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Abstract

The entropy of the observable Universe is dominated, by fifteen orders of magnitude, by the
horizons of supermassive black holes, and gravitational collapse into black holes has often
been proposed as the Universe’s preferred channel of entropy production. We examine this
suggestion quantitatively, and the analysis largely refutes it. Three results are presented.
First, an entropy production history: the rate dS/dt(z) resolved by channel, from the star
formation history and a Soltan-normalized accretion history. Black hole horizon growth
exceeds all radiative channels by a factor ~ 106717 after the first seeds; the total rate
peaked near z =~ 1-2 and has since declined; the late peak is structural, because horizon
entropy production weights accretion by the accretor’s mass and the most massive accretors
are assembled last. Second, a causal-hydrodynamic envelope: the fastest entropy-producing
trajectory permitted by causality and gas dynamics, M ~ ¢3/G in atomic-cooling halos,
which reaches 107! M, by z ~ 8-10 without radiative throttling, and whose phenomenology
(obscured, radiatively inefficient, X-ray weak, red) closely resembles the JWST little red
dots. The realized-to-envelope ratio defines an efficiency F(z), which remains between 10~7
and 10~* throughout 4 < z < 12, even under the most generous JWST-era bracket. Third,
order-of-magnitude no-go results: Boltzmann weighting of collapse channels by entropy gain,
dissipative adaptation applied to self-gravitating systems, and any strong maximum-entropy-
production principle in cosmology all fail at leading order, by factors of up to 10'6. The
Universe produces entropy overwhelmingly through black holes, yet remains far below its
own envelope at all times. Whatever selects cosmic structure, it does not maximize entropy
production.

1 Introduction

By the time the Universe was one second old, causality already permitted black holes of two
hundred thousand solar masses: the horizon mass at that epoch is ¢*t/G ~ 2 x 105> M. Had
the baryons of the observable Universe collapsed into such horizons at that time, the total
entropy would have been 1.6 x 10'%° kg, five times what the Universe has actually accumulated
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over 13.8 Gyr [1, 2]. The second law permitted it, and causality permitted it, yet it did not
occur. The Universe, smooth to one part in 10, did not take this path and has since recovered
only a small fraction of the entropy it thereby left unrealized.

This paper treats that refusal as a quantitative datum. The underlying temptation is both
old and well established. Since Frautschi’s analysis of entropy in an expanding, causally limited
universe [3], and through subsequent work by Lineweaver and collaborators [4, 5, 6], it has been
recognized that (i) the entropy budget of the observable Universe is overwhelmingly dominated
by supermassive black hole (SMBH) horizons, Ssypn ~ 1019 kg against ~ 1039 kg in photons
and neutrinos [1, 2], and (ii) an expanding universe moves away from equilibrium because
the maximum entropy available to it grows faster than the entropy actually realized [3, 7].
From these observations it is natural, and increasingly common in varying forms, to suggest
that gravitational collapse into black holes is the process the Universe preferentially realizes:
that structure formation, and in particular the unexpectedly early assembly of SMBHs now
documented by JWST [8, 9, 10], might admit a thermodynamic explanation, perhaps through
some maximum-entropy-production principle (MEPP) [5, 11, 12].

The purpose of this paper is to replace that metaphysical suggestion with three measurable
quantities and two quantitative refutations. We state the conclusion immediately because it
runs counter to the suggestion: once one computes how much entropy the Universe produces,
through which channels, and how much it could produce within the limits imposed by causality
and gas dynamics, the result is not a Universe that maximizes entropy production. Rather,
it is a Universe that forgoes a factor of ~ 3 x 106 whenever a gas cloud fragments into stars
instead of collapsing into a black hole, as occurs in nearly every case; that remains four to seven
orders of magnitude below its own entropic envelope at every epoch; and whose most effective
entropy-producing channel, early monolithic collapse, requires suppressing local dissipation
rather than maximizing it. Structure formation therefore behaves like a greedy algorithm: it
optimizes locally, step by step, without access to the global maximum'.

We present three results that are, to the best of our knowledge, new. First, the entropy
production history of the Universe, dS/dt(z) resolved by channel (Sec. 2, Fig. 1). The budget
at the present epoch is known [1, 2]; its rate history, with the black hole channel normalized
through the Soltan argument and the radiative channels through the star formation history,
does not appear to have been assembled previously. Two features deserve emphasis: black hole
horizon growth exceeds every radiative channel by sixteen to seventeen orders of magnitude
at all epochs after the first seeds, and the total production rate peaked near z ~ 1-2 and
has declined since; the Universe’s entropy production has passed its maximum. Second, the
definition and computation of a causal-hydrodynamic envelope for black hole growth, together
with the dimensionless efficiency F'(z), defined as the ratio of realized to envelope entropy
production (Secs. 3 and 4, Figs. 2 and 3). Third, a set of order-of-magnitude no-go results for
entropic teleologies in structure formation (Sec. 5), which are robust in a way that the present
observational situation is not: they do not depend on any contested JWST mass estimate.
Section 6 then develops the physical interpretation of all three results; once their structure is
made explicit, none is obscure.

