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A B S T R A C T 

Ultrafast outflows (UFOs) have been revealed in a large number of active galactic nuclei (AGN) and are regarded as promising 

candidates for AGN feedback on the host galaxy. The nature and launching mechanism of UFOs are not yet fully understood. 
Here we perform a time- and flux-resolved X-ray spectroscopy on four XMM–Newton observations of a highly accreting narrow- 
line Seyfert 1 (NLS1) galaxy, Mrk 1044, to study the dependence of the outflow properties on the source luminosity. We find 

that the UFO in Mrk 1044 responds to the source variability quickly and its velocity increases with the X-ray flux, suggesting 

a high-density (10 

9 –4 . 5 × 10 

12 cm 

−3 ) and radiati vely dri ven outflo w, launched from the region within a distance of 98 –6600 R g 

from the black hole. The kinetic energy of the UFO is conserv ati vely estimated ( L UFO 

∼ 4 . 4 per cent L Edd ), reaching the 
theoretical criterion to affect the evolution of the host galaxy. We also find that emission lines, from a large-scale re gion, hav e a 
blueshift of 2700–4500 km s −1 in the spectra of Mrk 1044, which is rarely observed in AGN. By comparing with other sources, 
we propose a correlation between the blueshift of emission lines and the source accretion rate, which can be verified by a future 
sample study. 

Key words: accretion, accretion discs – black hole physics – galaxies: Seyfert - X-rays: individual: Mrk 1044. 
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 I N T RO D U C T I O N  

t is well accepted that active galactic nuclei (AGN) are powered by
he accretion of matter onto supermassive black holes (SMBHs) in
he hearts of galaxies. The energetic output of AGN can impact the
volution of their host galaxies, an effect that is referred to AGN
eedback (e.g. Fabian 2012 , and references therein). The enormous
mount of energy and momentum, released in the form of matter
nd radiation, can expel or heat the surrounding interstellar medium
ISM). This may delay the gas cooling and further leads to the star
ormation (SF) quenching (Zubovas & King 2012 ). In the early
hases of feedback, AGN outflows can also trigger the SF within
he compressed gas (e.g. Maiolino et al. 2017 ). Ultrafast outflows
UFOs) with a wide solid angle are now considered one of the main
echanisms of AGN feedback for their mildly relativistic speeds

 ≥10 000 km s −1 or 0.03 c ) and powerful kinetic energy ( ≥0.05 L Edd ).
uch a huge kinetic output matches the theoretical predictions
f ef fecti ve AGN feedback models (e.g. Di Matteo, Springel &
ernquist 2005 ; Hopkins & Elvis 2010 ), offering an interpretation of

he observed AGN–host galaxy relations (e.g. M BH −σ , Kormendy &
o 2013 , and references therein). 
 E-mail: yrxu047@gmail.com 
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UFOs are commonly detected by identified blueshifted Fe
XV/XXVI absorption lines abo v e 7 keV in the X-ray band (e.g. Char-

as et al. 2002 ; Cappi 2006 ; Tombesi et al. 2010 ; Gofford et al. 2013 ;
ombesi et al. 2013 ; Matzeu et al. 2023 ). The measured velocities of
FOs can reach up to ∼0.3 c (e.g. APM 08279 + 5255 and PDS 456,
hartas et al. 2002 ; Reeves, O’Brien & Ward 2003 ), implying that

hey likely originate from the inner region of the accretion disk within
everal hundred gravitational radii from the black hole. Thanks to
he high spectral resolution of the Reflection Grating Spectrometer
RGS, Den Herder et al. 2001 ) onboard XMM–Newton (Jansen
t al. 2001 ) and the High-Energy Transmission Gratings (HETG,
anizares et al. 2005 ) onboard Chandra (Weisskopf et al. 2002 ),
FOs are also detectable in soft X-ray bands and distinguishable

rom slow, ionized outflows, the so-called warm absorbers. 
Under the investigation of the past two decades, UFOs show

 ariable signatures, i.e. v ariable velocities and transient features,
ased on multi-epoch deep observations (e.g. Dauser et al. 2012 ;
atzeu et al. 2017 ; Igo et al. 2020 ). Ho we v er, the e xact nature of UFO

ariability and their launching mechanisms are not well understood.
hey could be driven either by the radiation pressure (e.g. Proga,
tone & Kallman 2000 ; Sim et al. 2010 ; Hagino et al. 2016 ) or
y magnetorotational forces (MHD models, e.g. Kato, Mineshige &
hibata 2004 ; Fukumura et al. 2010 , 2015 ) or a combination of both.
ariability might be key to determining UFO-launching mechanisms.
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Table 1. General o v erview of the analysed observations on Mrk 1044. 

Observation 
ID Date Instrument 

Net exposure 
time 

Net count 
rate 

(ks) (cts/s) 

0824080301 2018 August 03 EPIC-pn 95 32 
RGS 134 1.07 

0824080401 2018 August 05 EPIC-pn 97 24 
RGS 133 0.79 

0824080501 2018 August 07 EPIC-pn 93 25 
RGS 131 0.84 

0841820201 2019 August 03 EPIC-pn 90 20 
RGS 126 0.63 
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t has been found that the Fe K absorption features in the spectrum of
RAS 13244 −3809 and 1H 0707-495 weaken with the increasing 
-ray luminosity, implying an o v erionization of the gas (Parker 

t al. 2017 ; Pinto et al. 2018 ; Xu et al. 2021a ). The velocity of
he UFO in PDS 456 and IRAS 13229 −3809 increases with the
ource luminosity (Matzeu et al. 2017 ; Pinto et al. 2018 ). The
bo v e disco v eries support that UFOs in high-accretion systems are
ainly accelerated by the strong radiation field. Interestingly, Xu 

t al. ( 2021a ) found, instead, an anticorrelation between the UFO
elocity and X-ray luminosity in 1H 0707 −495, challenging our 
nderstanding of the UFO-driving mechanism. It was explained by 
he supercritical flow expanding at high-accretion states, resulting 
n larger launching radii (i.e. at lower velocities) within the disc. 
herefore, it is worth investigating the dependence of UFOs on 

he source luminosity and accretion rate in other sources to better 
nderstand the nature of UFOs. 
Mrk 1044 is a nearby ( z = 0.016) and luminous ( L 1 μm –2 keV =

 . 4 × 10 44 erg s −1 , Grupe et al. 2010 ) NLS1 AGN, hosting a central
MBH with a reverberation-mapped mass of M BH = 2 . 8 × 10 6 M �
Du et al. 2015 ) or a mass, determined through the FWHM(H β)
nd L 5100 Å, of M BH = 2 . 1 × 10 6 M � (Grupe et al. 2010 ). Mrk 1044
hows a soft X-ray excess in the spectrum (Dewangan et al. 2007 ). It
as interpreted by relativistic reflection from a high-density accretion 
isc in Mallick et al. ( 2018 ), although in general a warm corona
odel also provides a statistically acceptable description of the soft 

xcess below 2 keV (e.g. Petrucci et al. 2018 ; Garc ́ıa et al. 2019 ;
etrucci et al. 2020 ; Xu et al. 2021b ). In the XMM–Newton /RGS
pectrum, based on a series of narrow absorption lines, Krongold 
t al. ( 2021 ) found four distinctive UFOs, explained by a shocked
utflow scenario. From the multiwavelength observations, Mrk 1044 
as reported to have multiphase outflows in optical and UV bands as
ell, including two unresolved and one resolved ionized gas outflows 

raced by [O III ] in the optical band, as well as two Ly- α absorbing
omponents in the ultraviolet (UV) energy range (Fields et al. 2005 ;
inkel et al. 2023 ). 
In this paper, we will present the high-resolution spectroscopic 

nalysis on four XMM–Newton /RGS observations of Mrk 1044 (PI: 
. Jin). In Section 2 , we present the four XMM–Newton observations
nd our data reduction process. Details on our analysis and results
re shown in Section 3 , where we expand the work by Krongold
t al. ( 2021 ), find an additional blueshifted photoionized emission
omponent, and further study the relation between the properties of 
inds and the source luminosity. We discuss the results and provide 
ur conclusions in Section 4 and Section 5 , respectively. 

 DATA  R E D U C T I O N  A N D  PRODUCTS  

rk 1044 has been observed with a large XMM–Newton programme 
PI: C. Jin) for three orbits in 2018 and one orbit in 2019. The details
f the analysed observations in this work are listed in Table 1 . XMM–
ewton consists of the European Photon Imaging Camera (EPIC), 

ncluding two EPIC-MOS CCDs (Turner et al. 2001 ) and an EPIC-
n (Str ̈uder et al. 2001 ), RGS, and the optical monitor (OM, Jansen
t al. 2001 ). This work focuses on the RGS and we use the EPIC and
M data mainly to determine the shape of the broad-band spectral 

nergy distribution (SED), for which the MOS results are redundant 
s pn has a significantly higher ef fecti ve area in the hard band. 

