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Abstract

We propose a theoretical framework in which time is not a fundamental background pa-
rameter, but instead emerges dynamically from the phase structure of a complex scalar field.
By decomposing the field as ®(x) = A(z)e’®) we interpret the gradient of the phase field as
defining a local temporal direction.

A global phase symmetry leads, via Noether’s theorem, to a conserved current j* = A29"0,
which we identify as a physical temporal flow. This current contributes directly to the energy-
momentum tensor and provides a dynamical source for spacetime curvature when coupled to
gravity.

In a cosmological context, the phase dynamics naturally reproduces ultra-light dark matter
behavior. In particular, coherent oscillations of the scalar field yield an effective pressureless fluid
at large scales, consistent with standard cold dark matter phenomenology. We further analyze
linear perturbations and demonstrate that phase excitations propagate relativistically, ensuring
stability under appropriate conditions.

Within this framework, particle mass arises dynamically from the curvature of the scalar
potential around its vacuum configuration, rather than being introduced as a fundamental pa-
rameter.

This approach establishes a unified connection between time, symmetry, gravity, and dark
matter within a single scalar field model, suggesting that temporal structure itself is an emergent
feature of underlying field dynamics.

1 Introduction

1.1 Motivation and Conceptual Framework

One of the deepest unresolved problems in modern theoretical physics is the nature of time.

In general relativity, time is a geometric component of spacetime, dynamically affected by matter
and energy. In contrast, in quantum theory, time is treated as an external parameter, not subject

to dynamical evolution.

This fundamental inconsistency suggests that our current understanding of time is incomplete.
At the same time, the origin of dark matter remains unknown, and current models rely on phe-
nomenological particle candidates without a clear connection to spacetime structure or fundamental

symmetries.

These issues point toward a deeper possibility:
time itself may not be fundamental, but instead may emerge from underlying field dynamics.



In this work, we propose a framework in which time arises dynamically from the phase structure
of a complex scalar field.
By decomposing the field as
®(z) = A(x)e’”), (1)

we interpret the gradient of the phase field as defining a local temporal direction.
A global phase symmetry leads, via Noether’s theorem, to a conserved current:

j* = A20m, (2)

which we identify as a physical temporal flow.
This identification leads to a unified picture in which:

e time emerges as a dynamical quantity,
e gravity is sourced by the phase structure of the field,

e ultra-light dark matter behavior arises naturally from field oscillations.

Thus, the model provides a single theoretical framework linking symmetry, time, gravity, and
cosmology.

Importantly, this approach shifts the role of time from a fundamental background parameter to
an emergent property of field dynamics.

1.2 Overview of the Model

In this work, we propose a theoretical framework in which time is not assumed as a fundamental
background parameter, but instead emerges dynamically from the internal structure of a complex
scalar field.

The model is based on the decomposition:

®(z) = A(x)e?®) (3)
where the amplitude A(z) and phase §(x) are treated as independent physical degrees of freedom.
The central assumption is that the phase field defines a local temporal structure through its

gradient:
060 — local time direction (4)
This leads to a reinterpretation of time as a dynamical quantity.

A global phase symmetry:

6 — 0 + constant (5)

1.3 Emergent Nature of Time from Field Frequency

In the SDT framework, time is not treated as a fundamental external parameter, but rather as an
emergent quantity associated with the intrinsic frequency of the underlying field.
We consider a scalar field 6(z*) governed by the Lagrangian:

1
L= 50,00"0 - V(6) (6)



For small perturbations around equilibrium, the field admits plane-wave solutions of the form:

9(55, t) ~ ei(kx—wt) (7)

which satisfy the dispersion relation:

w? = A2k? (8)
In this formulation, the local notion of time is identified with the inverse of the field’s intrinsic

frequency:

dr 1 (9)

w

Under Lorentz transformations, the invariant relation
w? — 2k* = invariant (10)

implies that the observed frequency transforms as:

, W
w == (11)
gl
Consequently, the proper time becomes:
dt
dr = — (12)
Y

which reproduces the standard relativistic time dilation.

This result suggests that time dilation arises from a reduction in the local field frequency.
Therefore, within the SDT framework, time is interpreted as an emergent dynamical quantity
directly tied to the field’s oscillatory structure.

1.4 Gravitational Time Dilation from Field Potential

In the SDT framework, gravitational effects arise from modifications of the effective field frequency
induced by the potential term V().

