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Abstract Gamma-ray Bursts (GRBs) are the most pow-
erful transients in the Universe, over—shining for a few
seconds all other y-ray sky sources. Their emission is
produced within narrowly collimated relativistic jets
launched after the core—collapse of massive stars or the
merger of compact binaries. THESEUS will open a new
window for the use of GRBs as cosmological tools by se-
curing a statistically significant sample of high-z GRBs,
as well as by providing a large number of GRBs at low—
intermediate redshifts extending the current samples to
low luminosities. The wide energy band and unprece-
dented sensitivity of the Soft X-ray Imager (SXI) and
X-Gamma rays Imaging Spectrometer (XGIS) instru-
ments provide us a new route to unveil the nature of
the prompt emission. For the first time, a full character-
isation of the prompt emission spectrum from 0.3 keV
to 10 MeV with unprecedented large count statistics
will be possible revealing the signatures of synchrotron
emission. SXI spectra, extending down to 0.3 keV, will
constrain the local metal absorption and, for the bright-
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est events, the progenitors’ ejecta composition. Investi-
gation of the nature of the internal energy dissipation
mechanisms will be obtained through the systematic
study with XGIS of the sub-second variability unex-
plored so far over such a wide energy range. THESEUS
will follow the spectral evolution of the prompt emis-
sion down to the soft X—ray band during the early steep
decay and through the plateau phase with the unique
ability of extending above 10 keV the spectral study of
these early afterglow emission phases.

Keywords First keyword - Second keyword - More

1 Introduction

Our picture of Gamma Ray Bursts (GRBs) has evolved
in the latest 50 years through giant steps forward en-
abled mainly by outstanding observational discoveries
from space or ground based facilities. From their dis-
covery in the seventies [58], the Burst And Transient
Source Experiment (BATSE) on board CGRO revealed,
in the 90s, the non-thermal nature of the emission, con-
firmed their isotropic sky distribution and revealed the
existence of the short/long divide [59]. The discovery of
the afterglow emission by BeppoSAX [22] and the mea-
surement of their redshifts definitely closed the debate
about the distance scale to these powerful sources, prov-
ing the cosmological origin and implying cataclysmic
energies. Soon after, the first direct evidence of the ori-
gin of long GRBs from massive star progenitors [35]
was secured. The sample of GRBs with measured red-
shift progressively increased in number with a major ad-
vancement imprinted by the Swift satellite which among
other discoveries, identified the farthest GRBs ever (e.g.
GRB 090423 - [107,110]), detected the first short GRB
afterglow and allowed the measurement of their dis-
tance scale [36]. Swift revealed the unexpected tempo-
ral structure of the early X-ray afterglow [109,17] thus
opening a new window on the transition between the
prompt and the afterglow phase. Since 2008, the Fermi
satellite revealed the emission of GRBs in the 10 keV —
100 GeV energy range thus probing the early rise of the
afterglow emission at very large energies (> 100 MeV
- [3,38,4]) and allowing us to systematically study the
shape of the prompt emission of long and short GRBs
(e.g., [73,51,18]). The year 2017 witnessed the opening
of the multi-messenger era where GRBs are still among
the main characters: the first association of the gravita-
tional wave signal GW 170817 from the merger of two
neutron stars with a short GRB 170817 [1,2] confirmed
that binary compact mergers can be the progenitors of
short GRBs and that in the merger a bright thermal
emission, the kilonova, is produced [87]. Very recently,

the ground based Cherenkov telescope MAGIC clearly
detected the inverse Compton peak (0.2 — 1 TeV) of the
afterglow emission in the nearby GRB 190114C [68,69].

While the observational picture of GRBs was en-
riched by both the progressively larger sample of GRBs
with measured reshifts pinpointed by the Swift satel-
lite and by the study of the emission in the MeV-GeV
energy range by the Fermi satellite, the sample of high
redshift GRBs still comprises only 6 events at z > 6
[100]. These GRBs are crucial to probe the early Uni-
verse.

THESEUS [8] combines the rapid slewing capabili-
ties and large field of view of Swift with the large energy
range and effective area of Fermi. The added values are
the high sensitivity of the Soft X-ray Imager (SXI),
the wide energy range and large effective area of the
X-Gamma rays Imaging Spectrometer (XGIS) and the
on-board Infra-Red Telescope (IRT). This unique com-
bination of instruments on board THESEUS will allow
us to detect high redshift GRBs (and measure their red-
shifts), and study the prompt and X-ray properties of
the full population of detected events.

This paper is organized as follows. In Section 2 we
describe the population models for both long and short
GRBs we developed in order to predict the expected
GRB samples detectable by THESEUS. Section 3 dis-
cusses how the combination of THESEUS X-ray and
~v—ray instruments will provide a new route to study the
prompt emission phase and, in particular, to reveal the
signature of the synchrotron emission. In Section 4 we
show how THESEUS can monitor the transition from
the prompt to the afterglow. In Section 5 we present the
contribution of THESEUS/XGIS to the study of sub-
second variability which can shed light on the nature of
the internal energy dissipation mechanism. Conclusions
are reported in Section 6.

Throughout the paper we adopted the ’concordance’
model values for the cosmological parameters: h = 0.7,
Qm = 03, 24 = 0.7, where h is the dimensionless
Hubble constant, Hy = 100k km s~ Mpc~?!.

