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ESPRESSO reveals a single but perturbed broad-line region in the
supermassive black hole binary candidate PG 1302-102
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ABSTRACT

In this work, we present a new, fully Bayesian analysis of the highest-resolution optical spectrum of the supermassive black hole
(SMBH) binary candidate PG 1302—102, obtained with ESPRESSO at the VLT (R =~ 138 000). Our methodology, based on robust
Bayesian model selection, reveals the presence of multiple narrow emission lines at the expected redshift of the source and confirms
(for HB) and detects (for Hy) the clear presence of redshifted broad components. Additionally, we have discovered a “very broad”
and, if it is associated with the HB, “very redshifted” component at 1 =~ 5000 A. We evaluate two scenarios for explaining the
observed broad emission line (BEL) features in PG 1302—102. In the case in which the redshifted BEL asymmetry arises from the
orbital motion of a putative binary, our measurements coupled with simple estimates of the broad-line region (BLR) sizes suggest
that the individual black hole BLRs are either settled in a single BLR or in the process of merging and, therefore truncated and
highly disturbed. Alternatively, in the scenario of a single SMBH, we explain the distorted emission of the BELs with a nonsymmetric
distribution of the BLR clouds; namely, a thin disk with a spiral perturbation. This BLR configuration is statistically preferred over
any empirical multi-Gaussian fit and simultaneously explains the asymmetric emission of the HB and Hy close to the bulk of the line
and any additional excess (or the lack of it, in the case of the Hy) at much longer wavelengths. The physical origins of the perturbation
are still unclear and a connection with the possible presence of a black hole binary cannot be ruled out. Given the growing evidence
from theoretical and observational works demonstrating the common presence of disturbed BLRs in active galactic nuclei, we argue

that an origin related to self-gravitating instabilities may be more plausible.

Key words. techniques: spectroscopic — galaxies: active — galaxies: interactions — quasars: emission lines —
quasars: supermassive black holes — quasars: individual: PG 1302-102

1. Introduction

Supermassive black hole (SMBH) binaries (SMBHBs) are
thought to be common in the Universe as a natural outcome
of galaxy mergers (Begelman etal. 1980). Such systems are
among the loudest sources of gravitational waves (GWs) poten-
tially detectable with current pulsar timing array campaigns
(Verbiest et al. 2016; Agazie etal. 2024) and future space-
based GW interferometers (e.g., LISA, Amaro-Seoane et al.
2017, 2023). However, theoretical expectations on the rates of
detectable binary mergers are still highly uncertain; such uncer-
tainties could in principle be reduced through the electromag-
netic identification of bona fidle SMBHBs (De Rosa et al. 2019).

* Corresponding author; fabio.rigamonti@inaf.it

Unfortunately, several challenges complicate the unambigu-
ous identification of these sources and, to date, no definite
observational confirmation of any SMBHB has been made yet.
The only binary candidate, spatially resolved through very long
baseline radio interferometry observations, is the radio galaxy
0402+379 (Rodriguez et al. 2009; Burke-Spolaor 2011) show-
ing two flat-spectrum radio cores with a projected separation
of ~7pc (see also Kharbetal. 2017 for a 0.35pc binary in
the spiral galaxy NGC 7674). At smaller separations, unresolv-
able with current facilities except for the closest active galactic
nuclei (AGNs), SMBHBs have been searched-for either through
photometric variability in their light curve (Valtonen et al.
2008; Ackermann et al. 2015; Graham et al. 2015a; Li et al.
2016, 2019; Charisi et al. 2016; Sandrinelli et al. 2016, 2018;
Severgnini et al. 2018; Liu et al. 2019; Serafinelli et al. 2020;
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Chen et al. 2020; Covino et al. 2020) or by looking for peculiar
spectral features (Tsalmantza et al. 2011; Eracleous et al. 2012;
Ju et al. 2013; Shen et al. 2013; Wang et al. 2017).

If the two black holes are at a separation such that at least
one of them still retains its own broad-line region (BLR), then
we expect broad emission lines (BELs) to be shifted in fre-
quency with respect to their respective narrow emission lines
(NELs) and to evolve in time over a binary orbital period.
Unfortunately, asymmetric emission line profiles could also be
explained by eccentric BLRs (Eracleous et al. 1997), as well
as circular BLRs featuring deviations from an axisymmetric
emissivity profile; for example, as hot spots (Jovanovic et al.
2010) or spiral patterns (Storchi-Bergmann et al. 2017). In addi-
tion, even symmetric BLRs might appear as asymmetric in
observations in the presence of partial obscuration from dust
(Gaskell & Harrington 2018), or if the BLR is attached to a
recoiling SMBH (Volonteri & Madau 2008). In these cases, the
obvious way of checking for the presence of a SMBHB would
be to measure the expected drift in wavelengths by observing the
candidate over a binary orbital period'.

At smaller separations where the BLR is either trun-
cated (Montuori et al. 2011) or shared by both SMBHs, pho-
tometric variability is still expected over orbital timescales
due to periodic fueling from the circumbinary material (e.g.,
Hayasaki et al. 2008; Tiede et al. 2024), Doppler boosted (DB)
emission (D’Orazio et al. 2015), or periodic gravitational lens-
ing from the companion of the active component of the SMBHB
(D’Orazio & Di Stefano 2018; Davelaar & Haiman 2022a,b).
Even in these cases, alternative interpretations have been pro-
posed for quasi-periodically modulated sources, either assuming
Lense-Thirring driven precessing jets (Sandrinelli et al. 2016;
Britzen et al. 2018) or only apparent (quasi-)periodicities due to
the effect of correlated noise together with the intrinsic difficul-
ties affecting the analysis of short (compared to the searched-for
periodicities) time series (Vaughan et al. 2016; Liu et al. 2018;
Covino et al. 2019).

One of the strongest candidate SMBHBs identified through
periodicity in its light curve is PG 1302-102; a quasar with
a median V-band magnitude of 15.0 and a redshift of 0.2784
showing variability in multiple bands (Liuetal. 2024) as
well as the presence of BELs (Graham etal. 2015b). This
object has been observed across multiple wavelengths, includ-
ing optical (Graham et al. 2015b), ultraviolet (D’Orazio et al.
2015; Xin et al. 2020), infrared (Jun et al. 2015), and X-rays
(Saade et al. 2024)?. The modulation of PG 1302—102 has been
explained through the DB emission of an unequal-mass binary:
when the secondary black hole accretes matter onto a mini-disk,
the emission is DB due to the relativistic® orbital motion of
the secondary. PG 1302—-102 also exemplifies the well-known
challenge of determining the intrinsic nature of a quasar based
on the observation of a limited number of periodic cycles
(Covino et al. 2019); indeed, its true nature remains a topic
of debate. For instance, Vaughan et al. (2016) argue that the
light curve observed in PG 1302-102 is better described with
a damped random walk model (Kelly et al. 2009) rather than a
sinusoid with uncorrelated noise (see also Graham et al. 2015b).
This hypothesis is supported by the fact that PG 1302—102 was

' Given the typical binary separations involved in order to be conclu-
sive, such test could require up to >10—100 yr (Tsalmantza et al. 2011;
Eracleous et al. 2012).

