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1. Introduction

The formation and evolution of the large scale structure in galaxies show the central role
of gravitation in the Universe, on the Hubble scale down to gravitational collapse to black holes
[2, 27, 37-40]. The Universe today, however, reveals a dramatically distinct aspect in accelerated
expansion [5, 81]. While the former builds on Newtonian gravitational interactions extended in
general relativity, accelerated expansion takes us in a different direction with conformal scaling of
cosmological spacetime by a Friedmann scale a(¢) in the Friedmann-Lemaitre-Robertson-Walker
(FLRW) line-element

ds* = aznabdxadxb, (1)

where 1, is the metric of Minkowski spacetime. With Hubble parameter H = d/a in the equivalent
line-element ds*> = —c2dt* + a(t)? (dx2 +dy* + dzz) with velocity of light ¢, (1) describes a Big
Bang cosmology marked by a singularity at a Hubble time 1/Hj in the past [e.g. 71] for a Hubble
constant Hy today. Conventionally, a(z) in (1) evolves according the Friedmann equations with
constant dark energy A and a finite dimensionless density €57 ¢ of cold baryonic and dark matter -
the concordance model of ACDM. Observations of the Hubble expansion in late-time cosmology
shows A > 0 based on a deceleration parameter gg < 0 [76, 80], where ¢ () = —adi/d?, equivalently,
q(z) = —1+(1+2)H ' (z) H'(2) as a function of cosmological redshift z defined by a/ag = 1/(1+2).

The concordance model ACDM describes the evolution of a(#) in the presence of a constant
dark energy A and cold dark matter. A introduces a conformal scaling by a(t) by which conventional
null-infinity in n4; is lost. Such may have consequences for the future state of the Universe. If the
future state is distinct from what is expected in ACDM, ACDM cannot hold to all orders today,
inevitably leaving finite tensions between ACDM and the Local Distance Ladder [81]. A constant A
in ACDM predicts a future de Sitter state with deceleration parameter ¢ = —1, though it represents
a singular limit of (1) that might not be stable.

In a Big Bang quantum cosmology, the Universe caries a background of relic fluctuations by
a broken global time-translation invariance on a Hubble scale. Furthermore, the total number of
degrees of freedom N within a Hubble volume will be finite. This suggests a background de Sitter
energy [106]

Q = Ne, 2

summed over the energy € ~ Hh per degree of freedom by the Heisenberg uncertainty principle.
In a consistent IR limit of quantum cosmology as the Planck constant 7/ approaches zero, a finite Q
requires a scaling N ~ 1/h ~ 1/ 112, in Planck units 112), I, = YGh/c? given Newton’s constant G.
In the absence of any other intrinsic length scale, the total count N ~ A,,, where A, = 47R2,/ lf,
denotes the Hubble area in Planck units. Conventionally, we consider the Bekenstein bound
N =(1/4)A,.

Accordingly, (1) contains a de Sitter heat (2) in a consistent IR limit of quantum cosmology,
even as a detailed description thereof remains elusive. A discussion on the converse in a consistent
UV-completion of the IR limit in modeling (1) has been developed for EFT by the swampland
conjectures [7, 19, 30, 69].
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By the first law of thermodynamics, Q can be identified with heat. By dQ = TdS - pdV,
kpT = A1Hh per degree of freedom and p = —p., dE = |p|dV — TdS, S = kgN given the
Boltzmann constant kp = 1.38 x 10~ !%eerg K~!. The energy € = kT in each surface element of
H derives from the horizon temperate kgTy = A1fic/Ry. It satisfies dE = p,AgdRy — €dN =
c7 'Ly [% - 27r/11] dRy, where Ly = ¢°/G. Energy conservation dE = dMc? fixes A, = 1/2n,
where Ry = 2R, given the gravitational radius R, = GM / c? of the total mass-energy within Rp.
Hence, € = ic/2nRy at the de Sitter temperature kgT s = Hh/2n - recovering [41]. See further
[73] on the role of the first law of thermodynamics in Friedmann cosmologies and §3.1 below.

Averaging Q = NHAh/2n over a Hubble volume Vg = (47/ 3)R13q recovers the closure energy
density

(0] 3¢t

Pc = 5

= 3
Vu  87GR3, )

where Ry = ¢/H denotes the Hubble radius. p. is hereby equivalent to the energy density Q/Vy
in heat Q of a black hole of Schwarzschild radius Rg, averaged over the Schwarzschild volume
Vi = (4n/3)R%, based on the Clausius integral Q = fOM TudS = Mc? of the Hawking temperature
Ty over the Bekenstein-Hawking entropy S = kgN of H.

In the above, general relativity is considered to be the limit of a theory of quantum cosmology
in the limit as 7 approaches zero. The elliptic part is hereby left scale-free, while the hyperbolic
part possesses Lo = ¢>/G = mpc?/t,, where m,c? = hic/l, and t, = [, /c refer to the Planck
mass and, respectively, Planck time. The first recovers the classical limit of black holes given the
luminosity of evaporation Ly ~ %, while the second defines a scale for the peak luminosity Lgw in
gravitational radiation from binary black hole coalescence, notably demonstrated by Low ~0.1L
in GW150914 [1].

Applied to quantum fluctuations of the vacuum, consistent IR coupling in general relativity re-
quires normalization of the UV-divergent Zeldovich bare cosmological constant Ag = 87Gc~*pg ~
1/h from a Planck density pg = fic/ l;‘,. Such quantities are primitives, whose consistent IR cou-
pling in general relativity call for a dimensionless coupling over ~ 7. Since lf, ~ h, this coupling
equivalently obtains by normalization to surface area in Planck units. With no intrinsic scale of
area in general relativity, such normalization in (3) derives from the IR coupling relation [112]

apAp =1, 4)
whereby
A= 2.2
=apNo=2H"/c". 5)

Given the dimensionless matter density €7 o = 0.3 at the present epoch [5], indeed the present
epoch calls for a vacuum contribution (5) in a three-flat cosmology. By the first Friedmann equation,
a future de Sitter state and, by implication, ACDM is non-existent in the distant future. In fact,
H(z) may be divergent consistent with a Hubble constant Hj in the Local Distance Ladder being
greater than the Planck value, e.g., when de Sitter is unstable [6].

To study the observational consequences of (1) in the IR limit (4) of a Big Bang quantum
cosmology, dark energy (2) and (5) is identified with the trace of the Schouten tensor [87], seen to
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derive from gauging global phase in a path integral formulation of quantum cosmology (§2). An
equivalent interpretation is found in some thermodynamic properties of spacetime (§3). The result-
ing Hubble expansion H(z) ameliorates multiple tensions in observations of late-time cosmology
(§4), effectively related by scaling of Planck ACDM values.

Next, we turn to the JWST ‘Impossible galaxies’, upending ACDM at ultra-high redshft. This
is unlikely solved by cosmic variations of fundamental constants (§5). Rather, it may derive from
anomalous inertia in the limit of weak gravitation at accelerations « below the de Sitter scale of
acceleration

ags = cH (6)

of the cosmological background vacuum. To this end, curvature in general relativity is identified
with consistent IR coupling (4) to position information of particles based on their propagator (§6)
- a second primitive in the sense of UV-divergence in 7. On a cosmological background (6), weak
gravitation at accelerations @ < ags is seen to yield early galaxy formation by fast gravitational
collapse on the same footing as the baryonic Tully-Fisher relation (§7). We summarize our findings
in §8.

