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A B S T R A C T 

Galaxy groups contain the majority of bound mass with a significant portion of baryons due to the combination of halo mass 
and abundance (Cui 2024 ). Hence they serve as a crucial missing piece in the puzzle of galaxy formation and the evolution 

of large-scale structures in the Universe. In observations, mass-complete group catalogues are normally derived from galaxy 

redshift surv e ys detected through various three-dimensional group-finding algorithms. Confirming the reality of such groups, 
particularly in the X-rays, is critical for ensuring robust studies of galaxy evolution in these environments. Recent works have 
reported numerous optical groups that are X-ray undetected (see, e.g. Popesso et al. 2024 ), sparking debates regarding the reasons 
for the unexpectedly low hot gas fraction in galaxy groups. To address this issue, we utilize zoomed-in simulations of galaxy 

groups from the no v el HYENAS project to explore the range of hot gas fractions within galaxy groups and investigate the intrinsic 
factors behind the observed variability in X-ray emission. We find that the halo formation time can play a critical role–we see that 
groups in haloes that formed earlier exhibit up to an order of magnitude brighter X-ray luminosities compared to those formed 

later. This suggests that undetected X-ray groups are preferentially late-formed haloes and highlights the connection between 

gas fraction and halo formation time in galaxy groups. Accounting for these biases in galaxy group identification is essential for 
advancing our understanding of galaxy formation and achieving precision in cosmological studies. 

K ey words: galaxies: e volution – galaxies: groups: general – galaxies: haloes – X-rays: galaxies: clusters – X-rays: general. 
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 I N T RO D U C T I O N  

alaxy groups, typically with a halo mass in the range of
10 12 . 5 –10 14 M � (Liang et al. 2016 ), occupy the most mass and

ontain the majority of galaxies in the Universe (Cui 2024 ). They
lso serve as the primary environment for key galaxy evolution 
rocesses such as galaxy transformation driven by the interplay 
etween galaxies and their surrounding gaseous haloes (O’Sulli v an 
t al. 2017 ). Note that the definition of galaxy group is not clear in
bservation for several reasons: the blended boundary between group 
nd cluster; different observables yield different definitions; and the 
ncertainties in halo mass estimation. As such, we adopted a slightly
ider halo mass range to select the sample. Ho we ver, we argue that

his study is not affected by the specific group definition. This is
ecause our results are mostly shown as a function of halo mass.
alaxy groups offer valuable insights into fundamental physical 
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rocesses such as galaxy quenching via active galactic nuclei (AGN) 
eedback (see, e.g. Bahar et al. 2024 ; Eckert et al. 2024 ; Yang et al.
024 ), heating and cooling of the intragroup medium (Oppenheimer 
t al. 2021 ), the diverse kinematical and morphological properties 
f their central galaxies (e.g. Loubser et al. 2018 ; Jung et al. 2022 ),
nd the departure from self-similarity observed in clusters (see, e.g. 
ang et al. 2022 ). Furthermore, galaxy groups offer constraints on
alaxy formation, cosmological parameters, black hole–galaxy co- 
volution, and environmental transformation (see, e.g. Eckert et al. 
021 ; Lovisari et al. 2021 ; Oppenheimer et al. 2021 , for recent
e vie ws). 

Despite their importance, galaxy groups have not received as much 
ttention as galaxy clusters, mainly due to the difficulty in their
etection. They are faint in the X-rays, with the temperature of the
iffuse gas typically ranging from approximately 0.3–2 keV (e.g. 
ulchaey 2000 ; Liang et al. 2016 ), resulting in X-ray luminosities

ypically ranging from ∼10 40 –10 43 erg s −1 which is several orders of 
agnitude lower than clusters (Lovisari et al. 2021 , and references

herein). Additionally, they contain far fewer member galaxies than 
lusters, typically ranging from a few to several dozen (George 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. The cosmology parameters used in the SIMBA simulations. 

H0 [ km s −1 Mpc −1 ] �� 

�m 

�b σ8 n s 

68 0.7 0.3 0.048 0.82 0.97 
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t al. 2011 ), which makes them more challenging to identify
obustly via group-finding algorithms. This can further lead to false
dentifications due to chance projections (see, e.g. Pearson et al.
017 ; Li et al. 2022 ). Detecting hot gas in low-mass galaxy groups
i.e. M h ∈ 10 12 . 5 –13 . 5 M �) is often regarded as the gold-standard for
alidation, but their X-ray faintness limits the number of verified low-
ass groups and biases them to wards lo wer redshifts ( z < 0 . 4) (see,

.g. O’Sulli v an et al. 2017 ; Gozaliasl et al. 2019 ). Although optical
nd X-ray surv e ys continue to impro v e, it is critical to understand any
iases introduced by group selection in order to interpret observations
roperly. 
As an example, the scatter in their properties can introduce
almquist biases in the inferred physical characteristics (Gozaliasl

t al. 2020 ). Damsted et al. ( 2023 ) noted a significant increase in the
catter of L X compared to other mass proxies below a redshift of 0.15,
rimarily in low-mass clusters, which hampers the effectiveness of
-ray observations in providing a comprehensive understanding of

hese groups. Recent studies by Khalil et al. ( 2024 ) corroborated these
ndings using the AXES-2MRS galaxy groups, which combined
ata from the ROSAT All-Sky Survey (RASS) with the Two Micron
edshift Surv e y (2MRS) Bayesian Group Catalogue. The y further

uggested that both feedback mechanisms and halo concentration
re the reasons for the substantial scatter in the properties of X-
ay groups, emphasizing that the scatter of scaling relations offers
aluable insights into the underlying physics of galaxy groups. 

