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Abstract.

PKS 1510-089, a highly active flat-spectrum radio quasar, known for its
frequent flaring activity across the electromagnetic spectrum. We present a
decade-long analysis of its flux variability in optical bands and ~-rays, fo-
cusing on the non-thermal dominance parameter, HF and H~ lines, and the
A5100 A continuum. We examine the HB flux and full width at half maximum
(FWHM), along with the A5100 A continuum light curves to assess whether
the primary source of continuum emission is the accretion disk or the jet dur-
ing different activity periods. Our results highlight that jet emission dominates
the continuum during flare-like episodes. We obtain an approximately 80 day
delay between the HB and continuum emissions, which we interpret as the spa-
tial separation between the optical emission region and the broad-line region
(BLR). Near-zero delays between optical and near-infrared bands indicate co-
spatial emission within the jet. Synchrotron self-Compton is identified as the
dominant y-ray mechanism during flares, supported by minimal delays with op-
tical/NIR emission. A persistent anticorrelation between the H3 FWHM and
luminosity reveals a ”breathing-BLR” effect, independent of whether ionization
arises from the disk or jet. This relation also holds between H3 FWHM and
A5100 A luminosity during disk-dominated phases, suggesting that the emis-
sion line arises mostly from the canonical virialized BLR. Moreover, jet-related
5100 A flares coincide with Hj flares, suggesting the jet base lies within the
BLR. From 219 disk-dominated spectra, we estimate a mean black hole mass
of Mpy = (2.85 % 0.37) x 10® Mg. This study sheds light on the jet-BLR
connection in PKS 1510-089, enhancing our understanding of blazar emission.
Key words: active galactic nuclei (16) — galaxy jets (601) — emission line
galaxies (459) — flat-spectrum radio quasars (2163) — supermassive black holes
(1663)
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1. Introduction

PKS 1510-089 (redshift z = 0.361; Burbidge & Kinman, 1966) is a flat-spectrum
radio quasar (FSRQ), one of the most active and well-studied sources across the
entire electromagnetic spectrum (e.g. Marscher et al., 2010; Rani et al., 2010;
Aleksié¢ et al., 2014; Fuhrmann et al., 2016; Prince et al., 2019; Yuan et al.,
2023). The relativistic jet of PKS 1510-089 is oriented at an angle of roughly 3°
to our line of sight (Homan et al., 2002), allowing the detection of knots with
apparent superluminal velocities of up to 20c along the jet (Jorstad et al., 2005).
The location of the v-ray emission zone in this source remains uncertain. Some
studies place it close to the supermassive black hole (SMBH), within the broad-
line region (BLR) (e.g. Poutanen & Stern, 2010; Tavecchio et al., 2010; Brown,
2013), while others argue for a position further downstream, beyond the BLR
and outside the central parsec (e.g. Tavecchio et al., 2010; Orienti et al., 2013;
Dotson et al., 2015; H.E.S.S. Collaboration et al., 2021). This complicates the
identification of the dominant ~-ray production mechanism. While combined
external Compton (EC) and synchrotron self-Compton (SSC) scenarios are of-
ten invoked (Kataoka et al., 2008; D’Ammando et al., 2009; Castignani et al.,
2017), purely EC or SSC models (Aleksi¢ et al., 2014; H.E.S.S. Collaboration
et al., 2021) and lepto-hadronic interpretations (Dzhatdoev et al., 2022) have
also been proposed and cannot be completely ruled out.

Aharonian et al. (2023) showed that during 2021 to 2022, PKS 1510-089 re-
mained in a low activity state, accompanied by a decline in optical polarization,
with spectra consistent with emission from the accretion disk and BLR. In these
epochs, Barnard et al. (2024) reported that the strength and width of emission
features (Mg IT A\2798 A, H6, and H~) were stable, but their average EW in-
creased. Furthermore, Podjed et al. (2024) found no polarized broad H~y or Hj3
emission, suggesting that these lines are intrinsically unpolarized. Estimates
of the black hole mass (Mpy) in PKS 1510-089 span a range of values. Disk
temperature profile modeling yields values of 5.40 and 2.40 x 108 M® (Abdo
et al., 2010; Castignani et al., 2017, respectively). Single-epoch spectra based on
A5100 A continuum luminosity and HB full width at half maximum (FWHM)
give values of 3.86 and 2.00 x 108 M® (Oshlack et al., 2002; Xie et al., 2005,
respectively), while reverberation mapping by Rakshit (2020) yields a mass of
5717092 5 107 M.

