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Emergent geometry from quantized spacetime
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We examine the picture of emergent geometry arising from a mass-deformed matrix model. Because of
the mass deformation, a vacuum geometry turns out to be a constant curvature spacetime such as
d-dimensional sphere and (anti-)de Sitter spaces. We show that the mass-deformed matrix model giving
rise to the constant curvature spacetime can be derived from the d-dimensional Snyder algebra. The
emergent geometry beautifully confirms all the rationale inferred from the algebraic point of view that the
d-dimensional Snyder algebra is equivalent to the Lorentz algebra in (d + 1)-dimensional flar spacetime.
For example, a vacuum geometry of the mass-deformed matrix model is completely described by a
G-invariant metric of coset manifolds G/H defined by the Snyder algebra. We also discuss a nonlinear

deformation of the Snyder algebra.
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L. INTRODUCTION

The wave-particle duality in quantum mechanics is a
remarkable consequence of particle dynamics in quantum
phase space defined by [x', p;] = ih8i. In aclassical world
with 7 = 0, the wave and the particle are completely
independent with exclusive properties. But, when 72 # 0,
the particle phase space becomes noncommutative (NC).
As a result, the particle dynamics in the NC phase space
reveals a novel duality such that the wave and the particle
are no longer exclusive entities but complementary aspects
of the same physical reality. That is, they are unified into a
single entity with a dual nature in the quantum world.

A NC spacetime arises from endowing spacetime with a
symplectic structure B = 1 B, dy“ A dy” and then quantiz-
ing the spacetime with its Poisson structure #* = (B~1)*,
treating it as a quantum phase space described by

[y, 1 = 0. (1.1)
Just as the wave-particle duality emerges in the NC phase
space (quantum mechanics) which has never been ob-
served in classical physics, the NC spacetime (1.1) may
also introduce a new kind of duality between physical or
mathematical entities. So an interesting question is what
kind of duality arises from the quantization of spacetime
triggered by the #-deformation (1.1). We will see that it is
the gauge/gravity duality as recently demonstrated in
[1-4].

The gauge/gravity duality in NC spacetime is realized in
the context of emergent gravity where spacetime geometry
emerges as a collective phenomenon of underlying micro-
scopic degrees of freedom defined by NC gauge fields.
Remarkably the emergent gravity reveals a noble picture
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about the origin of spacetime, dubbed as emergent space-
time, which is radically different from any previous physi-
cal theory all of which describe what happens in a given
spacetime. The emergent gravity has been addressed, ac-
cording to their methodology, from two facets of quantum
field theories: NC field theories [2-8] and large N matrix
models [9-14]. But it turns out [3,4] that the two ap-
proaches are intrinsically related to each other. In particu-
lar, the AdS/CFT correspondence [12] has been known as a
typical example of the emergent gravity based on a large N
matrix model (or gauge theory) which has been extensively
studied for a decade. Furthermore, the emergent gravity
has also been suggested to resolve the cosmological con-
stant problem and dark energy [15,16]. Nevertheless, there
has been little understanding about why and when the
gravity in higher dimensions can emerge from some kind
of lower dimensional quantum field theory and what the
first (dynamical) principle is for the emergent spacetime.

The issues for the emergent gravity seem to be more
accessible from the approach based on NC geometry. See a
recent review, Ref. [17], for various issues on emergent
gravity. In usual commutative spacetime, a gauge theory
such as the electromagnetism is very different from the
gravity described by general relativity since the former is
based on an internal symmetry while the latter is formu-
lated with the spacetime symmetry. A remarkable property
in the NC spacetime (1.1) is that the internal symmetry in
gauge theory turns into the spacetime symmetry. This can
be seen from the fact that translations in NC directions are
an inner automorphism of NC x-algebra A, i.e., e*¥ %
f(y)*x e *y = f(y + 0 - k) for any f(y) € A, or, in its
infinitesimal form,

- i[Bahyb’ f(y)]* = 3af()’)-

To be specific, let us consider a U(1) bundle supported
on a symplectic manifold (M, B). Because the symplectic

(1.2)
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structure B: TM — T*M is nondegenerate at any point
y € M, we can invert this map to obtain the map 6 =
B™': T*"M — TM. This cosymplectic structure 6 €
N2 TM is called the Poisson structure of M which defines
a Poisson bracket {-, -},: C®(M) X C®(M) — C*(M). The
NC spacetime (1.1) is then obtained by quantizing the
symplectic manifold (M, B) with the Poisson structure 6 =
B~'. An important point is that the gauge symmetry acting
on U(1) gauge fields as A — A + d¢ is a diffeomorphism
symmetry generated by a vector field X satisfying LyB =
0, which is known as the symplectomorphism in symplec-
tic geometry. In other words, U(1) gauge transformations
are generated by the Hamiltonian vector field X 4, satisfying
tx,B + d¢ = 0 and the action of X, on a smooth function

f(y) € C*(M) is given by
8f(y) = X4 (N ) = {f, dlo(y).

Therefore, the gauge symmetry (1.3) on the symplectic
manifold (M, B) should be regarded as a spacetime sym-
metry rather than an internal symmetry [2].

The above reasoning implies that U(1) gauge fields in
NC spacetime can be realized as a spacetime geometry like
as the gravity in general relativity [2—4]. In general rela-
tivity the equivalence principle beautifully explains why
the gravitational force has to manifest itself as a spacetime
geometry. If the gauge/gravity duality is realized in NC
spacetime, a natural question is what is the corresponding
equivalence principle for the geometrization of the elec-
tromagnetic force. Because the geometrical framework of
NC spacetime is apparently based on the symplectic ge-
ometry in sharp contrast to the Riemannian geometry, the
question should be addressed in the context of the sym-
plectic geometry rather than the Riemannian geometry.
Remarkably it turns out that NC spacetime admits a novel
form of the equivalence principle such that there “always”
exists a coordinate transformation to locally eliminate the
electromagnetic force [4]. This geometrization of the elec-
tromagnetism is inherent as an intrinsic property in the
symplectic geometry known as the Darboux theorem or the
Moser lemma [18]. As a consequence, the electromagne-
tism in NC spacetime can be realized as a geometrical
property of spacetime like gravity.

(1.3)

() (@oly) = 3Bap(x — €X)d(x* — €X) A d(x" — €X")
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This noble form of the equivalence principle can be
understood as follows [4]. The presence of fluctuating
gauge fields on a symplectic manifold (M, B) appears as
a deformation of the symplectic manifold (M, B) such that
the resulting symplectic structure is given by w; = B + F
where F = dA. Because the original symplectic
structure wy = B is a nondegenerate and closed two-
form, the associated map B TM — T*M is a vector
bundle isomorphism. Therefore, there exists a natural pair-
ing [(TM)— I'(T*M): X — B*(X) = 1yB  between
C™-sections of tangent and cotangent bundles. Because
the U(1) gauge field A on M only appears as the combi-
nation w; = B + dA, one may identify the connection A
with an element in I'(T*M) such that

B +A=0. (1.4)

The identification (1.4) is defined up to symplectomor-
phisms or equivalently U(1) gauge transformations, that
is, X~X+X, = A~A+dpwhere 1y, B= d¢. Using
the Cartan’s magic formula Ly = duy + tyd and so
[Ly,d] =0, it is easy to see that o, = B+ dA =B —
LyB and dw; = 0 because of dB = 0. This means that a
smooth family w, = wy + t(w; — w,) of symplectic
structures joining w( to w; is all deformation-equivalent
and there exists a map ¢: M X R — M as a flow—a one-
parameter family of diffeomorphisms—generated by the
vector field X, satisfying 1y, + A =0 such that
i (w,) = wy forall 0 =t = 1.

This can be explicitly checked by considering a local
Darboux chart (U;y', -+, y*") centered at p € M and
valid on the neighborhood U such that wg|y = %Babdy“ A
dy” where B, is a constant symplectic matrix of rank 2.
Now consider a flow ¢,: U X [0, 1] — M generated by the
vector field X, satisfying (1.4). Under the action of ¢, with
an infinitesimal €, one finds that a point p € U whose
coordinate is y¢ is mapped to @ (y) = x%(y) =
y* + €X“(y). Using the inverse map ¢, !: x4 — y(x) =
x* — €X%x), the symplectic structure
1B,,(y)dy" A dy” can be expressed as

w0|U =

~ %[Bab — €X*(9,Byp + 9B, + 0,Bp,) + €(3,(B,, X*) — 9,(B,,X*))]dx" A dx" =B + €F, (1.5)

where A,(x) = B, (x)X*(x) or tyB+ A =0and dB =0
was used for the vanishing of the second term. Equa-
tion (1.5) can be rewritten as @i(B + €F) = B, which
means that the electromagnetic force F = dA can always
be eliminated by a local coordinate transformation gener-
ated by the vector field X satisfying Eq. (1.4).

|

Surprisingly, it is easy to understand how the Darboux
theorem in symplectic geometry manifests itself as a novel
form of the equivalence principle such that the electromag-
netism in NC spacetime can be regarded as a theory of
gravity [2—4]. It is well known that, for a given Poisson
algebra (C®(M),{-, -}y), there exists a natural map
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C*(M) — TM: f— X, between smooth functions in
C*®(M) and vector fields in TM such that

Xr(g) ={g flo (1.6)

for any g € C*(M). Indeed the assignment (1.6) between a
Hamiltonian function f and the corresponding Hamil-
tonian vector field X, is the Lie algebra homomorphism
in the sense
Xipg = ~1Xp X 1.7
where the right-hand side represents the Lie bracket be-
tween the Hamiltonian vector fields.
The correspondence (1.6) between the Poisson algebra
(C*(M),{-, -}y) and vector fields in I'(TM) can be gener-
alized to the NC * algebra (A, [+, -],) by considering an

adjoint operation of NC gauge fields D,(y) € A, as
follows:

adp [F1) = =ilD,(), F() ]

wr 1D, (y) 0f(y)
ay”  dyt

V1) + 06°).

= —0 4+ ...

(1.8)

The leading term in Eq. (1.8) exactly recovers the vector
fields in Eq. (1.6) and the vector field V,(y) = V& (y) X
preserving diffeomorphisms since 9,Vs = 0 by defini-
tion. But it can be shown [4] that the vector fields V, €
I'(TM) are related to the orthonormal frames (vielbeins) E,,
by V, = AE, where A?> = detV}. Therefore, we see that
the Darboux theorem in symplectic geometry implements a
deep principle to realize a Riemannian manifold as an
emergent geometry from NC gauge fields through the
correspondence (1.8) whose metric is given by [3,4]

€ I'(TM,) takes values in the Lie algebra of volume-

ds®> = g, E° ® E’ = A2gathLV,l,’dy/‘ ® dy”, (1.9

where E¢ = A\V* € I'(T*M) are dual oneforms.
If a coordinate transformation is generated by a
Hamiltonian vector field X, satisfying vy B = d¢ or

Xf; = 0*”9,¢, the symplectic structure remains intact as

can easily be checked from Eq. (1.5). It should be the case
since the symplectomorphism generated by the Hamil-
tonian vector field is equal to the U(1) gauge transforma-
tion. So let us look at a response of the metric (1.9) under
the coordinate transformation in the symplectomorphism
or the U(1) gauge transformation. Using the definition of
the vector fields in Eq. (1.8), one can rewrite the inverse
metric of Eq. (1.9) as follows:
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a\2 _
(g) = g’E, ® E, = A" 2g"ViV}9,®0,
dx® 9xP
= G179, 80, = M0G0, ®0,
ay® dy
= 079" (Gyp + Lx,Gup)d, ® 9, (1.10)

where G, = —A7?B,.&“/Byy, and x*(y) = y* + X3 (y).
For consistency the metric (1.10) should remain intact
under the U(1) gauge transformation or the symplecto-
morphism since it does not change the symplectic struc-
ture. It is easy to see that this consistency condition is
equivalent to require Ly . G,, = 0 since V4 = 84 in this
case and so A2 = detV¥ = 1. Therefore, we get a consis-
tent result that the U(1) gauge transformation or the sym-
plectomorphism corresponds to a Killing symmetry and
the emergent metric (1.9) does not change, ie., &,, =
v

As emphasized by Elvang and Polchinski [19], the
emergence of gravity requires the emergence of spacetime
itself. That is, spacetime is not given a priori but defined by
“spacetime atoms,” NC gauge fields in our case, in quan-
tum gravity theory. It should be required for consistency
that the entire spacetime including a flat spacetime has to
be emergent from NC gauge fields. In other words, the
emergent gravity should necessarily be background inde-
pendent where any spacetime structure is not a priori
assumed but defined from the theory. Let us elucidate using
the relation between a matrix model and a NC gauge theory
[11,20,21] how the emergent gravity based on the NC
geometry achieves the background independence [3.,4].

