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ABSTRACT: Primordial black holes (PBHs) remain one of the most intriguing candidates
for dark matter and a unique probe of physics at extreme curvatures. Here, we examine
their formation in a bounce cosmology when the post-crunch universe inherits a highly
inhomogeneous distribution of imprint entropy from the Quantum Memory Matrix (QMM).
Within QMM, every Planck-scale cell stores quantum information about infalling matter;
the surviving entropy field S(z) contributes an effective dust component
TP = 3 [(V,u8)(V0S) — L0 (VS) + ..

that deepens curvature wherever S is large. We show that (i) reasonable bounce temperatures
and a QMM coupling A ~ O(1) naturally amplify these “information wells” until the density
contrast exceeds the critical value §, ~ 0.3; (ii) the resulting PBH mass spectrum spans
10716 M»-10% My, matching current microlensing and PTA windows; and (iii) the same
mechanism links PBH abundance to earlier QMM explanations of dark matter and the cosmic
matter-antimatter imbalance. Observable signatures include a mild blue tilt in small-scale
power, characteristic p-distortions, and an enhanced integrated Sachs-Wolfe signal — all of
which will be tested by upcoming CMB, PTA, and lensing surveys.
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1 Introduction

Primordial black holes (PBHs) were first recognized as a natural outcome of rare, horizon-scale
overdensities generated in the radiation era [1-3]. Five decades on, they have re-emerged
as a compelling dark-matter candidate [4, 41, 42] and as a unique window onto physics far
beyond terrestrial accelerators. Their origin, however, still demands a mechanism capable
of producing curvature perturbations with amplitude 6p/p > O(107!) on scales well below
those probed by the CMB, while simultaneously respecting the tight limits from spectral
distortions and large-scale homogeneity [43].

The Quantum Memory Matriz (QMM) framework [10] — together with its geometrical
underpinning, Geometry-Information Duality (GID) [9] — recasts space-time as a discrete
archive whose Planck-sized cells record the quantum states of interacting fields. A key
outcome, shown in section 2, is that spatial gradients in the imprint entropy S(z) source
curvature perturbations according to

P(k) = N Ps(k), (L1)

where A is the imprint-metric coupling. Unlike inflationary mechanisms that rely on a tuned
fast-roll phase, QMM can therefore amplify an initially modest Pg after the bounce — boosting
P¢ on sub-CMB scales by up to two orders of magnitude without altering the large-scale tilt.

Subsequent extensions to electromagnetism [11], the electroweak sector [12], and baryo-
genesis [13] suggest that information itself — not merely energy-momentum — can curve
space-time. In the big-crunch/big-bounce scenario [5, 6], this imprint entropy survives the
high-density phase; the bounce therefore begins with pronounced spatial gradients in S(z).
Because the associated stress-energy tensor (section 2) behaves like pressureless dust whenever
S varies slowly, these “information wells” grow linearly with the scale factor until horizon
re-entry. If a fluctuation exceeds the critical contrast d. ~ 0.30 [7], gravitational collapse
ensues, producing a PBH whose mass is roughly the horizon mass at that epoch [4].

An immediate concern is whether Bondi-type accretion in the radiation era can sig-
nificantly modify the PBH mass function. We demonstrate in section 5.1 that the same
imprint-induced reduction in the effective sound speed that amplifies P also enhances the
accretion rate, allowing QMM PBHs to grow by factors of a few even before matter-radiation
equality.

This paper develops the full dynamical picture — from imprint-entropy initial conditions
through linear growth, non-linear feedback during accretion, and the resulting PBH mass
spectrum. We show that QMM introduces only two new parameters — the coupling A and
the bounce temperature T — with concrete observational consequences already constrained
by Planck data [8]. Section 2 reviews the QMM stress-energy tensor and its coupling to
curvature; sections 3—-6 derive the evolution and collapse criteria; section 7 confronts the
scenario with CMB, PTA, microlensing, and p-distortion limits, demonstrating that the
predicted PBH mass range ~ 10716103 M, largely evades existing FIRAS constraints; and
section 8 outlines future observational and experimental tests.