2. Beyond dark in ACDM

Einstein’s theory of general relativity contains a scalar theory of Newton’d theory of gravitation
by coupling matter to the scalar curvature R of the Ricci tensor R,p. Specifically, it couples R to
the trace p = —T of a matter stress-tensor T, in

R = —«T, @)

where k = 87 in geometrical units G = ¢ = 1. The vacuum equations R = 0 famously mixed elliptic-
hyperbolic, giving rise to black holes and gravitational-wave propagation. Einstein equations
coupling R,p to the full tensor T,p, i.€., Rap + dogapR = «T,p preserves (7), provided that
1+419=-1,1e., 4y = —%. Newton’s theory in (7) is hereby embedded in

Gap = kTyp, (®)

where G, = Rup—(1/2)g4p R is the Einstein tensor. G, is divergence free, whereby (8) conserves
energy-momentum in V¢T,;, = 0. By the embedding of (7) in (8), the latter equivalently satisfies

Gap + pgabvR = k (Tup — pganT) , )

where y is abritrary.

Einstein equations (8-9) conventionally refer to baryonic content in matter. The content of the
Universe, however, appears predominantly dark with no observable interactions with baryons other
than by gravitation. What, then, is a natural coupling between the dark sector and spacetime?

Consider a stress-energy tensor M, of the dark sector of the Universe with essentially no
interactions with the standard model particles, V¢ M,;, = 0. Einstein’s cosmological term M, =
Agap is a special case with A constant. M, can be expanded into matter (on-shell) and a trace K,

Mup = Tup _Kgab- (10)
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Equivalently, R,p = « (Mab - %gabM) by = 1/2 in (9), whereby

1
Rap =k (Tab - EgabT) + kKgab. (11)

Schouten considers an expansion R, = 2P,p+Jgup in P,y and its trace J [87]. In four-dimensional
spacetime, J satisfies

1
J==R. 12
5 (12)
By (11) and (12), we identify
1 1
Pap = 7K Tap - EgabT , kKK =J. (13)

Tracing back, Einstein equations for the dark sector satisfies
Gap = KTap — Jgab. (14)

The right hand-side of (14) may further be identified with T, = [(1 —q)t, + qﬂa‘b] Pc, Where
%, =dia[1,£1/3,+1/3,+1/3], trx®, =1 % (~1) in the metric signature (-, +, +,+) [106].

2.1 Dark energy from gauging total phase

Our formulation (14) identifies a dynamical dark energy
A=J (15)

in (12) and (20). Following §1, (15) originates as relic fluctuations of the Big Bang, breaking
time-translation symmetry on a Hubble scale.

A further derivation follows from the path integral formulation, following a foliation of space-
time in Cauchy surfaces of constant cosmic time . The result has an interpretation in de Sitter heat
(2), consistent with aforementioned first law of thermodynamics.

General relativity satisfies the action principle applied to the Hilbert action S = f Lﬁd“x
for a Lagrangian L = R + - - -, including additional terms from the standard model. The Einstein
equations obtain as classical equations of motion from the variational principle with respect to sub-
Horizon scale fluctuations. For super-horizon fluctuations, the action principle calls for a global
phase reference @ in the propagator - the gauging of a global symmetry [14, 18, 58, 82, 106].

These super-horizon scale fluctuations are off-shell, not localized in the visible Universe within
the Hubble horizon H. New contributions derive from the propagator gauged by total phase [106],

ei(b — ei((b—q)()), (16)

where ® = S/h.

Conventionally, the total phase g = @ [N] is safely put to zero, assuming asymptotical null-
infinity NV of Minkowski spacetime. Correspondingly, the conformal scale a = ag in (1) is frozen
and the classical Einstein equations obtain from the standard (scale-free) variational principle. In
(1), however, a = a(¢) is time-dependent, and the same boundary condition does not apply. In the



The Hubble parameter of the Local Distance Ladder from dynamical dark energy with no free parameters
Maurice H.P.M. van Putten

face of H, the variational principle is no longer scale-free and super-horizon scale fluctuations exist
call for a gauge

Dy =Dy [H]. a7

This gauge is dynamical since Ry is time-dependent. It can be absorbed in above-mentioned
Lagrangian L by an equivalent density 2A with

A=LR=gJ (18)

for some constant g = 61,. A detailed confrontation with data preserving the astronomical age of
the Universe, consistent with ACDM, and the BAO, shows [107]

g ~ 0.9964. (19)

Data identify dark energy (18) to be dynamical and non-local, derived from gauging global phase
in the propagator, described by the trace J of the Schouten tensor.

2.2 Dark energy: local or non-local?

In the conformally flat Friedmann cosmology (1), (12) reduces to J = (1 — g)H 2 e,

1 ,d ,
JZECI ﬁa.

A constant J would recover a de Sitter solution a(t) = age™’, e.g., Hy = 4/A/3 assuming R = 4A,
but such is ruled out by (5). By (12), (14) suggests an equivalent formulation in

(20)

1
Hup = Rap — ggabR = kTyp. (21)

In (21), H,p nor T,p, is divergence free, only the total (10) is divergence free. A baryonic component
T.p can be considered alongside dark matter M, in the right hand-side of (21) by the substitution
Tap — Tap + Myp. T,p remains divergence free since T, and M, are non-interacting, except by
gravitation. With a trace-adjusted coupling to curvature for baryons, (21) becomes

1
Hup =« (Tab - ggabT) +kMgyp. (22)

By (9) with u = 1/6, (22) preserves the Einstein equations whenever matter density substantially
exceeds closure density. On average and away from these regions, M,; is dominant given the
relatively small cosmological content €5 =~ 5% of baryons overall. The trace adjustment in (22)
hereby differs from dark matter alone in (21) by less than 1%. The formulation (21-22) derived
from (12) goes beyond ACDM - the limit J = A frozen to a constant ignoring (2).

However, (22) implicitly allows J = R/6 to be a local scalar in H,p, distinct from J =
(1—g)H?/c? in (1) representing the non-local properties of the cosmological vacuum inferred from
gauging global phase (17). While classical sources satisfy causality, contributions from fluctuations
on super-horizon scales point the other way. To be sure, A = J is non-local in the Hilbert action,
which appears inevitable in the IR limit of quantum gravity (4). Perhaps this is not surprising, since
(2) originates in the breaking of an essentially global symmetry on a Hubble time-scale inherent to
a Big Bang quantum cosmology. When modeling structures on sub-horizon scales, these arguments
favor (14) with mixed local and non-local contributions explicitly in 7, and, respectively, J, rather
than (21).
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3. Heat and observed temperature

The dark energy density (15) in the previous section identifies a background distribution of
de Sitter-Schouten heat. It identifies a finite temperature of cosmological spacetime [41] in a
background of fluctuations by a dynamic dark energy (2-3).