Consider the zero-dimensional IKKT matrix model [10]
whose action is given by

Sixr = —3Tr((X,, X, 11X, X°]. (L.11)

Because the action (1.11) is zero-dimensional, it does not
assume the prior existence of any spacetime structure.
There are only a bunch of N X N Hermitian matrices
X%a =1, ---,2n) which are subject to a couple of alge-
braic relations given by

(X, [X X"]] =0, (1.12)
[X2 [XP, X] + [X?, [X€, X*]] + [X€, [X¢, XP]] = 0.
(1.13)

In order to consider fluctuations around a vacuum of
the matrix theory (1.11), first one has to specify the vacuum
of the theory where all fluctuations are supported. Of
course, the vacuum solution itself should also satisfy the
Egs. (1.12) and (1.13). Suppose that the vacuum solution is
given by X{,. = y*. In the limit N — oo, the Moyal NC
space defined by Eq. (1.1) where 8% is a constant matrix of
rank 2n definitely satisfies the equations of motion (1.12)
as well as the Jacobi identity (1.13). Furthermore, in this
case, the matrix algebra (My,[-, -]) defining the action
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(1.11) can be mapped to the NC * algebra (A, [+, *1x)
defined by the NC space (1.1) [11]. To be explicit, let us
expand the large N matrices X¢ = 6’D, around the
Moyal vacuum (1.1) as follows:

D ,(y) = Bypy" + A, (y). (1.14)
Note that
—i[D,(y), Dy ]k = 0,4,(y) — 9,A,(y)
— i[A,(), Ay(» ]k = Buy
= Fop(y) = Bap- (1.15)

Then the IKKT matrix model (1.11) becomes the NC U(1)
gauge theory in 2n dimensions [11,21]

Sne = 1o [dznyGachd(F ~ B)y, % (F = B)oy,
8ym

(1.16)

where G = §9°¢>¢ and Tr — f(zw‘;,i% and we have
recovered a 2n-dimensional gauge coupling constant g%,
[20].

According to the correspondence (1.8), the NC gauge
fields D,(y) € A, in Eq. (1.14) are mapped to (general-
ized) vector fields V,(y) = ad b, (y) as an inner derivation
in A, [2-4]. In particular, we have the property

[adﬁt‘: adﬁb]* = adﬁab = [‘711, Vh]*’ (1]7)
where [V, V, 1, = [V, V] + O(6%) is a generalization of
the Lie bracket to the generalized vector fields in Eq. (1.8).
Using the maps in Egs. (1.8) and (1.17), one can further
deduce that

[adﬁu’ [adﬁh’ adﬁ<-]*]* = adDA,,I:“,,L. = [Va» [Vhy Vc]*]*'
(1.18)

Using the relation (1.18), one can easily show that the
equations of motion for NC gauge fields derived from the
action (1.16) are mapped to the geometric equations for
(generalized) vector fields defined by Eq. (1.8) [4]:

DiFrg =0 [V [V Valde = 0, (1.19)

DF, =0 [V,[V, Vil =0. (1.20)
To be specific, if one confines to the leading order in
Eq. (1.8) where one recovers usual vector fields, the
Jacobi identity (1.13) [or the Bianchi identity (1.19) for
NC gauge fields] is equivalent to the first Bianchi identity
for Riemann tensors, i.e., R[4 = 0, and the equations of
motion (1.12) for N X N matrices or (1.20) for NC gauge
fields are mapped to the Einstein equations, R,, —
%gabR = 8w GT,,, for the emergent metric (1.9) [4].
Though the emergence of Einstein gravity from NC
gauge fields is shown after some nontrivial technical com-
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putations [4], it can easily be verified for the self-dual
sector without any further computation. First notice the
following equality directly derived from Eq. (1.17)

Fab = i%é‘adech = [Va’ Vb]* = i%Sade[Vc, Vd]*-

(1.21)

Because [V, V,]. =[V, V,]+ O(8?), the right-hand
side of Eq. (1.21) in a commutative, i.e. O(0), limit de-
scribes self-dual and Ricci-flat four-manifolds as was rig-
orously proved in [1,4,22]. In other words, the self-dual
Einstein gravity arises from the leading order of self-dual
NC gauge fields [7].

One can trace the emergent metric (1.9) back to see
where the flat spacetime comes from. It turns out [16]
that the flat spacetime is emergent from the uniform con-
densation of gauge fields giving rise to the NC spacetime
(1.1). This is a tangible difference from Einstein gravity
where the flat spacetime is a completely empty space.
Furthermore, since gravity emerges from NC gauge fields,
the parameters, g%,; and |6|, defining a NC gauge theory
should be related to the Newton constant G in emergent
gravity. A simple dimensional analysis shows that Gc—fz‘z ~

g%M |6]. In four dimensions, this relation immediately leads
to the fact that the energy density of the vacuum (1.1) is
Pvac ~ |Bay|?> ~ M% where Mp = (87G)~ /2 ~ 10'8 GeV
is the Planck mass. Therefore, the emergent gravity reveals
a remarkable picture that the huge Planck energy Mp is
actually used to generate a flat spacetime. It is very sur-
prising but should be expected from the background inde-
pendence of the emergent gravity that a flat spacetime is
not free gratis but a result of Planck energy condensation in
a vacuum. Hence the vacuum energy does not gravitate
unlike Einstein gravity. It was argued in [4,16] that this
emergent spacetime picture will be essential to resolving
the cosmological constant problem, to understanding the
nature of dark energy, and to explaining why gravity is so
weak compared to other forces.

In this paper we will generalize the picture of emergent
geometry to the case with a nontrivial vacuum geometry,
especially, a constant curvature spacetime. This kind of
emergent geometry will arise from a mass-deformed ma-
trix model. The subsequent parts of this paper will be
organized as follows.

In Sec. II, we will consider the matrix model of SO(3 —
p, p) Lie algebra with p = 0, 1, 2 which is the matrix
version of Maxwell-Chern-Simons theory or massive
Chern-Simons theory [23]. We show that either compact
or noncompact (fuzzy) Riemann surfaces such as a two-
dimensional sphere and (anti-)de Sitter spaces are emer-
gent from the matrix model. A well-known example of
quantized compact Riemann surfaces is a fuzzy sphere
[24]. We discuss how a nonlinear deformation of the under-
lying Lie algebra can trigger a topology change of the
Riemann surfaces [25].
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In Sec. III, we will generalize the matrix model of two-
dimensional Riemann surfaces to higher dimensions. The
emergent geometry in higher dimensions is deduced from a
mass-deformed IKKT matrix model [26]. Because of the
mass deformation, a vacuum geometry is no longer flat but
a constant curvature spacetime such as a d-dimensional
sphere and (anti-)de Sitter spaces. We show that the mass-
deformed matrix model giving rise to the constant curva-
ture spacetime can be derived from the d-dimensional
Snyder algebra [27]. The emergent gravity beautifully
confirms all the rationale inferred from the algebraic point
of view that the d-dimensional Snyder algebra is equivalent
to the Lorentz algebra in (d + 1)-dimensional flar space-
time. We also discuss a nonlinear deformation of the
Snyder algebra.

In Sec. IV, we show that a vacuum geometry of the mass-
deformed matrix model is completely described by a
G-invariant metric of coset manifolds G/H [28] defined
by the Snyder algebra. We thus advocate the picture that
the geometrical aspects of emergent gravity for the mass-
deformed matrix model can be nicely captured by the
equivalence between the d-dimensional Snyder algebra
and the (d + 1)-dimensional Lorentz algebra. Finally, we
conclude with several remarks about the significance of
emergent geometry based on the results we have obtained.

In the Appendix, it is shown that the two-dimensional
Snyder algebra is precisely equal to the three-dimensional
SO(3 — p, p) Lie algebra in Sec. IL

II. TWO-DIMENSIONAL MANIFOLDS FROM
MATRIX MODEL

Consider the following master matrix action:

2 .
Sy = Tr(gYTMPAPA — AP, XA + ;—ITSABCXA[XB, XC]),

2.1)
where A = Kg%{M and A, B, - - - = 1, 2, 3. The equations of
motion are read as

Py = %“MBC[XBr X, (2.2)
2gym
PA = kXA 2.3)

Substituting Eq. (2.2) into the master action (2.1) leads
to the matrix version of Maxwell-Chern-Simons action
[14]

1
Smes = ——5—
gz

1 i\
Tr<f XA XBP + e peXALX5, XC]),
24 3

(2.4)

while Eq. (2.3) leads to the matrix version of massive
Chern-Simons theory

PHYSICAL REVIEW D 82, 045004 (2010)
' A
Smcs = KTI‘(% eapcXA[XB, XC] — EXAXA). (2.5)

Thus we establish the matrix version of the duality between
topologically massive electrodynamics and a self-dual
massive model [23]. Therefore, it is enough to solve either
Eq. (2.4) or Eq. (2.5) to get physical spectra.

From the action (2.5), one can see that the equations of
motion are given by the SO(3 — p, p) Lie algebra with p =
0,1,2

(X4, XB] = —ire?B . XC. (2.6)
We are interested in deriving a two-dimensional manifold
from the Lie algebra (2.6) where the Casimir invariant is
given by’

gapX2XB = (—)*R2 (2.7)

We will consider three cases depending on the choice
of metric gup: (I) gup = diag(l,1,1) with # =0,
1 gap = diag(—1,1,1) with =0, and
(Il) g4p = diag(—1, 1, —1) with # = 1. They describe a
two-dimensional manifold M of radius R given by Eq. (2.7)
in the classical limit: (I) sphere S?, (1) de Sitter space dS,,
and (IIT) anti-de Sitter space AdS,, which may be repre-
sented by the cosets SO(3)/SO(2), SO(2, 1)/SO(1, 1), and
SO(1,2)/SO(1, 1), respectively. See Sec. IV for the coset
space realization of two-dimensional hypersurface M.

We will first clarify how the Lie algebra (2.6) arises from
the quantization of two-dimensional (orientable) manifolds
[25,29]. Let M be an orientable two-manifold and w €
Q?(M) a volume form. Then w is nondegenerate (since
o # 0 everywhere) and obviously closed, i.e., dw = 0.
Therefore, any orientable two-manifold M is a symplectic
manifold. A unique feature in two dimensions is that a
symplectic two-form is just a volume form. Hence any two
volume forms w and w’ on a two-dimensional manifold M,
defining the same orientation and having the same total
volume, will be related by an exact two-form; o' = w +
dA. This is a well-known result on volume forms due to
Moser [18]. (For a noncompact manifold, we would need
to introduce a compact support of symplectic form.) In
particular, every closed symplectic two-manifold is deter-
mined up to local isotopic deformations by its genus and
total volume. This implies that a nontrivial deformation of
two-dimensional manifolds will be encoded only in vol-
ume and topology changes up to volume-preserving metric

"It is well known that the Lie algebra (2.6) can be represented
by differential operators as tangent vectors on some manifold,
which is actually the result we want to realize using the map
(1.8). Without imposing the Casimir invariant (2.7), one gets a
three-dimensional manifold, e.g., S3 from SU(2) algebra. In our
case, imposing Eq. (2.7), we will get a two-dimensional manifold
instead. As will be discussed in the Appendix, the SO(3 — p, p)
Lie algebra in Eq. (2.6) will then be interpreted as the Lorentz
algebra of an ambient three-dimensional space, which is pre-
cisely the three-dimensional version of Eq. (3.21).
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(shape) deformations. We will see that this feature still
persists in a two-dimensional NC manifold.

