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Abstract

We analyze the absorption features in the public 73 ks XMM-Newton spectra of the Seyfert 1 galaxy PG 0052
+251. Our analysis reveals the presence of a warm absorber (WA) intrinsic to the source and the hot
circumgalactic medium at zero redshift. The identi9ed WA is inDowing toward the central black hole, with a
velocity shift of +

1178 171

156 km s−1. The ionization parameter of the WA is ( )/ =
+log erg cm s 1.141
0.19
0.17,

showing strong O II and O III absorption lines, along with a signi9cant absorption of the spectral continuum at
≳10Å. The line of sight toward PG 0052+251 intersects the halo of M31 at an impact parameter of
approximately 218 kpc. Several local (z ∼ 0) absorption lines, like O VII, O VIII, and Ne IX, were detected. The
derived hydrogen column density of the local hot gas is 2.2–2.6σ higher than those estimated by several models of
the Galactic hot halo, suggesting a likely contribution from the M31 halo. We also 9nd two absorption features at
24.305Å and 21.410Å, which are unlikely to be associated with the hot halos or the warm-hot intergalactic
medium but imply the presence of an additional WA component with an outDow velocity of approximately
−7000 km s−1.

Key words: (galaxies:) quasars: individual (PG 0052+251) – (galaxies:) quasars: absorption lines – galaxies:
halos – galaxies: individual (M31) – X-rays: galaxies

1. Introduction

Observing absorption features in the spectra of bright active
galactic nuclei (AGNs) is an effective method for probing the
properties of intervening gas between the light source and the
observer. Around 50%–65% of nearby Seyfert galaxies exhibit
intrinsic photoionized absorption lines in their soft X-ray
spectra (e.g., Winter et al. 2012; Tombesi et al. 2013; Laha
et al. 2014). These absorption lines mainly arise from warm
absorbers (WAs) intrinsic to the AGNs. The WAs are usually
outDowing gas with velocities of ≲2000 km s−1 (Laha et al.
2021) but also appear as inDowing gas in a few cases (e.g.,
Ebrero et al. 2011; Sanfrutos et al. 2018). The energies carried
by WAs are typically inadequate to generate signi9cant
feedback to the host galaxies (e.g., Blustin et al. 2005; Ebrero
et al. 2011; Zhou et al. 2024). However, the presence of WAs
impacts the environment surrounding the central black holes
(BHs) and plays a role in regulating their evolution.
Absorption features in AGN spectra may also be associated

with ionized gas outside the host galaxies. In the soft X-ray
band, this technique has been frequently employed to study the
warm-hot intergalactic medium (e.g., Nicastro et al. 2005;

Fang et al. 2010; Bonamente et al. 2016; Nicastro et al. 2018;
Kovács et al. 2019) and the hot circumgalactic medium (CGM)

in the Milky Way (MW, e.g., Bregman & Lloyd-Davies 2007;
Yao & Wang 2007; Fang et al. 2015; Nicastro et al. 2016).
Recently, the hot CGM in external L* galaxies has been
robustly detected (≳4σ) via X-ray absorption at approximately
0.5–0.6 Rvir (Mathur et al. 2023; Nicastro et al. 2023), where
Rvir is the virial radius. Absorption is the preferred method as
detecting the hot CGM at ≳0.2 Rvir is challenging using the
X-ray emission (e.g., Anderson et al. 2016; Bogdán et al. 2017;
Comparat et al. 2022) and the thermal Sunyaev–Zel’dovich
effect (tSZ effect, e.g., Bogdán et al. 2017; Singh et al. 2018;
Bregman et al. 2022). However, due to the rarity of X-ray
bright AGNs, 9nding an X-ray bright AGN behind a
foreground galactic halo remains dif9cult (Mathur et al.
2021, 2023; Nicastro et al. 2023).
PG 0052+251 is a Seyfert 1 galaxy at a redshift of

z ∼ 0.1545. It was included in the sample compiled by Matzeu
et al. (2023), which aimed to identify ultra-fast outDows
(UFOs). Instead of detecting a UFO, a WA component was
discovered as a byproduct in their analysis of the XMM-
Newton/EPIC (European Photon Imaging Camera) spectra of
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PG 0052+251. This WA component has an ionization state8 of
( )/ =

+log erg cm s 1.11
0.4
0.5. Due to the limited spectral

resolution of the CCD cameras, the authors were unable to
constrain the velocity of the discovered WA. Additionally, the
line of sight (LOS) of PG 0052+251 intersects the hot halo of
M31 at an impact parameter of Rimp = 218 kpc, offering a
unique opportunity to study the hot CGM in M31 at a large
radius via absorption.
In this paper, we analyze the public XMM-Newton spectra

of PG 0052+251, aiming to probe the properties of the
intrinsic WA and the hot CGM in M31 along the LOS. This
paper is organized as follows. Sections 2 and 3 describe the
data reduction and spectral analysis procedures, respectively.
Through the analysis, we con9rm the presence of the WA
previously discovered by Matzeu et al. (2023) in the high-
resolution RGS (ReDection Grating Spectrometer, den Herder
et al. 2001) spectra and 9nd that the WA is inDowing into the
central black hole. In Section 4, we discuss the basic properties
of the identi9ed WA and present a potential signal from the hot
CGM in M31. Throughout the paper, we adopt a virial radius
of 260 kpc (Klypin et al. 2002; Beordo et al. 2024) and 300 kpc
(van der Marel et al. 2012) for the MW and M31, respectively.
The distance between the MW and M31 is assumed
to be 780 kpc (Diaz et al. 2014; KaDe et al. 2018). All
calculations are performed using a Dat ΛCDM model, with
H0 = 70 km s−1Mpc−1, ΩΛ = 0.70, and ΩM = 0.30.

2. Data Reduction

PG 0052+251 was observed by XMM-Newton in 2005 and
2019, with a total exposure of 73 ks (Table 1). We adopted the
RGS spectra from both observations to analyze the narrow
absorption lines originating from the WA and the hot galactic
halos at z ∼ 0 (i.e., halos of the MW and M31). The raw data
were reduced by the standard task rgsproc included in the
Science Analysis Software (SAS), version 21.0.0.9 We
generated the CCD9 light curves of both RGS units and
applied 3σ clipping using the Chandra Interactive Analysis of
Observations (CIAO10) tool de#are to remove time intervals
affected by soft Dares (Mao et al. 2023). This step resulted in a
total net exposure of 61.6 ks. Both the 9rst- and second-order
RGS spectra are adopted to enhance the statistic.
The EPIC-pn (Strüder et al. 2001) spectra were also

extracted to extend the 9tted energy band. This allows a more
accurate constraint on the AGN continuum for a detailed
analysis of spectral features. The EPIC-pn spectra were
reduced using the SAS task epproc. Bad pixels were excluded

by setting “FLAG = = 0,” and the single and double events
were selected (“PATTER < = 4”) since the observations were
not affected by the pile-up effect. A 40″ circular region
centered on the target was chosen to extract the source
spectrum, and another 40″ source-free region on the same chip
was used for the background. The 10–12 keV light curve was
employed to determine the good time intervals using 3σ
clipping. The net exposure for the EPIC-pn spectra is 35.9 ks.
In comparing the two observations, the source maintains a

consistent X-ray spectral shape, with its Dux (0.3–10 keV)

varying by only ∼10%. Therefore, we combined the spectra of
the two observations for consequent analysis. We used the
SAS tool rgscombine to combine the RGS spectra of each
order, while the EPIC-pn spectra were combined using the tool
epicspeccombine. To ensure an accurate analysis across
different instruments and spectral orders, we cross-calibrated
the RGS and EPIC-pn spectra to align their Duxes at a common
wavelength band. The 7–8Å spectral range was selected for
this calibration, where no prominent spectral feature was
observed. The RGS and EPIC-pn spectra were simultaneously
9tted by power laws, using a linked spectral index, to
determine the Dux difference. We established the Dux
reference using the EPIC-pn spectrum, and the RGS 9rst-
and second-order spectra were rescaled by a factor of 1.055
and 1.028, respectively.

