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1 SUMMARY

The Line Emission Mapper (LEM) is an X-ray
Probe for the 2030s equipped with a soft X-ray
microcalorimeter with spectral resolution ~ 2 eV
FWHM from 0.2 to 2.5 keV (Current Best Estimate
- CBE) and a focusing X-ray telescope with effec-
tive area > 1,500 cm? at 0.5 keV and > 2,500 cm?
at 1 keV (CBE), covering a 33’ arcmin diameter
Field of View with 15” angular resolution, which
will be capable of performing efficient scanning ob-
servations of very large sky areas®!. This unique ca-
pability will enable the first high spectral resolution
survey of the full sky, using 10% of the observing
time budget over the first five years of the mission.

The LEM All-Sky Survey (LASS) is expected
to follow the success of previous all sky sur-
veys such as ROSAT '3 and SRG/eROSITA 7693111
adding a third dimension provided by the high reso-
lution microcalorimeter spectrometer, with each 15
arcsec pixel of the survey including a full 1-2 eV
resolution energy spectrum that can be integrated
over any area of the sky to provide statistical ac-
curacy. Like its predecessors, LASS will provide
both long-lasting legacy and open the door to the
unknown, enabling new discoveries and providing
the baseline for unique GO studies. No other cur-
rent or planned mission has the combination of mi-
crocalorimeter energy resolution and large grasp to
cover the whole sky while maintaining good angular
resolution and imaging capabilities.

LASS will be able to probe the physical con-
ditions of the hot phases of the Milky Way at mul-
tiple scales, from emission in the solar system due
to Solar Wind Charge eXchange (SWCX), to the in-
terstellar and circumgalactic media, including such
prominent features as the North Polar Spur and
the Fermi/eROSITA bubbles. It will also measure
velocities of gas in the inner part of the Galaxy
and extract the emissivity of the Local Hot Bub-
ble. By maintaining the original angular resolu-
tion, LASS will also be able to study classes of
point sources (e.g., stars, AGNs, distant clusters and
group) through stacking. For example for classes
with ~ 10* objects, it will provide the equivalent of
1 Ms of high spectral resolution data. In this White
Paper, we describe the technical specifications of
LASS and highlight the main scientific objectives
that will be addressed with the accumulated data.
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Fig. 1— A sketch of the major X-ray emit-
ting components determining the appearance of
the diffuse soft X-ray sky: Milky Way’s circum-
galactic medium (with substructures like the
Fermi/eROSITA bubbles), hot interstellar medium
in the Galactic disk (with substructures like super-
bubbles and chimneys), hot gas within Local Cav-
ity/Local Hot Bubble encompassing the Sun, and fi-
nally the Solar heliosphere shaped by the Solar wind
interaction with the Local Interstellar Cloud.

2 INTRODUCTION

The X-ray sky below 1 keV differs drastically from
the sky at higher energies. While the latter is com-
posed of a multitude of point and mildly-extended
sources, the former is dominated by purely diffuse
emission, with some regions being an order of mag-
nitude brighter than others (cf Figure 2). This dif-
fuse emission is produced mostly by the hot gas
within our extended Galaxy, from the gas in the
Local Cavity within 200 pc of the Sun (the Local
Hot Bubble or LHB), to the gas in the hot disk, to
the Galactic halo/circumgalactic medium (CGM) at
distances from 10 kpc all the way to the virial ra-
dius. The bulk of this emission is due to the lines
of the most abundant metals (carbon, nitrogen, oxy-
gen, neon, magnesium, silicon, sulphur and iron). A
large grasp soft X-ray spectroscopic mission is ide-
ally suited to explore this emission.

LEM’s unprecedented grasp for a spectroscopic
mission makes it possible to build sensitive maps for
very large sky areas over short periods of time, al-
lowing the construction a full-sky soft X-ray map
delineating sharp edges and fine structures with
exquisite spectral detail.
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Fig. 2— Top. All-sky soft X-ray map obtained after a one half-a-year scan (typical exposure time ~ 240
s per point) by SRG/eROSITA (red: [0.3-0.6] keV, green: [0.6-1.0] keV, blue: [1.0-2.3] keV, after Predehl
et al.?> and Sunyaev et al.!!!, complemented with maps of the diffuse gamma-ray emission from Fermi 03
(magenta) and dust emission at 857 GHz by Planck® (dark blue). Various remarkable regions visible
on the all-sky map are labelled, while the multitude of mildly-extended and point-like sources (mostly
stars, active galactic nuclei and galaxy clusters) are also seen. Bottom. An example of the spectrum to be
obtained by LEM for a 10x10 deg? patch of "blank" sky beyond the Galactic plane by the end of the all-sky
survey (grey line). Curves of different colour show contributions of the main diffuse components: Local
Hot Bubble (magenta), Galactic Halo and the hot disk (blue), Solar Wind Charge Exchange (light green)
motivated by previous high spectral resolution observations of large sky areas at high Galactic latitudes’*.
For comparison, the dark green curve shows the same total spectrum convolved with the typical resolution
of modern CCD detectors (e.g. SRG/eROSITA). LASS will be able to resolve with high statistics a large
number of emission lines from elements such as Si, S, Mg, C, N, Ar, O, Fe, and Ne.



Such a map will allow us to probe the physical
conditions in the hot phase of the Milky Way’s in-
terstellar and circumgalactic media, including such
prominent features as the North Polar Spur® and
the Fermi/eROSITA bubbles®*, measure velocities
of gas in the inner part of the Galaxy, extract the
emissivity of the LHB, and explore emission due
to solar wind charge exchange (SWCX). The birth
and death of stars can be traced by 3D tomography
of bright and extended supernova remnants and star
formation regions in our own and nearby galaxies,
including the Magellanic Clouds, M31, and M33
(Patnaude et al.®).

For a multitude of distant extra-galactic
sources, mostly active galactic nuclei, galaxy clus-
ters, and galaxy groups, high resolution X-ray spec-
tra will be obtained for the first time, while stacked
spectra of fainter sources will allow characterisation
of their populations and their intergalactic environ-
ments. Compared to pointed observations, LASS
provides access to multiple objects of the same class
distributed across the sky, e.g. stars, galaxies, clus-
ters, filaments, whose observations can be com-
bined to alleviate the problem of variance, associ-
ated with peculiarities of individual objects and se-
lection biases. For example, for moderately large
samples (Np;), the effective LASS exposure will
be N,,j x 100s. In other words, for any sample
with ~ 10* objects, LASS will automatically pro-
vide 1 Ms of high spectral resolution data, charac-
teristic of the class.

A substantial number of transient sources, ei-
ther Galactic (e.g. X-ray binaries) or extragalactic
(e.g. tidal disruption events and supernova shock
break-outs), will be discovered and studied in great
detail. Finally, akin to the data of the ROSAT All-
Sky Survey (RASS), the all-sky map delivered by
LEM will provide a high resolution X-ray back-
ground/foreground estimation for any position of
the sky, invaluable for the in-depth analysis of faint
extended objects, such as filaments of the warm-hot
intergalactic medium or distant outskirts of massive
galaxies, groups and clusters.

LASS will provide both broad science return
and legacy value, complementing the high scien-
tific value provided by the SRG/eROSITA survey.
LEM angular resolution will allow point source re-
moval, using the SRG/eROSITA catalogue, to flux
levels undetectable in the survey itself, will allow

the stacking of all classes of objects based on other
surveys such as Gaia and eROSITA, and will allow
the odd-shaped extraction regions necessary for the
analysis of extended sources such as superbubbles,
and supernova remnants, etc.

