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Chapter 1

Introduction

The discovery of Quantum Field Theory (QFT) alongwith its successful application towards
the conception of the Standard Model of particle physics can be hailed as one of the most
remarkable achievements in the history of physics. It was an endeavour which led to
the emergence of a concrete framework, which consistently describes three of the four
basic interactions as are observed to act between the elementary particles, namely, the
strong and electro-weak forces. Although such a description is not strictly complete in
the sense that some of its parameters are undetermined and also that it does not include
the gravitational interactions, it has stood the test of experiments. The confirmation of
its theoretical predictions through the legendary discovery of Lamb-shift and anomalous
magnetic moment of the electron in QED exhibits its extraordinary power to calculate
observables of microscopic scales to extremely high accuracy.

The perturbative framework of QFT underlying the Standard Model is based upon the
principle of gauge invariance. This implies that the theory be characterised by a Lagrangian
given in terms of local fields and remain invariant under local transformations acting on
the fields, i.e., local gauge transformations. The standard model Lagrangian leads to a
theory which is known as perturbatively renormalizable. This implies that the infinities
which typically appear in the perturbative expansion can be absorbed away through the
redefinitions of the parameters of the theory which can be measured through experiments.
The robustness of the Standard Model against experiments has propelled the point of view
that QFT should be regarded as a general framework which can incorporate all the known
fundamental forces as observed in nature.

From this perspective, it seems natural to expect that such a potentially comprehen-
sive construction should also apply to the case of gravity, the only known fundamental
interaction which is not included in the standard model. In other words, one should be
able to find a quantum field theoretic formulation of General Relativity (GR), which has
been known to be the correct classical description of gravitational interactions. GR, when



applied to various large scale phenomena as governed by gravitational forces, has enjoyed
tremendous experimental success. To cite an example, the relativistic prediction for the
centennial precession of the orbit of Mercury was A¢ & 43.03s/century while the observed
value was A¢ = 43.11s/century. Looking at such remarkable successes of QFT and GR in
their respective domains, one might wonder if they are compatible in some way, and can
be embedded in one single framework to describe nature as it is.

According to a field-theoretic viewpoint, the theory of gravity should be characterised
by a Lagrangian given in terms of local fields and exhibiting the appropriate local gauge
symmetries. The corresponding quantum theory, at its naive best, would lead to particle-
like excitations which would be the carriers of the gravitational force in a fixed background
spacetime. For gravity, the corresponding local field theory is given by the Einstein-Hilbert
action:

I N STV
L = H/da:(g)R

where  is related to the Newton’s constant as x = 167G. Here the metric g, is treated
as the basic field variable and is expanded around a fixed background:

Juv = g,(;,)/) + \/Eh,uz/

Such a scheme is evidently perturbative in nature. Using this approach, it was shown
by t’Hooft and Veltmann|[1] that the one-loop s-matrix for four dimensional pure gravity
is finite. However, catastrophe hits soon at the second order. Goroff and Sagnotti[2]
provide an explicit demonstration of the divergence of pure Einstein gravity at two loops.
Thus the same perturbative quantization scheme which consistently describes the strong
and electroweak forces seems to fail when applied to GR, at least in the arena where
renormalizabity holds the forte.

One can still take the point of view that such a failure might be an inherent feature of
the perturbative approach alone. In a more liberal attempt, perhaps non-perturbative in
nature, the usual problems plaguing the perturbative programmes might disappear alto-
gether. In non-perturbative approaches, a convenient way to proceed is to write the theory
of gravity in a Hamiltoninan form and then carry out the canonical quantization. The
initial attempts to this end were developed using the spatial metric g,, and its conjugate
p®(related to the extrinsic curvature) as the canonical pair. Unfortunately, this seems
to lead to a dead end as well because of the complicated nature of the non-polynomial
Hamiltonian constraint. However, the hope of a non-perturbative quantization of grav-
ity was revived soon, after it was demonstrated([3]) that gravity can be described as a
complex SU(2) gauge theory. In this (Sen-Ashtekar) formulation, the theory of gravity is
given entirely in terms of complex SU(2) connection gauge fields. The most important and



attractive feature of this formulation was the polynomial form of the canonical constraints.
Moreover, the rotation constraints take the form of Gauss’ law as in non-abelian gauge
theories, and generate the SU(2) gauge transformations on the basic fields. One can ob-
tain a real section of the complex phase space by introducing suitable reality conditions.
Subsequently, Barbero and Immirzi[4] showed that gravity can be directly formulated as a
gauge theory in terms of real SU(2) connection fields, hence bypassing the need to deal with
the non-trivial reality conditions. But in this real formulation, the Hamiltonian constraint
takes a more complicated form and regains its original non-polynomial character. However,
as noted by Thiemann[5], this feature does not pose a serious threat to quantization since
the non-polynomial factors in the constraint can be represented consistently in terms of
the basic operators in the quantum picture.

The relevance of the real SU(2) formulation does not end in being just another novel de-
scription of gravity as a gauge theory. Not only does this allow the application of standard
tools of gauge theories, but this also leads to a framework which can naturally incorporate
the notion of background independence. To emphasize, this opens up the possibility of
studying the dynamics of spacetime as a whole without having to face any of the subtleties
regarding the choice of a background spacetime. This is indeed desirable once we adopt
the dictum that gravity should be quantized in a manifestly non-perturbative manner.
The quantization proposal known as Loop quantum Gravity (LQG) was developed from
such a perspective. In this formulation, one introduces Wilson-loop variables associated
with the SU(2) gauge fields as in gauge theories. In the corresponding quantum the-
ory, the kinematical states are associated with one dimensional, polymer-like excitations.
However, while significant progress has been made along these lines towards developing
a non-perturbative quantization programme, a full solution of the Hamiltonian constraint
within such frameworks continues to be elusive.

Here in this thesis we investigate various aspects of the real SU(2) canonical formu-
lation of gravity as mentioned above. The analyses involve both classical and quantum
perspectives. The main results of these studies are summarised below.

As is well known, the real SU(2) formulation of gravity contains a free parameter,
namely, (the inverse of) the Barbero-Immirzi parameter, . We clarify and explain the exact
origin of this parameter in chapter-1 (and in the subsequent analysis). The Lagrangian
description containing 1 was originally given in terms of the Holst Lagrangian density [6].
In the first order form with the tetrads and the spin-connections as independent variables,
this can be written as’:

1 -
L= JeSfR, W) + gezﬁj;RWU(w) (1.1)

lhere we assume that x = 1



where,

~ 1

@) 1= O wd s Ry (W) = e Ry (w).

1
(72 n v n v
Yy = 5(616J_6J61)7 R my

The first term is the standard Hilbert-Palatini term. The second is the Holst term with 7,
the inverse of the Barbero-Immirzi parameter, appearing as its coeffiecient. This additional
term and hence 7, does not affect the classical equations of motion of the Hilbert-Palatini
action. However, introduction of matter-coupling in the Lagrangian requires additional
modifications other than the Holst term in order to preserve the classical equations of
motion. These modifications are not universal and change with the matter content of the
theory. In chapter-2 we develop a canonical formulation based on an action containing the
Nieh-Yan topological density instead of the Holst term[7] (publication 1). This has the
following advantages:

(a) While the new Lagrangian density leads to a real SU(2) theory as earlier, inclusion of
matter now does not need any further modifications and the equations of motion continue
to be independent of 7 for all couplings;

(b) The Nieh-Yan term provides a topological interpretation for n unlike the Holst term.
For these reasons, addition of the Nieh-Yan density in the gravity action supercedes the
Holst formulation. As an elucidation of these facts, the method has been applied to spin—%
fermions coupled to gravity in chapter-3[7] (publication 1). In chapter-4[8] (publication
2), we perform a similar analysis for spin—% fermions and illustrate how the supergravity
theories (N =1, 2, 4 etc.) in general can be handled likewise.

In a separate investigation in chapter-5, we analyse the case of gravity coupled to
antisymmetric tensor gauge fields of rank two. The particular form of the coupling is
inspired from string theory and is non-linear in curvature. Hence it is essentially a higher
derivative coupling in nature unlike the fermionic cases. Here we see that although the
symplectic structure gets modified in a non-trivial manner, the SU(2) interpretation for
the theory of gravity remains robust.

In four-dimensional gravity, there are two more topological densities other than the
Nieh-Yan term, namely, the Euler and Pontryagin densities. In a complete theory of
gravity, one needs to include all of them. A detailed study regarding how they affect
the canonical structure of gravity is carried out in chapter-6[9] (publication 4). Here
we demonstrate that one obtains a SU(2) theory of gravity where the canonical theory
develops dependence on all three topological parameters associated with the three terms.
The SU(2) gauge field contains the Barbaro-Immirzi parameter as the coupling constant.

We may recall that in QCD, the role of the # parameter in the quantum theory can be
studied through the method of wavefunction-rescaling. From this perspective, it is natural
to ask whether there could be a similar procedure for gravity where the Nieh-Yan density
may emerge as the source of a quantization ambiguity reflected by 7. As it turns out, for
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gravity with or without matter, such a rescaling cannot be implemented using the Dirac
quantization method. In other words, if the second-class constraints of Hilbert-Palatini
theory are enforced before quantization, as is required by Dirac’s procedure, the rescaling
operator vanishes identically. To emphasize, such a situation does not arise in QCD where
the corresponding classical theory has no second-class constraints. For the case of gravity,
a non-vanishing operator, and hence a well-defined rescaling, can be invoked only if the
second-class constraints are treated using alternative quantization schemes. We address
this issue in chapter-7[10] (publication 3). Here we set up a general rescaling procedure
for gravity with any arbitrary matter-coupling using the Gupta-Bleuler and coherent state
quantization approaches. Such a construction provides a natural quantum framework for
studying the possible non-perturbative vacua of gravity characterised by n, similar to the
0 vacua in QCD.



Chapter 2

Topological interpretation of
Barbero-Immirzi parameter

It is well-known that Einstein’s General Theory of Relativity can be described as a gauge
theory[11]. In other words, the theory can be characterised by a local Lagrangian which is
invariant under certain local gauge transformations acting on the basic fields. These trans-
formations involve both spacetime-diffeomorphisms and local Lorentz transformations. In
the canonical formulation, the existence of such gauge symmetries implies that the canon-
ical variables are not all independent. Thus, there exist relations between these variables
which make some of them redundant. These relations, when expressed in a functional form
in terms of the phase space variables, are known as constraints. It is convenient to analyse
systems with constraints within a Hamiltonian framework. Within such a set up, the gauge
symmetries of the theory get reflected through the constraints and the distinction between
true and redundant variables becomes transparent. Since the theory of gravity exhibits
gauge symmetries, it can be put into the Hamiltonian form with constraints. From the
Hamiltonian description, one can pass over to the quantum theory.

Our subsequent analysis will be based on the standard approach for the constrained
Hamiltonian systems as mentioned above. The general prescription has been discussed in
detail in ref.[12, 13].

The theory of pure gravity is characterised by Hilbert-Palatini Lagrangian. This is writ-
ten in terms of the connection field w/’(x) and tetrad e/ () as independent field variables
(assuming xk = 1):

1
Le,w) = 562‘1‘;]%“”[‘](@()) (2.1)
where, Xf = L(efey — €ley) is the antisymmetric product of the inverse tetrads ef
and R, (W) = 8[#WV}U + w[lwaV] & is the field-strength corresponding to wi‘] . Also,



Nﬁ Mw) == 3e!""ER,, k1 (w). The variation of this Lagrangian density with respect to
7 and tetrad e/, leads to the following expression (ignoring total derivatives):
1
0L(e,w) = e (—e*;(e?ef’, + 26%6‘}65) R (w) el — Dy(w) (e‘“’a'BeUKLeI eg) SwhE

Thus, we obtain two sets of equations of motion given by,

o vV 1 « v
<e§L<eIeJ — 2eKe‘;eJ) R =0 (2.2)
Diu(w)ely = 0 (2.3)
Equation (2.3) implies the vanishing of torsion. These can be solved to write w{;’ in terms
of the tetrads, i.e., w/” = w/’(e). When this solution is inserted in (2.2), the equations

of motion of standard Einstein gravity are recovered.
The Holst generalisation of Hilbert-Palatini formulation is given in terms of the La-
grangian density [6]:

L = ;eZ‘ﬁRW”(w) + 562 "R, (W) (2.4)
The second term is the Holst term with n~! as the Barbero-Immirzi parameter [4]. For
n = —i, this Lagrangian density leads to the canonical formulation in terms of the self-
dual Ashtekar connection which is a complex SU(2) connection [3]. For real n, we have
a Hamiltonian formulation in terms of a real SU(2) connection, which coincides with the
Barbero formulation for n =1 [4, 14].

Inclusion of Holst term does not change the classical equation of motion of the Hilbert-
Palatini action; there is no dependence on 7 in the equations of motion. In fact, when the
connection equation w, 1) = wlf 7(e) is used, Holst term is identically zero.

Adding matter in the generalised Lagrangian density (2.4) needs special care. In partic-
ular when spin ; L fermions are included through minimal coupling, the classical equations
of motion acquire a dependence on 7 [15]. However it is possible to modify the Holst term
in Such a way that classical equations of motion remain unchanged. Such modification for
spin 5 L fermionic matter and also those in the N = 1,2 and 4 supergravities have been ob-
talned [16, 17]. When the connection equation of motion is used, the modified Holst terms
in each of these cases, become total divergences involving Nieh-Yan density and divergence
of axial current densities involving the fermion fields. The modified Holst term used in
these formulations changes with the matter content of the theory.

It has been suggested that the Barbero-Immirzi parameter should have a topological
interpretation in the same manner as the 6 parameter of QCD [18]. For this to be the case, n
should be the coefficient of a term in the Lagrangian density which is a topological density.
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Since such a term would be a total derivative for all field configurations, the classical
equations of motion would remain unaltered. Such a term would be universal in the sense
that it would not change when any matter coupling to gravity is introduced. The Holst term
in (2.4) or any of its modifications mentioned above do not have such a property. However,
there is a topological density in four dimensions which can be algebraically thought of as
an extension of the Holst term. We introduce this term in the next section and discuss
some of its important properties before going into the main part of our analysis.

2.1 The Nieh-Yan topological density

The Nieh-Yan density is given by [19]:

1
Iyy = B Du(w)el], D,(w)ers — 52{“{ Roprs(w)| Dﬂ(w)el{ = 8He£+quJel{ . (2.5)
and the SO(1,3) covariant derivative is: D, (w)e] = e}, +w, e’ This is a topological
density, and can be written as a total divergence:

Iny = Ou[e"*PelDy(w)ers) (2.6)

Note that in (2.5), the first term is quadratic in torsion and the second term is nothing
but the Holst term itself. The Nieh-Yan density vanishes identically for a torsion free
connection. In the Euclidean theory, this topological density, properly normalized, charac-
terizes the winding numbers given by three integers associated with the homotopy groups
[13(SO(5)) = Z and T13(SO(4)) = Z + Z.

