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ABSTRACT

Context. Dark gamma-ray bursts (GRBs) are sources with no or faintaliear infrared (NIR) afterglow with respect to the X-ray
one. Three possible explanations of this optical darknase heen proposed, namely: i) the GRB might be at high radshith that
the Lymana absorption prevents optical identifications; ii) dust ia tBRB host galaxy may absorb the optibAR wavelengths; and
iii) the optical faintness might have an intrinsic origin.

Aims. We study two dark GRBs discovered Byift, namely, GRB 100614A and GRB 100615A. These sources arhtbrighe
X-rays, but no opticaNIR afterglow has been detected for either source, dedpiteforts of several follow-up campaigns that have
been performed since soon after the GRB explosion.

Methods. We analyze the X-ray data and collect all the opfld#R upper limits in literature for these bursts. We then thaiptical-to-
X-ray spectral energy distributions (SEDs) at the timesaitivthe reddest upper limits are available, and we modeS&Ds with
the attenuation curves of the Milky Way (MW), Small Magela€loud (SMC), and one obtained for a sample of starbursbdges.
Results. We find that to explain the deepest NIR upper limits assumitigeea MW or SMC extinction law, the visual extinction
towards GRB 100614A i8y > 47 mag, while for GRB 100615A we obta&y, > 58 mag using data taken within one day after the
burst andAy > 22 mag even 9.2 days after the trigger.

Conclusions. If these bursts were strongly extincted by dust, these tesuply that a MW or SMC-like dust obscuration is unlikely
to be able to explain their optical darkness. Since both G&Bsbright in X-rays, explanation iii) also cannot expldieit dark
classification, unless optical radiation and X-rays arepaot of the same synchrotron spectrum. In particular, th@yemission
during the first 100- 10000 s after the burst, shows in70% of the cases a “shallow phase” unexpected by the fireladiem
typically not tracked at optical wavelengths, that couldniai a stronger optical dust extinction than the real one. ker@ative, or
complementary explanation of the previous possibilityplmes greyer extinction laws. A starburst attenuatiorvelgivesAy > 11
(Ay > 15) for GRB 100614A (GRB 100615A) before 1 day after the hwtich is less extreme, despite still very high. Assuming
high redshift in addition to extinction, implies tha, > 10 atz = 2 andAy > 4 - 5 atz = 5, regardless of the adopted extinction
recipe. These lower limits are well above thg computed for previous GRBs at known redshift, but not uhyika different, exotic
possibility would be an extremely high redshift origin¥ 17 given the missing K detections). Population Il starsexpected to
emerge az ~ 20 and can produce GRBs with energies well above those @éufdar our GRBs at these redshifts. However, high
Ny values (above the Galactic ones) towards our GRBs challgnigiecenario. Mid- and far-IR late afterglow (L0°s after trigger)
observations of these extreme class of GRBs can help ufiéoetitiate between the proposed scenarios.
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1. Introduction delay time between the GRB and the optical observationsgsin
ground-based facilities could be on target only severathat:

Long-duration gamma-ray bursts (GRBs) are high energy phgr the trigger, when the afterglow faded below their sarisit
nomena linked to the death of massive stars, emitting mostiafeshold.

their radiation in the hundreds of keV range. The gammaaay ( . e ) ,

prompt) eventis followed by an afterglow at longer waveltsg The main sme_n_tlflc driver of th8wift satellite (Gehrels etal.

which is crucial to understand the physics of these souncds £004) was to facilitate the GRB afterglow detection throagh

investigate the nature of their surrounding medium. quick repointing with its narrow field instruments (XRT ineth
While the X-ray (0.1-10 keV) afterglow is virtually detedte 0.3-10 keV band, Burrows et al. 2005 and UVOT at/optical

; : . wavelengths, Roming et al. 2005) and a fast dissemination of
for all GRBs, the opticghear infrared (NIR) one is more elu- ) X . )
sive. The first optical afterglow detection (van Paradijsakt the GRB coordinates worldwide. Despite these instrumests r

1997) suggested the idea that every GRB had an optical co ﬁlnt the target fewer than two minutes after the prompt gven

: e UVOT detection rate is just 40% (Roming & Mason
terpart. However, just a few months later, the search foofiie . . . :
tical afterglow associated with GRB 970828 was unsuccess: 06). However, the quick detection with XR‘I_'_a_md the Increas
ing number of ground-based automated facilities dramiatica

(Groot et al. 1998), leading to the definition of ‘dark burst’ . . i .
underline a GRB with an X-ray counterpart, but not an opticémproved the optical follow-up success, reducing the foacof

one. GRB 970828 was not an isolated event, and the low s g_rkGRBs.

cess rate in the optig&lIR detection of afterglows became ahot  The optical darkness can be ascribed téedent factors (see
GRB topic (see e.g., Fynbo et al. 2001 and Lazzati et al. 2008)g., Fynbo et al. 2001, Perley et al. 2009). First, the GRBoea

