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Abstract

A few decades have passed since the identification of narrow-line Seyfert 1 (NLS1)
galaxies as a subclass of active galactic nuclei (AGN). NLS1s show a Seyfert 1-like
spectrum, but with permitted emission line widths comparable to those of Seyfert 2
spectra. These peculiar traits suggest a combination of factors, high accretion rates
near the Eddington limit and low-mass black holes, which indicate an early stage
in the AGN life cycle. Although few, jetted NLS1s have been discovered. Recently,
seven sources with an inverted radio spectrum and extreme radio variability were
identified by the Metsdhovi Radio Observatory, among a sample of radio-quiet and
radio-silent NLS1s. They show rapid flares at 37 GHz that increase their flux density
up to 9000-fold (Jy level) with an e-folding time-scale of a few hours. During qui-
escence and at lower frequencies, they achieve only m]y levels. As the main cause,
relativistic jets would have been the most likely, but no jet emission traits were de-
tected. Until now, their radio spectra are the only common feature. To explain the
flares” behavior, three main hypotheses have been suggested: jet-cloud/star inter-
action, relativistic jet and free-free absorption with moving clouds, and magnetic
reconnection. In this thesis, I carried out three works to study the sample from dif-
ferent perspectives, with the goals of investigating the peculiarities of the sample
and estimating the flares” properties. In the first work, I performed a multi-epoch
analysis for different optical bands, in particular through a variability and periodic-
ity Fourier-based analysis. I used publicly available data retrieved from the catalogs
of All-Sky Automated Survey for Supernovae and Zwicky Transient Facility sur-
veys. For the second work, I derived the main physical properties of the sources
in the sample by means of an optical spectra analysis. Here I used proprietary
data acquired with the long-slit spectrometer Optical System for Imaging and low-
Intermediate-Resolution Integrated Spectroscopy mounted on the Gran Telescopio
Canarias. Finally, in the third work, I moved on to the radio regime to estimate the
main characteristics of the flare episodes using both single-dish and interferometer
data at multiple frequencies. The results revealed no apparent connection between
the flare episodes detected in radio and the optical behavior. From the spectra, one
of the sources turned out to be an intermediate Seyfert galaxy, while the remaining
six showed typical values for the NLS1 class. On the other hand, the radio analysis
results on the flares, with e-folding time-scales down to a few tens of minutes and
variability brightness temperatures >10'°> K, were much more extreme and unex-
pected. Considering the multi-wavelength results, the magnetic reconnection in the
black hole magnetosphere seems to be the most likely driver in the flare production.
In particular, considering the radio behavior, the magnetic reconnection might be
coupled with an emission mechanism as either an inverse Compton catastrophe or a
coherent emission. To disentangle between these two main scenarios, and to further
investigate also less viable hypotheses, follow-up radio observations very close in
time will be fundamental.
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Abstract — Italiano

Alcuni decenni sono trascorsi dall’identificazione delle galassie narrow-line Seyfert
1 (NLS1) come sottoclasse di nuclei galattici attivi (AGN). Le NLS1s mostrano uno
spettro simile a quello di galassie Seyfert 1, ma con larghezze delle righe di emis-
sione permesse paragonabili a quelle degli spettri di Seyfert 2. Questi tratti pecu-
liari suggeriscono una combinazione di fattori, alti tassi di accrescimento vicino al
limite di Eddington e buchi neri di bassa massa, che indicano una fase iniziale del
ciclo di vita dell’AGN. Sebbene poche, NLS1s con getti relativistici sono state scop-
erte. Di recente, I'Osservatorio radio di Metsdhovi ha identificato sette sorgenti con
spettro radio invertito ed estrema variabilita, in un campione di NLS1s cone emis-
sione radio debole o totalmente assente. Questi oggetti mostrano rapidi brillamenti
a 37 GHz che aumentano la loro densita di flusso fino a 9000 volte (livello del Jy) in
una scala temporale di poche ore. Durante la quiescenza e a frequenze pil1 basse,
raggiungono invece solo livelli di mJy. Come causa principale, i getti relativistici
sarebbero stati i pitt probabili, ma non sono stati rilevati in nessuna delle analisi
condotte. Finora, i loro spettri radio erano l'unica caratteristica comune del campi-
one. Per spiegare il comportamento dei brillamenti, sono state suggerite tre ipotesi
principali: interazione del getto con nube/stella, getto relativistico e assorbimento
free-free con nubi in movimento, e riconnessione magnetica. In questa tesi ho svolto
tre lavori per studiare il campione da diverse prospettive, con I'obiettivo di indagare
le peculiarita del campione e stimare le proprieta dei brillamenti. Nel primo lavoro
ho eseguito un’analisi multiepoca in diverse bande ottiche, in particolare attraverso
un’analisi (Fourier-based) sulla variabilita e sulla periodicita. Ho utilizzato dati pub-
blici presenti nei cataloghi delle surveys All-Sky Automated Survey for Supernovae
e Zwicky Transient Facility. Nel secondo lavoro ho derivato le principali proprieta
fisiche delle sorgenti nel campione mediante un’analisi degli spettri ottici. Qui ho
utilizzato dati proprietari acquisiti con lo spettrometro long-slit OSIRIS montato al
Gran Telescopio Canarias. Infine, nel terzo lavoro, sono passato al radio per stimare
le caratteristiche principali degli episodi di brillamento utilizzando sia dati single-
dish che dati interferometrici a frequenze multiple. I risultati non hanno rivelato al-
cuna connessione apparente tra gli episodi di brillamento rilevati via radio e il com-
portamento ottico. Dagli spettri, una delle sorgenti si e rivelata essere una galassia
di Seyfert intermedia, mentre le restanti sei hanno mostrato valori tipici per la classe
NLS1. D’altro parte, i risultati dell’analisi radio sui brillamenti, con tempi scala fino
a poche decine di minuti e temperature di luminosita >10'° K, sono stati molto piu
estremi e inaspettati. Considerando i risultati ottenuti a pit1 lunghezze d’onda, la ri-
connessione magnetica nella magnetosfera del buco nero sembra essere il fattore pit
probabile per la produzione dei brillamento. In particolare, considerando il com-
portamento radio, la riconnessione magnetica potrebbe essere associata a un mecca-
nismo di emissione come una catastrofe Compton inversa o un’emissione coerente.
Per distinguere tra questi due scenari principali e per indagare ulteriormente anche
ipotesi meno probabili, saranno fondamentali osservazioni radio di follow-up molto
ravvicinate nel tempo.



viii



Contents

Abstract

List of figures
List of tables
Acronyms
Symbols

1 Active Galactic Nuclei

1.1 Introduction . . . ... ... . . . ... ...
1.2 Structureof AGN . . . . . . . ... . e
121 Sizesinan AGN . . .. .. .. .. .. ... . .. .. ...
1.3 Taxonomy and unification . . . .. ... ... ... ........
1.4 Observational properties . . . . . ... ...............
14.1 Spectral Energy Distribution . . ... ... ........

2 Multiwavelength properties of narrow-line Seyfert 1 galaxies

2.1 Optical spectrum . . ... ......................
21.1 Black hole mass estimation . ... .............
212 Eddingtonratio . . .. ........... .. ... ..
22 Radioproperties. . . .. ... .. ... ... oL
2.3 A sample of extremely variable NLS1s . . . .. ... ... ....

3 Time-series analysis

3.1 Lightcurvesproperties . . . .. .. ... ... ...........
32 Analysismethods . . ... ..... ... . ... ... . ... ..
3.3 Lightcurvessimulation . ... ...................

4 Optical time-series analysis on flaring NLS1s

41 Introduction . .. ... ... . ... . ...
42 Sampleanddata. ... ... ... ... ... ... . ...
421 All-Sky Automated Survey for Supernovae . . . . .. ..
422 Zwicky Transient Facility . ... ..............
43 Optical light curvesanalysis . . . ... ... ............
431 \Variabilitytest. . . ... ... ... ... . 0 .
432 PSDslopeestimation. . . ... ... ............
44 Periodicity searching . . . ... ... ... . ... ... ... ..
441 Generalized Lomb-Scargle periodogram . . .. ... ..
442 weighted wavelet Z-transform . . ... ..........
443 Significance levels estimation . . . .. ... ... ... ..
45 Results . ... ...
451 Radio-optical LCs comparison . .. ............

iX

XV

xvii



452 Variability . ... ... ... . oo o 56

453 GLSandWWZ . .. ... ... .. ... o 56
4.6 Discussionand conclusions . . ... ... ... ... . ... . L. 57
An optical perspective on early-stage AGN with extreme radio flares 69
51 Imtroduction . ... ... ... ... ... .. 69
52 Sample . . . ... 70
5.3 Observations and datareduction . . . ... ................ 70
54 Spectralanalysis. . .. ... ... ... .. ... L o oo L 71
541 Lineprofiles . . .. ... ... ... ... .. . o 71
542 BLRradiusestimation . ... .................... 74
543 Blackholemass . . ... ........ .. ... .. ... .. ... 75
544 Eddingtonratio . .. ... .. ... ... .. . o L. 76
55 Results . ... ... 77
55.1 SDSSJ102906.69+555625.2 . . . . . . ... 77
552 SDSSJ122844.81+501751.2 . . . . . .. ... 77
55.3 SDSSJ123220.11+495721.8 . . . . . . ... 78
554 SDSSJ150916.18+613716.7 . . . . . . . .. .o 80
55.5 SDSSJ151020.06+554722.0 . . . . . . ... 80
55.6 SDSSJ152205.41+393441.3 . . . . . . ... .o 80
5.5.7 SDSSJ164100.10+345452.7 . . . . . . . ... 81
56 Discussion . . . .. ... ... e 81
5.6.1 Black hole mass comparison. . . ... ... ... ......... 82
5.6.2 Eddington ratio comparison. . . . . ... ... ..o L. 84
5.6.3 R4570-Eddington ratio discrepancy . . . ... ....... ... 85
5.6.4 SDSS-GTC spectral continuum comparison . . . . .. ... ... 86
5.6.5 Comparison of the NLS1s properties . . . . .. ... ... .... 87
57 Conclusions . . ... .. ... .. e 88
5.8 Appendix: tables, spectra and line profiles . . . . . ... ... ... ... 89
Investigation on the fastest radio variability in AGN 99
6.1 Introduction . ... .. ... ... ... .. .. L o 99
6.2 Sample and datareduction. . . . .. ... ... oL oo L 100
6.2.1 Metsdhovi Radio Observatory . ... ... ............ 100
6.2.2 Owens Valley Radio Observatory. . . . ... ........... 100
6.2.3 Effelsberg 100-m telescope . . . . . ... ... ... ...... 101
6.2.4 Institut de Radioastronomie Millimétrique . . ... .. ... .. 101
6.2.5 Karl G. Jansky Very Large Array . . ... ... ... ....... 101
6.3 Analysisandresults . .. ... ..... ... ... .. 00 L. 102
6.3.1 MRO-JVLA quasi-simultaneous observations . . . . . ... ... 104
6.3.2 MRO-OVRO quasi-simultaneous observations . . . . ... ... 105
6.33 J102945556 . . . . ... 106
634 J122845017 . . . . ..o 106
635 J1232+44957 . . ... 106
6.3.6 JI509+6137 . . . . . ... 107
6.3.7 JI51045547 . . . . .. 107
638 J152243934 . . . ... 107
639 J1641+43454 . . . ... 109
6.4 Discussion . . .. ... ... ... e 109
6.5 Conclusions . . ... ... .. ... e 110
6.6 Appendix: lists and light curves of observations . . .. ... ... ... 112



xi

7 Conclusions 121

References 123



Xii



xiii

List of Figures

1.1
1.2

1.3
1.4

2.1

2.2

3.1

3.2

3.3

34

3.5

4.1
4.2

43
4.3
44
44
4.5
4.6

Schematic representation of the structureof an AGN. . ... ... ... 3
Representation of a multi-color blackbody as a result of the superpo-
sition of blackbody curves, derived from different rings at increasing
temperature in the accretiondisk. . . . . ... ... ..o 000 4
AGN unification model (Thorne et al., 2022). . ... ... ... ..... 10
Schematic representation of an AGN SED. The black solid curve rep-
resents the total SED and the colored curves represent the individual
components (Padovani et al., 2017, adapted from Harrison et al., 2014). 13

Optical spectrum of an NLS1 between 4000A and 7000A. The spec-
trum was obtained with the OSIRIS instrument mounted at the Gran
Telescopio Canarias. . . . ... ... ... ... 20
UV-optical composite spectrum of an NLS1. The spectrum was ob-
tained with the FOS, GHRS, and STIS instruments mounted in the
Hubble Space Telescope (Constantin and Shields, 2003). . . . . . .. .. 22

Right: AGN LC in the radio band at 15 GHz. Left: PDF related to the
LC. The histogram represents the data, the black dashed line a single
Gaussian fit, and the red solid line a log-normal fit (Liodakis et al., 2017). 35
Top: NLS1 LC in the optical band in g-filter. Bottom: PSD related to
the LC. The black solid line is the PSD calculated from the observed
LC, while the colored lines show the average PSD power-law models
for spectral indices between0.2and 3. . . ... ... ... .. ... .. 38
Representation scheme of the aliasing effect. The red points are the
observed points of the time-series. The blue solid line and the green
dashed line are, respectively, the real and the fake periodic signal. . . . 39
GLS periodogram calculated adopting a Hann window function of
the LC in the top box of Fig. 3.2. The blue line represents the GLS
periodogram, while the orange, green, and red lines are respectively
the 1,2, and 3¢ significancelevels. . . . ... ... ... ... ...... 42
WWZ of the LC in the top box of Fig. 3.2. The color scale represents
the absolute power of the wavelet transform, where higher values in-
dicate stronger periodicity. . . . . . ... . Lo o oo 43

Radio and optical LCs of J1232. . . . . ... ... ............. 51
Fitting of the x?, calculated in the PSRESP method version of Kiehlmann
(2015). The minimum X%ﬂin corresponds to the most realistic intrinsic . 54

GLS with significance levels of the selected LCs. . . . .. ... ... .. 58
continued . . . ... 59
WWZof theselected LCs. . ... ..... ... .. .. ... .. .. ... 60
continued . . . ... 61
MRO and optical LCs of J1029. . . . . . ... ... .. .. .. ... ... 64
MRO and optical LCs of J1228. . . . ... ... .. .. ... .. .... 65



Xiv

47 MRO and optical LCsof J1509. . . . .. ... ... ... .. .. ..... 65
48 MROandoptical LCsof J1510. . . . . ... ... ... .. .. ..... 66
49 MROandoptical LCsof J1522. . . ... ... ... ... ... ....... 66
410 MRO and optical LCsof J1641. . . . ... .. ... ... .. ..... 67
51 [O IIIJAA4959,5007 emission lines of J1641. The light gray shadows
represent the ranges where the x> isassessed. . . ............ 72
5.2 [OIIIJAA4959,5007 line profiles of J1228. . . . .. ... ...... ... 78

5.3 Ha+[N IIJAA6548,6583 lines profile of J1232. The cyan dashed line
represents the [N II] line profiles, which are much fainter than the Ha

EMISSION. . . . . v vt e 79
54 [O IIIJAA4959,5007 line profiles of J1232, which show wing compo-

nents stronger than the core components. . . . .. ... ......... 79
5.5 H§ line profile of J1641. The broad and narrow components have a

FWHM of 4050 km s~ ! and 493 km s, respectively. . . ... ... .. 81

5.6 Eddington ratios calculated using the measured continuum luminos-
ity at 5100A (blue dots), and the derived continuum luminosity (red
dots). The not visible error bars, due to their small values, are inside

thesizeofthedots. . . . . . . . . ... ... 87
57 Spectrumof J1029. . . ... ... ... 90
5.8 Hp and [O III]JAA4959,5007 line profiles of J1029. . . .. . ... ... .. 90
59 Spectrumof J1228. . . . . ... . L 93
5.10 HpB, Ha+[N II]JAA6548,6583 and [S [1]AA6716,6731 line profiles of J1228. 93
511 Spectrumof J1232. . . . . ... . 94
512 Hp and [SII]JAA6716,6731 line profiles of J1232. . . . . . ... ... ... 94
513 Spectrum of JI509. . . . .. ... . 95
5.14 Hp, [O IIIJAA4959,5007, Ha+[N II]AA6548,6583 and [S I1JAA6716,6731

line profiles of J1509. . . . . ... ... ..o oo 95
515 Spectrum of J1510. . . . .. ... .. 96
5.16 Hp, [O III]JAA4959,5007, Ha+[N II]AA6548,6583 and [S IIJAA6716,6731

line profiles of J1510. . . . . . . ... ... .. o 96
517 Spectrumof J1522. . . . .. ... 97
5.18 Hp, [O III]JAA4959,5007, Ha+[N IIJAA6548,6583 and line profiles of J1522. 97
519 Spectrumof J1641. . . . .. ... ... L 98

5.20 [O III]JAA4959,5007, Ha+[N IIJAA6548,6583 and line profiles of J1641. . 98

6.1 Quasi-simultaneous radio spectrum of J1522+3934. Note the very steep
rise between 22 GHz and 37 GHz with a ~ 16. This is unphysical and
indicates that the source varied between these two measurements, so
they cannot be treated as simultaneous for the purposes of spectral
analysis. . . ... .. 105
6.2 IRAM radio map at 260 GHz of J1509+6137. The contours are related
to the uncatalogued source, while the red symbol is located in the
actual position of J1509+6137. . . . . . .. ... L o o oL 108
6.3 MRO light curves of the sample between June 2022 and January 2024.
The blue dots are detections, with the relative flux densities and er-
rors. The orange triangles are the upper limits of non-detections. The
green line is related to the date of Effelsberg epoch 3 observations,
with an arbitrary flux. . .. ... ... ... ... o o . 113



6.4

6.5
6.6

6.7

OVRO light curves of the sample between June 2022 and October
2024. The blue dots are detections, with the relative flux densities
and errors, while the orange triangles are the upper limits of non-
detections. The error bars that are not visible, due to their small val-
ues, are within the sizeof thedots. . . . . ... ... ... ... .....
J1522+3934 light curve of JVLA X-band observations. . . .. ... ...
J1522+3934 light curve of JVLA K-band observations. The dots at the
bottom are related to non-detections. . . . . . ... ...
10-22 GHz spectral index for the J1522+3934 JVLA observations. The
grey dashed line represents the mean value. . . . . ... ... ... ...

XV

114
115



XVi



xvii

List of Tables

4.1
4.2
43
44
4.5
4.6

51
52
5.3
54
5.5
5.6
5.7
5.8

6.1
6.2
6.3

6.4
6.5
6.6
6.7
6.8

Number of data points in the sources LCs. . . . . . ... ... ... ... 50
Starting-ending time of the sources LCs. . . . . .. ... ... ...... 50
Selected gap for the PSD slope estimation algorithm . . . . . ... ... 53
Variability test. . . . . ... ... .. o o 56
Fractional variability. . . . .. ... ... ... .. ... ... .. .. 56
PSDslope. . . . . . . . e 57
Properties of thesample. . . . . .. ... ... .. ... .. L. 71
Observational parameters derived from the optical spectra. . . . . . . . 77
Black hole mass and Eddington ratioresults. . . .. ... ... ..... 82
Pearson correlation coefficients. . . . . ... ... .. o oL 86
Observational and physical parameters derived from the optical spectra. 89
[O III]JAA4959,5007 model parameters. . . . . ... ... ... ..... 91
Hp model parameters. . . . ... ... ...... ... .. ...... 91
Ha+[N IIJAA6548,6583 and [S I1]AA6716,6731 model parameters. . . . . 92
MRO 37 GHz detections. . . . . .. ..................... 102
Flare properties at 37 GHz from the MRO detection. . . . . .. ... .. 103
Flare properties at 15 GHz from the MRO-OVRO quasi-simultaneous

observations of J1228+5017. . . . . . . . . ... 106
J1522+3934 JVLA observations. . . . . . . . . . . .. ... 112
OVROdetections. . . . ... ... ... . .. . 116
Effelsberg observations. . . .. ... ... ... ... ... .. ... ... 117
Effelsberg observations - continued . . . ... ... ............ 118
Effelsberg observations - continued . . . ... ... ............ 119



xviii



List of Abbreviations

ADAF .......... Advection-dominated accretion flow
AGN ........... Active galactic nuclei

ASAS-SN ...... All-Sky Automated Survey for Supernovae
AU ............. Astronomical unit

BBH ............ Binary black hole

BLLac.......... BL Lacertae object

BLS1 ........... Broad-line Seyfert 1 galaxy

BLR ............ Broad-line region

CSS ............ Catalina Sky Survey

DFT ............ Discrete Fourier transform

DR ............. Data release

DRW ........... Damped random walk
EC.............. External inverse Compton

EMP ............ Emmanoulopoulos method

ENLR .......... Extended narrow-line region

FAP ............ False-alarm probability

FIRST .......... Faint Images of the Radio Sky at Twenty-Centimeters survey
FFA ............ Free-free absorption

FSRQ .......... Flat-Spectrum Radio Quasar

FWHM ......... Full width at half maximum

GLS ............ Generalized Lomb-Scargle
GTC............ Gran Telescopio Canarias

HERG .......... High-excitation radio galaxy

IC .............. Inverse Compton

IDFT ........... Inverse discrete Fourier transform

Xix



XX

INOV .......... Intra-night optical variability

IRAF ........... Image Reduction and Analysis Facility
IRAM .......... Institut de Radioastronomie Millimétrique
ISCO ........... Innermost stable circular orbit

ISM ............ Inter-stellar medium

JVLA ........... Karl G. Jansky Very Large Array

KWS ........... Kamogata/Kiso/Kyoto wide-field Survey
LC.............. Light curve

LERG .......... Low-excitation radio galaxy

LINER ......... Low Ionization Nuclear Emission Region
LOFAR ......... Low Frequency ARray

LoTSS .......... LOFAR Two-metre Sky Survey

MAD ........... Magnetically arrested disk

MJD ............ Modified Julian day

MRO ........... Metsdhovi Radio Observatory

NIR ............ Near-infrared

NLS1 ........... Narrow-line Seyfert 1 galaxy

NLR ............ Narrow-line region

NRAO NVSS .. National Radio Astronomy Observatory Very Large Array Sky

Survey
NIKA2 ......... New IRAM KID Array 2
OSIRIS ......... Optical System for Imaging and low-Intermediate-Resolution In-
tegrated Spectroscopy
OVRO ......... Owens Valley Radio Observatory
PCA ............ Principal Component Analysis
PDF ............ Probability density function
PSRESP ........ Power spectral response method
PSD ............ Power spectral density
QPO ........... Quasi-periodic oscillation
QSO ........... Quasi-Stellar Objects
ms ............. Root mean squared

SANE .......... Standard and normal evolution



xxi

SED ............ Spectral energy distribution

SMBH .......... Supermassive black hole

SSA ............ Synchrotron-self absorption

SSC ............ Synchrotron self-Compton

TESS ........... Transiting Exoplanet Survey Satellite
TK ............. Timmer & Konig method

VLA ............ Very Large Array

VLA Sky Survey VLA Sky Survey
WWZ ........... Weighted wavelet Z-transform

ZTF ............ Zwicky Transient Facility



xXxii



List of Symbols

PC Parsec
A Angstrom

kpe ............. Kiloparsec

Mpc ............ Megaparsec

T ... Temperature

pm ool Micrometer

Rg ool Schwarzschild radius
Koo Radio-loudness parameter
Mgy ..o Black hole mass
G.......oo Gravitational constant
Covviiiiaae Speed of light
/A Energy efficiency

M . Mass accretion rate
I Bolometric luminosity
Legg oovovinnn. Eddington luminosity
Mp coveiainnn. Proton mass

MEggg ooovennn.. Eddington limit

o Thomson scattering cross section
€ i Eddington ratio
A Wavelength
Voo Frequency

Hz .............. Hertz

MHz ........... Megahertz

eV ...l ElettronVolt

keV ............ Kiloelettronvolt

xxiii



TeV ............ Teraelettronvolt

S Flux density
Ko, Power-law index
Vo Lorentz factor

B oo Velocity in units of ¢

Mp ............. B-band absolute magnitude
Mo oo Solar mass

Jy oo Jansky

mJy ............ MilliJansky
7 von Neumann ratio

X2 Chi-square test

UNyg «ovveevennn Nyquist frequency
P, LC mean amplitude

BPSD «viiiiinnn Power-law index for the PSD model
2 Variance

Ao Amplitude

¢ Phase

P............... Peak period in the PSD
P Peak power in the PSD

P oo, p-value

m............... Apparent magnitude

Oy weeveeennn Normalized excess variance
SIN............. signal-to-noise ratio

Kpot «ovvviiniin Bolometric correction factor



XXV



XXV1



Chapter 1

Active Galactic Nuclei

1.1 Introduction

In modern astrophysics, the most common example of compact objects is repre-
sented by black holes. Such objects can be roughly divided into two main categories:
stellar black holes, and massive and supermassive black holes. The former reside in
the outskirts of active and non-active galaxies, while the latter are located at the
center of active galaxies, also called active galactic nuclei (AGN). According to our
current knowledge, ~10% of the whole amount of galaxies in the local Universe are
active galaxies. They can be easily distinguished from the non-active galaxies, since
an AGN is much brighter and generates radiation over the whole electromagnetic
spectrum, from radio frequencies up to y-ray.

A century ago, the understanding of what a galaxy is was just at the very be-
ginning. Fath (1909) performed an optical spectra study of NGC 1068, the first ever
AGN spectrum obtained, not really convinced about the extragalactic origin of such
a source, then called a nebula. The idea of nebulae outside our Galaxy was first
brought forward by Slipher (1917), via redshifted line measurements, lately con-
firmed by Curtis (1918). Nevertheless, it was the famous work of Hubble (1926),
establishing a system of classifying galaxies, permanently abandoning the term neb-
ula, which definitely drew attention to extragalactic astronomy. Even though the
idea of the existence of galaxies similar to the Milky Way was being constantly con-
solidating, we had to wait until 1943 to see the first classification of AGN as a sepa-
rate class of objects (Seyfert, 1943). Carl Seyfert came to this conclusion by analyzing
the spectra of six galaxies with a strong emitting component in the center, noticing
that some of them showed narrow emission lines, while others exhibited broader
ones. The first distinction between broad and narrow emission line objects led, thirty
years later, to the first classification into Seyfert 1 and Seyfert 2 galaxies (Khachikian
and Weedman, 1974).

In the same years, the birth of radio astronomy opened a new window on extra-
galactic research from a different perspective. The radio-engineer Grote Reber made
the first radio detection of an AGN at 160 MHz, Cygnus A, using his self-made radio
telescope (Reber, 1944). The junction between optical and radio astronomy allowed
for growing interest in the AGN research field. The well-known radio calibrator
3C 273 was first detected in 1959 by the third Cambridge survey at 159 MHz (Edge
et al., 1959). A subsequent optical study by Maarten Schmidt recognized strongly
redshifted Balmer lines, which suggested a redshift of z=0.158. Moreover, due to
such a great distance, 3C 273 was estimated to be a hundred times more luminous
compared to a normal bright spiral galaxy (Schmidt, 1963). Due to the distance of
objects similar to 3C 273, they appear as point-like sources in optical. For this rea-
son, they were named Quasi-Stellar Radio Sources (i.e., quasars) (Chiu, 1964). The
quasars class was generalized to Quasi-Stellar Objects (QSO) in those cases where
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the sources showed a quasar-like optical spectrum but without radio emission. In
the following years, the distinction between quasars and Seyfert galaxies became
ever more subtle, understanding that they are two manifestations of the same phe-
nomenon.

Besides the characterization of these new kinds of objects, there were attempts
to explain the driver of the emission. Several theories were proposed, spanning
from thermal emission by interstellar dust in the optical wavelength (Whipple and
Greenstein, 1937), to free-free emission by the ionized gas in the interstellar medium
(Reber, 1944), and synchrotron emission in the radio band (Alfvén and Herlofson,
1950). Woltjer (1959) pointed out the necessity of a mass of a few 108 M., located
in the central regions to explain optical luminosities of 104°-10% erg s™! . In a few
years, the idea of a hypermassive star has been replaced with that of a supermassive
black hole (SMBH), which emits mainly by accretion processes of gas available in the
surrounding disk (Hoyle and Fowler, 1963; Salpeter, 1964; Zel'dovich and Novikov,
1964).

With the advent of new telescopes, AGN were, and are, among the top places
as the most interesting sources, since for each answer accomplished, several new
questions are raised. Therefore, the complete understanding of the complex puzzle
of AGN is far from being reached.

1.2 Structure of AGN

To date, thanks to the never-ending increase of the observational power of ground-
based and space observatories, we can distinguish several kinds of AGN (see Sec. 1.3
for a full description). Even though they can show characteristics which can some-
times also be very different, the general structure is considered to be fairly similar
for all (Fig. 1.1).

In the central position resides an SMBH, which is the engine of the system, with
a mass usually between ~10° Mg, and 10° M., (Woo and Urry, 2002; Chen et al.,,
2018). To define its boundary, the event horizon is used, which by definition is the
limit beyond which not even light can escape. For a non-rotating black hole, such a
boundary is given by the Schwarzschild radius

 2MpuG

R
S 2

, (1.1)

where Mgy is the black hole mass, G is the gravitational constant and c the speed of
light. The black hole provides most of the power to the system, but it is obviously
invisible by definition since it does not emit any kind of radiation'. In the more
realistic case of a rotating black hole, the main responsible of the high brightness
is the accretion of gas in an accretion disk, which occurs around the black hole up
to several Rs. The extremely intense gravitational field of the central compact ob-
ject efficiently converts the gravitational potential energy into thermal energy, with
the resulting radiation production. The disk temperature (T ~ 10%-107 K) is due to
viscous friction between layers of gas at different radii. Each gas particle makes a
spiraling motion toward the event horizon, which can be, in first approximation, de-
scribed as the inward motion of rings with different angular momentum. Then inner
rings have higher rotational speed, resulting in an increase of the friction and higher

IThe only radiation which has been theorized to be emitted by a black hole is the Hawking radia-
tion (Hawking, 1974). However, this radiation is extremely faint and therefore negligible for general
astrophysical studies.
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Figure 1.1: Schematic representation of the structure of an AGN.
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Figure 1.2: Representation of a multi-color blackbody as a result of the superposition of
blackbody curves, derived from different rings at increasing temperature in the accretion
disk.

temperatures with respect to the farthest ones (T & R~3/#, Beckmann and Shrader,
2012). This produces a gradient in the disk, along the radial direction, producing
a well-defined shape for the optical continuum emission. It is well known that an
object with a uniform temperature has a blackbody spectrum. If we consider a tem-
perature gradient for different layers of the accretion disk, we obtain a superposition
of blackbody emission profiles. The result is a multi-color blackbody (Fig. 1.2), which is
a composition of three different blackbody approximations. In the low-energy range
the Rayleigh-Jeans spectrum is dominant with a slope of v2, in the high energy one

the Wien tail that has an exponential cut-off like Ve T is present, and in the mid-

dle range of energy there is a trend typical of multi-color spectrum which follows

v1/3. In general, the thermal emission of the accretion disk ranges from optical to

soft X-ray, with a peak at ultraviolet frequencies often defined as the Big Blue Bump.
The bolometric luminosity can be derived as

Lyos = 1Mc?, (1.2)

where 7 is the energy efficiency, M is the mass accretion rate and c the speed of
light. If we take a generic particle which is at rest at infinity, and starts from there
its motion towards the black hole, considering the energy lost by the particle, 7 is
~ 6% (Fabian and Lasenby, 2019). Such an efficiency is more than ten times that of
the nuclear burning efficiency in stars.

Such a huge amount of energy irradiated by the disk produces a powerful ra-
diation pressure against the infalling gas particles, mostly interacting via Thomson
scattering. For a spheroidal system, the critical value called Eddington luminosity
(Eddington, 1926) is reached when the radiation pressure equals the gravitational
force
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where m,, is the mass of the proton and ¢r the Thomson cross section. The Eddington
limit can be derived equaling Eq. 1.2 and 1.3

lergs™1], (1.3)
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Such a value is a physical limit because if M > Mgy, the radiation pressure blows
away part of the infalling gas, reducing the accretion rate at a level below the Ed-
dington limit. In terms of luminosity, it can be expressed as the Eddington ratio

Ly

€ Leas (1.5)
As mentioned, all the cited equations are derived for accretion in spheroidal ge-
ometry. Since the accretion has a disk shape in AGN, these limits can be used as
references. For this reason, a super-Eddington accretion can be maintained. There
are three main models used to describe the physical properties and radiative pro-
cesses of the accretion disk. The optically thick, geometrically thin accretion disk
model, also known as the Shakura-Sunyaev model (Shakura and Sunyaev, 1973), is
widely adopted for AGN with € ~ 0.01 to 0.3. The radiatively inefficient advection-
dominated accretion flow (ADAF) model (Ichimaru, 1977; Narayan and Yi, 1995) is
found in low-luminosity AGN with € < 0.01, which indicates a geometrically thick
and optically thin accretion. Finally, the slim disk model (Abramowicz et al., 1988;
Szuszkiewicz, Malkan, and Abramowicz, 1996; Mineshige et al., 2000) presents a
thin disk-like geometry but with considerable advection, and it is suitable for lumi-
nous quasars with high accretion rates (¢ > 0.3) like narrow-line Seyfert 1 (NLS1)
galaxies.

Beyond the accretion disk lies a toroidal region composed of molecular gas and
warm dust clouds (T ~ 100-1500 K). The torus absorbs part of the radiation coming
from the central engine, re-emitting it at infrared wavelengths. Part of the torus
could be formed by gas from the outer layers of the accretion disk, and the inner
radius is set by the dust sublimation temperature (Netzer, 2015). Even though in
general approximation this region can be represented as a torus, recent studies are
pointing more toward a region composed of an equatorial dusty disk and a polar
dusty wind, launched by radiation pressure (Drewes et al., 2025). As it is described
in Sec. 1.3, the dusty torus is one of the elements used by some classification schemes.

Above and below the SMBH, a corona made of hot plasma (T ~ 108-10° K) (Liang,
1979) is thought to be present. Its existence is still widely debated, but the majority
believe that it is the region where most of the X-ray emission originates (Sunyaev and
Titarchuk, 1980). In this case, there are two main models theorized to describe the
corona geometry. The two-phase model (Liang, 1979; Haardt and Maraschi, 1991;
Haardt and Maraschi, 1993) relies on two coupled elements: an optically thin hot
X-ray corona and an optically thick cold UV-emitting accretion disk. Here, the soft
emission from the disk undergoes an inverse Compton scattering in a plane-parallel
corona, producing a hard emission some of which comes back to the thick disk by
heating it. The resulting emission is made of polarized hard and soft X-rays, with a
polarization degree dependent on the optical thickness and geometry of the corona
(Marinucci et al., 2022; Di Gesu et al., 2023). In particular, the soft X-ray emission can
superimpose the typical AGN X-ray power-law continuum, producing a soft X-ray
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excess. The Lamp-Post model instead assumes a point-like source located on the
rotation axis above the SMBH (Matt, Perola, and Piro, 1991; Martocchia and Matt,
1996; Henri and Petrucci, 1997; Petrucci and Henri, 1997; Martocchia, Karas, and
Matt, 2000; Miniutti and Fabian, 2004). In this scenario, part of the coronal emission
is reflected by the accretion disk. Therefore, the observer sees the primary radiation
from the corona and the reflected one from the disk.