Since the Nieh-Yan density is a total derivative, its addition to the Hilbert-Palatini La-
grangian does not change the classical equations of motion. In other words, the Lagrangian
density containing both the Hilbert-Palatini and Nieh-Yan terms, given by

L = ;eE%RW (w) + gINy, (2.7)
leads to the same equations of motion as coming from the Hilbert-Palatini Lagrangian. This
is to be contrasted with the case involving Holst term or its modifications used earlier.
We shall demonstrate that the canonical Hamiltonian formulation based on this new
Lagrangian density (2.7) also leads to a theory of real SU(2) connections, exactly the same
as that emerging from the theory with original Holst term. This in turn, for n = 1, is
the Barbero formulation. Inclusion of matter now does not need any further modification
and hence, in this sense, the Nieh-Yan term has a universal character. This also allows a
direct interpretation n as a topological parameter, leading to a closer and more complete



analogy with the #-parameter in QCD. In this sense, the subsequent analysis here settles
the long-standing issue of the exact origin of the Barbero-Immirzi parameter in the theory
of gravity.

2.2 Hamiltonian Analysis

We propose the Lagrangian density for pure gravity to be that given in equation(2.7),
rewritten as:

1 v vV va,
L= SeRR, (W) + 1 [eBfR,, " (@) + Dy (w)e] Dalwers)
1 v 14e%
=SSR (W) + 1 @D w)e Dalwlers (2.8)
where R (w) = R, (w)+nR,," (w) and we have used the identities,
vV UV UV € v 1 vo
YR, Y (w) = YR, Y (W), eXfy = SerrkLX” K= - 7€ PSaprs . (2.9)
Introducing the notation, t§ := ne®®Dy(w)er., € := €% enjr, := €1, 9% := —€* the
3+1 decomposition is expressed as:
e
L = exio R (W) +§E?§R%)”(w) +17 (Dy(w)es — Da(w)e]) (2.10)

Defining w(™ := wl’ 4+ nl7 and B = Sl 4 pSta we get,
£ = o+’ Dy(w) (e£") + SSHRE" ()
+HOeh + w,teqs + ¢/ Da(w)t] — 0, (thel + €S w/’)  (2.11)

We parametrize the tetrad fields as:

el = VeNM! +NvI el = v . MmvE =0, MM = —1 (2.12)
and then the inverse tetrad fields are:
€t = —7MI ea = Va 7NaMI ;
I \/W » =1 1 \/W )
M'VE =0, VIV =8 VIVe = 5+ MM, (2.13)
Defining q,p = VIVir and q := detqy, leads to e := det(elﬂ) = Ng. We may thus trade

the 16 tetrad fields with the 9 fields V2 (M!V2 = 0), the 3 fields M! (M;M! = —1) and
the 4 fields N and N*®.



Next using the identity,
2eb = 2Nexfe iyt + Nexl | (2.14)
and dropping the total space derivative terms,
L =eXow™ +190,el — NH — N°H, — 1w!’ Gy, (2.15)

where 2eX) = —/gM V| t§ := ne®* Dy(w) V. and

H = 2S5 n" R () — /gM! Da(w)ts, (2.16)
H, = eS® R (w) = VIDy(w)e, (2.17)
Gry = —2D4(w) (ezgg)m) —t4Vya . (2.18)

Introduce the fields,

Bl = 2eXl |y o= =M /M, AL = MY ol et = g (2.19)

a

In terms of these, we have 2eXi¢ = —Efx;; and eXi0,wM = B0, Al + ('0,x", and the
Lagrangian density is:

L = E!OA + ('O +190,V] — NH — N°H, — L/’ Gy, (2.20)
where, now we need to re-express H, H, and Gy (G} gos := Goi, Gl := 375G j;,) in terms
of these new fields:

%)oost - _all (Eza - neijkE]C'LXk) + Eﬁxk]A’; + (Cl - X CXz) - tt[jb‘/;]a ) (221>
G = Oa (7 ESxi+nEL) + €% (AJER — Gy — 15VF) (2.22)
H, = E![R}"(w) = x;RP" ()] = VI Dy(w)th (2.23)
= E}0, Al + C0aX" — Vi Outh + 150,V
1 i ] %
T [Ebxn AL + (G = x - Ox) — th Vi — ne ™ (ALE} — G — 12V AL
1 1 .. . ; ) -
_m [2€Z]k(nG{§oost + Gfot) - Xl(G{)oost - nGﬁot):l wc(bn)” (224>
1 .
H = —EpuHs—5(1—x- W)EERY (@) (BaV) +v/aM') Dyw)t]

1 )
— —BixeHa + (1= X ) [Ei0uG + S GE B0 E |
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+mgl |:_Gboost + nGrot} - (E]ngV;l + \/6M ) abt[
1

L= XX T a6 47 1 gi o
TTir2 [QE[iE%AaA{, + EfALY - ¢+ et G AT B

3 23 1o M ik k]
10007 = 7(C O+ 56tV — 5Ge Y,

1—v- 1 . 1. i
po_XX [ At + =V (C Xt — Xt + UEUijt@]

1+ |[VE " 2
1—y- 1 g
+ 1—|—X772X [— St + T_ehth 1 (14 n?)E20,EL + Efx,E, AT

2VE
e S B AT — % (é7mEb + €L Xan:| uy

mTTnToa

1— - o

+2(14>-<772X) (XmXn — Omn) ELElulup" (2.25)

In the above, E! := VEV/ is the inverse of Ef i.e. EIE! = &%, EIE¢ = 6! and

E7' = q(M°)? equals detE?. Furthermore we have also set u¥ := w(W¥ — 1Eli¢Jl. Notice

that EPuy’ = 0. The six independent fields in «% may be parametrized in terms a symmetric
matrix M as, ud := $e*ELM* [14].

We have replaced the original 16 tetrad fields with 16 new fields: Ef, x;, N and N*. In

place of the original 24 connection fields wﬁ‘] we use the new set of 24 fields A¢, ¢;, M*, w!

and w. The fields V! and t¢ are not independent; these are given in terms of the funda-

mental fields as: V! = vl and t¢ = 7% where
L pi : L pi (2.26)

= ——=FE'x; , V. = ——=F! :
“ vVE X VE

2fmi + N, "
= e D = VBB (G- 3 (L )| 20

14 n?
a abc 77 a 2fmk + Nmk n
¢ = ne Dy(w)Vep = —5\/EEm ll_i_nQ + kanGboost] (2.28)
where,
2fu = eynEl [(1 + 1)) Ey0.E? + XjAfl} + 7 (EfA’; — M pr AT — xlck) + (I <> k) (2.29)
Nkl = Eijk(Xij — (Smj)E?Ugm + (l < k') (230)

We can upgrade V! and ¢4 as independent fields through terms containing the Lagrange

11



multiplier fields £¢ and ¢! in the Lagrangian density:
L = EOA + 0 +t90,V —H
1
H = NH+ N°H,+ §wt”GU + & (VE—ol) + oLty — 1) (2.31)

where v! and 7¢ are defined in equations (4.10 - 2.28). We have 24 pairs of canonically con-
jugate independent field variables (EZ, A7), (¢, x?), (t¢,V.I). The remaining fields, namely,
N, N wl’ €4 ¢f and M*™ have no conjugate momenta since in the Lagrangian their ve-
locities do not appear. Preservation of these constraints (vanishing of the variation of the
Hamiltonian with respect to the fields) leads to the secondary constraints. From variations

with respect to the fields w?, w N N, €% and ¢!, we get the constraints:

7
boost ~ 0

, Gl ~0 : H,~0, H=O0; (2.32)

Vil =0 , ty—1F = 0. (2.33)

a a

From the variation with respect to M* or equivalently u/, we get:

oH oH (1—x-x) 3 1
MM ~ MM = ==ty — €7 XtV SNy]d MM =~ 0.
5Mkl 5Mkl 2(1+172) [(77 k € X j) a +fk‘l+ 9 k:l]
This leads to 1
(0t = XAV + fua + 5N + (k< 1) = 0 (2.34)

Using constraints (2.33), and the expressions (25-2.28) for 7¢, v!, equation (2.34) implies :
(ne7x: + 05) (254 Njt) + 01 +17) (8 X0 Gt = XuGigot) + (k<3 1) = 0
Using (2.32), this in turn implies the constraint:
2/t + Ny =0 (2.35)

where, fi; and Ny, are given in (28,29). This constraint can be solved for My,. Furthermore
it implies, from the definitions (2.27, 2.28), that 7{ ~ 0 and hence,

£ 20 . (2.36)

Implementing this constraint then reduces the Hamiltonian density to

1
H = NH+ N"H, + §wt”GU (2.37)

12



where now,

li)oost = —0, (Eza - nEZJkEjan) + E[(;Xk]Al; + (CZ - X C<z> ~ 0,
Gy = Ou(7Efxi +nEL) + éMALER — Gxx) ~ 0,

Ha = Ezl)a[aAZ}+<zaaXz

T2 {E[ka”Aé + G = xCx — e (ALEL — Cij)] A,

-7 e
1 1, . ' )
_m {26 Jk(nG{iOOSt - GfOt) —X (Géoost - 77G1]r0t):| wc(zn) T =0 )
1 .
H = —EpxeH,+(1—x-x) [Egaag+2(,;EfE;?aaEg]
(1-x-x) - |
GG G
+ 2(1 + 772) < [ boost T 71 rot]
L—x-x)[1 . i i o 3 3
_(1_+_172) {2 [iEf]AaAi + EfAL X - ¢+ neipGAL B + Z<X . C)Q . Z(C 0)
(1 - X . X) |: kl 1 Kl Kl Kk I
= 2L M+ = (xx = D(MM M — MM M
gy e )

1
+§kal(MppMkl — M"™MP)| ~ 0
In the last equation we have M* given by the constraint 2fi; + Ny = 0, which can be
solved as:

(1 —X- X)Mkl - 2fkl + (Xanfmn - fmm)(;lk + (Xanfmn + fmm)Xle - 2Xm(lemk + X(kfml;
2.38

This is the same set of equations as those obtained by Sa [14] in his analysis of the
action containing Holst term.

2.3 Time gauge

We may fix the boost gauge transformations (time gauge) by imposing x* ~ 0 which
together with the Gi . & 0 forms a second class pair. Solving the boost constraint with
X' = 0 yields,
G = 0.E! (2.39)
The constraints become-
Gi

rot

= N0E!+TPAE ~ 0,
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H, = E' Al — g (G — net AL AL - meijkw(gﬁ)ijgfot ~ 0,
H = BIOG+5GE BB, — e [SEAER AL + neGALE} = 1(C-0)
+2(11+772> [fklel_i(Mklel_Mklel)} 1 MQGgm ~ 0
(2.40)

Note that the rotation constraint is exactly of the form of Gauss’ law as in non-abelian
gauge theories. These act as the generators of the SU(2) symmetry transformations. Thus,
in time gauge we recover a canonical Hamiltonian formulation in terms of real SU(2) gauge
fields A% which reduces to the Barbero formulation for n = 1 [14].

2.4 Summary

We have demonstrated that the inclusion of Nieh-Yan topological density in the Lagrangian
density of a theory of gravity allows us, in the time gauge, to describe gravity in terms of a
real SU(2) connection. The set of constraints so obtained in the Hamiltonian formulation,
for n = 1, is the same as that in the Barbero formulation. For other real values of this
parameter, we have the Immirzi formulation with Barbero-Immirzi parameter v = n~L.

Our analysis shows that the Barbero-Immirzi parameter n~! has a topological origin,
exactly like the #-parameter in QCD. Such a topological interpretation for 7 does not exist
in the Holst formulation. Like the famous theta vacua of QCD, whether the n-parameter
also does lead to a rich vacuum structure in quantum gravity is an intriguing issue in
itself. Questions regarding the possible non-trivial import(s) of the n-parameter in the
(non-perturbative) quantum theory of gravity need a detailed study.
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Chapter 3

Gravity with Spin-% fermions

Here we consider the spin—% Dirac fermion with its usual minimal coupling to gravity and
demonstrate how the general prescription as discussed in chapter-2 applies to such a case
and leads to a SU(2) interpretation for this theory.

3.1 Fermionic Lagrangian

The Lagrangian density corresponding to massless Dirac fermions coupled to gravity is!,

1 y e <
L= 5e D R,VW) + o P Du@)h — Du@yA (3.1)

where,
1 R _ 1 -
Dy()A == 0.\ + o WulJ 'l A, Dy(w)A = 0.\ — 9 A Wury o'’
and the field A represents a spin—% majorana fermion. To this Lagrangian, we add the
Nieh-Yan density-

L = ;e SR, (W) + g Iny + % MDD, ()N — D (W) A] (3.2)

Notice that, unlike earlier attempts of setting up a theory of fermions and gravity
with Barbero-Immirzi parameter [16, 17] where the Holst term was modified to include an
additional non-minimal term for the fermions, the Lagrangian density here containing the
Nieh-Yan density does not require any further modification, just the usual minimal fermion
terms suffice. This is so because the Nieh-Yan term is universal and serves the purpose for

any matter coupling without any need for modifications.

