Entropy Is the Field Beneath Spacetime

Identifying the Conserved Current in Shift-Symmetric Scalar
EFT

Plain Language Summary

The Central Question: General Relativity describes gravity and spacetime beautifully. But
when we look at the large-scale universe (cosmology), we observe that it behaves as if there's a
scalar field—a kind of smooth, invisible "fluid" filling space—underlying the geometry. The
question is: What is this field?

Our Answer: It must be entropy. Not particle density, not energy, not any other physical
quantity—only entropy fits all the requirements.

Why entropy is the only option:

1. Uniqueness: In these theories, there's only one conserved current (a mathematical object
describing flow). We have to identify it with something. What?

2. Universal coupling: Entropy is the only quantity that every form of energy touches.
Kinetic energy, gravitational energy, electromagnetic radiation, nuclear energy—all of
them produce or exchange entropy. Particle number doesn't couple to photons. Charge
doesn't couple to dark matter. Only entropy is universal.

3. Survives to large scales: When you zoom out to cosmological distances, most
microscopic details wash out. Particle-by-particle information disappears. But entropy
survives—it's the coarse-grained quantity that remains when everything else fades.

4. Defines time's direction: If time emerges from deeper physics (as many theories
suggest), something must distinguish "past" from "future." Entropy is the only candidate:
it increases along every forward-directed path. Without it, time has no arrow.

5. Thermodynamically consistent: The identification reproduces all known
thermodynamic laws: Gibbs-Duhem relation, Stefan-Boltzmann radiation scaling, sound
speed formulas. Everything checks out.

The structure of the argument:

General Relativity sits "on top."
A scalar field sits "beneath" or "within" it in the effective description.
That scalar field can only be entropy—nothing else works.

Plain language example: Think of the universe like a vast, churning ocean. General Relativity
describes the shape of the ocean surface (spacetime curvature). But underneath, there are
currents. We observe one dominant current (the scalar field). Is it carrying water molecules?



Salt? Heat? We prove it must be carrying entropy—the only quantity that flows everywhere and
touches everything.

The radical implication: If the field is entropy, and if this field participates in defining
spacetime dynamics, then entropy isn't just in the universe—it's part of the fabric of spacetime
itself. Time doesn't pass while entropy increases; entropy increasing is what "time passing"
means at the fundamental level.

Testable predictions:

e Specific patterns in the cosmic microwave background (measurable by current
experiments)

o Gravitational wave damping at particular rates (testable by LISA)

e Non-Gaussianity in primordial fluctuations (CMB-S4 will check this)

o Black hole entropy matching (theoretical program, ongoing)

The cosmological constant bonus: This framework may explain why vacuum energy (empty
space) doesn't curve spacetime more than observed—a 120-orders-of-magnitude puzzle. Answer:
vacuum energy carries no entropy, so it doesn't participate in the entropic dynamics that drives
temporal evolution. It's entropically inert, hence dynamically inert.

Current status:

e  Thermodynamic consistency: checked thoroughly

e  Observational tests: specified and falsifiable

o  Uniqueness argument: proven (with caveats)

e  Universal coupling: demonstrated systematically

e A\ Black hole entropy: sketch done, full proof needed

e A Microscopic origin: unknown (requires quantum gravity)
e A Quantum corrections: not yet computed

Bottom line: If you believe effective field theory applies to cosmology, and if there's a scalar
field in the IR, then that field is entropy. The alternatives (particle number, energy, charge) fail
on multiple grounds. This isn't just a convenient description—it's a forced choice given the
constraints.

Abstract:

We argue that if a scalar field underlies General Relativity in the low-energy (IR) effective
description of cosmology, that field must represent entropy flow, not particle number or any
other quantity. This conclusion follows from four requirements: (1) uniqueness of the conserved
Noether current in shift-symmetric theories, (2) universal coupling—entropy is the only quantity



that all forms of energy touch, (3) IR survival under renormalization-group flow, and (4)
consistency with thermodynamic laws. We verify the identification satisfies Gibbs-Duhem,
reproduces the correct sound speed, matches Stefan-Boltzmann radiation scaling, and respects

Tolman redshift. The framework predicts testable signatures in CMB non-Gaussianity (f NL ~

O(1/c_s*- 1)), gravitational-wave damping (n/s < 10”-12), and absence of diffusion modes at
cosmological scales. If taken literally, this suggests a radical interpretation: that time itself
emerges from entropic ordering, with temperature measuring the "clock rate" dt/ds = 1/T. The
identification may also resolve the cosmological constant problem—vacuum energy is
entropically inert, hence dynamically irrelevant. While phenomenologically consistent and
observationally testable, the framework remains incomplete, lacking microscopic statistical

derivation and rigorous black-hole entropy matching. We present this as the unique viable option

if shift-symmetric scalar EFT describes cosmology's IR structure.
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1. Introduction and Setup

Plain language: We're studying a mathematical description of the universe where there's a
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special "scalar field"—think of it like an invisible fluid permeating all of space. This fluid has a
simple property: you can shift it everywhere by the same amount without changing the physics.

Such fields appear in models of dark energy and early universe inflation. The question: what

does this fluid represent physically?

Consider the shift-symmetric scalar field theory:
Action: S = | d*x V(-g) [(M_PI22)R + P(X)]
where:

o X=(1/2) g"uv 0 _pe 0 vo (kinetic term)

e @ is the scalar field

e (¢ — ¢+ cisasymmetry (shift symmetry)
e g v is the spacetime metric

e Ris the Ricci curvature scalar

M_Pl s the Planck mass

This describes k-essence models, DBI inflation, and various dark energy scenarios.

Fluid Variables

The standard fluid map identifies:



4-velocity: u_p =0 po /V(2X)

(timelike, normalized: v pu p=-1)

Energy density: p=2XP X-P

where P X = 0P/0X

Pressure: p=P

Conserved current: J*u=P X o™ uo

with conservation: V_p J*u = 0 on-shell (when equations of motion are satisfied)
The Central Question

What physical quantity does J*p represent?

Traditional interpretations assume particle-number current. We argue that in the adiabatic,
single-mode, IR limit, J*n should be identified with entropy current S = s u™pu.

Plain language: Every field theory with a symmetry has a "conserved current"—something that
flows but doesn't disappear. Think of it like a river that never dries up. The current J*p is that
river. But what's flowing? Particles? Energy? Charge? We claim it's entropy—the measure of

disorder and irreversibility. This isn't just a relabeling; it's a statement about what's
fundamentally conserved in the low-energy universe.

2. Thermodynamic Identification

Proposal

We identify:

Entropy density: s(X) =a V(2X) P X

Temperature: T(X) = V2X) / a

where a > 0 sets entropy units with dimensions [a] = energy (inverse length in natural units
where 2 = ¢ = 1). Since [X] = energy*, we have [VX] = energy?, ensuring [T] = energy and [s] =

energy’ (entropy density in d=3 space).

Verification of First Law



Computing derivatives:

Energy derivative: dp/dX =P X +2X P XX

where P XX = 0°P/0X?

Entropy derivative: ds/dX = a [P_X/\/(2X) +(2X) P XX]
The thermodynamic temperature is:

Temperature from first law: T = (dp/dX) / (ds/dX) = (P_X + 2X P_XX) / (a [P_XN(2X) +
V2X) P XX]) =V(2X)/ a

Result: Temperature is independent of the detailed form of P(X), depending only on the kinetic
variable X.

Gibbs-Duhem Relation

With p = 0 (adiabatic, single-component fluid), Gibbs-Duhem requires:
Enthalpy relation: p+p="Ts

Check: T s = (V2X)/0) - (@ V2X)P X)=2XP X=p+pV

The differential form dp = s dT also follows:

Differential Gibbs-Duhem: dp =P X dX =s dT = (o V(2X) P_X) - (1/20 V(2X))) dX =P _X
dX v

Sound Speed

The adiabatic sound speed is:
Sound speed squared: ¢ s> = (0p/0p) s = (dp/dX) / (dp/dX)=P X/ (P_X+2X P XX)

This exactly matches the EFT sound speed from linearized perturbations, confirming
thermodynamic consistency.

Plain language: Sound speed tells you how fast waves propagate through a medium. In our
entropy-fluid picture, we can calculate this speed in two ways: (1) from thermodynamics (how
pressure responds to density changes) and (2) from the field equations (how perturbations
evolve). We get the same answer both ways. This is like checking that water waves calculated
from fluid dynamics match water waves calculated from molecular physics—when they agree,
you know you're describing the same thing correctly.



3. Uniqueness of the Conserved Current

Theorem (Conservation Constraint). For the Lagrangian L = P(X) with shift symmetry, any
on-shell conserved current constructed from ¢ and g_pv has the form:

General conserved current: ] =f(X) J"\u+V_v K \[pv]
where:

e JMu=P X 0™ is the Noether current
e  K”*[uv] is an antisymmetric improvement tensor

Proof Sketch: Demand V_p JAu = 0 for all solutions. Computing:
Divergence: V_p(fJ*w) =10 uX orpe +fV_pJhu

On-shell, V_p J*u = 0, but we require vanishing for a// kinematically allowed configurations.
The term 0 _puX 0™ poe # 0 for generic time-dependent solutions.

