PROCEEDINGS

OF SCIENCE

A Simultaneous GBT/Fermi Study of Crab Giant
Pulses

A. V. Bilous?, V. I. Kondratiev®, M. A. McLaughlin¢, S. M. Ransom9, M. Lyutikov®,
M. Mickaliger¢, B. Stappersf, G. I. Langston9
aDepartment of Astronomy, University of Virginia, PO Box 328, Charlottesville, VA 22904, US
bNetherlands Institute for Radio Astronomy (ASTRON), Ressgh 7990 AA Dwingeloo, NL
“Department of Physics, West Virginia University, Morgamio WV 26506, US
dNational Radio Astronomy Observatory, Charlottesvilla, 22903, US
€Department of Physics, Purdue University, 525 Northwesferenue, West Lafayette, IN
47907-2036, US
f Jodrell Bank Centre for Astrophysics, School of PhysicsAstdonomy, The University of
Manchester, Manchester M13 9PL, UK
9National Radio Astronomy Observatory, Green Bank, WV 24984
E-mail: avb3k@i r gi ni a. edu, kondrati ev@stron.nl,
maur a. ncl aughl i n@rai | . wu. edu, sransom@r ao. edu,
| yuti kov@ur due. edu, nm ckal i @ri x. wu. edu,
Ben. St apper s@manchest er . ac. uk, gl angst o@r ao. edu

To constrain the giant pulse (GP) emission mechanism, we baxried out a campaign of si-
multaneous observations of the Crab pulsay-edy (Fermi) and radio (Green Bank Telescope)
wavelengths. Over 10 hours of simultaneous observationghtagned a sample of 210000 gi-
ant pulses (most of them from interpulse (IP) phase windob¥erved at a radio frequency of
8.9 GHz, and 77 Fermi photons, with energies between 100 Me\V5aGeV. No change in GP
generation rate was found on a time scale from 10 to 120 s drpuay photons and with any
possible lag within=40 min between GPs angray photons. With 95% probability the high
energy flux in 30 ms window around giant pulse is no more thamég the average pulsed flux.
This suggests that giant pulses, at least high-frequen&H#®, are due to changes in coherence
rather than an overall increase in the magnetosphericfadensity.
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1. Introduction

Giant pulses (GPs) are rare phenomenon of sporadic increase afptaslio flux, known for
only handful of pulsars. They last from few nanoseconds to a fewasémonds, and are clearly a
special form of pulsar radio emission [4, 9]. GPs generally occur ondgitain narrow ranges of
pulse phase that are often coincident with pulses seen at X-ray-emdenergies [5]. Similar to
other sporadic variability phenomena seen in pulsar radio emission, GRelsbeodue to changes
in the coherence of the radio emission, variations in the pair creation rate mageetosphere,
or changes in the beaming direction. Last two possible explanations impblation of the radio
GPs with the high-energy photons.

Previous studies of Crab pulsar showed that during GPs recorddxbatt A GHz the high-
energy flux increases no more than 2.5 times for 50-220 keV photons.@riinés for photons
with E > 50 MeV [6, 10]. Also, in the same radio frequency range, there wasd@iweak
radio-optical correlation, namely that optical pulses coincident with raéie Were on average 3%
brighter than others [12]. Thus, for lower-frequency GPs, the giafges emission mechanism,
whichever its nature, can include relatively small variations in magnetaspbesticle density or
beaming direction alteration.

The Fermi Large Area Telescope (LAT), with its large effective areg &00 cn?, broad
field of view of 2 sr, and superior angular resolution<0f3.5° is a perfect tool for investigating
the possible correlation between GPs arrdy photons. For the radio part, using the Green Bank
Telescope (GBT) allows one to record a huge number of GPs within a i@alearbserving time at
frequencies above 4 GHz, where GPs are less frequent and migemerated by different physical
processes than those below 4 GHz [7]. Here we present the resultsufasnieous GBT/LAT
observations of the Crab pulsar.

2. Observations

The radio observations were carried out in September—October 200heitl)0-m Robert C.
Byrd Green Bank Telescope (GBT) using the new Green Bank Ultimate FRrigegssor (GUPPI)
at a frequency of 8.9 GHz. The total bandwidth of 800 MHz was split inbf2&quency channels,
and the total intensity was recorded with the sampling interval 2.88+3s. The raw data from
every session were dedispersed with the current DM of the Crab girisar Jodrell Bank Crab
pulsar monthly ephemeris), using the PRESTO package, and search#the single-pulse events
with S/N > 7. The lists of events were put into TEMPO2 format and converted to atric
reference frame. Times of arrival (TOAS) were corrected for ddlag/to propagation in the ISM.
Estimated timing errors due to inaccuracy in DM are less than our time resoluttom sylstem
equivalent flux density (SEFD) were mostly determined by the Crab nebBluia.densities for the
Crab nebula were calculated with the relati®if) = 955x (f/GHz)~%2’ Jy [3], accounting for
the fact that at 8.9 GHz the solid angle of the GBT beam covers only 25% @frda occupied by
the nebula. Some of our sessions were heavily contaminated with broaduRES vith typical
S/IN < 10. Therefore, for further analysis we kept only events with peakdknsity exceeding
Finr = 8.1 Jy (1 for the session with smallest sampling time) and which arrived in the MP or
IP phase windows. Additionally, we excluded all events with the width largem 80 samples,
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Table 1: Summary of observational parameters andyGRitcome for each observing date. The columns
from left to right are: observing date; time resolutidt;, nominal 1o sensitivity; duration of radio observa-
tions, Tragio; the observing time, simultaneous with Feryimy; the number of GP8lgps detected during
radio observations and simultaneously with Fermi; and remobgamma photongy, .

