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Abstract. The analysis of the optical spectra of PMN J0948+4-0022 showed
significant variations in the spectral lines that, when combined with the Fermi
~y—ray light curve and radio observations reported by other authors, were inter-
preted as the result of interactions between the relativistic jet and the narrow-
line region (NLR). In this work, we present order-of-magnitude calculations of
the energetics associated with this proposed jet-NLR interaction. We demon-
strate that the observed outflows are capable of absorbing a fraction of the jet
energy and converting it into kinetic energy. This mechanism provides a natu-
ral explanation for the optical spectral variability recorded with the X-shooter
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and Multi-Unit Spectroscopic Explorer (MUSE) instruments. Our results sup-
port the scenario in which feedback from the relativistic jet can dynamically
influence the circumnuclear gas, offering new insights into the coupling between
jets and the NLR in y—ray-emitting narrow-line Seyfert 1 galaxies.

Key words: Seyfert galaxies — individual: PMN J0948+0022 — optical spec-
troscopy

1. Introduction

Among active galactic nuclei (AGN), narrow-line Seyfert 1 galaxies (NLS1s) rep-
resent a peculiar class of objects. NLS1s are spectroscopically classified sources
with relatively narrow Hg, faint [O IITIJA5007, and often strong Fe II multiplets
(Osterbrock & Pogge, 1985; Goodrich, 1989). The importance of these sources
lies in their nature as young or rejuvenated quasars (Mathur, 2000), potentially
representing the progenitors of more evolved quasars (Berton et al., 2016, 2017,
2025). A small fraction of NLS1s show relativistic jet emission, which in some
cases makes the sources detectable at y-rays (y-NLS1s). The first example of
such a source is PMN J0948+-0022 (z = 0.585; Williams et al. 2002; Zhou et al.
2003; Ahn et al. 2012; Foschini et al. 2010). To date, about two dozen 7-NLS1s
have been identified (e.g., Foschini et al. 2022), and their number is steadily
increasing.

In Dalla Barba et al. (2025) (hereafter referred to as DB25), we analyzed
the optical spectral variations of PMN J0948+4-0022, focusing on the HS and
[O III]AA4959, 5007 emission lines. We detected variability in the [O III]A5007
core flux, in its outflow component, and in the outflow velocity. Based on
intermediate-resolution (R = A/AX ~ 6500 — 2500) X-shooter (2017-12-17)
and Multi-Unit Spectroscopic Explorer (MUSE) spectra (between 2022-11-24
and 2023-03-08, the analyzed spectrum combines data from all epochs), we pro-
posed a reclassification of this source from a NLS1 to an intermediate Seyfert,
characterized by a composite profile for the Balmer lines. We suggested that the
X-shooter and MUSE Hpf profiles are not due to a geometrical effect of partial
obscuration, but rather to the interaction of the relativistic jet with the narrow-
line region (NLR). This interaction was previously suggested by Doi et al. (2019)
from the study of the radio component of the jet. The authors found a jet-shape
change at a distance of ~100-400 pc from the center, compatible with our esti-
mate of the distance of the outflow (D, ~ 130-220 pc). From this, we proposed
that the jet impacted the outflowing bubble, producing both the observed shape
variation of the jet and the release of part of its energy into the surrounding
NLR, which in turn generated the observed optical spectral variations.

In this work, we extend the study presented in DB25, focusing on the ener-
getics of the jet-NLR interaction. These are back-of-the-envelope calculations,
meant to provide an order-of-magnitude estimate of the process. The paper is
organized as follows: Section 2 presents the physical conditions and energetics of
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the NLR; Section 3 describes the energetics of the jet from ~-ray and radio data;
Section 4 discusses the results and conclusions. Throughout the manuscript we
assume a standard ACDM cosmology with Hy=73.3 km s~ Mpc~!, Q,,=0.3,
and Q,=0.7 (Riess et al., 2022).

