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ABSTRACT: We revisit TT deformations of d = 2 theories with fermions with a view to-
ward the quantization. As a simple illustration, we compute the deformed Dirac bracket
for a Majorana doublet and confirm the known eigenvalue flows perturbatively. We mostly
consider those T'T theories that can be reconstructed from string-like theories upon inte-
grating out the worldsheet metric. After a quick overview of how this works when we add
NSR-like or GS-like fermions, we obtain a known non-supersymmetric 7T deformation of
a N = (1,1) theory from the latter, based on the Noether energy-momentum. This world-
sheet reconstruction implies that the latter is actually a supersymmetric subsector of a
d = 3 GS-like model, implying hidden supercharges, which we do construct explicitly. This
brings us to ask about different 7T deformations, such as manifestly supersymmetric 7T
and also more generally via the symmetric energy-momentum. We show that, for theories
with fermions, such choices often lead us to doubling of degrees of freedom, with potential
unitarity issues. We show that the extra sector develops a divergent gap in the “small
deformation” limit and decouples in the infrared, although it remains uncertain in what
sense these can be considered a deformation.

KEYywoRDS: Field Theories in Lower Dimensions, Integrable Field Theories, Superstrings
and Heterotic Strings, Extended Supersymmetry

ARX1v EPRINT: 2104.09529

OPEN AccCESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP07(2021)217


mailto:kyungsun.cogito.lee@gmail.com
mailto:piljin@kias.re.kr
mailto:junggiyoon@gmail.com
https://arxiv.org/abs/2104.09529
https://doi.org/10.1007/JHEP07(2021)217

Contents

1 Summary 1
2 Hamiltonian analysis of TT deformation 4
2.1 TT deformation of free scalar field )
2.2 TT deformation of free fermion 9
3 TT eigenvalue flows via worldsheet theories 13
3.1 Via Polyakov worldsheet in lightcone: a review 13
3.2 NSR-like extension 15
3.3 GS-like extension, or a failure thereof 18
4 TT deformation and N = (1,1) supersymmetry 22
4.1 Two distinct constructions via GS-like worldsheet theory 23
4.2 Does N = (1,1) SUSY survive ordinary 77T ? 27
4.3 Lessons from the GS-like worldsheet 34
5 The question of which energy-momentum tensor 42
5.1 Examples of the other TT deformations 43
5.2 A toy model with J-hemiticity 45
5.3 Two-dimensional models with J-hermiticity near UV 51
A Convention 57
B Details of perturbative calculations 59
B.1 TT deformation of free scalar field 59
B.2 TT deformation of free fermion 63
C Path integral and J-norm 67

1 Summary

In recent years, a particular form of irrelevant deformation of field theories received much
attention, namely the TT deformation [1]. A most surprising fact was that the exact
energy eigenvalue flow of such deformations could be computed [1, 2]. The eigenvalues are
anticipated to flow as, provided that the spatial direction is compactified on a circle,

E(\) ~ % [\/1 FANE(0) +4X2P(0)2 — 1|,  P()\) = P(0), (1.1)



where ) is the coefficient of the deformation. E(0) and P(0) are the energy and momentum

L The effect on S-matrices can also be

eigenvalues of the theory before the deformation.
kept track of relatively easily [2, 3], and the latter’s equivalence to those of an undeformed
theory coupled to dynamical gravity is known [4, 5], further suggesting another special
nature of this set of theories.

Despite these well-known features, the first-principle quantization via the usual canoni-
cal approach remains beyond the reach as the deformed Lagrangians are heavily non-linear.
In the simplest known example of a single real scalar, the deformed Lagrangian is of Nambu-
Goto or of Born-Infeld type [3, 6], with the kinetic terms enclosed inside a square root. The
appearance of such a square-rooted Lagrangian implies the same for a similar structure for

the Hamiltonian density,

1
H=—

1 1
o\ \/1 + 4\ <27r2 + 2(]5’2) +4X2(7¢')? — 1] : (1.2)

with the conjugate momentum 7 of ¢, in an apparent similarity with the known eigen-
value flow. However, the two expressions are actually a world-apart as H needs a further
integration over the space while the eigenvalue flow tells us that actual Hamiltonian in-
volves free Hamiltonian and momentum operators, rather than densities thereof, inside the
square-root. The tantalizing similarity between eq. (1.1) and eq. (1.2) is thus even more
vexing.

For fermions, the potential non-linearity of the Hamiltonian density truncates at a
finite order, which also appears naively at odd with the above universal eigenvalue flow
with a would-be infinite Taylor series in A. The resolution is conceptually simpler for
fermions, as it turns out. Recall that quantization of usual Fermionic theories must start
with a second-class constraint that relates the conjugate momenta linearly to the original
fermion variable,

1

whereby the Dirac bracket [7] replaces the naive Poisson bracket. What happens with T' T
-deformed fermions is that this canonical structure is itself deformed, again up to some
finite order in A. Combining this polynomial-modified Dirac bracket and the polynomial-
modified Hamiltonian sets up a perturbative eigenvalue problem that does not truncate
in A\. For actual eigenvalues, one would prefer to rephrase the Hamiltonian in terms of
simple harmonic oscillators, which would then involve an appropriate infinite Taylor series
and reproduce the general eigenvalue flow formula. We have performed this to the first
nontrivial order in section 2.

For the scalar theory above, something different happens. Between the natural har-
monic oscillators that come out of the canonical commutator,

[7,¢] = —id, (1.4)

1 This assumes the absence of certain zero-modes, such as the Wilson line of a gauge theory, whose scaling

with the spatial radius is exceptional.



and those that construct the free Hamiltonian and the translational Momentum inside the
square root of (1.1), we find a nontrivial canonical transformation. In other words, a non-
linear map between the two sets of oscillators such that both obey the common commutator
algebra, yet one is an infinite Taylor series of the other. These preliminary investigations
can be found in section 2, where the above perturbative computation is carried out up to
the second-order in A and confirms the known eigenvalue flow. Section 2 also reviews the
Dirac quantization procedures in some detail, which will prove useful and important in
later sections.

However, neither of these is efficient or extendable to higher-order, if interesting con-
ceptually. As such, we also explore other potential venues. For the above free scalar theory,
deformed by T'T, an indirect method is known [8-13] where the theory is realized as a unit
winding number sector of a Polyakov action after integrating out a worldsheet metric, and
the energy as the conserved conjugate momenta of the time-like target variable. It is nat-
ural to imagine that this method is straightforwardly generalized to Polyakov models with
fermions, either Neveu-Schwarz-Ramond (NSR) type or Green-Schwarz (GS) type, and we
explore such possibilities and find that some of such approaches do give the desired form
of TT -deformed theories. We find, unfortunately, these allow only limited handles on the
exact quantization, unlike the simplest scalar-only theory. Nevertheless, they offer struc-
tures of the T'T deformation that would not have been easily available without such routes.
The bulk of this note is dedicated to these explorations, as delineated in sections 3 and 4.

In particular, we devote the bulk of section 4 on TT deformation of the simplest
N = (1,1) theory, with the deformation operator being not supersymmetry completed.
Despite this explicit supersymmetry breaking, the universal nature of the eigenvalue flow
suggests preservation of the supersymmetry. This is also reinforced by the worldsheet
reconstructions of the same theory, starting from a 3D GS-like model with spacetime
supersymmetry. From both TT side and the worldsheet side, we construct and explore
the supercharges of the deformed models. In particular, the worldsheet viewpoint gives a
rather clear picture of why such supercharges exist, and we further explore the subsector
of the Hilbert space that preserves the supersymmetry partially. This observation may
lead to interesting topological observables for more complicated supersymmetric models
and TT deformation thereof.

Along the way, we find a peculiar problem with the generic 7T deformation of fermionic
theories. Recall that the fermion quantization, with its at most single time derivative in
the Lagrangian, starts with a second-class constraint that linearly relates the conjugate
momentum to the configuration fermion as m,; ~ %1/} “weakly” [7]. Such a constraint is
essential in all fermionic theory, free or interacting, for the usual counting of degrees of
freedom, where one complex Grassmannian field carries the same number of independent
canonical variables as one real scalar field. This counting holds for the initial undeformed
theories, but does it for the deformed theories? The T'T operator of free fermion theory
containing up to two derivatives, and even worse, once deformation starts, the number
of time derivatives can easily proliferate. The crucial second-class constraint can be lost
depending on the precise nature of the energy-momentum tensor used to build 77T



As such, we find an important dividing feature among various TT deformations. Clas-
sified by precisely which energy-momentum tensor is used or the deformation, there appear
to be two types of T'T deformation of fermionic theories. In one type, this constraint re-
mains a constraint only to be modified by non-linear corrections. The Dirac bracket is
additively modified by the higher-order multi-fermion terms, as we noted already. The
would-be second-class constraint itself is lifted entirely by acquiring a term with a time
derivative in the other type. The latter means that the degrees of freedom are doubled than
otherwise, so that the Hilbert space is much larger than that of the initial undeformed the-
ory, rendering the terminology “deformation” a misnomer. One fortunate aspect, though, is
that these extra degrees of freedom are gapped amply, scaling inversely with the small A so
that one may hope for a decoupling of the extra sector can be argued in the infrared limit.

In the latter class, the Lagrangian involves terms with more than one time derivatives
on fermions. Such theories are expected to be riddled with unitarity issues, generically,
such as negative norm states or non-Hermitian Hamiltonian [14]. For a d = 1 toy example
and for some simplest d = 2 examples, we see a glimpse of how the unitarity might be
restored by replacing the naive inner product on the Hilbert space with the one consistent
with the path integral. However, we performed the latter exercise only for specific limits
in the case of d = 2 examples, so it is not completely clear whether such “deformation”
leads to an inconsistent extension or to a different but sensible UV completion merely with
twice the degrees of freedom. Either way, the choice of the energy-momentum tensor for
TT deformation appears far more critical than naive expectations.

Interestingly, for those simplest examples considered here, the T'T deformations based
on the Noether energy-momentum tensor do not generate such issues. With symmetric
energy-momentum, we do find such problems even for the simplest possible theory. A
further divide of this kind exists between this standard TT deformation, at least naively
non-supersymmetric, of N’ = (1,1) theory of a single scalar multiplet and the supersym-
metry completed TT deformation thereof. It is unclear to us precisely what aspect of the
Noether energy-momentum tensor allows such a nice behavior and whether the same would
happen with a larger fermion content.

2 Hamiltonian analysis of TT deformation

The TT deformation features a universal form of the deformed spectrum in terms of un-
deformed energy and momentum [2, 3],

L ZD) 4N?
= — — . p2 _
E.(L,\) o \/1 +7 E, + 72 Pz —-1], (2.1)
Po(L,X) = Py(L) . (2.2)

It is tempting to claim that this universal form of the deformed spectrum also holds at the
operator level. Namely, one can ask whether the Hamiltonian operator of the deformed



theory can universally be written as

L

H=_—
2\

4\ 4N2

where H ) and Py is Hamiltonian and momentum operator of the undeformed theory.
We emphasize that H(y) and P are not density operators. On the other hand, starting
from the deformed Lagrangian density following the flow equation

1
AL = Seue T, T", (2.4)

one can derive the Hamiltonian density of the deformed theory. However, it is highly non-
trivial to see how the Hamiltonian from the deformed Lagrangian density is related to the
universal form (2.3). Also, the normal ordering of the deformed Hamiltonian (2.3) is not
clear.? Therefore, in this section, we will carry out the Hamiltonian analysis for the TT
deformation of free theories. Then, we will give an explicit construction of the conjectured
Hamiltonian (2.3) perturbatively by field redefinition.

2.1 TT deformation of free scalar field

First, let us consider the T'T deformation of the scalar field of which Lagrangian is given by

1 -
-~ |1 py 2y _ .
c 2A[\/ FoN(—d? + ) — 1], (2.5)
where ¢ = 9,6 and ¢ = 9,¢. Using the conjugate momentum
¢

T = ' , (2.6)
V1+2M(—d2 + ¢72)
the Hamiltonian density can be written as follows,
H= L 144\ (1772 + 1¢/2> + 4N (mg')? — 1
2A 2 2 ’
1 1 1 ,5)\2
-2 (7# 4 ¢’2) )\ (2772 - 2¢’2> + 0O\, (2.7)

where ¢ and 7 satisfy the (equal-time) canonical commutation relations:

[p(x1), 7(22)] = i6(21 — 22) [p(21), p(x2)] = [m(21), m(22)] =0 . (2.8)

Note that the Hamiltonian (2.7) is significantly different from eq. (2.3) in that the Hamil-
tonian (2.7) is the integral of a local density while the conjectured Hamiltonian (2.3) is a
function of charge operators (i.e., Hyy and Pg)) so that it contains infinitely many inte-
grals. This implies that the equivalence of two Hamiltonian is highly non-trivial, and one
needs non-local canonical transformation® to reach the conjectured form (2.3) if exists.

2Considering the deformed energy spectrum, it is tempting to guess that the normal ordering chosen in
the undeformed theory had better be applied to each Hoy and Pg individually inside of the square-root.

3Note that the commutation relation is not changed under such a transformation for the case of a scalar
field.



It was shown [8, 13] that the equivalence of the Hamiltonian (2.7) and the conjectured
Hamiltonian (2.3) can be proved by using Polyakov action (up to the issue of operator
ordering and the equivalence between Polyakov action and Nambu-Goto action at quantum
level). Although the equivalence of two Hamiltonians is proved, it is still non-trivial to find
an explicit map between operators. The dynamical coordinate transformation [15-17] and
the canonical map discussed in ref. [13] could, in principle, give the answer — a map
between operators. But, since they are an operator-dependent coordinate transformation,
it would not be easy to utilize them at the quantum level from the point of view of 2D
QFT. Hence it is worthwhile to find an explicit map between operators which transforms the
Hamiltonian (2.7) into the conjectured Hamiltonian (2.3), at least, perturbatively in small
A. Such an operator map could be used in other quantum calculations (e.g., correlation
function etc.).

For this, we consider the Fourier expansion of ¢ and II:

o(z) =Y dre” L, (2.9)
k

1 mikx
M(z) = - S e i (2.10)
k

where L denotes the circumference of . Here, the normalization is chosen in a way that
¢, and Il are dimensionless and the commutation relations of the modes are

[¢/€7 Hq] = Z.(;kJrq,U 5 [(bk? ¢q] = [Hka Hq] =0. (211)

It is useful to define oscillators Ay Ay by

1
A = — ) —1II 2.12
k Vikey + NG (2.12)
_ 1
A, = — ko —II_, . 2.1
k Vmike_y, + ok (2.13)
The commutation relations of Aj and Ay, are
[Aka Aq] = k6k+q,0 ; (214)
[Ag, Ay = kdkiqo0, (2.15)
[Ag, Ag] =0 . (2.16)
We will consider the small A\/L? expansion of A; and Ay
0, A f “0) . A (1
Ak:A;uﬁA;H---, Ak:A;HﬁA;H---. (2.17)

Because we have the free scalar field for A = 0, the leading operator A;O) and /_120) should
be the free oscillators ay and &y, of the free scalar field,

A =, AV = q, (2.18)



where the commutation relation of the oscillator oy and @&y is the same as that of A’s:

[k, ] = kdk4q0, (2.19)
[k, dq] = kdk+4q.0 > (2.20)
v, g = 0 . (2.21)

Now, we claim that there exists a canonical transformation from A, , flq to oy , Qg

such that the Hamiltonian Hlo,a] = H [A(a, @), A(ov, @)] is consistent with the energy

spectrum. Namely, H|a, a] is of form

- ~ L 4\ 42
= v = — RN I _ 2 —
H[A, Al = H|a, @] o \/1+ L(H++H_)+ 72 (Hy — H_) 1] , (2.22)
where H. is defined by
T T _
H, = 7 gk ooy, H_ = T Ek Q_pQy; . (2.23)

Perturbatively, we aim at finding a transformation in which the Hamiltonian becomes

/d:c B (772 + <]5/2) - A (;772 — ;¢’2>2 + (’)()\2)1

— Hy[o]+ H_[a] - %Ih ] H_[a] + O(\?) . (2.24)

To avoid the ordering ambiguity, we will first find the transformation classically. Up to the
leading order O(\?), we have

A =ar+0O(N), A =ar+0(N), (2.25)
and we trivially have

HIA, A = % S (A Ay + Ak Ay) + O(N) = Hla,a] + O() . (2.26)
k

We solve (2.24) perturbatively up to order O(A\?) by expanding A, A with respect to %:

A L A e 3
A = ap + ﬁAk [, &) + ﬁAk [a,a] + O(N7), (2.27)
_ A - 22 _
A, = ay + ﬁA;”[a, a) + ﬁA,@ [, 6] + O(\3) . (2.28)

Demanding that the transformation is canonical, we get a solution for the canonical trans-
formation from Ay, Ax to ag, ay:

k

A’(i_l) =27 ; . Sakfrfsd—'ro_[—87 (229)
r+s#0

A(l):2 s 2.30

A s T,ZS T+Sa rO—gOf_p_g, ( )
r+s7#0



and

k—r—s—u—w
A® —on2g PR S . el
k T r,;u,v (u+v)(r+s) k—r—s—u—v uX—y T s
u+v#£0,r+5#£0

— 4k Z

u+v£0

+ 4%k Z

7,8,
7“+57é0

1 _
n vak_u_va_ua_vL(H+ +H_)

ak—r—s—u—varasd—ud—v > (231)

- k—r—s—u—w
AP —on; V50 Oy OOl O
k T T,;%’U (u+v)(r+s) Ak —s—u—v Xy ¥y ¥ &g
u+v#£0,r+5#£0
1
— 47k +L(H H_
T ; u+vakuva W L(Hy + H_)
u+v760

+ 472k Z

7,8,
7“+57é0

ak_r_s_u_v&rdsa_ua_v . (2.32)

See appendix B.1 for details. Indeed, one can check that under this solution, the Hamilto-
nian H[A, A] and the momentum P defined by

PlA, A] = / de g = — TS [A iy — A Ay, (2.33)
k

are mapped to the expected result for the TT deformed spectrum,

- A 82
HA A= Hy + H —ATHH_+ 5 HyH (Hy + Ho) + O\, (2.34)

PAJAl= —Hy + H_+0(\?) . (2.35)

So far, our analysis remained classical to avoid the normal ordering issue in finding the
solution. We confirm our solution up to order O(\) at the quantum level. We find that the
normal ordering : : with respect to the free oscillators «, & can still be used up to order
O(A), and we take the normal ordering with respect to the free oscillators a’s and a’s for
H, P and the solution AS), fl,(cl) up to order O(\),