3. Spectral Analysis

In this section, we analyze the absorption lines associated
with the WA and the hot galactic halos at z ∼ 0. Spectral
analysis was conducted using the SPEX package v3.08.00
(Kaastra et al. 1996; Kaastra et al. 2024), with state-of-the-art
electron impact excitation data for hydrogen- and helium-like
ions (Mao et al. 2022). The solar abundance table from
Lodders et al. (2009) was adopted throughout the analysis
unless otherwise mentioned. We rebinned the RGS spectra by
a factor of three to avoid oversampling the data. The EPIC-pn
spectrum was optimally rebinned using the SPEX command

Table 1
XMM-Newton Observation Log

obs. ID Time Expo.
Net

Expo. (RGS)

Net
Expo. (pn) Rates

(ks) (ks) (ks) (ph s−1)
(1) (2) (3) (4) (5) (6)

0301450401 2005 20.5 17.3 13.0 4.11
0841480101 2019 52.6 44.3 22.9 3.76

Total ... 73.1 61.6 35.9 ...

Notes. Columns (1) and (2) are the observational ID and time. Column (3)

shows the duration of the observation. Columns (4)–(5) list the net exposures
of RGS and EPIC-pn after 9ltering soft-Dare events. Column (6) is the
0.3–10 keV count rates of EPIC-pn.

8 The ionization parameter is de9ned as ξ = Lion/nHr
2, where Lion is the

ionizing luminosity of the central source at 1–1000 Ryd, nH is the plasma
density, and r is the distance between the ionizing source and the photoionized
plasma.
9 See https://xmm.esa.int/sas/.
10 See https://cxc.cfa.harvard.edu.
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obin (Kaastra & Bleeker 2016). The best-9t results were
derived by minimizing the C-statistic (Kaastra 2017). The
uncertainties of the 9tting parameters are determined using the
error command in SPEX. Throughout the paper, we report the
uncertainties and upper limits at the 1σ and 3σ signi9cance
levels, respectively.

3.1. Gaussian Line Fitting

In the 9rst step, we adopt the Gaussian absorption pro9le
(i.e., the Voigt pro9le model, line, in SPEX by setting the
Lorentzian broadening to zero), searching for absorption lines
originated from the WA and the local (z ∼ 0) hot CGM. We
restrict the analysis to the spectral range below 30Å, as the
source Dux and the instrumental effective area rapidly decrease
above this range. The WA discovered by Matzeu et al. (2023)

has an ionization parameter of ( )/ =
+log erg cm s 1.11
0.4
0.5.

At this ionization state, the most prominent absorption features
are inner-shell O II and O III lines at 23.351Å (Juett et al.
2004) and 23.065Å (Gu et al. 2005), respectively, as predicted
by the photoionization code pion in SPEX (Miller &
Bregman 2015; Mehdipour et al. 2016; Mao et al. 2018). If
the O II and O III lines originate from the AGN, their
wavelengths will be redshifted to 26.959Å and 26.629Å in
the observed spectra. As for the hot CGM, we focused the
analysis on the transitions of Ne IX Heα (13.447Å), O VII Heβ
(18.629Å), O VIII Lyα (18.969Å), O VII Heα (21.602Å), and
N VII Lyα (24.781Å). These ions are good tracers for hot gas
with a temperature of a few million Kelvins (see, e.g.,
Bregman et al. 2015). The same transitions from the MW and
M31 are overlapped in the RGS spectrum due to insuf9cient

spectral resolution. Instead of separating the blended lines, we
9tted each of them using a single Gaussian pro9le for the LOS
total hot-gas absorption.
We adopted a 1–1.5Å range segmental spectrum of RGS for

each absorption feature, centering the line of interest within the
segments. At λ ≳ 25Å, a pronounced O VII emission bump
intrinsic to the AGN affects the continuum modeling. Therefore,
we used the 24.0–25.0Å segment for analyzing the N VII Lyα
line. The spectral continuum was modeled using a power law
absorbed by the Galactic cold gas (pow*absm), with the Galactic
hydrogen column density 9xed at 3.96 × 1020 cm−2 (HI4PI
Collaboration et al. 2016). For the local lines, we constrained
the velocity shift within ±1000 km s−1, corresponding to the
RGS resolution at the lines of interest. The velocity shift for the
WA features was constrained within ±2000 km s−1. Line
broadening was set within 20–600 km s−1, which is adequate
to explore all plausible solutions.
The best-9t line properties are listed in Table 2. The

uncertainty of equivalent width (EW), which is not a 9tting
parameter, was estimated by running 1000 Monte Carlo
simulations (Appendix). The local O VII Heα and Heβ lines
are insigni9cant, with the estimated EW uncertainties larger
than their best-9t values. Hence, we provide their 3σ upper
limits of EW based on the spectral quality (Fang et al. 2005).
Figure 1 shows the best-9t segmental spectra, with additionally
rebinned data for display purposes. The Ne IX line was
analyzed through joint 9tting of the 9rst- and second-order
RGS spectra. We combine the two-order spectra using the
SPEX tool rgs#uxcombine (Kaastra et al. 2011) and display the
combined spectrum for plotting purposes.

