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2 J.-T. LI ET AL.

The Hot Universe Baryon Surveyor (HUBS) is an X-ray mission under development, with
high energy resolution, high sensitivity, and large field of view (FOV). It is optimized to de-
tect faint X-ray emission lines from extended sources such as the hot circum-galactic medium
(CGM) around local galaxies. HUBS will play a critical role in X-ray observations of the
galactic ecosystems, which represents the galaxies and their environments co-evolving to-
gether. In this white paper, we, the HUBS Galactic Ecosystems science working group (SWGQG),
will overview the scientific background of the X-ray emitting hot CGM, the key results and
unresolved problems in the related fields, as well as the key characteristics and the general ob-
servational strategy of HUBS. We will also present a few specific science cases related to the
Milky Way (MW), nearby galaxies, and AGN. These science cases will help HUBS or other
similar future X-ray missions to finalize their instrument design and to develop key and/or

reference observational projects.

Keywords: HUBS

1. SCIENTIFIC BACKGROUND: GALACTIC
ECOSYSTEMS AND THE HOT CGM

The galactic ecosystems represent a combination
of the galaxy and its environment which are co-
evolving with each other via various types of in-
teractions, such as galactic feedback by AGN or
stellar sources, accretion of multi-phase external
gas, tidal interaction between companion galaxies,
and ram-pressure stripping in dense gaseous en-
vironment, etc. (e.g., Keres et al. 2005; Veilleux
et al. 2005; Vogelsberger et al. 2014; Schaye et al.
2015; Tumlinson et al. 2017). A galaxy is often em-
bedded in the multi-phase circum-galactic medium
(CGM), which is comprised of multi-phase gases,
dust (e.g., Whaley et al. 2009), cosmic ray (CR),
and magnetic field (e.g., [rwin et al. 2012a). The
multi-phase gases in the CGM include the hot gas
(T > 10% K) emitting X-rays (e.g., Strickland
et al. 2004a; Li & Wang 2013a), the transition-
temperature gas (T ~ 10*% K, often named
“warm-hot gas”) most commonly traced by UV
absorption lines from high ions in the spectra of
background AGN (e.g., Tumlinson et al. 2011), the
T ~ 10°** K cool or warm gas (named differently
in different studies, hereafter “warm gas” through-
out this white paper) seen in optical/UV emission
lines (e.g., Rossa & Dettmar 2003; Haffner et al.
2003; Vargas et al. 2019) or absorption lines from

background AGN (e.g., Wakker & Savage 2009;
Werk et al. 2014), cold atomic gas often directly
traced by the H I 21-cm line (e.g., Walter et al.
2008; Heald et al. 2011a; Zheng et al. 2022), and
molecular gas traced by many molecular lines typi-
cally in mm-wave (cold molecular gas, e.g., Young
et al. 1995; Leroy et al. 2009) or IR (warm molecu-
lar gas, e.g., Veilleux et al. 2009). This multi-phase
gaseous CGM serves as a reservoir from which the
galaxy acquires baryons to continue star formation
(SF). It also stores the kinetic energy and chemi-
cally enriched materials deposited by various types
of galactic feedback, including AGN, massive stel-
lar wind and core collapsed supernovae (SNe) from
the young stellar population, or Type Ia SNe from
the old stellar population.

1.1. The hot CGM

Among the multi-phase gases in the CGM, the
hot gas is probably the most diffuse and extended
component, which often extends to the outskirts
of the dark matter halo of galaxies (e.g., Fabbiano
1989; Wang 2010; Li et al. 2018; Li 2020; Bregman
etal. 2018, 2022). This galactic “‘corona”, typically
distributed beyond the stellar content of the galax-
ies and within the virial radius of the dark matter
halo, is often called the hot CGM. The hot CGM
is distinguished with the same gas phase within
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the ISM of galaxies, or in the intra-group medium
(IGrM), intra-cluster medium (ICM), or the IGM
extending to much larger scales.

The exact definition of the “hot” CGM by dif-
ferent authors is often slightly different, but typi-
cally based on the radiative cooling curve of ion-
ized plasma (Fig. 1; e.g., Raymond & Smith 1977;
Sutherland & Dopita 1993). The radiative cool-
ing of ionized gas in collisional ionization equilib-
rium (CIE) is dominated by the ionic emission lines
of the most abundant elements (e.g., C, N, O, Ne,
Mg, Si, S, Fe, etc.), and peaks at T ~ 10° K in
the typical range of metallicities (Sutherland & Do-
pita 1993). For comparison, the cooling of higher-
temperature gas at T > 107 K is often dominated
by the free-free emission, while at lower temper-
atures of T ~ 10**3 K, the Hydrogen recombi-
nation lines become more important. In this white
paper, we define gas with T > 10° K as hot gas,
where the cooling is still dominated by ions, but
the cooling timescale .., is much longer than the
gas at lower temperatures. Due to its high temper-
ature, the hot gas often tends to fill the entire space
to reach pressure balance with other gas phases, so
has low density. The low density, combined with
the relatively low radiative cooling rate (Fig. 1),
produces the much longer cooling timescale than
the other gas phases. The hot CGM is thus often
regarded as thermally stable, given that its radia-
tive cooling timescale (typically 2 Gyr) is often
much longer than the typical dynamical timescale
of the global gas flows in the CGM (typically < 1%
of 7., at a given radius; e.g., Li et al. 2017a).
This is clearly distinguishable from the other lower-
temperature gas phases, which often cannot be ther-
mally stable on the CGM scale.

The hot CGM could be classified into four basic
types based on the origin of the gas and the primary
heating mechanism:

 External gas heated mainly by the gravitational
energy;

« Internal gas heated mainly by the gravitational
energy;

« Internal gas heated mainly by various types of
galactic feedback.

» External gas heated mainly by feedback.

These different types of the hot CGM could in
principle contribute differently in different types of
galaxies, and show different morphological, phys-
ical, and chemical properties (e.g., Fig. 2; Li &
Wang 2013b; Li et al. 2014, 2017a).

If the mass of the dark matter halo is high enough
(typically for super-L* galaxies with M, ,, = 3 X
10" M,; e.g., Keres et al. 2005; Bregman et al.
2018), externally accreted gas could be gravita-
tionally heated (either by weak shock or gravita-
tional compression) to the virial temperature of the
galaxy, which is in the X-ray emitting range. At this
temperature, the cooling timescale is long enough
so the gas cannot cool efficiently before being ac-
creted around the galactic disk (e.g., Keres et al.
2005; White & Frenk 1991). This gravitationally
heated X-ray emitting external gas is a main pre-
diction of the ACDM cosmology (e.g., Toft et al.
2002; Crain et al. 2010), and has been searched
for around some massive isolated quiescent galax-
ies (e.g., Benson et al. 2000). Based on latest ob-
servations in recent years, the extended large-scale
X-ray emissions are often not as strong as those
produced by the internal gas (see below), and the
hot CGM often contains just a small fraction of
the expected baryon budget of the galaxy (e.g., Li
et al. 2006, 2007; Rasmussen et al. 2009; Anderson
& Bregman 2011; Dai et al. 2012; Bogdan et al.
2013, 2015; Li et al. 2014, 2016¢, 2017a, 2018;
Hodges-Kluck et al. 2018; see however estimate of
the baryon budget of an extended hot CGM based
on extrapolation of the density profile in Bregman
et al. 2018, 2022).

Internal gas mainly from stellar mass loss could
also be heated gravitationally to X-ray emitting
temperatures during the orbital motion of the stars
in massive enough galaxies (e.g., Forman et al.
1985). This component is distinguishable from the
gravitationally heated external gas for its higher
metallicity and more concentrated spatial distribu-
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Figure 1. Radiative cooling curve of the thermal plasma under CIE based on the AtomDB data base (http://www.
atomdb.org). The vertical axis is the normalized radiative cooling rate of the plasma defined as: Ay = (in unit

Teool e

of erg cm® s™1), where U is the internal energy of the gas [U = %(ne +n)kT], 7., 1s the radiative cooling timescale,
while n; and n, are the total ion and electron number densities, respectively. The horizontal axis is the temperature
of the plasma. Different colored dash-dotted curves are the contribution by different elements (we only consider 14
elements with the strongest emissions) assuming an abundance of Z = 1.0 Z (adopting the abundance of different
elements from Anders & Grevesse 1989), with “e-e” denote the electron-electron bremsstrahlung emission. The thick
black curves are the sum of all these components under different abundances (the dashed, dotted, solid, and dash-dotted
curves correspond to Z = 0.2,0.5,1.0,2.0 Z, respectively).

tion around the galaxy (e.g., Humphrey & Buote
2006; Li et al. 2009; Li 2015). Since galaxies mas-
sive enough to heat their stellar ejecta to X-ray
emitting temperatures are often the cD galaxies of
massive clusters, this hot CGM component is often
mixed with the ICM (e.g., Forman & Jones 1982;
Jones & Forman 1984; Fukazawa et al. 2006; Sun
et al. 2009). The gravitationally heated internal gas
is also distinguishable from the internal gas mainly
heated by galactic feedback, because they have

clearly different scaling relations between the X-
ray luminosity and the galaxy mass tracers (galaxy
mass, optical/IR luminosity, halo mass, rotation ve-
locity, velocity dispersion, etc.). The gravitation-
ally heated component (often in massive ellipti-
cal galaxies) shows a much steeper scaling rela-
tion than the feedback heated component (often in
disk star forming galaxies), but the scaling rela-
tion is less steep than more massive systems such
as galaxy groups and clusters (e.g., Ponman et al.
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Chandra X-ray Images of Nearby Galaxies from Li & Wang (2013)

Normal Galaxies

Larger Vertical Extension

T T T T
Quiescent Galaxy tar Forming Galaxy|

1.0p

Hy/Dis

-
0.1
das
I I I

I
0.01 0.10 1.00 10.00

SFR/M- (Msolar/yr/lolo Msolar)

Higher Specific SFR

Figure 2. Soft X-ray morphology of galaxies with different mass and SF properties. Images are adapted from Li &
Wang (2013a)’s Chandra sample of nearby edge-on disk galaxies. The inserted panel on the lower right corner is the
plot of H,/D,s against SFR/M,, where H, is the vertical extension of the diffuse soft X-ray emission measured
at a fixed intensity of 5 counts s~! arcmin™2, D,s is the blue diameter at the 25'" mag arcsec™? isophote, and M, is
the stellar mass of the galaxy. The galaxies are clearly distributed in at least two branches separated by SFR/ M, ~
0.65 M, yr=! /(1010 M,,). Starburst galaxies with a higher SFR/M, show a positive dependence of H;/D,s on
S FR/M,, indicating that galaxies with more active SF tends to have more vertically extended hot CGM. On the other
hand, quiescent galaxies with lower S FR/M, show a negative dependence of H,/D,s on SFR/M,, indicating that
more massive galaxies tend to have a less vertically extended hot CGM. We plot the soft X-ray images (with contours)
of Li & Wang (2013a)’s sample in the background. The locations of the galaxies are roughly consistent with those
plotted in the inserted panel. Starburst galaxies are marked with a red box, while normal non-starburst galaxies are
marked with a cyan box.

1996; Boroson et al. 2011; Kim & Fabbiano 2015; Galaxies often have energetic outflows, which
Li & Wang 2013a,b; Li et al. 2017a; Babyk et al. could be produced by various types of galactic
2018). feedback, such as AGN, active star formation, or
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even Type la supernovae (SNe) in relatively qui-
escent environments (e.g., Strickland & Stevens
2000; Tang et al. 2009). These outflows, when
interacting with the surrounding medium or the
entrained gas clouds, could produce strong X-ray
emissions (e.g., Strickland et al. 2002). Here we
emphasize that the feedback is often believed to
dominate the X-ray emission, but may not dominate
the total amount of the heated gas (e.g., Crain et al.
2013). This is because the feedback heated inter-
nal gas often has higher density and metallicity, so
disproportionally strong in X-ray emission than the
low density external gas (X-ray emissivity o nﬁZ ,
where n, and Z are the electron number density
and metallicity, respectively). The major types of
galactic feedback include the energy injection by
AGN, or the energy and metal-enriched matter in-
jection by old (Type Ia SNe) and young stellar pop-
ulations [core collapsed (CC) SNe or massive stel-
lar wind]. An accurate measurement of the metal-
licity pattern (often expressed in the Fe/O abun-
dance ratio) will be the most direct way to study
the origin of the hot CGM from feedback (e.g., Li
2015; Mao et al. 2021). However, in most exist-
ing X-ray observations of local galaxies, we do not
have sufficient number of photons nor high enough
energy resolution to accurately measure the metal-
licity (e.g., Hodges-Kluck et al. 2018). In most of
the cases, we identify the origin of the hot CGM
as produced by feedback in two ways: (1) indi-
vidual extended X-ray features directly connected
to either the AGN (e.g., Machacek et al. 2004; Li
et al. 2019) or disk star formation regions (e.g.,
Strickland et al. 2004a; Tillmann et al. 2006a; Li
et al. 2008; Li & Wang 2013a; Hodges-Kluck et al.
2020); (2) statistical scaling relations connecting
the hot CGM properties to various tracers of stel-
lar feedback [e.g., star formation rate (SFR), SNe
energy injection rate, Ha, IR or radio luminosities,
etc.; Strickland et al. 2004b; Tiillmann et al. 2006b;
Li & Wang 2013b; Wang et al. 2016; Jiang et al.
2019].

