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KEYWORDS: Field Theories in Lower Dimensions, Integrable Field Theories

ARX1v EPRINT: 2208.05391

OPEN AccCESS, © The Authors.

Asticle funded by SCOAP?. https://doi.org/10.1007/JHEP03(2023)243


mailto:juehou@seu.edu.cn
https://arxiv.org/abs/2208.05391
https://doi.org/10.1007/JHEP03(2023)243

Contents

1 Introduction 1
2 Method of characteristics 3
2.1 Linear equation: a simple example 4
2.2 Fully nonlinear equations )
3 TT flow as characteristic flows 6
3.1 Characteristic flows 7
3.2 Dynamical coordinate transformations 10
3.3 Trace flow equation 10
4 Light-cone gauge method as characteristics 11
4.1 Uniform light-cone gauge method 12
4.2 Dual description of the light-cone gauge method 14
5 (TT)®-deformation in two dimensions 15
5.1 (TT)%deformation 16
5.2  VTT-deformation 18
6 TT-like deformation in arbitrary dimensions 20
6.1 Characteristics for TT-like deformation 20
6.2 (TT)“deformation in arbitrary dimensions 24
7 Conclusions 25
A Solve characteristic equations about TT deformation 25

1 Introduction

Recently, solvable irrelevant deformations have been under intensive study, for good rea-
sons. The best studied example is T'T-deformation [3, 4], which is defined in the Lagrangian

formulation by

LM
o ~Orr -y

where L) is the Lagrangian density and O, is a composite operator constructed from the
stress-energy tensor T*#, as

Opp = det(T"). (1.2)



Such a deformation can be defined for any relativistic quantum field theories in 141 di-
mensions and exhibit interesting new features [5]. One of the reasons that T'T-deformation
raised broad interest is that it lies at the intersection of several research directions in
theoretical physics.

The original motivation for studying the composite operator (1.2) [3, 4] and the de-
formation triggered by it comes from integrability. For integrable models, TT-deformation
belongs to a family of infinitely many irrelevant deformations which preserve integrabil-
ity [3]. These deformations modify the S-matrix by CDD factors and does not change the
IR properties of the theory. On the other hand, it alters the UV behavior of the deformed
QFT significantly. Moreover, such deformations can be defined beyond relativistic QFTs,
such as integrable non-relativistic models [6-8] and integrable quantum spin chains [9, 10].
Models with integrable boundary conditions have also been considered recently in [11].

Another important motivation comes from holography. T'T-deformation can be defined
for 2d CFTs. The resulting theory is no longer a local QFT in the usual sense, yet its
solvability makes it accessible for analytic studies. In view of AdS/CFT correspondence,
a natural question is finding the holographic dual of TT-deformation in the bulk. The
first proposal [12-14] states that TT-deformation corresponds to a cut-off geometry in the
bulk. This proposal, albeit simple and intuitive, only works for one sign of the deformation
parameter in the pure gravity sector. Another proposal which overcomes these limitations
was put forward in [15] where T'T-deformation was interpreted in the bulk as changing the
boundary conditions in the holographic dictionary. Further developments can be found
in [16, 17].

Yet another crucial source of TT-deformation comes from string theory. A first hint
that these two subjects are related is that TT-deformed massless scalar field theory becomes
the Nambu-Goto action in the static gauge, which describes the propagation of a free
bosonic string. This is not accidental. In fact, many important features of T'T-deformed
theories have already been discovered from the study of effective theory of long relativistic
strings [18, 19]. The worldsheet theory of the effective string is the TT-deformed free
massless boson. Later it was pointed out that TT-deformation is also intimately related to
the uniform lightcone gauge in string theory [20-23]. The relation of TT-deformation and
non-critical strings have also discussed in [24].

The fact that TT-deformation lies at the intersection of several research areas makes it
possible to formulate it from various different point of views. Apart from the original defi-
nition (1.1), several alternative formulations of TT-deformation have been proposed. These
include random geometry picture [25], coupling the QFT to a 2d topological gravity [26—
28], dynamical change of coordinates [26, 29-32], uniform lightcone gauge approach [20-23|
and more [7, 33]. It is far from obvious that these formulations are equivalent. The usual
way to see the equivalence is by computing the same deformed quantity, say the deformed
Lagrangian, using different methods while obtaining the same final result.

In this work, we clarify the relation between various aforementioned methods by offer-
ing yet another point of view on TT-deformation. We study T'T-deformation using method
of characteristics and view TT flow as a characteristic flow. Method of characteristics is
a general approach to solve first order partial differential equations. Previously, it has



been applied in TT-deformation to solve inviscid Burgers’ equation, which gives the quan-
tum spectrum of deformed CFTs and the Lagrangian of some specific models [34, 35]. In
the current work, we consider classical quantities using this approach for general T'T-like
deformations.

The basic idea is simple. We rewrite the flow equation of the deformed quantity as a
first order non-linear partial differential equation (PDE) and then investigate the equation
by method of characteristics. In this approach, we can view the deformation parameter
A as time and the deformation as a ‘time evolution’ of the original theory. In order to
find analytic solutions, the key point is finding certain quantities which are constant along
the flow. As we shall see, the dynamical change of coordinate of TT-deformation can be
obtained rather straightforwardly from these constants. The uniform lightcone approach
can also be investigated from the point of view of characteristic flow. In this way, we prove
the equivalence of the two approaches, at least classically.

More importantly, we show that the applicability of the method goes beyond T'T-
deformation. Recently, an interesting 7T-like deformation in higher dimensions has been
proposed in [1],} where the authors pointed out the deformation is equivalent to a metric
deformation. Using method of characteristics, we can rederive the results in [1] with a
different approach. The authors of [1, 2, 36] considered the root TT-deformation and
obtained the classical deformed Lagrangian.? We see that method of characteristic can be
successfully applied to solve a wider class of deformations of the form (TT)* with generic
power a.

In section 2, we give a brief review on the method of characteristics. In section 3, we
prove that the TT flow is just the characteristic flow and the method of characteristics is
equivalent to the dynamical coordinate transformation. Using the result of the character-
istics, we prove the trace flow equation of T'T-deformation. In section 4, we prove that the
light-cone gauge method is equivalent to the method of characteristics and get a dual de-
scription of the light-cone gauge method. In section 5, we study (T'7)*-deformation, where
VTT-deformation is a special case. In section 6, we use the method of characteristics to
prove that TT-like deformation in arbitrary dimensions is equivalent to the dynamical met-
ric transformation. Then we generalize the equivalence to (T7T)*-deformation in arbitrary
dimensions.

