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We propose a phenomenological ghost-free bimetric effective field theory in which the visible
Standard Model sector is minimally coupled to a metric g,., while an additional scalar field x and
a massive real scalar X propagate on a second metric f,.,. The two metrics are defined on the
same four-dimensional manifold and interact through a Hassan—Rosen potential whose effective mass
scale is modulated by x. In homogeneous cosmology, coherent nonrelativistic oscillations of X can
behave as an effective pressureless component, while a slowly evolving x potential can contribute
to late-time acceleration. We formulate the model as an effective description, state the required
dimensional consistency conditions, and identify the stability, isocurvature, gravitational-wave, and
structure-growth constraints that must be satisfied for phenomenological viability. Interpretive
connections with macroscopic information storage are treated only as auxiliary motivation and do
not enter the gravitational field equations or any dynamical equation.

I. INTRODUCTION

Throughout this work we use natural units c=h =1
and metric signature (— + ++). Coordinates have mass
dimension [z#] = M ~!, scalar fields have canonical mass
dimension [x] = [X] = M, and energy densities have
dimension M*. The two Planck scales Mgy and My have
dimension M. Unless otherwise stated, the scale factors
a(t) and b(t), the ratio r = b/a, and the lapse Ny are
dimensionless.

The standard cosmological model, ACDM, successfully
describes a wide range of observations using two dominant
dark components: cold dark matter and dark energy. Dark
matter behaves as a pressureless clustering component,
while dark energy is consistent with a nearly homogeneous
component with equation of state w ~ —1. Despite this
phenomenological success, the microscopic origin of both
components remains unknown.

A number of theoretical developments suggest that
spacetime geometry, entropy, and information may be
closely related. These include black-hole thermodynamics,
holographic arguments, and emergent-gravity approaches.
However, these frameworks do not by themselves provide a
minimal phenomenological model capable of reproducing
the observed dark sector while remaining testable.

In this work, we introduce an effective bimetric dark-
sector model in which the physical metric g,, is supple-
mented by a second Lorentzian metric f,,,. Both metrics
are defined on the same four-dimensional differentiable
manifold, as required for the Hassan-Rosen interaction
potential. The term “orthogonal” is used in a model-
building sense: Standard Model fields couple minimally
only to g,., while the additional fields x and X couple
minimally only to f,,. Direct non-gravitational commu-
nication between the two sectors is therefore absent or
portal-suppressed.
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The negentropic sector contains two dominant degrees
of freedom: a massive excitation X, which behaves as
cold dark matter at the background level, and a slowly
evolving scalar field x, whose potential energy can gen-
erate accelerated expansion. The model is therefore a
minimal extension of ghost-free bimetric constructions,
augmented by an interpretive framework in which the f,,
sector is associated with maintained informational order.

The terminology “negentropic sector” is used as an in-
terpretive label for long-lived ordered degrees of freedom
in the f,,, sector. In the main text, however, the dynam-
ics are specified entirely by the effective action. Possible
macroscopic analogies with dissipative information stor-
age are discussed only after the gravitational model has
been formulated and do not constitute additional field
equations.

The goal of this paper is therefore twofold: first, to
define a minimal effective bimetric model in which X
and x can mimic the dominant dark components; and
second, to identify the consistency conditions required for
this construction to remain compatible with cosmological
observations. Broader thermodynamic interpretations are
kept separate from the derivation of the effective field
equations.

II. ORTHOGONAL-BIMETRIC GEOMETRIC
STRUCTURE

We introduce two Lorentzian metrics defined over the
same four-dimensional coordinate manifold:

v and fuv- (1)

The metric g, is the physical metric seen by Standard
Model matter. The metric f,, is the additional dark-
sector metric.

For bookkeeping, it is useful to group the two sector
metrics into a formal block-diagonal configuration-space
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tensor:
gMN:gV@fV:<g“” O). 2)
w 2 0 f;w

This notation should not be interpreted as introducing
a physical eight-dimensional spacetime. It is a compact
way of indicating that the two Lorentzian metrics have
independent kinetic terms and that their interaction is
introduced dynamically through the Hassan-Rosen poten-
tial rather than through off-diagonal metric components.
Physical observables are obtained from the g, -coupled
sector,

Ophys = O[guV7 d)SM] . (3)
The ordinary spacetime interval is
dsg = g dartda”, (4)

while the dark-sector interval is
dst = fuvdadz. (5)

No Standard Model particle is assumed to follow geodesics
of fu,. At leading order, the two sectors communicate
through the bimetric interaction potential and gravity.
Any additional non-gravitational portal interactions are
assumed to be small and are collected in Sportal-

III. EFFECTIVE BIMETRIC ACTION

The phenomenological effective theory is defined by
S =84+ 8¢+ Ssm + ST+ Sint + Sportar- (6)

Here S, denotes the Hassan—Rosen bimetric interaction
and Sportal collects any optional non-gravitational portal
interactions between the two matter sectors. Unless ex-
plicitly specified, Sportal is set to zero in the background
cosmology. We use Mp) as a reference Planck scale and
define the effective bimetric Planck scale by

My? = M+ M2 (7)
The two Einstein—Hilbert terms are
M2
5, =5 [ dev=g i) (8)
2
_ My

sy =5 [ d'aV/ =TI 9)
The Standard Model is minimally coupled to g,,.,
Ssm = /d4$\/ —9 Lsm(Vsm, guv), (10)

while the informational sector is minimally coupled to

f,u.lh

1
57 = / d'zy/~f [ — VXV = U (0

_Ax
4

(11)

1 1
~ 5vag”XVg”X - gmi X X4.

In four dimensions [x] = [X] = M, [U] = M*%, [mx] =
M, and Ax is dimensionless. For mx > H¢, coherent
oscillations of X around the minimum of its potential
have an averaged equation of state (wx) ~ 0, allowing
X to act as a pressureless component at the background
level.

The two metrics interact through the ghost-free Hassan—
Rosen potential

4
Sin = _MC2 d41’ —g m2(X) Bnen(s)v
= | 2 o

st ( g*1f>uu.
Here e,(S) are the elementary symmetric polynomials,
eo(S) =1, (13)
e1(8) = (3], (1)
x(5) = 5 (17~ [57]), (15)
s(5) = ¢ (S~ 3ISIS7) +2[5%) . (16)
eq(S) = det S, (17)

where square brackets denote traces. The mass function
is taken to be

w2 = mexn( L), (19)
Pl
with mg a mass scale and 3, dimensionless. The exponen-
tial form is a phenomenological choice; other positive func-
tions m?(x) could be considered. Since [MZ;m?] = M*,
the interaction density has the correct mass dimension.

