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ABSTRACT

We report simultaneous observations at different energy bands in radio, optical, UV, X-rays and y rays of the flat-spectrum radio-quasar
3C 345. We built the light curve of the source at different frequencies from 2008, the beginning of the Fermi all-sky survey, to 2016,
using new data and public archives. In particular we obtained several optical spectra, to study the behavior of emission lines and the
continuum in different activity states and to derive the black hole mass. 3C 345 showed two flaring episodes in 2009, which occurred
simultaneously in y ray, optical/UV and X-rays, and were later followed in radio. The source shows an inverse Compton dominated
spectral energy distribution, which moved from higher to lower frequencies from the high to the low state. The reverberation of emission
lines during one outburst event allowed us to constrain the location of production of y rays very close to the broad-line region, and
possibly in the jet-base. We report the observation of an increased accretion after the outburst, possibly induced by the decrease of

magnetic field intensity with respect to the low state.

Key words. galaxies: jets — quasars: emission lines — quasars: supermassive black holes — quasars: individual: 3C 345

1. Introduction

Active galactic nuclei (AGN) are among the most luminous
sources in the Universe. The source of their powerful emission
throughout the whole electromagnetic spectrum is accretion
onto a supermassive black hole, with a mass usually ranging
between 10° and 10'° M. This central engine is often able to
launch a relativistic jet, which can carry energy and momentum
far away from the nucleus, emitting a large amount of radiation
at all frequencies. When the jet is pointed toward the Earth, the
relativistic beaming enhances the source luminosity, making it
a blazar. Such sources are often associated with y-ray emission,
and they are here divided into three classes according to the
properties of their optical spectrum and their overall spectral
energy distribution (SED): BL Lacertae objects (BL Lacs),
flat-spectrum radio quasars (FSRQ) and flat-spectrum radio-
loud narrow-line Seyfert 1 galaxies (F-NLSI1, e.g. Foschini
2017). While the optical spectrum of BL Lacs is basically a
featureless continuum, the other two classes of blazars are
characterized by the presence of strong emission lines, and are
thought to be AGN powered by a radiatively efficient accretion
mode (Heckman & Best 2014). Flat-spectrum radio quasars
show usually permitted lines with a high full width at half

Article published by EDP Sciences

maximum (FWHM), and a large black hole mass, above
108 M. Conversely, F-NLS1 have a FWHM(Hp) by definition
lower than 2000 km s~!, and might be a young evolutionary
phase of FSRQs (Foschini et al. 2015; Berton et al. 2016).

The spectral energy distribution (SED) of blazars is approx-
imatively characterized by two humps. The low frequency part
of the SED originates via synchrotron radiation, while the sec-
ond peak is due to inverse Compton scattering (IC) of relativistic
electrons on seed photons. The beamed jet also makes blazars
extremely variable throughout all frequencies. In particular they
can rapidly move from a high state, in which their luminosity
is strongly increased, to a low state, in which the jet contribu-
tion is less pronounced and the luminosity usually decreases. To
better understand the changes that occur between these states
of blazar activity, and how these changes reflect in the opti-
cal spectral lines, we decided to focus on 3C 345, a FSRQ at
7=0.593 (Lynds et al. 1965), with coordinates RA 16h42m58.8s
and Dec +39d48m37.2s (J2000).

This quasar is part of a Radio AND Optical Monitor-
ing (RANDOM) campaign, which investigates a small sample
of six line-emitting AGN, selected because of their strongoptical
and radio emission. The monitoring has been carried out since
February 2016 with the Metsdhovi Observatory in the radio

A148, page 1 of 14


http://www.aanda.org
https://doi.org/10.1051/0004-6361/201731625
mailto:marco.berton@unipd.it
http://www.edpsciences.org

A&A 614, A148 (2018)

MH 37 GHz
OVRO 15 GHz

Flux (Jy)

T T T T
010 2012 2014 2016

Time (decimal year)

Fig. 1. Light curve of 3C 345 in radio. The black points indicate the
flux at 37 GHz, measured by the Metsdhovi Radio Telescope. The blue
points indicate the flux at 15 GHz, measured by the Owen Valley Radio
Telescope. The vertical dashed line indicates the 2009B flare.

band at 37 GHz and in the optical band with the Asiago 1.22 m
telescope. In the future, polarimetric and spectropolarimetric
observations will be also carried out with the Copernico 1.82 m
telescope of the Istituto Nazionale di Astrofisica (INAF)/Asiago
Observatory.

The radio quasar 3C 345 is a well studied object showing
superluminal motion on very large baseline interferometry
(VLBI) scales (see the MOJAVE project, Lister et al. 2009, see
also Roberts & Wardle 2012; Roberts et al. 2013). Its optical
spectrum, as expected from a FSRQ, is that of a type 1 AGN
although X-ray observations suggest the presence of a Comp-
ton thick absorber in its nucleus similar to those found in type 2
AGN (Eguchi 2017). The first optical magnitude measurements
were already carried out in the late nineteenth century, and in the
following yr the source showed an intense flaring activity (Zhang
et al. 1998). Some authors suggested that such flaring episodes
are induced by perturbations on the accretion flow and disk gen-
erated by the presence of a binary system of supermassive black
holes (Lobanov & Roland 2005; Klare et al. 2005). A possible
consequence of these is the complex structure of the relativis-
tic jet, which exhibits an helical parsec-scale shape (Schinzel
et al. 2010), and a counter-jet symmetric to the approaching
jet (Matveyenko & Sivakon’ 2013). The jet remains relativistic
for hundreds of parsecs, and it is also a strong X-ray emitter
(Kharb et al. 2012). Radio quasar 3C 345 has also been identified
as a y-ray emitter by the Fermi LAT collaboration (e.g. Schinzel
et al. 2011), and in the third FERMI LAT source catalog (3FGL,
Ackermann et al. 2015) it was associated with the source 3FGL
J1642.9+3950. During the monitored period, the source exhib-
ited three strong y-ray flares that we refer to as 2009A, 2009B,
and 2015 (see Sect. 3), before entering a low activity state that
extended for the rest of the observational campaign described
here.

In radio the source is bright and reveals a complex morphol-
ogy as shown by the MOJAVE blazar monitoring observations
at 15 GHz (Lister et al. 2009). The parsec-scale emission has the
same long-term behavior as optical and y-ray radiation (Schinzel
et al. 2012). On larger scale, the source has been monitored
since the 1980s from Metsihovi at 37 GHz. Both in radio and in
optical bands, 3C 345 flux has been showing a decreasing trend,
in particular since the last major flare in 2009 (see Fig. 1), with
some minor flaring events. In 2016 the source reached in the

A148, page 2 of 14

optical band a minimum since the beginning of the observations.
Therefore we decided to study via long-term multiwavelength
observations the evolution of the source from the last major flare
to this very low state. We retrieved archival data and performed
new observations between 2008 August 4, the beginning of
Fermi observations, and 2016 August 31. We built the spectral
energy distribution (SED) of the source to derive its main phys-
ical properties, and we studied optical spectrum and emission
lines to better constrain its characteristics.

In Sect. 2 we describe the multiwavelength data analysis, in
Sect. 3 we show our results, in Sect. 4 we discuss them, and
in Sect. 5 we present a brief summary. Throughout this work
we adopt a standard ACDM cosmology, with a Hubble constant
Hy =70 km s~' Mpc™!, Q,, = 0.27, and Q4 = 0.73 (Komatsu
et al. 2011).

