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Abstract
Context. The recent discovery of classical novae as sources of & 100 MeV gamma-ray emission by the Fermi-LAT
has indicated that shocks play an important role in the acceleration of gamma rays at these sites. Recent studies
suggest that protons accelerated by shocks in Galactic novae could reach energies of ∼ 10 GeV - 10 TeV, leading to
gamma-ray emission at energies accessible to ground-based Cherenkov telescopes.
Aims. We aim to investigate the prospects for the detection and characterization of Galactic classical novae using the
Cherenkov Telescope Array (CTA). Additionally, we seek to evaluate the feasibility of CTA to record Galactic novae
as transient sources during Galactic plane survey (GPS) observations.
Methods. We perform simulations of Galactic novae with high cutoff energies and employ the method of maximum
likelihood fitting to measure the spectral characteristics of the simulated novae.
Results. We find that CTA alone is unlikely to detect novae without favorably high spectral cutoff energies. However,
in the case of a sufficiently high cutoff energy, we expect rapid detection of a source with CTA. As a complement to
the Fermi-LAT, we show that CTA has the potential to introduce constraining upper limits for novae models.

1. Introduction
The experimental study of very high energy (VHE)
gamma rays (100 GeV and greater) is a relatively new
exploration with prospects for discovering and understanding the origins of astrophysical particle acceleration and cosmic rays as well as identifying dark matter candidates. Since gamma rays, unlike their charged
cosmic ray counterparts, are unhindered by magnetic
fields, they travel in a straight path from their sources.
This quality makes them an excellent tool for studying
unique high-energy phenomena, such as the novae discussed in this report. A major drawback to these VHE
gamma rays is that they have a very low flux, thus requiring a large telescope area for their detection. This
specification rules out space-based telescopes, which
have relatively small detection areas. Furthermore,
ground-based gamma-ray detectors are unable to detect
gamma rays directly because the photons interact with
atmospheric nuclei, leading to e+ /e− pair production.
These charged particles immediately undergo Bremmstrahlung radiation and emit secondary gamma rays.
This process occurs repeatedly and results in a cascade
of photons and secondary charged particles. Some of
these charged secondary particles will be moving faster
Email address: cbadams2@wisc.edu

than the speed of light in air and will emit radiation in
the form of Cherenkov light [1].
Ground-based detectors take advantage of this unique
signature and are able to image these flashes of
Cherenkov light.
The telescopes used for this
type of measurement are called imaging atmospheric
Cherenkov telescopes, or IACTs. Large arrays of these
telescopes can deliver a sizable effective area that can
reconstruct an event’s energy and direction from the
flash. Energy is reconstructed via a transfer function
on the number of photons recorded, and the direction
is reconstructed using stereoscopic imaging techniques
made possible via multiple telescopes.
1.1. The CTA concept
The future of IACTs comes in the form of the
Cherenkov Telescope Array (CTA), a proposed nextgeneration gamma-ray telescope array. When completed, CTA will be composed of two telescope arrays,
with one located in each hemisphere. These two arrays
in conjunction will provide full-sky coverage. The array promises an order of magnitude impovement in sensitivity over existing instruments, an angular resolution
approaching 1 arcminute at TeV energies, and a field of
view of eight degrees. It will feature three sizes of telescopes - small, medium, and large - designed to cover
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an energy range extending from 20 GeV to 300 TeV.
At lower energies, CTA is expected to overlap with the
energy ranges of satellite detectors such as the Fermi
Large Area Telescope (LAT), allowing for parallel observations of sources [2].
1.2. Galactic novae
Galactic novae are classical novae that occur within
the Milky Way galaxy. Classical novae belong to the
more general class of cataclysmic variables, and are the
result of major outbursts in binary star systems where a
white dwarf star accretes matter from what is usually a
late-type main-sequence star. These outbursts arise out
of the accretion of hydrogen and helium from the mainsequence star onto the surface of the white dwarf. As the
hydrogen-rich material accumulates on the surface of
the dwarf, the base of the accreted layer is compressed,
causing the material to become degenerate. Once the
accreted matter reaches a critical mass (about 10−5 to
10−4 M ), if the material is sufficiently degenerate, a
runaway thermonuclear chain reaction will occur [3].
This outburst of energy ejects most of the unburnt hydrogen, as well as some matter from the white dwarf,
from the surface and sends it outwards in a shell [4].
For many years, it was thought that classical novae,
which lack dense stellar winds as a consequence of their
main-sequence secondary star, were incapable of producing high-energy particle acceleration via shocks because there was nothing with which the nova outflow
could collide [5, 6, 7]. The unexpected detection of &
100 MeV gamma-ray emission from classical novae by
the Fermi-LAT suggested that high-energy particle acceleration processes, specifically strong shocks, exist in
these sources [8, 9]. A leading model consists of two
distinct outflows: a slow toroidal ejection of mass, followed by a second, more spherical ejection or continuous wind, that travels at ∼ 2× the velocity of the initial ejecta [10, 11]. The collision of these two ejecta
can produce powerful internal shocks (see Figure 1),
resulting in a forward shock that propagates outward
through the slow ejecta, and a reverse shock propagating
back through the wind. Charged particles like protons
are accelerated as they bounce back and forth across
the shock front until they have reached relativistic energies and are able to escape the system. Accelerated
protons can collide with stationary protons in the slow
ejecta surrounding the shock, and if sufficiently energetic, these collisions could produce either neutral pions
(π0 ) or charged pions (π± ) [5]. Whereas charged pions
decay into neutrinos and muons, neutral pions will decay into gamma-ray photons, thus allowing gamma-ray
telescopes to probe these energetic environments.