To begin with, let us introduce a local Darboux chart
(U;y', y?) centered at p € M and valid on a neighborhood
U such that |y =31B,dy* Ady? = —dy' Ady>. The
Poisson bracket for f, g € C®(M) is then defined in terms
of local coordinates y* (a = 1, 2)

{f, gty = 0 of 98 (2.8)

ay* ay’’

where 6'2 = 1. We will consider the two-dimensional
manifold M as a hypersurface embedded in R3~77 and
described by LA = LA(y), A = 1, 2, 3, satisfying the rela-
tion (2.7). For example, one can choose y* = (cosf, ¢) for
S2, y* = (sinht, ¢) for dS,, and y* = (¢, sinhx) for AdS, as
follows.

(I) S? of unit radius:

L = \[1 — y2 cose, L? = 4/1 — y*sing,

2.9
L=y,
where y = cosé.
(IT) dS, of unit radius:
L'=—y, L? = \/1 + y2 sing,
(2.10)
L3 = \/1 + y2 cose,
where y = sinhz.
(IIT) AdS, of unit radius:
L' =4/1 + y%cost, L? = —y,
(2.11)

L3 = \/1 + y? sint,

where y = sinhx.

It is easy to see that the above coordinate system
LA(y) € C®(M) satisfies a linear Poisson structure under
the Poisson bracket (2.8)

(LA, LB}, = —&"B LC. (2.12)

The coordinate system L,(y) = g pzLB(y) € C*(M) sat-
isfying the constraint (2.7) can be mapped to vector fields

VO (y) = v0(y) 52 € T(TM) according to Eq. (1.6) as

aL, @

©0) _ pab
vV, =286 .
A ayh aya

(2.13)

The two-dimensional metric on M is then determined by
the vector fields (2.13) where the inverse metric is given by

© @ = (det®) 1 APV VY

and so the two-dimensional (emergent) metric reads as
LA 9LP
ay* ay"

(2.14)

G0 =gy (2.15)
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One can easily check that the resulting metric ds*> =

@g(gdy“dyb is equivalent to the induced metric from the
standard flat metric ds> = g zdLAdL® on R3~P7:

(D): ds* = = + (1 — y?)dg? = d#? + sin*0d ¢?,
-y
(2.16)
dy?
1): ds* = — + (1 + y)de?
(ID): ds T+ (1+y>)de
= —dt* + cosh’td¢?, 2.17)
dy?
0): ds*> = —(1 + y?)di* +
(IIT): ds (1+y%) T+
= —cosh®xdf® + dx?. (2.18)

As it should be, we see here that the metric (2.15)
determined by the vector fields in Eq. (2.13) is just the
induced metric on a two-dimensional surface M embedded
in R3~77. Let us now consider a generic fluctuation of the
surface M around the vacuum geometry (I)—(III) described
by

XA(y) = LA(y) + A%(y).

The fluctuating coordinate system (2.19) satisfies the fol-
lowing Poisson bracket relation:

(2.19)

{X4, X8}, = —sABCXC + FAB (2.20)
where
FAB = {LA ABY, — {LB, A%}, + {A4, AB}, + sABCAC.
(2.21)

Note that the field strength F48 in Eq. (2.20) cannot be
arbitrary since the Poisson algebra (2.20) should satisfy the
Jacobi identity, £,45-{X4, {XB, X€},}y = 0. This constraint
can be solved by taking the field strength FA? in Eq. (2.20)
as the form

ape OF(X
DG

with an arbitrary smooth function F(X) defined in M =
R3~7P because we have

FAB(X) = ¢ (2.22)

%8ABC{XA’ {X5, Xty = {XA’ 65)(24()}0

92F(X)

~ ax"ox?

Then the Poisson bracket relation (2.20) can be written as
follows:

{XA, XB}g =0.

sc 0G(X)
X<’
where the polynomial G(X) is defined in M = R3>~7? and

{x4, X8}y = & (2.23)
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given by

G(X) = F(X) — 1gpX X5 + p. (2.24)

It is interesting to notice that, for f, g € C*(M),

{700, g0y, = L) 280)

_ GABC 0G(X) af(X) 0g(X)
ox4 oXxB  9Xx¢€
={G(X), f(X), g(X)}xp,

where {f(X), g(X), h(X)}xp is the Nambu-Poisson bracket
for arbitrary functions f, g, h € C*(M). The Nambu-
Poisson bracket satisfies some fundamental identity (see
Eq. (3.2) in [30])
{1 f2Af3 fa Fshneine = {f1 o f3bes fao Fsdnp
+{f3.Af1 fo fahne fshp

+{f3 fa Uf1s fa fshnpIng-
(2.26)

{x4 X},

(2.25)

Then one can easily see that the Jacobi identity for the
Poisson bracket (2.23) is actually the statement of the
fundamental identity (2.26) since

{f.{g hioto +{g {h flolo +{n{f. glal
=1{G, £.{G, g hixele +{G, .G, 1, finpine
+1{G, h{G, 1, ghwinp
= —{{f. G, Ghwp, g hixp = 0.

In order to allow a general fluctuation including topol-
ogy and volume changes of the two-dimensional surface
M, suppose that the function F(X) in Eq. (2.22) is an
arbitrary polynomial in three variables in M = R~ 77,
The two-dimensional surface M embedded in ‘M will be
defined by zeros of the polynomial (2.24), i.e., M =
G~ '({0}) and X4(y) in Eq. (2.19) will be a local parame-
terization of M in terms of Darboux coordinates y“. For
example, a Riemann surface 2., of genus g is described by

(2.27)

GXx) =Px)+y)P+22—u’ =y €ER,

(2.28)

with the polynomial P(x) = x* + ay_ x> 1 + -+ +
a;x + ay where the polynomial P — w has two simple
roots and the polynomial P + wu has 2g simple roots (u >
0) [25]. The unperturbed surfaces in (I)—(III) correspond to
the polynomial (2.24) with F(X) = 0,1i.e.,, M = GL,({0})
where p = (—1)¥R?. After determining the embedding
coordinate (2.19) by solving the polynomial equation
G(X) = 0 as illustrated in the simple cases (I)—(III), the
metric of the two-dimensional surface M = G~ '({0}), ac-
cording to the map (1.8), will be given by the vector fields
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gab 0X(y) 9

V4= . 2.29
A ayb aya ( )
The resulting metric ds> = &, (y)dy*dy” where
ax4 oxB
&, = _— 2.30
ab 8AB aya ay” ( )

will again be equivalent to the induced metric on M
embedded in the three-dimensional spacetime ds’> =
gapdXAdX® whose embedding is defined by the polyno-
mial (2.24).

If we consider a generic fluctuation described by an
arbitrary polynomial (2.24), we expect that the perturbation
(2.19) falls into one of the three classes; (A) metric pre-
serving coordinate transformations generated by flat con-
nections, (B) volume-preserving metric deformations; and
(C) volume-changing deformations. From the analysis in
Eq. (1.10) we well understand for the case (A) what is
going on there. The gauge field fluctuation in Eq. (2.19)
should belong to a pure gauge, i.e., F48 = 0. To check this
result, consider a pure gauge ansatz A4(y) = g~ '(y) X
{LA, g(y)}y. One can calculate the corresponding field
strength (2.21)

FAB = {A4 ABY, (2.31)
and the Casimir invariant (2.7)
gap(XAXP — LALP) = g,pA"AP, (2.32)

where g,;LAA% = 0 was used. The nonvanishing terms,
0(#%) and O(6?), in Eq. (2.31) and Eq. (2.32), respectively,
can be neglected in the commutative limit and eventually
will disappear in the NC space (2.37) as will be shown
later. The case (B) corresponds to the metric change gen-
erated by a general vector field X satisfying LyB + dA =
0. In this case the vector field X is not a Hamiltonian vector
field and it in general contains a harmonic part in H'(M).
Therefore, it could be possible that the metric deformation
generated by the nontrivial vector field X will in general
accompany a topology change of the two-dimensional
surface M. The topology change will be triggered by a
higher order, e.g. quartic, polynomial F(X) in Eq. (2.24)
[25]. Finally, as a simple example of the case (C), a
volume change of the two-dimensional surface M is de-
scribed by the gauge field A4(y) = aLA(y) and FA8(y) =
—a(l + a)e?B L€ = —ae? XC. In this case the
Poisson bracket relation (2.20) is given by

(XA, XBY, = —(1 + a)sB .XC. (2.33)

That is, the volume change can be done by turning on
the polynomial F(X) = —%g,pX*X? in Eq. (2.24).
Therefore, the volume change in Eq. (2.7), R—
(1 + a@)R, can also be interpreted as the change of coupling
constant in Eq. (2.6), A — (I + a)A, or the change of
noncommutativity in Eq. (2.8), %> — (1 + «)#?".
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Because the Lie algebra (2.6) arises as the equations of
motion of the action (2.1), it is necessary to generalize the
action (2.1) in order to describe a general two-dimensional
surface defined by the polynomial (2.24). The generalized
action will be defined by

dG(X)
XA

2
Sg = Tr(gYTM P,PA + APA

;—'fs ApcXALXE, xC]) (2.34)
The equations of motion are now given by
p IG(X)
= —x )
A ax4 (2.35)

92G(X) i
— PB ] — e [XB, XC]’
[ aXAoxB|  2g2,, €

where [P5 j;AGgL] is a formal expression of the matrix
ordering under the trace for the variation P?_2: 577 (aXB)
The previous equations of motion, (2.2) and (2.3), are given
by the polynomial (2.24) with F(X) = 0. Of course a
vacuum manifold defined by the new action (2.34) should
be newly determined by solving the equations of motion
(2.35).

A two-dimensional NC space can be obtained by quan-
tizing the symplectic manifold (M, = —dy' A dy?),i.e.,
by replacing the Poisson bracket (2.8) by a star commutator

{f. gko — _i[ﬁ glx

and the ordinary product in C*(M) by the star product in
NC *-algebra A ,. Then the local Darboux coordinates y*
(a =1, 2) satisfy the commutation relation

[y, yb]* = 6.

The fluctuation in Eq. (2.19) now becomes an element in
A, given by

(2.36)

(2.37)

XA(y) = LA(y) + AM), (2.38)

where LA(y) is a background solution satisfying the
constraint (—1)#R? = g,zLA % [P and [LA LP], =
—ig"P .LC obtained from Eq. (2.12) by the quantization
(2.36). (See [29] for the deformation quantization of hyper-
bolic planes.) Then one can calculate the star commutator
[X, XP], = [LA() + A% (), LB () + AP (9],
= _iSABCXC + [lA‘A) AB]* - [l,:B’ AAA]*
T [A%, AB], + ishP AC

= —ig"? XC(y) + iF*5(y). (2.39)

Substituting the above expression into the action (2.5)
leads to the action for the fluctuations
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__* f Py(e, 5o f * FBC 1+ A%, % RA),
1277|6)|

(2.40)

The equations of motion derived from the variation
with respect to A% say that the fluctuations should be a
flat connection, i.e., F48 =0, already inferred from
Eq. (2.39).