LOur Dirac matrices satisfy the Clifford algebra: v/ +~7~f =297 | p!Y := diag(—1,1,1,1). The
chiral matrix 75 1= i7°y19%y® and o'/ = 1 [/, 47].
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3.2 Canonical analysis

We expand the fermion terms as

L(F) = % [y"Duw)r — Dulw)hy

ij I
2
= [atm — ﬁatA} — NH(F) — N°H,(F) — ;wt” Gr(F)  (3.3)

where II and II are canonically conjugate momenta fields associated with A and A
respectively. Explicitly 2,

I = —%W - “Q/GMIW I = —%W - Z‘Q/aMmI)\ (3.4)
G'(F) = o'\ + X'l (3.5)
Hy(F) = Dy(@)AIl — IID,(w)X (3.6)
H(F) = (=2¢%) [Da(@A o' T + T o™ Dy(w)A] (3.7)

Incorporating these fermionic terms in the pure gravity Lagrangian density given in
equation (2.31), we write the full Lagrangian density as,

. . _ _ 1
L = E"0A + 0 +t30,VI 4+ 0N -~ O\ — NH — N°H! — Ewt” G’
— &V —vl) = oh(ts — 1) (3.8)
where now
Gy, =GV +GY(F), H = H, + H(F) , H = H + H(F), (3.9)

with G!7, H, and H as the contributions from the pure gravity sector as given by the
equations (2.16 — 2.18) or equivalently by the equations (2.22 — 2.25).
The various quantities above can then be rewritten in terms of the basic fields as:

boost = —O0a(Bf — ne* Exi) + EfxnAs + (¢ — x- ¢ X)) — t{§Via

+ [+ inys)ood + AL+ ims)onll] ; (3.10)
Gl = 0P Efx + nE) + MNAEL — G — V)

+ Mg — nooid + Aivs — n)oo 1] ; (3.11)

2The fermions are Grassmann valued and the functional differentiation is done on the left factor which
accounts for the signs in the definitions of the conjugate momenta in (3.4).
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H, = Ej9.Ay+ Gluxi — O(t7V]) + 170,V
+ {Gaj\(l + ’l?]’}/g,)H — H(l + 27]’}/5)8(1)\} — {E\UOiH—l-ﬁO'Oi/\} AZ

1 . Z,
142 {E[ZX”A +G= X OX — t Vi — et (ALER — xGr — t;'bvbk)] A,
1711, Z
_1 + 7,,2 {2 h ( Gboost + Grot) - (Gboost nGrot)] (g (312)
1 .
H = —EH, — (BSxaV+ JaMT) ot + (1 — x - x) {Egaag + 2QE;‘E;?8GE4
(1-x-x) {1 3 2 3 }
- EYALA] + ECA! anGAIES 2 (- 02— 2(C-
1+ n2 2E + oX * €+ M€ij1Gi 4(X ¢) 4(C ()

(1 - X X) i/.b b a i
+ﬁ |:<z 2V (to — 1o )} {— H st F NG — 116 Via + neijit’ Va:|

(1-x-x) [/b 1
£ AT 4

VE(1+n?) 2

— 2e Xt {8,15\(1 +inys)o T+ T1(1 + in”yg,)a”é?a)\}

+ Efxi [0aA(1+ inys)TT = TI(1 + inys) 0|

— 2e X [—/_\001 o1 + Tlo!” 005)\} AL — Efx [Tlog) + Aog Il AL

+ SEi#GG + e”kt b i gk]

—l—w [(mf — i /“) Vit + fu+ (L 07) T + Nkl(M)] M*(3.13)

2(1+ 1) 4
where as earlier, 2e X8 = Ef, 2e X}f = — Efx; and fi , Nu(M) are given by
equations (4.11, 4.12) respectively. Also,

e =t —ne B9 Ay A (3.14)

= 17+ % e X [M7 (Tys A — AysTD) + 2M (Tys0™/ X + Ayso™/TD)]

1 M I
2 = A 20 A 3.15
Jri 2\/— Vs (XWZ X0+ 20k 5 ) (3.15)

= §<6kl + Mle>(H’}/5)\ — )\’)/51_[) + ZM[MJ(I:[”)/g,O'Jk)\ + 5\’}/50'JkH> + (]i] — l)

The Hamiltonian density now reads:

1
H = NH + N°H, + Ewt” Gy + &vh — o)y + oty — 1) (3.16)
The constraints associated with the fields N, N, w% wt , &% and ¢! respectlvely are:

~0, G~ (3.17)

rot ™

H ~0 , H=~0,6 G}

boost ™
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VIi—ol~0 | t9 -1 =0. (3.18)

The remaining fields M*, from 5‘?5,21 SMF ~ 0, lead to the constraint,

g 1
(ntie = €75 xat )V + fru + 3Nk + (L7 Ju + (k= ) ~ 0 (3.19)

Using t¢ ~ 7f, we write

2 N,
e~ —g\/E E} [ 2+ N +2Ju + Eklnchl)ost‘|

1+n?
te ~ nE Ef l Groy — % ( W + 2J3 + €xin ngostﬂ (3.20)
Using (3.20) in (3.19), leads to
2fu+ N +2(1+9°) Ju =~ 0 (3.21)

generalizing the constraint (2.35) of the pure gravity case. This in turn implies
£~ 0 (3.22)

corresponding to the constraint (2.36) for pure gravity. Implementing this constraint along
with those in (59) reduces the Hamiltonian density to

1
H=NH + N°H, + iwf e (3.23)

where the final set of constraints are obtained from equations (51-54) by substituting t/* = 0
and dropping the terms containing GY'. .., G". in H., H'. The My, is given by the solution
of the constraint (3.21).

3.3 Time gauge:

We may now make the gauge choice y; = 0 and solve the boost constraint G ., = 0
to obtain ) )
Ci = aaEi“ — 277 [H’750'0i)\ + )\’}/50'01'1_[} (324)

Thus we have a canonical Hamiltonian formulation for a theory of gravity with fermions
in terms of real SU(2) gauge fields A’ with the following constraints:

Groe = 1 0.B7 + ™" AL B} + i Thys00\ + Ays001l] =~ 0;

rot
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H, = B9 Ay + [ 0.A(1 4 inys)IT = TI(1 4 iny5) 00\ |

— 42772 {&LEZ@ — nﬁijkAiEz —in ( 500\ 4+ MYs00,11 )} AZ ~ 0;
H o= [B0G+ GBI B - s[5
+ 257 [8a5\(1 + @175 ) oo T+ TI(1 + in%)aolﬁa}\} + E! P\JNH + ﬁa”)\} Al

1
[{fm + (14 n?) Ju f MM — I (MMM — M’“’“M”)} ~ 0 (3.25)

a 7 ] i a 3
[iEyb']AaAi + 1€ GAL B — EC : C}

+ 2(1+n?)
where (¢ are given by (4.23) and
MM = 2[fua+ (14 0*)Jua| = Ot [ + (14 7) T (3.26)
with
2fu = (1+n))e BB B! +n (EpA, — " ELAT) + (k > 1)
2y = 0 |TsA — AysTl] (3.27)

This completes our discussion of a Dirac fermion minimally coupled to gravity including
the Nieh-Yan term. We have showed that the Nieh-Yan topological term indeed allows a
SU(2) gauge theoretic description.
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Chapter 4
Supergravity

In this chapter we analyse the case of Spin—% fermions coupled to gravity. We illustrate
how the general proposal as given in chapter-2 can be applied to this case, and hence to
supergravity theories in general.

The theory of supergravity is based on the assumption that there exists a fundamental
symmetry between bosons and fermions, called supersymmetry. Through this symmetry,
every bosonic particle can be transmuted to a fermionic counterpart, and vice versa. Appli-
cation of this principle to gravity naturally implies that there should be a fermionic partner
of graviton, called gravitino. From the historical perspective, the original idea behind su-
pergravity was to yield a perturbatively finite theory of quantum gravity, as it was noticed
that some of the divergences as appearing in Einstein quantum gravity could be cancelled
through the introduction of supersymmetry. However, keeping aside such details as these
are not necessary for our original purpose here, we focus on the canonical formulation of
the theory of gravity coupled to spin—% fermions and develop the subsequent analysis.

4.1 N=1 supergravity Lagrangian
The Lagrangian density for gravity coupled to spin—% Majorana fermions is given by [20]:

1 U aB T
L = SeXfiR,, (W) + 5"y Dalw)s (4.1)

where!,

77Z_)a WMIJOJJ

N | —

1 _ _
Du(w)% = a,uwa + §WMIJOJJ¢a y Du(w)d)a = 8u¢a -

!The Dirac matrices here obey the Clifford algebra: yIy/ + 4741 = 2n!7 | !’ .= diag(—1,1,1,1). The

chiral matrix 75 1= i7°y19%y® and o'/ = 1 [}, 47].
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Here the gravitino field v, is the fermionic companion of graviton. The action is invariant
under local supersymmetry transformations which have the following action on these fields:

1
0, = Dye = 0O + fwuuoue

2
(5e£ = Efylw“

The canonical treatment of this theory has been considered earlier in several contexts[22,
21]. In ref.[22], the Hamiltonian analysis of the corresponding Holst action has been carried
out in time gauge. Here we consider a Lagrangian density describing the same theory,
but containing the Nieh-Yan invariant instead of the Holst term in addition to the usual
Hilbert-Palatini and spin—% fermionic terms. In the next section, we demonstrate that the
set of constraints corresponding to this Lagrangian leads to a real SU(2) description of
this theory in terms of the Barbero-Immirzi connection. We also add a few comments on
how to recover the correct transformation properties of the fields under the action of the

symmetry generators.

4.2 Hamiltonian analysis

Following the general proposal made in chapter-1 for any arbitrary matter-coupling, we
add the Nieh-Yan density to the supergravity Lagrangian in (4.1) to write:

l

50055 Dalw)ibs + 2 Iny (4.2)

1
L = er’ﬁRW”(w) + 5

2

This can be recast as:

L= SESBRDVW) + S o Daw)ds + 1 OD, @)l Daers (43)
where RO (w) == R, " (w) +nR,," ()

The Nieh-Yan density serves as the term through which n manifests itself as a topolog-
ical parameter in the supergravity action, and does not show up in the classical equations
of motion. This new Lagrangian density also preserves the supersymmetry properties as
characterised by (4.1) since Iyy is a total derivative.

Next we develop the analysis in the same manner as done for gravity with spin—%
fermions in [7]. The 3+1 decomposition of (4.3) can be achieved through the following
parametrisation for the tetrads and their inverses:

ef = \/WMI—FN“V&I, eé = Va] :
MV =0, MyM' = —1
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M[ NCLMI

et ey _— —_— ea — Va + - .

I \/m s I I m )

M'VE =0, VIVP = 8, VIVE = o+ M M,

Also, we define g, = V!Vj; and q := detqy, which leads to e := det(elﬂ) = Ngq.
Ignoring the total spatial derivatives, the Lagrangian density can be written as:
1 _
L=eX0,wm 1+ 99l — 794, — NH — N°H, — 5 WGy — 28y,

where H, H,, Gy and S are given below in equation (4.6) and
2621}?} = —\/C_]M[[Vﬁ
% = 1e® Dy (w) Vie

i _
=5 e Py Ye (4.4)

Here 7 is the canonically conjugate momenta associated with v, 2. The last equation
in (4.4) can be inverted as:

&a = \/5 ﬁ—b/ya’}/b (45)

The action does not contain the velocities associated with the gravity fields N, N%, w;rs
and the matter field ¢,. Hence these are Lagrange multipliers, leading to the primary
constraints H, H,,G;; and S, respectively:

Gy = —2D,(w) (GE%)M) —thVpa + 7or. = 0
H, = eZ}lf]Rg;)U(w) —VIDy(w)th + ;\/5 T Ve Vs Ya De(W)g = 0
H = QGQEﬁﬁE?LnKLR%)U(w) — VAM' Dy (w)ty + ?eabcﬂd%vd%MIleb(w)@/zc ~ 0
S = Du(w)7 — iéfﬁ“%%%vltl} ~ 0 (4.6)
where 7, is defined as :

Yo = nVy = (v —0Xi) Vai (4.7)

While H, H,, G;; are the constraints for the pure gravity sector, S is the generator of
the local supersymmetric transformations.

2The functional derivative involving the Grassmann variables (fermions) acts on the left factor resulting
in a sign in the definition of the conjugate momenta in (4.4).
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Following the general framework of ref.[7], we introduce the following set of convenient
fields,

Bl = 2eXt |y o= =M /MO ) AL = oMY i = E]‘-’w((ln)ij (4.8)

alongwith the decomposition of the nine components of w{™¥ in terms of three (;’s and six
My’s (M = My,) -
. 1 o .

Wil — 5(Eg;cﬂ + R By MM (4.9)
In terms of the fields in (4.8), we have 2eX} = — Efty;) and eX5 0,0 = B0, A} +( 0,
Note that the eighteen coordinate variables w!” have been reexpressed in terms of the twelve
variables A, and y;. The remaining six variables are the Mj;’s, whose velocities do not
appear in the Lagrangian density. Hence these are the additional Lagrange multiplier fields.

Thus the Lagrangian density takes a simple form as follows:

1 _
- thJG[J — stt

L = E'9A + (o' + t0V!I — 70, — NH — N°H, — 5

The fields V! and ¢ are not really independent, these are given in terms of the basic
fields as: VI = v! and t¢ = 7¢ where

1 . ) 1 )
0 I 7 7
v, = ——=Exi , v, = —=E,
‘ N VE
o = ﬁﬁabCDb(W)U()c
o lm Xt [ 2fmi+ N n - X1
= n\/EEm [Grot - 5 (H_??Q + emlnGboost> - Z7b75(00m + QUmI)wb‘|
TR = neabCDb(w)vck
— —5\/EEm [1-’-7]2 —|— EkmnGbOOSt —l— Z7Tb’y50'kmwb‘| (410)
In the above, fi; and Ny, are defined as:
2fu = epks [(1 +0%) Ey0. B + XjAH +7 (EzaA]; — B AY — Xle) + (I kf4.11)
Ny = (X2 — 1) (M — MymOii) + X Xn MimnSrt + XXk Mo — Xon O Mot + Xt M)

(4.12)

We shall treat V! and t¢ as independent variables and introduce associated Lagrange
multipliers £7 and ¢! to express the equations in (4.10) as constraints.
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Thus we write the full Lagrangian density as,
L = EOA 4+ 0 +150,V —7"00p, — NH — N°H, — —w!’ Gy,
— &V =) = ot —17) — 25¢ (4.13)

The constraints in (4.6) can now be rewritten in terms of the canonical fields. These can
be worked out in an analogous manner as in ref.[7]. Thus the corresponding expressions
for Groost .= Gy, Gi°' .= $€7*Gy, H,, H and S are:

{)oost = _aa(Ezq o newkE]an) + E[ZXk]AI; + (CZ - XCXZ)_tl[g‘/;]a
. n i .
+ 7 O-Oiwa + 4MOE E‘ykEalEZﬂ— (’YJ — /YOX])(,YI — ’YOXZ)(’YO — IYme)wb;
Gloy = 0u(é™ESxy, + nEY) + MAIED — Gy — 10V
—a n . ) ‘
+ im0 — AMOE Eam® (i — vox0) 5 (0 = v0xa) 75 %e;

H, = El0Ay+ Glaxi — O(thV,)) + 150,V

[E[ZXI Ay + G = x O — Vi — ne* (ALE} + x;¢k — t?ka)] A,

12
1 j 7 B (G aos + Gr) = X' (Glooss — nGiot)} wM
41 —1% 1) Molx/_ T e — s (035 + 200003) b
21 j_ ) Mol\/— T YeYa (1 + 175)00i Altbg
H = —EixpH, +(1—x-x) [E;“é)a@ + ;QEij.’aaEg]
_11_4:677} ;E EjALA] + EfALX - ¢+ el G AL E,

+1(X'C) —*(é 0+ Cz Wia — 2GeT VY

l—x-x[1 . 1 "
Altd + V(- xtd — i ijk ¢
1+ |VE az+2Va(C Xt = xiGits + nevkGty)

1_X'X / ijk 1 Eal 1 2 kl
Gy XX gy kg 42y 4 SNu(M) + 201+ Ju| M
2(1+n2) [(nk € X j)\/E fkl 9 kl( ) ( 7]) kl

1- X-X 1 abc d i 1
C2(1+2) moES " YaYaYo( + 175) (UOiAtﬂ/’c + E(Uij + 200¢Xj)Eb[z'Cj]1/1c>
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1— XX —a ;
+ 5 G (1 —invys)o0itka

2(1+n?)
_ 1 1 i
S = 0,7 — ——=71"(1—1 Al — (035 + 200X m| g e
" 1+7727T( ims) |Fuda + 2(03+ 00iX;)Waij 417M0\/F7T V6 Ya Y5 L
(4.14)
where we have used the definitions:
a a 77 abe 7.
75/1 =t — 1 €b¢b71¢c
a n i7k a e il =b
=t —7€]EE-E7T P i — c 4.15
I AME kL (i = v0x3) (7 — Yoxa) V1Y ( )
1 _
20 = Zﬁabc%’Yk%Eaz + (k<)
(4.16)

1 im —a
AMOVE © "Eoi B 7 (i = 70x:) (3 = Yoxs)wts + (k1)

The Hamiltonian density now reads:
a 1 1J a 1 1 I(1a a Q
H = NH + N°H, + 5 @i Gy + &V, — v) + ¢,(t7 — 77) + 25,

The constraints associated with the fields N, N,w® wi’ €% | ¢! and 1), respectively are:

HN07 boost""07 GrotNO

H, =0 ,
VIi—ol=0 , t9—7=~0, S=~0.