2. Observations and data analysis
2.1. Radio band

The 13.7 m radio telescope at the Aalto University Metsdhovi
Radio Observatory' in Finland is used for monitoring large sam-
ples of AGN at 37 GHz. The measurements are made with a
1 GHz-band dual beam receiver centered at 36.8 GHz. The tele-
scope is equipped with a high electron mobility pseudomorphic
transistor (HEMPT) front end that operates at room temperature.
The observations are on-on observations, alternating the source
and the sky in each feed horn. A typical integration time to obtain
one flux density data point is between 1200 and 1400 s. The
detection limit of the telescope at 37 GHz is on the order of
0.2 Jy under optimal conditions. Data points with a signal-to-
noise ratio < 4 are handled as non-detections. The flux density
scale is set by observations of DR 21. Sources NGC 7027, M 87
(3C 274), and NGC 1275 (3C 84) are used as secondary cali-
brators. A detailed description of the data reduction and analysis
is given by Terdsranta et al. (1998). The error estimate in the
flux density includes the contribution from the measurement root
mean square and the uncertainty of the absolute calibration. The
monitoring of 3C 345 at 37 GHz has been carried out systemati-
cally with Metsédhovi since 1980. The light curve is indicated by
the black squares in Fig. 1.

We also retrieved the public data obtained with the 40 m tele-
scope of the Owen Valley Radio Observatory (OVRO). The 389
observations were carried out at 15 GHz, and they were part of
the Fermi blazar monitoring program (Richards et al. 2011). The
light curve is represented by the blue circles in Fig. 1.

2.2. Optical
2.2.1. Photometry

During the low state, we obtained a magnitude estimate for g, r,
and i Sloan Digital Sky Survey (SDSS) filters using the 1.82m
Copernico Telescope of the INAF/Asiago Observatory?. This
observation was performed on 2016 April 16, with a seeing of
2”,1in 2 X 2 binning and with a partially overcast sky. For each
band we got an exposure of 180 s. The source was observed
again on 2016 June 16 and 2016 June 25 with the Schmidt
92/67 cm of the INAF/Asiago Observatory. The target was
observed using B, V, R, and [ filters, getting three exposures
of 300s each for all filters. The source was also observed by

I http://metsahovi.aalto.fi/en/
2 http://archive.oapd.inaf.it/asiago/


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731625&pdf_id=0
http://metsahovi.aalto.fi/en/
http://archive.oapd.inaf.it/asiago/

15

164

-
<

Magnitude

194

20
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from the Kunming and Lijiang telescopes, the green triangles are measured by the Asiago Schmidt telescope. From left to right: U magnitude, B
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Table 1. Observational details for optical spectra.

20

T T T T
2010 2012 2014 2016

Date Telescope Dispersion  Slit (arcsec) R Lamp Exposure time (s)
2009-08-20 NOT grism#6 1.3 530  HeNe 700

2010-06-30 NOT grism#4 1.0 400  HeNe 900

2011-05-29 NOT grism#4 1.0 400  HeNe 500

2013-07-16 INT grating#7 1.0 400  CuArNe 1800

2016-05-26 NOT grism#20 0.5 1850 ThAr 1800

2016-05-30 TNG LR-B 0.7 750  HgNe 1800

2016-08-28 TI122 300mm=! 4 700  FeAr 14400

Notes. Columns: (1) Date; (2) telescope used for observations; (3) dispersion element; (4) slit; (5) spectral resolution R; (6) lamp for wavelength

calibration; (7) exposure time.

the Nordic Optical Telescope (NOT)? in four different epochs,
and by the Isaac Newton Telescope (INT)* in 2013. All these
images were processed using the standard reduction, correcting
for bias, dark (only for the Schmidt 92/67 cm data), and flat-field.
To obtain the magnitudes we used a point spread function (PSF)
fitting technique, which can be used for point-like sources. The
images were astrometrized finding the surrounding field stars in
the Two Micron All-Sky Survey (2MASS) archive. The instru-
mental magnitudes were then converted into physical quantities
using the corresponding SDSS magnitudes.

To better constrain the historical behavior of 3C 345 in opti-
cal, we also used the photometric observations performed with
the Lijiang 2.4 m telescope and the Kunming 1.02 m telescope at
the Yunnan Observatories®. Before 2008 July 30 a PI 1024TKB
CCD 1024 x 1024 px was mounted at the Cassegrain focus of
Kunming 1.02 m telescope, later replaced by an Andor DW436
CCD with 2048 x 2048 px. At the Lijiang 2.4 m telescope a
PIVersArray 1300B CCD was equipped at the Cassegrain focus
until 2011. Later the observations were carried out by the Yunnan
Faint Object Spectrograph and Camera (YFOSC). The observa-
tions were performed with different exposure times, to match the
different seeing and weather conditions. The typical seeing was
<2.5” at Kunming telescope and <2” at the Lijiang telescope.
The data were reduced following the standard Image Reduc-
tion and Analysis Facility (IRAF) procedure, including bias
subtraction and flat-field correction. The aperture photometry
was performed using the APPHOT package. The flux calibration

3 http://www.not.iac.es/
4 http://www.ing.iac.es/Astronomy/telescopes/int/
5 http://www.gmg.org.cn/english/

was performed via differential photometry with field stars.
The observations carried out on the same night were averaged.
Finally we also used the archive data of the Catalina Sky Survey
(CSS, Drake et al. 2009)°, which observed the source between
2005 and 2014 in V band with three dedicated telescopes.
All the available photometric data points are illustrated in
Fig. 2.

2.2.2. Spectroscopy

We retrieved one spectrum from the Sloan Digital Sky
Survey (SDSS) archive. It was observed by the SDSS/Barion
Oscillation Spectroscopy Survey (BOSS, Ahn et al. 2014) in 2012
(MIJD 56090), in a lower activity state. Recent optical spectra
were obtained with the Nordic Optical Telescope (NOT) and
with the Telescopio Nazionale Galileo (TNG)’ on 2016 May
26 and 2016 May 30, respectively (see Table 1). In both cases
the object was observed three times with an exposure time of
600 s. The spectra were reduced using standard IRAF tools.
We first corrected for bias and flat-field, then we used a ThAr
lamp to calibrate the NOT spectra and a HgNe lamp for the
TNG spectra. Finally we flux calibrated both spectra using the
standard star BD+332642. The final spectra have a dispersion of
2.20 A px~! (NOT) and 2.68 A px~! (TNG). To better compare
the present-day spectrum and to study the source evolution in
recent yr, we also recovered spectra between years 2009 and
2013, obtained with the Andalucia Faint Object Spectrograph
and Camera (ALFOSC) at NOT and the Intermediate Dispersion

6 http://www.lpl.arizona.edu/css/
7 http://www.tng.iac.es/
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Fig. 3. Light curve of 3C 345 in the UV bands measured by
Swift/lUVOT. From top to bottom, UVW1 magnitude, UVM2 magni-
tude, and UVW2 magnitude. The vertical dashed line indicates the
2009B flare.

Spectrograph (IDS) at INT between 2009 and 2013. The obser-
vational details are shown in Table 1. Finally, we observed again
the target on 2016 August 28 with the Asiago 1.22 m telescope,
with an exposure time of four hours. The spectrum was cali-
brated following the standard procedure already described, with
a FeAr lamp for wavelength calibration and the standard star
BD+332642 for flux calibration. The spectrum has a dispersion
of 2.6 A px~'.

We finally retrieved optical spectra observed by the Steward
Observatory monitoring of Fermi LAT sources (Smith et al.
2009)8. The radio quasar 3C 345 was observed 48 times between
March 2009 and September 2012, covering a spectral range
between 4000 and 7550 A with a dispersion of 4 A px~!. The flux
calibration was performed by scaling the spectra to match the
V-band magnitude determined from the differential spectropho-
tometry on the same night. The spectral parameters measured on
each spectrum are shown in Table A.2.

