THE ASTROPHYSICAL JOURNAL, 571:L31-L35, 2002 May 20
© 2002. The American Astronomical Society. All rights reserved. Printed in U.S.A.

X-RAY FLASHES FROM OFF-AXIS GAMMA-RAY BURSTS

RYO YAMAZAKI
Department of Physics, Kyoto University, Kyoto 606-8502, Japan; yamazaki@tap.scphys.kyoto-u.ac.jp
KuniniTo Ioka
Department of Earth and Space Science, Osaka University, Toyonaka 560-0043, Japan; ioka@vega.ess.sci.osaka-u.ac.jp
AND
TAKASHI NAKAMURA®
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan; takashi@yukawa.kyoto-u.ac.jp
Received 2002 March 14; accepted 2002 April 16; published 2002 April 25

ABSTRACT

K. loka and T. Nakamura proposed a simple jet model that is compatible with the peak luminosity—spectral
lag relation, the peak luminosity—variability relation, and various other relations in the gamma-ray bursts. If the
viewing angle is much larger than the collimation angle of the jet in the model by loka and Nakamura, for
appropriate model parameters we obtain the observational characteristics of the X-ray flashes, such as the peak
flux ratio and the fluence ratio between theay (50-300 keV) and the X-ray (2—10 keV) band, the X-ray photon
index, the typical duration, and the event ratd00 yr*. In our model, if the distance to the X-ray flashes is
much larger tham-1 Gpc (orz = 0.2) they are too dim to be observed, so the spatial distribution of the X-ray
flashes should be homogeneous and isotropic.

Subject headings. gamma rays: bursts — gamma rays: theory

1. INTRODUCTION sistent with being homogeneous in Euclidean space since
(M2 = 0.56 + 0.12(J. Heise, J. in 't Zand, R. M. Kippen,

Recently, a new class of X-ray transients has been recogmzedR D. Preece, P. M. Woods, & M. Briggs 2000, unpublished:

The Wide Field Cameras (WFCs) @eppoSAX in the X-ray . )
range 2—25 keV have detected some fast X-ray transients (FXTs)SChm'dt' Higdon, & quter 1988). . :
with a duration less thar1C® s, which are not triggered and At Present, the origin of the XRFs is not known. Heise et
not detected by the Gamma-Ray Burst Monitor (GRBM) in the &- (2001) have proposed that XRFs could be GRBs at large
y-ray range 40-700 keV (Heise et al. 2001; see also Strohmayef€dshift,z> 5, whem-rays would be shifted into the X-ray
et al. 1998; Gotthelf, Hamilton, & Helfand 1996; Hamilton, range. However, as they have pointed out in their paper, one
Gotthelf, & Helfand 1996). In Heise et al. (2001), these FXTs cannot explain the duration distribution since no time dilation
are defined as X-ray flashes (XRFs). This definition of XRFs due to cosmological expansion is observed. There is also a
excludes the X-ray counterparts of the typical gamma-ray burstspossibility that the XRFs could be dirty fireballs or failed GRBs
(GRBs) including X-ray—rich GRBs. Seventeen XRFs have been (e.g., Dermer, Chiang, & Btcher 1999; Heise et al. 2001;
observed in the WFCs oBeppoSAX in about 5 yr, while 49 Huang, Dai, & Lu 2002).
GRB counterparts have been observed in the same period. loka & Nakamura (2001) have proposed that the XRFs could
XRFs have the following properties (Heise et al. 2001): be GRBs observed from the large viewing angle as shown in
(1) The peak flux of the XRFs ranges between®land 107 Figure 1 (see also Nakamura 2000). They computed the kin-
ergs s* cm® (Fig. 2 of Heise et al. 2001). The mean peak flux ematical dependence of the peak luminosity, the pulse width,
of the XRFs is about a factor of 3 smaller than that of the GRBs. gnd the spectral lag of the peak luminosity on the viewing

Nine out of 17 XRFs are detected in either the lowest or the angleg of a jet. For appropriate model parameters, they ob-

onvest two BATSE energy ch{:\nnels (25-50 and 50-100 keV; tained a peak luminosity—spectral lag relation similar to the

Kippen et al. 2001). (2) The ratio of the peak flux and the fluence observed one. They suggested that the viewing angle of the jet

