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Cosmological constant from quantum spacetime
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We show that a hypothesis that spacetime is quantum with coordinate algebra [x',#] = 1px/, and
spherical symmetry under rotations of the x’, essentially requires in the classical limit that the spacetime
metric is the Bertotti-Robinson metric, i.e., a solution of Einstein’s equations with a cosmological constant
and a non-null electromagnetic field. Our arguments do not give the value of the cosmological constant or
the Maxwell field strength, but they cannot both be zero. We also describe the quantum geometry and the
full moduli space of metrics that can emerge as classical limits from this algebra.
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I. INTRODUCTION

Recently in [1], a new phenomenon was uncovered
whereby the constraints of noncommutative algebra force
the form of quantum metric and hence of its classical limit.
Put another way, if a spacetime is quantized, as is by now
widely accepted as a plausible model of quantum gravity
effects, then this would be visible classically as quantiz-
ability conditions [2] on the classical spacetime metric so
as to extend to the quantum algebra. Thus the quantum
spacetime hypothesis potentially has strong and observable
consequences for classical general relativity (GR).

Specifically, Ref. [1] looked at the most popular quantum
spacetime algebra, the bicrossproduct or Majid-Ruegg
model [3] with generators x',t, i=1,...,.n—1, and
relations

[x',x/] =0, [xi, 1] = Ax', (1)
where 4 =1dp and Ap is a real quantization parameter,
usually assumed in this context to be the Planck time. Here
n =4 but we will consider other dimensions also. The
paper [1] showed that in the 2D case the quantizability
constraints force a strong gravitational source or an
expanding universe depending on a sign degree of freedom.
This provided a toy model, but in 4D the constraints were
so strong that there was no fully invertible quantum metric
at all. The analysis depended on the differential structure on
the algebra, and we used the standard one as in Refs. [4,5].

In the present paper, we will now consider the same
phenomenon for another natural choice of differential
structure on (1), which we call the “a family” and which
we show, in Sec. 11, is the only good alternative that treats
the x' equally in the sense of rotationally invariant and
works in all dimensions. The relations for this differential
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calculus first appeared in Ref. [6] as did those for another,
which we call the “# family” and which generalizes the
standard one. In our case, we come to these same differ-
ential calculi out of a systematic classification theory [7]
based on pre-Lie algebras. Remarkably. we then find for the
a family, in Sec. III, that this time there is a moduli of
quantum metrics, and in Sec. IV we consider their classical
limits and show that in the spherically symmetric case they
are all locally of the form $"72 x dS, or $"7% x AdS,
depending on the sign of one of the two curvature-scale
parameters &, 6. This means that they are the Levi-Bertotti-
Robinson metric [8—11], which has been of interest in a
number of contexts in GR and is known to solve Einstein’s
equation with a cosmological constant and Maxwell field.
We can write the value of the cosmological constant here as

A:(n—Z)z(n—?))é_quN’

where ¢ is the Maxwell field coupling in suitable units. In
our context 0 > 0, so that for small g we are forced to
A > 0. Moreover, the arguments that force us to this form
of metric depend on the structure of the differential algebra
when spacetime is noncommutative, which is believed to be
a quantum gravity effect. In 2D, there is no $"~2 factor and
being the limit of a quantum metric in the @ family in 2D
forces the metric to be de Sitter or anti—de Sitter for some
scale 6.

The further noncommutative Riemannian geometry for
our quantum metrics in the @ family is obtained by the same
methods as in Ref. [1], and a brief outline of this is included
in Sec. V. We work in this paper with one particular algebra
(1) assumed to be some local model of quantum spacetime.
The general analysis at lowest order in 4, i.e., at the level of
a general Poisson structure on spacetime and the constraints
on the classical metric arising from being quantizable along
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with it, can be found in Ref. [2]. Some more remarks about
this are in the conclusions in Sec. VI.

An earlier model where vacuum energy was speculated
to arise from noncommutative geometry of the quantum
spacetime (1) was the nonrelativistic gravity model in
Ref. [12]. A cosmological constant is also needed for
quantum Born reciprocity in 3D quantum gravity [13],
which also shows how the 3D version of (1) can arise there.

