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A B S T R A C T 

RX J0134.2-4258 is one of the most super-Eddington narrow-line Seyfert 1 (NLS1) galaxies, on which we conducted a monitoring 

campaign from radio to X-rays. In this paper, we present a detailed analysis of its optical/UV spectra and broad-band spectral 
energy distribution. Our study shows that the preferred black hole mass of RX J0134.2-4258 is M BH 

∼ 2 × 10 

7 M �, giving a mass 
accretion rate through the outer disc of ṁ out ∼ 20 (assuming zero spin), compared to the observed luminosity ratio L bol / L Edd ∼ 6. 
This reduction in radiative efficiency is expected for super-Eddington flows, as power can be lost via advection and/or disc winds. 
We find that the optical/UV lines of RX J0134.2-4258 resemble those from weak-like quasars (WLQs), as it has notably weak C IV 

and N V emission lines. It also has drastic X-ray variability, again similar to that recently observed in some other WLQs. Ho we ver, 
WLQs have systematically higher masses ( � 10 

8 M �), and lower Eddington ratios ( ̇m out ∼ 1) than RX J0134.2-4258. We compare 
instead to the most extreme NLS1s, with similarly large ṁ out but smaller masses. These show similarly large reductions in radiative 
efficiency but their UV lines are not similarly wind dominated. We suggest a new category of weak-line Seyfert galaxies to describe 
sources like RX J0134.2-4258, and interpret its (so far unique) properties in a model, where the lower disc temperature in the higher 
mass black holes leads to the UV-line-driving mechanism, which enhances the super-Eddington radiation-pressure-driven wind. 

Key words: accretion, accretion discs – galaxies: active – galaxies: nuclei. 
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 I N T RO D U C T I O N  

.1 Narrow-line Seyfert 1 galaxies 

ctive galactic nuclei (AGNs) are powered by accretion on to 
 supermassive black hole (SMBH). This converts some fraction 
f the gravitational potential energy into radiation, powering the 
bserv ed activity. The multiwav elength properties of AGN are 
ainly determined by three parameters, namely the black hole mass, 

lack hole spin, and mass accretion rate. The inclination angle also 
lays a significant role in observations (e.g. Luo et al. 2015 ; Jin et al.
017b ). Narrow-line Seyfert 1 (NLS1) galaxies are a subtype of AGN
haracterized by relati vely narro w-broad lines such as H β and rela-
ively weak narrow lines such as [O III ] λ5007 (Osterbrock & Pogge
985 ; Boroson 2002 ). Comparing with the entire AGN population, 
LS1s tend to have small black hole masses of 10 6 −7 M � and high-
ass accretion rates (e.g. Pounds, Done & Osborne 1995 ; Mathur, 
uraszkiewicz & Czerny 2001 ; Boroson 2002 ; Jin et al. 2012a ). 
In the X-ray band, it is common to observe a strong soft X-ray

xcess in NLS1s (e.g. Boller, Brandt & Fink 1996 ; Brandt, Mathur &
lvis 1997 ), which can often be modelled with an ionized disc reflec-

ion component (e.g. Miniutti & Fabian 2004 ; Ross & Fabian 2005 ;
rummy et al. 2006 ; Fabian et al. 2013 ), and/or a separate warm
omptonization component (e.g. Laor et al. 1997 ; Magdziarz et al. 
998 ; Done et al. 2012 ; Jin et al. 2013 ; Jin, Done & Ward 2016 , 2017a ,
 E-mail: ccjin@bao.ac.cn 
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021 ). Complex absorption (partially ionized material partially 
o v ering the source) can also shape the soft X-ray emission in some
GN (e.g. Miller et al. 2007 ; Turner et al. 2007 ; Tatum et al. 2012 ). 
NLS1s themselves form two subtypes, including the X-ray simple 

LS1s and X-ray complex NLS1s (Gallo 2006 ). The X-ray simple
LS1s have smooth and steep X-ray spectra, while the X-ray complex 
LS1s show more complicated absorption and emission features. 
eanwhile, NLS1s with high-mass accretion rates, especially super- 

ddington, are likely to have a geometrically thick (i.e. puffed-up) 
nner disc structure and disc wind (Ohsuga & Mineshige 2011 ;
akeuchi, Ohsuga & Mineshige 2014 ; Jiang, Davis & Stone 2016 ),
hich can obscure the intrinsic X-ray emission and introduce addi- 

ional spectral complexities and variability (e.g. Done & Jin 2016 ;
agino et al. 2016 ; Jin et al. 2017b ; Parker et al. 2021 ). Therefore,

he difference between X-ray simple and complex NLS1s can be 
xplained by their different inclination angles, which lead to different 
ine of sight to the X-ray corona (Done & Jin 2016 ; Jin et al. 2017b ).
upporting evidence for these subtypes being intrinsically the same 

s that their optical/UV emission is the same, suggesting that their
ntrinsic disc properties should indeed be similar (Done & Jin 2016 ).

.2 Weak-line quasars 

 similar physical scenario of a puffed-up inner disc with significant
inds is proposed to explain the properties of weak-line quasars 

WLQs; e.g. Fan et al. 1999 ; Plotkin et al. 2010 ; Wu et al. 2011 , 2012 ;
uo et al. 2015 ; Ni et al. 2018 ). WLQs are characterized by their weak
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V high-ionization emission lines, e.g. rest-frame equi v alent width
REW) of C IV � 10 Å, and/or REW of Ly α + N V is � 15 Å (e.g.
i et al. 2018 ). Winds are clearly indicated as the peak of the weak
 IV lines is often highly blue-shifted (Richards et al. 2011 ; Rankine
t al. 2020 ). WLQs have high black hole masses of 10 8 −9 M �, and
lso fairly high but not extreme mass accretion rates of L bol / L Edd 

1 (e.g. Luo et al. 2015 ). The empirical αox –L 2500 Å relation (e.g.
usso & Risaliti 2016 ) implies that these are somewhat X-ray weak
ompared to less luminous quasars, but ∼35 per cent of the WLQ
opulation show X-ray emission which is at least a factor 6 below
his expectation (Pu et al. 2020 ). This fraction of X-ray weakness
s significantly higher than in the non-WLQ AGN population. A
lausible explanation is that the high Eddington ratio causes the
nner accretion disc of a WLQ to puff up, which partially shields the
-ray emission from near the black hole. Then the observed X-ray

mission will depend on the viewing angle, in which case an X-ray
eak WLQ will have a higher inclination angle, so that the line of

ight to the X-ray corona is obscured by the geometrically thick inner
isc (e.g. Wu et al. 2011 ; Luo et al. 2015 ; Ni et al. 2018 ). 
Therefore, WLQs and super-Eddington NLS1s share some similar

roperties (Leighly et al. 2007b ; Jin et al. 2017b ), yet they do also
iffer significantly in black hole masses and, more importantly, in
ddington ratios, so the disc structure and geometry need not be

he same. A more detailed comparison between these two AGN
opulations would allow us to better understand the evolution of
uper-Eddington accretion flows with black hole mass and mass
ccretion rate. 

.3 The multiwavelength campaign on RX J0134.2-4258 

e conduct a new multiwavelength campaign from radio to hard X-
ays to observe one of the most extreme super-Eddington NLS1s,
amely RX J0134.2-4258 in order to deepen our understanding
bout super-Eddington accretion. This campaign involves new ob-
ervations with XMM–Newton , NuSTAR , Swift , ATCA, and the 2.3-m
elescope in the Sliding Spring Observatory (SSO), as well as a large
et of archi v al multiwavelength data (see section 2 and Jin et al. 2022 ,
ereafter Paper-I ). 
RX J0134.2-4258 was disco v ered by Voges et al. ( 1999 ) in the

OSAT all sky survey. Its key properties are summarized below,
hile a more detailed introduction can be found in Paper-I . This
LS1 lies at the redshift of 0.237, and it appears as an unresolved

ource in optical. It has a black hole mass of M BH � 1.5 × 10 7 M �
nd an extremely high Eddington ratio of L bol / L Edd � 10.0 (Grupe
t al. 2010 ). It has a steep hard X-ray slope ( � � 2.2, Paper-I ), typical
f NLS1, but has only an extremely weak soft X-ray excess, which
s both peculiar and puzzling. In addition, it also exhibits drastic X-
ay variability in terms of both spectral shape and flux ( Paper-I ). Its
ptical/UV properties such as the extremely weak [O III ] λ5007 and
lue-shifted C IV were shown to be similar to the WLQ PHL 1811
y Leighly et al. ( 2007b ). 
The latest simultaneous XMM–Newton and NuSTAR observations

n our campaign caught RX J0134.2-4258 in its one of the lowest X-
ay flux states in history, thus we conducted a detailed X-ray spectral-
iming analysis. As shown in Paper-I , we found that the time-average
-ray spectra in the low-flux state has excess flux abo v e 4 keV,
hich is lagged by ∼4 ks behind the soft X-rays. The spectral-timing
roperties in both low and high-flux states can be well modelled under
he warm Comptonization plus a distant neutral reflection scenario,
r by a partial co v ering absorption scenario. Both scenarios require
 clumpy disc wind in this super-Eddington accretion system. 
NRAS 518, 6065–6082 (2023) 
Here, we perform a detailed multiwavelength study from infrared,
hrough optical/UV and then to X-rays to provide independent
onstraints on the global properties of the accretion flow. For
xample, the optical/UV continuum can be used to measure the
ass accretion rate through the outer disc (e.g. Davis & Laor 2011 ;
one & Jin 2016 ). The optical/UV emission/absorption lines can
rovide information about the broad-line region and outflows (e.g.
ottorff et al. 1997 ; Pancoast, Brewer & Treu 2011 ; Pancoast et al.
014 ; Grier et al. 2017 ; Li et al. 2018 ), and can also be used to
easure virial black hole mass (e.g. Peterson et al. 2004 ; Vestergaard
 Peterson 2006 ; Peterson 2014 ; Du & Wang 2019 ). The infrared

mission can be used to constrain the properties of the dusty torus
e.g. Fuller et al. 2016 ; Collinson et al. 2017 ; Mart ́ınez-Paredes et al.
017 ; Landt et al. 2019 ). The broad-band spectral energy distribution
SED) can be used to estimate the black hole mass and Eddington
atio (e.g. Jin et al. 2012a ; Jin et al. 2016 , 2017b ), which can then be
sed to measure the global radiative efficiency ( μ, e.g. Davis & Laor
011 ). In this work, we collate a large multiwavelength data set to
tudy RX J0134.2-4258. 

.4 The scope of this paper 

his paper presents a detailed study on the optical/UV and broad-
and SED properties of RX J0134.2-4258, as well as a detailed
omparison with some representative super-Eddington NLS1s and

LQs. We will suggest a new category of weak-line Seyfert (WLS)
alaxies, and demonstrate that RX J0134.2-4258 is an archetypal
LS. 
The structure of this paper is as follows. First, we describe the
ultiwavelength data sets used in this work, and then briefly describe

he data reduction procedures. Then we present a detailed estimate of
he black hole mass of RX J0134.2-4258 because it is a key parameter.
ection 4 presents a detailed multicomponent broad-band SED
odelling, in order to deriv e ke y parameters such as the bolometric

uminosity, mass accretion rate, and Eddington ratio. In Section 5 ,
e first compare RX J0134.2-4258 with WLQs, and propose it as an

rchetypal WLS, i.e. a new category of AGN. Then we use a small
ample to conduct a more general comparison between the super-
ddington NLS1 population and the more typically Eddington WLQ
opulation. In Section 6 , we propose a picture for super-Eddington
ccretion flows with different parameters. We show how the disc
roperties, such as the disc structure, wind, and global radiative
fficiency, may depend on the black hole mass and mass accretion
ate. Section 7 summarizes the main results of this paper. A detailed
ptical/UV spectral analysis is presented in the appendix. 
We adopt a flat universe model throughout this work, with the

ubble constant H 0 = 72 km s −1 Mpc −1 , �� 

= 0.73, and �M 

=
.27. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

e use a large number of observations, from both our new campaign
nd previous observations. These data sets are listed in Table 1 .
he XMM–Newton and NuSTAR data have been used in Paper-I for
etailed X-ray spectral-timing analysis, where their data reduction
re described in more detail. 

