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A B S T R A C T 

Narrow-line Seyfert 1 AGNs (NLS1s) represent a unique stage in the black hole growth history, characterized by low black hole 
masses of approximately 10 

6 –10 

8 solar masses and around-Eddington accretion rates. X-ray studies of NLS1s have largely been 

confined to the local Universe ( z < 0 . 2), while their broad-line counterparts and radio-loud quasars have been more e xtensiv ely 

investigated at higher redshifts. In this work, we conducted an X-ray spectral analysis for 14 SDSS-observed NLS1s at z ≈ 1 in 

the eRASS1 catalogue. We found that all of their eROSITA observations agree with the expected rest-frame 2 keV monochromatic 
luminosity given their rest-frame 2500 Å monochromatic luminosity, further supporting evidence of AGN emission. Secondly, 
when fitted with a power-law model, most continuum spectra between 0.7 and 7 keV in their rest frames necessitate photon 

indices � � 2 . 5. Notably, the highest photon index of around 4.7 in one of our NLS1 AGNs hints at a significant contribution 

from soft excess emission. Finally, our analysis demonstrates that we can align the Eddington ratios with optical measurements 
by applying a correction factor between 10 and 120 to their X-ray luminosity. Although measurement uncertainty remains 
considerable, our findings suggest that assumptions for the standard geometrically thin accretion disc model made in previous 
estimations of this correction factor may not apply to near or super-Eddington NLS1 AGNs. Finally, we also compare this sample 
with extremely variable nearby NLS1s and other X-ray-weak AGNs, such as JWST -observed, broad-line AGNs at z = 5 − 6, 
and underscores the importance of deeper X-ray surv e ys for more X-ray-weak NLS1s. 

Key words: accretion, accretion dics – galaxies: Seyfert – X-rays: galaxies. 
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 I N T RO D U C T I O N  

arrow-line Seyfert 1 AGNs (NLS1s), frequently distinguished by
osting low-mass black holes (BHs) approximately 10 6 –10 8 solar
asses with around-Eddington accretion rates at their centres, exhibit
almer emission lines with narrower widths than broad-line Seyfert
 AGNs. They often display strong high-ionization lines typically
ssociated with Seyfert 1 galaxies (Davidson & Kinman 1978 ;
sterbrock & Pogge 1985 ). Conventionally, sources are classified

s NLS1s if they meet the following criteria: (a) a narrow width
f broad Balmer emission lines, with full width at half maximum
 E-mail: Jiachen.Jiang@warwick.ac.uk 

a  

f
s

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
FWHM) of H β or Mg II ≤ 2000 km s −1 ; (b) weak [O III] forbidden
ines; (c) strong Fe II emission (Osterbrock & Pogge 1985 ; Goodrich
989 ; Zhou et al. 2006 ; Rakshit et al. 2021 ). 
In the X-ray band, NLS1s frequently manifest rapid and substantial

-ray flux changes, often exhibiting greater amplitudes compared to
heir broad-line counterparts (e.g. Grupe et al. 1995 ; Grupe, Thomas
 Beuermann 2001 ; Fabian et al. 2009 ; Grupe et al. 2010 ; Gallo

018 ; Alston et al. 2019 ; Jiang et al. 2022a ). This flux variability
s closely linked to the innermost accretion region of the accretion
isc, where the compact X-ray coronal emission originates (Boller,
randt & Fink 1996 ; Fabian et al. 2009 ). The narrow Balmer lines
nd rapid fluctuations in X-ray emissions and are believed to result
rom the relatively small masses of the BHs (approximately 10 6 –10 8 

olar masses) in NLS1s. 
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1 The BH masses of the sample in Yu et al. ( 2023 ) were obtained using various 
methods. A summary of these measurement techniques can be found in table 1 
of Yu et al. ( 2023 ). 
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The soft X-ray excess represents a pre v alent feature observed in
umerous NLS1s and continues to be a subject of ongoing research. 
his is an excess of emission observed when extrapolating the hard X- 

ay continuum to below 2 keV. The profile of the soft excess emission
an be reproduced with a blackbody emission, with temperatures 
ypically ranging from 0.1 to 0.2 keV across various BH mass scales
n active galactic nuclei (AGNs, e.g. Gierli ́nski & Done 2004 ). If
his emission comes from the accretion disc, its temperature exceeds 
hat the standard sub-Eddington accretion disc model by Shakura 
 Sunyaev ( 1973 ) can account for. Ho we ver, it could potentially

e elucidated by a slim accretion disc scenario, where photon 
rapping increases the temperature (Abramowicz et al. 1988 ), but 
nly in a super-Eddington accretion regime (Tanaka, Boller & Gallo 
005 ). 
Two pre v ailing competing physical models have emerged to 

xplain the origin of the soft excess. One is the warm Comp-
onization model, which posits the existence of a warm corona 
with temperatures around kT e ∼ 0 . 5 –1 keV) that is optically thick
 τ ∼ 5 –10) in addition to the hot corona. The soft excess arises
rom the Comptonization of UV photons from the disc within this
arm corona (e.g. Jin et al. 2009 ; Petrucci et al. 2018 ). An alternative
roposition is the relativistic blurred disc-reflection model, where the 
mission lines in the soft X-ray band originate from the reflection 
omponent and are blurred due to relativistic effects near the BH,
hus constituting the soft excess (e.g. Crummy et al. 2006 ; Walton
t al. 2013 ; Jiang et al. 2019 , 2020 ; Waddell & Gallo 2020 ). Support
or the reflection model comes from the evidence of soft X-ray 
ev erberation lags (e.g. F abian et al. 2009 ; Chainakun, Young &
ara 2016 ; Kara et al. 2016 ; De Marco & Ponti 2019 ). The most

ecent sample-based analysis of bright type-1 AGNs observed by 
ROSITA ( F 2 −10 keV > 10 −13 erg cm 

−2 s −1 ) yielded source-dependent 
onclusions, with some fa v ouring one model o v er the other (Waddell
t al. 2023 ). 

In-depth modelling and comparison of various spectral mod- 
ls necessitate high signal-to-noise data. NLS1s typically harbour 
Hs with lower masses compared to their broad-line counterparts. 
onsequently, for a similar Eddington ratio, NLS1s exhibit lower 

uminosities than BLS1s and radio-loud quasars, making them 

ore challenging to detect in flux-limited surv e ys. Hence, man y
nvestigations, particularly in the X-ray band, have concentrated 
n NLS1s within the local Universe, typically at redshifts z < 0 . 2.
or an example of nearby NLS1 study, the analyses of different 

ocal AGN groups hav e unv eiled the widespread presence of the
oft excess in both NLS1s and broad-line Seyfert 1 AGNs (BLS1s),
ith NLS1s typically demonstrating a more pronounced soft excess 

trength (e.g. Puchnarewicz et al. 1992 ; Grupe 2004 ; Middleton, 
one & Gierli ́nski 2007 ; Bianchi et al. 2009 ; Grupe et al. 2010 ;
liozzi & Williams 2020 ; Waddell & Gallo 2020 ). Moreo v er, NLS1s
ften show a softer continuum, characterized by a higher hard X- 
ay power-law photon index (Gliozzi & Williams 2020 ; Waddell & 

allo 2020 ). For instance, recent work by Gr ̈unwald et al. ( 2023 )
nalysed a sample of approximately 1200 NLS1s observed with 
ROSITA at z � 0 . 8. By fitting their eROSITA spectra with a power-
a w model, the y found a mean photon inde x of 2 . 81 ± 0 . 03. Notably,
0 per cent of the sources exhibited photon indices exceeding 4, 
ndicating an intrinsically very soft X-ray emission. Independent 
tudies have also identified a positive correlation between the hard 
-ray photon index and the Eddington ratio (e.g. Grupe 2004 ; 
hemmer et al. 2008 ; Brightman et al. 2013 ) as one would expect for
LS1s. 
NLS1s may also serve as a crucial stage of low mass and high

ddington ratio ( λEdd = L bol /L Edd , where L bol is the bolometric
uminosity and L Edd is the Eddington luminosity) in the evolution of
MBHs (Grupe et al. 1999 ; Mathur 2000 ; Grupe & Mathur 2004 ;
athur & Grupe 2005 ), similar to those in the early Universe (e.g.
aiolino et al. 2024 ). As more data becomes available, it becomes

mperativ e to e xtend studies to higher redshifts to address questions
uch as how the accretion physics might differ at various epochs of
he Universe compared to our local Universe (e.g. Lambrides et al.
024 ; Pacucci & Narayan 2024 ). 
Previously, we undertook an exploration of fiv e NLS1s be yond the

ocal Universe, with redshifts ranging from z = 0 . 35 to z = 0 . 62, and
ne at z = 0 . 92, utilizing archi v al XMM–Newton observ ations (Yu
t al. 2023 ). Likely due to selection biases, the BH masses in this
ample tend to lie towards the upper end 1 of the BH mass distri-
ution among local NLS1s, approximately m BH = M BH / M � = 10 8 .
hrough detailed XMM–Newton analysis, subsequent to fitting the 
oft excess model, it was observed that the hard X-ray photon indices
ere higher than those of local NLS1s at similar Eddington ratios.
o we ver, caution was warranted due to uncertainties in Eddington

atio measurements. Nevertheless, the strength of their soft excess 
mission, a characteristic shared by all objects in the XMM–Newton 
ample, was comparable to that of local NLS1s. Notably, one of the
bjects, PG 1543 + 489, exhibited a relativistic Fe K emission line
riginating from the inner accretion disc (Yu et al. 2023 ). 
The German eROSITA Consortium (eROSITA-DE) has released 

he first six months of SRG/ eROSITA all-sky survey (eRASS1) data.
n this study, we extend our previous work outlined in Yu et al.
 2023 ) by leveraging these eRASS1 data, thereby advancing our
nvestigation of NLS1s to redshifts approximately z ≈ 1. Our focus 
s directed towards several key questions: 

(i) Are the detected X-ray luminosities consistent with expecta- 
ions based on the UV luminosity measured by SDSS for typical
LS1s? 
(ii) If so, how do the X-ray and UV luminosities compare to those

f local X-ray Universe and quasars at even higher redshifts ( z > 4)?
(iii) Is the X-ray continuum notably soft? How does it compare 

o some of the local NLS1s exhibiting potential super-Eddington 
ccretion (e.g. Jiang et al. 2020 ; Jin et al. 2023 )? 