Figure 1. A schematic diagram of a new theory for shocks in novae
[10]. The initial outflow (blue, with toroidal geometry) expands outwards with velocity ve j . 103 km s−1 , and is collided with by the
later fast outflow or continuous wind (red, with spherical geometry)
expanding at v1 ∼ 2ve j . A small fraction of the shock power is used
to accelerate ions or electrons, which radiate gamma-rays via interactions with the surrounding medium. Kinetic energy is dissipated by
the radiation of thermal X-rays, which are absorbed and re-radiated as
optical/UV emission by neutral gas around the shock [12].

1.2.1. Fermi-LAT detection of novae
As a result of the LAT detector’s diminished sensitivity at higher energies, the statistics in those bins are not
adequate to resolve the shape of the spectrum. Metzger
et al. [5] suggests that, in principle, nova gamma-ray
emission could extend up to energies of & 100 GeV,
which would be accessible to the larger IACTs in the
planned CTA. This is not an unreasonable expectation,
as the properties of the shock that determine maximum
particle energy are likely to vary in time during the nova
outburst, so a spectral cutoff measured at one epoch
does not exclude a higher value of Emax at other times
[5]. Provided this is true, it is our aim in this study to
characterize the ability of CTA to detect and provide further constraints for these sources.

1.2.2. Nova frequency and distribution
Current models estimate a total Galactic nova rate
−1
of 50+31
[13]. Since novae remain luminous in
−23 yr
gamma rays for 2-3 weeks, we can therefore expect that
on average, at least 1 nova will be gamma-ray active
in the Galaxy at any point in time. Additionally, the
recorded Galactic distribution of novae shows a strong
concentration towards the plane and bulge [14]. If nova
spectra routinely extend to sufficiently high energies,
they could represent a promising transient source class
for future CTA surveys of the Galactic plane.
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2. Simulations

equation (1), which represents a photon flux distribution
∝ E Γ . It has a scaling energy E0 (fixed at 35 GeV for all
studies in this report), a normalization constant k0 , and
a spectral index Γ. A power law can be multiplied by
an E 2 term to represent a spectral energy distribution.
When plotted in log-log space, this distribution will appear linear and its index will determine the slope. If
Γ = −2, the spectrum will be flat.
!Γ
E
dN
= k0 ×
(1)
dE
E0

