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Intermediate synchrotron-peaked BL Lacs (IBLs) are quite rare sources in the very high-energy
(VHE; 100GeV < E < 100TeV) y-ray sky. The IBL B2 1811+31 (z = 0.117) showed intense
flaring activity in 2020. This event was detected by a wide range of multiwavelength (MWL)
instruments from radio up to vy rays. The observations carried out by the MAGIC telescopes led
to the first-time detection of VHE y-ray emission from B2 1811+31.

In this contribution, we highlight the key results of our recent study [1], which offers a compre-
hensive analysis of the source emission both during the 2020 high-activity state and during the
quiescent state. Using a comprehensive MWL dataset, we contextualize this high-state episode
within the source emissions over 18 years, from 2005 to 2024. We attribute the VHE y-ray emis-
sion and the spectral and variability properties in the X-ray band to the electrons and positrons
accelerated at the highest energies in the jet of the source. We propose a leptonic two-zone

self-consistent model to interpret the observed MWL emission during the 2020 flaring state.
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1. Introduction

Blazars are a subclass of active galactic nuclei (AGNs) characterized by relativistic jets directed
nearly along our line of sight. At their core lies a supermassive black hole, typically with a mass
of 107 — 10° solar masses, which is fueled by matter accreting from a surrounding disk. Despite
representing only a small fraction of astrophysical sources observed in the optical range, blazars
dominate the population of objects detected at y-ray energies.

Most of the observational properties of blazars derive from their jets hosting components
streaming at relativistic speeds along the jet, as revealed by imaging at radio frequencies, and
hosting efficient acceleration of particles up to relativistic energies. Thanks to these properties, the
radiation observed from Earth is boosted by beaming and Doppler effects, making blazars ubiquitous
in the y-ray sky. The broadband spectral energy distribution (SED) of blazars is typically composed
by a nonthermal continuum showing two main components [e.g., 2]. The low energy component,
peaking between the infrared and X-ray bands, is generally attributed to synchrotron emission from
relativistic electrons within the jet. The high energy component, which peaks at energies above a
few mega-electronvolts, is widely interpreted as resulting from inverse Compton (IC) scattering.
The seed photons for this process can originate from the synchrotron radiation produced by the
same electron population, in the synchrotron self-Compton (SSC) models, or from external sources
such as the broad-line region and the accretion disk. A subdominant hadronic component may also
be present, as discussed in [3], and supported by the indication of neutrino emission from active
galaxies [e.g., 4].

Blazars are categorized based on the characteristics of their optical/UV spectra into two main
classes: flat spectrum radio quasars (FSRQs), which exhibit prominent emission lines, and BL
Lacertae objects (BL Lacs), which show weak or no emission lines. BL Lacs are further subdivided
according to the frequency of their synchrotron peak, v, into three types: low-frequency-peaked
BL Lacs (LBLs, v¢ < 1014,Hz), intermediate-frequency-peaked BL Lacs (IBLs, 104, Hz < v <
103, Hz), and high-frequency-peaked BL Lacs (HBLs, v; > 10'°>,Hz). The majority of blazars
detected in the VHE band are HBLs, while VHE-detected IBLs remain relatively rare.

The IBL B2 1811+31 (z = 0.117) entered the Olympus of the sources detected at VHE v rays
in 2020, thanks to the observations carried out by the Major Atmospheric Gamma-ray Imaging
Cherenkov (MAGIC) telescopes [5] in a period of high state primarily detected by the the Large
Area Telescope (LAT) on board the Fermi Gamma-Ray Space Telescope in the high-energy (HE;
100MeV < E < 100GeV) y-ray band [6]. The multiwavelength observational campaign also
included instruments onboard the Neil Gehrels Swift Observatory, covering the optical-to-X-ray
range, along with several ground-based optical and radio telescopes.