2 Populations of GRBs accessible by THESEUS

Our current knowledge of the population of long and
short GRBs is based on samples of events (thousands
of bursts) detected by past and current GRB detectors
on board different satellites. These samples, providing
us a statistically rich view of the prompt emission prop-
erties of GRBs, are subject to the specific instrumental
selection effects, namely the ability to detect, within
the detector’s energy window, GRBs above a given lim-
iting flux. More specifically, given the prompt emission
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diversity in terms of temporal variability, overall dura-
tion and spectral shape and evolution, GRB samples de-
tected by a specific instrument are biased by its proper-
ties such as the (direction-dependent) effective area, the
temporal resolution, the instrumental background level,
the trigger algorithms, etc. Over the last 20 years, with
the discovery of GRB afterglows (started with [22]),
our picture was further enriched by the measurement of
redshifts allowing us to access the intrinsic properties
of these sources such as the luminosity, spectral peak
energy, duration. Swift has a primary role in this field
ensuring fast pinpointing, down to few arcmin precision,
of the afterglow. Spectroscopy from ground provides us
the redshift of an increasingly larger sample of GRBs,
although with an average efficiency of ~30% for GRBs
triggered by Swift/Burst Alert Telecospe (BAT) [104].

If we aim to estimate the GRB detection rate of an
instrument like none before, we cannot rely on these
biased samples but rather we should rely on GRB pop-
ulation models which eventually allow us to extend the
detection to any combination of source physical param-
eters, beyond what has been explored so far.

A population of cosmic sources can be described by
the luminosity function (i.e. the number of sources as a
function of their luminosity or energy) and the distri-
bution in redshift. For GRBs, a direct measure of these
functions is hampered by the many biases that shape
current observed samples (e.g. [85]) and the paucity
of GRBs with measured redshifts. For the study of
the science requirements of THESEUS we built a syn-
thetic population of GRBs under physically motivated
assumptions on the shape of the two functions [47].

The luminosity function of both long and short GRBs
is usually parametrised (e.g. [104,113,114,84,45]) as a
double power-law with a faint end slope ay, a bright
end slope a; and a break luminosity Lpreak. We ex-
tend the luminosity function down to ~ 1 x 10%6 erg
s~! in order to include also low luminosity events like
GRB 980425. We assume that the luminosity function
is the same at all redshifts. In virtue of the existence
of a link between the luminosity and the peak energy,
this also ensures that the simulated population includes
also very soft GRBs [84] (also known as X—ray flashes
- [102]).

The intrinsic redshift distribution depends on the
physical conditions that give rise to the GRB event and
therefore its shape is different for long and short GRBs.
Long GRBs are now associated with the core collapse of
massive stars by the detection of a type Ib,c supernova
associated with almost all long GRB events in the low-
redshift Universe where these studies are possible [56].
This fact suggests that long GRBs could be good tracer
of the star formation. However, both population stud-

ies (e.g. [106,104]) and the observed properties of the
galaxies hosting the GRB event [112,83,57,111,79] sug-
gest that their rate increases with redshift more rapidly
and peaks at higher redshift than that of stars. These
evidences support a scenario in which the GRB event
requires a low-metal content in the progenitor star [55,
117] and, therefore, their formation is hampered in a
metal-rich environment. We model this effect by multi-
plying the cosmic SFR. [67] by a factor (142)? [106,104,
47] which increases the GRB-to—Cosmic star formation
rate as due to the decrease of the cosmic metallicity.
Short GRBs are one of the outcome of the mergers of
compact object (NSNS and possibly NSBH) binaries as
shown by the temporal and spatial association of GRB
170817A with the gravitational wave event GW 170817
produced by the merger of two NSs at ~40 Mpe [1,
2]. Therefore, the SGRB redshift distribution peaks at
lower redshifts than the cosmic SFR due to the delay
between the formation of the progenitor binary and its
merger [13,105,114,45]. Due to our poor knowledge of
the merger delay time distribution, we assume the in-
trinsic short GRB redshift distribution derived in [45].

We assume valid for the population of long and short
GRBs the respective prompt emission empirical corre-
lations [6,116] between the rest frame vF, peak energy
and the isotropic equivalent luminosity and energy (see
[74,25] for long and short GRBs respectively).

2.1 Monte Carlo simulation of the GRB populations

We adopt a Monte Carlo approach to simulate the pop-
ulations of long and short GRBs (LGRB and SGRB
hereafter). In both cases, at each simulated event we
assign randomly and independently a value of the peak
energy and a redshift from the assumed distributions.
Through the peak energy—isotropic luminosity [116]
and the peak energy—isotropic energy [6] correlations
(accounting also for their scatter) we assign to each sim-
ulated burst Lis, and FEis, respectively. The observer
frame fluence and peak flux of the bursts are obtained
by assuming a Band [12] spectral shape with low and
high energy spectral slopes randomly extracted based
on their observed distributions (e.g. [74]). This proce-
dure is iterated for 2 x 10® bursts in order to avoid un-
der sampling issues when dealing with relatively steep
input functions. The simulated population is then com-
pared with the observed distribution of bursts detected
by Swift and Fermi accounting for their field of view,
mission duration and duty cycle.
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Fig. 1 Expected detection rate of long GRBs by THESEUS (orange histogram) compared with observed GRBs with redshift
measured between 2005 and 2020 (blue line and filled cyan area representing lo uncertainty). The purple hatched histogram
represents the GRBs for which a determination of the redshift by either THESEUS or ground-based facilities is expected.
The green curve represents a model fitting the observed distribution on whose basis the THESEUS predictions are made.
THESEUS will detect between one and two orders of magnitude more GRBs than Swift at any redshift, and most notably in

the high-redshift regime (z > 6).

2.2 Observational constraints and calibration

The simulations are calibrated by the most updated ob-
served distributions of Swift ' and Fermi Gamma-ray
Burst Monitor (GBM) bursts?. In order to minimise
observational biases we consider only relatively bright
bursts (selection is made on the peak flux) for which ob-
served samples are complete ([47,45]). We consider the
fluence, peak flux, observed peak energy and duration
distributions of Fermi GRBs (selected sample contains
~ 800 long and ~ 200 short GRBs). For the long GRB
population we also match the peak flux distribution of
Swift GRBs. For both long and short GRBs we use as
constraints the redshift, isotropic equivalent luminosity
and energy distributions of the complete Swift samples
(BATG6 for long — [104] - and SBAT4 for short — [25]).
The simulated populations are normalized to the detec-

1 https://swift.gsfc.nasa.gov/results/batgrbcat/

tion rate of Fermi short and long GRBs by accounting
for an average duty cycle and the detector field of view.