(iv) Is there discernible evidence of a soft excess? If present, how
oes the strength of the soft excess compare to that observed in
LS1s within the local Universe? 
e stress, though, that due to limited signal-to-noise in the data, our

im is not to differentiate between different models of the soft excess.

 eROSITA DATA  

e initiated cross-matching for NLS1s from the SDSS catalogue 
P ̂ aris et al. 2018 ) of NLS1s at redshifts z = 0 . 8 − 2 . 5 as documented
n Rakshit et al. ( 2021 ) and the eRASS1 X-ray point source catalogue
Merloni et al. 2024 ). The high- z NLS1s in Rakshit et al. ( 2021 ) that
ack detectable H β emission within the SDSS wavelength coverage 
ere selected using FWHM(Mg II ) < 2000 km s −1 as the criterion

or classification. This choice was based on the established positive 
orrelation between the line widths of H β and Mg II (Rakshit et al.
021 ). Our selection criteria were as follows: 

(i) The angular separation between the eRASS1 X-ray source and 
DSS positions, in both RA and Dec., was required to be less than
MNRAS 539, 832–849 (2025) 
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Table 1. The names and positions of the SDSS galaxies and their corresponding eROSITA X-ray sources identified in eRASS1. The last four columns were 
optical SDSS measurements in Rakshit et al. ( 2021 ). In particular, the Eddington ratios λEdd were derived from the 3000 Å monochromatic luminosity in Rakshit 
et al. ( 2021 ). In this work, we refer to the galaxies of our sample as the short names. 

SDSS name RA Dec. eRASS name RA Dec. Short name z log ( λL λ) ∗ log ( m BH ) log ( λEdd ) 

023532.20–083052.7 38 .88420 −8 .51463 023532.1–083054 38 .88407 −8 .51509 J0235 1 .628 45 .71 8 . 3 ± 0 . 3 −0 .03 
082455.47 + 391641.8 126 .23117 39 .27831 082455.6 + 391639 126 .23177 39 .27776 J0824 1 .216 45 .82 8 . 2 ± 0 . 2 0 .18 
082604.55 + 294212.6 126 .51900 29 .70352 082604.5 + 294210 126 .51893 29 .70279 J0826 1 .065 45 .52 7 . 7 ± 0 . 3 0 .29 
084508.99 + 173518.0 131 .28748 17 .58834 084508.9 + 173519 131 .28723 17 .58882 J0845 0 .905 45 .63 8 . 2 ± 0 . 2 −0 .00 
085925.04 + 215620.0 134 .85436 21 .93893 085925.0 + 215620 134 .85455 21 .93914 J0859 0 .968 45 .28 7 . 9 ± 0 . 4 −0 .14 
092149.48 + 082646.8 140 .45621 8 .44635 092149.5 + 082645 140 .45635 8 .44589 J0921 0 .867 45 .29 8 . 06 ± 0 . 08 −0 .20 
094016.02 + 025853.8 145 .06676 2 .98162 094016.0 + 025853 145 .06692 2 .98153 J0940 1 .126 45 .89 8 . 4 ± 0 . 1 0 .09 
095748.05 + 070440.5 149 .45026 7 .07792 095747.9 + 070439 149 .44988 7 .07750 J0957 1 .025 45 .33 8 . 0 ± 0 . 3 −0 .10 
102634.33 + 320135.0 156 .64304 32 .02640 102634.3 + 320136 156 .64298 32 .02684 J1026 1 .221 45 .17 8 . 0 ± 0 . 1 −0 .29 
103636.21 + 240551.7 159 .15092 24 .09772 103636.3 + 240554 159 .15142 24 .09836 J1036 1 .011 45 .49 7 . 9 ± 0 . 2 0 .19 
104537.54 + 010337.6 161 .40641 1 .06046 104537.2 + 010339 161 .40534 1 .06111 J1045 1 .333 45 .54 8 . 1 ± 0 . 2 0 .01 
113355.79–012913.7 173 .48251 −1 .48720 113355.5–012914 173 .48164 −1 .48743 J1133 1 .248 45 .78 8 . 27 ± 0 . 02 0 .08 
114852.67 + 245715.8 177 .21949 24 .95439 114852.9 + 245717 177 .22073 24 .95494 J1148 0 .854 44 .74 7 . 82 ± 0 . 05 −0 .51 
130405.34–013904.2 196 .02228 −1 .65120 130405.3–013900 196 .02214 −1 .65011 J1304 0 .950 45 .26 8 . 0 ± 0 . 1 −0 .15 

∗The unabsorbed monochromatic luminosity at rest frame 3000 Å in units of erg s −1 . 
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2 The rest-frame 2–10 keV unabsorbed flux was calculated after correcting 
for Galactic column density, using the nominal values from Willingale et al. 
( 2013 ), as listed in Table 3 . We did not account for additional absorption, such 
as that from the host galaxy. Due to the limited signal-to-noise ratio of our data, 
we are unable to constrain any additional modest column density. Ho we ver, 
given the soft X-ray nature of our source, significant extra absorption (e.g. 
abo v e 10 22 cm 

−2 ) is not expected. 
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.5 arcsec – approximately one-third of the half-energy width of
ROSITA ’s on-axis Point Spread Function (Predehl et al. 2021 ) – to
nsure correct source identification. 

(ii) We specifically considered X-ray detections with a detection
ikelihood of 20 for spectral analysis (Merloni et al. 2024 ). This
riterion was crucial to ensure sufficiently high signal-to-noise ratios
or spectral property measurements. 

It is important to note that eRASS1 used a methodology that
rovides independent constraints on the X-ray positional uncertainty
sing external multiwavelength source catalogues with known and
ccurate positions. More details can be found in section 6.2 in
erloni et al. ( 2024 ). In particular, Merloni et al. ( 2024 ) used the

atalogue of AGNs from Gaia and unWISE Data (Shu et al. 2019 )
o cross-match against the eRASS1 X-ray source catalogue. (For
eaders’ interest and future observational reference, we also show
he WISE and SDSS magnitudes of our sample in T able A1 .) W e
ill not repeat the same position uncertainty estimation in this work
ut adapt the X-ray coordinates presented in the eRASS1 catalogue
hen selecting sources for our sample. The 1 σ uncertainty in the

RASS1 coordinates (RA and Dec.) of our sample ranges from 2 to
 arcsec (Merloni et al. 2024 ). The histogram in Section B shows the
istribution of coordinate differences (RA and Dec.) between SDSS
nd eROSITA . 

In total, we identified 14 X-ray sources associated with SDSS-
bserved NLS1s. The information about these NLS1s can be
ound in Table 1 . The first six columns present the SDSS NLS1
ames alongside their corresponding eRASS1 X-ray source names.
dditionally, their source positions as measured by SDSS and

ROSITA are provided. It is noteworthy that in Rakshit et al. ( 2021 ),
he redshifts were spectroscopically measured by SDSS; the rest-
rame 3000 Å monochromatic luminosity was used to estimate the
olometric luminosity, applying a global correction factor of 5.15;
he BH mass was calculated using the FWHM of Mg II (Rakshit,
talin & Kotilainen 2020 ), and the Eddington ratio was derived from

he BH mass measurement. 
Furthermore, it is essential to acknowledge the selection effects

nherent in such flux-limited criteria. We caution that the properties
erived from this sample may not necessarily reflect the overall
roperties of NLS1s at z ≈ 1, but rather are representative of these
pecific samples. This aspect will be further elucidated and discussed
n detail throughout the paper. 
NRAS 539, 832–849 (2025) 
Fig. 1 illustrates the distribution of redshift ( z) and BH mass ( m BH )
or our eROSITA NLS1 sample, juxtaposed with previous XMM–
ewton samples of NLS1s as documented in Gliozzi & Williams
 2020 ) and Yu et al. ( 2023 ). Gliozzi & Williams ( 2020 ) focused
n objects at z < 0 . 2, while Yu et al. ( 2023 ) investigated NLS1s
panning from z = 0 . 35 to z = 0 . 62, with one at z = 0 . 92. Notably,
ur sample exhibits the lowest redshift at z = 0 . 854 and the highest
alue at z = 1 . 628. Similar to Yu et al. ( 2023 ), this flux-limited
ample selects BHs with relatively high masses compared to the
verage BH mass for NLS1s in the local X-ray Universe ( z < 0 . 2).
he distribution of BH masses in our sample peaks at 10 8 M �. NLS1s
ith lower BH masses and luminosities would be fainter, assuming
 similar Eddington ratio, and thus less likely to be included in our
ample. 

In the right panel of Fig. 1 , we show the distribution of hard X-ray
est-frame 2–10 keV unabsorbed luminosity 2 versus redshift for the
amples in Gliozzi & Williams ( 2020 ), Yu et al. ( 2023 ), and our work.
s a reference, we include constant flux curves for 10 −16 , 10 −14 , and
0 −12 erg cm 

−2 s −1 at various redshifts. The XMM–Newton samples
n Gliozzi & Williams ( 2020 ) primarily probe nearby X-ray bright
LS1s with 2–10 keV fluxes higher than 10 −12 erg cm 

−2 s −1 . In
omparison, Yu et al. ( 2023 ) and our study investigate fainter objects
ith fluxes around or below 10 −13 erg cm 

−2 s −1 . 
In this work, we used the eRASS1 data products of the 14 z ≈ 1

LS1s, including spectra, background spectra, response matrices,
nd ancillary response files, which were extracted using SRCTOOL
Brunner et al. 2022 ). The tool selected a circular source extraction
egion to optimize the signal-to-noise ratio of the source spectrum,
onsidering the local background surface brightness and the shape
f the point spread function (PSF). The radius can not be less
han 15 arcsec or higher than 99 per cent of the PSF encircled
nergy fraction, assuming a circular PSF, and takes into account any
xcluded neighbouring contaminating sources. The circular regions
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Figure 1. The distribution of source parameters in the sample of NLS1s discussed here compared to prior samples of such sources presented in the literature 
(left: redshift; middle: BH mass; right: X-ray luminosity versus redshift). The grey bars show the XMM–Newton -observed NLS1s at low redshift in Gliozzi & 

Williams ( 2020 ). The crossed bars show the XMM–Ne wton -observ ed NLS1s between z = 0 . 35 − 0 . 92 in our previous work (Yu et al. 2023 ). The purple bars 
show the eROSITA NLS1s at z > 0 . 85. The right panel’s crosses and squares show the rest frame 2–10 keV luminosity of the NLS1s in two samples. The circles 
show the eROSITA NLS1s in this work with a detection likelihood larger than 20. The three dashed curves in the right panel represent constant flux levels of 
10 −12 , 10 −14 , and 10 −16 erg cm 

−2 s −1 , with each point along a giv en curv e corresponding to the same observ ed flux. 

