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Abstract A detailed Gitman—Lyakhovich-Tyutin analysis
for higher-order topologically massive gravity is performed.
The full structure of the constraints, the counting of physical
degrees of freedom, and the Dirac algebra among the con-
straints are reported. Moreover, our analysis presents a new
structure into the constraints and we compare our results with
those reported in the literature where a standard Ostrogradski
framework was developed.

1 Introduction

Nowadays the study of higher-order theories is an interest-
ing subject in theoretical physics. In fact, since the works
developed by Ostrogradski concerning the hamiltonian for-
mulation of such systems [1,2] up to now where recent works
regarding systems just like generalizations of electrodynam-
ics [3-6], generalized meson-field theory [7,8], string theory
[9,10], and dark energy physics [11,12] have been analyzed.
Moreover, from the gravitational point of view, we find inter-
esting models of higher derivative gravity where are useful
for testing the investigation of quantum gravitational effects.
Those models are formed with the Einstein—Hilbert action
and the addition of quadratic products of the curvature ten-
sor; the main attractive feature of those models is the renor-
malizability [13, 14]. Within the context of three dimensions,
we find an interesting and natural higher-order model, the so-
called topologically massive gravity (TMG) [15]. This the-
ory is the coupling of Einstein-Hilbert action plus a Chern-
Simons term, at a linear level it describes the propagation of
a single massive state of helicity &= 2 on a Minkowski back-
ground, the so-called massive graviton. The theory is a good
laboratory for testing classical and quantum ideas of grav-
ity because it is a local dynamical and unitary gravity model
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which is naive power counting renormalizable [16]. In this
respect, the study of higher-order field theories is carried out
by using the so-called Ostrogradski—Dirac framework [17].
In fact, the Ostrogradski—Dirac framework is based on the
extension of the phase space, where the choice of the fields
and their temporal derivatives are the canonical variables. In
other words, a generalization of the canonical momenta is
introduced, then the identification of the constraints is per-
formed as in Dirac’s method is done [18]. However, in some
cases it is claimed that the usual Ostrogradski—Dirac frame-
work does not have the control for identifying the constraints
in consistent form, then the constraints are fixed by hand [19].
In this respect, a detailed Hamiltonian formulation should
provide a complete description of the system, and the com-
plete set of either constraints or gauge invariance transforma-
tions must be correctly identified. Hence, it is mandatory to
perform a correct analysis of the constraints in any canonical
formulation. In this respect, with all constraints at hand and
classified into first class and second class, the Dirac brack-
ets, useful to quantize a gauge system can be constructed,
then the second-class constraints and non-physical degrees of
freedom are removed. In the case of higher-order gravity the-
ories, the separation of the constraints into first-and second-
class is a delicate issue, therefore, alternative approaches can
be required. In this regard, there exists another, alternative, a
canonical formulation of higher-order systems the so-called
Gitman-Lyakhovich-Tyutin [GLT] formalism [20,21]. The
GLT formalism is a generalization of Ostrogradski’s frame-
work it is based on the introduction of extra fields reducing a
problem with higher derivatives to one with first-order time
derivatives, then by using either a correct gauge fixing and
the introduction of the Dirac brackets, the second class con-
straints and non-physical degrees of freedom can be removed.

In this manner, with all commented above, the purpose of
the present work is to report a detailed GLT study of TMG
theory. Our analysis will follow a different procedure to that
presented in [22]. We will develop a detailed GLT framework
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as an alternative study beyond Ostrogradski—Dirac frame-
work. In fact, the correct canonical analysis of a given classi-
cal theory is the first step towards its canonical quantization
and so it is worthwhile to perform it. The complete structure
of the constraints without fixing them by hand is reported. In
addition, we will compare our results with those reported in
the literature.

The paper is organized as follows. In Sect. 2 the GLT
method for higher-order Chern—Simons theory is developed.
We report the complete set of the constraints and the Dirac
brackets are constructed; the Dirac algebra between the con-
straints and the first-class extended Hamiltonian is reported.
In Sect. 3 the TMG theory is analyzed. We perform a detailed
GLT formalism and the new structure of the constraints is
reported. In addition, the Dirac brackets and the algebra of
the constraints are calculated.

