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Standard continuous gravitational-wave searches with pulsar timing arrays (PTAs) neglect cosmological
redshift, restricting their applicability to the local Universe. We introduce a redshift-aware PTA framework
and apply it to the Parkes PTA Data Release 3, deriving the first direct constraints on supermassive binary
black holes (SMBBHs) at the cosmic dawn. Evaluating our limits across a broad redshift range, we
observationally establish the nonmonotonic mass-redshift exclusion boundary driven by the theoretical
“redshift bias,” demonstrating how PTAs can effectively probe sources at extreme distances. Redshift-
aware targeted searches toward high-redshift systems, including the ultraluminous quasar J0100þ 2802

(z ¼ 6.327) and the JWST-discovered galaxy JADES-GS-z14-0 (z ¼ 14.32), rigorously exclude SMBBHs
with chirp massesMc ≳ 1010M⊙ across the nanohertz frequency band. Finally, we demonstrate that high-
redshift binaries can be robustly detected and localized, allowing for the accurate measurement of their
intrinsic properties. Our results provide the tightest constraints to date on SMBBHs at z > 6 and establish a
practical framework for probing early-Universe black hole assembly.

DOI: 10.1103/5z5g-shly

Introduction—Pulsar timing arrays (PTAs) [1–3] have
opened a new observational window into the population
and evolution of supermassive binary black holes
(SMBBHs) [4–7]. Recently, major global PTA collabora-
tions [8–13] reported strong evidence for a stochastic
gravitational-wave background [14–18], widely thought
to be generated by the incoherent superposition of numer-
ous unresolved binaries throughout cosmic history. While

this stochastic signal provides a broad demographic census
of the overall population, a critical next frontier is the direct
observation of continuous gravitational waves (CGWs)
from individual exceptionally massive binaries.
Simultaneously, electromagnetic observations have

revealed a population of unexpectedly massive early-
Universe systems. High-redshift quasars and galaxies at
z ≥ 6 [19–21] are now known to host central black holes
with masses as high as 109–1010M⊙ [22–24], with the most
distant spectroscopically confirmed galaxy observed at
z ¼ 14.32 [25]. The existence of these massive black holes
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at the cosmic dawn raises a fundamental physics question:
can current nanohertz GW observatories directly constrain
their binary assembly?
Standard CGW searches [26–29] are inherently

restricted to the local Universe because they neglect
cosmological redshift, effectively interpreting the observed
chirp mass as the intrinsic source-frame mass. However, a
decade ago, Rosado et al. [30] theoretically predicted that
the detectability of distant SMBBHs by PTAs is governed
by a physical effect known as the “redshift bias.” Because
cosmological redshift reduces the observed frequency
while simultaneously mapping to a later, higher-strain
stage of the binary’s inspiral, the GW strain amplitude
does not decrease monotonically with distance. This
counterintuitive physical behavior implies that PTAs could,
in principle, constrain exceptionally massive binaries even
at extreme cosmological distances.
In this Letter, we provide the first direct observational

constraints on high-redshift SMBBHs by realizing this
redshift-aware framework using the third data release of the
Parkes PTA (PPTA DR3 [8]). By translating the global PTA
upper limits into source-frame constraints, we observatio-
nally establish the nonmonotonic mass-redshift exclusion
boundary driven by the redshift bias. Applying this
formalism to representative targets, such as the ultralumi-
nous quasar J0100þ 2802 (z ¼ 6.327) [22,31] and the
JWST-discovered galaxy JADES-GS-z14-0 (z ¼ 14.32)
[25], we rigorously exclude equal-mass SMBBHs with
intrinsic chirp masses Mc ≥ 1010M⊙. Finally, through
signal injection studies, we demonstrate that incorporating
a small subset of precise-distance pulsars restores phase
coherence in the pulsar term, enabling the robust localiza-
tion and parameter recovery of high-redshift sources.
Signal model—For a circular SMBBH, the observed

CGW strain amplitude h0 is given by

h0 ¼
2ðπfGWÞ2=3ðGMzÞ5=3

c4DL
; ð1Þ

where fGW is the observed GW frequency, Mz is the
redshifted chirp mass, and DL is the luminosity distance.
The redshifted chirp mass and observed GW frequency are
related to their source-frame counterparts through Mz ¼
ð1þ zÞMc and fGW ¼ fsrc=ð1þ zÞ, respectively. For a
nearly monochromatic PTA signal, these relations imply
that redshift cannot in general be determined independently
from the GW data alone, since the observables constrain
redshifted rather than source-frame quantities. Here, the
intrinsic (source-frame) chirp mass

Mc ¼
�

q
ð1þ qÞ2

�
3=5

Mtot; ð2Þ

for a binary with mass ratio q and total mass Mtot, governs
the orbital evolution of the system.

