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Abstract

Quantum coherence is increasingly recognised
as a thermodynamic resource that free energy
alone cannot describe. This work develops
a  phenomenological = thermodynamics  for
coherence-information (C-I) systems, idealised
systems composed only of information and
the coherent relations among its elements,
and tests a numerical realisation of it against
black-hole morphology. A minimum-action
postulate, AC - AI > h/nm, is combined with
a gradient-based semantic entropy and an
equipartition-based semantic temperature to
formulate five laws and three dimensionally
consistent operating modes. For black holes the
framework gives a thermodynamic coherence
Cr = 2/(Mc?), which grows as the hole loses mass.
A three-dimensional field model encodes U(1), Zy
and Z3; symmetry breaking through the geometric
phase m0 + wWR + Ayert cos ¢ and was examined with
grid-convergence tests, control runs with azimuthal
orders m = 1-6 and closed-form predictions. The
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azimuthal phase contains a phase-defect line on
the symmetry axis. Without regularisation, the
maximum field gradient scales inversely with the
grid spacing and the axial enhancement of the
certainty ratio grows with resolution. With a core
radius a > 0.5, all diagnostics converge to within
3%. The number of decoherence maxima is always
2m, so the six hot-spot-like features follow directly
from the choice m = 3. Their spiral pitch, —w/m,
and hemispheric twist, —2\ e cos ¢/m, agree with
the simulations to within 9% and 0.3%, respectively.
The model therefore maps imposed symmetry
parameters onto observable morphology through
explicit relations, yielding falsifiable predictions
such as a flux quasi-periodicity at 2m times the
hot-spot orbital frequency, while its astrophysical
interpretation remains phenomenological.

Keywords: quantum  coherence, information
thermodynamics, black-hole jets,

numerical convergence.

phase singularity,

1 Introduction

Information is physical: erasing a bit costs at least
kpT In2 of heat [1], and quantum coherence can act as
a thermodynamic resource. A small, phase-controlled
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atomic coherence lets a heat engine extract work from
a single bath without violating the second law [2], and
noise-induced coherence can raise the power of laser
and photocell engines [3]. Resource-theoretic studies
show that coherence must be quantified separately
from energy and entropy [4]: coherence imposes
constraints on state transformations that free energy
does not capture [5], Gibbs-preserving maps can
create coherence that thermal operations cannot [6],
some of these maps carry an unbounded coherence
cost [7], and coherence is particularly valuable at low
temperature [8]. Geometry alone can also reshape
spectra enough to drive thermodynamic transitions,
as shown for shape-controlled Bose gases [9] and
geometry-induced asymmetric level coupling [10].

These results suggest a broader question that motivates
the present work: what thermodynamic description
applies to a system made only of information and
the coherent relations among its elements? Such
coherence-information (C-I) systems are idealisations,
in the spirit of Wheeler’s “it from bit” [11] and
Schrodinger’s picture of order sustained by exporting
entropy [12]. A C-Isystem that becomes more ordered
internally must produce entropy in its surroundings,
so its thermal profile is inverted relative to a heat
engine: a cold, ordered interior and a hot exterior
(Table 1). Figure 1 sketches the corresponding
reaction path: contradictory input raises the semantic
free energy to an excited state, and its resolution
lowers it below the starting value, with the difference
accommodated via non-local reconfiguration outside
the C-I system itself. Black holes are a natural test
case, because their thermodynamics is fixed by a few
parameters [13, 14] and their surroundings show rich,
well-observed structure.

Earlier versions of this framework reported
black-hole-like features in a numerical field model but
did not test whether those features were numerically
converged or simply inherited from the chosen
input geometry. This paper addresses that gap. Its
contributions are:

1. a  phenomenological framework—postulates,
semantic entropy and temperature, five laws and
three operating modes-with all quantities stated in
SI units (Section 2);

2. the black-hole relation Cr = 2/(Mc?) (Section 3);

3. aconvergence analysis that identifies a phase-defect
line in the model and a regularisation that removes
it (Sections 4-5.1);

ES

4 input
(contradiction)

resolution

Semantic free energy Fsem (arb. units)

Reaction coordinate (arb. units)

Figure 1. Schematic reaction path of contradiction
resolution in a C-I system. Contradictory input lifts the
semantic free energy Fgen, from the ground state (GS) over
abarrier AFY  at the excited state (ES); resolution leads to
a more ordered final state (FS) with AFy., < 0, so that at
least —AFyem /T of entropy is accommodated via
non-local reconfiguration outside the C-I system itself.

