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7Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, I-56127 Pisa, Italy26

8Dipartimento di Fisica “M. Merlin” dell’Università e del Politecnico di Bari, I-70126 Bari, Italy27
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ABSTRACT74

We use joint observations by the Neil Gehrels Swift X-ray Telescope (XRT) and the75

Fermi Large Area Telescope (LAT) of gamma-ray burst (GRB) afterglows to investi-76

gate the nature of the long-lived high-energy emission observed by Fermi LAT. Joint77

broadband spectral modeling of XRT and LAT data reveal that LAT non-detections of78

bright X-ray afterglows are consistent with a cooling break in the inferred electron syn-79

chrotron spectrum below the LAT and/or XRT energy ranges. Such a break is sufficient80

to suppress the high-energy emission so as to be below the LAT detection threshold.81

By contrast, LAT-detected bursts are best fit by a synchrotron spectrum with a cooling82

break that lies either between or above the XRT and LAT energy ranges. We spec-83

ulate that the primary difference between GRBs with LAT afterglow detections and84

the non-detected population may be in the type of circumstellar environment in which85

these bursts occur, with late-time LAT detections preferentially selecting GRBs that86

occur in low wind-like circumburst density profiles. Furthermore, we find no evidence of87

high-energy emission in the LAT-detected population significantly in excess of the flux88

expected from the electron synchrotron spectrum fit to the observed X-ray emission.89

The lack of excess emission at high energies could be due to a shocked external medium90

in which the energy density in the magnetic field is stronger than or comparable to that91
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of the relativistic electrons behind the shock, precluding the production of a dominant92

synchrotron self-Compton (SSC) component in the LAT energy range. Alternatively,93

the peak of the SSC emission could be beyond the 0.1–100 GeV energy range considered94

for this analysis.95

Keywords: gamma-rays: bursts: general96

1. INTRODUCTION97

Joint observations by NASA’s Neil Gehrels Swift and Fermi missions have led to a unique opportu-98

nity to study the broadband properties of gamma-ray bursts (GRBs) over an unprecedentedly broad99

energy range. The two missions have the combined capability of probing the emission from GRBs100

over eleven decades in energy, ranging from optical (∼2 eV) to high-energy gamma rays (> 300101

GeV). After more than 7 years of simultaneous operations, Swift and Fermi have detected thousands102

of GRBs, with over 100 of these bursts detected at energies greater than 30 MeV by the Fermi Large103

Area Telescope (LAT) (Vianello et al. 2015)1.104

The properties of the high-energy emission observed by the LAT can differ considerably105

from the emission detected at keV and MeV energies by other instruments. While106

some bursts show evidence for emission in coincidence with activity at keV and MeV107

energies as observed by the Swift Burst Alert Telescope (BAT) and Fermi Gamma-108

ray Burst Monitor (GBM) (Ackermann et al. 2010), others also exhibit high-energy109

emission that is temporally extended, lasting longer than the emission observed at110

lower energies (Ackermann et al. 2013a, 2014). There also appears in some cases to be111

a delay in the onset of the LAT-detected emission with respect to the emission observed112

at lower energies (Abdo et al. 2009a,b; Ackermann et al. 2013b). The delayed onset113

and long-lived component of the LAT-detected emission suggest that GRB afterglows114

commonly observed in X-ray, optical, and radio wavelengths may also produce significant115

gamma-ray emission (Kumar & Barniol Duran 2009; Razzaque et al. 2010; Ghisellini116

et al. 2010; De Pasquale et al. 2010). In this interpretation, the coincident emission117

detected by the LAT is thought to be an extension of the prompt emission spectrum118

commonly attributed to shocks internal to the relativistic outflow (Ackermann et al.119

2010; Maxham et al. 2011; Zhang et al. 2011; Yassine et al. 2017), while the late-120

time emission is due to the high-energy extension of the electron synchrotron spectrum121

produced by the external forward shock associated with the GRB blast wave moving122

into the circumstellar environment.123

The properties of the high-energy emission observed by the LAT differ considerably from the emis-124

sion detected at keV and MeV energies by other instruments. The high-energy emission is typi-125

cally temporally extended, lasting longer than the emission observed at keV energies by both the126

Swift Burst Alert Telescope (BAT) and Fermi Gamma-Ray Burst Monitor (GBM). There also ap-127

pears to be a consistent delay in the onset of the LAT-detected emission with respect to the emission128

observed at lower energies (Ackermann et al. 2013b). The delayed onset and long-lived nature of the129

LAT-detected emission suggest that the afterglow components commonly observed in X-ray, optical,130

1 https://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/lat grbs/
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and radio wavelengths may also produce significant gamma-ray emission (Kumar & Barniol Duran131

2009; Razzaque et al. 2010; Ghisellini et al. 2010; De Pasquale et al. 2010). In this scenario, the late-132

time emission detected by the LAT is due to the high-energy extension of the electron synchrotron133

spectrum produced by the external forward shock associated with the GRB blast wave moving into134

the circumstellar environment.135

Broadband fits to the simultaneous multi-wavelength observations of GRB 110731A (Ackermann136

et al. 2013a) and GRB 130427A (Ackermann et al. 2014) show similar late-time spectral and temporal137

behavior, supporting such an external shock interpretation. Likewise, a stacking analysis of the LAT138

data of Swift-localized bursts that were not detected above 40 MeV has shown evidence for sub-139

threshold emission on timescales that far exceed the typical duration of the prompt emission at keV140

energies (Beniamini et al. 2011; Ackermann et al. 2016). Furthermore, the strength of this high-141

energy sub-threshold emission correlates directly with the X-ray brightness of the burst’s afterglow142

emission, as measured by the Swift X-ray Telescope (XRT).143

Despite the growing evidence for an external shock origin of the long-lived high-energy emission144

observed by the LAT, the fact remains that only ∼ 8% of the bursts detected at keV energies within145

the LAT field-of-view (FoV) have been detected above 40 MeV (Ackermann et al. 2013b). Therefore,146

although the signature of the afterglow emission at X-ray wavelengths is largely ubiquitous in GRBs147

observed by the XRT, the high-energy component is observed in only a small subset of these bursts.148

This has led to speculation that LAT-detected bursts may represent a unique population of GRBs,149

either probing a particular type of environment (Racusin et al. 2011; Beloborodov et al. 2014a), the150

result of a unique set of afterglow conditions (Ghisellini et al. 2010), or the result of progenitors that151

produce a rare class of hyper-energetic GRBs (Cenko et al. 2011).152

In this paper we attempt to address the conditions that are required to produce the late time153

high-energy emission detected by the LAT through the use of broadband data collected by both154

Swift and Fermi. By examining joint XRT and LAT observations of 386 GRBs from 2008 August155

4 to 2014 March 23, we can model the broadband spectra of the afterglow emission associated with156

LAT-detected and non-detected GRBs. This allows us to determine if the relative sensitivities of the157

XRT and LAT are sufficient to account for the majority of LAT non-detections, or whether the LAT-158

detected bursts differ significantly in their afterglow properties from the general GRB population.159

