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manifest as a temporally correlafeed stochastic processina arrival times. Variations in the total electron column density
pulsar timing data set. In order to distinguish the GWB from (dispersion measur@®M); Keith et al.2013 induce a signal
other stochastic processes, it is necessary to identify the uniqudelay 2. The inhomogeneities of the turbulence result in
Hellings Downs (HD) correlations it impartgHellings & multipath propagation and diffractive and refractive scattering
Downs1983. The GWB is expected to alter the arrival times of the pulsar radiation. These can both distort the pulse shape
of pulsars by only tens to hundreds of nanoseconds. For both ofind cause arrival time variati¢@ordes et aR016 Shannon &
these reasons it is necessary to monitor an ensemble ofordes2017).

millisecond pulsaréVISP9, referred to as a pulsar timing array ~ In addition to the GWB, there are other credible sources for
(PTA; Foster & Backe 990, as these pulsars can be timed to Stochastic processes that are correlated between pulsars and
the highest precision and are the most inherently rotationallylikely to be present in pulsar timing data sets at some level. An
stable. MSPs are believed to be formed in close binary system&rror in the time referencing will result in arrival time variations
by a process known d@secycling’ (Bhattacharya & van den that are strongly correlated between pulsgtsbbs et al.

Heuvel1997). 2010. Errors in the barycentering of arrival tim@kie to an
Decades-long pulsar timing experiments have been ongoingncorrect model of the solar systemill manifest as dipolar-
in Australia(the Parkes PTAPPTA); Manchester et aR013, correlated arrival time variation€Champion et al.201Q

Europe (the European PTAEPTA): Kramer & Champion  Vallisneri et al2020. Both of these noise sources could cause
2013, and in North America(North American Nanohertz ~temporal correlations with similar amplitude and spectral shape
Observatory for Gravitational Wavé@dANOGray); Demorest 0 that of the GWB(Tiburzi et al.2016 Arzoumanian et al.

et al.2013. These groups, in addition to more recent projects 2018 Vallisneri et al2020. Unmodeled variations in the solar
established in ChinéChinese PTA(CPTA): Lee 201§ and wind also manifest themselves as excess DM. These could also
India (Indian PTA(INPTA); Tarafdar et al2022, and with the impart 'broadly 'dlp'olar ;panal correlatlons'. The temporal
MeerKAT radio telescope in South AfrigMeerKAT PTA correlation of 'FhIS s_lgnal is expected to be different from that
(MPTA): Miles et al. 2023 and the Fermi-Large Area ©Of the GWB(Tiburzi et al.2018. . .
TelescopgFERMI-LAT Collaboration et al2022, form the Instrumentation potentially can also introduce excess noise

set of global experiments searching for nanohertz-frequency(-€ntati et al.201§. Over the course of PTA experiments,
GWSs. The International PTAIPTA; Hobbs et al.2010, instrumentation is often upgraded. Delays introduced in the

comprising several of these experimef&PTA, InPTA, instrumentation may not be known a priori, and if offsets are

NANOGrav, PPTA mproves the senstuty o Gus by 1eoecly appled betucen diferent instuments, e small
combining its constituent data sets. P 9 y app P : 9

In order to detect the background, it is imperative to fully in the polarization response of a telescope receiving system can

characterize the pulsar timing data sets. This includes modeliniISO distort pulse prdes and result in temporally correlated

the myriad of noise sources, many of which are astrophysical oise(van Strater?006 .2(.)13' L . .
' . Accurately characterizing th@ise is crucial for detecting a
foregrounds that must be characterized.

The emitting neutron star itself contributes both white and GWB. Noise mis-spectation could result in insensitive
red noise to tr?e ulse arrival . Individual pulses vary in GW searches or the nondetection of a GWB when one was
) . P P ‘ary present. It could also potentially result in the false detection
intensity and morphology from pulse to pulse, causing pulse

h it K it lativisti i | of a background in data containing noise. Noise analyses
shape variations Xnown as || I(esomg refalivistic systems also ¢ jngjyigual pulsars have been conducted separately from
show pro le variations due to relativistic precession effects

