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ABSTRACT

Supermassive black holes in galaxies spend majority of their lifetime in the low-luminosity regime,
powered by hot accretion flow. Strong winds launched from the hot accretion flow have the potential
to play an important role in active galactic nuclei (AGN) feedback. Direct observational evidence
for these hot winds with temperature around 10 keV, has been obtained through the detection of
highly ionized iron emission lines with Doppler shifts in two prototypical low-luminosity AGNs, namely
MS81* and NGC 7213. In this work, we further identify blueshifted H-like O/Ne emission lines in the
soft X-ray spectra of these two sources. These lines are interpreted to be associated with additional
outflowing components possessing velocity around several 10% km /s and lower temperature (~ 0.2—0.4
keV). Blue-shifted velocity and the X-ray intensity of these additional outflowing components are
hard to be explained by previously detected hot wind freely propagating to larger radii. Through
detailed numerical simulations, we find the newly detected blue-shifted emission lines would come
from circumnuclear gas shock-heated by the hot wind instead. Hot wind can provide larger ram
pressure force on the clumpy circumnuclear gas than the gravitational force from central black hole,
effectively impeding the black hole accretion of gas. Our results provide strong evidences for the energy
and momentum feedback by the hot AGN wind.

1. INTRODUCTION

Actively accreting supermassive black holes (SMBHSs)
located at the center of galaxies can considerably influ-
ence the evolution of their host galaxies through radi-
ation or different kinds of outflows (e.g., Kormendy &
Ho 2013). Accretion and corresponding feedback can
be classified into hot and cold modes, depending on
whether the mass accretion rate of the SMBHs is be-
low or above ~ 2% of Mpqq (Yuan & Narayan 2014).
The majority of local galaxies host low-luminosity ac-
tive galactic nuclei (LLAGNS), resulting in hot (kinetic)
mode accretion and feedback within these galaxies.

Numerical simulations of hot accretion flows have pre-
dicted the existence of energetic outflows in the form
of uncollimated hot winds with a large opening angle
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(Yuan et al. 2012a,b; Narayan et al. 2012; Yuan et al.
2015; Yang et al. 2021). Furthermore, simulations have
shown that, unless the black hole spin is extremely high,
the kinetic energy and momentum carried by the hot
wind will be comparable, if not larger than that carried
by jet (Yuan et al. 2015; Yang et al. 2021). This result,
combined with the fact that the opening angle of wind
is much larger than that of jet, suggests that hot winds
serve as an essential component of kinetic mode feed-
back, in addition to the widely considered relativistic
jets. The importance of the hot winds and radiation in
the hot feedback mode has been investigated by numeri-
cal simulations of AGN feedback in an isolated elliptical
galaxy (Yoon et al. 2019). Adopting MACER model
(Yuan et al. 2018), where radiation and wind of AGN
have been carefully incorporated based on the state-pf-
the-art physics of black hole accretion in both the hot
(radio) and cold (quasar) modes, they found AGN ac-
tivity and black hole mass would become significantly
higher if hot mode feedback is turned off. And the sup-
pression effect of hot mode feedback is dominated by
wind rather than radiation.
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Direct observational evidence for the existence of hot
winds has been reported in two LLAGNs, namely M81*
and NGC 7213, through Doppler shift of highly ionized
Fe emission lines from observations conducted by Chan-
dra High Energy Transmission Gratings (HETG) by Shi
et al. (2021, 2022) (hereafter S21; S22). MS81* has an
Eddington ratio of is Lye1/Lgad ~ 3 x 107° (Yu et al.
2011; Nemmen et al. 2014), well below the threshold for
LLAGN (~ 2%) (Yuan & Narayan 2014). Symmetri-
cally red- and blue-shifted Fe XXVI Ly« emission line
with consistent velocity to the rest frame energy have
been detected, indicating the presence of a 16-keV bipo-
lar outflow with line-of-sight velocity of £2800 km/s.
The Eddington ratio of NGC 7213 is 1072 (Starling et al.
2005; Emmanoulopoulos et al. 2012). Highly ionized
iron lines, including Fe XXV Ka and Fe XXVI Ly«
lines, have been detected (Bianchi et al. 2003; Starling
et al. 2005; Emmanoulopoulos et al. 2013) and appear
to have a blueshifted velocity of ~ 1000 km/s (Bianchi
et al. 2008; Shi et al. 2022). These blueshifted emission
lines are interpreted by a 16-keV hot wind with a veloc-
ity of 1100 km/s from the hot accretion flows (S22).

The kinetic luminosity carried by hot winds accounts
for 10% - 15% of the AGN bolometric luminosity in
M81* and NGC 7213. However the spatial extent of the
hot winds influence remains uncertain. In both M&1*
and NGC 7213, static hot gas with T' ~ 1-keV, poten-
tially associated with hot circumnuclear medium, is spa-
tially confined to the central 102 — 103 pc (S21; S22),
implying that such hot winds may have the capability
to affect the evolution of circumnuclear medium. The
presence of multiphase outflows at several 102 pc-scale
is hinted by multiwavelength observations in these two
sources. Biconical warm ionized gas outflow features
with a line-of-sight velocity of ~ 50 km/s and total mass
outflow rate of ~ 1.4x 1073 Mg, yr~! have been detected
within 120 - 250 pc of M81* (Li et al. 2022). The mass
outflow rate is similar to that of M81* pc-scale hot wind
(~2x1073 Mg yr—!). In the case of NGC 7213, two
potential molecular outflows within 500 pc of the cen-
tral SMBH have been detected (Salvestrini et al. 2020).
The connection between these larger-scale outflows and
pc-scale hot winds requires further investigation.

The large-scale dynamics of wind after launching from
accretion flow has been studied by Cui et al. (2020) and
Cui & Yuan (2020) (see also S21; S22). These studies
predict that, without considering the interaction of the
wind with interstellar medium (ISM), the wind temper-
ature should gradually decrease from 10879 K to 10% K
at > 10 rg, while the wind velocity remains almost un-
changed or slightly increases, depending on the strength
and configuration of magnetic field. As a result, we

would expect to observe blueshifted thermal emission
lines of highly ionized O and Ne from ~ 10°K plasma
as the winds propagate to outer regions. Observations
with high spatial and spectral resolution in the soft X-
ray regime are necessary to explore the impact of hot
winds on host galaxies, which is the aim of this work.

This paper is organized as follows. In Section 2, we
briefly describe the reduction process of X-ray obser-
vations involved in this study. We analyze the high-
resolution X-ray spectra of M81 and NGC 7213, focusing
on the detection of prominent emission lines in soft X-
ray bands, and discuss potential contamination in Sec-
tion 3. In Section 4 we associate the identified blue-
shifted emission lines with bulk motion plasma. We ad-
dress the challenges faced by free-expanding wind model
in describing this outflowing plasma. And we conclude
the observed spectral features can be better explained by
winds interact with circumnuclear warm ionized medium
through numerical simulations. We summarize our re-
sults in Section 5. The errors of derived parameters
listed in this work are at 90% confidence level unless
otherwise stated.

