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ABSTRACT

Context. We present a deep XMM-Newton observation of the massive edge-on galaxy NGC 5746. The total exposure time of ∼250 ks
provides unprecedented sensitivity to study the diffuse hot gas in the halo, significantly surpassing the depth of previous observations.
Aims. While the presence of hot, circumgalactic gas has been thoroughly tested in starburst galaxies, detections in normal galaxies
remain scarce. By studying the diffuse X-ray emission in NGC 5746, we aim to constrain the extent and physical properties of its
halo.
Methods. We created X-ray images and surface-brightness profiles to quantify the distribution of extraplanar gas in NGC 5746. In
addition, we isolated the diffuse emission from point-source and background contamination and studied its spectral characteristics.
Results. We detected diffuse extraplanar emission in the azimuthally averaged surface-brightness profile out to a projected radius
of ∼30 kpc with an integrated significance of 3σ. The emission is anisotropic: The western quadrant shows a significant excess at
∼1.5−3.5′ (integrated 3.7σ), while the eastern quadrant exhibits a marginal enhancement in a single radial bin. The northern and
southern quadrants are consistent with the background within uncertainties. The X-ray luminosity of the hot halo is ∼8.8 · 1039 erg s−1

in 0.3–2.0 keV. Spectral modeling yielded a plasma temperature of ∼0.6 keV, while the disk emission is dominated by nonthermal
emission from unresolved X-ray sources.
Conclusions. Our results provide evidence of the presence of diffuse hot gas in the halo of NGC 5746 and suggest that earlier
nondetections may be attributed to sensitivity limits. The asymmetric morphology highlights the complexity of the halo emission.
Distinguishing between the possible origin scenarios for the extraplanar gas requires future observations with improved sensitivity
and spectral resolution.
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1. Introduction

The interaction of galaxies with the circumgalactic medium
plays a key role in the study of galactic evolution. Feedback
from massive stars can produce a blowout of hot gas in the
form of chimneys (Norman & Ikeuchi 1989), galactic fountains
(Shapiro & Field 1976; Bregman 1980; de Avillez 2000), or
winds (Breitschwerdt et al. 1991; Breitschwerdt & Schmutzler
1999). Young stars create cavities in the interstellar medium
(ISM) through radiation pressure and stellar winds. Shock waves
from supernova (SN) explosions insert energy into these cavities,
causing them to expand and create bubbles of hot, low-density
gas. If enough energy is injected, and the bubbles become suffi-
ciently large, they can break out of the galactic disk and form an
outflow.

In starburst galaxies, the combined energy input from mas-
sive stars can drive superwinds with mass outflow rates up to
10–20 times the star formation rate (SFR) of the host galaxy
(Hopkins et al. 2012). The expelled gas reaches temperatures
of T > 106 K (McQuinn et al. 2018), creating X-ray plumes
(Schulz & Wegner 1992; Pietsch et al. 2000; Strickland et al.
2000; Pietsch et al. 2001) and supershells (Heiles 1984) that can
be traced at soft X-ray energies, mainly below ∼1 keV. This
hot ionized medium likely originates from swept-up and shock-
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heated halo gas or from compressed SN ejecta at the edge of the
outflow (Strickland et al. 2004a).

Empirically, the distribution of the hot ionized medium cor-
relates well with diffuse ionized gas that has been photoion-
ized by OB-stars (Reynolds 1984; Tüllmann & Dettmar 2000;
Wood & Mathis 2004; Strickland et al. 2004a; Tüllmann et al.
2006a) and blown out of the disk by SN explosions. This diffuse
gas can be traced by Hα emission that extends 1.5–10 kpc into
the circumgalactic medium and provides evidence of the disk-
halo interaction.

In addition to X-rays and Hα emission, the halos of starburst
galaxies can also be traced by radio continuum emission. It is
produced via synchrotron radiation of high-energy cosmic rays
(CRs) interacting with the magnetic field of the halo. Since the
CRs require evolved SN remnants (SNRs) to be accelerated in
significant numbers, the CR-halo is formed after the X-ray and
diffuse ionized gas halo (Tüllmann et al. 2006b).

While the multifrequency correlation of the X-ray and Hα
components is well established for starburst galaxies (Condon
1992; Wang et al. 2001; Read & Ponman 2001; Ranalli et al.
2003; Strickland et al. 2004a; Tüllmann et al. 2006a), for normal
star-forming galaxies, the existence of such a correlation remains
a matter of debate. On the one hand, a blowout of hot, ionized
gas is a rare occurrence in normal galaxies, as it requires a very
massive star cluster that is powerful enough to penetrate the disk
(Ferrara & Tolstoy 2000; Ferrara et al. 2000). Tüllmann et al.
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(2006a) found that the X-ray luminosity of the halo, LX,halo,
is correlated with the SFR in the disk. On the other hand, X-
ray studies of normal edge-on galaxies with clearly separable
disk and halo components are still scarce. In their Chandra
and XMM-Newton studies of extraplanar X-ray emission of star-
forming galaxies, Strickland et al. (2004a) and Tüllmann et al.
(2006b) found that most galaxies with detected X-ray halos are
starbursts, but they also found that the X-ray emission of the
normal galaxy NGC 891 is consistent with the SFR–LX,halo cor-
relation. Similarly, the Chandra data of NGC 5746 also indicate
the presence of an X-ray halo in this normal star-forming galaxy
(Pedersen et al. 2006).

NGC 5746 is a barred spiral galaxy, classified as
SAB(rs)b in the Third Reference Catalog of Bright Galaxies
(de Vaucoleurs et al. 1991). It is viewed nearly edge-on (i = 86◦.8
Bianchi 2007) and is relatively massive, with a stellar mass of
M∗ = 1.0−1.3 · 1011 M� (Jiang et al. 2019). Its circular velocity
is also rather high, with vcirc = (311 ± 8) km s−1 in the outer disk
(HyperLEDA; Makarov et al. 2014). We adopted a distance of
(29 ± 5) Mpc (HECATE; Kovlakas et al. 2021), where 1′ on the
sky corresponds to ∼8.4 kpc. The most important parameters of
NGC 5746 are listed in Table 1.

The galaxy was extensively studied in the near-
infrared and optical bands (Barentine & Kormendy 2012;
Kormendy & Bender 2019; Martig et al. 2021), in X-rays
(Pedersen et al. 2006; Rasmussen et al. 2009), and in radio
(Rand & Benjamin 2008). It is the largest member of the
NGC 5746 group of galaxies (Garcia 1993) and forms a
very wide galaxy pair with NGC 5740 (Martig et al. 2021).
Despite the presence of a large extension of gas to the northeast
of NGC 5740, possibly caused by ram pressure stripping
(Rand & Benjamin 2008), there is consensus in the literature
that NGC 5746 does not show signs of recent interaction
events (Pedersen et al. 2006; Barentine & Kormendy 2012;
Martig et al. 2021). Rand & Benjamin (2008) deem a tidal
stripping scenario unlikely due to the companion’s morphology
and large distance to NGC 5746 of ∼155 kpc.