L . (and jointly with searches for GWs by the EPT&halumeau
Most of the variations appear to be independent from pulse tog¢ al. 2029, the INPTA(Srivastava et a2023, NANOGrav

pulse, which contributes to excess white noise in pulse time'(Arzoumanian et al2020, the PPTA (Goncharov et al.
of-arrival (TOA) measurement§Osowski et al. 2011 20213, and their union in the IPTALentati et al.2016).
Shannon et al.2014. There are many examples of |, this paper, we present noise analyses for the MSPs in the
nonrecycled pulsars that shqulse shape variations on long ppTaA third data releagPPTA-DR3. This work is part of a set
timescales. There areafew examples of this. among the MSPgf ppTA papers, which includes a description of the data
(Shannon et al201@ Jennings et al2022. Spin noise, i.e.,  yelease in Zic et al(2023 and a search for the isotropic
instabilities in the apparent rditan rate of neutron stars, is the  gtochastic GWB in Reardon et 42023. We describe our
dominant stochastic process in nonrecycled pulsars. Thenethodology for identifying and characterizing noise sources
presence of spin noise has been reported across the MS[ section2 and present and interpret the preferred models in
population(Lentati et al201§ Goncharov et a20213. The  Section3. We summarize the impact of these noise models in

spectral shape and the amplitude of the red noise may besection4 and draw our conclusions in Sectibn
comparable to that expected from the GW®hannon &

Cordes2010. .
The interstellar medium can also introduce stochastic 2. Methods and Noise Model Components
variations to pulse arrival times. The ionized component of The data set used for this analysis is described in Zic et al.
the interstellar medium(lISM) is thought to be highly (2023, including the pulsar ephemerides and TOAs that form
turbulent, with the largest-scale variations driven by supernovathe basis for the noise modeling described in this work. We
explosions and winds in star-forming clusters, and with ainitial timing models usingrEMPO2 (Edwards et al2006,
turbulent cascade producing densitctuations with structures  beginning from the timing analyses of the previous data
as small as 1au (Armstrong et al.1977. As the column releasegReardon et a016 2021). For new pulsars added to
density of the plasma varies between the pulsar and Eartithe PPTA since the second data relg@TA-DRJ, we use
(because of the transverse motion of the line of jightumber the initial timing models from Curg et al.(2023. For four
of time-varying effects are potentially measurable in the pulsepulsars we required updates to the timing models. However, the

2
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timing model parameters are treated as nuisance parameters for 2.1. White Noise
G\.N searches, ‘f.’md as.such they are analytically marglnallzed N pulsar TOAs are measured by cross-correlating the observed
this work. In this section we describe the construction of our

. S . I,pulse prole with a standard template. If the recorded s
noise model of deterministic and stochastic processes that argynain only radiometer noise and the template is accurate, then

not accounted for in the timing model. , the uncertainties associated with the TOAs are accurate.
Bayesian inference is used to measure the noise parameterfyowever, when there are other factors present such as residual

as detailed in our companion GWB analysis pafieardon  radio frequency interferen¢BFI), changes in the pulse prie

et al. 2023 and references therginin brief, the timing  with time, instrumental artifacts, or template errors, then the

residuals are modeled with a Gaussian likelihogan uncertainty estimations will not be correct. To account for these

Haasteren et al.2009. Time-correlated(red stochastic issues, whitduncorrelatejinoise parameters are required.

processes are modeled in the time domain as Gaussian Three white-noise parameters are used to describe excess

processeqLentati et al.2013 van Haasteren & Vallisneri  uncorrelated noise in the PPTA-DR3: EFA&, EQUAD (Q),

2014 using Fourier basis functions. The Fourier amplitudes and ECORR(E), as dened in other pulsar timing noise

can be constrained to follow a distribution such as a power law,analysege.g., Lentati et a014 Arzoumanian et a020. F

where the amplitude and spectral index are free parameters, bi a scale factor to the TOA uncertainties, &nés an excess

the Fourier amplitudes are analytically marginalized along with Noise added in quadrature. The meai uncertainties are

the timing model. The posterior probabilities of the noise o = ((For0)* + Q?)!/2, for original uncertainty 0. Ecis an

model parameters are evaluated from Bayéiseorem using additional noise term added in quadrature that describes noise

the ENTERPRISE package(Ellis et al. 2019 and a Markov ':_hat istcdqfrpplet?I%/ correlgted bﬁ_tlvveben SimUItaTeto?S observa-
Chain Monte Carlo algorithm with parallel tempering lons at difterent frequencies, whiie being completely uncorre-