.1 X-ray obser v ations 

here are two XMM–Newton (Jansen et al. 2001 ) observations for
X J0134.2-4258, whose observation dates differ by 11 yr. The first
bservation in 2008 is referred to as Obs-1, and the second in 2019 is
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Table 1. The multiwavelength data set of RX J0134.2-4258 used in this 
work. T obs is the total observing time. For NuSTAR , the Earth occultations 
and south atlantic anomaly passages have been excluded. A complete list of 
all the observations used by this research project can be found in Paper-I . 

Instrument Obs-Date T obs Waveband 
(ks) 

Ne w observ ations 
NuSTAR 

FPMA/FPMB 

2019-12-19 98.3 Hard X-ray 

XMM-Newton 
EPIC/OM 

2019-12-19 134.3 X-ray/UV 

Swift XRT/UV O T 2019-12-19 1.6 X-ray/UV/Optical 
SSO 2.3-m Telescope 2019-12-19 1.8 Optical 

Archi v al observ ations 
XMM–Newton 
EPIC/OM 

2008-12-11 32.1 X-ray/UV/Optical 

HST FOS 1996-09-21 1.7 UV (G130H) 
HST FOS 1996-09-21 2.1 UV (G130H) 
HST FOS 1996-09-21 0.2 UV (G160L) 
HST FOS 1996-09-21 1.5 UV (G190H) 
HST FOS 1996-09-21 1.2 UV (G270H) 
HST FOS 1996-09-21 1.0 Optical (G400H) 
HST FOS 1996-09-21 0.6 Optical (G570H) 
WISE 2010-06-20 – Infrared (Band 1-4) 
2MASS 1999-08-27 – Infrared ( J , H , K ) 
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bs-2. These observations also have simultaneous optical/UV data 
rom various filters with the optical monitor (OM). We summarize 
he data reduction procedures below. The data are downloaded from 

he XMM–Newton Science Archive (XSA), and reprocessed with the 
pproc and empproc tasks in the XMM–Newton Science Analysis 
ystem ( SAS v18.0.0). The source extraction region was chosen to 
e a circle of 35 arcsec radius, and no pile-up effect was detected
uring the two observations. The source and background spectra were 
xtracted with the evselect task, and the response and auxiliary 
les were produced by the rmfgen and arfgen tasks. The data 
btained by the optical monitor (OM) were reprocessed with the 
michain task. 
The NuSTAR (Harrison et al. 2013 ) observation of RX J0134.2- 

258 was conducted simultaneously with the XMM–Newton obser- 
ation in 2019. The nupipline task inside the HEASOFT package 
v6.27.2, Blackburn 1995 ) was used to reprocess the data. The source
 xtraction re gion was chosen to be a circle with 1 arcmin radius, and
he background was extracted from a nearby circular source-free 
egion with the same radius. The nuproducts task was used to 
xtract the spectra. 

There are 51 Swift (Gehrels et al. 2004 ) observations on RX
0134.2-4258 from 2019-12-19 to 2021-08-22. In this work, we 
nly use the observation conducted on 2019-12-31, because it is 
imultaneous with the XMM–Newton and NuSTAR observations. A 

omplete analysis of all the Swift observations will be present in 
 following paper (Panessa et al. in preparation, hereafter: Paper- 
II). Six filters were used in the Swift Ultra-violet Optical Telescope 
UV O T) during this Swift observation (i.e. UVW2, UVM2, UVW1, 
 , B , and V ). The HEASOFT (v6.27.2) package was used to reduce

he data. The Swift X-ray Telescope (XRT) data were reprocessed 
ith the xrtpipeline . The source spectrum was extracted from a 

ircular region of 30 arcsec radius. For the UV O T photometric data,
 circular aperture of 5 arcsec radius was adopted. Background was 
hosen from nearby source-free regions with larger areas. We also 
an the standard sensitivity check for UV O T, in order to ensure that
he data are not affected by the regions on the detector where the
hroughputs are degraded due to the contamination of dust/debris 
Edelson et al. 2015 ). 

.2 Optical/UV/infrared obser v ations 

ubble Space Telescope ( HST ) observed RX J0134.2-4258 in 
996 with the Faint Object Spectrograph (FOS), which co v ered
he spectral range of 970–5500 Å in the AGN rest-frame. The 
alibrated data were downloaded from the Mikulski Archive for 
pace Telescopes (MAST), from which the spectra were extracted 
ith the IRAF/STSDAS tasks following the standard procedure. 1 We 
btained a new optical spectrum of RX J0134.2-4258 with the SSO
.3-m telescope on 2019-12-19. Infrared photometry from WISE 

band: 1–4) and 2MASS (band: J , H , K ) were downloaded from the
ASA/IPAC Infrared Science Archive (IRSA). 
Then we analyse the SSO optical and HST UV spectra, fitting

or the lines and continuum components. Details are given in 
ppendix A , with spectra shown in Fig. 1 (a), de-reddened with
 ( B − V ) = 0.0144 for the Fitzpatrick & Massa ( 2007 ) reddening
urve for R V = 3.1, and de-redshifted for z = 0.237. These data are
eparated by 23 yr but the o v erall difference of normalization is only
 per cent. Below 4000 Å, the two spectra match almost perfectly
fter removing this 7 per cent difference, while above 4000 Å the
ST spectrum is weaker by another 5 per cent. Therefore, we can

onnect the HST spectrum (scaled up by 1.07) and the SSO spectrum
t 4000 Å to derive a broad optical/UV spectrum, which is shown in 
ig. 1 (b). 
The optical spectrum of RX J0134.2-4258 resembles a typical 

LS1 galaxy. According to the empirical eigenvector 1 of AGN (e.g.
oroson 2002 ; Jin, Ward & Done 2012c ), the strong Fe II and weak

O III ] λ5007 lines imply that RX J0134.2-4258 should have a very
igh mass accretion rate. Another key property of RX J0134.2-4258 
s that its UV spectrum has very weak and blue-shifted C IV and Ly α
 N V emission lines, like WLQs. We performed a detailed multiple
aussian + Lorentzian profile decomposition for different emission 

ines. The methods and results are described in Appendix A . The
ptical/UV line decomposition and best-fitting parameters can be 
ound in Figs A1 , A2 and Tables A1 , A2 . 

 T H E  BLACK  H O L E  MASS  

rupe et al. ( 2010 ) reported a virial mass of M BH = 1.47 × 10 7 M �
or RX J0134.2-4258, which is based on the single-epoch H β

ull width at half-maximum (FWHM) of 1160 km s −1 , and the
adius–luminosity (R-L) relation reported by Kaspi et al. ( 2000 ).

e use the latest SSO optical spectrum and measure the H β

WHM to be 1140 ± 20 km s −1 for the Lorentzian decomposition,
nd 1410 ± 70 km s −1 for the Gaussian decomposition. The 
onochromatic luminosity at the rest-frame 5100 Å is measured to be 

8.86 ± 0.92) × 10 44 erg s −1 . For the two H β FWHM measurements
nd using a later R–L relation reported by Vestergaard & Peterson
 2006 ), we obtain a black hole mass of M BH = (3.1 −4.8) × 10 7 M �.

Ho we ver, recent re verberation mapping studies have shown that
or super-Eddington AGN, the observed radius of the broad-line 
egion (BLR) is smaller than expected from the classic R–L relation
Du et al. 2018 ). This is likely due to changes in the disc structure and
adiation as the flow becomes super-Eddington. First, the accretion 
ow has intrinsically lower radiative efficiency than a standard disc 
ue to advection and/or winds, and secondly the inner disc may
MNRAS 518, 6065–6082 (2023) 

https://www.stsci.edu/instruments/wfpc2/Wfpc2_dhb/intro_ch36.html
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M

Figure 1. Panel (a): Comparison between the HST /FOS spectrum in 1996 (red) and the SSO spectrum in 2019 (black). The HST spectrum is scaled up by a 
factor of 1.07 to obtain the best match to the SSO spectrum. Panel (b): The combined optical/UV spectrum of RX J0134.2-4258, based on the HST spectrum 

( ×1.07) below 4000 Å and the SSO spectrum abo v e 4000 Å. The spectra have been de-redshifted to the AGN rest frame. The orange circles indicate the 
positions used to define the underlying continuum (blue dash line). The cyan region indicates emission lines superposed on the continuum. All the spectra have 
been de-reddened for the Galactic reddening before redshift correction. 
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ecome geometrically thick, which, together with any wind, can
rovide a shielding mechanism for the ionization of BLR (e.g.
bramowicz et al. 1988 ; Wang & Netzer 2003 ; Jiang, Stone & Davis
014 ; Done & Jin 2016 ; Jin et al. 2016 , 2017b ). As a result, previous
ersions of R–L relation can lead to an o v erestimate of the black hole
ass in the super-Eddington regime. 
Recently, Du & Wang ( 2019 ) reported a new R–L relation which

ncludes the Fe II to H β (broad component) flux ratio ( R Fe II ) as
n additional parameter. This new relation provides lower mass
stimates than traditional relations for super-Eddington AGN. For
X J0134.2-4258, R Fe II is found to be 1.74 ± 0.15 (see Section A1 ),
hich is larger than most of the sources in Du & Wang ( 2019 ). Then

t is necessary to choose a value for the virial factor f BLR , which
epends on the morphology of the host galaxy. Since the host galaxy
f RX J0134.2-4258 cannot be resolved, different f BLR values need to
e tried to understand its impact on the mass estimate (see Table 2 ).
o & Kim ( 2014 ) reported f BLR = 0.7 ± 0.2 for AGN in pseudo-
ulges, which leads to a mass of (0.79 ± 0.25) × 10 7 M �. Then
or AGN in classic bulges or ellipticals with f BLR = 1.5 ± 0.4, the
ass is (1.70 ± 0.54) × 10 7 M �. If we choose f BLR = 1.12 for the

ample of 93 NLS1s reported by Woo et al. ( 2015 ), then the mass is
ound to be (1.27 ± 0.22) × 10 7 M �. Therefore, it is clear that the
ncertainty of f BLR affects the single-epoch virial mass significantly.
NRAS 518, 6065–6082 (2023) 

he intrinsic scatter of 0.2 dex of this new R–L relation introduces 
m  
urther uncertainty, and so there is no significant difference between
hese virial masses. 

The rapid X-ray variability provides an independent method to
stimate the black hole mass. Various studies have shown that the
ass scales with the X-ray rms (Lu & Yu 2001 ; Zhou et al. 2010 ;
onti et al. 2012 ; Jin et al. 2016 ). We calculate the X-ray rms for
if ferent v ariability time-scales, leading to a mass range of (0.8 −2.5)
10 7 M � and a mean value of 1.7 × 10 7 M � (see Paper-I ). This mass

stimate is subject to an intrinsic scatter of 0.7 dex. 
Overall, a typical mass estimate of M BH ∼ 2 × 10 7 M � for RX

0134.2-4258 should be statistically consistent with all the mass
stimates presented abo v e. 

