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The widely anticipated outburst of recurrent nova T Coronae Borealis (T CrB), which is near the
end of its 80-year cycle, provides an excellent opportunity to search for neutrinos from novae.
Novae are an energetic class of transients, which have been studied for hundreds of years. Because
many of them are located nearby, novae provide an excellent astrophysical laboratory to study
shock-powered emission in our own backyard. Several recent novae have previously been detected
in GeV gamma rays, and the 2021 outburst of RS Ophiuchi was detected up to TeV energies, with
evidence for a hadronic origin of the observed emission. Previous searches for GeV-TeV neutrinos
from novae, predicted to occur alongside their gamma-ray emission, have been performed using
data from the IceCube Neutrino Observatory. However, no significant neutrino signals from novae
have yet been observed. We present plans for follow-up of T CrB in real time with IceCube, using
datasets spanning GeV to PeV neutrino energies. Due to its closer distance and higher optical
flux, which has been well measured in two historical eruptions, the expected neutrino signal from
T CrB is several times stronger than that from RS Ophiuchi. Furthermore, T CrB is located in the
Northern sky at a declination where IceCube’s sensitivity is an additional factor of a few better
than at the location of RS Ophiuchi, which is beneficial to this search.
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T CrB neutrino search with IceCube

1. Introduction

Although novae are one of the longest known classes of astrophysical transients, they continue
to provide new surprises thanks to modern instruments. Novae occur when a white dwarf accretes
matter from its stellar companion in a binary system, triggering a thermonuclear runaway explosion
of the excess matter accumulated on the white dwarf surface (for a review, see [1]). Fermi-LAT
made the surprise discovery that many novae emit GeV gamma rays simultaneously with their long-
studied optical outbursts [2]. Indeed, the LAT has detected the optically brightest (and generally
closest) novae that have occurred since Fermi’s launch. This indicates that the gamma-ray flux
is correlated with the optical flux, that the novae the LAT has not detected are simply below its
detection threshold, and that likely all novae are gamma-ray sources. In addition to the optical-
gamma-ray flux correlation among novae, single novae exhibit correlated variability between the
optical and gamma-ray light curves [3]. Because their optical emission dominates the bolometric
luminosity, the observed correlation supports the theory that nova outbursts power hadronic shocks
and that the shocks power not only the cosmic-ray acceleration resulting in gamma-ray emission,
but also the optical outburst [4].

In the hadronic shock scenario, gamma rays are produced by the decay of neutral pions.
Charged pions are produced along with neutral pions and decay producing neutrinos. There is
therefore growing evidence that nova outbursts are likely neutrino sources [5, 6].

The 2021 outburst of nova RS Ophiuchi (RS Oph), a particularly nearby and bright recurrent
nova, was detected not only in high-energy gamma rays by Fermi-LAT, but also in very-high-energy
gammarays by H.E.S.S. [7], MAGIC [6], and LST-1 [8]. Some interpretations of these observations
provide further support for the hadronic shock scenario. Figure 1 shows the optical and gamma-ray
light curves of RS Oph.
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Figure 1: Light curve for the 2021 outburst of RS Oph in optical (V-band, [9]) and gamma rays (Fermi-LAT
and H.E.S.S., [7]). V-band data are averaged in a given bin, with bins chosen to match those in [7]. Fermi-
LAT and optical data are scaled by the factors given in the legend, so that all three light curves can be shown
compactly.
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The IceCube Neutrino Observatory consists of a billion tons of ice at the geographic South
Pole instrumented with digital optical modules to record the optical Cherenkov light produced when
neutrinos interact in the ice. While the main IceCube array is optimized for TeV-PeV neutrinos,
IceCube’s dense infill array, IceCube DeepCore, provides excellent sensitivity in the 10 GeV to 1
TeV energy range. This is the range in which nova gamma rays have been detected and neutrinos
are expected.