A subset of these bursts is also subjected to detailed broadband spectral fitting of the simultaneous160

XRT and LAT data. From these spectral fits, we can determine whether the XRT and LAT data161

are consistent with being drawn from the same power-law segment (PLS) of an electron synchrotron162

spectrum, or if a break or suppression of the high-energy emission is required to explain the LAT non-163

detection. This analysis also allows us to place constraints on the existence of spectral components at164

high energies that are in excess of that predicted by the electron synchrotron model, such as external165

inverse Compton (EIC) (Fan & Piran 2006; He et al. 2012; Beloborodov et al. 2014b) and synchrotron166

self-Compton (SSC) (Dermer et al. 2000; Zhang & Mészáros 2001; Sari & Esin 2001; Wang et al.167

2013) contributions.168

The paper is structured as follows: in §2, we review the characteristics of the Fermi LAT and169

Swift XRT instruments. In §3, we define the GRB samples considered in this work and outline the170

analysis performed in §4. We present the results in §5, and discuss the implications of our results in171

§6. Unless specified otherwise, all temporal and spectral indices are defined as Fν ∝ E−βt−α, where172

β = Γ− 1, and Γ is the photon index.173
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2. INSTRUMENT OVERVIEW174

2.1. Swift BAT and Swift XRT175

The Neil Gehrels Swift observatory consists of the BAT (Barthelmy et al. 2005), the XRT (Burrows176

et al. 2005a), and the UltraViolet Optical Telescope (UVOT) (Roming et al. 2005). The BAT is a177

wide-field, coded mask gamma-ray telescope, covering a FoV of 1.4 sr and an imaging energy range178

of 15–150 keV. The instrument’s coded-mask allows for positional accuracy of 1–4 arcminutes within179

seconds of the burst trigger. The XRT is a grazing-incidence focusing X-ray telescope covering an180

energy range from 0.3–10 keV and providing a typical localization accuracy of ∼ 1–3 arcseconds.181

Swift operates autonomously in response to BAT triggers on new GRBs, automatically slewing to182

point the XRT at a new source with 1–2 minutes. Data are promptly downloaded, and localiza-183

tions are made available from the narrow-field instruments within minutes (if detected). Swift then184

continues to follow-up GRBs as they are viewable outside of observing constraints and the obser-185

vatory is not in the South Atlantic Anomaly (SAA), for at least several hours after each burst,186

sometimes continuing for days, weeks, or even months if the burst is bright and of particular interest187

for follow-up.188

2.2. Fermi LAT189

The Fermi Gamma-ray Space Telescope consists of two scientific instruments, the GBM and the190

LAT. The LAT is a pair-conversion telescope comprising a 4 × 4 array of silicon strip trackers and191

cesium iodide (CsI) calorimeters covered by a segmented anti-coincidence detector to reject charged-192

particle background events. The LAT detects gamma rays in the energy range from 20MeV to more193

than 300GeV with a FoV of ∼ 2.4 steradians, observing the entire sky every two orbits (∼3 hours)194

while in normal survey mode. The deadtime per event of the LAT is nominally 26µs, the shortness of195

which is crucial for observations of high-intensity transient events such as GRBs. The LAT triggers196

on many more background events than celestial gamma-rays; therefore onboard background rejection197

is supplemented on the ground using event class selections that are designed to facilitate study of198

the broad range of sources of interest (Atwood et al. 2009).199

In normal Fermi operations, the GBM triggers on new GRBs approximately every 1–2 days. The200

LAT survey mode rocking profile is occasionally interrupted (approximately once per month) by201

GBM initiating an autonomous repoint request (ARR) due to high-peak flux or fluence, which has202

proven to be an effective proxy for bright LAT bursts. The ARR causes Fermi to re-orient itself203

such that the GBM localization is placed at the center of the LAT FoV, where it remains for the204

next 2.5 hours, except when the GRB position is occulted the Earth. Roughly ∼ 12 GRBs per year205

simultaneously trigger both the GBM and BAT, but due to extended high-energy γ-ray emission206

observed by the LAT in some bursts, a GRB does not necessarily need to be in the LAT FoV at the207

trigger time to be detected. In normal survey mode, the LAT observes the position of every GBM208

and BAT detected burst within 3 hours.209

3. SAMPLE DEFINITION210

We compiled a sample of all GRBs observed by the XRT between the beginning of Fermi science211

operations on 2008 August 4 and 2014 March 23. The majority of bursts in the sample were observed212

by LAT during its normal survey observations at some time after the BAT trigger and the start213

of XRT observations. A small number of bursts were not observed by the LAT due to pointed214
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observations at the time of the GRB trigger. For each burst observed by the LAT, we selected good215

time intervals (GTIs) during which the well-localized afterglow position was within 65◦ of the LAT216

z-axis (boresight) beginning after the start of the first XRT observation and ending up to 20 ks post217

trigger. The sensitivity of the LAT falls as a function of off-axis angle away from the instrument218

boresight; therefore intervals during which the burst positions were > 65◦ from the boresight were219

not considered for this analysis. Neither XRT nor LAT take data during SAA passages; therefore we220

also excluded intervals that occurred during these times. GRB positions that were at angles larger221

than 105◦ with respect to the zenith direction for Fermi, placing the burst near the Earth’s limb,222

were also excluded. Observations at such large zenith angles result in emission at the burst location223

that are dominated by γ-rays from the Earth’s limb produced by interactions of cosmic rays with the224

Earth’s atmosphere. The resulting sample includes a total of 1156 usable GTIs, for 386 GRBs.225

4. ANALYSIS226

4.1. XRT227

For each burst, we obtained the XRT count-rate light curves from the public XRT team repository228

hosted at the University of Leicester (Evans et al. 2007, 2009) and applied the de-absorbed counts-229

to-energy-flux conversion factor as determined by the automated late-time spectral fits to the XRT230

data. Since the XRT coverage and the LAT GTIs may not always overlap, we fit the XRT light curves231

with a semi-automated light curve fitting routine (Racusin et al. 2009, 2011, 2016) with power laws232

or broken power laws and gaussian flares (when flaring episodes are present), in order to estimate233

the X-ray flux during XRT data gaps associated with periods of Earth occultation. We then use234

the afterglow’s time-integrated photon index and associated error to convert the XRT energy flux235

light curve in the 0.3–10 keV energy range to an extrapolated energy flux light curve in the 0.1–236

100 GeV energy range. Note that by selecting only bursts for which there were LAT observations237

after the start of XRT observations, we avoid the highly uncertain activity of both extrapolating238

backward in time and to higher energies. Given the observations of both spectral and temporal239

variability in early afterglow light curves, including energetic X-ray flares and plateaus followed by240

sharp drops in flux, this decision avoids making any assumptions about the X-ray behavior prior to241

the onset of the XRT observations even though it excludes several well-observed LAT bursts for which242

subsequent XRT observations were made via Swift target of opportunity requests (e.g., GRB 080916C243

and GRB 090926A).244

4.2. LAT245

For each interval in which the GRB was in the LAT FoV, we calculate the 95% confidence level246

upper limits, or the observed energy flux with 68% errors, in the 0.1–100 GeV energy range for247