Martig et al. (2021) studied the formation history of
NGC 5746 and found that the galaxy’s bar and extended disk,
containing ∼80% of the stellar mass, formed more than 10 Gyr
ago. An inflow of gas along the bar toward the center of the
galaxy led to the formation of a nuclear disk and a boxy/peanut-
shaped bulge via vertical thickening of the bar, which extends
∼35′′ along the major axis. Martig et al. (2021) detected a metal-
poor stellar population in the thick disk, whose age distribu-
tion indicates that the only significant merger happened ∼8 Gyr
ago. This merger contributed roughly 30% of the accreted stars
in the disk while leaving the galaxy’s morphology unchanged.
Other than that, NGC 5746 has had a quiescent history dom-
inated by minor mergers and a bar-driven secular evolution
(Kormendy & Bender 2019). Around the bar, a bright ring of gas
(r ∼ 1′) with elevated levels of star formation formed, while the
activity inside the ring remained low. Although the disk shows
signs of star formation in the last 4–5 Gyr (Martig et al. 2021),
at a level of 0.8−1.0 M� yr−1 (Jiang et al. 2019), the current rate
of star formation is far below the levels expected for a starburst
galaxy.

The low level of star formation in NGC 5746 raises interest-
ing questions regarding the galaxy’s evolution, as Pedersen et al.
(2006) reported the discovery of a hot X-ray halo extending
out to at least 20 kpc from the galactic center when using a
36.8 ks observation with the Chandra Advanced CCD Imaging
Spectrometer (ACIS) from April 2003. The discrepancy lies in
the fact that SFR levels below ∼1 M� yr−1 are generally con-

Table 1. Properties of NGC 5746.

αJ2000 14h 44m 55.89s
δJ2000 1◦ 57′ 18′′.0
D25

a (7.24 ± 0.11) arcmin
vcirc

a (311 ± 8) km/s
Distance b (29 ± 5) Mpc
Inclination c 86◦.8
Stellar mass d (1.1 − 1.3) · 1011 M�
SFR d (0.8−1.0) M� yr−1

Notes. aMakarov et al. (2014). bKovlakas et al. (2021). cBianchi
(2007). dJiang et al. (2019).

sidered insufficient to generate the SN rates necessary to pro-
duce a blow-out of hot X-ray emitting gas into the environ-
ment (Tüllmann et al. 2006a). Pedersen et al. (2006) estimated
the necessary energy input to produce the observed emission to
be on the order of Emin ∼ 1057−1058 erg. Such a release of energy
must have involved a strong burst of star formation in the past,
but it is unclear where such a starburst could have come from,
given the quiescent merger history of NGC 5746. In addition,
Rasmussen et al. (2009) failed to detect any significant, extra-
planar Hα or radio continuum emission expected for a stellar
outflow. Pedersen et al. (2006) concluded that the most viable
explanation for NGC 5746’s hot halo is ongoing accretion of
primordial gas from the intergalactic medium (IGM), as pre-
dicted by cosmological models (Benson et al. 2000; Toft et al.
2002). They found that the X-ray properties of low-metallicity
gas falling onto the galaxy at 10 − 20 km s−1 are consistent with
their observation. Despite their claim, the authors later retracted
the detection of a hot X-ray halo around NGC 5746. In a more
recent study, they applied newer calibration data in their analysis
and found that the halo properties are consistent with spatial vari-
ations in the quantum efficiencies of the ACIS charge-coupled
devices (CCDs) (Rasmussen et al. 2009).

In this paper, based on four deep XMM-Newton observations,
we show that an X-ray halo is indeed present around NGC 5746.
It is visible in both X-ray imaging (Fig. 1) and in surface bright-
ness profiles (Fig. 2). Based on spectroscopic evidence from
these observations, we show that the X-ray halo may have been
produced by stellar feedback from present or past star formation
activity, rather than accretion of primordial gas from the IGM.
In Sect. 2 we outline the peculiarities of the camera on board
XMM-Newton and the reduction of our X-ray data. In Sect. 3 we
describe the details of the image analysis and the spectral mod-
eling. In Sects. 4 and 5 we present our results and compare them
to previous studies. Our conclusions regarding the nature of the
outflow are presented in Sect. 6.

2. Data

Due to the larger effective area and better low-energy response
of the European Photon Imaging Camera (EPIC) compared to
the Chandra ACIS, XMM-Newton is more sensitive at energies
below ∼1 keV compared to Chandra and thus better suited for
the search of faint, diffuse emission in the halo of galaxies. In
addition, the larger field of view (FOV) of XMM-Newton com-
pared to Chandra allows us to extend the search to greater dis-
tances from the center of the galaxy and to extract a background
spectrum that is less contaminated by halo emission from the
source. We selected our target galaxy based on a search in the
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Fig. 1. Left: merged three-color EPIC X-ray image of the four NGC 5746 observations. Red colors represent the soft X-ray band (0.3–0.7 keV),
green colors represent the medium 0.7–1.2 keV band, and blue colors represent the hard 1.2–5.0 keV band. The image is displayed using a 60–
99 percentile intensity stretch. The green ellipse displays the D25 ellipse of NGC 5746. The cyan ellipses display the two regions of enhanced
emission, the yellow circle represents the halo (r = 5′), the white annulus displays the background region (r = 7′.8−9′.4). Right: image of the same
field in 0.3–1.2 keV , displayed using a 75–99 percentile stretch. Sixteen circular regions are shown, divided into four quadrants (east, north, west,
south) for the construction of the surface brightness profiles.
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Fig. 2. EPIC-pn radial surface brightness profile of the extraplanar emission in NGC 5746. The left panel shows the azimuthally averaged profile,
while the right panel presents the profiles in the four quadrants (north, west, south, east). The shaded regions indicate the total 1σ uncertain-
ties, including both Poisson errors and an additional background variance term derived from ∼1.8 arcmin2 subregions and scaled with area. The
horizontal line marks zero net surface brightness after background subtraction.

XMM-Newton science archive1 for unpublished X-ray data of
star-forming galaxies. We found a set of four deep observations
of the spiral galaxy NGC 5746 (PI: Jesper Rasmussen). The
observations were conducted within a time span of one month,
between 2011 January 10 and 2011 February 10. The observa-
tions had a duration of 80–90 ks each, with a total exposure time
of 341 ks (see Table 2 for the filtered exposure times).

2.1. XMM-Newton

The EPIC camera on board the XMM-Newton spacecraft is com-
posed of three detectors: two metal-oxide-semiconductor (MOS
Turner et al. 2001) CCD arrays and one pn (Strüder et al. 2001)
CCD camera. Each camera is positioned in the focal plane of a
7.5 m Wolter I grazing-incidence X-ray telescope, of which two

1 https://www.cosmos.esa.int/web/xmm-newton/xsa

Table 2. Observation properties.

ObsID MOS1 [ks] MOS2 [ks] PN [ks]

0651890101 55.1 58.3 42.7
0651890201 37.2 40.5 29.8
0651890301 85.6 86.7 76.3
0651890401 70.0 74.7 56.6

Notes. Observation IDs (ObsIDs) and exposure times of the EPIC-
MOS1, -MOS2, and -PN detectors after filtering the time intervals con-
taminated by soft proton flares.

carry a reflection grating array (RGA). The RGAs divert about
half of the incoming flux toward reflection grating spectrome-
ters (RGS). The EPIC-MOS cameras are positioned behind the
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Table 3. Number of detected point sources in each observation.

Obs.ID MOS1 MOS2 PN

0651890101 31 48 175
0651890201 28 36 129
0651890301 40 64 231
0651890401 39 56 205

telescopes that contain the RGAs and receive ∼44% of the origi-
nal flux, whereas the EPIC-pn camera is located behind the third
telescope and is unaffected by reflection gratings. The RGS are
designed for high-resolution spectral studies of point sources,
whereas the EPIC cameras have a larger effective area and are
better suited for studies of faint, extended sources. The EPIC
cameras have a spectral resolution of E/∆E∼20–50 in the 0.15–
15 keV energy range, as well as very sensitive imaging capabili-
ties with an angular resolution of 6 arcsec at the full width at half
maximum of a point source. The large FOV of 28′.4 in diameter
permits a detailed image analysis of large, diffuse extragalactic
sources.

