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Abstract: We present multiwavelength (MWL) observations of the high-frequency-peaked BL Lac object 1ES
1011+496 (z = 0.212 [1]), based on very high energy (VHE, E > 100 GeV) observations performed with the
stereoscopic system of MAGIC in 2011 and 2012. The system, located on La Palma, Canary Islands, Spain,
consists of two 17 m diameter imaging Cherenkov telescopes allowing measurements down to a threshold as low
as 50 GeV. While VHE observations in 2011 yielded a barely significant detection, 1ES 1011+496 was clearly
detected in 2012 by MAGIC allowing a detailed measure of the differential spectrum. During both years the flux
level above 150 GeV was compatible to that previously observed by MAGIC in this energy regime, and the source
did not show any statistically significant variability in VHE γ-rays. Complementary MWL campaigns during
previous VHE observations with MAGIC performed in mono mode, were lacking high energy (HE, E < 100
GeV) detection to cover the second peak of the spectral energy distribution (SED). The observations presented
here provide a more precise determination of the SED which are reproduced with a one-zone Synchrotron-Self
Compton (SSC) model. In particular, the inverse Compton (IC) peak is well constrained for the first time by the
simultaneous coverage in HE and VHE γ-rays by Fermi-LAT and MAGIC. In addition, the results of optical
polarimetric studies performed in 2012 will be shown in combination with multiepoch radio maps.
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1 Introduction
Blazars are the subclass of radio-loud active galactic nuclei
(AGNs) with a relativistic jet closely aligned to the line of
sight of an observer. They are highly variable at nearly all
wavelengths (both in amplitude and timescale) and their
emission is dominated by the non-thermal continuum pro-
duced within the jet and boosted by relativistic effects.

The spectral energy distribution (SED) of blazars shows
two distinct broad components: a low-energy bump, peak-
ing between 1013-1017 Hz, commonly associated with syn-
chrotron emission of electrons, and a high-energy bump,
peaking between 1021-1024 Hz. The origin of the latter
component is usually explained by leptonic models in
terms of IC scattering of synchrotron photons or external
photons, but hadronic emission models, involving protons,
have also been proposed.

Based on their optical spectra, blazars are divided into
two groups: flat spectrum radio quasars (FSRQ) that show
broad emission lines in this regime, and BL Lac objects
characterized by the weakness or even absence of such
emission lines. The latter are further subdivided into low-,
intermediate- and high-frequency-peaked BL Lacs (LBLs,

IBLs and HBLs) depending on the frequency of the low-
energy peak.

Since blazars show variability in flux at all wavelengths
on time scales ranging down to minutes, simultaneous ob-
servations are a useful tool to study the overall SED and to
constrain the physical processes that govern the emission
in the blazar jet.

1ES 1011+496 (10:15:04.14, Dec = 49:26:00.70; J2000)
is a relatively distant HBL (based on the radio-to-X-ray
ratio [2] and a featureless optical spectrum [3]) object
(z = 0.212), which has been discovered at VHE by MAGIC
in 2007 [1]. The object shows frequent fluctuations in its
optical brightness in the R band and was flagged as vari-
able in HE γ-rays [4]. 1ES 1011+496 has been target of
three MWL campaigns, first in 2008 [7], second in 2011
and third 2012. The two latter campaigns were centered
around the MAGIC observations and their results are pre-
sented in this paper together with the modeling of the 2012
broad-band SED compiled from contemporaneous obser-
vations in HE γ-rays carried out by the Fermi Large Area
Telescope (LAT), in X-rays and the UV bands performed
by Swift (XRT and UVOT) and in the optical R-band by
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the KVA. Radio data coverage is provided by the OVRO
and Metsähovi telescopes at 15 GHz and 37 GHz, respec-
tively. We also present optical polarimetry studies obtained
with the Liverpool Telescope in combination with multi-
epoch radio maps from the MOJAVE1 aimed at putting fur-
ther constraints on the site and structure of the emission re-
gion.

2 MAGIC observations & results
MAGIC (Major Atmospheric Gamma-ray Imaging
Cherenkov) is a stereo system composed of two 17 m Imag-
ing Atmospheric Cherenkov Telescopes (IACTs) located
on La Palma, Canary Islands (28.8◦ N, 17.8◦ W, 2225 m
a.s.l.) with an energy threshold as low as ∼50 GeV [6].
1ES 1011+496 was observed with MAGIC during dark
nights and under moderate moon conditions at zenith an-
gles spanning from 24◦ to 50◦ for a total of ∼13 h ∼23 h
in 2011 and 2012 respectively. While 2011 data led only
a hint of detection (∼4.4 σ above100 GeV), observations
carried out in 2012 yield a strong signal of 8.3 σ above
100 GeV.

