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I t d ti S h f t t f GW151226Introduction Search for a counterpart of GW151226Introduction Search for a counterpart of GW151226 p
The first detection of a gravitational wave event by advanced LIGO in 2015 prompted A search for   The first detection of a gravitational wave event by advanced LIGO in 2015 prompted 

th h f d t d f l t ti t t t it ti l t
   A search for 

tthe search for and study of electromagnetic counterparts to gravitational wave events on gamma-ray events y g p g
a worldwide scale If an electromagnetic signal is also observed it would provide addi-

g y
associated witha worldwide scale. If an electromagnetic signal is also observed, it would provide addi- associated with 

tional information that can give us significantly better constraints on the parameters GW151226 wastional information that can give us significantly better constraints on the parameters 
(such as mass orbit spin) of the binary system

GW151226 was 
carried out using(such as mass, orbit, spin) of the binary system. carried out using 

The CALorimetric Electron Telescope (CALET) is a wide field of view instrument to study the CAL data   The CALorimetric Electron Telescope (CALET) is a wide field-of-view instrument to study the CAL data 
high-energy cosmic-rays onboard the International Space Station accumulating scientific in the time inter-high energy cosmic rays onboard the International Space Station accumulating scientific 
d t i O t b 2015 G i th f 1 G V t 10 T V i

in the time inter
l f 525 tdata since October 2015. Gamma-rays in the energy range of 1 GeV to 10 TeV are moni- val from -525 to y gy g

tored continuously with its 30 radiation-length deep calorimeter (CAL) with a field-of- +211 s around thetored continuously with its 30 radiation-length deep calorimeter (CAL), with a field-of- +211 s around the 
view of about 2 sr and an angular resolution better than 0.4 degree above 10 GeV. LIGO trigger (T0).view of about 2 sr and an angular resolution better than 0.4 degree above 10 GeV.  

h l d d l h G 226 l d b d d
LIGO trigger (T0). 
The CAL was oper   We have already reported an upper limit on the GW151226 event claimed by advanced The CAL was oper-y p pp y

LIGO [1] In this paper we describe the refined data analysis of CAL for the GW151226 ational in low-LIGO [1]. In this paper, we describe the refined data analysis of CAL for the GW151226 ational in low
event and the preliminary results on the third gravitational event, GW170104. Hard X-ray energy gamma-event and the preliminary results on the third gravitational event, GW170104. Hard X ray 

lt f CALET G B t M it ill b t d t l
gy g

ray mode with anresults from CALET Gamma-ray Burst Monitor will be presented separately. ray mode with an y p p y
energy threshold Fig.3 Upper limit (90% C.L.) on energy flux in the 1–10 GeV from GW151226 in the

G it ti l t
energy threshold 
of 1 GeV in this

Fig.3 Upper limit (90% C.L.) on energy flux in the 1 10 GeV from GW151226 in the 
time window [T -525 s T +211 s] shown in the equatorial coordinates Thick cyanGravitational events of 1 GeV in this time window [T0 -525 s, T0 +211 s] shown in the equatorial coordinates. Thick cyan 
li h th l f th fi ld f i t f CAL d th l b l i th tGravitational events time period We line shows the locus of the field-of-view center of CAL, and the plus symbol is that time period. We 

f d di at T0. White contours show the localization significance map of the gravitational
The first gravitational-wave detection by LIGO, dubbed GW150914, confirmed the exist- found no candi- at T0. White contours show the localization significance map of the gravitational 

wave signal reported by LIGO   The first gravitational wave detection by LIGO, dubbed GW150914, confirmed the exist
ence not only of gravitational waves from astronomical objects but also of a binary black dates in this time

wave signal reported by LIGO. 
ence not only of gravitational waves from astronomical objects but also of a binary black dates in this time 
hole system with several tens of solar masses [2] GW150914 is supposed to be the result window. The upper limit of the CAL observation in this 736 s long period is estimated as fol-hole system with several tens of solar masses [2]. GW150914 is supposed to be the result 
f f bl k h l i h i i i l f 36+5 d 29+4 h l i

window. The upper limit of the CAL observation in this 736 s long period is estimated as fol
l Fi t l l t d th ff ti d th lt t i th ti iof a merger of two black holes with initial masses of 36+5