A fourth point is an observation rather than a result. The envelope trajectory, monolithic
collapse at the atomic-cooling rate with radiative feedback suppressed, is not merely abstract:
it describes an object that grows while obscured, radiates inefficiently, is X-ray weak, and
presents a red photosphere. This closely matches the phenomenology of the JWST little red dots
[10, 13, 14]. Section 3.3 presents this relation carefully as consistency rather than derivation,
and identifies what the ongoing revision of the relevant mass estimates [15, 16] can and cannot
alter in the argument.

Greedy” is used here in the algorithmic sense, without moral judgment, although the Universe’s performance
remains suggestive. If the tendency to produce entropy through black holes is strong, it is nevertheless realized
only weakly.



Two qualifications frame the analysis that follows. This paper introduces no new dynamics
and “predicts” nothing beyond what the underlying dynamics already predicts; its contribution
is a bookkeeping framework in which extremal claims become testable and, in most cases, fail.
It also takes no position on whether a refined, constraint-qualified extremal principle might
survive; it requires only that the relevant constraints be specified in advance, because a principle
whose constraints are adjusted after each observation has no independent explanatory content.

Throughout we use Planck 2018 parameters, work with comoving densities, and count
horizon entropy in the Bekenstein-Hawking form S = 4rGkgM?/hc, so that S(M) = 1.05 x
1077 (M /Mg)? kg. The cosmic event horizon is maintained in a separate ledger for the reasons
discussed in Sec. 7.

2 The entropy ledger

2.1 Channels

A black hole of mass M accreting at a rate M increases its horizon entropy at
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The linear weighting by M implies that cosmic entropy production is dominated by the most
massive black holes that are actively accreting, a point that will become important below. By
comparison, the entropy carried by the radiation emitted during the same accretion episode is
smaller than the horizon increase by
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where € is the radiative efficiency of accretion: the fraction e of the accreted rest-mass energy is
radiated away, while the remaining 1 — € crosses the horizon.

Thus, for representative values € = 0.1, Tyisc ~ 3 x 10*K for the disk photosphere, and
Tu(103Mg) = 6 x 10716 K, one obtains

Srad g 10721, (3)
hor

A quasar, despite being among the most conspicuous dissipative structures in the sky, therefore
contributes only marginally through its radiation; the dominant entropy increase occurs at the
horizon.

The principal radiative channel of the Universe is starlight, much of which is reprocessed
by dust into the far infrared. If a comoving volume forms stars at a rate 1(z) and promptly
radiates a fraction €, of the newly formed rest mass, the photon entropy production is

e fir +1_fIR

s, 4
—L = —¢
dt 37 kgTaust  kBTx |’

(4)

with Tyust =~ 35 K, Ty ~ 5800 K, and fir ~ 0.5—0.8 denoting the dust-reprocessed fraction.
Neutrinos from stellar collapse and nuclear burning contribute at a still smaller level and are
omitted from the figures.?

2Core-collapse neutrinos carry ~ 3 x 10%% erg per event at T' ~ 4 x 10'° K, which works out to ~ 5 x 10°¢ kg
per solar mass of stars formed: five orders below the dust channel per unit star formation, eleven below Eq. (1)
per unit accretion.



z wBH Mchar SBH EED S’Y F (ﬁd *LRD)

[Mo yr=*Mpc™3]  [Mg] [ks yr~' Mpc™3]
12 1.8 x 1076 109 3.8x 1077 1.1x10™ 9.5x10% 75x1077-2.3x107°
10 2.9 x 1076 108 6.1 x 1077 1.8x10™ 1.5x10% 52x1077-1.6x 10~°
8 5.2 x 1076 1.1 x10% 1.2x107® 3.7x107° 28x10% 50x1077-1.5x107°
6 1.1 x 1075 3.4x10 7.6x107® 23x10%0 57x10% 1.7x1076-5.0x 107°
4 2.7 x107° 1.5x 107 84 x107 55x1080 1.5x10% 12x107°-8.1x10"°
2 6.9 x 1075 1.1 x 108 1.5 x 108! — 3.7 x 1064 —
1 4.5 x 1075 2.6 x 108 2.5 x 108! — 2.0 x 1064 —
0 7.8 x 1076 4.2 x 10 6.9 x 108 — 2.6 x 1083 —

Table 1: The entropy ledger and the efficiency F'(z) (fiducial to LRD-bracket range; the envelope,
and hence F, is defined for z > 4 where atomic-cooling halos are the relevant greedy sites). Full
parameter bands in Appendix A.

