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We observed the TeV blazar 1ES 1218+304 with the X-ray astronomy saglitakun May

2006. At the beginning of the two-day continuous observation, we detected a large flare in which

the 5-10 keV flux changed by a factor ef2 on a timescale of §10* s. During the flare, the

increase in the hard X-ray flux clearly lagged behind that observed in the soft X-rays, with the

maximum lag o2.3x10* s observed between the 8.8 keV and 5-10 keV bands. Furthermore

we discovered that the temporal profile of the flare clearly changes with energy, being more sym-
metric at higher energies. From the spectral fitting of multi-wavelength data assuming a one-zone,

homogeneous synchrotron self-Compton model, we obtain a magnetic field stBergdt047
G, an emission region siZR= 3.0 x 10'® cm for an appropriate beaming with a Doppler factor
of & = 20. This value o is in good agreement with an independent estimate through the model

fit to the observed time lag ascribing the energy-dependent variability to differential acceleration

timescale of relativistic electrons provided that the gyro-faétis 10°.
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Suzaku observation of 1IES1218+304

1. Observation and Data Reduction

1ES 1218+304 was observed wiBuzaky14] during 2006 May 26-21 UT, yielding a net
exposure time of 79.9 k§Suzakicarries four sets of X-ray telescopdd] each with a focal-plane
X-ray CCD camera (XIS, X-ray Imaging Spectrometd3]) that is sensitive over the 0.3-12 keV
band, together with a non-imaging Hard X-ray Detector (HXI2, [18]), which covers the 10-600
keV energy band with Si PIN photo-diodes and GSO scintillation detectors. 1ES 1218+304 was
focused on the nominal center position of the HXD detector.

For the XIS, we analyzed the screened data, reduce8wiakusoftware version 2.0. The
screening was based on the following criteria: (1) only ASCA-grade 0,2,3,4,6 events were accu-
mulated, while hot and flickering pixels were removed using the CLEANSIS script, (2) the time
interval after the passage of South Atlantic Anomaly is greater than 500 s, (3) the object is at least
5° and 20 above the rim of the Earth (ELV) during night and day, respectively. In addition, we also
select the data with a cutoff rigidity (COR) larger than 6 GV. After this screening, the net exposure
for good time intervals (GTIs) is 69.4 ks. The XIS events were extracted from a circular region
with a radius of 4.2centered on the source peak, whereas the background was accumulated in an
annulus with inner and outer radii of 5ahd 7.3, respectively. We checked that the use of different
source and background regions did not affect the analysis results. The response and auxiliary files
are produced using the analysis torISRMFGEN and XISSIMARFGEN developed by th&uzaku
team, which are included in the software package HEAsoft version 6.4.

The HXD/PIN data (version 2.0) were processed with basically the same screening criteria as
those for the XIS, except that ELY 5° through night and day and COR8 GV. The HXD/PIN in-
strumental background spectra were provided by the HXD team for each observB2i&f)([Both
the source and background spectra were made with identical GTIs and the exposure was corrected
for detector deadtime of 6.0%. We used the response file vexgionxD_PINHXDNOM2_20070914RsP

2. Analysis and Results

Figure/l shows the averaged light curves of the four XISs in the six X-ray energy bands.
Although we could see variations of count rates at some level using HXD/PIN data, it was not
significant within uncertainties of photon statistics. Thus in the following, we concentrate on the
temporal variability of the XIS data only, below 10 keV. The temporal variation of the hardness
ratio (HR) is also shown in the bottom panel of Figdrdt indicates that the variability in the soft
and hard X-ray bands aret well synchronized.

To quantify the different shape of the flare with energy dependent time-lags, we fitted the light
curves with a function given bylp] after a slight modification of adding a constant off€gtto
mimic the observed light curves:

1(t) = Co+Cp x exp— (|t —tpear/ 0|) ] (for t < tpeaw),
= Co+C1 x expl— (|t — tpear/Ta])¥] (for t > tpeaw),

wheretpeakis the time of the flare’s maximum intensi@, k is a measure of pulse sharpness,
and gy are the rise and decay time constants. If the light curve is symmetric in tyrend gy
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are expected to be equal. All the light curves were binned at 2880 s (a half of the orbital period
of Suzak for fitting. The results of the fittings are given in Taldle In summary, the observed
flare shows the following characteristics: (1) The flare shape is asymmetric in dighey (< 1)
especially in the lower energy band (but not¢oy ~ 1 for 5-10 keV light curve). (2) The flare
amplitude defined a&C; +Cp) /Co becomes larger as the photon energy increases {ie keV

flux changed by a factor of2). (3) The rise-time of the flare is almost constar x 10* s below

2 keV, while it becomes gradually longer at higher energy bands.

