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ABSTRACT

Context. WPVS 48 is a nearby narrow-line Seyfert 1 galaxy without previous analysis of the broad-line region (BLR) by means of
optical spectroscopic reverberation mapping.
Aims. By studying the continuum and emission line variability of WPVS 48, our aim was to infer the BLR size as well as the mass of
the central supermassive black hole (SMBH).
Methods. We analysed data from a dedicated optical spectroscopic reverberation mapping campaign of WPVS 48 taken with the 10 m
Southern African Large Telescope (SALT) at 24 epochs over a period of seven months between December 2013 and June 2014.
Results. WPVS 48 shows variability throughout the campaign. We find a stratified BLR, where the variability amplitude of the
integrated emission lines decreases with distance to the ionising continuum source. Specifically, the variable emission of Hα, Hβ, Hγ,
and He i λ5876 originates at distances of 16.0+4.0

−2.0, 15.0+4.5
−1.9, 12.5+3.5

−2.5, and 14.0+2.5
−2.1 light-days, respectively, to the optical continuum at

5100 Å. The He ii λ4686 lag is .5 days. Based on the high S/N spectra, we identified variable emission of N iii λ4640 and C iv λ4658
in the line complex with He ii λ4686. We derive interband continuum delays increasing with wavelength up to ∼8 days. These delays
are consistent with an additional diffuse continuum originating at the same distance as the variable Balmer emission. We derive a
central black hole mass of (1.3+1.1

−0.6)× 107 M� based on the integrated line-widths and distances of the BLR and discuss corrections for
the inclination angle. This gives an Eddington ratio L/LEdd ≈ 0.39 without correction for inclination.
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1. Introduction

Variability is widespread in active galactic nuclei (AGN), and
was leveraged in the past ∼30 years to identify and map the
innermost AGN structures, namely the accretion disk (AD), the
broad-line region (BLR), and the dusty torus (TOR), using meth-
ods such as reverberation mapping (RM; Blandford & McKee
1982). RM traces the lagging emissive response of the individ-
ual AGN components to the time-varying ionising continuum
radiation from the central source close to the supermassive black
hole (SMBH). The AGN components are each associated with
different wavelength bands, as emission from the AD and the
BLR dominate from the UV to near-IR, whereas emission from
the dusty torus dominates in the mid-IR (for a review of different
RM types, see Cackett et al. 2021).

In case of the BLR, the emissive response to the ionis-
ing continuum is prominently observed in the variable emis-
sion lines. Regular and densely sampled observations of the
ionising X-ray/UV continuum, however, are difficult to acquire.
The light curves of optical continua are often used instead, and
are highly correlated with the ionising UV continuum in RM
studies that monitored continua from X-ray to optical bands
(e.g. Edelson et al. 2015, 2019, 2024; Fausnaugh et al. 2016;
Hernández Santisteban et al. 2020). While they are a good proxy

? Corresponding author: malte.probst@uni-goettingen.de

for the ionising radiation, the variable continuum emission in
the UV/optical itself may be complex, as a superposition of
the illuminated AD and variable diffuse emission from the
BLR is assumed (e.g. Fausnaugh et al. 2016; Cackett et al. 2018;
Chelouche et al. 2019; Netzer 2022; Edelson et al. 2024, and ref-
erences therein).

Here, we present the results of continuum and emission-
line RM from a spectroscopic variability campaign on WPVS 48
(α2000 = 09h59m42.65s, δ2000 = −31◦12′58.4′′), a local (z =
0.0372, Oh et al. 2022) Seyfert 1 galaxy1. The host is a spiral
galaxy and the nucleus luminosity was measured by Winkler
(1997) with V = 14.78 mag. A photometric RM campaign in
the optical and near-IR was conducted in parallel to the spectro-
scopic campaign described in this work and has been presented
by Sobrino Figaredo et al. (2018, 2025).

WPVS 48 is more specifically classified as a narrow-line
Seyfert 1 (NLS1), a sub-type of Seyfert 1 galaxies with nar-
row line-emission components originating from the BLR. The
collective spectral properties of NLS1 galaxies are discussed
in Osterbrock & Pogge (1985) and Goodrich (1989): First, the
FWHM of the broad Hβ component does not exceed 2000 km s−1

to differentiate NLS1s from other type I Seyfert galaxies with
typical line widths of the order of several 1000 km s−1 (e.g.
Mullaney et al. 2013; Liu et al. 2022, and references therein),

1 https://ned.ipac.caltech.edu/
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and second, the flux ratio of [O iii] λ5007/Hβ ≤ 3. Further
authors noted remarkably strong Fe ii emission in spectra of
NLS1s and included this as a third defining criterion (e.g.
Véron-Cetty et al. 2001, and references therein) . Since the first
NLS1s were discovered, two scenarios are primarily discussed to
explain the narrow emission lines in NLS1s: The first argues that
the inferred low dispersion velocities in NLS1s are real, which
would imply that NLS1s host comparatively low-mass SMBHs.
The second scenario attributes the low velocities to the line-of-
sight effect, which occurs when the BLR is primarily located on
a plane, that is oriented at a low inclination angle i to the line of
sight.

While optical RM studies on timescales between sev-
eral months and years exist for many AGN, for exam-
ple NGC 5548 (Peterson et al. 2002; Pei et al. 2017, and ref-
erences therein), 3C 120 (Peterson et al. 1998; Grier et al.
2013b; Kollatschny et al. 2014), NGC 7603 (Kollatschny et al.
2000), 3C 390.3 (Shapovalova et al. 2010), and HE 1136-2304
(Kollatschny et al. 2018), such studies are scarce for the sub-
type of NLS1s. With this study on WPVS 48, we expand on this
relatively underexplored sample and compile key figures from
existing RM campaigns on NLS1.

We extracted line profiles of multiple emission lines, includ-
ing low-intensity emission lines, as well as light curves from
several line-free continua and from line emission. We further-
more cross-correlated the light curves and inferred lags between
the optical continuum and line emission. In Sect. 2 we describe
the observations and the data reduction. In Sect. 3 we present
the analysis of the spectroscopic observations. We discuss the
results in Sect. 4 and summarise the results in Sect. 5. This
work covers the 1D analysis of this RM campaign, while the
velocity-resolved analysis as well as the low-luminosity lines
will be covered in a forthcoming paper (Paper II). Throughout
this paper we assume a ΛCDM universe with a Hubble con-
stant of H0 = 67.4 km s−1 Mpc−1, ΩΛ = 0.68 and ΩM = 0.32
(Planck Collaboration VI 2020), which results in a luminosity
distance of DL = 170.2 Mpc = 5.25× 1020 cm using the cosmol-
ogy calculator from Wright (2006).

2. Observations and data reduction

During the campaign at SALT, we acquired 24 optical long-slit
spectra of WPVS 48 over a time span of 209 days from Decem-
ber 2nd, 2013 to June 29th, 2014. This results in a mean and
median sampling rate of 8.7 d and 7.2 d, respectively. The mini-
mum and maximum separation between two epochs are 5 d and
16 d, respectively. A log of the observations is given in Table 1.
We obtained galaxy spectra and necessary calibration images
(flat-fields, Xe and Ar arc frames). All observations were taken
under identical instrumental setup employing the Robert Sto-
bie Spectrograph (RSS; Kobulnicky et al. 2003) and using the
PG0900 grating as well as a 2× 2 binning. To minimise differen-
tial refraction, the slit width was fixed to 2′′.0 projected onto the
sky at an optimised projection angle. The elevation angle of the
SALT telescope is fixed at 53◦; all observations were thus taken
with the same airmass. Finally, we used a aperture of 1′′.5× 2′′.0
to extract the spectra. With this setup, we covered the wave-
length range from 4350 to 7375 Å with a spectral resolution
of ∼6.7 Å. This corresponds to object rest-frame wavelengths
of 4194 to 7110 Å. The two regions without spectral data are
due to gaps between the three CCDs of the spectrograph. These
regions range from 5356 to 5428 and 6398 to 6462 Å (5164
to 5234 Å and 6169 to 6231 Å in the rest frame), respectively.

Table 1. Log of spectroscopic observations of WPVS 48 throughout the
reverberation mapping campaign from late 2013 to mid-2014.

ID Mod. JD UT Date Exp. Time Seeing Weather
[s] FWHM

1 56628.53 2013-12-02 900 3.5–5′′ thin clouds
2 56640.51 2013-12-14 900 1′′ thin clouds
3 56647.50 2013-12-20 900 1.6′′ clear
4 56653.47 2013-12-26 900 2.9′′ thin clouds
5 56659.45 2014-01-01 900 2.1′′ clear
6 56670.42 2014-01-12 900 2–2.6′′ clear
7 56676.40 2014-01-18 900 2.5′′ thin clouds
8 56689.37 2014-01-31 900 1.6′′ clouds
9 56696.58 2014-02-08 900 2.5′′ clear
10 56704.33 2014-02-15 900 1.6–1.8′′ clear
11 56717.28 2014-02-28 900 1.7′′ clear
12 56722.52 2014-03-06 900 1.5′′ clear
13 56728.27 2014-03-11 900 1.3′′ clouds
14 56734.50 2014-03-17 900 2.6′′ clear
15 56745.47 2014-03-28 900 1.4–1,7′′ clear
16 56757.42 2014-04-09 900 0.8′′ clear
17 56773.39 2014-04-25 900 1.2′′ clear
18 56789.34 2014-05-11 874 1.6′′ clouds
19 56795.31 2014-05-17 874 2.5′′ clear
20 56801.30 2014-05-23 874 2′′ thin clouds
21 56809.30 2014-05-31 874 2.5′′ clear
22 56828.22 2014-06-19 874 1.8′′ clear
23 56833.23 2014-06-24 874 1.6′′ clouds
24 56838.21 2014-06-29 874 1.5′′ thin clouds

We performed the same standard reduction procedures for all
observations using iraf packages including flat field correction,
illumination correction, cosmics correction and background sub-
traction. The flux calibration was performed with standard star
LTT 4364.

