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ABSTRACT

We selected sources with a steep soft-X-ray-band spectrum with a photon index of I' > 2.5 — measured by eROSITA on board the
Spectrum-Rontgen-Gamma (SRG) — from the eFEDS AGN catalogue as candidates of highly accreting supermassive black holes,
and investigated their multi-wavelength properties. Among 601 bright AGN with 0.2-5keV counts of greater than 100, 83 sources
(~14%) are classified as steep-spectrum sources. These sources have typical 0.5-2keV luminosities of Lgx ~ 10*ergs™' and the
majority of them are found at redshifts below z = 1. In comparison with sources with flatter spectra, these sources have, on average,
a UV (or optical) to 2keV luminosity ratio that is larger by ~0.3 dex and bluer optical-to-UV continuum emission. They also appear
to be radio quiet based on the detection rate in the FIRST and VLASS surveys. Their host galaxies — at least in the redshift range of
z = 0.2-0.8, where the AGN-galaxy decomposition results from the Subaru Hyper Suprime-Cam imaging are available — tend to be
late-type and have smaller stellar masses (M, ~ 10'3 M,) than those of sources with flatter spectra. These properties are similar to
those found in nearby narrow-line Seyfert 1 galaxies, in agreement with the picture that they are AGN with elevated accretion rates
and are in the early growth phase of black hole and galaxy co-evolution. However, the steep-spectrum sources are not exclusively
narrow-line Seyfert 1 galaxies; indeed many are broad-line Seyfert 1 galaxies, as found by a catalogue search. This suggests that these

steep-spectrum sources may be black holes generally with high accretion rates but of a wide mass range, including a few objects
emitting at Lgx > 10% ergs™!, of which black hole masses can be close to 10° M,,.
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1. Introduction

The ROSAT All-Sky Survey (Vogesetal. 1999) discovered
many soft X-ray-bright active galactic nuclei (AGN), and these
tend to be classified as narrow-line Seyfert 1 (NLS1) galax-
ies (Boller et al. 1996; Laor et al. 1997). Following black hole
mass measurements of these AGN, a consensus formed that they
are likely to harbour highly accreting, smaller black holes com-
pared to broad-line Seyfert galaxies (e.g. Grupe 2004; Xu et al.
2012). NLS1s have typical black hole masses of log Mg/ Mg =
6—8 and Eddington ratios of Agqq = 0.1-1 (e.g. Jarveld et al.
2015; Cracco et al. 2016; Rakshit et al. 2017; Paliya et al. 2024).
This means that a steep X-ray spectrum could be an indicator
that an AGN has a high accretion rate (Brightman et al. 2013;

Risaliti et al. 2009; Shemmer et al. 2008). When an accretion
rate approaches the Eddington ratio, an enhanced soft photon
field from the accretion disc cools the hot corona, and optically
thick Comptonised disc emission at the soft X-ray energies is
elevated (e.g. Done et al. 2012). These would lead to a steep
X-ray spectrum.

Decades later, eROSITA — on board the Spectrum-
Rontgen-Gamma (SRG; Sunyaev etal. 2021; Predehl et al.
2021; Merloni et al. 2012) — started to scan the whole sky in
the X-ray band. With the large effective area in the soft X-ray
band below 2 keV, eROSITA is expected to be sensitive to such
steep-spectrum AGN and should therefore be a good tool with
which to look for highly accreting super-massive black holes.
This means that, as well as objects similar to local NLS1s, more
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luminous counterparts at higher redshifts can also be detected
in the eROSITA survey. An illustrative example has already
been discovered: one of the Subaru high-z exploration of low-
luminosity quasars (SHELLQs), HSC J0921+0007 at z = 6.56
(Matsuoka et al. 2018), was detected by eROSITA and the sub-
sequent Chandra observation revealed its steep spectrum of I" =~
3.2 (Wolf et al. 2023).

