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ABSTRACT

Pulse profile modelling via relativistic ray-tracing can constrain the system parameters of neutron stars, notably their mass
and radius. Among these objects, accreting millisecond pulsars (AMPs) are promising targets, because they are bright in
X-rays and their potentially polarized radiation can lead to complementary constraints on the emission geometry. We
perform combined analysis of NICER (Neutron star Interior Composition Explorer) and IXPE (Imaging X-ray Polarimetry
Explorer) observations of the recently discovered the 448-Hz pulsar SRGA J144459.2—604207, with IXPE providing X-ray
polarization information. NICER and IXPE jointly favour a large mass and radius for our best-fitting model, for which
the neutron star has two independent hotspots. The primary hotspot is centred near the Northern rotational pole, the
secondary in the Southern hemisphere, and the observer inclination is in the range 50°-75°. The primary hotspot is large
(up to half the surface area) and contributes the majority of the non-pulsed X-rays, while the secondary is hotter and the
major contributor to the overall pulse profile shape. However, many parameters are inferred to be near the prior bounds,
which could indicate that the model does not adequately account for important physics. Furthermore, we tested several
different methodologies for joint analysis of the two data sets: the results are sensitive to the method used, something
that merits further study with synthetic data. In the future, we expect simultaneously recorded data will lead to improved
parameter constraints, especially when multiband and polarized data are combined.

Key words: accretion, accretion discs — equation of state - stars: individual: SRGA J144459.2—604207 - stars: neutron —
X-rays: binaries.

under conditions that cannot be replicated on Earth. Both the
particle types (e.g. neutrons, hyperons, and deconfined quarks)
Neutron stars (NSs) are rich astrophysical laboratories for the present in NS cores, as well as their interactions, remain uncer-
study of the equation of state (EoS) of ultradense nuclear matter, tain despite intense theoretical, experimental, and astrophysical
study (see e.g. K. Hebeler et al. 2015; L. Tolos & L. Fabbietti 2020;
J. M. Lattimer 2021; K. Chatziioannou et al. 2025; H. Koehn et al.
2025).

One way to constrain the EoS is to measure the NS mass (M)
and equatorial radius (Req), since the M-R.q relation depends
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on the EoS via the stellar structure equations. One can do this
measurement using pulse profile modelling (PPM) of millisecond
X-ray pulsars, which are fast-rotating NSs with X-ray emitting
hotspots. PPM is a relativistic ray-tracing technique used to es-
timate stellar parameters, such as M and R.q, by modelling the
observed energy-phase dependent pulse profiles (see e.g. K. R.
Pechenick, C. Ftaclas & J. M. Cohen 1983; M. C. Miller & F. K.
Lamb 1998; J. Poutanen & M. Gierlinski 2003; S. M. Morsink et al.
2007; S. Bogdanov et al. 2019, 2021, and references therein). The
technique also constrains the properties of the hotspots, such as
their size, location, and temperature.

So far, the technique has been most successfully applied to rota-
tion powered millisecond pulsars (RMPs), for which the hotspots
are thought to be generated at the magnetic poles due to heating
by magnetospheric return currents (see e.g. A. K. Harding & A. G.
Muslimov 2001). PPM has been applied to data from the Neutron
star Interior Composition Explorer (NICER; K. C. Gendreau et al.
2016), often supplemented by data from the X-ray Multi-Mirror
Newton (XMM-Newton) mission to help constrain the non-source
background. Current constraints on M and R.q are at the ~
+10 per cent level (68 per cent credible interval, CI) and hotspot
maps suggest that magnetic fields are not centred dipoles (A. V.
Bilous et al. 2019; M. C. Miller et al. 2019, 2021, 2026; T. E. Riley et
al. 2019, 2021; T. Salmi et al. 2022, 2023, 2024a, b; D. Choudhury
etal. 2024; A.J. Dittmann et al. 2024; S. Vinciguerra et al. 2024; M.
Hoogkamer et al. 2025; L. Mauviard et al. 2025; L. Qi et al. 2025;
Y. Kini et al. 2026). RMPs lend themselves well to PPM, despite
low X-ray fluxes, because their X-ray pulse profiles are stable over
a long period of time, such that pulse profiles can be constructed
from years of observational data. For several of these RMPs, radio
timing provides informative priors on M, improving the overall
constraints (see e.g. H. T. Cromartie et al. 2020; E. Fonseca et al.
2021; D. J. Reardon et al. 2024).

PPM can also be applied to pulsations from rapidly rotating
accreting NSs in low-mass X-ray binaries (LMXBs). In such sys-
tems, when the low-mass companion fills its Roche lobe, matter
is transferred through the inner Lagrange point, and owing to
its specific angular momentum, the transferred material forms
an accretion disc around the NS. During outburst episodes (J.-P.
Lasota 2001; C. O. Heinke et al. 2025), material from the inner
edge of the disc is accreted onto the surface of the NS, giving rise
to X-ray emission. PPM can be applied to two types of pulsating
NSs in LMXBs. The first type are thermonuclear burst oscillation
(TBO) sources. In that case, during Type I (thermonuclear) X-ray
bursts, surface anisotropies on the rotating NS appear, causing
oscillations to be observed (A. L. Watts 2012; S. Bhattacharyya
2022). Performing PPM for this class of pulsations has so far
proved challenging due to pulse variability and computational
cost (Y. Kini et al. 2023, 2024a, b, 2025). The second type are the
persistent pulsations of accreting millisecond pulsars (AMPs),
where the magnetic field of the NS channels the accreted matter
towards the magnetic poles of the NS, leading to localized surface
heating around the magnetic poles (A. Patruno & A. L. Watts
2021; T. Di Salvo & A. Sanna 2022). For observers at favourable
viewing angles, this leads to the detection of X-ray pulsations:
27 AMPs are now known. Due to Comptonization of seed pho-
tons by hot electrons inside the in-falling material, the radiation
should become linearly polarized (K. Viironen & J. Poutanen
2004).

AMPs are interesting sources for PPM study. First, because they
are brighter (hundreds of counts per second, compared to less
than 1 count per second for RMPs, see e.g. P. Bult et al. 2019; T.
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Salmi et al. 2022), they have the potential of providing tight con-
straints. Furthermore, due to their diverse phenomenology, other
independent and complementary methods can be applied, per-
mitting cross-verification of potential systematic errors in meth-
ods (A. L. Wattsetal. 2016; A. Li et al. 2025). Comparison to the re-
sults obtained for RMPs should also help us better understand the
NS population and formation history, because AMPs are believed
to be the progenitors of RMPs (although there are some caveats
to this, F. D’Antona & M. Tailo 2022). PPM of AMPs can also
place constraints on the accretion flow phenomena, such as the
accretion disc and accretion column (J. Poutanen, A. Ibragimov &
M. Annala 2009; V. Ahlberg, J. Poutanen & T. Salmi 2024; B.
Dorsman et al. 2025).

However, PPM of AMPs also introduces new challenges. AMPs
only sometimes go into outburst and their variability forces the
selection of shorter data sets compared to RMPs (enough photons
can typically still be gathered because AMPs are more luminous).
There are also other sources of X-ray emission beyond just the
surface hotspots. These include the inner disc region, as well as
the accretion column. These components need to be taken into
account in the PPM, and may lead to degeneracies in the mod-
elling (B. Dorsman et al. 2025, 2026). However, X-ray polarization
data - as recently provided by the Imaging X-ray Polarimetry Ex-
plorer observatory (IXPE; M. C. Weisskopf et al. 2022; A. Papitto
etal. 2025) - have been predicted to provide additional constraints
that can alleviate this issue, because polarization provides an
independent measure of the geometry (K. Viironen & J. Pouta-
nen 2004; T. Salmi et al. 2021; A. Bobrikova et al. 2023; T. Salmi
et al. 2025).

The first PPM studies for AMPs, which laid much of the theo-
retical groundwork, made use of data from the Rossi X-ray Timing
Explorer (J. Poutanen & M. Gierlinski 2003; M. Gierlinski & J.
Poutanen 2005; D. A. Leahy, S. M. Morsink & C. Cadeau 2008;
D. A. Leahy et al. 2009; S. M. Morsink & D. A. Leahy 2011; T.
Salmi, J. Nittild & J. Poutanen 2018). More recently, B. Dorsman
et al. (2026) carried out PPM using NICER data for the AMP SAX
J1808.4—3658 from its 2019 and 2022 outbursts, finding a wide
range of allowed parameters depending on how the accretion disc
ismodelled. They concluded that, in the soft X-ray band of NICER
(at least for this source), there exists a degeneracy between po-
tential sources of the non-pulsed radiation component: radiation
can come either from the disc or from the NS surface, if part
of the hotspot is continuously visible throughout a full rotation.
Unfortunately, IXPE was unable to observe SAX J1808.4—3658
during the 2022 outburst - so there were no polarization data to
break the degeneracy.!

In 2024 February, however, S. V. Molkov et al. (2024) reported
the discovery of a new 447.9-Hz AMP, SRGA J144459.2—604207.
The AMP nature was confirmed using NICER (M. Ng et al. 2024),
and shortly afterwards, A. Papitto et al. (2025) reported the dis-
covery of polarized emission using data from IXPE. This makes
SRGA J144459.2—604207 the first AMP for which polarized pulse
profiles are available. This opens up the possibility of doing joint
PPM for both data sets, in the hope of obtaining tighter con-
straints on the system parameters. This is the main goal of this
paper.

While previous PPM studies have combined pulsed and un-
pulsed (phase-averaged) data sets, this is the first PPM study to

!There are IXPE observations of SAX J1808.4—3658 from 2025 that are
currently being analysed (C. Ballocco et al. 2025).
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jointly analyse two pulsed data sets. Our secondary aim is thus to
learn lessons for the future joint analysis of multiple data sets in
the context of PPM of AMPs. This topic is of major importance
for the upcoming enhanced X-ray Timing and Polarimetry (eXTP)
mission (A. Li et al. 2025; S.-N. Zhang et al. 2025), which has
spectral and polarimetry instruments on board that can observe
simultaneously. We note that the effect on parameter constraints
of combining non-polarized X-ray data with polarization data
were previously investigated with simulated eXTP data by A. Li
et al. (2025).

This paper is structured as follows. Section 2 describes the PPM
methodology applied here. Section 3 describes the preparation of
the NICER and IXPE data. Section 4 describes the results of the
separate as well as joint PPM analyses. Section 5 discusses the
results, and provides recommendations for future work. Finally,
we conclude in Section 6.

2 METHODOLOGY

To perform PPM, we make use of the open source X-RAY PULSE
SIMULATION AND INFERENCE software (X-PSI, v3.2.0, T. E.
Riley et al. 2023), used extensively for the analysis of RMPs and
adapted for AMP studies including polarimetric data (B. Dors-
man et al. 2025, 2026; T. Salmi et al. 2025). We consider here
two data sets, observed by NICER and IXPE, with the aim of
improving the accuracy and precision of parameter inferences.
For context, the two observations took place separated by a gap of
3.6 d (see Section 3 for more detail). The outburst flux and pulse
profiles evolved between (and during) the observations. This vari-
ation implies that the parameters that govern the hotspots and
accretion disc, for example, may change significantly between the
two observations and we thus consider these ‘variable’. On the
other hand, a small subset of the parameters are considered ‘con-
stant’: M, Req, distance (D), and cosine of the observer inclination
(cos i), because they must be unchanging on the timescale of one
outburst. We also initially assume hydrogen column density (Ny)
to be constant, but locally the effective X-ray absorption could
evolve as the outburst proceeds, so we also consider analyses of
the data where we assume this parameter to be variable. There
are multiple Bayesian ways to analyse two sets of data, each
with drawbacks and benefits, and here we will attempt three
approaches. We will briefly introduce them now, but describe
these in more detail in Section 2.2.

