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Abstract A longstanding issue is the classical equivalence
between the Jordan and the Einstein frames, which is consid-
ered just a field redefinition of the metric tensor and the scalar
field. In this work, based on the previous result that the Hamil-
tonian transformations from the Jordan to the Einstein frame
are not canonical on the extended phase space, we study the
possibility of the existence of canonical transformations. We
show that on the reduced phase space — defined by suitable
gauge fixing of the lapse and shifts functions — these trans-
formations are Hamiltonian canonical. Poisson brackets are
replaced by Dirac’s brackets following the Bergman-Dirac’s
procedure. The Hamiltonian canonical transformations map
solutions of the equations of motion in the Jordan frame into
solutions of the equations of motion in the Einstein frame.

1 Introduction

Dicke, in a pioneering article [1], stressed that physics is
invariant under re-definition of unit of measurement. This
very fact implies that physics should be invariant under Weyl
(conformal) transformation of the metric coefficients. The
starting frame, where we consider the metric tensor, is called
Jordan frame (JF), while the frame obtained by the Weyl
(conformal) transformation of the original metric is called
Einstein frame (EF) [2-4]. Many people believe that the pas-
sage from the Jordan to the Einstein frames is only a field
redefinition at classical level [5-11] as well as at quantum
level [12-17]. In this last case, there are people claiming
that the two frames are inequivalent [18-21]. The equations
of motion in the Jordan frame have been found completely
equivalent to those one in the Einstein frame [22-26].

In order to show a concrete example, we consider a special
case of scalar-tensor Brans—Dicke theory [27]. In the Jordan
frame the action is [4]:
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f d*xy/=g ( R - ¢g“”au¢au¢ - U(¢>>>
+2/ dxvVhoK. (1)
oM
The equations of motion for the metric tensor are:

1
Ry — Eg;wR = % [ 1P — _g;wgaﬁa ¢3ﬂ¢):|

1 1
+— |:V Vi — guvD¢ guvU(¢)i|

¢
()
and for the scalar field:
dU
B+ 20)0p = p— —2U (¢). 3)

d¢
Weyl (conformal) transformations of the metric:

B = (167GY) guv, & = &, 4)

define the passage from Jordan frame, see Eq. (1), to Einstein
frame:

4 ~ 20+ 3 ~u
/ d xr[lénG T (6rGg2s e
V) + L [ #ViR, 5)
where:
U@
V) = Gegon ©)

Equivalence of the Jordan and the Einstein frames means
that if the following couple

(guv(x), p(x)) (7
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is solution of the equations of motion (2)—(3) in the Jordan
frame, then the corresponding couple, obtained through Weyl
(conformal) transformation

(8w (), 9 (1)) ®)

is solution of the equations of motion derived from the action
(5) in the Einstein frame. One way for proving the previous
statement is to go to the Hamiltonian formalism and show that
the transformations from the Jordan to the Einstein frames
are Hamiltonian canonical.

In the literature several authors claimed [28-30], or par-
tially proved [31,32], that the Hamiltonian transformations
from the Jordan to the Einstein frame are canonical trans-
formations. Therefore the Dirac’s constraint analysis either
of the Brans—Dicke theory [28] or a generic f(R) theory
has been carried out making a transformation from the Jor-
dan to the Einstein frame. In virtue of the assumed canon-
icity of the Hamiltonian transformations from the Jordan to
the Einstein frames, the constraint algebra of the secondary
first class constraints in the Jordan frame is just the same
of Einstein’s geometrodynamics [33]. We showed, see [34—
36], that the Hamiltonian transformations from the Jordan
to the Einstein frames cannot be considered canonical trans-
formations strictly speaking. In the Finstein frame there are
Poisson brackets, among “non-conjugate” variables, which
are not zero [34-36]:

87 GN (x)8P (x — x')
V16T G (x)

Asitis well known, the lapse N and the shifts N; are gauge
variables related to the coordinate displacements between
two space-like surfaces. We have shown that also in the
Hamiltonian formalism of mini-superspace model of flat
FLRW universe the transformations from the Jordan to the
Einstein frames are not canonical transformations [35]. As
a further check of non-canonicity, we have transformed the
Hamiltonian function from the Jordan to the Einstein frames.
We derived the equations of motions both in the Jordan and
in the Einstein frames using the respective Hamiltonians. In
the Einstein frame, on the equations of motions, we applied
the transformations from the Einstein to the Jordan frames.
In this way, we get two sets of equations of motions in the
Jordan frame. We confronted and contrasted these two sets
and found that all the equations of motion are equivalent
modulo constraints, except the equation of motion for the
lapse function. This very fact suggested us to gauge-fix the
lapse function both in the Jordan frame and in the Einstein
frame. We implemented the gauge-fixing condition as sec-
ondary constraint and noticed, as expected, that these sec-
ondary constraints become second class constraints with the
primary constraints. Introducing Dirac’s brackets, we derived

(N(), Fp(x)) =

©))
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the equation of motions and solved strongly the second class
constraints. Therefore, we end up with a reduced phase space
in which the lapse N and the related momentum are not
a dynamical variables anymore. The transformations from
the Jordan to the Einstein frames, restricted on this reduced
phase-space, is now Hamiltonian canonical. The same rea-
soning can be implemented in the field theory case. There,
we have to gauge-fix the lapse N and the shifts N'. The trans-
formations from the Jordan to the Einstein frame continue to
be Hamiltonian canonical.

The paper is organized as follows: in Sect. 2 we study the
Hamiltonian Weyl (conformal) transformations for Brans—
Dicke theory in a flat Friedmann—Lemaitre—Robertson—
Walker (FLRW) mini-superspace case; in Sect. 3 we show
that this transformation is Hamiltonian canonical on the
reduced phase space defined by gauge fixing the lapse func-
tion.

In Sect. 4 we generalize the previous considerations in the
field theory case with the Arnowitt—Deser—Misner (ADM)
formalism. In this case too, see Sect. 5, we show that the
transformation from JF to EF is Hamiltonian canonical on
the reduced phase space. Here we gauge fixed both the lapse
and the shifts functions. We argue on the very issue whether
a Hamiltonian canonical transformation, between two sys-
tems, implies a physical equivalence and conclude in Sect. 6.