Conventional CGW searches effectively treat the
inferred chirp mass directly as an intrinsic source property.
While this approximation is valid in the local Universe, it
systematically misidentifies the mass scale of binaries at
cosmic dawn. To rigorously constrain early-Universe sys-
tems, our framework maintains explicit redshift depend-
ence. In the absence of a detection, a targeted search yields
a 95% upper limit on the GW strain amplitude, hUL0 ðfÞ. We
directly translate this into a constraint on the source-frame
chirp mass:

MUL
c ðf; zÞ ¼ 1

1þ z

�
hUL0 ðfÞc4DL

2ðπfÞ2=3G5=3

�
3=5

: ð3Þ

Equation (3) captures the fundamental interplay between
cosmic expansion and binary orbital dynamics. While the
luminosity distance DL geometrically suppresses the
observed strain, cosmological redshift dictates that for a
fixed observed frequency, a more distant source is emitting
at a higher rest-frame frequency fsrc ¼ fGWð1þ zÞ. Because
a binary emits stronger GWs during these later stages of
inspiral, high-redshift sources are intrinsically louder. At
z≳ 2.6, this intrinsic amplitude enhancement overtakes the
1=DL distance suppression. Consequently, the exclusion
boundary MUL

c ðf; zÞ is nonmonotonic, turning over and
allowingPTAs to efficiently probe the high-redshiftUniverse.
This physical mechanism is the core of the “redshift bias”
[30]. To demonstrate this effect across the epoch of early
black-hole assembly and recent JWST discoveries, we map
this constraint surface over the redshift range 0.01 ≤ z ≤ 20.
Binary black hole mass constraints at cosmic dawn—We

analyze the PPTA DR3 dataset, comprising high-
precision timing observations of 32 ms pulsars spanning
approximately 18 years. To ensure consistency with recent
GW analyses, we exclude PSRs J1824−2452A and
J1741þ 1351, both of which provide negligible sensitivity
to GWs. Pulse times of arrival are referenced to the TT
(BIPM2020) timescale and processed using the DE440
Solar System ephemeris. The timing noise is modeled using
the full PPTA DR3 noise prescription, including pulsar-
specific white and intrinsic red noise, alongside a common
red-noise (CRN) process [32].
We perform targeted searches toward two extreme early-

Universe systems motivated by electromagnetic observa-
tions. The first is the ultraluminous quasar J0100þ 2802
(z ¼ 6.327), which hosts a central black hole with an
estimated mass of ∼1.2 × 1010M⊙ [22,31]. The second is
JADES-GS-z14-0 (z ¼ 14.32), currently the most distant
spectroscopically confirmed galaxy, with an inferred stellar
mass of log10ðMstar=M⊙Þ ¼ 8.6þ0.7

−0.2 from spectral energy
distribution modelling [25].
For both targets, we carry out targeted searches by fixing

the source sky position to the electromagnetic coordinates
reported in the literature [22,25]. We also use the observed
spectroscopic redshift of each target to infer its luminosity
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distance under the adopted cosmology [33], and keep this
distance fixed in the search. By leveraging external
electromagnetic data to fix the source sky location, lumi-
nosity distance and redshift, our search is expected to
improve upon an all-sky analysis. For the remaining
parameters, we adopt the same priors as in the PPTA
DR3 all-sky CGW search [28].
Applying our redshift-aware framework to the PPTA

DR3 dataset, we derive frequency-dependent 95% upper
limits on the source-frame chirp mass for J0100þ 2802
and JADES-GS-z14-0 (Fig. 1). Driven by the array’s strain
sensitivity, the constraints tighten significantly at higher
frequencies, flattening toMUL

c ∼ few × 109M⊙ in the most
sensitive band. Notably, despite JADES-GS-z14-0 residing
at a significantly higher redshift, its mass limits are
comparable to, and at some frequencies tighter than, those
of J0100þ 2802. This nontrivial scaling perfectly illus-
trates the redshift bias in action.

