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ABSTRACT

The warm-hot plasma in cosmic web filaments is thought to comprise a large fraction of the gas in the local Universe. So
far, the search for this gas has focused on mapping its emission, or detecting its absorption signatures against bright, point-like
sources. Future, non-dispersive, high spectral resolution X-ray detectors will, for the first time, enable absorption studies against
extended objects. Here, we use the Hydrangea cosmological hydrodynamical simulations to predict the expected properties of
intergalactic gas in and around massive galaxy clusters, and investigate the prospects of detecting it in absorption against the
bright cores of nearby, massive, relaxed galaxy clusters. We probe a total of 138 projections from the simulation volumes, finding
16 directions with a total column density No, > 10'*> cm™2. The strongest absorbers are typically shifted by +1000 km/s with
respect to the rest frame of the cluster they are nearest to. Realistic mock observations with future micro-calorimeters, such as
the Athena X-ray Integral Field Unit or the proposed Line Emission Mapper (LEM) X-ray probe, show that the detection of
cosmic web filaments in O vir and O v absorption against galaxy cluster cores will be feasible. An O vi detection with a 5o
significance can be achieved in 10 —250 ks with Athena for most of the galaxy clusters considered. The O v detection becomes
feasible only with a spectral resolution of around 1 eV, comparable to that envisioned for LEM.

Key words: large-scale structure of Universe — galaxies: clusters: general — X-rays: galaxies: clusters — intergalactic medium —
quasars: absorption lines — local interstellar matter

1 Introduction the Universe (e.g. Cen & Ostriker 1999; Davé et al. 2001; Tepper-
Garcia et al. 2012; Martizzi et al. 2019; Tuominen et al. 2021).
According to the simulations, this diffuse WHIM has been shock-
heated to temperatures of 10° — 107 K. It has low electron densities,
ne ~ 107 — 10~ cm™ (only 10 — 10? times the mean baryon den-
sity of the Universe), which makes it extremely difficult to observe
in emission due to its low surface brightness. The high temperatures
make O vi (1053 < T < 1038 K, in collisional ionisation equilibrium
- CIE) together with O vu (10°* < T < 10%3K, in CIE) and O v
(10%! < T < 10°% K, in CIE) good tracers of the WHIM.

Multiple papers have reported detections of the WHIM in X-
ray emission (e.g. Kull & Bohringer 1999; Finoguenov et al. 2003;
Kaastra et al. 2003; Werner et al. 2008; Eckert et al. 2015; Akamatsu
etal. 2017; Connor et al. 2018; Reiprich et al. 2021). However, since
the X-ray emissivity increases as the density squared, extreme ul-
traviolet (EUV) and X-ray emission tends to probe the densest and
* E-mail: stofanova@strw.leidenuniv.nl hottest parts of the WHIM (e.g. Bertone et al. 2008, 2010a,b; van

The matter distribution in the Universe, as we know and understand
it today, is believed to have a filamentary structure on its largest
scales — famously known as the cosmic web (de Lapparent et al.
1986; Bond et al. 1996). The cosmic web formed when the initial
small density field fluctuations collapsed under the influence of grav-
ity, which resulted in structures such as cosmic sheets, voids, nodes
and filaments. In this paper we to focus on filaments, which are the
bridges between the cosmic nodes. In the nodes, which are the places
with the highest concentration of dark matter, galaxy clusters form
through hierarchical structure growth.

Cosmological simulations predict that at z ~ 0, most of the gas
resides in the warm-hot intergalactic medium (WHIM), which con-
tains around 30%, and possibly up to 60% of all the baryons in
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de Voort & Schaye 2013; Wijers & Schaye 2022; Churazov et al.
2023).

Because absorption scales linearly with the density, it is less bi-
ased to higher density gas than emission, making absorption more
suitable for detecting the bulk of the WHIM (see e.g. Wijers et al.
2019, 2020). A detection of the WHIM in O vm, O vm, and Ne1x
absorption toward quasar PKS 2155-304 was reported by Nicastro
et al. (2002). Later detections were reported by Fang et al. (2003)
and Rasmussen et al. (2003) in O vi, and Fujimoto et al. (2004)
in Ovm. A detection of two filaments towards the sightline of the
blazar Mrk 421 with Chandra was documented in Nicastro et al.
(2005), however, later Kaastra et al. (2000) re-analysed the same
dataset and found the observations of Nicastro et al. (2005) were
statistically insignificant. Takei et al. (2007) claimed a detection of
WHIM in Ne 1x and O vi. Considering more recent works, Nicastro
et al. (2018) found two absorbers toward blazar 1ES 1553+113 with
reported O vi column densities of a few times 10> cm=2. The same
sightline was also explored by Spence et al. (2023) who reported
a ~ 30 detection in O vir. Ahoranta et al. (2021) detected O vi and
O v absorptions toward the galaxy Ton S 180 with a significance
higher than 50 and reported column densities of few times 10! cm™2
and 10'® cm™2 for O v1 and O v, respectively, while the O vur detec-
tion was not significant. We emphasize, however, that most of the
absorption studies performed with current missions are of a low sta-
tistical significance and often challenging in terms of the systematic
uncertainties, and therefore the robustness of these detections often
remains debated in the literature. Nicastro et al. (2022) summarizes
the history of WHIM absorption studies towards bright point-like
sources, and discusses the prospects of future WHIM detections.

A complementary method to observe gas in filaments in absorp-
tion is to use galaxy clusters as background candles (Markevitch
1999; Markevitch et al. 2009). Since galaxy clusters are located at
the intersection of cosmic web filaments, sightlines pointed towards
cluster cores are likely to probe the densest parts of the surround-
ing filaments, and therefore provide the highest column densities
and hence the strongest absorption profiles. Simionescu et al. (2021)
extended this idea by providing estimates of the absorption from a
simplified WHIM component, approximated as a single temperature,
single density, and single metallicity gas. Here we explore this idea
further, and provide predictions for multiple cosmic web filaments
taken from cosmological hydrodynamical simulations. We simulate
observations of these filaments with the future mission Athena (Bar-
ret et al. 2018) and the proposed X-ray probe Line Emission Mapper
(LEM, Kraft et al. 2022), while taking into account a more complex
(three component) model of the Galactic interstellar medium (ISM).

Since we are interested in large-scale structure filaments connect-
ing to galaxy clusters, we need to use cosmological simulations cov-
ering a large volume, in order to contain enough massive haloes for
our study. On the other hand, the properties of the WHIM depend
sensitively on the physics of galaxy evolution, including processes
like feedback and star formation, for which it is important to resolve
small spatial scales. Cosmological zoom-in simulations are therefore
well suited for this study. Specifically, we focus on the Hydrangea
simulation suite (Bahé et al. 2017), containing a sample of 24 galaxy
clusters identified from dark matter only simulations, and then re-
simulated in a volume up to 10 X 0. T including baryons and us-
ing the same resolution and galaxy formation model as the EAGLE
simulations ("Evolution and Assembly of Galaxies and their En-

T rooc denotes the radius of the sphere within which the mean overdensity
is 200 times the critical density of the Universe.
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vironments’, Schaye et al. 2015; Crain et al. 2015). Additional de-
tails about these simulations can be found in Sec.2.1.1. Hydrangea
is specifically tailored towards describing massive galaxy clusters,
My € (10%* — 10'5*) M@, which may make the cosmic web fil-
aments connected to these clusters denser and therefore easier to
detect.

1.1 Research set-up

The main goal of this paper is to determine whether extended
sources of light, in particular galaxy clusters, can serve as back-
ground sources for detection of the cosmic web filaments in O vir
or Ovmn absorption. We use the cosmic web filaments from the
Hydrangea cosmological hydrodynamical simulations and calculate
their properties by probing the gas with many lines of sight (LoS).
We create column density maps and average optical depth profiles
for O v and O v

As background sources we select observed bright, relaxed cool-
core galaxy clusters, which span a range of redshifts, masses, and
temperatures. Although our method can in principle be used with
any extended source, these galaxy clusters should be among the most
promising background sources for our study. We calculate the spec-
tral energy distributions (SEDs) and the surface brightness profiles
(SB) of these galaxy clusters. The SB profiles are used to weight
the spatially dependent optical depth profiles from the simulations,
while the SEDs are used as the backlight sources.