2.2 Inputs
For 1 (z) we use the Madau-Dickinson fit [18],

( 1+)Z Moy Mpe
- (55)

with €, = 7 x 10™%, which reproduces the local bolometric luminosity density. For the black
hole accretion rate density ¥y (2), we adopt the same functional form and normalize it through
the Soltan argument [19]: the time integral of ¥y must equal the local SMBH mass density,
taken as pppo = 4.271% x 10° Mg Mpc™3 [20]. This form agrees with determinations based on
the bolometric quasar luminosity function [21] to within a factor of order two near the peak,
a difference that is not discernible on the scales of Fig. 1. The characteristic accreting mass
entering Eq. (1) is modeled as Mpa:(2) = max[106 My, ppu(< 2)/neg], with neg = 1073 Mpe ™3
representing the effective comoving density of the black holes that dominate accretion; the band
neg € [3 x 1074, 3 x 1073] is propagated. Finally, because JWST-era census studies suggest
that the accretion density at z = 5 may exceed pre-JWST extrapolations by one to two orders
of magnitude if the little red dots contain accreting black holes [10, 13], we include an “LRD
bracket” in which g is enhanced by a factor of 30 (band 10-100) at z 2 5.

Three validation checks anchor the pipeline. The inferred comoving CMB entropy density
is 4.4 x 1076 kg Mpc ™3, compared with 4.5 x 107® in Ref. [1]. The present-day SMBH horizon
entropy density is 1.9 x 109! kg Mpc ™3, compared with 2.8 x 10°! in the same census. The
cosmic event horizon entropy is 2.95 x 10'?2 kg, compared with (2.99 + 0.03) x 10?2 in Ref. [2].

¥(z) = 0.015

2.3 Results

Figure 1 and Table 1 present the first result. Once the first seeds have formed, the horizon
channel exceeds all radiative channels by a factor ~ 106717, confirming and extending across
cosmic time what the z = 0 budgets already imply [1]: the entropy history of the Universe is
dominated by black hole growth, with all other channels contributing only a minor correction.?
The rate also has a distinct temporal structure: it rises steeply as the accreting population
becomes more massive, peaks at z &~ 1.2 in the fiducial model (with the exact location shifting
between z ~ 1 and 2 across the M, band), and subsequently declines by a factor of a few
toward the present. The peak entropy production rate therefore coincides with the quasar era;
the Universe’s period of maximal entropy production lies in the past.

3A footnote which, for the record, includes all starlight ever emitted, all neutrinos from all supernovae, us,
and the reader.



1099 L .

=== BH horizons (Soltan-normalized)
1094 + — = BH horizons, LRD bracket (x30 at z=5) 4
= causal-hydrodynamic envelope

m’ starlight reprocessed by dust
v 0% AGN light 4
§_ CEH growth today (separate ledger)
[@] 84 L i
Y 10
l; —_—:——)—/_\
1079 e T 2
g 0
+
74 | i
g 10
Neo]
1069 L i
1064 L i
.............. . , | | |
12 10 8 6 4 2 0

redshift z

Figure 1: The entropy ledger of the Universe: comoving entropy production rate by channel.
The black hole horizon channel (blue; band spans the Soltan normalization, dashed line the
LRD bracket) exceeds the radiative channels (orange) by 16-17 orders of magnitude at every
epoch after the first seeds. The gray band is the causal-hydrodynamic envelope of Sec. 3, defined
for 4 < z < 12. The dash-dotted line marks the present growth rate of the cosmic event horizon,
kept in a separate ledger (Sec. 7).

The late position of the peak is robust. Its location is exactly independent of neg, which
factors out of the shape of M. ¥BH, While a “downsizing” variant in which the accreting mass
saturates at (1-5) x 108 Mg, shifts it only within z ~ 1.2-1.9, bounded from above by the peak
of the accretion history itself at z ~ 1.9. None of the variants considered places the peak near
cosmic dawn. Section 6 explains why this result is structurally expected.

3 The causal-hydrodynamic envelope

3.1 Definition

Given Fig. 1, the natural question is not whether black hole growth dominates entropy production
(it does, by sixteen orders of magnitude), but how closely the realized growth approaches the
fastest growth permitted by physics; in other words, how efficiently does the Universe produce
entropy? We define the causal-hydrodynamic envelope as the entropy production of a population
in which every atomic-cooling halo channels its gas into a single black hole at the maximum
sustained rate allowed by gravity and gas dynamics,
. 63
My =~ E = 0.1-0.4 Mgyr~t (T ~ 6000-12000 K), (5)
with no radiative throttling: the flow is assumed to be obscured and radiatively inefficient,
so that the Eddington limit does not constrain the growth. Equation (5) is the standard
feeding rate for monolithic collapse in halos above the atomic-cooling threshold [22, 23]; what
is non-standard here is only its use as the growth branch of an extremal trajectory within
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Figure 2: The causal-hydrodynamic envelope (green band: M =0.1-04 Mg yr~—! from zp = 20)
against Eddington-limited tracks (tsa = 50 Myr) from light (10> M) and heavy (10° M)
seeds, and against the 2026 observational landscape: the z = 7.64 quasar J0313—1806 [8], the
low-mass AGN GN-z11 [9] and CEERS 1019, the disputed UHZ1 [15, 27], and the little red dot
mass range, explicitly marked as under revision [10, 16].

the entropy ledger. Two caps are imposed: a halo cannot supply more than its baryonic
content f, M}, and the population is drawn from the Sheth—Tormen mass function above the
atomic-cooling mass My (2) ~ 4.6 x 107[(1 + 2)/11]73/2 M, [24, 25, 26).