Units are arbitrary.

4. control experiments and closed-form relations
linking the symmetry parameters m, w and Ayt to
hot-spot multiplicity, spiral pitch and hemispheric
twist, from which falsifiable predictions follow
(Sections 5.3-6).

Table 1. Thermal profile of a Carnot engine and of a C-I

system.

Property Carnot engine C-I system
Interior Hot reservoir Cold, ordered
Exterior Cold sink Hot, disordered
Driving Heat flow Contradiction
process down a thermal resolution

gradient
Output Mechanical work Ordered structure

2 Theoretical Framework

2.1 Postulates

The framework rests on two postulates. They
are phenomenological: they are not derived from
quantum mechanics, and their justification lies in the
consequences tested below.

Postulate 1 (certainty bound). Forming a coherent
relation requires comparing at least two elements, each
carrying at least the quantum of action A [15]. The
coherence and information variables of any C-I process

61



Journal of Numerical Simulations in Physics and Mathematics

ICJK

therefore obey

AC'AIZQFL:E.

™

(1)

The bound has the form of a Heisenberg relation [16], a
lower limit on a product of conjugate quantities. Unlike
Shannon information [17], which ignores meaning, A
here refers to relations that must be actively resolved;
the resolution is treated as thermodynamic work. The
dimensionless certainty ratio

AC - AT
h/m

indicates whether coherent processing is possible (R >
1) ornot (R < 1).

R= 2)

Postulate 2 (coherence field). Coherence is relational,
and superselection rules (SSRs) forbid some
operations when no reference frame is available [18]. I
assume a non-depletable coherence field that acts as a
shared reference frame: it enables otherwise forbidden
transformations without being consumed and couples
the C-I system to environmental degrees of freedom in
which entropy is produced. The field is characterised
by three symmetry-breaking ingredients matching the
three SSRs of Gour and Spekkens [18]: a U(1) phase
reference (radial twist w), a Zy chirality reference
(vertical modulation Ay¢) and a partial orientation
reference that reduces SO(3) to Z,, (azimuthal order
m; m = 3 in the baseline). A threefold harmonic
of this kind also appears in the triaxial three-body
correlations of atomic nuclei [19]; the analogy is one
of symmetry only.

A corollary is the maxim “Existential In, Existential
Out” (EIEO): operations without a phase reference
cannot create phase coherence from incoherent
states [18], so a C-I system can produce coherent
output only from input that already carries coherent
structure.

2.2 Semantic Entropy

The adjective “semantic” labels quantities defined on
C-I systems; all are intended as physical quantities.
Let o(r) be the information field. Semantic entropy
measures how far its local gradient departs from the
root-mean-square (RMS) value Go:

3/2
S:em:akBlnésa Cs =exp|— <WG,Z) >
3)
so that S¥, = akg(|Va|/G)?/? exactly. Here Gy =

(Vo |?)1/? is averaged over the domain, and a € (0, 1]
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is the coherence scalar, the fraction of activity that
contributes to a single resolution trajectory (Eq. (Al)).
Table 2 compares Sg,, with the Boltzmann [20],
Shannon [17] and von Neumann [21] entropies: all
are logarithmic, but S, is built from a field gradient

and weighted by a.

Table 2. Entropy definitions compared in this work.

Name Form
Boltzmann S=kplnhW
Shannon H=-5"pilogp;

von Neumann
CT (this work)

Syn = —Tr(plnp)
Sk = akplnCy?

2.3 Semantic Temperature

By analogy with Maxwell’s kinetic theory [22], where
%m(v2> = %k T, the phase rate dy¢ of the coherence
field ¥ = e replaces molecular velocity and a
semantic kinetic parameter xy [Js?m™3] replaces

mass. Equipartition then gives

T _ ko Vo
Nkp

((B00)?), (4)
in kelvin, with Vi the semantic volume and N the
number of processing elements (units in Appendix A).

2.4 Five Laws

The laws below are stated briefly; derivations are given
in Appendix B.