Our procedure produces a good fit of all observa-
tional constraints when the luminosity function param-
eters for long GRBs are ay ~ —1.2 and oy ~ —2.5 (for
the faint and bright end of the function, respectively)
with a break luminosity Lpreax ~ 2 X 10°2 erg s—!.
The redshift evolution parameter of long GRBs (over-
imposed on the SFR density evolution) is found to be
0 =1.740.5 (see [104,47] for details). For short GRBs,
we obtain a relatively flat faint end of the luminosity
function with slope —0.5 and a steeper bright end with
slope —3.4, the break luminosity being at ~ 3 x 1052 erg
s~L. The intrinsic redshift distribution of short GRBs is
consistent with the convolution of the SFR with a de-
lay time distribution P(7) oc 71 (see [45] for details),
where 7 is the delay time between the compact object

2 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.hthihary formation and its merger.
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Fig. 2 Distribution of long GRBs with redshift determination in the peak isotropic luminosity versus redshift plane now
(yellow points and hatched histogram) and after the nominal operation life of THESEUS (purple points and full histogram).
The right (bottom) panel shows the differential distributions in luminosity (redshift).

2.3 GRBs detectable by THESEUS

We use the calibrated synthetic population (of long and
short GRBs) together with the knowledge of the THE-
SEUS instrumental properties to estimate the impact
of the mission on GRB population studies (see [71] for
further details). The power of THESEUS in detecting
and localizing GRBs, and eventually providing a red-
shift measurement, is shown in Fig. 1. The cumulative

distribution of GRBs detected by THESEUS through
both SXI and/or XGIS (orange histogram) is compared
to the distribution of GRBs with measured z between
2005 (the start date of the Swift mission) and the end
of 2020 (blue histogram). The orange distribution is
obtained relying on the IRT capabilities for GRBs at
z 2 5 and assuming a 50% successful rate of ground
follow up for z < 5. THESEUS will detect a factor
~ 10 more GRBs than Swift, most notably in the high



Ghirlanda, Salvaterra et al.

redshift range (z > 6). The majority of GRBs detected
by THESEUS will have a measured z either on-board
and/or from ground.

The sample of LGRBs detected by THESEUS with
z measured (violet symbols) after the nominal 3.45 yr
mission is shown in the luminosity—redshift plane of
Fig. 2. Long GRBs detected mostly by Swift and Fermi
between 2005 and 2020 with measured z and isotropic
equivalent luminosity Lis, are shown by the open yellow
symbols. The two side histograms compare the corre-
sponding L, and z distributions. GRBs detected by
THESEUS (violet symbols) will outnumber by an or-
der of magnitude the currently known bursts at z > 5.
Moreover, due to the combined extension of the energy
range down to soft X—rays and the combined SXI/XGIS
sensitivity, THESEUS will explore at any redshift the
luminosity function down to lower luminosities than
currently known.

Owing to the softer energy band sampled (0.3-5
keV), THESEUS/SXI will access a softer population
of GRBs (red contours in Fig. 3) where both soft, low
luminosity, events (mostly detected in the low redshift
Universe) are present together with high redshift events
which would appear softer. Compared to Swift and Fermi

(green and blue dashed contours in Fig. 3), THESEUS/SXI

will contribute to the study of the population of low lu-
minosity GRBs which could be characterized by differ-
ent physical properties (e.g. opening angle and/or jet
bulk velocities). The current knowledge of this popula-
tion is limited to few objects due to the higher energy
range sampled by Swift/BAT and Fermi/GBM. There-
fore, the unique capability of THESEUS/SXI to trigger
in the X-ray energy band will open a new window in the
study of those low-z, soft GRBs that are expected to
represent the bulk of the total GRB population. On the
basis of our population models, we estimate that ~20%
of bursts detected at z < 5 will have luminosities less
than 10°° erg s~! and a soft spectrum with peak en-
ergies < 50 keV. For the first time, we will be able to
compare the properties of a statistical sample of soft,
low-luminosities GRBs with their cosmological counter-
part at intermediate- or high-z. This sample will pro-
vide unique insights on the nature of soft GRBs/X-ray
flashes/X-ray rich events [102] and of low luminosity
GRBs [64,84,103] whose origin is still unclear. Finally,
the ratio between low-luminosity GRBs and supernovae
will provide an estimate of the efficiency of massive stars
to produce relativistic jets which successfully break out
of the stellar envelope [39].

The cumulative distribution representing the annual
detection rate of short GRBs by THESEUS/XGIS is
shown in Fig. 4. Note that this is not corrected for mis-
sion observation efficiency. During its 3.45 years mis-

sion, THESEUS will gather a statistically significant
sample of short GRBs allowing us to infer the proper-
ties of their population. In particular, THESEUS /XGIS
should be able to detect short GRBs up to z ~ 4 —5 so
that a more accurate reconstruction of the intrinsic dis-
tribution with cosmic times up to the highest redshift
would be possible. This will allow us to better constrain
the delay time distribution of merger events (e.g. [45]).