P — 4 2)
H= 22 (A,kAHA,kAk) TS A A A OV,
k.q,r
= —*Z kA — A Ay] 1, (2.36)
IRES Y N s Gy (2.37)
’ 3 T+s ’
r+s#0
A =or 3 L (2.38)
g 5 rts
7"—&—3730



After repeating the same calculations with careful operator ordering, we have

4
L
P=—:H,:+:H_ :+0(\?). (2.39)

H=:Hy:+:H :——=:H, =H :+0(\?)),

2.2 TT deformation of free fermion

Now, we consider the TT deformation of the free Majorana fermion of which the unde-
formed Lagrangian density is given by

Lo =it Oty + iv_Oytb_ . (2.40)

Here, we denote the light-cone derivative by 0y = %(80 + 01). The energy-momentum
tensor of a fermionic model is given by

T~ 4 = %@Mﬁ + %@Mﬁ ; (2.41)
TH_ %;ﬁ _t, + M(sﬁa v, (2.42)
T=_ %a_m + %a_qp c, (2.43)
T4 zg;ﬁ Oty + ﬁ&ﬂ/f— ; (2.44)

I

E
where =7 and % denotes the left and right functional derivative with respect to a Grass-

mannian variable defined by

5X = (w? ‘gw (2.45)

Note that the resulting energy-momentum tensor is not symmetric. We will solve the flow
equation perturbatively for the 7T deformation with non-symmetric energy-momentum

tensor,
L=~ (THyT= —TH_T=y), (2.46)
by expanding the Lagrangian with respect to A
o0
L= N'Ly, (2.47)
n=0

where Ly is the Lagrangian of the free fermion in eq. (2.40). The (leading) energy-
momentum tensor from L is

Ty, = W+049+ (2.48)
T =i-0-y_, (2.49)
Ti5)_ = — i Oy t_, (2.50)
T, =~ iy (251)



which determines the first correction £,

Ly = 0=t 04— — YOy thip_0=y_ . (2.52)

One can confirm that Lo+ AL is indeed the exact solution of the flow equation because
of Fermi statistics. Hence, the TT deformed Lagrangian of the free fermion is

L= ity Dby + it Oy + A~y Dy by Dtp + oy Ot D) . (2.59)

To calculate Hamiltonian, it is useful to write the Lagrangian in the Cartesian coordinates:
P T Y R L , )

L= Sethe gt — gusdly + gl + 3 (et iyl ) (254)

where ¢ = 9y and ¢ = 9,1. The conjugate momentum 7+ of the fermion v+ is calculated
by right functional derivative,

%
5L i A ,
T4 = m = ¥+ T gUr-U, (2.55)
F
A A W
m— = W = 51/1— - §¢+¢+¢— : (2.56)

The right-hand side does not contain ¢4, and they form the second-class constraints,
R N ,
Ci=my — §T/f+ - 51/1#/)—1#7 ; (2.57)

Cr=m_ — s+ Sy (2.58)

We define the Poisson bracket of F' and G, consistent with any Grassmannian variables F
and G, by

— —
5F G 5F G
FG = /da: + . 2.59
t Jeo az::i l?wa(m) ?ﬂ'a((l?) ?ﬂa(a:) ?wa(a:) (2.59)
For the Dirac bracket, we need to evaluate the Poisson brackets of the constraints,
M(i, 213 4, 22) = {Ci(21),Cj(22) }rm (2.60)
where each component of the matrix M is given by
{C1 (1‘1), Cl(I‘Q)}pB =—1 [1 - Z)ﬂﬁ, (1‘1)’¢/_ (ml)] 5(1‘1 — CEQ) s (261)
{Co(1), Cala2)en = — i [1 4+ Ay (z1)¢ (1)] 0(21 — 22), (2.62)
{C1(21), Ca(@2) os = AW 0 + 4yl )d(21 — 22) (2.63)
Using the matrix M, one can evaluate the Dirac bracket,
{F(21), G(x2)}p ={F(x1), G(x2)}re (2.64)
-y / desdes {F(21), Ci(x3) osM ™ (i, 23; J, 24) {Cj (24), G(w2) Yo
i,j=1,2

~10 -



The Dirac brackets of 1+ are found to be

{1 (1), 94 (22)}p = (1 + AS- + 202515 )d(21 — x2), (2.65)
i{p (1), (22)}p = (1 = ASy + 202515 )d(x1 — m2), (2.66)
it (21), - (22) }p = — NP Y- + L )d (21 — 22) (2.67)

where it is useful to introduce Hermitian operators S1 defined by
S:t = ll/)j:lﬁ/i i (268)

Also, the Dirac brackets of 71 and 4 are

(o), 0 @)} = (1= N8,8)6(1 — ), (2.69)

i
{m (1), - (22) o = — 51//##—5(3?1 — x3), (2.70)
and similar for 7_. With constraint, the Hamiltonian (density) is given by
H=mpy +7 0 —L
; A N i A .
= T+ = gV — VY- g+ (T — Y-+ SP Y- Y
1 1
+ §¢+¢; - 57#4#'_
1 1
= W+t — 5oyl . (2.71)

At first glance, it does not seem possible to get the conjectured form of Hamiltonian (2.3)
from the deformed Hamiltonian density (2.71) because the Hamiltonian density (2.71) is
of the same form as that of the undeformed model. However, unlike the scalar field case,
the deformed fermions satisfy non-trivial Dirac brackets (2.65)—(2.67), which allows us to
match two Hamiltonians. To see this, we first consider the mode expansion of the fermions
(with circumference L):

2nikx

V() = \}Ezkjwi,keLa (2.72)

where k € Z 4 1/2 for anti-periodic boundary condition and k € Z for periodic boundary
condition. It is also useful to Fourier expand Sy, S+S_ and (¢, ¢— + 9 ):

Sa(r) = 75 D0 8y (2.73)
p
1 2mipz
(S+5-)(2) = 17 D (SeS )pe T, (2.74)
p
]_ 2mipx
0+ ) (o) = oy S B (275)
p

- 11 -



The Dirac brackets of the modes v+, can be written as

, A 2)2

{4k Pa}p = Oktq0 + T35 kg + 77 (S+5-)ktq (2.76)
, A 2)2

H— ks Y= gdp = kg0 = 735+ kta T 7 (S+5-)btqs (2.77)
. A

Yy V- gt = — ﬁKk+q . (2.78)

This nonstandard Dirac bracket is at the heart of how the Hamiltonian, which apparently
has no A at all when written in terms of ¢’s, can generate a Taylor series with infinitely
many terms. For actual evaluation of the eigenvalues of Hamiltonian and momentum, we
will introduce a new set of operators that obey the usual fermi harmonic oscillator algebra,

i{bk, by} = Ok1q0 s bk, bg}p = Okiqos i{brsbgtp =0 . (2.79)

and we reconstruct ¢ by

A _ N .
G = b+ UL+ o= bt UL (2:80)

such that the Dirac bracket of 1’s is properly incorporated.

We will further demand that the map between v ; , ¥_ and b, , Bq is such that
the Hamiltonian H[by, by] = H [tp4(b,b),7—_(b,b)] is consistent with the energy spectrum.
Namely, H[b, D] is of form

~ - L 4N 4)\?
— — _ 2 _
Hlipy, -] = Hb,B) = o \/1+ S(Hy + Ho)+ Zo(He—HP2—1) (281
where H. [b,b] is defined by
H =—5§jkb b H :EE:kB b (2.82)
+—Lk —kbk “T12 —kb - :

If these steps are achieved, we will have effectively shown that the first-principle quanti-
zation of TT deformed Majorana fermion does reproduce the anticipated eigenvalue flow.
We find a map between v’s and b’s perturbatively up to order O()\) by solving the equa-
tion (2.81) and by demanding that non-trivial Dirac brackets of ’s is realized by b and
b. To avoid the ordering ambiguity, one may first search for the map classically. At the
quantum level, one needs to take care of operator ordering. Especially, the T'T deformation
of the fermion has additional ambiguity of operator ordering in the Dirac bracket. That
is, when we promote the Dirac bracket (2.76)—(2.78) to the anti-commutation relation, the
operators on the right-hand side of the Dirac brackets have ordering ambiguity. One may
choose a prescription for the operator ordering, and one can test it with certain criteria,
such as the Jacobi identity of the Dirac bracket. But, although this could rule out inconsis-
tent one, it is not clear which criteria is a sufficient condition for a consistent prescription
for the ordering.
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One can see that the Jacobi identity of Dirac brackets of ¢4 , holds up to order O(X)
irrespective of any choice of ordering. Thus, it is natural to choose the normal ordering
prescription with respect to the free fermi oscillators b and b up to order O()\). Hence, we
obtain a solution,

1) (k—r—s)s - = 3
=2 — Ok—p—5:0p0s 1 — 2 0—pOp oy 2.
Py =27 Z . bie—r_s : brb kazrzr b_,b (2.83)
r+s#0
) _ (k—r—s)s ., =+ . s
Yl =—2m Z riﬂ.brbs.bk_r_s+7rzr:r.b_rbr.bk. (2.84)
r457#£0

We confirm that the map gives the expected result at the quantum level up to order O(X\),

4\
H" = :H+:—|—:H,:—ﬁ:HJr 2 H_:+0(\?), (2.85)
P = :H,:—:H_ :+0(\?). (2.86)

3 TT eigenvalue flows via worldsheet theories

We have seen that the direct canonical quantization of the simplest 77T deformed theories
reproduce the leading Taylor expansions of the anticipated eigenvalue flow (2.1). However,
it would be difficult to go beyond order O(A\?) with this perturbative method. On the
other hand, it was demonstrated by refs. [8, 12, 13] that the worldsheet Polyakov action for
flat 3D target space with a unit “winding number” and in the light-cone gauge reproduces
the TT deformed Hamiltonian for massless scalars. With a view toward fermions and
supersymmetric theories, we wish to extend the same approach to worldsheet theories
with fermions, either Neveu-Schwarz-Ramond (NSR) type or Green-Schwarz (GS) type,
included. Unlike the scalar-only case, which we review first, we encounter various difficulties
in the presence of fermions, so this approach does not offer a good handle for the full
quantum spectrum. Nevertheless, there are lessons to be learned, which we will later make
use of for the canonical analysis of a TT -deformed supersymmetric theory.

3.1 Via Polyakov worldsheet in lightcone: a review
We begin with the review of ref. [13] for the TT deformed spectrum from the Polyakov
action with flat target space metric,
1 1 1 1
e\ / drdo 5\/—hh°‘56aX“85Xu + 53 / drdo 5B,Weaﬁaoxﬂag)(”, (3.1)
where % denotes the string tension. Here, we add? the constant Kalb-Ramond B-

field [12, 18] given by

010
B,=|-100], (v =+,—,2). (3.2)
000

4One may consider the Polyakov action without the B-field as in ref. [13]. In that case, one needs a
constant shift to identify the string energy with TT deformed energy.

~13 -



One can rewrite the Polyakov action in the first order form by introducing the conjugate
momentum p,,,

5= / dr / do [pui? + \iC1 + AoCa] (3.3)

where the Lagrange multiplier is given by A\; = j,% and g = 27% with v = \/—hhB,
5

In addition, the Virasoro constraints C; and Cy are

1 1 1
Ci=pu X", Co=4A <p+ - 2/\X/> (p— + 2AX*’) +2X(p2)* + XX (3.4

Note that the shift in the momentum comes from the B-field term. To make contact with
the TT deformation, a subsector in which the target coordinate X' has winding number 1
was considered in refs. [8, 12, 13]. For this, one can choose the following gauge condition,

L L
Xt = (2p_ +— )7+ — .
( Ap —|—47T)T+47TJ, (3.5)

where L is the circumference of the target coordinate X' and P is the zero-mode of the
conjugate momentum p,;:

1 2

Pu do py . (3.6)

21 Jo

Compared with the TT deformation, the target coordinate X2, which corresponds to the
scalar field in the 7T deformation, is rescaled by A to make ¢ and 7 dimensionless as

follows,
X2 = V2x | - 3.7
In this light-cone gauge (3.5), the Virasoro constraints can be written as
L —
Ci = Ep+ +p_ X"+ ’Pb7() =0, (38)
L
Co=4d\p_py —2p_ X"+ —py + 2Hpo =0, (3.9)

2

where Hy o and Py is the Hamiltonian and momentum density of the 2D free scalar field

1 1
Hpo = 5772 + §¢>/2 ) (3.10)
Pro =g’ (3.11)

We integrate the constraints C; and Cq in egs. (3.8) and (3.9) over o € [0,27]. Also, it
was demanded [8, 12, 13] that X" coordinate has zero winding number. Together with
eq. (3.5), this implies that X~ has 1 winding number, and we have

2

do 0,X~ =1L . (3.12)
0

5In this note, the light-cone target coordinates are defined by X+ = (X1 + XO) , X =X - X°

1
2
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Therefore, the integrated Virasoro constraints become

1 1
= ~+—Fo=0 3.13
gP+ TP- T 5o ; (3.13)
1 L
47T)\[p+[p_ +L §[p+ —pP- |+ %Hb70 =0, (314)

where we defined the charge Hy, o and Py (of length dimension —1) by

2 27
Hyo = — [ do Hy. (3.15)
2 27
Poo =7 | do Py (3.16)
A solution of those equations is
Poo | L L 4\ 4)\2
== o T i\ T et B 3.17
P+ 27 * 4w 4w + L b0 + 2 00> ( )
Py L L 4\ AN2
= e e\t T He + 75 Pl 3.18
P 47 8T + 8T + 7, b0 + 7200 ( )

The string “energy”® Ey, related to the charge generating the translation along X° is

2

1 L 4\ 4)\2
— 0

This agrees with the 7T deformed energy (2.3).

3.2 NSR-like extension

In section 2.2, we have shown perturbatively up to O(\) that the T° T deformed spec-
trum (2.3) can be obtained for the case of the TT deformation of fermion. Now, we will
generalize the Jorjadze-Theisen’s method [8, 13] to derive the 7T deformed Hamiltonian
for fermion. To incorporate fermion, we first utilize the NSR-like action for 3D flat target
space with the three pairs of worldsheet Majorana fermions ¢ (u = =+,2),

1 | .
Swon = 55 / drdo (204 XPO_X, + iV OV, + 0" 0y U_,)
1 1
o / drdo 5 Byue® 0, X 03X (3.20)

where the Regge slope 2\ will become the TT deformation parameter and the flat target
space metric’ is given by

ds? = 2dXTdX ™ + (dX?)?. (3.21)

SMore precisely, the target time coordinate X° is identified with the worldsheet time 7 in a way that
X% > 0[13]. Hence, p° is positive, and we identify it with energy.

"The light-cone target coordinates are defined by X* = (X' + X% , X~ = X' — X° and ¥} =
%(\Ili + ‘Ifoi) , ¥y = UL — ¥%. On the other hand, the worldsheet light-cone is defined by ¥ =r+o0.
Hence, we have 04 = (8o + 01) and 0— = £(do — O1).
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We also include the coupling to the constant B-field,

010
Buw=|-100], (v =+,—,2) . (3.22)
000

The Virasoro constraints of the NSR-like model in eq. (3.20) are
?
T = 0_X"0_X, + %\I/‘ia:qf_ﬂ ~0. (3.24)

As in the Polyakov case, demanding that X' have winding number 1, we choose the fol-
lowing light-cone gauge:

L L
Xt =(2\p_ + — — U =0. 2
( Ap +47T)T+4ﬂ_0', T=0 (3.25)

Also, we rescale X2 and U2 by 2\ to make them dimensionless,
X2 =22, U2 =2y . (3.26)

With the light-cone gauge (3.25), the Virasoro constraints (3.23) and (3.24) can be writ-
ten as

L )
Ty = (/\[p_ + M) (X~ + X7+ X Hpo + Poo) + M(Hyso + Pro) =0, (3.27)

Tee = Ap— (X~ = X7) + MHpo — Poo) + \(H o — Pro) =0, (3.28)
where H, 1),0, P, p),0 are defined by
1
Hpo =1+ ¢, Poo =7¢’, (3.29)

A R L TR (3.30)

which correspond to the Hamiltonian and momentum density operators of the undeformed
model from the point of TT deformation. By integrating the constraints over o, we have

2 L L\
do T—H—-H— = 47TA[D+ (/\[p_ + 47_‘_) + %(Hb,o + Hf’(] + Pb,() + Pf,()) = 0, (331)
2m L)\
do T—— = \p— (47 \py — 2L) + g(pr +Hpo— Bpp— Pf,o) =0. (3.32)
0

Here we used the fact that there exists winding number 1 along X!. In addition, we defined
the operators Hyo, Py, Hyfo and Py of length dimension —1 by

2 2

H@O Zfﬂ-/dd 7‘[570, Pb70 = fﬂ-/da ’Pbp, (3.33)
2 2

Hf,O E%/do‘ /Hf,(), Pf,O E%/do‘ Pf,O . (334)
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One of solutions of the constraints (3.31) and (3.32) is

Py L L 4\ 402

-0y = 2 Py A p .
Pr=" o T o T\ T et o (3.35)
B L L AN 4N
S I Y e s At - 3 3.36
P e R >\ L A P (3.36)

The string “energy” p® related to the translation in the X direction is

2

1 L
bur= [ to = 2x (g5

L2

4\ A
5 = \/1+LH0+PO —11, (3.37)

which reproduces the TT deformed spectrum (2.3).

As in Polyakov action, it is natural to ask which Lagrangian we will get if we integrate
out the worldsheet metric of NSR-like action. For this, let us consider NSR-like action for
3D flat target space with constant background B-field:

1 1 o . B
Snsr = ﬁ/deO'\/ —h <—2ha56aX“65X# + i‘I’“W“VQ‘P” . flva\pu,yaqjﬂ)
1 1
+ ﬁ/deO’ QBMVEQﬁaaX‘uaBXV, (338)

where the constant B-field is given in eq. (3.22). Moreover, the action of the covariant
derivative is defined by

Vol =0,V — wao3¥ , Vol =09,V + wa Vo3, (3.39)

where we defined wgb = e®w,. Due to the spin connection w,, one has to vary the

action with respect to the zweibein €. Since the fermion part in the action (3.38) is anti-
symmetrized by integrating by part, its dependence on the zweibein becomes extremely
simple [19], and one can easily obtain the equation of motion for el or hqg:

4\ 05, 1
—\/jheg‘ebﬁ (5th; = eg‘ef Paf — Ehagh'ﬂspg& =0, (3.40)
where we define p,g by
7 = 7 =
Pap = 6aX“85XH — 5\11’)/&85\1/ — E\I/'ygaa\lf . (3.41)

Note that in terms of po3 and hag the NSR-like action (3.38) can be written as

1 1 1
Swen =~ 15 / drdoV/=hh" peg + 5 / drdo 5 Byue0, X105 X" (3.42)

As in derivation of the Nambu-Goto action from Polyakov action, the solution of the
equation (3.40) is hag = f(7,0)pas Where f(7,0) is a function which is irrelevant in the
final result. From the solution, we have

1 1 1
Sxsr = —ﬁ/deO'\/—p—i— ﬁ/dea iBuyeaﬁaaX“(?ﬁX”, (3.43)
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where we defined p = det po3. We find that extra degrees of freedom, especially, related
to fermion appear in this action. To see this in a simple way, it is enough to truncate all
fields except for U2, e.g.,

U2 =2\ <Z+> and X%2=0. (3.44)
By this truncation, together with the static gauge
L L
X'=—"7, X'=_"¢, (3.45)
27 2

the action (3.43) is reduced to an action of the fermion 4,
St = [ drdor | S0ty + 6 = vl 0!
A [ drdo Yo — bbb+ b — g ] L (3.46)

. . 2
where we define the dimensionless parameter A = 422)‘.