 MULTI -WAVELENGTH  PROPERTIES  

.1 Broad-band SED 

.1.1 Preparation of the multiwavelength data 

he study of SED can provide crucial information about the accretion
ystem, such as the black hole mass and spin, mass accretion rate,
he energy budget in different wavebands and spectral components
e.g. Jin et al. 2012a ; Done et al. 2012 , 2013 ). The abundant
ultiwavelength data collected from our new observations and public

art/stac3513_f1.eps
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Table 2. Different mass estimates for RX J0134.2-4258, and the corresponding values for some other key parameters, 
including the mass accretion rates ( ̇m out ), Eddington ratio ( L bol / L Edd ), and radiati ve ef ficiency ( μ). The best-fitting SED 

for Obs-1 assumes a ∗ = 0 and μ0 = 0.057, and has L bol = 1.63 × 10 46 erg s −1 . Typical uncertainties are provided for 
M BH and propagated into ṁ out , but the intrinsic 0.2 dex scatter is not included. Systematic uncertainties should dominate 
L bol and μ, so their errors are not provided. 

Method M BH L bol / L Edd ṁ out μ/ μ0 μ

(10 7 M �) 

Best-fitting SED 2.00 fixed 6.3 20.6 + 0 . 3 −0 . 6 0.31 0.017 
X-ray Rms 1.70 ± 0.80 7.4 28.5 + 0 . 4 −0 . 8 0.26 0.015 
R-L Relation from Du & Wang ( 2019 ) 
( f BLR = 0.70) 0.79 ± 0.25 15.9 132.0 + 1 . 9 −3 . 8 0.12 0.007 
( f BLR = 1.12) 1.27 ± 0.22 9.9 51.1 + 0 . 7 −1 . 5 0.19 0.011 
( f BLR = 1.50) 1.70 ± 0.54 7.4 28.5 + 0 . 4 −0 . 8 0.26 0.015 
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ata archives allow us to reconstruct the broad-band SED of RX
0134.2-4258. 

The data set used to construct the SED is listed in Table 1 ,
hich includes XMM–Newton EPIC-pn and five OM filters (UVW2, 
VM2, UVW1, U, and B) from Obs-1. We neglect Obs-2, with its

actor of ∼ 4 lower EPIC-pn count rate, as it has a more complex
-ray shape which is most likely due to absorption variability 

ather than intrinsic spectral change (see Paper-I ). We note that the
orresponding simultaneous UV fluxes from the OM UVW1 filter 
re more similar, with Obs-2 being 16 per cent brighter than in Obs-
. The remaining data sets used are Swift XRT and UV O T, R OSAT
SPCB spectrum, HST FOS spectra, 2MASS and WISE photometric 
oints. 
RX J0134.2-4258 shows all kinds of emission lines in its opti-

al/UV spectrum, which need to be remo v ed so that the continuum
an be used for the SED fitting. These lines will also contribute
o the optical/UV photometry, thus we need to perform corrections 
or all the optical/UV photometric fluxes. We visually inspect the 
ptical/UV spectrum, and choose a series of data points to define 
he underlying continuum, as shown by the yellow points and blue 
ash line in Fig. 1 (b). The cyan region between this continuum and
he observed spectrum is considered to come from emission lines. 
he line-free continuum is converted into XSPEC -readable spectral 
le for the SED fitting. We also calculate the fraction of continuum
ux in every optical/UV band, and then correct the photometric data 
f the XMM–Newton /OM filters to remove the emission line flux. We
alculate the line flux contribution to each filter by convolving the 
pectra with the full response files of each optical/UV filters, read 
rom the response files stored in the latest calibration data base at
MM–Newton . 2 We calculated the correction factor for every OM 

nd UV O T filter , and then apply it to the corresponding photometric
ata. The typical correction factor is 5–10 per cent, increasing from
V to optical. Finally, these data are used as inputs for the SED
tting. 

.1.2 The accretion disc model 

X J0134.2-4258 is an extreme super-Eddington NLS1 (Grupe et al. 
010 ). In the inner region of such a super-Eddington accretion flow,
nergy advection and/or disc winds can take away a significant 
mount of the accretion energy (e.g. Poutanen et al. 2007 ; Done
 Jin 2016 ; Hagino et al. 2016 ; Jin et al. 2017b ). There are several
GN SED models in XSPEC (Arnaud 1996 ), such as optxagnf
 https:// heasarc.gsfc.nasa.gov/ FTP/ xmm/ data/responses/om 

4

R
A  
Done et al. 2012 ), agnsed (Kubota & Done 2018 ), and agnslim
Kubota & Done 2019 ). Only the latter adopts a slim disc emissivity,
here the surface luminosity is kept at the local Eddington limit
ithin a critical radius (Abramowicz et al. 1988 ; Watarai et al. 2000 ;
ang & Netzer 2003 ; S ądowski et al. 2011 ; Kubota & Done 2019 ).
gnslim uniquely combines this maximum emissivity with the 
bility to change the local emission to change between blackbody, 
oft Comptonization and hard Comptonization, in order to model the 
isc, soft excess and hard X-ray corona emission, respectively. 
Another major difference between a standard disc and a slim disc is

hat the inner radius of the disc ( R in ) is determined by the gas pressure
ore than by the black hole spin for highly super-Eddington discs

e.g. Watarai et al. 2000 ). This remo v es the most ob vious signature
f black hole spin, so we conserv ati vely fix spin at zero here, with
he consequence of minimizing the inferred Eddington ratio of the 
ow. 
By default, in the agnslim model the seed photon temperature 

f the hard X-ray Comptonization is set to be the temperature of
nner disc photons. Ho we ver, recent studies of X-ray simple super-
ddington NLS1s show that their X-ray spectral-timing properties 
re better modelled if the warm corona, rather than the inner disc,
rovides seed photons for the hot corona (Jin et al. 2013 , 2016 , 2017a ,
021 ). Thus, we made a small modification to agnslim to link the
eed-photon temperature of the hard X-ray Comptonization to the 
lectron temperature of the warm corona. We refer to this modified
gnslim model as agnslimhot , and use it in our subsequent
ED analysis. 
agnslimhot inherits the full set of parameters of agnslim 

see Table 3 ). The black hole mass M BH is fixed at 2 × 10 7 M �. The
omoving distance is fixed at 937.1 Mpc for redshift z = 0.237. The
nclination angle θ inc is fixed at 60 ◦, which is larger than 30 ◦ as often
ssumed for normal X-ray simple super-Eddington NLS1s. This is 
ecause the enigmatic X-ray variability of RX J0134.2-4258 implies 
omplex and variable absorption, which is more likely to happen at a
arger inclination angle. The electron temperature of the hot corona 
T e, hot is fixed at 200 keV, and the o v erall normalization is fixed at
. The remaining free parameters include the electron temperature 
T e, warm 

, photon index � warm 

and radius R warm 

of the warm corona;
he photon index � hot and radius R hot of the hot corona; the mass
ccretion rate through the outer disc ṁ out and the outer radius of the
isc R out . 

.1.3 Additional components in the broad-band SED 

X J0134.2-4258 was originally classified as a radio-loud (RL) 
GN with a radio loudness of R = 71 (Grupe et al. 2000 ), thus
MNRAS 518, 6065–6082 (2023) 
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Table 3. The best-fitting SED parameters of RX J0134.2-4258 in Obs-1. 
The errors indicate 90 per cent confidence limits. ‘fixed’ indicates that the 
parameter is fixed at the given value. C ROSAT and C HST are the scaling factors 
for the ROSAT and HST data. 

Component Parameter Value Unit 

tbabs N H, gal 1.77 fixed 10 20 cm 

−2 

redden E ( B − V ) gal 1.44 fixed 10 −2 

ztbabs N H, host 0.56 + 0 . 43 
−0 . 27 10 20 cm 

−2 

zredden E ( B − V ) host 0.40 + 0 . 27 
−0 . 24 10 −2 

zagndust norm 1.90 + 0 . 09 
−0 . 08 10 −5 

hostgal norm 1.05 + 0 . 30 
−0 . 28 10 −2 

agnslimhot M BH 2.0 fixed 10 7 M �
agnslimhot log( ̇m out ) 1.31 + 0 . 01 

−0 . 01 
agnslimhot a ∗ 0.0 fixed 
agnslimhot cos θ inc 0.5 fixed 
agnslimhot kT e, warm 

0.22 + 0 . 37 
−0 . 08 keV 

agnslimhot kT e, hot 200 fixed keV 

agnslimhot � hot 2.22 + 0 . 05 
−0 . 04 

agnslimhot � warm 

2.84 + 1 . 46 
−1 . 62 

agnslimhot R hot 4.65 + 0 . 13 
−0 . 16 R g 

agnslimhot R warm 

5.44 + 0 . 87 
−0 . 28 R g 

agnslimhot log( R out ) 4.97 + 0 . 24 
−0 . 22 R g 

C ROSAT 0.75 + 0 . 04 
−0 . 05 

C HST 1.16 + 0 . 05 
−0 . 05 

χ2 
ν 607.3/475 
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Figure 2. The unabsorbed and de-redshifted best-fitting broad-band SEDs of 
RX J0134.2-4258 in Obs-1. The red solid line is the total best-fitting model, 
which includes the hot dust emission (red dash-dot-dot line), host galaxy 
emission (red dash-dot-dot-dot line), accretion disc emission (dotted line), 
warm Comptonization (red dash–dotted line) and hot Comptonization (red 
dash line). The scaling factors shown in the le gend hav e been applied to 
different data sets to account for their normalization differences. 
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here is possibility that the X-ray emission might also include some
ontribution from the jet, such as the synchrotron self-Compton
SSC) and external Compton (EC) emission (e.g. Kynoch et al. 2018 ).
o we ver, we did not find any evidence of jet emission from X-ray

pectral-timing analysis (see Paper-I ), and our ongoing radio/optical
onitoring campaign shows that RX J0134.2-4258 has returned to a

adio-quiet state (see Paper-III). Therefore, the spectral components
n the agnslimhot model should be enough to fit the nuclear
mission. 

To model the hot dust emission in the near infrared, we take the hot
ust template from Silva, Maiolino & Granato ( 2004 ), and import
t into XSPEC as a local zagndust model. The host galaxy is not
esolved in optical images, but it is still possible to identify its flux
ontribution in the spectrum. We assume it is an Sb galaxy similar to
he famous NLS1 RE10, and adopt a corresponding galaxy spectral
emplate from Polletta et al. ( 2007 ), which is loaded into XSPEC as the
ocal hostgal model. Since not all the data sets are simultaneous
r observed by the same instrument, there can be normalization
iscrepancies caused by e.g. long-term v ariability, dif ferent aperture
ize and flux calibration. Thus, we use a free constant to account for
he normalization differences between the ROSAT , XMM–Newton ,
nd HST data. The data points from 2MASS , WISE , and HST join
moothly with each other, and so we use the same constant for these
hree data sets. 

This combination of accretion flow, host galaxy, and hot dust
escribes the intrinsic continuum, but these spectra are further
odified by absorption and reddening along the line of sight. 
We use tbabs / ztbabs (Wilms, Allen & McCray 2000 ) to model

he gas absorption from the Milky Way and host galaxy , respectively ,
ith N H, gal fixed at 1.77 × 10 20 cm 

−2 for our line of sight (Willingale
t al. 2013 ), and N H, host left free. The absorption cross-sections were
et to the values of Verner et al. ( 1996 ). While this model is a good
pproximation to the X-ray absorption, it is less good at modelling
he impact of this same gas in the UV due to its assumption that
he material is completely neutral (but the interstellar medium is
NRAS 518, 6065–6082 (2023) 
ultiphase, e.g. McKee 1995 ; Wolfire et al. 2003 ) and that the UV
bsorption is dominated by bound-free edges rather than lines. None
he less, both the Galactic column and the host-galaxy column here
re rather small (see Section 4.2 ), so this mis-modelling of its UV
bsorption is not very important. 