2.4 Afterglow detection capabilities

To assess the THESEUS requirements of measuring the
redshifts of detected GRBs, we added to the simulated
population of long GRBs a prediction of the optical /NIR
afterglow flux based on the emission produced by the
deceleration of the fireball in a constant density ex-
ternal medium. We use the model of [100]. The after-
glow luminosity depends on the kinetic energy of the
jet and on the shock efficiencies in amplifying the mag-
netic field and accelerating the emitting particles. By
following [46], these parameters are obtained by cali-
brating the simulated population of bright Swift GRBs
with a complete sample of observed bursts detected by
Swift for which the optical afterglow emission has been
sampled between 6 hours and 1 day [70]. Furthermore,
to each simulated burst we assign a value of the bulk
Lorenz factor before the deceleration proportionally to
its isotropic prompt emission energy [41,40] and a jet
opening angle randomly extracted from a log—normal
probability distribution peaking at 5 degrees and with
o = 0.1 [42]. These two parameters allow us to calcu-
late the time of the afterglow deceleration peak and the
jet break time which characterize the early and late af-
terglow light curve, respectively. We consider only the
forward external shock emission component.

Fig. 5 shows the distribution of J-band fluxes at the
peak of the afterglow (approximately reached between
200 and 2000 seconds after the trigger - see also [40])
for GRBs at z > 6 detected by THESEUS/SXI. The
vertical dotted line marks the expected limiting flux
for a 50 detection in the J band by THESEUS/IRT
in 150 s of exposure. Most of high-z GRBs that will
trigger THESEUS should be also detected by the IR
telescope ensuring the possibility to obtain a precise
position of the source in the sky and to determine their
photometric/spectroscopic redshifts directly on-board.

3 The nature of the prompt emission
The radiative process responsible for the production

of the prompt emission of GRBs has not been iden-
tified yet (e,g, see [89,118]). The spectral shape of the
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Fig. 3 The simulated long GRB population in the observer frame showing the correlation between the fluence and the observed
peak energy (grey shaded area representing the 1, 2, 3 o contours). Yellow points represent observed long GRB detected by
different missions in the last 15 yrs with measured redshift and peak energy. Red contours show the region of the fluence vs
observed peak energy plane accessible with THESEUS/SXI. Green and blue dashed contours represent the fraction of the

population accessible by Swift and Fermi respectively.

prompt emission, typically observed in the 10 keV-10
MeV energy range, is inconsistent (e.g., [91]) with ex-
pectations from the synchrotron process [108,48], for
typical parameters of the emission region. This trig-
gered the flourishing of a wide range of possible alter-
natives (e.g. thermal emission from sub-photospheric
dissipation, e.g. [66]) or modifications of the standard
synchrotron scenario (e.g. inverse Compton scattering,
peculiar magnetic field configuration in the emission
region, [94,9,82]). The lack of our knowledge on the
dominant emission processes responsible for shaping the
observed prompt emission spectra did not allow us to
make a progress in understanding of the physics of GRBs,
i.e., wDhere and how the prompt emission is produced
in the GRB jets. The identification of the dominant ra-
diative processes would allow us to study in depth the
mechanisms of relativistic jet evolution and particles ac-
celeration. The extension of the spectral analysis below
10 keV has recently revealed the unexpected presence

of a spectral break at low energies, with the bonus of
reconciling the overall shape of the prompt spectrum
with synchrotron radiation [76-78,93,92].

Besides pointing to the synchrotron process as the
mechanism producing the radiation, the detection of
this spectral break, interpreted as the signature of the
cooling frequency of emitting electrons, opened for the
first time the possibility to constrain the physical prop-
erties of the emission region (magnetic field intensity,
number of emitting particles and their characteristic en-
ergy, and localization of the emitting region). However,
the identification of this spectral break has been pos-
sible only for the small sub-sample of GRBs promptly
followed by the Swift/XRT (e.g. [77]) or for relatively
bright Fermi/GBM bursts [93,92]. A prototypical ex-
ample, GRB 180720B at z = 0.65 (Fig. 6 top left panel)
observed by Fermi/GBM, revealed [97] a steep electron
energy distribution (inferred from the slope of the high
energy power law spectrum) and a relatively small co-
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Fig. 4 Cumulative redshift distribution of short GRBs detectable with THESEUS/XGIS per year of mission. In principle,
short GRBs can be detected even at high redshifts with a rate of ~ 1 event per year at z > 4.

moving frame magnetic field, which challenge the accel-
eration mechanisms, the common understanding of the
jet composition, and the standard electron-synchrotron
scenario [49].

3.1 Accuracy of spectral parameters

THESEUS, by exploiting its larger effective area and
wider energy range compared to Fermi, will systemat-
ically observe the full GRB prompt emission spectrum
down to <1 keV (Fig. 6 bottom left panel) providing the
measurement of the low-energy spectral break and its
temporal evolution. Using GRB 180720B as a template
and moving it to different redshifts (thus accounting
for the shift of the peak and break energies and for the
decrease of the observed flux), we performed a set of
spectral simulations deriving how it would be observed
by THESEUS and by Fermi/GBM. An example of the
simulated spectra is shown in the left panels of Fig. 6.
The comparison on the parameter accuracy obtained by
fitting the simulated spectra is shown in the right panels

of Fig. 6 for THESEUS (solid lines) and Fermi/GBM
(dashed lines).

The advancement of THESEUS, exploiting its wider
energy range (0.3 keV-10 MeV) and larger effective area
with respect to Fermi/GBM, will provide accurate es-
timates of the key parameters of the prompt emission
spectrum and, therefore, of the underlying physical pa-
rameters. For instance, at z ~2, corresponding to the
peak of the THESEUS-detected population, the break
energy will be constrained with an accuracy of 20%
compared to >50% of Fermi (compare solid and dashed
black lines in Fig. 6, top right panel) with a typical error
on the spectral index of the two power-laws below the
break of 0.01-0.1 (a factor of 10 smaller than Fermi).
The extension of the spectral window down to 0.3 keV
with THESEUS/SXI will provide unique constraints on
the Hydrogen equivalent column density (/V,; magenta
solid curve in the top right panel of Fig. 6), thus reliev-
ing the degeneracy with low spectral break values.
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Fig. 5 Flux density distribution in the J-band at the peak of the afterglow (considering forward shock emission) for the long
GRBs detectable by THESEUS at redshift z > 6. The vertical dotted line shows the expected limiting magnitude of the IRT
with 150 sec exposure. Simulated afterglow flux do not include any correction for possible absorption by gas or dust along the

line-of-sight.