LAT non-detections and detections respectively. We then compare these values to the expected248

energy flux in the 0.1 to 100 GeV energy range from the fit to the XRT data. The LAT flux249

estimates are obtained by performing an unbinned likelihood analysis using the standard analysis tools250

(ScienceTools version v10r01p0)2. For this analysis, we used the ‘P8R2 SOURCE V6’ instrument251

response functions and selected ‘Source’ class events from a 12◦ radius energy-independent region252

of interest (ROI) centered on the burst location. The size of the ROI is chosen to reflect the 95%253

containment radius of the LAT energy-dependent point spread function (PSF) at 100 MeV. The254

2 http://fermi.gsfc.nasa.gov/ssc/
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‘Source’ event class was specifically optimized for the study of point-like sources, with stricter cuts255

against non-photon background contamination relative to the ‘Transient’ event class that is typically256

used to study GRBs on very short timescales (Ackermann et al. 2012a).257

In standard unbinned likelihood fitting of individual sources, the observed distribution of counts258

for each burst is modeled as a point source using an energy-dependent LAT PSF and a power-259

law source spectrum with a normalization and photon index that are left as free parameters. For260

the purposes of comparing the XRT extrapolation to the LAT data, we fixed the model’s photon261

index to match the value measured by the XRT. In addition to the point source, Galactic and262

isotropic background components are also included in the model, as well as all gamma-ray sources263

in the 3FGL catalog within a source region with a radius of 30◦ centered on each ROI (Acero et al.264

2015). The Galactic component, gll iem v06, is a spatial and spectral template that accounts for265

interstellar diffuse gamma-ray emission from the Milky Way. The normalization of the Galactic266

component is kept fixed during the fit. The isotropic component, iso source v06, provides a spectral267

template to account for all remaining isotropic emission including contributions from both residual268

charged particle backgrounds and the isotropic celestial gamma-ray emission. The normalization of269

the isotropic component is allowed to vary during the fit. Both the Galactic and isotropic templates270

are publicly available3.271

We employ a likelihood-ratio test (Neyman & Pearson 1928) to quantify whether there exists a272

significant excess of counts above the expected background. We form a test statistic (TS) that273

is twice the ratio of the likelihood evaluated at the best-fit parameters under a background-only,274

null hypothesis, i.e., a model that does not include a point source component, to the likelihood275

evaluated at the best-fit model parameters when including a candidate point source at the center of276

the ROI (Mattox et al. 1996). According to Wilks’ theorem (Wilks 1938), this ratio is distributed277

approximately as χ2, so we choose to reject the null hypothesis when the test statistic is greater than278

TS = 16, roughly equivalent to a 4σ rejection criterion for a single degree of freedom. Using this279

test statistic as our detection criterion, we estimate the observed LAT flux for bursts with TS > 16280

and use a profile likelihood method described in more detail in Ackermann et al. (2012b) to calculate281

upper limits for GRBs with TS < 15.282

4.3. Joint XRT/LAT Spectral Fits283

For bursts with time intervals during which the high-energy flux extrapolation of the XRT data is284

equivalent to, or exceeds, the measured LAT flux or upper limit for that period, we also performed285

joint spectral fits to the XRT and LAT data to investigate the underlying shape of the spectral energy286

distribution (SED). To simplify the analysis, we only considered intervals with contemporaneous XRT287

and LAT data. We refer to this subsample of GTIs as our “spectroscopic” sample.288

For these fits, the Swift XRT data, including relevant calibration and response files, were retrieved289

from the HEASARC archive4 and processed with the standard Swift analysis software (v3.8) included290

in NASA’s HEASOFT software (v6.11). We use gtbin to generate the count spectrum of the observed291

LAT signal and gtbkg to extract the associated background by computing the predicted counts from292

all the components of the best-fit likelihood model except the point source associated with the GRB.293

The LAT instrument response for each interval was computed using gtrspgen.294

3 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
4 http://heasarc.gsfc.nasa.gov/docs/swift/archive/
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The spectral fits were performed using the XSPEC version 12.7.0 (Arnaud 1996). Because the295

number of counts in the LAT energy bins is often in the Poisson regime, we use the PG-statistic296

from XSPEC , since the standard χ2 statistic is not a reliable estimator of significance for low counts.297

For bursts with no detectable emission, the count spectra associated with the modeled signal cannot298

exceed the background spectra.. XSPEC takes this into account by constraining the best-fit model299

from over-predicting the signal counts in the LAT energy range. The resulting flux upper limits from300

these background-only intervals help constrain the hardness of the spectral model.301

For each time interval, we fit two functional forms to the XRT and LAT data; a single power law302

(PL) and a broken power law (BPL) model. Each form is multiplied by models for both fixed Galactic303

(phabs) and free intrinsic host (zphabs for bursts with known redshift, phabs otherwise) photoelectric304

absorption, and a free cross-calibration constant. Assuming that any break in the spectrum between305

the XRT and LAT regimes at late times would be associated with the synchrotron cooling frequency,306

i.e. the frequency at which an electron’s cooling time equals the dynamical time of the system, we307

require the two power-law indices in the BPL model to differ by ∆Γ = 0.5 in accordance with the308

theoretical expectation for electron synchrotron radiation from a forward shock (Granot & Sari 2002).309

We perform a nested model comparison in order to determine if the additional degrees of freedom310

in the BPL model are warranted over a simpler PL model. Assuming there are nalt additional311

free parameters under the alternative model, then the alternative model is statistically preferred312

at a confidence level according to the difference in the PG-statistic, hereafter referred to as ∆Stat,313

between the two fits, which is expected to follow a χ2 distribution for nalt degrees-of-freedom in the314

large sample limit. Requiring that the two power-law indices in the BPL model differ by ∆Γ = 0.5315

results in a single extra degree of freedom (i.e., the break energy) compared to the PL null hypothesis.316

Therefore, according to the χ2 cumulative distribution function, a value of ∆PG-Stat > 9 would317

represent a > 3σ improvement in the fit. We adopt this criterion as the threshold for a statistical318

preference for a break in the high-energy spectrum.319

5. RESULTS320

5.1. XRT Flux Extrapolations321

Examples of comparisons between the XRT fluxes extrapolated into the 0.1 to 100322

GeV energy range and the LAT observations for GRB 090813 and GRB 100614A are323

shown in Figure 1. The error bars on this XRT-extrapolated LAT-band flux (hereafter324

referred to as the XRT-extrapolated flux) take into account the propagation of uncertainty of325

both the X-ray flux and photon index into the LAT energy range. Both bursts shown in Figure 1326

exhibit bright X-ray afterglows, relatively hard photon indices, and were well observed by the LAT327

soon after the onset of the afterglow decay. Neither burst was detected by the LAT, and the estimated328

upper limits for the energy flux in the 0.1–100 GeV energy range are above or are consistent with329

the expected flux given the extrapolation of the XRT spectrum.330

The results of performing the same analysis on all 1156 GTIs in our sample are shown in Figure331

