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ABSTRACT

We present the X-ray analysis of [seven local compact elliptical galaxies (cEGs), selected for their morphological resemblance to
high-redshift red nuggets. As likely descendants of the red nugget population, cEGs offer a unique window into the early Universe,
enabling the study of early galaxy evolution and the interplay between black holes, stellar bulges, and dark matter halos. Using
data from Chandra and XMM-Newton, we investigate the properties of the hot gaseous halos in cEGs. Two galaxies — MRK 1216
and PGC 32873 — host luminous, spatially extended X-ray atmospheres, allowing us to derive radial thermodynamic profiles. For
MRK 1216, we performed high-resolution spectral modeling with RGS data, which hints at super-solar a/Fe abundance ratios. The
remaining galaxies show either faint or undetected X-ray halos, though several display AGN-like (active galactic nucleus) power-law
emission. In the context of local scaling relations, cEGs show only mild deviations from the general galaxy population, exhibiting a
slightly steeper M, — Ly relation and occupying the lower boundary of the M,—M,;, relation. These trends suggest that high-redshift
red nuggets may also host a diverse range of X-ray atmospheres. We speculate that the compactness of cEGs may trace back to the
population of ‘little red dots’ (LRDs), hinting at a potential link between LRDs, red nuggets, and compact relic galaxies in the local
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Universe.

1. Introduction

astro-ph.GA] 20 May 2025

—According to cosmological simulations, the core of massive,
early-type galaxies forms through a rapid dissipative collapse
> (z > 2), with subsequent evolution to massive early-type galaxies
through mergers (z > 0) (Oser et al.2010). Due to the stochas-
ticity of the second phase, a small fraction of the collapsed cores
[N could avoid mergers, leading to the formation of red nuggets ob-
<" served at 1 < z < 2 (Damjanov et al.][2009). During their further
= evolution, red nuggets may continue their undisturbed evolution,
y resulting in a rare population of massive, compact relic galaxies
') (Quilis & Trujillo[2013)) with only a small number of confirmed
cases in the local universe (Trujillo et al.[2014; Ferré-Mateu et al.
(\J 2017). The estimated fraction of massive galaxies that formed at
" z> 2 and survived structurally intact to z ~ 0. is <2% (Quilis &
.~ [Trujillo|2013; [Wellons et al.[2015).

>< Local relic galaxies are outliers in the mass—size relation of

1

local ellipticals: despite their massive nature (M, 2 10''M,)
they are extremely compact (r.¢ < 2kpc), and host a very old
(2 13Gyr) and passive (red) stellar population. Their red and
compact nature also resembles the ‘little red dot’ (LRD) galaxy
population, which is abundant in the z > 4 Universe; however,
unlike typical LRDs, these galaxies do not exhibit the peculiar V-
shaped spectral energy distribution (SED) characteristics of that
population.

Local relics may be more complex than their optical ap-
pearance suggests, and exploring them across other wavelengths
could offer a deeper understanding of their nature and origin.
X-ray observations, in particular, provide valuable insights into
their large-scale dark matter halos. Indeed, Chandra observa-
tions revealed that two compact relic galaxies, MRK 1216 and
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PGC 32873, host extended, luminous X-ray atmospheres (Buote
& Barth| 2018 ‘Werner et al.|2018 Buote & Barth|[2019), im-
plying that these galaxies reside in massive dark matter halos.
Although both sources are isolated, they exhibit very different X-
ray properties (Werner et al.[2018]), revealing that the population
of local relics is less homogeneous than their optical appearance
suggests.

MRK 1216 and PGC 32873 have also been proposed to host
over-massive black holes at their center (Ferré-Mateu et al.|2015},
Werner et al|2018). In fact, [Ferré-Mateu et al.| (2015) sug-
gested that massive relic galaxies, by their very nature, host over-
massive black holes: After the dissipative collapse of the core
and the formation of the central supermassive black hole (BH),
the galaxy does not go further in mass or size, thereby prevent-
ing the stellar bulge from catching up to its initially over-massive
BH. In addition, X-ray studies show that nearby galaxies with
over-massive BHs, such as NGC 1332 and NGC 4342, tend to
reside in extended dark matter (DM) halos (Bogdan et al.[2012b;
Werner et al.|2018; Buote & Barth|[2019). Given the strong cor-
relation between DM halo mass and BH mass, these findings
suggested that BH growth is governed by the large-scale DM
halo, and challenged the bulge-BH co-evolution (e.g. Bogdan
et al.|2024; [Kovacs et al.|2024). The presence of extended DM
halos also implies that the compact nature of MRK 1216 and
PGC 32873 is not a result of tidal stripping, as the DM halo
would be stripped before the stellar component due to its low
specific binding energy (Libeskind et al.[2011).

Overall, local relic galaxies, with their growth ceased at
z ~ 2, offer a glimpse into the early Universe and a unique oppor-
tunity to study early galaxy evolution and the interplay between
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Table 1: Galaxy properties

Galaxy R.A. Decl. D log M. eft 7 " 2(])VH , Do
[Mpc] [Mo] [kpc] [(kms™] [107cm™] [']

MRK 12167 08 28 47.11 —-06 56 24.44 94 +2 1 1.34f8:}(1) 3.0+0.1 308 7 4.58 5.379
NGC472f 01202870 +324232.68 74x1 11.07*0% 24101 217x8 6.52 4.141
PGC 32873 1056 16.06 +421959.30 112+2 11.28*0% 23+01 304x8 1.21 0.414
PGC 70520 230720.19 +36214514 72+1 1095219 16+0.1 248+8 1030 6.497
J091842.83+031557.1* 91842.83 +03 1557.10 239.5 10.6Ojg:8‘5‘ 1.2 221 £ 8 3.16 0.325
J092318.89+025538.3* 0923 18.88 +02 55 38.30 395.5 10.63f8:?? 1.8 227 £ 12 3.92 0.445
J093634.60+034428.4* 09 36 34.59 +03 44 28.40 202.6 10.97f8;8‘5‘ 2.1 256 +5 3.13 0.242

