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ABSTRACT
The multi-wavelength detection of GW170817 has inaugurated multi-messenger astronomy.
The next step consists in interpreting observations coming from population of gravitational
wave sources. We introduce saprEMo, a tool aimed at predicting the number of electromag-
netic signals characterised by a specific light curve and spectrum, expected in a particular sky
survey. By looking at past surveys, saprEMo allows us to constrain models of electromagnetic
emission or event rates. Applying saprEMo to proposed astronomical missions/observing
campaigns provides a perspective on their scientific impact and tests the effect of adopting
different observational strategies. For our first case study, we adopt a model of spindown-
powered X-ray emission predicted for a binary neutron star merger producing a long-lived
neutron star. We apply saprEMo on data collected by XMM-Newton and Chandra and during
104s of observations with the mission concept THESEUS. We demonstrate that our emission
model and binary neutron star merger rate imply the presence of some signals in the XMM-
Newton catalogs. We also show that the new class of X-ray transients found by Bauer et al.
in the Chandra Deep Field-South is marginally consistent with the expected rate. Finally, by
studying the mission concept THESEUS, we demonstrate the substantial impact of a much
larger field of view in searches of X-ray transients.
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1 INTRODUCTION

GW170817 (Abbott et al. 2017a) has just opened the era of multi-
messenger astronomy (Abbott et al. 2017b). The first coincident
set of gravitational-waves and electromagnetic observations has al-
ready provided an extraordinary insight into the physics of the bi-
nary neutron star mergers. Among the key results of this revolu-
tionary discovery is the confirmation of the association between the
merger of two neutron stars (NSs) and (at least some) short gamma
ray bursts (SGRBs) (Abbott et al. 2017b and refs. therein). The last
radio VLBI observations demonstrate that a narrow jet was formed
and prove the association with a classical SGRB (see Troja et al.
2017; Mooley et al. 2018a; Margutti et al. 2018; D’Avanzo et al.
2018; Lyman et al. 2018; Dobie et al. 2018; Mooley et al. 2018b;
Ghirlanda et al. 2018).

The intense multi-wavelength follow-ups of gamma ray bursts

in the last decade have revealed new and unexpected features,
such as early and late X-ray flares, extended emission, and X-ray
plateaus (e.g., Berger 2014 and refs. therein). The challenges posed
by this rich astronomical scenario motivated a growing interest of
the community in investigating compact binary mergers from both
the theoretical and observational points of view. Intensified theoret-
ical efforts have been dedicated to explain these observations and
coherently explore these and other possible electromagnetic signals
generated by these sources.

In order to validate the variety of proposed theoretical sce-
narios in the context of multi-messenger astronomy with compact
binary mergers, we present saprEMo.

We developed saprEMo, a Simplified Algorithm for PRedict-
ing ElectroMagnetic Observations, to evaluate how many electro-
magnetic (EM) signals, characterised by a specific light curve and
spectrum, should be present in a data set given some overall char-
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2 S. Vinciguerra et al.

acteristics of the astronomical survey and a cosmological rate of
compact binary mergers. Predictions can be used both to validate
the theoretical scenarios against already collected data and to crit-
ically examine the scientific means of future missions and their
observational strategies. While we use compact binary mergers as
the prime multi-messenger targets, saprEMo can also be applied to
other type of transients (e.g. core-collapse supernovae).

We describe the main features of saprEMo in Section 2. As
first case study, we use saprEMo to investigate the X-ray emis-
sion from Binary NS (BNS) mergers leading to the formation of
a long-lived and strongly magnetized NS, following the model of
Siegel & Ciolfi 2016a,b (see Section 3.1). We apply saprEMo to
present X-ray surveys, collected by XMM-Newton (Jansen et al.
2001; Strüder et al. 2001; Turner et al. 2001) and Chandra (Weis-
skopf & Van Speybroeck 1996; Weisskopf et al. 2000), and study
the prospectives of the mission concept THESEUS (Amati et al.
2018). Results are reported in Section 3.3 and discussed in Section
4. Finally, in Section 5 we draw our conclusions summarising our
first results and outlining the main features and primary scopes of
saprEMo. Throughout the paper we assume a flat cosmology with:
H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7.

2 SAPREMO OUTLINE

saprEMo is a Python algorithm designed to predict how
many detectable electromagnetic signals, associated with a spe-
cific EM emission (EMe) model, are present in a survey S.
The full code and a short manual are publicly available at
https://github.com/saprEMo/source_code.
According to instrument limitations (such field of view and spec-
tral sensitivity), saprEMo estimates the number of signals whose
emission flux F at the observer is above the flux limit Flim of the S
survey. Accounting for the energy dependency of the survey sensi-
tivity, we define detections on a instantaneous flux-based criterion:
∃ g, t′ | Fg (t′) > Flim,g, where g labels the spectral band of the
survey. We therefore simplify our analysis by treating detectability
in each band independently, i.e., a source is considered to be de-
tected if and only if it can be independently detected in at least one
instrument band. More realistic treatments include flux integration
over the observation time and noise simulation (see Carbone et al.
2017 and references therein for a discussion of these data analysis
aspects).
saprEMo does not directly consider the actual sky locations

observed by the survey S (even when applied to archival data) and
instead focuses on accounting for cosmological distances, relying
on the isotropy of the Universe.

2.1 Core analysis

saprEMo can be applied to any type of EM emission, from tran-
sients to continuous sources emitting in any EM spectral range. In
this work, we focus on X-ray transients associated with mergers of
neutron star binaries. The expected number of BNS mergers NBNS

in the volume enclosed within redshift zmax, in a time T at the ob-
server, is:

NBNS = T
∫ zmax

0

RV (z)
1 + z

dVC

dz
dz (1)

where RV (z) is the rate of BNS mergers per unit comoving volume,
per unit source time. In our case zmax is the maximum distance
at which the emission following the model of interest EMe, can

be detected. zmax is calculated considering both the spectral shift
due to the source redshift compared to the instrument energy band
EI ∼

[
EI

min, E
I
max

]
and the maximum luminosity distance, set by the

peak luminosity Lp(E) of the EMe model and the sensitivity Flim

of the survey. We only expect a fraction of NBNS to be observed
by a specific instrument, depending on the emission properties and
the characteristics of the survey. The number of BNS mergers, de-
tectable by the survey S such that the peak of the considered emis-
sion EMe falls within the observing time, is given by:

Np = ε
FoV
4π

T
∫ zmax

0

RV (z)
1 + z

dVc
dz

dz (2)

The total observing time T can be expressed in terms of the survey
S as T = 〈Tobs〉 nobs, where nobs is the number of the observa-
tions and 〈Tobs〉 is the average exposure time for observation. In
eq. (2), the field of view FoV of the instrument reduces the num-
ber NBNS of signals present in the volume enclosed within zmax by
FoV/4π. In the specific case of BNS mergers, the efficiency fac-
tor ε typically includes the occurrence rate of a specific merger
remnant (εsr), which are expected to generate the emission EMe,
and source geometry/observational restrictions such as collimation
(εc = 1 − cos(θ), where θ is the beaming angle), so that ε ∼ εsr · εc.
We designate as peaks the signals included in Np (see figure 1).
This contribution only depends on the emission model by the in-
tensity of the light curve peaks in the energy bands of the survey.
This dependency is enclosed in zmax.