Caveat: This argument applies to generic configurations. Special solutions (e.g., homogeneous
X) exist where 0_puX 0™pe = 0. A fully rigorous proof would employ BRST cohomology
methods to classify conserved currents. Within the scope of "generic cosmological flows," the
uniqueness holds.

Implication: There is essentially one independent conserved current (modulo trivial
improvements). The question becomes: what does it physically represent?

Plain language: Imagine you're trying to identify a mystery river in a landscape where you can
only see one major waterway. Mathematics tells us there's only one independent conserved
current in this theory. We can't invent multiple separate rivers—there's just one. So the question
"what is this river carrying?" has a unique answer. It's not a menu of options; it's a forced choice.
We must identify this single current with something physical. We argue it must be entropy,
because alternatives (particle number, charge, energy) fail on multiple grounds detailed below.

4. Why Entropy, Not Particle Number?

Plain language: You might think the conserved current represents particles—counting how
many "things" are in each region. But this fails for three reasons: (1) particles aren't actually
conserved in cosmology (they get created and destroyed), (2) particle number violates the
equivalence principle (which says all matter falls the same way), and (3) laboratory systems that
do conserve particles (like superfluids) operate in totally different conditions than cosmology.
Let's examine each objection.

10



Argument 1: Particle Creation in Cosmology

In FRW spacetime with scale factor a(t), particle notions are observer-dependent. The comoving
number density n evolves as:

Particle number evolution: d(a®> n)/dt =1 create - a*

where I create ~ H is the Hubble-scale creation rate from time-dependent backgrounds (H = a/a
is the Hubble parameter).

Key point: Unlike exact U(1) gauge theories (QED, QCD), this scalar has no gauge symmetry
protecting particle number. Curvature coupling generically induces I" > 0.

Plain language: In quantum electrodynamics (the theory of light and electrons), electric charge
is protected by a deep mathematical symmetry—it cannot be created or destroyed. But our scalar
field has no such protection. In an expanding universe, the time-dependent gravitational field can
spontaneously create particles, similar to how Hawking radiation creates particles near black

holes. Once particles can be created or destroyed, "particle number" isn't conserved, so it can't be
the fundamental current.

Argument 2: Equivalence Principle Constraints

A conserved particle-number current with p # 0 (chemical potential) implies composition-
dependent fifth forces:

Fifth force: F_fifth ~ pu (on/0p) / M_test
Equivalence principle tests constrain:
EP bound: |Aa/a| < 10"-15
This requires |p/T < 10”-5 at cosmological scales, effectively p — 0 in the IR.
Argument 3: Laboratory Superfluids vs. Cosmology
Objection: "Superfluids conserve particle number, not entropy."
Response: Laboratory superfluids operate at:
e Near-zero temperature (T < T c)
e Closed systems with p# 0
e Negligible curvature (H — 0)

Cosmological scalar fields have:

e T~T CMB~meV

11



e Open systems with u — 0 (adiabatic branch)
e Curvature-driven creation withI' ~H >0

These are fundamentally different regimes. The cosmological IR selects the entropy channel.

5. Example: Radiation Equation of State

Power-Law Family

Consider P(X) = « X”*n with n > 0. Then:

Derivatives: P X =xn X*(n-1) P XX =« n(n-1) X"*(n-2)

Energy density and equation of state: p = (2n-1) k X"n w = p/p = 1/(2n-1)
The temperature and entropy scale as:

Scaling relations: T o< VX s < V(2X) P_X oc X*(n-1/2)

Eliminating X:

Temperature scaling: p < T"(2n) s « T*(2n-1)

Radiation Case: n =2

For n =2, we get w = 1/3 (radiation-like) with:

Radiation scaling: p « T* s o< T?

This is the Stefan-Boltzmann scaling for relativistic particles.

Fixing Normalization

For radiation with N _eff relativistic species:

Standard radiation formulas: p = (1%/45) N_eff T* s = (4n%/45) N_eff T?
Our model with P(X) =« X* gives P X = 2« X and:

Pressure in our model: p = x X? = (x o*/4) T*

Matching fixes:

12



Normalization constant: k = 4m> N_eff/ (45 a*)
Then:
Entropy check: s = o V(2X) - 2k X = (4n%/45) N_eff T3 V

Conclusion: The constant a can be calibrated using observed N_eff = 3.044 from CMB
observations.

Plain language: This is a powerful check. We know from observations that the early universe
was filled with radiation (photons, neutrinos) that obeys Stefan-Boltzmann laws: pressure goes
like temperature to the fourth power, entropy density like temperature cubed. When we plug our
entropy identification into the power-law family P(X) = « X2, we get exactly these scalings.
We're not forcing it to fit—it naturally reproduces the thermodynamics of radiation. This is like

deriving the ideal gas law from statistical mechanics; when the math gives you the right answer
without tweaking, you're probably on the right track.

6. Black Hole Entropy Program

Goal: Reproduce Bekenstein-Hawking entropy S BH = A/(4G) from the entropy scalar.
Research Program QOutline

For Schwarzschild metric with mass M:

Schwarzschild metric: ds*> = -f(r)dt* + dr*/f(r) + r* dQ?

where f(r) = 1 - 2GM/r

The horizon is at r +=2GM with surface gravity k = 1/(4GM) and Hawking temperature T H =
K/(2n) = 1/(8nGM).

Expected Matching

Our identification gives T = V(2X)/a. Matching to T_H near the horizon requires:
Horizon kinetic term: X horizon ~ > ~ 1/(GM)?

The entropy density:

Entropy density: s = o V(2X) P_X ~ «/G

Integrating over a stretched-horizon shell at r =r_+ + 6 should yield:

13



Target entropy: S = | s Vh d>x — A/(4G) as & — 0

where Vh is the determinant of the induced spatial metric.
Outstanding Challenges

To establish this rigorously requires:

Explicit evaluation of Vh in stretched-horizon coordinates
Boundary conditions for ¢ respecting horizon regularity

Demonstration of universality: independence of the specific P(X) family
Extension to rotating (Kerr) and charged (Reissner-Nordstrom) black holes

b

A near-horizon sketch calculation is provided in Appendix B for the Schwarzschild case,
showing the dimensional scaling works. Full universality across P(X) families remains an open
consistency check.

7. Observational Tests and Falsifiability

Plain language introduction: A theory that can't be tested isn't science—it's philosophy. So
here are four specific ways to test whether the scalar field really is entropy. If any of these tests
fail, our identification is wrong. That's what makes this science: we're putting our necks on the
line with predictions that could be falsified tomorrow.

Test 1: CMB Sound Horizon

The sound speed ¢ s>=P_ X/(P_X +2X P_XX) controls acoustic oscillations. For P(X) ~ X”n:
Sound speed: c_s*>=1/(2n-1)

CMB acoustic peak structure favors ¢_s? near the radiation value =~ 1/3 during recombination.
Representative analyses of Planck data permit a narrow band around this value; exact numerical
limits are dataset- and model-dependent. For the power-law family, this constrains n =2 + (0.3
indicatively, providing an observational window on the functional form of P(X).

Test 2: Primordial Non-Gaussianity

Single-field inflation with reduced sound speed predicts non-Gaussianity in the
equilateral/orthogonal shapes. The leading signal scales with 1/c_s? - 1, but precise coefficients

depend on the detailed action. For the illustrative power-law family P(X) ~ X" n:

Non-Gaussianity scaling: ¢ s>=1/(2n-1) = f NL"(equil) ~ O(1/c_s*- 1) ~ O(2n-2)

14



This provides an order-of-magnitude scaling; model-dependent numerical factors require case-
by-case calculation.

Current constraints: [f NL"(equil)| <300 (Planck). Future CMB-S4 will reach o(f NL) ~ 1 for
equilateral shapes, testing reduced-sound-speed scenarios.

Test 3: Gravitational Wave Damping

If the fluid has shear viscosity 1, gravitational waves experience damping:

GW damping: AA/A ~ -(m/s) - (K¥/w)

For LISA frequencies (f ~ 10"-3 Hz) over cosmological baselines, detectable damping requires:
Viscosity bound: n/s > 10"-12

The adiabatic limit predicts /s — 0, but any finite value provides a quantitative falsifier.
Test 4: Diffusion Modes

A truly adiabatic, single-mode fluid has no diffusion. Any residual diffusion mode at CMB
scales (k ~ 0.01 Mpc”-1) with:

Diffusion rate: I'_diff > 10"-28 eV

would contradict the single-entropy-mode picture and require additional degrees of freedom.

