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M. ERRANDO14, D. FERENC20, E. FERNÁNDEZ14, R. FIRPO14, M. V. FONSECA3, L. FONT5, N. GALANTE10, R. J. GARCÍA L ÓPEZ7,15,
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ABSTRACT
The MAGIC collaboration has searched for high-energy gamma-ray emission of some of the most promising

pulsar candidates above an energy threshold of 50 GeV1, an energy not reachable up to now to other ground
based instruments. Neither pulsed nor steady gamma-ray emission has been observed at energies of hun-
dred GeV from the classical radio pulsars PSR J0205+644 and PSR J2229+6114 (and their nebulae 3C58 and
Boomerang, respectively) and the millisecond pulsar PSR J0218+4232. Here we present the flux upper limits
for these sources and discuss their implications in the context of current model predictions.
Subject headings:pulsars, gamma-rays, PSR J0205+6449, PSR J2229+6114, 3C 58, Boomerang, PSR

J0218+4232, Cherenkov telescopes

Corresponding authors: R. DelosReyes, reyes@gae.ucm.es,
W. Bednarek, bednar@fizwe4.fic.uni.lodz.pl, M. Camara,
miguel@gae.ucm.es
1Recently we succeeded to lower the trigger threshold to 25 GeV by means

1. INTRODUCTION

of a new trigger system (Rissi et al. 2008).
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More than 1800 pulsars have been discovered at radio
frequencies while atγ-ray energies CGRO detected only
7 high significance and 3 low significance emitters of
pulsedγ-rays up to energies of 5 - 10 GeV (Fierro 1995).
CGRO observations showed evidence for a turndown
in some of the studied pulsed spectra. Such spectral
cut-offs were detected in Vela (Kanbach et al. 1994),
and Geminga (Mayer-Hasselwander et al. 1994).
For Crab (Nolan et al. 1993) and PSR
B1951+32 (Srinivasan et al. 1997) there was only an in-
dication of a possible cut-off in the GeV energy range.
However, the other pulsars detected by CGRO showed
no indication of a cut-off up to energies of 5-10 GeV
(Fierro1995, Thompson et al. 1999) because of insufficient
sensitivity. On the other hand, no indication of pulsed
emission in the energy band studied between 150 GeV
and 50 TeV has been observed (Aharonian et al. 2007a;
Albert et al. 2008c; Albert et al. 2007) by the previous gen-
eration of ground-based imaging air Cherenkov telescopes
(IACT). Only recently, the energy range between 5-150 GeV
started to be closed by theFermi Gamma-Ray Observatory
and by the MAGIC IACT as demonstrated by the detec-
tion of pulsedγ-emission from the Crab pulsar above 25
GeV (Aliu et al. 2008). TheFermi Observatory has recently
detected pulsed emission from∼ 45 new γ-ray pulsars,
including a new pulsar in CTA 1 SNR (Abdo et al. 2008) and
the millisecond pulsar PSR J0030+0451 (Abdo et al. 2009c).
Among them the three pulsars discussed in this paper, namely
PSR J0205+6449, PSR J2229+6114 (Abdo et al. 2009a, Pel-
lizzoni et al. 2009) and PSR J0218+4232 (Abdo et al. 2009c)
No steady emission at GeV energies from these sources has
been reported up to now.

From a theoretical point of view, constraints on the pulsed
high energy emission of pulsars above tens of GeV are very
important in order to decide which one of the proposed mod-
els are really at work. Models in which gamma-rays are
assumed to be produced in the inner regions of the pulsar
magnetospheres (i.e. polar cap models) have been recently
severely constrained by the MAGIC detection of the pulsed
emission from the Crab pulsar (Albert et al. 2007). Other
theoretical models (outer gap (Hirotani 2007)) predict an IC
component up to TeV energies, which can be constrained with
MAGIC observations.

The models for steady emission from pulsar wind nebulae
predictγ-ray fluxes which are typically within the sensitivi-
ties above∼ 100 GeV of the current Cherenkov telescopes.
That is the case of the PWNe around PSR J0205+6449 and
PSR J2229+6114. The estimates based on the specific model
for high energy radiation from PWNe by (Bednarek & Bar-
tosik 2005), are of the order of∼ 1 − 4% and∼ 4 − 16% of
the Crab flux above∼ 200 GeV, respectively. In last years,
VERITAS Collaboration reported upper limits on the level of
2.3% of the Crab flux for PSR J0205+6449 and the detection
(6.0σ) above 1 TeV of PSR J2229+6114 (Aliu et al. 2009).
Also, the MILAGRO Collaboration reports intriguing detec-
tion ( 6.6σ) of a γ-ray source above 35 TeV coincident with
PSR J2229+6114 with the flux(70.9± 10.8)× 10−17 TeV−1

cm−2 s−1 (Abdo et al. 2009b). These observations show some
evidences that the emission can be extended.