The eROSITA Final Equatorial-Depth Survey (eFEDS) is an
early mission survey field of 142 deg” observed by eROSITA
for science verification (Brunner et al. 2022). AGN selected in
eFEDS have been carefully matched with optical counterparts
and multi-wavelength data (Salvato et al. 2022). X-ray spectral
analysis results on these AGN are presented by Liu et al. (2022).
Much of the field has been covered by the Subaru Strategic Pro-
gram survey (Aihara et al. 2018) with the Hyper Suprime-Cam
(HSC, Miyazaki et al. 2018), which provides high-sensitivity
optical imaging. Results of a decomposition of AGN and host
galaxy for individual eROSITA-detected AGN at z = 0.2-0.8,
using the HSC imaging data, are available (Li et al. 2024).

We selected steep-spectrum X-ray sources from bright
sources in the eFEDS AGN catalogue in an attempt to sep-
arate out AGN with high accretion rates. We examined their
host galaxies and multi-wavelength properties. We adopted the
ACDM cosmology with Hy = 70kms~! Mpc™!, and Q4 = 0.7.

2. Selection of steep-spectrum AGN
2.1. Bright AGN sample

We used the eFEDS AGN catalogue version 17.3 (Salvato et al.
2022). Filtering with inArea90 = True, CTP_quality > 2, and
CTP_redshift_grade > 2 ensures the selection of sources that:
are in regions with exposure of >500s — these comprise 90% of
the area of eFEDS —, have a reliable optical counterpart; and a
reliable redshift, respectively (see Salvato et al. 2022; Liu et al.
2022). This filtering process is recommended by the eFEDS
team, and yields 18659 sources. As we are going to select
sources based on their spectral slopes, sources of interest need
to have sufficient counts to enable a reasonable slope measure-
ment. This requirement reduces the number of sources signifi-
cantly. We adopted a selection threshold of greater than one hun-
dred 0.2—5keV counts; this leaves 601 sources, or 3.2% of the
detected AGN. This gives a spectral slope measurement in the
0.4-2.2keV band with a typical uncertainty of ~+0.2, as shown
below. We note that, following inspection of the optical image,
ID 442 was suspected to be a star and was therefore dropped.

We mainly used CTP_redshift — the redshifts of the optical
counterparts adopted in the catalogue (Salvato et al. 2022) — for
source redshifts. Spectroscopic measurements exist for 380 of
the 601 bright AGN. The recent release of the SDSS DR18 pro-
vides further spectroscopic redshifts, which increases their total
number to 520. Most of the new spectroscopic redshifts agree
with the photometric estimates of CTP_redshift within +0.2
but about 4% (25) deviate by 0.87—4.1, mostly to lower val-
ues; their redshifts and luminosities have been revised, although
they represent a minority and have little impact on the population
statistics, which is the main focus of this work.

These bright AGN are distributed over redshiftsup toz ~ 3.5
and have soft X-ray (SX: 0.5-2keV) luminosities (Lgx) of up to
log Lsx = 46.3 [ergs™'], as shown in Fig. 1. The median value
of the soft X-ray luminosities is log Lsx = 44.03 (Table 1).

Steep-spectrum sources were selected based on the spectral
fits presented by Liu et al. (2022). We used the results obtained
for the 0.4—-2.2keV spectra with an absorbed power-law fit. This
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Fig. 1. Soft X-ray luminosity against redshift for the flat- and steep-
spectrum sources (in blue crosses and red triangles, respectively).

Table 1. Bright AGN sample from eFEDS.

Class T N 4 log Fsx  log Lsx
Steep >2.5 83 0.376 -13.00 4395
Flat <25 518 0465 -12.98 44.06
Total - 601 0452 -1298 44.03

Notes. Class: X-ray spectral class; I': photon index measured in_the
0.2-2keV band; N: number of sources; 7Z: median redshift; Fgx:
median absorption-corrected soft-X-ray flux in units of erg stem™2;

Lsx: median soft X-ray luminosity in units of erg s~!.

band is the most sensitive band of eROSITA and represents the
soft-X-ray portion of the spectrum well; it is not affected by any
spectral hardening that could occur at higher energies. This band
brackets the conventional 0.5-2keV (SX) band with a small
margin added on either end to ensure good flux measurements
in the SX band (Liu et al. 2022). The distribution of the photon
index (I') — represented by the posterior median (Gamma_s_med,
Liu et al. 2022) of the fit — for the 601 bright sources is shown in
Fig. 2.