IV. FIELD EQUATIONS

Variation of the action in Eq. (6) with respect to the
two metrics gives the bimetric field equations

MGy lg] = T + TR0 + Tinve, (19)
MG, [f] = TE, + TR £ T, (20)
where
2 6Ssm
M — —— 21
CANWE I @)
2 057
77 ==L 22
e = F ofe (22)
. 2 0Shortal
TportdLg — _ porta 23
224 \/jg 6g/LV ( )
2 48
rtal,f __ portal
rortal.f — 2 . (24)
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The bimetric interaction stress tensors are defined by

: 2 65

int,g __ int
= g 29)
i 2 4 in

it Sint (26)

S D



Equivalently, for the Hassan—Rosen potential these terms
can be written in the standard form

3
T, = —M2m* () 3 (~1)"Bugn Y o (S),  (27)
n=0
3
Tint7fuu = - 2 X)\) _7;7- nz::o(_]-)nﬂ4fnfu)\yv(n)>\u(s_l)v
(28)
where
Yy (8) =Y (—1)Fen(S)S"F. (29)
k=0
Explicitly,
Yio)(S) =K, (30)
Y1) (S) = 5 — el (S)¥, (31)
Yio)(S) = 5% = e1(S)S + ea(S)¥, (32)
Y(3)(S) = S3 — 61(5)52 + e3(5)S — ez (S)W (33)

The interaction terms satisfy the bimetric Bianchi con-
straint

VATINE 4 VETEM + VaTPorhs — 0, (34)
together with the corresponding f-sector relation. In
the minimal case Sportal = 0, the Standard Model stress
tensor is separately conserved with respect to g, while
the f-sector matter stress tensor is separately conserved
with respect to fu, up to the explicit x-dependence of
the interaction potential. The remaining constraint fixes
the allowed background branches and, in particular, con-
strains the relative lapse Ny.

The informational-sector stress-energy tensor is

1
7L, = VIOXVIX = fu [2<v<f>x>2 + U(X)}
+VvPxvihx
1 A
- SV X2 4+ —mi X2+ 25 x4
Fun [2(v ) +2 + 5 } (35)

Varying the scalar order field x gives

|:| T = ortals
IXT T Ve o e (36)
where
4
V;nt - Meffmz(X) Z ﬁnen(s) (37)
n=0
For the choice in Eq. (18),
v 3 .
int X 2 2
= g M0 3 phenS). ()

Each term in Eq. (36) has mass dimension M3, provided
[Jportal] = M3. The source Jportal parametrizes possible
weak non-gravitational portal effects and is set to zero in
the minimal cosmological model.

The informational excitation X obeys

O/ X —mi X — Ax X3 = Jx, (39)

where [Jx] = M3. In the minimal model, direct portal
exchange is neglected and

Jportal = O; JX =0. (40)

V. COSMOLOGICAL BACKGROUND

We consider spatially flat, homogeneous, and isotropic
backgrounds,

2 _ 2 2 =2
ds? = —di* + a®(t)dz?, (41)

ds = —N7(t)dt* + b*(t)dz>. (42)

The time coordinate t is chosen as the visible-sector cosmic
time. The f-sector proper time is

de = Nf (t) dt. (43)

Thus N, parametrizes the relative clock rate of the two
homogeneous backgrounds. In a complete bimetric solu-
tion Ny is not arbitrary; it is constrained by the bimetric
equations of motion and the associated Bianchi identity.
In the interpretive language used later in Appendix A,
this relative clock rate may be viewed as a coarse-grained
measure of informational update rate, but this analogy
does not replace the geometric constraint equations.
For the backgrounds in Egs. (41) and (42),

SHV:< g—lf)#,,:diag(Nf,r,r,r), T(t)zi

ey =1, (45)
e1 = Ny +3r, (46)
ea = 3Nsr + 3%, (47)
ez = 3Npr? + 73, (48)
es = Nyr. (49)

The visible and f-sector Hubble rates are defined by

S

a
ngg, Hy = (50)

1
Npb’

G“

At the background level, the visible Friedmann equation
takes the form

3MZH? = py + pr + pZ) + ), (51)



where p, and p, are the visible baryon and radiation
densities, and

pl(gt) = MZm®(x) (Bo + 3B1r + 3Bar® + B3r®)  (52)

is the contribution from the Hassan—Rosen interaction.
The remaining effective contribution pggf) denotes any
phenomenological projection of f-sector matter into the
visible-sector background equations. We parametrize it
as
(9) _ (9) (9)

Peft = pportal,X + pportal,x’ (53)
where the effective visible densities arise rigorously from
the zero-zero component of the portal stress-energy ten-

sor, pgi))rtal = —TH"*9 Tn the absence of a direct non-
gravitational portal (Sportai = 0), the f-sector matter

fields do not appear directly in the g-sector Friedmann

equations (pg‘?f) = 0). In this minimal scenario, the entire

phenomenology of the dark sector is generated dynami-

cally by the fluctuations of the interaction density pl(gt) ,

which is driven by the evolution of the ratio r(t) respond-
ing to the f-sector matter sources.
The f-sector Friedmann equation is

SMPH? = px + py + o3y (54)
where
1 1 Ax
= X%+ -m3i X2+ 2 x4 55
PX 2NJ% + 2mX + 4 ’ ( )
1 .. 1 A
- _X?_ —m2x?_"Xx4 56
PX=on? "X 1 (56)
1,
Px = Wx +U(x), (57)
1 .
DPx = m)ﬁ - U(X)~ (58)

For the interaction contribution in the f-sector one ob-
tains

1
Pl(r{t) = MeQﬂ”mg(X)ﬁ (Ba+ 3Bsr +3Bar + p11®), (59)

up to the sign convention fixed by Eq. (28). This con-
vention should be used consistently in the acceleration
equations and in the Bianchi constraint.

