gives

£0) = F2 (14 AF2 30 P 4 13X3F0 4 68X FS 4. ). (6.2.30)

The Taylor coefficients appearing in (6.2.30) are precisely those of the hypergeometric (6.2.10).
The procedure of iteratively solving (6.2.27) for ¢ and substituting into (6.2.25), therefore,

reproduces

1

L) =F? . F3 ( g 2. )\F2> (6.2.31)

24
which matches the solution which we derived by different methods above.

This procedure — dualizing the field strength F2 to a scalar ¢, TT deforming the scalar
action, and then dualizing back — is closely related to an observation made in [62]. There
the authors noted that, although the deformed Lagrangian (6.2.11) is quite complicated, the

corresponding Hamiltonian satisfies the simple relation

Ho

Hy = ————, 6.2.32
AT TS ( )
where the Hamiltonian is a function of the conjugate momentum
oL
| (—. (6.2.33)
0A1

The Legendre transform which converts the Lagrangian £y to the Hamiltonian H) is math-

ematically equivalent to the process of dualizing the field strength Fy; to a scalar ¢.

6.2.4 Comparison to Born-Infeld

For the moment, we specialize to the abelian case where the Born-Infeld action can be

unambiguously defined. The Lagrangian (6.2.11) differs from the Born-Infeld action in two
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dimensions. To order A%, our solution has the series expansion
L) = F2 4 AF 43020 11303 F8 4 68X P10 - O(NP). (6.2.34)

On the other hand, the Born-Infeld action (after normalizing the coefficient of F2 to match
(6.2.34) at order F2) has the expansion

1 1
oy VI+ A2 = F2 - AF* 4202 F0 — 503 F8 1 14X F10 - 0(\D). (6.2.35)

Although the Taylor coefficients for the Born-Infeld action and the “hypergeometric action”
differ, both exhibit a critical value for the electric field. In the case of Born-Infeld, this is

obvious; replacing F?2 = —ZF&, we see that the action

1 2
o\ 1 —8AFy (6.2.36)
is only real for
Fy < L (6.2.37)
01 /_8)\‘ 2.

To see the critical electric field for the action £(\) defined in (6.2.10), it is most convenient

to use the implicit form (6.2.19):

A2 — % (1- Vi) (3 + m)? (6.2.39)

The right side is maximized when £()\) = %, where it takes the value %, which means
that

<= (6.2.39)

Recall that our Lagrangian (6.2.2) contained an overall constant to track signs; to restore
factors of k, we replace F2 — %F 2. In Minkowski signature, we should take £ < 0 so that
Ly = —%FMVF“’/ = —%Fgl is positive. Letting £ = —1, we find

27
For <\ s15y (6.2.40)

which is a different critical value for the electric field than (6.2.37).

However, pure Yang-Mills theory in two dimensions has no propagating degrees of free-
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dom, so the difference between the expansions (6.2.34) and (6.2.35) does not have much
physical effect (at least in infinite volume). To detect the difference between these theories,

we should couple the gauge field to matter, as we do in section 6.3.

6.3 Non-Abelian Analogue of DBI

In this section, we will consider an action for a Yang-Mills gauge field F ﬁy coupled to a scalar

¢ in some representation of the gauge group. The undeformed Lagrangian is taken to be

Lo = Fjj, Fi" +|Dg|”
= F? 4+ |D¢)?, (6.3.1)

where we again use the shorthand F2 = Tr (F v Y ) We have set the overall constant k,
which appears in (6.2.2), equal to 1 because we will not analyze critical field strengths in the
deformed coupled model. If one were to carry out this analysis, however, one would need an
overall minus sign in (6.3.1) in Minkowski signature.

In what follows, we will also define = F2 and y = ]D<b|2 for convenience; here

|D¢|? = (Do) (D"o)*,
Dy = 0y — iy, (6.3.2)

and gauge group indices will be suppressed.

At finite A\, we take a general ansatz of the form
Ly =[x =F%y=|D¢). (6.3.3)

The stress tensor components Tﬁ) for the Lagrangian (6.3.3), and the differential equation
arising from (6.2.5), are worked out in Appendix A.7. The resulting partial differential

equation, equation (A.7.7), is copied here for convenience:

df o of of 2 (0f\ of 0f

Our goal in the following subsections will be to solve (A.7.7) by several methods, just as we

did in the case of pure gauge theory.
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6.3.1 Series solution of flow equation

We know that (A.7.7) reduces to the Dirac action, (A.7.9), when the gauge field is set to
zero, and that it reduces to the hypergeometric action of Section 6.2, (A.7.11), when the
scalar is set to zero. Therefore, in the coupled case it is natural to make an ansatz of the

form
1 13 545 _ 256
Az, :—(\/1 75 —1) F 1,222 922 3.
JOvey) =53 (Vi+4y 34(24 133727 x>x
o0 n
+ Z Z cn’k,)\"*lxky”*k. (6.3.5)
n=3 k=1

The sum on the final line of (6.3.5) allows for all possible couplings between F2 and | D)2,
with the appropriate power of A\ required by dimensional analysis. One can then determine
the coefficients c,, ;. by plugging the ansatz (6.3.5) into (A.7.7) and solving order-by-order in
A. The result, up to coupled terms of order A8, is

oy (T 1) o (33058 3020
— )\2a:y2 + A3 (4 my 4x2y2) + A4 <18 x2y3 22 x3y2 —14 xy4)
+)\5( 140 242 + 1042343 — 6522y + 48 24P )
+ A8 (=165 290 + 220 2%¢° — 364 23y* + 630 2%y> — 969 $5y2>

Y (572 2y’ — 726 2245 + 1120 23y® — 2244 2444 1 4788 2543 — 7084 x6y2)
+ >\8< — 2002 zy® + 2392 2%y " — 3160 230 + 5814 2ty® — 14630 27y + 35420 2043

53820 x7y2>. (6.3.6)