Moving away perpendicularly to the plane of rotation, there are two regions re-
sponsible for the crowding of emission lines in the spectrum: the broad-line region
(BLR) and the narrow-line region (NLR). The BLR is an extremely dense region with
an electron density of 10°-10!! cm 3. Here prominent permitted lines are produced,
such as hydrogen Balmer lines (e.g. Hx 16563, HB 14861 and H~y A4340), Lya A1216,
Mg II A2798, He 11 A4686, He I A5876 and others. Recombination emission lines are
formed thanks to the ionizing photons that come from the nearby accretion disk.
Moreover, Fe Il multiplets are generated in the wavelength range between 4000 and
5500 A and in the UV band, for instance. The average temperature is estimated to be
~10* K, which produces a broadening of a few km s~! . The main broadening which
characterizes the emission lines in this region, which can be of several thousands km
s~1, is the Doppler broadening, which is due to the rapid motion of the gas because
of the proximity to the black hole. Some insights suggest that the BLR is composed
of clouds, and not of a uniform distribution of gas (Ferland and Mushotzky, 1982;
Nenkova et al., 2008a; Nenkova et al., 2008b). The wide-scale geometry, however,
is difficult to analyze. Recent spatially resolved spectro-astrometry data for a few
high-mass AGN claimed a flattened geometry for fast-rotating BLR, while a more
spherical geometry for slower BLR (GRAVITY Collaboration et al., 2018; GRAVITY
Collaboration et al., 2020; GRAVITY Collaboration et al., 2021; GRAVITY Collabo-
ration et al., 2024). Each cloud is in photoionization equilibrium, namely, the pho-
toionization rate due to the ionizing photons coming from the accretion disk is equal
to the recombination rate. Since the BLR is positioned all above and below the ac-
cretion disk, the inner part of the clouds that faces the central engine has a higher
ionization degree compared to the back side. This suggests the emission of high ion-
ization lines in the inner part, while the low ionization lines would be consequently
produced in the back of the clouds.

The NLR is the most extended region of the structure of an AGN, and the far-
thest away from the center. As it is clear from the name, it is the place where the
narrow emission lines are emitted. Among the most frequently visible narrow lines
in spectra, there are [O IIIJAA4959,5007, [O II]JA3727, [O I]A6300, [N IIJAA6548,6583,
[SII]AA6716,6731, and C IITJA1909. All the cited emission lines are forbidden or semi-
forbidden lines. This is due to a low density of the region around 103-10° cm 3. In
addition, several other permitted emission lines are produced. Also, the orbital ve-
locity of the gas is much lower compared to the BLR gas velocity, that is, from 300
to 1000 km s~ !, resulting in narrower lines. However, the dynamics of the region is
not influenced only by the central compact object, but also by the gravitational field
of the stars (Nelson and Whittle, 1996), especially at large distances from the nu-
cleus. Other elements which can modify the width and the shape of the lines in the
NLR are the outflows and the relativistic jets (Peterson, 1997; Komossa et al., 2008;
Berton et al., 2016c). The geometry is axisymmetric and, similar to the BLR, the gas
is divided into clouds. In some cases, we can find an extended narrow-line region
(ENLR; Cracco et al., 2011; Harrison et al., 2014; Congiu et al., 2017) that can reach
up to several kiloparsecs.

The last element that shapes the structure of AGN is the relativistic jet. Due to its
nature and the strong connection with the black hole, the available knowledge about
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its composition, evolution, and emission mechanisms is still limited. When present,
it is actually composed of two almost identical jets, one along the northern semi-axis
of the black hole, and one along the southern (Fig. 1.1). Not all AGN host relativistic
jets, only about 10% of sources host them (Padovani, 2017). As a matter of fact, the
expulsion of material by an AGN ranges from non-collimated outflows to collimated
relativistic jets. The main theory for the jets production claims that part of the ionized
matter, during its travel toward the black hole, interacts with the strong magnetic
field generated by the accretion disk. The accretion disks most favorable to the jets
production are usually those described by the ADAF and slim disk models (Foschini,
2017). Because of the black hole spin, the latest beliefs show that the magnetic field
lines start from the plane of the accretion disk and are developed along both rotation
semi-axes, with a spiral shape. Therefore, the ionized particles follow such magnetic
field lines, being accelerated by Fermi acceleration, generating a bi-conical shape
typical of jets (Blandford and Znajek, 1977; Blandford, Meier, and Readhead, 2019).
The spin of the black hole, as well as the magnetic field strength, and the accretion
disk characteristics, are just a few of the factors that set the jets characteristics. As a
result, the relativistic jets emission spans along the entire electromagnetic spectrum,
from radio to y-ray, and sometimes even beyond. The main emission mechanism is
the non-thermal synchrotron radiation. The accreting gas is ionized, then the free
electrons perform a spiral motion around the magnetic field lines, which causes a
constant acceleration. This leads to the emission of radiation by the electrons with a
well-defined spectral shape, defined as

SU — Ua (1.6)

where S, is the emitted flux density, v is the frequency of emission, and « the power-
law index. In the case of an optically thin medium, « is around —0.7 (Condon and
Ransom, 2016), and typical values seen for relativistic jets are « > —0.7. Synchrotron
emission is dominant at radio frequencies, but it extends to the optical/UV, and
also up to X-ray in some specific types of AGN. In an optically thick medium, be-
low a critical frequency, part of the emitted photons are reabsorbed by the charged
particles that emitted them. The lower the energy of the photons, the higher the
probability for them to be absorbed. Such a phenomenon is called synchrotron self-
absorption (SSA). At higher frequencies, the main radiative process is the inverse
Compton (IC) scattering, which produces a peak in y-ray. Here, the scattering be-
tween relativistic electrons and seed photons gives the photons energy. Such seed
photons can come either from the region around the jets, undergoing the external
inverse Compton (EC), or from the jets, experiencing the mechanism called syn-
chrotron self-Compton (SSC).

Relativistic jets are all but a uniform expulsion of gas. Their internal structure
constantly changes and evolves according to how matter is injected from the accre-
tion disk. There are substructures like moving blobs of matter and shocks which
produce hot spots (Marscher and Gear, 1985; Tiirler, 2011). In particular, the shocks
are formed when minor disturbances propagate along the jets. They are one of the
main sources of flux density variability in jetted AGN (Hughes, Aller, and Aller,
1985; Hughes, Aller, and Aller, 1989). Besides a relatively small amplitude vari-
ability, a strong increase with a consequently rapid damping of the flux density is
sometimes observed during AGN flare episodes. The variability of AGN will be
further discussed in Sec. 3.

Due to the high velocities, the jets are among the most interesting natural labo-
ratories for special and general relativity. Indeed, several relativistic effects occur as
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the relativistic beaming, the Doppler boosting, and the relativistic aberration, among
the most relevant. The relativistic beaming becomes more and more dominant as the
jet is pointing closer to the line of sight of the observer. In such a condition, due to
the time dilation of a relativistic emitter, the delay between two consecutive pho-
tons is larger in the observer’s rest frame compared to the emitter’s rest frame. This
causes superluminal motion, namely an apparent velocity of the emitting particles
greater than ¢, and a boost on the observed flux density (Rees, 1966). One of the
main relativistic factors is the Lorentz factor, defined as

1
ViR

in which B is the velocity of a particle in units of c. As described before, jetted
AGN emit a jet along the northern semi-axis of the black hole and one along the
southern semi-axis. Except for the limit case of an edge-on view, there is always
a jet approaching and the other receding from the observer. The radiation of the
former is therefore enhanced, while the radiation of the latter is diminished due to
the relativistic Doppler boosting effect. The incoming flux density can even increase
by several thousand times (Lihteenméki and Valtaoja, 1999). Also, the relativistic
aberration produces an increase in the flux density. The emitted radiation is beamed
in a narrow cone pointing towards the direction of motion in the co-moving rest
frame of the source. The increasing velocity of the source narrows the cone aperture
(< 1/ for v > 1), increasing the observed flux density. Considering all the cited
relativistic effects, the observed enhanced flux density is dependent on the Lorentz
factor, the angle between the jet and the line of sight of the observer, the intrinsic
spectral index of the jet power-law, and, of course, on the emitted flux density in the
co-moving frame of the jet.

(1.7)

1.2.1 Sizes in an AGN

Measuring the size of elements in extragalactic sources is a challenge. Obviously, the
main limitation is given by the technology, since the angular resolution that allows
for spatially resolving the astronomical object’s components is directly proportional
to the size of the telescopes. In the last thirty years, the interferometry technique
has developed a lot, in radio and also in optical, preciously helping in the acqui-
sition of images with increasing resolution. Nevertheless, direct measurements are
not always possible, since not everything is visible. The most striking case is repre-
sented by the black hole, invisible by definition. As stated in Sec. 1.2, the dimension
of a black hole is commonly set by the Schwarzschild radius (Eq. 1.1), in which the
unknown parameter is the black hole mass. There are several ways to estimate the
Mg, through either the kinematics of nearby objects or the dynamics of the system,
then obtaining an approximate size for the Rg of around 0.01-10 astronomical units
(AU). For the accretion disk, the inner and outer boundaries are calculated in dif-
ferent ways. The inner part is set by the black hole influence, called the innermost
stable circular orbit (ISCO). The radius of the ISCO varies if the black hole is rotat-
ing or not (Kerr or Schwarzschild solution, respectively), and if the accretion disk
is co- or counter-rotating with respect to the black hole spin. Accounting for all of
this, the Rigsco can vary between 1.2-6 Rs, and its physical size becomes Risco ~
0.01-60 AU. For the estimation of the outer radius, there are direct methods, through
either gravitational microlensing (Kochanek, 2004; Morgan et al., 2006) or contin-
uum reverberation mapping (Collier et al., 1999; Cackett, Horne, and Winkler, 2007),
or even relying on scaling laws (e.g. Morgan et al., 2010). An approximate value is
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between 1 and 1000 AU. Usually, the dust sublimation radius is used as a reference
for the dusty torus dimension (Elitzur, 2008; Foschini et al., 2019). However, recent
interferometric data directly measured a size for such a torus around 40 pc (Drewes
et al.,, 2025). On average, dimensions of ~1-50 pc can be claimed. The size of the
corona is still a very debated topic. The most recent literature states that the corona
likely resides within a few to tens of Rs (Hancock, Young, and Chainakun, 2023;
Chan et al., 2025).

The BLR usually extends from 0.01 pc to 1 pc. For its size measurements, the
usage of the emission lines” delay by the reverberation mapping technique is one
of the most reliable methods (Blandford and McKee, 1982; Peterson, 1993; Peterson
et al., 2004). Unfortunately, it is as effective as time-consuming, since long timescale
observations are necessary. For this reason, if not enough data are available, scaling
laws are widely used (see Sec. 5). The NLR starts right after the BLR, even though
the two regions are not physically separated, but instead the boundary is more of
a smooth transition from one region to the other. In any case, the size attributed
to the NLR goes from 1-10 pc for the inner layer, up to 10° pc for the farthest. A
standard dimension for the relativistic jets cannot be defined. Because it depends
on the type and evolution of the AGN, and also on the internal environment of the
source, which could help or hinder the jets” propagation. For small-scale jets, models
and simulations suggest sizes also of AU-scale. On the other hand, Mpc-scale jets
(~10% of the total jetted AGN) can be easily measured by radio interferometers.

1.3 Taxonomy and unification

One of the fundamental questions in AGN research, but recurrent in every field
of observational astrophysics, is whether all the different types of sources can be
classified with a unique common model. The key element is to identify if there
is one or more parameters that drive the behaviors of the objects. However, from
an observational point of view, two sources may appear different even if they are
physically identical. In fact, an observational classification does not usually match a
more physical taxonomy. From the point of view of observations, two main broad
classification schemes for AGN were developed, considering the radio emission and
optical/UV spectra.

In the first case, the distinction is made according to the radio-loudness param-
eter # (sometimes also called Kellerman parameter, from Kellermann et al., 1989),
defined as the ratio between the radio flux density at 5 GHz and the optical flux
density in the B-band. In this way it is possible to divide radio-loud (# > 10), radio-
quiet (# < 10), and radio-silent (# = 0) AGN. Old ideas claim that radio-loud
sources are those capable of launching and maintaining relativistic jets, while radio-
quiet sources do not (Hutchings, Janson, and Neff, 1989; Wilson and Colbert, 1995).
Although used for several years, and not completely set aside even nowadays, it has
been proven that the radio-loudness parameter is not reliable to predict the presence
of relativistic jets. For this reason, a distinction between jetted and non-jetted AGN
must be preferred (Padovani, 2017; Jarveld et al.,, 2017; Lahteenmaéki et al., 2018;
Berton and Jarveld, 2021b).

In the second case, the optical /UV emission lines are used to distinguish between
Type I and Type II AGN, which is thought to be due to obscuration effects. The
former have spectra with broad emission lines (full width at half maximum (FWHM)
> 3000 km s~ ! ), besides narrower emission lines, therefore, they are completely
unobscured sources. On the other hand, the latter only shows narrow emission lines,
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Figure 1.3: AGN unification model (Thorne et al., 2022).

since the BLR is obscured. In addition to the main distinction, are usually defined
Type 0 AGN those sources in which any strong emission or absorption feature in
the optical spectrum is missing, and intermediate AGN which have the broad lines

II.

being weaker compared to Type I and the narrow lines being stronger than in Type

The two described classifications set general constraints on the plethora of AGN.

Using them, the AGN zoo can be identified (Fig. 1.3) which is made of several fami-
lies of sources with the same intrinsic nature, briefly described below.

¢ Seyfert galaxies: Classified for the first time by Carl Seyfert (Seyfert, 1943) as

a distinct class of AGN. On average they show 10% < L;, < 10* erg s~! and
a B-band absolute magnitude Mp > —23. Seyfert galaxies are radio-quiet
sources, with strong emission lines in the optical spectra. They are mainly
divided into Seyfert 1 (Type I) and Seyfert 2 (Type II) galaxies. However, there
are two more subclasses: the intermediate Seyfert (intermediate between Type
I and Type II) and the NLS1 (Type I, Sec. 2). Their host galaxy is usually an
early-type spiral (Xanthopoulos, 1996), namely with a more elliptical-like mor-
phology. The continuum level of the spectrum of Seyfert 1 is brighter com-
pared to the one of its host galaxy. Instead, the continuum in Seyfert 2 galaxies
tends to have a brightness similar to that of their host galaxy.

Quasi-Stellar Objects: Also QSOs are radio-quiet sources, and they can be
Type I or Type II. Their radio-loud counterpart are the quasars, with sim-
ilar features but with a stronger radio emission. QSOs have similar spec-
tra to Seyfert galaxies, but they are more powerful (Ly,; > 10% erg s=! and
Mp < —23).
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¢ LINERs: Low Ionization Nuclear Emission Regions properties are very similar
to Seyfert 2 galaxies, but they do have stronger forbidden lines and fainter
ionization lines. With luminosities of Ly, < 10% ergs~!, they are supposed to
be the connection between Seyfert galaxies and non-active galaxies (Beckmann
and Shrader, 2012). They are radio-quiet AGN with usually early-type spiral
host galaxies.

¢ Blazars: They are jetted sources seen face-on, with the line of sight inside the
jet, and are divided into two main classes: BL Lacertae Objects (BL Lac) and
Flat-Spectrum Radio Quasars (FSRQ) (Urry and Padovani, 1995). They are
radio-loud AGN with rapid optical variability and highly polarized emission.
FSRQs are efficient accretors, producing strong emission lines in their optical
spectrum. BL Lacs instead have inefficient accretion mechanisms and subse-
quent lower luminosities, with a featureless optical spectrum (Strittmatter et
al., 1972). They constitute the largest population of y-ray sources.

¢ Radio galaxies: Radio galaxies are thought to be the parent population of
blazars seen at large angles, since they show similar features in the optical
spectra. They can be both Type I and Type 1II, and they frequently show rel-
ativistic jets and resolved radio structures. Radio galaxies usually reside in
giant elliptical galaxies (Capetti, Massaro, and Baldi, 2017a; Capetti, Massaro,
and Baldi, 2017b).

The most famous orientation-based model introduced with the aim of finding
a common AGN scheme is, without a doubt, the Unified Model, proposed by An-
tonucci (1993). Antonucci and Miller (1985) discovered that the distinction between
Seyfert 1 and Seyfert 2 galaxies was an obscuration effect. Since the main obscuring
element is the dusty torus, the Unified model discriminates between the different
types of AGN according to the inclination of the symmetry axis of the AGN relative
to the line of sight of the observer. When a source is seen at low inclination angles,
face-on, all the central emitting regions, as the BLR, are visible from the observer’s
point of view. In this case, the optical spectrum shows both broad and narrow emis-
sion lines (i.e., Type I sources). Increasing the inclination angle, till the limit case of
an edge-on view, the dusty torus partially or fully shadows the innermost region,
hiding, for instance, the broad emission line components in the spectrum (i.e,. Type
IT and intermediate sources). Coupling the Unified Model with %, and other spec-
tral features, the different kinds of sources can be divided as in Fig. 1.3. More spe-
cific models have been proposed, as the 4D Eigenvector 1 AGN parameter space for
Type I AGN, for instance (Marziani, Dultzin-Hacyan, and Sulentic, 2006; Sulentic,
Dultzin-Hacyan, and Marziani, 2007).

From a physical point of view, AGN can be divided into jetted and non-jetted as
we already described. Similarly, Heckman and Best (2014) divided AGN into two
distinct populations, which are radiative-mode and jet-mode AGN, performing a
low-redshift large survey of the Universe. The former are associated with slightly
less massive black holes growing in high-density pseudo-bulges, accreting at around
1% of the Eddington limit. The circumnuclear environment contains high-density
cold gas, which is associated with the ongoing star formation. In the latter, most
of the energy extracted from the accretion process is expelled by the relativistic jets.
This population is associated with the more massive black holes, which usually re-
side in massive elliptical galaxies. Such black holes are probably fueled by the ac-
cretion of slowly cooling hot gas, with a very low efficiency accretion mechanism.
Star formation in jet-mode AGN is either missing or very inefficient. In some cases,
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radiative-mode AGN can also harbor relativistic jets. A similar distinction dedicated
to jetted AGN, focused on the optical spectrum, defines high-excitation radio galax-
ies (HERGsS), the sources that show strong narrow emission lines and sometimes also
broad emission lines, and low-excitation radio galaxies (LERGs), the AGN with only
weak or no emission lines in their spectra. Probably even in this case, the difference
seems to correspond to two different accretion mechanisms (Hardcastle, Evans, and
Croston, 2006). HERGs are similar to radiative-mode AGN, and on the other hand,
LERGs are thought to accrete as jet-mode AGN.

As stated in Sec. 1.2, the knowledge we have on the physics of relativistic jets,
especially on their formation, is very limited. For this reason, it is not easy to under-
stand which types of AGN are more prone to host relativistic jets. For several years,
as described, Z was thought to be the key component able to identify jetted sources.
As a consequence, only radio-loud AGN residing in massive elliptical galaxies, with
massive black holes, were believed to be the perfect environment for the produc-
tion of relativistic jets (McLure et al., 1999; Laor, 2000). Indeed, AGN with late-type
host galaxies are more likely radio-quiet sources (Bahcall et al., 1997). Nowadays,
it is confirmed that # is not a reliable proxy in the distinction between jetted and
non-jetted AGN, at least in general, since numerous AGN with relatively low-mass
black holes, residing in spiral galaxies, have been found to emit powerful relativistic
jets (Jarveld, Lahteenmadki, and Berton, 2018; Varglund et al., 2022; Varglund et al.,
2023). A debated role in the jets production is that of mergers. It seems that major
mergers have a key role in this context. Nevertheless, a common understanding has
not been reached yet, because there are still many conflicting opinions (Kaviraj et al.,
2015; Hota et al., 2011; Bagchi et al., 2014; Singh et al., 2015; Tadhunter, 2016). The
black hole spin was proposed as another essential ingredient in jetted sources. Some
theories state that powerful relativistic jets can be launched only by fast-rotating
black holes, coupled with an ADAF accretion at low € (Tchekhovskoy, Narayan, and
McKinney, 2010; Bagchi et al., 2014). Such conditions can be reached in case of either
prolonged non-isotropic gas accretion or ideal mergers conditions (Volonteri et al.,
2005; Dotti et al., 2013) for less massive black holes in late-type galaxies (Mpy < 108
Mg; Kinney et al., 2000; Schmitt et al., 2001; Capetti et al., 1999; Kharb et al., 2006),
even though they are more easily reached by heavier black holes in early-type galax-
ies (Sob’yanin, 2018). Two scenarios explaining the capabilities of an AGN to launch
relativistic jets, through the interplay between the accretion disk and the magnetic
tield, have a growing consensus. The first is the magnetically arrested disk (MAD;
Bisnovatyi-Kogan and Ruzmaikin, 1974; Narayan, Igumenshchev, and Abramow-
icz, 2003; Tchekhovskoy, Narayan, and McKinney, 2011; McKinney, Tchekhovskoy,
and Blandford, 2012), and the second is the standard and normal evolution (SANE;
Narayan et al., 2012). In particular, in the MAD scenario, recent simulations con-
firmed the theory (Chamani et al., 2021; Ricci et al., 2022; McKinney et al., 2017;
Liska et al., 2022).

1.4 Observational properties

The observational behaviors of AGN are incredibly peculiar among all astrophysical
sources. In particular, extendedness, intensity, and variability of the emission over
the whole electromagnetic spectrum are the main ones. Briefly, AGN show a very
broad band emission, from MHz frequencies in the radio domain all the way up to
the TeV energy range, by both emission lines and continuum emission. They are ex-
tremely bright, with luminosities Ly, > 1040 erg s~1, which can sometimes exceed
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Figure 1.4: Schematic representation of an AGN SED. The black solid curve represents the
total SED and the colored curves represent the individual components (Padovani et al., 2017,
adapted from Harrison et al., 2014).

the total luminosity of their host galaxy. Finally, their emission exhibits stochas-
tic variability and rarely also presents a periodic pattern (e.g., in the case of binary
black holes).

1.4.1 Spectral Energy Distribution

All physical processes taking place in an AGN (partially described in Sec. 1.2), both
thermal and non-thermal, compose the spectral energy distribution (SED). The emis-
sion from each region is the result of several processes. Even though every source
has its own SED, the general shape is quite standard, dividing blazars and other
AGN. With the jet seen pole-on, blazars” SED is dominated by the jet emission. In-
deed, it is typically characterized by two bumps. The lower frequency bump is due
to synchrotron radiation by the jet, while the higher frequency one originates from
IC scattering.

Fig. 1.4 shows a schematic representation of SEDs, which can be divided into four
main emission bands: radio, infrared, optical/UV, and high energies, that, omitting
the jet component for a moment, can be described as follows.

* Radio: As described in Sec. 1.3, an AGN can be either radio-quiet, with weak
radio emission, or radio-loud, showing a much powerful radio continuum.
The radio emission can consist of extended and compact components. The
dominant component at this wavelength, for jetted sources, is composed of the
synchrotron emission with the typical power law trend (Eq. 1.6; Jones, O'Dell,
and Stein, 1974). In this case, the extended emission arises from large-scale jet
lobes, while the compact emission is believed to be coincident with a position



14

Chapter 1. Active Galactic Nuclei

close to the central black hole, called the core or the jet base. In the case of
non-jetted AGN, the radio spectrum comes from different elements, such as
supernova remnants, free-free emission from ionized gas, AGN-driven winds,
low-power jets, outflows, and coronal activity (Condon et al., 1998a; Panessa
et al., 2019; Chen et al., 2023).

Infrared: At wavelengths between 1 and 300 ym, an important contribution
to the bolometric luminosity comes from the infrared emission (red dashed
line in Fig. 1.4). Its origin can be thermal or non-thermal. For jetted sources,
the infrared band is composed of synchrotron emission and emission com-
ing from synchrotron photons produced in the radio band upscattered by SSC
(Beckmann and Shrader, 2012; Ferndndez-Ontiveros et al., 2013). Neverthe-
less, a thermal origin has been recently proposed (Collinson et al., 2017). In
particular, there are three sources of thermal infrared emission. The first is
the re-emission by the dusty torus of the absorbed optical/UV continuum pro-
duced in the accretion disk. The wavelength range of such radiation is ~10-20
pm, which corresponds to a typical temperature value for the dust grains of
~1000-2000 K, which is a reasonable temperature for the dusty torus region.
This first idea is supported by the time delay between the variability of the
optical/UV continuum and the infrared continuum, agreeing with the travel
time required by the photons emitted in the accretion disk to reach the dusty
torus (Honig and Kishimoto, 2011; Cackett, Bentz, and Kara, 2021). The second
is the thermal dust continuum associated with star formation and starburst ac-
tivity. Finally, the third is the emission lines production from molecules and
atoms, investigated thanks to the Spitzer space telescope (Netzer et al., 2007;
Soifer, Helou, and Werner, 2008).

Optical/UV: The spectral shape in the optical and UV bands is defined by the
thermal multi-color blackbody, emitted by the accretion disk (see Sec. 1.2 and
Fig. 1.2). In the SED, there is a peak in the UV corresponding to the Big Blue
Bump (bump in the blue dash-dot line in Fig. 1.4), which for highly accreting
AGN is supposed to be emitted by the outer layers of the accretion disk (Jin
et al.,, 2017). According to the Unified model, Type I and Type II sources show
different values of continuum since the higher the inclination, the smaller the
visible central region. At these wavelengths, several broad and narrow emis-
sion lines crowd the spectrum. They can be produced in the broad- or the
narrow-line region, and are still one of the most used elements for AGN clas-
sification. Another component in the optical/UV is the host galaxy spectrum.
Even if less dominant compared to the AGN optical spectrum, it shows a con-
tinuum emission with a few faint absorption lines.

High energies: X-ray emission is next after the UV band. Its origin is thought
to come from the innermost part of the accretion disk and the debated corona
(Haardt and Maraschi, 1991). In any case, the vicinity to the black hole is nec-
essary to produce X-ray photons (Green, McHardy, and Lehto, 1993), since the
main idea is that such photons are optical and UV photons which have un-
dergone an IC scattering (Fabian, 1989; Haardt and Maraschi, 1993). In first
approximation the spectrum in this band is described by a power-law (with an
index ~2, Piconcelli et al., 2005), with an increasing flux toward shorter wave-
lengths until a cutoff (~200-300 keV), called Compton edge, which likely corre-
sponds to the cut-off in the electron energy distribution involved in the scatter-
ing process (Fabian et al., 2017). The same photons that produce the main X-ray
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spectrum illuminate the neutral and ionized material in the accretion disk and
the dusty torus. This generates a characteristic reflection spectrum that is the
result of both Compton scattering and photoelectric absorption, generating ei-
ther Auger de-excitation or fluorescent emission lines (Guilbert and Rees, 1988;
Matt, Perola, and Piro, 1991). As a result, in the spectrum there is a Compton
hump, at ~20-30 keV, and an Iron Ka line. Arnaud et al. (1985) firstly identi-
fied an extra emission peaked at around 0.5 keV, subsequently found in many
AGN. It is known as X-ray soft-excess and its origin is still almost totally un-
known (Bianchi et al., 2009). The three described components are represented
in Fig. 1.4 by the dotted cyan, dashed green, and dash-dot magenta lines, re-
spectively. y-ray emission and beyond must be produced by IC by electrons
with relativistic velocities. The most likely place where such scattering can
occur is within the jets, since these are almost the only environment where
relativistic effects can take place (Zhang and Cheng, 1997).
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Chapter 2

Multiwavelength properties of
narrow-line Seyfert 1 galaxies

The first official classification of NLS1s as a separate class of AGN was provided by
Osterbrock and Pogge (1985). However, the insight that these sources had something
different compared to the other Seyfert galaxies dates back to a few years before
(Davidson and Kinman, 1978). Investigating the optical spectrum of Mrk 359, they
found narrow emission lines in a clear Type I AGN. The main optical features with
which NLS1 galaxies are uniquely identified are a FWHM of the Hp line < 2000
km s~! (Goodrich, 1989), a flux ratio between the [O III]A5007 emission line and
the broad component HB line < 3, and a strong Fe II multiplets emission always
compared to the HB (Boroson and Green, 1992; Osterbrock and Pogge, 1985). This
confirms their Type I nature, since an unobscured nucleus is necessary to detect the
Fe II emission and a prominent HB. The optical spectrum features are described in
detail in Sec. 2.1.

Using several measurement methods (see Sec. 2.1.1 for an overview), the black
hole mass was found to be ~10°-108 M, lower compared to the Seyfert class (Peter-
son, 2011; Komossa, 2018). Such a low mass explains the narrowness of the permit-
ted lines, since a lower gravitational force leads to a lower rotational velocity of the
clouds, like the BLR. This reduces the Doppler broadening, which is the main source
of broadening for the emission lines (Peterson, 2011). Coupling relatively low black
hole masses with luminosities of 104 < Ly, < 10%* erg s~!, comparable to the
Broad-line Seyfert 1 (BLS1) galaxies’ luminosities, from Eq. 1.5, the result is a high
accretion rate, usually with € between 0.1 and 1, but sometimes even higher (Boro-
son and Green, 1992; Marziani et al., 2018a; Tortosa et al., 2022). The high accretion
rate suggests a slim disk model for the geometry of the accretion disk (Mineshige
et al., 2000).

One of the most interesting points, which makes the study of NLS1s so puzzling,
is their capability to launch powerful relativistic jets. As described in Sec. 1.2, the
jets are one of the main sources of radiation in the radio band. Originally, NLS1s
were classified as radio-quiet without any doubt, since no radio detections occurred.
Remillard et al. (1986) detected for the first time a radio-loud NLS1, and Komossa et
al., 2006 found that roughly 7% of this population is composed of radio-loud sources.
However, radio emission from an AGN does not necessarily mean that such a source
hosts relativistic jets. The confirmation arrived in 2009 with the <-ray detection of
an NLS1 (PMN ]J0948+0022) by the Fermi Gamma-ray Space Telescope (Abdo et al.,
2009a; Abdo et al., 2009b; Foschini, 2011b). This important discovery, succeeded
by many other detections, confirmed NLS1s as a new population of jetted AGN,
besides blazars and radio-galaxies (Abdo et al., 2009b; Foschini et al., 2010). Thanks
to this, there was an improvement in AGN understanding. NLS1s have a different
environment compared to the other jetted AGN, like blazars, especially in terms of
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black hole mass and host galaxy morphology, but in any case, they are capable of
launching fully developed relativistic jets with blazar-like powers (Foschini et al.,
2015). So far, ~20 -NLS1s are known (Ldhteenméki et al., 2018; Romano et al.,
2018; Paliya et al., 2019; Romano et al., 2023), and several new possible candidates
have been selected (Foschini et al., 2021; Foschini et al., 2022). Even though the total
number is quite small, it is important to remember that y-ray detections occur only
when these sources are in a flaring state (Foschini, 2011a). Other roughly 50 jetted
NLS1s have been confirmed through radio imaging (Richards and Lister, 2015; Lister
et al., 2016; Berton et al., 2018; Chen et al., 2018; Chen et al., 2020; Chen et al., 2022).
Usually, but not exclusively, -NLS1 galaxies show a considerable radio emission
with flat radio spectra (Abdo et al., 2009a; Foschini et al., 2015; Schulz et al., 2016).
Radio properties will be further discussed in Sec. 2.2.

In the X-ray band, they show steeper spectra than regular Seyfert galaxies (Boller,
2000; Griinwald et al., 2023), also strongly variable (Boller, Brandt, and Fink, 1996).
The spectrum in this band is rather complex, showing a partial covering, with a
column density of ny ~ 10?2 cm~2. The spectral shape and the X-ray brightness can
be due to an intense Compton cooling of the corona, a further indicator of intense
accretion activity (Pounds, Done, and Osborne, 1995; Kara et al., 2017). A super-
Eddington accretion can also produce strong outflows, e.g., outflowing disk winds,
due to the intense radiation pressure (Vignali et al., 2015; Lanzuisi et al., 2016). Disk
winds, coupled with advection in the disk, can carry away a significant amount of
disc energy, thereby reducing the energy radiated (Jin et al., 2017). Moreover, highly
accreting AGN frequently show a strong soft X-ray excess, which has also been seen
in some NLS1s (Komossa and Meerschweinchen, 2000).

For several types of AGN, the characteristic timescale of the X-ray variability
seems to correlate with the black hole mass and anti-correlate with the accretion rate
(Uttley and McHardy, 2005). Because of their low mass black holes, NLS1s present
a short timescale variability in the range 2-10 keV (Ponti et al., 2012). Sometimes
high amplitude flux changes have also been observed (Gallo, 2006). In those cases,
the spectrum presents absorption features and a sharp drop at 2.5-10 keV, which
could be due to highly relativistic ionized reflections on the inner layers of the disk
(Fabian et al., 2013), or from absorptions by material in the winds (Turner, 2007;
Miller, Turner, and Reeves, 2008; Tatum et al., 2012; Gardner and Done, 2015; Hagino
et al., 2016). NLS1s show a <y-ray spectral slope comparable to that visible in FSRQs
(Foschini et al., 2015; Paliya et al., 2018). The y-ray luminosity is on average of 10%-
1046 erg s~1  with a few cases that reach 10% erg s1 (Paliya et al., 2018; Yang et al.,
2018), similar to the observed luminosity of BL Lacs.

These similarities, together with the capabilities of launching relativistic jets, sug-
gest a connection with blazars. However, as described, black hole masses, Eddington
ratios, and host galaxies prove that NLS1s are part of an independent class. From an-
other point of view, the frequently observed barred disk-like host galaxies with pseu-
dobulges (Crenshaw, Kraemer, and Gabel, 2003; Mathur et al., 2012; Jarveld et al.,
2017; Olguin-Iglesias, Kotilainen, and Chavushyan, 2020; Varglund et al., 2022; Var-
glund et al., 2023) and an enhanced circumnuclear star formation (Deo, Crenshaw,
and Kraemer, 2006; Sani et al., 2010; Winkel et al., 2023), might be an indicator of
secular evolution (Orban de Xivry et al., 2011). Indeed, pseudobulges usually form
when galaxy merging events are absent, and the galaxy evolution is only driven
by the evolution of stellar populations. It is possible that NLS1s are young objects,
gas-rich, highly accreting, and not interacting with the surrounding environment,
representing the first evolutionary phase of a Seyfert galaxy (Grupe, 2000; Mathur,
2000). Other hypotheses claimed that, in particular, the low black hole masses may
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be due to an inclination effect. In the presence of a flattened disk-shaped BLR, when
seen face-on, the lack of Doppler broadening along the line of sight would produce
narrow permitted lines, making a BLS1 galaxy appear as an NLS1 (Decarli et al.,
2008; Pozo Nuiiez et al., 2013; Calderone et al., 2013).

Krongold, Dultzin-Hacyan, and Marziani (2001) performed an investigation of
the local environment of a sample of NLS1 galaxies, comparing them with a non-
active galaxy control sample. They found that NLS1s have fewer companions re-
siding farther away from them, supporting the scenario of non-merging galaxies
previously cited. The only attempt to study the NLS1s’ large-scale environment,
and how it impacts their properties, was done by Jarvela et al. (2017). In this work,
they pointed out that NLS1 galaxies are a heterogeneous class of objects whose radio
properties are affected by the large-scale environment density. In particular, radio-
loud and jetted NLS1s preferably reside in denser regions compared to radio-quiet
or non-jetted NLS1 sources, which prefers a low-density environment in the cosmic
web, such as voids and filaments.

By means of automated data processing, more than ten thousand sources have
been identified and classified as NLS1s in Rakshit et al. (2017) and almost twenty-
three thousand in Paliya et al. (2024). However, a detailed study showed that au-
tomated identification methods can lead to spurious results (Berton et al., 2020b),
finding that only ~36% of the selected sources are NLS1s with a high probability
(Rakshit et al., 2017). In any case, nowadays the amount of NLS1s is thought to be
<1% of the total of AGN. Regardless of the absolute number of detected sources,
or those that are still wrongly classified as another kind of AGN, the diversity of
properties they show suggests how they might be important to bring answers to
dilemmas in astrophysics that are still unresolved today.

