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1 Observations and data reductions

1.1 Observations

PDS 456 was observed simultaneously with six telescopes as summarized in Supplementary Table
X-Ray Imaging and Spectroscopy Mission (XRISM) observed PDS 456 from 2024 March 11 to 17 over
six days with a total exposure of 258 ks. In the observation, the Resolve was operated without any
filter with a closed gate valve, and Xtend was in full-window mode. A part of this observation was also
covered with simultaneous observations with two X-ray telescopes, NuSTAR [1] and XMM-Newton [2].
NuSTAR has co-aligned telescopes and corresponding Focal Plane Modules A (FPMA) and B (FPMB).
They have a good hard X-ray sensitivity above 10 keV, allowing us to determine the primary X-ray
spectrum without spectral distortions due to absorbing materials. On the other hand, XMM-Newton
has various X-ray detectors: two Reflection Grating Spectrometers (RGS) [3], a European Photon
Imaging Camera (EPIC) pn CCD detector [4], and two EPIC MOS CCD detectors [5]. Although RGS
is capable of high-resolution spectroscopy at energies below 2 keV, its data does not have enough X-
ray photons due to heavy absorption in the soft X-ray band. Thus, we used only EPIC to cross-check
Xtend data. In addition, it has the Optical Monitor (OM) instrument [6], which was used to model the
broadband spectral energy distribution of PDS 456 described in the following section. The observation
of NuSTAR started 2 hours earlier than XRISM with a shorter exposure of about 160 ks, covering
nearly four days of the first half of the XRISM observation. The XMM-Newton observation covered
less than two days with an exposure of about 80 ks in the middle of the XRISM observation.

PDS 456 was also monitored by two X-ray telescopes, Swift [7] and NICER [§] during the XRISM
observation. Swift performed 20 observations with a typical exposure time of 1-2 ks for the X-ray Tele-
scope (XRT) [9] in March 2024 as listed in Supplementary Table This monitoring was conducted in a
similar way to previous campaign of PDS 456 [10], and it covers most of the XRISM observation period
with approximately daily sampling until March 15. Similarly, NICER also monitored from March 10
to 16 with approximately daily sampling. This monitoring campaign provides X-ray variability with a
timescale longer than the XRISM observation. In addition to X-ray telescopes, simultaneous optical
spectroscopic observations were also performed with the 3.8 m Seimei telescope located in Okayama
prefecture of Japan [I1]. Observations were performed with two spectrographs: Integral Field Unit of
Kyoto-Okayama Optical Low-dispersion Spectrograph (KOOLS-IFU) [12], and Tricolor CMOS Cam-
era and Spectrograph (TriCCS). These observations were conducted from March 9 to 15, except for
March 11 and 12 when the weather was bad.

1.2 Data reduction of Resolve

The Resolve observations were carried out with a closed gate valve, incorporating a ~ 250 pum thick
beryllium window [I3]. This limits the bandpass to energies above ~ 1.8 keV. Good Time Interval
(GTI) filtering was applied to exclude periods during Earth’s eclipse and when the sunlit Earth limb
was visible, along with passages through the South Atlantic Anomaly (SAA) and times within 4300
seconds of the start of the 50-mK cooler recycling. After event screening, the combined effective
exposure time was reduced to 258 ks. For the subsequent analysis, only the Hp (High-resolution
Primary) events were utilized.

Data reduction was performed with the software versions of the pre-pipeline version JAXA
“004_002.150¢t2023_Build7.011” and the pipeline script “03.00.011.008”, and the internal CALDBS,
which corresponds to the public XRISM CALDB ver. 20240815. Events were screened based on co-
incidence with events in the anti-coincidence (anti-co) detector and events on other Resolve pixels.