In this work, we included a comprehensive MWL dataset spanning from 2005 up to 2024,
with a particular focus on the data collected during the 2020 high state, from radio to VHE y rays.
Section 2 is dedicated to present the MWL dataset, along with the analyses aimed at characterizing
the variability and correlations of the source emission. In Section 3, we present a leptonic modeling
of the radiative state during the 2020 VHE flare period and discuss its consistence given the main
dynamical processes for the electrons and positrons in the emission regions dominating the blazar
emission. We summarize our results and present our conclusions in Section 4.
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Figure 1: B2 1811+31 lightcurve collected from 2005 to 2023. From top to bottom panels: HE y-ray flux
above 100 MeV from Fermi-LAT monthly data, X-ray flux at 0.3 — 10keV from Swift-XRT, optical R-band
data and radio data. The dashed red line marks the Fermi-LAT high-state detection on October 1, 2020 (MJID
59123). The shaded light orange, light blue, and green bands in the top panel indicate the "Pre-flare", "Flare"
and "Post-flare" periods, respectively. Image taken from [1], licensed under CC BY 4.0.

2. The history of the long-term multiwavelength emission of B2 1811+31

The long-term multiwavelength lightcurve of B2 1811+31over 18 years from 2005 up to 2023
is shown in Figure 1. For the details of the data analysis for each instrument, the reader is addressed
to Section 2 of [1]. Figure 1 shows that in 2020 the source exhibited a high state in HE 7y rays, in X
rays and in the optical/UV band. In addition, we found the long-term evolution of the HE y-ray and
optical R-band emission to be correlated with a significance above 95%. Conversely, the long-term
radio lightcurve collected with the 40 m Telescope of the Owens Valley Radio Observatory [OVRO,
7] shows a trend that is uncorrelated with the lightcurves at higher frequencies. Therefore, the
bulk of the radio emission is likely originated in regions located further along the jet than those
responsible for the emission at higher frequencies. Indeed, the jet regions dominating the output at
higher frequencies are likely located closer to the central engine and their GHz radio emission is
suppressed due to synchrotron self-absorption.

The long-term optical light curve reveals that the 2020 high state took place at the peak of a
multi-year increasing trend in the optical band, which began around 2015-2016. Following this
high-state episode, the optical flux declined with a decay timescale significantly shorter than that
of the preceding rising phase leading up to the 2020 peak. The long-term evolution in the y-ray
band shows a similar pattern, characterized by a rise, peak, and subsequent decline. In addition, the
optical R-band and HE y-ray light-curves showed correlated rising and falling trends in 2020 (see
Figure 2 in [1]), with characteristic timescales of ~ 10 days.

Figure 2 presents a close-up view of the multiwavelength lightcurve over a 70-day interval
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Figure 2: Lightcurve of B2 1811+31 in approximately 70 days surrounding the Fermi-LAT high-state
detection on MJD 59123, marked by the dashed red line. From top to bottom panels: VHE y-ray flux
above 135 GeV from MAGIC, HE y-ray flux above 100 MeV from Fermi-LAT in daily bins and using the
‘adaptive-binning’ method, X-ray flux in the 0.3 — 10keV range from Swift-XRT, optical/UV data from
Swift-UVOT, optical R-band data and radio data. Image taken from [1].

encompassing the MAGIC observations. Inspection of the daily HE y-ray lightcurve allowed us
to estimate a variability timescale fy,; = (3 — 6) h. Using a causality argument, we employed this
variability timescale estimate to constrain the size of the emission region dominating the y-ray flux
to be smaller than Ry, =~ (3 — 6) X 10'* 6p cm, where 6p is the region relativistic Doppler factor!.

The broadband spectral properties of B2 1811+31 during the 2020 high state appear to differ
significantly from those during the quiescent state. During the high state, we detected a significant
shift to higher frequencies and higher flux levels in the synchrotron bump. While the low-state
classification is compatible with an IBL behavior, showing synchrotron peak frequency vy =
1014712003 {7 the high-state classification is borderline between IBL and HBL, as the reconstructed
vs = 1013212023 1z i5 slightly above 10> Hz.

The long-term evolution of the B2 1811431 SED in the optical/UV band and in 0.3 — 10keV
X-ray energy range is shown in the left panel of Figure 3. The optical/UV band hosts the synchrotron
bump peak, whereas the X-ray band hosts the falling segment of the synchrotron bump. During
the 2020 high state, higher X-ray fluxes and harder X-ray spectra are detected and a variability
in the X-ray flux by more than 2 orders of magnitude at 10'® Hz is observed. This variability is
a direct expression of the variability in the amount of the highest energy electrons accelerated in

IConsider two inertial frames S and S’, with S’ moving at velocity v = Ec relative to S. A photon having energy € in

