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ABSTRACT

High-redshift gamma-ray bursts have several advantages for the study of the distant universe, providing unique information about the
structure and properties of the galaxies in which they exploded. Spectroscopic identification with large ground-based telescopes has
improved our knowledge of the class of such distant events. We present the multi-wavelength analysis ofzlSaifiglamma-ray

burst GRB 140515A7 = 6.327). The best estimate of the neutral hydrogen fraction of the intergalactic medium (IGM) towards the
burst isxy; < 0.002. The spectral absorption lines detected for this event are the weakest lines ever observed in gamma-ray burst
afterglows, suggesting that GRB 140515A exploded in a very low density environment. Its circum-burst medium is characterised by
an average extinction (A~ 0.1) that seems to be typical af> 6 events. The observed multi-band light curves are explained either

with a very flat injected spectrunp(= 1.7) or with a multi-component emissiop & 2.1). In the second case a long-lasting central

engine activity is needed in order to explain the late time X-ray emission. The possible origin of GRB 140515A from a Pop Il (or
from a Pop Il stars with local environment enriched by Pop Ill) massive star is unlikely.

Key words. Gamma-ray burst: general — Gamma-ray burst: individual (GRB 140515A) — Galaxies: high-redshift — intergalactic
medium

1. Introduction usual biasesftecting opticalNIR surveys; (iv) they reside in av-
b q di f the chemical ich q rage cosmic regions. HighGRBs can provide fundamental,
A better understanding of the chemical enrichment and evolly {7 some cases unique, information about the early stages of
tion of the hlgh-redshlftun|v_erse IS oné of the fundamental goaliy ot re formation and the properties of the galaxies in which
of modern astrophysms. H'_gh redshift SUTVEYS have been pﬁféy blow up. For example, GRBs can be used to trace the cos-
formed by means of wide field surveys of bright quasars (€Gic star formation rate (Kistler et al. 2009; Ishida et al. 2011:
Fan 2017) or deep field analyses to identify dls.tant 9?"a>$'es %berson & Ellis 2012), to pinpoint highgalaxies and explore
';]he;]r drgpr—]c_}ut (e.9. Bouwens et al. 2014). Thded'd;?f“f'cat'o; eir metal and dust content (Tanvir et al. 2012; Salvaterra et al.
igh-redshift Gamma-Ray Bursts (GRBs) add #edent and 541 3. Ejjiott et al. 2015), and to shed light on the re-ionization
profitable view of the distant universe (see Salvaterral2015, Etory (Gallerani et al. 2008; McQuinn et al. 2008), to con-
arecentreview). With respect to other probes, GRBs have mafin‘the dark matter particle mass (de Souza et al. 2013) and

advantages: (i) they are detected at higher redshifts; (ii) they §i8 amount of non-Gaussianity present in the primordial den-
independent on the galaxy brightness; (iii) they do ndifesiof
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sity field (Maio et al. 2013), and to measure the level of the lo
cal inter-galactic radiation field (Inoue et al. 2010). Atitztially,

they could also provide direct afwt indirect evidences for the . 0.15(

existence of the first, massive, metal-free stars, the Bedca

Population 11l stars (Campisi etal. 2011; Toma et al. 201any/ - I 1

etal. 2012; Ma et al. 2015). ‘v 0.10F -
Since the launch of th&wift satellite (Gehrels et. al 2004) o I ]

8 events have been identified at redshift greater thar®, <

and for 5 of them spectroscopic redshift was secured, includ o - .
ing in the list GRB 140515A that we are discussing in this & 0.05[ 7
paper. Remarkably, some of them showed fairly bright early-o I ]
time afterglows, even detectable by small robotic telessop ©
(e.g. GRB 050904, _Tagliaferri et al. 2005; Boér et al. 2006}
in general the observational features of highvents do not
seem to dfer significantly from those of their closer siblings,
as clearly pointed out studying, e.g., the event with theénhig I 1
est spectroscopically confirmed redshift; 8.2: GRB 090423 0050 0 v o]
(Salvaterra et al. 2000; Tanvir et al. 2009).
In this paper we describe our observations of high- ~100 _‘T)O . 0 ) S0 100
GRB 140515A in Sedf]2 and the result of the analyses in[Sect. 3 Time since BAT trigger (s)
A discussion is reported in Selct. 4 and the main conclusibns o
our work are summarised in S€gt. 5. Fig. 1. BAT mask—weighted light curve showing the count rate
Throughout the paper, distances are computed assyfihe 15- 150 keV energy range.
ing a ACDM-universe with H = 71kms'Mpc?, Qn, =
0.27, andQ, = 0.73 [Larson et al. 2011; Komatsu et al. 2011).
Magnitudes are in the AB system and errors areatdnfidence A fit to a simple power law of the time-averaged spectrum
level. Raw and reduced data not explicitly reported in tslale  from T, — 22 s toTy + 4 s gives a photon indek = 1.86 +
available from the authors upon request. 0.14 (¢* = 61.21, d.o.f= 56). A power law with an exponential
cutoff gives a moderately better fit{ = 54.57, d.o.f= 55; F—
test probability 2 98.8%). For this model the photon index is
I' = 0.99'583 Ep = 51.8%330 keV and the total fluence in the
On 2014 May 15 at 09:12:36 UT(To), theSwift/BAT triggered 15— 150 keV band isFgar = (6.53%47) x 1077 ergcr. The
and located the long GRB 140515A (D’Avanzo et al. 2014).-sec peak flux measured frofg + 1.50 s in the 15- 150 keV
SWift/XRT promptly detected the afterglow emission whereasand isfokear = 0.86+ 0.10 ph cm? s,
Swift/UVOT did not identify any credible bright optical e also tested the presence of a blackbody component in
candidate. A faint optical afterglow was later identifieghe prompt emission spectrum. We added a blackbody compo-
by ground-based observations with 8m Gemini-Northent to the non thermal (power-law) spectrum and we fit this

telescope L(Fonget.al2014), the 2.5m NOT telescopodel to the data, obtaining a photon index 1.94*117 and a

