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ABSTRACT

The BL Lacertae (BL Lac) object 1ES 2344+514 (1ES 2344), at a redshift of 0.044, was discovered as a source of
very high energy (VHE) gamma rays by theWhipple collaboration in 1995 (Catanese et al.). This detection was re-
cently confirmed by the HEGRA collaboration (Tluczykont et al.). As is typical for high-frequency–peaked blazars,
the VHE gamma-ray emission is highly variable. On the night of 1995 December 20, a gamma-ray flare of 5.3 �
significance was detected, the brightest outburst from this object to date. The emission region is compatible with a
point source. The spectrum between 0.8 and 12.6 TeV can be described by a power law,

d 3N

dE dA dt
¼ (5:1� 1:0st � 1:2sy) ; 10

�7(E=TeV)�2:54�0:17st�0:07sy TeV�1 m�2 s�1:

If we compare the spectral index with that of the other five confirmed TeV blazars, the spectrum of 1ES 2344 is
similar to that of 1ES 1959+650, which is located at almost the same distance. The spectrum of 1ES 2344 is
steeper than the brightest flare spectra of Markarian 421 (Mrk 421) and Markarian 501 (Mrk 501), both of which
are located at a distance about two-thirds that of 1ES 2344, and harder than the spectra of PKS 2155�304 and
H1426+428, which are located almost 3 times as far away. This trend is consistent with attenuation caused by the
infrared extragalactic background radiation.

Subject headinggs: BL Lacertae objects: individual (1ES 2344+514) — gamma rays: observations

Online material: color figures

1. INTRODUCTION

To date, the only confirmed extragalactic gamma-ray sources
at energies >100 GeV (very high energy; VHE) are BL Lacertae
(BL Lac) objects and the giant radio galaxyM87 (Beilicke et al.
2005). BL Lac objects are active galactic nuclei (AGNs) with
(1) characteristic radio /optical /X-ray flux, (2) the absence of

emission lines with observed equivalent width greater than 58,
and (3) a Ca ii ‘‘break strength’’ smaller than 25% (Perlman et al.
1996). These criteria define an object with strong nonthermal
emission that almost completely masks the thermal emission
from the surrounding host galaxy. The spectrum, in a �F� rep-
resentation, shows a double-peaked structure. The only type of
BL Lac objects detected so far to emit VHE emission are high-
frequency peaked. For these objects, the low-energy component
peaks in the soft to hardX-ray regime and the high-energy compo-
nent peaks in theVHE regime.The six confirmedVHEBLLac ob-
jects are Mrk 421 (Punch et al. 1992; Petry et al. 1996), Mrk 501
(Quinn et al. 1996; Bradbury et al. 1997), 1ES2344+514 (Catanese
et al. 1998; Tluczykont et al. 2003), 1ES 1959+ 650 (Nishiyama
et al. 1999; Holder et al. 2003; Aharonian et al. 2003), PKS2155�
304 (Chadwick et al. 1999; Aharonian et al. 2005), and H1426+
428 (Horan et al. 2002; Aharonian et al. 2002a). The emission
level around the two peaks is highly variable, and changes in the
spectral shape with flux level have been measured for Mrk 421
(Krennrich et al. 2002, 2003; Aharonian et al. 2002b), Mrk 501
(Djannati-Atai et al. 1999; Aharonian et al. 2001), and1ES 1959+
650 (Aharonian et al. 2003). For the other three BL Lac objects,
variations of the spectral shape with flux level have neither been
established nor ruled out.

The VHE observations reported here were carried out by
the Very Energetic Radiation Imaging Telescope Array System
(VERITAS; previously Whipple Gamma Ray) collaboration us-
ing an imaging atmospheric Cerenkov telescope (Weekes et al.
1989). The telescope, of 10 m diameter, is located on Mount
Hopkins at an altitude of 2320 m above sea level. At the time of
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observations, the imaging camera consisted of 109 photomulti-
plier tubes, each viewing 0N259 of the sky and arranged in a close-
packed hexagonal pattern. The telescope and the data acquisition
are described in Cawley et al. (1990).