Zeroth law. Systems in mutual semantic equilibrium
share the same T™; semantic heat flows from higher to
lower T* until T} = T7%.

First law. By analogy with Gibbs’ fundamental
relation [23, 24],

dEsem = T*dS™ + ndN + ® da, (5)
with semantic heat 7*dS*, entity work pdN and
coherence work ® da.

Second law. Entropy obeys the local balance [24, 25]
0s

— _V.jp+1I

>0, (6)

so local ordering (0s/0t < 0) requires V - jr > 1II, i.e.
entropy export to the surroundings.

Third law. AsT* — 0, « — 1, S* — S and random
phase agitation vanishes, in parallel with the Nernst
theorem [26, 27] and Planck’s formulation [28].
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Fourth law. Following Vopson'’s
mass-energy-information hypothesis [29], which
combines Landauer’s bound [1] with mass-energy
equivalence [30], information of density p; [bitm 3]
carries the mass density

kpT™1n2
— (7)

P =PI
c

2.5 Operating Modes

A C-I system that interacts with its environment needs
a resting state, a processing state and an output state.
Postulate 1 must hold in each, so each mode pairs a
coherence variable with an information variable whose
product has units of action (Table 3). In Mode 2 the
thermodynamic coherence ACr = 1/(7%S*) is the
system’s susceptibility to coherence-organising work:
the smaller 7% S*, the less energy is needed per unit of
reorganisation.

Table 3. Conjugate variables of the three operating modes.
In every mode [AC|[AI] =]Ts.

Mode Coherence Information

1 Standing state ACs: phase, rad ~ Alg: action, J s

2 Computation ACT = Aly: impulse, J* s
crucible 1/(T*5%),]!

3 Holographic AC): intensity, Alp: areaxtime?,
interface Wm—2 m? s?

3 Application to Black Holes

With the Bekenstein-Hawking entropy [13, 14], S =
47GkpM?/(hc), and the Hawking temperature, Ty =
hed /(8wGMkp), the product is Ty S = 3Mc®. Hence

1 2

CT: THS - MCQ.

(8)
Thermodynamic coherence grows as a black hole loses
mass. To an external observer evaporation increases
the entropy of the radiation; in the C-I reading the
interior becomes more ordered at the same time,
consistent with EIEO and with the inverted profile
of Table 1. For Sgr A* (M =~ 4.3 x 10° M) and
M87* (M = 6.5 x 10° M), Ty ~ 1.4 x 1074 K and
9.5 x 10718 K, far below Tonp ~ 2.7K, so both absorb
more than they emit.

4 Numerical Model and Methods

4.1 Fields

On a cubic domain [—L, L]? with spherical coordinates
(R,6,¢) and cylindrical radius o = (22 + y?)/?, the

information field is

U(I’) = g(R) fa(Q) COS (I)gem (I)geo = mO+wR+Ayert €OS @,

9)
with Gaussian envelope g = exp(—R?/w?) and axial
factor f, = [0%/(0® + a2)}m/ 2. The original model
correspondstoa = 0 (f, = 1); therole of a is explained
in Section 4.2. From o the model computes

[Vol?

M= (1 g 10
1+ |Vol|? ( g )’ (10)
T =Ty (1+fr Vel : (11)
’vo'|max
jsem = _ksemVT*a (12)
ACT Alr 1
R h/ﬂ' ) CT T*S*7 ( 3)

Vo 2
Ah:%<$ﬂ‘>’

where I' € [0,1) is the decoherence field, Ty is set to
the Hawking temperature, S* follows Eq. (3) with
a = 1, and Zy [J?s] is an impulse scale. Because
Ty only rescales R, morphological results below use
R normalised by its 99.5th percentile, R. With 7, =
1]? s the original implementation gives R ~ 10%7-10%
everywhere in the domain, so the threshold R > 1
is satisfied trivially; it becomes informative only once
Ty is fixed independently. Combining the definitions
gives R o |Vo|'/2/T*.

