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CrossMark
Abstract

We review a cosmological model where the metric determinant plays a dynam-
ical role and present new numerical results on the cancellation of the vacuum
energy density including the contribution of a cosmological constant. The
action of this model is only invariant under restricted coordinate transform-
ations with unit Jacobian (the same restriction appears in the well-known
unimodular-gravity approach to the cosmological constant problem). As to the
possible origin of the nonstandard terms in the matter action of the model, we
show that these terms can, in principle, arise from the emergent gravity in the
IIB matrix model, a nonperturbative formulation of superstring theory.

Keywords: gravity, emergence, cosmological constant, matrix model

(Some figures may appear in colour only in the online journal)
1. Introduction

The standard model of elementary particle physics describes the electromagnetic and strong
interactions of the particles. With ¢=1 and A =1 from natural units, the corresponding
quantum field theory involves, in the strong sector (quantum chromodynamics), a vacuum
energy density e(‘gCD) of the order of (100 MeV)* ~ 10°2 eV* and, in the electroweak sector,
a vacuum energy density €' of the order of (100 GeV)* ~ 10* eV*. The astronomical
observations, however, give a cosmological constant A which is of the order of 10~ ev*
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(the corresponding vacuum energy density is py,c = A and the vacuum pressure Py, =
—Pvac = —A).

The cosmological constant problem (CCP) is about explaining how the huge vacuum energy
densities of elementary particle physics naturally give rise to the present Universe with a tiny
value of the vacuum energy density, where there are some 55 orders of magnitude to account
for. The various theoretical aspects of the CCP are discussed in, for example, Weinberg’s
review [1]. The decisive astronomical observations of a nonzero cosmological constant are
reviewed by Carroll [2] and the most recent observations are covered in chapter 28 of the
Review of Particle Physics [3].

As to the ‘meaning’ of the cosmological constant A, an interesting idea appears in the
so-called unimodular-gravity approach to the CCP, which goes back to a 1919 paper by Ein-
stein [4] and has resurfaced in more recent papers [5—8]. Typically, the metric determinant
is eliminated as a dynamical variable and A appears in the field equations as an integration
constant. There is, however, no explanation of the actual experimental value A = (2 meV)4.

It appears that there have been many different contributions to the vacuum energy density
occurring over the whole history of the Universe and some form of adjustment mechanism
seems to be called for. A particular type of adjustment mechanism has been proposed, which
is inspired by condensed matter physics. In that approach, there is a special type of vacuum
variable g, which provides for the natural cancellation of any previously generated vacuum
energy density [9, 10]. Several follow-up papers on the g-theory approach to the CCP have
appeared over the years [11-20]. Here, we should perhaps emphasize one point, namely that
g-theory in the cosmological context leads to universal dynamic equations, independent of the
particular realization of the g variable (see, in particular, appendix A 3 of [19]).

In nearly all previous work on g-theory, there was a postulated field, from which the
g variable was obtained. Recently, we have explored the idea of getting a g-type field by
use of the already available fields of general relativity and the standard model, possibly re-
interpreting one or more of these fields. It turns out that the metric determinant can play
the role of such a g-type field [21]. This makes the metric determinant a physical variable
and restricts the allowed coordinate transformations, which brings us back to the unimodular-
gravity approach mentioned above. But with a difference: in the unimodular-gravity approach,
the metric determinant can be removed altogether as a dynamical variable, whereas, in our
approach, the metric determinant plays a role for the physics and, in particular, for cosmo-
logy. In both approaches, the allowed coordinate transformations are restricted to those of unit
Jacobian, so that the metric determinant is a scalar under these restricted coordinate transform-
ations. In our approach, we then have that the metric determinant may enter certain terms of
the matter Lagrange density.

The structure of the present explorative paper is somewhat different from that of the original
paper [21]. Here, we start from a hypothesis and an action (section 2), and then investigate
the resulting cosmology (sections 3 and 4). Having established an interesting cosmological
behavior, we turn toward one possible explanation of the hypothesis. The idea is that gravity
may not be fundamental but is really an emerging phenomenon from an underlying theory
(section 5). Concretely, we consider two possible realizations of emergent gravity. The first
realization (section 5.1) relies on the elasticity tetrads from a spacetime crystal [22] and has
been elaborated in [21]. The second realization (section 5.2) is entirely new and uses a non-
perturbative formulation of superstring theory in the guise of the IIB matrix model (references
will be given later on). That last model consists of N X N traceless Hermitian matrices, with
10 bosonic matrices and 8 fermionic matrices. Somehow, these bosonic matrices give rise
to a classical spacetime and we will now argue that appropriate perturbations of the relev-
ant matrices can give a nonstandard term in the matter Lagrange density involving the metric
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determinant. We present concluding remarks in section 6 and give technical details of the
matrix-model calculation in the appendix.

2. Setup

2.1 Hypothesis

Our working hypothesis is that the field \/—g(x), for g(x) = detg,3(x), corresponds to a phys-
ical quantity (the spacetime metric g, has a Lorentzian signature, so that g is negative). Then,
the only allowed coordinate transformations x® — x’® are those of unit Jacobian,

det (ax’a /axﬁ) ~1. @.1)

In that case, it is possible that 1/—g(x) also enters the matter potential, as will be discussed in
section 2.2.

Incidentally, these restricted coordinate transformations with (2.1) appear as well in the
unimodular-gravity approach to the CCP [4-8] (a succinct review is given in section VII of [1]).
The possibility of adding extra \/—g factors in the matter action was already noted by Zee on
p 220 of [6], but was not pursued further. Later, we will say more about the possible origin of
our extension of unimodular gravity, but, at this moment, we just continue with the hypothesis.

2.2. Action

We now investigate the implications of our hypothesis by considering a relatively simple
action, with a standard real scalar field X(x) and a single nonstandard term involving /—g(x)
in the matter Lagrange density.

The postulated action is given by [21]

S =Sc+ Sy + 54 P + 5, (2.2a)
R
4
_ S 2.2

S6 /dx $ T6n Gy’ (220

1 1
Sscalan) _ / d*x\/—g [anﬁ 0aX0sX + 5 2 M*X? |, (2.20)
SA-pus) _ / d*xy/—ge(A, n), (2.2d)
Sy = —p1 / dhxn(x), (2.2¢)

n(x) = /—glx) M* >0, (2.2f)

where g(x) is the determinant of the metric g, (x) with Lorentzian signature, g, a nonnegative
constant, and 1 /M a fundamental length scale of the underlying theory (recall that we are using
natural units with c =1 and /& = 1). In (2.2d), we simply take a linear dependence on n for the
potential,

e(A,n)=A+(n, (2.3)

with a real parameter ¢ > 0. We emphasize that, strictly speaking, the only new input is the
single term n < /—g in the potential (2.3), which requires coordinate invariance to be restric-
ted by (2.1). A possible condensed-matter-type origin of the action (2.2) has been discussed
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in [21] and will be reviewed in section 5.1, but this action can also have an entirely different
origin. In fact, a superstring-related origin will be discussed in section 5.2.
In the resulting gravitational field equation,

1 1
Rog — s Rga = Pvac8a TM X|, 2.4
SwGN( B=3 gﬁ) Prac 8o+ Tag [X] 2.4

we have, with the linear Ansatz (2.3),

de
pvac:€+n%_uM4:A+2<n_,UM4a (2.5a)

A=IM*, (2.5b)

where the chemical potential ;1 # O traces back to the action term (2.2¢) and n has been defined

by (2.21).
If we take the covariant divergence of (2.4) and use the contracted Bianchi identities, we
obtain the following combined energy-momentum conservation relation:

IYRNL
(Pracgas +T25) " =0, 2.6)

where the semicolon stands for a covariant partial derivative. If the matter component is separ-
;B .
ately conserved, (Tgﬂ) = 0, then equally so for the vacuum component, (pvac ga3)’ Ao,

which implies p\’,gc = 0, where the colon stands for a standard partial derivative.