2 GLT analysis of higher order Chern—Simons term

We start with the standard linear form of the Chern—Simons
Lagrangian density given by [22]

1
Lcs = 5eW(ac,hpkapa,mf’u — 9 h” 307 8,0 1), (D

here, spacetime indices are represented by the greek alphabet
o, B =0, 1,2 and space indices by the latin i, j, k = 1, 2,
hy,y is the perturbation of the metric around the flat spacetime
geometry and the following signature n,, = (=1,1,1) is
used. By performing the 2 4+ 1 decomposition, we can write
the action as

Lcs = —€l (akhojh.k,’ + ajhkol"l.ki
1o b k -
_Eh jhki + 30" hoohki + 0%0;hojhko
1 . 1 .
+§V2h0jh()i - Evzhkjhki
1 .
+§8k81h1.,~hk,~ + V2hood;ho,
—Vzhkoaihkj — 3laihljakh10)~ 2

We can observe that the Lagrangian is a higher-order
derivative theory and the standard way for performing the
canonical analysis is by using the Ostrogradski-Dirac frame-
work, however, we have commented above the interest to
develop an alternative GLT analysis. It is worth commenting
that our results are new and are not reported in the literature.
For our aims, we need to rewrite the Lagrangian by introduc-
ing the following variables

G/w = ]:lp,v Vpy = Gu,v = il.;uu 3)

@ Springer

hence, inserting (3) into (2) and introducing the momenta
(¥, P*V) canonically conjugate to (h,, G,v), we rede-
fine the action as [20,21]

S = / [Lég+ 7" (hyy — Gv) + PP (G uy — vp) | dx,

4)
where
. 1
Lig= —G’J(Skhojvk,- + 3jhkovki — Eijvki
+3;8"hooGri + 9*0;ho; Gro
1 1
+=V?ho;Goi — V2" ;G
2 2
[V 2
+5070h G + Vhoodihoj
—V2hk08,~hkj — 313,'hkj3khlo), (5)

we can observe that there is an advantage of the action (4)
because it contains only first-order time derivatives of the
fields. It is worth mentioning that the introduction of the
momenta allows us to identify more easily the constraints
in comparison with Ostrogradski’s formalism [20,21]. In
fact, in GLT framework it is not necessary the introduc-
tion of a generalized canonical momenta for the fields with
higher-order time derivative terms just as in Ostrogradski is
done. Furthermore, there is not any effect in the counting of
degrees of freedom because (2) and (4) are equivalent (see
the “Appendix A”). The fundamental Poisson brackets are
given by

(g, T} = & (548" + 89 4574

— N

{Gap, P} = 3 (8ad"p +8"p8") . (©)
In this manner, the canonical Hamiltonian is defined as usual
HCS = JTMUGMU + PU'UUI“; — L%S
1 .. i,
=796 y0+P%vp0+ <2710k+§ek] V2h0j+e” aka,-hoj> Gox
S 1 1 .
+ [n’” +el (a_,akhoo—Evzhk_,-+ia’<alh’_,>} Gpi +2P% vy,
. . 1
+ [Pk’ + €l <a"ho,~ +ajhkg — 50’3)} ki
Y (vzhooa,»hoj — V2h¥ iy — alaihkjakhlo) , (7)

where (3) and (5) have been used. Thus, from the Lagrangian
(5) we identify the following primary constraints [20,21]

L

_PMV%07 (8)
vy

0"
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say

ki ILes Pk~
vy

Co1r .
- {P’“ +3 (€7@ o; + ;%

1 o o
—Eij)-i-Ek] (3lh0~/+3jhl() — EGlj):H ~0, 9

aL?
00

0% . av_CS —P¥=0= PY ~0. (11
0i

The Poisson algebra between the primary constraints is given
by

{Qoo Qoo} _ {Qoo Q01}
= [ 0"} ~o. (12)
4 1 4 4 . .
[ka’ le} Z Mtk 4 elimk 4 Ik mi _i_Emknlz)’
(13)
and the primary Hamiltonian is defined by
Hig = Hes + D O, (14)

where A, are idetified as Lagrange multipliers. In this man-
ner, from consistency of primary constraints

0 ={0 Hls| = {0 Hes}+aum {0, 0"} ~0,
(15)

we identify the following secondary constraints
$0:{ 0%, Hes| == ~0, (16)
i 0i o, 1 ijo2 U tjai
N {Q aHCS}: T +7E‘]v h0/+7€ja 8[}’10/ %0’
A7)

and relations between the Lagrange multipliers
. 1( .. 1 1
{les HCS} = §|:€l] (8jak1’l00 - Evzhkj + zakarhrj)
kj i 1 2pi 1 i r
+e€ ajahoo—Eth+§88,hj
. 1 . .
Lrik > ( lkvlz n elzvlk)
1[ ..
—§|:e” (9 Go; +0;Gf)
+e4 (9 Go; +0,Gp) ]

1 . 4
—5 (emkA;n tem A’;n) ~ 0. (18)

The Poisson algebra between the secondary constraints is
given by

{SO, SO] _ [Sa, Qoo} _ {Sa’ QOi] _ {SO, Qik] -0,
(19)

thus, consistency of the secondary constraints allows us to
identify the following tertiary constraint

30— 30 [eT3;04 Gy + €92 (3ih0) ] ~ 0, (20)

and § provides relations between the Lagrange multipliers
.. o gik
§—5:5 (V26

+3'9cGor — 3oy — 31<V2h00)

N, , . .
+ 67 ()0 + V2auh'j — 30" o' + ' ,Go, )