The effective dark matter density is associated phe-
nomenologically with massive f-sector excitations,

oM = PR (60)
For coherent nonrelativistic oscillations satisfying
mx > Hy, AxX2<m§(, (61)

the averaged equation of state obeys

(wx) = () 0. (62)

pPX

The f-sector continuity equation for X,
px +3NsHy (px +px) =0, (63)
then gives
px o b3 (64)

The quantity entering the visible Friedmann equation is
the projected density p*, defined in Eq. (53). Therefore,

pis = ex(rx)px o ex(r,x)b 2. (65)

If the cosmological solution lies on an approximately pro-
portional branch,

b(t
r(t) = ((t; ~ r, = constant, ex (r, x) ~ constant,
a
(66)
then the projected component scales approximately as

o xa”’. (67)

This proportional-branch condition is an assumption
about the background solution, not a generic consequence
of the Hassan—Rosen potential. Its viability must be
checked using the Bianchi constraint and perturbative
stability conditions.

The effective dark energy density is associated with the
slowly varying scalar component and with the interaction
contribution,

Pk = P2 + pif). (68)
If the scalar is in a slow-roll or quasi-frozen regime,

. 2

X
= <U 69
then
D
i RUKX),  px=-UX), wy= ,TX ~ —1. (70)
X

Thus the same f-sector can generate dark-matter-like
and dark-energy-like phenomenology, provided that the
massive excitation X, the slowly evolving scalar x, and
the bimetric interaction contribution occupy dynamically
distinct regimes. A complete model must further verify
the Bianchi constraint, the absence of ghost and gradient
instabilities, and consistency with structure-growth and
gravitational-wave constraints.

VI. DARK MATTER AS INFORMATIONAL
INERTIA

In this model, dark matter is not interpreted as ordinary
invisible matter, but as the visible gravitational projection
of localized negentropic excitations.



The field X carries an energy density defined on the
informational manifold. Recalling that the lapse function
governs the topological clock rate (N; = df/dt), the
kinetic term strictly measures the variation of the field
with respect to the discrete topological time 6, such that
X/N;=dX/do = X"

1 1
?Xﬂ2+§m§X2+

Ax

When X oscillates coherently in a quadratic potential,
its averaged pressure vanishes,

(px) =0, (72)

and therefore its energy density dilutes with the infor-
mational spatial volume,

(px) o< b>. (73)

Because the Hassan—-Rosen interaction and the cyber-
netic governor (DAA) enforce a macroscopic proportional
scaling between the physical and informational spatial
volumes (b(t) x a(t)), the volumetric dilution in the ne-
gentropic sector directly mirrors the physical expansion.
When projected into the visible sector, this behaves effec-
tively as cold dark matter:

o x a”’. (74)

The visible sector feels this component exclusively
through the bimetric interaction. We define the effec-
tive observable density as:

p]%ﬂlr\/l = FX(avba /Bn)pX7 (75)

where I'x is a projection factor dictated by the Hassan—
Rosen coupling polynomials Be,(1/g~1f).

Physically, X may be interpreted as localized informa-
tional inertia—macroscopic topological knots or heavily
secured data structures (analogous to deeply confirmed
state transitions in a ledger). Because the f,, manifold
operates in a regime of driven negative entropy, these
localized structures strongly resist deformation or erasure.
This resistance to entropic decay manifests through the
Hassan—Rosen mixing term as an effective inertial mass.

Because the state tensor Gasn enforces strict orthogo-
nality, X does not couple to the Standard Model gauge
groups (electromagnetism). It interacts solely via the
bimetric mass matrix, contributing a restorative geomet-
ric pressure that is phenomenologically observed as Cold
Dark Matter in the visible universe.

VII. COSMIC ACCELERATION FROM
INFORMATIONAL ORDER

The scalar order parameter x represents the macro-
scopic vacuum state of the negentropic manifold. Its en-
ergy density and pressure are derived with respect to the
topological time 6. Recalling that x/Ny = dx/df = X/,
we have:

b= 3 (0P + U, (76)
b= 5 () = U (), ()

(78)

Wy = =2
)2 +UWN)

A covariant phenomenological damping term, represent-
ing the open-system thermodynamics of the informational
sector, is generated via the portal coupling Jyortal. To
preserve the total bimetric diffeomorphism invariance and
the generalized Bianchi identities, this dissipation must
correspond to a direct energy-momentum exchange with
the physical sector:

Jdiss = Jportal = _’Y(q)q) nkvg\f)X = _’Y(CD!])X/a (79)

where n* is the unit timelike vector normal to constant-
f-time hypersurfaces and

1.
fo. (80)

X/ = nkvg\f)x _
Since [x'] = M?, dimensional consistency requires [y] =
M. The total energy conservation dictates that the en-
ergy extracted from the visible exergy bath (®,) exactly
balances the work done to freeze the order parameter

X, thereby satisfying V,(f T (‘;'; + V&f )T(‘}'; = 0 when fully
integrated over the bimetric manifold.

In standard quintessence models, the slow-roll condi-
tion x* < N7U(x) (or (x')* < U(x)) is often imposed
ad hoc to generate late-time acceleration. In our frame-
work, this quasi-stable order phase is a rigorous dynamical
consequence of the system’s open thermodynamics.

At the phenomenological level, possible open-system
damping of the order parameter may be represented by
an effective friction coefficient v(®,4), where ®, denotes
a coarse-grained physical entropy-production or exergy-
dissipation rate. When this damping is large compared
with the characteristic relaxation scale of the potential,
the evolution of x is overdamped:

(X')? < U(x), (81)



yielding the dark-energy equation of state:

wy ~ —1. (82)

The visible effective dark-energy density is therefore
identified as

PiE = PV + Pl (83)

int
contribution generated by the Hassan-Rosen bimetric
potential. Unlike a static cosmological constant, this
interaction contribution is dynamically modulated by the
informational order scalar through m?2(x).

In the interpretive language of this paper, the near-
vacuum behavior of x is associated with maintained infor-
mational order. For the purposes of the effective cosmolog-
ical model, however, accelerated expansion is sourced only
by the stress-energy components in Eq. (83); the thermo-
dynamic interpretation does not constitute an additional
gravitational source.