II. CHOICE OF DIFFERENTIAL STRUCTURE

Differential structure classically turns a topological
space into something where we can define vector fields
and differential forms. This is something that tends to be
taken for granted in physics but is nevertheless an ingre-
dient. Differential structure on an algebra means for us
similarly a specification of the exterior algebra of “differ-
ential forms” or in practice the commutation relations
between differentials dx’, d¢ and quantum spacetime coor-
dinates. The exterior derivative d on arbitrary noncommu-
tative functions in the coordinates is then defined by the
Leibniz rule. We look for differential structures that are
(i) connected, meaning only constant functions are killed
by d and (ii) translation invariant with respect to the
additive coproduct on (1). The latter says that as a differ-
ential space this is much like R” in the same way that a
classical manifold has local coordinates where the differ-
entials dx?,d¢ are related to the standard translation-
invariant Lebesgue measure.

Our starting point is a recent theorem [7] that connected
translation-invariant differential structures of the correct
classical dimension on the enveloping algebra of a Lie
algebra g are in 1-1 correspondence with pre-Lie algebra
structures on ¢. This means a map o: ¢ ® g — ¢ such that
xoy — yox recovers the given Lie algebra bracket and

(xoy)ez = (yox)oz = xo(yoz) — yo(xoz).

Moreover, for a Lie algebra like (1) there is an algebraic
method which provides all inequivalent pre-Lie algebra
structures, which in the 2D case [14] over C gives two
distinct families and three discrete choices at the algebraic
level. The corresponding differential structures in the 2D
case are computed in Ref. [7] and come out as

(i): [t,dx] =—=Adx, [t,dt] = Aadr,

(ii): [x,df] = Apdx, [t,dx]=A(B—1)dx, [t,dt] = Apdr,
(iii): [r,dx] =—Adx, [t,df] = A(dx—d1),

(iv): [x,dx]=2Adt, [r,dx]=—-Adx, [r.df] =—-2Adt,
(v): [x,dt] =2Adx, [r,df] = A(dx+dr).

In each case we have listed only the nonzero commutation
relations. Of these, clearly, only (i) and (i) immediately
generalize to all dimensions, namely, as the a family
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[1,dx] = —adx', [7,df] = Aadt (2)

and the f family

[, df) =Apdx’,  [r.dx]=A(B—1)dxi, [1.df] =Apdt

(3)

for the nonzero relations; cf. Ref. [6], where there are some
similar relations to these two families. The case f =1 of
the second family is the standard calculus used in
Refs. [1,4,5]. It should also be noted that case (V) is
equivalent to the standard calculus in 2D in case (ii) by a
change of variables if we allow a sufficient class of
functions. Likewise, case (iii) is equivalent to @ = —1 in
case (i) if we allow a sufficient class of functions.

We consider only these two families (2), (3) in what
follows: by our above results, they are the only connected
translation-invariant differential structures in the quantum
spacetime (1) that work in all dimensions including 2D. To
fully classify all 4D calculi is also possible by using the
algebraic method for pre-Lie algebras [15] and could
include more exotic possibilities, but they are unlikely to
treat the different x’ equally in the sense of spatial rotations
as otherwise they would specialize to 2D.

The physical meaning of the real parameters a, # thrown
up by our analysis is best seen from the formulas for the
partial derivatives. For a normal ordered function f(z, x) on
the quantum spacetime where all the #’s are to the left, say,
one can deduce from the Leibniz rule and the relations (2)
and (3), respectively, that

df(t,x) = 9411, x)dt—|—%f(t, x)dx’,

0 f(t—2p,x)dx

hrlt, x)dr + =

df(z.x) =
for the two cases, where

oo SO = ft=2a)

9% f(t) = T

and similarly for 8’5. The spatial partial derivatives are
unchanged, but the time one becomes a finite difference,
with the parameters a, f giving the step size in units of 4.
This is a typical feature of this class of models: spacetime is
“fuzzy” due to finite 4 in the commutation relations (1) but
without having a lattice, while the differential calculus
acquires finite differences. This phenomenon is well known
for the standard =1 calculus and responsible for the
variable speed of light prediction in Ref. [4]. In the f =1
case it is slightly better to normal order with the 7 to the
right, but for general f there is no advantage. The cases
a =0 or =0 coincide, and in this case we have the
classical time derivative.
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III. QUANTUM METRICS FOR
THE a« AND  CALCULI

In both cases, we will tend to focus on the radial-time
sector of the algebra. Here r = /> ;x> and the inherited
relations are [r,t] = Ar as well as relations for dr of the
same form as for dx’. In both cases, we let