2 See also (Liu et al. 2024) for photometric reverberation mapping
measurement obtained combining such light curves.

3 Estimates from the periodicity and the predicted mass of the putative
binary give a separation of ~0.01 pc and, therefore relativistic motion.
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selected as the most periodic source from a sample of ~250 000
light curves. With such ratios (i.e., 1 in 250000), it is likely
that one will find some quasar that appears periodic purely by
coincidence. Similarly, Liu et al. (2018) measured a decreased
evidence for periodicity when additional data were included
in the modeling. Conversely, Zhu & Thrane (2020) show that
if correlated noise is combined with sinusoidal variation then
quasi-periodic oscillation is the most favored explanation for
PG 1302-102 variability.

In this paper, we aim to further clarify the nature of
PG 1302-102. We apply a fully Bayesian approach to the
highest-resolution spectrum of this source, observed using the
Echelle SPectrograph for Rocky Exoplanets and Stable Spectro-
scopic Observations (ESPRESSO, Pepe et al. 2021) on the Very
Large Telescope (VLT). Specifically, we present an improved
characterization of the broad and narrow line region properties of
PG 1302-102, by examing the emission lines for substructures,
such as nonsymmetric, redshifted, and blueshifted components.

This paper is organized as follows: in Sect. 2 we describe
the collected data and the reduction process; in Sect. 3 we detail
our procedure for determining the best description of the spec-
trum also providing a physically motivated interpretation for the
BLR of PG 1302-102; in Sect. 4 we discuss the implication
of our findings in relation with the putative binary nature of
PG 1302-102; and, finally, in Sect. 5 we provide a short sum-
mary of our work.

2. Data

PG 1302-102 was observed with VLT ESPRESSO in early
2018, during the instrument’s third commissioning run. Three
exposures of 1200s each were taken on February 27, February
28, and March 3. The instrument was operated in SINGLEHR
mode, meaning that it was accepting light from VLT Unit Tele-
scope (UT) at a time (respectively, UT2, UT1, and UT3 for the
three exposures), using the 140 um fibre for high resolution. The
detector was binned by 2 in the spatial direction and by 1 in the
spectral direction, achieving a resolving power of approximately
138 000.

The data were reduced with the official pipeline released by
ESO?, version 1.3.2. Standard calibrations were used to remove
the instrumental signature and calibrate the spectra into physical
units. Wavelength calibration was performed using the instru-
ment built-in Fabry-Pérot interferometer, with a ThAr lamp act-
ing as an absolute reference. Flux calibration was performed
with the aid of two spectro-photometric standard stars (HR 4963
for February 27 and March 3, HR 5501 for March 3). The final
products of the pipelines were three reduced (flat-fielded, sky-
subtracted, wavelength- and flux-calibrated) spectra, provided
both in order-by-order and merged format.

To perform the analysis, we coadded the three reduced
spectra using the ESPRESSO Data Analysis Software (DAS),
version 1.04. We chose the order-by-order format to preserve
the original detector binning throughout the coaddition proce-
dure (merged spectra are already rebinned on a fixed wave-
length grid). The coaddition was performed with the approach
described in Cupani et al. (2016), equalizing the flux from the
different exposures and appropriately weighting the contribu-
tions to each bin of the final spectrum. In what follows, unless

4 https://www.eso.org/sci/software/pipelines/espresso/
> https://www.eso.org/sci/software/pipelines/
espresso-das/espresso-das-pipe-recipes.html
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Fig. 1. Data considered in the analysis. In the panel, we show the flux normalized to a reference flux, F), as a function of the rest-frame wavelength

of the spectrum of PG 1302—-102 at the ESPRESSO native resolution.

otherwise specified, all quantities should be considered to be in
the rest frame system.

3. Modeling of the spectrum

Here, we describe the specific steps needed to obtain an accu-
rate model of the spectrum of PG 1302—102. More precisely, in
Sect. 3.1, we present the scenario of a BLR orbiting in circular
motion around a common center of mass of a putative SMBHB.
Such a model, in a simplified configuration, can be represented
by a Gaussian broad emission profile shifted in wavelength with
respect to the rest frame emission of its narrow line. In Sect. 3.2,
we propose an alternative disk-like BRL model whose emissivity
distribution is distorted by the presence of an azimuthal pertur-
bation. In this scenario, the resulting emission features are not
necessarily Gaussian and can trace the presence of bulk motion,
possibly associated with the presence of a SMBHB, in the BLR.

3.1. Multi-Gaussian fit

In this section, we focus on the identification of substructures
and asymmetries in the BELs and NELs of the spectrum of
PG 1302-102, which may be an indication of the presence of a
SMBHB. More specifically, we aim at identifying in the emission
lines one or multiple broad components shifted in wavelength that
could be associated with the orbital motion of a SMBHB.

In Fig. 1, we show the spectrum considered for the analy-
sis. We selected the rest-frame spectral region from 4150 A to
5325 A; such choice balances the need to maximize the amount
of information extracted from the data with the computational
performance of the fit®. The selected region is large enough to

% Due to the high spectral resolution of ESPRESSO data, we are
already considering ~138 000 data points in the fit. Increasing this num-
ber further would mainly result in a worsening of computational perfor-
mance. We note that fitting the current data requires about 5 million
likelihood evaluations resulting in a total computational cost for a sin-
gle parameter estimation of about 40 hours.

include the Hy and HB BELs and the [OIII] forbidden NELs.
Increasing the region further would not have led to significant
changes in the extracted best-fit parameters, since it already
includes the most prominent emission lines in the wavelength
range covered by ESPRESSO for this source.

The full spectrum is modeled as the superposition of differ-
ent components whose free parameters are constrained by fit-
ting the data with a nested sampling algorithm (Skilling 2004).
This approach was chosen since it allows us to measure the
Bayesian evidence (Z)’, which we use to compare different mod-
els and assess the optimal number of components to be included
in the fit. More specifically, the search for the optimal model
for the spectrum of PG 1302—-102 involved a step-by-step pro-
cess where models of increasing complexity were compared
with each other. This approach automatically prevents overfit-
ting as the Bayesian evidence, being an integral over the whole
parameter space, is penalized for models with a larger number
of parameters. The initial model consisted of a power-law con-
tinuum along with broad and narrow Gaussian emission lines
centered at the expected redshift of the source. From this base-
line, we included additional emission components and allowed
the already included BELs to be shifted in wavelength. At each
stage, we checked that any proposed modification was statisti-
cally justified by an increase in the Bayesian evidence. The fidu-
cial model (hereinafter Model 1) was selected based on the high-
est Bayesian evidence.