Table 2
Result of Gaussian Line Fitting

Name λ0 λobs Origin vshift FWHM EW ΔCstat
(Å) (Å) (km s−1) (km s−1) (mÅ)

(1) (2) (3) (4) (5) (6) (7) (8)

Ne IX Heα 13.447 +
13.432 0.013

0.017 Local +
334 291

383 +
159 122

441 30.1 ± 13.4 3.3

O VII Heβ 18.629 +
18.652 0.045

0.039 Local +
371 724

629 +
49 29

275 <25 0.6

O VIII Lyα 18.969 +
19.007 0.030

0.026 Local +
602 480

409 +
192 127

231 26.2 ± 14.7 2.2

O VII Heα 21.602 +
21.588 0.030

0.050 Local +
194 415

689 +
120 100

149 <41 1.2

O VIII Lyα (
*
) 18.969 +

21.410 0.030

0.021 Unknown +
6704 411

287
(
*
) +

214 143

287 43.6 ± 29.4 2.3

O VII Heα (
*
) 21.602 +

24.305 0.013

0.017 Unknown +
7627 156

204 (
*
) +

252 113

348 76.6 ± 18.3 12.4

N VII Lyα 24.781 +
24.734 0.013

0.030 Local +
569 109

367 +
142 108

458 43.4 ± 20.9 2.5

O III 23.065 +
26.692 0.013

0.022 AGN +
705 134

256 +
244 113

356 58.6 ± 20.5 7.2

O II 23.351 +
27.051 0.020

0.027 AGN +
1023 218

301 +
179 100

421 45.1 ± 20.1 4.3

Notes. Columns (1) and (2) display the names of the lines and their rest wavelengths. Column (3) shows the observed wavelengths of the lines. Column (4) labels the
line origin. Column (5) shows the velocity shift of the detected line. Positive velocities indicate that the absorbers are approaching us, while negative velocities
suggest that they are moving away. Columns (6) and (7) list the best-9t full width at half maxima (FWHM) and EW. Column (8) is the improvement on Cstat while
modeling the line. (

*
) The nature of the two lines is unknown. The velocity is calculated assuming the two lines as the O VII Heα and O VIII Lyα lines associated

with the AGN. If they are intervening O VII Heα and O VIII Lyα lines, the corresponding redshifts are +
z 0.1251 0.006

0.008 and +
z 0.1287 0.011

0.016, respectively.
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In addition to the expected WA and CGM lines, we
discovered a prominent absorption feature at 24.305Å, with an
EW of 76.6 ± 18.3 mÅ. A less signi9cant feature is observed
at 21.410Å, with an EW of 43.6 ± 29.4 mÅ. While the precise
nature of these two lines remains uncertain, they are likely the
O VII Heα and O VIII Lyα lines associated with the AGN with
an outDow velocity of approximately −7000 km s−1 (see
Section 4.2). If the lines instead originate from an intervening
hot-gas structure (e.g., galactic halo, Mathur et al. 2023;
Nicastro et al. 2023; warm-hot intergalactic medium, Fang
et al. 2010; Nicastro et al. 2018, 2022), the redshift of the
absorbing system would be around z ∼ 0.125.

3.2. Analysis Using Plasma Models

To estimate the plasma properties more accurately, we
adopted the pion and hot (de Plaa et al. 2004; Steenbrugge
et al. 2005) models in SPEX to analyze the gas absorption
from the WA and the local hot CGM, respectively. The two
models account for both absorption lines and edges produced
by an intervening plasma in photoionization equilibrium (pion)

and collisional ionization equilibrium (CIE, hot), respectively.
We jointly analyzed the ∼1–38Å spectra of EPIC-pn and

both orders of RGS. The spectral continuum was 9tted using a
power law (pow), a Comptonized component for the soft
excess (comt), and a neutral reDection component (reD) for the
6.4 keV (AGN frame) Fe K emission feature (e.g., D’Am-
mando et al. 2008). Exponential cut-offs were applied to the
power law. The high-energy cut-off of the target cannot be
constrained in previous studies, but only a lower limit of
>137 keV was presented (Ricci et al. 2017; Pal et al. 2023).

Therefore, we adopted a large value of 300 keV to the high-
energy cut-off. The low-energy cut-off was set to 13.6 eV. We
9xed the plasma temperature (kT1) of comt at 0.28 keV
according to the analysis of Williams et al. (2018). The
ionizing continuum of the reD component was coupled with
the power law. We adopted a hot component to model the
Galactic neutral gas absorption, 9xing the LOS hydrogen
column at 3.96 × 1020 cm−2 (HI4PI Collaboration et al. 2016).
The temperature of the Galactic neutral gas cannot be
constrained by 9tting the X-ray data of PG 0052+251.
Consequently, we examined the HI4PI spectrum11 for gas
temperature. Assuming that the broadening of the observed H I
21 cm lines is purely due to the thermal broadening, we
calculated the average gas temperature using the column
density of H I as the weight. This calculation resulted in an
average temperature of approximately 3200 K (0.28 eV) for
the LOS neutral gas, which was subsequently used in our
X-ray continuum modeling. The other parameters were 9xed at
default values. The continuum modeling resulted in a 9tting
statistic of Cstat/DoF = 2279.8/1850, where DoF is the degree
of freedom.
A pronounced emission feature can be observed at ∼25Å

(Figure 2), attributed to the O VII triplet of a warm emitter
(WE) intrinsic to the AGN (e.g., Porquet & Dubau 2000;
Porquet et al. 2010). This feature consists of three lines,
including the resonance line at a rest wavelength of 21.602Å,
the intercombination line at 21.803Å, and the forbidden line at
22.101Å. These lines are unresolved in the spectrum and

Figure 1. Best-9t segmental spectra of PG 0052+251 by Gaussian line analysis. The black curve is the observed data, with the 1σ uncertainty shown in the purple
bars. The red curve is the best-9t model. The data are additionally rebinned for display purposes. The absorption features near 13.1 and 21.8 Å are instrumental
features of RGS.

11 See https://www.astro.uni-bonn.de/hisurvey/AllSky_gauss/index.php.
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appear as a single pro9le. We modeled this feature by applying
three Gaussian emission pro9les (gaus). The broadening of the
lines was coupled since they originate from the same warm-
emitting plasma. The velocity shift of the lines was 9xed at
zero, as the WE usually shows a fairly low speed (see, e.g.,
Mao et al. 2018, 2019b; Grafton-Waters et al. 2020). The
intensity ratios between the triplet lines are good diagnostics of
the plasma density, temperature, and ionizing mechanism (e.g.,
Gabriel & Jordan 1969; Porquet & Dubau 2000; Porquet et al.
2010; Mao et al. 2019a). In our modeling, we adopted ratios of
G = ( f + i)/r = 4 and R = f/i = 2, which link the intensities
of the three lines under the assumption that the WE is purely
photoionized with a typical density of 3 × 1010 cm−3 (e.g.,
Morales et al. 2002; Porquet et al. 2010). In the equations,
r, i, and f are the intensities of the resonance, intercombina-
tion, and forbidden lines, respectively. Incorporating the WE
improved the 9tting by ΔCstat = 23.6 using two addi-
tional DoFs.
We adopted a photoionization component, pion, to model

the WA features (e.g., Mao et al. 2017, 2019b; Wang et al.
2022). Following Matzeu et al. (2023), we 9xed the turbulence
velocity of pion at 100 km s−1 but 9t the gas column density,
ionization parameter, and velocity shift. The initial guess for
the velocity shift of the WA component was set at 1000 km s−1

according to the result of Gaussian line analysis (Table 2). The
other parameters of pion were set at default. An additional hot
component was introduced to model the hot-CGM features at
z ∼ 0. To compare with previous results, we 9xed the metal
abundance at the commonly adopted value of 0.3 Z⊙ (e.g.,

Miller & Bregman 2015; Li & Bregman 2017; Kaaret et al.
2020; Locatelli et al. 2024) and 9t the column density,
temperature, velocity shift, and broadening. Adding the
two absorption components improved the 9tting by
ΔCstat/ΔDof = 16.5/7 (10.1/3 for the WA and 6.4/4 for
the hot galactic halos). Our 9nal model yielded a 9tting
statistic of Cstat/Dof = 2239.7/1841. The best-9t spectra and
the corresponding model parameters are presented in Figure 2
and Table 3, respectively. In Table 4, we show the EWs of the
hot CGM features obtained by the best-9t CIE (i.e., hot)
model. The uncertainties in the EWs from the CIE modeling
were derived using 2000 Monte Carlo simulations (Appendix).