2. DATA REDUCTION

The XMM-Newton Reflection Grating Spectrometer
(RGS) can achieve a full-width half-minimum (FWHM)
spectral resolution of ~ 1200 km/s for the lst-order
over 0.5-2 keV soft X-ray bands, which meets the re-
quirements for detecting putative hot winds with several
10 km/s. M81* has been observed by XMM-Newton
with RGS on 2001 April 23th for 132.7 ks (ObsID:
0111800101). There is a total RGS 182.1 ks exposure
of NGC 7213 on 2001 May 28 and 2009 Nov 11 (ObsID:
0111810101 and 0605800301).

The RGS data are reduced with the XMM-Newton
Science Analysis System (SAS)* v20.0.0. We follow the
standard pipeline rgsproc to clean and reprocess the ob-
servations. After removing bad time interval with flaring
particle background, we obtain a clean exposure time of
87.0 ks for M81* and 159.2 ks for NGC 7213. To opti-
mize the signal-to-noise ratio, we test different widths
of source extraction regions along the cross-dispersion
direction to include 60% - 95% of line spread function
(LSF). The background spectra are extracted from re-
gions outside 98% of LSF. Ultimately, a source extrac-
tion region including 90% of LSF (~ 1.46") is chosen.
‘We combine the 1-order spectra from the two RGS spec-
trometer units (Fig. 1). Spectra are regrouped to ensure
that each energy bin contains at least one count.

L http://www.cosmos.esa.int /web/XMM-Newton /sas
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3. SPECTRAL ANALYSIS
3.1. Baseline Continuum Modeling

Spectra for the two sources are analyzed with Xspec
v12.12.1 and Cash statistics (C-stat) is adopted to eval-
uate the goodness of fit. Galactic foreground absorp-
tion is always included in the following fitting proce-
dure. The absorption column density is fixed at Ny =
1 x 102! cm™3 for M81* and Ny = 1.08 x 10%° cm™3
for NGC 72132, To fit the continuum of stacked spec-
trum for each source, a simple power-law model is ini-
tially adopted. Figure 1 shows the fitting results of the
baseline continuum models and Table 1 lists the derived
parameters, which will be used for line diagnostics in
the following sections.

For M81, the best-fit photon index I' = 2.19 4+ 0.03
with C-stat=1901 for 1827 degree of freedom (d.o.f),
which is softer than the photon index derived with Chan-
dra HETG and NuSTAR spectra in 1-79 keV band in
our previous work (S21), probably indicate the existence
of additional thermal gas components with temperature
less than 1 keV. This component would contribute to
soft band and makes the power-law component steeper.

For NGC 7213, the best-fit photon index is I' =
1.877 £ 0.019 with C-stat=2152 for 1834 d.o.f.. The
photon index is also a little softer compared with the
joint fit results from Chandra HETG and NuSTAR
FPMA/FPMB(S22). We also check the spectral vari-
ability between two RGS epochs of NGC 7213 spec-
tra. The best-fit photon index is marginally consistent
cross epochs(1.88 + 0.03 and 1.84 + 0.03 respectively).
While photon flux declines ~45% over the 8-year inter-
val, which is in agreement with the descending trend
described by Yan & Xie (2018). Emission line residues
can be clearly seen in both the co-added and individual
epoch spectra.

3.2. Line diagnostic

We perform a blind line search for the RGS spec-
trum of each source to identify prominent emission lines
in soft X-ray band. Systematic redshift has been cor-
rected. Detailed description of blind line search method
can be found in Tombesi et al. (2010) and S21. We
adopt the Monte Carlo Markov Chain script embedded
in Xspec to check and constrain the 90% error range of
the line centroids. Identification and information of rec-
ognized lines are summarized in Table 2 with the help

2 Values of galactic absorption column density are obtained from

https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl.

of ATOMDB?. Map of confidence level map for detected
prominent emission lines are shown in Figure 1.

In the soft X-ray band spectrum of M81, we detect
strong O VIII Ly« emission line at 0.6534f8:88§8 keV,
which is slightly resolved with o = 972 x 10? km s~'.
Emission line centered at 0.56270 902 keV with 3-0 up-
per limit line width of <4.3 x 103 km s~ is assigned to
the forbidden line of He-like O VII K« triplet. Corre-
sponding resonant and inter-combination counterparts
can be marginally detected. In the vicinity of the rest-
frame energy of Ne X Lya line (1.022 keV), two distinct
unresolved emission lines are detected with at least 3-o
confidence level. One of the lines centered at 1.01915-097
keV and is consistent with the rest-frame H-like Ne X
line. The other line, lying at 1.028 + 0.002 keV, exhibits
blue-shifted velocity of 1.975¢ x 103 km s~! with respect
to rest-frame Ne X Lya centroid. This blue-shifted Ne
X Ly« line is also hinted in the blind line search result
of co-added Chandra HEG spectrum(S21), centered at
1.02670-993 keV with confidence level of 98.3%. The line
flux is consistent with 3-sigma upper limit in MEG spec-
trum, but several times smaller than that in RGS.

In NGC7213, we two marginally resolved emission
lines centered on 0.56370002 keV and 0.574 + 0.04 keV,
which could be associated with the forbidden and res-
onance component He-like O VII Ka line respectively.
Emission lines around 0.72770 502 keV and 0.741 +0.005
keV are assigned to Fe XVII Ka lines. Ne IX resonance
line is detected at 0.91770:00% keV. There is no obvious
residue around the rest-frame energy of Ne X Ly« line.
We detect 0.652+0.002 keV O VIII Ly« line with a line
width of 61‘% %102 km/s. Besides, an additional emission
line has been detected at 98.4% confidence level 375 x 10?
km/s blue-shifted with respect to the rest-frame energy
of O VIII Ly« line.

3.3. Spectral modeling

Detected emission lines can be produced by optically
thin hot gas in the vicinity of the central AGN. Lines
with Doppler shifts imply gas with bulk motion. We
adopt a thermal plasma model apec (denoted as ‘APy’)
corrected for systematic redshift to describe the static
gas component and an additional apec model (denoted
as ‘AP},’) with Doppler shift z free to vary accounting for
the outflowing hot plasma. Table 1 records the best-fit
parameters of the gas components. Contamination from
off-nucleus point sources has been discussed in Appendix
A as well as Fig. Al, and would not cause significant
changes to the best-fit values.

3 http://atomdb.org/
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Table 1. Continuum Fitting Results

Source model r Ny To No Ty Vb Ao AnNe Ny, C-stat

1) (2 (3) 4 (5) (6) (7 (®) 9) (10) (11) (12)
PL (order 1) 2.19+0.03  4.44 £ 0.04 - - - - - - - 1904/1827
M81 PL+APq 2.19 4.224£0.07 0587503 3745 - - 1 21789 - 1818/1825
PL+APo+AP, 2.19 417+£0.06 0.57£0.09 32+7 0447315 19705 o04+02 2178 16+7 | 1807/1821
PL (order 1) 1.88 £0.02 4.10 £ 0.03 - - - - - - - 2152/1834
NGC7213 | PL+AP, 1.88 4.0540.03 027709 64+1.7 - - - - - 2109/1833
PL+AP(+AP, 1.88 4.05 £ 0.03 0.27 65715 0.207097 27403 1 1 3.4%2:0 | 2101/1831

NoTE— (1) Source name. (2) Model combinations of the spectral fitting. 'PL’ stands for power-law and AP’ represents the apec model. Sub-

script ’0’ and ’b’ denote the static and outflowing components.