3.1 De Sitter-Schouten heat in cosmological spacetime

We identify (15) with the first law of thermodynamics and the Unruh temperature kgTy =
agh/2nrc inferred from surface gravity ay [101] as follows. Consistent with the first law of
thermodynamics (§1), the de Sitter temperature 7,5 is the thermodynamic temperature

(23)

" 2nc’

0E

TdS:(

Here, S = kgl for the position information I = 2n¢ of a particle of mass-energy E with Compton
phase ¢ = ERpy /hc relative to the Hubble horizon HH at Hubble radius » = Ry, elucidated further
in §6 below. The Bekenstein bound [11] applied to a 2-sphere of radius r < Ry corresponds to
I< }LA p» Which recovers the familiar limit » > 2R,, R, = GE/ c* Following §1, variations in the
Hubble radius carry an associated change of heat dQ = TydSy, Sy = }‘k BAp of H,

1 h h
o= — (aL) (87RydRy) = L Ry dRy . (24)
43 2rc clf7

Attributed to work by pressure p = —p, from a dark energy density A = (87G/ c4) P, we have [cf.
26]

8nG d
_ 8¢ _ZQ =0 22H (25)
Cc 47TRHdRH Ry
By A =JandJ = (1 —g)H?/c? of §2.1-2, we infer
1
an =3 (1-¢g)aas (26)
by (6). The result identifies the temperature
l1-g¢
Ty = — Tas (27)

of an evolving horizon of a Big Bang cosmology (1).

3.2 Topology and temperature of event horizons

The (modified) de Sitter temperature (27) of heat (2) in spacetime refers to virtual fluctuations
of spacetime background, distinct from (on-shell) Hawking radiation. This distinction originates in
a temperature ambiguity in Hawking radiation [91-93]. Since Hawking radiation is thermal, it is
conventionally interpreted as radiation from a black body with equal temperature of radiation and
the emitting surface. While the event horizon of a black hole is classically black, without baryonic
matter such temperature equality need not hold identically (Fig. 1).
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I =2N"log3
N/’Y T
',"’ ----- o ' s, =0 P
S aeaw i SN
. o KA
s, =—2 ““““
I=N R 7

Figure 1: (Left.) A black hole of mass M can be viewed as a finite temperature quantum computer for a
unitary transformation - hidden from the observer - of information I = kgN in N Planck sized units of area
over a change in total phase A® ~ N?. It satisfies A® ~ M?R? at the Margolus-Levitin bound A® ~ Mt,,
[63] radiating I in an equivalent number N’ of 2PE events over its lifetime 7., ~ M /L at a luminosity L,
Lt% ~ 1, given the light crossing time z. = R/c for a radius R. This identifies N ~ MR. For a black body,
this leaves M ~ NT at temperature T ~ 1/R, whence N ~ R? and R ~ M. Distinct from a baryonic object,
the horizon releases i = 2k g log 3 per 2PE at the observed effective temperature of one-half M’s temperature
in antipodal pairs (y,y) by P? topology. (Right.) A P? invariant reading of information in entangled 2PE
obtains from log 3 in the principle directions and log 3 in the sum of spins in each of the photons according to
their helicity. Schematically shown are the three possible sums s = -2, 0, 2 for propagation along the x-axis.

By P? of black hole horizons, we have [111]
Tgn = 2T, (28)

between the temperature Ty of the black hole spacetime and 7', in electromagnetic radiation, here
in entangled two-photon emission (2PE) seen by a distant observer [111].

Here, 2PE is in antipodal by the P? topology of the event horizon (Fig. 1), distinct from
radiation in individual Hawking particles by one-half the temperature of the underlying energy
reservoir in the mass-energy of the black hole. The result projects a quantum of information [110]

i =2log3 (29)

onto the celestial sphere in each entangled 2PE emission event, where one log 3 is accounted for by
orientation in space and another, independently, by total photon spin in these pairs. The appearance
of log 3 rather than log 2 is consistent with detailed considerations of quasi-normal modes and the
uniform area spectrum of black holes [25, 46].

By S topology, instead of (28), the cosmological horizon temperature satisfies equality in

Tas =Tg, (30)
where T is the temperature of spacetime. By (28-30), we recover the universal relation
TGS = Mc? (€2)

for a Hubble (T = Tys) and Schwarzschild horizons (T = Tgg), enclosing a mass M with entropy
S according to their surface area. By distinct topology, 7¢ is hereby seen to resolve the well-known
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temperature discrepancy by a factor of two between the Hawking temperature of a black hole and the
temperature of de Sitter space. Accordingly, the de Sitter temperature (27) of (2) is the temperature
of the background spacetime, as does T for a black hole.
The spacetime temperature 7 in (31) satisfies the holographic scaling [e.g. 6]
Mc? 3c* 2
PH=ﬁ:—2~TG, (32)

TR, 8nRj
satisfying (3) and showing a scaling with temperature squared, distinct from on-shell radiation
energy density scaling with the fourth power of temperature.

4. Hubble expansion H(z)

By the relatively small trace adjustment in the contribution of baryons in (22), we next consider
21) with Tup = (ppm + p) uqup + pgap of matter density pps and phantom pressure p. pps is
strongly coupled to J, and only their combination is divergence free. In what follows Qs = par/pc
denotes the total dimensionless matter density.

While ACDM posits the Hamiltonian energy constraint expressed by the first Friedmann
equation - the Hamiltonian energy constraint - to be first order in a, J in (21) changes its character to
second order in time, explicitly shown in (20). A detailed calculation obtains the Hubble expansion
rate H(z) = Hyoh(z) [107],

1+ 890 0Z5(2) + Q0 0Z6(2)

hy(z) = 172 (33)

with Z,,(z) = (1 +z)" — 1. In what follows, we shall refer to (33) as JCDM.

By the 1 + z denumerator in (33), the future de Sitter solution in z — -1 is unstable, in
departure of ACDM. H in JCDM is hereby larger than Hy in ACDM, evident in H(z) over the
future —1 < z < 0in (33).

4.1 T-duality in JCDM

The divergence in the Hubble expansion H(z) in (33) can be anticipated by the T-duality
symmetry in the equations of motion.

To this end, consider « = ag/a = (1 + z) in terms of the cosmological redshift z. (« hereby

scales with a Rindler acceleration & = ¢?/a.) The Friedmann equations can be seen to reduce to
[107]

D(x) = 3Qu. D(a) = -3Q, (34)

in terms of the second order operator D (u) = iiu/u?, where p refers to total (phantom) pressure.
The solution (33) to (34) satisfies exact T-duality in the Friedmann scale a,

D(a) + D(k) =2. 35)

This new symmetry arising from breaking of aforementioned global time-translation symmetry in
a Big Bang cosmology.
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4.2 JCDM versus ACDM

In the same notation as (33), ACDM satisfies

ha = V1 +Qu.0Z3(2) + Qr 0Z4(2). (36)

‘Comparing, hy in (33) with ha in (36) shows the distinct presence of the factor 6/5 in matter
coupling to background cosmology. Preserving the ratio of radiation to matter density at high
redshift, notably the BAO, indicates scaling by 5/6 of matter density compared to ACDM. Preserving
Qur.0h?, in turn, indicates an accompanying scaling by 6/5 of the Hubble parameter in ACDM (Table

1),1ie.:
6 5
(Ho.Qm.0) ; = (\/;Ho, EQM,O

This anticipates a Hubble tension

AH, \/E
S0 2212959, 38
H, 5 9-5% (38)

The scaling (37) is qualitatively follows the anti-correlation between Hubble parameter and matter

(37

A

density according to the degeneracy Qs o/ = const in the three-flat cosmologies (1) [71]. Based
on the Planck ACDM value Qs ¢ =~ 0.31, (38), such points to (5/6)3/291\4,0 ~ (.24, similar but
somewhat lower than (5/6)Qj o =~ 0.26 according to (37).