The large variations in the X-ray brightness among galaxy groups
an result in legitimately significant groups remaining undetected in
-ray surv e ys. It has been proposed that only galaxy groups with
 central elliptical galaxy tend to exhibit diffused X-ray emission
e.g. Mulchaey et al. 2003 , and references therein), a phenomenon
ontingent upon the detection limits of X-ray telescopes. Utilizing
he Chandra X-ray Observatory, Pearson et al. ( 2017 ) investigated
0 relaxed galaxy groups carefully selected from the GAMA optical
alaxy catalogue to mitigate spurious and projection effects. They
bserved that nine out of ten groups were underluminous in X-rays by
 mean factor of approximately 4 compared to typical X-ray-selected
amples. Hence, the converse practice of identifying X-ray samples
nd then seeking their counterparts in optically selected group
atalogues may also introduce biases. Recent work by Damsted et al.
 2024 ) expanded the findings of Manolopoulou et al. ( 2021 ) from
alaxy clusters to galaxy groups–galaxy clusters/groups in o v erdense
nvironments tend to have higher X-ray luminosities, which they
ypothesized is driven by halo assembly bias. Another recent work
y Popesso et al. ( 2024 ) directly combined data from eROSITA
ith the updated GAMA catalogue, revealing that 157 out of 189

ystems with M 200 ≥ 10 13 M � and z < 0 . 2 remained undetected in
-rays. Hence, there are significant biases introduced either when

electing groups in the optical or the X-ray (see recent findings,
.g. O’Sulli v an et al. 2017 ; Popesso et al. 2024 ). Quantifying
hese biases and understanding their physical origin is essential
or groups to be leveraged for galaxy formation and cosmological
tudies. 

In this work, we examine the physical origin of the scatter in
roperties of galaxy groups using the HYENAS suite of group-scale
oom simulations (see Section 2 for details). HYENAS is a new suite
hat re-simulates 120 group-size haloes drawn from a large-volume
osmological simulation employing the successful SIMBA galaxy
ormation model (Dav ́e et al. 2019 ). Its no v elty lies in its selection,
hich is based on bins in both halo mass and halo formation time.
he latter is often implicated as a key driver in the scatter in galaxy
roup properties (see, e.g. Cui et al. 2021 ). Here, we investigate what
mplications the variations in group halo formation times can have on
NRAS 534, 1247–1256 (2024) 
heir detectability in X-ray and optical surv e ys, and thereby quantify
ssociated selection biases. 

 T H E  H  YENAS PROJ ECT  

he HYENAS project is a branch of the SIMBA with its focus on
alaxy groups using the zoom re-simulation technique. We refer to a
ompanion HYENAS paper, Jennings et al. ( 2024 ), for the X-ray cavity
tudies. While there have been many cluster-scale zoom projects, for
xample, the 300 project (Cui et al. 2018 ), group-scale zooms are less
ommon. One reason is that large-volume cosmological simulations
lready contain many groups. Ho we ver, when selected carefully,
ooms can sample outliers in the distribution that are not well
epresented in a random sample. Also, zooms offer the opportunity to
chieve higher resolution at a modest computational cost, enabling
esolution convergence studies, though, in this introductory work,
e do not employ that aspect of HYENAS . 
Besides selecting zoom haloes in the group mass regime, HYENAS

urther selects objects with a wide range in halo formation times.
his is moti v ated by Cui et al. ( 2021 ) who argued that halo formation

ime is the key determinant of the scatter in the stellar-to-halo mass
elation, as well as the cold versus hot gas content of haloes. This will
resumably also impact the X-ray properties of these systems, which
s rele v ant for this work. Next, we describe the sample selection and
-ray analysis of the HYENAS zoom suite. 

.1 The H YENAS sample and initial condition generation 

he simulation code and parameter choices used are identical to that
n the SIMBA simulation, described in Dav ́e et al. ( 2019 ) and many
ubsequent papers. For brevity, we do not repeat these here but focus
n the aspects no v el to the HYENAS zoom suite. 
To increase the sample of galaxy groups, we first run a