We also use redden / zredden to model the dust reddening
ssociated with the gas in the Milky Way and the host galaxy,
espectively. The Galactic reddening E ( B − V ) gal is fixed at 0.0144
Schlegel, Finkbeiner & Davis 1998 ), while E ( B − V ) host is left as
 free parameter. We note that zredden may not be appropriate
o describe the effect of dust in the host galaxy if this is associated
ith the nuclear region rather than in the interstellar medium (see

.g. Collinson et al. 2015 ), but this has little impact here as the UV
s clearly a very blue spectrum, so the reddening is most probably
imited. 

.2 Results of the SED modelling 

ased on the abo v e data sets and model configurations, we obtain the
est-fitting broad-band SED for RX J0134.2-4258. Fig. 2 (a) shows
his SED model, where both model and data are corrected for the
alactic and intrinsic extinction/absorption, and shown in the AGN

est-frame. The best-fitting parameters are listed in Table 3 . 
It is clear that the near-IR emission is dominated by the hot dust

omponents, while the UV continuum is well-fitted by the accretion
isc component. There is a small ( ∼10 per cent) contribution from
ost galaxy star light between these two in the optical/near-IR
and. At higher energies, the soft X-ray emission observed by
OSAT below 0.3 keV is dominated by the emission from the

nner disc. The hard X-rays abo v e 2 keV are dominated by a hot
orona with photon index of 2.22 + 0 . 05 

−0 . 04 . There is some evidence for

art/stac3513_f2.eps
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 warm Comptonization component, with electron temperature of 
.22 + 0 . 37 

−0 . 08 keV and photon index 2.84 + 1 . 46 
−1 . 62 . All these Comptonization 

arameters are typical for X-ray simple super-Eddington NLS1s (e.g. 
in et al. 2013 , 2016 , 2017a ), apart from the soft X-ray excess being
uch weaker relative to the disc and hot corona as discussed in
aper-I (see also the explicit comparison to RX04 in Section 5.1 ). 
The mass accretion rate through the outer disc ( ̇m out ) is completely

etermined by the observed optical/UV emission for the fixed black 
ole mass and spin, giving ṁ out = 20 . 6 + 0 . 3 

−0 . 6 , confirming that the
ccretion flow is highly super-Eddington. A higher value of black 
ole spin will only increase this. The only way to significantly reduce
˙  out is to go to higher black hole mass, as the monochromatic lumi-
osity on the Rayleigh–Jeans part of the standard (multitemperature 
lackbody) disc continuum has L ν ∝ ( M BH Ṁ ) 2 / 3 ∝ ( M 

2 
BH ṁ out ) 2 / 3 ,

here ṁ out = Ṁ / Ṁ Edd (e.g. Shakura & Sunyaev 1973 ; Davis & Laor
011 ; Kubota & Done 2019 ). Increasing the mass by a factor of 2
i.e. 4 × 10 7 M �) then reduces ṁ out by a factor of 4, but then ṁ out is
till ∼5, so the disc is still super-Eddington even a factor of 2 away
rom our preferred black hole mass. 

The observed bolometric luminosity is derived by integrating the 
est-fitting model, and gives L bol = 1.63 × 10 46 erg s −1 . Thus,
 bol / L Edd = 6.3, substantially below the ṁ out = 20 . 6 derived for the
ccretion flow itself. This is clear evidence for a loss of power through
dvection and/or winds, as expected for a strongly super-Eddington 
ow. 

 DISCUSSION  

.1 Weak UV lines and the SEDs of Super-Eddington flows 

he weak UV lines of RX01 resemble those from WLQs, defined as
y α + N V REW ≤ 15 Å, and C IV REW ≤ 10 Å (Fan et al. 1999 ;
iamond-Stanic et al. 2009 ; Plotkin et al. 2010 ; Wu et al. 2011 ,
012 ; Luo et al. 2015 ; Ni et al. 2018 ). In this section, we compare
X01 with some typical WLQs and NLS1s (see Table 5 ), 3 in order

o obtain a full understanding of their similarities and differences. 

.1.1 PHL 1811 (hereafter: PH18): typical WLQ 

o far, most of the known WLQs lie at relatively high redshifts with
 > 2.2. This redshift distribution is partly a selection effect as the
 IV line is redshifted into the more easily accessible optical band
here wide area surv e ys such as Sloan Digital Sky Survey (SDSS;
ork et al. 2000 , 3000–9200 Å) detect a large number of sources.
o we ver, it is also possible to find WLQs at lower redshifts from
ointed UV spectroscopic observ ations (e.g. McDo well et al. 1995 ;
ondish et al. 2004 ), such as the classic WLQ PH18 at z = 0.192,
hose black hole mass is ∼1.5 × 10 8 M � and mass accretion rate
7 (Leighly et al. 2007a , b ; Wu et al. 2012 ; Luo et al. 2015 ). 
Leighly et al. ( 2007a ) first noticed the similarity of weak UV lines

etween PH18 and RX01 in the wavelength range of 1000–1600 Å. 
ere, we compare the entire optical/UV spectra of RX01 (black) and 
H18 (orange), as shown in Fig. 3 panels a1 and b1. It is clear that

hese two AGN have remarkably similar optical/UV lines, including 
he strong optical Fe II lines, extremely weak oxygen forbidden 
ines, and very weak and blue-shifted UV C IV , C III ] and N V

ines. Their optical/UV underlying continua also have similar shapes. 
 Note that the estimates of the mass, mass accretion rate and bolometric 
uminosity are all subject to various systematic uncertainties, so we only 
how their typical values and do not provide their uncertainties in Table 5 . 

f  

a  

X  

B  

f  
heir optical continua, after correcting for the Galactic reddening, 
re consistent with a standard thin disc model (dotted grey curve:
hakura & Sunyaev 1973 ), while their UV continua appear flatter
t � 2300 Å. We apply the same line fitting method as described in
ection A2 to measure the REWs of the UV lines of PH18. We find
y α + N V REW = 28.6 ± 2.9 Å and C IV REW = 7.9 ± 2.0 Å (for
 IV λ1548 + C IV λ1551) for PH18, which are remarkably similar

o RX01 (see Table 4 ). 
Ho we ver, PH18 has a black hole mass which is around an order of
agnitude higher than RX01. We fit the broad-band SED of PH18
ith the same models as used for RX01, fixing black hole spin at a ∗
 0, so the model parameters are all directly comparable. This gives

˙  out = 7 . 4 (see Table 5 ), a factor of 3 lower than that of RX01. 
We compare their broad-band SEDs as the solid black and solid

range lines in Fig. 4 (a). The lower black hole mass and higher ṁ out 

f RX01 predict a higher inner disc temperature, but it is clear that
he WLQ PH18 has much less X-ray emission relative to the disc
eak, and that the X-rays have complex shape. More quantitatively, 
e adopt the optical-to-X-ray index ( αox , e.g. Lusso et al. 2010 ) as 

ox = −
log ( L 2keV / L 

2500 Å) 

log ( ν2keV /ν2500 Å) 
, (1) 

here L 2keV and L 2500 Å are the luminosities at 2 keV and 2500 Å. We
nd αox is 2.46 ± 0.11 for PH18, but is only 1.40 ± 0.02 for Obs-1 of
X01. Paper-I shows that RX01 also has a complex X-ray spectral

hape when it is X-ray weaker. We include this Obs-2 spectrum as
he dashed black line in Fig. 4 (a). Clearly, it is not so extremely
-ray weak as PH18, as confirmed by its αox of 1.70 ± 0.02, but

he same mechanisms may well be at work, most likely absorption
nd scattering in a clumpy wind (Done & Jin 2016 ; Jin et al. 2017b ).
uch winds are clearly expected from super-Eddington sources. 
Then we compare the broad-band SED and optical/UV spectra of 

X01 to some other well-known super-Eddington AGN. 

.1.2 PHL 1092 (hereafter: PH10): typical WLQ 

H10, lying at z = 0.396, is often discussed as a WLQ, though
ts UV line REWs are slightly larger than the formal definition. Its

ass is M BH = 1.0 × 10 8 M �, similar to PH18, but is one order of
agnitude larger than RX01. Its mass accretion rate is only mildly

uper-Eddington at ṁ out = 2 . 2 (Miniutti et al. 2012 ; Marinello et al.
020 , see table 5). None the less, Fig. 3 panels a2 and b2 shows its
V/optical spectra (green line) are very similar in both continuum 

hape and line emission to RX01 (black line). Its broad-band SED
hows dramatic soft and hard X-ray variability. One SED observation 
Obs-1 of PH10, Fig. 4 a, green solid line) shows a strong soft X-ray
xcess, together with harder X-ray emission which has αox = 1.69, 
imilar ratio to the disc power as in RX01. The other SED observation
Obs-2 of PH10, green dashed line) shows a much reduced soft X-
ay flux, together with extremely weak and complex harder X-ray 
mission, whose αox increases to 2.49 ± 0.25, similar to the X-ray 
eak WLQ PH18. 

.1.3 1H 0707-495 (hereafter: 1H07): high- ̇m NLS1 

 dramatic change in the soft and hard X-ray fluxes is also seen in the
amous NLS1 1H07. This source shows a strong soft X-ray excess
nd stochastic dips in the 0.3–10 keV light curve as observed by e.g.
MM–Newton and eR OSITA (W ilkins et al. 2014 ; Done & Jin 2016 ;
oller et al. 2021 ). The drastic X-ray variability may be originated

rom complex absorption in the wind (Hagino et al. 2016 ; Parker
MNRAS 518, 6065–6082 (2023) 
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Figure 3. Comparing the optical/UV spectrum of RX J0134.2-4258 (black) with the WLQ PHL 1811 (orange) and PHL 1092 (green), the X-ray complex 
super-Eddington NLS1 1H 0707-495 (magenta), the X-ray simple super-Eddington NLS1 RX J0439.6-5311 (red), the X-ray QPO NLS1 RE J1034 + 396 (blue), 
and a QSO composite spectrum (light blue, from Francis et al. 1991 ). In every panel, the standard thin disc model with flux density ∝ λ−7/3 is plotted as the 
dotted gre y curv e for comparison. All the spectra hav e been corrected for the Galactic reddening, de-redshifted to their rest-frames and rescaled to the similar 
flux level of RX J0134.2-4258 for ease of comparison. The scaling factor is shown in every panel. There are two separate optical spectral segments for PHL 

1092, thus different scaling factors are applied. The UV spectra of all the sources are all from archi v al HST observ ations. References for the optical spectra are as 
follows: RX J0134.2-4258 (this work), PHL 1811 (Leighly et al. 2007b ), PHL 1092 (Marinello et al. 2020 ), 1H 0707-495 (Done & Jin 2016 ), RX J0439.6-5311 
(Jin et al. 2017b ), and RE J1034 + 396 (Jin et al. 2012a ). 
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t al. 2021 ). Besides, it has a similar super-Eddington accretion flow
s RX01, with ṁ ∼ 20 –30, by an order of magnitude lower mass,
 BH = 2 × 10 6 M � (Done & Jin 2016 , see table 5). We show its
V/optical spectra in magenta in Fig. 3 panels a3 and b3. Plainly,

ts optical continuum and lines are very similar to RX01 and WLQs.
o we ver, the UV lines are now not so much alike, in that 1H07

hows a substantial REW core which is not strongly blue-shifted
see table 4). Assuming that the blue-shifted wing of the C IV is
howing the wind strength, then 1H07 has a less strong wind despite
he accretion flow being similarly super-Eddington to RX01, and
NRAS 518, 6065–6082 (2023) 
uch more super-Eddington than PH18 and PH10. Fig. 4 (b) shows
hree distinct SEDs of 1H07 (magenta lines and data, similar to
hose reported by Done & Jin 2016 ) compared to both observations of
X01 (black solid and dashed lines). This clearly shows that not only
re the hard X-rays affected by this complex absorption/scattering
n the wind, but the shape and strength of the soft X-rays can also
hange. As a result, the optical-to-X-ray index αox varies between
.4 and 2.0. Thus, it may also be that the strangely weak soft X-ray
xcess in RX01 is due to some obscurers in our line of sight rather
han being intrinsic. 

art/stac3513_f3.eps
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Table 4. Comparison of optical/UV emission-line properties among super-Eddington NLS1s, WLQs and the composite QSO spectra from Francis et al. ( 1991 ) 
(F19). The line fitting method is described in Appendix A . The reported equi v alent widths are for the emission lines of Ly α plus the N V λ1238/1243 doublet, C 

IV λ1548/1551 doublet, Si IV λ1393/1402 doublet, Mg II λ2797/2803 doublet, Fe II (4434 – 4684 Å), and [O III ] λ5007. v blue is the velocity of the blue-shifted 
Gaussian component in that emission line. R Fe II is the flux ratio between the Fe II (4434 – 4684 Å) and H β broad Gaussian component. 