This work summarizes the results in Amador-Portes et al. (2024b, 2025),
where v-ray variability alongside the fluxes of HG and H~, the H3 FWHM, and
the optical continuum flux at A5100 A were analyzed. Multi-wavelength light
curves spanning ~ 10 years using cross-correlation analysis were used to probe
time lags between bands and infer the locations and dominant mechanisms of
different emission regions. We also studied correlations between L5109 and Lyg,
as well as between FWHM Hf and these luminosities. To assess the influence of
the jet on BLR emission, we separated spectra based on the dominant continuum
source, accretion disk or jet. For disk-dominated spectra, we estimated the MBH
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via single-epoch methods from Lyg and FWHM Hg. Throughout this work, we
adopt a cosmology with Hy = 71 km s~ Mpc~!, Q4 = 0.73, and Qy = 0.27,
corresponding to a luminosity distance of 1906.9 Mpc at z = 0.361.

2. Observations and data
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Figure 1. Example decomposition of the HB and H~ emission lines from a spectrum
observed at the Steward Observatory on April 10, 2018. Top panel: The rest-frame
spectrum with the best-fit model overlaid. The continuum is represented by a pow-

er-law function. Bottom panel: The broad and narrow components used to fit HZ and

H~, along with the Fe II template, [O III] doublet, and telluric absorptions.

We analyzed y-ray data (0.1 — 300 GeV) from the Fermi-LAT (Abdo et al.,

2010) public archive! using Fermitools version 2.0.8 to construct weekly

light curves. The near-infrared (NIR) J-band data were obtained from the Small

Thttps://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
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and Moderate Aperture Research Telescope System (SMARTS; Bonning et al.,
2012). Optical V-band data were retrieved from two sources, SMARTS and
the Steward Observatory (SO). We obtained 34 optical spectra from the Ob-
servatorio Astrofisico Guillermo Haro (OAGH?), and 353 spectra from the SO
as part of the Ground-based Observational Support of the Fermi Gamma-ray
Space Telescope monitoring program at the University of Arizona®. The OAGH
spectra, covers a wavelength range of 3800-7100 A, while the SO spectra spans
the wavelengths 4000-7500 A. Details of the OAGH spectra data reduction is
found in Amador-Portes et al. (2024b) and SO observational setup and data
processing are provided in Smith et al. (2009).

The spectra were shifted to the rest frame and corrected for cosmological ef-
fects using the (14 2)? factor (Peterson, 1997). Galactic reddening was removed
using the dust maps from Schlafly & Finkbeiner (2011) with E(B — V') = 0.09,
adopting the reddening law of Cardelli et al. (1989) with Ry = 3.1. We extract
the HB, Hy, and A5100 A continuum fluxes through spectral decomposition.
The local continuum was modeled with a power-law. Fe IT multiplet emission
between 4000-5500 A was modeled using the template from Kovacevié et al.
(2010). Emission and absorption lines were fitted using the astropy.modeling?
framework. The Hf and H~ lines were each fitted with three Gaussian compo-
nents: narrow, broad, and very broad. An example of the spectral decomposition
is shown in Figure 1.

Three sources of uncertainty were considered for the emission line flux mea-
surements: i) Random error from spectral dispersion and signal-to-noise (S/N)
ratio (Tresse et al., 1999); ii) uncertainties from Fe II subtraction (Leén-Tavares
et al., 2013); and iii) a 10% contribution from flux calibration (Paul Smith pri-
vate communication). The narrow HS contribution to the total profile was min-
imal, ranging from 5.2% at its lowest line flux to 1.5% at its highest line flux,
smaller than the total HS flux uncertainty. Therefore, the total H3 profile was
used in all calculations. Given that the H+ line is expected to behave similarly,
its total profile flux was also adopted for the cross-correlation analysis.