. . lated between epochqdescribed in Appendix C of

ngn'\q/lcv'\:CriA'\::Ljﬁ E”rlr? &ri ve:]n HﬁlastererﬁiO%/Qd Itrr'lrthlsh th Arzoumanian et al2015h. E. accounts for the fact that the

amework, model comparison can be achieve oug €subbanded TOAs in frequency are not independent, primarily
Bayes factor(B), but for this work we are not as concerned pocaise of pulse jittgfOsowski et al.2011 Shannon et al.

with the model support from the data as we are with including 2014 Lam et al.2019 Parthasarathy et a021).

noise terms to reduce the risk of model mis-spestion during The jitter noise modeled k. is expected to decorrelate over a

a search for common processes, including the GWB. Foryjge bandwidtHe.g., Figure 3 of Parthasarathy ePaR1). In the
example, it is common practig@\rzoumanian et al202Q PPTA-DR2, oneE, parameter was used for each of three
Goncharov et al2021kh Chen et al.2021 Antoniadis et al.  observing bands, but it was assumed that each of the bands was

2023 to include models for both red achromatic noise and DM suf ciently independent. Dataofn the UWL receiver include
variations in all pulsars, regardless of the evidence for sucheach of these bands as a subset of a continuous band from 704 to
processes from the data themselves. The reason is that thed@®32 MHz(see Zic et al2023for more details A description of
processes, as well as others, must be present in the data basadEc parameter that accounts for thecorrelation as a function of
on physical arguments, although the level of their contribution frequency is deferred to future wok. Kulkarni et al. 2023, in
is not known a priori. preparatiop For our analysis, we approximate this decorrelation
PTA data are highly complex, and the noise processesdy using threeEc parameters across the UWL band, centered
present within the data are not fully understood. For our work, near the discrete bands from the PPTA-IiR2, < 960 MHz,
we take a liberal approach with the addition of noise terms t0960 MHz < <2048 MHz, and > 2048 MHJ. We
describe potential processes in the residuals. Our motivation i&dditionally include a globék, parameter for the whole UWL
primarily to mitigate issues arising from unmodeled noise termsP@nd. which models any broadband jitter noise, or low-level
that may“leak’ into the signals of interest. This can lead to instrumental offsets.
inaccurate characterization or, at worst, false detections of such
signals. On the other hand, if the presence of a noise term is not
statistically supported by the data, then the parameters
describing that process tend to be unconstrained, possibly Temporal variations in DM and spin noise require careful
below some upper bound, and d|5p|ay little to no CovarianceCharacterizaﬁon When SearChing for correlated SignaIS across a
with other parameters. The result is that the inclusion of these” TA- In this analysis, we include a power-law model to
models has litle impact on the parameter estimation of thedescribe the timing noise and DM variations for every pulsar.
signals of interest. The most conservative approach in &S described above, this choice is physically motivated:
Bayesian framework(except in an upper-limit regime: variations in the turbulent interstellar medium and pulsar spin

Hazboun et al2020 would be to include models describing |rre_gular|t|es do_ occur an_d will therefore rence the timing
all conceivable noise processes in the data, allowing the data t6e3|duals even if at marg_lnal levels. . .
’ The number of Fourier frequencies used in the bases

select the levels of the noise terms that describe it best. Weemployed to model DM variations and spin noise are

cannot_take this approach because it is too computationglIydetermined by the time span for each pulsar and the highest
expensive at present. Furthermore, there are likely noise \ctyation frequency we model. For the achromatic red
processes present in the data that have not yet been &tenti process, we model up to a maximum frequency of 1
and described. Instead, we consider noise terms that have beqn40 day} while for DM variations we model up to/1
found in historical analyses of the PPT&oncharov et al. (60 day3. These maximum frequencies were chosen following
20213 and IPTA (Lentati et al.20169 analyses, while also  an initial analysis with a broken power-law model, which
searching for new terms using the latest ultwade-band- determines the frequency above which the spectral index
width data. attens(see Arzoumanian et a2020. We found that most