We have selected the most promising pulsar candidates
to be observed by MAGIC according to their spin-down
power (Ė/d2) instead of using the predictions of a specific
model. This selection criterion might also be valid for the

best candidates of DC emission from the surrounding neb-
ulae since it seems that the emission from the surroundings
of the pulsar could be directly related with the pulsar spin-
down power. Table 1 shows the ordered list of the best can-
didates for MAGIC that follow this selection criterion with
the additional constrain that the source must culminates atnot
too large zenith angles to assure the lowest possible energy
threshold, which increases with the observation zenith an-
gle. Within the canonical pulsar population PSR J0205+6449
is, just after the Crab pulsar (PSR B0531+21), the most
promising candidate followed by the EGRET detected pul-
sars Geminga (PSR J0633+1746), PSR B1951+32 and PSR
J2229+6114. We included in our candidate list the mil-
lisecond pulsar, PSR J0218+4232 (raking 12th in the table),
which is of special interest because it is the first detected mil-
lisecond pulsar emitting pulsedγ-rays (Kuiper et al. 2002).
This list includes also PSR J0030+0451, recently detected by
Fermi (Abdo et al. 2009c).

MAGIC uses two different trigger concepts. Up to late
2007, all data were taken with a standard trigger, providing
a threshold of 50 GeV in a field of view (FOV) of about
1◦ radius around the candidate position (for ON/OFF obser-
vation mode), while a recently developed trigger logic, the
so-called sumtrigger, allowed us to decrease the threshold
up to 25 GeV but in a more restricted FOV. This new trig-
ger (Anderhub et al. 2009) was used for the recent Crab pul-
sar discovery (Aliu et al. 2008). Here we present the analysis
of data, which were recorded before 2008 with the standard
trigger. The results with the standard trigger, with its higher
threshold, could constrain models, which predict an energy
cut-off in the spectrum below 50 GeV (polar cap) or around
100 GeV (outer gap) if the flux above that energy is high
enough. Steady state (DC) emission from the host nebulae
is expected to extend to higher energies and thus can be con-
strained with the high telescope sensitivity above∼ 60 GeV.

In the next sections we will describe the observations and
the data analysis of the chosen sources (2) and the results for
the search (3) for both pulsed emission as well as the search
for steady VHE emission expected to be generated by the host
nebulae. This will be followed by a discussion (4) about the
implication of the results in the current theoretical models and
by the conclusions (5).

2. OBSERVATIONS AND DATA ANALYSIS

2.1. Observations

Observations of the selected pulsars and the associated pul-
sar wind nebulae (PWN) with the MAGIC Telescope have
been carried out in 2005, 2006 and January 2007. The single-
dish MAGIC telescope (Lorenz 2004) is located at the Roque
de los Muchachos observatory site (28◦ 45 34 N, 17 5234W,
2200 a.s.l.) on the Canary island of La Palma. The tele-
scope detects the Cherenkov light emitted by ultra-relativistic
charged particles in air showers, which are produced by the
interaction ofγ-rays and charged cosmic rays with the Earth
atmosphere. MAGIC is currently the largest single dish
Cherenkov telescope worldwide with the lowest threshold. It
has a tessellated primary reflector of 17 meters of diameter
supported by a lightweight frame made of carbon fiber rein-
forced plastic tubes. The small but unavoidable deformations
of the support frame are corrected by an Active Mirror Con-
trol system, resulting in a PSF of 0.025◦ for distant point-like
light sources. Shower images are recorded by a focal plane
camera with a field of view (FOV) of∼ 3.2◦ diameter. The



Upper limits on pulsar observations with MAGIC telescope 3

camera comprises in its inner 2◦ FOV 394 photomultiplier
(PMT) pixels of 0.1◦ diameter and an outer zone compris-
ing 172 PMTs of 0.2◦ diameter pixels. Upon a trigger the
signals from all the pixels of the camera, i.e. not only those
containing the shower images but also containing background
light, are digitized by a 300 MHz Flash-ADC system2 in a
time window of 50 nsec around the trigger time and written
onto tape together with some auxiliary information such as
the telescope pointing position during tracking and the event
time from a Rubidium clock synchronized via GPS to the US
Naval observatory Master Clock Time (Washington). The ab-
solute time accuracy is 200 nsec. Also, frequently, calibration
events and pedestal events are recorded.