2.2. Data processing

The data were processed using the XMM-Newton Extended
Source Analysis Software2 (ESAS), version 1.3. We first used
the emanom task to examine the MOS CCDs for anomalous states
based on hardness ratio calculations for each chip. MOS1-4 was
in an anomalous state during all observations, while MOS1-6
was inactive due to micrometeorite strikes. MOS2-2 was in an
anomalous state during the first observation and exhibited rela-
tively low hardness ratios in the remaining observations as well.
We excluded it from all four observations to ensure consistency
between the datasets. The remaining CCDs have been classified
as good in all but two (intermediate) cases.

We reduced the data for the MOS and PN observations with
the emchain and pnchain tasks. All observations were carried
out in full frame mode with the medium optical blocking filter.
Time intervals that are significantly contaminated by soft proton
(SP) flares were filtered via the espfilt task, which identifies
contaminated time intervals by comparing FOV light curves to
the corner data. The filtered exposure times are listed in Table 2.
In total, the effective exposure time is 248 ks for the MOS1,
260 ks for the MOS2, and 205 ks for the PN detector. Although
this procedure removes obviously contaminated time intervals, it
does not necessarily remove all SP effects. The residual emission
is discussed in Sect. 3.

As we are interested in the diffuse emission produced by hot,
ionized gas, we removed the contamination from point sources
in the images and spectra. We generated a point source catalog
with the edetect_chain algorithm and then used the cheese
task to create source masks for all point sources with a minimum
detection likelihood ≥15. The number of excluded point sources
per observation is listed in Table 3.

The extraction of point source-removed images and spectra
was done via the mosspectra/pnspectra tasks. We extracted
these products for the soft (0.3–0.7 keV), medium (0.7–1.2 keV),
and hard (1.2–5 keV) energy bands, taking care to remove bad
and hot pixels. For the PN we extracted single events only, in
order to reduce the electronic noise at soft energies. For the MOS
we extracted single, double, and quadruple events.

2 https://www.cosmos.esa.int/web/xmm-newton/sas

3. X-ray analysis

3.1. Image

The construction of the X-ray image requires further steps
involving the ESAS routine and spectral fitting. We aimed to
produce a merged three-color image of all four observations to
enhance the visibility of faint emission outside the galactic disk.
Following the data processing steps outlined in Sect. 2.2, we
combined the filtered event files of each observation using the
merge task.

Images and spectra of the quiescent particle background (PB)
were generated using the mosback/pnback tasks. In addition,
as discussed above, the images are contaminated by residual
SP emission, as well as contributions from solar wind charge
exchange (SWCX). Determining the level of SP and SWCX con-
tamination requires fitting of the spectral data in the entire FOV.
All spectral fitting was done with XSPEC3. We used 0.3–11 keV
data for the MOS detectors, while excluding the 4–6 keV and 7.2–
9.2 keV data for the PN detector due to the presence of instrumen-
tal lines, such as the Ti Kα line at 4.51 keV and the Cr Kα line at
5.41 keV. Furthermore, the observations are contaminated by Al-
and Si-Kα lines at 1.486 and 1.739 keV, respectively. The spectral
model therefore requires the inclusion of an astrophysical back-
ground, an instrumental background, a particle background, and
a SWCX background component. A detailed description of the
spectral model is provided in Sect. 3.3.1.

The bulk of the PB was easily removed from the images
using the PB spectra generated by mosback/pnback. To deter-
mine the level of residual SP and SWCX emission, we fitted our
model to the PB-subtracted spectra of the merged observations.
The proton task calculates the number of residual protons and
generates SP images using the power-law index and normaliza-
tion of the PB spectral model. The SWCX emission was modeled
by multiple Gaussian lines. We found a small SWCX contamina-
tion from the 0.65 keV Oviii, 0.81 keV Oviii, 0.92 keV Ne ix,
and 1.35 keV Mgxi lines. The swcx task determines the num-
ber of SWCX photons and generates SWCX images using the
normalizations of the Gaussian lines.

The combimage task combines the MOS1, MOS2, and PN
images and scales the datasets to the response of the MOS2
medium filter assuming a power-law spectrum with photon index
α = 1.7. The PB, SP, and SWCX images were also processed
during this step. Finally, we used the binadapt task to create
exposure-corrected images with an adaptive smoothing kernel
of 50. The resulting images of the soft, medium, and hard band
were then combined to a smoothed three-color image using the
python package astropy4.

The final product is shown in Fig. 1 (left panel). The cen-
tral ellipse displays the D25 angular extent of NGC 5746 (from
HECATE). The green ellipses mark two hand-drawn regions
with enhanced X-ray emission (East and West). The spectra of
the galactic disk and the halo regions are analyzed in Sect. 3.3.
The yellow circle has a radius of 5 arcmin (corresponding to
∼42 kpc). We refer to the region inside this circle as the halo.
The red annulus marks the region used to extract the background
spectrum at a distance of 7′.8−9′.4 from the center of the galaxy.
One point source has been excluded from the background region
by hand, as it is relatively faint and has not been detected by
the source detection algorithm. We compared the merged image
to the nonmerged images of the four observations and found no
discrepancies in the observed trends.

3 https://heasarc.gsfc.nasa.gov/docs/software/xspec/
4 https://www.astropy.org/
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3.2. Surface brightness profiles

In order to quantify the level of diffuse X-ray emission out-
side of the galactic disk, we created radial surface brightness
profiles of the extraplanar emission. This was done for (a) full
annuli surrounding the galaxy, and (b) four quadrants in differ-
ent regimes of the halo (East, North, West, and South). We used
unsmoothed, point-source-masked PN images in the 0.3–1.2 keV
band and determined the net count rate for circular segments of
width 0′.5 between radii of r = 1′ and r = 8′. For each seg-
ment, we summed the counts of all unmasked pixels and deter-
mined the mean exposure from the PN exposure map. All count
rates were divided by the area of the corresponding segment, tak-
ing into account masked point sources and chip gaps. The emis-
sion from the D25 ellipse of the galactic disk was also excluded.
Figure 1 (right panel) shows the EPIC image in the 0.3–1.2 keV
band, illustrating the circular segments and quadrants used for
the surface-brightness profiles, as well as the distribution of the
diffuse emission in these regions.

The background annulus was evaluated at radii of 7′.8 to 9′.4
from the center of NGC 5746. To account for spatial background
variations on arcminute scales, we divided the background annu-
lus into forty approximately equal-area patches (∼1.8 arcmin2)
and measured the surface brightness in each patch using the same
approach as for the source regions. The scatter of these measure-
ments includes both statistical uncertainties and intrinsic spatial
variations of the background. We therefore estimated the back-
ground variance term by subtracting the expected Poisson contri-
bution from the total scatter. The background variance term was
then added to the statistical uncertainties of the source regions
and scaled with extraction area to match the size of each radial
bin.