In order to treat the generalized action (2.34), the Jacobi
identity, eapc[ X%, [X® X 1], =0, can be solved in a
similar way as the commutative case by the form

. 0F(X)
FAB(X) = gABC 7 2.41
®) %C (24D
": %) will be defined with the symmetric

Weyl ordering [25]. Then one can evaluate the commutator

[XA, aaF)Sf)]* by a successive application of the Leibniz rule
(XA, f % gl = Fx[XA, 8], + [X4, Flx * & such that each

term finally has a form £, (X) % [X4, XB], * F,(X). If we
formally denote the resulting expression as the form

[2157]

1 A A ~
E SABC[XA, [XB’ XC]*]* =

PFX)  on o
l{aXAaXB XX ]*}’

(2.42)

2E(X)

aXAaXB

respect to (A < B) and so Eq. (2.42) identically vanishes.

Therefore, the star commutator (2.39) takes the form [25]

it turns out that the polynomial -2 is symmetric with

SABC aG(X)

CA VB
[X ’X ]* aXC >

(2.43)

where the polynomial G(X) is the star product version of
Eq. (2.24) given by

G(X) = F(X) — Lg\pX" % XE + p. (2.44)

Suppose that we have solved the polynom1al equatlon
G(X) =0 whose solution is given by X, = g,zX®
X (). (See [25] for explicit solutions for tori and deformed
spheres.) Now one can define an inner derivation of the NC
* algebra (A, [+, -]4) as in Eq. (1.8) by considering an
adjoint action of X,(y) = g.zX%(y) as follows:

VALF10) = ady [F1() = —ilX(), F0)].
af(y)
ay“

= Vily

(2.45)

The leading term in Eq (2.45) is exactly equal to the vector
fields V4 (y) = Vi(y)-2 7,7 in Eq. (2.29). We may identify Va4
with generalized tangent vectors defined on a two-

dimensional fuzzy manifold described by the polynomial
(2.44).
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As was shown in Eq. (1.3), the symplectomorphism can
be identified with NC U(1) gauge transformations. Flat
connections, i.e., F4%(y) =0 in which case F(X) =0,
are given by A%(y) = 27 (y) x [L*(y), §(»)]x or X*(y) =
&' (y) * LA(y) * §(y) with any invertible g(y) € A,. So
the equations of motion (2.39) are the same as before and
the solution (2.38) of flat connections preserves the area
(2.7), say, gapX* * XB = (—=)*R2. Also note that the re-
maining terms in Eqs. (2.31) and (2.32) are completely
cured in the NC space (2.37) as we remarked before.
Because the embedding (2.44) has not been changed, it is
a natural consequence that a pure gauge fluctuation does
not change a two-dimensional metric of fuzzy manifold M
as we already noted in Eq. (1.10).

Now we want to discuss some interesting aspects of our
construction. As we observed above, a pure gauge fluctua-
tion does not change the two-dimensional metric ds> =
& ,,dy?dy” and belongs to the same representation, i.e.,
gapLALP = g,pXAXE = (=) R? for L*(y) and X*(y) =
LA(y) + AA(y) in C*(M). This means that there exists a
global Lorentz transformation in three dimensions such
that XA = A4,;L% where A%, € SO(3 — p, p). In other
words the metric &, is invariant under the Lorentz trans-
formation in ambient spaces as expected. It is interesting to
notice that a local gauge transformation in two dimensions
can be interpreted as a global Lorentz transformation in
three-dimensional target spacetime. More generally, one
may represent a generic fluctuation of gauge fields in X* as
a general coordinate transformation, that is, LA(y)—
XA(y) = XA(L)(y). Then the vector fields V& and V¥ in
TM for the smooth functions L*(y) and X*(y) are defined
by Eq. (229) and they are related by V{ = %(y)Vé

thanks to the chain rule {X,(L), f}, = %{LB, o

According to Eq. (2.30), the two-dimensional metric can
then be written as

aLA oLB
S, =Gipg— ——, 2.46
ab AB ayu ayb ( )
where G45(y) = % (y) % (y)gcp- Thus a generic fluctua-

tion possibly changing the volume as well as topology
[turning on a nontrivial F(X) # 0] can be interpreted as a
general coordinate transformation supported on the two-
dimensional surface M. Of course this is consistent with
the fact that the metric ds> = &,,dy*dy" is the induced
metric on a submanifold M embedded in R3~77.

It is well known [23] that the massive Chern-Simons
gauge theory in three dimensions has a physical degree of
freedom. One may wonder which mode in the action (2.5)
corresponds to the physical one. Note that the gauge field
dynamics in three dimensions need not be subject to the
constraint (2.7). Because gauge field fluctuations preserv-
ing a two-dimensional area and satisfying the equations of
motion (2.6) are flat connections and also pure gauges, the
only remaining physical mode satisfying the same Lie

PHYSICAL REVIEW D 82, 045004 (2010)

algebra (2.6) is an area changing fluctuation as we observed
in Eq. (2.33). Because the area change can also be inter-
preted as the change of coupling constant or noncommu-
tativity, it would be intriguing to recall that a similar
feature also arises in the AdS/CFT correspondence [12]
where the size of bulk spacetime is related to the coupling
constant of gauge theory.

III. EMERGENT GEOMETRY FOR SNYDER
SPACETIME

Now we want to generalize the analysis for the two-
dimensional cases to higher dimensions, in particular, to
four-dimensional manifolds with constant curvature as an
emergent geometry from some matrix model. Let us start
with the following IKKT matrix model with a mass defor-
mation [26]:

(d— 1)k

1
S = Tr{ ——[X* X" +
mIKKT T( 4[ ] )

XaX“), 3.1
where X¢ are N X N Hermitian matrices and a, b =
1,---,d = 2. One can rewrite the action (3.1) as the form

1 1 d—1
S, = Tr(Z My M = 5 Moy [X%, X + (T)KXX)

(3.2)

by introducing Lagrange multipliers M, which are N X N
anti-Hermitian matrices. In spite of the mass deformation
with k # 0, the matrix action (3.2) respects the U(N)
gauge symmetry given by

(X9, Mgp) = U(X“, My,)UT (3.3)

with U € U(N). The equations of motion are given by
[Xa, Xb] — Mab’ (34)

[M, X, ]+ (d — 1)kX¢ = 0, (3.5)

where Eq. (3.5) becomes the equations of motion derived
from the action (3.1) when substituting [X¢, X”] for M.
One can easily check that the above equations of motion
can be obtained from the Snyder algebra [27]:

[Xa’ Xb] — Mab’
[Xa’ Mbc] — K(gacxh _ gabxc)’

[Mab Mcd] — K(gachd _ gadec _ gbcMad + gbdMac)

(3.6)
where the last equation can be derived from the other two
applying the Jacobi identity. Therefore, if the matrices
(X4, M"<) satisfy the Snyder algebra (3.6), they automati-
cally satisfy the equations of motion, (3.4) and (3.5). Here
the deformation parameter « carries the physical dimen-

sion of (length)? since we will consider X% as ‘‘matrix
coordinates.”
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Because we consider the action (3.2) as a massive de-
formation of the IKKT matrix model (1.11), we regard the
matrices M, in the action (3.2) as Lagrange multipliers
and so these can be integrated out. The resulting action of
course recovers the original action (3.1). Thus the number
of dynamical coordinates remains the same as the unde-
formed case. Actually it will be shown later that the matrix
X“ as a dynamical coordinate is mapped to a NC gauge
field and M?" to its field strength. Therefore, the emergent
geometry for the mass-deformed case can be derived by
essentially the same way as the undeformed case, except
that the deformed case in general admits a Poisson struc-
ture only instead of a symplectic structure. But this is not a
difficulty since a Poisson structure is enough to formulate
emergent geometry from large N matrices or NC gauge
fields, as will be shown below. Note that Poisson manifolds
are a more general class of manifolds which contains
symplectic manifolds as a special class.

Now the problem is how to generalize the emergent
geometry picture for the undeformed case (1.11) to the
mass-deformed case (3.2) where the vacuum geometry will
be nontrivial, i.e., curved, since M“? = constants cannot be
a vacuum solution unlike the k = 0 case. We showed that
the generators X in the Snyder algebra (3.6) satisfy the
equations of motion (3.4) and (3.5). In order to map the
matrix algebra (M, [+, -]) defining the action (3.2) to a NC
* algebra (Ay, [+, -1x), we will show that the Snyder
algebra (3.6) can be obtained by the deformation quantiza-
tion of a Poisson manifold [31] whose Poisson tensor is
given by IT = 1 L% (x) 7% A =% In other words, we want
to show that the Schouten bracket [32] for the Poisson
tensor Il vanishes, i.e.,

9Lbe gL gLy 9
I, ] = (L% ——+ L9 ——_ 4 [dc )
[ Is ( axd ax? ax? ) gx¢
9 9

if the Poisson bracket {x% x’}; = L%(x) = (II, dx® A
dx?) satisfies the Snyder algebra (3.6). It is easy to
see that the Jacobi identity {{x? x’}y, x}q +
{xP, x Y, x4 + {x€, x4, ¥ = 0 is satisfied due to
the second algebra in Eq. (3.6). From the Jacobi identity,
we immediately get the result (3.7) and so the two-vector
field II is a Poisson tensor.
The Poisson tensor I1 of a Poisson manifold M induces a
bundle map I1#: T*M — TM by
A~ I1*(A) = L“b(x)Au(x)% (3.8)
for A = A,(x)dx® € T¢M, which is called the anchor map
of IT [32]. The rank of the Poisson structure at a point x €
M is defined as the rank of the anchor map at this point. If
the rank equals the dimension of the manifold at each
point, the Poisson structure reduces to a symplectic struc-
ture which is also called nondegenerate. The nondegener-
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ate Poisson structure uniquely determines the symplectic
structure defined by the two-form w =1 w,;,(x)dx* A
dx? = T1"! and the condition (3.7) is equivalent to the
statement that the two-form w is closed, dw = 0. In this
case the anchor map I1#: 7*M — TM is a bundle isomor-
phism as we discussed in Sec. I. To define a Hamiltonian
vector field IT#(df) of a smooth function f € C®°(M),
what one really needs is a Poisson structure which reduces
to a symplectic structure for the nondegenerate case. Given
a smooth Poisson manifold (M, IT), the map f +— X ;=
IT#(df) is a homomorphism [32] from the Lie algebra
C®(M) of smooth functions under the Poisson bracket to
the Lie algebra of smooth vector fields under the Lie
bracket. In other words, the Lie algebra homomorphism
(1.7) is still true even for any Poisson manifold.

Like the Darboux theorem in symplectic manifolds, the
Poisson geometry also enjoys a similar property known as
the splitting theorem proved by Weinstein [33]. The split-
ting theorem states that a d-dimensional Poisson manifold
is locally equivalent to the product of R*" equipped with
the canonical symplectic structure with R¢~%" equipped
with a Poisson structure of rank zero at the origin. That is,
the Poisson manifold (M, I1) is locally isomorphic (in a
neighborhood of x) to the direct product S X N of a sym-
plectic manifold (S, ¥, dg' A dp,) with a Poisson mani-
fold (N,, {*, -}y) whose Poisson tensor vanishes at x.

Note that not every Snyder space can be obtained by the
quantization of a symplectic manifold (M, w) in contrast to
the two-dimensional orientable hyperspaces in Sec. II. If M
is a compact symplectic manifold, the second de Rham
cohomology group H*(M) is nontrivial and so the only
n-sphere that admits a symplectic form is the two-sphere.
For example, let S*={(u,v,t) € C X C X R: |u|> +
|v|> = t(2 — 1)}. Then the bivector field IT = uvd, A
Oy —uv 9, A dy — uvd, A0y, + UV 0, Ady s a
Poisson tensor, that is, [II,I1]g =0, and IT ATl =
Aul*|v|*9, A 9, A 3, A 3,:. Therefore, the Poisson ten-
sor IT vanishes on a subspace of either u = 0 or v = 0 and
the Poisson structure becomes degenerate there. This is the
reason why we have to rely on a Poisson structure rather
than a symplectic structure to formulate emergent geome-
try from the Snyder algebra (3.6).