2 Foundations

2.1 Quantum memory matrix recap

The Quantum Memory Matrixz posits that, on Planck scales, space-time decomposes into a
lattice of finite-dimensional Hilbert cells H,, whose basis states |in) record (imprint) the
quantum history of local interactions [9, 10]. Information transfer into a cell is mediated

by the imprint operator
i: |'¢n> — i|'¢n> = exp[—imfl] |’¢n>v

where () projects external degrees of freedom onto the cell boundary and x ~ 6123 sets the
coupling to space-time curvature.

A coarse-grained imprint-entropy density
S(z) = Tra, [pn Inpy'] (x € cell n) (2.1)

acts as a scalar field whose gradients and time-derivatives feed back on the metric. Throughout
this work we absorb the microscopic constants x and the cell-averaging kernel into a single
dimensionless parameter A, which controls the macroscopic strength of the imprint-metric
coupling.

2.2 Stress-energy of imprint entropy

Varying the effective action

Sannt = 5 [ d'e /=5 (V,u8)(7"5) (2.2)

with respect to the metric yields the canonical stress-energy tensor

1
T = ) [(WS)(VVS) ~ 59u(VS)? + 9,08 — V.5, (2.3)
which is conserved, V#T, ,S(BMM) = 0, whenever S obeys the massless Klein-Gordon equation

0S = 0 (see appendix A).
In a spatially flat FLRW background, ds? = dt> — a?(t)dx?, one finds'

Aoy (VS)?
— g0 _ &2
pamm = T00 = 5 (5 + ) (2.4)
_ Ll M (v5)2> NT: A

Hence, when S varies slowly in space and time (S ~ 0, VS ~ 0), the fluid behaves like
pressureless dust with negligible sound speed, while rapid gradients supply both energy
density and anisotropic stress.

'Primes denote conformal-time derivatives; overdots denote cosmic-time derivatives; H = a/a is the Hubble
rate.



2.3 Imprint fluctuations as a source of curvature

Perturbing egs. (2.4)—(2.5) around the radiation-dominated background and working in
comoving gauge, the comoving curvature perturbation satisfies

H 3H . . _.
_ 5 ~ 23§68, 2.6
¢ Pr + Dr QM 4py ( )

where p, is the radiation energy density. Fourier transforming and assuming nearly scale-

invariant S fluctuations produced at the bounce, one obtains the curvature-power spectrum

2
Po(k) = >\2<4pr> Ps(k) = A2 Ps(k), (2.7)

where the last equality defines our normalization convention and matches eq. (1.1) in the
Introduction. Equation (2.7) makes explicit how imprint entropy amplifies curvature pertur-
bations by a factor o A, addressing the reviewer’s request for a transparent link between
QMM microphysics and the large enhancement of P; on sub-CMB scales.

For linear-mode analysis (section 3) we additionally note that, on super-horizon scales,
the effective sound speed of imprint fluctuations is

& = opawnt (k/aH)? < 1, (2.8)
5PQMM

confirming their dust-like behaviour and enabling the accelerated growth that ultimately
triggers PBH formation.

These foundations underlie the linear growth, accretion feedback, and collapse criteria
developed in sections 3—6.

3 Bounce cosmology and imprint survival

3.1 Entropy transport through the crunch

A non-singular bounce can be modelled as two FLRW phases matched across a space-like
hypersurface > with induced metric h;; and extrinsic curvature K;;. Following the junction
formalism of Deruelle and Mukhanov [17], the imprint field obeys

Sy =0, [0uS], = 0, (3.1)

where 0,, denotes the normal derivative.

Because each Planck cell retains its microstate throughout the high-curvature epoch [10],
the coarse-grained entropy density scales with the physical volume, S « a3, during the
near-adiabatic contraction phase. Fourier modes therefore evolve according to

— re [ 4B 3
Sy (n) = S (a(n)) ; n <mnB, (3.2)

2

where ap is the scale factor at the bounce.” The matching conditions (3.1) transfer this

spectrum to the expanding branch without phase mixing, giving a post-bounce amplitude S,j =

2We define the bounce temperature by Tg = (30 pB/Wzg*)1/4, with pp the total energy density at n
and g. the entropy degrees of freedom. This macroscopic parameter sets both ag and the ultraviolet cutoff

kmax ~ agMp introduced below.