The organization of this paper is as follows. The status of ob-
servations on 1ES 2344 is summarized in x 2. The VHE data and
analysis techniques are presented in x 3. This is followed in x 4
by a description of the gamma-ray simulations necessary for the
spectral reconstruction, including estimation of the gamma-ray
energy in x 4.1. The measured VHE spectra are presented in x 5
and are briefly discussed and summarized in x 6.

2. OBSERVATIONAL STATUS OF 1ES 2344+514

The BL Lac object 1ES 2344+514, at a redshift of 0.044, was
detected in the Einstein Slew Survey (Elvis et al. 1992) in the
energy range 0.2–4 keV. The survey was constructed from data
collected during the High Energy Astronomical Observatory 2
(HEAO 2) mission from 1978 to 1981. 1ES 2344 was identified
as a BL Lac object in Perlman et al. (1996). The noncontempo-
raneous spectral energy distribution of 1ES 2344 is shown in
Figure 1. Observations at all wavelengths show 1ES 2344 to
be an unresolved point source. The central black hole mass is
108:80�0:16 M�, derived from stellar velocity dispersion measure-
ments (Barth et al. 2003). In the optical regime, a point source
with an underlying elliptical host galaxy can be fitted with a ra-
dius (half-width at half-maximum) of re ¼ 7:12� 0:02 kpc (H0 ¼
50 km s�1 Mpc�1 and q0 ¼ 0; Urry et al. 2000).

The optical and far-infrared emission from 1ES 2344 contains
significant contributions from the host galaxy. The total photom-
etry by the Two Micron All Sky Survey (2MASS; Jarrett et al.
2003) and by theHubble Space Telescope (HST; Urry et al. 2000),
labeled ‘‘Galaxy light’’ in Figure 1, lies well above the value ex-
pected from pure synchrotron emission in the jet. Observations
with the HST in 1996 measured a R-band brightness of the nu-
cleus of 16:83� 0:05 mag from a fit of a point source plus gal-
axy convolved with the point-spread function of the telescope
(Urry et al. 2000). During continued monitoring through 1998,
the R-band brightness varied between 16.47 mag (Nilsson et al.
1999) and 17.00mag (Falomo&Kotilainen 1999), indicating op-
tical variability. An optical monitoring program in 2000/2001 by
Xie et al. (2002) found short-timescale variability to be weak, with
maximum intraday variability of�V ¼ 0:18mag and�R ¼ 0:1,
including galaxy light. A relatively large brightness decrease
of 0.35 mag was observed in the V band over 2 weeks in 2001
January.

1ES 2344 showed X-ray variability on the timescale of a few
hours in the 0.1–10 keVenergy band during a week-long cam-
paign in 1996 using theBeppoSAX satellite (Giommi et al. 2000).
A follow-up observation in 1998 found 1ES 2344 to be in a very
low state, implying a frequency shift by a factor of 30 or more of
the peak synchrotron emission. Giommi et al. suggested the in-
terpretation that two distinct electron populations contribute to
the synchrotron emission: one a steady low-energy component,
and the other producing soft to hard X-rays with rapid time
variability.

1ES 2344 has been monitored by the Whipple collaboration
since 1995 (Catanese et al. 1998). Recently, the High Energy
Gamma RayAstronomy (HEGRA) collaboration reported an in-
dependent confirmation of this source (Tluczykont et al. 2003).
On the night of 1996 December 5, Whipple VHE and BeppoSAX
X-ray observations overlapped for 28minutes, for whichwe show
the X-ray spectrum and VHE flux upper limit in Figure 1. The
99.9% VHE flux upper limit at energies >350 GeV was calcu-
lated as in Catanese et al. (1998).