The photon indices are distributed from 1.0 to 3.3 and
have both median and mean values of 2.18. We classified
83 sources withI' > 2.5 as steep-spectrum sources; these amount
to 14% of the bright AGN sample. The choice of the slope
threshold is arbitrary but the small proportion of 14% indi-
cates that the selected steep-spectrum sources occupy a periph-
eral part of the slope distribution (Fig. 2). The typical 68%
error of the slope for the selected sources is +0.2 and 96%
(81) of the steep-spectrum sources have errors of smaller than
0.27, justifying the adopted source-counts threshold for deliver-
ing a reasonable accuracy in spectral-slope measurements. The
majority of the steep-spectrum sources (78) have a logarithmic
absorbing column density log Ny of smaller than 20.5 [cm™2]
(see Fig. 2), indicating that there is little effect of degener-
acy between I' and Ny for obtaining the steep slopes in the
sample.

Sources with I' < 2.5 are, for simplicity, referred to as flat-
spectrum sources hereafter. The flat-spectrum sources include a
relatively increased number of obscured sources — with absorb-
ing column densities of up to log Ny =~ 107> [cm~2] (Fig. 2) —
when compared to the steep-spectrum sources: the proportion of
sources with log Ny > 20.5 [cm~2] is about 40%.
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Fig. 2. Distribution of the soft X-ray photon index and absorbing col-
umn of the whole bright AGN sample of 601 sources. Upper panel: pho-
ton index distribution. The vertical dashed line indicates the boundary
of I' = 2.5 between the flat- and steep-spectrum sources. Lower panel:

flat- and steep-spectrum sources (symbols are the same as in Fig. 1) in
the photon-index—log Ny plane.

2.2. Steep-spectrum source fraction

The fraction of the steep-spectrum sources in the bright AGN
sample is 14%. The fraction at the lowest redshift range (z < 0.2)
is ~20%, which decreases as a function of increasing redshift
down to ~5% at z > 1 (Fig. 3). This decrease is partly due to
the bandpass effect. X-ray spectra of AGN below 2—3keV are
generally steeper than that in the harder band. As the redshift
increases, the steep part of the rest-frame spectrum goes out and
the flatter spectrum in the rest-frame hard band enters the band.
In the low count regime, obtained spectral parameters tend
to be dictated by the prior: in the case of the spectral slope, the
prior is I' = 2 (Liu et al. 2022), which is in the range of the flat-
spectrum sources. Our selection of bright sources with counts
greater than 100 means that the decreasing quality of the spectra
for sources at higher redshift does not seem to be the cause of the
declining steep-spectrum source fraction, as the median source
counts at the three redshift ranges — 168 cts at z < 0.5, 152 cts at
z=0.5-1, and 134 cts at z = 1-3.5 — vary by only #20%.

3. Host galaxy properties

The two-dimensional imaging decomposition of host galaxy
light from AGN was performed for 3796 AGNs in eFEDS at
redshifts z = 0.2-0.8 (Li et al. 2024), where the image quality
of the Subaru HSC data permits it. This limited redshift range
results in our bright AGN sample size being reduced to 229. The
number of steep-spectrum sources is 32, which is 14% of the
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Fig. 3. Steep-spectrum source fraction (Fiecp) as a function of redshift.
The error bars of each F.., indicate the 68% compatible interval.
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Fig. 4. Cumulative density functions of host galaxy properties com-
puted separately for steep- and flat-spectrum sources. Upper-left: stellar
mass M, in units of solar masses. Upper-right: galaxy size log R in kpc.
Lower-left: Sérsic index. Lower-right: ellipticity. Symbols are the same
as in Fig. 1.

total sample and is also the same proportion as that in the total
bright AGN sample.