:‘grtr;]?n)((a_r)(’(iéIr:asngree(iaé\?vrfﬁx)gndéh;alyléiineggt(g?_éggll(;\?he might cause various relations in GRBs, such as the peak
9. X ‘ luminosity—variability relation and the luminosity-width rela-

peak flux ratio extends up to a factor of 100, and the fluence tion. Vi f | auth h | ted that
ratio extends up to a factor of 20. (3) The energy spectrum in lon. very recently, several authors have also suggeste a
the viewing angle is the key parameter to understanding the

the range 2-25 keV fits with a single power law with the photon ) ) _—
index between 1.2 and 3 and the mean of about 2, while theVarious properties of the GRBs (Zhang & "B#aos 2001,
mean photon index of 36 GRBs in the same X-ray band is aboutR0ssi, Lazzati, & Rees 2002; Salmonson & Galama 2002). In
1, with the range between 0.5 and 3. (4) The duration of the this circumstance, it is meaningful to study the_ off-axis GR_B
XRFs ranges between 10 and 200 s, which is the same order ag1odel for the XRFs by loka & Nakamura (2001) in more detail.
that of the GRBs. (5) The event rate of the XRFs is estimated In this Letter, we will show that the GRBs observed from
as~100 yr* since the WFCs observed yr* with the covering the large viewing angle possess the above-mentioned properties
40° x 4 (full width to zero response). (6) The sky distribution 1-6 of the XRFs. In § 2, we describe a simple jet model for
is consistent with being isotropic. The spatial distribution is con- the XRFs. In § 3, we consider the peak flux ratio and the fluence
ratio (property 2). In § 4, we consider the peak flux, the photon

* Present address: Department of Physics, Kyoto University, Kyoto 606- index, and the event rate (properties 1, 3, and 5). Section 5 is

8502, Japan. devoted to a discussion (properties 4 and 6).
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the spectrum in the comoving frame:

X—ray flash ') = (10) [1 n (:—)1 e ©

/ whereag ;) is the low- (high-) energy power-law index and
4 s describes the smoothness of the transition between the high
’ and low energy. Inthe GRBsg ~ —1 apd ~ —3  are typical
’ values (Preece et al. 2000). Equations (1) and (2) are the basic
/] equations to calculate the flux of a single pulse, which depends
PN 0 on 10 parameters foy>1 6 <1 , andld <1 v, b,
,/ R A YAb, 1o/cBy?, Ty, ag, B, S, D, andy“A,.
4 e In order to study the dependence on the viewing afgle
’ PR we fix parameters agAf = 10 gz = —1 v, = 300 keV ,
/ -7 CRB r,/c8y? = 10 s ands = 1, since typical GRBs have a break
: : energy of~300 keV (Preece et al. 2000) and a pulse duration
- ____i____ — of ~10 s. Other parameters, i.e., the viewing angle |, the
¢ ~ high-energy power-law inde%; , and the distab;ere varied
~o depending on circumstances.
~o We fix the amplitudey“A, so that the isotropjeray energy
~s E., = 47D?320-2000 keV) equals 1& ergs wheng@, =
S~ —3.0 andyf, = 0 . HereS(v,—»,) = [i= F(T; »»,)dT is the
fluence in the energy range,—v, and F(T; »,—v,) =

shocked jet [ E,(T)dv is the flux in the same energy range. The result is

. . ) 7 - E., rodcByA\ 2 v \*
Fig. 1.—Our model is schematically shown. The X-ray flashes are typical A, = 1.2 ergs cn? HZ —
GRBs observed from the large viewing angle. 10° ergs\ 10 s 1

®3)

; : Note that when we adopt = 100 , the opening half-angle of
We apply the simple jet model by loka & Nakamura (2001) S oI
to XRFs. There are three timescales that determine the tempora‘ihe jetis similar to the observeq ongj~0.1 , and the total
pulse structure of XRFs: the hydrodynamic timeschjg the €Neray corzrected fosr1 geometry is comparable to the observed
cooling timescaleT.., , and the angular spreading timescaleValue: (49)"Es, ~ 10> ergs (Frail et al. 2001).
Tang (Kobayashi, Piran, & Sari 1997, Katz 1997; Fenimore, Mad-

2. EMISSION MODEL OF X-RAY FLASHES

ras, & Nayakshin 1996). Since we consider that XRFs are GRBs 3. PEAK FLUX RATIO AND FLUENCE RATIO
observed from the large viewing angle, we assufjg < In this section, we calculate the peak flux ramy,,, =
Toyn < Tang @S in the case of GRBs (e.g., Piran 1999; Sari, Na- F (210 keV)F,..(50-300 keV) and the fluence ratio
rayan, & Piran 1996). We adopt an instantaneous emission ofR - g2-10 keV)§50-300 keV)and compare the re-
an infinitesimally thin shell at = t, and=r, . Then the ob- gylts with observations.
served flux of a single pulse at the observed tifrie given by Figure 2 shows the peak flux rafR.., ~and the fluence ratio
Riuence@s a function of the viewing angi@, . When the viewing
F(T) = 2¢2Bv A, (ro/cBy 2 Ap(T)f{»y[1 — B coso(T)]} angled, is larger than the opening half-angte , both the peak
AR D2 {yI1 - Bcoso(T)}2 flux ratio R, and the fluence rati® ... increase as the
viewing angleyf, increases. The ratidg,.,. @Rfcnce  IN-
(1) crease as the high-energy indéx  decreases.