All flux-calibrated spectra are corrected for the telluric
O2 b absorption band and the H2O absorption band between
7080 Å and 7450 Å in the observer’s frame using tem-
plates of the two absorption bands and, further, for galac-
tic reddening applying the extinction curve of Cardelli et al.
(1989) and using a ratio R of absolute extinction A(v) to
EB−V = 0.067 (Schlafly & Finkbeiner 2011) of 3.1. Subse-
quently, the spectra were intercalibrated to constant narrow-
line fluxes to ensure high relative flux accuracy (.2%).
The intercalibration was performed separately for the spec-
tral regions on either side of 5855 Å (5645 Å in the rest
frame). The spectral region blueward of 5855 Å was intercal-
ibrated with respect to the line fluxes of the narrow emis-
sion lines [O iii] λλ4959, 5007 with respective fluxes of (79.8 ±
0.9)× 10−15 erg cm−2 s−1 and (244.2 ± 0.7)× 10−15 erg cm−2 s−1.
The spectral region redward of 5855 Å was intercalibrated with
respect to [S ii] λλ6716, 6731 with the combined flux of (43.2 ±
1.2)× 10−15 erg cm−2 s−1 and [O iii] λ6300 with a constant flux
of (10.4 ± 0.4)× 10−15 erg cm−2 s−1. The rms spectrum further-
more shows no residual of the [N ii] λλ6548, 6584 lines. We
chose the spectrum from 2014-06-24 (ID 23 in Table 1) in both
intercalibrations as a flux reference.

We furthermore corrected for small wavelength shifts using
the profiles of the aforementioned narrow lines. The wavelength
accuracy of the intercalibration is optimal in the spectral regions
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Å
−

1
]

F
e

ii
λ

4
2
3
3

H
γ

[ O
ii

i]
λ

4
3
6
3

H
e

iλ
4
4
7
1

H
e

ii
λ

4
6
8
6

H
β

[ O
ii

i]
λ

4
9
5
9

[O iii]λ5007

[ F
e

v
ii

] λ
5
7
2
1

H
e

iλ
5
8
7
6

[ F
e

v
ii

] λ
6
0
8
7

[ O
i]
λ

6
3
0
0

[ O
i]
λ

6
3
6
4

+
[ F

e
x

] λ
6
3
7
5

[ N
ii

] λ
6
5
4
8 Hα

[N ii]λ6584

H
e

iλ
6
6
7
8

[ S
ii

] λ
6
7
1
6

[ S
ii

] λ
6
7
3
1

H
e

iλ
7
0
6
5

F
e

ii
(3

7
,

3
8
)

F
e

ii
(4

2
)

F
e

ii
(4

8
,

4
9
)

4500 5000 5500 6000 6500 7000
Rest Wavelength [Å]
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Fig. 1. Top panel: Reduced optical spectra of WPVS 48 during the variability campaign from December 2013 to June 2014. The spectra were
calibrated to the same absolute [O iii] λ5007 flux of 244×10−15 erg cm−2 s−1. The identified emission features are labelled. Bottom panel: Zoomed-
in image of the continuum and the low-intensity emission lines. The conspicuous feature at ∼5490 Å is a residual from night-sky emission.

close to [O iii] λλ4959, 5007 and [S ii] λλ6716, 6731. In regions
further apart from the lines used for intercalibration, individ-
ual spectra may differ . 1 Å from the optimal wavelength solu-
tion. To further increase the wavelength accuracy in the spectral
region close to He i λ5876, we applied shifts using the peaks of
the coronal lines [Fevii] λ5721 and [Fevii] λ6087 and of the
narrow line [N ii] λ5755 as wavelength reference. Similarly, we
used the single peak of Fe ii λ4233 to improve the wavelength
accuracy close to Hγ2.

3. Results

3.1. Optical spectral observations

We present all reduced, extinction-corrected, and intercalibrated
optical spectra in Fig. 1. The spectra are qualitatively equal and
exhibit a variable continuum. We label the broad Balmer and
He i and He ii emission lines, various narrow emission lines
as well as the coronal lines [Fevii] λ5721, [Fevii] λ6087 and
[Fex] λ6375 and further indicate the locations of the conspicu-
ous Fe ii multiplets (37, 38), (42) and (48, 49) (for the individ-
ual transition wavelength see Kovačević et al. 2010; Park et al.
2022, and references therein). A more detailed identification of
the complex line blends in the proximity of the He ii λ4686 is
given in Sect. 3.1.2.

Figure 2 shows the composite mean and rms spectrum from
the intercalibrations (see Sect. 2) shortward and longward of

2 We are able to perform this improvement as Fe ii λ4233 is not vari-
able in WPVS 48. This is shown in the rms spectrum (see Fig. 2), which
shows no variability in any Fe ii line. In general, Fe ii lines can be vari-
able (e.g. Gaskell et al. 2022).

5645 Å, respectively3,4. The division line between the two spec-
tral regions is indicated by a grey dashed line. The rms spectrum
is scaled by a factor of × 25 to facilitate a straightforward com-
parison. We highlight the line-free continuum regions analysed
in this work with light blue lines below the spectrum as well as
the Balmer and Helium lines with the corresponding integrated
line flux. The spectral region used to measure the integrated line
flux was chosen such that it encompasses the total variable com-
ponent of the emission lines, which can be deduced from the rms
spectrum. The specific continuum boundaries, integration limits
and selected pseudo-continua are given in Table 2. This work
focuses on the Balmer as well as He i λ5876 and He ii λ4686. A
detailed analysis on the remaining He i lines will be given in a
following publication (Probst et al., in prep.).

3.1.1. Host galaxy contribution

We estimate the contribution of the host spectrum in the B,V
and R band of the spectra applying the flux variation gradi-
ent (FVG) method (Choloniewski 1981; Winkler et al. 1992;
Kollatschny et al. 2022). We adopt typical host slopes in the
B − V and B − R colour indexes found by Sakata et al. (2010)
and Haas et al. (2011), respectively. We determine the colour
indices in WPVS 48 using line-free continuum emission that has

3 The presented mean and rms spectra are a combination of the blue
and red intercalibrations merged at 5645 Å.
4 We note a [O iii] λ5007 residual comparable in height to the profile of
Hβ in the rms spectrum. This high residual is produced by the skewed
[O iii] λ5007 profile in spectrum 15 (from 2014-03-28) likely caused
by poor seeing conditions. If spectrum 15 is omitted, the [O iii] λ5007
residual is smaller by the factor of ∼2, whereas the rms profiles of the
broad emission lines are not affected.
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Fig. 2. Combined mean spectrum (black) and rms spectrum (red) of WPVS 48 from our campaign. The partition in the two intercalibrations (see
Sect. 2 for details) is shown with a grey dashed line. The rms spectrum was scaled to allow for a direct comparison. The analysed continuum regions
and the identical pseudo-continua used for linear continuum subtraction are highlighted with blue bars below the spectra. The line integration limits
are marked by the shaded areas. All emission lines of He i are displayed in orange.

Table 2. Continuum boundaries and line integration limits (2) as well
as the sections used to fit the pseudo-continua (3).

Cont./Line Wavelength range Pseudo-continuum
(1) (2) (3)

Cont. 4265 (4425) 4260−4274
Cont. 4440 (4605) 4435−4445
Cont. 4775 (4925) 4770−4780
Cont. 5100 (5290) 5090−5115
Cont. 5775 (5990) 5763−5785
Cont. 6030 (6255) 6020−6045
Cont. 6250 (6480) 6240−6265
Cont. 6810 (7065) 6770−6855
Cont. 7030 (7290) 7025−7033
Cont. 7110 (7375) 7105−7115
Hγ 4302−4382 4260−4445
He ii λ4686 4609−4765 4435−4780
Hβ 4826−4905 4770−5115
He i λ5876 5835−5952 5763−6045
Hα 6497−6630 6240−6855

Notes. All wavelengths are given in the rest frame of the galaxy in units
of Å. In the case of the continua, the corresponding wavelengths in the
observer’s frame are given in brackets.

an effective wavelength (in the observed frame) close to the one
of the corresponding filters employed by Winkler et al. (1992),
Sakata et al. (2010) and Haas et al. (2011). We hence select the
continuum regions Cont. 4440, Cont. 5100 and Cont. 6250 for
the B,V and R band, respectively. The three selected continuum
regions have a respective effective wavelength of 4605 Å, 5290 Å
and 6480 Å. Figures 3 and 4 show the AGN slope and the typ-
ical host slope in the B − V and B − R colour plots. From the
intersection of the slopes, we determine host fluxes of 0.08 mJy
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Fig. 3. Extinction corrected B-V flux variations. The blue dashed line
represents the best linear fit of the AGN slope of WPVS 48 and the red
shaded area the host slopes of nearby AGN.

(mean of 0.06 and 0.10 mJy), 0.24 mJy and 0.18 mJy in the B,V
and R band, respectively, and thus a host contribution of 3−12%.
The flux densities in units of mJy and erg cm−2 s−1 Å−1 for the
combined as well as the separated AGN and host contributions
in the three bands are given in Table 3.

No stellar signature is discernable in any of our taken spectra.
Specifically, no stellar absorption lines are visibly superposed
with the AGN emission. Hence, we did not subtract any possibly
remaining host flux. A subtraction is also not necessary, as any
constant host flux has no effect on the estimate of the BLR size
by means of RM in the following analysis.
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Table 3. Extinction-corrected B, V , and R values for the combined host
galaxy plus AGN fluxes, and for the host galaxy and AGN fluxes alone,
as determined by the FVG method.

Flux component B band V band R band
[mJy]

Host+AGN (BvsR) 1.84–2.49 2.52–3.34
Host+AGN (BvsV) 1.84–2.49 2.02–2.77
Host (BvsR) 0.10 0.18
Host (BvsV) 0.06 0.24
AGN (BvsR) 1.74–2.39 2.34–3.16
AGN (BvsV) 1.78–2.43 1.79–2.53

[10−15 erg cm−2 s−1 Å
−1

]
Host+AGN (BvsR) 2.8–3.79 1.93–2.56
Host+AGN (BvsV) 2.8–3.79 2.33–3.19
Host (BvsR) 0.15 0.14
Host (BvsV) 0.09 0.27
AGN (BvsR) 2.65–3.64 1.79–2.42
AGN (BvsV) 2.71–3.70 2.06–2.92

Notes. Given ranges correspond to the minimum and maximum flux.
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Fig. 4. Extinction corrected B-R flux variations. The blue dashed line
represents the best linear fit of the AGN slope of WPVS 48 and the red
shaded area the host slopes of nearby AGN.