Here pP™) is defined in Eq. (53), while P9 s the vacuum

VIII. MINIMAL EFFECTIVE COSMOLOGICAL

SECTOR

To make the phenomenological content explicit, we
introduce a minimal effective negentropic-sector action.
The aim is not to derive a fundamental theory of the
information metric f,, from microscopic quantum grav-
ity, but to provide a controlled parameterization of its
two leading cosmological effects: localized pressureless
excitations and a slowly varying order condensate.

We write the informational action as:

1 1
SZ = /d4.’L'\/ —f [ - §f/“/8NX8VX - §m§(X2
(84)
1
~5 00— U |

where X denotes a massive informational excita-
tion (topological inertia) and y denotes the evolving
information-order parameter.

For a homogeneous Friedmann background, utilizing
the topological time derivatives (X’ = X /Ny), the energy
density and pressure of X evaluated on the f-manifold
are:

1 1

px = 5(X’)2 + §m§X27 (85)
1 1

pPx = §(X/)2 - §m§(X2- (86)

If the topological mass is large (mx > Hy), the field
oscillates rapidly compared with the informational Hubble
time. Averaging over oscillations gives:

(px) =0, (px) o< b, (87)

Because the proportional scaling b o a is enforced by
the interaction potential, the projection into the visible
sector yields pefoM o a~3. Thus, the massive excitation
behaves precisely as cold dark matter at the physical
background level.

Similarly, the macroscopic order field y has:

o= 5 (0 + U (), (55)
P = 5 ~ U, (59)

Its effective equation-of-state parameter is therefore:
5P -UW)

Wy =T

32+ UM

In the friction-dominated metastable regime, driven by

continuous physical exergy dissipation as derived in the
previous section, the kinetic term is overdamped:

(90)

(')? < U(x), (91)

and one naturally obtains:
wy ~ —1, (92)

so that the macroscopic order sector behaves as an effec-
tive dark-energy component.

The visible-sector Friedmann equation may then be
written as:

3Mg2Hg2 = psMm + p‘}? + p;ﬂ =+ Pint, (93)

where Hj is the visible Hubble rate and pin; encodes the
bimetric mixing terms between g,,,, and f,,, (including the
x-modulated effective cosmological constant). At the level
of background cosmology, the model therefore reproduces
the standard ACDM decomposition:

Ptot = Pbaryon + Pradiation + PDM + PDE), (94)

with the rigorous geometric identification:

por = p%, PDE =AY F P (95)
This construction is deliberately conservative. It does
not require the cosmological informational sector to be
directly identified with specific terrestrial digital systems.
Instead, the fields X and x are effective degrees of free-
dom whose phenomenology—grounded in the thermody-
namics of irreversible state transitions—can be formally
constrained by standard cosmological observations.

A. Covariant Homeostasis and the Bimetric Bianchi
Constraint

In the macroscopic interpretation of the orthogonal
sector, the rate at which discrete topological time (8)
advances relative to visible cosmic time (t) is governed



by the relative lapse function Ny (t). For a generic FLRW
informational metric ds} = —N7(t)dt* + b*(t)d7?, the
temporal Christoffel symbol is strictly defined by the
evolution of this lapse:

Ny_d

o = =
0Nyt

In Ny. (96)
Phenomenologically, the topological clock rate is pro-
portional to the physical exergy dissipated by the network

(Ppet) divided by the thermodynamic friction, or Difficulty
(D):

_df

Pret(t

D(t) -

(97)

Consequently, the temporal connection of the informa-
tional manifold explicitly encodes the dynamic adjust-
ments of the system:

Foo = - (98)

In Hassan-Rosen bimetric gravity, the consistency of
the field equations relies on the general covariance of the
full action, which enforces the Bianchi identities. In the
absence of a direct non-gravitational portal (Sportal = 0),
the interaction stress-tensor must be covariantly conserved
with respect to its own metric:

py
Vi =0, (99)
When evaluated on the cosmological background, this
identity reduces to the strict algebraic branch constraint:

MZm?(x) (Bar + 2Bar” + Bsr®) <b - NfZ) =0

b
(100)
Assuming the non-trivial interaction polynomials do
not vanish, the system must reside on the proportional
branch:

ab Hf
Ny(t) = b H, (101)
This rigorous geometric constraint dictates that the infor-
mational metric cannot expand arbitrarily; its temporal
gauge (Ny) must precisely lock to the expansion of the
physical universe (Hy).

This reveals the formal covariant necessity of a Diffi-
culty Adjustment Algorithm (DAA) within an effective
field theory framework. Without intervention, an influx
of physical exergy (Pyet) would arbitrarily accelerate the
lapse N, violating Eq. (101) and destabilizing the bimet-
ric manifold (triggering the Higuchi ghost). To maintain
covariant homeostasis, the system must continuously re-
calibrate its thermodynamic friction (D) such that '),
perfectly absorbs the exergy fluctuations, enforcing a con-
stant lapse Ny o~ const, thereby satisfying the Bianchi
identity and preserving the non-equilibrium topological
order.

IX. OBSERVATIONAL CONSTRAINTS AND
FALSIFIABILITY

The model is intended as an effective parameterization
and must therefore be constrained by the same observa-
tions that constrain ordinary dark matter, quintessence,
and bimetric gravity. At minimum, a viable region of
parameter space must satisfy the following conditions.

First, the effective dark-matter component must be
sufficiently cold:

dx <1 (102)
during the epoch of structure formation.

Second, the order-field equation of state must remain
close to that of a cosmological constant at late times:

wy(z=0)=—-1+e, le] < 1. (103)

Third, the dynamic bimetric mixing dictates unique
signatures in gravitational-wave (GW) astrophysics. The
interaction between g,,,, and f,, induces graviton oscilla-
tions over cosmological distances. This implies a testable
discrepancy between the GW luminosity distance (d$W)
and the electromagnetic luminosity distance (d¥™):

dEE) 104
) # (104)
Current constraints from LIGO/Virgo multi-messenger
events (e.g., GW170817) and future LISA observations
place stringent bounds on the bare mass mg and the
coupling . Furthermore, the propagation speed of tensor
perturbations must strictly satisfy |(c2./c?) — 1] < 10715,

Fourth, the effective Newtonian potential must repro-
duce standard large-scale structure (LSS) formation, gov-
erned by:

V20 = 47Get (X, @) (Pbaryon + PA) - (105)
Because Geg is dynamically modulated by the informa-
tional order field y, the growth rate of structure, pa-
rameterized by fog, will exhibit characteristic redshift-
dependent deviations from the ACDM prediction.