2.1. Simulation tools
Simulations are an essential tool for testing the CTA
concept, and are the primary method by which the research in this report was conducted. The feasibility of
detecting interesting gamma-ray sources, such as the
Crab Nebula or Galactic novae, can be evaluated using a
series of observation simulations for CTA. The simulation software package ctools1 has been developed as
an open source project, and is a versatile analysis tool
intended for the broader gamma-ray astronomy community [15, 16]. ctools also provides complementary
Python scripts called cscripts.
ctobssim simulates observations given an instrument response function and an input model. It generates
an event list containing the reconstructed incident photon direction in sky coordinates, reconstructed energy,
and arrival time for each event. An unbinned likelihood
model fit is performed on the event list using ctlike.
Provided the fit made by ctlike, ctbutterfly calculates a butterfly diagram for the source, defining an
envelope of all spectral models that are within a 1σ
confidence level compatible with the data. In a parallel process to ctlike, the spectrum for the event list is
computed with the script csspec, which uses a binned
likelihood fit to produce spectral flux points for each energy bin.

The power law can be multiplied by an exponential
cutoff term to bound the spectrum at higher energies,
as demonstrated by the exponentially cutoff power law
(EPL) in equation (2). The parameter that characterizes
the cutoff energy, Ec , is especially important because it
can be tied to the maximum accelerated particle energy
at gamma-ray production sites in novae.
!Γ
E
dN
= k0 ×
exp(−E/Ec )
(2)
dE
E0
2.4. Modeling V339 Del 2013
Nova V339 Del 2013 was the least luminous and
among the furthest of the 3 gamma-ray novae initially
reported by the Fermi collaboration in 2014 (see Table 1) [9]. Its spectrum, shown in Figure 2, is notably
ambiguous above ∼ 2 GeV. Thus, we selected V339
Del 2013 as a basis for the first set of novae simulations because it represented a source that could in principle extend to & 10 GeV energies and be further constrained by CTA measurements. Such a source would be
a likely candidate for a triggered transient observation,
a planned key science project of the CTA Consortium
[18].

2.2. Instrumental information and backgrounds
A set of instrument response functions (IRFs) for the
full Southern array using the MC production 3b were
used for simulations. The IRFs used are generated assuming a zenith angle of 20◦ , an average between north
and south pointing directions, and either a 30 minute
or 5 hour observation time [17]. It is assumed that all
observations are made pointing so that the source is at
the center of the field of view. For our background, we
used the default CTA background for the Crab Nebula.
This is a reasonable assumption because any uncertainties stemming from the decision will be negligible compared to the other systematic uncertainties involved.

Nova
V1324 Sco 2012
V959 Mon 2012
V339 Del 2013
V1369 Cen 2013*
V5668 Sgr 2015*

Lγ
8.6
3.7
2.6
1.0
0.3

Distance
4.5†
3.6
4.2
2.5
2.0

PL Γ
-2.16
-2.34
-2.26
-2.37
-2.42

Table 1. A summary of the characteristic measured values for each
of 5 Fermi-LAT detected classical nova [6, 9]. Lγ is the gamma-ray
luminosity estimated using the power-law fits of the > 100 MeV LAT
spectra integrated up to 10 GeV and recorded in units of 1035 erg s−1 .
Adopted distances are measured in kpc. PL Γ provides the spectral
index for the LAT data fitted to a power law model given by equation
(1).
*Not included in initial Fermi report.
† Estimated using the maximum magnitude rate of decline relation
leading to large uncertainties.

2.3. Models
In the upcoming sections, there are two models that
will be discussed in depth. The first is the power law,2
1 http://cta.irap.omp.eu/ctools/index.html
2 http://cta.irap.omp.eu/ctools/users/user_manual/
getting_started/models.html, provides documentation for
usage and units.
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are set by computing the averages of the measurements
recorded in Table 1. We derive the flat model in the
same way, but with Γ = −2.
Lγ
=
4πd2

Z

10 GeV

E
0.1

dN
dE
dE

(3)

Since this derivation includes a distance term, we are
therefore able to derive a model for an average nova at
a given distance.
3. Results and Analysis
3.1. Prospects for V339 Del detection and constraints
Figure 2. The Fermi-LAT spectrum for V339 Del 2013 [9]. A power
law (PL) and exponentially cutoff power law (EPL) are fit to the data.
An exponential cutoff at 30 or 100 GeV is added to Fermi’s PL fit to
model a novae with gamma-ray emission extending to higher energies.