2 Hamiltonian Weyl (conformal) transformations in
FLRW Universe

In this section and in the following we consider a flat mini-
superspace FLRW model; the metric tensor is defined as:

g =—N’(t)dt ® dt + a*(1)dx' ® dx' (10)

where N (¢) is the lapse function and a(t) the scale fac-
tor. N(¢) is a real dynamical variable [37], and not only a
Lagrange multiplier [38]. Starting from the action (1) we
obtain the following Lagrangian in the JF [39]:

0l GO 2 NU). (1)
= S @R -NaU ). ¢

LrLrw = —

Remember that in this FLRW case, assuming w # —3/2, the
Brans—Dicke total Hamiltonian in the JF is [36]:

Hy — N|: wn? TTaTly

 12a9Qw+3)  2a2Qw +3)
o

3
_ U A =NH+A ,
+2a3 20 13) +a (¢)i| +ANTN +ANTN

12)
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we refer to Appendix A.l for the conformal invariant case
w = —=3/2.
In this particular case the equations of motion are:

N ~ (N, Hr} ~ Ay, (13)
ay ~ {H,Hr}~ —H, (14)
i~ la H)~ N (YT T (g5
2aw +3) \ 3¢ a
. N N
g ~ {ma, Hr} ~ _202(20)+3)
2 9 3]

x| Za T 70 ) _3NGU(H),  (16)

6¢ a a

b~ (6. Hr) ~
T 22w + 3)
2
<—na+ ¢”¢), (17)
a
s N N
o~ mg HIV ™ = 0 13)
2 2

wr; Ty 3dU
) NS 18
<6¢2 +a2> e (18)

The Weyl (conformal) transformations (4) preserve the
ADM structure:

T =—N>(t)ydt ® dt + T*()dx' ® dx', (19)

provided the following redefinitions of the lapse and scale
factor (the scalar field is unchanged):

N=N16xGe)?, = (167G)>a, = ¢. (20)

If we apply this transformations to Eq. (11) we obtain the
Lagrangian in the EF:

~ 1 2 Qw + 3)a¢?
Lrirw = —~——— |:6aa - —
N(167Go) 2¢
—N&*V(¢). 21
The total Hamiltonian in the EF is (see [36]):
S 2rGR2 8G9
Hr = N&* | - a 1%
r=na [ ot ym V@
-I—FXN%N =NH +XN7?N, (22)
(we always assume w 7#= —3/2, and refer to Appendix A.2
for the particular case w = —3/2). The equations of motion
in the EF are:
N ~ (N, fr}~ Ty, (23)
Ay~ (Ry, Hr) ~ —H, (24)
< ~ 47 GT,
i ~ (@ Hry ~ N =22 (25)
a

[ erem?  3@eTe |,
- N[_ 32 Cotaa V@
(26)
Lo (161G) T
¢ ~{¢p, Hr} ~ N—(2w+ D 27
_[167G73¢

Ty ~ {Fy, Hr} ~ =N [ +’53dv(~¢)] . (28)

Qo +3)a3 d¢

The remaining relations among the canonical variables in
the EF and in the JF are [4,31,34,35]:

T Tt T l(dm ! Ta)
a=— 1> =7 —za als
(l6nGpyr ¢ 0 2
Ay = — (29)
(167G)?

As we extensively discussed in [36], the transformations
between JF and EF, see Egs. (20) and (29), are not Hamilto-
nian canonical transformations on the phase space defined
by the canonical variables and their conjugate momenta
(extended phase space). The Poisson brackets among conju-
gate variables in the EF, expressed as function of the canon-
ical variables in the JF, are:

INAv) =1, @ %) =1, {¢.7) =1 (30)

Instead the Poisson brackets among non conjugate variables
should be zero. This is certainly true for:

[N, @} =0, {N,7.} =0, {N,¢} =0
{@ %) =0, {@,¢) =0, {@ 7} =0,
{¢.7n} =0, {¢.7a} =0, {Tn. Ta} =0, €2))

but there are also Poisson brackets among non conjugate
variables which does not vanishes:

[N, 7} = {N(16nG¢)%, % (b — %am,)}
- STON ., (32)
(161Gp)?
~ o~ TN 1 1
TN, Ty =y ———, — (P — —amy,)
Vv 7o) {(16nG¢)é g 702" }
= _M £ 0. (33)
(161Gp)>

Therefore the set of Weyl (conformal) transformations, see
Egs. (20) and (29), is not a Hamiltonian canonical map on the
extended phase space. We explicitly discussed this in [36],
see also Fig. 1. It is not possible to pass from the equations
of motion in the EF to the equations of motion in JF (and
viceversa) simply using the relations (20) and (29).
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JF «—— EF ~
Hp «<——— > Hr

| |

JF egs. of mot. EF egs. of mot.

Fig. 1 On the extended phase space we transform Hy (the total Hamil-
tonian in the JF) into Hr (the total Hamiltonian in the EF) using the
relations between variables and conjugate momenta in the two frames,
see (20) and (29). It is not possible to pass from the equations of motion
in the JF to the equations of motion in EF (and vice-versa) simply using
the relations (20) and (29), for more details see [36]

Once we apply these transformations on the EF equations
of motion (23)-(28) we obtain the following:

. x N2
P S (@—@), (34)
(16w Gg)2 2a*2w+3) \ a 2¢
. Nny T T,
o] _H Y - T 3 35
N 20w +3) ( a 2¢>> (35)
. N T, | T
N =2, 36
“ 2a(2a)+3)<3q§ +a> (36)
. N a)rra2 27Ty 3¢7T£
T, N — —
“ 2022w +3) \ 6¢ a a?
—3Na’U(¢), (37)

é l 1 2 (38)
~ — —TT, - ,
2422w + 3) “ a
. N or?2 Ty mams
o N~ 7 52T
202w +3) \ 462  2a 2a¢
dU Nd’

—Na3% + gU«p). (39)

Looking at these transformed equations we note that: (i) the
equations for a, 7,, é coincide with JF Egs. (15), (16), (17);
(ii) the equation for 77y corresponds to the original JF Eq.
(14) only for 7y = 0; (iii) using the Hamiltonian constrain
the equation for 774 can be written as:

N 2 7l dU H
i A — PMa L 72} _NaPSZ 1 2 40)
20w +3) \ 692 a2 d¢ ' 2¢

it corresponds to the original JF Eq. (18) modulo the Hamil-
tonian constraint; (iv) the equation for N corresponds to the
original JF Eq. (13) only for a very particular choice of Ay:

Ty = (167G [y + — N (Te _ T
v =U6mGO ANt Sy a2 ) |
(41

@ Springer

We have already seen in Eq. (29) that:

~ TN
N=——"""-7,
(1671 G)?

if the extended Hamiltonian Hy is obtained applying the
HamiltoniarL transformations1 from the Jordan to the Einstein
frame, then Ay = (16w G¢)2 Ay . This formula is not equiv-
alent to (41), which is another way to check that the trans-
formations from the Jordan to the Einstein frames are not
Hamiltonian canonical, strictly speaking, on the extended
phase space.

3 Gauge fixing in the FLRW case

We show here how it is possible to prove the canonicity of the
transformation (29) between JF and EF performing a gauge
fixing on the lapse function N. On the reduced phase space
defined by this gauge fixing, the transformation is Hamilto-
nian canonical.

3.1 Jordan frame

We start with a particular gauge fixing condition for the lapse
function in the JF:

N = co, (42)

here and in the following, co = co(x) is an arbitrary func-
tion of the coordinates. We implement this condition as a
secondary constraint:

N —co~ 0. 43)

In order to avoid ambiguities, we remark, here and in the
following, that (43) does not mean that we are fixing the value
of the lapse function. The lapse function continues to be an
independent variable on the extended phase space.