There is also a contribution, which we call tails (figure 1),
from the mergers whose emission is detected only before (first
block of eq. (3)) or after (second block of eq. (3)) the luminos-
ity peaks (i.e., Lp is outside the observation period). The longer the
light curve is above Flim, the higher the probability of it being ob-
served (see Carbone et al. 2017 for a detailed discussion of signal
duration in the context of transient detectability and classification).
To estimate this contribution, we need to account for the evolution
in time of the emission luminosity L(t′), which affects the horizon
of the survey:

Nt = ε nobs
FoV
4π

∫ t′p

−∞

∫ zt(L(t′))

0

RV (z)
1 + z

dVc
dz

dz dt+∫ +∞

t′p

∫ zt(L(t′))

0

RV (z)
1 + z

dVc
dz

dz dt


= ε nobs

FoV
4π

∫ +∞

−∞

∫ zt(L(t′))

0

RV (z)
1 + z

dVc
dz

dz dt

(3)

where t and t′ = t/(1 + z) are the time respectively in observer and
source frames and t′p is the time corresponding to the peak luminos-
ity. zt (L(t′)) represents the horizon of the survey, given the specific
intrinsic luminosity of the source L(t′). The integration time of eq.
(3) is practically limited by the duration of the emission above the
flux limit. At the moment, saprEMo does not correctly account for
the possibility of detecting multiple times the same event. Multiple
detections of the same source might occur if the survey contains
repeated observations of the same sky locations and the time inter-
val between the different exposures is shorter than the considered
emission EMe. While Np would be unaffected, in these cases Nt

would overestimate the expected number of events by these addi-
tional detections. Under these specific conditions, Nt should then
be considered as an upper limit. We refer the readers to Carbone
et al. 2017 for discussions of transient detectability in the context
of multiple images of the same field.
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saprEMo 3

The ratio between the duration of the observable emission and
the typical exposure time determines the relative importance of
peaks and tails. The trade off between these two contributions, as
well as their different origin, can be understood with figures 1 and
2. For illustrative purposes, we consider only local events with un-
physical rates and a generic triangular light curve. Figure 1 shows
how tails events b and c can be observed during one exposure of
duration 〈Tobs〉. Figure 2 shows the impact of the transient observ-
able duration on tails. Upper and lower panels represent exactly the
same scenarios (10 seconds of exposure of transients at z = 0 char-
acterised by a 1 Hz rate) except for the transient duration, which is
doubled in the lower panel. The number of stars, which represent
the peak contribution, is the same in both upper and lower panels,
demonstrating that peaks are unaffected by the change of the tran-
sient observable duration. However the tail contribution, given by
the number of pink triangles, doubles in the lower panel compared
to the upper one. On the contrary, extending the exposure to 20 sec-
onds would double the number of peaks, while leaving unchanged
the number of tails. Given a fixed event rate, Np depends on the
observing time, while Nt depends on the duration of the events. We
return to this topic in section 4, when we discuss the results of this
study.

While eq. (2) and (3) explain the general concept behind the
tool, they do not explicitly account for the energy (or wavelength
E = ~c/λ) dependence of light curves, instrument sensitivities
and absorption. These effects are particularly important when
exploring the Universe at high redshift. We explain how these
effects are implemented in saprEMo analysis in appendix A.

2.2 Inputs and Outputs

We now present inputs and outputs of saprEMo.

Inputs:

(i) light curves (LC), in terms of luminosity rest frame, of the EM
emission EMe in different energy bins (if predicted by the model,
also including energies outside the instrument sensitivity band, as
they might be redshifted into it, after accounting for cosmology
corrections);

(ii) astrophysical rate in the source frame RV (z);
(iii) efficiency ε of the EM model EMe (ε should account for source

geometry/selection effects, such as collimation, as well as the fre-
quency with which this type of astrophysical source generates the
electromagnetic emission EMe);

(iv) main instrument and survey properties:

• for each spectral band g of the survey S, minimum and max-
imum energy included [Ei, Es]g;
• corresponding flux limits [Flim]g;
• average exposure time 〈Tobs〉;
• field of view FoV 1;
• number of observations nobs

1.

Outputs:

• Np and Nt: numbers of peaks and tails which are expected in
the survey S. The numbers of signals returned by saprEMo should

1 Or equivalently covered sky-area fsky ∼ nobs
FOV

4π .

�1 +1t0p

z = 0
t = t0

Flim time

F
lu

x

ab c

a 2 Np
hTobsi

b, c 2 Nt

Lp/(4⇡D2)

Figure 1. Schematic representation of a peak (tp ∈ 〈Tobs〉) signal (a) and tails
(b, c). The solid curves represent the part of signals EMe visible during the
exposure time at the observer, the dashed components are the missed (because
of time or flux restrictions) part of the emissions. The upper dotted line shows
the peak flux Fp = Lp/(4πD2), the lower line the flux limit of the survey.

Figure 2. Simplified examples of peaks and tails. In both upper and lower pan-
els we report the detected flux (in arbitrary units on the y-axis) as a faction of
time at the observer. We assume a transient class emitting from z ∼ 0, charac-
terised by the unrealistic rate 1 Hz and a fixed triangular light curve. The flux
limit Flim is represented by the horizontal line. The transient light curves above
the flux limit are shown in black solid lines. The light gray region highlights the
10 s exposure window. The panels show the peak contribution, i.e. the events
whose luminosity peak falls in the observational window (green stars) and the
tail contribution, i.e. the events detected only before or after the luminosity peak
(fuchsia lines and area). The only difference between upper and lower panels is
the duration of the transient light curve above the flux limit, respectively 1 s and
2 s. Doubling the light curve duration results in doubling the number of tails,
while leaving unchanged the number of peaks.

be interpreted as the expectation value of a Poisson process. There-
fore Poisson statistical errors should be considered in addition to
the systematics due to rate and emission model uncertainties;
• dNp/dz and dNt/dz: distributions of tail and peak numbers as

a function of redshift;
• dNp/dlog(D) and dNt/dlog(D): expected distribution of signal

observed durations, obtained by convolving the approximate distri-
bution of the survey exposure times Pobs with the light curve span
LCS observable at each step in redshift. For each redshift, the LCS
represents the total time of the light curve which is above the flux
limits at the observer frame (for more details see appendix A3). To
estimate the distribution of the signal durations, we analytically ap-
proximate the exposure time distribution Pobs from the average ex-
posure time 〈Tobs〉 (and standard deviation, when available) with a
Maxwell-Boltzmann or Log-normal function, according to the user
input. For each data point saved from the cosmic integrations, we

MNRAS 000, 1–13 (2018)
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simulate Ntrials (for both peaks and tails) observation durations Tobs

and define for each of them the starting time ts. The starting time
is uniformly drawn from a time interval including both the expo-
sure time of the specific trial Tobs and the observable emission at
observer (t′f − t′i )(1 + z) (where t′f and t′i are respectively the last and
first LC time at source satisfying our detection criteria at redshift z).
If ts is drawn in the interval Ip =

[
tp − Tobs, tp

]
, where tp is the time

at observer correspondent to the luminosity peak, it contributes to
the peak distribution, otherwise it adds up to the tail distribution.
For each simulated observation the total duration is then calculated
summing only the contribution of light curve intervals whose flux
is above the limit;
• dNp/dlog(F) and dNt/dlog(F): distributions of peak and tail

detection numbers as a function of maximum flux. At each step in
redshift, necessary to compute the integral (2), saprEMo also cal-
culates the associated flux. The fluxes are obtained by summing the
contribution of each energy and rescaling with the associated lumi-
nosity distance. From the same observations simulated for estimat-
ing the duration distributions, we obtain the expected distribution
of maximum fluxes.

Distributions in redshift are useful to estimate the horizon of the
survey to the emission EMe and for astrophysical interpretation.
They provide a prior on the redshift distribution when a counterpart
allowing z measurement is missing, or constrain cosmic rate evo-
lution of BNS mergers when multi-wavelength observations yield
the source distance. Distributions of fluxes and durations are robust
observables, which enable comparisons with real data 2.