3.1.2. Identification of Bowen fluorescence near He iiλ4686

Additionally to the line identification shown in Fig. 1, we anal-
yse the spectral region close to He ii λ4686 in more detail in
Fig. 5. Specifically, in the blue wing of He ii λ4686, two broad
peaks are conspicuous. The wavelength of the peaks match to
N iii λ4640 and C iv λ4658, which together with He ii λ4686 are
often referred to as Wolf-Rayet feature and was interpreted in
the past as the presence of a high number of Wolf-Rayet stars
in the host galaxy (e.g. Osterbrock & Cohen 1982). The fea-
ture has also been seen in tidal disruption events (Gezari et al.
2015; Brown et al. 2018, 2017) as well as a new type of tran-
sient event in AGN defined by Trakhtenbrot et al. (2019) with
distinctively strong He ii emission. Specifically, the He ii emis-
sion at 303.78 Å produces the Bowen-fluorescence lines in
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Fig. 5. Detailed emission line identification in the mean spec-
trum close to He ii λ4686. We identify N iii λ4640 and C iv λ4658
(Osterbrock & Cohen 1982) and further labelled the position of the
Fe ii (37, 38) emission bands (for a template of Fe ii, see Park et al.
2022) as well as [Ar iv] λλ4712, 4740.

multiple N iii lines including N iii λ4640 (Netzer et al. 1985;
Trakhtenbrot et al. 2019, and references therein). To distinguish
the Wolf-Rayet feature from emission of the Fe ii emission, we
mark the wavelength range of Fe ii (37, 38) multiplets as given
in the template of Park et al. (2022). Further, we mark two peaks
in the red wing of He ii λ4686, whose wavelengths match the
[Ar iv] λλ4712, 4740 lines.

3.2. Continuum variability

3.2.1. Continuum light curves

We present the light curves of the continuum flux densities
at 4265 Å, 4440 Å, 4775 Å, 5100 Å, 5760 Å, 6030 Å, 6250 Å,
6810 Å, 7030 Å, 7110 Å (rest wavelength) in Fig. 6. The con-
tinuum bands were selected such that they are not contami-
nated with emission lines. The selected continua are equiva-
lent to line-free continuum bands identified in previous spectro-
scopic continuum RM campaigns (e.g. Kollatschny et al. 2001;
Cackett et al. 2018; Zhou et al. 2025). The presented light curves
are measured within the integration limits given in Table 2.
All measured light curves have a similar overall shape with a
sequence of (1) a short duration of higher flux, (2) a steep decline
and a short period of lower flux, (3) an increase in flux marking
the beginning of a second, longer period of increased flux and (4)
a second decline. Notably, the flux ratio of both periods of high
flux is ∼1 for the blue continua, whereas the flux of the second
period is ∼10 percent lower for the red continua. The flux densi-
ties of the measured continua are tabulated in B.1. We derive the
minimum and maximum fluxes Fmin, Fmax, peak-to-peak ampli-
tudes Rmax = Fmax/Fmin, mean of the measured flux (densities)
〈F〉, the standard deviation σF , and the fractional variation,

Fvar =

√
σ2

F − ∆2/〈F〉 (1)

as defined by Rodríguez-Pascual et al. (1997), for the presented
continuum light curves. Here, ∆2 denotes the mean square value
of the uncertainties of the individual fluxes Fi of the light curve.
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Fig. 6. Optical continuum light curves measured within the integration limits given in Table 2.

A164, page 6 of 22



Probst, M. A., et al.: A&A, 706, A164 (2026)

Table 4. Variability statistics of the investigated continua and emission
lines with minimum (2) and maximum flux density or integrated flux
(3), peak-to-peak ratio (4), mean flux density (5), standard deviation
(6), and fractional variation (7).

Cont./Line Fmin Fmax Rmax 〈F〉 σF Fvar
(1) (2) (3) (4) (5) (6) (7)

Cont. 4265 2.78 3.97 1.43 3.40 0.37 0.11
Cont. 4440 2.80 3.78 1.35 3.31 0.32 0.10
Cont. 4775 2.65 3.64 1.37 3.13 0.29 0.09
Cont. 5100 2.33 3.19 1.37 2.68 0.22 0.08
Cont. 5775 2.10 2.81 1.34 2.43 0.22 0.09
Cont. 6030 1.97 2.66 1.35 2.28 0.20 0.09
Cont. 6250 1.93 2.54 1.32 2.21 0.17 0.08
Cont. 6810 1.76 2.28 1.30 1.99 0.15 0.07
Cont. 7030 1.78 2.28 1.28 2.01 0.14 0.07
Cont. 7110 1.62 2.16 1.34 1.84 0.13 0.07
Hγ 130.9 174.7 1.33 151.8 10.7 0.07
He ii λ4686 62.5 106.0 1.70 87.6 11.8 0.13
Hβ 267.2 318.3 1.19 291.1 14.7 0.05
He i λ5876 45.5 63.3 1.39 53.7 5.2 0.10
Hα 973. 1150. 1.18 1064. 49._ 0.05

Notes. Continuum flux densities in units of 10−15 erg cm−2s−1 Å−1, line
fluxes in units of 10−15 erg cm−2s−1.

The calculated values are tabulated in Table 4 and show that the
mean flux density, the variability amplitude and the fractional
variation decrease with increasing wavelength.

3.2.2. Interband continuum delays: Univariate analysis

We correlate the continuum light curves with the light curve of
the continuum at 4265 Å, thereby determining interband contin-
uum time lags with respect to the bluest continuum of this work.
The univariate model underlying this analysis of interband con-
tinuum delays assumes similar, albeit shifted light curves con-
jectured to stem from an irradiated accretion disk (compare with
e.g. Collier et al. 1998), such that

Fr, model(t) = Fb(t − τ), (2)

for two continuum light curves in a bluer band Fb and a red-
der band Fr. In this equation, τ is the lag between the two light
curves.

The employed correlation technique is the interpolated cross-
correlation function (ICCF) described by Gaskell & Peterson
(1987). We calculate interband continuum lags according to both
the peak τpeak and the centroid τcent of the cross-correlation
function. For the calculation of the centroid of the CCF, only
values above 80 percent of its peak value rmax are considered.
As demonstrated in Peterson et al. (2004), a threshold value of
0.8 rmax is generally a good choice.

We derive the uncertainties by calculating the peak and the
centroid lag for ∼20 000 runs in a model-independent Monte-
Carlo method known as flux randomisation/random sub-sample
selection (FR/RSS). The method is described in detail by
Peterson et al. (1998). The errors are evaluated using the cen-
troid and peak distributions such that 68% of the realisations
yield values between the error interval.

The calculated lags are given in Table 5. Figure 7 shows the
mean centroid lags as function of the effective wavelength of
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Fig. 7. Mean centroid lags τcent according to the univariate model (blue
squares) as well as centroid lags τsec (blue circles) and fractional con-
tribution α (red circles) of the secondary component according to the
bivariate model (Chelouche et al. 2019) as a function of the effective
wavelength of the continuum. We include the univariate lags of photo-
metric light curves published by Sobrino Figaredo et al. (2018) as grey
squares. We note that Hβ contributes to the flux in the V band. The lags
and the fractional contribution are measured with respect to the contin-
uum at 4265 Å as a function of the effective wavelength of the contin-
uum. The colouring of the shaded background corresponds to the light
curves in Fig. 6. The errors correspond to the 68% (±1σ) confidence
level after a Monte-Carlo simulation with 20 000 runs. The data of τsec
and α have been slightly shifted in wavelength for better readability.

the respective continuum band and Fig. A.1 shows the individ-
ual correlation functions and the corresponding centroid distri-
butions. The mean centroid time lag τcent is ∼0 days for the con-
tinua in the B band including the continuum at 5100 Å. The lag
jumps to ∼5 days between the continua measured at 5100 Å and
5775 Å and continuously increases up to ∼8 days for continua in
the R band.

We repeated the calculation for the photometric V band
and R band light curves of Sobrino Figaredo et al. (2018) with
respect to the continuum at 4265 Å from this work. The derived
centroid lags of the V band and R band light curves amount to
5.4+1.6
−1.9 and 8.5+1.6

−4.2 days, respectively, and are consistent with
the interband continuum lags described above. The photomet-
ric light curves were obtained with the VYSOS-6 and BEST-
II telescopes of the Universitätssternwarte Bochum near Cerro
Armazones in the time period between December 2013 and
May 2014. Hence, the photometric light curves overlap with
the spectroscopic light curves from this work. The derived lags
are included in Fig. 7 as grey squares. We note that the pho-
tometric V band light curve may have contributions of variable
line emission, especially Hβ and He i λ5876, which may shift
the measured lag to larger delays. In 4.1.1, we compare our
red continuum light curve with the independent observations of
Sobrino Figaredo et al. (2018).

3.2.3. Interband continuum delays: Bivariate analysis

In addition to the univariate model, a different interpretation
exists allowing an additional secondary component from a
diffuse continuum originating from the BLR (Korista & Goad
2001). Therefore, we perform an additional analysis using a
formalism by Zucker & Mazeh (1994) adapted for a bivariate
model of interband continuum delays by Chelouche & Zucker
(2013). The bivariate model assumes that the delayed red
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Table 5. Interband cross-correlation lags τ with respect to the continuum at 4265 Å (at 4425 Å in observed frame) as well as the maximum
correlation coefficient rmax and the fractional contribution α of the secondary component, respectively, for the univariate and bivariate model.

Univariate model Bivariate model
Cont. rmax τcent τpeak τsec α

[d] [d] [d]
(1) (2) (3) (4) (5) (6)

Cont. 4265 (ACF) 1.00 0.0+1.9
−1.9 0+1_

−1 – –
Cont. 4440 0.99 0.0+2.4

−1.4 0+1_
−1 – –

Cont. 4775 0.96 −0.4+2.4
−2.1 −1+2_

−1 – –
Cont. 5100 0.90 −0.4+3.3

−2.0 1+2_
−3 11.5+4.5_

−6.0 0.22+0.09
−0.08

V band (5300 Å)∗ 0.91 5.4+1.6
−1.9 5+2_

−2 – –
Cont. 5775 0.91 4.9+2.6

−2.4 3+3_
−1 14.8+2.8_

−2.3 0.39+0.04
−0.05

Cont. 6030 0.88 5.4+2.7
−2.4 3+4_

0 16.0+2.1_
−2.5 0.40+0.04

−0.05
Cont. 6250 0.87 6.4+3.0

−2.0 4+5_
−1 15.5+2.6_

−2.9 0.44+0.05
−0.05

R band (6750 Å)∗ 0.88 8.5+1.6
−4.2 6+5_

−3 – –
Cont. 6810 0.85 7.0+4.5

−3.1 4+8_
−2 14.0+3.6_

−2.1 0.49+0.05
−0.05

Cont. 7030 0.84 6.5+6.5
−1.5 4+10

0 14.0+4.0_
−2.5 0.53+0.08

−0.06
Cont. 7110 0.83 8.0+3.0

−4.2 4+8_
−2 13.0+3.6_

−1.6 0.51+0.06
−0.06

Notes. The photometric light curves marked with ∗ were published by Sobrino Figaredo et al. (2018). We note that Hβ contributes to the flux in
the V band. The lag τsec and fractional contribution α of the secondary component have not been included for Cont. 4440 and Cont. 4775 due to its
strong dependence on the chosen bin size of the correlation function.

continuum light curve can be reconstructed with two identical
superposed components of the blue continuum light curve. The
primary component is not delayed, whereas the secondary is5.
This yields

Fr, model(t) = (1 − α)Fb(t) + αFb(t − τsec), (3)

where α denotes the fractional contribution of the delayed com-
ponent.