Note that, in order to reach the Minkowski vacuum with py,. = 0, there is, for given chem-
ical potential p and the py,c expression (2.5), a restriction on the allowed cosmological con-
stant,

A< p. 2.7)

Only for (u— A) > 0, is it possible to get py,. = 0 if the positive vacuum variable n adjusts
itself to the value

1
ik = M* 3¢ (1) (2.8)

The restriction (2.7) can be evaded with a different dependence on n for the potential and a
useful example is

A n)=A+M 0>+ M*n 2, (2.9)

The resulting gravitating vacuum energy density,

- . d
pm:e—l—nd—e—uM4:A—|—3M*4n2—M12n*2—uM4, (2.10)
n

can be nullified if n takes the following unique positive value:

ﬁMink:M4\/é { 12+(u—>\)2+(u—>\)}, @2.11)

which is well defined for any value of (x — A). The vacuum energy density (2.10) will be used
when we turn to cosmological solutions.
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3. Cosmology: first model

3.1. Metric Ansatz

As the diffeomorphism invariance of the model action (2.2) is restricted to transformations of
unit Jacobian, the appropriate spatially-flat Robertson—Walker (RW) metric is given by [23]:

ds® = gop(x)dx®dx® = —A(t) df* + R*(t) Syppdx™ dx", (3.1)

with the cosmic time coordinate 7 from x% = ¢t = t. The spatial indices m, n in (3.1) run over
{1,2,3} and R() is the cosmic scale factor [the tilde indicates the difference with the Ricci
curvature scalar appearing in (2.2b)]. Because the invariance transformations are restricted,
there is an additional Ansarz function, A(7) > 0. We recover the standard spatially-flat RW met-
ric for X(t) = const > (. Remark that the extended RW metric (3.1) gives the vacuum variable

nocy/—g=(A)"?|R], (3.2)

where the proportionality constant equals M* according to (2.2f). Having two Ansatz functions
available, it is possible to have constant n, also in an expanding universe.

If, in the cosmological spacetime (3.1), the scalar field X is spatially homogeneous, X =
X(t), then its energy-momentum tensor equals the one of a perfect fluid having the following
energy density and pressure:

prl) = 5 ft) <“D;§’)>2 3o (x0) (3.3a)
Px() = ;;‘L) (‘?)2 - %gzMz (X(t))z. (3.3b)

If, moreover, the scalar field X is rapidly oscillating, X(7) = Xy cos(w1), then the time-averages
of the energy density and the pressure give the following matter equation-of-state parameter:
(Px) _w?/A—g: M

— _L/2 , 33
Wpm <px> wZ/A—I—gzMz ( C)

under the assumption that the cosmological time scale relevant to A (¢) is much larger than the
oscillation periods 1/w or 1/M. Taking w?/A = 2 g, M2 in (3.3¢), we obtain wy, = 1/3.

In the following, we will work with this perfect fluid instead of the original scalar X field
and take wy, = 1/3, corresponding to a gas of ultrarelativistic particles.

3.2. Dimensionless ODEs

From now on, we set the model length scale 1/M equal to the Planck length 1/Epjnck,
1/M =1/Epjgnek = /Gn .- (3.4)

We then introduce the following dimensionless quantities (the chemical potential y is already
dimensionless):

t—T, px(t) = ry(7), Pyac(t) = Fyae(T), (3.5a)

X(t) = x(1), Px(t) = py(7), A(t) = a(T), (3.5b)

n(t) — n(71), A=A, R(t) — r(1), (3.5¢)
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where n(7) is dimensionless and equal to \/—g(7) = v/a(7) |r(7)]>. Also, we are using the
vacuum energy density from (2.10), which is marked by a tilde.

From the field equations of the action (2.2) and with a homogeneous perfect fluid from the
x scalar, we obtain the following dimensionless ordinary differential equations (ODEs):

iy +3(1+wy) (:) ry =0, (3.6a)
i 2

3 (r) — 87 (ry + ) (3.60)

2 (F\° [a\ [F

—+ <r> — (a) <r> =-87a (erX —7\,ac) , (3.6¢)

Tae =A+3ar® —a 'r % —p, (3.6d)

where the overdot stands for differentiation with respect to 7. These ODEs have two real para-

meters: the matter equation-of-state parameter wy, > —1 and the combination (\ — 1) entering

the vacuum energy density 7y, Incidentally, the function a(7) has been assumed to be positive.
It can be shown that the ODEs (3.6) give the equation

Fyac = 07 (37)

so that the vacuum energy density stays constant over time. This equation corresponds to the

energy-conservation equation of a homogeneous perfect fluid with equation-of-state parameter

Wyac = — 1 [consider (3.6a) and replace r,, by 7yac and wyy by wyee = —11. In fact, (3.7) traces
B

back to (2.6) for matter with (Tgfﬁ) =0, so that p’vfc = 0. In section 4, we will introduce a

vacuum-matter energy exchange, but here we just keep (3.7) as it is.

3.3. Analytic solutions

3.3.1. Friedmann-type solution. ~ We now present an exact Friedmann-type solution of the
ODE:s (3.6) for a general matter equation-of-state parameter wy, > —1.
Take the following Ansatz functions for 7 > 0:

alt)=a 2w (3.8a)
() = a~VoF /3 (3.8b)
r(7) = a g, (3.8¢)

with positive parameters «, p, 7, X, and m. These Ansatz functions have been designed to
produce a constant vacuum variable, \/—g = y/a|r|? =73. The vanishing of 7y, from (3.6d)

then gives
R 1 1/6
Tsol = (6 |:\/ 12+(,U—)\)2+(M—)\):|) s (39)

where (2.11) has been used.
For the Ansatz functions (3.8), the dimensionless Ricci and Kretschmann curvature scalars
read

r20-p) (3.10a)

2 1
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L a0 (3.10b)

K= ip2 (9—24p—|—17p2)¥

27

We now look for an expanding (p > 0) Friedmann-type universe approaching Minkowski
spacetime. These solutions have a vanishing vacuum energy density throughout, 7y,c(7) = 0.

With the Ansatz functions (3.8), the three ODEs (3.6) for 7 = 7, from (3.9) reduce to the
following equations:

1 ~
0= — (p(1+wM)—m> ool (.11a)
!
»
0=-— —8mxr "2, (3.11b)
372
P 2p P
0=—=——=S+8mwyxr " . (3.11¢)
T2 372
The exact solution of these equations has arbitrary o > 0 and
2
= 3.12
Psol 34wy ( a)
== 7 3.12b
Mol 3+ Wy ( )
1
Xsol = ———, (3.12¢)
67 (3+wu)

where pgo ranges over (0, 1) for wy € (—1, +00).
The main points of this cosmology with wy, = 1/3, for example, are as follows:

(i) an expanding Friedmann-type universe with cosmic scale factor r ~ 7!/3.

(ii) a decreasing perfect-fluid energy density and pressure with ry (7) =3p, (1) ~ 7~
(iii) a cosmological constant A cancelled by /—g = 71 from (3.9), so that ry,.(7) = 0.
(iv) the curvature scalars R(7) ~ 0 and K(7) ~ 78/3, approaching Minkowski spacetime.

4/5.