Model 1 accounts for a smooth broken power law continuum
parameterized as:

@, Ycont
) cont I cont.
' /lCOIll /1c0nt

7 We stress that, comparing the Bayesian evidence of two models is
formally the best approach to model selection. Indeed, differently from
other indicators (i.e., x2, BIC, AIC), the Bayesian evidence automat-
ically accounts for the dimensionality of the parameter space without
assuming any shape of the posterior distribution.

ey

A117, page 3 of 13



Rigamonti, F,, et al.: A&A, 693, A117 (2025)

Table 1. Summary of the model parameters for the multi-Gaussian fit of the spectrum.

Description Name Prior range Model 1 Model 2
Broad components offset Aug [km/s] [3,3000] 441f§ 748f;
Very broad components offset Apvg [km/s] [-30000,30000] 3990fgg -

Hp narrow peak flux log ;o Aug, [-3,0.75] —l.leg:gg —1.13”_’8183
Hp broad peak flux log o Aug, [-3,0.75] —0.363f8:88§ —0.337”_’8:88%
Hp very broad peak flux 1og 1o Angys [-3,0.75] —0.94*501 -
FWHM broad components log,, FWHMp [km/s] [3,4.5] 3.599+0:00%  3.700* 000
FWHM very broad components log,, FWHMyg [km/s] [3,4.5] 4.10*501 -
Outflow components offset Auo [km/s] [-3000, 3] -344%] -335*
[OIII] at 4958 A narrow peak flux  10g;y A[omm s [-3,0.75] —0.665*000%  —0.662*9-003
[OI11] at 4958 A outflow peak flux  10g;0 A{om 0 [-3,0.75] —0.762*3003  —0.764*5003
[OIII] at 4363 A narrow peak flux  1og;g Ajomue .y [-3,0.75] —2.0f8:§ —2.7f8§
[OIII] at 4363 A outflow peak flux  log;y Ajomm,ue; 0 [-3,0.75] —-1. 16f8:8§ —1.03fg:8{
FWHM outflow components log, FWHMg [km/s] [0,3.5] 2.996f8:ggg 3. 123’:8:88;
FWHM narrow components log,, FWHMy [km/s] [0, 3] 2.507t8:88§ 2.533f8:88§
Continuum normalization Acont [-107°,30] 5.0703 0.885+0:902
Continuum slope parameter Qeont [-30,30] -5.7*92 -29.0*03
Continuum slope parameter Beont [-30,30] —4.7701 -20.6*02
Continuum slope parameter Yeont [-30,30] -1.8701 -1.33*001
Continuum wavelength break Aeont [A] [3000, 6000] 4310*%8 5795*%
Redshift Z [0.2,0.3] 0.2786f8:8 0.2785f8:8
Hp outflow peak flux log ;o A, [-3,0.75] -1.1670%2 —0.91*001
Hy narrow peak flux log o Aty [-3,0.75] -1 .21f8:8§ —1.25f8:82
Hy broad peak flux log ;o Any, [-3,0.75] —0.710t8:88§ —0.803”_’8:882
Hy outflow peak flux logy Ay, [-3,0.75] —2.1f8:§ —1.29”_’8183
Fe broad peak flux log; Are, [-3,0.75] —0.724t8:88§ —0.783”_’8:88%
Fe narrow peak flux log, AFey [-3,0.75] -1.76+5:9 -1.86*00¢
log evidence logZ - 215929 214720

Notes. From left to right, the columns provide a brief description of each parameter, its reference name as used in this work, the assumed prior
range, and the best-fit values with their credibility intervals for two different models. Model 1, differently from Model 2, includes a very broad
and, if associated with the HB, very redshifted Gaussian component. Priors are assumed to be either uniform or log-uniform for each parameter.

The last row reports the evidence of the two models.

where Acon 1s the normalization, Aqn 1S the wavelength break
and, @con 1S the slope at 4 <« Agont, While Beone and Yeont
define the slope at 4 > Ao and ensure a smooth transition
at 4 ~ Acon. The modeling of all emission lines (i.e., Hy, HS,
and the [OIII]® with the Fe contribution discussed separately)
includes a narrow Gaussian component with shared parameters
for redshift (z) and full width at half maximum (FWHM). These
common parameters are applied consistently across the differ-
ent lines in terms of their velocities. Additionally, we included
a broad Gaussian emission for the H3 and Hy whose FWHMg
have been assumed to be the same. Moreover, for both emis-
sion lines, we accounted for a possible redshift in wavelength
(see “Prior range” in Table 1) with respect to their associated
narrow component. This choice was necessary to obtain a rea-
sonably good fit of the spectrum and was also supported by
the increase in the Bayesian evidence compared to a model

8 [OIII] emission line rest-frame wavelengths: 4363.2 A, 4958.9 A, and
5006.8 A.
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with a fixed centroid. For all [OIII] and Balmer NELs, we
included an additional blueshifted Gaussian component, as a sin-
gle narrow Gaussian emission profile could not adequately fit
the data. The additional Gaussians share the same wavelength
shift (Aup) and width (FWHM)g) for each line. This choice was
again driven by the observed increase in the Bayesian evidence
when including such additional components. As we shall fur-
ther discuss in this section and in Sect. 4, this strongly sug-
gests the presence of an outflow in the narrow line regions of
PG 1302-102.

The considered region of the spectrum contains a contri-
bution from the Fe emission lines (Boroson & Green 1992;
Véron-Cetty et al. 2004; Tsuzuki et al. 2006). We accounted for
the Fe contribution following Calderone et al. (2017). More
precisely, we consider all the BELs and NELs listed in
Véron-Cetty et al. (2004) and, for each of these lines we
included a Gaussian component. All the Fe NELs have the same
redshift and FWHM as the narrow components of the Hy, Hg,
and [OII]. Similarly, we assume the Fe BELs to have the same
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FWHM (FWHM3) and shift in wavelength (Aug) as the broad
components of the Hy and HS.

Each Gaussian has a different amplitude parameter A; (see
Table 1 for the definition of the different subscripts) defined
as the peak of each Gaussian relative to a common refer-
ence flux’. The amplitude ratio between the [OIII]14959 A and
the [OIII]A5007 A is assumed to be 1:3 (Osterbrock & Ferland
2006), while the ratio of the individual Fe lines is taken from
Véron-Cetty et al. (2004). We note that our approach is one of
the most general in treating the Fe contribution in type I AGNs;
we allow for independent broad and narrow emissions across all
expected wavelengths without constraining the fit to any specific
template. To check if our results depend on the specific method
adopted to model the Fe contribution, we compared it against
other approaches (e.g., Boroson & Green 1992; Tsuzuki et al.
2006; Marziani et al. 2009) where the Fe contribution is mod-
eled by applying a Gaussian kernel on a reference template. We
find that the considered templates were statistically unfavored
and that the estimates on the other parameters were not signifi-
cantly affected by the specific method adopted.