3 APPLICATION TO SOFT X-RAY EMISSION FROM
LONG-LIVED BINARY NEUTRON STAR MERGER
REMNANTS

In the following, we consider a specific application of saprEMo to
the case of spindown-powered X-ray transients from long-lived NS
remnants of BNS mergers.

Depending on the involved masses and the NS equation of
state (EOS), a BNS merger can either produce a short-lived rem-
nant, collapsing to a black hole (BH) within a fraction of a sec-
ond, or a long-lived massive NS. The latter can survive for much
longer spindown timescales (up to minutes, hours or more) prior
to collapse or even be stable forever (Lasky et al. 2014; Lü et al.
2015). After the discovery of NSs with a mass of ∼ 2 M� (Demor-
est et al. 2010; Antoniadis et al. 2013), different authors converged
to the idea that the fraction of BNS mergers leading to a long-lived
NS remnants should range from a few percent up to more than
half (e.g., Piro et al. 2017). Information extracted from the mul-
timessenger observations of the BNS merger event GW170817 did
not change this view, although more stringent constraints on the
NS EOS were obtained from the GW signal (Abbott et al. 2018a),
from various indications excluding the prompt collapse to a BH,
and from the kilonova brightness and the relatively high mass of
the merger ejecta (e.g., Margalit & Metzger 2017; Bauswein et al.

2 The reported flux distribution is calculated from the maximum the-
oretical fluxes of detected events in our simulation (see paragraph on
dNp/t/d log(D)-output). Quantitative comparisons with actual data would
require a more detailed analysis, including the use of the instrument re-
sponse, a realistic model for noise, the model used to convert photon counts
into a light curve, etc. (see for example Carbone et al. 2017, who modeled
some of these aspects).

2017; Radice et al. 2018; Rezzolla et al. 2018). An additional sup-
porting element in favour of long-lived remnants is given by the
observation of long-lasting (∼ minutes to hours) X-ray transients
following a significant fraction of SGRBs (e.g., Rowlinson et al.
2013; Gompertz et al. 2014; Lü et al. 2015). Given the short ac-
cretion timescale of a remnant disk onto the central BH (. 1 s),
such long-lasting emission represents a challenge for the canoni-
cal BH-disk scenario of SGRBs while it can be easily explained
by alternative scenarios involving a long-lived NS central engine,
e.g., the magnetar (Zhang & Mészáros 2001; Metzger et al. 2008)
and the time-reversal (Ciolfi & Siegel 2015; Ciolfi 2018) scenar-
ios. According to this view, the fraction of SGRBs accompanied
by long-lasting X-ray transients might reflect the fraction of BNS
mergers producing a long-lived NS.

If the merger remnant is a long-lived NS, its spindown-
powered electromagnetic emission represents an additional energy
reservoir that can potentially result in a detectable transient. Re-
cent studies taking into account the reprocessing of this radiation
across the baryon-polluted environment surrounding the merger
site have shown that the resulting signal should peak at wave-
lengths between optical and soft X-rays, with luminosities in the
range 1043 − 1048 erg/s and time scales of minutes to days (e.g., Yu
et al. 2013; Metzger & Piro 2014; Siegel & Ciolfi 2016a,b). Be-
sides representing an explanation for the long-lasting X-ray tran-
sients accompanying SGRBs, this spindown-powered emission is a
promising counterpart to BNS mergers (e.g., Stratta et al. 2017 and
refs. therein), having the advantage of being both very luminous
and nearly isotropic.

For our first direct application of saprEMo, we consider the
spindown-powered transient model by Siegel & Ciolfi 2016a,b
(hereafter SC16), described in the next Section 3.1, in which the
emission is expected to peak in the soft X-ray band. This model
cannot be excluded or constrained by GW170817. The first X-ray
observations in the 2 − 10 keV band were performed by MAXY
(Sugita et al. 2018) 4.6 hours after the merger with a sensitivity of
8.6× 10−9 erg s−1 cm−2, well above the flux that the model predicts
at that time after the merger.

In Section 3.2, we briefly describe the model of the BNS
merger rate adopted for this first study. Then, in Section 3.3 we
present our results referring to three different X-ray satellites:
XMM-Newton, Chandra, and the proposed THESEUS. We discuss
these results in section 4.

3.1 Reference emission model

The model proposed by Siegel & Ciolfi (SC16) describes the evo-
lution of the environment surrounding a long-lived NS formed
as the result of a BNS merger. The spindown radiation from the
NS injects energy into the system and interacts with the optically
thick baryon-loaded wind ejected isotropically in the early post-
merger phase, rapidly forming a baryon-free high-pressure cavity
or “nebula” (with properties analogous to a pulsar wind nebula) sur-
rounded by a spherical shell of “ejecta” heated and accelerated by
the incoming radiation. As long as the ejecta remain optically thick,
the non-thermal radiation from the nebula is reprocessed and ther-
malised before eventually escaping. As soon as the ejecta become
optically thin, a signal rebrightening is expected, accompanied by
a transition from dominantly thermal to non-thermal spectrum. The

MNRAS 000, 1–13 (2018)
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Figure 3. Light curve of the spindown-powered emission from a long-lived
BNS merger remnant according to the model proposed by Siegel & Ciolfi
2016a,b (corresponding to their “fiducial” case; see text). The solid curves
represent the contributions of different energy bands to the total light curve
(dashed line).

model can also take into account the collapse of the NS to a BH at
any time during the spindown phase.3

Exploring a wide range of physical parameters, Siegel & Ciolfi
found that the escaping spindown-powered signal has a delayed on-
set of ∼ 10 − 100 s and in most cases peaks ∼ 100 − 104 s after
merger. Furthermore, the emission typically falls inside the soft X-
ray band (peaking at ∼ 0.1 − 1 keV) and the peak luminosity is in
the range 1046 − 1048 erg s−1. In this work, we consider only one
representative case, corresponding to the “fiducial case” of SC16
(SC16f) (this model is rescaled for the analysis in Section 3.3.2).
The light curve and spectral distribution of this particular model are
shown in figure 3. The main parameters of the model are as follows.
The early baryon-loaded wind ejects mass isotropically at an initial
rate of 5×10−3 M� s−1, decreasing in time with a timescale of 0.5 s.
The dipolar magnetic field strength at the poles of the NS is 1015 G
and the initial rotational energy of the NS is 5× 1052 erg (∼ ms ini-
tial spin period). Moreover, in this case the remnant evolves without
collapsing to a BH. In figure 3 we can distinguish two important
transitions. The first, around ∼ 10 s, marks the end of the early
baryon wind phase and the beginning of the spindown phase. The
second, at several times 104 s, corresponds to the time when the
ejecta become optically thin. While the emission described by the
above model is essentially isotropic, allowing us to set εc ∼ 1,
only a fraction of BNS mergers εLLNS is expected to generate a
long-lived neutron star. The value of this fraction mainly depends
on the unknown NS EOS and distribution of component masses.
Here, we assume for simplicity a one-to-one correspondence be-
tween the fraction εLLNS and the fraction of SGRBs accompanied
by a long-lasting X-ray transient (i.e. extended emission and/or X-
ray plateau). Following the analysis presented in Rowlinson et al.
2013, we set εLLNS to 50%.

Once we assign εsr = εLLNS , the resulting total efficiency of
the emission is ε ∼ εsr · εc = 50%.

3 We refer to Siegel & Ciolfi 2016a,b and Ciolfi 2016 for a detailed dis-
cussion of the model and its current limitations.