1, .. o
+5 (e’”a’Alk e a,A'k) ~ 0. 21)

From temporal evolution of the tertiary constraint S0, we
do not obtain more constraints because the Lagrange multi-
pliers are mixed

$0 = € (90 v + VGoj + 9,05 Ak ) 0. (22)

On the other hand, this is not the end, because there are more
constraints. In fact, we can observe that the trace of (18)
eliminate the Lagrange multipliers and therefore, we identify
other constraint

V=JTii+ >

dah'; ~ 0. (23)

Moreover, from (18) and (21) we eliminate the Lagrange
multipliers and other constraints are obtained

. ) Kl R
Vi= ik 4 Tv%kh’, — Taka’am’,- ~ 0. (24)

Finally, we observe that the trace of (9) implies other con-
straint and from consistency do not emerge further con-
straints, say

nik Q% = Py,
Pl = {Pii» Hcs} =V

%

0. (25)
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Therefore the complete set of constraints is given by

0% . p® ~ 0,
QOi . POi ~ 0’
. €l el el
Qlk - PR 4 Takhoj + 731'/’!](0 — Tij
v o v ~
§O 790~ 0,

T SO %vzhoj + %afa,hoj ~ 0,
§9 1 €79;0"Gri + €/V2d;hg; ~ 0,
Vit 4 %klvzakhi, - %akafalh’j ~ 0,
Voirl+ %ja,-a,hlj ~0,

U : P ~0. (26)

Now, the not trivial algebra between all constraints is
expressed by

class constraints

0% . p® ~ 0,
Q()i . POi ~ O,
SO 700 ~ 0,

| i i
§': 0P — 7+ S0,k + S

€'

4

kG —
kj 4

*G'; ~ 0
ki kj
. . € . € .
Vi gt 4 Tvzakh', — Takalalh’j ~ 0,
L i l
V.l + 78,~81h ;i =0,
U:P,;=~0,

) i
5090, Pk + %aia"ij, (29)

and the rank implies the following two second class con-
straints

~

QOO QOZ le SO Sl SO ‘7 ‘7 U
0¥ /0 0 0 0 0 0 0 0 0
%1 0o o0 0 0 0 0 0 0 0
ok o o {o*kom) o {o* s [Qik’ go] 0 0 0
S0 0 0 0 0 0 0 0 0 0
w=s | 0 o {s.o"} o [s.s) [s.5° 0 00 7
50 | o o [50, Q“"} 0 {SO, Sl} 0 0 0 0
vi 0 0 0 0 0 0 0 0 0
Vv 0 0 0 0 0 0 0 0 O
U 0 0 0 0 0 0 0 0 O
where
. 1, : . . o' = P 4 9'hgy + 0yh! _Llo,~0
{sz’ le} — 1 (Emt nlk +€[lnmk +€lknml +€mknlt> 52()( — ), 02 210 ) 2 s
_ 1, S - 12 12, 42 1 L 1o
{Q”‘,Sl} = 1(e"a"+e“a’Jre’fn“a,-+e"fn”3j>52(x—y), Q=P "+03%hp2— 9 ho +4—1G 1 _ZG 2~ 0, (30)
[o*.5°) = 1 (/00" + 0,0 82(x - ), . o
% we can observe that the constraints are identified by means
{Si, Sl} = (e”Vz +eidly; + Gjlaiaj) 82(x — y), of the rank and the null vectors; it is not necessary to fix-
w0 1 yn ing them by hand such as in Ostrogradski formalism is
{S S } = € Vs —y), (28) " done [22]. For instance, one null vector is given by w =

from the matrix (27) we can classify the constraints into first
class and second class. In fact, from the rank of this matrix
we identify the set of second class constraints, and the null
vectors allows us to identify the first class constraints [23],
thus, from the null vectors we identify the following first

@ Springer

0,0, 0w, 0, nija), 0, 0, 0), where w is an arbitrary function.
From the contraction of the vector w with the constraints (26),
the first class constraints S’ are obtained.

With the correct constraints, we are able to calculate the
number of physical degrees of freedom. In fact, there are 24
canonical variables, 11 first class constraints and two second
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class constraints, this allows us to conclude that
1
DOF:E[(24)—2(11)—(2)]=0, 3D

as expected.