Finally, Model 1 includes an additional “very” broad com-
ponent that is also significantly redshifted if it is associated with
the HB emission line (see the discussion below). Such com-
ponent is described through a Gaussian profile with its own
amplitude (Aygp), wavelength shift with respect to the HS nar-
row line (Auygp), and FWHM (FWHMyg) parameters. As we
discuss below, the same component is not statistically required,
and therefore not included in Model 1 for the Hy. Model 2 is a
replica of Model 1, but for the fact that it does not include the
additional very broad component.

We report in Table 1 a summary of the model parameters,
their prior' and the best-fit estimates from Model 1 and Model
2. The last row of Table 1 reports the evidence of the two models
that points toward a decisive preference (according to Jeffreys
1939) for Model 1 against Model 2 (AlogZ = 1209). The
most significant differences among the estimated parameters of
the two models regard the continuum and the broad component
of the Balmer line. The differences in the continuum parame-
ters might be explained as a consequence of the relatively small
wavelength range considered. Although the parameters defining
the continuum of Model 1 and Model 2 are quite different, still,
the predicted continuum flux is almost indistinguishable between
the two cases in the considered wavelength range. On the other
hand, the difference in the broad Balmer lines is mainly due to
the inclusion of the very broad Gaussian component in Model 1,
which reduces Aug (from ~12 A to ~7 A in the case of the HB)
compared to Model 2. Still, in both cases, the presence of asym-
metry towards red wavelengths remains evident for the Balmer
lines.

Fig. 2 shows the result of the fit of Model 1 against the
ESPRESSO data (the results obtained from Model 2 are reported
in Appendix A). The top panel shows the data in gray with a
Gaussian smoothing (o0 =~ 0.07 A) and the best-fit model with
a black line. The contributions of the continuum and each indi-
vidual emission line to the overall spectrum are highlighted in
different colors. The bottom panel shows the residuals defined
as the difference between the model and the data divided by the
error where the typical error on the data is ~0.045 in units of Fj.

° The spectrum considered in the analysis is normalized to a reference
flux Fo = 2.96 x 10715 erg/s/cm?/A chosen to have a flux close to 1 at
A= 5100A.
1 We assumed either uniform or log-uniform priors for all the
parameters.

Overall, Model 1 reproduces the data well, as can be deduced by
the lack of strong systematics in the residuals and the agreement
observed between the smoothed spectra.

The superposition of the different Gaussian contributions
results in emission profiles that deviate from a symmetric shape.
More specifically, the BELs of the Hy, HB are clearly redshifted
(see Aug =~ 440km/s in Table 1). Such an asymmetric shape
of the emission profile was already observed in Graham et al.
(2015b) although only for the HB and the He!' and not for the
Hy. In this work, given the high resolution of the ESPRESSO
data, we confirm the presence of such a redshifted component
and characterize its features with higher precision. Moreover,
we also detect, for the first time, the presence of such redshifted
asymmetry in the Hy emission line. Given our results and the
considerations made in Graham et al. (2015b) about the presence
of a similar redshifted component in the Ha, we argue that such
behavior could be common among all the Balmer lines.

Our fiducial model indicates the presence of an additional
broad (FWHMypg =~ 12600km/s) Gaussian component that
appears to be very redshifted (Auyg = 4000km/s) if associ-
ated to the HB emission. The improvements in the modeling
when including such component are quite significant as can be
deduced by comparing the residual between Figs. 2 and A.l
in the region comprising the HB and [OIII] doublet and by the
increase in the Bayesian evidence. This is the first time such a
broad and extremely redshifted component has been detected in
PG 1302—-102. However, it seems that a non-negligible fraction
of quasars, with a spectrum similar to that of PG 1302—-102 (i.e.,
asymmetric and redshifted HS emission line), shows the pres-
ence of such feature (e.g., Sulentic et al. 2002; Marziani et al.
2009). The physical origins of this peculiar component are still
debated (see Sect. 4 for a more detailed discussion), and its inclu-
sion is usually justified on empirical grounds, as it significantly
improves the fit residuals. If such a component is connected to
a process in the BLR, it might be reasonable to expect its pres-
ence to be ubiquitous in all the Balmer lines. We attempted fit-
ting for an additional very broad and very redshifted component
also for the Hy emission line without finding any increase in the
Bayesian evidence and, therefore rejecting the detection of such
a component in the Hy'2.

The additional Gaussian component included in the model-
ing of [OII], Hy, and HB NELs is shifted toward bluer wave-
lengths, (Auo ~ —340km/s) and is relatively broad (FWHMg =
1260 km/s). Given the observed properties, we interpret it as
the presence of an ionized gas outflow affecting the NLR of
PG 1302-102. We stress that, this is the first detection of a pos-
sible outflow component in PG 1302—-102, which has only been
made possible thanks to the high resolution of ESPRESSO.

From the BELs parameter (i.e., FWHM3g), assuming the
BLR being virialized and the broad component of the Balmer
lines tracing the gravitational potential dominated by a SMBH,
we can estimate its mass (Mpy) through single epoch method
(see Table 4 of Shen et al. 2024):

Mgy 5100
loglo( M® ) =0.85+0.5 10g10 (1044—erg/s)
FWHM
2.01 —_—, 2
+ Ooglo( km/s ) 2)

' The authors report the presence of a redshifted tail also in the Ha.
Since that line does not fall in the observed wavelength range we cannot
confirm its presence.

12 Even fixing the amplitude ratio Apg,/Ang,, to be the same of
Amy /Anyy; We did not observe any increase in the model evidence.
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where Lsjqp is the luminosity at 4 = 5100 A and the FWHM is
the full width at half maximum of the broad HB emission line.
If relying on the estimates from Model 1, using Lsjop = (3.66 +
0.03) x 10¥ erg/s and FWHM = FWHMp = 3972 + 18 km/s, we
get log,, Meu/Mp = 8.83 £ 0.46, where most of the error comes
from propagating the scatter of Eq. (2). This number is in line
with previously reported estimation (Graham et al. 2015b).