Notes. " The D distances, M, stellar masses, r.¢ effective radii, and o central stellar velocity dispersions are adopted from|Y1ldirim et al.| (2017);
M, is obtained from dynamical models, r.g is measured along the major axis of the best-fitting ellipse containing half of the light, and o is given
within the best-fitting circular aperture. * D, M., and o are adopted from SDSS spectroscopic catalogs. Ny is the weighted HI+HII galactic
hydrogen column density along the given sightline (Willingale et al.[2013)). D, ,, shows the projected distance from the nearest neighboring galaxy.

different galactic components: the BH, the stellar bulge, and the
DM halo. In this paper, we analyze Chandra and XMM-Newton
observations to investigate the X-ray atmospheres of seven com-
pact elliptical galaxies (cEGs) in the local Universe, including
two confirmed local relics, Mrk 1216 and PGC 32873. We infer
total masses from X-ray luminosities, estimate black hole masses
from velocity dispersions, and adopt stellar masses from HST
data, placing these in the context of local scaling relations. In
addition, we derive the radial profiles of thermodynamic prop-
erties for both MRK 1216 and PGC 32873, and perform spectral
modeling of the high-resolution RGS data for MRK 1216.

This paper is structured as follows. Section[2] introduces
the galaxy sample. Section[3] outlines the data reduction pro-
cess. Sectionfd] presents the analysis and results, including point
source identification (Section[d.T)), source characterization (Sec-
tion@, analysis of diffuse emission (Sections@, surface
brightness and thermodynamic profiles (Sections[4.4] and [4.5)),
and the high-resolution spectrum of MRK 1216 (Section4.6). A
discussion is presented in Section[3] including a comparison with
the general galaxy population (Section[5.1)) and the connection to
little red dots (Section[5.T). A summary of the findings are given
in Section[@l

We adopt a standard ACDM cosmology throughout the anal-
ysis with Hy = 71 km™!s™! Mpc‘l, Qpm = 0.27, and Qp = 0.73.

2. Sample

In this work, we study seven nearby cE galaxies. To construct a
comprehensive sample, our targets were drawn from two distinct
samples, with each subset exhibiting the typical characteristics
of the relic population.

A subset of 4 galaxies is derived from the optically selected
sample of |Y1ildirim et al.| (2017). This parent sample features 16
local cEs with detailed Hubble Space Telescope (HST) based
measurements of their stellar mass, size, and structural and dy-
namical properties. To select our sample, we first investigated
the environment of the galaxies. Interestingly, simulations (Per-
alta de Arriba et al.|2016)) and observations (Buitrago et al.[2018])
suggest that low-redshift massive relic galaxies are more com-
mon in rich environments (e.g. NGC1277 (Trujillo et al.|2014)),
the prototypical relic galaxy near the center of Perseus cluster)
than in isolation. As early members of their clusters, they tend
to be centrally located with high relative velocities, which low-
ers their merger rates and allows them to remain intact. How-
ever, tidally stripped galaxies, with otherwise conventional evo-
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lutionary path, can mimic some of the main optical character-
istics of low-redshift relics. Stripping and merging events are
more common in dense cluster environments, where the level of
X-ray emission from the intra-cluster medium may surpass that
of individual galaxies, hampering the study of their X-ray at-
mospheres. Therefore, from the parent sample, we selected only
those galaxies that reside in low-density environments, as these
provide a cleaner and less contaminated sample compared to
those in rich environments. Environmental features (cluster and
group environment, or interaction with another galaxy) narrowed
the parent sample down to four galaxies: MRK 1216, NGC 422,
PGC 32873, and PGC 70520 (Table[I)). Among these, MRK 1216
and PGC 32873 have already been the subjects of previous X-ray
studies (Buote & Barth|2018;Werner et al.|2018)); however, addi-
tional observations acquired since then allow for a more in-depth
analysis.

We extended the sample by incorporating 3 additional X-
ray luminous cE galaxies at z < 0.1 (J091842.83+031557.1,
J092318.89+025538.3, and J093634.60+034428.4) from the
140 deg® eROSITA Final Equatorial Depth Survey (eFEDS) field
that have relatively high velocity dispersions and stellar masses
(Table[I). This extension aims to build a more comprehen-
sive sample of X-ray-detected cE galaxies and may serve as a
pathfinder for future studies targeting X-ray-selected compact
systems with extended hot halos. Note that these three galax-
ies lie beyond the 112 Mpc distance limit of the [Yildirim et al.
(2017) sample and were therefore not included in their selec-
tion. Based on SDSS data, the morphology and color indices
(u — r = 2.82 — 3.00) indicate that these are early-type galax-
ies. Their effective radii are ~ 50% smaller than expected for
their mass at low redshift, but align with those of z ~ 2 galaxies.
A cone search and cross-correlation with the eROSITA eFEDS
cluster and group catalog (Liu et al.|[2022) confirm that the tar-
get galaxies are isolated sources, indicating passive evolution.
Together, these characteristics suggest their classification as red
nugget analogs. The presence of a luminous X-ray halo in these
galaxies was suggested by the eROSITA X-ray observations. As
a caveat, we note that eROSITA’s broad point spread function
(PSF) limits resolution.