Because any Poisson manifold can be quantized via
deformation quantization [31], the anchor map (3.8) can
be lifted to a NC manifold as in Eq. (1.8). As we noticed
before, it is enough to have a Poisson structure to achieve
the map C®(M)— I'(TM): f — X; = II1*(df) such as
Eq. (1.6). So let us take the limit N — oo of the Snyder
algebra (3.6) and suppose that the Poisson manifold (M, 11)
is quantized via deformation quantization, i.e.,

{x, &Y = L (x) — [84, 2], = iL*"(D), (3.9)

where L%(%) € A, are assumed to be dimensionful op-
erators of (length)? satisfying the Snyder algebra (3.6).
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Let us consider a vacuum solution of the mass-deformed
matrix model (3.2) as the Snyder space defined by
Eq. (3.9). Now we will regard the background solution
Xt e Ay in (3.9) as NC fields but from now on we will
omit the hat for notational simplicity. Consider fluctuations
of the large N matrices X = kg®?D,(x) around the vac-
uum solution (3.9) as follows:
= DP(x) + A, (x),

D, (x) (3.10)

where D”(x) = lg,,x’. The background solution
(kDO(x), L, (x) = k*Q,,) satisfies the Snyder algebra
(3.6). Using the above variables, one can calculate the
star commutator

[DO) + A, (x), DV (x) + A, (x)],
= iQab + [DAS/IO)) Ab]* - [DAEO)r Aa]* + [AAa’ AAb]*
= if . (3.11)

[Dav Db]*

One can check that the field strength defined in Eq. (3.11)
covariantly transforms under the gauge transformation
84, = —i(DY, A +[4,, A1), viz.,

SF = —i[F . Al (3.12)
Note that we need the background part Qab in £, to
maintain the gauge covariance (3.12). Using the result

(3.11), we get the action for the fluctuations after integrat-
ing out the M-fields in Eq. (3.2)

4
SAK = KZ Tr_’r'{gacgbdﬁab *ﬁcd

N (d—D«?

5 Tryrg*D, * Dy,

(3.13)
where the trace Tr, is defined over the Hilbert space H
associated with a representation space of the NC * algebra
(3.9). It might be remarked that, in spite of the mass term,
the action (3.13) respects the NC U(1) gauge symmetry
acting on (D, F,)— U* (D, F,,)* U where U €
Ay.

Because D, = %gabXb, one can rewrite the Snyder al-
gebra (3.6) in terms of gauge theory variables:

[D,. D) = iF = kK 2Mp,
[DAw ﬁbc]* = - 8uch),
(Faps Feale = =ik " (gucFpa —
+ gpak ac)-

—ik (gaeDyp (3.14)

gadﬁlyc' - gbcﬁad

Because —i[Dy, Fyle = —ilxa/n, Fpli = ilAq Fyli =
D,F,., one can easily check that the Bianchi identity,
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D[aﬁ »e] = 0, and the equations of motion, D, F® = (d -
1)k~ 'D?, are directly derived from the second algebra in
Eq. (3.14). Note that the last equation in Eq. (3.14) can be
obtained from the other two applying the Jacobi identity.
From a gauge theory point of view, it is a bizarre relation
since the field strength F',;, of an arbitrary gauge field Aa
behaves like an angular momentum operator in d dimen-
sions. This kind of behavior is absent in an undeformed
case, k = (. The theory will strongly constrain the behav-
ior of gauge fields and so there might be some hidden
integrability.

A Hamiltonian vector field X; = I1#(df) for a smooth
function f € C®(M) is defined by the anchor map (3.8) as
follows [32]:

af dg
ax® gxb

—(IL, df Adg) = —L*(x) ={g fin.

(3.15)

X_f(g) =

Because the Poisson manifold (M, II) has been quantized
in Eq. (3.9), the correspondence between the Lie algebras
(C*M), {-, *}1) and (I(TM), [+, -]) can be lifted to the NC
* algebra (A, [+, -14) as in Eq. (1.8). That is, we can map
NC fields in A, to vector fields in Fa(f}l\/]), A g-valued
sections of a generalized tangent bundle TM. For example,
D,(x) in Eq. (3.10) are mapped to the following vector
fields in TM:

adp [71(x) = =i[D, (), f(0)]
ID,(x) 3f(x)

ox”  oxt
- = V,[flx) + O(L?),
(3.16)

—LP(x) —=—
af(x)

Vi ()~

where the leading order leads to the usual vector fields
V, € TM in Eq. (3.15).
We might express from the outset the star product using

different NC coordinates ¢ defined by [§% $*1z =

zab - . .
iL"($). In terms of the new * product, the adjoint action
defining an inner derivation in A, is then given by

adp, [f16) = —ilD.G). F$)]:

9D (y) af(y)
L#¥(y) v oy
y

L (y) = V1) + O
(3.17)

Noting that the star products, * and *, are related by a
coordinate transformation x* — y* = y“(x) [31], in other
words,
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ay*(x) ay”(x)
ax¢  oxb

L#r(y) = L*(x)

one can easily check [2] using the chain rule that the vector
fields defined by Eq. (3.17) are diffeomorphic to those in
Eq. (3.16) as expected, i.e.,

ay*(x) '

VED) = Vi =

(3.18)

We are particularly interested in the background geome-
try defined by Eq. (3.9). In this case, the vector fields for the
background gauge fields D'”)(x) are given by

ad o710 = ~ADO00), Fol, = V) L
= V1) + O(L?). (3.19)

Using the Snyder algebra for (D, 0,) and the relation

adipp oy, = iV, V'] + O(LY) = iady,

=i + o), (3.20)
one can see that (V. S(aob)) € I'(TMy,) also satisfy the
Snyder algebra (3.6) where the Lie algebra in I'(T My, ) is
defined by the Lie bracket, e.g., [VC(,O), V,(]O)] = S((I(Z.

We want to find the representation of the Snyder algebra
(3.6) in terms of differential operators [27], i.e., vector
fields in I'(TMy,.). In order to find an explicit expression
of vector fields VI € I'(TMy,), first notice that the
Snyder algebra (3.6) can be understood as the Lorentz

algebra in (d + 1) dimensions with the identification
Md+1,a — \/;Xg

[MAB, MCD] — K(gACMBD — gADMBC _ gBCMAD

+ gBP MAC), (3.21)
where A, B,--- =1, -+,d + 1. Therefore, the equiva-
lence between the Snyder algebra (3.6) in d dimensions
and the Lorentz algebra SO(d + 1 — p, p) in (d + 1) di-
mensions implies that the Snyder space as an emergent
geometry defined by the action (3.2) can be obtained as a
d-dimensional hypersurface M embedded in R*!~77, For
example, in the d = 2 case, the Lorentz algebra (3.21) is
equivalent to the Lie algebra (2.6) with the identification
MAB = —irefBXC, (A B,C=1,2,3) where k=
—A%detg,p and so [X4, XB] = MAB. And the Lie algebra
(2.6) describes a two-dimensional hypersurface foliated by
the quadratic form (2.7) in R3~7?. See the Appendix for
the details.

Similarly we will consider, in particular, four-
dimensional hypersurfaces M for three cases with p = 0,
1, 2. Let us consider a homogeneous quadratic form as an
invariant of the Lorentz algebra (3.21)
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gapxixB = (—1)*R? (3.22)
and the ambient space metric g,z will be taken as a five-
dimensional flat Euclidean or Lorentzian metric given by
D) gap =diag(1,1,1,1,1) with # =0, () guz =
diag(—=1,1,1,1, 1) with # = 0, and (Ill) g4 = diag(—1,
1,1, 1, —1) with # = 1. Then they describe (I) §*, (II) dS,,
and (III) AdS, of radius R given by Eq. (3.22) in a con-
tinuum limit. It should be remarked that the case (I), a four-
sphere S*, admits only a Poisson structure instead of a
nondegenerate symplectic structure” and so its quantiza-
tion has to be described in terms of deformation quantiza-
tion of Poisson manifold as we explained before. Although
we do not know whether the other cases, (I) and (III),
admit a nondegenerate Poisson, i.e., symplectic, structure,
the arguments followed by Eq. (3.21) will be completely
sensible even with the Poisson structure only.

Suppose that x4 =xA(x), A=1,2---,5 satisfy
Eq. (3.22) and are local parameterizations of M in terms
of local coordinates x¢. We will identify x4 = x, A =
1, - - -, 4, with the Poisson coordinates in Eq. (3.9), which
is the background solution X{ , = x* = Kg“bDE,O)(x) in
Eq. (3.10). The vector fields Vo S(a%)) € I'(TMy,) in
Egs. (3.19) and (3.20) satisfying the Snyder algebra can
then be understood as differential Lorentz generators of
SO(5 = p, p)s

o _ 9 ad
SAB = K()CB@ )CA@), (323)
where V¥ = § goi /+/x and the five-dimensional metric g,z
(to define x, = g45x®) is a standard flat metric. Accordin
g

to the identification, the vector fields Vflo) in Eq. (3.19) can
be represented by the coordinates x* as follows [27]:

O _ yoay 9 o, = 9 i)
Vu Va (X) GxA Ss,g/\/E \/E()Ca ax5 X5 9x
(3.24)

and so we get the result fo))h = —\/?8Zx5 and Vf,o)s =
JKx,. Then it is obvious that S =[v{ v{¥]=
Kk(xp 38 — x,5%) are the generators of the four-
dimensional Lorentz group, i.e., S(aog € SO(4) or SO(3,1)
and (V2 SEIOIE) satisfy the Snyder algebra (3.6).

As will be shown in the Appendix, the Lie algebra (2.6)
is the Snyder algebra in two dimensions whose generators
are given by (X', X2, M'? = = £X3). In this case the Lie
algebra (2.6) describes a two-dimensional hypersurface

’Instead one can consider a bundle over $* with fibre S?,
which is the Kihler coset space SO(5)/U(2) = S* X S? [34].
Then S* may be described by the complex coordinate system of
SO(5)/U(2), where a symplectic structure manifests and the
second de Rham cohomology group H?*(S* X 8?) is definitely
nontrivial.
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embedded in three-dimensional space whose metric is
given by Eq. (2.15). Therefore, in order to define a four-
dimensional metric determined by the Snyder alge-
bra (3.6), we will consistently extend the two-dimensional
case and so the metric is defined by the vector fields (3.24)
as follows:

ds®> = @flogdx“ ® dxb = (det@SZ)gABV,(lO)AVI(,O)de“ ® dxb

= (det@‘ig)(gabxg + gs55x,%,)dx" ® dxP, (3.25)

where det@‘izog = xiz and we put R = x = 1 for simplicity.
5

Of course Eq. (3.25) describes a four-dimensional
maximally symmetric space with a constant curvature,
e.g., S* dS,, or AdS, depending on the signature
5

of the five-dimensional metric g,z. Because x

+1 — g558,,x°x", the metric (3.25) can be rewritten as

the following form:

ds2 = <gab + 855 @)d}ca ® dxb
X5
axA axB
I xt @ dxh = g, pdit ® dxB. (3.26)

T 8B Ga

Note that the final result (3.26) is completely parallel to the
two-dimensional one, e.g., (2.15).