3.2. Single disky broad-line region with a spiral perturbation

BLRs are often considered spherically symmetric and virialized.
However, multiple observational results, mostly from reverber-
ation mapping campaigns, have proven this is not always the
case (Eracleous et al. 1995; Bentz et al. 2010; Grier et al. 2017).
This is especially true when emission lines deviate from pure
Gaussianity (Zastrocky et al. 2024) as this is often tracing the
presence of sub-structures in the BLR clouds distribution or
deviations from virial equilibrium (Pancoast et al. 2014). Even
though the structure of the BLR has been typically investigated
with velocity-resolved reverberation mapping, here we follow
an approach closer to that presented in Raimundo et al. (2020)
on single epoch observations. Similarly to what is done in that
work, we employ a nested sampling approach for the parame-
ter estimation; however, instead of focusing on the BLR kine-
matics, we consider asymmetric deviation in its emissivity. Our
semi-analytic model is based on Storchi-Bergmann et al. (2003)
where asymmetric emission lines are modeled by introducing a
spiral perturbation in a disk-like BLR rotating in circular Kep-
lerian motion around its SMBH. Such kind of perturbations are
expected to arise in the self-gravitating part of accretion disks
(Wang et al. 2022).

In what follows, we summarize the main assumptions of the
model “spiral model” hereinafter that is described in detail in
Sottocorno et al. (in prep.). The BLR is assumed to be on a razor-
thin disk-like configuration whose axial symmetry is broken due
to the presence of a spiral perturbation. Under these assumptions,
the BLR emissivity profile reads:

- (€ -&)
€&, d) =& - exp [_W]
A 4log?2
X {1 + 5 exp [—TW’ - lﬁo)z]
A 4log2
+ 5 exp [— SQr-g+ W]}, 3)

where ¢ is the cylindrical radius normalized to the gravitational
radius Ry = GMgn/ 2, and ¢ is the azimuthal angle. &. and o,
are the radial position and the extent of the bulk of the emissivity
profile respectively, while A and ¢ define the relative intensity of
the spiral perturbation with respect to the underground Gaussian
emissivity and the azimuthal width of the spiral, respectively.
Finally, ¢ — ¢ denotes the azimuthal distance from the ridge of
the spiral arm, where o = ¢ + log,, (£/£,,)/ tan p. Here ¢y is
the initial angular position of the spiral at the innermost radius
of the spiral &, while p is the spiral pitch angle.

The emissivity profile of Eq. (3) differs from that assumed
by Storchi-Bergmann et al. (2003) for a Gaussian multiplica-
tive factor in the radial dependence of the emissivity. This
choice ensures that the bulk of the BLR emissivity is localized
close to the radius predicted by the luminosity-radius relation
(Bentz et al. 2009; Shen et al. 2024).

The emission line profiles of the BLR are the emissivity-
weighted sum of the contribution coming from each resolution
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element of the BLR scaled by a luminosity normalization param-
eter Lyg (for the HB) and Ly, (for the Hy). We assume each
resolution element to emit as a Gaussian centered at the HB (or
Hy) Doppler-shifted wavelength and whose width is regulated
by a broadening parameter, o,. The Doppler shift of each reso-
lution element is computed by assuming the BLR is inclined by
an angle, i, with respect to line-of-sight.

A summary of the model parameters together with the
assumed priors and the best-fit parameters is reported in Table 2.
We assumed either uniform or log-uniform priors for most of
the parameters, except for the inclination angle which follows a
uniform distribution for sini. We allowed a maximum inclina-
tion angle of 7r/4 since for a higher inclination angle, we do not
expect to observe BELs due to the obscuration from the dusty
torus. Moreover, we assume the BLR extending between 200
and 18000 gravitational radii, which, in the case of a 1088 M,
BH, becomes from ~0.006 pc to ~0.58 pc. This number must be
considered as an order of magnitude estimate of the BLR size
since the gravitational radius is affected by the error propagation
on the BH mass. Still, since the spiral model does not explicitly
depend on the BH mass, the results regarding the appearance of
PG 1302-102 BLR will remain unchanged. Finally, since the HB
and Hy emission line might not necessarily be localized at the
same distance from the SMBH and subject to the same dynamics
(Kuhn et al. 2024), we included different radial lengths, widths,
and broadening parameters for the two lines.

The spiral model presented here does not account for any-
thing else besides a broad emission component at a chosen ref-
erence wavelength (the HB and Hy in our case). For this reason,
in order to apply such a model directly to the spectrum presented
in Fig. 1, we must account for all the sources of emission that
are not associated with a broad component (“background model”
hereinafter). Since the spiral model has a higher computational
cost, to limit the number of iterations before reaching conver-
gence we fixed the background model to the best fit obtained
in Model 1 excluding the broad Gaussian contribution associ-
ated with the HB, Hy, and the very broad and redshifted compo-
nent. Even with this approximation the overall parameter estima-
tion required more than a week'? before reaching convergence.
Therefore, in order to obtain a complete parameter estimation
without excluding any data'# in a reasonable amount of time, we
followed the approach outlined in Rigamonti et al. (2022, 2023),
implementing a GPU parallelization strategy for a much faster
(few hundred times) computation of the likelihood function.

The top panel of Fig. 3 shows the best-fit spiral model in
black (see Table 2 for the estimated parameters) on top of the
ESPRESSO data in gray. The gold line refers to the broad emis-
sion from the spiral BLR, while all the other colors refer to the
components of the background model that have been taken from
Model 1. The bottom panel represents the residuals defined as
(data-model)/error. Compared to Model 1, the spiral model pro-
vides a better fit to the data, reducing the residuals both in the
region dominated by the HS and the Hy. Notably, the spiral
model is able to account for the excess at 4 =~ 5000 A giv-
ing a physical interpretation to the very broad and very red-
shifted component included in Model 1. The same model, with-
out changing the overall geometrical structure!® of the BLR,

13 On an 8-core machine equipped with 13th Gen Intel(R) Core(TM)
i7-1355U.

14 A possibility could have been to focus on the HB only reducing the
analyzed wavelength range and the overall computational cost of the
parameter estimation.