The observations were carried out in the so-called ON-OFF
mode by using the standard trigger (Albert et al. 2008c). In
this observation mode, one alternates observations pointing
towards the source with others pointing to a nearby dark patch
(without any knownγ-ray source) in a sky area nearby the
source. Since no prompt OFF observations were carried out
after observations of these sources, we blended the OFF data
sample from a set of different contemporaneous observations
in which no signal has been detected, covering the same zenith
angle range and taken under similar technical (telescope per-
formance) and atmospheric conditions. These conditions, to-
gether with theγ/hadron separation cuts, characterize the sen-
sitivity of our analysis defined as the Crab flux fraction needed
to detect 5σ in 50 hours.

2.2. Data analysis

The data was analyzed with three different goals in mind:

• At first we searched for a possible summedγ-ray emis-
sion of the Pulsar and PWN generated in an area of the
γ-ray PSF of the telescope. For a possible signal we
searched for an excess at small angles in the ALPHA3

distribution without any timing analysis constraints.

• Secondly, we look for the presence of a periodic signal
due to the pulsar while the photons from the PWN will
contribute to the background.

• In the third analysis we searched for excess events com-
ing from the pulsar surroundings.

The data are processed by the standard analysis program
MARS (Bretz et al. 2005). Firtsly, data taken under bad at-
mospheric or technical conditions are discarted, as well are
not physical events as those produced by accidentals or back-
ground light flashes from bypassing cars, etc. The frequently
recorded calibration data are used to converts the digitized
signal (after pedestal subtraction) in each pixel to photons
coming from the Extensive Air Shower (EAS). In first or-
der the number of photons is a good measure of the incident
γ-ray energy. Next, the shower images have to be filtered
out of the background caused by the light of the night sky
(NSB) in the so-called core-boundary image cleaning algo-
rithm. In this analysis a core-boundary image cleaning level
of 10-5 photoelectrons has been used, which yields the best
telescope sensitivity in these observation periods. The cleaned
images are then parameterized by the 2nd order moments of

2 The 300 MHz FADC system was replaced in early 2007 by a faster one
running at 2 GHz

3 Angle between the major axis of the shower image and the line that joins
the center of gravity of the shower image with the source position in the
camera plane (Hillas 1985).

the light distribution in the image (Hillas 1985). The vast
majority of the recorded images are due to hadron-induced
air showers. In order to reject most of the hadronic back-
ground a multidimensional events classification method has
been used. The MAGIC collaboration has adopted as standard
procedure the Random Forest (RF) method for theγ/hadron
separation (Albert et al. 2008c). The method classifies the
events according to the so-calledhadronessparameter. By
applying a cut (as function of energy) in this parameter one
can reduce the fraction of hadrons in the remaining sample
without losing too manyγ-ray events. The cuts have been
optimized by training the RF on Crab data taken under sim-
ilar conditions as the ON data analyzed4 to get the best tele-
scope sensitivity for each energy bin. The RF method is also
used to estimate the energy of the primary particle that pro-
duced the detected air shower. The energy resolution of re-
constructed events is 20-30 % depending on the observations
zenith angle and the gamma-ray energy. Finally, the direc-
tion of the shower is used to discriminate gamma-ray induced
showers from the isotropic hadronic background. The anal-
ysis method normally used for the search ofγ-ray emission
from the source extracts the excess events in the source di-
rection, subtracting in an ALPHA distribution the OFF-data
from the ON-data at small ALPHA values after normalizing
the OFF-data to the ON-data (at large ALPHA values). For
our observations we choose a cut in ALPHA of≤ 10◦ (see
e.g. figure 1). With these cuts, the resulting analysis is of a
sensitivity for a 5σ excess in the case of a minimum DC flux
of about∼ 2.3% of that of the Crab nebula5. The significance
of a signal is obtained through the Li & Ma expression (for-
mula 17 of (Li&Ma 1983)). For pulsars, the sensitivity can
be further enhanced exploiting the periodicity of the signal.
If the phase diagram contains only background events then
no periodic structure is expected (see chapter 2.3 on timing
analysis). In case of no signal, we calculated integral flux up-
per limits by following the Rolke method (Rolke et al. 2005)
for a 99% (3σ) confidence level. The sources studied by
MAGIC and presented in this article are considered as point-
like sources at high energies. However, there could be emis-
sion from the vicinity of the pulsar due to possible inter-
action between the pulsar wind nebula and the interstellar
medium (Albert et al. 2008b) or from interactions between
the pulsar wind nebula and the IM due to the binary move-
ment, as in the case of LSI +61 303 (Albert et al. 2008b). This
last hypothesis is more often the case of the millisecond pul-
sars. To look for emission in a wider region around the pulsar,
we have to reconstruct from the shower parameters of eachγ-
ray event the possible origin in the sky plane. This is done
through the so-called DISP-algorithm (Domingo et al. 2006).
It should be noted that for normal events we achieve a recon-
struction error of 0.1◦ for the origin of aγ-shower in the sky
plane. The systematic pointing uncertainty due to unknown
telescope deformation and tracking errors is estimated to be
below 0.03◦ (Albert et al. 2008c).