2. The plot shows the measured LAT flux, or upper limit, versus the XRT-extrapolated flux for a332

given interval when the burst location was within the LAT FoV. The gold stars represent the LAT333

detections in our sample, which consist of 14 GTIs for 11 GRBs. We note that all but one of these334



10 The Fermi LAT Collaboration

Figure 1. Examples of the comparison between the XRT-extrapolated flux and the LAT observations in
the 0.1–100 GeV energy range for GRB 090813 and GRB 100614A. The Γ listed in the lower left corner
indicates the time-averaged X-ray photon index used in the extrapolation. The blue dashed line represents
the best-fit power-law segments to the X-ray afterglow flux. Neither burst was detected by the LAT despite
both exhibiting bright X-ray afterglows, relatively hard photon indices, and being well observed by the LAT
soon after the onset of the afterglow decay.
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Figure 2. The measured LAT flux (yellow stars), or upper limit (downward triangles), versus the XRT-
extrapolated flux for a given interval when the burst location was within the LAT FoV. The black line
demarcates the equivalency. The blue and red colors of the downward triangles represent intervals when the
extrapolated flux fell above and below the LAT flux measurements, respectively. The gold stars represent
the LAT detections in our sample.

detections were announced via the Gamma-ray Coordinates Network (GCN)5, the two exceptions335

being GRBs 081203A and 120729A, both of which were found through this analysis. Both these336

bursts are discussed in greater detail in the 2nd Fermi LAT GRB catalog (The LAT Collaboration337

2018, in prep)338

5 https://gcn.gsfc.nasa.gov
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Figure 3. The time-average photon index Γ vs. the X-ray energy flux as measured by the XRT in the 0.3
to 10 keV energy range. The blue and red symbols represent intervals when the extrapolated flux fell above
and below the LAT flux measurements, respectively, and the gold stars represent the LAT detections in our
sample. The typical error bar is shown in the bottom right corner, and the vertical and horizontal dashed
lines separate the plot into soft/hard and dim/bright quadrants.

For 91% of the intervals examined (1055 GTIs), the XRT-extrapolated flux in the LAT energy339

range fell below the LAT upper limits (i.e. to the left of the equivalency line), and therefore were340

consistent with the LAT non-detections. The extrapolated fluxes for an additional ∼7% (84 GTIs)341

were above the LAT upper limits (i.e. to the right of the equivalency line). Interestingly, the flux342

measurements for all of the LAT detections in our sample were either consistent with the XRT343

extrapolation (4 GTIs) or fell below it (10 GTIs). None of the LAT detections showed evidence of344

emission significantly in excess of the flux expected from the extrapolation of the XRT observations.345

We examined the X-ray properties of the afterglows during these intervals in Figure 3, where we plot346

the X-ray energy flux as measured by the XRT in the 0.3–10 keV energy range versus the associated347

photon index ΓXRT. The intervals with afterglow emission that would be expected to produce high-348

energy emission in excess of the LAT sensitivity tend to be spectrally hard, with ΓXRT . 2. They349

are also drawn from a very wide range of fluxes. The LAT detections, on the other hand, are drawn350

exclusively from afterglows that exhibited bright and hard emission, with criteria roughly fulfilling351

ΓXRT . 2 and FXRT & 10−10 erg cm−2 s−1 shown as dashed green lines. The red points that occupy352

this quadrant of the plot did not have sufficiently deep upper limits for the expected high-energy flux353

to exceed the LAT sensitivity, so their non-detections are consistent with the LAT observations. The354

blue points, on the other hand, have deeper LAT upper limits, making their expected high-energy355

emission inconsistent with the LAT observations.356

We examine the properties of these afterglow intervals after folding in the LAT sensitivity in Figure357

4, where we display the time-averaged photon indices for the afterglows, as measured by XRT, versus358

the ratio of the XRT-extrapolated fluxes in the LAT energy range to the LAT upper limits (or359

measured fluxes for detections). The colors of the symbols now represent the XRT energy fluxes360

measured during the geometric mean of the afterglow interval. The geometric mean is defined as the361

square root of the product of the interval start and end times. The green dashed line represents the362
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Figure 4. The time-averaged afterglow photon index, as measured by XRT, versus the ratio of the XRT-
extrapolated flux in the LAT energy range to the LAT upper limit (or measured flux in the case of a
detection). The colors of the symbols shows the XRT energy flux measured during the geometric mean of
the afterglow interval, where the geometric mean is defined as the square root of the product of the interval
start and end times The green line represents the line of equivalency between the measured LAT flux (or
upper limit) and the XRT-extrapolated flux. The typical error bar is shown in the bottom left corner, and
the red dashed lines delineates the soft/hard populations and the green dashed line marks the line of equality
between the expected and measured LAT flux.

line of equivalency between the measured LAT flux (or upper limit) and the XRT-extrapolated flux.363

Bursts that fall to the right have X-ray extrapolations that are consistent with the LAT sensitivity,364

whereas bursts that fall to the left have X-ray extrapolations that exceed the LAT flux measurements.365

By construction, all of the blue data points in Figures 2 and 3 lie to the right of the green dashed366

line. Again, a general trend is evident wherein the bursts with the hardest afterglow spectra and367

highest observed XRT fluxes during the intervals in question are the bursts that result in X-ray368

extrapolations that either exceed the LAT upper limits or result in LAT detections.369

Figure 5 displays the same results, but now showing the ratio of the XRT-extrapolated flux to the370

measured LAT flux (or upper limit) versus the geometric mean of the temporal interval in which371

the burst position was within the LAT FoV. The colors of the symbols represents the time-averaged372

photon index as measured by spectral fits to the late-time XRT data. The stars again represent the373

LAT detections. Again, we see a general trend of bursts with harder afterglow spectra tending to374

predict high-energy emission in excess of the LAT sensitivity. Although X-ray brightness correlates375

strongly with the time of observation, Figure 5 demonstrates that many afterglows remain spectrally376

hard to late times, resulting in afterglow emission that exceeds the LAT sensitivity thousands of377

seconds after trigger. Likewise, the LAT detections appear in both early and late-time observations.378

In order to understand what differentiates the afterglow intervals that have expected high-energy379

emission that is inconsistent with the LAT observations from those with LAT detections, we selected380

all intervals to the right of the line of equivalency in Figure 2 (i.e. the blue data points), as well as all381

of the LAT-detected bursts (yellow data points), for which simultaneous XRT and LAT data exist.382
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Figure 5. The ratio of the XRT-extrapolated flux to the measured LAT flux (or upper limit) vs. the
geometric mean of the interval in which the burst position was within the LAT FoV. The colors of the
symbols represents the time-average photon index as measured by spectral fits to the late-time XRT data
and the stars represent the LAT detections. The vertical green dashed line represents the line of equality
between the measured LAT flux (or upper limit) and the XRT-extrapolated flux.