15 We note that i, A, 6, ¢y, and p are the same for the H3 and Hy.
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Fig. 2. Best-fit result of Model 1 on the ESPRESSO data. The top panel shows the data in gray smoothed with a Gaussian Kernel (o = 0.07 A), the
best-fit model (black line), and all the emission components identified by different colors: Hy in gold, HB in red, [OIll] in cyan, Fe in light-blue,
very broad HB in brown, and the continuum in dark blue. The vertical dashed lines indicate, from left to right, the rest-frame emission wavelength
of the Hy, [OIl1]14363.2 A, Hp, and [OI11]14958.9 A, 15006.8 A. The bottom panel represents the residuals defined as (data-model)/error, and the
horizontal dashed black line at the zero level of residuals is plotted to guide the eyes.

improved the fit of the Hy emission (see Sect. 4 for a more
detailed discussion). Notably, even though we did not impose
any prior relating the scale radius, width, and broadening of the
HpB and Hy we found quite similar parameters. This suggests
that the two emission regions, and possibly all the Balmer lines,
share similar dynamics (FWHMpg ~ FWHMy,) and are spa-
tially coherent (€. g = & n,), with the Hy emission region being
slightly more compact than the HB (0%, ,, 2 0%, )-

The specific features of the resulting emission profile can be
better understood by inspecting Fig. 4, where we show the pro-
jected emissivity distribution of the HS (see Fig. B.1 for the Hy)
and the map of the BLR Doppler shift. The left column shows
the projected emissivity profile together with a zoomed version
in the central region. The emissivity steeply decreases after the
first 1000 gravitational radii as a consequence of the exponen-
tial cut-off and the ¢! decline. Interestingly, the spiral perturba-
tion is extremely thin in terms of azimuthal width (6 = 0.0085)
although very intense (log,, A = 4.22) suggesting a strong per-
turbation of the BLR compared to the underlying disk. The right
side of the plot shows the Doppler shift of each BLR element,
which, as is expected, decreases following the Keplerian law.
The spiral perturbation encompasses the region of the BLR that
has a positive Doppler shift, explaining why the emission profile

is redshifted. The innermost region, characterized by the high-
est Doppler factor but lower flux'®, is responsible for modeling
the excess observer at 4 =~ 5000 A. Conversely, the emissivity
at larger radii, where the Doppler shift is less significant and the
flux emitted from the perturbation becomes less important com-
pared to that from the BLR disk, accounts for the shape of the
emission around the bulk of the line (i.e., 1 ~ 4861 A).

4. Discussion

The ESPRESSO spectrum of PG 1302—-102 clearly revealed
the presence of asymmetric emission profiles (in this case
skewed toward redder wavelengths) for the broad component
of the Balmer lines. This feature was already detected in pre-
vious works (e.g., Boroson & Green 1992; Jackson et al. 1992;
Graham et al. 2015b) although at a much lower spectral resolu-
tion compared to the ESPRESSO data presented here. Also, we
detected an excess at 1 ~ 5000 A possibly associated with a very
redshifted and very broad component originating from the HG.
The presence of asymmetric BELs has often been associated
with the existence of a SMBHB; this hypothesis is particularly

16 The emissivity is higher but the area is smaller.
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Table 2. Summary of the spiral model parameters.

Description Name Prior range  Spiral model
Inclination i [rad] [0, 7r/4] 0.71+091
Spiral contrast log,, A [-2,4.5] 4.22f§5%
Spiral width 0 [rad] [0, 2] 0.0085% 000
Spiral azimuthal origin ¢ [rad] [0, 27] 1-43f8'88 )
Pitch angle p [rad] [0, 7] 0.5400001
Hp broadening parameter  log,, FWHMyg [A] [2,4] 3.5730 00
Hy broadening parameter  log,, FWHMy, [A] [2,4] 3.472f%88§
Hp scale radius logy &c.np [Re] [2.3,4.3] 3.13+01
Hy scale radius 10g10 £ty [Re] [2.3,43] 3.190t§§§§
Hp radial width logyo 0.5 [Re] [2.3,4.3] 2'98t818%
Hy radial width log, 0¢. ., [Re] [2.3,4.3] 2.60% )
HpB luminosity log, Lug [Lo] [-2,2] -0.21%0
Hy luminosity logo Ly [Lo] [-2,2] —0.88’:%2
log evidence logZ - 206941

Notes. From left to right, the columns detail a brief description of each parameter, its reference name as used in this work, the assumed prior
range, and the best-fit values with their statistical errors. Priors are assumed to be either uniform or log-uniform for each parameter, except for the
inclination angle, for which we assumed a uniform distribution on the solid angle.
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Fig. 3. Best-fit result of the spiral model on the ESPRESSO data. The top panel shows the data in gray smoothed with a Gaussian Kernel
(o =~ 0.07 A), the best-fit model in black, the spiral model in gold, and all the emission components of the background model identified by
different colors: Hy in brown, HB in red, [OIII] in cyan, Fe in light-blue and the continuum in dark blue. The vertical dashed lines indicate, from

left to right, the rest-frame emission wavelength of the Hy, [OIl[]14363.2 /0\, Hp, and [OI11]14958.9 A, 15006.8 A. The bottom panel represents
the residuals defined as (data-model)/error, the horizontal dashed black line at the zero level of residuals is plotted to guide the eyes.
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Fig. 4. Projected HB emission and Doppler shift of the spiral BLR best-fit. The top left panel is the projected BLR emissivity normalized to the
maximum emissivity for the HB, while the right top panel represents the Doppler shift of each BLR element. The bottom panels show a zoom of
the emissivity (left) and Doppler shift (right) on the central region of the BLR.

intriguing in the case of PG 1302—-102, which has already been
identified as a candidate SMBHB due to the modulation in
its optical light curve (Graham et al. 2015b). As was discussed
in Sect. 1, the asymmetric emission profile of a SMBHB can
result from the orbital motion of two black holes. This occurs
when the separation between the black holes is large enough
for at least one to retain its own BLR. To satisfy this condition
the BLR should not cross the Hill radius of the black hole!”.
The obvious way to test this hypothesis would be to observe,
on an orbital timescale (i.e., ~5.5 £ 0.15yr for PG 1302-102,
Zhu & Thrane 2020), the expected Doppler drift in the BEL pro-
files (Popovi¢ 2012). Optical spectra of PG 1302—102 taken at
different times are already available (Boroson & Green 1992;
Graham et al. 2015b) possibly allowing us to check if a wave-
length shift over 5years is present. However, the spectrum
presented in Graham et al. (2015b) was taken in April 2014,
while ours was during March 2018, giving a time difference
too close to the binary orbital period. Similarly, the spectrum
presented in Boroson & Green (1992) was taken in April 1990,

17 We note that in the case of a disk-like BLR, the radius decreases by
a factor of ~4-5 due to the lack of stability in circular orbits outside of
it Runnoe et al. (2015).

which, assuming the 5.5 year period of the binary, would be
close to exactly 5 periods before our observation. Also, 18 opti-
cal spectra of PG 1302-102 were taken from January to June
1990 by Jackson et al. (1992); even in that case no variability
was observed in the HS emission line. Still, we have analyzed
the spectra presented in Boroson & Green (1992) (the only one
publicly available) without finding statistically meaningful dif-
ferences in the emission profile. The error on the estimated Aug
was large enough to be consistent both with the presence of the
Doppler shift reported in Table 1 or with zero shift. We do not
exclude this behavior from being caused by the low resolution
and low S/N of the data.