We compare stellar mass, log M,., galaxy size (half-light
radius of the semi-major axis), log R [kpc], the Sérsic index, n
and the ellipticity, €, obtained from the decomposition and the
Sérsic profile fits between the two samples. The cumulative den-
sity functions (CDFs) of these features for the two samples are
shown in Fig. 4. The distribution of log R has a long tail towards
larger values, which likely result from poor decomposition, but
the other parameters are not too far from the normal distribution
with variable degrees of tails. The Student-¢ distribution has an
extra parameter to a normal distribution to accommodate tails
and is relatively robust against outliers. We compared the poste-
rior mean value of each feature of the host galaxies between the
flat- and steep-spectrum sources using the BEST: Bayesian Esti-
mation Supersedes the 7-test (Kruschke 2013) method, imple-
mented with PyMC3.

The results are shown in Fig. 5. We also computed the poste-
riors of the difference between the means of the two samples.
The probabilities that the differences are non-zero are 99.9%
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Fig. 5. Mean values of the steep- and flat-spectrum sources for the four
host galaxy parameters, log M, in units of M., the galaxy size, logR,
in kpc, Sérsic index, n, and the ellipticity, €. Symbols are the same as
in Fig. 1. The error bars show the 89% highest-density interval of the
respective mean values.

for stellar mass, 86% for galaxy size, ~100% for Sérsic index,
and 97% for ellipticity. The above results show that the steep-
spectrum sources are found in host galaxies with significantly
smaller M, and n than flat-spectrum sources.

As mentioned in Lietal. (2024), n in some galaxies was
fixed at 0.7 or 2.0 in the decomposition fitting, when it did not
converge to reasonable values. There are 4 (2 and 2 for n = 0.7
and n = 2.0, respectively) cases in steep-spectrum sources and
22 (5 and 17 for n = 0.7 and n = 2.0, respectively) in flat-
spectrum sources (see Fig. 4). When these sources are excluded,
the significant difference in n between the flat-spectrum and
steep-spectrum samples still has a mean value of 1.6 (the 89%
compatible interval: 1.3—1.8) for steep-spectrum sources and 2.3
(2.1-2.5) for flat-spectrum sources, in agreement with the origi-
nal result (see Fig. 5).

We carefully examined whether or not the above differ-
ences are artefacts of systematic errors in the optical image
decomposition, as the steep-spectrum sources are mostly unob-
scured (Sect. 2.1) and are therefore expected to be bright in
optical with respect to host galaxy light. An over-subtraction
of the AGN component could cause both smaller M, and a
flatter galaxy profile. The differences do not appear to be an
effect of nuclear obscuration within the flat-spectrum sample
alone, as no statistical differences in M, and n were found
between obscured sources (log Ny > 20.5 [em2]) and unob-
scured sources (log Ny < 20.5 [cm~2], which match the steep-
spectrum sources). The differences between the steep- and flat-
spectrum samples in terms of M, and n persist when the samples
are filtered by various matched properties: optical magnitudes
in r and g, X-ray flux, and X-ray luminosity. We also inves-
tigated the accuracy of redshifts, which could also affect host
galaxy property measurements. All the redshifts are flagged as
CTP_redshift_quality of either 4 — that is, two photomet-
ric estimate methods, LePHARE (Ilbert et al. 2006) and DNNz
(Nishizawa et al., in prep.) agree — or 5, where a spectroscopic
redshift is available, indicating reasonable accuracy. The num-
ber of steep-spectrum sources with spectroscopic redshifts is
21 out of 32. The results do not change even when using only
sources with spectroscopic redshifts or only low-redshift sources
with z < 0.5, for which better accuracy in an AGN—galaxy
decomposition is expected. Furthermore, these steep-spectrum
sources follow the average trend seen in the optical-to-X-ray-
luminosity and AGN-fraction-to-X-ray-luminosity diagrams of
Li et al. (2024, see their Fig. 5), indicating no evidence for over-
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plotted. Symbols are the same as in Fig. 1.

subtraction of the AGN component in the decomposition. There-
fore, the differences in the host galaxy properties are unlikely to
be caused by the systematic error. Given the small sample size
and the reliability of the measurements of parameters such as n,
we refrain from drawing any strong conclusions as to the dif-
ferences in the host galaxy properties at present, but our results
nevertheless warrant further discussion (Sect. 6).