Date At lo Tradio Tsimul Neps Ny
(2009) (us) Jy) (min) (min) radio simul

Sepl12 2.56 0.81 87.1 28.9 139 8 5
Sep14 3.20 0.73 165.7 62.1 4375 1834 10
Sep16 3.84 0.66 99.3 30.6 98 27 4
Sepl1l9 3.20 0.73 1185 54.3 6957 1830 5
Sep20 3.20 0.73 110.5 32.2 1846 384 2
Sep2l 384 0.66 55.1 315 27 16 2
Sep22 3.20 0.73 147.7 68.9 1256 603 5
Sep23 3.20 0.73 164.5 82.0 10520 5078 10
Sep24 384 0.66 55.3 22.5 38 37 1
Sep25 3.20 0.73 236.5 130.8 14320 10014 13
Sep28 3.20 0.73 72.3 48.1 34 9 5
Oct25 3.20 0.73 157.6 41.3 3164 1261 15
Total 1470.0 633.1 42774 21092 77

as being presumably caused by RFI. This resulted in the selection of mord@®0 GPs (see
Table 1). Comparing the number of single pulses above 8.1 Jy and natttare30 samples in
and out of phase window, we can estimate the fractiofalse GPsn our final data set to be less
than 0.001%.

For each radio observation session we extracted “Diffuse” classsawith energies- 100 MeV.
Photons with zenith angles greater than 1@&re excluded to eliminate the Earth’s brightay
albedo. We selected only photons in Good Time Intervals (GTIs) within ale #hg Max(6.68—
1.761g(E /1000 MeV), 1.3)° of the radio pulsar position [1]. These photons were barycentered and
assigned phases with the TEMPO@r ni plugin. The timing accuracy of the Fermi/LAT is better
than 1us [1]. Over the course of all radio observations we accumulated 1015 bb&ermi data
within GTls, resulting in 77 photons with energies above 100 MeV, togeththrhackground (see
Table 1). The distribution of number and energy/peak intensity of photétssWith respect to pul-
sar rotational phase is shown on Fig 1. As was reported egrray and radio emission windows
are aligned and we consider GPs come only within MP/IP emission windows.

At high frequencies GPs are strongly affected by interstellar scintillati®hsvhich change
the apparent rate and peak intensity of GPs. Following [11] and [3] tirm&ted refractive (RISS)
and diffractive (DISS) time scales for our observation setup to be a&faind 9 minutes. The
RISS time scale roughly matches the observed day-to-day variation of tmat&Psee Table 1).
Within each observing subsession, there appeared to be two shorteGRrniations time scales —
20 and 2-4 minutes. Both of them agree fairly well with the DISS estimationsjderng all the
uncertainty in the scintillation parameters. However, on the other side, thepesigdence against
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Figure 1. Left: histograms of GPs for all radio observing time (bottom) amdnfi photons during the
simultaneous time (top). For illustrative purposes, staled shifted along y-axis radio aneray profiles
are shown (gray). Scaled radio profile is from GBT session @m &, 2009, ang-ray profile is Fermi
profile accumulated during Sep-Oct, 200Right: distribution of peak flux density of GPs and energy of
y-ray photons over pulsar rotational phase. Scaled andedhiffong y-axis radio profile from Sep 25 is
added.
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the hypothesis that at least one of these time scales is due to intrinsic GPriabditsa If observed
day-to-day variation of the GP rate and mean intensity is caused by RI®yrieecan make a GP
sample, corrected for refractive scintillation. To do that we estimated thersrobRISS intensity
damping with respect to the session with highest GP rate, then correctediqelssities by that
amount, and finally excluded all GPs below some common threshold for athses3he amount
of damping can be assessed by comparing the peak flux density distriboti@is (see details
in Bilous et al. 2010 [2]). Following this procedure, from our datasetchvese 180ntrinsically
brightest pulses with TOAs within the Fermi observing time. All GPs would haadk flux density
higher than 69 Jy, if they were detected during the session with highestt&P r

