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A B S T R A C T 

We investigate how feedback and environment shapes the X-ray scaling relations of early-type galaxies (ETGs), especially at 
the low-mass end. We select central-ETGs from the TNG100 box of IllustrisTNG that have stellar masses log 10 ( M ∗/ M �) ∈ 

[10 . 7 , 11 . 9]. We derive mock X-ray luminosity ( L X, 500 ) and spectroscopic-like temperature ( T sl, 500 ) of hot gas within R 500 of 
the ETG haloes using the MOCK-X pipeline. The scaling between L X, 500 and the total mass within 5 ef fecti ve radii ( M 5 R e ) 
agrees well with observed ETGs from Chandra . IllustrisTNG reproduces the observed increase in scatter of L X, 500 towards 
lower masses, and we find that ETGs with log 10 ( M 5 R e / M �) � 11 . 5 with abo v e-av erage L X, 500 e xperienced systematically 

lo wer cumulati ve kinetic AGN feedback energy historically (vice v ersa for below-av erage ETGs). This leads to larger gas mass 
fractions and younger stellar populations with stronger stellar feedback heating, concertedly resulting in the abo v e-av erage 
L X, 500 . The L X, 500 –T sl, 500 relation shows a similar slope to the observed ETGs but the simulation systematically underestimates 
the gas temperature. Three outliers that lie far below the L X 

–T sl relation all interacted with larger galaxy clusters recently and 

demonstrate clear features of environmental heating. We propose that the distinct location of these backsplash ETGs in the 
L X 

–T sl plane could provide a new way of identifying backsplash galaxies in future X-ray surveys. 

Key words: galaxies: elliptical and lenticular, cD – X-rays: galaxies: clusters – galaxies: clusters: intracluster medium –
methods: numerical. 

1

S
p
U
c  

O
b  

o
f  

2  

r  

(  

2  

A
h
a  

2  

�

h  

2

m
t
t  

s  

d  

r
(
d  

i
P  

K  

G  

2
B  

e

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/6763/7445007 by H
arvard Library user on 08 D

ecem
ber 2023
 I N T RO D U C T I O N  

caling relations are fundamental modalities between different 
hysical properties of a certain class of astrophysical objects. 
nderstanding these scaling relations is crucial to understanding the 

ore physics that go v ern the formation and evolution of these objects.
ver the past few decades, scaling relations for galaxy clusters have 
een studied e xtensiv ely with a lush set of multiple frequency band
bservations. These relations mainly relate cluster mass estimates 
rom weak lensing (von der Linden et al. 2014 ; Hoekstra et al.
015 ; Mantz et al. 2015 ) to their electromagnetic signal in the X-
ay (Vikhlinin et al. 2009 ; Mantz et al. 2010b , 2016 ), millimeter
Bleem et al. 2015 ; Planck Collaboration et al. 2016b ; Hilton et al.
018 ), and optical (Eisenstein et al. 2011 ; Rykoff et al. 2014 , 2016 ;
bbott et al. 2018 ) wavelengths. Studying these scaling relations 
av e significantly impro v ed our understanding of galaxy formation 
t the high-mass end (Bryan & Norman 1998 ; Kravtsov & Borgani
012 ), as well as enabling more precise cluster cosmology with better
 E-mail: ycwang19@stanford.edu 
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alo mass estimation (Mantz et al. 2010a ; Allen, Evrard & Mantz
011 ). 
Extending these scaling relations from galaxy clusters to the 
assive galaxies is both challenging and important for understanding 

he formation of massive galaxies. Thanks to recent dedicated efforts 
argeting early-type galaxies (ETGs, e.g. Kormendy et al. 2009 ), ob-
ervers are now starting to study ETG scaling relations at a similarly
etailed level as galaxy clusters. It is found that ETG mass and their
elatively hot interstellar medium (ISM) and circumgalactic medium 

CGM) also follow scaling relations, although in most cases with 
ifferent slope and scatter from those of groups and clusters. These
nclude the X-ray luminosity–mass relation (O’Sulli v an, Forbes & 

onman 2001 ; David et al. 2006 ; Boroson, Kim & Fabbiano 2011 ;
im & Fabbiano 2013 ; Sarzi et al. 2013 ; Kim & Fabbiano 2015 ;
oulding et al. 2016 ; Forbes et al. 2017 ; Babyk et al. 2018 ; Kim et al.
019b ), X-ray luminosity–temperature relation (David et al. 2006 ; 
oroson, Kim & Fabbiano 2011 ; Kim & Fabbiano 2015 ; Goulding
t al. 2016 ; Babyk et al. 2018 ; Kim et al. 2019b ), and temperature–
ass relation (O’Sulli v an, Ponman & Collins 2003 ; Goulding et al.

016 ; Babyk et al. 2018 ). The latest data products from Chandra also
rovide 2D spectral maps of the X-ray gas in ETGs (Kim et al. 2019a ),
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nabling analyses of the spatial distribution and dynamical properties
f hot gas in ETGs. Diverse shapes of gas temperature profiles have
een found from these X-ray spectral maps which indicate distinct
ources of internal (feedback) and external (environment) heating
eing present for the X-ray gas in ETGs (Kim et al. 2020 ). 
Interestingly, many of these recent studies (Kim & Fabbiano 2013 ,

015 ; Goulding et al. 2016 ; Kim et al. 2019b ) also found that the
catter in these ETG X-ray scaling relations tends to increase towards
ower masses ( log 10 ( M 5 R e / M �) � 11 . 5). This indicates potential
econdary processes driving the differences in the luminosity and
emperature of the ISM and CGM at a fixed mass scale. While

hite & Sarazin ( 1991 ) found that galaxies at a fixed B -band lumi-
osity often have lower X-ray luminosity in denser environments,
ore recent literature (e.g. Goulding et al. 2016 ) finds a negligible

orrelation between the scatter in gas temperature and environment.
ince supernova feedback (along with other types of stellar feedback,
or example Springel & Hernquist 2003 ; Springel, Di Matteo &
ernquist 2005 ; Ceverino & Klypin 2009 ) and active galactic nuclei

AGN) feedback (e.g. Di Matteo, Springel & Hernquist 2005 ; Croton
t al. 2006 ; Fabian 2012 ) can act as heat sources and dri ve outflo ws of
he ISM and CGM, their interplay could lead to the observed scatter
n X-ray luminosity or temperature (Babyk et al. 2018 ). 

Ho we ver, the debate is still open in both observational and
heoretical fronts on whether stellar or AGN feedback is the dominant
ource of the low-mass-end scatter for ETG X-ray scaling relations.
avid et al. ( 2006 ), using a heating rate argument, suggested that
ype Ia supernova (SNIa for short) feedback dominates o v er AGN
eedback in gas heating and dri ving outflo ws in lo w-mass ETGs
rom Chandr a . Similarly, Pelle grini ( 2011 ) argued for SNIa as
he dominant source of internal gas heating using semi-analytic

odelling in massive ETGs. Nevertheless, Choi et al. ( 2015 ) found
n cosmological hydrodynamic simulations that a combination of
inetic and thermal AGN feedback can significantly reduce ETG X-
ay luminosity at fixed mass. Forbes et al. ( 2017 ) further compared
TGs from the SLUGGS surv e y to Choi et al. ( 2015 ) and concluded

hat AGN is the main secondary factor that affects L X in low-mass
TGs. Ciotti et al. ( 2017 ), using 2D magneto-hydrodynamic zoom in
imulations of individual ETGs, suggested that SNIa and AGN affect
istinct aspects of the ETG gas: while gas heating is dominated by
NIa, AGN feedback significantly reduces L X . Kim et al. ( 2019b )
urther supports the stellar feedback-driven heating scenario where
handr a -observ ed ETGs with higher stellar masses tend to have
igher L X at fixed dark matter halo masses. Moreo v er, Kim et al.
 2020 ) found that hot gas cores in Chandra ETGs are mostly related to
ecent star formation and hence stellar feedback is dominant instead
f AGN feedback or gravitational heating. In addition to stellar and
GN feedback, other physical differences such as the inner density
rofile or the dynamical state (Pellegrini 1999 ; Sarzi et al. 2013 ;
im & Fabbiano 2015 ; Kauffmann et al. 2019 ) of the ETG can also

ead to systematic differences in X-ray luminosities at the low-mass
nd, pointing to secondary heating effects from galactic rotation and
he shape of the gravitational potential which could also add to the
ow-mass-end scatter. 

Advancements in cosmological simulations o v er the past two
ecades ha ve rev olutionized our understanding of galaxy evolution
see e.g. Vogelsberger et al. 2020a for a re vie w). To further elucidate
he origin of these ETG X-ray scaling relations, we use a le gac y ETGs
ample (Wang et al. 2020 ) from the cosmological hydrodynamic
imulation IllustrisTNG, which is an updated version of the Illustris
roject (Genel et al. 2014 ; Vogelsberger et al. 2014a , b ; Nelson
t al. 2015 ; Sijacki et al. 2015 ), and that has well studied density
rofile, stellar properties, and dark matter fractions (Lo v ell et al.
NRAS 527, 6763–6778 (2024) 
018 ; Wang et al. 2019 , 2020 , 2022 ). Our work further extends the
revious X-ray scaling relation studies using IllustrisTNG (e.g. X-
ay scaling relations for star-forming and quenched galaxies: Truong
t al. 2020 ; the relation of black hole growth to CGM properties:
ppenheimer et al. 2020 ; Truong, Pillepich & Werner 2021 ; X-ray

caling relations in galaxy groups and clusters: Pop et al. 2022 )
y especially focusing on the formation mechanisms leading to the
catter at the low-mass-end. Our work is also complementary to
hese previous X-ray scaling relation studies as we examine outliers
howing clear signs of environmental heating which has important
mplications for future X-ray surv e ys. 