. R
o' =dx' ——dr,
r

which commutes with spatial variables. Here the sphere
direction variables 7' = "7 commute with x, ¢ according to
the relations (1) and obey >,z = 1, and dz' = r~'@'. The
element 72 ;@' ® @' makes sense generally and in our
case, for the a and S calculi where spatial differentials
and functions commute, behaves classically so long as 7, dt
are not involved. Within this sector (or, of course, in the
classical limit A — 0), we can use standard polar coor-
dinates, when it becomes

rY o' @ o = dQ? = do ® do + sin*(0)dp ® dgp

in 4D. In n dimensions, dQ? here is the metric on the unit
sphere S"~2. We use a more explicit notation for tensor
products (over the coordinate algebra) than is usual in GR.
Also, we will extend our noncommutative algebra to
include, say, %, r*# and in the classical limit all smooth
functions. We are working as in quantum mechanics with
Hermitian x** = x’ and * = ¢, and r* = r. In the classical
limit, the * becomes a complex conjugation of functions,
and these requirements become that our coordinates are
real. The * extends to the differentials with dx = xd.

For a quantum metric, we take something of the form
9= gud¥' ® dx*, where x% =1t and x' are the spatial
coordinates, the coefficients g,, are elements of the
quantum coordinate algebra, and the subscript 1 reminds
us that this is the quantum tensor product, i.e., over the
quantum coordinate algebra. We require the quantum
metric to be invertible in the sense of an inner product
(,) on the space of l-forms, which behaves well (is
“strongly tensorial”) with respect to multiplication by
coordinates in the sense [1]

flo.n)=(fo,n), (of.n)=(w.fn), (onf)=(w.n)f

for all elements f of the quantum coordinate algebra and all
1-forms w, 5. It is shown in Ref. [1] that this requires g to
commute with elements of the quantum coordinate algebra.
We also require that g is “quantum symmetric” in the sense

A (g) = 0. (4)

The quantum wedge product here is an extension of the 1-
forms to an associative algebra of forms of all degree and to
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which d extends. In our case, the basic 1-forms dx’, df obey
the usual exterior or Grassmann algebra (they anticom-
mute), and hence (4) says that the matrix of ¢ in this basis is
symmetric. In more complicated models, the wedge prod-
uct need not take such a standard form, but (4) still makes
sense as the appropriate basis-independent concept.

Finally, we need a condition that expresses the reality of
the metric coefficients, which we express as [1,16]

(* ®; #)flip(g) = g, (5)

where “flip” swaps the factors of ®;. We will in practice
omit the subscript on the tensor product as this should be
clear from context.

A. Quantum metrics for the a calculus

For the a family (2), we consider a quantum metric of the
arbitrary form

n—1 n—1
g= z a;;dx' @ dx/ + Zbi(dxi ® dr + dr @ dx')
i i

+ cdt ® dt,

where the coefficients aij,bi,c are all elements in the
quantum spacetime algebra and obey a;; = a;;. This form is
dictated by “quantum symmetry” in the form A (g) = 0.
Using the Leibniz rule and the relation (2), we have

n—1
9.1 =" ([ayj. 1] + 24a;;)dx’ @ d/

iJ
n—1
+ ) (b 1] = Aa = 1)b;)(dx' @ dt + d @ dx')

+ ([e, 1] = 24ac)dr ® dt,
n—1
[97 xk} = Z[aijv xk]dxi ® dxj
i.j
n—1

+ ) b xM(dx’ @ df + dr @ di)
+ [c, x]dt @ dt.
This means that g central amounts to
[a,»j, t] = —2/’{01'/' V i,j,
[c,1] = 2lac, [a
[b;, x| =0 V ik,

[bt', t] :/’{,((1_ l)bl V i,
xk] =0 Vijk,
[c,xk] =0 V k.

ijs

By solving this, we see that our requirements are that
ajj, b;, c are all functions only of x and have scaling degree
—2,a — 1, 2a, respectively. Hence, there is a larger moduli
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of metrics for this differential calculus; we just have to
make sure that the coefficients are homogeneous of the
appropriate degree.

If we look among spherically symmetric quantum
metrics, which seems natural from the form of the algebra
(1), then we have

g=5"rY o ® & +ardr @ dr
+br Y (dr @ dt +dt @ dr) + cr?*dt @ dr (6)

for 6, a, b, c € R, which by the above is central. Here 6 > 0
could be normalized to 6 = 1, but we have refrained from
this as it is dimensionful with dimensions of inverse square
length. The quantum metric is quantum symmetric in the
sense (4) and obeys the “reality” condition (5) given that r
commutes with dx’,dr in this calculus.

B. Quantum metrics for the g calculus

The f family (3) contains the standard calculus at f = 1,
and we find basically the same result as for that in Ref. [1].
We will omit the details and the proof as the methods
are the same, but the result is for the f family calculi in
dimension n > 2, there are no central quantum metrics
among a reasonable class of coefficient functions.