We consider that the local oscillation frequency of the field is altered in the presence of a
background potential:

wip = Wi + 6V (0) (13)

where wy is the vacuum frequency and V() represents local deviations due to energy density.
Since proper time is inversely related to the local field frequency, we obtain:

1
dT 14
o (14)
For weak fields, expanding to first order:
%
Weff = Wo <1 + 2) (15)
2w;

Thus, the proper time becomes:



dr ~ dt <1 - 5V2> (16)
2wy

Identifying the potential term with the Newtonian gravitational potential ®, we recover:

20
dr ~ diy[1+ (17)

which is the standard expression for gravitational time dilation in the weak-field limit.
This result indicates that gravitational time dilation emerges from local suppression of the field
frequency, providing a dynamical interpretation of curved spacetime effects.

1.5 Emergence of Schwarzschild Time Dilation

We now connect the phase dynamics to gravitational effects.
In the SDT-inspired framework, local time is inversely related to the intrinsic phase frequency:

1
fs(r)

We postulate that the presence of mass modifies the local phase frequency as:

2GM
fs(r) = fo\J1 == (19)
dr = dty[/1 - QZ‘;W (20)

which exactly reproduces the Schwarzschild time dilation factor.
This suggests that gravitational time dilation arises from a local suppression of phase dynamics.
gives rise to a conserved Noether current:

dr (18)

Thus, the proper time becomes:

= A20Mf (21)

which we interpret as a temporal flow.
This current plays a central role:

e It governs phase dynamics,
e It contributes to the energy-momentum tensor,
e [t sources spacetime curvature,

e It drives cosmological evolution.

Thus, the framework establishes a direct connection between phase symmetry, temporal struc-
ture, gravity, and dark matter.



2 Fundamental Field Structure and Equations of Motion

2.1 Emergence of the Speed of Light

We now derive the fundamental relation for the propagation speed.
Starting from the phase decomposition:

®(z) = A(x)e?®) (22)

we define the phase gradient:
k, = 0.0 (23)

For massless excitations, Lorentz invariance requires:

Kk, =0 (24)
which gives the dispersion relation:
W=k =0 (25)
Thus: w
_ ¥ 26
=" (26)
Defining;:
w 27
s=—, L=— 27
we obtain:
c=fs-L (28)

This shows that the speed of light emerges as a ratio between phase frequency and spatial scale.

2.2 Connection to Planck Scale

We now relate the propagation speed to fundamental scales.
The Planck length and Planck time are defined as:

hG hG
lP:”cT’*’ tpzwlci5 (29)

e _, (30)
lp

Taking the ratio:

Identifying the characteristic spatial and temporal scales as:

1
LNlPu fswg (31)

we obtain:

c=fs-L (32)

This shows that the speed of light is consistent with the ratio of fundamental spacetime scales.



2.3 Perturbation Analysis and Wave Propagation

We now study small perturbations of the phase field.
Assuming a constant background amplitude:

A(z) = Ao (33)
the Lagrangian reduces to:
1
£y = —5 A3 (2,0)(2,0) (34
The equation of motion becomes:
Ou(g"0,0) =0 (35)
In flat spacetime, this reduces to:
20 — V%0 =0 (36)
Using a plane wave ansatz: ‘
0 ~ ez(k:c—wt) (37)
we obtain the dispersion relation:
2 _ 219
w’ = c"k (38)

This demonstrates that small phase perturbations propagate as massless relativistic excitations
with invariant speed c. Importantly, this propagation speed coincides with the ratio previously
identified as

c=fs- L (39)

thereby linking the emergent wave dynamics to the underlying characteristic scales of the theory.
This establishes ¢ not as a fundamental postulate, but as an emergent quantity determined by the
internal structure of the field.

2.4 Field Decomposition
®(z) = A(z)e?™@ (40)

3 Noether Symmetry and Emergent Time

3.1 Global Phase Symmetry
The Lagrangian depends on the phase field §(x) only through its derivatives:

L= —%g“” [(0,4) (9, A) + A%(9,0)(9,8)] — V(A) (41)

Thus, the theory is invariant under a global phase shift:

O(z) = 0(x) + e (42)

where € is a constant.



3.2 Variation of the Fields

Under this transformation:

0=¢,  SA=0

Since € is constant:

5(8#9) = 8u(59) =0
Thus:

0L=0

which confirms the symmetry.