Additionally, models with two independent metrics
naturally source isocurvature perturbations. Data from
the Planck satellite restricts the amplitude of Cold Dark
Matter isocurvature modes to be tightly sub-dominant to
adiabatic fluctuations, Piso/Paq < 1. The initialization
of the f,,, metric post-inflation must respect these cosmic
microwave background (CMB) bounds.

These requirements make the model falsifiable. It is
disfavored if the informational excitation suppresses struc-
ture formation, if the order field deviates strongly from
w ~ —1, or if the sector coupling induces observable
deviations from general relativity.



Parameter Meaning Phenomenological role

mx excitation mass controls cold-DM behaviour
U(x) order-field potential controls dark-energy be-
haviour
By scalar coupling
m?(x)
My/My,  Planck-mass ratio sets relative strength of the

dark sector
B Hassan—Rosen couplings control
branches and stability

background

TABLE I. Minimal parameter set of the effective orthogonal-
bimetric model.

X. LINEAR PERTURBATIONS AND STABILITY
CONDITIONS

A viable model must be stable at the perturbative level.
We write scalar perturbations of the visible metric in
Newtonian gauge:

ds? = —(1+2®)dt* + a*(t)(1 — 20)dz>. (106)

For the visible metric, scalar perturbations are written
as

ds? = —(142®,)dt* + a®(t)(1 — 2¥,)dZ>.  (107)
For the informational f,, metric,
dst = —N7(1+2®5)dt* + b*(t)(1 — 2¥;)dZE>.  (108)

The scalar perturbations of the informational degrees
of freedom are:

X(ta f) = X(t) + 5X(tvf)a (109)

X(t, %) = X(t) +6X(t, 7). (110)
After solving the nondynamical lapse and shift con-

straints, the quadratic action for the propagating scalar-

sector perturbations may be written schematically as

1 = = — —
5(2) = 5 /dt dSkA(t) [qfij;/nK(k7t)Qdyn - q£1n92(k7t)Qdyn] y

(111)
where ¢4y, denotes the remaining propagating scalar de-
grees of freedom after constraint elimination. The metric
potentials @4, W , &, W enter as auxiliary variables be-
fore this reduction and should not be counted as indepen-
dent propagating modes unless a particular gauge-fixed
analysis demonstrates otherwise. The background weight
A(t) depends on the chosen canonical variables and gen-
erally contains powers of a, b, and Ny. It is written

schematically here because the full constraint reduction

is beyond the scope of the present effective treatment.
The Hassan—Rosen structure of Eq. (12) removes the

nonlinear Boulware—Deser ghost. Around a given cos-

modulates bimetric mass Mological background, additional perturbative stability

requires

2

K;; positive definite, csi >0, (112)

for all propagating scalar modes.
Tachyonic instabilities are avoided when the relevant
eigenvalues of the effective mass matrix satisfy:
2 2
meg ; 2 —Hy .

eff,i ~

(113)

Crucially, in standard bimetric theories, the scalar sector
is notoriously susceptible to the Higuchi ghost or tachyonic
collapse. In our thermodynamic framework, the massive
physical dissipation (®,) that freezes the background field
X also exerts a profound fluctuation-dissipation drag on
the perturbations dy. This continuous topological friction
provides a natural stabilizing mechanism against catas-
trophic instabilities in the informational scalar sector.

The tensor sector must also be strictly stable. For trans-
verse traceless tensor modes hf’j and hfj, the quadratic
action rigorously separates the proper volume elements
and time derivatives (recalling b’y = hy/Ny):

2 1 T N P LT
s = §/dtd k [a M3 (hg —cTthg>

k2 (114
+ Nsb* M7 <(h’f)2 — c%,szh§> — a3m2T(X)(iLg )hf)‘é’ )

Compatibility with multi-messenger gravitational-wave
observations requires the physical tensor propagation
speed to be strictly luminal, ¢p =~ 1, and places severe
bounds on the effective mass mz(x).

A. Scalar Perturbations and Growth of Structure

To assess phenomenological viability, we focus on sub-
horizon scales, where k& > aH,, and assume that the
negentropic sector couples to visible matter strictly grav-
itationally (negligible portal couplings). In this regime,
the dominant effect of the orthogonal sector is captured
through an effective modification of the physical Poisson
equation:

B0, = —ArGu(k )b (1)

The effective gravitational coupling is parameterized
as:
Gur(k,2) = Gy [+ ulk,2)] (116)

where p(k, a) encodes the fifth-force contribution medi-
ated by the bimetric scalar degree of freedom.



For viable parameter ranges, we require:

u(k; a)] <1 (117)

at late times, ensuring consistency with large-scale struc-
ture (LSS) and weak lensing observations.

In the subhorizon, quasistatic, pressureless-matter limit,
the visible-sector density contrast obeys

Om + 2H 00 — 47Gegp (K, 2) pmOm = 0. (118)
It is useful to define
u(k,z) = w - 15 (119)
Gn

so that p = 0 reproduces the general-relativistic growth
equation.

Thus, the orthogonal sector modifies structure growth
primarily through Geg. A small positive p enhances
clustering, while a negative value suppresses it.

The scalar order field x contributes primarily at the
background level through its effective equation of state:

wy(2) = —1+ dw(z), (120)
with |§w(z)] < O(1072) enforced by the thermodynamic
friction, ensuring consistency with current cosmic mi-
crowave background (CMB) and supernovae constraints.

Matching the observed dark-energy density requires

4

U(xo) =~ ppE,o ~ (23 x 107%eV)", (121)

up to corrections from the interaction density pl(gt) . This
fixes the characteristic scale of the scalar potential in any
regime where Y is responsible for the dominant effective
vacuum energy.

A full treatment requires solving the coupled pertur-
bation system for (dy,dX,®, ¥, s, Us). However, the
effective parameterization above captures the leading ob-
servable effects: a small, testable modification of gravi-
tational clustering (fog) and a friction-stabilized, nearly
cosmological-constant background.