Initially, this lack of detection was widely associated twthe at high redshift, so that the Lymanabsorption prevents optical
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identifications. Second, dust in the GRB host galaxy or alorighallow phase”, the X-ray light curve decays following tie
the line of sight can absorb the optical afterglow countdrpaterglow behavior expected from the fireball model. Inténggy,
Finally, the optical faintness can have an intrinsic origin the transition from the "shallow phase” to the "normal pHase

The definition of dark GRB evolved as more data becanignot accompanied by any spectral variation (see e.g. Léting
available. Originally, a dark GRB was an event with an X-ragl. 2009). The interpretation of the so-called "shallow g@ia
afterglow but no optical detection (Fynbo et al. 2001). Thenbserved in the Swift GRB X-ray afterglow remains unclear.
brightness and time limits were added to make this definitidrherefore, the spectral extrapolation to the optical olztéan
more specific, e.gR > 23 within 12 hr after the prompt event.times should be interpreted with caution.

Finally, the physics of the GRB was involved in the daright Here we study the ‘darkness’ properties of two GRBs
dichotomy. The basic prediction of the fireball model (M&sB (namely, GRB 100614A and GRB 100615A), which are very
& Rees 1997), which is commonly invoked to explain the aftepright in X-rays, but are not detected in the optinahr-IR band
glow, is that synchrotron radiation is responsible for thaal-  and have no reported host galaxy candidate. The paper is orga
to-X-ray emission. According to this model, the spectrdBrin  nized as follows. Sect. 2. summarizes the discovery andradbse
the optical and X-rays is a function of the power-law ingeaf  tions of these two sources, Sect. 3 presents instead owsimal
the electron energy distribution, and {8« 1)/2 or p/2 depend- method, Sect. 4 illustrates our results, and in Sect. 5 weusss

ing where the synchrotron cooling (injection) frequencytie  our findings and draw our conclusions. In the following, we as
slow (fast) cooling regime is located with respect to thesosd sume a concordance cosmology witly = 70 km st Mpc?,
band (Sari et al. 1998). The simplest blast wave models (8Vij&),, = 0.3, Q, = 0.7. Decay, photon, and spectral indices are in-

etal. 1997; Sari et al. 1998) prediet> 2, which translates to a dicated withe, ', andg, following the standard conventidrt,
spectral indexz 0.5. In this framework, Jakobsson et al. (2004)N-T' andyv#, respectively.

proposed a classification in which dark GRBs had an optizal-t

X-ray spectral indeox < 0.5. Despite many GRBs behaving

this way, it has been shown thpt< 2 is achievable both obser-

vationally and theoretically, by introducing a high-enecgt-of 2. The dataset

in the electron distribution (see e.g., Dai & Cheng 2001r|Biz

et al. 2008 and references therein). Thes; can in principle 2.1. GRB 100614A

be lower than (® in the synchrotron model. Rol et al. (2005) ) )

proposed a classification criterion based on the faintésvatl CGRB 100614A was discovered twift on June 14, 2010, at
extrapolation of the X-ray flux to the optical regime, infag 21:38:26 UT (Stratta et al. 2010). The SWBAT (15-350 keV)
the p value from both the X-ray spectral and temporal indicé?ded mask-weighted light curve shows a relatively smoeétkp

according to the fireball closure relationships (see e.gsal. Starting at~ T — 10 s, peaking around + 50 s, and ending at
1998). ~ T+ 275 s, where T is the trigger time. The burst duration has

gen estimated @k = 225+ 55 s, thus classifying this burst

Another approach was proposed by van der Horst et Q N . .
(2009). They rF:opted that, reggrdlloess of rr¥any assumptionstab%mong the long GRBs. The time-averaged spectrum is best fit by

e et AN i : imple power-law model with photon index88 + 0.15. The
the specific electron energy distribution, if both the ogitiand a simp _ 6 2
X-ray radiation are produced by synchrotron emission frben £15-150 keV fluence is (Z + 0.2) x 10° erg cn1 (Sakamoto et