We were unable to find an closed-form expression for the function which generates the cou-
plings (6.3.6). However, it is interesting to study the corrections in various approximations.
For instance, consider the coupled terms between F?2 and |Dgz§|2 to leading order in the

variable 3y = | D@|?. Retaining only the couplings in (6.3.6) proportional to y2, one finds

1 13 . 5405 _ 256
A (\/1 16\ —1> Fu(2,21,2:22 922 ) e — 2202 — X3 222
Fxey) =5 + 16y 34(24 13355 x)w Ty 7y
— A% 23y — 1400° 2%y? — 96910 2592 — 70847 28y — 5382078 27y

+0 ()\9, )\3xy3) . (6.3.7)
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These series coefficients resum into another hypergeometric function [94],

1 13,545 _ 256
f\ z,y) = o <\/1+16)\y—1)+3F4(2 7 ’1’5’_’ ,—7 Ax)-x

3
11 3 2 4 256
— A2ay? 3F5 (— — ==, = —-/\:v) +0 </\3:By (6.3.8)

11 3 2 4 256
9(x) = 3F> (— i —'x>7 (6.3.9)
one can show that g satisfies the functional relation

9(x) — 1

il (6.3.10)

X =
The maximum of the function 9?711 occurs when g = %, at which this function takes the

maximal value of % Therefore, the maximum value of y for which the function (6.3.10) is

defined is y = %, giving a critical field strength

27

2o =l
< 256N

(6.3.11)

We note that this is the same value of the critical electric field as that in the uncoupled term
involving 3Fy in (6.3.8), which we saw in (6.2.40) for the case of pure gauge theory. It is
reasonable to expect that the value of the critical electric field is modified if one includes

corrections to all orders in |D¢|?, as is the case for the Dirac-Born-Infeld action.

6.3.2  Implicit solution
We can instead solve (A.7.7) in terms of a complete integral. First, we refine our ansatz to

) =obum) . x=Ar,a=)y . (6312)

After doing this, the differential equation becomes

g\ 2 dg 0 0 ) ) )
024)(2 <£) +4nxa—i8—i—4 ai Xag 2nga—z—na—i+92+g. (6.3.13)
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Making a change of variables to

p=log(x) , q¢=log(n) , (6.3.14)
and writing g(x,n) = w(p, q), the differential equation for h becomes

ow ow ow 8_w B

0:4(—>2+4———(4w+1) o

810 D)
% % Ba (2w—+1)=— +w? +w . (6.3.15)

dq

This can be solved by consulting a handbook of partial differential equations (see, for in-

stance, equation 15 in section 2.2.6 of [95]). For any partial differential equation of the

form
w2 ow Ow ow 2 ow ow
0= i) (52) + £l Go 50+ ) (50) 4 (G2 + ga(w) 2 + hGw),
(6.3.16)
the solution w(x,y) is given implicitly by the following complete integral:
Cs =Chix + Coy + / 2F(w) dw ,
G(w) £+ /G(w)? — 4F (w)h(w)
F(w) = CF fi(w) + C1Ca fa(w) + O3 fa(w),
G(w) = Crg1(w) + Caga(w). (6.3.17)

Our equation (6.3.15) is precisely of the form (6.3.16), after identifying the independent

variables p ~ x, ¢ ~ y, and with the following functions:

) (6.3.18)
g=—"2w—-1 , h(w)=w"+w.
Therefore, the functions F' and G are
F(w) = 4C% 4+ 4C1Cy,
Gw)=Cp (4w — 1)+ Cy (—2w — 1)
= (—4C1 —2Cy)w — (C1 + C9). (6.3.19)
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Our solution, then, is

C3 = Cip+ Cag (6.3.20)

o

8 (C% 4+ C1Cy) dw

— (401 +205) w — (C1 + Ca) — \/ (401 +2C0) w+ (Cy + C2))? = 16 (CF + C1Ch) (w? + w)

where we have taken the negative root in the denominator, appropriate if C'1 + C9 < 0.

Choosing values of the constants C,Cs, C5 in (6.3.21) gives an implicit relation for the

function w(p, ¢) which solves the TT flow equation. For instance, if we set Co = 0 and

C1 = —1, equation (6.3.21) becomes

8 dw
Cs+losl) = | T~ A—se

(6.3.21)

which reproduces the result (6.2.15) which we found in the case of pure gauge theory. In

this sense, our implicit solution is a generalization of the technique of section 6.2.2 to the
case where |D¢|? # 0.

The integral appearing in (6.3.21) can be computed explicitly in terms of logarithms (or,

equivalently, inverse hyperbolic tangents). The integral is of the form

adw
I(w) = : (6.3.22)
/—ﬁw—’y— V(B +7)? = 20 (w? + w)

where

a =8(C2+ C10y),
£ =4CT + 209,
v =C1+ Ch. (6.3.23)
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The result can be written as

a(w+1) + (8 —7)(y + fw)
(B — 7)\/72 +w? (2a + 52) 4 2w(a + 57)

7+ w(a+ B7)
’y\/’yQ + w? (2a + B?) + 2w(a + B)

N /204 52 tanh! a+ 20w + [(y + fw)

V2a + 62\/72 + w? (2a + 52) + 2w(a + By)

+ (B8 —7)log(w+1) + ’ylog(w)) ) (6.3.24)

Iw) =4 (w — ) tanh~!

- tanh !

Exponentiating both sides then gives
exp (Cg — Cip — Coq) = exp (I(w)) . (6.3.25)

After simplifying the exponentials of the inverse hyperbolic tangents in (6.3.25), the right
side only involves rational functions and radicals. This relation, therefore, gives an algebraic
equation in w whose roots are the solution to the 7T flow.

By construction, a function w(p,q) which satisfies (6.3.25) solves the differential equa-
tion (6.3.15). However, this technique is more unwieldy than the direct series solution for
generating Taylor coefficients. The main utility of this strategy is the conceptual result that
the solution w(p, q) is, in principle, defined by the root of an equation which involves only

radicals and quotients, as we saw for the pure gauge theory case in (6.2.19).