First, we analyse the two data sets independently. This ap-
proach is computationally feasible and a useful baseline, giving
two independent sets of results that can be cross-verified. We
also combine the independent posterior probability distributions
after the fact, leading to joint posteriors. Second, we carry out
a two-step Bayesian analysis where the posteriors from analysis
of one data set are used as ‘updated’ priors for the other (see
Section 2.2 for a more detailed explanation). The prior update
only takes place for any constant parameters; variable parameters
are free to change and are thus not informed by a previous data
set. This second strategy is also computationally affordable. In
this paper, we only update the prior density functions separately
for each parameter using 1D cumulative distribution functions,
noting that this method may result in a reduction of accuracy
due to the loss of higher dimensional shape. Third, we construct a
joint model to analyse the two data sets together, carrying out one
nested sampling analysis with the joint model to infer parameters
of both data sets simultaneously. Variable parameters will have
two instances, one for each data set, meaning that the number of
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parameters governing this model is significantly increased. This
method improves over the previous analysis in that it overcomes
the loss of higher dimensional shape, but the increased num-
ber of parameters represents a considerable computational chal-
lenge. The remainder of this section describes the physical model
deployed here, the parameter inference process, and finally, the
prior probability distributions and the reasoning behind each.

2.1 Physical model

This section describes the model that produces the pulse profiles.
This model is mostly the same as in B. Dorsman et al. (2025,
2026) and consists of two parts: the NS and the accretion disc.
Let us first describe the NS: the model that describes the X-ray
emission of the surface hotspots. The underlying physics that
governs the NS surface emission has been studied over decades
(K. R. Pechenick et al. 1983; H. Riffert & P. Meszaros 1988; M.
C. Miller & F. K. Lamb 1998; J. Poutanen & M. Gierlinski 2003).
We give a short overview below, but for a comprehensive de-
scription we recommend S. Bogdanov et al. (2019). The paths
of light rays that radiate off the NS surface are computed in the
oblate Schwarzschild 4+ Doppler approximation, which assumes
an oblate star embedded in a Schwarzschild space-time (S. M.
Morsink et al. 2007; M. AlGendy & S. M. Morsink 2014). Correc-
tions are made to account for general relativistic light bending,
light path time delay, emission angle aberration, and relativistic
Doppler boosting. This approximation is computationally effi-
cient and sufficiently accurate for millisecond pulsars that rotate
at a frequency below ~600 Hz (see e.g. G. A. Oliva & F. Frutos-
Alfaro 2021; H. O. Silva et al. 2021; Z. Jakab & S. M. Morsink
2025). The radiating hotspots on the NS surface are parametrized
by spherical caps with circular perimeters. The colatitudinal po-
sition is defined by 6,,; and phase ¢,/s defines the azimuthal
position of the centres of the primary/secondary hotspots. The
angular radius of the hotspots is defined by ¢,/. Their atmo-
spheric radiation pattern is given by the Comptonization model
of A. Bobrikova et al. (2023) which includes polarization, and is
governed by three parameters (omitting here the p/s subscript to
simplify notation): seed photon temperature (Tgeeq), electron tem-
perature (T.), and Thomson optical depth (7). The atmospheric
parameters are constant across the surface of the hotspots. We call
the model of an NS with a single hotspot of uniform distribution
ST (for single temperature), ST-S in the case of two hotspots
that are antipodal twins with shared atmospheric parameters,
and ST-U in the case of two independent (unshared) but non-
overlapping hotspots. The hotspot emission bound for the ob-
server is calculated at each rotational step of the NS and collected
in the appropriate phase and energy bin of the simulated pulse
profile depending on energy shift and light path.

The second part of the model is the accretion disc, which was
first implemented into X-PSI by B. Dorsman et al. (2025). B.
Dorsman et al. (2025) only implemented phase-independent disc
emission (i.e. diskbb, see also K. Mitsuda et al. 1984; K. Mak-
ishima et al. 1986), but the presence of a disc naturally implies
the geometric eclipse of NS radiation by the disc. For this reason,
we extend the model used in B. Dorsman et al. (2025, 2026)
to include disc occultation. This model is used in the analysis
of the NICER data, but not in the final analysis of IXPE data,
as explained in Section 4.2. This addition is also motivated by
the findings of S. V. Molkov et al. (2024), who required partial
hotspot occultation by the disc to reproduce the pulse profiles of
SRGA J144459.2—604207 observed by the Astronomical Roent-
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gen Telescope X-ray Concentrator (ART-XC) instrument on board
the Spectrum—-Roentgen—Gamma observatory (SRG; R. Sunyaev et
al. 2021). To assess whether a photon trajectory is intercepted by
the disc, we follow the approximate light-bending treatment in
appendix C of A. Ibragimov & J. Poutanen (2009). For each ray,
we compute the radius at which it crosses the disc plane: if this
radius is smaller than the inner disc radius (R, ), the ray remains
unobscured; otherwise, it is blocked. This typically affects mostly
the secondary hotspot and does not yet include disc blocking of
higher order images, although that contribution is only relevant
for very compact stars. This disc occultation module is imple-
mented in X-PSI from v3.2.0 and discussed in Y.-H. Mao et al.
(2026). Afterwards, the non-eclipsed emission from the hotspots
is added to the emission of the disc. The final pulse profile is
obtained after attenuating the combined NS and disc flux by in-
terstellar absorption and convolving through the response of the
observing telescope.

2.2 Parameter inference

The main goal of this work is to estimate the posteriors of model

parameters. This section presents a short review of the Bayesian

inference methodology relevant for this work, followed by an

description of the strategies explored to analyse the two data sets.

The posterior is expressed with Bayes’ theorem as follows:
LD|O)m(6)

P(0|D) = D) (@)

Here, P(6|D), the posterior, is the probability of the set of pa-
rameters 6 in model M(0) given data set D. The likelihood £(D|6)
is the probability of obtaining data set D given 6. 7 (0) is the prior,
the probability of 6 before considering D. The model M(0) and
parameters 6 were described in Section 2.1 and the priors are
described in Section 2.3. An overview of the parameters and their
priors is given in Table 1. A common way to think about equation
(1) is that it prescribes how prior knowledge of model parame-
ters is ‘updated’ upon the consideration of D, thus defining the
posterior.

P(D), often denoted with the symbol Z, is the probability of
obtaining D, and is known as the marginal likelihood or evidence.
Notice that Z does not depend on 6, and therefore only serves
as a normalization factor for the posterior. When comparing two
or more models however, Z is crucial because the ratio of two
evidences defines the probability ratio of either model explaining
the data, also known as the Bayes factor.

To estimate the posterior, we use nested sampling (J.
Skilling 2004). Nested sampling in Bayesian parameter inference
is an algorithm that explores the parameter space more thor-
oughly and efficiently than ordinary random sampling. The top
level idea is that the parameter space is mapped step by step using
nested hypervolumes of prior space. The algorithm starts out
by drawing samples from the full prior space but moves inward
towards higher likelihood while recording an estimated prior
probability ‘mass’ that was removed at each step. Upon reaching
some user-defined stopping criterion, one has obtained an esti-
mate of the likelihood surface across parameter space, which is
then used to estimate the posteriors and the overall Z. We use the
MULTINEST software (F. Feroz, M. P. Hobson & M. Bridges 2009;
J. Buchner et al. 2014) to perform this task. In our case, the stop-
ping criterion is reached when the estimated possible remaining
contribution from the current set of live points to the evidence
A In(Z)is less than 0.5 of the currently estimated evidence In(Z)
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Table 1. Overview of model parameters and their prior distributions.
Some prior distributions are made up of two parts: the density distribution
and bounds. In those cases, the densities describe the shape of the prior,
such as a normal distribution, but the cut-offs define hard lower and
upper limits, denoted as (lower, upper). U(lower, upper) is a uniform dis-
tribution with lower and upper bounds. N(u, o) is a normal distribution
with mean u and a standard deviation o. The subscripts p/s indicate the
primary and secondary hotspot, because these parameters exist for both
hotspots. The bottom part of the table lists the «-parameters, for which
the priors change between the analyses of IXPE data or the joint analysis
(combination method 3).

Parameter (unit) Description Prior density

Pulsar
M (Mg) Mass U(@,2.2)xb
Req (km) Equatorial radius U(8,14)2b
D (kpc) Distance N(8.5,2)
cosi(-) Cosine inclination U(0,0.64)
f (Hz) Pulsar frequency 447.871561
Ng (102 cm™2)  Column density U(1.9,2.9)
Xo (deg) Spin axis position angle U(0, 360)
Hotspots
¢pss (cycles) Phase U(-0.25,0.75)
cos Ops (=) Cosine colatitude U(-1,1)
pys (deg) Angular radius U (0, 90)
Tseed,p/s (keV) Seed photon temperature U(0.5,1.5)
Te,pss (keV) Electron slab temperature U(20, 100)
Tpss () Thomson optical depth U(0.5,3.5)
Disc
Tin (keV) Inner disc temperature U(0.01,0.6)
Rin (km) Inner disc radius U(Regs Reo)?
a-parameters
aN Scaling of NICER response Fixed to 1¢
U(0.8,1.2)°
apul Scaling of IXPE DU1 response U(0.8,1.2)¢
Fixed to 1°¢
oDU2,DU3 Scaling of IXPE DU2/3 response ~ U(0.8, 1.2)¢

U(0.95, 1.05)°

Notes.* These priors are also cut-off by a compactness limit. See the text
in Section 2.3 for more detail.

b The priors of M, Req, and Ry, depend on each other because samples are
rejected if Ry, > Reo o M3 and Ry < Req. See the text in Section 2.3 for
more detail.

¢ This prior is truncated below 2.5 kpc and above 10.6 kpc.

4 Individual analyses (when applicable), plus Combination methods 1
and 2.

¢ Combination method 3.

(explained in more detail in F. Feroz et al. 2009, 2019). This con-
dition is no guarantee for convergence, and here we also test for
convergence by increasing the number of live points until we find
that posterior distributions no longer shift - at least within the
computational budget.

Now, we describe the strategies employed to separately and
jointly analyse the two data sets. Analysis with a single instru-
ment, as we will do with the individual NICER and IXPE data
sets, is the most straightforward parameter inference scenario.
The key ingredients are a function to sample parameters accord-
ing to the prior, and a function that returns the In-likelihood given
some parameters and a data set. The case of NICER is simpler, for
which the data set consists of a singular pulse profile consisting
of X-ray counts. In case of IXPE, we have nine different data sets:
Stokes I, Q, and U parameters for three different detector units
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(DUj ;.3). The total In-likelihood is the sum over the likelihoods
of the individual data sets. For the NICER and IXPE Stokes I
data, we use the Poisson likelihood because the X-ray counting
is subject to Poisson noise. For IXPE Stokes Q and U, we use
a Gaussian likelihood, which we discuss further in Section 3.2.
With these ingredients in hand, P(0|D) « L(D|0)r(8) can be
estimated through the nested sampling process.

In this work, we are also interested in doing a joint analysis
of these two data sets. We describe here three different methods.
Combination method 1, combining independent posteriors, is
to estimate the joint posterior by combining the results of the
separate analyses of the IXPE data (D;) and NICER data (Dy).
To do so, we use a similar approach as the one presented in
Y. Kini et al. (2024b, see their sect. 2.2.4). To take Dy as an
example, the In-likelihood surface is given by In £(Dy|6., 6n) =
In P(6., On|Dn) — In (6, On), where we have separated 6., the
subset of parameters that are constant between observations, and
O, the subset of variable parameters (defined in the beginning
of Section 2), as observed by NICER. In the case of IXPE, these
are 0.

We then approximate the joint In-likelihood surface by adding
both In-likelihood surfaces. We do so by using kernel density
estimations (KDESs) of the posterior weighted samples and sam-
ples drawn from the priors. The joint posteriors are obtained
by nested sampling again, now utilizing the KDE-based joint
In-likelihood and the combined prior 7 (6., 61, Ox). The dimen-
sionality of the final nested sampling step can be reduced by
marginalizing out the subset of 6; and 6y that are only nui-
sance parameters [not affecting the constant parameters (6.)]. It
turns out that only R;, is not a nuisance parameter. That is be-
cause the joint prior, (6., Rin) # 7 (6.)7 (Rin), because 7 (Rin) =
f(M, Req), thus causing prior correlation (see Section 2.3 for more
detail on each prior). Still, the dimensionality of the joint sam-
pling problem is greatly reduced to at most only six parameters:
6. (five parameters) and R, . Because of the small dimension-
ality and the inexpensive In-likelihood evaluation (from a KDE)
the final sampling step is computationally cheap and fast in real
time.

