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Abstract

We report on the first open-use based Atacama Large Millimeter/submm Array (ALMA) 345-
GHz observation for the late afterglow phase of GRB131030A. The ALMA observation con-
strained a deep limit at 17.1 d for the afterglow and host galaxy. We also identified a faint
submillimeter source (ALMAJ2300-0522) near the GRB131030A position. The deep limit at
345 GHz and multifrequency observations obtained using Swift and RATIR yielded forward
shock modeling with a two-dimensional relativistic hydrodynamic jet simulation and described
X-ray excess in the afterglow. The excess was inconsistent with the synchrotron self-inverse
Compton radiation from the forward shock. The host galaxy of GRB131030A and optical coun-
terpart of ALMAJ2300-0522 were also identified in the SUBARU image. Based on the deep
ALMA limit for the host galaxy, the 3-¢ upper limits of IR luminosity and the star formation rate
(SFR) is estimated as L < 1.11 x 10 L ® and SFR< 18.7 (M ® yr—!), respectively. Although
the separation angle from the burst location (3”'5) was rather large, ALMAJ2300-0522 may be

one component of the GRB131030A host galaxy, according to previous host galaxy cases.

Key words: gamma-ray burst: individual (GRB131030A) — Submillimeter: galaxies — X-rays: bursts

1 Introduction

Submillimeter (submm) and millimeter (mm) follow-up obg&tions have played an essential role in

identifying gamma-ray burst (GRB) afterglow and host gedaxn, for example delineating the energy

scale, geometry, radiation physics, and environmentsragf [BRBs (e.g. Frail et al. 2002; Sheth et

al. 2003; Urata et al. 2014). However, submm/mm follow-upeaskiations have lagged behind X-ray,

optical and cm radio observations (summaries of afterglbseovations are available in de Ugarte

Postigo et al. 2012; Urata et al. 2015a) because of the ihsémsitivity of previous submm/mm

facilities coupled with the higher redshift 8ivift GRBs.

The Atacama Large Millimeter/submm Array (ALMA) was firstagsin the early science

phase for GRB host galaxies, and its observations have gedwxceptional results (Wang et al.
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2012; Hatsukade et al. 2014; Berger et al. 2014). Howevesemitions for afterglow phase are
still limited because of the observation guidelines of ALNiAg. a 3-week reaction time since ToO
triggering) for the early science phase (e.g. Cycle 1). Heeereport the first open-use based ALMA
observation of the late afterglow phase of GRB131030A.

GRB 131030A was detected using tBeift (Gehrels et al. 2004) Burst Alert Telescope (BAT)
at 20:56:18 UT on 2013 October 30 (Troja et al. 2013). ThetimaTy, in the 15-350 keV band
was41.14+4.0 s (Barthelmy et al. 2013). The afterglow in X-ray and optlzahds was also identified
using theSwift X-ray Telescope (XRT) and Ultraviolet/Optical Telescop®/QT). On the basis of
the UVOT observation, the burst position was determiné$10™16°.14, —05°22'05'.2 with a 90%
confidence error radius @f'5 (Breeveld & Troja 2013). The redshift of GRB 131030A was mea-
sured at: = 1.293 on the basis of the optical spectroscopic observation ygusie Nordic Optical
Telescope (Xu et al. 2013). The polarized early (655s to pdptcal lightcurve of the afterglow was
also observed using the RoboPol instrument (King et al. R0The Konus-Wind observation also
revealed a prompt emission and characterized the spectapenties in the 20 ke 15 MeV range.
The time-averaged spectrum was fitted using the Band fumutith the spectrum peak energy’,
of 177+10 keV. The isotropic energy;,, was also estimated 48.0 + 0.2) x 10° erg, assuming
cosmological parameters éfy = 70km s~ Mpc~!, Q,, = 0.27, andQ, = 0.73 (Golenetskii et al.

2013).

