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Abstract: The Lobster Eye Imager for Astronomy (LEIA) is the pathfinder of the wide-field X-ray
telescope used in the Einstein Probe mission. In this study, we present an image of the Virgo Cluster
taken by LEIA in the 0.5-4.5 keV band with an exposure time of ~17.3 ks in the central region. This
extended emission is generally consistent with the results obtained by ROSAT. However, the field is
affected by bright point sources due to the instrument’s Point Spread Function (PSF) effect. Through
fitting of the LEIA spectrum of the Virgo Cluster, we obtained a temperature of 2.1f8:‘;’ keV, which
is consistent with the XMM-Newton results (~2.3 keV). Above 1.6 keV, the spectrum is dominated
by the X-ray background. In summary, this study validates LEIA’s extended source imaging and
spectral resolution capabilities for the first time.

Keywords: wide-field telescopes; X-ray telescopes; Virgo

1. Introduction

Lobster-eye micropore optics (MPO) is an novel X-ray focusing technology that is
known for its ability to observe a wide field of view and its true imaging capabilities. Since
Angel [1] first introduced a design of an X-ray all-sky monitor (ASM) based on lobster-
eye MPO, several teams have conducted extensive research on lobster-eye optics [2-7]
and have developed conceptual designs for lobster-eye X-ray ASMs [8,9]. Real missions
using lobster-eye ASMs have been proposed [10,11]. The first instrument constructed for a
formal mission was the MIXS [12] aboard BepiColombo, which consists of a 1° field-of-view
(FoV) Wolter telescope and a 10° FoV collimator, both constructed using MPO. Its debut
observations are expected within a few years, when the mission reaches Mercury. Several
X-ray telescopes based on lobster-eye MPO are currently in development and scheduled
for launch in the coming years, including SVOM-MXT [13,14] and SMILE-SXI [15].

The Lobster Eye Imager for Astronomy (LEIA), launched in July 2022 onboard the
SATech-01 satellite, is the first lobster-eye wide-field focusing X-ray telescope [16]. It
features a mostly unvignetted FoV measuring 18.6° x 18.6° in the energy band 0.5-4.5 keV.
It serves as a pathfinder for the wide-field X-ray telescope in the Einstein Probe mission
and was designed to verify the in-orbit performance of the EP-WXT and optimize its
instrumental parameters and operational conditions. LEIA achieves a spatial resolution
ranging from 4’ to 7’ of the full width at half maximum (FWHM), and its effective area of
2-3 cm? shows only mild variations across almost the entire FoV [17].

LEIA has been operating in orbit for more than one year, with Virgo being the first
galaxy cluster observed. The Virgo Cluster is the closest (~16.1 Mpc [18]) bright irregular
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cluster [19]. The brightest cluster galaxy is the giant elliptical galaxy M87 (NGC 4486),
which contains a super-massive black hole. The Virgo Cluster was first captured by the
ROSAT all-sky survey [20] over the course of three months from November 1990 to January
1991. With an average exposure time of ~450 ks, the X-ray image of the Virgo Cluster
is clear at the 0.1 to 2.4 keV band observed by ROSAT. The large-scale structure of the
Virgo Cluster was first studied in detail by Bohringer et al. [19], and the results revealed
an extended emission in the 12.8° x 12.8° area of the Virgo region, with most of the
cluster’s mass being concentrated in galaxy M87. Using ASCA, Shibata et al. [21] was the
first to derive a full temperature map of the Virgo Cluster, covering an area of 19 deg?.
Urban et al. [22] analyzed a mosaic comprising thirteen XMM-Newton images observed
from the center of the cluster to the north with a radius of approximately 1.2 Mpc and
obtained a mean temperature of ~2.3 keV.

In this study, we present an X-ray image of the Virgo Cluster as observed by LEIA.
The image is affected by LEIA’s PSF, but the main radiation results are consistent with the
results obtained from ROSAT. We also analyzed the spectra taken on the Virgo Cluster and
obtained temperature fitting results consistent with those obtained by XMM-Newton. This
work aims to validate LEIA’s capabilities in the study of extended sources. The paper is
arranged as follows: in Section 2, we describe the observation data used. The pictures of
the Virgo Cluster and the spectrum fitting are described in Section 3. The Discussion and
Conclusions are given in Section 4 and Section 5, respectively. The redshift (z) adopted for
M87 is 0.00428. In this work, Hy = 67.8 km s! Mpc, )y, = 0.308, and Q) = 0.692 [23].