4. Multi-wavelength properties
4.1. Optical/UV to X-ray luminosity ratio

We used the rest-frame monochromatic luminosities at 2500 A
and 5100 A and the narrow-band (2 eV width) 2 keV luminosities
contained in the eFEDS AGN catalogues (Salvato et al. 2022;
Liu et al. 2022) to make the correlation diagrams of Ljsoo—L;
and Lsjoo—L, (Fig. 6). The steep-spectrum sources are found to
lie at the upper envelope of both correlations, indicating that the
steep-spectrum sources show a larger L5 or Lsjgo at a given L,
compared to the flat-spectrum sources. The #-test using the BEST
method shows that the mean log (L,s09/L>) of the steep-spectrum
sample is larger than that of the flat-spectrum sample by 0.31
(the 89% compatible interval of 0.19-0.42). For log (Ls100/L2),
the mean difference is found to be 0.21 (0.15-0.28).

4.2. Radio detection rate

We compared radio detection rates between the steep- and flat-
spectrum samples, using the radio sources catalogued in the
VLA FIRST survey at 1.4 GHz (Becker et al. 1995) and the
Very Large Array Sky Survey (VLASS) at 3 GHz (Gordon et al.
2021). The eFEDS is not yet covered by the LOFAR Two-
Metre Sky Survey (LoTSS) as of Data Release 2 (DR2,
Hardcastle et al. 2023). We used the 14dec2017 version of the
FIRST survey catalogue via its search facility! and the VLASS
Quick Look and Single Epoch Catalog (Epoch 1) on VizieR.
The optical counterpart positions of the eFEDS sources from
the DESI Legacy Imaging Survey DR8 (LS8, Dey et al. 2019)
were used to match the radio sources with a search radius of 2.
There are five and three matches out of the 83 steep-spectrum
sources with the FIRST and VLASS sources, respectively, while
there are 83 (FIRST) and 77 (VLASS) matches out of the 518
flat-spectrum sources. Matched radio sources have total fluxes of
0.7-625 mJy at 1.4 GHz and 1-1600 mJy at 3 GHz. The detec-
tion rates are 6 + 3% and 4 + 3% for steep-spectrum sources and
16 + 2% and 15 + 2% for flat-spectrum sources in the FIRST

I https://sundog.stsci.edu/cgi-bin/searchfirst
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and VLASS surveys, respectively. The steep-spectrum sources
appear to be less frequently detected in both radio frequencies
than the flat-spectrum sources, although the sample size is small
and therefore the result remains inconclusive.

All three of the steep-spectrum sources detected in VLASS
are found among the five detected in FIRST. The two brightest
radio sources (eFEDS ID 71 and 834) with 17 mJy and 75 mJy at
1.4 GHz, respectively, have been classified as BL Lacs, and were
also detected previously in X-ray with ROSAT (Plotkin et al.
2008; Massaro et al. 2009; Véron-Cetty & Véron 2006). Others
detected at a few mJy are a broad-line Seyfert 1 galaxy (BLSI;
ID 231, Oh et al. 2015) and two galaxies (ID 139 and 477).

4.3. WISE colours

We used sources detected in all four WISE bands — namely
424 flat-spectrum and 74 steep-spectrum sources — to investi-
gate the WISE colours. To compare with the earlier study of
AGN WISE colours, we converted the WISE photometry in the
eFEDS catalogue to Vega magnitude. The (W1-W2)—-(W2-W3)
colour—colour diagram is shown in Fig. 7. While the W1-W2
colour of flat-spectrum sources spreads wider than that of steep-
spectrum sources, the colour distributions of both samples align
to each other and are compatible with the general AGN colours:
W1-W2 > 0.8 (Stern et al. 2012; Yan et al. 2013) or the AGN
wedge Mateos et al. (2012) shown in Fig. 7. There is no system-
atic difference in the W3—-W4 colour between the two samples
either (Fig. 7).