This paper is organized as follows. In Section 2 we describe the
eneral information of the simulation, how the mock ETG sample is
elected, and how the mock X-ray properties of the hot gas in these
TG parent haloes are extracted. In Section 3 , we present the key

esults of our analysis including the X-ray scaling relations as well
s the physical processes that contribute to shaping these relations.
n Section 4 , we present the formation history for outliers of the
-ray luminosity–temperature relation and how they can be used to

dentify backsplash objects. Finally in Section 5 , we provide a brief
ummary of this work. 

 M E T H O D O L O G Y  

.1 Simulation o v er view 

he Next Generation Illustris simulations (Marinacci et al. 2018 ;
aiman et al. 2018 ; Nelson et al. 2018 ; Springel et al. 2018 ;
illepich et al. 2018b , 2019 ; Nelson et al. 2019b ), also known
s IllustrisTNG, is a suite of magneto-hydrodynamic simulations
un with the publicly available moving mesh code AREPO (Springel
010 ; Weinberger, Springel & Pakmor 2020 ). It steps up from the
riginal Illustris Simulations (Vogelsberger et al. 2013 ; Genel et al.
014 ; Torrey et al. 2014 ; Vogelsberger et al. 2014a , b ; Nelson
t al. 2015 ; Sijacki et al. 2015 ) and impro v es upon the subgrid
hysics of the stellar and AGN feedback models (Weinberger et al.
017 ; Pillepich et al. 2018a ). These impro v ements lead to more
ealistic predictions in terms of observed galaxy properties and
emonstrates the capacity of IllustrisTNG to shed light on the
nderlying physical processes shaping these properties. Some of
he comparison works with observations include the galaxy mass–
etallicity relation (Torrey et al. 2018 , 2019 ), the galaxy-colour

imodality in the Sloan Digital Sk y Surv e y (Nelson et al. 2018 ), the
ntra cluster metal distribution (Vogelsberger et al. 2018 ), ETG total
ensity profiles (Wang et al. 2020 ), gas-phase metallicity gradients
n star-forming galaxies (Hemler et al. 2021 ), stellar orbital fraction
nd outer kinematic structure (Xu et al. 2019 ; Wang et al. 2022 ),
ptical morphologies of galaxies (Rodriguez-Gomez et al. 2019 ),
he size evolution of galaxies (Genel et al. 2018 ), star formation
ctivities and quenched fractions (Donnari et al. 2019 ), spatially
esolved star formation in galaxies (Nelson et al. 2021 ), the fraction
f cool core clusters (Barnes et al. 2018 ), as well as AGN galaxy
ccupation and X-ray luminosities (Weinberger et al. 2018 ; Habouzit
t al. 2019 ; Terrazas et al. 2020 ), and predictions of high-redshift
alaxy luminosity functions for JWST (Vogelsberger et al. 2020b ).
lthough certain aspects of these predictions are still discrepant with
bservations, the broad agreement in many properties related to gas
ycle, star formation, and feedback lends us generous predicative
ower to gain insights on the key factors that shape the X-ray scaling
elations in ETGs. The simulation adopts Planck-2016 flat- � CDM
osmology (Planck Collaboration et al. 2016a ) with parameters of
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 = 0.6774, σ 8 = 0.8159, �m 

= 0.3089, �b = 0.0486, and �� 

= 

.6911. 

.2 Sample selection 

e select massive (stellar mass log 10 ( M ∗/ M �) ∈ [10 . 7 , 11 . 9])
arly-type central galaxies from the TNG100-1 box. This is the 
ighest resolution simulation box that has a side length of 75 Mpc /h ,
ith 2 × 1820 3 resolution elements for baryons and dark matter 
articles. The mass resolution of baryons and dark matter are 
 baryon = 1 . 4 × 10 6 M � and m DM 

= 8 . 9 × 10 6 M �, respectively.
his places the TNG100-1 box at a sweet spot for our purpose among

he 35 Mpc /h and 205 Mpc /h side length boxes, which provides an
bundant sample of well resolved massive galaxies. The softening 
cale of gas cells are fully adaptive (minimum 0 . 19 kpc ) while a
xed softening length of ε = 0 . 74 kpc is applied to dark matter and
tellar particles. All simulation data used for this analysis is publicly 
vailable (Nelson et al. 2019a ). 1 

We adopt the ETG classification method documented in Xu et al. 
 2017 ) to select our simulated ETGs. The final ETG galaxy sample
ith 559 galaxies is identical to the one used in Wang et al. ( 2020 )

nd we briefly outline the selection procedure. To begin with, the 
tellar component of the largest gravitationally bound object (found 
y SUBFIND , Springel et al. 2001 ; Dolag et al. 2009 ) in a Friends-of-
riends (FoF) group is defined as the ‘central’ galaxy. An age and
etallicity dependent magnitude is assigned to stellar particles based 

n their intrinsic luminosity using the stellar population synthesis 
SPS) model GALAXEV (Bruzual & Charlot 2003 ). We also apply a
emi-analytic dust attenuation model as in Xu et al. ( 2017 ) to account
or dust absorption, emission, and scattering. 

The main classification criterion for a central galaxy to be early- 
ype is based on their SDSS r -band rest-frame luminosity profiles.

e perform both single- and double-component luminosity profile 
emplate fitting to enable more robust classification. The single- 
omponent fit consists of fitting either exponential (S ́e rsic n = 1)
r de Vaucouleurs (S ́e rsic n = 4) profile templates. The double-
omponent fit combines a de Vaucouleurs and an exponential profile 
hat has their relative ratio as a free parameter, which are better
or galaxies that demonstrate prominent bulge-disc combinations. In 
he final sample, we only define galaxies as ETGs when they are
ot only better fitted by a single-de Vaucouleurs profile but also 
a ve > 50 per cent b ulge ratio from the two-component fit in all
hree (box x , y , z axes) projections. This leads to a sample of 559
entral ETGs in the mass range of log 10 ( M ∗/ M �) ∈ [10 . 7 , 11 . 9]
corresponding to [3.6 × 10 4 , 5.8 × 10 5 ] stellar particles) at z = 0.
he M 500 mass range for the host haloes of our selected ETGs is in

he range of log 10 ( M 500 / M �) ∈ [11 . 79 , 13 . 67]. 

.3 The mock X-ray luminosity and gas temperature 

e create mock X-ray luminosity ( L X ) maps of the hot CGM in the
arent halo of our selected central ETGs using MOCK-X (Barnes 
t al. 2021 ). In each mock pixel, the code starts by generating an X-
ay spectral template look-up table for the 11 elements tracked by the
imulation in the temperature range 10 6 < ( T /K) < 10 9 (temperature
esolution δlog 10 ( T /K) = 0.02) using APEC (Astrophysical Plasma 
mission Code, Smith et al. 2001 ) and PYATOMDB using atomic data
alues from ATOMDB v3.0.9 (Foster et al. 2012 ). A synthetic X-ray
pectrum for each gas cell is then sampled from this numerical table
 https:// www.tng-project.org/ 

W  

a  

i  
ssuming a Chandra ACIS-I configuration with an energy range of 
.5 < ( E /keV) < 10 and energy resolution of 150 eV. Cold ( T <

0 6 K), star-forming, or actively cooling gas cells are removed in the
alculation. We also apply a correction for the galactic absorption 
ssuming a constant neutral hydrogen column density of n H = 

 × 10 20 cm 

−2 . Finally, the projected X-ray luminosity maps are
reated along the x , y , z axes of the simulation box within a circular
perture of 3 R 500 (3 times the radius within which the mean matter
ensity is 500 times the cosmic critical density). 
In Fig. 1 , we show the projected X-ray luminosity map for the

ot gas in the host halo of the most massive galaxy in our ETG
ample. From top to bottom, the x , y , z projections are shown,
espectively. The dashed circle indicates the size of the halo R 500 

radius within which the average density of the halo is 500 times that
f the critical density of the universe). The resolution (0.492 arcsec)
nd observational band (soft and medium X-ray, 0.5–2.0 keV) of the
aps have been set identical to that of Chandra , which we apply to

he whole sample of our selected ETGs. In our following analysis,
e sum the L X values for all pixels that fall within R 500 in the x
rojection as our L X, 500 measurement. 
As for the X-ray temperature of our massive ETG sample, the
inimum temperature of gas cells can fall below 10 6 K ( ∼0.1 keV),
hich makes the MOCK-X spectroscopic fitting via APEC table inter- 
olation unreliable (since it was originally designed for cluster scale 
emperatures). Instead, for all ETGs in our sample, we implement 
n approximate X-ray temperature reconstruction for the hot gas in 
ach galaxy following the spectroscopic-like temperature definition 
n Mazzotta et al. ( 2004 ). Specifically, we construct spectroscopic-
ike temperature maps with the same projected spatial grid as the
 X maps generated with MOCK-X abo v e, but now calculated by
ombination of density and temperature of gas cells projected within 
ach pixel following: 

 sl = 

∫ 
( n 2 H T 

−3 / 4 ) T dV 

∫ 
( n 2 H T 

−3 / 4 ) dV 

= 

∑ 

i n 
2 
H ,i T 

1 
4 

i V i 

∑ 

i n 
2 
H ,i T 

− 3 
4 

i V i 

, (1) 

here n H, i , T i , and V i are the hydrogen number density, temperature,
nd Voronoi cell volume of the i -th gas cell. The summation is
onducted o v er all gas cells that have an o v erlap (after accounting
or their smoothing length) with the pixel in question. To a v oid sig-
ificant bias introduced by cold-dense gas cells to the spectroscopic- 
ike temperature due to the T 

−3/4 weighting, we remo v e all gas cells
ith temperature T i < 0 . 05 keV ( ∼ 5 . 8 × 10 5 K), number density
 H, i > 0.1, or star formation rate SFR > 0 in the calculation of
ll the spectroscopic-like temperature map calculations. This cut 
emo v es gas cells that are interacting with the Equation of State and
 v oids the T < 0 . 05 keV temperature range where spectroscopic-
ike temperature becomes more inaccurate. We have verified that not 
emoving these cold, dense, star-forming gas cells will on average 
ead to ∼1.6 dex lower temperatures, and in some extreme cases
 2 dex. We then average over all gas cells with 3D distances < R 500 

o the galaxy centre and derive the average halo T sl, 500 for each ETG.