2. Observations and Data Reduction
LEIA Observations

A total of 36 observations of the Virgo Cluster were used. The observations were
carried out between 19 December 2022 and 26 February 2023. The telemetry data from
LEIA were downloaded to the ground station each day and sent to the data center at the
National Space Science Center (CAS), where the telemetry data were decoded, unpacked,
verified, and processed to remove duplicates. Then, the data were sent to the science
center at the National Astronomical Observatories (CAS), where the data were converted
into standard FITS format and processed by a software pipeline and the corresponding
calibration database (CALDB) to calibrate the events and extract high-level products in the
following steps [17,24]:

1. Since the digital number (DN) of each event was only subtracted by the corresponding
row’s median value on-board, the ground processing pipeline further subtracted the
bias residual of each pixel stored in CALDB.

2. The position of each event was converted to the celestial coordinates (J2000) using
the satellite attitude and alignment matrix between the detector and the satellite. The
nonlinear distortion due to the non-spherical shape of MPO was also corrected for in
this step according to the result of the on-ground calibration performed at IHEP.

3. The anomalous pixels stored in CALBD and their nearby pixels were flagged. New
anomalous pixels (hot and flickering) were also searched for and flagged.

4. A grade and a single PHA value were assigned to the event according to the DNs of
the 3 x 3 pixels around the event.

5. The Pulse-Invariant (PI) value of each event was calculated according to the gain
stored in CALDB.

6. Single, double, triple, and quadruple events without any anomalous flag were selected
for further processing. The geomagnetic cut-off rigidity (COR) was employed to
remove the high background interval in the high-latitude region, i.e., COR > 5. The
earth elevation angle was required to be larger than 10 degrees to remove the effect
of earth occultation. The angular distance to the nominal pointing should be smaller
than 0.2 degrees to ensure the stabilization of the satellite.

7. The pipeline generated an exposure map that accounts for bad CMOS pixels and
columns, attitude variations, and telescope vignetting (optional) for event files.
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8. Animage in the 0.5-4.0 keV band was accumulated for each CMOS using the cleaned
events, and source detection was performed on each image to generate a source catalog.

9.  Thelight curve and spectrum of each source in the catalog were extracted. The pipeline
also generated the corresponding Response Matrix File (RMF) and Ancillary Response
Function (ARF) file, which accounted for the effective area, vignetting correction, and
PSF correction.

The above procedures were conducted on each CMOS separately. The resulting event
files and images can be further merged to search for faint sources.

3. Results
3.1. The X-ray Image

We used the Montage Image Mosaic Engine ! to combine LEIA’s observations of the
Virgo Cluster and its surroundings to obtain the exposure-corrected mosaic image in the
0.5-4.5 keV band shown in Figure 1. The exposure time of the center position is ~17.8 ks.
The green crosses indicate the direction of each observation. The brightest core is the
central galaxy M87. Its emissions extend several degrees outward in the shape of a cross.
We then created a white box (shown in Figure 1) that was 12° x 12° in size and centered
around M87 to frame the Virgo Cluster to further investigate its structure. The right panel
of Figure 1 is an enlarged image of the box region. The white contours were obtained
from the smoothed ROSAT Position-Sensitive Proportional Counter (PSPC) image of the
medium X-ray emission of the Virgo Cluster’s intracluster in the 0.5-2.0 keV band [25].
The contour lines represent being 30, 50, 110, and 250 above the background [19]. The
elliptical galaxy M86 [26] lies northwest of M87. Another prominent feature in Figure 1 is
the X-ray halo around M49 [27], which is located south of M87. Some structures that extend
beyond the ROSAT contour in the far north and west in the LEIA images are affected by
the PSF effect [17] and not the real cluster structure. We provide a detailed discussion on
the arm structure in Section 4.