A total of 64 GTIs for 52 bursts fulfill these criteria and form the spectroscopic sample for which we383

performed additional joint spectral fits, described in the next section.384

5.2. Joint XRT/LAT Spectroscopic Fits385

Two examples of the joint spectroscopic fits performed using the contemporaneous XRT and LAT386

data for GRB 130528A and GRB 100728A are shown in Figure 6. The measured XRT spectrum in387

the 0.3 to 10 keV energy range is shown in red, while the LAT upper limits (95% confidence level) are388

shown as blue downward arrows. The green and purple dashed lines represent fits to the data using389

the single and broken power-law models described in §4.3. Neither GRB 130528A nor GRB 100728A390

were detected by the LAT during the selected intervals (GRB 100728A was detected at an earlier391

time), so upper limits are shown for emission in the 0.1 to 100 GeV energy range. Combined with the392

XRT data, these limits constrain the broadband spectral shape of the afterglow emission from these393

two bursts. In the case of GRB 130528A, a single power law covering eight orders of magnitude in394

energy is consistent with both the XRT and LAT data, whereas a broken power-law is statistically395

preferred in GRB 100728A, with an ∼ 8σ (∆PG-Stat = 64.21) improvement in the fit over a single396

power law.397

Of the 64 GTIs in our spectroscopic sample, a total of 52 intervals yielded no LAT-detected emission.398

Of these 52 GTIs, 31 (60%) have simultaneous XRT and LAT data that are consistent with being399

drawn from a spectral distribution that can be represented as a single power law. An additional400

21 GTIs (40%) show a statistical preference, at greater than 3σ significance, for a spectral break401

between the XRT and LAT data. In all but one case, the LAT data can be accommodated by402

either a power-law or a broken power-law, with a photon index change of ∆Γ = 0.5, connecting the403

contemporaneous XRT and LAT observations.404
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Figure 6. Joint spectroscopic fits performed using the contemporaneous XRT and LAT data for
GRB 130528A and the second interval of GRB 100728A. The measured XRT spectrum in the 0.3 to 10
keV energy range is shown in red, while the LAT upper limits (95% confidence level) are shown as blue
downward arrows. The green and purple dashed lines represent fits to the data using the single and broken
power-law models. The photon indices from the preferred statistically prefered fit is shown in bold.

A median photon index of ΓPL = 1.98 ± 0.16 was measured for the 31 GTIs for which a single405

power law was adequate to describe both the XRT and LAT data, where we have adopt the standard406

deviation of the sample as the error on the median. This is in contrast to the median photon index407

of ΓXRT = 1.68 ± 0.21 for this sample when measured from the XRT data alone. Therefore, adding408

the LAT data to the spectral fit softens the estimated spectral shape for these bursts. For the bursts409

which show a preference for a break in their broadband afterglow spectra, we find median XRT and410

LAT photon indices of ΓBPL1 = 1.60± 0.13 and ΓBPL2 = 2.10, where the post break photon index is411

fixed to ΓBPL2 = ΓBPL1 + 0.5. This is compared to the median photon index of ΓXRT = 1.72±0.21 for412

this sample when estimated from the XRT data alone. The median spectral fit results are summarized413

in Table 1.414

5.3. LAT Detections415

The temporal and spectral fits for the 11 LAT-detected bursts with contemporaneous XRT and416

LAT data in our spectroscopic sample are shown in the sub-panels of Figure 7. The spectral fits417

were performed using data extracted from the first detected interval for each burst. Of the 11 bursts418

analyzed, 5 show a preference for a break in their broadband spectrum between the XRT and LAT,419

with the remainder 6 being consistent with a single power law from the X-ray to gamma-ray regimes.420

As commented in §5.1, the flux measurements for all of the LAT detections were either consistent with421

the XRT extrapolation or fell below it, which is confirmed by the joint spectral fits. The broadband422

X-ray and gamma-ray spectral data for the LAT detections are all well fit by either a power-law or a423

broken power-law model, and show no evidence of high-energy emission significantly in excess of the424

flux expected from the XRT observations.425

All of the LAT-detected bursts in our sample exhibit bright X-ray afterglows with relatively hard426

X-ray photon indices (i.e., ΓXRT < 2). A median photon index of ΓPL = 1.77 ± 0.04 was measured427

for the 6 GTIs for which a single power law was adequate to describe both the XRT and LAT data.428

Unlike for the LAT non-detected bursts, this value is consistent with the median photon index of429
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ΓXRT = 1.76± 0.21 for this sample when estimated from the XRT data alone. For the bursts which430

show a preference for a break in their broadband afterglow spectrum, we find median XRT and431

LAT photon indices of ΓBPL1 = 1.72± 0.10 and ΓBPL2 = 2.22. The pre-break photon index is again432

consistent with the value estimated from the XRT data alone of ΓXRT = 1.70± 0.17 for this sample.433

The fit parameters for each individual LAT-detected burst are displayed in Table 2.434

Our analysis reveals that a single power law is capable of explaining the broadband emission from435

GRB 110731A, whereas the emission observed from GRB 130427A and GRB 090510 require a spectral436

break between the X-ray and gamma-ray regimes. These results are consistent with those previously437

reported by Ackermann et al. (2013a), Kouveliotou et al. (2013), and De Pasquale et al. (2010)438

respectively. Conversely, we find that a spectral break is statistically preferred for GRB 100728A,439

contrary to the findings of Abdo et al. (2011). In the latter case, the differing results can likely be440

attributed to the greater sensitivity of the Pass 86 data selection used in this work, compared to the441

Pass 7 data selection used in previous papers.442

Sample Best Fit GTIs ΓXRT ΓPL ΓBPL1 ΓBPL2

LAT Non-Detections PL 31 (58%) 1.68 ± 0.21 1.98 ± 0.16 – –

LAT Non-Detections BPL 21 (40%) 1.72 ± 0.21 – 1.60 ± 0.13 2.10

LAT Detections PL 6 (55%) 1.76 ± 0.21 1.77 ± 0.04 – –

LAT Detections BPL 5 (45%) 1.70 ± 0.17 – 1.72 ± 0.10 2.22

Table 1. A summary of the median best-fit parameters for the joint XRT/LAT spectral fits outlined in
§5.2 and §5.3

6 https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8 usage.html
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Figure 7. The temporal and spectral fits (left and right panels) for the 11 LAT-detected bursts with
simultaneous XRT and LAT observations in our sample. The photon indices ΓXRT listed on the temporal
plots are derived from fits to only the time-integrated XRT data, whereas the photon indices listed on the
spectral fits are obtained through the joint fits of both the XRT and LAT data. The numeric suffix in the
title of the spectral plots indicates the temporal interval from which this data was extracted.
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GRB ΓXRT ΓLAT Best Fit ∆Stat ΓPL ΓBPL1 ΓBPL2 Eb (keV)