 RESULTS  

.1 X-ray scaling relations of the simulated ETGs 

e present the scaling relation between the X-ray luminosity ( L X, 500 )
nd the mass or gas temperature ( T sl, 500 ) of our mock ETGs
n Fig. 2 . We perform linear fit with outlier clipping using the
MNRAS 527, 6763–6778 (2024) 
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Figure 1. The projected L X distribution of the hot circumg alactic g as in the 
host halo of our most massive ETG as a demonstration of the MOCK-X 

pipeline output. The projections in the z, x , y directions along the simulation 
box axes are shown from top to bottom. In each panel, the colour map 
indicates the total X-ray luminosity projected in each pixel, while the dashed 
circle marks the size of the halo R 500 . We also label the total X-ray luminosity 
projected within a 2D aperture with the size of R 500 at the top left corner of 
each subplot. 
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TS LINEFIT programme 2 for both scaling relations. The blue dots in
he figure mark the mock ETGs that are kept after the clipping, while
he outliers (outside of the 2.6 σ confidence interval) are denoted
ith green dots. We assume a fiducial 0.1 dex uncertainty in the
ass and spectroscopic-like temperature measurements, and 0.2 dex

ncertainty in the X-ray luminosity. 
The left panel shows the scaling relation of L X, 500 with the total
ass (dark matter, gas, and stars combined) within five times the

D ef fecti ve radii ( R e ) of the central ETGs. There are no significant
utliers for our sample and indicates a rather tight linear relation.
he dotted dashed grey line along with the grey band showcases

he mean and 1 σ scaling relation fit to Chandr a -observ ed ETGs
Kim et al. 2019b ). The observ ers deriv ed ETG dynamical masses
sing globular cluster (GC) kinematics (Alabi et al. 2017 ) or GC
hotometric scaling relations (Harris, Harris & Alessi 2013 ; Harris,
lakeslee & Harris 2017 ) out to 5 R e and we adopt the same radii

or the mass definition of the simulated ETGs. The IllustrisTNG
TGs show great agreement with the observations in terms of both

he slope and the scatter of the scaling relation, which is also a
ignificant impro v ement o v er past hydrodynamic simulations (e.g.
hoi et al. 2015 ) thanks to the updated IllustrisTNG AGN and stellar

eedback models. An interesting feature is that the scatter for the
imulated ETGs seems to increase to wards lo wer masses, which we
nvestigate further in the following subsections 3.2 and 3.3 . 

The right panel of Fig. 2 shows the scaling relation between T sl, 500 

nd L X, 500 of the simulated ETGs, which also demonstrates a tight
inear relation for most of the points. The two observed ETG samples
e compare to are both from inte gral-field-unit surv e ys with spatially

esolved stellar kinematics while also being in the Chandra archi v al
ootprint. Our best fit log-linear slope of 5.74 is closer to the 61
TLAS 

3D (Cappellari et al. 2011 ) E and S0 galaxy sample (slope
f 5.4, Kim & Fabbiano 2015 ) as compared to that of 33 ETGs
slope of 4.7, Goulding et al. 2016 ) from the MASSIVE Surv e y (Ma
t al. 2014 ). The agreement in the L X –T sl slope with observations
or a statistical sample of simulated ETGs from a 3D cosmological
imulation is also a big step up from previous hydro-simulation
esults such as Ciotti et al. ( 2017 ) who used 2D zoom-in approaches.

Although the slope of the simulated ETGs is close to the ob-
erv ationally deri ved v alues, the mean temperature at fixed L X, 500 

or IllustrisTNG is ∼0.5 dex lower than the observed ETGs. Since
he L X, 500 –M 5 R e ) relation closely resembles the observed scaling
elations, this systematic offset is mainly due to a factor ∼3 colder
GM in IllustrisTNG ETGs (the dotted dashed blue line in the right
anel of Fig. 2 matches well with observations). Pop et al. ( 2022 )
ound a similar issue with IllustrisTNG (in TNG300) predicting
2 × cooler X-ray temperatures of gas in a more massive sample

 M 500 > 10 13 M � than in observations, which is consistent with the
0.3 dex underestimation seen in our sample at the high- T sl end.
heir X-ray temperatures were derived using MOCK-X at T X, spec >

.5 keV where spectroscopic template fitting is reliable, indicating
hat gas temperatures are cooler in IllustrisTNG than observations
egardless of the specific temperature definition adopted. Our choice
f T sl ho we ver further suppresses the deri ved gas temperature due to
he T 

−3/4 weighting (this effect is more significant in IllustrisTNG
han other hydrodynamic simulations, see Fig. A5 in Lee et al. 2022 ).

The cause of this temperature underestimation is most likely due
o limitations in the current IllustrisTNG AGN feedback model
Weinberger et al. 2017 ). According to their Fig. 1 , central galaxies
ith stellar masses M ∗ � 10 11 M � typically have the bulk of their
 https:// www-astro.physics.ox.ac.uk/ ∼mxc/ software/ #lts 

https://www-astro.physics.ox.ac.uk/~mxc/software/#lts
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Figure 2. X-ray scaling relations. Left panel: The total X-ray luminosity projected within R 500 ( L X, 500 ) versus the total mass within 5 R e ( M 5 R e ) of the central 
ETG. Coloured dots with error bars are IllustrisTNG ETGs with fiducial 0.1 and 0.2 dex uncertainties applied to mass and luminosity mimicking observational 
uncertainties. The solid, dashed, and dotted blue lines are the best fit scaling relation, 1 σ and 2.6 σ confidence intervals for the simulated ETGs. The blue dots are 
ETGs within the 2.6 σ (99 per cent) confidence interval, while green dots are outliers. The purple dotted-dashed line and band shows the best fit scaling relation 
and the 1 σ confidence interval from Chandra (Kim et al. 2019b ). The y = b ( x − x 0 ) + a linear best fit’s slope ( b ), intercept ( a ), zero point ( x 0 ), y quantity 
intrinsic scatter ( εy ), and total RMS scatter ( � ) for the IllustrisTNG ETGs are also labelled in the plot. The three black squares correspond to the three extreme 
outliers in the right panel. Right panel: Similar to the left panel, but for the ‘spectroscopic-like’ temperature T sl, 500 versus L X, 500 scaling relation. Fiducial 
uncertainties of 0.1 dex are applied to the T sl, 500 values. The latest scaling relations for observed ETGs that we compare to are from Kim & Fabbiano ( 2015 ); 
Goulding et al. ( 2016 ). The three outliers we study in Section 4 that have significantly higher T sl, 500 than their siblings with similar L X, 500 are marked by the 
black squares. We also plot dotted-dashed blue the best fit L X –T sl relation for IllustrisTNG ETGs with the temperature multiplied by 3 for a clearer comparison 
of the scaling relation slope to observations. 
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eedback energy coming from kinetic AGN feedback instead of 
hermal AGN feedback (see also Appendix B ) or stellar feedback. 
lthough the total energy injection rate roughly matches up the gas 

ooling rate in these massive galaxies, the nature of this feedback 
nergy being kinetic makes it less efficient at heating the gas. The
act that gas temperatures are underestimated by � 2 × from M vir >

0 12 M � in this work to the massive clusters with M vir ∼ 10 15 M � in
op et al. ( 2022 ) is evidence for inefficient gas heating in kinetic AGN
eedback dominated systems o v er a wide range of halo masses. The
urrent AGN model also lacks treatments cosmic rays (Pfrommer 
t al. 2017 ) and anisotropic thermal conduction (Kannan et al. 2016 ,
017 ) that could further heat up the CGM. 
Ho we ver, the temperature underestimation does not indicate 

physically higher gas densities in the soft X-ray band that makes 
ur L X less reliable. This is due to the different energy bands for L X 

easured through the MOCK-X pipeline from 0.5 to 2keV (soft X- 
ay) and T sl measured using all non-star-forming gas cells with T >

.05 keV in equation ( 1 ). In fact, comparisons to the latest observed
TG X-ray surface brightness profiles (Chadayammuri et al. 2022 ) 
how that IllustrisTNG is producing lower surface brightness for 
oft X-ray gas, suggesting that the CGM is more extended due to the
inetic AGN feedback expelling gas (Terrazas et al. 2020 ) to larger
adii than needed. Ho we ver, this indeed implies that the simulation
roduces higher CGM densities in the cooler phases at 0.05 keV < T
 0.5 keV, which is consistent with the picture that kinetic AGN

eedback does not efficiently heat up the gas as discussed earlier. 
Finally, despite the cooler-than-observed temperatures for most of 

ur simulated ETGs, there are three significant outliers in T sl, 500 at the
ow L X, 500 end (Fig. 2 right panel). Similar high-temperature outliers 
ere also seen in observed scaling relations (see e.g. Fig. 2 right panel
n Kim & Fabbiano 2015 ). Although observational uncertainties are 
arge at the faint end, observed ETGs tend to up-scatter more in
emperature at fixed low L X ( ∼ 10 38 − 10 39 ergs s −1 ), which is in the
ame L X, 500 range as our outliers. Since they are all below the best fit
 X, 500 –M 5 R e relation, we conjecture they are all influenced by galaxy

nteractions that caused gas stripping. We thoroughly investigate the 
erger histories of these three outliers in Section 4 and we identify

hese outliers as backsplash galaxies that have recently been through 
ignificant tidal interactions and environmental heating. 