Supplementary Table 1: Summary of PDS 456 Observation Campaign

Telescope Obs. ID Instrument Start Time (UT) End Time (UT) Duration (ks)  Exposure (ks)
XRISM 300072010 Resolve 2024-03-11 01:16:50  2024-03-17 01:19:08 518.5 258.1
Xtend 2024-03-11 00:50:02 2024-03-17 01:16:55 520.0 223.9
NuSTAR 60901011002 FPMA 2024-03-10 23:21:09 2024-03-14 17:41:09 325.2 159.2
FPMB 2024-03-10 23:21:09 2024-03-14 17:41:09 325.2 157.3
XMM-Newton 0931190101 EPIC-pn/MOS, 2024-03-13 00:40:50 2024-03-14 11:05:03 123.9 83.17
RGS, OM
Swiftb 00010383121 XRT, UVOT 2024-03-01 08:38:39 2024-03-01 09:05:54 1.6 1.6
00010383122 XRT, UVOT 2024-03-02 08:16:19  2024-03-02 08:43:53 1.7 1.6
00010383123 XRT, UVOT 2024-03-05 23:20:08 2024-03-05 23:47:52 1.7 1.7
00010383124 XRT, UVOT 2024-03-06 08:44:03 2024-03-06 08:58:53 0.9 0.9
00010383124 XRT, UVOT 2024-03-06 19:48:53 2024-03-06 20:02:53 0.8 0.8
00010383125 XRT, UVOT 2024-03-07 00:52:57  2024-03-07 01:01:54 0.5 0.5
00010383125 XRT, UVOT 2024-03-07 05:15:19  2024-03-07 05:42:52 1.7 1.6
00010383126 XRT, UVOT 2024-03-08 03:39:23 2024-03-08 03:45:52 0.4 0.4
00010383126 XRT, UVOT 2024-03-08 12:52:35 2024-03-08 13:20:53 1.7 1.7
00010383127 XRT, UVOT 2024-03-09 03:10:50  2024-03-09 03:38:52 1.7 1.7
00089654001 XRT, UVOT 2024-03-10 13:54:24 2024-03-10 14:21:54 1.6 1.6
00089654001 XRT, UVOT 2024-03-11 02:55:59  2024-03-11 03:04:53 0.5 0.5
00010383128 XRT, UVOT 2024-03-11 05:57:49  2024-03-11 06:05:53 0.5 0.5
00010383128 XRT, UVOT 2024-03-11 15:21:27  2024-03-11 15:45:54 1.5 1.5
00010383129 XRT, UVOT 2024-03-12 00:55:21 2024-03-12 01:17:50 1.3 1.3
00010383129 XRT, UVOT 2024-03-12 18:15:22 2024-03-12 18:22:54 0.5 0.4
00010383130 XRT, UVOT 2024-03-13 08:20:49  2024-03-13 08:46:53 1.6 1.6
00010383130 XRT, UVOT 2024-03-13 11:44:41 2024-03-13 11:52:53 0.5 0.5
00010383131 XRT, UVOT 2024-03-14 09:36:44  2024-03-14 10:04:52 1.7 1.7
00010383132 XRT, UVOT 2024-03-15 03:20:43 2024-03-15 03:26:52 0.4 0.4
NICER 7204240101 XTI 2024-03-10 18:54:20  2024-03-10 19:11:40 1.0 0.8
7204240102 XTI 2024-03-11 13:32:22 2024-03-11 16:59:20 12.4 1.9
7204240104 XTI 2024-03-14 02:05:12 2024-03-14 20:51:40 67.6 4.4
7204240105 XTI 2024-03-15 01:30:00 2024-03-15 23:33:20 79.4 5.2
7204240106 XTI 2024-03-16 00:45:40  2024-03-16 14:43:00 50.2 3.8
Seimer — KOOLS-IFU 2024-03-09 19:04:44 2024-03-09 20:22:35 4.7 4.7
— KOOLS-IFU 2024-03-10 19:40:27  2024-03-10 20:23:15 2.6 2.6
— TriCCS 2024-03-13 19:33:04 2024-03-13 19:43:04 0.6 0.6
— KOOLS-IFU 2024-03-14 19:52:07  2024-03-14 19:57:26 0.3 0.3
— KOOLS-IFU 2024-03-15 20:05:43 2024-03-15 20:11:02 0.3 0.3

@ Exposure time for EPIC-pn.

b Only observations in March 2024 are listed, while the entire

and after the XRISM observation.

monitoring campaign

includes more observations before



Screening on pixel-to-pixel coincidence is implemented primarily to remove events that occur on multi-
ple pixels when a cosmic ray deposits energy into the frame around the pixels[14]; an energy threshold
of 300 eV was applied to avoid including crosstalk events. The standard energy-dependent rise time
cut[I5] was applied.