To realistically simulate the detectability of the absorption from
the cosmic web filaments, we use a three-component model of the
Milky Way absorption. We simulate the resulting model spectra us-
ing response files for realistic X-ray detectors and we determine the
significance of the O v and O vin detection from the cosmic web
filaments for various exposure times.

This paper is organised as follows. In Sec.2 we summarize our
methodology (Sec. 2.1) and results (Sec. 2.2) for the Hydrangea cos-
mological simulations. In Sec.3 we summarize our methodology
(Sec.3.1) and results (Sec. 3.2) for the observational predictions. In
Sec. 4 we discuss the effects of choosing a different size of the radius
for which we extracted the absorption profiles from the simulations,
the impact of different SB weighting in the absorption profiles, and
how different detectors or an additional radiative cooling in cluster
cores might affect our results. And lastly, we provide our main con-
clusions in Sec. 5.

2 Cosmological simulations
2.1 Methods
2.1.1 Hydrangea simulations

In this section we summarize the main properties of the Hydrangea
simulations. For a more detailed description we refer to Bahé et al.
(2017) and Schaye et al. (2015). Hydrangea is also part of the
Cluster-EAGLE (C-EAGLE, CE) project described in Barnes et al.
(2017).

The Hydrangea simulations are cosmological hydrodynamical
zoom-in simulations that use the EAGLE galaxy formation model
(Schaye et al. 2015; Crain et al. 2015). They use a modified version
of the GADGET3 smoothed particle hydrodynamics (SPH) code last
described by Springel (2005). The set of modifications to the hy-
drodynamics and the time-stepping scheme of GADGET3, known
as ’Anarchy’, consists of removing the unphysical surface tension
at contact discontinuities by using the discrete particle Lagrangian
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SPH formulation from Hopkins (2013); the artificial viscosity switch
from Cullen & Dehnen (2010); a switch for artificial thermal con-
ductivity (Price 2008); the C> Wendland kernel (Wendland 1995);
and the energy conserving time-step limiters from Durier & Dalla
Vecchia (2012). These modifications are described in more detail in
appendix A of Schaye et al. (2015), and in Schaller et al. (2015).
The cosmological parameters were adopted from Planck Collabora-
tion et al. (2014).

Hydrangea implements a number of astrophysical processes
through sub-resolution (sub-grid) models. The radiative cooling and
photoheating rates are based on Wiersma et al. (2009a) which as-
sumes a Haardt & Madau (2001) ionizing UV and X-ray back-
ground. The star formation rate of gas particles follows the pressure
law given by Schaye & Dalla Vecchia (2008). The mass and metal
enrichment of gas due to stellar mass loss is described in Wiersma
et al. (2009b) and Schaye et al. (2015). The star formation energy
feedback happens in a single thermal mode, with a small number
of gas particles heated by a large temperature difference (Dalla Vec-
chia & Schaye 2012). The energy feedback from supermassive black
holes (" AGN feedback’) is implemented in a similar fashion (Booth
& Schaye 2009).

The high-resolution zoom-in regions of Hydrangea have the same
baryonic mass resolution, nparyon = 1.81% 100 Mg, as the largest EA-
GLE volume and the gravitational softening length is € = 0.7 pkpc
(physical kpc) at redshift (z < 2.8). The zoom-in regions were cre-
ated by running dark matter only simulations with the GADGET
code but for a much larger volume (3200 co-moving Mpc)*. The
cluster candidates were selected from the parent simulation at red-
shift z = 0 based on three criteria:

o Moy > 10 Meo.

e There is no other massive halo located within 30 pMpc or within
20 X ryg0c (the larger of these two was applied).

e No galaxy cluster candidate for re-simulation is located closer
than 200 pMpc from any of the periodic simulation box edges.

Application of these three criteria resulted in 30 galaxy cluster
candidates that were re-simulated in a high-resolution zoom-in box
while including baryons. Outside of the zoom-in region, the box is
filled with low-resolution particles that interact only gravitationally.
We used 23 clusters at redshift z = 0, for which the zoom-in re-
gion was 10 X ry., which is big enough to simulate the intra-cluster
medium and the filamentary structures in the vicinity of the galaxy
clusters. Six clusters were excluded because they were simulated
only to 5Xr,gqc, and CE-10 was excluded because it had unphysically
powerful AGN explosions due to a bug in the code, and therefore the
gas properties were not considered reliable.

2.1.2  Specwizard

In order to calculate O v and O vmn column densities in a LoS
through the Hydrangea zoom-in volumes, we use the software
Specwizard, which creates the synthetic spectra from the smoothed
particle hydrodynamics simulations. In order to create these syn-
thetic spectra, Specwizard uses the physical properties of the simu-
lated gas particles (e.g. density, temperature, metal abundances), and
accounts for photoionization from the UV and X-ray background.
As shown in Stofanovd et al. (2022), in certain cases, photoioniza-
tion from galaxy cluster photons can also play a role. However, for
the case of large-scale filaments aligned predominantly along the
line of sight, this effect was found to be negligible; therefore, we do
not include it in the present work.

Specwizard was developed by Joop Schaye, Craig M. Booth and
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Figure 1. Histogram of the number of sightlines (out of the total number of
138 through Hydrangea cluster centres) as a function of O vu total column
density per line of sight. The width of the column density bins is 0.5 dex. The
red solid line represents the cut for all LoSs with O vi total column density
higher than 10'*3 cm™2. This cut selects 16 directions of lines of sight that
are later discussed in the paper.

Tom Theuns (see Sec. 3.1 of Tepper-Garcia et al. 2011). In our study
we used its python version, which is described in more detail in
Ardamburo-Garcia+2023 (in prep).

2.2 Results: properties of Hydrangea absorbers

To get an initial estimate of the absorber statistics, we first exam-
ine 23 clusters in the Hydrangea simulations in 6 different direc-
tions along the +x, +y and +z axes of the simulation volumes. The
length of each LoS in every direction is the whole zoom-in region of
10 X ry00, (which also includes half of the galaxy cluster). In Fig. 1
we show the results of this initial inspection, where we draw only
one LoS per every direction pointed at the cluster centre, and plot a
histogram of the total O vii column density per LoS. We see that the
bulk of the LoSs lie between 10''° cm™2 and 10'* cm™. From the
total number of 138 different LoSs, we find 16 (7) LoSs in which
the total O vir column density is higher than 10" cm™2 (10" cm™2).
The observational threshold for O vir column densities is currently
around a few times 10'> cm2, with rare exceptions reaching down
to a few times 10" cm™2. With upcoming future missions this thresh-
old could be pushed to 10'* cm=2 (Nicastro et al. 2022). Since Hy-
drangea was designed to study massive galaxy clusters with masses
Mago,. between 10'* Mg and 10'34 Mg, it is natural to expect that
our studies will be biased towards more massive filaments and there-
fore higher O vir (and O vir) column densities. Due to the patchy na-
ture of the gas in the cosmic web filaments, the LoS pointed towards
the cluster centre does not have to be fully representative of the col-
umn densities in the selected directions. Therefore, we also create
O vi column density maps for all 138 directions (see Sec.2.2.1).

2.2.1 Ovu column density maps

We expand our search for projections where the total O vir column
density per LoS is higher than 10'*° cm2 by creating column den-
sity maps for all 138 possibilities which cover a region with radius
of 300 kpc around the galaxy cluster centre using 2 kpc pixels. With
this we confirm that no other directions were found in addition to the
16 Hydrangea absorbers shown in Fig. 1.