One can, however, consider metrics that are spherically
symmetric and commute with functions of r, ¢. To do this,
let us first note that the elements

u = r’~ldr,

v = P71 (rdt — ptdr), ",

commute with r, ¢. Also,

= u, v =B —2)u+ v, 0f = w;

by using the commutation relations. Looking in the 2D
r — t sector, the element

Gp =" Qv+l u@v—1v"Q u)
- 7(u@v+v" Qu)+yu®u

then manifestly commutes with ¢, 7 and is “real” in the
Hermitian sense provided y,, y, are real, and also
manifestly obeys A (g) =0. Now let ¢ =+, so

df = dt,v' = =1 (rdd’ — pf'dr) = v — y,u, and thus
Gp =" RV +PAuR v —v* Qu)+yu® u,

where y = y, — 7,2 is a real parameter. Therefore, we can
assume that the time variable has been shifted to eliminate
the y, term as the expense of the y, term. We now combine
this information with the angular part of the metric, so
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g:rzﬂ_ZZa)i®a)i+au®u+bv*®v
+ AU @ v—1v* @ u), (7)

fora,b € R, a, b # 0, commutes with r, t. One could insert
an overall normalization to fix the dimensions of g. The
additional angular term commutes, has zero wedge product,
and obeys the reality condition, so these features all still
hold for g. This metric generalizes the one in Ref. [1] from
the case ff = 1. Using the same methods as in Ref. [1], we
can show that, up to a shift in the ¢ variable, this is the most
general form of spherically symmetric metric that com-
mutes with r, t and involves a reasonable class of functions.

IV. CLASSICAL LIMITS

We now look at the classical limits of the spherically
symmetric quantum metrics allowed in Sec. III. This means
we set 4 = 0 so that our spacetime coordinates xi, t are the
usual commutative ones with their usual differentials and
the metric is now understood as a classical one.

A. Emergence of the Bertotti-Robinson metric
from the o family

Here we look at the classical limit of the metric in
Sec. IIT A, namely,

g=7567"'dQ* +ardr @ dr
+br* N (dr @ dt 4 dt ® dr) + cr?*dr @ dt, (8)

where a,b,c € R, § > 0 and we need b2 — ac > 0 for a
Minkowski signature. The first thing we do is define the
combination

ca2

5:
b? —ac

and compute for n > 3 that the Finstein tensor is

(n=2)(n-3)

G=-
2

g+ ((n—3)6— 5)5"dQ2. 9)
We also mention the scalar curvature
S=m-2)(n-3)5+25 (10)

and that the metric is conformally flat for n < 4, while for
n =4 it is conformally flat when & + & = 0.

Our first observation is that this G can never match a
perfect fluid other than the vacuum energy case given
by (n—3)6=24. This is because the one-upper index
Einstein tensor G is diagonal in our coordinate basis with
eigenvalues
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(n—2)(n-23) = (n=3)(n-4)
R e N (1)

where the first eigenspace is spanned by the ¢, r directions
and the other eigenspace is spanned by the angular
directions. Now if the two eigenvalues of G are distinct,
then we cannot have G = 8zGy(pid + (p + p)U ® u) for
a timelike 1-form u and associated vector field U, because
this would require u to have only one nonzero entry (since
otherwise U ® u would have off diagonals), and in that
case adding U ® u can only change the eigenvalue in a
one-dimensional subspace, contradicting the equality of the
eigenvalues in the r, ¢ subspace.
Next, we define a Maxwell field strength

F=qVb*—acr*!(dt @ dr — dr ® dt) (12)

when viewed as a tensor product of 1-forms. Its stress-
energy tensor

1 a F?
T/w:ﬂ FyaFu_Tg;w

works out as

2
(9 1702
T=—-—|2-6"dQ
¥is <2 )

after a short computation. Here F?> = —24? so that when
present (i.e., when g # 0) the electromagnetic type is non-
null. Comparing with (9), we obey Einstein’s equation with
cosmological constant A if we set

A =Dm=3) L

which entails 6 < (n — 3)8, with the case of equality being
the vacuum energy solution already noted. This also
implies that

A:%((n—3)26+5), (13)
(”;2>SSASW& (14)

In the important case of n =4, we see that the cosmo-
logical constant vanishes exactly in the conformally flat
case 6 = —6, while the Maxwell field strength vanishes
exactly in the case 6 = .