In principle, feedback could also heat the exter-
nal gas. There exist large-scale hot CGM features
around some galaxies, but the heating mechanism
of the hot gas is often not clearly determined (e.g.,
Stevens et al. 2003; Li et al. 2008; Hodges-Kluck
et al. 2020). The efficiency in heating the exter-
nal gas by feedback largely depends on the prop-
erties (density and temperature) of the gas. If the
surrounding gas is too hot, the sound speed is high
so the shocks produced by feedback is likely weak
with low Mach numbers. In this case, the heat-
ing is often less efficient and the feedback energy
could be transported to larger scales without los-
ing too much energy via cooling (e.g., Tang et al.
2009). On the other hand, when there exist large
scale cool gas clouds surrounding the galaxy, we
can sometimes see strong ionized gas features up
to ~ 10 kpc scale, which could be heated by feed-
back (e.g., Rupke et al. 2019; Hodges-Kluck et al.
2020).

1.2. Existing Key Results on the Hot CGM

Based on a few decades of X-ray observations of
nearby galaxies with many telescopes, such as the
Einstein, ROSAT, ASCA, Chandra, XMM-Newton,
Suzaku, and eROSITA, etc., we now have a few key
results on the hot CGM:

e Decomposition of different X-ray emission com-
ponents. The X-ray emission in and around lo-
cal galaxies after subtracting various foreground
or background components could in general be de-
composed into a few components: AGN, individ-
ually detected stellar sources, unresolved stellar
sources, and hot gas (e.g., Li et al. 2007; Revnivt-
sev et al. 2007a,b, 2008; Li 2015; Li et al. 2016c¢,
2017a). In many cases we can see an excess in
soft X-ray emission after removing the stellar and
AGN components. This soft excess is often be-
lieved to be produced by the hot gas. Extended
diffuse hard X-ray emission is detected in a few
cases, which could sometimes be explained as the
non-thermal synchrotron emission from CR lep-
tons (e.g., Li et al. 2019). But such a component
is not commonly detected in most of the galaxies.
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e Spatial distribution of the hot CGM. Diffuse soft
X-ray emission extending beyond the stellar con-
tent of galaxies is also ubiquitous in different types
of galaxies (e.g., Fig. 2; Forman et al. 1985; Li &
Wang 2013a; Kim et al. 2019). The morphology
of the diffuse X-ray emission shows some coherent
structures as the extended features in other wave-
lengths, but the fine structures are often clearly dif-
ferent (e.g., Strickland et al. 2004a; Tiillmann et al.
2006a). This diffuse soft X-ray emission compo-
nent, beyond but often close to the galaxy (e.g.,
at r < 10 — 20 kpc), is often expected to be pro-
duced during the disk-halo interaction, when the
real hot tenuous gas mixes and physically interacts
with the cool gas (e.g., Strickland et al. 2002; Li &
Wang 2013b). This component, due to its high den-
sity, often dominates the diffuse soft X-ray emis-
sion around galaxies. On the other hand, there also
exists an extended hot CGM component, which is
mostly comprised of the real hot gas close to the
virial temperature of the dark matter halo, and dis-
tributes within the entire or at least a significant
fraction of the galaxy’s dark matter halo (e.g., An-
derson & Bregman 2011; Anderson et al. 2013; Dai
et al. 2012; Bogdan et al. 2013; Li et al. 2017a,
2018; Bregman et al. 2018, 2022).

e Physical and chemical properties of the hot
CGM. Because of the low spectral resolution and
counting statistic of most of the X-ray imaging
spectroscopy observations, the physical and chem-
ical properties of the hot CGM is often poorly con-
strained (e.g., Strickland et al. 2004a; Tiillmann
et al. 2006a; Li & Wang 2013a). The diffuse X-
ray spectrum is often fitted with a 1-T or 2-T model
with a fixed metallicity pattern (i.e., the abundance
ratio between different elements is fixed; e.g., Li &
Wang 2013a), although in some very limited cases
some more detailed analysis can be conducted (e.g.,
Humphrey & Buote 2006; Li 2015; Anderson et al.
2016; Hodges-Kluck et al. 2018; Lopez et al. 2020).
The obtained temperature of the hot gas is often
kT < 1 keV, while the metallicity is typically
subsolar or moderately supersolar, especially in

late-type galaxies rich in cool gas. This indicates
that the detected extended X-ray emission around
galaxies is mostly produced by the mixed gas from
the surrounding cool CGM and the metal-enriched
hot gas outflow. In most of the cases, the hot,
tenuous, and metal-enriched SNe ejecta is not un-
ambiguously detected in X-ray, although there are
claims of the detection of such ejecta in some spe-
cial cases (e.g., Strickland & Heckman 2009).

o Statistics of the hot CGM. Different types of
galaxies follow different scaling relations between
the hot CGM properties (X-ray luminosity, vertical
or radial extension, hot gas temperature, entropy,
etc.) and other galaxy properties (stellar mass,
gravitational or dark matter halo mass, SFR, etc.;
e.g., Forman et al. 1985; O’Sullivan et al. 2003;
Strickland et al. 2004b; Boroson et al. 2011; Li &
Wang 2013b; Wang et al. 2016; Jiang et al. 2019).
The hot CGM is distinguishable from the 1GrM,
ICM, or IGM for their typically lower temperature,
lower luminosity per unit stellar mass, and smaller
extension (e.g., Ponman et al. 1996; Sun et al. 2009;
Kim & Fabbiano 2015; Li et al. 2017a; Babyk et al.
2018).

1.3. Unresolved Problems

In addition to the relatively firm conclusions as
summarized above, there are also some key sci-
ences related to the hot CGM which cannot be well
addressed based on existing observations:

e Decomposition of different hot CGM compo-
nents. As introduced in §1.1, the hot CGM could
be classified into four different types based on the
major heating mechanism and the origin of the
gas. The most direct way to decompose these dif-
ferent components would be a spatially resolved
spectroscopy analysis with a high energy resolu-
tion, in order to characterize the spatial variation of
the physical, chemical, and dynamical properties of
the hot CGM (e.g., Anderson et al. 2016; Hodges-
Kluck et al. 2018; Lopez et al. 2020). However, in
most of the existing X-ray observations, this is im-
possible due to the limited number of X-ray pho-
tons and the low energy resolution of the CCD
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spectra (e.g., Strickland et al. 2004a; Tiillmann
et al. 2006a; Li & Wang 2013a). The low energy
resolution prevents us from decomposing different
X-ray emitting components, as well as separating
and measuring individual emission lines above the
continuum in soft X-ray in order to directly con-
strain the metallicity (e.g., Liu et al. 2011, 2012;
Zhang et al. 2014b; Lopez et al. 2020).

Another way to decompose different hot CGM
components is to conduct statistical analysis of
large galaxy samples. Existing X-ray surveys based
on archival Chandra, XMM-Newton, or Suzaku
data often focus on certain types of galaxies (star-
burst, normal spiral, or elliptical, etc.), and is of-
ten limited on the sample size (typically a few tens
of galaxies; e.g., O’Sullivan et al. 2003; Strick-
land et al. 2004b; Tillmann et al. 2006b; Li &
Wang 2013b; Boroson et al. 2011; Kim & Fabbiano
2015). As different types of galaxies are expected
to follow different X-ray scaling relations, the small
sample size and the mixture of different types of
galaxies often lead to large scatter in the scaling re-
lation, which prevents a clear understanding of the
origin of the hot CGM (e.g., Li et al. 2014).

Future X-ray observations, either with a higher
energy resolution X-ray imaging spectrograph
(e.g., the micro-calorimeter on board XRISM), or a
moderately deep survey of a large number of differ-
ent types of galaxies (e.g., eROSITA), are expected
to help us to better understand the origin of the hot
CGM around different types of galaxies.

e Baryon budget of the hot and multi-phase
CGM. Around local galaxies, the observed amount
of baryons in stars and multi-phase gases is of-
ten significantly lower than the expected cosmic
baryon fraction (e.g., Bregman 2007; Bregman
et al. 2022). A significant fraction of these “miss-
ing baryons” could be stored in the extended diffuse
hot CGM. Limited by the systematical and statisti-
cal uncertainties of the sky background, especially
the contamination from the hot halo of the MW,
we cannot detect very low surface brightness X-ray
emissions from the extended hot CGM. Based on

existing X-ray observations, we can typically detect
the hot CGM only to ~ 10% — 20% of the virial ra-
dius of the dark matter halo of a massive quiescent
galaxy (e.g., Dai et al. 2012; Bogdan et al. 2013,
2015; Anderson et al. 2016; Li et al. 2016¢, 2017a).
The radial range with firm detections of the X-ray
signals could be expanded based on stacking X-ray
images of well selected galaxy samples, but still
limited by the sky background with considerable
statistical uncertainties (e.g., Anderson et al. 2013;
Liet al. 2018). The difficulties in detecting the ex-
tended hot CGM on large scales strongly increase
the uncertainty in estimating the total baryon mass
contained in the hot CGM (e.g., Bregman et al.
2018).

Some future X-ray telescopes, such as HUBS
(§2), will be equipped with higher energy resolu-
tion imaging spectrometers. The higher energy res-
olution will be helpful to better constrain the gas
metallicity, so reduce the uncertainties in estimat-
ing the gas density and total mass (since the directly
measured X-ray emission measure EM ngZ ;
e.g., Bogdan et al. 2013; Li et al. 2016¢, 2017a).
More importantly, the high energy resolution also
allows us to separate the soft X-ray emission lines
of the hot CGM of an external galaxy from the same
lines in the MW halo. This will enable narrow-
band imaging with significantly reduced sky back-
ground, allowing us to probe the hot gas distribu-
tion to much larger radii (e.g., Li 2020). Combined
with the large effective area and sometimes also
large FOV of some future X-ray missions (see com-
parisons in §2 and Fig. 3a), we could better charac-
terize the spatial distribution of the hot CGM, and
separate it from the IGrM or ICM based on their
distinct temperature profiles (e.g., Sun et al. 2009;
Anderson et al. 2016). These improvements from
future X-ray telescopes will help us to better con-
strain the amount of hot baryons stored in the ex-
tended hot CGM.

 Galactic feedback mechanisms. In most of the
L* or sub-L* galaxies, the diffuse X-ray emission
around the galaxies could be attributed to the in-
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ternal gas heated by young and/or old stellar pop-
ulations, in the form of galactic outflows produced
by SNe or massive stellar wind (e.g., Strickland &
Stevens 2000; Tang et al. 2009). However, only
a small fraction (typically ~ 1%) of the expected
SNe feedback energy has been detected in X-ray
emissions from the hot CGM (e.g., Li & Wang
2013b). This fraction is almost a constant over a
few orders of magnitude, which is unexpected if
both the thermalization efficiency of the feedback
energy and the mass loading factor of cool gas de-
pend on the SFR (e.g., Zhang et al. 2014a). This
“missing feedback” problem could be interpreted if
the SNe energy has been deposited into other CGM
phases (e.g., Faerman et al. 2020), or simply trans-
ported outward as a radiative inefficient subsonic
flow (e.g., Tang et al. 2009; Wang 2010). A com-
plete multi-wavelength census of the energy budget
in different CGM phases is still missing, which re-
quires high-quality multi-wavelength data (e.g., Li
et al. 2016a).

On the X-ray side, future high sensitivity, high
energy resolution observations of the hot CGM
around local galaxies will help us to better constrain
the thermal and chemical structure, as well as the
spatial distribution of the hot CGM (e.g., Hodges-
Kluck et al. 2018; Lopez et al. 2020). This will
help us to measure the gas density and the sound
speed in the hot CGM, thus examine if the SNe
driven outflow is radiatively efficient or not (e.g.,
Li et al. 2009). We may also be able to character-
ize the broadening of individual emission lines in
some extreme cases, and estimate the energy stored
in the form of turbulence (e.g., Hitomi Collabora-
tion et al. 2016). Furthermore, high-quality multi-
wavelength observations available now or in the
future will also help us to investigate the role of
other CGM phases (e.g., CR and magnetic field; Ir-
win et al. 2012a,b; Ruszkowski et al. 2017; Krause
et al. 2020) or other forms of energy injection (e.g.,
turbulence in cooler gas phases; Zhuravleva et al.
2014; Boettcher et al. 2016; Li et al. 2020) in the
dynamics of the hot CGM.

e Gas cycling between the ISM, CGM, and IGM.
The hot CGM is a key point in the chain of gas cy-
cling in and out of galaxies. In the close vicinity of
the galaxies, the ratio between the radiative cool-
ing timescale and dynamical timescale of the hot
CGM could be small enough, so the gas could cool
and precipitate onto the galaxies as fresh fuels in
the ISM to continue star formation (e.g., Voit &
Donahue 2015; Voit et al. 2015; Li et al. 2017a).
On the other hand, stellar feedback could also de-
posit energy and metal-enriched materials into the
CGM or even the larger scale IGM. In this gas cy-
cling processes, many physical processes may af-
fect the balance between the amount of gas stored in
the hot CGM/IGM and the cool star forming ISM,
such as the enhanced cooling caused by the cool-
hot gas interaction (thermal conduction, evapora-
tion, turbulent mixing, or even CX;e.g., ref?). Sys-
tematic comparisons between the radiative cooling
rate of the hot CGM, the amount of cold gas in the
galaxies, and its SFR are limited by the availability
of high quality multi-wavelength data in different
types of galaxies. At least in most of the L* or sub-
L* disk star forming galaxies, the radiative cooling
of the hot CGM seems insufficient to compensate
the gas consumed in star formation, indicating ad-
ditional star formation fuels (accretion of cold gas,
merger, etc.) should be present (e.g., Li & Wang
2013b; Li et al. 2017a).