3.3 Noether Current Derivation

To derive the conserved current, we promote € to a spacetime-dependent parameter:

e — e(x)
Then:
00 = e(x)
and:
0(0,0) = Ope(x)
Now compute the variation of the Lagrangian:

oL

6£ = m 8“6
We already know:
oL
= — A%+
0(0,.9)

Thus:
L = —A%0"0 o€

3.4 Integration by Parts

The variation of the action is:

68 = /d4a:\/7—g<5£

Substitute:

0S8 = —/d4x\/—gA28“98ue

(46)

(47)

(48)

(49)



Integrating by parts:
68 = / d*z/=g [V,.(A%0"0)] € (54)
3.5 Noether Current and Conservation Law

Since the action is invariant for constant €, the coefficient of e(x) must vanish:

V. (A%0") = 0 (55)

Thus, we identify the conserved Noether current:

j* = A%0"0 (56)
with conservation law:
Vit = (57)
3.6 Physical Interpretation
The Noether current takes the form:
jH = A%0M0 (58)

This implies:
e The gradient of the phase defines a preferred direction in spacetime,

e The amplitude A% weights this direction,

e The conserved current represents a flow associated with the phase structure.
We therefore interpret:

j*  <— temporal flow (59)

This leads to the central statement of the framework:

Time emerges as a conserved Noether current associated with phase symmetry‘ (60)

3.7 Consistency with Equations of Motion

We observe that the equation of motion for the phase field derived in Section 1:
V,.(A%0M0) = 0 (61)
coincides exactly with the Noether conservation law:

Vit = (62)

This demonstrates the internal consistency of the framework and confirms that the phase dy-
namics is governed by an underlying symmetry principle.



4 Coupling to Gravity

4.1 Total Action

To include gravitational dynamics, we extend the action by adding the Einstein—Hilbert term:
S = /d4m\/jg B (63)
167G
where R is the Ricci scalar and £ is the scalar field Lagrangian:
1
L= —gg‘“’ [(8MA)(8,,A) + AQ(OMG)(&,H)] —V(A) (64)

4.2 Variation with Respect to the Metric

The energy-momentum tensor is defined as:

2 dSmatter
T = - —— — 7% 65
V') 5g;w ( )
We now compute the variation of the matter action:
Smatter = /d4$\/ _g[’ (66)
Using the identity:
1 174
0(V=9) = =5V ~99u09" (67)
we obtain:
1
(5Smatter = /d4x\/ -9 |:6£ - zguyﬁ(jg#V] (68)
4.3 Variation of the Lagrangian
The Lagrangian depends explicitly on g"”:
1
£ =—30" X~ V(4) (69)
where we define:
X = (0,A)(0,A) + A%(9,0)(0,0) (70)
Thus:
oL 1
=——X,, 1
aguy 2 I (7 )
and:
1
oL = —in,ég“” (72)



4.4 Energy-Momentum Tensor

Substituting into the variation:

1

1
0 Smatter = /d4x\/ -9 |:_2X,u1/ - 59#1»6 59“'/

Thus, we identify:

THY — XMV _ gul/£
Explicitly:

TH = (OFA)(9” A) 4+ A%(06)(8"0) — g™ L

4.5 Einstein Field Equations

Varying the full action with respect to g, yields:

|G = 8xG T |

where G* is the Einstein tensor.

5 Consistency with General Relativity

5.1 Covariant Structure
The theory is constructed from a generally covariant action:

— 4 — R
S—/dx\/ g(leG+£

(76)

(77)

Thus, diffeomorphism invariance is preserved, ensuring compatibility with general relativity at

the fundamental level.

5.2 Energy-Momentum Conservation

From the Einstein equations:

G =8rGTH
and the Bianchi identity:
V,.G" =0
it follows that:
vV, T" =0

In our model, this conservation law is satisfied explicitly through the phase equation:

V. (A%0"6) = 0

which coincides with the Noether conservation law.
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(79)

(80)

(81)



5.3 Newtonian Limit

In the weak-field limit, the metric is expanded as:

goo = —(1 4 2®) (82)
The Einstein equations reduce to:
V20 = 47Gp (83)
In our model, the energy density is:
Lo 1 95
p= §A + §A 0“4+ V(A) (84)

For slowly varying amplitude and dominant phase evolution:

0~m (85)
we obtain:
~ L2 a2
prGm A (86)

Thus, the standard Poisson equation is recovered, demonstrating consistency with Newtonian
gravity.