Time-dependent energy-scale tracking for each pixel is essential for spectroscopy with Resolve. To
measure the energy scale, a set of °®Fe sources on the filter wheel was used to illuminate the whole
array at fiducial time intervals chosen to follow the characteristic shape of the gain changes associated
with the cycles of the 50-mK cooler. The Mn Ka line complex from ®°Fe was fitted, for each fiducial
interval and each pixel, with an eight-component model with intrinsic Lorentzian profiles[16] convolved
with Gaussian smoothing representing the detector resolution. Our observations include 16 fiducial
measurements to track and correct the energy scale. Correction of the energy scale is achieved via
nonlinear interpolation between gain curves measured at different heat-sink temperatures[I7] and linear
interpolation between fiducial measurements. Among the 36 pixels in the Resolve detector, 35 are
usable for scientific purposes, and one is a calibration pixel outside of the aperture. However, Pixel 27
is subject to random gain jumps of unknown origin lasting ~1-2 hours. Because the current fiducial
strategy cannot track these jumps, we have excluded data from Pixel 27. Gaussian modeling of the
detector’s line spread for the Mn Kea line indicates an instrument resolution of 4.55 4+ 0.05 eV Full-
Width Half Maximum (FWHM), with an energy shift of < 0.1 eV. Early calibration measurements
indicate that the energy scale is accurate to within approximately +1 eV from 2-8 keV([Ig], 19].

When a subset of the event grades is selected for analysis, the Response Matrix File (RMF) ordi-
narily needs to be scaled by the fraction of events retained. For Resolve data, however, many events
that saturate the output of the signal digitizer (produced by shallow-angle cosmic rays) get flagged
as one Lp (low-resolution primary) and multiple false Ls (low-resolution secondary) events through
the action of the secondary-pulse detection algorithm on a clipped pulse. In our observations, the
count rate ranged from ~ 1073-1072 s~! pix~!, thus almost all events should have a Hp grade. Thus,
we removed Ls events from the cleaned event file before using rslmkrmf to produce an RMF, with a
parameter file of xa_rsl_rmfparam_20190101v006.fits. The following line-spread-function components
were included: the Gaussian core, exponential tail to low energy, escape peaks, silicon fluorescence,
and electron loss continuum (i.e., the ?X” option was selected). An auxiliary response file (ARF) was
generated using the xaarfgen task, assuming a point-like source at the aim point as input.

1.3 Non X-ray background of Resolve

Evaluation of the Non-X-ray background (NXB) for Resolve was carried out following the methods
recommended by the XRISM team. The XRISM team provided a stacked NXB event file based on
night-earth observation data collected from 2023-12-25 to 2024-04-15, and a spectral model to de-
scribe the NXB spectrum. This “baseline” model consists of a continuum component approximated
by a power law and emission line components modeled by 17 narrow positive Gaussians, represent-
ing Al-Kal/Ka2, Au-Mal, Cr-Kal/Ka2, Mn-Kal/Ka2, Fe-Kal/Ka2, Ni-Kal/Ka2, Cu-Kal/Ka2,
Au-Lal/La2, and Au-LA1/LB2. Although each line is essentially composed of multiple Lorentzians
broadened by the line spread function, they are approximated as Gaussians due to the insufficient sta-
tistical quality of the background data to justify more detailed descriptions. The sigmas of the Gaussian
models for the Kal and Ka2 lines for each element were tied and fixed, and the line intensity ratio of
Kal to Ka2 was set at 2:1 for each element.

Next, we derived the NXB spectrum corresponding to the observation period of PDS 456. Since the
NXB flux varies with Cut-Off Rigidity (COR), it was necessary to extract the NXB file corresponding
to the COR values during the observation. This calculation was performed using a rslnxbgen task.
This task generates a COR exposure time histogram corresponding to GTI of the events, and then
calculates the weighted NXB spectrum based on the histogram. The generated NXB event file was
screened using the same criteria as the Resolve data, excluding pixel 27 and using only the Hp grade.
This process produced an NXB spectrum that can be directly compared with the source spectra, with
an exposure time of 807 ks.

Finally, we constructed a model to reproduce the NXB spectrum. Although the ratio of the
continuum to line components is not expected to change significantly, slight variations are possible.
Additionally, since the NXB excluding the Mn emission lines originates from cosmic rays whereas the
Mn lines originate from the %5Fe calibration source, their normalization might vary independently.
Therefore, to fit the extracted NXB spectrum, we allowed three parameters from the “baseline” model



Resolve NXB for PDS 456

o n
o

I
N
3y

Residuals (0) Counts s~! keV 1

2 4 6 8 10 12 14
Observed energy (keV)

Supplementary Fig. 1: Resolve NXB spectrum and its best-fit model. The upper panel
shows the spectrum (black) and model (red), whereas the lower one shows the residuals between the
data and the model. The spectrum is binned for the showing purpose.

to vary: the normalization of the power law, the emission line excluding Mn, and the Mn lines. In the
model fitting, we used an RMF file with a unity diagonal matrix. The resultant NXB spectrum and
the best-fit model is shown in Supplementary Figure[l] and the NXB model compared to the PDS 456
source spectrum is shown in Supplementary Figure

In the figures for the Resolve spectrum in the main text, the NXB-subtracted spectra are shown
for the sake of visibility. It should be noted that, however, the model fitting throughout this paper is
performed for the non-NXB-subtracted spectrum, and the fitting model has both the model to explain
the source spectrum and the NXB model determined in this section. The model fitting was performed
with 10 eV binning and with C statistics.