With future X-ray telescopes, we can better char-
acterize the radial (in elliptical or face-on spi-
ral galaxies) or vertical (in edge-on spiral galax-
ies) distribution of the hot gas radiative cooling
timescale (e.g., Li et al. 2017a). This is critical to
be compared to theoretical models to understand
the thermodynamics of the hot CGM, which al-
ways shows significant spatial variations. The high
energy resolution spectra will also help us to in-
vestigate some other physical processes involved
in the X-ray emissions other than thermal and ion-
ization equilibrium plasma emissions, such as the
CX (e.g., Liuetal. 2011, 2012; Wang & Liu 2012;
Zhang et al. 2014b). Some of these processes



10 J.-T.LIET AL.

may even dominate the emission in some certain
bands, so strongly biases the measurement of the
hot gas cooling rate. Furthermore, high quality
multi-wavelength data available in the future will
also help us to investigate the role of other CGM
phases in the gas cycling (e.g., Tumlinson et al.
2011, 2017; Werk et al. 2014).

2. A BRIEF INTRODUCTION OF HUBS

The Hot Universe Baryon Surveyor (HUBS; Cui
et al. 2020) is a space X-ray telescope with the pri-
mary scientific objective focusing on the census of
baryons in the warm-hot CGM/IGM and thus to di-
rectly address the issue of “missing baryons” in the
local universe. HUBS could also be used to study
a variety of scientific topics, including but not lim-
ited to the Galactic objects, MW and local galaxies,
AGN, and large-scale structures, etc.

2.1. Compare HUBS to other X-ray missions

In order to achieve its scientific goals, HUBS
combines a large field of view (FoV; 60 x 60 ar-
ray with a FoV of Qg ~ 1 deg?), high energy
resolution (AE = 2eV,or R = E/AE ~ 500
@ E ~ 1keV), and high sensitivity (effective area
Ay 2500 cm™ @ E ~ 1 keV) in the soft X-ray
band (0.1 — 2 keV), which are optimized to study
the diffuse hot plasma on various physical scales.
The high energy resolution will be achieved by em-
ploying a superconducting transition-edge sensor
(TES)-based micro-calorimeter (Cui et al. 2020).
The requirement on the angular resolution (~ 1’),
however, is not quite high for the study of extended
sources. In Fig. 3a, we compare the Figure-of-
Merit in the detection of emission lines from ex-
tended sources (FoM_,) of the key instrument on
board a few X-ray telescopes either in operation or
under development (also see Li 2020). The FoM,,,
is defined as:

FoM., = RA Q- (1

HUBS is obviously outstanding in the study of
emission lines from extended sources for its high
energy resolution, large effective area and FoV.

For absorption line studies of X-ray bright back-
ground sources, the Figure-of-Merit (FoM ;) is not
affected by the FoV:

FoM,, = RA;. (2)

In this case, HUBS is less outstanding but still ex-
cellent. Furthermore, it also has a 12 X 12 central
sub-array with a smaller pixel size (15”") and higher
energy resolution (AE = 0.6 ¢V), which is opti-
mized for absorption line studies (Fig. 3b). In many
cases, a combination of the emission line studies
with the normal array and the absorption line stud-
ies with the central sub-array will be very efficient
to jointly constrain the hot gas properties (see ex-
amples of science cases in §3).

2.2. HUBS observation strategy in the study of
the hot CGM

Based on the technical design (large FOV and low
angular resolution), in most of its studies of the hot
CGM, HUBS is optimized to take observations in
two modes: either deep exposure of some objects
with moderate angular sizes, or a shallow or mod-
erately deep survey of a large sky area (including a
possible all sky survey; §3.1). For example, in the
former case, a single-pointing HUBS observation
could cover a significant fraction of the dark mat-
ter halo of a local galaxy (the HUBS FOV covers
the entire dark matter halo of a L* galaxy at d ~
50 Mpc; e.g., Li 2020, §3.2.4). On the other hand,
HUBS is also optimized to study some more nearby
objects in our local neighbourhood with an angular
size of tens or hundreds of deg? (e.g., ~ 200 — 300
HUBS observations are needed to cover the entire
M31-M33 group; §3.2). We herein summarize a
few key differences between these two modes:

e Survey or observation strategy. The angular
size of the hot CGM around a L* galaxy (expected
to be the most abundant in baryons; e.g., Bell et al.
2003; Bregman et al. 2022) at a distance of d >
10 Mpc is relatively small. For example, the virial
radius of NGC 891 (M, =~ 4 x 10'° M, rotation
velocity v,,, ~ 212 km s™!, d ~ 9.1 Mpc; Li et al.
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Figure 3. Comparison of the FoM of a few X-ray missions in the detection of emission lines from an extended source
(a; FoM,,,) and absorption lines from a point-like source (b; FoM,,). The normal pixels’ response of HUBS are
used in (a), while center small pixels’ and normal pixels’ are both used in (b). For grating instruments (XMM/RGS,
Chandra/HETG and ARCUS), all available grating orders are combined.

2016a) is ryy, ~ 1.5° (e.g., Li 2020). For galaxies
with similar mass at larger distances, HUBS could
cover r 2 30%r,, in a single observation centered
at the galaxy. This is typically sufficient to char-
acterize the spatial distribution of the hot CGM, as
hot gas on larger scales is not commonly detected
in existing X-ray observations of a single quiescent
galaxy (e.g., Bogdan et al. 2015; Li et al. 2017a).
On the other hand, some nearby objects in the
MW and LG often have a much larger angular size
which cannot be easily covered by HUBS in just a
few observations. For example, the virial radius of
M31 is ryy, ~ 15° (§3.2), and a single HUBS obser-
vation could only cover r < 3%r,,. In these cases,
mosaic is often needed and each observation could
only be moderately deep. The advantages in the ob-
servations of these nearby objects are the relatively
low point source detection limit and high angular
resolution in physical size, so it is much easier to
cleanly remove the point source contributions. A
quantitative estimate of the point source contribu-
tion is critical in the study of faint hot gas emis-
sions, especially in HUBS observations where the
hard X-ray at > 2 keV typically dominated by AGN
and X-ray binaries is not covered (e.g., Revnivtsev

et al. 2007a, 2008; Li & Wang 2013a; Huang et al.
2023a).

» Combination with X-ray absorption line studies.
There are few X-ray bright point-like sources resid-
ing outside the MW which could be used as back-
ground sources for absorption line studies (some-
times we can also use X-ray sources inside the MW;
e.g., Yao & Wang 2005; Luo et al. 2018). Most
of these background sources are AGN (e.g., Ras-
mussen et al. 2003; Fang et al. 2006; Bregman
& Lloyd-Davies 2007; Miller & Bregman 2013),
while some are X-ray bright stellar sources residing
in nearby galaxies (e.g., Wang et al. 2005; Cabot
et al. 2013). Due to the low spatial density of
these background sources, it is often difficult to find
multiple sightlines of them projected behind a dis-
tant galaxy with small angular sizes. Therefore,
the only object feasible for an intense absorption
line study of the hot CGM is the MW, and possi-
bly in some LG galaxies with large angular sizes
[M31, large and small Magellanic Clouds (LMC
and SMC), etc.]. The X-ray emission line strength
1S & nZV, while the X-ray absorption line strength
is « n I, where V" and [ are the volume or the line of
sight length of the X-ray emitting regions. Combin-
ing the emission and absorption line studies could
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thus provide us with a unique probe of the spatial
structure of the X-ray emitting gas (e.g., character-
ized with the volume or linear filling factor f).

o Combination with multi-wavelength data. X-
ray study of the hot CGM alone has a lot of
systematic uncertainties, such as the metallicity-
density degeneracy, the effect of complicated ther-
mal structure of the plasma, the contributions
of non-thermal emission and background compo-
nents, the scattered photons from bright point-like
sources, etc. (e.g., Li et al. 2016¢, 2017a). A joint
analysis with the multi-wavelength data is a key
method to evaluate these uncertainties.

Most of the high-quality multi-wavelength data
are available only in very nearby and well studied
galaxies (including the MW itself). For example,
we could often find sufficient number of UV bright
background AGNs to sample the spatial distribu-
tion of lower temperature gases in the MW or some
LG galaxies (e.g., Fox et al. 2014, 2015; Lehner
et al. 2020; Qu et al. 2020). When combined with
the X-ray absorption or emission line data (e.g.,
Miller & Bregman 2013, 2015), this could greatly
help us to understand the thermal structure of the
multi-phase CGM (e.g., Faerman et al. 2017, 2020;
Qu & Bregman 2018). Thanks to the rotation mea-
sure (RM) measurements of the radio bright pul-
sars or other extragalactic sources, we also have a
much better knowledge on the magnetic field of the
MW halo than in other galaxies (e.g., Han et al.
1999, 2018; Beck 2012; Noutsos 2012; Sobey et al.
2019; Krause et al. 2020). This will help us to in-
vestigate the role of large scale magnetic field in the
dynamics of the hot ionized gas flows (e.g., [rwin
et al. 2012b; Li et al. 2022). Furthermore, there
are also some other non-X-ray probes of the hot
ISM/CGM/IGrM which are only widely adopted in
the study of the MW and LG. For example, the dis-
persion measure (DM) of fast radio bursts (FRBs)
or radio pulsars is also a powerful tool to study the
hot gas, but in most of the cases only for the hot
ISM/CGM of the MW could we find a sufficient
number of these radio bright sources to sample

the spatial distribution of the DM (e.g., Prochaska
& Zheng 2019; Prochaska et al. 2019; Han et al.
2021).

Due to their relatively small angular sizes, high-
quality multi-wavelength imaging data tracing var-
ious gas phases in the CGM are often available for
external galaxies at moderate distances (typically a
few to a few tenth of Mpc; e.g., Rossa & Dettmar
2003; Walter et al. 2008; Veilleux et al. 2009; Var-
gas et al. 2019; Zheng et al. 2022). In particular,
the best SZ data, which is another key probe of
the hot gas, is often available in moderately distant
galaxies with moderate angular sizes (e.g., Breg-
man et al. 2022). This is because the SZ signal
is strongly affected by the large scale dust features
in the MW foreground, so easier to remove in a
small uniform field. As the observed X-ray emis-
sion measure EMy « Z ng (Z 1s the metallicity,
n, 1s the electron number density), the poorly con-
strained Z in low resolution X-ray spectra becomes
one of the most important systematic uncertainties
in the measurement of the density and mass of the
hot CGM (e.g., Li et al. 2017a). On the other hand,
the SZ signal y « N, (T'), where N, is the electron
column density and T is the temperature of the hot
gas. In general, E My is insensitive to T while y
is insensitive to Z. Therefore, a joint analysis of
the X-ray and SZ data could greatly help us to mea-
sure the hot gas density profile and the extended hot
CGM mass, without biases caused by the assumed
metallicity and temperature profiles.

3. HUBS SCIENCE CASES ON THE
GALACTIC ECOSYSTEMS

In the following subsections, we describe a few
specific HUBS science cases related to the galac-
tic ecosystems. Additional scientific ideas from the
community are certainly welcome.

3.1. A shallow all sky survey and the MW halo

Do we need a shallow all sky survey, a moder-
ate covering fraction (e.g., ~ 20%) mapping of the
sky, or simply discard the idea of an all sky sur-
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vey? Please put your ideas here. See suggestions
by different people in the commented text.

3.1.1. The Physical and Chemical Properties of the
MW Hot Gas
— Contributed by Z. Qu and S. Zhang

The Milky Way (MW) provides a unique oppor-
tunity to study its CGM in great detail as the most
prominent galaxy covering the entire sky (Breg-
man 2007; Putman et al. 2012). The hot gas sur-
rounding the MW disk encodes the feedback by
gathering the materials, energy, and metals ejected
from the disk, which provide unique insights into
the MW growth (see the recent reviews Tumlin-
son et al. 2017; Donahue & Voit 2022). The initial
hint of the MW hot gas was discovered by RASS,
shown as the anti-correlation between the soft X-
ray emission at 1/4 keV and the neutral hydrogen
(e.g. Snowden et al. 1995). After ROSAT, high
spectral resolution spectra obtained by Diffuse X-
Ray Spectrometer (DXS) revealed that the soft X-
ray emission was dominated by thermal emission
of hot gas (kyT = 0.1 — 0.2 keV; McCammon
et al. 2002). The understanding of the MW hot
gas has been improved significantly by extensive
observations in the past two decades (e.g., Hen-
ley & Shelton 2012; Gupta et al. 2012; Miller &
Bregman 2013; Hodges-Kluck et al. 2016; Kaaret
et al. 2020; Ponti et al. 2023). However, there are
still unresolved problems on the hot gas proper-
ties in the MW, including the density, temperature,
metallicity distributions, and contamination, which
is mainly due to the low spectral resolution of ex-
isting instruments.