same source, the spectral indices in the optiga)) @nd X- al. 2010).
ray (8x) bands are linked. In particulgbo = Bx — 0.5 if the XRT and UVOT observations were initiated 133 s and 873
cooling frequency lies between the optical and the X-raysg, as after the BAT trigger, respectively. XRT immediately folia
Bo = Bx otherwise. Thus, the optical-to-X-ray spectral index aPright afterglow. The astrometrically corrected X-rayeafow
lowed range ig3x — 0.5 < Box < Bx, With Box = Bx — 0.5 if position (using the XRT-UVOT alignment and matching UVOT
a spectral break is present just below the lowest X-ray gneriggld sources to the USNO-B1 catalogue) with 3.4 ks of ex-
detected. GRB afterglows wifBbx < Bx — 0.5 are classified as posure, is RA(J2008)17h 33m 59.82s and Dec(J208@49d
dark in this picture. 14 03.6’ (1.7” radius, 90% confidence, Osborne et al. 2010),
The complex nature of the X-ray lightcurve revealedajft while UVO_T did not_det_ect the_opti_cal counterpart despite th
between a few tens of seconds and several hours after thettriglow Galactic reddening in the direction of this burst (E(B-of
places some constraints on the dark GRB identification nusth®-03 mag, Schlegel et al. 1998). The XRT follow-up (Margeitti
mentioned above based on the assumption that both the loptfla2010) continued up to about eight days after the triggerr a
and X-ray emission have the same origin, that is, lie on theesathe overall light curve shows the canonical "steep-flatamelt
energy spectrum. The steep initial decay observed in maayX- decay (e.g. Nousek et al. 2006).
afterglow light curves and not at optical wavelengths, teied XMM-Newton also observed GRB 100614A, starting at
thought to be produced by the prompt emission, thus by a me€@4:12 UT, on June 15, 2010, for an exposure of 42 ksec (S¢harte
anism diferent from the one responsible for the afterglow. Th2010), but no results from data analysis have yet been pub-
optical and X-ray spectral energy distributions shoulchtbe lished. Several optical follow-up observations have been p
compared after the initial steep decay in order to be sutdhba formed with no opticaNIR counterpart detection. Table 1 sum-
prompt emission is not dominating the X-ray afterglow efoiss marizes the opticANIR upper limits to the GRB 100614A af-
and that early optical flashes from reverse shocks are ns¢pte terglow, together with its X-ray flux at.1 keV at the corre-
(see, e.g., van der Horst et al. 2009). In addition, in abb% 8f sponding acquisition times. Magnitudes are in the Vegaesyst
Swift/XRT detected afterglows, the X-ray light curve between @nless otherwise stated, see footnotes), but not coddote
few hundreds of seconds (thus at the end of the steep dectry) uBalactic extinction. The mean observational epochs fraggér
several minutgbours shows a plateau phase that is on averagee quoted in the second column. Bold face characters i@dica
not present in the optical counterpart (e.g. Nousek et @620 the epochs with the reddest and deepest upper limits. Figpl (
Liang et al. 2009). This behavior is not predicted by thedsad panel) shows the X-ray light curve and all the optiséR upper
fireball model. After the plateau phase, alternativelyezhiihe limits reported in Table 1.



Table1l. GRB 100614A and GRB 100615A ground-based observation suynma

Source t-T flux density U G R I z J H K
min | pWJyatl7keV | mag | mag mag mag mag mag mag mag
GRB 100614A 6.9 29.6 - - > 18 - - - - -
GRB 1006144 29 1.26 - - >21 - - - - -
GRB 100614A 31 1.08 - - - >21 - - - -
GRB 100614A 80 1.20 - - >240 | > 228 - - - -
GRB 1006144 60 0.25 - - - > 24 - - - -
GRB 100614A 258 0.10 >252 | >27.1 | >264 | >259 | >249 - - -
GRB 100614A9 570 0.07 - - - - - >22.7 - >21.6
GRB 1006144 1330 0.05 - - > 219 - - - - -
GRB 100615A"48 24 9.84 - >242 | >239 | »>229 | >225 | >214 | >20.7 | >20.3
GRB 100615A 28 9.69 - - - > 240 - - - -
GRB 1006154 114 492 - - - - - >188 | > 179 | > 16.6
GRB 100615A! 330 197 - - - - - - - >20.9
GRB 100615A™ 13200 0.013 - - - - - - - >22.2

2: BOOTES-2 TELMA 0.6m robotic telescope data from Jeline&lef2010);°: 2-m Liverpool Telescope data from Mundell et al. (20192-m
Liverpool Telescope data from Mundell et al. (2019)NOT data from Malesani et al. (2016) 4.2m William Herschel Telescope data from
Levan et al. (2010J: GTC 10.4-m data from Guziy et al. (2010),;Gemini-North data from Cenko et al. 2010bAZT-11 telescope data from
Shakhovskoy et al. (2010); GROND data from Nicuesa et al. (2010)/NTT/Ultracam data from Dhillon et al. (2010); PAIRITEL data from
Morgan et al. (2010); Gemini-North data from Cenko et al. (20108);Gemini-North data from Perley et al. (2010);

AB: Magnitudes given in the AB system

2.2. GRB100615A 3. Data analysis

GRB 100615A was discovered [Swift on June 15, 2010, at We extract the optical to X-ray spectral energy distributio
01:59:03 UT (D’Elia et al. 2010). The SWIBAT (15-350 keV) (SED) for both GRBs by selecting those epochs at which we
coded mask-weighted light curve shows three slightly @agerl have the deepest and reddest observations (i.e. fiesstenl by
ping FRED (fast rise exponential decay) peaks. The burst-duany dust extinction), to constrain at best the intrinsidagbtaf-

tion has been estimated &gy = 39+ 2 s. The time-averaged terglow flux upper limit. In addition, we attempt to select an
spectrum is best fit by a simple power-law model with photogpoch not too close to the initial X-ray steep decay, which is
index of 187 + 0.04. The fluence in the 15-150 keV band ighought to be produced by aftéirent component than the one re-