(3) Power-law photon index. (4) Normalization of the power-law, in units of

1073 ph s~ cm™2 keV ™! at 1 keV. (5) & (7) Plasma temperature of static and blue-shifted gas components. (6) & (11) Normalization of the
apec components, in units of 107° ¢cm™°. (8) Blue-shifted velocity in units of 10> km/s. (9) - (10) Abundance of Ne and O relative to solar

abundance. (12) Goodness of fit in C-stat and degree of freedom.

The best fit temperature of static gas component in
NGC 7213 is 0.277005 keV, with a total 0.5-2 keV lu-
minosity of 4.3%17 x 103 erg/s. Inclusion of a blue-
shifted thermal component with best-fit temperature
0.2070-97 and velocity of 2.7 + 0.3 x 10 km/s would
bring an improvement of 8.5 for extra two degree of free-
dom to the goodness of fit, with 0.5-8 keV luminosity of
2.0715 x 103 erg s~

For M81*, the case is a little complicated. The tem-
perature of the almost static circumnuclear hot gas
around M81 is 0.57 & 0.09 keV with Lo 5_» = 3.3158 x
1038 erg/s. This component manifests marginal red-shift
with 3-c upper limit of < 450 km/s. Adding another
blue-shifted apec component with bulk motion veloc-
ity of 1.9J_r8:§ x 10% km/s will bring an improvement
of 11 for 4 d.o.f in C-stat. The temperature of this
blue-shifted component is 0.4470 13 keV and its 0.5-8
keV luminosity is estimated to be 2.5715 x 10%® erg/s.
To achieve this fit, Ne abundance should be super-solar
(ANe ~ 2.1£0.5) in both static and the fast moving gas,
and O abundance would be sub-solar (Ag ~ 0.4 £0.2)
in the blue-shifted gas relative to solar abundance taken
from taken from Asplund et al. (2009). This is domi-
nated by the enhancement in Ne X Ly« and suppression
in O VIII Ly« lines, probably due to the self-absorption
of certain bound-bound transition in hot winds, which
has been discussed in detail in Sec. 4.1 and Appendix
B.

4. DISCUSSION

From the above spectral analysis, several H-like and
He-like emission lines consistent with rest-frame line
centroids are detected with at least 95% confidence level
in soft X-ray bands of M81* and NGC 7213, associated
with a static thermal gas component. While an addi-
tional outflowing plasma component is traced by blue-
shifted Ne X Lya in M81* and O VIII Ly« lines in

NGC7213. In this section we discuss several possible
origins of these components.

4.1. Free-expanding wind

The outflowing plasma with lower temperature of ~
0.2 — 0.4 keV can be associated with wind expanding to
larger radii and experiencing a decrease in temperature.

To roughly estimate the strongest emitting location
Taver Of wind components detected in S21, S22 and
this work, a theoretical investigation of radial tempera-
ture and density profile should be established. In the
previous work of S21 and S22, customized magneto-
hydrodynamic simulations have been conducted for
M81* (NGC 7213) to study the propagation of hot winds
launched from hot accretion flow without considering
the interaction with ISM. In the simulations, central
black hole mass is set to be 7 x 107 Mg (10® My). The
inner boundary of the simulation domain is set to the
truncation at radius 3000 (2000) rg, which is the outer
boundary of the hot accretion flow, consistent with that
derived from Fe I Ka line and reflection fraction of X-
ray spectra. The inner boundary condition of tempera-
ture, wind velocity and plasma [ are extrapolated from
small-sacle GRMHD simulation of hot accretion flows
focusing on the winds (Yang et al. 2021). The radial
grids of simulations spread a large dynamical range up
to 106 r, and the latitudinal grids extend from 10° to 50°
to avoid influence from jet and inflow. Only the toroidal
magnetic field is taken into account since poloidal field
can be negligible at large radii. The emissivity-weighted
radial profiles of density and temperature of the simu-
lated wind for the two sources can be fitted by:

—2
4 em™3 (1)
3000 rg

Nwind,Mg1 =~ 1.7 X 10° <

-2
-

win ~ 2.7 x 10° -3 (2

Nwind, NGC 7213 (2000 rg> cm (2)
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(a) & (c): Gaussian fitting (up) and confidence level contours (bottom) of extra prominent blue-shifted atomic

transition lines (blue dash-dotted lines) paired with rest-frame counterparts (green dotted lines), Ne X Lya for M81* and O
VIII Lya for NGC 7213 in the RGS spectra. Black solid and dashed lines describe the total and power-law continuum models.
Blue, green, yellow and red contours correspond to confidence level of 99%, 95%, 90%, 68% respectively, which is derived from
the improvement of C-stat for an additional Gaussian line with respect to the baseline continuum model. The photon energy
has been calibrated for systematic redshift. (b) & (d): Best-fit spectra and the ratio between residues and errors over 0.6-1.1
keV band for M81* and NGC 7213. The blue-shifted components (blue dashed-dot lines) are modeled with single-temperature,
single-velocity thermal emission model apec. The additional static thermal components apec are represented in green dotted
lines. Grey stripes mark the energy bands where highly ionized O and Ne emission lines reside. Black crosses mark the observed
spectral data points with 1o error bar. The spectra are optimally binned to ensure signal-to-ratio>3 for illustration purpose.

Tyind M1 ~ 34.7 < -

Twind,NGC 7213 =~ 127.5 <

Combining the derived average wind temperature with
the theoretically predicted temperature profile above

3000 r,

2000 r,

~1.28
> keV

>1'29 keV  (4)

3)

(Eq.3 - 4), we can determine the location of wind pro-
ducing certain emission lines. The best fit temperature
of the two hot wind components in NGC 7213 are 16fg

keV from HETG and 0.207057

keV from RGS, corre-

sponding to ~ 8 x 103 r, (~0.04 pc) and ~ 3 x 10° r,
(~1.4 pc) away from central black hole respectively. For
M81*, the wind components detected in HETG hard



SHI ET AL.