An event selection, named GeV Reconstructed Events with Containment for Oscillation
(GRECO), was initially developed for neutrino oscillation physics with DeepCore. It was sub-
sequently adapted to GRECO Astronomy for sub-TeV astrophysics measurements with DeepCore
(see Appendix B of [10] for a complete description). Using GRECO Astronomy, we have previ-
ously searched for neutrinos from both optically selected and gamma-ray-selected novae [10]. We
subsequently performed a dedicated search for neutrinos from the 2021 RS Oph outburst [11]. All
of these analyses resulted in null detections and upper limits. A recent paper [12] modeled MeV
and >1 GeV neutrinos from novae including T CrB and compared the predicted spectrum to the
sensitivity of the main IceCube array; unfortunately it neglected to include IceCube DeepCore,
which provides enhanced sensitivity in the GeV-TeV energy range relevant to novae.

Historic eruptions from a nova even closer than RS Oph, named T Coronae Borealis (T CrB),
were detected optically in 1886 and again in 1946. Like many novae, this is a “recurrent” nova,
i.e., one that has been detected multiple times. Although they do not follow precise periodicity,
the recurrent novae do recur with approximately the same time between outbursts. This is believed
to be the timescale over which the white dwarf accretes outer shell material before it accumulates
sufficient matter to trigger thermonuclear runaway, expelling the shell and starting the process again.
Novae that have not been observed to be recurrent may simply have long recurrence times. Based
on the historic eruption dates, T CrB is expected to erupt in approximately 2026. The historic
observations indicate a pre-eruption dimming, or “dip”, in the light curve. Some authors have used
this feature to attempt a more precise prediction of the eruption time, resulting in an estimate of an
outburst in 2024 [13]. Although precisely predicting the T CrB eruption is challenging, it is likely
to occur at any time now.

Based on previous optical and gamma-ray observations as well as our own previous studies of
novae including RS Oph, we present predictions of the expected neutrino signal. We furthermore
use the expected duration of the upcoming outburst to optimize our planned search for neutrinos.
In addition to being closer, with a brighter expected neutrino flux, T CrB is at a more favorable
declination for the IceCube DeepCore (GRECO Astronomy) sensitivity, shown in Figure 2. Having
optimized the analysis, we plan to perform it rapidly when the outburst occurs, in order to provide
notification of a detection or non-detection in near real time to other observers.

2. Sensitivity and Neutrino Detection Prospects

For the expected upcoming outburst of T CrB, we plan to use two analyses previously applied
to search for neutrino emission from novae in real time. The analyses cover two complementary
energy ranges: (1) GeV-TeV energies using GRECO Astronomy [10], and (2) TeV-PeV energies
using the Fast Response Analysis (FRA), as was done with RS Oph [14].
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Figure 2: Skymap showing the location of novae studied with IceCube. Novae previously analyzed with
IceCube are shown as gray circles for those only optically detected, while those also detected in gamma rays
are shown in orange triangles. The background color indicates the GRECO Astronomy sensitivity to a source
with spectral index 2.0 for a time window of one day [10]. The locations of nova RS Oph (yellow diamond)
and T CrB (purple star) are also indicated.

Outburst Peak Magnitude Peak Flux Integrated Flux | Tog Duration
[mags] [GeV cm™2 57! [GeV cm™2] [Days]
RS Oph 2021 4.5 3.23x 107 8.87 37.50
T CrB 1866 2.0 327 x 1074 52.32 7.75
=10.12 X RS Oph | =5.90 x RS Oph
T CrB 1946 3.0 1.30 x 10~* 35.09 8.25
=4.03 x RS Oph | =3.95 x RS Oph

Table 1: V-band optical light curve parameters for RS Oph [9] and T CrB [15]. The optical flux is calculated
by converting to flux density in Janskys and then multiplying by the FWHM of the Johnson V-band. The
flux is averaged in six-hour bins and numerically integrated to determine the integrated flux.