(de Ugarte Postigo et al. 2014a), the 2.2m  GROND telgiacihody temperatuldl = 12453 keV, that in the source rest
scope (Craham etal. 2014), and the 3.6m TNG telescopg corresponds T, = 90.3*3%0 keV. This model provides
(Melandri et al. 2014a). if -9_290 REV:

Spectroscopic observations performed with the Gemirid! adequate fi’ = 5429, d.o.f= 54) but not a significant
North telescopé (Chornock et al. 20114a) and the GTC telescdpiProvement compared to the céitpower-law model. _
(de Ugarte Postigo et al. 2014b) detected sharp decrement inVWe searched for spectral evolution between the two main
flux below 8900 A, caused by kyabsorption at redshift=6.327 emission episodes of the prompt emission. The spectrumeof th

I ; first peak (fronly—22 s toTp—14 s) can be modelled as a power-
h Kk [. 2014b). I | I ) ;
fj%tglrri]r?geg:ign 393_1P) Spectral analysis will be desdite law spectrum, with a photon indéx= 2.01*335. The spectrum’s

second peak (frorfy — 14 s toTy + 4 S) is better represented
by a power law with an exponential cdiidF—test probability
3. Results E=V99.6%), with photon inded” = 0.82'983, Ep = 5277339
eV.

The total bolometric (rest frame 4 10* keV) isotropic

The Swift/BAT data were processed with the stand&wift €nergy, assuming the exponential diitmodel, is Eiso =
analysis software included in the NASAs HEASARC soft{5.8 + 0.6) x 10°* erg atz = 6.327 andEps = 379779877
ware (HEASOFT, ver. 6.16) and the relevant latest calibrati keV, consistent with th&p+ — Eiso correlation within its -
files. For each GRB, we extracted mask—weighted, backgroufgatter (Amati 2006; Amati et al. 2008; Nava etal. 2012). The
subtracted light curves and spectra with hemaskwtevt and  1sotropic luminosity isLiso = (3.6 + 0.8) x 10°* erg s*, con-
batbinevt tasks in FTOOLS. The mask weighted light curvéistent with theEpr — Liso correlation within its & scatter
shows a double-peaked structure. The first pulse starfeg-ae ~ (Yonetoku et al. 2004; Nava et al. 2012).

s and peaked &f, — 18 s. It was followed by a second brighter

pulse betweefy — 10 s andTg + 4 s (see Fid.]1). The total du-
ration of the burst event in the 15150 keV energy band in the
observer frame i3g9p = (234 + 2.1) s (90% confidence level), The XRT began observing60 s after the BAT trigger, with the
corresponding te- 3.2 s in the rest-frame. first 9 s in Windowed Timing (WT) mode and the remainder in

0.0 i

BAT count ra

2. Observations

3.1. BAT temporal and spectral analysis

3.2. XRT temporal and spectral analysis
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01 L . Faey o Table 1. Observed X-ray light-curve fitting resultg¥d.o.f. =
§ T 3 —— 59.3)51 = 1.16 assuming thaftocrs = To, andy?/d.o.f. =
10'2 % "\.'i.\’ i: Fv: - 5589512 1.09 if |nsteadT0,GRB = TO,reaI)-
- F —+
=y 102 L 3 & ~§ Parameter Togre=To  Tocre = Toyeal
E07 ¢ ] i @ 2.80+0.22  2.34+0.15
3 - o g Threak 732+25s  729:18 s
L 10% E — ”\Z @y -3.87+0.74  -4.03+0.74
3 : Toeax 3028+ 192 s 2930: 133 s
§ 10-5 E T T T T T T T T T T T T T ] "“— E S as 1.03+0.05 1.03£ 0.04
8 - 3 o1s ,_‘}\_. ' Tjet—break >10° s >10° s
10 % % 010 % '\,\’ Chandra Qate 3.9+0.6 3.9+ 0.6
10-7 : : T \'\' . .
, - o . Y 3.3. Optical/NIR temporal analysis
10 100 1000 le+d le+5 le+6 The Swift/lUVOT began observing the field of GRB 140515A
tops Since GRB trigger [s] 3.7 ks after the trigger (D’Avanzo et al. 2014). The aftevglo
was not detected in any of 7 UVOT filters. This is consistent
Fig.2. Observed multi-wavelengths light curve OfWlth the redshift reported by Chornock et al. (2014a). In or-

: : to provide deep upper limits, we co-added the exposures
GRB 140515A. We report the best fits for the optical (blue) an%er . X :
X-rays (grey) band. The orange line shows the possible de%/é&hmtheflrst sequence of observations (00599037000 d&Ve

of the late time X-rays afterglow assuming a possible jeglr 'Mined the count rate using a 5 arcsec circular sourcermegi
Inset: The time interval of the X-ray bump in linear scale. Re entred at the optical afterglow position reported by Fongle

curves represent three independent flaring episodes. 2914)’ and a circular backgrounq region of radius 20 arpsec
sitioned on a blank area of sky situated near to the sourde pos

tion. The photometry was extracted using the UVOT towit-

source. The count rates were converted to magnitudes using the

Photon Counting (PC) mode. We collected the XRT data from\yot photometric zero point$ (Breeveld et al. 2011). We used
the online Burst Analyzef (Evans et al. 2010) and convetted tyoqft software version 6.15.1 and UVOT calibration \ersi