Note that the Hamiltonian constraint remains a first class
constraint even after the introduction of the new secondary
constraint:

{N — co, H} ~ 0. (44)

On the contrary, the first class constraint 7y & 0 becomes
now a second class constraint after gauge fixing:

{N —co,nn} =~ 1. (45)

Therefore, in this particular case, we have two second class
constraint:

Xx0=N —co, and x| =my. (46)
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Imposing the second class constraint to be preserved on
the constraint surface, we get:

xo ~ {N —co, Hr} ~ 0, 47)
which implies Ay =~ 0, and:
x1 ~{my, Hr} =0, (48)

which is automatically preserved since H = 0.
Following the Dirac procedure described in [40,41] we
introduce the second class constraint matrix [40]:

Caﬁ = {Xa> Xﬁ}- (49)
and we obtain:

0 1 _ 0 -1
caﬁz(_l O),andCaﬁl:<l 0). (50)

We are now ready to introduce the Dirac brackets (DB), they
are defined starting from the Poisson brackets and the inverse
of the second class constraint matrix [40,41]:

(o dpsp =1 )= X Cop {xs - - (51)

Equations of motion are derived employing Dirac brackets.
Afterward, we strongly impose the second class constraints
and reduce the degrees of freedom.

The equations of motion for a, ¢, 7, and 7y, are:

a ~{a, Hr}pp
N
oo N (o T ’ 52)
2a2w +3) \ 3¢ a
7q ~ {7, Hr}pB

~ N or?  2mams 367,
2422w +3) \ 6¢ a a?
—3Na’U(¢), (53)
¢ ~ (¢, Hr}pp
N 2¢my
A" — U 54
2422w + 3) ( Tat T, ) >4)
7y ~ {ng, Hr}pB
2

N wn? T, 3dU
~ ) NP 55
24w+ 3) (6¢2 +a2> g (53)

Strongly imposing the second class constraints N = ¢o and
my = 0, see Egs. (46), we get the equations of motion on the
reduces phase space:

. co Wty T
~N——— (L2422, 56
“ 2a(2w+3)<3¢ +a> (56)
. o wn? 27wy 3¢7T¢%
“ 2a2Qw +3) \ 6¢ a a?

—3coa’U (), (57)
. co 2¢JT¢
~—— (- =), 58
O w13 ( Tat T, ) (58)
. co a)na2 n 774% 3dU (59)
Ty X — — —coad —.
? T T 202w +3) \ 602 " a2 0% g

3.2 Einstein frame

Gauge fixing in the JF (42) implies the following gauge fixing
in the EF:

N = co(161G$)?, (60)

this condition is implemented introducing an additional sec-
ondary constraint:

N — co(167G$)? ~ 0. (61)

Also in this frame the first class constraint 7y ~ 0
now becomes a second class constraint after gauge fixing,
because:

(N = co(161Gp)?, 7y} ~ 1. (62)

Here also the Poisson bracket between the Hamiltonian
constraint defined in Eq. (22) and the new gauge fixing con-
straint, see Eq. (61), is different from zero:

co (16w Gg)3/ 7y

~ 1 ~
N —co(lonGep)2, H} = =
N — co(l6mGe)?, H} 22w+ 3)a3

=-n#0
(63)

where we introduced 7.

It looks that also A is now a second class constraint. How-
ever, a linear combination of Hamiltonian constraint and the
primary constraint defines a new Hamiltonian constraint

H = H+n7y, (64)

which stays first class

2 2 4~
- 1~ c;(16m G) Py
N —co(1671Gp)2, H'} = -1~~~ 7 ~, 65
(N = co16nG)t, By = =5 5y (65)
The new total Hamiltonian is:
~}=ﬁﬁ/+X}vﬁN. (66)

‘We remain with two second class constraints:

~ ~ 1 ~ ~

Xo=N —co(16wGp)2, and X1 = 7TN. (67)
These constraints are preserved if:

Yo~ {ﬁ—co(16nc¢)%,ﬁ}} ~ 0, (68)

@ Springer
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which implies %y ~ 0, and:
X1~ {nN,HT} 0, (69)

which is automatically verified since H' ~ 0. The dynamics
stays confined on the reduced phase space defined by the
second class constraints.

The matrix of the (irreducible) second class constraints is:

0 1 0 -1
CaﬂE(—l O)’adCaﬂ_<1 O). (70)

Now we have to evaluate only four equations of motion,
since, after gauge fixing (67), N and %y are not anymore
independent dynamical variables. Always using Dirac brack-
ets -defined in Eq. (51) — we get:

~4n G,

e I (71)
Ta > Tas Hr lpp
[ eroz2 3@r6)72¢*
~ |- @O O 3@V ()
3a2 Qw + 3)a*
~3co (167tG¢>)3/~2 Ty TN ’ )
Qw + 3)a*
¢~ {¢. Hr}pp
- ]\7(16716)7?41?2 < (1671G¢)3:2 ﬁN’ )
Qw + 3)a3 Qw + 3)a3
7745 ~ {~¢ H/T}DB
~ {7y, Hy)
1 _ ~ ~
~{Fs. N = cot167Ge)7 | ¢! (7w, 7}
R 1671G7?¢2)¢ E3dv(¢)
Qw + 3)a3 d¢
C07T¢JTN 3 1/2
PR (167G 167G
Qw358 2 JemGe) i len
167G ~
BELLLM (74)
2 (167 Gg)Y/

Strongly imposing the second class constraints N= co(lém
Gqﬁ)% and Ty = 0, see Egs. (67), and H =0 we get the
equations of motion on the reduced phase space:

147 Gy,
~ —co(161G)? = (75)
e enGa | _TOE  3@TGIEE?
Ta & UG | = Qo +3)a
— 52V(¢)}, (76)
i ! 1 (167 G)Tpp?
(b ~ 60(167TG¢) W, (77)
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JF «—— EF ~
Hpr «——— > Hr

F «—— EFE
Egs. of mot.J<—> Egs. of mot.

Fig. 2 On the sub-manifold defined by the vanishing of the second
class constraints the equations of motion in the EF (75)—(78) can be
mapped into the equations of motion in the JF (56)—(59), and vice-
versa, using the transformations (29) together with the Hamiltonian
constraint H ~ 0 defined in Eq. (12). This is a clear consequence of
the canonicity of the Weyl (conformal) transformation between JF and
EF on the sub-manifold (reduced phase space) defined with the gauge
fixing conditions

167 G72¢
ﬂz—co(lén&p)i[ 7 Gnyd 53dv(¢)] (78)

Qw + 3)a3 d¢

Since the lapse and its conjugate momentum are not any-
more dynamical variables, the Hamiltonian transformation
from the JF to the EF (29) is reduced to four independent
dynamical variables, on which it is completely canonical (see
(30)-(33)).

A clear consequence of Hamiltonian canonical equiva-
lence between JF and EF on the reduced phase space is the
mathematical equivalence between JF and EF also at the level
of the equations of motion, see Fig. 2.

4 Hamiltonian Weyl (conformal) transformations in the
general case

The Arnowitt—Deser—Misner decomposition [42] is based on
the assumption that the topology of the Space-Time (M, g)
is M = R x ¥ [43], the metric tensor is defined as:

g =—(N? = N;N)dt @ dt + N;(dx' @ dt + dt @ dx")
+hijdx' @ dx’, (79)
where N = N(t, x) is the lapse function, N; = N;(t, x)

are the shifts functions and h;; = h;;(t, x) is the three-
dimensional metric tensor on the three-dimensional surface
.