We correlate the red-band light curve with a superposition
of the non-delayed and delayed blue-band light curves under
varying contributions and lags. We derive the fractional contri-
butions α and delays τsec from the correlation with the highest
correlation coefficient. The retrieved lags τsec and contributions
α with respect to the continuum light curve at 4265 Å (4425 Å in
observed frame) are tabulated in columns 5 and 6 of Table 5 and
plotted in Fig. 7. We repeated the analysis in ∼20 000 Monte-
Carlo simulations employing both FR and RSS to evaluate the
uncertainties. We note that we exclude the continua at 4440 Å
and 4775 Å, which is discussed in Sect. 4.1.3.

The results are consistent with a contribution of the sec-
ondary delayed component with a lag of 11–15 d. This contri-
bution increases with higher wavelengths from α ≈ 0.2 for the
continuum at 5100 Å to α ≈ 0.5 for the continuum at 7030 Å.

3.3. Emission-line variability

3.3.1. Broad-line fluxes and light curves

We present the light curves of the integrated line fluxes of
the Balmer lines as well as the He i λ5876 and He ii λ4686

5 The formalism in Chelouche & Zucker (2013) includes a lag τpri for
the primary component as well. However, the formalism was simpli-
fied in later studies (e.g. Chelouche et al. 2019; Sobrino Figaredo et al.
2025) assuming a small τpri compared to both the lag of the secondary
component τsec and the sampling.

lines in Fig. 8. We evaluate the line fluxes after the subtrac-
tion of a linear pseudo continuum. The flux integration lim-
its as well as the regions used to interpolate the pseudo con-
tinua are given in Table 2. The emission-line light curves show
a similar sequence as the continuum light curves described in
Sect. 3.2.1. The flux ratio between the two periods of high
flux is ∼1 as observed in the light curves of the bluer con-
tinua. The fluxes of the measured lines are tabulated in B.2.
We derive the minimum and maximum fluxes Fmin, Fmax, peak-
to-peak amplitudes Rmax = Fmax/Fmin, mean of the measured
flux (densities) 〈F〉, the standard deviation σF , and the frac-
tional variation analogously to the continuum light curves. The
calculated values for the emission-line light curves are tabu-
lated in Table 4. The variability amplitudes and fractional vari-
ation are higher for He ii λ4686 and He i λ5876 than for the
Balmer lines.

3.3.2. Emission-line lags and BLR size

We correlate light curves of the integrated emission lines with
the light curve of the continuum at 5100 Å, thereby determining
the mean light travelling time from the ionising source to the
variable broad component of the emission lines. Commonly, the
continuum at 5100 Å is used as a surrogate for the light curve of
the ionising continuum in variability studies.

In some previous RM campaigns analysing interband
continuum delays, the B band continuum light curves are,
firstly, higher-correlated with the ionising UV continuum (e.g.
Edelson et al. 2019), and, secondly, exhibit shorter delays
to the ionising UV/X-ray continuum than the V band (e.g.
Edelson et al. 2015; McHardy et al. 2018; Zhou et al. 2025).
We, therefore, correlate the emission line light curves also
with the bluest line-free continuum region at 4265 Å in
our spectra. This continuum region was specifically selected
because it is free from contamination of both Fe ii λ4233
and Hγ.
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Fig. 8. Emission line light curves of the Balmer lines as well as He i λ5876 and He ii λ4686 measured within the integration limits given in Table 2.
The continuum light curve at 5100 Å is included for reference.

The employed correlation technique as well as the uncer-
tainty estimation (FR/RSS) are the same as for the interband con-
tinuum delays described in Sect. 3.2.2. The correlation functions
and the centroid distributions resulting from the Monte-Carlo
method employing FR/RSS are shown in Fig. 9. The derived lags
are tabulated in Table 6.

The light curves are well correlated with maximum cor-
relation coefficients between 0.74 and 0.9 for the correla-
tions with both continua. We determine centroid lags of the
Balmer lines Hα and Hβ of ∼16 days, consistent with the
Hα lag of ∼18 days found by Sobrino Figaredo et al. (2018)
based on photometry with a narrow-band filter. Further we
derive centroid lags of ∼12 days and ∼14 days for Hγ and
He i λ5876, respectively. Notably, the lag of He i λ5876 is
identical to the lags of the Balmer lines within the errors.
The corresponding centroid lags from correlations with both
continua are consistent for aforementioned lines and devi-
ate by .1.5 days. The centroid lag of He ii λ4686 is close
to the minimum sampling in this campaign and amounts
to .5 days.

3.3.3. Broad-line profiles

Figure 10 shows the normalised mean and rms profiles of
the Balmer lines as well as of the He i λ5876 and He ii λ4686
lines after subtraction of a linear pseudo-continuum with the
wavelengths indicated in Table 2. In order to retrieve genuine
mean line profiles without the contribution of forbidden nar-
row lines, we corrected the mean profiles of Hα and Hγ for
[N ii] λλ6548, 6584 and [O iii] λ4363, respectively, by subtract-
ing a scaled narrow-line template of [O iii] λ5007. The uncor-
rected line profiles of Hα and Hγ are also indicated in Fig. 10
with a grey dashed line. We did not subtract the narrow compo-
nents of the Balmer and Helium lines, as the broad component
is only slightly broader than the narrow component, and the nar-
row components thus cannot be unambiguously separated using
a narrow-line template of [O iii] λ5007. The rms profiles reflect
only the variable broad component, but not the constant narrow
component of the line. We note that the closest line-free region
blueward of He ii λ4686 is at ≈4440 Å beyond the Fe ii emission
band. Therefore, the blue wing of the He ii λ4686 mean profile
does not reach the base line.
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Fig. 9. Left panels: CCFs of the integrated Balmer lines in blue, the integrated He i λ5876 line in orange and the integrated He ii λ4686 line in red,
with respect to the continuum light curve at 5100 Å. The time lag, τcent, is denoted by a dashed line; the shaded area corresponds to a ±1σ interval
from the Monte-Carlo simulations. Right panels: Cross-correlation centroid distributions after 20 000 runs employing FR and RSS of the integrated
Balmer lines in blue, the integrated He i λ5876 line in orange and the integrated He ii λ4686 line in red, with respect to the continuum at 5100 Å.

Table 6. Cross-correlation lags of the continuum light curves at 4265 Å
and 5100 Å (at 4425 Å and 5290 Å in observed frame, respectively) with
the light curves of the integrated lines.

Cont. 4265 Cont. 5100
Line rmax τcent τpeak rmax τcent τpeak

[d] [d] [d] [d]
(1) (2) (3) (4) (5) (6) (7)

Hα 0.76 16.6+4.5
−3.1 19+2

−6 0.81 16.0+4.0
−2.0 18+1

−4
Hβ 0.82 15.5+4.6

−2.6 15+6
−2 0.90 15.0+4.5

−1.9 15+4
−2

Hγ 0.74 11.0+5.8
−3.5 9+9

−3 0.81 12.5+3.5
−2.5 10+6

−1
He i 0.82 15.1+3.6

−3.8 16+4
−5 0.90 14.0+2.5

−2.1 15+1
−4

He ii 0.90 2.4+4.0
−1.4 2+2

−1 0.85 5.0+2.6
−3.5 3+5

−1

We compare the mean and rms profiles of the Balmer lines
with each other and with He i λ5876 as well as He i λ5876 with
He ii λ4686 in Fig. 11. We note nearly identical and nearly sym-
metrical mean profiles of the Balmer lines and He i λ5876 with
the profiles of Hγ and He i λ5876 being slightly broader (line
widths and corresponding lags are discussed in Sect. 4.2). The
blue wings of the Balmer lines do not reach the base line due to

blends with adjacent lines. We note higher flux at the wings of
the mean profile of He i λ5876 at ∼−4700 km s−1 and between
∼+2500 and ∼+7300 km s−1, which is not present in the Balmer
profiles.

The Balmer lines and He i λ5876 exhibit similar rms line
shapes with FWHM of ∼1500 km s−1, which furthermore are
nearly symmetrical with exception of the peak. Specifically, all
lines show a flux deficit at the upper 20% of the blue wing result-
ing in a redward asymmetry of the rms peaks. The redshift of the
peaks in the rms profiles with respect to the peaks in the mean
profiles are equal and amount to ≈300 ± 100 km s−1 with varia-
tions of the order of the spectral resolving power of RSS with a
PG900 grating.

The He ii λ4686 line with a FWHM of ∼4000 km s−1 is
clearly broader than the Balmer lines and the He i λ5876 emis-
sion. Comparing the two Helium lines, He ii λ4686 exhibits
a similar redshift of its rms profile peak as He i λ5876 (and
the Balmer lines). The red wing of He ii λ4686 declines
steadily without apparent features (except the blends with
[Ar iv] λλ4712, 4740 in the mean profile). The blue wing of
He ii λ4686, however, is extended in both the mean and rms pro-
files due to the line blends described in Sect. 3.1.2.

We measured the line widths (full width at half maximum,
FWHM) of the Balmer lines as well as He i λ5876. Furthermore,
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Fig. 10. Normalised mean (black) and rms (red) line profiles of the Balmer and the prominent He i λ5876 and He ii λ4686 emission lines. While the
mean profiles corrected for contributions of narrow forbidden lines are shown in red, the grey dashed line indicates the uncorrected mean profiles
of Hα and Hγ. We note that the blue wing of the mean He ii λ4686 profile blends with emission from N iii λ4640, C iv λ4658, and Fe ii (37, 38)
multiplets.
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Fig. 11. Top panels: Comparison of the normalised mean (left panel) and rms (right panel) line shapes of the Balmer emission lines with the
He i λ5876 emission line. Bottom panels: Comparison of the normalised mean (left panel) and rms (right panel) line shapes of the He i λ5876
emission line with the He ii λ4686 emission line. We note that the blue wing of the mean He ii λ4686 profile blends with emission from N iii λ4640,
C iv λ4658, and Fe ii (37, 38) multiplets.

we parametrised the line widths by means of the line disper-
sion (Fromerth & Melia 2000; Peterson et al. 2004). The mea-
surements for Hα and Hγ are performed for the line profiles
corrected for the narrow-line contributions of [N ii] λ6548,
[N ii] λ6584 and [O iii] λ4363, respectively. In order to minimise
the effect of further blended lines located on the extreme wings
to the line dispersion, we limited the evaluation of the line dis-
persion only to the variable spectral ranges given in Table 2. This
also encompasses the majority of the flux of the mean profiles.