.2 The scatter in L X, 500 and the dark matter fraction 

n this section, we discuss the correlation between the offset from
he best fit L X, 500 –M 5 R e scaling relation and the dark matter fraction
ithin 5 R e of the IllustrisTNG ETGs. The offset � L X, 500 is calculated

s the difference between the IllustrisTNG ETG data points and their
inear fit (grey-dotted line) in Fig. 3 . This a natural way of quantifying
he scatter off of the mean scaling relation following Kim et al.
 2019b ), while it also allows for characterizing secondary effects that
ffect L X other than the primary factor, total mass. Kim et al. ( 2019b )
ound that for Chandra ETGs with log 10 ( M 5 R e / M �) < 11 . 5, those
hat up-scatter in L X, 500 at fixed total mass tend to have lower dark

atter fraction (and vice versa for downscattering L X, 500 ETGs, 
ee their Fig. 8 for details). This effect is stronger for cuspy
handra ETGs (compared to cored ones) which are often fast rotators 
ossessing younger stellar populations. They suggested that this 
ifference for cuspy versus cored ETGs could be linked to differences 
n the strengths of stellar feedback in the two types of systems. 
MNRAS 527, 6763–6778 (2024) 
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M

Figure 3. Left panel: The L X, 500 –M 5 R e scaling relation coloured by the combined dark matter and gas mass fraction within 5 R e , 1 − f star ( ≤ 5 R e ). The 
grey-dashed line denotes the linear fit to the L X, 500 –M 5 R e scaling relation (same as the solid blue line in the left panel of Fig. 2 ) Right panel: The offset in the 
L X, 500 from the best fit L X, 500 –M 5 R e scaling relation, � L X, 500 , versus 1 − f star ( ≤ 5 R e ). The orange markers are observed ETGs from Kim et al. ( 2019b ), while 
the orange-dashed line is the linear fit to them. The colour map for the scattered points indicates the power-law slope of the simulated ETG total density profiles 
measured in 3D spherical shells from 0.5 R e to 5 R e . The blue dotted-dashed line is the linear fit to the IllustrisTNG ETGs with a Pearson p = 2.6 × 10 −6 , 
indicating a clear correlation between L X, 500 and 1 − f star as in observ ations. Ho we ver, the simulated ETGs have systematically large dark matter fractions than 
Chandra ETGs and their � L X show no clear correlation with their density profile slope γ ′ 

tot . 
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In the left panel of Fig. 3 , we plot the L X, 500 –M 5 R e scaling relation
oloured by 1 − f star ( ≤ 5 R e ) for IllustrisTNG ETGs. The lower
ass galaxies with log 10 ( M 5 R e / M �) � 11 . 5 shows no significant

ertical trend with 1 − f star above or below the linear fit. This is
ualitati vely dif ferent than in the Kim et al. ( 2019b ) sample (their
ig. 8), ho we ver we do notice that their observed ETGs abo v e the

inear fit typically have f DM 

< 0.5, while the simulated ETGs have
 DM 

� 0.6. In Appendix A , we show that selecting ‘relaxed’ and
unrelaxed’ host haloes for our selected ETGs does not impact the
ange of their dark matter fractions, such that these high dark matter
ractions are not artifacts of miscentred ETGs residing in unrelaxed
aloes. 
In the right panel of Fig. 3 , we plot the offset from the linear fit

f the X-ray luminosity–total mass scaling relation, � L X, 500 , against
he combined gas and dark matter mass fraction, 1 − f star ( ≤ 5 R e ),
or all simulated ETGs. This definition follows Kim et al. ( 2019b )
here they assumed the gas mass fraction to be negligible compared

o dark matter and defined f DM 

= 1 − f star as a proxy for dark matter
raction. Our IllustrisTNG sample has gas mass fractions typically
ess than 1 per cent (median 0.8 per cent) which agrees with their
ssumption (also see top left panel in Fig. 4 ). We also o v erplot the 61
bserved ETGs from Kim et al. ( 2019b ) Fig. 11 for comparison. The
inear fits to the simulation and observation samples yield similar
lopes and both show robust (very small Pearson p values as labelled
n the plots) ne gativ e correlations between 1 − f star and � L X, 500 .
t 1 − f star � 0.6, the simulation also shows a similar level of

catter of � L X, 500 (0.59 dex) as compared to observations (0.74 dex).
herefore, although IllustrisTNG reproduces the ne gativ e correlation
etween � L X, 500 and the dark matter fraction, the compressed range
f 1 − f star leads to the lack of apparent correlation between L X, 500 

nd 1 − f star in the left panel of Fig. 3 , especially for ETGs with
og 10 ( M 5 R e / M �) < 11 . 5, where simulated ETGs both abo v e and
elow the mean X-ray luminosity–mass relation can have similar
 − f star . 
NRAS 527, 6763–6778 (2024) 
Observ ationally deri ved dark matter fractions are not free from
ystematics, and the range of dark matter fraction values can be
ependent on the specific approach used for measuring the total
ass of the ETGs. Lo v ell et al. ( 2018 ) compared dark matter

ractions within 5 R e of IllustrisTNG galaxies to observations (top
eft panel of their Fig. 12). IllustrisTNG showed better agreement
ith Wojtak & Mamon ( 2013 ) who used satellite galaxy kinematics

ompared to Alabi et al. ( 2017 ) who used GC kinematics. Since
ost of the ETG masses in Kim et al. ( 2019b ) come from GC

inematics in Alabi et al. ( 2017 ), the tendency for ETGs in Kim
t al. ( 2019b ) to have lower dark matter fractions than IllustrisTNG
TGs is consistent with expectations. Thus, if one adopted satel-

ite kinematics-based dark matter fractions (mostly larger than 50
er cent) from Wojtak & Mamon ( 2013 ) for the observed ETGs, the
orrelation between � L X, 500 and 1 − f star w ould lik ely weak en or
ven disappear. 

As Kim et al. ( 2019b ) disco v ered that � L X v aries dif ferently with
 − f star for cuspy versus cored ETGs, we investigate the systematic
rends of � L X, 500 with the total mass density profile for our simulated
TGs. Systematic covariance in dark matter fraction and total density
rofiles of ETGs is well studied through observed stellar kinematics
odelling (Thomas et al. 2007 ; Tortora et al. 2014 ; Poci, Cappellari &
cDermid 2017 ; Bellstedt et al. 2018 ; Derkenne et al. 2021 ), strong

ravitational lensing (Auger et al. 2010 ; Barnab ̀e et al. 2011 ; Ruff
t al. 2011 ; Sonnenfeld et al. 2013 ; Shajib et al. 2021 ; Etherington
t al. 2022 ), and in hydrodynamic simulations (Remus et al. 2017 ;
u et al. 2017 ; Wang et al. 2020 ). The colour map for the right panel
f Fig. 3 shows the power-law slope ( γ ′ 

tot ) of the total density profile
f all the IllustrisTNG ETGs measured in 100 logarithmic bins from
.5 R e to 5 R e . The colour gradient in γ ′ 

tot is mainly visible along the
 − f star direction, while ETGs having different � L X, 500 at fixed 1

f star do not seem to have drastically different density profiles. This
ndicates that the total density profile, at least down to 0.5 R e (limited
y the simulation softening scale), does not play a dominant role in
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Figure 4. The L X, 500 –M 5 R e scaling relation coloured by the total gas mass fraction ( f gas , top left), the cumulative kinetic mode AGN feedback energy from their 
central SMBHs ( 
E AGN, Kin , top right), the mean stellar age of stars (bottom left), and the kinetic mode AGN feedback energy in the past 1.3 Gyr ( δE AGN, Kin [0 
< z < 0.1], bottom right). In each panel, the grey-dashed line denotes the linear fit to the L X, 500 –M 5 R e scaling relation in the left panel of Fig. 2 . The blue-dashed 
boxes in each panel marks out the low-mass region ( log 10 ( M 5 R e / M �) � 11 . 5) we focus on exploring the scatter in X-ray luminosity, and there are clear 
correlations between L X, 500 and the coloured physical quantities in every box. In the inset panels for each subplot, we show the offset in the L X, 500 from the 
best fit L X, 500 –M 5 R e scaling relation, � L X, 500 , versus the colour bar physical quantities for ETGs in the blue boxes. The blue dotted-dashed line in each inset 
plot is the linear fit to the low-mass ETGs with their Pearson p values labelled at the top left corner of each inset. The colour maps for the inset panels indicate 
the power-law slope of the total density profiles for these low-mass ETGs measured from 0.5 R e to 5 R e . We truncate the x -axis lower limit at 57.5 for the bottom 