2 Observations and Results
2.1 ALMA Submillimeter Follow-up Observation

We used ALMA to observe the afterglow at 345-GHz (defaulttcarum setup) with the C32-5 con-
figuration under the Cycle 1 open-use mode. Although therghten policy of the ALMA Cycle
1 includes a 3-week reaction time restriction for its exeguthrough ToO triggering, the 345-GHz
observation was initiated at 23:11 UT on 2013 November 161 d after the GRB). Thus, the obser-
vation was executed several days earlier than expecte@ealibrators (J2232+117, J2148+0657,
and J23010158) for flux, bandpass, and phase calibrations, resggtiwere also observed. The
on-source time and total observing time were 53 min and 90 regpectively. The raw data were cal-
ibrated using the Common Astronomy Software Applicatiod€ASA, McMullin et al. 2007) with
the standard procedure, and final CLEANed images were made e “clean” task with a robust
briggs weighting (robust parameter of 0.5). The resultyrglsesized beam sizes weré252 x 0207
with a position angle of 68.2 deg. No source was observed thanhocation of the optical afterglow
to the 3-¢ limit of 0.12 mJy (Figure 1 left). As shown in Figure 2, thigit is significantly deep in
3



the submm bands among other afterglow observations. Adth@&lMA observed the bright submm
afterglow associated with GRB110715A- 6 mJy at 3.6 d) during the commissioning phase (de
Ugarte Postigo et al. 2012), the quality of observation wasmarable with those of other smaller
submm instruments. Hence, this demonstration of the highitéty follow-up would be a bench-
mark with further submm observations. As shown in Figureeft)la source (ALMAJ2300-0522)
with 0.716 +0.045 mJy was identified in the ALMA image as*00™16°.326, —05°22/07".50 (approx-
imately 3”5 from the GRB position). Although several astrometry-redblbugs (e.g. phase calibrator
coordinate inconsistency) were reported from the ALMA AR@iadata delivery, we could not rea-
sonably explain the significant offsets of approximat&ly (more than 10-fold the beam size) from
the GRB position. In addition, the source also had an opticahterpart in the SUBARWRc-band
image (Figure 1 right32.5).

2.2 Optical and Near Infrared Afterglow Follow-ups

We used the Reionization and Transients InfraRed cameral@®Ao monitor the afterglow in-

, i-, Z-, Y-, J- andH-bands from 1.76810* s to 7.220<10° s after the burst. RATIR is a six band
simultaneous optical and NIR imager mounted on the autonsrhd m Harold L. Johnson Telescope
at the Observatorio Astrondomico Nacional on Sierra Sarrd®®thrtir in Baja California, Mexico
(Butler etal. 2012; Watson et al. 2012; Klein et al. 2012; Ebal. 2012). The images were reduced in
near real-time using an automatic pipeline. Bias subtaand twilight flat division were performed
using algorithms written iYTHON, image alignment was conducted by astrometry.net (Lang et a
2010) and image co-addition was achieved usngRrp (Bertin 2010).

We performed photometry for individual science frames armbat USINGSEXTRACTOR
(Bertin & Arnouts 1996) with apertures ranging from 2 to 38gds (0’64 — 96 in optical, 0”6 — 9”0
in NIR). Based on the weighted average of the flux in thesetaygey for all stars in a field, an annular
point-spread-function (PFS) was constructed. We themop#id point source photometry by fitting
this PSF to the annular flux values of each source. The phatmnealibration inr-, i-, Z-, J andH
bands were made comparing with the Sloan Digital Sky SunataRelease 9 (SDSS) and the Two
Micron All Sky Survey. The RATIR and SDSS, i- andZ-bands agree to withii3 per cent (Butler
et al. 2016 in prep.). For th&band calibration, we used an empirical relation in termg ahd
H magnitudes derived from the United Kingdom Infrared Tebgsc(UKIRT) Wide Field Camera
observations (Hodgkin et al. 2009; Casali et al. 2007).

We also conducted thB- andR-band follow-up observations by using the robotic 1-m tele-
scope at the Mt. Lemmon observatory, which is operated byKtrea Astronomy Space Science
4



Institute (Lee et al. 2010; Han et al. 2005). The observatiware initiated at 01:43 UT on 2013
October 31 (1.72010% s after the burst), and three epochs for monitoring were ucted during the
same run. A standard routine including bias subtractionfetdielding corrections was employed
to process the data using the IRAF package. The DAOPHOT packas used to perform aperture
photometry of the GRB images. For the photometric calibratf the afterglow, several stars from
the NOMAD catalog'were chosen. To remove the effects of the Galactic intéastektinction, we
used the reddening map by Schlafly & Finkbeiner (2011).