1.4 Data reduction of Xtend, NuSTAR, XMM-Newton, and Swift

In addition to the Resolve data, we reduced the observational data of Xtend, the CCD imaging spec-
trometer onboard XRISM, using the XRISM team’s internal version of the HEASOFT tools and
calibration files, which will be soon made public. We extracted the Xtend spectra from a circular
region with a radius of 2.’5 for the source, and a box region of 10.”3 x 9./1 excluding a circular region
with a radius of 2.7 for the background. We generated the redistribution matrix file with XTDRMF
and the ancillary response file with XAARFGEN.

A deep observation with the Nuclear Spectroscopic Telescope Array (NuSTAR [1]) was coordinated
with the XRISM observation, starting two hours beforehand and ending on March 15th (see Supple-
mentary Table 1). We reduced the NuSTAR data following the standard prescriptions and using the
Data Analysis Software (NUSTARDAS, ver. 2.1.2) developed for the NuSTAR mission. We used the
most recent calibration files available in the Calibration Database (CALDB version 20240520). We
filtered the observation applying the standard screening criteria [20], where we filtered for the passages
through the SAA setting the mode to “optimised” in NUCALSAA and the option “tentacle = yes”.

For each of the Focal Plane Module (FPMA and FPMB) we extracted the source spectra using a
circular region with a 50” radius, while for the background spectra we adopted a region with a 76"
radius located on the same detector. The same regions were used to extract light curves in different
energy bands using the NUPRODUCTS task and adopting an orbital binsize of 5814 s. We note that
the FPMB detector is affected by a stray light issue, which is caused by a bright source outside the
FOV; however, the stray light contamination does not affect the on-axis detector. After checking
for consistency, we also combined the spectra and responses from the individual FPMA and FPMB
detectors into a single spectrum, which was binned to at least 100 counts per bin. For the spectral
fitting, we considered the 3-45 keV energy range, as above 45 keV the spectrum becomes background
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Supplementary Fig. 2: PDS 456 spectrum with the Resolve NXB model. The black bins
shows the PDS 456 spectrum, and the red line shows the NXB model. The spectrum is binned for the
showing purpose.

dominated. This yields a combined net count rate of 0.328 +0.002 counts s~!. The FPMA and FPMB
background subtracted light curves were also combined into a single one.

An XMM-Newton observation of PDS 456 was also coordinated with the XRISM pointing. The
observation started on March 13th and lasted a full orbit (~ 130 ks) ending on March 15th. The
XMM-Newton—EPIC instruments operated in small window mode and had the thin filter applied.
Here, we concentrated on the EPIC-pn data, which have the highest signal-to-noise in the 2-10 keV
band, although the MOS1 and MOS2 were also inspected for consistency. The raw event files were
processed and cleaned using the Science Analysis Software (SAS ver. 20.0.0 [21I]). The EPIC data
were first filtered for high background, which affected only a few ks at the end of the observation. The
resulting net exposure time after correcting for dead time is ~ 83.1 ks. The EPIC-pn source spectrum
was extracted using a circular region with a radius of 30", while for the background we adopted two
circular regions with a radius of 30", respectively. The response matrices and the ancillary response
files at the source position were generated using the SAS tasks ARFGEN and RMFGEN and the latest
calibration available. The EPIC-pn net source count rate in the 0.3-10 keV band is 0.703 £ 0.003
counts s~!. The pn source spectrum was binned to have at least 50 counts in each energy bin.

The Optical Monitor (OM [6]) was operated in Image + Fast mode using all 6 on-board filters
(UVW2, UVM2, UVW1, U, B, and V). We used the OMICHAIN task with default inputs to extract
corrected images for each exposure, from which a single spectral file was created using the OM2PHA
task. The canned OM response matrices are used during spectral ﬁttingﬂ

The Swift X-ray Telescope (XRT [d]) data as listed in Supplementary Table [I| were processed
with v0.13.7 of the XRTPIPELINE to create the lightcurves and spectra. A circular source extraction
region of 20” was used, while for the background an annulus of radii 40” and 130" centered on the
source was adopted. During the monitoring, the background subtracted XRT rates varied from 0.02-
0.22 countss—! over the 0.3-10 keV band. Each XRT pointing was also accompanied by exposures with
the Swift UVOT (Ultra Violet Optical Telescope [22]), which provided photometric measurements in
the V and UVW1 bands.