The distinction must be stated clearly: the envelope is determined by dynamics, not by
thermodynamics. Gravity and gas physics define it; the ledger only identifies it as extremal
and measures the distance between it and the realized history. This division of roles is central
to the interpretation of the paper. Thermodynamics supplies bounds, envelopes, ledgers, and
efficiencies, whereas the rates are set by dynamics; no entropic principle is introduced into

Eq. (5).

3.2 Envelope masses versus Eddington tracks

Figure 2 compares the envelope with Eddington-limited growth. Between z = 20 and z = 7.64,
the Universe provides 499 Myr, almost exactly ten Salpeter e-folds: a light seed of 102 M, reaches
only 2 x 10% My, approximately three orders of magnitude below J0313—1806, which is the
standard early-growth tension [23, 28]. By contrast, the envelope reaches Mgy ~ (1-8) x 107 M,
by z ~ 8-10 without being limited by the Eddington rate, and subsequently gives way to
Eddington-limited growth in more massive halos during the final rise to 10 M. The extremal
trajectory is not astrophysically exotic; it corresponds closely to the heavy-seed, direct-collapse
scenario developed in the literature for independent reasons [22, 23].

A structural inversion lies at the conceptual center of the paper. The envelope requires the
gas not to cool efficiently: molecular cooling must be suppressed, otherwise the cloud fragments
into stars and monolithic collapse is prevented [22]. Locally, fragmentation into stars is the
more dissipative and entropy-producing path, whereas monolithic collapse is comparatively



quiet. Globally, however, the corresponding entropy yields differ by sixteen orders of magnitude
in the opposite direction. Reaching the global maximum therefore requires foregoing the local
one. Dynamics acting through local physical processes has no mechanism for evaluating that
global trade-off: the local channel is selected in nearly every case, and the Universe consequently
fills with stars.*

3.3 The envelope has the face of a little red dot

An object evolving along the envelope grows within an optically thick gaseous cocoon, radiates
inefficiently, produces few hard photons, and presents a cool, red photosphere at a temperature of
a few thousand kelvin. This corresponds closely, point by point, to the observed phenomenology
of JWST little red dots: compact sources with V-shaped spectral energy distributions, broad
Balmer lines, X-ray and radio weakness even in stacked observations, and abundances well
above pre-JWST AGN extrapolations [10, 13]. In addition, “black hole star” models propose
precisely an accreting black hole embedded within a dense gaseous envelope [14]. The envelope
masses, 107+! Mg at z = 8-10 with Mgy /M, of order 0.1-1 (the black hole assembles before
most of the host’s stellar component), lie within the reported LRD range.

We present this relation as consistency rather than derivation for two reasons. Conceptually,
the envelope is defined by extremality, and the resemblance between the extremal trajectory
and the observed population does not establish that extremality explains why the population
exists; the operative causes remain astrophysical selection effects, including Lyman—Werner
backgrounds, streaming velocities, and merger histories, which act only in a small fraction of
halos. Observationally, the relevant masses remain under active revision: the direct-collapse
interpretation of UHZ1 was challenged in 2026 [15], and 2026 reanalyses argue that the purport-
edly “overmassive” black holes may be substantially less massive than initially reported [16].
Conversely, a direct dynamical mass measurement in one little red dot, based on spatially
resolved gas kinematics rather than on line widths, finds a genuinely overmassive black hole [17];
the ongoing revision therefore cuts in both directions. The consistency claim would survive a
downward revision of the LRD masses by an order of magnitude. What would instead undermine
the envelope interpretation is evidence that early growth is radiatively efficient and constrained
by the Eddington limit, because in that case the envelope would not describe any realized
population. This constitutes the falsifiable aspect of the present section.

4 The efficiency of cosmic entropy production

The ratio of the quantities defined in the two preceding sections yields the central dimensionless

measure of this paper,
(dS/dt)realized

(dS/dt)envelope” (6)

shown in Fig. 3 for 4 < z < 12. In the fiducial history, F' ranges from 5 x 10~7 to 107°; the LRD
bracket raises this range to 1.5 x 107° to 10~%. Within the systematic band, F' is consistent
with an approximately constant value of 107515 across the full interval: the Universe produces
entropy at a persistently small fraction of the available envelope. Two companion quantities
extend this comparison to the present epoch, where the envelope would require reformulation for
cluster environments: the mass efficiency Fas = ppm,o/pp = 7 X 1075, and the entropy efficiency
relative to the complete collapse of the baryons, Fg ~ 5 x 1076 to 3 x 10~* depending on the
assumed remnant masses.