To complete the analysis, it is well-known that for two
functions on the phase space, namely A and B, the Dirac
bracket between these variables is defined by

{A, B}p = {A, B}—/dudv {A, x*w} Cy {x” ), B},
(32)

where we have noted to x® and x” as the second class con-
straints, and C;ﬁl is the inverse matrix of C*? whose entries
are the Poisson brackets between the second class constraints.
Thus, for the theory under study C*” takes the form

1 ol 1 12 0_1
P = Gglz 811% }812: glzb = (% 02) 82 (x —y),
(33)

and its inverse is given by

Cop = <_02 (2)> 8 (x — y). (34)

Therefore, the non trivial Dirac’s brackets between the canon-
ical variables are given by

{00, %} = 820 =y,

1 .
{hor 7} = S8 =),

1 .
I ! 1\ 2 0i _0l
{aijoatm) = 5 (5" + 86" ) 20 = ). [ 20}
1 . .
= =36V =y f7 G}
1 . .
=5 <5115m2 Jr(Slzéml) (61,31 + nnaz) 52(x — y)
1 . .
_58118}”1 (61:32 4+ 2igl
+n2i32 . nlial> 52(x -
. 1 . . . .
{T[Ol, le}D — _g (elnn1m+€mnnll+enll nln+€lznn1n) 3,182()( -9,
[Goo, P} = 82—y,
D
1
{Gor. PU} | = 3882 =),

{Gijs Glm}D = Eil‘sjl <8118m2 +8128m1)82(x -y
—5 8! (ai‘(sjz +5i25,-1)52(x -
1

{Gij, le}D _ Zailsjl (e]mn2l+€][n2m+€2mnll+e2lnlm)82(x_y)

_% (51,15],2 +5i25j1) (Elmnll i €1lnlm) 2 — y)

1
+5 (ailaj’" + 5,~m5/) 82(x — ),

{sz’le}D - (Ellnmj +€lm71ﬂ+€ﬂnml +€er]l]>82(x_y).

16
(35)

Finally, the correct classification of the constraints allows
us to construct the extended Hamiltonian. In fact, it is well
known that the extended Hamiltonian must to be a first class
function. Moreover, the extended Hamiltonian and the Dirac
brackets are the cornerstones for performing the identifica-
tion of either observables or the study of quantization. The
extended Hamiltonian is given by

Hp = Hcs +ug x*%, (36)

where u,, are the Lagrange multipliers that can be obtained
from

ug = Cyy{x”, Hes), (37)

where x® = (x', x2) = (Q'', 0'?) are the second class
constraints. There are two second class constraints, then
there are two Lagrange multipliers to be found, say (u1, u»2).
Hence, by using (37), the following multipliers arise

uy = C5;' {x*. Hes) (38)
= 2712 + 802000 — 311 h00
1 1 1
—V2h', — —V2h%, + ~ 0,k
+2 1 5 2+ > 02 )

1
_Ealalhll —20Go2 +201Go1 +v2 —v11,  (39)
uy = Cpy {x", Hes}

_ 11 _ _l 2
=2 2 0291hoo ZV hio

1
+§3131h12) +201Go2 +202Go1 — 2v2y, (40)

and the extended Hamiltonian takes the form

Hpes = Hes +ugx® = Hes +u1 0" +u2 012 (41)

@ Springer
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The extended Hamiltonian given in (41) is a first class func-
tion. In fact, its algebra with all first class constraints is given
by

00— _g0, (42)

Il
|
N

{QOO, HECS}D
{QOi, HECS}D = —8L90" +619,0"
+81201 012 + 8118, 0"?
—n% — ie"fvzhoj - %ekfa"akho, =5, 43)
[$° Hpes| = nmo" - no0"
+2019, 0" — €78;0* Gy — €7 V2;hg; = S°,

(44)

{U, Hecslp = =V, (45)

{Vi, HECS}D =0, (46)

[V HEes| | = 01910" — 50"

4281902 — 79,8 Gy

—Gijvza,'h()j = SO, (47)

{50, HECS}D —o, (48)

{S", HECS}D — Vi (49)

where we observe that the algebra is closed. In this manner,
we have performed a complete GLT analysis for the Chern-
Simons term in the weak field context, and we have shown
that the constraints are obtained with a correct structure from
the null vectors. We finish this section with the calculation
of the gauge transformations. For this aim, we use the first
class constraints and we define the generator of gauge trans-
formations as [18]

6 = [ {awm0%0) + a1 0% ) +20(15°)

+ei (NS ) +ED V) +EV ()

YOV ) + P30 |a?y, (50)

where (g0, €01, €0, i, &, &, ¥, Vo) are gauge parameters.
Hence, the gauge transformations of the canonical variables
hy are given by

Shoo(x) = {hoo(x), G}p = &o(x),
8hoi (x) = {hoi (x), G}p = —&;(x),
1
Shij(x) = {hij(x), G}p = —E(31'51(x)+3j5i(x))+5ij5(x),
(51)

where (35) have been used. If we fixing the gauge param-
eters as 9 = 20080, —&; = 00&; + 0i%0, 8ij& = %(E)i;'j +
0;¢i), —& = ¢;, then the gauge transformations are given by

5]1;/,11 = au{v + 3u§,u (52)

@ Springer

itis easy to see that the action (1) and the equations of motion
(see “Appendix B” Eq. (102)) are invariant under these gauge
transformations.