4.2 Phase-Defect Line and Its Regularisation

With ¢ = 0 the azimuthal phase m# is undefined
on the z-axis, so ¢ has a line discontinuity there.
Its azimuthal gradient is |0 '9yo| = myg|sin Pgeo|/ 0,
which diverges as ¢ — 0. On a grid of spacing
h the computed maximum is therefore set by the
nearest grid point, |Vo|max o 1/h, and every quantity
normalised by |Vo|max—T", Al and R-depends on
resolution. The axis is a phase dislocation of charge
m, of the kind familiar from wave fields [31]. The
factor f, makes the amplitude vanish as ¢ on the
axis, which removes the divergence while leaving the
field essentially unchanged for ¢ > a. The core radius
a is a model parameter; its physical interpretation is
discussed in Section 6.2.

4.3 Discretisation, Parameters and Diagnostics

Gradients are computed with second-order
central differences (second-order one-sided at
the boundaries) [32]. Unless stated otherwise
N = 128 points per axis, L = 10, w = 15, m = 3,
Br = 0.1 and a = 0.5 (Table 4). Three diagnostics are
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used: (i) the ring radius r* at which the azimuthal
mean of I' in the equatorial plane is largest; (ii)
the number of local maxima of T' (and of R) on
that ring, counted with a prominence threshold
of 5% of the profile range; (iii) the azimuth of the
maxima, obtained from the phase of the 2m-th
Fourier coefficient of the azimuthal profile. Profiles
are sampled with bilinear interpolation at 720-2880
azimuths. The morphology maps of Section 5.2 use a
larger box, L = 20 with N = 257 (h = 0.156, so that
a > 3h), and odd N so that the planesz =0,y = 0
and z = 0 lie exactly on the grid.

Table 4. Model parameters (code units).

Symbol Baseline Role

L 10 Half-width of the domain

N 128 Grid points per axis (48-192
in tests)

w 15 Gaussian width (10-20 in
tests)

m 3 Azimuthal order, Z,, (1-6 in
tests)

w 0.1 Radial U(1) twist

Avert 0.01 Polar Z5 modulation

a 0.5 Defect-core radius (0-2 in
tests)

Br 0.1 Temperature sensitivity

Ksem 3.2 x 102 Semantic conductivity
(fitted)

(a) Gradient maximum

10 1 =@ a = 0 (unregularised)
== a=05
8 == a=10
£ 6+
5
>
4 -
2 b—7{ -l
i 4 A
T T T T T T T
60 80 100 120 140 160 180

Grid points per axis N

5 Results

5.1 Grid Convergence

For a = 0 the product h|Vo|max stays at 1.08 & 0.01
for N from 48 to 192 (Figure 2(a)), confirming the
1/h scaling, and the RMS gradient G rises slowly
from 0.339 to 0.441, the logarithmic growth expected
from [ 072 0 dp. Quantities that do not involve the axis
converge: the mean of I' changes by 0.6% between
N =128 and 192, and r* = 4.5 for N > 128. The axial
contrast of the certainty ratio, defined as the ratio of
the median R on the axis (¢ < 0.6,2 < |z| < 8) to that
in the equatorial shell (3 < p < 7, |z| < 1), does not
converge: it rises from 2.71 to 2.95 to 3.26 for N = 96,
128 and 192 (Figure 2(b)). Decoherence on the axis
behaves the same way, with an axial-to-equatorial ratio
of 5-6.

With regularisation the picture changes. For a = 0.5,
|V |max varies by less than 3% between N = 128 and
192 and the axial contrast of R settles at 1.78 (change
1.7%). For a = 1 the contrast is 1.03, and for a = 2
the axis is depleted (contrast 0.47). The axial, jet-like
enhancement of R is therefore a property of the defect
core: it is finite and converged only for a 2 3h, and its
strength is set by a.

5.2 Baseline Morphology

Figures 3, 4 and 5 show the regularised model (a =
0.5) in the three coordinate planes, without twist
and with the baseline twist. In the equatorial plane
R is largest near the centre and is cut by 2m = 6
dark spokes, the directions where sin ®5., = 0 and