right inset panel to focus on the main distribution of data points in our sample, but this truncation does hide 4 ETGs with log 10 ( δE AGN, Kin ergs –1 ) � 57.5. The 
four inset panels further corroborate the significant correlations between � L X, 500 and the four coloured physical quantities in the main plots. 
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riving the scatter in L X, 500 of our IllustrisTNG ETG sample. Future 
igher resolution cosmological simulations that can resolve the inner 
ensity profiles for a large number of ETGs down to 0.1 R e would be
esirable for further disentangling the X-ray gas properties of cuspy 
ersus cored ETGs. 
.3 The impact of AGN feedback 

n this section, we discuss how variations in the cumulative kinetic
wind) mode AGN feedback energy for our IllustrisTNG ETGs drives 
he scatter in L X, 500 at the low-mass end, meanwhile also leading to
MNRAS 527, 6763–6778 (2024) 
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Table 1. The best linear fit parameters between � L X, 500 

and each of the four x quantities. We report the Pearson 
correlation r , p -value, and best fit intrinsic scatter in 
� L X, 500 . The standard deviation in � L X, 500 is 0.67. All 
relations have small p -values but rather large intrinsic 
scatter εy . 

x quantity Pearson r Pearson p εy 

f gas 0.42 1.23 × 10 −11 0.56 
Age −0.35 2.26 × 10 −8 0.60 

 AGN, Kin −0.23 3.36 × 10 −4 0.62 
δAGN, Kin 0.36 1.51 × 10 −8 0.56 
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ovariances in gas fractions, stellar ages, and recent AGN activities
or these low-mass ETGs. 

Supermassive blackholes (SMBH) at the centres of haloes can
egulate gas properties including temperature and cooling time-
cales. Since the CGM (including the ISM within the central galaxy)
s directly impacted by active galactic nucleus (AGN) feedback, we
xpect the effects of AGN feedback to also manifest in the scatter
f L X, 500 for ETGs. The IllustrisTNG AGN feedback model (Wein-
erger et al. 2017 , 2018 ) features two channels: the radiative (pure
hermal) mode that resembles high-accretion rate thermal feedback
ommon to high-redshift quasars, and the low-accretion rate kinetic
ode that approximates centrally driven winds in quiescent AGN

no thermal energy injection). The former deposits thermal energy
sotropically to the surrounding ISM of the central SMBH, while
he latter injects kinetic kicks to the surrounding gas in random
irections. F or massiv e galaxies with M ∗ � 10 11 M �, the kinetic
ode AGN feedback energy becomes the dominant feedback channel
 v er the radiativ e mode at z = 0 (Zinger et al. 2020 ). Choi et al. ( 2015 )
lso found that thermal AGN feedback alone cannot bring down L X 

o observed values, and kinetic AGN feedback must be incorporated
n order to further decrease L X matching observed ETG X-ray scaling
elations. Indeed, as we show in Appendix B , this is also the case for
ur IllustrisTNG simulated ETG sample, such that the radiative AGN
eedback energies do not significantly impact the scatter in L X, 500 ,
nd most of the SMBHs for our sample are thermally quiescent
t z < 0.1 (see middle and bottom panels of Appendix Fig. B1 ).
urthermore, through radiative heating, turbulence injection, kinetic
xpulsion of gas through winds, AGN feedback also lowers the star
ormation efficiency of gas in the central galaxy and becomes the
ominant factor for quenching in massive central galaxies (Donnari
t al. 2021 ; Piotrowska et al. 2022 ). 

In Fig. 4 , we sho w ho w AGN feedback and its consequences on
as properties and star formation influences L X, 500 , especially the
catter at log 10 ( M 5 R e / M �) � 11 . 5. The colour maps include the gas
ass fraction within 5 R e ( f gas , top left), the mean stellar age (bottom

eft), cumulative feedback energy in the kinetic mode of the central
MBH ( 
E AGN, Kin , top right), and the kinetic mode feedback energy
f the central SMBH from z = 0.1 to z = 0 ( ∼1.3 Gyr, δE AGN, Kin ,
ottom right). In the low-mass region with log 10 ( M 5 R e / M �) � 11 . 5
blue-dashed boxes, we refer to galaxies in this box as ‘low-mass
TGs’ in the follo wing), L X, 500 sho ws clear correlations with all

our coloured physical quantities. In the inset plots of each panel, we
urther show for ETGs in the blue boxes their offset from the mean
caling relation � L X, 500 versus their respective coloured quantities in
he main plots. The linear fits and the very small Pearson p -values of
he fits in the insets demonstrate robust ne gativ e correlations between
 X, 500 with mean stellar age and cumulative kinetic AGN feedback
nergy 
E AGN, Kin , as well as robust positive correlations with the
as fraction f gas and recent AGN kinetic feedback δE AGN, Kin (0 <
 < 0.1). In Table 1 , we list the Pearson correlation coefficient r ,
 -value, and intrinsic scatter in � L X, 500 of linear fits to the four
oloured quantities in Fig. 4 (dotted dashed lines in the inset plots).
he standard deviation of � L X, 500 for all low-mass ETGs with

og 10 ( M 5 R e / M �) � 11 . 5 in the bounding boxes of Fig. 4 is 0.67. 
The o v erall scatter in the of fset � L X, 500 for the lo w-mass

TGs of 0.67 is larger than the best fit intrinsic scatters of the
our coloured quantities reported in Appendix Table B1 . Although
ntrinsic scatters dominate these four correlations, the residual
rends can be attributed to the robust correlations between � L , 500 

nd the four physical quantities. To self-consistently form these
our sets of systematic residual trends in � L X, 500 at the the
ow-mass end, we argue that the cumulative kinetic feedback
NRAS 527, 6763–6778 (2024) 
nergy from their SMBH could be the leading factor amongst
he four quantities. In this scenario, lower mass ETGs that up-
catter in L X, 500 experienced less AGN kinetic feedback histor-
cally and retained a larger gas reservoir, leading to higher gas

ass fraction. This is consistent findings in previous work using
llustrisTNG that the X-ray luminosity positively correlates with
he CGM fraction in the mass range log 10 ( M ∗/ M �) ∈ [10 . 8 , 11 . 4]
Oppenheimer et al. 2020 ). The less-violent cumulative AGN (ki-
etic) feedback leads to younger stellar populations due to less
fficient quenching. The consequence of having younger stars is
tronger stellar feedback that can further heat up the ISM and
GM, leading to higher L X, 500 . Moreo v er, the fact that these up-

catter ETGs in L X, 500 end up having larger f gas also fuels more
ecent AGN accretion and hence higher recent feedback energies
 δE AGN, Kin ). 

Conversely, one could argue that stronger recent (instead of
istoric) AGN feedback or stellar feedback (star formation) as the
eading factor for creating the residual trends up or downscattering
 X, 500 at the low-mass end. However, since most of our ETGs
ave thermally quiescent AGN in the last 1.3 Gyr (bottom panel
f Appendix Fig. B1 ), stronger recent kinetic AGN feedback in up-
catter L X, 500 alone could not lead to hotter gas around these ETGs
ithout ef fecti ve radiation. If recent AGN kinetic feedback energy
id have a significant impact on the ISM and CGM, up-scatter L X, 500 

TGs should have lower f gas and old stellar ages due to more violent
GN feedback, which would revert the colour gradients in the left

wo panels of Fig. 4 . Similarly, if stronger stellar feedback leads
o the residual scatter in L X, 500 at the low-mass end, it should also
nduce stronger outflows and lead to lower f gas in up-scatter L X, 500 

TGs, which is opposite from the top left panel in Fig. 4 . It will
lso be hard to explain why systematic variations in star formation
r stellar feedback also simultaneously cause variations in the AGN
eedback energies (right column of Fig. 4 ). 

Furthermore, we check in Appendix B that L X, 500 and the SMBH
ass M BH do not have significant correlations with L X, 500 for the low-
ass ETGs with log 10 ( M 5 R e / M �) < 11 . 5. Thus, the variations in

umulative and recent AGN kinetic feedback energies in Fig. 4 are not
ffected by variations in SMBH mass (only varies � 0.6 dex for the
ow-mass ETGs considered, Appendix Fig. B1 top panel), but rather
he relative differences in the diverse accretion and merger histories
f the SMBH leading to different feedback histories that shape the
catter in L X, 500 . Since these effects on L X are induced by the diverse
MBH assembly histories in a narrow BH mass range, they are
lso less impacted by the model limitation of producing on average
ooler-than-observed CGM. Our findings here are also consistent
ith the previous study of Truong, Pillepich & Werner ( 2021 ), who

howed that IllustrisTNG galaxies having L X , 500 � 10 41 erg s −1 have
ignificantly larger scatter in M BH at fixed L X than galaxies with
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 X , 500 � 10 41 erg s −1 , leading to a weaker correlation between L X 

nd M BH . 
Although many observations suggest that the internal heating of 

-ray gas in ETGs is driven by stellar feedback at low masses (David
t al. 2006 ; Kim et al. 2019b , 2020 ), our findings abo v e div e deeper
nd provide a more comprehensive picture about the fundamental 
hysics behind the scatter in L X . Weaker kinetic AGN feedback in
he past could enhance star formation and gas fractions, leading 
o present-day younger stellar populations and as a consequence 
nhance stellar feedback that heat up the gas. Ho we ver, this is
ualitati vely dif ferent from stellar feedback being the intrinsic source 
f feedback that leads to higher L X . Since observations are limited to
tatic AGN properties, they may seem less obvious when compared to 
tellar observables (e.g. star formation rate, stellar ages, metallicity) 
hat more directly probes recent stellar feedback. We also point out 
hat Boroson, Kim & Fabbiano ( 2011 ) observed a slightly positive
orrelation of L X with stellar age at around K -band magnitude of

10 11 L �, opposite from what we see in IllustrisTNG. Since they 
ad only 7 galaxies, their result could suffer from small number 
tatistics. But if future observations with better statistics still see 
lder stellar populations in ETGs with larger L X at fixed masses, it
ay suggest limitations in the current IllustrisTNG AGN model and 

dvocate for more efficient radiative feedback at low redshift that 
an simultaneously quench star formation (older ages) and heat up 
he gas (higher L X ). 