As a result, we measured FWHM without and line disper-
sions with minimal effect of line blends for the mean and rms
profiles of the Balmer lines and He i λ5876. This, however can-
not be stated for He ii λ4686: Due to the prominent narrow com-
ponent in He ii λ4686, the half maximum is likely overestimated,
and thus the measured FWHM is likely underestimated. Both
the FWHM of the rms profile as well as the line dispersion of
both profiles include the extended blue wing, and thus the emis-
sion from N iii λ4640 and C iv λ4658. For the total line com-
plex, we measure a FWHM of (5060±660) km s−1. Due to the

blends, we only give the width of the red wing of the rms pro-
file alone, which amounts to 1780 km s−1. We base the estimate
of the uncertainties of the line widths on the bootstrap method
described in Peterson et al. (2004).

3.3.4. Narrow-line fluxes

We measure the constant fluxes of the narrow forbidden lines
[O iii] λ4959, [O iii] λ5007, [O i] λ6300, [O i] λ6364 as well as
the combined flux of [S ii] λλ6716, 6731, in the intercalibrated
extinction-corrected spectra. We present mean values of the mea-
sured fluxes alongside with the standard deviations as errors in
Table 8. We determine the fluxes of the narrow lines [O iii] λ4363,
[N ii] λ6548 and [N ii λ6584] based on the flux of [O iii] λ5007
and the respective factors (0.021, 0.063 and 0.201) from the
decomposition of the line blends with Hα and Hγ in their mean
profiles as explained in Sect. 3.3.3. Here, we assume an uncer-
tainty in the multiplicative factor of 0.01, which translates to a
flux uncertainty of 2.5 × 10−15 erg cm−2 s−1.
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Table 7. FWHM and line dispersion σline of the mean and rms profiles
of the Balmer lines and He i λ5876.

FWHM [km s−1] σline [km s−1]
Line mean rms mean rms
(1) (2) (3) (4) (5)

Hα 1360±50 1530±_90 990±50 790±50
Hβ 1660±60 1540±290 950±50 740±80
Hγ 2050±70 1920±260 1110±50 1010±80
He i 1660±50 1560±190 1150±50 1040±50

Table 8. Line intensities of the narrow forbidden lines.

Line Flux Line Flux

[O iii] λ4363∗ 5.1 ± 2.5 [O i] λ6364 21.6 ± 1.5
[O iii] λ4959 79.8 ± 0.9 [N ii] λ6548∗ 15.4 ± 2.5
[O iii] λ5007 244.2 ± 0.7 [N ii] λ6584∗ 49.1 ± 2.5
[O i] λ6300 10.4 ± 0.4 [S ii] λλ6716, 6731 43.2 ± 0.8

Notes. Line fluxes in units of 10−15 erg cm−2 s−1, standard deviations of
the fluxes are assumed as errors. The [O i] λ6364 line is blended with
[Fex] λ6375. Line fluxes indicated by ∗ have been estimated based on
the decomposition of the Hα and Hγ profile employing a [O iii] λ5007
template (see Sect. 3.3.3).

3.4. Black hole mass estimation and bolometric luminosity

We estimate the BH mass from reverberation mapping data using
the following equation:

MBH = f c τ∆v2 G−1. (4)

This estimate is based on the assumption that the gas dynamics
are dominated by the central black hole. In our study, we use
τcent with respect to the continuum at 5100 Å (see Sect. 3.3.2) to
estimate the mean distance of the origin of the variable line emis-
sion to the ionising continuum source and the FWHM of the rms
profiles to parametrise the mean velocities in the variable gas
(see Table 7). The scaling factor f accounts for the geometri-
cal distribution of the gas to the line of sight and various val-
ues of the order of unity have been discussed in literature (e.g.
Onken et al. 2004; Graham et al. 2011; Grier et al. 2013a) for
samples of AGN. The value for individual AGN, however, may
differ from the values derived from these samples. The narrow
width of the broad line components may originate from either
a low-mass BH or a face-on geometry of WPVS 48. A face-on
geometry would likely lead to a high f value (e.g. Krolik 2001;
Labita et al. 2006; Decarli et al. 2008). Therefore, we give only
the virial product c τ∆v2 G−1 in this section and discuss the scal-
ing factor f and the BH mass in Sect. 4.3.

The virial products for the individual emission lines based
on both the FWHM and σline and the lag to the continuum at
5100 Å are given in Table 9. Here, we exclude He ii λ4686 from
the estimate, as the deblended line profile is difficult to obtain.
The virial products based on the FWHM are consistent with each
other, their weighted mean of the amounts to

c τ∆v2 G−1 = (7.3+5.8
−2.4) × 106 M�. (5)

The errors are propagated from both the high errors in the esti-
mate of the line width as well as the lag from the CCF.

Table 9. Virial products based on reverberation mapping.

Width Hα Hβ Hγ He i λ5876 mean

FWHM 7.3+2.9
−1.6 6.9+5.8

−2.9 9.0+5.8
−3.6 6.7+3.2

−2.3 7.3+5.7
−2.5

σline 1.9+0.8
−0.5 1.6+1.0

−0.5 2.5+1.2
−0.8 3.0+0.9

−0.7 2.0+1.7
−0.9

Notes. The virial products c τ∆v2 G−1 are given in units of 106 M�.
The estimates employ both the FWHM and σline of the respective line
and the lag τcent between line emission and the continuum emission at
5100 Å. Derived masses are discussed in Sect. 4.3.

We, furthermore, used the mean continuum flux density of
Fλ = (2.68 ± 0.22) × 10−15 erg cm−2 s−1 Å−1 at 5100 Å to infer
the optical luminosity of λL5100 = (4.74 ± 0.39) × 1043 erg s−1.
Here, we adopt the bolometric correction factor of ∼19.9 from
Netzer (2019, see their Equation 3 and Table 1)

kbol = 40 × [λL5100/1042 erg s−1]−0.2, (6)

and derive a bolometric luminosity of Lbol = (8.76 ± 0.72) ×
1044 erg s−1.

4. Discussion

4.1. Optical variability

4.1.1. Comparison to the photometric campaign

We compare the intercalibration of the spectroscopic data
redward of 5645 Å with the independent calibration by
Sobrino Figaredo et al. (2018). Figure 12 shows the continuum
light curve at 6810 Å of this work as well as the R band light
curve from Sobrino Figaredo et al. (2018) after the subtraction
of a constant flux density of 1.57 × 10−15 erg cm−2 s−1 Å−1. The
continuum at 6810 Å was chosen for the comparison, as it is
closest to both the [S ii] λλ6716, 6731 emission and the effec-
tive wavelength of the employed R band filter in the rest frame
of WPVS 48. We are able to reproduce the photometric light
curve of Sobrino Figaredo et al. (2018) well with our spectro-
scopic light curve. Most importantly, we are able to reproduce
the variability amplitude without employing a multiplicative fac-
tor to our calibrated light curve. The necessary subtraction of
flux density is likely be explained with the larger aperture with a
diameter of of 7′′.5 that was used in the photometric observations.

4.1.2. Spectral continuum slope

We now test whether the spectral index of the optical contin-
uum is consistent with the theoretical predictions from accretion
disk models – specifically, the spectral energy distribution of the
UV/optical continuum from Shakura & Sunyaev (1973), which
is commonly used as first-order approximation in AGN (e.g.
Davis et al. 2007; Kishimoto et al. 2008), although the details
are more complex (e.g. Blaes et al. 2006; Antonucci 2023, and
references therein). The Shakura & Sunyaev model predicts a
flux density scaling with frequency like Fν ∝ ν

1/3 for the spec-
tral region unaffected by contributions from the inner and outer
AD that radiate in the UV and infrared, respectively. A spectral
index of α = 1/3 translates to a spectral slope of β = −7/3, as
Fλ = Fνdν/dλ ∼ ν1/3ν2 ∼ λ−7/3.

Figure 13 shows a logarithmic plot of the observed rms spec-
trum corrected for Galactic foreground extinction. As the bivari-
ate model for the interband continuum delays (see Sect. 3.2.3)
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Fig. 12. Comparison of the spectroscopic continuum light
curve at 6810 Å and the photometric R band light curve from
Sobrino Figaredo et al. (2018) (effective wavelength in the rest frame
of WPVS 48 λeff = 6750 Å), shifted by −1.57 × 10−15 erg cm−2 s−1 Å−1.

suggests a major secondary contributor other than the AD to the
continuum at 5760 Å and higher wavelengths, we fit the spectral
continuum slope twice: The first fit considers the blue continua
only, i.e. at 4265 Å, 4400 Å, 4775 Å and 5100 Å, whereas the
second fit includes all continuum regions discussed in this work:
The first fit gives β = 2.61±0.06 and is fairly consistent with the
theoretical prediction of the Shakura & Sunyaev model given
that we test this relation over a limited wavelength range only.
However, the inclusion of the continua at higher wavelengths
results in a redder continuum slope, which yields β = 1.86±0.02.
The break between the two power laws is close to Hβ and coin-
cides with the jump in the measured univariate interband con-
tinuum delays. While the presence of a secondary continuum
emitter is a possible explanation of this break in power law, we
cannot exclude the host contribution being responsible for the
break.