The surface brightness profiles shown in Fig. 2 represent the
background-subtracted count rate per segment, including the 1σ
uncertainty derived from both the statistical errors and the spa-
tial variation of the background count rate. We interpret the halo
emission seen in the surface brightness profiles as a significant
detection when the count rate exceeds the background at the 1σ
level in two consecutive, radial bins. We quantified the cumula-
tive significance of the extended emission by computing an inte-
grated signal-to-noise ratio (see Eq. (1)) for a set of radial bins i
(inner-most to outer-most bin with a positive excess):

(S/N)int =

∑
i S i Ai√∑
i(σi Ai)2

(1)

where S i is the background-subtracted surface brightness in bin
i, σi is its 1σ uncertainty, and Ai is the extraction area.

3.3. Spectra

The surface brightness profiles show that the diffuse X-ray emis-
sion in NGC 5746’s halo extends to at least ∼3.5′ from the galac-
tic center. We extracted the spectrum of a r = 5′ circle centered
on the galactic core (excluding the D25 ellipse of the galaxy) to
investigate the spectral properties of the halo gas.

Furthermore, we identified two regions that are particularly
bright in the 0.7–1.2 keV band, via visual inspection of the X-
ray image (Fig. 1). We explored the possibility that this X-ray
emission is produced by hot plasma that has been expelled from
the disk via stellar feedback. We extracted the spectra for two
identical ellipses (semimajor axis a = 2′, semiminor axis b =
1.5′) and compared the spectral properties to those of the halo
gas.

The EPIC spectra of the disk, the halo, the two regions of
enhanced emission (East and West), and the background region
were extracted according to the procedure described in Sect. 2.
We first describe our background model and then discuss our
analysis of the X-ray spectra.

3.3.1. Background model

There are several contributors to background noise in the sen-
sitivity range of XMM-Newton. The astrophysical X-ray back-
ground is particularly strong at soft energies below ∼1 keV,
including a highly variable component produced by charge
exchange processes with solar wind particles. The particle back-
ground includes contributions from residual soft proton flares
and dominates at higher energies. Moreover, we need to account
for the instrumental background that is produced by particle
interactions with the surroundings of the detectors and the detec-
tor material.

The astrophysical background includes an unabsorbed ther-
mal component (apecmodel in XSPEC; Smith et al. 2001) with
a plasma temperature of kT ∼ 0.1 keV, accounting for X-ray
emission from the local hot bubble and the heliosphere. The tem-
perature of this component is fixed, as the low sensitivity of the
EPIC cameras in this energy range does not allow for a confident
fit. Secondly, the model requires at least one absorbed thermal
component to model the emission from the Galactic halo. The
cool component of the Galactic halo typically exhibits tempera-
tures of ∼0.2 keV, while the hot component has a temperature
of ∼0.7 keV (Henley & Shelton 2013; Bluem & Kaaret 2022).
Lastly, the unresolved emission from extragalactic sources such
as active galactic nuclei (AGN), galaxies, and galaxy clusters
was modeled by an absorbed power-law with a fixed power-
law index of Γ = 1.46. We used the Tuebingen-Boulder ISM
absorption model (tbabs model in XSPEC) with the corre-
sponding abundances from Wilms et al. (2000) to account for
Galactic absorption. The hydrogen column density was fixed at
NH = 3.3 · 1020 cm−2 (from Bekhti et al. 2016 for the direction
of NGC 5746).

Another component that affects most observations is SWCX
(Kuntz 2019). It is produced by charge exchange processes
between ionized solar wind particles and atmospheric hydrogen
near the Earth, or ISM particles passing through the solar sys-
tem. Due to variations in solar wind density and speed, this com-
ponent is time-variable and can differ between the four obser-
vations. We modeled the SWCX contribution with eight Gaus-
sians at line energies of common SWCX lines (according to
the ESAS cookbook): a Cvi line at 0.37 keV, Cvi at 0.46 keV,
Ovii at 0.57 keV, Oviii at 0.65 keV, Oviii at 0.81 keV, Ne ix at
0.92 keV, Ne ix at 1.02 keV and Mgxi at 1.35 keV.

The particle background consists of high-energy CRs inter-
acting with the detector material, and solar protons that were
diverted into the telescope by its X-ray mirrors. The SP com-
ponent is highly time-variable and strongest during solar flares.
Time intervals affected by SP flares were therefore filtered from
the spectra (see Sect. 2.2). The residual SP emission and CR
background is relatively stable and was fitted by an absorbed,
broken power-law model.

In addition, high-energy cosmic rays produce fluorescence
emission in the telescope through interactions with the detec-
tor material and the surrounding structures. The two promi-
nent lines captured by the MOS detectors are the 1.486 keV Al-
Kα and 1.739 keV Si-Kα lines. The PN detector captures the
Al-Kα line, as well as multiple strong lines between 7.2 and
9.2 keV. In addition, we detect a Ti Kα line at 4.51 keV and a
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Cr Kα line at 5.41 keV. The Al and Si lines were modeled by
Gaussians.

3.3.2. Source model

According to Chandra, XMM-Newton, or Suzaku studies (e.g.,
Kuntz & Snowden 2010; Kavanagh et al. 2020, and references
therein) of diffuse X-ray emission in nearby galaxies (e.g., the
Magellanic Clouds or M31) and our own Galaxy, the diffuse
emission in most galaxies is consistent with thermal plasma
emission at temperatures of kT ∼ 0.2 keV. This emission com-
ponent most likely originates from the hot ISM in equilibrium
and unresolved stellar sources. In addition, many galaxies also
display hotter areas such as H ii regions, SNRs, and superbub-
bles. The contribution of these regions can be modeled by a
second thermal plasma component with a temperature of kT >
0.5 keV.

In addition, we expect a nonnegligible contribution by unre-
solved X-ray binaries (XRBs) to the spectrum of the galactic
disk. Mineo et al. (2012a) studied the emission from the hot ISM
and the populations of high-mass X-ray binaries (HMXBs) in
a sample of 29 nearby star-forming galaxies using Chandra,
Spitzer, GALEX, and 2MASS data. They found that, on aver-
age, ∼30−40% of the galaxies’ apparent luminosity from dif-
fuse emission in the 0.5−2 keV energy range is produced by faint
compact sources, mainly XRBs.

We modeled the spectrum of the galactic disk by a combina-
tion of one thermal plasma component and a power-law com-
ponent, as the photon statistics are insufficient to distinguish
between a hot and a cold thermal component. We attempted to fit
the spectrum with the nonequilibrium ionization nei model, as
the contribution of SNRs to the diffuse X-ray emission in star-
forming galaxies can be quite significant. However, we found
that the fit results are mostly independent from the ionization
timescale τ and the data are better fit by the collisional ion-
ization equilibrium apec model. The source components were
multiplied by a (second) tbabs absorption model to account for
intrinsic absorption in NGC 5746. The combined model for the
astrophysical background and the source emission looks as fol-
lows: constant(apec + tbabs(apec + apec + powerlaw
+ tbabs(apec + powerlaw))), where the multiplicative fac-
tor scales each observation by the effective area covered in the
sky. Although we do not expect many XRBs to be present out-
side the disk, the halo spectra might contain residual, nonther-
mal emission from point sources that were not fully masked or
resolved. We therefore tested for a possible nonthermal contri-
bution by performing fits both with and without an additional
power-law component.

3.3.3. Spectral analysis

We simultaneously fitted the MOS and PN data of all four obser-
vations in the 0.3–11.0 keV energy range. For the PN data, we
excluded the 4.0–6.0 keV and 7.2–9.2 keV energy ranges due to
the presence of instrumental lines. We did not bin the data and
used cstat statistics. For each camera and observation, we cal-
culated the point source- and chip-gap-masked extraction area
from the backscal header of the spectral file. The value for
the area in arcmin2 was inserted for the constant model factor to
cross-calibrate between observations.