F(z) =

4This is the sense in which structure formation is a greedy algorithm. The one systematic exception, halos
bathed in just enough Lyman—Werner radiation to keep H» dissociated, achieves the global strategy precisely by
having its local dissipation channel externally disabled.
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Figure 3: The efficiency F(z): realized entropy production over the causal-hydrodynamic
envelope, for the fiducial (Soltan-normalized) and LRD-bracket accretion histories. The shaded
band propagates the normalization, n.g, and envelope-rate uncertainties. The Universe runs
four to seven orders of magnitude below maximal greed at all epochs.

If the JWST-era censuses are confirmed, their implication in this framework is specific:
the early Universe operated approximately thirty times closer to its envelope than pre-JWST
extrapolations indicated, making cosmic dawn the epoch at which realized entropy production
came closest to the causally available envelope. Even then, F' < 1074, The gap is neither closed
nor closely approached.

5 Three no-go results

The purpose of the ledger and the envelope is to render extremal claims testable. Three such
claims fail immediately.

5.1 Boltzmann weighting of channels

Suppose that channel selection were governed by any weight monotonic in the entropy gain,
with P o e25/58 a5 the most direct, if inappropriate, example. For 10° Mg, of gas, the black
hole channel yields AS = 1.05 x 10% kg; the stellar channel, after integrating the radiative
output of a normal stellar population over 10 Gyr and degrading all of it to a dust temperature
of 30 K, which is already a generous accounting, yields 3.0 x 107 kg. Any Boltzmann-type
weighting would therefore select collapse with probability 1 — e~ 10%" This is incompatible with
the observation that gas fragments into stars in essentially every halo, so the proposal fails
at leading order, without requiring further observational detail. The factor left unrealized,
3.5 x 100 per episode, is perhaps the single most instructive number in the paper.

5.2 The dissipative-adaptation transplant

A more sophisticated proposal invokes England’s dissipative adaptation [29, 30]: driven systems
statistically favor histories that dissipate more work. The theorem, however, concerns transition
probabilities between mesostates connected by thermal fluctuations, under conditions that
include a heat bath, local detailed balance, and time-scale separation [31]. None of these



conditions relates the “stellar” and “black hole” macrostates of a protogalactic cloud: they
are not connected by fluctuations on any relevant timescale, there is no heat bath in the
required sense, and self-gravity invalidates the extensivity assumed by the formalism. No
gravitational analogue of the theorem is presently available, and this paper does not provide
one; the transplantation therefore fails categorically rather than numerically.’

5.3 Strong maximum entropy production

The maximum-entropy-production principle, in its strong cosmological interpretation that
structure forms so as to maximize the entropy production rate, inherits both failures and
introduces an additional one. Near equilibrium, the only established theorem selects minimum
entropy production [32]; far from equilibrium, no general variational principle exists, proposed
derivations have not withstood scrutiny [12, 33], and the cosmological record is inconsistent
with maximization: F ~ 1075, stars form in nearly every eligible system, and the envelope is
realized only where local dissipation is externally suppressed (Sec. 3.2). The greedy inversion is
the structural obstruction: strong MEPP requires the dynamics to forgo local optima in favor
of a global one, whereas local field theories do not perform such a comparison. A constrained
selection statement may still survive—for example, that among the steady states accessible to a
given halo, the realized state is the most dissipative—but its constraints must be specified ex
ante, and its cosmological content, if any, remains to be established. We know of no existing
formulation that is compatible with Fig. 3.

6 Why the ledger looks the way it does

The results above are quantitative, and two of them run counter to a reasonable thermodynamic
intuition. This section argues that they are not merely empirical outcomes but consequences
of the structure of the problem. We examine them in some detail because the basis of their
plausibility is itself physical: each result decomposes into one dynamical fact and one property
of horizon entropy, and these decompositions are exact.

The least intuitive result is the location of the peak. A Universe that begins as far from
its entropic ceiling as causality permits, and whose disequilibrium in the growing-gap sense
only widens [3, 7], might be expected to produce entropy most rapidly at early times, when the
thermodynamic drive is greatest. The ledger contradicts this expectation, and the reason is
arithmetic before it is physical.

Horizon entropy production is not proportional to the accretion flow. It is the flow weighted
by the mass of the accretor, Eq. (1): S o« MM. The resulting structure closely resembles
compound interest. The ledger grows as capital times income, while the capital is itself
accumulated income.® Cosmic income, 1py(2), peaks at cosmic noon for standard dynamical
reasons: the massive, gas-rich halos that feed quasars are not assembled until z ~ 2, after which
the supply is suppressed by feedback and by A. Cosmic capital, Ma,(2), can only increase
because black holes retain their accumulated mass. The product must therefore peak at, or after,
the income peak, and not before it. An early peak is not merely disfavored by this structure; it
is excluded by it.

It is useful to distinguish three different “peaks”, because the phrase black hole formation
can obscure their separation. The formation of the first black holes and heavy seeds peaks
early, at z ~ 10-25. The accretion of mass peaks at cosmic noon, z =~ 2. Entropy production
peaks last, because a solar mass produces ten thousand times more entropy when accreted by

5Nothing in this argument diminishes the theorem within its proper domain. The point is that a result
formulated for driven mesoscopic systems cannot be transferred directly to cosmological structure formation.