MNRAS 000, 1-15 (2023)
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In Fig.2 we show an example of three different orientations for
three different clusters with halo identifiers: CE-7 x—, CE-25 x+ and
CE-29 z+. In Sec. A and Fig. Al and Fig. A2 we show column den-
sity maps of the remaining 13 directions. In the maps we exclude
gas within the central galaxy cluster halo (r < ryg) and for plotting
purposes we impose a lower threshold on the column densities of
Novwi = 10" cm™2. To create these column density maps, we ex-
clude the star forming gas by removing all SPH particles that fall
on the equation of state (see Sec. 4.3 in Schaye et al. 2015 for more
details). We also exclude the gas that was directly heated by super-
novae and AGN feedback (Wijers et al. 2019).

2.2.2  Spatial properties of the O vii and O v absorbers

Next, we create a Cartesian grid of 20 X 20 equidistantly spaced
LoSs and select those that are within R < 100 kpc of the projected
centre of the cluster. This yields a total number of 276 LoSs, 10 kpc
apart, which we used to probe the absorbing gas. We verified that
this number is sufficient in order to probe the spatial substructures
of the gas in Hydrangea volumes. Decreasing the number of LoSs to
200, 100, and 50 (in comparison to 276 LOSs), results to a difference
of < 3%, < 6%, and < 8%, respectively.

We average all 276 LoSs for each of the 16 directions assuming
each LoS adds to the final profile with an equal weight. This al-
lows us to study the O vit and O vir absorbers independently from
the exact surface brightness of the extended background source. For
the O vir absorption we take into account only the resonant line at
21.60169 A with the oscillator strength 0.696 and the Einstein coeffi-
cient of 3.32x10'? 57!, Since for the absorption studies the lines with
the highest Einstein coefficients contribute the most to the absorp-
tion line profile, taking into account only the resonant line of O vi1 is
sufficient. However, for O v there are two lines that have similarly
strong Einstein coefficients: (a) the line at 18.96711 A with oscillator
strength 0.2771 and Einstein coefficient 2.569 x 10'2s~!, and (b) the
line at 18.97251 A with oscillator strength 0.1385 and Einstein coef-
ficient 2.567 x 10'2 s~!. Therefore, we combine these lines to calcu-
late the O vi absorption. The final O vir wavelength of 18.96891 A
is obtained as the average of the two strongest lines weighted by their
oscillator strengths. The combined oscillator strength is calculated
as a sum of both oscillator strengths and results in the final value
of 0.4156. Finally, the Einstein coefficient for the combined O v
line is the larger one out of both lines: 2.569 x 10'?s~!. This step
of combining two lines into one is done just because the Specwiz-
ard code itself can only take into account (in its short spectra mode)
one line at a time. Because the X-ray detectors considered here have
a spectral resolution of 2.5eV (Athena X-IFU, see Sec.3.1.4) and
0.9eV (LEM, see Sec.4.3), this approximation does not affect our
main conclusions (the wavelengths of these two lines are separated
by A1 = 0.0054 A = 0.02296eV.)

In Fig.3 we show for all 16 cases the flux depletion in O vn
and in O v as a function of the position along the LoS d, shown
as a fraction of ryy. For clusters where multiple projections had
Novwi = 10" cm™2, we specify the projection (+x, +y, +7) in ad-
dition to the halo identifier. Otherwise, only the halo identifier is
shown. The four most prominent absorptions are for clusters CE-
29 z+, CE-25, CE-1 x+ and CE-3, where the absorption in O vi is
more than 50%. In almost all 16 cases there is more than just one
absorption line per direction. The sizes of the most prominent ab-
sorbers (e.g. CE-25 or CE-29 z+) along the line of sight are on av-
erage ~ 2 X ryp. Some absorbers as e.g. CE-3 or CE-7 have two
prominent lines along the LoS. The same holds true for O vin ab-
sorption, however, the overall depth of the absorption features does

MNRAS 000, 1-15 (2023)
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Figure 2. O v column density maps that cover the central region with ra-
dius 300 kpc around CE-7 x—, CE-25 x+ and CE-29 z+ galaxy clusters. The
maps have 300 x 300 pixels with a pixel size of 2 kpc. We only plot gas with
Nown = 103 cm™2. The red circles show 40 kpc (solid line), 100 kpc (dot-
ted line) and 300 kpc (dashed line) regions around the galaxy cluster centre
(red cross).
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Figure 3. Equally weighted average O vn (top panel) and O v (bottom
panel) absorption profiles within the radius 100 kpc from the cluster cen-
tre as a function of the position along the LoS d. Different colours and line
styles represent different projections and Hydrangea clusters. The grey dash-
dotted vertical line shows the position of rpgo. For clusters where multiple
projections had Noy, = 1043 cm=2, we specify the projection (+x, +y, +z)
in addition to the halo identifier. Otherwise, only the halo identifier is shown.
We see that the sizes of the most prominent absorbers (as e.g. CE-25 or CE-
29 z+) along the line of sight are on average ~ 2 X rypp. Some cases, €.g.
CE-3 or CE-7, have two prominent absorption lines along the LoS.

not exceed 50% and the profiles are shallower in comparison with
O v This is expected since the cosmic web filaments are not hot
enough to ionise a dominant fraction of oxygen to its O v state.

2.2.3 Addition of ion-weighted peculiar velocities

An important aspect of the detectability of filaments in addition to
their density, temperature, metallicity, and the total column density
in the line of sight, is also how redshifted these absorption lines are
in comparison with absorption lines from the ISM of the Milky Way
as well as the emission lines from the galaxy cluster itself (relevant
mainly for O vin because of its brightness in the cluster centre). The
velocity difference in the LoS between the gas in the galaxy cluster
and the gas in filaments can be calculated by taking into account the
ion-weighted peculiar velocities computed by Specwizard as well
as the peculiar velocity of the galaxy cluster. We define the galaxy
cluster peculiar velocity as the centre-of-mass velocity of the central
subhaloi.

Fig. 4 shows the flux depletion in O vir and in O vir as a function
of the total velocity vror along the line of sight, which is the sum of
the Hubble flow velocity and the peculiar velocity of the individual
SPH particles that contribute to LoSs. The peculiar velocity of the

% We define the centre-of-mass velocity of the central subhalo as the zero-
momentum-frame velocity of the subhalo with index 0.
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Figure 4. O vu (top panel) and O v (bottom panel) average absorption pro-
files (equally weighted) as a function of the total velocity along the line of
sight vror, which is the sum of the Hubble flow velocity and the peculiar
velocity of the individual SPH particles that contribute to LoSs. The peculiar
velocity of the galaxy cluster is subtracted from the total velocity vror. Dif-
ferent colours and line styles represent different projections and Hydrangea
clusters. The velocity difference between the strongest absorption lines and
the galaxy cluster centre is on average +1000 km/s.

galaxy cluster is subtracted from the total velocity vror. These pro-
files were calculated by taking an arithmetic average of the full sam-
ple of 276 LoSs for each direction. The total velocities of O vir and
O vir absorbers with respect to the cluster range from —1000 km/s
to approximately 2000 km/s. For most of the O vir absorbers the ad-
dition of the peculiar velocities mainly results in a different shape
of the absorption features compared to the profiles shown in Fig. 3,
and it also slightly affects the overall depth of the absorption lines.
The addition of peculiar velocities seems to affect the strength of the
absorption lines more significantly for O vim.

3 Observational predictions
3.1 Methods
3.1.1 Galaxy cluster sample selection

For a detection of absorption originating from the cosmic web fil-
aments against extended background sources like galaxy clusters,
these background galaxy clusters need to be very bright in their
cores. This makes cool-core (CC) clusters perfect candidates due
to their centrally peaked surface brightness profiles.

A shortcoming that Hydrangea simulations and most cosmolog-
ical hydrodynamical simulations have is their inability to properly
simulate cool-core clusters due to the large entropy values in the
cluster cores, which results in flat entropy profiles. An attempt to
solve this issue in EAGLE-like simulations has been done by e.g.
Altamura et al. (2022), however, the issue with the flat entropy pro-

MNRAS 000, 1-15 (2023)
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Table 1. Redshift zcjuster and 7500 of the clusters used in our study taken from
Vikhlinin et al. (2006). Ny ot is the total hydrogen column density in the
direction of the galaxy cluster (see Sec. 3.1.3 for more details).