First, the density distribution of the hot gas is
the key to the long-term missing baryon problem,
which suggests that the baryonic mass in the stars
and interstellar medium cannot account for the ex-
pected baryon mass using the cosmic average bary-
onic fraction (e.g., McGaugh et al. 2010). The gap
between the expected baryons and detected baryons
is~ 1 —2x10" M. To investigate this prob-
lem, the projected two-dimension emission should
be decomposed into the three-dimensional density

distribution, which requires a survey of the sky in
different directions. The ROSAT mission found
that the soft X-ray emission is anti-correlated with
H I column density, suggesting the distant origin
of the hot gas, which could be the hot CGM of the
MW (Snowden et al. 1995). With deep observa-
tions of more recent instruments, recent studies aim
to deproject the two-dimensional distribution into
three-dimensional distribution (e.g., Gupta et al.
2012; Miller & Bregman 2013, 2015; Nakashima
et al. 2018; Kaaret et al. 2020). In general, there are
three major large-scale structures of the hot gas in
the MW, the bubbles around the galactic center, the
disk, and the halo. However, different studies yield
different hot gas density distributions. Some stud-
ies suggest a spherical halo-dominated distribution
(e.g., Miller & Bregman 2015), while others sug-
gest hat the soft X-ray emission is dominated by
the disk component (e.g., Nakashima et al. 2018;
Kaaret et al. 2020). These difference distributions
could lead to variations in the estimated hot gas
mass.

Adopting the halo-dominated scenario, different
radial profiles also lead to significantly different
masses within the virial radius (i.e., & 250 kpc).
Assuming a uniform distribution, the mass can be
as large as 2 x 10" M, (i.e., Gupta et al. 2012),
while a power-law density distribution with a slope
of ~ 1.5 leads to a mass of 3 — 4 x 10 M,
(e.g., Miller & Bregman 2015; Li et al. 2017b).
An assumption of hydrostatic equilibrium leads to
a declining but flatter profile at large radii than the
power-law model, which results in a mass of 1 X
10'" M,, (e.g., Faerman et al. 2017, 2020). These
differences are significant to consider whether the
missing baryons are confined within the virial ra-
dius.

In addition, the temperature and metallicity also
affect the mass estimation, and provide unique con-
straints on the feedback processes. In X-ray obser-
vations, the direct measurements are the emission
or absorption from the highly ionized species (e.g.,
O VII, O VIII, and Ne IX), which need ionization
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fractions and element abundances to convert met-
als to hydrogen for the total mass. Previous stud-
ies normally assume single temperature collision
ionization equilibrium (CIE) models (e.g., APEC
or MEKAL in XSPEC) and constant metallicity of
0.3 — 1.0 Z,. The temperature of the MW hot gas
was found to be &~ 0.1-0.2 keV, which is consistent
with the expectation of virialized gas (e.g., Hen-
ley & Shelton 2013; Kaaret et al. 2020). Recently,
multiple temperature structures are revealed in the
MW hot gas. A super-virial component with tem-
peratures of 0.5 — 0.7 keV has been characterized
in both X-ray emission and absorption (e.g., Das
et al. 2019a,b; Ponti et al. 2023), which may trace
the energetic feedback from the galaxy disk. This
super-virial phase is detected over the entire sky by
HaloSat, and shows correlation with the “warm"
phase at the virial temperature (Bluem et al. 2022).
However, this super-virial component may be the
foreground contamination due to the hot corona of
M dwarfs (Wulf et al. 2019), leading to uncertain-
ties in the temperature distribution of the hot gas.

The metallicity of the hot gas is poorly con-
strained in observations. For example, by combin-
ing the O VII emission and absorption, Bregman
et al. (2018) estimated the metallicity of ~ 0.5 —
1.0 Z,. Using the eROSITA deep field, Ponti et al.
(2023) reported a metallicity of ~ 0.05 - 0.10 Z .
Such a difference can be induced by the back-
ground decomposition in the X-ray spectral model-
ing, which affects the determination of the hot gas
emission continuum.

Finally, because the hot gas emission covers the
entire sky, there are various foreground and back-
ground contamination sources that cannot be re-
moved directly. The most prominent foreground
contamination at < 1 keV 1s the solar wind charge
exchange (SWCX), which is the induced charge ex-
change between the ionized solar wind and the neu-
tral gas in the solar system. The O VII SWCX
line emission could vary ~ 4 counts s~! cm™2 sr~!
(line unit; L.U.) from maximum to minimum over
a solar cycle, while the average of the MW hot gas

O VII emission is a constant about 4 L.U. (Qu et al.
2022). The SWCX emission also depends on the
location as a result of the difference of solar wind
properties between the solar equator and polar, to-
gether with the neutral gas distribution (Pan et al.
in prep.). The unresolved stellar emission is an-
other source of foreground contamination, which
may contribute significantly to the emission at 0.7
keV (see details in Wulf et al. 2019). In the MW
dark matter halo, the warm-hot corona of the Mag-
ellanic System may also contribute to the observed
soft X-ray emission (Krishnarao et al. 2022). In ad-
dition, the nearest galaxy M31 may host a hot gas
halo similar to the MW and a hot gas bridge con-
necting the MW and M31 (Qu et al. 2021). These
contaminations lead to uncertainties in the model-
ing of the MW hot gas, which cannot be removed
from existing low-spectral resolution data.

With the HUBS observations, the understanding
of the MW hot gas can be significantly improved
with the higher sensitivity and spectral resolution:

o The decomposition of the SWCX from the MW
hot gas emission. The O VII Ka exhibits a triplet
at 561, 568, and 574 eV (i.e., forbidden, intercom-
bination, and resonant), which show different line
ratios in different emission mechanisms. In Fig-
ure 4, we show the simulated HUBS observations
of the MW hot gas with an emission measure of
103 cm~ pc and a temperature of 0.2 keV, and two
SWCX models at solar minimum and maximum,
adopting the parameters described in (Huang et al.
2023b). The resonant line dominates the triplet in
the thermal ionization model, while the forbidden
line is stronger in the SWCX emission. The spec-
tral resolution of HUBS is 1 — 2 eV could resolve
these lines, and decompose the SWCX and MW hot
gas emission, providing a SWCX-clean measure-
ment of the MW hot gas.

e Better constraints on the temperature distribu-
tion. Now, a two-temperature scenario is proposed
to explain the observed emission enhancement at
0.8 keV, while numerical simulations suggest con-
tinuous temperature distributions (e.g., Vijayan &
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Figure 4. The simulated HUBS spectra of the SWCX component and the MW hot gas. Left panel: the O VII triplet
generated by the SWCX exhibits a different resonant to forbidden line ratio. During the solar maximum, the SWCX can
be stronger than the MW hot gas emission, while the SWCX is negligible during the solar minimum. Right panel: the
comparison between the spectra of log-normal temperature and the three-temperature model. The difference between
these two models is most significant at Ne IX triplet, which may be distinguished by HUBS observations.

Li 2022). The difference between these two sce-
narios is hardly distinguished by low resolution and
low sensitivity. In Figure 4, we show the compar-
ison between a log-normal distribution of the tem-
perature and a three-temperature distribution. The
log-normal distribution has a median temperature
of 0.2 keV and a sigma of 0.2 dex, while the three-
temperature model exhibits three components at
0.1, 0.2, and 0.48 keV. The maximum difference
is 10% at the Ne IX triplet in this case, which is de-
termined by the temperature distribution. Current
low-resolution instruments cannot resolve such dif-
ferences at all, while the HUBS may distinguish be-
tween the continuous temperature distribution and
the separate temperature model by resolving weak
lines.

o The density distribution of highly ionized
species. The density distribution can be improved
with the better corrected SWCX and the tempera-
ture distribution. First, the modeling of the hot gas
density can be pushed beyond 50 kpc, which is the
current limit enabled by existing instruments. Sec-
ond, the disk and halo will be better decomposed,
which will finally determine the total metal mass in
the MW hot gas.

o The constraints on the metallicity and non-
solar abundance pattern. New cosmic microwave
background (CMB) experiments and improvement
of Sunyaev-Zel’dovich (SZ) signal extraction will
lead to better constraints on the SZ signal of the
MW hot gas. The SZ signal extraction will not pro-
vide as high spatial resolution as the X-ray obser-
vations, but at the large scale, we will be able to
constrain the metallicity and non-solar abundance
pattern for multiple elements (e.g., C, O, Ne, and
Fe), which will provide clues of the origin of the
hot gas surrounding the MW.

m Technical Justification

Most HUBS archives could be used to extract the
MW hot gas emission as a byproduct because of
its full sky coverage. Considering a lifetime of two
years, there will be a sample of ~ 5000 observa-
tions assuming the mean exposure time of 10 ks
with an overhead of 2 ks, or ~ 500 observations
for 100 ks individual exposures. These observa-
tions could cover 0.5-1.0 % to 5-10% of the en-
tire sky, considering repeated pointings. In addi-
tion, it is also possible to extend the HUBS mis-
sion with bonus observation times, which to en-
large the sky coverage. As a comparison, the 22-
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year XMM-Newton archive covers ~ 5% of the sky
with a median depth of 20 ks (Pan et al. in prep.).
Therefore, because of the large FOV, we expect that
the HUBS archive provides similar sky coverage as
XMM-Newton within the first two years.

Using the XMM-Newton archive, the 5S¢ detec-
tion limitis = 1.0—1.5 LU for O VII triplet, O VIII
Kea, and Fe-L emission (e.g., Henley & Shelton
2012; Pan et al. in prep.). With a high spectral
resolution of 1 — 2 eV, HUBS significantly reduces
the background level, and enhances the detection
sensitivity for diagnostic metal lines. According
to Zhang et al. (2022a), 10 ks HUBS observation
can have a 5o detection limit of 0.032 LU for the
O VII resonant line over the FOV of 1° X 1°, or
about 1 LU for each 2’ x 2’ pixel. The O VIII
Ka line exhibits limiting intensities of 0.021 and
0.63 LU, respectively, while the detection limits of
the Fe XVII 826 eV emission line are 0.024 and
0.72 LU. Using a spatial resolution equivalent to
XMM FOV, the HUBS observation exhibits limit-
ing 0.072, 0.047, and 0.054 LU for O VII, O VIII,
and Fe XVII, respectively, which are one order
of magnitude higher than existing XMM-Newton
archive.

Such detection limits are sufficient to detect
O VII, O VIII, and Fe-L emission in most sky,
adopting the empirical model described in Qu et
al. in prep. The 10 ks HUBS archive or follow-
up survey could detect these diagnostic lines with
a resolution of 1° X 1°, or O VII, it can be even
detected for 2’ x 2’ pixels. Combining the high
sensitivity and spatial resolution, new HUBS ob-
servations could further improve the correlation of
hot gas properties on small scales at 1 — 2° or even
arcmin. This correlation will provide strong con-
straints on the cosmic ray strength in the hot gas
(e.g., Butsky et al. 2020).

3.1.2. Mixing at the Disk-Halo Interface
— Contributed by E. Hodges-Kluck

Observations of edge-on galaxies (Strickland
et al. 2004a; Tiillmann et al. 2006a; Li & Wang
2013a) and our own Milky Way (Kaaret et al.

2020) reveal that star-forming disk galaxies are sur-
rounded by X-ray coronae with scale heights of sev-
eral kpc (Tiillmann et al. 2006a; L1 & Wang 2013a),
whereas disk galaxies with little star formation lack
such coronae. These coronae are clearly identified
with ongoing star formation in the disk, and indeed
in our Galaxy the emission is well described by
a model where it sits above molecular gas in the
disk (Kaaret et al. 2020). For many years, there
was debate as to whether these coronae are “only”
galactic fountains (Shapiro & Field 1976; Bregman
1980) or the inner parts of an extended, massive
circumgalactic medium (CGM). Multiple lines of
evidence now support the existence of hot CGM
around L = galaxies, such as Sunyaev-Zel’dovich
(SZ) detections from nearby galaxies (Bregman
et al. 2022), fast radio bursts (Prochaska & Zheng
2019), X-ray absorption through the Milky Way
(Miller & Bregman 2013), and direct detection of
X-ray emission around galaxies several times more
massive than the Milky Way (Anderson & Breg-
man 2011; Bogdan et al. 2013; Li et al. 2017a).
Hence, the answer must be “both”: galactic coro-
nae represent estuaries where outflows from the
disk pour into the hot ocean of the CGM.
Studying these mixing regions is essential to un-
derstand the role of stellar feedback in the life of a
Milky Way-like galaxy. The basic theory of galac-
tic fountains (Bregman 1980; Mac Low et al. 1989)
holds that overpressured superbubbles form around
massive star clusters due to the action of fast stellar
winds and supernovae (SNe) (Weaver et al. 1977,
Silich et al. 2005) and expand until they break
through the thin HI disk. The hot gas inside flows
down the pressure gradient into the halo, where it
cools and falls back. Hydrodynamic models (e.g.,
Hopkins et al. 2014; Kim & Ostriker 2018) show
that a much greater mass of warm gas is entrained
in these winds, and there is also cold gas and dust
(Veilleux et al. 2020). Since angular momentum is
conserved, when this material returns to the disk it
tends to migrate to larger radii (Melioli et al. 2015).
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Hence, fountains can disperse mass and metals over
a wide area of the disk.