2 Method of characteristics

The method of characteristics is a general technique for solving first-order PDEs. In the
method, a PDE is converted into a system of ordinary differential equations (ODEs). In
the section, we give a brief review of the method. More details could be found in [48].

!Other proposals for higher dimensional T'T-like deformations can be found in [37-40].

2Some perturbative results have been discussed in early works [19, 29, 30]. Further developments can be
found in [41, 42], which implies the root T'T is related to ModMax theories [43-45], and in [46, 47], which
implies the root T'T is related to BMS algebra.
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Figure 1. The characteristic curve C lies in the solution plane S. At each point (z,y,u(z,y)),
the tangent vector of C is given by ¢ = (a(z,y),b(z,y),c(z,y)) and the normal vector is given by

i = (Ozu(z,y), Oyu(z,y), —1).

2.1 Linear equation: a simple example

Let us first consider a first-order linear PDE, whose equation is given by

{ a(x,y)0yu + b(x,y)0yu = c(x,y), 2.1)
ulr = ¢,
where I' is a boundary. It is a Cauchy problem with the boundary curve I' and the
boundary condition u|p = ¢. Suppose u(zx,y) is a solution of the equation. Then at each
point (xg,yo0), (2.1) can be written as

(a(z0,%0),b(z0,Y0), c(z0, y0)) - (Oxu(z0,%0), Oyu(ro,yo), —1) = 0. (2.2)

(2.2) has a nice geometrical interpretation as shown in figure 1. For a solution plane
S = (x0, Y0, u(z0,%0)), whose normal vector is given by 7 = (dyu(zo, o), Oyu(xo, yo), —1),
the vector (a(xo,v0), b(zo, yo), c(zo,yo)) lies in the tangent plane of S.

Now we want to construct the solution plane by the vector (a(z,y),b(z,y),c(z,y)).
Let us look for a curve C parametrized by s, C = (z(s), y(s), 2(s)), whose tangent vector
is given by (a(x(s),y(s)),b(z(s),y(s)),c(x(s),y(s))). Then C is the integral curve for the
vector field (a(z,y), b(x,y), c(x,y)) and is called the characteristic curve, see figure 1. From

the definition of the tangent vector, we can get

T) _ afa(s).u(s)).
dy(s
IO) _ ha(s), o), (2:3)
s
d
) efats).uls))
which are called characteristic equations. We can solve the ODEs with initial conditions,
z(s = 0) = zo,
y(s = 0) = yo, (2.4)
z(s =0) = 2o,



where xg,yo and zg satisfy the boundary condition zg\p( ) = ¢. As the initial point

Z0,Y0
(0, Yyo) moves, the curve C sweeps the solution plane S = (z,y,u(x,y)), where u(z,y) is

given by

U(U,y) = Z(x()(xuy)vyﬂ(x7y))S(x7y))' (25)
Let us explain how the method of characteristics works by an example.

Example.
20,u + Oyu = —x,
u(z,y =0) = 1.

The characteristic equations are given by

dx(s
ds
dy(s) _
P 1, (2.7)
dz(s)
ds

~—

with initial conditions,
0 T
0 1

The solution is given by

T = x9€°,

y = 87 (29)
z = —x0e® + xo + 1.

To find the solution u(z,y), we need to eliminate s and xg in z from above equations,

$=1Y,
(2.10)
xo = ze Y.
Therefore,
u(z,y) = z(xo(x,y), yo(z,y), s(x,y)),
(z,y) = 2(zo(x, 9), yo(z,y), s(z,y)) (2.11)
=—z+ze ¥+1.
2.2 Fully nonlinear equations
For the general case, let us consider the first-order fully nonlinear equation,
F(Z,u,0zu) =0, ZeR", (2.12)
U|1" - ¢a



where # is a collection of n variables and T' is a (n — 1)-dimensional manifold in R".
Let us parameterize I' by a (n — 1) dimension vector ¥ = (r1,...,7,—1), so that I' =

(x1(7,8), ..., xn (7, 8))|s=0 = (71(7), ..., (7). Defining z(s) = u(Z(s)), pi(s) = Oz, u(Z(s)),
here s is the affine parameter of characteristic curve, the PDE becomes

F(Z,2,7) = 0. (2.13)

Then we can introduce 2n + 1 characteristic equations by

dri(r,s) OF

ds  Op;’
dz(7,s) <~ OF

ds ;pla?/ (2.14)
dpi(7,s) _or  OF

ds  Ox; 0Oz pi,

and initial conditions (boundary conditions)

‘752(7_‘” O) = ’Yi(f)’
pZ(F) O) = 1/’1(7#), s Rnilv
where i = 1,2,...,n. The n unknown functions v;(7) satisfy
— = n(7) —=—— =1,....,n—1,
or; Y1) or; et Un(P) or; ' ! (2.16)

F (31,70, 60, 51 (), YalF)) = 0.

It is worth emphasizing that the solution of ;(7) may not exist and may not be unique.

If we get the solution of characteristic equations, (Z(7,s), z(7, s), p(7, s)), and we can
find the inverse functions of the solution such that ¥ = R(Z) and s = S(&), the solution of
the original PDE is given by

w() = z(F, s) = 2(R(Z), S(T)). (2.17)

3 TT flow as characteristic flows

In this section, we show that T'T flow is the characteristic flow of the PDE of the defining
equation. And we derive how the fields change on the flow. Then we prove that the
dynamical coordinate transformation is equivalent to the method of characteristics. Finally,
as an example, we use the result to re-derive the trace flow equation of the stress-energy
tensor.