(b) Axial contrast of R

Ned 30 T ././
Y

o

C

%’ 2.5

@ @ a=00 =h= a=10
gz_o— == a=05 a=20
5 il —il
S 1.5 1

g

3 10 T===== ——— =h-.
Z

0.5
T T T T T
100 120 140 160 180

Grid points per axis N

Figure 2. Grid convergence. (a) Maximum gradient magnitude versus grid points per axis N: it grows as 1/h without
regularisation (a = 0) and converges for a = 0.5 and 1. (b) Ratio of the median certainty ratio on the symmetry axis to
that in the equatorial shell, for four core radii; the dashed line marks equal values.
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(a) XY, w = 0.0, A = 0.0 1.2 (b) ZX, w = 0.0, A = 0.0 10 (c) YZ, w = 0.0,A = 0.0 4
20 20 20
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Figure 3. Normalised certainty ratio R of the regularised model (m = 3,a = 0.5, L =20, N = 257) in the XY (2 =0),
ZX (y=0)and YZ (z = 0) planes. (a)-(c) No twist (w = Avert = 0); (d)-(f) baseline twist (w = 0.1, Ayery = 0.01). Each
panel has its own colour scale.

(a) XY, @ = 0.0,A = 0.0 0040 (b) ZX, = 0.0,A = 0.0 014 (©)YZ, ©=00,A =00 035
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0.0 0.25
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Figure 4. Decoherence field I for the same parameters and planes as Figure 3. The dashed circle in (a) and (d) marks the
ring of largest azimuthal mean, * = 4.6 and 4.7. Each panel has its own colour scale.
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the azimuthal gradient vanishes (Figure 3(a)); the
radial twist bends the spokes into trailing spirals
(Figure 3(d)), as Eq. (15) requires. In the meridional
planes R forms a column along the symmetry axis with
a dark core of radius ~ a, where the regularised field
vanishes. Its width depends on the orientation of the
plane: without twist the half-maximum half-width
at z = 01is 1.25 in the ZX plane but 5.5 in the
Y Z plane (Figure 3(b, c¢)). The reason is geometric:
for m = 3 the planey = 0 (§ = 0,7) lies on a
node of sin 30 and the plane z = 0 (§ = +7/2) on
an antinode, so the azimuthal gradient vanishes in
one and is maximal in the other. This orientation
dependence is what produced the narrow (“notch”)
and broad (“D-shaped”) outlines in earlier versions of
the model, which resemble the shadows of spinning
black holes [33-35] only in shape. With twist, the
phase wR moves the node off the y = 0 plane, the
Z X column broadens to a half-width of 5.8 and splits
into two lobes centred at |z| ~ 8 (Figure 3(e)).

The decoherence field shows the same symmetry
(Figure 4). In the equatorial plane it forms six
spiral lobes outside an ordered core, with the largest
azimuthal mean at r* = 4.6 (no twist) and 4.7 (twist).
In the meridional planes I' is concentrated in two
lobes on either side of the core at |z| ~ 9-12, with
half-widths of 0.8-2.2, and is small near the equator;
this is qualitatively similar to shocks that form near
the base of radiatively driven jets [36]. The semantic
temperature follows |Vo| and spans 7*/T; = 1 to
1+ 5T = 1.1; the semantic flux jsem = —ksemVT*
points away from the hot spiral arms (Figure 5).

5.3 Symmetry Inheritance: Hot-Spot Multiplicity

To test whether the equatorial maxima reflect the
model’s dynamics or its input, I varied the azimuthal
order from m = 1 to 6 at fixed w = 0.1, Ayert = 0.01. In
every case I'and R have exactly 2m maxima on the ring,
and the dominant Fourier harmonic of the azimuthal
profile is 2m, both with and without regularisation
(Figure 6). The six hot-spot-like features of the baseline
model therefore follow from the choice m = 3. The
ring radius depends on m (between 7* = 4.1 and 6.0
for m = 1-6 at a = 0.5) and on the envelope width
(r* = 3.7,4.7 and 5.6 for w = 10, 15 and 20), but not
on the domain size (L = 8, 10 and 12 give identical
r*). A ring of 2m maxima is not an independent result
of the model; it is a direct readout of the imposed
orientation reference, which makes m measurable in
principle (Section 6.3).

66

1.08

1.06

T ITo

1.04

1.02

Figure 5. Semantic temperature 7 /T in the equatorial
plane (w = 0.1, Ayery = 0.01, a = 0.5). Arrows give the
direction of the semantic fluX jsem = —ksem V1" Where its
magnitude exceeds 2% of the maximum.