In the case of PG 1302—-102, it would be tempting to com-
pare the periodicity of the light curve (i.e., =~5.5 + 0.15yr,
Zhu & Thrane 2020) with the observed shift in the Balmer BELs
(see Fig. 2). In the case of the less redshifted component (i.e.,
Apg =~ 450km/s), assuming circular motion and a binary of
mass 1088 M, we obtain an upper limit for the separation of the
two BHs of ~14 pc'®. This is not inconsistent with the ~5.5-year
period observed in the light curve (Zhu & Thrane 2020), which,

18 Since we do not know the inclination angle and the phase of the puta-
tive binary any radius smaller than 14 pc cannot be rejected.
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still assuming circular motion, corresponds to a separation of
R =~ 0.015pc (see Eq. 1 of Yu & Lu 2001). However, it must be
said that even excluding any kind of obscuration, only few spe-
cific combinations of the binary inclination (i) and azimuthal (¢)
angle result in the right deprojection of the velocity to obtain the
5.5 yr period. Either the plane of the binary is close to face-on or
the line joining the two black holes is parallel to the line of sight.
By assuming a uniform distribution for ¢ between —x/2 and /2
and a distribution uniform in sin i between 0 and 7/4 we can give
a rough estimate of the probability of obtaining the right depro-
jection of the velocity to get the 5.5 yr period of ~4%!°. There-
fore, although the data do not completely rule out the hypothesis
of two distinct BLRs producing the observed BEL asymmetry,
this scenario is very unlikely.

Our alternative explanation for the asymmetric emission of
the Balmer BEL invokes the presence of a perturbation that
breaks the axis symmetry in the disk of a single BLR, which
could either surround a single SMBH or a binary SMBH system.
Following Storchi-Bergmann et al. (2003), we modeled the per-
turbation with a spiral overdensity. Our analysis indicates such
model being statistically preferred”’ over a model with a sin-
gle Gaussian component for both the BELs (AlogZ = 13437),
a model with a single Gaussian for the Hy and two Gaussians
for the HB (AlogZ = 1080) and two Gaussians for both lines
(AlogZ = 6147).

We expect multiple kinds of perturbations, not necessarily
spiral in nature, arising from different physical processes in
BLRs. The spiral model is just a simple way to approximate
asymmetric emission due to asymmetric emissivity distribution.
Indeed, we are not interested in discussing the specific parame-
ters of the spiral model determined in the fit. Instead, we want
to stress that even a quite simple toy model is capable of char-
acterizing (still with statistical significance) distorted emission
lines. Nevertheless, the presence of spirals in BLR disks seems
not to be very uncommon. Theoretical studies (Wang et al. 2022)
suggest that non-axisymmetric perturbations (spiral structures)
may inevitably grow in the self-gravitating parts of AGN accre-
tion disks. These regions are spatially overlapped with BLRs.
It is therefore reasonable to believe that inhomogeneities in
the self-gravitating parts of accreting disks might be the ori-
gin of the spiral arms in disk-like BLRs. Such hypotheses are
also supported by the growing number of reverberation map-
ping velocity-resolved delay analyses. In such studies there
are evidences of the common presence of disk-like BLR con-
sistent either with Keplerian motion, inflow, outflow, or with
a complex configuration (Bentz et al. 2010; Grier et al. 2012;
Du et al. 2018; Zastrocky et al. 2024). We also observe that the
expected BLR size inferred from the luminosity-radius relation
(Bentz et al. 2009; Shen et al. 2024; Wang & Woo 2024) is a
few times larger than the predicted separation of PG 1302—-102
(=0.015 pc). This implies that the individual BLRs of the two
SMBHs in PG 1302—-102, if really present, should have already
settled in a single BLR. However, given the large uncertainties
on the BLR size estimates (typically on the order of 0.3 dex) it
might be possible that the two BLRs are still in the process of
merging and, therefore have been disturbed as a consequence of

19 This estimate takes into account the error on the period of the binary
(~0.15yr) and the error of the black hole mass (~0.5 dex). If we had
assumed to know precisely the black hole mass, the probability would
have decreased to ~0.1%.

20 We note that we cannot directly compare the evidence presented in
Table 1 with the evidence estimated in Sect. 3.2 since the two models
have been optimized on different slices of the data.
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the passage of two SMBHs. This scenario gives a complemen-
tary explanation to that of gravitational instabilities.

We note also that if the variability of PG 1302—-102 is due to
Doppler boosting, as in the model presented in D’Orazio et al.
(2015), observable effects should be evident by comparing mul-
tiple spectra taken at different times (Jietal. 2021; Bertassi
et al., in prep.). Indeed, we expect variability in BELs to be
different depending on the geometry of the BLR (disturbed or
not) and on the source of variability itself (Doppler-boost vs. red
noise). Song et al. (2021) analyzed a few spectra taken at dif-
ferent times of PG 1302—102 containing multiple BELs (Ly«,
CIV and CIII) without observing variability consistent with the
Doppler boosting scenario unless assuming strong misalignment
between the BLR and the plane of the binary?'. However, their
analysis was limited to a few good-quality spectra taken at dif-
ferent times, a factor that could have affected their findings.

Consistently with the results from RM campaigns on AGNs
with asymmetric HB emission (Zastrocky et al. 2024), we argue
that the BLR of PG 1302—-102 shows deviations from a purely
spherical or disk-like emissivity distribution. We do not exclude
the recent merger of two separate BLRs being a possible cause
of such perturbations. However, given the absence of variability
in the BELs emission, we argue that self-gravitating instabilities
are more likely to be an explanation for the emission coming
from the BLR.

The perturbed BLR scenario is also supported by its capabil-
ity of simultaneously reproducing the peculiar emission profiles
of the Hy, HB, and the observed flux excess at 1 =~ 5000 A.
Indeed, the analysis presented in Sect. 3.1 of the spectrum
of PG 1302—-102 revealed an additional component, which, if
associated with the HB, demonstrates high redshift (Auyp =
4000km/s) and a large broadening (FWHMygp = 12 600 km/s).
This is the first time such component has been detected in
PG 1302-102, however, the same feature has already been
observed in different quasars (e.g., class B1 and B1+ quasar,
Sulentic et al. 2002). One possibility could be this component
not being associated with the HB but with the emission from
the Fe. In our approach, we fixed the ratios of the different Fe
multiplets from Véron-Cetty et al. (2004). Different conditions
and geometries of the BLR and of the ionizing source might
play a role in changing the multiplet ratios without needing any
further components. In the case where the component is asso-
ciated with the HB, gravitational redshift from gas close to the
SMBH might be a possible explanation. In such case, assum-
ing only gravitational redshift, we estimated a distance of ~70
gravitational radii to get a redshift of ~4000 km/s (i.e., the peak
of the very broad component). It is not clear if, at such small
distances from the BH, there are the physical conditions to effi-
ciently produce Balmer emission lines. It is also unclear whether
this feature should be expected in all Balmer lines, as our anal-
ysis indicates the lack of any very redshifted component in the
Hy. As was already anticipated in Sect. 3.2, the disk-like BLR
model with the spiral perturbation can capture and explain the
asymmetric emission of the HB and Hy close to the bulk of the
line (i.e., Aup =~ 450 km/s) and the excess (or the lack of it in the
case of the Hy) at much longer wavelengths. This provides not
only a self-consistent and physically motivated explanation for
the complex nature of the BLR of PG 1302—-102 but also a viable
explanation for the whole class of quasar showing the same very

21 If the binary plane is perpendicular to the BLR, then, in the reference
frame of the BLR, the Doppler effect should be smaller. However, given
the extended size of the BLR and the uncertainties on its geometry, it is
not clear what the net effect would be on the variability of broad lines.
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redshifted component, which, until now, has only been investi-
gated empirically.