Thus, the complete sample consists of 7 galaxies; their prop-
erties and X-ray observational log are detailed in Table[I] and
Table[2] respectively.
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3. Data reduction

We carried out X-ray analysis on a combination of Chandra
ACIS-S, Chandra HRC-I, and XMM-Newton observations in-
corporating all available X-ray data of the targets (Table[2)). Af-
ter retrieving the data, we performed all subsequent processing
with the CIAO software packages (Chandra Interactive Analysis
of Observations, version 4.13, [Fruscione et al.| (2006), CALDB
version 4.9.5) and the XMM-SAS software packages (Science
Analysis System, version 20.0.0, |Gabriel| (2017)). We followed
the standard data processing described, e.g., in [Kovacs et al.
(2023) and [Bogdan et al.| (2017)) to prepare the X-ray observa-
tions for analysis. Specifically, for Chandra, we reprocessed the
data using chandra_repro to ensure consistent calibration cor-
rections across all observations, followed by the identification
and removal of flare-contaminated intervals. For EPIC data, we
additionally filtered out bad pixels, bad columns, cosmic rays,
and events outside the FOV. From the reprocessed and cleaned
data, we extracted energy-filtered event files and images, as well
as exposure maps to correct for vignetting and variations of
quantum efficiency across the CCD. For Chandra, we merged
data from multiple observations, whereas EPIC data were ana-
lyzed separately for each observation and for each detector.

The XMM-Newton RGS data for MRK 1216 were extracted
following the data processing steps described in |de Plaa et al.
(2017). The RGS spectrum has been extracted from a 0.5 arcmin-
wide region in cross-dispersion direction to probe the X-ray
brightest central part of the system. Because the RGS operates
without a slit, every line is broadened by the spatial extent of
the source. To account for this broadening in our model, we
convolved the RGS response with the surface brightness pro-
file of the galaxy derived from the EPIC/MOSI image in the
0.5 - 1.8 keV (7 — 25 A) band along the dispersion direction.
However, because of the possible presence of intrinsic metallic-
ity gradients, this surface brightness profile is not necessarily a
perfect description of the observed line profile. Therefore, in our
model, we multiplied the line profile by a scale factor s, which
is the ratio of the observed line spread function (LSF) width to
the expected LSF. We leave this scale factor as a free parameter
in our fits.

4. Analysis and results
4.1. Point sources

For galaxies with XMM-Newton and Chandra HRC data
(NGC 472 and PGC 70520), we primarily used the HRC obser-
vations to identify X-ray point sources, taking advantage of its
superior spatial resolution (~0.4"") compared to XMM-Newton.
We ran the CIAO wavdetect source detection tool on the wide-
band (~ 0.1 -10 keVﬂ total counts mosaic of each galaxy, spec-
ifying 6 wavelet scales with values of 1, 1.414, 2, 2.828, 4, 8§,
and 16, and a signal threshold of < 107>. A single point source
was identified near the center of PGC 70520 with an offset of
0.27". No further point sources were detected within 5 7 pro-
jected distance from these galaxies.

The flux of the point source was determined with the
srcflux CIAO tool extracted within a circular region enclos-
ing 90% of the PSF at 1.0keV with the source’s PSF frac-
tion estimated from MARX simulations (Davis et al. [2012).
We applied an absorbed power-law model for the source spec-
trum with a photon index of I' = 1.7, then converted to lumi-
nosity assuming that the source is associated with PGC 70520.

! Note that the HRC camera has no useful energy resolution.

Table 2: Observational log

Chandra

Galaxy Obs. ID Obs. date Instr. fexp

[ks]
MRK 1216 17061 2015-06-12  ACIS-S 12.89
20342 2018-01-09  ACIS-S  31.65
20924 2018-01-09  ACIS-S  29.67
20925 2018-01-12  ACIS-S  31.65
20926 2018-01-14  ACIS-S 29.68
NGC472 25227 2023-07-25 HRC-I 9.75
27962 2023-07-27 HRC-I 9.93
27963 2023-07-27 HRC-I 14.07
25864 2023-08-01 HRC-I 14.07
27973 2023-08-02 HRC-I 14.09
PGC 32873 17063 2015-03-02  ACIS-S  23.38
21377 2019-01-22  ACIS-S 57.31
22061 2019-01-26  ACIS-S 31.65
22062 2019-01-27  ACIS-S 21.78
21378 2019-02-11 ACIS-S 24.74
22100 2019-02-12 ACIS-S 24.74
22101 2019-02-13  ACIS-S 33.62
22102 2019-02-11 ACIS-S 23.26
PGC 70520 25226 2023-08-10 HRC-I 13.77
28368 2023-08-10 HRC-I 12.83
27490 2023-08-15 HRC-I 14.28
28485 2023-08-17 HRC-I 14.25

XMM-Newton

Galaxy Obs.ID  Obs.date P

[ks]
MRK 1216 0822960101 2018-05-07 140.8
0822960201 2018-11-01 109.7
NGC472 0892400201 2022-02-09 40.9
PGC 32873 0842730101 2020-04-26  87.0
0842730201 2020-05-11 83.0
PGC 70520 0892400101 2022-12-05 459
J091842.83+031557.1 0922260301 2024-04-21 65.4
J092318.89+025538.3 0922260201 2023-11-12  35.7
J093634.60+034428.4 0922260101 2024-05-04 17.3

We measured an HRC wide-band source luminosity of Lyge =
(1.17704%) x 10% ergs™" on the merged data. Given this lumi-
nosity, the source emission most likely originates from a low-
luminosity AGN, since LMXB luminosity functions typically
cut off above 2 x 10% erg s~ (Irwin et al.|2003; Gilfanov|2004;

Kim & Fabbiano2004; Zhang et al.[2012).