3.1 Characteristic flows

Consider a Lagrangian which only depends on N fields ¢ and its first order derivative. The
TT flow equation is given by

()
agA = det(T",), (3.1)

where the stress-energy tensor is defined as

oL

T, = 2=
00, ¢

0@ — oM, L. (3.2)

@ - b means the inner product of two vectors, a - b= Gijaibj , where G;; is the target space
metric. In two dimensions, the determinant can be expanded as

o ar oL
L E(aal et 553 82*”)

oL oL oL oL
+(aéw'a )(aag 029”) (aazsa'a )(aa 5 aw)

Here we take the Lorentz index p = 1,2. Let u = £,%), = 0up,x3 = A\, py = Oz, u =

(3.3)

Oz, L,p3 = Ozyu = Oz, L. Then the flow equation becomes

F(Z,2,p) = p3— 2"+ 2 (P1-Z1+ P T2) — (P1 T1) (Po-T2) + (Pr - T2) (P2-T1) =0. (3.4)

Notice that here we view the fields like J,,¢ as variables in the PDE. The “coordinate” are
T = (¥, T, x3) € R2V+L The initial conditions are given by

Z1(7,0) = 1 (F) = 71,
To(7,0) = y2(F) = 72,
x3(7,0) = v3(7) = 0,
2(7,0) = u(Zy, T2, 23 = 0) = Ly,
Lo 0L
Lo » 0Ly
pZ(T’O) - d}Z 8772 )



where 77 = (7,72) € R2N and Ly is a function of 7, 7. Here 7,7 are the undeformed
fields 01¢, 02¢ respectively. The characteristic equations are given by

dzy

s A T1(p2 - T2) + T2(P2 - 1), (3.6a)
% = 2Ty — To(P1 - £1) + Z1(P1 - T2), (3.6D)
% _1 (3.6¢)
% =2 (DL B+ o - L) +p3 — 2(P1L - T1) (P2 - Ta2) + 2 (P1 - T2) (P2 - T1), (3.6d)
cil—il = —p1 (P - &1 + P - To — 22) — (2p1 — PL(P2 - Zo) + P2(PL - 72)), (3.6¢)
B o B4 B o= 22) (B~ ol )+ 1o 1), (3.6f)
% = —p3 (P1 - F1 + P o — 22). (3.62)

We show how to solve the characteristic equations in appendix A. The solution is

summarized as follows,

1

= g (L (71— £0)) 71+ s(l - 7)) (3.72)
52 = th(lj_l) [(1 + S(Q]Z_)'z . FQ - Eo)) 772 + 5(1/_;1 . 77’2)—’1} , (37b)
A (3.7¢)
, 1 -, - o -

Y7 det(JT) [(1 +s(e 72— £0)) U1 = s(ihr - 72) 2} ; (3.7d)
_»2 = det(ljl) |:<1 + S(Jl . Fl - EO)) 1,;2 - 8(1;2 . 7‘-‘1) _’1} ) (376)
s = detq(bj—l)’ (3.7f)

Lo —
T M’ (3.7g)

where
det(']_l) =1+ 3(%1 ST+ 7;2 < Ty — ZEO) 4+ 321[)3’
s = L5 — Lo(hr - 71+ o - ) + (1 - 71) (P - ) — (1 - ) (2 - 7).

If the inverse functions exist, i.e. 3 7 (%1, T2, s), 2(¥1, F2,s), then we can plug the in-

(3.8)

verse functions into the expression of z, (3.7g) and express TT-deformed Lagrangian z by
T 1 .CZ"Q, xrs3.

At A = 0, the Lagrangian z is undeformed and expressed by variables 77,7, which
satisfy Z1(\ = 0) = 71, Z2(A = 0) = 7. At X point, z is expressed by Z1,Z2. However,
we can also express z by 71,7, i.e. (3.7g). It is worth emphasizing that (3.7g) is not the
undeformed Lagrangian, but the TT-deformed Lagrangian expressed by the undeformed
coordinate 771, 7, see figure 2.



T Vp

Figure 2. TT flow as characteristic flow. The undeformed variables are T, 1/_}1“ Lo and the deformed

variables are %, Py, L.

Example: N scalars with a potential. As an example, let us consider N scalars with

a potential, whose undefomed Lagrangian is given by
Lo =717+ V().

Then, the undeformed canonical momenta can be got by definition,

Y1 =72 =71
The solution of the characteristic equations (3.7) becomes
1
fl = W [(1 — SV)Fl + S(Fl . Fl)FQ] y
1
fo = W [(]. — SV)FQ + S(FQ . FQ)Fl] y
T3 =\ =s,
L 7Ty +V — 513
N det(J-1) 7

where
det(J™1) =1 — 25V + s%3,

Y3 =V2—(FL-7) (7 - 7).

(3.9)

(3.10)

(3.11a)

(3.11b)

(3.11c)

(3.11d)

(3.12)

The next step is to get the inverse functions 7 (Z1, 2, A), 72(Z1, Z2, A), s(Z1, Z2, A). However,
in this example, we don’t need to get 7, = 7},(Zy, A) but just need to express 7, - 7, by

T, - Ty, A, where p, v = 1,2. The final result is

Ly =2z(7 (21,22, \),72(Z1, T2, \), s(Z1, T2, N)),

1
S 2M(1-AV)

(—1+2)\V+\/(1+2>\(1—)\V)92‘1-5:’2)2—4/\2(1—>\V)2(fl-fﬁ(fgig)) .

(3.13)



3.2 Dynamical coordinate transformations

In [29, 30], the authors proposed that TT-deformation is equivalent to a coordinate trans-
formation, (w,w) — (z, z). It is an unconventional change of coordinates because it is field
dependent. We prove that the dynamical coordinate transformation is equivalent to the
method of characteristics.

In [29, 30], the coordinate transformation is defined as

_ Owz OwZ 14+ 2 TOw AT 0)@
1 _ w w - D w
T ( z ) B ( ATOw 14 ATOw, ] (3.14)

And the Lagrangian is given by

1
N - _ (0)
V= — e (co(¢(w(z)) Adet T ) . (3.15)
Let us translate them into our notations, 7| = 0y F, T = 0@, T1 = 0., ¥y = 0zp. From

the definition of the stress-energy tensor,

0Ly

T(O)aﬁ == % . 'I"B - 5a3[,0. (316)

Under the dynamical coordinate transformation [29, 30], the fields satisfy
771 . 1 + /\T(O)’JI@ —)\T(O)ww fl
)\ ATOw, 14 ATOw, ] #
_ 1+)\(1E2'F2—£0) 2 - T z
—\ipy - 7 1+)\(1/71-771—£0) Ty )

It is the same as (3.7a)(3.7b) in the method of characteristics. The Lagrangian (3.15) can
be written as

(3.17)

[y

™ Lo — A3

= . 1
1—2XLy+ A\Cpg + )\2¢3 (3 8)

It matches perfectly with (3.7g) in the method of characteristics if we take A = s.

Therefore, the two methods are equivalent. And we find that in the view of the method
of characteristics, TT-deformation is just the flow along the characteristic curve from 7, 7%
to 1,22 and the TT flow parameter is just the intrinsic parameter of the characteristic
curve.