2.3 Afterglow Lightcurve

The multifrequency lightcurve is shown in Figure 3 (left)hél' X-ray data were obtained from the
online data repository prepared by Butler & Kocevski (200Fhe temporal evolution in the and
i-bands indicates an achromatic temporal break at approgiynat2 x 10° s. In contrast, X-ray
light curve later thanv 4 x 10 sec shows the simple evolution. To describe the light cymnes
employed a single power-law function by dividing light cardata into earliert(<~ 2 x 10°) and
later ¢ >~ 2 x 10°) phases. We successfully fitted the single power-law fondid the earlier light
curves. The-, i-, and X-ray band light curves in the later phase were alsortestusing the single
power law function. The X-ray light curve later than4 x 10° sec was also described with the
single power-law function with the decay index @k = —1.25 +0.02. Here, we use a notation
F,, o< t*v? with sub-indices of observed band. The fitting results arersarized in Table 1. We also
successfully fitted the broken power-law model to thandi-bands light curves. For theband, we
obtainedr,; = —0.86 +0.04, a0 = —2.06 £0.16, andty, = (2.51 +0.48) x 10° s; for thei-band, we
obtainedr;; = —0.82 +0.04, o = —2.04 4+ 0.17, andty,; = (2.51 +0.48) x 10° s. Here, sub-indices
of 1 and 2, and, indicate before and after the temporal break, and the bieek tespectively. The
decay index of X-ray afterglow before the jet break is aldovested asvy; = —1.31 +0.04.

2.4 Afterglow Spectrum

We generated spectral flux distributions2et2 x 10* s (0.268 d; first epoch) and 3.%60° s (4.34
d; second epoch). For the first epoch, we also addeW?2-, U-, B-, andV-band data that were
obtained usingSwift/UVOT at approximately 2.810* s after the burst, which coincided with the
RATIR observations. We used the standard procedure for W@TUanalysis’. As shown in Figure 3
(right), the sharp spectral drop at approximatekil'® Hz that was caused by the dyabsorption at
z = 1.293 was identified. Thus, we fitted the first epoch SED with a polaerfunction by excluding

L http:/Avww.usno.navy.mil/lUSNO/astrometry/optical-IR-prod/nomad



the UVW2 data and obtained = —0.57 + 0.09 (x?/v = 1.9 with v = 8) for the first epoch and

B =—1.0840.23 (x*/v = 0.34 with v = 3) for the second epoch. As shown in Figure 3 (right), the
optical SED, including the UV data points obtained using Uy@ere effectively described by the
single power-law function without considering the hostaggl extinction.

2.5 SUBARU Archive Image and Host Galaxy

We reduced the SUBARU Suprime-Cam images obtained fromM@ISA archive system (Baba et
al. 2002). The GRB131030A field was observed usingRhdands during the previous follow-up
observations of XRF040916 on September 20, 2004. Owingetavitie field of view of the Suprime-
Cam (Miyazaki et al. 2002), the location of GRB 131030A hacké#active exposure time of 2400
s. The basic reduction of the Suprime-Cam data was perfoused) the SDFRED (Ouchi et al.
2004). The final coadded image was astrometrically aligeéative to the SDSS catalog, resulting
in an rms scatter df”’08. Figure 1 (right) provides th&c-band images for the GRB131030A field,
and an extended source was identified inside the position exgion througtBwift/UVOT. By using
IRAF centroid, the location of the source was determine2B3ad0™16°.146, —05°22'05'.18, which

is 0707 away from the afterglow location. The projected offset & Kpc is smaller than values for
long GRBs (e.g. Bloom et al. 2002). Thus, we concluded thatsthurce was the host galaxy of
GRB131030A. The brightness with140 radius waskc = 26.23 +- 0.11. The optical counterpart of
ALMAJ2300-0522 was also measuredfas= 24.48 + 0.03 with a1”6 radius.