observed [0.3-10] keV count rate into flux at 3 keV. The X-rayn130118.
light-curve at that energy (Fig] 2) is well described by aitiah In Tab[2 we summarise ultraviolet and optical @pper lim-
steep decayaf ~ 2.9) followed by a broad bump after 10° s its and other opticahear infrared detections of the optical after-

that lasted for almost 1 day. From FIg. 1 it appears clear that,, e note that at the redshift of GRB 140515A the SDSS-
the “real” burst began alocre = Toreal ~ To — 22 S. If We fjar s glightly afected by the absorption of the intergalactic
considefTocras as the beginning of the burst, shifting baCkwardﬁ]edium (IGM) since the optical depth for the byatz > 6 rises
the temporal a>.<is of Fig.|2, the initial decay b_ecomes lessst ramatically (i.e. Fan et al. 2006). Extrapolating the IGMp
(@1 ~ 2.4), but it makes no dierence for late times breaks ancgrties from low redshift ta = 6.327 we estimated the expected
decay indices (see Tab.1). o . __ correction for thez filter to be> 0.30°308 mag (see Japelj et
Al later times a further steepening in the light-curve is deyy 5012 for details of the method). Despite the fact tha ibi
tected, also confirmed by Chandra deep upper limit. If we cosymglly a lower limit of the correction - not taking into ament
sider only XRT data, the late time decay indexige = 3.9+0.6, hq rise in optical depth at> 6 - we took it into account before

while if we take also into account the deep late time uppéit lin,yerting all the observed magnitudes reported in Mabte® in
this value appears to be at least2.6 (Margutti etal. 2014). f,x densities.

Although it cannot be confirmed by the optitdlR data, the — Ahough the optical light curve is sparsely sampled (Elg. 2
late time X-ray decay index might suggest a possible jeare;; js hossible to estimate the decay index of the opticargloev

origin. in the Z-band at late times. From 6 ks after the burst event the

We.pelrformed a time-integrated spectral analysis of the %ptical afterglow follows a power-law decay with = 0.89 +
ray emission from— Ty = 86.4 s tot— To = 10° s using XSPEC 0.02.

ver. 12.8.2. The best fit to the data is an absorbed power law

model: the Galactic absorption is kept fixed to the vemﬁﬁ' =

2.54 x 10%° cm2 (Willingale et al. 2018), the photon index is3-4- Optical/NIR spectral analysis

I' = (1.79+ 0.11) and the local absorption at= 6.327 isNy <

5.6 x 10?2 cm2 (c-stat=341.1, d.o.t= 360). Selecting photons 3:4.1. GTC spectrum

fromt—Ty = 86.4 stot—Tp = 2152 s, when the spectral change¥®V/e obtained spectroscopy of the afterglow of GRB 140515A

are minor, we obtain an upper limit on the column density afith OSIRIS (Cepa et al. 2000) at the 10.4m Gran Telescopio

Ny < 8.9x 10?2 cm2. Canarias [(de Ugarte Postigo et al. 2014b). The observations
Also for the XRT spectrum we tested the presence of a pogere obtained between 22:37:31 UT and 00:09:46 UT (mean

sible blackbody component. The resulting fit adding a thérmeapoch 14.184 hr after the GRB onset) with’Osgeing and con-

component to the power-law spectrum did not improve the a®isted of 3x 1800 s exposures. We used the R25001 VPH grism,

sorbed power law model described above. which covers the range between 7330 and 10000 A at a resolu-
The total isotropic energy in the®- 30 keV rest frame en- tion of ~1600 using a 1 slit.

ergy band i€y iso = (7.19+0.43)x 10°* erg, thus GRB 140515A  The data were reduced in a standard way (bias subtraction,

is also consistent with thEx iso — Epk i — Eiso COrrelation within - pixel-to-pixel response correction, cosmic ray removalyev

its 20 scatter|(Bernardini et al. 2012; Margutti et al. 2013).  length calibration, 1D extraction, flux calibration, andneo
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Table 2. Optical observations. Magnitudes are in AB sy Songaila ot 2. (2004)

and have not been corrected for Galactic absorption alo 7/| o Fanetal (2006)
line of sight (Es-v) = 0.02 mag,| Schlafly & Finkbeiner 20 e ) = ° .,
References for data taken from the GCNs are: 1) Fong @ GTC spectrum
2014; 2) Graham et al. 2014. 6r
@
Trmid Exposure  Filter Mag Ref. =S 5 ° ° °
[sec] sec] S ° ;
3743.0 841 white >22.14 UVvOT - °, h e i
6795.0 393  uwm2  >20.73 uvoT Sag o R i f
9203.0 1082 wm2  >20.90 uvoT & ° P N
6885.0 1141 uwl >21.28 uvoT o [ ®
6982.0 1437 u >21.35 uvoT 3 . i. o .ﬁli Lii ﬁ
3875.0 549 b >21.13 uvoT L e L H eee 0w f
4220.0 568 v > 20.27 uvoT o o 00, g ¥R TE o0
6408.0 480 z 20.27+0.11 1 Je® oo 8% 8 B Cte ©
42877.1 1500 z 22.18+0.19 NOT % o o
Si504 1500 7 22525010  NOT 50 52 sS4 56 S8 80 62
207055 1500 7  2235:020  NOT Absorption redshift (Ly o)
61200.0 3000 z 22.1+0.1 2 . . . . . .
56160.0 1800 J 20.63: 0.15 TNG Fig.3. Lya effective optical depth in the line of sight of
61200.0 2400 J 20.9+ 0.2 2 GRB 140515A compared with previous GRB and QSO works.
52344.0 3600 H 20.61+ 0.10 TNG The coloured area shows the optical depth found by Songaila
61200.0 2400 H 20.9+ 0.2 2 2004) while grey points are measurements from Fan et al.
grey p