3.2 Identifying the spectral break

The features of the low energy spectrum of the prompt
emission of GRBs hold the key to unveil the nature
of the emission process and the energy content of the
outflow. To better assess the advancement of THE-
SEUS in characterising the spectral shape below the
peak energy, we have performed a set of simulations
comparing Fermi/GBM and THESEUS. We consider

GRB 180720B and its parameters as input and we changed

the peak energy Epeax and the fluence requiring that
the simulated burst moves along the Amati relation [6].
Based on our current knowledge of the ratio between
Epeax and the break energy Epyeax [92], we assumed a
constant ratio between these two parameters.

GRB 180720B is among the GRBs with the largest
fluence detected by Fermi (F ~ 2.7 x 10~ 4ergem™2).
For each set of parameters we simulate the correspond-
ing spectrum as it would be observed by Fermi and
by THESEUS and refit with the same input function,

namely a double break power—law [93]. The results of
this set of simulations are shown in the panels of Fig. 7.
We show the spectral parameters obtained by the fit
for THESEUS (circles) and Fermi/GBM (stars) with
coloured symbols and the input spectral parameters

with dotted lines. For large fluence values (2 7x1075 erg cm~2)

both THESEUS and Fermi/GBM satisfactorily return
the parameters of the double break function used as
input. However, Fermi/GBM can constrain the param-
eters of this function only down to a fluence ~ 3 x

10~° erg cm~2. In the sample of GRBs detected by Fermi/GBM

there are only ~ 10% of bursts with a larger fluence.
Below this fluence value, the simulated spectra, as ob-
served by Fermi, have not enough counts to constrain
the break. We have verified that below this fluence value
Fermi simulated spectra can be best fitted by a Band
function, despite the input model was a double break
power—law function.

The analysis of THESEUS-simulated spectra with
the double break function gives spectral parameters
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Fig. 6 Simulated prompt emission spectrum of GRB 180720B [97] as observable by Fermi/GBM (top left panel) and by
THESEUS/SXI4+XGIS (bottom left panel). The assumed spectral model is a double break power-law [93] with parameters
from [97]. The red line highlight the model in the instrumental energy range. A total absorption Ny = 102! cm™2 is assumed.
Right panels: percent precision on model parameters, obtained by simulating GRB 180720B at different redshifts. Top right
panel: accuracy on peak energy, break energy and Ny (red, black and magenta lines respectively) for THESEUS (solid lines)
and Fermi/GBM (dashed lines). For Fermi/GBM the Ny is undetermined due to the energy threshold of the detectio > 10
keV. Bottom right panel: absolutes error on the spectral indices of the double break power-law model. The blue, green and
cyan lines correspond to the low energy spectral index below the break, to the spectral index of the power-law between the

break and the peak and to the spectral index above the peak energy respectively.

(circles) which are consistent with the input values (dot-
ted lines). This holds for spectra with fluence as low as
~ 107 % ergem™2. Therefore THESEUS is expected to
find a spectral break, whenever this feature is present,
for > 50% of the GRBs that it will trigger. More-
over, THESEUS/SXI, by sampling the prompt emis-
sion spectrum in the 0.3-5 keV energy range, will con-
strain the total Np with high accuracy (bottom panel
in Fig. 7). In turn, the acquisition of the prompt emis-
sion spectrum by THESEUS down to 0.3 keV with SXI
will allow to disentangle the curvature induced at low
energies by the spectral break with respect to that pro-
duced by the metal absorption.

Around few tens of keV, where most of the spec-
tral breaks in Swift bursts have been identified [76,
77], it is also possible that a thermal black—body emis-
sion component is present [37,43,101]. The emergence
of the dominant thermal emission in the very early
phases of the prompt emission [37], its presence as a
sub-dominant component for a large fraction of the
burst duration or its appearing in the early afterglow
phase (e.g. [72]) can provide us unique clues on the
outflow dynamics and energy content (e.g. [24,43,81]).
THESEUS will systematically reveal this emission com-
ponent whenever present and clearly disentangle, thanks
to the low energy extension by SXI of the spectral
range, it from the spectral break [78]. Moreover, the



Gamma Ray Burst studies with THESEUS 11

Total Counts
[10-1000 keV]

10° 104 10° 106
0 1 1 I 1 1
1
1
|
-0.5 1 :
1
|
GH 14 SR . : .............
i
~ i
S .1.5- :
1
. L ............. * .‘ .i .* .......... .L .......... .* .......... ...*
21 i
1
1
1
1
103+ L
: IR L
1 :
[IRPTELY
RURPPREE
........ 1
....... :
o T S L .*
L 'S' 102_ ................... : ........ .*,....
v 1 =t I + ..---".*“
"4 1 o
u.Jn — +:. .....
g |
...... - I
2 ,
109 Lo ' :
°' i
1
|
11 |
L 1
TE !
2: HU ...... + + ............. + + i ST, & @ i -
N i
=R i
- |
103 10~*
Fluence
[ergcm™?]

Fig. 7 Break detectability as a function of the GRB fluence. Upper panel: values returned by the fit for a1 (cyan) and a2
(grey), the indexes of the power-law below and above the break, respectively; middle-upper panel: values returned by the fit
for Fpreax (red) and Epeax (orange); middle-lower panel: values returned by the fit for Ny (green). Errors shown are lo.
THESEUS is represented by circles, Fermi/GBM by stars (juxtaposed for visualisation purpose). The total counts in the
spectra are indicated in the upper z-axis. Dotted lines indicate input parameters values. The vertical dashed line represents
the minimum fluence for which a spectral break is identifiable with Fermi/GBM; this fluence is representative of the ~ 10%
brightest GRBs of the Fermi Catalog. THESEUS will be able to reveal the presence of the break in bursts with fluence much
smaller than this limit. THESEUS will reveal the presence of the break in the majority of GRBs that it will detect.