We can understand this behavior as follows. As shown in the
where1 — B cosé(T) = (cB/ro)(T—T,) andT, =t,—rjcB . Appendix, the maximum frequenay,,, at which most of the
The quantityA, determines the normalization of emissivity, and radiation energy is emitted is estimatedgs, ~ vy/6 , where
f(»') represents the spectral shape (for details, see loka & Nak-6 = y[1 — 3 cos @, — Af)] = [1 + v%(6, — AF)?)/2y is the
amura 2001, Granot, Piran, & Sari 1999, and Woods & Loeb Doppler factor and, > Af . Thus, the maximum frequengy,
1999). Let the jet opening half-angle and the viewing angle decreases as the viewing angle increases. In the following, we
be A9 and 6,, respectively (see Fig. 1). Faxd >0, and consider two observation bands: the lower energy bap,
0<O(T)<A0—0, AP(T) ==  otherwise, A¢(T) = v, keV, and the higher energy bang;», keV. The maximum
cos* {[cosAf — cosd(T) cosh,]/ sinb, sind(T)}. For 6, < Ad, frequencyv, ., is larger than the highest observed energy
6(T) varies from O tod, + A0 and frond, — A0 t6,+ A9 for (=300 keV in the present case) whai, <y = yA) +
6,> Af. In the latter casep¢(T) = 0 fof(T) =6, — A9 . A (2yyi/v, — 1)V In this case, we observe the low-energy part of
pulse starts atT,,,= To+ (rJcB){l — B cos [max (0,6, — the Band spectrum in equation (2). Since the low-energy power-
AQ)]} and ends aT,,,, = T,+ (r/cB8)[1 — B cos 6, + A)] . law index isag = —1, the peak flux ratid .., = Foealv T

The spectrum of the GRBs is well approximated by the Band v, keV)/F, (v v ,keV) and the fluence rati® (....= S T
spectrum (Band et al. 1993). In order to have a spectral shapes, keV)/S(v5v, keV) are given byR ...~ R quence~ (v B )70,
similar to the Band spectrum, we adopt the following form of whereog > —2 . Similarly, when the maximum frequengy,,
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) Fic. 3.—Photon index in the energy range 2-25 keV as a function of the peak
FiG. 2.—Peak flux ratioR.., = F ,..(2—10 keV)F . (50-300 keV) Wpper flux in the same energy range by varying the distaDctVe adoptyAf = 10,
panel) and_ fluence rat_id?ﬂ_uence = §2-10 keV)B(E_>O—300 keV) l¢wer panel) ag = —1, By = —3, 7%, = 300 keV, ands = 1. The values of the viewing
as a function of the viewing angl®, . The solid curve shows the fase angley6, are given in parentheses. The right-hand side (left-hand side) of the
—3, and the dashed curves show the other caes; —2  Banrd —4 . We two solid curves iD = 0.01 Gpc [ = 2.1 Gpc). Points that correspond to

adoptyA§ = 10,05 = —1 ,y#, = 300 keV, and = 1 . The dotted line shows  the same values off, ~but differeBtare connected by horizontal dotted lines.
the viewing angleyd” = 27.3 6/ = 11 ) at which the maximum frequency  The observed data shown are from Heise et al. (2001). Squares (triangles) are
Vmax €QUALS the lowest (highest) observed energy, i.e., 2 keV (300 keV). Here those which were (were not) detected by BATSE. The two dashed lines represent
the maximum frequency,, means the frequency at which most of the radiation  observational bounds. In the region to the left of the vertical dashed line, the
energy is emitted. Atyd, <0 the ratIOS_Rpeak aBlyence - Nearly equal peak flux in the X-ray band is smaller than the limiting sensitivity of WFCs
(vlv)*"°e = 10/30Q and atyd, >0 the ratioRca. allyence , N€AMlY €quUal  (~3 x 10°° ergs s* cm ), and such events cannot be observed. In the region
(vifv**% = (2/50) %, as shown by the long-dashed lines. to the right of the oblique dashed line, the peak flux in-fhmy band is larger
than the limiting sensitivity of GRBM~10"2 ergs s* cm ), and such events
is smaller than the lowest observed energy= 2 keV, i.e., are observed as GRBs.
70, > v6Y = yAf + (2yvilv, — 1)"2 the peak flux ratio and the
fluence ratio are given bR ...~ Riuence™ (v ¥ 37 , where 40 <10® = 14.8(y6, > v0® = 27.3. With the analytical es-
Be< —2. . _ _ timates in the Appendix, we can also find that the peak flux
We compare Figure 2 with observations. Observed peak fluxF, ., is approximately given by