We measured the FWHM from the sum of Gaussians used for the Hf profile.
The uncertainty in the observed FWHM arises from two sources: i) the random
error due to spectral dispersion (~ 4 A), and ii) the fitting error, estimated as
the standard deviation between the fitted Gaussians and the observed spectrum.
A correction by instrumental broadening was made for each slit width used in
the SO observations, adopting the values from Amador-Portes et al. (2024a):
9.45+2.70 A for 370, 12.924+3.69 A for 471, and 16.07+4.59 A for 5/1. As the
instrumental uncertainties dominate over S/N effects, the corrected FWHM was
obtained via quadratic subtraction of the instrumental and observed profiles,
with its uncertainty derived through standard error propagation.

?https://astro.inaoep.mx/observatorios/oagh/
Shttp://james.as.arizona.edu/~psmith/Fermi/
4nttps://docs.astropy.org/en/stable/modeling/index.html
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Figure 2. Multi-wavelength light curves. (a) v-ray data from Fermi/LAT (0.1 — 300
GeV), (b) FWHM of the HS emission line, (c) HB emission line flux, (d) Hy emission
line flux, (e) A5100 A continuum flux, (f) V-band from SO and SMARTS, (g) J-band
from SMARTS, and (h) NTD parameter. The red dash-dotted and blue dashed lines
in panel (h) represent NTD= 1 and NTD= 2, respectively.
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The NTD parameter (Shaw et al., 2012) was calculated following Equation 1,
where Loy is the observed continuum luminosity, and Lpreq is the continuum
luminosity predicted from the HS luminosity using the non-blazar relation of
Greene & Ho (2005). The NTD parameter quantifies the relative non-thermal
(jet) contribution to the total continuum emission in AGN. Following Patino-
Alvarez et al. (2016), NTD = 1 indicates purely thermal emission from the

NTD =
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accretion disk; 1 < NTD < 2 implies disk-dominated emission with a jet con-
tribution; NTD = 2 corresponds to equal contributions from disk and jet; and
NTD > 2 indicates jet-dominated emission. Thus, two regimes can be defined:
Disk-Dominated (NTD < 2) and Jet-Dominated (NTD > 2). The light curves
of the y-rays, HB and A5100 A continuum fluxes along with the FWHM of Hj3
and NTD are displayed in Figure 2.

3. Variability and correlations analysis

Table 1. Time lags between emission in different bands, and NTD values, obtained
from cross-correlation analysis of the full light curves.

Light Curves Delay (days)
5100 Avs y-rays —6.8+6.4
5100 Avs Hj 82.4+6.1
5100 Avs Hy 87.7+6.6
5100 Avs J-band 0.0+ 3.7
5100 Avs NTD 0.14+6.7
5100 Avs V-band 02425
~v-rays vs NTD 6.0 £6.7
J-band vs y-rays —8.8+6.4
J-band vs HS 81.8+6.1
J-band vs NTD —0.54+6.7
V-band vs ~-rays —-9.0+11.3
V-band vs Hj 78.971%°
V-band vs J-band 0.0+3.7
V-band vs NTD 0.6 £6.7

We conducted cross-correlations amongst all multi-wavelength light curves
previously described. Three different methods were employed to ensure robust-
ness: the interpolated cross-correlation function (ICCF; Gaskell & Sparke, 1986),
the discrete cross-correlation function (DCCF; Edelson & Krolik, 1988), and
the Z-transformed discrete cross-correlation function (ZDCF; Alexander, 1997).
These methods followed the established protocols outlined in Patifio-Alvarez
et al. (2013); Patifio-Alvarez et al. (2018), and Amaya-Almazén et al. (2022).
Only time delays with correlation coefficients at above 99% significance,, and
consistent across at least two of the three methods, were considered. Further
details on significance levels can be found in Emmanoulopoulos et al. (2013)
and Amaya-Almazan et al. (2022) The reported delays represent the average
results obtained from either two or all three methods, depending on the case,
with the reported uncertainty being the maximum uncertainty value among the
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three methods employed. Results of the cross-correlation analysis for the are
summarized in Table 1.
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Figure 3. Spectroscopic light curves for the disk dominance regime. (a) FWHM of
the HB emission line, (b) HA emission line flux, and (c) the A5100 A continuum flux.