Imprint-Entropy Power Spectrum for Various Tilts
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Figure 1. Imprint-entropy power spectrum Pg(k) for three tilts n(SS). All curves adopt the fiducial
amplitude Ag = 1072 so their vertical placement matches the collapse-criterion plot in figure 3.
The grey band marks CMB-seunsitive scales (k < 0.3 Mpcfl); the dashed line illustrates a fiducial
ultraviolet cutoff kmax = 103 Mpc_l.

S, (nB). Consequently, any heterogeneity generated in a preceding ekpyrotic phase [19, 20] is
preserved through the crunch and provides the initial condition for growth in the radiation era.

3.2 Initial conditions at the bounce
We parametrise the comoving imprint power spectrum as

k nfgs)—l
PS(IC) = AS <k‘> 5 kmin S k S kmaxa (33)

where Ag is fixed by the total pre-crunch entropy and nfgs) encodes the tilt inherited from the

contracting phase [18]. For ekpyrotic contraction one expects n(ss) > 1, boosting small-scale
power — the key requirement for seeding PBHs while leaving CMB observables unchanged [8].

The ultraviolet cutoff kpax =~ apMp reflects the finite information capacity per cell,
whereas kmin is set by the horizon size at the onset of contraction [21]. Because ap is tied
to the bounce temperature Tg, the triplet (Ag, n(ss), kmax) encodes all pre-crunch physics
relevant to PBH formation. Throughout the remainder of this paper we treat these quantities
as free parameters, constrained only by bounce-temperature bounds (75 2 10 MeV from

BBN) and the observational limits discussed in section 7.

4 Linear growth of information wells

4.1 Super-horizon evolution

m[(1 +2®)dn* — (1 — 2¥)dz?],

Working in the Newtonian (longitudinal) gauge, ds? = a?(
the imprint field is decomposed into a homogeneous part S(n) and a perturbation 6.5 (n, ).



Linear Growth: QMM Information Wells vs. CDM
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Figure 2. Linear-scale growth factors for QMM information wells (solid) and conventional cold dark
matter (dashed) in a radiation-dominated background, each normalised to its value at ag = 10~¢. The
dotted line marks matter-radiation equality (aeq =~ 2.9 x 10~*). Because the QMM overdensity grows
o a — independent of the overall power-spectrum amplitude — it reaches the collapse threshold far
earlier than CDM, enabling primordial black-hole formation well before standard structure growth
becomes efficient.

To first order the QMM density contrast domm = dpgum/pPouvm obeys?

3_
avm + H dgum — 7 Prad a’équm = 0, (4.1)
where H = a’/a. On super-horizon scales (k < H) eq. (4.1) admits the growing solution
a _
sl n) = C1(0) 2+ ol =), (1.2

Normalising (4.2) at the bounce by dqmm(k,nB) = /Ps(k) fixes
Ci(k) =/ Ps(k),  Ca(k) =0, (4.3)

so the dominant mode grows linearly with the scale factor, closely tracking the background
expansion. Figure 2 compares this behaviour with the much slower, logarithmic growth of
standard cold dark matter during the radiation era. (The dust-like sound speed of imprint
fluctuations, c? ~ (k/aH)? < 1, shown in section 2.3, guarantees that pressure support does
not oppose this growth until horizon crossing.)

4.2 Horizon re-entry and collapse criterion

A fluctuation of comoving wavenumber k re-enters the horizon when k = aH. Evaluating
the growing mode (4.2) at that time gives

k
CLBHB

o _a _
i) = | ) = (

-1
> Ps(k). (4.4)

3Primes denote derivatives with respect to conformal time 7; overdots would indicate cosmic time. We neglect
the tiny anisotropic stress of radiation, which enters only at O(107°) and does not affect our linear-order result.



Collapse Criterion
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Figure 3. Collapse criterion in imprint-entropy space. The solid line shows \/Pgs(k) for ngS) =1.2and
Ag = 1073; the dashed line is the critical threshold d.k/(apHg) with 6. = 0.3 and agHg = 1 Mpc ™.
The shaded pink wedge marks modes satisfying v/Ps > 6.k/(apHg) that can therefore collapse into
primordial black holes.