Using the models defined in section 2.4, we ran a set
of 50 simulations for each model type (fit / flat), cutoff
energy (30 GeV / 100 GeV), and integration time (30m /
5h) - a total of 8 sets of simulations. Our aim is to attain
a measure for CTA’s ability to both detect a faint nova
like V339 Del, as well as to further constrain spectral
models for classical novae. The former can be accomplished by performing a quantitative evaluation using
the method of likelihood fitting. The fit is performed
with the normalization, spectral index, and cutoff energy kept as free parameters. In addition to performing
the fit, ctlike will also compute a Test Statistics (TS)
value defined by

Using the data provided in [9], we derive two powerlaw models to represent the potential of a V339 Del-like
source to extend to higher energies in gamma rays. The
first model, designated the fit model, uses the results of
the power-law fit performed in [9] and seen as the solid
black line in Figure 2. The second model, designated
the flat model, averages the five high significance flux
points and fits a power law with a spectral index of -2 to
them. Once each power law is derived, an exponential
cutoff at either 30 or 100 GeV is applied. A summary of
the model parameters for each of the models is shown
in Table 2.
Type
fit
flat

k0
5.07e-15
1.62e-14

T S = 2 ln L(M) − 2 ln L(M− j )

(4)

where L(M) is the maximum likelihood value for the
full model M and L(M− j ) is the maximum likelihood
value for a model from which the component j has √
been
removed, and we assume for this study that σ ∼ T S
[16]. The spectra for a single simulation and the average
of all simulations for each model are shown in Figure 3
for the 30 minute integration and in Figure 4 for the 5
hour integration. The source significance histograms for
all models and integration times are shown in Figure 5.
From these plots, we see that a 5σ detection of this
source is possible with a 30 minute integration given a
flat model and a 100 GeV cutoff energy. Since this is
our most optimistic model, it is unsurprising that it is
easiest to detect. To detect our more conservative models for V339 Del, a longer integration time (Figure 4)
becomes necessary. For a 5 hour integration, we see
that detections are possible for the flat model with a 30
GeV cutoff energy and the fit model with a 100 GeV
cutoff energy. Our most conservative model for V339
Del, a fit model with a 30 GeV cutoff energy, would not
be detected with either integration time.

Γ
-2.26
-2.00

Table 2. The input model parameters for the two types of simulations
for the V339 Del 2013 Nova. k0 is given in ph cm−2 s−1 MeV−1 . E0
for all simulations is 35 GeV. Each simulation type is split into two
branches with either a 30 GeV or 100 GeV exponential cutoff.

2.5. Modeling future sources
We can also generalize existing novae measurements
to derive a model for an average nova event. It is important to note that any model derived in this fashion
can only be considered a rough approximation given the
variability and uncertainty of the measured values.
Our aim is to derive a distance-dependent power-law
model for a nova. We are able to do this for the fit model
using equation (3), where dN/dE is described by equation (1), and fixing all parameters except for k0 . Lγ and Γ
4

(a) Single simulation: fit model - 30 GeV cutoff.

(b) 50 simulation avg: fit model - 30 GeV cutoff.

(c) Single simulation: fit model - 100 GeV cutoff.

(d) 50 simulation avg: fit model - 100 GeV cutoff.

(e) Single simulation: flat model - 30 GeV cutoff.

(f) 50 simulation avg: flat model - 30 GeV cutoff.

(g) Single simulation: flat model - 100 GeV cutoff.

(h) 50 simulation avg: flat model - 100 GeV cutoff.