00 h 

−1 Mpc dark-matter-only simulation ( 8 × SIMBA ’s volume),
ith the same dark matter particle mass resolution and Planck -

oncordant cosmology (see Table 1 ) as SIMBA using Gadget-4
Springel et al. 2021 ). From this, we select 120 (out of ∼10 k) haloes
ith M 200 c ∈ 10 12 . 5 –10 14 M � (where ‘200c’ denotes 200 times the

ritical density). Ho we ver, these are not selected randomly; rather,
ithin each 0.5-dex mass bin, we select the galaxies covering a

pread halo formation times in percentile bins. The formation time is
alculated as the time when half the z = 0 halo mass has assembled
ithin the halo’s main progenitor . Gadget-4’ s on-the-fly merger tree
eneration makes this calculation straightforward. 
Fig. 1 shows the sample selected in 5 halo mass bins and 8

ormation time bins, with the latter chosen with percentiles bounds
f 0-2-5-20-50-80-95-98-100 within each mass bin, and are marked
s green-dotted horizontal lines in Fig. 1 . Inside each region in this
pace, we randomly select three haloes to re-simulate. The central
alaxy’s density map of one example within each region is shown
s an inset image. Note that this is only for illustration, as the image
o v ers 4 times the galaxy’s half-mass radii by blending both stars and
ark matter with arbitrary normalization using the P y-SPHViewer. 
The large N -body volume’s random initial conditions are generated

sing M USIC (Hahn & Abel 2011 ), which conveniently allows us to
enerate these zoomed-in initial conditions (ICs) for the HYENAS
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Figure 1. The halo mass–formation time relation from the parent dark-matter-only simulation with illustrations of the selected HYENAS sample. The vertical 
blue dashed lines mark the five halo mass bins, while the horizontal cyan lines indicate the z form 

percentile bins. The inset images are the blended gas and star 
distributions around the central galaxy (highlighted by stars in lime colour) of the selected HYENAS samples using the P y-SPHViewer package. 
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ample using the same underlying white noise file. For each selected 
alo, we track all these dark matter particles within the halo at z = 0
o their initial condition positions. To precisely identify the centre of
he resimulation region in the IC, we also track these particles lying in
he centre (minimum potential positions) of the halo (5 h 

−1 kpc ), and
se the mean position of these central particles within the IC as the
ref center’ parameter for M USIC . Then, we calculate the distances
rom the IC central position to all the halo particle positions. The
 times maximum distance rescaled to the simulation boxsize is used 
or the ‘ref extent’ parameter for MUSIC to make sure the interested
entral halo is out of contamination. 
Each zoomed-in halo has its ICs generated with three different 
evels of resolution: Level 0 cuts out the zoomed-in region in the
C, adds gas particles, and decreases the resolution outside of the
oomed-in region, which is controlled by the MUSIC code. This 
esults in a dark matter particle mass of 6 . 513 × 10 7 h 

−1 M � and gas
lement mass of 1 . 241 × 10 7 h 

−1 M �, and a minimum gravitational
oftening of 0 . 5 h 

−1 kpc . Level 1 increases the zoomed-in region’s
esolution by 1 level higher with a new white noise at this resolution
evel. The white noise is consistent as Level 0 for these low-resolution
evels decreased outside the zoomed-in re gion. The Lev el 1 suite has
 × lower particle masses and 2 × lower minimum softening. Level 
MNRAS 534, 1247–1256 (2024) 
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 has a resolution that is higher than Level 1, with the outside low-
esolution region being consistent with Level 1. Thus, each of the 120
elected HYENAS halo has 3 ICs with different resolutions. Though
ll the 120 HYENAS haloes have both dark-matter-only and hydro
Cs, we only run the hydrodynamic for the 40 selected ‘elite’ halo
or Level 1 and Level 2, which is still not fully finished due to their
ery high computation cost. The ‘elite’ sample is the one out of the
hree random samples with the smallest number of high-resolution
articles. 

.2 The HYENAS catalogue and analysis 

e output 151 snapshots for each simulation run from z = 20 to
. Besides the on-fly FoF catalogue from GIZMO and the CAESAR

atalogue based on it, we also run the AHF halo finder (Knollmann &
nebe 2009 ) to identify the haloes within R 200 c and produce an AHF-
aesar catalogue following Chen et al. ( 2024 ). 
Although there are other (uncontaminated) haloes inside the high-

esolution zoomed-in regions, we only focus on these originally
elected HYENAS haloes in this paper. It is also recommended for
ll papers using the HYENAS data. As such, we need to identify
hese selected haloes properly . Unfortunately , the particle IDs of
hese haloes chosen from the parent dark-matter-only simulation are
crambled within these zoom ICs generated by MUSIC . Thus, we
dopted another method to cross-match these haloes based on the
article IDs of these zoom ICs. Since we know the exact halo centre
osition in these ICs, we use the IDs of dark matter particles within
00 h 

−1 kpc (more-or-less corresponding to the 5 h 

−1 kpc radius of
aloes central regions at z = 0) and track them down to z = 0 to get
heir median positions. This position’s distances to the z = 0 halo
entres are used to select the closest halo. If the halo mass difference
rom the original N -body one is less than 1.5 times, the halo is
atched. If not, we choose the halo within the distance of R200c with

he closest mass as the matched halo. Only seldom does this happen
or these late-formed haloes due to the slight evolution difference
etween dark matter and hydro runs. After finding the matched haloes
or both FoF and AHF catalogues, we compared the matched halo
asses, which basically agree with previous findings (for example
ui et al. 2012 ; Cui, Borgani & Murante 2014 , minor effects due to

he baryons). We further calculate the formation redshifts using both
oF and AHF halo catalogues, which are compared to the original
alo formation redshift. There is a slightly larger scatter compared
o the halo mass differences, primarily coming from the z form 

� 0 . 3
ample. We note here that there are only a few cases which show
 clear difference on z form 

and this doesn’t affect our conclusions
ecause all the quantities from the hydrosimulation are consistently
sed with no information from the dark-matter-only run required. 