081203A 1.94+0.10
−0.10 2.18 ± 0.36 PL 1.5 1.85 ± 0.03 1.85 ± 0.25 2.35 –

090510A 1.69+0.12
−0.12 2.44 ± 0.55 BPL 11.1 1.72 ± 0.05 1.72 ± 0.11 2.22 9958 ± 968

100728A 1.72+0.07
−0.07 1.70 ± 0.22 BPL 13.3 1.84 ± 0.05 1.84 ± 0.17 2.34 9568 ± 1045

110213A 1.88+0.04
−0.05 1.60 ± 0.36 BPL 23.4 1.74 ± 0.07 1.74 ± 0.11 2.24 10000 ± 946

110625A 1.34+0.36
−0.38 2.49 ± 0.22 BPL 9.7 1.76 ± 0.05 1.76 ± 0.23 2.26 7125 ± 1060

110731A 1.76+0.09
−0.10 1.69 ± 0.37 PL 0.1 1.77 ± 0.05 1.77 ± 0.12 2.27 –

120729A 1.76+0.13
−0.14 1.77 ± 0.35 PL 0.7 1.77 ± 0.15 1.77 ± 0.22 2.27 –

130427A 1.70+0.15
−0.16 2.06 ± 0.07 BPL 347.7 1.88 ± 0.01 1.54 ± 0.02 2.04 54 ± 18

130907A 1.75+0.04
−0.04 2.05 ± 0.35 PL 5.9 1.75 ± 0.07 1.74 ± 0.15 2.24 –

140102A 1.83+0.14
−0.15 1.53 ± 0.31 BPL 93.9 1.85 ± 0.02 1.70 ± 0.03 2.20 681 ± 16

140323A 1.97+0.11
−0.12 1.86 ± 0.42 PL 0.9 1.86 ± 0.24 1.86 ± 0.36 2.36 –

Table 2. A summary of the best-fit spectral parameters for the LAT-detected population in our sample.
ΓXRT & ΓLAT are the photon indices obtained from fitting the XRT and LAT GTIs separately, whereas ΓPL,
ΓBPL1, and ΓBPL2 are the photon indices obtained through the joint XRT and LAT fits to power-law (PL)
and broken power-law (BPL) models, respectively. The post-break photon index in the BPL model is fixed
to ΓBPL2 = ΓBPL1 + 0.5. A BPL model is statistically preferred at > 3σ over a simpler PL model when
∆Stat > 9.

6. DISCUSSION443

The results presented in §5.1 reveal that a majority of bursts that are detected by Swift XRT do444

not have sufficiently bright afterglows and/or hard spectra to be detected by Fermi LAT. Of the445

1156 intervals that we analyzed for this study, we found that only a small subset exhibited afterglow446

emission that could exceed the LAT detection threshold when extrapolated to the 0.1 to 100 GeV447

energy range. This finding illustrates that the late-time detection of afterglow emission by the LAT448

at high energies is relatively uncommon, despite nearly every Swift-detected GRB being within the449

LAT FoV at some point before the end of XRT observations. The bursts that do result in late-time450

LAT detections exclusively have afterglow intervals with emission brighter than FXRT & 10−10 erg451

cm−2 s−1 and harder than ΓXRT . 2.452

We performed joint spectral fits of simultaneous XRT and LAT data for 52 GTIs for which no453

emission was detected by the LAT, but for which their XRT derived afterglow spectra were sufficiently454

bright and hard that they exceed the LAT upper limits. These fits reveal that a majority of these455

cases (58%) can be explained by an afterglow spectrum with a slightly softer photon index when456

constrained by both the XRT and LAT data, compared to the photon index derived by fits to the457

XRT data alone. The remaining LAT non-detections required a break in their afterglow spectra458

between the XRT and LAT energy ranges, consistent with a cooling break expected in the high-459

energy regime of electron synchrotron emission from a relativistic blast wave expanding into an460

external medium.461

Of the 11 LAT-detected bursts in our sample, we find that the measured flux in the 0.1–100462

GeV energy range is either consistent with, or falls below, the flux expected at these energies from463

an extrapolation of their afterglow spectra as derived from simultaneous XRT observations. These464

results are confirmed by joint spectral fits of XRT and LAT data for these bursts, which show that the465
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broadband X-ray and gamma-ray data are well fit by either a simple power-law, or a broken power-466

law model that is consistent with a cooling break between the energy ranges of the two instruments.467

As a result, we find no evidence of high-energy emission significantly in excess of the flux expected468

from the spectrum predicted by the electron synchrotron model.469

6.1. On the Nature of the LAT-Detected Population470

An examination of the photon indices derived from the joint spectral fits for the LAT-detected and471

non-detected bursts suggests a difference between these two populations. For the LAT non-detected472

bursts, the median photon index of the spectral component connecting the XRT and LAT data is473

ΓPL = 1.98±0.16. This value is consistent with the canonical value of Γ ∼ 2 expected from the high-474

energy component of the electron synchrotron spectrum for both the slow and fast-cooling scenarios,475

for an assumed power-law electron energy distribution of p = 2. Likewise, the LAT non-detected476

bursts for which a break between the XRT and LAT was required have median pre- and post-break477

power-law indices of ΓBPL1 = 1.6 ± 0.13 and ΓBPL2 = 2.1, again consistent with the expected Γ ∼ 2478

post-break value. This indicates that the cooling break of the synchrotron spectrum lies either below479

or between the XRT and LAT energy ranges for the LAT non-detections for which we performed480

joint spectral fits.481

By contrast, the LAT-detected bursts with broadband XRT and LAT data that are best fit by a482

single power-law component yield a harder median photon index of ΓPL = 1.77 ± 0.04. The LAT-483

detected bursts for which a break between the XRT and LAT was required have median values of484

the pre- and post-break power-law indices ΓBPL1 = 1.72± 0.10 and ΓBPL2 = 2.22. The cooling break485

of the synchrotron spectrum for these bursts appears to occur either between or above the XRT486

and LAT energy ranges for a majority of the LAT-detected bursts. Not a single LAT-detected burst487

examined in our analysis has an X-ray photon index that is consistent with the canonical Γ ∼ 2 value488

expected for the highest-energy component predicted by an electron synchrotron spectrum in either489

a slow or fast cooling regime.490

The trend of LAT-detected bursts being spectrally harder in X-ray than their non-detected counter-491

parts can be seen in an examination of the afterglow properties of all LAT-detected bursts observed492

by the XRT. Figure 8 compares the photon index distributions of all LAT-detected GRBs for which493

Swift XRT observations exist. A two-sided KS test yields a p-value of 0.0146, rejecting the hypothesis494

that the two samples are drawn from the same distribution. Here we have dropped the requirement495

that the LAT detection occurred after the start of the first XRT observations, because we are ex-496

amining the properties of the afterglows of all LAT-detected bursts and and are not making a joint497

analysis between the two instruments. This allows us to include bursts such as GRBs 080916C and498

090323A, which were detected by the LAT, but for which XRT observations began after the LAT499

detections and were therefore excluded from our previous analysis. The X-ray photon index distri-500

bution for all GRB afterglows observed by the XRT peaks at ΓXRT ∼ 2, indicating that the observed501

emission is consistent with the highest-energy component predicted by an electron synchrotron spec-502

trum in either the slow or fast cooling regimes. By contrast, the X-ray photon index distribution for503