3.2 BNS merger rate model

The dependence of the BNS merger rate on redshift is poorly ob-
servationally constrained. Several models based on different as-
sumptions have been proposed. For the present work we consider
4 different rate models, a simplified (default) case and three further
astrophysically-motivated scenarios:

DEFAULT : a constant BNS merger rate per unit comoving
volume per unit source time in the range RV (z) = [100 −
10000] Gpc−3yr−1, extending up to a maximum redshift of z = 6;
D2013 : the Monte Carlo population synthesis model of Dominik

et al. 2013 (their cosmological standard model, high-end metallic-
ity scenario Belczynski et al. 2013.);
G2016 : the analytic approximation based on SGRB observations

described in eq. (12) of Ghirlanda et al. 2016 (adopting the average
value of the parameter reported for case a with an opening angle of
4.5 deg);
MD2014 : the analytic prescription for the star formation history

proposed by Madau & Dickinson 2014 convolved with a probabil-
ity distribution of delay times between formation and merger given
by the power low P(tdel) ∝ t−1

del, with a minimum delay time of 20 ×
106 yr, normalised to the local BNS merger rate of 1540 Gpc−3yr−1,
as estimated with GW170817 (1540+3200

−1220 Gpc−3yr−1 median and un-
certainties at 90% probability, Abbott et al. 2017a).

The different BNS merger rates are reported in figure 4. We note
that D2013 and G2016, as proposed, are inconsistent with the local
rate range obtained from GW170817 (gray region). However both
inferred rate from a single gravitational-wave observation and pop-
ulation synthesis models rely on poorly constrained astrophysical
model assumptions and are therefore highly uncertain. We adopt
these rate models for illustrative purposes to test the impact of
different redshift-dependent merger rates.

To investigate the impact of other inputs, we adopt the DE-
FAULT simplified model of constant cosmological rate as a ref-
erence case. We report distributions and results for RV (z) =

1000 Gpc−3yr−1. Because the considered RV (z) is constant, the re-
sults for the upper (lower) bound of the whole range RV (z) =

[100−10000] Gpc−3yr−1, can be obtained by scaling up (down) the
output quantities by one order of magnitude. This wide range of the
BNS merger rate includes the local rate interval inferred from the
detection of GW170817 and is broadly consistent with estimates
obtained using Galactic BNS observations and population synthe-
sis models (Abadie et al. 2010; Paul 2018; Chruslinska et al. 2018;
Vigna-Gómez et al. 2018).

We use the DEFAULT model in Section 3.3 and discuss the
impact of applying different BNS merger rate models in Section 4.

3.3 Results

We now proceed with using saprEMo and the X-ray transient model
described in Section 3.1 to evaluate the expected number of detec-
tions of this type of signal in three present and future surveys by
XMM-Newton, Chandra and THESEUS. To emphasise the impact
of the survey properties, we initially keep fixed: (i) the light curve
to the SC16 model described in Section 3.1 (fiducial, SD16f, or
fiducial-rescaled, see Section 3.3.2); (ii) the assumed astrophysical
rate to the DEFAULT case, described in Section 3.2; and (iii) the
efficiency ε ∼ 50%.

In particular, we consider:

• two present surveys, collected during the decade of operation

MNRAS 000, 1–13 (2018)
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Figure 4. BNS merger rate as a function of redshift for different models:
D2013 Dominik et al. 2013 in green, G2016 Ghirlanda et al. 2016 in blue,
MD2014 Madau & Dickinson 2014 convolved with P(tdel) ∝ t−1

del in or-
ange and our default constant model in violet: the solid line represents the
reference rate of RV (z) = 1000 Gpc−3yr−1, while the light shadowed area
includes the whole interval RV (z) = [100−10000] Gpc−3yr−1. The range in
redshift is divided into z ≤ 1 and z > 1 to enhance the visibility of the con-
straints set by the observation of GW170817 (gray area, 90% probability as
reported in Abbott et al. 2017a), which only apply to the local Universe.

of XMM-Newton, to predict the expected number of detectable sig-
nals in these archived data;
• the Chandra Deep Field - South (CDF-S) data set to verify

whether the transient class discovered by Bauer et al. 2017 is sta-
tistically consistent with the SC16 model;
• 10 ks of THESEUS observations, to explore the sensitivity of

this mission concept to transients associated with BNS mergers,
such as SC16f.

The main properties of the surveys are summarised in appendix B.

3.3.1 XMM-Newton

We apply saprEMo to two different collections of data obtained
by XMM-Newton; we call them SLEW and PO (Pointed Obser-
vations), their characteristics are presented in the following. The
number of signals predicted by saprEMo are reported in table 1 4.
In the case of XMM-Newton surveys, the sky locations of observa-
tions have been used to estimate the impact of the absorption due
to the Milky Way (see appendix A2 for more details on our adopted
absorption model).

The PO survey is a collection of pointed observations made be-
tween 3/2/2000 and 15/12/2016. The data belong to the XMM-
Newton Serendipitous Source Catalog (3XMM DR7) (XMM-
Newton SSC Consortium 2017a; Rosen et al. 2016).
PO exposures are longer (typically 103 − 104 s) compared to the
SLEW catalog (see following paragraph). This implies an exten-
sion to lower fluxes (down to 10−15 − 10−16 erg s−1 cm−2), as fig-
ure 5 (a) shows. The same figure shows that such low fluxes are
however reached only by tails. This is because the luminosity of

4 For both the surveys, the statistical uncertainties due to the assumed Pois-
son distribution are almost negligible compared to the systematics due to
uncertainty in the signal production efficiency ε and the BNS merger rate.

XMM-Newton Chandra THESEUS

PO SLEW CDF-S Case a Case b

Np 8 0 0.14 5 (4) 3 (2)

Nt 25 165 8 5 (3) 20 (11)

FoV [deg2] ∼ 0.2 0.08 3300

T [106s] ∼ 160 ∼ 1.06 ∼ 6.73 0.01

Table 1. Average expected values for peaks (Np) and tails (Nt) for differ-
ent surveys. XMM-Newton PO and SLEW surveysa, Chandra Deep Field
- South (CDF-S) and 10 ks of THESEUS operation for a single exposure,
case a, and 10 distinct exposures case b considering NH = 5 × 10−22 cm−2

(NH = 5×10−20 cm−2). a For the XMM-Newton surveys the total observing
time was inferred from T = nobs 〈Tobs〉 =

(
4π fsky FoV−1

)
〈Tobs〉, using the

properties reported in tables B1 and B3.

the model makes the flux higher than the survey flux limits up to
z = 6, which is the artificial cut of our BNS merger rate. The dis-
tribution of source redshift is represented in the bottom graph of
figure 5 (a) and implies that, under the assumption of a constant
cosmic BNS merger rate, the median redshift of detectable signals
is z ∼ 2. The double bump in the tail distribution of the PO sur-
vey is explained by the blue and purple curves which respectively
represent the light curve span above the threshold at a fixed red-
shift z, LCS (z), and the time-shifted rate of events per unit red-
shift, RV (z) dVc/dz. Given our simplified BNS merger rate model,
the purple and black-solid lines scale like the redshift derivative
of the comoving volume, since in both cases only constants multi-
ply the element dVc/dz. The blue curve has instead a very peculiar
behaviour which depends on the specific emission light curve com-
pared to the limit fluxes of the survey. The distinct trends in the blue
lines of figure 5, are due to features very peculiar to the adopted
light curve (figure 3). When the flux from the non-thermal second
peak drops below the limit, the overall visible duration sharply de-
creases; this happens at z ∼ 0.5 and z ∼ 0.05 for PO and SLEW,
respectively. The second turn-over at z = 4 in the LCS, evident in
PO tails (gray area and dashed-black line), is instead due to the dis-
cretisation of the light curves in energy bins and the relatively soft
energy spectrum of these transients. In particular the lowest energy
bin characterising the light curve (see figure 3) exits the band of the
instrument 5.
The SLEW survey is composed by data collected while chang-

ing the target in the sky, according to the XMM-Newton observa-
tion program (Smale 2017a). The tested observations are collected
in the XMM-Newton Slew Survey Clean Source Catalog, v2.0.
The SLEW survey is characterised by typical exposure time of
only few seconds, and consequent flux limits & 10−13 erg s−1 cm−2.
Given the properties of the model SC16, this yields a predominance
of tails over peaks (see first point of section 4). Our results show
that SLEW observations, assuming correct identification (see sec-
tion 4), could already reveal a population of BNS merger events.