SEquivalently, S oc d(M?)/dt: the ledger tracks the second moment of the black hole mass function, and
second moments live in the high-mass tail. In a hierarchical cosmology the tail is built last.



a 10° Mg, black hole at z = 1 than by a 10° Mg, black hole at z = 10. The Universe therefore
produces most of its entropy neither when its black holes are born nor primarily when they
accrete most rapidly, but when the most massive accretors have finally assembled.

The failure of the early-peak intuition is itself informative. That intuition follows a linear-
response picture: flux is proportional to force, so maximal disequilibrium should generate
maximal production. Linear response, however, presumes a fixed conductance, whereas here
the effective conductance is the assembled black hole population, which begins near zero
and is created by the same flux that it subsequently carries. The early Universe is rich in
thermodynamic drive but poor in the structures capable of converting it into horizon entropy.
Production is small at high z not because the drive is weak, but because the relevant accretors
have not yet formed, and their construction is the slow process of hierarchical assembly, further
limited by the Eddington rate and the Salpeter time. Entropy production in this Universe is
autocatalytic, and autocatalytic growth is correspondingly weighted toward later times.

The intuition is therefore not entirely wrong, but applies to a different history. It is correct
for the envelope of Sec. 3. A population able to convert baryons at the causal-hydrodynamic
rate front-loads its growth: it consumes the available gas in each halo within a few hundred
Myr of formation and thereafter grows mainly through mergers. An early peak characterizes
maximal greed, whereas a late peak is the outcome of a greedy algorithm. The displacement of
the peak from cosmic dawn to cosmic noon is F'(z) expressed temporally rather than as a rate
ratio, and the expectation of an early maximum is precisely the null hypothesis rejected by the
ledger.

The dominance of the horizon channel may appear to reflect the amount of energy processed,
but it is principally a consequence of temperature. At cosmic noon (z ~ 2, the joint peak of
cosmic star formation and quasar activity), the energy processed by black hole accretion and
that radiated by stars are, through a mild numerical coincidence of the Soltan normalization,
comparable: 6.9 x 107° against 9.2 x 107° Myc? yr—! Mpc ™2, a ratio of 0.74. The difference
lies in the entropy produced per unit energy. Entropy per unit energy is 1/7"; dust re-radiates
starlight at 35 K, whereas a 10% M, horizon absorbs at T = 6 x 10716 K, so a joule produces
Taust/Tu = 5.7 x 10'6 times more entropy in the horizon channel. The product of the two
ratios, 4.2 x 106, reproduces the measured separation between the two curves in Fig. 1 at
z = 2, namely 4.1 x 10'6: the sixteen orders of magnitude are accounted for by the temperature
ratio alone.” Black holes dominate the entropy budget not because they process more energy
than starlight, since they process slightly less, but because they are the coldest objects in the
Universe, and for horizons temperature and size are inversely related, T3 o< 1/M. In this sense,
the ledger is a thermometer read in reverse. The late peak discussed above reappears from this
perspective: the accumulation of capital is also a cooling process, and entropy production is
greatest when the coldest reservoirs are both sufficiently massive and still being supplied.

These considerations allow F'(z) to be interpreted as encoding two facts. Its smallness
measures the rarity of the anti-dissipative path: the envelope is realized only where monolithic
collapse survives, namely where local cooling and fragmentation have been externally suppressed.
Pre-JWST models placed the required selection at roughly one halo in 106-108 [23], whereas
the inferred little red dot abundances, if confirmed, would relax this to approximately one in
103-10%. Gas that does not follow the envelope is instead distributed into stars, whose entropic
yield is smaller by the factor discussed above; the smallness of F' is therefore the score obtained
by a greedy algorithm when judged against a globally optimizing one. Its relative flatness
indicates that the numerator and denominator evolve on similar clocks: both realized accretion
and the available envelope track the assembly of atomic-cooling halos, so their ratio changes
by less than an order of magnitude while the rates themselves increase by two to three. F' is
therefore an effective greediness coefficient for the Universe, and its inferred behavior, 10~5+1

"The identity behind this is dSher/dE = 1/Th, the first law applied to the horizon; Eq. (1) is that identity in
disguise.
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with no epoch approaching unity, states the paper’s central negative result in positive form:
the quantity is well defined, small, and comparatively stable. In this language, the principal
thermodynamic implication of the JWST era is specific. Cosmic dawn may have operated a
factor ~ 30 closer to the envelope than pre-JWST censuses implied, while remaining four orders
of magnitude below it.

The meaning of these numbers is that they enforce a division of labor that entropic teleologies
tend to obscure. The second law fixes the direction of every process in Fig. 1 and forbids none
of them; the rates are determined by collapse times, cooling channels, angular momentum
transport, and radiative throttling, none of which is set by the entropy ledger. In the analogy
of an institution, the second law audits each transaction and verifies the accounts but does not
determine strategy. This is its role in cosmic history, and the result of Sec. 5 is that assigning it
a strategic role fails by sixteen orders of magnitude. The declining tail of the ledger is then
unsurprising: after cosmic noon, the Universe contains immense accumulated black hole mass
but a declining accretion supply, and its period of maximal entropy production has passed.® The
opposite result would have required explanation. An entropy-production peak at cosmic dawn,
an F of order unity, or gas systematically foregoing the stellar channel in favor of monolithic
collapse would constitute genuine evidence for entropic selection. Their absence is informative
precisely because these are the signatures that such a principle would be expected to produce.