6.3.3 Solution via dualization

One can also apply the dualization technique of section (6.2) to the coupled action. Begin

with the undeformed action
_ 2 2
Lo =|Do|* + F*, (6.3.26)

where we put & = 1 since the sign will not affect this calculation. Exactly as before, this

action is equivalent to
9 19 0y
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after integrating out the field y, although this form of the Lagrangian hides some complexity
because the covariant derivative D is now non-local in . Ignoring this for the moment, we

again note that the action coupled to a background metric is of the form

Sy = (/ﬁd% (|D¢|2 + %;ﬁ)) + (/ d%XEWFW> . (6.3.28)

As far as the TT deformation is concerned, (6.3.28) is simply the action of a complex scalar

¢ with a constant potential V = % x2. The solution to the flow equation at finite X is [3, 10]

2
1 1— Ax2 21DgI2 +x2 11— X2
():ﬁ (—X)z_i_g)\w%_ﬁ%_{_xew/puy_ (6.3.29)
(1 . %)\XQ) 1 —35X\x 1 —35Xx
As in section (6.2), one might hope to iteratively integrate out the auxiliary field x in (6.3.29)
in order to express the result in terms of F2. The equation of motion for y resulting from

(6.3.29), after solving for Fy; (and assuming that Ax? < 2), is

X (—]Dd)\Q)\ (2-Ax2) — \/2]D¢\2)\ (2= M2) +1- 1)

(2= 22)* 21Ds2A (2 - 2x?) +1

Fop = (6.3.30)

Solving (6.3.30) by series inversion to give y as a function of Fy, then substituting back
into (6.3.29), then determines the full 7T deformed action. The result, up to order F& and
using the shorthand = = F2 y = |D¢|?, is

VI+ Ay —1 L (VI+4y+ 2 y (VI+4hy +2) + 1)
2 (20 + VI Dy + 1)

16 22
+ bz - 2037 (3\/1 Ay + 14) A2y (17\/1 Ay + 31)
(2/\y +vV1+4\y + 1)

L\ =

+ 2y (4\/1+4>\y+5> P /T r g+ 1

N 128)\%3
20y + VI T ahg+1)°

ANDyP (13@ n 96) 4 ondy (183@ n 496)
1 8A3y3 (57@ + 101) + A2y (106@ + 145)
+ 6y (7M+8) +3( 1+4)\y+1)
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10241324
+ 2Ty (323\/ 1+ 4hy + 3266) 4 26,6 (8471\/ 1+ 4hy + 30585)
(2My +VI+4y +1)

4—2A5y5(9879\/1%—4Ay—k22795>—%4A4y4(4589\/1%—4A9‘F8019>
4—2A3y3(4244\/14—4Ay-k6093)—%AzyQ(2083y/1+-4ky—%2577>

%—26Ay(10x/quzxg%—ll>—%13(\/IQTZX§—F1)

(6.3.31)

We have checked by explicit computation that the series expansion (6.3.31) solves the flow

equation (A.7.7) to order z%,
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APPENDIX A
DETAILS OF SUPERCURRENT AND FLOW EQUATION
COMPUTATIONS

A.1 Derivation of (1,1) Flow Equation

Here we will show some steps of the calculation which leads to the partial differential equation
(3.2.15) defining the supercurrent-squared deformation of a (1, 1) free theory with a potential.
By setting the superpotential h to zero, this calculation also reproduces the PDE (3.2.3)
which describes deformations of the free theory.

We would like to consider what happens when we deform the superspace Lagrangian
AO) = D, ®D_® + h(®), according to the flow equation (3.1.7),

0

t t t t
8 a0 =7 70

It will help to introduce some shorthand: we define A = D4 ®D_® so that A0) = A, and let
x=1044+PO0__Pandy =t (D_|_D_<I>)2 as before. Also define the dimensionful combinations

X =0, 00__0 = % Y = (DyD_9)2 = % (A.1.1)

Our ansatz for the superspace Lagrangian at finite ¢ will be Al) = F(z,y)A+ h(®).

With this ansatz, some of the terms in (3.1.5) will not contribute to the right side of
(3.1.7). For instance, the terms %Dia@ will be proportional to D4+ ®D_& = A.
However, every term in the superspace supercurrent is proportional to D1 ®, D_®, or
D41 ®D_®. Therefore, when we construct a bilinear in 7, any term containing D4y ®D_®
will not contribute because it can only appear multiplying another term which contains at
least one of D4+ ®, which vanishes because (DiCD)2 = 0.

For our special ansatz, we will re-write the components of 7 keeping only terms which
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contribute to bilinears,

Thio ~ Ois s g“jq) + o oD, ( ) ;i q)) S0 aD (—5 Dig (D) — DA,
Tt~ a**%ziAq) T 04 @D <58Mq>) * %aH(DD* (5ngq>>
T aq)égfcb +0——2D+ <5aic1>) - %aq)D (6Dié_®) ’
Tt a“q)(sgfq) To-—eD- (505_{@) - %6__<I>D+ (wjg_cp) - A
(A.1.2)
The terms are
DiA~FD A+ 1N (®)D,®,
D-A~FD_A+H(®)D_9,
a++q>5g“j@ ~ Fd,,®D_®,
a++q>5g“il@ ~—F0, 1 ®D, D,
a__q>5g“j@ ~F9__®D_9®,
a__cbég—“il@ ~—FO0__®D,®,
Oy ®D, (mi“j@) ~ Xg—f(D+A,
04+ 0D ( A @) ~ (@440 5D A
d__®D, (50?1@) ~ (0__®)? g—§D+A,
oo () < xios
%8++<I>D+ (6Dig<b) ~ \/?a++q>g—§ Dy A,
%aqnp (wjg_@) ~ \/?acbg—f; "Dy A,
—%8++<I>D_ (wjé_@) ~ —\/?a++<1>g—§ .D_A,
—%ELJI)D_ (wj“;_(b) ~ —ﬁa__ég—i - D_A,



where ~ means “equal modulo terms which are proportional to D4 ®D_®.” since any prod-
ucts involving these terms will contain two nilpotent factors and thus vanish.