Observe that, for a given value of 1, we have not one solution but a whole family of solutions,
parametrized by the value of the cosmological constant A which enters the solutions via (3.9).

3.3.2. De-Sitter-type solution.  In addition to an analytic Friedmann-type solution with
Tvac(7) = 0, the ODEs (3.6) can also have an analytic de-Sitter-type solution with Fy,.(7) =
const > 0.

The Ansatz functions for 7 > 0 are taken as before, but now with a vanishing matter com-
ponent,

a(lt)=at?P, (3.13a)
_ —1/6=_p/3

rr)=a 277, (3.13b)

r(T) =0, (3.13¢)

for positive parameters «, p, and 7. The general de-Sitter-type solution (denoted ‘deS-gen-sol’)
then has the following parameters:
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DdeS-gensol = 1 (3.14a)
Qtdes-gen-sol = 1/ (24T Fyac-des-gen-sol ) » (3.14b)
Trac-des-gen-sol = A+ 3 (Faes-gen-sol)® — (Ttes-gensol) © — i (3.14¢)
Tdes-gen-sol > 0. (3.14d)

The corresponding dimensionless Ricci and Kretschmann curvature scalars read

4 1

RdeS—gen-sol ) 3.15a)
3 (ldeS-gen-sol
8 1

ICdeS-gen-sol = A5 (315b)

-
27 adeS—gen—sol

The above solution has 7 as a free parameter. For A > 0, a special solution (denoted ‘deS-
spec-sol’) has vacuum energy density 7y,c = A if the following parameters are chosen:

PdeS-spec-sol = 1 (3.16a)

1
(deS-spec-sol = 24N (3.16b)

1/6
. 1
PdeS-spec-sol = (6 [\/m + u)D . (3.16¢)

The corresponding dimensionless Ricci and Kretschmann curvature scalars are given by (3.15)
Wlth adeS—spec-sol feplaCiﬂg adeS—gen—sol-

4. Cosmology: second model

4.1 Quantum-dissipative effects

The cosmological model of section 3 has a constant vacuum energy density py,c, S0 that if py,c
is initially nonvanishing it stays so later on. Obviously, this conclusion can only change if there
is a mechanism to transfer vacuum energy to matter energy.

The authors of [24] have discussed, in general terms, relaxation effects in g-theory. A
specific calculation [16], for the standard spatially-flat Robertson—Walker metric [i.e. A(f) =
1 in (3.1)], has considered particle production by spacetime curvature [25]. The obtained
Zeldovich—Starobinsky-type rate reads

| dR
dt

~

Fparlicle—production =7 k_ Rza 4.1

where 7 is a calculated positive number, R (¢) is the cosmic scale function of the met-
ric (3.1), gnd IS(I) is the Ricci curvature scalar depending on the two Amnsatz functions,
R(r) =R[A(1), R(1)].

The energy of the produced particles must come from somewhere and the obvious candidate
is the vacuum. In that case, the cosmic evolution of the vacuum and matter energy densities is
given by

dﬁvac

dr + = _Fparticle—production ) (4.2a)

8
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d
% +-- = +Fparticle—produclion ’ (42[7)

because of energy conservation (2.6). The equations (4.2a) and (4.2b) are manifestly time-
reversal noninvariant for the source term from (4.1). This time-reversal noninvariance is to be
expected for a dissipative effect, in fact, a quantum-dissipative effect as particle creation or
annihilation is a true quantum phenomenon.

4.2. ODEs with vacuum-matter energy exchange

We now consider a relativistic matter component with a constant equation-of-state parameter
wu = Py /py, = 1/3 and add a positive source term I on the right-hand side of (3.6a). We then
need to determine how this addition feeds into the other two ODEs, (3.6b) and (3.6¢). We
switch to the dimensionless variables (3.5) and take three steps.

In step 1, we add, as mentioned above, a source term I to the right-hand side of (3.6a) for
wy = 1/3 to get

T (:) =T, (4.3a)

where I still needs to be specified.
In step 2, we eliminate r,, by taking the sum of one third of (3.65) and (3.6¢) for wy; = 1 /3,

.. N2 . .
a0 @)
8ma | r r r a 3

We observe that the left-hand side of (4.3b) is proportional to the Ricci scalar, so that R o< Fyae.
This observation will be used later on.

In step 3, we take the derivative of (3.6b), use (4.3a) to eliminate i, use (3.6b) to eliminate
Iy, use the 7 expression from (4.3b), and get

A":vac =-I, (4.3c)

1

Tae =A+3ar® —a ' r b —p, (4.3d)

where the explicit 7y,. expression has been recalled in the last equation. For completeness, we
give the original first-order Friedman equation,

3 (:)2 = 8 a(r+Fuc) (4.4)

which, if it holds initially for the solution of the ODEs (4.3), will be satisfied at subsequent
times (this will make for a valuable diagnostic of the numerical accuracy later on).

We remark that, for Minkowski spacetime with a(7) = r(7) = 1 in the dimensionless ver-
sion of (3.1), we have 7, =I" from (4.3a) and 7vac = —I" from (4.3c), showing the direct
vacuum-matter energy exchange provided I is nonvanishing.

The next point is to simplify the expression for I' so that the numerics runs efficiently. We
take



Class. Quantum Grav. 40 (2023) 124001 F R Klinkhamer

D7) =3(r) [#7)/r(7)] () @50

i) = [T ] (4.5b)
NT) =7 7_2 +1 I .
720, (4.50)

for initial boundary conditions at 7 = 7,5 and a nonnegative constant y. The expression (4.5a)
basically has the structure of (4.1), because the left-hand side of (4.3b) is proportional to the
Ricci scalar, so that R o 7y,c. We have also added a smooth switch-on function ¥(7) in (4.5),
in order to improve the numerical evaluation of the ODEs.

Observe, again, that the ODEs (4.3a) and (4.3¢) with source term (4.5) are time-reversal
noninvariant. The basic structure of the resulting vacuum-energy equation,

Tyac = —7 ‘r/r‘ (7vac)27 (4.6)
is similar to the one discussed in [16, 21], where an analytic solution for the vacuum energy
density was obtained and where that solution was found to drop to zero as 7 — co.

The exact Friedmann-type solution of section 3.3 carries over to the modified ODEs (4.3)
with source term (4.5). The reason is simply that this source term I" vanishes if 7, = 0, which
is precisely the case for our Friedmann-type solution.

4.3. Numerical results

Extensive numerical results were reported in [21], establishing, in particular, the attractor beha-
vior toward Minkowski spacetime. These numerical results were based on the linear Ansatz
(2.3). Here, we give some complementary numerical results based on the extended Ansatz
(2.9), which confirm the previously found attractor behavior.

We start from the special de-Sitter-type configuration as given in section 3.3.2. Numerical
results, for ;1= —3 and A = 10™4, are presented in figures 1 and 2 with two values of the
vacuum-matter-energy-exchange coupling constant . The numerical solution of figure 1 with
~v =0 essentially reproduces the special de-Sitter-type solution of section 3.3.2, whereas the
numerical solution of figure 2 with v =2 x 10'! shows the rapid reduction of the vacuum
energy density 7y,. and the approach to the analytic Friedmann-type solution of section 3.3.1.
The results in figures 1 and 2 resemble those in figures 9 and 10 of [21], but there are significant
differences as regards the value of the chemical potential y, the initial condition on r(7), and
the value of the scaling factor 7.