Delays between the optical/NIR emissions (A5100 A continuum, J-band, V-
band, and NTD) are consistent with zero, indicating quasi-simultaneous, co-
spatial emission. Continuum variability is largely driven by flare-like episodes
linked to strong jet activity, as shown by NTD values exceeding 2. Thus, the
variability in the A5100 A continuum is predominantly powered by synchrotron
emission from the jet. Given the co-spatiality, the V-band and J-band emissions
during flares also arise primarily within the jet, confirming synchrotron radi-
ation as the main driver of variability across these bands. The ~80-day delay
between the continuum and emission lines likely reflects the light-travel time
from the continuum source to the BLR. In addition, a cross-correlation analy-
sis between the A5100 A continuum and Hf light curves, separated by jet- and
disk-dominated regimes (NTD+o < 2) was performed. The results for these
subsets did not reveal any significant correlation, indicating no physical delay
between the light curves in separated regimes. In the jet dominance regime, the
observed delays appeared to be spurious correlations. Conversely, in the disk
dominance regime, we obtain inconclusive results, stemmed from the similarity
in the light curves, characterized by prolonged periods of quiescence with mini-
mal variability as shown in Figure 3. A detailed discussion of this inconclusive
results is presented on Amador-Portes et al. (2024b).
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Table 2. Pearson (pp) and Spearman (pgs) correlation coefficients obtained for Ls100
versus L g and Lig or Liasioo versus FWHM 5 across various data sets: Full Set, Disk
Dominance (DD), and Jet Dominance (JD). Corresponding p-values are displayed for
each case.

Regime pp Do pPs Po
L5100 vs Lug

Full Set 0.200 2.60 x 1076 0.450 6.0 x 10~21

DD 0.800 6.90 x 10759  0.810 7.00 x 10733

JD 0.100 0.260 0.170 0.200
Lxs100 vs FWHM g5

Full Set -0.187 2.09 x 10~*  -0.450 227 x 10720

DD -0.678 8.81 x 10731 -0.650 6.21 x 1028

JD -0.104 0.395 -0.054 0.658
LHﬂ VS FWHMHB

Full Set -0.650 9.34 x 10~*  -0.683 1.72 x 1057

DD -0.678 8.04 x 10731 -0.651 7.86 x 10728

JD -0.575  2.33x 1077  -0.630 6.59 x 1079

The delay of 7.0 £ 7.7 days between optical /NIR bands and ~-ray emission
suggests that the optical emission region and the source of seed photons are
quasi-cospatial. Since optical variability is jet-driven, delays between the optical
light curves and other light curves will also trace jet activity during flares. The
near-zero lag therefore indicates that optical/NIR and ~-ray emission regions are
co-spatial within the jet. For the y-ray energies detected by Fermi/LAT (0.1—300
GeV), the seed photons must be within the NIR-NUV range, corresponding
to observable flux in the V-band, J-band, and A5100 A continuum. Given the
quasi-cospatiality of optical/NIR and seed photon regions within the jet, SSC is
favored as the dominant emission mechanism during flares, where ~y-rays arise
from synchrotron photons scattered by the same relativistic electrons. However,
EC processes cannot be excluded, as both are expected to occur simultaneously.

We look for correlations in the logarithmic space between FWHM g5, Lasi00,
and Ly for the entire dataset, as well as separately for the jet dominance and
disk dominance regimes to picture the role of jet emission over the HG emission
line (and thus the BLR). The correlations were conducted with the Pearson (pp)
and Spearman (pg) correlation rank tests, Person or Spearman coefficients with
values absolute below |p| < 0.39 are considered as a weak correlation, values
between 0.40 < |p| < 0.59 as a moderate correlation, and values greater than
|| > 0.60 as a strong correlation (positive or negative, given the case). All
correlation coefficients are displayed in Table 2.