3.3 Trace flow equation

Now, we derive the trace flow equation of the stress-energy tensor by the method of charac-
teristics, which matches the results in [49]. The deformed stress-energy tensor is given by

»
TV, = %ﬁf @y, — M, LY =, - 3, — Pz (3.19)
T

~10 -



By (A.4) and (3.7), we can get®

poor _ TO" + 64, A det(T©)

v det(J 1) ’ (3.20)
where
7O, = 6—‘750 S, = 6M, Lo = Py, - Ty — 6H, Lo, (3.21)
p
and we have used the relation that
3 = det(T0). (3.22)
From (3.20), we obtain
(T = tr(T©)) + 2\ det(T() (3.23)

det(J 1)

For a 2 x 2 matrix, we use the identity, det(1 + A) = 1 4 tr(A) + det(A), from which we
have det(J~1) = 1 + A tr(T©) 4+ A2 det(T©). Combining with (3.20), we get

det(T(9)
My = ) 3.24
det(T™) = 35519 (3.24)
Therefore, we obtain the generalized trace flow equation
T(0)
tr(T™) = 2xdet(T™) + te(T"7) (3.25)

L4+ Atr(TO) + X2 det(T©)

If the initial theory is a CFT, that is tr(7(®) = 0, then the generalized trace flow equation
becomes

tr(TW) = 2X\ det(T™). (3.26)

which has been obtain in many papers [4, 12, 50, 51].

4 Light-cone gauge method as characteristics

In the section, we show that the uniform light-cone gauge method in [21] is equivalent
to the method of characteristics, and as a result, equivalent to the dynamical coordinate
transformation. As a byproduct, we present a dual description of the uniform light-cone
gauge method.

3The expression is different from one in [49)].

- 11 -



4.1 Uniform light-cone gauge method

In [21], the authors consider a type of theories, whose Lagrangian can be written as the

form
L=K +KI-V, (4.1)
where
, 0Ly
K!=Pro,w, Pl=_——" ,v=t,r, .
Iy g ; A0, X7) b,V z (4.2)

V is a function of P! and is independent of d,¥®. The TT-deformed Lagrangian with 7T
parameter s is given by
_ K{+ K] -V +s(KK; - KLK})

. 4.
£ 1+sV (43)

Since V' doesn’t depend on s explicitly, one can find the explicit expression of V' by taking
the limit s — 0,

Llss0 = Lo = K{|s—0+ KZlss0—V (4.4)

We can rewrite the TT-deformed Lagrangian as

_ K11+ Koo — Fo + s(K11 K92 — K12Ko971)

L
1+$f0

(4.5)

Here, index 1, 2 can be Euclidean coordinate t, x or other coordinates such as z = t+z,z =
t —x and Fp is just V in (4.4).

We find that P/ are the conjugate momentum in undeformed theories, i.e. Pr = @EM
and 9, 0% are fields in TT-deformed theories, i.e. ("),,\ff = Z,. By our notation used in the
method of characteristics,

K/,Ll/ = ﬁu(o) : fl/(s) = w,u : -fl/- (46)
And we introduce another variable
kv = 7,(0) - 7, (0) = 4, - 7. (4.7)

Firstly, we want to get the relation between K, and k,,,. Multiply two sides of (3.7a),
(3.7a) by 151, 152 and get

1
1

Koy = TR [(1+ s (ki1 — Lo)) ka1 + skaikao] ,
X (4.8)
1

Koy = rTE) (1 + 5 (ko — Lo)) koo + skizka],

- 12 —



where det(J~!) is defined by (3.8). We can also expressed k,, by K, by solving equa-
tions (4.8). The solution is given by

(1 —sLo) (K11 + s (K11 K2 — K12K91))

= 1 — 5% (K11 K2 — Ki12K2) ’
k12 _ (1 — 8[,()) K12
1 — 5% (K11 K2 — Ki12K21)’ (4.9)
le _ (1 — S[,()) Kgl
1 — s? (K11 Ko — K12K91)’
gy — (1 —sLo) (Koo + s (K11K2 — K12K21)),

1—s2 (K11 K2 — K12K2)

Then, we prove the TT-deformed Lagrangian in the method of characteristics and the
light-cone gauge method are equivalent. The TT-deformed light-cone gauge Lagrangian (4.5)

is given by
_ Kyi + Koo — (k11 + koo — Lo) + (K11 K22 — K12Ko1)
L= . (4.10)
1+ s(ki1 + ka2 — Lo)
Plugging (4.8) into the above expression, we can get
r Lo + s(ki2kor — k11kaa) + sLo(k11 + ka2 — Lo) Lo — sy3 (4.11)

- 1 + S(kll + k’22 - 250 + S(ku - Eo)(kQQ - Eo) - k12k218) N det(J—l)’
which is precisely the deformed Lagrangian from the method of characteristics.

For the light-cone gauge method, one needs to eliminate P/* by the equation of motion
of the light-cone gauge Lagrangian (4.5). Finally, we prove the solution of characteris-
tics, (3.7a) and (3.7e) , is just the solution of the equation of motion of the light-cone
gauge Lagrangian (4.5). According to (4.4), we get

Fo(th1,4a) = b1 - 71 + 2 - 7o — Lo. (4.12)
This is a multiple Legendre transformation. It is easy to get Hamilton’s equations,
OF L OF .
V7, 2= p, (4.13)
O oLl
According to the definition of K, = Ju - Ty, (4.6), one get
0K -
(4.14)
oY,
The equations of motion in the light-cone gauge method are given by
oL oL
oYy Yy

where £ is given by (4.5). Using (4.13) and (4.14), the solution of (4.15) is

1= det(lj—l) [(1 +s(¢r -7 — ﬁo)) 1+ (s - Fl)@} :

8y

) . (4.16)
1+ s(thg -7 — Eo)) 72 + s(¢1 - 772)7?1} .

8

1
27 det(JT) [(
It is just the solution (3.7a) and (3.7b) of the method of characteristics.

~13 -



It is worth noting that the undeformed variable p},(0) = zﬁu and the deformed variable
#,(s) are mixed in the light-cone gauge method. The TT-deformed Lagrangian can be
expressed by four groups of variables, i.e. E,\(@EM, ), EA(JM, %), LA(Dp, ) and Ly (P, Z0).
What we ultimately want is £(py,Z,), which is the Lagrangian expressed by deformed
variables (pj,Z,). The light-cone gauge method is to derive £ (P, Z,) from L,\(Jﬂ,f,,).
The dynamical coordinate transformation is to derive L£y(pj,Z,) from E,\(JM,FV). And
there is a new method to derive £ (P, Z,) from Ly (P, 7), which is called the dual de-
scription of the light-cone gauge method in the next subsection.

