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Abstract: We present the discovery at very high energy (VHE,E > 100 GeV) of the BL Lac 1ES 0033+595, as
measured with the MAGIC stereoscopic system. We also discuss its simultaneous broad-band Spectral Energy
Distribution (SED). The source was detected in X-rays by theEinstein (1992),BeppoSAX (1999),INTEGRAL
(2003), andSwift–BAT (2005) orbiting telescopes. Long considered to be a promising TeV emitter, it was
detected at VHE with the MAGIC telescopes, which observed the source for nearly 24 h between August and
October 2009. For the study of the SED we used simultaneous optical R-band data from the KVA telescope,
archival X-ray data, and simultaneous high-energy (HE,E > 300 MeV) data from theFermi–LAT. The redshift
of this source is uncertain. Using an empirical approach based on comparing the spectral slopes in the HE and
VHE ranges, we constrained the source redshift to bez = 0.34±0.08±0.05. Using that value, we modeled the
SED by fitting a single-zone Synchrotron Self-Compton (SSC)emission to the data byχ2-minimization.
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1 Introduction
Blazars are a subclass of Active Galactic Nuclei (AGN)
characterized by strong continuum emission (extending
from the radio all the way to theγ-ray regime), high ra-
dio and optical polarization, and rapid variability at all fre-
quencies. These objects are thought to be AGN with jets
closely aligned with our line-of-sight emitting a character-
istic Spectral Energy Distribution (SED) with at least two
broad emission components: one peak with a maximum in
optical to X-ray band (related to synchrotron emission pro-
cess in magnetic fields of the jets) and a second peak locat-
ed in theγ-ray band (explained as inverse Compton (IC) s-
cattering of low-energy photons) [1]. Blazars are the most
commonly detected extragalactic sources at very high en-
ergy (VHE,E > 100 GeV), with steadily increasing num-
bers in the past 15 years.

The blazar 1ES 0033+595 is classified as extreme high-
frequency peaked (HBL) object with synchrotron emis-
sion peaking near 1019 Hz [2]. It was detected for the first
time as a hard X-ray source by the Einstein Slew Survey
in 1992 [3] and later by the X-ray satelliteBeppoSAX in
1999 [4], by theINTEGRAL satellite in 2003 [5], and by
the Burst Alert Telescope (BAT) instrument on-boardSwift
satellite in 2005 [6].

So far, optical observations of 1ES 0033+595 were not
able to resolve the host galaxy to determine a photometric
redshift leaving its value uncertain. In the literature only a
secure lower limit ofz > 0.24 can be found [7]. Further-
more, no lines have been detected in the optical spectra.

At high-energy (HE,E > 300 MeV) 1ES 0033+595 was
first detected with theFermi–LAT (Large Area Telescope)
and the source currently has been included in theFermi–
LAT bright AGN catalog, with a spectrum consistent with

a power law withΓ = −2.00± 0.13 and a flux of Fγ(>
200 MeV) = (20.30±5.11)×10−9cm−2s−1 [8].

In the VHEγ-ray band 1ES 0033+595 was observed in
1995 for 12 h with the Whipple 10-m telescope yielding
only an upper limit of 17% of the Crab Nebula flux above
430 GeV [9]. MAGIC observed this source in 2006 and lat-
er in 2008 for about 5 h. The latter observations yielded on-
ly a flux upper limit of 10% of the Crab Nebula flux above
170 GeV [10]. Finally, new observations in 2009 during
the commissioning phase of the MAGIC stereoscopic sys-
tem led to the discovery of the source in the VHEγ-ray
range [11].

2 Multi-wavelength Observations
Simultaneous observations of 1ES 0033+595 were per-
formed in 2009 in optical, HE, and VHEγ-ray bands. No
simultaneous data were available for the radio and X-ray
energy ranges, so archival data were considered.

2.1 MAGIC
MAGIC is a system of two 17 m dish Imaging Atmospher-
ic Cherenkov Telescopes (IACTs) located at the Roque de
los Muchachos observatory in the Canary Island of La Pal-
ma. Since 2009 the MAGIC telescopes carry out stereo-
scopic observations with the lowest trigger energy thresh-
old among the current operating IACTs, with an accessible
energy range between 50 GeV and several TeV. The sensi-
tivity of the system in 50 h of observations is< 1.6% of
the Crab Nebula flux for energies above∼ 100 GeV and
< 0.8% for energies above∼ 300 GeV [12].