We present an outline of the survey design
and parameters and highlight some scientific cases
within the grasp of this mission.

3 LEM ALL-SKY SURVEY

According to the provisional LEM Time Alloca-
tion plan, ~ 10% (16 Ms) of the mission guaran-
teed 5-yr active time will be devoted to the LASS,
corresponding to a uniform exposure time of 100
seconds for each point at the end of the mission.
The allocated time is driven by the requirement
to achieve the accuracy necessary to study diffuse
emission and, in particular, to separate the SWCX
foreground emission from the emission from the
LHB and Milky Way CGM.

A key component of LASS is to monitor and
study the effect of SWCX over ~half a solar cy-
cle with 10% accuracy. Previous rocket data have
shown that SWCX may change by up to 10% over
a 10 deg scale®. Similarly, this is also the scale
at which we observe significant structure in the
CGM*?%7(but also®?). To keep the uncertainty in
SWCX analysis/removal to less than 10%, the max-
imum field of view used should be 10 x 10 deg?.

To produce a good characterization of SWCX,
LASS will cover roughly half a solar cycle, or ~5
years and, assuming a SWCX surface brightness at
0.5 keV of 1 Line Unit (1 photon/s/cm?/steradian)
and the LEM resolution, 10 s per pointing is re-
quired to keep the statistical uncertainty of SWCX
below 10%. The SWCX contribution at any given
sky location depends on the Earth’s position in its
orbit and varies with solar wind conditions. To max-
imize our constraints on the SWCX behaviour, we
would like to revisit each location at different times
of the year, and distribute those visits over as much
of the Solar cycle as possible.

With the planned location of LEM at the L1 La-
grange point, the only limitation on observing direc-
tion is the Solar angle constraint due to spacecraft
operational considerations. To provide substantial
margins, the solar angle constraint has been set to
be 70 to 110 degrees, allowing two 40° sectors in
the ecliptic plane to be observed at any given time,
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Fig. 3— Top. An illustration of the sky visibil-
ity constraint for a spacecraft on an orbit around L1
point of the Sun-Earth system. Bottom. An exam-
ple of the tiling strategy for an all-sky survey satisfy-
ing the Solar aspect angle constraint |©—90°| < 20°
with some margin for scheduling flexibility. © is
the angle between the telescope axis and the direc-
tion towards the Sun. The white areas surrounding
Ecliptic Poles are visible to the telescope over the
whole year, while each of the twelve equatorial sec-
tors and the twelve tiles at |ecliptic latitude| > 70°
can be fully scanned in one continuous episode.

and larger sectors at higher latitudes. The sky above
70° can be observed at any time. Spacecraft scan
rates are more than adequate to raster-scan arbitrary
blocks with the desired 10 s per half-degree with
little overhead as long as the scans are at least 90°
long. Data can be taken while scanning with no loss
of angular resolution. An example of a sky tiling
strategy satisfying solar aspect constraints and min-
imizing overlapping coverage of the same areas is
shown in Figure 3.

The 100 s exposure time for a given spot on
the sky is far shorter than that of the SRG/eROSITA
survey, but will give measurements of the stronger
lines on areas as small as a square degree. Integrat-
ing over any 10° x 10° region, or a narrow arc or ar-
bitrary shape of similar area, will give an equivalent
40 ks exposure, resulting in a high-resolution spec-
trum with over 6000 counts per line unit (LU), so ac-
curate measurements of even very faint lines can be
made. If better energy resolution is needed, only the
6% of the photons from the central array can be se-
lected, giving ~ 1eV resolution. The high-statistics
eROSITA map can be used to identify spatial fea-
tures, and LASS data integrated over the same area
can be used to study the spectrum and resolve am-
biguities, such as multiple emitting regions along a
chosen line of sight. Very small structures can be
cut out and stacked to improve statistics.

The instrument and mission design will also
provide low vignetting (~ 10%) and ability of map-
ping the sky in large patches with near-uniform ex-
posure. Learning from SRG/eROSITA, a substantial
(e.g. 100 deg? in size) patch of the sky is planned to
be observed to the final depth early in the mission,
allowing the first look at the LASS data to be ob-
tained and exploited for deep pointed observations,
similar to eROSITA Final Equatorial Depth Survey
(eFEDS 13).

4 GALACTIC CGM

One of the main driving aspects of such a survey
will be study of the Milky Way’s Circum-Galactic
Medium (CGM). LEM will be able to study the
details of the bright inner parts of the CGM at the
scale-height of a few kpc, which are important as
the actual region of contact where the exchange of
mass, energy and metals with the outer CGM and
beyond takes place. LEM will map the velocities
of the inner regions of the Milky Way CGM and,
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Fig. 4 — Illustration of the velocity patterns within a
(60 kpc)? cut-out region of a Milky Way-type galaxy
simulation (Valentini et al. %) for gas with tempera-
ture between 0.5 and 1 MK (top panel), 1 and 2 MK
(central panel), 2 and 4 MK (bottom panel). Colour
coding shows the radial velocity of the gas particles
(red - inflow, blue - outflow), while direction and
length of the arrows show full velocity. The dom-

inance of the inflowing and outflowing patterns is 5

obvious for the warm and hot gas, respectively.

0.2-0.4 keV, 0.4-0.7 keV, 0.7-1.3 keV

" Vi km/s)
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Fig. 5— An example of the simulated all-sky X-ray
map (Galactic coordinates, Aitoff projection) ob-
tained by locating a virtual observer inside a sim-
ulated Milky Way-like galaxy!!® 8 kpc away from
its center. Top panel: an RGB map showing sur-
face brightness in 0.2-0.4 (red), 0.4-0.7(green) and
0.7-1.3 keV (blue) bands. Cold gas in the galac-
tic disc was excluded from simulation, resulting in
the Galactic plane "shadow". The predicted aver-
age surface brightness in these bands agrees well
with the currently available measurements, includ-
ing their global trends, while the small-scale grainy
appearance of the image results from resolution lim-
itations of the simulation (namely, contributions of
gas particles in the relative vicinity of the observer).
Bottom panel: Predicted line-of-sight velocity (in
km/s) of the gas weighted by its O VII emissivity
and taking into account the observer’s rotation with
the stellar disc of the galaxy. A clear dipole struc-
ture is visible, reflecting the difference of the rota-
tion in X-ray emitting gas and the stellar disc, as
well as the outflowing gas structure in the central
part of the galaxy. For the Galactic plane, the real
velocity map will be different because interstellar
absorption (not accounted for in this simulation) re-
sults in dominance of the nearby gas in the observed
line emission.
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Fig. 6— The complex structure of the X-ray emitting gas along a single line-of-sight for an observer lo-
cated inside a simulated Milky Way-like galaxy'!8 is revealed by the distribution of simulated O VII (left)
and O VIII (right) photons with respect to the line-of-sight velocity, distance to the observer(top panels),
and temperature of the gas from which they originated (bottom panels). Clear differences in spatial and
kinematic signatures of the resulting line emission are visible.

in particular, the expansion of the Fermi/eROSITA
bubbles, believed to be evidence of feedback from
either the SMBH or the star-forming regions in the
Galactic Center. LEM will map the temperature
structure of the inner CGM both across the sky and
along the line of sight using the lines of the vari-
ous ion species - something only a calorimeter can
do, in the presence of multiple temperature compo-
nents along each line of sight, and the solar wind
charge exchange emission between lines of sight.
The MW observations will complement the studies
of the CGM in distant galaxies (a critical science
driver of LEM ?81:10L.114.126) yhere LEM will map
the outer halos but have limited insight into the in-
terface between the disk and the halo.