The first piece of supercurrent-squared is

9 OF v 8F
OF oF
2 —
x (Fa__q>D_<1>+(a__ J o DeA = VYO oD A)

F
= —F2xA - FXg—a__®D+<I>D+A + FX§—6++<I>D AD_®  (A.13)

+ X2 (aF ) D_AD, A+ F—\/?XD+AD_c1>

X
OF
L rx v D+<I>D A-YX D+AD_A.
Y oy
The second piece is
F F
Ty Ty = (F8++<I>D_<I> + (XS—X - F> DiA-G'D - ﬁa++q>g—yp A)
OF . OF
X (—Fa__<I>D+<I> + (Xa—X - F) D_A—G'D_d+ \/_8__<I>8Y D+A) :
_pxa+r(x%E _p Oy ®D_O®D_A + FX\/?E)—FDJ>D+A
X oY
+ FX\/}_/a—FD,ADgI) —F (Xg—)}; - F) O__®D, AD,
OF 2 OF
(Xa—X - F) DiAD_A-YX <8Y) D_AD,A
e (Xg—)]; - F) D ®D_A+ (G')’ D ®D_ — G’ﬁ8®g—§D+®D+A
OF ) OF
el (Xa—X - F) D AD_® + G \/?a++<1>a—yD_AD_<I>.

(A.1.4)

Using the definitions A = Dy ®D_®, X = 9, ®0__®, and VY = D D_®, we see that
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the products appearing in the above bilinears can be simplified as follows:

Dy®DoA = D ®Dy (Dy®D_®) = DodDL D4 OD_d = Ay, ®,

Di®D_A = Dy®D_ (Ds®D_d) = DydD_DidD_d = —AVY,
D_®DiA=D_®D, (Ds®D_d) = —D_OD,dD.D_d = AVY, (A.15)
D_®D_A=D_®D_ (D ®D_®) = —D_®D ®D_D_& = A)__d

DiAD_A = <8++<I>D_<I> . D+<I>\/?) (—\/?D_q> . 8__<I>D+<I>> = (X +Y)A.

So after simplifying,

OF OF OF
_ 2 2¢45 2
OF oF oF 2
2
Ty Ty = FPXA+2FX (Xa—X - F) A+ 2FXY8YA + (Xa—X - F) (X +Y)A
n2 / OF _ . /
+ ((h) +2h'VY (X—aX F) 2VY Xh 8Y>

(A.1.6)

In particular, we see that every term appearing in (A.1.6) is proportional to A = D4 ®D_®.
This means that the deformation only generates a change in the first term of our ansatz
Al) = FD,y®D_® + h(P), but it does not source any change in the potential. This justifies
our choice of ansatz which leaves the potential as h(®) rather than allowing a more general
function G(t, ®) with G(0, ®) = h(P).

Adding the contributions gives,

B ) OF — [ OF
oOF
— WY XH o+ (1) A
(A.1.7)

Setting this deformation equal to %A(t), and multiplying both sides by ¢ to convert dimen-

sionlful variables X and Y into their dimensionless counterparts x and y, gives our final
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result (3.2.15),
%, %, 9 OF  , n2 OF
—F+4y—F=(y—x)F?—-2F — +(h 2h — —F
ol g =y —2) v(w+y) o+ ()" + ﬂ(a’ax )
oF
—2 I—. Al
Viyah a9 (A.1.8)

We were unable to find a closed-form solution to (3.2.15) in the general case. However, we

can find the solution in a few special cases. If y = 0, (A.1.8) reduces to
oF (2) = —a <F(m)2 + 2F(:U)F’(x)x> , (A.1.9)

which is solved by the Dirac-type ansatz F(x) = —Vl—gﬁf_l If # = 0, equation (A.1.8) is

solved by F(y) = ﬁ If y = —x, the second term on the right side of (A.1.8) drops out

and the solution is F'(z) =

1+2x-

A.2 Derivation of (0,1) Flow Equation

Next we would like to write down a partial differential equation, similar to (3.2.3) in the
(1,1) case, which determines the Lagrangian deformed by the (0, 1) supercurrent-squared
operator at finite ¢.

Define the three combinations of fields

T=1t0,, ®O__ O, y=t(DyV_ )2,  2=tD,®D,0__, (A.2.1)
and their dimensionful counterparts X = 7, Y = %, Z = %. Our ansatz for the Lagrangian
at finite ¢ is

AW = F(z,y,2) (D190 &+ U_D W )+ Fy_(z,y,2) (V_D4®). (A.2.2)

Since the function Fy _ is fermionic, it actually contains several different functions since
we may combine the fields ®, U_ and derivatives in a few independent ways to obtain a

fermionic function. We will expand Fy _ as follows:

Py =G(x,y,2)D4+V_D 0+ H(z,y,2)04+ PO V_ + J(2,y,2)0- P04+ V_.
(A.2.3)
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Altogether our ansatz for the deformed Lagrangian is,

A = F(Dy®0__®+V_D, W)
+ (GD+\I’_D+8__¢ + H6++d>8__\11_ + Ja__d>8++\11_) (\I/_D+(I)) . (A.2.4)

This is a (0, 1) superspace Lagrangian with the functional dependence
A=A(Q,V_DyP, D V_ 044D, 0++V_, D 0__). (A.2.5)