(2006) with sample of quasars.

bination of spectra) using self-made routines based on IRAF

(Tody 1993). The resulting combined GTC spectrum showstiauum, and divided it into redshift bins of 0.1 betweegr 5.2

strong continuum above 8900 A, where the signal-to-noise ra-andz = 6.3. The results are presented in Fijy. 3 and in Table 3.

tio is ~ 20 per pixel, or~ 40 per resolution element. We only see sky line residuals up o ~ 5.5, above
which we can just give detection limits based on the noise
spectrum. Our limits are less restrictive than the ones pre-

3.4.2. X-shooter spectrum sented by Chornock et al. (2014b) due to the lower SNR,

We observed the field of GRB 140515A with the X-shooter spebUt show the same behaviour (FIg. 3). Results coming from

1 x 2 binning. The spectrum was acquired on 2014 May 16, stafiastro-Tirado et al. 2015;_Hartoog et al. 2014) are consiste

ing at 00:42:43 UT{ 15.5 hr after the GRB onset) and consiste¥ith quasar measurements (Songaila 2004; Fan et all 2006).

of 2x4x600 s exposures, for a total integration time of 4800 s

source, covering the range betwee3000 and~ 24000 A..The 3.4.4. Ly red damping wing fitting

mid expose time is 16.3 h~(0.68 d) after the GRB trigger.

The final reduced spectrum has a signal-to-noise ratio®dper We tried to fit the strongest feature seen in the spectrurs (at

pixell, with a seeing of~ 0.9” (measured from combined 2D8900 A) to an absorption Lymam{eature with a Voigt profile.

spectrum in the VIS and NIR arms). The flux calibration of thBollowing Chornock et al. (2014b), we first computed a Voigt

X-shooter, which is problematic in general (Krithler et20015; model using the same constraints, obtaining inconsisésutts.

Japelj et al. 2015), is uncertain due to unavailable stahsiaec- This could be due to the fact that they do not seem to consider

trophotometric star in the night when the observationsweree the instrumental profile, whosefect on the Lye feature is not

and because the photometric observations, which coulddx usegligible at this resolution when log(;) < 19. Looking at

to check the quality of calibration, have rather high eradrthis  Fig.[4, we can observe the residuals of a sky line subtrafgion

epoch. Thus, as the photometric observations at this epimah hangstroms blue-wards the wing, precisely at the zone drtia

rather high errors, it is not possible to use them to reliabdgale fit a Voigt model. After a careful inspection on the 2D imagés o

the spectrum. both GTC and X-shooter instruments, we concluded that tkere
no flux at this zone. Consequently, the wing profile is too ghar

. get a satisfactory fit, suggesting that the absorption isidated
3.4.3. Lya forest constraints on the IGM by the IGM and that the host absorption is masked.

We analysed the ionisation state of the IGM using the Gunn & We then built up IGM models following the prescription of
Peterson (1965) optical depth, defineckéfé = —In(7"), where Miralda-Escudé (1998), fixing the lower redshift valuete 6.0
7" the average transmission in a redshift bin. Following SdagaPecause the contribution to the wing shape below this rédshi
& Cowie (2002) and Songaila (2004) we normalised the GTeegligible (it starts to be important closer to the host)r Oest
spectrum (as its signal-to-noise ratio, SNR, is better tharx- fit, with z = 6.3298+ 0.0004 and a fraction of neutral hydro-

shooter one, see section 3.4.4) by fitting a power law to the c@&NXni < 0.002, is shown in Fid.]4. We caution that due to the
sharpness of the wing, the few points we have because of GTC

! The quoted dference in 8 between the GTC and Xshooter specfesolution, and the sky line next to the absorption, any &rm
tra is due partly to the dfierent pixel size of the two instruments andconstraints on these quantities would be unreliable, seahees
partly to the better observing conditions of the GTC obstéwua should be interpreted as the most plausible estimatiorismba
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LA ccrasoal ‘ ] [T onedin & xacrov Go1a) Table 3. IGM absorption towards GRB 140515A.
- o(R25001) Fan et al. (2006)
§ OLAS 1112040649 z 7 Iim(7) o lim(rg)
1.0t ¢l10t 5.25 - 0.0594 - 2.82
' 535 0.1174 0.0709 2.14 2.65
§ 5.45 0.1038 0.0767 2.27 2.57
= 0.8f 5.55 - 0.0739 - 2.61
~ 1102 565  — 0.0604  — 2.81
N = 5.75 - 0.0527 - 2.94
S 06 i & 585 - 00775 - 2.56
g 1 ; 595 - 00784 - 2.55
5 ;. q10° 6.05 - 0.0614 - 2.79
= 04 % 6.15 - 0.0700 - 2.66
6.25 - 0.0965 - 2.34
0.2/ F&% 110
HHHQ* _ _
, IR Japelj et al. (2015). The spectrum was corrected for Galacti
89058910891589208925 5.0 55 6.0 65 7.0 extinction (gs-vy = 0.02 mag) by using the Cardelli etl
Observed wavelength (A) Redshift al. (1989) extinction curve and Galactic extinction maps