5 According to appendix A notation: zexit = [E′max,h=0/E
I
min − 1] ∼

[1 keV/0.2 keV − 1] = 4, where zexit is the redshift at which the en-
ergy bin of lowest energy, denoted with h = 0, exits the instrument band,
E′max,h=0 = 1 keV is the highest energy included in the bin h = 0 and
EI

min = 0.2 keV is the minimum energy included in the instrument band.
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The flux limits of the survey determines the distance of most of the
X-ray sources at z < 3.

Although the data have been collected by the same instrument,
PO and SLEW considerably differ in terms of exposure time (and
therefore sensitivity), sky coverage and energy responses (as shown
by tables in appendix B1). The SLEW survey is less sensitive, but
it scans a much wider area of the sky compared to the PO survey,
so that the total number of expected signals is actually considerably
larger (see tab. 1).

3.3.2 Chandra and the new, faint X-ray population

Bauer et al. (2017) have recently claimed the discovery of a X-ray
signal, belonging to a new, previously unobserved, transient class.
The event was observed within the Chandra Deep Field - South
(CDF-S), a deep survey of a 0.11 square degrees sky region com-
posed of 102 observations collected in different periods during the
last decade. Interestingly, the main properties of the event presented
by Bauer et al. (2017) are broadly consistent with the SC16 emis-
sion model. The maximum luminosity of ∼ 1047 erg/s, the spectral
peak around ∼ 2 keV (source frame), the rise time of ∼ 100 s, and
the overall duration of ∼ 104 s are all in broad agreement with the
model predictions. Here we do not attempt to provide convincing
evidence for a potential match, but we want to show another inter-
esting case for exploiting the capabilities of saprEMo. We assume
a signal analogous to the SC16f adopted throughout this paper only
rescaled to have a maximum luminosity of ∼ 1047 erg/s (referred to
as “rescaled SC16 model/signal” in the following), consistent with
the X-ray transient at z ∼ 2.23 (Bauer et al. 2017). To test the rate
consistency between the detected X-ray transient and the rescaled
SC16 model, we apply saprEMo to the CDF-S, adopting a Galactic
neutral column density of nHtot ,MW ≈ nH,MW ∼ 8.8×1019 cm−2, as re-
ported by Bauer et al. (2017). Given the proposed source redshifts,
the shape and fluxes of the detected transient, we assume that the
observed maximum flux corresponds to the luminosity peak of our
model. We therefore evaluate only the expected number of peaks.
saprEMo predicts an expectation value of ∼ 0.14 signals in the
CDF-S (see table 1). Given the adopted constant rate model, the
probability of one rescaled SC16 signal being present at its lumi-
nosity peak in the ∼ 7 Ms of the CDF-S is ∼ 12% (with ∼ 87%
probability of 0 signals). Considering the whole range of allowed
BNS merger rates, this value ranges from ∼ 1.4% (with ∼ 98.6%
probability of 0 signals, correspondent to RV (z) = 100 Gpc−3yr−1)
and ∼ 35% (with ∼ 25% probability of 0 signals, correspondent to
RV (z) = 10000 Gpc−3yr−1).

Despite the broad consistency of the transient revealed by
Bauer et al. 2017 with the rescaled SC16 emission model, our
analysis shows that a real association between the two is rather
disfavoured, although not inconsistent given the uncertainties over
rate and emission model. Conversely, assuming that the detected
transient is in fact the rescaled SC16 signal adopted in the above
calculation, the constant BNS merger rate value is constrained to6

6000+4000
−3700 Gpc−3 yr−1 (median with 90% credible interval, as in Ab-

bott et al. 2017a), higher than the median inferred from GW170817,
though still consistent with the claimed interval (cf. Section 3.2).

6 To estimate the posterior on the constant rate value, we assume a flat prior
in the range [100, 10000] Gpc−3yr−1.

XMM-Newton PO

Rate model MD2014 D2013 G2016

Np 20 1 2

Nt 65 2 5

FoV [deg2] ∼ 0.25

nobs 〈Tobs〉 [s] ∼ 234 × 106

THESEUS Case a

Rate model MD2014 D2013 G2016

Np 17 (15) 0.54 (0.46) 1.2 (1.0)

Nt 16 (10) 0.54 (0.34) 1.0 (0.6)

Table 2. For XMM-Newton PO (top) and THESEUS case a surveys, com-
parison of expectation values assuming different BNS merger rate models,
from left to right (i) analytic prescription proposed by Madau & Dickinson
2014, assuming a power-law distribution of delay times between formation
and merger P(tdel) ∝ t−1

del, (ii) cosmological rate derived by the population
synthesis study Dominik et al. 2013, standard model at high-end metallicity
scenario (D2013) and (iii) model based on SGRB statistics Ghirlanda et al.
2016 with assumed opening angle of 4.5 deg (G2016).

3.3.3 Future observations with THESEUS

In the last few years, different wide-FoV X-ray missions have been
proposed to monitor the X-ray sky, and specifically to follow up
GRBs and GWs (Zhang et al. 2017; Barcons et al. 2012; Yuan et al.
2015; Merloni et al. 2012). In particular, the mission concept THE-
SEUS has been recently selected by ESA for assessment studies
(Bauer & Colangeli 2018) to explore the transient high-energy sky
and contribute to multi-messenger astronomy (Amati et al. 2018;
Stratta et al. 2017; Frontera et al. 2018). We apply saprEMo to test
the sensitivity of the THESEUS mission to BNS mergers emitting
in the X-ray according to the SC16f model. On the THESEUS pay-
load, the Soft X-ray Imager (SXI, O’Brien et al. 2018) would be
the instrument sensitive to such emission. SXI flux sensitivities for
sources in the Galactic plane (NH = 5 × 1022 cm−2) and well out-
side it (NH = 5 × 1020 cm−2) are taken from figure 4 of Amati et al.
2018. With saprEMo, we predict detection numbers and properties
for two cases of gathering THESEUS observations, each having a
total observing duration T of 10 ks, acquired with:

case a a single exposure of 〈Tobs〉 = 104 s;
case b 10 exposures of non-overlapping sky regions, each lasting
〈Tobs〉 = 103 s.