Finally, the colour maps in the inset plots in Fig. 4 mark out
he variations of the total density profile for the low-mass ETGs.
here is no significant correlation between � L X, 500 with the total 
ensity profile power-law slope. Reflecting on Wang et al. ( 2019 ),
he evolution of the total density profile in massive ETGs are mainly
ominated by gas-poor mergers at z � 1. AGN feedback only impacts
he total density profile at z � 1 when the ETGs were still quite
aseous, while the efficient kinetic mode feedback can impact the 
mall fraction of diffuse gas all the way to z = 0, shaping � L X, 500 .
hese different physical origins of � L X, 500 and γ ′ 

tot at low redshift
ake their dis-correlation a natural outcome. 

 O U T L I E R S  O F  T H E  L X 

– T S L 

R E L AT I O N :  
R  O B I N G  B  AC K SPLA SH  

n this section, we investigate the formation history of the three 
utlier ETGs of the L X, 500 –T sl, 500 relation as indicated in the right
anel of Fig. 2 . We conjecture that these objects are backsplash
alaxies (Balogh, Navarro & Morris 2000 ; Mamon et al. 2004 ;
ill, Knebe & Gibson 2005 ; Wetzel et al. 2014 ; Knebe et al. 2020 ;
dhikari et al. 2021 ; Diemer 2021 ; Borrow et al. 2023 ) now in

he field that were environmentally heated by their interactions with 
assive groups or clusters. We trace the distance of these three 
TGs to all the more massiv e F oF groups it historically belonged

o and how their temperatures evolved in the same period (0 < z <

) along their main progenitor branches of their merger trees. For
racing gas temperature, we adopt the mass-weighted temperature 
efinition following Bartelmann & Steinmetz ( 1996 ); Mathiesen & 

vrard ( 2001 ): 

 mw = 

∑ 

i m i T i ∑ 

i m i 

, (2) 

here m i and T i are the mass and temperature of the i -th gas cell.
he reason why we choose T mw o v er T sl for temperature tracing

s that, in the event of external heating from the more massive
ost halo, the heated cells lose weight rapidly due to the T 

−3/4 

caling in the T sl definition. This dials down the effect of heating
f gas temperature is measured by the T sl definition, while the mass-
eighted temperature T mw has weights that are not sensitive to 

he temperature of each individual gas cell. There is also better
hysical moti v ation to trace the mass-weighted temperature, as 
he total internal energy of the gas U ∝ mT mw and reflects the
nergetic state of the gas in the CGM. Similar to the T sl definition
n subsection 2.3 , we also neglect the very cold and dense gas cells
ith temperature T i < 0 . 05 keV ( ∼ 5 . 8 × 10 5 K), number density
 H, i > 0.1, or star formation rate SFR > 0 when calculating T mw . We
how a comparison in Appendix C between the spectroscopic-like 
emperature and mass-weighted temperature for all 559 ETGs in our 
ample. The T mw, 500 definition yields ∼0.2 dex higher temperatures 
han the T sl, 500 definition for our ETGs. 

.1 Temperature history and interactions with larger clusters 

n Fig. 5 , we show the T mw, 500 evolution history for the three outlier
TGs from z = 1 to z = 0. Their gas mass-weighted temperatures
ll seem to jump up at z ∼ 0.35. By examining their merger trees
nd cluster (FoF group) memberships, we find that they all belonged
o a much larger cluster during the periods indicated by the vertical
haded regions in each panel. They all interacted with larger galaxy
roups/clusters since z ∼ 0.35, lost their central ETG identity during 
heir infall, and came back to become backsplash centrals just before
 = 0. 

We also show their distances to the host FoF group and major
ubhaloes of those clusters (subhaloes by z = 0) that they interacted
ith as a function of time (blue curves, right y -axis in Fig. 5 ). We

inearly interpolate the R 500 values as a function for redshift for these
hree ETGs between snapshots right before going in and right after
oming out of the the larger cluster they interacted with. During the
nteraction period when ETGs A, B, and C were not central galaxies
f their own FoF group, we use all gas particles from their parent
oF group within this interpolated R 500 to calculate the three ETGs’
ass-weighted gas temperatures. The temperature rise of each ETG 

oincides well with their first accretion into a larger cluster, and
emperature peaks correspond to the closest encounters with the 
rightest cluster galaxy (BCG) or other member galaxies, indicative 
f environmental heating of their gas. To further demonstrate this 
rocess, we plot the mass-weighted temperature maps at z = 1, 0.5,
.2, 0 in the surroundings of each ETG in Fig. 6 . We only include all
as cells from all distinct FoF groups that host the ETGs we examine
nd the larger cluster central BCG or other non-BCG satellites that
hese ETGs interacted with in these temperature maps. We analyse 
ow the three ETG formation histories impact the heating of their
as on a case-by-case basis: 

(i) ETG A ( SUBFIND ID 410700) interacted with parts of a FoF
roup that has a z = 0 log 10 ( M 200 / M �) = 13 . 95. Specifically, it
ainly interacted with two subhaloes of the host FoF group, the first

ne ( r 1 ) having a z = 0 total mass of log 10 ( M sub / M �) = 13 . 44, and
he second one ( r 2 ) having a z = 0 total mass of log 10 ( M sub / M �) =
3 . 02. The two-temperature peaks of the ETG at z ∼ 0.25 and z

0.2 coincide well with the pericentric passages with these two 
ubhaloes haloes, after which the gas in the ETG remained ∼0.7 dex
otter than pre-infall. From the temperature maps we can see that the
TG (white squares) started interacting with outskirt gas in subhalo 
 2 at z = 0.5, heated up and remained to be surrounded by extended
ot gas from the host halo of the larger FoF group even after exiting
t z = 0. 

(ii) ETG B ( SUBFIND ID 482814) interacted with the largest cluster
n TNG100, which has a z = 0 log 10 ( M 200 / M �) = 14 . 58. It first
MNRAS 527, 6763–6778 (2024) 
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Figure 5. This figure shows the mass-weighted temperature history and 
distances to host haloes they interacted with for the three outlier ETGs in 
Fig. 2 . In each panel, the mass-weighted temperature tracks are denoted by 
the solid red curve and refers to the left y -axis ( T mw, 500 ). The distances to the 
host FoF groups ( r host ) and other major subhaloes ( r 1 , r 2 for ETGs A and B) 
they interacted with are indicated with the blue curves that refer to the right 
y -axis. The blue-shaded region in each panel indicates the period when each 
ETG was inside the larger cluster they interacted with. The coloured triangles 
stand for the four redshifts z = 0, 0.2, 0.5, 1 at which we show temperature 
maps in Fig. 6 and gas temperature and density profiles in Fig. 7 . 
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nteracted with two subhaloes of the cluster, the first one ( r 1 ) having
 z = 0 total mass of log 10 ( M sub / M �) = 13 . 06, and the second one
 r 2 ) having a z = 0 total mass of log 10 ( M sub / M �) = 12 . 48. The ETG
it pericentre with these two subhaloes almost at the same time of z

0.25, corresponding to the first temperature peak after which the
as starts to cool. The second peak towards z = 0 in the temperature
istory comes from the final approach of the ETG onto the most
assive cluster, when the other two subhaloes already finished their

nfall. Although the ETG is a central galaxy of a individual FoF
NRAS 527, 6763–6778 (2024) 
roup at z = 0, it is in a multimerger series happening in the densest
egion of the box and is impacted by the extremely hot and extended
as of the largest cluster in the simulation. 

(iii) ETG C ( SUBFIND ID 486341) interacted directly with the host
alo of a FoF group that has a z = 0 log 10 ( M 200 / M �) = 14 . 32.
g ain, the g as temperature in the ETG starts to rise rapidly after
ecoming part of the larger FoF group, and its temperature peak at z

0.2 corresponds well to the pericentre passage with the host halo.
fter exiting the FoF group at z = 0.02, the ETG still submerges in

he extended hot gas of the cluster and maintains ∼0.8 dex higher
as temperature than its pre-interaction temperature. 