As mentioned earlier, the momenta conjugate to My, are zero. The preservation of this

constraint requires:

0H

~ 0
My ’

which implies:

. 1
(g — 7" XtV + fu + §N’“ + 1+ + (k<D =0 (4.17)

where, fr; and Ny are given in (4.11, 4.12). This constraint can be solved for My;. Next,

using 1Y ~ 77, we write
o 7 o | 2fr + Ny In
ty =~ —5\/5 E; [ i + 2Jk1 + €kinGhoost

2fw + N

te ~ nVE Ef l Ghoy — % < e T 2Jw1 + €xin G{féostﬂ (4.18)
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Using (4.18) in (4.17), we obtain
2fi+ N+ 2(1+7°) J = 0 (4.19)

These constraints are second-class in themselves and therefore can be implemented strongly.
Here the Jy; piece captures all the contribution coming from the spin-% fermions. Note
that this equation has the same form as the one for spin-i fermions [7]. This constraint,

from (4.18), further implies:
tr~0 => tf = Z e Pyy1be (4.20)

This is exactly same as the connection equation of motion which is obtained in the La-
grangian formulation by varying the standard supergravity action without the Nieh-Yan
term (see [23], for example).

Using (4.20), the final set of constraints read:

{)oost = _aa(Ezq - neljkE]an) + E[ZXk]A]; + (CZ - XCXZ)
—a Ui g —a
+ 700, + E €7* BEq By7 (75 — 70x5) (0 — 0x1) (Y0 — YmXem) s

Giy = Ou(¢7"Edxi + nE!) + €*(ALEY — Gxi) + 75001

U —a
~ g P (Vi = Y0x1) B3 (0 — Yoxa) 1%

: / / E; / Ei /
Ha - Ezba[aAz}_{_CzaaXz - ab <(7—z‘b_Xi7—0b) \/E) - Tobaa (Xz\/%> +7_ib8a <\/E)

! 1 )
_J%M%+9_”QL‘ﬁﬂwwﬂﬂﬁﬂ+m@—¢ﬂﬁ%]

1+n VE
1 1 _ i
- e e - a E d + UmEann 1) +2 L XJ
81+ 77 MO\/EE TYYe(n — 175)Va( ¢ te d )05 + 200iX;)Va
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+4<X C) 4(C C) + 2\/EC1(TO XkTg ) a 2\/EQ€ T g

l—xx| 1 .., 1 , , , e
At e £ . la e /a ijk - _la
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1- X-X 1 abc=d . i 1
S 2(1+172) MOES T Yavao (1 +175) (UOiAb% + Z(Uij + 200z‘Xj)Eb[z'Cj]¢c>

;dfnzx) G (1 —inys)ooitba + 4(11;)5722)[&1 + (1 + 0 J | M*
§ = 0 -y +1772 (1 =) [UOZAZ + i(% +200ix;) (EaliGj) ‘f‘Eile'alim)]
where 7/% is defined as
T = gfabc@/;b%lbc
N 4MZ\/E e ERESE] 7 (7 — Yox:) (0 — 20X0) Y1 (4.21)

and fi; , Ju and My, are given by the (4.11), (4.12), (4.16) and (4.19). In writing S, we
have made use of the Fierz identity-

Eyyaﬁﬁu'}/lwu'yli/}a =0 )

which makes the piece proportional to ¢} dissapear.

4.3 Time gauge:

One may adopt the time gauge through the choice x; = 0. Since this condition forms a
second-class pair with the boost constraint, both have to be implemented together. G205
can be solved as:

G = O0uB} — To0iba — ﬁ €% B ERT v Yo (4.22)
We can rewrite this as:
G = 0.5 + \}ET’SEM- + &Ee”’kr’?E&k (4.23)
with
= LeijkEz?EfEbﬁbvmwwc

4WE

In this gauge the constraints, which are first-class, reduce to simpler expressions as follows:

|
E, — —ezjkT'?Eak

1 .
— =T at
wWE "’ VE
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. ) ) 1 E . 1 .. .
Hy, = EF), + s—— |Ai — ELE}A}| G — T ByiAai — —f= |Op1," + —e 7 A7
it ab 2(1+n2)[a akb}Ck 7]2\/E0 b \/F bl n b'k
N 1a i 1 1 a 1 i j a j la A 1)
H o= -GEEt [E e ) R - g - B + Bl
_ 1 , 1.
S = 9,7 — T 7(1 — inys)oow [A’j + 2@75(ejk,<j+M“)Ea,} (4.24)
In these equations, we have used the following definitions:
1 ..
Fai = aezjkwajk

1 .. 1 .
Ffb = a[aAI’f] + EekaaiAbj ’ R’;b — a[a[‘lg] _ EGUkFainj

and (* is given by (4.23). Also, in the time gauge :

My = (1+7) (7" E0.E) — € Ef0.Ew) Ef + (1+1°) (20 — Jmm0r)
+ nEMAg + (k1)
1 .
2y = ——= €™EE> 7%, + (k<1
el IOVE G BT iy v n ( )

Here in (4.24) we have dropped terms proportional to rotation constraints from H, and H.
As is evident, the dynamical variable which enters in the constraints apart from the
fermionic degrees of freedom is the Barbero-Immirzi connection A%. Thus in the time gauge
we obtain a real SU(2) formulation of the theory of gravity coupled to spin-2 fermions.
Notice that in the matter sector, 7% and ), are not independent variables. These obey
the second-class constraints:
C*":=7"+ % e*ehyy57e A 0
In order to implement these constraints, we need to go to corresponding Dirac brackets for
the matter fields 7%, 1,. This then leads to the correct transformations (modulo rotations)
on the fields through their Dirac brackets with the corresponding generators. In particular,
the Dirac brackets of the fields with the supersymmetry generator S make them transform
properly under its action.

4.4 Summary

We have presented a framework to incorporate the Barbero-Immirzi parameter as a topo-
logical coupling constant in the classical theory of N = 1 supergravity. This is achieved
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through the inclusion of the Nieh-Yan density in the Lagrangian. This additional term,
being a topological density, preserves the equations of motion and the supersymmetry of
the original action. The canonical formulation has been first developed without going to
any particular choice of gauge. This clarifies the structure of the theory exhibiting all of its
gauge freedom. In the time gauge, the theory is shown to admit a real SU(2) formulation
in terms of the Barbero-Immirzi connection A’.

The essential features for spin—% fermions turn out to be very similar to those for spin-
fermions as described in chapter-3, except that here we have the additional constraint
S which acts as the generator of local supersymmetry transformations. The cases for
N = 2,4 and higher supergravity theories can be treated in exactly similar fashion. There
the constraint analysis leads to the same form of the connection equation of motion as given
here (i.e., equation (4.19)), a fact which is evident from the structure of the fermionic terms
in these theories. Only the expression for Ji; in terms of the matter fields gets modified.

o=
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Chapter 5

Antisymmetric tensor gauge fields

This chapter concerns the theory of gravity coupled to antisymmetric tensor gauge fields of
rank two. This coupling is very different in nature as compared to the fermionic couplings
studied in the previous chapters. Such couplings appear naturally in the perturbative
formulations of quantum gravity, e.g. string theory and supergravity. Here the form of the
coupling is taken to be exactly that as in string theory, i.e. as it appears in the context
of anomaly cancellation mechanism. To elaborate, we deal with a gauge invariant field
strength H = dA + wy, where A is the antisymmetric tensor gauge field of rank two and
wy, is the Lorentz Chern-Simons three form.

From the viewpoint of the canonical SU(2) formulation of gravity, such a matter cou-
pling poses some novel challenges. Firstly, since the Chern-Simons term is linear in cur-
vature and the Lagrangian density is quadratic in the field strength H, one is essentially
dealing with a higher curvature coupling. Also, Hamiltonian analysis of this theory shows
that the canonical momenta E¢ conjugate to the Barbero-Immirzi connection A’ gets
modified unlike in the case of fermions. This implies a non-trivial modification in the cor-
responding symplectic structure. In what follows next, we investigate whether in presence
of such a matter content one can use the general framework as developed in chapter-2 and
obtain a SU(2) formulation for the theory of gravity with the Barbero-Immirzi coefficient
as a topological parameter as in the earlier cases.

5.1 Antisymmetric tensor coupling

We introduce the coupling of gravity to antisymmetric tensor field of rank two through the
following Lagrangian density in the first order formulation:

1 1
L = §eszjRWI°’(w) + 15 eH" Hya (5.1)
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The field strength H,,, is defined as:

H,uya = a[,uAua] + C,uuoz (52>

2
= OpAug + Tr (Wplywa + gw[uwywa]) (5.3)

where C},,4 is the Lorentz Chern-Simons term. The field strength tensor is invariant under
the tensor gauge transformations 0A4,, = 0 A,). There is an additional local symmetry
under the infinitesimal Lorentz transformations. Under this, the fields transform as follows,
leaving H,,,, invariant:

bw,” = DO, (5.4)
1
6A,, = 5@”%@{ (5.5)

As is evident, the coupling has a non-linear dependence on the spin-connection and also
introduces a non-vanishing torsion in the theory.
Now as proposed in chapter-2, we add the Nieh-Yan topological density Iyy to (5.1):

L 1 Vo U
L = 5ezggl%w”(w) + 15 eH" Huo + 5Iny (5.6)

where the Nieh-Yan density is given by:

1
Iny = eveb <Du(w)e£ D, (w)erg — 52{5 Ra,gu(w)> , Du(w)e,{ = QL@,{ + w#IJeJ )

(5.7)
As discussed in [7], this is the general prescription which should provide a SU(2) formula-
tion for a theory of gravity with (or without) any arbitrary matter coupling. The analyses
in the cases for spin—% fermion coupling and supergravity theories already substantiate this
proposal. Here we discover that unlike these cases, this coupling changes the momenta con-
jugate to the real SU(2) connection A’. This introduces additional degrees of freedom with
additional constraints in the theory, leading to a non-trivial modification of the symplectic
structure.

5.2 Canonical Analysis: Matter Sector

Next we perform the Hamiltonian decomposition of the matter part given by:

1
L = $5eH"*Hyuq (5.8)
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This can be rewritten as:

_ 1 tab abc
L, = Ee(3H Huap, + H™ )
_ 1 ab 1 atTbC ad be cf
= UHuu + 5 (= 3N Hae + Nag"'q" g Hupe Haey )
where 1% is the canonical momenta conjugate to Ag:
oL
Hab — — thab
(0 Awp)

tt _ac tc ta tc tb ad

= e((g"g" — g"°g")g" + 9"°9" 9" ) Hiea + €g"'9"g" Heae

The indices of T1% are lowered using the 3-metric qu; i.e.,Ilsp = Gucqpall®®. Now, using the
identities-

NHyay = T1°(0;Aay + 20u A + Crap)
= N"II"H, — NIO™I,, and
N%Chep = 20”0 — Tw Ol + 2[°RYW — I Ry,
we arrive at the following expression:
1 1
Ly = 0w + Prowy + JH0 A + T7RGw — JHRwy

1
o *NaHbcHabc 4 N( HabHab+ ad be cfH

4 12 abcHdef) - Abtaanab (59>

where we have deﬁned—

a 1 a 7 7
1 ; .
Po= g (ws™ + (7 = D))

5.3 Canonical analysis: Full theory

Using equations (5.9), the full Lagrangian density in (5.6) can now be written as :

1 1
L _ Eta - Hab . ~ o m1J 20 VI —H“b(‘) Aa
(e 1J 2(1_“72) (wbu 77%1J)> tWe, + 70V, + 9 't Agb
1 ~
- w’GY = N"H, — NH — A0,l1"
1 1 .
= 72,0 L gV 4 §H“batAab o) wl/GY — N°H, — NH

—  Ap0,I1"
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where the constraints are given by the following expressions :

Gry = 2Du(w)(ex{)') — Vi, + TRy
H, = eSPRWY — VID(w)th + ;H’”Habc
H = 2¢2x\We gty KERMIIT |y oM Dy (w)ts — inabnab
- 112 09" ¢" ¢ HapeHop o (5.10)

Here the momenta 7§, conjugate to wg”)l 7 are constrained, a fact reflected through the six
primary constraints C'%:

ab . _IJKLxta tb ~

Preservation of these lead to the secondary constraints D:

a . St a Ui Sta a
D = 8N De(w) (eXlfy) + 1+n2‘/aMIth (et + nuif)

1 / / !/ ind
_ 5qub qcc qdd Hb/c/d/joeZtI‘f, + ( a<b )

Now, we split up the 18 canonical pairs (w7 %)) into two sets of 9 pairs, namely,

(Al = wmo Fray and (w?, 7%). In terms of these, the Lagrangian density becomes:

. , 1 1
L = Ef9,A + ntow” + 50,V + 5Haba,anb -3 wl’GY — N°H, — NH
- Ap0,I1%
h Ela _ E 1 ijkEa a . a __ 1 ab(, 0i Az
where, i = i T 55 PXk TG My = ?77 (wy' — Ap)
a 1 ijk ha a . a 1 ab 01 2\ At
= (et e = e - o)

The constraints, when written in terms of the canonical variables, are given by the following
expressions :

. 1
Gt = G = Du(A) (Bl g = P e 0”<<1+n>E'a+ .
—  (T+H)us Pa> + tiVia + IRy,
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1 .. 1 . . .
G = e Gy = 1 Do(A) (B — 1) + ——* P (rp — PY) — ¢7*9V3

2 : 1+n? ¢
+ §Ez]kHabR{l/§
H = |E"+ ! o — ol — b P RO 4 b eIF(mb — Pb)R(mij
a i 1+ 772 i i 1+ 7]2 i ab 2<1 + 772) k k/*ab
B VaIDb(w>tlI) + 7HbcHabc
Ho= 0 _gmfpgey L qa e 1 pa) e poyg
1 +n2 i 1 +772 ) i 1 ‘I‘T/Z i 7 i ab
e 2 a_ a
S (e R R R R
1— 772 a a b b (n)ij I a 1 ab
b - P - PR — D) — L

]_ / bb/ /
_ _ aa cC Ha CHa/ ol
12 49 q9 g b b

The constraints C, which imply that the momenta 7¢ are not all independent, become:

la a a a b b ~
(Bt s (=) )= P 4 (ae00) ~ 0 (5.11)
Similarly, the expression for D can also be obtained by replacing X4%-s by 7¢,-s. To keep
things simple, we do not write it explicitly here since that does not provide any conceptual

insight as such.