Source Ly α + N V REW Si IV REW C IV REW C IV v blue Mg II REW Fe II REW H β REW H β FWHM [O III ] REW R Fe II 

( Å) ( Å) ( Å) (km s −1 ) ( Å) ( Å) ( Å) (km s −1 ) ( Å) 

RE10 85.6 ± 8.6 22.6 ± 3.2 62.1 ± 5.3 −620 ± 550 22.6 ± 1.6 24.4 ± 1.8 31.7 ± 1.4 620 ± 20 33.1 ± 2.3 0.79 ± 0.07 
PH10 23.5 ± 2.4 6.6 ± 2.1 12.1 ± 2.5 −9900 ± 2400 – 53.2 ± 4.2 26.1 ± 5.4 1700 ± 300 4.5 ± 1.3 2.33 ± 0.45 
PH18 28.6 ± 2.9 7.9 ± 2.0 7.9 ± 2.5 −1900 ± 1200 13.8 ± 2.0 33.6 ± 3.0 36.1 ± 3.9 1900 ± 200 3.3 ± 2.8 1.11 ± 0.15 
RX04 37.3 ± 3.7 7.5 ± 2.0 – – – 27.6 ± 2.0 24.3 ± 2.5 4000 ± 800 6.3 ± 0.7 1.34 ± 0.16 
1H07 39.1 ± 3.9 6.9 ± 4.5 21.6 ± 5.9 −1200 ± 1100 9.8 ± 1.3 44.1 ± 3.3 25.4 ± 7.0 680 ± 60 4.7 ± 3.0 2.01 ± 0.47 
RX01 24.4 ± 2.4 8.4 ± 1.2 7.6 ± 1.5 −7600 ± 5700 12.1 ± 2.1 41.5 ± 3.4 23.8 ± 1.2 1410 ± 70 2.7 ± 0.8 1.74 ± 0.16 
(F19) 49.7 ± 5.0 9.0 ± 4.2 32.6 ± 7.0 −830 ± 510 26.7 ± 2.7 31.2 ± 9.3 67.5 ± 4.1 3210 ± 40 17.9 ± 8.2 0.53 ± 0.15 

Table 5. Comparison of the broad-band SED properties among super-Eddington NLS1s, WLQs, and mean quasar properties. For individual sources, typical 
black hole masses are adopted from the literatures listed below. Other parameters are measured from the SEDs shown in Fig. 4 . L bol and ṁ out are the bolometric 
luminosity and mass accretion rate through the outer disc. We do not provide errors for L bol , ṁ , or related parameters as they should be dominated by systematic 
SED model uncertainties that are difficult to estimate. μ is the observed radiati ve ef ficiency. μ0 = 0.057 is for the standard Shakura & Sunyaev ( 1973 ) disc with 
zero spin. k 2–10 keV , k 0.5–1 keV , and k 5100 Å are the bolometric corrections for 2–10 keV, 0.5–1 keV, and 5100 Å. f IR is the fraction of infrared dust luminosity 
in 1–50 μm relative to L bol . αox and αoptir are the optical-to-X-ray and optical-to-infrared spectral indices. Their statistical 1 σ errors are provided. The relative 
uncertainty of infrared luminosity is assumed to be 10 per cent. Zero spin is assumed for all the parameter values listed in this table. 

M BH L bol L bol / L Edd ṁ out μ μ/ μ0 k 2–10 keV k 0.5–1 keV k 5100 Å αox αoptir f dust 

(10 7 M �) 
(10 45 erg 

s −1 ) (%) 

RE J1034 + 396: (RE10, z = 0.042, moderate- ̇m X-ray simple NLS1) 
Obs-1 0.2 0.5 1.7 1.7 0.057 1.00 226 64 60 1.33 ± 0.07 1.23 ± 0.15 16 
PHL 1092 (PH10, z = 0.396, WLQ) 
Obs-1 10.0 29.8 2.3 2.3 0.057 1.00 399 61 23 1.69 ± 0.07 0.94 ± 0.08 26 
Obs-2 10.0 29.1 2.2 2.2 0.057 1.00 56900 12700 23 2.49 ± 0.25 0.87 ± 0.08 22 
PHL 1811 (PH18, z = 0.192, WLQ) 
Obs-1 15.0 89.2 4.6 7.4 0.035 0.62 16500 37900 17 2.46 ± 0.11 0.67 ± 0.08 17 
RX J0439.6-5311 (RX04, z = 0.242, high- ̇m NLS1: X-ray simple ) 
Obs-1 0.7 5.2 5.7 11.3 0.029 0.50 90 10 24 1.22 ± 0.04 0.91 ± 0.11 11 
1H 0707-495 (1H07, z = 0.041, high- ̇m NLS1: X-ray complex ) 
Obs-1 0.2 2.1 8.0 22.7 0.020 0.35 320 69 44 1.46 ± 0.04 0.57 ± 0.09 4 
Obs-2 0.2 2.6 9.9 31.2 0.018 0.32 1270 340 44 1.85 ± 0.06 0.45 ± 0.09 3 
Obs-3 0.2 1.7 6.5 26.4 0.014 0.25 2100 1460 33 2.02 ± 0.08 0.55 ± 0.09 5 
RX J0134.2-4258 (RX J0134.2-4258, z = 0.237, high- ̇m NLS1 & WLS) 
Obs-1 2.0 16.3 6.3 20.6 0.017 0.31 75 149 22 1.40 ± 0.02 0.66 ± 0.08 12 
Obs-2 2.0 17.3 6.7 26.2 0.015 0.26 319 600 20 1.70 ± 0.02 0.66 ± 0.08 13 
Quasar Mean SED (Elvis et al. 1994 ) 
– – – – – – – 27 48 6 1.38 0.80 34 
Quasar Mean SED (Richards et al. 2006 ) 
– – – – – – – 103 109 4 1.53 0.85 37 

Note. References for the redshifts and black hole mass estimates: RE10: Jin et al. 2021 ; PH10: Miniutti et al. 2012 ; Marinello et al. 2020 ; PH18: Leighly et al. 
2007a , b ; RX04: Jin et al. 2017a , Jin et al. 2017b ; 1H07: Done & Jin 2016 ; RX J0134.2-4258: this work; Quasar mean SEDs: Elvis et al. 1994 , Richards et al. 
2006 . 
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.1.4 RX J0439.6-5311 (hereafter: RX04): high- ̇m NLS1 

e explore this further using another super-Eddington source, RX04 
 ̇m out = 5 . 9 for M BH = 7 × 10 6 M �: Jin et al. 2017b , see table 5).
his is an archetypal X-ray simple NLS1 so has very little complex
-ray variability, making it likely that we have a clean line of sight to

his object. Fig. 3 panels a4 and b4 show the UV and optical spectra
f RX04 (red spectra) compared to RX01. Again there is a continuum
end in the UV, indicating that this is an intrinsic feature rather than
eing due to reddening in the host galaxy . Unfortunately , the HST
pectra do not co v er the C IV line, but the Ly α+ N V REW is larger
han the formal definition of a WLQ despite the similarity in Si IV
ine shape and REW (see Table 4 ). Fig. 4 (c) shows the broad-band
ED of RX04 (red line) compared to the Obs-1 SED of RX01 (black

ine). The soft X-ray excess of RX04 is much stronger than RX01,
hich is quantitatively confirmed by the smaller optical-to-X-ray 
ndex αox of RX04 (see Table 5 ). 

A possible explanation is that the soft excess of RX01 is in-
rinsically present, but is severely suppressed due to complex and 
ariable obscuration/scattering in the wind. Indeed, this is also seen 
n the variability of PH10 and 1H07 that the extent of the soft X-
ay emission can be dramatically reduced. Especially, the soft X-ray 
right state of PH10 (its Obs-1, green solid line in Fig. 4 c) looks
ike RX04, while the soft X-ray weak state of PH10 is more like
X01. Ho we ver, while wind obscuration/scattering seems to be a
ood explanation for the extremely weak soft excess of RX01, it
emains difficult to understand how its hard X-rays are apparently 
een directly, i.e. not suppressed by the wind as much as the soft
xcess does. 
MNRAS 518, 6065–6082 (2023) 
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Figure 4. Comparing the two SEDs of RX J0134.2-4258 in its Obs-1 and Obs-2 with some other AGN, whose SEDs have been rescaled to match the SED of 
RX J0134.2-4258 in Obs-1 at 2500 Å. The scaling factors have been shown in every panel. Panel (a): Comparing the two SEDs of RX J0134.2-4258 (Obs-1: 
black solid, Obs-2: black dash) with two WLQs, namely PH18 (orange) and PH10 (green). The high-flux SED of PH10 was observed by XMM–Newton in 
2003-07-18 (Obs-1, green solid), while the low-flux SED was observed in 2008-01-20 (Obs-1, green dash). Panel (b): Comparing with the representative X-ray 
comple x super -Eddington NLS1 1H07 (Done & Jin 2016 ). We show three distinct X-ray spectra from different XMM–Newton observations in 2010-09-15 
(Obs-1, magenta), 2007-05-14 (Obs-2, green), and 2011-01-12 (Obs-3, blue). The best-fitting disc plus torus model of 1H07 (magenta dotted line) is based on 
the OM data obtained in its Obs-1. Panel (c): Comparing with two representative X-ray simple super-Eddington NLS1s, including RX04 (Jin et al. 2017b ) and 
RE10 (Jin et al. 2021 ). The Obs-1 SED of PH10 (green solid) is also plotted for comparison. Panel (d): Comparing with the quasar mean SEDs reported by 
Elvis et al. ( 1994 ) (cyan solid) and Richards et al. ( 2006 ) (cyan dash). 
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.1.5 RE J1034 + 396 (hereafter: RE10): moderate- ̇m NLS1 

lternativ ely, we e xplore the idea that the very steep soft X-ray
mission of RX01 is intrinsic. One of the steepest soft X-ray AGN
s RE10, a source which uniquely shows a persistent X-ray quasi-
eriodic oscillation in AGN (QPO: Gierli ́nski et al. 2008 ; Middleton,
ttley & Done 2011 ; Alston et al. 2014 ; Jin, Done & Ward 2020 ).
NRAS 518, 6065–6082 (2023) 
his is a very low mass black hole, with ṁ out = 1 . 7 for M BH =
 × 10 6 M � (Jin et al. 2021 ). Fig. 3 panels a5 and b5 show its UV
nd optical spectra (blue spectra) compared to RX01. Plainly, the
ptical spectrum is very different, probably due to strong host galaxy
ontamination (e.g. Czerny et al. 2016 ; Jin et al. 2021 ). The UV
ontinuum shape is similar to RX01 (black line) but the UV lines
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re much stronger, making it unlike a WLQ (see Table 4 ). Fig. 4 (c)
lso includes the broad-band SED of RE10 (blue line), with a similar
ard X-ray shape as in RX01, but a much stronger steep soft X-ray
 xcess. The optical-to-X-ray inde x αox of RE10 is 1.33 ± 0.07. The
ery steep soft X-ray emission here is most likely the inner edge of the
isc, with perhaps a small contribution from a warm Comptonization 
egion (see e.g. Done et al. 2012 ). This very steep soft X-ray spectrum
s a feature of the newly disco v ered Quasi-Periodic Eruptions (QPE),
een in a very rare class of AGN. Intriguingly, the characteristic 
ruptions are clearly marked by a dramatic increase in soft X-ray 
xcess emission (Miniutti et al. 2019 ; Arcodia et al. 2021 ). 