Cluster  Zeuser 7500 [kpcl Nl‘]f%g# [em™2]  100kpe at Zejuster
A2390 02302 1416+48  8.38x 102 0.45°
A383  0.1883 944+32  3.88x10% 0.53’
Al413  0.1429 1299 +43 197 x 102 0.66’
A2029 0.0779 1362+43  3.70 x 102 1.13°
A1795 0.0622 1235+36  1.24x 102 1.39°
A262  0.0162 650 +21 7.15 x 10%0 5.05°

file has not yet been solved completely. Therefore, for the purpose of
calculating the background emission, we replace the galaxy clusters
in the Hydrangea simulations by observational profiles taken from
the sample of cool-core clusters from Vikhlinin et al. (2006). We se-
lect 6 relaxed bright cool-core galaxy clusters (see Table 1), which
span a range of redshifts, masses, and temperatures. Although our
method can in principle be used with any extended source, these
galaxy clusters should be among the most promising background
sources for our study. Vikhlinin et al. (2006) provide the best-fitting
parameters for the density and temperature profiles for these galaxy
clusters as observed by the Chandra observatory, which were used
to calculate the SB profiles as well as SEDs using the galaxy cluster
model in SPEX described in the following section (Sec. 3.1.2).

3.1.2  Galaxy cluster model in SPEX

To simulate the spectral energy distribution of the selected back-
ground galaxy clusters (used for an approximation of the backlight
source), together with their SB profiles (used for weighting the opti-
cal depth profiles from the simulations), we use the cluster model in
SPEX.

SPEX, the SPEctral X-ray and extreme ultraviolet software pack-
age (Kaastra et al. 1996; Kaastra et al. 2018, 2020), is a soft-
ware package with its own atomic database SPEXACT (The SPEX
Atomic Code & Tables) which includes around 4.2 x 10° lines from
30 different chemical elements (H to Zn). It is used for the mod-
elling and analysis of high-resolution X-ray spectra. In this paper we
use SPEX version 3.07.02§. Unless stated otherwise, we use the Ur-
dampilleta et al. (2017) ionisation balance and the protosolar abun-
dances by Lodders et al. (2009).

The cluster model, which has been newly implemented in SPEX,
calculates the spectrum and radial profiles for a spherically sym-
metric approximation of a cluster of galaxies. It takes as input
parametrised 3D radial profiles of the gas density, temperature, metal
abundance, and turbulent velocities. Given these parametrised pro-
files, the emission in multiple 3D shells, each approximated as a sin-
gle temperature model in collisional ionisation equilibrium (CIE), is
computed and projected onto the sky. The cluster model can then be
run in different modes, where the output is either the SED within
a user-defined projected spatial region, or a radial SB profile in a
user-requested energy band.

§ For the most recent version see https://spex-xray.github.io/
spex-help/changelog.html.
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More specifically, the assumed shapes of the underlying 3D pro-
files used as input to the cluster model follow:

e atwo S model for the density distribution (with the additional pos-
sibility to introduce a jump or break in the slope at a given radius),

o the same functional form for the temperature profile as that pro-
posed in Vikhlinin et al. (2006), again with a possible additional
jump (although this latter capability was not used in this work),

o the abundance profile functional form defined in Mernier et al.
(2017).

For more details about this model we refer to Stofanov4 et al. (in
preparation) as well as the SPEX manual pageq.

We can therefore directly use the fitted parameters already re-
ported in Vikhlinin et al. (2006) to describe the 3D temperature
profiles of clusters in our sample. For the density profile, on the
other hand, the functional form defined in SPEX is different from
that adopted in Vikhlinin et al. (2006). Thus, for each target, we at-
tempted to approximate the 3D density profile reported in Vikhlinin
et al. (2006) with the new functional form available in the cluster
model. For all six clusters, we were able to match the two func-
tional forms, with differences of at most 15% for all radii up to
2 X rspo . We additionally assume that the metallicity of each clus-
ter follows the average abundance profile of the sample investigated
in Mernier et al. (2017). The turbulent velocity is assumed to be
100 km/s, which is the current default in the cluster model.

3.1.3 Model for the Milky Way absorption

In order to realistically simulate the observation of gas in filaments,
we need to take into account the absorption by our own Galaxy.
The interstellar medium of the Milky Way is a multiphase gas that
can not be simply modelled as a neutral gas. Therefore we adopt
a model from Gatuzz & Churazov (2018), which assumes the ISM
to have three components: (a) a neutral/cold component at temper-
ature 10*K (9 x 10™*keV), (b) a warm component at temperature
10*7K (4.3 x 103 keV), and lastly (c) a hot component at temper-
ature 1053 K (0.17 keV). We simulate all of these components with
the hot model in SPEX. However, we set our neutral component to
temperature 1 x 10~° keV, which is lower than in Gatuzz & Chura-
zov (2018). The reason is that in SPEX versions 3.06.00, 3.06.01 and
higher, the database includes charge exchange processes which af-
fect the ionisation at low temperatures, and in such cases the plasma
would not be completely neutral.

The total hydrogen column densities that we use for the neu-
tral component of the ISM, Nl‘f;‘(;"?r‘ were taken from Willingale
et al. (2013)|| (see Table 1). For all galaxy clusters in this paper
we assume that the warm and hot components of the ISM have
a total hydrogen column density Nj%a. = 0.5 x 10*cm™ and
Nithor = 0.2x10% cm™, respectively. These hydrogen column den-
sities were taken from Fig. 4 of Gatuzz & Churazov (2018), which
shows that most of the extragalactic sources have quite similar hy-
drogen column densities.

Fig.5 shows the effects of a neutral-only and three-component
model of Galactic ISM. For illustration purposes, we plot the ef-
fects of absorption on a power-law shaped spectrum; however, for

q For now the details of the cluster model can be found in the
SPEX manual https://var.sron.nl/SPEX-doc/spex-help-pages/
models/clus.html.

|| We used the online tool created by the SWIFT team https://www.
swift.ac.uk/analysis/nhtot/.
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https://www.swift.ac.uk/analysis/nhtot/
https://www.swift.ac.uk/analysis/nhtot/

O vu and O v absorption from Hydrangea filaments against cool-core galaxy clusters 7

our final analysis the same absorption model was folded with the
more complex SED of each cluster. The absorption profile regions
represented by shaded rectangles (determined by the total velocity
of the strongest absorbers - CE-25 and CE-29 z+) are overplotted
for the different cluster redshifts taken from Table 1. As we can see,
the galaxy cluster redshift and the velocity difference between the
galaxy cluster and the absorbing gas in filaments are crucial factors
for the O vi detectability, together with the spectral resolution of the
detector. Continuous improvements in determining the column den-
sities for the Galactic ISM are needed to distinguish between the
ISM and the O vir absorption lines.

3.1.4 Athena X-ray Integral Field Unit (X-IFU)

Unlike the grating spectroscopic X-ray instruments that were used to
search for the WHIM until now, non-dispersive micro-calorimeters
uniquely allow high resolution X-ray spectroscopy of extended
sources.

The Athena X-ray observatory (Advanced Telescope for High En-
ergy Astrophysics) is an L(large)-class mission selected by the Eu-
ropean Space Agency (ESA) which plans to study the hot and en-
ergetic parts of the Universe, including baryons in the cosmic web
that are the focus of this paper. On board it will carry the Wide Field
Imager (WFI, Meidinger et al. 2014, 2018) and the X-ray Integral
Field Unit (X-IFU, Barret et al. 2018), which is a micro-calorimeter
based on a large format array of super-conducting molybdenum-gold
Transition Edge Sensors (TESs). The X-IFU will operate in the en-
ergy band 0.2-12keV and it is expected to have an unprecedented
combination of a large effective area of 5900cm? at 0.5keV (and
an even larger effective area of 1.4m? at 1keV) and a large field
of view (FoV) of 5 arcminutes combined with an angular resolu-
tion of 5 arcseconds, and a spectral resolution of 2.5eV at 0.5 keV.
For the simulation of data with X-IFU we used the 2018 response
files that can be downloaded here http://x-ifu.irap.omp.eu/
resources/for-the-community (Barret et al. 2022).