To prepare for a search for GeV-TeV neutrinos from nova T CrB with IceCube, we optimize
the analysis based on the optical light curve of the two previous outbursts of this nova. To quantify
the outburst duration, we calculate Ty, defined as the time duration when 5% — 95% of the total
flux is accumulated (as is commonly defined for gamma-ray bursts), using optical V-band data from
previous outbursts of both RS Oph and T CrB. This calculation, as well as the complete light curve
of the nova, is shown in Figure 3 and summarized in Table 1.

For the IceCube search we plan a time window of [-0.5, +8.0] days relative to the optical peak,
in order to cover the Ty time and possible early or late emission. The sensitivity and 5o discovery
potential at this declination as a function of the analysis time window are shown in Figure 4. The
short duration of this nova compared to RS Oph is advantageous for neutrino follow-up, as it reduces
the expected number of background events in the direction of the nova.
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Figure 3: Calculation of the time to accumulate the central 90% of the flux during the outburst for historical
T CrB and recent RS Oph eruptions. The top panel shows the lightcurve with the baseline flux subtracted
in order to calculate the excess flux during the outburst. The lightcurve is calculated by binning the data in
1 day bins and averaging in each bin. The lightcurve is then integrated, with the fraction of integrated flux
accumulated shown in the bottom panel. The beginning (dashed) and end (dotted) of the Ty interval are
shown as vertical lines.

AT [GeV cm~2 at 1 TeV]

dN
dE dA dt

E2

102

101 4

TCrB, 6= +26°, dN/JE « E~20

—— GRECO Sensitivity
- GRECO 50 discovery potential

40 T X
—— Analysis time window (8.5 days) ) ——- Analysis time window (8.5 days) e

! S ! e
LT > | I
[ — S 230 |
i - © i
- c H B
1 ° !
! n i
i e i
i © 20 i

C
J//_/—// g i

£ !
i S i
i Z 10 i
i _IL/—/’
! o
: IceCube Preliminary o : IceCube Preliminary

TCrB, 6= +26°, dN/JE « E~2°

— GRECO Sensitivity
---- GRECO 50 discovery potential

20 40 60 80

Time window (days)

100 120

60 80 100 120

Time window (days)

20 40
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source at the T CrB declination (+26°) using GRECO Astronomy, for a source with particle flux dN /dE o
The left panel shows the time-integrated sensitivity, while the right panel shows the sensitivity in
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Figure S: Ability of the GRECO Astronomy nova analysis to recover injected signal, for an analysis time
window of 8.5 days. The left (middle) panel shows the fitted number of signal events for a true spectral index
of 2.0 (2.5). The right panel shows the fitted spectral index for three injected spectral indices: 2.0, 2.5, and
3.0. Each band indicates the +10 variation.

We also assess the ability of this sub-TeV analysis to recover the simulated signal for the 8.5-day
time window, as shown in Figure 5. For a hard spectral index (dN/dE oc E~2), the analysis tends
to fit a somewhat softer spectral index and slightly overestimate the number of signal events, while
for softer indices (dN /dE oc E~%3 or E~3:) the analysis recovers both the injected number of signal
events and the spectral index with negligible bias.

In order to estimate the expected neutrino flux from T CrB, we compare the V-band optical
data from its two historic outbursts to the 2021 RS Oph outburst (see Table 1). We begin with
the hadronic model fit to the GeV-TeV flux, along with the neutrino flux predicted by this hadronic
model, provided by [6]. These spectra, after accounting for neutrino oscillations, and the IceCube
upper limits on neutrino emission from RS Oph, are shown in Figure 6 (left panel). For a scenario
in which the neutrino and gamma-ray fluxes scale with the peak optical flux, we rescale the neutrino
and gamma-ray curves by the ratio of the optical peak flux from the two historical outbursts to that
from RS Oph 2021. For an alternative scenario in which the fluxes scale with the time-integrated
flux over the outburst, we rescale by the ratio of the total integrated optical flux in the two historical
outbursts to that of RS Oph. Both of these estimates are shown in Figure 6 (right panel). In addition,
the location of T CrB in the Northern sky (see Figure 2) and the shorter outburst duration improve
IceCube’s sensitivity to this nova, improving the prospects for detecting it in GeV-TeV neutrinos.