Combination method 2, two-stage Bayesian analysis, is to do
parameter inference in two steps. A first round of nested sam-
pling estimates, for the sake of example, Dy: P(6, On|Dn) x
'C(DNleu QN)T[(Q(:v gN) We then define nupdated(ec) = P(chDN),
and 7ypdated (O, Or) = Tupdatea(Bc )7 (61). In the case where Dy was
analysed first, R;, is not a parameter in the subsequent IXPE
analysis, because no disc is used there. In the reverse case, if
Dy was analysed first Ry, exists and will be drawn using the up-
dated prior distribution of M and Req. In the NICER-first case
P(6, 61Dy, Dx) o< L(D1|6c, 01)updated(Oc, 01) is estimated during a
second round of nested sampling that considers D;. The priors of
any parameters outside of 6, are not updated because they are
variable and thus not informed by the other data set. In this ex-
ample, Dy was analysed first, but the order of data set operations
could be reversed and (in an idealized world) the analysis leads to
equivalent results. However, in practice, a difference could occur
due to insufficient exploration of the parameter space during
sampling. On top of that, we are only able to update 7 (6.) with
separate 1D priors, leading to the loss of any higher dimensional
correlation information.

Combination method 3, simultaneous fit, is to use a joint
model that simultaneously fits two data sets D; and Dy, and fit
parameters in one round of nested sampling. To do so, a joint
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posterior is required, and it is given by
P(6, 01, 61Dy, Dn) o< L(Dy, Dy |, 61, 6n)7 (6, 01, On)- )

The observational data are independent of each other, so the joint
likelihood factorizes as

L(Dy, Dxl0c, 61, On) = L1(D1]6e, 61)Ln(Dnl6c, On), 3)

so in In-space, the joint In-likelihood is the sum of two In-
likelihoods: In(£) = In(£L;) + In(£Ly), one for each data set.

In this method, there exist two instances of those parameters
that can vary between the disjoint data sets, one for each data
set. This enlarges the parameter space and makes the sampling
problem harder. Because of this, and because the emission now
needs to be calculated twice (one pulse profile for each data set),
this run is more costly than methods 1 and 2. When we attempted
to use this method, because of the computational expense, we
could only use the limited (antipodal) ST-S model, which led to
worse fits. For completeness, we detailed the usage and results
of this combination method in Appendix A. The main body of
this work uses combination methods 1 and 2, which allowed the
usage of the ST-U model, leading to better evidence and better
fits.

2.3 Prior distributions

Following the discovery of SRGA J144459.2—604207, a number
of studies have used the data from the 2024 outburst to infer pa-
rameters, providing helpful prior information for this study. This
section describes the prior distributions we adopt and Table 1
provides an overview.

Here, we use a joint flat M-R.q prior, which has been com-
mon in preceding PPM analyses (T. E. Riley, G. Raaijmakers &
A. L. Watts 2018). However, the prior was wide, typically M ~
U(1, 3) Mg and Req ~ U(3R,(1), 16), where U is a flat distribution
between a lower and upper limit, and Ry(1) is the gravitational
radius (GM/c?) of 1 M. While this choice of prior is conservative,
it produces many samples that are disfavoured by contemporary
EoS theory, experiments and astrophysical results (see e.g. N.
Rutherford et al. 2024). Instead, we use a joint flat prior with
refined upper and lower limits derived from the EoS-informed
prior based on the piecewise-polytropic (PP) model described in
N. Rutherford et al. (2024). The prior for M is U (1, 2.2)Mg and Req
isU(8, 14) km. These bounds cover almost the whole prior distri-
bution but exclude 1.4 per cent of the prior that has M > 2.2Mg,
and 2.3 per cent of the prior overall. We do not yet adopt the M-R
density distribution associated with N. Rutherford et al. (2024),
because at the time of the analysis it was not yet possible in X-PSI
to use multidimensional priors of arbitrary shape. However, we
do note that this would be the preferred method.

Furthermore, compactness limits were applied as usual. Ini-
tially, we reject samples beyond the causality limit given by
Rpole/Rg(M) > 2.9 (see e.g. S. Gandolfi, J. Carlson & S. Reddy
2012), where Ry is the polar radius. However, for combi-
nation method 2, we increased the lower limit on radius of
Rpote/Rg(M) > 3.01.2

2We encountered numerical issues in X-PSI when the stellar radius lies
within its photon sphere (see https://github.com/xpsi-group/xpsi/issues/
633). We therefore adopted the limit commonly used in NICER RMP anal-
yses. This choice appears justified, as the final posteriors do not approach
this regime.
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Constraints on the distance to the source come from the mea-
surement of peak flux from the X-ray bursts observed with dif-
ferent instruments, coupled with assessment of the presence or
absence of photospheric radius expansion (PRE) in the time-
resolved spectroscopic measurements. M. Ng et al. (2024) and C.
Malacaria et al. (2025) derived upper limits of 10.6 and 11.5 kpc,
respectively, based on the lack of PRE inferred from the bursts
observed with NICER and XMM-Newton/NuSTAR. We adopt the
strictest upper limit of the two at 10.6 kpc. We combine this the
upper limit with the distance range estimated by S. V. Molkov
etal. (2024) of 8-9 kpc, based on more detailed spectral fits during
bursts observed with SRG/ART-XC. Being conservative, we set up
a normal distribution that is centred at the middle of this range,
u = 8.5, but is broader with ¢ = 2 kpc, and a lower limit cut-
off at 3o, corresponding to a lower limit of 2.5 kpc. We also note
that, T. Fu et al. (2025) estimate a distance of 10.03 & 0.71 kpc,
concluding that roughly 25 per cent of the bursts observed with
Insight-Hard X-ray Modulation Telescope (HMXT) exhibited PRE.
However, we do not find the case for PRE in those bursts convinc-
ing, as the time-resolved spectroscopic histories lack a significant
radius maximum and contemporaneous temperature minimum
(see e.g. D. K. Galloway et al. 2020).

For the observer inclination of the system, a breadth of values
have so far been inferred. A. Papitto et al. (2025) fitted the ob-
served pulsations by IXPE to a simple NS model. This was based
on the analytical relations by J. Poutanen & A. M. Beloborodov
(2006) and J. Poutanen (2020) with simplifying assumptions in-
cluding a spherical NS (no oblateness), constant anisotropy of
the emitted radiation and an energy-independent polarization.
This model used fixed M = 1.4Mg and R = 10 km, and point-
like antiphased hotspots. Using this model they fit Stokes I, Q,
and U and infer i = 74.1fg:§°. C. Malacaria et al. (2025) perform
spectral modelling on XMM-Newton and NuSTAR data and find
i = 85%3; or 53° (depending on the approach taken to fit disc
reflection). Finally, M. Mandal, S. Naik & B. Chhotaray (2025)
fit the persistent broadband spectra using NICER and NuSTAR
data and find i = 50.3729°. We use a broad prior from 50°-90°,
which is flat in cos i, covering the breadth of the values that were
inferred so far.

We fix the pulsar spin frequency f at 447.871561 Hz, as ob-
tained by M. Ng et al. (2024). For Ny, a range of values has been
inferred, using different models. M. Ng et al. (2024) found (2.90
0.03)x10%2 cm~2, based on a joint spectral fit of three observation
IDs (OBSIDs) of NICER data. C. Malacaria et al. (2025) found
(1.92739%) x 102 cm2 in their spectral fitting, and M. Mandal
et al. (2025) found (2.54+0.1) x 102 cm™2. Z. Li et al. (2025)
analysed the X-ray broad-band spectrum using NICER, Einstein
Probe, IXPE, Insight-HXMT, and INTEGRAL data. They found
(2.63 £ 0.05)x 10?2 cm~2. We use a broad flat prior of U(1.9, 2.9)
x10%* cm~2, which covers this range of values.

Hotspot geometry. In the ST-U configuration, the NS fea-
tures two independent hotspots (see fig. 1 of S. Vinciguerra
et al. 2023). The priors related to hotspot position and size
are kept broad: the prior distribution of ¢ covers a full cy-
cle: U(—0.25,0.75), the 6 is flat in cosine and goes from north
pole to south pole: cosf ~ U(—1, 1), and the hotspot is allowed
to have ¢ of up to half the star: U(0, 90)°. However, the two
hotspots are mutually constrained in their positioning and sizes
in that they do not overlap and they must be ordered, mean-
ing that the primary hotspot has a smaller colatitude than the
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secondary. In practice, all samples that do not adhere to these
requirements are rejected before costly computation. In the ST-
S configuration, the hotspots are identical and antipodal. That
means that the number of hotspot parameters is halved because
all parameters of the secondary spot are tied to the primary.
In addition, cos 6, (the primary hotspot) is constrained to the
upper hemisphere U(0, 1), given that the NS is north-south
symmetric.

Similar to B. Dorsman et al. (2025, 2026), we do not adopt any
prior information on the hotspot spectral parameters Tieed, Te,
and 7. Instead, we sample uniformly from the full table from A.
Bobrikova et al. (2023). For inner disc temperature (T,), we use
the same broad prior as B. Dorsman et al. (2026) from 0.01 to
0.6 keV. However, the shape is slightly changed because here we
use a distribution flat in keV, whereas previously it was flat in
log,,(K). For Ri,, we also use the same prior as B. Dorsman et al.
(2026): a flat distribution between R.q and the corotation radius
Reo = (GM/4f27?)Y/3, where G is the gravitational constant. As
a result, the prior for Ry, depends on other model parameters:
Req, M, and the constant f. In practice, during sampling the
value for R;, is drawn from within a 5-40 km range, and samples
that are outside the range Req—R., are rejected before any costly
computation. Other works have found a breadth of values for R;,.
S. V. Molkov et al. (2024) obtained 24.6 km based on fitting of the
pulse profile that includes eclipses by the disc, but they did not
fully explore the parameter space to obtain errors. 11 Ry (22.8 My 4
km, where M; 4 = 1.4M,,) is found by M. Mandal et al. (2025),
and 10.0%}7 R, (2173 M; 4km) or 6 R, (12 M, 4km) by C. Malacaria
etal. (2025), where the latter is obtained if fixing i = 53°. We note
however that Ry, is expected to be variable throughout the evolu-
tion of the outburst, and instruments have taken measurements
at different times. We opt to stick with the broad prior described
above.

Finally, we include a-factors, scaling factors that are multiplied
with the instrument responses to obtain the effective instrument
responses, to account for potential deviation in cross-calibration.
This is first done in the independent analysis of IXPE data and
combination method 2 (whenever IXPE data are analysed) be-
cause IXPE has three instruments on board. Here, the prior for
apu1, puz, and apys is U (0.8, 1.2). Later, in combination method
3, where IXPE and NICER are jointly analysed, « are used again
but are modified. There, we introduce ay with prior U(0.8, 1.2),
but we avoid increasing the parameter space by fixing apy; to 1.
While arbitrary, this restriction is a reasonable trade-off for com-
putational efficiency, because it avoids an extra parameter that
scales the flux, besides D. To marginally shrink parameter space
further, we also shrink the apy, and apy; priors to U(0.95, 1.05).
This additional constraint is justified, because the IXPE-only

analysis resulted in highly correlated a-factors (Fig. B2), meaning
Aopyy o Aepus 1
Aapur Aapur o

3 DATA PREPARATION

This section describes the preparation of the NICER and IXPE
data into pulse profiles. Fig. 1 shows the outburst as observed
by the Monitor of All-sky X-ray Image (MAXI , M. Matsuoka
et al. 2009), NICER, and IXPE. Only the subset of NICER data
selected for analysis is shown. Figs 2 and 3 show, respectively, the
pulse profiles and polarized pulse profiles resulting from the data
preparation process.
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Figure 1. The outburst as captured by MAXI, IXPE, and NICER. Only
the NICER data selected for the analysis are shown.