In the VHE band, the object was observed in a flaring state
during the night of 1995 December 20, with a significance of
5.3 �, the strongest gamma-ray flare measured from this object
to date. The quiescent flux level of 1ES 2344, compared to the
flare presented here, is about 50 times lower (Tluczykont et al.
2003). The detection of VHE gamma rays from 1ES 2344 in
1995 December, reported by the Whipple collaboration at the
1997 International CosmicRayConference (Catanese et al. 1997),
was considered tentative because follow-up observations by this
and other VHE observatories through 1997 did not detect fur-
ther evidence for gamma-ray emission.Monitoring by theWhipple
collaboration from 1998 to 2000, however, showed again a small
positive excess (Badran 2001). A summary of all published VHE
observations of this source is given in Table 1. An initial measure-
ment of the VHE gamma-ray spectrum covering the entire 1995/
1996 observing season yielded a spectrum of (1:14 �0:50) ;
10�7E�2:29�0:43 TeV�1 m�2 s�1, statistical error only, over the en-
ergy range 0:5 TeV<E< 5:0 TeVwith�2/dof ¼ 3:2/2 (Bussons
Gordo 1998a, 1998b).
In Figure 2,we show the two-dimensional gamma-ray skymap

during the flare. The gamma-raymapwas constructed from a par-
tial data set, referred to as ‘‘B’’ in x 4. The emission region is com-
patible with a point source. This was determined using a Monte
Carlo simulation of the telescope response to a point source of
gamma rays. A small telescope pointing error of less than 0N05
may have been present during the observations, but due to the
lack of bright stars in the field of view, we are not able to deter-
mine this in retrospect. The centroid of the measured gamma-ray

Fig. 1.—Spectral energy distribution of 1ES 2344 along with the VHE flare
spectrum obtained with the Whipple 10 m telescope (line with error bars). Also
shown is the VHE flux upper limit for the night of 1996 December 5 (open
circle). Other data were taken from the following sources: 365 MHz data from
the Texas radio survey ( filled circle; Douglas et al. 1996), 1.4 GHz data from
Green Bank ( filled circle; White & Becker 1992), 4.85 GHz data from Green
Bank ( filled circle; Gregory & Condon 1991), 8.4 GHz data from the Very Large
Array (VLA; filled circle; Patnaik et al. 1992), galaxy photometry at millimeter
wavelength ( filled diamonds with error bars; Stevens &Gear 1999), galaxy pho-
tometry at the K, H, and J bands from 2MASS (line segment; Jarrett et al. 2003),
galaxy and nucleus R-band photometry obtained with the Hubble Space Tele-
scope and corrected for interstellar reddening ( filled diamond; Urry et al. 2000),
X-ray observation withBeppoSAX (see legend ) fromGiommi et al. (2000), upper
limit at 300 MeV from EGRET ( filled triangle; Hartman et al. 1999), and qui-
escent VHE gamma-ray flux during the period 1997–2002 from HEGRA (open
diamond ; Tluczykont et al. 2003).
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emission is displaced from the known location of 1ES 2344 by
0N02� 0N02 in right ascension and 0N03� 0N02 in declination.
A conservatively estimated 0N1 circle of confusion contains three
galaxies and two radio sources, but no other X-ray sources. Thus,
the gamma-ray emission likely originated from 1ES 2344.

The EGRET 95% confidence level upper limit for 1ES 2344
is 6:98 ; 10�8 counts cm�2 s�1, E > 100 MeV (Hartman et al.
1999). The peak response formost sources detectedwith EGRET
lies at around 300 MeV, which corresponds to an upper limit at
300 MeVof about 3:4 ; 10�11 ergs cm�2.