4. Discussion

4.1. Properties of the Identi4ed Warm Absorber

Through plasma model 9tting, we identi9ed a WA component
in the RGS spectrum of PG 0052+251, with an ionization
parameter of ( )/ =

+log erg cm s 1.141
0.19
0.17. This component

severely absorbs the spectral continuum at λ > 10Å (Figure 2).
The primary line features of this WA component are the O II and
O III lines observed at ∼26.5–27Å. Additionally, the best-9t
model predicts the presence of N II and N III lines at
approximately 35.5–36Å. In Matzeu et al. (2023), a similar
WA component was detected in the EPIC spectra of PG 0052
+251, with an ionization parameter of ( )/ =log erg cm s 1

+
1.1 0.4

0.5. The intrinsic continuum model used in their analysis is
pow + zbbody + zbbody in XSPEC. Applying their best-9t
continuum and using the Dux command in XSPEC, we obtained a

Figure 2. Best-9t spectra using plasma models. The top panel shows the model decomposition of the absorption components. The red solid, orange dashed, and gray
dotted lines represent the contributions from the galactic hot halos at z ∼ 0, the WA intrinsic to the AGN, and the Galactic neutral gas absorption, respectively. The
black curve and purple bars in the bottom panel are the observed data and the corresponding 1σ errors. The best-9t model is shown as the red curve. For clarity, we
additionally rebinned the data and displayed only the EPIC-pn and 9rst-order RGS spectra. The prominent line features are labeled by the vertical lines, with the WA
and galactic hot-halo lines highlighted in orange and red, respectively.
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1–1000 Ryd luminosity of Lion = 1.6 × 1045 erg s−1, which is
identical to the ionizing luminosity derived from our spectral
modeling. The consistent ionizing luminosity and ionization
parameter indicate that the WA identi9ed in both studies
corresponds to the same physical component. Unlike Matzeu
et al. (2023), who 9xed the WA velocity at zero, the high spectral
resolution of RGS allows us to constrain the LOS velocity of the
WA. The best-9t velocity is =

+
v 1178shift 171

156 km s−1, indicating
that the WA component is inDowing toward the central BH.

4.2. Potential WA Features in the RGS Spectrum

WAs usually consist of multiple components (e.g., Laha
et al. 2014). We did observe other potential absorption features
in the RGS spectrum, such as the lines at 24.305Å with
EW = 76.6 ± 18.3 mÅ (4.2σ) and at 21.410Å with
EW = 43.6 ± 29.4 mÅ (1.5σ). However, our attempts to
detect another WA component using pion were unsuccessful,
which may be due to the features being overwhelmed by noise
in the spectrum.

Table 3
Best-9t Parameters by the Plasma Model Fitting

Comp. Par. Val. Comp. Par. Val.
(1) (2) (3) (1) (2) (3)

# Intrinsic SED # Warm absorber

pow norm (1053 ph s−1 keV−1) +
1.22 0.03

0.03 pion NH (1020cm−2) +
2.29 0.94

1.17

pow Γ +
1.84 0.02

0.02 pion log (erg cm s−1) +
1.14 0.19

0.17

comt norm (1054 ph s−1 keV−1) +
4.87 1.22

8.76 pion vshift (km s−1) +
1178 171

156

comt kT0 (eV) +
56.1 28.5

10.3 pion vmic (km s−1) 100 (f)

comt kT1 (keV) 0.28 (f) # Warm emitter

comt τ +
13.85 0.52

0.54 gaus normf (1051 ph s−1) +
2.51 0.62

0.75

reD norm (1053 ph s−1 keV−1) =norm (pow) gaus normi (1051 ph s−1) =(1/2)normf

reD Γ =Γ (pow) gaus normr (1051 ph s−1) =(3/8)normf

reD scal +
0.469 0.100

0.108 gaus λf (Å) 22.101 (f)

# Galactic neutral gas gaus λi (Å) 22.803 (f)

hot NH (1020 cm−2) 3.96 (f) gaus λr (Å) 22.602 (f)
hot kT (eV) 0.28 (f) gaus FWHMf (Å) +

0.606 0.244

0.383

# Hot galactic halos at z ∼ 0 gaus FWHMi (Å) =FWHMf

hot NH (1020cm−2) +
4.05 2.21

3.59 gaus FWHMr (Å) =FWHMf

hot kT (eV) +
0.179 0.036

0.079 # Fitting Statistic

hot vshift (km s−1) +
111 249

414 Cstat/DoF 2239.7/1841
hot vbroad (km s−1) +

123 75

322

Table 4
Comparing the LOS Total Hot-gas Absorption to the MW Foreground

Method NH
EW (mÅ)

(1020 cm−2) (Ne IX Heα) (O VII Heβ) (O VIII Lyα) (O VII Heα) (N VII Lyα)

(1) (2) (3) (4) (5) (6) (7)

Gaussian lines ... 30.1 ± 13.4 <25 26.2 ± 14.7 <41 43.4 ± 20.9
Plasma model +

4.05 2.21

3.59 11.8 ± 5.0 10.6 ± 7.4 12.3 ± 5.7 33.5 ± 24.2 <11.3

MW foreground 0.63–1.33 2.0–3.8 2.4–6.3 2.1–7.3 11.8–19.2 1.3–2.2

Notes. Column (1) is the applied method, with the 9rst two rows showing the XMM-Newton 9tting results of PG 0052+251 by Gaussian-line and CIE modeling,
respectively. The third row is the prediction by the recent MW studies. Column (2) is the derived hydrogen column density for the hot CGM. Columns (3)–(7) are
the EWs of the interested lines.
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Regarding the features at 24.305 and 21.410Å as the O VII
Heα and O VIII Lyα lines associated with the AGN, we
derived similar outDow velocities of +

7627 156

204 km s−1 and
+

6704 411

287 km s−1, respectively. The derived magnitudes of
outDow velocities fall outside the typical range observed for
WA (≲2000 km s−1, e.g., Laha et al. 2021). However, WAs
with outDow velocities with magnitudes between
2000 and 10,000 km s−1 have also been reported previously
(e.g., 4000–6000 km s−1 in Mrk 335, Longinotti et al. 2013;
approximately 5500 km s−1 in NGC 6814, Gallo et al. 2021).
Therefore, an AGN origin of the two lines is still plausible.
Additionally, we have noticed that the typical EW of the O VII
Heα line originating from the intervening hot-gas structures is
≲15 mÅ (e.g., Bregman et al. 2015; Nicastro et al. 2022).
According to the prediction of the cosmological simulation by
Cen & Ostriker (2006), the probability of detecting an
intervening O VII absorber with an EW of 75 mÅ along an
LOS with z ∼ 0.1545 is p ∼ 3.5 × 10−13 (see Bregman et al.
2015 for the details). This extremely low probability makes an
intervening origin highly unlikely.
We also observed an edge-like absorption feature at around