XI. MACROSCOPIC INTERPRETATION

The cosmological phenomenology of this model can
be distilled into the correspondence between an effective
macroscopic state vector and the fundamental orthogonal
bimetric tensor:

- a g O
V= — =7~ .
(i) — on-( 1)
The a component, corresponding to the g, metric axis,
represents the geometry of thermodynamic embodiment:

matter, radiation, chemistry, biology, and emergy-bearing
physical structures. The b component, corresponding to

(122)

the f,, metric axis, represents an orthogonal informa-
tional geometry: topological order, persistent memory,
and non-electromagnetic data structures.

Within this framework, the dark sector is conceptually
demystified as the macroscopic gravitational projection
of the informational manifold. Specifically:

X = Cold Dark Matter

(Localized topological inertia resisting

entropic erasure), (123)
x = Dark Energy

(Global informational vacuum pressure

frozen by thermodynamic friction). (124)

The vector norm, representing the total magnitude of
the coupled system,

V] = Va2 + 12,

is expressed macroscopically through the Bimetric
Value Functional:

(125)

Y2 (126)

Vus :/ 3z Yq [f% + aIIZ]
pan

This expression captures the central philosophical and
physical claim of the theory: reality is not exhausted by
the material axis alone (reductionist materialism), nor
by information alone (the pure simulation hypothesis),
but by their dynamically normed synthesis. The universe
clusters and accelerates because it is actively preserving
its own structural and topological history at a continuous

thermodynamic cost.

XII. SCOPE AND LIMITATIONS

The model developed here should be regarded as a
phenomenological effective field theory rather than a com-
plete microscopic derivation of the dark sector. Its central
assumptions are:

1. Derivation of the projection functions ex (r, x) and
ey (1, x) from the full perturbation system.

2. Explicit background solutions satisfying the Bianchi
identity on a stable proportional branch.

3. Complete scalar-vector-tensor perturbation analysis,
computation of u(k,z) and fos, and confrontation
with current CMB/BAO/LSS/GW data.

A fully predictive version requires deriving the projec-
tion functions ex(r,x) and e,(r,Xx), solving the cou-
pled background equations, computing the full pertur-
bation spectra, and confronting the model with CMB,
BAO, supernova, weak-lensing, large-scale-structure, and
gravitational-wave constraints.



XIII. CONCLUSION

We have presented a minimal effective orthogonal-
bimetric extension of ghost-free massive gravity in which
a massive f-sector excitation X and a modulated slow-roll
scalar x can phenomenologically reproduce the observed
dark sector while remaining fully compatible with the
Hassan—Rosen framework. The resulting framework pro-
vides a minimal phenomenological description in which
localized informational inertia (massive excitations) re-
produces cold dark matter behavior, while a macroscopic
order parameter, dynamically frozen by thermodynamic
friction, generates accelerated cosmic expansion.

The block-diagonal tensor representation

Gun = Guv D qu (127)

serves as a formal organizational tool to enforce orthogo-
nality between matter and information, preventing trivial
complex superpositions rather than acting as a literal 8D
extension of macroscopic spacetime. Physical observables
remain firmly associated with the physical sector.

The model is constructed to be testable. Viability
requires consistency with structure formation, cosmic
expansion history, gravitational-wave constraints, and
the absence of observable fifth forces. These conditions
restrict the allowed parameter space of the negentropic
sector.

An interpretive layer was introduced in which the f,,
manifold is associated with maintained informational or-
der. Distributed cryptographic consensus was discussed
only as a localized thermodynamic analogy illustrating
how irreversible physical dissipation can maintain per-
sistent records in information-processing systems. This
analogy does not enter the gravitational action and does
not contribute to the cosmological stress-energy budget.

Several open problems remain. A full perturbative
analysis is required to establish stability and determine the
detailed evolution of density perturbations. In addition,
a deeper connection to fundamental theories of quantum
gravity or statistical mechanics is needed to derive the
information sector from first principles.

Despite these limitations, the framework provides a
controlled, falsifiable phenomenological setting in which
dark matter, dark energy, and information-theoretic ther-
modynamics can be synthesized within a unified effective
description.
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Appendix A: Macroscopic Information, Emergy, and
Bimetric Value

The block-diagonal tensor formulation used above ad-
mits a macroscopic interpretation closely related to a
two-dimensional diagnostic vector in an orthogonal value

space:
7 [ Yphys
V;/al - (Uinfo> '
The components vphys and ving, are macroscopic diag-
nostic variables and should not be confused with the
cosmological scale factors a(t) and b(t).

The vphys component, corresponding to the g,,,, physical
axis, represents embodied thermodynamic reality: matter,
radiation, biological organization, geochemical structure,
and the accumulated memory of solar work. The vz,
component, corresponding to the f,, axis, represents
orthogonal informational order.

This appendix does not introduce additional funda-
mental dynamics. Instead, it provides an interpretive
layer connecting the effective field theory to a broader
macroscopic thermodynamic-information picture.

We introduce a coarse-grained emergy density g, rep-
resenting history-dependent solar work stored in physical
and biological structures. A phenomenological definition
is

(A1)

t
Solwt) = [ Kt)olnt)d, (42
— 00

where @ is absorbed solar-energy flux and K(¢,t') is
a memory kernel encoding persistence, transformation
efficiency, and ecological or geological storage.

The physical-axis value density may then be represented
schematically as

(A3)

This notation avoids conflict with the cosmological scale
factor a(t).

This identification is not meant to replace stress-energy
in general relativity. Rather, it provides a thermodynamic
interpretation of the physical sector as a reservoir of
embodied work.

At the effective level, one may write the macroscopic
stress-energy tensor as:

Uphys(2,t) ~ E(x, t).

phys __ nnSM bio emergy
TPhys = My pbio 4 pemersy,

pv

(A4)

where T}jll,o and T}77"8Y are coarse-grained descriptions
valid only at macroscopic ecological or planetary scales.

1. Information Orthogonality and the Independent
Axis

The metric f,,, is interpreted as the geometric carrier
of orthogonal informational order. The block-diagonal



structure of the state tensor,

Gun = Guv ® fp,w (A5)
denotes a 7 /2-like rotation in an abstract value phase
space. It ensures that informational order and physical
mass-energy remain mathematically distinct, interacting
dynamically but never kinematically.
Recalling our topological time derivative (x' = dx/d6),
we define a coarse-grained information-order density,

1 1,
T= g [, A 00t U] )

where Vy is the informational-sector spatial volume,

Vi = /2 i NCTS (A7)

A phenomenological projection from real thermody-
namic work into orthogonal information order may be
written as

1= K]HJ_ [5@] 5 (AS)
where II, is an abstract orthogonalization map and kj
is an emergy-information conversion coefficient.