(Schlafly & Finkbeiner 2011). Regions of telluric absorptio
Fig. 4. Left: Best IGM damping wing fit to the spectrum of GRBwere masked out. Spectrum was re-binned in bins of approx-
140515A Right: Redshift evolution of the hydrogen neutral fracimately 50 A to increase /8 and to guarantee a comparable
tion. The dotted line shows the Gnedin & Kaurov (2014) mod@leight of the optical and X-ray SED part. The absolute flux
and points (see legend) the observational measuremeriigof ¢alibration was fine-tuned with simultaneously obtainedrne
quantity. Points with arrows are lowapper limits. infrared photometric observations. The X-ray part of theDSE
was built from time integrated observations obtained betwie

) . 60 ks and its mean epoch was interpolated to the mean epoch of
can obtain from the data. Moreover, especially by the faatzh he X-shooter observations.

cannot be determined by metal lines, hybrid models caniiet 0 The SED fitting was carried out with the spectral fitting
a more accurate fit than the one showed in Elg. 4, so no Cftickage XSPECv12.8 (Arnaud 1996). We model the SED with
straints on the host HI abundance can be derived from thistevgiiner a single or broken power-law intrinsic spectrum - for
(for further discussion, see Miralda-Escudé 1998). Hawelue e |atter we assumg@x = So + 0.5 (Sari, Piran & Narayan
to the sharpness of the red damping wing, it is obvious that thggg) Extinction is modelled with the three commonly assdm
neutral hydrogen present in the IGM cannot mask neither tBg&tinction curves of Milky Way, Large and Small Magellanic
presence of a DLA nora subDLA, as their damping wings wouldljoyd [Pei 1992). Only the spectrum red-ward ofLne has
be easily identified. Consequently, we can establish a co®se peen ysed in analysis. The broadband SED is best described by
tive upper limit of logQw|) < 185 for the HI abundance in the 53 proken power-law and an SMC-type extinction wih =
host galaxy of GRB 140515A. As shown in Hig. 4, the fraction qj 11 + 0.02 mag aniBo = 0.33 + 0.02. RequiringA8 = 0.5
neutral hydrogen derived from this analysis is in good aO&® jt has heen possible to better constrain the X-ray columsiten
with the model by Gngdln & Kauro_v (2014), and it provides g, Ny = 1.35%.(2){2; % 10?22 cm2. This value is consistent with the
very relevant observational constraint. direct estimate from X-ray data only (see Section 3.2).

Last, we estimated theo3upper limits on the observer-  ag g consistency check we also built the spectral energy dis-
frame equivalent width (EW) for the Si 11260, O 111302, ipytion of the optical afterglow using all the availablagto-
and C 1111334. We find a value of 0.67 A, 1.06 A, and 1.3Gnetric observations reported in Talile 2 aBwift X-ray data.
A, respectively. These estimates are a facto more strin- The extinction estimated with photometric information,(A
gent of what reported by Chornock et al. (2014b), resultimg b.6 mag) is much higher than the one obtained from the more
upper limits on the gas-phase abundances gH[Sk —-1.4, accurate spectral analysis reported above. This is dueeto th
[O/H] < -1.1, and [GH] < -1.0. Furthermore, these lines arefact that photometric measurements are too sparse to give re
weaker than the average rest-frame EWs observed for a tylgible results. The rest-frame extinction (A~ 0.1 mag) of
cal GRB (de Ugarte Postigo et al. 2012). In fact, the strenfth GRB 140515A is consistent with theyAdistribution found for
those lines compared to the average GRB spectrum that cant complete BAT6 samplé_(Covino etal. 2013) and suggests
estimated with the use of the line strength parameter (LSStRa that this is a typical value also for highevents.
fined in de Ugarte Postigo et al. 2012), is L8P-3.15,< —3.89,
and< —2.88, respectively. This means that these lines are very
weak and that GRB 140515A exploded in a relatively low ded. Discussion
sity environment. However, our limits on the metals aburéan
do not allow us to put a stringent limit on the metallicity bet
progenitor. The most straightforward explanation for the observed X-ra
peak at ~ 3000 s (FiglR) is the onset of the afterglow emission.
This interpretation is supported by the rise and decay eslad
the X-ray light curve, that are consistent with the expéatet
We constructed a broadband spectral energy distributiBD}S for the emission of the forward shock interacting with an ho-
using the flux-calibrated X-shooter spectrum a8dift X- mogeneous medium. An alternative possibility is that thea}X-
ray data (Fig[b). X-shooter data are treated as outlined peak corresponds to a late time flaring activity, or to valiigtnf

4.1. Late time flare emission / refreshed shock

3.4.5. Spectral energy distribution
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Fig.5. Spectral energy distribution obtained with X-shootéefFig. 6. Kinematically allowed regions for afterglow variabil-
(red) and XRT data (black). We included also the radio detact ity in the Af/f vs. At/ty plane. Coloured lines with ar-
(green) of Laskar et al. (2014). Dashed lines mark the mositirows represent the allowed regions for density fluctuations
of the injection frequencyy{ = 2 x 10*? Hz) and the cooling on-axis (blue), density fluctuationsffeaxis (red), multiple
frequency {c ~ 2 x 10'® Hz) expected for a pure synchrotrordensity fluctuations fb-axis (green), refreshed shocks (pink)
model. and patchy shell (black), respectively (see loka et al. 2005

Chincarini et al. 2010; Bernardini et al. 2011, for details)}this

plot we show early timetf < 1 ks, grey points) and late time

the GRB afterglow interacting with the ambient medium. A powktpk 2 1 ks, magenta squares) flares. The red triangles are the
erful tool to investigate the nature of this variability Fetcom- three flaring episodes in GRB 140515A. The error bars account
parison of the flux increase as a function of the temporahidri  for the uncertainty on the behaviour of the underlying aenti
ity of the peak with the regions of allowance for bumps in the auum: the lower bar corresponds to a flat power-law decay after
terglow on the basis of kinematic argumenits (loka et al. p003-0° s, the high bar to a flat decay normalised to the last datapoint
In Fig.[8 we portrayed the sample of early timg (< 1 ks) and the central value to a power-law decay consistent wih th
flares (Chincarini et al. 2010) and late timig, (> 1 ks) flares slope of the optical light curve after 16.
(Bernardini et al. 2011).