.1 Data reduction 

he data sets are processed with the XMM–Newton Science Analysis 
ystem (SAS v20.0.0) and calibration files available by September 
022, following the standard SAS threads. We reduced EPIC-pn 
ata using EPPROC package and produced calibrated photon event 
les. The filter of the background flare contamination is set at 0.5
ounts/sec in 10–12 keV. We extracted the source spectra from 

 circular region of radius 30 arcsec and the background spectra
rom a nearby source-free circular region with the same radius. No
ignificant pile-up effect is found with the task EPATPLOT . The EPIC-
n spectra are grouped to o v ersample the instrumental resolution at
east by a factor of 3 and each energy bin has a minimum of 25
ounts to maximize the S/N. We employed the RGSPROC package to
rocess the RGS data with a filter of 0.3 counts/sec to exclude the
ackground flares. The first-order RGS spectra are extracted from a 
ross-dispersion region of 1 arcmin width. The background spectra 
re selected from photons beyond 98 per cent of the source point-
pread function. The RGS1 and RGS2 spectra are combined and 
rouped to o v ersample the resolution at least by a factor of 3. During
he observation, Mrk 1044 was also monitored by OM in the UVW1
2910 Å) filter. We reduced OM data with OMICHAIN tool including
ll necessary calibration processes. The response file is retrieved 
rom the ESA webpage. 1 The UVW1 flux is less variable than the
-ray flux, i.e. almost stable in 2018 and drops by 13 per cent in
019. 

.2 Light cur v e 

y using the task EPICLCCORR , we present the background- 
ubstracted and deadtime-corrected light curves extracted from the 
PIC-pn (0.3–10 keV) data in Fig. 1 . It reveals that Mrk 1044 is bright
nd variable during the observations. The corresponding hardness 
atio (HR = H/H + S, H: 2–10 keV; S: 0.3–2 keV), plotted in the
ottom panel, shows a softer-when-brighter behaviour. To investigate 
he variability of the UFO with the luminosity, we divide three
onsecuti ve observ ations in 2018 into three flux levels, marked by
ifferent colours. The reason why we exclude the 2019 observation 
s to ensure the causality between the variations of the UFO and the
uminosity, i.e. we are studying the response of the same absorber to
he source. The thresholds are set to make the number of counts of
ach level comparable. The good time interval (GTI) files for each
evel are generated with TABGTIGEN task. The flux-resolved EPIC-pn 
nd RGS spectra at the same flux level are extracted and stacked
ollowing the steps described in Section 2.1 . The observations in
018 are also stacked into one single spectrum, named 2018. In this
ork, we will perform the flux-/time-resolved spectroscopy for a 

otal of eight spectra, where the time-resolved spectra are referred to
s T1...T4 chronologically (e.g. T1 refers to Obs. 0824080301) and 
he flux-resolved spectra are referred to as F1, F2, and F3 from the
owest to the highest state. 
MNRAS 523, 2158–2171 (2023) 
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M

Figure 1. The EPIC-pn (0.3–10 keV) light curve ( upper ) and corresponding hardness ratio ( lower ) of the observations of Mrk 1044, where the observation 
dates (T1–T4) are marked. The colours represent the different flux intervals (F1–F3) with comparable counts. 
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 RESU LTS  

.1 Continuum modelling 

e start the broad-band X-ray spectroscopy from the stacked 2018
PIC-pn and RGS spectra, due to their high statistics, in the XSPEC

v12.12.1) package (Arnaud 1996 ). The instrumental differences are
ccounted for by adopting a variable cross-calibration factor. In this
aper, we use the χ2 statistics and estimate the uncertainties of all
arameters at the default 90 per cent confidence level (i.e. �χ2 =
.71), but 1 σ ( �χ2 = 1) error bars are shown in plots. We consider
he RGS spectra between 0.4 and 1.77 keV and the EPIC-pn spectra
etween 1.77 and 10 keV in our analysis, not only because of their
onsistency in the soft X-ray band, but also due to the influence of the
ower resolution but higher count rate of EPIC-pn on the detection of
tomic features. The luminosity calculations in this paper are based
n the assumptions of H 0 = 70 km s −1 Mpc −1 , �	 

= 0 . 73 and �M 

=
.27. 
The broad-band X-ray model for Mrk 1044 was proposed by
allick et al. ( 2018 ) based on the archi v al XMM–Newton data

n 2013. In this work, we adopt a similar model combination:
babs ∗zashift ∗(nthComp + relxilllpCp) to explain

hose spectral components. The model takes into account the galactic
ydrogen absorption ( tbabs ) with the solar abundance calculated
y Lodders, Palme & Gail ( 2009 ), the redshift of Mrk 1044
 zashift ), the soft excess in form of a warm Comptonization
omponent ( nthComp ), and the hot coronal continuum like a
ower law plus a lamppost-geometry relativistic reflection ( relx-
lllpCp , RELXILL v1.4.3, Garc ́ıa et al. 2014 ). The Galactic
olumn density, N 

Gal 
H , is allo wed to v ary due to the discrepancy

etween N 

Gal 
H = 2 . 9 × 10 20 cm 

−2 (HI4PI Collaboration et al. 2016 )
nd N 

Gal 
H = 3 . 6 × 10 20 cm 

−2 (NHtot tool, Willingale et al. 2013 ). The
hoice of the solar abundance calculated by Lodders et al. ( 2009 )
nstead of Wilms, Allen & McCray ( 2000 ) is to keep consistent
ith the subsequently used photoionization models in Section 3.3 ,

lthough it does not affect our conclusions (only a �χ2 ∼ 10
NRAS 523, 2158–2171 (2023) 
ifference around O K-edge, ∼0.53 keV, region). Instead of using the
igh-density relativistic reflection model adopted in Mallick et al.
 2018 ), here we choose the warm Comptonization model plus a
tandard relativistic reflection component, of which the disc density
s fixed at log ( n e /cm 

−3 ) = 15, in our analysis. It is because we find
hat the fitting of the relativistic reflection model is much poorer
 �χ2 ∼ 670) than the warm Comptonization scenario when we
nclude the RGS data, probably due to a thick inner disc distorted
y strong radiation pressure, breaking the thin-disc assumption of
he reflection model. The seed photon of the warm Comptonization
s fixed at a disc temperature of 10 eV, which is the value obtained
y including the OM data (see Section 3.3 ). The fitted parameters of
he stacked 2018 spectrum are listed in the third column of Table 2 .
he data/model ratio in the RGS band is shown in the upper panel
f Fig. 2 , featuring a broad absorption feature abo v e 1 keV. The
esults reveal a primary continuum with a slope of 
 = 2 . 26 + 0 . 01 

−0 . 01 

nd a plasma temperature abo v e 196 k eV, a w arm Comptonization
haracterized by a temperature of 0 . 23 + 0 . 01 

−0 . 01 keV and a soft photon
ndex 
 WC = 2 . 52 + 0 . 06 

−0 . 06 , and a relativistic reflection component with
 reflection ratio of f Refl = 0 . 19 + 0 . 03 

−0 . 02 . The corresponding optical
epth of the warm corona is τWC 

e ∼ 30 (Zdziarski 1985 ). The spin
f the black hole cannot be constrained and is thus fixed at a � =
.998. The inner radius of the disc is within R in < 23 R ISCO , where
 ISCO is the innermost stable circular orbit (ISCO). The inclination
ngle, ionization parameter, and iron abundance of the accretion
isc are derived to be i = 34 + 1 

−2 (deg), log ( ξ/ erg cm s −1 ) = 3 . 4 + 0 . 2 
−0 . 1 ,

nd A Fe = 3 . 6 + 0 . 5 
−0 . 6 (in units of solar abundance), respectively. The

ot corona, if assumed in a lamppost geometry, is measured at the
eight of h = 47 + 26 

−25 R Horizon abo v e the accretion disc, where R Horizon 

s the vertical event horizon of the Kerr black hole. The marginal
ifferences between our results and Mallick et al. ( 2018 ) based on
he archi v al 2013 observ ation ( i = 46 . 4 + 1 . 9 

−5 . 0 deg, log ( ξ/ erg cm s −1 ) =
 . 96 + 0 . 04 

−0 . 11 , A Fe = 2 . 2 + 0 . 5 
−0 . 6 in their fit) may come from the different

xplanations for the soft excess and the intrinsic variability of the
ource. We apply the best-fitting model to time-/flux-resolved spectra

art/stad1565_f1.eps


Winds in Mrk 1044 2161 

MNRAS 523, 2158–2171 (2023) 

Ta
bl

e 
2.
 