These computations are a generalization of Ref. [11] for
the standard form of Bertotti-Robinson metric if we take
a=-1,6=qg=q72 a=c}q* b=0, c=—q¢?, and
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6 = —cy?¢'~? in terms of the notation there, denoting g in
Ref. [11] as ¢’ to avoid confusion with our g. On the other
hand, we now show that all cases of (8), even as we vary a,
are locally equivalent to the Bertotti-Robinson metric up to
a change of variables; i.e., the moduli space is in fact only
the two real parameters &, 5. We treat the different signs of 5
separately.

(i) If 5> 0, then this implies c,a +%,a®> > 0. We

define a change of variables

a \/a—i—%
! =——Inr, ¥ = \ct —+——

NG ar®

when b > 0 and the opposite sign in the second term
of ¥ when b < 0. Then our metric becomes

g=671dQ2 4 2Vodr2 —dr?,  (15)

which is a known form of the Bertotti-Robinson
metric. Indeed, comparing to 2D de Sitter in the flat
slicing

gas = €¥Vodx — dr2,

we see that the metric is that of a part of "2 x dS,
with respective curvature scales &, 8.

(i) If 6 =0 and a® > 0, we have ¢ = 0 and we use a
different change of variables: if a > 0, say,

r’—ar“——Jr%t t’—ar“+i—%l
- a ’ - a ’
ar®*  a ar® a
g=571dQ2 + - (dr'? — dr?).
4o

If a < 0, we use the same but swap the roles of ¢/, /.
If ¢ =0, we have a different change of variables
given by linear combinations of In r, ¢, with a similar
conclusion. In all cases, we have the metric of a part
of "2 x R? with sphere curvature scale .

(iii) If 5 <0, then c,a +% < 0 < &, and we define

a
r = Inr,

Nar

when b > 0 and the opposite sign in the second term
of # when b < 0. Then our metric becomes

o
! =y/—ct++——
ar

g=0671dQ? — ¥V0dr2 4472 (16)

This should be compared with 2D anti—de Sitter
space metric, a part of which in certain coordinates
can be written as
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gAdS = —820\/__5dt2 + dvz.
We see that the metric is that of a part of $"~2 x AdS,
with respective curvature scales &, .

In summary, up to local changes of coordinates, classical
metrics which are classical limits of quantum metrics for
the o calculus and which are spherically symmetric are
given by two parameters &, 6 and equivalent to the Bertotti-
Robinson metric.

If we drop the spherical symmetry assumption, i.e., we
just ask for classical metrics that are limits of quantum
ones, then we have the allowed form

g=h+r'(n@dr+dr®n) +r*(( @dr+dr ®¢)
+ar™dr @ dr + br*'(dr ® dt + dt ® dr)
+ cr?edr @ dr

due to the degree requirements in Sec. III A and our polar
decomposition, where /& = h;;(z)dz’ @ dz/ is now a general
metric on S"72, a, b, ¢ are now functions in §"~2, and , ¢ are
further possible 1-forms on $"~2. The Einstein tensor is now
typically much more complicated. This polar decomposition
also applies in the quantum case of Sec. III A.

We note in passing that in n =4 we can consider
classical metrics like (8) but replace S? with §-'dQ by a
general surface X with metric hy and set 6§ = Sy/2
according to its Ricci scalar curvature. We keep a, b, ¢
constant. Then the calculations above go through in the
same way, and the Einstein tensor suggestively matches the
stress energy of a Maxwell field (12) and A, ¢°G given by
the same formulas as before but typically now varying on X
on account of § varying. The constant case H? x dS, or
H? x AdS, where we use the hyperboloid H? with

|

s=2%

PHYSICAL REVIEW D 91, 124028 (2015)

curvature scale § < O gives constants and completes the
Bertotti-Robinson family.

B. Emergence of flat metric from the g family

The results are again much the same as in Ref. [1] for
p = 1. The conceptually new result is that for a different
choice of # we can, however, see flat spacetime as emerging
from our algebraic considerations.

We will again be interested in matching to a perfect fluid.
If so, then this implies

G.U = —8zGypU,

so that U is a timelike eigenvector with eigenvalue
—82Gyp. We look for this first as a necessary but not
sufficient condition for matching to a perfect fluid. Having
identified the possible values of —87Gyp, we look in its
eigenspace for a timelike vector U such that the original
Einstein equation holds. In this case,

1 n TraceG

P=3\"" 8zG,
is also necessary, and we see for what parameter values G
now obeys Einstein’s equation. We focus on the 4D case.