This expression may be understood as a formal ana-
logue of irreversible physical work being encoded into
durable information. Cryptographic proof systems, in-
cluding proof-of-work architectures, provide a terrestrial
analogy: they transform dissipated physical work into
an ordered, difficult-to-alter informational record. In the
present cosmological model, however, such systems are
not assumed to be the source of dark matter or dark
energy. They serve only as an illustrative analogue of the
more general principle of thermodynamic work projected
into maintained information order.

2. Negative Entropy as the Source of Hidden
Curvature

The maintenance of macroscopic order requires the
continuous export of entropy, establishing the orthogo-
nal informational sector as an open dissipative structure.
Following the Brillouin-Schrédinger paradigm, informa-
tion acts as negative entropy (negentropy). The global
thermodynamic constraint across the bimetric manifold
requires:

dSiot = dSy +dSy > 0, (A9)
where S, and Sy are the entropies associated with the
physical and negentropic metrics, respectively.
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For the informational sector to progressively crystallize
state updates, its local entropy evolution must be strictly
negative:

Sy <0. (A10)

This violation of local entropy maximization is dynam-

ically permitted only because it is coupled to massive,
compensating thermal dissipation in the visible metric:

Sy > |5y]. (Al1)

This fundamental asymmetry has profound geometric
consequences. In standard relativity, positive entropy pro-
duction is associated with the dispersion of mass-energy.
Conversely, the accumulation of negative entropy (Sy < 0)
within the informational metric implies an escalating local
ordering.

We formally associate the scalar order field x with the
negentropic density of the orthogonal manifold:

(A12)

Consequently, the negentropic sector does not violate
the second law of thermodynamics; rather, it inverts its
dynamical consequence. The negative entropy of the f,,
metric acts as the fundamental source for the stress-energy
tensor T#Il,, exerting a topological pressure that projects
onto the visible universe as dark energy.

3. Orthogonal Value Functional

The macroscopic interpretive norm associated with the
orthogonal value vector

7 [ Yphys
Vval = ('Uinfo> (A13)
is its Euclidean magnitude,
‘Vval| = vp2hys + Uikt (Al4)

Here vpnys and ving, are macroscopic diagnostic quantities
and should not be confused with the cosmological scale
factors a(t) and b(t).

In the present framework, the analogous real observable
is an orthogonal value functional combining thermody-
namic embodiment and informational order:

Vus = / d3x\/’Tg [5% + Oé]IQ] 1/2. (A15)
P

Here Z denotes an information-order density and «y is
assigned whatever mass dimension is required so that

s %] = [€3). (A16)



If £ is an energy density, then Vgp has dimensions
of energy. The functional is therefore a macroscopic
diagnostic, not a dimensionless conserved charge or a new
gravitational source.

The functional Vyg is not a new fundamental inter-
action. It is a macroscopic diagnostic of joint physical-
informational value. It formalizes the idea that a stable
civilization, biosphere, or complex system cannot maxi-
mize informational abstraction while destroying its real
thermodynamic base.

One may express a sustainability condition as

dVup
dt =%

4 dPr\/eEs > 0. (A17)

dt Jy,

The first condition states that total bimetric value
grows. The second states that such growth must not
be achieved by depleting the physical-axis emergy base.
This provides a formal place for the philosophical concept
of Homo Biodiversitas: an observer or civilization that
increases informational order while preserving or regener-
ating the thermodynamic and ecological substrate from
which that order is derived.

Appendix B: Thermodynamic Dissipation as a
Macroscopic Analogy

This appendix is interpretive. It provides a macroscopic
analogy for irreversible work producing persistent infor-
mation, but it does not enter the gravitational action in
Eq. (6), does not contribute appreciably to the cosmolog-
ical stress-energy budget, and is not assumed to source
dark matter or dark energy.

The orthogonal informational sector introduced above
acts as an effective geometric description of maintained
macroscopic order. To ground this concept phenomeno-
logically, it is instructive to examine systems where irre-
versible physical work is systematically converted into per-
sistent, orthogonal informational structures. Distributed
cryptographic consensus mechanisms provide a rigorous,
albeit localized, thermodynamic analogue.

We stress that Proof-of-Work plays no dynamical role
in the cosmological model. Its energy scale is negligible
in comparison to cosmological densities, and no direct
contribution to gravitational dynamics is implied. Its role
is purely illustrative: it provides a controlled example of
the mapping

irreversible work — persistent information. (B1)

Let Pgiss(t) denote the total exergy dissipation rate
of a localized, fault-tolerant information network. The
cumulative dissipated physical energy is

t
Eaiss(t) = / Paiss (') dt’. (B2)
to
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The accumulated work securing the ledger can be rep-
resented by a monotonic quantity Weum (), proportional
to the integrated difficulty-weighted computational effort.
A dimensionless measure of persistent information order

is then
Wcum(t)
Wo ’
where W, is a reference scale.

The logarithmic form reflects the fact that security is
governed by relative cost: each additional unit of accumu-
lated work increases the difficulty of rewriting the ledger
by a multiplicative factor.

The rate of order accumulation is

Toow(t) = 1og(1 n (83)

Wcum

e B4
WO + Wcum ( )

j'-POW =

This construction highlights a key feature: the system

generates an effective arrow of time. Past states become

increasingly resistant to modification as cumulative work
grows.

An effective thermodynamic cost of persistent memory
may be defined as

Ediss

Cmem = s B5
-/\[state ( )

where MNyiaie denotes the number of cryptographically
sealed macroscopic state transitions within the topological
register.

The analogy with the orthogonal-value construction
introduced earlier can be expressed through a localized
functional:

Veons = [gé + aI-’Z:2 ]1/2 ;

cons (BG)
where Z.oy,s isolates the informational entropy reduction
achieved through distributed consensus.