3.1.5 Summary of the methods and the fitting procedure

In order to study the detectability of the O vit and O vi absorption
lines, we first calculate the surface brightness weighted optical depth
profiles of three Hydrangea absorbers: CE-7, CE-25, and CE-29 z+.
The CE-25, and CE-29 z+ absorbers are the strongest absorbers out
of our sample, and additionally to these we also select CE-7 in or-
der to simulate less prominent absorptions. For these absorbers we
have a full sample of 276 LoSs which we combine into one final
absorption profile by weighting every LoS contribution by the sur-
face brightness profile (in the bolometric energy range) of a given
background galaxy cluster. These LoSs were drawn from the circu-
lar area with radius 100 kpc from the cluster core. We calculate the
SB profiles using the cluster model, which gives us the bolometric
energy flux for every projected shell (the user can specify the energy
range in which the flux is calculated). The optical depth in O v, and
O v, is given by

272117:0 SB(R) X T’O” vi,O viir (R)
TOovn,Ovin = 276 ’ ( 1)

2n=0 SB(R)
where index m represents the individual LoSs, and R is the projection
radius. We convolve the final weighted Hydrangea absorption profile
with the galaxy cluster SEDs (also calculated for the projected ra-
dius of 100 kpc). We take into account the three-component absorp-
tion model for the ISM of the Milky Way and redshift the O v and

O vin Hydrangea absorption lines with respect to the redshift of the
background galaxy clusters. These spectra are then folded through
the response files of the Athena X-IFU to simulate the observations
with different exposure times (100ks, 250 ks, and 500 ks) for differ-
ent absorbers.

We fit the simulated spectra in SPEX in a narrow energy band
around the absorption line, which is typically 0.4 —0.6 keV. For sim-
plicity, we fit the background continuum with a power law. We can
afford this assumption, since in this narrow energy band the clus-
ters do not seem to have many emission lines. If the spectrum of
a specific cluster (as e.g. A262 or A383) has strong emission lines
in the energy band 0.4 — 0.6keV, we exclude the energy intervals
corresponding to these emission lines during the fitting procedure.
Since the shape of the Hydrangea absorption profiles is unresolved
by X-IFU (2.5eV), we fit the absorption lines from Hydrangea with
a gaussian line. If the Hydrangea absorption lines are not sufficiently
separated from Galactic lines of the local ISM and the peaks of the
lines cannot be clearly resolved, we discard these simulated obser-
vations from our sample. If the Hydrangea absorption line is suffi-
ciently separated from the ISM lines but within 2 — 6 eV from each
other, we leave the abundance of the element in that particular ISM
component free during the fitting procedure (e.g. as in case of Abell
2029 and Abell 262). In such cases we do not only calculate the er-
rors on the normalisation of the absorption line, but also the errors
on the fitted abundance of that particular element. The errors are es-
timated by using the Levenberg-Marquardt algorithm and represent
the standard deviation of 1o-. We use C-statistics (Cash 1979), which
can be briefly summarised as the maximum likelihood estimation in
the limit of Poissonian statistics. SPEX uses modified C-statistics
based on Baker & Cousins (1984), which is described in detail in
Kaastra (2017). The fit is considered good, if the C-statistics value of
the fit is within/close to the range of the expected C-statistics value
and its errors.

3.2 Results: Simulations with the Athena X-IFU
3.2.1 Significance of the O vu detection

In Fig. 6 we show X-IFU simulated spectra of the O vi Hydrangea
absorption profiles for the CE-29 Hydrangea absorber and A383
background galaxy cluster at redshift z = 0.1883 (also referred to as
CE-29 & A383) for an exposure time of 250ks. We also show CE-
25 & A2029 at redshift z = 0.0779 and 100 ks exposure time. These
two cases represent the "best’” and the *worst’ scenarios for O vi ob-
servations that are still possible with X-IFU. The left panels in Fig. 6
are Chandra images of A383 (top left panel, Chandra observations
ID 2321**) and A2029 (bottom left panel, Chandra observations ID
4977%7).

The ’best’ possible scenario for O vir observations is when the Hy-
drangea absorption line is sufficiently separated from any of the ISM
lines. We show as an example X-IFU simulated spectra of the CE-29
absorber projected in front of the galaxy cluster A383. For all three
chosen Hydrangea absorbers (CE-7, CE-25, and CE-29 z+) and for
A383 and A2390, the O vii Hydrangea absorption line is sufficiently
separated from the ISM lines and can potentially be observed with
X-IFU.

The *worst’ possible scenario for O vi observations that is still

** A383 Chandra observations with ID 2321 can be downloaded from
https://doi.org/10.25574/02321.
T+ A2029 Chandra observations with ID 4977 can be downloaded from
https://doi.org/10.25574/04977.
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Figure 5. Absorption spectrum of the Galactic ISM for a completely neutral gas (black dash-dotted line) and for the three-component model of ISM (neutral,
warm, and hot phases, solid grey line). In the energy range we are interested in (0.46-0.60 keV), the neutral component contributes to the spectrum with O1 lines,
while the three-component model adds O 1, O, O vir and N v lines to the spectrum. The violet solid line with dark blue points (with lower normalization)
shows the three-component ISM model folded through the Athena X-IFU response. To demonstrate the effect of the neutral and three-component Galactic
absorption model, we simulate the background source of light in this figure as a power law with an arbitrary normalisation and exposure time. The coloured
shaded rectangles represent the minimum and maximum energy ranges (vror ~ +1000 km/s) of the strongest absorption line profiles from our sample (CE-25
and CE-29 z+) for different galaxy cluster redshifts given in Table 1. This figure demonstrates that the ISM lines which might compromise the detection of O vt

cosmic web filaments are N vir, O1, O 11, O m, and O vi.

feasible with X-IFU is when the Hydrangea absorption line is
blended with ISM lines, but its peak is sufficiently separated from
the ISM lines and can be resolved with X-IFU. This is the case for,
for example, CE-25 & A2029, where the Hydrangea O vi absorption
line is close to the complex of oxygen lines from the Galactic ISM
as shown in Fig. 6. These lines are the O1line from the neutral com-
ponent, and the O i and O 11 lines from the warm component. In this
case we fit the O vir absorption line while allowing the abundance
of oxygen in the neutral as well as the warm component of the ISM
to be free during fitting. For two other Hydrangea absorbers, CE-7
and CE-29, the velocity difference between the galaxy cluster A2029
and the gas in the filaments is not *favourable’ and the Hydrangea
absorption lines are not sufficiently separated from the O 1 ISM line.

As already seen from Fig. 5, for A1795 the O vi line lies close to
the O1or Om ISM lines, as well as close to the oxygen absorption
edge. With the X-IFU simulations we confirm that none of the three
chosen examples of Hydrangea absorbers are sufficiently separated
from the ISM lines and we discard these cases from our sample.

For the case of A1413 one needs to be careful about the N vir line
from the hot component of the ISM at 0.5 keV. Two of the three ab-
sorbers considered here (CE-7 and CE-29) are too close to this line
to be resolved with the X-IFU. The column density of the hot com-
ponent is not high enough for the N vi1 line to be significant in the
Athena spectrum, which makes fitting this line even more difficult.
Therefore, while fitting the O v line of the third absorber (CE-25),
we fix the nitrogen abundance to the initial input value (which is
equal to unity for the Lodders et al. 2009 proto-solar abundances)
during the fitting procedure. However, the column density of the hot
phase ISM is not well known and in reality the N vir line may be
more significant in the observed spectra of the galaxy cluster.