3. Correlation analysis

Our correlation analysis consisted of two distinct approaches. Thefiestvas to test if GPs
tend to cluster, or come in bursts arounday photons (or to appear in clusters, but with some time
lag with respect to thg-ray photons). For the second, we wanted to verify the hypothesis that th
ray photon flux increases during GPs. For both cases, the statistiaafl segtificance was done by
analyzing the simulated high-energy datasets, for which there was no intorstation between
photons and GPs. The simulation was done wittobssi msoftware in the Fermi tools pack-
age. We used the Pass6_v3 instrument response function, togetherenstimle spacecraft/pulsar
ephemeris as in real data analysis. The pulsar was simulated Risirgar Spect r umlibrary,
with the light curve, spectrum and integral flux above 100 MeV taken ffdmThe integral flux
was set toF,, = 2.09 x 10-%cm=2s~1 for the burst correlation analysis and varied from 0 up to
about a hundreét,, for the single-pulse correlation analysis. The Crab nebula was modeked as
point source (for all our energy range its angular diameter is less thaedtmn of interest), with
spectrum from [1] and integral flux above 100 MeV 08% 10 “cm 2s 1. For Galactic and ex-
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tragalactic background we used “GalacticDiffuse_v02” and “Isotiffase_v02" models. The
simulated photon files were processed in the same way as the real data.

To test if occurrence of-ray photons is correlated with the change in GP generation rate,
we calculated the distribution of time lags between each photon and all GPs phtitan’s GTI.
Changing the bin size of the distribution makes it sensitive to different sizaspposed GP clus-
ters. In this study, we tried a set of bin widths, starting from 10 secondisnaneasing the width
by 10 seconds up to 2 minutes. Two minutes correspond to the minimum RISS tilegath
on time scales less than 10 s the Poisson noise due to discrete number of ir@onsgpecomes
too high. We did 1000 simulation runs and contrasted the real-data distributiothe mean and
95% percentile of all of the simulated datasets. Figure 2 (left) shows the diatritof time lags
between GPs and photons for all GPs for one particular bin width, namely&esinThe real data
points lie all within 95% percentile of simulation, indicating no apparent chan@®igeneration
rate on 2-min time scale with any possible time lag withid0 minutes with respect to theray
photons.All other bin widths give the same result, for both all GPs and the GP sampiteated
for the refractive scintillation.

Another question of interest is whether the averggay flux from the Crab pulsar increases
during individual GPs. To investigate that, we looked for the numberray photons in 30-ms
window around each GP. For 10.5 hours of simultaneous observatiemgtected only one photon
within 30 ms from GP. These photon and radio GP were close to corresgagraingy thresholds.
Nonetheless, knowing the observed number of matbhesl, the probability that the-ray flux
during GPs is equal to some valBgcan be estimated with simple Bayesian formula:

P(Fo) - P(N|F = Fo)

Jo™™ p(Fo) - PIN|F = Fo)dFo

wherep(F) is the prior distribution fol/y and p(N|F = F) is the likelihood — probability that

we would get the observed number of matcNeéthe pulsar flux during GPs is equal k. Since

little is known aboutp(Fp), we chose the prior to be uniform in a flux range from 0 (the Crab pulsar
turns off y-ray emission during GPS) t&ax ~ 30F,y, which corresponded to hypothesis tiadt
photons from the Crab pulsar come during GPs. The likelihp@dlF = Fy) was calculated by
running simulations with different pulsed flégs and computing the fraction of runs with a number
of matchesN. Here we implicitly assumed that a higher flux outside selected windows does no
influence the correlation within the windows.

On Fig. 2 (right) we show the resulting probabilities that heay flux from the Crab pulsar
during GPs does not exceed the given number of times the mean flux aepgrig]. Errors due
to the limited number of simulation runs are plotted as error bars, whereasdhede discrete
number of matches are given by separate posterior probability cunviis$ andN = 2.

With 95% probability, the high energy flux of the Crab pulsar during GPs sstlean 4 times
average pulsed flux for windows of 30 ms. If to consider the uncertaumyta discrete number of
matches between photons and GPs, the 95% upper limits gfflbg are within 3-5.5 times the
average pulsed flux. For more results and details see the Bilous et &0) (28 der [2].

p(F =FoIN) =
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Figure 2: Left: distribution of time lags between GPs apday photons for 2-min bins, for all GBs8.1 Jy.
Real Fermi photons (blue line) are contrasted to the mearO&f@ percentile on the pool of simulated
datasets (grey and black). The fact that distribution fer tbal data lies within 95% of simulated ones
indicates no apparent change in GP generation rate on 2iménstcale with any possible time lag within
+40 minutes with respect to thgray photons. All other bin widths (down to 10 s) produce thens
result. Right posterior probability thay flux in a 30 ms window around GP isssthanFy, knowing the
observed number of matchiis= 1. Errors due to the limited number of simulation runs arétptbas error
bars, whereas those due to discrete number of matches arelyiseparate posterior probability curves for
N = 0 andN = 2. F,, — average pulseg-flux from Crab pulsar, reported by [1].
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