Therefore we get an interesting result. The mass-
deformed IKKT matrix model (3.2) in d dimensions is
completely described by the Snyder algebra (3.6) which
is equivalent to the Lorentz algebra SO(d + 1 — p, p),
Eq. (3.21), in (d + 1) dimensions. We found that a vacuum
geometry of the Snyder algebra is a constant curvature
space. For example, the metric (3.25) in four dimensions
describes S*, dS,, and AdS, depending on the choice of the
five-dimensional metric g,5. Thus the equivalence be-
tween the Snyder algebra (3.6) in d dimensions and the
Lorentz algebra (3.21) in (d + 1) dimensions is beautifully
realized as a well-known geometrical result that a constant
curvature space in d dimensions such as S¢, dS,, and AdS,
can be embedded in a flat Euclidean or Lorentzian space-
time in (d + 1) dimensions. In particular, this result clearly
illustrates how a nontrivial curved spacetime emerges from
the zero-dimensional (i.e., background-independent) ma-
trix model (3.2) through the correspondence (1.8) between
NC * algebra (A, [+, -],) and I‘g(]’"]l\/l), generalized vector
fields. We will discuss in Sec. IV how the constant curva-
ture spacetimes in Eq. (3.26) can be described by the coset
space realization of the Snyder algebra (3.6).

We can further deduce consistent pictures about emer-
gent geometry by closely following the two-dimensional
case we observed in the previous section. Consider a
generic fluctuation in Eq. (3.10). If the fluctuation is a
flat connection, i.e., A,(x) = 7' (x) * [DY, 8(x)],, then
Dy(x) = 371 () % DY * g(x) and  Fup(x) = &' (x) *
0., * 8(x). One can immediately see from Eq. (3.14)
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that the Snyder algebra for the operators (D, F,;,) is
simply a gauge transformation of the Snyder algebra for
the operators (DAEZO), Qab). Therefore, the resulting geometry
determined by the vector fields (3.16) will not be changed
and the constraint (3.22) will be preserved. So the coor-
dinate change in terms of flat connections should be a
Killing symmetry of the background geometry (3.25) as
was explained in Eq. (1.10) and correspond to a global
Lorentz transformation in higher dimensions, which was
precisely the case for two-dimensional geometries. For
example, from Eq. (3.22) or Eq. (3.26), one can deduce
that x* — x4 = A4x® where A1, € SO(5 — p, p).

We observed that a higher dimensional manifold in
general emerges from a NC *-algebra A, defined by a
Poisson structure rather than a symplectic structure.
Another notable difference from the two-dimensional
case is that the underlying action (3.2) contains fluctuations
by nonflat connections and so nontrivial metric deforma-
tions. This means that the action (3.2) describes a fluctuat-
ing geometry, not a rigid geometry. The Snyder algebra
(3.14) clearly shows that the action (3.13) allows such
fluctuations by nonflat connections as an on-shell solution.
Indeed the algebra (3.14) can be understood as the Lorentz
algebra (3.21) after the identification M,z = iKk2F 5 =
l.’<2(171117y Fd+l,a = _ﬁDa)'

Suppose that the fluctuations (3.10) in commutative limit
are described by smooth functions z%(x) = x% + kA%(x)
where x“ describe the vacuum geometry in Eq. (3.25).
Then one can map the solution D, = g,z /k € C*(M)
to vector fields in I'(TM) according to Eq. (3.16). Let us
denote the resulting vector fields as (V,, Sy, = [V Vb))
which satisfy the Snyder algebra as easily inferred from
Eq. (3.14). The resulting Snyder algebra can be lifted to the
Lorentz algebra in five dimensions given by

d dJ
Sip = — = Za—=5 ) 3.27
AB K(ZB 9 A 8z3> (3.27)

where V, = S5, /+/x and z# = z4(x) are five-dimensional
coordinates satisfying g,pz*z% = (—1)*R%. Following the
same procedure as Eqs. (3.25) and (3.26), the metric of
fluctuating surface M can be derived as’

*We feel some remarks are necessary to correctly understand
Eq. (3.28) and to avoid any confusion. The equivalence principle
in general relativity guarantees that there always exists a locally
inertial frame at an arbitrary point P in spacetime where the
metric becomes locally flat, i.e., ds*|p = 1,5d€*déP. But the
local inertial frame £¢ = £%(x) is valid only on a local coor-
dinate patch and cannot be globally extended over all spacetime
unless the spacetime is flat. Similarly, Eq. (3.14) implies that it is
always possible to choose a local coordinate z¢ such that the
metric at P locally looks like the background geometry (3.25).
But we have to notice that the local coordinates z¢(x) = x* +
kA%(x) depend on dynamical gauge fields satisfying the equa-
tions of motion or the Snyder algebra (3.14) and so should not be
regarded as a globally constant curvature spacetime as if the
local inertial frame does not mean a flat spacetime.
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ds®> = & ,,dz* ® dzb = (gab + gss @)dz” ® dz’
5

2,25\ 02% 9z0
azb) = dx® ® dx¢
<5

= +
(gah 855 9x 9l

X X
= (gab + 855 %)dxu ® dxh
5

+ (deformations of O(A)), (3.28)
and
ds* = (gab + 8ss Z6;#)&" ® dz’
5
9 A 9 B
= gup s T v @ dx? = gpdz? © dZP. (3.29)
ax* ox

If the solution (3.10) is understood as a general coordinate
transformation x* — z4 = z4(x) in (d + 1) dimensions,
one may notice that Eq. (3.29) is certainly a higher dimen-
sional analogue of the two-dimensional result (2.46).

Now let us recapitulate why the emergent geometry we
have examined so far is completely consistent with all the
rationale inferred from the algebraic point of view. We are
interested in the emergent geometry derived from the
mass-deformed IKKT matrix model (3.2). We observed
that the equations of motion can be derived from the
Snyder algebra (3.6). An essential point is that the
Snyder algebra (3.6) in d dimensions can be lifted to the
(d + 1)-dimensional Lorentz algebra (3.21). So the
d-dimensional Snyder algebra can be represented by the
(d + 1)-dimensional Lorentz generators with the con-
straint g437°z% = (—1)¥R%. As we know, the Lorentz
algebra (3.21) represents a global symmetry of (d +
1)-dimensional flat spacetime. Therefore, the emergent
gravity determined by the Snyder algebra (3.6) can always
be embedded into (d + 1)-dimensional flar spacetime
although the d-dimensional geometry is highly nontrivial.
From the d-dimensional point of view, the geometry of
hypersurface M is emergent from dynamical gauge fields
as the map (3.16) definitely implies. One may clearly see
this picture from Eq. (3.29). First recall that z%(x) = x* +
KkA%(x) where A%(x) describe fluctuations around the back-
ground spacetime whose metric is given by Eq. (3.25). But
the last result of Eq. (3.29) shows that the dynamical
fluctuations of the manifold M can again be embedded
into the (d + 1)-dimensional flat spacetime, but its embed-
ding is now described by the ‘“dynamical” coordinates
Ax) = x4 + kA (x).

Like the two-dimensional case, one may consider a
nonlinear deformation of the Snyder algebra by replacing
the mass term in the action (3.2) by a general polynomial as
follows:

1 1
Sg = Tr(ZMu,,M“” — 5 M X, X"] + gG(X)). (3.30)
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Then the equations of motion (3.5) are replaced by

[Meb, X,] + K[ag((x)] —0,

(3.31)
where the second term is a formal expression of the matrix
ordering under the trace Tr as Eq. (2.35). Equation (3.31)

could be derived by considering the nonlinear version of
the Snyder algebra (3.6)

[Xe, Mbe] = Kfabcdl:@]’

ix, (3.32)

where fabed = gacghd — gabgcd hag been chosen to re-
cover the linear Snyder algebra with G(X) = (d —
1)kX, X As long as the polynomial G(X) is explicitly
given, the commutator [M?, M?] can be calculated by
applying the Jacobi identity

[Mab’ Mcd] — [Mah, [XC, Xd]]
= [[MaP, X], X9] — [[M®, X9], X°] (3.33)

and using the algebra (3.32). The right-hand side of
Eq. (3.33) can eventually be arranged into the form
kG*(X)M?4 + --- using the commutation relation
(3.32). Therefore, the nonlinear deformation of the
Snyder algebra described by the action (3.30) seems to
work. So it will be interesting to investigate whether the
nonlinear Snyder algebra can still have a higher dimen-
sional interpretation like the linear case and what kind of
vacuum geometry arises from a given polynomial G(X).

IV. DISCUSSION AND CONCLUSION

Here we discuss the fact that the constant curvature
space described by the Snyder algebra (3.6) can be repre-
sented as a coset space G/H. In other words, the
d-dimensional hypersurface M is a homogeneous space.
To be specific, we have the following coset realization of
M:

S = 8S0(d + 1)/50(d),
AdS,; = S0(d, 1)/SO(d — 1, 1),
AdS,; = SO(d — 1,2)/S0(d — 1, 1).

.1

Taking G to be a Lie group as in Eq. (4.1), the coset
manifold endows a Riemannian structure as we already
know. Split the Lie algebra of G as G = H & [K where H is
the Lie algebra of H and [ contains the coset generators.
The structure constants of G are defined by [28]

[HirHj]sz‘chk’ H; € H,

[H; K] =fLH; + fl.Kp K, EK (42
[Kax Kh] = beHi + ffleo

It f{a = 0, the coset space G/H is said to be reductive and,
if f¢, = 0, it is called symmetric.
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In order to realize the coset space (4.1) from the Snyder
algebra (3.6), it is obvious how to identify the generators in
H and K: K, = iX, € K and H; = M_,, € H. From this
identification, we see that the coset space (4.1) is symmet-
ric as well as reductive, which is a well-known fact.
Therefore, it will be interesting to see how the emergent
geometry from the Snyder algebra (3.6) can be constructed
from the Riemannian geometry of the coset space G/H.
The whole geometry of G/H can be constructed in terms of
coset representatives

Ly)=e"% (a=1,---,dimG — dimH), 4.3)
where the local coordinates y* parameterize the coset gH
for any g € G. Under left multiplication by a generic
element g of G, the coset representative (4.3) will be
transformed to an another representative L(y’) of the form

gL(y)=L(Gy)h, ~ h€EH, (4.4)
where y' and h depend on y and g and on the way of
choosing representatives.

Consider the Lie algebra valued one-form

V() =L7'(ndL(y) = VWK, + Q'(WMH;.  (4.5)
The one-form V¢(y) = Vi (y)dy* is a covariant frame
(vielbein) on G/H and Qf, (y)dy* is called the H connec-
tion. Under left multiplication by a constant g € G, the
one-form (4.5) transforms according to Eq. (4.4) as

V(y') = hL~'(y)g 'd(gL(y)h ') = hV(y)h ' + hdh~.
(4.6)

One can check using Eq. (4.6) that the left action of G on
V4(y) is equivalent to a SO(d) or SO(d — 1, 1) rotation on
Va(y)(d = dimG/H) [28]. The metric of the coset space
G/ H can be written in terms of the vielbeins in Eq. (4.5) as

G D0) = ga VMV, (4.7)
where g, is the flat coset metric and the metric (4.7)
is invariant under the left action of G due to the property
(4.6).

Because the metric (3.25) describes the coset manifolds
(4.1), it will be equivalent to the G-invariant metric (4.7).
Note that the metric (3.25) is also G-invariant as Eq. (3.26)
definitely shows. So let us check the Riemannian structure
of the coset spaces (4.1). The differential properties of the
one-form (4.5) are expressed by the Maurer-Cartan equa-
tion

dV+ VAV =0 (4.8)

Using Eq. (4.2), one can decompose the Maurer-Cartan
Eq. (4.8) as
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dVe +1fe VEAVE+ A QI AVE =0, 4.9)
dQ + 3L VEAVE 4 f1L Q0 AVE+ 307 A QF =0,

(4.10)

In our case the above equations are much simpler because

fi. = l/u = 0. Combining Eq. (4.9) together with the

torsion free condition DV® = dV“ + w®, A V? = 0 yields
the spin connection on G/H

a — fa i
w’y = f4Q8

4.11)

The Riemann curvature tensor is defined in terms of w“,
by
R, = dw®, + 0. A ©°, (4.12)

Substituting (4.11) into (4.12) and using Eq. (4.10) leads to
the curvature tensors

R%, = _%f?b édvc AV + (f5. ;b - %f{'(jflzclb)ﬂi AQY
IR, VAV, (4.13)

where the second term in Eq. (4.13) vanishes because of
the Jacobi identity [[K,, H;], H;]1+[[H, H;] K,]+
[[Hj’ Ka]: Hl] = 0.