We first fitted the background model to the back-
ground region. The astrophysical background parameters were
linked between detectors and observations, while the par-
ticle and instrumental background components were fitted

independently for each detector and observation, since they
are detector-dependent and vary between exposures. The
SWCX line normalizations were linked between the differ-
ent EPIC detectors, but not between observations, as they are
time-variable.

In a second step, we performed a joint fit of the source and
the background spectra. The background model was applied to
the source spectra with the normalizations scaled according to
the ratio of the extraction areas. The shape of the background
model was not kept fully fixed in the source fit; while the spec-
tral shapes of the background components were fixed to the
best-fit values from the background fit, we allowed the nor-
malizations of all background components to vary during the
joint fit. This approach propagates the most relevant uncertain-
ties in the background level to the uncertainties of the source
parameters.

We fitted the source model to the disk spectrum. The element
abundance is poorly constrained by the disk spectrum and was
therefore fixed to the interstellar value of Wilms et al. (2000).
The analysis of the halo regions (Halo, East, and West) is more
challenging due to the low surface brightness of the diffuse emis-
sion compared to the background components. The spectra are
dominated by a strong particle background (see Fig. 3), and the
photon statistics are insufficient to resolve emission line features,
leading to a continuum-dominated spectral shape. We there-
fore adopted a single-temperature apec model with the abun-
dance fixed to Z = 0.1 Z� (see, e.g., Hodges-Kluck & Bregman
2013). To test the sensitivity of the plasma temperature to resid-
ual nonthermal emission (e.g., unresolved point sources), we
additionally fitted an alternative model including a power-law
component. For the disk region, the power-law index was fitted
freely, while for the halo regions, it was fixed to Γ = 1.7. This
value lies within the range typically observed for unresolved
AGN and compact X-ray source populations (Γ ∼ 1.4−2.0; e.g.,
Luca & Molendi 2004; Mineo et al. 2012b).

3.4. Fluxes

Using the flux command in XSPEC, we determined the
X-ray fluxes for multiple energy bands: soft (0.3–0.7 keV),
medium (0.7–1.2 keV), and hard (1.2–4.0 keV). We also cal-
culated the flux in 0.3–2.0 keV to compare our results to the
literature.

Each observation covers a slightly different area in the sky,
since (a) the cameras have different chip gaps, and (b) the
source masks look slightly different for each observation due
to the varying exposure times. We therefore calculated the area-
weighted mean flux F for each region and energy band. To deter-
mine the flux of a specific model component, we simply set the
normalizations of all other model components to zero. To deter-
mine the absorption-corrected flux, we set the absorbing hydro-
gen column density NH to zero. The flux errors were then propa-
gated from the normalization error and the statistical error intro-
duced by the calculation of the area-weighted mean flux (see
Eq. (2)).

F =

∑
i Ai Fi∑

i Ai
∆F =

√(
∆norm

norm
F
)2

+

∑
i Ai(F − Fi)2∑

i Ai
. (2)

The term ∆norm represents the error of the model normaliza-
tion, Fi is the flux, and Ai is the effective area covered by one
observation.
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Fig. 3. Spectra of PN and MOS1+MOS2 for the disk, the halo out to r = 5′, and the two regions of enhanced emission. The data in the plots were
binned for better visibility. The colored lines represent the best fits for the different model components.
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Table 4. Results of the spectral modeling.

Parameter Model/Unit Disk Halo East West

cstat/d.o.f. apec only 1.12 1.10 1.09
kT keV 0.62+0.04

−0.08 0.75+0.07
−0.08 0.73+0.07

−0.11

Z/Z� 0.1 0.1 0.1
normapec cm−5 2.5+0.3

−0.2 · 10−6 3.0+0.3
−0.3 · 10−6 3.4+0.4

−0.3 · 10−6

cstat/dof apec+powerlaw 1.00 1.11 1.10 1.09
kT keV 0.30+0.34

−0.06 0.29+0.05
−0.03 0.39+0.17

−0.09 0.32+0.05
−0.05

Z/Z� 1.0 0.1 0.1 0.1
normapec cm−5 5.9+2.7

−3.3 · 10−7 2.6+0.5
−0.5 · 10−6 1.7+0.7

−0.6 · 10−6 3.6+0.9
−0.7 · 10−6

Γ 1.60+0.11
−0.09 1.7 1.7 1.7

normPL cts keV−1 cm−2 s−1 2.3+0.2
−0.2 · 10−6 5.2+0.5

−0.5 · 10−7 7.0+1.0
−0.9 · 10−7 5.7+0.7

−0.9 · 10−7

Notes. Fit results for the disk, the halo out to r = 5 ′, and the two regions of enhanced emission. The top section of the table displays the results for
the apec only model; the lower section displays the results for the apec+powerlaw model. The metal abundance Z and the power-law indices
of the halo regions were fixed to the presented values.

Table 5. X-ray fluxes.

Region Model F0.3−2.0 keV F0.3−0.7 keV F0.7−1.2 keV F1.2−4 keV

Disk apec 4.6+2.1
−2.6 · 10−15 2.2+1.1

−1.3 · 10−15 2.2+1.0
−1.3 · 10−15 2.4+1.1

−1.4 · 10−16

powerlaw 3.2+0.3
−0.3 · 10−14 1.1+0.1

−0.1 · 10−14 9.6+0.7
−0.7 · 10−15 3.1+0.3

−0.3 · 10−14

Total 3.7+0.4
−0.4 · 10−14 1.4+0.2

−0.2 · 10−14 1.2+0.2
−0.2 · 10−14 3.1+0.3

−0.3 · 10−14

Halo apec 8.7+1.7
−1.7 · 10−14 3.6+0.7

−0.7 · 10−14 4.0+0.8
−0.8 · 10−14 1.3+0.3

−0.3 · 10−14

East apec 2.5+1.1
−0.9 · 10−14 9.8+4.1

−3.5 · 10−15 1.1+0.5
−0.4 · 10−14 5.2+0.3

−0.2 · 10−15

West apec 2.7+0.7
−0.6 · 10−14 1.1+2.7

−2.1 · 10−14 1.2+0.4
−0.3 · 10−14 5.6+1.4

−1.1 · 10−15

Notes. Absorption-corrected X-ray fluxes in erg s−1 cm−2 for the disk, the halo out to r = 5 ′, and the two regions of enhanced emission (East and
West). Point sources have been masked out.

4. Results

In this section, we report the measured extent, morphology, tem-
peratures, and luminosities of the diffuse emission. Interpreta-
tions of the origin of the halo are discussed in Sect. 5.

The spectra are shown in Fig. 3. The fit results for the disk,
the halo, and the two regions of enhanced emission (East and
West) are presented in Table 4. The X-ray fluxes, calculated for
different energy bands, are listed in Table 5.

4.1. The disk

For the galactic disk, we measure a plasma temperature of
kT = 0.30+0.34

−0.06 keV. The emission in the disk is dominated by
the nonthermal component, while only ∼12 % of the absorption-
corrected flux in 0.3–2.0 keV is attributed to the thermal com-
ponent. The 0.3–2.0 keV flux of (3.7 ± 0.4) · 10−14 erg s−1 cm−2

corresponds to a luminosity of (3.7 ± 0.4) · 1039 erg s−1 at a dis-
tance of 29 Mpc.