3 The GLT analysis for topologically massive gravity

We have observed in previous sections, that the GLT analysis
for the higher-order derivative Chern—Simons theory allowed
us to know the complete structure of the constraints. Hence,
in this section, we shall perform the GLT analysis for TMG
theory and we shall report the complete structure of the con-
straints; our study will complete those results reported in
[22].
Now, the action under study is given by

1 2
Stgui= [ {rv=ge [ Lewrs aurgSrgri Lo,
(33)

where R is the Ricci tensor, g is the determinant of the metric
tensor and w is a coupling constant [15]. If we consider the
week gravitational field formalism, the action (53) is reduced
to the well known Lagrangian for TMG which it is given by
[22]

Lrme = j-laxh,wa*h“”

—%akh’*‘uakh"v
+%axhkua“h"v
—%akhlﬂavh““

1 A
o€ M (95 h?5.0,8,h7

—05h? 3870l py). (54)

We have commented in previous sections that the action
(54) describes the propagation of a massive graviton on a
Minkowski background [15], and the analysis of this action
always is an interesting subject for studying due to the close-
ness with real gravity.

In this manner, by performing the 2 + 1 decomposition we
obtain

1
4
+hijot % — il kR — Ea,-hojalhof

Lryg = —hijh" — Zhlihkk
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1 o 1 .
—Zaihjka’h/k + Eaihooalh]j
I 1 ..
+Za,~hfja’h’<k - Eaih'fajh%
1 .. 1 o
—Ea,-hlfajh"kJrEa,-hjoaJhO'
1 .
+58ihjkajhlk
1 .
—;El](akhojhki
0k g — Sik g + 0508 hoohis + 90 ho
JoRki = 5 jhki +0;0"hoohk; +070;hojhro
1 2 . 1 2.k 1
+§V hojhoi — EV h* jhy;
1 I 7k 2
+§3k3[h il i+ Vohoodihoj
—V2nko8:hyj — ' 0;h* o). (55)

By following the GLT formalism, we introduce the vari-
ables (3) into (55) and we obtain

1 T
MG = ZGijG” — ZGI,‘G k
o . 1 oo
+gi;0'h% — G 9% h% — Eaihoja’hof
1 . 1 o
—Zaih,-ka’hfk + Eal-h%a’h/,-
1 .. 1 ..
+Zaih1,~a’h’<k - Eaihlfajh%
| 1 o
= 0ih 0+ S 0itjod b
1 -
+§3,’hjk3/hlk
L yiok k [
——€ (8 hojvki + 9jh ovki — 5 G jvki
" 2
+8j3khooni + akaihOijO
1 1
+§V2h0jG0i — Evzh"iji
1 k l 2
—}-53 0h" jGri + V=hoooihoj
—V2hKodihi; — 8'0:h* ;dhao). (56)
hence, the canonical Hamiltonian for the theory under study

is given by

Hryg = 78
PG L
= ﬂ"uGMU + P’wvluv — L%MG
= nOOGoo + POOUOO

+27'L’0kG0k + 2P0kv()k + JTkin,' + Pkivki
1 . o
—1GiG" + ZG’,-Gkk — G h% + G 9% K%

1 , ,
+§3ih0/‘31h0]

1 L 1 .
+Zaihjk8’hfk — 5a,-h%alhfj
1 o 1. ..
—Za,-hf,a'h"k + Ea,~h’fa,~h%
Lo ook 1 | ik
+§8,hu8]h k — Ealh]()ajh P — Eal'hjkajhl
1.
+;6” (@ hojvki + 3;h*ovri
1
—Eijvki + 3j3khooni + 3k8ih0ij0
1 1
+§V2h0jG0i - Evzhijki
1
+§3k31hleki + V2hoodi ho;

V2K o8 — 8'8ih* ;dhio). (57)

and the fundamental Poisson brackets between the canonical
variables are given by
{haﬁ,ﬂ/w} = (5Ma8vlg +8Mﬁ5va),

{Gap, P*'} = = (8"08"p + 8" 58") . (58)

N =N =

thus, from (56) we can identify the following primary con-
straints [17,18]

00 . Lryc 00 00
Q" . ZETMG _ p00 _ gy p00 A, ) (59)
dvgp
oi . W Lrmc 0i 0i
ol . —TIMG _ pOi _ o pOi (60)
dvo;
ki . LTy _ pki
vy
_ Pki 1 ij 8kh 3 hk 1Gk
=- +E €(9hoj +3jh70 = 5G7))
+e" @' ho; + 9k Loy ~o 61
O]+ jn o ) ]) ~ U. (61)

Furthermore, the primary Hamiltonian is given in usual way

H} e = Hruc + A O™, (62)

where A, areidentified as Lagrange multipliers. Now, from
consistency of the primary constraints say

0% = {0, Hry)
= {0 Hruc} + A {0, 0"} ~0. (63)
we identify the following secondary constraints
sV 7%~ 0, (64)
4 A 1, .
Sh 7% 4 —€Vho; + —€Td hg; ) 20, (65)
4n 21

@ Springer
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and the following relations involving Lagrange multipliers
gik . pik _ lGik + lniij ,