2.2. Timing Noise and Dispersion Measure Variations
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pulsars become insensitive to such a break once the power law We allow all pulsars with modeled scattering noise to have
approaches the white-noise level. We chose these values for thigand noise at low frequencié@modeled as a Gaussian process
maximum frequency based on when this condition occurs forwith PSD of Equatiorfl)), which accounts for any excess noise
all pulsars. induced, for example, by errors in the assumed IISM noise
We model the achromatic red noise with a power-law powerfrequency scaling. We additionally allow for low-frequency
spectral densityPSD): band noise in the highest-precision pulsars, which are most
sensitive to the various potential sources of such noise. We also
7 - include “mid”-frequency (960 MHz< 2048 MH2 and
> (yr?), (n “high’-frequency ( > 2048 MH2 band-noise terms for
127 fi PSR J0437 4715, to capture higher-order frequency-depen-
dent noise. This frequency-dependent noise is most apparent in
where A is the amplitude, is the spectral index deed PSR J0437 4715 (Goncharov et al20213 because of its
such that red processes have a positive index,fandthe  brightness, which makes it more sensitive to pcstochas-
uctuation frequency. The amplitud® is a dimensionless ticity, instrumental effects not well described by a single
strain derived from a GW amplitude spectrum of the form systeml noise tgrm,_and IISM effects._:/r\]/e g‘ggﬂ zand 'nbOIZe "’l‘)S a
h. = A(f/lyr-Y)®, where = (3 )/ 2. DM variations are ~ POWErlaw Ted-noiSe process, wi escribe y
similarly modeled, but the amplitude of the PSD is scaled aSEquatlon(l), but operating on TOAs selected by frequency

according to the spediations above.
. ADM DMy —2 . ADM DM
Pom(f, v; APM, 4PM) = (1 /1400 MHz)2Ppeq (f; APM, 4PM). We We searched for system noise in each pulsar by performing

set the priors for the parameters of each Gaussian procesgarameter estimation for a power-law red-noise process, with
with a PSD derived from Equatidf) to uniform distributions PSD described by Equatiofi). These red-noise processes
(U) in the rangesr(log,A) = U[-18, —11] and 7(y) = operated only on subsets of TOAs selected bygheup ~ ag
ulo, 7. on the data, which sped@s the receiver and signal processing
We also searched for an additional, highuctuation system used for a given TOA measurement. We examined the
frequency (HFF) achromatic red-noise process for some marginal posteriors for each system noise log-amplitude and
pulsars, modeling Fourier frequencies up t¢30 day$. Our only retained system noise terms where there was an increased
primary motivation was to capture shallow-spectrum achro-posterior density over the density in the low-amplitude
matic red-noise processes. Steep-spectrum red-noise processassterior tail (corresponding to estimated Savafickey
dominate the lowest Fourier harmonics, and so models thaBayes factorslog3 2 1). After this selection process, we
only consider low harmonics will be dominated by any steep- found that several system noise terms had maximum likelihood
spectrum procegsy. In the presence of a steep common- spectral indices consistent with= 0, suggesting that these
spectrum process such as a GWB, precisely timed pulsars magystems may have an associated time-uncorrelated noise
exhibit noise originating from processes other than the commorcomponent. To account for this, we included an additiéRal
process at highuctuation frequencies. The single-pulsar noise parameter for these systems and did not model their system
analyses do not assume a common progeBSi&h requires the  noise as a red-noise process.
PTA as a wholg and so two red-noise processes may be
required to adequately describe the noise present in the data. 2.4. Instrumental Timing Offsets
We ultimately include this HFF red-noise term in the model for A ion for timi ff . ol f
pulsars if the spectral properties are constrained and not ccurate correction for timing offsets is crucial for any

: : e inference from pulsar timing. Because of their origin in the
completely degenerate with the nominal red-noise process. telescope signal chain, they usually affect mémall) pulsars

in a PTA. A sequence of irregularly spaced timing offsets of
2.3. Scattering, Band, and System Noise varying magnitude can mimic a power-law process and will

For pulsars with a large DM or high timing precision, we induce monopole-correlated signal across the PTA. Left

search for scattering noise, which scales with radio frequenC)}mm't'gated’ these offsets may dominate interpulsar correlated

. P . g signals of astrophysical origin. On the other hand, indiscrimi-
approximately as ~ (Lang1971). The PSD for this scattering ate identication and correction of timing offsets may falsely

gmse, rnocclifle%hr as a Gau53|an_4 procgsséhr '° ChEhereforé:/hiten the timing residuals for a pulsar, removing any
oar (f, 3 AT, ) = (v/1400 MHZ) " Prea (f; A7, 57). astrophysical signal within.