3 Discussions
3.1 Forward Shock Radiation and X-Ray Excess

The multicolor monitoring observations performed usingTRA provided an effective dataset for
describing the forward shock synchrotron radiation. Thecspl index change between first and
second epochs could be due to the cooling frequency passége optical band. The absence of the
sharp cooling break in the optical light curves could be axy@d by the smooth transition of spectral
regimes (e.g. Uhm & Zhang 2014). The closure relation (eayi & al. 1999) also indicated that
the optical afterglow a?.32 x 10* s and 1.5610° s was consistent with,,, < Vopt < V. Under the
interstellar medium (ISM) with a slow cooling condition & 3/25 = —0.86 + 0.14) and jet phase
with nu,, > v, (o =28 = —2.2 £0.5), respectively. Although the optical afterglow showed jite
break, the X-ray afterglow revealed no temporal break ajghbreak time. They, — «, relation of
0.44 + 0.06 for before the jet break was also the explicit outlier (e.gatd et al. 2007). Thus, these

2 http://www.swift.ac.uk/analysis/uvot/index.php



results indicate that the X-ray afterglow could have aniorigat was distinct from that of the optical
afterglow (e.g. Huang et al. 2007; Troja et al. 2007).

To describe the X-ray afterglow behavior, we performed mavshock synchrotron radiation
modeling with the optical light curves and ALMA upper limiy lusing the boxfit code (van Eerten
et al. 2012). Because the code involved a two-dimensiotetivistic hydrodynamical jet simulation
with a homogeneous circumburst medium, we hereafter, densnly the ISM condition. We deter-
mined the optimal modeling parameters with the on-axis (@sgerving angled,,; =0) asf,., =8°.8,

E =1.05x 102 erg,n = 2.54 x 10~ cm™3, p=2.28,e5 = 4.36 x 1072, ande, = 2.69 x 10~*. The
values were updated from those in Urata et al. (2015b) bygusata from six OIR bands and the
ALMA 1- ¢ limit. Figure 3 shows the most effective model functionsrfarlticolor light curves. The
broadband SED modeling results are also provided in FiguTddse results clearly show the excess
in the X-ray band.

On the basis of the analytic solution described by Fan e280&), we calculated the expected
flux density of synchrotron self-inverse-Compton radiat{f8SC) by using forward shock modeling.
The reasonable flux scale and differences (approximateffplti0times) between synchrotron and
SSC for the earlier afterglow were estimated using the modelwever, the SSC model could not
explain the different temporal evolution in the late phase.addition, the expected®>¢ pass in
the X-ray band £ 4 x 10° sec) with the analytic solution was not identified in the oled X-ray
spectrum (Figure 5). Hence, SSC is unlikely to explain theeoational properties. One of the
alternative models for describing the distinct temporaletron between optical and X-ray is the late
prompt emission (Ghisellini et al. 2007). A spinning-dowagnetar as the central engine is one of
the explanations for the X-ray excess (Zhang & Mészar@d 20roja et al. 2007).

3.2 Host Galaxy and ALMAJ2300-0522

The ALMA observation also provides a unique upper limit 06338Hz for estimating the rest-frame
infrared luminosity and star formation rate (SFR) of thethgedaxy. Following Wang et al. (2012),
we applied a redshifting to a template infrared SED, whicloWwtined from the library provided by
Chary & Elbaz (2001). The SED library is luminosity-depent@ x 10® to 4 x 10'3L ®) based on

a locally calibrated luminosity-dust temperature relatémd does not enable scaling the SEDs. We
constrained the 3-upper limits of IR luminosity ag.;z < 1.11 x 10} L ® . Using the SFR conversion
of star-forming galaxies, SFR(® yr=') = 1.7 x 107'19L;z/L ® (Kennicutt 1998) used in Wang et
al. (2012), we obtained the @-upper limit of SFR as< 18.7 (M ® yr—!). The upper limit of SFR
was consistent with those of the TOUGH samples that constlathe average SFR as lower than 15
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M ® yr~! (Hjorth et al. 2012; Michatowski et al. 2012).

ALMAJ2300-0522 is3”5 (30.2 kpc) from the GRB location. Some of the GRB host galax-
ies show companions and exceptionally extended emissi@i ikhages resolved companions for
GRB021004 ab”28 (2.4 kpc) from the host location (Fynbo et al. 2005) , for GBRB820A at1”3
(10.7 kpc) (Chen et al. 2009) and4 (3.3 kpc), and for GRB080605 at' 0 (8.7 kpc) (Kruhler et al.
2012), respectively. Most notably, thedymaging for the GRB000926 host galaxy revealed extended
emission of approximately 33.7 kpc at the long axis (FynbaleR002). Thus, ALMAJ2300-0522
is potentially a component of the GRB131030A host galaxy. aBguming the same redshift with
GRB131030A, we also obtaindd = 8.65 x 10'* L ® and the corresponding SFR of 147 yr—!
by using the same template redshifting method (green soldih Figure 6). The obtained values
were comparable or lower than those of observed ultra lunsiniofrared galaxy host cases (e.qg.
Berger et al. 2001; Frail et al. 2002).