(5.0+0.1) x 107 erg cnt2. sponsible for the afterglow emission. Magnitudes wereetied
XRT and UVOT observations were initiated about a minut@r Galactic absorption.
after the BAT trigger. XRT immediately found a bright afteng. Swift/XRT data were calibrated, filtered and screened us-

The astrometrically corrected X-ray afterglow positiorsilg ing the XRTDAS package included in the HEAsoft distribu-
the XRT-UVOT alignment and matching UVOT field sources ttion (v6.10) as described in the XRT Software User's Gtiide
the USNO-B1 catalogue) with 5.2 ks of exposure is RA(J2000)nabsorbed X-ray fluxes were estimated at the selected spoch
= 11h 48m 49.26s and Dec(J2009)19d 28’ 52.4 (1.4” error (see below).

radius at the 90% confidence, Osborne et al. 2010), while UVOT A broken power-law model was fitted to the data following
did not detect the optical counterpart despite the low Giglacthe van der Horst et al. (2009) method, therefore fixing th® SE
reddening in the direction of this burst (E(B-V) of 0.05 magpormalization and the high-energy spectral index to theevab-
Schlegel et al. 1998). XRT follow-up continued up to about twtained from our X-ray data analysis (within its 90% confidenc
days after the trigger. As for GRB 100614A, the overall lightange), the spectral break at the X-ray energies and theab i
curve shows the canonical "steep-flat-normal” decay. X-ray spectral index g8ox = 8x — 0.5.

A DDT was issued and approved to observe the X-ray af- We model the optical suppression from the X-ray extrapola-
terglow with Chandra (Butler et al. 2010). The source was stiltion assuming either a Milky Way (MW) or a Small Magellanic
visible six days after the burst, and the position was reftoed Cloud (SMC) extinction curve. We also test the attenuatione
RA, Dec (J2000)= 11" 48™ 49°.34, -19d 28’ 52.0” with uncer- obtained for a sample of starburst galaxies (Calzetti €t394).
tainty of 06", and the spectral parameters were found to be We consider the upper limits as positive detections, andave v
agreement with those obtained analyzing the XRT data (see niéy that the model-predicted fluxes are consistent with taad
section). The opticaNIR afterglow was searched starting fromi.e. equal to or below the upper limits.

a few minutes from the BAT trigger, using four ground-based f
cilities, but only upper limits to its emission could be Segble 1
summarizes the optiglIR upper limits for the GRB 100615A
afterglow, together with its X-ray flux at.1 keV at the cor- For this burst, the X-ray steep decay phase ends about 30 min-
responding acquisition times. Magnitudes are in Vega systeites after the trigger, while the plateau stops 2.27 day aft
(unless otherwise stated, see footnotes), but not coddote the trigger. The reddest and deepest upper limits are those o
Galactic extinction. The mean observational epochs friggér tained 258 and 570 minutes after the trigger with the 10.4-m
are quoted in the second column. Bold face characters itgdicg&ran Telescopio Canarias (GTC) in tingriz photometric bands

the epochs with the reddest and deepest upper limits. Fiptl ( (Guizy et al. 2010) and with Gemini Near InfraRed Imager on
tom panel) shows the X-ray light curve and all the opfigéR
upper limits for GRB 100615A. L httpy/swift.gsfc.nasa.ggdocgswift/analysig

3.1. GRB100614A
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; is closely fitted by an absorbed power law with an equivalent
Fig.1. The GRB 100614A (upper panel) and GRB 100615A (botto ¢ : 1o
panel) X-ray lightcurves, together with all the optj®éiR upper limits rﬁydrogen column densityy = (1.6 + 0.7) x 10°* cm™? beyond

estimated using several ground-based facilities (seeeTafdr details). the Galactic one measured at the position of the X-ray diterg
Cyan, blue, magenta, green, yellow, black and red uppetdirepre- (NHca = 2.2 x 10?° cm?, Kalberla et al. 2005) and a photon
sents the g’ (and all those bands bluer than @), R, |, z, J, BaKds, index of ' = 2.5+ 0.3 (90% confidence range). The count rate
respectively. Vertical dashed lines emphasize the redutestrvations to unabsorbed flux conversion factor is 80! erg cn? cts™2.

and the time at which they have been obtained. Such obsemsatire N .
used in our analysis. The faintest X-ray data in the bottomepdraws The X-ray spectrum does not vary significantly during the

the GRB 100615/Chandra observation (Butler et al. 2010). plateau phase, thus we assume this spectral shape for ttlesepo
at which we wish to extract the broad-band SEDs, and we com-

pute the X-ray normalization level from the light curve ag th
the 8-m Gemini North telescope in the J and K bands (Cenkogiten epochs. The count rate 258 and 570 minutes after the tri
al. 2010b), respectively (see Table 1). The data of the flsst ager isc; = 0.03 counts St andc, = 0.02 counts st. Converting
servation were photometrically calibrated using the SD&&s these values into unabsorbed flux using the conversion&istdn
and the upper limits are at therZonfidence level (Guziy et al. factor, we findf; = 1.8x10*?ergcnm?standf, = 1.2x 10712
2010; Guziy, private communication). The data of the seaimd erg cnt? s72. The flux densities at 1.7 keV (logarithmic mean of
servation were calibrated using three 2MASS stars and eea githe XRT energy range) are therefdie = 0.10 andf,, = 0.07
at the % confidence level. The RMS spread evaluated by comdy 258 and 579 minutes after the trigger, respectively.