4.1 OUTER GALAXY:
DISK - HALO INTERFACE

Milky Way mass galaxies are relatively efficient in
making stars, and consequently producing metals
and dispersing them. The depletion of the cold gas
and the quenching of star formation is believed to
be avoided by the inflow of gas into the disc, some
part of which is recycled from the matter previously
expelled from the disc by energetic outflows!'® or
“fountains” ''%34, The dynamics and kinematics of
the warm-hot gas taking part in these fountain flows
are key but poorly understood ingredients in the cur-
rent paradigm of Milky Way-like galaxies evolu-
tion46:78,120_

In particular, the exact way by which the cold
star forming disk of the Milky Way is fed by
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Fig. 7— Predicted LEM count rates for four
background components inferred from the
SRG/eROSITA observations in the eFEDS field®?,
including the Local Hot Bubble (red), the hot
Galactic disk (blue), the Galactic Halo (green), and
the Cosmic X-ray Background (black), as well as
their relative contribution to the total flux (bottom
panel).
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Fig. 8— A simulated LEM spectrum (black) for a
100s exposure of a 10 deg” sky patch with the spec-
tral model inferred from the SRG/eROSITA data in
eFEDS field®. The modelled SRG/eROSITA spec-
trum for the same area and exposure time is shown
in red, demonstrating richness of the spectral infor-
mation to be uncovered by the LASS data.
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Fig. 9— The reconstructed line-of-sight velocities
for the four-component background emission model
consisting of Local Hot Bubble (LHB, red), hot
Galactic disk (green), and Galactic Halo (blue) with
eFEDS-like®® parameters and normalisations, as-
suming that they have Doppler shifts corresponding
to 0, 100, and 600 km/s, respectively, for a 100s long
exposure of a 1 deg? region. In our fitting procedure,
the LHB velocity was allowed to vary only within
450 km/s.



freshly accreted gas is unclear®®!'1532  although the
CGM gas (replenished by cosmological inflows'!7)
likely provides a sufficient baryonic reservoir3’:12,
Moreover, settling of this gas into the cold ISM
might proceed either via precipitation-like conden-
sations losing pressure support and falling back on
to the disk, via steady radial inflow, or (partially)
rotationally-supported inflow of the hot gas 8240197,
All these scenarios predict drastically different kine-
matic properties of the X-ray emitting gas in the few
tens of kpc above the Galactic disc (see illustration
of complex kinematic structure in the multiphase in-
ner CGM in a simulated MW-like galaxy ''® in Fig-
ure 4). Microcalorimetric X-ray observations of the
full sky by LEM offer a unique opportunity to re-
construct the kinematics of the inner CGM region,
since radial velocity measurement down to 50 km/s
can be achieved via line centroid measurements.

A key aspect of LASS is the possibility to map
emission features with angular resolution down to
a degree scale, which is crucial because line-of-
sight-absorption is known to vary at such scales.
Such mapping is necessary to decompose the total
X-ray emission for given lines of sight into indi-
vidual spatial-spectral components. Finally, several
epochs of observations of the same sky regions are
required to control the time-variable SWCX emis-
sion, which might not only change line intensities
and their ratios, but also introduce substantial biases
in the centroid-based kinematic measurements.

Depending on the level of co-rotation of the X-
ray emitting gas with the stellar disk of the Milky
Way (along with which we as Sun-attached ob-
servers are co-rotating), one can readily predict the
expected all-sky kinematic pattern. Figure 5 shows
a simulation-based example provided byX-ray post-
processing of the simulation by Valentini et al.''8
(via the PHOX package® assuming an optically thin
collisional ionization equilibrium (CIE) plasma ra-
diation for all the X-ray-emitting gas particles) . In-
deed, if the X-ray emitting CGM gas is rotating only
slowly compared to our circular velocity, v, ~200
km/s, one expects a clear dipole velocity structure,
with the largest velocity amplitude at ¢ = 90° and
270°. In the nearly co-rotating case, one expects
very small velocities across the sky, dominated by
the radial inflow components. For the radial in-
flow/outflow kinematics, the ideal directions are of-
fered by the Galactic poles, b = £90°, where rota-

tion is not expected to play a significant role. For a
similar perspective in the context of observations of
the CGM in distant galaxies, see 2.

Measuring the gas velocity, its fluctuations and
correlation lengths, as well as the azimuthal and
polar variations allows one to distinguish models
of smooth and highly fragmented inflows/outflows.
Moreover, ~ 15" angular resolution retained during
the survey enables the extraction of spectra from
oddly shaped regions, enabling the study of possi-
ble interactions of the hot gas with the cold High
Velocity Clouds (HVC), hence probing not only
physics of processes like charge exchange and re-
connection*10443 put also multiphase kinematics,
thanks to the exquisite 21cm velocity maps of the
HVCs*190,

A clear prediction of the numerical simulations
is that multiple temperature components contribute
to the soft X-ray signal at any given direction of the
sky. To disentangle or model them, one must ex-
ploit the spectral information encoded in the bright-
est emission lines. The line ratios in the 0.3-1.1 keV
band provide temperature sensitivity (see Appendix
A), while the velocity “stratification” of the separate
emission components (as illustrated for an example
sky region in the outer galaxy in Figure 4), can be
tracked by line centroid shifts at the level of 50 km/s.

Recently, SRG/eROSITA measured the inten-
sity of four main components of the X-ray back-
ground in the direction of the outer Galaxy with very
high precision, exploiting the Performance Verifica-
tion and All-sky Survey data in eFEDS field®. In
Figure 7 we show predicted LEM count rates for
all of these components and their relative contribu-
tion to the total signal. Although the depth of the
SRG/eROSITA data allows mapping of the parame-
ters at the sub-degree scale, the ultimate limitation
is set by the spectral resolution of the CCD detector,
precluding more realistic multi-temperature models
from being tested. LASS data will offer a dramatic
improvement (see Figure 8)! Using the sky bright-
ness of these models we can predict the precision to
which velocity can be measured for a given angular
scale and exposure time. A simulation of the veloc-
ity reconstruction exercise based on 100 realisations
of the eFEDS-like spectrum to be collected by LEM
in the 100 s-deep survey within 1 deg? is shown in
Figure 9, demonstrating the LEM capabilities even
for such a small integration area.



4.2 INNER GALAXY:
AGN BUBBLES IN OUR BACKYARD?

The central region of the Galaxy and the inner CGM
is a natural place to look for the signatures of the
feedback from our supermassive black hole, as in-
dicated by the presence of such large-scale ener-
getic perturbations as the Fermi and eROSITA bub-
bles®*. While the former require efficient accelera-
tion of gamma-ray emitting particles and their pres-
ence at least 8 kpc away from the Galactic Cen-
ter, the latter likely demonstrates CGM gas com-
pressed and heated by a shock wave at distances
of at least 15 kpc from the disk®*3%. This colli-
sionless shock wave in the tenuous and magnetized
CGM plasma is not only valuable for studying the
shock microphysics in a spatially resolved manner,
but it also provides stringent constraints on the en-
ergetics of the original event produced it. In partic-
ular, direct measurement of the gas velocity behind
the shock is crucial for determining the “age” of the
bubbles (the shock velocity might be estimated in-
directly from the shock Mach number as well, ex-
ploiting Rankine-Hugoniot jump conditions for the
gas heating and compression®*, but this relies on
accurate spectral modeling and deprojection of the
X-ray emission), and hence the average luminosity
required to inflate them.