Usual fermion theories have second-class constraints that impose a relation between

the fermion and the conjugate momentum, leading to a Dirac bracket. However, the
action (3.46) does not have such constraints because of the term which is quadratic in the
time derivatives of fermions, i.e., 1/)+1L+w_¢_. This implies that extra degrees of freedom
which the constraints would have removed are now coupled like the symplectic fermion in
refs. [20, 21]. Furthermore, those extra degrees of freedom often imply a unitarity issue.
We will come back to and address such subtleties in section 5.

3.3 GS-like extension, or a failure thereof

There is another way to incorporate fermions — Green-Schwarz-like action. This section
considers the Green-Schwarz (GS)-like action to find a relation to 77T deformation. Let us
consider the N' = 2 GS-like action for 3D target space given by

Sas = % /deO' Leas, (3.47)
with
Los = — %yaﬁngHgGW — PO XM (U TV, — U TV )G,
— (U THO W4 ) (U_TY050_)G (3.48)
¥ = 0, X" + iU, THO,U, + iU _THO, U _ (3.49)

where 2\ corresponds to the Regge slope parameter which will become the TT deformation
parameter. Moreover, we defined €™ = 1 and v*? = v/—hh*? with worldsheet metric h®?.
Also, note that U denotes the two-component Majorana spinors for 3D target space with
U, = UTTO. We consider a flat target space®

ds® = 2dXTdX ™ + (dX?)? . (3.50)

8 Again, note that the light-cone coordinates for target space is defined by X = %(X1 + XO) and
X =Xx'-Xx"
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As in the bosonic string, we are interested in the background where the target coordinate
X! has winding number 1 (and the winding number of X is 0). Hence, we take the
following light-cone gauge,

Xt =2\p_7+ %a, (3.51)
where p,, is the zero-mode of the conjugate momentum p,,:
1 2
Pu = 5 ; do p, . (3.52)

We will solve the (zero-mode) Virasoro constraints to find the relation to the TT deformed
Hamiltonian as in Polyakov action. The Virasoro constraint can be read off when we write
the GS-like Lagrangian in the first-order form,

TO 1 _ _
L= KT+ 377 Crt 5 Co = i 00X (W T 00y — U030 )Gy
— (W THO W4 ) (U _TY050_)G
) . . To 1
— pMX/J‘ —+ 7T+1/J+ —+ 7'['_1/1_ + %Cl + WCQ N (353)
where we define sS sS 5S
= — = — = — .54
]Cu 6H¢ I pu 5X# ) UES 6’¢i ) (3 5 )
and the Virasoro constraints C; and Cy are given by
1
Ci=K,105 | Co = 20GM KK, + ﬁGWHgH(’; . (3.55)

The GS-like action has additional local fermionic symmetry [22-24]. For example, the
spinor V. is transformed as

1
50y =T, (p“ + 2AHg) K . (3.56)

By fixing the x symmetry, one can get correct propagating fermi degrees of freedom. For the
background that we are interested in, we find that a proper gauge condition for x symmetry
is P+ W, = 0 instead of the usual one W4 = 0. As in the previous section, for the relation
to T'T deformation, we need to choose a background where X' has winding number 1 while
XY has no winding mode. In this case, we should check whether the gauge condition for
k symmetry is proper or not. That is, for a given general configuration of W, one should
ask whether there is a x gauge transformation to the gauge condition that we chose. In
particular, this should also be possible perturbatively around the background (i.e., zero-
modes without the oscillators). Hence, turning the oscillators off, the x transformation of
the spinor (3.56) becomes

0 [p+:|:L
5,0, = A , 3.57
S R 0
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and p+ are subjected to the following zero-mode Virasoro constraints with the fluctuations
turned off:

L(l 4 )—o Ly (3.58)
ot 2[p+ P-] = ) P+P- 327’(‘2)\2_ . .

These constraints make the rank of the matrix (3.57) 1 so that we have two Majorana
fermions at the end of the gauge fixing. Note that the terms related L in eqgs. (3.57)
and (3.58) come from the winding mode along X', which does not appear in the usual
light-cone quantization X = 7. Indeed, in the usual light-cone quantization (e.g., L = 0),
it is easy to see that one could choose I'" W1 = ( because a solution of the constraints (3.58)
ispr =0, p_ =0 and the s transformation becomes

1
0.0y = ( 0 > , where k4 = (%E) . (3.59)

2p_ KL KL

However, the solution of eq. (3.58) for the usual light-cone quantization is different from
the solution that we are interested in. For the TT deformed Hamiltonian, the background
solution of the Virasoro constraints is

1 L

= —— ::l:i
P P+ 871')\,

5 (3.60)

which is not smoothly connected to that of the usual light-cone quantization in the limit
L — 0. With the solution (3.60), the x gauge transformation can be written as

0 0 0 —-L
(5\114_ = < L > H+ s (S\I/_ = < 27r)\> K_ (361)
725 0 0 0

L
or 0V, = (8 26)‘> Ky, O00_ = < OL 8) K (3.62)
IPZON

depending on the sign of p_. Therefore, when considering fluctuations around the back-
ground perturbatively, we can choose either I'*W,. = 0 or ITW. = 0, but it is not
possible to choose that gauge condition I'* W4 = 0 when X! has a winding number (and
X0 does not).

Furthermore, the problem of the gauge choice I'" W, = 0 for our background is also
revealed at the level of the GS-like action. As in the usual quantization of string theory,
one can choose a flat worldsheet metric using the reparametrization and Weyl invariance.
For the background p_ = i%, one of the kinetic terms of the fermions vanishes,? and
the corresponding fermions become singular.

Hence, we choose the gauge condition for the x symmetry, consistent with the back-
ground,

v, =0, for p_ >0 (3.63)

9Here, we also consider small fluctuation around the background.
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and one can write the spinor as

1 [y 1 0
\P+_2\/§<0+>’ w__%/?(w_), (3.64)

where we choose £+ = ﬁ.

Now, with our gauge choices, IT# and IC,, in eq. (3.54) are found to be

LTy gyl p+ + ’”w+w’+
Hg _ X + 27rz)\w ¢+ , ,CM — w wl , (M =+, —, 2) (365)
\ﬁd)’ f

where we also rescaled X2 and py by v2\:

1
SVEV . me (3.66)

Unlike the Polyakov or NSR-like cases, the Virasoro constraints contain cross terms between
oscillators in the light-cone sector,

TIA

cz——wwp++—w¢x + (3.67)

2”% Wipe — T X (3.68)

Hence, the integrated constraints do not give simple algebraic equations for zero-modes as
in egs. (3.13) and (3.14). With the gauge conditions (3.51) and (3.64), we fail to reproduce
the anticipated Hamiltonian (3.37) from the GS-like action.

The failure can be traced to how the x symmetry was fixed by demanding residual
degree of fermionic freedom to obey eq. (3.63), an avoidable consequence of the gauge choice
made here. Even if we had demanded a more familiar one I't*W¥, = 0 as in the standard
light-cone approach, an invalid choice anyway, the reduced action becomes degenerate in
that some of the necessary quadratic kinetic terms are killed.

This complication with the x gauge fixing disappears for N’ = 1 GS-like model, equiva-
lent to removing one of the spinors from the A/ = 2 GS-like action. For example, truncating
the spinor ¥_, we may choose the gauge condition "W, = 0 (for p_ > 0). Then, we have

U, = 2\/1€+ (%*) : (3.69)

Now, with the light-cone gauge (3.51) and the « gauge condition (3.69), KC,, and II# defined
in eq. (3.54) is found to be

X+/~ P+ + %ﬁf,o
M= | X"+Pro| , Ku= p- , (3.70)
1
V2A¢ ol
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where we defined

)/ i / D i /
= — , Pro=— . 3.71
Hyo %, Yy 0= 56, Yy (3.71)
Using the choice!® of £, = p_ —1—87%\, the zero-mode of the constraints C; and Cs in eq. (3.55)
becomes
1 1
P+ +p-+5-F =0, (3.73)
2 27
4T L 1
—_— - +—+—Hy =0 3.74
7 PP+ g 5 Ho =0, (3.74)

where the total Hamiltonian and momentum of the undeformed theory is

HQ EH[,’O + Hf,O s PO = Pb,O + Pf70 s (375)
and
27 1 1 27
Hyo= — “a? 4 22 Po= —/ / .
= [do |5me 562 Pu=" [dod, (3.76)
2T 7 27 1

Hence, one can immediately get the energy corresponding to the translation of the target
coordinate X©,

2 2
Bow = | do p° = —271'(;[p+ — [p_> = 2LA\/1 + %Ho + %Pg : (3.78)
Modulo an additive constant, this is again the T'T deformed spectrum of the free N = (1,0)
SUSY model.

One must remember, however, this last model by itself would have a worldsheet dif-
feomorphism anomaly unless embedded into a larger anomaly-free set-up, either by adding
canceling chiral fields or by introducing an inflow mechanism. We will not pursue the lat-
ter possibility in this note, although it may lead to an interesting variation on this general
theme of T'T vs. worldsheet.

4 TT deformation and N = (1, 1) supersymmetry

The relation between TT deformation and a Polyakov worldsheet theory was first pointed
out in ref. [3] of which the T'T deformed Lagrangian of the free scalar field is a Nambu-
Goto Lagrangian. A Polyakov action was designed to produce Nambu-Goto action after

10We determine the coefficient £, in a way that in the light-cone gauge with flat worldsheet metric, the
N =1 GS-like action becomes

SKf_1as = /deU [ a ﬁaaX%aXz + it O0=tpy | . (3.72)
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integrating out the worldsheet metric, so the connection is obvious, at least for the massless
scalar theories.

In the previous section, we reviewed how even the TT deformed quantum spectrum
can be sometimes read off via the worldsheet analysis, say, by taking a particular gauge
and concentrating on a winding sector. We have also seen that such a clean result is
no longer immediate when fermions are involved. For instance, when we start with a
GS-like worldsheet theory, the zero-mode part of the conjugate momentum of X9 the
would-be Hamiltonian on the T'T side, cannot be cleanly factored out from oscillators in
the worldsheet diffeomorphism constraints, rendering the mechanism employed in ref. [13]
unusable.

Nevertheless, this alternate approach to the TT deformed theory offers us more handles
than otherwise, so in this section, we will further pursue this relationship with an emphasis
on the canonical structures and the symmetry algebra. In particular, we wish to concentrate
on a N = (1,1) supersymmetric theory, for which GS-like worldsheet models with their

manifest spacetime supersymmetry is a natural place to start.

4.1 Two distinct constructions via GS-like worldsheet theory

This dictionary between T'T deformation and worldsheet models is not unique. With
3D GS-like models we have already encountered, one can take at least two different gauge
choices that reproduce the same T'T deformation of the simplest N = (1, 1) supersymmetric
theory with a single massless scalar supermultiplet. Either way, the deformation resorts to
the ordinary 7T operator rather than its supersymmetry completion, yet the worldsheet
interpretation tells us that N = (1, 1) supersymmetry would be actually intact throughout
the deformation. We will investigate the canonical and symmetry structures from the
original T'T perspective and the alternate worldsheet perspective.

Static gauge with a light-cone target. In section 3.3, we have already studied the
GS-like action in a light-cone gauge. We choose the static gauge,

T, X1:£O', (4.1)
2m

X'=—
27

and we integrate out the worldsheet metric in the GS-like Lagrangian (3.48),
1 — _ _
Sas = 55 /dea [— V= det G — ie®P 9, XH(U, TV 050 — U_T"050_)G,,

- eaﬁ(@+ruaaq/+)(xif_r”agxp_)aw] , (4.2)

where G is the induced metric given by

Gog = TATT4G,,, - (4.3)

As we have discussed in section 3.3, we need to choose the following x gauge condition for
the background (4.1),

v, =0, (4.4)
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and we have

1 [y ! 0
\P+_2\/5<0+>’ \1/_2\/€>_<w_>, (4.5)

where we choose £+ = %.

In the usual light-cone gauge, we fix the x gauge symmetry by '™ W, = 0 so that the
GS-like action with flat worldsheet metric becomes free-field action of scalar and fermion
with suitable normalization. On the other hand, our gauge condition (4.5) gives quartic
interactions of fermions in the same calculation. But, in this gauge, after integrating out
the worldsheet metric, the GS-like action becomes free-field action of scalar and fermion
(up to divergent constant) in the limit where the string length goes to zero compared to
the circumference L of the target coordinate X!, i.e.,

472\
72 0. (4.6)
It is convenient to define the dimensionless (T'T deformation) parameter A by
42\
A= Iz (4.7)

With our gauge choice (4.5) for k symmetry together with the static gauge (4.1), the
GS-like action (4.2) is written as

Set = / drdo [ - %\/Z + B} : (4.8)

where A4 and B is given by

A =1— 20404 ¢O—¢ + i) O_tpy + ith_ 0 1p_)
— 202 (1 O h_ Oty — Py Oy ptp_O—tp_) — A* (Y 0-thy + p_0y1p_)?

— 8iA?| (D44 ¢)*1h_0-th_ + (0=0)* 14 Oy thy — Dy PO (V4 Oty + p_Oyp_)

— 8A (D44 1 O=thy — D=4 D1y 04 ) (Dyy G- D=tp— — D—ptp_ Db ), (4.9)

and

i A
B=gW+0=ts +9-049-) + 5 (¥+0=91 904 tp- — Y4044 -0-9-),  (4.10)
where we used the rescaling of X2 by v/2X as before:
X2 =V2)o . (4.11)

By expanding the square-root in eq. (4.8) with respect to the fermions, one can compare!!

the result with the 7T deformed Lagrangian of the free A" = (1,1) SUSY model (4.42)
which we will discuss in detail in the next section. One can find that they differ by the
constant %,

1
20

1Eor concrete comparison, one needs to rescale the fermion and coordinates (t,z) by the length % in

Ly =L+ (4.12)

the TT deformation side to make them dimensionless.
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With a shifted light-cone target. There is another way to construct 77T deformed
Lagrangian from the GS-like worldsheet theory. It was shown in refs. [9-11] that the
Lagrangian density of the TT deformed theory can be obtained from the GS-like action
as well as Polyakov action in the uniform light-cone gauge. We review the approach of
refs. [9-11], in particular, for the case of the N' = 2 GS-like action of 3D target space in
the uniform light-cone gauge to reproduce the Hamiltonian density of the 7T deformation
of 2D free N = (1,1) SUSY model.
The 3D N = 2 GS-like Lagrangian with WZ term is given by

1 _ _
Los = — iyaﬁngngaw — iePP XMW TV, — U_TV950 )G,

— B (U THO U ) (U _TY05¥_)G (4.13)
¥ =0, XH + iV, TH0, ¥, + iV _THFIT_ . (4.14)

We introduce a new light-cone target coordinate X* [9-11] defined by

X+z<;—A> X'+ <;+A> X0, (4.15)
X =x'-Xx". (4.16)

In addition, we will consider the flat target space. But, due to the new definition of the
light-cone (4.15), the target space metric'? denoted by G becomes

ds? = G X' X" = 20(dX7)? +2dXTdX ™ + (dX?)? . (4.17)
To fix the k symmetry of the GS-like action, we introduce projectors [9]
T = %(rl 19, (4.18)
which satisfies
TEYE =0, YT +Yr Y =1, (YHT=7F. (4.19)

Note that the projector Y* is different from the gamma matrix I'F of in light-cone coor-
dinates because of the new definition of the light-cone (4.15) and (4.16). The target space
gamma matrices in the light-cone direction are given by

1 1
It = (2—/\) rt+ <2+A) =7t —2A7T", T =I'41%=27", (4.20)
where I'* is chosen to be

=iy, T'=0;, I?=o03. (4.21)

12Tn this review for the GS-like model, we take 27¢2 = 1 for simplicity. Accordingly, we use dimensionless
parameter A = ﬁ where X is the TT deformation parameter. In section 4.3, we will retrieve the string
length /s to see the detailed relation.
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We fix the x gauge by the condition'?
TTo,.=0. (4.22)

This condition projects out half of the Majorana spinor,

U,y = % <%i) . (4.23)

Then, one can write the 3D GS-like Lagrangian in the first-order form as follows,

TO 1

gl
L =K+ —C
= T+,}/TT 1+2,y7'7'

— (U THO W4 ) (U _TY050 )G,y

Co — i€ 0 XM (W TV 050y — U_TY939_)G

TO 1

=pu XF +mpthy + T + ::?Cl + Ca, (4.24)

7
where ¢i = 0,9+ and ¢/, = 9,1+ etc.Also, we define

o LI (4.25)

=5 Pe= 55 = Sl

and the Virasoro constraints C; and Cy are given by
Ci = K114, Co=GM"KK, + G 10T . (4.26)

By choosing the uniform light-cone gauge

Xt=71, p_=1, (4.27)
we have
—A'pr p+ + /Hf,()
Hg =X + Pf,() ; ICM =11+ AHf,O ; (428)
¢’ 7T

for p = 4+, —,2. To make contact with TT deformation, we identified X2 with ¢, and
accordingly we also identified its conjugate momentum, i.e., Ko = m. Also, Hy, 1),0, Po,.f)0
are the Hamiltonian and momentum density of the free scalar and fermion,

Hio = §¢+wﬁr - ?ﬁ—@bl_ ; Pio = §¢+w/+ + §¢—¢l_ ) (4.29)
1
Hpo = §(W2 +¢7) , Poo = 7¢ . (4.30)

13We confirm that this choice of gauge condition is valid by a similar analysis as in section 3.3 with the
light-cone gauge (4.27).
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Using them, the Virasoro constraints C1,Co can be written as
C1 = K I} + K_II, + K, 114
== (p+ +Hpo) APro + (1 + AHp o)L, 4+ Pop =0, (4.31)
Co = 2K_K 1 — 2An?% + 2A(T1)% + 213 10, + 2Hy 0
=2(1+ AHyp) (p+ + Hyo) — 2A (p + Hyo)”
+ 2A(IT,)? — 2AP; 011, +2Hp0 =0 . (4.32)
We solve Virasoro constraints C; and Cy for p4 and II7. In particular, one can express

p+ in terms of Hy, p) o and P, 5y . Then, the Lagrangian of the GS-like model can be
written as

L=p X'+ mhy +7_tp_ = md+mihy +m_t_ — (—py), (4.33)

where the total derivative term X~ is ignored. From the first-order Lagrangian, one can
read off the Hamiltonian density of the 3D N = 2 GS-like action,

1
TN \/1 + 4AHp 0 + 4A2 (771;,0)2 — 1]
i 1 —4A% (Py0)°
+ ’
\/1 + 4/\7‘[},70 + 4A2 (

= +1) (1 — L)
b,0

Z.AP[LO
2

2 ((Hp,0)” = (Poo)?) A®
(o) ~ Pl (). (4.35)
(14 40Hy0 + 402 (Pyo)?)