Figure 2. The DSS image of the NLS1 SDSS J094016.02 + 025853.8 
( z= 1.126) o v erlaid with eROSITA X-ray contours (three solid contours 
representing 0.01, 0.03, and 0.05 counts per pixel). The dashed circles show 

the circular region with a radius of 66 arcsec from which the spectrum of 
this object was extracted. The red cross shows the SDSS position of the 
galaxy. The green cross shows the position of the X-ray source 1eRASS 
J094016.0 + 025853. The two crosses nearly coincide in this image. The 
reference bar is 10 arcsec in size. 
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ere centred at the positions of the X-ray sources rather than the
DSS positions. We emphasize that due to our strict criteria requiring 
 RA/Dec. coordinate difference smaller than 5.5 arcsec, we would 
ot anticipate significant changes in the PSF if one were to use
DSS positions to extract data products. The background regions 
ere configured as annulus regions. The radii of the circular source 

nd background annulus regions for each object can be found in 
able C1 . The positions of contaminating sources excluded in the 
ackground regions can be accessed via the eRASS1 website. 3 

ig. 2 illustrates an example of the source region alongside the 
ROSITA X-ray contours for J0940. 
 https:// erosita.mpe.mpg.de/ dr1/ erodat/ catalogue/ search 

 

m
d

The luminosity distances in this study were computed based on the
osmological constants outlined in Planck Collaboration VI ( 2020 ) 
ith a flat � CDM cosmology: Hubble constant of H 0 = 67 . 36 km
 

−1 Mpc −1 , matter density of 	m 

= 0 . 315, and an ef fecti ve mass
ensity of dark energy of 	� 

= 0 . 685. We grouped the spectra to
nsure a minimum of 2 counts per energy bin using GRPPHA. For
pectral analysis, we employed XSPEC (Arnaud 1996 ), utilizing C 

tatistics as a measure of goodness of fit (Cash 1979 ). Section 4 shows
ur spectral analysis by directly subtracting their background spectra. 
dditionally, we considered modelling the background spectra and 

pplied the best-fitting background models when fitting the source- 
egion spectra in Section D . 

 X-RAY  PROPERTIES  O F  eROSITA z ≈ 1 NLS 1S  

n this section, we investigate the X-ray and UV luminosity of these
LS1s. Our focus centers on the inquiry of whether the X-ray

uminosity of the associated X-ray sources of the SDSS-observed 
LS1s aligns with our expectations given the UV luminosity. 
pecifically, we compute αOX , a metric describing the ratio of UV
nd X-ray monochromatic luminosity. 

.1 UV and X-ray monochromatic luminosity 

e first computed the rest-frame 2500 Å monochromatic lumi- 
osity for the NLS1s in our sample. While Rakshit et al. ( 2021 )
id not provide the 2500 Å monochromatic luminosity for the 
DSS samples, we were able to derive the AGN luminosity by
sing the best-fitting SDSS spectral models for the host galaxy- 
ubtracted spectra in Rakshit et al. ( 2021 ). The AGN continuum (flux
ensity) was characterized by a power law f λ = β( λ/λ0 ) α , where
he reference wavelength λ0 = 3000 Å. Here, β and α represent 
he normalisation of the power law in units of erg cm 

−2 s −1 Å−1 

nd the dimensionless power-la w inde x, respectiv ely. From this, we
alculated the monochromatic luminosity of our NLS1s at 2500 Å
sing the flux density, assuming isotropic emission. 
Next, we used eROSITA data to compute the rest-frame 2 keV
onochromatic luminosity by measuring the unabsorbed 2 keV flux 

ensity and similarly assuming isotropic X-ray emission. These 
MNRAS 539, 832–849 (2025) 
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Table 2. The monochromatic luminosity at 2 keV and 2500 Å in units of erg 
s −1 Hz −1 and corresponding αOX of the NLS1s in this sample. 

Names log ( L 2 keV ) log ( L 2500 Å) αOX 

erg s −1 Hz −1 erg s −1 Hz −1 

J0235 26 . 8 ± 0 . 3 30 . 480 ± 0 . 002 −1 . 43 ± 0 . 11 
J0824 26 . 8 ± 0 . 2 30 . 296 ± 0 . 005 −1 . 35 ± 0 . 09 
J0826 26 . 5 ± 0 . 3 30 . 607 ± 0 . 001 −1 . 56 ± 0 . 10 
J0845 26 . 6 ± 0 . 3 30 . 855 ± 0 . 001 −1 . 65 ± 0 . 10 
J0859 27 . 0 ± 0 . 2 30 . 265 ± 0 . 002 −1 . 25 ± 0 . 09 
J0921 26 . 5 ± 0 . 3 30 . 480 ± 0 . 002 −1 . 51 ± 0 . 10 
J0940 26 . 8 ± 0 . 2 30 . 265 ± 0 . 002 −1 . 35 ± 0 . 09 
J0957 26 . 9 ± 0 . 2 30 . 607 ± 0 . 001 −1 . 44 ± 0 . 10 
J1026 26 . 5 ± 0 . 3 30 . 607 ± 0 . 001 −1 . 59 ± 0 . 11 
J1036 26 . 5 ± 0 . 3 30 . 607 ± 0 . 001 −1 . 56 ± 0 . 10 
J1045 27 . 0 ± 0 . 2 30 . 480 ± 0 . 002 −1 . 32 ± 0 . 10 
J1133 27 . 0 ± 0 . 3 30 . 607 ± 0 . 001 −1 . 38 ± 0 . 10 
J1148 26 . 5 ± 0 . 3 30 . 480 ± 0 . 002 −1 . 52 ± 0 . 10 
J1304 26 . 3 ± 0 . 3 30 . 332 ± 0 . 005 −1 . 54 ± 0 . 10 
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esults are presented in Table 2 . Based on the 2 keV and 2500
monochromatic luminosity, we further calculated αOX using the

ormula αOX = 0 . 3838 log ( L 2 keV /L 2500 Å) (e.g. Strate v a et al. 2005 ).
he values of αOX are also reported in Table 2 . 
We compared the rest-frame 2500 Å and 2 keV monochromatic

uminosity in our sample of NLS1s with those of XMM–Newton -
bserved AGNs in the COSMOS Survey as presented in Lusso et al.
 2010 ). The COSMOS Surv e y in Lusso et al. ( 2010 ) comprised
45 radio-quiet X-ray-selected type-1 AGNs in the redshift range
f z = 0 . 04 − 4 . 25, including 322 spectroscopically selected type-
 and 233 SED-selected type-1 AGNs. The X-ray monochromatic
NRAS 539, 832–849 (2025) 

igure 3. Left: X-ray (2 keV) versus UV (2500 Å) monochromatic luminosity 
f AGNs. Gre y circles: XMM–Ne wton COSMOS surv e y of type-1 AGNs at z = 

uminosity positive correlation derived from the COSMOS survey (Lusso et al. 2
tars and crosses: z > 4 Chandr a -observ ed quasars and radio-quiet AGNs (Steffen
uasars (Nanni et al. 2017 ). The light blue symbols represent the monochromatic
pen triangle: the nearby X-ray-weak quasar PHL 1822 at z = 0 . 192 (Leighly et 
uminosity of z ≈ 3 − 4 X-ray-weak quasars in the COMBO-17 and extended Ch
ircle: an X-ray-weak, lensed quasar at z = 6 . 5 (Yang et al. 2022 ); diagonal open c
HL 1092) in the nearby Universe (Gallo 2006 ; Miniutti et al. 2009 ; Tripathi et al.

uminosity of X-ray-weak, JWST -observed, and broad-line AGNs modified from fi
he upper limit of their 2 keV monochromatic luminosity. Right: αOX versus UV (2
uminosity and UV monochromatic luminosity of our sample of
LS1s at z ≈ 1 closely align with the correlation between these
arameters derived by Lusso et al. ( 2010 ), as shown by the dashed
ine in Fig. 3 . 

.2 Similar to the ‘simple’ X-ray NLS1s in the local Uni v erse 

allo ( 2006 ) previously investigated a sample of nearby NLS1s ( z <
 . 2). Based on the spectral complexity, such as whether the rest-frame
.5–10 keV spectra are consistent with an absorbed power law plus
 narrow Gaussian line profile for the Fe K emission, Gallo ( 2006 )
ategorized the NLS1s into two groups: ‘simple’ and ‘complex’.
he ‘simple’ NLS1s all exhibit αOX that is consistent with what one
ould expect using a typical L 2500 Å and αOX relationship (Strate v a

t al. 2005 ). On the other hand, the ‘complex’ NLS1s often display
-ray weakness, such as 1H 0707 −495, one of the most variable X-

ay NLS1s (Fabian et al. 2009 ; Dauser et al. 2012 ; Boller et al. 2021 ).
LS1s can also transition between these two groups when the X-ray

uminosity undergoes significant changes. During the X-ray weak
tage, their X-ray spectrum often reveals strong soft excess emission
nd significant relativistic accretion disc spectra (e.g. Parker et al.
014 ; Jiang et al. 2018 ). 
Our sample of NLS1s at z ≈ 1 exhibits an X-ray monochromatic

uminosity that is consistent with the expected values given the 2500
monochromatic luminosity, indicating that they are mostly similar

o the ‘simple’ NLS1s studied in the local X-ray Universe. 

.3 Compared to X-ray-weak AGNs 

-ray weak AGNs are particularly intriguing, as they may signify a
istinct phase of potentially super-Eddington BH growth (e.g. Wang
of the NLS1s at z ≈ 1 (purple circles) in comparison with other samples 
0 . 02 − 4 . 25 (Lusso et al. 2010 ). The dashed straight line is the X-ray–UV 

010 ). Open squares: z = 0 . 35 − 0 . 92 NLS1s (Yu et al. 2023 ); open purple 
 et al. 2006 ); open diamonds: z > 5 . 5 XMM–Newton or Chandr a -observ ed 
 luminosity of different AGN populations with weak X-ray emission. The 
al. 2007 ); light blue arrows: the upper limits of the 2 keV monochromatic 
andra Deep Field-South Surveys (Steffen et al. 2006 ); the open light blue 

rosses: three NLS1s in their X-ray-weak states (1H 0707 −495, Mrk 335 and 
 2020 ); the shaded region: the estimated 2 keV and 2500 Å monochromatic 
g. 1 in Lambrides et al. ( 2024 ). The upper edge of the shaded region shows 
500 Å) monochromatic luminosity for the same populations. 

icle/539/2/832/8104293 by guest on 25 April 2025
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Figure 4. Eddington ratio λEdd versus αOX for z ≈ 1 NLS1s (purple circles), 
z = 0 . 35 − 0 . 92 NLS1s (blue squares, Yu et al. 2023 ) and the XMM–Newton 
COSMOS AGNs (grey circles, Lusso et al. 2010 ). The three dashed lines 
show the correlation between two parameters derived from the COSMOS 
surv e y using three different methods in Lusso et al. ( 2010 ): linear regression 
OLS( αOX | λEdd ) treating λEdd as the independent variable (the dashed line 
in the figure), OLS( λEdd | αOX ) treating αOX as the independent variable (the 
dashed–dotted line), and the bisector of the two regression lines (the solid 
line). The filled purple circles use the Eddington ratios λEdd calculated in 
Rakshit et al. ( 2021 ) based on 3000 Å luminosity. The open purple circles 
use the Eddington ratios λEdd , X1 calculated in this work using 2–10 keV 

unabsorbed luminosity and an X-ray correction factor of 20. 
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t al. 2014 ; Inayoshi, Kimura & Noda 2024 ; Pacucci & Narayan
024 ). Additionally, they highlight the necessity of complementary 
ultiwav elength co v erage in AGN surv e ys (e.g. Barchiesi et al. 2021 ;
appelluti et al. 2024 ). 
One particularly noteworthy NLS1, WISEA J033429.44 + 

00610.9 (J0334) at z = 0 . 35, investigated in our previous work
Yu et al. 2023 ), exhibited exceptionally weak X-ray emission while 
isplaying the most pronounced soft excess among the XMM–
ewton sample in Yu et al. ( 2023 ). Its characteristics are more

imilar to those of ‘complex’ NLS1s, as indicated by the bottom 

lue square in Fig. 3 . In this eRASS sample, the object with the
owest αOX is J0845; however, its value remains consistent with the 
xpected correlation from Lusso et al. ( 2010 ) within measurement 
ncertainties. J0845 does not exhibit an X-ray state comparable to 
hat of J0334 or certain other local NLS1s (e.g. Parker et al. 2014 ). 