Figure 10 illustrates the LEM capabilities in
probing the velocity structures of a simulated
eROSITA-like bubble. In this illustrative exer-
cise, we create a LEM mock observation of a
simulated MW-like galaxy taken from the TNG50
simulation®’. The simulated X-ray map exhibits
morphological features that resemble the observed
eROSITA bubble. We show that the velocity
structures of the bubble leave distinct imprints on
the emission profile of prominent lines such as
Fe XVII (826 eV). Notably, when the line of sight
is through the bubble, the expanding shock front
causes the line profile to split, producing a charac-
teristic double-horned shape (Panel A of Fig. 10).
This is in contrast to the case when the sight line
cuts near the bubble edge, in which case the line pro-
file exhibits only a single peak (Panel B of Fig. 10).
With ~1.3 eV spectral resolution of the inner array,
LEM would be able to resolve the “double horn”
feature, paving a way to further investigations of
the bubble velocity structures. This measurement of
bubble kinematics will help to distinguish between

a relatively short and luminous AGN burst and more
gentle and prolonged episodes of enhanced star for-
mation in the Central Molecular Zone, accompanied
by massive Galactic winds.

The enrichment of the CGM gas by outflows
is also of great interest, so measurement of the
metal abundance patterns can also reveal massive
winds transporting significant amounts of iron-rich
medium into the CGM. In contrast, the AGN jet
driven perturbations would result only in the com-
pression and heating of the CGM gas, with no sig-
nificant change in its chemical composition. Sensi-
tive mapping of the relative abundances of oxygen
and iron across the whole inner Galactic region is
thus one of the most crucial measurements to be en-
abled by the LASS.

5 LOCAL HOT BUBBLE

The Solar neighbourhood is the closest and most
easily studied sample of the Galactic interstellar
medium, an understanding of which is essential for
models of star formation and galaxy evolution. Ob-
servations of an unexpectedly intense diffuse flux of
easily absorbed %4 keV X-rays, coupled with the dis-
covery that interstellar space within about a hundred
parsecs of the Sun is almost completely devoid of
cool absorbing gas, led to a picture of a “Local Cav-
ity” filled with X-ray-emitting hot gas, dubbed the
Local Hot Bubble (LHB).

The LHB is a key component of the local
ecosystem. It is likely responsible for most of the
star formation within ~ 100 pc from the Sun and is
a key driver of the evolution of our Galactic neigh-
bourhood'>. Due to our unique inside viewpoint
the LHB also provides a unique opportunity to un-
derstand how superbubbles form and evolve; the
soft X-ray emission from other similar superbubbles
is quickly absorbed by neutral gas in the Galaxy.

Despite the fact that the solar system resides
within this Bubble, very little is known about its
nature and physical characteristics — to the point
that its very existence has been challenged multiple
times 1216067 " Studying the properties of the LHB
is made particularly hard by its relatively low tem-
perature (~ 0.09 keV, which emits primarily in the
Y4 keV X-ray band), the abundance and complexity
of line emissions in that energy range, and contami-
nation from SWCX. Current missions have had poor
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Fig. 10— LEM capabilities for probing an eROSITA-like bubble’s velocity structures. Main panel: the all-
sky surface brightness map seen in Fe XVII (826 eV) of a simulated Milky Way-like galaxy from TNG 50%.
The map is created based on an mock LASS observation assuming that a virtual observer located in the
Galactic disk at a chosen distance away from the Galactic Center so that the simulated bubble covers a
similar region on the sky as the eROSITA bubble. The flux map is calibrated to be consistent with the
eROSITA bubble’s averaged flux of 5.75 x 107!% erg/s/cm? in the [0.6-1.0] keV band®*. Inset subpanels:
the Fe XVII emission profiles extracted from an inside-bubble region (inset A, red circle) and from an edge
region (inset B, blue circle). The gray solid lines show representative background signal, including particle
and cosmic X-ray backgrounds, Local Hot Bubble and the Milky-Way halo emission.

performance in the %4 keV band, so little work has
been done on the LHB with modern instruments.

The LASS will be able to identify suitable
emission lines of elements such as Si, S, Mg, C, N,
Ar, O, and Fe and isolate them from the surround-
ing weak and poorly-understood lines in this very
crowded spectral region (Fig. 11). The lines can
then be used to map the LHB temperature, emission
measure, ionization state, and relative abundances
while identifying the time-variable SWCX contri-
bution (Appendix A).

The LASS will provide spatially and tempo-
rally resolved, high energy resolution spectra over
the whole sky. The temporal separation of the spec-
tra (the same area will be covered in ~ 10 s depth in-
tervals spread over the mission lifetime), combined
with the high energy resolution, will allow a separa-
tion of LHB emission from SWCX. The spatial res-
olution will be used to remove contamination from
point sources and other bright objects (using com-
plementary data from other surveys such as ROSAT
and eROSITA), and will also enable the use of high
latitude soft X-ray shadows as a direct probe of the
LHB emission. The complete sky coverage will al-
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low a study of the global LHB structure.

Combined with detailed surveys of the Milky
Way structure by Gaia and other source population
surveys (e.g., Euclid, 4MOST, Rubin), the LASS
will address the interaction of the LHB with the
Local Cavity and address the LHB origin, physical
state, and evolution within the local Galaxy.

At the end of the survey, LEM will be able to
(a) quantify the temperature distribution,

(b) infer the emission measure,

(c) determine the ionization state, and

(d) measure the relative element abundances as well
as the extent and scales on which they vary.

This information will be used, in turn, to determine
the origin and evolution of the LHB and the struc-
ture of the surrounding Galactic interstellar medium
and will lead to resolving the fundamental ques-
tions:

(a) How did the LHB form and evolve?

(b) How does it affect the local interstellar medium
and is affected by it?

(c) How does it compare to other superbubbles ob-
served in the Milky Way and nearby galaxies?
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6 HELIOSPHERE

The heliosphere is the Sun’s own astrosphere, a
bubble-like region blown into space and filled with
solar wind (SW) plasma. Initially emitted at super-
sonic speeds (300-800 km/s), the SW slows down
abruptly at the termination shock (~ 80 AU) due to
the pressure of the interstellar medium (ISM). The
outer heliospheric limit is the heliopause, at first
order defined by the pressure equilibrium between
the SW and IS plasmas, and situated approximately
~130 AU from the Sun®.

Solar wind charge exchange (SWCX) X-rays
are emitted by highly charged SW ions when they
capture electrons from neutral atoms and molecules.
In the case of heliospheric SWCX, the neutral tar-
gets are ISM atoms flowing through the heliospheric
interface and into the solar system®. This ISM
wind, composed mainly by hydrogen (H) and ~15%
helium (He), appears to flow at ~ 25 km/s from
the direction (¢,b) = (3.2°,15.5°), due to the relative
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motion of the Sun with respect to the local ISM.

To first order, the neutral atom distribution in
interplanetary space, and hence the SWCX volume
emissivity, is axi-symmetric around the ISM flow
vector®, as shown in Figure 12. SWCX with Hy-
drogen atoms is the strongest towards the incom-
ing flow direction (upwind, or towards the Galac-
tic Center ~ 2-3 AU from the Sun, represented by
the green area in Figure 12), as it is strongly ionised
by charge-exchange with solar protons near the Sun.
SWCX with He atoms dominates the inner solar
system (<1 AU; orange/red area in Figure 12) and
especially a cone-like structure in the downwind di-
rection where He atoms are focused due to the Sun’s
gravity (H atoms cannot be focused like He, be-
cause they are subjected to solar radiation pressure).
Therefore, for an observatory like LEM, orbiting the
Sun, an all-sky map of SWCX emission will appear
very different at different times of year, since the
map traces different neutral column densities due to
parallax effects>’. In Figure 13 we present average
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Fig. 12— Ecliptic plane cut of the total O VII So-
lar Wind Charge eXchange volume emissivity in log
units of photons/cm’/s for steady-state slow solar
wind in solar maximum conditions. The Sun is in
the center and the black circle represents roughly the
Earth/LEM position throughout the year. The Up-
Wind (Down-Wind) direction corresponds to early
June (December) on the orbit, and points roughly
near the Galactic Center (anti-center).
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LEM All-Sky Survey

all-sky maps of the SWCX OVII triplet emission,
constructed over periods of 6 months (the time it
will take LEM for a complete scan of the sky) start-
ing at different times of the year, highlighting the
heliospheric parallax effects. These maps are calcu-
lated for steady-state slow solar wind parameters>”,
roughly corresponding to maximum solar activity.