The ADM Lagrangian density £4pps associated to the
action (1) is:

Lapm = «/E[Ncb ((3)R + KiK'V — Kz)
2710 ; iy, 4\2
g (NHIDigD;6 — & = N'Dig))
+2K (¢ — N'D;j¢) — NU(¢) + ZhijDiNDj¢],

(80)
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where Kj; is the extrinsic curvature defined as follows [43]:

L[ ohy;
Kij = ﬁ<—7+DiNj+DjNi)~ (81)

The total Hamiltonian H7, in the JF with w # —3 (see
Appendix B.1 for the w = g case, and also [44]) is deﬁned
[34] as:

Hr = /d3x (anN + a7 4+ NH + N,'Hi> , (82)

where H is the Hamiltonian constraint [34]:

1 JTh2
_ ij _
H—\/ﬁ{[¢R+¢h(n TTij 2)}
+%Di¢Di¢+2D’Di¢+U(¢)

1 1 )
+% (m) (tp — Pmy) }: (83)

and we defined 7, = 7'/ h;;. H' are the momentum con-
straints

H = 2D/l + (D'¢p)my . (84)

The Weyl (conformal) transformations (4) define the pas-
sage from the Jordan frame to the Einstein frame for Brans—
Dicke theory. In general, one imposes that the ADM-metric
in the Einstein frame is still
g=—(N*— NiN")dt ® dt + Ni(dx' @ dt + dt ® dx')

+E-jdxi X dx’. (85)

Provided the following redefinitions of the variables:

N =NU16xG#)2, N; = N;(161G),
hij = (16xG)hij, ¢ = ¢, (86)

we easily obtain the ADM Lagrangian density Lapy in the
EF starting from (80):

~ VI [~ (e o o~ o~
2043 (SR 0B 6 — (6 — N Do)’
~Sig (VI DigDio— G = N' Do)
—l6nGﬁV(¢)}. (87)

The total Hamiltonian ﬁT in the EF, see [34], is:

~

Hr =/d3x (XNﬁN + 07 +ﬁﬁ+ﬁiﬁi): (88)

where
o VE [ g, 0010P (e 7

167G h 2

F 0T p g 619 Nz} +Viv@)

1 ~ ¢ k]
¢? h(w+3)
(89)

and
H' = —2D; %7 + D' ¢y, (90)

(see Appendix B.2 for the w = —% case).

We have already studied the Hamiltonian analysis of
Branse-Dicke theory [34,35], see also [44-50]. There it
was shown that the Weyl (conformal) transformations from
the Jordan to the Einstein frame (4) in this ADM case for
momenta are:

~ TN ~i 7!

.7TN = —]7 ‘7T = —S
(161 G¢)2 (167 G¢)

~ii 7l - 1

Y = ——, Ty = — (pmg — ), O1)
(167 Gg)?2 ¢

where 1, = nijhij.

The transformations (86)—(91) are not Hamiltonian canon-
ical transformations on the extended phase space [34,35]. In
fact, the Poisson brackets among the conjugate variables in
the Einstein frame, expressed as function of the canonical
variables in the Jordan frame, are equal to the delta function:

{N@). 7y} =869 —x),
[Fio. 7 @)} = 8/6@ 0 -2,
[0, 70| = sfals® o - 20,
{¢0), Ty} = s (x —x), 92)

while the Poisson brackets among non-conjugate variables
are, in general, zero, e.g. [31]:

[N, 7 6h] = (R0, 7v o)) = [7 0, 7o) ]

= {N), Nj()) = {nN(x) 7 (x') }

= (V. 7)) = {Fw. 77 o)) = {7 @, o))

= (N, 0} = {Fi). 7 () = { B, 77 @) |
= (N0, 60"} = {Fn @, Ty (")) = {70, 77 ()
= {#@. 7 )] = [# 0. 500 | = Fv . s @)

= {7 (). 9} = (I (), Fp ) = {77 0, 6]
{ i (x), 7t¢(x)} -0, (93)
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but in the following cases,
87GN (x)8P (x — x) 20
V167G (x) ’
[N; (x), Fp(x)} = 16T GN; ()8 (x — x') #0,
8TGrn (x)8D (x — x7)

(N(), Fp(x)) =

), R = 0.
7N (%), 7T (x7) } orGom) #

~i ~ / ni(x) /

7' (x), Fp(x")} = —ma%c —x)#0, (94

the Poisson brackets among non-conjugate variables are not
zZero.

5 Gauge fixing in the general case

The strategy suggested by Eq. (94), as we proceeded in
Sect. 3, is to gauge fix the lapse N and also the shifts N;
field-variables and implement these gauge fixing conditions
as a secondary constraints. These secondary constraints make
the momenta conjugated to the lapse mx and to the shifts
m; second class constraints. Lapse and shifts continue to be
canonical variables as they appear in the definition of the
Poisson brackets. After having defined the Dirac’s brack-
ets associated to these second class constraints [40], we can
solve explicitly the second class constraints and express the
lapse N, the shifts N; and their conjugated momenta 77y and
7; as functions of the other field variables. In this way, we
reduced the degrees of freedom of our system to a reduced
phase space. On this phase space, we will explicitly show
that the Hamiltonian conformal (Weyl) transformations from
the Jordan to the Einstein frames are Hamiltonian canonical
transformations.

5.1 Jordan frame

We start with the gauge-fixing conditions for a Brans—Dicke
theory [34] in the JF
N=cy, Ni=ci, 95)

being cgp = co(x) and ¢; = ¢;(x) arbitrary functions. Imple-
menting them as a secondary constraints,

N—-cy~0, Ni—c=~0, (96)

we, immediately, notice that the primary first class constraints
[34]

av~0, 1'x~0, CH)
becomes second class constraints. In fact, we have

{N(x) — co, iy (x)} ~ 8P (x — x'),

@ Springer

(Ni(x) — i, 7/ ()} = 87 6@ (x — x). (98)

The Poisson brackets of the secondary gauge-fixing con-
straints with the secondary first class constraints in the JF
[34] are:

(N —co,H}~0 . {No—co.H'} =0, (99)
(Ni —ci, H}~0 . {N; —ci, H'} =0. (100)
This is enough to check that the Hamiltonian constraint

‘H and the momentum constraints 7 [34] remain first class
constraints. Summarising the second constraints are:

X0 =N —co, xi = N; —ci,

X4 = TN, Xid =T (101
These constraints are preserved if:
xo ~{N —co, Hr} = 0, (102)
which implies AV (x) & 0, and if:
Xi ®{Ni —ci, Hr} =0, (103)
which implies A; (x) & 0. The other two constraints:

x4 ~ {ny, Hr} = 0, (104)
Xi+a ~ 7', Hr} =~ 0, (105)

are automatically preserved since H' ~ 0 and H = 0.

The next step of the Dirac’s procedure for constrained
systems [40] is to define the Dirac’s brackets using second
class constraints (101); the inverse of second class constraint
matrix, defined in Eq. (49), is:

00 -1 0

q_fo o0 o -1

C =110 0o o] (106)
01 0 0

where [ is a 3 x 3 identity matrix.