7 Discussion

The analysis above excludes the cosmic event horizon from the accounting, and that exclusion
is consequential. If the Gibbons—Hawking entropy of the CEH [34] is admitted as a bona fide
entry, it exceeds the total black hole contribution by eighteen orders of magnitude (3 x 1022
against 3 x 1019 kg [1, 2]), while its present growth rate, ~ 5 x 101*! kg yr=! exceeds the
entire black hole channel by a comparable margin. In that ledger, the Universe’s most effective
entropy-producing process is simply expansion, black holes become a negligible correction, and
the teleological question reduces to the asymptotic approach to de Sitter space. The CEH is,
however, observer-dependent,” and one may reasonably decline to count it, as Penrose would [35].
We take no position on that choice; the point is structural. The teleology is not robust to the
choice of ledger: with the CEH, the Universe maximizes through expansion; without it, through
collapse. A purported “goal” that reverses under a bookkeeping convention cannot constitute a
robust physical principle. This observation is at least as damaging to entropic teleology as the
numerical no-go results, and requires no additional modeling.

More fundamentally, the smooth initial state, the Past Hypothesis in Albert’s sense [36],
with Penrose’s vanishing initial Weyl curvature as its geometric expression [37], states that
the Universe began without realizing the largest entropy gain then permitted by causality:
horizon-mass black holes throughout the radiation era, whose entropy by ¢t ~ 1 s would have
exceeded everything accumulated since. Whatever explains this initial condition, and we
offer no explanation here, its role in the present ledger is clear: it constitutes the primordial
prohibition on immediate gravitational saturation and thereby makes possible a prolonged
history of structure formation [3, 6, 38]. Recent thermodynamic work addresses the homogeneity
and flatness problems directly [39]; none of the present accounting depends on how that debate
is resolved. Low initial entropy and the small efficiency quantified by F(z) are therefore not
wholly separate puzzles: the Universe begins far below the causally available envelope and
subsequently approaches it at only 107° of the allowed rate.

8The analogy is imperfect in one respect: this rentier’s capital is also its furnace, and in some 10'%° years it
will have evaporated. No metaphor survives contact with Hawking radiation.
9An uncomfortable property for the terminal entry of a ledger.
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7.1 Relation to earlier proposals

Frautschi’s classic analysis [3] established the growing entropy gap and identified black hole
formation as the dominant channel; the present paper adds a reconstructed production history,
a causal-hydrodynamic envelope, and an associated efficiency. Lineweaver’s proposal that
MEPP might be tested through accretion efficiency [5] receives a negative answer here at
the population level, irrespective of what may hold for individual disks. The causal entropic
principle of Bousso et al. [40] weights vacua by entropy production within causal diamonds
while deliberately excluding horizon entropy; the present ledger shows how consequential that
exclusion is, because including horizons increases the relevant weighting by ~ 10'6 and transfers
its dominance to black holes. Smolin’s cosmological natural selection [41] reaches a superficially
similar conclusion, namely that universes producing many black holes are favored, but does so
through reproduction and selection rather than thermodynamic preference; the present results
are neutral with respect to that proposal, although the smallness of F' suggests that any selection
for black hole production would operate under strong constraints or with limited efficiency.
Finally, the holographic cosmology of Banks and Fischler [38, 42], in which the early Universe is
represented as a maximal-entropy black hole gas, may be viewed as the counterfactual in which
the primordial prohibition was not imposed; the observed Universe records the opposite history.
The only route by which entropic language might acquire genuine dynamical force, namely
the interpretation of gravity itself as thermodynamics [43, 44, 45, 46, 47], is not addressed
by the no-go results above. Two remarks locate the present paper relative to that program,
taking gravity-from-entropy theory as its currently most developed representative. First, the
ledger constructed here is unchanged under that framework by construction: the theory reduces
to general relativity with an emergent dark-energy term in its low-energy, small-curvature
limit [45], recovers the Schwarzschild area law [48], and reproduces the H~2 de Sitter scaling
[46], while every quantity in Secs. 2—4 is evaluated in that limit. Second, such a theory
aims to provide precisely what Sec. 2 lacks: a local, volumetric gravitational entropy defined
independently of horizons. Its thermodynamic formulation has so far been developed only for
homogeneous backgrounds, where the local entropy density decreases while the total entropy
remains nondecreasing [46], a background-level analogue of the local-global tension discussed in
Sec. 5.3. Whether the clustering contribution to such an entropy increases during structure
formation is, to our knowledge, an open and well-posed question, and constitutes a natural
point of contact between that program and the present ledger. Computing it for a perturbed
Friedmann metric, and comparing the result with the Weyl-based proposal of Ref. [49] and with
the gravitational dissipation of Chirco and Liberati [44], whose shear-squared form connects the
same set of ideas to the Penrose boundary condition, could determine which candidate, if any,
satisfies a second law during structure formation. We leave these questions open.