3. GAMMA-RAY FLARE AND BACKGROUND DATA

Observations with the 10 m telescope were carried out in two
pointing modes: (1) with the source in the center of the field of
view (ON observation) and (2) with the telescope pointing off-
set from the source direction by 30m in right ascension, called
the OFF observation. The OFF observation is a measurement of

the background caused by cosmic rays. On the night of 1995
December 20, four ON observations were taken with a com-
bined exposure time of 110 minutes. The last ON observation
during the night was not complemented with an OFF observa-
tion, as is necessary for spectral measurements. Therefore, an
OFF observation was selected from the 1995/1996 season on
the basis of its similarity to the ON observation in elevation,
cosmic-ray rate, and night-sky brightness. For each ON obser-
vation, Table 2 lists the UTC start time, the average observing
elevation, the throughput factor for both the ON and OFF ob-
servations, and the measured gamma-ray rate. The throughput
factor measures the cosmic-ray rate relative to a reference ob-
servation taken under clear skies (LeBohec&Holder 2003). The
weather during these observations was rated ‘‘A’’ by the observ-
ers, indicating clear skies. Figure 3 confirms this by comparing
these observations with other ‘‘A’’ weather observations taken be-
tween 1995 October and 1996 April.

The standard analysis method for data taken with the 10 m
telescope (Reynolds et al. 1993) includes conditioning of the im-
ages, parameterization, and selection of gamma-ray–like events.

Fig. 2.—Gamma-ray sky map of the field of view around 1ES 2344, with
position indicated by the dark gray plus sign. The colors show excess counts
with overlaid significance contours in steps of 1 standard deviation per contour.
The dotted lines show the right ascension and declination. [See the electronic
edition of the Journal for a color version of this figure.]

TABLE 2

Details of the Observations Taken on 1995 December 20

UTCa Elevation Throughputb Gamma-Ray Ratec

2:32 ........................ 64� 0.77/0.78 � 0.08 0.70 � 0.28

3:34 ........................ 55� 0.68/0.71 � 0.08 1.04 � 0.37

4:35 ........................ 47� 0.52/0.57 � 0.05 0.91 � 0.42

5:36 ........................ 37
�
/36

�
0.45/0.41 � 0.04 1.54 � 0.47

Average ............... 1.14 � 0.20

a Start time of the ON observation. The first three ON observations lasted for
28 minutes followed by an OFF observation. The last observation had a length
of only 10 min. A complementary OFF observation, necessary for the spectral
analysis, was chosen on the basis of similar observation conditions.

b Relative cosmic-ray rate for ON/OFF observations; see text.
c Gamma-ray rate per minute after applying Supercuts95 (Catanese et al.

1998).

Fig. 3.—Relative cosmic-ray rate of 1ES 2344 flare data compared to obser-
vations carried out under clear skies (rated ‘‘A’’ by observers) in 1995/1996. For
clarity, the error bars are only shown for the flare data.

TABLE 1

Summary of VHE Measurements of 1ES 2344

Date

Exposure

(hr)

S a

(�)

Integral Flux

(;10�7 m�2 s�1)

Ethresh

(TeV) Reference

1995/1996........... 20.5 5.8 1.7 � 0.5 0.35 1

1995 Dec 20....... 1.85 5.3b 6.6 � 1.9 0.35 1

1996 /1997 .......... 24.9 0.4 <0.82c 0.35 1

1997 Dec ............ 15.8 NA <0.29d 1.0 2

1997–2002 ......... 72.5 4.4 0.08 � 0.03 0.8 3

1998.................... 23.8 3.3b <0.09d 1.0 4

2000.................... 3.1 2.4 1.1 � 0.1e �0.4 5

a Statistical excess.
b Part of the data listed in the row above.
c 99.9% C.L. upper limit.
d 99% C.L. upper limit.
e Statistical error only.
References.— (1) Catanese et al. 1998; (2) Aharonian et al. 2000; (3) Tluczykont

et al. 2003; (4) Konopelko et al. 1999; (5) Badran 2001.
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Conditioning of the images consists of (1) flat fielding of the
relative gain between pixels, (2) equalizing the sky brightness
between the ON and OFF observations (Cawley 1993), and (3)
removing pixels that are below a certain signal-to-noise ratio.
Images are then parameterized by their rmswidth and length, their
distance from the center of the field of view (Hillas 1985), and the
orientation angle of their major axis relative to the pointing direc-
tion of the telescope, � (Weekes et al. 1987). The total amount of
light collected is referred to as the size of the image and is mea-
sured in digital counts (dc).