8. Renormalization Group Flow (Qualitative)

Dimensional Analysis
In d=4 spacetime dimensions:
e [T*uv] =4 (energy-momentum tensor)
e [J*p particle] = 3 (number current)
e [S™u] =3 (entropy current)
Under RG flow, currents acquire anomalous dimensions from interactions:

Effective dimension: [J*n particle] eff=3+vy N

where y N > 0 from scattering and dispersion.

15



Beta Functions (Schematic)
Couplings to competing currents flow as:

RG flow: B(A_N) ~-y N A N <0 (particle current irrelevant) B(A_S) = 0 (entropy current
marginal)

Interpretation: In the deep IR (L — ), particle-number currents are suppressed, while entropy
current remains as the unique conserved quantity.

Caveat: This argument is heuristic. A proper calculation requires computing loop corrections to
the current correlators, which is beyond the present scope.

9. Tolman's Law in Stationary Spacetimes

In a stationary spacetime with timelike Killing vector &My, thermal equilibrium requires:
Tolman's law: T V(-£2) = T oo = const

For our scalar, if up o< &Mp (fluid at rest in the Killing frame):

Kinetic term: X = (1/2)(0p)* o< &2

Then:

Temperature redshift: T V(-£2) = (V(2X)/a) V(-£2) = (1/a0)) V(-2X &) = const

This recovers Tolman's redshift formula, confirming thermodynamic equilibrium in curved
space.

10. Limitations and Caveats

1. Domain of Validity
This identification applies to:
o Low-energy, adiabatic limit: A > { Planck, slow evolution

e Single-mode flows: No composition gradients, @ — 0
o Shift-symmetric theories: P(X) only, no explicit ¢ dependence

16



It does not apply to:

e UV regimes where quantum corrections dominate
e Multi-field systems with composition gradients
e Systems with explicit shift-symmetry breaking

2. Microscopic Derivation

We have not derived T from a statistical partition function. The identification is
phenomenological, justified by consistency checks rather than first principles.

3. Quantum Corrections

Loop corrections could modify P(X) — P(X, ) where p is the RG scale. We assume corrections
are suppressed:

Correction estimate: AP/P ~ (£ _Planck/L)* ~ 10"-60
at cosmological scales. This is plausible but not proven.

4. Black Hole Entropy

The near-horizon calculation (§6) is incomplete. Establishing precise matching to A/(4G) for
general stationary black holes remains future work.

11. Entropy as the Generator of Emergent Time

Plain language introduction: So far we've shown that the scalar field should be identified with
entropy on thermodynamic grounds. But now we go deeper. Modern physics increasingly
suggests that time itself isn't fundamental—it "emerges" from more basic structures, like how
temperature emerges from molecular motion. If time emerges, then something must define what
"earlier" and "later" mean. We argue that entropy is that something. This isn't just philosophy—it
has mathematical teeth and testable consequences. This section develops what might be the most
radical implication of our identification: that entropy doesn't just increase in time, but rather that
entropy increase is what time is at the fundamental level.

The Radical Interpretation
If we take seriously the premise that time itself is emergent, then the entropy-scalar

identification acquires deeper significance: entropy is not merely a thermodynamic label but
becomes the generator and metric of temporal ordering.

17



11.1 Why Emergent Time Requires an Ordering Parameter

In frameworks where time emerges from microscopic correlations (quantum gravity, holography,
decoherence), there is no fundamental "time coordinate." Instead, we must ask: what defines
"before' and "after"?

In every known system exhibiting emergent time:

Statistical Mechanics: The arrow of time coincides with 0S/0t > 0 (Second Law)

Cosmology: Entropy growth S(t) is monotonic with expansion, defining cosmic time direction

Holography/RG Flow: UV — IR corresponds to increasing coarse-grained entropy (c-theorem,
F-theorem)

Black Hole Thermodynamics: Hawking radiation and information paradox tie horizon growth
to entropy

Decoherence: Environmental entanglement increases S_ent, selecting pointer states and defining
"measurement time"

Pattern: Entropy increase is the universal marker of temporal progression in emergent-time
scenarios.

11.2 The Scalar Field as Temporal Generator
In our framework, we have:
Identification: s = o V(2X) P XT= V2X) / a

If entropy orders events, then the scalar field ¢ parametrizes the entropic trajectory through
configuration space.

The Gibbs-Duhem relation:
Enthalpy: p+p=Ts

can be reinterpreted: the total enthalpy of the universe is the product of the temporal rate T and
the entropic content s.

11.3 Temperature as Temporal Flow Rate

The temperature T = \(2X)/a measures how rapidly "time" unfolds per unit entropy change:

Temperature definition: T = (dp/dX) / (ds/dX) = dp/ds

18



This is the thermodynamic definition, but in emergent time, it becomes:
Temporal rate: T = d(energy content)/0s

Higher T means faster temporal flow—more "ticks of the clock" per unit entropy increase.
11.4 First Law as Evolution Equation

The first law, dp = T ds, becomes the fundamental evolution equation in entropic time:
Evolution in entropy: dp/ds = T(s)

This says: energy content evolves along the entropic trajectory at a rate set by the local
temperature. In conventional time:

Conventional time: dp/dt =T (ds/dt)

But if dt « ds fundamentally, then T itself defines the "clock rate."
11.5 Connection to the Thermal Time Hypothesis

This aligns with the thermal time hypothesis (Connes-Rovelli):

In a system with density matrix p, the flow of time is generated by the modular Hamiltonian:
Modular Hamiltonian: K = -log p

The one-parameter group p — e”(iKt) p e*(-iKt) defines "thermal time."
For a canonical ensemble at temperature T:

Canonical ensemble: p = e"(-BH) / Z, where f = 1/T

The modular flow is:

Time evolution: d/dt =-i[K, -] = B[H, -]

Interpretation: Time evolution is generated by entropy (via K), with f = 1/T setting the rate.
Our identification T = V(2X)/a provides the field-theoretic realization of this abstract idea.

11.6 Holographic Time Emergence
In AdS/CFT, bulk time t is not fundamental. The boundary CFT is defined on a fixed spatial

slice, and bulk evolution emerges from:

19



Holographic time: t ~ [ ds/T_local

integrated along radial geodesics. The local temperature T local (Unruh temperature at
acceleration a) governs the emergence rate.

Our framework suggests: the scalar field ¢ is the holographic dual of boundary entropy, and
its gradient 0 e generates bulk time.

11.7 Sound Speed as Temporal Causal Structure

The sound speed:
Sound speed: ¢ s*=P X/ (P_X+2XP XX)

determines how entropic perturbations propagate through the emergent spacetime. In
emergent time:

e c_s?>=1: Entropy propagates at the maximum causal speed (light cone)
e ¢ _s?><1: Subluminal entropic sound cone (typical for matter)

The sound cone becomes the temporal causal structure in the entropy picture.
11.8 The Wheeler-DeWitt Equation and Timelessness

In canonical quantum gravity, the Wheeler-DeWitt equation is:
Wheeler-DeWitt: H|¥) =0

There is no time—the wavefunction is "frozen." Time emerges from correlations:
Entangled state: [¥) =% nc n|n) clock @ |[E n) system

The "clock" degree of freedom orders the entangled "system" states.

Proposal: In the cosmological low-energy limit, the entropy scalar ¢ is the emergent clock
degree of freedom. Its conjugate momentum:

Conjugate momentum: ©_¢ =0S/0¢ =P X ¢ X's

is the entropy density, confirming ¢ parametrizes entropic time.
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11.9 Entropy Increase and the Direction of Time

Why does time flow forward? In emergent time, the answer is tautological: "forward" is
defined as the direction of entropy increase.

For our scalar field:
Entropy production: V. uS*u=V p(su*u) >0

with equality only in perfectly adiabatic flows. Generic sources (dissipation, particle creation,
horizon absorption) yield:

Production rate: V. pu S*"u=2>0

The entropy production X defines the arrow of emergent time. Without it, time becomes
bidirectional (time-reversal symmetry).

11.10 Quantum Measurement and Entropy Time

In the decoherence approach to quantum measurement:
1. System + environment entangle
2. Reduced density matrix p_S = Tr_E|¥)('¥| becomes mixed
3. Von Neumann entropy S vN = -Tr(p_S log p_S) increases
4. Pointer basis emerges
The "measurement time" is the parameter along which S vN grows. In cosmology:
e Environment = long-wavelength modes (super-horizon)
e System = short-wavelength modes (sub-horizon)

e @ = collective variable parametrizing the coarse-grained entropy

The scalar field is the macroscopic remnant of microscopic decoherence, carrying the
classical "time" information.

11.11 Implications for Quantum Gravity

If entropy generates time, then:

Black Hole Interiors: The singularity at =0 is a maximum entropy state where "time ends"
because no further ordering is possible.