To check the consistency among detectors, we rebinned and smoothed the Resolve spectrum to
compare it with the Xtend and NuSTAR spectra as shown in Supplementary Figl3] Although it is
plotted as a ratio to the continuum model to mitigate the difference between the effective areas, it
still depends on the spectral resolution. Indeed, there are differences in the 8.1 and 9.2 keV features
located before and after the sharp spectral drops. This is inevitably caused by the difference in spectral

IThe canned OM response matrices are available at: https://www.cosmos.esa.int /web/xmm-newton /om-response-
files.


https://www.cosmos.esa.int/web/xmm-newton/om-response-files
https://www.cosmos.esa.int/web/xmm-newton/om-response-files

ratio

Rest Energy (keV)

Supplementary Fig. 3: Rebinned Resolve spectra in the Fe K band. The black bin is the
Resolve spectrum rebinned with the 120-eV bin width to compare with the Xtend (blue) and NuSTAR
(red) spectra. Green line is the same Resolve spectrum but further smoothed by a Gaussian with a
typical spectral resolution of NuSTAR. These spectra are plotted as ratios to the absorbed power-law
continuum model.

resolution and the redistribution of photon energy in the lower resolution instruments. Except for this
artificial feature, this figure clearly shows that there is no significant difference between the different
instruments.

2 X-ray spectral analysis

2.1 Blind line search

In order to explore the presence line features above the continuum in a wide energy band, we performed
a blind search using an absorbed power-law continuum model and a Gaussian line component, free to
be positive or negative. We explore a line width of 50 eV to search for slightly broadened features.
The line energy is scanned in the range of 4-10keV in the source rest frame, with an energy step of
1eV. At each step, we fitted the model and recorded the statistical improvement to the overall fit (if
present). Such an improvement can be translated using the F-test in statistical confidence levels for
the addition of two more parameters. The background spectrum was incorporated.

The line search assuming a width of 50eV is capable of detecting most of the features above the
continuum, thanks to a combination of intrinsically slightly broadened features and adequate signal-
to-noise. As clearly shown in Supplementary Fig. [ the Resolve spectrum reveals a P-Cygni profile
with emission and absorption in the iron K band. At least five separate absorption lines, spanning
from 8.6 to 9.5 keV in the rest frame, populate the band, resolving spectral features with a broad and
smooth profile when observed by instruments with poor or moderate energy resolution into a forest of
well-separated narrower absorption lines. The same argument applies to the broad emission feature
that spans a width of more than a 2 keV, from about 6 keV up to 8 keV. In both cases, multiple
components are detected with confidence levels exceeding 3o, and surpassing 50 for the two central
absorption peaks.

2.2 Significance of absorption zones

For the broad-band 0.5-40keV spectrum (global fit case), the change in fit statistic is even more marked
than for the Resolve only case, as this simultaneously accounts for the iron K opacity between 810 keV



5k T T T T T ]
B 3 ]
3]
&)
g 1) ]
= YA NVAN
g
2 -1}
wn
g
A -3 1
_5k 4
4 5 6 7 8 9 10

Rest-Frame Line Energy (keV)

Supplementary Fig. 4: Result of a blind Gaussian line scan performed on the XRISM
Resolve observation, plotted in the 4-10 keV range in the PDS 456 rest frame. The scan
with ojine = 50 €V is plotted in blue. The ordinate axis shows the statistical improvement resulting
from the addition of the line. Negative values indicate absorption lines. The gray shading represents
the 30 confidence level.

across all 3 detectors; here the fit statistic decreases from C'/v = 2234.0/1441 to C'/v = 1549.2/1429
upon the addition of all of the Fe K absorbers. For example, even for the addition of the weakest
zone 5 absorber, the statistical improvement is AAIC = —30.1 and ABIC = —19.6, corresponding to
> 99.99% confidence in either case (see Extended Data Table 1). Indeed, all five zones are detected at
> 99.99% confidence versus the full dataset regardless of whether the AIC or BIC values are adopted;
see Table 2. This is visually illustrated in Supplementary Figure [5] where negative residuals in the
iron K band are seen corresponding to zones 4 and 5 across the Resolve, Xtend and NuSTAR data.