4.1.3. Interband continuum delays

In Sect. 3.2.2, we present interband continuum delays
that increase with wavelength. Specifically, we calculate
lags of 2–3 days between continua corresponding to the
V and R band consistent with the lags .3 days discussed
in other studies that include these wavelength bands (e.g.
Fausnaugh et al. 2016; Cackett et al. 2018; Chelouche et al.
2019; Hernández Santisteban et al. 2020; Kara et al. 2021;
Vincentelli et al. 2021). The calculated lag between the B
and the R band of ∼7 days in this work is rather high com-
pared to the lags of ∼1.5–4.1 measured in other campaigns
(e.g. Fausnaugh et al. 2016; Hernández Santisteban et al. 2020;
Kara et al. 2021; Vincentelli et al. 2021; Zhou et al. 2025).
Given the good agreement of our spectroscopic light curve with
the photometric light curve of Sobrino Figaredo et al. (2018)
(see Sect. 4.1.1), we argue that the intercalibration performed in
this work did not lead to the high lag. However, we note that the
referenced studies that include observations in both the B and the
R band are based on photometric broad-band data. The separa-
tion of continuum and line contribution is not straightforward in
photometric data, whereas for the spectroscopic data of this work
a separation of continuum and line flux is achieved. Therefore,
the line contribution in the previous studies might have led to

5× 103 6× 103 7× 103

Rest Wavelength [Å]
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Fig. 13. The rms spectrum of the SALT campaign corrected for Galac-
tic foreground extinction (red). Two power-law models are fitted to the
continuum slope. The first considers only the continua at 5100 Å and
bluewards giving a spectral index β = 2.61 ± 0.06 (black); the second
considers all measured continua giving a spectral index β = 1.82± 0.03
(grey).

higher lags in the B band as discussed in Chelouche et al. (2014),
thereby decreasing the lag between the B and the R band.

In Sect. 3.2.3, we probed the scenario of a secondary vari-
able continuum emitter located further away to the central source
that – similar to the emission lines in the B band – might result
in longer delays: Such diffuse continuum emission from the
BLR has been proposed for instance by Korista & Goad (2001)
and Chelouche et al. (2019). We repeated the model calculations
with various ICCF samplings of 0.5, 2 and 4 days. For contin-
uum light curves whose univariate lag is comparable to the sam-
pling of the campaign – i.e. the continua at wavelengths ≥5100 Å
– this test results in the same lags τsec and contribution factors
α for the secondary component. However, the test struggles to
find consistent delays for the continua with univariate delays far
below the sampling, i.e. Cont. 4440 and Cont 4775. For this rea-
son, we exclude the latter continua from the bivariate analysis.

For the remaining continua, we are able to model the mea-
sured delays with a contribution of a secondary component with
a lag of 11–15 days. This contribution increases with wave-
length to up to ∼50 percent. Intriguingly, the lag of the sec-
ondary continuum component matches the lags of Hα, Hβ, Hγ
and He i λ5876, pointing at a diffuse continuum component that
originates in the Balmer BLR. In their continuum RM study on
Mrk 279, Chelouche et al. (2019) measured the continuum flux
with intermediate-band filters ('100 Å-wide) at 4300 Å, 5700 Å,
6200 Å and 7000 Å. They interpreted the continuum delays with
the bivariate model; however, the measured lag of the secondary
continuum component in Mrk 279 indicates an origin that is
five times closer to the central source than the Balmer BLR.
Furthermore, the contribution of the secondary component is
higher throughout all examined intermediate-band filters rang-
ing between 70 and 90 percent.

Comparing the two campaigns, we note a much higher sam-
pling rate of .1 day for the observations of Mrk 279. In case
of WPVS 48, lags that are five times smaller than the Balmer
lags, i.e. 2–3 days, are in fact below the average sampling rate
of our campaign. This hinders the ability of the bivariate model
to distinguish two continuum signals 2–3 days apart delay-wise,
as is described for the continua at 4440 Å and 4775 Å above.
Furthermore, the light curves have a different variability pattern
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in both AGN: Mrk 279 exhibits non-monotonic continuum vari-
ability on timescales of ∼5 days, whereas the continuum light
curves of WPVS 48 show non-monotonic continuum variabil-
ity on timescales of ∼20 days. This observation of variability on
different timescales cannot be accounted for the lower sampling
rate of our campaign alone, as the same holds true for the higher-
sampled photometric light curves of Sobrino Figaredo et al.
(2018, see Fig. 12). Thus, different dominant secondary con-
tinuum components may be observed due to different sampling
rates or due to distinct variability behaviours of the AGN.

In addition to optical interband continuum lags, lags
between the highly ionising continuum in the UV/X-ray and
optical continua were measured in other galaxies: Specifically,
the RM studies on NGC 4151 (Edelson et al. 2019), NGC 4593
(Cackett et al. 2018; McHardy et al. 2018; Edelson et al.
2019), NGC 5548 (Edelson et al. 2015; Fausnaugh et al. 2016;
Edelson et al. 2019), Fairall 9 (Hernández Santisteban et al.
2020; Edelson et al. 2024), Mrk 110 (Vincentelli et al. 2021),
Mrk 509 (Edelson et al. 2019) and Mrk 817 (Kara et al. 2021)
include wavelength bands of the highly ionising continuum in
the UV or X-ray. They found typical lags between UV/X-ray
and V band continua ranging from 0.48 to 4.3 days6.

4.1.4. Emission line variability

In Sect. 3.3.2, we deduce the BLR size for various emission
lines from the CCFs with two optical continuum light curves.
While the inferred sizes for the Balmer lines and the He i λ5876
line (ranging between ∼11 and ∼16 days) from the CCFs with
both continua agree with each other, the CCFs for He ii λ4686
result in BLR sizes that – depending on the chosen contin-
uum – differ by a factor of ∼2. Specifically, the derived BLR
sizes for He ii λ4686 range between 2 and 5 days. Here, a sim-
ilar argument can be made as with the continuum light curves
in Sect. 4.1.3: As the found lag is below the sampling rate, the
delays resultant from the cross correlations differ.

The He ii λ4686 line is furthermore blended with N iii λ4640
and C iv λ4658. The extended blue wing of He ii λ4686 points
at variability in either or both of the blended lines. Variable
N iii λ4640 emission have been observed in flaring AGN so
far (Trakhtenbrot et al. 2019; Makrygianni et al. 2023, and ref-
erences therein). However, no flaring in WPVS 48 is known to
the authors. We hence show that the Bowen fluorescence line
N iii λ4640 is also present in non-outburst spectra.

4.1.5. Balmer decrement variability

We calculate the Balmer decrement Hα / Hβ for all epochs. Fig-
ures 14 and 15 show the relation to the measured continuum flux
density at 5100 Å and the Hβ flux, respectively. We subtracted
the flux of the narrow-line component before the evaluation of
the Balmer decrement. The narrow-line fluxes (17.8 erg cm−2 s−1

and 39.3 erg cm−2 s−1 for Hβ and Hα, respectively) have been
estimated with the help of a higher-resolved X-shooter spectrum
(PI: Benny Trakhtenbrot, Program ID: 109.22YE) from 2022,
i.e. 8 years after the SALT campaign. We thereby assume that
the broad line profiles remain largely unchanged over this time
period, which we test with an overplot of the line profiles from
the X-shooter spectrum and the mean SALT spectrum. Both line
profiles previously have been corrected for the narrow compo-

6 NGC 5548 exceeded the upper limit of the given range with a
lag of ∼5.9 days between hard X-rays (1.5–10 keV) and the V band
(Edelson et al. 2019).
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Fig. 14. Balmer decrement, F(Hα)/F(Hβ), of the broad-line components
vs continuum intensity at 5100 Å. The dashed line on the graph repre-
sents the linear regression.
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Fig. 15. Balmer decrement, F(Hα)/F(Hβ), of the broad-line components
vs broad-line Hβ intensity. The dashed line on the graph represents the
linear regression.

nent using [O iii] λ5007 as a template. We repeat the process
with for the SALT spectrum employing different scaling factors
for the narrow-line correction and conclude that for flux differ-
ences of ±2.5 erg cm−2 s−1 clear residuals of the narrow compo-
nents emerge in the difference spectrum. We, therefore, adopt
this as the uncertainty of the narrow component.

The values of the Balmer decrement are between 4.3 and 5
and show a roughly linear relation with the continuum flux den-
sity and the Hβ flux, precisely, the Balmer decrement decreases
with increasing flux (density). Similar Balmer decrements rang-
ing between ∼3 and ∼5 have been measured in other AGN,
such as NGC 7603 (Kollatschny et al. 2000), HE 1136-2304
(Kollatschny et al. 2018), and Mrk 926 (Kollatschny et al. 2022).
For instance, the slope of the Balmer decrement in WPVS 48 is
similar to that of NGC 7603 in epochs of higher Hβ flux (F &
250 erg cm−2 s−1), whereas the slope in NGC 7603 becomes
steeper and the Balmer decrement reaches ∼7 for epochs with
lower Hβ flux (F . 250 erg cm−2 s−1). Korista & Goad (2004)
simulated the responsivities of the optical emission lines promi-
nent in AGN in relation to the incident flux and suggested that
the found behaviour of the Balmer decrement as well as the
apparent stratification of the BLR may be explained with opti-
cal depth effects.
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4.2. Emission line profiles

In Sect. 3.3.3, we extract the broad rms profiles of the Balmer
lines and He i λ5876. The extracted rms profiles of Hβ, Hα and
He i λ5876 measure almost equal line widths of ∼1500 km s−1.
While the bootstrap method employed to assess the uncertainties
of the line widths accounts for noise in the line profiles, it does
not account for systematic biases from the presence of a poten-
tial narrow component. Since a robust line-profile decomposi-
tion is hard to achieve for NLS1s due to blending of the narrow
and broad components, we tested the influence of a possible
narrow-line residuum in the upper 10% of the rms peaks by
measuring the width at the flux level of 0.45 of the maximum.
A narrow-line residuum of the order of 10% of the peak flux
would broaden the FWHM of the rms profiles by ∼130 km s−1.
Such a residuum, however, is not conspicuous in the rms pro-
files and we, therefore, conclude that such bias is smaller than
∼130 km s−1 and the uncertainties already given in Sect. 3.3.3.

The similar width suggests that all four lines originate from
roughly the same distance to the central source, which is corrob-
orated by the lag measurements in Sect. 3.3.2. Line widths and
lags consistently reflect small differences in the distance from the
central source, as Hγ and He i λ5876 have both smaller lags and
slightly higher widths than Hβ and Hα. All four lines further-
more show a similar line shape, which includes the same feature
of a slight redward asymmetry in their rms peaks (upper 20%).
A redward asymmetry is furthermore present in the rms peak of
He ii λ4686. The appearance of this feature in all five lines sug-
gests that this line feature is genuine and not a result from the
reduction or intercalibration process.