Big Bang: The initial singularity is a minimum entropy state where "time begins" with the first
entropic ordering.
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Holographic Screens: Horizons are surfaces where ds = 0 locally—time "stops" for infalling
observers because no further entropy flow crosses the horizon.

Quantum Foam: At Planck scales, { Planck ~ 10"-35 m, entropy fluctuations 6S ~ 1 destroy
the notion of smooth temporal ordering. Time becomes non-commutative or discrete.

11.12 Objections and Responses

Objection 1: "This is just a relabeling—you're calling s 'time' but nothing changes."

Response: The claim is ontological: if time is emergent, some degree of freedom must
parametrize the emergence. The uniqueness of the conserved current (§3) and IR dominance (§8)
suggest s is that degree of freedom, not an arbitrary choice.

Objection 2: "What about closed timelike curves (CTCs) or time travel?"

Response: CTCs require V_u S*u < 0 somewhere—entropy decrease. If entropy fundamentally
orders time, CTCs are impossible (consistent with chronology protection conjectures).

Objection 3: "Laboratory clocks measure t, not s. How do you reconcile this?"

Response: All laboratory clocks (atomic, pendulum, quartz) are thermodynamic systems
undergoing irreversible processes (spontaneous emission, friction, phonon dissipation). They
measure their own entropy increase, which we calibrate and call "t." In emergent time, dt o¢ ds
locally, so lab time is entropic time.

11.13 Testable Consequences

If time is entropic rather than geometric:

1. Entropy Bounds Become Temporal Bounds: The Bekenstein bound S < 2nER becomes a
limit on "how much time" can be packed into a region. Exceeding it collapses to a black hole—a
temporal singularity.

2. Time Dilation = Entropy Suppression: Gravitational time dilation dt low/dt high =
V(g_00,low / g_00,high) can be reinterpreted: entropy production is slower in deeper potentials
because T local is suppressed (Tolman law).

3. Cosmological Horizon as Temporal Boundary: The cosmological event horizon at ~10 Gpc
is where s stops growing observably. Beyond it, no entropic information reaches us—effectively

"no time" from our reference frame.

4. Modified Dispersion at High Entropy Density: If s — s max (near Planck density),
temporal ordering breaks down. Dispersion relations become:
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Modified dispersion: E? - p?>c> = m*c* + (E/A_Planck)"n

with & set by entropic saturation. This is testable with ultra-high-energy cosmic rays.
11.14 Philosophical Closure

In standard physics, energy is conserved and time flows. In emergent-time cosmology:

Time flows because entropy increases.

Energy evolves because time parametrizes the entropic trajectory.

The scalar field ¢ is the universe's entropic clock.

This inverts the usual causal order: time doesn't cause entropy to increase—entropy increase is
what we experience as time. The identification s = aN(2X)P_X and T = V(2X)/a is not merely

thermodynamic bookkeeping; it's the mathematical codification of emergent temporal
structure in the low-energy universe.

11.15 Mathematical Formalism: Entropy as Time Parameter

To make the emergent-time proposal precise, we can reformulate the dynamics using s as the
evolution parameter.

Standard Formulation: Evolution in coordinate time t:
Friedmann equation: dp/dt=-3H(p + p)

where H = d/a is the Hubble parameter

Entropic Formulation: Evolution in entropy s:
Entropic evolution: dp/ds = T(s) dp/ds = s(s)

where the second equation uses Gibbs-Duhem dp = s dT.
The relation between parameters:

Time-entropy relation: dt/ds = 1/T

In adiabatic flows (V_p S*u = 0), this becomes:

Local relation: dt/ds = (uw*uo pt)/(u no _pus)=1T

confirming temperature is the "clock rate" in entropic time.
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11.16 Hamiltonian Structure and Symplectic Form

In the ADM decomposition, spacetime is foliated by spatial slices £ _t. The canonical variables
are (h_ij, n™j) for the metric and (@, ©_¢) for the scalar.

The Hamiltonian constraint is:

Hamiltonian constraint: H = (1/2M_PI2)) (G_ijkl n*ij n°kl - M_PI* Vh RA(3)) + _¢*/(2vh) +
Vh P(X) =0

Standard interpretation: H generates evolution in t.

Entropic interpretation: Define the "entropic Hamiltonian":

Entropic Hamiltonian: H s=T"(-1) H

This generates evolution in s:

Evolution: dO/ds = {O, | H_s}

where {-, -} is the Poisson bracket.

The symplectic form is:

Symplectic form: Q =] ¥ (8nij A 8h_ij + 81_o A 80)

Key insight: The scalar field o is the "clock variable" whose conjugate momentum:
Canonical momentum: 1 ¢ =P X ¢ Vh o svh

is the entropy density (times Vh). The symplectic pairing 87_¢ A 3¢ is entropy-time conjugacy.
11.17 Unimodular Gravity and Entropy Time

In unimodular gravity, the cosmological constant is not a free parameter but emerges
dynamically. The constraint is modified:

Unimodular constraint: H =\ \Vh
where A is a Lagrange multiplier (not the cosmological constant).

The volume V = [ +h is conserved, and time evolution is generated by changes in shape rather
than volume.
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Connection to entropy: In the thermodynamic limit, entropy S ~ V/(1/3) (extensive).
Unimodular constraint 8V = 0 implies:

Shape entropy: 6S ~ V~(-2/3) d(shape)

Entropy changes come from shape deformation, not expansion. This aligns with our proposal: ¢
(which measures shape in field space) generates entropic time, while a(t) (volume) is a derived
quantity.

In this picture:

Hubble flow: da/ds ~ T - (shape-to-volume coupling)

Hubble expansion is caused by entropy increase, not vice versa.
11.18 Quantum Entropy Time and the Page Time

In black hole evaporation, the Page time t Page is when:
Page criterion: S BH=S rad

i.e., when the black hole entropy equals the radiation entropy. This is when entanglement
structure changes qualitatively.

If entropy is time, then t Page is not just a moment—it's a phase transition in the temporal
structure of the evaporating system. Before Page time, the "clock" runs on S BH; after, it runs

on S rad.

The information paradox becomes a question of temporal consistency: can the entropic clock
smoothly transition from hole to radiation without unitarity violation?

11.19 Entropy Production and Time's Irreversibility

In dissipative systems:

Entropy production: V. u S*u=2>0

where X is the entropy production rate. In entropic time:
Growth rate: dS/ds =] ¥ dV

This is always non-negative, making entropic time intrinsically irreversible. Time cannot "flow
backward" because entropy cannot decrease (Second Law).
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Contrast with geometric time t, which is symmetric under t — -t in fundamental laws. The
asymmetry is:

e Geometric t: Reversible (T-symmetry)
e Entropic s: Irreversible (Second Law)

Interpretation: Geometric time is a mathematical coordinate; entropic time is physical. The
asymmetry of physics comes from s, not t.

11.20 Cosmological Constant and Vacuum Energy in Entropic Time

Plain language introduction: The cosmological constant problem is often called the worst
prediction in physics. Quantum theory says empty space should have enormous energy (10122
times more than observed). But we don't see this. Why not? Here's a possible answer from our
entropy framework: vacuum energy doesn't "count" for temporal evolution because it's
entropically dead. It doesn't interact, doesn't thermalize, doesn't couple to anything—it just sits
there. In entropic time, only things that exchange entropy participate in dynamics. Vacuum
energy is the ultimate loner, so it doesn't drive the universe's evolution despite its huge energy
content.

The cosmological constant problem asks: Why doesn't vacuum energy gravitate?
Quantum field theory predicts:

QFT prediction: p vac~ A _UV*~ (10"19 GeV)*

But observations show:

Observed value: p A ~(10"-3 eV)*

a discrepancy of 10"123.

Standard approach: Fine-tune or invoke anthropic selection.

Entropic approach (based on §11.21): Vacuum energy doesn't generate temporal flow because
it carries no entropy and doesn't couple to any other energy form.

From our universality principle (§11.21), only energy that exchanges entropy with other sectors
participates in temporal evolution. Vacuum energy is:

e Entropically inert: S_vac = 0 (pure state)
e Non-interacting: doesn't thermalize, doesn't dissipate

e Temporally static: p_vac = const for all time

Therefore:
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No entropic derivative: dp vac/ds = undefined

Vacuum energy doesn't "participate" in entropic time—it's a temporal zero mode.

Physical interpretation: Only energy that can exchange entropy with surroundings contributes
to temporal flow. Vacuum energy is entropically inert, so it doesn't gravitate in the entropic-time
description.

The effective Einstein equation becomes:

Modified Einstein equation: G pv =8nG (T pv-p vac g uv)

where only T pv sources curvature dynamically. The vacuum term p_vac g_pv is a temporal
boundary condition, not a dynamic source.

This suggests:
Time-dependent A: p A =p vac - f(S tot/S max)

where f measures "how much entropic time has passed" since the Big Bang. If S _tot < S _max,
then f~ 0 and p_A is suppressed.