In reality, the SWCX emission will have more
complex characteristics, involving temporal varia-
tions due to the SW intrinsic variability, in addition
to the spatial variations of the neutral distributions.
The LASS, in high resolution spectroscopic mode,
will provide innovative diagnostics for the helio-
spheric SWCX science. A few key features that may
be studied are discussed in the next few paragraphs.

Latitudinal distribution of the solar wind (SW):
the solar wind has a sharp bimodal configuration
during solar minimum, with a narrow zone of high
density, high temperature, slow (~ 390 km/s) SW
around the ecliptic/solar equator, while at high
ecliptic latitudes large coronal holes emit low den-
sity, low temperature, fast (> 600 km/s) SW (e.g.
Ulysses data in Figure 1 of 7). The two SW types
have considerably different ion composition that im-
prints on the SWCX spectral signal (Figure 14). In
the slow SW the high-state ions (e.g. C®*, N,
078+, Ne’), that produce higher energy spectral
lines, have higher relative abundances, while in the
fast SW the high-state ions abundances are lower.
On the other hand, the lower charge states (e.g. C¥,
0%") have opposite behaviour, with increased rela-
tive abundances in the fast SW.

The composition changes between slow and
fast SW result in a change of hardness ratio in the
SWCX spectra. By comparing lines-of-sight near
the ecliptic that are completely embedded in the
slow solar wind, and high latitude lines-of-sight that
cross mainly coronal hole type solar wind with only
a small contribution of equatorial slow SW, we may
provide a complementary analysis of the latitudinal
distribution of the SW, in particular for the extended
mission that will encompass a large period of the so-
lar cycle covering the maximum and minimum ac-
tivity periods.

Identification of previously unresolved lines:
The bulk of the SWCX emission (and the Local
Bubble) is produced below 0.3 keV, that current
instruments cannot access due to limited sensitiv-
ity/grasp at those energies. LEM'’s efficiency and
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Fig. 13— Average LEM All-Sky Survey O VII
SWCX maps in units of photons/cm?/s/sr for
steady-state slow solar wind conditions (solar max-
imum). The maps are in zero-centered Galactic
Aitoff coordinates with longitude increasing to the
left. From top to bottom, the maps are calculated
using a continuous 6-month period on LEM’s orbit
starting in March, June, September and December,
and respecting the Solar aspect angle constraints.
The discontinuities are due to the change of ob-
server position for each tile scan.

LEM All-Sky Survey

spectral resolution will allow for the first time to
identify the key spectral lines and measure their rel-
ative strengths (Figure 14). It may also be possible
to measure solar abundances for very minor species
that are not measured with solar in sifu instruments
(e.g. Ar, P) which will provide new insights into
the processes that make the abundances in the solar
wind different from those of the surface of the Sun.

Localized enhancements/Doppler measure-
ments due to ICMEs (Interplanetary Coronal
Mass Ejections): ICMEs can have both very high
velocities, and significant changes in SW ion
composition’®. Detecting transient SWCX events,
through localized enhancements and/or Doppler
shift measurements, in repeated LASS pointings
of the same regions will put constraints on the
SW propagation models used by the heliophysics
community for space weather predictions at Earth.

Doppler measurements of the inner heliosphere
and the outer heliosheath regions: the heliospheric
interface is a complex region of great interest for
the physics of the solar wind interaction with the
interstellar medium (cf Voyagers’ studies of the ter-
mination shock and heliosheath '°%, and future plans
of an Interstellar Probe mission'!). At the termina-
tion shock the supersonic SW (400-800 km/s) de-
celerates abruptly to speeds <50 km/s, while it is
heated from a few thousands K to nearly 2 MK
(Figure 15 - top). In the meanwhile the interstel-
lar hydrogen population undergoes charge exchange
with protons piled up in the heliosheath (region be-
tween the termination shock and the heliopause),
resulting in a filtration and modification of its dis-
tribution (density, velocity and temperature). The
SWCX emission from the heliosheath will be near
the rest-frame of the spectral line energies, while
the inner heliosphere SWCX emission will be red-
shifted by ~ 2eV, especially for the higher energy
lines (e.g. Mg XI, Figure 15 - bottom). Measure-
ments with LEM (Figure 16) near the nose of the
heliosphere (¢,b) ~ (3.2,15.5), where the velocity
change and thus the Doppler shift is the largest, with
accumulated (but not necessarily continuous) expo-
sures during the All-Sky Survey, will allow detec-
tion of the heliosheath SWCX emission and will
constrain heliospheric interaction models.
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but will also be able to determine what type of solar wind is producing it. These spectra also demonstrate
how the variety of accessible species, and thus our capability to diagnose the physical state of a plasma,
increases sharply as the exposure time increases.
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7 STACKING & CROSS-CORRELATING

Compared to pointed observations, the main fea-
ture of the LASS data is the access to multiple ob-
jects of the same class, e.g. galaxies, clusters, fil-
aments, etc., that can be combined in a way that
alleviates the problem of variance, associated with
peculiarities of individual objects and selection bi-
ases. For all objects that have a mean surface num-
ber density on the sky larger than 1 per 0.25 deg®
FOV (or 160,000 on the sky), a comparable S/N
ratio will be achieved when summing the signal
from multiple objects in the LASS data and doing
the same for pointed observation in a random di-
rection with a similar combined exposure. For less
abundant objects, the effective stacked exposure in
the LASS data will be 1 = f7455 X Nobj/1.6 x 10° ~
Nopj x 100s. In other words, for any class of objects
with more than 10* members, the LASS will auto-
matically provide 1 Ms worth of data. Of course,
pointed observations of selected or truly unique ob-
jects, e.g. the nearest ones (or the most prominent)
will be indispensable®’7- 114101124 "Qi]] if the cos-
mic variance is an issue, the LASS represents an ul-
timate dataset.

7.1 Galaxy clusters and groups

A comparison between observations and simula-
tions of galaxy cluster density and temperature pro-
files is only meaningful when averaging over many
objects, revealing trends free from stochastic varia-
tions. Related to averaging is another appealing fea-
ture of LASS, namely an effectively unlimited FoV
that allows one to map extended objects in their en-
tirety. The LASS offers an opportunity to reach the
faintest possible levels in terms of the mean surface
brightness, being limited only by the photon count-
ing noise, since background/foreground variations
are suppressed by a factor 1/,/N,; (see an exam-
ple’? demonstrating that by stacking some 40 clus-
ters it is possible to reach radii ~ 3Rsqq., where the
X-ray surface brightness of cluster emission drops
below 1% of the sky background). With the LASS,
one can measure “averaged” properties of the transi-
tion region between hot virialized gas and infalling
matter, and use emission lines to infer the spread in
temperature and the degree of clumpiness. With-
out the information from soft emission lines, it is
nearly impossible. The same approach applies also
to groups and isolated elliptical galaxies.
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Cluster distant outskirts, all the way up to the
turn-around radius r;, ~ 10 Mpc, are the natural tar-
gets for LEM in the LASS. This is a highly dynamic,
very irregular, and very multiphase region where the
local overdensity changes from 50-100 down to 2-3.
Stacked data of known clusters near r;, would pro-
vide a fair sample of the Universe X-ray emissivity
in a trans-nonlinear regime.