Table 2. Significant Emission Lines

Source Line Eab FEy Significance Ey g F
(€] (2 (3) 4) (5) (6) ) (8)
O VII Ka (f) 0.5611 0.5619  93.61% 0.561979 903 <8 1.8+13
O VIII Lya 0.6536  0.6541  >99.99%  0.6534700016  2fl-T 2.8759
M81 Ne X Lya 1.0218 1.0192  99.99% 1.01979-902 0 31418
Ne X Lya (blue) 1.0218  1.0276 99.99% 1.028 =+ 0.002 0 3.2+1¢
O VII Ke (f) 0.5611  0.5629 99.91% 0.56379-992  0.6+0.2 08707
O VII Ke (r) 0.5740  0.5736 98.14% 0.574 % 0.04 <4 1.0%9%
O VIII Lya 0.6536  0.6520  >99.99%  0.65240.002 1.4+0.6 1.679¢
NGCT7213 | o vIII Lya (blue) 0.6536  0.6607  98.40%  0.660 % 0.005 <5 0.7£05
Fe XVII Ka (2-1/3-1)  0.7263  0.7278 97.31% 0.72719:9002 1478 08709
Fe XVII Ka (5-1) 0.7389 0.7404  99.32% 0.741 %+ 0.005 <20 0.9+0.5
Ne IX Ka (r) 0.9220 0.9174 99.38% 0.91719-90° <4 1.4799

NOTE— (1) Source name. (2) - (3) Identified line transition labels and line centroid in laboratory frame in units of keV. (4) Most probable line
centroid derived from blind line search with systematic redshift corrected, in units of keV. (5) Confidence level of line detection. (6) Line centroid

1 —2

determined by Gaussian model fitting, in units of keV. (7) Line width in units of eV. (8) Line flux in units of 107!* erg s™! cm

X-ray bands locates around ~ 1 x 10% ry (~0.04 pc).
The RGS spectrum of M81* shows a prominent blue-
shifted Ne X Lya line, while the blue-shifted O VIII
Lya line is marginal. The line luminosity ratio between
prominent blue-shifted Ne X Lya (5.0135 x 1037 erg/s)
and postulated blue-shifted O VIII Lya (<5.4 x 10%7
erg/s with 30 upper limit) is found to be smaller than
that collisional ionization equilibrium plasma could ever
reach. By adopting a sub-solar abundance of O and
super-solar abundance of Ne, the temperature of the
outflowing component can be constrained to 0.4479 53
keV, corresponding to the wind location of 9 x 10% r,
(0.3 pe).

In the soft X-ray regime, self-absorption of hot wind
could not be neglected. Given the gas temperature, den-
sity and radial velocity of hot wind from simulations,
following the method described in Appendix B, we illus-
trate the total optical depth of hot wind self-absorption
(both bound-bound and bound-free) over 0.6 - 1.1 keV
band in Figure B1. For M81*, the optical depth peaks
at ~ 0.79 for O VIII line and ~ 0.16 for Ne X line,
assuming the gas turbulent velocity is 200 km/s. For
NGC 7213, the peak optical depth of H-like O and Ne
lines are ~ 0.26 and ~ 0.04. Hot wind itself would be al-
most optically thick for O VIII Ly« line in M81*. After
calibrating for self-absorption, predicted 3-o upper limit
of ratio between O VIII and Ne X Lya is 2 2.1, corre-
sponding to wind temperature 2 0.6 keV, also located
within 9 x 10% r, (0.3 pc), consistent with the location
determined above.

Luminosity of H-like Ne produced by putative free-
expanding hot wind is predicted to be ~ 1.3 x 1037
erg/s in M81* and ~ 5 x 10% erg/s for O VIII Ly«
in NGC7213. Compared with the observed luminosity
(573 x 1037 erg/s for M81* and 4 4+ 3 x 10%® erg/s for

LOrMvig1* T
0 ) 8 L // ,'/I,'I II/ //

; (i) — ovm
j 0.6r /,/: I/l’ ,'I Ne X
E — SiXIV
'JH 0.4+ 1”,”,’,//’ // — §XVI

—— Ar XVIII
0.2y i S —— CaXX
w Fe XXVI
0.0~ ) .
LOFrNGC 7213
0.8

3 L
= 0.6
~
[a=1
Y 0.4F
A

0.2r
0.0r ) )
1072 1071 10°
R (pe)
Figure 2. Ratio between the accumulative luminosity

within radius R and total luminosity of emission lines pro-
duced by hot winds as a function of the distance R to cen-
tral black hole for M81* (upper panel) and NGC 7213 (lower
panel), predicted by numerical simulations. Highly ionized
Fe and O, Ne lines with clear detection in observations are
marked in solid lines. Emission lines with elusive detection
are marked in dashed lines.

NGC 7213, extra enhancement is required in M81*. As
the temperature of the outflowing hot wind continuously
decreases, we would expect to detect blue-shifted char-
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Table 3. Properties of Wind Components

Source Vwind Taver taver < Naver >

) (2) (3) (4 (5)

28+0.2 ~0.04 ~10 4.8x 10*
19406 <03 ~98 52x10°
1.2791  ~004 ~6 1.1x10°
26707 ~14 ~196 7.0x 10"

MS81

NGC 7213

NoTE— (1) Source name. For each source, parame-
ters given in the top (bottom) row are deduced from
HETG(RGS) observations. (2) Velocity of the wind in
units of 10® km/s. (3) Wind location determined by
comparing observed average plasma temperature with
(extrapolated) temperature radial profile from hot wind
simulations, in units of pc. (4) Dynamical timescales
of winds reaching raver in units of yr. (5) Estimated
number density of the wind at rayver in units of cm ™3
derived from line diagnostics and spectral modeling for
M81 and NGC 7213, assuming the wind opening angle
is ~ 45° and density decays with r—2.

acteristic emission lines from highly ionized Si, S, Ar,
Ca , etc., produced by wind with intermediate temper-
ature between Fe-emitting and Ne/O-emitting regions.
Only upper limits of these lines can be estimated from
observed spectra, although they are still consistent with
the prediction from simulations shown in Table B1. Fig-
ure 2 shows the growth curve of different emission lines
predicted by the hot wind simulations.

In the scenario of free-expanding wind, wind veloc-
ity is expected to remain almost constant or slightly
increase with distance (Cui et al. 2020; Cui & Yuan
2020). However, there are discrepancies in gas veloc-
ity between the outflowing plasma detected in hard and
soft X-ray bands, as shown in Table 3. Specifically, for
M81* gas velocity drops from 2.8 + 0.2 x 10® km/s to
1.970:¢ x 10% km/s, while for NGC 7213 it increases from
1.270-3 x 10° km/s to 2.6757 x 10% km/s. Moreover, the
simulated spectral model for free-expanding hot wind
derived in S21 and S22, which well fit the HEG spec-
tra over 5-8 keV band, fail to adequately describe the
observed spectra in soft X-ray range. This could be
because the number density of the observed outflowing
components do not follow the radial profile predicted by
adiabatic expansion wind, as shown in Appendix C and
Figure C1. This indicates that free expansion of hot
winds alone cannot simultaneously explain the emission
lines detected in hard and soft X-ray bands.

4.2. Shocked circumnuclear medium

A more advanced consideration is that, as hot wind
propagates outward it may encounter circumnuclear
medium before its temperature dropping to the point
where emission lines of Si XIV, S XV, etc. can be
produced (~ 0.1 pc from the growth curve Figure 2).