.1.6 AGN composite spectra 

inally, we compare the composite QSO spectrum from Francis et al. 
 1991 ) with RX01, as shown in the cyan line in Fig. 3 panels a6 and
6. In the optical band, the composite spectrum has stronger oxygen 
ines and weaker Fe II lines, indicating that the average Eddington 
atio of the QSO sample is smaller. In the UV band, the composite
pectrum has a continual shape similar to RX01 and PH18, making 
t quite unlikely that the bend away from the standard disc shape in
he UV is due to host galaxy reddening as this would require the
X01, PH18 and the composite spectrum to have very similar E ( B
V ). Instead, the bend looks like an intrinsic spectral feature. The

omposite spectrum also has stronger and less blue-shifted emission 
ines than WLQs. For example, we measure Ly α + N V REW = 49.7

and C IV REW = 32.6 Å for the composite spectrum, which are
ven larger than 1H07 and RX04 (Table 4 ). The SED shape is very
ifferent to all the super-Eddington SEDs, with no strong evidence 
or a larger extreme-UV (EUV) component (Fig. 4 d). 

.1.7 WLS galaxy 

o summarize this section: RX01 has weak and blue-shifted UV 

mission lines sufficient to class it as a WLQ, but it has much lower
lack hole mass and higher mass accretion rate than most WLQs. 
hile at the moment this is a unique object, we propose that such

ources be called WLSs. 
In comparison, objects with similarly super-Eddington mass ac- 

retion rates as RX01, but lower masses have UV emission lines
hich are not so weak and blue-shifted, so would not be defined as
LS, but rather classed as super-Eddington NLS1. 
Most super-Eddington AGN with both low and high black hole 
asses show strong and complex soft and hard X-ray variability, 

lausibly due to an absorption/scattering in a clumpy wind. Our 
iewing angle with respect to this wind as well as the wind properties
ill determine the impact of this extrinsic variability (separate to the 

ntrinsic variability of the corona/soft X-ray emission region) on the 
bserved X-ray spectrum. This impacts on the derived optical-to-X- 
ay index αox , by reducing the observed X-ray flux when the wind
aterial is in the line of sight, so that these events can be identified

y the source being X-ray weaker than expected at a given 2500 Å
uminosity. 

Interestingly, the dusty torus offers an independent viewing angle 
hich is nearly edge-on (Antonucci 1993 ). It reprocesses the emis-

ion from the inner accretion flow and re-emits in the near infrared,
hus the intensity of infrared torus emission may also provide clues 
bout the properties of accretion flow. Indeed, Fig. 4 (a) shows that
he relative infrared luminosities of RX01 and PH18 are very similar.

ore quantitatively, we adopt the optical-to-infrared index ( αoptir , 
astell ́o-Mor et al. 2017 ) as 

optir = −
log ( L 

2500 Å/ L 5 μm 

) 

log ( ν
2500 Å/ν5 μm 

) 
, (2) 

here L 2500 Å and L 5 μm 

are the luminosities at 2500 Å and 5 μm.
ssuming an uncertainty of 10 per cent for the infrared luminosity,
e find αoptir is 0.67 ± 0.08 for PH18 and 0.66 ± 0.08 for both SEDs
f RX01 (see Table 5 ). Hence, it is likely that their torii also see
imilar SEDs from their separate accretion flows, which increases 
he global similarity between WLS and WLQs. 

.2 Efficiency of Super-Eddington accretion flows in AGN 

he global radiative efficiency ( μ) is a key parameter of the accretion
ow around SMBHs, which indicates the fraction of accreted energy 

hat is converted into radiation. μ can be estimated by measuring the
ifference between the observed Eddington ratio and mass accretion 
ate (Davis & Laor 2011 ). In Table 5 , we have estimated the radiative
fficiency for RX01 from its best-fitting SEDs, which is found to be ∼
0 per cent of the theoretical efficiency μ0 = 0.057 of a standard thin
isc for M BH = 2 × 10 7 M � and zero spin. Likewise, we measure μ
or the other AGN mentioned in this work based on their best-fitting
EDs, which are shown in Table 5 . 
We find that as ṁ out increases, μ decreases significantly. This 

s qualitatively consistent with theoretical expectation that as the 
ccretion flow becomes more super-Eddington, its properties deviate 
rom the standard thin disc more significantly, the advection and 
ind may carry away a larger fraction of accretion energy, thus the
lobal radiative efficiency becomes smaller. For instance, Poutanen 
t al. ( 2007 ) derived a simple equation, L bol / L Edd = 1 + x ·ln( ̇m out ), to
escribe the relation between the Eddington ratio and mass accretion 
ate for super-Eddington accretion flows. The x factor is directly 
elated to μ. For a super-Eddington disc with advection but without
utflow, the x factor is 1.0; while for a disc with outflow but without
dvection, the x factor is 0.6. In Fig. 5 , we plot our small AGN
ample on the parameter space of ṁ out and L bol / L Edd , and compare
hem with various theoretical relations. We find that for a fixed
˙  out , the observed Eddington ratio is a factor of few higher than the
isc + advection and disc + outflow model, and the deviation increases
s AGN becomes more and more super-Eddington. This suggests that 
hile the actual radiative efficiency of a super-Eddington accretion 
ow is significantly lower than that of a standard thin disc (Shakura
 Sunyaev 1973 ), it remains higher than those predicted by previous

uper-Eddington disc models. 
Based on the six AGNs in Fig. 5 , we perform second-order

olynomial model fit to derive an empirical relation between ṁ out 

nd L bol / L Edd , 

og ( L bol /L Edd ) = a 0 [ log ( ̇m out )] 
2 + a 1 log ( ̇m out ) + a 2 , (3) 

here a 0 = −0 . 234 + 0 . 237 
−0 . 136 , a 1 = 0 . 919 + 0 . 170 

−0 . 189 , and a 2 = 0 . 044 + 0 . 009 
−0 . 104 are

erived from the parameter values and inferred uncertainties. This 
quation can be used to infer the radiative efficiency for an AGN
ith 1 . 7 ≤ ṁ out � 50, but it is limited by the small sample size, and

o it should be refined by future large sample studies. 
Fig. 5 also shows the inferred uncertainty region for every source.

he uncertainty of μ is mainly caused by the measurement accuracies 
f the black hole mass M BH , spin a ∗ (we assumed spin 0 in this
ork as a conserv ati ve limit) and bolometric luminosity L bol . The

ypical measurement uncertainty of L bol is a few tens of per cent
or a well-defined SED of an unobscured super-Eddington AGN 

ith high-quality optical/UV and soft/hard X-ray data (e.g. Jin et al.
MNRAS 518, 6065–6082 (2023) 
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Figure 5. The relation between the mass accretion rate ( ̇m out ) and Eddington 
ratio ( L bol / L Edd ) in the super-Eddington regime. Star symbols indicate the six 
super-Eddington AGN whose parameters are listed in Table 5 . The circular 
symbol indicates the 3D MHD simulation of a super-Eddington accretion 
disc reported by Jiang et al. ( 2014 ) (J14). The shaded regions indicate the 
uncertainty caused by the estimates of black hole mass and luminosity, 
assuming L bol /L Edd ≤ ṁ out . The red dash line indicates an accretion disc 
model with advection, as calculated by Poutanen et al. ( 2007 ), with the x 
factor being 1.0 in the L bol / L Edd = 1 + x ·ln( ̇m out ) equation. The blue dash 
line indicates an accretion disc model with outflow, with the x factor being 
0.6. The black dash line is the best-fitting second-order polynomial relation 
for the six AGNs (see equation 3 ). 

2  

u  

f  

o  

t  

a  

f  

F  

u  

e  

a  

s  

T  

r  

A  

d  

s
 

u  

e  

h  

4  

w  

w  

T  

b  

b  

o  

e  

t  

3
 

r  

b  

s  

r  

a  

c  

e  

w  

r

5
d

S  

h  

t  

A  

o  

p  

a  

2  

S  

a  

l  

R  

2  

S  

o  

d  

fl  

X  

w  

y  

s  

l  

w
 

d  

t  

U  

w  

p  

i  

i  

m  

m  

i  

b
i

 

s  

2  

t  

o  

s  

f  

g  

S  

m

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/4/6065/6862101 by guest on 14 D
ecem

ber 2023
012c , 2013 , 2017b ; Jin et al. 2021 ). The black hole spin is largely
nknown, b ut Da vis & Laor ( 2011 ) showed that spin can introduce a
ew tens of per cent uncertainty on ṁ out . However, this can be easily
 v erwhelmed by the uncertainty of black hole mass estimate, because
his uncertainty can be a factor of few, and we have ṁ out ∝ M 

−2 
BH for

n observed optical/UV luminosity, so the uncertainty propagated
rom M BH to ṁ out is square-amplified. The uncertainty regions in
ig. 5 are based on these black hole mass ranges and ± 50 per cent
ncertainty of L bol , and we have also assumed that L bol / L Edd cannot
xceed ṁ out . We find that except RE10 and PH10 whose ṁ out values
re only 1.7 and 2.3, all the other uncertainty regions lie between the
tandard thin disc model and the disc + advection/outflow models.
herefore, considering various measurement uncertainties, it appears

obust that the observed radiati ve ef ficiencies of our super-Eddington
GN sample are indeed lower than the prediction of standard thin
isc model, but significantly higher than predictions of theoretical
uper-Eddington disc models. 

It is also useful to compare our results with numerical sim-
lations of super-Eddington accretion flows. For example, Jiang
t al. ( 2014 ) performed three-dimensional (3D) radiation magneto-
ydrodynamical (MHD) simulations for an AGN with M BH =
.2 × 10 6 M � and ṁ out = 12 . 5. These parameters are comparable
ith those of RX04. Jiang et al. ( 2014 ) reported L bol / L Edd ∼ 10,
hich then leads to μ = 0.045, as shown by the star symbol in Fig. 5 .
his radiative efficiency is significantly higher than those predicted
y most theoretical models. It is caused by the inclusion of magnetic
uoyancy in the simulation, which enhances the vertical advection
f radiation, thereby increasing the global radiative efficiency. The
fficiency we found for RX04 is 0.029, which is also much higher
NRAS 518, 6065–6082 (2023) 
han previous theoretical models, but is ∼ 55 per cent lower than the
D MHD simulation. 
The observed correlation in Fig. 5 for the extreme super-Eddington

egime is broadly consistent with the moderate correlation reported
y Davis & Laor ( 2011 ) using a much larger sample of both sub- and
uper -Eddington Palomar -Green quasars. Da vis & Laor ( 2011 ) also
eported a significant correlation between the radiative efficiency
nd the black hole mass, which can be explained by the mass-spin
orrelation predicted by the cosmic evolution of SMBH (Fanidakis
t al. 2011 ). We do not find such a relation in our small sample,
hich is probably because these six AGN only co v er a narrow mass

ange, and so the effect of mass-spin correlation is negligible. 