The MAGIC telescopes observed 1ES 0033+595 for n-
early 24 h from August 17th to October 14th, 2009, in wob-
ble mode [13], and with zenith angles ranging between 31◦
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Fig. 1: θ 2 distributions of the 1ES 0033+595 signal
and background estimation from 19.7 h of MAGIC stere-
o observations taken between August 17th and October
14th, 2009, above an energy threshold of 125 GeV. The
region between zero and the vertical dashed line (at
0.026 degrees2) represents the fiducial signal region.

and 35◦ (which resulted in an analysis energy threshold
of 125 GeV). The observations were performed during the
commissioning phase of the MAGIC stereoscopic system,
with a non-standard stereo trigger configuration, i.e. using
the MAGIC-I trigger system and reading out the second
telescope simultaneously1.

The data analysis was performed using the standard soft-
ware package MARS, including the latest standard rou-
tines for the stereoscopic analysis [12, 14]. Standard qual-
ity checks based on the rate of the stereo events and the
distributions of basic image parameters were applied to
the data, resulting in a selected data sample of 19.7 h of
effective on-time. The final analysis cuts applied to the
1ES 0033+595 data were optimized by means of contem-
poraneous Crab Nebula data and MC simulations.

Fig. 1 shows theθ 2 plot for energies above the threshold
(125 GeV). We found an excess of 372±68 events in the
fiducial signal region (θ 2 < 0.026 degrees2), correspond-
ing to a significance of 5.5 σ , calculated according to E-
q. 17 of [15].

In Fig. 2, the unfolded differential energy spectrum of
the source between 125 GeV and 500 GeV derived from
the MAGIC observations is shown. The spectrum can be
described by a simple power law (χ2/ndo f = 2.86/4):

dN
dE

= N0

(

E
250GeV

)Γ
, (1)

with a photon index ofΓ = −3.8±0.7stat ±0.3syst , and a
normalization constant at 250 GeV ofN0 = (2.0±0.5stat ±

0.5syst) × 10−11cm−2s−1TeV−1. The mean flux above
150 GeV is Fγ = (7.1±1.3stat ±1.6syst)×10−12 cm−2 s−1,
corresponding to(2.2± 0.4stat ± 0.5syst)% Crab Nebula
flux.

No evidence of weekly variability above 150 GeV could
be derived from the MAGIC measurements. Fitting the
weekly light curve with a constant flux hypothesis yield-
ed a χ2/ndo f = 3.7/3, corresponding to a probability
P(χ2) = 0.3.

2.2 Fermi–LAT
TheFermi–LAT is a pair conversion telescope designed to
cover the energy band from 20 MeV to more than 300 GeV.
The data presented here belong to two data sets: the first

Fig. 2: 1ES 0033+595 differential energy spectrum mea-
sured by MAGIC between 125 GeV and 500] GeV. The
power-law fit to the data is also shown (black line).

sample is contemporaneous to MAGIC data (August 17th –
October 14th, 2009), whereas the second sample spans
from August 4th, 2008 (beginning of scientific operation of
LAT) to October 28th, 2011, that is 38 months of integrat-
ed data. LAT data were analyzed with theFermi Science
Tools package version 09-27-01 and the P7SOURCEV6
Instrument Response Functions (IRFs) were used. Only
events belonging to the “Source” class and located in a
circular Region of Interest (ROI) within 10◦ radius, cen-
tered at the position of 1ES 0033+595, were selected. In
addition, we excluded photons with zenith angles> 100◦

to limit contamination from Earth limbγ-rays, and pho-
tons with rocking angle> 52◦ to avoid time intervals dur-
ing which Earth entered the LAT Field of View (FoV).
Due to the location of the source near the Galactic cen-
ter we decided to restrict the analysis to the 300 MeV –
300 GeV energy range. In such way, on the one hand, we
benefit of excluding part of the strong galactic diffuse back-
ground (whose spectrum follows a power law with index
of about−2.4, concentrating its main contribution at low
LAT energies). On the other hand, since the source of in-
terest has a hard spectrum (with spectral index of about
−1.9) excluding the contribution of low energy photon-
s will not affect significantly the analysis while ensuring
more reliable results. The analysis in the time interval si-
multaneous with MAGIC observations was performed us-
ing an unbinned maximum likelihood method [16]. For the
38 months data set, instead, a binned maximum likelihood
technique was used, since the unbinned method was not
able to handle the large amount of data (due to the Galac-
tic plane and the wide time interval). A background mod-
el and all point sources from the 2FGL catalog [17] locat-
ed within 15◦ of 1ES 0033+595 were included in the mod-
el of the region. The background model used for the analy-
sis includes a Galactic diffuse emission component and an
isotropic component (including residual instrument back-
ground), modeled with the files ring2yearP76v0.fits and
isotrop2yearP76sourcev0.txt. In the full energy range
analysis, all point sources within the 10◦ radius ROI were
fitted with their parameters set free, while sources beyond

1. Compared to the standard trigger mode adopted for regular
stereoscopic observations, where the Cherenkov events are
triggered simultaneously by both telescopes, this configuration
turned out to have slightly less sensitivity at the energiesbelow
∼ 150 GeV, but the same energy threshold. In order to take into
account the non-standard trigger condition, dedicated Monte
Carlo (MC)γ-ray simulations have been generated and adopt-
ed in the analysis.
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10◦ radius ROI had their parameters frozen to the values
reported in 2FGL. The normalizations of the background
components were allowed to vary freely.