LAT-detected bursts peaks at a harder value of ΓXRT ∼ 1.8, again suggesting that the synchrotron504

spectrum’s cooling break lies either between or above the XRT and LAT energy ranges for a majority505

of the LAT-detected bursts.506

A potentially important effect that we note is that the cooling break frequency (νc) in the afterglow507

synchrotron spectrum is expected to be very smooth and possibly extend over ∼2–3 decades in photon508
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Figure 8. A comparison of the X-ray photon index distribution for all Swift XRT-detected GRBs (blue)
and those detected by the LAT (green), for which Swift XRT observations exist.

energy (Granot & Sari 2002). Therefore, in some cases νc might be either (i) near the XRT energy509

range, in which case ΓXRT > Γ1 will be inferred, with the spectral index measured by the LAT being510

ΓLAT < Γ2, resulting in a measured (or effective) spectral break ∆Γeff that is less than the theoretical511

prediction, ∆Γeff = ΓLAT − ΓXRT < Γ2 − Γ1 = ∆Γ, where Γ2 and Γ1 are the asymptotic values of the512

photon index above and below the cooling break, respectively, or (ii) νc can be near or within the LAT513

energy range, in which case ΓLAT < Γ2 can be inferred (while ΓXRT = Γ1) so that again ∆Γeff < ∆Γ.514

Therefore, imposing ∆Γ = 0.5 with a broken power-law spectrum may result in inferred Γ2 and Γ1515

values that differ from their true values, and thus complicate direct comparison to the theoretical516

prediction for the asymptotic value of Γ2, which for p ∼ 2–2.5, corresponds to Γ2 ∼ 2− 2.25.517

We examined the influence that a broad cooling break could have on our results by implementing518

the smoothly broken power-law (SBPL) spectrum described in (Granot & Sari 2002), with a fixed519

sharpness of the break set to s = 0.85. We fit this model to the XRT and LAT data for GRB 130427A520

and obtained consistent pre and post break photon indices of ΓBPL1 = 1.54 ± 0.02 and ΓBPL2 =521

2.04 ± 0.02, whereas the SBPL model returned ΓBPL1 = 1.56 ± 0.07 and ΓBPL2 = 2.06 ± 0.07. We522

conclude that the large gap in energy between the XRT and LAT data effectively mask the effects523

of the curvature in the break energy for the SBPL model as long as the spectral break is well within524

the MeV domain, resulting in asymptotic photon indices in the XRT and LAT energy ranges which525

are consistent with those obtained using the simpler BPL model. We present the break energies for526

the six LAT detected bursts for which a BPL model was preferred over a PL model in Table 2 and527

show that the break energies are well above the XRT domain or below the LAT domain, with the528

exception of GRB 130427A, for which we explicitly fit the SBPL model and showed consistency with529

the simpler BPL model.530

6.2. Constraining the Circumstellar Environment of LAT-detected GRBs531

The value and time evolution of the cooling frequency, i.e. the gyration frequency of an electron532

whose cooling time equals the dynamical time of the system, in an electron synchrotron spectrum in533

the slow-cooling regime is heavily dependent on the density profile ρext(r) = A∗r
−k of the circumstellar534
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medium (Chevalier & Li 2000; Granot & Sari 2002). The cooling frequency is expected to evolve to535

lower energies with time in a constant density interstellar medium (ISM) (k = 0) profile, and evolve536

to higher energies in a stellar wind (k = 2) environment.537

We speculate that the primary difference between the LAT-detected and non-detected populations538

may be in the type of circumstellar environment in which these bursts occur. LAT detections may539

be preferentially selecting GRBs that occur in low wind-like circumburst density profiles for which540

the synchrotron cooling break begins near the X-ray regime and does not evolve to lower energies;541

hence the afterglow spectrum above the X-ray regime that remains spectrally hard for longer periods542

of time.543

The inference that LAT-detected bursts may be preferentially occurring in wind-like environments544

is consistent with an analysis of the multi-wavelength observations of both GRB 110731A (Ackermann545

et al. 2013a) and GRB 130427A (Kouveliotou et al. 2013). Using data collected by the XRT, LAT and546

the Nuclear Spectroscopic Telescope Array (NuSTAR), Kouveliotou et al. (2013) found that a break547

between the X-ray and gamma-ray regimes best fits the broadband data for GRB 130427A at very548

late times. The authors speculate that the cooling break in the afterglow spectra of GRB 130427A549

may not have evolved with time and remained between the XRT and LAT energy ranges due to a550

circumstellar density profile that is intermediate between ISM and wind-like circumstellar density551

profiles.552

Likewise, Ackermann et al. (2013a) performed broadband modeling of optical, UVOT, BAT, XRT,553

and LAT data associated with GRB 110731A and found that initially a single power law adequately554

fit the broadband SED using BAT, GBM and LAT data. At a later time a spectral break was555

observed between the XRT and LAT data, which was interpreted as a cooling break evolving556

from low to high frequencies for a GRB blast wave evolving in a wind-like environment. Although557

they concluded that an observed break between the optical and X-ray data can be best explained558

by the presence of a cooling break between the two regimes, the photon index of Γ = 1.77 obtained559

through our joint spectral fits for this burst suggests that this break lies above the LAT energy range.560

Again, the differences between the Ackermann et al. (2013a) work and this analysis can be likely561

attributed to the greater sensitivity at low energies of the Pass 8 data used in this work, although562

we point out that our analysis does not include fits to optical data as were performed by Ackermann563

et al. (2013a).564

A preference for LAT-detected GRBs to occur in low density wind-like circumstellar environments565

was also found by Cenko et al. (2011), who modeled the broadband spectral and temporal X-566

ray, optical, and radio afterglow data of four LAT-detected GRBs: GRB 090323, GRB 090328,567

GRB 090902B, and GRB 090926A. The authors found that a wind environment best fit the data for568

all but GRB 090902B, for which a constant-density ISM environment was preferred. In this interpre-569

tation, the relatively small number of Swift XRT-detected bursts that have the expected afterglow570

behavior in a wind-like density profile (Schulze et al. 2011) may further explain the relatively small571

number of LAT detections of bright XRT-detected afterglows.572

6.3. Constraints on Inverse Compton Emission573

The results summarized in Figure 2 significantly constrain the strength and ubiquity of inverse574

Compton (IC) emission in the 0.1 to 100 GeV energy range during the XRT and LAT observations575

that we considered. Such emission is a natural consequence of non-thermal relativistic blast waves576

thought to power GRB afterglows, although a definitive detection of IC emission at GeV energies577
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has been elusive in the Fermi era. IC components can result from upscattering of soft X-ray photons578

external to the relativistic blast wave, external inverse Compton (EIC) (Fan & Piran 2006; He et al.579

2012; Beloborodov et al. 2014b), or synchrotron self-Compton (SSC) in which synchrotron-emitting580

electrons in the relativistic blast wave upscatter their own synchrotron radiation (Dermer et al. 2000;581

Zhang & Mészáros 2001; Sari & Esin 2001; Wang et al. 2013). The lack of significant emission in the582

LAT energy range in excess of the flux expected from the spectra extrapolated from XRT observations583

requires that any accompanying IC components must be subdominant to the high-energy tail of the584

synchrotron spectrum, or peak above the LAT energy range we considered for this analysis.585