-4M
and 29+4

-4M
at the lumi- lows. First, we calculated the effective area and the resultant exposure map in the time win-g 4  4 

nosity distance of 410+160 Mpc The Fermi Gamma ray Burst Monitor (GBM) reported a dow for the 1–10 GeV band At lower energies the effective area gradually decreases belownosity distance of 410 -180Mpc. The Fermi Gamma-ray Burst Monitor (GBM) reported a dow for the 1–10 GeV band. At lower energies, the effective area gradually decreases below 
f fpossible weak gamma-ray transient source above 50 keV at 0.4 s after the GW150914 10 GeV and reaches zero around 500 MeV. By estimating the number of expected number of possible weak gamma ray transient source above 50 keV at 0.4 s after the GW150914 

t i [3] H th li it id d b th INTEGRAL ACS i t t i
y g p

background events in this time window by comparison of the observed data with a predictiontrigger [3]. However, the upper limit provided by the INTEGRAL ACS instrument in a gam- background events in this time window by comparison of the observed data with a prediction gg g
ma-ray energy band similar to the Fermi-GBM energy band is not consistent with a possi- by the Galactic diffuse model [13], we calculated an upper limit on energy flux. Fig. 3 showsma-ray energy band similar to the Fermi-GBM energy band is not consistent with a possi-

f
by the Galactic diffuse model [13], we calculated an upper limit on energy flux. Fig. 3 shows 
th k f th fl li it t th 90% fid l lble gamma-ray counterpart of GW150914 suggested by the Fermi-GBM [4].  the sky map of the flux upper limit at the 90% confidence level. b e ga a ay cou te pa t o G 509 suggested by t e e G [ ]

G 1 1226 ( GO i i G21111 ) i h d i i l di
y p pp

   GW151226 (LIGO-Virgo trigger ID: G211117) is the second gravitational-wave candi-
S h f t t f GW170104

( g gg ) g
date identified by both LIGO Hanford Observatory and LIGO Livingston Observatory with a Search for a counterpart of GW170104date identified by both LIGO Hanford Observatory and LIGO Livingston Observatory with a Search for a counterpart of GW170104 
high significance at 03:38:53.647 UT on 2015 December 26 [5]. The event is very likely a

p
high significance at 03:38:53.647 UT on 2015 December 26 [5]. The event is very likely a 
bi bl k h l ith i iti l bl k h l f 14 2+8 3 M d 7 5+2 3 M For the time pe-binary black hole merger with initial black hole masses of 14.2+8.3

-3.7M
 and 7.5+2.3

-2.4M
    For the time pe

i d i th i i it
y g

 

and a final black hole mass of 20 8+6.1
1 7M [6] The luminosity distance of the source is riod in the vicinity and a final black hole mass of 20.8 —1.7M

 [6]. The luminosity distance of the source is 
+180

y
of the trigger timeestimated as ~440+180

-190Mpc. According to Racusin et al. [7], the flux upper limit of Fermi of the trigger time est ated as 0 190 pc cco d g to acus et a [ ], t e u uppe t o e
GBM i f 4 5 10-7 t 9 10-7 -2 -1 i th 10 1000 k V b d Th F i LAT fl of G268556 (T0)-GBM is from 4.510 7 to 910 7 erg cm 2s 1 in the 10-1000 keV band. The Fermi-LAT flux o G 68556 ( 0)

corresponding tog
upper limit using the first orbit data after the LIGO trigger is from 2 610-10 to 7 810-9 corresponding to 
upper limit using the first orbit data after the LIGO trigger is from 2.610 10 to 7.810 9 GW170104 CAL
erg cm-2s-1 in the 0 1-1 GeV band