-1/2
S and moving at angle 6 from ¥, in S’ has energy €’ = €/6p, with 6p = '™ (1 - Bcos 0)"!andT = (1 —ﬁz) .
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Figure 3: Left panel: Long-term evolution of the optical-to-X-ray SED of B2 1811+31 reconstructed from
the Swift-UVOT and Swift-XRT observations. Right panel: SED in the 100MeV — 1 TeV energy range
resulting from Fermi-LAT data from the "Pre-flare” (red), "Flare" (blue) and "Post-flare" (green) periods.
Images taken from [1].

the jet. In addition, a power law spectrum of electrons n, (7y) oc y~? radiates a synchrotron SED
VE) synch o v}Tp. Therefore, since during the MAGIC observation period the X-ray SED slope is
I'x =2.58 = 0.10, we estimate a spectral slope of the electrons dominating the X-ray flux equal to
P2 = ZFX -1~42+0.2.

The right panel of Figure 3 shows that in the HE y-ray band the source experienced an average
flux enhancement by a factor of ~ 6 compared to the average radiative states before and after the
2020 flare, as well as a strong spectral hardening, with photon index changing from 2.11 + 0.03 in
low state to 1.83 + 0.02 in high state. These evidence indicate that the spectral break of the HE
bump shifted from below hundreds of MeV during the quiescent state to about tens of GeV during
the high state.

All these multiwavelength evidence related to the comparison between the quiescent state and
the 2020 high state indicate that, during the high activity state, the particle spectrum accelerated
in the jet was subject to an average hardening and brightening compared to the low state period.
Additional contributions to the observed brighter and harder spectra may derive from the presence
of enhanced magnetic fields in the jet, as well as higher bulk Lorentz factor and closer alignment
with our line of sight, enhancing the Doppler-boosting and beaming effects.

We analysed the correlations between the flux and spectral index of the X-ray and HE y-ray
emission within each activity state independently (see Figure 6 in [1]). We found that the X-ray
spectrum was subject to a significant harder-when-brighter trend also within each of the high and

low state. This is interpreted as resulting from the acceleration of electrons and positrons and from

synchrotron cooling being more effective with increasing particle energy, since (d—y

dt )
synch
Indeed, while acceleration mechanisms result in the injection of particles in the emission regions

with a hard spectrum, e.g., ‘é—];’ o y~2 from first-order Fermi acceleration, synchrotron emission

proceeds in cooling faster the high-energy tail of the particle spectrum than the particles with lower

o —’)/2,

energies, therefore softening the spectrum at high energies and reducing the X-ray flux.

Conversely, we found a hint of a softer-when-brighter behaviour in the HE y-ray band (see
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Figure 4: Leptonic one-zone (left panel) and two-zone (right panel) SSC modeling of the broadband SED of
B2 1811+31 within the 2020 high state in VHE y rays, marked by the red points. Archival data are indicated
by the hollow gray points. The two insets show a zoom-in on the optical/UV and X-ray bands, respectively.
Images from [1].

Table 1: SED modeling parameters for the one-zone and two-zone SSC model of the 2020 VHE +y-ray high
state of B2 1811+31. Columns: (1) Model. (2), (3), (4) Minimum, break and maximum electron Lorentz
factors. (5), (6) Slopes of the electron spectrum around the break. (7) Magnetic field strength. (8) Electron
density. (9) Radius of the emission region. (10) Doppler factor. (11) Equipartition parameter.

Model Ymin Vb Ymax P1 P2 B K. Ry Op u./up
(region) [x10°] [x10%] [x10°] [G] [ecm™] [x10%cm]
One-zone 0.7 32 3.0 19 44 0.13 7.6 10.6 20 313
Two-zone (blob) 6.0 4.0 3.0 20 3.8 0.38 7.95 4.0 10 183
Two-zone (core) 0.5 0.38 0.7 1.8 2.7 0.17 0.74 210 4 1.0

Figure 7 in [1]) both within the quiescent and flare periods. In both periods, the radiation in
this band is emitted by particles in the energy region corresponding to the break of the particle
spectrum. Although this is not the first indication of softer-when-brighter trends in the spectral
evolution at HE vy rays of a blazar [9, e.g.,], the interpretation of this effect is still unclear. Standard
acceleration mechanisms are expected to yield harder-when-brighter trends instead. One possibility
is that softer-when-brighter trends may result from the total HE y-ray flux being the compositions
of different emission components (e.g., SSC and EC) or diverse emission regions. However, a
quantitative analysis of this scenario is outside the scope of the current work.