The scaling (37) originates in aforementioned non-existence of de Sitter in the face of a finite
matter density, as the following shows.

4.3 BAO analysis of JCDM

The angular scale 6, of the BAO in the power spectrum of Planck CMB is an essentially
model-independent observable [5]

6, = (1.04091 + 0.0003) x 1072, (39)

Evaluated at recombination redshift z. =~ 1100, it can be expressed on a given cosmological
background by [52]

[T Bsdz/h(z) [T dz/h(2)
0 = e = P0 Zx ’
Jo dz/h(z) S dz/h(z)

(40)

where B = ¢s/c =~ 1//3 is the sound speed ¢ in the ultra-relativistic baryon-poor epoch prior
to the surface of last scattering. Crucially, S is expected to be essentially invariant for different
choices of cosmological background such as ACDM and JCDM, when both satisfy the BAO at
recombination z.. We are therefore at liberty to use an effective sound speed By ~ 0.80/V3 = 0.46
in the ratio on the right hand-side of (40), extending a previous analysis on the same [107]. Indeed,
explicit calculations show Sy changes by less than 0.5% in ACDM in varying Hp and €57 ¢ across
their respective Planck uncertainties.

10
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Table 1. Estimates of (Ho, go,Qa,0) in JCDM fits to to the LDL [103] and, independently, to
the Planck BAO angular scale 6. (39), alongside Planck ACDM values [5]. Hjy is in units of
km s~ 'Mpc~!. (Reprinted from [112].)

JCDM/LDL¢  JCDM/BAO” LDL¢ ACDM/CMB¢  ACDM scaled®
Hy 74.9 £2.6 747+091  73.04+1.04 67.36+0.54 73.79 + 0.59
go | —1.18+£0.084 —-1.23+0.027 -1.08+029 -0.5273+0.011 —1.21+0.018
Quro | 02719 £ 0.028  0.2565 + 0.0063 —~ 0.3153 £ 0.0073  0.2628 + 0.0061

a. Local Distance Ladder of late-time cosmology [103]; b. Fig. 2; c. LDL: Hy [81] and gq [17];
d. Recommended values of Planck [5, 59]; e. Based on /6/5H( and (5/6)Q4s.0 scaling (37) of
ACDM.
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Figure 2: (Left Panel.) Cosmological parameters (Ho, Qs ,0) for a model background are tightly constrained
by the Planck BAO angle 6. (39) and radiation-to-matter ratio (41). JCDM satisfies these constraints for
(h, QM’O) ;= (0.747,0.2565) consistent with the anticipated scaling (37) of Planck values. (Right Panels.)
JCDM preserves the present astronomical age of the Universe according to the oldest stars in globular clusters
(green) and ACDM analysis of the CMB. (Reprinted from [112].

We proceed with two constraints: the BAO (39) by (40) and the Planck ratio of radiation-to-
matter density

Q'r,O _ Qr,th

o =g = (172382003 % 107 (41)
M ,0 M.,0

of the Planck values Qr,th =2.4661x107> and QM,oh2 =0.1431, where h = Ho/(IOO km s‘lMpc).
The solution produces (Ho, Qpr,0) for JCDM (Fig. 2). Table 1 lists the result alongside previous
analysis in late-time cosmology by fits to tabulated H(z) data and Planck ACDM analysis of the
CMB. A previous analysis [107] produced (19) as the solution to (39) and the age of the Universe
according to Planck. The present BAO analysis leaves the latter unconstrained, replaced it by
aforementioned Planck ratio of radiation-to-matter density for the case g = 1.

Table 1 confirms the anticipated scaling (37) of the Planck ACDM values With no free
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Figure 3: JCDM versus ACDM by Planck (red) and the LDL (green) in the (Ho, Q M,o) plane by independent
fits to the LDL (green) and the BAO (39). Included are the JCDM values expected from scaling (37) of the
ACDM Planck values. (Reprtinted from [112].)

parameters. JCDM for the first time accounts for the Hy-tension in the late-time Universe based on
early cosmology, constrained by the BAO (39). This scaling is accompanied with a reduced matter
density, further alleviating tension in Sg = Ugm, provided oy is essentially unchanged
between ACDM and JCDM. Fig. 2 also shows JCDM preserving the astronomical age of the
Universe Ty = H,, 1y, where

— ® dZ .
v = /0 A+ 0h@)’ 42

in a previous analysis [107], (42) was used as a constraint.
Fig. 3 summarizes Table 1, highlighting the cosmological parameters in JCDM based on the
Local Distance Ladder, the BAO, and the scaling relation (37).

5. Entropic constraint on variations of fundamental constants

The JWST ‘Impossible galaxies’ extend the existing tensions between the Local Distance
Ladder and Planck to structure formation at cosmic dawn. Before discussing this, the following
disfavors relatively exotic solutions based on cosmic variations of fundamental constants.
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Fundamental constants are the building blocks of our standard model of particle physics
and gravitation. Specifically, this includes the Planck mass m, = /ic/G. Dirac [24] famously
speculated on coincidences between the present age of the Universe relative to the atomic time-scale
of the electron and the hierarchy problem, posed by the ratio of electric to gravitational interactions
between the proton and the electron. These early considerations have been explored to account for
some of the tensions in cosmological parameters by potential variations on a Hubble time scale,
including the fine-structure constant [13, 94, 95]. Notably, recently JWST observations reveal ultra
high-z galaxies [8, 21, 28, 70], upending early galaxy formation predicted by ACDM [5]. Perhaps
this might be explained by cosmic variances of fundamental constants over a Hubble time scale
[35, 36]?

By universality, a variation of fundamental constants carries far-reaching implications through-
out, warranting careful consideration [90]. Variation of Newton’s constant G is subject to multiple
bounds from astronomy [e.g. 35], laboratory experiments [e.g. 20] and the propagation of gravita-
tional waves [53].

Black holes - vacuum solutions to (7) - are the most compact objects in the Universe by the
universal extremal density (3) and (32) at gravitational radius R, = GM/ c? for a mass M. They
carry a Bekenstein-Hawking entropy S = kpN, where N = (1/4)N,, is one-fourth the horizon area
Ay = 47rR§ in units of Planck area for a Schwarzschild black hole of radius Rg = 2R,.

Astrophysical black holes [2, 37-40, 57, 72] carry an arrow of time by §, in addition to a
primordial direction of time since the Big Bang [75]. Indeed, S is non-decreasing [10, 11, 43, 44]
by the Hawking black hole-area theorem [42] with recent observational support from binary black
hole mergers [50]. This poses a constraint on variations in the fundamental constants that define S
in light of the remarkably low photon emission rates [12, 89] v ~ 40 (M/ Mo) 'slin Hawking
radiation [43, 44]. Small primordial black holes may be an exception, that evaporate on time scales
less than a Hubble time [e.g. 96].