3. Conclusion and Outlook

While DeepCore, including the GRECO Astronomy event selection, has been used previously
for several archival astrophysical neutrino searches, it has not yet been used for real-time neutrino
astrophysics. Motivated especially by the upcoming T CrB outburst, we have performed the
technical improvements required to make the GRECO Astronomy data available in low latency.
This is necessary preparation for T CrB and also lays the groundwork for other real-time sub-TeV
astrophysical neutrino searches with DeepCore and the IceCube Upgrade.

Based on the historical eruptions of nova T CrB in 1866 and 1946, it is expected to erupt
again in the near future. This will likely be the closest nova outburst in a generation, resulting in
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Figure 6: Left: Per-flavor upper limits for RS Oph’s 2021 outburst with the Fast Response Analysis (FRA,
using a high-energy IceCube event selection) and GRECO Astronomy dataset. The green dot-dashed curve
shows a hadronic model fit to observations by MAGIC [6], over the four days of observation averaged in the
model fit. The v, + v, neutrino expectation from the hadronic model calculated in [6], after accounting for
oscillations (assuming 1:1:1 flux at Earth and shown as per-flavor fluxes), is plotted as a blue dot-dashed
curve. Right: Per-flavor sensitivity for T CrB with FRA and GRECO Astronomy in an 8.5-day time window.
Two possible neutrino and gamma-ray spectrum expectations are calculated for T CrB, by rescaling the
gamma-ray observations and neutrino expectation from RS Oph by a ratio of the optical fluxes from the two
novae using values in Table 1 (see text for details). The energy range of each sensitivity line corresponds to
the central 90% range.

the brightest flux in various wavebands including optical, high-energy gamma rays, and very-high-
energy gamma rays. Based on the ratio of optical to gamma-ray flux measured for RS Oph, we have
estimated the expected gamma-ray and corresponding neutrino energy spectrum for T CrB. Because
the two historical T CrB eruptions exhibited remarkably similar optical light curves, it is likely that
the upcoming outburst will have a similar light curve. Assuming the correlation measured between
optical and gamma-ray light curves in other novae also applies to T CrB, the historical optical data
provide a good indication of the expected temporal evolution of the gamma-ray and neutrino signals
in its upcoming eruption.

In addition to these signal predictions, we have calculated the sensitivity of IceCube (in
particular DeepCore) to the upcoming outburst and optimized and validated the planned analysis
using simulated signals. T CrB is at a more favorable declination than RS Oph for IceCube, resulting
in a sensitivity within an order of magnitude of our signal prediction. If the signal is brighter than
estimated according to our simple scaling calculations, detection of neutrinos from T CrB is within
IceCube’s reach. These findings are consistent with theoretical calculations of the expected neutrino
flux from novae [16].

The IceCube Upgrade is a project to further improve IceCube’s sub-TeV neutrino sensitiv-
ity [17]. It consists of seven new strings, whose instrumentation has been produced and which will
be installed in 2025-2026, potentially in time for the T CrB eruption. The strings will provide an
even denser infill within the DeepCore infill array. The IceCube Upgrade will boost the IceCube
effective area and energy and reconstruction capabilities in the 1-100 GeV energy range [18], a
band well suited for novae including T CrB. The Upgrade will also provide precision calibration
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of the optical properties of the South Pole ice, resulting in improved IceCube performance across

all energies. Compared to the demonstrated performance of IceCube, including DeepCore, the

IceCube Upgrade will soon extend our sensitivity to T CrB and other neutrino source candidates.
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