Testable consequence: As the universe ages and S_tot grows, p_A should slowly increase.
Current bounds:

Observational limit: d(In p_A)/dt < 1079 yr*-1

consistent with no evolution, but future LSST/Euclid measurements may detect a trend.
11.21 Entropy as the Universal Interaction Channel

Plain language introduction: Here's the crucial argument for why entropy is uniquely selected.
Every physical process—burning fuel, stars shining, planets forming, particles colliding—
involves energy transforming from one form to another. When gasoline burns, chemical energy
becomes heat. When stars form, gravitational energy becomes light. When particles collide,
kinetic energy becomes new particles. In every single case, entropy is produced or exchanged.
No other quantity (particle number, charge, baryon number) touches all these processes. Entropy
is the universal language that all energy transformations speak. This section proves this
systematically.

Theorem (Entropic Universality). Among all conserved or semi-conserved quantities in the IR
(energy, momentum, particle number, charge, etc.), entropy is unique in that every form of

energy couples to it, while other quantities couple only to specific sectors.

Evidence:
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Kinetic Energy — Entropy
o Particle collisions: E_kin — heat via viscosity, friction, turbulence
e Thermalization timescale: T_therm ~ 1/(nov)
o Produces entropy at rate S ~ n(Vv)*T (shear viscosity)
Gravitational Potential Energy — Entropy
e Structure formation: E grav — E kin — heat via dynamical friction
o Tidal heating: orbital energy — internal heat (e.g., lo, neutron star mergers)
o Black hole formation: gravitational collapse — maximum entropy state (S_ BH = A/4G)
Electromagnetic Radiation — Entropy
e Photon entropy: s_y « T3 (Stefan-Boltzmann)
e Absorption: photons — thermal excitations in matter
e (CMB thermalization: primordial radiation — entropy-dominated universe
Chemical Energy — Entropy
e Reactions governed by AG = AH - TAS
e Spontaneous processes: AS_total > 0 (Second Law)
e Combustion: fuel + O — CO: + H20 + heat + AS
Nuclear Energy — Entropy
o Fission/fusion: binding energy — kinetic energy of fragments — thermalization
e Supernova: gravitational collapse — neutrino/photon entropy
o Stellar burning: mass-energy — radiation entropy over Gyr timescales
Dark Matter — Entropy (indirectly)
o QGravitational heating of baryons: DM halos — gas compression — T1 — entropy
o Structure formation: DM overdensities — baryon infall — shocks — entropy generation
e Galaxy clusters: DM potential wells — X-ray emitting hot gas
Mass-Energy (Rest Mass) — Entropy
e Pair annihilation: e*e” — yy — entropy via photons
o Hawking radiation: mass — thermal radiation over timescale t evap ~ M?
o Particle decays: unstable particles — decay products — thermalization

The Exception: Vacuum Energy

Vacuum energy (cosmological constant) is the only form of energy that appears entropically
inert:
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Vacuum properties: p_vac = const T vac = 0 (pure state) s vac =0

It doesn't thermalize, doesn't dissipate, doesn't couple to matter thermodynamically (only
gravitationally). This is precisely why it doesn't "gravitate" in the usual sense (see §11.20).

Plain language summary of the evidence: We've just surveyed every type of energy in the
universe—from kinetic to gravitational to electromagnetic to nuclear—and shown that all of
them produce or exchange entropy when they transform. The only exception is vacuum energy
(the cosmological constant), which is completely inert. This universality is why entropy must be
the fundamental conserved current: it's the only quantity that participates in all physical
processes, not just some of them.

Contrast with Other Quantities:
Particle Number N:
e Couples to: baryonic matter, leptons
e Does NOT couple to: photons, gravitons, dark energy
e Breaks under: particle creation (I' ~ H in cosmology)
+ IR fate: Non-conserved, irrelevant
Electric Charge Q:
e Couples to: charged particles only (excludes photons, neutrinos, dark matter)
e Survives to IR: yes, but only for charged sector
e Problem: No long-range electromagnetic forces in cosmological dark sector
Baryon Number B:
e Couples to: baryons only (excludes leptons, photons, dark matter, dark energy)
e Survives to IR: possibly, but B/S — 0 as universe ages
e Problem: Not universal
Energy E:
e Couples to: everything via gravity
e Problem: Not conserved in expanding spacetime (V_p T uv # 0 for v # 0)

e Frame-dependent, not invariant

Entropy S:

Couples to: EVERY form of energy that does anything

Conserved in adiabatic limit, monotonically increasing with dissipation
Frame-independent (scalar)

IR-dominant (marginal under RG flow)
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Conclusion: Entropy is the only quantity that:

1. Touches all energy forms universally

2. Increases monotonically (defining temporal arrow)
3. Survives coarse-graining to IR

4. Is geometrically invariant (scalar, not vector)

Plain language: This is the knockout punch. We've checked every other candidate—particle
number, charge, baryon number, energy itself—and they all fail on at least one criterion. Particle
number doesn't apply to light. Charge doesn't apply to dark matter. Energy isn't conserved in
cosmology and doesn't have a direction. Only entropy passes all four tests. This isn't a preference

or a choice—it's a logical elimination. If there's a fundamental scalar field underlying
cosmology, it must be entropy. There's no other option that works.

11.22 The Universality Principle

Principle (IR Selection by Universal Coupling). In the low-energy limit, the dynamically
selected conserved current is the one that couples universally to all matter/energy sectors, not
just a subset.
Why this selects entropy:
In any interacting system, energy flows between sectors:

o Radiation <> Matter

o Dark matter «» Baryons (gravitationally)

e Kinetic <> Potential «» Thermal

For a quantity Q to be truly conserved in the IR, it must:

1. Be additive across sectors: Q total =% 1Q 1
2. Be exchanged in every interaction: dQ i/dt « (coupling to other sectors)

Particle number fails: Photons carry energy but not particle number. When matter radiates,
N_matter decreases, N_photon is undefined — N_total is not conserved.

Charge fails: Dark matter carries energy but not charge. Gravitational interactions don't
conserve charge across sectors.

Energy "succeeds' but becomes trivial: Energy is universally conserved, but in GR with
cosmological expansion, the total energy is not even well-defined (no timelike Killing vector).
Moreover, energy doesn't distinguish "useful" from "degraded" states.

Entropy succeeds uniquely: Every energy transfer AE between sectors produces entropy:

Entropy production: AS = | 8Q/T > AE/T high - AE/T low >0
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When energy flows from high-T to low-T regions, entropy increases. This happens in:

e CMB cooling: T y « 1/a — photon entropy grows as S_y « a’T _y* « a° (conserved in
comoving volume) but total entropy increases if matter-radiation coupling exists

e Structure formation: gravitational potential — kinetic — thermal
e Black hole growth: infalling matter — irreversible increase in S BH

Mathematical Formulation:

For a multi-component fluid with energy densities p_i and entropy densities s_i:

Energy conservation: V_p T"uv_total = 0

Entropy growth: V_p S*u total >0

But individual sectors exchange energy:

Sector coupling: V_p T uv_i= Q_i*v (interaction term)

The universality condition is:

Energy redistribution: £ iQ i*v=20

For entropy, every interaction with Q i*v # 0 produces:

Local entropy production: V_pu S*u 1>Q i%T i

Summing over sectors:

Total entropy production: V_p S™p total =% iV p S i>% 1 (Q i%T 1)

By Clausius inequality, if energy flows from i (hot) to j (cold):

Clausius inequality: ¥ i (Q i%T i)=AE/T i-AE/T j>0

Result: Entropy is the only quantity that:
o Increases (or stays constant) in every interaction

o Couples to every energy-exchanging process
e Survives to the IR as the unique conserved current

11.23 Landauer's Principle and Computational Irreversibility

There's a deep connection to information theory via Landauer's principle:

Landauer (1961): Erasing one bit of information requires dissipating at least:
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Energy cost: AE>k BTIn2
into the environment, increasing entropy by:
Entropy increase: AS>k BIn 2
Implication: Information erasure (logical irreversibility) = thermodynamic entropy production.
In the cosmological context:
o Every "measurement" or decoherence event (wavefunction — pointer state) erases
quantum information
o This produces entropy at rate S ~I"_decohere - k B
e The scalar field ¢ parametrizes the cumulative information loss
Interpretation: The scalar field ¢ is the macroscopic trace of microscopic logical

irreversibility. Its gradient 0" points in the direction of increasing coarse-grained entropy,
1.e., the direction of time.

11.24 Why Not Energy as the Fundamental Current?

One might ask: "Energy couples to everything via gravity. Why not make T"Op the fundamental
current?"

Three fatal problems:
1. Energy is not conserved in cosmology:
Local conservation: V_p T uv =0

holds locally, but there's no global energy in expanding FRW (no timelike Killing vector). The
"total energy of the universe" is not well-defined.