While “is an appropriate model for the frequency scaling at T s
. e A While timing offsets within the PPTA-DR2 have been
the rethw(rjef? prei;?g n, individual sources h%ve tr)]eehn Ob‘gervegcrutinized(Ke?r et al.2020, it is important to characterize
to scale differentl{Geyer & Karastergio2016, which may . L '
X : : : .__potential offsets in the UWIMedusa system. To ensure a
manifest as excess noise, partlcula_rly at low radio frequenmes?nore complete accounting of all timing )(/)ffsets we implemen-
Excess noise in isolated observing systems and frequenc ed a timing offset search method in our r’10ise modeling

Sﬁggfstggi(ebeerll_ecr;lt);t?re\llteadl2{)olr6 rg%r;])éhp;l::)s\? rest ablg(t)zliapoorl procedure. This was implemented via parameter estimation for
9 : a time-domain waveform described by a heaviside unit step

The origins of such noise could include residual RFI, secondary, . L . .
effects from interferenceagging (e.g., agging leading to functionH in single-pulsar noise modeling
subtle changes in the effective observing frequgnaymo- J = sgn(s)AumpH (t — tump), 2
deled system offsets, pulse pl® variability, calibration errors ) i )
(van Straten2013, scintillation interacting with template Wheresis a free parameter ranging betweeh that describes
errors, or errors in the correction of DM and scattering the sign of the timing offsetA;ump is the timing offset
variations(Cordes et al2016, and possibly the interaction amplitude, andhympis the epoch of the timing offset. The prior
between any of these effects. ranges used for these parameters were U[—1, 1],

Prea(f; A, ) =
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log,, Ajump € U[—10, —6], andtume € U1, 1], wheret;, t; are by other noise processes in the model and is unlikely to be

the boundaries of successive, overlapping 243-day windowgelated to the 1ISM because it is only apparent in the 20 cm

that cover the data set. band(approximately 32 GH2). We modeled this feature with a
We rst performed the timing offset search and parametertime-domain Gaussian waveform of time delaftgaus)

estimation on individual pulsars. To ensure complete coverageubtracted from the TOAs in this band:

and to avoid the parameter estimation being dominated by a

small number of signcant timing offsets, we searched for B (r — t50)?
individual timing offsets in discrete 243-day time windows, fGauss () = Ag eXp Py (3)
which overlapped by 30 days with their adjacent windows. 8

This was chosen so that each window spanned 183 days : . . .
(approximately 6 monthswhile ensuring reliable detection of Wheredy is the amplitude of the feature in secorigs,is the

any timing offsets close to the 6-month boundaries. central epocfMJD), and g is the Wi‘gth in days. We measure
To determine whether any apparent timing offsets werelogio(Ay/s) = —5.83%01¢, to0 = 5757513, and log,(o,/days) =

common among the pulsars, we inspected and combined thé.46 & 0.14. An astrophysical origin(e.g., prole shape
individual pulsar timing offset posteriors using a factorized changg could be conrmed with detection in other PTAs.
likelihood approact{Taylor et al.2022. We only considered

and corrected for timing offsets that had statistical support from 2.6. Noise Model Validation

a plurality of pulsars. We validated this approach by removing
the JUMP parameter for a timing offset occurring on MJD
59200 from the timing model parametdes and searching for
that offset with this approach. We detected the relevant timing
offset condently.

Future improvements to this approach could include
applying the method to subsets of the data., applying the
method to TOAs from instrumental subbanas implementa-
tion as a monopole-correlated common signal in full PTA
analysis, which may improve sensitivity. We also note that le
astrophysical signals such as GW bursts with mer(@oydes
& Jenet2012 Arzoumanian et al2015a Wang et al.2015
may mimic a timing offset. We do not search for such signals in
our work, so revisiting the timing offset measurements may be
necessary for future searches for GW memory events.

To assess the completeness of our noise models, we require
that the noise-subtracte@vhitened and the band-averaged
normalized residuals are consistent with white noise with zero
mean and unit variance. We computed the AndeifBarling
statistic(ADS; Anderson & Darlingl954) to test consistency
between these whitened, normalized residuals and the expected
standard normal distributioffollowing previous PPTA noise
analyses; Reardon et 2016 Goncharov et al20213.