Figure 3. Left: Spectrum for a single simulation with a 30 minute integration time. Vertical bars indicate 1σ uncertainties for data points with
T S ≥ 9, otherwise upper limits are plotted. An exponentially cut-off power law (EPL) fit to the data and the input model are overlaid. Right:
Average spectrum over 50 simulations with a 30 minute integration time. Average EPL fit to the data and the input model are overlaid. Vertical
bars indicate the rms spread of the data over all simulations. For data points with average T S < 9, upper limits are plotted.
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(a) Single simulation: fit model - 30 GeV cutoff.

(b) 50 simulation avg: fit model - 30 GeV cutoff.

(c) Single simulation: fit model - 100 GeV cutoff.

(d) 50 simulation avg: fit model - 100 GeV cutoff.

(e) Single simulation: flat model - 30 GeV cutoff.

(f) 50 simulation avg: flat model - 30 GeV cutoff.

Figure 4. Left: Spectrum for a single simulation with a 5 hour integration time. Vertical bars indicate 1σ uncertainties for data points with T S ≥ 9,
otherwise upper limits are plotted. An exponentially cut-off power law (EPL) fit to the data and the input model are overlaid. Right: Average
spectrum over 50 simulations with a 5 hour integration time. Average EPL fit to the data and the input model are overlaid. Vertical bars indicate
the rms spread of the data over all simulations. For data points with average T S < 9, upper limits are plotted.

Sim type
fit
fit
flat
flat
fit
fit
flat

Time
30m
30m
30m
30m
5h
5h
5h

Input cutoff (GeV)
30
100
30
100
30
100
30

Table 3. The average fractional error
unreliable fitting.

 par

err

parval



k0 frac err
0.27
0.56
1.46
0.14
2.57
0.18
0.63

Γ frac err
0.11
—
—
0.15
—
0.16
0.69

E c frac err
—
8.04
—
0.28
—
0.41
0.52

# sims TS > 15
1
32
24
50
13
50
50

for each free parameter over all simulations with T S > 15. Some values have been excluded due to
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(a) 30 minute: fit model - 30 GeV cutoff.

(b) 5 hour: fit model - 30 GeV cutoff.

(c) 30 minute: fit model - 100 GeV cutoff.

(d) 5 hour: fit model - 100 GeV cutoff.

(e) 30 minute: flat model - 30 GeV cutoff.

(f) 5 hour: flat model - 30 GeV cutoff.

(g) 30 minute: flat model - 100 GeV cutoff.
Figure 5. Left: Histograms of source significance for the models with a √
30 minute integration. Right: Histograms of source significance for the
models with a 5 hour integration. Source significance is calculated as σ ∼ T S , where T S is the Test Statistics value of the likelihood fit as defined
in equation (4).
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(a) Single simulation: Fermi data with fit model - 30 GeV cutoff.

(b) 50 simulation average: Fermi data with fit model - 30 GeV cutoff.
Figure 6. Top: The spectrum for a single simulation with Fermi data included. Compare directly to figure 3a. Vertical bars indicate 1σ uncertainties
for data points with T S ≥ 9, otherwise upper limits are plotted. Bottom: The spectrum for the average of all simulations with Fermi data included.
The average model fit is computed by averaging the fit parameters of the fit to each individual simulation. Vertical bars indicate the rms spread of
the data over all simulations. For data points with average T S < 9, upper limits are plotted. Compare directly to figure 3b.

Sim type
fit
fit
flat
flat
fit
fit
flat

Time
30m
30m
30m
30m
5h
5h
5h

Table 4. The average fractional error

k0 frac err
0.36
0.30
0.33
0.14
0.35
0.16
0.22

Input cutoff (GeV)
30
100
30
100
30
100
30
 par

err

parval



Γ frac err
0.04
0.04
0.04
0.02
0.04
0.02
0.03

E c frac err
0.39
0.35
0.31
0.15
0.28
0.16
0.15

for each free parameter over all simulations with significant Fermi data points included.
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4. Conclusion and Outlook