We have two important remarks regarding the comparison of the vacuum energy density
results obtained here and those obtained previously. First, we note that (1 — A) < 0 does not
allow for the nullification of the vacuum energy density for the case of the linear € Ansatz
(2.3), which was the Ansarz used in [21]. Second, the ry,. panels of figure 10 in [21] and the
Tvac panels of figure 2 here are identical within the numerical accuracy, because the resulting
ODE (4.6) for Fy,.(7) and the corresponding ODE for ry,.(7) in [21] have the same structure
and the same boundary value 10~ at 7 = 10, the only difference being the ‘internal’ structure
Of Fyac(7) and ryae (7).

To summarize, we have shown in [21] and the present paper that, in principle, the cosmolo-
gical constant A can be cancelled by the field /—g and appropriate quantum-dissipative effects
(in principle, there can be other vacuum-matter energy-exchange mechanisms). For complete-
ness, we have also given, in appendix C of [21], numerical results on the readjustment after a
phase transition.
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16 @'Byr s 7 1] 4 1/a = 7% = a[r] 15 10% 5 1 [7]
1.4 3 1
1.2 2 0.5
1 1 0
0.8 0 ~05
065 20 40 60 80 1007 P 20 40 60 80 100" o 20 40 60 80 100"
15 3/4 « @ = R[7] 15 27/8 « @ « K[1] 15 10% + FyaclT]
1 1 1
05 05 0.5
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~05 ~05 ~05
-1 T -1 T -1 T
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Figure 1. Numerical solution of the ODEs (4.3) with source term (4.5) and para-
meters wy = 1/3, p=—3, A=10"*, and v =0 (quantum-dissipative effects inop-
erative). The initial boundary conditions are taken from the analytic de-Sitter-type
solution (3.13) and (3.16), with & = quges-spec-sol = 132.629 and 7 = rges-spec-sol =
0.800821. Specifically, the boundary conditions at 7 = Ties = 10 are: {a,r,i,ry} =
{1.32629119,0.764004165,0.02546680549,0}, where the i value has been obtained
from the first Friedman equation (4.4). The top row shows the three basic variables: the
two metric functions r(7) and a(7), and the dimensionless matter energy density ry. The
bottom row shows three derived quantities: the dimensionless Ricci curvature scalar R,
the dimensionless Kretschmann curvature scalar &, and the dimensionless gravitating
vacuum energy density 7vac from (4.3d). The vacuum energy density from the initial
conditions is Fyac (Tbes) = 1 X 10~*, which stays essentially constant.

5. Emergent gravity

5.1. Spacetime crystal: elasticity tetrads

A possible explanation of the hypothesis presented in section 2.1 is that gravity is not a funda-
mental interaction but rather an emergent phenomenon. One explicit suggestion was outlined
in [21] and will be briefly reviewed here. Another explicit suggestion will be discussed in the
next subsection.

In section I'V of [21], we have considered the following matter Lagrange density term for a
real scalar field ¢:

e(¢p,n) =¢(8) (1+(M*n), (5.1a)
with a positive dimensionless constant ¢, the definition

n(x) = E(x) = M*\/—g(x), (5.1b)
and now an explicit example of the function €,

€(¢):M4+% 297, (5.1¢)
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Figure 2. Numerical solution of the ODEs (4.3) with source term (4.5), where the
boundary conditions at 7 = 7cs = 10 and the model parameters are the same as
in figure 1, but now with v =2 x 10" (quantum-dissipative effects operative). The
vacuum energy density is initially Fe(10) = 1 x 10~* and drops to Ty (100) ~ 4 x
107'%. The third row shows the smooth behavior near the initial boundary conditions
and the fourth row the asymptotic Friedmann-type behavior.

where M is a single mass scale (possibly of the order of the Planck energy). The resulting
gravitating vacuum energy density is [21]

Pvac(¢,n) :E((I)) (1 +2CM_4n) —MM4,

where p is the chemical potential corresponding to the conservation of the spacetime points

of a hypothetical crystal.

(5.2)

The quantity E in (5.10) stands for the determinant of the elasticity tetrads of the spacetime

crystal (see section II of [21] and especially [22] for further background on elasticity tetrads).
With the assumption of gravity arising from these elasticity tetrads, E is then identified with
the square root of minus the metric determinant, E x /—g, where the minus sign holds for a
Lorentzian signature of the emergent spacetime metric gq3.

Even though the elasticity tetrads can, in principle, produce a nonstandard term
1 M? ¢*\/=g as in (5.1a), it is not clear how this would really come about. In this respect,
an explicit suggestion based on a matrix model is perhaps more compelling, and such a sug-
gestion will be discussed next.
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5.2. 1IB matrix model

5.2.1. Emerging spacetime. It has been conjectured that the IIB matrix model [26, 27] can
give rise to some type of spacetime lattice and an emergent spacetime metric. The authors
of [27], in particular, have argued that ‘the space-time is dynamically determined from the
eigenvalue distributions of the matrices’ (quote from the Abstract) and that ‘the invariance
under a permutation of the eigenvalues leads to the invariance of the low-energy effective action
under general coordinate transformations’ (quote from section 4.2). Most likely, the basic idea
is correct, but, strictly speaking, the matrices in [26, 27] are mere integration variables and
there is no small dimensionless parameter to motivate a saddle-point approximation. A possible
solution of this puzzle has been provided by the recent suggestion that the so-called master field
controls the emergence of a classical spacetime, indeed as eigenvalues but now the eigenvalues
of the IIB-matrix-model master-field matrices.

This new conceptual idea was proposed in [28], which also contains an explicit procedure
on how to extract the classical spacetime from the IIB-matrix-model master-field matrices.
Meanwhile, several follow-up research papers have appeared in [29-32], together with two
comprehensive reviews [33, 34].

Here, we intend to show that this matrix-model approach can also provide a possible explan-
ation of nonstandard terms in the matter Lagrange density involving the metric determinant.
As a preparation for this discussion, we have collected in the first part of the appendix the
main steps of how the information about the emergent spacetime points X is encoded in the
master-field matrices. These discrete spacetime points X are labeled by k € {1, ..., K}, with
K a divisor of N.

5.2.2. Discrete effective action.  From appropriate perturbations of the master-field matrices
A (restricting to D =4 ‘large’ Euclidean dimensions), the following effective action can be
obtained for a low-energy scalar degree of freedom ¢ propagating over the discrete spacetime
points X

K K K
Sealde o9 3 0 ST ~5) (= 0) + Y 3 ()
K K . 5 5
+> > hE=T) () (m) (5.3)

where f(x) and h(x) are steep dimensionless functions centered on x = 0, the matrix perturb-
ations ¢; and 7; have the dimension of length, m is dimensionless, and / is the model length
scale [27, 28] (on the length scale issue, see also the last paragraph of section 5 in [34]).
The effective action can, of course, be expected to contain fields of all spins, but considering
only scalar fields suffices for our purpose. Details on how the discrete scalar-field effective
action (5.3) can be obtained are given in the second part of the appendix.

We observe the permutation symmetry of the result (5.3):

IRy, 0 €Sk, (5.4)

with corresponding changes of the matrix perturbations, ¢ — ¢, (1) and 7x — 1,(x)- The role
of this permutation symmetry will be discussed further in section 5.2.4.