2.1 Optical spectrum

Osterbrock and Pogge (1985) proposed a robust classification for NLS1s from an op-
tical point of view, as cited before. Although the narrow Hp and the weak [O III]A5007
compared to the HB emission are characteristics always visible, the intense Fe Il mul-
tiplets are not. The Fe II components vary a lot, from basically nonexistent to very
strong (Jarveld et al., 2017; Marziani et al., 2018b). Indeed, a lower threshold for
the strength of the Fe II compared to the HB emission of 0.5 has been proposed to
define whether or not an AGN belongs to the NLS1 class (Véron-Cetty, Véron, and
Gongalves, 2001). Nevertheless, sources with lower values that share all the traits of
NLS1s are not uncommon (Cracco et al., 2016). A couple of spectra as an example
are shown in Fig. 2.1 and Fig. 2.2.

One of the most peculiar traits that makes these types of sources so interesting
is definitely the narrowness of the permitted emission lines. It is straightforward to
notice in Fig. 2.1, especially looking at Hx and HpB. The broadening of the lines can
be due to very different mechanisms, and it is different for atoms and molecules. In
the BLR, the principal source of broadening is the Doppler broadening, due to the
circular motion of the region around the black hole. For this reason, the shape of
the BLR emission lines can be used to draw information about the central compact
object, as its mass (Sec. 2.1.1). In the case of NLS1s, the exact cause of the narrow
emission lines produced in the BLR is often debated. As briefly introduced before,
some studies proposed an orientation effect (Decarli et al., 2008; Shen and Ho, 2014).
According to these studies, assuming the rotational velocity as the main source of
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Figure 2.1: Optical spectrum of an NLSI between 4000A and 7000A. The spectrum was
obtained with the OSIRIS instrument mounted at the Gran Telescopio Canarias.

broadening, in the presence of a flat BLR and a face-on view of the object, the emis-
sion lines appear narrower than they actually are. However, the more diffuse idea
claims that the emission lines are intrinsically narrow due to the low black hole mass,
which induces a low rotational velocity of the virialized BLR.

In general, different regions can be composed by the same atomic species. There-
fore, the resulting emission line is the sum of the emission from multiple regions of
the AGN. Studying the line profile means getting insights into the emitting regions.
For instance, Balmer lines are usually composed of a "relatively" broad component
and a narrow component, which obviously come from the BLR and the NLR, respec-
tively. For NLS1s, and for type 1 AGN in general, usually the main intense permitted
lines have a much stronger emission from the BLR than from the NLR. For this rea-
son, the narrow component is easily dominated by the broad one. In particular, Hp
can be considered as a proxy for the BLR properties. In NLS1s, its line profile can be
frequently modeled, even if not always as will be explained in Sec. 5, with a single
Lorentzian function (Cracco et al., 2016; Berton et al., 2020b). A Lorentzian shape is
thought to be due to turbulent motions of the BLR clouds (Kollatschny and Zetzl,
2013a). Berton et al. (2020b) performed an investigation on how a specific line pro-
tile, either Lorentzian or Gaussian, is connected to the properties of the NLS1s. They
found that, from Lorentzian to Gaussian sources, the black hole mass increases, the
Eddington ratio decreases, the Fe II strength decreases, and the [O III] luminosity
increases. According to their claims, it can be framed in an evolutionary scenario,
following the black hole growth: NLS1s could be born showing a Lorentzian line
profile, later evolving into a Gaussian line profile. Physically, a Lorentzian profile
suggests that the shape of the line is a result of turbulent motion in the BLR.
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The ensemble of close energetic levels of an Fe II atom can produce several emis-
sion lines, partially blended together. In the optical such emission is between 4000
A and 5500 A, especially on the blue side of HB, between Hp and [O II1]A4959, and
beyond [O IIIJA5007 (Fig. 2.1 and bottom panel in Fig. 2.2). The origin of the Fe II
emission is largely unknown. Possible theories are an overabundance of iron atoms,
collisional excitation, the photoionization model (shock hypothesis), and fluores-
cence, similar to the Fe lines visible in the X-ray spectrum. But none of them can
properly describe the strength and how the Fe Il is related to the source characteris-
tics (Kovacevi¢, Popovi¢, and Dimitrijevié, 2010; Cracco et al., 2016; Marziani et al.,
2021). The region where the Fe II is emitted is also highly debated. Marinello et al.
(2016) found a positive correlation between the Fe II and the Lya fluorescence, sug-
gesting that the emitting clouds are located in the outer part of the BLR or between
the BLR and the NLR. Contrary, Cracco et al. (2016) and Hu et al. (2015) identi-
fied the same emitting region for both Fe II and Hp, supporting the hypothesis of
the inverse-Baldwin effect suggested by Zhou et al. (2006), who found a correlation
between an increase of the continuum luminosity and an increase of the equiva-
lent widths of Fe II and HB. A widely used parameter to measure the relative iron
strength is R4570, defined as the integrated Fe II emission in the range 4434-4684 A
in units of HB emission. The importance of this parameter is also noticeable since
it is one of the main parameters of the 4D Eigenvector 1, at the basis of the quasar
main sequence (Marziani, Dultzin-Hacyan, and Sulentic, 2006; Sulentic, Dultzin-
Hacyan, and Marziani, 2007). Earlier, roughly 5% of AGN were found to have an
R4570 higher than one, and less than 1% with a value higher than 2 (Lawrence et al.,
1988). In NLS1 galaxies, higher values are more common compared to Type I AGN
(Marziani et al., 2018b), indeed, R4570 even higher than three have been measured
(Paliya et al., 2024). It is important to stress that even though large R4570 param-
eters are not so uncommon in NLSIs, cases with completely absent Fe II emission
have been observed. For this reason, the exclusive use of the Fe II strength for the
classification of an NLS1-type source should be avoided.

The information from emission lines I described, and the spatially resolved im-
ages available for a few AGN, drastically increased the knowledge about the BLR
composition. Nevertheless, there is no clear and widely accepted model able to de-
scribe the kinematic of this region yet. Two are the kinds of permitted ionization
lines formed in the BLR: low-ionization lines, such as HB, Mg II A2800 and Fe II, and
high-ionization lines, such as C IV 11549 and He II 11640 for example. The high-
ionization lines are believed to originate in lower-density optically thin clouds, with
a spherical geometry. These lines usually have blue asymmetries and larger FWHM
than low-ionization lines. A Gaussian line profile would suggest a Keplerian mo-
tion of the emitting region. But, as described before, NLS1 galaxies frequently show
Lorentzian emission lines (Berton et al., 2020b).

Besides permitted lines, NLS1s spectra include several forbidden lines, produced
from the very low-density gas in the NLR. Among all the forbidden lines, the [O III]
AA4959,5007 are definitely the most studied. Since the NLR is photoionized, the
line strength of the [O III] doublet is thought to be proportional to the luminosity
of the central engine and the entire AGN (Heckman and Best, 2014; Berton et al.,
2015). The electron density and the ionization parameter of the emitting gas directly
impact the [O III] intensity. But Baskin and Laor (2005) claims that the main driver
is the covering factor of the NLR clouds. Indeed, some studies proposed a scenario
in which high Eddington ratio sources might have strong winds and outflows that
increase the covering factor, then decreasing the [O III] intensity and increasing the
Fe Il emission (Shen and Ho, 2014). Contradicting studies do exist (Baskin and Laor,
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Figure 2.2: UV-optical composite spectrum of an NLS1. The spectrum was obtained with
the FOS, GHRS, and STIS instruments mounted in the Hubble Space Telescope (Constantin
and Shields, 2003).

2005). For jetted NLSIs, it has been suggested that the [O III] covering factor is
reduced due to the interaction of the jets and the shielding gas (Berton et al., 2016b;
Dalla Barba et al., 2025).

Frequently, the [O III] line profiles in NLS1s show asymmetries toward blue
wavelengths. In particular, the profile is composed of a narrow component, called
core component, with a FWHM <500 km s~ ! centered at the [O III] rest-frame wave-
length, and a broad component, called wing component, with a FWHM~500-1000
km s~! often blueshifted. The blueshift of the wing component is thought to orig-
inate in powerful gas outflows caused by a high radiation pressure in the central
region due to the high Eddington ratio (Proga, Stone, and Kallman, 2000; Cracco et
al., 2016). Sometimes interestingly the whole emission line is blueshifted, and when
the shift is >150 km s~ ! the source is classified as blue outlier (Zamanov et al., 2002;
Marziani et al., 2003; Komossa et al., 2008). This means that there is a bulk motion
of the [O III] emitting gas toward the observer, which can be due to the interaction
between the jet and the NLR gas (Tadhunter et al., 2001; Komossa et al., 2008) or out-
flows associated with the disk wind in a pc-scale NLR (Zamanov et al., 2002). Blue
outliers are frequently found in sources with significant radio emission (Berton et al.,
2016c), as well as in sources with increasing continuum luminosity and Eddington
ratio (Cracco et al., 2016). Alternative explanations were proposed as the scattering
of photons by the inflowing gas (Gaskell and Goosmann, 2013), or just an orientation
effect (Boroson, 2011). The latter claims that the [O III] lines appear blueshifted when
the source is seen pole-on, since the shift originates from polar flows, and appear at
the rest-frame wavelength under large-angle views. Such a theory was disproved by
(Berton and Jarveld, 2021a), showing that a relation between the jet orientation and
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the blueshift of the [O III] lines is not present. Probably thanks to the high Edding-
ton ratios, several NLS1 galaxies were found to be blue outliers (Berton et al., 2016b).
Such blueshifts are frequently visible, but not exclusively, seen in [O III] lines, but it
is also possible to find blueshifted line profiles in the high-ionization emission lines
(Zamanov et al., 2002; Boroson, 2005; Komossa et al., 2008).

Another element of an NLS1 spectrum is the continuum emission. The whole
continuum is actually made of two components, namely the AGN continuum and
the host galaxy continuum. Dividing them is not an easy task. The AGN continuum
is dominant especially in the UV band, indeed it has a steeper negative spectral
index as visible in the bottom panel of Fig. 2.2. But when the host galaxy component
is comparable to the AGN one, a proper removal of the host galaxy continuum is
fundamental, since several scaling laws exploit the AGN continuum luminosity, as
will be described in Sec. 2.1.1 and Sec. 2.2.

2.1.1 Black hole mass estimation

At this point it is clear how the black hole, especially its mass, is one of the main
conductors of the whole AGN. What is the color or the temperature for stellar as-
trophysics, is represented by the black hole mass for AGN astrophysics. There are
both direct and indirect methods for measuring the black hole mass. As for all astro-
physical sources, the most reliable direct way to determine the mass of black holes
is through dynamical methods. The virial theorem is one of the most used, since
the dynamics of the surrounding gas or close stars are directly influenced by the
gravitational field of the black hole (Ferrarese and Ford, 2005). Obviously, direct
dynamical measurements can be performed only when the black hole surroundings
are spatially resolved, then only for nearby sources (Macchetto et al., 1997; Geb-
hardt et al., 2000; GRAVITY+ Collaboration et al., 2025). For unobscured Type I
AGN the reverberation mapping technique is another very powerful and reliable
direct method (Blandford and McKee, 1982; Peterson et al., 2004). It relies on the
time delay between continuum and emission-line variations, measuring the size of
the line-emitting region, namely the BLR, for a particular emission line, usually a
Balmer line. By means of the measured time delay (7) and the emission line width
(AV), the virial mass can be expressed as

cT AV?
Men = f—¢

where f is the scaling factor which depends on the structure, kinematics, and orien-
tation of the BLR, usually of the order of unity. Unfortunately, this method is very
resource and time consuming, and can only be employed in AGN with broad lines
that vary in a reasonably short timescale, even though large scales studies are on-
going (Almeida et al., 2023). In the case of obscured Type II AGN, the possibilities
of a direct black hole mass measurement are very limited. By definition, the regions
surrounding the black hole are partially or fully obscured, preventing their direct
observation, especially in optical wavelengths. Only a few valuable results have
been obtained by means of the water masers (Greenhill et al., 2003; Kuo et al., 2011;
Tarchi et al., 2011).

Due to the difficulties necessary for the application of direct methods, which are
mainly related to the need for resources and time, the indirect methods are far more
common, especially for large samples. In the case of partially obscured and broad-
line AGN, near infrared emission lines have been recently used to constrain the BLR

(2.1)
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size with the hard X-ray luminosity (Ricci et al., 2017; Onori et al., 2017). For un-
obscured sources, like NLS1 galaxies, several relations between the BLR radius and
some observables, frequently retrieved from the optical spectrum, have been found
through correlation tests. Since the information can be derived only using a single-
epoch spectrum, this method is also called single-epoch technique. This is a fairly
common approach: since the BLR is gravitationally bound to the black hole, exploit-
ing the emission lines produced in the BLR to retrieve the velocity information, the
gas dynamics around the main compact object can be inferred. Therefore, combining
with the BLR dimension, by means of the virial theorem used in dynamical methods
the black hole mass can be measured

2

Mgy = R @22)
also in this case f represents the scaling factor, and Rp g and v? are the dimension
and the rotational velocity of the BLR, respectively. Some of the most widely used
scaling laws tie the radius of the BLR with either HB luminosity (Greene et al., 2010)
or continuum luminosity at 5100 A, with or without using in addition the Fe II emis-
sion (Kaspi et al., 2000; Bentz et al., 2009; Bentz et al., 2013; Du and Wang, 2019;
Paliya et al., 2024). Moreover, continuum luminosity at 5100 A has been found to
correlate with HB luminosity (Ili¢ et al., 2017; Dalla Bonta et al., 2020), and with
[O III] luminosity (Berton et al., 2015).

Pure indirect methods do exist, connecting the black hole mass with observables.
An example is the relation found by Mejia-Restrepo et al. (2022), which connects the
black hole mass with Hx FWHM and luminosity. Mpy-0; is another famous relation
that exploits the properties of the galaxy bulge (Gebhardt et al., 2003; Kormendy
and Ho, 2013), as well as the Mpp-Lpy1q which uses the bulge luminosity (Mac-
chetto et al., 1997; Ferrarese and Ford, 2005). The fundamental plane of black hole
activity involves X-ray luminosity, radio luminosity, and Mgy, and it has been in-
dependently proposed both by Merloni, Heinz, and di Matteo (2003) and Falcke,
Kording, and Markoff (2004). These last three represent quite weak correlations,
and they are used in the absence of more reliable methods (see Williams et al., 2023
for a detailed discussion). X-ray-based methods, as the X-ray scaling method (Sha-
poshnikov and Titarchuk, 2009; Gliozzi et al., 2011) and the X-ray variability method
(Papadakis, 2004; Ponti et al., 2012; Akylas, Papadakis, and Georgakakis, 2022), seem
to be more reliable (Williams et al., 2023). An in-depth comparison has been carried
out by Gliozzi et al. (2024). Also, the quasi-periodic oscillations (QPOs), which will
be described in Sec. 3, have been found to show a relation between the frequencies
of the periodic oscillations and the black hole mass and spin (Abramowicz et al.,
2004; Remillard and McClintock, 2006; Zhou et al., 2015). Even though this relation
showed promising results, it can be applied in a very few cases, namely, only for
AGN showing QPOs in the X-ray LC. In the first approximation, the host galaxy
can also be used as an estimator for the black hole mass. It is possible because the
host galaxy morphology is linked to the properties of the central engine, since it
co-evolves with the nuclear region (Ferrarese and Merritt, 2000; Morganti, 2017).

The low black hole masses measured for NLS1 galaxies are sometimes not widely
accepted. They were found especially using indirect scaling laws combined with the
virial method (Xu et al., 2012; Jarveld, Lahteenméki, and Leén-Tavares, 2015; Rakshit
etal., 2017; Berton et al., 2018; Paliya et al., 2024), but sometimes they were attributed
to a face-on orientation and a flattened BLR geometry (Shen and Ho, 2014), which
again would bring to narrow emission lines (Decarli et al., 2008). This would also
explain the high Eddington ratios, suggesting a typical Seyfert 1 origin (Decarli et
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al., 2008; Liu et al., 2016; Rakshit et al., 2017). Nevertheless, reverberation mapping
confirms a black hole mass range of 106-10% M., (Wang et al., 2016; Du et al., 2018),
proving the reliability of the virial method as a black hole mass estimator for NLS1s.
Impey et al. (2011) pointed out that the frequently used relation between the BLR
radius and the continuum luminosity is not always valid for both high and low
Eddington ratio sources. Berton et al. (2021) proved that jetted NLS1 galaxies do
not generally host high-mass black holes, performing different tests and uncertainty
estimations. Moreover they confirmed this through the nonlinear relation between
the jet power and the black hole mass, based on Foschini et al., 2015 comparison of
the jet power of NLS1s, FSRQs, and BL Lacs. In particular, they pointed out that if
NLS1s had high-mass black holes, they would have a low jet power in a high-density
environment, indicating the unphysical condition in which the relativistic electrons
of their jets are not cooling despite the photon-rich environment (Foschini, 2017).

There are also other studies, using different methods, claiming that NLS1s host
higher black hole masses. A mass of 2>10% M., have been estimated using the Mpy-
Lpuige relation (Ryan et al., 2007) and by means of spectro-polarimetric observations
(Baldi et al., 2016). Such values have also been obtained using Eq. 1.1, Eq. 1.2, and
the peak frequency generated by a Shakura-Sunyaev disk spectrum using optical
and UV data (Calderone et al., 2013; Viswanath et al., 2019). However, as described
at the beginning of the section a Shakura-Sunyaev disk model is likely not a good
model to describe NLS1s accretion disks, which are better described by a slim disk
model. Performing a wide study on the NLS1s properties (Foschini et al., 2015)
supported the reliability of the low masses estimated using line dispersion of the
broad component of HB line. Given the multiple scenarios in favor of low mass
black holes (see Foschini, 2020 for a review), as reverberation mapping results, host
galaxy morphology, evolutionary stage, and emission line profiles, this is likely the
closest to reality hypothesis.

2.1.2 [Eddington ratio

As it is clear from Eq. 1.3 and Eq. 1.5, fixing the bolometric luminosity, a lower black
hole mass yields a higher Eddington ratio. Coupling the observed high luminosities
with a Mpy ~10°-108 My, as described in the previous section, NLS1 galaxies ap-
pear to be high accreting sources (Boroson and Green, 1992; Marziani et al., 2018b;
Tortosa et al., 2022). Other evidences however confirm such high accretion. The most
evident is the capability of NLS1s to produce relativistic jets. (Foschini, 2017) stated
that the most favorable accretion disks, which are able to produce jets, are those de-
scribed by the ADAF and the slim disk models. For a Shakura-Sunyaev disk, the
viscous heating is balanced by the radiative cooling. If a source is experiencing high
levels of accretion, the disk does not have enough time to cool down only by radi-
ation losses, therefore an advective cooling is established, forming precisely a slim
structure (Abramowicz and Fragile, 2013). A strong Fe II emission is another proxy
for the high Eddington ratio. (Gaskell et al., 2022) suggested that the Fe Il in AGN is
produced by photoionization. From observations, only high Eddington AGN show
soft X-ray radiation. But it is this radiation that breaks down the dust grains in the
outer part of the BLR, consequently releasing the iron that then gets photoionized by
the photons coming from the accretion disk. Strong Fe Il is frequently seen in NLS1s,
placing these AGN in the tail of the quasar main sequence (Marziani et al., 2018b), as
well as the soft X-ray presence (Tortosa et al., 2022). The quasar main sequence has
the aim to subdivide all the AGN, exploiting correlations between source properties,
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through a Principal Component Analysis (PCA), resulting in the so-called eigenvec-
tors, which represent each correlation. Over the years it has been introduced the 4-
dimensions eigenvector 1 (Sulentic, Calvani, and Marziani, 2001; Marziani, Dultzin-
Hacyan, and Sulentic, 2006; Sulentic and Marziani, 2015), that uses the following
four parameters:

1. Full width half maximum of low-ionization (broad) lines (e.g. FWHM(Hp)).
Hp is the most used because it is reasonably strong and visible also at high
redshift (z ~ 1).

2. R4570
3. FWHM centroid velocity shift of the high-ionization lines CIVA1549 (C(1/2)c1v).

4. Soft X-ray photon index, which is used to measure the thermal emission in
0.1 — 2.4 keV range.

It is important to notice that not all NLS1s, at least at first glance, seem to be high
Eddington sources. An example will be described in Sec. 5.

2.2 Radio properties

From a radio point of view, only 15% of NLS1 galaxies have been detected at these
frequencies (Komossa et al., 2006; Jarveld, Lahteenmiki, and Ledn-Tavares, 2015),
even though a recent work found a lower value of ~8% (Varglund et al. submitted).
Among these 1/3 are classified as radio-quiet and 2/3 as radio-loud. Historically,
the radio loudness parameter described in Sec. 1.3 has been used as a proxy for
the nuclear activity in AGN, by attributing to the radio-loud sources the only ones
capable of launching relativistic jets. Now we know that this is not true, but already
over twenty years ago Ho and Peng (2001) stated that most Seyfert 1 galaxies would
be classified as radio-loud if only the optical and radio flux densities of the nuclear
region were compared. Several other recent works sustain the more modern view of
a continuous distinction of the AGN population instead of a two-fold one (Padovani,
2017; Jarveld et al., 2017; Lahteenmaéki et al., 2018; Berton and Jarveld, 2021b; Wang
et al., 2025). The variable nature of AGN strongly supports this view. The radio-
loudness parameter relies on radio and optical flux density measurements taken
non-simultaneously, ignoring that they can change in time. As described in Sec. 3
the luminosity variability influences the whole electromagnetic spectrum. For this
reason, # can change for the same source according to the activity state in which
it is observed, and therefore it cannot be tied to physical properties that are more
stable in time. NLS1s with extreme flux density variability will be the focus of the
next chapters.

Most of the NLS1s have a radio flux density around a few m]y, with a minority
showing tens of mJy flux densities and rarely above one hundred m]y. The distri-
bution of such emission in the radio spectrum can vary significantly. Assuming that
the emission can be described with a power-law as in Eq. 1.6, the spectral shape can
be divided in steep (¢ < —0.5), flat (x > —0.5), and inverted (@ > 0). Several fac-
tors and mechanisms shape the radio spectrum. Diffuse ionized gas, star-forming
regions, radio core, outflows, and relativistic jets are just a few of them. For in-
stance, in star forming regions the supernova remnants produce via synchrotron
emission a spectrum with & ~ —0.8, while free-free radiation from ionized gas has
an « ~ —0.1 (Condon et al., 1998a). The resulting spectrum in this case has a spec-
tral index ~ —0.7. Usually NLS1 galaxies have a steep spectrum (Berton et al., 2018;
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Jarvela et al., 2022), but exceptions with extremely inverted spectra do exist. In par-
ticular, if a relativistic jet is present, its emission variability can cause notable vari-
ability also in the spectral shape, especially during flaring episodes (Angelakis et al.,
2015; Jarvela et al., 2024). Strong inverted spectra are usually thought to be con-
nected with free-free absorption (FFA) and SSA mechanisms (Jarveld et al., 2024).
Typically, SSA can reach & ~ 2.5, usually in relativistic jets, while higher values need
an external contribution by FFA. A spectral index this high usually does not have a
clear physical interpretation. It can come from intense variability phenomena, but in
this case, non-simultaneous observations can lead to very misleading results. More
typical steep spectra can have different origins, from star-forming regions, to pure
synchrotron emission in optically thin clouds, or again to a relic emission (Congiu et
al., 2017). In these cases, the investigation of the radio morphology, through spectral
index maps, for instance, can be very helpful.

NLS1 galaxies jets have usually a total power range between 10*? and 10% erg
s~1, but they can reach also 1048 erg s~ ! (Donato, 2010; Foschini et al., 2010; Foschini
et al., 2011; Foschini, 2011a; Foschini, 2012). With a direct comparison, weaker BL
Lac objects have similar jet powers as NLS1s, whereas FSRQs have much powerful
jets. Nevertheless, for jetted NLSl1s, if the lower black hole mass is considered, the
jet power becomes comparable to that of FSRQs, suggesting similarities with blazar
populations (Heinz and Sunyaev, 2003; Foschini, 2014; Foschini et al., 2015), and
these sources are thought to be the low-mass and low-luminosity tail of the FSRQ
distribution (Berton et al., 2016a).

Two of the most important public surveys covering NLS1 galaxies are the Very
Large Array (VLA) Faint Images of the Radio Sky at Twenty-Centimeters' (FIRST)
and the National Radio Astronomy Observatory (NRAO) VLA Sky Survey? (NVSS),
both at 1.4 GHz, with a detection threshold of 1 mJy and 2.5 m]y, respectively. There
are also more sensitive recent surveys as the VLA Sky Survey® and the LOw Fre-
quency ARray (LOFAR) Two-metre Sky Survey* (LoTSS), both able to detect sub-
m]y sources at 3 GHz and 144 MHz, respectively. Future radio telescope projects
include the Square Kilometre Array Observatory® (SKAO) and the next-generation
VLA® (ngVLA). An important dedicated JVLA radio investigation has been carried
out by Berton et al. (2018), Chen et al. (2020), Chen et al. (2022), and Jarvela et al.
(2022). Another long-term monitoring program dedicated to NLS1s has been car-
ried out by the Metsdhovi Radio Observatory (MRO) since 2012 (Ldhteenmaki et al.,
2017). This program monitors more than 250 NLS1 galaxies, and nowadays it is the
largest monitoring campaign dedicated to these sources.

At this point, it is clear that the flares are not uncommon in the radio band. When
a flare occurs, it is usually first seen at high energies, often accompanied, with a
short lag, by an increase in the optical/UV emission. Even if this is not always the
case, since sometimes it is the optical that leads to y-ray flares. Usually, after a few
months, with a large variability in the delay, the flare is visible at radio frequencies,
propagating from high frequencies toward the lowest (Berton et al., 2018; Lisakov
et al., 2017). During these episodes, the peaks’ frequencies in the SED are shifted to
higher frequencies, besides the amplitude increasing. Such a ‘'wave’ effect suggests
the common nature of the flare visible at different wavelengths. However, isolated

Thttps:/ /sundog.stsci.edu/
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flares are not rare. In those cases, a variation of the emission at a specific wavelength
does not necessarily lead to a similar effect somewhere else in the spectrum. The
variability can even come from variations of the energy distribution of the emitter,
or from the changes in the size or location of the emitting region (Collmar et al.,
2010; Ghisellini et al., 2013). Nowadays, it is generally accepted that most of the ra-
dio flares are produced by shocks propagating in the relativistic jets (Blandford and
Rees, 1978). In this model, called shock model, minor instabilities propagate along the
jet until they encounter a pressure gradient. A pressure gradient forms when there
is a slight change in the pressure of the jet flow. The interaction between the instabil-
ity and the pressure gradient zone generates the shock, with a consequent variation
of the Lorentz factor. The result is a strong increase in the emission, followed by a
decrease. The shock model is theoretically described in Marscher and Gear (1985)
and Valtaoja et al. (1992), and an observational point of view is presented in Tiirler,
Courvoisier, and Paltani (2000) and Hovatta et al. (2008).

2.3 A sample of extremely variable NLS1s

The analyses carried out in this thesis are focused on a sample of 7 NLS1s, which
showed unprecedented radio behaviors. They are part of a monitoring campaign at
the MRO started in 2012. The aim of this campaign was to shed light on the very di-
verse radio properties of NLS1s. Two samples mainly composed of radio-quiet and
radio-silent sources were selected according to two distinct criteria. The first sam-
ple consists of 45 sources selected from Foschini (2011b) and Komossa et al. (2006),
residing in very dense large-scale environments (Jarveld, Lahteenméki, and Lietzen,
2017). By means of luminosity-density fields, Jarveld, Lahteenméki, and Lietzen
(2017) studied the Mpc-scale environment of a sample of NLS1s. They found that in
general NLS1s tend to reside in low-density regions. However, comparing this re-
sult with the influence of the environment on galaxy evolution, it was hypothesized
that NLS1s in denser environments might be ahead in the evolution compared to
their counterparts residing in low-density regions, likely hosting relativistic jets. The
second sample includes 33 sources mostly selected from Jarveld, Lahteenmaki, and
Leén-Tavares (2015) and Foschini (2011b), exhibiting SED that seemed favorable for
37 GHz observations. Four sources from each sample, eight in total, were detected,
showing hundreds of mJy of flux density levels (Lahteenméki et al., 2018). Among
these, seven NLS1s have been detected several times, sometimes even at Jy-levels
and with a time-scale of days to weeks, confirming the reliability of the detections.
Previously, only two sources were detected in radio at 1.4 GHz in the FIRST (Becker,
White, and Helfand, 1995; Helfand, White, and Becker, 2015) and the NRAO VLA
sky survey (Condon et al., 1998b), and only at m]y-levels.

To untangle the situation, several follow-up radio observations have been carried
out. In 2019, the sample was observed with the JVLA in A configuration at 1.6, 5.2,
and 9.0 GHz (Berton et al., 2020a; Jarveld, Berton, and Crepaldi, 2021). Again in 2022,
it was observed with the JVLA in A configuration at 10, 15, 22, 33, and 45 GHz and
with the Very Long Baseline Array at 15 GHz (Jarveld et al., 2024). In the meantime,
single-dish monitoring has been ongoing. Besides the MRO monitoring, the sources
are part of the Owens Valley Radio Observatory (OVRO) 40 m radio telescope AGN
monitoring program at 15 GHz (Jarveld et al., 2024). All the data acquired showed
steep spectra up to 45 GHz, or no detection at all, especially at high radio frequen-
cies. Although previous cases of such a high-frequency excess are known in the
literature (Antonucci and Barvainis, 1988), the variability observed, combined with
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the Jy-level flux densities, are rarely, if ever, seen in AGN. Because the observations
are not simultaneous, the different beam sizes have to be considered, especially com-
paring single-dish with interferometric observations, with resolved-out structures in
the latter. Although a minor difference can be present, resolved-out emission cannot
explain such a huge difference in the flux density (Jarveld et al., 2024). Moreover,
contamination by close sources has been ruled out (Lihteenmaki et al., 2018; Jarveld
et al., 2024). Even though these recent data helped to discard some interpretations,
they did not provide a unique and clear answer. Jarveld et al. (2024) discussed sev-
eral hypotheses aimed at identifying the nature of this phenomenon. One of the
possibilities is that these NLS1s could harbor small-scale (likely a few parsecs) rela-
tivistic beamed jets, whose low-frequency radio emission is SSA or FFA by ionized
gas. The origin of the ionization is unclear, but it could either be due to the abundant
star formation often observed in NLS1s (Sani et al., 2010), or by collision between the
jet and the inter-stellar medium (ISM) surrounding the AGN, which produces via
shocks a cocoon of ionized gas at the jet head (Bicknell, Dopita, and O’Dea, 1997).
A detailed study of the radio spectral index maps of these sources revealed that
the latter is actually the most likely mechanism to account for this unique behavior
(Jarveld, Berton, and Crepaldi, 2021). Jets-in-jets magnetic reconnection or magnetic
reconnection in the black hole magnetosphere are not ruled out either. The latter is
particularly interesting since it does not require the presence of relativistic jets (see
Sec. 6.4 for more details).
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Chapter 3

Time-series analysis

Since their discovery, it was clear that AGN, NLS1s included, present variability that
influences their whole spectrum (Matthews and Sandage, 1963; Ulrich, Maraschi,
and Urry, 1997; Gaskell and Klimek, 2003). This is not unexpected considering the
complexity of their structure. The origin of the variability is, however, not easy to
address. Indeed, at each wavelength, it can also be very different, since different
mechanisms and emitting regions are involved. It can be connected between dif-
ferent bands or not, and the time-scales are extremely variable: from less than an
hour up to hundreds of thousands of years. The short-term variability is related to
the physical processes, which mostly occur during the accretion and the ejection of
matter. Especially for the accretion, the related variability is random and stochastic,
even though possible consequent variability in the connected regions can sometimes
be predicted. By means of monitoring campaigns with a high cadence in the obser-
vations, several models have been investigated with the aim of understanding the
origin of variability. On the other hand, long-term variability is due to the general
evolution and long-term changes of the source, involving morphological changes.
Therefore, many more variables can play a crucial role in the fluctuations of the
emission compared to short-term variability, and long-term monitoring is necessary
for its study:.

At radio frequencies, the variability usually presents the longest time-scales, be-
sides possible short-time-scale flares (but see Sec. 2.2 and Sec. 6), and the time de-
lays between different frequencies can be of the order of several months or years
(Tornikoski et al., 1994; Soldi et al., 2008; MAGIC Collaboration et al., 2023). As de-
scribed before, the main emission mechanism in this band is synchrotron emission,
whose variations are likely responsible for the observed radio variability. Since the
synchrotron emission is strongly tied to the relativistic jets when present, the radio
variability has a different origin for blazars and the rest of the AGN. In both cases,
it is probably due to variations of either the energetic distribution of the electrons
involved in the synchrotron mechanism or the strength of the magnetic field, but
for jetted sources it likely occurs within shocks along the jets (Stevens et al., 1994;
Hovatta et al., 2008).

The synchrotron mechanism also extends in the millimeter and infrared wave-
lengths (for blazars, it is represented by the brown solid line and gray dashed line of
the lower frequency bump in Fig. 1.4). Multi-wavelength variability studies found
that the infrared band shows variability with an amplitude of about half that mea-
sured in optical, and time-scales less than a year (Edelson, 1987; Impey and Neuge-
bauer, 1988; Mingaliev et al., 2015). Moreover, this variability is tied to longer wave-
length variability. For non-jetted sources, the near-infrared (NIR) emission is par-
tially produced by the reprocessed thermal optical radiation in the molecular torus.
NIR variability can then be the mirror of the optical variability (Campitiello et al.,
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2021). Also, some of the infrared emission may come directly from the accretion
disk.

There are two main scenarios able to describe the origin of the optical and UV
variability. The first suggests a thermal origin with propagation of instabilities through
the accretion disk and possible changes in the accretion rate (Hameury, Viallet, and
Lasota, 2009; Burke et al., 2021; Neustadt and Kochanek, 2022). This scenario as-
sumes a standard disk with a temperature gradient and luminosity fluctuations to-
ward the central regions. Such changes in luminosity produce axisymmetric tem-
perature perturbations in the closest layers to the black hole, which act as a lamp-
post, consequently producing lower amplitude temperature fluctuations moving
outwards at the speed of light. As a sort of wave, the temperature fluctuations drive
the observed flux variability. Shorter wavelengths vary first, being those emitted in
the inner layers of the accretion disk. The flux variability propagates toward longer
wavelengths according to the travel time of the temperature fluctuations.

The second scenario favors the idea of optical variability due to X-ray reprocess-
ing (Kammoun et al., 2021; Panagiotou et al., 2022). Here, part of the primary X-ray
emission travels directly to the observer, and the other part irradiates the accretion
disk. In the latter, a fraction of the incident light will be reprocessed and re-emitted
in the X-ray (George and Fabian, 1991; Matt, Fabian, and Ross, 1993). The other
fraction instead is absorbed by the accretion disk, increasing its temperature, and
subsequently emitted as UV /optical radiation. In the case of a variable primary X-
ray radiation, the generated UV /optical flux will be variable as well. Such a mecha-
nism is called disk thermal reverberation (Cackett, Horne, and Winkler, 2007). There
have been studies that argue against both of the described models. In the first case,
the lamppost model, intrinsic thermal fluctuations in the disk instead of fluctuations
induced by luminosity changes have been proposed as the origin of the variability
(Kelly, Bechtold, and Siemiginowska, 2009; Burke et al., 2021). On the other hand,
there is evidence that the X-rays vary after the UV /optical or show uncorrelated
structures (Berkley, Kazanas, and Ozik, 2000; Kazanas and Nayakshin, 2001; Dexter
et al., 2019; Edelson et al., 2019).

Also, the spectral properties, mainly in the optical, can undergo variations. The
line profiles of the emission lines in the BLR and NLR are strongly connected to the
central continuum emission (Ili¢ et al., 2015). Here, the time lag depends on the po-
sition of the region where the emission lines are formed, namely, on the travel time
necessary for the photons to reach such a region. The variation of the optical spec-
trum leads to changes in the sources frequently called changing-look AGN (Penston
and Perez, 1984; LaMassa et al., 2015; Yang et al., 2017; Xu et al., 2024).