If we interpret the broad X-ray bump of GRB 140515A as ] o
a Sing|e |ong_|asting ﬂaring episode it would occupy Aatent fainter than GRB 050904 and its Varlab”lty has not been/full
region with respect to the observed X-ray flares since itésatr Captured by the XRT.
terised by a very long duratiot{/t, ~ 50> 1) and large flux
variation (f/f ~ 107). It would be therefore con§istgnt With4 2 standard afterglow interpretation
being produced by refreshed shocks (Rees & Mészaros 1998;
Kumar & Piran 20000; Sari & Mészaros 2000), or by an intrinin order to explain the observed light curves, we consider a
sic angular structure on the emitting surface (a “patchy’§he semi—analytic model that describes the dynamical evaiutio
(Mészaros et al. 1998; Kumar & Piran 2000a), or by shock ref the fireball when interacting with the external circurdiur
flection generated by the interaction of the reverse shoglediumand the respective radiative emission in the stairfdar
with dense shells formed at an earlier stage of the explosi¢ard shock scenario (Nava et al. 2013). The radiative descri
(Hascoét et al. 2015). An increase of the external medium ddion is based on the model illustrated by Nappo et al. (2014),
sity would require a sharp and large jump in a uniform densithat allows us to compute the synchrotron spectrum as a func-
profile to produce the observed increase in the observed ligion of time, normalised to the bolometric luminosity olpigd
curves, which seems unlikely. by the dynamical model. We assume that the electrons are in-

A single X-ray broad peak is well outside the region of vaected with a power—law energetic distribution with indeand
lidity for the internal shock model. However, there is stile can cool for synchrotron and synchrotron self-Comtpon (SSC
possibility that the broad single peak that we are observif@diation. The model allows to obtain at each step:
is the result of the superposition of multiple peaks, eadin wi
At/te < 1. In the inset of Figl]2 we sketched a possible ten{}) the synchrotron break frequencies (i.e. the self—gtismm
poral behaviour for GRB 140515A, where three flaring events frequency,, the injection frequency; and the cooling fre-
(with a typical profile as describedin_Norris et al. 2005pau quencyvc)
posed to the underlying temporal decay, could be respansili) the fraction of dissipated energy that is emitted iniaidn
of the shape of the broad bump observed. If we consider this &aqthat is used to determine the bolometric luminosity.
scenario the observed behaviour becomes consistent with-th(iii) the comptonization parametar
ternal shocks scenario (FIg. 6). This situation resemblesase (iv) the synchrotron spectruin,syn
of GRB 050904, a GRB at very similar redshift £ 6.29) that
shows a late time variability in the X-rays and a sudden difop 0 Since the spectrum of the radiation is estimated at each time
the observed emission afterwards. However, GRB 140515Atke light curve at a specific frequenEy(tops) can be derived.
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T T T T 4.2.1. A very flat injected spectrum

0 - We model the observations in tieH, radio, and X-ray bands as
synchrotron radiation produced in the forward shock. Ireotd
obtain a successful modeling we need to assume that theazlect
injection spectrum is a power-law with a very flat indgx €
1.67) that extends up to some maximum Lorentz fagtql.
Even in this case, the model cannot find a solution for theyearl
time (very steep) X-ray emission. As suggested by e.g. Ginise
et al. (2009) we assume that the X-ray light curve is composed
by a late prompt component decaying with time as a power—
law of slope> —3 (dominant fort,ps < 600 s) and by a second
component interpreted as the actual X-ray afterglow ewnissi
(tobs = 600 s).
A good description of the detections i H, radio, and X-
NI ray bands (Fid.]7, dashed lines) is obtained using the paeasne
10° 10° reported in Tablgl4. The bump observed in the X-ray light eurv
Time [s] is due to the onset of the afterglow, correspondinbgte: 195.
The last detection in the X-ray band shows a sudden drop of
Fig. 7. Two multi-wavelength interpretations of GRB 140515Ahe X-ray flux. The temporal index after the break is very stee
afterglow light curve in X-ray band (black dots, blue lines)(ay. = 3.9 + 0.6, see tabl&]1), and is not consistent with the-
SDSSZ band (yellow circles)) band (orange circles band  oretical predictions from jetted outflows. As an alternative
(red circles, red lines) and radio band (green star, gres)i then suggest that this steepening is due to the passage of the
Dashed lines represent the solution in the “flat electrorespenaximum synchrotron frequency (associated to the maximum
trum” scenario p = 1.67). Solid lines describe the solution for_orentz factory,uy of the electrons) in the X-ray band. To model
the “multi-component” scenari@(= 2.1). the maximum frequency we assume that the ratio between the
maximum and minimum Lorentz factors of the electrons is con-
stant in time, and is equal t@nax/ymin = 2800. This interpre-
Table 4. Parameters of the proposed light curves scenarios. Yeion allows us to fully describe the observations with eead
estimatede; from Equation 1 in Sari, Piran & Halpern (1999)for a jet break. Since the light curve does not show any break
and Ghirlanda, Ghisellini & Lazzati (2004), usiifs, = 6 x until 10°s, this time represents a lower limit on the jet break

10°%erg. time. The corresponding lower limit on the jet opening angle
and on the collimation corrected eneifgyare reported in Table

flat spectrum  multi-component [. This lower limit onE, is consisted with th& — E, correla-

To 195 125 tion (Ghirlanda et al. 2004). Consistency with this cortiela, in

n 0.02 004 fact, requires a jet break at times larger theB»3L0° s, strength-

n  [em] 0.05 a5 ening the hypothesis that the steep break in the late X-ghy i

€ 0.15 012 curve is not due to the jetted geometry of the outflow.