.3 A proposed picture for Super-Eddington accretion flows 
epending on M BH 

and ṁ out 

uper-Eddington NLS1s and WLQs are both characterized by their
igh mass accretion rates, but their black hole masses differ by more
han one order of magnitude, thus comparing these two types of
GN can bring new insights on the super-Eddington accretion flow
f SMBH. Based on their different multi-wavelength properties, a
uffed-up inner disc scenario was proposed for both types of SMBH
ccretion systems (e.g. Luo et al. 2015 for WLQs and Jin et al.
017b for NLS1s). This was discussed even in the original paper of
hakura & Sunyaev ( 1973 ), where they show that the flow forms
 quasi-spherical funnel when the disc reaches the local Eddington
imit, within the spherization radius r sp = R sp /R in ∼ ṁ out where
 in is the inner radius (see also Poutanen et al. 2007 ; Kubota & Done
019 ). We can derive a rough estimate of this radius for each object.
uch an inner disc structure will produce a geometric collimation
f the inner disc/soft X-ray/hard X-ray emission. This inclination
ependence will be enhanced by any wind from the super-Eddington
ow, and strong evidence for a wind is seen in the rapid and complex
-ray v ariability. Ho we ver, both the funnel and the super-Eddington
ind might be expected to depend only on ṁ out rather than on mass,
et we showed examples in the previous section where sources at
imilar high Eddington fractions have weaker/more blue-shifted UV
ines at higher masses, so there should be another intrinsic factor at
ork as well. 
One possibility is that there is an additional wind from the disc

ue to UV line driving. This is already implicated in the WLQ by
he fact that the UV lines (C IV and Ly α + N V ) are blue-shifted.
V line driving is sensitively dependent on the disc temperature
hich depends on M BH as well as ṁ out . A continuum SED which
eaks in the UV (as in the mildly super-Eddington high-mass AGN)
s much more efficient in UV line driving than one that peaks
n the EUV/soft X-rays (as in the strongly super-Eddington low-

ass NLS1s). Hence, this gives a component which depends on
ass as well as ṁ out . Based on the abo v e ideas, we compare the

nferred structure of super-Eddington accretion discs for different
lack hole masses and mass accretion rates, which is shown 
n Fig. 6 . 

The first row is the puffed-up disc scenario proposed for WLQs
uch as PH18 and PH10 (e.g. Wu et al. 2012 ; Luo et al. 2015 ; Ni et al.
018 ). Since their mass accretion rates are close to or slightly abo v e
he Eddington limit, the puffed up region is quite small (a few tens
f R g ), and the Eddington wind is not very po werful. Ho we ver, these
tructures shield the rest of the disc from the hottest emission (inner
unnel and X-ray corona). The maximum outer disc temperature is
iven at the radius where the puffed up region starts. To infer the
ED shape outside the spherization radius, we adopt the optxagnf
odel (Done et al. 2012 ) and take the best-fitting M BH and ṁ out 
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Figure 6. The inferred structure of the super-Eddington accretion flows in the WLS RX J0134.2-4258 and some super-Eddington NLS1s and WLQs discussed 
in this work. The disc structure depends on the black hole mass and mass accretion rate, which then leads to different properties of multiwavelength emission. 
Another famous WLQ-like AGN in the local Universe is PSD 456, which has M BH ∼ 10 9 M � and ṁ out ∼ 1, and it may also belong to the scenario (a). 
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isted in Table 5 as inputs, 4 and then truncate the SED at R sp . As
hown in Fig. 7 , for WLQs with masses of ∼10 8 , this outer disc
mits in the UV, and is just below Eddington. This should power an
xtremely strong UV line-driven disc wind. This shields the standard 
LR from the outer disc from the inner UV/X-ray emission, so the

tandard BLR which makes the core of the lines is weak, so the UV
ines are dominated by the wind emission, giving the characteristic 
lueshift of the BLR line profile. In Fig. 6 , we also show the failed
ust-driven wind from the model of Czerny & Hryniewicz ( 2011 ),
here it is suggested that the BLR is itself a (failed) wind, but driven
y dust rather than by the UV. 5 
 As a rough comparison, we take the average ṁ out of 25 for 1H07, and 20.6 
or RX01. 
 This disc scenario may also be applicable for another famous AGN called 
DS 456. It is a low-redshift AGN located at z = 0.184 with M BH ∼ ×10 9 M �
nd L bol / L Edd ∼ 1.0 (Simpson et al. 1999 ; Reeves et al. 2000 ). It is famous for 
howing extreme X-ray variability and X-ray absorption features indicating 
ltra-fast outflo ws (Ree ves et al. 2020 and references therein). Besides, it is 
nown to show weak [O III ] λ5007 line with REW < 2 Å (Simpson et al. 
999 ), as well as weak UV high-ionization lines such as C IV REW = 14.7 Å
nd broad UV absorption lines (Hamann et al. 2018 ). These multiwavelength 
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The second row of Fig. 6 shows the disc scenario for the archetypal
uper-Eddington NLS1 RX04 (Jin et al. 2017b ). Comparing to PH18,
ts black hole mass is one order of magnitude lower, and its mass
ccretion rate is one order of magnitude higher, thus we expect the
isc to be much hotter ( T 4 eff ∝ M 

−1 
BH ṁ ) and the puffed-up disc region

o be larger ( ∼ 50 R g ), and so the super-Eddington disc wind may
e more powerful. This again shields the outer disc from the hottest
arts of the disc, but the disc temperature just outside of the funnel
egion is somewhat hotter than seen in WLQs (see Fig. 7 ). This
tronger emission below 200 Å could be enough to o v er-ionise the
isk wind, so the UV line driving is not efficient. The UV wind then
oes not shield the core of BLR as efficiently, so the core of the UV
ines (e.g. C IV ) are stronger, as well as the blue-wing of the lines
eing weaker (due to the weaker UV wind), so these line profiles do
ot meet the criteria for a WLQ. 
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roperties are similar to RX01 and PH18, although its C IV is still stronger 
han the definition of WLQ. PDS 456 also shows a low level of radio emission, 
lthough it can be classified as a radio-quiet AGN (Vignali et al. 2000 ; Yang 
t al. 2021 ). 
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M

Figure 7. Comparison of the inferred SEDs produced by the disc region 
outside the spherization radius ( R sp ∼ R in ṁ out = 6 R g ṁ out ) of the four 
super-Eddington AGN. The optxagnf model is adopted and is truncated 
at R sp . The input M BH and ṁ out are from Table 5 . Since only the shape of 
SED is concerned, arbitrary scaling factors have been applied to make the 
four SEDs matching in the optical. It is clear that the SED shapes of the outer 
discs of RX01 and PH18 are very similar to each other, which explains their 
similar weak-line properties; while the SED shapes of RX04 and 1H07 are 
also similar to each other and contain a lot more high-energy flux, which 
makes the UV line-driven wind inefficient in these two sources. 
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The abo v e picture is further supported by the multi-wav elength
roperties of the WLS RX01, whose black hole mass and mass
ccretion rates are both higher than RX04, as shown in the third row
f Fig. 6 . In this case, higher mass accretion rate means that the
isc can begin to puff up at an even larger radius of ∼ 100 R g , and
o an even stronger super-Eddington wind is expected. This clumpy
ind absorbs the soft X-rays of RX01 and causes its drastic X-ray
ariability, similar to those observed in PH10 and PDS 456. But the
mission from the disc outside of the funnel is now similar to that
f the WLQ (see Fig. 7 ), so this can have a similarly strong UV
ine driven wind, and so weak core lines from the BLR, and UV
ines dominated by the UV line driven disc wind. Then the UV line-
riving mechanism still works efficiently at outer/cooler disc region,
aking RX01 the so far unique WLS. This also explains why RX01

nd PH18 show similar infrared luminosity from hot torus relative to
heir optical luminosity. 

A jet is also drawn in this picture, because the radio-loudness of
E10 was reported to be ∼ 17, and so it was a marginally RL NLS1
ore than one decade ago (Gelbord, Mullaney & Ward 2009 ). But

ur latest observation campaign shows that now it becomes a radio-
uiet source, and so its jet emission may be episodic (see more details
n Paper-III). 

The last row of Fig. 6 shows the disc scenario for 1H07, whose
˙  out is similar to RX01, but with one order-of-magnitude lower black
ole mass. In this case, the accretion disc is the hottest among all the
GN mentioned abo v e, and so the super-Eddington wind is also the

trongest, which leads to drastic X-ray variability (e.g. Hagino et al.
016 ; Done & Jin 2016 ; Boller et al. 2021 ; Parker et al. 2021 ). The
NRAS 518, 6065–6082 (2023) 
isc emission outside of the funnel region is now similar to RX04
see Fig. 7 ), just a little too high for the UV line driving to be efficient,
o the blue-shifted line from the wind is not strong and the core BLR
s not shielded. This explains why 1H07 does not turn out to be a

LS. 
Finally, we emphasize that our study of the similarities and

ifferences between super-Eddington NLS1s and WLQs is just at
he beginning. More similarities/differences may be found by future
tudies, including detailed photoionization analyses of the BLRs of
uper-Eddington NLS1s and WLQs assuming different illuminating
EDs. If the abo v e scenarios are generally correct, we speculate that
urther studies may find more WLS, as well as more WLQs showing
rastic X-ray variability. 

 SUMMARY  A N D  C O N C L U S I O N S  

e carried out a multiwavelength campaign on the enigmatic super-
ddington NLS1 RX J0134.2-4258 from radio to optical/UV to X-

ays, using both space and ground-based telescopes. In this work,
e present a detailed optical/UV spectroscopic analysis as well as
road-band SED analysis from infrared to X-rays, and compare these
ulti-wavelength properties with other super-Eddington NLS1s and
LQs, thereby yielding deeper understanding about the super-

ddington accretion flows around SMBHs. The main results of this
aper are summarized below: 

(i) The optical/UV spectra of RX J0134.2-4258 show extremely
eak UV high-ionization lines such as C IV , Si IV and N V , which

re consistent with the definition of a WLQ. Together with other
imilarities such as the drastic X-ray variability and optical-to-
nfrared flux ratio, we propose RX J0134.2-4258 as a new category
f AGN, namely the WLS, which can be considered as the low-mass
nd higher mass accretion rate counterpart of WLQs. 

(ii) We build the broad-band SED of RX J0134.2-4258, which
hows that the soft excess of RX J0134.2-4258 is more than one
rder of magnitude weaker than in X-ray simple super-Eddington
LS1s. For a preferred black hole mass of 2 × 10 7 M � and a ∗ = 0,

he mass accretion rate ṁ out is found to be ∼ 20, L bol / L Edd is ∼ 6,
o the radiative efficiency is only ∼ 30 per cent of that of a standard
hin disc. 

(iii) by performing a systematic comparison within a small but
epresentative super-Eddington AGN sample, we find that the most
xtreme NLS1s with similarly large ṁ out but smaller masses than RX
0134.2-4258 do not show similarly weak and wind-dominated UV
igh-ionization lines as WLQs and WLS do. Thus, the properties
f accretion flow should depend on both black hole mass and mass
ccretion rate. 

(iv) In the super-Eddington regime, the observed global radiative
fficiency of the accretion flow decreases significantly as the mass
ccretion rate increases. The measured efficiency is higher than
xpected from the standard thin disc model and previous super-
ddington disc models, but lower than previous 3D MHD simulations
f super-Eddington AGN discs. 
(v) We propose a picture to show the dependence of super-

ddington accretion flows on the black hole mass, mass accretion
ate, and inclination angle, which can be used to qualitatively
nderstand the multi-wavelength spectral differences between dif-
erent subtypes of super-Eddington AGN, including super-Eddington
LS1s, WLQs, and WLS. 