2.3. UV and X-rays by Swiift

We observed 3C 345 three times with the Swift Satellite in target
of opportunity mode. The first on 2016 April 25 with an expo-
sure time 2.5 ks, again with 1.5 ks on 2016 May 27, and finally
on 2016 June 23 with 2.5 ks. We also processed and analyzed all
the archive data from Swift, to obtain historical X-ray and UV
light curves of the source. The data reduction was performed
using HEASoft v.6.18, with the calibration database updated
on 2016 April 17. The data we analyzed were obtained with the
X-Ray Telescope (XRT, Burrows et al. 2005) and the UltraViolet
Optical Telescope (UVOT, Roming et al. 2005). Spectral counts
from XRT were binned using at least 20 counts per bin, to apply
the y? test. In two cases, too few counts were present to apply
the Xz statistic, therefore we used the maximum likelihood-based
statistic for Poisson data (Cash 1979). The X-ray spectra anal-
ysis was performed using XSPEC v12.9.0, adopting a single
power law model. The observation with UVOT was performed
using all the six UVOT filters (Poole et al. 2008). Measured
magnitudes (VEGA flux zeropoints) were corrected for Galac-
tic absorption following Cardelli et al. (1989) and converted into
physical units using the zero point magnitudes provided in the
calibration database. The optical filter observations are presented

8 http://james.as.arizona.edu/~psmith/Fermi/

A148, page 4 of 14

0.20 : E
1 wn
L% o
0.15 4 i =
o
. IS
010] ¢ i [ o
[ L] <
i ¢ "
0.05 4 1 ¢ @ ® |t
1 [ =
L r r r S
— 2010 2012 2014 2016
Im 6 1 0.0 1
1 m < 2keV + 1 o
SEERL 4 o >2kev [027 | =
(T : # ©
o 0.4 1 0
T 3] ey i’ #4 + # o
S % | -061 4 c
2e ! °
X 1 -! ’ 1 o
11 im ¢ 2 #o08] | ©
L] I
= 1 1
S50 L : : — 1.0 : : . .
e 2010 2012 2014 2016 2010 2012 2014 2016

Time (Decimal years)

Fig. 4. Top panel: light curve of 3C 345 in X-rays, as derived from
Swift/XRT data, in units of counts s~!. The vertical dashed line indi-
cates the 2009B flare. Bottom left panel: light curve of the soft and hard
X-ray flux, in erg s!. The threshold energy is fixed at 2 keV. Bottom
right panel: light curve of the hardness ratio, as defined in Eq. (2). The
vertical dashed line indicates the 2009B flare.

in Fig. 2, while the UV light curves are given in Fig. 3. The X-ray
properties, instead, are summarized in Fig. 4 and in Table A.1.

2.4. Gamma rays by Fermi LAT

To study the high-energy emission we used the public data
archive of the Large Area Telescope (LAT) on board of the
Fermi y-ray Space Telescope (Atwood et al. 2009; Ackermann
et al. 2012). In order to take into account the full set of
available observations, covering the most recent history of the
source, we analyzed all the source-type events in the range
between 0.1 and 500 GeV collected from the beginning of
the Fermi all-sky survey on 2008 August 4 and 2016 Septem-
ber 1. To reduce the data we used the LAT Science Tools
v10.0.5, with the event selection evclass=128, evtype=3,
and instrument response function (IRF) P8R2_SOURCE_V®6, the
Galactic diffuse background gll_iem_v06, and the isotropic
background iso_P8R2_SOURCE_V6_v06 to model the Galactic
and isotropic diffuse emission. Contamination due to the y-ray-
bright Earth limb is avoided by excluding events with zenith
angle >90°.

We followed a likelihood-based approach to obtain the pho-
ton fluxes at this band. Therefore to model the emission we
considered a power law of the form, F(E) « E T where I is the
photon index. In order to quantify the detections we accounted
for the Test Statistic (TS, Mattox et al. 1996), determined on the
source in uniform time bins of 30 days, in such a way that any
bin with TS < 4 was classified as an upper limit.

We first performed a fit of the whole time interval using
unbinned analysis, modeling the target and those nearby
sources already reported in the 3FGL catalog (Ackermann
et al. 2015) within a region of interest (ROI) of 10°. Within
this ROI, 19 nearby sources were modeled along with 3C
345. The latter is bright within the ROI, with a TS =
1953, a photon index of 2.38 + 0.04, and a photon flux
of (4.5 + 0.4)x 1078 ph cm™? s~!. This result is consistent
with the value reported in the 3FGL catalog. The y-ray posi-
tion is at coordinates RA = 250.7348° and Dec = 39.816°
(J2000). Residual TS maps were obtained to check whether
there was any new emerging background source. Indeed,
our analysis suggests the presence of two y-ray sources not
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included in 3FGL, but relatively faint and distant from the
target. These two objects are located at RA = 255.304°,
Dec = 40.027° and RA = 248.878°, Dec = 36.492°. Repeat-
ing the analysis including these two background sources, and
leaving both their normalization and spectral photon index
parameters free to vary, we found a flux of (4.3 + 0.4) X
108 phecm™2 s7!, with a TS = 1890 and a spectral photon index
of 2.36 + 0.04.

We then calculated the monthly time bin light curve in the
same approximately 8-yr considered period. In each monthly
time interval the spectral parameters of the known background
sources were fixed to the 3FGL values. The same was done
for all the background sources with a TS < 1000. The results
of this sampling are illustrated in Fig. 5, along with the pho-
ton index measured in each bin. Our measurements are typically
consistent with 3FGL catalog values, although with some dis-
crepancies that may be accounted for by the use of Pass 8 IRF
instead of the Pass 7 reprocessed IRF used for the 3FGL cata-
log, and by the presence of two nearby sources not included in
the 3FGL.

To study the period of highest activity of the source, we also
calculated the three-hour bin light curve around the peak regis-
tered on 2009 October 4, from three days before to three days
after. We first performed a seven-day analysis, which provides
a preliminary estimate of the target parameters and background
sources. Then, in the light curve analysis, the spectral photon
index of all the sources and the normalization of the diffuse
background components were frozen. The spectral photon index
value we used was —2.39. The binning we used for the light curve
is three hours, and when 7S < 4 we considered the flux as an
upper limit. The results are displayed in Fig. 6.

3. Results
3.1. Light curves

The data analysis revealed the presence of at least two prominent
flares in 2009, which propagated from high energies to lower
frequencies, and of a very low state in 2016 in all the frequencies.
In the following we will investigate the light curves at different
frequencies.
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Fig. 6. Flare from 2009 October 4 of 3C 345 in vy rays. Each bin corre-
sponds to three hours. The bars indicate the TS level of each bin, shown
on the right y-axis. When the T'S was <4, we considered the flux as an
upper limit.