5.4 Cosmological Limit

In a homogeneous FRW background:

8rG
o2 === (87)
3
Using the effective energy density:
p~m?>A> (88)
and averaging over oscillations:
(p) =~ 0 (89)
we obtain:
p
w==~0 (90)
p

which reproduces cold dark matter behavior in standard cosmology.
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5.5 Summary of Consistency

We conclude that:
e The theory is fully covariant,
e Energy-momentum conservation is satisfied,
e The Newtonian limit is correctly reproduced,

e Cosmological evolution matches standard cold dark matter behavior.

Therefore, the model is mathematically consistent with general relativity in all relevant limits.

5.6 Mass Generation and Physical Interpretation

To study small fluctuations around the vacuum, we expand the field as

A(z) = v+ o(z) (91)

Expanding the potential around its minimum:

1
V(A) ~ V(v)+ 5V”(v)a2 (92)
we compute:
V"(A) = A(3A% —v?) (93)
and at the vacuum:
V" (v) = 2 0? (94)

Therefore, the fluctuation field o(x) acquires a mass:

m2 =V"(v) = 22 (95)

showing that particle mass emerges from the curvature of the potential at its minimum.

This result shows that mass is not a fundamental input parameter, but is dynamically generated
by the structure of the scalar potential.

The energy-momentum tensor contains two distinct contributions:

e Kinetic energy of the amplitude A,
e Phase-gradient energy A?(0"0)(9"0).
This implies:

0M6 acts as a source of spacetime curvature (96)

Thus, the emergent temporal structure directly contributes to gravitational dynamics.

12



5.7 Consistency with Noether Structure

We observe that the conserved Noether current:

gt = A*0r (97)
appears explicitly in the energy-momentum tensor:
ey

oLy (98)

This shows that the conserved temporal current is directly responsible for sourcing spacetime
curvature.
Thus, the gravitational field is dynamically linked to the Noether structure of the theory.

6 Cosmological Dynamics

6.1 FRW Background
We consider a spatially flat Friedmann—Robertson-Walker (FRW) metric:

ds® = —dt* + a(t)*da? (99)
where a(t) is the scale factor.
We assume homogeneous fields:
A= At), 0 =0(t) (100)
6.2 Kinetic Terms
Using the metric, we compute:
(9,A) (0" A) = —A* (101)
(9,0)(0"0) = —6? (102)
Thus the Lagrangian becomes:
Lo 1 9

6.3 Energy Density and Pressure

From the energy-momentum tensor, we identify:

1oy 1
p= §A2 - 5A?02 +V(A) (104)

1. 1 ..
p= 5A? + 514292 —V(A) (105)
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6.4 Friedmann Equations
The Einstein equations reduce to:

_ 8nG

H = —47G(p +p)

where H = a/a.

6.5 Field Equations in FRW

The amplitude equation becomes:

A+3HA - AP*+V'(A) =0

The phase equation becomes:

dt

6.6 Conserved Quantity

From the phase equation:

a® A0 = const

This corresponds to the conservation of the Noether charge in an expanding universe.

6.7 Ultra-Light Dark Matter Limit

We consider the regime where the phase evolves rapidly:

Thus:

The energy density becomes:

e %A2m2 +V(A)

If the potential is dominated by a mass term:

then:

14

4 <a3A29> =0

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)



6.8 Effective Cold Dark Matter Behavior

Averaging over oscillations:

(p) =0 (116)
Thus:
p
w===~0 117
; (117)

which reproduces cold dark matter behavior.
6.9 Physical Interpretation
We observe:

e The phase dynamics drives oscillatory behavior,
e The amplitude sets the energy density,

e The conserved Noether charge controls cosmological evolution.

Thus, ultra-light dark matter emerges naturally from the phase structure of the field.

7 Linear Perturbations and Stability

7.1 Perturbation Setup

We introduce small perturbations around a homogeneous background:

A(t, @) = Ap(t) + 0A(t, X) (118)
0(t, %) = Oy(t) + 60(t, &) (119)
where 6 A < Ay and 60 < 1.
7.2 Perturbation of the Current
The Noether current is:
j* = A%0"0 (120)
Expanding to first order:
571 = 2406 A 0"0y + AZ0M60 (121)
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7.3 Perturbed Conservation Equation

The conservation law:

Vit =

gives, at linear order:

V65" =0

In an expanding background, this becomes:

gt (a3(5j0) +aV-55=0

7.4 Phase Perturbation Equation
Focusing on 6, we obtain:

50 + 3H&0 — %v%e =0

7.5 Amplitude Perturbation Equation

The amplitude perturbation satisfies:

. . 1
6A+3HOA — $V26A +m26A =0

where:
meg = V"(Ao) + 65

7.6 Fourier Decomposition

We decompose perturbations into Fourier modes:

-

SA(t, ) = / kS AL(t)er T

Similarly for 66.
The equations become:
; . k2
§Ay +3HS A, + <a2 + mzﬁ> §AR =0

. . k2
60, + 3HO, + g(;Qk =0
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(123)

(124)

(125)

(126)

(127)

(128)

(129)

(130)



7.7 Stability Condition
Stability requires:
m2g > 0 (131)

Thus:

V"(Ag) + 62 >0 (132)

This ensures that perturbations do not grow exponentially.