4.2 Dual description of the light-cone gauge method

By the multiple Legendre transformation, we can introduce another new method, which is
dual to the light-cone gauge method, to get TT-deformation.
The dual description of (4.5) is given by

_ Kll + K22 - £O - 3(R11R22 - KIQKQI)

4.17
F T ; (4.17)
where
Ky = pu(s) - T,(0) = Py - 7. (4.18)
Vary the variable (4.17) by 7,75 to get the equations of motion
OF
—_— 0 = 1 2, .

Using the definition of K w (4.18) and gTQS = Jw the solution of the equations of mo-
tion (4.19) about pi, pa is

1 . .
P11 = 5 [(1+ 5 (ka2 — Lo)) 1 — s (k12) P2,
L 1 7 7 .
P2 = et (1) [(1 + s (ki1 — Lo)) 2 — s (k21)1/11} :
Plugging the solution back to (4.17), we can get
k koo —
7 kit ke — Lo+ sy (4.21)

det(J1)

The dual description is equivalent to the method of characteristics. The solution (4.20)
is the same as the solution of the method of characteristics (3.7d) and (3.7e). Consider-
ing (3.7), then F (4.21) becomes

k11 + koo — Lo + 513

F= det(J1)

=p| T +po-To— L, (4.22)

which is just the multiple Legendre transformation of the TT-deformed Lagrangian L.
When s — 0, F becomes Fy which is introduced in (4.5),

lim F = 4 - 7 + 1y 72 — Lo = Fo. (4.23)
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It is noticed that for the light-cone gauge method, the independent variables are Z,.
To get TT-deformed Lagrangian, one needs to eliminate 1/7u by the equation of motion
of £. For the dual description, the independent variables are p,,. To get TT-deformed
Lagrangian, one needs to eliminate 7, by the equation of motion of F.

Example: one free scalar. Let us show how the dual description works by an example.
Consider the simplest example, the free scalar theory, whose Lagrangian is given by,

Lo =7 -7 (4.24)

Then
— 8£0 N 8L"O

MR T Y2 o (4.25)
Fo =171+ -T2 — Lo =11 - a.

The (4.17) becomes

D171+ Do Ty —T1 -T2

JF = ——
1—sr71-79

(4.26)

Vary (4.26) by 71,72 to get the equations about 7,7 and solve them. With the initial
conditions (4.25), the solution is

L 1—/1—4sp1-po

2 (4.27)
L 1—+/1—4sp1-p>
T9 = .
2 28ﬁ2

Plug the solution into (4.26) and we get

7= 2s

We can get the Lagrangian by the inverse Legendre transformation,

L, OF D2
xl:aﬁlzvl—ﬁlsﬁl'ﬁf

4.29
. oF p (4.29)

2 5 =
opr /1 —4sp1-po
and?

—1+ \/1+4Sfl 'fg (430)

L=p1-T1+p2-To—F=
2s

5 (TT)*-deformation in two dimensions

The method of characteristics is a powerful tool to solve all kind of the first order differential
deformations. In the section, we apply this method to (T'T)*-deformation.

4In fact, there are two branches when pi, j> are expressed by 1, Z2. Considering the initial value of £,
we can easily drop one of them.
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5.1 (TT)®-deformation
The flow equation of the generalized deformation is given by

gf = (det(T",))*, a€C=C|J{oo} (5:1)

The flow equation can be rewritten as
F=p§— 2"+ 21 1+ D2 T2) — (P1- &1) (P2 - T2) + (P1 - T2) (P - £1) = 0, (5.2)

where a = 1/a. And the characteristic equations are (3.6a)(3.6b)(3.6e)(3.6f)(3.6g) and

Cl.%'g

ds apg_l, (5.3a)
dz . L e o I
R (P1 - 1 + P2 - ¥2) + ap§ — 2 (P - T1) (P2 - T2) + 2 (P1 - 2) (P2 - T1) - (5.3b)

By (5.2), (5.3b) becomes

d
T =222~ 2Cpy + (a — 2§, (5.4)

Using the above equation and (3.6g), we can get

d [z _ a— 2dxs
Z () =(a=2)p* ! = g )
ds (pg) (a )P a ds (5:5)
Therefore,
z a—2 Lo
i A+ =, 5.6
p3 a 3 (5.6)

where A\ = z3. Plugging the solution back into (3.6g), we can get

1

—22Ly—C —2\?2 a=2
p3:<§‘2+aa 0% ¢3>\+(aa )/\2> :

1
_ _ _ 2 a—2 _
o= (g2 22280 C¢3A+(“ 2) A2 <a 2A+’C°>,
a ¥3 a a V3

(3.6a)(3.6b) become

(5.7)

d—; 1 — = —2 - Ing — —
i _ [ (oot 20 7 ()]
alug 4222 200-Comr+ (252) Aoy

a

dT 1 - L a—2 . -
B 1 | (Lo ) 2k ().
a [ g—l_'_% (2£0—C'¢3))\+ (%) /\21,/)3:|
(5.8)

The above system of equations can be rewritten as a matrix form,

dX

— =AX 5.9

- ax, (59)
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where X = (#1,25)” and A is the coefficient matrix. The general solution of (5.9) is

A
X(\) = Pelo PMx, (5.10)

where P means the time-ordering integral. For this case, [A(\1), A(A2)] = 0, the time-
ordering integral degenerates into the ordinary integral,

X() = el PAx,, (5.11)

which can be calculated explicitly. It is noticed that it is very special when a = 2, which is
just VTT-deformation. In the case, above expressions are valid in the sense of limit a — 2.
As for a = 1, the deformation is just T'T-deformation. Actually, we can take a in C. It can
be understood in the sense of z¥ = e¥!"7,

Example: one free scalar. We solve the equations (5.8) about the simplest case, where
the seed theory is a free scalar, Lo = 0,¢00z¢ = riro. In the case,

and we can get the solution of (5.8) by (5.11).

1/(a—2)
)i, a1
m1=r1(( DRI +1) |

1 2,1 1/(0‘_2)
—1)at(a —2)ALS
To = T9 (< ) (aa )A‘CO + 1) .

Here, we just need to express Ly by X = z1x2. From the above solution, we can get Ly

(5.13)

and X satisfy the equation,

—4

4 at2_
a2X2 = a2L072 4 (—1)2%(a — 2)202L0 T T —o(— )Y (a— 2)arLy e 0. (5.14)

The equation cannot always be solved explicitly. However, for some special a, such as
a=1,2,—-1,-2,..., Lo can be expressed by X explicitly and the deformed Lagrangian z
can be expressed by X.