+ (V! + oy’ ) —

This agrees with the TT deformed Hamiltonian density of free N" = (1,1) SUSY model, as
will be explicitly shown next.

4.2 Does N = (1,1) SUSY survive ordinary 77T ?

We have seen that a TT deformation of a single real scalar and a single Majorana doublet
can be obtained from a GS-like worldsheet theory in two different backgrounds and the ac-
companying gauge choices. One important fact is that in neither approaches, the spacetime
supersymmetry of the GS-like action was broken. As we will see in this section, however,
the common end result is that of non-supersymmetric 77 deformation of N = (1,1) theory
of a single scalar supermultiplet.

On the other hand, the generality of the eigenvalue flow, which does not distinguish the
bosonic or the fermionic nature of the state, does naturally suggest that the supersymmetry
would not be explicitly broken by 7T and one can say that the above analysis realizes
this anticipation. We will devote this subsection and the next to an exploration of this
supersymmetry structure, from both the T'T side and the worldsheet side.

We start from the free N = (1,1) theory of a single massless scalar supermultiplet,

Loy =204¢0=¢ + i1 0=tp4 + -0y, (4.36)
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and solve the flow equation of the non-SUSY T'T deformation
1 po L v
MWL = S Cure T, T, . (4.37)

We emphasize that we used the energy-momentum tensor calculated by the Noether pro-
cedure, which differs from the usual symmetric energy-momentum tensor. This simple
deformation is referred to as non-SUSY T'T deformation since the A" = (1, 1) supersymme-
try is not manifestly respected by the deformation, unlike the manifestly supersymmetric
versions, where the T'T operator is supersymmetry-completed, as in refs. [9, 25].

One can directly solve this flow equation by taking the following ansatz,

L = folx] + [1lX)S4.= + f2[X]S= 4 + f3[x](0=0)* S 4+
+ falx](048)2 5= — + f51x] 94,4 S= = + fo[X]S4= 5= 4

+ f11X)(04-0)*S 4y =S= = + fs[X](0=0)* Sy 4+ 5= 1t , (4.38)
where we defined
X = — 4\Dy 606 (4.39)
St = 110ty (4.40)
S_ =i . (4.41)

Note that higher-order terms in S, , is truncated because of fermi-statistics. With initial
condition L[A = 0] = Ly, the flow equation determines f;[x] i =0,1,---,8, and we have

1 1+ x+vIF2x
L= 2A[\/1+2X 1]+ Ve (S +S—y)

22
— 22 [(H_¢)%S O )25
+ 1+2X[( $)* Sy + (04 0)°S= =]
T4y —x2+(1+2y)2 1 21 (1492y)3
XX A2y g IR0
2(1+ 2x)>2 2(142x)2
2>\2X 2 2
— 5 (04 ¢)" 54 =S= = + (0=0)" Sy 4 S= ] . (4.42)
(14 2x)>

This Lagrangian has appeared elsewhere [9, 10, 17].

For Hamiltonian analysis, we first calculate the conjugate momentum of ¢ and ¥4:

=50 (4.43)
_oc
M= (4.44)
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Note that the right-hand side of eq. (4.44) contains ¥4, unlike the free fermion. We invert
eq. (4.43) to express ¢ in terms of others:

TV1+2X¢?  Am(l+ A2+ 32 + 4N ¢'%)

¢ = Sy +S-—
Vit NI v IR R )
)\27T(7T2 _ ¢/2)
F A (Sypqp — S—) — Siy—+5-
( +,H ) %1_'_2)\#2(1_'_2)\7(2)%[ +H +F]

N Mr(n? — ¢)(2 + Mr? + 3)¢"?)
(14 2X¢2)3 (1 + 2\72)3

(St 4 — S =) (S= g — 5==)

3.2 2
SR 1 Uk A R T B N SR (4.45)
VI 2X0G2(1 + 2)n2)3

When inserting eq. (4.45) into eq. (4.44), one can see that the right-hand side of eq. (4.44)
has no ¢+ dependence, and they become the second-class constraints C; and Co,

CL=my — %/4 (1 — 22 + /(1 +2Am2) (1 + 2)\<;5’2))

L 1+ A7+ ¢%)
4/ (T +2x7%) (1 + 2X¢7?)

+ ﬂ i (4.46)

Co=m_ — %ﬁ, (1 + 2Am’ + \/(1 + 2Am2)(1 + 2)\¢’2))

+)\[ 14 A#2 + ¢'?)

1 /
LTI+ 20007 4 V- - (4.47)

Hence, in this 77T deformed Lagrangian, the dimension of the Hilbert space is not changed
under the deformation.
From the Noether procedure, Hamiltonian and momentum density is given by

1 1 1 — 4\2p?
H o= [T+ D H o+ D2PZ, 1] + 5 b0
2) ! L+ 4XHy0 +402PE,

2(HZ, — P2 N3
(M0 = Pro) 8.5 (4.48)
(1+4XNHpo +4NPy)2

+ 1) (S — S2)

AP,
4 2760

(Sy + S=) +

APy o
2

1
P = ,Pb70 + Z {1 + \/1 + 4)\%[770 + 4)\273570J (S# + S:) - (S% - S:) 5 (449)

where Hp o and Py, denotes the undeformed Hamiltonian and momentum density of the
scalar field, respectively,

Ly, 1,
=_ - 4.
Hb,o 27T + 2¢ ) ( 50)
Poo =7, (4.51)
and Sy and S— is defined by
Sy =iy, S- =iyl . (4.52)
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Note that the constraints (4.46) and (4.47) can be written as

Cr =i — 5ty — A =Py (4.53)
Cr—m — %wf - %A(’H + P (4.54)

Using the Poisson bracket

(F.G}es = [ dz [

oF oG B oF 0G ]
06,2)0n() " on(=)00())
J0G Fo J0G

_|_ + 9

Z/ [awa ) O7a(z)  Omal) %wz)]

(4.55)

we can evaluate the Poisson bracket of the constraints

M(iax3j7 y) = {Ci(x>7cj<y)}PB7 (4'56)

where M(i, z; j,y) are found to be

M(1,z:1,y) = [— 21— 22+ /(1 + 22m2)(1 + 2292))

o T —|—<;5/2—|-4)\7T2¢’2 ,
2 ( ¢ N GE T v A

A 1+ A2 + ¢?) /
2<1+¢1+2m 1+2)\¢’2)>w¢_

N iyl ] (z—y) (4.57)
2[( o) (14 2002)]2 ’

M(2,7:2,y) = [ L1+ 22 + /(1 + 2202) (1 + 22¢72))

, w2 4+ ¢ + ATl ,
(m EEN (I 2>\¢’2)> v--
A 1+ \#2 + ¢?) ,
T3 (1 NV Ev 1+2)\¢’2)> e
2/\4( ¢/2)
214 202) (1 + 20022

. A 14+ An2 + ¢?)
M(1,2;2,y) = B <1 + VI F 22721 + 27¢2)

ww;ww’_] 6z —y), (4.58)

) (st + 00 ) —y) . (459)
From the matrix M (i, z; j,y), one can calculate the Dirac bracket:

{F(z),G(y)}o (4.60)
= (F(z),G)}lon— 3 / dzdw {F(z),Ci(2)}esM (i, 2§, 0){C; (w), Gly) o -

3,7=1,2
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We found that the Dirac brackets among the scalar field and its conjugate momentum
are the same as their Poisson brackets,

{o(z), m(y)}o = 6(z —y), (4.61)
{o(2), 6(y)}o = {7 (2), 7(y)}p =0 . (4.62)

The Dirac brackets among fermions are found to be

/ 2 /2
@) )y = 2 LD
—1 = A7+ ¢)?+ V[T +2272)(1 + 20¢2)

(m + ¢)2/(1 + 2272) (1 + 2X¢?)
22! 72 + ¢ + 4\r29'?)
(m+¢)? (7 +¢)2/(1 +2272)(1 + 2)¢2)
A2 L+ A [(m+ ¢')? + 4 29

Qx| T2 oD 0+ 2007

o(x —y) (4.63)

Syo0(z —y)

S=6(z —y)

_l’_

‘| S-H-S:(S(x - y) )

‘ _—2m¢ — 1+ /(1 + 227 (1 + 2267)
Z{w— (l‘)ﬂb—(y)}n - )\(7'( _ ¢/)2

1+ M7+ ¢)2 — /(1 + 22721 + 2X672)
(m—¢")2V/ (1 +2272)(1 4 2A¢7)

22T 72 + ¢ + 4 m2¢'?)
@92 Goor /ATt wﬂ)} Sudle—4)

A2 ;LA (r = ¢)% + 4An2¢]

(14 2A72)(1 4 2X¢"?) 1= 2amg+ V(14 2A72) (1 + 20¢?)

Iz —y) (4.64)

S=b(z —y)

_l’_

] Sy 8=d(z —y),

4 i\ /
{4 (), ¥-(2)}o = — NS IS (yrp-)'é(x —y) - (4.65)

Also, the Dirac brackets between the fermion and the scalar field are

=2 = 14 /(T + 2272) (1 4 2X¢?)
{0(2), 9+ (4)}o = eI iz —y) (4.66)
iNlw 14 2\1¢!

T 21+ 2M2)) [1 NV ETEo Esyvey

] bipplo(z —y),

—2X71? — 14 /(14 2An2)(1 + 2A¢7?)

{o(2),v-(y)}o = 30+ 202 (r — &) V_6(x —y) (4.67)
iN2T 1— 2\ /
P T vy [ MV e v 2/\¢,2)] Pyl bz —y),
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_20¢% +1— /(T + 272 (1 + 2)¢7)

o 2(1 + 2A¢2) (7 + &) V10(z — )0y (4.68)
iNg [ 14 2\ ] ,

T 2(1 + 2)\¢/2) L+ \/(1 T2 )1 + 20p7) ViYL o(z —y)0s,

=207 — 1+ /(14 227%) (1 + 2097)

{m(2), ¥+ (y)}o

{m(@), v-(y)}o = 21+ 2067%) (7 — &) Y_6(x —y)0y (4.69)
iNe' | 1 — 2Xm¢/ 1
21+ 2)0072) _1 NV Y ) Pyl 6(z - y)0r -

It is interesting to ask whether this deformed model has supersymmetry or not. At
first glance, it is not guaranteed that the non-SUSY deformation preserves supersymmetry.
But, the deformed spectrum follows the universal formula (2.1), and the Bose-Fermi degen-
eracy of the undeformed theory will be preserved under the non-SUSY deformation. This
implies a supercharge operator with Hamiltonian and momentum and maps between those
degenerate states, and indeed the deformed model will be supersymmetric. In ref. [17],
the supersymmetry of this model was confirmed perturbatively up to order O(A2). Still, it
is not clear whether this supercharge operator can be written as an integration of a local
supercharge density or not.

Using the Dirac bracket, we find that two supercharges of the deformed model are

Q= [dopa(m+ o), (4.70)
Q' = /dx bo(r— ) . (4.71)

This expression is identical to that of the undeformed theory. But, it is important to note
that the conjugate momentum 7 is not equal to ¢. First, we confirm that Q_l|r anti-commutes
with QL

{Q4, QL =0. (4.72)

Furthermore, the Hamiltonian and the momentum from eqs. (4.48) and (4.49) can be
expressed in terms of Dirac brackets of the supercharges,

H = /daz% = i{QL,QL}D + i{Ql_,Ql_}D, (4.73)

P = /dw = i{@i,QL}D - i{@%@l} : (4.74)

D

From the Jacobi identity of the Dirac bracket, one can easily deduce that QL commutes
with Hamiltonian and momentum operator,

{Q%. H}p ={QL, Plo=0. (4.75)

Therefore, this explicitly proves that the non-SUSY 7T deformation of N = (1,1) SUSY
model has supersymmetry (at least, classically). One can also evaluate the SUSY trans-
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formation of ¢ and ¥4:
34p(z) ={Q4, ¢(2)}o (4.76)

1 14 2102 iNr (7 + @) 1+ 2X7m¢’ /
T2 (1 V1 + 2\m2 ) Yt 2(1 + 2Am2) (1 * VI +2272)(1 + 2)\¢’2)> V=¥,

I-¢(x) = {QL, d(2)}n -
S 142062\ - iVa(r— o) 1= 2Amg! ,
— _2 (1+ M) w* 2(1+2)\7r2) <1+ \/(1+2A7T2)(1+2>\¢/2)> ¢+¢+¢7 .

Sipy ={QL, vi}o
1= 2/ — T+ 2 (1 + 2257

A+ ¢)
2n¢f % + 72 + A2 /
o <7r +7 " mro)/a Tt QW’?)) e

N A7+ @) (1 +227¢" + /(1 +2272) (1 + 2X¢2))

‘ 2(1 + 22 m2)(1 + 22672
A(m —¢')

VI 2072 (1 4 2097?)

e p_g,  (478)

6_vr ={QL,y}p = —

W, (4.79)

o-v- ={QL,v-}v
. 1+ 2)\7r¢' — \/(1 i 2)\7‘(2)(1 ¥ 2)\¢,2)
- AN —¢)
o S+ Ade? ,
+)\<7T—¢/ B (7r_¢/)\/(1+2)\7r2)(1+2/\¢,2)>¢+¢+

A — ¢ (1 —2Am¢’ — /(1 + 2A72) (1 + 27¢?))
e 2(1 + 2712) (1 + 2002
A+ ¢')

V(I 2272 (1 4 2097?)

Yedl ooy, (4.80)

S ={QL W}y = - TR (4.81)

The undeformed free AV = (1,1) SUSY model has additional global symmetry in shift-
ing ¢ and ¥4 by a and n4:

¢ — ¢+a, (4.82)
Ve —  Yr+nx, (4.83)

where a and 74 is Grassmannian even and odd constant, respectively. This symmetry is
generated by

2
p? z%/d:p ™ (4.84)

Q2 = - 8Lm/dx T (4.85)
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Here, we emphasize that 7y is related to the ¥y, ¢ and m via the constraints (4.53)
and (4.54), which is not equal to %¢i for A #£ 0. We confirm that this symmetry is also
preserved under the TT deformation of A” = (1,1) SUSY model. Namely, they commute
with Hamiltonian and momentum operator,

{QL.H}p = {P*, H}p, ={Q1, P}y = {P*, P}, =0. (4.86)
And they satisfy the following algebra,

1672i 1672\

QLo =——F— -~ (HFP), (4.87)

{Q1.Q%}p =0, (4.88)
1 N2 _ o[ m2 47”2 2

{Q+7Q+}D =—2i(P"+ 12 W , (4.89)

QL Q% }p = —2i <P2 - Affw?) : (4.90)

{QL. Q%o =0, (4.91)

where W? is the winding number of the scalar field ¢ if it is compactified:

W2 = % f dr ¢ . (4.92)

4.3 Lessons from the GS-like worldsheet

We saw the ordinary, i.e., non-supersymmetric 77 deformation of the N = (1,1) theory
admit an N = (1,1) supersymmetry. We constructed the superalgebra by exploring the
canonical structure of the deformed theory. As shown earlier, the same theory can be
obtained from integrating out the worldsheet metric of a GS-like theory with D = 3 space-
time supersymmetry, where the presence of the supersymmetry is a little more transparent;
The procedure of integrating out the worldsheet metric identifies part of spacetime with
the worldsheet, such that the spacetime supersymmetry descends to that on the T'T side.
Now armed with the canonical analysis of the TT side, we wish to revisit the latter for the
purpose of relating the symmetry algebra of the latter after the gauge fixing to that of TT
side. This should illuminate further on precise nature of the supersymmetry in question.
We will follow the second approach to the GS-like action for the supersymmetry with
shifted light-cone metric (4.17) in section 4.1. Before moving on to the second approach, we
shortly comment on the supersymmetry from the first approach to the NV = 2 supercharges
of GS-like model with the static gauge (4.1). We find that two of N' = 2 supercharges
and their algebra exactly agree'® with the supersymmetry of the TT deformed N = (1,1)
model in section 4.2. The other two supercharges in N' = 2 SUSY are supposed to be
related to the fermi global charges (4.85) in TT deformation. However, those two charges
and their algebra do not seem to be simply expressed in terms of the fermi global charges.

For this we use the relation P;; = —P' deduced from the level-matching condition at A = 0. Recall
that the momentum P is invariant under the TT deformation.
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Hence, in this section, we will focus on the second approach in section 4.1. Recall that
the Lagrangian of the non-SUSY T'T deformation agrees with that of GS-like action in
uniform light-cone gauge with the shifted light-cone metric,

ds? = 2M(dX)? +2dX TdX ™ + (dX")?, (4.93)
where A is a dimensionless parameter which we will clarify the relation to the 7T deforma-
tion parameter A soon. We retrieve the string length scale ﬁ = ﬁa, to see the explicit

relation to the length scale in the 7T deformation (i.e., circumference L of the cylinder).
The length scale L of the TT deformation is identified with the length scale of the string
£s as follows,

L
27 =V 27T£S . (494)

—=
Accordingly, we relate the dimensionless parameter A to the T'T deformation parameter
A by

A= — . (4.95)

Also, to compare the results explicitly, it is convenient to rescale the fields and variables
by % to make them dimensionless in the TT deformation side. e.g.,

L L L\? 27
t, Tr — %T, %U, A — <27T> Aa wﬂ: — fwi etc. (496)

Then, the charge density and charge operators in the 7T deformation are also rescaled
properly. For example,

1
Ho=ox (1 + 40y + 40P, —1) + -+, (4.97)
1
P =Poot [+ 1+ 4AHy 0+ 402PZ, | (Sy + S2), (4.98)
2
=" Tarn, (4.99)
L Jo
27
P="" TP, (4.100)
L Jo

2w
QL = \/ﬂ ; do i (m+¢'), (4.101)

L
2 27
Q% = _42'\/? / do Ty  ete. (4.102)
0

Here, we made the density operators H and P dimensionless while we keep the dimension
of the charge operators. Also, we defined H; o = %7‘(2 + %qﬁ& and Pyyp = m¢'.