These processes occur in the absence of a hot at-
mosphere and in galaxies of any mass, but when
one considers that the galactic fountain runs into
hot CGM around a Milky Way-like galaxy, several
additional processes can occur. First, the hot CGM
can conductively heat cooler fountain gas to near
the virial temperature. This heated gas is dense
and has a short cooling time, so the fountains effec-
tively stimulate cooling from the hot CGM (Mari-
nacci et al. 2010; Armillotta et al. 2016) and bring
“fresh” gas to the disk. The efficiency of stimulated
cooling is unknown, but if the metallicity of the
NGC 891 corona is indeed Z/Z, < 0.2 (Hodges-
Kluck et al. 2018) then much more hot CGM than
hot ejecta returns to the disk. Secondly, these out-
flows can spin up the halo (Oppenheimer 2018) and
produce lagging halos like the kind seen in HI (San-
cisi et al. 2001; Fraternali et al. 2002; Oosterloo
et al. 2007; Heald et al. 2011b). This, in turn, reg-
ulates accretion onto the disk, with different accre-
tion rates expected from high angular momentum,
smooth inflows than from precipitation of cooled,
low angular momentum gas onto the disk. Thirdly,
the amount of fountain gas that gets mixed into the
CGM and migrates to large radii determines how
metals escape galaxies. If the CGM provides an
effective “ceiling” to the fountain flow, metals can
only escape galaxies in major AGN our starburst
outflows or at earlier cosmic times before a virial-
ized CGM formed. Since the CGM is suffused with
dust (Ménard et al. 2010) and galaxies are missing
most of their metals (Peeples et al. 2014), it is im-
portant to know how much outflows from individ-
ual star clusters contribute to the CGM.

Although studying the interaction of outflows and
the hot CGM at the disk-halo interface is a mul-
tiwavelength endeavor, X-ray spectroscopy is the
major missing piece. Some key missing quantities
include the mass, metallicity, energy content, and
velocity of the hot gas flowing into the halo, the
point at which mixing with the ambient CGM be-

gins, and the mass-loading factor of the outflows
relative to what returns to the disk.

Both high spatial resolution and high spectral
resolution are needed to measure these quanti-
ties. For example, a vertical resolution better than
about 500 pc is needed to measure the metallic-
ity profile from the disk into the halo. To mea-
sure the metal flux we also need to know the ve-
locity, which requires resolving individual strong
emission lines, such as O VIII (654 eV). Measur-
ing the mass requires an accurate knowledge of
the emission measure distribution as a function of
temperature, which also requires resolving individ-
ual strong lines. Based on the expected temper-
atures and velocities, and existing low-resolution
X-ray spectroscopy, we can estimate requirements:
AFE < 5 eV is needed to separate strong line com-
plexes enough to measure the temperature distribu-
tion (based on X-ray grating spectra of stellar coro-
nae), AE < 3 eV is needed to accurately model
charge exchange lines, which may contribute sig-
nificantly (Zhang et al. 2022b), and AE < 2 eV is
needed to measure velocities in the v < 500 km s~!
regime we expect (with AE < 1 eV needed for
lower energy lines like O vIiT). HUBS meets these
requirements.

At d = 10 Mpc, 1” corresponds to about 100 pc,
so Chandra-like angular resolution is needed to
measure vertical profiles even for relatively nearby
galaxies. However, the low energy resolution
(AE > 50 eV) of the Chandra imaging spectrom-
eters has proven a limiting factor in characteriz-
ing galactic coronae. The regions of interest are
too faint and crowed for grating spectroscopy, ei-
ther with Chandra or XMM-Newton. Hence, the
best way to make progress is to look within our
own Galaxy, where superbubbles and their chim-
neys have a large angular extent.

Focusing on the Milky Way suggests a two-
pronged HUBS program to make the required mea-
surements. First, HUBS will characterize the ma-
terial within well characterized Galactic superbub-
bles and/or chimneys. The best and brightest candi-



18 J.-T.LIET AL.

dates are the Orion-Eridanus superbubble (Heiles
et al. 1999) and the Carina Nebula (Seward et al.
1979), although it would also be worth observ-
ing RCW 38 (Wolk et al. 2002), M17 (Townsley
et al. 2003), NGC 6334 (Ezoe et al. 2006), or other
Galactic H II regions. The Orion-Eridanus bub-
ble covers at least 500 degz, while Carina is much
smaller at less than 4 deg?. Other candidates could
fitin 1-2 HUBS fields.

Despite its angular size, Orion-Eridanus is an ex-
cellent target because there is evidence that it al-
ready has blown out into the halo (Heiles et al.
1999) and that its gas temperature is similar to that
in the broader halo (Fuller et al. 2023). HUBS can
therefore map the gas properties from the genera-
tive Orion star cluster to the breakout (and possibly
beyond). It is unnecessary to tile the entire neb-
ula, as sampling different regions is sufficient. The
combination of inner (0.6 eV) and main (2 eV) ar-
rays will be able to accurately map the average tem-
perature distribution, metal abundance ratios, and
even mass flux towards the breakout.

The average surface brightness of the
Orion-Eridanus region (0.5-2 keV) is a few
x107!! erg s7! cm™ deg=2. Carina is 5-10
times brighter. Assuming an average luminosity-
weighted temperature of kKT ~ 0.2 keV and solar
metallicity, HUBS would detect at least 4 O VII or
O v photons per 1 arcmin? in 1 ks. S/N = 10
in these key lines could then be achieved at the
HUBS resolution limit in 25 ks per pointing. This
suggests that a sample of ~50 deg? from Orion-
Eridanus could be mapped in 1 Ms, and Carina
mapped in 100 ks. A similar exposure of about
100 ks is sufficient for most other Galactic bub-
bles, so the total program could be smaller than 2
Ms.

The second prong, which could also be achieved
by an all-sky survey, involves observing the CGM
directly above known massive star clusters old
enough to have experienced multiple supernovae
and comparing it to the broader average Milky Way
CGM seen at high latitudes. There are several op-

tions for a smaller, targeted program that would ul-
timately be decided by observability and the nature
of structures such as the North Polar Spur, which is
likely the edge of the Fermi bubbles but could be
(in part) a closer supernova remnant that fills much
of the sky. In this case, a comparison of the halo gas
between the Galactic anti-center and toward OB as-
sociations may be the optimal strategy. Regard-
less, the goal would be to measure the vertical tem-
perature and chemical abundance ratio profiles and
compare them to directions without massive clus-
ters and to the interiors of superbubbles. Based on
HaloSat surface brightnesses (Kaaret et al. 2020;
Bluem et al. 2022), ~20 deg? maps of about 25 ks
each (a total of 500 ks per region) would be suffi-
cient to make vertical profiles with spatial scales of
a few kpc or less.

Taken together, these observations would show
how the temperature and metal content change
from bubble interiors to the inner CGM. They
would also provide the hot gas mass in the bubbles,
as well as an estimate of the hot mass flux from
the bubbles into the inner CGM. These diagnostics
would constrain models of gas mixing where rivers
of hot gas flowing out from H II regions meet the
tides of the hot CGM.

3.1.3. High Velocity Clouds (HVCs)
— Contributed by S. Zhang

The Milky Way’s high velocity clouds (HVCs),
which still have many unsolved old puzzles, have
gained new vitality under the concept of the galac-
tic ecosystem (e.g., Ramesh et al. 2023). Histor-
ically the HVCs were observed in the MW’s halo
through their H I emission whose velocities devi-
ate significantly from that allowed by Galactic ro-
tation, and thought to be a reservoir to sustain star
formation in the MW (Lehner & Howk 2011).

According to the all-sky HI4PI survey, the sky
coverage fraction of the HVCs with H I column
density larger than 2 x 10'® cm=2 is about 15%, and
decreases to a half for those with column density
larger than 10" cm=2 (Westmeier 2018). The large
coverage is mainly caused by the major HVC com-
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plexes such as complexes A, C, M, and AC, which
seem to be intricate networks of narrow H I fila-
ments and clumps. Though distances to HVCs are
generally unconstrained, based on absorption fea-
tures some limits have been estimated, for e.g., a
distance < 10 kpc to Complex C (Wakker et al.
2007), < 15 kpc to Complex GCP (Wakker et al.
2008), ~4.4 kpc to Complex WD (Peek et al. 2016),
and ~150 pc to Complex M (Schmelz & Verschuur
2023), which can be in turn used to constrain the
H I masses, for e.g. ~ 10’M, for Complex C
(Thom et al. 2008) or 120 M, for Complex M.
In addition, the HVCs observed by H I may be
only the tip of the iceberg due to sensitivity lim-
itations. UV absorption line studies estimate that
HVCs with temperatures greater than 10° K cover
about 80% of the sky (Shull et al. 2009; Lockman
et al. 2019).

HVCs may play an impacting role in the galac-
tic baryon cycle with those considerable mass, and
are more likely an important carrier of the complex
transformation processes of multiphase gas in the
CGM according to their various proposed origins.
HVCs may have completely different origins. For
example: a) Cold gas accreted from IGM into the
Milky Way. These gas have a falling speed of 50-
200 km/s, an accretion rate of about 1 M /yr, and
interact with the gas in the galactic halo (Wakker
et al. 1999, 2007; Tripp & Song 2012). b) Cold
gas precipitated from the CGM gas (Maller & Bul-
lock 2004) or even condensed from the CGM wind
(Mou et al. 2023). The latter simulation shows that
the clouds have similar locations and properties to
HVCs in Complex C. c) Gas blown out by galac-
tic feedback and is now being incorporated into the
disk again as a fountain. These HVCs should have
higher metallicities. d) Gas stripped from satel-
lite dwarf galaxies. For example, the HVC named
Smith Cloud has a clear H I head-tail structure, a
size of 3 kpc, a metallicity of 0.5 solar, and is very
likely to be stripped gas (e.g., Gritton et al. 2017).
Moreover, Smith Cloud and its leading component
in its forward direction may be an organic whole,

and are interacting with the galactic disk. e) The
dark matter mini-halo bounces up and down the
galactic disk, and drags the ISM out (Galyardt &
Shelton 2016). These are important processes in
the baryon cycle that regulate the coevolution of
CGM and galaxies, and thus understanding HVCs
is essential for understanding the galactic ecosys-
tem.

More interestingly, the infalling process of HVCs
toward the galactic disk is accompanied by the in-
teraction with the hot gas in the CGM (Wakker
et al. 1999, 2007; Tripp & Song 2012), and forms
warm-hot transition layers of 10°~7 K due to tur-
bulent mixing or shock heating (Shelton et al.
2012), as revealed by the absorption features of
highly ionized species in the far-UV and the X-
ray band (e.g., Sembach et al. 2003; Collins et al.
2007). Trough soft X-ray absorption studies, along
the sight lines to background AGNs that penetrate
HVCs, the O VII r lines can be detected with col-
umn density of about 10'9-88cm=2, thought the
blue-shifted line centers generally have large error
bars (e.g., Fang et al. 2015). On the other hand,
ROSAT 1/4 keV map had shown the X-ray emis-
sion from HVCs through the soft excesses (Shel-
ton et al. 2012). The observed intensity is about
10~ counts/s/arcmin® (or ~ 10~ erg/s/cm?/sr),
similar to that of the local bubble. Nevertheless,
due to the limited AGN sight lines and the low
spectral resolution of ROSAT, an unbiased view of
HVC transition layers is currently not available.

Therefore, a census of the absorption and emis-
sion properties of HVCs will provide valuable in-
formation. HUBS with high sensitivity and spec-
tral resolution should have the capability to re-
veal micro-physics in the transition layers, and sig-
nificantly improve the understanding of the roles
HVCs play in Galactic ecosystem.