When the supersonic hot wind interacts with the cir-
cumnuclear medium, it will be shocked, compressed and
heated to T' 2 6.5 X 10«%) K, assuming a strong
shock limit. Radiative cooling should be efficient in the
shocked medium since it has been compressed to higher
density. Its temperature will then decrease to an ap-
propriate range (10°~7 K) to generate highly ionized O
VIII and Ne X lines. Velocity of such shocked medium
would be different from the freely propagating hot wind.
This scenario could explain the absence of emission lines
between highly ionized Fe and O, Ne as well as the ob-
served discrepancies in properties between the hotter
and cooler blueshifted gas components.

We perform hydrodynamical simulations to examine
this scenario for M81* and NGC7213. First, we sim-
ply consider setting the circumnuclear medium in homo-
geneously and spherically distribution around the cen-
tral black hole. Using publicly available code PLUTO
(version 4.4; Mignone et al. 2007), we adopt a two-
dimensional, static spherical grid. The grid is logarith-
mically distributed in R direction and uniformly dis-
tributed in 6 direction with 4096 x 312 cells in the do-
main [0.1pc, 10pc] x [85°,95°]. Hot winds are injected
from the inner boundary, temperature of which are cal-
culated from Eq. 3 - 4. Density of the hot winds in
NGC 7213 also follows the derived profile in Eq. 2 but
is increased to 4 times of that in Eq. 1 for M81*. The in-
trinsic emissivity-weighted average radial velocity of hot
winds from S21 and S22 is adopted, which is 4000 km s ™!
for M81* and 7000 km s~! for NGC 7213. Outflow con-
dition is set for the outer radial boundary and periodic
boundary condition is adopted in the #-direction. We
include radiative cooling using cooling function for solar
abundance plasma, according to the lookup table pre-
sented by Ploeckinger & Schaye (2020) based on pho-
toionization code CLouDY (Ferland et al. 2017). Grav-
ity and magnetic field are ignored for simplicity.

The T' ~ 5000 K circumnuclear medium is assumed to
be uniformly distributed with density ng = 2x10* cm ™3
for M81* and ny = 2 x 10° cm ™3 for NGC 7213 whose
accretion rate is 10 times higher. The injected hot winds
begin to encounter with the medium at 0.1 pc away from
black hole and are allowed to evolve for ~ 10* yr, long
enough for the shocked medium to cool through radia-
tion. Time evolution of the simulated X-ray emissivity-
weighted average radial velocity and temperature of the
shocked medium are shown in Figure 3. The total X-ray
luminosity of the shocked medium has been calculated
and scaled from the 2D simulation to 3-dimension sce-
nario assuming axis symmetry with 27 solid angle for
the blue-shifted half sphere alone. The initial setups of
the simulations are summed up in Table D1.



MB81*

Time (yr)

2000 000 6000 8000 10000

SHI ET AL.

s 0] NGC 7213
5

A107-W

2500 5000 7500 10000
Time (yr)

12500 15000 17500

Figure 3. Predicted 0.5-8 keV X-ray luminosity (top panel), emissivity-weighted average velocity (middle panel) and tempera-
ture (bottom panel) of circumnuclear medium shocked by the expanding hot winds within central 10 pc for M81* and NGC 7213.
Dashed lines and shadow regions in the top and middle panel mark the observed value and 90% error bar for the blue-shifted
gas component. Shadow region in the bottom panel give the temperature constraints from line ratios. Continuously injection
of hot winds cause the shocked medium retains hot (~ 105-~ 107 K) and keeps going outward with speed about ~ 108 km/s.

t=4000 yr

I t=10000 yr

P
X(pc)
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0.5-8 keV Surface Brightness (crg s~! cm ™2 sr!)

x(pc)
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Figure 4. Predicted 0.5-8 keV X-ray surface brightness (left columns) and temperature distribution (right columns) of
circumnuclear medium shocked by the expanding hot winds within central 10 pc for M81* at t=4000 yr (upper panels)
and t=10000 yr (lower panels). Strong X-ray emitting regions coincide with ~ 10" K gas. Hot winds continuously push the

circumnuclear medium outward.

For M81*, by setting 2 x 10> My of warm ionized
medium within central 1 pc, such post-shocked medium
could cool down to an average temperature ~ 7 x 10°
K and reaches average velocity of ~ 2000 km/s. The
estimated 0.5-8 keV X-ray luminosity of the shocked
medium is ~ 1.5 x 103® erg/s, scaled from the 10-deg
slice to spherical distribution. This is consistent with
the blue-shifted component derived from observed spec-

tra (1.675 | x 10%® erg/s), as shown in Figure 3. And
strong X-ray emitting regions approximately coincide
with ~ 107 K medium, as shown in Figure 4. Assum-
ing the Ne is twice as solar abundance, the estimated
blue-shifted Ne X Ly« from shocked medium is 6 x 1037
erg/s, consistent with the observed value. The cooling
timescale of the shocked medium is ~ 3000 yrs and is
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smaller than the dynamical timescale (~ 5000 yr) for
hot wind reaching 10 pc.

Similarly for NGC 7213, by setting ~ 2 x 10* Mg
of warm ionized gas placed within 1 pc, the shocked
medium could reach ~ 3000 km/s with 0.5-8 keV lu-
minosity of 103° erg s~! within 2 x 10* yrs (Figure 3).
Simulated temperature of the shocked medium seems
several times higher than the best-fit blueshifted gas
temperature in NGC7213. The observed temperature
is constrained mainly through the detection of single
blueshifted O VIII line and upper limits of Ne and other
highly ionized lines, thus may invoke large uncertainties.
Overall, the blue-shifted emission lines detected in soft
X-ray bands could be the footprints of interaction be-
tween hot winds and circumnuclear warm ionized gas.

An alternative and more realistic approach to mod-
eling the surrounding medium within the pc-scale is to
consider a clumpy morphology instead of homogeneous
and continuous distribution. Clumpy clouds can achieve
a larger covering factor with less amount of gas. In
this case, we replace the continuously distributed gas
with various numbers of randomly distributed clumpy
clouds, each with a radius of 0.1 pc and a tempera-
ture of ~1000 K. This simulation has been performed
in a 2-dimensional box with Cartesian coordinate using
FLASH v4.6 code (Fryxell et al. 2000). Hot winds are
injected at the inner spherical boundary around black
hole at the box center. Temperature and density of the
injected wind exactly follow the results from previous
simulations in Eq. (1) - (4). Detailed simulation setups
are described in Appendix D. At ~ 103 yr and after the
hot winds passing through all the clumps, emission from
shocked clumpy clouds dominates the 0.5-8 keV X-ray
luminosity. The simulation results are consistent with
the observed gas temperature and velocity as shown in
the T-v, phase plot in Fig. D1 and Fig. D2 as well. By
introducing 90 Mg and 1350 Mg of warm ionized gas
within pec-scale for M81* and NGC 7213, the shocked
clumpy clouds can achieve comparable X-ray luminos-
ity with observations in soft X-ray bands.