Previous studies of star-forming disks have shown that dif-
fuse emission can often be described by at least two thermal
components (see Sect. 3.3.2). Typically, these consist of a cooler
(kT ∼ 0.2 keV) and a hotter (kT > 0.5 keV) component. Unfor-
tunately, the quality of the present EPIC data does not allow us to
resolve multiple thermal components in addition to the nonther-
mal emission. We therefore modeled the diffuse emission with
a single-temperature plasma. The resulting plasma temperature
has a broad uncertainty range, which arises due to the limited

photon statistics, as well as the degeneracy with the nonthermal
component.

4.2. The halo

The surface-brightness profiles show significant, diffuse X-ray
emission extending beyond the galactic disk into the halo of
NGC 5746. In the azimuthally averaged profile (left panel in
Fig. 2), the halo emission is detected out to a projected radius
of ∼3.5′, corresponding to ∼29 kpc. While one bin at r ∼ 1.5−2′
is consistent with the background within the uncertainties, the
integrated signal remains significant at the ∼3σ level.

The quadrant profiles (Fig. 2, right) show pronounced
azimuthal variations. In the North and South, no statistically
significant excess is detected. In the eastern quadrant, a local
enhancement is seen in a single radial bin at r∼2.5 − 3′, with
a significance of ∼1.6σ. The western quadrant shows a broader
excess between r ∼ 1.5−3.5′, corresponding to four consecutive
bins and an integrated significance of ∼3.7σ. The western quad-
rant exhibits another excess at r ∼ 6.5−7.5′, which is likely asso-
ciated with residual emission from background sources. Accord-
ing to the SIMBAD astronomical database5, multiple galaxies,
such as SDSS J144427.31+015658.8, and a foreground star are
located at this position. This excess may therefore arise from
unresolved point sources or residual emission from the wings of
the point spread function.

5 https://simbad.u-strasbg.fr/simbad/sim-fbasic
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We extracted the halo spectrum in a circular region with
radius r = 5′, excluding the D25 optical extent of the disk. This
radius was chosen to enclose the full extent of the halo emis-
sion in the surface-brightness profiles, while excluding regions
where the signal becomes dominated by background emission.
Still, we find that the halo spectrum has a low surface bright-
ness and is dominated by background emission, resulting in a
continuum-dominated shape (see bottom row in Fig. 3). The
photon statistics are insufficient to disentangle multiple ther-
mal components or to resolve individual emission lines. When
left free, the metal abundance is not constrained by the fit
and converges toward very low values (Z∼0.02−0.03,Z�). We
therefore modeled the halo emission with a single-temperature
thermal plasma model and fixed the metal abundance to
Z = 0.1 Z�.

We find a plasma temperature in the halo of kT =
0.62+0.04

−0.08 keV and a luminosity of 8.8+1.7
−1.7 · 1039 erg s−1 in 0.3–

2.0 keV. To assess the sensitivity of the plasma temperature to
the chosen model, we additionally fitted an alternative model
including a power-law component, i.e., to account for residual
emission from masked or unresolved point sources. When the
photon index of the power-law component is allowed to vary
freely, it becomes unconstrained and pegs at the hard lower limit
(Γ = 1.0). The photon index was therefore fixed to Γ = 1.7.
The addition of a power-law component leads to significantly
lower best-fit plasma temperatures; however, it does not result
in a statistically significant improvement of the fit quality and
produces strong degeneracies between the thermal and nonther-
mal components. We therefore adopted the single-temperature
thermal model as our reference description of the halo emis-
sion. The differences between the models are treated as an esti-
mate of the systematic uncertainty introduced by the spectral
modeling.

4.3. The regions of enhanced emission

The surface brightness profiles and X-ray images reveal two
regions of enhanced extraplanar emission to the East and West
of the galactic disk (cyan ellipses in the left panel of Fig. 1).
The absorption-corrected 0.3–2.0 keV luminosities of the dif-
fuse thermal emission are 2.5+1.1

−1.0 · 1039 erg s−1 for the east-
ern region and 2.7+0.7

−0.6 · 1039 erg s−1 for the western region (see
Table 5).

In the right panel of Fig. 1, we show a 0.3–1.2 keV image
of NGC 5746. It uses a narrower percentile stretch than the full
0.3–5 keV image, which suppresses soft background variations
and highlights the spatial structure of the extraplanar emission.
In this representation, the extraplanar emission appears rather fil-
amentary than smooth, extending away from the galactic plane.
In the full-band image, the eastern region shows multiple blue
spots (hard band; 1.2–5.0 keV) that could either represent resid-
ual emission from point sources or emission from a strongly
heated gas.

Using the same spectral modeling approach as for the
halo, we measure plasma temperatures of 0.75+0.07

−0.08 keV in
the eastern region and 0.73+0.07

−0.11 keV in the western region.
These temperatures are slightly higher than the best-fit val-
ues obtained for the averaged halo. However, due to the lim-
ited photon statistics, the uncertainties are substantial. As in
the case of the halo, alternative models including a power-
law component lead to lower best-fit plasma temperatures,
indicating that the temperatures are sensitive to the chosen
model.

5. Discussion

5.1. Comparison to former studies

As we mentioned in the introduction, NGC 5746 has been
subject to multiple X-ray studies in the past. Pedersen et al.
(2006) were the first to present the discovery of extended X-
ray emission around the galaxy. Using a 36.8 ks Chandra ACIS
observation, these authors detected soft, diffuse gas extending
more than 20 kpc from the disk. In a more recent publication
(Rasmussen et al. 2009), however, the authors retracted these
findings. Rasmussen et al. (2009) argued that the detected sig-
nal was introduced by the mishandling of the spatial variations
in the quantum efficiencies of the ACIS CCDs. Applying newer
calibration data, they found no significant evidence of a diffuse
X-ray halo in NGC 5746.

Our analysis of the EPIC data, based on both imaging
and surface brightness profiles, presents evidence of diffuse
X-ray emission extending out to projected radii of approxi-
mately 30 kpc. The discrepancy with the Chandra results can
be explained by instrumental differences. The Chandra ACIS
has a smaller FOV and a smaller effective area (∼290 arcmin2

and ∼400 cm2 at 1 keV; see Chandra Proposer’s Observatory
Guide6) compared to XMM-Newton’s EPIC (∼630 arcmin2 and
∼1800 cm2 at 1 keV; Strüder et al. 2001; Turner et al. 2001).
Hence, while Chandra is very sensitive to faint point sources,
the detection of faint, diffuse emission is difficult with Chandra;
XMM-Newton, on the other hand, is far more sensitive and effi-
cient in the soft X-ray band for picking up a diffuse signal. In
addition, the effective exposure of the EPIC observations is sig-
nificantly longer, with 248 ks for the MOS and 205 ks for the PN
detector. The nondetection reported by Rasmussen et al. (2009)
can therefore be attributed to the sensitivity limits of the avail-
able Chandra observations.

Diffuse X-ray halos are commonly observed in starburst
galaxies, where the high rate of SN explosions and stellar winds
can drive powerful galactic outflows that are bright in X-rays
(e.g., Strickland et al. 2004b). In contrast, detections of extended
X-ray halos around normal, star-forming galaxies remain rel-
atively scarce (e.g., NGC 891; Bregman & Pildis 1994). The
luminosity of extraplanar X-ray emission has been found to cor-
relate with the SFR of the disk (Tüllmann et al. 2006a), which
underlines the importance of stellar feedback for the formation
of X-ray halos.