: J
(a Bk 0 ) o n

i 1 21k 1 k r

J aahoo—EVh +283h

o
+ el (a,a hoo — —Vzh’ + 23 "3 h" )}

€'l (9*Goj +0;GY)
5 G(),+8,G0)}

_ﬂ< emk AL +e"”A")%O. (66)

From consistency of S° we obtain a tertiary constraint

§0 - 30 Evzh’,-—iaja,-hlf—; [E’Ja,-akck,-Jrelfvz(a,-hoj)} ~0,

(67)

and preservation in time of S’ gives more relations involving
Lagrange multipliers

. ~ 1. . 1 .
§'— S ~0'G/j+ -V*h”

1 .
o GR —
2%k 2 2

1 ) ) ik
—=9;0"h% + < (VZGOk +0'%Go
2 21

N, .
—0' v = 0 Vhoo ) + o (90" + V20
2 \
0109k + 09k Goy )
e (e’“a’mk + by, Alk) ~ 0. (68)
m

Furthermore, from consistency of SO we do not obtain fur-
ther constraints but more relations between Lagrange multi-
pliers

2 1 .
S0 = EV2Gl,-

1 ..
——€Y (8/8kvki + VzaiGOj + ajakAki> ~0, (69)
p :

1 ..
— 599Gy

@ Springer

Nonetheless, we can eliminate the Lagrange multipliers
from (66) and (68), thus, a new constraint is obtained

- — ki
Vi=gr’* + mvzakhll — maka'a,h’j ~ 0, (70)

the trace of (66) remove the Lagrange multipliers and other
new constraint arise

Vb 26T 4 00+ e ~ 0 (71)
= i ) Jj i ZH o j ~ U

Moreover, from the trace of (61) emerges other constraint and
preservation in time ends the search of further constraints
0" nix = P'i 0,

Pf,:{P",-,HgS}=\7~o. (72)

Therefore the complete set of constraints is given by

0% : PO ~ .
QOi . POi ~0,
. - €l €l ek
Qlk s pky ﬂakhoj + ﬂajhko — @ij + ﬂalhoj
kj kj
€ ) € )
+ﬂajhlo - EGlj ~ 0,

§0 7% ~0,

x4 S o2ho 4 i ~ 0
7% 4 ——V2hg; + — A0,
I 0j 2 110

O B | o1 1,
S0 Evzhf,-—faiajh”——e’fa,-a"Gk,-——e'fvza,-hoj ~ 0,
‘ I Iz
(71 ik 2 kj i l
Vi vah'— — & h'; ~ 0,
kT +4 kh' m k0" Oih j

T 1 0i e I~

\% .7Ti+§G‘j+3ih +ﬂ3i3[hj~0,

U :P;~0. (73)

Now, we will separate the constraints into first class and
second class. For this aim, we calculate the matrix, say web,

whose entries are given by the Poisson brackets between all
constraints, this is
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~

QOO QOl le SO Sl SvO ‘7 ‘7 U
0% /0 o0 0 0 0 0 0 0 0
ol o o 0 0 0 0 0 0 0
0k 0 0 {Qik’ le} 0 {Qik’ 51} {Qik’ 50} 0 [Qik’ ‘7} U
S0 0 0 0 0 0 0 0 0 0
ss o o {s.om o [si¢ {si,SO} 0 {Sl,f/} 0
we S (.0 0 [s5) 5.V | .
o o {omf oo {os) 0 o [Vl o
vi 0 0 0 0 0 0 0 0 0
% 0 0 {V,Ql’"} 0 {v,sl} {V,SO} 0 0 {V,U}
0 0 0 0 0 0 0 {U, \7} 0
where the nontrivial brackets are given by 1" TR 1 | 1
Q =P +—-0hp+—0ho—=—G>2~0,
M W 2p
1 1 1 1
12 12 2 1 1 2
; 1 ; =P —03“hpp——0"h —G' 1 ——GH =0,
{Qlk’ le} _ E (emlnlk €l nmk +€lknmt +€mk77h> 82(x —y), 0o + P 02 " o1 + m 1 m 2
ik ) _ L (ilak o klai o _ij kg, o _kjoila)\ 52 , 5 L 0i e'l I A
[0, 8] = oo (fok + ol ciala 4 bigila; ) e = ), Vol 3Gl + o &0,
I 1 i, . . .
{Q’k,SO} - a(elfaja"+e’<fajal)32(x—y), U P ~0. (77)
{Q”‘, \7} = —%n”‘&z(x -y, In this manner, the complete set of constraints allow us to
o U ion s i il 5 carry out the counting of physical degrees of freedom as fol-
{S S } = (6 Vit elddj+eld 3-/')8 x =), lows; there are 24 canonical variables (h,,, G, T, P*),
{S,- ‘7} _ —laiaz(x ) four second class constraints (Q ', le, y, U) and nine first
' 2 ' class constraints (Q%°, 0% 0, 57 SO Vi), thus
[50.7) = ;v -, i
(5,80 = Lervra iy, DOF = 2124 -209) - ()] = (78)
{‘7, U } =82 (x—y) (75) as expected [14,15,22]. From the second class constraints

hence, after a long algebraic manupulations, we observe that
tha matrix (74) has a rank= 4 and nine null vectors. From the
null vectors we identify the following first class constraints

0% . pO0 .