For each observing band of each pulsar, we also conduct a
ast-squares spectral analysis of the whitened and normalized
residuals (forming the LombScargle periodogram; Lomb
1976 Scargle1982 and test whether the power at the lowest
uctuation frequencie¢f,< 1/ 240 day$ is consistent with
white noise. We test these frequencies because they are used
for inference of the GWB signal in the companion analysis
(Reardon et al2023.
2.5. Magnetospheric, Interstellar, and Other Deterministic

Events 3. Results

While it is often assumed that DM variations follow a  The measured parameters for the most prevalent noise
Gaussian power-law process, this need not be the case. Plasnpgocesses in our data set are shown in TabM/e excluded
intermittency could cause departures from such a process, aBSR J174% 1351 from this analysis and the subsequent GWB
could the presence of discrete structures in the IISM.search(Reardon et al2023 because we only have 16 unique
Consequently, in addition to the Gaussian process DM observations of this pulsar in the data set, which is irceift
variations, we include a Gaussian-shaped DM event forfor modeling noise processes. The timing residuals for
PSR J1603 7202 (Equation(7) of Goncharov et al20213, PSR J19093744, with and without noise processes sub-

to describe its extreme scattering ev@doles et al.2015 tracted, are shown in Figuiie This pulsar is the most sensitive
Reardon & Cole®023 and annual DM variationfEquation in the PPTA because of its low rms timing residuals and low
(8) of Goncharov et al2021g for PSR J06130200 (Keith level of jitter noise.
et al.2013.

Four pulsars show evidence for events in their magneto- 3.1. Achromatic Noise Processes

sphere, characterized by a sudden frequency-dependent 01‘fsetI is critical q d ach . wesse th
in the timing residuals, with an exponential-like decay due to 't IS critical to understand achromatic procesesse that

time- and frequency-dependent pulse shape changes]C Not depend on observing frequencys the GWB is

PSR J17180747 showed two such events across our data&XPected to be achromatic. Therefore, GW-induesduations

set(Demorest et aR013 Lam et al.2018, as its recent third " _Pulsar timing residuals will be correlated with other
event(Singha et al202% Jennings et aR022 was excluded ~ achromatic processgsuch as spin noizeWe include at least
from our analysis. These observed pulse frshape change  ©Ne red power-law process to describe the achromatic noise in
events are modeled as a chromatic step function with ard! pulsa_lrs. The posterior probability distribution for t_hls
exponential recoverfEquation(6) of Goncharov et a0213. process is constrained at thé level for 10 pu_lsar_s, shown in
We include one for the strong event in PSR J16uZ4 Figure 2. \é\/etg observe shallow-spectrum noise in PRSdR J1643
(Shannon et aR016), two for PSR J17180747, and one each 130274 (™"=06+£04 and PSR JO7116830 (y**'=
for PSR J04374715 and PSR J214®750(Goncharov etal.  1-2705) and loud, steep-spectrum noise in the relatively high
20213. Additionally, during the course of our analyses, we magnetic eld PSRJ19302134 (yR =6.2%(9) and the
identi ed a Gaussian-like feature in the residuals of PSR J160@lobular cluster PSR J1822452A (yRed = 5.175]). The noise
3053, spanning months. This feature is not well described properties of the remaining pulsars with constrained noise

5
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Table 1
Measured Parameters for Processes in the PPTA Data Set Included in the Noise Models for Multiple Pulsars
PSR Name Red log,, AR O™ log,,APM HFF log, , AHFF chr log, o AC™ ’VFN log, Ay nSv
oW oW e