Radio band. The radio light curves at 37 and 15 GHz are
shown in Fig. 1. To properly model the flaring event of 2009A,
we adopted a technique to decompose variations into exponential
flare peaks following Valtaoja et al. (1999). We subtracted from
each light curve the continuum level, identified as the minimum
flux measured in the source during the examined period, and we
fitted it with a curve in the exponential form

AS pax eV teea)/T

wos {Asmaxe<fpeak-f>/1-3f ’ M

where AS .« is the maximum amplitude of the flare, #cax is the
peak flux epoch, and 7 represents the flux rise timescale. The
model was applied to the 37 GHz curve and the 15 GHz curve.
The results are shown in the top panel of Fig. 7. At 37 GHz,
the peak flux was reached on 2009 July 05, while the peak of
the 15 GHz flare is reached on 2009 September 24. The rise
timescale of this event was 0.58 yrs at 37 GHz, and 0.72 yr at
15 GHz, corresponding to 0.36 and 0.45 yr in the source rest-
frame (7o = 7/(1 + 2), Where T is the timescale in the source
frame). The residuals, shown in the bottom panel of Fig. 7, indi-
cate that after the event there is a significant flux increase, which
cannot be modeled with an exponential profile. This reached a
peak at the beginning of 2010, and that later decayed into the
low state. We interpret this as a second outburst of the source,
which is associated with analog events at different frequencies
occurring at the end of 2009. Therefore, from now on, we will
refer to these two events as 2009A and 2009B. It is worth not-
ing that before the 2009A event, the 37 GHz light curve shows
another flux increase. However, our data do not allow us to fully
constrain the position of its peak.

The light curve showed another outburst on 2015 December
25 at 37 GHz, and 2016 March 26 at 15 GHz. The aftermath
of this event is well described by an exponential profile, with
characteristic timescales of 7 = 0.57 yr at 37 GHz, and 0.28 yr
at 15 GHz (0.36 and 0.18 yr in source frame). Unfortunately the
only multiwavelength data available were the continuous y-ray
monitoring of the Fermi LAT.

Optical. The curve is shown in Fig. 2 for five optical fil-
ters, U, B, V, R, and I. In 2009 the strong activity of the source is
visible in all filters. The flares cannot be modeled with Eq. (1),
probably because of the small number of data points. A careful
inspection of the light curves seems to indicate the presence of
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Fig. 7. Exponential models of the radio flare 2009A. Top panel: black
squares indicate measurements at 37 GHz, the blue circles indicate
15 GHz data, after continuum subtraction. The red solid line is the expo-
nential model of Eq. (1), and describes the 37 GHz flare, while the red
dashed vertical line indicates the event peak. The green solid line mod-
els the 15 GHz flare, and the green dashed vertical line indicates the
flare peak. Bottom panel: residuals of the data after the subtraction of
the exponential model. Colors are as in the top panel.

both the 2009 outbursts. The [ filter in particular clearly shows
two peaks in the data, the first on 2009 May 15, and the sec-
ond on 2009 September 12. A similar shape is visible also in the
other filters. It is worth noting that there might be a third out-
burst, visible only in the R and [ filters, with a peak measured
on 2010 April 07. It is not clear whether this is associated with
counterparts at other frequencies. However, the y-ray monthly
light curve shows a slight increase in the same time bin, with
respect to the previous and following months.

Ultraviolet. Figure 3 shows the behavior of the three UV
filters of Swift/UVOT. The brightest magnitude reached in our
time range was measured in 2009 (see Table A.3), while the
faintest magnitudes were measured in June 2016. The UV data
reveal the presence of the 2009B flare only, probably because
the source was not monitored during May 2009. No other event
is visible in the Swift/UVOT data.

X-rays. In this band we also evaluated the hardness ratio,
defined as
H-S
HR= ——, 2
H+S @)

where H and S represent the flux above and below 2 keV, respec-
tively. The light curve, both in count rates and in physical units,
along with hardness ratio and hard and soft X-rays flux light
curves, is shown in Fig. 4.

Asin UV and optical, X-rays show a clear decreasing trend in
flux since 20009 to the present day. The highest flux of X-rays was
registered on 2009 May 11, and therefore it is likely to be associ-
ated with 2009A event. The luminosity then seems to decrease,
but it shows a slight increase in correspondence with the opti-
cal/UV flare 2009B. The hardness ratio instead showed a high
flux of hard photons in 2008 November 09, when no particu-
lar activity was measured at different wavelengths. During the
other periods, the hardness ratio was relatively stable, showing a
slight increase in the low state. The lowest flux in X-ray band was
observed on 2013 May 26, when neither in optical nor in radio
was a particularly low state observed. Finally, the X-ray photon
index, shown in Table A.l, does not vary significantly during the
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examined period, remaining approximatively constant within the
error bars.

Gamma rays. The resulting light curve is shown in Fig. 5.
Our results are consistent with those of 3FGL in the overlapping
time range. The 2009 flares are both visible, with a notice-
able increase of the high-energy flux. A high flux was reached
during flare 2009B, on modified Julian date (MJD) 55108.1875
(2009 October 04, 04h30mO00s), with a value of (1.07 = 0.44) X
107® photons s™! ¢cm™ and a TS ~ 20. As shown in Fig. 6,
a substantial amount of energy was emitted during the 2009B
outburst. The activity later decreased, although a comparably
high photon flux, (1.09 + 0.55) x 107% photons s~' cm™2, was
measured also on 2009 October 7 with a lower significance
(TS ~ 10).

An increase in y-ray activity of the source was measured
from the beginning of 2014 to the end of the examined period.
The highest flux of this event is measured in January 2016, with
aflux (1.15 + 0.24) x 1077 photons s™' cm~2 and a 7'S ~ 58. This
might be associated with the increased radio emission observed
during the same period. However, no other data are available to
clearly establish how they are related.

The photon index, shown in the bottom panel of Fig. 5 and
defined as Fg o« E7T, is roughly constant in the monthly bins
which are associated with a high state, remaining approximately
close to I' ~ 2.5. The measurement errors are too large to allow
us to make any claim for photon index variability in the two
emission states.

To estimate the timescale of rapid y-ray variability, we cal-
culated the doubling timescale during the 2009B event using the
intraday light curve (Fig. 6), as

_ (t—19)log?2
~ log F(t) —log F(ty) ’

3

Td

where 7, is the doubling timescale, (+—t) is the time interval
between two flux measurements, and F(t), F(ty) are the flux
values. At the beginning of the flare, the flux changed from
2.93 x 1077 ph s™' cm™ to 1.07 x 107® ph s~! cm™2. Accord-
ing to Eq. (3), 7 ~ 1.6 hours, that is approximately one hour
in the source frame. Taking into account the uncertainties on
the flux, we can constrain the doubling time between 0.6 and
13.6 hours, corresponding to ~0.4 and 8.5 hours, respectively, in
the source frame.

3.2. Cross-correlation

In order to study the behavior of the source at different fre-
quencies, we performed a cross-correlation analysis on the light
curves. Since we had to deal with unevenly sampled data,
we decided to use the discrete correlation function (DCF,
Edelson & Krolik 1988). The DCF is evaluated as

DCF, = (xi—x)(yj—y)’ @
00y

where x; and y; are the observed fluxes at times #; and 7;, X,
y are the mean fluxes in the two observed bands, and o, o
are the standard deviations of the light curves. We tested the
chance probability of the correlations by generating 5000 light
curves with underlying red noise properties and a distribution
resembling those of the observed data. These surrogate light
curves were then cross-correlated in a manner similar to those
performed with the observed data, thus yielding a distribution
at every time lag bin. From these distributions, the 1, 2 and 30
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Fig. 8. Discrete cross-correlation function between y rays and 37 GHz
flux. The red, green, and blue dotted lines indicate a significance level of
1, 2, and 30, respectively. The horizontal dashed line indicates the zero
level of the DCF. The vertical dashed line indicates the peak position of
a Gaussian fit to the correlation curve at 56 days. The Gaussian fit we
performed on the DCF is indicated by the shaded gray line.

significance interval was obtained. A detailed description of the
procedure we used is given by Ramakrishnan et al. (2015).