HST and JWST observe supermassive black holes at the center of galaxies [57] throughout the
observable Universe, now also soon after the Big Bang [21, 70]. They carry a cosmic arrow of time
by the second law of thermodynamics,

68 > 0. (43)

A constraint on cosmic variations of aforementioned m, and k g follows in light of

M \?
S~kB(—) ~ (kBG)M2. (44)
mp hic

Quite generally, (43-44) constrain cosmic variations of m, [61, 62, 84, 88] and kg given by
iy _

£ 45
m, — 2kp 45)

where the dot denotes differentiation with respect to time. The same can be expressed as a function
of cosmological redshift z, taking into account dz/dt = —(1+z)H given H = d/a > 0. By (43-44),
S ~ Gkp/hc, whereby variations of fundamental constants are subject to
’ ’ ’ k’
G < /] C B

. ] 46
G % ¢ kg (46)
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where the prime refers to differentiation with respect to z.

Based on (43), (45-46) applies to cosmology on a Hubble time, even when considering a
generalized second law of thermodynamics [10] in interaction with black hole environments. For
instance, M and S diminish by energy and entropy by evaporation. The black hole luminosity
satisfies Ly ~ Lo/n, where Ay = 3nlog3 l?, [46]. Evaporation extends over a number of Hubble
times N, = Hot, ~ 7 (Mo/m,) (M/My)* leaving AM/M =~ 1/N,, ~ 10738, AS/S ~ 2AM /M
hereby does not change (43).

In a recent proposal [36], the JWST ultra high-z galaxies [8, 28] might derive from variations
of the fundamental constants, decaying by a factor of two over a Hubble time subject to G ~ ¢ ~
o~ ki,/ 2 [35]. The accompanying Planck mass m, o 1/4/c then increases with cosmic time.
Combined with the proposed scaling kg o« 2, black hole entropy scales accordingly as S ~ ¢3. In
violation of the second law of thermodynamics, S is then decreasing by a decay in ¢ over a Hubble
time.

Independent of the fine-structure constant of the electromagnetic interactions considered pre-
viously [24], black holes pose a novel constraint on cosmic variations of m,, and kg. By (46), this
rules out stretching time by covarying cosmic variations of fundamental constants.

Alternatively, one might appeal to slow early expansion [65], allowing extended time for
galaxy formation and more so than what is expected in conventional matter-dominated evolution
a(1) o 123, However, this implies a vanishing deceleration parameter g = —da/a*> = 0, which is
ruled out by observations [e.g. 6].

Instead, the JWST ‘Impossible galaxies’ at ultra high-z more likely point to rapid galaxy
formation on a conventional matter-dominated cosmological background. To this end, we next turn
to the origin of curvature in general relativity in information, based on quantum field theory.

6. Curvature from consistent IR coupling to position information

The simplest case of position information is binary: Schrédinger’s cat is inside or outside a box.
This information is encoded on the box, derived from the amplitude of spacelike transitions across
according to its propagator. This encoding is not without limits. Expressed by the Bekenstein bound
[11], the cat cannot be arbitrarily overweight and still fit in the box of a given size. We formalize
this here as follows [113].

6.1 Position information and potential energy

2 in a cube of

The propagator of a particle of mass m at the Zitter angular frequency w# = mc
dimension L defines a position information I = 12¢ by the Compton phase ¢ = ws/c over s = L/2
[100]. (In fact, I is constant regardless of the position within a cube.) For a concentric sphere of
radius s, I is encoded more efficiently, reduced by orthogonal projection of the area 24s? of the
cube to the area 47s% of the enclosed concentric sphere of radius s by the area ratio 7/6. We thus

arrive at the dimensionless position information on the sphere [100] (Fig. 4)
I =2n. @7

The expression (47) is universal, applying also to the energy €, = wh of radiation at the Unruh
temperature kgT = «#i/2rwc = hic/2né of a Rindler horizon A at distance & = ¢?/k, seen by an
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Figure 4: By Compton phase ¢, a cat in a box (left) has a finite probability to be outside according to
the propagator of a massive particle. This information is encoded on the box according to the logarithm
Ip = 12¢. Encoding on a sphere is more efficient according to the area ratio 7/6 [100], leaving I = 2me.
As a UV-divergent quantity, I ~ 1/, is a primitive that calls for a IR consistent coupling to spacetime in
classical general relativity. (Reprinted from [114].)

observer at acceleration k. The Boltzmann factor ¢ «/ksT

of radiation at frequency w has a
corresponding phase jump ¢ = wé/c, whereby fiw/kpT = 2 once more. It highlights position
information (47) to be an energy ratio which, for a massive particle, derives from its the Zitter

frequency. As the exponent of a Boltzmann factor,

e—hw/kBT — 6_27“‘0, (48)

I hereby has an equivalent interpretation in entropy S in the Boltzmann factor of (thermal) radiation,
S =kgl. (49)

Relative to a horizon h, consider a particle at a distance & has I = 2m¢ and entropy (49). The
temperature of the Unruh vacuum is a thermodynamic temperature

as\'  hc
kply = (—) = E, (50)

2

where E = mc~. In the gravitational field of A, the relative potential energy U, derives as an

entropic force [cf. 115]

2

oS hc mc mc
F:Tka:(ﬁ) (27’1’7):? (51)

pointing to h. Specializing to 4 in Rindler space, k = ¢?/¢ reduces (51) to Newton’s law F = m« in
3
Uy = / Fds = mké = mc?. (52)
0

In the above, (52) identifies U, with the work performed in extracting an amount of heat Q = mc?

from h. To go beyond, including G, we consider the following.
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6.2 Bekenstein-Hawking entropy

In spherical symmetry, I has a lower bound given by the Bekenstein-Hawking entropy. To
derive this from Rindler spacetime, we appeal to the equivalence principle. By Planck length [,
this introduces G in addition to ¢ and 7.

Encoding (47) on a sphere of radius r for a gravitating mass M with gravitational radius
R, =GM/ c? assumes an Einstein area

Ap = 3105, (53)

where the constant A3 derives from the equivalence principle as follows. Consider M as the Man-
in-the middle in the strip of width & = ¢?/« in a Rindler frame R at acceleration x = GM /r? seen
by a test particle m. M is between the Rindler horizon # and m. A distant observer holding on to
m infers & = r?/ Rg, where & > 2r by causality. The limit & = 2r holds when m reaches infinite
redshift of A, identifying antipodal points by virtue of spherical symmetry about M. M hereby
possesses a surface H of infinite redshift of Schwarzschild radius Rs. To finalize, dI = 2nde,
do = deg/lz, of a mass element dM relative to s, whereby [111]

M
1
S = kgl}? /0 £dRy = AmkpRy |1}, = 7kpNp, (54)

where the entropy S is interpreted as k g/ hidden behind the event horizon H of area N,, = Ap/ lf,
in Planck units in the notation of (4). Crucially, (54) identifies the Bekenstein-Hawking entropy
formula sans reference to thermodynamics.