Following the procedure of section (3.1.1), we can consider a transformation z=+ — z+% 4

a** and extract the components of conserved currents. In this case, they are

Tt++ = 3++@% + 3++\1’—$ — 044+ ®D+ (M)j%) ;
o= oo w0 ep, (wj%) 4
St = 8++<I>5gfq) + Dy (5)**@53(21@ — A) + 044V 5D5ﬁ1’—
+(0--044.2) 5&:5%’
S = a__cpag“j@ + Dy (a“@(sai@) +O__W_ wéqu_ + 32¢—5Dfi_¢.
(A.2.6)

We compute each of these contributions. As before, we will drop terms which are proportional
to W_D4®, since every term in S and T is proportional to either W_ or to D4 ®, so any
terms involving both of these nilpotent factors will not contribute to bilinears. We will also
introduce the shorthand A = Dy ®0__® and B=V_D, V_.
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Doing this, we see that:

A
00—_9
A
a__q)é(l,(b
dA

(9++CI)

0, ®

0A

0 5D,

)

0A
0A
00__W_

5A
30,0

0L U_

0—_VU_

o
(

044 @

dA

Di(o__®

044D+

O__®D, (

0A

vy_—
O+ SDU_

DA~ (5

5a++¢)'w

OF
—— ~0__V_ (8_y(A +B)+ FY_

OF
~ FDy00, 4 ® + —

ox

oF
~ FA — (A+ B
+x8:z:( + B),

~ 020 9L (D0 _®)(A+ B)+ Fu

0z

—044P (GD4+Y_D410__®+ HO4 1 PO _V_ 4+ JO__ P04 V_)WU_|
oF

__d—
~0 0z

—0__®(GDLV_Di0-_®+HOy ®__V_ +JO__ D0, W _)U_,

(0++9)* (A+ B),

(D10—_®) + F (0__®)?

~ 0,

~ 0,

(0__) a++xp_) <D+\IJ_D+<I> - fo_a++<I>),

OF
044 O- (a++c1>qf DyV_ —Dy®(DyW) )
~o_ o9k

= (a++<1>\1/ DiV_ — D ®(Dy0_ ))

ox ox
0J
8H oJ
0A
0D4yO__P
F
~ 044U (8—(14 + B) + F‘I/_> ,
dy
O D, ®(A+ B)
0
Dyx+ oF
+ (GD+\I/_D+8__<D + H8_|_+<I)(9__\If_ + J8__<I>8++\If_)

F H
~ Dy <JZ88—(A + B)) + <I8—GD+\I/_D+8__(I) + x8—8++@6__\11_
G I ) : (D+\IJ_D+@ - \Iz_a++<b>,
OF oG
2 oG 2
(oo S m) + (5 0P D0
—0__P0__V¥_ _
+ 5000 o
(5D+8<I>>
dA )
OF
<82 ~0
N _@(M%MMA+E>~&
OF OF
o7 ay D+y+§D+z) <A+B) —|—F(D+A+D+B)
X (DJF\I’fDJr(I) — \I/f8++q)> .
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We will argue that the coupled differential equations for F', G, H, and J resulting from (A.2.7)
are consistent. This will be the case if they do not source any additional combinations of
fields that do not appear in the ansatz (A.2.4).

The only thing that could spoil consistency is a D4z term, since
D+3§ = (D+6++(I)) o__d+ 8++<I>D+8__(I>. (AQS)

We have already allowed for dependence on D40__® in our Lagrangian, but terms propor-
tional to D044 ® are forbidden. We will show that, in the S -7 deformation resulting from
(A.2.7), all D4 terms drop out.

Tracking only the Dyx terms in bilinears, the supercurrent components are

or
Sty ~zDy (@) (A+B)+...,

F F
Tig— ~ xg—w(A +B)-FB— 8__<I>g—ZD+ (DL ®V_D, T_),

S ~(0-_¢)’Dy (aa—];) (A+B)+...,

oF OF
Tittt ~ FDy00, @+ —— (944.9)° (A+ B) - O14+@5- D4 (D4+PV_D4¥_),

ox
(A.2.9)

where ... indicates terms that are not proportional to Dyx or Dy (%)

The relevant contributions in the deformation are

F F
Tt S = Top——S4— ~ —aDy (a—) (A+B)- <$6—(A +B) - FB)

0w Ox

OF OF

+ (8__<I>)2 Dy (%) (A+ B) - (FD+<I>8++<I> + Oz
OF OF

= (0__9)2 D, <a_a;) (FBD,®d4, ®) — zD (%> (~FAB) + ...,

((9++<I>)2 (A+ B)) + ...,

(A.2.10)

where we have used the fermionic nature of A and B so A% = B2 = (A+ B)? = 0. However

in the last line, we recognize that (8__(13)2 Di®0;4+P = zA, since x = 04+ PO__P and
A=D4yP0__P, so

F F
Tig4+S— - —To4_Syy_~xDy (aa—x) FBA+ xD4 (aﬁ_x) FAB =0, (A.Z.ll)
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and thus the problematic D4 (%—F) terms do not contribute.

xT

A.3 The S-multiplet in Components

In this appendix, we provide the component expansion of the superfields of the S-multiplet
introduced in section 4.1.1. The results presented below are equivalent to the results first
obtained in [17] up to differences in notation.

The constraints (4.1.1) are solved in terms of component fields by,

S+t = Ji4 — 0TS —ifT (S;ii F Qﬂiﬁi> — iéigiii

A2F (& . + 5t AF k + k/
—10 <S$ii + 2\/§Zpi> — 0T Ty + 607607 (AT 5

+i010" Vg + i§+9__yii +i070 Gist F 2'9_9_+Gii
1 . 1 - _
TS0 070 0ss s F 501070 0s (S5 +2v2ip7 )