Next, we try to evaluate lags of temporal variations in various energy bands. Taking into
account a wide variety of the flare shape measured at different energies, we estimated lags by
just comparing the peak-time of the flare rather than using other temporal techniques, such as the
discrete correlation function (DCF3]) or the modified mean deviation method (MML¥]]. *

We compared the peak-time in five lower energy bands to that determined in-ftielkeV band.
Apparently, the hard X-ray (510 keV) peak lagged behind that in the soft X-ray (013keV)
by (2.3:0.7)x10* s. Importantly, this is much larger than the orbital periodSokzakuand less
affected by artifacts proposed id][

The time averaged four XISs and HXD/PIN background subtracted spectra were fitted us-
ing XSPEC ver.11.3.2, including data within the energy band-8®GkeV. The background of
HXD/PIN includes both the instrumental (non X-ray) background and the contribution from the
cosmic X-ray background (CXB®]). Here the form of the CXB was taken as 9.00 °(E/3
keV) 02 exp(—E/40 keV) erg cm? s sr! kev~! and the observed spectrum was simulated
assuming the PIN detector response to isotropic diffuse emission. We first fitted with a single
power-law model with Galactic absorptidiy = 1.78 x 10?° cm~2 [2]. We obtained the best fit
photon indeX” = 2.1440.01, but this model did not represent the spectrum well yielding a reduced
X2 of 1.23 for 1967 dof. We then tried to fit with a broken power-law with Galactic absorption.
The photon indices are; = 2.04+0.01andlM, = 2.17+ 0.01 below and above the break energy
Eprk = 1.42+0.05keV, respectively. The flux over 2-10 keV4s2.0 x 10 1 erg cm? s~1. This
model gives a better fit with a reducgd of 1.14 for 1959 dof compared to the single power-law
model, buty? is still not acceptable. Considering the spectral variability, we analyzed the spectrum
every 5760 s. The power-law indices vary fré®5+ 0.01 to 2.224 0.01 during the flare, and
each segment can be fitted well with a single power-law model or broken power-law model with
x?/dof ranging from 0.94 to 1.09.

Figure2 shows the spectral energy distribution (SED) of 1ES 1218+304 with currently avail-
able datasets. As expected from the curved X-ray spectrumlwitfaround 2 ande.; < 10keV,
the synchrotron emission peaks just aroundSheakuandpass. In order to specify the SED of
1ES 1218+304, we applied a one-zone homogeneous SSC model devel@jedllotihg that the
characteristic variability time scale of the flargyg ~ 5x10* s (Figurel), which is most probably
determined by the light travel time across the source emitting region (see discus§idi), iwe
obtainR = cty0 = 3.0x10' cm for a moderate beaming factor &f= 20 (e.g., 8, [10] for self-
consistent determination of physical parameters in TeV blazars). The resulting parameters are listed
in Figure2 caption. We note that the energy densities of electrons and fieldg ar&.3 x 10~3

1Since the DCF quantifies the degree of similarity or correlation between two time series as a function of the time-
lag, it is not suitable to evaluate “energy-dependent” profiles, as observed in 1ES 1218+304.
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Figure 1: SuzakWXIS Light curves in the six energy bands: 0.3-1, 1-1.5, 1.5-2, 2-3, 3-5 and 5-10 keV (from
the upper panel), respectively. The bottom panel shows the HR of count rates, defined as (5-10 keV)/(0.3-1
keV).The dotted line is the constant off§et The dashed line shoviig, ~ 5 x 10 s.

Table 1: Flare shape of 1ES 1218+304 in various X-ray energies.

E (keV) tpeak(l04 s) Or/ 04 K (C1+Co)/Co
0.3-1 4.40.1 0.34:0.14 1.2004 1.2+0.1
1-1.5 4.40.3 0.310.08 1.A40.5 1.2£0.1
1.5-2 4.40.3 0.31%+0.11 1.4-05 1.2:0.1
2-3 5140.3 0.33:0.10 1.4:0.4 1.3t0.1
3-5 6.14-04 0.6740.12 2.40.4 1.4:0.1
5-10 6.74:0.7 0.84t0.17 2.8:0.6 1.6:0.1
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Figure 2: SED of 1ES 1218+304. The dashed line shows a one-zone SSC model assuming the parameters:
B=0.047G, § =20, s= 1.7, ymin=1, Ybrk = 8 x 10° and ymax = 8 x 1%, wheres is the electron spectral
index. Seel€] for more detail.

erg cm 3 andug = 8.8 x 107> erg cnt 3, respectively. Thus the jet in 1ES 1218+304 is particle
dominated, and the ratia/ug ~ 100 is well within the range of typical TeV blazars.