The Dirac’s brackets (DB) are defined, through the Pois-
son brackets, following Eq. (51). Then, we derive the equa-
tions of motion using these brackets and afterwards we
strongly impose the second class constraints [40]. It is very
straightforward to check that, due to the particular structure
of the Dirac’s brackets (51) the constraint algebra, among
the secondary first class constraints, does not change if we
replace the Poisson brackets with the Dirac’s ones:

{Hi(x), H;(x"}pp = {Hi(x), H;(x")},
{Hi(x), H&x}pp = {Hi(x), H(x")},

{H(x), KN} pp = {H(x), H(x")}. (107)

Now we are ready to write the equations of motion using
Dirac’s brackets. As in the finite dimensional case, (V,
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N;, my,t) are not anymore dynamical variables, as con-
sequences of the gauge fixing. The dynamics stays confined
on the surface defined by second class constraints (96)—(97)
using Dirac’s Brackets.

The equations of motion, using Dirac’s brackets, for the
other dynamical variables are the same, as it is easily to see,
as those obtained using Poisson brackets. Starting with h;;,
we have

hij ~ {hij, Hr}pp
2N T
~ DiN;+ D;N; + m (T[ij — Thij)
N G =omy),
ovh Qo+3)

The equations of motion for the relative momenta '/ are

(108)

#' ~ {#;;, Hr}pg
~ —Nvho <<3)Ri/' — % <3>R>
+Vh (D"Df — i Dka> (No)
n Nhi o n}%
2¢ﬁ(ﬂ Tij — 2>+¢7nhn
—x/ﬁ%Dichhp - x/ﬁghijDk¢Dk¢

++/hh'/ Dy N D*¢
+Vk (D'ND/g + DIND'9)
—%hl’f NU(¢)

hil N 2
g (373) o)

i N
) (20) n 3) (s = #7y)

. 2 o
+Dy (N¥7T) — ——xlig,/
(Vi) Vhe !
—(DkNDY7M — (D NI H, (109)
The equation of motion for ¢ turns to be
¢ ~{¢.Hrlps
; N
~N'Dip — —— (mp, — ¢pmy) . (110)
 Thw s ¢)

Finally, the equation of motion for my is

N (i T
2 /h )

Di¢D'¢ + 2vhD; (7D’¢)

7y ~ {mg, Hr)pB
~ VhN DR + 5

VhNw
@?

+

—2Vh(D'Dy)(N) — N«/Ecjl—g + D;(N'7mg)

N(mp — pmp)*
2Vhe? 2w + 3)

Nz — ¢my)my
VheQw+3)

(111)

Once we have calculated the equations of motion using
Dirac’s brackets, we impose strongly the second class con-
straints (96)—(97) and implement them into Eqgs. (108)—(111)
to get the equations of motion defined on submanifold of the
second class constraints:

c 2co T
I’lz] ~ _¢\/]Tl (mj — 7h1j>

co (Tn — Pmy)

oh Qat3) (12
il ~ o/ <<3) Rij % 3 R)
teovh (Dl’Di — i Dka) #)
coh i n} co ij
+2¢«/_ (n TTij 7) +mnhn1
_\/—COwD(ij(p [ hljD ¢Dk¢
no
—%_hl’CoU(¢)
hij o 2
v (2w+ 3) (i = @)
7Tij C
i (z5) (=)
. i co
¢%cDi¢—m(nh—¢n¢), (114)
B 2
7ty ~ covh DR + (p;—f/ﬁ <rr”mj - %)
+CQ%D,’¢Di¢ +2cov/ID; <gDi¢>
—Coﬂi—g + ¢ Di(mp)
co(tn — ¢mg)?  colmn — Ppmy)my (115)

Whe2Qw+3) VhpQw+3)

5.2 Einstein frame

The analogous of the gauge-fixing conditions (95) in the EF
are obtained using the transformation (86):

N=co(167Gp)? ., Ni=ci (161G). (116)

@ Springer
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First notice that the gauge conditions in the Jordan frame
(95) fix the gauge condition in the Einstein frame. These, as
above, are implemented as secondary constraints

N —co(161Gh)2 ~0 , Ni—c; (16xGp) ~0. (117)

As in the Jordan frame, see Eqs. (98), the primary first
class constraints becomes second class constraints [34]:
(N (x) = co (167 G2 , 7y ()} ~ 59 (x — 1),
{Ni(x) = ci (161G (x)) . 7/ (x)} ~ 5769 (x — x').
(118)
The Poisson brackets of the secondary gauge-fixing con-

straints with the secondary first class constraints in the JF,
case w # —3, are

(N(x) — o167 G ()2, H(x'))
_ (16mGp ()2 a8 (x — x')
i)+ 3) ’
{N(x) — Co(167TG¢(X))%, H (x))
871G ¢(x)co Dip(x)8P (x — x')
B (167G (x))? ’

(119)

(120)

{Ni(x) = ¢; (167G (x)), H(x))
128¢; 75 (x)8P (x — x) (G ¢ (x))?
VR @+ 3) ’
{Ni(x) = c; (161G (x)), H' (x))
~ —(167G)c; D/ ¢ (x)8 (x — x').

(121)

(122)

It looks that the Hamiltonian constraint { and the momen-
tum constraints H; are made second class by these secondary
gauge constraints, a phenomenon already observed in (63).
Since we have implemented gauge condition only to reduce
the redundant variables of the momenta associated to the
lapse N and the shifts N;, we expect, as in Eq. (64), that
some linear combinations of the Dirac’s constraints with a
suitable re-definitions of the Hamiltonian and momentum
constraints will keep them still first class. Elementary con-
siderations, as in Sect. 3, suggest to re-define the Hamiltonian
and momentum constraints as

H =H+nyin + i,

H' = H + 07y + o/ 75, (123)
where:
(167G (x))3 coiTp(x)
= (124)
4R (0 + 3)
y = 87G ¢(x)co D' ¢(X)7 (125)

(167G (x))?
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o~ 2
)= 128¢; 75 (x) (7 G ¢ (x)) ’ (126)

VAWt d)

ol = (167G)ey D' ¢ (x).

(127)

It is straightforward to check that now 7’ and H'’ are
first class constraints, while 7x, 7?, N — co (167 G¢)% and
ﬁ,- — ¢; (16w G¢) are second class constraints. Therefore, if
we re-define, as in (101), the second class constraints

0=N—co(161G$)?, 5 = Ni — c; (167Ggp) .
A=TN, Xipa =T (128)

X

=

The inverse of the second class constraint matrix, axﬁ =
{Xa» Xp} is still

00 -1 0

~1 (0o 0o o I

=11 0 0 0| (129)
0TI 0 0

as in the JF (106). Now the new total Hamiltonian I?T is

i, = /d3x (XNJ?N + A+ NH + ﬁiﬁ“) . (130)

Imposing that the gauge fixing constraints (128) be pre-
served on the constraint surface, we get

Fon ~ [N —ci6nGoeont, A} ~0. a3

which implies

W) ~0. (132)
In a similar way imposing

%ito ~ i) — t6xGow), i ~0. (133)

it follows

ni(x) ~0 (134)

The remaining second class constraints X4 = 7Ty, Xitd =
7' are automatically preserved as it is easy to see. Therefore
the total Hamiltonian H reduces to the ADM Hamiltonian

Hypy =[x (NH + N/HY).