.3 X-ray luminosities 

-ray properties are calculated using MOXHA package (Jennings &
av ́e 2023 ), which combines the yT-based PyXSIM (Biffi et al. 2012 ;
iffi, Dolag & B ̈ohringer 2013 ; ZuHone et al. 2014 ) and CAESAR

Turk et al. 2011 ) software packages with the XSPEC spectral fitting
ackage to provide an end-to-end pipeline for creating mock X-ray
hoton maps and analysing them to obtain mock observations such
s X-ray luminosities, temperatures, and metallicities. First, we make
 cut on the cold gas to remo v e ISM particles, which are artificially
ressurized to resolve the Jeans mass (Dav ́e et al. 2019 ). We use a
ut such that only gas particles with a density ρ < 0 . 1 m p cm 

−3 and
emperature T > 2 × 10 5 K are included. Furthermore, we remo v e
ll wind particles and all particles with a non-zero star formation
NRAS 534, 1247–1256 (2024) 
ate. We then use PyXSIM to generate X-ray emission fields in the
ource band of 0.5–2.0 keV, using a CIE APEC model (Smith et al.
001 ) and using the SIMBA -tracked particle mass fractions for He,
, N, O, Ne, Mg, Si, S, Ca, Fe scaled to the Anders & Grevesse
 1989 ) solar abundances table. The other elements are fixed at their
olar abundance ratios. We finally sum the luminosity of the hot gas
articles within a radius of R 500 to give our value of L X, 0 . 5 –2 . 0 . For
ore details, we refer to Jennings et al. ( 2024 ). 

 RESULTS  

.1 Hot gas fraction 

ince the X-ray is coming from hot gas, we first investigate the
ot gas mass fraction in both the galaxy groups from both HYENAS

large stars) and SIMBA (small points) simulations and compare them
o recent observations from Sun et al. ( 2009 ); Lagan ́a et al. ( 2013 );
ovisari, Reiprich & Schellenberger ( 2015 ); Akino et al. ( 2022 ) in
ig. 2 . Using the X-ray images of 43 galaxy groups from Chandra ,
un et al. ( 2009 ) derived the enclosed gas fraction from the fitted gas
ensity and temperature profiles. The galaxy group data from Lagan ́a
t al. ( 2013 ) comes from the XMM–Newton observation with the total
alo mass based on the hydrostatic equilibrium (HE) assumption.
ovisari et al. ( 2015 ) selected their group sample (23) from NORAS
nd REFLEX catalogues, and used the XMM–Newton observation
esult to reconstruct these profiles. Again their gas mass was coming
rom the fitted gas density profile, and the halo mass is based on the
E assumption. The most recent work by Akino et al. ( 2022 ) also
sed an X-ray-selected XXL sample. Ho we ver, their halo mass is
ased on the Hyper Suprime-Cam Subaru Strategic Program weak-
ensing mass measurements, whereas only the fitting result with error
ars is shown in Fig. 2 . To our knowledge, these are the only data on
alaxy group mass scale available from observation in the literature.
his is simply due to the difficulties of observing them in X-rays,
nd as such, all the sample as primarily selected from the X-ray
atalogue. 

By comparing with the observation data, we see a decreasing
rend for the f hot gas with decreased halo mass for both simulation
nd Akino et al. ( 2022 ) fitting line. Ho we ver, the data points from
ther observ ations sho w a large scatter without a clear trend. At
 500 � 10 13 . 5 M �, the simulations agree better to the observation

ata points from Sun et al. ( 2009 ); Lagan ́a et al. ( 2013 ) (see Liang
t al. 2016 , as well) than those of Akino et al. ( 2022 ). Note that the
as fraction in the massive halo seems to agree better with Akino
t al. ( 2022 ) as shown in Cui et al. ( 2018 ), which could be due to
he different AGN feedback strengths implemented. While in the
ntermediate halo mass range, the simulation data tends to agree
ith Akino et al. ( 2022 ) instead of others (see also Robson & Dav ́e
020 ). The disagreements between these observations’ results at the
alaxy group scale have been discussed in Eckert et al. ( 2021 ). Here,
e w ould lik e to add an additional potential cause: Akino et al.

 2022 ) and Eckert et al. ( 2016 ) (which also has a lower gas fraction
ompared to the others) are both based on the XXL surv e y (Pierre
t al. 2016 ), which is a volume complete surv e y, while the others
ostly preferentially selected the X-ray bright objects. At an even

ower halo mass with M 500 � 10 13 , the simulation predicts a flattened
rend. 

It is worth noting that the HYENAS sample generally co v ers the
istribution of SIMBA data points well at M 500 � 10 13 M �. These
utliers from SIMBA with f hot gas � 0 . 04 at M 500 � 10 13 M � could
e due to the fact that they are close to a massive cluster, as
iscussed in Cui et al. ( 2022 ); in contrast, HYENAS groups are
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Figure 2. The hot gas fraction as a function of halo mass with colours coding to the halo formation time. The SIMBA simulation results are shown as small dots 
with the median values in solid thin red and cyan lines for early-formed ( z form 

> 1) and late-formed groups ( z form 

≤ 1), respectively. The error bars present the 
16 th –84 th percentile. While the HYENAS sample at Level 0 is indicated by stars with the medians in thick dashed lines. The observational results from Sun et al. 
2009 ; Lagan ́a et al. 2013 ; Lovisari et al. 2015 ; and Akino et al. 2022 are shown in grey symbols with error bars and a dotted-dashed line with a shadow region 
as indicated in the legend. 
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elected to be isolated haloes by design. Nevertheless, the agreement 
f o v erall distributions between SIMBA and HYENAS suggests that 
ur HYENAS selection criteria are unbiased with respect to halo gas 
ractions. 