We compared the combined sample of X-ray NLS1s from this 
ork and Yu et al. ( 2023 ) with several known Seyfert AGNs

xhibiting weak X-ray emission, represented by the light blue 
ymbols in Fig. 3 . As previously noted, the ‘complex’ NLS1s often
isplay large-amplitude X-ray variability and enter a low X-ray 
ux state. Examples include Mrk 335, which has been observed 
ith αOX =−2 . 03 (e.g. Tripathi et al. 2020 ), 1H 0707 −495 with
OX =−1 . 76 (Gallo 2006 ), and PHL1092 with αOX =−2 . 44 (Miniutti
t al. 2009 ). Other extreme cases include RX J0134 −4258, where
OX declined from −1 . 47 to −2 . 00 o v er 1–2 yr captured ROSAT
nd ASCA (Grupe et al. 2000 ), and the bare Seyfert 2 AGN 1ES
927 + 654, whose αOX varied from −0.82 to −1.82, or even lower
ithin months (Gallo et al. 2013 ; Laha et al. 2022 ). 
Weak X-ray emission is not e xclusiv e to Seyfert AGNs; it is also

bserved in quasars. In Fig. 3 , we include several X-ray weak quasars
panning a wide redshift range, from the nearby Universe (e.g. PHL
822 at z = 0 . 192; Leighly et al. 2007 ), to z = 3 − 4 in the Chandra
eep Field-South Surv e y (Steffen et al. 2006 , where only upper

imits on the 2 keV monochromatic luminosity were obtained), and 
ven to the distant Universe (e.g. an X-ray-weak lensed quasar at 
 = 6 . 5; Yang et al. 2022 ). These X-ray-weak quasars all exhibit an
OX of less than approximately −1.8. The population of X-ray-weak 
GNs is growing rapidly. For brevity, we only show these objects in
ig. 3 as an example. 
Among these X-ray-weak AGNs, a particularly intriguing popu- 

ation warrants mention – compact galaxies characterized by a ‘v- 
haped’ spectral energy distribution, featuring a blue UV continuum 

elow approximately rest-frame 1000–2000 Å and a red optical 
ontinuum at longer wavelengths (e.g. Furtak et al. 2023 ; Setton et al.
024 ; Labbe et al. 2025 ). JWST spectra hav e rev ealed their broad H
and H β emission, indicative of a rapidly accreting SMBH (e.g. 

¨ bler et al. 2023 ; Fujimoto et al. 2024 ; Killi et al. 2024 ; Kocevski
t al. 2024 ; Kokorev et al. 2024 ; Matthee et al. 2024 ). Notably,
hese objects exhibit extremely weak X-ray emission (e.g. Yue et al. 
024 ). Their estimated location in the L 2500 Å versus αOX parameter 
pace is shown as the shaded region in Fig. 3 . The upper boundary of
his region represents the upper limit of their 2 keV monochromatic 
uminosity, as estimated by Lambrides et al. ( 2024 , see their fig. 1
or individual source values 4 ). 

The weak X-ray emission observed in these special AGNs, both 
t low and high redshifts, is likely attributed to various factors or
 combination of multiple mechanisms, depending on individual 
argets . Explanations include extreme intrinsic X-ray variability of 
 Note that the 2500 Å monochromatic luminosity in Lambrides et al. ( 2024 ) 
as derived from the line width of the H α emission lines. 

(  

z  

w
a

he primary coronal emission (e.g, Dauser et al. 2012 ; Parker et al.
014 ; Jiang et al. 2018 ), super-Eddington slim accretion disc (e.g.
acucci & Narayan 2024 ), or transient events such as the disruption of

he X-ray corona by a tidally disrupted star (e.g. Ricci et al. 2021 ) or a
agnetic field reset (Scepi, Begelman & Dexter 2021 ). Additionally, 

omplex and variable absorption features have been identified in 
ome weak X-ray states (e.g. Boller et al. 2021 ; Liu et al. 2021 ; Yang
t al. 2022 ). We will further discuss the implications and significance
f identifying more X-ray-weak AGNs in Section 6.2 . 

.4 Optical Eddington ratio and αOX 

OX has been found to exhibit a correlation with the Eddington 
atio λEdd of the accretion process. For instance, Lusso et al. ( 2010 )
xamined type-1 AGNs in the XMM–Ne wton COSMOS Surv e y and
dentified a ne gativ e correlation between αOX and λEdd among the 
amples of type-1 AGNs, as depicted by the grey circles in Fig. 4 .
epending on the statistical methods employed, three descriptions 
f the statistical correlation arise (Lusso et al. 2010 ): Ordinary Least
quare regression OLS( αOX | λEdd ) (treating λEdd as an independent 
arameter, shown by the dashed line in Fig. 4 ), OLS( λEdd | αOX )
treating αOX as an independent parameter, shown by the dashed–
otted line in Fig. 4 ), and the bisector of the two regression lines
solid line in Fig. 4 ). We o v erlaid the NLS1s from our previous work
Yu et al. 2023 ) and this study on to the same diagram. The eRASS
 ≈ 1 NLS1s are depicted by the filled purple circles. In this section,
e specifically focus on the optical Eddington ratio. These ratios 

re calculated using the 3000 Å AGN intrinsic luminosity, corrected 
MNRAS 539, 832–849 (2025) 
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Table 3. Best-fitting power-law photon indices for the full band 
spectra. The Galactic column density N H is fixed at nominal 
values in Willingale et al. ( 2013 ). ν is the degree of freedom. 

Names N H Photon Index C-stat/ ν
10 20 cm 

−2 

J0235 3 .6 2 . 7 + 0 . 9 −1 . 0 1.96/3 

J0824 4 .4 2 . 8 + 0 . 8 −0 . 8 4.82/6 

J0826 3 .9 2 . 0 + 0 . 8 −0 . 9 5.97/3 

J0845 2 .2 4 . 7 + 0 . 9 −1 . 2 1.88/6 

J0859 3 .3 2 . 6 + 0 . 6 −0 . 7 9.12/6 

J0921 4 .2 3 . 3 + 1 . 1 −1 . 4 0.34/2 

J0940 3 .5 2 . 6 + 0 . 8 −0 . 8 4.24/5 

J0957 2 .9 2 . 8 + 0 . 8 −0 . 9 4.99/4 

J1026 2 .2 3 . 7 + 1 . 0 −1 . 2 6.51/2 

J1036 2 .2 2 . 0 + 0 . 9 −0 . 9 6.06/3 

J1045 4 .1 2 . 0 + 1 . 0 −1 . 0 0.96/3 

J1133 2 .5 3 . 1 + 0 . 8 −1 . 1 2.92/3 

J1148 2 .2 2 . 5 + 0 . 9 −1 . 1 1.86/3 

J1304 1 .7 3 . 3 + 0 . 7 −0 . 7 4.65/6 
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y a bolometric correction factor of 5.15 (Rakshit et al. 2021 ). The
orresponding values are provided in Table 1 . 

Comparing with the XMM–Ne wton COSMOS Surv e y samples,
ur sample of z ≈ 1 NLS1s may exhibit a marginally higher αOX 

t a similar Eddington ratio. With future deeper X-ray surv e ys, we
nticipate disco v ering more NLS1s in the distant Univ erse with lower
-ray luminosity or lower αOX to further statistically determine the
OX –λEdd correlation at the higher end of λEdd distribution. 
Meanwhile, we also raise caution regarding the systematic uncer-

ainty in estimating λEdd . In Section 5 , we will also present X-ray
ddington ratios, λEdd , X1 and λEdd , X2 , by applying correcting factors

o the 2–10 keV intrinsic luminosity. We argue that by employing
his approach, we systematically decrease the estimation of λEdd , and
ur samples of NLS1s align better with the correlation observed in
he XMM–Newton COSMOS Survey. See the open circles in Fig. 4
here a constant X-ray bolometric luminosity correction factor was

pplied to calculate Eddington ratios. 