3. Discussion

In our observation we detected a large flare during which the hard X-ray variation lagged
behind that in the soft X-raysy 2.3 x 10* s. This is completely opposite to a well-known “soft-
lag”, as has been obtained from the past observations. In the theoretical context, however, hard-lag
is actually expected especially in the X-ray variability of TeV blazars, but has never been observed
so clearly before. It has been suggested that a hard-lag is observable only at energies closer to
the maximum electron energymax [11], where the acceleration time is almost comparable to the
cooling time scale of radiating electrorigsd Ymax) = tcool( Ymax)-

It is convenient to expredscc andtcyo in terms of the observed photon enegyin units of
keV). Noting that the typical synchrotron emission frequency, averaged over pitch angles, of an
electron with energymc is given byv ~ 3.7x10°By? Hz, we obtain;

tac E) = 9.65% 1072(1+2)%2EB~¥/2573/2E /g,
teool(E) = 3.04x 1073(1+2)Y/2B~¥25712E- Y2,

wherez is the redshift is the “gyro-factor” which can be identified with the ratio of energy in

an ordered magnetic field to that in a turbulent magnetic fi€ld { for the Bohm limit; see, e.g.,

[8]). Note that for lower energy photongcdE) is always shorter thaty,o(E) because higher
energy electrons need longer time to be acceleratgdy) 0 y) but cool rapidly {cooi(y) O y2).

This energy dependence of acceleration/cooling time-scales may qualitatively explain the observed
characteristics of the X-ray light curves of 1ES 1218+304. Itis thus interesting to consider a simple
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Figure 3: Left: Time lag of photons of various X-ray energy bands vs 5-10 keV band. The solid line
corresponds to a fit Withtnarg = 9.65x 10~2(1+ 2)3/2EB~3/25-3/2(7.1%/2 — EY/?), whered is fixed to 20.

low
Right Energy dependence of the pulse shape, defined as the ratjanflgy. The dashed line shows the

predicted value 0b;/0y. The dash-dotted line showgs/tcool-

toy model in which the rise time of the flare is primarily controlled by the acceleration time of the
electrons corresponding to observed photon energies, while the fall time of the flare is due to the
synchrotron cooling time scale. In this model, the amount of hard#ag, is simply due to the
difference oft,c, and independent of the energy dependendg gf

Thard = tacEni) — tace( Eiow)
~ 9.65x 10 2(1+2)%26B 325 32(EN? —EL?) s

whereE, andEy; are the lower and higher X-ray photon energies to which the time-lag is ob-
served. Here we todk,, ; to be the logarithmic mean energy in the observation energy bandpass.
The result of the model fit to the observeg,qis shown in Figure (le ft).

Assumingd = 20 from multiband spectral fitting (se&2), the best fit parameter of the mag-
netic field B can be written as- 0.049%5 G, whereé&s is the gyro-factor in units ol0°. Thus,
in order to have thé field required in the acceleration region consistent with that derived from
the SED fitting, we infelf ~ 10°. Such high value of is in fact consistent with that inferred
by [8] for other blazars. With these parameters, the maximum synchrotron radiation &pgkgy
corresponding t@mayx, IS expected to be- 5.3 keV. Hence, the above toy model qualitatively well
represents the observed spectral/temporal features of 1ES 1218+304, in particular: (1) the syn-
chrotron component peaks around BuzakuXIS energy band in the multiband spectrum and (2)
the observed light curve is symmetric in shape when measured at the high energy band, while be-
ing asymmetric (i.e., fall time longer than rise time) at the lower energy band. Fay(right)
compares the energy dependence of observed and modeled flare shapes, defined as the ratio of rise
and decay time-scaleg;/gq. The dashed line shows the model prediction frowoy ~ tace/tcool
= (E/Emax)Y?/(E/Emax)~¥? ~ E /5.3 keV. Although the general trend is well reproduced, Figure
3 indicates that the observed rise time may have a bit longer time scale than expected from the
model. The most natural interpretation for this is the smoothing of rapid variability by the source
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light crossing time scalis (e.g., [L, 10]). Hence if the acceleration time scale is shorter than the
source crossing time, we expégt to smooth out,e. The dash-dotted line in Figui@ (right)

shows the ratio of the time scalestgf/t.oo. We can see thdds is longer tharcc below~ 2 keV,

but comparable or shorter above2 keV. As a result, for 1IES 1218+304 it seems reasonable that
the rise time of the flare is primary determined by the acceleration time of the electrons, while the
fall time of the flare is due to the synchrotron cooling time scale. Only the rise time of the flare in
the lower energy bands are dominateddy but further studies using more data are necessary to
confirm this model.
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