The 2D case, of course, automatically has G = 0.
The classical limit of the metric in Sec. III B is

g = rP2(r2dQ? + (a + p*br*)dr? — 2brtdedr + br?ds?).

From the determinant of g, we need a + (> — 1)bt> and b to
have opposite sign to have the possibility of Minkowski
signature, which looking at small # means a, b have opposite
sign and looking for large # means > < 1. We find Ricci scalar

(a—p4B+3)) + (B> = 1)bt*(2a = 3p* + (B> — 1)br?)

P (a + (B> — 1)bt?)?

As far as matching a perfect fluid is concerned, there are three distinct eigenvalues of the Einstein tensor. One of these

gives us

BB+ 1)(2a+ p(p - 1)br*)

SﬂGNp = —

P (a + (B> — 1)bt?)?

with the null space of G + 8z Gyp being the angular directions. These are not timelike. The other choices of eigenvalue have

@ = (2 + Da+ (F° = DbA((S = )b = 24 +2a)

SﬂGNp =

rP(a+ (B> — 1)b*)?

N BB+ 1)\/a®> + 6B(B — 1)abt*> + (B — 1)2p(4 + 58)b*t*
r(a+ (B* = 1)bt?)? ’

and of these only the + sign has a timelike vector in the null space of G + 8z Gyp. Taking this, we then require Einstein’s
equation to hold, and this fixes @ = %, —=f(f3 + 2) (looking at the # = 0 term in an expansion of Einstein’s equation); this

then fixes f = 1 (looking at higher powers of 7).
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The case f§ = 1 is the case covered in Ref. [1], and these
are the two choices a = 1(b < 0) and @ = =3(b > 0) in
this case that were found there, respectively, a strong
gravitational source with positive pressure but zero density
and a cosmological solution with negative pressure and
positive density (quintessence ratio ——)

The case f = —1 has allowed values a = 1, and this
turns out to correspond precisely to flat space. This is
realized by the change of variables

r’ZI’_l, Y= 2x

! =r't

given in Ref. [1] which rendered g manifestly flat up to a
factor 7/~* = r*. The above metric is 7~* times the metric in
Ref. [1] so now becomes the flat metric g = dx’?> + bd¢?,
where b < 0.

We conclude that in the 3-parameter space of a, b, ff there
are precisely three cases where the Einstein tensor matches
a perfect fluid, namely, the two cases already in Ref. [1]
where = 1 and the new case f = —1 which has the flat
metric when a = 1. Thus, while the flat metric does not
extend to a full quantum metric, it does extend to the class
that partially commutes, namely, with r, ¢.

V. QUANTUM GEOMETRY

Finally, we show that the quantum metric found in
Sec. III A indeed leads to quantum Riemannian geometry
in the formalism of Refs. [1,16], and we find, remarkably,
that the change of variables that diagonalized our classical
metric in Sec. IVA also provides canonically conjugate
variables for the quantum algebra; i.e., the quantum
spacetime in the radial-time sector is a Heisenberg algebra
as in ordinary quantum mechanics.

We start with the n = 2 case so we are doing “quantum
de Sitter space,” leaving out the dQ?> = r?2> o' @ o'
term from the quantum metric (6). In the classical limit in
Sec. IV A, we used a change of variables (15) to convert this
to de Sitter spacetime for some scale 6 = ca?®/(b* — ac).
We focus on & > 0, but the anti—de Sitter case can be
handled similarly.

Since r commutes with both dr and dr, the change of
variable we used classically works just as well in the
quantum case. So, working in the quantum algebra as in
Sec. IIT A, we set

« ats
szglnr, R = \/_,_7,
g=eTV3R ® dR — dT ® dT,

where
a+%2
dT:7dr dR = \/Edt—l—wdr
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works out in just the same way. But note that [f(r),?] =
Arf'(r) in view of the commutation relations [r,?] = Ar.
Hence, in terms of the new variables we have

b? —ac.