3.1 NICER observations

Here, we outline the data processing steps undertaken for
the NICER observations used in the PPM analysis of SRGA
J144459.2—604207. These are largely similar to those presented
in B. Dorsman et al. (2026), which analysed SAX J1808.4—3658.
NICER is well suited for the PPM analysis given its large effective
area (~ 1900 cm? at 1 keV) and exquisite time-tagging capabil-
ities in the 0.2-12.0 keV energy range (100 ns absolute timing
accuracy, K. C. Gendreau et al. 2016; G. Prigozhin et al. 2016).
NICER is an external payload on the International Space Station
comprising 56 co-aligned X-ray concentrator optics and silicon
drift detectors in focal plane modules (FPMs), of which 52 are
operational (B. LaMarr et al. 2016).

For this work, we utilized the NICER observations taken
between 2024 February 21 to 2024 March 14, with OBSIDs
6204190101 to 6204190103 and 6639080101 to 6639080113
inclusive. However, we note that the observations in OBSIDs
6639080105 to 6639080112 suffered from large undershoot
rates of over 700cs™! FPM ™1, most likely due to high levels of
optical loading,® and thus did not provide any scientifically useful
data (i.e. filtered exposure time of 0 s). The remaining data have
very low undershoot rates of ~3cs~! FPM L.

We processed the data with the NICER Data Analysis Software
(NICERDAS) v13 in HEASOFT v6.34 with the NICER calibration
database (CALDB) version XT120240206. To generate the good
time intervals for the PPM analysis, we adopted the following
filtering criteria: Earth limb elevation angle of ELV > 20°; bright
Earth limb angle of BR_EARTH > 30°; angular pointing offset
(to the source) of ANG_DIST < 54 arcsec; an undershoot rate per
FPM of 0-500 cs™!; an overshoot rate per FPM of 0-30 cs™},
and a magnetic cut-off rigidity of > 1.5GeV c~!. Additionally,
we visually identified and manually excised five time intervals (a
total of 349 s) that contained type-I X-ray bursts (for more on the
bursts, see S. V. Molkov et al. 2024, T. Fu et al. 2025; A. Papitto
et al. 2025). Finally, we have 24.8 ks of filtered exposure for our
analysis.

To generate the pulse profiles for our PPM efforts, we first con-
structed a local timing solution by starting from the solution given

3https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/undershoot-
intro/
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in A. Papitto et al. (2025) and utilized PINT (J. Luo et al. 2021)
to model any remaining timing residuals. We derived a timing
solution that is consistent (to within 1o0-20) of the published
timing solution (A. Papitto et al. 2025). The selected NICER data
are recorded during the peak and early decrease of the outburst,
asshown in Fig. 1. During this time, the pulse phase is stable, con-
sistent with f = 0, similar to the finding of A. Papitto et al. (2025).
For the construction of the pulse profile, any evolution of flux
and pulse amplitude are averaged out. However, we note that the
amplitude of the first harmonic (the fundamental frequency) ap-
pears to rise slightly from 2.4 + 0.4 per cent to 3.3 £ 0.4 per cent,
while the flux decreases from ~ 350 to 250 cs™.

Similarly to B. Dorsman et al. (2026), we assessed whether con-
structing an averaged representative ancillary response file (ARF)
or redistribution matrix file (RMF) would suffice for our work, or
whether having observation-specific ARFs/RMFs would be more
appropriate. We constructed the ARFs/RMFs for the individual
observations by utilizing the NICERARF and NICERRMF tools*
(detectors 14 and 34 disabled). For the ARFs (i.e. effective area
curves), the largest fractional difference between the observations
used in this work was roughly 0.2 per cent. For the RMFs, there
was virtually no difference® between the different observations.
Thus, it is appropriate to sum the ARFs and RMFs together into
an averaged ARF/RMF for our analysis. The operation was facil-
itated by the HEASOFT tasks, ftaddrmf and ftaddarf, where
we constructed the exposure time-weighted ARF and RMF.

We inspected the environmental and instrumental background
spectrum, estimated by the 3C50 model (R. A. Remillard et al.
2022), in the energy range 0.3-10 keV and found that it varied
from 0.5 per cent to 4.5 per cent throughout the observation. This
fraction is acceptably small, and these estimated background
counts are included in the pulse profile data but not separately
accounted for during PPM, similarly to B. Dorsman et al. (2026).
Finally, very few counts, ~1 per cent, are detected below chan-
nel 100 (~1 keV). To save on computational effort calculating
low-energy radiation, we cut out the low-energy channels below
channel 100.

3.2 IXPE observations

For this work, we utilize also the IXPE data, extracted from
the same observation period as in A. Papitto et al. (2025), i.e.
starting shortly after the NICER observation finished (IXPE GO
03250101; PI: A. Papitto). IXPE is well suited for spectropolari-
metric timing studies owing to its imaging X-ray polarimetry
capabilities in the 2-8 keV energy band, combining three co-
aligned mirror modules with a net effective area of ~100 cm? and
event-by-event measurements providing spatial, spectral, timing,
and polarization information, with <10 pus timing resolution (P.
Soffitta et al. 2021; M. C. Weisskopf et al. 2022).

In contrast to the approach chosen for the NICER data, we
instead adopted here the same timing solution as A. Papitto et al.
(2025) to construct the pulse profiles. The observation lasted ~10
d and we used the xpbin tool in IXPEOBSSIM package version
30.6.4 (L. Baldini et al. 2022) to extract weighted I, Q, and U
spectra (A. Di Marco et al. 2022) along with the IXPE CALDB
v013 of 2024 January (F. Kislat et al. 2015). Source photons are

“https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/arf-rmf/
550 bins out of 6 million bins in element number-energy space showed
discrepancies.
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Figure 2. X-ray count data of NICER (left) and the three IXPE detector units (right). Top panels show the bolometric counts. Bottom panels show the
phase-energy resolved pulse profiles. For IXPE, only the phase-energy resolved pulse profile of DU, is shown, because the other two are very similar.
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Figure 3. Stokes U (left) and Q (right) data recorded by the three IXPE detector units. Top panels show the normalized (i.e. divided by counts in each
phase-energy bin) bolometric Stokes parameters with 1o error bars. Bottom panels show the phase-energy resolved Stokes parameters. For simplicity

only, the polarized pulse profile of DU; is shown.

extracted from a circular region with a radius of 100 arcsec cen-
tred at the source position; considering the source flux, back-
ground rejection or subtraction is not needed (A. Di Marco et al.
2023). The model-independent pcube algorithm was employed
to determine the polarization quantities as a function of pulse
phase in A. Papitto et al. (2025). Here, we instead performed a
spectropolarimetric analysis in 16 phase bins. For the PPM anal-
ysis, we selected only phase-energy bins with nominal energies
in the 2-6 keV range, where the number of I counts in each bin
is 2 20 without additional rebinning. In this regime, the Stokes
parameters Q and U are approximately normally distributed, and
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we therefore model their likelihoods with Gaussian functions
using the measured uncertainties as standard deviations (see L.
Baldini et al. 2022, for details).® Fig. 3 shows that the polar-
ization signature of the data is small but significant, which is
consistent with theoretical predictions, such as by A. Bobrikova

®For fewer counts per bin, a Gaussian function is not a good approxima-
tion for the distribution of counts. A Poisson function is also not valid due
to the presence of negative counts. However, Gaussian functions could
still be used after rebinning or excluding nearly empty bins.
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et al. (2023). The phase dependence is not significant however,
and the polarization signature is consistent with being phase-
independent. A. Papitto et al. (2025) reached the same conclu-
sions in their analysis of the data. We note that the polarization
here is smaller than in figs 7 and 8 of A. Papitto et al. (2025), which
results from the use of different energy bands (3-6 keV) and
analysis tools. The normalized g, u values plotted in A. Papitto
et al. (2025) did not include acceptance corrections. However,
their actual model fitting used unnormalized Q, U and accounted
for the instrumental response. Those fit products are therefore
more similar to the Stokes products used in our analysis than the
normalized pcube curves shown in the A. Papitto et al. (2025)
figures.

4 RESULTS

This section presents the results from the PPM analyses of the
NICER and IXPE data. First, the data sets are analysed individ-
ually in Sections 4.1 and 4.2. Next, we combine analysis of both
data sets in multiple ways. In Section 4.3, we combine the likeli-
hood surfaces of the separate analyses with combination method
1, as described in Section 2. Following this, in Section 4.4, we
apply combination method 2. Table 2 gives an overview of the
inferred parameter values that result from these methods, which
are the main results of this work. However, in Appendix A, we
explored also the usage of combination method 3. The results
of that are not included in the main body of the paper because
only the less preferred ST-S model could be used. An overview
of those results is given in Table Al. These two aforementioned
tables specify also relevant sampling parameters: number of pa-
rameters, the nested sampling efficiency, run cost, and number
of live points. The text related to each run discusses the choice in
live points and convergence.

4.1 NICER-only analysis

For this analysis 2000 live points and an X-PSI sampling effi-
ciency of 0.1 were used. Another run of 5000 live points was
attempted and intermediate results were converging to the same
parameters as were found here. We deem the current settings are
thus sufficient and that the 2000-live-point run has converged.
The 5000-live-point run was not completed due to expected high
computational cost.

As shown in Fig. 4, analysis of the NICER data leads to a
visually good fit, apart from spectral residuals at ~1.7 keV that
are likely due to unmodelled NICER spectral edges: Aluminium
K edge/fluorescence (from the detector window) at 1.56 keV and
Silicon K edge (from the window and bulk detector) at 1.84 keV.”
Because of these NICER spectral edges, formally the fit is very
poor, with x2/DOF = 30108/28781 = 1.0461, corresponding to a
p-value of 2.4792x 1078, The p-value quantifies the probability of
obtaining a data set with a x2 value at least this large, given the
model with these parameters (x? = Y_,(m; — d;)*/m;, where d;
and m; are data and model counts in each phase-energy resolved
bin i — more specifically, m; are the posterior — expected model
counts based on 100 draws from the posterior).

Three of the parameters (M = 2.1710052Mg, Req = 13.827919
km, and ¢, = 88.6199°) tend towards the maximum of the
prior, whereas others (D = 2.8875% kpc, i = 50.970%, and 6, =
1.1703°) tend towards the minimum of the prior (see Fig. 5).

https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/arf-rmf/
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It is notable that many parameters peg to the bounds of their
respective priors, which could be a hint that parameter space
outside the current prior distributions are worth exploring. We
discuss this possibility in Section 5.3.3. The corresponding spot
geometry has a large, bright primary hotspot that produces a
significant number of non-pulsed counts, while wobbling slightly
around the rotational axis, as shown by the projection in Fig. 4.
This geometry is very similar to what was found in B. Dors-
man et al. (2025) for SAX J1808.4—3658. Ry, is also very large,
32.6733 km and near R, the upper bound of the prior. In com-
bination with the inferred observer inclination (i), this implies
that no rays from the secondary hotspot are blocked from the
observer.

The spectrum in Fig. 4 shows that the accretion disc domi-
nates at low energy but becomes subdominant at 1.3 keV. Above
~2 keV, the primary hotspot is responsible for over 90 per cent of
the counts. The secondary hotspot, despite the fact that it creates
considerably fewer counts than the primary, is almost entirely
responsible for shape of the pulsation.

4.2 IXPE-only analysis

The IXPE data consisted of Stokes I, Q, and U data. For compar-
ison, we performed IXPE-only analyses both with and without
fitting the Stokes I data. Unlike the NICER analysis, for the final
IXPE analyses the accretion disc model was not applied. We did
a test including the accretion disc for the Stokes IQU-analysis,
but the run was much slower and resulted in a worse evidence
than a run without the disc with the same sampler settings (1000
live points and 0.3 sampling efficiency). Presumably good fits
are found without the disc because its contribution to the IXPE
counts is negligible given IXPE’s harder energy range compared
to NICER.