The 3D GS-like action has 3D super Poincare symmetry, and we will show how this 3D
super Poincare algebra is related to the algebra found in the previous section. We calculate
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the supercharges of the 3D N = 2 GS-like model given in ref. [24]1°

Q% = Q%da KP"” + 1H§> (L, 04)*+ %@i\l&)aﬂ@
s S

5 (a=1,2), (4.103)

where p# is conjugate momentum of X*. Due to the gauge condition I'" ¥, = 0 fixing the
k symmetry, the Majorana spinor Wy is written as follows,

1 (A
N = ( ; ) . (4.104)

To make contact with (dimensionless) scalar field ¢ and its conjugate momentum 7 in the
TT deformation, we also rescale the transverse target coordinate X2 and its conjugate
momentum p? as follows,

1
V2l

Before obtaining the supercharges, we revisit the uniform light-cone quantization. In order

X2 = \onlyp, p?= . (4.105)

to identify target coordinate X with worldsheet time 7,
Xt =2l (4.106)

the target coordinate X should be either time-like or null. From eq. (4.93), one can see

that this is possible!® when
AZ=0. (4.107)

Therefore, the relation between GS-like model and 7T deformation in this work is valid for
A = 0. Following DLCQ [26], we compactify null coordinate X ~. Then, the momentum
zero-mode p_ is quantized,'” i.e.,

2m™n
= — 4.109
p 5 R ( )

where R is the circumference of X~ and the range of the worldsheet spatial coordinate o

belongs to [0,27]. Recall that we chose the condition!®

1
p== Vorl,’

for uniform light-cone gauge. This is possible when the circumference R of the target

(4.110)

coordinate X~ becomes

R=12mlsn . (4.111)

5The index a = 1,2 of supercharge Q% in ref. [24] corresponds to — and + in this paper, respectively.
16For example, consider Eddington-Finkelstein metric or Vaidya metric.
17Consider the Wilson-Sommerfeld quantization for the symplectic one-form,

?{da%p_dX* = 2mn . (4.108)

181n section 4.1, we worked out in the unit with 2762 = 1.
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Furthermore, due to the compactification of X~ coordinate, we have a topological charge
corresponding to winding mode along X ~, which is quantized,

W™ = %da 0, X~ =-—mR = —V2nlsmn, (4.112)
where we used eq. (4.111). The level matching condition of the string theory relates this

topological charge to the momentum operator P (4.100) of the TT deformed theory,

27 2rmRp_  2mnm
7 P-W 7 7 (4.113)

Therefore, for n = 1 or m = 1, this reproduces the quantization of the momentum operator
P in the T'T deformation. In addition to W~ , we could have additional topological charge
W2 if X2 =+/2ml¢ is also compactified.

With this gauge condition, the supercharge can be written as

_ L _ 2A L N[O 9 1 o\ (¥+
Q+ —%da N [(Zp_ 2Ap, + 271_@80)( ) <¢i> + (p + 27%31_[1) ( 0 )] . (4.114)

One can connect the operators in string theory (on the left-hand side) with those in the
TT deformed theory'? (on the right-hand side) as follow

2
Py = — %”H P, = —H, (4.115)
2 2
T P2 — 7/ 411
P 7 7 do m, (4.116)
21 L?
2 —
_ T - _“p 4.11
p= W 2l (4.117)
L L
m? =—¢ 2:—%d a 4.11
1 27T 9 W 27'(' 0'8 qb, ( 8)
L
X" =——P. (4.119)
27

Then, the supercharge of the N' = 2 super Poincare algebra can be written as

(L)) e

where we used the constraints (4.53) and (4.54) for w1 which is conjugate momentum
of ¢i: )
me— L AP (a.121)

Hence, we confirm that this is exactly what we had in the previous section (with suitable
rescaling as explained):

Qz =Qa (a=1,2,a=%). (4.122)

19Recall that we make the density operator # and P dimensionless, and the charge operator H and P
has the length dimension —1.
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Then, the algebra found in egs. (4.72)—(4.74) and eqgs. (4.87)—(4.91) can be summarized by

2

o2 o3, A% (4.123)

{Q,Q}p = — 2i6(THC)*PP, —

where I'"CP, and the topological charge A8 is given by

P~ P P P> H P
T“CP, = = 5 = 4.124
. < P2 2P+ + 2A1P>—> ( P? 2P_ — 2AIP’+> (IP? S 4 2AH> (4129

W W2 2 [ P Amye
A=T do 0, X" = =— L : 4.12
“07{ 70 ( W2 2AW‘> 42 (‘fjw? —2AP (4.125)

We can write them explicitly as

{Q3,Q%}, =

2 | 4?2
—21( H+P P W ) (4.126)

P2 4 ATl yy2 810 | 9A(H — P)

H-P Py
Q*,Q% ), = —2i e D . 4.127
{ o P2 — ATl yy2 8T° 4 9A(H + P) (4.127)

This is exactly the supersymmetry algebra of A/ = 2 super Poincare with topological
charge [27]. From the point of view of the 3D GS-like model, the topological charge in the
supersymmetry algebra is originated from the WZ term of the GS-like model [27].

Recall the A dependence of the algebra of the fermi global charges (4.87). In string
theory, the deviation of the light-cone coordinate X from the usual one is responsible for
this A dependence. On the other hand, from the point of view of TT deformation, this is
an example of the symmetry algebra deformed by T'T deformation.

Recall that the operators H, P, P? and W? commute.?’ Hence, at quantum level one
can consider an eigenstate of those operators

|E, P, s ) s (4.128)

where E, P, p, and p, is the eigenvalue of H, P, P? and W2, respectively.
In general, we have 16 degeneracy in this eigenspace. To see this, let us con-
sider degenerate states by acting Q}F and Qi on |E,P,pm,pw)- Note that
|E, P, D, Pw), QLQﬂE,P,pm,pw}, iQME,P,pm,pw) are not linearly indepen-
dent because of the anti-commutation relation of Q}F and Qi. Hence, we have 4 states
instead of 5 states,

|E, P, D, D) » QLQ2|E, P, pm,Pw) , (4.129)
QLIE, P,pm.pw), Q%LIE,P,pm.puw) - (4.130)

Together with the action of @' and @2, we have 16 degenerate states in general. This
agrees with the usual free NV = (1,1) SUSY model. In free N' = (1,1) SUSY model

20Sce eq. (4.86). Also, from eqs. (4.89) and (4.90), one can also deduce that W? commutes with others
by Jacobi identity if ¢ is compact.
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(A = 0), we have 4 degeneracy by the N' = (1,1) supercharges Q. Furthermore, the
fermion zero-modes?! Q% give 4 degenerate ground states. In total, we also have 16
degenerate states in general.

In N = (1,1) supersymmetry of TT deformation, the positive definiteness?? of the
supersymmetric algebra,

[QL, QL)+ =2(H+P), (4.131)
gives
E+P=0. (4.132)
This can be saturated by a state satisfying
E=|P|, (4.133)

and this state preserve the half of the ' = (1,1) supersymemtry — either N' = (1,0) or
N = (0, 1) supersymmetry depending on the sign of P. The condition (4.133) is protected
under TT deformation [28]. That is, let us consider a state in the undeformed theory
(A = 0) satisfying

EO© = |pO)], (4.134)

where E© and P is the undeformed energy and momentum. Under the 7T deformation,
the momentum is invariant P = P(®)_ and the deformed energy (2.1) becomes

L
E=_—

A A2
1+4=|P|+4—=|P|?-1| = |P|. 4.1
ZA¢+L||+L2|| P (4135)

Therefore, the deformed state also satisfies the condition (4.133). Without momentum and
winding zero-modes of ¢, there always exists a state with the condition (4.133) for each
momentum P. On the other hand, there is no state with non-vanishing momentum zero-
mode or winding zero-mode (if X? = ¢ is compactified) which is annihilated by QL. One
might try to find a special cases? satisfying the condition (4.133) with non-vanishing zero-
modes. Soon we will prove that no physical state with non-vanishing zero-mode satisfies
the condition (4.133) from the point of view of N/ = 2 supersymmetry of GS-like model.
From the point of view of N’ = (1,1) SUSY model, eq. (4.123) is the algebra among
N = (1,1) supercharges QL and fermi global charges Q3. Thus, it might look odd to
consider its “BPS” bound. Nevertheless, one can still demand the positiveness of the anti-
commutation relation (4.123) whether it is a supercharge or a fermi global charge. Also,

HIn A =0, mx = Leps.

*2Recall that the Dirac bracket becomes (anti-)commutation relation by i{ , }b — [, ]+. Moreover,
there could be additional contributions from the normal ordering. Here, we include the (regularized) shifts
from the normal ordering in the eigenvalues such as F and P if exists.

ZFor example, non-compact X? = ¢ with a special momentum zero-mode or compact X2 = ¢ with

self-dual radius can make the energy of form 22 (n € Z).
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from the perspective of N/ = 2 supersymmetry of GS-like model, it is natural to discuss
the “BPS” bound. From eq. (4.123), the “BPS” bound reads

A 5 o o 1 /L 2\ 2
I _ _ = — >
L(E+ P)+ 5 L*(E* = P*) - o (27Tpm:t pr) >0, (4.136)
872+ 2AL(ETP)+L(E+P) > 0. (4.137)

where p,, and p,, denotes the eigenvalue of P2 and W? corresponding to the momentum
and winding zero-mode of X? = %d). First, note that the BPS bound (4.137) will not
be saturated because E + P = 0, which leads to the partially broken rigid supersymme-
try (PBRS) by topological WZ term [27]. From the point of view of free N' = (1,1) SUSY
model, Q1 ~ [domy ~ [domy is already “broken” (i.e., (vac|Q? Q% |vac) # 0). And we
have never called it “supersymmetry” in the N' = (1,1) SUSY context.

The BPS bound (4.136) implies that when p,, # 0 or p,, # 0, the condition £ = |P|
violates the BPS bound (4.136). This immediately prove that there is no physical state
with non-vanishing zero-modes such that E = |P)|.

From the point of view of N' = 2 SUSY of the GS-like model, one can consider a “BPS”
state with non-vanishing zero-modes which saturates the BPS bound (4.136). When one
of the inequality in eq. (4.136) is saturated, the other in eq. (4.136) gives the inequality
between P and pp,p,. And then, one can write the “BPS” condition with |P — Zpympuw|
instead of (P — 1pmpuw),

4\ 1
w + P = Lo

L
E=_—
2

L AV L2 L2

o\ [ L2 4n2 N2
<p%n + ng,> +oop 1] . (4.138)

where we used A = 4LL22>\. Note that this condition returns to the condition (4.133) for
vanishing zero-modes p,, = p, = 0. This “BPS” condition is protected under the T'T
deformation. For A = 0, the “BPS” state is characterized by

1 [ L? 472
+— (p?n + 7Tp?> . (4.139)

1
0) _ 0
E()_’P()_pmp“’ 2L \ 47 L2

L

Note that for A = 0 we will have the 3D GS-like model with the usual light-cone target
metric, and this is nothing but the familiar worldsheet BPS condition. Under the T'T
deformation, its deformed energy also follows the universal formula (2.1), and the deformed
states also satisfy the BPS condition (4.138) along the T'T deformation,

L 4 42
E=_" |41+ 2ZE0 42 p2_1
2\ \/ + L + L?
L 4N 1 2\ [ L? 472 4)N?
e N Al = g2 —p2 )+ P21 4.14
) \/ + L‘ 7 PmPu +L2 <47T2pm+ Iz pw> + 72 ] ; (4.140)

where the momentum is invariant under the TT deformation (i.e., P = P(®). In other
words, the “BPS” condition (4.138) already shows how it flows along the TT deformation.
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Note that this “BPS” state spontaneously breaks N' = (1,1) supersymmetry when it has
non-vanishing zero-modes

QL|“BPS”) #0  when p, # 0 or p, #0. (4.141)

From the point of view of TT deformation, this is interesting because “BPS” states will
still be protected under the deformation even though it spontaneously breaks N/ = (1,1)
supersymmetry. On the other hand, this is natural from the point of view of AV = 2 Super
Poincare, and the “BPS” state is annihilated by a linear combination of supercharges QL
and fermi global charges Q%, respectively.

The TT deformation of ' = (0,1) SUSY model can easily be obtained by truncating
the fermion ¢_ from the N'= (1,1) case [9]. Hence, we only have two fermi charges

QL = ﬁ/da Yo(m+¢'), (4.142)

2
Q2 = —4i,/%/da T . (4.143)

The first one is the supercharge of N' = (0, 1) supersymmetry, and the second one generates
a shift of the fermion ¢, by a Grassmannian-odd constant. This 77 deformed N = (0,1)
SUSY model corresponds to the 3D N = 1 GS-like model. Q% = Q% (a = 1,2) are the
supercharges of the 3D N = 1 super Poincare algebra. As in N' = 2 GS-like model, the

topological charge W~ = —%P appears in the supersymmetry algebra because of the
WZ term,
2
Q% Q%) = 2(T"C)* PPy + =5 A7, (4.144)
T S

where T#C' and A®® are given in eqgs. (4.124) and (4.125). As before, the “BPS” bound
can be written as

A 1/L 2r  \?
I _ _ | = - >
L(E+P) |14 5 L(E P)} 5 <27Tpm + 7 pw> >0, (4.145)
872 + 2AL(E — P)+ L(E+P) 2 0. (4.146)

From the two inequality, one can deduce that

472

LE+P) 20, LE-P)z-—

(4.147)

Therefore, eq. (4.146) cannot be saturated. The “BPS” condition from eq. (4.145) is

L 4\ 2\ (L 21 \?2  4\2
E=—_|W1i-2Zp+2Z (= = . p21q
22 N e (27rpm+ pr> Tz

This “BPS” state is also protected under the TT deformation as before.

(4.148)
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5 The question of which energy-momentum tensor

So far, we have mostly studied the T'T deformations constructed from the Noether energy-
momentum tensor. It has been observed [9, 10], as we repeated here, that the 7T deformed
Lagrangian obtained from the worldsheet theory approach is consistent with this energy-
momentum tensor from the Noether procedure. This is itself a little counter-intuitive as
we are accustomed to the symmetric energy-momentum tensor, especially dealing with
systems with dynamical gravity. Moreover, in the derivation of the TT deformed spectrum
via the factorization formula [1], one might think that the symmetric energy-momentum
tensor is a more natural starting point, as obtained by variation of action with respect
to the metric. This led us to wonder what would happen for TT deformations by the
symmetric energy-momentum tensor. Do we obtain the same theory in the end, or if not,
why did the worldsheet approaches above preferred the Noether energy-momentum? Let
us start the investigation by listing some simplest examples of TT deformed theories where
the symmetric energy-momentum tensor is used.

A priori, deformation of fermionic theories by higher derivative interaction terms can
easily suffer from superfluous degrees of freedom. Recall how, in ordinary fermion theories
with at most a single time derivative, the system comes with a second-class constraint that
relates the conjugate momenta of the fermion to the original fermion variables. The familiar
canonical anti-commutator among the fermions is a result of the Dirac bracket based on
this constraint. The latter results in, relative to the bosonic counterpart, halving of degrees
of freedom. For instance, a complex Grassmannian field has the same number of canonical
degrees of freedom as a single real scalar. TT deformations involve a higher-derivative
operator and have the same potential danger of spoiling this counting.

Therefore, a different kind of issue arises when the “deformed” Lagrangian involves
terms with more than one time derivatives on fermions; the usual second-class constraints
that halve the degrees of freedom are no longer constraints, resulting in the degree of
freedom being doubled. We find that, for the simplest examples, the 7T based on the
symmetric energy-momentum tensor leads to this phenomenon. Such higher derivative
fermion theories are riddled with another problem, with unitarity. The naive canonical
analysis leads to negative norm states, but we will find an alternate positive definite inner
product on the Hilbert space on a closer look. We further show that this choice is actually
the one consistent with the path integral, as can be seen from the partition function, and the
unitarity can be intact. We will see below that this tends to happen quite easily in fermionic
theories, especially with the symmetric energy-momentum. in particular, the same happens
if one deforms N' = (1,1) theory by a supersymmetric completion of ordinary T T.

We illustrate the phenomenon by considering a d = 1 toy model and a pair of d = 2 pure
fermion theories in the large A limit. We should warn ahead that in the latter examples, the
Hamiltonian can be made Hermitian, hence the evolution operator is unitary, but only at
the cost of the spatial momentum operator, a perfectly sensible physical quantity, becoming
non-Hermitian. It is also unclear whether this recovery of the unitarity is an artifact of the

d = 1 toy model or the UV approximation we employed for the analysis in d = 2.24

24 A class of fermion theories with two time derivatives has been studied elsewhere with a similar conclu-
sion, although their choice of the inner product is a little different [20, 21].
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Regardless of unitary or not, what does remain clear is that, for some T'T deformations,
the word “deformation” is misleading. Even if such theories are well-defined, they lead to
a rather different UV completion with an exponentially larger Hilbert space than naively
anticipated. In the IR, one must decouple half the degrees of freedom to match the free
undeformed theory limit. The latter operation looks not too ill-motivated at least, thank-
fully, given how the relevant states are far removed from the physical ones due to the very
large energy eigenvalues, divergent as A — 0. In retrospect, the very fact that we are yet
to find such complications for the TT deformations with the Noether energy-momentum
tensor should be a surprise.

5.1 Examples of the other 7T deformations

TT deformation of free fermion by symmetric T,,. Let us revisit the simplest
model of a single Majorana fermion. The T'T deformed Lagrangian of the free fermion by
symmetric energy-momentum tensor is [19]

. ' . ‘ . . B / ‘ ‘ /
L= tiibs + st — Syt + v+ T (g + vy )
A . A
- §¢+¢)+¢J/L + gﬂ’#ﬁzﬂﬁf@bl— . (5.1)
From the Lagrangian, one can obtain the conjugate momentum 74 of the fermion 4:

' 3\ A .

T = st g - Sd (5.2)
' 3\ A .