ratios extend up to a factor of 100, and observed fluence ratios
extend up to a factor of 20 (Fig. 3 of Heise et al. 2001). One . ) D \2
can see that whemAd = 10=< 6, = v0® ~3yA0  and Foeac=4.3x 10° ergs s cn? | ——
—4 =B = —2, ReaxandR 0. agree with the observational P

H 2
data. Furthermore, Kippen et al. (2002) reported thatranges X [L+ 726, — AG)Y 2 ro/cBy
between about 2 and 90 keV. For our parameters, this can be RN 10 s
reproduced if the viewing angle satisfia8 < 6, < 0% ) .

VI —l—apg A
< ( TVo ) Y Po (4)
\j

300 ke 1.2x 108® ergs s cnv

4. PEAK FLUX, PHOTON INDEX, AND EVENT RATE

We calculate the peak flux and the photon index in the energy =9 < o> i .
band 2-25 keV as a function of the viewing angle  and plot When A0 = 6, =< 6,%. (In practice, eq. [4] can be applied to
it in the peak flux—photon index plane. Figure 3 shows the resultsl"’“gfar viewing angles/ﬁv_w 30 N We have confirmed that nu-
for B, = —3. The distance is varied fro® = 0.01 Gpc to Merical results can be fitted within 5% errors.)
D = 2.1 Gpc for our parameteOne can see that the photon . 1€ peak fluxF,, is smaller for larger viewing angles.
index increases and the peak flux decreases as the viewing anglgoWever. if the distances to such sources are sgll, ~ may
~6, increases. be comparable to that of typical GRBs, which have large dis-

As discussed in § 3, we observe the low- (high-) energy part {&nces and small viewing angles. .
of the Band spectrum in equation (2) wheé, < 10 ~0,(> For comparison, we also plot the observed data in the same
+0®), wheres, = 25 keV and, = 2 keV .Thérefo"rve,thé. pho- figures (Fig. 2 of Heise et al. _2001). One can see that the
ton index in the energy range 2—25 keV is nearly equal to the gg;ﬁ;"z‘; XRlFOSiakg Fiacee(l‘)"”th;yifpc and have a viewing
low- (high-) energy spectral ind =1 =3 )when Vav = LU= YU, = Y0~ SYAT . L

(high-) g9y sp o | ) We roughly estimate the limits in flux sensitivity of the de-

2 i tectors. On the right-hand side of the oblique dashed line, the

When we consider the effect of cosmolog§,(= 0.3 Q, = 0.7 , and . . !
h = 0.7), D ~ 2 Gpc corresponds o~ 0.4 . This does not affect our argument peak_ ﬂ.U_X n the’)’_'ra-.y bandF,..(40—-700 keV) is larger than
qualitatively but alters the quantitative results up to a factor of 2. the limiting sensitivity of the GRBM 41072 ergs s* cm 2,
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and such events are observed as GRBs, not as XRFs. Then the viewing anglé, . Hence, the total duration of the XRFs
vertical dashed line represents the limiting sensitivity of WFCs may be similar to that of the GRBs in our model.

(~3 x 107° ergs s* cm™?). Therefore, the observed data of the ~ We can calculatd,, , the observed duration of a single pulse
XRFs sit in a fairly narrow region surrounded by two dashed in the X-ray band (2-25 keV). When the viewing angle ranges

lines. from v0, = 10 to v0, = 30, the pulse duration is abowi, ~
The distance to the farthest XRB,, gives the observed 30—-3000s [ £,/c3v?)/10 s]. This value is comparable but a little
event rate of the XRFs. The observed event Ryg can bebit inconsistent with the observation since the observed pulse