17.5Å (see Figure 2). Modeling this feature in the RGS spectra
with a Gaussian pro9le improved the 9tting by
ΔCstat/DoF = 20.1/3. The unresolved transition array
(UTA) of Fe M-shell ions is known to produce edge-like
absorption features at around 15–20Å in the spectra of Seyfert
galaxies (e.g., Sako et al. 2001). However, explaining this
feature with UTA resulted in an unlikely outDow velocity of
approximately −30,000 km s−1. Overall, additional WA fea-
tures are implied in the public RGS spectra of PG 0052+251,
which may be resolved with future observations.

4.3. Potential Absorption from the Hot CGM in M31

Through the CIE model 9tting, we obtained an LOS total
hot gas absorption of = ×

+
N 4.05 10H 2.21

3.59 20 cm−2 at z ∼ 0.
To assess whether the hot CGM in M31 contributes to the
observed absorption, we calculated the average MW contrib-
ution along the LOS of PG 0052+251 based on studies of the
density pro9le of the Galactic hot halo. We selected the most
recent and representative models (Li & Bregman 2017;
Troitsky 2017; Kaaret et al. 2020; Martynenko 2022; Locatelli
et al. 2024) obtained by analyzing all-sky data of the MW,
with results reDecting the average properties of the Galactic
hot halo. In addition to the hot halo, the models of Li &
Bregman (2017), Kaaret et al. (2020), and Locatelli et al.
(2024) contain a disk-shaped hot corona, which was also
considered while calculating the MW contribution. Using the
selected pro9les, we integrated the hydrogen density from the
observer to the virial radius to estimate the MW contribution
of the hot-gas column density against the LOS. The derived
hydrogen column density was later converted to the EWs of
the hot CGM lines of interest using the curve-of-growth

technique. Here, we adopted a Doppler-b parameter of
100 km s−1 for calculating the EW, which is the average
Doppler-b value of the Galactic O VII absorption lines (e.g.,
Fang et al. 2015; Nicastro et al. 2016). We compare the LOS
total hot-gas absorption, including hydrogen column density
and EWs of the interested lines, with the derived MW
foreground values in Table 4.
Comparing the measurements toward PG 0052+251 with

the estimated mean MW absorption reveals excess absorption
of hydrogen column density and line EWs. The MW hydrogen
column density derived by the selected density pro9les ranges
from NH,MW = (0.63–1.33) × 1020 cm−2. The minimum and
maximum expectations come from the models constrained by
the XMM-Newton data (Li & Bregman 2017) and the
eROSITA data (Locatelli et al. 2024), respectively. Subtract-
ing the MW contribution from the total LOS column density of

= ×
+

N 4.05 10H,total 2.21

3.59 20 cm−2, we obtain an excess column
density of ( )= ×

+
N 2.72 3.67 10H,excess 2.21

3.59 20 cm−2. The
signi9cance level of this excess was estimated to be
2.2–2.6σ (Appendix), depending on the adopted MW pro9les.
Qu et al. (2021) proposed a hot-gas bridge connecting the MW
and M31 through their X-ray and tSZ analyses of the hot gas
toward M31. Considering their 9ducial SZ model of the
bridge, it contributes to a hydrogen column density of
approximately NH,bridge = 0.34 × 1020 cm−2 along the LOS
of PG 0052+251. Note that this value has been adjusted using
a metallicity of 0.3 Z⊙ for comparison with our result. This
column density is an order of magnitude smaller than the
observed excess and is unlikely to fully account for it.
However, the presence of the bridge will reduce the excess
column to ( )= ×

+
N 2.38 3.33 10H,excess 2.21

3.59 20 cm−2, with
the signi9cance level decreasing to 2.0–2.4σ. The LOS
intersects the hot halo of M31 at an impact parameter of
Rimp ∼ 218 kpc (∼0.7 Rvir). Considering the similarities
between the MW and M31 and the fact that the amount of
excess is consistent with the MW foreground contribution
(both hydrogen column density and EWs of lines, see Table 4),
the observed excess likely originates from the hot CGM
in M31.

5. Summary

We analyze the public 73 ks XMM-Newton spectra of
PG 0052+251, searching for absorption signals from the WA
intrinsic to the target and the hot CGM of M31 at an impact
parameter of 218 kpc. The absorption features are analyzed
using either Gaussian pro9les or plasma models. Both
approaches reveal the presence of an intrinsic WA and the
hot CGM at z ∼ 0.
The identi9ed WA in the RGS spectra has a column density

of = ×
+

N 2.29 10H 0.94

1.17 20 cm−2 and an ionization parameter of
( )/ =

+log erg cm s 1.141
0.19
0.17. This WA component absorbs

the spectral continuum at ≳10Å and generates signi9cant O II
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and O III absorption lines observed at 27.051Å and 26.692Å,
respectively. Considering the consistent ionizing luminosity
and ionization parameter, this is the same WA component
previously discovered by Matzeu et al. (2023) in their analysis
of the EPIC spectra. The high spectral resolution of RGS
allows us to constrain the gas velocity. We 9nd that this is a
rarely observed inDowing WA component, with an inDow
velocity of =

+
v 1178shift 171

156.
An excess absorption is revealed by comparing the LOS

total hot-gas absorption at z ∼ 0 with the MW foreground. The
amount of the excess in hydrogen column density is estimated
to be ( )= ×

+
N 2.72 3.67 10H,excess 2.21

3.59 20 cm−2, with a
signi9cance level of 2.2–2.6σ. This excess cannot be explained
by the hot-gas bridge that connects the MW and M31 and is
likely associated with the hot CGM in M31. Our analysis of
PG 0052+251 suggests that the hot CGM in M31 could extend
and remain detectable up to approximately 0.7 Rvir.
Despite the identi9ed WA and local hot gas, we have also

observed two absorption lines at 24.305Å and 21.410Å, with
EWs of 76.6 ± 18.3 mÅ and 43.6 ± 29.4 mÅ, respectively.
The nature of the two lines remains unclear. However, based
on the prediction of cosmological simulation by Cen &
Ostriker (2006), the observed large EW makes an intervening
scenario (e.g., hot halos and WHIM) unlikely but implies
the presence of an additional WA component with
vout ∼ −7000 km s−1. We also observed a deep absorption
trough at ∼17.5Å of unknown nature. These features are
expected to be further clari9ed through deeper observations in
the future.
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Appendix
Monte Carlo Simulations

We apply Monte Carlo simulations to estimate the statistical
uncertainty of EW (see Luo et al. 2018 for further details) in
our spectral 9tting procedures. For the Gaussian line 9tting,
this simulation was run 1000 times for each analyzed
absorption feature. Speci9cally, we generated simulated
spectra for the 1–1.5Å segment based on the best-9t model
and the spectral data using the SPEX command simulate.
These simulated spectra were later re9tted using the same
model. We recorded the EW value in each simulation, and the
standard deviation of the simulated EW distribution was taken
as the 1σ error range.