For TT-deformation, a = 1,

14 20X - VX 11

Lo =
’ 202X ’ (5.15)
VX +1-1
B 2) '
For VTT-deformation, a = 2,
Lo=e"X, (5.16)
z =X, ‘
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5.2 VTT-deformation
The flow equation of VTT-deformation is given by

)
agA = \/det(T",). (5.17)

It is a special case of (T'T)'/* when a = 2. Taking the limit, a — 2, in (5.7) and (5.8), we
can get

2 = Loe 20g (C¥s—2L0) (5.18)
and
% = 2;3 [(Co — 4y - 72)F1 + (Y2 - F1)42] ; 5.19)
6%2 = 211/]3 [(ﬁo — 41 - 7)o + (1 '772)51] - |

It is worth emphasizing that the coefficients on the right hand side in (5.19) is independent
of A, so (5.19) can be always solved easily.

Trace flow equation. For the VTT-deformation, the trace flow equation is simple.
By (5.6)(5.18)(A.4)(A.5) and the definition of the stress-energy tensor, we obtain

A tr(T()
2,/det(T)

where we have use the definition of 3 = 1/det(7(¥)). Then the trace flow equation becomes

T, = 7O exp , (5.20)

M r(T()

24/det(T©)

If the seed theory is a conformal field theory in classical level, which means that the stress-

tr(TN) = tr(T@) exp [— : (5.21)

energy tensor is traceless, tr(T(O)) = 0, the deformed theory is still conformal.”
In the following, we solve (5.19) in two examples.

Example: NN free scalars. Consider the N free scalars as the seed theory, whose La-
grangian is given by

Lo = Gijf)wqﬁia@qﬁj =7 T2 (5‘22)

The initial conditions become

1 =17, =T, 3= \/—(Fl -71) (T2 - T2). (5.23)

°Tt is subtle when tr(7®) = 0 and /det(T(®) = 0 simultaneously. We can take some regularization
TOL 4 ¢ 7O,

h h T(O)HV _
scheme, such as T2, 02,

) and take € — 0, to get rid of the divergence.
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The characteristic equations (5.19) become

dy 1 (7 - )T
— = —(r - 71)%
A\ 2¢3 1 1)42, (5 24)
d¥o 1 (7 - )7 '
—= = —(7ry - T2)%.
N 205 2+ T2)T1
Solve the above equations and plug the solution into (5.18), we get
,C)\:Z: (fl-fQ)COS)\ii (fl-fl)(fg-fg)sin)\,
\/ (5.25)

= Gij0,¢'0:¢ cos \ £ z\/ (Gij0:910.07)(Gr1Oz0F Dz ¢t) sin \.

The result is the same as one in [2] if we change A — —iy. The difference, —i, comes
from the sign of the definition of the stress-energy tensor. Notice that in [2], the author
take the traceless stress-energy tensor, which is different from ours. Then, in this paper,
VTT-deformation is defined as

A 1 1
3§/\ _ \/_2T(/\);¢VT()\)VM + ST T, (5.26)

but in [2], VT T-deformation is defined as

oL

1 1
= 2T T T (e, T
0 \/2T AL 4T AL (5.27)

where we take our notation and stress-energy tensor is general but not traceless. When
the seed theory is conformal, the definitions of the vV T'T-deformation (5.26) and (5.27) are
coincident. However, for non-conformal seed theories, they are not.

Example: one scalar with a potential. Consider the one scalar with a potential as
the seed theory, whose Lagrangian is given by

Lo = 0pdOzd + V((b) =nriro+ V. (5.28)
The initial conditions become

Y1r=r2, Y2=r1, YP3= \/1/2—77% (5.29)

The characteristic equations (5.19) become

dz 1
B
diy 1 (5.30)
ﬁ = T%(V.TQ + 7"%1171).
The solution of the above equations is
Do = w1 = ry Bz V),
(5.31)

A
Dsp = my = ez 1T,
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Plugging the solution into (5.18), we get

AV

E}\ =z = (V + R)e\/ V2—R27 (532)

where R = 7179 is the solution of the equation

A, YR
X = 0.00:¢ = R V V. (5.33)
For the model, there is no explicit function form of the deformed Lagrangian. By the

iterative method, we can get the first few orders of the deformed Lagrangian,

2 2
L=V 4+ X a7 —x2 422V 2(;?(;))( :

V2-3VX 4+ X2) (V24 VX + X?)
6(V — X)2/V+ X

(5.34)
ol

+O0(\h).

6 TT-like deformation in arbitrary dimensions

In the section, we get the T'T-like deformation in [1] by the method of characteristics. Then
we generalize the definition to (T'T)*-deformation in arbitrary dimensions.

6.1 Characteristics for TT-like deformation

In d dimensions with Euclidean signature, the action is given by

A= / dix,/gL = / dxL,

g=det[gu], d'x=da’da’.. da?

(6.1)

where £ = /gL is the Lagrangian density. The flow equation of the T T-like deformation

is given by
aa“iA — / dx,/golr . (6.2)
where
ol = é (rTl,TY, —TITY,), reR,d>2. (6.3)

We take the symmetric Hilbert stress-energy tensor

T _ —2 6A, =2 oLy

== == ) 6.4
A V9 5g;w V9 ag,uu (6.4)

When r = 1,d = 2, the deformation becomes TT-deformation and
OTT = o = det (TY,) . (6.5)

We exploit the method of characteristics to obtain the deformed Lagrangian. The
coordinates on the characteristic flow curve are (g,.,,A) and the conjugate momenta are

(pHv = qu = g—f), respectively, and z = £. The flow equation (6.2) becomes

4 2
F=p*— —(rp"up’y — P"up”p) =0, (6.6)

Jad
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with initial conditions

G (s = 0) = Ny,
(s =0) =M,
As=0)=0, (6.7)
pM(s=0) =9,
2(s =0) = Lo,

where p,v are Lorentz index and A is the parameter of the deformation. The initial
conditions satisfy the constraint

~ T d( Yy — Pty = 0. (6.8)
Notice that 7, is the initial value of g,, but is not necessarily the metric of the flat
space-time.