Based on a statistical analysis of late-type galaxies,
Tüllmann et al. (2006a) identified an approximate threshold of
SFR & 1.0 M� yr−1 for the detection of multiphase halos. How-
ever, this relation exhibits a large scatter and does not account
for the halo mass of the galaxy. Recent studies have shown that
massive spiral galaxies can host hot, X-ray emitting halos even
at lower SFRs (e.g., Li et al. 2017).

5.2. The star formation rate in the disk

Among the other possible mechanisms, stellar feedback often
plays an important role in producing extraplanar X-ray emis-
sion. It is therefore important to assess whether the present star
formation activity in NGC 5746 could possibly contribute to the
observed X-ray halo. The HMXBs are a direct tracer of recent
star formation, as their luminosity is linked to the lifetime of
massive OB stars. The integrated HMXB luminosity LHMXB in
star-forming galaxies is therefore expected to scale with the SFR.
We adopt the empirical relation following Mineo et al. (2012b)

6 https://cxc.harvard.edu/proposer/POG/html/chap6.html
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to estimate the SFR (see Eq. (3)).

LHMXB (erg s−1) ∼ 2.61 · 1039 × SFR (M� yr−1) (3)

We fitted the X-ray spectrum of the disk without masking point
sources, and determined the 0.5–8 keV flux of the nonthermal
(power-law) component similar to the procedure described in
Sect. 3.4. Assuming a distance of 29 Mpc, we obtain a nonther-
mal X-ray luminosity of L0.5−8 keV = (2.53+0.18

−0.17) · 1040 erg s−1.
Distance measurements for NGC 5746 vary significantly in the
literature. Adopting d = (29 ± 5) Mpc (Kovlakas et al. 2021)
introduces an additional systematic uncertainty of ∼34% in lumi-
nosity (and thus SFR). Studies conducted prior to 2010 list
distances of d < 29 Mpc (e.g., Tully et al. 2009), while more
recent studies consistently determine distances d > 29 Mpc
(e.g., Tully et al. 2016; Karachentsev et al. 2014), with the
highest estimate reaching d ∼ 35 Mpc (Sorce et al. 2014). We
adopt d = 29 Mpc for the following calculation, noting that
a larger distance would increase the inferred luminosity and
SFR.

Since we expect NGC 5746 to be a quiescent, early-type
spiral, its X-ray luminosity is likely dominated by low-mass X-
ray binaries (LMXBs). Cataclysmic variables (CVs), and active
binaries (ABs) also contribute to the unresolved X-ray emis-
sion. We used a stellar mass of M∗ = (1.2 ± 0.1) · 1011 M�
(Jiang et al. 2019) to estimate these contributions to the non-
thermal luminosity. Using the relation established by Gilfanov
(2004) for the luminosity of LMXBs with L > 1037 erg s−1 per
unit stellar mass, LLMXB/M∗ = (8.0± 0.5) · 1028 erg s−1 M−1

� , and
applying the recommended correction factor of 1.1 to account
for LMXBs below the detection threshold, we obtain LLMXB =
(1.06 ± 0.11) · 1040 erg s−1. The remaining unresolved emission
from CVs and ABs can be estimated using the emissivity mea-
sured by Revnivtsev et al. (2008), LCV+AB/M∗ = (1.5 ± 0.4) ·
1028 erg s−1 M−1

� in 0.5–7 keV, which yields LCV+AB = (1.8 ±
0.5) · 1039 erg s−1, assuming that the contribution above 7 keV
is negligible.

Subtracting the estimated contributions of LMXBs, CVs, and
ABs from the nonthermal luminosity leaves a residual luminos-
ity of LHMXB = (1.29 ± 0.21) · 1040 erg s−1, which we interpret
as the approximate luminosity attributable to HMXBs. Plugging
this value into the Mineo et al. (2012b) relation (Eq. (3)) yields
a SFR of 4.9+0.9

−0.8 M� yr−1 at the adopted distance of 29 Mpc.
The varying distance estimates listed in the NASA/IPAC Extra-
galactic Database7 (17.1 Mpc < d < 34.7 Mpc) corre-
spond to SFR∼ 1.7−7.0 M� yr−1. We emphasize, however, that
this estimate is subject to substantial systematic uncertainties.
Mineo et al. (2012b) reported a dispersion of σ = 0.43 dex
around their scaling relation (Eq. (3)), and the XRB luminosity
of an individual galaxy can deviate from the mean relation due
to stochastic sampling of the luminosity function and the vari-
ability of bright sources. In addition, our separation of HMXBs
from other compact sources relies on stellar-mass based scaling
relations, which introduce additional uncertainties. We therefore
treated the XRB-based SFR purely as a consistency check on
the level of recent star formation. Dust-reprocessed IR emis-
sion is generally a more robust tracer of ongoing star forma-
tion, as it is less sensitive to the stochastic sampling of bright
sources.

Nevertheless, the XRB-based estimate suggests that the
recent SFR in NGC 5746 could be higher than the
∼0.8−1.0 M� yr−1 inferred from IR measurements (Jiang et al.

7 https://ned.ipac.caltech.edu/

2019). A higher SFR would reduce the tension with the empir-
ical trend reported by Tüllmann et al. (2006a), who found
that multiphase halos are more commonly detected in galax-
ies with SFR & 1.0 M� yr−1. Further multiwavelength con-
straints are required to robustly determine the present-day
SFR.

5.3. Possible origins of the extraplanar emission

NGC 5746 is a massive spiral galaxy with an IR-inferred SFR
of ∼0.8−1.0 M� yr−1 (Jiang et al. 2019). A possible explanation
for the detection of diffuse, extraplanar emission is a quasi-
hydrostatic halo that is primarily supported by the galaxy’s grav-
itational potential. Such a halo could have been affected by
multiple mechanisms, such as heating associated with stellar
feedback from current or past star formation, or the accretion
of intergalactic material. Additional contributions from a low-
luminosity AGN cannot be excluded.

5.3.1. Quasi-hydrostatic halo

A quasi-hydrostatic halo is expected in a massive spiral galaxy
such as NGC 5746, whose stellar mass is M∗ ∼ (1.1−1.3) ·
1011 M� (Jiang et al. 2019). In such massive systems, the grav-
itational potential is expected to be deep enough to accumulate
and preserve large amounts of hot gas. X-ray observations of
similarly massive systems (e.g., UGCA145 in Li et al. 2017)
have revealed extended halos with similar or higher tempera-
tures (∼0.4−1.1 keV), also in galaxies with lower SFRs. Compa-
rable halo temperatures have also been reported for other mas-
sive spiral galaxies, such as M104 (Li et al. 2011) and NGC 2613
(Li et al. 2006), as well as in broader samples of massive spirals
(Li et al. 2018). In this scenario, the measured plasma tempera-
tures are consistent with gas heated to near the virial temperature
of the dark matter halo (e.g., White & Frenk 1991).

Quasi-hydrostatic halos typically exhibit a relatively smooth
surface-brightness distribution (e.g., Bogdán et al. 2013). The
gas distribution seen in the X-ray image (right panel in Fig. 1)
and the surface brightness profiles (right panel in Fig. 2) sug-
gests that additional processes may contribute to the observed
emission.

5.3.2. Stellar feedback and outflows

Stellar feedback is a plausible mechanism for the produc-
tion of extraplanar X-ray emission in star-forming galaxies. In
NGC 5746, the anisotropy and the structure of the detected emis-
sion are features that can be observed in galaxies with galactic
winds (Strickland et al. 2004b,a; Veilleux et al. 2005).