The gamma-ray signal is derived from the excess number of
events between ON and OFF runs, where only those images are
selected that are likely to have been produced by a gamma-ray
source located at the center of the field of view. The rate given in
Table 2 shows the gamma-ray rate after application of one par-
ticular set of selection criteria (cuts) called Supercuts95 (Catanese
et al. 1998). These cuts are not optimal for spectral measurements
because the selection efficiency for gamma rays decreases dra-
matically with energy. Therefore, a different set of cuts was devel-

oped empirically using simulated gamma-ray events; see x 4.1.
The analysis of the data given in Table 2 is in agreement with a
previous analysis by Catanese et al. (1998).

4. CALIBRATION AND SPECTRAL RECONSTRUCTION

The data contain a relatively low gamma-ray rate and were
taken over a wide range of elevations. To obtain an accurate en-
ergy calibration, our analysis technique requires us to analyze
different elevation ranges separately. To maintain a good signal-
to-noise ratio, the data were combined at the two average ele-
vations of 58� and 41� and are referred to as data sets A and B,
respectively. The data in these two sets were taken sequentially
during the night, allowing us to investigate time variability in
the emission level.
A total of 500,000 gamma-ray–initiated showers were simu-

lated at each elevation; these were randomly distributed in energy
according to a power law of index�2.5, covering a circular area
around the telescope axis. TheMonte Carlo simulations of gamma-
ray–initiated particle showers in the atmosphere and subsequent

Fig. 4.—Simulated trigger rate at 41
�
elevation (left) and 58

�
(right) of gamma rays distributed with a power-law index of �2.5. The two lines show the rate after

the application of spectral cuts (thick lines) and Supercuts95 (thin lines).
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detection of Cerenkov photons by the telescope were carried out
with the Grinnell-ISU (GrISU) package.17 At 58

�
elevation, sim-

ulations were carried out over the energy range 0.1–100 TeVand
impact radius less than 300 m. At 41� elevation, simulations were
carried out over the energy range 0.3–100 TeVand impact radius
less than 350 m. The low-energy cutoff was chosen to extend be-
yond the range of energies of events that trigger the telescope.
The night-sky brightness level of simulated showers was matched
to that measured from the data.

The absolute light throughput of the telescope was calibrated
with Cerenkov images of muons recorded by the telescope. For
this, only complete muon rings were selected using a specially
developed algorithm (Schroedter 2004). This ensures that the
total amount of light is well known. The light throughput factor
derived in this way was used to measure the spectrum of the
Crab Nebula during the 1995/1996 season. With statistical (st)
and systematic (sy) errors, the spectrum of the Crab Nebula be-
tween 0.3 and 13 TeV can be fitted by (4:2� 0:3st � 0:7sy) ;
10�7E�2:38�0:08st�0:04sy TeV�1 m�2 s�1, with�2

min/dof ¼3:2/(9�
2). This is compatible with other measurements (Mohanty et al.
1998; Hillas et al. 1998).

The energy resolution of the spectral analysis depends on re-
jecting cosmic-ray images and selecting only those gamma-ray
images with well-defined image parameters. The collection area
near the triggering threshold is difficult to model in the simu-
lations, and hence a software cut on the minimum brightness is
applied that lies substantially above the hardware threshold. The
following set of loose cuts were then applied to data and simu-
lations: 0N31< distance < 1N1, length/size < 0:00085 deg dc�1,
max2 > 65 dc, and � < 25�.