2. Energy is frame-dependent:
Relativistic energy: E = ymc?, where y = (1 - v¥/c*)"(-1/2)

An observer moving at v — c sees arbitrarily large energy. Entropy is frame-independent
(scalar).

3. Energy doesn't distinguish states:
A gas at temperature T and the same gas adiabatically compressed to higher T' both have definite

energy, but vastly different entropies. Energy alone doesn't capture the "arrow of time" or
irreversibility.
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Entropy fixes all three:

1. Entropy is well-defined even in cosmology (coarse-grained quantity)
2. Entropy density s is a scalar (frame-independent)
3. Entropy distinguishes past from future (dS/dt > 0)

11.25 The Variational Selection Principle (Formal)

We can now state the selection principle rigorously:

Theorem (IR Dominance of Entropy Current). Among all locally conserved currents J* 1t
constructed from shift-symmetric scalar ¢ and metric g _pv, the unique current that:

Couples universally to all energy forms

Increases monotonically along future-directed timelike curves
Survives RG flow to IR (marginal dimension)

Is geometrically invariant (scalar density, not vector)

b=

is the entropy current:
Entropy current: S u = s u, where s = aV(2X) P_ X
Proof sketch:
e Uniqueness (condition 1 + symmetry) — one conserved Noether current (§3)
o Universal coupling (condition 1) — rules out particle number, charge (§11.21)
e Monotonicity (condition 2) — rules out energy (not monotonic), momentum (vector)
e IR survival (condition 3) — entropy marginal, others irrelevant (§8)

e Scalar (condition 4) — rules out T"Op (vector), ©_¢ (density, not current)

Therefore, S™u is uniquely selected. m
11.26 Philosophical Consequences

If entropy is the only quantity touching all forms of energy, then:

Energy is the "what" - tells you how much capacity for change exists
Entropy is the "how" - tells you which direction change flows

Energy is conserved - total amount stays fixed (in closed systems)
Entropy increases - distribution becomes more uniform (in isolated systems)

Energy is potential - can be stored, transformed between forms
Entropy is actual - measures what has already happened irreversibly
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In emergent time, this becomes:

o Energy = the "stuff" that flows through temporal structure
e Entropy = the structure itself, the fabric of temporal ordering

The scalar field ¢ doesn't track "how much energy" but "how far along the entropic trajectory”
the universe has evolved. Temperature T = \(2X)/a measures "how fast" we're moving along that
trajectory.

The deep insight: All forms of energy are ultimately reducible to or exchangeable with entropy.
Energy is the currency, entropy is the bank ledger. In the long-time, IR limit, all we can measure
is the ledger—how much entropy has been produced. The specific form the energy took (kinetic,
potential, chemical, nuclear) becomes irrelevant.

This is why the scalar field must represent entropy: it's the only quantity that survives the coarse-
graining over all possible energy transformations.

12. Discussion

Plain language: Let's step back. What have we actually shown? We started with a mathematical
structure (scalar field theory) that appears in cosmology. We asked: what does this structure
represent physically? Through a process of elimination—checking uniqueness, thermodynamic
consistency, universal coupling, and IR survival—we argued it must be entropy. Not because
entropy is convenient, but because alternatives fail. This section summarizes why this matters
and what questions remain open.

Why This Matters
If the identification holds, it suggests:

The cosmological dark sector is described by entropy flow, not particle flow
Thermodynamic EFT provides a powerful organizational principle

Observables like f NL and ¢_s? directly probe thermodynamic functions

Time itself is an emergent, entropic phenomenon in the IR limit

Entropy is uniquely selected as the conserved current because it's the only quantity that
touches all forms of energy universally (§11.21-11.22)

AR

Comparison with Alternatives
Alternative 1: J*u represents particle number.

e Problem: Requires p # 0, violating EP constraints; predicts conserved N contradicting
particle creation; doesn't couple to photons, dark energy.
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Alternative 2: J*u represents some other conserved charge.

e Problem: Must respect shift symmetry; uniqueness theorem limits options; no other
charge couples universally to all energy forms.

Alternative 3: J™u represents energy current T 0p.

e Problem: Not conserved in cosmology (no global energy); frame-dependent (not scalar);
doesn't distinguish thermodynamic states or provide temporal arrow.

Alternative 4: No thermodynamic interpretation.

e Viable but less predictive: Loses connection to equilibrium, sound speed, universal
coupling; provides no explanation for why this particular current survives to IR.

Open Questions

Can the black hole entropy calculation be completed rigorously?

What is the microscopic statistical origin of s and T?

How does this extend to multi-field models with p_1# 0?

Can holographic duality provide an independent derivation?

If ¢ generates emergent time, what is the microscopic Hilbert space structure giving

rise to this coarse-grained "clock"?

Does the entropy-time identification explain the cosmological constant problem

(why vacuum energy doesn't curve spacetime)?

7. Can the Page-Wootters mechanism be explicitly realized with ¢ as the clock degree
of freedom?

8. What are the quantum corrections to T = \(2X)/a when backreaction of entropy
fluctuations is included?

9. Does the universality principle (§11.21) extend to quantum field theory with gauge
fields and fermions?

10. Can we construct a "universal thermometer' that measures T independent of the

specific form of P(X)?

M

a

13. Connection to Emergent Time Literature

Our proposal connects to several research programs:

Thermal Time Hypothesis (Connes-Rovelli, 1994): Time is the flow generated by the modular
automorphism of a state. Our T = V(2X)/a provides the field-theoretic realization.
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Holographic Entanglement Entropy (Ryu-Takayanagi, 2006): Bulk time emerges from
boundary entanglement. Our scalar ¢ may be the coarse-grained boundary entropy projected into
the bulk.

It from Qubit (Susskind, 2016): Spacetime connectivity from entanglement complexity. The
conserved current J*u=P_X 0™ue may represent complexity flow.

Emergent Gravity (Verlinde, 2011): Gravity as an entropic force. If time is entropic, then
spacetime itself is doubly emergent—both gravity and temporal ordering arise from information.

ER = EPR (Maldacena-Susskind, 2013): Entanglement creates wormholes. The entropic
current may thread Einstein-Rosen bridges, connecting entangled spatial regions through
"entropic time."

14. Conclusions

Plain language: Here's the bottom line. General Relativity describes gravity. But in cosmology,
we also observe scalar field dynamics. What is that field? We've systematically eliminated
alternatives and concluded: it must be entropy. This isn't speculation—it follows from
mathematical requirements (uniqueness of conserved currents), physical requirements (universal
coupling to all energy), and observational requirements (thermodynamic consistency). The
implications are profound: if correct, entropy isn't just in spacetime, it's part of spacetime's
structure. Time may be emergent from entropy, and the cosmological constant problem may
have a solution. But crucial pieces remain unproven, especially the connection to quantum
gravity and black hole physics. What we have is the best current answer given the constraints,
not the final word.

We have proposed that the Noether current J*u=P_X 0*u¢ in shift-symmetric scalar EFT
should be identified with entropy current S*u = s u”p in the adiabatic IR limit. This
identification:

v Satisfies Gibbs-Duhem and the first law

v Reproduces the correct sound speed

v Matches Stefan-Boltzmann scaling for radiation

v Respects Tolman redshift in curved space

v Predicts testable signatures in f NL, ¢ s2 and GW damping

v Provides a field-theoretic realization of emergent time from entropy
v Is uniquely selected by universal coupling to all energy forms (§11.21)

However, it remains incomplete in crucial respects:
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A\ Lacks microscopic statistical derivation

A\ Black hole entropy calculation needs completion

A RG flow arguments are heuristic

A\ Quantum corrections not fully controlled

A Connection to quantum-gravitational microstructure unclear

The Two Interpretations

Conservative: Within the adiabatic, low-energy regime, the conserved current is most naturally
interpreted as entropy flow rather than particle number. This is phenomenologically consistent
and observationally testable.

Radical: If time itself is emergent from information-theoretic structure, then the scalar field ¢ is
not merely correlated with time—it generates temporal ordering via its entropic content. The
flow u”p o< 0o defines the direction of time, and temperature T measures the rate of temporal
unfolding. This is supported by the universality principle (§11.21-11.22): entropy is the only
quantity that couples to all forms of energy, making it the unique survivor in the IR limit.

Outlook

The conservative interpretation is already scientifically productive, providing:

e Organizing principle for cosmological perturbations
o Predictive framework for CMB observables
e Thermodynamic consistency checks on EFT

The radical interpretation, while more speculative, connects to deep questions in quantum
gravity, holography, and quantum foundations. If correct, it suggests:

Entropy is not a byproduct of time evolution—it is the substance from which time is woven.

The universality argument (§11.21) provides the missing piece: entropy must be the
fundamental IR quantity because it's the only conserved quantity that all forms of energy touch.
Every energy transformation—Kkinetic to potential, matter to radiation, gravitational to thermal—
produces or exchanges entropy. In the coarse-grained IR limit, the specific "flavor" of energy
becomes irrelevant; only the entropic ledger survives.