For the IQU results presented in Table 2 and Fig. 5, we used
4000 live points and 0.1 sampling efficiency. With the initial
sampler settings, the mode corresponding to a smaller Req and
and higher M was not recovered (see Fig. 5). The mode ap-
peared when increasing the number of live points from 1000
to 4000, whereas reducing the sampling efficiency from 0.3 to
0.1 did not lead to significant further shifts in the posteriors.
Nevertheless, slight broadening of many CIs was still observed,
and the convergence was thus not formally proven. That would
have been computationally expensive to do, because the last run
spent already almost 50 kilo core-hours (kch). For the Stokes
Q- and U-only analysis, further improved sampler settings were
used (10000 live points and 0.1 sampling efficiency), due to the
very short run time (less than 1 kch) of the much noisier data.
The full posterior distributions from these runs are shown in
Appendix B.

The QU and IQU analyses result in visually good fits in all
the fitted phase-resolved Stokes spectra (see e.g. Stokes I for DU,
in Fig. 4). For the Stokes I fit statistics (combined over detector
units), we get x2/DOF = 4940/4827, corresponding to a p-value
of 0.12632. As in A. Papitto et al. (2025), the IQU fit is dominated
by the Stokes I signal since the polarization degree is rather low
(< 5 per cent) and the polarization angle is roughly constant in
phase.

The results generally agree with those obtained in A. Papitto
et al. (2025). In particular, the inferred geometry matches that
of A. Papitto et al. (2025) when we analyse only the Q and U
data, although with large CIs. In this case, we find, for example,
that i = 7713, 6, = 17%3%, and 6, = 1567%°. Slightly different
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Table 2. An overview of the analyses done in this work and the inferred parameters. In the header, various analysis and fit statistics are shown. The
sampling efficiency is the nested sampling efficiency as defined in X-PSI. This number is modified before being passed to MULTINEST, because MULTINEST
is unaware some samples are rejected in the prior. x? is calculated using 100 draws from the posterior, as described in the text. The %2 = x2/DOF, and
the p-value are given based on the X-ray counts without taking into account polarization. For the IXPEI, Q, and U runs, the x2/DOF and the p-value are
given for the combined Stokes I data of the DU;, DU,, and DUj3 detectors. For the KDE combination, the sampling parameters of the last sampling step
are given. The body of the table gives an overview of the posterior median values and 68 per cent CIs of all parameters.

Combination
Name NICER-only  IXPE-only (IQU) IXPE-only (QU) method 1 Combination method 2
Data NICER IXPEIQU QU NICER, NICER NICER IXPEIQU

IXPEIQU

Prior updated by - - - - IXPEIQU IXPEIQU, flat Ny NICER
Hotspot config. ST-U ST-U ST-U - ST-U ST-U ST-U
Sampling aspects
Num. params. 19 21 21 5 19 19 21
Samp. eff. (X-PSI) 0.1 0.1 0.1 0.1 0.1 0.1 0.3
Run cost (kch) 2.9 458 04 <01 9.3 18.5 13.3
Live points 2000 4000 10000 4000 2000 2000 4000
In(2) —103760 —55372 —43479 —22.792 —103800 —103740 —55369
Fit quality
x2/DOF 30108/28781 4940/4827 - - 30204/28781 30103/28781 4953/4827
Ve 1.0461 1.0233 - - 1.0494 1.0459 1.0262
p-value 24792 x 1078 1.2632 x 107! - - 26326 x107°  2.8227 x 1078 9.9836 x 1072
M M) 217758 2024532 L4y 19287002 215700 2157992 216%5%
Req [km] 13.821010 10.7124 13.110¢ 13.9419:04 11.1%03 13.6793 13.8510%9
D [kpc] 2.8870:0° 3.3193 3.3%0% 3.06079017 2717597 2.55790° 2.8870:92
i [deg] 50.910% 63132 7718, 54.2102 5313 s11the 50.8197
Ni [10?'cm™2] 27.8275%7 221759 2413 27.5915:03 26.34070.0% 28.047019 27.8210:97
p [cycles] -0.34100 —0.06"314 0.28751¢ - —0.457902 -0.327%27 —0.2575:9°
6y [deg] L1493 0.70% 17430 - 3.0704 11793 15794
¢p [deg] 88.6199 82+, 43723 - 8613 8613 83+
Ticed,p [keV] 0.82275:909 0.8570:93 1391048 - 0.9759 0.79515-012 0.649" 3908
Tep [keV] 25.979¢ 76113 6012 - 23.0792 24.270% 4074
w (-] 2007008 1187008 20703 - 215700 2007583 1307308
s [cycles] 0.08075-906 —0.31173:%4 -0.1193 - 0.03475:016 0.08215-016 —0.28679:919
05 [deg] 14513 146113 156137 - 14313 14613 13918,
¢s [deg] 5213 2218 51H38 - 5917 5117, 1315
Ticed,s [keV] 0.8470:0¢ 1.341012 1.3%92 - 0.997 396 0.8310:38 1.291037
Te s [keV] 6119 86t 6012 - 47%9 7518 76118
75 [—] 3.29%012 2.8792 1.9%9%8 - 3.25101¢ 3.221039 2.61758
Tip [keV] 0.35275.904 - - - 0.41375.908 0.33615-904 -
Rip [km] 32.6103 - - - 19.810%8 32,5104 -
vt [-] - 1107588 1047510 - - - 0.99793}
apuz [—] - IREyH 102707 - - - 101400
apus [-] - 110758 102131} - - - 0.99°93)
xo [rad] - —0.447018 —0.467389 - - - —-0.6758

constraints are obtained when analysing all I, Q, and U data, with
bimodal posterior distributions in many parameters.® In this case,
we find i = 6373, 0, = 0.7%33°, and 6; = 146713°, and notably a
larger primary hotspot size, with ¢, covering almost half of the

8Preliminary tests fitting only Stokes I yielded results very similar to those
obtained when fitting all Stokes parameters.
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NS surface (similar to the NICER analysis). In both cases the NS
mass and radius are only weakly constrained.

4.3 Combination method 1: combining independent
posteriors

This section presents the results of combining the posteriors
of the IXPE-only (Stokes I, Q, and U) with the NICER-only
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Figure 4. Projection plots, spectra, pulse profiles, and residuals for the (from left to right) NICER-only, IXPE-informed NICER, IXPE-only, NICER-
informed IXPE analyses. The top row of panels show the projection plots of the maximum a posteriori (MAP) samples from the perspective of the
observer. The solid lines indicate the primary hotspots, the dash-dotted lines indicate the secondary hotspots, and the dashed lines indicate inner disc
radii. The crosses/dots indicate the centres of the hotspots, which are on the observer/opposite side of the star, respectively. The accretion disc is not
present in the IXPE models. Relativistic effects are not shown in these projection plots. Stars indicate the Northern and Southern rotational poles. The
second row of panels show the observed phase-summed spectra of the MAP samples. Here, the black lines indicate data spectra, and the grey dashed
lines indicate the posterior-expected model spectra. The solid, dashed and dash-dotted lines are the same as in the top panels and sum up to the total
model spectrum in black. The third row of panels show the intrinsic source spectra before circumstellar and interstellar absorption and before convolving
with the instrument response. The lines correspond to the same component as the above panels. The fourth row of panels show the bolometric pulse
profile of the data and posterior-expected model in black and grey, respectively. The model also shows the 16 and 84 per cent Poisson error CIs in light
gray. The upper filled-in region displays the bolometric contribution of the secondary hotspot, and the lower region the contribution of the primary hot
spot (and disc, if present). Finally, the bottom row of panels show the phase-energy resolved residuals, where m is the model counts and d is data counts
in each phase-energy bin. In the case of the IXPE analyses, only the spectra, pulse profiles, and residuals of DU; are shown (because DU, and DU3 look
very similar), although all three were fitted simultaneously during sampling.

analysis. We used KDEs to add the In-likelihood surfaces, fol- M, and higher Req = 13.94730% km than either of the individual

lowing the methodology outlined in Section 2.2. As a reminder, runs. At first glance, this result seems counter-intuitive, but we
here only the constant parameters (6) are combined, because all interpret it by looking at the M — Req posteriors. Here, we see that
potentially variable parameters may change between the record- the NICER-only posterior lies in the top-right corner, whereas
ing of the two data sets. For the final sampling step, we used a the IXPE-only posterior disfavours this corner in favour of either
sampling efficiency of 0.1 and 4000 live points. lower M or lower Req. It appears that the best overlap found dur-

Fig. 5 shows a corner plot of the inferred posteriors of 6.. In- ing sampling was towards lower M and thus the combined pos-
terestingly, the combined run results in a lower M = 1.928*301 terior is found there. The CIs of the combination are noticeably
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Figure 5. Posterior distributions of the constant parameters from the
NICER- and IXPE-only analysis, and their KDE combination (method 1,
see Section 4.3). The dashed and solid lines on the diagonal show the 1D
marginal priors and posteriors of each parameter, respectively. For visibil-
ity, these are scaled such that the distributions peak at the same height.
The shaded intervals correspond to the 68.3 per cent CIs also listed above
the diagonal. The off-diagonal plots show 2D marginal posteriors for each
parameter combination. There, contours correspond to the 68.3 per cent,
95.4 per cent, and 99.7 per cent credible regions.

narrower than posterior of either constituent runs, as is expected
from the multiplication of two peaked distributions, and more so
if they are partially disjoint.

Based on the change in Ny, we consider the possibility that
Ny is not a constant parameter that, instead, has decreased be-
tween the NICER to the IXPE observations. To cover for that
possibility, we exclude the Ny from the combination and rerun
the final sampling step in the combination process. This moves
the posteriors significantly (beyond their 68 per cent CIs), with
now M = 1.88570029 M, and Req = 13.8410:0° km, although this
change is small compared to the width of both the NICER- and
IXPE-only posteriors.

4.4 Combination method 2: two-stage Bayesian analysis

This section describes the two-stage Bayesian analyses, where
the posteriors of the constant parameters that result from the
analysis of one data set are used as priors in the analysis of the
other data set. This analysis is done in two ways: using IXPE-only
(IQU) posteriors as priors for subsequent NICER analysis, and
vice versa.

4.4.1 IXPE-informed NICER analysis

In this analysis, the posteriors that resulted from the IXPE-only
analysis were implemented as updates to the priors of the con-
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stant parameters for the NICER analysis. This analysis was done
with 2000 live points and a sampling efficiency of 0.1, like the
NICER-only analysis. Compared to 1000-live-point runs, these
results did not change much, indicating that the sampler settings
were sufficient for these runs to be converged.

As shown in Table 2, M is consistent with the NICER-only
result at 2.15739% Mg, but Req shrinks significantly to 11.1%03
km and is consistent with the IXPE-only result. R;, shrinks to
19.8f8:§ km, which implies a brighter disc and the partial occlu-
sion of the emission of the secondary hotspot. The second column
in Fig. 4 shows that the hotspot configuration closely resembles
the configuration found in the NICER-only analysis. The sec-
ondary hotspot is brighter compared to NICER-only, owing to its
higher Tieq and ¢. Unlike before, we can now clearly see that
the reduction in flux between NICER and IXPE observations (see
Fig. 4) is mainly due to the decrease in Tyeq,p. This is consistent
with the idea that the accretion rate is higher during the NICER
observation.

Z is significantly worse for this model, with a penalty of 41.19
in In-space (see e.g. R. E. Kass & A. E. Raftery 1995), and the
fit is also significantly worse, with the x2/DOF increasing to
30204/28781 = 1.0494 and the p-value reducing by around a fac-
tor of 10 to 2.6326 x 10~°. These metrics indicate that this solution
is significantly disfavoured by the NICER data compared to the
NICER-only solution.