3.2. GRB100615A 10

106 b GRB 100815A
For this burst, the X-ray steep phase ends 185 s after thyetrig wp =

and the flat one about 5 ks later. The reddest observatiotisdfor ¢
GRB 100615A afterglow were performed in the K band 20 minz"” |
utes (Nicuesa et al. 2010), 5.5 hours (Cenko et al. 2010d), af.
9.2 days (Perley et al. 2010) after the BAT trigger (see Tahle %
The first observation falls during the plateau phase, whiddast =°"¢
two take place during the normal phase. The magnitudes of tﬁfg:
first observation are obtained using the GROND zero point and-|
the 2MASS catalog, and are at the 8onfidence level (Nicuesa 1075l vl bl
et al. 2010). The data of the second observation are caditbrat observed frequency () observed frequency ()
against three 2MASS stars and the upper limits are at ¢the 5 ¢ 7 A B
level. The RMS spread when comparing these data with caIii—Z 3

brators is 0.2 in the K band (Cenko et al. 2010a, Cenko, mrivat,.
communication). Finally, the data of the last observati@ncal- zwo
ibrated using two 2MASS stars and the upper limits are atdhe 3; '
level. The calibration is accurate t020 — 0.25 mag (Perley et
al. 2010, Perley, private communication). All these maggs  Z.-|
were corrected for Galactic reddening in the direction @ th -t
burst. The optical upper limits corresponding to the maglés ¢
of the first observation are the following (from the g’ to the Ki’ e i b\ e
band):fy < 1.0,f» < 1.0, i < 23, f, < 28, f; < 9.56, O erved freguoney () O erved freguoney ()

T T
GRB 100815A

MW model starburst model

GRB 100615A 4

e

x density™u;
o

MW model

fy < 187, fx < 27.9 uJy. The optical upper limits correspond- ., O
ing to the K data points of the second and third observatioss a ¢ GRB 1008154 | o GRB 1006154
fk < 16.1 uJy andfx < 4.9 uJy, respectively. g E

The 0.3-10 keV energy spectrum was integrated during the’ &
plateau, the normal and the normplateau phases. In all cases? |
it could be closely fitted with an absorbed power law modeé Thzo. |
photon indices anllly values are consistent in the three integra"é’m’%
tion intervals, thus we assume as the most accurate essimfate”~’ ¢
the spectral parameters, those for the overall integratiwch .|
arel’ = 235+ 0.15 andNy = (1L.05+ 0.12) x 10?2 cm™2 be- ]
yond the Galactic value at the position of the X-ray aftenglo i

1018 1017 1016 1018 1017 1018

(NHga = 3.3 x 10?° cm™?, Kalberla et al. 2005), with a count opserved freauency (42 opserved freauency (42
rate to unabsorbed flux conversion factor 210 °ergcnT®  Fig.3. GRB100615A SEDs at three fifirent epochs: GROND
ctsL. grizJHK upper limits taken 24 minutes after the trigger (upper pan-

As for GRB 100614A, we assume this spectral shape for thks) and Gemini-North K and Ks upper limits taken 5.5 hourd a2
broad-band SED analysis, computing the X-ray normalizatiglays after the trigger, respectively (middle and lower f@n@ith Sox
level from the light curve at the give epochs. The count retieen  fixed atBx — 0.5 and the optical suppression modelled with the MW
selected epochs ig = 1.0 ctgs, ¢, = 0.2 counts s!, andcs = or starburst extinction curves. Black dotted line reprEsa_alne best-fit
0.005 counts §'. Converting these values into unabsorbed qu}ﬁ'ue for the X-ray spectral slop@( = 1.35). Dashed red lines enclose
using the conversion estimated factor, we fiad= 1.5 x 1010 € 90% uncertainty ifiox.
ergcm?s?, f, =3.0x10 M ergen?s?, andf; = 7.5x 10713
erg cnt? s71. The flux densities at 1.7 keV (logarithmic mean o
the XRT energy range) are therefdie = 9.84, f,, = 1.97, and
f,, = 0.0134Jy.

I:onstraints orAy are obtained using the GT@yriz flux upper
limits obtained 258 minutes after the trigger. We ob#@&jn> 13
mag with either the MW and SMC extinction curve afvd > 8
mag with the starburst case.