Comparing the coset algebra (4.2) with the Snyder alge-
bra (3.6) leads to the identification of the structure constant

f = 8“feia for i = [bc]
fa[bc]d = fahcd = 8ac8bd — 8ab8cd- (4]4)

Then the Riemann curvature tensor (4.13) of coset mani-
fold G/H is given by”

_faibféd = _faefbfefcd
= gSS(gacgbd - gadgbc)-

Rabcd =
(4.15)

As was shown in Eq. (3.25), a vacuum geometry of the
Snyder algebra (3.6) is also given by an Einstein manifold
of constant curvature and is precisely the same as
Eq. (4.15). Therefore, we confirm that the vacuum geome-
try of the Snyder algebra (3.6) is described by the
G-invariant metric (4.7) of the coset space G/H. But we
have to notice that the Snyder algebra (3.14) is in general
defined by dynamical gauge fields fluctuating around the
vacuum manifold G/H as Eq. (3.28) clearly shows. One
might already notice that the generators in Eq. (4.2) are
constant matrices while those in Eq. (3.6) are in general

* According to the identification (3.21), the first Snyder algebra
for four-dimensional anti-de Sitter space is given by [X¢, X*] =
k[M>¢, M>P] = kg»M“?. Thus the anti-de Sitter space will be
equally cared by the replacement f%, — gssf’, in the algebra
(4.2). That is the reason why the gs5 factor comes in Eq. (4.15).
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mapped to NC fields in A, as in Eq. (3.14). Therefore, it
should be interesting to directly derive Einstein’s equations
[4] to incorporate all possible deformations induced by
gauge fields from the Snyder algebra, whose metric may
be G-invariant as always, as we checked in Eq. (3.29). We
hope to address this issue in the near future.

Let us conclude with some remarks about the signifi-
cance of emergent geometry based on the results we have
obtained. The emergence usually means the arising of
novel and coherent structures, patterns, and properties
through the collective interactions of more fundamental
entities, for example, the superconductivity in condensed
matter system or the organization of life in biology. In our
case, we are talking about the emergence of a much more
bizarre object: gravity. A stringent point of emergent grav-
ity is to require that spacetime should also be emergent
simultaneously according to the picture of general
relativity.

What does the emergence of spacetime mean? It means
that the emergent gravity should necessarily be back-
ground independent where the prior existence of any
spacetime structure is not a priori assumed but should be
defined by fundamental ingredients in quantum gravity
theory. We have already exhibited such examples with
the matrix actions (1.11), (2.1), and (3.2).

Let us pick up the simplest example (2.5) to illuminate
how some geometry emerges from a background-
independent theory. Note that the action (2.5) is a ‘“‘zero-
dimensional” matrix model. In order to define the action
(2.5), we did not introduce any kind of spacetime structure.
We only have three Hermitian matrices (as objects) which
are subject to the algebraic relations (2.6) and (2.7) (as
morphisms).> From these algebraic relations between ob-
jects, we can derive a geometry by mapping the matrix
algebra to a Poisson algebra or a NC % algebra, as was
shown in Sec. II. Depending on the choice of an algebraic
relation characterized by the signature of g,p, we get a
different geometry. The underlying argument should be
familiar, in particular, with the representation theory of
Lie groups and Lie algebras.

A profound aspect of emergent geometry is that a
background-independent formulation can be realized
with matrix models, as we illustrated with the actions
(1.11), (2.1), and (3.2). In this approach, an operator alge-
bra, e.g., % algebra defined by NC gauge fields, defines a
relational fabric between NC gauge fields, whose prototype
at a macroscopic world emerges as a smooth spacetime
geometry. In this scheme, the geometry is a derived con-
cept defined by the algebra. One has to specify an under-
lying algebra to talk about a corresponding geometry.
Furthermore, a smooth geometry is doomed in a deep

Indeed gap 1s nothing more than a symbol for the algebraic
characterization of ‘“‘zero-dimensional”” matrices although it will
be realized as a three-dimensional metric in the end.
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NC space, whereas an algebra between objects plays a
more fundamental role. Therefore, the motto of emergent
gravity is that an algebra defines a geometry.

As we observed in Eq. (1.7), the map between a Poisson
algebra (C*(M),{—, —}y) and the Lie algebra
(I(TM),[—, —]) of vector fields is a Lie algebra homo-
morphism. This means that a geometric structure deter-
mined by the Lie algebra (I'(TM),[—, —]) is faithfully
inherited from the Poisson algebra (C®(M),{—, —}y).
Thus the map between an underlying algebra and its emer-
gent geometry should be structure-preserving, i.e., a homo-
morphism. This homomorphism is also true even for a
general Poisson structure. Actually it should be required
for consistency of emergent gravity. If not, one could not
say that a geometry can be derived from an algebra.

In our case, this implies that an algebraic structure in a
matrix theory will be encoded in a geometric structure of
emergent gravity. Note, as we showed in Sec. III, the
maximally symmetric spaces in Eq. (4.1) can be derived
from the Snyder algebra (3.6) by applying the map (3.16).
And recall that those d-dimensional symmetric spaces can
always be embedded in a (d + 1)-dimensional flat space-
time. If so, a natural question is how this geometric prop-
erty is encoded in the Snyder algebra (3.6). As Eq. (3.21)
shows, the geometric property is precisely realized as the
fact that the d-dimensional Snyder algebra can be arranged
into the Lorentz algebra in (d + 1)-dimensional flat space-
time. Although the equivalence between the d-dimensional
Snyder algebra and the (d + 1)-dimensional Lorentz alge-
bra is a well-known fact, it is a nice nontrivial check that
the algebraic structure of the Snyder algebra has been
consistently encoded in the geometric property of emer-
gent spacetime since the emergent gravity has to respect
the homomorphism from an algebra to a geometry for
consistency.

As a completely different direction, we may consider the
matrices (X¢, M%) as independent dynamical coordinates,
which satisfy the (d + 1)-dimensional Lorentz algebra
(3.21). As an example, a three-dimensional sphere S*
appears in this way from the SU(2) algebra (2.6) as we
discussed in the footnote 2. In this case there are d(d +
1)/2 coordinates in total and so we will get some d(d +
1)/2-dimensional manifold from the algebra (3.6) or
(3.21). Although we do not know what the underlying
Poisson structure is in this case, we guess that the resulting
emergent geometry derived from the Lorentz algebra
(3.21) would be a group manifold of SO(d + 1 — p, p) as
can be inferred from the three-dimensional case. To clarify
this issue will be an interesting future work.
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APPENDIX: TWO-DIMENSIONAL SNYDER
ALGEBRA

Here we will show that the two-dimensional version of
the Snyder algebra (3.6) is precisely equal to the three-
dimensional SO(3 — p, p) Lie algebra (2.6).

In two dimensions, the Snyder algebra (3.6) reads as

[Xl,Xz] — M12, [leMIZ] — _Kgllx2, (Al)
[XZ, M12] — ngle.
If one defines M2 = =iAX® (= —iAel’X?), one can

immediately see that the Snyder algebra (A1) can be
written as the form of the Lie algebra (2.6) with k =
—A%detg,z. Conversely, if one defines XA =
3184 5cMBC (A, B,C = 1,2,3), the Snyder algebra (Al)
takes the form of the three-dimensional Lorentz algebra
(3.21). Note that the two-dimensional Snyder algebra (A1)
is the equation of motion derived from the action (3.2),
which can be rewritten as the action (2.5) for the three-
dimensional Lie algebra with the above identification. It
might be remarked that the three dimensions is special in
the sense that an antisymmetric rank-2 tensor is dual to a
vector, i.e., MAB = —ire?B X and so the Lorentz alge-

PHYSICAL REVIEW D 82, 045004 (2010)

bra (3.21) can be expressed as the form (2.6) only in three
dimensions.

As we discussed in Sec. II, the quadratic form C, =
3 5=1 84X X? is a Casimir invariant of SO(3 — p, p)
Lie algebra, i.e.,

[X4,C,]=0, VA=123. (A2)

Because X4 = 55 e, .MPC, Eq. (A2) can be rewritten as

[M*5,C,] =0, V MAP €SOB—p,p). (A3)

This means that C, is a Lorentz invariant, which can also
be derived using the commutation relation

[XA, MBC] — K(gACXB — gABXc). (A4)
The invariance (A2) implies that C, is a multiple of the
identity element of the algebra such as Eq. (2.7). From the
viewpoint (A3), C, is an invariant under SO(3 — p, p)
Lorentz transformations. Therefore, the Casimir invariant
(2.7) can simultaneously be interpreted as a Lorentz in-
variant which reduces to the three-dimensional version of
Eq. (3.22), i.e. 33 5= gapx™x® = (=1)*R?, in a classical
limit.

In summary, it was shown that the three-dimensional
SO(3 — p, p) Lie algebra (2.6) is isomorphic to the two-
dimensional version of the Snyder algebra (3.6) where the
embedding condition (3.22) can be identified with the
Casimir invariant (2.7).

[11 H.S. Yang, Europhys. Lett. 88, 31002 (2009).

[2] H.S. Yang, Int. J. Mod. Phys. A 24, 4473 (2009).

[3] H.S. Yang, Eur. Phys. J. C 64, 445 (2009).

[4] H.S. Yang, J. High Energy Phys. 05 (2009) 012.

[5] J. Madore and J. Mourad, J. Math. Phys. (N.Y.) 39, 423
(1998); S.I. Vacaru, Phys. Lett. B 498, 74 (2001); E.
Langmann and R.J. Szabo, Phys. Rev. D 64, 104019
(2001); M. Buri¢, T. Grammatikopoulos, J. Madore, and
G. Zoupanos, J. High Energy Phys. 04 (2006) 054; M.
Buri¢, J. Madore, and G. Zoupanos, SIGMA 3, 125
(2007).

[6] V.O. Rivelles, Phys. Lett. B 558, 191 (2003); H. S. Yang,
Mod. Phys. Lett. A 21, 2637 (2006); R. Banerjee and H. S.
Yang, Nucl. Phys. B708, 434 (2005); H.S. Yang, Mod.
Phys. Lett. A 22, 1119 (2007); Bulgarian Journal of
Physics 35, 323 (2008); B. Muthukumar, Phys. Rev. D
71, 105007 (2005); A. H. Fatollahi, Phys. Lett. B 665, 257
(2008).

[7]1 M. Salizzoni, A. Torrielli, and H.S. Yang, Phys. Lett. B
634, 427 (2006); H. S. Yang and M. Salizzoni, Phys. Rev.
Lett. 96, 201602 (2006).

[8] H. Steinacker, J. High Energy Phys. 12 (2007) 049; H.
Grosse, H. Steinacker, and M. Wohlgenannt, J. High
Energy Phys. 04 (2008) 023; D. Klammer and H.

Steinacker, J. High Energy Phys. 08 (2008) 074; H.
Steinacker, Nucl. Phys. B810, 1 (2009); H. Aoki, J.
Nishimura, and Y. Susaki, J. High Energy Phys. 04
(2009) 055; 09 (2009) 084.

[9] T. Banks, W. Fischler, S.H. Shenker, and L. Susskind,
Phys. Rev. D 55, 5112 (1997); L. Motl, arXiv:hep-th/
9701025; R. Dijkgraaf, E. Verlinde, and H. Verlinde,
Nucl. Phys. B500, 43 (1997).