5.4 Closed-Form Relations:
Hemispheric Twist

Spiral Pitch and

Where the azimuthal gradient dominates, |Vo|? o
sin? @4, on a sphere of fixed R and polar angle ¢, so
the maxima lie at ®gc, = 7/2 + k7w (Appendix D):

(k+ %)7’[’ — WR — Ayert COS @

Hk(R,¢)= — ,k=0,...

(14)
Two observable consequences follow. In the equatorial
plane the maxima trace trailing spirals with pitch

g,  w

—= = 1
TR o (15)

and, at cylindrical radius ¢ and heights +z, the
northern pattern is rotated relative to the southern
one by

(16)

92+z2.

Equation (16) is the chirality introduced by the Z,
term: stacked along z, the maxima form a helix whose
handedness is the sign of Ayrt. Both relations agree
with the simulations (Figure 7). The measured pitch
is —0.036, —0.173 and —0.304 for w = 0.1, 0.5 and 0.9,
against predictions of —0.033, —0.167 and —0.300; the
residual (9% atw = 0.1, 1.4% at w = 0.9) comes from
the radial gradient terms neglected in Eq. (14). The
twist at o = 4.7, z = +3 agrees with Eq. (16) to within
0.3% for Ayert from 0.25 to 1.
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Figure 6. Control runs with azimuthal order m. (a)-(c) Decoherence field I' in the equatorial plane for m = 2, 3 and 4
(w=10.1, Advers = 0.01,a = 0.5, N = 128). (d) Number of maxima of I' and of R on the ring of largest mean I'; the dashed

line is 2m.
(a) Spiral pitch (b) Hemispheric twist
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Figure 7. Closed-form relations versus simulation (m = 3, a = 0.5, N = 160). (a) Radial drift of the azimuth of the I'
maxima in the equatorial plane against Eq. (15). (b) Rotation of the northern (z = 3) relative to the southern (z = —3)
pattern at o = 4.7 against Eq. (16). Dashed lines mark equality.

5.5 Semantic Velocities

Table 5 lists semantic velocities from the original model
for w = 0.9 and Ayery = 5. Mean speeds stay between
0.31c and 0.36¢ at all radii, while the maximum rises
from 0.66¢ near the centre to 0.78cat r ~ 5.3-6.3, with a
dip to 0.44c at » = 1.87. The velocity scale is set by the
fitted kgem, SO agreement with relativistic jet speeds [37,
38] is a calibration, not a prediction. The velocities
were computed from jsem, with a = 0; because 7™ is
normalised by |Vo|max, they should be recomputed
with a regularised field before publication.

6 Discussion

6.1 What the Model Shows

The tests separate three classes of features. The
equatorial ring of 2m maxima, its spiral pitch and
its hemispheric twist are converged and follow
closed-form relations; they are mappings from the
imposed symmetry parameters to observables, not
emergent dynamics. The axial, jet-like enhancement
of R and I' is anchored to the phase-defect line and
is controlled by the core radius a. The velocity
scale is a calibration through kser,. The narrow and
broad meridional outlines are a slice-orientation effect
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Table 5. Semantic velocity versus radial distance 7 (code
units) for w = 0.9, Ayert = 5, a = 0. Columns: radius; mean
and maximum speed in 10’ ms~!; maximum speed as a

fraction of ¢ = 3.00 x 10* ms~!; number of grid points N,

in the bin.
r Mean |v| Max |v| Max/c N,
(107ms™') (10"ms™1)

0.50 10.16 19.89 0.663 8
0.84 10.16 19.89 0.663 8
1.18 10.16 19.89 0.663 8
1.53 9.769 19.89 0.663 32
1.87 9.638 13.13 0.438 24
221 10.00 17.60 0.587 48
2.55 9.643 17.60 0.587 80
2.89 9.645 17.60 0.587 56
3.24 9.666 21.43 0.714 104
3.58 9.317 21.43 0.714 104
3.92 9.691 22.93 0.764 120
4.26 9.976 22.93 0.764 192
4.61 10.09 22.93 0.764 224
4.95 10.34 22.93 0.764 272
5.29 10.71 23.31 0.777 272
5.63 10.31 23.31 0.777 272
5.97 10.09 23.31 0.777 368
6.32 9.790 23.31 0.777 408
6.66 9.577 22.75 0.758 432
7.00 9.607 22.75 0.758 512

of the m-fold pattern (Section 5.2). In real black
holes, notch-shaped and D-shaped shadows arise
from photon orbits in the Kerr metric [34, 35], which
the model does not contain, so any resemblance is
morphological only.