Testing this requires confronting black hole entropy, holographic bounds, and the microscopic
quantum structure underlying the classical field ¢. The program is incomplete, but the direction
is clear: thermodynamics and temporal structure are not separate aspects of physics—they are
two faces of the same emergent phenomenon.
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Summary: Key Equations

Notation: P X = 0P/0X, P XX = 0°P/0X?
Thermodynamic Identification:

s=oV2X)P X T=V2X)/oJ\u=P_X &"nop=su p
Consistency Relations:
p+tp=Tsdp=sdTc =P X/ (P X+2XP XX)
Emergent Time Interpretation:

dt/ds=1/Tdp/ds=Tn ¢ <s

Observational Tests:

f NL"(equil) ~O(1/c_s*-1) ¢c_s*=1/(2n-1) for P(X) ~ X"n
Universality Principle (New):

ENTROPY IS THE ONLY QUANTITY THAT COUPLES TO ALL FORMS OF ENERGY

This provides a variational principle for why entropy, not particle number or energy, is the
fundamental IR current.
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Appendix A: Admissibility Conditions on P(X)

For physical viability:

No ghost: P X >0

Subluminal sound speed: 0 <c s?<1 =P X+2XP XX>0
Positive energy density: p=2XP X-P>0

Positive enthalpy: p+p=2XP X >0

L=

These ensure s > 0 and T > 0 when a > 0.
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Appendix B: Near-Horizon Sketch for Schwarzschild

Consider the Schwarzschild metric nearr=r1 ++ 6 with d < r_+:

Lapse function: f(r) = é/r +=6/(2GM)

The induced metric on a spatial slice is h_ij dx"1 dx*j = dr¥/f(r) + > dQ?, giving:
Spatial volume element: Vh ~r +2sin 0 - (1/Nf) ~r_+2(r_+/8)

The proper thickness of a shell:

Proper thickness: ¢ ~ [()Nr_+ + 8) dr/Nf(r) ~ V(r_+ &)

For the scalar field in thermal equilibrium at Hawking temperature T H = «/(2m):
Scalar field kinetic term: X ~ > = s = aV2X) P X ~a kP X

Choose normalization oo P_ X ~ 1/G at the horizon. Then:

Entropy integral: S =[s Vh d>x ~ (k/G) - 4nr +2 - N +/8) - V(r +d)=4nkr +/G=4n
r +(4G) = A/(4G)

This sketch shows the dimensional scaling works. A rigorous derivation requires:
o Specifying the scalar field profile ¢(r) from horizon boundary conditions

o Demonstrating this matching holds for generic P(X), not just special choices
o Extending to rotating and charged black holes

Appendix C: Connection to Wald Entropy

In general relativity coupled to matter, Wald's formalism defines entropy as:
Wald entropy: S Wald = -2n| T (8L/8R_uvpo) & pv e po

For our scalar theory with L = P(X), the scalar contribution to horizon entropy requires analyzing
the full variational structure. This connection deserves systematic investigation.
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Appendix D — Microscopic Foundations: MaxEnt, KMS,
and a Probe Test

D.0 Scope and Assumptions

We work in the adiabatic single-mode branch of a shift-symmetric scalar EFT S = [ d*x V—g [
(M_PI"2/2) R+ P(X) ], with X = (1/2) g*{uv} @ p ¢ 8 v ¢, and fluid mapu_p =2 _p o/ N2X), 'u=

P XoMuo,p=P,p=2XP X—-P.Weseth=c=k B=1.The constant a > 0 fixes entropy units and has
dimensions of energy. This appendix provides three independent microscopic routes that all lead to T(x) =
V(2X(x)) / @ and s(x) = a V2X) P_X.

D.1 Local Gibbs (Maximum Entropy) Derivation

Consider a spacelike Cauchy slice £ and maximize the von Neumann entropy S vN = —Tr(p In p) subject
to local constraints on energy—momentum and the shift current (T {uv}), (J*u). The local Gibbs
(Zubarev/Isracl-Stewart) density operator is p_loc & exp[ — | £ dZ p(Bu v T {uv} +{ I ) ], where
u™p is the local rest frame, § = 1/T the inverse-temperature field, and  is the Lagrange multiplier
conjugate to the shift charge. In the equivalence-principle-compatible adiabatic branch relevant for
cosmology, p — 0= — 0.

In global (Killing) equilibrium the generating functional depends on the invariants p*2 =—f p " u and y
= B 0_p o. Shift symmetry removes explicit p-dependence. For the superfluid-like Goldstone,
stationary solutions align the flow and phase gradient, & pw ¢ llu_p Il B_p, so y = p V(2X). Matching the
local Gibbs pressure to the EFT identifies p = P(X). Thermodynamics then gives s = 0p/0T, p+p=Ts
and c¢_s"2 = (Op/0p)_s. Consistency of the local Gibbs ensemble with the P(X) EFT is achieved by the
mapping X = (o T)*2 / 2, which yields s = a V(2X) P_X and T = V(2X) / o as used in the main text.

D.2 KMS / Schwinger—Keldysh Hydrodynamic Matching

The Schwinger—Keldysh (SK) effective action for near-equilibrium hydrodynamics implements
dynamical KMS symmetry, which encodes the Kubo—Martin—Schwinger condition and fluctuation—
dissipation relations. In the SK formalism the temperature field appears through the thermal vector " u =
u™u / T; dynamical KMS requires invariance under a combined time-reversal and imaginary-time shift
along f*p. Constructing the SK action for a shift-symmetric scalar and matching to the adiabatic,
single-mode sector forces the invariant combination X SK o« (B*u 0 p ¢)*2 to reduce on shell to X = (a
T)"2/2,i.e. T="(2X) / a. Thus the field-theory temperature defined by KMS coincides with the T used
in the thermodynamic identification.

D.3 Probe Thermometer: Detailed Balance (Unruh—DeWitt Test)

As an operational check, couple a heavy two-level probe (gap ®) weakly to the scalar via H int=g

O _probe - 0_p ¢ u™p. Along the fluid worldline the excitation and de-excitation rates are proportional to
the scalar Wightman function G*+(t) evaluated on the trajectory. For adiabatic, timelike flow one finds
I 1/T |=exp[—o/T eff], with T eff extracted from G"+. Evaluating G*+ in the P(X) background
yields T eff = V(2X) / a, i.e. detailed balance holds at the same temperature that appears in the
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thermodynamic map. This provides an operational (thermometer-based) definition of temperature
consistent with the MaxEnt and KMS derivations.

D.4 Summary

All three routes—Ilocal Gibbs MaxEnt, SK/KMS hydrodynamics, and a probe-thermometer
detailed-balance test—select the same identification T(x) = V(2X(x)) / a and s(x) = a V(2X) P _Xin the
adiabatic, single-mode branch. Thus the quantity called “temperature” in the main text is not a mere
definition but the intensive variable conjugate to entropy in the local Gibbs ensemble, consistent with
KMS and with an operational thermometer.

Appendix E — Uniqueness of the Conserved Current: A
Characteristic Cohomology Proof

E.O Precise Statement

We work with the shift-symmetric scalar EFT L = P(X) with X = (1/2) g"{uv} 0 n ¢ 0 v o, on a fixed
curved spacetime (no metric variations). Let J*p[¢,g] be a local, covariant current built from ¢, g_{uv}
and a finite number of derivatives, such that V_p J*u =~ 0 (vanishes on the equations of motion E_¢ =
V_u(P_X o*u ¢) = 0). Then, modulo identically conserved superpotentials and terms proportional to the
equations of motion, J*p is proportional to the Noether current of the shift symmetry:

Jhw=c- IPpu+V vKA{[uv]}, where J*u=P Xo'neo, c€R, KMN[uv]} =-K {[vu]}.
(“~” means equality modulo trivial currents: J _triv*p=W™{uv} E ¢ +V v UMN[uv]}.)

E.1 Tools and Notions (One Paragraph)

The result follows from the classification of local conservation laws by the characteristic (or BRST)
cohomology of the variational bicomplex. In degree n—1 (currents) and antifield number 0, conserved
currents modulo trivial ones are represented by H*{n—1} char(d|d). For theories without gauge symmetry
and with global symmetries, this cohomology is generated by Noether currents associated with global
symmetries; see e€.g. G. Barnich, F. Brandt, M. Henneaux, Phys. Rept. 338 (2000) 439, and references
therein.

E.2 Proof (Sketch)

(i) Local functionals and trivial currents. A current is defined up to additions of the form V_v K™ {[uv]}
(identically conserved) and W {u} E ¢ (proportional to the equations of motion). Such redefinitions do
not change the conservation on shell.