[10] N. Ishibashi, H. Kawai, Y. Kitazawa, and A. Tsuchiya,
Nucl. Phys. B498, 467 (1997); H. Aoki, S. Iso, H. Kawai,
Y. Kitazawa, and T. Tada, Prog. Theor. Phys. 99, 713
(1998); M. Hanada, H. Kawai, and Y. Kimura, Prog.
Theor. Phys. 114, 1295 (2005).

[11] H. Aoki, N. Ishibashi, S. Iso, H. Kawai, Y. Kitazawa, and
T. Tada, Nucl. Phys. B565, 176 (2000).

[12] J.M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998);
S.S. Gubser, I.R. Klebanov, and A.M. Polyakov, Phys.
Lett. B 428, 105 (1998); E. Witten, Adv. Theor. Math.
Phys. 2, 253 (1998).

[13] H. Lin, O. Lunin, and J. Maldacena, J. High Energy Phys.
10 (2004) 025; H. Lin and J. Maldacena, Phys. Rev. D 74,
084014 (2006); D. Berenstein, J. High Energy Phys. 01
(2006) 125; D. Berenstein, M. Hanada, and S. A. Hartnoll,
J. High Energy Phys. 02 (2009) 010.

045004-17


http://dx.doi.org/10.1209/0295-5075/88/31002
http://dx.doi.org/10.1142/S0217751X0904587X
http://dx.doi.org/10.1140/epjc/s10052-009-1117-9
http://dx.doi.org/10.1088/1126-6708/2009/05/012
http://dx.doi.org/10.1063/1.532328
http://dx.doi.org/10.1063/1.532328
http://dx.doi.org/10.1016/S0370-2693(00)01369-1
http://dx.doi.org/10.1103/PhysRevD.64.104019
http://dx.doi.org/10.1103/PhysRevD.64.104019
http://dx.doi.org/10.1088/1126-6708/2006/04/054
http://dx.doi.org/10.3842/SIGMA.2007.125
http://dx.doi.org/10.3842/SIGMA.2007.125
http://dx.doi.org/10.1016/S0370-2693(03)00271-5
http://dx.doi.org/10.1142/S0217732306021682
http://dx.doi.org/10.1016/j.nuclphysb.2004.12.003
http://dx.doi.org/10.1142/S0217732307023675
http://dx.doi.org/10.1142/S0217732307023675
http://dx.doi.org/10.1103/PhysRevD.71.105007
http://dx.doi.org/10.1103/PhysRevD.71.105007
http://dx.doi.org/10.1016/j.physletb.2008.06.028
http://dx.doi.org/10.1016/j.physletb.2008.06.028
http://dx.doi.org/10.1016/j.physletb.2006.01.072
http://dx.doi.org/10.1016/j.physletb.2006.01.072
http://dx.doi.org/10.1103/PhysRevLett.96.201602
http://dx.doi.org/10.1103/PhysRevLett.96.201602
http://dx.doi.org/10.1088/1126-6708/2007/12/049
http://dx.doi.org/10.1088/1126-6708/2008/04/023
http://dx.doi.org/10.1088/1126-6708/2008/04/023
http://dx.doi.org/10.1088/1126-6708/2008/08/074
http://dx.doi.org/10.1016/j.nuclphysb.2008.10.014
http://dx.doi.org/10.1088/1126-6708/2009/04/055
http://dx.doi.org/10.1088/1126-6708/2009/04/055
http://dx.doi.org/10.1088/1126-6708/2009/09/084
http://dx.doi.org/10.1103/PhysRevD.55.5112
http://arXiv.org/abs/hep-th/9701025
http://arXiv.org/abs/hep-th/9701025
http://dx.doi.org/10.1016/S0550-3213(97)00326-X
http://dx.doi.org/10.1016/S0550-3213(97)00290-3
http://dx.doi.org/10.1143/PTP.99.713
http://dx.doi.org/10.1143/PTP.99.713
http://dx.doi.org/10.1143/PTP.114.1295
http://dx.doi.org/10.1143/PTP.114.1295
http://dx.doi.org/10.1016/S0550-3213(99)00633-1
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://dx.doi.org/10.1088/1126-6708/2004/10/025
http://dx.doi.org/10.1088/1126-6708/2004/10/025
http://dx.doi.org/10.1103/PhysRevD.74.084014
http://dx.doi.org/10.1103/PhysRevD.74.084014
http://dx.doi.org/10.1088/1126-6708/2006/01/125
http://dx.doi.org/10.1088/1126-6708/2006/01/125
http://dx.doi.org/10.1088/1126-6708/2009/02/010

HYUN SEOK YANG AND M. SIVAKUMAR

[14]

[15]
[16]
(171
(18]
[19]
(20]

(21]
(22]

(23]
[24]

S. Iso, Y. Kimura, K. Tanaka, and K. Wakatsuki, Nucl.
Phys. B604, 121 (2001); R. Delgadillo-Blando, D.
O’Connor, and B. Ydri, Phys. Rev. Lett. 100, 201601
(2008); J. High Energy Phys. 05 (2009) 049.

T. Padmanabhan, Gen. Relativ. Gravit. 40, 529 (2008);
AIP Conf. Proc. 939, 114 (2007); arXiv:0807.2356.

H.S. Yang, arXiv:0711.2797; Int. J. Mod. Phys. A 23,
2181 (2008); arXiv:0902.0035.

R.J. Szabo, Classical Quantum Gravity 23, R199 (2006);
Gen. Relativ. Gravit. 42, 1 (2010).

J. Moser, Trans. Am. Math. Soc. 120, 286 (1965).

H. Elvang and J. Polchinski, C.R. Physique 4, 405 (2003).
N. Seiberg and E. Witten, J. High Energy Phys. 09 (1999)
032.

N. Seiberg, J. High Energy Phys. 09 (2000) 003.

A. Ashtekar, T. Jabobson, and L. Smolin, Commun. Math.
Phys. 115, 631 (1988); L.J. Mason and E.T. Newman,
Commun. Math. Phys. 121, 659 (1989); D. D. Joyce, Duke
Math. J. 77, 519 (1995).

S. Deser and R. Jackiw, Phys. Lett. 139B, 371 (1984).

J. Madore, Classical Quantum Gravity 9, 69 (1992); H.
Grosse, C. Klim¢ik, and P. PreSnajder, Int. J. Theor. Phys.
35, 231 (1996); U. Carow-Watamura and S. Watamura,
Commun. Math. Phys. 212, 395 (2000); C.-T. Chan, C.-M.
Chen, and H.S. Yang, arXiv:hep-th/0106269; H.

[25]

[26]

(27]
(28]
[29]
(30]

(31]
(32]

[33]
[34]

045004-18

PHYSICAL REVIEW D 82, 045004 (2010)

Steinacker, Nucl. Phys. B679, 66 (2004); A.P.
Balachandran, S. Kiirk¢iioglu, and S. Vaidya, arXiv:hep-
th/0511114; H. Steinacker and R.J. Szabo, Commun.
Math. Phys. 278, 193 (2008).

J. Arnlind, M. Bordemann, L. Hofer, J. Hoppe, and H.
Shimada, J. High Energy Phys. 06 (2009) 047; Commun.
Math. Phys. 288, 403 (2009).

J. Castelino, S. Lee, and W. Taylor IV, Nucl. Phys. B526,
334 (1998); S. Ramgoolam, Nucl. Phys. B610, 461
(2001); Y. Kimura, Nucl. Phys. B637, 177 (2002); Y.
Kitazawa, Nucl. Phys. B642, 210 (2002).

H.S. Snyder, Phys. Rev. 71, 38 (1947); C.N. Yang, Phys.
Rev. 72, 874 (1947).

D. Kapetanakis and G. Zoupanos, Phys. Rep. 219, 4
(1992); L. Castellani, Ann. Phys. (N.Y.) 287, 1 (2001).
P. Bieliavsky, S. Detournay, and Ph. Spindel, Commun.
Math. Phys. 289, 529 (2009).

P-M. Ho, Y. Imamura, Y. Matsuo, and S. Shiba, J. High
Energy Phys. 08 (2008) 014.

M. Kontsevich, Lett. Math. Phys. 66, 157 (2003).

I. Vaisman, Lectures on the Geometry of Poisson
Manifolds (Birkhduser, Basel, 1994).

A. Weinstein, J. Diff. Geom. 18, 523 (1983).

S. Aoyama and T. Masuda, Nucl. Phys. B656, 325 (2003).


http://dx.doi.org/10.1016/S0550-3213(01)00173-0
http://dx.doi.org/10.1016/S0550-3213(01)00173-0
http://dx.doi.org/10.1103/PhysRevLett.100.201601
http://dx.doi.org/10.1103/PhysRevLett.100.201601
http://dx.doi.org/10.1088/1126-6708/2009/05/049
http://dx.doi.org/10.1007/s10714-007-0555-7
http://dx.doi.org/10.1063/1.2803795
http://arXiv.org/abs/0807.2356
http://arXiv.org/abs/0711.2797
http://dx.doi.org/10.1142/S0217751X08040767
http://dx.doi.org/10.1142/S0217751X08040767
http://arXiv.org/abs/0902.0035
http://dx.doi.org/10.1088/0264-9381/23/22/R01
http://dx.doi.org/10.1007/s10714-009-0897-4
http://dx.doi.org/10.1016/S1631-0705(03)00038-0
http://dx.doi.org/10.1088/1126-6708/1999/09/032
http://dx.doi.org/10.1088/1126-6708/1999/09/032
http://dx.doi.org/10.1088/1126-6708/2000/09/003
http://dx.doi.org/10.1007/BF01224131
http://dx.doi.org/10.1007/BF01224131
http://dx.doi.org/10.1007/BF01218161
http://dx.doi.org/10.1215/S0012-7094-95-07716-3
http://dx.doi.org/10.1215/S0012-7094-95-07716-3
http://dx.doi.org/10.1016/0370-2693(84)91833-1
http://dx.doi.org/10.1088/0264-9381/9/1/008
http://dx.doi.org/10.1007/BF02083810
http://dx.doi.org/10.1007/BF02083810
http://dx.doi.org/10.1007/s002200000213
http://arXiv.org/abs/hep-th/0106269
http://dx.doi.org/10.1016/j.nuclphysb.2003.12.005
http://arXiv.org/abs/hep-th/0511114
http://arXiv.org/abs/hep-th/0511114
http://dx.doi.org/10.1007/s00220-007-0386-0
http://dx.doi.org/10.1007/s00220-007-0386-0
http://dx.doi.org/10.1088/1126-6708/2009/06/047
http://dx.doi.org/10.1007/s00220-009-0766-8
http://dx.doi.org/10.1007/s00220-009-0766-8
http://dx.doi.org/10.1016/S0550-3213(98)00291-0
http://dx.doi.org/10.1016/S0550-3213(98)00291-0
http://dx.doi.org/10.1016/S0550-3213(01)00315-7
http://dx.doi.org/10.1016/S0550-3213(01)00315-7
http://dx.doi.org/10.1016/S0550-3213(02)00469-8
http://dx.doi.org/10.1016/S0550-3213(02)00682-X
http://dx.doi.org/10.1103/PhysRev.71.38
http://dx.doi.org/10.1103/PhysRev.72.874
http://dx.doi.org/10.1103/PhysRev.72.874
http://dx.doi.org/10.1016/0370-1573(92)90101-5
http://dx.doi.org/10.1016/0370-1573(92)90101-5
http://dx.doi.org/10.1006/aphy.2000.6097
http://dx.doi.org/10.1007/s00220-008-0697-9
http://dx.doi.org/10.1007/s00220-008-0697-9
http://dx.doi.org/10.1088/1126-6708/2008/08/014
http://dx.doi.org/10.1088/1126-6708/2008/08/014
http://dx.doi.org/10.1023/B:MATH.0000027508.00421.bf
http://dx.doi.org/10.1016/S0550-3213(03)00104-4