6.2 Comparison with Observations

The model has one free length unit. Near-infrared
flares of Sgr A* are consistent with a hot spot on a
near-circular orbit at about 6-10 gravitational radii
ry with a period of 45 £ 15min [39]. Identifying
the converged ring radius »* = 4.7 (w = 15,
a = 0.5) with this orbit fixes one code unit at
1.3-2.174. The regularisation radius a = 0.5 then
corresponds to 0.6-1.17,, comparable to the horizon
scale, which suggests identifying the defect core with
the horizon; this identification is a hypothesis to be
tested, not a result. In M87 the inner jet shows
superluminal knots [40], complex internal motions [41,
42], three helical threads [43] and a large-scale ordered
helical magnetic field in the acceleration-collimation
zone [44]. The model’s helices (Eq. (16)) are of the
right kind, and the observed handedness of the M87
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field [44] would fix the sign of Ayet. Nested photon
subrings converge exponentially toward a critical curve
set by mass and spin [45, 46]; reproducing that
structure would require ray tracing, which is beyond
the present model.

6.3 Falsifiable Predictions

The closed-form relations lead to predictions that
observations could contradict.

1. Flux quasi-periodicity. If the 2m maxima co-rotate
with the flaring gas, the integrated flux is
modulated at 2m times the orbital frequency. For
m = 3 and the 45 min period of Sgr A* flares [39],
this predicts a sub-period near 7.5 £+ 2.5min;
the absence of power at the sixth harmonic in
well-sampled light curves would rule out m = 3.

2. Pitch-twist relation. = Spiral features in the
equatorial plane and helical features along the
axis share the same m (Egs. (15) and (16)).
Measured pitch and twist angles must therefore
give a consistent m.

3. Chirality. The handedness of jet helices should be
the same at all heights above one hemisphere and
reversed in the counter-jet.

4. Mass scaling. Thermodynamic coherence scales as
Cr = 2/(M¢c?), so any observable tied to C should
scale as 1/M across the black-hole mass range.

6.4 Limitations

The postulates are phenomenological, and the
semantic quantities have not yet been linked
to measurable thermodynamic quantities by an
independent calibration. The correspondence between
w, Avert, m and the reference-frame resources of Gour
and Spekkens [18] is structural; no proof is given that
these parameters form a complete set of frames or that
R is a resource monotone. The model is static and
contains no spacetime geometry, so it says nothing
about rotation of the hot spots or about photon orbits.
The impulse scale 7y and conductivity ksem are free
parameters, and the core radius a controls the strength
of the axial features.

6.5 Outlook

Two extensions follow naturally. Mode 3 suggests
treating the holographic interface as a flux of coherence
through a screen, in the spirit of entropic gravity [47];
and the Mode 2 picture of black holes as processors
is compatible with the cosmological coupling of
black-hole masses to dark energy reported recently [48,
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49]. Both require a dynamical, relativistic version of
the model. The semantic heat capacity derived in
Appendix C, which rises as (T* — Tp)'/?, may also
be compared with the shape-induced specific-heat
features of confined Bose gases [9, 10].

7 Conclusions

This paper formulated Coherence Thermodynamics
as a phenomenological framework built on a
minimume-action postulate, a gradient-based semantic
entropy and an equipartition-based semantic
temperature, and applied it to black holes, for which
Cr = 2/(Mc?). Convergence tests showed that the
original field model contains a phase-defect line on
its symmetry axis, which makes the axial, jet-like
structures resolution-dependent; a core regularisation
restores convergence and exposes the core radius as
the parameter that sets their strength. Control runs
showed that the decoherence maxima number exactly
2m, and closed-form relations for their spiral pitch and
hemispheric twist agree with simulations to within 9%
and 0.3%. The model therefore acts as a quantitative
map from symmetry parameters to morphology, and
that map yields falsifiable predictions, most directly a
flux quasi-periodicity at 2m times the hot-spot orbital
frequency. Testing these predictions, and deriving the
free parameters kgem, Zo and a from first principles,
are the main tasks ahead.
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Appendix
A Units of the Semantic Temperature

The phase ¢ is dimensionless, so (Jp¢)? has units of s~2.
The semantic kinetic parameter xy [J s> m—3] turns it
into an energy density, and multiplying by the volume
Vi and dividing by Nkp gives kelvin (Table A1).