2.3. Timing analysis

To search for pulsed VHE gamma-ray emission from the
magnetosphere of a pulsar we checks whether the emission
has a periodic behaviour at the pulsar rotation frequency. The

4 ON stands for an observation when the telescope is pointed tothe source
under study.

5 The sensitivity could be improved in 2007 to a 1.4% Crab flux limit in
50 hours of observation after introducing the new 2 GHz FADCs.
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time of arrival of each event (TOA) is determined by a GPS-
Rubidium clock system. The first step is to convert the events
arrival time measured at the observatory (tobs) to the pulsar
reference frame. Neglecting second order corrections, the
nearest inertial reference frame to the pulsar rest frame is
the solar system barycentre (SSB) (Taylor & Weisberg 1989).
The corrected arrival times are folded to the pulsar period,
obtaining a phase distribution or light curve, which is then
tested against uniformity. Since the pulsar rotation period
is independent of the wavelength of the emitted radiation,
the pulsar ephemeris (ν(T0), ν̇(T0),...) at a reference time
T0 contemporaneous to the MAGIC observation period have
been obtained from X-rays (RXTE satellite) and radio ob-
servations (Nancay radio telescope). Therefore, the effects
of glitches and timing noise of the pulsar rotation are re-
duced and even rejected in the pulsed emission analysis. The
light curve of the pulsars studied here is characterized by a
double-peaked structure; therefore we have used a Pearson
χ2-test and a H-test (deJager et al. 1989) as statistical period-
icity tests. Our timing analysis chain (Marcos 2006) for short
time difference between events was tested by analyzing opti-
cal data of the Crab pulsar recorded with the MAGIC central
pixel (Lucarelli et al. 2008). Guided by the two main mod-
els of pulsar magnetosphere emission, the search for pulsed
emission has been carried out in two energy windows: the
first one focused on low energies (E< 300 GeV), while the
second one includes all the events collected by the telescope
in order to include the possible emission extended up to TeV
energies. In both energy windows we have optimized the cut
in the hadronness parameter for theγ/hadron separation by
requiring that 80% of theγ-rays in Monte Carlo simulations
survive the cuts.

3. RESULTS

3.1. PSR J0205+6449 and the PWN 3C 58

Due to its similarities with the Crab nebula, 3C 58 was
identified as a pulsar wind nebula (PWN) twenty years be-
fore its pulsar, PSR J0205+6449, which initially was discov-
ered in X-rays (Murray et al. 2002) and only afterwards de-
tected at radio frequencies (Camilo et al. 2002). 3C 58 was
discovered by the Einstein Observatory (Becker et al. 1982)
and initially associated with the remnant of the supernova SN
1181 recorded in A.D. 1181, thus implying an age of 820
years. In recent years this association has been rejected due
to evidences of a significantly older spin-down age of 5400
years and an expansion velocity of the nebula of∼ 630 km/s.
The distance to PSR J0205+6449 is 3.2 kpc. The pulsar has
the second highest known spin-down power among all the
members of the radio pulsar population in the Northern hemi-
sphere,∼ 0.02 times the one of the Crab pulsar and∼ 0.03
times the Vela one, and a magnetic field strength at the neu-
tron star surface of the same order of magnitude (B=3.6x1012

G) as Crab.
Observations of the PSR J0205+6449/3 C58 complex were

carried out by MAGIC between 2005 September-December
(MJD = 53625-53707) at zenith angles ranging between 36◦ -
45◦. After rejecting all data taken during bad weather condi-
tions or non-perfect detector response, 30 hours of data were
left for analysis. The flux limit for a threshold of 320 GeV6

to detect a 5σ DC γ-ray signal corresponds to 2.8% of the
Crab flux. The results of the search for emission coming

6 The above quoted threshold is, according to the convention in theγ-ray
community, the peak of the recorded differential flux.

from the direction of PSR J0205+6449/3C 58 are summa-
rized in table 2. No significant excess has been observed.
The significance obtained, when integrating over the total en-
ergy range measured, is 1.0σ. The integral flux upper limit
(99% c.l.) of PSR J0205+6449/3C 58 for the complete en-
ergy range above 100 GeV is listed in table 2. The upper
limits for different energy bins (in GeV.cm−2.s−1) are shown
in figure 2 including the Whipple flux upper limit for E> 500
GeV (Hall et al. 2001). The extension of the emission region
of 3C 58 is up to 6’ at radio frequencies (Bietenholz 2006),
which still corresponds to be point-like for the MAGIC angu-
lar resolution. A wider search in the pulsar surroundings has
yielded no evidence of emission coming from the interaction
of the PWN with the interstellar medium at any energy.