These three case studies clearly demonstrate that the outliers in
he L X –T sl relation originate from environmental heating of the hot
as through interactions with larger galaxy clusters. Since these
acksplash ETGs do not have significantly higher total mass than
heir peers in the sample, their order of magnitude increase in gas
emperature are insufficient to be caused by changes in the o v erall
otential energy through gravitational heating. Although some of the
ncounters abo v e do not penetrate deep into the halo, we find that
he extended gas outside of R 200 of the larger host haloes these ETGs
nteracted can still have much higher temperatures than the ETGs’
riginal self-bound gas that can still cause significant external heating
Kim et al. 2020 ). We discuss more in the next Section about the
vidence of environmental heating from their host haloes encoded in
he three ETGs’ gas temperature and density profiles. 

Through visually examining the gas temperature and FoF group
embership history of each ETG in our sample, we found four other
TGs that similarly had encounters with more massive FoF groups
ut lie on the main sequence of the L X –T sl scaling relation. We find
hat three of these four ‘normal’ ETGs had very large M 500 mass
atios ( > 1/2) with their host haloes and their gas temperatures only
ncreased ∼0.3 dex during these interactions. The remaining ‘nor-

al’ ETG interacted with a massive cluster with M 500 ∼ 10 13 . 7 M �
owards z = 0, which should have made it an outlier ETG in the
 X –T sl plane as with ETGs A, B, and C. Ho we ver, this ETG was
nly part of the larger FoF group for � 1 Gyr and brushed the cluster
utskirts ( > 2.8 Mpc), rendering the environmental heating from the
ost inef fecti ve. These findings are in line with the observation
hat ETGs in cluster/group environments versus field environments
re not significantly different (Goulding et al. 2016 ), such that
nteractions between ETGs and larger groups/clusters do not impact
he ‘main ridge’ of the L X –T sl relation. Therefore, outlier backsplash
TGs need to be formed through close interactions with massive
lusters ( M 500 ∼ 10 14 M �) in order to create detectable offsets from
he L X –T sl scaling relation. 

.2 Gas temperature and density profiles 

o elaborate on the environmental heating scenario described earlier,
e further show in Fig. 7 the mass-weighted temperature and density
rofiles of gas for the three outlier ETGs at z = 0, 0.2, 0.5, 1. In these
rofiles, we use all gas particles that are enclosed within 3 R 500 of the
TG host haloes at that redshift (for z = 0.2 when these ETGs where

n larger FoF groups and their own R 500 could not be defined, we
se the linear interpolated value between their pre-infall and post-
nfall R 500 values). The triangles in Fig. 6 mark these epochs and
orrespond to times before infall, while within, and just after exiting
he more massive FoF groups each of these ETGs interacted with. 

At z = 1 and z = 0.5 before entering the larger clusters they
nteracted with, ETG A has an o v erall flat mass-weighted temperature
rofile within R 500 , while ETGs B and C have decreasing temperature
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Figure 6. The projected mass-weighted temperature maps at z = 1, 0.5, 0.2, 0 for ETG A (top panel), B (middle panel), and C (bottom panel) and the large 
clusters they interacted with. In each panel, the top row shows the gas temperature in the x –y plane while the bottom row in the y –z plane, with both rows taking 
the y -axis in the horizontal direction. ETGs A, B, and C in each subplot are fixed in the centre (white squares); the cluster host halo R 200 are marked by solid 
white circles; the 2 × stellar-half-mass radius of the subhaloes with which these three ETGs interacted with are marked by dashed white circles. The scale bars 
in the top left corner of each temperature maps stand for 500 physical kpc. The colour map for all subplots range from 10 6 K to 10 7.7 K as shown in the top right 
corner. These gas temperature maps further elucidate the context of environmental heating for the three outlier ETGs. 
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Figure 7. The gas mass-weighted temperature (top row) and gas density (bottom row) profiles within 3 × R 500 for the three outlier ETGs we studied in Fig. 6 , 
with each column showing one galaxy. The R 500 values are for the host haloes of the three ETGs at z = 0, z = 0.5, and z = 1 when they were the central galaxies. 
We take the average value of the pre-infall and post-infall R 500 of the ETG as their approximate R 500 at z = 0.2. The four sets of curves in each row indicate the 
gas temperature and density profiles at four different redshifts, that is z = 0, 0.2, 0.5, 1. These four redshifts correspond to the epochs shown in Fig. 6 , which 
co v er before entering, right within, and after exiting the more massive clusters each ETG interacted with. Through these interactions, the temperature profiles 
dev elop v ery hot outskirts and the gas density becomes v ery sparse. 
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rofiles with increasing radius. The density profiles show that all
hree ETGs started out with cuspy gas profiles at z = 1 (especially
TG B and C) within r ∼ 0.1 R 500 and the outer density profiles

ollow steep power-law shaped profiles. 
At z = 0.2 when these three ETGs were within larger FoF groups,

heir temperature profiles are significantly boosted. For ETG A and
, the temperature profile is flat and hotter everywhere than before

nfall at z = 1. We even see a small rise in temperature beyond R 500 .
his is a clear signature for the onset of external heating through
cquisition of hotter gas from the host halo during the interactions.
xternal heating is again most evident in ETG C, where the gas within
 � 0.03 R 500 still has similar temperatures as pre-infall ( z = 0.5), but
as temperature significantly rises from 0.03 R 500 to 0.2 R 500 , beyond
hich the gas temperature is much hotter and flat with radius. The
ensity profiles show unanimous boosting of the outer gas density
t r � 0.5 R 500 in all three ETGs during the interactions ( z = 0.2).
o we ver, central densities all decrease significantly as a sign of ram
ressure stripping removing the cooler gas that was originally bound
o these three ETGs. Comparing the spatial extent of the hot gas
f the larger FoF groups these ETGs interacted with in Fig. 6 , the
uch hotter gas in the larger clusters acts as a heat bath background
edium to these ETGs during the interactions. 
Finally at z = 0, when these three ETGs splashed-back from

he larger FoF groups and became BCGs of their own groups, they
ll show significantly sparser gas density profiles compared to that
efore infall or during the interactions. Cooling in the centre of ETG
 leads to a flat cooler core and rising temperature at the outskirts,
reserving signatures of environmental heating. The temperature
rofiles for ETG B and C are both hot and flat till z = 0. The former
ETG B) has a final temperature higher than the z = 0.2 temperature
rofile as it is starting its final approach onto the largest cluster in the
NRAS 527, 6763–6778 (2024) 
NG100 box at z = 0 and keeps heating up (also see Fig. 6 , middle
ow). The outskirts of the latter (ETG C) has a cooler temperature at
 = 0 than during the interaction at z = 0.2 as the gas starts to cool
fter exiting the large cluster. 

To summarize, these three ETGs went through the much hotter
GM and ICM of these larger host haloes they interacted with and
eld on to some of those hotter halo gas after the interactions. During
he interactions, ram pressure stripping remo v ed a significant amount
f cooler gas that was originally bound to the ETGs before infall,
urther increasing their average gas temperatures in addition to the
cquisition of hotter gas from their hosts. This is consistent with
i et al. ( 2022 ) finding that the ISM ( r ∈ [0, 2 R e ]) and CGM ( r ∈

2 R e , 4 R e ]) of massive M ∗ > 10 10 M � galaxies can be � 70 per cent
emo v ed due to tidal and ram pressuring stripping. The remaining
ooler gas bound to the central parts ( r / R 500 < 0.1) are most likely
eated through convection with the newly acquired hotter halo gas.
herefore, the combination of environmental heating from hotter
ost halo gas and tidal/ram-pressure stripping of originally bound
older gas leads to significantly higher T sl in these ETGs that makes
hem outliers of the L X –T sl scaling relations (Fig. 2 ). We suggest
hat similar outliers seen in observed ETG X-ray scaling relations
Kim & Fabbiano 2015 ) are also backsplash objects that might have
ecently been through environmental heating. 

This finding can also potentially facilitate systematic searches
f backsplash objects around the outskirts of large galaxy clusters
sing next-generation X-ray telescopes (e.g. eROSITA Merloni et al.
012 , Athena + Nandra et al. 2013 , Lynx Gaskin et al. 2019 etc.)
y looking for outliers in the L X –T sl scaling relation. The three
utlier ETGs we investigated all fell into massive clusters at z

0.35 and became backsplash galaxies at z = 0. This coincides
ell with the 2 × dynamical time-scale for dark matter haloes at
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 = 0 which is 3.89 Gyr ( z = 0.37). Therefore, we expect these
nvironmentally heated ETGs to stand out as outliers on the L X –
 sl relation for approximately two dynamical time-scales at their 
espective redshifts. Future work combining redshift-dependent halo 
erger rates with subhalo pericentre distance distributions could 

ield quantitative forecasts for the detection rate of backsplash ETGs 
n upcoming X-ray surv e ys. 