Supplementary Figure [5| (lower panel) shows some weak remaining negative residuals in the Resolve
data compared to the above five Fe K zones model. This is most notable between 10.1-10.2keV in
the rest frame. This might suggest the presence of an even higher velocity absorber, at close to —0.4c,
when compared to the expected energy of the resonance absorption due to Fe xxv 1s — 2p at 6.7 keV.
However the addition of a further, faster absorber only improved the fit by AC = 8.0 for Av = 2 in
the Resolve data, which is not significant according to either the AIC or BIC statistics.

2.3 X-ray spectral analysis with different models

Our photoionization absorption results were also independently cross-checked with an alternative
photoionization model XABS in SPEX (v3.08.00 [23]). It adopted the precalculated ionization bal-
ance file through the SPEX task XABSINPUT with an input SED. Then we applied the code used in
Parker et al. [24] to construct a tabulated XABS model in XSPEC, including a variety of parameter grids
that cover the ranges of those generated by XSTAR.

To avoid missing any potential absorbers, we used the codes used in Xu et al. [25] [26] to perform a
systematic grid search over the parameter space upon the baseline model. The baseline model included
an absorbed power-law continuum, an emission line component (mentioned above), and a soft X-ray
absorber. Therefore, we focused on the search for hard X-ray absorbers. We adopted a logarithmic
grid of ionization parameters log& between 1 and 7 with a step of 0.1 and velocities v,y between 0
and —0.4c (i.e., only rest frame or outflowing plasma in absorption). The step of vo, depends on the
choice of turbulence velocity oy, (300, 700, 1500 km/s for oy, = 100, 1000, 5000 km/s). The only
free parameter for XABS is the column density, Ng. The AC—stat was recorded on each grid to reveal
the significance of the absorber detection. We found that the results of different oty,1, are consistent,
and therefore, the one with oy, = 1000km/s is shown in Supplementary Figure @ It clearly reveals
five zones for the potential absorption component within the velocity range between -0.22¢ and -0.33c,
consistent with those discovered by XSTAR (see Extended Data Table 1 ). The parameters of 5-zone
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Supplementary Fig. 5: Modeling of the Fe K band outflows, against the global fit. This
shows the comparison between three, four and five XSTAR velocity components over the iron K band.
The vertical panels show the spectral residuals to the Resolve (black), Xtend (blue) and NuSTAR (red)
data in the iron K band. This highlights the improvement in the fit statistic as successive out-flowing
absorber zones are each added to the model. The fit statistics at each step are marked.

absorbers derived from XABS are also compatible with the results of XSTAR within their uncertainties,
confirming our spectral fitting results.

A further attempt was pursued to individually constrain the ionization and turbulent velocity of
each absorber observed in the Resolve data. To do so, we started from the global fitting model outlined
above and we ignored Xtend and NuSTAR data, since their lower spectral resolution does not allow to
spectroscopically resolve the different wind layers. We also replaced the XSTAR Fe K-shell absorbers
with PHASE [27] components. Given a tabulated set of ionic abundances as a function of the gas
ionization £ and column density Ny, PHASE analytically computes the resulting absorption spectrum
on-the-fly while performing the spectral fitting as a function of its input parameters, i.e. £, Ny, Vsurb, 2
(the red/blue-shift of the observed features). This allows for a great accuracy when dealing with such
high-resolution microcalorimeter data. The fitting model is the same as Eq. 5 in Methods, but using
PHASE components for the Fe K-shell outflowing layers (absg.). Given the limited constraining power
of Resolve in the soft band, we kept the parameters of the soft wind component, both in absorption and
in emission, frozen to the best-fit values of the global fit. We initially left free the Fe K-shell emitter
but, since we obtained values consistent with those in the global fit, we fixed them for simplicity. To
compute the ionic abundances we use the same PDS 456 SED discussed above. The fit was performed
with XSPEC.

As reported in Supplementary Table [2] we get the same number of significant components - 5 - and
a quite similar range of velocities and total Ny. However, there is some dispersion between log ¢ and
Vgurp Of the individual components and, thus, somewhat different Nyg. Supplementary Figure [7] shows
the best-fit model. It can be seen that each component shows different absorption lines. For layers
no. 1, 3, 4, they are Fe Xxv Hea and Fe XxvI Lya: this is due to the higher log ¢ with respect of that
in the global fit (=~ 5.5 vs. 4.9), which leads to comparable Fe xxv and xxv1 abundances. For layers
no. 2, 5, the most abundant Fe ions are instead XXIII, XXIv, XXV (with corresponding columns of 1.3,
2.3, 5.6 x10*" cm~2, respectively). We get a fraction of ~ 10% of unabsorbed power-law continuum,
consistent with the above results.

