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We present an exploratory statistical analysis of pulsar timing array (PTA) data focusing the residuals
themselves and analyze their temporal structure at different scales, quantified through a phenomeno-
logical scaling parameter, denoted @, designed to quantify long-term temporal organization in pulsar
timing residuals. Unlike the classical Hurst parameter, @z does not assume an underlying white-noise
stochastic model. Instead, it characterizes the cumulative low-frequency structure of the residuals across
multiple temporal scales. Using a curated sample of 67 millisecond pulsars from the NANOGrav 15-
year data set, enriched with astrophysical parameters from the ATNF catalog, we find a statistically
robust monotonic anti-correlation between ap and pulsar distance. This effect is dramatically amplified
within binary systems and absent among isolated pulsars.We interpret ap as a phenomenological mea-
sure of temporal coherence. We report a scaling relation between o and pulsar distance, suggesting
that long-term timing structure may contain information on propagation or environmental effects.

1 Introduction

Recent results in modern physics and observational astro-
physics have led me to question, and perhaps, like many oth-
ers, to wonder about the possible discrete structure of space-
time (this could be due to quantum mechanics). If space-
time possesses a discrete structure or large-scale self simi-
larity properties (inspired by the vision of renormalization
group), this should leave a trace on the “random walk” of pul-
sar signals as they traverse large distances of this space time.
We therefore seek to determine whether the “noise” added to
this perfect clock is purely intrinsic to the pulsar or whether
it is correlated to the geometry of the path (the distance). Fol-
lowing in his footsteps, I try first the method introduced by
Harold Edwin Hurst, the illustrious engineer who built the
Aswan Dam on the Nile. The exponent that bears his name
is the Hurst exponent. Rather than attempting to extract a
classical Hurst parameter from temporal residuals assumed
to be white noise — as done by Na and Wang [1] — we inno-
vate with the residuals themselves and analyze their tempo-
ral structure at different scales with a new parameter denoted
ap. We will present a “peculiarity” observed in the data of
some of the best-known and most stable millisecond pulsars,
whose data are publicly available. Using a curated sample of
67 millisecond pulsars from the NANOGrav 15-year data set,
enriched with astrophysical parameters from the ATNF cata-
log. We find a statistically robust monotonic anti-correlation
between ap and binary pulsars or “systems” distance. It was
only by isolating binary pulsars that this observation emerged.

2 Data and methods
2.1 Data set
Our analysis uses a curated catalog of 67 pulsars from the

NANOGrav 15-year data set [2], enriched with parameters
from the ATNF Pulsar Catalogue [3]. Distances are esti-

mated from parallax measurements or Galactic electron den-
sity models: YMW 16 [4] or the earlier free electron density
model in the Milky Way NE2001 [5]. The catalog includes
distance d, Dispersion Measure (DM), and orbital parameters.

2.2 Timing residuals and pre-processing

For each pulsar, timing residuals were obtained after a full de-
terministic timing fit using the PINT software package (which
is a Python-based pulsar timing suite).

The residuals are treated as time-ordered series sampled
at the original observation epochs. No additional filtering,
smoothing, or re-weighting is applied. The same timing-fit
procedure is applied consistently to all pulsars in the sam-
ple. The timing residual is an “O-C” (Observed minus Cal-
culated). The theoretical calculated time that the software
(PINT) calculates is a chain of ultra-precise corrections:

Tcalc = L emission T Aclock + AShupiro + ARoemer + ADispersion .

The residues after fit are what remains once everything
that can be physically explained by rotation and movement
has been removed.

2.3 Specific calculation of ap

The parameter ap is obtained using a method that can be
described as Modified RMS Scaling Analysis. This method
consists of measuring the “mean roughness”. Specifically, the
residuals are partitioned into segments with a scale of s rang-
ing from 10 to N/4. Where N is the length of the series. If
N is too small (the code rejects below 1000 points), the cal-
culation no longer has physical meaning because the signal’s
“memory” cannot be expressed correctly. For each scale, the
mean fluctuation F(s) is calculated after removing the local
trend (segment mean). The exponent ap is obtained by the
slope of the regression log (F(s)) as a function of log (s). We
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Comparison of Timing Residuals: Isolated vs Binary Pulsar

Isolé (référence) (B1937+21)

18] e,
K} Distance = 2.857 kpc o 3
S 101 .
Sy L&
\n
g5 osq -
= L]
°E
82 001
EE
E2 -054 .
2 e