Ephemeris for PSR J0205+6449 contemporaneous to the
MAGIC observations were provided by the RXTE satellite.
Looking for an excess of events in the phase intervals cor-
responding to the peak positions at high energies, with re-
spect to the off-pulsed region, we compute a significance of
0.2σ (see table 3). Figure 4 shows the light curve of PSR
J0205+6449 for low energies (E<300 GeV). Since no pulsed
emission has been detected, upper limits for the pulsed emis-
sion have been calculated using Rolkes method by requiring
a confidence level of 99% (3σ). The upper limit to the pulsed
emission of PSR J0205+6449 at this confidence level is F3σ

ul

(Eth = 280 GeV)< 6.5 10−13 cm−2.s−1, which includesγ-
rays above 110 GeV.

3.2. PSR J2229+6114 and the Boomerang PWN

This pulsar was discovered in 2001 both in radio (Jo-
drell Bank Observatory) and in X-Rays (Chandra satel-
lite) (Halpern et al. 2001), inside the error box of the EGRET
source 3EG J2227+6122, and within PWN G106.6+2.9. Its
period (52ms) and period derivative (7.83e-14 s−1) imply
a spin-down age of 10.5 kyr. The considered pulsar dis-
tance from X-rays measurements is around 3 kpc, while
a considerable uncertainty remains depending on the DM
model (Halpern et al. 2001). The surrounding nebula is called
the Boomerang Nebula.

MAGIC observed this pulsar and its nebula, from August
to December 2005 (MJD = 53584 - 53708) at zenith angles
ranging between 32◦ and 38◦. After excluding data taken un-
der bad weather conditions or non-perfect detector response,
we collected 10.5 hours of data suitable for the analysis. For
10.5 hours data and a threshold of 196 GeV we expect a flux
sensitivity of 3.4% compared to the Crab flux. For the total
range of accessible energies (E>100 GeV), the significance
of the excess events is 0.6σ. The corresponding upper limit
(99% c.l.) is also listed in table 2. The upper limits for differ-
ent energy bins (in GeV cm−2 s−1) are shown in figure 2. A
DISP-analysis has revealed no emission in the surroundings
of this source.

No significant pulsed signal from PSR J2229+6114 has
been found for any energy range (see table 3) using the clos-
est ephemeris (Halpern et al. 2001) to the MAGIC observa-
tions. Figure 4 shows the light curve of PSR J2229+6114 for
low energies (50< E < 300 GeV) and the periodogram for
a frequency search around the nominal frequency. The upper
limit for a possible pulsed emission has been calculated using
Rolkes method requiring a confidence level of 99%. The inte-
gral value for the total energy range is F3σ

ul
(Eth = 300 GeV)<

2.6 10−12 cm−2s−1, which includesγ-rays above 100 GeV.

3.3. PSR J0218+4232
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Discovered at radio wavelengths (Navarro et al. 1995), the
2.3 ms pulsar PSR J0218+4232 belongs to a 2-day orbital pe-
riod binary system with a low mass (0.2 M⊙) white dwarf
companion. PSR J0218+4232 is one of the three known
millisecond pulsars (together with PSR B1821-24 and PSR
B1937+21) with a hard spectrum and high luminosity emis-
sion in X-rays and the only one among them seen atγ-
ray energies up to energies of 1 GeV before the launch
of the Fermi Observatory. Above 1 GeV the EGRET de-
tection is consistent, within the error box, with the nearby
AGN 3C 66A (Kuiper et al. 2000). Although the pulsar phase
diagram presents a large off-pulse contribution, no pulsar
wind nebula emission has been observed from the direc-
tion of the source outside 1” diameter from the pulsar posi-
tion (Kuiper et al. 2002).