13
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5.2.3. Standard action terms in the continuum.  The first two terms in (5.3) were discussed
in [27, 28], but the last term is new. These first two terms give the following continuum effective
action for a real scalar field ¢(x) of mass dimension 1:

i 1 1
st io] ~ [ de VG |36700 20 ds0ta) + 302 | 59)

in terms of an emergent inverse metric gaﬂ and a classical dilaton field ® (here, this dilaton
field has been assumed constant and has been normalized away). Specifically, we have for
these emerging fields

§°P(x) ~ / d*y p(y) 72 (x— 1) (x — )P r(x 3) flx— ), (5.6a)
R4

V0gx)] o< p(x), (5.6b)

with g = detg,s. The square root \/|g(x)| can also be written as y/=%g(x), where the + signs
refer to the Euclidean or Lorentzian signatures of the emerging spacetime metric; see below
for further comments. The quantities p(x) and r(x, y) entering the expressions (5.6) result
from the distributions and correlations of the spacetime points X obtained from the master
field; their definitions are given in the first part of the appendix. The quantity f(x) entering the
expression (5.6a) traces back to the first term in (5.3), which results from perturbations of the
master-field matrices; see the second part of the appendix.

Equations (5.6a) and (5.6b0) have essentially been given as equations (4.17) and (4.18)
in [27], but here we have made clear precisely which matrices are considered for the eigenval-
ues, namely the master-field matrices A“ (the heuristics of the spacetime extraction from the
master-field matrices is explained in section 4.4 of [33]). For completeness, we mention that
there have also been other approaches on getting an effective metric field from the IIB matrix
model (see, e.g. [35-37] and references therein).

At this moment, we have three technical remarks, which can be skipped in a first read-
ing. The first technical remark is that the signature of the emerging spacetime metric
depends on the structure of the correlation functions of the spacetime points. Toy-model
calculations have been presented in appendix D of [33], which show that certain deform-
ation parameters in the correlation functions allow for a continuous change from a Euc-
lidean to a Lorentzian signature (passing through a degenerate metric with a vanishing
eigenvalue).

The second technical remark is that, assuming the matrix size N = Kn to be large enough
and the block size n to be of the order of the band width AN (see the first part of the appendix
for details), we need not average the p functions appearing on the right-hand sides of (5.6).
This averaging would be over different block sizes (n) and over different block positions along
the diagonals of the master-field matrices . But these explicit averages would not be necessary
if we have a genuine master field at an effectively infinite N (for a general discussion of the
role of master fields, see, in particular, [38]).

The third technical remark is that the fermion dynamics plays an important role for the
bosonic master-field matrices A “, as they are the solution of the so-called master-field equation
which has a Pfaffian term due to the fermions. The master-field equation and its solutions have
been studied in three recent papers [30-32] and have been reviewed in [34]. (Recall that the
fermion dynamics also played an important role in the original discussion of [27] by providing
the so-called Boltzmann weights in the graphs considered.)

14
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5.2.4. Nonstandard action term in the continuum. ~ Now, turn to the third term in (5.3), which
is new and has been ‘derived’ in the second part of the appendix. For a steep function h(fk —

%), having h ~ 0 for X, # %, and constant perturbations 7z,
=1, (5.7

we get the following nonstandard term in the continuum effective action:

Sér;tonstandard) [¢ d4 \/7 {¢2 \/777 ] (5.8)

where 77 is a constant real scalar field of mass dimension 1 tracing back to the rescaled constant
matrix perturbation 77/¢2.

Incidentally, by taking also ¢, constant, ¢, = 7], we get the action term (5.8) with the integ-
rand [n2 lg(x)] 772], corresponding to the linear ¢ term appearing in our previous € Ansatz

(2.3). It appears impossible to get, in this way, negative powers of n \/E , as used in the
extended € Ansatz (2.9). Still, there may appear divergent powers series in n, which, for
example, sum to ¢ functions of the form A +n?/(n — 1) or A+ n cos(27n), allowing for the
cancellation of any value of (A — ) in the corresponding ry,. functions.

The action term (5.8) is, of course, only invariant under restricted coordinate transforma-
tions with unit Jacobian (2.1). Let us, therefore, briefly discuss the issue of diffeomorphisms.

The authors of [27] have given a plausibility argument that the permutation symmetry over
the discrete spacetime points implies the diffeomorphism invariance of the continuum theory.
But the delicate issue of how simultaneously the locality appears in the continuum theory is
far from resolved. We suspect that the nonstandard term (5.8), which is local but not fully
diffeomorphism invariant, appears due to some type of interference between the emergence of
locality and the emergence of diffeomorphism invariance (we are reminded of the appearance
of anomalies in chiral gauge theories). Anyway, let us have a closer look at how precisely the
surprising term (5.8) arises in our calculation.

The actual way how the third term of (5.3) appears is from both the ‘internal space’ of
each spacetime point individually and the larger group space of the matrices acting between
different spacetime points. Specifically, referring to (A7) in the second part of the appendix
and fixing k = 1 for convenience, the origin of the ¢3n? term lies in the (; entries inside the
first 4 x 4 block on the diagonal and the origin of the (¢7 73 + ¢3 ) and (313 + ¢3n}) terms
in the £, and &3 entries ‘coupling’ the different 4 x 4 spacetime blocks.

The crucial observation now is that the way how, for k # I, the action terms (¢7 17 + ¢7 1?)

arise is essentially the same as for the action terms (¢ — ¢>1) ; see the last two paragraphs
in the second part of the appendix. Both of these terms involve a double sum, each of which
gives a density function p for the continuum expression, as shown by (AS5). For the kinetic type
terms, one density function p gets absorbed into the deﬁnition of the emerging inverse metric,
as the expression (5.6a) makes clear. But for the mixed c;Sk 77, terms, there remains one extra
density function p in what will become the continuum Lagrange density and precisely that p
gives the 1/|g(x)| factor inside the square brackets on the right-hand side of (5.8).

In short, if we can get the double-sum kinetic-type terms with (¢ — (;51)2 in the discrete
effective action (5.3), then it is also possible to get the double-sum mixed terms with ¢7 n?.
The first double sum gives the kinetic term in the continuum action (5.5), while the second
double sum gives the nonstandard term (5.8).

In closing, we have a peripheral remark. We observe, namely, that (5.6a) has a direct
dependence on the matter function f, whereas (5.60) does not. Starting from the inverse met-
ric components (5.6a), we can, of course, calculate the determinant, but then all influence of
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the matter function f must somehow ‘average out.” In any case, taking the expressions (5.6a)
and (5.6b) at face value, it is clear that the metric determinant appears to play a special role
and it is perhaps not surprising to have additional +/|g(x)| factors turn up in the continuum
matter Lagrange density.

6. Discussion

In a previous paper [21], we have explored a cosmological model with a dynamic metric-
determinant field g(x) = detg,s(x), thereby reducing the allowed coordinate transformations
to those with a unit Jacobian. Some further new results were presented in sections 3 and 4 here.

The origin of the nonstandard terms in the matter Lagrange density with one or more addi-
tional factors of 1/|g(x)|, for example the term from (5.8), still needs to be established firmly.
Here, we have presented an explicit calculation based on the so-called IIB matrix model, which
provides a nonperturbative formulation of superstring theory. Our basic argument is given in
section 5.2.4, with technical details relegated to the second part of the appendix. Considering
the effective action of a real scalar field ¢(x), it appears equally easy to get the standard kinetic
term % g*s Da®0p¢ in the Lagrange density as nonstandard terms ¢ \/@ n* or n*+/|g| %,
for a constant real scalar field 7. These nonstandard terms are local but only invariant under
restricted coordinate transformations. The simultaneous appearance of locality and (restricted)
diffeomorphism invariance needs, of course, to be studied further. The same holds for other
approaches to metric-field extraction from the IIB matrix model [35-37].