Table A1l. Units of the quantities in Eq. (4).

Symbol Quantity Units

K Semantic Js?m™3
kinetic
parameter

Vo Semantic m3
volume

((009)?) Mean-square s~ 2
phase rate

N Processing 1
elements

kp Boltzmann JK-!
constant

T* Semantic K
temperature

B Derivations of the Laws

B.1 Zeroth Law

Operationally 7™ is proportional to the rate of resolved
contradictions, 7" o lima¢—0 ANeontr/At; in field
terms T* o« ((9p¢)?), and at equilibrium the two
measures coincide. Semantic heat flows down the
temperature difference, Q% .5 o T3 — Tf, so
equilibrium (no net flow) requires 7 = Tj. If
T = T¢ and T = T}, transitivity gives 17 = T5.

B.2 First Law

The semantic internal energy changes through
semantic heat, §Q*™ = T*dS*, by analogy with
0Qrev = T dS; through entity work, udN, where
[] per entity] is the energy needed to add one semantic
unit; and through coherence work, ® do, where @ [J]
is the energy per unit change of the coherence scalar

(A1)
the ratio of activity aligned with a single resolution

trajectory to all semantic activity. Energy conservation
gives Eq. (5). At fixed Esem, a local decrease of entropy
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must be paid for by pdN > 0 or ®da > 0, so local
ordering cannot continue without an energy supply.

B.3 Second Law

For a volume V with entropy S = [{, s d*z, entropy
changes by boundary flux and internal production,
dS/dt = — ¢$,.,jr - dA + [, 1d°z. The divergence
theorem and the arbitrariness of V' give Eq. (6); II > 0
is the second law, and 0s/0t < 0 requires V - jr > II.

B.4 Third Law

From Eq. (11), T* > Ty, so the limit T* — 0 requires
both Ty — 0 and |Vo| — 0. Then Cg — 1 and S* — 0
by Eq. (3).

B.5 Fourth Law

The minimum energy per resolved bit is k7™ In2;
dividing by ¢? gives the mass per bit, and multiplying
by p; gives Eq. (7) in kgm™3. A volume whose
information moves with velocity v then resists
acceleration with F = [|, p (Dv/Dt)dV [N].

C Semantic Heat Capacity

With C* = dE¢n/dT* and dN = da = 0,
C* T*dS*/dT*. Inverting Eq. (11), |Vo| =
(IVO|max/Br)(T*/Tp — 1), and Eq. (3) gives

« 3/2
Pr

. ‘VU’max
= o ,
A2)
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so that
3 ra \*? T* (T* 1/2

C* == ak — — = -1 T > Ty.
2@ B(BT) To \ To ’ =0

(A3)
C* vanishes at T* = T and has no divergence. With
a = 0, r¢ grows with resolution (Section 5.1), so a
regularised field is needed for a finite C*.

D Closed-Form Relations for the Maxima

Write ® = ®,., and consider ¢ > a so that f, =
1. The gradient of ¢ = gcos® has a radial part
g’ cos ® — gwsin @, an azimuthal part —gm sin ®/p and
a polar part gAyert sin ¢ sin ®/R. Where the azimuthal
part dominates, i.e. m/o > |¢'/g|,w,

m2

2 2
|Vol|? ~ ¢ =z + w sin? @, (A4)
which at fixed (R,¢) is maximal at ® = (k + 3)m.

Since ® increases by 2mm as ¢ goes once around,

there are exactly 2m maxima, at the azimuths of
Eq. (14). Because I' and R increase monotonically

with |Vo| at fixed position, they have the same maxima.
Differentiating Eq. (14) at fixed ¢ = 7 /2 gives Eq. (15);
evaluating it at cos ¢ = +z/R and subtracting gives
Eq. (16). The neglected radial term shifts the maxima
slightly toward the zeros of cos ®; its relative weight
wp/m explains the 9% residual in the pitch at small
w, where the shift is comparable to the drift being
measured.
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