We define the Dirac’s brackets following (51), Where now,
the inverse of second class constraint matrices C_, o ﬂ is given
by (129), and immediately, by the very definition of first class

constraints, observe, as for (107),
(). 7 (D) ps = (0. 7)),
(7). H (g = {H; 00, H (),
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{H (), H ()ypp = {H ), H (). (135)

Now we can write the equations of motion, in the Einstein
frame, using Dirac’s brackets

(3271G)N< T

vh
(136)

i~
{ﬂl]’ HADM}DB

NV ((3)@7 _ lmﬁgij)
2

167G
~2
i 5rks Tk
<n 2)

(167TG)N~
_2(]67TG)N (ﬁikﬁk/ _ %ﬁhﬁu) Tij \/ZN

%

CoVh

Vi
VI fmimim i~
D'D/N — k" D*Dy N
+16nG( g )
Vi (- ’f)—ﬁk"f)kﬁf—ﬁkff)kﬁi.
Vi
(137)
The equation of motion for ¢ is:
(}S ~ {¢7 ﬁADM}DB
8TG)P? . ~ ~ ~:
N ——————nyN+ N;D'¢ (138)
Ji(w+3) ‘
Finally, the evolution equation for 774 results to be
”¢> ~ {7y, HADM}DB
Vi 3 1’\75,¢5¢
872G \“ " 2) 3 ’
Vi (@+3) <~ ~
Vi @ 2)D'ND,¢
8rG ¢
+ﬁ 43 ﬁﬁlbd)
87 G 2) ¢? !
SN(TG)p7; .
—————— 2+ D' (Ni7y
\/ﬁ(w—l-%) (Nify)
=~dV(¢)
hN ——=. 139
a9 (139)

Strongly imposing the second class constraints defined in
(128), we eliminate (N N,, 7n, ') as dynamical variables.
Substituting the constraints into the previous equations of
motion (136)—(139) we get:

?lij ~ 167G (Cj5i¢+ci5j¢>), (140)

1
zij o, c0(16nG¢)> Vi ((3)}'51'1 B %(3)§Eij>

167G
L (67G)eq (167G¢)? i (70, i
2WH 2
1
_,(61G)co (167Gg)? (ﬁikﬁkj B lﬁh%lj>
N 2
~ ey (1671 Gp)?
_hlev((p)
n DigpDJ ~
CO\/Fe : |:_ ¢D'¢ +D'Dig
2(1671Go)? 2¢

k
R < ¢ LU ¢)}
+(16nG)\/7c’<5k <«/_’E¢%ij)

—(167G)F eI Dy — (167 GYTN ' Drp,  (141)

co(167G¢)?
2f'( +3)

~ C()\/N 3 ~i o~
Ty~ — (a)—i— E) DigpDid
(16nG¢)2¢2
Zcof < 3) ~
+—"" (w+2)D'Dig
(167Gp)2 ¢ 2
co(161G)3 7]
2Vh (a) + §)

—coVh (167G)?

b~ Fpd + (161Ggp) c;D'¢p, (142)

+ 167TGC,‘Z~)i (¢ﬁ¢)

—d Vig) (143)

d¢

Similarly to the flat FLRW case, the lapse and the shifts —
and their conjugate momenta — are not anymore dynamical
variables. Therefore, the Hamiltonian transformation from
the JF to the EF frames (86)—(91) is reduced to fewer dynam-
ical variables, on which it is completely canonical (see Egs.
(92)—(94)).

6 Discussion and conclusions

The aim of this article is to clarify several issues and assump-
tions present in the literature.

Firstly, we stressed that it is not true that the Hamiltonian
transformations from the Jordan to the Einstein frame are
canonical on the extended phase-space. In order to make them
Hamiltonian canonical, we have to gauge-fix the lapse func-
tion N and the shifts functions N;. This gauge-fixing makes
the primary first-class constrains second class and they can
be solved provided that the Dirac’s brackets are defined. On
the reduced phase-space obtained in this way the Hamilto-
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nian transformations from the Jordan to the Einstein frame
are canonical.

If two classical theories are related by a canonical trans-
formation, the symplectic two form is preserved. This is
equivalent to say that the Poisson brackets among phase-
space variables remains unchanged. Two Hamiltonian theo-
ries connected by canonical transformations are not neces-
sarily physical equivalent. We show two examples of Hamil-
tonian canonical transformation between two physically dif-
ferent systems.

In fact, if we consider the case of an uni-dimensional har-
monic oscillator of mass m and frequency w the Hamiltonian
function is:

2 2
maw
Ho P

144
2m 2 (144)

If we apply the following Hamiltonian canonical transforma-
tion [51,52]

2P .

q =4 ——sinQ,
mw

p = vV2mwP cos Q,

the Hamiltonian function (144) in the new variables (Q, P)
is:

(145)

(146)

H=wP. (147)

Since the energy, in this system, is conserved, and then a
constant of motion E, we get:

E

P=—. (148)
w

Therefore

o= _ (149)

“op @
then
0 =owt+a, (150)

« being an integration constant. Replacing in (145) we obtain:

[ 2E .
q(t) = — sin(wt + o).
mw

It is well know that symmetries of a mechanical system
are the generators of Hamiltonian canonical transformations
[51]. They turn to be automorphisms, which preserve the
structure of the equations of motion. The transformations
(145)—(146) are not a symmetries of the system, so they do
not map a physical system into an equivalent one, from a

(151)
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physical point of view. In fact (145)—(146) map the harmonic
oscillator (144) into a particle moving with constant veloc-
ity (150). Transformations (145)—(146) change the physical
system, mapping it into one whose equations of motion, cfr.
Eq. (149), are easier to solve. This is also, in our opinion, what
is happening, at the end, in the Hamiltonian transformations
from the Jordan to the Einstein frame: we map our theory
into the Einstein frame, where things get easier to solve.

A second example is the Hamiltonian canonical transfor-
mations between the Jordan frame and the anti-Newtonian
frame [35]. This anti-Newtonian frame is defined by the anti-
Newtonian (or anti-gravity) transformations [53-57]. In fact,
[35] the following set of anti-Newtonian (or anti-gravity)
transformations

N*=N, 7Ty« = mn,

Ni* — Nia j"_z:*l =7Tl,

~ s oy
]’l;»kj = (167‘[G¢)hij, 7'[*” = 1
(167 G¢)?2
~ - 1
" =0, Ty = $(¢”¢ — 1), (152)

are Hamiltonian canonical transformations on the extended
phase space without making any gauge-fixing.

The physics of these transformations is synthesized, in
two dimensions, by the following metric
ds* = —dt* + A*dx*. (153)
When A > 1 this metric corresponds to a space-time where
the limiting velocity is less than the velocity of light. The
light-cone structure squeezes as A >> 1; which corresponds to
a situation in which space-like distances enhance over time-
like distances. In the limit A — o0, we have that the limit
velocity goes to zero (¢ — 0). This corresponds to Carroll
gravity and represents the case of strong gravitational fields,
in which the gravitational constant G becomes very large,
G — o0, and the limit velocity vanishes, ¢ — 0 [53,54].
Clearly, the Brans—Dicke theory in the Jordan frame and the
corresponding theory in the anti-Newtonian frame represent
two different system.

The gauge-fixed Hamiltonian transformations from the
Jordan to the Einstein frames are canonical but only map
solutions of the equations of motion in the Jordan frame into
solutions of the equations of motion in the Einstein frame.
Pairwise, the Hamiltonian canonical “anti-Newtonian” trans-
formations map the solutions of the equations of motion of the
Branse—Dicke theory in the Jordan frame into the solutions
of the equations of motion of an alternative theory of gravity
in the anti-gravity frames. The Jordan-Einstein frames trans-
formations and the anti-Newtonian transformations can be
seen as generators of solutions of the equations of motion. In
fact, a solution of the equations of motion in a frame could
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be used to derive a solution of the equations of motion of the
correspondent theory in the related frame.