T = s — T+ Sy (5.3)

Note that the right-hand sides contain 1+, unlike the fermions in section 2. Therefore,
they are not the second-class constraints for non-zero A, although it is still not clear how
to invert those equations to solve for ) in general. Since we do not have the second-class
constraints, we will have additional degrees of freedom, which would have been removed
from the Hilbert space with the constraints. The term with more than one time derivatives
is responsible for the emergence of the extra degrees of freedom for the case of free fermion.
The higher time derivative term does not vanish either in the Hamiltonian, i.e.,

H :7T+¢+ +T Y- — L
' A A . .
= (" - e = G dov + v ) s
) 3\ A , .
Y Gl AT T P
gt — Ut — U gy — S

TT deformation on superspace. There exist three types of TT deformed Lagrangians
in the literature [9, 10, 17, 25] of the simplest A/(1,1) model, whose free form Lagrangian is

Lo =204 ¢0=¢ + 19 0=1p4 +itp_ Oy tp— . (5.5)
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We have analyzed the canonical structure for one of them in section 4.2, where the defor-
mation involves the vanilla 7T with no attempt at its supersymmetry completion. Here,
we found no additional degrees of freedom appeared.

On the other hand, the other Lagrangians were worked out in the superspace so that
supersymmetry is manifestly preserved by construction [9, 25]. In those two other La-
grangians, the conjugate momentum 7+ of the fermions again includes the time derivatives
of fermions. Denoting the Lagrangian generally as a Taylor expansion

Ly= Lo+ A1+ XLy +0O0N), (5.6)
the first-order correction £; of the TT deformed Lagrangian in ref. [9] is found to be

L1 =~ (2046 + it Dyt ) (20-0)” + -0t ) + 1y D_tprp_ Oyt
— 4i(04¢0=¢) (Y4 Oty +_041p-) . (5.7)

The conjugate momentum 7+ of the fermion L can be written as follows,

1

T =g [1 — /2\<37r2 —21¢) + 2ip_tp_ — (¢’)2>} Yy +O(\?), (5.8)

T_ = ;[1 — ;(3n2 + 21¢) + 2ihahy — (¢’)2>}1p_ +0(\?) . (5.9)

Since 11 appears on the right-hand side, these relationships are not constraints anymore
and imply doubling of degrees of freedom warned above.

The same phenomenon can be observed in the deformed Lagrangian in ref. [25] from
the order O(A\2). After integrating out the auxiliary field, the 77 deformed Lagrangian in
ref. [25] reads®®

L1 =—((040)? + 10491 )((0=0)? + 0=t ) + 1 O=tp 1)y -

— 2(0400=0) (Y4 0=tp4 + P_049—), (5.10)
Ly = 3(04.0) ¢4 0=ty 0t + 3(0=0) 4 Oy thy1p_ Oy tp—

+ 2(044 9O O=t 4 - Oy tp— + 8(D4p 9O=)1h1. Dy o4 - Dp—

+6(04y ¢0=0)* (Y1 O=tpy + Oy 1p_)

- 4(04 00— ) (04 0)* V- -t + (D-0) b1 Dsps) +2(000-¢)°,  (5.11)
Z5Ref. [25] used a different convention for light-cone from ours, i.e., 941 = \%(8,5 + 05). Hence, we

calculate egs. (5.10)—(5.13) following the convention in ref. [25].
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and the conjugate momentum 74 are found to be
1 A

— 2 / / /2 )\2 4 3 .7 2 j
m_ﬂ[l_Z(sw —ang + 2B — () - 5 (rt 20— 1TV B

+10VErG v ! 2m(6 )~ 4V P+ 3VE P~ (&)1 [+ O

(5.12)

_ 1 A 2 / / \2 A
77_\/5{1—2<37r + 27¢ +2\@¢+¢+_(¢)>_2

10V Ed ety 4 2m( )P+ AV ) ity VI by — (¢’>4)]¢_ + O
(5.13)

<7T4 — 27T3¢, — 17\/§7T21/J+17Z.}+

One can see again that 1)1 appears at the order O(\?).

Both Lagrangians are constructed from the superfield 7, (4 = H+,=,a = %) contain-
ing the supercurrent and energy-momentum tensor. The superfield 7,4 is calculated as a
supersymmetric Noether current. The deformation by this superfield induces the coupling
to the extra degrees of freedom.

It was observed [9, 25] that the superfield-squared deformation is equal to the defor-
mation by the determinant of the energy-momentum tensor on-shell,

/ P20 (Tu T + T Tor) = Ty T — Ty T (on-shell) . (5.14)

However, this does not mean that SUSY TT deformation is equivalent to non-SUSY T'T
deformation. Because the supercurrent does contribute to the deformation of Lagrangian
off-shell, the energy-momentum tensor 7}, on the right-hand side of eq. (5.14) has a dif-
ferent form from that of non-SUSY T'T deformed theory.

One can add further add other divergence-less terms to the energy-momentum ten-
sor. Using the improved energy-momentum tensor, one can even get the higher-order
Lagrangian of scalar fields in principle. This also leads to the coupling to the extra degrees
of freedom.

5.2 A toy model with J-hemiticity

To understand the emergence of the extra degrees of freedom, we will study a toy model
of which Lagrangian is

L= 599 — 2 +miyp — Mo (5.15)

Note that the last term characterizes the symplectic fermion in refs. [20, 21]. The conjugate
momentum of ¥ and v can be obtained by

—
6L i- -
TL .
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Note that we take the right and left derivative of the Lagrangian for 7 and 7 in order to
demand that 1/_12 7 be Hermitian conjugate to ¢ and m, respectively. From this, we can
express 1) and ¢ in terms of phase space variables,

) = — % <ﬁ+ ;¢> : (5.18)
Y = — % (W— ;1#) : (5.19)

Now, we can obtain Hamiltonian,
Lo - 1 -\ (. i
H:7r¢+1/17r—L:—m1/Jw—>\(7r—2w><7r+2¢) . (5.20)

Note that the order of fermi fields 7¢) + ¢7 in Legendre transformation for Hamiltonian
is also consistent with hermiticity condition for Hamiltonian. Moreover, this implies the
anti-commutation relations of phase space variables is given by

{wvﬂ'} =1, {1/_}77?} =—i. (5.21)

Note that this anti-commutation is consistent with Hermitian conjugation.
To construct Fock space, we will find the following transformation from ¢, ¢, 7, T to
fermi oscillators b, b, ¢, ¢’ parametrized by real constants u; , us, v1 , vo:

7+ %@z; = i(v1b + vac) (5.22)
i-

T — 51/} = —i(v1b" 4 vacl), (5.23)

7 %w = — i(u1h + usc) , (5.24)

T+ %1/_1 = i(urb’ 4 ugcl), (5.25)

where the oscillators obey the anti-commutation relations
o'y =1, {ccp=-1. (5.26)

Demanding that the algebras (5.21) and (5.26) are mapped by a Bogoliubov transformation,
we obtain the conditions for the coefficients,

up —ui =1, (5.27)
vP—vs = —1, (5.28)
u1v1 — Uy = 0, (5.29)
and they can be parameterized by 0:
u1 = cosh @, U9 = sinh @,
v; = sinh 6, vy = cosh @ . (5.30)

Using this transformation, one can express the Hamiltonian in terms of the oscillators.
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We will choose the parameter 6 in a way that cross terms such as bfe and ¢fb in the
Hamiltonian vanish. The choice for vanishing cross terms will be clarified soon. From this
requirement, the parameter 6 is determined to be

2mA

tanh20 = ———— . 31
an 1 1 (5.31)

Because 6 is real, this transformation is valid for
1+4mA > 0, (5.32)

and in this range of 6, the Hamiltonian becomes

1-+v1+4+4 1++v1+4+4
H = —+m)‘bTb _ +—+m)‘CTc . (5.33)
2\ 2\
Defining vacuum state |0,0) by

b|0,0) = ¢|0,0) =0, (5.34)

we construct Fock space by acting bl and ¢ on the vacuum. It is easy to see that these
states diagonalize the Hamiltonian:

E =0, 1) = [0, 0), (5.35)
Ey = 1=vitdmh ”;;W . W) =11,0) = bT)0,0), (5.36)
By = LTV EAmA \/;;rm ,|Ws) =10,1) = ¢f0,0), (5.37)
E, = % , 1W,) = [1,1) = b'cl0,0). (5.38)

Due to the unusual anti-commutation relation of ¢ and ¢ in eq. (5.26), this Fock space
includes negative norm states. To see this, we define bra state (v1,v2| by Hermitian con-
jugation of |v1,v9). Using the anti-commutation relations, we have

(0,0[0,0) =(0,0[b™d + bb'|0,0) = (1,0]1,0), (5.39)
(0,0]0,0) = — (0,0|c'e + cc']0,0) = —(0,1/0, 1), (5.40)
(0,1]0,1) =(0,0[b™6 4 bb'|0,0) = (1,1|1,1). (5.41)

Assuming that the vacuum state |0,0) is normalized to be 1, we can conclude that the
negative norm state is inevitable:

(0,0]0,0) = (1,0[1,0) = —(0,1]0,1) = —(1,1[1,1) =1 . (5.42)

Hence, the states constructed by ¢/ have a negative norm, as had been observed in the sym-
plectic fermion [21]. Therefore, although the Hamiltonian is Hermitian, the time evolution
is not unitary because of the negative norm states.
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However, the unitarity depends on the definition of the inner product, and we will
show that the unitarity can be recovered by an alternative definition of the inner product.
For this, we introduce an operator J [20, 21| defined by

J=1+2cc. (5.43)
This operator is Hermitian and unitary,
J=g, J'=1. (5.44)
Moreover, the operator J anti-commutes with ¢ and ¢/ while it commutes with b and b',
JeT =—c, JdT=—c", JbT=b, TbT=0". (5.45)
Assuming that the vacuum is invariant under the action of operator J
J10,0) = 0,0}, (5.46)

the operator J flips the sign of the state |0,1) and |1,1) which have negative norm:

j‘170> = |170>7 (5.47)
j‘o’ 1> == |0’ 1>a (5.48)
JIL1) =—11,1) . (5.49)

Using the operator J, the completeness relation can be written as
1 =10,0)(0,0|T + |1,0)(1,0|J + |0,1)(0,1|T +10,0)(0,0[T . (5.50)
Therefore, it is natural to define?® J-norm
(il0l) g = (I|lTOlg) - (5.51)
Note that the J-norm of the Fock space basis now becomes positive,
(ilj)g = 045 - (5.52)

Also, the matrix representation for an operator, which is compatible with the above com-
pleteness relation, is defined in terms of the J-norm

Oi; = (il0lj) - (5.53)

For example, unlike the naive norm, the matrix representation of the Hamiltonian with
J-norm can reproduce the energy eigenvalues (5.35)—(5.38). When we use J-norm, we
need to introduce J-conjugation {; defined by

otr = gotg . (5.54)

6In this paper, we employ the notation J instead of C used in refs. [20, 21] to prevent any confusion.
Especially, the definition of the inner product is different, i.e., ( Yhere = { )¢, there and ( )7, here = ( )there-

48 —



This J-conjugation is compatible with J-norm, i.e.,

(OY'|) g = (0P| T W) = W |0TT|p) = (/| TOT7 |[y) = (|07 |9) 7 . (5.55)

Recall that we have chosen the parameter 8 to eliminate the cross terms in the Hamiltonian.
Then, the Hamiltonian (5.33) without the cross terms is J-Hermitian,

H'7 = H . (5.56)

Therefore, one can expect that the energy eigenstates (Fock space states) now enjoy the
nice properties of the Hermitian matrices.

Without the [J-Hermicity, the orthogonality of eigenstates would have been violated
in spite of the positive-definite J-norm. Now, the time evolution becomes unitary with
respect to the J-norm for 1+ 4mA > 0. Recall that the transformation to b, ¢ is possible
only for 1 +4mA > 0. For 1 +4mA\ > 0, this system exhibits nice physical properties such
as real energy eigenvalues, orthonormal energy eigenstates, and unitary time evolution.
However, for 1+ 4mA < 0, we lose all these sensible properties.

The above operator formalism with J-norm is consistent with the path integral for-
malism, in the sense that the latter naturally computes

Z(8) = / DYDY exp (—Sﬁ[&,w]) =Tr {Je*BH} . (5.57)

with the additional operator insertion of 7 on the canonical side. A formal proof of this is
given in the appendix C, but we can easily convince ourselves of this relation by computing
the (thermal) partition function by path integral directly.

Imposing the usual anti-periodic boundary condition along the Euclidean time circle,
the fermions can be expanded by

O(r)= Y e 7, (5.58)
nGZJr%

)= 3 e F, (5.59)
nGZJr%

up to the normalization constant. The path integral can be evaluated as

Z :/D&Dw el = T b l—A (m)Q 4 2mn m] ,

nEZ-‘r% 27 6 B
A2 \2n 2.2 2,92
S ) A POl PRPINC Al (5.60)
. P2 4m2n?2 4m2n?2
nEZ+U{0}+§

where we defined

14+ V1+4mA w /81—\/1+4m)\
2\ ’ 2\ '

©
Il

3 (5.61)
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By regularizing the partition function by Lo = —)«qu, we have

1 1—vI+dmX 1+VIif4mA
7 = cosh % cosh = = Ee*ﬁ% 1+ eﬁ< B ) + eﬁ< A ) + eﬁi] . (5.62)
0

On the other hand, in operator formalism, the partition function can be found to be

Z=Tr |Je ] =1+ eﬁ(k@m> n o1 ey, (5.63)

which reproduces the result (5.62) from the path integral up to a normal ordering, of
which we were not careful, of the Hamiltonian. The path integral consists of the four
terms, all with positive sign, and the exponents match energy eigenvalues we obtained on
the canonical side. Clearly, the end result is consistent with the J-norm and with the
above Hamiltonian, modulo a normal ordering issue.

In the small A limit, the energy eigenstates cluster pairwise. F1 2 and E3 4 each cluster
together, relatively separated by a large gap ~ 1/\. Concentrating on one pair, say, E 2,
we find 1 — Ey ~ m < A. The two sectors are separated by a divergent energy gap as
A — 0, so a consistent decoupling of state |¥s3) and |¥4) from the other two would be
possible in the A — +0 limit. In this limit, we can restrict our attention to {|0,0),|1,0)},
disregarding ¢, c' (i.e., c = et = 0). With this truncation, the fermion ¢ and ¥ reduce to

p=b, =0, (5.64)
with the usual anti-commutation relation of the usual free fermion

{9} = {bb'}=1. (5.65)

One can even say that, at least in this toy model, the system reduces to that of the ordinary
fermion oscillator defined at A = 0 by decoupling the highly gapped states.

So far, we have analyzed the toy model where the higher time derivative term is still
quadratic; this allowed an easy and explicit analysis and a relatively simple understanding
of the extra emergent states for all the values of A\. What would happen if the higher
derivative term appears at the quartic order? As we have seen before, some of d = 2 TT
deformation such as those in section 5.1 come with a quartic interaction of type w+1/}1/1_¢.
Our quadratic toy model would be insufficient even as a qualitative model. As such, let us
consider, instead, the following d = 1 toy model of N complex fermions. The large N limit
can emulate some essential features of d = 2 higher derivative theories by a dimensional
reduction,

N
S =D (s + mpy) + XY hbyiy - (5.66)
Jj=1 j<k

Due to the double time derivatives in the quartic terms, we again lose the second-class
constraint so that the dimension of the phase space is 2N, instead of the usual N. Thus,
there will be 22V states instead of 2%V,
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Now one immediate question is whether these extra states decouple in the small A
limit, at least, the same as with the above quadratic model? Consider the thermal partition
function, schematically written as,

221\7

Z(B,A) = Y e PEX (5.67)
j=1

The partition function should be again analytic in A. Taking the limit A — 0, one thus
should recover the partition function of N free complex fermion,

2N
lim Z = Zo(B) =3 e PE .
AIE{%) (57 )\) free (5) J:Zl € J (5 68)

The implication is that in the limit A — 0 only 2V states have finite energies while the
energies of the other 22V — 2V states diverge. This implies, in turn, that these N degrees
of freedom must all be infinitely gapped and decouple in the small A\ limit, just as in the
quadratic toy model.

Note that in both classes above, one cannot really consider the finite A theories to
be a “deformation” of the A = 0 theory in any strict sense. Instead, the A = 0 theory is
embedded into and emerges from, in the infrared limit, a one-parameter family of higher
derivative theories with a much larger Hilbert space. We will presently see that the same
behavior occurs for some T'T deformations and other similarly irrelevant deformations when

the theory contains fermions, to begin with.

5.3 Two-dimensional models with J-hermiticity near UV

In the simplest of d = 1 toy model above with a single complex fermion but with double
time derivatives, we managed to reduce the Hamiltonian to a pair of free oscillators and find
a positive-definite norm, twisted by J, under which the Hamiltonian is Hermitian. Without
such twists, one would have found negative norm states, but fortunately, we showed that
this twisted J-norm is actually the one demanded by the path integral.

In the small A\ limit, one set of oscillators become highly gapped, of order ~ 1/),
leaving behind the ordinary pair that would have emerged at A = 0 after the second-class
constraint is used. In the later, more general quantum mechanics that had quartic fermion
interaction terms again with double time derivatives, we could not carry out such precise
analysis but did see that the degrees of freedom again split into two classes in the small A
limit; one is composed of would-be harmonic oscillators at A = 0 while the other invokes
divergent energy gaps and decouples as A — 0. In this limited sense, the finite A theory with
double the degrees of freedom reduces to the ordinary first-order theory sitting at A = 0.

Here, we lift the same set of questions to d = 2 theories with higher time derivatives
and find these exhibit some common behaviors with the d = 1 toy models. The quantum
mechanics with the quartic fermion term can be considered as a very rough image of various
momentum sectors of such d = 2 theories, so we expect that, for small A\, d = 2 theory
would again split into two sectors, one with light degrees of freedom and the other with
heavy degrees of freedom which incur large energy gap, relative to the light ones, scaling
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inversely with small A. Unfortunately, the full analysis of this limit with all degrees of
freedom kept is enormously complicated. All we can say is that as A — 0, the heavy part
of the theory would again decouple from the ordinary light fields relevant for strict A = 0.

Also unclear is whether the [J-Hermiticity of the simplest toy model above can be
extended here for d = 2 theories with such higher derivative interaction terms. In the most
general setting, it is widely believed that ghost sectors are generic once such higher time-
derivative terms lift the second-class constraint for the fermion [14]. However, we will take
up a pair of the simplest theories deformed by quartic fermion interactions with double
time-derivatives and show that one can define a positive definite pairing in the Hilbert at
least for the UV limit space, with respect to which the evolution is unitary. Unfortunately,
not all of the usual observables can be made [J-Hermitian simultaneously, adding further
uncertainties on such high derivative theories in d = 2.