Additionally, HYENAS points are colour coding to the halo forma- 
ion redshift as shown by the colour bar in Fig. 2 . This indicates an
nteresting trend – the gas fraction at a given halo mass correlates with 
ts halo formation time. Late-formed haloes tend to have a smaller gas
raction. To statistically show this trend, we further separate the data 
oints into z form 

> 1 (red lines) and z form 

≤ 1 (cyan lines). There is
uite good agreement between the thick ( HYENAS ) and thin ( SIMBA )
ines, and both have a clear separation between early-formed and 
ate-formed haloes. 

The halo formation time dependence, we speculate, owes to 
ccumulated heating processes from both AGN feedback and shock 
eating from structure formation. For early-formed haloes, it will not 
nly have an early accretion of more cold gas at very high redshift
Cui et al. 2021 ), experience shock heating earlier and longer but also
orm its central galaxy earlier with a massive black hole according 
o the M ∗–M · relation, which leads to an earlier jet mode feedback
n the SIMBA model. 

At lower halo mass M 500 � 10 13 M �, the late-formed haloes tend
o have a higher gas fraction than early-formed haloes, i.e. a reversed
rend, albeit a large error bar for the SIMBA simulation. In comparison,
he cross point is at a relatively lower halo mass, M 500 ≈ 10 12 . 5 M �,
or HYENAS , which could be due to the limited number of objects.
t this lower halo mass, the jet mode AGN feedback will not turn
n because the BH mass (see Cui et al. 2022 , for the halo mass–
H mass relation) is lower than the threshold set in SIMBA which

s around 10 8 M �. Thus, the heating process should be dominated
y the supernovae feedback, which can be more dominant in these
ate-formed haloes with higher star formation. We will return to these
xplanations in the discussion part in detail. 

.2 X-ray luminosities 

n Fig. 3 , we show the HYENAS groups’ X-ray luminosity within the
oft band, [0.5, 2] keV, which has been adopted by many surveys
MNRAS 534, 1247–1256 (2024) 
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M

Figure 3. Similar to Fig. 2 , but for the groups X-ray luminosity. Magenta lines and symbols show the result from Anderson et al. 2015 with the X-ray luminosity 
estimated at the same energy band – 0.5–2.0 keV. Blue error bars are the results from Zhang et al. 2024 using the latest eROSITA surv e y catalogue. We remind 
here again that the errorbars are different in simulation (16 th –84 th percentiles) from observations. 
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or detecting X-ray galaxy groups. In comparison, we include the
ecent observation results from Anderson et al. ( 2015 ); Chiu et al.
 2022 ); Zhang et al. ( 2024 ). The result from Anderson et al. ( 2015 ),
hown in magenta line, is based on the stacked X-ray emission from
he ROSAT All-Sky Survey around the local brightest galaxies with
he halo mass computed using the simulated catalogue of these local
rightest galaxies. Similarly, Zhang et al. ( 2024 ) (blue error bars)
tack the X-ray luminosities of the CENhalo sample, which is binned
n halo mass M 200 m 

based on the group finder algorithm (Tinker
021 ). Here, we used the corresponding M 500 c values, which are
erived from the concentration model (Ishiyama et al. 2021 ). Instead
f stacking the galaxy groups, Chiu et al. ( 2022 ) (light blue region)
sed 434 groups and clusters, which are cross-confirmed via their
eak lensing masses from the HSC surv e y. The y remo v ed these

ontaminated systems due to a random superposition and did an
CMC fitting, which yielded a similar result to Zhang et al. ( 2024 )

s shown in Fig. 3 . 
By separating the sample with their z form 

using an arbitrarily
elected threshold of z = 1, the late-formed haloes have a lower X-
ay luminosity than early-formed ones, which is in agreement with
NRAS 534, 1247–1256 (2024) 
he hot gas fraction shown in the previous section. It is worth noting
hat the differences between the two families at the same halo mass
an be an order of magnitude. The magenta line (Anderson et al.
015 ) is lying in between the HYENAS samples at M 500 � 10 13 . 2 M �,
oughly crossing the detection limit, and consistently lying on the top
oundary of the HYENAS low mass sample. Note that the uncertainty
n L X in Anderson et al. ( 2015 ) is estimated from the quadratic sum
f the Poisson error, which is not the same as what we are showing
n HYENAS . While the other two observation results from Chiu et al.
 2022 ); Zhang et al. ( 2024 ), show a slightly higher L x than Anderson
t al. ( 2015 ). As indicated by Bulbul et al. ( 2024 ), the detection limit
f eRosita at z ≈ 0 . 2 (the upper redshift limit in (Popesso et al. 2024 ))
s around 5 × 10 42 ergs s −1 , which is indicated by the top horizontal
otted line in Fig. 3 . If we naively use that as the detection limit of
ROSITA at z = 0 . 1 (middle dotted horizontal line), it is clear that
ome of our simulated haloes, even with M 500 ∼ 5 × 10 13 M � can
ot be seen. Therefore, these observation results in the galaxy group
cale basically lie on the upper end of or higher than the HYENAS

esults, which could be explained if the observations are missing
hese X-ray faint groups. 
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Table 2. Predicted X-ray detection limits and fractions. 