5.4 SU(2) interpretation

We focus onto the expression of the rotation constraint to see how it can be interpreted as
the generator of the SU(2) gauge transformations on the basic fields. After some algebra,
this takes the following form:

a

G = 1 Do(A)EP + e*ulint — oy, — = T1%(9,A) — 9,
n

We note that the rotation constraint as above already provides an SU(2) gauge theoretic in-
terpretation in terms of the field w(%. This can be seen explicitly from the transformation
property of w(%. From equation (5.4), we obtain :

0AL = 6w = nD,0 (5.12)
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for the transformation parameters ©;, = —el-jkﬁi and ©y; = 0. This implies that A’
transforms as a gauge field under a rotation. Now, under the rotation G7° given by, w(m%
transforms as :

SAL = [AL RG] = nD,0' (5.13)

which agrees exactly with (5.12). Also, according to (5.4), the matter fields transform as

L i ij 1 i oi
5Aab = 5@ Jﬁ[awb]] = — %0 (8[(1141)] - 6[awb}) (514)
which is exactly what is reproduced by G7°:
1 . ) )
§Aw = [Aw,0°G}'] = — o 0" (Ol — Ouwy) (5.15)
n

Here we have exploited the fact that the pairs (A%, E/) , (W% 7%) , (Vi) and (A, )
are canonical. Thus, we have an SU(2) theory already at this stage. To emphasize, this
SU(2) description is independent of any gauge choice. One can nevertheless fix a gauge
in order to exhaust some of the gauge freedom in the original theory. However, this is
purely optional and the SU(2) interpretation would be preserved as it is in the gauge fixed
theory as well. This completes the demonstration that the theory of gravity coupled to

antisymmetric tensor gauge fields admits a real SU(2) description.

35



Chapter 6

Gravity with all possible topological
parameters

Here we include all possible topological densities as in four-dimensional gravity and analyse
the implications in the classical theory. As earlier, we first write this theory in the canonical
form and investigate if it is possible to obtain a SU(2) gauge theoretic formulation.

6.1 Topological invariants in four dimensions

In (14-3) dimensions, apart from the Nieh-Yan term as discussed earlier, there are two other
possible topological terms that can be added to the Hilbert-Palatini Lagrangian density.
These are:

(i) Pontryagin class:

]P = E“VQBRM,/[J(W)RQBIJ(W) (61)
This is the same topological density as in the case of QCD except that the gauge group

here is SO(1, 3) instead of SU(3). Again, it is a total divergence, given in terms of the
SO(1,3) Chern-Simons three-form:

2
]P = 48# |:€uuaﬁwylj <8QW5[J + gwal K(,U5KJ)] (62)

For the Euclidean theory, this topological density, properly normalized, characterizes the
winding numbers given by two integers corresponding to the homotopy group I13(SO(4)) =
Z + Z.

(11) Euler class:

Iy = e Rur(w)Rys" (w) (6.3)
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which again is a total divergence which can be explicitly written as:
— vaf~ IJ 2 K
I, = 40, |0, | Oawsry + 3War " WK (6.4)

For the Euclidean theory, integral of this topological density, properly normalized, over a
compact four-manifold is an alternating sum of Betti numbers b,—b,+b,—b; , characterizing
the manifold.

Now we may construct the most general Lagrangian density by adding all three topo-
logical terms, namely the Nieh-Yan, Pontryagin and Euler, with the coefficients 7, # and ¢
respectively, to the Hilbert-Palatini Lagrangian density. Since all the topological terms are
total divergences, the classical equations of motion are independent of the parameters n,
0 and ¢. However, the Hamiltonian formulation and the symplectic structure do see these
parameters. Yet, classical dynamics are independent of them. But, quantum theory may
depend on them.

All these topological terms in the action are functionals of local geometric quantities,
yet they represent only the topological properties of the four-manifolds. These do not
change under continous deformations of the four-manifold geometry.

Notice that, while the Nieh-Yan I,y and Pontryagin I, densities are P and T violating,
the Euler density I is not. So in a quantum theory of gravity including these terms, be-
sides the Newton’s coupling constant, we can have three additional dimensionless coupling
constants, two P and T violating (n, 6) and one P and T preserving (¢).

6.2 Hamiltonian formulation of gravity with Nieh-Yan,
Pontryagin and Euler densities

Here we shall carry out the Hamiltonian analysis for the most general Lagrangian density
containing all three topological terms besides the Hilbert-Palatini term:

1 y Ul 0 ¢
L=ge SR,V (W) + v + e + 5 1 (6.5)

We shall use the following parametrization for tetrad fields!:

a a

MV =0, MM =-1 (6.6)

6{ — ]\/']\4]'_|_‘Z\7a‘/'a[7 €I — VI .

!This parametrization differs from the one used earlier in [7]. To obtain the present parametrization
replace eN by N? in the earlier parametrization.

37



with N and N® as the lapse and shift fields. The inverse tetrads are:

M NeM
63 = _WI , 6? = ‘/Izz + N I;
MvVE =0, VIVi=4s, VIive =68 + MM, (6.7)

The internal space metric is n’/ = dia(—1, 1, 1, 1). The three-space metric is ¢, = V'V,
with ¢ = det(q,,) which leads to e = det(e/) = N/q. The inverse three-space metric is
q® = VeVh D g%, = §2. Two useful identities are:
2Ne? i,
2esfy =AMV, enph— Dttt oyeslt (o
Va
In this parametrization, we have, instead of the 16 tetrad components ef“ the following
16 fields: 9 V7 (M1Ve =0), 3 M! (M'M,; = —1) and 4 lapse and shift vector fields N, N
From these, instead of the variables V* and M!, we define a convenient set of 12 variables,
as:

EY = 23 = e (egef — eﬁeg) = — a MpVy, xi = —M;/M" (6.9)
which further imply:

Now, using the parametrization (6.6, 6.7) for the tetrads, and the second identity in
(6.8), we expand the various terms to write:

1 1
3¢ SR, (W) + g Iyy = X0, a9 vl - NH — N°H, — 5@;{‘76‘” (6.11)

where we have dropped the total space derivative terms. Here t¢ = neabCDb( )Ver with

abe = ¢labe and for any internal space antisymmetric tensor, XI( g =X+ nX, g =X+

Zer s X F. Further,

2e? 2e?
H = Eta Etb KLR — Em th KLR(’W)IJ _ M]Da W)t
\/C—IIKJL b (W) \/aIKJL (w) (w)t7
Hy = eSPRGw) = eSHRYY (W) — ViDyw)i]
Gy = —2D,w){exty} = —2D,(w) {exi} — V), (6.12)
where we have used the following identities:
2
MID, (W)t = %E%ES"L PR (w)
VIDyw)t; = neSfiRy" (w) Ve = —20D,(w) {e2f |
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Next notice that, dropping the total space derivative terms and using the Bianchi
identity, 2D (w)Ry.;; = 0, we can write

4 Ip + 4 I, = e, duwimt’ (6.13)
4 4
where €}, are given by
(1 + 772) ey = e {(9 +10) Byers(w) + (¢ —nb) Rbcu@)} (6.14)

Thus, collecting terms from (6.11) and (6.13), full Lagrangian density (6.5) assumes
the following form:

1
L = 7150w 4 199,V — NH — N°H, — iwf"GU (6.15)

with
™, = e + e}y (6.16)

In this Lagrangian density, the fields w(™?/ and ¢, form canonical pairs. Then, H, H,

and G, of (6.12) can be expressed in terms of these fields as:

Gy = —QDG(W)W?SU)—t‘[IIVJ]a (6.17)
H, = 70RP" (W) — VIDy(w)th (6.18)
2

a a b b a
= = (77127) - 61%)) (WJ(g) - eJ(g)) R (W) — MY Dy(w)t (6.19)

V4

where we have used the relations: D,(w)e$; = 0 and D,(w)éf; = 0 which result from the
Bianchi identity €**°D,(w)R,.;;(w) = 0, and also used €}, R,/ (w) = 0 and €%, R,/ (w) = 0
which follow from the fact that 2q (6% + ¢*) R,,;; = €. {(0 + 1) €5, — (¢ — nbd) €5, }.

Now, in order to unravel the SU(2) gauge theoretic framework for the Hamiltonian
formulation, from the 24 SO(1, 3) gauge fields w '/, we define, in addition to 6 field variables
w}!”’, the following suitable set of 18 field variables:

Al = w((l")m = WY 4 Y, K = W (6.20)

The fields A transform as the connection and the extrinsic curvature K as adjoint repre-
sentations under the SU(2) gauge transformations. In terms of these, it is straight forward
to check that:

780w = 2r8 0w + TEOWMY = EfOAL + FrOK! (6.21)
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N 2 _am) 2 2 ot 1
Eo= - 2" = - 2 (74 —nmy) = B~ 2 En" (A K) + — €9FE96.22
;o ;T = 1mai) , o (A K) + ;€ EiX622)
ra 1 ~a 1 ijk rha ~a
e = 2 ) w = () {—e™ B + 265,(A, K)} (6.23)
where ef;, and €% = ée”’“ %, as defined in (6.14) and eOZ") = ej; — neg; are written as

functions of the gauge field A? and the extrinsic curvature K’ using

A A 9
R, (w) = Dy(A)Ky — EGWKZKg

. 1 .. 1 .. —1
Ryw) = = L EMELA) D (AR - (”n) LK) (6.24)

with the SU(2) field strength and covariant derivative respectively as:
FU(A) = 0,4y + AL DKL= 0, + | RAKE (625)

Now, using (6.21), the Lagrangian density (6.15) can be written as:
. ) . ) 1
L = EfOA + FPOK! + t99,V — NH — N°H, — 3 WGy (6.26)

Thus, we have the canonically conjugate pairs (A%, E®), (K!, F*) and (V/, t%). We may
write G;;, H, and H of (6.17)-(6.19) in terms of these fields. For example, from (6.17):
1

Gt = 5 €i1Gik = nDa(A)Ea + €k (Kgﬁ’,? — t?Vak) (6.27)

. . o 1 1
G = Gy =—D,(A) (Ef + ) + e”’ngK n) Ej + Fk} Vi (6.28)

ia

J

N . . 1\ -~ 2 1 1
= —D,(A)F} + ¢ K] { (77 + 77) Ep+ nFI?} ” R 0Vie — " G

~

where the covariant derivatives are: D, (A)E? b — 9 B+t R ATEY and D, (A)FY = 9, F?

+ ' €k AT FP. Next, for the generators of spatial dlffeomorphlsms H, from (6.18):
H, = E}Fy(A)+ F'D,(A)Kj) — K,Dy(A)E} + 6Dy, (A)Vy — V/Dy(A)t}

1
+ 160 Vi] = Vaoute — - (G +nGr™) K,
= Efa[aAé} — AL9,E! + ﬁl‘ba{a b Ki0,F! + £20,, Vi) — Vaioyty

1 | ,
+ 50V = Vadyty + L Gi A — (G G K (6.29)
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where we have used —V,/Dy(w)t} = =Voyth + 70,V + tjVywl’.  Similarly we can
express H of (6.19) in terms of these fields. )

Now, notice that all the fields (AL, E%), (K, F?) and (VI, t%) in the Lagrangian
density (6.26) are not independent. Of these, the fields V! and t¢ are given in terms of
others as: V! = ol and t¢ = 7¢ with
, 1 1
= —FE W=——
a \/E a a \/E
where E, is inverse of Ef, i.e., EJE} = 0}, E\E} =65 and E = det(E]) = ¢~ (M°)™?
and

v

Eix, (6.30)

¢ = neDy(w) = (T]Db(A)Ui — IR Tk —|—K§US) ,

[

8 = e Dy (w)v? = —ne (8,,1}3 + ngg) (6.31)

In addition, the fields Fﬂ, which are conjugate to the extrinsic curvature K¢, are also not
independent; these are given in terms of other fields by (6.23) .

In the Lagrangian density (6.26), there are no velocity terms associated with SO(1, 3)
gauge fields w!”, shift vector field N, and lapse field N. Hence these fields are Lagrange
multipliers. Associated with these are as many constraints: G;; ~0, H, ~0, and H ~ 0
where the weak equality ~ is in the sense of Dirac theory of constrained Hamiltonian
systems. Here from the form of G} = % €;;xGyx i (6.27), it is clear that these generate
SU (2) rotations on various fields. The boost transformations are generated by G5t = G,y,,
spatial diffeomorphisms by H, and H ~ 0 is the Hamiltonian constraint. This, thus can
already be viewed, without fixing the boost degrees of freedom and without solving the
second class constraints (6.30) and (6.31), as a SU(2) gauge theoretic framework. Here,
besides the three SU(2) generators GT° we have seven constraints, G2°%!, H_, and H. We
may, however, fix the boost gauge invariance by choosing a time gauge. Then we are left
with only the SU(2) gauge invariance besides the diffeomorphism H, and Hamiltonian H
constraints. This we do in the next section.