As described in Sec. 1.4.1, the X-ray emission consists of multiple components.
From observations, the most variable is the X-ray soft-excess (Boller et al., 1997; Mid-
dei et al., 2017). Sometimes it shows an order of magnitude increase in the flux den-
sity over a few days. Such a short time-scale confirms that the emission must come
from a very small region, such as the corona. Variability at higher frequencies is
also seen, and can be explained as a combination of variable effects in the corona
emission and accretion disk reflection. The real mechanisms related to X-ray vari-
ability are widely unknown (Komossa et al., 2024), but some proposed explanations
include blurred reflection by the accretion disk (Nardini et al., 2011) or an additional
Comptonization component (Lohfink et al., 2013; Boissay, Ricci, and Paltani, 2016).

Itis important to notice that the variability effects described for non-jetted sources
are also present in jetted ones. However, the jet emission usually overshines any
other effect. The emission states of a jetted AGN can often be divided into high and
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low emission states. In the low-emission state, the variability described for the non-
jetted sources can be distinguished in the SED. In the high-emission state, instead,
the increasing flux density can be associated with the ejection of new components
inside the jet.

Considering the variability time-scales, of course, an upper limit cannot be found,
since a light curve (LC) of an infinite duration would be needed. As a lower limit,
even though new AGN with lower variability time-scales could always be discov-
ered, by means of radio and optical high-cadence observations, extremely fast vari-
ability has been measured. In the radio, extremely fast flares have been detected
(Ladhteenmiki et al., 2018; Jarveld et al., 2024), and will be discussed in Sec. 6. Short-
term optical changes occurring on time-scales from minutes to hours represent the
intra-night optical variability (INOV), also known as micro-variability (Gopal-Krishna,
Sagar, and Wiita, 1995; Stalin et al., 2004). BL Lac objects seem to exhibit stronger
INOV compared to non-jetted AGN (Yang, Ma, and Chen, 2024), and it is thought
to be connected to the jet activity (Goyal et al., 2012; Webb et al., 2021). In quasars,
instead, it may arise from weak jets or flare events near the accretion disk (Zhang
and Bao, 1991; Chakrabarti and Wiita, 1993; Gopal-Krishna et al., 2003).

Identifying a variable object is not always an easy task. The errors in the mea-
surement of the luminosity allow only the identification of a large amplitude vari-
ability. There are three common approaches in the literature for identifying variable
objects: direct image comparison (transient detection), LC analysis using variability
indices, and search for periodicity. The transient detection method seeks to detect
variability by subtracting two aligned images pixel by pixel, taken in two different
epochs. It is the strategy adopted by the Pan-STARRS survey, for instance (Rest et
al., 2014). Using only two epochs is quite limiting, since two observations might
measure the same luminosity just because at those epochs a variable source is emit-
ting the same amount of radiation, or because the source is in a temporary quiescent
state, or again because of contaminants or artifacts affecting one of the two images.

To bypass the problem, multiple epochs of observations are necessary, namely,
producing an LC. In this way, it is possible not only to discover whether a source
is variable, but also to investigate the average amplitude of the variability, even in
the case of a low amplitude. Such methodology is robust also against systematics,
because systematic errors would affect the whole LC in the same way, so they do not
influence the amplitude of the fluctuations but only the absolute values of the LC.
To quantify the variability under these conditions, there are several variability in-
dexes used in the literature for different applications, which characterize the overall
scatter of measurements in a light curve and/or the degree of correlation between
consecutive flux measurements (Munari et al., 2014; Javadi et al., 2015; Yao et al.,
2015). Sokolovsky et al. (2017) performed a detailed reliability comparison of nine-
teen different variability indexes, analyzing the degree of variability that each one
measures for a test sample of sources. He divided the test into scatter-based indices
and correlation-based indices. The former considers only the distribution of mea-
sured magnitudes, ignoring the time information available in the LC, considering or
not the uncertainties. The latter also relies on the order in which the measurements
are taken, and some indices also take into account the time difference between mea-
surements. This makes correlation-based indices more sensitive to low-amplitude
variability, but on the downside, they are insensitive to variability on time-scales
shorter than the sampling time of the LC (Kim et al., 2011). Overall, the two best
indexes turned out to be the Interquartile range (Kim et al., 2014) and the reciprocal
of the von Neumann ratio (1/7, Neumann, 1941; Neumann, 1942), as scatter-based
index and correlation-based index, respectively.
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The last method exploits the fact that a periodic LC must be, first of all, a variable
LC. Therefore, a periodic source implies a variable source. Periodicities in AGN are
not as common as variabilities for two main reasons. The first is that nowadays the
longest available LCs are quite short, of the order of decades, and often not even
well sampled, especially for the oldest epochs. The second is that well-specific con-
ditions must occur in AGN to produce periodic signals. Indeed, only a handful of
phenomena show a periodicity (see Ackermann et al. (2015) for an overview). One
of the most studied is that of binary black holes (BBHs, Begelman, Blandford, and
Rees, 1980; Barnes and Hernquist, 1992, in particular the source OJ287 (Sillanpaa
et al., 1988). Periodicities from AGN hosting BBHs are usually detected in optical
with time-scales ranging from 1 to 25 years (Komossa et al., 2006; Rieger, 2007) and
in 7y-ray. In particular, the y-ray variability is due to jet nutation expected from the
misalignment of the rotating SMBH spins or the gravitational torque on the disk ex-
erted by the companion (Katz, 1997; Romero et al., 2000; Caproni, Abraham, and
Monteiro, 2013; Graham et al., 2015). BBHs existence can also be investigated from
the gravitational waves’ point of view. A periodic signal can even be produced by
the jet itself, and not only induced in the jet as in the case of a BBH. In a jet wrapped
by a sufficiently strong magnetic field, changes in the viewing angle can occur be-
cause of jet precession (Romero et al., 2000; Stirling et al., 2003; Caproni, Abraham,
and Monteiro, 2013), rotation (Camenzind and Krockenberger, 1992; Vlahakis and
Tsinganos, 1998; Hardee and Rosen, 1999), or a helical structure (Conway and Mur-
phy, 1993; Roland, Teyssier, and Roos, 1994; Villata and Raiteri, 1999; Mohan and
Mangalam, 2015). The variation of the emitted flux is due to the changes in the
Doppler magnification factor.

Some sources show QPOs in the X-ray LC, first detected in stellar black hole
X-ray binaries (McHardy, 2010; Gonzélez-Martin and Vaughan, 2012; Markoff et
al., 2015; Scaringi et al., 2015). They are divided into two types: high-frequency
and low-frequency QPOs (Remillard and McClintock, 2006). The former present
two periodicities with a constant frequency ratio of 3:2, and the latter show constant
periodicity time-scales despite significant variations in fluxes (Remillard et al., 2002).
The first AGN which showed QPOs was RE J1034+396, an NLS1 galaxy, and so far
just a few others have been discovered (Gierliniski et al., 2008; Alston et al., 2014;
Hu et al., 2014). At least a few other NLS1s showed a QPO (Pan et al., 2016; Ren,
Sun, and Zhang, 2024), and this kind of AGN seems to be particularly suitable for
hosting such periodicity, likely due to their high accretion rate. A QPO has a time-
scale on the order of hours, and it is thought to be a transient phenomenon that
is produced by instabilities in the corona located at the inner edge of the accretion
disk. Especially in NLS1 galaxies, the accretion disk can have an important role in
the production of periodic signals. ADAF and slim disks are environments where
accretion flow instabilities can occur. This leads to the production of rotating hot
spots in the accretion disk inflow, with time-scales of different lengths, according
to the black hole spin (McKinney, Tchekhovskoy, and Blandford, 2012). A similar
phenomena happen for the tidal disruption event (TDEs) of a star, even though in
this case the time-scale ranges from a few months to years (Bade, Komossa, and
Dahlem, 1996; Komossa and Bade, 1999; Gezari et al., 2006; Gezari et al., 2008; van
Velzen et al., 2011; van Velzen et al., 2019).
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Figure 3.1: Right: AGN LC in the radio band at 15 GHz. Left: PDF related to the LC. The
histogram represents the data, the black dashed line a single Gaussian fit, and the red solid
line a log-normal fit (Liodakis et al., 2017).

3.1 Light curves properties

All the described sources of variability and periodicity produce different features in
the LC. A QPO has a behavior which is completely different compared to an instabil-
ity in the accretion disk, or again a TDE (e.g., Lyubarskii, 1997; Hogg and Reynolds,
2016; Phillipson, Boyd, and Smale, 2018; Sinha et al., 2018; Dobrotka, Negoro, and
Mineshige, 2019; Bhatta and Dhital, 2020; Scargle, 2020 and references therein). Such
differences translate into a specific shape of the LC, and exploiting them to extract
physical information is the primary goal of a time-series analysis. One of the main
limitations that frequently prevents the achievement of the goal is the limited ob-
servational power. Even if having a telescope fully dedicated to the observation of
only one source, the "perfect" LC would never be reached. Indeed, a certain inte-
gration time is necessary to have a good enough S/N, but this means averaging all
the variability inside that time period. Therefore, an LC is always made of a dis-
crete distribution of points, sometimes well sampled and sometimes not, and never
of a continuous signal. Moreover, a source can never be constantly observed by a
telescope. Depending on the telescope location and the source coordinates, there
are possible seasonal gaps in which the source is not visible in the sky. An optical
telescope has to take into account the weather conditions, as well as the night and
day duration. A radio telescope does not care about day and night, but it is still
weather-sensitive. Moving into space, depending on the orbit of the spacecraft, the
observations are interrupted whenever the Earth, the Sun, or other celestial bodies
cross the line of sight. Everything described reduces the quality of the LC, but un-
like spectroscopic and photometric observations, which can usually be repeated, a
missing point on the LC cannot be recovered. Indeed, one of the most important
applications of time-series analysis is for transient events, which are unique by defi-
nition.

At this point, it is clear that the quality of an LC cannot be defined in advance.
Once the LC is available, there are several methodologies to investigate its proper-
ties. The first is the probability density function (PDF). The PDF characterizes the
flux density distribution of the data points, namely, which is the probability that
a certain point has a specific flux density (Fig. 3.1). Its shape is the most interest-
ing property. A stochastic process produces a Gaussian PDF, centered on the mean
flux density and with a standard deviation related to the amplitude of the variabil-
ity. From a geometrical point of view, the skewness and the Kurtosis parameters are
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frequently used to describe the deviations from a perfect Gaussian PDF, also in non-
astronomical fields. The skewness measures the symmetry of the distribution, and
it is equal to zero for a perfectly symmetric bell shape. Basically, it defines the way
in which the data are spread around the mean. If there is an asymmetry, with a
tail toward higher values, the distribution is positively skewed, and it is negatively
skewed the other way around. If the data are more concentrated around the mean,
compared to a normal distribution, the Kurtosis parameter is positive. On the other
hand, if in the x-axis the data are more sparse, the Kurtosis is negative. The AGN
PDFs usually have a positive skewness and Kurtosis. In particular, such a shape is
frequently fitted using a log-normal distribution, even though the specific shape de-
pends on the observational band (Max-Moerbeck et al., 2014; Liodakis et al., 2017).
It is important to notice, as discussed in detail in Scargle (2020), that the PDF is the
result of all the multiple processes that take part in the variability of the AGN. There-
fore, the PDF shape cannot be perfectly represented by either a single Gaussian or a
single log-normal function.

The PDF helps in the identification of the process causing the variability, but it
does not provide further information on the process itself. To estimate the contribu-
tion of different time-scales to the total variability, as well as eventual periodicities,
the most powerful tool adopted is the Fourier analysis. The Fourier transform of a
general signal produces in the frequency domain the so-called power spectrum, in
which the time-scale of a periodic pattern appears as a peak. Since the astronomical
LCs are uneven and discrete distributions of points, the discrete Fourier transform
(DFT) is necessary. Precisely, the power spectrum in this case is named power spec-
tral density (PSD), which is the modulus squared of the DFT defined as

|Fn(v [ Zf cos(27tvt;) ] ( Zf sin(2mvt; )] 2, (3.1)

where t is the time of each observation, f(t;) is the flux density value at the time ¢;,
N is the number of data points in the LC, v = k/T is the sampled frequency, and

_J1,..,N/2 for N even (32)
~11,.,(N=1)/2 for N odd '
N
T = m(tN — 1) . (3.3)

Then the PSD is calculated from the lowest frequency v,,;, = 1/T and the Nyquist
frequency vny; = N/2T. Frequently, the periodogram is used as an estimator of the
true PSD of an LC, since it reduces the scatter (e.g. Uttley, McHardy, and Papadakis,
2002). It is calculated by applying a normalization of Eq. 3.1 (Deeming, 1975) as

2T
P(v) = el N0, (34)

where y is the mean amplitude of the LC. The normalization allows the calculation of
the fractional root mean squared (rms) variability, which is given by the square root
of the integral of the power spectrum across all measured frequencies. Moreover, it is
necessary to compare different power spectra, as those derived from simulated LCs,
for instance. This is the basis of the method to estimate the real PSD trend in Uttley,
McHardy, and Papadakis (2002) as will be described in Sec. 3.2. The periodogram
approaches the true PSD as the T increases, even though the variance in the former
is systematically higher than in the latter. For a source, a similar PSD in different
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observational bands means that the involved variable mechanisms are the same. For
AGN, the PSD has on average a negative power-law trend « v—Fsp, with Bpsp >
1 —2 (Fig. 3.2). This is the typical PSD slope of red noise, produced for example
by a Brownian motion (see Vaughan et al. (2003) and Kankkunen, Tornikoski, and
Hovatta (2025) for details).

Another important property of an LC, necessary especially for simulations, is
whether it is stationary or not. Stationarity means that an emission process is still
stochastic, but that its LC mean and variance do not change over time. Practically,
it translates into a constant PSD shape regardless of the interval of time selected
for the calculation. Generally, the assumption of stationarity is in conflict with the
sporadic flaring activity that AGN typically exhibit over the spectrum. Usually, flar-
ing and non-flaring epochs are too short to reliably estimate the underlying PSD
shape. Therefore, data sets as long as possible, containing both flaring and non-
flaring states, would be necessary for a representative average PSD. For this reason,
determining stationarity in the context of AGN LCs is always a difficult task (see
Vaughan et al. (2003) for a discussion).

3.2 Analysis methods

Because of its importance, at this point it is clear that the usual first approach of an
LC analysis is its PSD analysis. As described in the previous section, astronomical
LCs are uneven and discrete distributions of points, and the related PSDs can be
obtained through Eq. 3.1. The uneven and discrete distribution, coupled with the
finite duration of the LC, can create some artifacts that affect the real PSD slope. For
example, if T is the total duration of the LC, the minimum frequency of a power that
can be spotted within the PSD is v,,;, = 1/T. Moreover, an LC can be represented as
the sum of sine signals, each one with a specific amplitude, frequency, and shift. In
all those cases where there is a pattern with a frequency v < v,,;,, or even only one
of the signals with a number of periods that is not an integer number in the duration
T, some powers leak into higher frequencies in the PSD, flattening it. This effect is
known as red-noise leakage. It occurs because the Fourier transform of the rectangular
observing window in the time domain is a sinc function in the frequency domain.
For the cited conditions, this causes the powers to be spread toward higher frequen-
cies in the case of PSDs with a red-noise shape, since in this case, high frequencies
have lower powers, especially for slopes Bpsp > 2. There are some methods to
reduce the impact of the red-noise leakage. Simulations of a longer LC with the
same characteristics as the original one help to reduce the power leak effect. The
LCs simulation will be further described in the next section. Another method is the
windowing, namely the use of a window function. A window function is directly
convolved to the time-series, performing a smoothing of the ends following a shape
related to the function used (see VanderPlas (2018) for a mathematical description).
Max-Moerbeck et al. (2014) showed that the windowing is very efficient against the
red-noise leakage. This method is only applicable for evenly sampled data, and
therefore, a resampling must be done in the case of uneven sampling. When rele-
vant patterns are located at the ends of the LC, the windowing must be carefully
avoided, since it smears this information out. Another artifact that impacts the PSD
slope estimation is the aliasing. It occurs only for discrete data sampling, especially
for evenly sampled data (Deeming, 1975), and it is due to the undersampling of the
signal. A scheme of the aliasing effect is reported in Fig. 3.3. In the image, the yellow
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Figure 3.3: Representation scheme of the aliasing effect. The red points are the observed
points of the time-series. The blue solid line and the green dashed line are, respectively, the
real and the fake periodic signal.

points are the observed points that compose the LC. Even if they are the single ob-
servations of an emission mechanism, which has a periodic trend represented by the
blue solid line, the same points could also arise from a different periodic emission,
as the green dashed line, for instance. Without a proper sampling, and according to
the total LC duration, the power related to the blue line may fall at v > vyy,, while
its alias, the power generated by the green line, contributes on the shaping of the
PSD. Aliasing mostly affects PSD with slopes Bpsp < 1.5, and due to its nature, it
cannot be eliminated from the data. The only way to reduce it is a rebinning with a
shorter sampling, even though this means introducing artificial data to the LC. The
resulting PSD from Eq. 3.1 is the raw power spectrum, which is different from the
intrinsic power spectrum that is the one free from any artifacts.

These and any other distortions prevent the actual slope measurement of the in-
trinsic PSD. For this reason, for astronomical LCs the pure application of the DFT
does not provide reliable insights on the intrinsic PSD. As described before, every
source has its own specific PSD shape, as a result of all variable emission mecha-
nisms. Nowadays, several sky surveys have as their main goal the acquisition of an
enormous quantity of sources” LCs for variability studies. If the analysis methods
do not manage to disentangle between different sources and emission mechanisms,
because of PSD artifacts, they may lead to misleading results. For this reason, many
efforts have been made in the last thirty years to improve both the calculation of
the intrinsic PSD and the analysis methods. The first step is obviously obtaining
the intrinsic PSD, namely the power spectrum not affected by aliasing and red-noise
leakage. The response method was first implemented by Done et al. (1992) and Green,
McHardy, and Done (1999), and further deeply developed and generalized by Utt-
ley, McHardy, and Papadakis (2002) and Max-Moerbeck et al. (2014), changing the
name to power spectral response (PSRESP) method. I will discuss in the following the
general outline of the PSRESP method, but refer to Uttley, McHardy, and Papadakis
(2002) and Max-Moerbeck et al. (2014) for all the details. The basic concept is to
use the sampling of the original LC and apply it to simulated LCs with a known
PSD shape, to mimic artifacts and distortions that affect the PSD slope. The first
step consists of measuring the raw periodogram of the observed LC, P,s(v), using
Eq. 3.4, rebinning it in frequency to reduce the scatter, after the resampling onto an
even-sampled time-series and the multiplication with a proper window function to
reduce the red-noise leakage. After this, a PSD model must be chosen to test against
the data. As described in the previous section, the typical model for AGN power
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spectra is a power-law, but any function can be tested. For the given model, a large
number M of LCs are simulated with an even distribution and different power-law
indices. The simulations are performed using the method introduced by Timmer
and Konig (1995), which will be further discussed in Sec. 3.3, which randomizes
both the amplitude and phase of the Fourier transform coefficients consistent with
the statistical properties of the periodogram model. Each simulated LC is resampled
with the sampling of the original LC, the observational noise is added, and then they
are interpolated to the same even grid. Therefore using the periodograms derived
from the M simulated LCs, with the same binning of the original periodogram, it is
calculated the mean periodogram Py;,, (v), and the related associated error AP, (v),
equal to the rms spread in each frequency bin. At this point, a x>-like test is applied,
defined by

VN P (1) — P 2
Xlz)bs _ Z [ szm(VL obs (V)] (3.5)
V=Vpin APsim (V)2

calculating the x2,. that is the x? of the observed LC compared to the simulations
for a given PSD model. For each simulated LC, the xZ, ; is calculated, by replacing
Pyps(v) with Py, i(v) in Eq. 3.5. The fraction of the distribution for which )cgim,i > ng s
represents the p-value, namely the significance level at which the tested PSD model
can be rejected. Thus, the higher the p-value, the better the PSD model chosen is.

A process widely used to mathematically model AGN optical LCs and their
relative PSD shape is the damped random walk (DRW, also called the Ornstein-
Uhlenbeck process from Uhlenbeck and Ornstein, 1930). The DRW process can be
described as a Brownian motion but with a finite variance in time, therefore, it is
stationary by definition. It is expressed as an exponential covariance function

At
SDRw(At) =ge |7 (36)

where ¢ is the amplitude and 7 the characteristic time-scale. Several studies found
that the DRW is a good model in the case of LCs with a months-to-years time-scale,
which shows a power-law PSD shape (Kelly, Bechtold, and Siemiginowska, 2009;
Koztowski et al., 2010; MacLeod et al., 2010). However, it seems that it is not able
to represent faster variability well. The physical explanation is attributed to thermal
fluctuations that are driven by an underlying stochastic process, such as a turbu-
lent magnetic field (Kelly, Bechtold, and Siemiginowska, 2009). Nevertheless, as for
most of the stochastic variability in AGN, a complete understanding is still far away.
Because of the great capability of the DRW in the statistical description of AGN
variability, it is also efficiently used for the selection of quasars from other variable
sources in large surveys.

In addition to the investigation of the PSD shape on the whole, there are other
analysis methods mainly focused on the identification of periodic patterns. The most
famous is the Lomb-Scargle periodogram (Lomb, 1976; Scargle, 1982), a modification
of the periodogram in Eq. 3.4, defined as

N 2 N 2
[ Y f(t:) cos(2mvlt; — r])] [ Y f(t) sin(rvlt; - T])]
Prs(v) = % l:1N + lle ,
Y. cos?(2mv[t; — 1)) Y. sin?(2tv([t; — 1))
i=1 i=1
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where T is specified for each v as

g sin(4mvt;)
T= Lifan_1 == . (3.8)
47ty N ’
Y. cos(4rmvt;)
i=1
This new periodogram form in Eq. 3.7 introduced by Scargle (1982), ensures
time-shift invariance thanks to 7 in Eq. 3.8." Therefore it is applicable for both even
and uneven time-series, since for the former it boils down to the classic periodogram
equation, suitable for astrophysics applications. Moreover, compared to the classic
DFT, it is not just a Fourier method, but it can also be viewed as a least-squares
method, it can be derived from the principles of Bayesian probability theory, and
it is closely related to phase-folded techniques (Swingler, 1989; VanderPlas, 2018).
A weighted form of this method does exist, taking into account the uncertainties of
the points in the LC. It is done adding to Eq. 3.7 a multiplicative weight 1/¢; within
each of the summations, being o; the errors of the i-th point of the LC (Gilliland
and Baliunas, 1987; Irwin et al., 1989; Scargle, 1989; Zechmeister and Kiirster, 2009).
This also goes directly into the x? calculation, which is the reason why the Lomb-
Scargle periodogram can be seen as an extension of a least-squares method. A fur-
ther modification of the Lomb-Scargle periodogram is named Generalized Lomb-
Scargle method (GLS, Zechmeister and Kiirster, 2009), also called floating-mean pe-
riodogram (Fig. 3.4). The standard Lomb-Scargle method assumes that all the points
of the time-series are pre-centered around the mean value of the signal. In the case
of LCs with a duration shorter than a period, or whenever there are missing points
in some portion of the phase, a full phase coverage cannot always be reached, lead-
ing to the suppression of the peak’s power in the periodogram related to the real
periodicity. Using the GLS in which the mean can vary, the true period can be easily
identified. Obviously, this method is not free from weaknesses. First of all, it is a
global method, which means that the LC is treated as a single entity. In a source,
a periodicity can also be variable. It can last for a few epochs, as for a TDE or a
few repeated flares, and not for the full LC duration. This turns into a decrease in
the peak power in the periodogram. The only solution is to analyze single epochs
separately, albeit this emphasizes the distortions described before. Distortions that
do not have a dedicated treatment in the Lomb-Scargle, more than what has already
been described as general mitigation strategies, like the windowing. Moreover, as it
is evident from Eq. 3.7, it adopts only sinusoidal functions for the time-series inter-
pretation. If the LCs are not well represented by sinusoids, as is the case for AGN,
spurious time-scales can be easily produced. Testing the overall reliability of the
peaks is more of a challenge than a weakness of this method. A typical approach
to quantify the significance of a peak is the false-alarm probability (FAP), which
measures the probability that a time-series with no signal would lead to a peak in
the periodogram, due to a coincidental alignment among the random errors of the
data. A more computational method is the bootstrap. This method consists of the re-
peated computation of the periodogram on many random re-samplings of the data
in order to approximate the distribution of that statistic (Ivezi¢ et al., 2019). Another
approach exploits simulated LC, with the same characteristics as the original LC, for
the significance level estimation. Further details on this will be treated in the next
section. For a detailed overview of the Lomb-Scargle periodogram strengths and
weaknesses, see VanderPlas (2018).

!t is important to notice that the T of Eq. 3.6 is not the same 7 of Eq. 3.7 and 3.8.
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Figure 3.4: GLS periodogram calculated adopting a Hann window function of the LC in the
top box of Fig. 3.2. The blue line represents the GLS periodogram, while the orange, green,
and red lines are respectively the 1, 2, and 3¢ significance levels.

Periodicities in astrophysical sources are rarely constant and permanent, but in-
stead are often intermittent. Therefore, a local analysis of the single epochs of an LC
is much more efficient. Treating separately all the time epochs, transient periodic
fluctuations which last for a duration even much shorter than the total LC duration
can be easily identified. Moreover, with a similar approach, gaps and outlier data
points do not affect the analysis as much as in the global methods like the Lomb-
Scargle periodogram. This can be done exploiting a wavelet transform (Grossmann,
Kronland-Martinet, and Morlet, 1989; Foster, 1996b; Priestley, 1997; Scargle, 1997), a
Fourier-based analysis for uneven time-series whose main difference is the possibil-
ity of using also non-sinusoidal functions as principal function (see Foster (1996b)
for the full mathematical description). The principal function is called wavelet ker-
nel (or mother wavelet), which, for a Fourier transform, is expressed as

f(Z) — oi% = ez’v(t—r), (3.9)

where v is the frequency and T is the characteristic time-scale as in Eq. 3.6. In as-
trophysics, the most used wavelet kernel for the wavelet transform is the Fourier
wavelet with a Gaussian decay profile, called Morlet wavelet (Grossmann and Mor-
let, 1984), defined as

f(Z) _ eb22 (eiz _ 6_1/4b) _ ebvz(t—r)z(eiv(t—r) _ 6_1/4b), (3.10)

where b is a constant value, and e~1/# is inserted so that the average value of the

wavelet is equal to zero. The actual implementation of the wavelet transform is
the weighted wavelet Z-transform (WWZ, Fig. 3.5), which includes a weighted es-
timated variance and a Z-statistic that takes into account how the window function
changes with frequency (Foster, 1996a). Because of its capabilities of local period-
icity analysis, it can investigate time-scales both in the time and in the frequency
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Figure 3.5: WWZ of the LC in the top box of Fig. 3.2. The color scale represents the absolute
power of the wavelet transform, where higher values indicate stronger periodicity.

domain. Even though the WWZ is very efficient for transient periodicities, it is not
as powerful as the global methods in the case of long-lasting periodicities. More-
over, the computational power necessary in the case of long and crowded LCs must
be carefully considered.

I would like to point out an important consideration. As stated in the section,
each of the analysis methods described has its pros and cons. Some of them are ob-
jectively more powerful than others, but the most effective method is not necessarily
the most suitable for a specific case. High-quality single-epoch observations are not
easy to obtain, and quality multi-epoch observations are even harder. Therefore, the
main problem is often the quality of the data more than the adopted method. For
this reason, even if a specific analysis method has its own limitations, it must not be
excluded in advance, but it has to be assessed on a case-by-case basis.

3.3 Light curves simulation

There are several applications in which simulated LCs can be used. Among the best
known, there are the estimation of the real PSD slope, as described for the PSRESP
method in Sec. 3.2, the calculation of significance levels necessary to test the reli-
ability in periodicity searching methods like the GLS, and the creation of artificial
time-series with a well-known underlying distribution for the testing of new analy-
sis methods. The first two are the ones that are interesting in my case, and therefore
those described here. In the last thirty years, two methods have been used for the
LCs simulation: the Timmer & Konig method (TK method, Timmer and Kénig, 1995)
and the Emmanoulopoulos method (EMP method, Emmanoulopoulos, McHardy,
and Papadakis, 2013).

The Timmer & Konig method has been widely used since its algorithm realiza-
tion (Timmer and Konig, 1995). It is able to simulate LCs, randomizing both the
phase and the amplitude starting from the underlying PSD shape of the data accord-
ing to their stochastic nature. Basically, it relies on the PSD shape, but it assumes a
Gaussian PDF by default, namely preserving only the mean value and the variance
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of the original time-series, ignoring higher-order statistical moments, such as skew-
ness and Kurtosis, for instance. The operative steps of the algorithm are as follows:

1. Choose a model for the PSD Fy(v), usually a power-law, but sometimes even
a broken power-law or a knee-model.

2. For each of the Fourier frequencies v; with i = 1(= vyin), ..., N(= Vnyg), which
define the AT and T of the simulated LC, draw two Gaussian distributed ran-
dom numbers. These last are the real and imaginary parts of the Fourier coef-
ficients. If N is even, the Fourier coefficient related to vy, has to be real.

3. To obtain a real valued LC, the Fourier coefficient of the negative Fourier fre-
quency is given by the complex conjugate of the respective positive frequency
coefficient.

4. Bach Fourier component is scaled by a factor |/ 3 Fy(v) to match the simulated
PSD and the PSD of the original LC.

5. The evenly sampled simulated LC in the time-domain is given by the (real-
valued) inverse DFT (IDFT) of the calculated Fourier coefficients.

6. Resample by interpolation the simulated LC to the eventual uneven grid of the
original LC.

To account for the contaminants described at the beginning of the previous section,
which definitely influence the PSD slope of the original LC, the algorithm considers
frequencies v < vy;; and v > vny,. In particular, the time step is usually chosen
as one-tenth of the median time step of the original time series. The LC duration is
typically set to ten times the duration of the original LC and then divided into ten
separate LCs, each with a total duration equal to T. These values are a compromise
that allows a good enough resampling and at the same time reduces the computa-
tional time. The TK method, however, does not consider the variance of the original
time-series, since it does not take into account the underlying PDF. This step is par-
ticularly useful in the PSRESP method described in Sec. 3.2. Max-Moerbeck et al.
(2014) suggests scaling the LC variance directly in the time domain. They expressed
the total variance of the observed LC 02 as

2 _ 2 2
Odata = Usignal + Thvoise + (3.11)

where o2 is the intrinsic variance of the observed LC and ¢?2 . is the mean 1c

signal noise
observational uncertainty. Finally, the scaling factor a is derived as

a2 = Oﬁutao—; Uﬁaise , (3.12)
sim
where the 02 is the variance of the simulated LC before the rescaling.

To attribute an error to each point in the simulated LC, there are three possible
ways. The first is adopted in Uttley, McHardy, and Papadakis (2002) and adds the
same constant value to all the points, derived from the real noise in the original LC.
Max-Moerbeck et al. (2014) instead derive the error as a random number from either
a Gaussian or a Poisson distribution, which has zero as mean value and sigma equal
to 1o of the uncertainties distribution of the original LC. Since the error estimation is

done after the resampling, the simulated and the original LCs have the same number
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of points. Therefore, for the third possibility, the observational uncertainties of each
point can be directly applied as errors.

The EMP algorithm has been introduced by Emmanoulopoulos, McHardy, and
Papadakis (2013), and it is an implementation of the TK algorithm. The main differ-
ence is that it also considers the PDF of the original LC, not only the PSD shape. This
is fundamental in my case since, as seen in Sec. 3.1 and in Fig. 3.1, the PDF of AGN
is usually not Gaussian. The operative steps of the algorithm are as follows:

1. A Gaussian distributed time-series of N data points using the PSD model of
the original LC is created using the TK algorithm. The DFT of this time-series
is calculated for v; € [Vjin, VNyg] deriving for each frequency the amplitude,
Anorm(vi), and the phase, ¢norm (Vi).

2. N pseudo-random numbers are drawn from a PDF model (usually a log-normal
distribution), forming a white noise data set, and also in this case, the DFT is
calculated deriving amplitudes, Ag;y, (v;), and phases, ¢s;y, (v;).

3. Spectral adjustment: For each v; the amplitude Agj,(v;) is replaced with the
amplitude A,orm(vi), keeping the phases ¢gn (v;) unaltered. Performing an
IDFT, the result is an LC with the desired PSD but with an altered PDF.

4. Amplitude adjustment: In the time-domain, the highest value, Xgin.adjust 1 (t;), at
the time ¢; is replaced with the highest value of the time-series created in (2),
Xsim1 (£i). After this, the two second-highest values from the two distributions
are replaced, as well as all the N values of the time-series. At this point, the
artificial LC has the same PDF as the original LC, but with an altered PSD.

5. Steps (2), (3), and (4) are repeated iteratively k-times until convergence (i.e.
Xsim k-+1(ti) = Xsimk(ti)), finally obtaining an LC with the desired PSD and PDF
shapes.

In this case, it is not necessary to correct the variance of the simulated LC, since the
original PDF is already involved during the simulation phases.

Although the EMP method is more sophisticated than the TK method, it is not
trivial to know which one is better suited for a specific case. For the estimation of
the intrinsic PSD slope, done using the PSRESP method, Kiehlmann (2015) tested
the performances of the TK and EMP algorithms. The tested LCs have power-law
PSDs with spectral indices from 0 to 5, coupled with a Gaussian and a log-normal
PDF, respectively, for the TK and EMP algorithms. He found that, while using the
TK method, the spectral index is kept equal to the original one fairly well, the EMP
algorithm does not preserve the spectral index for values 2 1.8. His interpretation
is that the EMP algorithm works only for realistic combinations of PSD and PDEF,
since these last two are not fully independent from each other. This result suggests
that the TK method must be preferred for the PSD slope estimation. However, the
application in AGN LCs can be problematic, since, as stated before, their PDF distri-
bution is not Gaussian. A global solution has not been found yet, it must therefore
be assessed on a case-by-case basis, especially in steep PSD conditions.

As anticipated in the previous section, simulated LCs can be used for estimating
the significance levels of the PSD. This can be done since simulated LCs share the
characteristics, i.e., the PSD slope, with the original LC as described so far, but they
do not necessarily have the same periodicity time-scales, which would lead to the ex-
act same peaks in the PSD. Especially for AGN with a red-noise PSD, the significance
levels are fundamental to avoid the detection of false positive periodicities due to the
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noise. To estimate the significance levels, the p-values of the original LC peak, p e,
and the simulated LC peak, ps;,,, are necessary. Calculating the significance levels in
a GLS periodogram, a periodicity produces a peak in the periodogram with a period
Pyeak and a power Ppeq. At the frequency related to Ppeq, the GLS periodogram
from the simulated LCs that have a Ps;, > Ppeqr are used to calculate the single period
p-value, ppeqar, and are averaged to obtain the significance level. The single period
p-value is the probability of finding a periodic signal at a certain frequency with the
same or greater power, under the null hypothesis that the signal is the result of a
red-noise process with the same PSD, PDF, sampling, and observational noise as the
original LC. O’Neill et al. (2022) claimed that the single period p-value is not reliable
for the estimation of the significance levels, since it does not take into account the
fact that spurious periodicities from a red-noise process could arise at any period,
and suggested that the global period p-value must be used instead. To do so, they cal-
culated the GLS periodogram for all the simulated LCs and measured the period,
Piny, and power, &g, of the strongest peak. At each Ps;y,, they calculated the p-value
Psim- Then they counted the number of simulated LCs for which psi < ppeax to es-
timate the global p-value. They finally used only these simulated LCs to derive the
significance levels. Both the methods I described in this section have been developed
as Python algorithms in Kiehlmann (2015).