J0036- 0451 34734 —163%37 3473 —16.8%23 L L L L L L 6.0+14
J0125 2327 3313 —169%31  32*3 —13.4793 L L L L L L 2.3+28
J0437 4715 33109 143102 o5t0l 3481004 5t04 g 3t00 30105 _jq4t0] 924 15120 3743
J0613 0200 59198 —15.475¢ 24493 —13.6751 L L 52513 —15.8+44 28423 —17.47%} 13453
J0614 3329 3223 164724 50tld —13.8+03 L L L L L L 11275
JO711 6830 12897 131798 3273 —14.149¢ L L L L L L 9.8+58
JO900 3144 34724 —16572% 2083 —12.7%92 L L L L L L 83714
J1017 7156 32437 —16.1720 23192 —12.89%0% 0975t —134%0)  0873¢ 13770 30133 —17273 104783
J1022- 1001 32431 —1667F, 25709 —13.8192 19431 —15.01)3 L L L L 9.079¢
J1024 0719 31133 —17.133) 35509 —13.9593 L L L L L L 43434
J1045 4509 14732 —1457)% 29793 —12.38%0% L L 347290 142797 2973 —17.0733 74474
J1125 6014 39716 142105 36793 —13.2%91 L L L L L L 12,132
J1446 4701 3172 —17.07% 273 ~16.9*33 L L L L L L 6.5%33
J1545 4550 33124 —16.6729 44703 —13.7593 L L L L L L 24727
J1600 3053 34720 15948 23703 —13.2791 2173 —144%9%  15%01 0 —13.89) 24727 —16.7%34% 34408
J1603 7202 29725 17242 23703 13270 L L L L L L 42443
J1643 1224 06704 —127t01  2.3+03 —12.910! L L 08704  —132101 21103 _jp3t01 4513
J1713 0747 29433 —175%19 2.1 —13.9751 07733 —145%93 L L 3159 —13.8193 4.0%93
J1730 2304 2383 —16.02] 25101 —13.5%92 L L L L L L 7567
J1744 1134 2372 —159%3F  3.2%92 —14.2792 1488 —13.7%93 L L L L 51593
J1824 2452A  5.107  —13.1102 26192 1243109 L L L L L L 7,907
J1832 0836 3213 —16.91%] 45413 —13.51%3 L L L L L L 21721
J185% 0943 4914 147788 24403 —13.3791 L L L L L L 8.0143
J1902 5105 34734 161738 14708 —13.1*92 L L L L L L 52481
J1909 3744 40759 —147803 207832 —13.6670% 06737 —14.5192 L L 0.753¢  —13.71%] 41754
J1933 6211 34434 —163%3¢% 3324 —16.97%! L L L L L L 6.615%
J1939 2134 627908 —14.6703 28702 —12.9170% L L 1282 —13.97) 22722 163438 73439
J2124 3358 47415 14978 3.0 —17.3420 L L L L L L 6.029
J2129 5721 3474 —1661)5 31103 —13.7431 L L L L L L 46433
J2145 0750 42717 _14.5t08 1 g+03 —13.5%0) L L L L L L 5.8707
J2241 5236 3.057 145192 27794 —14.0%91 L L L L L L 4.3599

Note. The parameter values are the medians, with uncertainties showing the central 68% credible interval. The parameter names refer to the powlex$pectrum i
and amplitudéA) for achromatic red noig®&ed, DM variations, high uctuation frequencfHFF), Chromatio(Chr), and low-frequency 960 MH2) band noise
(BN), along with the mean solar wind density at 1(afl").

properties are broadly consistent, and the probability-weighteddependent uctuationg(achromatic residuglss 140 ns, which
mean of these posteriors is related to the recovered commoris just 22 ns more than the value of the fully whitened residuals
spectrum noise in our companion analysis. presented in Figur8. By comparison, PSR J1908744 has
All other pulsars show unconstrained spectral properties butveighted rms values of 292 and 101 ns in the achromatic and
are consistent with the population of noise. The exception iswhitened residuals, respectively.
PSR J17180747, which appears to have both a low amplitude  For the pulsars with HFF noise processes, we observe that
and a shallow spectrum. The 90% credible interval for the the recovered parameters generally have a shallow spectrum, as
achromatic noise in this pulsar is shown in FigRrend does  expected. The spectrum of this process is not constrained to be
not intersect with the 1 contours of the other pulsars. This shallow, but if it is not observed as such, it is completely
highlights that this pulsar is the most in tension with the degenerate with the usual red-noise power law and thus not
presence of a common-spectrum process in the remainingequired for our GW searches.
pulsars. To analyze this in further detail, we show a free
spectral inferencgwhere the amplitudes of each Fourier . .
frequency are free parameters instead of being constrained to a 3.2. The Interstellar Medium and Solar Wind
power law for the achromatic noise in PSR J19(&44 and The dominant and most widespread effect of the [ISM is that
PSR J17180747 in Figure3, along with the free spectral of frequency dispersion. Small physical variations in the
inference of the common-spectrum procéReardon et al.  density of the IISM result in stochastic variations of the
2023. This achromatic noise in PSR J1#1®47 is shallow  dispersive time delay as the puls&arth line of sight changes,
across the lowest frequency bins, explaining the tension with awith a power spectrum that should depend on the phase
= 13/ 3 process. This tension with the common noise can alsostructure function of the mediurtFoster & Cordesl199Q
be observed by simply inspecting the timing residuals that areRickett 1990. The relative motion may also induce periodic
remarkably at(see Figure 5 in Zic et a023. The weighted (e.g., annual or nonstationary variations to the DM. We
rms of the timing residuals after subtracting all frequency-include one power-law Gaussian process model to describe
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