16:00:00.0

14:00:00.0

[~ 12:00:00.0

10:00:00.0

-50:00.0  45:00.0 40:00.0 35:00.0 12:30:00.0 25:00.0 20:00.0 15:00.0 10:00.0 05:08|
. TRy I SR L Ly ST S T,

Figure 1. (Left) The exposure-corrected mosaic image of the Virgo Cluster observed by LEIA in the
0.5-4.5 keV band with an exposure time of ~17.8 ks at the center position. Green crosses indicate the
direction of each observation. (Right) The image in the right panel is an enlarged view of the white
box (12° x 12°) in the image on the left, which overlaps the contour of ROSAT PSPC image of the
Virgo Cluster in the 0.5-2.0 keV band. The contour lines represent being 3¢, 50, 117, and 25¢ above
the background [19].
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As the ROSAT PSPC observations only offer an energy band that extends from 0.1 to
2.4 keV, LEIA’s wide-field X-ray imaging up to 4.5 keV provides us with an opportunity
to see the features of the Virgo Cluster. In order to better reveal the radiation distribution
of the Virgo Cluster, Figure 2 presents a LEIA image of the source in the emission ranges
of 0.5-1.5 keV, 1.5-2.4 keV, and 2.4-4.5 keV from the central 6° point. For comparison, we
also provide a contour in each panel which shows 5¢ levels above the background noise
for the images in the 0.5-1.5 keV range and 3¢ levels for the images in the 1.5-2.4 keV and
2.4-4.5 keV bands. In the 0.5-1.5 keV band, the diffuse arm structure around M87 is clearly
visible. The scale of arm extension to each edge is up to 5°; above the 1.5 keV band, the
thermal gas radiation is barely visible, overshadowed by the central point source and the
influence of its PSE. This is the first time a lobster-eye focusing telescope has been used to
see a large-scale image of the Virgo Cluster that shows that diffuse thermal emission exists
around M87 in the 0.5-4.5 keV band.
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Figure 2. A LEIA image of the Virgo Cluster in different energy bands. From left to right: 0.5-1.5 keV,
1.5-2.4 keV, and 2.4-4.5 keV. For comparison, the contour shows 5¢ levels above background noise

for the image in the 0.5-1.5 keV band and 3¢ levels above background noise for the image in the
1.5-2.4 keV and 2.4-4.5 keV bands.

3.2. LEIA Spectrum

We selected five observations containing the majority of the thermal gas emissions and
relatively high-quality data for spectral analysis. To extract the spectra of the Virgo Cluster,
we adopted a box region that was 4° x 6° in size and included M87 (shown in Figure 3,
the same size as the source region for every observation). To eliminate the influence of the
cosmic background, we circled an area with a 1° radius and where there were no resolved
point sources in the background region. The spectra were extracted in XSELECT (version
2.4). We merged these spectra together using the addspec command to enhance the data
statistics. Then, we binned the merged spectra to ensure that 1 bin contained more than
200 photons.

We used XSPEC (version 12.11.1) to model the spectrum. Most regions of the Virgo
Cluster can be well fitted by a single temperature model [28], while the central region
(<2 arcmin) may be affected by non-thermal radiation [29,30]. The LEIA spectrum can
be characterized by an absorbed APEC model, allowing the model and the spectrum to
be fit together with the WABS*APEC fitting model. The hydrogen column density was
fixed as 2.13 x 1020 cm~2 [22,31]. The redshift was fixed to 0.00428. Due to the inability to
determine the metal abundance effectively from the spectra, we set the abundance ratio to
0.3Z. The fitting results are listed in Table 1 and shown in Figure 4. The blue and red data
points are from the source and background components, respectively. The energy spectrum
above 1.6 keV is dominated by the background caused by the aperture and non-aperture
cosmic X-ray background (CXB), as well as the particle-induced background [32]. The
reduced chi-squares of ~1.24 show that our model is reasonable. The temperature of the
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model fitting is 2.1f8€ keV, which is consistent with the overall temperature (2.4f8:§ keV)

within the 1° radius of M87 measured by ROSAT [19] and the average temperature of
~2.3 keV [22] derived by Arnaud et al. [33] obtained from XMM-Newton.

[— 18:00:00.0

[~ 16:00:00.0

[~ 14:00:00.0

[— 12:00:00.0

10:00:00.0

12:00:00.0

Figure 3. X-ray image of the Virgo Cluster obtained by LEIA during a one-shot observation of 1083 s
in 0.5-4.5 keV. The solid-lined green box is the source region of the Virgo Cluster. The magenta circle
formed with a dashed line is the background region.