B
es

t-
fit

tin
g 

pa
ra

m
et

er
s 

of
 
th

e 
m

od
el
 
t
b
a
b
s
 ∗z
a
s
h
i
f
t
 ∗x
a
b
s
 
x
s
 ∗(
n
t
h
C
o
m
p
 + r

e
l
x
i
l
l
l
p
C
p
 
+ 

p
i
o
n
 
x
s
)
 
to
 
th

e 
st

ac
ke

d 
20

18
, t

im
e-
 
(T

) 
an

d 
flu

x-
re

so
lv

ed
 
(F

) 
sp

ec
tr

a.
 

D
es

cr
ip

tio
n 

Pa
ra

m
et

er
 

20
18

 
T

1 
T

2 
T

3 
T

4 
F1

 
F2

 
F3

 

t
b
a
b
s
 

N
 

G
al
 

H
 

(1
0 20

 

cm
 −2

 

) 
4 .
 09

 + 0
 . 0

3 
−0

 . 0
5 

z
a
s
h
i
f
t
 

z
 M

rk
10

44
 

0.
01

6 �
 

n
t
h
C
o
m
p
 



 

W
C
 

2 .
 52

 + 0
 . 0

6 
−0

 . 0
6 

2 .
 49

 + 0
 . 0

4 
−0

 . 0
5 

2 .
 51

 + 0
 . 0

5 
−0

 . 0
4 

2 .
 51

 + 0
 . 0

7 
−0

 . 0
6 

2 .
 42

 + 0
 . 1

3 
−0

 . 2
6 

2 .
 57

 + 0
 . 0

5 
−0

 . 0
5 

2 .
 50

 + 0
 . 0

5 
−0

 . 0
6 

2 .
 56

 + 0
 . 0

5 
−0

 . 0
2 

kT
 e 

(k
eV

) 
0 .
 23

 + 0
 . 0

1 
−0

 . 0
1 

0 .
 23

 + 0
 . 0

1 
−0

 . 0
1 

0 .
 23

 + 0
 . 0

1 
−0

 . 0
1 

0 .
 22

 + 0
 . 0

1 
−0

 . 0
1 

0 .
 20

 + 0
 . 0

2 
−0

 . 0
2 

0 .
 24

 + 0
 . 0

1 
−0

 . 0
1 

0 .
 22

 + 0
 . 0

1 
−0

 . 0
1 

0 .
 25

 + 0
 . 0

1 
−0

 . 0
1 

N
 W

C
 

(1
0 −

3 
) 

6 .
 0 + 0

 . 4
 

−0
 . 5
 

7 .
 5 + 0

 . 7
 

−0
 . 6
 

5 .
 5 + 0

 . 3
 

−0
 . 4
 

5 .
 3 + 0

 . 4
 

−0
 . 5
 

3 .
 7 + 0

 . 4
 

−0
 . 5
 

4 .
 6 + 0

 . 4
 

−0
 . 2
 

5 .
 9 + 0

 . 3
 

−0
 . 5
 

9 .
 3 + 0

 . 5
 

−0
 . 6
 

r
e
l
x
i
l
l
l
p
C
p
 

h 
( R

 H
or

iz
on
 

) 
47

 + 2
6 

−2
5 

>
 46

 
>
 40

 
33

 + 2
1 

−2
8 

−1
7 + 1

8 
−1

2 
>
 37

 
26

 + 2
8 

−2
0 

>
 24

 

a �
 

( c
J /
 G

M
 2 
) 

0.
99

8 �
 

i (
de

g)
 

34
 + 1

 

−2
 

R
 in
 

( R
 IS

C
O
 

) 
<
 23

 
<
 82

 
<
 97

 
<
 30

 
15

 + 1
1 

−1
1 

<
 49

 
<
 29

 
<
 42

 



 

2 .
 26

 + 0
 . 0

1 
−0

 . 0
1 

2 .
 29

 + 0
 . 0

1 
−0

 . 0
3 

2 .
 23

 + 0
 . 0

1 
−0

 . 0
2 

2 .
 23

 + 0
 . 0

2 
−0

 . 0
2 

2 .
 22

 + 0
 . 0

3 
−0

 . 0
3 

2 .
 18

 + 0
 . 0

1 
−0

 . 0
2 

2 .
 27

 + 0
 . 0

2 
−0

 . 0
2 

2 .
 31

 + 0
 . 0

2 
−0

 . 0
2 

lo
g (
 ξ
/
 er

g 
cm

 
s −

1 
) 

3 .
 4 + 0

 . 2
 

−0
 . 1
 

3 .
 6 + 0

 . 2
 

−0
 . 3
 

3 .
 4 + 0

 . 1
 

−0
 . 2
 

3 .
 3 + 0

 . 1
 

−0
 . 1
 

3 .
 2 + 0

 . 2
 

−0
 . 2
 

3 .
 3 + 0

 . 1
 

−0
 . 1
 

3 .
 3 + 0

 . 2
 

−0
 . 1
 

2 .
 1 + 0

 . 4
 

−0
 . 2
 

A
 F

e 
3 .
 6 + 0

 . 5
 

−0
 . 6
 

kT
 e 

(k
eV

) 
>
 19

6 
>
 51

 
>
 30

 
>
 23

 
>
 18

 
>
 38

 
>
 25

 
>
 21

 

f R
efl

0 .
 19

 + 0
 . 0

3 
−0

 . 0
2 

0 .
 23

 + 0
 . 0

5 
−0

 . 0
5 

0 .
 20

 + 0
 . 0

4 
−0

 . 0
5 

0 .
 29

 + 0
 . 0

6 
−0

 . 0
6 

0 .
 35

 + 0
 . 1

4 
−0

 . 0
9 

0 .
 25

 + 0
 . 0

3 
−0

 . 0
5 

0 .
 28

 + 0
 . 0

5 
−0

 . 0
5 

0 .
 32

 + 0
 . 1

0 
−0

 . 0
9 

N
 re

fl
(1

0 −
5 
) 

9 .
 4 + 0

 . 8
 

−0
 . 2
 

9 .
 9 + 1

 . 0
 

−1
 . 1
 

7 .
 8 + 0

 . 9
 

−0
 . 3
 

8 .
 8 + 1

4 .
 0 

−0
 . 8
 

8 + 1
1 

−1
 

6 .
 9 + 5

 . 0
 

−0
 . 3
 

10
 + 8

 

−9
 

13
 + 1

7 
−1

 

B
ro

ad
-b

an
d 

χ
2 
/d

.o
.f

. 
13

19
/7

33
 

98
7/

73
1 

92
2/

73
1 

95
6/

73
1 

75
0/

73
0 

95
0/

73
4 

93
3/

73
4 

93
9/

73
3 

x
a
b
s
 
x
s
 

N
 H
 

(1
0 21

 

cm
 −2

 

) 
2 .
 3 + 0

 . 5
 

−0
 . 4
 

2 .
 2 + 3

 . 3
 

−0
 . 4
 

2 .
 0 + 1

 . 2
 

−0
 . 4
 

1 .
 9 + 1

 . 1
 

−0
 . 2
 

0 .
 04

 + 0
 . 0

2 
−0

 . 0
2 

1 .
 8 + 1

 . 0
 

−0
 . 3
 

2 .
 1 + 1

 . 7
 

−0
 . 6
 

5 .
 4 + 4

 . 0
 

−3
 . 2
 

lo
g (
 ξ
/
 er

g 
cm

 
s −

1 
) 

3 .
 72

 + 0
 . 0

8 
−0

 . 1
0 

3 .
 73

 + 0
 . 2

3 
−0

 . 0
9 

3 .
 74

 + 0
 . 1

8 
−0

 . 1
4 

3 .
 74

 + 0
 . 3

0 
−0

 . 0
9 

2 .
 01

 + 0
 . 3

1 
−0

 . 2
5 

3 .
 74

 + 0
 . 1

7 
−0

 . 1
1 

3 .
 75

 + 0
 . 1

2 
−0

 . 2
0 

4 .
 0 + 0

 . 1
 

−0
 . 2
 

σ
v 

(k
m
 
s −

1 
) 