In addition to examining CTA’s ability to detect a
source like V339 Del, we can also investigate its ability to place constraints on nova models. On its own,
CTA can only resolve a likelihood fit’s free parameters
well if the model is relatively generous, or the integration time is large. Table 3 shows the average fractional
uncertainty of the fit for each parameter, given that the
simulated source has at least 4σ significance. From this
table, we conclude that CTA’s ability to independently
resolve a likelihood fit’s free parameters is limited, especially in cases of a low cutoff energy. However, our
ability to resolve the free parameters of our models can
be greatly improved by incorporating the 5 significant
data points from the Fermi-LAT into our fit (see Figure
6). This addition significantly improves the fractional
uncertainty in the fitted parameters, as can be seen in
Table 4 in comparison to Table 3. When Table 4 is compared to the fractional uncertainty of the initial FermiLAT EPL fits [9], we see the precision of the measured
spectral index improves by ∼ 10%, and by ∼ 20% for the
measured cutoff energy. It is important to note that this
improvement in precision is dependent on the assumption that the nova’s spectrum extends up to the energies
set by our models.

In this paper, we have examined the prospects for the
planned Cherenkov Telescope Array to detect and characterize Galactic novae in varying contexts. We have
shown that, in the case of novae gamma-ray emission
extending into CTA’s sensitive energy range, measurements made with CTA have the potential to contribute
valuable scientific information to the study of Galactic
novae. In particular, we saw that CTA could contribute
to an improvement in the measurement precision of the
spectral cutoff energy, Ecut . A precise measurement of
Ecut would constrain Emax , the maximum accelerated
particle energy at a source. In turn, Emax would provide
valuable insight into the conditions that characterize the
environment of the nova, such as the shock velocity and
upstream gas density. We also find that CTA will be able
to detect a V339 Del-like nova with a 5 hour pointed observation in 3 of our 4 models.
In addition, we estimate that an average nova with a
falling spectrum and a 30 GeV cutoff energy would be
detectable at a distance of 2 kpc or less. This is not an
altogether unreasonable expectation, as 2 out of 5 of the
LAT’s nova detections are estimated to be < 3 kpc away.
For the more favorable case of an average nova with a
flat spectrum and cutoff at 100 GeV, a detection could
be made for a nova within 8 kpc.
Looking forward, to better examine how CTA would
complement nova measurements made by existing
gamma-ray telescopes, simulations for the same models could be produced for the Fermi-LAT as well, and a
more in-depth analysis could be performed on the combined simulations. Additionally, we anticipate a GPS
for CTA will survey the Inner Galaxy on a weekly basis
with 30 minute observations. If a specific point on the
Galactic plane is targeted by observations once every
2-3 weeks, using our distance-dependent spectral models and deriving a Galactic nova distribution model, we
would be able to estimate how many nova we would
expect to detect in a set time period given an input spectrum. Once a GPS begins, we could then compare the
GPS results with our predictions to either eliminate or
constrain our nova models.

3.2. Novae detection prospects for a CTA Galactic
plane survey
One of the key science projects for CTA is a Galactic
plane survey (GPS) [18]. In the context of a GPS, an
important question we can ask is: given a nova model,
what is the furthest away an average nova could be
where we would still be able to make a detection with
a 30 minute pointing? To investigate this, we use the
models derived in section 2.5 to run simulations for various distances. For our most optimistic case, the flat
model with a 100 GeV cutoff energy, we determine that
the detection of an average nova can be made in 30 minutes at a distance of 8 kpc or less, a range that extends
to the Galactic Center. In 30 simulations, we found the
median source significance for this model to be 5.12σ.
For our most realistic model, the fit model with a 30
GeV cutoff energy, we determine that the detection of
an average nova can be made in 30 minutes at a distance
of 2 kpc or less. In 30 simulations, we found the median
source significance for this model to be 5.40σ. Due to
time constraints, the distance limits for the 30 minute
pointing were not found for the remaining two models. However, the two calculated distance limits can be
thought of as bounding values for the remaining models.
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