12

Ghirlanda, Salvaterra et al.

broad spectral energy range of THESEUS guarantees
the detection of the soft X-ray emission arising from
the shock break out (e.g. as in GRB 060218 - [20,63]).

3.3 Metal enriched circumburst medium

The large luminosity of the prompt GRB emission al-
lows us to probe in absorption the metal content along
the line of sight closest to the GRB. This material bears
the imprint of the progenitor explosive nucleosynthesis.
So far, only in GRB 990705, one of the brightest bursts
detected by the BeppoSAX satellite, a transient absorp-
tion edge at 3.8 keV in the early phases (< 10 s) of
the prompt emission was discovered [7]. The absorption
edge, detected with the Wide Field Cameras (WFC, 2—
26 keV) on board SAX, was interpreted as due to mate-
rial with a relative iron abundance Fe/Feq = 70+ 19 at
the redshift z = 0.86 4 0.17. The redshift estimate was
later confirmed to agree with that of the host [61]. The
origin of this material was attributed to the supernova
ejecta thus constraining the explosion time. Absorption
edges were not found in other GRBs [19], though the
search was limited to the early afterglow phase.

Fig. 8 shows the spectrum of GRB 990507 as it
would be observed by THESEUS. The edge is well de-
tected by SXI (red symbols) and even better sampled by
XGIS (blue symbols). The insert of Fig. 8 compares, in
the 2-Fe/Feq plane, the 30 constraints obtained from
the fit of THESEUS data (blue region) with the con-
straints obtained from the BeppoSAX/WFC data (black
cross). THESEUS can measure with unprecedented pre-
cision the circum—burst metal abundance paving the
ground to unprecedented insights into the progenitor’s
explosion nucleosynthesis [34].

4 Jet structures and early afterglow

THESEUS, combining SXI and XGIS, will systemati-

cally monitor the spectral evolution of the prompt gamma-

ray emission towards softer energies and will cover the
transition from prompt to afterglow.

With the launch of Swift the early afterglow emis-
sion in the X-ray (0.3-10 keV) energy band has been
systematically monitored and revealed a more complex
behaviour of the single temporal power-law decay of
the afterglows observed by BeppoSAX. A large frac-
tion of X-ray afterglows starts with a steep decay phase
Fx o t3, followed by a long (up to 10* s) flat segment,
so called plateau phase Fx oc t7%5. On timescales of
few hours the light curve eventually follows the typical
afterglow (e.g., [119]).

The steep decay phase can be interpreted as due to
the switching off of the prompt emission. Specifically,
the temporal delay/energy softening of photons emitted
at large angles with respect to the line of sight (so called
high latitude emission, [32,60]) can reproduce the steep
flux decay. A possible further effect which could have a
relevant role in shaping the observed steep decay phase
is the spectral evolution of the prompt emission consist-
ing in the overall softening of the spectrum [98]. Such a
softening of the spectrum can be probed at present only
through the X-ray 0.3-10 keV energy band sampled by
Swift/XRT.

The most discussed model for the X-ray plateau
emission is the fast spinning (ms period) and highly
magnetized (B ~ 10'® G) newly born neutron star as
the central GRB engine (e.g., [23]). Its spin-down power
provides an additional energy injection into the deceler-
ating blast wave producing the plateau emission (e.g.,
[119]). However, this model faces several observational
and theoretical issues (e.g., [31]). An alternative sce-
nario invokes the high latitude emission from a struc-
tured jet [75,80] to explain the plateau phase. In the
structured jet model, the emission received from the jet
wings (outside of the jet core), is less beamed due to the
decrease of the bulk Lorentz factor, which produces the
observed flattening of the light curves. This model is ca-
pable of producing different X-ray light curves, includ-
ing those with a post-plateau sudden drop. Jet struc-
ture is a natural consequence of the propagation of the
jet in the GRB ejecta (e.g., [5,65,99] - either in the
single massive star and in the compact merger progeni-
tor scenario). Among the most convincing observational
evidences, the afterglow modelling of GRB 170817 re-
quires a Gaussian jet structure consisting in an ener-
getic core, of aperture ~3.5 degrees, surrounded by less
energetic and slow wings [44] observed at ~20 degrees
off axis. If the currently observed plateaus are caused
by the out-core emission of the structured jets, then
we could detect the bright X-ray emission also if we
observe the GRB jet off-axis [10].

In Fig. 9 we show how THESEUS/SXI can sample
the high-latitude emission from a structured jet, seen
at different viewing angles. The sampling is obtained
considering the flux-sensitivity curve of SXI and the
duration of each time bin is computed such that the
average flux is above the minimum detectable flux. For
the computation of the theoretical light curve we fol-
lowed the approach of [10], adopting a jet structure with
the following properties:

1
_— 1
T+ @/0.)7

1
=Ty

r) = (I - 1)
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where I'(9) and €(¢) the structures of the bulk Lorentz
factor and the emissivity, respectively, with ¢, = 2°,
I = 200 and s=2.5. We also assumed an emission ra-
dius Ry = 5 x 10 cm. The soft X-ray peak luminosity
produced by the burst is assumed to be 0.001X Lig, ~
1049 erg/s, where Lis, is a representative value of the
isotropic luminosity [26,25]. The light curve then is
renormalized taking a redshift z = 0.5.