redshift min mass 1 max mass 2 mean mass 3 fraction 4 

z log M 500 log M 500 log M 500 100 per cent 

0.2 13.676 13.874 13.775 15.4 
0.1 13.444 13.751 13.597 71.4 
0.04 13.118 13.495 13.307 70.0 

Note. 1 The minimum halo mass in M � above the X-ray luminosity limit at a 
given redshift, corresponds to 0 per cent detection if the halo mass is smaller 
than this one. 2 The maximum halo mass abo v e the X-ray luminosity limit at a 
given redshift, corresponds to 100 per cent detection if the halo mass is larger 
than this one. 3 The mean of columns 2 and 3 for calculating the detection 
fraction in column 4. 4 The fraction of X-ray detected groups within the halo 
mass bin, column 3 ±0 . 1. 
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Based on HYENAS data in Fig. 3 , we further list the roughly
redicted limits for eROSITA in Table 2 , which are also shown by
orizontal dotted lines in Fig. 3 . At each of the three redshifts, we first
elect all HYENAS haloes within ±10 per cent of the X-ray detection
imit. The minimum and maximum halo masses within that L x limit
re listed in the second and third columns of Table 2 , respectively.
sing the mean (column 4) of columns 2 and 3, we select all haloes
ithin a halo mass bin of ±0 . 1, then give the detection fraction in the
fth column of Table 2 as N L x >L x, lim /N total in bin . We note here that

he HYENAS sample is not a mass-complete one. Therefore, these 
imits and fractions only serve as a rough prediction. The clear drop
f the fraction at z = 0 . 2 presents a good agreement to Popesso
t al. ( 2024 ). Ho we ver, we will need a larger sample to confirm
his. 

 DISCUSSION  A N D  C O N C L U S I O N  

s we have presented before, it is clear that the X-ray-detected galaxy 
roups are biased toward these gas-rich ones, which are closely linked 
o their early halo formation time. Although it is easy to understand
hat – early halo formation will bring more cold gas at high redshift,
s shown in Cui et al. ( 2021 ), those gases will be heated up by either
hock heating in structure formation or feedback in the process of
alaxy formation. it is unclear how this fits into the picture of general
xpectations from galaxy formation. Therefore, we break this down 
nto three aspects for elaboration: 

(i) [Connection to the central galaxy] Observations have sug- 
ested that early-type elliptical galaxies in galaxy groups tend to 
e associated with diffuse X-ray emission, while late-type disc 
alaxies do not (Mulchaey et al. 2003 ). This is especially interesting
ecause Cui et al. ( 2021 ) studied the connection between the central
alaxy stellar mass and the halo mass and revealed the scatter 
n that relation is intrinsically driven by halo formation time. In
heir Supplementary Fig. 2 , it is clear that early-formed haloes tend
o host massive quenched galaxies at the same halo mass when 
 halo > 10 13 M �, reversed from the low-mass haloes in which the

ed/quenched galaxies with lower stellar mass tend to live in late- 
ormed haloes. This is further confirmed by the galaxy age (see 
ig. D1 ) if we simply interpret those as the early-type galaxies tend

o form earlier with older age. Ho we ver, we understand that this
ssue is still in debate; see Scholz-D ́ıaz et al. ( 2024 ) for the most
ecent discussions on that. We argue here that our results (including 
ui et al. ( 2021 )) are consistent with their claim that higher stellar
ass galaxies at a given halo mass have characteristics of old, red,

nd passive systems at halo mass larger than10 13 M �. While there is
ess data in Scholz-D ́ıaz et al. ( 2024 ) at low-halo/stellar mass range
o make a solid conclusion, and their total mass is only calculated
ithin 3 R e . 
ue to being driven by halo formation time in both relations, we

xpect a positive connection between the gas fraction and central 
alaxy stellar mass at group halo mass scales – more massive galaxies
end to be surrounded by more hot gas. This is pro v ed in Fig. B1 , see

ore discussions regarding the hot gas fraction in the next item. As
uggested by Correa & Schaye ( 2020 ), disc galaxies are less massive
han elliptical galaxies in same-mass haloes when the halo mass is
arger than 10 13 M �, which confirms the previous suggestion that
lliptical galaxies tend to associate with X-ray emissions. 
e further find a positive correlation between the central galaxy 
ass-weighted age and halo formation time, as shown in Fig. D1 .
his again confirms our results at M 500 � 10 13 M � are consistent
ith Scholz-D ́ıaz et al. ( 2024 ) and lead to a positive correlation
ith the scatter in central galaxy stellar mass. This is contrary to