For the data set simultaneous with MAGIC observations
we found a flux of(8.0±3.6)×10−9 cm−2 s−1 and a spec-
tral index of−1.7± 0.2, whereas for the 38 months time
interval sample the flux is(6.6±1.0)×10−9 cm−2 s−1 and
the spectral index is−1.9±0.1.

For the spectral analysis, the simultaneous data sample
was divided in 4 energy bins (2 bins in the 300 MeV –
10 GeV range and 2 bins in the 10 GeV – 300 GeV range),
whereas the 38 months data sample was divided in 6 e-
qual energy bins. A separate fit in each energy bin was
performed fixing the spectral index of all the sources and
the isotropic normalization to the values obtained from the
likelihood analysis of the full energy range. For each ener-
gy bin, if the Test Statistic (TS) value for the source of in-
terest was TS< 9, the values of the fluxes were replaced
by 2 σ confidence level upper limits.

2.3 KVA
The KVA (Kungliga Vetenskaplika Academy) telescopes
are a 60 cm telescope used for polarimetric observations
and a 35 cm telescope which performed simultaneous pho-
tometric observations in the R-band with MAGIC. These
telescopes, located at La Palma and remotely operated by
the Tuorla Observatory, are mainly used for optical sup-
port observations for the MAGIC telescopes. Such obser-
vations are performed in the R-band and the magnitude of
the source is measured from CCD images using differen-
tial photometry.

The average optical flux (simultaneous to MAGIC
observation) of 1ES 0033+595 measured by KVA was
0.207 mJy which corresponds to R=17.93 mag. To de-
rive the νFν in the optical band a contribution from
near-by stars of 0.22 mJy was subtracted from the mea-
sured flux [18]. Furthermore, the brightness was correct-
ed for galactic absorption by R= 2.353mag [19]. The av-
erageνFν during the MAGIC observations corresponds
to 8.47± 0.5×10−11 cm−2 s−1. No significant variability
was found during the MAGIC observation window.

2.4 Swift and INTEGRAL
The Swift Gamma-Ray Burst observatory [20], launched
in 2004, is equipped with three telescopes: the Burst Alert
Telescope (BAT [21], 15 keV – 150 keV), the X-Ray Tele-
scope (XRT, 300 eV – 10 keV), and the Ultraviolet/Optical
Telescope (UVOT, 170 nm – 650 nm). TheINTEGRAL ob-
servatory [22], launched in 2002, is equipped with four
telescopes. In the present work we used data from the de-
tector ISGRI of the telescope IBIS [23] in the energy range
from 20 keV – 100 keV. This instrument provides the best
combination of FoV, sensitivity and angular resolution for
our study.

Unfortunately, during the MAGIC observing window
in 2009, there were no simultaneousSwift and INTE-
GRAL available data. We hence used archival data by NED
(http://ned.ipac.caltech.edu/) from the observation periods
2004 – 2008 from both experiments, as listed in Tab. 1.

3 Redshift from HE and VHE γ-ray data
The redshift of 1ES 0033+595 is uncertain. However, we
can derive an estimation of this parameter using the intrin-
sic VHE γ-ray spectrum after Extragalactic Background

Experiment Energy Flux Frequency
[keV] [1011erg cm−2 s−1] [1019Hz]

Swift 14 – 195 1.96±0.34 2.53
Swift 15 – 150 2.50±0.40 1.99
INTEGRAL 40 – 100 0.30 1.69
INTEGRAL 20 – 100 1.87 1.45
INTEGRAL 17 – 60 1.03±0.15 0.93

Table 1: Results of X-ray observations performed by
Swift and INTEGRAL between 2004 and 2008 (from
http://ned.ipac.caltech.edu).