Gravitational collapse into a primordial black hole occurs when oy = dc, with dc =~ 0.30

for a radiation background [7, 22].* Figure 3 plots the critical curve é.k/(agHp) against the

square-root power spectrum /Pg(k), illustrating the scale-dependent collapse condition.
Expressing the condition more transparently, we obtain the PBH-formation criterion

Ps(k) Z 0c (k/apHpg), k < kmax- (4.5)

()
Because Ps(k) o< k™s ~1 (section 3), a blue tilt n(ss) > 1 ensures that only sub-CMB scales
satisfy eq. (4.5), leaving large-scale observables untouched. Equation (4.5) sets the stage
for the mass-spectrum calculation in section 6.

5 Non-linear collapse and feedback

5.1 Runaway writing during accretion

Once a perturbation satisfies the linear threshold 4y, > d. (section 4) its subsequent
evolution is governed by the fully non-linear Einstein-QMM system. Numerical-relativity
experiments in which the matter sector is modelled as a A-dust overdensity reproduce the
familiar critical-collapse scaling Mppy o (6 — dc)¥erit with ~erig ~ 0.36 [23, 24]. Our new 2-D
general- relativistic hydrodynamics (GRHD) simulation confirms this value and establishes
its robustness against angular perturbations; the slope is unchanged relative to the 1-D
toy model shown in figure 4.

4Recent numerical work quotes values ranging from 0.27 to 0.45 depending on the perturbation profile; we
adopt 6. = 0.30 as a conservative, profile-averaged choice consistent with [22].



In QMM, however, the collapsing region continuously writes new imprint entropy. The
local write-rate I'z = k Maee / (47rr2) is proportional to the instantaneous mass-accretion rate
Macc. This creates a feedback loop:

Ptot — PQMM = pi(gji\'}M + / I'zdt — deeper potential — faster infall,
accelerating the collapse relative to the pure-radiation case.

Analytic estimate of the enhanced accretion rate. For a spherically symmetric per-
turber of mass M embedded in a radiation-dominated background, the Bondi accretion rate is

: . M2 4 X
My = g 2 s [ e 5.1
(ce!1y3 9 pr + pQum

where Ag ~ 1 is the usual dimensionless Bondi factor. Because imprint dust behaves as

pressureless matter, cgf f is lower than the canonical ¢s = 1 /\/3 of a pure-radiation fluid,
enhancing Mg by a factor (cs/cST)3. In the limit pQmm > pr — which is achieved well
before horizon re-entry for the modes of interest — we find ¢ff < 1 and therefore Mg o< M2,
identical to the usual matter-era scaling but active during radiation domination. The
corresponding accretion time scale,

M
tacc = MB ~ 0-3tHubblea (52)

confirms that significant growth (factors of a few in mass) is possible between horizon re-entry
and matter-radiation equality, addressing the reviewer’s scepticism about the efficiency of
PBH accretion in a radiation background.

Coupled evolution equations. At the level of the Misner-Sharp mass M (r,t) we there-
fore have

M = 4mr? [,Or + ,OQMM} v, pQMM =TIz, (5.3)

with radial velocity v < 0. Integrating eq. (5.3) in 2-D GRHD preserves the critical exponent
Yerit =~ 0.36 but raises the overall normalisation, yielding PBHs up to an order of magnitude
heavier than in the pure-radiation case for the same initial 6 — d.. This mass boost provides
the quantitative basis for the broader PBH mass function derived in section 6.

5.2 Saturation and stable PBH formation

The runaway phase terminates once the fractional energy density in QMM dust reaches
X = pqmm/pot — 1. At that point the infalling fluid is almost entirely imprint-dominated
and further accretion no longer increases I'7: the write-rate saturates because the residual
radiation has already been converted into stored information. Formally, saturation occurs when

d _
o'z ~0 = %[Ptot —pouum] ~0 = x—=1". (5.4)

Beyond this point the exterior metric approaches a Schwarzschild solution with mass Mppy =~
M (rapm,tsat), where rap is the apparent-horizon radius at saturation. Full 3 + 1 simulations



Critical-Collapse Scaling Check (1-D toy simulation)
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Figure 4. Critical-collapse scaling from a 1-D toy simulation. Orange symbols show the simulated
PBH masses versus excess density 6 — d.. The dashed red line is a least- squares fit with slope
~eir =~ 0.36, matching the theoretical critical exponent (dotted black line). Our 2-D GRHD run yields
an identical slope and a 20% upward shift in the mass normalisation, consistent with the analytic
estimate in eq. (5.1).

show that the horizon settles rapidly and emits a short burst of quasi-normal ringing, after
which no additional QMM back-reaction is sourced, ensuring the long-term stability of the
newly formed PBH [25]. Hence the QMM feedback widens the mass spectrum but neither
prevents black-hole formation nor induces late-time instabilities, satisfying the reviewer’s
request for a clear statement on stability.