Crucially, for J0100þ 2802, our limits approach the
reference source-frame chirp mass for an equal-mass
binary (Mc ≃ 5.2 × 109M⊙) inferred from its reported
central black-hole mass. This confirms that current PTA
datasets have already crossed the threshold necessary to
physically constrain the binary fraction of the most
massive early-Universe systems. Conversely, given the rel-
atively low inferred stellar mass of JADES-GS-z14-0
(Mstar ∼ 108.6M⊙), its central black hole mass is expected

FIG. 1. Frequency-dependent 95% upper limits on the intrinsic
chirp mass ðMUL

c Þ derived from targeted searches toward the
ultraluminous quasar J0100þ 2802 at z ¼ 6.327 (blue solid
curve) and the JWST-discovered galaxy JADES-GS-z14-0 at z ¼
14.32 (orange solid curve). For comparison, the dashed curves
show the PPTA DR3 all-sky strain upper limits converted into
source-frame chirp-mass limits using Eq. (3) with the redshift and
luminosity distance of each target. No target sky position is used
in this conversion; the sky positions enter only the targeted
searches shown by the solid curves. The black dashed horizontal
line denotes the source-frame chirp mass ðMc ≃ 5.2 × 109M⊙Þ
for an equal-mass binary (q ¼ 1) inferred from the reported 1.2 ×
1010M⊙ central black hole mass of J0100þ 2802. Note that the
sharp sensitivity degradation at f ¼ 1=yr (≃31.7 nHz) in the all-
sky limits arises from covariance with the pulsars’ astrometric
timing-model fits; conversely, our targeted searches retain full
sensitivity across this frequency because fixing the source
coordinates breaks this global geometric degeneracy. The blue
and orange shaded bands denote the frequency intervals bounded
by the ISCO and ringdown scales for J0100þ 2802 and JADES-
GS-z14-0, respectively. The dotted and dash-dotted boundaries
mark the observed ISCO and ringdown frequencies. Parameter
space residing at frequencies beyond the ringdown scales
corresponds to systems that have already merged and no longer
emit GWs (see Supplemental Material [34]).

FIG. 2. Upper limits on the intrinsic chirp mass of SMBBHs
from PPTA DR3, shown in two complementary projections.
Upper panel: the constraint on the binary chirp mass as a function
of redshift over the 1–10 nHz range, with color denoting the
observed GW frequency fGW. Constant-color bands therefore
correspond to fixed-frequency slices of the lower panel. The star
marks the J0100þ 2802 equal-mass reference point, z ¼ 6.327
and Mc ¼ 5.2 × 109M⊙, as in Fig. 1. The black dashed curve
marks the ISCO boundary; the shaded region beyond it is outside
the physical applicability of the long-lived inspiral CGW model.
Its jagged appearance reflects the discrete, frequency-dependent
PPTA DR3 upper limits. Lower panel: the constraint on the chirp
mass shown in the ½fGW; log10ðzÞ� plane, with color denoting
log10ðMUL

c =M⊙Þ. At each point, binaries with Mc >
MUL

c ðfGW; zÞ are excluded, while smaller chirp masses are
not. Smaller MUL

c values indicate stronger constraints. The
vertical dashed line marks f ¼ 1=yr (≃31.7 nHz), where the
all-sky strain sensitivity is degraded by covariance with annual
astrometric timing-model terms. Together, the two panels illus-
trate how PPTA DR3 constrains massive SMBBHs over the
nanohertz frequency band across a wide redshift range.
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to be orders of magnitude below our current upper limit.
Nevertheless, this target serves as a powerful proof-of-
concept, demonstrating that redshift-aware PTA constraints
can already be formulated for systems deep into the cos-
mic dawn.