11
80

0 + 4
60

0 
−4

00
0 

86
00

 + 5
40

0 
−4

40
0 

95
00

 + 5
90

0 
−6

80
0 

85
00

 + 4
40

0 
−3

90
0 

10
00

 + 1
00

0 
−8

00
 

90
00

 �
 

90
00

 �
 

90
00

 �
 

z
 L

O
S 

−0
 . 1

53
 + 0

 . 0
08
 

−0
 . 0

16
 

−0
 . 1

81
 + 0

 . 0
10
 

−0
 . 0

07
 

−0
 . 1

45
 + 0

 . 0
15
 

−0
 . 0

21
 

−0
 . 1

43
 + 0

 . 0
10
 

−0
 . 0

12
 

−0
 . 0

82
 + 0

 . 0
02
 

−0
 . 0

02
 

−0
 . 1

46
 + 0

 . 0
13
 

−0
 . 0

18
 

−0
 . 1

79
 + 0

 . 0
10
 

−0
 . 0

18
 

−0
 . 1

88
 + 0

 . 0
13
 

−0
 . 0

07
 

B
ro

ad
-b

an
d 

+ 
ab

s 
χ

2 
/d

.o
.f

. 
11

83
/7

29
 

92
5/

72
7 

88
4/

72
7 

92
8/

72
7 

72
4/

72
6 

91
5/

73
1 

88
7/

73
1 

89
5/

73
0 

p
i
o
n
 
x
s
 

N
 H
 

(1
0 20

 

cm
 −2

 

) 
2 .
 1 + 0

 . 6
 

−0
 . 5
 

1 .
 2 + 1

 . 3
 

−0
 . 7
 

8 + 7
 

−6
 

2 .
 4 + 0

 . 4
 

−1
 . 4
 

2 .
 7 + 0

 . 7
 

−1
 . 1
 

0 .
 3 + 0

 . 1
 

−0
 . 1
 

2 .
 6 + 0

 . 9
 

−1
 . 8
 

2 .
 4 + 0

 . 7
 

−1
 . 4
 

lo
g (
 ξ
/
 er

g 
cm

 
s −

1 
) 

2 .
 5 + 0

 . 1
 

−0
 . 1
 

2 .
 4 + 0

 . 3
 

−0
 . 3
 

3 .
 0 + 0

 . 1
 

−0
 . 4
 

2 .
 3 + 0

 . 1
 

−0
 . 2
 

2 .
 6 + 0

 . 1
 

−0
 . 2
 

1 .
 6 + 0

 . 6
 

−0
 . 2
 

2 .
 6 + 0

 . 1
 

−0
 . 3
 

2 .
 4 + 0

 . 2
 

−0
 . 1
 

σ
v 

(k
m
 
s −

1 
) 

15
00

 + 8
00
 

−7
00
 

15
00

 �
 

10
00

 + 8
00
 

−7
50
 

22
00

 + 3
40

0 
−1

30
0 

15
00

 �
 

80
0 + 7

50
 

−5
00
 

<
 33

00
 

13
00

 + 1
20

0 
−8

00
 

z
 L

O
S 

(1
0 −

2 
) 

−1
 . 1
 + 0

 . 2
 

−0
 . 1
 

−1
 . 5
 + 0

 . 7
 

−0
 . 5
 

−1
 . 2
 + 0

 . 2
 

−0
 . 2
 

−1
 . 1
 + 0

 . 3
 

−0
 . 4
 

−1
 . 1
 + 0

 . 3
 

−0
 . 4
 

−0
 . 9
 + 0

 . 1
 

−0
 . 2
 

−1
 . 3
 + 0

 . 4
 

−0
 . 5
 

−1
 . 5
 + 0

 . 3
 

−0
 . 3
 

B
ro

ad
-b

an
d +

 ab
s 
+ 

em
 

χ
2 
/d

.o
.f

. 
11

35
/7

25
 

91
3/

72
4 

85
3/

72
3 

88
6/

72
3 

69
8/

72
3 

87
7/

72
8 

86
7/

72
8 

86
4/

72
7 

Fl
ux

 
(0

.4
–1

0 
ke

V
) 

F
 
(1

0 −
11
 

er
g/

cm
 2 
/s

) 
6 .
 34

 + 0
 . 0

3 
−0

 . 0
4 

7 .
 38

 + 0
 . 0

7 
−0

 . 0
6 

5 .
 60

 + 0
 . 0

9 
−0

 . 0
8 

5 .
 90

 + 0
 . 1

2 
−0

 . 0
7 

4 .
 56

 + 0
 . 0

6 
−0

 . 0
7 

4 .
 92

 + 0
 . 0

9 
−0

 . 0
8 

6 .
 45

 + 0
 . 1

0 
−0

 . 1
0 

8 .
 59

 + 0
 . 0

9 
−0

 . 1
1 

N
ot

e .
 

�
 

T
he

 
pa

ra
m

et
er
 
is
 
fix

ed
. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/2/2158/7179428 by guest on 10 M
ay 2024



2162 Y. Xu et al. 

M

Figure 2. The data/model ratio ( upper ) and single trial significance ( lower ) 
obtained from the Gaussian line scan with different line widths (500, 1500, 
and 4500 km s −1 ) o v er the rest-frame stacked 2018 spectrum in RGS band. 
The vertical dashed lines represent the rest-frame positions of the known ion 
transitions as a reference. The grey region marks the significance of 3 σ . 

Figure 3. Similar to the bottom panel of Fig. 2 , but the scan is performed on 
the time-resolved spectra. 

a  

s  
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b  

Figure 4. Similar to the bottom panel of Fig. 2 , but the scan is performed 
on the flux-resolved spectra. The vertical dashed red/purple lines and the 
red/purple shadowed areas indicate the position of the centroid of the 
absorption/emission feature and the corresponding uncertainty (see Table 3 ). 
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s well, with several invariable properties (i.e. N 

Gal 
H , i and A Fe ) on

hort-term time-scales linked to those of the 2018 results. The results
re listed in Table 2 . There is no significant change in the broad-
and continuum during the 2018 observations, T1, T2, T3, within
NRAS 523, 2158–2171 (2023) 
heir uncertainties, confirming the prerequisite of the flux-resolved
pectroscopy. The spectral slopes derived in flux-resolved spectra
erify the softer-when-brighter behaviour observed in Fig. 1 . 

.2 Gaussian line scan 

o better visualize and identify the atomic features upon the contin-
um, we launch a blind Gaussian line scan o v er the spectra. We fit an
dditional Gaussian line with a logarithmic grid of energy steps o v er
.4–10 keV band upon the continuum model and record the �χ2 

mpro v ements. The energy centroid and the line width are fixed at
ach step, while the normalization is free. We adopt three line widths
v of 500, 1500, and 4500 km s −1 and the corresponding numbers of
nergy steps are 2000, 700, and 300, respectively, in order to match
he RGS spectral resolution power ( R RGS ∼ 150–800). 

The scan results provide a rough estimate of the single trial
etection significance of each Gaussian line in the form of the square
oot of �χ2 times the sign of the normalization (Cash 1979 ). The
can results o v er the 2018 spectrum in the RGS band are shown in
he bottom panel of Fig. 2 . The rest-frame energies of the known
trong ionic transition lines in the soft X-ray band are marked by the
ertical blue dashed lines. We identify the O VII and O VIII emission
ines close to their rest-frame positions, as well as several emission
eatures in the Ne IX/X and Fe XVII-XX region. No absorption features
re found at/close to their rest frames. The strongest absorption
eature is located around 1.2 keV with a broad-line width, likely
rom blueshifted Fe and Ne ionic absorption lines. 

The same approach is then applied to the time-/flux-resolved
pectra with the same primary settings, of which results are shown
n Figs 3 and 4 , separately. There are no significant differences
mong the results of time-resolv ed spectra, e xcept for the T4
pectrum. Due to its low flux, the T4 result has a weaker detection
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Table 3. Best-fitting parameters of an additional Gaussian model o v er the 
continuum model for the absorption feature around 1.2 keV and the O VIII 

emission line. 