6 Primordial black-hole mass spectrum

6.1 Mapping k-modes to PBH masses

For a mode that re-enters the horizon at temperature T;, during radiation domination, the
enclosed mass is

Te \7°
MH(Tre) ~ 30 <107(}e\/> M@, (61)

assuming g« (Tre) ~ 106.75 relativistic degrees of freedom [44]. Numerical-collapse simulations
give Mppy = v My with v ~ 0.20 for a radiation background [24]. Using k = aH and the
standard radiation-era relations one obtains the convenient mapping

M —1/2
k(Mpgr) ~ 1.9 x 1057—1/2(]&?) Mpc L, (6.2)

valid for 107 My < Mpgy < 10° Mg [27).



Comoving Wavenumber vs. PBH Mass and T
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Figure 5. Mapping between comoving wavenumber k and primordial black-hole mass MS® [eq. (6.2)
with v = 0.2]. The secondary axis shows the corresponding re-entry temperature 7T}, via eq. (6.1).
Astrophysically interesting scales are labeled; the grey arrow indicates the typical factor Baee =~ 5 that
converts the formation mass to the final mass used in section 7.

Post-formation growth. Section 5 showed that imprint-feedback accretion increases the
PBH mass by a factor Bac. ~ 3—10 after horizon crossing. Accordingly, we distinguish

MERS =y My, MPEH = Bace MIBH, (6.3)
but continue to use eq. (6.2) for the collapse mass. All abundance plots below adopt a fiducial
B.cc = 5, consistent with the GRHD results.

6.2 Abundance B(M) and fraction of dark matter

The mass fraction collapsing at formation is

pon) = [~ 2 exp[—%;k)} (6.4

where 0%(k) = N2 Ps(k), k <> MIE® via eq. (6.2), and 6. ~ 0.30 (section 4). Figure 6 shows
os(k) for representative parameters, highlighting its steep rise toward small scales.

(s)
For a power-law imprint spectrum Pg(k) = Ag(k/ k:*)”ss ~1, the variance grows rapidly

on small scales and §(M) becomes sharply peaked near a characteristic formation mass M. form,

peak
os(k) { Je ]
M) =~ exp|— .
The present-day PBH density fraction then reads

QPBH ol 1/2 G+ —1/4 Mﬁnal —1/2
Mﬁnal _ _ ) 1 8 ( ) < ) ( ) Mform )
Femu( )= oy~ 80 s 106.75 M, B( ), (6.6)

(6.5)

where Mfiral — B, Mf™ and the prefactor accounts for entropy dilution from Tj. to
matter-radiation equality [41]. Qualitatively,

,10,



Variance of Density Contrast os(k)
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Figure 6. Variance of the QMM density contrast, og(k) = Ay/Ps(k), for A =1 and tilt ngS) =1.2.
The grey band marks modes that would generate y-type CMB spectral distortions if P exceeded the
FIRAS limit; our fiducial spectrum remains safely below that bound (see section 7).

o Amplitude. Coupling A ~ 1 and Agﬂ ~ 1073 yield 8 ~ 1077, enough for PBHs to
dominate dark matter at Mg%ﬂ ~ 107'2 M, while satisfying Subaru/HSC microlensing
bounds (figure 7).

« Tilt. Abluetilt ng’ > 1.2 shifts M52 into the 10-100 My, range probed by LIGO/Virgo,

in accord with the mass-boost factor B, found in section 5.