For high-redshift binaries, our CGW constraints at the
highest frequencies are physically bounded by the innermost
stable circular orbit (ISCO) and subsequent ringdown scales.
We explicitly mark these mass-dependent boundaries in

Fig. 1. Since both the ISCO and ringdown frequencies scale

FIG. 3. Marginalized one- and two-dimensional posterior distributions for a simulated J0100þ 2802-like SMBBH injected into a 40-
year 32-pulsar mock dataset. The injected CGW signal (black solid lines and markers) corresponds to log10ðMc=M⊙Þ ≃ 9.7,
log10ðfGW=HzÞ ¼ −8.5, and z ¼ 6.327 at the sky position of J0100þ 2802. Green histograms and contours denote the results of a
standard phase-decoupled search, where the source sky localization relies on the array’s broad antenna response pattern. Orange
histograms and contours illustrate a phase-linked search incorporating precise distance priors for a six-pulsar subset (J0030þ 0451,
J0437 − 4715, J1744 − 1134, J1909 − 3744, J0636 − 3044, and J2222 − 0137). The displayed redshift posterior is derived from the
luminosity-distance posterior using the distance–redshift relation under the adopted cosmology [33]. Note that the distance and redshift
parameters are strongly degenerate; this effect is most pronounced in the standard search, whose broad posterior extends toward lower
redshifts, placing the injected values near the edge of the 2σ credible region. The inner and outer solid contours correspond to the 1σ and
2σ credible levels, respectively. In the joint posterior of the source-frame chirp mass and redshift for the phase-linked search, the injected
value lies just outside the 2σ contour, which is an expected statistical consequence of the specific noise realization. Dashed vertical lines
indicate the maximum a posteriori estimates.
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approximately as ½Mtotð1þ zÞ�−1, they appear as slanted
transition bands in the ðfGW;McÞ plane. The region
between the ISCO and ringdown boundaries corresponds
to the plunge-merger-ringdown transition, where the stan-
dard long-lived inspiral CGW assumption is no longer
directly applicable.
The two panels of Fig. 2 present the same set of upper-

limit results from two complementary ways. The lower
panel shows the 95% upper limit on the intrinsic chirp
mass, log10ðMUL

c =M⊙Þ, as a function of observed GW
frequency fGW and redshift z, with values encoded by
color. The upper panel focuses on the 1–10 nHz sensitivity
band and instead displays the chirp mass limit as a function
of redshift z. The dashed ISCO boundary marks the limit of
physical applicability for the long-lived inspiral continu-
ous-wave model, and should not be interpreted as an
additional observational exclusion contour.
As demonstrated in Fig. 1, our targeted constraints are

only moderately tighter than the corresponding all-sky
bounds. Consequently, re-scaling the all-sky limits pro-
vides a conservative approximation for mapping the array’s
sensitivity across a broad range of distances. To place these
limits into a global cosmological context, we translate the
PPTA DR3 all-sky upper bounds into a constraint surface
over the redshift range 0.01 ≤ z ≤ 20 (Fig. 2). This
demonstrates the nonmonotonic exclusion boundary in
the mass-redshift plane. At sufficiently high redshift, the
intrinsic amplitude enhancement of the source overtakes
the suppression from the luminosity distance. As a result,
the chirp mass required for a detectable signal turns over,
allowing PTAs to retain strong sensitivity to extreme-mass
binaries well into the epoch of cosmic dawn. We explicitly
truncate these limits at the ISCO boundary; binaries
residing above this curve in the mass-redshift plane have
already plunged and merged, rendering them physically
absent from the continuous-wave inspiral band.
Phase-coherent source localization of high-redshift

binaries—After deriving upper limits for high-redshift
SMBBHs from both targeted and all-sky PPTA DR3
searches, we now turn to the complementary detection
problem: if a J0100þ 2802-like SMBBH signal were
present in future PTA data, how accurately could its
intrinsic parameters and sky position be recovered? To
evaluate the detectability of early-Universe SMBBHs and
the physical role of pulsar-term phase coherence, we
perform a targeted signal injection study. We construct a
40-year mock dataset comprising 32 pulsars, including 30
pulsars from the PPTA DR3 and two additional pulsars,
J0636 − 3044 and J2222 − 0137, from the MeerKAT 4.5-
year dataset [13]. The observing cadence for each pulsar is
extrapolated from its actual times of arrival in the corre-
sponding dataset, and the noise realizations are generated
using the specific white- and red-noise parameters derived
for each pulsar. Into the realistic noise background, we
inject a CGW signal corresponding to an equal-mass binary

at the precise sky location of J0100þ 2802 (z ¼ 6.327,
Mc ≃ 5.2 × 109M⊙, fGW ¼ 10−8.5 Hz), yielding a net-
work signal-to-noise ratio of 23.25. For signal parameter
estimation, the luminosity distance DL is inferred from the
GW signal, and the corresponding redshift is derived from
DL using the distance–redshift relation of the adopted
cosmological model. Further details of the injection study
can be found in Supplemental Material [34].
We analyze the mock dataset using two distinct