We ran wavdetect on the merged broad-band ACIS im-
ages of those galaxies with Chandra ACIS data, MRK 1216 and
PGC 32873, and identified 1 and 2 point sources, respectively,
within 5 r.g projected distances. These sources are likely back-
ground AGN, as none of them are within 2 7., where most of
a galaxy’s optical light is concentrated. Note that the detection
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sensitivity is relatively high due to the presence of bright diffuse
emission in these galaxies.

To identify point sources in the EPIC images, we ran
wavdetect on individual observations for each camera in the
0.5-10keV band, using a significance threshold of < 10~ and

wavelet scales following the " V2 sequence", i.e., 1, \/z, 2,2 \/Z

4,342, ..., 16. We identified a point-like source at the coordi-
nates of each galaxy.

4.2. Characterization of eFEDS galaxies observed only with
XMM Newton

All three galaxies in our sample with only XMM-Newton
EPIC data (J091842.83+031557.1, J092318.89+025538.3, and
J093634.60+034428.4) show detectable X-ray emission, which
is consistent with a point-like source. However, due to the
broader XMM-Newton PSF, we performed additional tests to as-
sess whether these sources are point-like or extended.

To infer the nature of the emission, we first compared
the sources’ radial brightness profiles with the PSF using the
eradial tool. We found that the 0.5 — 7keV emission from all
three galaxies is consistent with the nominal PSF, with no sig-
nificant X-ray excess, suggesting that the sources are point-like.

We further investigated the emission by analyzing its spec-
tral properties. For this, we calculated the galaxies’ hardness ra-
tios, as spectral analysis was not feasible due to the faint na-
ture of the sources (the brightest source has < 45 net counts
in the 0.5 — 7keV band within 5 r.¢). We used the BEHR code
(Park et al.|[2006), and calculated the hardness ratio for each
galaxy as a fractional difference defined by (H — S)/(H + §),
where H and S are the source counts in the hard (2 — 10keV)
and soft (0.3 — 2keV) bands. For reference, we performed the
same calculation for simulated power-law and APEC spectra,
each tailored to the observations corresponding to the galaxies.
We used Xspec’s (Arnaud||1996) fakeit command along with
the appropriate response files, assuming I' = 1.7 for the power-
law model, and k7 = 0.3keV and an abundance of 0.3 for the
APEC model to perform the simulations. From the comparison
of observed and simulated hardness ratios, we determined that all
three sources exhibit predominantly power-law emission, sug-
gesting that they are AGN.

The X-ray emission of these galaxies is likely dominated by a
central AGN. Studying their CGM requires separating this point
source contribution. However, due to the broad on-axis PSF of
XMM-Newton’s EPIC cameras (~ 6”), which is comparable to
the CGM extent observed in MRK 1216 and PGC 32873, the dif-
fuse emission cannot be resolved in these systems.

4.3. Diffuse emission

To characterize the galaxies’ diffuse emission, we relied on ACIS
and EPIC observations. For apertures with over 200 net counts
within 5 reg (i.e., for MRK 1216 and PGC 32873), we extracted
CCD spectra and calculated model fluxes; otherwise, we used
aperture photometry on the imaging data.

At each galaxy’s position, where the aperture contains fewer
than 200 net counts (NGC 472 and PGC 70520), we performed
photometric measurements of the 0.5 — 2keV flux using circu-
lar apertures with a radius of 20 r.g, while removing any over-
lapping point sources detected with wavdetect, i.e., those de-
scribed in Sectiond.1] Background was extracted from the same
chip as the source emission. The flux-to-luminosity conversion
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was performed assuming APEC emission with Z = 0.6 Z, (An-
ders & Grevesse|1989)) and a temperature of k7" = 0.5keV.

In photometric measurements, the diffuse X-ray emission
of galaxies is contaminated by the collective emission of unre-
solved low-mass X-ray binaries (LMXBs). Since LMXBs trace
the stellar mass (Gilfanov|2004), their contribution can be esti-
mated for the present sample. Using the LMXB luminosity func-
tion for nearby galaxies (Gilfanov|[2004), and the stellar mass
and distance of our targets, we estimated the luminosity contri-
bution of unresolved LMXBs for both NGC 472 and PGC 70520,
and applied the corresponding correction to the measured CGM
luminosities (Table[3). Unresolved LMXBs are found to con-
tribute, on average, roughly 40% of the 0.5-2 keV diffuse emis-
sion in these relatively faint X-ray galaxies. Note that we did not
consider the contribution from high-mass X-ray binaries, as it is
expected to be insignificant in galaxies with old stellar popula-
tions.

For the two brightest sources (MRK 1216 and PGC 32873),
we extracted CCD spectra from ACIS and EPIC data within a
single aperture of 20 r.¢, and calculated model fluxes. We fit the
galaxies’ thermal emission spectrum with a phabs(apec+pow)
model (in Xspec terminology), incorporating both the photon
absorption, corresponding to the line-of-sight galactic hydro-
gen column density (Table[I), and the contribution of the un-
resolved cosmic X-ray background with a photon index fixed at
I' = 1.6. The spectral fits were performed using Xspec. In the
Chandra ACIS fit, plasma temperature, abundance, and spec-
tral normalizations were free parameters, whereas in the XMM-
Newton EPIC fit, the abundance was fixed at the best-fit ACIS
value. For the ACIS spectrum of MRK 1216 we applied a two-
temperature model with the low-T component abundance linked
to the abundance of the high-T component. The fit range was set
t0 0.5-7keV for ACIS and 0.5-10keV for XMM-Newton spec-
tra. A joint fit was applied for the MOS1 and MOS?2 data, while
the PN data was separately modeled. The source luminosities
and the best-fit spectral model parameters are listed in Table[3]
and Table[d] respectively.