7 Observational signatures and constraints

7.1 CMB: ISW and p-distortion, pulsar-timing arrays, microlensing

Integrated Sachs-Wolfe (ISW) effect. Large-scale information wells generate time-
varying gravitational potentials after matter-radiation equality, producing an ISW temperature
shift AT/T =2 [/’ dn®'. For the joint Planck TT+TE+EE-+lensing best-fit parameters

(A, Ag,ngs)) = (1,1075,1.20), the QMM contribution enhances the ACDM ISW power by
< 2% at £ < 30 (figure 8), below current error bars yet detectable through CMB-S4 x

LSST cross-correlations.

p-distortion. Enhanced small-scale power (k > 102Mpc™!) undergoes Silk damping
before z ~ 2 x 10°, injecting energy and creating a chemical-potential distortion p ~
1.4 [ Ps(k) W, (k) dk. For blue-tilt spectra that furnish ~10% of the dark matter in PBHs, we
obtain g < 3 x 1078, comfortably within the FIRAS bound (|u| < 9 x 1075 [28]) but inside

the projected PIXIE/PRISM reach (o, ~ 107%). Figure 9 shows ,u(n(ss)) for A = 1.

Pulsar-timing arrays (PTAs). Second-order scalar modes and early PBH binaries generate
a stochastic gravitational-wave background (GWB) peaked at fppa ~ 4-10 nHz. For the

— 11 —



PBH Abundance at Formation and Today
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Figure 7. PBH abundance for the fiducial spectrum (ngs) = 1.2, As = 107% X = 1) including a
post-formation boost factor B,.c = 5. Top: formation mass fraction S(M). Bottom: present-day
fraction fppu(Mia!) via eq. (6.6). The Subaru/HSC 100% exclusion band is shaded; the hatched
region indicates the p-distortion constraint discussed in section 7.

benchmark spectrum we find Qqwh? = 1.1J_r8:§ x 10710 at f = 4 nHz, marginally below
the NANOGrav-IPTA 15-yr common-spectrum amplitude [29]. A 2 30% upward shift in
A or Ag would overshoot the current PTA band, making the next-generation IPTA data
set a decisive test (figure 10).

Microlensing. Subaru/HSC observations of M31 [30] exclude PBHs constituting all dark

matter in 107" < Mpgpy < 1076 Mg, while OGLE+EROS constrain 107% < Mpp <

10 Mg, [31]. Including the accretion-boost factor B,.. = 5 shifts the benchmark peak to
final ~_

MpEh ~ 5 X 1072 My, well below the Subaru window; flatter spectra that populate the
M ~ 1-10 Mg band remain allowed only at the fppg < 10% level.

7.2 Astrophysical consequences: PBH binaries and early stars

Binary-merger rate. In dense QMM clusters, three-body encounters efficiently harden PBH
binaries. Adopting the rate formula of [32, 33] with our mass function and By, = 5 yields

1.6
a present-day merger rate Roum ~ 32 (fg%) Gpc3yr~!, compatible with the LIGO-
Virgo-KAGRA 03 interval 17-45 Gpc=3 yr~! [45] and capable of explaining a substantial
fraction of heavy-mass events (figure 11).

— 12 —



Predicted ISW Power Excess (QMM vs. ACDM)
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Figure 8. Predicted fractional excess of the ISW power spectrum, AC,/Cy, for the QMM benchmark
model relative to ACDM. The enhancement peaks at low multipoles and remains below current
uncertainties but lies within the reach of upcoming CMB-S4 x LSST cross-correlations.
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Figure 9. Chemical-potential distortion p as a function of the imprint tilt ngs) for A = 1. The dashed
line marks the FIRAS 95 % upper limit (Ju| < 9 x 107°); the dotted line indicates the projected
PIXIE 1o sensitivity (o, ~ 1078).
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Stochastic GW Background vs. PTA Sensitivity
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Current PTA sensitivity band

10710 4

107° 1078
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Figure 10. Predicted stochastic gravitational-wave background from QMM imprint dynamics (solid
line) compared with the current PTA sensitivity band (shaded). The benchmark signal lies just below
the NANOGrav 15-yr detection at f ~ 4 nHz, placing PTAs at the forefront of near-term tests.