7.2 What would change these conclusions

The ledger in Sec. 2 is robust at the order-of-magnitude level under every input uncertainty
considered; overturning the 10" dominance of the horizon channel would require a failure of
the Bekenstein—Hawking entropy assignment itself. The no-go results of Sec. 5 are comparably
insensitive. The consistency claim concerning the envelope in Sec. 3.3 is the most exposed
component: it would be strengthened if LRD spectroscopy confirmed abundant, obscured,
radiatively inefficient super-Eddington growth, and weakened if the population were instead
resolved into compact starbursts or if early accretion proved to be efficient and Eddington-
throttled. F(z) would then shift by one to two orders of magnitude, which does not alter the
conclusion when set against a seven-order gap. The central results therefore rest on robust
order-of-magnitude separations rather than on the presently unsettled high-z mass estimates.
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8 Conclusions

Four points summarize this paper: (i) The Universe produces entropy predominantly in black
hole horizons, at 10*°17 times the rate of all radiative channels combined. (ii) This production
peaked at z &~ 1-2, rather than at cosmic dawn, and is now declining. (iii) The fastest trajectory
permitted by causality and hydrodynamics was available from the first atomic-cooling halos,
reaches 107! M by z ~ 9, and closely resembles the inferred properties of a little red dot.
And (iv) the Universe follows that trajectory with an efficiency F ~ 107°*1 throughout the
redshift interval and parameter brackets considered.

Each result has a transparent physical interpretation (Sec. 6), and none is obscure once
its underlying structure is identified. The dominance is primarily a temperature ratio rather
than a difference in energy processing: the energy fluxes through horizons and through starlight
are comparable, while 1/T" accounts for the large entropy contrast. The late peak follows a
compound-interest structure: horizon entropy production weights income by capital, S oc MM,
and the capital is assembled late; a maximally greedy universe would instead front-load its
production, as the envelope does but the realized history does not. The smallness of F' reflects
the rarity of the anti-dissipative route: the largest global entropy yield requires the suppression
of local dissipation, whereas local dynamics selects the locally accessible channel in nearly every
case. Entropy production therefore provides an accurate account of what the Universe does,
but not a sufficient explanation of why it does so. The second law constrains and records every
process in cosmic history; it does not determine the dynamical strategy.

The resulting program is concrete. The ledger can be refined by replacing the Soltan-
normalized shape with full bolometric luminosity functions and active black hole mass functions;
the envelope can be computed halo by halo; and F(z) at cosmic dawn is, in effect, now being
constrained by spectroscopic studies of little red dots, the first population that may be following
the envelope while directly observed. If their inferred masses and abundances survive the current
revision, the early Universe operated thirty times closer to maximal greed than pre-JWST
estimates implied, while remaining four orders of magnitude below it. Structure formation
behaves as a greedy algorithm that systematically forgoes a global maximum inaccessible to
local dynamics. A defensible thermodynamic cosmology therefore consists in accounting for
what remains unrealized: sixteen orders of magnitude per fragmenting cloud, four to seven
orders in rate, and five times the present total by the first second of cosmic time.
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A  Numerical details

Cosmological parameters are taken from Planck 2018 (h = 0.6736, Q,, = 0.3153, €, =
0.0493). The halo mass function is the Sheth-Tormen form [25], evaluated with COLOSSUS
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[26] using the FOF definition and integrated from the atomic-cooling mass Mmin(2) (Barkana—
Loeb with T = 10* K, g = 0.6 [24]) to 10'35 M. For each halo, the envelope mass is
Mgy = min[]Wenv At, fyMy] with At = t(z)/2 and My set to zero once the baryonic budget
is exhausted. The parameter bands propagated in Figs. 1 and 3 are pppo € [2.5,6.0] X
105 Mg Mpe™3; neg € [3 x 10743 x 1073 Mpc™2; Meyy € [0.1,0.4] Mo yr—!; LRD boost €
[10,100] at z > 5.

B The cosmic event horizon ledger

The proper CEH radius Rcgn(z ft cdt’' /a(t") evaluates today to 5.08 Gpc, yielding

SCEH = WRCEHC kg/Gh = 2.95 X 10122 kg and a present growth rate of 5.3 x 101! kg yr—!.
Dividing this rate by the comoving volume of the observable Universe (1.12 x 10'3 Mpc3)
gives 4.7 x 109 kg yr~! Mpc—2, although the legitimacy of this operation is precisely what
Sec. 7 questions. As the Universe approaches de Sitter, Scgy saturates at 3mc’kg/(GhA) ~
3.1 x 10122 kg and the growth rate tends to zero; the CEH ledger, like the black hole ledger, has
therefore passed its peak.
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