 X - R AY  SPEC TRAL  FITTING  

.1 Modelling their very soft X-ray continuum emission 

e fitted the eROSITA spectra of the NLS1s using a redshifted
ower-law model ( zpowerlw ) in XSPEC . The redshift parameters
ere fixed at the optical spectroscopic redshifts. The foreground
alactic column density was fixed at the nominal values calculated

n Willingale et al. ( 2013 ) and listed in Table 3 . Most data could be
dequately described with such a power-law model. Table 3 presents
he C-stat and best-fitting photon indices. Three examples of the
est-fitting models and corresponding spectra for J0845, J0921, and
1148 are illustrated in Fig. 5 . Additional spectral fitting results
an be found in Figs C1 , C2 , and C3 in the Appendix. We also
onsidered modelling the background spectrum and applied the best-
tting background model when fitting the source-region spectrum in
ection D rather than directly subtracting the background spectrum.
y doing so, we found a consistent photon index measurement. 
NRAS 539, 832–849 (2025) 
Our spectra exhibit very high photon indices, indicating a remark-
bly soft continuum emission from these NLS1s. It is important
o note that, due to the limited X-ray flux of our targets, the current
ROSITA data for these sources only probe up to approximately 7 keV
n the rest frame, beyond which the targets fall below the current
ensitivity. Among them, J0826, J1036, and J1045 demonstrate the
owest photon index, around 2. The highest photon index is observed
n J0845, which is 4 . 7 + 0 . 9 

−1 . 2 , significantly higher than the highest values
f the local NLS1s’ X-ray spectral index, around 2.8–2.9 during the
-ray luminous state (e.g. Jiang et al. 2018 ). Considering the good

greement between the UV and X-ray luminosity presented in the
revious section and the very soft continuum emission, we propose
he following interpretations: first, the X-ray emission does originate
rom the innermost accretion region, similar to most other local
LS1s. Secondly, the very soft X-ray continuum emission likely

rises from a combination of hot coronal and soft excess emissions. 
We compare our best-fitting photon index with the measurements

f NLS1s in Gliozzi & Williams ( 2020 ) and Yu et al. ( 2023 ), as
ell as BLS1s in Gliozzi & Williams ( 2020 ), in Fig. 6 . Gliozzi &
illiams ( 2020 ) highlighted the significantly softer X-ray continuum

n NLS1s compared to BLS1s, which aligns with the expectation for
 higher Eddington ratio in NLS1s than in BLS1s. The z ≈ 1 NLS1s
n our eROSITA sample exhibit an even softer continuum with a
edian value of 2.7, which is consistent with findings from a much

arger sample of approximately 1200 NLS1s observed in eRASS1 at
 � 0 . 8 by Gr ̈unwald et al. ( 2023 ), who reported a median photon
ndex of 2 . 81 ± 0 . 03 based on full-band spectral fits using a single
ower-law model. 
We e x ercise caution in interpreting these results due to large
easurement uncertainty, although we are able to rule out the

ossibility of a lower limit at � = 2 . 5 with 90 per cent confidence in a
ew cases, such as J0845. The photon index measurements in Gliozzi
 Williams ( 2020 ) and Yu et al. ( 2023 ) were also obtained after

arefully modelling the soft excess, for instance, with a blackbody
odel. In contrast, we measured the photon index by fitting the full

and data between rest frame 0.7–7 keV. As concluded earlier, a
ignificant contribution of the soft excess emission explains the very
oft X-ray continuum. 

.2 An attempt to constrain the soft excess 

n this section, we will dissect the very soft X-ray continuum emission
f these eROSITA -observed NLS1s into two components: hard X-
ay Comptonization from the hot coronal region and the soft excess
mission. Due to the limited signal-to-noise ratio, our goal is not to
istinguish between different models for the soft excess emission,
uch as disc reflection or warm corona, by e xhaustiv ely e xploring all
ossibilities as in Jiang et al. ( 2022b ). Instead, we adopt the simplest
lackbody model, following the approach in Gliozzi & Williams
 2020 ) and Yu et al. ( 2023 ), and focus on the strength of the soft
xcess. We apply the zashift model to bbody in XSPEC to account
or the sources’ redshifts. 

Due to the limited signal-to-noise ratio, we needed to fix the
emperature of the bbody component at 0.1 keV and the photon
ndex of the hard X-ray power law at 2, which is the median value of
he hard X-ray photon index of local NLS1s (see the grey crosses in
ig. 6 ). This approach assumes a global AGN X-ray spectral template
ut allows each component’s strength to be variable in our spectral
tting. 
In three cases – J0826, J1036, and J1045 – the normalization of

he soft excess emission calculated by the blackbody component
s completely unconstrained. In these instances, we find that their
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Figure 5. Three examples of eROSITA X-ray spectra of the NLS1s in our sample. Left: folded count rate spectrum (purple crosses) and background spectrum 

(shaded regions); middle: unfolded spectrum and the best-fitting power-law model; right: unfolded spectrum and the best-fitting model including a blackbody 
component accounting for the soft excess emission. See Section 4 for best-fitting power-law models and Section E for more detailed soft excess modelling. 
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ROSITA spectra are consistent with the hardest continuum in our 
ample, with � ≈ 2. 

The best-fitting flux parameters of each component are shown in 
able E1 . Please refer to Figs C1 , C2 , and C3 for their best-fitting
odels. 

 H A R D  X - R AY  LUMINOSITY  A N D  

D D I N G TO N  R AT I O S  

.1 X-ray Eddington ratios 

sing the best-fitting models, we estimated the unabsorbed flux in 
he rest-frame 2–10 k eV band, which w as then used to calculate the
ddington ratio. For J0826, J1036, and J1045, where the spectra are 
onsistent with a simple power law of � = 2, we based our flux
stimates on the best-fitting power la w model. F or the remaining
bjects in the sample, the best-fitting photon index exceeds � = 2.
lthough adding a blackbody component to account for soft excess 
oes not statistically impro v e the fit for these cases, we included it
n our calculation. This approach assumes � = 2 and helps a v oid
nderestimating the 2–10 keV luminosity by considering a softer 
ontinuum. 

We then calculated the X-ray Eddington ratios in the following two
ays. First, we assume a global bolometric luminosity correction 

actor of 20, denoted as κ = L bol /L 2 −10 keV = 20. This choice is
ased on the average values of local AGNs (e.g. with L bol � 10 46 erg
 

−1 , Duras et al. 2020 ). Note that 10 46 erg s −1 is around the Eddington
uminosity for a m BH = 10 8 BH, similar to the ones in our sample.
he notation of this X-ray Eddington ratio is λEdd , X1 . 
Secondly, to be consistent with the estimation in our previous work

u et al. ( 2023 ), we also adopted a luminosity-dependent bolometric
orrection factor as in Netzer ( 2019 ), κ = 7 × ( L 2 −10 keV / 10 42 ) 0 . 3 ,
here L 2 −10 keV is in units of erg s −1 . The notation of this X-ray
ddington ratio is λEdd , X2 . The values of λEdd , X1 and λEdd , X2 are 
hown in Table 4 . 

We compared the calculated X-ray Eddington ratios, λEdd , X1 and 
Edd , X2 , with the optical Eddington ratios calculated using the 3000 

luminosity in Rakshit et al. ( 2021 ). Both X-ray Eddington ratio
stimations show a similar positive correlation with the optical 
ddington ratios λEdd . Ho we ver, λEdd , X2 , which uses a luminosity-
MNRAS 539, 832–849 (2025) 
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Figure 6. Best-fitting X-ray photon inde x es for the full band eROSITA 

spectra versus Eddington ratios calculated using optical 3000 Å luminosity 
(open purple circles). Blue squares: z = 0 . 35 − 0 . 92 NLS1s (Yu et al. 2023 ); 
grey crosses: nearby NLS1s; grey diamonds: nearby BLS1s (Gliozzi & 

Williams 2020 ). All NLS1s show a very soft continuum with a photon index 
around or higher than 2.5. The average value for the NLS1 sample discussed 
here is higher than the nearby NLS1s at z < 0 . 3 (Gliozzi & Williams 2020 ), 
indicating the possibility of significant soft excess emission. Note that the 
other photon index measurements in Gliozzi & Williams ( 2020 ) and Yu 
et al. ( 2023 ) were obtained by modelling the soft excess with an additional 
blackbody model. 

Table 4. The 2–10 keV unabsorbed luminosity and X-ray Eddington ratios. 
λEdd , X1 is based on an X-ray bolometric luminosity correction factor of 20; 
λEdd , X2 is based on an X-ray luminosity-dependent correction factor (Netzer 
2019 ); κ is the X-ray correction factor assuming the optical Eddington ratio 
λEdd in Table 1 is accurate and precise. 

Names L X (2-10 keV) log ( λEdd , X1 ) log ( λEdd , X2 ) κ

10 44 erg s −1 

J0235 5 . 3 ± 4 . 1 −0 . 4 ± 0 . 4 0 . 0 ± 0 . 5 45 
J0824 11 . 9 ± 6 . 4 0 . 1 ± 0 . 2 0 . 5 ± 0 . 3 25 
J0826 6 . 9 ± 4 . 5 0 . 2 ± 0 . 4 0 . 6 ± 0 . 4 22 
J0845 1 . 7 ± 1 . 5 −0 . 8 ± 0 . 3 −0 . 6 ± 0 . 5 116 
J0859 4 . 5 ± 2 . 5 −0 . 1 ± 0 . 5 0 . 2 ± 0 . 5 19 
J0921 1 . 0 ± 1 . 7 −0 . 9 ± 0 . 5 −0 . 7 ± 0 . 7 94 
J0940 10 . 0 ± 5 . 5 −0 . 2 ± 0 . 3 0 . 3 ± 0 . 3 36 
J0957 4 . 3 ± 2 . 5 −0 . 2 ± 0 . 4 0 . 2 ± 0 . 4 23 
J1026 1 . 2 ± 2 . 1 −0 . 8 ± 0 . 6 −0 . 6 ± 0 . 7 58 
J1036 6 . 0 ± 4 . 4 0 . 1 ± 0 . 4 0 . 5 ± 0 . 4 24 
J1045 10 . 0 ± 7 . 6 0 . 1 ± 0 . 4 0 . 5 ± 0 . 4 16 
J1133 3 . 2 ± 2 . 3 −0 . 6 ± 0 . 3 −0 . 3 ± 0 . 4 89 
J1148 2 . 4 ± 2 . 8 −0 . 2 ± 0 . 5 0 . 0 ± 0 . 5 11 
J1304 1 . 3 ± 0 . 9 −0 . 7 ± 0 . 4 −0 . 5 ± 0 . 4 67 
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ependent correction factor, tends to be systematically slightly higher
han λEdd , X1 , where a constant correction factor of κ = 20 is used. The
ptical Eddington ratios typically fall between the two estimations
see Table 1 for their optical Eddington ratios). 

In particular, the dashed line in the left panel of Fig. 7 represents
he best-fitting correlation between λEdd , X2 and λEdd . It shows that
NRAS 539, 832–849 (2025) 
hen λEdd is lower than log ( λEdd ) = −0 . 1, λEdd , X2 is lower than
Edd , while when λEdd is higher than this value, λEdd , X2 is higher than
Edd . The dash–dotted line in the same figure represents the best-
tting correlation between λEdd , X1 and λEdd , from which we find that
Edd , X1 systematically underestimates the value. 
To provide a qualitative assessment, we can calculate the average

ifference between X-ray and optical Eddington ratios for our sample
f NLS1s, assuming the optical Eddington ratios are the ‘true’ values.
he average difference is defined as 〈 λEdd , X − λEdd 〉 . We can use

he χ2 statistic to quantify the difference as � 

( λEdd , X −λEdd ) 2 

σ 2 , where
represents the measurement uncertainty of the X-ray Eddington

atios. 
The average difference between λEdd , X1 and λEdd is −0.03 with

2 = 24, and between λEdd , X2 and λEdd is 0.03 with χ2 = 13. Overall,
Edd , X1 slightly underestimates the Eddington ratios compared to the
ptical measurements, while λEdd , X2 does the opposite. When using
 luminosity-dependent correction factor, λEdd , X2 provides a more
onsistent Eddington ratio with λEdd than λEdd , X1 based on the χ2 

tatistic. 