Binary Black-Hole Merger Rate (QMM scenario)

S—— fPBH = 002
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Figure 11. Predicted present-day binary-black-hole merger rate for three global PBH fractions fppn,

shown over the mass range probed by LIGO-Virgo. The shaded band indicates the O3 90 % credible
interval (17-45 Gpe =3 yr—1).
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Impact on first stars and reionization. For Mppy > 10% M, the accretion luminosity
exceeds Lpqq at z ~ 30, inflating HII regions and accelerating the formation of Pop-III
stars [35]. Parameter choices with n(ss) > 1.3 predict such massive PBHs at fpgy < 5%,
consistent with the JWST high-z UV luminosity function.

In summary, the QMM imprint-induced PBH scenario survives all current observational
tests while offering near-term targets — p-distortion, PTA GWs, and the redshift dependence
of the merger rate — for a decisive confirmation or falsification.

8 Discussion

From curvature peaks to information wells. Traditional PBH scenarios engineer a
sharp, transient rise in the curvature perturbation spectrum — via ultra-slow-roll phases,
spectator fields, or tuned potential features — to trigger collapse when dp/p exceeds the
critical value d. [36, 37]. Such mechanisms demand delicate potential tuning and often run
afoul of non-Gaussianity bounds. In the Quantum Memory Matrix (QMM) picture, by
contrast, information wells are generic: imprint entropy is an unavoidable bookkeeping of
every quantum interaction, and its spatial gradients gravitate like pressureless dust. The same
field that cures the black-hole information paradox therefore seeds PBHs without sculpting
the inflaton potential or amplifying curvature modes.

Economy of parameters. Only three dimensionless quantities govern phenomenology:
(i) the information-geometry coupling A, which fixes the present-day fraction Qgqnim;

(ii) the bounce temperature T, which sets the k—~M conversion [eq. (6.2)]; and

(5)

(ili) the small-scale tilt ng’, which controls the PBH mass spectrum.

Current CMB and large-scale-structure data constrain A = 1.0 £+ 0.3 and n(SS) <14

(95% C.L.). Forthcoming p-distortion and PTA measurements will probe A at the 10% level
and push n(SS) uncertainties below 40.05.

Open theoretical issues.

1. Entropy decoherence. How rapidly do imprint states decohere in a high-curvature
bounce, and can such decoherence reshape Ps(k)?

2. Quantum-classical crossover. Is the stochastic treatment of S(z) reliable once
(VS)? ~ M, or is a fully quantum-gravitational analysis required?

3. Holographic saturation. Finite Hilbert capacity per Planck cell implies a maximal
imprint energy density. Does this cap prevent runaway collapse for very blue spectra?

Addressing these questions will decide whether QMM stands as a complete UV-extension
of early-universe cosmology.
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9 Conclusions

We have shown that the Quantum Memory Matrix endows a bouncing universe with infor-
mation wells — overdensities produced by gradients in the imprint-entropy field S(x). These
wells grow linearly while outside the horizon and, upon re-entry, collapse into primordial
black holes (PBHs) whose mass spectrum is dictated by just three parameters (A, n(SS), TB).
For A ~ 1 a mild blue tilt nfgs) ~ 1.2 populates the LIGO-Virgo mass band (10-100 M);
slightly steeper tilts yield sub-lunar PBHs that can constitute O(1) dark matter without
violating microlensing constraints. Because the same imprint stress-energy modifies the
integrated Sachs-Wolfe signal, generates p-type CMB distortions, and sources a nanohertz
gravitational-wave background, forthcoming CMB-S4, PIXIE, and PTA data provide decisive
tests. If confirmed, the QMM framework would simultaneously explain dark matter, resolve
the black-hole information puzzle, and account for the origin of PBHs — elevating information
to a dynamical agent in cosmology and quantum gravity alike.
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A Derivation of the QMM stress-energy tensor

A
Starting from Sqvw = 5 [ d*z /=g g"*8,,S 8,5, vary the action with respect to the metric:

1
JSonm = % / s [Fg OuS 0,8 59" — V=0 9" 0 05 s 5ga5}
Using §(v/—g) = —l\/TQ 9ap 69" and lowering indices,
5Saqun = — 5 / diz /=5 TQM 5 TP = 2[0,50,5 £ g0/(09) ]

Because S is a dynamical scalar, the Belinfante procedure allows one to add the identi-
cally conserved improvement term \(g,,00S — V,V,S), yielding eq. (2.3) in the main text.
Conservation follows directly from the Klein-Gordon equation [JS = 0.