We can examine these constraints more closely if we consider that the ratio of the peak flux of the586

synchrotron and SSC components, or Compton Y parameter, in the slow-cooling regime, scales as587

∝ (ǫe/ǫB)
1/2(γm/γc)

p−2. Here ǫe and ǫB are the fractional-energy densities of the relativistic electrons588

and magnetic field, and γm and γc represent the minimum injection energy and the typical electron589

Lorentz factor above which the relativistic electrons radiate a significant fraction of their energy on590

the dynamical timescale, respectively (Sari & Esin 2001). A relativistic blast wave with a large591

fraction of its total energy stored in energetic electrons (large ǫe) and/or low magnetic592

field density (extremely small ǫB), is expected to generate prominent SSC emission,593

which is in disagreement with our observations. This could point to a blast wave in the594

synchrotron-dominated regime in which a larger fraction of its total energy is stored595

in the magnetic field density (large ǫB) (Zhang & Mészáros 2001). Alternatively, the596

blast wave could be in the Klein-Nishina dominated regime in which Y < 1, even though597

ǫe/ǫB ≫ 1 because of the Klein-Nishina reduction to the electron-photon scattering cross-598

section. Both scenarios could suppress the SSC component, making it undetectable in599

the LAT energy range.600

On the other hand, the peak frequency of the SSC component scales roughly as ESSC
pk = γ2

cE
syn
pk ,601

with Esyn
pk = Ec in the slow-cooling regime, where Ec is the energy of the cooling break. Therefore,602

a non-detection of strong SSC emission could also imply that ESSC
pk is beyond the LAT energy range603

we considered. Assuming that Esyn
pk lies between or above the XRT and LAT energy range during604

our observations, this could be accommodated with a moderate value of γc of 100–1000. We note,605

though, that since the SSC component is expected to span several orders of magnitude606

in energy around ESSC
pk (Sari & Esin 2001), requiring the spectral upturn due to the SSC607

component to be above the LAT energy range is far more demanding. Likewise, the non-608

detection of the SSC component at late times, when the cooling break has potentially609

evolved into the X-ray regime, places even further constraints on this scenario.610

The widely discussed detection of high-energy photons with energies > 10 GeV hours after the611

onset of GRB 130427A has been attributed to SSC emission by Tam et al. (2013) and Wang et al.612

(2013). Ackermann et al. (2014) and Kouveliotou et al. (2013), on the other hand, both argue that613

the high-energy light curve and spectra are consistent with a single electron synchrotron spectrum614

throughout the evolution of the extended emission. Here we draw similar conclusions from the three615

intervals for which we compared the XRT and LAT data for GRB 130427A. The extension of the XRT616

spectra over-predicts the emission expected in the 0.1 to 100 GeV energy range and suggests that a617

break exists between the two energy ranges. Our joint spectral fit to the first of these three intervals618

(t0 ∼ 300 sec post trigger) shows that the broadband SED can be well described by a single electron619
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synchrotron spectrum with a cooling break between the X-ray and gamma-ray regimes, matching the620

conclusions of Kouveliotou et al. (2013) at much later times.621

The non-detection of IC emission is also notable in GRB 100728A and GRB 110213A, both of622

which were detected by the LAT and which showed energetic X-ray flares and a significant X-ray623

plateau lasting roughly ∼ 2000 sec, respectively. These light curve features have been proposed to624

be the result of late-time energy injection due to continued activity of the central engine (Burrows625

et al. 2005b; Fan & Wei 2005; Zhang et al. 2006; Panaitescu 2008) and SSC emission at GeV energies626

could be expected in such a scenario. For both bursts, our analysis finds that the contemporaneous627

XRT and LAT observations are consistent with a single spectral component. In the case of GRB628

100728A we find weak evidence of a break in the broadband spectrum, consistent with a cooling629

break in an electron synchrotron spectrum. These results point to synchrotron-dominated630

emission during the flare and plateau afterglow components, and the non-detection of631

IC emission again suggests a shocked external medium with a strong magnetic field,632

an extremely high γc value so as to have avoided the production of a dominant SSC633

component at GeV energies, or a blast wave in the Klein-Nishina dominated regime so634

as to suppress electron-photon scattering.635

7. CONCLUSIONS636

We have used joint observations by the Swift XRT and the Fermi LAT of GRB afterglows to637

investigate the nature of long-lived, high-energy emission observed by Fermi LAT. By extrapolating638

the XRT derived spectra of Swift-detected GRBs, we compared the expected flux in the 0.1 to 100639

GeV energy range to the LAT upper limits for the periods in which the burst position was within640

the LAT FoV. We found that only a small subset of bursts exhibit afterglow emission that could641

exceed the LAT detection threshold when extrapolated to the 0.1 to 100 GeV energy range. Bursts642

that do result in late-time LAT detections are almost exclusively drawn from afterglows that exhibit643

emission brighter than FXRT & 10−10 erg cm−2 s−1 and harder than ΓXRT . 2.644

Joint broadband spectral fits of XRT and LAT data reveal that a majority of LAT non-detections645

of relatively bright X-ray afterglows can be explained by an afterglow spectrum with a slightly softer646

photon index when constrained by both the XRT and LAT data, compared to the photon index647

derived by fits to the XRT data alone. The remaining LAT non-detections are consistent with a648

cooling break in the predicted electron synchrotron spectrum between the XRT and LAT energy649

ranges. Such a break is sufficient to suppress the high-energy emission below the LAT detection650

threshold. On the other hand, the broadband spectra of LAT-detected bursts are best modeled by651

spectral components that indicate that the cooling break in the synchrotron spectrum lies either652

between or above the XRT and LAT energy ranges.653

Since the value and time evolution of the cooling frequency in an electron synchrotron spectrum is654

strongly dependent on the density profile of the circumstellar medium, we speculate that the primary655

difference between bursts with afterglow detections by the LAT and the non-detected population may656

be the type of circumstellar environment. Late-time LAT detections may be preferentially selecting657

GRBs that occur in low-density wind-like circumburst environments for which the synchrotron cooling658

break begins near the X-ray regime and does not evolve to lower energies, resulting in an afterglow659

spectrum above the X-ray regime that remains spectrally hard for longer periods of time, enhancing660

the detectability of the afterglow in the LAT energy range.661
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We find no evidence of high-energy emission significantly in excess of the flux expected from the662

spectrum predicted by the electron synchrotron model. In addition, joint spectral fits of contempo-663

raneous XRT and LAT observations of an episode of energetic X-ray flaring in GRB 100728A and a664

significant X-ray plateau in GRB 110213A find that the XRT and LAT data are consistent with a665

single spectral component. The lack of excess emission at high energies points to two possibilities: 1)666

a shocked external medium in which the energy density in the magnetic field is elevated or compa-667

rable to that of the relativistic electrons behind the shock, precluding the production of a dominant668

SSC component in the LAT energy range at late times, or 2) the peak of the SSC emission is beyond669

the 0.1 to 100 GeV energy range we considered.670
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