Anyway, the matrix-model calculation of the present paper alerts us to the possibility that
there may be rather unusual interactions in the effective low-energy theory. In fact, the non-
standard action term in (5.8) corresponds to a type of variable mass square for the scalar field,
where the effective mass square involves the metric determinant g(x). As the metric determin-
ant g(x) depends on the environment through the field equations, there is an obvious resemb-
lance with the chameleon scenario [39, 40]. Considering a Lagrange-density term %gz m?* ¢,
for example, we can perform a simple nonrelativistic analysis using Poisson’s equation and find
some possibly interesting behavior, but we postpone further discussion to a future publication.

Data availability statement

No new data were created or analysed in this study.

Appendix. lIB-matrix-model calculation

Emerging spacetime points from master-field matrices

The bosonic action of the Euclidean IIB matrix model [26, 27] reads
1
Shos = fETr([A‘”‘,AB] (A7, A°] %555), (A1)

where the bosonic matrices A%, with a directional index « running over {1, ... D}, are N x N
traceless. Hermitian matrices and the commutators are defined by [B, C] = B-C — C- B for
square matrices B and C of equal dimension. The action involves the Kronecker delta d4,
which corresponds to a Euclidean ‘metric.” With matrices A of the dimension of length (these
matrices will ultimately give the spacetime points x*), the dimension of the action (Al) is
(length)* and the matrix integrals for the expectation values have a weight factor exp[—Shos /]
for a model length scale ¢. The genuine IIB matrix model has dimensionality D = 10. In this
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subsection, we keep D general but, elsewhere, we set D =4 when four ‘large’ dimensions are
considered. N

Assume that the master-field matrices A® of the Euclidean IIB matrix model are known
and that they are more or less band-diagonal (with a width 1 < AN < N), as suggested by
exploratory numerical results in [41-43] and references therein. Now, let K be a divisor of N,
so that

N=Kn, (A2)

where both K and n are positive integers. In the master-field matrices A witha band-diagonal
structure, consider the K blocks of size n X n centered on the diagonals (with n 2> AN and
n < N) and calculate the averages of the eigenvalues of these blocks. The obtained averages
correspond to the emergent spacetime points and are denoted

X (A3)

where « runs over {1, ..., D} and k over {1, ..., K}, with K as given by (A2). Further com-
ments on the extraction procedure appear in appendix A of [33].

The quantities p(x), r(x, y), and f(x) entering expressions (5.6) in the main text result from
the distributions and correlations of the emerging spacetime points (A3) and, as regards f(x),
from perturbations of the master-field matrices.

Specifically, the density function p(x) and the density correlation function r(x,y) are
defined by

K
Z 5@ x xk (Ada)

{(p(x)p(y)) = (p(x)) (p(y)) rx,y), (Adb)

where x® and y* are D-dimensional continuous (interpolating) coordinates. The averages (... )
in (A4b) stand for averaging over different block sizes (n) and over different block positions
along the diagonals of the master-ﬁeld matrices ( ) . [note that the block at the beginning of
the diagonal has dimension n’ < n and the block at the end has dimension n’’ < n, but there
are many more intermediate n X n blocks if K >> 1]. In this way, the double sum in (5.3) is
transformed into a double integral over the continuum spacetime,

Z s(Xe—%1) ... —>/dD /dD (p)) r(x—y)s(x—y)..., (AS)

k1

for an arbitrary function s(x).
Finally, the quantity f(x) entering expression (5.6a) in the main text is a localized real func-
tion coming from the ‘hopping’ term with f(X; — X;) in the discrete scalar effective action (5.3).

Perturbations of master-field matrices

We present here a simple construction to obtain the third term of the discrete effective
action (5.3). Essentially, this is a variation of the construction method developed in appendix
A of [28]. We focus on the four ‘large’ dimensions (whose appearance may be suggested
by exploratory numerical results in [41-43] and references therein) and set D=4 in our
expressions.

Take, now, the particular matrix sizes

N=4+4j+4, j=1,2,3,.... (A6)
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Then, the first and last 4 x 4 blocks on the diagonal will give qb,% 77,% terms in (5.3) for the
smallest and largest values of k and the band diagonal in between (with suitable 4 x 4 and
2 x 2 blocks) will give both ¢7 77 terms and [¢7 17, + $7., n?] terms for intermediate values
of k. Other far-off entries will give the [¢? 77 + ¢7 n?] terms for [k — I| > 2. All this will become
clearer for the j =1 case to be discussed next.

Indeed, let us focus on the case N =12, where the master-field-type matrices have three
4 x 4 blocks on the diagonal, labeled by k € {1, 2, 3}. The basic structure of the perturbed
matrices, with five 2 x 2 blocks on the diagonal and two far-off entries (with £;3 and £J3), is
then as follows (with lines added to mark the 4 x 4 blocks):

0 o0 o0lo o o0 o]0 0O 0 O

0 x n¢g 0l0 0 0 0[]0 0O 0 0

0 K¢ xt+¢ 00 0 0 00 O 0

0 0 0 x|& 0 0 0]& 0 0 0

0 0 0 &I 0 0 0[]0 O 0 0
| 00 0 00 % ¢ 0/0 0 0 0 | o
mp= | 0 0 0 0|0 #GLX+G 0] 0 0 0 0 12>

0 0 0 0|0 0 0 X|& 0 0 0

00 0 €&/0 0 0 &|x 0 0 o0

0 0 0 0|0 0 o0 0|0 % /G O

0 0 0 0[O0 0 0 0|0 /AGI+G O

0 0 o olo o O O0O]0 O o0 xf

(A7a)

where 1, is the 12 x 12 identity matrix and X* makes for tracelessness. The coefficients A*,
i, j4, (1, (2, and (3 are real, whereas the coefficients &;; are complex. The three other matrices
are obtained by straightforward substitutions of the ?,f :

Alpp = Alpp With {3 = 3], 30 =%, 235, 8* =0, 50,/ 0,5 - $'},  (A7D)
Afnp = Alpp With {3 = 37,30 = 35,3 35,8 =0, 50,/ 50,5 - %}, (AT0)
Apnp = Aty With {3 = %), 30 = 35,3 =335, h* =0, 50,/ 0,2 - ¥°}, (A7)

where, for simplicity, the 2%, i*, and j* terms have been set to zero for a =1, 2, 3.
Next, insert the real perturbations ¢, and 7, (each with the dimension of length) into the
above matrices:

{A47A17A27A3} —
{Aitmpv Atlmp7 Atzmpv At3mp} with

{Cl - (7712¢12>1/47 G — (7722 ¢22> 1/4, G— (7732 ¢32> 1/4,

§n =8l (mor+imaba), & =8l (mor—imea),

E3 =8l (mor+imes), &5 =2l (g1 —imes),

&3 = 8 l™ (mbr+imes), &5 = 8ul™" (md2—imes) } : (A8)
with real dimensionless coefficients g1, €13, 23 that depend on the differences of the space-

time points, g12 = g12(X{* —X§*) and similarly for g3 and gz3. Observe that the same coeffi-

cients (x and g enter all matrices Ag,, identically and precisely these coefficients give the
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perturbations by the substitutions (A8); this crucial point has been emphasized in the second
paragraph of appendix A in [28].
Evaluating the bosonic action (A1) for the perturbation matrices (A8) gives

Sl = ; (D¢t (7112 b2” + 1m0 ¢12) + %f_an gh (7112 ¢3” + 13 ¢12)
+ %f_z D335 (7722 ¢3° 4137 ¢22)
£ 3 B0 e 43 (@) e +3 () o] (A%a)
with

D=3 (szl) (szl) (Axm) —2AX3 AR, + (szl)
—2A%3, (A%, + AXS)) —2A%), (A%, + A%, + AXY)) , (A9b)

Di3 =3 (A%))’ +3 (A%)* +3 (AR)” — 6 A% AR, 4 3 (A%S)’
— AR AR} +2ARL AR, +3 (AF]) + 2433 AR,
-2 Ax32 Ax32 6 A}ESI Ax32 (Ax32) -2 A?Ezzl A?;l
+2ARS ATS — 245, AR, + 243 A% +3 (A%)’
+2 A?;lz (Ax2l Ax;z + Ax21 - Ax32 + Ax21 Ax32)
—2A%), (3AX, + AR — ARG, + AR5 — AR, + A%y, — AXY,)
F2AR} AR — 2ARL AR, + 2A%, A}z_;}z
—2A%X3, AXS, — 6 A%, AxS, + 3 (Ax32) : (A9¢)

Dy3 = (szz) (Axn) (Ax32) —2A%5 A%, + (Ax”)

— ZAX32 (AX32 + AX32) — ZA.X32 (AX32 + AXéz + A/X\EE) , (Agd)
AR =35 =X, Axg =X x5 (A9¢)

The obtained discrete action (A9a) has the dimension of (length)* and its structure corresponds
to the third term on the right-hand side of (5.3).