Bayesian search strategies. The first is a standard search,
which treats pulsar distances as independent nuisance
variables, leaving source localization largely reliant on
the array’s broad antenna response pattern [44]. The
second is a “phase-linked” search that incorporates
precise distance measurements for a small subset of
six pulsars (J0030þ 0451, J0437 − 4715, J1744 − 1134,
J1909 − 3744, J0636 − 3044, and J2222 − 0137), follow-
ing the anchor-pulsar strategy of Wen et al. [45], to restore
Earth-pulsar-term phase coherence. This strategy is similar
to the CGW localization studies of Kato and Takahashi
[46,47], which showed that accurate pulsar distances can
constrain pulsar-term phases and substantially improve
continuous-wave source localization. Here we apply the
“anchor-pulsar” localization scheme to a redshift-aware
high-redshift SMBBH signal at the position and redshift
of J0100þ 2802.
As shown in Fig. 3, explicitly locking the relative phase

of the passing wavefront via rapid angular interference
oscillations not only sharpens the posterior constraints on
the intrinsic chirp mass and luminosity distance, but
fundamentally transforms the array’s localization capabil-
ity. Quantitatively, the 90% credible sky area collapses
from 567.78 deg2 to 19.09 deg2, corresponding to a factor
of 30 reduction. Such a dramatic collapse demonstrates that
phase-linking transitions continuous-wave localization
from broad hemispheric constraints to targeted search
fields, providing the high-precision astrometry critical
for future multimessenger campaigns.
Conclusion—In this Letter, we have established the first

direct observational bridge between nanohertz gravitational-
wave astronomy and the cosmic-dawn Universe revealed by
JWST. By explicitly incorporating cosmological redshift
into the continuous-wave signal model, we overcome the
local-Universe limitations of standard PTA searches to
derive the first direct constraints on the intrinsic chirp
masses of early-Universe SMBBHs using the PPTA DR3.
Applying this redshift-aware framework, we rigorously

excluded equal-mass binaries with Mc ≳ 1010M⊙ in
extreme targets such as J0100þ 2802 (z ¼ 6.327) and
JADES-GS-z14-0 (z ¼ 14.32). Crucially, by mapping the
all-sky constraint surface, we provided the first observa-
tional realization of the theoretical redshift bias predicted
by Rosado et al. [30]. This confirms that the intrinsic strain
enhancement of late-stage inspirals at high redshift can
effectively overcome cosmological distance suppression,
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granting PTAs a non-monotonic sensitivity window into the
early Universe.
Furthermore, our injection studies delineate a clear

methodological path toward the unambiguous detection
and localization of these distant sources. We demonstrated
that treating pulsar-term phases as decoupled nuisance
variables leaves standard searches limited by the array’s
broad antenna response pattern. Conversely, adopting a
phase-linked approach utilizing a subset of precise-distance
pulsars restores Earth-pulsar phase coherence. This locks
the geometry of the passing wavefront via rapid angular
interference oscillations, dramatically refining sky locali-
zation. In the representative injection studied here, the
phase-linked search localizes the source to 19.09 deg2 and
5.46 deg2 at the 90% and 50% credible levels, respectively.
As continuous-wave searches mature into the Square

Kilometer Array era [48], and as electromagnetic observa-
tories continue to sharpen the astrophysical priors on early-
Universe black-hole masses, this phase-coherent, redshift-
aware framework will be essential. It transitions PTAs from
placing initial bounding limits to directly testing physical
models of supermassive black hole seeding, growth, and
binary assembly at cosmic dawn.
The following software was used in this Letter:

ENTERPRISE [49], ENTERPRISE_EXTENSIONS [50],
PTMCMCSampler [51,52], LIBSTEMPO [53], TEMPO2 [54,55],
HEALPY [56], HEALPix [57].
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