The measured X-ray luminosities of diffuse emission, shown
in Table[3] vary widely among galaxies, covering a luminosity
range of > 2 orders of magnitude, highlighting the diversity
of X-ray halos in the population of cE galaxies. In particular,
MRK 1216 and PGC 32873 display the highest luminosities in
the sample with their X-ray halo extending beyond their effective
radii (Sectiond.4] Figure[I). On the other hand, NGC 472 and
PGC 70520, despite having comparable stellar masses and ef-
fective radii, lack prominent X-ray halos. We explore how these
X-ray luminosities relate to local scaling relations in Section[5.1]

4.4. Surface brightness profile of MRK 1216 and PGC 32873

We extracted the 0.3 — 2keV radial surface brightness profiles
for MRK 1216 and PGC 32873, the brightest sources of the sam-
ple. The remaining galaxies had too few (< 50) counts for this
analysis. Profile extraction and fitting were performed on ACIS
data, with point sources removed, using the pyproffit soft-
ware (Eckert et al.|2020). The extracted surface brightness pro-
files were fitted with a single S-model:

~38+0.5
) - + logB ,

1(r) = loghy (1 + (x/r.)?

where r, is the core radius of the gas distribution and B is the
background level. The local background was estimated from
an outer annulus centered on the galaxy. Given the Poissonian
nature of the data, parameter estimation was performed using
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Table 3: Unabsorbed X-ray luminosities of the galactic diffuse emission measured within 20 reg

ACIS—S MOS1 MOS2 PN
Galaxy 0.5-2keV 0.5-2keV 0.5-2keV 0.5-2keV
[erg s71] [erg s71] [erg s71]
MRK 1216  (9.16 = 0.13) x 10! (8.14 £ 0.06) x 101 (7.16 + 0.04) x 10*!
NGC472 <447 x10%°  (2.33 £0.69) x 100 <121 x10% (4.06 + 1.35) x 10*°
PGC 32873 (1.09 + 0.06) x 10*! (9.18 +0.23) x 10* (7.33 £ 0.16) x 10
PGC 70520 <270x10%°  (4.88+1.92)x 10 (3.39+1.75)x10% (4.00 + 1.04) x 10%

Notes. Luminosities are determined by spectral modeling for MRK 1216 and PGC 32873, and by photometric measurements for NGC 472 and
PGC 70520. The spectra from MOS1 and MOS2 were fitted simultaneously. Error bars represent 1 o statistical uncertainties assuming Gaussian

statistics; for non-detections, we present the 1 o upper limits.

Table 4: Best-fit spectral model parameters within 10 reg

Component Parameter Mk 1216 PGC 32873
P ACIS MOS PN ACIS MOS PN
apec kT [keV] 0.80+0.05 0.76+0.00 0.75+0.00 | 0.71 £0.03 0.79+0.01 0.76 +0.01
P Abund. 0.37 +£0.04 0.37* 0.37* 0.22 +0.08 0.22% 0.22%
apec kT [keV] | 0.53 +£0.12 - - - - -
* Abundances are fixed to the best-fit Chandra abundance.
r/Tefe r/reir
0.1 1.0 10.0 0.1 1.0 10.0
T T T TTTTT T |||||||| T |1|||||| """'l T ""'”| T """'l
10°1 - MRK1216 — 1071 = PGC32873 —
g : 1 % [ N
= - 1 g . il
g S 012
s 10T - 307 —
& - i - ]
g u ] g u ]
s f 18 F -
en L ]
5, i 1 &
m 10713 — — @107 B —
Z - 1 @ = :
10714 L1 ||||||| L1 ||||||| L1l 10—14 [ ||||||| [ ||||||| | L 111l
0.1 1.0 10.0 0.1 1.0 10.0
r [arcsec] r [arcsec]

Fig. 1: The 0.3—-2keV surface brightness profile of MRK 1216 (left panel) and PGC 32873 (right panel), and the best-fitting S-model
with 8 = 0.507 £ 0.003, r, = 0.874 = 0.001 kpc and 8 = 0.526 + 0.011, r, = 0.492 + 0.001 kpc, respectively.

C-statistics. The background-subtracted profiles, along with the
corresponding best-fit 8-models, are displayed in Figure[]

We trace the X-ray halos of MRK 1216 and PGC 32873 out
to ~ 10,7e¢ and ~ 4, req, respectively. The best-fit core ra-
dius of the gas distribution is 0.874 + 0.001 kpc for MRK 1216
and 0.492 + 0.001 kpc for PGC 32873, with model slopes of
B = 0.507 £ 0.003 and B = 0.526 + 0.011, respectively. While
these 3 values are typical for bright ellipticals with Ly ~ 103 —

102 erg s, the r. core radii are only a fraction of the typical
r. = 2kpc (e.g.|Goudfrooij & de Jong|1995).

4.5. Thermodynamic profiles

Following the method outlined in [ Kovacs et al.[(2023) and |Zhu
et al.| (2023)), we extracted X-ray spectra in concentric annuli
from the ACIS data of MRK 1216 and PGC 32873, and derived
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Table 5: Best-fit model parameters for a single-temperature CIE
model fit to the high-resolution RGS spectra extracted from a
0.5 arcmin wide region centred on MRK 1216. The scale factor
s is the ratio of the observed LSF to the expected LSF based on
the radial surface brightness profile extracted in the dispersion
direction. The abundances are given with respect to the proto-
Solar abundances of |[Lodders & Palme|(2009).

kT (keV) 0.73 £0.02
s 0.53 +£0.04
O (Solar) 1.3+£04
Ne (Solar) 1.4+0.5
Mg (Solar) 2.1+£0.7
Fe (Solar) 1.0+0.3
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the deprojected radial profiles of the thermodynamic properties
of the CGM. The extraction annuli were defined on a logarith-
mic scale, with each radial bin containing > 200 net counts.
Due to its noncircular symmetry, elliptical annuli were used
for PGC 32873. The thermodynamic profiles for MRK 1216 and
PGC 32873 are displayed in Figure[2] and Figure[3] respectively.
Note that the outermost data points of these profiles derived from
the deprojection may be subject to systematic uncertainties, po-
tentially due to morphological asymmetries or residual CGM
emission beyond the extraction radius.