(17)

In other words, T, R are a canonical conjugate pair with
Heisenberg relations between them, for a modified param-
eter A'. Similarly, using the relations of the a family calculus
we find

[T.R] = L/igln r, \/Ez} N

[R,dT] = {\/_t _ e [Id—:} =0,

rve }\/73

(R, dR] = {\ﬁ Jadi + \/—Tagdr]

a+1

— Jcadi + M [a+% == (mdr—/l’\/dR

and more obviously [T,dT] = 0, [T, dR] = 0. So we have a
closed algebra of the R, T and their differentials which we
now adopt (we can regard the passage between the two sets
of variables as formal). This is a nonstandard differential
calculus on the familiar Heisenberg algebra. We also have
R*=R and T* =T, as our change of variables involved
only real coefficients, and we suppose that we can extend
our Heisenberg algebra to include exponentials of 7', for
example, in some operator realization. We can check our
calculations by seeing that g is indeed central:

R, g] = [R.e*™V%|dR ® dR

+e2™5([R,dR] ® dR + dR ® [R,dR]) = 0

using the Heisenberg relations for the first term and the
[R, dR] relations for the second term.
Next, we write down the quantum Levi-Civita connection

VdR = —v/5(dR ® dT + dT ® dR),

VAT = —V/3¢™3dR @ dR

modeled on the classical one. We have taken the same
Christoffel symbols, just with the quantum tensor product.
We then check that this extends as a left quantum connection
in the sense V(fw) = df ® w + fVw for all 1-forms @ and
all elements f of our quantum algebra. Note that in physics we
usually think of a connection as a covariant derivative (say, on
1-forms) along vector fields, but one can think of it equally as
a map from 1-forms to a tensor product of 1-forms where the
first tensor factor is waiting to evaluate against any vector
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field. It is the latter that we take as a definition of V in the
quantum case. Torsion-freeness holds in the sense A VAR =
A VdT = 0 under the wedge product (here dT', dR anticom-
mute as usual from the fact that the dr, dr do).

We also have a right-hand connection rule V(wf) =
o(w ® df) + (Vw).f as in Refs. [1,16-18], where, in our
case, o is the flip map on dR,d7. These values of ¢ are
determined from V by the formula stated; we just have to
check that it is well defined when extended “strongly
tensorially” as a bimodule map, i.e., commuting with
multiplication by elements of the quantum coordinate
algebra from either side. On general 1-forms, it will not
simply be a flip. For example, using the commutation
relations for the calculus,

6(dRR @ dR) = 6(dR ® RdR)
= 6(dR ® dR.R) + 7 \/56(dR ® dR)
— 6(dR ® dR)R + ¥'\/35(dR ® dR)
— dR ® dR(R + ¥V/3).
We also have V real in the sense [1,16]
V(o") = o((x @ *)flipVw)

for all 1-forms w. Finally, metric compatibility now makes
sense in the form Vg = 0, where V is computed by the
rules above and extended to the two tensor factors in g by
acting on each factor and using ¢ to flip the left output of V
to the far left. We compute

Vg = V(e*™V?dR) ® dR
—V55(e*"%dR ® dR) ® dT
—V56(e*™3dR ® dT) ® dR

— VAT ® dT + V36(dT ® ¢"V3dR) ® dR
=0.

Here the value of V on the second tensor factor has been
inserted, and o is used to bring its left output to the far left.
When the value of V on the first tensor factor is also
inserted and the rules for ¢ are used, we find all the terms
cancel and we get zero. The curvature Ry as a 2-form
valued operator on 1-forms can also be computed by using
the definitions in Refs. [1,16], and one finds

RydR = 6dR A dT ® dT,
RydT = 5¢*"V3dR A dT ® dR.

Lifting the 2-forms to antisymmetric tensors and tracing,
one then gets Ricci = §g when normalized in a way that
matches the classical conventions. For this, the inverse

metric is (dR, dR) = e27V3, (dT,dT) = —1 extended as a
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bimodule map in the manner explained in Sec. II. These
calculations for quantum de Sitter geometry would be much
harder in the r,¢ algebra variables, but in the R, T ones,
which are very close to classical, we see that they follow the
classical form provided we are careful about some of the
orderings.

The general case in n > 4 or quantum Bertotti-Robinson
space is not really any different. In the quantum case, we do
not want to work with angles but work with 7/ = "7 These
commute with r, t and, in the a calculus, so do their differ-
entialsdz' = '/ r as we saw in Sec. III A. Itis also true, again
for the a calculus, that z' commute with dr, dz. Hence, they
describe an entirely classical $"~2 which commutes with R, T
and their differentials as well. After our change of variables,
the quantum metric in Sec. III A now becomes

g=05"dQ% + ™3dR ® dR — dT ® dT

much as before. Now, because the 7' and their differentials
decouple from the R, T sector as explained, one can show that
the quantum Levi-Civita connection is given by that on the
$"=2_ which is the same as classically, namely,

Vdzl = —7i671dQ2,

and the connection in the R, T sector already obtained above.
In principle, there could also be other exotic quantum Levi-
Civita connections with no classical limit, a phenomenon seen
in the model in Ref. [1]. Also, we have only here done the
algebraic level, and there may be issues at the operator
algebras level. At that point, the model may usefully tie up
with a different approach to noncommutative geometry
in Ref. [19].