6.3 Time gauge

We work in the time (boost) gauge by choosing the gauge condition y, = 0 which then
implies for the tetrad components ¢2 = V. = 0. Correspondingly the boost generators
(6.28) are also set equal to zero strongly, Gt = 0. In this gauge, the Lagrangian density
(6.26) takes the simple form:

L= FEWQA + FPOK + t20,Vi —H (6.32)
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with the Hamiltonian density as:

a

H = NH + N°H, + 5 TR Gt + €8 (V;—vl)
) o~ 1
Fo— ) 4 Az{Ff—z <n+n> (A, K)} (6.33)

where all the fields involved are not independent. In particular, the fields V//, t¢ and E*
depend on other fields. This fact is reflected in ‘H above through terms with Lagrange
multiplier fields £, ¢° and \:. Now, in this time gauge, expressions for G, H, and H
are:

GI" = D (A)EL + ey (KB — 12VE)
H,= E}Fy(A) + FY D, (A)Kj) — KDy(A)FY + 17D, (A)Vy) = Vi Dy(A)t} — 0~ G K,
= B[O, Al — ALOE! + Fl0, K — KL0,F? + 10,V — Vioyth + n7'Gpt (AL — K})
\/E i a - mn [om gomn
H = %eJkEi EN{ES(A) = (1477) (Du(A) K — 0t ™KK}

+ Kit; —n 0, (VEGY'EY)  (6.34)

where D,(A) is the SU(2) gauge covariant derivative. In the last line, we have used the
time-gauge identity: t¢ = 7¢ = nVEG*E¢. Also E¢ are functions of E?, A’ and K!:

R R 2 .
Ef = E{E,AK) = Ef + =" (A K) (6.35)
n

Associated with the Lagrange multiplier fields w;’, N and N in (6.33), we have the
constraints:

G~ 0, H, ~ 0, H ~ 0 (6.36)

In addition, corresponding to Lagrange multiplier fields £ and ¢, we have more con-
straints:

Vi — Wi(E) =~ 0, t8 — (A K,E) ~ 0 (6.37)

E 78 = ne® Dy(w)vl = € (nDb(A)vé - eiijgvf> (6.38)

-
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Similarly, from the last term in (6.33), there are the additional constraints:

A

1
X = Fr - 2 <n+> & (A K) ~ 0 (6.39)
U

Here ef; and éf}; of (6.14), with the help of Eqn.(6.24), are written as functions of the gauge
fields A%, extrinsic curvature K and the topological parameters 6, ¢ besides 1 as follows:

W (L+17) (A, K) = = {n (¢ —nb) Fi(A) — 20 ((1 = 1*) 6 — 200) Dy(A)K:
—(n(3- )9 + (30 — 1) ¢) e KK}
(14 n%) €(A, K) = —e {n (0 + ng) Fi(A) — 20 ((1 = °) 0 + 2n6) D,(A) K]
—((37* = 1) 0 —n (3 n*) ¢) 7" K K} (6.40)

a(n) ) —

a(n a .
From these we can construct for ey;” = eb. + ned, and é;,"” = €3, — ned:

a 1 abc i i —1 + 2n6 i )
G = L e {¢FbC<A>—<¢—ne>D[b<A> c]—(“? 2j’ L )ef’szKf}
1 . . 2_1) -2 . .
5 =~ e o) - 0400 DRy - (T2 gt oy

The x¢ constraints (6.39) are of particular interest. To study their effect, we note that
(A Eb) and (K, Fjb) are canonically conjugate pairs. They have accordingly the standard
Poisson brackets. From these, using the relation (6.35) expressing Ef in terms of E’f‘, Al
and K!, as indicated in the Appendix, the following Poisson brackets can be calculated

with respect to phase variables (AL, E*) and (K!, F*):

[Ai(), ENy)| = [AL(x), EXy)| = 6108 69z, y),

Kio), Bjw)| =0, [Ef@), Bjw)] =0
These then imply the Poisson bracket relations:
@), Alw)] =0, @), Kiy)] = =860 ,y),
@), Biw)] =0, @), XS] =0 (6.42)

Using these, we notice that the Poisson brackets of Hamiltonian constraint A and x{
are non-zero. Requiring [x%(x), H(y)] ~ 0 leads us to the secondary constraints as:

a 1+n2 i a a b j
e —( 7 ){nej’“Db(A) (VEEEY) + VEESE'K]} =~ 0
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which can be rewritten as:

a 1 +772 abc i ij j
e — (772> ™ {nDb(A)vc — e]ngvf} ~ 0

Next, since from (6.37) and (6.38), 2 ~ & = e%° {nDb(A)vi — e"ijgv(’f}, this implies
t¢ ~ 0. Thus we have the constraints:

ebe {nDb(A)vi - eiijgv(’f} ~ 0

These can be solved for the extrinsic curvature K! and recast as the following secondary
constraints:

Y = K!'—kK'(AE) = 0,
K(AE) = geikang(A)Eg
- %Eakebcd [EED(A)E)+ EiD(A)ES — §* B D(A)E}}  (6.43)

These are additional constraints and have the important property that these form second
class pairs with the constraints x¢ of (6.39):

@), )] = — 566 (z,y) (6.44)

To implement these second class constraints, x¢ and ', we need to go over from
Poisson brackets to the corresponding Dirac brackets and then impose the constraints
strongly, ¢" = 0 (which also implies t¢ = 0) and x¢ = 0, in accordance with Dirac theory
of constrained Hamiltonian systems. As outlined in the Appendix, the Dirac brackets of
fields A' and EP turn out to be the same as their Poisson brackets; these are displayed in
(6.71). On the other hand, those for (A%, Ef; K, Ff) are different; these have been listed
in (6.73) and (6.74).

Finally, after implementing these second class constraints, we have the Lagrangian
density in the time-gauge as:

L=E9A + FPOK. —H (6.45)

with the Hamiltonian density

1 ... .
H o= NH+NH,+; eIk Ik et (6.46)
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and a set of seven first class constraints:

Gt = n D(A)ES + FKIFS ~ 0

1

H, = BElFy(A) + F'Dy(A)Kj) — KiDy(A)F} =07 GI"K} ~ 0
E .. 1 2 |
o= \gn_ewkE?EfFfb(A) _ ( ;;7;7 >\/EE§E§K[’QK5] +5 a, (\/EGL‘”EZ) ~ 0 (6.47)

with E? in the last equation given by: E¢ = E*(E, A K) = E° % égg")(A, K). The

fields (AZ, E¢ K! F®) have non-trivial Dirac brackets as listed in (6.73) and (6.74). The
second class constraints x¢ and 1’ are now set strongly equal to zero:

Ki = wi(AE) = g €7 B D, (A)E! — % E} ' {EfD,(A)E} + E;D,(A)E}
— 0By D(A)E] |
i 1
Feo= 2 <n + n) & (A K) (6.48)

In writing the Hamiltonian constraint H in (6.47) from (6.34), we have used the identity:

- 1
VE BB (Db(A>Kf S ) = - 0. (VEEG) (6.49)
Ui

which holds due to the time gauge relation EEG! = ¢ EIK! with the constraints
K! = k' (A, F) imposed strongly.

6.4 SU(2) interpretation

To evaluate the effect of generators (6.47) on various fields, we need to use the Dirac
brackets instead of the Poisson brackets. For example, for the SU(2) gauge generators,
using the results listed in the Appendix, we obtain:

Gi(2), Bj(y)|, = €MEL 6P (),
G (2), )], = (090, +n7t €M AY) 5O (x,y) (6.50)

reflecting the fact G are generators of SU(2) transformations: A’ transform as the SU(2)
connection and fields E¢ as adjoint representations. Besides, the fields F*, K and E? also
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behave as adjoint representations under SU(2) rotations:

A

G (@), F(y)] = e E 6P(a,y)
GiM(@), Kiy)|, = €KY 59 (,y)

[G;Ot(x), E‘-‘(y)]D = IFEe 53 (2, y) (6.51)

J

<

Similar discussion is valid for the spatial diffeomorphism generators H,. The Dirac
brackets of H, with various fields yield the Lie derivatives of these fields respectively,
modulo SU(2) gauge transformations.

As stated earlier and demonstrated in the Appendix, Dirac brackets for the fields
(Al E* K! F¢) are different from their Poisson brackets (see (6.72), (6.73) and (6.74)).
This is so because the transition from Poisson brackets to Dirac brackets, except for some
special cases, in general, does not preserve canonical structure of the algebra. When the
second class constraints are imposed strongly, the algebraic structure of the Dirac brackets
of phase variables (A%, E?) of the final theory is different from those of the phase variables
(AL, E®) of the standard canonical theory. Thus the variables (A%, E%) are not related
to (A%, E%) through a canonical transformation. However, it is possible to construct a set
of new phase space field variables whose Dirac bracket algebra has the same structure as
that of the standard canonical variables (A%, E%).

In fact, in general, for theories with second class constraints as is the case here, instead of
the ordinary canonical transformations, what is relevant are the Gitman D-transformations,
which preserve the form invariance of Dirac brackets and equations of motion [24]. Thus,
in the present context also, new phase variables can be constructed through these D-
transformations. These transformations change both the gauge fields as well as their con-
jugate momentum fields.

6.5 Poisson and Dirac brackets

In the time-gauge Lagrangian density (6.45), the fields (A%, %) and (K!, F*) are canonical
pairs which have the standard Poisson bracket relations:

(AL D), B)(6,5)] = 86 69(&,7),  [Ky(6,D), F}(t.g)] = 8,0, 8V(Z.9)  (6.52)

and all other brackets amongst these fields are zero. Thus the Poisson bracket for any two
arbitrary fields P and @ is given by:

_ 5 [ 0P(x) 0Q(y) 6P (x) 0Q(y)
P@. Q) = [ dz(éAg(z) ) - (2))

7
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s [ 0P(x) dQ(y) dP(z) 0Q(y)
+ [ (5[(@ S Fee) ~ T 5K3(z)> (6.53)

From these, using B¢ = E*(E, A, K) = E* 4 27! éOZ (A K), we have the Poisson
bracket relations

Ay(2), Biy)] = [Ai(2), B)(y)] = 600 6D (wy),  [Ki(@), Ej(y)] = 0  (6.54)

Using the expressions for €4, (A, K) and é3,(A, K) as functions of A% and K as in (6.40),
the following relations obtain:

Ag(x)7 ~8§n)(y)} _ _ % cabe {QDZJ _ (W) Eiijf} (5(3)<I,y)

o L (R R e B T

cabe {HDZ'J‘ _ (9;7”5) eiijf} 5®(z,y)

b
cabe {(9 + gD — ((1 — 772370 + 2n¢> Ei’ijj} 0¥ (z,y)  (6.55)

where the SU(2) gauge covariant derivative is: DY = 699, + n~'e’*’ A¥. These Poisson
bracket relations imply for E* = E*(E, A, K) = E* + 2~ éfﬁ"’(A, K):

[Ef(x), Ely)| =0 (6.56)
Now, using these Poisson bracket relations along with (6.54), yields:
K@), Eiy)] = [Al(@), EXy)| = ob) 8*(x.p) (6.57)
where k' (E, A) is given by (6.43) and can be rewritten explicitly as:
koA E) = A, + fo(E)
fi(E) = - €V ElOEy — ﬁ Ef ! (Ej0,Ef + Bf0,E) — 6" E}0,F})
; 1 ..
= —n B <vzacvd -5 6" vgacv2> (6.58)

N3
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with v/ = E! /V/E. Tt is straight forward to check that f? satisfy the identity:
e {0,EL - 0,(InVE) E, — '™ fEF} = 0
Equivalently, this relation can also be written as:
0,E* — ntéIFfiE® = D (A)E" — n'é* B = 0 (6.59)

These relations can be used to calculate the variation § f: to be:

6fy = SdB — 10, (Ay “SE}) + 3 (0.4, ") 6} (6.60)
with
s = — (BR+BS) + S (B + B — 5 ErEy B+ iR
+ i (ErEBLES + B ELEY) £ + (EyEL — ELE} + 0"ELEy ) Eg, fI"
— 1 (0B By - O.E ) By — 7 & (0.B) B, - 0.ELE]") E
+ 5 (OB — 0.E] ) B
Ay = <ei”“E;”Eg” — ; € EY By + ; elmkEg”E;> Ej, (6.61)

Notice that S and A, ! are respectively symmetric and antisymmetric under the inter-
change of the pair of indices (a,7) and (b,1):

Szzzlb = ll)zz ) Aab * = - Aba & (662>
These properties, immediately, lead to the relation:

ofi(x)  0fily)
SE}(y)  O0EM(x)

(6.63)

Next, using x%(z) = F(z) — 2(1%’72) ég.(x) from (6.39), equations (6.52) also imply the

following:

(o 8] = - 2 (e ). B2
A e i (1 —1°)0 + 2n¢ ikj ok \ 53) (o
= e {(6+n¢)DC ( ; )e Kc}W( )



2(1+17?)