To allow for the possibility that Ny is not a constant parameter
(but evolves during the outburst), we also ran the IXPE-informed
NICER analysis while keeping the Ny prior from Table 1. The
solution found in this case is better than the previous IXPE-
informed NICER result, and marginally better than even the
NICER-only result, as shown by In(Z) and the x 2 value in Table 2.
This finding supports the idea that N might not be constant,
but instead may have decreased between the time of the NICER
observations and the IXPE observations. Compared to the previ-
ous IXPE-informed NICER result, M is effectively unchanged, but
Req increases to 13.6703 km and is now more consistent with the
NICER-only result. This improved consistency is also true for the
other parameters, such as Ny and the hotspot configuration. This
experiment shows that a good prior on Ny is important for the
inference of Req.

4.4.2 NICER-informed IXPE analysis

In this analysis, the posteriors that resulted from the NICER anal-
ysis were implemented as updates to the priors of the constant
parameters for the IXPE (IQU) analysis. While the number of live
points is still 4000, we note though that for computational speed-
up, the sampling efficiency was set in this case to 0.3 instead
of 0.1.

Interestingly, the In(Z) found here is 3 higher in In-space
than in the IXPE-only analysis, which is notable but not
definitive evidence in favour of this model. However, the
x2/DOF fit is marginally worse at 4953/4827 = 1.0262. As
shown in Table 2, the constant parameters are mostly con-
sistent with the updated prior (the NICER-only posterior).
Here, M is inferred to be 2.167092 Mg and Req is inferred to
be 13.85709 km. Similarly as for the IXPE-informed NICER
analysis, we see that the reduction in flux compared to
the NICER observation is mainly caused by a reduction in
Tseed.p-

The variable parameters are mostly consistent with the IXPE-
only posteriors. Fig. 6 shows that, as we had speculated in Sec-
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Figure 6. Posterior distributions for the IXPE Stokes I, Q, and U anal-
ysis informed by NICER posteriors (IQU_prNICER), and two NICER
analyses informed by IXPE posteriors. The first retains the flat Ny prior
(NICER_prIQU_flat nH) and the second utilizes the IXPE posterior of
Ny as prior (NICER_prIQU). These correspond to combination method
2 (see Section 4.4). See the caption of Fig. 5 for a detailed description of
the contents of the diagonal and off-diagonal panels.

tion 2.2, rather than leading to consistent results, there are differ-
ences between the results of the two-step analyses, depending on
which data set is analysed first.

5 DISCUSSION

In this section, we will discuss the obtained results and this dis-
cussion is structured as follows. Section 5.1 starts out by providing
an overview of obtained system parameters and compares them
to the literature where possible. Multiple methods of data analy-
ses were explored - in which the two data sets were considered
both separately and together — so, Section 5.2 discusses relia-
bility and fit quality of each analysis. Finally, Section 5.3 gives
recommendations for future work.

5.1 Overview of inferred parameters and literature
comparison

This section provides an overview of inferred parameters. These
are grouped into parameters that govern hotspots, mass and ra-
dius, geometry, pulse profile, distance, the polarization, and the
spectrum. We compare results against literature values where
possible.

Hotspots. A consistent trend in the results is that the hotspots
of SRGA J144459.2—604207 are very large: the primary hotspot
occupying up to half of the stellar surface, and the secondary
hotspot size in the range ~ 20°—70°. We can compare this against
J. J. E. Kajava et al. (2011) and T. Salmi et al. (2018), who found
smaller hotspots for SAX J1808.4—3658. They used RXTE data
that covers a higher energy range, however, where the effective
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hotspots could look smaller if they have a temperature gradient.
In addition, they accounted for disc reflection in their models,
which we do not, and that might reduce their inferred hotspot
size. B. Dorsman et al. (2026) also find generally large hotspots
for SAX J1808.4—3658 using NICER data, although they were not
as large when they used the STU-Disc configuration: ¢, ~ 47°-
59°. Simulations (e.g. M. M. Romanova et al. 2004; A. K. Kulka-
rni & M. M. Romanova 2013; P. Das et al. 2025) predict typically
smaller hotspots, but perhaps more importantly they predict very
different hotspot shapes than those allowed in our model space,
e.g. crescents, rings, and elongated shapes. Although upgrades
to hotspot shape modelling are needed, our results indicate that
the ‘effective’ hotspots of AMPs could cover a significant portion
(even up to half) of the stellar surface.

Mass and radius. The analyses presented here consistently
yielded a high M at 1.9-2.2 M, where 2.2 Mg, is the upper bound
of the prior. For Req, we observe that generally two solution modes
are found. On the one hand, there is a high R.q mode (13.4-
14 km), associated with the NICER-only analysis, analyses with
the NICER prior and the KDE combination. On the other hand,
there is a low Reqg mode (9.7-13.1 km), preferred by the IXPE-only
analysis and analysis with the IXPE prior (although Fig. 5 shows
that the IXPE-only analysis also found a high radius mode). The
inferred M and R.q are near the prior boundaries in many cases,
so we recommend exploration of the robustness of results against
changes in M-R.q priors. We discuss this point further in Sec-
tion 5.3.3. We recommend this additional step should be done
before including these present results in any new EoS inference.

Geometry. Taking our results together, we find the inclination
of the system to be moderately high (i =50°-75°), the primary
hotspot to be centred closely around the rotational axis (6, =0°-
4°), and the secondary centred on the opposing hemisphere
(65 =125°-159°). We note here that i at 50°is close to the lower
boundary prior boundary, which was only based on inferred val-
ues in literature, so this motivates an investigation with a lower
prior in future work. Furthermore, we found R;, to be distributed
in the range of 19-33 km.

Let us compare these results against S. V. Molkov et al. (2024),
who investigated the persistent pulsations discovered in the ART-
XC data, which started just before and overlapped with the
NICER observation. S. V. Molkov et al. (2024) fitted the pulse pro-
file by eye, assuming two antipodal spots and fixed M = 1.4 M,
and Req = 12 km. They used a simplified atmosphere model
I(a) x 1+ hcosa where « is the angle relative to the local nor-
mal in the spot comoving frame and & is the anisotropy parameter
—1 < h < 0. They found a good fit with i = 58°,0 = 14°, ¢ = 33°,
and Ry, = 24.6 km. While their i and R;, are in agreement with
our results, their # and ¢ are not. This disagreement may be
accounted for by their restriction to antipodal spots, simplified
atmosphere model, and limited search of parameter space.

Let us also compare the results against A. Papitto et al. (2025),
who performed simplified PPM on the IXPE Stokes I, Q, and U
data. They assumed two antiphased point-like spots with an emis-
sion model consisting of power-law emission I(E) o E-~D, T
fixed at 1.7, and same simplified anisotropy distribution with
parameter h as S. V. Molkov et al. (2024). They also used a normal-
ization factor to scale the flux to the data. Furthermore, they re-
stricted their phase-resolved analysis to the 3—-6 keV energy band,
combining all energy channels within this interval to maximize
the polarized signal, whereas we performed a fully phase- and
energy-dependent analysis over the 2-6 keV range. Using fixed

M =1.4Mg, R = 10 km, and h = —0.3, they found i = 74.173%°,
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which is consistent with our IXPE-only Stokes I, Q, and U result,
but inconsistent with any of the results where NICER data were
involved (in which i is closer to 50°). Furthermore, they infer
0, = 11.8%32°, and 6, = 172.6%3(°, which are somewhat in ten-
sion with our results, except the IXPEQ and U analysis (although
all our inferred hotspots lie in the same general region on the NS
surface). These differences in results can easily be accounted for
by the various differences in modelling mentioned above.

Pulse profile and timing properties. In S. V. Molkov et al. (2024),
the primary hotspot causes the main pulse and the secondary
causes the interpulse, with a plateau due to partial eclipse by
the accretion disc. NICER also observed the plateau (see Fig.
2), so it is unlikely that this feature can be attributed to Pois-
son noise. Motivated by S. V. Molkov et al. (2024) and unlike
B. Dorsman et al. (2026), we have included occlusion of hotspot
emission by the disc. However, our best fit to NICER data does
not require disc blocking and still leaves some curvature in the
pulse profile where the plateau should be. We judge our fit to be
acceptable, because we see no clear phase-dependent structure
in the residuals, despite that difference. Still, the IXPE-informed
NICER fit (second column in Fig. 4) features a partially occulted
secondary hotspot. In contrast, here the primary is in antiphase
with the overall pulsation and is responsible for flattening the
interpulse. In the end, we judge that the results are not conclu-
sive and more investigation is warranted. Z. Li et al. (2025) also
studied the pulsations and revised the spin evolution, favouring
a spin-up episode during the NICER observation. They selected
a longer time interval for this timing solution however, that we
exclude due to high undershoot rates in the NICER data (see
Section 3.1).

Distance. We found the system to be very close-by (2.5-3.3 kpc)
compared to what has so far been inferred in the literature (~8-
11 kpc, see Section 2.3). We advise caution when using this value
range, since we infer D near the lower prior bound. The lower
bound was selected rather arbitrarily to cover the lower end of
the distance estimate range of S. V. Molkov et al. (2024), so we
do not associate our lower bound with a high level of confidence.
A smaller distance corresponds to a brighter signal, so we spec-
ulate that the discrepancy with the literature is explained by us
omitting a source of radiation in the model, such as the accretion
column or disc reflection.

Absorption column. The analyses of the NICER and IXPE data
inferred different values for Ny: (22.1739) x 10?! cm~2 for IXPE-
only or (26-28)x10* cm~2 if NICER-data are in any way in-
cluded in the analysis. This may indicate that this parameter has
evolved between these observations. This variation is an impor-
tant consideration, because in the combined analyses, we found
that treating this parameter either as constant or variable influ-
ences the inference of Req.

Polarization. A. Papitto et al. (2025) suggest that the most nat-
ural explanation for the polarization detected by IXPE is Comp-
tonized emission from hotspots, with T, ~ 20—60 keV, Teeq
~1 keV, and moderate optical depth at t ~1-2. This origin is
mostly consistent with our findings in the analysis of IXPE data.
We found T, ranging from 37 to 97 keV, Tyeeq ranging from 0.65
to 1.5 keV, and t from 1.1 to 1.4. The primary hotspot is typically
towards the lower end of the range for these three parameters
while the secondary is towards the higher end.

Spectrum. The broad-band X-ray spectrum was studied by
C. Malacaria et al. (2025) with overlapping XMM-Newton and
NuSTAR data. They found that an absorbed bbodyrad (Ty, =
0.647592 keV) and diskbb (T;, = 0.44700 keV) and nthComp
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(Tieed = 0.9370:92 keV) account well for the lower energy part (<
4 keV) of the spectrum. These observations took place just after
the NICER observation, at the start of the IXPE observation. Our
IXPE pulse profile is averaged over a longer part of the decline,
so the results are not fully comparable. Still, we find some agree-
ment. Their diskbbT, is only a bit higher than our T;, (0.3 — 0.4
keV). Their nthComp Tyeeq is similar to our Ty p and Ty s during
the NICER observation, although Ty, s increases in the later IXPE
observation. Their T, is a lower temperature (18.2757 keV), which
is close to our findings for T, ,,, but not for T; s, where our inferred
value is significantly hotter. The differences could perhaps be
explained by their more detailed modelling of reflection, which
starts to become dominant at higher energy but is not accounted
for in our model. Also notable is that they have another low-
energy bbodyrad component, which we do not have. Plausibly
such a component could arise if the surface of the NS outside of
the hotspots is hot enough.

For the higher energy (= 4 keV) part of the spectrum, they
found good fits by adding to the aforementioned lower energy
components either a semiphenomenological model that features
two diskline models or a comprehensive reflection model that
accounts for the broadened iron line and other reflection from
the disc. They infer different values between these models for i
and Rj,. Their model with two diskline components fits best
ati = 85° and R;, = 10.0%]2R, (30" M, km, where M, = 2 M,,).
However, their reflection model fits best with i = 53° and R;, =
6R; (18 M, km), the latter being pegged at the lower limit. Our
results are more in agreement with the smaller result for i, but
both inferred values for R;, are consistent with our results, since
we found both low and high values.