A simulated O VII triplet demonstrates this abil-
ity (Figure 5), which consists of the diffuse X-ray
background radiation from McCammon’s model
(McCammon et al. 2002) and the radiation from
an HVC. This HVC radiation is set to have the
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Figure 5. A simulated O VII triplet whose emission
comes from the diffuse X-ray background (green) and
an HVC (magenta) with a blueshifted velocity of 150
km/s. The red curve shows the best-fit model including
only the background component.

same emission measure as the local bubble, 0.1
keV temperature, 0.5 solar abundance, but with a
blueshifted velocity of 150 km/s. The spectrum
uses all the radiation from a square degree FOV of
HUBS, assuming a 20 ks exposure; but fitted only
with the diffuse background model. In the appar-
ently perfect fit, there is a clear excess in the resid-
ual at the blue wing of the O VII r line. This phe-
nomenon is shown in multiple lines such as C VI
and N VI, indicating the presence of a blueshifted
HVC component.

o Decomposition of HVC emission and its
properties

This configuration as shown in the figure in fact
presents for a slightly difficult situation for the de-
tection, i.e., the background cannot be effectively
subtracted, and the HVC radiation has very sim-
ilar properties to that of the diffuse X-ray back-
ground. According to the HI4PI survey, the ve-
locity of HVCs is generally between 70-450 km/s;
and 150 km/s is relatively small and hard to detect.
Nevertheless, HUBS can discover such a velocity
component, and thus performing detailed analysis

and reasonable fitting of this component is feasible.
For example, merely from the residual situation of
the O VII r and f lines, one can realize whether the
HVC radiation is emitted by hot gas or produced by
charge exchange while the cold and the hot gas in-
teract, and then perform reasonable modeling and
fitting. Since the diffuse X-ray background can be
separated properly, this kind of fitting can constrain
the temperature and the metal abundance of the
transition layer more tightly.

« Origin and Fate

One important reason that hinders the judgment
of HVC origin is the inability to accurately deter-
mine the distance. Studies solely relying on X-ray
radiation do not help much too. But HUBS’s large
effective area also enhances the capability to study
absorption lines, allowing more sight lines to back-
ground AGNs and in turn to infer the absorption
column density in the transition layer. Combined
with the emission measure of the thermal emission,
the volume density can be deduced and then the dis-
tance, mass, size, etc. Based on these, we can better
justify the origin of HVCs. For example, the metal
abundance of accreted gas should be lower, while
that of feedback gas will be higher.

Another puzzle of HVCs is how they can exist for
so long and accelerate to such a high speed (Zhang
et al. 2017). The existence of the transition layers
is considered to be closely relevant (Nelson et al.
2020). Therefore, HUBS’s study can help to un-
ravel this puzzle and predict the lifespan or fate of
HVCs. Furthermore, if there is obvious CX emis-
sion, even the true velocity of HVCs relative to
CGM can be derived by line ratios, and then the
falling angle and the final impacting position on
Galactic disk.

Generally, HUBS does not need to specifically
observe HVCs, but can do so as a byproduct when
observing other sources. Considering a 2-year life-
time, HUBS can observe a thousand sources with
individual exposure times reaching 50 ks. Ac-
cording to the sky coverage rate of HVCs, about
150 sources will involve H T HVCs in the FOV,
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while about 800 sources will involve warm ionized
HVCs. Consequently, there are ample opportuni-
ties to observe HVCs and study their transition lay-
ers with enough spatial resolution.

3.1.4. The MW center
— Contributed by G. Ponti

3.2. Hot gaseous environment of nearby galaxies

3.2.1. Signatures of interaction of the LMC/SMC with
the MW CGM
— Contributed by Y. Faerman

3.2.2. Diffuse X-ray emission from isolated dwarf
galaxies in the Local Volume
— Contributed by Y. Faerman

3.2.3. Extended hot CGM around M31/M33
— Contributed by J.-T. Li

m Scientific justification

The Andromeda galaxy (M31), as our massive
neighbor, provides us an ideal laboratory to study
the extended hot CGM from the accretion of exter-
nal gas. This is clearly different from the internal
gas ejected by galactic feedback, which has distin-
guishable physical and chemical properties, as well
as dependence on other galaxy parameters (§1).
As one of the most massive spiral galaxies (stellar
mass M, = 1.1 x 10" M), M31 has an extremely
low SFR of only ~ 0.4 M, yr~' (Barmby et al.
2006). There will thus be little contamination to the
hot CGM from current SF feedback, which often
dominates the accretion component due to its high
metallicity. M31 also locates in a relatively low
density environment, where the IGrM of the Local
Group is not as intense as in massive galaxy clus-
ters. As the closest major galaxy (d = 0.78 Mpc,
1” ~ 230 pc), we can also achieve an unparal-
leled spatial resolution in HUBS observations of
M31, which could be comparable to Chandra or
XMM-Newton observations of other external galax-
ies at a distance of d > 50 Mpc (with Chandra;
e.g., NGC 1961; Anderson & Bregman 2011) or
d ~ 10 Mpc (with XMM-Newton; e.g., NGC 891;
Hodges-Kluck et al. 2018). In the mean time, we

could detect objects with much lower intrinsic lu-
minosities.

We herein justify the possibility of a moderately
deep HUBS mosaic observation program covering
the M31/M33 subgroup, with a FOV roughly cov-
ering the same sky area as the PAndAS survey
(Richardson et al. 2011; Fig. 6). This sky area
roughly covers r < 150 kpc ~ 75% ry, from M31
[ry00 & (189 — 213) kpc; Tamm et al. 2012] and
r < 50 kpe ~ 30% r,, from M33 (r,,, ~ 168 kpc;
Kam et al. 2017), including the stellar and cold gas
stream connecting them (Braun & Thilker 2004;
Richardson et al. 2011). There are also ~ 20
known dwarf galaxies covered (e.g., Richardson
et al. 2011). Based on existing X-ray observations
of massive quiescent spiral galaxies, the hot CGM
is never detected beyond this area (e.g., Bogdan
et al. 2015; Li et al. 2017a). Even with stacking
analysis, the CGM is at most firmly detected to
r ~ 20% ryy (e.g., Li et al. 2018; r ~ 40 kpc in
the case of M31). We therefore believe the pro-
posed HUBS observations could cover most of the
interesting CGM X-ray features, while still allow
for a clean local sky background subtraction. In
addition to the moderately deep survey of the en-
tire M31/M33 area, we also propose deep follow-up
observations covering a few deg? of interesting fea-
tures, such as the disk and immediate surrounding
areas of M31. These deep observations, aiming at
reaching full spatial resolution of HUBS at a mod-
erate S/N, will be helpful to resolve some relatively
bright extended structures.

In addition to the proposed HUBS observations,
higher resolution X-ray images are also critical in
detecting the X-ray point-like sources toward the
direction of M31/M33 (e.g., with XMM-Newton,
Huang et al. 2023a; eROSITA, Predehl et al. 2021;
or in the future AXIS, Mushotzky 2018). Fur-
thermore, there also exist extensive sets of multi-
wavelength data sensitive to the extended stellar
light (e.g., Richardson et al. 2011) and multi-phase
gases in the CGM/IGrM. The latter includes the
warm ionized gas traced by UV absorption lines
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Figure 6. Location of UV bright (with GALEX FUV
magnitude mgyy < 18.5) AGNs (black plus) around
M31 and M33. The large plus sign and the solid black
ellipse mark the location and extension of the optical
disk of the two galaxies. The three large dashed black
circles have radius of » = 100, 200, 300 kpc from the
center of M31. Small colored circles as denoted on top
right are HST/COS observations of objects in the sur-
rounding area (Rao et al. 2013), or are MW halo stars
which allow for a determination of the absorption from
the foreground MW halo (Lehner et al. 2015). The red
box on top left is the FOV of a single HUBS observa-
tion. The two solid red circles have r = 150, and 50 kpc
from the center of M31 and M33, respectively, and are
roughly the mapping area of the proposed HUBS mo-
saic observations.

(e.g., Lehner et al. 2020; Fig. 6) or optical emis-
sion lines (e.g., Drechsler et al. 2023), the extended
cold atomic gas traced by the H I 21 cm line
(e.g., Braun & Thilker 2004), as well as studies of
the intervening gases via some background radio
sources (radio pulsars, FRBs, etc., e.g., Prochaska
& Zheng 2019). Detection of extended y-ray emis-
sion around M31 is also claimed, which traces
high-energy CRs (e.g., Ackermann et al. 2017).
Based on the proposed HUBS observations and the
multi-wavelength archival data toward this direc-
tion (e.g., Fig. 6), we plan to explore the following
scientific problems:

e Physical, chemical properties, and spatial
distribution of the hot CGM. With the micro-
calorimeter on-board HUBS, we will reach ~
2 eV energy resolution, which is sufficient to re-
solve individual emission lines from the continuum
(Fig. 7). This is completely different from the low-
resolution X-ray imaging spectroscopy with CCDs.
We can directly measure the physical and chemical
properties of the hot CGM with little impact from
the metallicity-emission measure degeneracy in the
modeling of low-resolution X-ray spectra (e.g., Li
et al. 2016b, 2017a). A more accurate measure-
ment of the hot gas properties will help us to not
only better estimate the total mass contained in the
hot CGM, but also search for the interface between
the feedback and the ambient or accreted materials,
which are expected to have different metallicities
and temperatures (e.g., Crain et al. 2013).

The proposed HUBS mapping area spans a DEC
range of ~ 25°, which represents a significant gra-
dient in the MW foreground (e.g., Snowden et al.
1997; Predehl et al. 2020). After a clean subtrac-
tion of the sky background based on a few “blank-
sky” region covered by the proposed observations,
we will search for large-scale X-ray emission line
structures such as the eROSITA bubble (Predehl
et al. 2020). These structures are clearly pre-
dicted in numerical simulations of M31-like galax-
ies (e.g., Pillepich et al. 2021), but often diffi-
cult to detect with broad-band X-ray images from
archival (e.g., XMM-Newton has a continuous cov-
erage of only r < 30 kpc from M31; Huang et al.
2023a) or new shallow X-ray observations (four
years eROSITA survey has an average depth of ~
1.5 ks, while the instrument sensitivity to extended
sources is comparable as HUBS). Cleanly remov-
ing the sky background is also critical in quantita-
tively measuring the “missing baryons” contained
in the hot CGM (e.g., Dai et al. 2012; Bregman
et al. 2018, 2022). We will characterize the spatial
distribution of the hot CGM by extracting intensity
profiles of individual emission lines and extrapolat-
ing it to the virial radius (e.g., Li et al. 2018).
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e Non-thermal emission from the tidal stream.
Resolving individual emission lines in the high res-
olution spectra of HUBS will also help us to search
for signatures of some non-thermal X-ray emis-
sions. The relative strength of the resonance, in-
tercombination, and forbidden lines are different
in thermal and charge exchange X-ray emissions
(CXE; e.g., Smith et al. 2012). The triplets of some
ions (O VII, Ne IX, Mg XI) could thus be strong di-
agnostic features of these different processes (e.g.,
Liu et al. 2011). As CXE appears at the inter-
face between cold and hot gases with relative mo-
tions, we will search for signatures of CXE from
the stellar and cold gas streams connecting M31
and M33 (e.g., Braun & Thilker 2004; Richardson
et al. 2011).

e Other X-ray sources. In addition to the large-
scale CGM/IGrM, the proposed HUBS observa-
tions will also cover many other X-ray sources to-
ward M31/M33, which could be firmly identified
based on the large collection of multi-wavelength
data (e.g., Huang et al. 2023a). In particular,
we will search for extended X-ray emissions from
dwarf galaxies and globular clusters by stacking
the X-ray data toward tens of such objects (e.g.,
Cezario et al. 2013). Quiescent dwarf galaxies and
globular clusters are typically not expected to host
a hot halo, but when residing in a group, it is not
impossible for them to have small amount of ex-
tended X-ray emissions via the interaction with the
hot IGrM. In addition to emission lines, X-ray ab-
sorption lines in the stacked X-ray spectra of bright
point-like sources (AGN, X-ray binary, pulsar, etc.)
will also help us to study the hot gas in the MW
halo or the IGrM between the MW and M31 (e.g.,
Qu et al. 2021).

m Technical Justification

Because of its high energy resolution, large FOV,
and low instrumental background, HUBS is opti-
mized for the study of the extended X-ray emis-
sions within the M31/M33 subgroup. We will need
~ 300 HUBS observations to cover the entire area
of interest (e.g., Fig. 6). We herein estimate the re-

quested exposure time of each observations. We as-
sume a MW foreground from a r = 2° — 8° annulus
centered at M31, based on the data from the ROSAT
all sky survey. This MW foreground spectrum
can be well fitted with a two-component thermal
plasma model (Fig. 7): a kT ~ 0.18 keV APEC
model probably representing the emission from the
local hot bubble (LHB), and a multi-temperature
plasma emission model (gadem) with a mean tem-
perature of kT =~ 0.72 keV probably representing
the emission from the MW halo. This MW fore-
ground model will be fixed and rescaled (to the real
spectral extraction aperture size) in the follow-up
simulations.

Due to its low angular resolution, contamination
from unresolved point-like X-ray sources could be
important, including either various types of fore-
ground or local stellar sources, or largely the back-
ground AGN. Adopting the stellar source number
density and luminosity function in the inner halo
of M31 (outside the galactic disk) from the New-
ANGELS survey (with XMM-Newton; Huang et al.
2023a, we estimate the total 0.5-2 keV contribution
from X-ray point sources as ~ 10* ergs s~! deg=2.
This is about one order of magnitude higher than
the MW foreground in the HUBS energy range,
but typically has a featureless continuum with no
prominent emission lines (assuming a I' = 1.8
power law model; Fig. 7) so not difficult to subtract.