4.4. Rest-frame mid-IR to UV SEDs

We used multi-wavelength photometry (in up to 15 bands) from
mid-IR (WISE W4) to UV (GALEX FUV) available in the cat-
alogue (Salvato et al. 2022) to construct a rest-frame spectral
energy distribution (SED) for each source in the bright AGN
sample. All the photometric data have been corrected for the
Galactic extinction (Salvato et al. 2022). We adopted a median
value when multiple photometric measurements are available in
a given band from different telescopes. As most of the steep-
spectrum sources are at z < 1, we used 426 flat-spectrum sources
at z < 1 to cover the same rest-frame wave bands in order to
make a comparison.

For each source, available photometric data were converted
to Janskys and then into units of vf,. Twenty-three equally
spaced logarithmic intervals between 10'*2 Hz and 10'5° Hz
were set for the rest-frame frequency. After SED data points at
the 23 frequencies were estimated by linear interpolation in loga-
rithmic space, they were normalised at 6 um (log v = 13.7 [Hz]).
These SEDs come in various shapes but they can be largely
divided into four categories with a few outliers, as shown by the
following clustering analysis.

We applied the basic k-means method (Lloyd 1982; Forgy
1965) implemented in scikit-learn (Pedregosaetal. 2011)
to all of the 509 SEDs and the number of clusters was chosen
by analysing the silhouette coefficient (Rousseeuw 1987) for a
variable number of clusters, which was found to be five. The
five clusters of SEDs (named I, II, III, IV, and V) are shown
separately in Fig. 8. The following characteristics are observed
in each class of SEDs. Cluster I shows a blue excess towards
UV, or a “big blue bump”, characteristic of the disc emission
of unobscured AGN. Cluster II shows a flat spectrum through-
out from mid-IR to UV. Cluster III has a relative excess peak-
ing around 1 pm (log v ~ 14.5[Hz]), suggesting dominant stel-
lar emission from a host galaxy. Cluster IV shows a suppres-
sion of optical to UV light, indicating obscuration to a nuclear
source, and Cluster V shows six outliers with large optical to
6 wm ratios. The numbers of flat- and steep-spectrum sources in
each SED class are given in Table 2. The above characteristics of
Clusters I and II fit those of unobscured AGN and the majority
of the steep-spectrum sources (69 out of 83) are indeed found
in those clusters. The SEDs of Clusters III and IV are likely
attributable to obscured AGN, and these clusters are mainly pop-
ulated by flat-spectrum sources, as expected. Among the steep-
spectrum sources, the two BL Lacs (Sect. 4.2) and two sources
with Ny in excess of 102! cm™2 are found in Cluster III. The ori-
gin of the SEDs for the remaining ten steep-spectrum sources
found in Clusters III and IV is unclear, despite the fact that they
all have reliable optical counterparts (CTP_quality of 4) and
reliable redshifts (CTP_redshift_grade of 4 or 5, apart from
one). These sources are typically low-luminosity objects with a
median log Lgx = 43.3 [ergs~'] at low redshift (Z ~ 0.26). Their
soft spectrum cannot be attributed to galaxy emission because
the luminosities are too high and must originate from AGN.
The steep, soft X-ray spectra could result from a dusty warm
absorber, which would redden the optical-UV light.

The average rest-frame SEDs of the flat- and steep-spectrum
sources constructed by median stacking are shown in Fig. 9. The
blue end of the SEDs of some obscured objects lack data, namely
above 10" Hz. This part of the SED for these sources was esti-
mated by extrapolating a power-law fitted to the three bluest
available data points before computing the median at each fre-
quency. The 68% compatible intervals obtained from bootstrap-
ping are shown by the shaded area. The SED shape in the mid-IR
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Fig. 8. Five types of normalised SEDs, according to the clustering analysis (Table 2). The flat- and steep-spectrum sources are plotted in blue

dotted and red solid lines, respectively.

Table 2. Clustering of mid-IR to UV SEDs.