The correlation between the radio and y-ray light curve in
3C 345 is shown in Fig. 8. The data we analyzed are the 37 GHz
radio flux, illustrated as the black points of Fig. 1, and the -
ray fluxes shown in Fig. 5. In our analysis, the peak from the
Gaussian fit to the correlation curve indicates that the radio lags
the y rays by 56 days at a significance level of 20. The same
investigation was already carried out in Ramakrishnan et al.
(2015) on a different time interval. With a weekly binning for
v rays, they found two significant lags, the first of —40 days,
meaning that the radio led the y-ray curve, and a second one
with 80 days. Using instead a monthly binning for the y-ray curve
they found only one significant lag at 30 days, with y rays pre-
ceding the radio emission. The latter result is in agreement with
ours, since radio flux seems indeed to respond to optical and high
energy, particularly in correspondence to flaring events.

We performed the cross-correlation using optical data, but
we found instead no significant correlations. A similar result was
found between 7y rays and V magnitude.

It is however worth noting that, in the light curve, there
is clear evidence that the optical and y-ray flares are nearly
simultaneous. In particular, in the event 2009B, the optical and
high-energy emissions reached a peak on the same day.

3.3. Black hole mass

We used the optical spectra to derive the black hole mass and
the Eddington ratio. The Hg line is often used to perform this
kind of estimate. However, in our case it lies too close to the
atmospheric telluric absorptions. Reconstructing the line profile
so close to this feature might introduce unquantifiable errors in
the measurements. Therefore, we decided to use the Mg 1II line,
which is present in all of our spectra.

We corrected all of our spectra for Galactic absorption, using
Nu = 1.06x10%° cm~2 (Kalberla et al. 2005), which corresponds
to A(V) = 0.056, and redshift. We then subtracted the continuum
around the line reproducing it with a power law. To estimate
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Fig. 9. Top panel: fit of the Mg II region in the 2016 May 30 TNG
spectrum. The black solid line is the observed flux, the blue solid
line indicates the continuum power law (slope @, = —1.02 + 0.08),
the green solid line represents the Fe II multiplets, the orange solid
line is the narrow component of Mg II, the purple solid line indi-
cates the Mg II broad component, while the red dashed line represents
the best-fit model, obtained by adding all of the previous components.
Bottom panel: residuals between the data and the model, in units of
1077 erg s~ AL

the continuum spectral index, we repeated the fitting proce-
dure several times by changing the fixed continuum regions, and
considered the median value and its associated standard devi-
ation (see Table A.2). A crucial step is the subtraction of the
Fe II multiplets surrounding Mg II. As a template model, we
used that produced by Bruhweiler & Verner (2008) with density
log Ny = 12 cm™3, microturbulence of 20 km s~!, and ionizing
flux 10%%° cm™2 s7!°. Following Marziani et al. (2013a,b) the
template was convolved with Gaussians of different widths to
broaden the lines, and we subtracted the best-fit template from
the spectrum with the highest signal-to-noise (S/N) ratio in the
A3000 continuum, which is the TNG spectrum of 2016 May 27
(S/N ~ 19). We later subtracted the same template from the other
spectra as well, rescaling its flux in order to obtain an optimal
result.

To decompose the line profile we used two Gaussians. One
was used to reproduce the broad component, while the second
was used for the narrow component. We fixed the FWHM of the
narrow component to be the same as the line of [Ne III] 13869,
which is visible in the TNG spectrum, since the narrow-line
region is not expected to vary significantly during the time inter-
val of our data. This width is ~855 km s~!. Not accounting for
the very broad component of the Mg II line might affect the black
hole mass measurement (Marziani et al. 2013a). However, our
spectra do not all have a S/N high enough to disentangle more
than two components, so we preferred to avoid an overfitting of
the line. To derive the black hole mass we followed Shen & Liu
(2012),

Mpy Lijne FWHM,
1 = bl _ 1 ], 5
og(Mo) a+ 0g(1044ergs—1)+c og( — ) (3)

where Ly, is the luminosity of the Mg II line, FWHM,, is the
broad component FWHM corrected for instrumental resolution,
and a, b, c are three empirically determined constants which are

9 http://iacs.cua.edu/personnel/personal-verner-feii.
cfm
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Fig. 10. Optical spectra of 3C 345 obtained between 2009 and 2016
with NOT, INT, TNG and Asiago telescopes. The vertical dashed lines
indicate the most prominent emission lines. Flux in arbitrary units.
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Fig. 11. Anticorrelation between continuum flux at 3000 A and equiva-
lent width of Mg II 22798 emission line. The two red points indicate the
data for spectra observed on 2009 November 17 and 2009 November 19,
immediately following the 2009B flare.

3.979, 0.698 and 1.382, respectively. The line luminosity is eval-
uated on the Gaussian fit. We derived a black hole mass estimate
in each spectrum. To evaluate the error induced by the fitting
procedure, we repeated the fitting 100 times by introducing a
Gaussian noise proportional to that measured in the 43000
continuum. The median value is 6.17 x 103 M, (log(M/Ms) =
8.79), with a standard deviation among the different
measurements of 0.17 dex.

The black hole mass of 3C 345 has been calculated sev-
eral times in the literature, with values spanning between
10% My (Zhang et al. 1998) to the much higher estimate pro-
vided by Lobanov & Roland (2005) of two black holes of
7 x 108 M, each. Our estimate is however in good agreement
with the upper limit provided by Liu & Bai (2015) and derived
through the y-ray variability timescale (log (M/My) = 9.10),
and with those provided by Xie et al. (2005) and Ghisellini et al.
(2014), log (M/M) = 8.41, and 9.03, respectively.

3.4. Spectral lines and continuum variability

Exploiting the Steward observatory archival spectra and our new
observations (see Fig. 10), we measured the equivalent width
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Fig. 12. Top panel: light curve of the total Mg II 212798 line flux. The
flux is in units of 10*? erg s~!. Middle panel: time evolution of opti-
cal spectral index. Bottom panel: light curve of the 3000 A continuum

luminosity, in units of 10*! erg s™!. The red vertical dashed line in each
plot indicates the 2009B flare.

(EW) of the Mg II line, and compared it to the 13000 continuum
luminosity. The line EW was measured on the redshift-corrected
spectra after subtracting only the Fe II multiplets. We estimated
it by evaluating the line profile and the continuum level 100 times
for each spectrum, adding every time a different Gaussian noise
proportional to that in the 43000 continuum. The measurement
we adopt is the median of the obtained distribution, while its
standard deviation is the error associated to our estimate. In our
measurements, the EW of an emission line is defined as posi-
tive. The EW and the continuum luminosity are anticorrelated
(e.g. Foschini 2012). A higher continuum flux induced by the
rapid variability of the jet indeed reduces the EW of the lines.
This result is clearly visible in the Mg II line, and it is shown in
Fig. 11.

The Pearson coefficient we measured is —0.93. The p-value,
that is the probability of the correlation being generated by
chance, is 1.6 x 1072* when all the points are included. How-
ever, two points, those derived after the 2009B outburst, seem to
show a different behavior (see Sect. 4). When they are excluded,
the Pearson coefficient increases to —0.96, with a p-value of
3.7 x 107, as reported in Fig. 11, indicating an even stronger
correlation.