Using the same approach, we simulated 1–38Å spectra of
EPIC-pn and RGS based on the best-9t plasma model recorded
in Table 3. We generated and re9tted the simulated spectra for
2000 times to derive the stochastic distributions of line EWs
and LOS total NH of the zero-redshift hot CGM. The EW
uncertainties in Table 4 for the plasma model correspond to the
standard deviations of these derived EW distributions. The
purple histogram in Figure A1 displays the simulated
distribution of the LOS total NH for the zero-redshift hot
CGM. We compare this distribution with the foreground
contributions to estimate the probability (i.e., signi9cance
level) of observing the excess absorption, which likely
originated from the hot CGM of M31.

ORCID iDs

Zheng Zhouaa https://orcid.org/0009-0000-3060-1219
Junjie Maoaa https://orcid.org/0000-0001-7557-9713
Taotao Fangaa https://orcid.org/0000-0002-2853-3808
Yijun Wangaa https://orcid.org/0000-0002-1010-7763
Jiayi Chenaa https://orcid.org/0000-0001-7829-7797
Fabrizio Nicastroaa https://orcid.org/0000-0002-6896-1364
Kaile Wangaa https://orcid.org/0000-0002-5879-3360
Yi Zhangaa https://orcid.org/0000-0001-8632-904X

References

Anderson, M. E., Churazov, E., & Bregman, J. N. 2016, MNRAS, 455, 227
Beordo, W., Crosta, M., & Lattanzi, M. G. 2024, JCAP, 12, 024
Blustin, A. J., Page, M. J., Fuerst, S. V., Branduardi-Raymont, G., &
Ashton, C. E. 2005, A&A, 431, 111

Bogdán, Á., Bourdin, H., Forman, W. R., et al. 2017, ApJ, 850, 98

Figure A1. Simulated distribution of the LOS total NH at zero redshift. The
purple histogram represents the NH distribution obtained by 9tting 2000
simulated spectra. This distribution reDects the stochastic scatter of the NH
measurement through the plasma 9tting. The orange shaded area indicates the
foreground NH value of the MW, while the gray shadow accounts for
contributions from both the MW and the bridge. The total NH distribution
exceeds the MW foreground by 2.2–2.6σ and the combined “MW+bridge”
foreground by 2.0–2.4σ, respectively.

8

Research in Astronomy and Astrophysics, 25:075011 (9pp), 2025 July Zhou et al.

https://orcid.org/0009-0000-3060-1219
https://orcid.org/0000-0001-7557-9713
https://orcid.org/0000-0002-2853-3808
https://orcid.org/0000-0002-1010-7763
https://orcid.org/0000-0001-7829-7797
https://orcid.org/0000-0002-6896-1364
https://orcid.org/0000-0002-5879-3360
https://orcid.org/0000-0001-8632-904X
https://doi.org/10.1093/mnras/stv2314
https://ui.adsabs.harvard.edu/abs/2016MNRAS.455..227A/abstract
https://doi.org/10.1088/1475-7516/2024/12/024
https://ui.adsabs.harvard.edu/abs/2024JCAP...12..024B/abstract
https://doi.org/10.1051/0004-6361:20041775
https://doi.org/10.3847/1538-4357/aa9523
https://ui.adsabs.harvard.edu/abs/2017ApJ...850...98B/abstract


Bonamente, M., Nevalainen, J., Tilton, E., et al. 2016, MNRAS, 457, 4236
Bregman, J. N., Alves, G. C., Miller, M. J., & Hodges-Kluck, E. 2015, JATIS,
1, 045003

Bregman, J. N., Hodges-Kluck, E., Qu, Z., et al. 2022, ApJ, 928, 14
Bregman, J. N., & Lloyd-Davies, E. J. 2007, ApJ, 669, 990
Cen, R., & Ostriker, J. P. 2006, ApJ, 650, 560
Comparat, J., Truong, N., Merloni, A., et al. 2022, A&A, 666, A156
D’Ammando, F., Bianchi, S., Jiménez-Bailón, E., & Matt, G. 2008, A&A,
482, 499

de Plaa, J., Kaastra, J. S., Tamura, T., et al. 2004, A&A, 423, 49
den Herder, J. W., Brinkman, A. C., Kahn, S. M., et al. 2001, A&A, 365, L7
Diaz, J. D., Koposov, S. E., Irwin, M., Belokurov, V., & Evans, N. W. 2014,
MNRAS, 443, 1688

Ebrero, J., Kriss, G. A., Kaastra, J. S., et al. 2011, A&A, 534, A40
Fang, T., Buote, D., Bullock, J., & Ma, R. 2015, ApJS, 217, 21
Fang, T., Buote, D. A., Humphrey, P. J., et al. 2010, ApJ, 714, 1715
Fang, T., Canizares, C. R., & Marshall, H. L. 2005, ApJ, 633, 61
Gabriel, A. H., & Jordan, C. 1969, MNRAS, 145, 241
Gallo, L. C., Gonzalez, A. G., & Miller, J. M. 2021, ApJ, 908, L33
Grafton-Waters, S., Branduardi-Raymont, G., Mehdipour, M., et al. 2020,
A&A, 633, A62

Gu, M. F., Schmidt, M., Beiersdorfer, P., et al. 2005, ApJ, 627, 1066
HI4PI Collaboration, Ben Bekhti, N., Flöer, L., et al. 2016, A&A, 594, A116
Juett, A. M., Schulz, N. S., & Chakrabarty, D. 2004, ApJ, 612, 308
Kaaret, P., Koutroumpa, D., Kuntz, K. D., et al. 2020, NatAs, 4, 1072
Kaastra, J. S. 2017, A&A, 605, A51
Kaastra, J. S., & Bleeker, J. A. M. 2016, A&A, 587, A151
Kaastra, J. S., de Vries, C. P., Steenbrugge, K. C., et al. 2011, A&A, 534, A37
Kaastra, J. S., Mewe, R., & Nieuwenhuijzen, H., 1996 SPEX,
Kaastra, J. S., Raassen, A. J. J., de Plaa, J., & Gu, L., 2024 SPEX X-ray
spectral 9tting package, SPEX,

KaDe, P. R., Sharma, S., Lewis, G. F., Robotham, A. S. G., & Driver, S. P.
2018, MNRAS, 475, 4043

Klypin, A., Zhao, H., & Somerville, R. S. 2002, ApJ, 573, 597
Kovács, O. E., Bogdán, Á., Smith, R. K., Kraft, R. P., & Forman, W. R. 2019,
ApJ, 872, 83

Laha, S., Guainazzi, M., Dewangan, G. C., Chakravorty, S., &
Kembhavi, A. K. 2014, MNRAS, 441, 2613