Cluster Flat Steep Total fs

I 156 33 189  0.18 (0.15-0.20)
11 121 36 157  0.23 (0.20-0.26)
1 92 8 100 0.08 (0.06-0.12)
v 51 6 57  0.11 (0.08-0.16)
\Y 6 0 6 0.09 (0.02-0.23)

Notes. Cluster: SED cluster (see Fig. 8); Flat: number of flat-spectrum
sources; Steep: number of steep-spectrum sources; Total: sum of the
steep- and flat-spectrum sources; fs: proportion of the steep-spectrum
sources represented by the posterior median. The 68% compatible inter-
val is shown in parenthesis.

part is similar in the two spectrum classes, while the near-IR
to UV part differs, which reflects their distribution into the dif-
ferent SED clusters discussed above. The average SED of the
steep-spectrum sources is dominated by the monotonically ris-
ing, unobscured AGN emission towards the UV band, while that
of the flat-spectrum sources, in contrast, shows a flatter spectrum
in the near-IR to UV range, which is a result of the mixture of
various types, including obscured objects.

5. High-luminosity steep-spectrum sources

There are five steep-spectrum sources with Lgx exceeding
108 ergs™!: ID 11, 40, 351, 421, and 644. The bolometric
correction for this X-ray luminosity range is « = Lpo/Lx ~
60, where Ly, and Lx are bolometric and 2—10keV lumi-
nosities, respectively (Marconi et al. 2004). When Lx = nLsx,
their black hole mass (Mpy) can be expressed as Mgy
5 % 10% Mo nag),(k/60)(Lsx /10* erg s™"). The luminosity con-
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Fig. 9. Stacked rest-frame SEDs of the individual sources in Fig. 8. The
shaded area indicates the 68% compatible intervals computed by boot-
strapping. Left: flat-spectrum sources at z < 1. Right: steep-spectrum
sources.

version factor, i, is 1.2 or 0.55 when the X-ray spectrum is
described by a single power-law of I' = 2.0 or 2.5, respectively.
However, as the spectrum usually flattens above 2 keV, n prob-
ably remains close to unity for many sources. If the Eddington
ratio, Agqq, is significantly lower than 1, the Mgy of these high-
luminosity sources can be as massive as ~10° M. However, only
two of them have spectroscopic redshifts of z < 1. The source
with the highest redshift, ID 421, has z = 2.466 from LePHARE,
which is adopted here but does not agree with z = 0.47 from
DNNz. A spectroscopic redshift measurement is required to ver-
ify the high-redshift and high-luminosity nature of this source,
as well as the other high-luminosity candidates with photomet-
ric redshift estimates.

6. Discussion and summary

We selected 83 AGN with a steep-spectrum (I" > 2.5) in the soft-
X-ray band from the bright eFEDS AGN sample of 601 objects
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with detected counts of >100 in an attempt to identify AGN
accreting at a high Eddington rate. In a comparison with flat-
spectrum sources, the steep-spectrum sources show some statis-
tical differences in terms of the properties of their host galaxy,
their optical-UV-to-X-ray ratio, and their radio detection rate.

When a specific accretion rate is defined by log (Lsx /M)
as a relative measure of Agqq, the steep-spectrum sources have
a larger mean specific accretion rate than the flat-spectrum
sources by 0.2 (the 89% compatible interval of 0.05-0.37) dex,
as found by the BEST evaluation. This supports the idea that
the steep-spectrum sources have, on average, elevated accretion
rates relative to flat-spectrum sources. The larger UV-optical-
to-X-ray ratio in the steep-spectrum sources compared to the
flat-spectrum sources (Sect. 4.1) agrees with the known trend
of steepening optical-to-X-ray spectral slope agx with increas-
ing Aggg found in a previous study (e.g. Lussoetal. 2010).
The results of our rest-frame SED study verify that the steep-
spectrum sources generally show blue optical-to-UV continuum,
which has been found in ROSAT-found NLS1s with steep spec-
tra (Grupe 2004). The radio detection rate of the steep-spectrum
sources may be lower than that of the flat-spectrum sources.
Although further tests with a larger sample are needed for verifi-
cation, the possible radio quietness of the steep-spectrum sources
is consistent with the general trend of an inverse correlation
between radio-loudness and the Eddington ratio in AGN (Ho
2002; Yang et al. 2020).