Parameter F1 F2 F3 

E 

abs 
rest (keV) 1 . 160 + 0 . 015 

−0 . 016 1 . 193 + 0 . 024 
−0 . 021 1 . 239 + 0 . 022 

−0 . 024 

EW abs (eV) 50 + 19 
−13 74 + 24 

−19 73 + 30 
−22 

�χ2 
abs 40 45 39 

E 

em 

rest (keV) 0 . 660 + 0 . 001 
−0 . 001 0 . 663 + 0 . 004 

−0 . 004 0 . 663 + 0 . 002 
−0 . 001 

EW em 

(eV) 1 . 4 + 1 . 0 −0 . 7 < 6.4 2 . 2 + 1 . 5 −1 . 3 

�χ2 
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Figure 5. The averaged SED of Mrk 1044 in 2018 compared with other 
Seyfert galaxies (NGC 5548, Mehdipour et al. 2015 ; IRAS 13224 −3809, 
Jiang et al. 2018 ; 1H 0707 −495, Xu et al. 2021a ; 1H 1934 −063, Xu et al. 
2022 ). The EPIC-pn, RGS, and OM data are shown as well, where the 
deviations from the best-fitting SED come from the removal of the Galactic 
absorption, redshift, and dust-reddening components. 
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ignificance of lines and the strongest absorption feature becomes 
round 0.7 keV, suggesting a different ionization state of the absorber 
n T4 observation. In the other three spectra, the emission (O VII , O
III and 0 . 8 –1 keV emission) and absorption ( ∼1.2 keV line) features
bserved in the 2018 spectrum are all obvious. The absorption 
eature in T1 spectrum, the brightest observation, seems to be more 
lueshifted than others. In addition, the line width of the 1.2 keV
rough is not as broad as that of the 2018 spectrum due to the stack
ffect of the variable feature. Comparing the flux-resolved results, 
e notice a decreasing significance of the O VII and O VIII lines

nd an increasing blueshift of the absorption feature with the source 
uminosity, implying the existence of possible wind–elations. We 
hus fit the absorption feature with a Gaussian model and the 
arameters are listed in Table 3 . The energy centroid of the absorption
eature increases with the flux and is highlighted in red in Fig. 4 . The
est-fitting parameters for the O VIII emission line are also listed
n Table 3 and depicted in purple in Fig. 4 , indicating a slightly
ncreasing blueshift. 

.3 Search for outflows 

o study the emission/absorption lines disco v ered in Section 3.2 ,
e employ the physical photoionization model, pion , in the SPEX
ackage (Kaastra, Mewe & Nieuwenhuijzen 1996 ). This code self- 
onsistently calculates the photoionization equilibrium and synthetic 
pectra of the gas irradiated by a given radiation field. 

The intrinsic SED of Mrk 1044 inputted into pion is derived 
rom the UV to hard X-ray energies. Due to the stability of the
M flux, we stack the OM spectra and model it with an additional
iskbb component, characterized by a temperature of 10 + 21 

−6 eV. 
uch a temperature is relatively low for the accretion disc around an
MBH with a mass of ∼ 3 × 10 6 M � (Shakura & Sunyaev 1973 ),
hich might be explained by the truncated disc (suggested by the 

nner radii R in in relxilllpCp , see Table 2 ). The interstellar
xtinction ( E B-V = 0.031, Marinello et al. 2016 ) is also considered.
he SED of Mrk 1044 in 2018 is shown in Fig. 5 compared with
ther Seyfert galaxies, where it shares a similar soft SED with 1H
934 −063. The observed data are shown on top of the SED, where
he deviations from the best-fitting SED come from the removal of
he Galactic absorption, redshift, and dust-reddening components. By 

easuring the bolometric luminosity (10 −3 –10 3 keV) predicted by 
he model, L Bol ∼ 1 . 4 × 10 44 erg s −1 , we thus estimate the Eddington
atio of Mrk 1044 at λEdd = L Bol / L Edd ∼ 0.4, adopting a SMBH mass
f 2 . 8 × 10 6 M � (Du et al. 2015 ), where L Edd = 4 πGM BH m p c / σ T is
he Eddington luminosity. Although our estimated Eddington ratio is 
lightly different from the literature ( λEdd = 0.59, Grupe et al. 2010 ),
ue to the different masses adopted ( M BH = 2 . 1 × 10 6 M �, Grupe
t al. 2010 ), it still implies a high-accretion system and the value
s comparable to that of 1H 1934 −063 ( λEdd = 0 . 40 + 0 . 91 
−0 . 27 , Xu et al.

022 ) calculated from the same approach. 
To take advantage of both the advanced reflection model (RELX- 

LL), implemented in XSPEC, and the pion model in SPEX, we
dopt the code used in Parker et al. ( 2019 ) to construct the tabulated
odel, which is an XSPEC version of pion , called pion xs . In

his paper, we only make use of the emission component of pion
i.e. solid angle � = 1, and co v ering fraction C F = 0), while
he absorption component is explained by xabs xs , transferred 
rom xabs in SPEX ( C F = 1). The pion and xabs models are
haracterized by four main parameters, including the column density 
 H , the ionization parameter log ξ , the turbulence velocity σ v , and

he line-of-sight (LOS) redshift of gas z LOS . 

.3.1 Absorption 

o locate the globally best-fitting solution of the absorbing gas, 
e launch a systematic scan o v er a multidimensional grid of the
arameters (log ξ , z LOS , σ v ) of xabs xs , following Xu et al. ( 2021a ,
022 ). The range of log ξ is 0–5 with a step of � log ξ = 0.1. The
rid of the turbulent velocity σ v is the same as that of the Gaussian
ine scan ( σ v = 500, 1500, and 4500 km s −1 ). The LOS velocity,
 LOS , ranges from −0.35 to 0, with an increment depending on the
hoice of σ v (c �z LOS = 500, 700, 1500 km s −1 for σ v = 500, 1500,
nd 4500 km s −1 , respectively). The scan is performed upon the best-
tting model obtained in Section 3.1 . The column density, N H , and
ontinuum parameters are left free. The �χ2 -statistics impro v ement 
s recorded at each grid to reveal the detection significance of the
bsorbing gas. One advantage of the scan is to show the location
f all possible solutions in the parameter space, probably revealing 
ultiphase outflows. 
The scan result of the 2018 spectrum is shown in the left panel of

ig. 6 , where the best solution is marked with a red cross. Because of
he consistent solutions with different turbulent velocities, we only 
resent the result with σ v = 4500 km s −1 in this paper, which has
he largest detection significance. The velocity on the X-axis is the
elativistically corrected velocity according to the equation: v/c = 

 

(1 + z LOS ) / (1 − z LOS ) − 1. It reveals a strong detection ( �χ2 = 

03) of a highly ionized (log ξ = 3.72) and ultrafast ( z LOS = −0.15)
bsorber. If we allow the line width to vary, the solution of the
MNRAS 523, 2158–2171 (2023) 
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M

Figure 6. Photoionization absorption ( left ) /emission ( right ) model search for the stacked 2018 spectrum of Mrk 1044 o v er the broad-band model. The colour 
illustrates the statistical impro v ement after adding an absorption/emission component. The best-fitting solution is marked by a red cross. 

Figure 7. The stacked 2018 ( first ) and flux-resolved (from second to fourth ) 
RGS spectra ( black dots with errors) of Mrk 1044. Each panel contains the 
fits with the baseline continuum model ( blue ) and the continuum plus a 
pion xs and xabs xs model ( red ). The rest-frame energies of the rele v ant 
ion transitions are marked by the vertical dashed lines. 
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irect fit ( σ v ∼ 12 000 km s −1 , N H = 2 . 3 × 10 21 cm 

−2 ) is listed in
able 2 , consistent with our scan result. The contribution of this
bsorber to the modelling is visible in the top panel of Fig. 7 , mainly
round 1.2 keV from blueshifted Fe XXII-XXIV and Ne X , without
ny absorption features detected in the EPIC band probably due to
ts relatively low column density and the soft SED. 
NRAS 523, 2158–2171 (2023) 
The same scan is also performed for the time-/flux-resolved spec-
ra, shown in Fig. 8 , and their best-fitting solutions are summarized
n Table 2 . The UFO detection significance in each spectrum is at
east 4 σ , i.e. �χ2 = 24.5 for 4 degrees of freedom (d.o.f.). We
lso calculate the X-ray flux between 0.4 and 10 keV with the
flux model, presented in Table 2 . The best-fitting velocity of
3 is around −0.2 c with a narrow-line width of < 178 km s −1 , which

s quite different from the absorber in the other two consecutive
bservations. The scan plot reveals another degenerate region below
0.15 c with a broad-line width of ∼8500 km s −1 and comparable

tatistics ( �χ2 ∼ 3). Therefore, to ensure we are tracing the same
bsorber, we adopt this slow and broad solution in our analysis. 

Among the time-resolved spectra, apart from T4, the ionization
tate and column density of the UFO are consistent within their
ncertainties. The velocity of the UFO indicatively has an increasing
rend with the source flux. As for T4, instead of the 1.2 keV feature,
he best-fitting solution of T4 explains the blueshifted O VIII line
round 0.7 keV (see the bottom panel of Fig. 3 ). It means that a
ompletely different absorber dominates the T4 spectrum, which
as observed 1 year apart from the others. Although according to

he T4 scan plot a similar high-ionization and fast re gion e xists with
 lower significance than that of the best fit, that solution is weakly
etected ( �χ2 /d.o.f. = 13/4) after including a primary absorber and
n emitter (see Section 3.3.2 ). Therefore, we do not consider that
econdary absorption component in the following as the constraints
n its parameters are too loose for meaningful discussions. 
The flux-resolved spectroscopy is likely to smear/broaden the

ariable line features, which may lead to degenerate solutions. To
educe the influence of this effect, we fix the line width of xabs xs at
000 km s −1 , the average value of the time-resolved results, although
he trend disco v ered below remains the same with a free line width.
mong the flux-resolved spectra, we find that a faster, more ionized,

nd Compton-thicker plasma tends to appear in a brighter state. The
orresponding contribution of the UFO to the modelling ( ∼1.2 keV)
s shown in Fig. 7 . 