Laha, S., Reynolds, C. S., Reeves, J., et al. 2021, NatAs, 5, 13
Li, Y., & Bregman, J. 2017, ApJ, 849, 105
Locatelli, N., Ponti, G., Zheng, X., et al. 2024, A&A, 681, A78
Lodders, K., Palme, H., & Gail, H. P. 2009, LanB, 4B, 712
Longinotti, A. L., Krongold, Y., Kriss, G. A., et al. 2013, ApJ, 766, 104
Luo, Y., Fang, T., & Ma, R. 2018, ApJS, 235, 28
Mao, J., Del Zanna, G., Gu, L., Zhang, C. Y., & Badnell, N. R. 2022, ApJS,
263, 35

Mao, J., Kaastra, J. S., Guainazzi, M., et al. 2019a, A&A, 625, A122
Mao, J., Kaastra, J. S., Mehdipour, M., et al. 2017, A&A, 607, A100
Mao, J., Kaastra, J. S., Mehdipour, M., et al. 2018, A&A, 612, A18
Mao, J., Mehdipour, M., Kaastra, J. S., et al. 2019b, A&A, 621, A99
Mao, J., Paerels, F., Guainazzi, M., & Kaastra, J. S. 2023, XMM-Newton
ReDection Grating Spectrometer, High-Resolution X-ray Spectroscopy, ed.
C. Bambi & J. Jiang (Berlin: Springer)

Martynenko, N. 2022, MNRAS, 511, 843
Mathur, S., Das, S., Gupta, A., & Krongold, Y. 2023, MNRAS, 525, L11
Mathur, S., Gupta, A., Das, S., Krongold, Y., & Nicastro, F. 2021, ApJ, 908, 69
Matzeu, G. A., Brusa, M., Lanzuisi, G., et al. 2023, A&A, 670, A182
Mehdipour, M., Kaastra, J. S., & Kallman, T. 2016, A&A, 596, A65
Miller, M. J., & Bregman, J. N. 2015, ApJ, 800, 14
Morales, R., Elvis, M., Nicastro, F., Fruscione, A., & Galle, E. 2002, OVII
Triplet in Seyfert Galaxies: The Chandra Gratings View, in High
Resolution X-ray Spectroscopy with XMM-Newton and Chandra, ed.
G. Branduardi-Raymont (Dorking: Proc. UCL), 25

Fang, T., Mathur, S., & Nicastro, F. 2022, Absorption Studies of the Most
Diffuse Gas in the Large-Scale Structure, in Handbook of X-ray and
Gamma-ray Astrophysics, ed. C. Bambi & A. Santangelo (Berlin: Springer)

Nicastro, F., Kaastra, J., Krongold, Y., et al. 2018, Natur, 558, 406
Nicastro, F., Krongold, Y., Fang, T., et al. 2023, ApJL, 955, L21
Nicastro, F., Mathur, S., Elvis, M., et al. 2005, ApJ, 629, 700
Nicastro, F., Senatore, F., Krongold, Y., Mathur, S., & Elvis, M. 2016, ApJ,
828, L12

Pal, I., Anju, A., Sreehari, H., et al. 2024, ApJ, 976, 145
Porquet, D., & Dubau, J. 2000, A&AS, 143, 495
Porquet, D., Dubau, J., & Grosso, N. 2010, SSRv, 157, 103
Qu, Z., Huang, R., Bregman, J. N., & Li, J.-T. 2021, ApJ, 907, 14
Ricci, C., Trakhtenbrot, B., Koss, M. J., et al. 2017, ApJS, 233, 17
Sako, M., Kahn, S. M., Behar, E., et al. 2001, A&A, 365, L168
Sanfrutos, M., Longinotti, A. L., Krongold, Y., Guainazzi, M., & Panessa, F.
2018, ApJ, 868, 111

Singh, P., Majumdar, S., Nath, B. B., & Silk, J. 2018, MNRAS, 478, 2909
Steenbrugge, K. C., Kaastra, J. S., Crenshaw, D. M., et al. 2005, A&A,
434, 569

Strüder, L., Briel, U., Dennerl, K., et al. 2001, A&A, 365, L18
Tombesi, F., Cappi, M., Reeves, J. N., et al. 2013, MNRAS, 430, 1102
Troitsky, S. 2017, MNRAS, 468, L36
van der Marel, R. P., Fardal, M., Besla, G., et al. 2012, ApJ, 753, 8
Wang, Y., Kaastra, J., Mehdipour, M., et al. 2022, A&A, 657, A77
Williams, J. K., Gliozzi, M., & Rudzinsky, R. V. 2018, MNRAS, 480, 96
Winter, L. M., Veilleux, S., McKernan, B., & Kallman, T. R. 2012, ApJ,
745, 107

Yao, Y., & Wang, Q. D. 2007, ApJ, 658, 1088
Zhou, Z., Mao, J., Fang, T., et al. 2024, ApJ, 967, 105

9

Research in Astronomy and Astrophysics, 25:075011 (9pp), 2025 July Zhou et al.