Table 2 contains the results of fitting for three Hydrangea ab-
sorbers and all galaxy cluster background sources mentioned in Ta-
ble 1. From this table we see that even in the case of the less promi-
nent absorbers (here represented by CE-7), for which the flux in O vt
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does not decrease by more than 40% (see Fig.4), O v can be de-
tected with X-IFU with at least 5o significance. This is possible with
an exposure time of 385 ks for Abell 2390 and 195 ks for Abell 383
(see Table 3). Unfortunately, for closer and brighter galaxy clusters
in our sample, the CE-7 absorption line of O vi cannot be resolved
from the N vir, O 11 or O m ISM lines.

More prominent absorbers, which show depletion of the flux in
O vi of more than 70%, and which have a significant velocity differ-
ence between the gas in the filaments and the galaxy cluster core (in
our studies this difference is vror ~ £1000 km/s), can almost all (be-
sides CE-25 & A2390 and CE-29 & A1413) be detected with more
than 5o significance with exposure time < 250 ks (for high redshifts,
such as Abell 383) or even 100 ks for the lower-redshift galaxy clus-
ters, such as Abell 2029 or Abell 262. The CE-25 absorber in our
study is always resolved from the ISM lines while CE-29 can poten-
tially be observed only for high-redshift clusters such as A2390 and
A383.

The exposure times needed to get a 5o detection in O v with
Athena X-IFU for CE-7, CE-25, and CE-29 z+ absorbers are sum-
marized in Table 3.

3.2.2  Significance of the O v detection

The detection of the cosmic web filaments against galaxy cluster
background sources in O vin is significantly more difficult than for
O v Firstly, the depletion of flux in O vmr is comparable to the
less prominent O vii absorbers, which as we have shown in Table
2, require more exposure time for a significant detection (more than
200 ks or 300 ks). For most of these absorbers the flux in O vir de-
creased by 10 — 20% relative to the continuum (see Fig.4). For
some absorbers, as e.g. CE-3, CE-8, the line flux decreased by 35%.
Secondly, due to high temperatures and densities in the intraclus-
ter medium (ICM), the galaxy cluster spectra contain a strong O viit
emission line. Even though the velocity difference between ICM and
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Figure 6. Broad band simulated spectrum for Athena X-IFU in the energy range 0.2 — 2keV and a zoom-in to 0.47 — 0.51 keV of the CE-29 z+ Hydrangea
absorber and A383 (top two right panels, 250 ks exposure time, z = 0.1883) and the CE-25 and A2029 (bottom two right panels, 100ks exposure time,
z=10.0779), where the zoom-in for CE-25 and A2029 shows the energy band 0.51 —0.55 keV. The black solid line represents the spectral model (folded through
the response of X-IFU) together with the three-component absorption model of the Milky Way ISM as described in Sec. 3.1.3. The absorption lines of the local
ISM are indicated in all panels with blue vertical lines. The red dashed line represents the same spectral model as the black solid line but with an addition of the
Hydrangea O vii absorption line (solid red vertical lines) according to the best-fitting parameters described in Table 2. Left panels show the Chandra images of

A383 (top left panel) and A2029 (bottom left panel). The white circle has a radius of 100 kpc as used in all calculations in this paper. The errors shown in the
spectra represent the standard deviation 1o
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Table 2. X-IFU simulations for the CE-7, CE-25, and CE-29 z+ Hydrangea O vu absorbers and the A2390, A383, A1413, A2029, A1795, and A262 background

galaxy clusters. fexp is the exposure time and the normalisation of the Gaussian line is given in units of X1

049

ph/s. We also provide the values of the C-statistics,

the significance of the detection o, as well as the value of the expected C-statistics (see Sec.3.1.5 and Sec. 3.2.1 for more details). The radius of interest was
assumed to be 100 kpc and the final absorption profiles were weighted by the surface brightness of the respective galaxy cluster. The errors represent the standard

deviation lo.

CE-7 CE-25 CE-29
Abell 2390 7y, [ks] 500 250 250
normalisation [x10* phys] -86+1.5 -8.5+2.0 -159=+2.1
C-statistics 829 799 757
expected C-statistics 791 £ 40 791 £ 40 791 £ 40
significance o 5.7 4.3 7.6
Abell 383 7y [ks] 500 250 250
normalisation [x10* phys] -4.8+0.6 -45+09 —6.4+0.9
C-statistics 653 649 669
expected C-statistics 588 + 34 588 + 34 588 + 34
significance o 8.0 5.0 8.0
Abell 1413 7y, [ks] 250
normalisation [x10% phy/s] -4.1+0.5
C-statistics blended with 415 blended with
expected C-statistics Nvi 419 +£29 Nvi
significance o 8.2
Abell 2029 ey, [ks] 100
normalisation [x10* phys] -9.1+0.5
abundance O (neutral) 1.01 £0.02
abundance O (warm) blended with 1.06 + 0.05 blended with
C-statistics On 150 On
expected C-statistics 172 £ 19
significance o 18.2
Abell 1795 blended with Om  blended with O1  blended with O m
Abell 262 1y [ks] 100
normalisation [x10% ph/s] -0.23 £ 0.02
abundance O (hot) blended with 1.3+0.2 blended with
C-statistics On 408 On
expected C-statistics 430 £ 29
significance o 11.5

the gas in the cosmic web filaments is similar for O vir and O v ab-
sorption (see Fig.4), the wings of the O vir emission line are too
bright for the O vi absorption line to be sufficiently separated with
the X-IFU resolution of 2.5 eV. In Sec. 4.3 we discuss how these re-
sults would be affected if we used a detector with an even higher
spectral resolution.

4 Discussion

We have shown above that detecting the WHIM in absorption against
bright cluster cores is possible (and perhaps even promising) with
future, high-resolution, non-dispersive X-ray spectrometers. Below,
we discuss in more detail various additional aspects that can affect
the detectability of O vir and O v absorption lines, such as the op-
timal size of the spectral extraction region, the effect of using back-
ground sources with different underlying surface brightness distri-
butions, the impact of the detector’s spectral resolution, the impact
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of the O vi emission from the cosmic web filaments, and possible
blending with emission lines from low-temperature gas in cluster
cores.

4.1 The optimal size of the spectral extraction region

Until now, we focused our calculations on a circular aperture with a
fiducial radius of 100 kpc. However, it is not clear if this is the opti-
mal choice for the spectral extraction region. To answer the question
of how the selection of the radius of interest affects our results, we
did a new set of calculations with Specwizard for the CE-25 Hy-
drangea absorber for two additional radii: 40kpc and 300 kpc. As
already shown in Table 2, this absorber was detected with Athena
for most of the background sources, and therefore we chose to show
the results of this subsection for this absorber. How CE-25 looks
like on these scales can be seen in Fig. 2 (red lines with different line
styles).
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Table 3. Exposure time fexp in ks for X-IFU (2018 baseline response matri-
ces) simulations for CE-7, CE-25, and CE-29 z+ Hydrangea O vi absorbers
and A2390, A383, A1413, A2029, A1795, and A262 background galaxy
clusters for a detection of 5. The radius of interest was assumed to be
100 kpc and the final absorption profiles were weighted by the surface bright-
ness profile of the respective galaxy cluster.

fexp [ks] CE-7 CE-25 CE-29

Abell 2390 385 338 108
Abell 383 195 250 98

Abell 1413 - 93 -
Abell 2029 - 8 -
Abell 1795 - - -
Abell 262 - 19 -
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Figure 7. CE-25 O vu absorption profile (equally weighted) at O v rest en-
ergy for 40 kpc (blue solid line), 100 kpc (green solid line), and 300 kpc (red
solid line) spectral extraction regions. In every energy bin, the shaded area
represents all the data between the 10th and 90th percentiles of the full sam-
ple, which consists of 276 LoSs for each radius. The larger spectral extraction
region with R = 300 kpc results in shallower absorption profiles in compari-
son with R = 40kpc.