This expression mirrors the general vector norm struc-
ture

V] = Va2 + b2,

with thermodynamic embodiment and informational order
contributing as orthogonal components. Fundamentally,
physical energy does not strictly encode information in
its own native units. Instead, we invoke a macroscopic
analogue to Landauer’s Principle [24]. While Landauer
established the minimum thermal dissipation required to
erase a bit, our bimetric interaction operates as the inverse
generative process: the continuous, irreversible dissipation
of exergy in g,,, is the required physical cost to crystallize
and seal topological information within f,, [28]. Recent
phenomenological frameworks, such as the D-Trinity pro-
tocol combining cryptographic hashing (SHA-256) with
decentralized relays, provide a topological blueprint for
how such rigid informational ledgers achieve macroscopic
thermodynamic stability and phase transitions [29].

(B7)



In this sense, Proof-of-Work consensus mechanisms pro-
vide a localized laboratory-scale example of the general
principle underlying the orthogonal informational sector:
persistent informational order requires a physical sub-
strate, an energetic cost, and an irreversibility mechanism.
This analogy is strictly operational and does not imply
any direct cosmological role.

1. Phenomenological Friction and the Bimetric
Landauer Limit

In standard information theory, Landauer’s principle
defines the minimum thermal cost of erasing a bit [24].
We postulate an inverted, macroscopic analogue: the
crystallization of topological order requires a continuous,
irreversible expenditure of physical exergy.

Let §Wy;ss be the irreversible physical work dissipated
in the visible metric g,,, and dx be the corresponding
increment of negentropic order in f,,,,. We hypothesize a
fundamental threshold relation:

5Wdiss = T*(SXv (BS)

where 7* acts as an effective topological tension (with
dimensions of energy per unit order), representing the
critical thermodynamic cost required to rigidly anchor an
informational state against natural entropic decay.

In the language of field theory, the spontaneous evolu-
tion of the order parameter y is governed by the Euler-
Lagrange equation. To maintain the system away from
thermal equilibrium (preventing the decay of x down
its potential U), the physical dissipation must act as an
effective restorative force. We capture this by introduc-
ing a dissipative current Jgiss into the scalar equation of
motion:

dU 1

5Sle
Opx — ——

VT ox

We model this current covariantly as being strictly
sourced by the entropy production rate ®, within the
physical metric through the portal interaction Sportal-
Taking n* as the unit 4-velocity vector of the macroscopic
informational flow, the friction current is:

= Jaiss- (Bg)

Jportal ’Y( ) n v)\Xv (BlO)

where v(®,) is the bimetric friction coefficient, strictly
monotonically increasing with the physical power dissi-
pated in g,,. The back-reaction of this term onto T5" is
precisely what accounts for the macroscopic loss of avail-
able exergy in the physical universe when maintaining
topological records.

Crucially, in the rest frame of the homogeneous FLRW
background of the f-metric (dsfc = —N?dt2 + b%d#?), the
unit normal vector is n* = (1/Ny,0,0,0). Therefore, the
directional derivative is exactly:

1

A o)
= —Y=Y. Bl11
n*Vix fo X (B11)
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This shows that the friction current is naturally expressed
in terms of the f-proper-time derivative rather than the
visible-sector cosmic-time derivative. Any additional in-
terpretation of this relative clock rate as a discrete infor-
mational update parameter is phenomenological and does
not modify the covariant definition of y’. Substituting
this along with the Hassan—Rosen interaction derivative
yields the complete effective friction equation:

(B12)

where the volume determinant ratio /—g/+/—f (which
evaluates to (N¢r3)~! in the cosmological background)
rigorously accounts for the projection of the interaction
potential from the physical to the informational manifold,
and

Ving = MZgm?( Z Bren(S (B13)
and therefore, for m?(x) = mé exp(—Byx/Mp1),
8‘/1111; 6 ﬁ X
By = _Mi MZm? exp( X2 Z Bren(S
(B14)
Each term in Eq. (B12) has mass dimension M3, provided

[v] =M.

This equation dictates the macroscopic phase transition
of the negentropic sector. If the physical dissipation @,
is below a critical threshold, the friction term ~(®g4)x’
is insufficient to overcome the natural potential gradient
dU/dyx, leaving the informational state fluid and non-
consensual. However, when v(®,) is large compared with
the characteristic inverse relaxation time of the potential,
the motion of x is overdamped:

" / X/2
X" <Xl < U(y).

5 (B15)

In this regime the scalar behaves approximately as a
vacuum component,

_XP2-U0

o ST B9

while simultaneously modulating the bimetric interaction
scale through m?(y).

Appendix C: Quantum Decoherence as
Micro-Bimetric Interaction

As a speculative interpretation, one may ask whether
the same bimetric language can provide intuition for quan-
tum measurement or decoherence. This possibility is not
part of the cosmological model developed in the main text.
No modified Schrédinger equation, Lindblad equation, or
microscopic collapse model is derived here. In standard



quantum theory, the state of a system prior to measure-
ment is described by a complex probability amplitude,
Y(x,t) = Yr+i;. Within our geometric correspondence,
where the state tensor separates into orthogonal physical
and informational metrics (Gyn = guw @ fiuv), this com-
plex nature is no longer a purely statistical artifact, but
a reflection of the underlying bimetric topology.

We postulate that quantum superposition represents
a regime where an excitation propagates predominantly
within the informational metric f,,, unconstrained by the
macroscopic thermodynamic dissipation of the physical
axis. In this state, the particle explores the non-local
topological graph of the informational sector, providing
a geometric basis for quantum entanglement. Particles
separated by vast spatial distances in g, may remain
topologically adjacent in f,,.

The act of quantum measurement (decoherence) re-

14

quires a macroscopic apparatus, inevitably involving irre-
versible thermodynamic dissipation in the visible metric.
Thus, wavefunction collapse is interpreted as a micro-scale
phase transition induced by the bimetric mixing potential
Smix- The thermal friction of the measurement forces
the delocalized informational state in f,, to precipitate
onto the physical axis g,,,,. Decoherence is, therefore, the
microscopic inverse of cryptographic consensus: thermal
dissipation forcing a projection from the informational
axis (f,,) down to the physical axis (g,,). This geo-
metric interpretation is speculative and is not used in
deriving the cosmological background or perturbation
equations. Establishing any connection with quantum
measurement would require an explicit microscopic open-
system model, such as a derived Lindblad equation or a
modified Schrédinger dynamics.
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