The strength of the extended X-ray emission from
the hot CGM or IGrM around M31/M33 is quite
uncertain, as it is not yet firmly detected. The non-
detection is largely caused by the small sky area
covered by the existing Chandra or XMM-Newton
observations (e.g., Huang et al. 2023a), or the shal-
low exposure in X-ray all sky surveys (ROSAT or
eROSITA). Nevertheless, some enhanced line emis-
sions toward the direction of M31 (at r < 20°)
have been revealed based on a large collection of
archival data over the entire sky (e.g., Qu et al.
2021). Assuming the X-ray luminosity of the hot
CGM of M31 is comparable to some other compa-
rably massive and quiescent isolated spiral galax-
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ies (e.g., Li et al. 2017a), we obtain the total ex-
pected 0.5-2 keV luminosity of the hot CGM of
M31: Ly ~ 10%37493 ergs s71. We herein con-
servatively assume Ly ~ 3 x 10*° ergs s7!. If
the X-ray emission is uniformly distributed within
r S 4° ~ 50 kpc, the average diffuse X-ray emis-
sion from the hot CGM/IGrM will be about one or-
der of magnitude lower than the MW foreground
(Fig. 7a,b). This is typically the faintest extended
features we can firmly detect with a careful char-
acterization and subtraction of the local sky back-
ground (e.g., Li et al. 2017a, 2018).

We simulate the spectra extracted from an en-
tire HUBS 1° x 1° FOV based on the above
MW foreground, point-like X-ray sources, and hot
CGM/IGrM emission models [assuming a kT ~
0.75 keV solar abundance thermal plasma model
(APEC) model]. With ~ 10 ks exposure time, we
can collect ~ 10° counts from a single HUBS FOV,
but only ~ 3% are from the hot CGM/IGrM com-
ponent. If a reliable local background can be mod-
eled and subtracted (so all the background models
can be fixed), we can measure the temperature and
normalization of the hot gas component to an accu-
racy of ~ 7% and ~ 16% (90% confidence level),
respectively, but the metallicity cannot be well con-
strained.

In the above estimates, we assume there is no re-
solvable extended hot gas features. However, such
features at different physical scales have been de-
tected in many nearby galaxies (e.g., Strickland
et al. 2004a; Li et al. 2008; Li & Wang 2013a; Li
etal. 2019; Hodges-Kluck et al. 2020), which could
be significantly X-ray brighter and easier to detect.
If we assume such an extended hot gas structure
has a mean surface brightness about one order of
magnitude higher than the hot CGM/IGrM compo-
nent adopted above and the structure is still large
scale (larger than the FOV of HUBS), the X-ray
photons from the hot halo gas component will be
~ 25% of the total value (Fig. 7c,d). Individual
emission lines can be well resolved in the X-ray
spectra, although still highly blended with the MW

foreground components. Again with a fixed back-
ground model, we can now roughly constrain the
metallicity of the hot gas to an accuracy of ~ 40%
at 90% confidence level.

If there are some finer structures with a physical
scale much smaller than the FOV of HUBS, we will
need a much deeper observation to collect sufficient
number of photons in each HUBS normal pixel.
Here we simulate HUBS spectra with an exposure
time of ~ 300 ks, for a 1’ feature with a surface
brightness ~ 3 (Fig. 7e) or 10 times (Fig. 7f) higher
than those in the above case (Fig. 7c,d). We can
collect ~ 1500 (~ 3200) counts in Fig. 7e (Fig. 7f)
and roughly constrain the temperature and metal-
licity of the hot gas to an accuracy of ~ 4% and
~ T70% (~ 2% and ~ 36%) in each pixel. This
will enable spatially resolved mapping of the hot
gas properties or some individual emission lines at
the full angular resolution of HUBS. Such deep ob-
servations are only needed in some selected regions
with prominent soft X-ray features (e.g., the possi-
ble superbubble). We anticipate only ~ 3—4 FOVs
need such deep observations. The total requested
HUBS observation time for both the wide shal-
low survey (~ 300x10 ks) and the deep follow-up
of selected FOVs [~ (3 —4)%x 300 ks] are ~ 4 Ms.

3.2.4. Hot CGM around the most massive isolated
spiral galaxies
— Contributed by J.-T. Li

m Scientific justification

The high energy resolution of HUBS is not only
critical in studying the physical, chemical, and dy-
namical properties of the hot CGM, but also crit-
ical in narrow-band imaging separating prominent
emission lines from the CGM of nearby galaxies
and the MW halo. This will greatly reduce the
sky background (actually dominated by the fore-
ground), and enable us to probe the hot CGM distri-
bution to a large radial range from the galactic cen-
ter (e.g., Fig. 8; Li 2020). Well constraining the hot
CGM distribution within the dark matter halo fur-
ther helps us to quantitatively estimate the baryon
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Figure 7. Simulated HUBS spectra extracted from M31 halo. The green curve is a sum of different model components,
and is a best-fit to the black data points. The cyan curves are the contributions from the local hot bubble (LHB;
dominates the soft X-ray band at < 0.4 keV) and the MW halo (dominates at > 0.4 keV). The blue curve is the
point source contribution, including both foreground and M31 local stellar sources, as well as distance AGN. The red
curve is the emission from the hot gas in the M31 halo. The top row is the simulated 10 ks HUBS spectrum extracted
from a ~ 1°-diameter aperture in the M31 halo, assuming the expected hot CGM emission is uniformly distributed at
r S 4° ~ 50 kpc. Panel (b) is a zoom-in of panel (a) in the energy range of 0.5-0.8 keV. The middle row is similar as
the top row, but here we assume the hot CGM component is about one order of magnitude brighter. This simulation
thus represents the average flux density of the hot CGM at r < 1.2° ~ 15 kpc. The two panels in the bottom row are
the simulated spectra of some bright diffuse X-ray features, with a flux density ~ 3 or ~ 10 times of the average value
at r S 1.2° ~ 15 kpc. Here the spectra are extracted from a single ~ 1’ pixel of the HUBS normal array, instead of
the entire ~ 1° FOV such as in the top and middle row.
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budget of the galaxy (e.g., Li et al. 2018; Bregman
et al. 2018, 2022).

Stacked Hot Gas Intensity Profile of CGM-MASS Galaxies
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Figure 8. Stacked radial X-ray intensity profile of the
hot gas around a sample of massive isolated spiral galax-
ies (the CGM-MASS sample; Li et al. 2016¢c, 2017a,
2018; Li 2020). The radial distance of different galaxies
has been rescaled to r,(. The solid line is the best-fit §-
function. The dashed and dotted lines show the sky+soft
proton background and the 1-o uncertainty. The red
dashed curve is the model from Faerman et al. (2017)
scaled to r,qy of a MW-sized halo.

Compared to star forming galaxies or quiescent
elliptical galaxies, massive isolated quiescent spi-
ral galaxies provide us with a clean environment to
study the hot CGM, with little contamination from
the metal enriched feedback material or the intra-
group/intra-cluster medium (IrGM, ICM). These
galaxies could also be massive enough, so the ac-
creted external gas could be virialized and heated to
an X-ray emitting temperature (e.g., White & Frenk
1991; Keres et al. 2005). Studying the hot CGM
distribution thus also tells us how the external gas
reservior was accreted and feed the SF in the galac-
tic disk.
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Figure 9. Comparing massive spiral galaxies to other
galaxy populations on the SFR-M, diagram. Red cir-
cles are the CGM-MASS galaxies proposed for HUBS
observations. They are extremely massive and quies-
cent. Blue boxes are the Milky Way and two other well
known massive quiescent spirals in the local Universe
(M31 and NGC 4594). Gold symbols are the “super spi-
rals” at z ~ 0.1 —-0.3 from Ogle et al. (2016), which may
be progenitors of the extremely massive quiescent spi-
rals at z ~ 0. Green dashed line is the star-forming main
sequence at z ~ 0 (Elbaz et al. 2007). Galaxies below
this line have growth times longer than the Hubble time
under the current SFR. Grey contours are Chang et al.
(2015)’s SDSS-WISE sample.

The high energy resolution and large FOV of the
micro-calorimeter on board HUBS make it opti-
mized for the study of the extended faint hot CGM
around massive galaxies (e.g., i 2020). We herein
propose a HUBS deep survey of a small sample of
~ 10 massive spiral galaxies typically located at
a distance of d = 50 — 100 Mpc, similar as the
CGM-MASS sample studied in Li et al. (2016c,
2017a, 2018). This science case has been briefly
described in Bregman et al. (2023), while we in-
troduce it in more details here. The CGM-MASS
sample is selected from the giant spirals in the lu-
minosity class range of LC I-III (supergiant to nor-
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mal giant) from NED, with the following criteria
(Li et al. 2016¢, 2017a): (1) the apparent maxi-
mum gas rotation velocity v, 2 300 km s7h;
(2) Galactic foreground absorption column density
Ny < 10*! em™2%; (3) distance d < 100 Mpc; (4)
stellar mass M, > 1.5 x 10""M_; (5) SFR/M, <
0.5 Myyr~'/(10'M,,). For galaxies passing these
criteria, we finalize our selection by checking their
optical images within 30" (~ 600 kpc at a distance
of 70 Mpc) around each galaxy, and select only
those with no bright companions. There are in to-
tal six galaxies in the CGM-MASS sample (e.g.,
Fig. 9), plus a few similar but more face-on ones
(so have smaller v, but the inclination corrected
velocity v, 1s still large enough; e.g., Anderson &
Bregman 2011; Anderson et al. 2016; Bogdan et al.
2013), in total ~ 10 galaxies in the final sample.
These galaxies are the best laboratories to study the
(especially accreted) hot CGM properties and dis-
tribution in isolation.

At a distance of d ~ 50 — 100 Mpc, or a red-
shift of z ~ 0.01 — 0.02, prominent soft X-ray
emission lines tracing the hot CGM, e.g., O VII at
~ 0.666 keV and O VIII at ~ 0.654 keV, can be
separated from the same lines produced in the MW
halo with the E/AE ~ 500 energy resolution of
HUBS (Fig. 10; §2). At this distance, the ~ 1° FOV
of HUBS corresponds to ~ 900 — 1800 kpc, while
the virial radius of the CGM-MASS galaxies is typ-
ically 7,5, ~ 350 — 600 kpc, so we typically only
need a single HUBS exposure per galaxy to cover
its entire dark matter halo. With the proposed deep
HUBS observations of these nearby massive iso-
lated spiral galaxies, we can examine the following
specific science: (1) Detect the faint CGM signal at
the outskirt of the dark matter halo and characterize
the spatial distribution of the hot CGM over a large
radial range (e.g., Li et al. 2018). This will help
us to quantitatively measure the hot baryon content
of a galaxy with little uncertainties based on the
extrapolation of the observed X-ray intensity pro-
file with current X-ray CCD detectors. (2) Mea-
sure the metallicity of the CGM at different radial

ranges (e.g., Anderson et al. 2016). The metallicity
traces the metal enrichment processes, mainly by
the galactic feedback. It is thus critical to search for
the interface between the metal-poor accreted ma-
terial and the metal-rich feedback material, and fur-
ther examine if the externally accreted gas can be
virialized only via gravitational heating. (3) Calcu-
late the radiative cooling timescale 7, at different
radius (e.g., Li et al. 2017a). This further helps us
to determine the cooling radius r_,, within which
the hot CGM could cool within the Hubble time.
We can further study the radial variation of the ra-
tio 7., /1, Where 1 is the free fall timescale. This
ratio determines the thermodynamics of the hot
CGM and the presence of multi-phase gas within
the galactic halo (e.g., Voit & Donahue 2015).

m Technical Justification

We make technical justifications of the pro-
posed HUBS observations of massive isolated spi-
ral galaxies based on a model template constructed
from the CGM-MASS sample (Li et al. 2017a,
2018; Li 2020). The model includes only the hot
CGM emission (kKT ~ 0.6 keV, using parame-
ters similar as NGC 5908 in the CGM-MASS sam-
ple; Li et al. 2016c¢) plus various sky background
components: the low-temperature local hot bubble
(LHB), the non-thermal cosmic background mostly
from distant AGN, and the MW halo. At the cur-
rent stage, we do not add an instrument background
component. We also do not add an AGN compo-
nent from the host galaxy, the residual from which
often presents due to the poor subtraction of it with
the low-angular resolution of HUBS, but this fea-
tureless component should not strongly impact our
study of the emission lines from hot gas.