The same technique can be applied to proto-
clusters - the most massive halos beyond redshift
7z~ 15-2 (e.g., the Spiderweb cluster® at z ~
2.16). This is the epoch of rapid growth of SMBHs
and their X-ray emission can outshine the thermal
emission of the diffuse gas. In the case of the Spi-
derweb, inverse Compton scattering of the CMB
photons by AGN jets dominates'!? the core of the
cluster. LEM can resolve lines from the ICM on
top of the non-thermal emission and measure the
gas properties there. Stacking various protoclus-
ter proxies (e.g., Spiderweb was discovered”’ as
an overdensity around an ultra-steep spectrum radio
galaxy), coupled with the LEM spectral resolution is
the promising route to characterise their population.

7.2 Diffuse IGM

Stacking of objects and/or cross-correlation are ac-
tively utilised in observational cosmology, e.g. by
using WMAP or Planck maps in combination with
other data. These studies mainly exploit spatial in-
formation. LEM’s excellent energy resolution adds
additional capabilities to this procedure. Indeed,
the 15” angular resolution of LEM corresponds to
a physical distance of less than 100 kpc at any red-
shift, while 2 eV energy resolution allows LEM
to distinguish lines for objects that are separated
in the Hubble flow by ~ 10 Mpc (see Fig. 17).
This would make a cross-correlation of LEM’s data
with the massive redshift surveys of galaxies ex-
tremely powerful and convert the usual position-
based stacking to full 3D stacking/cross-correlation.
The possibility using the redshift “dimension” in-
creases the amount of information one can get from
X-ray data. Moreover, since the expected LEM sig-
nal sensitively depends on the density, temperature
(see Fig.18), and metallicity of the gas, the cross-
correlation analysis can be tuned to emphasise a par-
ticular group of temperature-sensitive lines, adding
yet another dimension to the problem. While the
distribution of galaxies is a biased tracer, as is the



X-ray signal, one can further use LEM’s angular res-
olution to selectively exclude halos of a given mass
from the cross-correlation analysis, effectively dis-
entangling the contributions of different halos.
Because of the strong Galactic foreground
emission, the stacking analysis will be limited to
particular "redshift windows", preventing the IGM
emission lines (primarily O VII and O VIII) from
being overwhelmed by their Galactic counterparts.
An example of such a window is the redshift range
from 0.05 to 0.1. This volume of the Universe is ac-
tually already relatively well-studied thanks to the
2MASS Redshift Survey*’, and many of its global
mass distribution properties are well understood and
can be reliably modelled via constrained cosmolog-
ical simulations (see an example of such reconstruc-
tion in Figure 19 based on the SLOW 27 simulation).

7.3 Stars

While the effective area of LEM is unprecedented
for a high-resolution X-ray spectrometer, there are
still key parts of high-energy stellar physics that will
remain out of reach within reasonable pointed ob-
servation exposure times. In some of these cases,
stacking analysis based on the known positions of
stars from deep surveys such as Gaia can provide
key insights into the X-ray characteristics of groups
of similar types of stars, such as plasma tempera-
ture distributions, densities, and chemical composi-
tions. We cite three examples here, each of which
is relevant for exoplanet science as well as intrinsic
astrophysical interest.

High-mass stars with masses M > 6M and
spectral types O to early B generate copious X-
rays through instabilities and resulting shocks in
their radiatively driven winds!’>!. Low-mass stars
with masses M < 1.5M, generate X-rays through
convection and rotation-driven magnetic activity>’.
The intermediate-mass later B- and A-type stars are
X-ray dark3%4. Little is known about the transitions
between these regimes. Scant detections of stars at
the lower mass transition point suggest coronae be-
come cool as well as faint®. At the higher mass
transition, the situation is less clear, with detections
at types mid-to-late B suggesting a possible transi-
tion to, or hybrid of, wind and coronal X-ray mech-
anisms . Stacking analysis of intermediate-mass
stars will probe the physics and plasma conditions
of these boundaries.
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Little is known about magnetic activity at the
end of the main sequence. Both X-ray and chro-
mospheric Ha emission undergo a quite precipitate
drop in mid-M to L field dwarfs %> but radio emis-
sion remains strong?’. In the case of brown dwarfs
the situation is complicated by evolutionary effects,
with young objects resembling M dwarfs or late T
Tauri stars. The very cool, neutral photospheres of
late M dwarfs and brown dwarfs should be largely
incapable of sustaining magnetic stresses, yet flar-
ing on these objects appears to be quite frequent.
Generally too X-ray faint for detailed study, these
objects are sufficiently numerous in the solar vicin-
ity that stacking of LEM spectra of field late M
dwarfs and brown dwarfs can be key for revealing
the details of their plasma physics.

Radiative losses from stellar coronae are dom-
inated by metal lines. One outstanding problem in
coronal physics is whether metal-poor stars sustain
X-ray emitting coronae, and if so what is the effect
of metal paucity on the coronal energy balance 3%,
Population II stars are metal-poor, but they are also
old and expected to be of low magnetic activity and
faint in X-rays. Stacked LEM spectra of Population
II stars will provide a window into this astrophysical
regime that will be generally inaccessible through
pointed observations.

7.4 AGN

For directed, Deep Survey fields up to 1 Msec, LEM
will reach 0.2-2 keV point source flux levels of >
2 x 10716 erg cm™ 57! and individual 6.4 keV rest-
frame Fe K lines for heavily absorbed AGN may
be detectable down to a line flux of 4 x 10717 erg
cm™2 s~ above redshifts of 3 for 1 Ms, depending
upon the iron abundances within these AGN pop-
ulations. A more comprehensive all-sky survey will
provide even more source photons from background
sources. Serendipitous science from LASS provides
a further rich opportunity for AGN studies.
Cross-comparisons with multi wavelength cat-
alogs from other missions will allow us to stack
photons from different source populations. Follow-
ing previous studies*®?2, we will stack spectra ac-
cording to AGN type and probe intrinsic absorbing
column densities, accretion rates, Eddington ratios
(given estimates for the black hole mass), and the
evolution of the relationship between X-ray reflec-
tion strength and intrinsic AGN source luminosity.



JWST has provided a detailed study of AGN hosts
from z~ 3—5% (Yang et al., in press). LEM is
perfectly suited to provide complementary observa-
tions and high-energy X-ray insight into this popu-
lation of host galaxies, allowing for more detailed
study of the accretion properties of AGN that reside
inside them.

There are also significant efforts to increase the
populations of detected high-z galaxies and AGN
with current and future observatories for statisti-
cally significant studies. For example, COSMOS-
Web 3 is expected to unearth nearly 1,000 galax-
ies with 6.5<z< 7.5 with JWST72. These studies
will be further advanced in the advent of Roman
Space Telescope and Euclid ®®, which will offer high
sensitivity over wider fields of view, where yields
of hundreds of quasars at z~6-8 are expected to
be discovered over the course of their survey peri-
ods3171 All these samples are excellent candidates
for LEM stacking studies.