.2 X-ray bolometric luminosity correction factors 

elationships between past and local AGN activity provides impor-
ant insights into the accretion history of SMBHs. A knowledge of
he hard X-ray bolometric luminosity correction factor κ is a vital
nput into these studies, e.g. with the X-ray background (Fabian 2004 ;
asinger 2004 ). 
Since λEdd , X2 suggests a slightly higher value than λEdd , X1 , it

mplies that most of the NLS1s in our sample may have an X-
ay bolometric luminosity correction factor κ > 20, which is the
ypical value for sources with L bol < 10 46 erg s −1 (Duras et al.
020 ). We can calculate the X-ray bolometric luminosity using the
easured 2–10 keV luminosity and assuming the optical Eddington

atios are accurate. We find that the less luminous X-ray NLS1s with
 2 −10 keV < 2 × 10 44 erg s −1 in our sample require a significantly
igher X-ray correction factor than the values calculated in Netzer
 2019 ). On the other hand, the more luminous X-ray NLS1s in our
ample require a lower X-ray correction factor than ones calculated
n Netzer ( 2019 ). See the purple circles in the right panel of Fig. 7
or observational measurements of κ and solid black line for the
alculations in Netzer ( 2019 ). This aligns with our previous finding
f λEdd , X2 showing a steeper correlation with λEdd than a λEdd , X2 = λEdd 

rend (see the purple dashed and black solid lines in the left panel). 
In conclusion, we have demonstrated that by applying a correction

actor to X-ray luminosity, we can reproduce similar Eddington ratios
s optical measurements. Despite the large measurement uncertainty,
rimarily due to the limited signal-to-noise ratio in the hard X-ray
and of our data, we find tentati ve e vidence suggesting that the X-
ay bolometric luminosity correction factor may need revision for
ur high- λEdd NLS1s compared to the correction factors inferred by
revious work. In the calculations in Netzer ( 2019 ), the AGN spectral
nergy distribution (SED) is described as follows: 

(i) The UV and optical emission is dominated by a geometrically
hin and optically thick accretion disc model described in Shakura &
unyaev ( 1973 ), but with full relativistic corrections. 
(ii) Most recent studies have accounted for variations in bolomet-

ic correction using a re-scalable template SED based on the αOX or
 2 keV –L 2500 Å relation (e.g. Marconi et al. 2004 ; Hopkins et al. 2007 ;
etzer 2019 ). 
(iii) The X-ray portion of the SED is a power-law emission with a

x ed photon inde x of � = 1 . 9 in Netzer ( 2019 ). The normalization
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Figure 7. Left: Eddington ratios calculated based on 2–10 keV unabsorbed luminosity (this work) versus optical 3000 Å luminosity (Rakshit et al. 2021 ). Open 
circles represent λEdd , X1 using a global X-ray correction factor of 20. Filled circles represent λEdd , X2 using the X-ray correction factors derived by Netzer ( 2019 ), 
which depends on X-ray luminosity. The dashed (dashed–dotted) line in the left panel of Fig. 7 represents the best-fitting correlation between λEdd , X2 ( λEdd , X1 ) 
and λEdd . Right: X-ray correction factor κ derived by assuming the precision of the Eddington ratio calculated using optical 3000 Å luminosity. The solid black, 
grey, and purple lines show the theoretical X-ray correction factors as a function of X-ray luminosity in Netzer ( 2019 ), Marconi et al. ( 2004 ), and Hopkins, 
Richards & Hernquist ( 2007 ), respectively. The dashed grey and purple lines would be the same lines from Marconi et al. ( 2004 ) and Hopkins et al. ( 2007 ) if 
IR emission were included at the level of one third of the total luminosity (Vasude v an & Fabian 2007 ). The grey circles show the observational measurements 
of κ in the sample of AGNs at z < 0 . 37 in Vasude v an & Fabian ( 2007 ). 
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f this X-ray power-law component is determined by the monochro- 
atic luminosity correlation between L 2 keV and L 2500 Å (Lusso & 

isaliti 2016 ). 

It is also important to note that, as Hopkins et al. ( 2007 ) pointed out,
he intrinsic scatter in the L 2 keV –L 2500 Å relation or the scaling factors
ive rise to variation of a factor of 2 in the bolometric luminosity
orrection factor κ . 

We argue that these assumptions used in the estimation of κ may 
ot apply to our NLS1s for the following reasons: 

(i) Our objects are accreting close to or ev en abo v e the Eddington
imit. The disc may not remain geometrically thin in such extreme 
ccretion regimes (e.g. S 

↪ 
adowski & Narayan 2016 ). 

(ii) Our objects exhibit significantly softer X-ray continuum emis- 
ion than a power law with � = 1 . 9. When fitting the full band data
ith only a power law, we find � � 2 . 5 for most of our objects if we

gnore the systematic effects of the soft excess emission as in the SED
odels of Netzer ( 2019 ). Therefore, for the same monochromatic 

uminosity f 2 keV , a softer power law leads to a lower 2–10 keV
uminosity. 

(iii) When the soft excess emission is the most significant for the 
igh λEdd objects, similar to previous eROSITA study of type-1 AGNs 
Waddell et al. 2023 ), both soft excess emission and the power-law
mission contribute to the 2 keV monochromatic luminosity. 

(iv) Additionally, we cannot rule out the possibility of redshift 
volution in κ , although so far, we have not found significant evidence 
f different behaviours in our z ≈ 1 NLS1s compared to local NLS1s. 

Finally, we show the comparison with other theoretical X-ray 
olometric luminosity correction factors κ as a function of hard 
-ray luminosity calculated by Marconi et al. ( 2004 ) and Hopkins

t al. ( 2007 ) as well as observational measurements of AGNs at
 < 0 . 3 in Vasude v an & Fabian ( 2007 ) in Fig. 7 . The observational
easurements of κ in Vasude v an & Fabian ( 2007 ) were done through
ultiwavelength SED modelling, a more appropriate method than 
urs which assumes the accuracy of the bolometric luminosity 
stimation using L 3000 Å. Ne vertheless, Vasude v an & Fabian ( 2007 )
lso found a significant scatter in the κ–L 2 −10 keV correlation and 
mphasized the importance of simultaneous multiwavelength data in 
easuring κ because of the known intrinsic UV and X-ray variability, 
hich we do not have as the SDSS and eROSITA data are not

imultaneous. 

 F U T U R E  WO R K  

.1 The need for a deeper X-ray sur v ey and an appropriate 
tatistical approach 

irst, our analysis of the flux-limited sample highlights a trend: 
LS1s at z ≈ 1 exhibit a similar αOX as local AGNs with similar UV

uminosities. We specifically selected the sources with the highest 
-ray detection likelihood. 
While our current data set does not provide sufficient statis- 

ical power to establish a correlation between UV and X-ray 
onochromatic luminosities, the prospect of deeper X-ray surv e ys 

olds promise for elucidating such relationships. Understanding the 
edshift evolution of αOX is vital, as it sheds light on variations in
ccretion physics, including the formation of X-ray coronae, across 
if ferent cosmic epochs. Gi ven the kno wn correlations between
 2500 Å, L 2 keV , and αOX , disentangling the true underlying drivers
resents a challenge. Moreo v er, it remains unclear whether the
edshift evolutions of L 2 keV and αOX are inherently linked, as 
iscussed in section 3.6 of Steffen et al. ( 2006 ). 
To address these complexities, future endea v ours should not only

ntail deeper surv e ys of high-redshift AGNs and quasars but also
mploy robust statistical methodologies. The Random Forest ap- 
roach, for instance, offers a systematic means of exploring intricate 
arameter correlations, facilitating a deeper understanding of the 
MNRAS 539, 832–849 (2025) 
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elationship within multiparameter space (e.g. see an application in
iotrowska et al. 2021 ). 

.2 Search for high- z, X-ray-weak AGNs 

.2.1 The current and future X-ray surveys for z � 1 NLS1s 

ll of our z ≈ 1 NLS1s exhibit consistency with the expected
 keV monochromatic luminosity given their 2500 Å monochromatic
uminosity, as per the correlation derived from AGNs spanning
 = 0 . 04 − 4 . 25 (Lusso et al. 2010 ). Alongside their soft X-ray
ontinuum emission measured by eROSITA , they likely resemble
he ‘simple’ X-ray NLS1s observed in the local Universe. 

Ho we ver, in pre vious work, we identified the NLS1 J0334 at z =
 . 35 exhibiting a weak X-ray state, notably falling well below the
 2 keV versus L 2500 Å correlation (Yu et al. 2023 ). This prompts the
uestion of how man y ‘comple x’ X-ray NLS1s we might unco v er at
 � 1, similar to the ones in the local X-ray Universe that manifest
-ray weak states (e.g. Parker et al. 2014 ). Addressing this query
ould necessitate a surv e y with a signal-to-noise ratio comparable

o eRASS1 but with an order of magnitude impro v ement in flux
ensitivity. 

In the right panel of Fig. 1 , we show constant flux levels of 10 −12 ,
0 −14 , and 10 −16 erg cm 

−2 s −1 , with each point along a given curve
orresponding to the same observed flux. 5 Future medium and deep
-ray surv e ys, e x emplified by telescopes like AXIS (Re ynolds et al.
023 ) and NewAthena (Cruise et al. 2025 ), hold promise for exploring
ven fainter objects. These upcoming surv e ys hav e the potential to
nco v er lower mass BHs or lower X-ray luminosity NLS1 AGNs
eyond the local X-ray Universe and provide new insights into more
xtreme accretion regimes. 

F or e xample, a 15 Ms AXIS surv e y is projected to achieve a flux
ensitivity of 10 −17 erg cm 

−2 s −1 in a wide-field surv e y configuration
a single tile exposure of 15 ks co v ering 50 de g 2 ) in the observed 0.5–
 keV band (Marchesi et al. 2020 ). For comparison, our eRASS1
nd SDSS sample of z ≈ 1 NLS1s has an av erage observ ed flux
f 10 −14 –10 −13 erg cm 

−2 s −1 in the observed 0.5–2 keV band. This
uggests that an AXIS surv e y in such a configuration will be capable
f detecting SDSS-observed NLS1s at z ≈ 1 with comparable rest-
rame 2500 Å luminosity but X-ray luminosities at least an order
f magnitude lower or more – corresponding to αOX < −2 . 5. Such
ensitivity would enable the detection of the most extreme X-ray-
eak NLS1s, such as PHL 1092, in its lowest observed X-ray

uminosity state (Miniutti et al. 2009 ), but at much greater cosmic
istances. 