As shown in Fig. 10, within ~ 1 Ms exposure,
we can collect sufficient number of photons from
the hot CGM at r < 0.2r,,, around a massive spi-
ral galaxy at z = 0.01 (d ~ 50 Mpc), in order to
resolve some key diagnostic emission lines of the
hot gas. These lines are redshifted from the same
lines in the MW halo, which are the strongest con-
taminating source in low-resolution X-ray imaging
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Figure 10. A simulated 1 Ms HUBS spectrum of the hot
CGM at r < 0.2rygq around a z = 0.01 (d ~ 50 Mpc)
galaxy, showing the importance of narrow-band imag-
ing in removing the MW foreground (Li 2020; Bregman
etal. 2023). Instrument background components are not
added. Panel (b) is the zoom-in in the energy range of
0.63-0.68 keV of panel (a). The red curve is the hot
CGM (KT = 0.6 keV plasma), while the blue curves are
various sky background components (local hot bubble
LHB; MW halo; distant AGN). The redshifted O VIII
line from the CGM can be separated from the MW halo
component.

spectroscopy observations (e.g., Li et al. 2017a).
When probing X-ray emission from low surface
brightness features such as the extended CGM, the
most important thing is often not only the photon
statistic, but also the level and fluctuation of the sky
background, and the strongest background compo-
nent in narrow bands covering the key diagnostic
lines is often the MW foreground (e.g., Li et al.

2018). Separating the hot CGM emission from
the MW foreground in spectroscopy and narrow-
band imaging observations thus significantly in-
crease the signal-to-noise ratio in detecting faint
features. This provides us the best way (narrow-
band imaging of the lines) to probe the hot CGM
distribution at large galactocentric radii.

The above justification is only an order-of-
magnitude estimate of the required exposure time
and certainly oversimplified, just giving the readers
a sense that HUBS could detect the extended faint
hot CGM in a nearby galaxy with ~ Ms exposures.
The real adopted galaxy sample could be different,
which strongly affect the required exposure time.
The redshift and distance of the objects in such ob-
servations need to be carefully adjusted. A lower
distance will be helpful to collect more photons, but
the contamination from the MW foreground can
be stronger. On the other hand, a too large dis-
tance will significantly reduce the flux of the ob-
ject and makes the project unfeasible. The best
choice will be objects at d ~ (50 — 100) Mpc, such
as the galaxies proposed for this study, although
other projects could certainly choose galaxy sam-
ples with different criteria. We also would like to
emphasize that the galaxies in the mass range of the
CGM-MASS galaxies often have a large discrep-
ancy in the measured hot CGM mass based on X-
ray or SZ observations (e.g., Bregman et al. 2022),
which could be partially caused by the poorly con-
strained hot gas density profile (e.g., Bogdan et al.
2015; Lietal. 2018). This is another reason to have
deep X-ray observations probing the hot CGM dis-
tributed in a large fraction of the dark matter halo.
The total HUBS observation time needed to com-
plete a survey as proposed in this section will be
a few mega-seconds, depending on the real sam-
ple size and the adjustment of the exposure time
for individual galaxies based on existing Chandra
and XMM-Newton observations (e.g., Bogdan et al.
2013, 2015; Anderson et al. 2016; Li et al. 2017a).

3.2.5. Microphysics of the hot galactic superwind
— Contributed by ?
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Volunteers?

3.3. AGN and its feedback

3.3.1. The multi-scale, multi-phase AGN outflow
— Contributed by ?

Already a nice science case in the Chinese
whitepaper.

Volunteers?

Huanian Zhang: I could write some phenomena
of the signatures of AGN feedback.

3.3.2. Tidal Disruption Events
— Contributed by X. Shu

m Scientific justification

The detection of a rapidly growing number of
stellar tidal disruption events (TDEs) marks a
breakthrough in transient research during the past
decade. A TDE occurs when a star wanders too
close to a supermassive black hole (SMBH) resid-
ing in the center of a galaxy, and it can be violently
ripped apart by the SMBH’s strong tidal force (e.g.,
Rees 1988). As a result, about half of the disrupted
stellar debris eventually falls back and accretes onto
the SMBH, producing a bright flare of electromag-
netic radiation that can last on timescales of months
to years.

The TDE flares contain vital information about
the disruption and can be used to constrain the
properties of the SMBH as well as the disrupted
star. The unique impulse of accretion produced
by TDE provides evidence for the existence of a
SMBH in an otherwise quiescent galaxy. Fur-
thermore, TDEs provide an effective way to dis-
cover intermediate-mass black holes (IMBHs) with
masses of 10 — 10° M, (Lin et al. 2018) and more
exotic accretion systems such as SMBH binaries
(Liu et al. 2014; Shu et al. 2020). Hence, TDEs can
constrain the occupation fractions of black holes in
various types and masses of galaxies, which is es-
sential for understanding the formation and evolu-
tion of galaxies and SMBHs. In addition, TDEs
serve as an ideal laboratory to probe the accretion
physics of SMBHs, such as super-Eddington accre-
tion phase where winds and outflows are expected

to be launched (Jiang et al. 2014; Dai et al. 2018),
and even witness the formation of relativistic jets
(e.g., Burrows et al. 2011; Andreoni et al. 2022).
While TDEs were firstly identified in the X-ray
bands in the late 1990s, optical time-domain sur-
veys currently dominate the discovery of TDEs and
about dozens of candidates have been found to date
(see recent review of Gezari 2021). In particular,
the ZTF survey has boosted the discovery rate of
TDEs from < 2 to >10 per year, opening up a
new era of population studies (van Velzen et al.
2021; Yao et al. 2023). However, only a hand-
ful of optically selected TDEs have received sen-
sitive X-ray follow-up observations and show di-
versities in their X-ray emission. It is still an open
question for the emission mechanism of TDEs (Pi-
ran et al. 2015; Metzger & Stone 2016; Dai et al.
2018). In addition, the observed total energy re-
leased after tidal disruption is one to two orders of
magnitude lower than theoretical prediction, lead-
ing to the “missing energy" puzzle. This discrep-
ancy could be explained by the scenario that the
majority of the energy released is in the extreme-
UV band and/or in the form of off-axis jets/outflows
(Lu & Kumar 2018). The detection and character-
ization of TDE outflows offers an unprecedented
opportunity to tackle these unsettled questions.
Although theoretically predicted, very few TDEs
have shown the evidence of outflows in their X-
ray spectra so far. Flows of hot, ionized gas has
been detected in the high-resolution X-ray spec-
tra of the nearby TDE ASASSN-14li (Miller et al.
2015), with modest velocity of a few hundred km
s~! and a low volume filling factor from narrow
linewidths. Variability in the absorption lines in-
dicates that the gas is relatively close to the black
hole. These observational properties suggest that
the gas flow could be associated with either a ro-
tating wind from a super-Eddington accretion disk,
or with a filament of disrupted stellar debris near
to the apocentre of an elliptical orbit. The X-rays
from ASSASN-14li are also absorbed by a high-
velocity wind of ~0.2 ¢ (Kara et al. 2018), but is
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only evident at early times and is not seen in the
observations taken about one year after the peak
luminosity. The physical connections between the
low-velocity gas and the fast outflows are not clear.
With the superb spectral resolution and sensitivity
offered by HUBS observations, our understanding
of gas flows in TDEs can be improved significantly.
In addition, we could explore whether the X-ray
outflows are ubiquitous in TDEs which is crucial
to test models for super-Edditiong accretion.

o Characterizing flows of X-ray gas. Because of
the low spectral resolution and sensitivity of most
of the X-ray imaging spectroscopy observations, it
is often difficult to characterize the blueshifted ab-
sorption features when the spectral S/N is not high,
leaving the physical conditions of hot, ionized gas
poorly constrained. The ~2 eV energy resolution
provided by HUBS will enable to detect and re-
solve individual absorption lines. By performing
the photoionization modelling using the XSTAR
code (Kallman & Bautista 2001), we can determine
the key physical parameters of the gas outflows,
such as the velocity, ionization parameter and col-
umn density. A more accurate measurement of the
outflow properties will help us to better estimate the
mass outflow rate as well as the total energy car-
ried away by outflows, which can help to solve the
“missing energy" puzzle in TDEs. Meanwhile, we
can constrain the feedback effect of outflows onto
host’s star-formation activities.

o Constraining the chemical composition of the
disrupted star.

The shape of light curves (rise, peak and decay
of the TDE flares) is directly linked to the rate of
debris mass return to SMBH, which is dependent
of the internal structures of disrupted stars (LLodato
et al. 2015). Many numerical studies have assumed
that the debris has Solar composition with a sin-
gle structural profile. This might not be true as
tidal disruptions should commonly involve evolved
main-sequence stars (e.g., Arcavi et al. 2014). In
particular, the star becomes steadily more helium
rich as it evolves (Gezari et al. 2012). Hydrogen

burning in the process of CNO cycle also modifies
carbon, nitrogen and oxygen abundances, leading
to the reduction in the amount of carbon and in-
crease in the amount of nitrogen. In a TDE, some
of the debris will have abundances and metallicities
that are never observed in stellar atmospheres or
the interstellar medium (Kochanek 2016), because
material processed by nuclear reactions can be re-
vealed without the need to wait for late phases of
stellar evolution. Abundance anomalies is a unique
property of TDEs, and might serve as a tell-tale
marker to distinguish a TDE from other imposters
such as AGN variability. In addition, the flux ratio
variability of lines with similar ionization poten-
tials can be used to infer the abundance evolution.
The timescale for chemical enrichment can thus
provide a direct observational test of which stars are
being disrupted by the central SMBH (Gallegos-
Garcia et al. 2018). Indeed, several TDEs dis-
play a unique ultraviolet (UV) emission-line spec-
trum, characterized by strong nitrogen lines and
weak carbon lines, distinct from those of AGNs
(Cenko et al. 2016; Yang et al. 2017; Sheng et al.
2021). With HUBS observations, we can search for
abundance anomalies in the X-ray spectra of TDEs,
which have not been observed yet.

e Mapping out debris stream. With the
XMM/RGS high resolution X-ray spectroscopy ob-
servations, highly ionized gas with narrow line
widths has been detected in the TDE ASASSN-
14li, which were interpreted as absorption through
stellar debris filament or super-Eddington disk
wind (Miller et al. 2015). The absorption by debris
filaments requires special geometry while super-
Eddington disk wind cannot explain the low veloc-
ity or low column density inferred from the photo-
ionization calculations. Variability in the absorp-
tion lines, i.e., flux, equivalent width, energy and
velocity width, will be crucial to uncover the origin
of ionized gas. Particularly, the upper limit on the
radius of the absorbing gas can be constrained by
the time interval of the variability, namely r < c¢ét.
Hence, high resolution spectroscopy observations
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can allow for mapping out debris stream. Smaller
debris stream indicates a more compact star or
larger penetration parameter. In the framework of
the super-Eddington disk wind, some simulations
have predicted higher outflow speeds in an initial
super-Eddington disk, and lower outflow speeds
in a subsequent thin disk accretion (e.g., Strubbe
& Quataert 2011). Future HUBS observations of
new TDEs can test whether outflows associated
with super-Eddington disk are ubiquitous, which
can help to explain the origin of the optical emis-
sion in TDEs through the reprocessing scenario.

m Technical Justification

X-ray observations of TDEs have shown super-
soft X-ray spectra, i.e., without signficant emis-
sion above ~2 keV, likely being dominated by ther-
mal emission from a transient accretion disk. This
makes HUBS very suitable to observe TDEs, espe-
cially in light of its high spectral resolution and sen-
sitivity in the soft X-ray bands. As we mentioned
above, only one TDE (ASASSN-14li) had X-
ray grating spectroscopy observations (XMM/RGS
and Chandra/LETGs) with sufficient S/N, and time-
resolved spectroscopic studies have been very lim-
ited to date. With on-going eROSITA and planed
EP time-domain surveys (e.g., Sazonov et al. 2021;
Yuan et al. 2018) , more X-ray TDEs will be re-
vealed in the rising to peak phase. For a typical
TDE at D <100 Mpc, the peak X-ray luminosity is
Lys ooy ~ 107 erg s7!, corresponding to an X-ray
flux of ~ 107! erg s™! cm=2. In Fig. 11, we simu-
lated the HUBS spectrum of a TDE at z = 0.02,
using the models described in Lin et al. (2015),
with an exposure of 100 ks, for an X-ray flux of

1 1 2

~ 107" erg s cm™? and ~ 107? erg s~! cm™2,
respectively. The strongest absorption lines consis-
tent with ionized charge states of N, O, S, and Fe,
are clearly revealed, even for the lower flux level
assumed. Hence, HUBS observations with a few
100ks exposures for a given TDE will enable time-
resolved spectroscopic studies. This will provide
an unprecedented view of the changing outflows
with varying accretion rates. The same absorption
spectra can also provide insight into the chemical
composition and type of the disrupted star. To ob-
serve five X-ray bright TDEs as an exploratory pro-
gram, we need a total of HUBS time of ~1 Ms.

3.3.3. More science cases on AGN
— Contributed by ?

Volunteers? Please add more science cases on
AGN
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Figure 11. Left panel: The unfolded XMM/PN spectrum of the TDE 3XMM J152130.7+074916 with an X-ray flux
of ~ 10712 erg s~! em™2 (Lin et al. 2015). The spectrum was fitted with the blackbody model subject to a fast-moving
absorber with a velocity of 0.12 ¢ (solid line). The fit residuals with the blackbody model without and with the absorber
are shown in the bottom sub-panels. Right panel: Simulated HUBS spectrum with an exposure of 100 ks, for an X-ray

flux of ~ 107" erg s™! cm™2 and ~ 102 erg s~! cm™
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