The last 2 columns of table 1 show the expectation values for
Np and Nt for both case a and b. In less than 3 hours of total observ-
ing time T, we expect THESEUS to detect a number of SC16-like
transients comparable to the ones inferred for years-long CDF-
S Chandra and PO XMM-Newton surveys (see also table 1). The
main reason why THESEUS is capable of reaching these numbers
of detections in such a short observing time T (about 4 orders of
magnitude shorter than for CDF-S and PO/SLEW), is the 4 orders
of magnitude difference between its FoV and the ones in Chan-
dra and XMM-Newton. Albeit specific for the SC16f emission, our
tabulated results demonstrate that the characteristics of the mission
concept THESEUS suit the search for X-ray emission generated
during BNS mergers. We predict that THESEUS/SXI with case a
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Figure 5. Comparison between expected distributions of detectable signals in PO and SLEW surveys. The upper-left panel shows the total expectations
on the observed maximum flux distribution obtained by adding peak (dark green) and tail (green) contributions. The upper-right panel shows the expected
distributions of peak and tail durations. The redshift distributions in the bottom panel represent the differential contribution of peaks and tails throughout the
scanned comoving volume of Universe. The violet and blue curves have been added to explain the trend of the tail distribution and represent respectively the
time-shifted rate of events per unit redshift (scaled argument of the z integral A7) and the light curve span LCS (z) (the duration of the light curve above the
flux limits at a fixed z). (a) Expected distributions of observed maximum flux (upper-left), duration of signals above the flux limits (upper-right) and redshift
(bottom) of the observations in XMM-Newton PO survey. (b) Expected distributions of observed maximum flux (upper-left), duration of signals above the flux
limits (upper-right) and redshift (bottom) of the observations in XMM-Newton SLEW survey. Because of the low expected number of detections for peaks
compared to tails (see tab. 1), the black solid line in bottom graph is not visible.
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Figure 6. Expected redshift distribution for peak signals in 10 ks of THE-
SEUS/SXI observations (opaque lines), assuming NH = 5 × 1020cm−2. In
the default configuration of constant BNS merger rates we test two different
observing strategies: case a and case b, as described in Section 3.3.3. They
are shown by the solid-violet and dashed-fuchsia lines, which completely
overlap for z . 2 and only differ in the maximum achieved redshift, z ∼ 3
for the former and z ∼ 2 for the latter. We also report the peak distribution
as a function of redshift for other tested BNS merger models: MD2014 in
orange, D2013 in green and G2016 in blue. For comparison with figure 4,
we show the results in the two different regimes: z > 1 in linear and z ≤ 1
in logarithmic scale. For the same reason, we also add in transparency the
distribution of peaks missed because of sensitivity constraints.

sensitivity would detect on the order of hundreds to thousands of
BNS mergers in only a few years, assuming an emission with peak
luminosity in the range Lp ∼ [1045 − 1048] erg cm−2 s−1 and a spec-
tral distribution similar to SC16f. Our analysis therefore shows that
proposed large FoV instruments, such THESEUS, offer an incredi-
ble opportunity compared to present deep surveys, for the detection
of rare but bright transients, such as those of the presented model.
THESEUS/SXI-like campaigns are expected to detect events gener-
ated near the peak of the cosmic star formation and BNS merger
rate, at z ∼ 1 − 3.
The redshift distribution dNp/dz of case a and b in figure 6 show
that, as expected, longer exposure times decrease the flux limits and
therefore probe larger redshift. Meanwhile, multiple shorter expo-
sures at distinct sky locations, as in case b, increase the probability
of detecting tails. We find that THESEUS/SXI would make more
detections, during a fixed total observing time, with an observing
strategy that increased sky coverage at the cost of shorter expo-
sures.

4 DISCUSSION

With saprEMo, we tested the sensitivity of different astronomical
surveys to the emission model SC16f.

Given a fixed emission model, the tail contribution be-
comes more important for surveys with shorter exposures
〈Tobs〉. The analysis has confirmed that when the exposure 〈Tobs〉

is considerably shorter than the duration of the emission model,
as is the case of XMM-Newton SLEW observations, detections
of pre-peak rises or post-peak decays will be more common than
observations of peak flux. Therefore the relation between 〈Tobs〉

and the typical duration of the EM model sets the relative number

of peaks and tails. Given a fixed amount of total observing time, the
number of expected tails increases with the number of pointings
of different sky positions. This is shown, for example, by the two
cases tested with THESEUS (see tables 1 and 2).

Inferences on BNS merger models

• A few detections can already constrain the lower limit of
cosmic BNS merger rate. For example, assuming the emission
model proposed by Siegel & Ciolfi 2016b, the probability of de-
tecting more than 3 peaks in XMM-Newton PO assuming a con-
stant merger rate of 100 Gp−3yr−1 is < 1%; thus, a few detections
could set a lower limit on the BNS merger rate. The proposed emis-
sion model also offers the unique possibility of exploring merg-
ers in the high-redshift Universe: with peak luminosity as high as
∼ 1048 erg/s, XMM-Newton could detect signals generated at red-
shifts as high as z ∼ 15 with PO sensitivities.
Constraints on BNS merger rate can be also obtained by assum-
ing the association of the Chandra X-ray transient with the SC16
emission model. In this case our analysis can put a lower limit on
the BNS merger rate of ∼ 2300 Gpc−3yr−1 at 90% confidence in-
terval, assuming a constant rate up to z ∼ 6. The peak luminosity
of the rescaled SC16 emission is indeed bright enough to actually
be detectable by Chandra up to z ∼ 6, even after accounting for the
Milky Way absorption.
• Larger PO-like or THESEUS surveys will probe RV(z) and

likely constrain also EM emission models. In the case of bright
emission, as expected by SC16, saprEMo predicts that the PO cam-
paign can detect all BNS merger peaks in the Universe, localised
within XMM-Newton’s field of view. However, table 1 shows that
to probe a statistically significant population of BNS mergers, PO-
like sensitivities must be obtained with longer time window T
and/or larger FoV. Large field of view instrument, such as THE-
SEUS/SXI, can also detect many of these events. Although limited
to smaller redshift, cosmological distances could still be achieved
if we assume bright emission models. This is shown for the case
of SC16 in figure 6. These campaigns should therefore yield the
BNS merger rate distribution as a function of redshift, providing
that multi-wavelength observations will allow redshift associations.
These observations would then enable us to constrain the proposed
BNS merger rate scenarios, which indeed predict different z distri-
butions (see figure 6).
• Redshift measurement play a fundamental role for break-

ing the degeneracy between emission parameters and rate mod-
els. We apply saprEMo to the PO and THESEUS cases, case a, for
the three scenarios introduced in section 3.2: D2013, G2016 and
MD2014 (see figure 4). The absolute expectation values reported
in table 2 and figure 6 , reflect the trend of the rate models reported
in figure 4. The overall results show that, without perfect knowl-
edge of light curve and spectrum of the emission, measurements of
source distances are necessary to constrain the redshift dependence
of the BNS merger rate.

Considerations on saprEMo’s results. In this paragraph we high-
light some general considerations, to realistically interpreting
saprEMo results. The main output of the analysis consists in the
number of peaks and tails expected for a specific emission model
in a selected survey of data. However, depending on the purpose of
the analysis, other information, such as more accurate requirements
for detectability and classification, should be taken into account. In
the following we give some examples.

Challenges for detectability: despite this does not concern the
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results presented in the previous session, short transients in long
exposure observations can be lost in the integrated background flux.
To overcome this issue, targeted analyses might be required (see
for e.g. the work of EXTraS group De Luca, A 2014 De Luca et al.
2016 for detection of ∼ 102 s-lasting transients in PO).