The VHE γ-ray light curve of 1ES 1011+496 above
150 GeV from 2011 and 2012 MAGIC observations shown
in Figure 2 (top panel) yields a probability of 54% of a
constant flux with a mean flux level of 4.5% of the Crab
Nebula flux (C.U.). In 2012 the flux seems to be higher at
the beginning of the MAGIC observations decreasing from
10% C.U. to a level of 3.7% C.U. In case of a negative or
a zero flux, upper limits at 95% confidence are reported.

Regarding the VHE differential spectrum, we focus on
the 2012 data since the lack of a clear detection prevents
a fine-binned analysis. Figure 1 shows the observed and
deabsorbed [8] spectrum of 1ES 1011+496 in the range
from ∼100 to ∼700 GeV. Both spectra are fitted with a
simple power law of the form dN/dE = f0(E/200GeV)Γ.
In the case of the observed source spectrum, the flux nor-
malization f0 at 200 GeV corresponds to (1.22±0.14stat±
0.23sys)× 10−11 cm−2 TeV−1 and the spectral slope Γ is
−3.52± 0.18stat± 0.15sys, whereas the intrinsic spectrum
f0 and Γ equal (1.93± 0.16stat)× 10−10 cm−2 TeV−1 and
−2.70±0.14stat, respectively. The fit probability for the ob-
served and deabsorbed spectrum corresponds to χ2/NDF =
5.52/4 and χ2/NDF = 0.98/4, respectively.

3 MWL campaigns
In Figure 2 the 2011 and 2012 MWL light curves are pre-
sented. No significant variability was found in the HE γ-
rays data from Fermi-LAT, with a probability above 90%
of a constant flux and a mean value of (2.7± 0.2)×
10−8 cm−2 s−1 (E > 300 MeV). Upper limits at 95% con-
fidence level were calculated each time bin where the test
statistic (TS) value for the source was TS < 9.

The Swift data show moderate variability of 1ES
1011+496 in X-rays (0.3-10 keV) with a lower mean
flux level (4.7± 0.1)× 10−12 erg cm−2 s−1. Since the UV
fluxes show a decreasing trend, the hypothesis of a con-
stant emission in this energy regime at mean fluxes of
∼1 mJy and ∼1.5 mJy is given by a probability of few per-
cents. By contrast, the fluxes measured in the optical V
and B bands display a rather constant emission at a level
of (2.0±0.05) mJy and (1.72±0.03) mJy with a probabil-
ity of 69% and 93%, respectively.

Figure 1: Observed (black, open triangles) and EBL cor-
rected (blue, filled triangles) [8] VHE γ-ray differential
spectrum of 1ES 1011+496 from 2012 MAGIC data. The
observed spectrum is fitted by a simple power law (solid,
black line) whose parameters are indicated in the inlet (bot-
tom left). For comparison the Crab Nebula spectrum (red
dashed line) is plotted [9].

From previous MWL campaigns, 1ES 1011+496 is
known to show variability in the optical R-band [1, 7].
However, the variability observed in 2011 and 2012 is com-
paratively modest. In 2011 the mean flux level of (1.89±
0.01) mJy (host galaxy subtracted [10]) is below the quies-
cent state (2.05 mJy [7]) of the source, whereas in 2012 the
flux increases from an ever lower level steadily until reach-
ing a maximum of ∼2.5 mJy.

The radio emission monitored by the OVRO (15 GHz)
and Metsähovi (37 GHz) telescopes shows in both cases
moderate variability with mean flux levels of (0.246±
0.001) Jy and (0.35± 0.05) Jy, respectively. At 37 GHz
upper limits at 95% confidence level are reported for each
time bin whith signal to noise ratio of S/N < 4.

The optical polarimetry data display a very low degree
of optical polarization (P) with a mean value of (1.5 ±
0.6)% indicating a rather low ordering of the magnetic
field, while the position angle (PA) has a general trend
to decrease from ∼150◦ to 100◦. No strong signature of
shocks was found in the data.

We find a statistically significant expansion rate of
131±27microarcsec/yr = 1.8±0.4 c for the bright jet fea-
ture at 2 mas from the core (H0 = 71 km/s/Mpc, ΩΛ = 0.73,
Ωc = 0.27), based on the first five epochs presented in Fig-
ure 3 (Lister et al., in prep.). The last epoch has poor data
quality due to three VLBA (Very Long Baseline Arrays)
antenna drop-outs. No other components display motion at
≥ 3σ .