We derived the spectral slope with the nfit1d task of IRAF.
The results, along with the light curve of Mg II and 43000 flux,
are shown in Fig. 12 and in Table A.2. After the flare, the optical
spectrum became much steeper, going from a slope of @) ~ —1
(Fp oc 2%) to @ ~ —2.17, forty-six days after the flare (~29 days
in the source frame). At the same time, the Mg II luminosity
doubled, reaching a value of ~7.5 x 10*? erg s~!. While the y
rays and the continuum luminosity peak are reached on 2009
October 4, the Mg II line responded much later. Our spectra in
that period were observed every night between 2009 October 19
and 2009 October 26, and later on 2009 November 17. The eight
consecutive spectra show an increasing trend in the 3000 A
continuum luminosity, in agreement with the decreasing opti-
cal magnitude measured for the source. In contrast, on 2009
November 17, the Mg II flux was twice as large relative to neigh-
boring observations, suggesting that on that day, the increase
in the flux of ionizing photons had already reached the region
where Mg Il is formed (i.e., the broad-line region, BLR). Assum-
ing that the outburst event was produced on 2009 October 4, we
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can constrain the distance between the region of production of
the y-ray photons (possibly, but not necessarily, close to the cen-
tral engine) and the BLR between 22 and 44 light-days (14 and
28 days in the source frame, respectively). The increase in Mg
II flux indeed occurred at some point between 2009 October 26,
the last spectrum observed in which the line flux was not affected
yet by the outburst, and 2009 November 17, the first spectrum
showing an enhanced line luminosity. We measured directly the
BLR radius from the low-state spectrum of 2016, following the
relation developed by Greene et al. (2010),

o (RBLR ©)

g W) = 0.85 +0.53 log[

L(Hp) ] _

108 erg s~!

The luminosity of HB was calculated by fitting it with two
Gaussians, as done for Mg II. As mentioned before, there might
be a nonnegligible error in the measurement due to the vicinity
of the telluric absorption, therefore this estimate is only a rough
approximation. The result is Rgrr =~ 46 1d, which is a factor ~2
larger than the estimate obtained from the Mg II reverberation.

3.5. Spectral energy distribution

The SEDs of both the high state of 2009 October 4 and of the low
state of 2016 June 26 of 3C 345 are shown in Fig. 13, along with
other literature data derived from the Space Science Data Center
of Agenzia Spaziale Italiana (ASI SSDC) SED builder archive'’
and the 70-month BAT all-sky hard X-ray survey (Baumgartner
et al. 2013). We fitted separately the synchrotron and inverse
Compton (IC) humps using a polynomial function of order three
in both states. We assumed that the X-ray emission is part of
the IC hump. Because of the small number of points, the order
three polynomial diverges in the high-energy hump of the low
state, not providing a physically reasonable result. Therefore,
in that case only, we forced the polynomial to have a negative
curvature and to fit the y-ray upper limit. We then determined
the peak frequency of the two humps in both cases. In the
high state, logv; ~ 12.78, and log v;c = 23.28. In the low state,
logv, = 12.33 and logv,c = 22.00. The SED appears to move
toward higher frequencies during the flaring activity.

We calculated the physical properties of the source in the
two different states, assuming a leptonic model for the jet. The
main mechanism to produce the IC is likely to be external Comp-
ton, in which the BLR provides the seed photons. We assumed
a bulk Lorentz factor of the jet of I' ~ 10, as derived by Lister
et al. (2013) from kinematical measurements of jet knots. In the
following we also assumed that the peak of the external photon
field v,,, is the Lya 11216 line frequency, and that the difference
in Doppler factor between the photon field and the electrons is
Ad ~ T'. The relativistic factor of the dominant electron pop-
ulation, as shown in Bottcher et al. (2012), is then given by

3vic(1 +2)
= | 7
"=\ 4y, TAs @
The resulting factor moves from y;, ~ 963 in the high state to

vp ~ 220 in the low state. Once vy, is known, we estimated the
Larmor frequency v;, according to

_ 3v(1+72)
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Fig. 13. Simultaneous spectral energy distributions of 3C 345. The
blue points indicate the high state of 2009 October 4 (2009B flare),
while the red points indicate the low state 2016 June 26. The blue
and red solid lines are the best fit with a polynomial curve for high
and low state, respectively. The light gray triangles are retrieved from
the public archive of the ASI SSDC SED builder tool, the light gray
stars are derived from the 70-months BAT all-sky hard X-ray survey
(Baumgartner et al. 2013).

where the Doppler factor ¢ is calculated using 6 = 7°
(Lobanov & Roland 2005). The Larmor frequency enables us
to derive the magnetic field of the emitting region as

B 2ntm,cvy ’ ©)

e

where m, and e are the mass and the charge of the elec-
tron, respectively. The magnetic field thus is 0.27 G in the
high state, and 1.91 G in the low state. The latter result is
in agreement with observed magnetic fields around 1 G for
FSRQs (Ghisellini & Tavecchio 2015). Moreover, the high
state measurement is consistent with the 0.36 G observed by
Matveyenko & Sivakon’ (2013) for 3C 345 outbursts of 1998—
1999, and with the results found for other FSRQs during
outbursts (Pacciani et al. 2014).

It is worth noting that the SED seems to reveal an interesting
feature in the optical/UV region. In the high state the emission
in this region does not show any particular feature, while a high
frequency flux excess appears in the low state. This emission is
likely to originate from the accretion disk, which in the high state
is not visible because of the overwhelming synchrotron compo-
nent. This effect is essentially identical to the EW decrease in
the emission lines of optical spectra. The disk emission seems
instead not to be present in the X-ray spectrum of the low state.
However, the statistic is too sparse to understand whether its
absence is real.

4. Discussion

During the period we examined, which spans eight yr from
August 2008 to August 2016, our light curves reveal three main
flaring events. Two of them began, in optical and 7y rays, in 2009
(2009A and 2009B in May and October, respectively). The third
one took place at the end of 2015, but it was covered by our
data only in radio and in 7y rays. Schinzel et al. (2012) observed
with VLBI during the 2009 activity periods the ejection of three
plasma condensations, each one corresponding to an increased
optical and y-ray activity. Our results are consistent with theirs.
The 37 GHz light curve reveals the presence of two main peaks,
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and the flux excess observed in our radio data before the 2009A
event might be associated with the first plasma ejection (see bot-
tom panel of Fig. 7). The 15 GHz light curve displays the same
behavior, following with a 0.2-yr delay in the source frame the
same pattern of the 37 GHz curve. This outburst activity was
observed in UV and X-rays, as well as in optical. As shown in
Fig. 8, and found by Ramakrishnan et al. (2015) as well, there
is a correlation between the y-ray flux and the radio, with the
former leading the latter by 56 days.

Our results are well described by a widely known model for
FSRQ flares. The high states are associated with the ejection of
a new superluminal component from the jet-base, which moves
downstream along the jet. After the ejection, the superluminal
plasma is initially optically thick for radio, and it carries enough
energy to produce y rays. When they move away from the central
engine, the ejecta become optically thin for synchrotron emis-
sion, causing the radio luminosity peak, but they are not able to
emit high-energy photons anymore.

The strong anticorrelation between the continuum and the
EW of the optical lines can also be connected with the y-ray
activity of the source. If the accretion disk and the jet are cor-
related (e.g. Ghirlanda et al. 2011), the ejection of a new blob
will correspond to an increased luminosity both in y rays and in
optical. The increased activity in the accretion disk will likely
lead to a bluer and stronger continuum. Therefore, the Mg II line
will respond decreasing its EW because of the increased contin-
uum level, and later with an increased flux due to a reverberation
effect (Blandford & McKee 1982). This behavior is similar to
that observed in BL Lacertae, where emission lines are visible
on some occasions during low states of jet activity (Vermeulen
et al. 1995).