Multi-wavelength observations indicate the existence
of sufficient warm ionized circumnuclear medium within
pe-scale for M81* and NGC 7213, lending support to
the above hot wind interaction scenario. For M81%*, De-
vereux (2019) explains the complex kinematic structure
of broad Har emission line profile with a dynamically un-
stable, infalling photoionized H* gas with 10*-10° cm—3
density and large covering factor that is bounded to the
inner 0.9 pc. Mass of this pc-scale warm ionized gas is
estimated to be ~ 500 M. Characteristic forbidden and
semi-forbidden emission lines presented in the UV spec-
trum imply the existence of shock, either by jet proposed

by Devereux (2019), or by hot winds as we suggest. A
double-peaked broad Ha component has been spotted
in the optical spectra of NGC 7213 nucleus (<110 pc)
taken from Gemini Multi-Object Spectrograph. Flux of
this broad component varies up to 30% within 4 months
and up to 10% within 28 days, probably indicating that
the gas component is located within ~ 1 pc from the cen-
tral engine (Schnorr-Miiller et al. 2014; Schimoia et al.
2017). From the average integrated luminosity of this
broad Ha component (~ 3 x 1040 erg s=1), considering
Mion = pmy, nf;‘;a , the mass of the circumnuclear warm
ionized gas is estimated to be ~ 5 x 10% My, assum-
ing the average density within 10 pc is 2 x 10* em ™3,
roughly consistent with that required in our shocked
medium scenario. Here jgo = 3.56 x 1072% erg cm? s—!
is the effective emissivity for case B recombination (Os-
terbrock & Ferland 2006). In the simulations, we ini-
tially assign the amount of circumnuclear medium and
the outer boundary has been set to outflowing condi-
tion. While in real case, the origin of the circumnuclear
medium could be external, like infalling gas clouds that
cool down in-situ due to thermal instability(Barai et al.
2012) or stellar wind of nuclear star clusters. These sur-
rounding medium may chaotically but continuously keep
falling in and interact with hot wind at pc scale.

The continuously injected hot winds provide both en-
ergy and momentum feedback on the circumnuclear gas.
In the energy feedback aspect, hot winds act as a heating
source by shock heating the gas in the central pc-scale.
Shocked medium can maintain temperature of > 107
K. In the momentum feedback aspect, the wind can ki-
netically impede the infalling of interstellar medium, as
suggested in Fig.3 and Fig.4. To quantitatively exam-
ine the importance of momentum feedback by hot wind,
we estimate the ram pressure force pwindvaindS that hot
winds would exert on a cloud and compare it with the
gravitational force of the cloud from the black hole. The
radius of cloud is assumed to be 0.1 pc and its distance
to the black hole (~ 10% M) is assumed to be 1 pc.
Wind density pwind &~ NwindtMmp at the cloud front is
determined from density profile of free-expanding wind
for simplification. Number density of the cloud is chosen
to be ~ 10* cm™2, consistent with the Ha observation.
The ram pressure force that the hot winds provide on
each single cloudlet is found to be ~ 9 x 102> N, large
enough to compete with the gravitational force, which
is ~ 2 x 10%° N. The ratio of the ram pressure force the
hot wind exert on the hot phase of the circumnuclear
gas and the gravitational force would be larger. This es-
timation suggests that hot wind would be able to hinder
the gas accretion onto the central black hole and keep
the central AGN dim. Such a role of hot wind in AGN
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feedback is fully consistent with the detailed numerical
simulation result obtained by Yoon et al. (2019).

5. SUMMARY

In this paper, we have analyzed XMM-Newton RGS
high-resolution spectra of two LLAGNs with previously
detected T' 2 10-keV hot wind launched by hot accretion
flows, M81* and NGC7213. The aim of the present
paper is to focuse on the propagation of hot winds and
their interaction between hot winds and circumnuclear
ISM. Our main results are as follows:

1. We detect blueshifted Ne X Lya (O VIII Lya)
emission line in M81* (NGC7213) from the 1-
order RGS spectra in 0.5-2 keV band, which cor-
respond to outflowing plasma components with
temperature of 0.44 keV (0.2 keV) and velocity
1.9+0.6 x 10% (2.6707 x 10%) km/s.

2. Given that blue-shifted emission lines produced
by temperature larger than 10 keV have been de-
tected and identified as wind launched from hot
accretion flow in these two sources, we first as-
sociate the newly detected emission lines in this
paper with hot wind freely propagating to larger
radii. However, we find this scenario fails to ex-
plain the detected velocity of the outflow and the
intensity of the emission lines. It is also hard to ex-
plain the absence of some characteristic emission
lines for intermediate temperature between Fe and
O, Ne.

3. Considering the presence of circumnuclear gas
around the AGN, we have performed numerical
simulations by considering the interaction between
the hot wind and the clumpy circumnuclear gas.
We find that the temperature, velocity, and den-
sity of circumnuclear gas shock-heated by the hot

wind around pc-scale can well explain the newly
observed blue-shifted emission lines.

4. The above result provides strong evidence for hot
wind heating the circumnuclear gas. In addition
to this energy feedback, we have also evaluated the
momentum feedback effect by estimating the ram
pressure force the hot wind exerts on the circum-
nuclear clumpy clouds at pc-scale. It is compara-
ble or larger than the gravitational force due to
central black hole, thus the wind can impede the
accretion of gas. The energy together with the mo-
mentum feedback imposed by the hot wind keeps
the AGN in a low-luminosity state. This result is
consistent with numerical simulations (Yoon et al.
2019).
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APPENDIX

A. OFF-NUCLEUS CONTAMINATION

Unlike transmission gratings, RGS cannot disentan-
gle the spatial information in the dispersion direction.
Both off-nucleus sources like X-ray binaries or distant
AGNs and spatial extension of unresolved diffuse emis-
sion could potentially bring apparent blue-shifted emis-
sion lines to the extracted spectrum. Spatial offset AO
(in unit of arcmin) in the dispersion direction would re-

O'linﬂ (in unit of A, m is the order of spec-

trum) offset in wavelength for certain emission line *.
Off-nucleus point sources can be clearly seen in the

stacked 0-order image of Chandra HETG observations

for the 2 sources. The wavelength offset of detected blue-

sult in ~

4 https://xmm-tools.cosmos.esa.int /external /xmm _user_support,/
documentation/uhb/rgsspecres.html


https://xmm-tools.cosmos.esa.int/external/xmm_user_support/documentation/uhb/rgsspecres.html
https://xmm-tools.cosmos.esa.int/external/xmm_user_support/documentation/uhb/rgsspecres.html
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shifted emission lines corresponds to potential contami-
nation sources within ~ 1’(1 kpc for M81* and 6.6 kpc
for NGC 7213 in projection). Spectra of point sources
within this region around central AGN are identified,
extracted and coadded together. In M81*, luminosity of
Ne X Lya line from the off-nucleus sources is estimated
to be 5 &4 x 1036 erg/s, about an order of magnitude
smaller than the observed blue-shifted Ne Lya emission
line 573 x 10%7 erg/s. In NGC7213, only a 3-0 up-
per limit of O VIII Lya luminosity < 1.4 x 1038 erg/s
is obtained from contamination spectrum, which is still
several times smaller than the observed blue-shifted O
VIII luminosity 4 & 3 x 1038 erg/s. Therefore, the off-
nucleus point sources could not account for the detected
blue-shifted lines in RGS spectra.