6. (2), P2 ()]

_ ieabc {((1 _ 772)& + 2n¢) Df;j + <(3772 _ 1)9 ; 77<3 - 772)¢> Eiijf} 5(3)(x,y)

(@), Ay)] =0, (@), Kiy)] = — oo 6P (a,y)
ebi(W)] = (L+n?) [Ef(x), eby(v)]
_ 727 abc{((l —?)h— 2779) Dy (77(3 -1 )9: (3n° — 1)¢> Eiij(l:f}(s(Zi)(x’y)
(1+7°) [\ (@), &,()] = 1+ [Fr(), &;)]

_ z Eabc {((1 . 772)9 + 277¢) DZJ + ((377 - 1)9 ; 7]<3 —n >¢> Eiijéc} 5(3)($’y)
(@), e (y)] = [Fr(x), &)

- 727 abe {(9 + 56) DY - (“1 = "’29 * 2””’) e”“ij} 59(z,1) (6.64)

which further imply:
@), Elw)] =0, [xi@), mw)] =0, @), Xiw)] =0 (6.65)

For ¢! = K!—k! (A, F) as given by (6.43), using (6.54) and (6.58), we have the following
useful relations:

Vi), ENy)| = = |ki(2)  E)y)] = —0bd; 6% (. y),

o )] = - [, 40)] = G

@), Biy)] = - [si(2), El)| = EiE 6 @.y),

Ui@), E(y)] = — [ml(@), E(y)] = EE; 8(,y) (6.66)

The Poisson bracket relations among y¢ and 1, obtained by using the properties listed
above, can be summarized as:

@ XW] =0, @), )] = =58 6P (wy),  [ei@), ¢y)] =0 (6.67)

where the last equation follows from the relation:

i) )] = [, ]+ [ 4] = SED - HD — 0 (o)
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Here the Poisson brackets involving fi(E) are calculated by using their expressions as
functions of E' as given by (6.58). The identity (6.68) further implies the following Poisson
bracket relations:

Fiy(x), ’h(w)] + [Du(A)si (@), Ay)] =

Fiy(@), DAy )] + [D(A)syy(2), F <>}=o,

0 [D(A)ly (@), Di(A)iy ()] + [Fip(a), ™ k2 () ()] + [¢¥ kb (2)mb (@), Fy(y)] = 0
Dy (A)syy (@), BT ()G ()] + [k (2)my(x), Di(A)s(y)] =0, (6.69)

To implement the second-class constraints x¢ ~ 0 and ¢ ~ 0, we need to go over to
the corresponding Dirac brackets and then put x¢ = 0 and ¥{ = 0 strongly. From the
Poisson bracket relations of these constraints (6.67), the Dirac bracket of any two fields C
and D can be constructed to be:

[C, D]p = [C, DI=[C, x] [&, DI+[C, 4] [x, D] (6.70)

Using the Poisson bracket relations listed above, it is straight forward to check that the
Dirac brackets amongst A’ and E® are the same as their Poisson brackets:

[BX@), ENy)| = [Er@), Ey)] =0, [AL@),Aw)], = [Ai@), 4w)] =0
AL(@), Eb()| = [AL@), E}(y)] = 0bd} 6°(x,p) (6.71)

8

Also we note that,
{K2($)7E?<y)}D = [RZ(x),E?(y)}D = [HZ(CL’)’E;’( )} [Al( ) ( >] _ 525; (53(1:,3/),
[Kiw), Alw)] ) = [ri@), A w)] =

= [Ai@), iw)] + [fi@), Aw)]=0 (672

where in the last terms of second and third equations, the Poisson brackets are to be
evaluated using (6.58) which express fi(E) as functions of E.
The Dirac brackets of (AL, E) and (Ef, E?) are not same as their Poisson brackets:

Ao B, = [, B -2 d00)| = o 0 -2 [anta) )]

20



B0, B, = = [0, & )]
= = ML) et ([R o), )]
+ [T ()R (x), Flp(y)])
_ MO cosagret [ (A)wiy(a), D (Al ()] (6.3

Here the argument x in e;(k) and €% (k) is to indicate that these are as in (6.40) with K’
replaced by ! which in turn are given by (6.58) as functions of A% and E?. Further, here
in the second equation, we have used:

[Ei(), & ()] + [60" (si2), Eby)] = 0

Also,
Ao )], = 2 [, ], = 2 [, )]
B, )], = 2w, eyl = 2 [, o)
[Er). B0, = T e, ], = U o), et
= L) (g4 7)ot [D (). Dy (A1) )]
B )], + [0 B0, = — S [ ), )]
= - 2D et [ (Ao, DAy
i), B = 225 ki), )] = 235 L), dmy)]  (6.7)

n

6.6 Summary

We have analysed the most general gravity Lagrangian with three topological densities,
namely, the Nieh-Yan, Euler and Pontryagin, from a classical canonical perspective. The
canonical theory develops a dependence on all three parameters which are coefficients of
these terms. In the time gauge, we obtain a real SU(2) gauge theoretic description with
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a set of seven first class constraints corresponding to three SU (2) rotations, three spatial
diffeomorphism and one to evolution in a timelike direction. Inverse of the coefficient of the
Nieh-Yan term, identified as the Barbero-Immirzi parameter, acts as the coupling constant
of the gauge theory.

It would be of interest to see how any or all of these three topological parameters
affect the quantum theory of gravity, if at all. Also, since two of the topological densities,
namely, the Nieh-Yan and Pontryagin, are parity odd, it is possible that they might leave
their signatures through some parity-violating effect(s) in gravity.
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Chapter 7

Second-class constraints and
quantization

Here we explore the issue of constructing an appropriate quantum framework where the
imports of the topological Nieh-Yan term can be seen in a way as is typical in gauge
theories.

It is well-known that the presence of total divergences in the Lagrangian does not
affect the classical dynamics. However, when the divergences are of topological origin, the
corresponding quantum theory might be affected by such additions. For example, exactly
such a situation is realized in QCD. The classical vacua there are given by the condition of
a vanishing field strength and are characterised by pure gauge configurations for the gauge
fields:

A, = g’laug

The group elements g fall into homotopy classes labelled by integers n. Thus, the classical
ground states are infinitely degenerate. The naive quantum vacua, corresponding to each
of these states, would also be infinitely degenerate. However, due to tunneling effects, the
actual quantum vacuum is actually a linear superposition of the perturbative vacua asso-
ciated with these ground states and is essentially non-perturbative. The existence of such
a non-trivial vacuum structure can also be understood through an effective Lagrangian,
which contains a topological density in addition to the standard kinetic term. This is
known as the Pontryagin density of SU(3) gauge theory with a constant coefficient 6. This
parameter, although classically irrelevant, shows up in the quantum theory through the
true non-perturbative vacuum state which can be written as a superposition of all the
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perturbative ground states:

+oo
|w Spac = Z ezn0|wn >
n=—00
The integers n correspond to the charges given by the integral of the Pontryagin density and
are associated with the homotopy maps s* — s3. These are characterised by the homotopy
group m3(SU(3)) = Z. Moreover, when this theory is coupled to massive fermions, physical
quantities like the electron dipole moment of the neutron depend on 6.

In a quantum framework, the implications of a topological term can also be understood
through a rescaling of the wavefunctional by a topologically non-trivial phase factor. This
procedure is used in non-abelian gauge theories[25] where the wavefunctional is rescaled
by the exponential of the Chern-Simons three-form with i6 as its coefficient:

. . . ) o
W= Sy, with jt:e“bc(AzabAinLgeijkAZA{,A’j)

Here j' is the time component of the 4-vector j#, the Chern-Simons 4-current and 4, j, k
denote the SU(N) group indices. For Yang-Mills theory and QCD, N=2 and 3, respec-
tively. The physical states 1, are invariant under ‘small’ gauge transformations built
out of infinitesimal ones, but not under the ‘large’ gauge transformations which cannot be
constructed out of infinitesimal ones. Under these, the gauge fields transform as follows:

AT, = g7 AT g — g ' Oug

Thus, when g, the SU(N) group element, belongs to the trivial homotopy class, it is de-
formable to identity and corresponds to the ‘small’ gauge transformations. On the other
hand, the ‘large’ gauge transformations arise when the g-s correspond to the non-trivial
homotopy classes. These cannot be deformed to identity and under these the physical state
Yphy is only phase-invariant. To be precise, under a representative gauge transformation
belonging to the n-th homotopy class, ¥, transforms with a winding number n:

ind
gn¢phy = e wphy

Note that the rescaled wavefunctional ¢’ is invariant under both ‘small” and ‘large’ transfor-
mations by construction. This can be seen from the fact that under ‘large’ transformations,
the functional as in the exponent in equation (7.1) transforms as:

/d3xjt/ = /d3xjt - n

Through ', the non-trivial import of the topological parameter € in the quantum theory
gets manifested in a transparent manner. The study of the underlying non-perturbative
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vacuum structure in non-abelian gauge theories becomes particularly simpler within such
a framework.

Motivated by the gauge theory example, we might invoke a similar construction for
gravity in order to study the potentially non-trivial import of the topological Nieh-Yan
density which can be added to the gravity Lagrangian. However, it turns out that it is
not possible to do so when one uses the standard quantization procedure of Dirac. To see
why this is so, let us study the rescaled wavefunctional in the case of gravity in analogy to
gauge theories:

W = el Py g with gy = eVIDV! (7.1)

Here v is the wavefunctional representing the formally quantized Hilbert-Palatini theory
and j4y is the time component of the Nieh-Yan 4-current jhy . Its divergence gives the
Nieh-Yan topological density: 9,7y = Iny. Here j&, and Iyy are to be seen as the ana-
logues of the Chern-Simons functional 7' and Pontryagin topological density in the gauge
theory case, respectively. However, the canonical theory of gravity contains second-class
constraints (unlike the gauge theories as above) in addition to the first-class constraints.
The standard quantization method of Dirac requires these second-class pairs to be imple-
mented before quantization. When this is done for pure gravity, this implies vanishing of
torsion, and results in a vanishing rescaling functional j . Thus the rescaling in equation
(7.1) becomes trivial. This precludes any possibility of studying the import of the Nieh-Yan
topological term in the quantum theory through the rescaling framework.

Hence, for this purpose, one must adopt alternative quantization methods instead of
the Dirac procedure. Here we use the Gupta-Bleuler and coherent state quantization
approaches which involve a different treatment of the second-class constraints. These
methods are quite general and can be used for gravity theory with or without matter.

We note that the procedure of rescaling has been applied earlier to gravity coupled
to spin- fermions [16]. However, the approach in ref.[16] uses Dirac’s method to solve
the second-class constraints before quantization, or in other words, uses the connection
equation of motion. As explained already, this method cannot be applied to pure gravity,
since the rescaling functional j4,- vanishes when the connection equation is used.

The general idea of the Gupta-Bleuler quantization [26] is to split the original set
of first and second-class constraints into a holomorphic and an anti-holomorphic set of
first-class constraints related through the hermitian conjugation. The physical subspace
contains only those ket states which are annihilated by the holomorphic set. Here we apply
this method to Hilbert-Palatini theory. The resulting space of physical wavefunctions is
then used to employ the rescaling. This leads to the canonical formulation based on
the Lagrangian containing both Hilbert-Palatini and Nieh-Yan terms, as desired. Next
we repeat this exercise using the coherent state quantization for constrained systems[27].
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There we consider a squared sum of the original second-class constraints to define the
physical Hilbert space. Note that such squared combinations also appear in the context
of the Master constraint programme[28], where the constraints are enforced in a different
way than above.

In contrast to Dirac’s approach, our analysis in either cases does not require the use of
the connection equation of motion for the rescaling. This particular feature is essential in
order to recover a complete topological interpretation of the Barbero-Immirzi parameter,
independent of any matter coupling.

In the following section we demonstrate the rescaling procedure in time gauge, first in
the Gupta-Bleuler and then in the coherent state approach. We work in a representation
diagonal in the densitized triad operators. Subsequently, we generalise our construction
for any choice of gauge.
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7.1 Hilbert-Palatini canonical theory

First-class constraints

The Hilbert-Palatini Lagrangian density is given by :

|p—
L = iez*;JR{;; (7.2)

We parametrize the tetrad fields as [23] :

el = VeNM'+N°V! el = VI © MV =0, MM = —1 (7.3)

a

and then the inverse tetrad fields are :

el = —7MI e = Va—i-LaMI ;
I \/ma 1 I \/W )
M'VE =0, ViV =& vive = § 4+ MM, (7.4)
Introducing the fields
a ta Ml ~ 01 01 im i
E} =2eXg , xi = M, Wp = Wy T XmWy v G = WaiX (7.5)

the Lagrangian density in (7.2) can be written as :

1

L = Eiaat(:}a()i -+ C’@txl — W?iGQZ’ — 5 U)Z'jGij — NH — NaHa (76)

H, H, and G%°' and G are the scalar, vector, boost and rotation constraints, respec-

tively (GPost .= Gy;, GI° := %eijijk) .

In terms of the canonical variables, the Nieh-Yan functional j4 becomes :
: 1 i a mn c imn c
.]}:VY = 5 \/Ee ]kEj Eg [— Xiaa (\/EEZ €bed XlEmEg) + 8@ (\/EE EdeEmE;O }
1

- My, - —
21— )

XexiMu — €7%x0," E (7.7)

where we have used the identities

e“bCch = \/EEijkEaiEbj, \/E‘/ck = Eck and \/E‘/CO = XkEck
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and also the decomposition':

1
Waij = iEa[iCj] + 5 eijkEalel, M =tk

1
(1—x?)
which is just a way to represent the nine components of w,;; in the basis of three (;’s and
Six Mkl7s-
One can choose the time gauge by putting y; ~ 0 . As this condition forms a second

class pair with the boost constraint, they have to be imposed together.
The boost constraint is given by -

G?OOSt = - 3aEf - waijE;-l
= — 0B+ G

which is solved by the condition
G =0.E" . (7.8)

The first-class set of constraints are given by the following expressions :

G;Ot = EijkngE]Z
Ha = EZbRagl
— Efé)[awgf — wgig + [eileajCi — EakMkl ] G;Ot
1 a b p i
a 1 1 a by 1 a bj A rmn
=  E0.¢G + 5 GiGi — B El'EyiGO B + §eijm E!Ey, 0, E™ M
1 1 Lo
+ 5 [26G + MPMY — MMMY] - SETE] whiw,] (7.9)

where (; is given by (7.8) .
From (7.7) , we get the following expression for j&, in time gauge :

1 — .
jhy = 5@5]’@;5’;@ (VEe™ e BL) — Mg (7.10)

Second-class constraints

!The parametrisation for wg;; here is different from that in ref.[23]
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As the Lagrangian density (7.6) is independent of the velocities associated with My,
we have the primary constraints involving the corresponding momenta :

T o~ 0 (7.11)

These in turn imply secondary constraints, which essentially lead to the vanishing of torsion
(see [23] for details) :

[H,ﬂ'kl] ~ 0
1 g
=> EijkEiaEblaaEJl? -+ 5 ( M”(Skl — Mkl) + (k)(—)l) ~ 0
=> Mk:l — Fkl(Ela) ~ 0 (712)
where we have defined F}; as 2 :
1
Fu(EY) = 3 €ijmBEIEL 04y O — €inBYEY0uEy; + (k<5 1) (7.13)

Dirac’s prescription leads to the next step where the second-class constraints are solved
before quantization or are eliminated through Dirac brackets. This is equivalent to impos-
ing them ‘strongly’ as operator conditions[12]. Thus the physical subspace of the original
Hilbert space would be obtained through the states which are annihilated by the operators
corresponding to the remaining set of first-class constraints. However, here the second-class
pair in (7.11) and (7.12), when enforced strongly, leads to the vanishing of the rescaling
functional j%,-. Thus, the Dirac quantization procedure as it is cannot provide any pas-
sage to the new set of constraints corresponding to the Lagrangian density containing the
Nieh-Yan term.

Hence, one must adopt alternative quantization procedures to impose the second-class
constraints in the quantum state space. Here we first employ a method which is a slight
generalisation of the Gupta-Bleuler approach in electrodynamics, and then repeat the
exercise using the coherent state quantisation. Both the cases result in a non-vanishing
rescaling functional through which the canonical transformation can be carried out.