R W : ! ﬁwﬁ -+
Zﬂlw\‘}h\‘ul‘ TR |

Energy (keV)

Figure 4. LEIA spectrum of the Virgo Cluster. Blue and red data points are from the source and
background regions, respectively. The solid blue line shows the fit of an absorbed APEC model with
the abundance fixed to 0.3Z.
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Table 1. The parameters of spectrum fitting of LEIA in the 0.5-4.5 keV band. The uncertainties of
the parameters were calculated with a confidence level of 68%. The fitting model for the spectrum is
WABS*APEC.

Model Component Parameters LEIA
WABS nH (102 cm?) 2.13 (frozen)
APEC KT (keV) 21103
Abun (metal abundances) 0.30 (frozen)
z (redshift) 0.00428 (frozen)
norm 0.99f8:8§
x%/DOF 187.62/151

4. Discussion

The LEIA image is generally consistent with the ROSAT contours, with slight differ-
ences in the north and west, as described in Section 3.1. It is necessary to determine whether
the extra structures in the LEIA image are the real components of the Virgo Cluster. Due
to the design principle of the lobster-eye optical device, LEIA’s PSF exhibits a cross shape.
LEIA’s mirror is composed of numerous small square apertures that are densely arranged
on a spherical surface and point towards the common curved center of the sphere. When
X-rays enter these apertures, they undergo grazing incident reflection on the inner walls of
the apertures, ultimately focusing on the focal plane and forming a cross-shaped pattern.

To simulate the imaging of ROSAT images under the influence of PSF, it is necessary
to first generate a PSF model, which can be an ideal model or modeled based on the
actual PSF data of LEIA. Then, using the ROSAT observation image as the source model,
the source model is convolved with the PSF model to obtain the blurred PSF imaging
result. LEIA observed Sco X-1, the brightest known persistent X-ray source [34], which
is in great agreement with the PSF measured during on-ground calibration [17] (shown
in the right panel of Figure 5). Therefore, the X-ray image of Sco X-1 can be treated as
an ideal PSF image for LEIA. The left panel in Figure 5 shows the ROSAT PSPC image
of the Virgo Cluster in the 0.5-2.0 keV band. After rotating the PSF image to the average
characteristics of the Virgo observations, we convolved it with the ROSAT image to simulate
LEIA observations of the Virgo Cluster under the influence of the PSF effect. The FoV of
the simulated image is 10° x 10°.

Figure 5. (Left) ROSAT PSPC image of the Virgo Cluster in the 0.5-2.0 keV band. The center of the
green box (10° x 10°) is the location of the cluster’s central AGN, M87. (Right) The X-ray image of
Sco X-1 captured by LEIA that is regarded as the ideal PSF image of the observed source.
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As shown in the left panel of Figure 6, there is an obvious arm structure extending
outward from the brightest center of the simulated image. Comparing the simulated image
with the observed one (the right panel of Figure 6), it can be seen that their extension
structures are consistent. Therefore, we infer that there are no additional large-scale
structures in the Virgo Cluster according to the LEIA observations.

Simulated Observed

Figure 6. (Left) The smoothed simulated observation of the source in the 0.5-2.0 keV band, covering
the field of view of the green box in the left panel of Figure 5. (Right) The smoothed X-ray image of
the central region obtained by LEIA with the same energy band and FoV as the left panel.

5. Conclusions

In this work, we present wide-field (18.6° x 18.6°) X-ray observations of the Virgo
Cluster obtained using LEIA and compare these observations with ROSAT images. We also
study the LEIA spectrum. The main results are as follows:

1.  The images match the ROSAT PSPC images. Galaxies, including M87, M86, and M49,
can be clearly seen from the merged LEIA image in the 0.5-4.5 keV band.

2. The LEIA images show an arm structure caused by the PSF effect of the LEIA instrument.

3. We extracted the LEIA spectrum and determined the average temperature of the FoV
(2.1J_r8€’ keV') and found it to be consistent with the overall temperature (2.4f8:g keV)
within a 1° radius of M87, as measured by ROSAT, and the average temperature of
(~2.3 keV) obtained by XMM-Newton.

4. Above 1.5 keV, the spectrum is dominated by the background, with the image primarily
showing the central point source and its PSF effects.

This is the first time that the ability of the lobster-eye focusing telescope to generate
images and spectra has been verified; however, the images are significantly affected by PSE.
Future technological progress in eliminating the impact of PSF will greatly enhance the
imaging ability of this type of telescope.
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S.-M.J. and S.-5.W.,; Visualization, W.-C.F. All authors have read and agreed to the published version
of the manuscript.
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