2. NLR and outflow properties

In general, from line ratios such as [O II] and [S II] we can estimate the elec-
tron density (n.) and temperature (7.) of the gas in the NLR. Given the
X-shooter and MUSE spectral coverage, [S II] lines are not present in both
PMN J0948+0022 spectra. For this reason, we assumed a typical T, ~ 10* K
(Osterbrock & Ferland, 2006) and calculated the electron density from the [O
IT]AA3726,3729 lines using PyNeb (Luridiana et al., 2013, 2015), a Python tool to
compute emission line emissivities from recombination and collisionally excited
lines (in our case we used only collisionally excited lines). The [O II] line fluxes
from DB25 are reported in Table 2. The results, expressed as the median values
obtained from N=5000 iterations with initial values inside the error bars of the
observed fluxes, are: n. x ~ 170 cm ™2 and Ne,m ~ 260 cm ™3, for the X-shooter
and MUSE cases, respectively.

From the calculated n, and the [O IIIJA5007 luminosity of the outflow
(Lgyt,), we can estimate the mass of the outflow (Myy:). The Lg4l, parame-
ter was obtained from Lgyt; = 4md2 94, where dj, is the luminosity distance
and Fgit, is the observed flux of the outflowing component in [O III] (see again
Table 2). M, is then calculated using the relation from Komossa et al. (2018):

Mout =674 x 107 ng(tﬁ ( Ne )*1 M@ (1)
102 ergs—! 100 cm—3

where we re-scaled by a factor 10 the relation to use the [O III] luminosity
instead of the Hf one, as suggested by Komossa et al. (2018). For the two cases,
the results are: Myyr x ~ 8.6+ 107 Mg and Myye pr ~ 3.9 - 107 M.

Following the same reasoning presented in Blustin et al. (2005) and Venturi
et al. (2023), the mass outflow rate through a spherical surface of radius r sub-
tended by a solid angle €2, with covering factor CF, is Mour = Qr? PUout - CF. If
the outflowing mass M,,; is contained in a thin shell of radial thickness Rz,
its volume is approximately V ~ Qr2R,,; and therefore:

. Mout Mout
Mo ~ Q> =220, - OF ~ A—2 34%p, - COF ~
t Vo A o 2)
Mout Mout
~ Vout * OF ~ ——— gt - 0T
Rout ! Dout 0T ‘

assuming roughly constant density and velocity across the shell, we have adopted
a reference covering factor CF ~ 0.1 and an outflow distance from the center
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of Doyt ~ Rout/0.1 ~ 173 pc (see the mean value reported in Table 2). In the
D, expression, we have further assumed a conical shape for the jet. Finally,
the kinetic power of the outflow is:

1

Ek:in = iMout'Ugut = Pout (3)

I and

The resulting estimates for the two cases are Pyt x ~ 8.8 10*2 erg s~
Pout, v ~ 14 -10%2 erg s71.
If we instead assume electron temperatures in the range 7T, = (5 — 20) - 10* K
(Osterbrock & Ferland, 2006), the resulting densities are n. x ~ 120—210 cm—3
and ne ar ~ 190 — 320 cm 3. The corresponding outflow powers are Pyt x ~
(7.0—12)-10% erg s™! and Poysar ~ (12 —19) - 102 erg s~1. In all cases, these

variations do not affect the conclusions.

3. Jet power

3.1. y-ray component

We calculated the radiative power of the jet (Py raq) from Fermi data obtained in
epochs nearly simultaneous with the X-shooter and MUSE observations. For X-
shooter, we used the photon flux from 2017-12-30, while for MUSE we calculated
the mean value of the Fermi datapoints over the interval 2022-12-04 to 2023-02-
02. We multiplied the photon flux (F.,, reported in Table 2) by the photon mean

energy, using 1 GeV as reference for the conversion, and then obtained the flux
1

in erg s~ cm™2. We calculated the corresponding luminosity (L~) using:
F.
L, =4rd] ——1— 4
vy 4 L(l_i_z)l,a,y ( )

where o, is the spectral index in the y-rays obtained from the Ferms light-curve
repository (see Table 2). With the luminosity, we then calculated P, ,4q using
the equation from Maraschi & Tavecchio (2003):