The MOJAVE polarization data shows a dramatic in-
version of the direction of the electric vector position an-
gle (EVPA) between 2011-04-11 and 2012-09-27 at the ra-
dio core. The optical polarization data from 2012 is nearly
aligned to this new direction of the core EVPA, suggest-
ing that the optical emission is dominated by this compo-
nent. Unfortunately, no optical polarization data is avail-
able from before 2012 to check if the EVPA inversion in
radio is followed by a similar behavior in optical.

1. Monitoring of Jets in Active Galactic Nuclei with VLBA Ex-
periments [5].
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Figure 2: Stitched 2011 and 2012 MWL light curve of 1ES 1011+496 zoomed into the MAGIC observation periods from
end of February to beginning of April and from mid-January to end of May. From top to bottom: VHE γ-ray (red and
gray circles) and HE γ-ray (orange triangles) data by MAGIC and by Fermi-LAT, observations in X-rays (green squares),
UV (gray triangles, stars, circles and squares) and optical B and V bands (cyan and magenta squares) by Swift (XRT and
UVOT), in the optical R-band (violet triangles) by KVA (host galaxy subtracted [10]) and radio data provided by the
OVRO (blue diamonds) and the Metsähovi telescopes (red crosses). Upper limits of 95% confidence level are indicated
by downward arrows (see text for details). The light curves are daily binned except HE γ-rays, where a seven and three
day binning was applied to the 2011 and 2012 data, respectively. The time axis between 2011 and 2012 observation is
discontinuous.

To summarize, 1ES 1011+496 seems to have been in
a rather quiet state during 2011 and 2012 in all observed
wavelength without any clear variability.

4 Modeling the SED
Due to the missing simultaneous X-ray coverage in 2011
that is crucial to constrain the synchrotron peak and since
MAGIC lacked a clear detection in VHE γ-rays, we use
only 2012 MWL data to construct the simultaneous SED
of 1ES 1011+496 (Figure 4).

EBL correction [8] were applied to the VHE γ-ray data,
while data from Swift in the UVOT bands and optical data
in the R-band from the KVA telescope were corrected for
galactic extinction [11] and host galaxy contribution [10],
respectively.

From this MWL coverage both the low and high-energy
bump of the SED are well constrained. In addition, for the
latter case, a connection of the VHE and HE γ-ray regime
was achieved for 1ES 1011+496 allowing to locate of the
peak frequency to be at ∼40 GeV.

A one-zone SSC model [12] has been applied to re-
produce the broad-band SED, assuming a spherical emis-
sion region of radius R filled with a magnetic field of in-

tensity B. A population of relativistic electrons with den-
sity K is approximated by a smoothed, broken power
law parametrized by the minimum, break and maximum
Lorentz factors γmin, γb and γmax and the slopes n1 and n2
before and after the break. Relativistic effects are taken
into account by the Doppler factor δ .

The physical parameters derived from this model are
listed in Table 1, along with their values which are similar
to those typically inferred for HBLs [13] .

5 Conclusions
The MWL data of 1ES 1011+496 show no presence of
strong variability across the electromagnetic spectrum. In
particular in VHE and HE γ-rays is most likely at a con-
stant flux level, whereas moderate variability was found in
other wave bands.

The one–zone SSC model reproduces the broad-band
SED of 1ES 1011+496 from 2012 can with parameters
similar to those typically inferred for other HBL objects.
Thanks to the connection of the VHE and HE energy band,
the frequency of the IC peak could be determined, roughly
located at ∼40 GeV.
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γmin γb [104] γmax [105] n1 n2 B [G] K [103 cm−3] R [1016 cm] δ
10 6.0 10 2.0 4.1 0.10 10 0.8 30

Table 1: Input model parameters for the SSC model shown in Figure 4.

Figure 3: MOJAVE 15 GHz VLBA images of 1ES
1011+496 at seven epochs from 2009 to 2012. The left
hand images show total intensity contours, with electric po-
larization vectors overlaid in blue. The right hand images
show total intensity contours with fractional linear polar-
ization in color ranging from 0 to 60%. The images have
been convolved with the same Gaussian restoring beam
having dimensions 0.83× 0.63 mas and PA−5◦. The base
contour levels in each image are 0.9 mJy/beam in total
intensity and 0.8 mJy/beam in polarization. The angular
scale of the images is 3.4 pc/mas.
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