The multiwavelength long-term variability of RX J0134.2-4258
rom radio to X-rays as revealed by our ATCA observations and
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ngoing Swift observations will be presented in our next paper (Paper- 
II). 
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PPENDI X  A :  OPTI CAL/ UV  SPECTRAL  

NALYSI S  

1 Optical spectral analysis 

he optical spectrum of RX J0134.2-4258 resembles a typical NLS1
alaxy. In order to determine the parameters of various emission lines
nd continuum, we perform a detailed fitting to the optical spectrum.
irstly, the spectrum is corrected for the Galactic dust reddening with
 ( B − V ) = 0.0144 (Schlafly & Finkbeiner 2011 ) and the extinction
odel in Fitzpatrick & Massa ( 2007 ). Then the wavelength and flux

re de-redshifted to AGN’s rest frame with z = 0.237. Then, we adopt
he prescription described in Dong et al. ( 2008 ) to fit the spectrum. 

The model of Dong et al. ( 2008 ) comprises a power law with a
lope of −2.5 for the underlying continuum, and an Fe II template
rom V ́eron-Cetty, Joly & V ́eron ( 2004 ). Since no stellar absorption
eatures can be identified in the spectrum, star lights from host galaxy
hould not affect our emission line fitting, and so we do not include
 host galaxy component. This is also confirmed by the extremely
eak host galaxy component in the best-fitting SED model in Fig. 2 .
ll the narrow emission lines are fitted with Gaussian profiles of

he same shape. [O III ] λ5007 is fitted with two Gaussian profiles,
ne for the central component, and the other for the blue-shifted
omponent. The intensity ratios of emission line doublets such as
O III ] λ4959/5007 and [N II ] λ6550/6585 are fixed at their theoretical
alues. For the broad Balmer lines, we first try Lorentzian profiles
o fit the broad component (Zhou et al. 2006 ; Goad, Korista & Ruff
012 ; Rakshit et al. 2017 ). The velocity shifts and line widths of
 α and H β are kept the same, but their fluxes are left as free
arameters. This model configuration assumes that different line
omponents can have different Balmer decrements, which is possible
ecause different emission line regions may have different electron
ensities and ionization states (e.g. Kwan & Krolik 1979 ; Mathews,
lumenthal & Grandi 1980 ; Jin et al. 2012a ; Jin, Ward & Done
012b ). 
Fig. A1 shows the fitting results for the entire optical spectrum.

ll the line parameters are listed in T able A1 . W e can see that Balmer
ines (e.g. H α, H β) are well fitted by this Lorentzian decomposition.
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RX J0134.2-4258 – II. A WLS linking to the WLQ 6081 

Figure A1. The de-reddened and de-redshifted optical spectrum (black) 
of RX J0134.2-4258 observed by SSO in 2019-12-19, and the best-fitting 
model (red) with multiple components including the intrinsic accretion disc 
continuum, Fe II emission, and multiple Gaussian/Lorentzian profiles to fit 
various strong emission lines. No significant host galaxy contribution is found 
in the spectrum. 

Figure A2. Fitting the H α and H β lines with multiple Gaussian profiles. 
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Figure A3. Fitting the Mg II λ2797/2803, C IV λ1548/1551, N V λ1238/1243 
lines with multiple components. G1 and G2 indicate the two Gaussian 
components for the line’s core region and blue wing. All the spectra are 
continuum subtracted. 
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he FWHM of the broad component is 1140 ± 20 km s −1 , which is
onsistent with the value reported by Grupe et al. ( 2010 ). The REW
f the narrow component (NC) of H β is only 0.1 ± 0.5 Å, and its
almer decrement is 28 + 18 

−3 . In comparison, the Balmer decrement of
he broad component (BC) is 2.76 ± 0.16, which is a typical value
f AGN’s broad-line region (BLR; e.g. Shen et al. 2011 ; Jin et al.
012b ; Shen & Ho 2014 ). A possible explanation is that at least part
f the NC flux is from a region in the host galaxy where the dust
xtinction is severe, thus it contributes a lot more NC flux in H α

han H β. One way to test this is to check other hydrogen lines such
s Pa α in the near infrared, but no spectral data are available in this
and. 
Ho we ver, it is also possible that the large Balmer decrement of NC

s a consequence of line decomposition, which is often ambiguous. 
s a further test, we follow the procedure of Liu et al. ( 2019 ) to fit

he Balmer lines by replacing the BC Lorentzian profile with two 
road Gaussian profiles, i.e. an intermediate component (IC) and a 
C (e.g. Zhu, Zhang & Tang 2009 ; Jin et al. 2012a ). As shown in
ig. A2 , this model can also provide good fits to the Balmer lines. The
WHMs of NC, IC, and BC are found to be 300 ± 20, 1140 ± 70,
nd 3520 ± 170 km s −1 , respectively. The Balmer decrement is
.7 ± 1.8, 2.9 ± 0.4, and 2.1 ± 0.3 for the three components. Thus,
C also appears heavily reddened. In this case, the ratio of H β

C/[O III ] λ5007 is 0.6 ± 0.4, which is much larger than 0.06 ± 0.11
s found in the Lorentzian fit and in most AGN (e.g. Shen & Ho 2014 ).
ence, it is possible that the NC flux is o v erestimated in this line
ecomposition, and so we slightly prefer the Lorentzian method. The 
WHM of H β after subtracting the NC is 1410 ± 70 km s −1 , which

s slightly broader than in the Lorentzian decomposition. Therefore, 
here is indeed some ambiguity in the width of Balmer lines caused
y different line decomposition methods. 
Our spectral fits also confirm the existence of strong Fe II emission,

he REW of which is 41.5 ± 3.4 Å within 4434–4684 Å. The flux
atio between the Fe II line in 4434–4684 Å and the broad H β line is
 Fe II = 1.74 ± 0.16. After removing Fe II lines, [O III ] λ5007 is found

o be extremely weak, with the total REW being only 2.7 ± 0.8 Å. 

2 UV spectral analysis 

 special property of RX J0134.2-4258 is its weak and strongly
lue-shifted UV emission lines. We perform local spectral fitting to 
ndividual UV lines, such as the Mg II λ2797/2803, C IV λ1548/1551,
 V λ1238/1243 doublets. The fits are plotted in Fig. A3 , and the

ine parameters are listed in Table A2 . 
The Mg II λ2797/2803 doublet can be well fitted with two

orentzian components of the same shape and flux, as shown in
ig. A3 (a). The velocity shift is found to be −380 ± 90 km s −1 ,

ndicating that the line is slightly blue shifted. The FWHM is found
o be 1170 ± 240 km s −1 , which is similar to the width of H β. 

The C IV line is much more blue-shifted and extended. It contains
wo adjacent lines at 1548 and 1551 Å. Each of the two lines
re fitted with two Gaussian components, including a narrow core 
omponent and a broad and blue-shifted wing component. As shown 
n Fig. A3 (b), this model can fit the line very well. The core
MNRAS 518, 6065–6082 (2023) 
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able A1. Best-fitting parameters of some optical emission lines shown in
ig. 1 . tied means the value is tied to the corresponding component of H α

uring the spectral fitting. Errors represent 1 σ confidence limits. 

omponent Parameter Value Unit 

H α

arrow Gauss v line −260 ± 20 km s −1 

FWHM 280 ± 50 km s −1 

Flux 560 ± 160 10 −17 erg cm 

−2 s −1 

REW 8.6 ± 2.5 Å
road Lorentz v line −250 ± 10 km s −1 

FWHM 1140 ± 20 km s −1 

Flux 8540 ± 240 10 −17 erg cm 

−2 s −1 

REW 131.3 ± 3.6 Å
H β

arrow Gauss v line −260 tied km s −1 

FWHM 280 tied km s −1 

Flux 20 ± 70 10 −17 erg cm 

−2 s −1 

REW 0.1 ± 0.5 Å
road Lorentz v line −250 tied km s −1 

FWHM 1140 tied km s −1 

Flux 3090 ± 160 10 −17 erg cm 

−2 s −1 

REW 24.7 ± 1.2 Å
[O III ] λ5007 

ore Gauss v line −260 tied km s −1 

FWHM 280 tied km s −1 

Flux 40 ± 40 10 −17 erg cm 

−2 s −1 

REW 0.3 ± 0.3 Å
ing Gauss v line −310 ± 290 km s −1 

FWHM 770 ± 270 km s −1 

Flux 290 ± 90 10 −17 erg cm 

−2 s −1 

REW 2.4 ± 0.7 Å

omponent has an FWHM of 3250 ± 320 km s −1 , much broader
han the BC of H β, and its velocity shift is −1780 ± 70 km s −1 . The
ing component has a velocity shift of -5160 ± 660 km s −1 and a
uch larger FWHM of 7800 ± 800 km s −1 . These two components

ave a total REW of 3.8 ± 1.5 Å. The total REW of the C IV

oublet is much smaller than that measured from the major AGN
opulation (e.g. 30 Å in the quasars’ composite spectrum: Luo et al.
015 ; Coatman et al. 2016 ). The weak and blue-shifted C IV doublet
esembles WLQs. 

The Si IV λ1393/1402 doublet has a different shape from C IV .
he velocity shift of the core component is −710 ± 230 km s −1 , and

ts FWHM is 860 ± 320 km s −1 . The broad component is shifted by
1890 ± 20 km s −1 , with an FWHM of 3660 ± 40 km s −1 . Therefore,

he line width and velocity shift of Si IV are less extreme than C IV .
NRAS 518, 6065–6082 (2023) 
able A2. Best-fitting parameters of some UV emission lines shown in Fig. 1 .
or the Mg II λ2797/2803, C IV λ1548/1551 and Si IV λ1393/1402 doublets,
 line ratio of 1:1 is adopted, and the reported flux and REW are only for one
ine. The N V λ1238/1243 doublet parameters are not listed here because the
ine is assumed to have the same shape as C IV λ1548/1551, except that its
ux is higher by a factor of 2.2 ± 0.4. Errors are 1 σ confidence limits. 

omponent Parameter Value Unit 

Mg II λ2797 
ingle Lorentz v line -380 ± 90 km s −1 

FWHM 1170 ± 240 km s −1 

Flux 2480 ± 610 10 −17 erg cm 

−2 s −1 

REW 6.1 ± 1.5 Å
C IV λ1548 

ore Gauss v line -1780 ± 70 km s −1 

FWHM 3250 ± 320 km s −1 

Flux 1800 ± 350 10 −17 erg cm 

−2 s −1 

REW 1.7 ± 0.9 Å
ing Gauss v line -5160 ± 660 km s −1 

FWHM 7800 ± 800 km s −1 

Flux 2280 ± 400 10 −17 erg cm 

−2 s −1 

REW 2.1 ± 1.2 Å
Si IV λ1393 

ore Gauss v line -710 ± 230 km s −1 

FWHM 860 ± 320 km s −1 

Flux 530 ± 300 10 −17 erg cm 

−2 s −1 

REW 0.5 ± 0.2 Å
ing Gauss v line -1890 ± 20 km s −1 

FWHM 3660 ± 40 km s −1 

Flux 4360 ± 530 10 −17 erg cm 

−2 s −1 

REW 3.7 ± 1.2 Å

his is consistent with the fact that the ionization energy of Si IV is
ower, and so its emission region may have a larger radius, where the
adiation pressure is weaker and the outflow speed is smaller. 

The N V λ1238/1243 doublet contains two broad lines. These two
ines are often heavily blended with the broad Ly α line at 1216
, making them difficult to decompose. We assume that N V has

he same line profile as C IV , and then fit only the red side of the
ine hump within 1230–1250 Å. As shown in Fig. A3 d, the result
ndicates that the line blend within 1150–1250 Å mostly come from
he strong N V λ1238/1243 doublet. The flux ratio of N V /C IV is
.2 ± 0.4, which is larger than the typical AGN value of less than
nity (e.g. Shemmer & Netzer 2002 ). This suggests that either the
utflow in RX J0134.2-4258 is more metal rich, or the flux of N V in
he line blend is o v erestimated. Unfortunately, the spectral quality of
his waveband is not good enough for a more accurate decomposition
f Ly α and N V . 
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