GW170104, CAL 
ti ierg cm s  in the 0.1 1 GeV band. was operating in 

Recently the third candidate GW170104 (LIGO-Virgo trigger ID: G268556) was identi-
p g

high energy trig   Recently the third candidate, GW170104 (LIGO Virgo trigger ID: G268556), was identi
fi d i il l b th LIGO Vi ll b ti t 10 11 58 6 UTC 2017 J 2017

high energy trig-
fied similarly by the LIGO-Virgo collaboration at 10:11:58.6 UTC on 2017 January 2017 ger mode with any y g y
[8] The inferred component black hole masses are 31 2+8.4

6 0M and 19 4+5.3
5 9M The

ger mode with an 
energy threshold[8]. The inferred component black hole masses are 31.2 -6.0M

 and 19.4 -5.9M
. The 

+450
energy threshold 

luminosity distance of the source is estimated as 880+450
-390 Mpc, which corresponds to a of 10 GeV Usingluminosity distance of the source is estimated as 880 390 Mpc, which corresponds to a 

redshift of 0 18+0.08 Some electromagnetic counterpart searches at high energies were
of 10 GeV. Using 
CAL d t hredshift of 0.18+0.08

-0.07. Some electromagnetic counterpart searches at high energies were CAL data, we have 
reported [9]

,
searched for gamreported [9]. searched for gam-

The CALorimetric Electron Telescope (CALET) mission [10] which was successfully ma-ray events   The CALorimetric Electron Telescope (CALET) mission [10], which was successfully 
l h d d l d th J E i t M d l E d F ilit f th I t

ma ray events 
b 10 G V Fi 4 U li it (90% C L ) fl i th 10 100 G V b d flaunched and emplaced on the Japanese Experiment Module-Exposed Facility of the Inter- above 10 GeV Fig.4 Upper limit (90% C.L.) on energy flux in the 10–100 GeV energy band from p p p p y

national Space Station (ISS) in 2015 August was fully operational at the LIGO trigger from -60 s to +60 GW170104 in the time window [T0 -60 s, T0 +60 s] shown in the equatorial coordi-national Space Station (ISS) in 2015 August, was fully operational at the LIGO trigger from 60 s to +60 
f h

GW170104 in the time window [T0 60 s, T0 60 s] shown in the equatorial coordi
nates Thick cyan line shows the locus of the field-of-view center of CAL and thetimes of GW151226 and GW170104. Here we report on search for electromagnetic coun- s from the GW trig- nates. Thick cyan line shows the locus of the field-of-view center of CAL, and the 
l b l i th t t T Whit t h th l li ti i ifi ftimes of GW151226 and GW170104. Here we report on search for electromagnetic coun

terparts of these events using the CALET data
g

ger time and found plus symbol is that at T0. White contours show the localization significance map of 
terparts of these events using the CALET data. ger time and found the gravitational wave signal reported by LIGO.

no candidates The
the gravitational wave signal reported by LIGO. 

no candidates. The 
b f b k d t i thi ti i d i ti t d i th f GW151226CALET/CAL analysis number of background events in this time window is estimated as in the case of GW151226. CALET/CAL analysis g

Then we obtained an upper limit on the gamma-ray energy flux in the 10–100 GeV energy
CALET/CAL analysis 

Then we obtained an upper limit on the gamma-ray energy flux in the 10–100 GeV energy 
Th CAL i t (CAL) th i i t t f CALET band for the sky region covering 30% of the summed LIGO probabilities as shown in Fig. 4.    The CALorimeter (CAL), the main instrument of CALET, con- band for the sky region covering 30% of the summed LIGO probabilities as shown in Fig. 4. ( ), ,

sists of three main components: the CHarge Detector (CHD)sists of three main components: the CHarge Detector (CHD), 

Summarythe IMaging Calorimeter (IMC), and the Total AbSorption Calo- Summary the IMaging Calorimeter (IMC), and the Total AbSorption Calo
rimeter (TASC) (Fig 1) CAL uses two gamma ray trigger Su a yrimeter (TASC) (Fig. 1). CAL uses two gamma-ray trigger 