The first example is the truncated Lagrangian obtained from the NSR-like action in
section 3.2. Although it is not clear if this is a 7T deformation based on some version of
the energy-momentum tensor, its spectra share the common eigenvalue flows and have a
rather simple structure of the irrelevant perturbation. It serves as a useful starting point
for d = 2 investigation of the above issue. The action is

St = [ drdor |5 + o — s, + i)
—A / drdo [t = Yyl o~y gl (5.69)

where we rescaled?” \ by % to define dimensionless parameter A.
42\
12
Recall that we integrated out the worldsheet metric from the NSR-like action with the
static gauge, and we truncated the bosonic degrees of freedom. This action has a term

A=

(5.70)

that is quadratic in the time derivatives of fermions, which leads to negative norm states.
The conjugate momentum of the fermion ¥4 is

]

Th = by — Ay b+ Ay (5.71)
7

2
iw— + Apyp_ihy + Ay o, (5.72)

m_ =
The relations (5.71) and (5.72) do not form the second-class constraint any more for A # 0.

Moreover, the problematic term w+¢+¢_¢_ still appears in the Hamiltonian

H:/da

To see what happens in the large A limit more concretely, let us take such a limit while

Sl — SY UL~ Aphd —Ap iy gl (573)

keeping the phase space variables being of order O(A?), i.e.,
Pi, e~ O(AY). (5.74)

2T0Or, one may rescale the fermion ¥+ and the worldsheet coordinates (r,0) to make contact with the
usual TT deformation.
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To analyze the Hamiltonian we need to express 1/.& in terms of other phase space variables.
For this, we rewrite the relations (5.71) and (5.72) as follows,

Ayt (o — L) ==+ Sy (5.75)
Ny (s + ) =7 — St (5.76)

In a large A limit, these can be inverted perturbatively,

Gy ==y + 5e (5.77)
o=+ %77— : (5.78)
where 74 satisfies
Yrn ==+ e (5.79)
bibme =m — (5.80)

Note that 7L can, in principle, have any terms which vanish when we act ¥;4_ on it.
Those terms may have an arbitrarily higher order in A. But, since 7. appears together
with ¥41_ in the Hamiltonian, they will not contribute to the Hamiltonian. Using them,
one can expand the Hamiltonian (5.73)

H = [ do [l — i il — ol i) + O(ATY) (5.81)
The anti-commutation relation of ¥+ and 74 is given by
{4(o1),m1(02)} =id6(01 — 02) . (5.82)

As in the toy model, we consider a linear transformation of ¢4 and w4 such that their
Fourier modes by, ¢,, b,, ¢, satisfies the following anti-commutation relation:

{bpv bq} = {Bpa Bq} = Op+4q,0 » {Cpa Cq} = {Epa Eq} = _5p+q70 . (5-83)

Such a linear transformation is found to be

it (0) = i () = = > by (5.8
2u1+1/}+(a) +uring (o) = \/12? Ep: cpe? (5.85)
utp_ (o) — %L_m,(a) - \/12? zp:z’)peipa, (5.86)
%i_w_(a) +u_in_(o) = \/127 S 66 (5.87)
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where uy are real constants. Under this transformation, the Hamiltonian can be written as

1 1
H=kr>p l(l —2u?)b_pb, — (1 + M)C_pcp — (uzL +1- 41&) (b_pcp + c_pbp)]

p>0

o 1\ 1\ -
—KY p l(l —2u%)b_pby — (1 + 2u2>c_pcp — <u2_ +1-— 4u2> (b_pép + c_pbp)] ,

p>0

(5.88)

where we defined k = (15171;1)2' We determine the parameter uy by demanding that the
cross term such as b_,c, + c_,b, vanish to make Hamiltonian J-Hermitian. We obtain

V2-1
2 )

ul = (5.89)

and the Hamiltonian becomes

H=>)p [(2 —V2)b_pby — (24 V2)c_pep — (2= V2)b_pby + (24 \/i)é_pép} . (5.90)

p>0

Since the Hamiltonian is J-Hermitian, the time evolution is unitary with J-norm.

One can also express the momentum operator P obtained by the Noether procedure in
terms of the above oscillators. However, at the value of w4 in eq. (5.89), the cross term does
not vanish, which implies that the momentum operator is not J-Hermitian although it is
Hermitian in the usual sense. Or, one can find another value @4 such that the cross term in
the momentum operator vanishes. While the momentum operator becomes J -Hermitian,?®
the Hamiltonian is not 7-Hermitian anymore.

The second example is the T'T deformation of free fermion by the symmetric energy-

momentum tensor discussed at the beginning of section 5.1. Recall that the Lagrangian is

given by
) ; ) ; ) / ) / 3\ / ; ; /
L= %¢+¢+ + %¢_¢_ - %mm + %1#—@07 +3 (—mw_w_ + ¢+¢+¢—¢7)
A . . A
— Sy + Syl (5.91)
and this gives the relation for the conjugate momentum 7y as follows,
A . ;
~Sso (e = 3u) = - Suy (5.92)
A : |
Swrb- (g +30)) = - Sy (5.93)

The Hamiltonian can be written as

H:/d:c

28For each value of u, J operator is different. Hence, J inner product and 7-Hermiticity depend on the

. . NN
SVt = sUu = Zepdipd - SUdlu | (5.99)

value of u.
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In large A limit (with ¢4, 71 ~ O(\?), one can invert eqs. (5.92) and (5.93) perturbatively
to have

1 . 1
Py = =3P + N Yo =3P+ N (5.95)

where the % correction 74 satisfies

T — Sty (5.96)

I A I T A

Therefore, the % expansion of the Hamiltonian is

1 = [ e [ttt +3 (mo = T6- )0l = (me = T ) 0l + Sl — St
+ 0. (5.97)

When the canonical variables are of order O()\°), the energy would be of order O()\) in
general, which is seemingly not consistent with the large A limit of the TT deformed
spectrum (2.1) with the unperturbed energy and momentum of order O(A°). First, due
to the existence of the additional degrees of freedom with the negative norm, it is not
guaranteed that the deformation of the energy (2.1) still holds. Furthermore, it is not
clear that keeping the canonical variable 1+ and 7+ being of order O(\?) is equivalent to
keeping the unperturbed energy and momentum being of order O(\°).

Since the leading term is quartic, it is still difficult to analyze the spectrum. Hence,
we will consider a subsector by taking a constraint,

P =0. (5.98)

For consistent truncation, we need to check the secondary constraint:

[H,yl] = =3 . (5.99)

Therefore, ¢’ = 0 is the first-class constraint and (by taking a gauge condition 7_ = 0),
we have

H= /dx [ = 3mydp, + 20 9] + O . (5.100)

As in the NSR-like model, the Hamiltonian can be expressed in terms of fermi oscillators
by , ¢, for each u:

16u* 5 1
H = mZp (3 — 4u®)b_pb, — 3+ 5 | cpp
p>0

3
— <3u2 +2 - 4u2> (b—pcp + c_pbp)] + Ep . (5.101)

where Ej is a constant from the operator ordering. Demanding that the cross term b_pc, +
c_pbp vanish to make Hamiltonian J-Hermitian, we get

u =1/ JT?;—Q : real . (5.102)
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And the Hamiltonian becomes

= 1% g [(13 — 2V13)b_pb, — (13 + 2\/ﬁ)c_pcp} : (5.103)
p>0

which is J-Hermitian explicitly. Hence, the time evolution recovers unitarity. However,
at this value of u, the momentum has the cross term, and it is not J-Hermitian. As in
the NSR-like case, one cannot make both Hamiltonian and momentum 7-Hermitian at the
same time. Therefore, the eigenstates of the momentum operator lose the properties of
the eigenstate of the Hermitian operators. (e.g., orthogonality and unitarity of e=*F% etc.).
Without the [J-Hermiticity, one cannot use the orthogonality of energy and momentum
eigenstates, an important step in the factorization formula of the T'T operator [1].

In these two examples, we find a common pattern in the large A limit. The naive
inner product yields negative norm states, yet there does exist a modified pairing such
that the norm is positive definite and at the same time the Hamiltonian is Hermitian.
This guarantees that the evolution operator is unitary. On the other hand, the spatial
momentum is not J-Hermitian, suggesting that there are certainly not ordinary quantum
field theories. We should also emphasize that the exercise was done in the large A limit
where the Hamiltonian is greatly simplified; it is not clear whether both the positive-
definiteness of J-norm and the unitary evolution extends to finite nonzero A.

FEither way, it is clear that the degrees of freedom are doubled compared to A = 0
limit, so one cannot consider this one-parameter family of theories as a “deformation”
A = 0 theory. Rather, a more sensible interpretation would be that in the infrared limit
A — 0 of this much bigger theory, one can find a very small subset of the Hilbert space,
separated from the rest by a divergent energy gap, which happens to match the sensible
A = 0 theory.

In this final part of the note, we gave two examples of “deformation” that incur doubling
of the degrees of freedom with a potential unitarity issue. Interestingly, for those T'T
deformation based on Noether energy-momentum, we are yet to find a problem of this
kind. It is unclear whether the latter is a general feature of the Noether energy-momentum
or simply due to the small fermion content of models we relied on.
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A Convention

GS-like and NSR-like models.

Gamma matrices
]_—‘022'0-2, FIZO'l, FQZO'g.

U: 3D space-time Majorana spinor. ¥ = U7C where C' =TI = ioo.

(1,0): (dimensionless) worldsheet coordinates. ¢ ~ o+ 27

A= 4’222)‘: (dimensionless) deformation parameter.
Dy = 6@-*(9“: the conjugate momentum of X*.

Pu: zero-mode of the conjugate momentum p,,, p, = % $dop, .
[P,: momentum operator generating the translation along X*,

P, = ¢dop,=2mp, .

K, = %: Auxiliary momentum-like variable.

WH: winding number operator of X#, Wt = §do 0, X" .

o*: Worldsheet light-cone coordinates.

+

co=7+to0.
1 1
8+:§(80+81), 8225(80—31) .
Target light-cone coordinates in section 3.
o Target light-cone coordinates
X :§X +§X, X =X"-X".

Target space metric with light-cone
ds® = 2dXTdX ™ + (dX?)? .

Gamma matrices in the light-cone

r=tprp o (01 A R L
2 2 00/’ 20
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Target shifted light-cone coordinates in section 4.

e Target Shifted light-cone coordinates.

1 1
X+z(2—A>X1+<2+A)X°, X =x'-Xx°. (A7)

o Target space flat metric in terms of shifted light-cone coordinates.

ds? =2dXTdX~ +2A(dX ") + (dX?)? . (A.8)

¢ Gamma matrices in the shifted light-cone.

1 1 0 1 00
F*:(Q—A>F1+(2+A>P°:(_2A0>, r:rl—r0:<20>. (A.9)

e Projector

1 01 1 00
TH=_(I'+1% = T =_(I"-1Y= : Al
S+ T0) (00), S = (10 (A.10)
TT deformation.
e (t,z): (dimensionful) coordinates for 2D space-time
e Light-cone coordinates
f=t+a. (A.11)
1 1
8% = 5(8{) +81) , 0= = 5(80 — 81) . (A.l?)

e L: Circumference of the coordinates x

e \: TT deformation parameter of dimension length-squared.

e ¢,¥4 and m,my: scalar field, fermion and its conjugate momentum.
e H,P: Hamiltonian and momentum density of 7T deformed model

o Hb0,Ppo, Hfo, Pro: Hamiltonian and momentum density of bosonic and fermi part
of the undeformed model, respectively.

e H,P: Hamiltonian and momentum operator.
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B Details of perturbative calculations

B.1 7T deformation of free scalar field

In this appendix, we will provide the detailed calculations in section 2.1. Let us continue
with the equation (2.22)

H[A, A = Hlo,a) . (B.1)

The Hamiltonian H[A, A] is evaluated from the Hamiltonian density

1
H=——

1 1
o \/1 + 4 <27r2 + 2¢’2) +4X2(7¢')? — 1] : (B.2)

in terms of the Fourier modes Ay, and Ay of ¢ and 7 while H [, @] is defined in terms of
the free harmonic oscillators a’s and @’s by

~ _ L 4\ 4)\2
H [ovk, o] =5\ \/1+L(H++H—)+L2(H+—H—)2—1] ; (B.3)
T T _
H, :ZZa,kak , H_ = ZZa,kak ) (B.4)
k k

which explicitly gives rise to the 7T deformed spectrum.

We might be able to solve directly this equation (B.1) together with the condition
for canonical transformation. However, we will develop a practical procedure to find the
transformation. If two Hamiltonians are equal under the transformation i.e., H[A, A] =
H [cr, @], the Poisson brackets of any fields with them should be identical,

{AkyH}PB = {AKaﬁI}PB . (B.5)

Noting that the transformation from Ay to « is canonical, we will evaluate the left-hand side
of eq. (B.5) with respect to Ax and Ay, and compute the Poisson bracket on the right-hand
side of eq. (B.5) with respect to aj and ay;:

{Ak? H}pB’A7A = {Ak) E’}PB,(X,& . (Bﬁ)
Using the expansion of Aj and Ay,

A - Ao
Ak:ak+ﬁA§j)+m, Ak:ak+ﬁA§j)+~-, (B.7)

the left-hand side of eq. (B.6) is found to be

_ 2mik A7\ 2mik

{Akv H}PB,A,A = I Ak + 72 [ Z Ak—r—sAfWZlfs + O(AQ) (B'S)
2mik 2mik\ (1 47t )\ 2wk o
== %~ I3 A,(C )+ Tz 1 Zak,qq,sa_ra_s +0(\%) . (B.9)
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On the other hand, the right-hand side of eq. (B.6) becomes

A ~
{ak +pAD + O(AQ),H}

PB,a,

ik 8mikA A omiu 0AY  omiu_ sAW )
-~ ag + 72 ozkH_—Lzzu:< 7% ba. + 7 Ou 5a, +O0(\), (B.10)

where we used the Poisson bracket

oF 4G Y 5G] (B.A1)

{F7 G}PB,OC,& = zu: |:_ZUM 50{7,” N lu(sdu 6&—u

At order O()\) we have a functional differential equation for A;CI) (and similarly for Ay)

5A(1) 5A(1)
> (uau 5; + udiy, 5@k —kAY = —dnk Y A, (B.12)
“ ! b rfg;o

5/_1(1) (5/_1(1)
Z (UOéu 5; + Uty 5; — kA,(fl) = —4rnk Z QO Qs - (B.13)
“ r—:j;éO

These are inhomogeneous first-order differential equations, and a solution is found to be

k o _
Ay =am Y - s Vs @O + 3 fi O (B.14)
rJrrg;O '
_ k _ = _
A,(;) =27 Z O OO + Z fk,rOé—TOérOKk , (B-15)
T,8 T + S r
r+s#0

where the second terms are solutions of the homogeneous parts. By construction, we have

fk,r = fk,fra fk,r = f_‘k,fr . (B16)
The Poisson relations of Ay and Ay
[Ak, Ag] = kbk1q,0, (B.17)
[A/w Aq] = k6k+q,0 ; (B18)
[Ag, Aj] =0, (B.19)

leads to constraints on f, and fk,r:

i{AY, agtes + ifar A Yes =S k(frr + frr)0ktq00—rar =0, (B.20)
{A](;)’ Qg tes + {au, Aé”}pB = " k(fus + fokr)Okrqoa—roy =0, (B.21)

and
i{ AN ag Yo + ifar, A Yon = — 2(qfrg — kfyr)ard, =0 . (B.22)
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In sum, we have

fk:,r = fk,fr ) (B23)
fk,r = sz,—r ) (B24)
fk,r - _f—k,r ) (B25)
Jre = —Fkr (B.26)
frqg = kfqk - (B.27)
Because f; , and fkﬂ are dimensionless, one can take the following ansatz:
k
feg =1 7)) (B.28)

But, the above conditions lead to

8)-1(5) - +(2)

and we can conclude that

k
f() 0. (B.30)
q
Hence, the first-order solution is found to be
AY =2r 3 LA (B.31)
k ~ r+s ’
r+s#£0
AY =or 3 LN (B.32)
k s T + s
r+s#0

The small \ expansion of the Hamiltonian H|[A, A] is given by

472\
I3

27

H=—
2L

(A_kAk + A_k/_lk> — Z AkA,qA_k_q_rf_l,r + O(/\2) . (B.33)

k,q,r

Using the solution, one can express the Hamiltonian in terms of the free oscillators a’s,
and one can expand it with respect to A again,

iHm[a, al+ 0o\ . (B.34)

H=HO[q,a] + 5

Then, the leading and the first-order contribution are

(0) o 27

HY = 5L (apog +a_pag) = Hy + H_, (B.35)
2w _ - 472 _ _
HY = =2 Z (Oz_kA,(Cl) + Oé_kA,(gl)> - Z QRO g f— gy Oy
L L
k k.q,r
472
— 7L Zaikak@_q@q = —4LH+H_ . (B36)

k,q
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Therefore, we have
4\
H=Hy+H ——HH + O\ . (B.37)

One can repeat the same calculation for momentum P. The momentum density of the TT
deformed scalar field is given by

-
70 = 25 5= e =4, (B.38)
00p@ \/1+>\(7¢2+¢/2)
and the momentum operator is

P = /da; 7T¢/ Z kAk — kAk] . (B.39)

k

The leading momentum operator is the same as that of the free scalar field,

pO) — _% Z[a—kak —a_pop| = —Hy+H_ . (B.40)
k

One can confirm that the O(\) correction of momentum operator vanishes,

2

1 - 2=
P L

Sla Al —a A =0 . (B.41)
k

One can repeat the same procedure to obtain the transformation at order O()\2?) at
the classical level. Expanding Aj with respect to %

A g Ay 3
A = a + ﬁAk [, &) + ﬁAk [a,a] + O(X7), (B.42)

we get inhomogeneous differential equations for A,(f) from the equation (B.5) at order
O(N\?):

(2) (2)
Z <uozu 5(;1; + udy, 5;2’“ > - k:A](f) (B.43)

r+s+u+v)(k—r—s—u—wv) o
= —4n’k ( I - -
4 'r,;u:,v <U+U>(7“+S) Ap—p—s—u—v X -y X0y O_s

u+v#£0,r+s#0

_ u+v _
4 87k Z v O—yb_ L(H, + H_) — 87°k Z Oh—p— sy Oy Ol Oy Oy
u,v 7,8,U,V r+s
u~+v7#£0 r+s#0

A solution for this equation can be written as

k—r—s—u—v
AP = or2p R, S T, i
k ™ 7.7;%1) (U+U)(T+S) k—r—s—u—uv u v r s
u+v7é0r+87é0

—4777'13270% wv@ by L(H +H_)+ 47k Z —ak st Oy Ol Oy, Oy

u+v risaw T8
u—&-v;éO 7”—1—5750
+ ag Z Cloyru X —r Qp—y—y Ay gy + QU Z dk;r,u,v@—r—u—v@r&uav ) (B~44)
U,V U,V
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and similar for fl,(f). Furthermore, for the canonical transformation, we demand

i{ A, A s + i{ag, APV s +i{AP, ag}es = 0, (B.45)
H{ A, A o + i{ag, APV ps + i{AD, @ }es = 0, (B.46)
i{ AN A Yo + i{ag, APV pg + i{AP) @y tes =0 . (B.47)

These equations are satisfied by

Ck,roup = dk,r,u,v = Ek,r,u,v = dk,r,u,v =0. (B48)

In sum, we find that the canonical transformation from Ay, Ay to Qa, Qg is

A g Ay 3
A = ap + ﬁAk [, @] + ﬁAk [a, a] + O(N?), (B.49)
_ 2\ - A2
A= @+ A 8] + AP (6] + OO, (B.50)
where
AP =k % ikl Rk D T 2. Y. 2

reme (uto)(r+s)
u+v#£0,r+5#£0
1

— 4mk vy Oy L(H. H_
W§u+vakuvauav(++ )
u4v#£0
1

+ 472k Z

risuv | +s
r+s#0

Qfp—p—s—u—vQr Qs Xy Oy (B51)

- k—r—s—u—w

AP = on?k T s Oyl 1

k n r,;u,v (U+U)(T+S) Ak —p—s—uy—v Xy ¥y X —r Q&g
u+v#£0,r+5#£0

1

— 47k Ay L(Hy + H_
Z; u+ v k—u—v u v ( + )
u4v#£0
1
+ 472k Z Ofp—p— sy O Qg Uy Uy (B.52)
7,8,U,V +s
r+s#0

Under the transformation, the Hamiltonian and the momentum become

A 82

H=H, +H —AzHH +—HH (Hy+H )+ O(\3),
1
- [\/1 FANH, A H 2+ 4N(H, —H 2 —1|+00%),  (B.53)
P=—H,+H_ +0\). (B.54)

B.2 TT deformation of free fermion

This appendix will present the details of the perturbative calculations for the fermion in
section B.2. We proceed with the equation (2.81)

H[py, -] = H[b,b] . (B.55)
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The Hamiltonian H[¢),,v_] is obtained from the Hamiltonian density (2.71) of the TT
deformed fermion, and it can be expressed in terms of the Fourier modes 14 ; of the
fermion
T
Hipy, o) = =Y (—ktoy oy n + k- x i) - (B.56)

L

On the other hand, H[b,b] on the right-hand side is defined in terms of the free fermi
oscillators by and by, by

_ L A\ A2
_ 0 _ _ 2
H[b,b) = 9 \/1+ 7 (Hy +H_)+ 72 (Hy —H_)?2 -1}, (B.57)
Hy=— 25" kb by Ho= 25 kb yby . (B.58)
L k ’ L k

And TT deformed spectrum immediately follows from H [b, b].