The characteristic equations (2.14) are given by

% 1, (6.9a)
dcggﬁ 7 d( P 90 — P agn); (6.9b)
% Y (6.9¢)
c?Z: o, (6.9d)
dzzﬂ _ _g‘“zpA N \/85 ) (6.9¢)

We have used the flow equation (6.6) to get (6.9¢) and (6.9¢). (6.9a), (6.9¢) and (6.9d) can
be solved readily, yielding

A=s, p=const=1" z=—sp*+ Lo. (6.10)

We assume that for the seed theory, the metric and the stress-energy tensor are symmetric,
i.e. Ny = Ny, and Y = pY#. Then we can derive that g,, = g,, and p"” = p”# are always
correct along the flow by (6.9b) and (6.9¢). Using (6.9b), (6.9¢) and the above property,
we get

dp®s  d(p™gus)  p
— = L 5o, 6.11
ds ds 27 8 ( )
Therefore,
p)\
paﬁ = —?5a58+¢a5. (6'12)
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By (6.9b), we can get

dyg 1 dg dgas

ds — 2\/G0gas ds ' (6.13)
4 d
= drd - (-Gt 1),

where we use the formula 63755 = gg®P. The solution of the equation is given by

4

Vg = (rd = 1)pts” — =

(rd — )" s + /1. (6.14)
Plug the all above results into (6.9b), we can get the matrix form of (6.9b),

G

T _GA 6.15
- G4, (6.15)

where G is the matrix form of the metric, G = (gu). A is the matrix,

1
A= s

L B) -
F() = Jrd=1)Ps, Bl = S8, — ittt

where /g(s) is given by (6.14). Because [A(s1), A(s2)] = 0, the general solution of (6.15) is
G(s) = Goelo %4, (6.17)

which can be calculated explicitly. Now the characteristic equations have been solved.
Expressing the initial values nuy,z/}“”,zo,w by guv, A and plugging the result into z =
—sy™ + Lo, (6.10), we can get the deformed Lagrangian density.

By (6.9¢) and (6.13), we can also calculate the flow equation of T,ﬂ,,

AT 44 ~o 2

le% o M 1 v v
Fi gT,uaTV d(rd - 0T T + P (rTh, a7, =TE,T,) (rd — 1) gu, (6.18)
where
T = 79 TS — Ty (6.19)
And (6.9b) can be rewrite as
dguy 4
=27 6.20
ds d " ( )

The (6.18) and (6.20) are the same as (3.9) in [1].

It should be noted that although the matrix integral in (6.17) could be calculated
explicitly, it is too complicated. For some models, we don’t need to calculate the integral,
such as a free scalar model.
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Example: one free scalar. Consider one free scalar model as the seed model, whose
Lagrangian density is given by

Lo = /1" 8,¢0,¢. (6.21)
The conjugate momenta are
ap (SZO T]a’B— a 3
=0 =T 7y~ no¥ed’s. (6.22)
0Nag 2
4 L

1/})\ (Til)“ulf)yu - %D“u?,/)”u) = (623)

KN Vi

pv . = . . . .
where we use gg—ﬁ = —g**g"#. We consider TT-deformation in 2 dimensions, where
«@

d =2,r = 1. For the model, (6.14) becomes

V3 =i+ s (6.24)

Introduce a new variable X = ¢g"”0,¢0,¢. By (6.9b) and (6.13), we get

d(\dng) — 9L, X. (6.25)

Solve the system of equations (6.23), (6.24) and (6.25), we get

o= VI(=1=2sX + 1+ 4sX)

252\/1+ 45X ’
_ V9X
Ly=——"F——, 6.26
0 V1+4sX ( )
V= V(1 +2sX ++/1+4sX)
= 2\T+ 45X '
And the Lagrangian density z is
S =Ty s = VI(—1 +2\/1 + 48X). (6.27)
s

Here, z = L4(g,.(s)). We want the deformed Lagrangian density in flat space-time, i.e.
9 (8) = 6, = diag(1,1). Therefore, the TT-deformed Lagrangian density is given by

— v
Pt V1 +24;\6 3,30, (6.28)

There are two perspectives about TT-deformation. In this section, the fields Ou¢ is a
constant along the characteristic flow but the metric g,, depends on the flow parameter
s. In section 3, on the contrary, along the characteristic flow, J,¢ depends on the flow
parameter s but the metric g, is a constant.
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6.2 (TT)%-deformation in arbitrary dimensions

On the analogy of the definition of T'T-like deformation, we can define (TT)*-deformation as

OAN _ [ qa ]\
== /d xyg (O5)", (6.29)

where Ay and (’)E\T’d} are defined as (6.1) and (6.3) respectively. In our notation, the flow

equation becomes

4
F = ANa _ _F ' Vll_ V’VV :0’ .
(r*) (\@2_%(7“19 ub” v = PMup” ) (6.30)
where a = 1/a € C. The initial conditions are the same as (6.7) and satisfy the constraint
4
F(s=0) = (") = —5—(r" 0"y, — '00",) = 0. 6.31
(6= 0 = ()~ g0 ) (631)
The characteristic equations (2.14) are given by
% = a(p)* 7t (6.32a)
dgap 8 u w
— o — P"ad80), 6.32b
dz a
= = —(2—a)(pM), (6.32c)
dp?
R .32d
=0 (6.32d)
dp®? 2—a o 8 o y
s~ 9 Y P+ W(’"p“ul)ﬂ —pPup’a) (6.32e)
The solution is given by
p* = const = ¢,
A= a() s,
— 2 _ A\a Z
« —a asa «
Pip= —T(W) 0%ps + 9%,

VI = (rd = (@) (2 - a5 — Srd )2~ a)hys + i

and
G(s) = Goedo %4, (6.34)
where G = (gu) and
1
A= U+ B) o
F9) = Slrd =@ =)@, Bl = Sy~ ritadh)

When d = 2,r = 1, the deformation degenerates into the case in section 5.
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7 Conclusions

In this work, we use the method of characteristics to study TT-deformed theories. We
find that the 7T flow is just the characteristic flow in essence. In this viewpoint, we prove
that the dynamical coordinate transformation and the light-cone gauge method are both
equivalent to the method of characteristics, at least for the Lagrangian of scalar fields. Here,
the equivalence means that not only these methods can derive the same results, but also
the processes of each methods are equivalent. Along the flow, the difference among these
methods are the variables used to express the TT-deformed Lagrangian. The dynamical
coordinate transformation is to derive £y (p),,Z,) from [,)\(1/7/“7?1,). The light-cone gauge
method is to derive L£y(py,Z,) from E,\(zﬁu,fy). And the dual description of the light-
cone gauge method, which is a new method to derive the TT-deformed Lagrangian, is to
derive £ (py,#,) from Lx(py, 7). Among these methods, the method of characteristics
can be used to solve the flow equation, directly. Exploiting our method to generalized
TT-deformations, we find the deformed Lagrangians for TT-like deformation and (T7)°-
deformation with generic « in arbitrary dimensions.