.2.2 The number density of X-ray-weak AGNs 

ith the advent of deeper X-ray surv e ys of X-ray-weak AGNs,
tudying the evolution of αOX as a function of redshift may be-
ome feasible. Fig. 3 compares the UV and X-ray monochromatic
uminosities of our z ≈ 1 NLS1s with those of z > 4 AGNs from
teffen et al. ( 2006 ) and z > 4 quasars from Steffen et al. ( 2006 ) and
anni et al. ( 2017 ). Notably, radio-loud quasars – typically more
NRAS 539, 832–849 (2025) 

 It is essential to note that the constant-flux curves in Fig. 1 serve as 
enchmarks for the detector’s sensitivity, demonstrating the luminosity levels 
etectable by an X-ray surv e y at different redshifts or cosmic epochs. 
o we ver, it is crucial to acknowledge that the detector’s sensitivity is not 
niform across varying redshifts. This discrepancy arises because the rest- 
rame hard X-ray emission undergoes redshifting, shifting into softer X-ray 
ands of the detector, thereby leading to changes in sensitivity levels. 
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uminous than their radio-quiet counterparts across wavelengths –
xhibit smaller αOX values at higher redshifts, implying relatively
eaker X-ray luminosity (e.g. Kocevski et al. 2024 ; Yue et al. 2024 ).
hile some studies suggest that αOX evolves with redshift and

xhibits a luminosity dependence, others find no significant trend
see sections 3.5– 3.6 in Steffen et al. 2006 , for a more detailed
iscussion). 
The cosmic evolution of X-ray-weak AGNs remains an open

uestion, particularly in light of the high number densities of these
road-line AGNs observed by JWST (see Section 3.3 ). These AGNs
ppear to contribute significantly to the cosmic photoionization rate-
otentially up to 50 per cent at z ≈ 6-comparable to X-ray-selected
GNs (Harikane et al. 2023 ). While such optical-red, UV-blue, and
-ray-weak AGNs are commonly detected at z ≈ 5 − 6, they may

lso exist at even higher redshifts, as hinted by some earlier studies
e.g. Fujimoto et al. 2022 ; Endsley et al. 2023 ). 

We refrained from using our flux-limited sample of NLS1s at
 ≈ 1 to establish any statistical correlation between UV and X-
ay monochromatic luminosity. Ho we ver, it is concei v able that such
orrelations could be explored in the future with deeper X-ray
urv e ys. 

.2.3 The duty cycle of the weak X-ray state 

bservational studies of local NLS1s indicate that these AGNs,
articularly those classified as ‘complex’ NLS1s in Gallo ( 2006 ),
 xhibit e xtreme X-ray variability. As discussed in Section 3.3 , the αOX 

alues of these NLS1s can deviate significantly from the expected
verage based on their UV luminosity, shifting to much lower X-ray
uminosities o v er time-scales of months (e.g. Tripathi et al. 2020 )
o years (e.g. Grupe et al. 2000 ). Detailed X-ray studies attribute
his variability primarily to changes in the intrinsic X-ray emission,
mplying changes in the innermost accretion geometry (Miniutti et al.
009 ; Parker et al. 2014 ; Jiang et al. 2018 ). It is also worth noting that
ariable absorption features have been observed in combination with
he changes in primary X-ray emission (e.g. in the ‘complex’ NLS1s
H 0707 −495 and Mrk 335, Boller et al. 2021 ; Liu et al. 2021 ). The
uty cycle of such weak X-ray luminosity state varies across different
LS1s. F or e xample, Mrk 335 remained in a weak X-ray luminosity

tate ( αOX < −1.8) for approximately 3 out of 13 yr between 2007
nd 2020 (e.g. Tripathi et al. 2020 ; Kara et al. 2023 ). 

In addition to intrinsic X-ray variability, NLS1s also exhibit
xtreme transient events, where multiwavelength variability indicates
ignificant changes in their accretion rates. For example, the NLS1
T2021aeuk, as studied in Sun et al. ( 2025 ), underwent a dramatic
hange in luminosity. A multiwavelength monitoring program re-
ealed that its X-ray luminosity decreased by a factor of 100 within
 months, while its optical luminosity peaked. 
Similar X-ray-weak states have been observed in other types of

GNs undergoing transient events, as mentioned in Section 3.3 (e.g.
icci et al. 2021 ; Payne et al. 2023 ). For instance, the 0.3–10 keV
-ray luminosity of the bare Seyfert 2 AGN 1ES 1927 + 654 dropped

o a lo w v alue of 10 42 erg s −1 soon after its optical luminosity
eaked (Masterson et al. 2022 ). Within the following year, the
-ray luminosity increased again to approximately 10 44 erg s −1 ,

eaching the Eddington luminosity for a 10 6 M � black hole. The
ramatic drop and subsequent reappearance of X-ray luminosity
n both AT2021aeuk and 1ES 1927 + 654 are often interpreted as
idal disruption events, where the X-ray-emitting coronal region
s destroyed and later restored (Ricci et al. 2021 ; Payne et al.
023 ). 
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Alternatively, the high αOX value of 1ES1927 + 654 ( αOX = −1) 
uring its pre-transient state in 2011 (Laha et al. 2022 ) moti v ated the
odels of magnetically arrested discs in Scepi et al. ( 2021 ), where

he disappearance of X-ray emission during the transient event is 
xplained as a reset of the magnetic field that powers the coronal
egion. 

How often does such a significant drop in X-ray luminosity occur? 
he sample remains small. Among the objects we already know are 
ost likely repeating tidal disruption events, the NLS1 AT2021aeuk 

as experienced two episodes separated by 2.9 yr (Sun et al. 2025 ),
nd ASASSN-14ko has undergone six episodes with a period of 
round 0.31 yr (Payne et al. 2023 ). These peculiar transient events
aise questions about the duty cycle of the weak X-ray states, which
s closely related to the detection possibility of X-ray-weak NLS1s 
r generally AGNs in the distant Universe. 

.3 X-ray bolometric luminosity correction factor for 
igh-Eddington ratio NLS1s 

inally, while acknowledging the substantial measurement uncer- 
ainty primarily from the limited signal-to-noise ratio in the hard X- 
ay band of our data, we tentatively observe that the X-ray bolometric
uminosity correction factor may require adjustment for our samples 
ompared to the factors calculated in Netzer ( 2019 ). We posit that
ertain assumptions underlying the geometrically thin accretion disc 
odels and the only power-law model used for the X-ray portion 

f the SED template in previous theoretical calculations of X-ray 
olometric luminosity correction may not be applicable to our near 
r even super-Eddington NLS1 AGNs. 
With the disco v ery of more AGNs in the early Universe ( z � 10,

ovacs et al. 2024 ), an X-ray bolometric luminosity correction 
actor derived from local correlations has been employed to estimate 
olometric luminosity and thus BH masses assuming Eddington- 
imited accretion. We urge caution using such a luminosity correction 
actor without due consideration of the unique characteristics of these 
GNs, the need for which is evidenced by our z ≈ 1 samples of a

imilar luminosity. The application of such a standard X-ray bolo- 
etric luminosity correction factor requires particular caution for 

comple x’ NLS1s, as the y frequently e xhibit X-ray weak states with
o wer αOX v alues compared to ‘simple’ NLS1s and BLS1s (Gallo 
006 ). In addition, as discussed in Section 6.2 , ‘complex’ NLS1s
ften display a strong soft excess, which contributes significantly to 
he soft X-ray emission but has yet to be accounted in the calculations
f these standard X-ray bolometric luminosity correction factors. 

 C O N C L U S I O N S  

e conducted a cross-search between the SDSS-observed NLS1s 
nd the eRASS1 catalogue, identifying 14 X-ray sources associated 
ith NLS1s at z ≈ 1. These NLS1s represent a unique stage in the
H growth history, characterized by low m BH and high λEdd values. 
First, all of the z ≈ 1 NLS1s exhibit agreement with the expected

 keV monochromatic luminosity given their 2500 Å monochromatic 
uminosity, as derived from correlations established in previous 
tudies on AGNs spanning z = 0 . 04–4.25 (Lusso et al. 2010 ). This
uggests a similarity to the ‘simple’ X-ray NLS1s observed in the 
ocal Uni verse, as pre viously classified in Gallo ( 2006 ), contrasting
ith ‘complex’ X-ray NLS1s that typically exhibit X-ray weak states. 
Secondly, the majority of the very soft X-ray continuum emissions, 

hen fitted with a power-law model, necessitate photon indices � �
 . 5, with the exception of three sources consistent with � = 2. The
edian photon index of our sample of z ≈ 1 NLS1s is 2.7, which
s consistent with the median value found in a much larger sample
f eROSITA -observed NLS1s at z � 0 . 8 (Gr ̈unwald et al. 2023 ).
otably, the highest photon inde x, observ ed in J0845, hints at a

ignificant contribution from soft excess emission within the energy 
and co v ered by eROSITA . 
Finally, our analysis demonstrates that we can align the Eddington 

atios with optical measurements by applying a correction factor to 
he X-ray luminosity. Although measurement uncertainty remains 
onsiderable, primarily due to limited signal-to-noise in the hard X- 
ay band, we suggest that the X-ray bolometric luminosity correction 
actor may need adjustments for our high- λEdd objects compared to 
heoretical values calculated from rescaled AGN templates assuming 
he standard thin disc model. We argue that certain assumptions 
nderlying previous estimations of X-ray bolometric luminosity 
orrection, such as those related to geometrically thin accretion disc 
odels and hard power-law models for the X-ray continuum, may 

ot hold for our near or even super-Eddington NLS1 AGNs. 
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Figure B1. The SDSS and eRASS RA and Dec. coordinate difference of our 
targets. 
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Table C1. The sizes of the source and background regions to extract data 
products. The second column is the radii of the circular source regions. 
The third and fourth columns are the inner and outer radii of the annulus 
background regions. 