Standard RGS response matrix is built for point
sources. We convolve our models with rgszsrc script
embedded in Xspec to test the spatial broadening effect
of diffuse emission on the spectral modeling. Images
of 0.5-2 keV band with off-nucleus point sources masked
are generated from Chandra observations as the required
input angular structure function. We do not find signifi-
cant changes between best-fit values with those in Table
1 and Table 2.

B. ABSORPTION OF THE WIND

Hot wind self-absorption should be consist of bound-
free continuum absorption and absorption due to cer-
tain bound-bound transition. Optical depth caused by
bound-free transition for ion I of certain element X
can be calculated by 7(E) = fxfi(T)nwto1(F)(1 —
e_%)Ar, where fx is the abundance of element X
and f1 is the ion fraction under certain gas tempera-
ture T. Gas number density is represented by ny and
o1(v) is the photon energy E dependent photoelectric
absorption cross section. Ar is depth of the gas. We
sum over all ion spices and over all grids of a specific
sight line to estimate total bound-free optical depth.
We find that total optical depth does not vary sig-
nificantly with sight lines, so inclination angle of 15°
is chosen. Energy dependent optical depth caused by
transition between level [ and u of ion I are expressed
by nu(E) = nufxfi(T) :fcfluqb(E), where ge and me.
are charge and mass of electron. f, is the oscillator
strength of the transition. The line profile described
by Voigt function ¢(F) is a function of Doppler broad-
ening velocity, energy deviation from line centroid and
natural broadening damping factor «v. Doppler broaden-
ing velocity by, is a combination of thermal broadening
and turbulent motion (%’Z—T +v2, )2 (Rybicki & Light-

man 1979). Atomic data like photoelectric absorption

Table B1. Predicted and observed blue-shifted characteristic
line luminosity from hot winds

Source Line Lras Lugc Lgimu

(1) (2) (3) (4) (5)
O VIII Lya <5.4 - 3.0
Ne X Lya 513 <3.0 1.0
MS81* Si XIV Ly« - <1.5 1.1
S XVI Ly« - <2.1 0.8
Ar XVIII Ly« - <1.7 0.3
Ca XX Lya - <2.2 0.2

O VIII Lya 443 x 10t - 2.5 x 102

Ne X Lya <1.2x 102 <1.5x10% 8.2 x 10!

NGC 7213 | SiXIV Lya - <1.2 x 10? 8.1 x 101

S XVI Ly« - <8.2x 10" 5.6 x 10

Ar XVIII Lya - <1.1 x10% 2.0 x 10*

Ca XX Lya - <2.6 x 102 1.6 x 10!

NOTE— (1) Source name. (2) Line labels of characteristic transition lines
generated in hot winds. (3) - (4) Observed line luminosity in units of
1037 erg s~1. For lines with no prominent detection, we give 3-0 upper
limits where blue-shifts of line centers are fixed at 1.9 x 10® km/s for

M81* and 2.6 x 10® for NGC 7213). (5) Predicted line luminosity from

037 1

hot wind simulations in units of 1 erg s” .

cross section and temperature dependent ion fraction
are taken from ATOMDB?.

C. SIMULATED HOT WIND SPECTRA IN SOFT
X-RAY BAND

We follow the method described in S21 to generate
synthetic spectral models over 0.5-2 keV bands based
on customized wind numerical simulation. For simplifi-
cation, self-absorption is ignored and collisional ioniza-
tion equilibrium is assumed. Intensity of optically thin
thermal emission emitted by hot wind is proportional to
square of wind number density, which is treated as scale-
free in numerical simulation. So the spectral model is
normalized comparing to the observed spectra to deter-
mine the real wind density. At first, we adopt the same
normalization that best match 5-8 keV spectra, but it
fail to adequately match the soft X-ray bands. We find
that, to achieve a legitimate description of both contin-
uum and O VIII Lya / Ne X Ly« line intensity in 0.5-
2 keV, the normalization of hard-band free-expanding
hot wind spectral models must be scaled up by a factor
of ~7 for M81* and scaled down by a factor of ~ 0.7
for NGC7213. The comparison has been illustrated in
Figure C1. The results imply that free expanding of
hot wind alone cannot simultaneously describe detected
outflowing components in soft and hard X-ray bands.
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Figure Al. Stacked Chandra HETG 0-order image and spectra of off-nucleus contamination point sources in M81* (top
panel) and NGC 7213 (bottom panel). Black crosses mark the observed data. Two gaussian models are placed at putative line
centroids, providing 3-c upper limit constraints to O VIII Lya (blue dashed-dot lines) and Ne X Ly« (green dotted lines) from
contamination sources. Luminosity of these contaminated lines is insufficient to account for the blue-shifted lines detected in
RGS spectra. Solid and dashed black lines describe the total and best-fit power-law continuum models of the stacked off-nucleus
spectra. Detected off-nucleus point sources (blue solid circle and ellipses) are marked in the 0.5-8 keV X-ray image.
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Figure B1l. Optical depth of both bound-bound and bound-free self absorption from simulated hot winds for M81* (left
panel) and NGC 7213 (right panel) with inclination angle of 15°, assuming different turbulent velocity. Vertical magenta dashed
lines mark the rest-frame central energy of O VIII Lya and Ne X Ly« emission lines. Hot wind self-absorption may suppress
the intensity of O VIII Ly« in M81*, while remains reasonably negligible for Ne X Lya and in NGC 7213.
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Figure C1. Comparison between synthetic hot wind spectral models from numerical simulations in (S21; S22) and observed
spectra in 0.5-2 keV band. Normalization of the models has been accordingly adjusted. The legends are the same as Fig.1 (b)
& (d).
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D. SHOCKED CLUMPY CIRCUMNUCLEAR
MEDIUM

We did 2-D hydrodynamical simulations describing
the interaction between hot winds and clumpy warm cir-
cumnuclear medium constructed based on FLASH v4.6
code (Fryxell et al. 2000). Radiative cooling has been
included. The applied cooling function has been calcu-
lated assuming collisional and photoionization equilib-
rium confined to 10%-10® K same as described in Ji et al.
(2019). And the ’exact’ cooling algorithm (Townsend
2009) has been implemented to preserve the accuracy of
calculations and avoid very short cooling time limiting
the simulation time-step.