Z. Li et al. (2025) also analysed the X-ray broad-band spectrum
using NICER, Einstein Probe, IXPE, Insight-HXMT, and INTE-
GRAL data. They found good spectral fits using absorbed nth-
comp + gaussian in their spectral model to account for the
NICER systematic at 1.7 keV. However, their Tyeq ~ 0.4 keV and
T. ~ 4-6 keV are much colder than our Tyeq ~ 0.8-1.1 keV and T,
~ 22-89 keV inferred for the NICER data. These diverging results
are likely due to model choice, because we separately include a
contribution from the disc blackbody at lower temperature. In
their best-fitting model, nthcomp + gaussian + relxillcp,
where the latter accounts for the broad-band accretion disc con-
tinuum and reflection, they still find similar Tg.eq and T, as before.

5.2 Reliability and fit quality

Here, we discuss the reliability and, if applicable, fit quality of the
results of each analysis. This discussion is subdivided as follows:
Section 5.2.1 discusses the results of the stand-alone analysis of
the NICER data, and Section 5.2.2 the same of the IXPE-data.
Section 5.2.3 discusses the results of the combined data analyses.

5.2.1 PPM with NICER only

In this analysis, no clear pulsed structure remains in the residu-
als, which shows that the two circular hotspot model is sufficient
to fit the data. However, the overall fit quality is not good, due to a
non-pulsed structure remaining at ~1.7 keV, which we attribute
to unmodelled NICER spectral edges.

We also noted that these data lead to tight parameter con-
straints for the PPM. However, several parameters are concen-
trated towards the bounds of their priors: M, Req, and ¢, near
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their respective upper bounds and D, i, and Ry, near their lower
bounds. The apparent tightness of these posterior distributions
may be driven by prior bounds rather than the data. Accordingly,
confidence in these results depends on the validity of the priors.
We recommend reanalysis using alternative models and more
conservative or better-justified priors to assess robustness.

5.2.2 PPM with IXPE only

In this case, good fits of the Stokes I data were found, indicating
that the model is sufficient to fit the data, even without including
an accretion disc. The parameter constraints are broader and
generally overlapping with the NICER-only constraints, except
for the posterior peaks of Ny and Req which are shifted to smaller
values.

The polarization data were not constraining enough to affect
the results much, compared to the constraints imposed by the
IXPE Stokes I data. This finding is similar to that of A. Papitto
et al. (2025), where most parameter information was also set by
the total pulse profile alone. This may be explained by the rel-
atively small polarization degree and very small phase-resolved
variability of the polarization angle. Possibly, this will change
for other stars and for future instruments like eXTP. The IXPE
constraints on the geometry are also broader compared to the
NICER-only constraints.

When comparing the analyses of the IXPE data versus the
NICER data, it is clear that NICER data are more constraining.
However, we consider the IXPE constraints important despite
being broader than the NICER posteriors, because these evade
potential biases specific to the analysis of NICER data, such as
those related to systematics or the accretion disc (the latter was
reported on by B. Dorsman et al. 2025). The Stokes Q and U
results (see Figs B1 and B2) are a relevant point of compari-
son, meanwhile, if one is interested to avoid potential bias that
may be caused by inaccurate modelling of the non-polarized
emission.

5.2.3 PPM with combined NICER and IXPE data

We have seen that the two data sets give different answers on their
own, even for parameters that should be the same, such as M.
This discrepancy is intriguing and showcases that joint analysis
is helpful to point out parameter evolution or inconsistency in in-
ferred parameters. We explored two different methods to combine
the data: (1) KDE-based combination of separate analyses, and (2)
two-step Bayesian analyses. For discussion of the third method:
a joint model, we refer to Appendix A, where this approach is
explored to a limited degree.

Combination method 1 takes the samples of the two separate
analyses and estimates the likelihood surfaces from them using
KDE. A new sampling analysis is then done on the sum to es-
timate the final joint posterior. We found this method to be fast
and affordable: only a few parameters, those assumed constant
between observations, are used in the final sampling and the
likelihood evaluation is fast. However, the results obtained with
the KDE-based combination method may depend on the spe-
cific KDE hyperparameter choices used to reconstruct continu-
ous likelihood surfaces from the two separate runs (NICER and
IXPE), which are then combined to explore the shared parame-
ter space. In this analysis, we adopted Scott’s rule of thumb to
set the KDE bandwidth (D. Scott 1992). If we assume that Ny
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is a constant parameter, the differences observed between runs
performed with and without tying Ny are difficult to reconcile.
At least we can say that the sufficiency of kernel settings are an
important consideration in this case, where the posterior distri-
butions from NICER and IXPE are very disjoint. The reason is
that the overlap region - where the joint posterior gets support
— may be less accurately captured by the KDE approximation. At
the same time, the strong disagreement between the two inde-
pendent Ny constraints could also reflect genuine astrophysical
variability in the absorbing column density. If so, Ny should not
be assumed to be constant between the two observations, and
forcing a shared value would bias the combined inference.

In combination method 2, we used the posteriors of the con-
stant parameters of a first analysis to update the priors of the sec-
ond analysis. This was done both ways (IXPE first or NICER first)
to check mutual consistency. Because the NICER data are much
more constraining than IXPE data (due to the larger number of
counts), we see that NICER-informed IXPE posteriors strongly
resemble the priors, while this is not the case when the analysis
ordering is reversed. In theory we should obtain the same results,
but we find that the order matters, so this method is not robust.
Possibly a higher sampling resolution would converge the two
results, and whether this is true could be tested with real data or
synthetic data. This would likely have a high computational cost,
however. We also found that the assumption of whether Ny is a
constant parameter influences the inference of Req.

5.3 Recommendations for future work

Based on the discussion so far, we will discuss here recommen-
dations for future work. This section is subdivided into four areas
of possible improvement that we consider: the computational
efficiency, model improvements (to improve physical realism),
improvements to the prior, and the methodology of joint data
analysis.

5.3.1 Computational speed-up

Given the computational cost of this type of analysis, it is sensi-
ble to invest in improving the computational efficiency. Another
important caveat is that, as shown by Fig. 1, the pulse profiles
were averaged over a period of time within which the flux was
changing substantially. As we have seen in Appendix A, account-
ing for variable parameters increases the computational cost sub-
stantially; this was studied in more detail by Y. Kini et al. (2024a,
b) within the context of TBOs.

The model evaluation of AMPs is in principle more computa-
tionally expensive compared to RMPs because of the atmosphere
model, accretion disc, and polarized data. The cost here has been
kept low primarily by the lack of exploration of more complex
hotspot models. A straightforward way to reduce computational
cost is to fine-tune the various resolution parameters and study
the approximations used in X-PSI, so as to achieve the right bal-
ance of accuracy and speed, potentially tailored for the data set at
hand (see also M. AlGendy & S. M. Morsink 2014; D. Choudhury
et al. 2024; B. Dorsman et al. 2025; L. Mauviard et al. 2025). More
drastic but potentially rewarding on the longer term would be
the porting of X-PSI to graphics processing units, similar to the
implementation by T. Bronzwaer et al. (2018) and T. Zhou & C.
Huang (2026), the usage of machine learning to compute pulse
profiles (e.g. C.-k. Chan, D. Psaltis & F. Ozel 2013; P. G. Waldrop,
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D. Psaltis & T. Zhao 2025) or the usage of simulation-based infer-
ence to simulate posteriors (see e.g. K. Cranmer, J. Brehmer & G.
Louppe 2020, for a review).

The usage of a joint model to simultaneously fit data is an
attractive strategy: it consists of only a single sampling analysis,
and we attempted this in Appendix A. Because the observations
were disjoint, we had to account for variable parameters, leading
to high computational cost. As a consequence, we were limited
to the usage of the ST-S model (i.e. antipodal hotspots) to anal-
yse the data sets, and found significantly worse fits compared to
the analyses in the main body of the paper. In addition to the
measures to reduce computational cost listed so far, one could
alleviate the cost here by assuming variable but apparently con-
sistent parameters to be constant. This consistency can be based
on the results of other analyses, such as how the parameters
0 and ¢, were found to be in good agreement across Table 2.
This will not always be an option, though, and in general we
recommend restricting the analyses with joint models to (mostly)
simultaneously observed data. In addition to that, the flux and
pulse properties during the data selections should be preferably
constant so that the reasonable assumption can be made that
related parameters are constant, which may be achieved using
data cuts. This reduces the computational cost by limiting the
number of variable parameters, and could possibly make ST-U
computationally viable.

5.3.2 Improvements to the model

There are many possible improvements to the model that could
enhance its realism and therefore enhance the accuracy by which
parameters are inferred. One major concern mentioned in Sec-
tion 5.2 was that certain emission components could be miss-
ing, and we recommend in particular improving the modelling
of the accretion environment. For example, we recommend the
inclusion of the extended accretion column structure, which
V. Ahlberg et al. (2024) have shown can significantly modify
the hotspot emission pattern. Furthermore, although the accre-
tion disc model has been upgraded to block radiation from the
hotspots, the disc emission model is still a basic multicolour
blackbody. A step up would be a general relativistic disc model
(which also includes polarized emission), such as was described
by V. Loktev, A. Veledina & J. Poutanen (2022). In addition, spec-
tral modelling by e.g. C. Malacaria et al. (2025) and Z. Li et al.
(2025) has shown that disc reflection modelling is an important
feature of the broad-band spectrum of SRGA J144459.2—604207,
so its inclusion in PPM is certainly warranted. Besides the mod-
elling of the accretion environment, it was mentioned in Sec-
tion 5.1 that the circular hotspot shapes used in this work are
too simplistic compared to results from simulations. Potential
improvements to the modelling of hotspot shapes for AMPs
was discussed in more detail in sect. 6.4 of B. Dorsman et al.
(2025).

As also stated in Section 5.1, many parameters are inferred
near their prior bounds. B. Dorsman et al. (2026) analysed NICER
data of SAX J1808.4—3658 with a two hotspot model and ac-
cretion disc model, and found the same trend. When they used
their STU-Marg model (which features non-pulsed component
that is flexible but non-physical) M, D, and i moved away from
the boundary edges. We disfavour the usage of the STU-Marg
however, because it introduces an arbitrary choice of bounds
to the non-pulsed component that shifted the inferred param-
eters for B. Dorsman et al. (2026). Instead, we recommend a
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physics-based model for the disc emission or at least physics-
based bounds if a phenomenological model is used.

5.3.3 Improvements to the priors

Refining priors is another way of improving the accuracy and effi-
ciency of analyses, meaning that parameter space is (accurately)
narrowed down before analysis starts. As mentioned above, many
parameters are inferred near their prior boundaries, which could
be a hint that parameter space outside these prior distributions
could lead to better fits to the data. The parameters i and d (see
Section 2.3) are examples for which the prior limits were not
very robust, being based only on the distribution of values found
in the current literature. These could be refined via analysis of
complementary data, for example through studies of X-ray bursts
(see e.g. D. K. Galloway et al. 2024).

M and R4 were also inferred to be close to their prior bounds
in some cases. We used M and R.q prior bounds that were derived
from an EoS-informed prior, but not yet the actual multidimen-
sional prior density distributions themselves. We recommend this
for future work, as it would let one apply the best current prior
knowledge of M and R.q from theory, experiment and other astro-
physical data to the inference of AMP properties (M. Hoogkamer
et al. 2026). SRGA J144459.2—604207 is also a ‘clocked’ burster,
for which there is a possible avenue to constrain M and R.q based
on the relationship between accretion rate and burst recurrence.
Based on this, T. Takeda et al. (2025), suggested a mass above
2.0 M. As a final point, we also suggest narrowing the overall
parameter space down further by self-consistently linking the
stellar magnetic field and accretion rate to the inner disc radius
and hotspot positions, shapes, and sizes (see e.g. T. Di Salvo & A.
Sanna 2022; B. Dorsman et al. 2025, and references therein).