We obtained the kT temperature profiles directly from the
best-fit 0.5 — 7keV APEC model of each annulus, and derived
the n, electron density from the model normalization, then ex-
pressed the n = n. + n; total density assuming n; = 0.92n,
for the ion density. The K = kT/nZ/ 3 entropy and the #.oo =

3/2(ne + n))kT [(nen; A(T)) cooling time of the plasma were cal-
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Fig. 3: Deprojected thermodynamic profiles of the CGM surrounding PGC 32873 extracted from Chandra ACIS data, showing
temperature (kT'), total density (n = n, + n;), entropy (K), and cooling time (7..0;) profiles extending out to ~ 3 7.

culated from these deprojected properties, where A(T) is the
cooling function for solar metallicity.

The kT profile of MRK 1216 shows a smooth decline
with radius with a core temperature of 1.03 = 0.04 keV, while
PGC 32873 displays a more centrally peaked distribution with
a slightly higher core temperature of 1.24 + 0.20keV. Simi-
lar central temperatures have been reported for giant ellipticals
by [Werner et al.| (2012)); |Lakhchaura et al.| (2018). The central
electron density of MRK 1216, measured on a 0.5 kpc scale, is
0.51 + 0.13cm™3. This value exceeds the 0.11 + 0.06 cm™ cen-
tral density measured for PGC 32873 within 1 kpc, which is con-
sistent with the typical ~ 0.1 cm™ density observed in ellipti-
cal galaxies (Mathews & Brighenti|[2003). While both density
profiles are smooth, the steeper gradient observed in MRK 1216
points to a more concentrated hot gas distribution compared to
PGC 32873. The entropy profile of MRK 1216 increases with the
radius following K o %% This profile is broadly in line with,
but slightly shallower than, the theoretical K o ! profile ex-
pected for systems where the hot atmosphere is shaped solely

by gravitational forces (e.g.|Voit et al.|2005; Babyk et al.[2018).
In contrast, PGC 32873 shows a shallower entropy profile with a
power-law slope of I' = 0.58, and features a flattened core. For
MRK 1216, we measure a cooling time of 7., = 20.4 + 3.7 Myr
within 0.5kpc, and 7,001 = 137.9 = 57.2 Myr for PGC 32873
within 1 kpc.

In/Werner et al.| (2018), the authors provide a detailed expla-
nation of the short central cooling time of MRK 1216 linking the
absence of star formation with radio-mechanical AGN feedback.
While PGC 32873’s cooling time is slightly longer than that of
MRK 1216, it is still relatively short for a galaxy without ongo-
ing star formation, indicating the presence of a heating mecha-
nism in this system as well. In addition, the flat central entropy
distribution in PGC 32873 and the high central temperature are
also unmistakable signs of heating (see e.g.Werner et al.|2012}
Lakhchaura et al.[2018). In comparison, the central entropy dis-
tribution in MRK 1216 is steeper and monotonously increasing,
but its index is also flatter than 1.1 expected for pure gravita-
tional heating. In addition, the flattened central entropy profile
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— M,;; relations established for the local galaxy population, however, their virial mass is on the lower side of

of PGC 32873 may reflect a more violent or more recent episode
of AGN feedback compared to MRK 1216.

4.6. High-resolution spectrum of MRK 1216

We modelled the RGS spectrum extracted from a 0.5 arcmin
wide region with an absorbed collisionally ionised equilibrium
(CIE) plasma model using the SPEX spectral fitting package ver-
sion 3.08.01, which uses the atomic database SPEXACT 2.07.00
(Kaastra et al.|2024) in the 8-21 A band. We first fitted a multi-
temperature differential emission measure model with a Gaus-
sian emission measure distribution (see gdem in de Plaa et al.
2017). However, the best-fit model did not provide a significant
o parameter, and therefore, was consistent with a single temper-
ature. The best-fit parameters of the single-temperature model
are given in Table[5]

The RGS spectrum allows us to detect the abundances of
O, Ne, Mg, and Fe at the ~ 30 confidence level. The best-fit
abundance ratios with respect to Fe hint at super-Solar values:
O/Fe=1.3+0.6 Solar, Ne/Fe=1.4+0.7 Solar, and Mg/Fe=2.1+0.9
Solar.

5. Discussion

Out of the seven observed compact relic galaxies, MRK 1216
and PGC 32873 show significant extended X-ray emission orig-
inating from hot, diffuse atmospheres (see also Werner et al.
2018; Buote & Barth|2018}2019). In comparison, NGC 472 and
PGC 70520 are X-ray underluminous. The low X-ray luminos-
ity might be the result of a lower halo mass, possibly combined
with radio-mechanical AGN feedback blowing the hot gas out to
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Fig. 6: Effective radius as a function of stellar mass for different
galaxy samples (circles: cEs, diamonds: LRDs from Maiolino
et al.| (2024), squares: LRDs with their size and stellar mass
adopted from [Labbe et al,| (2025), and their black hole mass
adopted from |Greene et al.| (2024))). The color of each data point
represents the black hole mass as indicated by the color bar. The
solid black line shows the relation established by [Shen et al.
(2003)) for local galaxies.

larger radii. This diversity is reminiscent of the wide range of X-
ray properties observed in the general population of local ellipti-
cal galaxies (e.g./Bogdan et al.|2012a}; |Gendron-Marsolais et al.
2017). For the three galaxies only observed by XMM-Newton,
the present data do not allow us to determine the presence or
absence of hot X-ray emitting atmospheres.