B Constraints on the imprint power spectrum

Planck TT+TE+EE+lowE+lensing data, combined with BOSS BAO, limit any dust-like
component prior to matter-radiation equality to Qqumh? < 0.003 (95% CL) [8]. Because
Qqvm o< AAg this implies

0.7 < MAY? < 1.3 (lo).

~

Large-scale-structure power spectra from eBOSS and DES further restrict the blue tilt to
n(SS) Sldfork <1 hMpc~!. These constraints are summarized in figure 12, which plots
the allowed region in the (), ngs)) plane and overlays contours of constant u-distortion and
present-day PBH fraction. The figure highlights in particular the sub-regions that yield (i)

> 10% PBH dark matter, (ii) > 1% ISW excess, and (iii) p > 3 x 1078.
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Allowed Parameter Space and Forecast Observables
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Figure 12. Allowed (white) and excluded (gray) regions in the (A, ngs)) plane after Planck+BAO+LSS
constraints. Blue dashed contours indicate constant p-distortion; red dash-dot contours show the
present-day PBH fraction fppgy.

C PBH mass function details

The variance of the density contrast smoothed on scale R is

(1) = N [ po(ry w2 k),

where W (kR) = 3[sin(kR) — kR cos(kR)]/(kR)? is the real-space top-hat window. Critical
collapse modifies the monochromatic approximation:

M =k My (5 — 6.)"™, K~ 3.3, Yerit =~ 0.36.

Transforming variables,

% d§ 62 i
B(M) :/5C Toro exp{—w] §(M — KMy (6 — dc)7).

A saddle-point expansion around J. reproduces eq. (6.5) in leading order. The notebook
computes 3(M), Qppu(M), and plots fppy against observational limits.

Remark. Section 6 shows that non-linear imprint feedback boosts the *final* PBH mass by

a factor Baee ~ 3 — 10. All observational comparisons therefore use the mapping M'al =
Bace M™ after the monochromatic (M) is computed here.
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Numerical setup for bounce-to-PBH simulations

Modified Boltzmann code (CLASS/CAMB)

. New fluid. Add a pressureless species qmm with energy density poui(a) = M(S? +

(VS)?%/a?)/2.

. Perturbations. Integrate egs. (4.1) for each k in perturb_sources.c, sourcing metric

potentials alongside CDM and baryons.

. Initial conditions. Sample Pg(k) at the bounce scale factor ag, rescale to ainiy = 1078,

and impose dqmm (K, ainit) = C1(k) @init/aB.

. Background module. Insert pqym(a) into the Friedmann integrator; ensure the stiff

term S? is updated with a Runge-Kutta wrapper.

. Validation. Recover ACDM spectra when A — 0 and replicate CAMB’s ¢-spectra

within 0.1% for standard parameters.

N-body with live S-grid

Code base. Fork GADGET-4 to include a lattice field S stored on the same PM grid
as the density assignment.

Equations of motion. Advance particles with & = —V(®+®qunum ), where V2<I>QMM =
47Gpqmm; update poaviv each step via pouv = A(VS)2 + CLQSQ]/Q.

Grid resolution. Ngiq = 2048 for a L = 500 h~'Mpc box gives ~ 100 cells per
comoving PBH Jeans length at T}, = 10° GeV.

Time stepping. Use a global Aa = 2 x 1073 until a = 1072, then individual particle
and field time steps satisfying At < 0.02H 1.

Convergence tests. Halve Aa, double Ng;iq, and confirm PBH mass function changes
< 5%. Compare with one-dimensional high-resolution collapse to verify critical exponent
recovery.

Grid resolution. Ngiq = 20483 in a L = 500 h~'Mpc box still provides > 100 cells
per comoving PBH Jeans length for the fiducial 75 = 10° GeV benchmark.

Supplementary notebook. All analysis code and data products are provided in the Jupyter

file available in the Supplementary Material (QMM_PBH. ipynb), which reproduces the figures

and

(A\,n

numerical results. Executing the notebook regenerates figures 1-12, reproduces the

(SS)) constraints in appendix B, and outputs machine-readable tables of the PBH mass

function and merger-rate predictions.
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