Summary of CALET/CAL upper limits on energy flux and luminosity of GW151226 andmodes: a low-energy gamma-ray (LEG) mode with an energy    Summary of CALET/CAL upper limits on energy flux and luminosity of GW151226 and modes: a low energy gamma ray (LEG) mode with an energy 
th h ld 1 G V d t l l tit d d f ll i CGBM GW170104 are tabulated in Table 1. These results, with other electromagnetic observationsthreshold ~1 GeV used at low latitudes and following a CGBM GW170104 are tabulated in Table 1. These results, with other electromagnetic observations 

and follow ups can provide observational constraints for theoretical models for electromag
g

burst trigger and a high energy (HE) mode with a threshold and follow-ups, can provide observational constraints for theoretical models for electromag-burst trigger, and a high energy (HE) mode with a threshold 
netic counterparts to~10 GeV used in normal operation irrespective of geomagnetic netic counterparts to 
bl k h l

10 GeV used in normal operation irrespective of geomagnetic 
l tit d [17] A d th t i ti f GW151226 b black hole mergers. latitude [17]. Around the trigger time of GW151226, be- Fig.1 Schematic cross-sectional g

As long as thetween 03:30 and 03:43 UT CAL was performing regular
Fig.1 Schematic cross sectional 
view of CAL with a sample event As long as the tween 03:30 and 03:43 UT, CAL was performing regular 

i ifi d ll i i i LEG d I h
view of CAL with a sample event. 
W i h k h ld CALET mission con-scientific data collection operating in LEG mode. In the We require that a track should CALET mission con

tinues we will moni
p g

case of GW170104 CAL was operating in the high energy cross the CHD (full area) and the tinues, we will moni-case of GW170104, CAL was operating in the high energy cross the CHD (full area) and the 
TASC top (with at least a 2 cm tor gamma-raytrigger mode with an energy threshold of 10 GeV at the TASC-top (with at least a 2 cm tor gamma ray 

f
trigger mode with an energy threshold of 10 GeV at the 
t i ti i ISS biti i th hi h l tit d

margin from the outer edge as 
emission from any trigger time since ISS was orbiting in the high latitude re-

g g
shown by dashed lines) y

kind of burst like
gg g g

gion In this paper we report on the analysis of the CAL
shown by dashed lines). 

kind of burst-like gion. In this paper we report on the analysis of the CAL 
events at the sensi-data for these two events. First results on the analysis of GW151226 were already report- events at the sensi
ti it l l d

y y p
ed [1] and here we describe results with a refined analysis tivity level as de-ed [1], and here we describe results with a refined analysis. 

scribed hereWe apply a gamma ray selection by tracking pair creation events in IMC [11 12] for scribed here.    We apply a gamma-ray selection by tracking pair creation events in IMC [11, 12] for 
   the flight data The gamma-ray event selection used in this analysis is basically the samethe flight data. The gamma ray event selection used in this analysis is basically the same 

th d ib d i f [11] lth h t t li d b i i th  as the one described in ref.[11], although a stronger cut was applied by requiring three or 
more hits for track reconstruction We require the tracks cross the CHD (full area) to the Table 1 Summary of CALET/CAL upper limits (90% C L ) on energy flux and more hits for track reconstruction. We require the tracks cross the CHD (full area) to the 

( f h d h d ) h l bl
Table 1. Summary of CALET/CAL upper limits (90% C.L.) on energy flux and 
luminosity of GW151226 and GW170104 in various time windows

R fTASC-top (except for the 2 cm margin around the outside, see Fig. 1) so that reliable re- luminosity of GW151226 and GW170104 in various time windows. 
References TASC top (except for the 2 cm margin around the outside, see Fig. 1) so that reliable re

construction of events is possible and apply cuts to select electromagnetic showers Ficonstruction of events is possible, and apply cuts to select electromagnetic showers. Fi-
 [1] O. Adriani et al., Astrophys. J. Lett. 829: L20 (2016). nally we select gamma-ray candidates with no hits in CHD According to the simulation [ ] , p y ( )
[2] B P Abb l Ph R L 116 061102 (2016)

nally we select gamma ray candidates with no hits in CHD. According to the simulation 
t d th t h t d t d th i t t i t i ll ti t th t th  [2] B.P. Abbott et al., Phys. Rev. Lett. 116, 061102 (2016). study that has generated events around the instrument isotropically, we estimate that the [ ] , y , ( )