The differential trigger rates at 41
�
elevation, corresponding to

data set B, are shown in Figure 4 for a spectrum with a differen-
tial index of �2.5. The peak trigger rate occurs at an energy of
1.4 TeV for spectral cuts, described below, and at 2.1 TeV with
Supercuts95. With these cuts, 90% of the triggers occur above
1.05 and 1.67 TeV, respectively. The collection area, shown in
Figure 5, reaches 10% of its maximum value of 170,000m2 at an
energy of about 1.1 TeV for spectral cuts. The differential trigger
rates at 58� elevation, corresponding to data set A, are also shown

in Figure 4. The peak trigger rate occurs at an energy of 0.69 TeV
for spectral cuts and 1.1 TeVwith Supercuts95. For these two sets
of cuts, 90% of the triggers occur above 0.48 and 0.75 TeV, re-
spectively. The collection area, also shown in Figure 5, reaches
10% of its maximum value of 136,000 m2 at an energy of about
0.51 TeV for spectral cuts.

4.1. Event Selection and Energy Estimation

The spectral analysis method has been described in Petry
et al. (2002) and Mohanty et al. (1998). Simulations at 41

�

elevation show an energy resolution of rms(� log E ) ¼ 0:15 or
rms(�E/E )¼ 0:40, with an energy estimation bias of j� log Ej ¼
0:018 over the energy region E ¼ 0:8–40 TeV. This energy
range begins at 10% of the peak collection area. A cutoff at the
high energies is necessary, as the limited field of view of the
camera truncates large showers and the estimated and true ener-
gies begin to diverge. At 58

�
elevation, the energy resolution is

rms(� log E ) ¼ 0:16 or rms(�E/E ) ¼ 0:49, and j� log Ej ¼
0:012 over the energy range E ¼ 0:4–25 TeV.

The gamma-ray signal is contaminated by a large fraction of
cosmic-ray events. To reject this background, cuts are imposed
on the parameters distance, width, length, and �. The cuts de-
rived from the Monte Carlo simulations scale with size so that
the efficiency of selecting gamma rays remains unchanged as
a function of energy. The fraction of gamma rays passing the
cuts for simulations at 41� elevation is 86%, and it is 87% at 58�

elevation. The distributions of the parameters width, length, and
� are shown for simulated gamma rays in Figure 6. The cuts are
chosen at a nominal 2 standard deviations around themean value.
The simulations at 58

�
are limited by statistics at high energies,

making the cuts somewhat inefficient. In particular, the upturn at
large dc values of the � -cut is unphysical, but the cut level still
remains below the Supercuts95 value of 15

�
. The unphysical up-

turn is due to the second-order polynomial used in fitting the cut
level. For comparison, the level of Supercuts95 is also shown in
Figure 6.

5. FLARE SPECTRA

The number of excess gamma-ray events in each energy
bin after application of all cuts is presented for both data sets in
Tables 3 and 4. Due to the very small signal, the bin width is

Fig. 5.—Collection area for gamma rays at 41� elevation (left) and at 58� elevation (right) in 1995 for spectral cuts (thick line) and Supercuts95 cuts (thin line).

17 Available at http://www.physics.utah.edu /gammaray/GrISU/.
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TABLE 3

Event Statistics and Flux for Data Set A

Energy

(TeV)

ON

(events)

OFF

(events)

ON�OFF

(events)

S

(�)

Flux

(TeV�1 m�2 s�1)

0.56.......... 63 38 25 � 10 2.5 (1.29 � 0.51) ; 10�6

1.12.......... 83 63 20 � 12 1.7 (1.27 � 0.77) ; 10�7

2.24.......... 39 42 �3� 9 �0.3 <3.91 ; 10�8

4.47.......... 22 19 3 � 6 0.5 <1.46 ; 10�8

8.91.......... 8 7 1 � 4 0.3 <3.62 ; 10�9

Total .... 220 174 44 � 19.8 2.2 . . .

Note.—Upper limits are given at the 98% confidence level.

TABLE 4

Event Statistics and Flux for Data Set B

Energy

(TeV)

ON

(events)

OFF

(events)

ON�OFF

(events)

S

(�)

Flux

(TeV�1 m�2 s�1)

1.12........... 55 30 25 � 9 2.7 (3.64 � 1.34) ; 10�7

2.24........... 86 51 35 � 12 3.0 (7.24 � 2.42) ; 10�8

4.47........... 35 20 15 � 7 2.0 (9.82 � 4.85) ; 10�9

8.91........... 14 6 8 � 4 1.8 (2.11 � 1.19) ; 10�9

17.78......... 7 4 3 � 3 0.9 <1.19 ; 10�9

35.48......... 0 2 �2 � 1 �1.4 <1.43 ; 10�10

Total ..... 197 113 84 � 17.6 4.8 . . .