Supplementary Table |3 reports the main parameters of the different fitting models. We listed
here only the parameters relevant for the determination of the wind clumpiness and energetic. The
differences between models are less than 10%, indicating the systematic uncertainties due to the choice
of model are negligible to those aims. Therefore, we use log(¢/ergs™ cm) = 5, Ny = 10%® ecm~2 per
clump, and vy, = —0.28¢ as fiducial parameters for the discussion.
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Supplementary Fig. 6: Photoionization absorption model scan over the XRISM Resolve
spectra of PDS 456. The color illustrates the statistical improvement after adding an absorption
component with a line width of 1000 km/s. The purple contour corresponds to the 30 confidence level.
Five potential solutions are revealed in the velocity range between —0.22¢ and —0.33c.

Supplementary Table 2: Best-fit values of the PHASE fit to the Resolve data in the
2.2-9.5 keV band. Errors are reported at 90% c.l.

Power-law T norm (abs.)? norm (unabs.)?
23+£0.1 (3.4£0.8)x107° (2.677%)x107*
PHASE log £° log N obs® log NH,corr© Vous (€) Vewb (km s 1) AC/Av®
Layer 1 55702 22.8+0.2 23.0 £ 0.2 0.226 £0.001 14897577 35.8/4
Layer 2 4.6 £0.2 225102 227102 0.253 £0.001 < 61 20.5/4
Layer 3 5.8£0.2 23.2 £ 0.2 23.4 £ 0.2 0.278 £+0.003 288911956 35.0/4
Layer 4 55404 22,6105 22,9193 0.301 +0.002 1632711933 39.0/4
+0.4 +0.2 +0.2
Layer 5 45705 223702 226702 0.333 £0.001 < 1376 37.2/4
Total 23.5 23.7 167.5/20

@ normalisation in units of photons keV~! cm™2 57! at 1 keV.

b Jonization parameter in units of erg cm s~1. ¢ Observed column density in units of cm™2.
d Intrinsic column density in units of cm~2 (i.e., corrected for the relativistic effects).

¢ The change in the fit statistics and degrees of freedom upon the addition of each zone to the model.

Supplementary Table 3: Summary of parameters among different models.

Models Number of zones Mean log&® Total Ny Corrb Mean Ny corrb Mean vout
(x10%? cm™?) (x102?2 cm™?) (c)
XSTAR/XABS 5 4.9070-12 47.97572 9.6712 —0.28075°9%1
+0.14 +1.8 +3.6 +0.019
PHASE 5 5.1810-1 52,1418 104756 —0.278+0019

@ Jonization parameter in units of ergcms™!.

b The column density, Ny, corrected for relativistic effects.
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Supplementary Fig. 7: The PHASE best-fit model to the Resolve data in the 6.75-8.5 keV
band. For each panel, black line reports the best fit, while the colored line outlines the contribution
of each component (Layer 1 to 5 from top to bottom). Data and background are reported with grey
and lightblue points, respectively.
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3 Systematics of the mass outflow rate estimation

We estimated the mass outflow rate in the following steps:

1. From observed column density Ng = nd and ionization parameter & = Lo, /nR?, derive the
relation between the size dejymp and radial distance R of clumps as R = \/Lion/({§Nn) dl/2

clump

2. Using the constraints of R 2 200R; and deiump S 16Rg, determine the clump size dejump and
location R

3. From dciump, R, and geometrical multiplicity parameter M, estimate volume filling factor f,o =
AM (detump/2)/ R

4. Estimate mass outflow rate M, = 4x Foov feolnR? HMpUout

Using the nominal fitting results, we obtain the mass outflow rate of My, ~ 60-170 Mg yr— L.

To assess the impact of assuming common ionization parameters among different velocity zones on
the mass outflow rate estimation, we estimate the mass outflow rates of each zone based on fitting
results without linking ionization parameters among zones. Since the estimation is for each zone,
we use the multiplicity M = 1 and adopt the values of ionization parameters &, corrected column
density Ny, and outflow velocity veyt from Supplementary Table [2l As a result, the lower bounds of
mass outflow rates of each zone are estimated to be 5-30 My yr~!, and upper bounds are to be 16—
46 Mg yr—!. The total mass outflow rate for all zones is 60-140 My yr—!. Therefore, it is consistent
with the estimate assuming common ionization parameters.

There is another potential systematic effect of adopting the SED model of the flaring phase. We
fitted the spectra using the absorption and emission model generated with the flaring SED, where the
de-boosted ionizing luminosity is a slightly smaller value of Li,, = 1.8 x 106 erg s=!. This gives a
smaller best-fit ionization parameter of log ¢ = 4.55, increasing Lion /¢ (= nR?) by a factor of 3. This
simply increases the mass outflow rate by a factor of 3, but also inversely decreases the volume filling
factor by decreasing the geometrical ratio of dejymp/R. Eventually, we obtain the mass outflow rate of
60-300 My yr—1.