.3.2 Emission 

he same systematic scan is applied to the pion xs model o v er the
ontinuum model to study the photoionization emission component.
he only difference is the searched velocity grid, ranging from 0.1 to

art/stad1565_f6.eps
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Figure 8. Similar to the left panel of Fig. 6 , but the scan is performed on the time- (T, left ) and flux- (F, right ) resolved spectra. 
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0.1, as we do not find strongly shifted emission lines in the bottom
anel of Fig. 2 . The scan result of the 2018 spectrum is shown in
he right panel of Fig. 6 with a fixed line width of 1500 km s −1 . It
eveals the highly significant detection ( �χ2 = 69) of a blueshifted 
 z LOS = −0.011) photoionized emitter with a modest ionization state
log ξ = 2.5). The statistical impro v ement shown in Table 2 is smaller
 �χ2 = 48) than that of the scan because some residuals fitted by
ion xs in the scan o v er the continuum model have been explained
MNRAS 523, 2158–2171 (2023) 
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Figure 9. The stacked 2018 EPIC spectra of Mrk 1044. The fits of the 
continuum plus one or two emitter(s) to the RGS + EPIC data are shown in 
red dashed and green solid lines, respectively. The fit of the continuum model 
to only EPIC data (1.77–10 keV for consistency with other fits) is shown in 
the blue line. The corresponding data/model ratios are shown in the following 
panels. 
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y the model including a xabs xs . The primary emitter is not
s highly ionized as the absorption component (perhaps related to
FO in T4), since, differently from the absorption component, the
hotoionization emission is expected to originate from gas located
t a wide range of distances from the ionizing source, possibly from
arge distances. The potential secondary solution (log ξ > 3.5) is
iscussed in Section 4 . 
We do not perform the scan o v er the time-/flux-resolv ed spectra as

he velocity of the emission component is generally not as variable as
he absorption (e.g. Kaspi et al. 2001 ; Reeves et al. 2016 ; Kosec et al.
021 ). The best-fitting parameters and the contributions of pion xs
o modeling are shown in Table 2 and Fig. 7 separately. Each solution,
xcept T1, has at least 3.5 σ (i.e. �χ2 = 20) detection significance.
he unconstrained line width in T1 and T4 is fixed at 1500 km s −1 . In
eneral, the line width of the emission component is narrower than
hat of the absorption, consistent with the expectation of less variable
elocity and a larger distance. The column density, ionization state,
nd velocity of the emitter are stable within their uncertainties among
he time-resolved spectra, while those parameters are tentatively
orrelated with the source luminosity in the flux-resolved results.
he velocities are all blueshifted at least more than 2700 km s −1 .
part from F1, the pion xs model mainly explains the O VIII and
e/Ne lines around 1 keV, while it models the O VII and O VIII lines

n F1 spectra (see Fig. 7 ). 

 DISCUSSION  

y analysing the RGS data of a large XMM–Newton campaign on
rk 1044 in 2018 and 2019, we find a highly ionized UFO and a

lueshifted photoionized emitter in the spectra. The UFO detection
onfirms the existence of the UFO1 reported in Krongold et al.
 2021 ) from the 2013 XMM–Newton observation, sharing a similar
onization state and velocity, although the UFO in their paper was
ssociated with a fixed narrow profile ( σv = 10 km s −1 ). The reported
ultiphase outflow is also marginally supported by the UFO detected

n T4, which has similar parameters to their UFO2 component,
lthough we do not find other cold UFOs like their UFO3/4 phases
n Mrk 1044. The emitter shows a much lower ionization state and
olumn density than UFO, implying the average photoionization
mission component originates from a different gas with respect to
bsorption, while the UFO in T4 perhaps is related to the emitter
ue to their similar column density, ionization state, and turbulent
elocity. 

In the scan of the photoionization emission model (see the right
anel of Fig. 6 ), we also disco v er a potential secondary emitter,
hich is trying to complement the blue wing of the Fe K emission.
he best fit ( �χ2 = 37) of the secondary emitter requires an
ltrafast ( z LOS = −0 . 12 + 0 . 02 

−0 . 02 ) and highly ionized ( log ξ = 3 . 7 + 0 . 1 
−0 . 2 )

lasma with a column density of N H = 3 . 6 + 1 . 8 
−1 . 5 × 10 21 cm 

−2 and an
nconstrained turbulent velocity fixed at σ v = 9000 km s −1 . This
mitter shares common properties with the absorber, indicating the
ame origin of the absorption. We plot the stacked 2018 EPIC
pectra and the best-fitting model including two emitters in the top
anel of Fig. 9 , compared with the continuum plus one emitter. The
orresponding data-to-model ratios are shown in the second and
hird panels. Ho we ver, we are concerned about the requirement of
his secondary emitter as the not well-explained Fe K profile might
esult from the imbalance between the statistics of the RGS and EPIC
ata, where the grating data have more bins (a factor of 4) than CCD
ata and the model is mainly adjusted to fitting soft X-ray residuals.
o test this possibility, we fit the continuum model to only EPIC data
nd show it in Fig. 9 as well as the corresponding ratio. Compared
NRAS 523, 2158–2171 (2023) 
ith the results in Table 2 , the continuum model only requires a
arder spectral slope ( 
 = 2 . 16 + 0 . 03 

−0 . 02 ) and explains the blue wing
f Fe emission well, while the other parameters remain unchanged
ithin uncertainties. In terms of fitting the EPIC data, this continuum
odel is much better ( �χ2 = 86) than the continuum plus two

mitters fitted to the RGS + EPIC data. It suggests that the additional
mission component is spurious, although we cannot exclude the
ossibility of an intervening outflow contributing to a part of the
e K profile. Therefore, we tend not to discuss the evolution of the
econdary emitter in the following. 

.1 Evolution of the wind components 

n Section 3.3 , we have measured the properties of the absorption and
mission components at different flux levels. To further investigate
he relations between wind properties and source luminosity, we
lot their column density, ionization parameter, and velocity versus
he calculated fluxes in Fig. 10 . The blueshift of the absorption and
mission feature, measured by the Gaussian model, are included
s well. The absorption line is assumed to come from Ne X (E rest =
.022 keV), while the emission line is O VIII (E rest = 0.6535 keV).
e fit these parameters with a linear function in a logarithmic space.

he same fit with a slope fixed at unity is also performed on the ion-
zation parameter to show the expected behaviour in photoionization
quilibrium, according to the definition of the ionization parameter

art/stad1565_f9.eps
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Figure 10. The column density ( top ), ionization parameter ( middle ), and velocity ( bottom ) of the photoionized absorbing ( left ) and emitting ( right ) plasmas 
versus the unabsorbed X-ray flux for the flux-resolved spectra. The blueshift of the main absorption/emission feature (i.e. Ne X /O VIII ) measured by Gaussian 
is also included, where the corresponding flux is manually shifted for clarity. The linear function fits with (1:1 Log) and without (Log/Log) a slope fixed at unity 
are performed in a logarithmic space. See details in Section 4.1 . 
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 ξ ≡ L ion / n H R 

2 ∝ F ion , where R is the distance from the ionizing
ource to the plasma and n H is the hydrogen volume density). All
f the fits provide positive correlations between wind properties and 
he source luminosity. 

.1.1 Absorbing gas 

or the absorption component, the Pearson correlation coefficients 
f the best-fitting values of ( N H , F ), (log ξ , F ), ( v, F ), and ( v gaus ,
 ) points considering their uncertainties are 0.76, 0.86, −0.86, and 
0.96, respectively (Curran 2014 ), suggesting a moderate correlation 

etween ( N H , F ) and strong correlation among the others. The
og/Log fits give: 

log 
N H 

10 21 cm 

−2 
= ( −0 . 9 ± 0 . 8) + (1 . 59 ± 0 . 98) log ( 

F 0 . 4 −10 

10 −11 
) , (1) 

log 
ξ

erg cm s −1 
= (2 . 96 ± 0 . 33) + (1 . 08 ± 0 . 41) log ( 

F 0 . 4 −10 

10 −11 
) , (2) 

log 
| v| 
c 

= ( −1 . 12 ± 0 . 14) + (0 . 39 ± 0 . 16) log ( 
F 0 . 4 −10 

10 −11 
) , (3) 

log 
| v gaus | 

c 
= ( −1 . 40 ± 0 . 16) + (0 . 73 ± 0 . 19) log ( 

F 0 . 4 −10 

10 −11 
) . (4) 

he best-fitting value of the slope in equation ( 2 ) is consistent with
ne, which is the expected value through the definition, in spite of the
arge uncertainty, indicating that the absorbing gas responds to the 
ariability of the source radiation instantaneously, which implies a 
igh volume density. The weakly increasing trend of the column 
ensity is opposite to the relation shown in IRAS 13224 −3809 
see fig. 7 in Pinto et al. 2018 ), where the column density slightly
ecreases along with the increasing ionization parameter (log ξ up 
o 6) and luminosity. It means the UFO in Mrk 1044 may have not
een o v erionized, suggested by the modest ionization state (log ξ ∼
.7–4.0), and still require a larger column density to visualize the
bsorption features at higher ionization state (e.g. see fig. 10 in Pinto
t al. 2020 ). 