The stellar population of MRK 1216 has, similarly to most
giant ellipticals (Conroy et al.|2014), high @/Fe abundance ra-
tios (Ferré-Mateu et al.|2017), and therefore, we would expect
that the continuous, ongoing enrichment by thermalised stel-
lar wind material from this isolated galaxy will also result in
super-solar atmospheric a/Fe abundance ratios. This would be
contrary to the measurements of almost all giant ellipticals ob-
served by XMM-Newton RGS (de Plaa et al.[|2017; Mernier et al.
2018; Werner et al.|2019) other than perhaps NGC4552 (Kara
et al.|[2024). However, given that contrary to giant ellipticals,
this galaxy evolved in relative isolation, it is plausible that the
metal abundance ratios in the CGM of this galaxy will reflect
the stellar abundances. Unfortunately, even though this observa-
tion provides an intriguing hint, due to the large uncertainties,
we are unable to make strong conclusions about the enrichment
of this potentially ancient galactic atmosphere.

These X-ray observations of compact relic galaxies suggest
that red nuggets observed at high redshifts (e.g. [Daddi et al.
2005) will also have diverse properties of X-ray atmospheres.
Unfortunately, even deep observations with future missions with
large effective areas, such as NewAthena, will not allow us to
study the X-ray atmospheres of red nuggets at redshifts above
z ~ 1. Therefore, massive relic galaxies provide a rare and valu-
able opportunity to learn about the hot CGM in the early Uni-
verse.

5.1. Comparison with the general galaxy population

In this section, we compare key properties (Lx, M,i;, and Mgy)
of the cE galaxies with those of the broader galaxy population.

Figure[]shows the 0.5 — 2 keV luminosity (Lx) and the virial
mass (My;;) as a function of M, for the four galaxies in our
sample with detected X-ray emission within r.;.. To measure Lx
within ry;,, we first determined ry;, corresponding to M,;. from
the M, — M,;, relation of | Behroozi et al.| (2019), then estimated
the luminosity contribution between 20 7. and r.;;, and added
it to the luminosity measured within 20 r.¢. The last step was
necessary because the FOV and background level limit the max-
imum achievable source extraction radius. The 20 ry;; — e lu-
minosity contribution was calculated for a SB distribution de-
scribed with a single S-model assuming 8 = 0.6. Note that the ac-
tual 8 parameter might vary depending on the specific properties
of each galaxy (see Section[d.4), but a value of 0.6 is a reason-
able assumption especially for galaxy outskirts, where the X-ray
luminosity drops rapidly. We found that the luminosity within
the virial radius is dominated by the innermost regions as only
5 —10% of the total emission originates from the region between
20 regr and ryir. The M, was then derived from Ly using the cor-
relation for elliptical galaxies from Mathews et al.| (2006)). As
shown in Figure[d] the cE galaxies in our sample show a steeper
M, — Lx distribution relative to the power-law trend observed for
the CGM in the eROSITA All-Sky Survey [Zhang et al.| (2024)),
and are slightly below the M, — M,;; relation established for qui-
escent galaxies Behroozi et al.| (2019). The latter could hint at
a more concentrated dark matter halo structure in cE galaxies
compared to the general galaxy population, although the small
sample size prevents firm conclusions. It is also consistent with
the relatively small S-model core radii we found for the surface
brightness profile of MRK 1216 and PGC 32873 (Section4.4).

Figure[5] shows the positions of the cE galaxies in the M, —
Mgy plane, relative to the broader galaxy population. Mpy is
inferred from the o central velocity dispersion adopted from
Yildirim et al.[(2017)). With the exception of NGC 472, cE galax-
ies follow the relation established for galaxies hosting quies-
cent BHs, including elliptical galaxies and spiral/SO galaxies
with classical bulges. For reference, we also indicate the relation
for AGN host galaxies (Reines & Volonteri[2015)). Interestingly,
our cE galaxy sample includes four sources that may host AGN
based on the present X-ray analysis, yet they still follow the
trend of the inactive sample. Note, however, that the AGN sam-
ple used by Reines & Volonteri (2015)) to establish their relation
was primarily identified through optical spectroscopy, specifi-
cally by detecting Seyfert-like narrow-line ratios and broad Ha
emission. While effective for classifying AGN in sources with
strong emission lines, this method may miss heavily obscured or
low-luminosity AGN, which could still be detectable in X-rays.

5.2. Connection to little red dots

Little red dots (LRDs) are a recently discovered class of galaxies
identified in JWST observations at high redshift, predominantly
residing at z = 3—7. These galaxies are extremely compact, with
effective radii on the order of ~ 100 pc (Baggen et al.|[2023),
and exhibit a distinctive V-shaped spectral energy distribution
(SED). Their unusual properties could be explained by either an
exceptionally dense stellar population or the presence of a su-
permassive black hole (SMBH) that is potentially over-massive
relative to the stellar mass of its host galaxy when compared to
the local Mgy — M, scaling relation. LRDs have stellar masses
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of ~ 10° M, and black hole masses ranging from 10° to 108 M,
(e.g. [ Kocevski et al.|2024; Matthee et al.|[2024)).