MAGIC observed PSR J0218+4232 at zenith angles be-
tween 14◦ and 32◦ during October 2006 and January 2007
(MJD = 54010 - 54115). After excluding data recorded under
adverse weather conditions and non-perfect detector perfor-
mance, 20 hours observation time were further analyzed. The
analysis sensitivity for PSR J0218+4232 above 200 GeV is, in
units of the Crab flux, 3.3%. This sensitivity is slightly worse
than the one of the two sources presented above, although the
mean observation zenith angle is lower. The reason was hard-
ware changes during the observation time that degraded the
telescope performance. Figure 3 (right) shows the phase di-
agram for the observed energy range for E< 300 GeV. From
the 0.4σ excess in the phase diagram using the period and
peak positions at lower energies we calculated the flux up-
per limit (for 99% CL) listed in table 2. An analysis in three
energy bins showed no signal in any bin. The correspond-
ing upper limits (in GeV.cm−2.s−1) are shown in figure 2.
Previous observations at lower energies (radio and X-rays)
have constrained the extension of a possible nebula around
PSR J0218+4232 to be<1” (Kuiper et al. 2002). Therefore
this source is considered to be point-like in the MAGIC en-
ergy domain. Although the millisecond pulsars are character-
ized to be very stable rotators, we used for our timing anal-
ysis ephemeris from the Nancay radio telescope contempo-
raneous to the MAGIC observation period. No emission has
been detected for any assumption on the emission region and
any analysis method; therefore the corresponding upper lim-
its to the pulsed emission have been calculated using Rolkes
method with a 99% confidence level. From the timing anal-
ysis ofγ-rays above 70 GeV coming from PSR J0218+4232,
we obtain an upper limit of F3σ

ul
(Eth = 140 GeV)< 9.4 10−12

cm−2.s−1.

4. THE CONSEQUENCES OF THE PWNE UPPER
LIMITS

The flux upper limits on the steady emission from the nebu-
lae around two classical radio pulsars reported in this paper
are close to the estimates based on the model for the TeV
γ-ray emission from PWNe discussed by Bednarek & Bar-
tosik (2005). In the case of the Boomerang nebula around
PSR J2229+6114, the predicted flux above 200 GeV is∼ 4%
of the Crab Unit (CU) for the case of IC scattering of syn-
chrotron and microwave background radiation. Bednarek &
Bartosik (2005) consider also the model with significantly
stronger low energy background inside the nebula caused by
the additional infrared component as expected in the case of
the nebula around PSR 1706-44. In this case the estimated
flux above 200 GeV is∼ 16% of CU. Our observations defini-
tively exclude the presence of such additional radiation field

inside the Boomerang nebula. Moreover, there are some in-
consistencies in the distance estimate to the PSR J2229+6114
which range between∼ 3 kpc (used by Bednarek & Bar-
tosik 2005) down to 0.8 kpc (Kothes et al. 2001). For the
lower estimate of the distance, the flux estimated by Bednarek
& Bartosik should be an order of magnitude larger. In this
case also the model with low soft radiation background in-
side the Boomerang nebula would be in contradiction with
the MAGIC upper limit.

In the case of the nebula 3C 58 around PSR J0205+6449,
the flux estimated by Bednarek & Bartosik (2005) is lower be-
tween∼ 0.8% with the low level of soft background inside the
nebula up to∼ 3.2% with the high level of soft background
(additional infrared component). Therefore, in this case the
upper limits reported in this paper cannot rule out the model.

Very recently, the MILAGRO collaboration has published
a new list of TeVγ-ray sources at∼ 35 TeV (Abdo et
al. 2009b). One of them is coincident with the pulsar PSR
J2229+6114, showing clear extension. Provided that most of
this emission comes from a relatively faint region around the
PSR J2229+6114, the MILAGRO detection and the MAGIC
upper limit at∼ 1 TeV allow us to constrain the general spec-
tral shape above∼ 100 GeV. It looks that the spectrum should
be relatively flat with the differential spectral index harder
than∼ 2. Such spectrum is very different from the Crab neb-
ula one. This suggests that the acceleration and radiation pro-
cesses inside the Boomerang nebula can differ significantly
from those ones observed in the Crab Nebula.

5. CONCLUSIONS

Our search for VHEγ-ray emission from the pulsars PSR
J0205+6449, PSR J2229+6114 and the millisecond pulsar
PSR J0218+4232 was negative. The MAGIC observations of
these pulsars and their surroundings has yield upper limitsfor
the steady and the pulsed emission for energies above∼ 70-
100 GeV. This indicates that the possible pulsed TeV emis-
sion, as predicted by some theoretical models for the pulsed
γ-ray emission (see e.g. (Hirotani 2007)), seems to be below
the MAGIC sensitivity in the explored energy range. In the
case of the MAGIC results for the millisecond pulsar PSR
J0218+4232, the non detection in the explored energy range
above 70 GeV is consistent with some of the current mod-
els predictions, like our upper limits of the millisecond pulsar
PSR J0218+4232 (Harding 2005). The rotational energy of
the millisecond pulsar is much lower and, therefore, the spin-
down energy many orders of magnitude lower than in the class
of young pulsars.