Redward asymmetries have been observed in multiple AGN
and have been reproduced using different models, for instance:
Ochmann et al. (2024) fitted the double-peaked Ca ii λ8662 with
a redward asymmetry profile of NGC 1566 with the model by
Eracleous et al. (1995) of the emission of an elliptical accretion
disk at an inclination angle of i ≈ (8.1 ± 3.0)◦. The single-
peaked Hβ profile showing a redward asymmetry has then been
replicated from the Ca ii λ8662 profile by adding turbulence.
Kollatschny (2003b) suggested gravitational redshift as an expla-
nation for the redshifted rms peaks in the NLS1 Mrk 110 and
inferred an inclination angle of i ≈ (21 ± 5)◦. Goad et al. (2012)
presented a series of line profiles expected from their disk model
and linked redward asymmetries to the combined effect of gravi-
tational redshift, transverse Doppler shift and turbulence. Specif-
ically, they concluded that these effects on line profiles are
apparent only in near face-on systems (i . 20◦). While the com-
bination of relatively narrow widths in the BLR components and
a redward asymmetry in the rms profile is consistent with a low
inclination angle in these models, we note that there is no esti-
mate of the inclination angle based on the presence of both fea-
tures alone. The scaling factor f , therefore, is unconstrained by
this observation and both the low-inclination and the low-mass
scenario of the AGN in WPVS 48 are equally possible.

We now infer (projected) rotational vrot and turbulent veloc-
ity components vturb in the BLR from the FWHM and the
line dispersion σline following the model of Kollatschny & Zetzl
(2011, 2013). The model parametrises rotationally broadened
Lorentzian profiles, which are associated with turbulent motion
(see also Goad et al. 2012) in terms of the FWHM and the
FWHM / σline ratio. This way, Kollatschny & Zetzl (2011, 2013)
were able to identify characteristic turbulent velocities in various
emission lines of AGN. Based on the rotational and turbulent
velocities, we calculate the ratio of the height above the mid-
plane to the radius of the line emitting regions H/R as presented
in Kollatschny & Zetzl (2011, 2013).

Table 10. Inferred velocities of (projected) rotational and turbulent
motion as well as scale height of the prominent emission lines.

Line vrot vturb H/R
[km s−1] [km s−1]

(1) (2) (3) (4)

Hα 925+145
−80 140+80_

−55 0.15
Hβ 950+120

−135 110+90_
−65 0.12

Hγ 1165+110
−135 215+150

−80 0.18
He i λ5876 965+95

−105 255+85_
−70 0.26

Notes. The velocities were inferred based on the model of
Kollatschny & Zetzl (2011, 2013).

H/R = α−1(vturb/vrot), (7)

where the viscosity parameter is assumed to be in the range
between 0.1 and 1 (e.g. Frank et al. 2002). For simplicity,
we adopt α = 1. The calculated values for vturb, vrot and
H/R are given in Table 10. We note, however, that the
model of Kollatschny & Zetzl (2011, 2013) does not account
for a low inclination angle or relativistic effects. In fact,
Kollatschny & Zetzl (2013) point out that NLS1s tend to have
lower FWHM while having FWHM / σline ratios similar to
broad-line Seyfert galaxies. A lower estimate of the line disper-
sion implies a lower turbulent velocity, and thus a lower scale
height.

4.3. Inclination angle, central black hole mass and Eddington
ratio L/LEdd

Since the discovery of NLS1s, the two scenarios of true low dis-
persion velocities in low-mass high-Eddington systems and pro-
jected low dispersion velocities in low-inclination systems are
primarily discussed to explain the narrow emission lines. Evi-
dence has been found for both scenarios in different galaxies
exhibiting narrow BLR lines: For instance, some surveys indi-
cate that low-mass SMBHs accreting at a high Eddington rate are
amongst the sub-class of NLS1 (e.g. Boroson 2002; Grupe 2004;
Xu et al. 2012, and references therein), but also low inclination
angles have been inferred in the NLS1 Mrk 110 (Kollatschny
2003b) and in NGC 15667 (Ochmann et al. 2024).

The principal argument for a low-inclination system in
WPVS 48 is given by Sobrino Figaredo et al. (2018) in their
analysis of a photometric RM campaign with various optical and
IR filters, specifically, broad-band B,V,R, J and K filters as well
as a narrow-band Hα filter: They noted the sharp peak of the dust
in the cross-correlation function of the IR light curves with the
B band light curve in comparison with the smeared-out correla-
tion function of Hα and B band light curve. This may be inter-
preted as the quasi-simultaneous response of the upper layer of a
bowl-shaped torus observed from almost face-on, as simultane-
ous responses should originate from the elliptic (or bowl-shaped)
iso-delay surfaces. In Sect. 4.2, we argue that the line profiles of
WPVS 48 are consistent with this scenario; however, we cannot
differentiate from the low-mass scenario in the NLS1 WPVS 48.

7 Ochmann et al. (2024) measured a FWHM of ∼2200 km s−1 for Hβ
in NGC 1566. While exhibiting relatively narrow BLR lines, NGC 1566
formally is not a NLS1.
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We, therefore, give mass estimates for both scenarios based
on the virial products calculated in Sect. 3.4: In order to infer a
BH mass, we account for the geometrical distribution and kine-
matics of the BLR gas by means of the scaling factor f . Vari-
ous values for the scaling factor are discussed in literature, for
instance f = 5.5 (Onken et al. 2004), f = 4.31 (Grier et al.
2013a) or f = 3.6 (Graham et al. 2011).

For the estimate in the low-mass scenario, thereby assuming
that inclination has little effect on the measured line width, we
adopt the value of Graham et al. (2011). We note that the refer-
enced values for f assume the line dispersion σline as parametri-
sation of the gas velocity. However, we use the FWHM for the
mass estimate, and thus adapt the value of Graham et al. (2011)
to f = 1.8 taking into account the ratio of FWHM/σline ≈ 2
found by Peterson et al. (2004). This ratio of FWHM/σline also
applies to the measured widths of the rms profiles in WPVS 48
(see Table 7). Employing this adapted scaling factor to the virial
product of Hβ, the BH mass amounts to

MBH, RM = (1.3+1.1
−0.6) × 107 M�. (8)

We, furthermore, give the BH mass estimate deduced from the
line dispersion σline and the according scaling factor f = 3.6 by
Graham et al. (2011), which amounts to MBH, RM = (5.8+3.4

−1.8) ×
106 M�.

This is in good agreement with the mass estimate fol-
lowing the MBH – FWHM(Hβ)/L5100 scaling relation of
Vestergaard & Peterson (2006, see their Equation 5). Employing
this scaling relation with the measured FWHM of the rms profile
of Hβ of (1540± 290) km s−1 (see Table 7) and the luminosity at
5100 Å of λL5100 = 4.74× 1043 erg s−1 (see Sect. 3.4), we infer a
BH mass of MBH, FWHM(Hβ),L5100 = (1.2+0.6

−0.5) × 107 M�.
From the mass estimate of MBH, RM = (1.3+1.1

−0.6) × 107 M�,
we derive an Eddington luminosity of LEdd = 1.9 × 1045 erg s−1.
Given the derived bolometric luminosity of Lbol = 8.76 ×
1044 erg s−1 (see Sect. 3.4), this places the Eddington ratio at
L/LEdd ≈ 0.39.

For the second scenario of WPVS 48 observed face-on,
the scaling factor f can be higher than the value found by
Graham et al. (2011). In the simplest model of the BLR as a
circular disk, the scaling factor scales with the inclination angle
like f ∼ sin−2 i (Krolik 2001; Kollatschny 2003b). Following the
scaling relation of f ∼ sin−2 i and assuming an inclination angle
between 5◦ and 25◦, we derive BH masses between 3.6×107 M�
and 8.5×108 M�. In near face-on systems, the BH mass therefore
may be underestimated by up to 1.9 dex. The derived Eddington
ratio in this scenario would be only a few percent.

4.4. Comparison with variability campaigns of other
(narrow-line) Seyfert galaxies

Several optical variability campaigns have been conducted on
NLS1 galaxies, for instance on Mrk 110 (Kollatschny et al.
2001; Kollatschny 2003a), NGC 4051 (Denney et al. 2009;
Fausnaugh et al. 2017), NGC 4748 (Bentz et al. 2009, 2010),
Ark 564 (Shapovalova et al. 2012), SDSS J113913.91+335551
(Rafter et al. 2013), Mrk 335 (Grier et al. 2012), PG 0934+013
(Park et al. 2017). We compile key parameters from these cam-
paigns in Table 11. These parameters are the mean flux density
F5100 and the variability amplitude R5100 of the optical contin-
uum, the optical luminosity λF5100, the measured FWHM of
the rms profile of Hβ and the lag of Hβ to the optical contin-
uum τHβ. Optical continuum flux densities corrected for galactic
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Fig. 16. Optical continuum luminosity and Hβ lags for WPVS 48
and other AGN. Included are the data sets of Bentz et al. (2013)
(dark blue) and Shen et al. (2024) (light blue) as well as the B-L
relation log(RBLR/1lt-day) = 1.527 + 0.533log(λL5100/1044 L�) found
by Bentz et al. (2013). We also highlight a set of NLS1s: Mrk 110
(Kollatschny et al. 2001; Kollatschny 2003a), Mrk 335 (Grier et al.
2012), NGC 4051 (Denney et al. 2009; Fausnaugh et al. 2017),
NGC 4748 (Bentz et al. 2009, 2010), SDSS J113913.91+335551
(Rafter et al. 2013), Ark 564 (Shapovalova et al. 2012), and
PG 0934+013 (Park et al. 2017) in orange.

foreground extinction are taken from Bentz et al. (2013) where
applicable.

We furthermore deduce homogeneously the BH mass and the
Eddington ratio from these key parameters as is done in 4.3. For
this comparison, we disregard individual geometries and adopt
always a scaling factor of 1.8 as well as the bolometric correction
factor by Netzer (2019, see Sect. 3.4). Therefore, derived BH
masses in Table 11 are likely to be underestimated and Edding-
ton ratios are likely to be overestimated. The errors of the BH
masses and Eddington ratios are propagated from the uncertain-
ties of the Hβ lag. We note that the estimated error for Ark 564
is large as several gaps of ∼3 months interrupted the variability
campaign.

Figure 16 compares the measured optical luminosity L5100
and the size of the Balmer BLR of WPVS 48 with those inferred
from other variability campaigns on both NLS1s and other AGN
in the samples of Bentz et al. (2013) and Shen et al. (2024). In
particular, we highlight the NLS1s from above for which optical
luminosities and BLR sizes have been estimated. WPVS 48 is
in good agreement with the R-L relation found by Bentz et al.
(2013).