Names Source regions Background regions 
×10 −2 ×10 −2 ×10 −1 

deg deg deg 

J0235 1 .39 3 .17 1 .72 
J0824 1 .92 4 .17 2 .38 
J0826 1 .64 3 .61 2 .04 
J0845 1 .92 4 .11 2 .38 
J0859 1 .72 3 .89 2 .14 
J0921 1 .56 3 .44 1 .94 
J0940 1 .83 4 .00 2 .28 
J0957 1 .64 3 .78 2 .04 
J1026 1 .56 3 .44 1 .94 
J1036 1 .56 3 .44 1 .94 
J1045 1 .53 3 .44 1 .90 
J1133 1 .56 3 .44 1 .94 
J1148 1 .44 3 .33 1 .80 
J1304 1 .44 3 .28 1 .80 
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PPEN D IX  A :  O P T I C A L  A N D  U LT R AV I O L E T  

AG N I T U D E S  O F  T H E  NLS1S  IN  O U R  SAMPLE  

B magnitudes of our samples in the UV, optical, and near-infrared 
avelengths are shown in Table A1 for readers’ reference. Interested 

eaders may refer to NED (Cook et al. 2023 ) for magnitudes at other
avelengths. 

able A1. Magnitudes of our samples in NUV measured by GALEX , i 
easured by SDSS and W2 measured by WISE . The values are from NED

Cook et al. 2023 ). 

ames NUV i W2 

0235 20 . 04 ± 0 . 03 19 . 32 ± 0 . 04 14 . 59 ± 0 . 14 
0235 − 17 . 651 ± 0 . 007 12 . 71 ± 0 . 03 
0826 20 . 13 ± 0 . 10 18 . 54 ± 0 . 02 14 . 23 ± 0 . 05 
0845 − 18 . 23 ± 0 . 04 −
0859 19 . 26 ± 0 . 09 19 . 058 ± 0 . 018 14 . 10 ± 0 . 11 
0921 19 . 73 ± 0 . 09 18 . 802 ± 0 . 017 13 . 95 ± 0 . 04 
0940 18 . 73 ± 0 . 05 17 . 777 ± 0 . 009 13 . 22 ± 0 . 03 
0957 19 . 30 ± 0 . 05 19 . 05 ± 0 . 02 13 . 90 ± 0 . 05 
1026 20 . 28 ± 0 . 16 19 . 83 ± 0 . 03 14 . 19 ± 0 . 04 
1036 19 . 28 ± 0 . 09 18 . 624 ± 0 . 018 13 . 43 ± 0 . 07 
1045 20 . 34 ± 0 . 06 19 . 20 ± 0 . 03 14 . 51 ± 0 . 06 
1133 19 . 33 ± 0 . 03 18 . 243 ± 0 . 015 13 . 50 ± 0 . 03 
1148 21 . 5 ± 0 . 3 19 . 91 ± 0 . 03 14 . 02 ± 0 . 09 
1304 19 . 28 ± 0 . 05 19 . 03 ± 0 . 03 14 . 62 ± 0 . 10 

PPEN D IX  B:  SDSS  A N D  ERASS-INFERRED  

O O R D I NAT E  DIFFERENCE  

ig. B1 shows the difference between the RA and Dec. coordinates 
f the NLS1 AGNs inferred by SDSS and eRASS. J1148 and 
1045 are the only two objects with a difference in RA coordinates
reater than 3.6 arcsec, while J1304 is the only object with a Dec.
oordinate difference exceeding 3.6 arcsec. The other targets all have 
 coordinate difference smaller than 3.6 arcsec. 
PPENDI X  C :  S O U R C E  A N D  B  AC K G R  O U N D  

E G I O N S  F O R  SPECTRAL  E X T R AC T I O N  

his section includes supplementary tables and figures for the data 
nalysis. Table C1 provides the sizes of the source and background
egions used for spectral extraction. Figs C1 –C3 display the spectra
f our targets alongside their best-fitting models. 
MNRAS 539, 832–849 (2025) 
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Figure C1. Same as Fig. 5 but for other NLS1s in the sample. 
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Figure C2. Continued. 
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Figure C3. Continued. 
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PPENDIX  D :  M O D E L L I N G  T H E  

 AC K G R  O U N D  SPECTRA  

n this section, we fit the eROSITA background spectrum obtained
rom the background region, rather than simply subtracting it from
he source spectrum, and include this as an additional component
hen modelling the spectra from the source region. This approach

s necessary due to the limited number of net counts for our targets
n eRASS1. 

We use J0845 as a demonstration case. The background spectrum
as modelled using two power-law components, and the best-
NRAS 539, 832–849 (2025) 
tting model, along with the unfolded background spectrum, is
hown in Fig. D1 . The best-fitting power-law photon indices for the
ackground spectrum are 2.2 and −2.6. The same model was then
pplied when fitting the source spectrum. The purple dashed line
epresents the absorbed power-law component for the source, while
he purple solid line shows the total model, which includes both
he best-fitting source and background components. The resulting
ource power law has a photon index of � = 4 . 7 ± 1 . 1, with C-
tat/ ν = 1.79/6, consistent with the results presented in T able 3 . W e
ound similar conclusions for other objects. Background and source
odel parameters are presented in Table D1 . 
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igure D1. Top: Unfolded total spectrum (purple cross bars) and background
pectrum (grey cross bars) of J0845, along with their corresponding best- 
tting models shown in purple and gre y, respectiv ely. The purple dashed

ine represents the source contribution, modelled by an absorbed power law. 
iddle: Data-to-model ratio for the total spectrum. Bottom: Data-to-model 

atio for the background spectrum. 

able D1. The best-fitting power-law photon index ( � bkg , 1 , � bkg , 2 ) for the
ackground spectra and corresponding goodness of fit. � src is the best-fitting 
hoton index of the source after fitting the spectra with fixed background
odels. 

ames � bkg , 1 � bkg , 2 C-stat/ ν � src C-stat/ ν

0235 −2 . 7 ± 0 . 3 1 . 7 ± 0 . 3 84.21/62 2 . 6 ± 1 . 0 2 . 02 / 3 
0824 −2 . 4 ± 0 . 4 1 . 9 + 0 . 5 −0 . 4 70.88/63 2 . 8 ± 0 . 4 4 . 93 / 6 
0826 −2 . 5 ± 0 . 4 1 . 9 ± 0 . 3 44.12/57 2 . 0 ± 0 . 5 6 . 10 / 3 
0845 −2 . 6 + 0 . 4 −0 . 3 2 . 2 ± 0 . 2 75.41/74 4 . 7 ± 1 . 1 1 . 79 / 6 
0859 −2 . 4 ± 0 . 3 2 . 3 ± 0 . 5 100.84/83 2 . 8 ± 0 . 6 10 . 34 / 6 
0921 −2 . 4 ± 0 . 5 2 . 0 + 0 . 5 −0 . 4 42.43/43 3 . 0 ± 0 . 4 0 . 30 / 2 
0940 −2 . 4 ± 0 . 3 2 . 0 + 0 . 4 −0 . 3 64.15/66 2 . 6 ± 0 . 7 4 . 76 / 5 
0957 −2 . 2 + 0 . 3 −0 . 4 2 . 2 + 0 . 6 −0 . 5 73.81/59 3 . 2 ± 0 . 4 5 . 02 / 4 
1026 −2 . 6 + 0 . 4 −0 . 3 2 . 0 ± 0 . 3 33.71/54 3 . 7 ± 1 . 1 6 . 42 / 2 
1036 −2 . 8 ± 0 . 3 1 . 9 + 0 . 3 −0 . 4 69.36/58 1 . 8 ± 1 . 0 6 . 02 / 3 
1045 −2 . 2 ± 0 . 4 2 . 4 + 0 . 6 −0 . 5 70.28/47 1 . 8 ± 1 . 0 1 . 02 / 3 
1133 −2 . 6 ± 0 . 4 2 . 3 ± 0 . 3 68.27/56 3 . 1 ± 1 . 1 3 . 01 / 3 
1148 −2 . 0 ± 0 . 3 2 . 8 ± 0 . 5 72.11/47 2 . 3 + 0 . 7 −0 . 8 1 . 74 / 3 
1304 −2 . 7 ± 0 . 4 2 . 3 ± 0 . 2 97.56/81 3 . 4 ± 0 . 7 4 . 42 / 6 

PPEN D IX  E:  SOFT  EXCESS  STRENGTH  

he very soft continuum observed in our NLS1 sample suggests 
hat soft excess emission may significantly contribute to the total 
-ray luminosity. In Section 4.2 , we attempted to model the soft
2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
igure E1. Soft excess strength versus Eddington ratio of NLS1s (purple
ircles, blue squares, and gre y crosses) and BLS1s (gre y diamonds). The
ymbols represent the same sample as in Fig. 6 . The solid line is the linear
egression of the two parameters of the NLS1 and BLS1 samples in Gliozzi
 Williams ( 2020 ). 

able E1. Best-fitting power law plus blackbody model for our NLS1s. The
hoton index of the power law is fixed at 2. The temperature of the blackbody
s fixed 0.1 keV. 

Names log ( F bb ) log ( F pl ) SX C-stat/ ν
erg cm 

−2 s −1 erg cm 

−2 s −1 

J0235 −12 . 69 ± 0 . 25 −13 . 30 ± 0 . 59 0 . 6 ± 0 . 6 2.38/3 
J0824 −12 . 34 ± 0 . 15 −12 . 69 ± 0 . 65 0 . 3 ± 0 . 7 5.55/6 
J0845 −12 . 77 ± 0 . 27 −13 . 08 ± 0 . 17 0 . 3 ± 0 . 3 2.45/6 
J0859 −12 . 59 ± 0 . 17 −13 . 14 ± 0 . 41 0 . 6 ± 0 . 4 9.32/6 
J0921 −12 . 83 ± 0 . 35 −13 . 05 ± 0 . 31 0 . 2 ± 0 . 5 0.09/2 
J0940 −12 . 43 ± 0 . 16 −12 . 59 ± 0 . 40 0 . 2 ± 0 . 4 4.04/5 
J0957 −12 . 59 ± 0 . 18 −13 . 17 ± 0 . 85 0 . 6 ± 0 . 9 6.16/4 
J1026 −13 . 02 ± 0 . 32 −13 . 11 ± 0 . 28 0 . 1 ± 0 . 4 6.26/2 
J1133 −12 . 79 ± 0 . 22 −13 . 52 ± 1 . 08 0 . 7 ± 1 . 1 4.73/3 
J1148 −12 . 84 ± 0 . 26 −12 . 88 ± 0 . 33 0 . 0 ± 0 . 4 0.70/3 
J1304 −12 . 84 ± 0 . 21 −13 . 20 ± 0 . 25 0 . 4 ± 0 . 3 5.21/6 

xcess using a simple blackbody component. Ho we ver, due to the
imited signal-to-noise ratio, the spectral shape of the soft excess 
ould not be well constrained. We therefore assumed a blackbody 
emperature of 0.1 keV to attempt to estimate the strength of the
oft excess for the objects in the same manner as in Gliozzi &

illiams ( 2020 ) and Yu et al. ( 2023 ) for a sensible comparison.
e define the soft excess strength SX as SX = 

F bb 
F pl 

, where F bb 

nd F pl represent the unabsorbed flux of the blackbody and power-
a w components, respectiv ely, in the rest frame 0.5–10 keV band.
lthough we acknowledge the associated uncertainty, the soft excess 

trength SX of these z ≈ 1 NLS1s is comparable to those observed
n the local Universe, as illustrated in Fig. E1 . 
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