Zhttps:/ / github.com /skiehl
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Chapter 4

Optical time-series analysis on
flaring NLS1s

Foreword: Sources of variability in AGN are frequently an intriguing mystery in
astrophysics. Especially when this variability is extremely fast and detected only in
a very specific band. This is the case of the radio flares at 37 GHz that the MRO
constantly detects from seven sources since 2012. To investigate a possible connec-
tion with the optical band, I performed a variability and a periodicity analysis of
optical LCs. I used public data from the All-Sky Automated Survey for Supernovae
and Zwicky Transient Facility archives. The results show that there is no apparent
connection between the extreme radio flares and the optical variability. I found a pe-
riodic pattern in the optical emission in only one source for a limited period of time.
However, also in this case, the optical periodicity does not seem to be correlated
with the radio flares. The lack of connection with the optical wavelengths does not
preclude a relation between the radio and possible phenomena at different wave-
lengths which have not been analyzed yet. Therefore, the analysis performed in this
case can be applied at different wavelengths, investigating other possible scenarios.

Based on: Crepaldi et al. in prep.

4.1 Introduction

Any kind of AGN shows stochastic luminosity variations along the whole electro-
magnetic spectrum (see Ulrich, Maraschi, and Urry (1997) for a review), and fre-
quently this peculiarity is exploited in the identification of new sources. As I de-
scribed in Sec. 3 there are several phenomena able to explain the variability of the
AGN emission. Although all the theoretical scenarios are viable, the physical na-
ture of the variability remains almost totally unclear. Different mechanisms can take
place at the same time, producing unique as well as similar observational appear-
ances when compared to other sources, increasing the difficulty of the analysis. This
is exactly what MRO has found itself facing since 2012. The last thirteen years, they
have monitored seven NLS1s which show non-periodic rapid Jy-level radio flares at
37 GHz (Ldhteenmaiki et al., 2017; Lahteenmaki et al., 2018).

Some viable interpretations for this phenomenon were extensively discussed in
Jarveld et al. (2024). One of the possibilities is that these NLS1s could harbor small-
scale (likely a few parsecs) relativistic beamed jets, whose low-frequency radio emis-
sion is SSA or FFA by ionized gas. The origin of the ionization is unclear, but it could
either be due to the abundant star formation often observed in NLS1s (Sani et al.,
2010), or by collision between the jet and the inter-stellar medium (ISM) surround-
ing the AGN, which produces via shocks a cocoon of ionized gas surrounding the
jet head (Bicknell, Dopita, and O’Dea, 1997). A detailed study of the radio spectral
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index maps of these sources revealed that the latter is actually the most likely mech-
anism to account for this unique behavior (Jarveld, Berton, and Crepaldi, 2021). As
described before, jets-in-jets magnetic reconnection or magnetic reconnection in the
black hole magnetosphere are also viable interpretations. The latter is particularly
interesting since it does not require the presence of relativistic jets (see Sec. 6.4 for
more details).

The goal of this work is to check if the radio flares had an optical counterpart, and
investigate the similarities between the sources in the sample, through a variability
and a periodicity analysis, from an optical time-series point of view. This Chapter is
organized as follows. In Sec. 4.2 I outline the data used in the analysis, in Sec. 4.3 I
describe the variability analysis and in Sec. 4.4 the periodicity searching, in Sec. 4.51
report the results of the work, and finally, in Sec. 4.6 I discuss the results and provide
a conclusion. Throughout this work, I adopt a standard ACDM cosmology, with a
Hubble constant Hy = 72 km s~ 1 Mpcfl, and Qp = 0.73.

4.2 Sample and data

The analyzed sample is described in Sec. 2.3 (see also Tab. 5.1 for details). The first
idea that may have explained the origin of the radio flares was that of undetected
relativistic jets. For this reason, for several years all the efforts have been spent on
the analysis of the sample in the radio band, since this band, and the 7-ray, is the
best place to investigate the relativistic jets” behavior. Several programs dedicated
to the radio monitoring of the sources in the sample started in different observato-
ries. However, the acquisition of optical LCs is harder to make compared to radio
monitoring. The main reason is obviously the lower amount of time available for
observations. Luckily, there are several dedicated sky surveys that monitor large
areas in the sky every night. In particular I searched for data related to the sam-
ple in the catalogs of All-Sky Automated Survey for Supernovae survey (ASAS-SN),
Zwicky Transient Facility survey (ZTF), Catalina Sky Survey DR2 (CSS, Larson et al.,
2003), Kamogata/Kiso/Kyoto wide-field Survey (KWS, Maehara, 2014), Transiting
Exoplanet Survey Satellite (TESS, Ricker et al., 2014), Kepler /K2 survey (Borucki et
al., 2010; Howell et al., 2014), SuperWASP survey (Pollacco et al., 2006), and Pan-
STARRS DR2 (Chambers et al., 2016). Among the surveys that had the sources in
their catalogs, I excluded LCs with less than 10 points and with large or missing er-
ror bars. Since one of the goals is the direct comparison of the radio and optical LCs,
I have also excluded those data that were acquired before the start of radio moni-
toring. The data that respect these constraints are the ASAS-SN and ZTF LCs. The
LCs analyzed have a starting point according to the time at which the specific sur-
vey became operative, and an ending point around mid-late 2022, which is when I
retrieved all the data and performed the analysis described in the following sections.

4.2.1 All-Sky Automated Survey for Supernovae

ASASN-SN scans the whole sky every night down to 18th magnitude (50 detection
limit, Kochanek et al., 2017). It is composed of twenty-four telescopes distributed
in five observatories, two in the north (Hawaii and Texas) and three in the south
(Chile and South Africa) hemisphere. In addition to supernovae, AGN are one of
the most studied kinds of objects by means of ASAS-SN data, as demonstrated by
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Shappee et al. (2014) at the very beginning of the project. The data are easily accessi-
ble through the Sky Patrol tool!, which processes in real-time the raw observations
using several aperture photometry options. In my case, I retrieved data using the
image subtraction photometry with reference flux added, to have a deeper flux limit
and magnitude calibration available, making ASAS-SN LCs comparable with those
of other surveys. Due to the faintness of the sources, several observations are flagged
as non-detections. The Johnson V-band filter (AC:5510A, FWHM:880A) was the first
filter used, sensitive down to ~17.5 magnitude, from 2013 to ~2018, and the Sloan g-
band filter (AC=4800A, FWHM=1410A), sensitive up to ~18.5 magnitude, since 2017
is the filter still operative. Because of this change in the set-up, the LCs have almost
simultaneous points of both bands for a bit more than one year. Among the sources,
on average, the LCs last from early 2013 to late 2022 (see the starting and ending
modified Julian day (MJD) in Tab. 4.2). Moreover, the number of detections goes
from about a few tens up to almost 500 (Tab. 4.1). An exception is J1029+5556 with
only 2 and 9 points for its ASAS-SN LCs in V- and g-filter, respectively. For this rea-
son, I decided not to use such LCs in the analysis. Flagged points and bad points,
such as unreliable outliers, were removed through automatic processes and a visual
inspection. As for all the long LCs of non-circumpolar sources, seasonal gaps are
present.

4.2.2 Zwicky Transient Facility

ZTF is a time-domain survey using a wide-field camera mounted on the Palomar
48-inch Schmidt telescope. Since March 2018, it has been one of the most used and
suited facilities for LC analysis of the northern sky (Masci et al., 2019; Bellm et al.,
2019; Graham et al., 2019). It is widely used in variability searching thanks to the
high observing cadence of 3 days in covering a specific portion of the sky and the
rapidity with which the data is released. Moreover, the available Time-Series Tool?
enables getting a first look at an LC and making simple period searching. Three
filters are used: g (A.=4783.50A), r (A,=6417.10A) and i (A.=7867.41A), with widths
from ~150A to ~310A (Dekany et al., 2020). It is important to notice that even
though both ASAS-SN and ZTF use the g-filter, the ASAS-SN filter is roughly ten
times wider than the ZTF one. All the LCs analyzed have been retrieved from the
DR18, with all the filters available and last from the beginning of the survey to mid-
late 2022 (Tab. 4.2). Even in this case, the only exception is J1029+5556 for which the
i-filter LC is missing. The most-crowded LCs are those observed using r-filter, with
584 points in the worst case and 946 in the best one, almost equal to g-filter, and
approximately four times more than i-filter (Tab. 4.1). As for ASAS-SN data, flagged
points and outliers were removed, and unavoidable seasonal gaps are present.

4.3 Optical light curves analysis

The first step of the analysis was to check if the radio flares had an optical counter-
part. Considering the available optical filters, correlated radio-optical flares would
give us more information on the flares” origin, given both intensity and delay at dif-
ferent wavelengths. To do so, I compared all the available radio and optical LCs for
each object, as visible in Fig. 4.1.

Thttps:/ /asas-sn.osu.edu/
Zhttps:/ /irsa.ipac.caltech.edu/irsaviewer/timeseries
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Table 4.1: Number of data points in the sources LCs.

SDSS name Alias ASAS-SNV ASAS-SNg ZITFg ZTFr ZIFi
1) (2 ©) (4) (5) (6) (7)
J102906.69+555625.2  J1029 2 9 437 691 -
J122844.81+501751.2  J1228 119 216 521 584 179
J123220.11+495721.8 J1232 110 261 528 584 179
J150916.18+613716.7  J1509 18 70 760 832 301
J151020.06+554722.0 J1510 32 46 903 944 318
J152205.41+393441.3 J1522 24 478 812 822 162
J164100.10+-345452.7 J1641 268 322 959 946 149

Columns: (1) SDSS source name; (2) short name; (3) ASAS-SN V-filter LC points; (4) ASAS-SN g-filter
LC points; (5) ZTF g-filter LC points; (6) ZTF r-filter LC points; (7) ZTF i-filter LC points.

Table 4.2: Starting-ending time of the sources LCs.

Source ASASSNV ASASSNg ZTF g ZTF r ZTF

1) 2 3) “) ®) 6)
J1029  56992-57163 58143-59605 58202-59731 58217-59739 -
J1228  56370-58447 58087-59806 58202-59755 58216-59751 58232-59339
J1232  56370-58303 58087-59806 58202-59755 58216-59751 58232-59339
J1509  56402-58310 58108-59817 58202-59789 58197-59791 58232-59341
J1510  56338-58328 58130-59792 58202-59824 58198-59806 58227-59341
J1522  56336-56535 58099-59848 58202-59824 58198-59824  58227-59341
J1641  56337-58391 58028-59856 58203-59828 58198-59828 58227-59341

Columns: (1) Source name; (2) starting-ending MJD of ASAS-SN V-filter LC; (3) starting-ending MJD
of ASAS-SN g-filter LC; (4) starting-ending MJD of ZTF g-filter LC; (5) starting-ending MJD of ZTF
r-filter LC; (6) starting-ending MJD of ZTF i-filter LC.
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Figure 4.1: Radio and optical LCs of J1232.

The subsequent step was to evaluate the variability for all the LCs, since it is an
important information of the time-series analysis as seen in Sec. 3, and even because
the lack of variability excludes any periodicity in advance. To test the degree of vari-
ability of each LC, I used the reciprocal of the von Neumann ratio (1/7) as variability
index.

4.3.1 Variability test

As described in Sec. 3, the von Neumann ratio is a correlation-based index (Neu-
mann, 1941; Neumann, 1942; Sokolovsky et al., 2017). This means that, in compar-
ison to the scatter-based indices which consider only the distribution of measured
magnitudes, it examines the time information of the LC. It is the ratio of the mean
square successive difference to the distribution variance, defined as

, (4.1)

N
2 i;(mi - m)2/(1\[ - 1)
-1
) (miy1 —m;)?/ (N —1)
where m; is the i-th magnitude, 7 the average magnitude, and N the total number
of points in the LC. As already cited, Sokolovsky et al. (2017) tested 1/ index and
several other variability indices using real and simulated data, comparing their per-
formances. They found that 1/7 appears to be the best compromise index as it per-
forms better than most of the other tested indices. They point out that this index is
sensitive only to variability on time-scales longer than the sampling time. However,
considering the separation time of the points in the analyzed LCs, the detectable
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variability using 1/# index is short enough for my purposes. Faster variability, like
INOV for instance, cannot be detected in any case using surveys as those used in
this work, which is beyond the scope anyway.

While performing variability tests, the most challenging aspect is to properly
define a threshold that tells us if an LC is variable or not. As I will describe in
Section 4.4.3, the statistically appropriate way to set a threshold is by means of sim-
ulated LCs. That way, I defined the null hypothesis of "no intrinsic variability" using
a Monte Carlo approach, which was compared with the real LC through the vari-
ability index. In the following, the steps I used to label the variability of each LC:

1. For each real LC, I calculated the related variability index;

2. Isimulated N=1000 Gaussian noise LCs with mean equal to zero and standard
deviations equal to the uncertainties of the real data points. This sets the null
hypothesis of "no intrinsic variability";

3. I calculated the variability index 1/# for all simulated LCs;

4. T counted how often the simulated LCs give a variability index equal to or
higher than the one estimated for the real LC, defining this number with P;

5. I divided P by the number of simulated LCs (N=1000), obtaining the p-value;

6. I finally set the threshold to reject the null hypothesis at a significance level of
5%. Therefore, if the p-value is lower than 0.05, the alternative hypothesis is
true, i.e., the real LC shows intrinsic variability.

To perform an additional test, I calculated the fractional variability that provides
insights into the degree of variability. For the calculation, I followed the prescription
of Vaughan et al. (2003), described also in MAGIC Collaboration et al. (2023). The
parameter is estimated as

2 _ g2
Foar = 0-520.6” ’ (4.2)

where ¢ is the variance of the measured fluxes, and 02, is the mean square error of

the points. The uncertainty associated to F,, (Poutanen, Zdziarski, and Ibragimov,
2008; Aleksic et al., 2015) is estimated as follows

AFysr = \/ Fz%zr - 0']2\])(5 — Foar (43)

where (712\, xv is the normalized excess variance calculated as

2
__ 2 —
2 o2 o2 2F,
TRxv = ( N ;;r> + 1\ % gwr p (4.4)

where N is the number of points in the LC.

4.3.2 PSD slope estimation

The investigation of the PSD shape is crucial both for the understanding of the vari-
ability origin and for the simulation of synthetic LCs comparable to the observed
LC. As I described in Sec. 3.2, the intrinsic PSD can be estimated through the PSRESP
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Table 4.3: Selected gap for the PSD slope estimation algorithm

Source ASAS-SNV ASAS-SNg ZIFg ZIFr ZIFi
) ® @) @ ) Q)

71029 - - 40 40 -
J1228 50 50 40 40 50
J1232 70 50 40 40 50
J1509 50 60 50 40 40
J1510 60 70 40 50 40
J1522 30 40 40 40 40
J1641 50 40 40 40 40

Columns: (1) Source name; (2)-(6) minimum seasonal gap for the LC cited in the head of each column.

method, which takes into account the uneven and finite sampling, observational er-
rors, red noise leakage, and aliasing of an LC. The original PSRESP method of Uttley,
McHardy, and Papadakis (2002) has been revised by Max-Moerbeck et al. (2014), and
translated into a Python algorithm by Kiehlmann (2015) with some minor improve-
ments. This algorithm is the one I used for this work. Operatively, it firstly simulates
artificial LCs by means of the TK method in Sec. 3.3, assuming an underlying power-
law PSD. At the beginning, the simulated LCs have an even sampling rate ten times
shorter than the median sampling of the observed LC, and a total duration ten times
longer. After the simulation, each LC is divided into ten separate LCs, obtaining
ten simulations through one iteration. At this point, the variance and the uneven
sampling of the original LC are applied to the simulations, and the noise is added
to each point following the suggestion of Max-Moerbeck et al. (2014) as explained in
Sec. 3.3. N simulated LCs are generated trough a range of spectral indices B, calculat-
ing the periodogram for each one. After this, the algorithm searches for the optimal
model parameters. Following the PSRESP method, the ngs in Eq. 3.5 is minimized,
through a fitting process of x2,. with different §, to find the most suitable intrinsic
(see Kiehlmann (2015) for the full description).

The used algorithm also considers the seasonal gaps and the minimum number
of points in the time-series. Both constraints can be decided by the user according to
the data. I decide to leave the minimum number of points as set by default, i.e., equal
to 10, and to select for each LC a gap slightly shorter than the shortest seasonal gap.
The set gaps are reported in Tab. 4.3. The algorithm, when converging to a result,
returns plots of the tested PSDs (bottom box of Fig. 3.2) and the fitting that brings to
the best spectral index (Fig. 4.2).

4.4 Periodicity searching

Considering the randomness in the occurrence of the radio flares, I do not expect
that such an effect in optical, if correlated, would have shown a periodic trend. How-
ever, a periodic pattern in the optical band suggests instabilities in the accretion disk,
which may lead to flare production. Unlike the variability analysis, the idea at the
basis of the periodicity analysis was indeed the search for possible causes that can
lead to the production of the radio flares, more than to the investigation of observa-
tional periodic traits produced by the flare episodes. Besides a visual inspection of
both the LCs in the time domain and the respective PSDs in the frequency domain,
for each LC I computed a detailed GLS periodogram analysis (Lomb, 1976; Scargle,
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Figure 4.2: Fitting of the X%b . calculated in the PSRESP method version of Kiehlmann (2015).
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1982) and a WWZ analysis (Foster, 1996a). For a periodicity searches would be bene-
ficial joining multiple LCs to get a longer LC. However, I did not combine ASAS-SN
and ZTF LCs because the characteristics of the respective observations (one above
all is the different central wavelength of the filters) are not the same.

441 Generalized Lomb-Scargle periodogram

The GLS periodograms have been calculated using the version implemented in the
pyAstronomy python package® (Czesla et al., 2019). I used the GLS instead of the
simpler LS periodogram, given the much better performance for astronomical LCs.
Moreover, I used a Hann function as a window function. The generated GLS peri-
odograms have a frequency range between v,,;, and vyy,, which changes according
to each LC. The frequency interval is uniformly sampled with steps of Av = 1/(T.
I decided to use a { = 10, enough for an adequate sampling. I derived the peri-
odogram for all the LCs that have been found variable in Sec. 4.3.1 and for which
the algorithm managed to measure the PSD slope. The latter is necessary for the
significance levels estimation, which will be described in Sec. 4.4.3, since in that case
the main step is the simulation of LCs with the same PSD as the observed LC.

4.4.2 weighted wavelet Z-transform

Unless the periodicity is very strong and lasts for a long enough time, the detection
of a strong peak in the periodogram generated for the whole LC is not straightfor-
ward. The capability of the WWZ in the analysis of sub-portions of the whole LC is
extremely useful in this case. For the WWZ calculation, I used the VARTOOLS Light
Curve Analysis Program (Hartman and Bakos, 2016), a command-line utility that

Shttps:/ / github.com/sczesla/PyAstronomy
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provides tools for processing and analyzing astronomical time series data. Several
parameters of the WWZ can be either set in advance or left free to vary. The one I
chose in the software is a frequency range between 0 and 2 cycles per day, a step of
1/T for the frequency sampling, and a step of 5 days for the LC duration. Compared
to the GLS periodogram, the additional constraints are necessary since the greatest
complexity of the WWZ transform. This is evident even looking at Fig. 3.5, where
the tree dimensions of the plot are related to the time, the frequency, and the power
of the WWZ. As for the GLS, I calculated the WWZ only for the variable LCs with a
measured, reliable PSD slope.

4.4.3 Significance levels estimation

I already pointed out that, as for AGN, also for NLS1s, the PSD red shape can de-
ceive the detection of unreal periodicities. Especially for long timescales, even a
quite strong peak related to the red noise can be confused with a periodicity. This
possibility is reduced by means of analysis techniques that avoid such confusion,
like the GLS periodogram and the WWZ, indeed. However, a dedicated analysis
could not be enough to distinguish between real and fake peaks. Simulated LCs
with preserved statistical and variational characteristics of the original AGN LC can
be the answer. I therefore simulated 20000 LCs for all the sources in the sample, esti-
mating the probability of chance occurrence of any feature present in the LCs. To do
so, as already cited, I used a Python algorithm also included in Kiehlmann (2015),
further divided into two main phases. As the first step, it produces simulated LCs
with the same PSD and PDF of each observed LC, exploiting the EMP method de-
scribed in Sec. 3.3. In this phase, the used PSDs are assumed to have a power-law
shape, with the slopes retrieved in the Sec. 4.3.2. The second step consists of calcu-
lating the 10, 20, and 3¢ significance levels for the GLS periodogram, following the
last part of Sec. 3.3, extensively described in O’Neill et al. (2022). As peq, necessary
for the calculation of the global ps;,,, a value equal to 0.05 (5%) has been used. It is
important to notice that even in the case where a peak has a power bigger than the
30 significance level, the reliability of this peak cannot be taken for granted. This
is because I am comparing simulated LCs with a real astronomical LC. In this case,
the p-value of the peak can be very important (see O’Neill et al. (2022) for a detailed
description). I did not calculate the significance levels for the WWZ since they re-
quire much longer computational time, and efficient dedicated algorithms are not
present yet in the literature. Therefore, I used the WWZ to investigate the time in-
formation of the periodicities detected by the GLS periodogram and to compare the
results obtained from the two methods.

4,5 Results

4.5.1 Radio-optical LCs comparison

Comparing the ASAS-SN and ZTF optical LCs with the radio LCs observed by MRO,
the powerful flares at 37 GHz do not seem to be correlated to the optical variability.
In all the optical LCs, indeed, there is neither a fast and strong increase of the flux
as seen in radio nor particular variability close in time to the radio flares, which can
suggest a multiwavelength correlation. Visually, the optical LCs have a constant
stochastic variability, and the only points with a completely different flux compared
to the mean value have been classified as outliers and so removed. As outliers, I
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Table 4.4: Variability test.

Source ASAS-SNV ASAS-SNg¢ ZIFg ZTFr ZTFi
M @ ® @ ) ®

J1029 - - 218,V 147,V -
J1228 0.56, n-V 0.63,V 0.67,V 066,V 0.53,n-V
J1232 0.63,V 0.73,V 12.76, V. 10.08,V  7.02,V
J1509 0.51,n-V 072,V 130,V 112,V 087,V
J1510 123,V 0.41,n-V 072, V. 074,V 077,V

J1522 0.48, n-V 0.55,n-V 078,V 071,V  0.60,V
J1641 0.54, n-V 0.64,V 081,V 084,V 082,V

Columns: (1) Source name; (2)-(6) variability index described in Eq. 4.1 for the LC cited in the head of
each column. n-V stands for non-Variable LC, while V stands for Variable LC.

Table 4.5: Fractional variability.

Source ASAS-SNV ASAS-SN¢  ZIFg ZTFr ZTFi

) @ e @ §) Q)
J1029 - - 0.90+0.02  0.70+0.02 -
J1228 1.21+0.10  1.39£0.05 0.1940.01 0.174+0.01 0.1640.02
J1232 1.53+£0.09  1.574+0.05 0.93£0.01 0.76£0.01 0.61£0.01
J1509 4.04+0.27  1.29+0.14 0.5840.02 0.36+0.01 0.26+0.01
J1510 2414020  1.13+£0.21 0.484+0.01 0.4440.01 0.43+0.01
J1522 0.454+0.07  0.65+0.02  0.51£0.01 0.524+0.01 0.5240.01
J1641 1.09£0.05  1.2840.04 0.46+0.01 0.42+0.01 0.39£0.01

Columns: (1) Source name; (2)-(6) fractional variability index described in Eq. 4.2 for the LC cited in
the head of each column. All the values are multiplied by a value x 102 only for readability purposes.

defined those isolated data points with unrealistic flux values. The radio and optical
LCs of the sample are visible in Fig. 4.5, 4.6, 4.1,4.7,4.8,4.9 and 4.10.

4.5.2 Variability

The results of the variability test, by means of the calculation of 1/# in Eq. 4.1, are
reported in Tab. 4.4. 6 out of 14 ASAS-SN LCs and 19 out of 20 ZTF LCs have passed
the test, and have been therefore classified as variable LCs. Moreover, in Tab. 4.5
I reported the fractional variability calculated following Eq. 4.2. This index is more
useful for a comparison between fractional variability parameters of different LCs re-
lated to the same source rather than to identify if an LC is variable. For the LCs iden-
tified as variable, I estimated the intrinsic PSD slopes, which are listed in Tab. 4.6.
The PSRESP method did not converge in all the cases, therefore, not for all the vari-
able LCs I managed to calculate a proper estimation of the PSD slope. The results are
between 0.74 for the minimum and 2.80 for the maximum, which are typical values
for AGN.

453 GLS and WWZ

A first visual inspection of the optical LCs did not show long-lasting periodicities.
Some LCs, as the J1232 g-filter ZTF LC in Fig 4.1, show a roughly sinusoidal trend,
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Table 4.6: PSD slope.

Source ASAS-SNV ASAS-SNg ZIFg ZIFr ZIFi
) ® ®) @ ) Q)

71029 - - 206 280 -
J1228 - 0.92 095 098 -
J1232 - 0.96 1.89 157 2.6
J1509 - - 125 101 -
J1510 - - - 1.08 -
J1522 - - 074 - -
J1641 - - - - 113

Columns: (1) Source name; (2)-(6) PSD slope for the LC cited in the head of each column.

even though a specific time-scale cannot be visually identified. For the sources with
the PSD slope available in Tab. 4.6 I calculated the GLS with the relative signifi-
cance levels and the WWZ. In three cases, J1029 g-filter and z-filter ZTF and J1232
i-filter ZTF LCs, the algorithm did not converge to reliable significance levels for the
GLS. Therefore, I decided to remove these LCs from the analysis since there were no
strong peaks visible, and the small peaks cannot be considered as reliable without
proper significance levels. In the end, I performed a periodicity analysis for eleven
LCs. The GLS and WWZ plots are reported in Fig. 4.3 and 4.4. In the GLS, one or
more peaks with a power >30 are present only for the J1228 g-filter ZTF and J1510
r-filter ZTF LCs. In the first case, the detected periodicity has a time-scale of ~7
days, which, looking at the WWZ, lasted for slightly more than 20 days. The p-value
related to this peak is very high, confirming that the peak is due to an artifact on
the LC, possibly caused by the aliasing, and not to a real periodic emission. For
the ZTF LC of J1510 in r-filter, there are two peaks in the GLS, one related to a ~29
days periodicity and one to a ~27 days periodicity. Due to the similar time-scales,
it is possible that both peaks are related to the same periodic trend. Considering the
WWZ of this LC, there are two periods in which the periodic patterns have been
detected. The first started at MJD58600 and lasted for ~80 days, and the second
started at MJD58950 and lasted for ~90 days. Contrary to the previous case, the
periodicities in J1510 have a low p-value, suggesting that they could be real periodic
emissions. Interesting, right after the first period, the source has been detected in a
flaring state by MRO (M]JD58691). Unfortunately I could not investigate if this peri-
odicity is visible also for the other filters since in those cases the PSD slope estimation
failed, preventing the LCs simulations and then the periodicity analysis.

4.6 Discussion and conclusions

In this work, I performed a variability and a periodicity analysis of a sample of
seven NLS1s, using publicly available optical LCs acquired by the ASAS-SN and
ZTF surveys. The main goal was to identify if any possible pattern on the optical LC
would be related to the radio flares detected at 37 GHz by MRO. According to what
I found, there are no strong and unusual patterns on the optical LC, which might
suggest a connection between the optical emission and the origin of the radio flares.

Low cadence in the optical observations could be one of the reasons why the
radio flares have not been detected in the optical band. Assuming that all the radio
flares have the same origin, and that they are visible at all wavelengths, I would
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expect a constant, positive or negative, time delay between the radio and the optical
flux increasing. Since in the time covered by the optical LCs, several flares have
been detected by MRO, it is quite improbable that absolutely no features of these
flares have been seen in optical. Especially considering that, at least in a few cases,
there are quasi-simultaneous radio-optical observations, at most a few days apart,
as well as well-sampled optical LCs before and after the radio flares. Jarveld et al.
(2024) stated that the detected radio flares had a duration of at least several hours.
Under these conditions, if the episodes in the two frequencies had been correlated,
the probability of detection of a flare in the optical LCs would have been quite high.
However, as I will show in the next chapters, new radio observations are challenging
this conclusion, showing much shorter flare time-scales. Assuming a correlation
between the radio and the optical band, a flare duration even less than an hour
makes the observation of the event in optical very hard, given the observational
cadence of ASAS-SN and ZTF surveys. Therefore, although with a lower probability,
an optical-radio correlation cannot be totally excluded.

The aim of the 1/# index is the calculation of the p-value, which uses simulated
Gaussian noise LCs drawn relying on the uncertainties of the points in the real time-
series. For this reason, in the literature, not great attention is given to the value of
the variability index itself, as well as to its error estimation. A different derivation
is used for the fractional variability index that includes the errors of the time-series
points in Eq. 4.2, and for which the related uncertainty is provided as in Eq. 4.3.
Because of the different derivation approach, a direct comparison between the val-
ues of the variability indexes is not very useful. In a similar manner, the absolute
value of each index can be misleading. Indeed, it does not claim how variable an
LC is in an absolute way, since it is strongly related to the general quality of the LC,
such as sampling cadence, uncertainties, and so on. It is clear, even considering the
analysis carried out here. Indeed, the ASAS-SN LCs used have a poorer density of
points and larger uncertainties compared to the ZTF LCs. The results, for instance,
for J1522 were that the two ASAS-SN LCs have been classified as non-variable, while
the three ZTF LCs have been classified as variable. For this reason, the comparison
with a p-value as described is the proper way in which a variability index must be
used.

Beckmann and Shrader (2012) pointed out that, as in radio-quiet AGN, the con-
tinuum variability is color-dependent, namely, the blue bands have higher variabil-
ity amplitude than red bands. This follows the hypothesis that the optical continuum
emission is predominantly thermal emission from the accretion disk and that longer
wavelength emission originates from larger radii where the disk is cooler, as repre-
sented in Fig. 1.2. Even if not all the sources are consistent with this scenario, the
data analyzed in this work seem to be. Looking at the variability indexes in Tab. 4.4
and 4.5, for almost all the sources the resulting index is higher in the bluer band com-
pared to the redder one, suggesting a higher amplitude of the variability at shorter
wavelengths. It is important to notice that the comparison of the variability index, as
I discussed before, can be misleading because it is strongly dependent on the qual-
ity of the LC. The only possible comparison can be done between the different filter
LCs obtained for a source with the same telescope, since the observations with the
available filters are performed simultaneously, which in this case supports the idea
of color-dependent variability. Nevertheless, the direct comparison of the variability
indexes must be used only as an indicator.

It is interesting that MRO detected a flare in J1510 close to the period when the
optical emission in the r-band showed a periodic pattern. Even though a connection
might be present, the probability is very low. The optical periodicity has a time-scale
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~28 days, while from the most recent radio data, the flares at 37 GHz have a time-
scale of a few hours. This suggests that the emitting regions in the two frequencies
are different, as well as the emission mechanism generating the amplitude variabil-
ity. Moreover, this is the only case where a radio flare episode almost coincides with
a detected optical periodicity in all the data I analyzed. The physical interpreta-
tion of the optical periodicity is not easy to address. The short duration of the two
periodic patterns compared to the total LC duration obviously suggests a transient
phenomenon. A TDE can safely be excluded, since this should have been visible
also in other bands, and it usually shows a decrease in the time-scale with time, not
present in this case. A likely interpretation is that the short-term periodicities are
due to accretion instabilities in the disk, which occur in a specific layer and there-
fore are visible only in a limited wavelength range (Hameury, Viallet, and Lasota,
2009; Burke et al., 2021; Neustadt and Kochanek, 2022). Accretion instabilities might
propagate into the relativistic jets, triggering flux variations of the jet emission. In
this specific case, however, the viable hypotheses presented in Jarvela et al. (2024) to
explain the radio flares” nature do not require any accretion instability. Considering
what I discussed so far, even if it cannot be totally excluded, I can conclude that the
radio flare and the optical periodicity are not related to each other.

Several authors found that the amplitude of the optical variability increases to-
ward shorter wavelengths (Hawkins, 2002; Wilhite et al., 2008; Sun et al., 2014).
Moreover, Wilhite et al. (2008) confirmed the presence of an anti-correlation between
luminosity and optical variability, and a correlation between optical variability and
black hole mass (Wold, Brotherton, and Shang, 2007; Sun et al., 2018). They tested it
by means of the structure function defined in di Clemente et al. (1996). This function
measures the variability amplitude as a function of the time-scale At. For strongly
variable AGN, the structure function shows an increasing trend toward larger At
(Wilhite et al., 2008). I calculated the structure function for all the LCs of the sam-
ple, possibly testing the correlations described before, using 200 days in the source
rest-frame as the duration for each time bin. The results were totally variable, with
a slope for the structure function from negative to positive without any rule. This
is probably due to the small variability and the uneven distribution nature of the
analyzed LCs (Kozlowski, 2017). Therefore, I did not manage to test the cited corre-
lations with the physical parameters of the sample in the proper way.

The analyzed LCs have very uneven distributions, with some epochs with large
gaps, usually due to the seasonal gaps, and others very crowded with observations.
In general, for each filter, the available data had a duration of a couple of years.
Even though it could be enough to reach the main goal of this work, namely the
investigation of a possible correlation between radio flares and optical variabilities,
longer-lasting LCs are necessary for a detailed analysis of the periodicities. For this
reason, more sophisticated studies are necessary to spot even possible, relatively
strong periodicities with longer time-scales. However it is important to notice that,
given the possible very short time-scale of these events, a variability and correlation
analysis like the one reported here would benefit most from a shorter cadence for
the optical observations than from a longer LCs” duration. A monitoring using as
many filters as possible, for at least a few months, and with a cadence of <1 hour
during the night would be the best conditions for a deep and complete study. Ro-
mano et al. (2023) detected an X-ray brightening soon after an MRO detection, which
suggests a possible connection between radio and X-ray frequencies. For instance an
inverse Compton catastrophe event, coupled with the magnetic reconnection, pro-
duce a brightening at high-energies. Therefore, an interesting follow-up would be to
apply the analysis I did in this work also at higher frequencies, e.g., X-ray, possibly
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exploiting simultaneous observations.
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Chapter 5

An optical perspective on
early-stage AGN with extreme
radio flares

Foreword: In the last decade of AGN monitoring programs, the MRO detected mul-
tiple times seven powerful flaring NLS1 galaxies at 37 GHz. Several hypotheses
have been proposed, but the understanding of this unique phenomenon is still far.
To look at the case from a different point of view, I performed an emission line anal-
ysis of the optical spectra, with the aim of identifying similarities among the sources,
that can be, in turn, possibly tied to the radio behavior. The data used were obtained
with the Gran Telescopio Canarias. The results I obtained show that six out of seven
sources have typical properties for the NLS1 class, and one of them is an interme-
diate Seyfert galaxy. I found on average black hole masses above the median value
for the class (> 107 M), and a strong Fe Il emission, which could be a proxy for an
intense ongoing accretion activity. Although interesting, the characteristics I found
are not unusual for these kinds of AGN: the optical spectra of the sources do not
relate to their unique radio properties. Therefore, further multi-wavelength studies
will be necessary to narrow the field of hypotheses for this peculiar phenomenon.

Based on: Crepaldi et al., 2025

5.1 Introduction

Since the first identification of NLS1s in 1985 using their peculiar emission lines,
the optical spectrum analysis is probably the most frequently used approach to in-
vestigate the physical properties of this class. As described in Sec. 2, two typical
properties are the low black hole mass and the high Eddington ratio, which can be
estimated using data from observations in the optical band. Especially the former is
often debated, since the identification of NLS1s as jetted sources.

In this Chapter is described a study focused on the optical spectra of the seven
flaring NLS1s described in Sec. 2.3, comparing each other and understanding if and
how they differ from the spectra of the general NLS1s population. Moreover, I cal-
culated in several ways some of the most important physical parameters for NLS1s
such as the BLR radius, the black hole mass, the Eddington ratio, and the emis-
sion lines properties. This Chapter is organized as follows. In Sec. 5.2 I introduce
the sample, in Sec. 5.3 I outline the observations performed and the data reduction
techniques, in Sec. 5.4 I describe the emission lines analysis and how the physical
parameters were calculated, in Sec. 5.5 I present the results, in Sec. 5.6 I discuss these
results, and finally in Sec. 5.7 I provide a summary and the conclusions of this study.
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Throughout this work, I adopt a standard ACDM cosmology, with a Hubble con-
stant Hy = 70 km s~! Mpc~1, and Q5 = 0.73 (Komatsu et al., 2011).