In (53), 13 = 4 by (54) will be assumed to be universal. Extended to r > Rg, Rs = 2Ry,

independent of redshift, this assumption recovers (47) from the above-mentioned derivation in
Rindler spacetime and the equivalence principle.

6.3 Curvature from Huygens’ principle

The encoding (47) in Ag (53) affects the propagation - and hence the distribution - in ¢ about m.
¢ is a scalar field, which provides a covariant radial distance in spherically symmetric wavefronts.
By I ~ 1/h, position information (47) is a second primitive. A consistent IR coupling to general
relativity derives on concentric surfaces surface A, of constant phase ¢ of area A = A pl?, = 4nr?
by the surface density

A
p= ﬁ =8mpa, (55)

of entanglement with M according to (47), where a;,A;, = 1 conform (4). The result p = 2u in (55)
shows the Newtonian gravitational potential u = Rg [r is the primitive I with consistent IR coupling
to general relativity.

A remainder 1 — p partakes in wave propagation according to Huygens’ principle, leaving a
velocity

B=1-p, (56)

where 8 = v/c denotes the three-velocity relative to the velocity of light. In practical terms, 3
describes the remaining window (by surface fraction) through which the proverbial cat of mass
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m can escape by tunneling to the outside. The limit 8 = 0 in (56) for p = 1 in (55) attains for
Ag = 4nr?, when A, has the Schwarzschild radius of m, while g ~ 1 at large distances relative
to the same. This radius dependent velocity $ in (56), probed by I« as a massless scalar field
indicates spacetime curvature based on wave motion - a distance measured by total phase ¢ of a
spherical wave about a point mass [99].

In Minkowski spacetime, we have j = Ag/A, = 1/4 for the ratio of poloidal surface area
2. More generally, 8 = dr/cdt satisfies 8 = o in
terms of the redshift factor « in a spherically symmetric line-element ds”> = a>c*dt?> + dr?/a? of
radial wave motion of a massless field in curved spacetime. According (56) and Ay = / "2nrds,
ds =dr/a, Ag = nr? + Ili7 in this gauge A, = 47r?, whereby

Ag = nr? to spherical surface area A, = 4nr

. 1
] = + A_ (57)
p

Bl

Changing gauge to A’ = 7172, (57) explicitly identifies Ay, = 4nr? — Ag with regressed propagation
(56).

By (55-57), curvature in general relativity represents the consistent IR coupling to position
information of M in (55). The Schwarzschild limit of (55-56) corresponds to ¢ = kr, k = mc/h,
at r = 2R, of m, where R, = GM /c?. We next consider the implications on a cosmological
background,

7. Galaxy dynamics tracing background cosmology

Galaxy dynamics offers a setting to study the limit of weak gravitation at the lowest accelerations
in the Universe. To this end, consider a particle in orbital motion with centripetal acceleration « at
a radius r in a spiral galaxy of mass M. We determine @ = V> /r according to circular velocity V.
by spectroscopy. For a particle of Newtonian inertia m in the gravitational field ay = GM /r?* of
M, the centripetal force represents Newton’s second law Fy = may. Allowing for the possibility
of a non-Newtonian inertia m’, momentum conservation requires

am’ =may. (58)

Accordingly, gravitational binding energy Uy = — /r “ Fnds = —-GM|r is preserved. In terms of
the expected circular velocity Vi, ay = VI%, /r, Un is accompanied by the Newtonian kinetic energy
Ey = %mVI%, By V., the kinetic energy E satisfies

, 1 ) 2 1 2 m’ 1 2 aN 1 2
Ej=5m'V2=3mV3 (;) = SmV2 (7) = SmV = Ex. (59)
As a result, the Hamiltonian
H=E;,+Upn (60)

is invariant under a change to non-Newtonian inertia.
Indeed, it has been speculated that galaxy dynamics might reveal a finite sensitivity to the
cosmological background [83]. To consider this, (52-51) provides a natural starting point for inertia
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in potential energy relative to a horizon surface that, by (49), identifies a thermodynamic origin in
the background spacetime. This points to reduced inertia by an IR cut-off in the integral (51) at
crossing of Rindler and Hubble horizons [102]. Since acceleration is of dimension 1/cm and the
trace of the Schouten tensor [J] = cm™? (in geometrical units G = ¢ = 1), such sensitivity may
arise with V/J. At finite sensitivity, Newton’s second law is no longer scale free, but assumes a scale
inhereted from background spacetime.

To model this, consider a particle in orbit of a galaxy of mass M at aforementioned centripetal
accelertion . In the comoving Rindler spacetime, it experiences a gravitational field g = —a by
the equivalence principle. (Hence, g + ay = 0 in Newton’s interpretation of orbital motion in free
fall et semper.) In this frame, the particle has a potential energy U;, = E relative to the Rindler
horizon A, equal to its invariant rest-mass energy E = mc? by the potential energy Uy, to h (52-51).
The Newtonian limit of constant inertia holds when & < Ry on a cosmological background with
Hubble radius Ry.

More generally, the potential energy U to the nearest event horizon satisfies

U<E, (61)

Across the transition radius (63), ay < ags by & > Ry, however. By causality, H cuts aforemen-
tioned strip to Ry < £. According to (52-51), this leaves
U~ R—HUh. (62)
&
Inertia in U is hereby reduced by a factor Ry /&, as Newton’s second law assumes a scale ags,
equivalently, Ry, in the application of the equivalence principle to background cosmology.

For a galaxy of mass M = M;;10'! M, the radial acceleration x = V2/r at circular velocity V..
carries a crossing & ~ Ry across the de Sitter scale of acceleration (6). By (61-62), this predicts an
essentially CO-transition in galaxy dynamics across ay = ags. For a galaxy of gravitational radius
RG = GM /c?, this is across a corresponding transition radius [102]

r = VRuRG = 4.7 M, *kpc (63)

at the current epoch z = 0. (63) bears out clearly in the normalized plot Fig. 5, showing the
significance of ag4s in the location of a sharp transition between Newtonian and anomalous galaxy
dynamics.

To describe the asymptotic region ay < ags corresponding to r < r;, we note the following.

7.1 Inertia on a cosmological background

On a cosmological background, propagation of a wavefront A, considered in §6.1 will be
subject to dispersion according to the dark energy density J. Such is consequential for inertia as a
thermodynamic quantity based on position information at finite temperature [104]. In what follows,
we derive this based on a minimal extension of (55) by the mass-less scalar field p — pe’¥. As a
fraction of area, it satisfies the conformally invariant Klein-Gordon equation. In four-dimensional
spacetime, it picks up dispersion

w=cVk?+J (64)
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between angular frequency w and wave number k, where the J implies a minimum mass 7VJ. In
applying (52-51), we shall consider

0a¢ = N (w/c, k) (65)

where N refers to the number of wave modes involved in the encoding of the energy and position
of a particle. At a distance r of a gravitating mass M, R, = GM/ 2, is subject to a centripetal
Newtonian gravitational acceleration ay = GM/ r2. In the comoving frame of reference, x = ay
formally defines an associated Rindler horizon /4 at a distance &. In the Newtonian limit, the
2-sphere A, about M covers N = I Planck-sized degrees of freedom satisfying 2Nk T, = mc?,
where I = 27 is evaluated invariantly by ¢ = wr/c or ¢ = kr. By (65), however, w # kc, breaking

this Newtonian correspondence. At the same time, the total vacuum temperature

T = [T} +T2 (66)

satisfies [23, 51, 56, 68]. Here, Ty satisfies (27) whereby (65 and (66) introduce two similar but
not identical dispersion relations on the background [102]. (They agree only in the unphysical limit

q=-3)
We next proceed with balance of energy and momentum.