We can obtain the first two terms on the right-hand side of (5.3) by enlarging, for the master-
field-type matrices, the 4 x 4 blocks on the diagonal to, for example, 6 x 6 blocks (correspond-
ing to N=6+6j+ 6 with j € N, ). We have explicitly constructed the N = 18 matrices by
inserting appropriate 2 x 2 entries centered on the diagonal with the k1, = %12 (1 — ¢2) struc-

1/4
ture as given in appendix A of [28], by changing the (| replacement to (7712 $12 + 2 cblz) ,

and by adding further appropriate far-off terms k3 = %13 (¢1 — ¢3) and K5 = Ky3.
For the hopping terms (¢ — ¢;)> with k # [, the idea is that, by carefully choosing the
rows and columns, these additional 2 x 2 entries do not ‘interfere’ with those already present
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in (A7), which were designed to give the third term on the right-hand side of (5.3). The fol-
lowing 4 x 4 part of the 18 x 18 matrix A* makes this point clear:

Xy 0 0 k12 (61 — ¢2)

VI 0 Xy g2 (d1m+igam) 0
0 g12 (p1m —idam) x5 0 .

k12 (1 — 62) 0 0 x5

(A10)

for which the commutators from (A1) give the action term with (¢? 73 + ¢377) from the inner
2 x 2 block and the action term with (¢; — ¢»)? from the outer 2 x 2 ‘block.” Both of these
2 x 2 entries in (A10), the inner one and the outer one, have basically the same structure, with
X and X§* on the diagonal and Hermitian conjugates on the counter-diagonal.

ORCID iD

F R Klinkhamer  https://orcid.org/0000-0001-8715-1503

References

[1] Weinberg S 1989 The cosmological constant problem Rev. Mod. Phys. 61 1
[2] Carroll S M 2001 The cosmological constant Living Rev. Relativ. 4 1
[3] Workman R L er al (Particle Data Group) 2022 Review of particle physics Prog. Theor. Exp. Phys.
2022 083C01
[4] Einstein A 1919 Spielen Gravitationsfelder im Aufbau der materiellen Elementarteilchen eine
wesentliche Rolle? (Do gravitational fields play an essential role in the structure of the
elementary particles of matter?), Preussische Akademie der Wissenschaften Berlin, Sizungs-
berichte (Math. Phys.) 1919 349 (paper and translation available at: https://einsteinpapers.press.
princeton.edu/vol7-doc/187 and https://einsteinpapers.press.princeton.edu/vol7-trans/101)
[5] van der Bij J J, van Dam H and Ng Y J 1982 The exchange of massless spin two particles Physica
A 116 307
[6] Zee A 1985 Remarks on the cosmological constant problem High-Energy Physics: Proceedings of
Orbis Scientiae 1983 ed S L Mintz and A Perlmutter (New York: Plenum Press) pp 211-30
[7] Buchmiiller W and Dragon N 1988 Einstein gravity from restricted coordinate invariance Phys.
Lett. B 207 292
[8] Henneaux M and Teitelboim C 1989 The cosmological constant and general covariance Phys. Lett.
B 222 195
[9] Klinkhamer F R and Volovik G E 2008 Self-tuning vacuum variable and cosmological constant
Phys. Rev. D 77 085015
[10] Klinkhamer F R and Volovik G E 2008 Dynamic vacuum variable and equilibrium approach in
cosmology Phys. Rev. D 78 063528
[11] Klinkhamer F R and Volovik G E 2008 f(R) cosmology from g-theory JETP Lett. 88 289
[12] Klinkhamer F R and Volovik G E 2010 Towards a solution of the cosmological constant problem
JETP Lett. 91 259
[13] Klinkhamer F R and Volovik G E 2009 Gluonic vacuum, g-theory and the cosmological constant
Phys. Rev. D 79 063527
[14] Klinkhamer F R and Volovik G E 2009 Vacuum energy density triggered by the electroweak cros-
sover Phys. Rev. D 80 083001
[15] Klinkhamer F R and Volovik G E 2016 Brane realization of g-theory and the cosmological constant
problem JETP Lett. 103 627

20


https://orcid.org/0000-0001-8715-1503
https://orcid.org/0000-0001-8715-1503
https://doi.org/10.1103/RevModPhys.61.1
https://doi.org/10.1103/RevModPhys.61.1
https://doi.org/10.12942/lrr-2001-1
https://doi.org/10.12942/lrr-2001-1
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://einsteinpapers.press.princeton.edu/vol7-doc/187
https://einsteinpapers.press.princeton.edu/vol7-doc/187
https://einsteinpapers.press.princeton.edu/vol7-trans/101
https://doi.org/10.1016/0378-4371(82)90247-3
https://doi.org/10.1016/0378-4371(82)90247-3
https://doi.org/10.1007/978-1-4684-8848-7_16
https://doi.org/10.1016/0370-2693(88)90577-1
https://doi.org/10.1016/0370-2693(88)90577-1
https://doi.org/10.1016/0370-2693(89)91251-3
https://doi.org/10.1016/0370-2693(89)91251-3
https://doi.org/10.1103/PhysRevD.77.085015
https://doi.org/10.1103/PhysRevD.77.085015
https://doi.org/10.1103/PhysRevD.78.063528
https://doi.org/10.1103/PhysRevD.78.063528
https://doi.org/10.1134/S0021364008170013
https://doi.org/10.1134/S0021364008170013
https://doi.org/10.1134/S0021364010060019
https://doi.org/10.1134/S0021364010060019
https://doi.org/10.1103/PhysRevD.79.063527
https://doi.org/10.1103/PhysRevD.79.063527
https://doi.org/10.1103/PhysRevD.80.083001
https://doi.org/10.1103/PhysRevD.80.083001
https://doi.org/10.1134/S0021364016100088
https://doi.org/10.1134/S0021364016100088

Class. Quantum Grav. 40 (2023) 124001 F R Klinkhamer

[16] Klinkhamer F R and Volovik G E 2016 Dynamic cancellation of a cosmological constant and
approach to the Minkowski vacuum Mod. Phys. Lett. A 31 1650160

[17] Klinkhamer F R and Volovik G E 2017 Dark matter from dark energy in g-theory JETP Lett. 105 74

[18] Klinkhamer F R and Volovik G E 2019 Tetrads and g-theory JETP Lett. 109 364

[19] Klinkhamer F R and Volovik G E 2022 Big bang as a topological quantum phase transition Phys.
Rev. D 105 084066