he findings of Kulier et al. ( 2019 ), which could be because they
sed all galaxies within the EAGLE simulation, so low-mass haloes 
ominate the sample. At low halo masses M halo � 10 13 M �, such an
nticorrelation is also found in Cui et al. ( 2021 ). We also note that
 crossing point is shown in Fig. 2 , which should be consistent with
he reversed trend at low-halo mass, though at slightly different halo

asses when comparing SIMBA and HYENAS . 
(ii) [The abundance of cold gas] In previous figures, we only 

ocus on the hot gas mass fraction; it is unclear how the cold gas
bundance will contribute to the full picture, i.e. whether the low hot
as fraction is due to a high cold gas fraction or not. This is because
 alaxy groups, unlike g alaxy clusters, tend to host a noticeable
raction of gas mass in cold as well. Investigating that will help us to
orm a full picture of how they are formed. As shown in Fig. A1 , the
old gas gradually contributes more (from about 5 to 20–40 per cent)
o the total gas mass for the halo with M 500 ≈ 10 13 . 2 –10 12 . 5 M �. It is
urther interesting to see that there is more cold gas in late-formed
aloes than in early-formed ones in that figure, which we will discuss
he reasons for in the following section. That reveals that the history
f halo formation also affects the history of gas thermalization (e.g.
ereno et al. 2021 ). Ho we ver, we do not think this small change is the
ain reason for the f hot gas difference between early- and late-formed 

aloes, especially for massive galaxy groups. 
(iii) [Connection to central BH] Although there is more gas in 

arly-formed haloes, the gas must be hot to be seen in the X-ray
and. Therefore, the heating processes are key to understanding why 
here is more hot gas in these early-formed haloes than in late-formed
nes. As shown in the previous section, the early-formed haloes not
nly have more gas but also more hot gas than these late-formed
aloes (see Fig. A1 ). Thus, early-formed haloes should have more
eating sources/energies than late-formed ones. One possible reason 
s shock heating, which should happen earlier in early-formed haloes, 
ielding a hot gas fraction. The other reason is AGN feedback. For
xample, Liang et al. ( 2016 ) suggested that the winds ejected from
he group galaxies interact with and heat the hot halo gas, which not
nly reduces the rate at which the halo gas cools and accumulates in
he group’s central galaxies but also causes its distribution to remain

ore extended. More importantly, from Fig. C1 , we found that the
assive galaxies tend to host a more massive BH at the same halo
ass (see Davies et al. 2019 , 2020 , at the more massive halo mass

nd; see also Ma et al. in prep.). This is not surprising since the
arly-formed haloes tend to form the central galaxy earlier, and as
uch, the central BH mass is seeded earlier and grows faster. For
he case of SIMBA model, it enters the jet mode earlier to quench
he central galaxy (Cui et al. 2021 ) with the higher hot gas mass
s a by-product. This picture is supported by Fig. C1 , which shows
MNRAS 534, 1247–1256 (2024) 
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hat early-formed haloes tend to host massive BHs. We are currently
orking on another paper to record the heating energy from different

ources to determine which is more important for gas heating in
alaxy groups. 

Our findings in this work are based only on the SIMBA baryon
odel. Ho we ver , we also in vestigated the TNG-300 simulation,
hich shows the same gas fraction trend with a clear separation be-

ween early- and late-formed haloes, albeit with a little systematically
igher values than what is shown in Fig. 2 (see also Davies et al. 2020 ,
or the higher gas fraction in TNG than EAGLE). Recent observation
ork by Popesso et al. ( 2024 ), which compared the X-ray detected

nd undetected groups, also suggested a similar conclusion, i.e. halo
ssembly bias is the cause. Furthermore, Andreon, Trinchieri &
oretti ( 2022 ) showed that under X-ray luminous clusters populate

he low concentration of dark matter end of the distribution for a given
ass, suggesting that they are late-formed as well. Ho we ver, the halo

ormation redshift is very hard to measure in observations. There
re ways to approximate it, such as the galaxy magnitude/stellar
ass difference in fossil groups (e.g. Jones et al. 2003 ; Gozaliasl

t al. 2014 ) and the connection between g alaxy/g as dynamical state
nd halo formation time (e.g. Mostoghiu et al. 2019 ), but all have a
ubstantial uncertainty. Though there are claims that the fossil groups
ho w no dif ference to normal groups in X-ray scaling relations
e.g. Girardi et al. 2014 ; Kundert et al. 2015 ), their lowest X-
ay is still abo v e ∼10 42 , which is much higher compared to the
imit shown in this study. In this theoretical investigation, we don’t
robe into details but suggest these connections to galaxy and BH
roperties can be tested in observations as discussed in previous
aragraphs. 
Another possible explanation for these X-ray faint or undetected

alaxy groups is the projection effect when they are generally
dentified through the galaxy catalogues (see Hernquist, Katz &

einberg 1995 , for example). If two small haloes are lying along the
ame line of sight but have a large separation, neither will have large
nough hot gas to shine in X-ray, see Fig. 3 for how quickly the X-ray
uminosity drops with halo mass. Ho we ver, this projection issue may
e solved by highly accurate spectroscopic redshift measurement
ith proper galaxy velocity distribution modelling. 
Lastly, the role that baryonic physics models play in this result is