The simulations operate in a 4 pcx4 pc box with a
resolution 40964096 in the x and y-axis direction. Hot
winds are injected at the inner boundary sphere with
radius of 0.1 pc around the central point and freely ex-
pand and encounter with clumpy cool clouds distributed
in the circumnuclear area. The injected wind properties
are taken from previous spectral analysis in (S21; S22)
and also described in Sec. 4. Following the radial pro-
file of wind density and temperature Eq. (1) - Eq. (4)
and assuming the winds are freely expanding from the
truncated radius to the inner boundary 0.1 pc, for M81*,
the injected wind velocity is set to 4000 km/s, with tem-
perature of 2.2 x 107 K and density of 1.8 x 103 cm™3.
For NGC 7213 whose accretion rate is almost 30 times
higher, wind velocity is set to be 7000 km/s with temper-
ature of 5.5 x 107 K and density of 1.6 x 10* cm 3. De-
tailed simulation initial setups can be referred to Table
D1. With these setups, the total mass outflow rate of in-
jected hot winds at 0.1 pc in the two cases are 0.002 and
0.07 M, yr~!, consistent with that derived from X-ray
observations. And the outer boundaries of simulation
boxes are set to outflow conditions. Spherical clumpy
warm ionized clouds are randomly generated and dis-
tributed within a given radius as a mimic of the clumpy
gas environment. To simplify the models, each clumpy
cloud has a radius of 0.1 pc with density 2 x 10* cm™3
and temperature 1 x 10°K. These dense warm ionized
clumps are buried in diffuse 107 K background gas with
density 20 cm ™3 to ensure balance in pressure.

We have tested to implement clumps with variant
area-filling factor Ay in our 2-D simulation, that is,
to generate different numbers of clouds within differ-
ent ranges around the central black hole. By plac-
ing 10 clouds within 0.5 pc around MS81* (Afms1 =
0.4) and 60 clouds within 2 pc around NGC 7213
(Af,ngoro1s = 0.15), after the shock front passing
through, the emissivity-weighted temperature and ra-
dial velocity of the shocked medium are consistent with
the observed value, as shown in the T-v, phase plot

in Fig. D1 and Fig. D2. The density distribution of
initial setups, the emissivity-weighted temperature dis-
tribution together with the velocity field and the 0.5-8
keV X-ray emissivity map of the shocked medium are
also illustrated in Fig. D1 and Fig. D2. The 0.5-
8 keV X-ray emissivity are calculated assuming ther-
mal emission of gas in collisional ionization equilibrium
based on ATOMDB. The 2-dimension area-filling factor
of these circumnuclear clumps can be converted to vol-
ume filling factor V; = A?/ % in 3-dimension. And the
total mass of the required warm ionized gas can then
be determined as ~ 90 My and ~ 1350 M, respectively
for the two sources. The corresponding total 0.5-8 keV
X-ray luminosity from the shocked medium would be
~ 3 x10% erg/s and 2.7 x 10* erg/s, calculated from
the emissivity map and normalized according to volume
filling factor, larger enough to account for the radiation
from the blue-shifted plasma components detected in
RGS spectra. Clumpy medium can achieve large cover-
ing factor and similar X-ray intensity with smaller vol-
ume filling factor, which reduces the required amount of
cool gas. We assign fcloud and fwing of each computing
grid are recorded to trace the fraction of the clumpy cool
clouds and hot wind components.

From the simulation snapshot t=761 yr of M81* in
Fig. D1, those brightest yellow dot-like structures in the
emissivity map with the strongest X-ray emission locate
roughly at the windward side of those clumpy clouds and
coincide with the dark dots manifesting gas tempera-
ture between 10% K and 107 K. This can be more clearly
addressed in the T-v, phase plot. There are two aggre-
gated bright structures and a narrow stripe with promi-
nent X-ray emission in the phase plot. After checking
the wind fraction, the bright narrow stripe-like structure
with almost constant radial velocity and decreasing tem-
perature traces the freely expanding hot winds before
encountering any circumnuclear clumpy clouds. The
brightest part at the left bottom exhibits large fcioud
thus represents shocked medium. It covers the para-
metric space where the observed blue-shifted gas from
soft X-ray spectra resides. The estimated emissivity-
weighted average radial gas velocity in the simulation
snapshot is ~ 1700 km s~!. The clumpy nature of cir-
cumnuclear medium may also enhance the anisotropy of
velocity in different directions of the large opening an-
gle winds. Apart from the brightest structure, the dis-
cernible diffuse filamentary structure on the top right
has large fwinqa and corresponds to shocked wind. Gas
in the artifact outer shock shells between hot winds and
manually set background gas shown in the X-ray emis-
sivity map also resides in this part. Nevertheless, the
shocked clumpy circumnuclear medium dominates the
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predicted X-ray emission. The case is similar for the
snapshot t=1014 yr of NGC7213. Relics of shocked
clumpy clouds survive the compression and destruction
by passing hot wind, cool down and maintain tempera-
ture of ~ 107 K, exhibiting the strongest X-ray emission
represented by the bright yellow dots in X-ray emissiv-
ity map. The best-fit temperature and velocity of ob-
served blue-shifted gas also coincide with the structure
with prominent X-ray emissivity dominated by shocked
medium at left-bottom in the T-v, phase plot.
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Figure D1. Simulation results of circumnuclear warm ionized medium shocked by hot winds on pc-scale for M81* at snapshot
t=761 yr. Top left panel: The initial density setup. Wind is injected from a spherical with radius 0.1 pc surrounding the black
hole centered on (0,0), and 10 10*-K clouds are randomly distributed within 0.5 pc. Top right panel: Temperature distribution
overlapped with the velocity field. Bottom left panel: 0.5-8 keV X-ray emissivity map. Bottom right panel: Phase plot of gas
temperature and radial velocity weighted by 0.5-8 keV X-ray emissivity. The red cross with 90% error bars marks the best fit
gas temperature and blue-shifted velocity from observed spectrum.
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Table D1. Initial simulation setups for wind-circumnuclear medium interaction
Source code Ve Tin, wind Nin,wind  Vin,wind 7"CNM  ZCNM  7Tin,CNM Tout,CNM Ncd MonMm
(1) 2) (3) 4) (5) (6) (7) (8) 9) (10) 11 (12)
M81* PLUTO 1 2.17 x 107 7.2x 10> 2800 2x10* 5x 103 0.1 1 - 2x108
FLASH 0.25 217x107 1.8x10% 4000 2x10* 1x103 0.1 0.5 10 90
NGC 7213 PLUTO 1 5.49 x 107 1.6 x 10% 7000 2x105 5x 103 0.1 - 2 x 104
FLASH 0.058 5.49x 107 1.6x10* 7000 2x10* 1x103 0.1 2 60 1350

NOTE— (1) Source name. (2) The adopted simulation code. (3) Volume filling factor of circumnuclear medium. V¢ = 1 for uniformly
A?/Q. (4) - (6) Temperature (in units of K),
density (in units of cm™3) and velocity of hot winds injected at 0.1 pc away from the central SMBH. (7) - (8) Temperature (in units of
K) and density (in units of cm™3) of the circumnuclear medium. (9) - (10) The inner and outer boundary of circumnuclear medium in
units of pc. For clumpy cloud scenario, warm ionized gas clouds are randomly distributed between the two radius. (11) Number of warm
ionized gas clouds. (12) Total mass of the circumnuclear medium set in the simulations, in units of Mg.

distributed scenario. For clumpy cloud scenario, it is derived from area filling factor V; =
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Figure D2. Simulation results of circumnuclear warm ionized medium shocked by hot winds on pc-scale for NGC 7213 at
snapshot t=1014 yr. The captions are the same as Fig. D1
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