Note.—Upper limits are given at the 98% confidence level.

Fig. 6.—Simulated parameter distributions and cut levels with log (size) after application of loose cuts; see text. Top, simulated at 41� elevation; bottom, 58�

elevation. The dots represent simulated events, and crosses represent the average. The solid lines show the fitted polynomial to the average. Dashed lines show the
actual cut chosen at a tolerance of 2 standard deviations around the average. Dotted lines show the cut level of Supercuts95. [See the electronic edition of the Journal
for a color version of this figure.]



chosen at twice the energy resolution �(log E ) ¼ 0:3 (Petry
et al. 2002). Flux upper limits are given if the gamma-ray sig-
nificance is less than 1 � in the energy bin. The upper limits are
at the 98% confidence level and are calculated according to the
method of Helene (1983).

The spectra for the two data sets A andB are shown in Figure 7.
The error bars show the statistical error only.

For data set B, the power-law fit to the spectrum over the en-
ergy range from 0.8 to 12.6 TeV is given by

dN

dE dA dt
¼ (5:1� 1:0st � 1:2sy) ; 10

�7

; E=TeVð Þ�2:54�0:17st�0:07sy TeV�1 m�2 s�1; ð1Þ

with �2
min /dof ¼ 0:2/(4� 2). The �2 probability for this data

to randomly arise from the power-law fit is 0.9. The statistical
error represents the 68% confidence interval (CI ) for a fit with
one free parameter while the other parameter is frozen at its op-
timum value. The 68% CI with two simultaneous free param-
eters, defined by �2

minþ 2:3, is shown in Figure 8.
The systematic errors of the flux constant and spectral index

arising from the energy calibration and the cut tolerance are in-
dicated in Figure 8 by crosses. The cut tolerance, with a nominal
value of 2 standard deviations, was varied between 1.5 and 2.5
standard deviations; the level of the muon-based energy calibra-
tion is �10%. The uncertainty in the energy calibration affects
mostly the flux constant. For example, a 10% change in the en-
ergy calibration changes the flux constant by 25% or 30% if the
spectrum has a differential index of�2.5 or�3.0, respectively.
In addition, due to the large elevation range covered, a small sys-
tematic uncertainty on the order of 10%–15% is intrinsic to the
GrISU simulations (Krennrich et al. 1999). The spectral index is
mostly affected by varying the cut tolerance. It should be noted
that the systematic error evaluated in this way is smaller than the
statistical error. Thismeans that a good estimate of the systematic

error is not possible with this method; nevertheless, it does in-
dicate the relative importance of the two sources of error.

For data set A, the power-law fit over the energy range from
0.4 to 1.6 TeV is given by

dN

dE dA dt
¼ (1:9� 0:6st � 0:6sy) ; 10

�7

; E=TeVð Þ�3:3�0:7st�0:7sy TeV�1 m�2 s�1; ð2Þ

and the confidence interval contours are shown in Figure 8.
As the spectral indexes of the two spectra are compatible, it is

possible to adjust the flux constant of the less significant spec-
trum (data set A) so that it overlaps, in a least-squares sense,
with the spectrum of data set B. However, as the statistical sig-
nificance of data set A is very small compared to set B, combin-
ing the two data sets results in an insignificant improvement in
the statistical error of the spectral index. Therefore, the spectral
measurement of 1ES 2344 derived here is best represented by
the spectrum of data set B alone.