7.8 Jeans Scale
The characteristic scale is given by:
K~ a?mls (133)

Below this scale, perturbations can grow and form structure.

7.9 Physical Interpretation

We conclude:

Phase perturbations propagate as waves,

Amplitude perturbations behave like massive modes,

The phase gradient contributes to effective mass,

Structure formation is controlled by the Noether current.

Thus, the emergent temporal structure plays a direct role in cosmological stability and structure
formation.

8 Discussion and Physical Implications

8.1 Summary of the Framework

We have developed a theoretical framework in which:

e A complex scalar field is decomposed into amplitude and phase,

The phase defines a local temporal structure,

A conserved Noether current emerges from phase symmetry,

This current contributes directly to the energy-momentum tensor,

The theory is consistently coupled to gravity,

Cosmological dynamics reproduce ultra-light dark matter behavior,

Linear perturbations remain stable under suitable conditions.
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8.2 Conceptual Implications

The central conceptual shift of this framework is:

Time is not a fundamental background parameter, but an emergent dynamical quantity
In particular:

e Temporal flow is identified with a conserved Noether current,
e Spacetime curvature is sourced by this temporal structure,

e The arrow of time may arise from symmetry breaking.

8.3 Observable Consequences

The model suggests several potentially testable signatures:
e Modified structure formation at small scales due to phase dynamics,
e Deviations from standard cold dark matter at the Jeans scale,
e Possible imprints on cosmological perturbation spectra,

e Coupling between temporal flow and gravitational dynamics.

8.4 Future Directions

Further work should include:
e Detailed numerical simulations of structure formation,
e Constraints from cosmological data,
e Extension to relativistic perturbations,

e Exploration of symmetry breaking mechanisms.

9 Conclusion

(134)

In this work, we have developed a theoretical framework in which time is not introduced as a
fundamental background parameter, but instead emerges dynamically from the phase structure of

a complex scalar field.

By decomposing the scalar field into amplitude and phase components, ®(x) = A(z)e?®) we
identified the gradient of the phase as defining a local temporal direction. A global phase symmetry
leads, via Noether’s theorem, to a conserved current j* = A20*f, which we interpret as a physical

temporal flow.

This identification provides a direct link between symmetry principles and the emergence of
time, and naturally embeds temporal dynamics into the energy-momentum tensor. As a result, the
phase structure of the field contributes to spacetime curvature, establishing a dynamical connection

between time and gravity.
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In a cosmological context, the model reproduces the behavior of ultra-light dark matter through
coherent oscillations of the scalar field. The effective equation of state approaches that of pressure-
less matter at large scales, while linear perturbation analysis confirms relativistic propagation and
stability under appropriate conditions.

Furthermore, we have shown that particle mass is not a fundamental input parameter, but
arises dynamically from the curvature of the scalar potential around its vacuum configuration.
This provides a unified mechanism in which mass generation, temporal structure, and gravitational
dynamics all emerge from the same underlying field.

Taken together, these results suggest a unified perspective in which time, gravity, and dark
matter are not independent ingredients of the theory, but different manifestations of a single scalar
field framework governed by symmetry and phase dynamics.

Future work may explore extensions of this framework, including coupling to additional fields,
phenomenological constraints, and potential observational signatures that could distinguish this
model from standard cosmological scenarios.

This result suggests that temporal structure, gravitational dynamics, and cosmological phenom-
ena may all arise from a single underlying mechanism: the phase dynamics of a fundamental scalar
field.

In this sense, time is no longer a background parameter, but an emergent quantity tied directly
to field geometry and symmetry.

This perspective opens a pathway toward a deeper unification of spacetime structure, matter,
and cosmological evolution within a minimal scalar field framework.

Keywords: emergent time, scalar field theory, Noether symmetry, dark matter, gravitational dy-
namics
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