Although the idea here differs a little from the bosonic case, since there the trans-
formation preserves the canonical commutator, a key identity that helps us to solve the
problem is again,

{w-l-,kaH}D = {w-hk?H}D : (B59)

In addition, we demand that the algebra of 14 1, ¥_ 1

: A 2)?2

ks Pg}p = Okrg0 + 759 kg + 77 (S+5-)krq s (B.60)
. A 2\

Yk, Y—adp = kg0 = 735kt T 7 (S+5-)k+q, (B.61)
. A

Hihy Y-t = = T3 Khrq - (B.62)

is realized by by, by which obey the following Dirac brackets:
i{br, by }p = Okrq.0 » 1{bk,bg}p = Okiqo s 1{bk,bg}p =0 . (B.63)

Hence, we may evaluate the Dirac bracket on the left-hand side of eq. (B.59) with respect
to 1+, whereas we may calculate the Dirac bracket on the right-hand side of eq. (B.59)
with respect to by and by,

{V4 ks H}D,w+,w- = {¢+ .k ﬁ}D,b,l_) : (B.64)

To avoid the ordering ambiguity, we will find the map classically. The left-hand side of
eq. (B.64) is found to be

2mik 82\

Wk Hip = 7 Yy — I3 Z(k — 7 = 8)8Uy ks P s, (B.65)
2mik 872 )\
-, H}p = — 7; Y — FL; > (k=1 —8)sthy o i h_ jps - (B.66)

T8
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Using the expansion of 9 ;, and ¥_

A _ A -
Yy = b+ ﬁllfgrl)k +- Yo =b+ ﬁiﬁ(_l)k +- (B.67)

one can write egs. (B.65) and (B.66) as

2mik A (2mik 1y  8n%i - )
{t+ s H}p = I ot ( T Vi1 ;(k — 1 = 8)sbp_r_sbrbs | + O(X7),
(B.68)
2mik - A 2mik (1) 872 - 9
(g Hyp == ——bk + 75 (— T Sl ;(k — 1 — 8)sbybsbr_r_s | + O(N?) .
(B.69)

On the other hand, using the Dirac brackets of the free fermi oscillators by, and by, one can
calculate the right-hand side of eq. (B.64),

, ) s (1) .
~ 1) 1) - 2 - -
I [Z (27;“ Lk, 2 ; *”“bu) - Zkrbkb_rbr]

L L2 5 by, L by, L
+O(\?), (B.70)
. (1) (1) .
~ 2mik - A 2miu 0 Y 2miu O Y - 812 -
{w—,kh H}D - - Tbk + ﬁ |:§u: ( T (gbu bu — I (ggu bu — I krb_rbrbk
+ 0O\, (B.71)

where we represented the Dirac bracket as follows:

(4B} :_iz<?,4 ?BJF 5A ?B)
I e\ S, O by by o)

Putting all together, eq. (B.64) becomes inhomogeneous first-order differential equations,

(B.72)

<g¢(1) <gw(l) B o

3 uﬁmbu - uﬁbu — kgl = —dr Y (k-1 — s)sbe_,_sbybs,  (B.73)

“ “ “ 7'4:;;0

%
s oW s oM -

> (uﬁfibu - U%bfu k" = —dn 3 (k1 — 8)sbbby_r—s . (B.T4)
T-::S;O

We take the following ansatz for a particular solution ‘/’j[l)k of the equations (B.73)

and (B.74),

w.(:,)k = Z fk;r,sbkfrfsl;rl;s ) (B75)
w(_l?k = Z fk;r,sbrbsgkfrfs ) (B~76)
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where f., s and fkms is a function of k,r,s. Then, egs. (B.73) and (B.74) become

-2 Z(r + s)fk;nsbk,r,sl_)rl_)s = —4r Z (k—1r—3s)s bje—r—sbrbs (B.77)
" a0

22(7“ + S)fk;r,sbrbsgk—r—s =—4r Z — 7 —5)8 bpbsbp_p_s (B.78)
" r a0

and we have
(k—1r—3s)s

fk:;r,s =27 "+ s (T‘ +s 7& 0) ) (B79)
fk;r,s = - QWW (T +s 7é O) . (B'8O)

Adding a solution of the homogeneous part of the equations, ¢(i1)k can be written as

E—
Pl =2m 3 (T,:S)bk r-sbebs + 3 grabidbr (B.81)
TI;EO
(1) (k—r—s)s, - - _
=-2 71)7”1)8[) —r—s berbrb . B.82
Y ™ TZ; s k—r—s + Zr:gk, K (B.82)
r+s#0

By construction, g, and g, satisfy

9k, = —G9k,—r, gk,'r = _gk,—r . (B83)

Now, we determine g, and g , from the algebras. Note that in terms of b and l_), S4 p can

be written as

Syp=—2m Z kbp—_ibr + O(N), (B.84)
k

S_p=—2> kby_pbp + O(N) . (B.85)
k

It is useful to define S, S, and K, by

Sp = — 21> kby_iby (B.86)
k
Sp = —21 > kb, by, (B.87)
k
Kp = —27p Y bbp_p - (B.88)
k

In order to demand that the algebra of Ay, A in (B.60)(B.62) is realized by ay,, ay via
the solution (B.81) and (B.82), we have at order O(\)

{0, o + (e bado = Sk (B.89)
b, v o + {0 bodo = = Skag (B.90)
i{br, 0o + {0 Bedo = — Kig - (B.91)
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First, eq. (B.89) gives

—27 Z 55k+qfrl_7r(1 — Ok+q0) + Z(gk,r + gq,r)5k+q,05—rl_)r :§k+q ) (B.92)

and we obtain
9k.r + 9—kr = —27r . (B93)

In the same way with eqs. (B.90) and (B.91), one can get

ke + G-ty = 27r, (B'94)
gq,k — Okq = F(k + q) . (B95)

A simple solution of egs. (B.93), (B.94) and (B.95) is found to be
Gk = =TT, Gkyp =TT . (B.96)

Then, the map from v j to by and by is written as

1) (k—r—s)s - = =
=2 - Yk—r—sUrUs — —rr, B.
Py =2 Z . be—r—sbrb wbkzr:rb b (B.97)
r+s7#0
1 (k—r—s)s, . - -
Yoy =—2n Z ﬁbrbsbk_r_s + w;rb,rbrbk . (B.98)
r+s#0

It is easy to confirm that this map indeed gives the conjectured form of Hamiltonian and
the momentum up to order O(\):

o 271 A\ _
H = % S (—kb_yby, + kb_yby) + %ﬁ S [Frbo el + kb +002),
k k
AN )
= Hi+ Ho— 5HH-+ 002, (B.99)
P:i/dx%(w+w;—k¢_wl)zlik—li_+CXA%. (B.100)

C Path integral and J-norm

In this appendix, we will show how the path integral of the quantum mechanical toy model
in section 5.2 implies the operator formalism with J-norm.

Before discussing the toy model, let us first recall how the canonical formulation and
the path integral are related using a simple example of the fermi oscillator, with the free
Hamiltonian,

H = —mblb, (C.1)
where the fermi oscillator b and bf obeys the anti-commutation relation

{b,o} =1. (C.2)
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For the relation between path integral and operator formalism, we introduce the coherent
state defined by

) = e ™'0,0) = (1 — nb1)|0,0) . (C.3)

where 7 is a complex Grassmannian variable. With the coherent state, the completeness
relation can be written as

1= [ didy ) i (C.)

We will find the path integral representation of the transition amplitude (7o.|e ™" |n;,).
For this, we discretize the time, and we insert the completeness relations (C.4) of n; (j =
1,2,---, N) into the transition amplitude at each time slice. Then, we have

N N

_ s _ 1_ 1 _

(Tousle™ T |70 =/ 11 dijdn; exp [27]1\/+177N —3 > ii(ny —nj-1)
i=1

j=1
) | N N
+ oM+ 5 > (41— 715)n; +ie > mﬁjﬁj—l} , (C.5)
=t =1

where e denotes the interval of the discrete time T'= Ne. Also, we defined 7541 and 7 by

ﬁN+l = nout Y 7]0 = nin . (06)

In the continuum limit (N — o0), one can express the transition amplitude by the path
integral as follows,

. ﬁ(T):ﬁout . _ _
<ﬁout‘e_ZTH|"71n> — /(0 DﬁDT] ezfdt L+%n0ut77(T)+%77(O)nin ’ (07)
NYU)="Nin
where the first order Lagrangian L is given by
T 1. _ T_. 1.
L = g = gim +mapn = i — i — H . (C.8)

Note that the first order Lagrangian (C.8) is expressed in terms of n(t) and 7(t) because of
the second-class constraint of this system. The extra term 7,.,.7(T) 4 57(0)7, in eq. (C.7)
plays a crucial role in imposing the anti-periodic boundary condition of the path integral
representation of the thermal partition function. Namely, after the Wick rotation, we have

tr (eiﬁH) :/dﬁoutdnix\ eﬁoutnin <T_]out‘67ﬁH|nin> 9

1(T)=mNou _ _ _
i, [ g b 05
7(0)=7in

:/ DinDn e 98 (C.9)
n(0)==n(T),7(0)==7(T)

where Sz denotes the Euclidean action given by

B
Sy = / dr Bﬁ@m - %aﬂ-m _ mim| . (C.10)
0
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Now, we will find the path integral representation of the transition amplitude of our
toy model in section 5.2. In this appendix, we will not demand that Hamiltonian is J-
Hermitian. That is, for the arbitrary real value of # we define the fermi oscillators by

T+ %w = i(sinh 6b 4 cosh Oc) , (C.11)
T — %1; = — i(sinh 6b" 4 cosh fc) (C.12)
T — %w = — i(cosh 0b + sinh fc) , (C.13)
T+ %1; = i(cosh @b' + sinh fc') (C.14)

Recall that by construction the fermi oscillators b, b', ¢ and ¢! still obey the anti-

commutation relations

o'y =1, {ccp=-1. (C.15)
For the arbitrary value of 6, we can still define the unitary and Hermitian operator J as
before,
J =1+2c. (C.16)
and it has the same properties
JeJ =—c, JdT=—c, gpg=0b, JbIT=0". (C.17)

Note that the operator J and the oscillators depend on the value of 0 (e.g., J = J(0)),

but we omit 6 for simplicity. Now, the Hamiltonian is not J-Hermitian except for the

__2mA )
2mA+1-°

Using the fermi oscillators, we define a coherent state by

special value of 6 (i.e., tanh § =

7,¢) = e ™' =¢10,0) = (1 —nbh)(1 - ¢eh)]o,0) . (C.18)

One can evaluate the eigenvalue of the oscillators with respect to the coherent state,

bln, ¢) =nln, ¢) , (C.19)
c|n, ¢) =—¢n, ¢) (C.20)
(@, ¢Ib" = (7, <7, (C.21)
(@1, ¢le" = — (1,¢[¢ . (C.22)

Due to the anti-commutation of ¢ and ¢!, the inner product of the coherent state is also
different from that of usual fermi oscillators. Namely,

(@, ¢y = ™ << (C.23)

As a result, the completeness relation is given by

1= [ didndcd¢ e+ 1, 0. €] (C24)
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Note that the term (¢’ in the measure of the completeness relation, which will become
symplectic one-form of the first order Lagrangian, has an opposite sign to the usual fermi
oscillators. Since we need to use the J-norm in the operator formalism, it is more conve-
nient to rewrite the completeness relation with the J operator as follows,

1= [ didndcd¢ = 1, 01417 (C.25)

Then, one can treat all ¢’s uniformly.?? Also note that the J-inner product of the coherent
state is given by

n, ¢l ¢y g = M+ (C.26)

Now, we will find the path integral representation of the transition amplitude defined

with J-norm?°

<"7]out7 5out‘e_iTH ’nin7 Cin>J - <"7]0ut7 5out‘ '.7 e_ZTH ‘niyu Cin> . (C27)

After discretizing the time as before, we insert the completeness relation (C.25) to the
transition amplitude at each discrete time,

<’r70ut7 g-out| e_iTH |77in7 Cin>j

N _ 1 1- 1Y .
= / 11 dijdn;d;d¢; exp (zﬁNHnN + 5CN+1CN ~3 > i —njm1) + GG — Cj—l)])
j=1

J=1

1_ 1. 1Y . _
X exp (2771770 + 5(1(0 + 5 Z Nj+1 — NNy + (Ga1 — Uj)(j])

N
X exp (_ZGZH[njlanj7<j17_Cj]) . (028)

=1

Here) we defined ﬁN+1 ) T_]O ) §N+1 and CO by

ﬁN-{-l = Mout » N = "M, EN—}—I = Cout ) CU = Cin . (C29)

Note that ¢ in the Hamiltonian is replaced by —(’s because of the J operator insertion in
front of e~*. In the continuum limit (N — oo), we obtain the path integral representa-
tion of the transition amplitude,

<ﬁouta Eout| e_iTH |77in7 Cin>j

/ﬁ(T) =MNout , é(T):Cout
n(o):nin ) C(O):Cln

— DiDnD{DC elfdt Lt 5 7out(T) 45 Cout C(T)+571(0)min+ 5 ((0)Cin (C.30)

Y

29Otherwise, one needs to take care of ¢ on the boundary (e.g., 1 or (n) separately.

3%Gince the Hamiltonian is not 7-Hermitian, the transition amplitude depends on the position of the in-
sertion of J operator. Here, we insert J in front of e *TH because it will be easier to use the completeness
relation (C.25). If we insert J behind of e *#7 we can put J operator in front of the ket in the com-
pleteness relation in eq. (C.25). Although one should carefully distinguish (7jout, C_()ut|jefiTH|nim Cin) from
(Dout, Cout|e ™ T H T |in, Cin) in general, their traces (e.g., thermal partition function) give identical results.
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where L is found to be

L= 2mi— simt 20¢— 2~ HInm.¢, ). (€31)
Using the transformation similar to (C.11)—~(C.14) (ie., b, bl , ¢, cf — n, 7, ¢, =0),
T+ %1/) = i(sinh 61 + cosh 6() , (C.32)
%@Z — i(sinh 87 — cosh 6(), (C.33)
- %@z) — i(cosh 81 + sinh 6¢), (C.34)
T+ ;w = i(cosh @7 — sinh (), (C.35)

we can express L in terms of ¢, 7, ¢ and 7, and it exactly agrees with the first order
Lagrangian of the toy model,

L:W¢+1Z7?—{—mzﬁzﬁ—i(w—;zﬁ)(%—i—;w)}. (C.36)

Compared to the transition amplitude (C.7) of the ordinary fermion, the degrees of freedom
in the path integral representation (C.30) of the toy model is doubled, which is due to the
absence of the second-class constraints.

The additional terms 37,,n(T) + --- in the path integral representation (C.30) will
impose the anti-periodic boundary condition of the thermal partition function. To see this,
after the Wick rotation, we take the trace of the transition amplitude (C.30):

tr (je_ﬁH) = / dﬁoutdnindgoutdcm eﬁoutﬁin‘i‘&out({n <’r70ut7 Eout‘e_BH |77irn Cin> 9

— [ ddnadond., [ e D DEDC ¢ bt 8)] 4 [0 ]
7(0)=nin , (0)=Cin

e%gout [Cm“l‘n(ﬁ)] +% [5out+§(0)] Cin —S@

m(0)=—m(B) , 7(0)=—F(8)
= / i DrDYDrDy eS80l (C.37)

0)=—1(8)
where the Euclidean action Sg[t, 1, m, 7] is found to be

Sﬁz/oﬁdf <m,z}+¢}7r—{—m¢¢—i<w—;w>(w+;¢>b. (C.38)

We can integrate out the conjugate momentum 7 and 7 in the path integral representa-
tion (C.37),

(Je PH) = / i . DyYDye B, (C.39)
P(0)==%(T), $(0)==(T)
and we recover the Euclidean action of our toy model:
B - _ _ -
Sa= [ dr (50000 - 30,00 = 30,00, — mi ) (C.40)
0

This proves the equivalence of the operator formalism with J-norm and the path integral
formalism for the thermal partition function, as was glimpsed at in section 5.2.
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