 C O N C L U S I O N S  

n this paper, we hav e e xplored the X-ray scaling relations of hot gas
n massive ETGs from the TNG100 box of IllustrisTNG. We derived 
ock X-ray luminosities (using the public code MOCK-X) and 

pectroscopic-like temperatures for a le gac y mock-ETG sample from 

ang et al. ( 2020 ) that has well studied total density profiles and dark
atter fractions. We compared the X-ray luminosity–mass relation 

nd the X-ray luminosity–temperature relation to observations for the 
imulated ETGs. We further studied how the low-mass end scatter in 
he X-ray luminosity–mass scaling relation relates to the ETG dark 

atter fraction, gas fraction, stellar population, and AGN feedback 
ctivities. Our major findings are as follows: 

(i) The L X, 500 –M 5 R e scaling relation has a very similar slope and 
 v erall scatter to the observed Chandra ETGs. The scatter increases
t the low-mass end compared to the high-mass end. The L X, 500 –
 sl, 500 scaling relation has slightly steeper slope than the observed 
handra ETGs, though hot gas in IllustrisTNG ETGs are on average 
0.5 dex cooler than observations (Fig. 2 ). 
(ii) We do not observe significant correlation between L X, 500 and 

he ETG dark matter fraction (including the small amount of gas) 1 −
 star at the low-mass end (Fig. 3 left). The offset from the best fit X-ray
uminosity–mass relation � L X, 500 ne gativ ely correlates with 1 − f star 

imilar to observations (Fig. 3 right), although IllustrisTNG ETGs 
ave systematically larger dark matter fractions than observations, 
hich was already known in earlier literature. 
(iii) At the low-mass end ( log 10 ( M 5 R e / M �) � 11 . 5) ETGs that

p-scatter in L X, 500 (vice versa the following for down-scatter) tend 
o have higher gas fractions and younger stellar populations. This is
ikely due to their AGN having lower cumulative kinetic feedback 
nergy, which leads to more gas content and less efficient quenching. 
s a consequence, the younger stars could also provide stronger 

tellar feedback heating that further increases L X . The higher gas 
raction in the end also fuels more recent ( z < 0.1) black hole
ccretion and feedback (Fig. 4 ). 

(iv) Past AGN feedback mediates star formation and stellar popu- 
ations in ETGs, thereby influencing the strength of stellar feedback 
t present day. This can partially explain why observations see a 
ubdominant role of AGN compared to stellar feedback with only 
ccess to z = 0 AGN properties and not their full accretion history
Section 3.3 ). 

(v) The scatter of L X, 500 does not correlate with the total density 
rofiles of the ETGs at the low-mass end. This indicates that mergers,
hich dominate the ETG density profile evolution at z � 1, do not

ignificantly impact L X, 500 at fixed M 5 R e (Figs 3 , 4 ). 

We also investigated the merger histories of three individual ETGs 
Fig. 2 black squares) that are outliers of the X-ray luminosity–
emperature scaling relation. We find that 

(i) all three ETGs interacted with much larger galaxy 
roups/clusters since z ∼ 0.4 and were environmentally heated. Their 
as temperature rise coherently with their infall into these larger FoF 
roups, and the temperature peaks coincide well with pericentre 
assages with those larger galaxy clusters (Fig. 6 ). 
(ii) These outlier ETGs’ gas are heated through a combination 

f acquiring hotter gas from the host haloes they interacted with
nd removal of cooler gas originally in these ETGs due to ram
ressure/tidal stripping (Fig. 7 ). 
(iii) Given that the three outlier ETGs are backsplash galaxies, we 

ropose that querying outliers of the L X –T sl relation can potentially
e used as a search strategy for backsplash ETGs near galaxy clusters.

As a final note, AGN feedback impacting the scatter in the low-
ass end of the L X, 500 –M 5 R e relation can be regarded as a theoretical

rediction that could be verified in future observations correlating 
-ray gas to the AGN of ETGs. New observations will provide

mportant constraints for developing more realistic AGN feedback 
odels in hydrodynamic simulations (e.g. more measurements for 

he stellar ages of low-mass X-ray ETGs) and testing the picture we
av e dev eloped.. As for finding backsplash objects using outliers in
he L X –T sl relation, future X-ray missions can target the outskirts
f galaxy clusters for red galaxies (cross-correlating with optical 
urv e ys) that simultaneously possess a hot X-ray component. Care
hould be taken as the signal-to-noise of such searches maybe limited
o the specific instrument and the success of the proposed backsplash
earch campaign depends on the sensitivity to the contrast between 
he backsplash ETG gas and the extend hot gas from the large galaxy
luster. Nonetheless, our work here still provides a promising no v el
pproach to finding backsplash galaxies in addition to the existing 
ensity profile-based (Adhikari et al. 2021 ) or surface brightness- 
uctuation-based (Casey et al. 2022 ) inference methods that could 
ield fruitful outcomes in the near future. 
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Figure A1. The dark matter fraction (1 − f star ) versus the total mass within 
5 R e . The blue triangles indicate galaxies that occupy relaxed haloes, while the 
red crosses indicate unrelaxed host haloes. See Section A for the definition 
of relaxation. There are no significant differences in the dark matter fraction 
of relaxed and unrelaxed ETG haloes. 
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PPEN D IX  A :  DY NA M I C A L  STATE  O F  T H E  

TG  H O S T  H A L O E S  

n Fig. A1 , we show the dark matter fraction (1 − f star ( ≤ 5 R e )) versus
he total mass of the central ETGs within 5 R e . The scattered dots are
ivided into two populations, where one denotes galaxies that occupy 
elaxed haloes (blue triangles), and the other denotes galaxies that 
iv e in unrelax ed ones (red crosses). The definition for relaxed haloes
s adopted from Neto et al. ( 2007 ): 

 r pos − r CM 

| � 0 . 07 R 200 , (A1) 

here r pos is the location of the deepest-potential particle identified in 
he simulation by SUBFIND , r CM 

is the centre of mass for all particles
ithin the FoF group, and R 200 is the physical radius within which

he average density of the halo is 200 times that of the critical density
f the universe. Our sample includes relaxed and unrelaxed haloes 
n comparable amounts according to this definition, and that they 
o not show significant differences in the dark matter fraction/total 
ass space. Hence, the dynamical state of the host halo for our ETGs

hould have an insignificant impact on our analysis. 

PPENDI X  B:  BLACK  H O L E  MASS  A N D  

H E R M A L  AG N  FEEDBACK  EFFECTS  O N  T H E  

UMI NOSI TY– MASS  SCALI NG  RELATI O N  

In this appendix (Fig. B1 ) we present the reproduction of Fig.
 coloured by three different AGN-related quantities: the SMBH 

ass ( M BH , top panel), cumulative thermal AGN feedback energy
 
E AGN, Thm 

, middle panel), and the recent AGN thermal feedback
nergy from z = 0.1 to z = 0 ( δE AGN, Thm 

, bottom panel). Through
he colour maps in the main scaling relations large Pearson p values
or the linear fits in the inset plots, we conclude that none of the three
oloured quantities show significant correlation with the scatter in 
 X at the low-mass end. This indicates that the systematic variation

n the kinetic mode AGN feedback energy seen in Fig. 4 is not due to
ystematic variations in the SMBH mass, but rather intrinsic scatter 
n the accretion and assembly histories of those SMBHs. The middle
nd bottom panels of Fig. B1 suggest that the scatter in L X, 500 at the
ow mass end is not significantly impacted by cumulative or recent
adiative mode AGN feedback, consistent with the scenario that 
adiative mode AGN feedback is mostly shut off and subdominant 
ompared to the kinetic mode in the SMBHs of z = 0 galaxies with
 ∗ � 10 11 M � in IllustrisTNG (Zinger et al. 2020 ). In Table B1 , we

ist the Pearson correlation coefficient r , p -value, and intrinsic scatter
n � L X, 500 of linear fits to the three coloured quantities in Fig. B1
dotted dashed lines in the inset plots). 
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Figure B1. Similar to Fig. 4 , we show the L X, 500 –M 5 R e scaling relation 
coloured by the central SMBH mass ( M BH , top panel), cumulative radiative 
(thermal) mode AGN feedback energy ( 
E AGN, Thm 

, middle panel), and 
recent thermal AGN feedback energy within 0 < z < 0.1 ( δE AGN, Thm 

, 
bottom panel). In the bottom panel, quiescent SMBHs that did not emit 
any thermal energy at z < 0.1 are denoted with empty circles. The inset 
plots in each panel shows � L X, 500 versus the respective coloured black hole 
property in the main scaling relation for low-mass ETGs (blue dashed box, 
log 10 ( M 5 R e / M � � 11 . 5). The lack of colour gradient in the blue boxes and 
large Pearson p values for the linear fits in the insets indicate insignificant 
correlation of L X, 500 with all three black hole properties shown in the colour 
scale. 
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Table B1. The best linear fit parameters between 
� L X, 500 and each of the three x quantities. We report 
the Pearson correlation r , p -value, and best fit intrinsic 
scatter in � L X, 500 . The standard deviation in � L X, 500 is 
0.67. All relations have large p -values. 

x quantity Pearson r Pearson p εy 

M BH −0.07 0.31 0.64 

 AGN, Thm 

−0.06 0.33 0.64 
δAGN, Thm 

0.07 0.15 0.67 

PPENDI X  C :  SPECTROSCOPIC-LIKE  VERS US  

ASS-WEI GHTED  TEMPERATURES  

In Fig. C1 we show the temperature comparison between the
pectroscopic-like ( T sl, 500 ) definition and mass-weighted definition
 T mw, 500 ). The definition of T sl, 500 follows from equation ( 1 ) and the
efinition of ( T mw, 500 ) follows from equation ( 2 ). The T 

−3/4 weighting
or T sl, 500 makes the T mw, 500 of the simulated ETGs ∼0.2 dex higher
han their T sl, 500 . 

igure C1. The spectroscopic-like temperature ( T sl, 500 ) versus the mass-
eighted temperature ( T mw, 500 ) for our simulated ETGs (blue dots). The red
ashed line stands for T sl, 500 = T mw, 500 , while the blue dotted-dashed curve is
he linear fit to the log temperatures. According to the linear fit, log 10 T mw, 500 

s mostly higher than log 10 T sl, 500 by ∼0.2 dex. 
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