Despite numerous studies investigating their nature, the ori-
gin of LRDs remains debated. Observations report broad Ha
emission lines, suggesting the presence of an AGN, yet these
galaxies are X-ray weak and lack significant dust, which is typ-
ically associated with star formation (Ananna et al.|[2024). Ad-
ditionally, LRDs appear to be relatively common in the early
universe, with a number density of 1074901 Mpc~3, accounting
for 14% + 3% of galaxies with similar masses at z ~ 6.9 (Pérez-
Gonzilez et al|[2024). Given their unique properties and high
abundance, LRDs may represent the cores of z ~ 2 red nuggets
and the progenitors of today’s massive elliptical galaxies, as we
discuss below.

Red nugget (RN) galaxies, typically observed at z ~ 2, are
more extended than LRDs, with effective radii of ~ 1 kpc, and
more massive, with M, ~ 10'' M. However, they remain sig-
nificantly more compact than local elliptical galaxies and—Ilike
LRDs—Ilie below the M, — reg relation (Figure @ Based on this
observational evidence, we propose that RNs may have evolved
from even more compact progenitors, namely LRDs.

To assess the viability of this scenario, we estimate the num-
ber density of LRDs that could evolve into RNs based on the
following considerations. For an LRD to be a viable progenitor
of an RN, it must undergo at most a couple of major mergers,
as such events could strip LRDs of their distinctive characteris-
tics, particularly their compactness, which resembles that of RN
galaxies. Recent studies also suggest that the decline in LRD oc-
currence from z =~ 5 is due to mergers erasing their distinctive
features (Inayoshi|2025}; Kocevski et al.|2024]). In addition, based
on N-body simulations, the core-scouring effect of supermassive
black hole binaries puffs up an initially dense central core (Naab
et al.|[2009). While minor mergers contribute to building up a
galaxy’s outer regions while preserving its dense core, multiple
minor mergers ultimately lead to a more extended galaxy than a
few major mergers of the same total stellar mass, making them
less efficient at driving mass growth (Naab et al.|2009; |Bezan-
son et al.[|2009; Rantala et al.|2024). Notably, LRDs must grow
by approximately two orders of magnitude in both effective ra-
dius and stellar mass to acquire characteristics similar to those of
RNs. Like the z ~ 2 red nuggets, Mrk 1216 and PGC 032873 ex-
hibit strong rotation and highly peaked velocity dispersion pro-
files (Ferré-Mateu et al.[2017). However, multiple major mergers
can lead to a loss of rotational support (Naab et al.[2009).

These considerations strongly suggest that mergers alone are
unlikely to be the primary mechanism for transforming LRDs
into RNs. Thus, we estimate the probability of LRDs preserv-
ing their distinctive features. We assume an initial LRD number
density of 107 Mpc= at z ~ 6.9, adopted from Pérez-Gonzalez
et al.|(2024). Our estimate spans the period from z = 6.9toz = 1,
where the number density of RNs is well established. Over this
redshift range (covering 5.36 Gyr), a typical galaxy experiences
~ 0.7 major mergers per Gyr (Duan et al.|2024). Assuming a
Poissonian process, the probability of an LRD experiencing one
major merger for 5.36 Gyr is ~ 10%, yielding a surviving num-
ber density of ~ 1.0 x 107> Mpc~3. Comparing this to the RN
number density at the same redshift (9.8 x 10° Mpc~2, |Lisieckil
et al.|(2023))), we find that LRDs could fully account for the ob-
served red nugget population.

In connecting cEGs with the LRD population, it is also worth
noting the so-called green pea galaxies — compact, star-forming
systems at lower redshifts — which may represent local analogs
to certain phases in the evolution of LRDs (Svoboda et al.|[2019;
Lin et al.|[2024)).
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While current simulations struggle to reproduce the LRD
population due to limitations in black hole seeding and stellar
feedback modeling, future simulations incorporating more so-
phisticated black hole growth and star formation physics may
offer a better understanding of their origins.

6. Summary

This study presents the X-ray analysis of seven local compact
elliptical galaxies (CEGs), selected for their morphological sim-
ilarity to high-redshift red nuggets. Using Chandra and XMM-
Newton data, our analysis focuses on the properties of the hot
gaseous halos surrounding these galaxies. The key findings of
our study are as follows.

— The observed systems exhibit diverse X-ray halo proper-
ties, with 0.5-2keV luminosities spanning > 2 orders of
magnitude among MRK 1216, NGC 472, PGC 32873, and
PGC 70520; for the remaining galaxies, observed only with
XMM-Newton EPIC, diffuse emission could not be resolved
due to a possible central AGN. These results suggest that red
nuggets at high redshift might also have diverse X-ray halo
properties.

— MRK 1216 and PGC 32873, the most luminous sources in
the sample, exhibit extended X-ray halos reaching ~ 10 reg
and ~4 r.g, respectively, with corresponding 0.5 — 2keV lu-
minosities of ~9 x 10* ergs™! and ~ 10*! ergs™.

— NGC472 and PGC70520 appear X-ray underluminous.
Their low X-ray luminosities may reflect lower halo masses,
potentially coupled with radio-mode AGN feedback ex-
pelling hot gas to larger radii.

— Deprojected thermodynamic profiles for MRK 1216 and
PGC 32873 suggest AGN activity, as indicated by central
temperature peaks, short central cooling times, and flat en-
tropy slopes.

— High-resolution RGS spectroscopy of MRK 1216 hints at
super-solar O/Fe, Ne/Fe, and Mg/Fe abundance ratios.

— The cE galaxies exhibit a steeper M,—Lx relation compared
to the CGM trend from the eROSITA All-Sky Survey, and lie
slightly below the M,—M,;; relation for quiescent galaxies,
indicating more concentrated dark matter halos.

— The cE galaxies, with the exception of NGC 472, follow the
M ,—Mpgy relation established for quiescent galaxies.

— cEGs lie below the M, —r.g relation, similar to little red dot
galaxies, hinting at a possible evolutionary connection.
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