The positive correlation between the velocity and the X-ray flux 
uggests that the wind is radiatively driven, which is also observed in
ther high-accretion systems, IRAS 13224 −3809 (Pinto et al. 2018 )
nd PDS 456 (Matzeu et al. 2017 ). According to equation ( 4 ) in
atzeu et al. ( 2017 ), the net radiati ve-dri ven (i.e. radiati ve minus

ravitational force) outflow should have a dependence between the 
elocity, the luminosity L ion , and the launching radius R w , 

 /c ∝ k 
1 / 2 
0 . 4 −10 L 

1 / 2 
0 . 4 −10 R 

−1 / 2 
w , (5) 

here k 0.4-10 = L bol / L 0.4-10 is the bolometric correction factor. The
elation observed in Mrk 1044 (from xabs xs instead of the
henomenological model) is consistent with the power index (0.5) in 
quation ( 5 ) within uncertainties, at variance with the results derived
rom IRAS 13224 −3809 (0.05 ± 0.02) and PDS 456 (0.22 ± 0.04).

.1.2 Emitting gas 

or the emission component, the Pearson correlation coefficients 
f the best-fitting values of ( N H , F ), (log ξ , F ), ( v, F ), and ( v gaus ,
 ) points considering their uncertainties are 0.73, 0.68, −0.83, and
0.69, respectively, suggesting moderate correlations, except for a 

trong correlation between ( v, F ). The fits provide: 

log 
N H 

10 20 cm 

−2 
= ( −2 . 8 ± 2 . 3) + (3 . 68 ± 2 . 79) log ( 

F 0 . 4 −10 

10 −11 
) , (6) 
MNRAS 523, 2158–2171 (2023) 
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log 
ξ

erg cm s −1 
= ( −0 . 49 ± 2 . 16) + (3 . 27 ± 2 . 64) log ( 

F 0 . 4 −10 

10 −11 
) , (7) 

log 
| v| 

0 . 01c 
= ( −0 . 68 ± 0 . 14) + (0 . 92 ± 0 . 17) log ( 

F 0 . 4 −10 

10 −11 
) , (8) 

log 
| v gaus | 
0 . 01c 

= ( −0 . 57 ± 0 . 17) + (0 . 80 ± 0 . 22) log ( 
F 0 . 4 −10 

10 −11 
) . (9) 

o we v er, the e xtremely large uncertainties of the fitted parameters,
xcept for the velocity-related fits, preclude any authentic conclu-
ions on the emitting gas. It is also noted that the time-scale of
he segments of the flux-resolved spectra, around 3 ks, provides a
aximal distance of ∼ 220 R g for the causally linked correlations,

nless the emitting gas is mainly located along with our LOS, which
s rather unlikely but still possible (given its blueshift). However, the
arge range of locations of the emission, suggested by the moderate
onization state, a low column density, and a narrow-line width,
ill result in a low coherence between the plasma and the source

Jur ́a ̌no v ́a, Costantini & Uttle y 2022 ), impeding the disco v ery of
orrelations. The observed variation of the velocity is, therefore,
nly probably contributed by a portion of the emitting gas near the
entral region. 

.2 Outflow properties 

t is expected that outflows carry out sufficient power to quench or
rigger SF in their hosts and affect the evolution of galaxies (e.g.
i Matteo et al. 2005 ; Hopkins & Elvis 2010 ; Maiolino et al. 2017 ;
hen et al. 2022 ). According to simulations, the deposition of the
inetic ener gy lar ger than 0.5 per cent of the Eddington luminosity
nto the ISM is sufficient to produce considerable feedback on the
ost galaxy. The kinetic power of UFO can be expressed as follows: 

 UFO = 

1 

2 
Ṁ out v 

2 
UFO = 

1 

2 
�R 

2 ρv 3 UFO C V , (10) 

here Ṁ out = �R 

2 ρv UFO C is the mass outflow rate, � the opening
ngle, R the distance between the ionizing source and UFO, ρ the
utflow mass density, and C V the volume-filling factor. The mass
ensity is defined as ρ = n H m p μ, where n H is the hydrogen number
ensity, m p the proton mass, and μ = 1.2 the mean atomic mass
ssuming solar abundances. n H R 

2 can be replaced by obtained param-
ters L ion / ξ , according to the definition of the ionization parameter ( ξ

L ion / n H R 

2 ). We estimate the ionizing luminosity (1–1000 Rydberg)
rom the SED presented in Fig. 5 at L ion ∼ 3 . 9 × 10 43 erg s −1 and
nd 

 UFO = 0 . 5 v 3 UFO m p μL ion �C/ξ ∼ 5 . 89 × 10 44 �C V erg s −1 (11) 

y inputting the results of the UFO obtained in the 2018 spectrum.
ere we adopt a conserv ati ve v alue of the opening angle � =
.3 from the general relativistic magnetohydrodynamic (GRMHD)
imulations of radiati ve-dri ven outflo ws in high-accretion systems
Takeuchi, Ohsuga & Mineshige 2013 ). The filling factor C V =
 × 10 −3 is derived from equation (23) in Kobayashi et al.
 2018 ) assuming that the outflow mass rate is comparable with
he accretion mass rate and the accretion efficiency is η = 0.1.
he conserv ati ve v alue of the UFO kinetic energy is thus L UFO ∼
 . 54 × 10 43 erg s −1 ∼ 4 . 4 per cent L Edd , surpassing the theoretical
riterion, suggesting that the UFO in Mrk 1044 is very likely to
nfluence the evolution of the host galaxy. 

Based on the hypothesis that the UFO velocity is at least larger
han its escape velocity, we can estimate the lower limit of the
utflow location, R ≥ 2 GM BH /v 

2 
UFO ≥ 98 R g . It provides an upper

imit of the outflow density, n H = L ion /ξR 

2 < 4 . 5 × 10 12 cm 

−3 . On
NRAS 523, 2158–2171 (2023) 
he other hand, by using the time-dependent photoionization model
pho (Rogantini et al. 2022 ), we simulate the response of plasma
ith different densities to the source variability to estimate the lower

imit of the plasma density and further the upper limit of the outflow
ocation. The duration of the low, middle, and high states of the
ource are 3 ks, 1.5 ks, 3 ks, respectiv ely, pro vided by the time-scale
f segments of flux-resolved spectra, shown in the top panel of
ig. 11 . The time-dependent evolution of the ionic concentration of
redominant absorption lines, i.e. Ne X and Fe XXII-XXIV , is shown in
he lower four panels of Fig. 11 . Gases with a density abo v e 10 9 cm 

−3 

espond quickly to the luminosity. If we assume the UFO in Mrk 1044
esponds to the source instantaneously, suggested by equation ( 2 ),
he lower limit of the density is 10 9 cm 

−3 . The recombination time-
cale of the plasma at log ξ = 3.7 can be e v aluated through the
ec time code in SPEX. For example, the recombination time of

he Fe XXIV line, the predominant line in UFO, is calculated as t rec 

 19 s, consistent with our assumption. The volume density of the
FO is thus estimated between n H = 10 9 –4 . 5 × 10 12 cm 

−3 and the
orresponding location is R = 

√ 

L ion /n H ξ = 98 –6600 R g . 
For the emitting gas, we have to adopt another method to derive

he upper limit of its location, since its response to the source is
nconstrained. Through the assumption that the plasma thickness is
maller than its distance to the source, � R = N H / C V n H ≤ R , the
pper limit of the location can be estimated, R ≤ C V L ion /ξN H ≤
 . 8 × 10 6 R g . The lower limit could be calculated by the same method
or absorbing gas, based on the same assumption of v LOS ≥ v esc , at >
 . 2 × 10 4 R g . Ho we ver, since the emission comes from a wide range
f distances, the observed velocity is an averaged value and may not
e representative of the escape velocity of the emitting gas close to the
entre. If we assume the emitting gas shares the same origin with the
FO detected in T4, the lower limit of the location can be estimated

t > 320 R g , close to the maximal distance of the causal connection.
ur constraints on the location of the emission components are rather

oose and span the whole range of distances, 3 × 10 2 –7 . 8 × 10 6 R g ,
rom the accretion disc to the interface between the outer disc and
he broad-line region (BLR), which scales with the black hole mass
r Eddington ratio. The range of the corresponding density is 1 . 2 ×
0 4 –7 × 10 11 cm 

−3 . 