The shaded areas in Fig. 7 show the 10th and 90th percentile scat-
ter between different individual sightlines (from the full sample of
276 LoSs) covering each radius. Our results indicate that the ab-
sorption profiles are deeper for a smaller radius of interest; for larger
radii, the scatter among different sightlines increases, and their aver-
age absorption profile becomes shallower. The relatively small scat-
ter between individual sightlines probing the central 40 kpc radius
(shaded blue area in Fig. 7) suggests that the projected properties of
the CE-25 absorber are not very patchy over this spatial scale, while
their spatial substructure increases considerably when considering a
larger, 300 kpc region. Fig. 7 also provides a comparison to quasar-
like studies, where the absorbers would be probed along a single line
of sight. In this case, the absorption profile could lie anywhere in the
plotted shaded area, whereas the absorption profile for an extended
source would follow the solid line.

For calculating the significance of the O vm detection with X-
IFU and quantifying the comparison of different radii of interest,
we chose as an example CE-25 (SB weighted profile) and A1413 as
a background source. We again assumed that the absorption profile
can be fitted with a gaussian. The results can be found in Table 4 for
an exposure time of 250ks.

In conclusion, there is a clear trade-off in choosing the size of
the spectral extraction region: the smaller the region, the deeper the
absorption profile is likely to be (see Fig. 7). When the region of in-

terest increases, we start to average over a larger variety of sightline
properties, which dilutes the average signal. However, larger regions
of interest also mean a larger number of counts from the extended
background source, and therefore better statistics in determining the
continuum level with respect to which the line is measured, increas-
ing the significance of the detection. Our study suggests that, at least
out to the radii of interest considered in our study, the latter effect is
more important, i.e. the significance of O v detection increases with
the size of the radius (see Table 4). However, we would like to point
out that calibration uncertainties (such as gain variation across the
detector) may play an additional role when determining the signifi-
cance of the O vi detection for various spectral extraction regions.

4.2 Impact of weighting by different surface brightness
profiles

In this paper, we demonstrated the method of observing cosmic web
filaments against bright cool-core galaxy clusters. We selected a few
galaxy clusters which span a range of redshifts, masses, and temper-
atures. However, one could potentially use any bright cool-core clus-
ter. What would change is the SB profile that is used for weighting
of the LoSs that are used for the final Hydrangea absorption profile.

To assess the impact of this weighting, we compare the final
weighted profiles for two cases: (a) equally weighted profiles (the
arithmetic mean), and (b) surface brightness weighted profiles (see
Eq. (1) in Sec.3.1.5). The difference between the equally weighted
profiles and the SB weighted profiles is mostly < 5% and maximally
10% for all 16 absorbers and all galaxy clusters, with the exception
of three Hydrangea absorbers which show a difference larger than
10%: CE-1 x+, CE-22 and CE-25. For these three outliers the differ-
ence between the weights depends on the background galaxy cluster,
and is the highest for A383: 17% for CE-1 x+, and 36% for CE-22.

As already seen from the column density maps, the cosmic web
filaments in O vii can be very patchy in the projection on the sky,
and they do not have to homogeneously cover the whole spectral
extraction region, from which we draw the LoSs for the final ab-
sorption profiles. Even though the difference between the arithmetic
mean and SB weighting is not as significant, we chose to use the SB
weighting for the results obtained in Sec. 3.2.

4.3 Prospects for detectors with a different spectral resolution
and effective area

In the case of the Athena mission, which is planned for the second
half of the 2030s, one needs to keep in mind that it might still un-
dergo changes in the mission requirements. This could possibly re-
sult in the degradation of the effective area or spectral resolution. The
change in the effective area would affect mainly the amount of expo-
sure time needed for a detection above 50-, however, the observations
would still be possible and the method and the results presented in
this paper would not be affected. The more concerning would be the
degradation of the spectral resolution. In the case of O vi, we tried
to simulate data with a spectral resolution of 4 eV instead of 2.5eV.
For the background sources at a redshift similar to A2029, where
the Hydrangea absorbers are blended with the O1, O 11, and O m1 ISM
lines, such a resolution is no longer enough to sufficiently separate
the O vir Hydrangea line from the ISM lines. We also simulated two
other cases from Table 2: (a) CE-25 and A1413 for a 250 ks expo-
sure time, and (b) CE-25 and A262 for a 100 ks exposure time. In the
case of A1413, the significance of the detection of O vir decreased
from 8.20 to 6.30". For A262 the significance of the detection de-
creased from 100 to 60-. This means that if the spectral resolution is
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Table 4. X-IFU simulations for CE-25 and the A1413 background galaxy cluster for three different spectral extraction regions: 40 kpc, 100 kpc, and 300 kpc.
The final absorption profiles were weighted by the surface brightness of A1413 and fitted with a gaussian profile. The errors represent the standard deviation of
1o. The exposure time for all radii was 250ks. In conclusion, even though the larger radius of interest, R = 300 kpc, results in shallower absorption profiles in
comparison with 40 kpc, the increase in the number of counts for the larger area improves the significance of the O vir detection.

radius [kpc] 100 300
normalisation [x10* ph/s] —1.17+0.25 —4.1+0.5 -9.3+0.8
C-statistics 482 415 399
expected C-statistics 419 +29 419 +£29 419 +£29
significance o 8.2 11.6

degraded from 2.5eV to 4 eV, the exposure time for a So- detection
of the CE-25 O vi absorber would increase from 93 ks to 174 ks in
the case of the background galaxy cluster A1413, and from 25 ks to
63 ks in the case of A262. Nevertheless, it is encouraging that such
studies would remain feasible.

Another detector that we discuss in this section is the Integral
Field Unit (IFU) micro-calorimeter of the Line Emission Mapper
(LEM, Kraft et al. 2022). LEM is a mission concept to be submit-
ted to the National Aeronautics and Space Administration (NASA)
2023 Astrophysics Probes call for proposals. It is an X-ray probe
that will, among other applications, focus on galaxy formation and
evolution by probing the circumgalactic and intergalactic media. It
will consist of an X-ray mirror with an effective area of 1600 cm?
at 0.5keV, and a cryocooled array of Transition-Edge Sensor (TES)
micro-calorimeters, whose technology will be built on Athena X-
IFU and the Lynx X-ray observatory concept (Vikhlinin 2018).

LEM'’s biggest advantage considering our scientific interest lies in
its spectral resolution of approximately 0.9 eV for extended sources.
In Fig. 8, we plot LEM simulated spectrum for CE-25 & A2029 O vir
absorption line for a 100 ks exposure time and CE-25 & A2029 O vin
absorption line for a 1 Ms exposure time. In comparison with X-
IFU (see Fig. 6), the O1, O, and O m Galactic absorption lines are
completely separated from the O vit Hydrangea absorption line. We
compared these simulated results to the X-IFU results given in Ta-
ble 2. The significance of the O vi detection decreased from 18.20-
to 15.40, which is caused mainly by the fact that the exposure time
was the same for both instruments, even though the effective area
is smaller for LEM. In general, the observations with LEM might
need more observing time to reach the same significance of detec-
tion, however, its unprecedented spectral resolution can increase the
number of detections by distinguishing more easily between the ab-
sorption from cosmic web filaments and the absorption by the Galac-
tic ISM. In the case of O vi (see the bottom panel of Fig. 8), a spec-
tral resolution comparable to that of LEM can distinguish between
galaxy cluster O v emission line and the cosmic web filament O vt
absorption line. According to our simulations, a detection of 100 is
possible in 1 Ms. Therefore, a 5o detection would be feasible with
LEM for an exposure time of 250 ks.