€ 23x10* 15x10*

p 1.67 21

Oer  [°] >1.5 >2.9 4.2.2. Multi-component model

E, [erg] >21x10° > 7.9x 10%

An alternative interpretation could be obtained with a geze
electron injected spectrum. However, in this case it is - p
sible to obtain a pure synchrotron solution that can expain
rectly theJ, H, the X-ray emission and the radio detection. In
fact, if we describe simultaneously tlieH and radio emissions,
o we underestimate the X-ray light-curve. As shown also iwvipre
The parameters that can b_e_\(arled in order to reproduce fg; sections, the peculiar shape of the X-ray light curveraty
pbservgd light curves are: the initial bulk Lorentz fa_cilt_zj’)(the terised by an important time variability up tgys ~ 10* s, sug-
isotropic prompt emitted enerdyiso, the prompt radiationf8i-  gests that the X-ray emission at those times could be prgbabl
ciency (), the circumburst densityn(in case of homogeneousc,sed by the composition of the standard afterglow enmissio
medium), the injected electron spectral ind@), (the fraction j, 5 forward shock scenario and some additional emissian (fo
of dissipated energy distributed to the leptorg @nd to the jngtance flares, or a long lasting prompt emission).
magnetic field ¢g). The model_ assumes an Isotropic ejecta, so Therefore, the time of the X-ray peak must be similar to the
it can not reproduce geometrical features as jet break aledl Sigeqeleration time computed by the model. Moreover, the pre-
expansion ffect. dicted X-ray emission cannot overcome the observed fluggsin
From the modelling, two dierent interpretations of the it must be a composition of the afterglow and additional emis
multi-wavelength light curve of GRB 140515A are possible: sions. In this scenario, we expect that the rise of the X-nay fl
pure synchrotron emission by electrons with a very flat spett (atto,s ~ 10° s) corresponds to the rise of the X-ray afterglow.
(with p < 2) or a multi-component model (with> 2). We con- Adding few constrains we obtain a compatible multi-waveglan
sidered only the radial, H and the X-ray band emissions, sinceprediction of the afterglow light curve (see solid lines ig.i).
as shown in section 3.3, the optical SD8®&mission is strongly The set of used parameters for this scenario is reportee@abl
affected by absorption and the resulting flux is very likely unde  In this scenario the X-ray afterglow prediction is below the
estimated. observed data at early times, while the last observed detect
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becomes compatible with the expected afterglow emissibis. T Table 5. Absorption properties of the GRBs with > 5 (for

is consistent with the hypothesis of a multi-component X-rahe events marked with * the redshift was estimated photomet
emission, and we can assume that onlytfge > 2 x 10° s we cally). References: 1) Evans et al. 2010; 2) Perley et al028)1
are observing a pure X-ray afterglow emission, not contateith Jakobsson et al. 2006; 4) Covino et al. 2013; 5) Salvatert&;20
by long-lasting central engine activity. 6) Hartoog et al. 2014; 7) Totani et al. 2006; 8) This work.

At the time of the Chandra observation, the X-ray afterglow

flux predicted by this modelling is marginally consistentivthe GRB z  1og(Nw)  1og(Nhx) Av Ref.
Chandra upper limit. A jet break around this time would make [em™] [10% cm™] [mag]
the energetic consistent with the prediction of Byg — E, cor- ~ 060522 5.11 - < 160 - 1
relation. However, since a break is not strictly requiredoby 071025 <5.2 B 49+ 19 <054 1,2
. . C . 140304A 5.283 - < 120 - 1
modelling, we conservatively set a lower limit on the jetdkat 050814 53 _ <168 <09 31
tiet > 2 x 10°s. The corresponding lower limits on the jet open- 131227A 53 _ 52@'20 _ 1
ing angle and on the collimation corrected energy are listed ggog27 5467 _ <36 <017 4,1
table4. 130606A 5913  19.93 <30 <02 5,6
120521C 6.0 - <60 <03 5
] ) 050904  6.295 21.6 Q‘% 0.15+0.07 5,7
4.3. Pop IIl or enriched Pop Il progenitor 140515A 6.327 <185 13522 0114002 8
, , 080913 6.695  19.84 98 0.12+003 5
GRB 140515A shows evidence of long lasting central-engineggo423  8.26 — 1029 <01 5
activity up to ~ 10* s after the burst event. Its red- 120923A 8.5 - <720 - 5
shift (z > 6) could suggest a Pop lll star progenitor. 090429B 9.4 — 140+10 0.10£0.02 5
These type of massive stard( = 100M,), that formed
in the early universe at low metallicityZ( < 10%), have
been also proposed as progenitor of the so-called ultrg-lon ™ ‘ ]
GRBs, i.e. GRB111209A (Gendre et al. 2013), GRB 121027A oo % .
(Hou et al. 2014), and GRB 130925A (Evans et al. 2014). Tk o ¢ :‘.o 0 ]
In this scenario, the long duration is the results of the time § 3 {..o“ 0 o @
needed for the accretion and collapse mechanisms. In the hy< ([ {"" ¢ $ ﬁ** * 4
pothesis of such a GRB progenitor one should expect to detect % ¢ , ° T

a very low density environment with a density profile domi-  op
nated by the IGM. Another expectation for such massive col- 1w0»
lapsing stars is a long-lasting blackbody emission compbine
their spectra, with a typical average rest-frame tempezabii
kTgs ~ 0.5 keV (Piro et al. 2014). This thermal emission would %
be in principle detectable by BAT afat XRT if the redshift of

the eventis low.