WPVS 48 is similar in terms of BLR size, luminosity, and
derived BH mass to the NLS1 galaxies Mrk 110, Mrk 335,
PG 0934+013 and SDSS J113913.91+335551. The optical lumi-
nosities and the BLR radii of the sample of reverberation-
mapped NLS1 galaxies fall between the lower end and the mid-
dle of the R-L range of the AGN samples of Bentz et al. (2013)
and Shen et al. (2024). The optical variability amplitude of 1.37
in WPVS 48 is similar to typical variability amplitudes observed
in other AGN – NLS1 galaxies and broad-line Seyfert galaxies
alike. For most AGN, the variability amplitudes range from ∼1.2
to ∼2 (e.g. Peterson et al. 1998; Bentz et al. 2009; Grier et al.
2012).
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Table 11. Key parameters of NLS1 galaxies with existing reverberation mapping data: Flux density (2) and variability amplitude (3) of the
continuum at 5100 Å, optical luminosity (4), FWHM of the rms profile of Hβ (5), Hβ lag to the optical continuum (6), BH mass (7) and Eddington
luminosity (8).

NLS1 Galaxy F5100 R5100 log λL5100 FWHMHβ τHβ log MBH L/LEdd Ref.
(1) (2) (3) (4) (5) (6) (7) (8) (9)

WPVS 48 2.68 1.37 43.68 1540 15.0_+4.5
−1.9 7.04+0.12

−0.06 0.39+0.06
−0.10 this work

Mrk 110 2.79 2.07 43.62 1515 24.2_+3.7_
−3.3 7.29+0.07

−0.06 0.27+0.05
−0.04 (a), (b)

Mrk 335 5.84 1.57 43.68 1025 14.3_+0.7
−0.7 6.72+0.03

−0.03 1.12+0.06
−0.06 (a), (c)

NGC 4051 4.93 1.69 41.96 1034 _1.85+0.54
−0.50 5.84+0.12

−0.11 0.36+0.14
−0.09 (a), (d)

NGC 4748 1.15 1.33 42.49 1212 _6.30+1.82
−1.44 6.51+0.12

−0.09 0.20+0.06
−0.05 (a), (e)

Ark 564 5.96∗ 1.60 43.56 _960 _3.56+27.44
−3.56 6.06+0.94

−0.31 4.1_−3.63 (f)
SDSS J113913.91+335551 – 1.57 42.85† 1450 12.5_+0.5

−1.5 6.97+0.02
−0.05 0.14+0.02

−0.01 (g)
PG 0934+013 – 1.53‡ 43.63 1030 _8.46+2.08

−2.14 6.50+0.10
−0.10 1.70+0.58

−0.34 (h)

Notes. Continuum flux densities are given in units of 1015 erg cm−2 s−1 Å−1, optical luminosities are given in units of erg s−1, FWHM are given
in units of km s−1, BH masses are given in units of M� and are inferred from Hβ widths and lags employing uniformly the scaling factor of
f = 1.8, thereby ignoring individual BLR geometries. Therefore, BH masses may be underestimated and Eddington ratios may be overesti-
mated. References: (a) Bentz et al. (2013), (b) Kollatschny et al. (2001), (c) Grier et al. (2012), (d) Denney et al. (2009), (e) Bentz et al. (2009),
(f) Shapovalova et al. (2012), (g) Rafter et al. (2013), (h) Park et al. (2017). ∗Corrected for Galactic extinction adopting AV = 0.166 from
Schlafly & Finkbeiner (2011) (NED). †Measured from an additional SDSS spectrum. ‡Variability amplitude taken from simultaneous photometric
B band observations.

WPVS 48 furthermore has some of the same spectral and
variability features as the other NLS1s for which optical mean
and rms spectra are published: Fe ii emission is present in the
mean spectra of WPVS 48, Mrk 110 (Kollatschny et al. 2001,
see their Fig. 5), Mrk 335 (Grier et al. 2012, see their Fig. 1),
NGC 4748 (Bentz et al. 2010, see their Fig. 7), and NGC 4051
(Fausnaugh et al. 2017, see their Fig. 4); however, Fe ii seems to
be absent or very weak in the corresponding rms spectra (see the
same figures except for Mrk 110, there see Fig. 7), which indi-
cates low variability in the Fe ii lines. Moreover, we identified
several low-intensity He i lines in both the mean and rms spec-
trum of WPVS 48, as was done in Mrk 110.

5. Conclusions

We performed reverberation mapping of both continuum and
emission lines in WPVS 48, using the SALT 10 m telescope. In
conclusion, our key findings can be summarised as follows:
1. The BLR of WPVS 48 is stratified with respect to the dis-

tance of the line emitting regions. The integrated emission
line intensities of Hα, Hβ, Hγ, and He i λ5876 originate at
distances of 16.0+4.0

−2.0, 15.0+4.5
−1.9, 12.5+3.5

−2.5, and 14.0+2.5
−2.1 light-

days with respect to the optical continuum at 5100 Å. The
He ii λ4686 lag of .5 days is not perfectly resolved with the
minimum sampling of 5 days.

2. WPVS 48 shows variability similar to other NLS1s and var-
ied by a factor of ∼1.4 in the optical continuum, by a factor
of ∼1.2 in the Balmer lines, by a factor of ∼1.4 in He i λ5876,
and by a factor of ∼1.7 in He ii λ4686. The variability ampli-
tudes of the integrated emission lines decrease in the strat-
ified BLR of WPVS 48 with distance to the ionising con-
tinuum source. The Balmer decrement in WPVS 48 further-
more increases as a function of decreasing continuum lumi-
nosity.

3. We identify variable emission of the Bowen line N iii λ4640
in the mean and rms spectrum of WPVS 48.

4. We derive interband continuum lags increasing with wave-
length in WPVS 48. Assuming two continuum components,

we obtain coherent lags of ∼15 days for the secondary com-
ponent. We therefore suggest a continuum source that is co-
located with the Balmer-emitting region.

5. We derive a central BH mass of (1.3+1.1
−0.6) × 107 M� and

an Eddington ratio of L/LEdd ≈ 0.39 based on the lag
as well as the width of the Hβ rms profile. We address
a potential bias due to the presence of a narrow-line Hβ
residuum. This narrow-line residuum, however, is not con-
spicuous in the rms profile. Furthermore, we discussed the
correction for a near face-on geometry as suggested by
Sobrino Figaredo et al. (2018).

To date, very few NLS1 galaxies have been the subject of a
detailed analysis by means of reverberation mapping campaigns.
We now have contributed key parameters of the BLR for one
specimen of this AGN class.
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Appendix A: Additional figures
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Fig. A.1. Left panel: CCFs of the interband continuum correlations with respect to the continuum light curve at 4265 Å. The time lag, τcent, is
denoted by a dashed line; the shaded area corresponds to a ±1σ interval. Right panel: Cross-correlation centroid distributions after 20,000 runs
employing FR and RSS of the various continua with respect to the combined continuum at 4265 Å.
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Appendix B: Additional tables
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Table B.2. Line Fluxes.

MJD Hα Hβ Hγ He i λ5876 He ii λ4686
(1) (2) (3) (4) (5) (6)

56628.03 1000. ± 10. 293.0 ± 3.0 150.9 ± 1.7 54.1 ± 0.8 _93.3 ± 1.5
56640.01 1151. ± 12. 318.9 ± 3.2 175.1 ± 1.9 63.5 ± 0.7 105.5 ± 1.3
56647.00 1118. ± 12. 308.1 ± 3.1 163.5 ± 1.7 60.2 ± 0.7 105.6 ± 1.2
56652.97 1016. ± 11. 295.5 ± 3.1 144.0 ± 1.7 54.9 ± 1.0 _98.2 ± 1.3
56658.95 1107. ± 12. 315.0 ± 3.2 167.1 ± 1.8 61.1 ± 0.7 106.0 ± 1.2
56669.92 1130. ± 12. 313.1 ± 3.2 164.2 ± 1.8 63.0 ± 0.8 _93.4 ± 1.1
56675.90 1110. ± 12. 307.4 ± 3.1 156.1 ± 1.7 57.5 ± 0.6 _71.9 ± 0.9
56688.87 _995. ± 10. 267.9 ± 2.8 135.3 ± 1.5 48.5 ± 0.6 _67.7 ± 1.0
56696.08 1018. ± 11. 280.8 ± 2.9 139.7 ± 1.5 47.4 ± 0.6 _62.5 ± 0.8
56703.83 _974. ± 10. 267.9 ± 2.8 131.3 ± 1.6 45.6 ± 0.6 _87.3 ± 1.2
56716.78 1013. ± 11. 273.8 ± 2.8 146.7 ± 1.6 49.4 ± 0.6 _85.9 ± 1.1
56722.02 1073. ± 11. 289.0 ± 3.0 150.9 ± 1.6 56.6 ± 0.7 _90.2 ± 1.1
56727.77 1076. ± 11. 284.1 ± 2.9 148.9 ± 1.7 54.3 ± 0.8 _79.2 ± 1.2
56734.00 1013. ± 11. 277.0 ± 2.9 145.7 ± 1.7 47.9 ± 0.6 _89.7 ± 1.2
56744.97 1083. ± 11. 301.4 ± 3.1 171.6 ± 1.8 55.0 ± 0.6 _94.7 ± 1.1
56756.92 1094. ± 11. 298.4 ± 3.0 152.3 ± 1.6 57.7 ± 0.7 _88.8 ± 1.0
56772.89 1116. ± 12. 308.4 ± 3.1 163.6 ± 1.7 59.9 ± 0.7 100.3 ± 1.1
56788.84 1126. ± 12. 302.5 ± 3.1 161.8 ± 1.7 55.5 ± 0.6 _91.6 ± 1.0
56794.81 1063. ± 11. 291.6 ± 3.0 145.3 ± 1.6 50.3 ± 0.6 _83.3 ± 1.0
56800.80 1068. ± 11. 282.2 ± 2.9 147.2 ± 1.6 50.3 ± 0.6 _68.5 ± 1.0
56808.80 1009. ± 11. 277.6 ± 2.9 147.8 ± 1.6 46.9 ± 0.6 _93.7 ± 1.2
56827.72 1086. ± 11. 289.7 ± 3.0 151.1 ± 1.6 50.3 ± 0.6 _85.6 ± 1.0
56832.73 1048. ± 11. 281.2 ± 2.9 145.9 ± 1.5 49.4 ± 0.6 _77.7 ± 0.9
56837.72 1061. ± 11. 281.0 ± 2.9 147.7 ± 1.6 50.0 ± 0.6 _81.1 ± 0.9

Notes. Line fluxes in units of 10−15 erg cm−2s−1.
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