estimated as Rere = loreNy(4mDxre/3)(fxre/fers) » Where  duration Ty, , which is on the order of the angular spreading
rers @nd ny are the event rate of the GRBs and the numbertimescale, should be less than the total duraflg§t*~ 10—
density of galaxies, respectively. The quantity fsr¢ ) isthe 200 s which is the time interval between the first and the last
solid angle subtended by the direction to which the source is emission. This contradiction can be resolved as follows. So far,
observed as the XRF (GRB). From previous discussions, onewe have assumed the isotropic energy of the instantaneous emis-
can find that the emitting thin shell with opening half-angle sionE,, ~ 10* ergs and the time umi/c3y>~ 10 s . The effect
Af is observed as the XRF (GRB) when the viewing angle is of changing the values of these two parameters appears only
within Af < 6, < 69 ~ 3A0 (0 < 6, < Af). Therefore, the ra- in the flux normalization(y*A,)(r,/c8y?) in equation (1).
tio of each solid angle is estimated &g /fors~ (3% — However, one can see that from equation (3), if one rescales
1?)/1?2 = 8. Using this value, we obtain these parameters &,— E,,, = 10°N " ergs angdcBy?—
(ro/cBy?)’ = 10Nt s, the flux normalization factor is invariant,
(YA (ro/cBy?) = [(v ) (r/cBy 2], which implies that the re-
sult is unchanged. The value Mfis the number of instantaneous
emissions, since we fix the total emission energyESY =
Dyre \° N, fne/fors 10* ergsIf we adoptN = 15 ,T,, of each emission can be less
2 Gpd 102 galaxies Mp¢é 8 '’ ®) thanTgg®.

loka & Nakamura (2001) showed that the variability of
GRBs is small for a large viewing angle. In addition, our model

rGRB
5 x 10°® events yr* galaxy

Re ~ 10% events yrt

which is comparable to the observation. predicts that the number of pulses of XRFs is smaller than that
of typical GRBs. This can be expected from the following
5. DISCUSSION discussion. In this Letter, we consider the time-averaged emis-

sions, which means that successive emissions from multiple
We have shown that the observed data of XRFs can besubjets with the opening half-angd’ ~ y* ~ A9/10  are ap-
reproduced by a simple jet model of GRBs. This suggests thatproximated by one spontaneous emission caused by a single
XRFs are identical to GRBs. We may say that in the context jet with the viewing angld, and the opening half-angie
of our model, nearby GRBs are observed as XRFs when welLet the viewing angle of each subjet ¢ . The observed flux
see them from the off-axis viewing angle. If the distance to (or fluence) in the X-ray band due to the subjets wifh ~
the XRFs is much larger than a few gigaparsecs, they cannot), + A6 is much smaller than that with? ~ 6, — A6  and hence
be observed since the observed flux is low. This is consistentnegligible. We have confirmed this in the practical calculation.
with the observed value ofV/\,,) ~ 0.5 since the nearby If §, = Af, the emissions of subjets withf? ~ 6, — A6  domi-
sources distribute homogeneously in Euclidean space. nates, while ifd, ~0 , in the GRB case, the emissions from
Our view of XRFs is different from that of Heise et al. almost all subjets may be detected.
(2001). They have proposed that XRFs could be GRBs at large
redshift,z> 5, whemy-rays would be shifted into the X-ray We are grateful to the referee for useful comments. This
range. However, the observed total duratif™ cannot be work was supported in part by Grant-in-Aid for Scientific Re-
explained. In our modek-rays are shifted into the X-ray range search of the Japanese Ministry of Education, Culture, Sports,
by the relativistic beaming effect. The total duration is equal Science and Technology 00660 (K. 1.), 11640274 (T. N.),
to the lifetime of the central engine and thus does not depend09NP0801 (T. N.), 14047212 (T. N.), and 14204024 (T. N.).

APPENDIX A
ANALYTICAL ESTIMATES

thax @Nd (#S)) ae—IN €quation (1), the typical value 6{T) ig6, — Af) whend, > A§ since the flux peaks soon after the jet
edge becomes visible. Since the functigi(r’) in equation (2) takes a maximuig, alS, takes a maximum at,,, ~ v4/6 oc
67", wheres = y[1 — B cos @, — AF)] = [1 + y*(0, — AB)*J/2y andS, = ﬂ;“:” F.(T)dT . A, F, in equation (1) is proportional
to 67 so that we expedS)..oc 6 ° (loka & Nakamura 2001). Note here fid@i(T)dT depenés on 6 \arg weakly.

T.ng and »F***—The pulse duratiorT,,, can be estimated Tag,oc (T oni= T ga) € 67 € & Gor A0 angec (T o7
Totar) < 6, 0c 872 for 6, > Af. The peak fluxF ., can be estimated from the relatlop.T ..5 Soc 6 (6 ") when the
maximum frequency,,., is higher (lower) than the observed frequency.
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