[20] Klinkhamer F R 2022 Q-field from a 4D-brane: cosmological constant cancellation and Minkowski
attractor Lett. High Energy Phys. 2022 312

[21] Klinkhamer F R 2022 Extension of unimodular gravity and the cosmological constant Phys. Rev.
D 106 124015

[22] Nissinen J and Volovik G E 2019 Elasticity tetrads, mixed axial-gravitational anomalies and (3+1)-
d quantum hall effect Phys. Rev. Res. 1 023007

[23] Alvarez E and Faedo A F 2007 Unimodular cosmology and the weight of energy Phys. Rev. D
76 064013

[24] Klinkhamer F R, Savelainen M and Volovik G E 2017 Relaxation of vacuum energy in g-theory J.
Exp. Theor. Phys. 125 268

[25] Zel’dovich Y B and Starobinsky A A 1977 Rate of particle production in gravitational fields JETP
Lett. 26 252 (available at: http://jetpletters.ru/ps/1379/article_20902.pdf)

[26] Ishibashi N, Kawai H, Kitazawa Y and Tsuchiya A 1997 A large-N reduced model as superstring
Nucl. Phys. B 498 467

[27] Aoki H, Iso S, Kawai H, Kitazawa Y, Tsuchiya A and Tada T 1999 IIB matrix model Prog. Theor.
Phys. Suppl. 134 47

[28] Klinkhamer F R 2021 IIB matrix model: emergent spacetime from the master field Prog. Theor.
Exp. Phys. 2021 013B04

[29] Klinkhamer F R 2021 IIB matrix model and regularized big bang Prog. Theor. Exp. Phys. 2021 063

[30] Klinkhamer F R 2021 A first look at the bosonic master-field equation of the IIB matrix model Int.
J. Mod. Phys. D 30 2150105

[31] Klinkhamer F R 2021 Solutions of the bosonic master-field equation from a supersymmetric matrix
model Acta Phys. Polon. B 52 1339

[32] Klinkhamer F R 2022 Towards a numerical solution of the bosonic master-field equation of the IIB
matrix model Acta Phys. Polon. B 53 5

[33] Klinkhamer F R 2021 M-theory and the birth of the Universe Acta Phys. Polon. B 52 1007

[34] Klinkhamer F R 2022 IIB matrix model, bosonic master field, and emergent spacetime, PoS
CORFU2021 p 259 (available at: https://pos.sissa.it/406/259)

[35] Sakai K 2019 A note on higher spin symmetry in the IIB matrix model with the operator interpret-
ation Nucl. Phys. B 949 114801

[36] Steinacker H C 2022 Gravity as a quantum effect on quantum space-time Phys. Lett. B 827 136946

[37] Brahma S, Brandenberger R and Laliberte S 2022 Emergent metric space-time from matrix theory
J. High Energy Phys. JHEP09(2022)031

[38] Carlson J, Greensite J, Halpern M B and Sterling T 1983 Detection of master fields near factoriza-
tion Nucl. Phys. B 217 461

[39] Khoury J and Weltman A 2004 Chameleon fields: awaiting surprises for tests of gravity in space
Phys. Rev. Lett. 93 171104

[40] Khoury J and Weltman A 2004 Chameleon cosmology Phys. Rev. D 69 044026

[41] Kim S-W, Nishimura J and Tsuchiya A 2012 Expanding (3+1)-dimensional universe from a
Lorentzian matrix model for superstring theory in (9+1)-dimensions Phys. Rev. Lett. 108 011601

[42] Nishimura J and Tsuchiya A 2019 Complex Langevin analysis of the space-time structure in the
Lorentzian type I1IB matrix model J. High Energy Phys. JHEP06(2019)077

[43] Anagnostopoulos K N, Azuma T, Ito Y, Nishimura J, Okubo T and Papadoudis S K 2020 Complex
Langevin analysis of the spontaneous breaking of 10D rotational symmetry in the Euclidean
IKKT matrix model J. High Energy Phys. JHEP06(2020)069

21


https://doi.org/10.1142/S0217732316501601
https://doi.org/10.1142/S0217732316501601
https://doi.org/10.1134/S0021364017020011
https://doi.org/10.1134/S0021364017020011
https://doi.org/10.1134/S0021364019060031
https://doi.org/10.1134/S0021364019060031
https://doi.org/10.1103/PhysRevD.105.084066
https://doi.org/10.1103/PhysRevD.105.084066
https://doi.org/10.31526/LHEP.2022.312
https://doi.org/10.31526/LHEP.2022.312
https://doi.org/10.1103/PhysRevD.106.124015
https://doi.org/10.1103/PhysRevD.106.124015
https://doi.org/10.1103/PhysRevResearch.1.023007
https://doi.org/10.1103/PhysRevResearch.1.023007
https://doi.org/10.1103/PhysRevD.76.064013
https://doi.org/10.1103/PhysRevD.76.064013
https://doi.org/10.1134/S1063776117080052
https://doi.org/10.1134/S1063776117080052
http://jetpletters.ru/ps/1379/article_20902.pdf
https://doi.org/10.1016/S0550-3213(97)00290-3
https://doi.org/10.1016/S0550-3213(97)00290-3
https://doi.org/10.1143/PTPS.134.47
https://doi.org/10.1143/PTPS.134.47
https://doi.org/10.1093/ptep/ptaa168
https://doi.org/10.1093/ptep/ptaa168
https://doi.org/10.1093/ptep/ptab059
https://doi.org/10.1093/ptep/ptab059
https://doi.org/10.1142/S0218271821501054
https://doi.org/10.1142/S0218271821501054
https://doi.org/10.5506/APhysPolB.52.1339
https://doi.org/10.5506/APhysPolB.52.1339
https://doi.org/10.5506/APhysPolB.53.1-A5
https://doi.org/10.5506/APhysPolB.53.1-A5
https://doi.org/10.5506/APhysPolB.52.1007
https://doi.org/10.5506/APhysPolB.52.1007
https://pos.sissa.it/406/259
https://doi.org/10.1016/j.nuclphysb.2019.114801
https://doi.org/10.1016/j.nuclphysb.2019.114801
https://doi.org/10.1016/j.physletb.2022.136946
https://doi.org/10.1016/j.physletb.2022.136946
https://doi.org/10.1007/JHEP09(2022)031
https://doi.org/10.1016/0550-3213(83)90157-8
https://doi.org/10.1016/0550-3213(83)90157-8
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevLett.108.011601
https://doi.org/10.1103/PhysRevLett.108.011601
https://doi.org/10.1007/JHEP06(2019)077
https://doi.org/10.1007/JHEP06(2020)069

	Emergent gravity from the IIB matrix model and cancellation of a cosmological constant
	1. Introduction
	2. Setup
	2.1. Hypothesis
	2.2. Action

	3. Cosmology: first model
	3.1. Metric Ansatz
	3.2. Dimensionless ODEs
	3.3. Analytic solutions
	3.3.1. Friedmann-type solution.
	3.3.2. De-Sitter-type solution.


	4. Cosmology: second model
	4.1. Quantum-dissipative effects
	4.2. ODEs with vacuum-matter energy exchange
	4.3. Numerical results

	5. Emergent gravity
	5.1. Spacetime crystal: elasticity tetrads
	5.2. IIB matrix model
	5.2.1. Emerging spacetime.
	5.2.2. Discrete effective action.
	5.2.3. Standard action terms in the continuum.
	5.2.4. Nonstandard action term in the continuum.


	6. Discussion
	Appendix. IIB-matrix-model calculation
	Emerging spacetime points from master-field matrices
	Perturbations of master-field matrices

	References