For GRB 100615A, we obtain even tighter lower limits. The
SED extracted 24 minutes after the burst requikgs> 64, 79,
We find that GRB fluxes computed from both optical and NIRr 16 mag assuming either a MW or SMC extinction curve, or
data are well below the most conservative extrapolatiomfe a starburst attenuation curve, respectively. These loingts|
rays and require strong absorption using the data takernnwiith are still very high for the SED extractedSbhours post burst:
day after the trigger. For GRB 100615A, very late-time da&a aAy > 58, 72, and 15 mag for the three extinction recipes. Less
available (9.2 days after the trigger), for which the NIR flax critical but still high values, are obtained eveg 8lays from the
still below the X-ray extrapolation. burst:Ay > 22, 27, and 6 mag (Fig.3). The latter lower limits are

The GRB 100614A SED with the reddest flux upper limitower than the ones obtained at earlier epochs (but stileext),
(i.e. 570 minutes after the trigger) requires a rest-frantwad possibly due to a selectiorffect, since at later times the X-ray
dust extinction ofAy > 47, 58, and 11 mag, assuming a MWflux decreases, but the optiddIR upper limits can not become
SMC, or a starburst extinction curve, respectively, andgithe fainter consistently, owing to the instrument detectiomiis.
best-fit value foBx (Fig. 2). Even fixing the optical to X-ray = Table 2 reports all thé, lower limits evaluated from the
energy spectral index to its lowest allowed value (with80% GRB 100614A and GRB 100615A data, for MW, SMC, and
confidence range), that is, in the most conservative caseltse starburst extinction laws at the given mean observatiolepo
still provide very highAy lower limits (Table 2). Less stringent These lower limits are computed for the reported rangesef th
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Table 2. Lower limits to the visual extinction towards GRB 100614Athat observed along the dustiest MW sightlines. Extinctiah
and GRB 100615A. ues of A, < 5 are found along more than 700 Galactic sight-
lines (Diplas & Savage 1994). In a handful of extreme cases, A
can be higher, up te 20 (Predehl & Schmitt 1995). Rol et al.

Source t-T  Bx  Pox | Atmw Avsvc Avss | (2007) studied what they called a ‘prototype’ dark GRB, nigme
min mag mag mag) GRB 051022. This burst misses any optibdR detection, such
grofooLn 28 B il & 3 o | as GRB100614A and GRB 100615A, and is the darkest burst
GRB100614A 258  BO ) 18 18 11 | N thg paper by. van der Horst et al. (2009) according to their
GRB100614A 570 20O o5 31 6 | Classification criterion. Applying our analysis to GRB 0220
GRB100614A 570 150 <04 | 47 58 11 | we find Ay > 16 and 20 mag assuming a MW and SMC ex-
GRB 100614A 570 B0 69 85 17 | tinction curve, respectively. Again, these values are Wwelbw
GRB 100615A 24 20 39 47 10 | the Ay lower limits we need to fit the deepest NIR upper limits
GRB 100615A 24 135 <01| 49 60 13 | of GRB 100615A and GRB 100614A, using the same extinction
GRB 100615A 24 B0 59 73 16 | curves.
GRB100615A 330 P20 47 58 12 While a SMC-like extinction curve can adequately fit a large
GRB100615A 330 135 <00 | 58 72 15 | fraction of the dust extinction from GRB host ISM, our presen
ggg igggigﬁ 12280 ?8 tlsg ?g 138 pjcture of GRB ho§t galaxies m_akes an e_x'gr.emely obscured en-
GRB100615A 13200 135 <05 | 22 57 6 vironment of this kind a very unlikely possibility. Inde¢@dRBs,
GRB100615A 13200 50 33 40 o | even reddened ones, are hosted by blue or normal galaxies,