7.2 Gupta-Bleuler quantization

Following the general idea of Gupta-Bleuler quantization, we have to find suitable holo-
morphic and anti-holomorphic sets containing all the constraints. Here the sets can be

2In the presence of matter coupling this would be [ My — F(E2, ém) | = 0, where ¢,,, denotes the
matter fields, eg. fermions when gravity is coupled to fermions
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defined as:
C = (Giot, H,, H, (le+i0z7rkl))
Ct = (Gl Ha H', (Qu—iamy)) (7.14)
where « is a constant and ]:I H T Qu are defined as:
H = E%,¢ + c,g E EaEbjcza EY + ;eijm EEppy0a B (M, + i07y,)
+ ; [2G¢ + (M, + iOﬂTkk)(Mzz +iamy) — (M +iamy)(My + iamyg)]

1 a b 0i, 0j
Tt pag o 1 o, 1. pa bi .
H =  FE0,(; + QQ E EyiG0. E” + 5 Cim EfEp 0o E” (M — i)
1 . . . .
+ s [ 2G;G + (Mkk - ZOHTkk)(Mzz - ZCWTU) - (Mk:l - ZOész)(Mkl - ZONTM)]

1 a b Oz 0]
Qu = Mkl - Fkl(Ef)

Thus we have two sets of first-class constraints which satisfy the required algebra given
by|[26]:

[Ca,CB] = 0 = [C},CF],
[Ca,Ch] & Zap (7.15)

where Z4p, the central charge is a function of « in our case.

In the definitions (7.14), instead of H, one needs to take the classically equivalent
constraints H and H' in order to ensure the abelian property of the individual sets, and
hence to reproduce the correct algebra as in (7.15). H and H' are obtained by replacing
My, in H by (My + iamg) and (My, — iamy) , respectively.

Next we define a representation based on the fundamental commutation relations as:

. , o

E' U > =B U > | 0% 0> = — i— |U>
SEe

- o

My, ’\I/ > = My |\Ij >, ﬁkl “Ij > = — 1—= ’\I/ >
oMy,

Here | U > represents the formally quantized Hilbert-Palatini theory. The physical subspace
is obtained through the realisation of the set C' on the ket states:

ClU> =0 (7.16)
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Thus, the constraints involving the canonical pair (Mkl, Tr) act as:
(le + i&ﬁkl) |\I/ > =0 (717)

The hermitian conjugation of the above implies that the physical bra states are annihilated
by CT.

JFrom (7.17), it follows that the original second-class constraints are satisfied individ-
ually through the expectation values with respect to the physical states:

<UIQu|T > = <P > =0

This is how the correspondence with the classical formulation emerges in this framework.

Equation (7.17) completely specifies the dependence of the wavefunctional on the vari-
ables My, whereas the constraints G7°, H, and H determine the E¢ dependence. Note
that in H, My, appears only through the corresponding constraint. Thus the full wave-
functional can be written as:

U(M,E) = $(M — F) 6(E) (7.18)

where qB(M — F) is a Gaussian functional of (My; — Fy;) = Q- Thus the Gupta-Bleuler
wavefunctional differs from the one obtained through Dirac’s procedure by the vacuum of
the oscillator in the QQ space. The integral representation for the inner product becomes:

[ant @ar—F)? [dE 6" (B)o(E) = [dQ (3(Q)? [dE ¢"(E)s(E)  (7.19)

where we have used the fact that the Jacobian corresponding to the change of variables
from M to Q is identity. The Q integration can be performed trivially, leaving only the E
integral. This then becomes equivalent to the reduced space integral as would be obtained
by Dirac’s procedure, upto a normalisation.

Importantly, the above expression contains no delta-function corresponding to the con-
straint in (7.17), which usually appears as a projector in the inner product for first-class
constrained systems (see chapter-13 in [13], for example). Also, note that the presence of
the Gaussian functional ¢(M — F) in (7.19) leads to normalisable states in the Mj,; sector.

7.3 Rescaling

Next we proceed to perform the rescaling in the quantized phase space. Note that jiy de-
pends only on the operators corresponding to the configuration variables (E?, My;). Thus,
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the new momenta conjugate to Ef are thus given by :

GO = e iy 0 in ey g
SEd OB
(S N . zEa - lE Eal n
- ( d gﬁz’jlwdij + - ~ - tﬁ) v
SE; VE

where we have used the expression

55y 5 E;\ 6(WEEYE")
SE? ikt \ /B SE?

1 Ey4Ey — EaFy |
= 5 Cigldij ti

VE

with t¢ defined as :

= €DV,
= eabcab< §E> + \/QE [ *EROEY + EfMy — EfMy, | (7.20)
The new 7;’s are obtained as -
ﬁ]/d - 6i17fd3xj§\,y . e—mfd%jfw T
_ <5]\(;kz _ 6j§VY§EM?l;lek)> v

1
= — + nd U’
<5Mkz K kl)

Note that this procedure goes through in presence of matter couplings which lead to
non-vanishing torsion.

As already mentioned, the expectation value of the constraint (7.17) among the physical
states in the My, sector (i.e., the states ¢(M — F) in (7.18) ) leads to the relation-

<Mkl >y = <Fkl(EA|Zq) >M )

which is the analogue of the classical constraint in (7.12). To emphasize, here torsion as
an operator in (7.20) does not annihilate W, rather its expectation value vanishes. This is
to be contrasted with the Dirac procedure where the torsion operator vanishes ‘strongly’.
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New constraints

The new constraints, which annihilate the rescaled wavefunctional ¥’ can be found by
introducing the new momenta in the expressions as given in (7.9) . We illustrate this for
G7° below.

The rotation constraint for the action in (?7?) containing the Hilbert-Palatini and Nieh-
Yan terms is given by :

é;rot _ einfd:s:rj}f\;y é:ot efinfd3zjf\;y
— fa ijk~'0j fra T
= nOE! + 0,7 E; -
VE

Taking the expectation value with respect to the states QNS(M — F), we arrive at the familiar
SU(2) Gauss’ law :

1
EijkEbjtk

<G>y = nd Bt + €V AIES
where,

~ N R N .
Ald = <wy o >y = deI — §€”lwdi]’

Without going into the detailed algebraic expressions of the remaining constraints corre-

sponding to (?7?) as they are not relevant for our purpose here, we observe that they can

be obtained in a similar manner as shown for GI°.

7.4 Coherent state quantization

We now demonstrate another approach, namely, the coherent state quantization for con-
strained systems|[27]. Although this was originally designed to develop an alternative path-
integral formulation using coherent states, here we use the essential idea to enforce the
appropriate ‘quantum’ constraints. This would allow a consistent rescaling formulation for
gravity with or without matter.

Following the general construction developed by Klauder [27] , we seek the states for
which

< VY ((Mkl —Fkl(Ef))2+ﬁ§l) 0> = <U|(Q}+7)|T> =0 (7.21)

However, since we have < 5212 >= (AA)? + < A >? for any operator A, equation (7.21)
cannot be satisfied by any A with non-zero uncertainty AA. Hence, as suggested in ref.[27],
one has to modify the above criterion as

< W(Qf + 7)) ¥ > < X (O() (7.22)
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where, )y denotes the minimum eigenvalue in the spectrum of the constraint operator.
The modification, being of the order of h, is a purely quantum feature. The rest of the
constraints G, H, and H, as given by equation(7.9), are imposed as they are on the
physical states:

G > = HJ U > = HU> =0 . (7.23)

Now, there is a family of minimum uncertainty states, namely, the canonical coherent
states, defined as:

M, > = ¢ iMieinM|g s (7.24)

where M =< Mkl >, m =< T > and | > is some fiducial state for which M =0, 7 =0

(we supress the indices just to simplify the notation). Among these, the one satisfying
(7.22) is the coherent state for which @ = (M — F(F)) = 0, 7 = 0, with F(E) =<
Fu(E?) >. Using (7.24) , the explicit form of this state reads:

V(M) = e FETF(M) = B(M ~ F(E))

where S(M) is the fiducial state functional in a representation diagonal in Mj,.
In this formulation, one can define a projection operator P onto the physical Hilbert
space, requiring the following properties|[27]:

pt=p P*=p

In our case P (in the My, sector) becomes simply |W (M) >< U(M)]| .
The full wavefunctional representing the physical subspace can thus be written as:

V(M,E) = B(M - F) ¢(E)

The inner product in this space reads:

[ amae v (M, EYR(M.E) = [ dQ 5'(Q)B(Q) [ dE ¢ (E)o(E)

As in the Gupta-Bleuler case, here also the Qg (or, My;) sector factors out leaving only
the E integral in the product. In particular, we can choose the fiducial state to be the
oscillator ground state in this case. Then this expression reproduces the Gupta-Bleuler
product as in (7.19). Thus the two Hilbert spaces are equivalent. The rescaling can now
be implemented along the lines of our previous discussion.
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7.5 Rescaling for any gauge choice

Now we provide a brief outline of the rescaling procedure without choosing any gauge. For
non-zero ;, the canonical coordinates in the Lagrangian density in (7.6) are @,%, Mj; and
x: where @,” is given by equation (7.5) .

Y in (7.7) can be rewritten as :

Ny = ; \/Ee”kEjEZ [— Xi Oa (\/Eelm"ebcd XIE;E;’ZL) + 0, (\/Eeim”ebch;Eff)}

- My — XeXitMu — 2€7*ESxidaxi + 2xeG” (7.25)

1
(1=x%)
The structure of Y suggests that we can choose the representation to be diagonal in the
operators E Mkl and y; . In the above equation the last term involving Gmt commutes
with all other remaining terms and acts trivially on |¥ > to give zero. Hence this term
can be ignored at this stage itself.

One can follow exactly the same procedure as earlier to define a suitable physical sub-
space using either the Gupta-Bleuler or the coherent state method, and then find the new

set of canonical operators through the rescaling. Thus, the new momenta @.” conjugate
to B read:

~! l lj i

deZ _ wc(ln) o _ ij((in) I ey

+n EqiEa + VEe B | (12 — xitd) (7.26)
2VE

where we have defined :

t9 = e DV, = e [abvcz + wiVd — W'V |,

758 _ Eabc Dcho _ abc [8bv0 _ wbzvl]

As is evident, we recover the new momenta in time gauge when y; = 0 and (; = 9, E{ .
The momenta corresponding to My; and y; transform as follows:

XkX1
Ty = 7w + 7 <5k + )
kl 1 — X2

: ; ik BE Ly n XiX; Vi
10 i ijk pa o o b ) b S J ik
C C ne j [ aXk kXmO0a /—E 1— X ij 1— X Xk

The new set of constraints, which annihilate the rescaled wavefunctional ¥’ can now be
obtained in a manner as demonstrated for the time-gauge fixed theory.
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7.6 Summary

We have illustrated how to arrive at the canonical formulation corresponding to the ac-
tion containing the Hilbert-Palatini and Nieh-Yan terms starting from the Hilbert-Palatini
canonical theory through a generic rescaling procedure. The constraint operators, through
their action on the physical states, reproduce the real Ashtekar-Barbero formulation.

As it turns out, one cannot invoke such a rescaling to obtain the Ashtekar-Barbero con-
straints if the Hilbert-Palatini second-class constraints are eliminated before quantization,
as is done in Dirac’s method. Here we have provided a remedy to this problem by using
alternative approaches, namely, the Gupta-Bleuler and the coherent state quantizations.
These two cases result in the same physical Hilbert space. Also, here the torsional degrees
of freedom as associated with the second-class constraints emerge as relevant canonical
operators through My, and 7. To emphasize, these do not appear in the Dirac-quantized
phase space where the second-class constraints are eliminated beforehand. It would be
interesting to see the implications of this particular feature. The framework as devel-
oped here provides a natural arena where the potential role of the torsional fluctuations
in quantum gravity can be studied further. Any progress along such lines might also shed
some light on the possible import of the Nieh-Yan density in the quantum theory. Note
that a concrete understanding of this particular issue might be difficult, if not impossible,
within the Dirac quantization scheme where the Nieh-Yan term is trivially zero. Thus, the
alternative frameworks as proposed here might provide some insight in this regard.

As both the quantization methods lead to a non-vanishing rescaling functional j4, they
apply to any arbitrary matter coupling. When such couplings lead to nonzero torsion (e.g.
fermion coupled to gravity), one can obtain the new canonical constraints by writing j4, in
terms of the geometric variables (i.e., tetrads and spin connections). Using the connection
equation of motion to write jky in terms of matter fields there becomes purely optional.
Thus our analysis provides a complete topological interpretation of the Barbero-Immirzi
parameter in a quantum framework, whether or not matter is coupled to gravity.

We have also shown that the rescaling can be carried out without having to choose any
particular gauge (e.g., time gauge). Thus the appearance of 7 as a topological parameter
in this quantum description is not an artifact of some special gauge choice, as also shown
in chapter-2 from a classical perspective.
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Chapter 8

Concluding remarks

The investigations and results as presented in this thesis provide some perspective into
what could be potentially worthwhile issues to explore.

In the case of gauge theories, the import of the topological Pontryagin term in the
quantum theory is non-trivial, as already explained in the previous chapter[25, 29]. Tt
leads to a ground state which is very different from the one as would be obtained through
a naive analysis. The (degenerate) minimum energy states all conspire to form a new vacua.
Each of them contribute with a phase which depends on the topological 6 parameter. This
effect is non-perturbative in nature as semiclassical perturbation theory for small coupling
constant cannot sense such state of affairs. Also, some of the observables in the quantum
theory do depend on the topological parameter. For example, the electric dipole moment
of the neutron depend on the 6 parameter of QCD.

Whether some or all of the three topological terms in gravity theory imply such rich
vacuum structure demands a careful investigation. Such questions are also tied up with
issues like a suitable classification of the vacuum configuration in gravity and the precise
analogue of the large gauge transformations as in non-abelian gauge theories. To emphasize,
it would be important to study what might be the winding numbers associated with the
topological invariants and whether there are instanton-like configurations in gravity which
lead to tunneling effects. Such analyses might unravel some important features of the
quantum theory of gravity, a complete understanding of which still eludes us.

Also, since the Nieh-Yan term vanishes on-shell for pure gravity, it is not a priori
clear how its coefficient 7 might contribute to the tunneling amplitude, if at all. A rigorous
investigation along these lines would require a consistent path-integral formulation in place
for gravity in the first-order framework. This seems to be one possible way to understand
if the torsional fluctuations play any role in the quantum theory of gravity.

The analyses in this thesis are sufficiently general to suggest that the the topological
parameters should manifest themselves in any quantum theory of gravity. In particular,
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one can study how the Nieh-Yan invariant, and hence its coefficient 7, does emerge in
the low energy effective action of string theory, which is a candidate theory for quantum
gravity. In such a framework, n might show up as a dynamical field, leaving open the issue
of possible mechanisms through which it can be fixed at some expectation value.

The results here indicate that a complete theory of gravity would contain two other
topological parameters, i.e., the coefficients of the Euler and Pontryagin densities, along
with the Barbero-Immirzi parameter. As is well-known, the spectrum of the area operator
in Loop Quantum Gravity depends on 7[30]. It is intriguing to see whether the other
two also do leave their imprints on any geometrical operators or show up through other
non-perturbative effects as such.
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