[3] V C ht t l A t h J L tt 826 L6 (2016)
y g p y,

highest gamma-ray efficiency is achieved around 10 GeV with an efficiency of 50% rela-  [3] V. Connaughton et al., Astrophys. J. Lett. 826: L6 (2016). highest gamma-ray efficiency is achieved around 10 GeV with an efficiency of 50% rela-
2

[ ] g p y ( )
[4] V Sa chenko et al Ast oph s J 820 36 (2016)tive to a geometrical factor of 420 cm2 sr, which is the 100% efficiency case, by applying  [4] V. Savchenko et al., Astrophys. J. 820: 36 (2016). tive to a geometrical factor of 420 cm  sr, which is the 100% efficiency case, by applying 

the event selections described above Analysis presented here is optimized to enlarge the
[5] B P Abbott et al Phys Rev Lett 116 241103 (2016)

the event selections described above. Analysis presented here is optimized to enlarge the 
 [5] B.P. Abbott et al., Phys. Rev. Lett. 116, 241103 (2016). field-of-view as wide as possible so we use a
[6] B P Abbott et al Phys Rev X 6 041015 (2016)

field of view as wide as possible, so we use a 
diff i l f h d i  [6] B.P. Abbott et al., Phys. Rev. X 6, 041015 (2016). different geometrical cut from the one used in 

[7] J L Racusin et al Astrophys J 835: 82 (2017)
g

ref [12] which is optimized for point source  [7] J.L. Racusin et al., Astrophys. J. 835: 82 (2017). ref. [12] which is optimized for point source 
[8] B P Abbott et al Phys Rev Lett 118 221101 (2017)analysis. Then we also have to reject gamma-ray  [8] B.P. Abbott et al., Phys. Rev. Lett. 118, 221101 (2017). analysis. Then we also have to reject gamma ray 

candidates which come through the ISS struc [9] F Verracchia et al arXiv:1706 00029 for examplecandidates which come through the ISS struc-  [9] F. Verracchia et al., arXiv:1706.00029, for example. g
tures (such as solar panels) to remove events

[10] S Torii for the CALET Collaboration Proc 34th ICRC (Hague 2015) #581
tures (such as solar panels) to remove events 

[10] S. Torii for the CALET Collaboration, Proc. 34th ICRC (Hague, 2015), #581. generated by cosmic-ray interactions with these 
[11] M Mori for the CALET Collaboration Proc 33rd ICRC (Rio de Janeiro 2013) #0248

g a d by o ay a o
structures which produce event clusters clearly [11] M. Mori for the CALET Collaboration, Proc. 33rd ICRC (Rio de Janeiro, 2013), #0248. structures, which produce event clusters clearly 

Fig 2 Galactic latitude distribution of gamma [12] N. Cannady for the CALET Collaboration, in these proceedings.visible in our field-of-view. We compare a distri- Fig.2 Galactic latitude distribution of gamma [12] N. Cannady for the CALET Collaboration, in these proceedings. visible in our field of view. We compare a distri
b ti f t l th G l ti

-ray candidates observed by CAL summed 
[13] M. Ackermann et al., Astrophys. J. Suppl. 209, 11 (2013).bution of gamma-ray events along the Galactic 

y y
over the Galactic longitude range |l|<80 [13] M. Ackermann et al., Astrophys. J. Suppl. 209, 11 (2013). g g

latitude summed over |l|< 80 with a diffuse
over the Galactic longitude range |l|<80

d h b d hlatitude summed over |l|< 80 with a diffuse compared with an expectation based on the 
model in Fig. 2 which shows a good agreement.

p p
Galactic diffuse emission model [13]model in Fig. 2 which shows a good agreement.  Galactic diffuse emission model [13]. 