6. DISCUSSION

1ES 2344 is a variable source; during the flare on 1995
December 20, the gamma-ray emission from 1ES 2344was about
50 times brighter than that during the quiescent phase measured
several years later. To obtain an accurate energy calibration, our
analysis technique required us to analyze data taken at differ-
ent observing elevations separately. Therefore, we split the data
into two sets, A and B, with 56 and 38minutes of exposure time,
respectively. The data sets were taken consecutively during the
night. The spectral indices measured from the two data sets are
compatible with each other. The increase of the flux constant
over the 2 hr of observation, although also not very significant,
is not unexpected, as the very large variability of theVHEflux on
a timescale of hours has been observed for other blazars (Gaidos
et al. 1996; Quinn et al. 1996; Holder et al. 2003; Aharonian et al.
2005).

Fig. 7.—Differential flux spectrum of 1ES 2344 on 1995 December 20.
Spectra from data sets A (diamonds) and B (circles) are shown together with
power-law fits (solid lines). The shaded regions show the confidence interval
of the power-law fits and were obtained by varying both parameters to their
individual 68% confidence intervals.

Fig. 8.—Confidence regions corresponding to the spectrum of data set A
(dashed lines) and set B (solid lines). Confidence regions are shown with prob-
ability content of 40%, 68%, and 90% for the simultaneous values of the spec-
tral index and flux constant. Also shown are the systematic errors on the flux
constant and spectral index ( plus signs).
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The measured VHE spectra are attenuated through pair pro-
duction with the infrared extragalactic background light (EBL;
Nikishov 1962). Due to the EBL spectral shape, the attenuation
manifests itself as a steepening of the measured VHE spectrum
between roughly 1 and 5 TeV and becomes more pronounced
with larger redshift. A cutoff feature is thus expected in the VHE
spectra, if variations in the intrinsic VHE spectrum are ignored.
Such a cutoff feature has been established for Mrk 421 and
Mrk 501 (Aharonian et al. 2001; Krennrich et al. 2001, 2002).
Their spectra can be described with a power law with an expo-
nential cutoff : dN /dE / E�� exp (E/E0). The cutoff energy, E0 ,
differs between the two blazars by 2:6� 1:2 TeV (Aharonian
et al. 2002b). Unfortunately, for 1ES 2344 the low statistical sig-
nificance of the spectrum precludes the measurement of such a
cutoff energy.

VHE spectra are now available for all six confirmed TeV
blazars. The power-law spectral indexes of fits to the brightest
flares from the blazars appear to steepenwith redshift (Schroedter
2005). The spectral index of the 1ES 2344 VHE flare is steeper
than the brightest flare spectra of Mrk 421 and Mrk 501, both of
which are located at about two-thirds the distance of 1ES 2344.
The flare spectra of PKS 2155�304 and H1426+428, which are
located almost 3 times as far away, are softer than that of 1ES 2344.
The spectral index of the 1ES 2344 flare is similar to the flare
spectrum of 1ES 1959+650, which is located at almost the same

redshift. This trend is consistent with attenuation caused by the
infrared extragalactic background radiation (Schroedter 2005;
Stecker 1999). Alternatively, galaxy evolutionmight be respon-
sible for the observed spectral steepening with redshift. For ex-
ample, if younger galaxies have enhancedmid-infrared radiation
nearer to the central black hole, then this would produce gamma-
ray attenuation indistinguishable from that caused by the EBL.
No contemporaneous measurements at other wavelengths

were taken during the gamma-ray flare of 1ES 2344 on 1995
December 20. This precludes the application of models to con-
strain the gamma-ray productionmechanism, because the gamma-
ray emission is known to be highly variable. Almost 1 year later,
on 1996December 5, a simultaneous TeV/X-ray observation oc-
curred together with the BeppoSAX satellite. The detailed X-ray
spectrummeasured during this night (Giommi et al. 2000) is com-
plemented, however, only by an upper limit of the TeV flux, again
precluding models to be significantly constrained.

We acknowledge the technical assistance of K.Harris, T. Lappin,
and E. Roache. This research has made use of the NASA/IPAC
Extragalactic Database (NED), which is operated by the Jet Pro-
pulsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration.
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