Challenges for classifications: because of their definition, we
generally expect durations and fluxes of tails to extend to lower
values compared to the peak ones (as shown in figure 5 (a)). This
generally worsen the performances of signal classifications and
identification among more common phenomena. In particular for
our analyses, given the shape of SC16f’s light curve, tails should
mostly appear as simple decaying signals, which can be challeng-
ing to distinguish from other X-ray transients (e.g., tails of tidal
disruption events Lodato & Rossi 2011 or supernovae Dwarkadas
& Gruszko 2012).
The correct classification of X-ray events can also be challenged
by short exposure times. This is for example the case of the SLEW
survey, where observations typically last only few seconds. Indeed
some emission models, as SC16, predict a long-scale time evolu-
tion of the emission properties which would likely result in detec-
tions of dissimilar signals, challenging their association to a com-
mon origin. Campaigns characterised by typically longer observa-
tions, such as the XMM-Newton PO and Chandra CDF-S, are less
affected by classification problems. The extension of the typical ex-
posure time to thousands of seconds and improved spectral resolu-
tion, allow for the acquisition of more informative data, simplifying
transient identification.

5 SUMMARY AND OUTLOOK

In this study we showed some applications of our tool saprEMo; we
applied it on few present and possible future surveys, assuming a
specific emission model and cosmological BNS merger rate RV (z).
In terms of multi-messenger astronomy, our results show that the
luminosities predicted by the SC16 emission model can be detected
up to cosmological distances which extend much further than the
horizon of present (Aasi et al. 2016; Abbott et al. 2018b) and future
gravitational wave detectors (Sathyaprakash et al. 2012) to binary
neutron star mergers, both in the cases of current surveys, such as
CDF-S and XMM-Newton PO and SLEW, and proposed missions,
such as THESEUS.

saprEMo provides theoretical predictions allowing us:

• to compare predictions with actual data. E.g. we proved that
some signals consistent with the model could already be detected
in present surveys of data such as XMM-Newton PO and SLEW;
• to test potential associations. E.g. we proved that the new tran-

sient found by Bauer et al. 2017 is marginally consistent with the
model;
• to assess the effectiveness of proposed mission concepts for

a specific type of signal. We illustrate the utility of saprEMo for
evaluating proposed missions with a case study of THESEUS. We
demonstrate that, with few years of operation, the large FoV of
THESEUS/SXI could allow for the detection of up to thousands
of SC16-like signals, enabling considerable constrains on both the
BNS merger rate and the emission models;
• and to compare different observational strategies. saprEMo

can be used to determine advantages and disadvantages compared
to a particular emission, of adopting different observational strate-
gies. With the case of THESEUS, we indeed demonstrate that
saprEMo can compare observations characterised by different val-
ues of typical exposure time 〈Tobs〉 and point out the main prop-

erties of the relative detections. In general, given a total observing
time T , different observational strategies can be applied; increas-
ing the exposure time to increase the sensitivity or decreasing the
exposure time to enlarge the sky coverage. The effect of adopting
different exposures depends on several parameters, including both
source and instrumental properties (such as rate, luminosity, flux
limit dependence on exposure time, etc). In this paper, we specif-
ically prove that, given THESEUS/SXI sensitivity as a function of
exposure time, 10 observations of disjoint sky areas lasting 1 ks
would en-captured more SC16f-like transients than an extended
single pointing of 10 ks.

In general saprEMo allows us to test both survey and astrophysical
properties. This study has mainly focused on the former, exploring
the impact of different trade offs among such properties (including
exposure time, sky localisation, and spectral sensitivity), assuming
a single light curve model from SC16. However saprEMo can also
test (and be used for inference on) astrophysical quantities such as
emission duration, peak luminosity and spectra.
Once the design sensitivity of Advanced gravitational-wave in-
terferometers is achieved, GW detections of EM bright sources,
such as GW170817, will occur more and more often and very
likely at lower SNRs. In this context of multi-messenger astron-
omy, saprEMo can be used to optimize the analysis by identifying
specific emission model. We conclude remarking that the flexibility
of the implemented methodology allows considerations of emission
model spanning the whole electromagnetic spectrum (e.g. kilono-
vae models can also be tested). Moreover our analysis include no
priors on nature of EM sources, so that it can be applied to a wide
range of astrophysical phenomena. With its analysis dedicated to
treat high redshift effects, saprEMo particularly suits studies on
emission of cosmological origin.
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APPENDIX A: SAPREMO FEATURES

A1 Redshift / K-correction

To evaluate if the emission is visible in the g band of the instru-
ment, we need to calculate the fraction of source light curve which
contributes to the flux in the g band at the observer. Here we denote
each energy band [EI

min, E
I
max]g with the label g; we use [EI

min, E
I
max]

without subscripts for the whole range of operation.
We assume a set of light curves [Lh(t′)]hmax

h=0 , where each element
Lh(t′) represents the emission in the source frame within a fixed h
energy bin [E′min, E

′
max]h. The redshifted energy bin h, associated to

the light-curve element Lh(t′), might only partially overlap with an
instrumental energy bin g. To consider only the part of the light-
curve which contributes to the emission visible in the g energy bin,
we calculate the fraction of the h energy bin that falls into the g
band and assume the energy is uniform across its intrinsic spec-
trum. Therefore for each numerical step in z, we calculate the emis-
sion contribution to each g band:

Lg(t′, z) =

hmax∑
h=0

Lh(t′)whg(z) (A1)
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When the redshifted h bin and the g band of the instrument overlap,
the Lh(t′) emission contributes to the total observable emission in
the g band Lg(t′, z) with a weight defined by the ratio between the
amount of overlap and the width of the light curve energy bin:

whg(z) =

α ifα > 0
0 otherwise

(A2)

where

α =
min

(
(1 + z)−1E′max,h, E

I
max,g

)
− max

(
(1 + z)−1E′min,h, E

I
min,g

)
(1 + z)−1[E′max,h − E′min,h]

(A3)

An increased resolution in the energy bins of the emission model
will result in more precise estimates.

A2 Absorption

saprEMo can account for both host and Galactic absorptions.
The host-galaxy absorption is included by substituting Lh(t′) with
L̃h(t′) = Lh(t′)e−nH,hσh , where nH,h is a typical value of the effective
hydrogen column density and σh is the average of the absorption
cross-section in the h energy band in the source frame. Both of
these quantities may depend on the type of the host galaxy. Simi-
larly, the Milky-Way absorption is accounted adopting L̃g(t′, z) =

Lg(t′, z)e−nH,MWσg . We estimate an effective hydrogen column den-
sity as a function of the observed sky-locations (Galactic latitudes),
adopting the sky-map of HI emission-line brightness Tb released
by Kalberla et al. 2005. For each position in the sky, the Galactic
column density along the line of sight nH,MW is calculated adopt-
ing equation (4) of Chengalur et al. 2013 (valid for negligible total
opacity). These values then have to be averaged along Galactic lon-
gitudes l,

〈
nH,MW

〉
l, and finally associated to the relative frequency

of observations in the survey to calculate an effective column den-
sity nH :

nH,MW [cm−2] =
1

nobs

nobs∑
j=1

〈
nH,MW

〉
l j

(b j, l j) (A4)

where b is the galactic latitude.
To establish the detectability of the light curves L̃g(t′, z), we

calculate the corresponding fluxes:

Fg(t′, z) =
L̃g(t′, z)
4πD2

L(z)
(A5)

A2.1 X-ray absorption model

Different specific absorption models can be implemented accord-
ingly to the energy range of interest. In this paper we only consider
the effect of X-ray absorption at the observer. In Willingale et al.
2013, the authors investigate hundreds of GRB afterglows detected
by Swift to model the effective total Galactic column density in X-
ray nHtot ,MW . Atomic and molecular hydrogen represents the domi-
nant components of nHtot ,MW ≈ nH,MW + 2 nH2 ,MW . To estimate the
molecular hydrogen component from the atomic contribution, we
adopt the model proposed by Willingale et al. 2013:

nH2 ,MW = nH2max

[
1 − exp

(
nH,MW

nc

)]α
(A6)

where nH2max = 7.5 × 1020 molecules/cm2, nc = 2.37 ×
1021 atoms/cm2 and α = 2. We apply this effective total Galac-
tic column density nHtot ,MW to both XMM-Newton surveys, PO and
SLEW.