75 CGM

A key objective of the LEM science program is
to explore the circumgalactic medium surround-
ing individual galaxies. Within its directed pro-
gram, LEM will investigate a sample of 30 indi-
vidual galaxies, encompassing a spectrum of stellar
masses, star formation rates, and black hole masses.
These observations will probe how gas and metals
flow into, through, and out of galaxies. Concur-
rently, the LASS will enable the study of circum-
galactic medium properties by leveraging data from
thousands to tens of thousands of galaxies in the lo-
cal Universe. Although the X-ray emission from in-
dividual galaxies will be undetected, co-adding (i.e.
stacking) the X-ray photons from a large sample
of galaxies will yield a statistically significant sig-
nal. With a large galaxy sample and the applica-
tion of a stacking analysis, it will be possible to ex-
plore the galaxy parameter space, covering proper-
ties such as morphology, stellar mass, star formation
rate, and black hole mass. This analysis, in turn, will
probe how the large-scale CGM properties depend
on these parameters, allowing for a clear separation
of various effects.

While similar studies utilizing ROSAT,
and more recently Chandra, XMM-Newton and
SRG/eROSITA CCD data have been carried
out>818.20 " the stacking analysis will be dramat-
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ically improved by the LASS data. The 1-2 eV
spectral resolution of LEM will allow an investi-
gation of the emission lines of major ion species,
such as O VII, O VIII, or Fe XVII. By isolating
these emission lines from the strong Milky Way
foreground emission lines, the signal-to-noise ratios
of the stacked sample will be significantly boosted.
Given that the stacking analysis involves galaxies at
varying redshifts (e.g., z=0.01-0.05), it is crucial
to accurately determine the redshifts of galaxies to
correct for their individual redshifts. This will be
aided by redshift surveys, such as 2MASS Redshift
Survey*’ (see Figure 19).

The stacking analysis, conducted with 1-2 eV
LEM spectral resolution, will have several major ad-
vantages over previous studies:

(1) it will enable probing of the X-ray-emitting
CGM to significantly larger radii (Rsgg) compared
to earlier studies,

(2) it will allow exploring of the physical properties
of galaxies in finer bins, thereby leading to a more
thorough exploration of the parameter space, and
(3) it will allow deducing essential physical proper-
ties, like the temperature, of the CGM by using the
ratio of O VII to O VIIL

Overall, the results obtained in the stacking
analysis will complement those obtained from the
deep observations of individual objects.

8 GALACTIC DIFFUSE OBJECTS

Soft X-ray emission in the Galactic plane is heav-
ily absorbed by ubiquitous atomic gas and molecu-
lar clouds. Nonetheless, very bright and relatively
nearby objects, located in the Galactic plane, will
dominate soft X-ray maps as individual objects.
These are supernova remnants and regions of mas-
sive star formation. Once again, compared to such
objects in external galaxies, that might be less af-
fected by the absorption, the Galactic objects can be
studied with unprecedented detail. Many of these
objects will benefit from deep targeted observations,
while some others are very extended and bright
enough to provide excellent statistics just from the
LASS data. This refers in particular to the bright-
est (e.g. Cygnus Loop”?32497 and Vela®%%73)
and largest (e.g. Monogem®®) supernova remnants,
the Orion-Eridanus superbubble*!4, and Cygnus
X star-forming region 6116102 For some objects,
the LASS data will serve as a pathfinder for deeper
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follow-up observations. The unique possibility of
LEM to single out the dominant diffuse line emis-
sion will offer an opportunity to search for soft non-
thermal continuum emission for many of them.

8.1 NORTH POLAR SPUR

Although the North Polar Spur (NPS) is a very
prominent feature of the X-ray and radio sky, its na-
ture is still under debate®, with the two main mod-
els connecting it either to a local superbubble, or to
the Galactic Center structures related with the Fermi
and eROSITA bubbles®. Thanks to the brightness
of its emission above 0.7 keV, LEM will be able
not only to obtain high quality spectra of NPS (cf.
Figure 20), but also map its properties in great de-
tail. This will reveal physical conditions within it,
as well as the measurement of the absorbing column
density (crucial for the distance measurements), and
possible signatures of the hot gas interaction with
the colder surrounding medium (e.g. via character-
istic CX line ratios>%).

8.2 FERMI BUBBLES

After more than 10 years since their discovery '%,
the nature of the Fermi Bubbles remains un-
clear'*>8Y, Extending above and below the Galac-
tic plane, the bubbles are aligned nearly symmetri-
cally with respect to the Galactic Center and shine
brightly in the GeV gamma-ray band. The gamma-
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rays are believed to be the inverse Compton emis-
sion produced by the population of cosmic ray
electrons that also generates the synchrotron “mi-
crowave haze” observed by WMAP and Planck '-'.
In some models, the most energetic of those cosmic
ray electrons may generate detectable synchrotron
emission in soft X-rays, with an intensity strongly
dependent on the cosmic ray energy spectrum above
the limit directly probed by Fermi and on the mag-
netic field strength inside the bubbles 84,

Thanks to its ability to resolve the bright emis-
sion lines from the ISM and CGM of the Milky Way
that dominate the soft X-ray sky, LEM may be able
to detect the X-ray continuum synchrotron emis-
sion from those cosmic ray electrons>2. LEM spec-
tra, collected over the entire Fermi Bubbles in the
course of the LASS, will provide constraints on, or
even positive detection of, this non-thermal emis-
sion, delivering essential insights into the energet-
ics of the electron population and the magnetic field
strength within the bubbles, and in particular in the
direct vicinity of the bubbles “working surface” or
the Galactic wind’s termination shock 2.

8.3 GALACTIC CENTER

Deep scans of the Milky Way center have revealed
chimney-like features originating from the central
parsecs-to-tens-of-parsecs of the Milky Way, a re-
gion characterised by the presence of both Sgr A*
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Fig. 19— Predicted all-sky map of soft X-ray emission (bottom panel) from all gas particles in the con-
strained cosmological hydrodynamical simulation SLOW?’, which is capable of reproducing the global
galaxy distribution (top right panel) similar to that observed (e.g. in the 2MASS Redshift Survey*’, top
left panel). Future spectroscopic surveys will provide us with galaxy density maps in the optimal “redshift
windows” for WHIM detection, enabling the possiblity of global stacking to detect very faint signals.

and a burst of star formation within the past few
10% years. The chimneys are observed to rise about
a hundred parsecs above and below the Galactic
Center. The hot plasma associated with these fea-
tures emits prominently in the soft X-ray band and
the non-thermal component of the outflow is seen
clearly in the radio band *%4+91:45

On larger scales, of about a kiloparsec, the
ROSAT soft X-ray images reveal an interesting mor-
phology connecting the edges of the large scale
Galactic outflow, traced by the edges of the Fermi
bubbles, with the central few hundred parsecs of
the Milky Way, which contains about 10% of the
Galactic star formation, the chimneys and Sgr A*
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at its center'%(see the top panel of Figure 21 for
ROSAT soft X-ray image of this region). These
edge-brightened features are thought to trace the
shock heated plasma at the edges of the Galactic
outflow 10923,

The all sky coverage of the LASS, will allow
measurements of the physical properties of the hot
plasma at the base of the Galactic outflow, connect-
ing the hundred parsec chimney-like features with
the kiloparsec edge-brightened structures observed
by ROSAT.

The key aspect provided by LASS will be the
separation of the individual emission lines produced
by the outflowing hot plasma. By integrating the
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LASS data on 2x2 square degree fields at the base
of the Galactic outflow, it will be possible to char-
acterise the basic physical parameter of the X-ray
plasma, through the characterisation of tens of the
brightest soft X-ray lines (bottom panel of Fig-
ure 21). While eRASS data will allow measuring
intensities and ratios of the brightest lines, LASS
will enable measurement of their shapes and cen-
troid positions, as well as to give access to numerous
weaker lines. The former will uncover the kinematic
structure of the outflowing gas (to be compared
with kinematic structures of the colder gas!'02%),
the latter will reveal whether the plasma is in ther-
mal equilibrium, establish its temperature, relative
abundances of elements, and, possibly, constrain the
presence of any non-thermal component.