The covering factor could also affect the absorption line parameters, and eventually the mass
outflow rate. In the current model, the covering factors of low ionization and high ionization absorbers
are kept the same (see Eq. 5 in Methods), and it is basically determined by the curvature of the
continuum made by the low ionization absorber. In general, the high ionization absorbers can have
a different covering factor from the low ionization absorber. The upper limit of the covering factor
would be similar to the current best fit because it is very close to the full covering (f = 0.91). On
the other hand, the covering factor’s lower limit would be ~ 0.6 from the absorption lines’ depth. To
investigate this extreme case, we fitted 6.5-8.8 keV Resolve spectrum, by fixing the covering factor at
0.6. The parameters for Fe-K absorbers and total continuum flux were allowed to be free, and all the
other parameters were fixed at their best fit values. This fitting provided a slightly larger ionization
parameter of log& = 5.3 and corrected column densities of 2.2-4.2 x 10?3 cm ™2, which is more than
a factor of 3 larger than the nominal analysis. It largely increases the geometrical ratio deiump/R,
proportionally increasing the volume filling factor. It also decreases the upper limit of radial distance
R and increases the lower limit of clump size deiump. Therefore, the resultant mass outflow rate is
200-220 M yr—t.

As a summary, considering all above systematics, the mass outflow rate is 60-300 My yr—!. Com-
pared with the nominal estimation of the mass outflow rate My, ~ 60-170 Mg, yr~ 1, the lower limit is
the same but the upper limit is slightly larger by less than a factor of 2. Although we considered very
extreme conditions in the above discussions, the resultant mass outflow rates are largely consistent.
Therefore, this discussion strongly demonstrate the robustness of our estimation of mass outflow rate.

4 Comparison with previous X-ray observations of PDS 456
A summary of past X-ray observations of PDS 456 is presented in Supplementary Table[d] The column

density of the wind was found to be approximately (1-8) x 10?3 cm~2, while the outflow velocity was
observed to be between 0.24c and 0.34c. Although the ionization parameters were also provided in the
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literature, they are omitted from Supplementary Table [] because they are difficult to compare due to
their high dependency on the assumed ionizing spectral energy distribution.

The XRISM observation represents a significant advancement, as it is the first to resolve the narrow
multiple absorption lines, in contrast to the previous observations, where they were seen as the single
broad absorption line. Nonetheless, the total column density and mean outflow velocity of the XRISM
observation (see Extended Data Table 1 ) are fully consistent with those of the previous observations.

Concerning the mass outflow rate, significant advances have been made by understanding the
geometry of the wind, which is essential for estimating the total mass of the wind. Nardini et al. [2§]
first revealed that the wind in PDS 456 is a wide-angle flow by detecting the broad emission line
from the wind. This work further revealed the internal geometry of the wind by resolving the multi-
velocity absorption structure. This detailed geometry allowed us to estimate the mass outflow rate
more accurately. Eventually, we obtained a significantly larger mass outflow rate than the previous
estimates.

The main difference in mass outflow rate estimation from Nardini et al. [28] is understood as the
difference in the radial thickness of the wind material. Both of these works consider a formula like
M,

Mw:4 ov.Jvo R2 out = R) = .
7ch f 17 HMpUout n( ) 47T'fcovfvolRQMT’/LPUOUt

(1)
Using this formula, the column density can be expressed as

R R . .
out out M M 1 1

N:/ nR’dR/z/ ud dR = hd (— ) 2

f Rin ( ) Rin 47chovaolR/2,ump'Uout 47ch<:ov.fvol,UdTan'Uout Riy Rout ( )

In this equation, Nardini et al. assumed R,y ~ 00, so the column density Ny and mass outflow rate
cot M, become

M,

Ny =
47chov fvolRin,umpvout

= Mw = 47chovaolNHRianpvout~ (3)

On the other hand, we assumed Roy; = Rin + delump and our estimate indicates dejymp < Rin, S0 we
obtain

MW dclump y Rin

Ny = = My =4 NuRnppmpvous X
H 47chovaolRin,Umonut Rin w ﬂ_fcovaol HUin WM pUout

(4)

dclump

Thus, our estimate can be larger than that in Nardini et al. by a factor of Rin/dciump = 40-100, with
a suppression by the assumption of f,, = 1 in Nardini et al.
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