However, the difference in the EW after the flare might not
be due to only a different jet activity, but instead to a change in
the accretion disk. As shown in Figs. 11 and 12, both of the data
points observed immediately after the flare seem indeed to show
a different behavior with respect to the other points. Their EWs
indeed correspond to those expected for a less prominent con-
tinuum. A possibility is that the disk contribution to the optical
spectrum is in this case very different than in the other spectra,
because of an enhanced disk luminosity.

The optical spectra we analyzed might also provide infor-
mation on the position of the dissipation region in the 2009B
outburst. The region where y-ray photons are produced has
been the subject of a large debate in the last yr. Some authors
believe that the detection of very high-energy photons during
outbursts in FSRQs is a sign that the dissipation region lies out-
side the BLR (Donea & Protheroe 2003; Aleksi¢ et al. 2011a,b;
Tavecchio et al. 2013; Coogan et al. 2016). In our case, both opti-
cal continuum and y rays reached the maximum flux on the same
day, 2009 October 4, as confirmed by the intra-day light curve in
v rays (Fig. 6) and the optical light curves. This confirms that
the emission region at these frequencies is co-spatial. Optical
spectra provide further details by means of Mg II reverberation,
continuum luminosity, and spectral slope. The line luminosity
indeed remained essentially unperturbed for 22 days after the
flare (~14 days in the source frame, corresponding to a light-
travel ~0.01 pc), possibly a sign that the ionizing continuum had
not yet reached the region where the line is produced (i.e., the
BLR). In 22 more days, instead, the Mg II luminosity went from
2.2 % 10%¥ t0 4.0 x 10 erg s~! (see Fig. 14). The most straight-
forward explanation for this remarkable flux doubling is that at
some point between the two observations the enhanced ioniz-
ing continuum had reached the BLR, producing new Mg II ions
and increasing the line luminosity. Such lag between the y-ray
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emission and the Mg II luminosity indicates that the produc-
tion of high-energy photons occurred at a distance d < 0.02 pc
from the BLR, fairly close to the central black hole. This is in
agreement with both observations and theoretical models based
on the rapid variability observed in FSRQs and the observa-
tions of breaks in their high-energy spectra (Finke & Dermer
2010; Tavecchio et al. 2010; Lei & Wang 2015; Liao & Bai
2015). The doubling timescale we evaluated using Eq. (3) for
2009B, approximately one hour in the source restframe, is very
short. Such a fast variability was observed only in a few objects
(Foschini et al. 2011, 2013; Vovk & Neronov 2013; Liao & Bai
2015) and, in agreement with the Mg II reverberation, it might
indicate that the dissipation region is located within the BLR.
However, as suggested by Foschini et al. (2011), it is possible
that, even in the same source, the location of y-ray production
changes for different outbursts.

The SED of 3C 345 can be efficiently described by a one-
zone leptonic model with an external Compton contribution. The
source during high and low state shows the typical behavior of
FSRQs, with both the IC and synchrotron peaks moving from
higher to lower frequencies, respectively. The decrease of ~1 G
of the magnetic field intensity during the high state is a conse-
quence of the different vy, of the electrons. An increase in vy,
leads to a lower Larmor frequency in Eq. (8), and hence to a
lower magnetic field according to Eq. (9), as we indeed observe.

The strong change in the magnetic field intensity might be
connected with another important aspect inferred from the opti-
cal spectra. As clearly visible in Fig. 14, 44 days after the flare the
spectrum showed a significantly steeper continuum, going from
an index of —0.85 + 0.03 on 2009 October 26 to —1.50 + 0.05
on 2009 November 17, with a further steepening to —2.17 + 0.09
on 2009 November 19. This behavior is probably not associated
with the Mg II luminosity increase, even if they occur almost
at the same time, because optical continuum and emission lines
originate in different regions. Furthermore, this change does not
appear to be connected with an increased luminosity in 7y rays,
suggesting that the bluer continuum does not originate in the jet.
Another hint of this is that these two points in Fig. 11 show
a different behavior with respect to the others. It is therefore
possible that such variation is due to a change of the physical
properties in the accretion disk, and particularly in the accre-
tion flow. The continuum luminosity indeed is often associated
with the Eddington ratio (e.g. Wandel 1991). If we interpret the
increased continuum luminosity visible in Fig. 14 as an increased
Eddington ratio, this might in turn translate into a higher accre-
tion rate onto the black hole. This possibility is consistent with
the physical parameters derived for the flare. The strong mag-
netic field measured in the low state might hamper the accretion
rate by moving plasma from the accretion disk to the jet base.
During the outburst, when the energy is released in the form of a
plasma condensation, the magnetic field suddenly decreases. The
accretion onto the black hole, therefore, is not suppressed any-
more, and it might temporarily increase, until the magnetic field
lines are fully restored. Such an efficient accretion could increase
the disk temperature, leading then to the bluer continuum we
observed. Unfortunately, our data can only provide a marginal
evidence for this scenario. Optical spectra obtained during out-
burst events are indeed necessary to fully establish the behavior
of the accretion disk.

5. Summary

In this paper we studied the multiwavelength behavior of a
flat-spectrum radio quasar, 3C 345. In particular, we analyzed
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Fig. 14. Optical spectra in restframe wavelength observed in two dif-
ferent days. The prominent emission line is Mg II 212798. The red line
indicates the spectrum observed on 2009-10-26, the black line indicates
the spectrum obtained on 2009 November 17. Both spectra come from
the public archive of Steward observatory.

its evolution from the high state, in which its relativistic jet
activity was very strong, to a very low state. The radio, opti-
cal, and y-ray light curves allowed us to establish that at least
three flaring episodes occurred between 2008 August and 2016
September, namely 2009A, 2009B, and 2015. In particular, our
data allowed us to obtain a multiwavelength spectral energy dis-
tribution (SED) of the 2009B outburst, along with that of the
low state of 2016 June. The SEDs indicated that the source
became harder during the outburst, and that the magnetic field
of the jet strongly decreased. The analysis of several opti-
cal spectra observed in different epochs might indicate that
the origin of the y-ray emission is located close to the cen-
tral engine and within the BLR. Moreover, the slope of the
spectra allowed us to determine that the decrease in the mag-
netic field leads to an increase in the accretion, and to a bluer
continuum.

More multiwavelength observations of this and other
sources, especially optical spectra, are needed to better constrain
their behavior during flares, and to better understand how disk
and jet interact with each other. In particular, the site from which
the y-ray flaring activity originates is still poorly understood,
since the analysis of several events apparently suggests differ-
ent scenarios. It has been suggested that IR photons originated
in the dusty obscuring regions, surrounding the AGN on larger
scales, make an important contribution to the production of
v rays by means of IC processes. Such an interpretation, however,
encounters more difficulties for this particular case. More data
in the region between ~100 keV and ~100 MeV, which is still
relatively unexplored and could allow us to understand whether
breaks or more emission components are present in the IC hump,
are crucial to address this issue. New facilities, such as the next
generation telescopes e-ASTROGAM or AMEGO, could pro-
vide this kind of information, and improve our knowledge of the
physical processes occurring in FSRQs.
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Appendix A: Additional tables Table A.2. Parameters of the optical spectra.