0% : pOi ~ .

§0: 700 ~ 0,

St P g +—v2ho,+2—a 0 hkofTaka_,fzﬁaij. ~0
n

95,5, P% + 7v2h’, _ 7aia-hif + z—aiakaj ~0
m

ki
Vi omik 4 S v2a hip — S o' ah! j ~ 0, (76)
4p

4u

and the rank implies the following four second class con-
straints

we can construct the Dirac brackets between the canonical
variables. The nontrivial Dirac’s brackets are given by

{hoo, 7%}, = 8% (x — y).
1 .
{hor. 2%} = Saie2c =),
1
{hl lm}D _ E <8i[8jm +(S,'m5j’> 82(x -y,
{hij. Gim}py = —nijmmé*(x = y).
1 .
{ T[OI}D _ _ﬂellvzsz(x ),
7. G —7(5a 8 10m ) 82(x — y
mj, =5 I+ 8 (x =),
0i Im 1 In_im mn il mi_Iln li _mn 2
{ P }D: 8M(en +e" ™" €'y )3"5()6—)’),
ij 1 njaq ai niag aj\ 52
{77' lem}D = @nlm (6 3nd +¢€ 3nd )5 (X*y),
{Goo. PP}, = 82(x — y).

1
{GOh POI}D = 251'152()6 =¥

@ Springer
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I
{Gij, Glm}D = Z (Eilnjm + €imnji + €jiNim + ejm’?il) 82()‘ =)
1
{Gij,le}D 1(5155”'14-5[/3'"1 —nlmmj)(sz(x—Y)
{Pl_/7 le}D — m (e']r]m] +€1mn_11 + 6'117]"“ +€]m7]ll) 82()6 _ y)7

(79)

where we can observe that these brackets coincide with those
reported in [22] where the Ostogradski approach was used.
Furthermore, the extended action is given by

v v
SEXT [h,u\unu ) G/wa P s}\av wa]

= / (nﬂvl:luv + Puv}illv - HETMG - )\aya - waxa) d3x’

where Hgr 6 is the extended Hamiltonian, y“ are the first
class constraints, x* are the second class constraints; A, and
w, are Lagrange multipliers enforcing the first class and sec-
ond class constraints respectively. The extended Hamiltonian
is given by

Hgrmc = Hrme + ua x®
= Hryg +u1 0" +us 0 + usV 4 uqU,
(80)

where the u’s are four Lagrange multipliers that must be
identified because they are associated with the four second
class constraints. Hence, the u’s are given by

g = Cpy1x”, Hrua), 81)

where x¢ = (0!, 0!2, V, U). In this manner, from (81)
we obtain the following expresions for the multipliers

uyp = Cil{leHTMG}
= Qur'? = 16" — 19 h2 — 1a2hO" 1 829k
1 1
—8181h00 + 7V2h11 - 7V2/’L22
2 2
Lo 11
—33%hly — ~ 9,9
+2 I 27 5% 1
—20%Ggp 4+ 20'Go1 4+ v22 — v )82 (x — y),
ur = C' (x ' Hrme) + €5 it Hrme)

= (—2ur" = uG??* — 2321 — 28,8 g
+v2nl, —alanly,

(82)
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+20'Gop + 282Gl — 20} + V)82 (x — y),
u3 = Cj3t it Hrug) = =V (x — y),

us = Co (X, Hrma) + €3 0, Hrme)

(83)
(84)

12, 12, Ho1,02 , Ha2,01
= - -G —d h —0“h
(un +567+3 +5

1 1
—v% — 3282h00 — szhll + szhzz

Loy 1oy
——0;0°h —0j0° h
70 2+41 1

1 .. 1 ..
+20'Goy — —€V8;08Gyj + € a,-vzhjo)az(x —y),
2 "
(85)
the substitution of these multipliers in the extended Hamil-
tonian defines a first class function. In fact, the Dirac algebra

between the first class constraints and the extended Hamil-
tonian is given by

{0 Herwe| =5 (86)
{0" Herwe) = (87)
[SO, HETMG}D = 30, (88)
[V, Hgrwe| =0, (89)
{3 Herma | =o. (90)
{S", HETMg}D — Vi 1)

therefore, with this result, we have constructed a first class
extended Hamiltonian as expected. We have observed that
the constraints in this work are not the same at all to those
reported in [22], however, the results of the Dirac brackets are
equivalent. In this manner, we have presented a new alterna-
tive canonical analysis for TMG that extends those reported
in the literature.