We have seen that the formulas for the above quantum
Bertotti-Robinson space look deceptively like their classical
counterparts. This is because the angular sector remains
classical and decouples while in the radial-time sector the
coefficients of the quantum metric in our basis involve only r
(or T in the new variables) which, in the a calculus, commutes
with itself and both differentials. As long as functions of 7 (or
R) do not enter, we do not see the noncommutation relations
nor do we see the finite-difference partial derivatives that were
explained at the end of Sec. II. The same applies to the
particular Maxwell field (12) in Sec. IV, so Einstein’s equation
holds at the quantum level if we take the same formula as
before for the stress-energy tensor. This does not mean that the
noncommutation relations do not show up when doing other
computations, such as solving the wave equation, looking at
other Maxwell configurations, or looking for a quantum
isometry group of some kind. In that regard, we do have a
classical SO(n —2) acting on the sphere variables, and we
have preserved this in our constructions, but the classical
SO(1,2) or SL,(R) on the de Sitter or anti—de Sitter part does
not appear to quantize in any obvious way so as to respect the
nontrivial commutation relations in the radial-time sector.
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VI. CONCLUSIONS

A secondary conclusion of the paper is that we have
successfully quantized the Bertotti-Robinson spacetime,
with quantum coordinate algebra, differentials, metric, and
Maxwell field. This model has a modest amount of non-
commutativity taking the familiar form of the canonical
Heisenberg commutation relations (17) in the right coor-
dinates. We did not find an obvious quantization of the
classical isometry group, however, as we have come to the
model from the quantum differential geometry rather than
from its symmetries. Note that there is a bicrossproduct
Poincaré quantum group acting on the algebra (1) as in
Ref. [3], but this does not appear to be directly relevant, as it
does not respect the differentials and is not the appropriate
one for the metric either.

Our main conclusion, however, is in the other direction
concerning a mechanism for how classical geometry can
emerge out of quantum gravity. This is a central problem
for most approaches to quantum gravity, and our answer is
that if spacetime, as an intermediate stage, gets non-
commutative coordinates due to quantum-gravity effects,
then the metric can emerge from the noncommutative
algebra. Specifically, starting with nothing but this quantum
spacetime hypothesis in the form of a well-known quantum
coordinate algebra (1) in the literature, translation sym-
metry in the differentials, and spherical symmetry in the
metric, we were forced to a particular form of metric,
namely, one obeying the Einstein equations with a cos-
mological constant and Maxwell field. The classical limit
gives a new characterization of the Bertotti-Robinson
metric as emerging from the quantum algebra (1) or,
conversely, as quantizable to this algebra. This demon-
strates that the quantum spacetime hypothesis can have not
only Planck scale but classical consequences.

It is not the case that the emerging metric or constrained
class of metrics always consists of solutions of Einstein’s
equation for some known form of stress tensor, but it seems
that this is so in some contexts, as here. The Einstein
equations themselves classically have their origin in
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diffeomorphism invariance, which is expressed in the
quantum case as our differential algebra constructions after
Sec. II being required to be well defined, independently of
the choice of algebra generators as coordinates (actually
writing down a quantum diffeomorphism group is rather
harder and not understood in any generality). In Sec. II, we
also required differentials to be similarly well defined
even though we wrote them with particular generators.
At semiclassical order, these requirements appear in the
general analysis of Ref. [2] as classical geometric data
subject to quantizability equations. The data for a quantum
coordinate algebra is a Poisson tensor z, say, as usual. The
data for a differential calculus in Sec. II at semiclassical

order are a Poisson-compatible covariant derivative \Y
partially defined along Hamiltonian vector fields.
Centrality of the quantum metric in Sec. III comes down
to metric compatibility @g = 0. If we suppose this first,
then the compatibility of V with 7 is equivalent to [2]

X Qi —
V1 + 7S, + 7S, = 0,

P

where § = V — V is the contorsion tensor as determined by

the torsion of @, and V is the Levi-Civita connection. This
implies an integrability condition on the Riemann curvature
of the Levi-Civita connection. Associativity of the quantum
differential calculus further requires V to be flat and also
implies a condition [2] on the Riemann curvature in terms
of S and its covariant derivatives. We speculate then that if
the torsion of V can be related in some context to stress
energy, then these ideas may ultimately lead to a fuller
understanding of when solutions of Einstein’s equations are
emergent from noncommutative geometry.
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