4.4 TImpact of potential sources of O vii emission

Due to the centrally peaked density profiles in relaxed galaxy clus-
ters, the radiative cooling times of the diffuse gas trapped in the po-
tential wells of these objects can become shorter than the Hubble
time (typically less than 1 Gyr). It is now understood that the energy
input from AGN feedback largely compensates for this gas cool-
ing, keeping the ICM hot (for a review, see McNamara & Nulsen
2007). However, the heating-cooling balance is rarely perfect, and
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Figure 8. LEM simulated broad band spectrum in the energy range 0.2 —
2keV (top panel) and a zoom in to 0.51 — 0.55keV (middle panel) and 0.6 —
0.615keV (bottom panel) of the CE-25 Hydrangea absorber and backlight
cluster A2029. The black solid line represents the spectral model (folded
through the response of LEM) together with the three-component absorption
model of the Milky Way ISM as described in Sec. 3.1.3. The absorption lines
of the local ISM are indicated in all panels with blue vertical lines. The red
dashed line represents the same spectral model as the black solid line but with
an addition of the Hydrangea O vir or O vir absorption line (labelled with
solid red vertical lines) according to the best-fitting parameters described in
Sec. 4.3. The green vertical line in the bottom panel shows the O vi galaxy
cluster emission line.
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local thermal instabilities can often develop, forming narrow strands
of multi-phase gas (see e.g. Sharma et al. 2012; Li & Bryan 2014).
The coolest X-ray emitting phases of this gas should be visible
through their soft X-ray line emission, for instance as O vii or Fe xvit
(Sanders & Fabian 2011; Pinto et al. 2014).

In order to investigate whether the potential X-IFU detection of
this emission from cool gas would affect the analysis and results
presented in this paper, we add an additional CIE component to our
model. The typical temperatures for this cool CIE component as re-
ported by Pinto et al. (2014) are between 0.45 — 0.85 keV, while its
normalisation is about 10 — 50 times lower than the normalisation of
the model describing the bulk of the intracluster medium.

For our calculations we chose CE-29 & A383 X-IFU observa-
tions (with exposure time 250ks) as an example. We added an ad-
ditional CIE component with temperature 0.6keV, with a normal-
ization that corresponds to a flux (in the 0.2 — 1keV energy band)
which is 10 times lower than the flux of the original model as de-
scribed in Sec. 3.1. After simulating the new X-IFU spectra and fit-
ting the spectra in the same manner as described in Sec. 3.1.5, the
significance of the O v detection decreased from 8o to = 7.50-.

Therefore we can conclude that, for the strongest absorbers like
CE-25 and CE-29, even a 10% contribution in flux from the cooling
gas would not matter, while for smaller No,, (like CE-7), caution
should be taken with this cooling gas. If present, gas cooling will
probably happen along patchy small-scale filaments that can be ex-
cluded from the spectral extraction to test the robustness of the O vir
absorption signal in case both phenomena are seen simultaneously.

Furthermore, we estimated the effects of O vit emission from gas
belonging to the filament itself, by approximating the volume of the
filament as a cylinder with a 100kpc radius (same as our typical
spectral extraction region), and a length of 2 X rgy (corresponding to
one of the largest absorbers, i.e. CE-29 z+; see Fig. 3). For a rough
estimate, we convert the number of O vir ions into a hydrogen num-
ber density by assuming an O/H metallicity of 0.2 Solar, and that all
oxygen is in the O v ionization state, and averaging over all LOSs
in the central 100 kpc. This yields an emission measure of the CE-
29 z+ filament that is 4 orders of magnitude lower than that of the
potential cool gas in the cluster core, considered earlier in this sec-
tion. We therefore conclude that the intrinsic O vii emission from the
filament does not affect the absorption signal.

5 Conclusions

In this paper we studied the prospects of observing cosmic web fil-
aments in absorption against diffuse X-ray emission of cool-core
galaxy clusters.

We extended the study of Simionescu et al. (2021), which simpli-
fied the WHIM as a single temperature absorbing gas cloud in colli-
sional ionisation equilibrium. We projected 23 galaxy clusters from
the Hydrangea cosmological hydrodynamical simulations along the
+x, +y, and +z simulation axes and out of the total number of 138
directions we found 16 directions with a column density sufficiently
high that it could potentially be observed in O v absorption against
galaxy clusters with the X-IFU instrument of the Athena X-ray Ob-
servatory (Fig.1, Fig. 2, Fig. Al and Fig. A2).

We obtained the absorption profiles for all 16 directions by av-
eraging over 276 sightlines in the simulation volumes, which were
probing the area of a circle with radius 100kpc in the plane of the
sky. In Fig.3 and Fig.4 we showed the spatial properties and the
velocity structure for all 16 directions.

For three absorbers (CE-7, CE-25, and CE-29 z+) we simulated

the Athena X-IFU spectra, where all sightlines were weighted by the
surface brightness profile of the chosen background galaxy clusters.
Our simulations also took into account a three-component model for
Galactic ISM absorption. The CE-7 galaxy cluster is at the low mass
end of the galaxy cluster sample with mass My ~ 10'*** Mg,
while the CE-25, and CE-29 z+ are among the three most massive
Hydrangea clusters, with masses M. = 10515 Mg, and M. =
10538 M, respectively.

Our main results can be summarized as follows:

e Out of the massive clusters from the Hydrangea cosmological
simulations, 16 out of 138 directions have on average O vii column
densities above 10'*3 cm™2. The strongest of these absorbers can be
detected with at least 5o significance in reasonable exposure times
with the Athena X-IFU (T, < 250ks), provided that the Galactic
foreground absorption at the observed line energy permits it. Ta-
ble 3 summarizes the exposure times for O vir detection for three
example absorbers: CE-7 x—, CE-25 x+, and CE-29 z+. Unfortu-
nately, O vt absorption from the WHIM cannot be detected with
Athena since the wings of the O vin galaxy cluster emission line
are too bright for O vir absorption line to be sufficiently separated
with the X-IFU resolution of 2.5 eV.

e Under the assumption that the ISM of the Milky Way can be rep-
resented by a three-component model as described in Sec. 3.1.3, the
ISM lines that might intervene with the O vir cosmic web filaments
detection are N v, O1, O 11, O, and O vir (Fig. 5).

e From our studies, the most promising clusters for the detection
of the O vit WHIM absorption against extended sources seem to
be the higher redshift clusters, e.g. A2390 (z = 0.2302) and A383
(z = 0.1883), for which all three Hydrangea absorbers with differ-
ent total velocity along the line of sight vror and different optical
depths could be detected with X-IFU. Lower redshift clusters give
even more significant detections, but suffer more from the pres-
ence of foreground ISM lines, and the detection or non-detection
depends on the combination of the galaxy cluster redshift and the
velocity vror.

e The velocity difference between the strongest absorbers and the
galaxy cluster centre is on average ~ *+1000km/s (Fig.4). The
maximum vror that we found in the Hydrangea absorbers was
~ 2200 km/s for CE-28.

e Even though the larger spectral extraction region with R =
300 kpc results in shallower absorption profiles in comparison with
R = 40kpc, the increase in the photon number count for the larger
area improves the significance of the O vi detection (Fig. 7).

o If the spectral resolution of LEM is approximately 1eV for ex-
tended sources, then it can additionally probe the WHIM O v line
which is closer in energy to Galactic foreground lines (see Fig. 8).
The unprecedented spectral resolution of LEM could even distin-
guish the O vt emission line from the galaxy cluster and the O vir
absorption line from the WHIM. According to our simulations, a
50 significance of the O vim WHIM detection for cases like CE-25
& A2029 would be feasible in 250 ks (see Sec. 4.3).

o [f the Athena X-IFU resolution was degraded to 4 eV, cases sim-
ilar to Ovm absorption from CE-25 and the A2029 background
galaxy cluster would be lost due to blending with ISM absorp-
tion lines. For CE-25 and background clusters A1413 and A262
this would result in an increase of the required exposure time from
93 ks to 174 ks and from 25ks to 63 ks for a detection of at least
50, respectively.
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Figure A1l. Continuation of Fig. 2 for CE-3 y+, CE-4 y—, CE-13 y—, CE-22 z+, CE-28 y—, and CE-29 y+.
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Figure A2. Continuation of Fig. 2 for CE-1 x—, CE-1 x+, CE-8 x+, CE-11 x—, CE-12 z+, CE-21 y+, and CE-29 y—.
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