-1.01
N = 23023

Binaire persistant (J1713+0747)

aB = 0.04 &
- |Distance = 1.136 kpc

w
L

o
L

Normalized Residuals
(unit variance)

I
e}
f

.
®N = 59389

|
-
=]

2004 2006 2008 2010 2012 2014 2016 2018 2020

2006 2008 2010 2012 2014 2016 2018 2020

1500

1000 A

500 -

Cumulative Sum
(Random Walk)

200

Avg siope = -0.025/yr

o
L

Cumulative Sum
(Random Walk)
b
o
=)

—400 1

2004 2006 2008 2010 2012 2014 2016 2018 2020

2006 2008 2010 2012 2014 2016 2018 2020

2 == Trend: 0.371/yr

Zoom: Last 0.3 years

2016 2018 2020

Time (years)

2012 2014

15 .o —— Trend: 0.058/yr
0
5 104
4
wn 51
o
Er 0
3 o
g =51 .-.. R ] @
S -101 o *° ° 2 o %

~15 1 e

2017.0 2017.5 2018.0 2018.5 2019.0 2019.5 2020.0 2020.5

Time (years)

Fig. 1: Comparison of timing residuals for a typical isolated pulsar (B1937+21, left) exhibiting smooth red noise, and a binary pulsar
(J1713+0747, right) used as a stability standard. Panel (a) shows raw residuals in microseconds, highlighting the difference in temporal

structure that our @z parameter quantifies.

define the multi-scale fluctuation function as

where Ny = |N/s] is the number of non-overlapping seg-
ments of length s, xi; is the i-th residual in segment k, and
X its mean. The exponent ap is then obtained as the logarith-
mic derivative
dlog F(s)
ap= ———=
dlogs

which is estimated by the slope of the linear fit of log F(s) ver-
sus log s over the range s = 10, ..., N/4 (subject to Ny > 4).
Unlike a simple window-dependent variance, F(s) explicitly
averages the intra-segment root-mean-square after removing
the local mean. The scaling exponent ap thus captures how
the typical fluctuation amplitude evolves with segment length,
after detrending at the scale s. It is not a measure of the over-
all variance but of the multi-scale roughness of the residuals.

2.4 Interpretation of the estimator ap

The exponent ap should be interpreted as a phenomenologi-
cal multi-scale fluctuation indicator rather than as a classical
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Hurst parameter. It quantifies how the root-mean-square fluc-
tuations of timing residuals scale with segment length after
removal of the mean at each scale.

Values of ap significantly different from the Monte Carlo
white-noise baseline indicate the presence of non-random
temporal organization in the residuals. Importantly, small val-
ues of ap do not imply the absence of correlations. Instead,
they reflect a systematic compensation of fluctuations across
scales, revealing structured multi-scale behavior.

Interpretation of the exponent «

a =0 = Scale-independent dispersion (white noise).
a >0 = Accumulation of large-scale structure.
a <« 1 = Effective fluctuation compensation.

See Figure 1: High ap (e.g., 0.31 for B1937+21): Our
new indicator mathematically illustrate what Na and Wang
call “smooth”. A high ap value means there is strong tem-
poral organization. The N + 1 point is strongly correlated
with the N point. This is the signature of classic “timing
noise”. Very low ap (e.g., 0.04 for distant binaries): This is
where we bring something new. A ap close to zero means that
the “smoothness” (consistency) has disappeared. The signal
has become “jerky”, disorganized. We explicitly isolate the
white-noise component and introduce a new observable ap,
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which accounts for the correlated contribution necessary to
reproduce the characteristic red-noise structure observed in
binary millisecond pulsars.

Such deviations cannot be reproduced by pure white noise
processed through the same timing pipeline and therefore
suggest the presence of organized temporal mechanisms af-
fecting the residuals.

These mechanisms may originate from:

e instrumental systematics,
¢ timing-model fitting effects,
e or geometric/propagation phenomena.

2.5 Statiscal analysis

Correlation Measures: the Pearson correlation coefficient r is
computed as a reference measure of linear dependence. The
primary statistic used in this work is the Spearman rank cor-
relation coefficient p, which captures monotonic relationships
and is robust to outliers and non-linear trends. All reported p-
values are two-sided.