THESEUS/SXI can monitor the whole steep decay-
plateau phase in the on-axis case (left panel in Fig.9),
but it is also able to detect the off-axis emission up to a
viewing angle few times larger than the jet core. There-
fore, THESEUS will probe the off-core GRB popula-
tion, whose light curves will peak in the soft X-ray band
but will likely be orphan of a detectable ~-ray emission.
Moreover, the systematic study of the on- and off-axis
emission on a wide population of GRBs will allow to
constrain the jet structure and test its universality. This
in turn, will aid population studies in constraining the
intrinsic local GRB rate.

The plateau phase has been monitored through the
X-ray 0.3-10 keV energy range by Swift/XRT. Due to
the limited bandpass of XRT, in most cases the spec-
trum during the plateau phase is fitted with only a
single power-law function. As a proof of concept we
simulate (Fig. 10) the spectrum during the steep-decay
(t1 ~10 s), at the beginning (t2 ~100 s) and at the
end (t3 ~ 103 s) of the plateau phase of the light curve
(assuming z ~ 0.5) reported in the left panel of Fig. 9.
The integration time for each spectrum is 5 s, 50 s and
500 s, respectively. This simulation assumes the source
is on axis in one XGIS unit. We assume that at each
time the spectrum is described by a smoothly broken
power law function, with low- and high-energy photon
indexes @ = —0.67 and 8 = —2.3, respectively. An evo-
lution with time has been assumed for the energy peak
Epeax ~ t71. Specifically, we adopt Epeax(t1) = 100
keV, Epeak(t2) = 10 keV and Epeax(ts) = 1 keV. The
spectral analysis of the simulated spectra returns well
constrained parameters (Tab. 1), allowing the study of
the spectral evolution at those epochs. The spectral cov-
erage and the large effective area of SXI and XGIS allow
to monitor the spectral evolution in the transition from
the prompt emission to the afterglow phase, in partic-
ular during both the steep-decay and plateau phases,
providing clues on their origin.

5 Temporal properties of GRBs

The variety of GRB light curves along with early-time
X-ray flares have poorly been understood, thus remain-
ing mostly undeciphered. On the one side, some met-
rics that quantify the degree of variability are found

to correlate with luminosity with considerable scatter,
though [95,96]. Also, power density spectra, both av-
erage and individual, are suggestive of turbulence [14,
54] and correlate with Epear [28]. On the other side, a
characterisation as a stochastic process is still in its in-
fancy, mostly hampered by the highly non-stationary,
short-lived nature. In this context, it was found that the
common waiting time distribution of GRB gamma-ray
pulses and X-ray flares can be interpreted as the result
of a unique time-dependent Poisson process, providing
clues on the way the inner engine works [53]. Attempts
to find evidence for self-organised criticality processes,
that are invoked in the cases of solar and stellar flares,
pulsar glitches, or even in the asteroid belt and in Sat-
urn rings in the Solar System (see [11] for a review)
have provided some clues from the study of energy, du-
ration, and waiting time distributions of GRB X-ray
flares [115]. Yet, a much larger data set for a statis-
tically robust assessment is required. Other attempts
have also been made to find evidence for the presence
of deterministic signal as opposed to a pure random
one [50]. In this respect, the possible presence of peri-
odic signal hidden in GRB light curves has found no
compelling evidence [27,21,29,52].

The delay in the arrival times between high and low
energy photons from cosmic sources can be used to test
the violation of the Lorentz invariance (LIV), predicted
by some quantum gravity theories, and to constrain its
characteristic energy scale EQG that is of the order of
the Planck energy. GRBs and blazars are ideal for this
purpose thanks to their broad spectral energy distri-
bution and cosmological distances ([15]; see also [16,
30]). THESEUS spectral coverage, large effective area
and relatively high temporal resolution will contribute
to test LIV possibly through statistical studies that ex-
ploit the samples of long and short GRBs with mea-
sured redshift collected by THESEUS.

Simulating the time profiles of a multi-peaked GRB
in the different energy channels of a broad band like
2-2000 keV of THESEUS/XGIS is rather challenging,
not only for the as-yet poorly understood nature of
the stochastic process that rules them, but also for
the paucity of full prompt X-ray profiles available from
previous experiments. Among the different approaches
that one may opt for, we can identify two major alter-
native ones: (i) assuming a given sequence of discrete
emission episodes, ruled by some random process and
described by some distributions (e.g., in the released
energy, spectral hardness), where each single episode
marks the dissipation of energy and can be derived
either theoretically or be just empirically represented
with a FRED pulse e.g., [86]; (ii) using an observed
GRB as a template, making sure to reproduce the vari-
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Time /Blnput Ep,Input

a B8 E

OInput b
[s] [keV] [keV]
10 -0.67 | -23 100 —0.74+0.04 | —2.27+£0.08 | 1207 5°
100 | -0.67 | -2.3 10 —0.7210-27 < —2.20 78755
1000 | -0.67 | -2.3 1 —1.1279-32 < —23 1.8770-5%

Table 1 Input parameters and refit results of simulated spectra of Fig. 10. Errors are calculated at 1o confidence.

ability properties and their dependence on the energy
passband, without introducing artificial variance.

In this context, we here opted for (ii) and looked for
a multi-peaked GRB that had been observed in a com-
parably broadband from past experiments, and found
a suitable example in GRB 990510. Its prompt X-ray
emission was observed with one of the BeppoSAX Wide
Field Cameras (WFCs) in the 2-26 keV energy band
[88,6,33] and was also observed in the 25-2000 keV
with the Compton Gamma-Ray Observatory (CGRO)
of BATSE. We therefore took its background subtracted
time profiles in seven contiguous energy channels, three
from the BeppoSAX/WFC (2-5, 5-10, and 5-26 keV),
and the remaining four from CGRO/BATSE (25-55,

55-110, 110-320, and 320-2000 keV). The integration
time was 1 s (64 ms) for the WFC (BATSE). Since
an observed time profile is inevitably affected by count
statistics noise, it cannot be used straightaway as the
expected curve of a random realisation, since it would
add artificial variance in excess of the expected Poisso-
nian one. We therefore reduced the statistical noise by
using a filter [90] that optimally works with smoothly
varying time profiles that occasionally exhibit spikes
and sharp features, such as most GRBs do (see Guidorzi
et al. in prep for a detailed description). The filtered
WFC profiles were re-sampled with 64-ms resolution
by means of C-splines.