which are commonly detected in ordinary galaxy surveyssThi
favours a scenario of a host morphology where the line oftsigh
to the GRB is dusty, i.e., dust obscures only localized mgjio
X-ray spectral indexdx = I' — 1, estimated in Sect. 3) that cor-(see e.g., Perley et al. 2009 and references therein). Aituin s
responds to the minimum, maximum, and mean value of the @dscuration appears to be ifiscient to be responsible for the
timated 90% confidence range. Bold face characters indilcate extreme extinction levels we measure.
results obtained with the most probable X-ray spectraldnde Al these considerations hold if the optical radiation and X
Upper limits to the optical-to-X-ray spectral indigésx are also rays are part of the same synchrotron spectrum. They coiglel or
shown. inate from diferent emission processes or even be produced in
different, independent emission regions. This is possiblerin pa
ticular during the so-called "shallow phase”, where X-rayig
sion may be dominated by an emission component tHedrdi
We have analyzed twoSwift ‘dark’ GRBs, namely, from the one from which the optical flux originates (e.g. Zpan
GRB 100614A, and GRB100615A. These GRBs are daekt al. 2006 for a review). Interesting hints about the eaptyoal
according to every definition proposed until now. They are nto X-ray afterglow spectral behavior came from Greiner et al
detected in the optic&lIR down to very faint limits, despite (2011). These authors addressed the darkness problendyy stu
follow-up campaigns at ground-based facilities began a femg all the GRBs observed by the GROND imager mounted on
minutes from the BAT triggers (see Table 1). In additionjrthethe 2.2 m MPIESO telescope at La Silla (Greiner et al. 2008).
optical-to-X-ray spectral indices satigpx < 0.5 (Jakobsson et Broad-band SEDs of those GRBs with simultaneous optical and
al. 2004 criterion) angox < Bx — 0.5 (van der Horst et al. 2009 X-ray data within the first 240 minutes and after the earlyax-r
criterion). The identification of these two GRBs as dark tsirssteep decay (43 GRBs, 39 of which are long) have been extracte
according to the above-mentioned methods, is the consequeand a simple or a broken power-law spectral model has been fit-
of their intense X-ray flux coupled to the opti@dIR missing ted to the data according to the darkness criterion of van der
detections. GRB 100614A (GRB 100615A) indeed falls in thidorst et al. (2009). The optical to X-ray SEDs of those GRBs at
upper 30% (5%) of the distribution &nift/XRT GRB fluxes at known redshifts clearly show that in no case the optical #uxe
11 hr from the burst (Gehrels et al. 2008). are above the X-ray extrapolation, a signature that woula ha
The outcome of our analysis is surprising. To explain thenfirmed the possible distinct origin of the early X-ray emi
deepest NIR upper limits (i.e. the lesffexted by dust) in sion from the optical one. In particular, modelling the opti
terms of a flux suppression described by either a MW or SM&ippression from the X-ray extrapolation as SMC- or MW-type
dust extinction lawsAy > 47 (Ay > 58) mag is needed for dust extinction, Greiner et al. (2011) found in all cases adgo
GRB 100614A (GRB 100615A) before one day akd> 22 at agreement between the expected fireball spectral modehand t
9 days after the trigger for GRB 100615A. Such extréfpeval- data, and a fraction of 25% 40% of the bursts of their sample
ues have never been observed before and require an explanatiiere found to be dark (fferent percentages depend on the defi-
As an example, Perley et al. (2009) studied a sample of Bion used), where their darkness can be explained by rateler
Swift bursts rapidly observed by the Palomar 60-inch telescopgtinction (05 < Ay < 1.5), or high redshift£ > 5) for 22%
(14 of which were classified as dark) from April 2005 to Marclof the dark bursts. These results show the lack of an evident i
2008. From both optical to X-ray afterglow spectral anadyseonsistency between the optical and X-ray early afterglg& S
and host galaxy studies (applying thex < 0.5 criterion by However, the brightness of the X-ray flux may be biased by the
Jakobsonn et al. 2004 and assuming in general a SMC extipossible presence of a dominant component thégrdifrom the
tion law), they find that more than half of the dark sample isne responsible for the optical emission: excess of theydaa
extincted by dust, with three events featurihg > 2 — 6 mag, optical flux ratio could thus mimic a stronger optical absorp
two GRBs possibly being high redshift events54« z < 7), tion than the real one. Since the two SEDs of GRB 100614A,
and three being underluminous events (not detected in the dpe first one of GRB 100615A, and (marginally) the second one
tical bands, but not dark according to Jakobsonn et al. (RO@f GRB 100615A are all extracted during the shallow phases of
criterion). The dust extinction in their sample is complatito these GRBs, a ffierent origin of the optical and X-ray emission
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in these epochs could at least in part explain the opticérzss
of our GRBs. However, we note that for GRB100615Awe have 2 [ ™~ " T T T T " T [ T[T T
extracted a SED at a very late time, about nine days after the
end of the plateau phase, and we have still obtained very high [ i
Ay lower limits (A, > 20) assuming either a MW or a SMC ex- :
tinction curve. These values are less extreme than thainelota
using the other SEDs, but still very high, suggesting anathat o 1
least a concurring mechanism to account for the GRB darkness; 5 -\ -

This complementary explanation could be that local extineg; | ]
tion recipes, such as MW or SMC ones are inadequate for rg-
producing the optical suppression in the host galaxies edgh
two GRBs. Indeed, the dust and extinction properties of GR@ § 1
host galaxies are still poorly known. For example, modgllin® | "~ i
the dust absorption using greyer extinction laws, such as th' Sl
attenuation curve obtained from the observations of statbu ! |~ S~
galaxies proposed by Calzetti (1994), brings GRB 100614R an " RS 1
GRB 100615A to requirdy lower limits that are less extreme, L el i
despite still being very high. More gray extinction curvesé | T T
already been invoked for GRB environments by several asthor
(e.g. Perley et al. 2009; Stratta et al. 2004, 2005; Chen.et al I
2006; Li et al. 2008). The shape of the extinctioncurvepesi o5l Lo v 1o 0 L0 10
information on the dust properties. The study of dust in GRB
environments is particularly useful for studying any evioio of
dust properties and dust production mechanisms up to vghy hi_ . o ) )
redshifts and in "normal” galaxies. The latters are indeexten Fig.4. The visual extinctiorAy as a function of redshift for the second
representative of the majority of the galaxy populatiothea I‘?pOCh SED of GRB 100615A. Green solid, red dotted, and blsbeth