T _ T, _ ,
T30 002051 Srrs F 50707 0F02s (Samr F2v2ip7)
1 =
+19+0—9+9 0 L jrr . (A.3.1)
Let us introduce the usual useful combinations: y*+ = 2+ — %Hiéi and g+ = 2+ ¥
%Gigi. The chiral superfields y+ are
. s _ A L
X+ = —idp(y) —i0TGii(y) +0 (E(y) + 5) +6 )40t O+4+A—(y) (A.3.2a)
_ k _ _
Y- = —iA_(y)—07F (E(y) - 5) +i0"G__(y)— 6T CH) —0t0~0__X,(y) (A.3.2D)
p - igzpii + \/§ipi , (A.3.2¢)
1 i , .
E = 50-A)+ 1 Optjm = 0-—j4+) (A.3.2d)
0 = 044G —0__G44, (A.3.2¢)

and the twisted-(anti-)chiral superfields Y+ are given by

/

Ve = VBl 0 (FG)+ ) 07 Verlh) — 0700 4 VBT 04 p () (1330

/
Vo = V2p_(§) 0" (F(g) - %) +07CH) — Y. () + V2i6T0 0 _py () (A.3.3)
. )
F= —50+4) - i (Ot fme +0——jst) (A.3.3¢)
0 = 04 Y —0__ Y. (A.3.3d)
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For the FZ-multiplet defined by the constraints (4.1.10), the S-multiplet reduces to a
set of 4 4+ 4 real independent component fields described by the j+4 U(1) 4 axial conserved
R-symmetry current (04++j—— — 0—_j4+4+ = 0). In addition, there is a complex scalar field
v(x), see eq. (4.2.14), together with the independent supersymmetry current and energy

momentum tensor:

Stt+(x) = iD+J++(Q)|g—0 , (A.3.4a)
Stax(r) = —iDxJ++(C)lp=0 , (A.3.4b)
Sriila) = —iDsTes(Qlgmo = £D2V(Oloy - (A3.40)
Sgxx(z) =  iDgJxx()lg—o = FiDLV({)lg—o , (A.3.4d)
1 _
Traga(z) = 5D+, D]Txa(C)lo=0 » (A.3.4¢)
1 — 1 —
O(z) = —5[D+ D+]T-~(Olo=0 = —5[D-, D-]T++(Olo=0
1 11— — —
= —2DsDV(Qlgp + 50+ D-V(Olpo - (A.3.46)
For the FZ-multiplet, the following relation holds:
o . -t At G - NF .AF &
Je+ = Jat — 107814t — 0 Seat +i07 St +007 St
0O Tttt + 0TOTO +i0T0 01t + 1070 Oatv
1 _ 1 _
:F§e+9*9iaﬁs¢ﬁ £ 507070 Ors St
14 - _ 10— _
¢§9+ 0 0704 vy + 59* s
1 —y
+19+9_9+9 O L jrr - (A.3.5)

Moreover, the chiral superfields y+ are set to zero and the twisted-(anti-)chiral super-

fields Y+ = D4V are given by

Vi = iS4 () +07 G@) —i0 01 v(§) + 070701 S (§),  (A3.6a)
Vo = —iSy—(§)—0TG@) —i0 0——v(@) +070 0:+S——_(§), (A.3.6b)
G = —6- %6++j__ . (A.3.6¢)
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A.4 Details of the (2,2) FZ Multiplet Calculation

In this appendix, we compute the fields J++ and ¢ appearing in the FZ-multiplet for La-

grangians of a chiral superfield ® with the general form

Lo= (/ d40A((I>,Di(ID,DJFD_(I),@ii@,C.c.)) + (/ 4?6 W((I))) + (/ d2§W@)) ,
(A.4.1)

Y

where “c.c.” indicates dependence on the conjugates ®, D+® D D_&, and d++®. To do
this, we will minimally couple the theory to supergravity using the old-minimal supergravity
formulation and extract the currents which couple to the metric superfield H¥* and the

chiral compensator o. The minimal coupling prescription involves promoting L tol

Ly — LSUGRA = (/ doE! A®,Vi® V. V_D VD, C.C.))

+ (/ d295_1W(<I>)> + (/ 29" W@)) : (A.4.2)

Here V4 is the derivative which is covariant with respect to the full local supergravity gauge
group, E~1 is the full superspace measure, £ ! is the chiral measure, and ® is the covariantly
chiral version of the chiral superfield ®—that is, V4+® = 0 whereas D4+ ® = 0.

Expressions for these supercovariant derivatives and measures have been worked out in a
series of papers [21-25| from which we will import the results that we need for our analysis.

To leading order in H™, the linearized inverse superdeterminant of the supervielbein is
Et'=1-[Dy,Dy)H"™ — [D_,D_]H ~ (A.4.3)
while the chiral measure is given by

—
El=¢20 (1 : eZHm5m> =1-204i(OpH™) +--- , (A.4.4)

where the ellipsis are terms of higher-order in H™ and o. The covariantly chiral superfield

® is related to the ordinary chiral superfield ¢ by

& =cM"0me =& i (HT 0,4 + H0__)® + O(H?) . (A.4.5)

1. Conforming to notation of [21-25], in this section we will sometimes use the index notations oo = +, —
and m = ++, ——.
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The spinor supercovariant derivatives V4 are

where M and N are linear combinations of the Lorentz, U(1)y/, and U(1) 4 generators which

act on spinors as

(M, 4] = %50 M, 4) =0, (A4Ta)
(07, 94) = 457 (37,4 =0, (A4TH)
ATAES [N, 4] = 450 (A4Tc)

The spinor inverse of the supervielbein E, = EM s, and the structure group connections
Qa, I'a, and X, can be expressed to linear order in terms of the metric superfield H ++ and
an unconstrained complex scalar compensator S. In the case of old-minimal supergravity,

the unconstrained superfield S is related to the chiral compensator o by

S=o0- %8mHm — % [Dy, DL HT — % [D_,D_|H ~, (A.4.8)

to linear order. In the following analysis we will first obtain expressions for the supercovariant
derivatives in terms of S = S(H™, o), and use (A.4.8) to give them in terms of H" and o.