4 Conclusions

In this paper, a detailed GLT analysis of higher-order Chern-
Simons and TMG theories in the perturbative context has
been performed. Concerning higher-order Chern-Simons
theory, we have reported all the complete structure of the
constraints, as far as we know, a complete analysis of the
constraints of this theory in the weak field context has not
been reported. We found the extended Hamiltonian and we
showed by means the Dirac algebra that it is of first-class. On
the other hand, from the analysis of TMG we have reported a
new structure of the constraints. We obtained the constraints
through the null vectors and we showed that our analysis
is consistent; we constructed a first-class extended Hamil-
tonian and the Dirac algebra between it and the first-class
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constraints is closed. In this manner, we observed that GLT
formalism is an elegant and pragmatic scheme for analyzing
higher-order theories.

It is worth emphasizing, that the GLT framework can be
applied to other physical systems. In fact, it can be used
in others theories where the Ostrogradski framework is not
easy to develop. In this sense, the results of this paper are the
basis for future works where the GLT framework will show
advantages for the analysis of the constraints, for instance,
in higher order modifications of gravity. However, all these
ideas are in progress and will be reported soon [24].

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: There are no
external data associated with the manuscript.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

5 Appendix A

In general, the higher order Lagrangian (1) has the form

Lcs = LCS(hozﬂa 00hap, 0ihap, 3000hap, 2000 hap, 0; 3jhaﬁ>, (92)

hence, the equations of motion obtained from (92) are given
by

dLcs dLcs dLcs dLcs
— o — 0 + 0000
0hap 0(dohap) 0(0ihap) 9(00d0hap)
oL JL
1800 cs 1) ¢S _o. (93)
9(0;00hqp) 0(0;0jhap)

On the other hand, the introduction of the momenta (r#",
PHV) allows us to rewrite the Lagrangian (92) as (see Eq.

“4)

5= / [ lés + n“”(hw —Gw) + PMV(GMV - qu)] d3x7
(94)

where LZ‘S = LUCS (ha/f;, Gaﬁ, aihaﬁ, Vag, 31‘Gaﬁ, 3,‘ ajhaﬁ),

Gop = hag and Gup = v4g. Hence, the variation of (94)
respect all dynamical variables is given by

8 _dLgs _, OLgs ,- OLEs  _ op .
Sha,g 3haﬂ a(aihaﬂ) ) a(aiajhaﬂ)
95)
85 _ dLgs ,- OLEs L _ pop _g (96)
8Gup  3Ggp (i Gap)
88 aLY
_ Oes _ pup g, o)
Svap vap
58S .
saop = i~ Gup =0 o8
58S .
spap = Gap —Vup =0 ©9)

The Egs. (95-99) are equivalent to (93). In fact, from time
differentiation of (97) and taking (96) into account, we obtain

L B
0Gyp

Ly
1
9(0;Ggp)

AL

af _
0 31)0[,3

=0, (100)

now, substituting the time derivative of (100) into (95) the
following arise

LY ,~ LY.
dhap  3(Dihap)
ALY JLY
;0 cs cs
3(3;0;hap) 3Gap
LY ALY
+000; €S 4 9000—S3 =0, (101)

A o~ 0
a(aiGaﬂ) 8”0{/5

finally, if the solutions of (98-99) are substituted into (101),
then (93) and (101) are equivalents [27,28].

6 Appendix B

In this appendix we shall resume the difference between the
Chern-Simons and TMG theories. In fact, the equations of
motion obtained from the Chern—Simons action (1) are given
by

CE) = PRy + e, Pou Ry =0, (102)

where C ,(LLV) is the linear Cotton tensor and R/(BI; is the linear

Ricci tensor given by

1
R = 5(— Oh oy — 0, 0vh 4 3% 0vhgy + 0% 0,hoy). (103)

It is well-known that Cotton tensor vanishes if and only if
the 3-dimensional metric tensor is conformally flat, and this
shows a difference between Chern-Simons theory and TMG.

@ Springer
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In fact, Chern-Symons theory does not describe propagation
of degrees of freedom, there is not gravity.

On the other hand, the equations of motion obtained from
(54) are given by

1
G + ;c;%} =0, (104)

where GéL,,) = Rgﬁ) — % 8av R is the linear Einstein tensor.

By using the Coulomb gauge 0“hqs = 0 and the traceless
condition h%, = 0, the equation (104) can be reduced to that
branch of the massive sector given by

1
hozv + _Eutpﬂhﬂv = O’ (105)
1%

if we contract the Eq. (105) with (", — ﬁep“"aa) we obtain

(O — 1)y = 0. (106)

Equation (96) describes the propagation of one degree of
freedom, a massive spin-2 graviton with mass m = \//ﬁ
[25], now the solutions are even more general than Einstein’s
metrics [26]. In this respect, the TMG theory is attractive
because it is close to real gravity.
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