: - ines are for the Milky Way, Small Magellanic Cloud, and biast ex-

than the more extreme galaxies, such as those hosting QUASE|, ction recipes, respectively
A mixture of moderate-to-high redshift and extinction can ’ '
reduce the dust level necessary to explain the SEDs. In fige 4,
plot as an example th&, values as a function afobtained for
the second epoch of GRB 100615A observations. Although tfibe resulting values assumizg= 18 are 13 x 10°* erg and
visual extinction is considerably lower than for the= 0 case, 7.2x10°3erg, respectively. Such energies fall in the bright tail of
Ay ~ 10 atz = 2 andAy ~ 4-5 atz = 5 is still required, the GRB distribution, the most energetic burst detectedate,d
regardless of the adopted extinction recipe. Kann et all@p0 GRB 080916C, havindis, = 9 x 10°* erg (Abdo et al. 2009).
reported the computed rest-frarhg values for a vast sample of The Amati relation (Amati et al. 2008) allows for arZXcat-
GRBs with known redshift (see their fig. 3). All GRBs in thatering of the prompt emission energy peak dé 8 5 MeV in
sample are modelled withy < 1.3. Similar results are obtainedthe rest frame, assuming an isotropic energy dft®* erg. The
by Greiner et al. (2011) whose SEDs of GBRs at known receported isotropic energies must be considered as lowéslim
shift are modelled withA, < 1.5. We stress that GRB sampledoth because of the conservative choice of zhesed and be-
with known redshift are usually biased towards non-absbrbeause the BAT detector does not constrain the position of the
GRBs, and the comparison between th&jr and that of our peak emission preventing a bolometric estimate of the echitt
sources must then be taken with caution. However, the Greimergy. Thus, that these peaks are not required in the 15-150
et al (2011) sample is more than 90% complete, since only 3 dwfV spectral fit of the GRB 100614A and GRB 100615A BAT
of the 39 long GRBs observed by GROND miss a redshift estlata (Sakamoto et al. 2010; Palmer et al. 2010) is not sumgris
mation. Although ourd, lower limits in this scenario are well In addition, according to some models (see e.g., Suwa & Yoka
above those estimated for the Kann et al. (2010) and Greir2§11), a considerable fraction of the available energy dolpce
et al. (2011) samples, they are not extremely unlikely. TAns the GRB must be used to pierce the envelope of the very massive
intrinsic origin angdor dust extinction, coupled to a moderatelytar. The lack of detection of any host galaxy candidatefesé¢
high redshift could explain the darkness of GRB 100614A arfdRBs represents additional support of this scenario. Oattier
15A. hand, against the high redshift interpretation there isttiemex-

A more exotic but intriguing possibility would be that thes@ected GRB rate @& > 17 is extremely low, between®and 1
GRBs are extremely high redshift events. Assuming thatztble | GRB every 10 yr (Bromm & Loeb 2006). In addition, there is the
of any detection in the reddest NIR band (K-band) is due t@ Lynon-negligible equivalent hydrogen column density valigam
absorption from the intergalactic hydrogen neutral fagtive sured for GRB 100614A and GRB 100615A from X-ray spec-
can set a redshift lower limit of > 17. The first population of troscopy. For example, at= 18, the rest-frame column density
very massive stars (Poplll, B, < M < 10°M,) is expected would be roughly (%2)%°3 times higher than the measured value,
to form atz ~ 20. Their death is supposed to leave behind blagkus~ 300—3000x 10??cm2 for our GRBs. These high hydro-
holes of several tens of solar masses, which could be thg eg®n column densities would require an extremely dense@mvir
progenitors of active galactic nuclei. These fast-spigriilack ment surrounding the GRB, which challenges this scenario.
holes have a rotational energy of 10°° erg or more that can A possible way to dierentiate between extremely high-
power a GRB explosion (see e.g., Komissarov & Barkov 2016dshift, exotic extinction recipes and emission from idigt
Mészaros & Rees 2010; Suwa & Yoka 2011). The isotropic-en@omponents for sources such as these, would be to search for
gies of GRB 100614A and GRB 100615A can be estimated fraime afterglow in the mid- or far-IR bands. A non-detectiosoal
their BAT fluence (Sakamoto et al. 2010; Palmer et al. 2010). these bands could hardly be explained using any extimctio
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law and would definitely rule out a high redshift origin. A rtiul  van der Horst A.J., Kouveliotou C., Gehrels N., et al. 2009) £99, 1087

band detection compatible with the X-ray flux at late timeg.(e van Paradijs J., Groot P. J., Galama T. et al. 1997, Natuf, 655

> 10° s after the trigger, i.e. after the end of the "shallow phjise?iers RAM.J., Rees M.J. & Mészaros P. 1997, MNRAS, 28]

would instead favour the fireball model. In this case, given chang B. 2007, ChJAA. 7,1
lack of NIR detections, the origin of the darkness would bexin

otic extinction or high redshift, depending on the spedtalpe

in the mid- and far-IR bands.
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