These considerations suggest us to stand with part of the
scientific community that are in favor of considering the Jor-
dan frame as the physical frame. The question is still debated
and a solution has not been found yet [14,21,58-65]. At this
point, the check of whether or not the physical observables,
calculated separately in the Einstein and Jordan frame, repro-
duce the same result in both frames, should throw light on
the physical equivalence of Jordan and Einstein frames. This
very point is still quite controversial [7,24,66—73]. We have
not tackled this topic in our analysis and we plan to discuss
it in a future work.
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A Brans-Dicke theory in flat FLRW universe for
w=-3/2

A.1 Gauge fixing in the JF

In the particular case @ = —3/2 Brans—Dicke theory (1) is

invariant under Weyl conformal transformations. As a con-

sequence of this symmetry there is an additional primary
constraint [35,36]:

1
C¢ = —ang — ¢)7T¢.

154
> (154)
The total Hamiltonian in the JF is:
g =N i +d3U (@) |+ Anmn + 14Cy
T 24a¢
= NH T 4 onmn 4 14Cy. (155)

After gauge fixing (42), we note that Cy remains a first
class constraint, since: {Cy, N — co} =~ 0, {Cyp, H%—3/2)} ~
SHE32 ~ 0and {Cy, 7y} ~ 0, and similarly the Hamil-

tonian constraint: {HT(73/ 2), N —co} ~ 0and {H%%/ 2), N —
co} A .

In this @ = —3/2 case, we have the same two secondary
constraints xo = N — cp, and x| = 7wy, see Eq. (46), and
the corresponding Dirac brackets (51).

We verify that, also considering the total Hamiltonian
defined in Eq. (155),

the systems remains on the reduces phase space defined
by the secondary constraints (46) if:

X1~ {N — <o, HT(_3/2)] ~ 0, (156)
which implies Ay =~ 0, and if:
jo ~ fan, BT ) >0, (157)

which is automatically verified. N and 7 are not anymore
dynamical variables, therefore, we have to evaluate only four
equations of motion using the Dirac brackets:

_ N A
a~amP) o~ ST 2 (158)
DB 12a¢ 2
TTa & {7ta, H"l("_3/2)}DB
~ — —3Na“U — , 159
riger ~ INGU@) — =3 (159)
. —-3/2
d~{p. Hy P )pp ~ —ps, (160)
. —3/2
Ty ~ {7y, HT( P\pe
2
dU
~ NS N YD
24ag? dé
2 2Na*U
_yTa  NaeU@D (161)
24a¢ ¢
where in the last line we used:
dU(¢)
=2U (), 162
) 9 (@) (162)

see Eq. (3) for v = —3/2.
Strongly imposing the second class constraints N = cg
and Ty = 0, see Eqgs. (46), we get the equations of motion

on the reduces phase space in the particular case v = —3/2:
A
an e | Ted (163)
12a¢ 2
2
. . com 2 ApTlq
Ty & —24¢;2 —3cpa“U(¢p) — 5 (164)
¢~ =y, (165)
2 3
. Ty 2coa”U(¢)
~ — - ApTlgp- 166
T co 24a¢2 P + ATy ( )

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

265 Page 14 of 18

Eur. Phys. J. C (2024) 84:265

A.2 Gauge fixing in the EF

Using the Weyl (conformal) transformations defined in (29)
it easy to pass from the total Hamiltonian in the JF, see
Eq. (155), to the total Hamiltonian in the EF:

2
~(-3/2) ~ 3 7Gm
HP = Na [ =

— AT 1Ty + 74 Co.

2+ V(¢)] +ANTN + )»¢C¢
(167)

The additional primary constraint in the EF becomes:

Cp = —pTy. (168)

Also in this case the gauge fixing in the EF is implemented
introducing the secondary constraint:
N = co(167G¢)? ~0, (169)

see also Eq. (61).
Here, the Hamiltonian constraint remains first class, since:

(H32 N = ¢o(161Gp)2} = 0, (170)
and also:

- ~ dv

(HT? Cy) = —@Pp—— @) =0. 171)

de

since in the EF ¢d‘;—é® =0.

On the contrary, Cy appears now to be second class, due
to the gauge fixing constraint:

co(167Gp)?

(N — co(161G)2, Cy) = :

(172)
However, it is always possible to redefine the conformal con-
straint as:

1
~ l6nGp)z
C¢ . co( 7; ®) 7N, (173)

obtaining a first class constraint:

co(167G¢)?

(N = co(161G)2, Cy — :

an}~0. (174)
Therefore, the total Hamiltonian introduced in Eq. (167),

in this case, is now redefined as:

~(=3/2 ~ e~ ~ o~
HTP = NHSY? 4 Ty
co(161G$)7 }
—— 7N .

T [_m - (175)
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Also in this case, the only two irreducible second class
constraints in EF are: ¥ = N —co(l6m Gq&)% and ¥ = 7y,
see Eq. (67). The definition of the Dirac brackets coincides
with the one of the w # —3/2 case, see Sect. 3.2. Evolu-
tion remains confined in the reduced phase space defined
secondary constraints if:

%o~ [N —co(167Ge)?, i ~o, (176)
which implies %y = 0, and if:
X1~ {ﬁzv, H}H/z)} ~ 0, (177)

which is automatically verified.
We have to consider only four equations of motion evalu-
ated using the Dirac brackets:

e 47 GF
&~ {a,H/T( 3/2)}DB%—N ”35”“, (178)
5.~ [ﬁ ﬁﬁ‘w}
~[ @e)7> .

~ N [—(”3% - 3a2V(¢):| , (179)
G~ TP~ b, (180)
< ~  (=3/2)
Ty~ { ¢ Hr / }DB

~ {ﬁ¢, ﬁ;(*”)}

_ {Ff(p, N — 60(167[G¢))%] C(;ll [ﬁN, I’_‘I’/T(—3/2)}

~adV -~_ 167G
=~ —Na3ﬁ + ApTTp — ¢COL TN
d 2 (161Ge)?
Cﬁ 16 G : ﬁ(_3/2). (181)
2 167Ge)?

Strongly imposing the second class constraints N =
co(l6nG¢)% and Ty = 0, see Eq. (67), we get the equa-
tions of motion on the reduced phase space:

| 47 G

~ —co(167G)s LT (182)
2rGT2
o~ (167Gt [-EEDTe sy | 183
342

¢~ =g, (184)
Fp ~ hgTp. (185)
In this @ = —3/2 case too, the equations of motion in the

EF (182)—(185) can be transformed in the equations in the JF
(163)—(166) — and vice versa — using the Weyl (conformal)
transformation (29).