till not very clear, especially the AGN feedback, which may affect
he X-ray luminosity. For example, Kar Chowdhury et al. ( 2022 )
howed that the different versions of SIMBA run turning on and
f f dif ferent SIMBA ’ models, especially the X-ray AGN feedback
nd radiative mode, result in different surface brightness profiles at
if ferent radii. Ho we ver, we argue that this will only systematically
hift our result, while the effect of halo formation time on the X-
ay luminosity will be unchanged, which we have confirmed with
he TNG-300 result. On the other hand, many studies with the EA-
LE simulation show consistent predictions, as we have discussed
efore. 
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PPENDI X  A :  H OT  G A S  A BU N DA N C E  

s the halo mass decreases, gas heating becomes weak for various

igure A1. The hot gas mass fraction with respect to the total gas mass. The
ymbols and lines share the same meanings as Fig. 2 . The hot gas dominates
 � 0 . 95) the total gas mass in haloes with M 500 � 10 13 . 4 M �. Cold gas starts
o contribute more mass as the halo mass drops. It is also interesting to see that
he hot gas fraction is higher in these early-formed haloes than in later-formed
nes at the same halo mass, which is clearer at the lower halo mass. 

easons. As such, galaxy groups, unlike clusters, may contain a 
ertain fraction of cold gas, which doesn’t emit X-ray photons. As
uch, it would be interesting to understand the cold gas content in
alaxy groups. In Fig. A1 , we show the hot gas mass fraction with
espect to the total gas mass as a function of halo mass. Furthermore,
he simulation data is coloured and split by their halo formation
ime. Although hot gas still occupies the most mass in galaxy
roups, the decreasing fraction is clear along halo mass, especially 
ith M 500 � 10 13 . 2 M �. By separating the haloes into early- and

ate-formed families, we found that the late-formed haloes have 
ystematically more cold gas than early-formed haloes. This becomes 
uch clearer at the lower halo mass end. 

PPENDI X  B:  G A S  F R AC T I O N  SEPARATED  BY  

E N T R A L  G A L A X Y  FRAC TI ON  

nstead of halo formation time, which directly affects the central 
alaxy properties (e.g. Cui et al. 2021 ), we investigate the central
alaxy (or brightest group galaxy in observation, BGG) stellar mass 
raction’s influence on the hot gas fraction in Fig. B1 . The symbol
olours of simulated objects are to the BGG’s stellar mass fraction
M ∗/M 500 . To clearly show its effects, we first estimate the median

ine in the M 500 –M ∗/M 500 relation. Then, separate these objects in
ig. B1 into two groups: abo v e the median line or below the median

ine in the M 500 –M ∗/M 500 relation. After that, we show the median
alues of the two groups in red and blue, respectively. As shown in
ig. B1 , the high gas fraction is generally associated with a massive
GG for haloes with M 500 � 10 13 M �. 
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igure B1. Similar to Fig. 2 but colour coding to the central galaxy mass
raction. Due to the stellar mass fraction depending on halo mass, we used its
edian value in the M ∗/M halo –M halo to separate the two families. At M 500 

bo v e 10 13 M �, More massive central galaxies tend to have higher hot gas
ractions than less massive galaxies at the same halo mass. 

PPENDIX  C :  G A S  FRAC TION  SEPARATED  BY  

E N T R A L  BH  MASS  

imilar to Fig. B1 , we highlight the effect of black hole mass, M •,

igure C1. Similar to Fig. B1 but colour coding to the BH mass in the central
 alaxy. Ag ain, we use the median line in the M •–M halo relation to split the
assive and low mass BH families. A more massive central BH tends to have
 higher gas fraction at the same halo mass range when M 500 � 10 13 M �. 
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Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( http://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
n Fig. C1 . It is not surprising to see the halo with a higher black
ole mass tends to have more hot gas. This is consistent with Fig. B1
ecause we know that the black hole mass is primarily scaling with
ts host galaxy’s stellar mass. On the other hand, this hints the AGN
eedback may play a role in the higher hot gas fraction, because the
igher BH mass, the longer AGN feedback time. 

PPENDI X  D :  G A S  FRAC TI ON  SEPA RATED  BY  

E N T R A L  G A L A X Y  AG E  

nstead of BGG’s stellar mass fraction, we show the connection to
GG’s mass-weighted stellar age in Fig. D1 . Again, this fits into the
onsistent picture of BGGs formed earlier with older age to have
ore stellar mass in the early-formed haloes. To summarize, for

aloes with M 500 � 10 13 M �, the early-formed halo initializes its
tar formation earlier, with an early-formed central galaxy, SIMBA

eeds the BH at a higher redshift, which is based on galaxy stellar
ass. As such, both the central galaxy and BH have a longer time

o grow, resulting in a higher mass than in late-formed haloes. If the
arly- and late-formed haloes have the same mass, we expect the
nergy for heating gas from gravity should be similar. Therefore, we
uspect the feedback from baryon models is the key responsible for
he difference in gas heating. 

igure D1. Similar to Fig. B1 but colour coding to the stellar age of the
entral g alaxy. Ag ain, we use the median line in the age –M halo relation to
plit the sample into two galaxy age families. At the same halo mass range
ith M 500 � 10 13 M �, an older galaxy tends to have a higher gas fraction. 
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