.3 Comparison with other AGN 

y comparison with UFOs disco v ered in other AGN, the ionization
tate (log ξ ∼ 3.7) and the velocity ( v ∼ 0.15 c ) of the UFO in

rk 1044 are typical (log ξ ∼ 3–6, v ∼ 0.08–0.3 c , e.g. Nardini
t al. 2015 ; Kosec et al. 2020 ; Parker et al. 2021 ; Xu et al. 2021a ;
atzeu et al. 2023 ). The column density ( N H ∼ 2 . 3 × 10 21 cm 

−2 )
s not as thick as typical UFOs disco v ered from Fe K absorption
eature (log ( N H /cm 

−2 ) ∼ 22–24). Ho we ver, the lo w column density
s common in UFOs detected in the soft X-ray band (e.g. Longinotti
t al. 2015 ; Pounds et al. 2016 ; Xu et al. 2022 ). Alternatively, another
otential explanation is the relati vely lo w inclination angle of Mrk
044 ( i ∼ 34 ◦) that we are therefore viewing a narrower wind
egion. 

The correlation between the velocity of the UFO and the source
uminosity is consistent with the phenomenon observed in PDS 456
Matzeu et al. 2017 ) and IRAS 13224 −3809 (Pinto et al. 2018 ),
hile different from 1H 0707 −495 (Xu et al. 2021a ). The reason
ight come from their different Eddington ratios, as the former three

PDS 456, λEdd ∼ 0.77, Nardini et al. 2015 ; IRAS 13224 −3809,
Edd = 1–3, Alston 2019 ; Mrk 1044, λEdd ∼ 0.4) are not so highly
ccreting as 1H 0707 −495 ( λEdd > 0.7, Xu et al. 2021a , or λEdd =
40–260, Done & Jin 2016 ), of which the structure of the accretion



Winds in Mrk 1044 2169 

Figure 11. Top panel: The input light curve that we expect in Mrk 1044 
(an approximation) for the tpho model. The low state corresponds to the 
luminosity of F1 and the high state to the luminosity of F3. The duration of the 
low state, the middle, and the high state are 3 ks, 1.5 ks, and 3 ks, respectively, 
which are the average time-scale of the segments of the flux-resolved spectra. 
Middle and Botton panels: The time-dependent evolution of the concentration 
relative to hydrogen of Ne X and Fe XXII–XXIV for different gas densities that 
are compared with the ionic concentrations for a plasma in photoionization 
equilibrium (black stars). 

Figure 12. The velocity of the emission lines versus the estimated Eddington 
ratio of Type 1 AGN. See more details in Section 4.3 . 
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ow does not significantly deviate from the standard thin disc model
Shakura & Sunyaev 1973 ). 

Blue-shifted emission lines are rarely observed in AGN. To our 
nowledge, among Type 1 AGN, only four sources (1H 0707 −495,
u et al. 2021a ; ESO 323 −G077, Jim ́enez-Bail ́on et al. 2008 ; NGC
151, Armentrout, Kraemer & Turner 2007 ; NGC 7469, Grafton- 
aters et al. 2020 ) reveal blueshifted emission lines, as well as the

artially absorbed emission lines in NGC 4051 (Pounds & Vaughan 
011 ). Given the fact that blueshifted emission lines were also found
n some ultraluminous X-ray (ULX) sources (e.g. NGC 55 ULX 

nd NGC 247 X-1, Pinto et al. 2017 ; Kosec et al. 2021 ; Pinto et al.
021 ), we propose that blueshifted emission lines are related to high
ccretion rates and plot the blueshift of emission lines versus the
ddington ratios in Fig. 12 (Jim ́enez-Bail ́on et al. 2008 ; Edelson
t al. 2017 ; Mehdipour et al. 2018 ; Yuan et al. 2021 ; Xu et al. 2021a ).
he Eddington ratio of 1H 0707 −495 is assumed at its lower limit,
.7, as we cannot constrain the upper limit and only know it is a
uper-Eddington AGN. The Pearson coefficient is 0.87, suggesting 
hey are highly correlated. The linear fit gives: 

 EM 

( km s −1 ) = (11560 ± 1756) λEdd + (170 ± 240) . (12) 

lthough the fit seems to strongly support our hypothesis, due to
he small size of the sample and the uncertainty on the λEdd , we
re unable to confirm that correlation. The reason why there are no
lueshifted emission lines in other high-Eddington AGN is probably 
 too-strong continuum, washing out the lines, or the small viewing
ngle close to face-on. The validation of this correlation requires a
ystematic analysis like what we have done in this paper on a large
ample of AGN at different accretion rates. 

.4 Future mission 

uture missions with unprecedented spectral resolution and ef fecti ve 
rea will provide incredible constraints on the nature of UFOs. Their
arge ef fecti ve area will collect suf ficient photons for spectroscopy
ithin a short time-scale, thus a v oiding the risk of spectral broaden-

ng due to the flux-resolved spectroscopy. We will be able to trace
he variability of UFO properties at different flux levels and put
ighter constraints on the region of outflows through the variability 
 � R = c � t ). 

We, therefore, simulate spectra for the X-Ray Imaging and Spec- 
roscopy Mission ( XRISM , Tashiro et al. 2018 ) and the Advanced
elescope for High-Energy Astrophysics ( ATHENA , Nandra et al. 
MNRAS 523, 2158–2171 (2023) 
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M

Figure 13. The data/model ratio for the XRISM/Resolve ( middle , 100 ks) 
and ATHENA/X-IFU ( bottom , 10 ks) spectrum, simulated by the best-fitting 
model obtained in Section 3.3 , with respect to the baseline continuum model. 
The ratio for the stacked 422 ks XMM–Newton 2018 spectrum is presented in 
the top panel for comparison. 
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013 ) based on the best-fitting model obtained in Section 3.3 . The
ata/model ratios with respect to the continuum model are shown in
he middle and bottom panel of Fig. 13 and that of the stacked XMM–
ewton 2018 spectrum is presented in the top panel for comparison.
ompared with the detection significance of an outflow and an
mitter in XMM–Newton spectrum ( �χ2 = 203), we find XRISM
rovides a comparable statistical improvement ( �χ2 = 205) with
 quarter of XMM–Newton exposure time (100 ks), while ATHENA
an reach a much stronger detection ( �χ2 = 1020) within o v er one
rder of magnitude fewer exposure time (10 ks). 
Furthermore, the huge spectral resolution is likely to resolve the

ine profile, which conceals the information about the launching
echanism. According to Fukumura et al. ( 2022 ), the outflows

riven by radiative lines have an asymmetric line shape of an
xtended red wing, while those driven by magnetic fields have a blue
xtended wing. Such a difference is able to be distinguished with
igh-resolution missions. Therefore, given these two benefits, it is
romising to deepen our understanding of AGN outflows and identify
he UFO launching mechanism with future missions. Moreo v er, an
mulation method recently developed by Matzeu et al. ( 2022 ) can be
pplied to efficiently model the spectral data from future missions
hat have the capability to collect photons orders of magnitude larger
han that of current facilities. 

 C O N C L U S I O N S  

n this work, through the time- and flux-resolved X-ray spectroscopy
n four XMM–Newton observations of Mrk 1044, we investigate the
ependence of the wind properties on the source luminosity. We find
hat the absorbing gas quickly responds to the source variability,
uggesting a high-density plasma ( n H ∼ 10 9 –4 . 5 × 10 12 cm 

−3 ). Fur-
hermore, the UFO velocity is correlated with the X-ray luminosity,
uggesting that the UFO in Mrk 1044 is accelerated by the radiation
NRAS 523, 2158–2171 (2023) 
eld. The emitting gas is located at a large range of distances from the
MBH and shows a blueshift of 2700–4500 km s −1 . By comparing
ith the disco v ered blueshifted emission lines in other AGN, we
ropose that the blueshift of emission lines is probably correlated
ith the source accretion rate, which can be verified with a large

ample study. Our simulations demonstrate that the nature of AGN
inds will be promisingly unveiled by future missions due to their

arge ef fecti ve area and high spectral resolution. 
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