Another noteworthy feature is that ALMAJ2300-0522 is catéed as a faint{1 mJy)
submm galaxy (SMG). Faint SMGs tend not to have optical cenpeatrts, in contrast to ALMAJ2300-
0522, even when ultra-deep optical survey data are used(€tted. 2014; Ono et al. 2014; Fujimoto
et al. 2016). Hence, future studies that use redshift esbmaan clarify the SMG-GRB association.

4 Conclusion and Summary

We conducted the first open-use based ALMA observation mafterglow of GRB131030A. The
high sensitivity of the ALMA observation would make a sigo#nt improvement in further after-
glow follow-ups such as coordinated submm observationsaio polarimetry and longterm multi-
frequency monitoring. With the comprehensive optical aedrnnfrared afterglow observations per-
formed through RATIR, we described the forward shock syoirbn radiation and X-ray excess in
the afterglow. The excess is inconsistent with the SSC mattequires another component such as
late prompt emission. Our ALMA observation also constréimes3¢ limit of infrared luminosity and
SFR of the host galaxy, which is consistent with other nearky~ 1 samples. The submm source,
ALMAJ2300-0522 is located”5 from the GRB location. Although the separation is rathegéar
the source may be one component of the host galaxy, accalipgevious host galaxy cases (e.g.
GRB000926). To further analyze the association between AIRB00-0522 and GRB131030A,
secure redshift estimation is required.
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Fig. 2. Light curve summary of afterglow observations in submm bands (230 and 345 GHz). The ALMA observation for GRB131030A is significantly deep

among other observations.
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Fig. 3. Left panel shows X-ray, optical and submillimeter light curves of the GRB 131030A afterglow. The light-gray dotted lines indicate the optimal modeling

functions obtained through the numerical simulation by the boxfit code. The dark-grey dashed line indicates the model function including the SSC component.

The right panel shows the SED of the afterglow at 2.32 x 10% s (0.268 d; open squares) and 3.76 x 10° s (4.34 d; filled squares).
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Fig. 4. Spectrum energy distribution at 0.2662 d (red) and 17.125 d (blue) after the burst. The dashed lines represent the forward shock synchrotron model

spectrum that was calculated using the boxfit code. The ALMA 1-o upper limit at 17.125 d is indicated by the blue arrow.
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power law.



100

Flux density [mauy]

— e e s e e e s .

SN S I N

10 0.01 0.1 1 R
Observed wavelength Imm)

Fig. 6. SED of the GRB host galaxy and ALMAJ2300-0522. ALMA and SUBARU observations are indicated with yellow marks for the GRB host galaxy and
purple diamonds for ALMAJ2300-0522. The ALMA observation constrains the infrared SEDs of the GRB host galaxy with the SED templates. The black
thick curves represent the templates that satisfy the ALMA 3-o upper limit for the GRB host galaxy. The green solid line indicates the optimal template for

ALMAJ2300-0522, on the basis of assuming the same redshift as that of GRB131030A.
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Table 1. Summary of lightcurve
Single PL
Earlier phase Later phase
(1x10" <t<2x10°s) (t>~2x10°s)
Filter ! X2 /v(v) ! X2 /v(v)
B  —1.17+0.15 2.8 (4)
r —1.004£0.01  1.58(307) —2.08+0.33 1.04 (11)
[ —0.99+0.01  1.37 (300) —2.07+0.36 0.83 (6)
z —0.97+£0.02 1.87 (130)
Y —0.95+0.02 1.25 (106)
J —0.96 £0.04 1.79 (92)
H —0.94 £0.07 2.02 (79)
X-ray —1.314+0.04 0.97 (94) —1.294+0.10 0.78 (18)
(t>4x10%s)
X-ray —1.25+0.02  0.91(125)
Broken PL
Filter o Qs ty(s) X2/ v
r —0.864+0.04 —2.06+0.16 (2.5140.48) x 10> 1.41 (316)
[ —0.8240.04 —2.04+0.17 (2.514£0.48) x 10> 1.22 (304)
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