However, surprisingly some of the best candidate
PWNe expected as a TeVγ-ray emitters have not
been detected up to now (e.g. the nebulae around
PSR B1951+32, (Albert et al. 2007) or PSR 1706-44,
(Aharonian et al. 2007a)). On the other hand, it is quite inter-
esting that some of the unidentified HESS TeV sources seem
to be clearly related to PWNe (e.g. Aharonian et al. 2007b).

More sensitive and lower energy threshold Cherenkov
telescopes are needed for the detection of these pulsars.
The improved sensitivity of the future MAGIC stereo-
system, formed by coincidence observations of MAGIC I and
MAGIC-II and the new trigger system used for the detection
of the Crab pulsar above 25 GeV, should allow us to study
these sources with a threshold around 25 GeV and will be
thus crucial for the study of the Northern sky pulsars.

ACKNOWLEDGEMENTS



6 H. Anderhub et al (MAGIC collaboration).

We would like to thank the Instituto de Astrofisica de Ca-
narias for the excellent working conditions at the Observato-
rio del Roque de los Muchachos in La Palma. The support
of the German BMBF and MPG, the Italian INFN and Span-
ish MICINN is gratefully acknowledged. This work was also
supported by ETH Research Grant TH 34/043, by the Pol-
ish MNiSzW Grant N N203 390834, and by the YIP of the

Helmholtz Gemeinschaft.
We thank D. A. Smith and the Nancay Radio Observatory

operated by the Paris Observatory (associated with the French
CNRS) for the ephemeris of PSR J0218+4232. And also S.M.
Ransom (NRAO) for the ephemeris of PSR J0205+6449.

Facilities: MAGIC, ORM.

REFERENCES

Abdo, A. A. et al., 2008, Science, 322, 1218.
Abdo, A. A., 2009a, submitted to ApJS. arXiv:0902.1340.
Abdo, A. A., 2009b, submitted to ApJL arXiv:0904.1018.
Abdo, A. A. et al. 2009c, Submitted to ApJ, arXiv:0904.4377.
Aharonian, F. et al, 2007a, A&A, 466, 543
Aharonian, F. et al, 2007b, A&A, 472, 489
Albert, J. et al, 2007, ApJ, 669, 1143
Albert, J. et al, 2008a, NIM A, 588, 424
Albert, J. et al, 2008b, Science, 312, 1771
Albert, J. et al, 2008c, ApJ, 674, 1037
Aliu, E. et al, 2008, Science, 322, 1221.
Aliu E. et al, 2009, in Proc. TeV Particle Astrophysics, 2009, California.
Anderhub et al, 2009, ApJ, in preparation.
Arons J., 1983, ApJ, 266, 215.
Bednarek. W. and Bartosik, M., 2005, JPhG, 31, 1465.
Becker, R. H. et al, 1982, ApJ, 255, 557
Bietenholz M. F., 2006, ApJ, 645, 1180.
Bretz T. et al, 2005, in Proc. 29th ICRC, Pune, 4, 315.
Camilo, S. et al, 2002, ApJ, 571, L41
de Jager, O. C., et al, 1989, A&A, 221, 180
Domingo-Santamaria, E. et al, 2006, PhD Thesis.
Fierro, J. M., 1995, PhD thesis.
Hall, T. A., et al, 2001, in Proc. 27th ICRC, Hamburg, 2485
Halpern et al., 2001, ApJL 552, L125.
Harding, A. K. & Muslimov, A. G., 1998, ApJ, 50, 328

Harding A. K. , 2005, ApJ, 622, 531.
Hillas, A. M. , 1985, in Proc. 19th ICRC, La Jolla, 445
Hirotani, K., 2007, ApJ, 662, 1173
Kanbach, G. et al., 1994, A&A, 289, 855. arXiv:0709.3975
Kuiper, L. et al, 2000, A&A, 359, 615
Kuiper, L. et al, 2002, ApJ, 577, 917
Li, T.; Ma, Y., 1983, ApJ, 272, 317
Lorenz, E. 2004, NewA Rev., 48, 339.
Lucarelli, F. et al, 2008, NIMPA, 589, 415
Manchester, R.N. et al, 2005, AJ, 129, 1993.
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FIG. 1.— Alpha-distribution of PSR J0205+6449 and 3C 58 at energies E> 220 GeV (Eth∼ 320 GeV). The ON and OFF data distributions are marked as
black points and blue-line respectively. The red dotted line corresponds to the cut for the signal extraction (α<10◦).