3 Robustness and validation tests

Given the exploratory nature of the scaling exponent ap, we
performed a series of robustness tests to ensure that the ob-
served strong anti-correlation with distance is not the result
of statistical fluctuations, numerical artifacts, or fitting proce-
dures. Although the sample comprises only 37 binary pulsars,
each provides 2,000—-10,000 TOAs, yielding a total of over
350,000 independent time measurements. The estimation of
ap for a single pulsar is therefore based on a rich time series,
and the population correlation benefits from both the number
of sources and the temporal depth.

3.1 Percentile test

Instead of assuming normality, we adopt a non-parametric
empirical percentile test. For each pulsar, we generate 500
Gaussian white-noise realizations with identical length and
RMS amplitude, and compute ap for each realization. We
then determine the empirical percentile position of the ob-
served ap within this distribution. Under pure Gaussian white
noise, the estimator ap converges deterministically toward
zero as the number of data points increases. Its Monte Carlo
distribution is therefore highly concentrated and non-Gauss-
ian for large N, making a classical Z-score inappropriate.

Demp = N;MC Zf\; “}C ¥ (aMc,i = @da) OF Vice versa, depend-
ing on the direction tested.

For example, for PSR J1909-3744 (N = 35037), the ob-
served value ag = 0.0386 lies entirely outside the white-noise
Monte Carlo distribution (1,000 realizations).

None of the simulated values exceeded the observed one,
yielding an empirical one-sided p-value p < 1073, All pulsars
exhibit ap values significantly exceeding those obtained from
stationary white-noise simulations, confirming that the timing
residuals contain genuine multi-scale temporal structure.

However, the magnitude of ap varies substantially be-
tween sources, with isolated pulsars showing markedly larger
values than most binaries. This differential behavior cannot
be explained by stationary noise alone.

3.2 Jackknife stability analysis

To test whether the observed ajp-distance anti-correlation is
driven by a small number of extreme objects, we performed
a jackknife analysis. The correlation was recomputed itera-
tively while removing one pulsar at a time from the sample.

Figure 2 demonstrates that the observed ap-distance anti-
correlation is not driven by outliers, is non-linear, and is
strongly amplified in binary systems at high Galactic lati-
tude. The statistically significant Spearman anti-correlation
between ap and distance reflects a monotonic dependence
rather than a linear trend, consistent with the absence of a
significant Pearson correlation. This behavior is visually con-
firmed by the scatter plots shown in Fig. 2, which exhibit a
clear rank ordering with substantial intrinsic scatter.

3.3 Bootstrap analysis

Bootstrap resampling (5,000 iterations) yields the mean value
p=-0.308 with 95% CI [-0.565, -0.022], excluding zero.
The observed correlation does not disappear when the data
are resampled.

3.4 Shuflled test

These results demonstrate that the measured ap values are
not determined by the statistical distribution of timing resid-
uals alone, but critically depend on their temporal ordering.
This indicates that a g captures organized multi-scale tempo-
ral structure rather than purely random fluctuations. While
such structure may arise from sequential feedback mecha-
nisms inherent to timing analyses, its systematic statistical
dependence on pulsar properties of particularly distance sug-
gests that it is unlikely to be a trivial artifact of random noise
or simple processing effects.

Further investigation is required to determine the physical
origin of this behavior.

Taken together, the mentioned tests demonstrate that the
multi-scale fluctuation exponent ap captures genuine tempo-
ral structure in pulsar timing residuals and that the observed
anti-correlation with distance is not attributable to numerical
bias, sampling effects, or fitting artifacts.

4 Results

The results obtained are accumulated on Figure 2.

4.1 Global correlations

We have obtained, for the 52 pulsars with distance measure-
ments, the following results:
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Fig. 2: Distance dependence and subpopulation effects. Binary pulsars (N=37) show a significant inverse
correlation (p = —0.585). The data suggests a geometric decoherence linked to the propagation path length.

Relationship Spearman p p-value N
ap vs. Distance (all) -0.311 0.025 52
ap vs. Distance (binaries) -0.585 1.4x10™% 37
ap vs. Distance (isolated) 0.352 0.198 15
ap vs. DM (all) —-0.088 0.480 67
ap vs. |b| (all) 0.058 0.642 67
ap vs. Distance (|b| > 15°) -0.415 0.020 31
ap vs. Distance (|b| < 15°) -0.052 0.828 20

Table 1: Summary of correlation results.