5.2 Sample

As described before, the sample is composed of seven NLS1s detected in a flaring
state at 37 GHz by the MRO (Tab. 5.1). The sources span a redshift range from 0.0769
to 0.4511. The & parameter, has been calculated using the integrated radio fluxes at
5.2 GHz reported in Berton et al. (2020a), and the optical fluxes in the B band. The
latter are measured from the optical spectra used in this work, using the Johnson-B
filter response curve which is centered at Ag=4500A with a width of AA=1050A. All
the sources are radio-quiet (Tab. 5.1), even though as I already described they present
strong flares which could suggest the presence of relativistic jets. Six sources are
hosted in disk-like host galaxies, identified trough a photometric decomposition of
their near-infrared images (Jarveld, Lihteenmaki, and Berton, 2018; Olguin-Iglesias,
Kotilainen, and Chavushyan, 2020; Varglund et al., 2022), and in one case the host
galaxy morphology is unknown. For a complete overview on the most recent radio
properties of the sample, see Jarveld et al. (2024).

5.3 Observations and data reduction

The observations were performed with the long-slit spectrometer Optical System for
Imaging and low-Intermediate-Resolution Integrated Spectroscopy (OSIRIS) mounted
on the Gran Telescopio Canarias (GTC) as part of the programme GTC26-22B (P.IL E.
Jarveld). The observations were performed using a 0.6 arcsec wide slit, and two
different grisms, R1000B and R1000R, to widen the spectral range from 3630A to
10’000A. The two grisms have a spectral resolution of 1018 and 1122, respectively,
and are thus sufficient to sample the main emission lines in the spectra properly. For
all the observations, I carried out the standard data reduction using the software Im-
age Reduction and Analysis Facility (IRAF), applying bias and flat-field corrections,
and wavelength and flux calibrations. For each source I combined all the single
spectra, to maximize the signal-to-noise ratio (5/N), and the final spectra of the two
grisms, to obtain the final extended spectrum. However, I was not able to com-
bine the spectra from the two grisms for all sources as in some cases one of the two
spectra was too noisy or with bad features, decreasing the quality of the combined
spectrum. In those cases, I decided to keep only the best spectrum for the analysis,
acquired with either R1000B or R1000R grism.

I corrected the spectra for galactic absorption using the Cardelli, Clayton and
Mathis extinction law with R, = 3.1 (Cardelli, Clayton, and Mathis, 1989), which
relies on the total extinction parameter, A(V). Such parameter is proportional to the
column density of neutral hydrogen atoms, Ny, by a factor 5.3 x 10722, I derived
Ny by means of H I profiles templates’ (Kalberla et al., 2005). The total extinction
parameters are shown in Tab. 5.2.

I tried to apply the host galaxy subtraction by using a technique based on the
principal component analysis (La Mura et al., 2007; Chen et al., 2018). However, the
shape of the continuum is affected by the combination of the two grisms, and by
the contamination of the second spectral order in the R1000R grism. This prevented
from obtaining reliable models of the host spectra. Furthermore, the spectral range

1ht’rps: / /www.astro.uni-bonn.de/hisurvey/AllSky_profiles/index.php
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Table 5.1: Properties of the sample.

SDSS name Alias RA Dec z Sample % Host

) @ ®3) 4 (5) (6) ?) ®)
J102906.69+555625.2  J1029 1029 06.69 +555625.25  0.4511 D-env - -
J122844.81+501751.2  J1228 122844.82 +501751.24 0.2627 D-env 24 D®)
J123220.11+495721.8  J1232  123220.12 +495721.82 02625 D-env 0.1 DE®)
J150916.18+613716.7  J1509 1509 16.17 +613716.80 0.2012 SED - D)
J151020.06+554722.0  J1510 151020.05 +554722.11 0.1497 SED 0.5 DbV
J152205.41+393441.3  J1522 15220550 +393440.45 0.0769 SED 1.7 D,b,PB(l),merger
J164100.10+345452.7 J1641 164100.10 +345452.67 0.1640 SED 8.0 D@

Columns: (1) SDSS source name; (2) short name; (3) right ascension [hh mm ss.s] (J2000); (4) declina-
tion [dd mm ss.s] (J2000); (5) spectroscopic redshift from the analyzed spectra; (6) sample of origin of
the source. D-env: very dense Mpc-scale environment sample, SED: SED sample; (7) radio loudness
parameter (Kellermann et al., 1989). The optical fluxes are measured from the spectra in this work,
while the radio fluxes are taken from Berton et al. (2020a); (8) host galaxy morphology, composed by:
D=disk, b=bar, PB=pseudo-bulge ((1>]érvelé, Lihteenmiki, and Berton, 2018, (2)Olguin—lglesias, Koti-
lainen, and Chavushyan, 2020, and (3)Varglund etal., 2022).

covered by only one of the two grisms is also insufficient to perform accurate host
modeling. Therefore, I decided to proceed without subtracting the host galaxy. It
is worth noting that, in fact, the host contribution is relatively small in sources with
z>0.1 (Letawe et al., 2007), and the analysis I carried out mostly focuses on emission
lines, which are only marginally affected by the host contribution.

For the iron subtraction, I used the templates available on the Serbian Virtual Ob-
selrvatory2 (Kovacevi¢, Popovi¢, and Dimitrijevi¢, 2010; Shapovalova et al., 2012a).
It produces a dedicated iron template with several Fe II lines between 4000A and
5500A, according to the source’s spectral features. By means of this template, I com-
puted the parameter R4570=F(Fe 1IA4570)/F(Hp) which is shown in Tab. 5.2.

5.4 Spectral analysis

5.4.1 Line profiles

To extract the information from the spectra, I fitted the line profiles of the main emis-
sion lines with several models, using my own Python3 code. The S/N of the spectra
measured at 5100A spans between 12 and 65 (Tab. 5.2). I analyzed the most promi-
nent emission lines, such as HB, [O III]JAA4959,5007, Ha+[N II]JAA6548,6583 and,
when visible, the [S IIJAA6716,6731. I measured the spectroscopic redshift using all
the forbidden lines present in the spectra, and I double-checked the results with the
permitted lines. Even though low-ionization lines are usually less perturbed than
high-ionization lines (Komossa et al., 2008), and thus more suitable for redshift mea-
surements, the redshifts I obtained are comparable to those already reported in the
literature.

The first lines I modeled were the [O IIIJAA4959,5007. Usually in NLS1s the [O I1I]
lines show two main components. A core component, produced by the NLR gas
which is at the same redshift as the host galaxy, and a wing component, associated
with outflowing gas, on the blue side of the line core. Since the outflowing gas clouds
can have different velocities, multiple components can be necessary to properly fit

2ht’cp:/ /servo.aob.rs/Fell _AGN/
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Monte Carlo Fit
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Figure 5.1: [O III]JA14959,5007 emission lines of J1641. The light gray shadows represent the
ranges where the x? is assessed.

their emission profile. Therefore, I fitted each [O III] with two or three Gaussians,
one for the core component and one or two for the wing component. To reduce the
number of free parameters, I tied certain parameters of the [O III]A4959 with those
of the [O IIIJA5007. In particular, I constrained the central position to the rest frame
wavelength and the FWHM, corrected for instrumental resolution, of all the compo-
nents. Moreover, the flux ratio between the components of the two lines was fixed to
the theoretical value of 1/3 (Dimitrijevi¢ et al., 2007). Due to the spectra being quite
noisy, a goodness-of-fit test, such as the x2, needs particular attention to deliver re-
liable results, especially when multiple emission lines are fit simultaneously. For
[O III] lines I set an interval around the rest frame position of the two lines, in which
I computed the x?, avoiding the non-fitted region between the two lines that would
inevitably increase the x? value. Such intervals have been calculated as a multiple
of the FWHM of the two [O III] lines, around the central wavelengths of both lines
(Fig. 5.1). Since the outflow emission, when present, is on the blue side of the lines,
the bluer side of the interval is often larger compared to the redder side (see Tab. 5.2).
Finally, exploiting the [O III[JA5007 flux, I measured R5007=F([O IIIJA5007)/F(Hp)
(Tab. 5.2).

To fit HB I tried several models for its line profile, with combinations of Gaus-
sian and Lorentzian functions. Overall the best ones turned out to be the two Gaus-
sians model (2G model), the three Gaussians model (3G model) and the Lorentzian +
Gaussian model (LG model). One of the Gaussians in the 2G and 3G models and the
only Gaussian in the LG model represent the narrow component of the HB. I con-
strained their central position to the Hp rest frame wavelength and their FWHM,
corrected for instrumental resolution, with the FWHM of the [O III]A5007 core com-
ponent, leaving the amplitude free to vary. I tied the FWHMSs since the narrow
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component of the Balmer lines is supposed to come from the same region, i.e. NLR,
and thus with the same velocity dispersion, as the core component of the forbidden
lines. Besides the narrow component, the Gaussians left, one in the 2G model and
two in the 3G model, represent the broad emission of HB. In the 3G model, I had
to adopt two Gaussians instead of one, due to the impossibility of properly fitting
the wings of the line profile with only one function. For these, the resulting FWHM
is the mean value of the FWHMs of the two Gaussians. In the LG model instead,
the broad emission is represented by a Lorentzian function, which is often a good
representation of the BLR in NLS1s (Cracco et al., 2016). For the fitting functions of
the broad component of Hp, I calculated the second-order moment, defined as

2 JAFup,(M)dA [ [ AFyg, (A)dA 2
"o J Frp, (A)dA [ Frp, (A)dA

This parameter has been calculated for models built using only Gaussian func-
tions, since for a Lorentzian function it is, by definition, equal to infinite.

When visible I also modeled the [S II]JAA6716,6731. 1 fitted each [S II] profile with
a Gaussian function. To reduce the number of free parameters, I constrained the
FWHM and the shift, with respect to the rest frame position, of the Gaussian for
[S ITI]A6716 with those retrieved with the Gaussian for [S IIJA6731, leaving the flux
free to vary.

Finally, I fitted the complex line profile of Ha+[N IIJAA6548,6583, which, as stated
before, are blended together. For the Ha line profile, I applied the same model
that was used for HB (2G, 3G or LG model), with the same FWHM, corrected for
instrumental resolution, and the respective shifts for all the components. For the
[N II]JAA6548,6583 I adopted a 2G model, in which I constrained the position to the
rest frame wavelength, and the FWHM using [S II] or [O III] width. This is par-
ticularly important since the [N II] are completely blended with Ha, and therefore
impossible to model without any priors. I preferred [S II] over [O III], when possi-
ble, as a reference for [N II], because they are always observed with the same grism,
and they are both low-ionization lines. I also fixed the flux ratio of the two Gaus-
sians to the value 1/3.049 (Doj¢inovi¢, Kovacevi¢-Dojcinovi¢, and Popovié, 2023).
To investigate the internal extinction, I exploited the Balmer decrement calculating
the R ratio, defined as the ratio between the Hx and HB narrow component fluxes.
Following Cardelli, Clayton, and Mathis (1989), and assuming a theoretical ratio of
2.86, the internal extinction can be expressed as

(5.1)

A(V) = 7215log (R> . (5.2)

2.86
Once the best-fit model has been selected for all the lines, based on the x? and
on a visual inspection, I performed a Monte Carlo method, repeating the fit one
thousand times. For each iteration, I added a Gaussian noise to the line profile,
proportional to the standard deviation of the signal in the continuum between 5050A
and 5150A. Using a high number of iterations, for each parameter I measured the
mean value X and the standard error erry (Ahn and Fessler, 2003) defined as

- 1 Y o2
X ferry = Nini WN (5.3)
i=1

where N is the number of Monte Carlo iterations, X; the i-th value of the parameter,
and ¢ the variance of the parameter expressed as
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Y (X —X)? '

1=

N (5.4)

o2 =

5.4.2 BLR radius estimation

It is possible to reasonably assume that the BLR is in a photoionization equilibrium
state. The photoionization degree depends on the intensity of the photoionizing
radiation, which is proportional to the intensity of all the radiation produced, for
AGN, by the accretion flow. Likewise, for the equilibrium assumption, this translates
into the intensity of the emission lines produced in the BLR. Furthermore, there is an
empirical relation which binds the BLR radius with the luminosity of the accretion
disk, such as the 5100A continuum, or with the luminosity of emission lines that
come from the BLR, such as HB. Exploiting Hp emission, Greene et al. (2010) derived
a relation for the BLR radius, expressed as

R L(H
log ( 1?‘) = (1.85 +0.05) + (0.53 £ 0.04) log (1043(631‘5)51) , (5.5
where L(HP) is the integrated luminosity of the line profile, and the BLR radius is
expressed in light days. A similar relation has been found by Bentz et al. (2013)
using the continuum emission at 5100A. As mentioned before, the continuum has a
small contribution coming from the host galaxy, but I expect it to be inside the flux
calibration error and therefore negligible. Bentz et al. (2013) derived the coefficients
of such relation, relying on reverberation mapping data, which is expressed as

log <1§B£R> = (1.53 4 0.03) + (0.53 + 0.03) log (W) ,  (56)

with the BLR radius expressed in light days. Recently, an implementation of Eq. 5.6,
for AGN with high Eddington ratios, such as NLS1s, has been derived (Du and
Wang, 2019; Paliya et al., 2024). Indeed, Du and Wang (2019) found that the Ryg-
L5100 relationship (Kaspi et al., 2000; Bentz et al., 2009; Bentz et al., 2013) diverges
from the more precise results obtained through the most recent reverberation map-
ping data. By means of the sample analyzed, they found a strong dependence on
Fe IIA4570 emission, modifying Eq. 5.6 as

AL, (5100A)
10% erg s—!

log <RBLR> — (1.6540.06) + (0.45+0.03) log (

1.d ) —(0.3540.08) R4570,

(5.7)
where R4570 is the ratio described in Sec. 5.3. Therefore I calculated the BLR ra-
dius through Eq. 5.7 whenever the R4570 was available. Only for one source the
Fe IIA4570 emission was not measurable. In this case I calculated the BLR radius us-
ing Eq. 5.5 and 5.6. For all the formulas described I performed an error propagation
for the uncertainties estimation. It is important to remember that, even though all
the cited equations for the BLR radius calculation were derived using sources with
similar characteristics like the one analyzed here, they used real data. Therefore,
they are never free from biases.
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5.4.3 Black hole mass

Assuming virialized gas orbiting the black hole, as described in Sec. 2.1.1, the virial
theorem (Eq. 2.1) can be used to express the black hole mass. In Eq. 2.1, the two
main unknowns are the BLR radius and the velocity. These quantities can be de-
rived in many different ways. In the case of the BLR radius, I already described
in the previous section the three types of relations that can be used starting from
different observables, namely HB luminosity (Eq. 5.5), 5100A continuum luminosity
(Eq. 5.6), and 5100A continuum luminosity and R4570 (Eq. 5.7). Two independent
parameters can also be used as a proxy for the rotational velocity v. The first is the
FWHM of the HpB broad component. I derived it using the functions in the line fit-
ting process, which modeled only the broad emission of HB. In particular, the cited
functions were a Gaussian for the 2G model, two Gaussians for the 3G model, and
a Lorentzian for the LG model. Alternatively, I adopted the second-order moment
(Eq. 5.1) as a proxy for v. As mentioned before, I did not calculate such a parameter
for the LG model, as it is equal to infinite for the Lorentzian function. Several studies
emphasized how the second-order moment is more reliable than the FWHM(HS;)
as a proxy for the rotational velocity, being less affected by inclination effects and the
BLR geometry (Peterson et al., 2004; Peterson, 2011; Peterson and Dalla Bonta, 2018).
Nevertheless, I decided to use both methods, reducing the probability of systematics
and biases that each single assumption can have.

The parameter v represents the rotational velocity of the gas in the BLR, while
the FWHM(H},) is instead an observable of the velocity dispersion. Such difference
is included in Eq. 2.1 by the f factor. The black hole mass formula defined before
is a theoretical relation for a completely virialized gas in a perfect Keplerian mo-
tion, a case that basically never occurs in AGN. The main sources of uncertainty are
the BLR geometry and its inclination. It is clear that the measurable velocities for a
flat BLR, seen face-on or edge-on, are different. In the former, as already described,
the rotational velocity can even be close to zero, leading to an underestimation of the
black hole mass (Decarli et al., 2008). However, although not negligible, in NLS1s the
inclination effect might be not so significant (Vietri et al., 2018; Berton et al., 2020b),
since a significant vertical structure in the BLR can be present (Kollatschny and Zetzl,
2011; Kollatschny and Zetzl, 2013b). On the other hand, a spherical BLR geometry
is even harder to handle with just a relatively simple formula. The f factor accounts
for the differences between the theoretical formula and the actual black hole mass,
by correcting the rotational velocity observables. The most recent knowledge shows
that a Keplerian motion of the BLR clouds is present (Peterson and Wandel, 1999;
GRAVITY Collaboration et al., 2018), with possibly additional components such as
turbulent vertical motions originating in a disk wind (Gaskell, 2009; Kollatschny
and Zetzl, 2013b). Moreover, it has been found that f is inversely proportional to the
FWHM(HP) (Shen and Ho, 2014). Mandal et al. (2021) estimated a typical range for
the f factor between 0.8 and 5, mostly derived from a comparison with reverbera-
tion mapping observations. For this study, I decided to use the f factors estimated
by Collin et al. (2006), frequently used for NLS1s studies, which are f,=3.93 and
frwam=2.12, for the rotational velocity obtained by the second-order moment and
the FWHM(H},;), respectively.

Summarizing, when the Hp profile was modeled by either the 2G or the 3G
model, I got two different black hole mass estimates, using Eq. 5.7 for the BLR ra-
dius, and considering the ways in which I calculated the v parameter. When I ap-
plied the LG model instead, I got the two black hole mass estimates using only the
FWHM(Hp,) as a proxy for the rotational velocity, and Eq. 5.5 and 5.6 for the BLR
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radius. In all cases to retrieve the associated error for each black hole mass, I applied
a standard error propagation.

5.4.4 Eddington ratio
For AGN, the Eddington ratio is defined as

Lpol Lpol

€T Lo 13 x 10%Mpy/ M, ©8)
Objects with high €, even higher than 1, usually show strong Fe II multiplets and
narrow Hp, while low Eddington objects show broader Hp and a weak Fe II emis-
sion. At this point it is clear that NLS1s usually show Eddington between 0.1 and
1 (Boroson and Green, 1992; Williams, Pogge, and Mathur, 2002; Williams, Mathur,
and Pogge, 2004; Grupe et al., 2010; Xu et al., 2012), but sometimes even super-
Eddington accretion(Chen et al., 2018; Tortosa et al., 2022). The bolometric luminos-
ity can be derived by exploiting simple relations with observables, such as the 5100A
continuum luminosity formula (Netzer, 2019) expressed as

Liol = kpor X AL, (5100A) , (5.9)

where ky,; is the bolometric correction factor defined as
ALy (51004)]
X )] (5.10)

kpor =40 | —5———
bol [ 1042 erg s~ 1

The main uncertainty of k;,; comes from the inclination of the AGN accretion disk
with respect to the line of sight. Netzer (2019) estimated that for type-1 AGN the
bolometric correction factor decreases by a factor of ~ 1.4 on average, and by a factor
of ~ 2.5 for face-on accretion disks. Since the inclination of the analyzed sources is
unknown, and consequently to account for all the possible inclinations, I decided

to take % as bolometric correction factor, and Ak, = kg“l — % as its uncertainty.
In general, Eq. 5.9 and 5.10 are particularly affected by the jet presence and can be
partially affected by the host galaxy contribution, since both these components can
contribute to the continuum luminosity. However, in my case, the presence of the jet
is still debated, and the host component is only marginal, therefore I decided to keep
such relation to estimate €. Alternatively, I also used an approach less affected by
non-nuclear contributions. I retrieved the 5100A continuum luminosity for Eq. 5.9
and 5.10 using the L;\(510OA)-L(Hﬁb) relation (Ili¢ et al., 2017; Dalla Bonta et al.,

2020) defined as

log(AL, (5100A)) = (43.396 + 0.018) 4 (1.003 & 0.022) x [log(L(HBy)) — 41.746] .

(5.11)
This approach allowed me to indirectly calculate the continuum luminosity, and con-
sequently the bolometric luminosity, exploiting the Hp properties. Its flux is directly
proportional to the ionizing continuum of the AGN, which is free from jet and host
contamination. For the Eddington ratio calculation I averaged the black hole mass
of each source. Also in this case I applied a proper error propagation for the error
calculation through all the described steps.
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Table 5.2: Observational parameters derived from the optical spectra.

Source  S/N [0 A%, FWHM(HB)  FWHM(HB,) o F(HB)  F(HBy)  Feomt  Fspss  R4570  A(V)
) 2 3 @) 5) (6) ™ (8 ©) (10) (11) (12)
J1029 12 2/+1 2132 2320 2856 1.39 1.38 2.74 4.85 1.34 -
J1228 65 3/+2 971 1360 1807 1.97 1.88 13.96  14.66 2.81 3.590
J1232 33 2/+1 1518 1700 1631 8.14 8.01 17.67 1595 1.58 1.826
71509 26 2/+1 1744 1861 2193 2.20 218 5.77 8.19 1.06  3.067
J1510 14 -3/+2 1031 1193 2307 1.99 1.87 8.09 1297 237 3764
J1522 42 2/+1 886 1181 - 1.34 1.13 1748  33.87 - 3.285
J1641 25 -1/+1 1140 4050 1767 090 0.79 1048  21.23 2.58 -

Columns: (1) Source name; (2) S/N measured in the 5100A continuum; (3) values multiplied to the
FWHM s of [O TIT]AA4959,5007 for the x? calculation; (4) FWHM of the HB profile [km s~1]; (5) FWHM
of the HB broad component [km s~ |; (6) square root of the second-order moment as in Eq. 5.1 [km
s711; @) HpB flux [x10~15 erg s~ em—2]; (8) Hp broad flux [x10~15 erg s~ em™2]; (9) flux density at
5100A [x10~17 erg s~! em~2 A~1]; (10) flux density at 5100A on SDSS spectra [x10~17 erg s~ cm 2
A~1]; (11) flux ratio between Fe I1A4570 multiplets and Hp; (12) internal extinction as in Eq. 5.2.

5.5 Results

5.5.1 SDSS J102906.69+555625.2

J1029, with a redshift of 0.4511, is the farthest source of the sample. Due to its dis-
tance, the Ha and [S II] region is inside the portion of the spectrum contaminated
by the sky emission. Therefore, in this case, I only managed to analyze Hp and
[O IIIJAA4959,5007 emission lines. Moreover, due to a bad feature on the bluer part
of the spectrum, probably of instrumental origin, I kept only the R1000R grism spec-
trum. The fitting models I adopted were the 3G model for HB and the four Gaus-
sians model for the [O III]JAA4959,5007 since these last do not show any asymmetric
shape. This source, with values of 2132 km s~1 and 2856 km s~ !, has the highest
FWHM(Hp) and ¢ respectively. Its FWHM(Hp,) is 2320 km s~ , which means that it
is not formally an NLS1 but it still shares all the properties of Population A sources.
In turn, averaging the results in Table 5.3, it has the highest black hole mass in the
sample, equal to (6.63+1.88) x10” M. Such characteristics, coupled with a moder-
ate Eddington ratio of 0.07 on average (Table 5.3), could be traits of an NLS1 in an
evolved stage, possibly transitioning into a classical broad-line AGN.

5.5.2 SDSS J122844.81+501751.2

Also in this case I kept only the R1000R grism spectrum, since the R1000B grism
spectrum had a much worst S/N, making difficult, among all, the modeling of the
continuum. For the emission lines the applied fitting models were the 3G model,
for HB and Ha, and the six Gaussians model, for the [O III]AA4959,5007. Thanks to
an S/N of 65, the highest of the sample, the asymmetric profiles on the two [O III]
emission lines are well visible (Fig. 5.2). Therefore, six Gaussian functions were nec-
essary to properly fit such profiles. In NLS1s, classified as high-accretion sources,
the [O III] blue wing is associated with powerful outflows that can be generated
by the radiation pressure coming from the accretion disk or a jet (Proga, Stone, and
Kallman, 2000; Greene and Ho, 2005). The wing components, usually broader than
the core component, are likely produced in the innermost part of the NLR (Berton
et al., 2016b). In my case, the two Gaussians used to model the wing components
are shifted of —163 and —371 km s~! toward the blue side. The average mass of the
black hole is (9.21+4.96) x10° M, and the calculated Eddington ratios are 0.94+0.19
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Figure 5.2: [O III]JAA4959,5007 line profiles of J1228.

and 0.11£0.02. In agreement with these values (see Sec. 5.6.3 for the discussion) the
R4570 is the highest in the sample (2.81), suggesting strong Fe Il multiplets emission.

5.5.3 SDSS J123220.11+495721.8

The emission line parameters for J1232 have been derived using the 3G fitting model
for the HB and Hua lines, and the six Gaussians model for the [O IIIJAA4959,5007.
Along the whole spectrum, the permitted lines are much stronger than the forbidden
lines (Fig. 5.3). Moreover, the [O IIIJAA4959,5007 profile shows core components
fainter compared to the wing components (Fig. 5.4). The two Gaussians used to
model the blue side of the [O III] lines are shifted about —411 km s~! and —596
kms 1. According to these, I can classify this source as a blue outlier (Marziani
et al., 2003; Komossa et al., 2008; Berton et al., 2016b; Schmidt et al., 2018), following
the criterion adopted by Zamanov et al. (2002) ([O III] wing component with a shift
<—250 km s~1). The origin of blue outliers could be due to a jet interacting with the
NLR, as they correlate with the radio emission (Berton et al., 2021), but also due to
winds produced by strong radiation pressure-driven outflows in a high-Eddington
source (Komossa et al., 2008; Marziani et al., 2016). The latter is likely the case here
since this is the source with the second highest Eddington ratio I found (~0.27).
Also in this case the R4570=1.58 suggests strong Fe Il multiplets emission, especially
considering the high flux of the HB (8.14x 10715 erg s lem™2), placing J1232 in the A4
population region of the quasar main sequence (Sulentic and Marziani, 2015). The
mean black hole mass of (2.73+0.88) x10” M, is well inside the range for NLSIs.
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Figure 5.3: Ha+[N II]JAA6548,6583 lines profile of J1232. The cyan dashed line represents the
[N II] line profiles, which are much fainter than the Hx emission.
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Figure 5.4: [O III]JAA4959,5007 line profiles of J1232, which show wing components stronger
than the core components.



80 Chapter 5. An optical perspective on early-stage AGN with extreme radio flares

5.54 SDSS J150916.18+613716.7

For this source I used the 3G model for the fitting of the HB and Ha lines, and the
six Gaussians model for the fitting of the [O IIIJAA4959,5007 lines. Even thought the
six Gaussians model was necessary to fit the [O III] lines, they did not show strong
asymmetric wings. The Hp line has a FWHM of 1744 km s~! , inside the range
for NLS1s. The mean black hole mass I obtained is (3.0240.73) x10” M., and the
Eddington ratio is around 0.06. The R4570 of 1.06 and the Hp flux of 2.20 x10~1°
erg s~ ! cm 2, lowest and second highest values in the sample respectively, suggest
faint Fe I emission. It is worth noting that the faint iron emission in this case is only
in comparison to the other sources in the sample, since all the sources for which I
manage to measure the R4570 belong to populations A3 and A4 of the quasar main
sequence.

5.5.5 SDSS J151020.06+554722.0

With a black hole mass on average equal to (8.03+3.83) x10° M, J1510 has the sec-
ond least massive black hole in the sample, and an average Eddington ratio of 0.15.
The applied fitting models to the spectrum were the 3G model for the HB and Ha
lines, and the four Gaussians model for the [O III]AA4959,5007. Even in this case,
the [O III] emission lines are quite symmetric, without strong evidence of outflows.
A defect, possibly due to uncontrolled reflections inside the instrument, affected the
blue side of the HB profile. Therefore, the measured FWHM(HPp) of 1031 km s~ !,
despite already quite narrow, might have been slightly overestimated, causing an
overestimation of the black hole mass. The second-order moment of the line, equal
to 2307 km s~ ! , is roughly twice the FWHM(Hp), which can be explained by the
overestimated width of the line.

5.5.6 SDSS J152205.41+393441.3

J1522 is the closest source, with a redshift of 0.0769. As for J1228, I used only the
R1000R grism spectrum, because in comparison, the R1000B grism spectrum had an
8 to 10 times worse S/N. Here the [S II] lines were too faint to be distinguished from
the noise, therefore I used the FWHM of [O III]A5007 core component as a reference
for the FWHM of [N II] lines. The best fitting models turned out to be the four Gaus-
sians model for the [O III]JAA4959,5007, and the LG model for the HB and Ha lines.
Since I used a Lorentzian to fit the broad components of the emission lines, I did not
calculate the second-order moment for this source. Using only the FWHM(Hp,) as
a proxy for the velocity parameter, I got the lowest value for the black hole mass of
the whole sample, on average equal to (3.14+0.54) x10° M. Considering that 1522
has the second highest Eddington ratio derived from the measured continuum lumi-
nosity at 51004, I could classify it as an NLS1 in an early evolutionary stage. How-
ever, the resulting lower € using the derived continuum luminosity, as described in
Sec. 5.4.4, suggests an overestimation of the former Eddington ratio likely due to
contamination by the host galaxy. Such a hypothesis derives from the vicinity of
the source, and from the presence of absorption lines in the spectrum, which can be
produced only by the host galaxy. This contamination cannot be estimated since a
proper host galaxy modeling was not possible, due to the unusable bluer spectrum.
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Figure 5.5: Hp line profile of J1641. The broad and narrow components have a FWHM of
4050 km s~! and 493 km s~ , respectively.

5.5.7 SDSS J164100.10+345452.7

J1641 shows peculiar line profiles compared to the rest of the sample. The broad
components of the HB line, with an FWHM of 4050 km s~! is the broadest among
the analyzed sources. This value, coupled with the FWHM of the narrow component
of 493 km s~! translates to a line profile (Fig.5.5) typical for intermediate Seyfert
galaxies (Osterbrock, 1991; Dalla Barba et al., 2023). To properly fit the HB shape
I used a 2G model. A four Gaussians model was used for the [O III]AA4959,5007
lines. Two Gaussians for each [O III] line were enough to achieve a good fit since
no evidence of outflows was present. I did not perform a fitting of the Ha profile
since it was strongly contaminated by the sky emission, impossible to remove de-
spite several attempts. According to the results, J1641 turned out to be one of the
sources with the lowest Eddington ratio, equal to 0.1740.04 and 0.014-0.01. This
source was found to be the only <y-ray emitter of the sample, hinting at the presence
of a relativistic beamed jet (Ldhteenmaéki et al., 2018). Such a feature, coupled with
the relatively low Eddington ratio and high FWHM(H), might suggest an advanced
evolutionary stage (Foschini, 2017).

5.6 Discussion

In this study, I analyzed the optical spectra of seven NLS1s with extreme radio fea-
tures. I did so by performing a model fitting of the main emission lines. The goal
was to investigate for similar characteristics among these sources by comparing their
physical properties, such as black hole mass and Eddington ratio, and the emission
lines profiles.



82 Chapter 5. An optical perspective on early-stage AGN with extreme radio flares

Table 5.3: Black hole mass and Eddington ratio results.

Source Rgir v Mgy €m €4
©) ) 3) 4) ©®) 6)
FWHM(HB,) (3.4840.99) x107
J1029 15.6044.43 , 0.10+0.02 0.04+0.01
o(HB) (9.7742.77) x10
FWHM(HB,) (4.32+42.31) x10°
J1228 5.63+3.02 , 094+0.19 0.11+0.02
o(HB) (1.4140.76) x10
FWHM(HB,) (2.02+0.65) x107
J1232 16.84+5.44 0.3840.08 0.16+0.03
c(Hp) (3.434+1.11) x107
FWHM(HB;,) (1.6940.41) x107
J1509 11.77+2.85 0.09+0.02  0.03+0.01
c(Hp) (4.3441.05) x107
FWHM(HB,) (2.10+0.96) x10°
J1510 3.56+1.64 , 025+0.05 0.05+0.01
o(HB) (1.45+0.67) x10
11.53+1.120)  FWHM(HB,)  (5.0940.50) x10°
J1522 ) ¢ 0.3840.08 0.02:£0.01
27041313  FWHM(HS,) (1.1940.58) x10
FWHM(HB,) (2.51+1.26) x107
J1641 3.70+1.86 0.1740.04 0.01+0.01
c(HP) (8.86+4.45) x10°

Columns: (1) Source name; (2) BLR radius derived using Eq. 5.7, (1) BLR radius derived using Eq. 5.6,
(2) BLR radius derived using Eq. 5.5; (3) proxy of the rotational velocity, either FWHM(HBy,,4) or
o(Hp); (4) black hole mass [Mg]; (5) Eddington ratio calculated using the measured L;,;; (6) Eddington
ratio calculated using the derived Ly,;, exploiting Eq. 5.11.

5.6.1 Black hole mass comparison

From Table 5.3, the black hole mass calculated using the second-order moment turned
out to be on average larger than that obtained with the FWHM(H};). It is due to the
fact that the o I measured is systematically larger than the FWHM(Hp). This is not
uncommon in NLS1, as c and FWHM(Hp) can be different from each other, yielding
significantly different results (e.g., see Foschini et al., 2015). The physical meaning
of such a discrepancy is not easy to address. The FWHM(H}p,) is, by definition, a
directly measurable geometric property of the line, which is the reason why most
studies tend to use this simple parameter (e.g. see the large surveys by Rakshit et
al., 2017; Paliya et al., 2024). However, even a small difference in line width drives
a large variability in the output, i.e. the black hole mass, because of its quadratic
dependence shown in Eq. 2.2. The way the line width is measured, for instance, the
FWHM, has several limitations. This becomes particularly evident when an emis-
sion line presents a complex line profile. As described in Sec. 5.5, in all the cases but
two the resulting broad profile in the Hp line is no longer represented by a single
function, but it is instead a composition of two functions. However, the measured
FWHM comes mostly only from one of the two, according to the amplitude of each
component. It leads to overestimation of the mass when lines are broader and un-
derestimation when lines are narrower (Peterson and Dalla Bonta, 2018). This means
that two different Hp lines can yield the same black hole mass estimate, in all those
cases where the main broad component is described by the same function. On the
other hand, the second-order moment is more sensitive to the whole broad profile.
This issue has already been widely discussed (Peterson et al., 2004; Peterson, 2011),
and o is likely the most reliable proxy for the gas velocity.
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In two cases, however, I modeled the HB broad component using only one func-
tion, namely in J1522 and J1641. According to what I discussed until this point,
in those two cases, the black hole masses derived with the FWHM(Hp,) and the
second-order moment should be comparable. However, for J1522, the broad compo-
nent in the Hp line was modeled using a Lorentzian profile, therefore a comparison
between the two methods is literally impossible since the second-order moment of
a Lorentzian function cannot be measured. However, since it shows all the typi-
cal traits of NLS1s, I believe that the estimated black hole mass calculated with the
FWHM of the Lorentzian profile is reliable. J1641, instead, turned out to be an inter-
mediate Seyfert galaxy (Osterbrock and Koski, 1976; Osterbrock, 1977), and not an
NLS1. The same classification can be retrieved by looking at the Sloan Digital Sky
Survey (SDSS) spectrum. The main characteristic that distinguishes the two classes
is the ratio between the narrow and the broad component, which is much larger in
the intermediate Seyfert galaxies. The intermediate Seyfert galaxies are further sub-
divided according to the prominence of the broad component of the emission lines
compared to the narrow component (Dalla Barba et al., 2023). The origin of these
objects is widely discussed, spanning from inclination effects to intrinsic processes
(Barquin-Gonzélez et al., 2024). In the inclination hypothesis, the optical features
visible in the spectra of intermediate Seyfert galaxies are due to the partial obscura-
tion of the BLR (Malkan, Gorjian, and Tam, 1998; Guainazzi, Matt, and Perola, 2005).
In this case, there would be an underestimation of the real width of the broad com-
ponents in the emission lines. As a consequence, it can affect the calculation of the
black hole mass and the Eddington ratio. In particular, an underestimation of the
line width yields an underestimation of the black hole mass, and consequently an
overestimation of the Eddington ratio. In my case, this means that J1641 may have
a more massive black hole than the estimated. Considering that J1641 was found to
be a y-ray source, a more massive black hole would strengthen the hypothesis about
its advanced stage of evolution.