Light (EBL) deabsorption. For its estimate, we used the
VHE and HE observations to constrain the redshift of the
source by the empirical approach reported in [24]. The
method assumes that the intrinsic spectrum at TeV ener-
gies (e.g. observed with MAGIC) cannot be harder than
that in the GeV band (observed with theFermi–LAT). The
spectrum shown in Fig. 2 was hence corrected using the E-
BL model by [25] in fine steps of redshift until the slope of
the deabsorbed spectrum equals the one in the GeV-band.
In this case an upper limit on the redshift ofz∗ = 0.58±
0.12 was obtained. In addition, an estimate of the distance
can be achieved using the linear relation betweenz and the
true redshift [24]. The extracted redshift of 1ES 0033+595
using the inverse formula (for more details see [24]) re-
sulted inzrec = 0.34±0.08±0.05 (where the first error is
purely statistical while the second corresponds to the un-
certainty of the method), which is compatible with the low-
er limit z > 0.24 reported in [7]. In the SED modeling of
1ES 0033+595 the redshift value ofz = 0.34 was used.

4 Spectral Energy Distribution
The 1ES 0033+595 SED is reconstructed for the first time
from optical to TeV energies, allowing us to study the com-
patibility with a single zone Synchrotron Self-Compton
(SSC) model [26] using theχ2-minimization method [27].
The emission characteristics of BL Lac objects is generally
well reproduced by the one-zone leptonic model, in which
a population of relativistic electrons inside a region mov-
ing down the jet emit through synchrotron and synchrotron
self-Compton mechanisms [28]. The spectral energy distri-
bution of 1ES 0033+595 was modeled with such one-zone
leptonic model using theχ2-minimization method fully de-
scribed in [27]. The emission region was assumed to be
spherical, with radius R, filled with a tangled magnetic
field of intensity B and relativistic electrons, emitting syn-
chrotron and synchrotron self-Compton radiation. The en-
ergy distribution of the electrons follows a smoothed bro-
ken power law with normalizationK between the Lorentz
factors γmin and γmax, with slopesn1 and n2 below and
above the break atγbreak. The relativistic boosting is repre-
sented by the Doppler factorδ .

In Fig. 3 we present the reconstructed SED from op-
tical to TeV energies of 1ES 0033+595 using the multi-
wavelength data as described in Sec. 2. The MAGIC data
were corrected for the extragalactic absorption using the E-
BL model by [25] and an assumed redshift of 0.34.

The obtained values of the model parameters are sum-
marized in Tab. 2. The model parameters used for the
SED fitting of 1ES 0033+595 are compatible with those

http://ned.ipac.caltech.edu
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Fig. 3: SED of 1ES 0033+595 with an assumed redshift of
z = 0.34. From lower to higher photon energies: simulta-
neous KVA data in the R-band, where the contribution of
nearby stars has been subtracted and the flux has been cor-
rected for galactic extinction (filled triangle);INTEGRAL
andSwift–BAT archival data from 2004 – 2008 (filled trian-
gle); simultaneousFermi–LAT data (filled circle); MAGIC
data corrected for the extragalactic absorption (filled dia-
mond). The 38 monthsFermi–LAT data (open circle) and
archival radio data from the Green Bank and Texas obser-
vatories (open circle) are also shown. Radio data have not
been included in the fitting due the opacity of the emission
region in the radio band.

obtained for other HBL class objects (see e.g. [28, 29, 30]).

γmin γbreak γmax n1 n2 B [G] K [cm−3] R [cm] δ

1000 3.7·104 2.9·106 2.0 3.2 0.2 3.7·102 6.5·1016 36

Table 2: Model parameters used for fitting the SED in
Fig. 3. For theχ2 fitting the value ofγmin was fixed. The
assumed redshift isz = 0.34.

5 Summary and Conclusions
In this contribution we reported the discovery of
1ES 0033+595 at VHE with the MAGIC telescopes, which
made possible for the first time the characterization of
the SED from optical to VHE. The MAGIC detection of
1ES 0033+595 also confirmed the prediction of the source
to be a promising VHEγ-ray emitter, as reported in [31].

From the comparison of data from different wavelength-
s, from optical to VHE, we found that 1ES 0033+595 be-
haves like a typical HBL, namely marginal variability at
optical frequencies, significant variability at X-rays, and a
hard spectrum (power-law index> −2) at HE.

Since the redshift of this source is unknown, but crucial
for an accurate SED modeling, we used the approach re-
ported in [24] to obtain a redshift estimate of 0.34±0.08±
0.05. This result is in a good agreement with the lower lim-
it of z > 0.24 reported in [7].

Finally, we presented for the first time the SED of
1ES 0033+595 from optical to VHE bands (using the red-
shift value ofz = 0.34) and the achieved model parameter-
s.

A comparison with other HBL type objects (e.g. [28,
29, 30]) shows that the model parameters used here for the
SED fitting are compatible with those obtained for other

HBL class objects, thus supporting the classification of
1ES 0033+595 as a HBL type object.
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