The effective cross section of the interstellar medium, for each
of the energy bands in the range 0.03 − 10 keV, is analytically es-
timated as a function of energy E, following Morrison & McCam-
mon 1983.

A3 Detailed integrations over cosmical scales

To estimate the peak contribution, we need to account for the red-
shift dependence of all the quantities involved in the cosmic inte-
gration of equation 2. At each step in z, the portion of light curve
still present (after the redshift) in each of the instrumental energy
band is calculated, the absorption is applied and the new maximum
redshift zmax,g is computed. The contribution of the correspondent
step in redshift z is considered if at least on one energy band g,
zmax,g > z.

Similarly, we compute the number of tails with:

Nt = ε ñobs
FoV
4π

∫ zmax

0
RV (z)

dVc
dz

LCS dz (A7)

where zmax is the maximum redshift which contributes to peak
count and LCS (z) =

⋃
g[dt′vis(z)]g represents the union of source

time-intervals of the light curve dt′vis,i which are visible at z in at
least one g band, i.e.

∀g dt′vis,i = t′i+1 − t′i | [Fg(t′i , z) + Fg(t′i+1, z)] > 2 Flim,g (A8)

This contribution does not include peaks, since the peak duration
can be consider infinitesimal. The time dependence for tail calcu-
lation is only set by the signal duration, while is completely unaf-
fected by the survey exposures, which instead determine the peak
contribution.

APPENDIX B: SURVEY PROPERTIES

B1 XMM-Newton parameters

We report the parameters adopted to apply saprEMo to XMM-
Newton surveys: PO and SLEW in tables B1 , B2, B3 and B4. The
data used to characterise PO and SLEW are collected in source cat-
alogs. From there, relative papers (Rosen et al. 2016; Saxton et al.
2008) and webpages (XMM-Newton SSC Consortium 2017a; Read
& Saxton 2016; Saxton et al. 2017; ESA 2017), we extract the gen-
eral properties necessary to apply saprEMo. In the case of PO and
SLEW we estimate the impact of absorption from the locations of
the sources collected in the catalogs Rosen et al. 2016 7. Since no
flux limits have been quoted for PO, for that case we use as a proxy
the medians of the fluxes available from the catalog.

B2 CHANDRA

To apply saprEMo to the CDF-S we use data from Smale 2017b;
Lehmer et al. 2005 and Luo et al. 2017. As quoted in the same
references, we adopted nH,MW = 8.8 × 1019 cm−2.

The adopted survey properties are reported in the tables B5
and B6. Tables B5 and B6 report conservative values extracted
from figures 2, 28 and 29 of Luo et al. 2017, approximating the

7 We adopt clean data, requiring: CLEAN = OBS_CLASS < 3. Data con-
cerning average and standard deviation of observation durations are based
on total band (Exp_Map_B8). Locations adopted for the absorption model
are inferred from source locations.

MNRAS 000, 1–13 (2018)
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PARAMETER VALUE

Minimum energy 0.2 keV

Maximum energy 12 keV

〈Tobs〉
a 19000 s

σTobs
a 17900 s

Covered Sky area 1750 (1032b) deg2

Table B1. PO: general characteristics of pointed observations contribut-
ing to the XMM-Newton Serendipitous Source Catalog. The data are part
of the 3XMM-DR7 catalogue (Rosen et al. 2016); we adopted the fit
file 3xmmdr7_obslist. f its available at (XMM-Newton SSC Consortium
2017b). a: From clean observations (OBS_CLASS < 3); b: Excluding over-
laps.

ENERGY BAND [keV] SENSITITY [erg cm−2 s−1]

0.2 − 0.5 5.8 × 10−16

0.5 − 1.0 1.7 × 10−15

1.0 − 2.0 2.7 × 10−15

2.0 − 4.5 3.8 × 10−15

4.5 − 12.0 6.6 × 10−15

Table B2. PO: spectral bands of pointed observations contributing to the
XMM-Newton Serendipitous Source Catalog. Medians in each band from
catalog as reported in website (Smale 2017c), catalog available at (XMM-
Newton SSC Consortium 2017c) catalog: 3XMM_DR7 cleaned with the
same criteria used for calculating average and variance of exposure times.

main characteristic a region of the sky described by roughly homo-
geneous properties 8. More details on the set of observations are
available at Smale 2017b.

B3 THESEUS

The data concerning THESEUS have been extrapolated from Am-
ati et al. 2018. We analyse 10 ks of exposure collected with two
different strategies:

a) 1 single exposure of 10 ks;
b) 10 distinct exposures of 1 ks each.

We report in tables B7, B8 the properties adopted for the results
presented in this paper.

8 To account for homogeneity, we decide to only consider a 285 arcmin2 re-
gion, out of the 484.2 arcmin2 of the entire survey, which corresponds to the
ACIS FoV and roughly to the region observed by at least 6 million seconds
(see figure 2 of Luo et al. 2017). A similar sky area is also characterised by
flux limits in the total energy band < 2 × 10−16 erg cm−2s−1.

PARAMETER VALUE

Minimum energy 0.2 keV

Maximum energy 12 keV

〈Tobs〉
a 6.9 s

σTobs
a 2.4 s

Covered Sky areab 84% of the sky

Table B3. SLEW: general characteristics of slew data contributing to the
XMM-Newton Slew Survey Catalogue. a: from clean observations accord-
ing to xmmsl2_clean. f its file at (Smale 2017a); b: percentage when over-
laps are excluded from (Smale 2017a).

ENERGY BAND [keV] SENSITITY [erg cm−2 s−1]

0.2 − 2.0 0.57 × 10−12

2.0 − 12.0 3.7 × 10−12

Table B4. SLEW: spectral bands of slew data contributing to the XMM-
Newton Slew Survey Catalogue. Flux limits from (ESA 2017). The energy
range in SLEW catalog is divided just in 2 bands.

PARAMETER VALUE

Minimum energy 0.5 keV

Maximum energy 7 keV

FoV 285 arcmin2

〈Tobs〉
a ∼ 6 × 106 [s]

nobs 1

Table B5. CDF-S: general properties of CDF-S (roughly homogeneous
region) from (Lehmer et al. 2005), and (Luo et al. 2017). a: the maximum
cleaned exposure is 6.727 × 106 s.

ENERGY BANDS [keV] SENSITIVITY [erg cm−2 s−1]

0.5 − 2.0 ∼ 6 × 10−17

2.0 − 7.0 ∼ 4 × 10−16

Table B6. CDF-S: conservative estimates of flux limits from figures 28
and 29 of Luo et al. (2017) (at ∼50% completeness).

PARAMETER VALUE

Minimum energy 0.3 keV

Maximum energy 6 keV

FoV 110 × 30 deg2

Table B7. THESEUS: general properties of the Soft X-ray Imager (SXI)
from (Amati et al. 2018).

MNRAS 000, 1–13 (2018)
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〈Tobs〉 [s] nobs SXI SENSITIVITY [erg cm−2 s−1]

Case a. 104 1 7.82 × 10−12 (1.93 × 10−11)

Case b. 103 10 3.20 × 10−11 (7.87 × 10−11)

Table B8. THESEUS: properties of the two considered scenarios for a to-
tal of 10ks observations. Sensitivities extrapolated from figure 4 of Amati
et al. (2018) assuming column density typical of regions outside (inside) the
Galactic plane.

MNRAS 000, 1–13 (2018)
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