Canonical pulsars Millisecond pulsar s
Pulsar P Ė/d2 (×1038) Pulsar P Ė/d2 (×1034)
(PSR) (ms) (ergs kpc−2 s−1) (PSR) (ms) (ergs kpc−2 s−1)

B0531+21 33.1 1.2 B1957+20 1.6 6.8
J0205+6449 65.7 0.026 J0613-0200 3.1 5.8
J1833-1034 61.9 0.018 J0030+0451 4.9 3.8
J0633+1746 237.1 0.013 B1257+12 6.2 3.2
B1951+32 39.5 0.006 J0034-0534 1.9 3.1
J1930+1852 136.9 0.005 J1744-1134 4.1 2.3
B0656+14 384.9 0.005 J1024-0719 5.2 1.9
J1846-0258 325.7 0.003 J0751+1807 3.5 1.9
B1823-13 101.5 0.002 J1012+5307 5.3 1.7
J2229+6114 51.6 0.002 B1937+21 1.6 1.6
J1913+1011 35.9 0.001 J1843-1113 1.8 1.6
J1740+1000 154.1 0.001 J0218+4232 2.3 0.7

TABLE 1
Top 12th list of the best pulsar candidates from the ATNF pulsar catalogue (Manchester et al. 2005) observable by MAGIC atobservation zenith angles below

45◦. The candidate list is divided between canonical (left) andmillisecond (right) pulsars.

Pulsar θ E Eth Nexc Nbg S F3σ (x10−12)
(PSR) (◦) (GeV) (GeV) (σ) (cm−2s−1)

J0205+6449/3C 58 36 - 45 110 - 3e3 280 51 781±34 1.0 7.7
J2229+6114/Boomerang 32 - 35 100 - 4e3 300 22 1230±43 0.6 3.95
J0218+4232 14 - 32 70 - 5e3 140 49 7180±100 0.4 31.7

TABLE 2
Results for the analysis of PSR J0205+6449/3C 58, PSR J2229+6114/Boomerang nebula and PSR J0218+4232 for the quoted energy bins E. The OFF

background distribution is normalized to the ON distribution for ALPHA values> 30. The number of excess events, i.e. from a potential signal, is Nexc =
NOn-Nbg in the ALPHA range 0-10◦. Note that Eth denotes the peak in the differential spectrum of a typical source with spectral index -2.6.

E< 300 GeV All E
Pulsar Bg S (χ2 / H) Bg S (χ2 / H)
(PSR) (%) (σ) (%) (σ)

J0205+6449 38 0.1 / 0.1 18 0.2 / 1.4
J2229+6114 32 0.8 / 0.2 20 0.6 / 0.8
J0218+4232 19 0.2 / 0.6 15 0.6 / 1.0

TABLE 3
Results for the pulsed emission analysis of PSR J0205+6449,PSR J0218+4232 and PSR J2229+6114 for the energy bins below 300 GeV and the total observed
energy bins. Bg is the ratio of the survived hadrons to the analysis cuts. S is the corresponding significance fromχ2/NDF and H statistical tests, respectively.
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FIG. 2.— DC Flux upper limits (99% c.l.) for the three pulsars and their corresponding nebulae from MAGIC observations (blue arrows): On top, 3C58
and PSR J0205+6449; in the middle, Boomerang and PSR J2229+6114; and at the bottom, PSR J0218+4232. The black lines denote different fractions of
the Crab flux: dashed line shows 10% and solid line 100% of the Crab flux. The red filled square is the upper limit obtained fromWhipple observations of 3C
58 (Hall et al. 2001).
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FIG. 3.— Left: Light curve at PSR J0205+6449 for 80 GeV<E<300 GeV (Eth ∼ 180 GeV). The shadowed area corresponds to the RXTE pulse
peaks (Ransom et al. 2004). 0.1σ signal significance for the H-test. Right: Light curve for PSR J0218+4232 for low energies (50<E<300 GeV, Eth ∼

120 GeV). The shadowed area corresponds to the EGRET pulse peaks (Kuiper et al. 2002). Signal significance (H-test)∼ 0.6σ.

FIG. 4.—Left: Light curve for PSR J2229+6114 at energies: 70<E<300 GeV,Eth ∼ 135 GeV) for the ephemeris frequency. The shadowed area corresponds
to the ASCA GIS pulse peaks (0.8-10 keV) (Halpern et al. 2001). Signal significance∼ 0.2σ for H-test. Right: Periodogram for the H-test for the frequencies
scan. The central frequency is the corresponding one in radio wavelength.