These measurements will be critical for es-
tablishing how the Galactic Center outflows are
plugged into the Galactic disc and to shed light on
the primary mechanism powering them: are these
structures powered by either current or past jet-like
outflow from Sgr A*?; by winds from Sgr A*’s ac-
cretion disc?; or alternatively are they inflated by
either hot plasma pressure or cosmic rays from star
formation events30?
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9 SERENDIPITOUS SCIENCE

Observing large sky areas allows one to detect rare
and bright transient sources, with the discovery
volume for the telescope being proportional to its
grasp, making LEM a very important transient de-
tection facility as well. In particular, this is rele-
vant for X-ray transients with soft X-ray spectra,
e.g. Tidal Disruption Events (TDE) and supernova
shock break-outs. While for the former, the typi-
cal variability timescale is from months to years, the
latter last for just seconds or hours. Given that the
LASS will be accumulated in several chunks sepa-
rated by half of a year, there is a possibility to look
for TDE-like variability in a very efficient manner,
similar to SRG/eROSITA >,

In fact, the search for transients in the LASS
will benefit strongly from the upper limits on X-ray
flux at any position provided by the SRG/eROSITA
all-sky survey %%, This upper limit will be at least
an order of magnitude below the detection sensi-
tivity for LEM in one 10s scan, meaning that tran-
sient finding will be primarily determined by the lat-
ter. Thanks to LEM’s spectral resolution, the X-ray
background for a soft spectrum source, dominated
by continuum emission (e,g., in the simplest scenar-
ios, both TDEs and supernova shock break-outs are
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Fig. 21 — Top panel: ROSAT all-sky RGB (R5-R6-R7!9%) map of the central region of the Milky Way. The
dashed ellipse highlights the approximate location of the X-ray ridges associated with the base of the Fermi
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interior of the Fermi bubbles in case of plasma in thermal equilibrium (APEC) or out of equilibrium (rnei),
respectively. The black line shows the best model (obtained by fitting the ROSAT data !%%) of the 2x2 deg?
region outside the Fermi bubbles. The detailed characterisation of the brighter lines will allow to constrain
the kinematic of the outflow, while the detection of tens of faint lines will constrain its physical properties.

expected to have black body spectra) can be strongly
diminished by excluding narrow spectral bands con-
taning Galactic emission lines. Thus, Poisson statis-
tics will determine source detection significance.
As an example following>>, in Figure 22 we
show predicted LEM count rates for TDE-like
sources with a blackbody spectrum and peak bolo-
metric luminosity defined as a function of the dis-
rupting black hole (the former follows from the stan-
dard Shakura-Sunyaev prescription, while the latter
is fixed at the Eddington limit, assuming that in the
early and brightest phase the accretion of the fall-
back material is Eddington-limited) and redshift of
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the source. Similarly to the SRG/eROSITA case>?,
for LEM there is also only weak dependence of the
predicted count rate on the black hole mass in the
range from 10° to 107 M, for z < 0.1.

10 CONCLUSIONS

The Line Emission Mapper All Sky Survey will
fundamentally transform our understanding of the
Milky Way at all scales and beyond, from physical
processes within the solar system, to gas kinematics
in the Circumgalactic Medium.

The richness of high spectral resolution data
will shed new light on the structure and evolution
of our Galaxy and the interaction between disk and
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halo. This includes how the cold star forming disk
is fed by the hot, accreted gas in the CGM, and how
feedback mechanisms may feed energy back into
the CGM in the form of large scale perturbations
such as the Fermi and eROSITA bubbles.

The LASS will be highly complementary both
to previous X-ray surveys such as ROSAT and
eROSITA, by adding a new dimension with its high-
resolution spectra. Combined with source popula-
tion surveys such as Gaia, Euclid, 4MOST, and Ru-
bin, the LASS will be able to investigate the interac-
tion between hot gas in superbubbles and the cooler
disk surrounding them, and will allow stacking stud-
ies of classes of sources too dim to be studied indi-
vidually.

These are just a few examples of the ground-
breaking science provided by the LASS. Like its
predecessors ROSAT and eROSITA, the science re-
turn of the LASS will span almost all branches of
high energy astrophysics.The new parameter space
to be opened by LASS will lead to new discoveries
and new phenomena that we do not even know exist,
and will provide a unique legacy for many years to
come: no other mission currently approved or on the
drawing board has the combination of energy reso-
lution and grasp to get even close to cover the whole
sky at the high energy resolution provided by the
LASS (while maintaining good angular resolution
and imaging capabilities).

11 APPENDIX A. SELECTED LINE
DIAGNOSTICS

Analyzing LEM data will require updating our
methods of analysing and interpreting results. Cur-
rent plasma models, while quite advanced, are in-
complete and the data for many lines will not match
the LEM spectra. Line data will need to be updated
to keep pace with all the lines that will be resolved
by LEM. In the meantime, our analysis will begin
with the isolated lines with the best atomic data.

For example, for LHB analysis, for each direc-
tion in the sky, all isolated lines for all of the accessi-
ble ionization states for an element can be identified.
The ratio of lines from the same ionization state can
be used to determine the temperature with large un-
certainty, but using lines from multiple ionization
states produces very small uncertainties. Compar-
ison of the state Q with Q-1 may provide a differ-
ent ratio than a comparison with Q+1, and differ-
ent species may indicate different temperatures, all
of which provides clues to the extent to which the
plasma is out of equilibrium and can be used to de-
termine the ionization state, an important indicator
of the past thermal history, including the possibility
of a past photoionization event. Ratios of lines from
different elements in the same component give rela-
tive abundances, which can be used, for example, to
track the origin of the plasma. Based on the abun-
dance of resolved individual lines in LEM spectra
(Fig. 2), this will allow a detailed analysis of LHB
nature and structure.

As an example, Figures 23 and 24 show the de-
pendence of major Carbon line ratios on tempera-
ture (including uncertainty) and the associated un-
certainty on the inferred temperature. The plots
were generated assuming the LEM response, an
observing time of 100 s, and a field of view of
10 x 10 deg?. Under these conditions, the temper-
ature is expected to be recovered with an accuracy
of better than 10%. The major lines associated with
C emission are reported in Table 1.

The most important temperature diagnostics for
hotter gas, above 0.1 keV, come from lines of He-
like and H-like oxygen and neon, and L-complex
lines of iron (cf. top panel in Figure 25). The steep
sensitivity of the line ratios to the resonant compo-
nent of the O VII triplet (cf. bottom panel in Fig-
ure 25) enables very precise temperature diagnos-
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Table 1— Major Carbon lines detectable with
LASS

Ion Energy LEM Bin
State (eV) Number
VI | 367.47 & 367.53 3674
VI | 435.56 & 435.54 | 4354 & 4355
VI 459.37 4593
VI 470.40 4703
\Y% 298.96 2989
v 307.90 3078
\Y% 354.52 3544
v 304.40 3043

tics in the single temperature case. However, in real
situations this is very rarely the case, so sets of line
ratios need to be considered, ideally with orthogo-
nal dependence on competing effects (e.g. compar-
ison of the lines of the same ionization state to the
ratio of ionization state sensitive ratios reveal devi-
ations from simple CIE case). For the CGM tem-
perature structure analysis, one will have to perform
forward modelling of the emission spectra, guided
by the more complex mixture models arising from
numerical simulations.
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