Subpopulation N {ap) (d)y p(ap,d)
All with distance 52 0.041 147 -0.311
Binary 37 0043 146 -0.585
Isolated 15 0.036 1.50 0.352
|b| > 15° 31 0.038 1.63 -0415
|b| < 15° 20 0.046 124 -0.052
Binary, |p| > 15° 18 0.039 1.72 -0.620

Table 2: Descriptive statistics by subpopulation.

No correlation between ap and dispersion measure (DM)

Pulsar timing arrays (PTAs) provide sensitive probes of low-
frequency processes affecting pulse arrival times, including nature. This behavior suggests that the scale-dependent tem-

gravitational waves, interstellar medium (ISM) effects, and
intrinsic pulsar noise [6,7]. Spearman’s rank test yields p =
—0.088 with p = 0.48, indicating no statistically significant
monotonic relationship. The Pearson correlation is likewise
non-significant (r = 0.100, p = 0.48), showing that ap does
not scale linearly with integrated electron column density.
This suggests that the observed multi-scale structuring is not
driven by dispersion effects in the interstellar medium.

No correlation between ap and Galactic latitude ||

Spearman’s test gives p = 0.058 with p = 0.64, indicating the
absence of any significant monotonic trend with sky position.
The Pearson correlation is similarly non-significant, confirm-
ing that the measured scale-dependent structuring does not
depend on Galactic geometry or line-of-sight orientation ef-
fects.

Significant anti-correlation between a5 and distance

Spearman’s test gives p=—0.311 with p = 0.025, revealing
a statistically significant monotonic decrease of ap with in-
creasing pulsar distance. In contrast, the Pearson correlation
is non-significant (r = 0.100, p = 0.48), indicating that the
relationship is not strictly linear but primarily monotonic in

Buisson C. Strong Anti-correlation Between a Multi-Scale Fluctuation Exponent and Distance in Millisecond Pulsars 13
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poral structuring captured by a weakens systematically with
distance.

4.2 Subpopulation analysis
The most striking result emerges when separating binary and
isolated pulsars:
e Binary pulsars (N = 37): pq,,4=-0.585, p = 1.4 X
1074,
e Isolated pulsars (N = 15): p = 0.352, p = 0.198.

For binaries, distance explains ~ 34% of variance in ap
(p? = 0.342).

Galactic latitude dependence
Splitting by Galactic latitude shows the correlation exists only
at high latitudes:
e High latitude (|| > 15°, N = 31): p=-0415, p
0.020,

e Low latitude (|p| < 15°, N = 20): p=-0.052, p
0.828.

Interaction between binarity and latitude

The strongest anti-correlation occurs for binary pulsars at
high Galactic latitudes:

Binary, high latitude: p=-0.62, p = 0.002 (N = 18),
Binary, low latitude: p =-0.45, p = 0.12 (N = 10),
Isolated, high latitude: p = 0.15, p = 0.65 (N = 12),
Isolated, low latitude: p = 0.30, p = 0.35 (N = 8).

5 Discussion

We emphasize that the observed monotonic anti-correlation
does not by itself imply a causal relationship between dis-
tance and temporal persistence. Distance here acts as a proxy
for cumulative propagation or geometric effects along the line
of sight, and the interpretation remains necessarily indirect.
We stress that the following interpretation is speculative and
intended to motivate future tests rather than to provide a defi-
nitive physical explanation. This suggests the inverse corre-
lation in binaries is not just a “filter” effect, but potentially a
physical interaction between the binary system’s signal and
the spacetime geometry

5.1 Selection biases
Binary pulsar discoveries face multiple selection effects:

e Orbital period bias (short-period binaries easier to de-
tect) While distance shows a strong influence on g,
our analysis reveals that the orbital period (Pg) does
not significantly correlate with the nature of the tim-
ing residuals (p = 0.177). This suggests that the ob-
served decoherence is an extrinsic propagation effect
rather than a consequence of the binary’s internal dy-
namics. The signal’s memory is eroded by the medium

or the geometry of the spacetime manifold itself, inde-
pendently of the source’s orbital velocity;

e Mass function bias (edge-on systems yield larger mass
functions);

e Distance bias (distant binaries represent a biased sub-
set).

These could create spurious az-distance correlations if ap
estimation is sensitive to orbital parameters correlating with
distance. If the decrease in @ was purely a selection bias, we
should see it in both populations. However, isolated pulsars
show a different trend.

5.2 Speculative interpretation

Why does the multi-scale organization of the residues of bi-
naries vary with distance while that of isolated ones does not
vary?