Finally, the origin of the BLR disturbance might be con-
nected to outflows. Our analysis has revealed the presence of ion-
ized outflows on NLR scales in PG 1302—-102. Few works have
reported evidence for a connection between outflows in broad
and narrow line regions as the two may be connected and part
of the same feedback mechanism (Vietri et al. 2020). Therefore,
it might be possible that the redshifted components of the BLR
are partially tracing the radial motion of the gas or that the dis-
turbance in the disk originates from feedback from the central
AGN. In this case, due to dust absorption and obscuration, it is
generally expected to preferentially observe outflows instead of
inflows. If AGN winds are really the cause of the observed emis-
sion profile, the fact that we detect only a redshifted component
without any blueshifted counterpart at least implies quite a pecu-
liar configuration and dynamics of the gas and the dust in the
BLR of PG 1302—-102. Only precise and long monitoring rever-
beration mapping campaigns will shed light on the real nature
of PG 1302—-102 either by characterizing its BLR transfer func-
tion or by testing the binary hypothesis against newly proposed
models (Dotti et al. 2022, 2023; Bertassi et al., in prep.).

5. Summary and conclusions

In this work, we conducted the first fully Bayesian analysis on
the high-resolution ESPRESSO spectrum of the binary black
hole candidate PG 1302—102. Our Bayesian approach, based on
the nested sampling algorithm, measures the posterior probabil-
ity distribution of all the model parameters and the evidence of
the model, which we use to assess if an emission component is
statistically required. Our methodology coupled with the high
quality of the data (R =~ 138 000) allowed us to confirm (for the
Hp) and detect (for the Hy) the presence of a redshifted broad
emission component (Au =~ 450km/s, FWHMp = 3981 km/s)
for which we provided accurate measurements of its properties.
We also detected an additional Gaussian component that, if asso-
ciated with the HB, implies high redshift (Auyg =~ 4000 km/s)
and a large broadening (FWHMyg = 12 600 km/s); notably the
same component is not detected in the Hy. Finally, we discov-
ered and characterized the presence of blueshifted broad compo-
nent (Au =~ =350 km/s, FWHMg = 991 km/s) in all the analyzed
narrow lines (HB, Hy, and [OIII]) that we explained as a gas
outflow. From the width of the BELs we estimated a dynamical
mass of Mgy =~ 1033 M, for PG 1302-102.

We discussed two scenarios as viable explanations for the
complex emission of the Balmer lines. A possibility is the pres-
ence of a black hole binary carrying around the BLR during the
orbital motion. In this case, assuming a period of the binary
of ~5.5yr (Zhu & Thrane 2020) and the typical luminosity-
radius relations with their uncertainties for the average BLR
size (Bentz et al. 2009; Shen et al. 2024; Wang & Woo 2024),
we conclude that the BLRs of the individual black holes should
be either already settled in a single BLR or in the process of
merging and, therefore highly disturbed and truncated. The alter-
native explanation assumed the BLR to be a disk orbiting in
Keplerian circular motion around a single SMBH with a non-
axisymmetric emissivity distribution modeled as a spiral over-
density. We showed that accounting for a perturbation in the
BLR, a disk-BLR model well-fitted the data. This approach
simultaneously explains the asymmetric emission of the HS and
Hyy close to the bulk of the line and the flux excess (or the lack of
it in the case of the Hy) at much longer wavelengths. A compar-
ison of the Bayesian evidence of the spiral perturbation model

with a simpler multi-Gaussian model showed a clear statisti-
cal preference for the former. This strongly suggests that the
BLR of PG 1302—-102 is a complex system, demonstrating that,
when feasible, geometrical and dynamical modeling of the BLR
should always be preferred over an empirical superposition of
unphysical components. Our approach could indeed be extended
to other sources, possibly explaining all those objects showing
emission line features similar to that of PG 1302—-102.

Still, the physical origins of the perturbation are unclear
and a connection with the possible presence of a black
hole binary cannot be ruled out. However, given the grow-
ing evidence from theoretical (Wang et al. 2022) and observa-
tional (Zastrocky et al. 2024) works demonstrating the common
presence of disturbed BLRs, we argue that an origin related
to self-gravitating instabilities may be more plausible. Future
spectroscopic monitoring of PG 1302—-102 is surely needed to
better characterize the nature of this source and the structure of
its BLR.
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Appendix A: Model without a very redshifted and
very broad component

We report in Fig. A.1 the same plot presented in Fig. 2 but
for a model without the very broad and very redshifted com-
ponent associated with the HB emission line (i.e., Model 2). The
strongest differences are observed at 4 ~ 5000. Model 2, with-
out the inclusion of the additional Gaussian component, cannot
reproduce the flux excess observed a those wavelengths.
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Fig. A.1. Best-fit result of Model 2 on the ESPRESSO data. The top
panel shows the data in gray smoothed with a Gaussian Kernel (o =~
0.07 A), the best-fit model (black line), and all the emission components
identified by different colors: Hy in gold, HB in red, [OIII] in cyan, Fe
in light-blue and the continuum in dark blue. The vertical dashed lines
indicate, the rest-frame emission wavelength of the Hy, HB, and [OIII].
The bottom panel represents the residuals defined as (data-model)/error,
the horizontal dashed black line at the zero level of residuals is plotted
to guide the eyes.

Appendix B: Emissivity distribution for the Hy
emission line

We report in Fig. B.1 the projected emissivity for the Hy emis-
sion line (left) and the Doppler shift (right) at each position of the
BLR. The Hy emissivity starts to decline at smaller radii com-
pared to that of the HB as a consequence of the smaller o ,,, that
results in a more compact configuration.
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Fig. B.1. Projected Hy emission and Doppler shift of the spiral BLR
best-fit. The top left panel is the projected BLR emissivity normalized to
the maximum emissivity for the Hy, while the right top panel represents
the Doppler shift of each BLR element. The bottom panels show a zoom
of the emissivity (left) and Doppler shift (right) on the central region of
the BLR.
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