The present-day SFR, inferred from IR indicators
(0.8−1.0 M� yr−1; Jiang et al. 2019) is moderate, but the
XRB-based estimate (4.9+0.9

−0.8 M� yr−1) suggests that the recent
star formation activity could have been higher, with substantial
uncertainties. The cooling mechanisms for hot, X-ray emitting
plasma are very inefficient and the cooling timescales can
exceed τ & 109 yrs (e.g., Bogdán et al. 2013; Crain et al.
2010). It is therefore plausible that the heated material remains
detectable, while the responsible star formation episode already
ended. The plasma temperatures inferred from the spectral
analysis kT ∼ 0.6−0.7 keV are compatible with shock-heated
gas generated by outflows (e.g., Strickland et al. 2004b), but
the sensitivity to the adopted model limits their diagnostic
power. Stellar feedback is a possible scenario for the observed
morphology and spectral properties of the extraplanar halo.
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5.3.3. Accretion of intergalactic material

Accretion of gas from the IGM provides another plausible mech-
anism through which a hot halo may be built up or maintained. In
this scenario, infalling material is shock-heated to temperatures
near the virial temperature of the dark matter halo and produces
diffuse X-ray emission. We know from multiwavelength-studies
(e.g., Tüllmann et al. 2006b; Strickland et al. 2004b) that X-ray
halos in galaxies with active outflows correlate with Hα emission
from the diffuse ionized gas and with radio continuum emission
from high-energy CRs. Rasmussen et al. (2009) compared their
X-ray data to an optical observation conducted with the 1.54 m
telescope at La Silla, and radio data from the 1.4 GHz NRAO
VLA Sky Survey (Condon et al. 1998). They found no evidence
of significant Hα, or radio emission in the halo of NGC 5746.
The authors favored the interpretation of intergalactic accretion
due to the absence of detectable Hα and radio continuum emis-
sion in the halo of NGC 5746; the lack of such detections was
viewed as evidence against ongoing stellar feedback.

Accretion-driven halos are predicted by theoretical mod-
els (e.g., Benson et al. 2000; Toft et al. 2002) for massive spi-
ral galaxies. However, the absence of Hα and radio emission
does not uniquely favor accretion. These tracers are relatively
short-lived and limited by the sensitivity of the observation. In
normal, star-forming galaxies, radio halos are typically detected
out to distances of ∼ 10 kpc (e.g., Strickland et al. 2004b;
Tüllmann et al. 2006b), while the X-ray halo of NGC 5746
extends out to ∼30 kpc. Moreover, accretion alone would gen-
erally be expected to produce an isotropic and smoothly dis-
tributed halo (e.g., Toft et al. 2002), whereas the observed X-ray
morphology appears more structured. While accretion from the
IGM may contribute to the hot gas reservoir, the data do not
allow accretion to be identified as the sole origin of the extrapla-
nar emission.

5.3.4. AGN feedback

In principle, it is also possible that the extraplanar gas was
heated via AGN feedback. In the case of NGC 5746, however,
there is little evidence of AGN activity. Pedersen et al. (2006)
only detected a very faint X-ray source (LX ∼ 2 · 1040 erg s−1) in
the center of NGC 5746; much too weak for a dormant AGN.
The only indication for the presence of a low-luminosity AGN
is the classification of NGC 5746 as a low-ionization nuclear
emission-line region galaxy by Carrillo et al. (1999). Moreover,
Strickland et al. (2004b), who analyzed Chandra data of a sam-
ple of edge-on galaxies with AGN, found that there is no cor-
relation between the presence of an AGN, and the luminosity
of the X-ray halo. AGN feedback is therefore unlikely to be the
dominant mechanism responsible for the observed extraplanar
emission.

6. Conclusion

We have presented a deep XMM-Newton study of the massive,
edge-on spiral galaxy NGC 5746 based on an effective exposure
of ∼250 ks. The data provide substantially improved sensitivity
to faint, diffuse X-ray emission compared to previous observa-
tions and enables a detailed study of the spatial extent, morphol-
ogy, and spectral properties of NGC 5746’s hot, circumgalactic
gas.

Our imaging analysis and surface brightness profiles present
evidence of the detection of extraplanar gas extending out to pro-
jected radii of ∼30 kpc. The emission appears to be asymmetric,

with the most significant excess detected in the western quadrant
between ∼1.5′ and ∼3.5′, while the eastern side shows only a
marginal enhancement and the northern and southern quadrants
remain consistent with the background. This detection supports
the presence of an extended, hot halo around NGC 5746.

The spectral analysis of the halo yields a plasma temperature
of kT ∼ 0.6 keV and an X-ray luminosity of ∼8.8 · 1039 erg s−1 in
0.3–2.0 keV. The two regions of enhanced emission to the East
and West of the disk exhibit slightly higher best-fit temperatures
of kT ∼ 0.7−0.8 keV. Due to the low surface brightness of the
diffuse emission, and the dominance of background components,
these temperatures are model dependent and subject to large sys-
tematic uncertainties. Still, the detection of a hot plasma compo-
nent is robust.

The morphology of the extraplanar emission is complex. The
0.3–5 keV EPIC image displays an asymmetric distribution with
a preferential extension along the East-West direction. The 0.3–
1.2 keV image shows structured emission in the West, extending
away from the minor axis of the galaxy.

We have discussed several possible origin scenarios for the
hot halo. Stellar feedback from present or recent star formation
is consistent with the observed morphology and temperatures,
but is not strictly required by the data. The lack of detectable
extraplanar Hα and radio continuum emission (Rasmussen et al.
2009) indicates that an outflow is not currently active. Given
the long cooling timescales of hot (T & 106 K) plasma, the
observed extraplanar emission could be a remnant of past feed-
back activity, of which the Hα and radio tracers have already
declined below current sensitivity limits. An estimate of the
SFR based on the XRB population suggests that the recent SFR
could have been higher than the ∼0.8−1.0 M� yr−1 (Jiang et al.
2019) inferred from IR indicators. However, this estimate is
accompanied by large systematic uncertainties and should be
regarded as a consistency check, rather than a precise measure-
ment. Overall, stellar feedback represents one plausible mecha-
nism that could contribute to the formation and structuring of a
hot, quasi-hydrostatic halo. In a system as massive as NGC 5746
(M∗ = 1.0−1.3 · 1011 M�; Jiang et al. 2019), such a halo can be
maintained by the deep gravitational potential and is consistent
with observations of other galaxies with comparable mass (e.g.,
UGCA145 in Li et al. 2017). Accretion of intergalactic gas may
also contribute to the hot gas reservoir. Heating by AGN feed-
back seems unlikely given the lack of evidence of AGN activity.

A robust measurement of the gas metallicity would provide a
key constraint on the origin of the halo emission. Metal-enriched
gas would point toward stellar feedback, while a low metallic-
ity would favor accretion scenarios. Unfortunately, the signal-
to-noise and spectral resolution of the present data did not allow
for a confident measurement of the metallicity.

Overall, our results demonstrate that massive spiral galax-
ies such as NGC 5746 can host luminous, extended X-ray halos.
This result shows that the presence and visibility of extrapla-
nar gas depends not only on current star formation, but also on
galaxy mass and the sensitivity limits of current X-ray observa-
tories. Future missions, with improved sensitivity and increased
spectral resolution, such as the NewAthena mission, are essen-
tial to determine the chemical composition and, ultimately, the
origin of the hot halo gas.
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