* Subject to (66), on the 2-sphere A, about M, we have [cf. 115]
mc? ~ 2NkgT. (67)

In the weak field limit relevant to the baryonic Tully-Fisher relation [bTFR, 64], the number of
Planck sized area elements partaking in (67) satisfies N < I when Ty > T, and T effectively
reduces to Ty (27) at k < ays.
» Given an acceleration «, inertia is identified with potential energy U (62) in Rindler space.
According to (52-51), m’ satisfies
h
m'c? = (—K) ®. (68)

c

Evaluated over the light-crossing time of the distance to the nearest horizon,
¢ =Nmin{&, Ry}t w/c ~ NVJRy/c, (69)

where ¢ = ¢?/k. The right hand-side refers to the IR cut-off by Ry < & in (62) in the
potential energy (52-51), summing over the N modes in (67) with dispersion (64).

In weak gravitation ¥ < ags, (68-69) gives

m'c? = (%)¢=NEW(R?H). (70)

Combined with momentum conservation (58) and (67), (70) implies the observed acceleration «
satisfies

3

— (71)

V1 —qadS.

ay _m' VIh Ry 2«
(07 m B 2kBTH B
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Figure 5: A normalized plot of rotation curves of SPARC versus ACDM galaxy models. Shown are
observed radial accelerations @ = VC2 /r versus expected Newtonian radial accelerations ay, inferred from
circular velocities V. at radius r and baryonic mass. Plotted is an/a versus {: ay normalized to the de
Sitter acceleration ags of the background cosmology. SPARC (red) shows a sharp C°-transition across the
de Sitter scale of acceleration a5 between Newtonian and anomalous dynamics in galaxy rotation curves.
This normalized plot shows a 60 gap relative to ACDM galaxy models in ACDM (blue). It signifies the
absence of conventional CDM. Instead, this points to low-energy dark matter with de Broglie wavelengths
on the scale of r; (63) or larger, rendering dark matter inherently transparent to standard model interactions.
The green triangle represents (74) predicted by (72). [Reprinted from [105].)

In this ratio, N in (67) and (70) cancels, and the right-hand side follows from (27). The Milgrom
parameter ag in @ = y/apan [66] hereby evolves on a cosmological background according to [113]

1
ap = —\/7C (72)
2n
anticipated by above-mentioned dimensional analysis.

7.2 Weak gravitation in spiral galaxies

The transition radius (63) is hereby distinctly smaller than the critical radius r. = \/Rg/agc =
\/ﬂr, discussed previously [83]. Notably, therefore, the problem of anomalous dynamics in
rotation curves is parameterized by the two acceleration parameters (ags, ag). The relation (72)
makes explicit earlier suggestions for a connection between (reduced) inertia and the cosmological
vacuum [67, 83], allowing a study of its observational consequences over a wide range of redshifts.

A suitable fit to the radial accelerations in the MUGS2 ACDM galaxy model is

-1
a_N:(L 1+1+L) 73
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as a function of x = 4n/, ¢ = ay/ags. The fit (73) satisfies ay /a = 0.78 at £ = 1 - a gap of 22%
below the observed ap/a =~ 1 at £ = 1. This gap was missed in the original analysis of SPARC
versus MUGS2 ACDM galaxy models [54].

Asymptotically far out in a galactic disk, we have

W N2 (1-q) M P =21, (74)
a

indicated by the green triangle in Fig. 5.
By (72) and the bTFR M,, = AV?

hax correlating baryonic galaxy mass with maximal rotation

velocities V4 in spiral galaxies, we infer [109]

o \?
go=1- (GAadS) ~ —0.9802, (75)

where A = (47 + 6) Mokm®*s™ [64]. The go-estimate (75) is consistent and independent of the
go-estimate based on the Local Distance Ladder [17].

7.3 Early galaxy formation at cosmic dawn

The JWST ‘Impossible galaxies’” discussed in §5 upend ACDM by light at cosmic dawn about an
order of magnitude earlier than expected. It indicates rapid formation of the first stars and galaxies,
beyond gravitational collapse governed by Newtonian theory on the early expansion history a o £>/3,
a background essentially fixed by tight observational constraints, notably by the astronomical age
of the Universe and the BAO in the surface of last scattering (SLS).

Galaxies originate from primordial density fluctuations in the SLS by gravitational collapse.
We can infer time-scales of gravitational collapse from the 2-body problem. According to (72),
collapse times t. in weak gravitation below the de Sitter scale of acceleration are shorter than
collapse times 7. in Newton’s theory. Galaxy formation speeds up by accelerated gravitational
collapse times according to the ratio £ = an /ags, satisfying [109]

ao

1/4 1
) = 162074 = 25M)  (1+2)'8, (76)

leaving the initial distribution of galaxy masses M = Mo10° M, essentially unchanged. Crucially,
this accounts for the JWST ‘Impossible galaxies’ by the same first principles giving rise to the bTFR
with no free parameters.

8. Conclusions and outlook

We present a JCDM cosmology beyond ACDM with no free parameters derived from a Big
Bang quantum cosmology with primitives Ag and /. Consistent IR coupling by (4) to spacetime
gives rise to a dark energy (§2) and, respectively, curvature embedding the Newtonian gravitational
potential (§6).

This recognizes Ay to be essential to the identification A = J with the trace J of the Schouten
tensor (15). It formalizes de Sitter heat (2), quite distinct from a crisis in cosmology [116].
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With no free parameters, JCDM predicts a scaling of the Hubble constant (37). Crucially, this
accounts for the existing tension between the Local Distance Ladder and early cosmology according
to the BAO in the Planck ACDM-analysis of the CMB (Table 1).

On sub-horizon scales, JCDM points to ultra-light dark matter - a cosmological distribution
of essentially transparent matter of by wavelength(s) exceeding the transition radius (63) between
Newtonian and anomalous galaxy dynamics across the background de Sitter scale of acceleration
ags (6). Preserving the CY-transition across ags, predicted and observed in SPARC (Fig. 5) puts an
upper bound on the mass of this putative dark matter beyond the standard model of particle physics.

J unifies dark energy and anomalous galaxy dynamics in (15), (72) and (74). While general
relativity is preserved [117], it clearly receives contributions from its UV-completion in quantum
gravity.

8.1 JCDM and its observational consequences

JCDM introduces a cosmological vacuum with dynamical and non-local dark energy. On this
background, bTFR and early galaxy formation are unified by a finite sensitivity to VJ in weak
gravitation.