The spinorial inverse of the supervielbein is given at first order in the prepotentials by
Ei=(1+8)D++i(D+H™)0m — 2 (D+D+HTT) D | (A.4.9)

together with their complex conjugates. Meanwhile, the connections €2, 'y, and ¥, can be

written to leading order as

Iy = +2D4 (S+5) F2D+DsD+HTT (A.4.10a)
Y+ = —2iD+S+2iD+D+DLHTT (A.4.10b)
Qy = F2D+D+D+HTT . (A.4.10c)

Using (A.4.6), the vielbeins (A.4.9), and the expression (A.4.5) for ®, we find the superco-

variant derivatives

Vi® = (1+58)D+®+2i(D+H™)0p® + iH™(D+0y®) — 2 (D D+HTT) D+ ® ,(A.4.11a)

Vi® = (1+5)D+® —2i (D+H™) 0@ — iH"™ (D40 ®) — 2 (D+D+H T T) D+ ® (A.4.11D)
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To compute the second supercovariant derivatives acting on ® and ®, we must include the

contributions from €, I'q, 2, and their conjugates. One finds

ViVi®=i(1+S+5)04+® —2(D+D_DiH ~)D_® +2i(D1 D+ H™)0p®
—H"94 10m®+2 (D4 (S+S)+D_-D_D{H ") Dy &, (A.4.12a)
ViV_® = (1+28)DyD_® +2i(DyD_H"™)0p® — 2i(D—H™) D40, ®
+2i(D+ H™)D— 0y ® + iH™ Dy D_ 0 ® — 2(D+ D4+ D_HT D, ®

+2(D_-D_D{H ")D_&, (A.4.12D)
V.V ®=i(1+S+8)0_-_®—-2(D_-DyD_H™ D&+ 2i(D_D_H™)0,,,®
— H™0__0p®+2(D_(S+S)+D4+D+D_H*")D_o , (A.4.12¢)

together with their complex conjugates. Armed with these expressions, we can linearize the

supergravity couplings in (A.4.2). First let us consider the contribution from the D-term.

We would like to extract the terms proportional to H¥* and o in
L= /d49 E7PA® VLi® V V_® Viid cc.),
; — 0A 0A
4 ad . Y rrm .
/d G(H [Da, Dg| A+ ZacpH Om® + (Va® — D, ®) D
0A 0A

(V4V_® — D, D_®) +

(Vin® — O ®) + c.c.> . (A413)

vV o IV
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where V44 = —i {Vi,vi}. Doing so, we see that the currents which couple to H*E are

1 0A 1 0A 0A oA
“4_§8V 5P~ ¢_§av+¢D+@+av+v_@D+D‘®+8v++®
— HA — 0A DA

+2d1_<8v__©LL¢D-+2d1%(av++®Lu¢>—+8v__¢6__®]

T4+ = [Dy, D] 044 @

+1

(9A 1 0A 0A 0A

0A 1 0A 0A 0A
—2D_ (av_q)@++d>) + §8++ (av ®D+q)) av (I)D+8++(I) — 2D_|_ (av (9++<I>)
0A 0A

OVLV_D OV V_d

— QD_D_|_ ( 8++(I>> +2D_ ( D+8++¢>>

0A
OV D

OVLV_O OV V_O

0A A dA
" L7

av__®aH>'+6v++¢a%k'+av__¢

0A
ovV_o

— 2D+ (LD8++®) + LDJFD,&FJJI) + 2’iD+E+ ( 8++q))

+2Z'Dfo ( anrJr(I)]
0A

2 R
N VLV _D

——DE+< D+®>——DE+D+< D+®>

B 7 A e = 0A
+ ZD_D+D_ (3V__LI>D+(I)> - ZD_D+D_|_ <(‘)V__<I>D (I))

+ c.c. (A.4.14)
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J-— =[D_,D_] %A - %agit@p@ - %%D@ + avf%mpcb + avaiq>8++q)
+2iD_ <3Vai<IDD(D) +2iD4 <avaiq>D+q)) + Waiq)acb]
+i %‘a@r %8 (ag“iDD@) —0__ (avf%mp@) - ag“ippacb
—2D_ (ag“il@a__cb) + %a__ (ag“jq)Der)) — @g“j@ma__cb — 2Dy (@g“j@a__@)
—2D_Dy (Wf%a"@) +2D_ (Wf%ma__cb)
— 2Dy (avf%D_G__CD) + avf%mp_a__@ +2iD4+ Dy (%a_@)
+2iD_D_ (avaicpa“q)) + 8vai®a++a__<b + avaicpaz—q)]
+2| = DyD_ (ag“jq)D_CD) +DyD_D_ (avf%DJb)
+iD,D_D, (%D_CD) _iD.D_D- (%D@)]
+ cc. (A.4.15)

where +c.c. means to add the complex conjugates of all preceding terms (including the real

quantity %[Di, D] A for which the complex conjugate merely removes the factor of %)
The field V which appears in our deformation (4.2.10) receives two contributions, one

from the D-term coupling which depends only on A, and one from the F-term coupling

which depends only on the superpotential W. Adding them, we find

_ 0A 0A 0A 0A —

= DD | -——Db+2——-D. D &+ —09,,P —0,,,

v + v oCT OVLV_d T +avmcbam +avmq>am
— 0A oA — _—
21D — D, 2iD —D. P
i +<3V++‘1’ i )+ Z +(3V++(I> i )
— 0A . 0A — —
+ 2ZD_ (mD_q)) + QZD_ (av__@D_q))

2 (D) . (A.4.16)
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A.5 On-Shell Simplification of Chiral Scalar Theories

In this appendix, we prove the following claim which applies to (2,2) theories of a chiral
superfield of the form considered in Chapter 4: one can drop all terms which involve products
of (DL D_®) or (D+D_®) and the four-fermion term |D®|* = D, ®D, ®D_®D_P when
the equations of motion are satisfied.