5.3.4 Future analysis of joint data

B. Dorsman et al. (2025) and T. Salmi et al. (2025) both created
synthetic data with the same parameters and used the data to
test PPM with a single instrument, but they did not yet test pa-
rameter recovery with the data sets jointly. In our analysis of the
NICER and IXPE data, we found that results differ significantly
depending on what combination method was applied. The tech-
nique of doing joint analysis thus deserves further testing. One
natural recommendation is to test the combination methods with
synthetic data to understand the trade-off between accuracy and
computational cost.

We also recommend the combination of low and high energies,
and polarized data, because of the synergy of probing different
physics in AMPs. For example, lower energy X-rays constrain
the blackbody emission from the hotspots and accretion disc,
whereas higher energy X-rays constrain the Comptonization of
radiation at the hotspots as well as reflection off the accretion disc
(including the iron line at 6.4 keV). For the outburst of SRGA
J144459.2—604207 studied in this paper, it might therefore be
interesting to include the ART-XC data in joint analysis. ART-XC
is sensitive at higher energy (up to 35 keV) compared to NICER
(2-10 keV). To add to this point, we inferred two different model
fits for the plateau-like interpulse feature, but both are different
compared to the proposed fit by S. V. Molkov et al. (2024). This
warrants further investigation for example with ART-XC data that
are partially overlapping with NICER. We note that one could
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also loop in IXPE, XMM—Newton, NuSTAR, and HXMT obser-
vations, which are (partially) overlapping as well. With regards
to future observations, unfortunately, NICER is currently non-
active.® However, eXTP (S.-N. Zhang et al. 2025) and NewAthena
(M. Cruise et al. 2025) will be well positioned to make observa-
tions of this source. Both will have a broader energy band and
much larger effective areas compared to their predecessors. eXTP
will also have a polarimetric collector on board, with larger
effective area than IXPE, enabling simultaneous collection of
polarimetric and broad-band data. This is expected to improve
constraints, with some preliminary explorations using synthetic
eXTP data reported in A. Li et al. (2025).

6 CONCLUSION

We fitted the NICER and IXPE pulse profiles of the 2024 outburst
SRGA J144459.2—604207 with an NS and accretion disc model,
for the first time including polarization data. We analysed the two
data sets first separately and then jointly, which was done in three
different ways to verify robustness. First, we combined the poste-
rior distributions that resulted from the separate analysis. Second,
we inserted posterior distributions of constant (i.e. shared) pa-
rameters resulting in one analysis as priors into the next. That was
done in both directions to test robustness. Third, in Appendix A,
we used a joint model to simultaneously fit both data sets. Due to
high computational cost, simplified identical antipodal hotspots
were adopted there, which unfortunately proved insufficient to
fit the data.

We consistently inferred a high NS mass at 1.9—-2.2 M, but
found two possible modes for the radius, either at 9.7-13.1 or at
13.6-14 km. For these results it is important that we note that
both the mass and radius inferences may not be robust because
they touch the upper bound of their priors (2.2 My and 14 km,
respectively), and we recommended further analyses with other
priors and improved models. Furthermore, we inferred an NS
with a cooler, large primary hotspot that is centred close to the
rotational axis, which produces the bulk of the non-pulsed radia-
tion. The secondary hotspot is hotter and is the main contributor
to the pulse profile shape.

Because many of the inferred parameters were near the edges
of their respective priors, we are concerned that some physics is
missing in the model (such as disc reflection or reprocessing),
which could cause parameter inferences to be biased. To examine
such a potential bias we recommend re-analysis with improved
models and with more conservative or physics-informed priors
where possible.

There were notable shifts in the inferred parameters between
the combination methods. Therefore the results are not fully ro-
bust, and we recommend testing with synthetic data to better
understand the trade-off between accuracy and computational
cost of each method. We also recommend improving the com-
putational efficiency of the analysis and considering only simul-
taneously observed data to make the third combination method
computationally viable. We expect that the combination of low
and high energies, and polarized data will lead to complementary
constraints because these probe different physics.

9See update from 2025 August 5 at https://www.nasa.gov/missions/
station/nicer-status-updates/
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Table Al. An overview of the analysis with the joint model and the
inferred parameters. This table follows the format of Table 2, see also the
caption of that table.

Name Combination method 3
Data NICER, IXPEIQU
Hotspot config. ST-S
Sampling aspects

Num. params. 23
Samp. eff. (X-PSI) 0.1

Run cost (kch) 115.2
Live points 1000
In(2) —1.5955e + 5
NICER fit quality

x2/DOF 30744/28777
%2 1.0683
p-value 5.268e—16
IXPE fit quality

x2/DOF 5251/4825
%2 1.0888
p-value 1.1861e-5
M (M) Lorstgs
Req [km] 13.90255¢
D [kpc] 3.13%008

i [deg] 50.25%015
Ny [10%em™2] 25.5210:06
#p.n [cycles] 0.0565-903
Op.x [deg] 6.975%
Zp. [deg] 86.42155]
Tieed,p.N [keV] 0.81219:912
TepN [keV] 21355
o -] 240705
#p,1 [cycles] —0.31915-9%¢
6p.1 [deg] 24.07%3
tp.1 [deg] 84.270¢
Tieed,p.1 [keV] 0.56815-907
Tep1 [keV] 46.2133
1 -] 1307088
Tin,x [keV] 0.54%051
Rinx [km] 14467517
anicer [—] 0.8111500
apuz [—] 10218100018
apus [—] 0.993915-9017
Xo [rad] -0.738

APPENDIX A: COMBINATION METHOD 3
(SIMULTANEOUS FIT)

This appendix presents the results of the analysis using a joint
model to simultaneously fit the NICER and IXPE data. Because
the observations of the data sets were disjoint, two instances
of all variable parameters are used. For some parameters, that
may turn out to be unnecessary if we end up inferring similar
values. However, we choose to always treat the two instances as
independent parameters because we do not know a priori how
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Figure Al. Same figure as Fig. 4, but for the joint model analysis. In
this case, the left panels show the projection, spectra, pulse profiles, and
residuals associated with the model during the NICER observation, and
the right panels with the IXPE (DU, ) observation. DU, and DU3 are not
shown, but they are very similar to DU;. See the caption of Fig. 4 for more
detail on all the components in the plot.

different the inferred values will be. For this reason — and because
the emission is computed twice (for NICER and for IXPE) - the
analysis has significantly higher computational cost. To get a run
to complete within the budget, we reduced the model complexity
from ST-U to ST-S (defined in Section 2.1). This brings the total
parameters down from a potential 35 to 23. Still, at 115 kch, this
run was significantly more expensive than even the IXPE and
NICER runs added together, as shown in Table 2 and Table Al.
When we look at the inferred parameters, shown in FigureA2,
we note that the inferred M is now towards the lower bound
(rather than upper bound) of the prior, at M = 1.015%002 Mo,
On the other hand, the inferred R is consistent with high radius
results preferred by the ST-U results that analyse NICER data
first, at 13.90%0% km. D and i tend towards the lower bound of
their priors, which is a similar finding to all previous results. Ny,
at (25.5240.06) x 10*' cm~2, is roughly in the middle of the
inferred values from the NICER and IXPE analyses. We also find
again that the decrease in flux is explained mainly by a decrease of
Tieed.p> consistent with the idea that the accretion rate decreases.
It is also interesting to note that the inner disc radius inferred
for the NICER data is very small in this analysis, much smaller
compared to the ST-U findings, and blocks almost the entire
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Figure A2. Posterior distributions of the inferred constant parameters
of the joint model analysis (combination method 3, see Section A). See
the caption of Fig. 5 for a detailed description of the plot elements.

Southern hemisphere and secondary hotspot. This finding is not
consistent with the classic AMP picture where accreted material
from the inner accretion disc that truncates some way from the
stellar surface is funnelled towards the magnetic poles of the
NS, forming hotspots, but instead looks more like boundary layer
accretion. The hotspots are inferred to be large during both the
NICER and IXPE observations, but the spot colatitudes have in-
creased significantly between the two observations.

MNRAS 551, 1-26 (2026)

When we look at the fit statistics, we see that the joint model
fits of either data set are significantly worse than the fits in the
main body of the paper. The x2/DOF for the NICER data is
30772/28777 = 1.0693, corresponding to a p-value of 2.0629 x
1071%, and the x2/DOF for the Stokes I data of the three IXPE
detectors is 5250/4825 = 1.0881, corresponding to a p-value of
1.2619 x 107°. We see again the NICER aspects in the NICER
residual. In addition, here the worse fit is manifested in a phase-
dependent structure visible in both residuals, shown by Fig. Al.
This indicates that the ST -S joint model is strongly disfavoured
compared to the separate ST-U analyses. One caveat is that there
were only 1000 live points used here, and that can be considered
insufficient for an analysis with 23 parameters, especially if the
likelihood surface is complex. Due to the expected high compu-
tational cost, these results were not tested for convergence against
changes to the sampler settings. Another caveat in this analysis is
that four parameters: M, D, T N, and ay all converged towards
prior boundaries, hinting that parameter space outside current
prior boundaries could lead to better fits.

To conclude, the antipodal and identical hotspots that ST-S
enforces, appear a serious restriction that limits the ability of the

model to fit the data. For future work, we recommend the appli-
cation of the ST-U configuration instead. We describe methods

to overcome the computational cost in Section 5.3.1.

APPENDIX B: EXTRA CORNER PLOTS

Figs B1-B4 show the full posterior distributions of all the ST-U
analyses included in this work. This includes the IXPE Stokes Q
and U analysis, in which the Stokes I data were not used. Figs B5
and B6 show the posterior distributions of the variable parame-
ters (as observed by NICER or IXPE) resulting from combination
method 3.
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Figure B1. Posterior distributions of the geometry parameters for the IXPE analyses. See the parameter and model definitions in Table 1, and Sections
4.2 and 4.4.2. The dash—dotted curves represent the prior distributions (which are identical for the IQU and QU cases). The 1D shaded intervals contain
68.3 per cent of the posterior mass, and the 2D contours contain 68.3 per cent, 95.4 per cent, and 99.7 per cent of the posterior mass. The IQU posteriors
of ®, are difficult to see, because they are at the lower bound of the prior.
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Figure B2. Posterior distributions of the non-geometry parameters for the IXPE analyses. See the parameter and model definitions in Table 1, and
Sections 4.2 and 4.4.2. The dash-dotted curves represent the prior distributions (which are identical for the IQU and QU cases). The 1D shaded intervals
contain 68.3 per cent of the posterior mass, and the 2D contours contain 68.3 per cent, 95.4 per cent, and 99.7 per cent of the posterior mass.
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Figure B3. Posterior distributions of the non-geometry parameters for the NICER analyses. See the parameter and model definitions in Table 1 and
Section 2.1. The dash-dotted curves represent the prior distributions (which only differ in Nyg). The 1D shaded intervals contain 68.3 per cent of the
posterior mass, and the 2D contours contain 68.3 per cent, 95.4 per cent, and 99.7 per cent of the posterior mass.
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Figure B4. Posterior distributions of the geometry parameters for the NICER analyses. See the parameter and model definitions in Table 1, and
Section 2.1. The dash-dotted curves represent the prior distributions (which only differ in Ni). The 1D shaded intervals contain 68.3 per cent of the
posterior mass, and the 2D contours contain 68.3 per cent, 95.4 per cent, and 99.7 per cent of the posterior mass.
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Figure B5. Posterior distributions of the variable parameters during the NICER observation for the joint model analysis. See the parameter and model
definitions in Table 1, and Section 2.1. The dash-dotted curves represent the prior distributions (which only differ in Ny). The 1D shaded intervals
contain 68.3 per cent of the posterior mass, and the 2D contours contain 68.3 per cent, 95.4 per cent, and 99.7 per cent of the posterior mass.
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Figure B6. Posterior distributions of the variable parameters during the IXPE observation for the joint model analysis. See the parameter and model
definitions in Table 1, and Section 2.1. The dash—-dotted curves represent the prior distributions (which only differ in Ny). The 1D shaded intervals
contain 68.3 per cent of the posterior mass, and the 2D contours contain 68.3 per cent, 95.4 per cent, and 99.7 per cent of the posterior mass.
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