44 1 LHB - 1,133i0.005
Lsi00 = 10 - 2
A9100 a8 s ((1.425 £0.007) x 102 erg s1> @
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Figure 4. Variation of the Hj emission-line luminosity compared to the A5100 A con-
tinuum luminosity. In all panels, the color bar indicates the NTD value for each ob-
servation. Left Panel: Full sample. Middle Panel: Disk dominance (DD) regime data.
Right Panel: Jet dominance (JD) regime data. The dashed black line denotes the
boundary between the regimes. The orange solid line and shaded area represent the
Greene & Ho (2005) relation for a non-blazar sample and its uncertainty at 3o. The
dashed red line denotes the significant (p, < 0.05) linear regression to the correspon-
dent data.

The NTD parameter, defined as the ratio of observed to predicted contin-
uum luminosity, with predictions based on the Hf - continuum relation (Equa-
tion 2) from Greene & Ho 2005, was used to distinguish between jet- and disk-
dominated states. Figure 4 shows this comparison, with NTD= 2 marking the
boundary. Across the full sample, correlations between continuum and HS lumi-
nosities were weak to moderate, and linear regression failed to yield a significant
fit (as evidenced by their p-value®, p, of 1 to machine accuracy). For the linear
regression, a p-value below 0.05 is considered statistically significant, indicating
that the observed relationship is unlikely to have occurred by chance. To refine
the analysis, we separated the data: 219 spectra (56.6%) in the disk-dominated
regime, 17.8% in the jet-dominated regime, and 25.6% near the threshold. In
the disk-dominated regime, a strong correlation was recovered, with a slope of
B =0.76 £0.05 (p, ~ 0) for the linear regression, consistent with a non-blazar
AGN. In contrast, no significant correlation was found in the jet-dominated
regime, indicating that line luminosities do not reliably track continuum vari-
ability when the jet dominates.

Across the full dataset, the Pearson test shows no correlation between L5100
and FWHMH 3, while the Spearman test reveals a moderate anti-correlation,
indicating a monotonic but non-linear relationship; the linear regression does not
accurately describe the data (p, = 0.620). In the disk-dominated regime, strong
correlations appear in both tests, with a regression slope 5 = —0.360 + 0.034
(py =~ 0.0), reflecting the “breathing-BLR” effect (Figure 5): as the ionizing

5The p-value represents the probability that our null hypothesis is true, which states there is
no relationship between the model and the data.
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Figure 5. Top Row: Variation of the Hf emission-line FWHM compared to the
A5100 A continuum luminosity. Bottom Row: Variation of the HfB emission-line
FWHM compared to its luminosity. Left Column: Full sample. Middle Column: Disk
dominance (DD) regime data set. Right Column: Jet dominance (JD) regime data
set. Only linear regression fits with p, < 0.05 are plotted, as red dashed lines, for the
corresponding data.

continuum increases, the BLR radius expands due to clouds farther away being
ionized, producing narrower Hf profiles. In contrast, the jet-dominated regime
shows no significant correlation, implying that the ionizing influence of the jet on
the BLR is weaker compared to the accretion disk, thus insufficient to induce a
similar dynamic response in the BLR. We find a strong anti-correlation between
Lg and FWHM g across all subsets, indicating that changes in H3 luminosity
similarly affect the BLR regardless of the ionizing source. Long-term trends over
~ 10 years show that flux increases correspond to FWHM decreases. Linear
regression is statistically significant for all subsets, with slopes 8 = —0.467 £+
0.032 (full dataset), 8 = —0.509 £ 0.048 (disk-dominated), and 8 = —0.320 £
0.056 (jet-dominated), all with p, < 0.002.