The results I found through this work are systematically larger than previously
estimated (Jarveld, Lahteenmaéki, and Leén-Tavares, 2015). This is most likely due
to the fact that past calculations adopted a totally different approach, that led to
lower mass values. To further investigate the reliability of the results I obtained with
Eq. 2.2, I additionally measured the black hole masses using a recent scaling law de-
rived by Shen et al. (2024). They derived a relation comparing the masses of single
epoch spectra with the ones obtained with the reverberation mapping technique, ex-
ploiting the L, (5100A) and the FWHM(Hp), with a scatter of ~0.32 dex. The black
hole masses I measured using such relation are listed in Tab. 5.5. Comparing the
results obtained with this scaling law and the virial theorem, I found very similar
values, confirming the reliability of the main approach used. Shen et al. (2024) de-
rived similar scaling laws also for Mg IT and C IV emission lines. Nevertheless, these
two relations cannot be used in my case, since both Mg Il and C IV are not visible in
the spectra analyzed because of spectral coverage.

On average, the black hole masses derived for the whole sample are well within
the typical range of NLS1s population (Peterson, 2011). Basically all of them, though,
lie above the median value for the class (Mg = 1x107, Cracco et al., 2016), except for
J1522. This is in agreement with the typical values in jetted NLS1s. Indeed, jetted
NLS1s tend to have larger black hole masses than what is usually observed in non-
jetted NLS1s (Foschini et al., 2015; Berton et al., 2015). Nevertheless, only based on
the results obtained in this study, I cannot prove the presence of relativistic jets. It is
worth noting, however, that the mass difference observed between jetted and non-
jetted sources may be due to an observational bias. Since the power of relativistic



84 Chapter 5. An optical perspective on early-stage AGN with extreme radio flares

jets scales nonlinearly with the black hole mass (Heinz and Sunyaev, 2003; Foschini,
2014), more massive black holes have brighter relativistic jets, which in turn are eas-
ier to detect. Therefore, the population of jetted NLS1s of lower mass may still be
missing. J1522 could fall exactly into this population. The Lorentzian profile for
the broad Hp suggests a source in an early stage of evolution (Berton et al., 2020b),
indicating that the relatively low black hole mass does not derive from an underes-
timation.

5.6.2 Eddington ratio comparison

Regardless of the method used, the Eddington ratio of the sources is also consistent
with typical NLS1 values, that is above 1% and up to super-Eddington (Boroson and
Green, 1992; Sulentic et al., 2000). In particular, the results show e closer to the lower
limit of the range instead of high values of accretion. This, coupled with the black
hole masses retrieved, suggests sources in a middle-advanced stage of evolution.
However, an exception is present, which is J1522. Indeed, in this case, as described
before, the low black hole mass and the Lorentzian profile used for the broad Hp
component are characteristics usually visible in unevolved sources, namely in an
early stage of evolution.

Focusing on the approaches I used to calculate the Eddington ratios, there is a
clear difference in the obtained results. The € calculated using the derived contin-
uum luminosity at 5100A are always smaller compared to the e obtained with the
measured continuum luminosity. As stated in Sec. 5.4.4, the continuum at 5100A can
be contaminated mainly by the jet (Foschini et al., 2015) or by the host galaxy con-
tribution, which is more likely in this case. Therefore, the difference in the Edding-
ton ratio using the measured and derived continuum luminosity allows to quantify
them. I can analyze at this point the differences in the Eddington ratios. The smallest
difference is 0.06 for J1029 and J1509, and the largest is 0.83 for the J1228. Consid-
ering the associated errors, and excluding J1228 and J1522, a weak decreasing trend
related to the redshift seems to be present (Fig. 5.6). Indeed J1510 is the source with
the largest difference for the Eddington ratios but it has the lowest redshift, among
the first five sources in Fig. 5.6. On the other hand, J1029 has the lowest difference for
the Eddington ratios, but it has the highest redshift of the whole sample. However,
given the contaminants that I will discuss in a moment, I cannot test such a possible
correlation with the redshift for the whole sample. Therefore with only few sources,
a conclusion on this may not be reliable. This has led me to focus more on the differ-
ence of each source separately. Although not formally compatible, five sources out
of seven show similar Eddington ratios regardless of the calculation method used.
J1228 and J1522 are exceptions. For J1228 the resulting Eddington ratios are 0.11 and
0.94. Carefully looking at the spectrum, there are no signs of possible contamination
by the host galaxy. Considering the redshift of 0.2627, the second highest in the sam-
ple, a very bright host galaxy would be necessary to produce such a difference in the
Eddington ratio results. This would lead to very intense absorption lines which are
totally missing. A more reasonable explanation may come from a relativistic jet con-
tamination, which is less affected by the redshift due to its strength. Nevertheless,
it might not produce recognizable features in the optical spectrum, increasing the
difficulty of recognizing it. It is worth noting that J1228 is the source with the high-
est R4570, proxy which suggests strong Fe II multiplets emission. Such behavior
is associated with an intense ionizing continuum, which is produced by the accre-
tion disk in a high accretion state (Gaskell et al., 2022). In J1522 I found the second
largest Eddington ratios difference (0.36). This is the closest source in the sample
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(z=0.0769). Contrarily to the previous case, the optical spectrum of J1522 shows a
slight increase in the continuum level toward red wavelengths and multiple absorp-
tion lines. This behavior suggests contamination of the continuum luminosity by the
host galaxy emission, resulting in an increase of the Eddington ratio calculated with
the measured continuum luminosity at 5100A. Behaviors that cannot be proven by a
host galaxy modeling, since such modeling was not possible using the only available
R1000R grism spectrum.

Two important conclusions can be drawn from such results. The former is that
even without a strict host galaxy modeling, it is possible to evaluate if the host galaxy
contaminates the continuum emission by analyzing the Eddington ratios calculated
with the measured and derived continuum luminosity at 5100A. In the end, only
J1522 showed a non-negligible host galaxy contamination. The latter is the demon-
stration that the Eddington ratio obtained using the derived continuum luminosity
is more reliable compared to the measured continuum luminosity approach, being
less contaminated by relativistic jets and host galaxy emission. However, it is worth
noting that the relations I used have a rather large standard deviation. This means
that while they work for large samples, they may be misleading for a single source.

Even considering different sources of uncertainty in Eq. 5.9 and Eq. 5.10, I have to
keep in mind that I am estimating a bolometric luminosity only using a luminosity
in a small range of wavelength. This connection is based on the strong assumption
that each value of L, (5100A) corresponds to a specific SED shape. To this purpose,
Ferland et al. (2020) found that similar spectral features are not always related to
the same SED shape. Some authors also found a positive correlation between the
bolometric correction in Eq. 5.10 and the Eddington ratio (Vasudevan and Fabian,
2007; Jin, Ward, and Done, 2012). Correlation disproved by Cheng et al. (2019),
who also showed that the bolometric correction factor changes greatly according
to the disk model assumed. The different Eddington ratios that can be obtained
depending on the assumption made for the bolometric luminosity derivation, i.e.
the scaling laws used, is clearly demonstrated for instance by comparing Berton et al.
(2015) and Tortosa et al. (2023). The former derived the Eddington ratio from optical
spectra, using scaling laws similar to those used in this work, while the latter derived
the Eddington ratio from X-ray data. Looking at sources analyzed in both papers,
the € found in Tortosa et al. (2023) are three to four order of magnitude larger than
those found in Berton et al. (2015). Such huge difference cannot be entirely due to a
variation of the accretion of the sources, especially in a timescale of few years, but
more likely on the approach used by the two papers. It is clear how the bolometric
correction, and then the Eddington ratio among all, are just an estimation without
precise knowledge of the SED shape. Therefore, the obtained results should be taken
with a grain of salt and likely as a lower limit.

5.6.3 R4570-Eddington ratio discrepancy

An interesting parameter I can focus on is the R4570. The sources I analyzed turned
out to belong to the populations A3 and A4 of the quasar main sequence, therefore
with a strong Fe II emission. Gaskell, Klimek, and Nazarova (2007) with the Gaskell,
Klimek & Nazarova BLR model showed that the Fe II emission comes from the outer
part of the BLR, predominantly emitted at a radius twice that of HB. Moreover,
Gaskell et al. (2022) stated that the Fe II emission is produced by photoionization,
ruling out other possible hypotheses. They also found a positive correlation between
the Fe Il strength and the Eddington ratio (see also Boroson and Green, 1992; Wandel
and Boller, 1998; Sulentic et al., 2000; Marziani et al., 2001). The sources of this study
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Table 5.4: Pearson correlation coefficients.

Parameters corr. coeff. p-value
L(Ha)-L(5100A) 0.89 0.04
L(HB)-L(5100A) 0.82 0.04
L([O III]A5007)-L(5100A) 0.88 0.02
FWHM(Hp,)-R4570 -0.75 0.15
FWHM(Hw)-R4570 -0.96 0.04
R5007-R4570 0.90 0.02
R5007-L(Hp) -0.70 0.12
€ L(5100A)-A[O II1], 0.48 0.28
€ L,(5100A)-A[O I11],, -0.26 0.57
€ Ly(5100A)-A[O IIT]. 0.09 0.85
€ L;(5100A)-A[O II],, -0.2 0.96

however seem to disagree with such a relation, except for J1228. As I described,
despite all of them belonging to A3 and A4 populations, the resulting Eddington
ratios are close to the lower boundary for the NLS1s class. Considering also the
discussed biases which could affect the Eddington ratio calculation, the high R4570
parameters might indicate higher Eddington ratios than what I estimated. A higher
Eddington ratio means a soft X-ray excess, which is not present in low-Eddington ra-
tio sources. Soft X-ray radiation breaks down the dust grains in the outer BLR, thus
releasing the iron that then gets photoionized by the photons coming from the accre-
tion disk (Gaskell et al., 2022). Abramowicz and Fragile (2013) described that for a
typical Shakura-Sunyaev disk, the viscous heating is balanced by radiative cooling.
In high-Eddington ratio sources instead, the accretion disk does not have enough
time to cool down only by the radiation losses, therefore an advective cooling is es-
tablished. This forms the so-called slim disk, in which the efficiency of transforming
gravitational energy into radiative flux decreases with increasing accretion rate. A
slim disk shows a moderate luminosity despite super-Eddington accretion. If this
is the case, the analyzed sources could have higher Eddington ratios than what I
measured. This shows that the Eddington ratio estimate obtained via optical spec-
troscopy may be, at least in some cases, misleading. The R4570 parameter may thus
be a very important, and more reliable, indicator of the real Eddington ratios of some
AGN. Unfortunately, no other data of this sample are available for an independent
measurement of €. It is important to notice that the selection of the Fe II template
might affect the measurement of the continuum luminosity, and then the resulting
Eddington ratio, as well as for the investigation of the emission lines characteristics.
Nevertheless, most of the Fe II emission is at wavelength shorter than that of Hp.
Therefore the main emission lines, like HB and [O III]AA4959,5007, and the contin-
uum emission at 5100A are not deeply dependent on the Fe II model used.

5.6.4 SDSS-GTC spectral continuum comparison

Looking at the available SDSS spectra of the sample, I measured and compared the
continuum flux densities only, and not the emission lines properties, due to the much
lower S/N compared to the GTC spectra, on average less than half. Computing
the ratio of the flux densities at 5100A in Tab 5.2, I found values between 0.90 for
J1232 and 2.03 for J1641, the lowest and the highest respectively. For J1232 the SDSS
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Figure 5.6: Eddington ratios calculated using the measured continuum luminosity at 5100A
(blue dots), and the derived continuum luminosity (red dots). The not visible error bars, due
to their small values, are inside the size of the dots.

continuum is lower than the GTC continuum. In the remaining cases, however,
the SDSS flux density is higher. In Seyfert galaxies, a variability of the flux density
at SIOOA, sometimes even much larger than 2, has been found in several studies
(Zastrocky et al., 2024; Shapovalova et al., 2012b; Grier et al., 2012). With a difference
in the acquisition time of more than ten years between SDSS and GTC spectra, such
values are in agreement with the well known long-term stochastic variability which
characterize all the AGN.

5.6.5 Comparison of the NLS1s properties

In Tab. 5.4 are reported the Pearson correlation coefficients I computed for several
couples of parameters, setting 0.05 as threshold for the significance of the correla-
tion analysis. I compared the obtained results with the statistical analyses on large
NLS1s samples available in the literature (Zhang et al., 2011; Rakshit et al., 2017;
Paliya et al., 2024). The most significant correlations are those between Hx, HB and
[O IIT]A5007 luminosity and the continuum luminosity at 5100A, with Pearson coeffi-
cients around 0.8-0.9. This is in agreement to what was found by Rakshit et al. (2017)
and Paliya et al. (2024). The same authors found, even though with a quite large
scatter, a weak anti-correlation in the couples of parameters of FWHM(Hp;)-R4570,
FWHM(Hw)-R4570 and R5007-R4570, and a moderately strong anti-correlation be-
tween R5007 and L(Hp). I found instead three strong correlations and one strong
anti-correlation for the same couples of parameters. Nevertheless, the FWHM(Hp;)-
R4570 and R5007-L(Hp) correlation coefficients are not statistically significant, due
to the p-values of 0.15 and 0.12, respectively. It is important to note that I did
not consider the source J1641 in the FWHM(Hp;)-R4570 correlation test, since the
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FWHM(Hp;) is much broader for intermediate Seyfert galaxies compared to NLS1s.
Finally, I investigated the correlation between the Eddington ratios and the velocity
shifts, with respect to the rest frame wavelength, of the core and the strongest wing
components in the [O III]A5007, as found by Zhang et al. (2011). Nothing can be said
in this case due to the large p-values. Even though all the correlation coefficients are
on average in agreement with the most recent literature, the extremely small number
of sources I analyzed, cannot represent a statistically valid sample. Nevertheless, the
lacking of noticeable peculiarities in the correlation analysis prove, once again, that
these sources do not show deviations from the NLS1s class properties.

5.7 Conclusions

In this study I derived the physical parameters of seven NLS1s, performing an anal-
ysis of the main emission lines in optical spectra observed with the GTC. The goal
was to identify any common optical property of the sources in the sample, which
could explain why they show similar extreme features in the radio band. Investi-
gating the most significant parameters, I did not find strong similarities between
the sources. All but one showed classical behavior for the NLS1s class. Only J1641
turned out to be an intermediate Seyfert, but with physical properties that are com-
mon for this population. There are instead some shared traits. On average the black
holes are more massive than the median value for the class Mgy = 1x107, Cracco
et al., 2016), with Eddington ratios much closer to the lower boundary for NLSIs.
On the other hand, according to the R4570 parameter, the A3 and A4 nature of the
sources (Sulentic and Marziani, 2015) suggests an underestimation of the actual Ed-
dington ratio, which could be much higher than what I measured. High Eddington
ratios for NLS1s could mean sources in an early stage of evolution, with an ongoing
intense accretion activity. Though only the early evolutionary stage is not enough to
explain why these sources show extreme flares in radio, it is an environment where
the phenomena described by the hypotheses in Jarveld et al. (2024) can take place.

In particular AGN with a recently started activity, as NLS1s, can have regions
with large amounts of gas, which is necessary to sustain a high Eddington ratio
accretion (Mathur, 2000). A gas-rich nuclear environment, coupled with the rela-
tively massive black holes which might suggest the possible presence of relativistic
jets, is in agreement with scenarios such as jet-cloud/star interaction, relativistic jet
and free-free absorption with moving clouds and magnetic reconnection in the jet
(Jarvela et al., 2024). Nevertheless, with the results I obtained, nothing more can be
said to support or rule out some of the cited hypotheses.

To better strengthen the obtained results in this study, optical spectra with wider
wavelength ranges and higher S/N would be necessary. However, I would not ex-
pect much different results from those I obtained here since almost all the main emis-
sion lines were visible and I did not find substantial changes from the SDSS spectra.
The only significant improvement I could get is spectra in which an host galaxy
estimation can be done. In that case I could better constrain the Eddington ratio cal-
culations. The similarities between the sources can be investigated more deeply with
an analysis of the light curves, both in optical (Crepaldi et al., in prep.) and in radio
frequencies. From the radio point of view, more observations at frequencies above
37 GHz would help to better understand all the ongoing physical processes on these
sources. Moreover trigger observations, for example at high radio frequencies with
the upgraded detectors of the Sardinia Radio Telescope or with other facilities such
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as the Square Kilometer Array, can add more constraints to the viable hypotheses I
already mentioned.

5.8 Appendix: tables, spectra and line profiles

Table 5.5: Observational and physical parameters derived from the optical spectra.

Source LI, Lg, Liompsoor R5007  Rep  Rowt Rnir Mgy
1) (2) 3) ) @) 6) ) ®) ©)
J1029  8.39x10* 3.81x10* 1.23x10*!  0.12 025 750 906.05 9.32x107
J1228  1.12x10%  1.35x10* 3.08x10*!  0.72 0.16 479 1459.28 2.23x107
J1232  1.35x10% 551x10%*  2.34x10*" 013 032 9.63 1263.67 5.99x107
J1509  3.40x10** 1.15x10** 4.86x10*  0.19 0.13 3.74 55836 3.97x107
J1510  2.64x10** 545x10*® 8.61x10* 071 0.09 255 751.76 1.22x107
J1522  1.56x10** 9.08x10*2  1.02x10% 052 0.04 1.05 24859 6.94x10°
J1641  3.81x10% 257x10%®  7.33x10% 112 0.06 189 691.75 1.80x107

Columns: (1) Source name; (2) bolometric luminosity calculated using the measured 5100A continuum
luminosity [erg s71] (Eq. 5.9); (3) bolometric luminosity calculated using the derived 5100A contin-
uum luminosity [erg s71] (Eq. 5.9 and Eq. 5.11); (4) [O IIIJA5007 luminosity [erg s~17; (5) flux ratio
between [O IIIJA5007 line and Hp; (6) dust sublimation radius (i.e. boundary between the BLR and
the molecular torus) [pc] (Foschini et al., 2019); (7) outer radius of the molecular torus [pc] (Foschini
et al., 2019); (8) maximum extension of the NLR [pc] (Foschini et al., 2019); (9) black hole mass [M¢]
calculated using Eq. 2 in Shen et al., 2024.
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Table 5.6: [O I1I]AA4959,5007 model parameters.
Param J1029 J1228 J1232 J1509 J1510 J1522 J1641
(1) Model 4G 6G 6G 6G 4G 4G 4G
@fsoy 1255030  13.23+0.66 235042 2844053 16804034 4144087  6.61£022
Ofussy 0422010 4414022 0.78+0.14 0.54::0.09 5.60+0.11 138£029  2.20+0.07
@ Acc 3L14+3473 71254449 37723054 60482094 1204299  9820+77.84  38.32+4.19
5 we 1452144491 1106941437 117.09+3593 1445043473  137.64£659 239.41+11616  239.30£8.98
©fusor 072030 3214044 3.02+0.38 0.83£0.55 2234035 2124080 122022
D fusgso 024010 1074005 1.01£0.13 0.28+0.18 0.74£0.12 0714027  041+£0.08
®)Bcyr 2880126645 -162.86+£32.33 -41135:+42.51 -361.06+13532 -252.68+5030 -648.46-316.15 -58.08:£55.69
Ower 34385424729 1495844431 2216843772 153.96+11676 6062829520 326.89+283.22  770.93:+83.83
(10) fusooy 280£025 2794037 0.54:0.09
(11) fa0m0 0934008  0.93+0.12 0.18£0.03
(12) Acn 3712443533 -595.77:10.78  -192.80-:264.06
(13) wys 4973542515 587.48+4611  895.15+16.17

Rows: (1) Fitting model; (2) peak flux density of the [O IIIJA5007 core component [x107 erg

s71 em™2 ~1; (3) peak flux density of the [O TITJA4959 core component [x107Y erg s™! cm
L], (5) width of the core component [km ) peak flux
~1]; (7) peak flux density of the
~11; (8) shift of the first wing component [km

(4) shift of the core component [km s~
density of the first [O II[]A5007 wing component [x1077 erg s™1 cm ™2
first [O I1]A4959 wing component [x1017 erg s !

CI]f172

-2 71].
7

—17; (9) width of the first wing component [km s~11; (10) peak flux density of the second [O IIT]JA5007
wing component [x1077 erg s7! ecm~2 ~1]; (11) peak flux density of the second [O IIT]A4959 wing

component [x10717 erg s~

the second wing component [km s71].

Table 5.7: HB model parameters.

L em~2 —19; (12) shift of the second wing component [km s~1]; (13) width of

Param J1029 J1228 11232 71509 11510 J1522 J1641

(1) Model 3G 3G 3G 3G 3G LG 2G

@ty 1.4240.07 423+0.15 13.230.27 3.85+0.08 2.64+0.19 3354042 1.1140.05

() Ay 15232528  -117.36+1542  -79.74+7.40  41.75+1048  -397.95+49.34  -285.09+70.92  23.25+76.47

4) wy 773.06+48.72 5411442898  601.43+1850  737.35+20.35  395.13+4872  685.14+109.15 1767.11+117.17

) f 0.68-:0.06 0.96£0.14 5.740.32 0.82+0.07 1.37+0.12

(6) Ay,  -187.66+131.35  -596.52+160.34  216.64+3145 440.74+148.62  9.68+156.64

()wyo 342633431759 2465.034297.24 2055.15+74.00 3091.26+254.69 2609.44+289.84

(8) £ 0.1840.10 2.0240.26 2.65+0.38 0.45+0.13 2.12+0.48 2134031 1.08+0.10

©) wa 14521 110.69 117.09 144.50 137.64 239.41 239.30
Rows: (1) fitting model; (2) peak flux den51ty of the first broad component [x10717 erg s~ cm~2 —1j;

(3) shift of the first broad component [km s~
peak flux density of the second broad component) [x10 17 erg s

1]; (4) width of the flrst broad component [km s7L]; (5)
cm~2 ~1; (6) shift of the second

broad component [km s~1]; (7) width of the second broad component [km s711;(8) peak flux density

of the narrow component [x1077 erg s~!

cm—2

with the width of the [O IIIJA5007 core component [km s71].

—11; (9) width of the narrow component constrained
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Table 5.8: Ha+[N IIJAA6548,6583 and [S I1JAA6716,6731 model parameters.

Param ]1029 J1228 J1232 J1509 J1510 J1522 J1641

) fyy 16.194+0.11  41.33+0.16 9.61£0.06 6.11+0.15  5.61+0.57

@) fp 1.35+0.05 7.82+0.07 0.90+0.03 2.40+0.06

@) fn 14.424+0.19  10.03+0.26 2.50+0.10 14.83+0.23 13.56£0.70

(4) fes83 8.17+0.13 2.42+0.16 1.50+0.08 8.19+0.17  4.65+0.23

©) fer16 1.93+0.13 1.28+0.17 0.51£0.08 2.54+0.18 1.69+0.09
(6) fe731 1.7740.13 1.02+0.17 0.49+0.08 2.33+0.17 1.67+0.10
(7) Begran 22.49+12.03 -30.51435.63 -24.724+21.83 22.94+11.14 -51.89+17.82
(8) wez31 152.59+13.36 180.35+31.62 97.20+£41.86 135.08+15.59 217.67+£12.47

Rows: (1) Peak flux density of the first Hax broad component [x10717 erg st em™2 715, (2) peak flux

density of the second Ha broad component [x10717 erg s™1 ecm~2 ~1]; (3) peak flux density of the first
Ha narrow component [x10717 erg s em™2 17, @) peak flux density of the [N IIJA6583 [x10717 erg
s em™2 71; (5) peak flux density of the [S II]A6716 [x107Y7 erg st em™2 ~1; (6) peak flux density
of the [S IT]A6731 [x107Y7 erg s~! em™2 ~1]; (7) shift of the [S I1]A6731 [km s~ ]; (8) width of the [S
MA6731 [km s~ 1 1.
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Chapter 6

Investigation on the fastest radio
variability in AGN

Foreword: MRO has been detecting for more than ten years extreme radio flares at
37 GHz from a sample of seven sources, six NLS1s and one intermediate Seyfert.
The random time cadence and the short duration of the events make any deep in-
vestigation extremely challenging. Here I analyzed all the available radio data of
the last three years at multiple frequencies, with the aim of estimating the main
physical properties of the flares like the e-folding time-scale, the variability bright-
ness temperature, and the variability Doppler factor. In the few cases where these
measurements have been possible, I estimated time-scales down to a few tens of
minutes and variability brightness temperatures >10%°, up to ~10%*. Among the
presented hypotheses, the magnetic reconnection in the black hole magnetosphere
seems to be the most suitable one. The extreme results I found suggest a coupling
between magnetic reconnection and either an inverse Compton catastrophe or a co-
herent emission. Further follow-up observations, especially in radio and X-ray, will
be fundamental to shed light on the possible scenarios.

Based on: Crepaldi et al. in prep.

6.1 Introduction

In recent years, the use of the radio-loudness parameter as a proxy for the presence
of relativistic jets in AGN has decreased, and classification into jetted and non-jetted
sources is now preferred (Padovani, 2017; Jarveld et al., 2017; Berton and Jarveld,
2021b). This is particularly relevant in sources as NLS1 galaxies, where relativistic
jets have been found in radio-quiet objects (Caccianiga et al., 2015). It is clear that the
classification of a source as radio-quite at a certain moment in time does not imply
that such a source always presents a weak radio emission. The sample analyzed in
this thesis is a clear example of this statement.

As described in the previous Chapters, multiple hypotheses might explain the
behavior seen in radio. In the following work, I analyzed new data of the sample
in several radio bands, with the aim of strengthening or discarding some of these
hypotheses, possibly adding new ones. I used both single-dish data acquired by
MRO, OVRO, Effelsberg, and Institut de Radioastronomie Millimétrique (IRAM)
telescopes and interferometric data acquired with the JVLA. Previous radio data
were published in Lihteenmaéki et al., 2018, Berton et al., 2020a, and Jarveld, Berton,
and Crepaldi, 2021; Jarveld et al.,, 2024. This Chapter is organized as follows. In
Sec. 6.2 I introduce the sample and report the observations and data reduction, in
Sec. 6.3 I describe the analysis of the data and the results, in Sec. 6.4 I discuss the re-
sults, and provide conclusions in Sec. 6.5. Throughout this work, I adopt a standard
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ACDM cosmology, with a Hubble constant Hy = 72 km s~! Mpc~!, and Q = 0.73
(Komatsu et al., 2011).

6.2 Sample and data reduction

As described in the previous chapters, the sample is composed of six radio-weak
NLS1s and one radio-weak intermediate Seyfert. Some physical and observational
properties of the sources are reported in Tab. 5.1.

6.2.1 Metsdhovi Radio Observatory

The observations used in this work have been carried out as part of the large AGN
monitoring programme at 37 GHz started in 2012 with the 13.7 m radio telescope
at MRO. A detailed description of the programme is reported in Léhteenmaéki et al.
(2017). The measurements are made with a 1 GHz dual-beam receiver centered at
36.8 GHz. The beam full-width at half power is 144 arcsec, and the observations
are performed in on-on mode, meaning that the source and the sky are alternated in
each feed horn. The integration time adopted to obtain one flux density data point
is between 1600 and 1800 s, which has been experimentally found to be enough to
reach a good sensitivity, the latter being limited mainly by the sky noise. The detec-
tion limit of this telescope is around 200 m]Jy at 37 GHz under optimal conditions.
The quality and reliability of the MRO data are constantly monitored by means of
semi-automatic and manual checks, paying particular attention to the influence of
weather conditions. An observed data point is labeled as a detection for an S/N
higher than four. The flux density scale is set by observations of DR21. NGC 7027,
3C 274, and 3C 84 are sources used as secondary calibrators. A detailed descrip-
tion of the data reduction and analysis phase is provided in Terdsranta et al. (1998).
The error associated with the flux density includes both the contribution from the
measurement rms and the uncertainty of the absolute calibration, set to 3%. The ob-
servational period related to the MRO data used in this work goes between June 2022
and January 2024. See Jarveld et al. (2024) for further details about the observations
of the sample by MRO.

6.2.2 Owens Valley Radio Observatory

The sample is part of the OVRO AGN monitoring programme, which performs ob-
servations at 15 GHz. The telescope is composed of an off-axis dual-beam optics and
a cryogenic receiver centered at 15 GHz and with 3 GHz bandwidth, and the beam
full-width at half power is 157 arcsec. The observations use an on-on fashion to re-
move atmospheric and ground contamination. The up-to-date pseudo-correlation
receiver corrects the fast grain variations using a 180 deg phase switch. The calibra-
tions are carried out using a temperature-stable diode noise source to remove the
receiver gain drifts, and 3C 286 is used as a calibrator for the flux density scale, as-
suming a value of 3.44 Jy at 15 GHz (Baars et al., 1977). An additional 5% of the flux
density is included in quadrature to the flux density error, and a detection is consid-
ered when the S/N > 4. Richards et al. (2011) provided a full description of the data
reduction and calibration procedure, and Jarveld et al. (2024) reported the details of
OVRO observations of the sample. Here, I used OVRO data between June 2022 and
October 2024.
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6.2.3 Effelsberg 100-m telescope

The observations with the Effelsberg 100-m telescope were carried out in three epochs,
between December 2021 and June 2023. The initial epoch of observations took place
on December 16, 2021, the second on April 20-21, 2022, and the last epoch between
May 31 and June 1, 2023. Not all the sample was observed with Effelsberg. ]1232+4957,
J1522+3934, and J1641+3454 were included in the first epoch, J1029+5556, J1228+5017,
J1232+4957, J1509+6137, J1522+3934, and J1641+3454 were included in the second,
and only J1228+5017 was part of the third epoch. The receivers used were: 545 (si-
multaneous measurements at 4.8, 5.3, 6.7, 6.8 GHz, with a beam full-width at half
power of 147, 135, 113, 111 arcsec, respectively), 528 at 10.45 GHz with a beam full-
width at half power of 68 arcsec, S14 (simultaneous measurements at 19.3, 21.2, 23,
24.8 GHz, with a beam full-width at half power of 39, 36, 35, 30 arcsec, respec-
tively), and S7 low frequency configuration (simultaneous measurements at 35.8
and 38.3 GHz, with a beam full-width at half power of 25 and 22 arcsec). For the
third epoch observations, the receiver S20 (simultaneous measurements at 14.3 and
16.8 GHz, with a beam full-width at half power of 50 and 45 arcsec) was also used.
Each observation was made of cross-scans without pointing auto correction. The ex-
posure time was 8 minutes for the receivers 545, 528, S14, and S7, and 6 minutes for
the receiver S20. The data are listed in Tab. 6.8.

6.2.4 Institut de Radioastronomie Millimétrique

Additional observations were taken for this sample with the 30-m telescope at IRAM,
a single-dish parabolic antenna on an alt-azimuthal mount. The telescope makes
wide-angle observations with three receivers on frequencies from 80 to 370 GHz.
The observations were carried out using the dual-band New IRAM KID Array 2
(NIKA2) camera, which observes at 150 and 260 GHz simultaneously. The obser-
vations were on-the-fly maps, using both the Al and A3 receivers for 260 GHz and
A2 for 150 GHz. Using the AGN 1637+574 as a pointing source, the sample was ob-
tained on scattered days from October 28, 2022, to January 23, 2023. Only a portion
of the sample was observed, including J1228+5017 only on October 28, J1509+6137
from October 28 to November 20, J1510+5547 from November 14 to January 29,
J1522+3934 from November 14 to January 29, and J1641+3454 from October 28 to
November 20. The data were reduced using the Pointing and Imaging In Contin-
uum pipeline (Zylka, 2013; Berta and Zylka, 2019-2025) for observations on each
NIKA2 band, using parameters for weak positive sources and a half-power beam
width of 11 arcsec for the observations at 260 GHz and 17 arcsec for 150 GHz.

6.2.5 Karl G. Jansky Very Large Array

I exploited a strict JVLA monitoring of one source, J1522+3934, being one of the most
active in the sample (Project VLA /23A-061, PI: Berton). The programme consisted of
38 observations in A- (8), BnA- (3), and B-configuration (27), in the period between
January 19th and September 29th 2023. Only one observation in the B-configuration
was flagged as bad quality data and then removed in the analysis. The two bands
used were the X, centered at 10 GHz with a total bandwidth of 4 GHz, and the K,
centered at 22 GHz with a total bandwidth of 8 GHz. Each band is divided into
128 MHz sub-bands, consisting of 64 channels of 2 MHz each. Since the duty cycle
of all the sources is still unknown, an as long as possible short cadence monitoring
fully dedicated to one source would have increased the chances of observations of
a flare episode. For this reason, the observations of this programme have a cadence



102 Chapter 6. Investigation on the fastest radio variability in AGN

Table 6.1: MRO 37 GHz detections.

Source Date S Nyt / Nyps
(1) (2) 3 4)
J1029+5556 0/43
J1228+5017 2023.405411 0.7840.12 12/148
2023.427261 0.444-0.08
2023.432697 0.5040.11
2023.442703 0.87+0.17
2023.443627 0.611+0.12
2023.450887 0.6340.15
2023.454555 0.6040.13
2023.476434 0.4940.09
2023.506495 0.4840.09
2023.528383 0.36+0.09
2023.531103 0.59+0.10
2023.672204 0.661+0.14
J1232+4957 0/55
J1509+6137 2023.479418 0.5440.13 4/91
2023.531236 0.96+0.20
2023.594168 0.7140.15
2023.605128 0.924-0.18
J1510+5547 2022.504126 0.58+0.11 4/83
2022.525973 0.72+0.12
2022.599658 0.42+0.09
2022.602486 0.8540.13
J1522+3934 2022.523215 0.4640.10 2/65
2023.430322 0.424-0.10
J1641+3454 2023.501381 0.50+0.11 1/276
Columns: (1) source; (2) time of detection [decimal year]; (3) flux density and its error [Jy]; (4) number
of detections and observations.

of three days on average in both bands. For each band, 3 minutes of integration
time have been spent on the source. 3C 286 (Berton et al., 2017) was used as main
calibrator, and the source SDSS J152059.21+433535.1 as phase calibrator. In addition
to the flux density error, derived from the fitting of the source in the radio map, I
summed in quadrature the calibration uncertainty. This additional error is equal to
5% of the flux density for X band, and 10% for K band.

6.3 Analysis and results

Since the flaring episodes I am focusing on are so short (at most a few hours from
the most recent estimations), I have failed thus far to make observations of the same
flare at multiple frequencies. Moreover, no very close observations in time (e.g., with
time-scales of a few hours) of a flare are available either, which would be useful to
recover the flare shape. This is because the flares have been detected only by MRO,
which cannot observe at multiple frequencies simultaneously, but requires receiver
changes. Nevertheless, I can use consecutive MRO detections to derive some prop-
erties of the radio emission at 37 GHz. Two detections are defined as consecutive
if there are no non-detections between them, and when they are observed less than
seven days apart. Considering the typical dimension of an NLSls, this choice safely
include a large fraction of the possible mechanisms that produce flares, since the
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Table 6.2: Flare properties at 37 GHz from the MRO detection.