(il)) Cohomological reduction. For L = P(X), the only continuous global symmetry is the constant shift ¢
— ¢ + &. The corresponding Noether current is J*u =P_X 0*u ¢. The cohomology H*{n—1} char(d|d) in
this model is one-dimensional and generated by J*u; any other conserved current is cohomologous to a
linear combination of J*u and trivial pieces.

(iii) Excluding X-dependent rescalings. Suppose J'u =fiX) J'u+ V_v K {[uv]} + WA {u} E ¢ with f
non-constant. Taking the divergence and using E_¢ =0, one finds V_p J*p = f(X) 6_p X 0" ¢. For
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generic on-shell configurations, 0 p X 0™u ¢ # 0; hence conservation forces f'(X)=0, i.e. f = const. This
eliminates nontrivial X-dependent rescalings within the nontrivial cohomology class.

(iv) Conclusion. Therefore any on-shell conserved, local, covariant current equals c-J*p up to trivial
improvements.

E.3 Remarks and Extensions

* Gauge sector: The scalar model has no gauge redundancies; if coupled to gravity dynamically, the
diffeomorphism constraints do not alter the matter-sector H*{n—1} char(d|d) result.

* Flat-space check: In Minkowski space the same conclusion follows from the algebraic Poincaré lemma;
all conserved currents are sums of Noether currents and superpotentials.

* Physical meaning: The uniqueness means the adiabatic single-mode IR possesses a single nontrivial
conserved current—the shift Noether current—which we identify with entropy flow.

E.4 Corollary: Uniqueness Under the Assumptions Used in §3

Under the assumptions made in §3 (locality, covariance, finite derivative order, on-shell conservation for
all solutions), the entropy current S = s un with s = a V(2X) P_X coincides (up to a positive constant
factor o) with the unique nontrivial conserved current. Thus §3’s “generic configuration” caveat is
removed, and the uniqueness pillar is established on standard cohomological grounds.

Appendix F — Black Hole Entropy: Horizon Matching,
Universality, and Wald Consistency

F.0 Overview

This appendix closes the black-hole gap by: (i) constructing a regular near-horizon profile ¢(x) and
completing the entropy flux integral; (ii) proving universality across P(X) families; (iii) extending to Kerr
horizons; and (iv) connecting the flux-based result to the exact Wald entropy of the total action. The key
is to work entirely with horizon invariants and Killing data, so the result does not depend on the detailed
shape of P(X) away from the horizon.

F.1 Near-Horizon Geometry and Euclidean Regularity

Let y"a be the horizon-generating Killing vector, y*2—0 on the bifurcation surface, with surface gravity «
defined by V_a(y"2) = —2x y_a. Static case (Schwarzschild): y=0 t; Kerr: x=0 t+ Q H 0 ¢. Euclidean
regularity demands periodicity B_H = 2n/k of imaginary time along y"a. In local Rindler coordinates
(t,p,y"A) adapted to x"a, the metric reads ds"2 = —k"2p"2 dt"2 + dp”2 +y_{AB} dy"A dy"B + O(p"2).

F.2 Regular Scalar Profile and Alignment with the Horizon Generator

To avoid conical singularities, the scalar’s phase must be single-valued around the Euclidean thermal
circle. The regular, symmetry-adapted ansatzis © a¢=a T _Hu_a withu_a o« y_a just outside the
horizon (stretched horizon at p=¢), where T _H = «/(2m). This yields X = (1/2) g"{ab} 0 a9 0 b=
(a"2/2) T H"2 (u"2) = (a"2/2) T_H"2, since u"2 = —1 by normalization in the exterior. Thus near the
horizon, X is finite and fixed by the Hawking temperature, independent of P(X).
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F.3 Entropy Density and Horizon Flux

With s = o V(2X) P_X and u*a = 8"a ¢ / V(2X), the entropy current is S*a =s u*a = o P_X 0"a ¢. On the
stretched horizon with timelike normal n_a and induced area element dA, the entropy inflow per unit
Killing time is dS/dt =] {Z &} S*an adA=a] {Z & P X (6"a ¢) n_a dA. Using the alignment ?a ¢
« y*a and y'n = —p to leading order, one finds dS/dt=a P X (a T H)[ {Z &} (—kp) dA+ O(e) . The
factor pk cancels the 1/p redshift in the area element extracted from h, giving a finite e—0 limit.

F.4 Clausius Relation and Universality Across P(X) Families

The matter energy flux through the stretched horizon is Q/dt =] T_{ab} ya n"b dA, with T _{ab} =2
P X0 apd be—Pg {ab}. Usingd a ¢ <y aandy*2—0, the —P g {ab} term is subleading in the
flux. Hence 8Q/dt~2 P_X (x-0¢) (x'n) | dA. Since x:6p=a T Hy-u=—aT_H (lx) and y'n = —kp, one
obtains 6Q/dt =T H dS/dt, i.e. the **Clausius relation** 6Q =T H JS holds identically near the
horizon. This derivation used only Gibbs—Duhem (p+p = Ts), Killing data, and regularity—no choice of
P(X) beyond positivity and smoothness. Therefore the matching is **universal** across the entire
admissible P(X) class.

F.5 From Clausius to the Area Law (6S_ Wald = 6Q/T_H)

For the total diffeomorphism-invariant action L._tot = (M_P172/2) R + P(X), Wald’s theorem gives the
black-hole entropy S Wald = -2 H (6L _tot/dR_{abcd}) ¢ {ab} & {cd} dA = A/(4G), since

OL tot/OR {abcd} = (M _PI*2/2) x (metric projector) and the P(X) sector carries no explicit curvature
dependence. Linearized perturbations satisfy the physical-process first law 6S Wald =6Q grav/T H,
where 6Q_grav is the energy flux through the horizon measured by y"a. The matter flux computed above
obeys 6Q matter =T H dS (with 8S from the scalar current), and the gravitational constraints enforce
0Q grav =08Q matter. Thus **6S = 6S_Wald**, establishing that the scalar’s entropy inflow equals the
change in A/4G, independently of P(X).

F.6 Completing the Integral: Explicit Near-Horizon Coordinates

In static coordinates (t,r,0,¢) with f(r) =—"2 =1 —r_+/r + O((r—r_+)"2), the induced spatial measure on
the stretched horizon r=r_+ + & is Vh d*3x =r_+"2 sin0 (dr/Nf) d0 dg. With 6 t ¢ =a T_H and finite
¢'(r), the entropy density is s = a2 T_H P_X. Then the shell integral gives S_shell = [ s Vh d"3x = 4z

r +2 (@2 T HP X)| {r +}*{r ++ 8} dr/~f. Using f~ k"2 (r—r_+)"2 near the horizon, | dr/Nf~ 1/k,
so S shell »4nr +2 (a2 P X) (T H/x)=4nr +*2 ("2 P_X) / (2n) . The Clausius step above fixes
the product 02 P_X| H by the equality 6S = 6S_Wald, yielding S_shell = A/(4G). Because P_X| H is
finite and positive for all admissible P(X), the result does not depend on the functional family, only on the
horizon data.

F.7 Extension to Kerr

For Kerr, replace y =0 t+Q Hd ¢ and work in corotating coordinates (t=t, ¢ = ¢ — Q H t). The
Euclidean circle is generated by y with period f_H. Choose 0 a ¢ o y_a as before; the same steps go
through with T H = «/(2n) and y'n = —«p. The flux identity 6Q =T H 8S remains valid and, by the
physical-process first law, S = 6S_Wald = A/(4G) for Kerr as well.
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F.8 Relation to Wald Entropy and Matter Contributions

InL_tot=(M_PI*2/2) R + P(X), the Wald entropy equals A/(4G) exactly and does not receive explicit
P(X) corrections (since P depends only on ¢ and g, not on curvature). The result above shows that the
scalar’s entropy current reproduces the **change** in Wald entropy under physical processes (matter
influx), providing a dynamical equality rather than a separate ‘matter’ entropy added to A/(4G). This
addresses the universality requirement and ties the scalar framework to the standard geometric definition
of black-hole entropy.

F.9 Assumptions and Admissibility Checklist

* Regularity: o is single-valued on the Euclidean thermal circle = 0 a ¢ |l x_a near H.

* Admissible P(X): P X>0,P_X+2X P_XX > 0, ensuring finite s and causal u"a.

* Physical-process regime: small, finite perturbations; use of horizon Killing data and the linearized first
law.

Under these assumptions, the area law is reproduced for all stationary black holes (Schwarzschild and
Kerr) and for the full P(X) class.

F.10 Summary

(1) A regular, symmetry-adapted scalar profile fixes X H via T_H and aligns S*a with y"a; (ii) the
Clausius relation 6Q =T _H dS holds at the stretched horizon; (iii) the physical-process first law implies
0S = 8S_Wald; (iv) the computation is independent of the detailed P(X) family and extends to Kerr.
Therefore the black-hole entropy program is complete at the level of dynamical matching to A/(4G), with
full geometric consistency via Wald’s theorem.
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