https://doi.org/10.1093/mnras/stw285
https://ui.adsabs.harvard.edu/abs/2016MNRAS.457.4236B/abstract
https://doi.org/10.1117/1.JATIS.1.4.045003
https://ui.adsabs.harvard.edu/abs/2015JATIS...1d5003B/abstract
https://ui.adsabs.harvard.edu/abs/2015JATIS...1d5003B/abstract
https://doi.org/10.3847/1538-4357/ac51de
https://ui.adsabs.harvard.edu/abs/2022ApJ...928...14B/abstract
https://doi.org/10.1086/521321
https://ui.adsabs.harvard.edu/abs/2007ApJ...669..990B/abstract
https://doi.org/10.1086/506505
https://ui.adsabs.harvard.edu/abs/2006ApJ...650..560C/abstract
https://doi.org/10.1051/0004-6361/202243101
https://doi.org/10.1051/0004-6361:20078685
https://doi.org/10.1051/0004-6361:20047170
https://doi.org/10.1051/0004-6361:20000058
https://doi.org/10.1093/mnras/stu1210
https://ui.adsabs.harvard.edu/abs/2014MNRAS.443.1688D/abstract
https://doi.org/10.1051/0004-6361/201117067
https://doi.org/10.1088/0067-0049/217/2/21
https://ui.adsabs.harvard.edu/abs/2015ApJS..217...21F/abstract
https://doi.org/10.1088/0004-637X/714/2/1715
https://ui.adsabs.harvard.edu/abs/2010ApJ...714.1715F/abstract
https://doi.org/10.1086/431749
https://ui.adsabs.harvard.edu/abs/2005ApJ...633...61F/abstract
https://doi.org/10.1093/mnras/145.2.241
https://ui.adsabs.harvard.edu/abs/1969MNRAS.145..241G/abstract
https://doi.org/10.3847/2041-8213/abdcb5
https://ui.adsabs.harvard.edu/abs/2021ApJ...908L..33G/abstract
https://doi.org/10.1051/0004-6361/201935815
https://doi.org/10.1086/430666
https://ui.adsabs.harvard.edu/abs/2005ApJ...627.1066G/abstract
https://doi.org/10.1051/0004-6361/201629178
https://ui.adsabs.harvard.edu/abs/2016A&A...594A.116H/abstract
https://doi.org/10.1086/422511
https://ui.adsabs.harvard.edu/abs/2004ApJ...612..308J/abstract
https://doi.org/10.1038/s41550-020-01215-w
https://ui.adsabs.harvard.edu/abs/2020NatAs...4.1072K/abstract
https://doi.org/10.1051/0004-6361/201629319
https://ui.adsabs.harvard.edu/abs/2017A&A...605A..51K/abstract
https://doi.org/10.1051/0004-6361/201527395
https://doi.org/10.1051/0004-6361/201116870
https://ui.adsabs.harvard.edu/abs/2011A&A...534A..37K/abstract
https://doi.org/10.5281/zenodo.10822753
https://doi.org/10.1093/mnras/sty082
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.4043K/abstract
https://doi.org/10.1086/340656
https://ui.adsabs.harvard.edu/abs/2002ApJ...573..597K/abstract
https://doi.org/10.3847/1538-4357/aaef78
https://ui.adsabs.harvard.edu/abs/2019ApJ...872...83K/abstract
https://doi.org/10.1093/mnras/stu669
https://ui.adsabs.harvard.edu/abs/2014MNRAS.441.2613L/abstract
https://doi.org/10.1038/s41550-020-01255-2
https://ui.adsabs.harvard.edu/abs/2021NatAs...5...13L/abstract
https://doi.org/10.3847/1538-4357/aa92c6
https://ui.adsabs.harvard.edu/abs/2017ApJ...849..105L/abstract
https://doi.org/10.1051/0004-6361/202347061
https://doi.org/10.1088/0004-637X/766/2/104
https://ui.adsabs.harvard.edu/abs/2013ApJ...766..104L/abstract
https://doi.org/10.3847/1538-4365/aab270
https://ui.adsabs.harvard.edu/abs/2018ApJS..235...28L/abstract
https://doi.org/10.3847/1538-4365/ac9c57
https://ui.adsabs.harvard.edu/abs/2022ApJS..263...35M/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJS..263...35M/abstract
https://doi.org/10.1051/0004-6361/201935368
https://ui.adsabs.harvard.edu/abs/2019A&A...625A.122M/abstract
https://doi.org/10.1051/0004-6361/201731378
https://ui.adsabs.harvard.edu/abs/2017A&A...607A.100M/abstract
https://doi.org/10.1051/0004-6361/201732162
https://ui.adsabs.harvard.edu/abs/2018A&A...612A..18M/abstract
https://doi.org/10.1051/0004-6361/201833191
https://ui.adsabs.harvard.edu/abs/2019A&A...621A..99M/abstract
https://doi.org/10.1093/mnras/stac164
https://ui.adsabs.harvard.edu/abs/2022MNRAS.511..843M/abstract
https://doi.org/10.1093/mnrasl/slad085
https://ui.adsabs.harvard.edu/abs/2023MNRAS.525L..11M/abstract
https://doi.org/10.3847/1538-4357/abd03f
https://ui.adsabs.harvard.edu/abs/2021ApJ...908...69M/abstract
https://doi.org/10.1051/0004-6361/202245036
https://ui.adsabs.harvard.edu/abs/2023A&A...670A.182M/abstract
https://doi.org/10.1051/0004-6361/201628721
https://ui.adsabs.harvard.edu/abs/2016A&A...596A..65M/abstract
https://doi.org/10.1088/0004-637X/800/1/14
https://ui.adsabs.harvard.edu/abs/2015ApJ...800...14M/abstract
https://ui.adsabs.harvard.edu/abs/2002hrxs.confE..25M/abstract
https://doi.org/10.1038/s41586-018-0204-1
https://ui.adsabs.harvard.edu/abs/2018Natur.558..406N/abstract
https://doi.org/10.3847/2041-8213/acec70
https://ui.adsabs.harvard.edu/abs/2023ApJ...955L..21N/abstract
https://doi.org/10.1086/431270
https://ui.adsabs.harvard.edu/abs/2005ApJ...629..700N/abstract
https://doi.org/10.3847/2041-8205/828/1/L12
https://ui.adsabs.harvard.edu/abs/2016ApJ...828L..12N/abstract
https://ui.adsabs.harvard.edu/abs/2016ApJ...828L..12N/abstract
https://doi.org/10.3847/1538-4357/ad8088
https://ui.adsabs.harvard.edu/abs/2024ApJ...976..145P/abstract
https://doi.org/10.1051/aas:2000192
https://doi.org/10.1007/s11214-010-9731-2
https://ui.adsabs.harvard.edu/abs/2010SSRv..157..103P/abstract
https://doi.org/10.3847/1538-4357/abc9b9
https://ui.adsabs.harvard.edu/abs/2021ApJ...907...14Q/abstract
https://doi.org/10.3847/1538-4365/aa96ad
https://ui.adsabs.harvard.edu/abs/2017ApJS..233...17R/abstract
https://doi.org/10.1051/0004-6361:20000081
https://doi.org/10.3847/1538-4357/aae923
https://ui.adsabs.harvard.edu/abs/2018ApJ...868..111S/abstract
https://doi.org/10.1093/mnras/sty1276
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.2909S/abstract
https://doi.org/10.1051/0004-6361:20047138
https://doi.org/10.1051/0004-6361:20000066
https://doi.org/10.1093/mnras/sts692
https://ui.adsabs.harvard.edu/abs/2013MNRAS.430.1102T/abstract
https://doi.org/10.1093/mnrasl/slx022
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468L..36T/abstract
https://doi.org/10.1088/0004-637X/753/1/8
https://ui.adsabs.harvard.edu/abs/2012ApJ...753....8V/abstract
https://doi.org/10.1051/0004-6361/202141599
https://ui.adsabs.harvard.edu/abs/2022A&A...657A..77W/abstract
https://doi.org/10.1093/mnras/sty1868
https://ui.adsabs.harvard.edu/abs/2018MNRAS.480...96W/abstract
https://doi.org/10.1088/0004-637X/745/2/107
https://ui.adsabs.harvard.edu/abs/2012ApJ...745..107W/abstract
https://ui.adsabs.harvard.edu/abs/2012ApJ...745..107W/abstract
https://doi.org/10.1086/512003
https://ui.adsabs.harvard.edu/abs/2007ApJ...658.1088Y/abstract
https://doi.org/10.3847/1538-4357/ad3916
https://ui.adsabs.harvard.edu/abs/2024ApJ...967..105Z/abstract

	1. Introduction
	2. Data Reduction
	3. Spectral Analysis
	3.1. Gaussian Line Fitting
	3.2. Analysis Using Plasma Models

	4. Discussion
	4.1. Properties of the Identified Warm Absorber
	4.2. Potential WA Features in the RGS Spectrum
	4.3. Potential Absorption from the Hot CGM in M31

	5. Summary
	AppendixMonte Carlo Simulations
	References