Table A.1. X-ray parameters measured by Swift/XRT.
Date log AL3000 logLyg 11 , EW (Mg II)

2009-03-24  41.89 £ 042  4354+0.02 -0.93 +0.06 48.8 + 1.1

ObsID Date Flux Photon Index HR 2009-08-20  42.00 £ 042 4337003 —-083+008 351+08
00036390002  2008-11-09  5.16 + 0.36 1707030 —0.12+£0.02 2009-00-15 4220 £0.42 4359+ 001 —-0.86+0.05 27.0+ 0.6
00090085001  2009-05-12  8.11 + 0.48 1.6470:16 -0.54+0.06 2009-09-16 4221 £042 4354£0.02 -0.84+005 29.1x0.6
‘ 2009-00-17 4223 +0.42 4358001 —0.94+006 305+ 0.7
06 +0.15 _

00090085002  2009-06-09  7.34 + 0.37 1A75;gig 0.61+0.05 20090018 4293 2042 43972000 0772003 250205
00036390003 2009-07-26  6.55 + 0.26 L70%51 -0.58+0.04 2009-09-19 4225+ 042 43.59+0.02 -0.82+004 254+06
00036390004  2009-08-09  5.88 + 0.25 172%519 ~0.59+0.04 2009-09-20 4228 £0.42 4359+0.01 -0.88+0.04 226x05
00036390005 2009.08.23  5.80  0.29 L6870 0562005 2009-10-19 4194+ 042 4359 £0.02 -112+012 515+ L1
o1 2009-10-20 4192+ 042 4357 +001 -0.99+006 587+ 1.3

00036390006  2009-09-11  5.63 +0.23 L7955, —0.63x0.04 2009-10-21 4190 + 042  43.54+0.03 -0.87+0.06 587+ 13
00036390007  2009-09-20  6.15 + 0.35 159018 ~0.51£0.05 2009-10-22 4191 =042  43.57£0.02 —-0.95+0.05 588+ 13
~ 2009-1024 4189+ 042 4357002 -1.00+0.07 613 =13

+0.23
00036390009  2009-10-06  6.43 = 0.51 151755 -04620.05 2009-10-25  41.88+042 4357 +001 107007  59.8 + 13

00036390010  2009-10-08  7.05 + 0.41 1.66’:8;%; —-0.55+0.06 2009-10-26  41.88 £+ 042 4350+0.02 -0.92 +0.06 59.6 + 1.3

o1 2009-11-19  41.87 042  43.65+0.03 —191+024 909 +2.0

0. +0.12 _
00036390012 2009-10-18  5.84 £ 0.27 1.60%012 0.51£0.04 2010-02-13  41.81 £0.42 4354 +0.02 -1.09+0.12 733+ 1.6
00036390013 2009-11-01 5.15+0.23 1.69f8:ﬁ -0.57+0.04 2010-02-14 41.85+042 4355+0.01 -1.14 +0.08 65.8+ 1.4
00036390014 2009-11-15 5.44 +0.24 1.80t8~” —0.63+0.04 2010-02-17 41.85+042 4359 +0.01 -1.23+0.06 70.6 + 1.5
) 2010-03-16 41.80 + 0.42 43.56 £ 0.01 -1.07 £ 0.04 677+ 1.5

1 2009-11-2 4 24 1.62+0:13 -0. .04

00036390015 009 9 34520 6 ;géi 0-5320.0 2010-03-19  41.83 £0.42 43.55+0.01 -0.99 +0.04 66.7 £ 1.4
00036390016 2010-03-06 4.67 + 0.60 1.85_0:50 -0.66+0.13 2010-04-06 41.99 + 0.42 43.57 + 0.01 ~0.89 + 0.03 497 + 1.1
00036390017 2010-03-06  5.71 £ 0.72 1.6970:30 ~0.50+0.11 2010-04-08  41.98 +0.42 43.56+0.01 -091+0.05 464 =10
00036390018 2010-03-07  4.49 + 0.41 1-94t8'§$ ~0.7020.09 2010-04-09  42.01 £0.42 43.56+0.01 -0.80 +0.07 459+ 1.0
o3 2010-04-11 4197 £042  4355+0.01 -0.80+0.04 455+ 1.0
00036390019 2010-03-09  6.26+0.56 138753  -0.36+0.07 2010-05-15 4191 £042 4365+001 -115+£008 724+ 16
00036390020  2010-04-09  5.16 + 0.35 1.73jg:§f -0.60+0.06 2010-05-16  41.82 £0.42 43,57 +£0.01 -1.06 +£0.09 70.1 = 1.5
00036390021 2010-08-18  4.74 + 0.23 1~58f8'i1 ~0.500.04 2010-06-11 41.84 +0.42 4356+0.01 -1.12+0.03 749 + 1.6
1017 2010-06-13  41.85+0.42 4356 +0.02 -1.06 +0.09 639+ 14
00036390022 2010-11-01 494032 158%5,;  -0.50x0.06 2010-06-16 4187 +042 4357 +£002 -113+003  66.8 + 1.5
00091091001 2011-04-05 2.93 £0.48 2.12+072 -0.77+£0.13 2010-06-30  41.85+ 042 4352+0.03 -1.29 + 0.09 714 £ 1.6

-0.69

-0l 2010-09-03 4176+ 0.42 4359 +0.01 —121+0.02 805+ 17

04 +0.50 |
00036390023 2012-04-11  3.22+ 0.42 2062035 0.75+0.13 2010-09-05 4175042 4355+001 -1.09+004 83.6+18
00036390024 2013-05-26  3.51 +£0.57 135041 -0.41£0.14 2010-10-07 4172 +0.42 4357 +0.02 -117+0.06 885+19
00091896001 2014-08-15  3.08 + 0.22 1.5()J:g-}‘§ —0.45+0.06 2010-10-08  41.75+£0.42 4359+0.01 -1.27+0.07 89.9 +2.0
‘ 2011-02-06 4172+ 042 4354001 -119+0.06 75.0%16
_00. +0.21 _
00091896002 2014-09-15  2.24+0.17 1‘7673-31 0.610.07 2011-03-05 4178 £0.42 4361 £0.01 -1.04+010 884 =19
00091896003 2014-10-15  3.18 +0.23 149707, -0.44=0.06 2011-04-08 4168 +042  43.55+0.01 -1.06+0.07  982+2.1
00036390025  2016-04-25  3.73 + 0.34 1424940 ~0.39+0.09 2011-05-27 4168 042 4357+001 -125+011  911+2.0
00036390026  2016-0527 4.59+059  14070%  _038+0.11 2011-05-29 - 4175 £ 042 43.68 £002  -126£005 879+ 19

~0.80 2011-07-01  41.63£0.42 4347002 -121+016  90.0+2.0
00036390027  2016-06-23 3.00£0.27 13170}  -0.30007 50110730 4139+042 4322+003 -138+009 106.0+2.3

-0.17
. . 2011-09-28 41.63 £+ 042  43.57 £0.01 -1.10 £ 0.10 96.3 + 2.1
Notes. Columns: (1) Observation ID; (2) observation date; (3) flux 2011-10-03  41.63 £ 042 4355+ 001  —1.20 + 0.10 973 +2.1

03-10keV (x107" erg s cm™); (4) photon index with errors: (5) 50120306 4157+042 43544001 _LI2+012  109.8 + 2.4
hardness ratio. 2012-05-28  41.67 £0.42 4354+0.01 -102+0.09 82.0=x18
2012-06-12 4168 £ 042 4344+002 -130+0.07 779+ 17

2012-06-17  41.65+042 4351 +0.01 -0.84 +0.05 88.7+19
2012-09-15  41.56 + 042  43.47+0.01 -0.93 +0.04 99.6 £2.2
2013-07-16  41.45+043 4346+0.02 -1.06=+0.21 1279 +£2.8
2016-05-28  41.41 +£0.42 4344 +001 -1.02+0.08 129.0+2.8

Notes. Columns: (1) Observation date; (2) logarithm of the monochro-
matic continuum luminosity at 3000 A (erg s71); (3) logarithm of the
total Mg II luminosity; (4) spectral index, defined as F, o 1%1; (5)
equivalent width of Mg II.
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