To see this for the models we consider, it suffices to consider a superspace Lagrangian of

the form
L= /d49A(<I>,Diq>,D+D_<1>,aiiq>,c.c.)
:/d49 (K(@.®) + f(r.7.9)[D2[!) . (A5.1)

which has the superspace equation of motion

4 4
mo =D 2555 oo [
a(f|1Deh)
— O, [ o) 1 } (A.5.2)

for ®, and the conjugate equation of motion for ®. If we multiply (A.5.2) on both sides by

the four-fermion term [D®[* = D4 ®D, . ®D_dD_d then any term containing (D+®) and

(D+®) fermions in (A.5.2) will vanish by nilpotency. On the left, the only surviving term is
K, q@l_LFl_?_@, while on the right we get contributions from the first and second terms:

5T F TR N R )ym. 1 |9

Ksg (D4+D_®) |DP|* = (D+D_<P) |D®| {)\D+D_ [a—y

_ (”’"jf) f} . (A.5.3)

On collecting terms, the previous equation turns into

<a__6><a++6>}

(D+D_B) Do {KM, i (?) f—AD.D. %( F)(0,,9)

} =0. (A54)

The parenthesis multiplying (D4 D_®)|D®|* in the previous expression does not vanish in
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general, at least for A small enough. Then for (A.5.4) to be satisfied, the equation

(D+D_®)|Do[* =0 (A5.5)

has to hold when the equations of motion are satisfied. This justifies our claim in section
4.3.1 that we may drop all terms involving the product y|D<I>|4 in the deformation, assuming

we restrict to on-shell configurations.

A.6 On-Shell Simplification of Born-Infeld-Type Theories

This appendix is devoted to deriving the on-shell relation (5.4.37). We are going to prove this
holds for an action of the form (5.4.26). Let us start by considering the following Lagrangian

1 1 — 5 o
L = 1/d29W2+Z/d29W2+/d20d29W2W2Q[D2W2,D2W2} . (A6.D)
We recall that W, and W satisfy the Bianchi identity D*W, = D,W¢%, whose solution
is given in terms of a real but otherwise unconstrained scalar prepotential superfield V:
Wy =-1/4 D2D,V and W, = —1/4 D?D,V. 1t is a straightforward calculation to derive

the EOM by varying the action (A.6.1) with respect to the prepotential V. The EOM reads

0 = —DO‘Wa+2DO‘D2<WaW29> %T) D (WQWO‘Q)
+%DO‘[WQD?D2(W2W2 D2W2 )|+ % [Wd<D252W2W28(§T?T/2>HA.6.2)

Because of the constraint that WoWgW, = 0 and its complex conjugate, multiplying
eq. (A.6.2) by W2W?2 and using the EOM gives the following condition

W2W2(DYW,) (1 + f(Q)) —0, (A.6.3)
where the functional f(£2) is given by

f(Q) = —=(D*W?+ D*W?)Q

o0}

(D2W2)<D2W2)W

[\:)I»— [\Dli—
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This implies
W2W2(DW,) =0 , (A.6.5)

which is precisely condition (5.4.37).

A.7 Derivation of General Flow Equation for Gauge Field and

Scalars

In this appendix, we will obtain the flow equation of a sufficiently general Lagrangian for all
cases involving gauge fields and scalars that are of interest in Chapter 6.

Consider a general A\-dependent Lagrangian for a complex scalar ¢ and field strength F"
L=f(\F%|Dgf%), (A.7.1)

For convenience, we will also define z = F? and y = |D¢|?. As in the main body of Chapter
6, D is the gauge-covariant derivative and the field strength F' need not be abelian; we use
the shorthand

F? = Fo,Fi" = Tr (F2> , (A.7.2)

and we will suppress gauge group indices in what follows.
We can now compute the stress-energy tensor by coupling to a background metric and

varying with respect to the metric, which gives

0 0 _
ZW—WJ4JF%W4§mwm
0 0
= Tluv [+ Qaf ,w/FQ Qa—fDu¢Dy¢ (A.7.3)

where we have used that FMUFUV = —%77#,/ (FaﬂFo‘ﬁ) in two dimensions.
The determinant of 7" is then expressed in terms of the combinations

of

0 ;) ;)
THY Ty, = (nﬂ” f+ 277“”F2a—f — 2D”¢DV¢8—‘£> (mw f+ 277WF26— — 2DM¢DV¢ / )

dy

2
=2f% — 8z fg—él fg+8x2(g—£) + 8z g£g£+4 2(%) , (A.7.4)
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and

2
Q%JQ:(H—Aﬁgi—MDwﬁi)

2 2
=412 _16F%f af—8\D¢| f5 +16F4 (ﬁ) + 4| Do (%) +16F28faf|D¢|2
ox oy Oz Oy

2 2
= 4f? — 16z f%—8 fg+16x2(g) + 162 %2—5}4 (ag) . (A7.5)

Using these, we can write the TT operator as

det(T) = 5 (%) = T T,

2
= f?—Afx 8f —2fy a—f+4 2 (g—i) +4xygfg§ (A.7.6)
and hence the TT-flow equation as
2
df 2 8f s f+4 2(%) +4xy%%' (A.7.7)

This is the main differential equation of interest which we will study in Chapter 6. Although
we have used 1), for the metric, these results are valid either in Minkowski signature or in
Euclidean signature — replacing 7,,, with d,,, in the intermediate steps of these calculations
does not affect our final result (A.7.7).

In the case where we turn off the field strength, setting x = 0, this differential equation

becomes

f f

_f —2fy (A.7.8)

Imposing the boundary condition that f(\ = 0) = |D¢[?, we find

FOL D) = % (\/1 + AN Dgf2 — 1) | (A.7.9)

On the other hand, in the case where we turn off the scalars (setting |D$|> = 0), the
differential equation (A.7.7) becomes

df f 2 (OF\?
—f —Afzo- e <a_x) : (A.7.10)
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which has the solution

13 545
MDY =F2. k(221,22 2 9. 22 \F?2) . A711
f( ) ) 4 3(2747 7473737 ) 27 > ( )
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