In JCDM, the propagation of gravitational and electromagnetic waves satisfy the same disper-
sion relation, explicitly in their respective formulations in SO(3,1) and U(1) in the Lorenz gauge
[97]. Consistency is observed within one part par 10~ given the small time-delay of 1.7 s between
GW170817 and GRB170817A [3]. In fact, the time delay of 0.78 s between GW170817B and
GRB170817A [108] tightens this observational constraint by a factor of about two.

(a) The vacuum of a Big Bang cosmology

The relic of the Big Bang (2-3) satisfies the canonical scaling of energy density p. ~ Rl‘f
of black hole spacetimes by A derived from (4). A is hereby dynamical, precluding the de Sitter
solution of constant Hubble parameter. This rules out ACDM - with fozen A - in the distant future,
inevitably in tensions with the Local Distance Ladder. A formal derivation of A derived from
gauging global phase in the path integral formulation further shows A = J. A hereby gives rise to
H(z) and a deceleration parameter g(z) of the background cosmology distinct from ACDM.

(b) Tension-free Hubble expansion

While nACDM assumes A to be frozen, JCDM describes a dynamical dark energy of a vacuum
at finite temperature (§3). It satisfies a T-duality in the Friedmann scale factor a with observational
consequences for tensions in cosmological parameters expressed in (37) of §4.

While JCDM and ACDM share essentially the same Hubble expansion in the past, JCDM does
not approach de Sitter in the distant future allowing consistency with the Local Distance Ladder.
Tensions with ACDM are identified with scaling of Planck values (37), confirmed by solving the
BAO angle as a constraint at recombination (Fig. 2). By (37), JCDM further predicts

qo = Qp,0 — 2840 = gq(l)\ - % = —% ~ —1.16, (77

consistent with the Local Distance Ladder (Table 1, Fig. 6) distinct from qf)\ = %Q M.0—8a0 = —0.5
of ACDM.
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In the outcome (77) the contribution J is absorbed non-locally in the Einstein tensor (21). The
Hamiltonian energy constraint on a(r) - the first Friedmann equation - is hereby second order in
time, distinct from the first order Hamiltonian energy constraint in ACDM. ACDM is a singular
limit upon ignoring a non-local contribution due to breaking time-translation invariance on a
Hubble time. The main tensions between JCDM and ACDM in (37) conceivably also alleviates Sg.

(c) Galaxy dynamics tracing background cosmology

A finite sensitivity of galaxy dynamics to VJ in weak gravitation below ags carries observa-
tional consequences across all redshifts. Notably, this applies to the bTFR and galaxy formation at
cosmic dawn, recently highlighted by the JWST ’Impossible galaxies’.

bTFR reveals anomalous galaxy dynamics in weak gravitation below the de Sitter scale of
acceleration ags, distinct from Kepler’s laws in Newton’s model of the solar system. Indeed,
SPARC rotation curves (Fig. 5) identify an essentially C°-transition across ags, evidenced by a
60 gap from MUGS2 ACDM-galaxy models [105]. This gap unlikely originates in conventional
CDM, such being inherently smooth due to diffusion by scattering canonical to N-body systems.
The apparent C°-transition allows for ultra-light DM with wavelengths A on the scale of galaxies
[102, 105], a cosmological distribution of which is required to preserve three-flatness, when the
CO-transition is accounted for by anomalous inertia in a departure from Newton’s second law.

Preserving the C°-transition due to reduced inertia requires a de Broglie wavelength A > r,.
For CDM, this implies [112]

5 Mo\-12 H 1/2
mpc? < max (725 | ~ 3% 1072lev 4 , (78)
B refs 101 Mg 73km s~ !Mpc~!

where 8 = v/c for the reference value r, = Skpc for a Milky Way type galaxy. Here, 8 is bounded

below by a crossing time r,/(B8c) < Ty less than the age of the Universe Ty, i.e., 107% < 8 < 1.
The right-hand side of (78) is attained at 8 =~ 10~° with corresponding dark matter temperature
kTpm ~ kpTas ~ 5 x 10733eV. At these temperatures, (78) naturally forms a condensate with
critical temperature 7. > T;s. The constituents may be then be composite. Starting from a small
energy fluctuation, (78) sets an upper bound on the number of pairings, lowering T, by a factor
275/3 in doubling the mass of the constituents in each subsequent pairing [98].

Ultra-light DM (78) is inherently dark by transparency, due to negligible cross-sections at the
associated Compton wavelength to standard model interaction energies. Our bound (78) is consistent
the estimate mpc? 2 1072%eV for wave-like dark matter (¥ DM) [9, 15, 22, 45, 48, 60, 77-79, 85],
also known as fuzzy dark matter [47, 74, 86]). The condition A > r; sets a smallest scale of dark
matter structures consistent with the ~ 10kpc scale in recent ALMA surveys [49].

At cosmic dawn, sensitivity of galaxy dynamics to VJ predicts early galaxy formation by rapid
gravitational collapse, that may account for the JWST ’Impossible galaxies’ [110]. We identify
this with reduced inertia across a C°-transition across ags, below Newtonian inertia defined by
the invariant mass-energy of a particle (§6-7). Below ags, it accounts for radial accelerations in
the bTFR with redshift dependent Milgrom parameter ao(z) (72). It represents the consistent IR
coupling to position information (47) as a primitive in general relativity (55). By ¢/ CDM, however,
first galaxies form later than CDM in ACDM [85], making the ultra high-redshift JWST galaxies
even more ‘impossible’.
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Figure 6: Overview of (Hy, qo)-tension in ACDM by Planck with respect to the LDL (green) and JCDM,
where JCDM results are shown independently from the LDL (yellow) and the BAO (magenta). Included are
JCDM results from scaling (37) of Planck values. (Reprinted from [112].)

8.2 Outlook

High-resolution observations of (Hy, qo, Sg) promise further observational tests of JCDM and
the scaling relations (37) of ACDM parameters. Confirmations beyond Table 1 promise to establish
JCDM as the classical limit of a Big Bang quantum cosmology, probed in late-time cosmology by
the Local Distance Ladder. Specifically, we mention the following.

* The reduced matter density Qps o in (37) is expected to alleviate Sg-tension, provided that og
remains unchanged. This may be confirmed in a fit to the Planck power density of the CMB,
now on the background (33) of JCDM.

* Accurate measurements of gq are essential to establish the order of the Hamiltonian energy
constraint, i.e., second order in JCDM by (77) versus first order in ACDM. These mea-
surements are generally challenging due when derived from H’(z). Possibly, g(z) may be
determined from the BAO in galaxy surveys, e.g., by Euclid.

* The 60 gap at the C%-transition between Newtonian and anomalous galaxy dynamics (Fig.
5) signals reduced inertia across ags. In keeping with a three-flat Universe, such is to be
preserved by the cosmological distribution of CDM, contributing to the gravitational field on
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scales larger but not smaller than r, (63). This condition points to ultra-light DM (78) and
may be tested in high-resolution maps of the dark matter distribution [49].

While a theory of quantum cosmology continues to elude us, this outlook derived from two
primitives Ag and / points to new physical properties the dark sector, presently dominated by a
cosmic relic of de Sitter-Schouten heat with no tension between early- and late-time cosmology
[112].
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