The observed ”breathing-BLR” effect, indicates that the photons driving
the HS emission consistently originate from the canonical BLR, regardless of
whether the dominant continuum source is the accretion disk or the jet. This
rules out the contribution of any external BLR material. Based on these, we pro-
pose that the base of the jet, where the UV synchrotron emission is produced,
resides within the canonical BLR. In this configuration, the jet emission directly
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impacts the HS line, reinforcing the idea that the canonical BLR remains the
principal emission region even when the jet dominates the continuum. In Fig-
ure 6 we present a schematic illustration of the Jet-BLR system coupling and
the different interactions between regions.

SMBH

Observer

5.0 :
-
-

~ 80-day delay

Accretion Disk

Figure 6. Schematic illustration of the Jet-BLR system suggested in this work (not
to scale). The blue dashed curve represents the orbit of a BLR cloud around the
SMBH with the parallel velocity component being low while crossing the jet section.
BLR clouds in this region will be ionized by a contribution of UV flux from the
accretion disk (red arrows) and from the jet (white arrows). The ~ 80-day delay
between the continuum emission and the H/3 emission line traces the distance between
the continuum emission within the jet during flare-like events and the edge of the BLR.

4. Black hole mass estimation

The variability in this source is predominantly jet-driven. This complicates su-
permassive black hole mass (Mpy) estimates via reverberation mapping, since
the measured delay in disk dominance regime yielded inconclusive results we
could not use reverberation mapping. Given these limitations, we adopted single-
epoch spectroscopic methods for Mppy estimation, applying Equation 3 from
Greene & Ho (2005) to 192 spectra in the disk-dominated regime. FWHMpg
is corrected for instrumental broadening. From this set of data points, we es-
timated a weighted mean mass for the supermassive black hole (Mpg). The
resulting value is Mpy = 2.85 £ 0.37 x 108 M, with the uncertainty derived
from the standard deviation of this set.
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LHB ) 0.561+0.02 <FWHMH5

2
Mgy = (3.6 4+0.2) x 10° | ——2— — | M,
B = (3.6£02) <10 (1042 erg/s 103 km/s ) o ©

5. Summary and results

Delays between optical /IR emissions are consistent with zero, indicating nearly
simultaneous, co-spatial regions. Continuum variability is driven by flares, sug-
gesting that optical and NIR emissions mainly arise from synchrotron processes
in the jet. The 7.0 £ 7.7-day lag between optical/IR and ~-rays indicates a
close spatial link, with seed photons for inverse Compton emission originating
from jet-produced optical/NIR flux. SSC is suspected to be the dominant y-ray
emission process during flare-like events, but further analysis needs to be made.
Cross-correlations across the full dataset between the A5100 A continuum and
the HB and H~ emission line fluxes revealed a delay of approximately 80 4 6
days. This delay reflects the separation between the continuum emission region
and the BLR, and cannot be interpreted as the size of a virialized BLR. Instead,
it likely traces the distance between the edge of the BLR and the continuum
source associated with the jet during flare-like events. In the disk-dominated
regime, the results were inconclusive, a behavior attributed to the prevalence of
quiescent periods with minimal variability.

The A5100 A continuum and Hp luminosities show a weak positive correla-
tion across the full dataset, diverging from the non-blazar relation at NTD> 2.
In the disk dominance regime, the correlation strengthens (Pearson = 0.80,
Spearman = 0.79), indicating that the emission line closely follows the contin-
uum, as in non-blazar AGNs. A consistent anti-correlation between Lpg and
FWHMpgg across all datasets reflects the "breathing-BLR” effect. These results
suggest that the BLR responds similarly to ionizing flux from both the accretion
disk and the jet, supporting a scenario where the jet base is embedded within
the canonical BLR.

Single-epoch spectra were employed to estimate Mpy in the disk dominance
regime, using the scaling relation proposed by Greene & Ho (2005). A robust
Mgy value of 2.85 £ 0.37 x 10® M, was derived exclusively from spectra span-
ning approximately a decade within the disk dominance regime. This approach
minimized jet contamination and short-term variability potentially associated
with jets. However, for this object, the jet does not significantly impact the
Mpp estimated, as seen from the analysis of the complete spectra set for this
particular source.
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