16 Ghirlanda, Salvaterra et al.
350 2-26 keV 103 ] \/\\/J,\ 2-26 keV
300 1074

] 10! 4
250
E 1009 4
200
4 10—1
g 1 .
o 1507 | 2,02
© L1 111 L1 L1 L1 111 111 111 o 10
~ 4 [a
£ 5004 25-2000 keV 2 103!
= 1 3
(@] -
o ] 102 J
400
: 101 J
300
1 100 J
200 10-11
L L S L I 1072

0 20 40 60 80
Time since onset [s]

T T T T
100 120 140

102 10! 100 10!

Frequency [HZz]

Fig. 11 Left: X-ray (top) and gamma-ray (bottom) time profiles expected for a GRB like GRB 990510 that would be observed
on axis in one XGIS unit. The integration time is 64 ms and we assumed a constant background. Right: corresponding power
density spectra of the time profile alongside. The thick orange line is the best-fitting broken power law model as defined in
[52]; the dashed olive and red lines are the 2 and 3 sigma thresholds for periodic pulsations (see [52] for details).

We then used the best-fit model obtained by [6] for
the broadband time-average spectrum of GRB 990510
as measured with BeppoSAX WFC and Gamma-Ray
Burst Monitor (GRBM), and adopting the 2 — 2000
keV fluence of (1.580 & 0.007) x 107° erg cm~2 [33],
we calculated the fluences corresponding to the energy
channels of each time profile. The filtered time profiles
were then renormalised so as to yield the corresponding
total net counts expected for a GRB like GRB 990510
that would be seen on axis to one THESEUS/XGIS
unit, using the appropriate response function (v7). Fi-
nally, each renormalised profile was added to the cor-
responding constant background counts and added the
corresponding Poisson noise.

The complex broadband spectral variability exhib-
ited by the GRB is automatically accounted for by
treating each individual energy passband separately.
We finally summed up the X-ray profile (2-26 keV; here-
after X band) and the gamma-ray one (25-2000 keV;
hereafter G band) and calculated the corresponding
power density spectra (PDS) from —4.0 to 135 s adopt-
ing the Leahy normalisation [62]. Both PDS were fitted

using the Bayesian MCMC procedure that were used
for individual GRB light curves [52]. In both cases the
PDS was found to be best fit with a broken power-law
model (Fig. 11). In particular, the break frequency fj,
was found to be 7.2717 x 1072 Hz (0.14 + 0.03 Hz) for
the X (G) band. The corresponding dominant timescale
is therefore 7, = 1/(27 fy) = 2.270% s (1.2702 5) for the
X (G) band.

This confirms and quantifies in an objective way the
property that lower energy bands miss temporal power
at shorter timescales compared with the harder bands.
Only by systematically measuring GRB profiles in a
broad band like this will allow for a characterisation
of the X-ray prompt emission variability, that will help
constrain the dissipation mechanism. In addition, the
power-law index is also found to be significantly differ-
ent: « = 4.6+0.6 (X) vs. @ = 2.7£0.2. While the index
of the gamma-ray profile is commonly found (e.g., [52,
28]), the index found in the as-yet poorly unexplored X-
ray band stands out. One should note that the possible
presence of subsecond variance in the X-ray profile was
inevitably suppressed since we started with 1s-binned
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BeppoSAX/WFC time profiles. However, the goal here
is just to illustrate the potential of XGIS in this context.
Being able to characterise the broad band variability of
GRB profiles routinely, as THESEUS/XGIS would en-
sure, holds great promise to understand the dissipation

process that drives that X-ray and gamma-ray emission
of GRBs.

6 Conclusions

THESEUS will open a new window for the detection
and study of GRBs over cosmic times. Through physi-
cally motivated population models calibrated with avail-
able prompt emission data gathered by Swift and Fermi,
we evaluate the properties and redshift distributions of
both long and short GRBs detectable by THESEUS.
We showed that THESEUS will enlarge the sample
of high-z long GRBs by at least one order of magni-
tude with respect to what we have now. Moreover, a
sizeable sample of low-luminosity GRBs at low- and
intermediate-z, will allow us to explore the possible ex-
istence of a sub—population of soft X-ray flashes and
to study the faint end of the luminosity function which
can hold the key of the structure of GRBs jets [84,103].
Owing to the wide energy band and high sensitivi-
tiy of the SXI/XGIS instruments, THESEUS represents
the best facility to unveil the nature of the prompt emis-
sion. The study of the prompt emission spectrum of
the GRBs detected by XGIS will reveal the character-
istic signature of the low energy spectrum where syn-
chrotron emission features (such as the particle cool-
ing frequency) or the photospheric thermal peak lies.
Moreover, the extension down to 0.3 keV, provided by
THESEUS/SXI, can constrain the local metal absorp-
tion and, for the brightest events, progenitors’ ejecta
composition encoded in metal absorption features.

Thanks to the timing capabilities of THESEUS/XGIS,

the sub-second variability of the prompt emission will
be studied over an unexplored wide energy range possi-
bly revealing the nature of the internal energy dissipa-
tion mechanisms. Finally, the combination of SXI and
XGIS during the steep-flat flux decay following the end
of the prompt emission can reveal the structure of the
jet and uniquely probe the spectral transition from the
prompt to the early afterglow phase.

In conclusions, THESEUS holds the key to advance
in the study of GRBs and to open the high redshift
Universe study through the most powerful transients.
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