The steep-spectrum sources, on average, reside in late-type
galaxies with smaller M, (Sect. 3), but these tendencies need to
be verified with a larger sample. This is reminiscent of NLS1s,
which have been found to reside mainly in spiral-type host
galaxies, possibly with enhanced bars (Krongold et al. 2001;
Crenshaw et al. 2003; Ohta et al. 2007; Orban de Xivry et al.
2011; Mathur et al. 2012; Jarveld et al. 2018), including radio-
loud NLS1s (Olguin-Iglesias et al. 2020; Varglund et al. 2022).

All these properties of the steep-spectrum sources are com-
patible with those of NLS1s, which are considered to be highly
accreting (or rapidly growing) black holes hosted by galaxies
in the early phase of their build-up (e.g. Grupe 2004; Mathur
2000). Whether or not a steep X-ray spectrum absolutely indi-
cates an NLS1 classification is an open question. We explored
this possibility by matching the X-ray sources with catalogued
NLS1s. We used the NLS1 catalogue of Paliya et al. (2024),
which was produced by analysing optical spectra from the SDSS
DR17. These latter authors also released a catalogue of broad-
line Seyfert 1 galaxies (BLS1s) from the same analysis. The red-
shift range of the catalogued objects is limited below z = 0.8 or
z = 0.9, depending on the spectrograph used to ensure the rest-
frame wavelength coverage of their interest, but the majority of
the steep-spectrum sources lie in this redshift range. It should be
noted that galaxies that exhibit optical spectra typical of Seyfert
2 or LINER-type optical emission lines or of normal galaxies
with no apparent AGN signatures are not contained in these cat-
alogues.

Both flat- and steep-spectrum sources were matched with the
NLS1 and BLS1 catalogues using the optical counterpart (LS8)
positions with a search radius of 2”. Matched numbers are given
in Table 3. As the choice of I > 2.5 for steep-spectrum sources
is arbitrary, it is not surprising to see some NLS1s among the
flat-spectrum sources. However, steep-spectrum sources are not
always NLS1s. The narrowness of the permitted lines that define
a NLSI is likely linked to a small black hole mass. On the other
hand, if the steep X-ray spectral slope primarily results from
a large Agqq, the nature of the X-ray spectrum is independent
of black hole mass and steep-spectrum sources can be NLS1s

Table 3. Matches with NLS1s and BLS1s.

NLSIs BLS1s Total
Flat 25 145 170
Steep 14 23 37
Total 39 168 207

Notes. NLS1s and BLS1s classified by Paliya et al. (2024) using the
SDSS DRI17 optical spectra were matched with the flat- and steep-
spectrum sources.

or BLSIs, as long as their Agqq is large. Some of the high-
luminosity steep-spectrum sources discussed in Sect. 5 could
correspond to large black holes still operating at high accre-
tion rates. Despite the presence of a number of BLS1s among
the steep-spectrum sources, a significant proportion (~40% in
Table 3) of NLS1s — which are likley to harbour small black
holes — might lead to the host galaxy properties of the steep-
spectrum sources being similar to those of NLS1s.

The theory governing the growth of supermassive black
holes predicts that black holes with super-Eddington accretion
rates will be more abundant at higher redshifts and suggests
that this evolution may be observable (Kawaguchi et al. 2004;
Shirakata et al. 2019). This is contrary to the apparent decrease
in the proportion of steep-spectrum sources beyond z ~ 1
(Sect. 2.2). If this decrease towards higher redshifts were due
to the redshift effect, as discussed in Sect. 2.2, the steep part of
the X-ray spectrum of AGN with high accretion rates would need
to be limited below the rest-frame 2 keV. However, the spectra of
bright NLS1s are generally steeper than those of normal Seyferts
at energies even above 2 keV, which is the case for the eROSITA-
detected z ~ 6.5 quasar HSCJ0921+0007 (Wolf et al. 2023),
for example, which has I' ~ 3 in the rest-frame energies above
~5keV. This discrepancy needs to be further investigated using
a larger sample such as that being gathered by the eROSITA All-
Sky Survey (Merloni et al. 2012; Predehl et al. 2021).
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