This is a clear consequence of the Hamiltonian canonical
equivalence between JF and EF on the reduced phase space.
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B Brans—Dicke theory in ADM spacetime for ® = —3/2
B.1 Gauge fixing in the JF

In the ADM field theory case too, there is and additional first
class constraint Cy due to invariance under Weyl (conformal)

transformations for @ = —3/2. The total Hamiltonian in the
JF is [35,43]:

H;—3/2) = /d3x ()»NJTN + )»,‘JTi + 1y Cy
+NHEID 4 N Y 2)) , (186)
where Y = AN (x), A!(x), and A4(x) are Lagrange multi-

pliers, 7y, 7' and Cy are primary Dirac’s constraints, Cy
being:

Cp = 7 hyij — Pprry. (187)

The Hamiltonian constraint H, see [35], is

- a2
—%Di¢0f¢+2DiDi¢+U(¢)}, (188)

and the momentum constraints ' ~'”

H TP = _2pjnit 4 Digm,. (189)

As we stressed several times the gauge-fixing conditions,
also for the w = —% Brans—Dicke theory, in the JF are

N=cy N;=c, (190)

which are implemented as secondary constraints:
X0=N—-co~0, xi=N;,—c;i~0. (191)

The previously correspondent primary first class constraints
[34]

xa=nN N0, Xipa=m A~ (192)
become second class constraints since:

{N(x) = co. tn ()} & 89 (x — x')

[N;(x) — i, w/ (x)} = 8789 (x — x). (193)

Imposing the second class constraints to be preserved we
have:

xo ®{N —co, Hr} ~ 0, (194)

which implies A" (x) & 0, and:

Xi ©{Ni —ci, Hr} = 0, (195)

which implies A;(x) ~ 0. The other two second class con-
straints:

Xa ~{my, Hr} =0,
Xi +4~{n', Hr}~0,

(196)
(197)
are automatically preserved.

The equations of motion, calculated with the Dirac’s

Brackets and substituting the second class constraints (191)—
(192) imposed strongly, are:

hij ~ {hij, Hr)pp
2co T
"\/ )\.¢hl] + _¢\/_z (ﬂl] — _hzj> ’

' ~{r", Hr}pp

~ —hgm' — cov/he <(3)Rij _n (3)R)
2

(198)

teovh (D"Df — i pk Dk) ®)
C()hij ii 7'[]% co ..
+ A T wpt
20/ ( ) o
—«/E%D%Dw - \/Z%h”Dkngkqb

—ghijCOU(@

2co

Vhe

+ck Dy (n"f ) — =0 g, (199)

¢ ~ (¢, Hr)pp ~ —rs¢ + c' Dig,

7ty ~ {7y, Hr}pB
2
~ 3 o ij TTh
~ )\.¢7T¢ +C()\/z( )R + m <7T”7Tl'j — —)

2
+co%Di¢D"¢ +2¢0v/hD; <§D"¢>

(200)

—Coﬁi[i—g + ¢ Di (). (201)

B.2 Gauge fixing in the EF

Under Weyl (conformal) transformations, we easily obtain
the total Hamiltonian in the EF [35]:

ﬁ;73/2) = /d3x(’xNJ?N ~|—’)\:iﬁi +7»¢5¢

+NACD 4 N, (202)
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here we have, see always [35]:
Cp = —9Tp,

2 ~2
s _ Y [_3§+ %”TG)(;U;U _ %h)]

(203)

167G

VAV, (204)
and:
H P = 2Db;7 . (205)

As remarked in the case w #* —%, see Eq. (116), the
gauge-fixing conditions happen to be:

N=co(167Gp)? , N; =¢; (167Gg), (206)

and, as usual, we implement them as secondary Dirac’s con-
straints:

N —co(161Gp)2 ~0 , Ni—c; (16xGp) ~0. (207)

They continue to make, as in the previous cases (see
Eq. (98) and Eq. (118)), the primary first-class constraints,
7 (x) ~ 0and 7/ (x) ~ 0, second class:

(N (x) — o (167 Ge)? , 7y ()} ~ 89 (x — 1),
{N; () = ¢; (167 Gp(x)), 7/ (x)} ~ 8] 8D (x — x').
(208)
It is quite straightforward to check that, contrary to what
happens in the case w #* —% in the Einstein frame, see

Sect. 5.2, Hamiltonian and momentum constraints are clearly
first class (there is no need of a re-definition):

IN() — o (161Gg)2 , HTD (')} ~ 0,
{Ni(x) — ¢; 161Gp(x)), H3P(x")) = 0
(N(x) — o (167Gp)? , AT )y ~ 0,

(Ni(0) =i 167 Gp)) H PNy =0, (209)
But, we notice the following:
1
{N(x) — co (167rG¢)% ,5¢} ~ w’
{N; (x) —ci(lénG¢(x)),5¢} ~ ¢ (167G), 210)

that is 5¢ looks, “apparently”, second-class Dirac’s con-
straint. If we re-define Cy as

o (161Gg)?

> Ty —ci (167Go) 7',

Cly =~y (211)
5(;) stays first class as it is quite easy to check.

@ Springer

Therefore, the new total Hamiltonian ﬁ/T(%/ 2 is:

FI/T(_3/2) = /d3x(xN77N + N +X¢5[p
N7 (=3/2 igy(=3/2)
+NHEY 4+ B, 212)

As we did in the Sect. 5.2, we re-define the second class
constraints as:

N—co(167G)?, 5 = N; —¢; (167Go),

N, Xita =T

XN

213)

Imposing also here the gauge-fixing conditions (207) to be
preserved, we have:

Yo~ {ﬁ(x) — (167 Gh(x)?, ﬁ,}‘””} ~0, (214
which gets N (x) ~ 0, and analogously from:
> o~ N (x) — ¢ 73] o
%~ N —caer oo, BT L ~0, @13

it follows 7; (x) 2 0. Note that, also in this case, X4 and 7(;4—4
are automatically preserved.

As usual, the second class Dirac’s constraint matrices Ceg
is:

00 -1 0

~, o 0o o -I

=11 0 0 0 (216)
0TI 0 0

The equations of motion, calculated with Dirac’s brackets
and imposing strongly the second class constraints are:

= = (=32
hij ~ {hij B P )os
~ 161G (CjDi¢+CiDj¢)

1
3027G)eo (161GP)? (. T~
+( 4 )c(j/(z nGe) (ﬂij—ﬂhij>, 217)
7~ ﬁ]/*(73/2)}DB
1
~ _Co(167Gg)> Vi O R _ Lo g
167G 2
1 ~)
L (1676)c 516:16@2 i <ﬁpkﬁpk - )
2V
1
_,(67G)eo (167 G9)? <ﬁ,.kﬁkj ~ lﬁh%ij>
Vi 2
— Ve (167G)?
_h”MV(@
covV' Di¢Dl¢p  ~i~.
1 |:_ +D1Dj¢
2(167Gg)? 2¢
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o (<2900, i)

+(16xG)V ek Dy (%@?U)

—(167G)7X e/ Drp — (167 GYTX ¢! Drgp,  (218)

- ~/<—3/2>} ~_ 7
o~ o BT~ e, (219)
PR ﬁ“*m)} ~ Ry 220
T {W» T op 7T (220

We stressed several times that, once we impose strongly

the second class constraints, we can solve explicitly them and
reduce the degrees of freedom of the phase space. Then, the
transformation from the Jordan to the Einstein frame, on this
reduced phase space, is Hamiltonian canonical transforma-
tion also in the case w = —%. As a corollary, we can map the
equations of motion in the JF into the equations of motion in
the EF (and vice-versa).
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