Source t ty Sq Sy T T, par Ovar

(V) @ (©)] (O] ) (6) @) ®

13.30 40.82 15.53
J1228+5017 2023528383  2023.531103  0.36+0.09 0.59+0.10 2.0871330 194074082  33g5+15%

J1510+5547  2022.599658  2022.602486 0.4240.09 0.85+0.13 149718 170971786 3345874

Columns: (1) source; (2) time of first detection [decimal year]; (3) time of second detection [decimal
year]; (4) flux density of first detection [Jy]; (5) flux density of second detection [Jy]; (6) time-scale
[days]; (7) variability brightness temperature [ x 10 KJ; (8) variability Doppler factor.

right time-scale is unknown. In addition, a flare is defined if the flux density be-
tween one detection and the next is not the same within the error bars. If the second
detection has the higher flux density, we are clearly looking at the rising phase of
the flare. In the inverse case, we are looking at the decaying phase. Only two pairs
of observations show clear flares, and they are both in the rising phase. I reported
these in Tab. 6.2. Valtaoja et al. (1999) and Hovatta et al. (2009) calculated the flare
rise and decay e-folding time-scales, variability brightness temperatures, and vari-
ability Doppler factors, and I carried out the same calculations in this case. For the
rising phase of a flare, the equation of the flux density at the epoch ¢ is expressed as

AS(t) = ASmaxe! ") /T [Jy] (6.1)

where ASmax is the maximum amplitude of the flare in Jy, with the subtracted base-
line flux density level, Sy, tmax is the epoch of the peak of the flare, and 7 is the rise
time of the flare in days, also called e-folding time-scale. Since no other detections
by single-dish telescopes are available to determine the quiescent flux density level,
I'used the one adopted in Jarvela et al. (2024) and derived from OVRO observations,
which corresponds to ~10 m]y. I cannot be sure, even considering the described con-
straints, that the two detections used in this formula come from the same flare. But
were this not the case, the variability would be even faster. I also considered the de-
tection with the higher flux density as the peak of the flare. So these values represent
the minimum amplitude change and the maximum time-scale for the change.

I calculated the variability brightness temperature in the source proper frame,
Tp,0ar, Which is necessary to estimate the variability Doppler factor, through the equa-
tion

_ -3
Tb,var =1.548 x 10 m

K], (62)
where v is the observed frequency in GHz, d; is the luminosity distance in meters,
and ASmax and T are the quantities in Eq. 6.1. The numerical factor corresponds to
using Hy = 72 km s~! Mpc~!, and Q4 = 0.73, and assuming that the source is a
homogeneous sphere. It is important to remember that the estimation of the bright-
ness temperature from the flux density variability is based on a causality argument.
Therefore, the values must be considered as lower limits.
At this point, I calculated the variability Doppler factor, expressed as

Tb 1/3
5var - <T’W> ’ (63)
b,int
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where T}, ;,; is the intrinsic brightness temperature, which I assumed to be equal to
5 x 10'9 K (Readhead, 1994; Lahteenmiki and Valtaoja, 1999; Homan et al., 2021),
for equipartition between the energy densities of the magnetic field and the radiat-
ing particles. It is not trivial to know if the sources are in equipartition, therefore, the
variability Doppler factor in Eq. 6.3 might not be accurate. However, the large error
bars reasonably include the real Doppler factor if the intrinsic brightness tempera-
ture deviates from the equipartition one.

The results are reported in Tab. 6.2. The two cases that respect the chosen criteria
derive from the sources J1228+5017 and ]J1510+5547, related to flares that occurred
respectively in 2023 and 2022. I found e-folding time-scales of the order of one/two
days, up to a few weeks, considering the errors. The variability brightness tempera-
tures are around 10'4-10%° K, and the variability Doppler factors are between 10 and
50. All the results but the time-scales are comparable to the ones seen in FSRQs (Ho-
vatta et al., 2009). Following Raiteri (2024) I estimated the dimension of the emitting
region r. It is derived from causality arguments based on the light travel time, ex-
ploiting T to set an upper limit. This size is r < ¢t/ (1 + z) where c is the speed of
light. Using the two available flare properties, I found that r must be smaller than
~50 milliparsecs. This means that the emitting region is small enough to be well
within the BLR, close to the black hole, or from small regions inside the jet.

6.3.1 MRO-JVLA quasi-simultaneous observations

During the monitoring period of J1522+3934 with the JVLA, MRO detected the source
only once (see Tab. 6.4 and 6.1 for the data). Close to the MRO detection, the JVLA
was in BnA-configuration, and observed the source one day apart. It should be clear
that the emission resolved out by the JVLA cannot explain the difference in the flux
density of these flare episodes (Jarveld et al., 2024). On these time-scales the change
has to occur in a compact component.

Considering the derived T > 1 in Tab. 6.2, I can assume that both the telescopes
were looking at the source during the same flare episode. If this is true, at least the
K-band would have followed a flux density increasing as measured at 37 GHz. The
MRO detection (second detection for J1522+3934 in Tab. 6.1) occurred on 2023.430322
with a flux density of 0.42+0.10 Jy, while the closest JVLA observation has been
done on 2023.427586 (Tab. 6.4), with a flux density of 0.2174-0.034 m]Jy/beam and
0.127+0.028 mJy/beam respectively in X and K band. For the JVLA observations
before and after this date, there have been no strong variations of the peak flux den-
sity, suggesting no influence of this specific flare below 22 GHz. Assuming a power
law trend for the spectrum as S(v) = A x v*, with A equal to a constant value, the
spectral index formula is expressed as

o= % , (6.4)
log (%)

where S; and S, are the measured flux densities at the frequencies v; and v». I cal-
culated the error for a using error propagation. The spectral index between the two
JVLA observations is a2 190z = —0.68 &= 0.34, with a spectral shape inverted com-
pared to the spectrum at higher frequencies (Fig. 6.1). Using this spectral index, I ex-
trapolated a 37 GHz flux density of 0.089+0.030 mJy and combined it with the MRO
detection, calculating the same flare properties I derived from the pairs of MRO de-
tections in Tab. 6.2. In this way, I am assuming that the JVLA was not observing the
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Figure 6.1: Quasi-simultaneous radio spectrum of J1522+3934. Note the very steep rise be-
tween 22 GHz and 37 GHz with a ~ 16. This is unphysical and indicates that the source
varied between these two measurements, so they cannot be treated as simultaneous for the
purposes of spectral analysis.

flare detected by MRO one day apart, but it was instead looking at the low state ac-

tivity. Performing the calculations I found an e-folding time-scale of 0.12f8:8% days, a

variability brightness temperature of 33.68"{17 x10'° K, and a variability Doppler

1125
factor of 87.66™1;73-

6.3.2 MRO-OVRO quasi-simultaneous observations

The closest observations from different telescopes are those between MRO and OVRO:
MRO detected J1228+5017 on 2023.454555, and OVRO observed the source, without
detecting it, on 2023.454719, namely just 1.44 hours after the MRO observation. Since
OVRO did not detect the source, I can only derive upper and lower limits of the
possible flare properties through its upper limit flux and assuming that the MRO
detection coincides with the peak of the flare. Similarly to what I did in Sec. 6.3.1
I calculated these properties estimating the 15 GHz flux using the 37 GHz one (=
0.60 Jy). I considered different spectral shapes assuming three scenarios: & = 4
for FFA, &« = 2.5 for SSA, and « = 0 for a flat spectrum. The results are reported
in Tab. 6.3. In this case, all the observations are performed using single-dish tele-
scopes, removing possible biases compared to the MRO-JVLA quasi-simultaneous
observations.

In the following, I summarized the results for the individual sources. The MRO
detections of the sample are listed in Tab. 6.1 and visually reported in Figure 6.3.
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Table 6.3: Flare properties at 15 GHz from the MRO-OVRO quasi-simultaneous observations of
J1228+5017.

o Supp Sder T Ty, var Ovar

(€] 2 (©)] “4) ®) (6)

4 0011 0.016 <0.099 >541x10 >102.67
25 0011 0.063 <0.038 >3.22x10'®  >400.70

0 0011 060 <0015 >230x10%° >1662.36
Columns: (1) spectral index in Eq. 6.4; (2) upper limit flux of OVRO observation [Jy]; (3) derived flux
at 15 GHz [Jy]; (4) time-scale [days]; (5) variability brightness temperature [K]; (6) variability Doppler
factor.

6.3.3 J1029+5556

J1029+5556, with a redshift of 0.4511, is the farthest source in the sample. For this
reason, it is the only object with a missing host galaxy classification. Varglund et al.
(2022) tried to model the host galaxy morphology by means of near-infrared images
obtained with the Nordic Optical Telescope without success, due to the impossibil-
ity of properly spatially resolving the object. During the investigated time, it has
been detected neither by MRO nor by Effelsberg. These upper limits, coupled with
the high black hole mass, suggest a source in an evolved phase of evolution, possi-
bly with a smoother variability compared to the rest of the sample. However, it is
important to note that the missing detections by MRO may also be due to the few
observations focused on it.

6.3.4 J1228+5017

J1228+5017 has a detection rate at 37 GHz of 8.1%, the highest of the sample. MRO
registered two consecutive detections of a flare around mid-2023 with an e-folding
time-scale ~2 days, a variability brightness temperature ~ 19 x 10 K, and a vari-
ability Doppler factor ~34 (Tab. 6.2). The MRO and OVRO quasi-simultaneous ob-
servations suggest a completely different scenario. By means of the calculations
described in Sec. 6.3.2 and reported in Tab. 6.3, I derived a T < 2.4 hours, down to
22 minutes, a T, > 5.41 % 10'® K and a J,4 > 102.67. Since I used the OVRO
upper limit flux in the calculations, the e-folding time-scale is an upper limit. Un-
der these conditions, the two consecutive MRO detections may not be related to the
same flare. No detections with the Effelsberg and IRAM telescopes are present in
the investigated period.

6.3.5 ]1232+4957

As in the case of J1029+5556, this source has not been detected by MRO between
June 2022 and December 2023. However, also for this source, the low number of ob-
servations might have led to the zero detection rate. It has been classified in Sec. 5 as
blue outlier (Marziani et al., 2003; Komossa et al., 2008; Berton et al., 2016b; Schmidt
et al., 2018), namely the wing component of the [O III] emission lines has a blueshift
>250 km s~ L. The origin could be due to a jet interacting with the narrow-line region
as they correlate with the radio emission (Berton et al., 2021; Dalla Barba et al., 2025),
but also due to winds produced by strong radiation pressure-driven outflows in a
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high-Eddington source (Komossa et al., 2008; Marziani et al., 2016). Crepaldi et al.
(2025) stated that this source is likely produced by the second hypothesis, since it
has the second-highest Eddington ratio in the sample (~0.27). The absence of flare
detections for a long time might be in agreement with that hypothesis. Indeed, the
jet may have greatly decreased its power or even turned off. No detections with the
Effelsberg telescope are present in this case in the investigated period.

6.3.6 J1509+6137

J1509+6137 was the source with the highest MRO detection rate in Jarveld et al.
(2024), equal to 25.3%, with flares exceeding 1 Jy of amplitude. In my case, it has
been detected 4.4% of the time, sometimes with a flux density at the Jy level. Dur-
ing the investigated time, it showed the highest flux density detections compared to
the rest of the sample. Unfortunately, two consecutive detections have comparable
amplitudes considering the error bars, so they are not usable for a flare properties
analysis. However, what has been found here and in previous studies confirms the
intriguing nature of this source. The Effelsberg telescope did not detect this source
in any of the three epochs. At first glance, J1509+6137 was detected at ~ 7¢ by the
IRAM telescope at 260 GHz, with a peak flux density of 7.624+0.56 m]Jy/beam. It
is undetected at 150 GHz, but the upper limit at this frequency is 0.75 mJy/beam.
Nevertheless, a deep analysis of the radio map revealed that the actual detection oc-
curred at an angular distance of ~27.62 arcsec with respect to the AGN coordinates
(Fig. 6.2). Assuming that this event is at the same redshift as J1509+6137, the spatial
distance is ~92.25 kpc, well outside the host galaxy. Searching in several catalogs
(like Pan-STARRS, ASAS-SN, and ZTF), no signs of a possible source are present in
the location of the event, neither in optical nor in radio.

6.3.7 J1510+5547

Even if the MRO detection rate is not so high, 4.8%, two detections of J1510+5547 in
mid-2022 respect the constraints to be related to a single flare episode. The results
I found are comparable to the ones obtained for the J1228+5017 flare. Also in this
case, the e-folding time-scale is ~2 days, the variability brightness temperature is
~ 17 x 10" K, and the variability Doppler factor is ~33 (Tab. 6.2). No detections
with the Effelsberg and the IRAM telescopes are present in the investigated period.

6.3.8 ]J1522+3934

J1522+3934, with a redshift of 0.0769, is the closest source in the sample, and the one
with the lowest black hole mass, suggesting an NLS1 in the first phases of evolution.
The MRO detection rate is 3.1%, and as described before, a dedicated monitoring
with the JVLA has been carried out. Along all the monitoring programme, neither
large amplitude variabilities nor 10-22 GHz spectral index variations have been mea-
sured (Fig. 6.7). It is important to notice that the flux density remains constant re-
gardless of the antennas’ configurations (Tab. 6.4). This suggests that the resold-out
structures do not contribute significantly to the measured flux density. As described
in Sec. 6.3.1, the detected flare by MRO did not influence the JVLA observations at 10
and 22 GHz taken one day apart, which is comparable with the e-folding time-scales
derived in Tab. 6.3. Also in this case no Effelsberg and IRAM detections are present.
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Figure 6.2: IRAM radio map at 260 GHz of J1509+6137. The contours are related to the
uncatalogued source, while the red symbol is located in the actual position of J1509+6137.
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6.3.9 J1641+3454

Even if J1641+3454 is the most observed source, with 276 observations in the in-
vestigated period by MRO, it has been detected only once with a flux density of
0.50£0.11 Jy. Indeed, the few detections found here and in past works, usually at
sub-Jy levels, indicate a modest activity. Interestingly Romano et al. (2023) observed
a brightening in X-ray soon after an MRO-detected flare, suggesting a connection be-
tween radio and X-ray. No detections with the Effelsberg and the IRAM telescopes
are present.

6.4 Discussion

The interpretation of the measured flare properties can be attributed to either a short
time-scale of the flare episode or an extremely narrow frequency range of emission.
The estimated time-scale from the closest MRO-JVLA observations is ~ 0.12 days,
while the one from the closest MRO-OVRO observations is between 0.015 and 0.099
days. In both cases, only MRO detected the sources with a flux level well above
the median value. Considering the estimated brightness temperatures Tj, ,,, > 106,
such a rapid variability might be explained through inverse Compton catastrophe
events (Longair, 2011; Beckmann and Shrader, 2012). In a typical region composed
of electrons immersed in a magnetic field, the energy of the electrons is partially
converted into incoherent synchrotron radiation. If Tj ., > 10'?, the intense radi-
ation field produced is so high that the low-energy radio photons are up-scattered
to X-ray and <-rays, via multiple IC, by the same relativistic electrons. The result is
a great energy loss by the electrons and an intense brightening in radio and high-
energy bands. Since this is a sort of cascade process, the time-scale of the event is
extremely short. Such an event can take place only in extreme regions, with a high
density of electrons, like in AGN or X-ray binaries for instance. Once the electrons
have lost all their energy, the inverse Compton catastrophe cannot occur again un-
less there is a source of energy that re-charges them. The magnetic reconnection can
provide the necessary energy in the region where the flare takes place. Indeed, the
break and reconnection of the magnetic field lines convert magnetic energy into ki-
netic energy for the electrons. Even if this scenario is physically possible, an inverse
Compton catastrophe has never been recorded. Some sources slightly exceeding the
brightness temperature limit have been seen, but the short variability time-scale and
the high brightness temperature were due to the beamed radiation emitted by a re-
gion with a relativistic bulk motion. For relativistic velocities, the Lorentz factor can
be > 1, and since t,;; = 7T, the variability time-scale in the source frame can be
much longer compared to the measured one (Frank, King, and Raine, 2002). How-
ever, Lorentz factors of the order of 102 — 10° are necessary to explain the variability
time-scales and brightness temperatures I estimated, which is quite unrealistic.
Assuming that the flare emission has a narrow frequency range, it would be de-
tected only at a specific frequency regardless of the time-scale of the event. The
only telescope that detected multiple times the same sources in a short time range is
MRO at 37 GHz. As shown in Tab. 6.2, the measured time-scale is of a few days on
average. The brightness temperature is still above the inverse Compton catastrophe
limit, even though not as extreme as in the estimations from MRO-JVLA and MRO-
OVRO observations. Nevertheless, high values of brightness temperature and a nar-
row frequency range of emission are the characteristics of coherent emission (Lyu-
tikov, 2021). There are a few mechanisms that produce coherent emission, which
are still under investigation (Melrose, 2017). From a physical point of view, coherent
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emission refers to the process where many radiating particles, like electrons, emit ra-
diation with a fixed phase relationship. Because the emitted electromagnetic waves
are phase-correlated, their electric fields add constructively, leading to an intensity
that scales as the square of the number of emitters, instead of linearly as for incoher-
ent emission. This phase correlation is induced by a strong magnetic field, and the
rotationally driven paradigm has been first suggested (Ruderman and Sutherland,
1975; Fawley, Arons, and Scharlemann, 1977; Arons and Scharlemann, 1979; Hib-
schman and Arons, 2001). Here, the rotating magnetic field generates parallel elec-
tric fields that accelerate charged particles with an unstable distribution function,
eventually leading to the production of coherent emission. Recently, Lyutikov (2021)
suggested that the coherent radio emission is reconnection-driven instead of rota-
tionally driven. Magnetic reconnection has been suggested as the source of coher-
ent emission in radio pulsars (Istomin, 2004), magnetars (Lyutikov, 2002; Lyutikov,
2006), and fast radio bursts (Popov and Postnov, 2013; Lyutikov, 2017; Lyubarsky,
2020; Lyutikov and Popov, 2020), and it might be the source also in the analyzed
case here. All the described scenarios have never been observed in an astrophysical
sources, precluding any possible comparison. Therefore, only with these knowl-
edge. it is not possible to understand if NLS1s might be more suitable for this kind
of events compared to other AGN classes or not.

6.5 Conclusions

In this work I estimated the flares’ properties at radio frequencies using close obser-
vations in time from multiple telescopes of a sample of six NLS1s and one interme-
diate Seyfert galaxy. Due to the few detections, I managed to calculate the flares’
properties only for some sources. In particular, for J1228+5017 and J1510+5547 at
37 GHz with MRO detections, for J1522+3934 at 37 GHz with MRO-JVLA observa-
tions, and for J1228+5017 at 15 GHz with MRO-OVRO observations. The results
showed very short e-folding time-scale, from a couple of days down to ~20 min-
utes, extremely high variability brightness temperatures >10'° K, as well as for the
variability Doppler factors, from ~30 up to more than 10°. Considering these re-
sults, the magnetic reconnection hypothesis in the SMBH magnetosphere suggested
in Jarveld et al. (2024) seems to be the most suitable. As described in Sec. 6.4, mag-
netic reconnection should be coupled with either an inverse Compton catastrophe or
a coherent emission. None of these last two phenomena has ever been observed in
AGN, making a comparison with other sources not possible. To better constrain both
hypotheses, follow-up observations are fundamental. An inverse Compton catastro-
phe implies a fast and extremely intense emission at multiple frequencies in radio,
followed by an intense brightening at high energies. Triggered observations at dif-
ferent radio frequencies soon after a radio detection would help to estimate more
precisely the e-folding time-scale of the flare. Moreover, the detection of a correlated
X-ray emission, similarly to what has been measured by Romano et al. (2023), would
strongly support this hypothesis. If multi-frequency radio observations did not de-
tect a flare shortly after a detection at a specific radio frequency, the coherent emis-
sion scenario would be more plausible. The narrow bandwidth of the emission in
this case makes the observations of a flare episode more challenging. Indeed, after
having discovered the emission frequency, multiple short-cadence observations at
that frequency are the only way to investigate the flare properties. In my case, MRO
was the only one to detect 37 GHz multiple flare episodes so far. Therefore, assum-
ing true the coherent emission hypothesis, quick repeated observations at 37 GHz
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are the right approach. Since a new 37 GHz receiver will be mounted at MRO soon,
the next years will be fundamental to further investigate the cited hypothesis.
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6.6 Appendix: lists and light curves of observations

Table 6.4: J1522+3934 JVLA observations.

Config.

IS

Date
)

X
S peak

©)

rrnsX

4

K
Speuk

(5)

I'II'ISK

(6)

nA
nA
nA

[exllesMvrBvsBvsBesBvclivsResBocivsBivsBvsBoclivsBivsBosBoclivsBivs BosBlvs i Blvs Bos B Bivs Blvs Bos]

> > > > >

2023.051068
2023.081183
2023.100421
2023.127560
2023.135935
2023.239114
2023.247964
2023.286076
2023.288046
2023.299853
2023.307177
2023.316061
2023.321083
2023.329256
2023.335201
2023.342950
2023.343446
2023.351714
2023.359194
2023.362529
2023.370724
2023.383686
2023.389912
2023.398170
2023.405577
2023.409063
2023.417212
2023.427586
2023.449970
2023.592115
2023.613974
2023.622117
2023.654333
2023.665981
2023.728652
2023.739722
2023.744334

0.212£0.056
0.256£0.024
0.244+0.036
0.247+0.030
0.207+0.046
0.223£0.051
0.227£0.051
0.236£0.056
0.247+0.049
0.220+0.043
0.269+0.036
0.246£0.063
0.246£0.053
0.223£0.043
0.214+0.037
0.224+0.060
0.259£0.066
0.223£0.058
0.269+0.089
0.230+0.055
0.241+0.059
0.259+£0.078
0.213£0.062
0.252£0.071
0.291£0.088
0.224+0.073
0.207£0.041
0.217£0.034
0.217£0.053
0.209£0.062
0.205+0.037
0.180+0.038
0.199+£0.042
0.234+0.061
0.181£0.059
0.196+0.045
0.177+0.023

0.016
0.019
0.019
0.020
0.018
0.018
0.018
0.020
0.021
0.018
0.019
0.018
0.021
0.018
0.024
0.020
0.019
0.018
0.018
0.018
0.019
0.019
0.021
0.019
0.019
0.022
0.017
0.016
0.017
0.016
0.016
0.015
0.017
0.015
0.015
0.015
0.015

0.106+0.031
0.183£0.025
0.202+0.021
0.135+0.025
0.154+0.041
0.150+£0.035
0.187+0.047
0.160£0.028

0.176+0.034
0.148+0.038
0.144+0.023
0.173£0.039
0.202£0.043
0.176+0.039
0.201+0.050
0.172+0.038
0.149+0.037
0.162£0.045
0.142+0.028
0.117+0.030
0.093+0.020
0.155£0.045
0.182+0.050
0.136+0.024
0.162+0.039
0.148+0.044
0.127+0.028
0.144+0.024
0.0860.032
0.1224+0.043
0.095+0.026

0.164+0.050
0.126+0.032

0.025
0.019
0.021
0.029
0.026
0.024
0.023
0.022
0.024
0.022
0.026
0.022
0.023
0.026
0.026
0.022
0.021
0.022
0.023
0.024
0.029
0.033
0.023
0.022
0.026
0.024
0.024
0.026
0.021
0.026
0.030
0.029
0.034
0.024
0.028
0.024
0.031

Columns: (1) telescope array configuration; (2) time of the observation [decimal year]; (3) peak flux
density and its error [m]y/beam] in X band; (4) rms level of the observation [m]y/beam] in X band; (5)
peak flux density and its error [mJy/beam] in K band; (6) rms level of the observation [m]y/beam] in
Kband.
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Figure 6.3: MRO light curves of the sample between June 2022 and January 2024. The blue
dots are detections, with the relative flux densities and errors. The orange triangles are the
upper limits of non-detections. The green line is related to the date of Effelsberg epoch 3

observations, with an arbitrary flux.
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OVRO light curves

2022.5 2023.0 2023.5 2024.0 2024.5
0013— T T T T T
OVRO det

_ 0.0101 * OVRO non-det
3 0.0071
x b
2 0.005 1 »

0.003

0.015 A }

[
= 0.010 |
X
E;

% 0.005 -
=
=0.010
X
E
[T
0.005
%4901
. 0.300
=
% 0.200
3
[T
0.100
0.0001 ; ° ¢ ; ; ; -
0,010 |
= 0.007 [
X
5 0.005 ]
(i
0.003
0.040
*
= 0.030
3 0.020
L.
0.0101 ®
0.000 A } —t } t t
0.2001 :
= 0.150
% 0.1001
| 1
0.0501
0.000 1 . ) Ay v, ; . .
2022.5 2023.0 2023.5 2024.0 2024.5

Time [decimal year]

Figure 6.4: OVRO light curves of the sample between June 2022 and October 2024. The blue
dots are detections, with the relative flux densities and errors, while the orange triangles
are the upper limits of non-detections. The error bars that are not visible, due to their small
values, are within the size of the dots.
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J1522+3934 X-band light curve
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Figure 6.5: J1522+3934 light curve of JVLA X-band observations.
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Figure 6.6: ]1522+3934 light curve of JVLA K-band observations. The dots at the bottom are
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Table 6.5: OVRO detections.

Source
o

Date
@

S
®

J1029+5556

J1228+5017

J1232+4957

J1509+6137

J1510+5547

J1522+3934

J1641+3454

2022.479144
2022.892543
2022.780789
2022.799807
2024.754022
2024.754025
2022.455644
2023.493042
2022.583406
2022.677108
2022.753641
2024.208494
2024.415663
2022.679043
2023.483077
2022.873085
2022.873087
2024.672553
2022.964080
2023.406719
2023.698411
2024.369413

0.01+0.002
0.007+0.001
0.012+0.002
0.013£0.002
0.011£0.002
0.011£0.002
0.010£0.001
0.014+0.002
0.154+0.028
0.007£0.002
0.006£0.001
0.360£0.048
0.011+0.003
0.009+0.002
0.009£0.002
0.043£0.002
0.035£0.002
0.009+0.002
0.222+0.004
0.009£0.002
0.021£0.002
0.053£0.012

Columns: (1) source; (2) time of the observation [decimal year]; (3) flux density and its error [Jy].



6.6. Appendix: lists and light curves of observations 117

Table 6.6: Effelsberg observations.

Source Receiver  Freq. Date rms
0 @ @ @) 5)
Epoch 1

J1232+4957 545 4.8 2021.956525 1.6
545 5.3 2021.956525 2.6
S45 6.7 2021.956525 5.8
545 6.8 2021.956525 4.2
528 1045  2021.956580 1.8
S14 19.3 2021.956621 6.9
S14 21.2 2021.956621  10.2
514 23.0 2021.956621 26.3
S14 24.8 2021.956621 12.5
S7 35.8 2021.956682  33.9
S7 38.3 2021.956682 389

J1522+3934 545 48 2021.956775 1.6
545 5.3 2021.956775 259.3
S45 6.7 2021.956775 4.0
545 6.8 2021.956775 5.4
528 1045 2021956817 1.6
S14 19.3 2021.956862 8.0
S14 21.2 2021.956862 7.1
514 23.0 2021.956862  24.5
S14 24.8 2021.956862 5.3
S7 35.8 2021.956911 31.3
S7 38.3 2021.956911 419

J1641+3454 545 48 2021.957009 1.9
S45 5.3 2021.957009  58.6
S45 6.7 2021.957009 8.4
545 6.8 2021.957009 5.2
528 1045  2021.957048 1.8
S14 19.3 2021.957087 4.8
S14 21.2 2021.957087 5.7
S14 23.0 2021.957087 27.6
S14 24.8 2021.957087 6.0
S7 35.8 2021.957125 35.2
S7 38.3 2021.957125 36.4

Epoch 2

J1029+5556 545 4.8 2022.300494 1.9
545 5.3 2022.300494 35
545 6.7 2022.300494 142
545 6.8 2022.300494 5.2
528 1045 2022300538 1.7
S14 19.3 2022.300585 6.9
S14 21.2 2022.300585 5.8
S14 23.0 2022.300585 17.5
S14 24.8 2022.300585 5.3
S7 35.8 2022.300632  35.4

57 38.3 2022.300632  36.4
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Table 6.7: Effelsberg observations - continued

Source Receiver Freq. Date rms
M @ @) @) 5)
J1232+4957 545 48 2022300684 1.9
545 53  2022.300684 28.1
S45 6.7 2022300684 6.4
545 6.8 2022300684 3.4
528 10.45 2022.300727 1.7
S14 19.3  2022.300769 5.6
S14 212 2022.300769 5.2
S14 23.0 2022.300769 16.1
S14 24.8  2022.300769 5.1
S7 35.8 2022.300811 35.2
S7 38.3  2022.300811 39.0
J1228+5017 545 48  2022.300853 1.9
545 53  2022.300853 8.5
S45 6.7 2022300853 13.9
545 6.8 2022300853 5.1
528 10.45 2022.300895 1.7
514 19.3  2022.300938 5.5
S14 21.2 2022.300938 5.1
S14 23.0 2022.300938 15.0
S14 24.8 2022.300938 4.8
S7 35.8 2022.300982 31.8
S7 38.3  2022.300982 34.0
J1522+3934 545 48 2022301100 1.8
545 53 2022301100 3.4
545 6.7 2022301100 9.6
545 6.8 2022301100 3.6
528 10.45 2022301142 1.7
S14 19.3 2022301185 6.9
S14 212 2022.301185 6.1
S14 23.0 2022.301185 16.5
S14 248 2022.301185 5.8
57 35.8 2022301227 29.8
S7 38.3  2022.301227 329
J1641+3454 545 48 2022301268 1.6
545 53 2022301268 1.9
545 6.7 2022301268 10.1
545 6.8  2022.301268 3.4
528 1045 2022.301307 1.6
S14 19.3 2022301347 7.1
S14 212 2022.301347 59
S14 23.0 2022.301347 16.3
S14 24.8 2022.301347 5.0
57 35.8 2022301387 294
S7 38.3  2022.301387 34.1
J1509+6137 545 48 2022301479 2.3
S45 53  2022.301479 5.9
545 6.7 2022301479 18.0
545 6.8  2022.301479 59
528 1045 2022.301511 2.2
S7 35.8 2022.301529 52.8
S7 38.3  2022.301529 55.0
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Table 6.8: Effelsberg observations - continued

Source Receiver  Freq. Date rms
) 2 3 *) 5
Epoch 3
J1228+5017 545 4.8 2023.412477 6.3
545 4.8 2023.412477 2.5
545 5.3 2023.412477 9.0
545 6.7 2023.412477 13.6
545 6.7 2023.412477 3.3
545 6.8 2023.412477 9.1
545 4.8 2023.412481 8.8
545 4.8 2023.412481 3.9
528 1045  2023.412498 2.5
S14 21.2 2023.412538 7.3
S14 23.0 2023.412538 13.3
S14 24.8 2023.412538 149
57 35.8 2023.412554  46.0
57 38.3 2023.412554 53.4
520 14.3 2023.413453 1.5
520 14.3 2023.413453 1.8
520 16.8 2023.413453 4.0
520 16.8 2023.413453 1.7
520 16.8 2023.415318 4.6

Columns: (1) source; (2) receiver; (3) frequency [GHz]; (4) time of the observation [decimal year]; (5)

rms [m]y].
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Conclusions

The common thread of the single works’ goals in this thesis is the study of peculiar
NLS1s with radio behavior never seen before, demonstrating once again the impor-
tance of NLS1s as natural astrophysical laboratories for different phenomena. Given
the uniqueness of the flaring events shown by the sample, characterizing their ori-
gin and properties proved very challenging. Therefore, the present work is the start-
ing point of a long road. I decided to perform a variety of analyses in optical and
radio regimes, trying to add step-by-step more constraints on the most plausible
hypotheses presented recently (Jarveld et al., 2024). As I described in Sec. 2.3, the
three main viable hypotheses are: jet-cloud/star interaction, relativistic jet and FFA
with moving clouds, and magnetic reconnection. I performed two works at optical
wavelengths. In the first one, I investigated time-series in multiple bands in a win-
dow of ~10 years, performing a variability and a periodicity analysis. In the second
one, I analyzed the optical spectra of the seven currently known sources, deriving
their main physical properties by means of the detected emission lines. In the radio
regime, I focused on the flares randomly observed in the sample. Here, I estimated
the main flares” properties using all the available radio data of the last three years,
both from single-dish telescopes and interferometers.

The two optical works I carried out had the aim to investigate possible peculiar-
ities and similarities among the sources in the sample, and to search for the optical
counterpart of the radio flare episodes. This last did not bring any relevant results,
since neither in the time-series analysis nor in the spectra analysis were present traits
coming from the flares. On average, the stochastic variability measured as well as
the PSD shape had typical values for this class of AGN. The same conclusions were
drawn from the spectral analysis. One source revealed to be an intermediate Seyfert,
however, this and the other six NLS1s showed behaviors fully aligned with their re-
spective classes. I can conclude that the extreme phenomena seen in radio are likely
not related to the general properties of the sources, but more to specific circum-
stances that arise close to the nucleus, given the timescale. It is interesting to notice
that the seven sources analyzed here were part of a larger sample of NLS1s, which
was selected by MRO following defined criteria. Also other sources not included
in the first sample might show the peculiar radio behaviors of this sample, also not
necessarily classified as NLS1s. However, since the results of the optical analyses did
not reveal deviations from the typical characteristics of the NLS1s class, the optical
band is certainly not suitable for selecting new candidates. The radio work led to
more interesting results. Indeed, even though only MRO detected the high state ac-
tivity in a few cases, the estimation I carried out showed flares with extremely short
time-scales, down to a few tens of minutes, and high variability brightness temper-
atures >10' K. Flux variations such rapid must come from very small regions and
have to be related to very powerful phenomena.

Considering the results, I found the magnetic reconnection seems to be the most
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likely hypothesis among those described. Since there is no strong evidence for the
presence of relativistic jets, the magnetic reconnection in the black hole magneto-
sphere is preferred compared to the jet-in-jet one. In that case, the reconnection of
the magnetic field lines of the SMBH converts magnetic energy into kinetic energy
that is gained by the surrounding particles. If the particles are free electrons, consid-
ering the high variability brightness temperature estimated, either an inverse Comp-
ton catastrophe or a coherent emission might be the actual process that produces
the flare emission with the measured behaviors. An inverse Compton catastrophe
generates an intense emission at multiple frequencies in radio, followed by a bright-
ening at high energies similar to what has been detected by Romano et al. (2023).
On the other hand, the narrow emission bandwidth of a coherent emission might
explain why the flares are detected only at 37 GHz by MRO. Neither phenomenon
has ever been seen in AGN, making the study very interesting and challenging at
the same time.

If the magnetic reconnection coupled with either inverse Compton catastrophe
or coherent emission were confirmed, it would be a discovery with groundbreaking
implication, since such a scenario has basically never been seen in an astrophysical
source. To this aim, non-trivial efforts must be made, especially from the observa-
tional point of view. To reduce the uncertainties in the e-folding time-scale mea-
surements, triggered observations able to detect the same flare events are necessary,
both in a specific and in multiple frequencies. With an estimated time-scale of even
less than an hour, such a goal is very challenging. It can be done with a tight col-
laboration between MRO, for which the monitoring of the sample is still ongoing,
and other single-dish antennas, like the Sardinia Radio Telescope, OVRO, and Ef-
felsberg, for instance. Moreover, multiple close and rapid monitoring of the same
source with the same telescope will be possible soon at MRO with the installation of
the new 37 GHz receiver. Triggered observations would also be fundamental in X-
ray, to better investigate a possible brightening at high energies connected to the ra-
dio emission. All these efforts are necessary not only to disentangle between the two
possible scenarios, but also to open up new possible hypotheses which might lead
closer to the understanding of this singular and extreme phenomenon. The analy-
ses presented in this thesis could be taken as reference and applied to eventual new
candidates similar to those studied here. Enlarging in this way the knowledge of a
possible new class of AGN. New facilities like the incoming Large Synoptic Survey
Telescope at the Vera C. Rubin Observatory, with long lasting monitoring projects,
might be extremely useful on the selection and monitoring of new candidates.
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