Pyat =T Q
where I' is the bulk Lorentz factor and § the corresponding Doppler factor. As
reported in Table 2, we can assume two possible values for these quantities,
which lead to four different results. Here we report only the two mean values:
P, raa,x ~ 2.5 % 10* erg s~! and P, raam ~ 2.4 % 10** erg s~!. Finally, we
assume that the kinetic power is ten times the radiative one, see Table 1 for
P’y,kin~
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3.2. Radio component

For the radio component, we can use the relation presented in Foschini et al.
(2024) to obtain kinetic (Prqdio,kin) Power of the jet:

2\ T
Pradio,kin = 3.9 x 1044 (f:_di) erg S_l (6)
where S, is the radio flux density in Jy (see Table 2). The radio data were
taken from the monitoring of the source performed by the Metsdhovi Radio
Observatory at 37 GHz. For the X-shooter epoch we used the flux averaged
between 2017-12-06 and 2017-12-22, and for the MUSE epochs the flux averaged
between 2022-12-02 and 2023-03-06. The results are: Prqgio, kin,x ~ 4.8- 10* erg

s™! and Pradio kin,m ~ 7.3 - 10 erg s71.

4. Discussion and conclusions

From the values reported in reported Table 1, we can compare the kinetic pow-
ers of the outflow with those of the jet in its y—ray and radio components.
Specifically, we find that the outflow kinetic power constitutes a small but non-
negligible fraction of the jet power in both epochs. The respective ratios, listed
in Table 1, indicate that approximately 0.35%-1.9% of the jet power has been
deposited into the outflow in both epochs. This further supports the scenario
proposed in DB25, where we suggested that the observed variations in the out-
flow properties (in terms of flux and velocity) could result from the interaction
between the jet and the NLR. In turn, these variations in the outflow kinetic
power would likely be driven by changes in the jet state and energetics.

Table 1. Summary of the kinetic powers and of the ratios between the outflow power
and the y—ray and radio jet powers (Rout,y and Rout,radio, respectively).

Epoch Pyt Py kin Progiokin | Routy  Rout,radio
lerg s™'] [ergs™'] [ergs™']
X-shooter | 8.8-10%2 2.5-.10%  4.8-10* | 0.35% 0.55%
MUSE 14102  24-10® 7.3-10" | 058% 1.9%

These results support a scenario in which the relativistic jet deposits part of
its energy into the surrounding environment — specifically, the NLR — producing
the observed variations in the optical spectra, particularly in the [O IITI|A5007
outflow properties. This hypothesis is also supported by the radio study of Doi
et al. 2019. Our optical spectroscopic analysis (DB25) provides a crucial link
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between these radio observations and the optical data, linking changes in jet
morphology with the variability observed in both the optical band and the
~-rays. The order-of-magnitude calculations presented here provide further evi-
dence that, from an energetic perspective, the jet-NLR interaction can account
for the observed optical spectral variations. Together, these findings reinforce
the notion that the interplay between the relativistic jet and the circumnuclear
gas significantly influences both the kinematics and energetics of the NLR in
v—NLS1 galaxies. Similar results have been reported by other authors, who
observed variability in spectral features associated with jet activity. Examples
include variable Mg II lines (e.g., Ledn-Tavares et al. 2013; Berton et al. 2018;
Yang et al. 2020) and changes in the broad HS component (Hon et al., 2023).

In conclusion, this analysis, combined with the results reported in DB25,
underscores the importance of a multi-wavelength approach to the study of
AGN, particularly for jetted sources. The combination of multi-epoch optical
spectroscopy, radio observations, and y—ray monitoring is essential for a better
understanding of the mechanisms driving the interplay between jet emission and
the AGN environment.
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