In the case of GRB 140515A observations do support the_
idea of a low density environment with negligible contrilut
from the host galaxy, but there are no hints for a particylam
value of the metallicity (see Section 3.4.3). Moreovernpeat
such a highz we do not expect to detect the blackbody compo-
nent withSwift instruments. Indeed we tested this possibility (see
Section 3.1) but we did not find any improvement of the fit with 2
the inclusion of a blackbody component in the prompt emissio
spectrum. Therefore, the hypothesis that GRB 140515A -origi
nated from a Pop lll star (or even from a Pop |l star with envi-

ronment enriched by Pop |1l stars) is unlikely. Fig.8. Av, Ny, and Ny/Ay ratio as a function of redshift.
Black points are from Covino et al. (2013) for events with

z < 4, while the remaining events (blue circles, purple stars)
are listed in Tabl€]5. GRB 140515A is marked with a red star.
The soliddashed gray lines in the middle panel represent the
The distribution of intrinsic column densities of GRB host& effect of the intervening material along the line of sight (see
be used to constrain the average escape fraction of ioniaing/Campana et al. 2015; Salvaterra 2015).

diation from the hosts (Chen et al. 2007), under the assompti

that GRB sightlines, taken as an ensemble, sample randesi lin

of-sight from star forming regions in GRB hosts. At interied ~ More quantitatively, the Kolmogorov-Smirnov test for the
ate redshiftsZ > 2) the sample of GRB hosts from Chen et altwo distributions of HI column densities - first from Chen &t a
(2007) indicates that only in about 5% of all cases one esEect(2007) and the second of foar- 5.9 GRBs with measureNy,
GRB sightline with logNy;) < 185. With GRB 140515A be- values - shows that the two distributions are consisterit auity

ing only 1 out of 7 GRBS witlz > 6 (and only 1 out of 3 9% probability. That probability raises to 30% if GRB 140315
with measured HI column densities), it appears that high reid excluded. The importance of constraining the escapédre
shift GRB hosts may have, on average, lower HI column dengi-reionization sources is obvious, so a larger sample ©f6

ties and, hence, higher escape fractions than their lovdshit GRBs with measured HI column densities would be highly de-
counterparts. sirable.
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Such a sample would also serve as a direct test of reion- Our detailed spectral analysis provided a best estimate of
ization atz > 6, where constraints from high redshift quasarhe neutral hydrogen fraction of the IGM towards the burst of
become scarce. A significant advantage of GRBs over quasais < 0.002 and a conservative upper limit of the HI abun-
is in their low or negligible bias. While bright quasars,el, dance in the GRB host galaxy bk < 10'8° cm2. These val-
do reside in the most massive, highly biased dark matteishalaes are slightly dierent from the ones estimated by Chornock
GRBs hosts at higlz-seem to sample the general galaxy popwet al. (2014b). In addition, the spectral absorption linés o
lation. Hence, constraints for the neutral hydrogen foactib- served in our spectra are the weakest lines ever observed in
tained from the analysis of the IGM damping wing profile in th&RB afterglows|(de Ugarte Postigo et al. 2012), suggestiag t
absorption spectra of GRB hosts can be expected to be more@G&B 140515A happened in a very low density environment.
liable than the analogous constraints from the quasar mibki However, our upper limits on the gas-phase abundances, cou-
zones. pled with the fact that we cannot establish the exact metal-t

In addition, constraints on the mean neutral fractiodust ratio, do not allow us to distinguish between metayligi
from observations of QSO proximity zones are, typicallghe range of 1¢* < [Z/H] < 0.1. This makes the possible Pop
lower limits (neutral fraction can be larger if a quasaHl star origin for GRB 140515A uncertain and doubtful.
lifetime is longer) [(Bolton et al. 2011; Robertsonetal. 201  For all highz GRBs the contribution of the host galaxy was
Robertson et al. 2015), while constraints from GRBs are upp®ot negligible (Tablgl5). GRB 140515A is the first case whés th
limits. Hence, the two observational probes are highly demp does not happen, allowing us to give the the best obsenation
mentary to each other (this is demonstrated by red and oramgestrains on a theoretical modelzat 6.
diamonds in Fid. 4).
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In Table[® we report the absorption properties - neutral tydr

gen column Qensny in the hos_t galaxy i\ X-ray equivalent paferences

column density (N.x), and optical dust extinction (A - for _

all known GRBs with redshifz > 5. As show in Tabl€]5, host Amati, L. 2006, MNRAS, 372, 233

galaxies of highe gamma-ray bursts have small but not zero exAmati, L., Guidorzi, C., Frontera, F., et al. 2008, MNRAS 13§77

tinction, and the value of their optical extinction remaimgact érnaudd'K'. ':\/i 1C£_‘99('3\}|ASPC., FleOl(':rl]'7 i G et al 20MGA 526

rather constant (0.3 Ay < 0.2 mag) over a broad range of red- Agr7nar ini, M. G., Margutti, R., Chincarini, G. etal. 20H&A, 526,

shifts. - . N . .
Bernardini, M. G., Margutti, R., Zaninoni, E., Chincarit®,. 2012,

It should be noted that no large values foy have been ever MNRASI ;125 1199 gutt nont ! %
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