3. The modeling of the 2020 high state seen with MAGIC

Blazar jets efficiently accelerate particles through several distinct mechanisms. These include
magnetic reconnection, first-order Fermi acceleration at relativistic shocks—such as internal or
recollimation shocks, stochastic and second-order Fermi acceleration. In parallel, the accelerated
particles are subject to both radiative and non-radiative cooling processes. Electrons, in particular,
lose energy radiatively via synchrotron emission and IC scattering of ambient low-energy photons.
In BL Lacs, the intensity of photon fields external to the jet, such as from the accretion disk, is
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Figure 5: Competition among the cooling timescales for the two-zone model in Figure 4, as a function of
the electron Lorentz factor y. Dashed (dotted) curves refer to the blob (core) region. The orange markers
indicate the spectral breaks of the particle distributions within the two emission regions. Image from [1].

thought to be negligible with respect to the synchrotron radiation originated in the jet. For IBLs and
HBLs, SSC models are typically preferred over models including external Compton components.

In the simplest scenario, the emission region is assumed to be a spherical blob populated
by electrons spiraling in comoving uniform magnetic field. The blob can be imagined as an ideal
emission zone which can represent a variety of relativistic plasma configurations within the jet, such
as superluminal knots, recollimation shocks, or standing shocks. In order to model the broad-band
spectrum of B2 1811+31 during the observational campaign with MAGIC, we tested a single-zone
scenario and a two-zone SSC model. In the two-zone scenario, we consider a blob region as a
small, fast, and energetic region dominating the flux in the X and VHE y-ray bands. In addition,
we employ a core region, larger and slower region than the blob, to dominate the optical/UV flux,
still contributing significantly to the HE y-ray emission. The core is supposed to be located further
along the jet with respect to the blob, where the ambient jet magnetic field is expected to be lower.
The results are shown in Figure 4. The size of the blob is consistent with the indications from the
shortest variability in the HE y-ray band, whereas the size of the core is comparable with the ~ 10
days variations shown both in optical and in the Fermi-LAT data during 2020 (Section 2).

In the construction of the models, we investigated the possibility to account for the observed
broadband SED with self-consistent particle populations in the emission regions. The temporal
evolution of the particle energetic distribution is typically studied through a continuity equation
under the effects of particle acceleration/injection, escape, adiabatic expansion and radiative cooling
[e.g., 8]. Figure 5 shows, for the two regions presented in Figure 4, the competition among the
light-crossing timescale, #,., and the main radiative cooling timescales. The light-crossing timescale
can be interpreted as the characteristic time for the particle escape from the emission region. For
each emission region, the SSC cooling timescale corresponds to that of the IC scattering off the
(isotropic) synchrotron photon density. We considered the case of the continuity equation with a
power law injection term, that is ‘ZZ—I;[ oc y~P1, with synchrotron and IC scattering (Thomson limit
only) being the main radiative cooling mechanisms, and with particle escape with timescale 7.

The steady-state solution of this equation is a broken power law having indices p; and p,, with
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spectral break p; — p; = 1, and 7y equal to the value of y at which the escape and radiative cooling
timescales coincide [e.g., 8]. We find that, for both regions in the two-zone model, the yy values in
our solution (Table 1) are equal to those obtained comparing the radiative cooling timescales with
t1c- In addition, in the core region also the spectral break is found to be equal to the one expected
at equilibrium. Conversely, for the blob, a harder break is necessary to account for the observed
spectra. This suggests that further effects may be relevant, such as the particle distribution being
hardly at equilibrium or effects related to cooling in the Klein-Nishina regime.

4. Conclusions

In this contribution, we presented a long-term MWL view of B2 1811+31, with the main
emphasis given to the 2020 y-ray flare of the source. During this high-state period, the MAGIC
telescopes reported the first-time detection of VHE y-ray emission from the source. We investigated
the variability, spectral features and correlations of the multiwavelength emission both in the
quiescent and flaring states. In addition, we modeled the broad-band SED observed during the
observational campaign that MAGIC joined in a leptonic SSC scenario. The proposed two-zone
model describes well the MWL emission and is compatible with the expectations from the temporal
evolution of the particle distribution under the effects of injection, escape and radiative losses.
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