It is interesting that in 2 dimensions, there are two equivalent perspectives about TT-
deformation along the characteristic flow. In one perspective, the field 9,,¢ evolves and the
metric g, is a constant along the flow. In another perspective, the metric evolves and the
field is a constant.

It is noticed that in the paper, we don’t consider the algebraic structure of theories. If
we want to extend the method of characteristics to theories with fermions and gauge fields,
anti-commutative relations and Lie algebras should be considered carefully.

There is a very interesting question how other physical quantities evolve along the
characteristic flow. For integrable QFTs, some works show that Lax connections satisfy
the rules of the dynamical coordinate transformation on the flow [29, 52]. However, the
result is not proven strictly, yet. Maybe the method of characteristics is a good point to
prove the result. Furthermore, there are other quantities for integrable theories, such as the
R-matrix. We don’t know how they evolve. Correlation functions of some TT-deformed
models have been evaluated by perturbation in first several orders [27, 51, 53-56]. Maybe
we can explore how they evolve along the characteristic flow.

We are also interested in another question whether bosonization holds under T7T-
deformation. We have tried the traditional method, which maps fermion fields to boson
fields, to bosonized the TT-deformed fermion theories. However we can’t get the correct
dual boson theories. Maybe one can take the view in section 6 to study bosonization of
TT-deformation.

The method can be also used to more generalized TT-like deformations, such as the
multiple 77T deformation [57).

A Solve characteristic equations about T'T deformation

In the appendix, we solve the characteristic equations about T'T-deformation (3.6) with
initial conditions (3.5).
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By (3.6¢). we get
xr3 =S. (A.1)

The ODESs look a bit complicated, we notice that it can be solved by finding conserved
quantities. By (3.6a), (3.6e) and (3.6g), we can get

d(p1 - 1) p1- 21 dp3
— (7 -2 -7 D - Ty — 25) = L2 T2 7Y A2
ds (P1 - Z1)(P1 - 1 + P2 - T z) Ds ds (A.2)
Then the relation between these variables is
p1 - Z1 = p3Ciu, (A.3)
where the constant C7; can be got by the initial condition. C'; = }/J':l. Similarly, we get
other relations
p1 - T1 = p3Ch,
5 - Fy = p3Clo,
112 q2 p3L22 (A.4)
p1 - To = p3Cha,
D2 - T2 = p3Ch,
and the constants . .
Cn = ¢1¢'T17 Co = ¢2w'7“2,
; ° ; : (A.5)
-T2 2 T1
Cia= 12, Cy=
3 (0
Plugging (A.4) into (3.6d) and (3.6g), we get
dz -
— = (2C + 1)p3 — 2p5C,
ds
(A.6)
dps _ (22 — Cp3)ps,
ds

where C' = Oy + Caz, C' = C11Co5 — C12Cs;. Considering the flow equation (3.4),

F(fazaﬁ):pi&—?i?‘i‘ZpBC_p%C:O (A7)
(A.6) becomes
dz =222 — (2C + 1)ps,
ds
(A.8)
dps = (2z — Cp3)ps.
ds

From the above equations, we find that

d ( : ) = 1. (A.9)

ds \p3
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The relation between z and ps is

z Lo
— = — —3s. A.10
p3 Y3 (A.10)
Finally, we get the result that
L Lo — si3
1 —2s5Ly + sCpg + 23’ (A11)
V3 '

B3 = T T 96L0 + sCibs + 23

The equations of 77, Ty are

dz, . . .
5 A Caop3®y + Co1p3Za,

s (A.12)
d$2 = _ N
5 = A Cr1p3@2 + Cl2psi.

Plugging (A.11) into the above equations, we get

dry 1 s e
_— = ,C - Ty — T - 7) T
ds 1 —2sLy + sCihg + s21h3 {( 07 Vet (Ve ) 2} ’ (A.13)
ds 1 - . T ‘
B = T+ 00 Tt (G0~ DT - B + (- ).
Do some calculation directly and it is easy to get
d - - T
— [(1 + S(¢2 s o — ﬁo)) 1 — 8(w2 . ?"1) 2} = O,
dds (A.14)
s {—5(% - T) T + (1 + (41 -1 — 50)) 2} =0.
With initial conditions, we get
(1 + 8(1;2 . FQ — [,0)) fl — 3(%2 : _’l)f2 = 7?17 (A 15)
—s( - Po)T1 + (14 (i - 71— L)) Fo = 7.
To solve the above equations, we get
S 1 T - o=
T = m |:(1+S(w1'7“1—£0)) T1+S(¢2'T1) 2:| ) (A 16)

To = det(lJl) [(1 + s(hy - o — Eo)) 7 + (¢ '772)3} ;

where det(J 1) = 1 —2sLg + sCv3 + s213. Now, we calculate the expressions of conjugate
momenta pj and py. From (A.4) and the soluntion of p3, (A.11), we get

. 1;1 T A
P = — A7
pr- det(J 1)’ ( )
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and from (A.16), we get

peh = dt(lj) {(1 + (U1 - i — L0)(171) + s(dbz - 7) (71 - Fz)} : (A.18)

Similarly, we can consider pj - 2. Finally we get the equations,

o= (14 s(d1 -7 = £0) (B - 71) + s(d - 71) (B - 7o),

; . ) (A.19)
Y172 = (1 + s(¢g - T2 — Eo)) (p1 - 72) + (i1 - 72)(P1 - 7).
The solution of the equations is given by
- 1 - I N
pL-TL= det(J1) {(1 +s(ia - T2 — ﬁo)) (Y1 -7) — s(2 - 71) (Y1 - 7‘2)} ; A 20)
p1To = det(lj—l) {(1 + (L — Eo)) (1 - 72) — sty - 72) (11 - 771)} .

To get the expressmn of P gyl from the above equations, we decompose p; by zpl, 1/12 and take
an ansatz p1 = cm/Jl + 61/12 Here a, b are undetermined scalar functions about all variables
besides ¢1, 1/)2. Plugging the ansatz into (A.20), we get

det(J 1) 7 det(JY)

_ Ls(a-a—Lo) , _ —s( i) (A.21)

Then, the expressions of pi, po are given by

1 . L
plzm{(1-1—5(1/}2-7“2—,60))1#1—3(1/;1.7”2) 2}, A

1 ) [(1 +s(thy - 7 Eo)) Py — s(ta - 7 )1;1] .

pr= det(J—1
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