The physical origin of this loss of temporal coherence
with distance, specific to binaries, remains an enigma. While
conventional astrophysical effects ISM, DM variations) seem
unlikely based on correlation tests, this result could, in prin-
ciple, be compatible with more exotic models. For example,
some approaches to phenomenological quantum gravity, such
as causal sets, predict cumulative scattering effects over long
distances. Although highly speculative, this hypothesis has
the merit of being, in principle, falsifiable by future obser-
vations. Our work in no way constitutes proof of such dis-
cretion, but it suggests that observables like ap could offer a
new window for probing propagation on cosmological scales
in the “known observations”, one of the “opportunity”called
by Dowker [8].

While the present analysis does not provide evidence for
spacetime discreteness, the results motivate further investiga-
tion of persistence — based observables as potential probes
of subtle propagation effects beyond standard noise models.

The observed inverse correlation between a g and distance
(p=—-0.585) challenges the classical view of accumulated in-
terstellar turbulence. We propose and will explore in a next
work that this “thinning” of new exponent ¢ may represent
a geometric decoherence process. The distant binaries aren’t
just “less correlated”, they’ve been completely washed out.
Any red noise structure (which should naturally be there due
to the pulsar’s spin) has been erased or drowned out.

This is a very strong argument for decoherence. In a non-
Euclidean, potentially discrete spacetime manifold, the sig-
nal’s intrinsic correlation is gradually eroded by the funda-
mental granularity of the geodesics. The fact that this effect
is amplified in binary systems suggests a coupling between
the local curvature at the source and the global propagation
properties.

Connection to MOND theory

Future work should focus on understanding the physical
mechanism and why not make a bridge with MOND or other
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theories. This result is reminiscent of the External Field Ef-
fect (EFE) observed in MOND (Modified Newtonian Dynam-
ics introduced in 1982 by Mordehai Milgrom), although we
do not claim a direct causal link at this stage. It suggests,
however, that certain fine statistical properties of pulsar sig-
nals may be sensitive to the global gravitational environment.
In this context, binary systems appear to play a role analo-
gous to the bound systems typically used as laboratories for
testing modified gravity theories.

6 Conclusion

We have discovered a statistically robust anti-correlation be-
tween ap and distance in MSPs, amplified in binary systems.
This effect cannot be explained by ISM propagation or an-
gular anisotropy. This analysis highlights the potential of
persistence-based diagnostics as probes of long-timescale
structure in pulsar timing data. Spacetime (or the binary en-
vironment) appears to act as a diffuser. The signal leaves
the pulsar with a “smooth” structure high @, but the journey
through the distance and gravitational field of the binary com-
panion “breaks” this structure. Upon arrival (on Earth), the
signal from the distant binaries has lost its temporal memory.

Future work is underway to establish a geometric origin
of the discovered using a physical model.

In fact, we present a multiscale fluctuation exponent, ap =
dlog F(s)/dlog s, derived from the time residuals of 67 mil-
lisecond pulsars in the 15-year NANOGrav dataset. This ex-
ponent quantifies the evolution of signal roughness as a func-
tion of the observation timescale, acting as a direct probe
of temporal organization. We observe a statistically robust
monotonic anticorrelation between a g and the distance to the
pulsar, considerably amplified in binary systems (o = —0.585,
p = 1.4 x 107*) and absent in isolated pulsars. This effect
persists after cross-validation (jackknife, bootstrap, and sur-
rogate data) and is not explained by dispersion measurements,
galactic latitude, or orbital parameters.

We interpret ap within the framework of the renormaliza-
tion group: the distance d acts as an amplification factor, and
the decay of ap reflects a flow of the renormalization group in
the spatial domain. Binary systems appear to couple the sig-
nal more strongly to the traversed geometry, thus amplifying
decoherence. Although speculative, this interpretation sug-
gests that the time residuals could encode cumulative propa-
gation effects — possibly geometric or fundamental — along
the line of sight.

The fluctuation exponent ap offers a new phenomenologi-
cal perspective on the large-scale structure traversed by pulsar
signals. This interpretation, while speculative, has the crucial
merit — it transforms a perplexing observation into a testable
hypothesis. The threshold mentioned, around ~2 kpc (see the
lowess regression in Figure 2), could correspond to a char-
acteristic scale of this interaction, a phase transition in the
effective geometry.
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