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Abstract

Numerical simulations of white dwarf tidal disruption events are performed using the 3-D moving-mesh hydrody-
namic code, MANGA. In order to study the effect of nuclear burning on these events, we add a nuclear burning
module to MANGA. Here, we present preliminary results from two simulations of white dwarf tidal disruption events
with nuclear burning. We see no nuclear burning for shallow penetration; however, we see significant nuclear burning
for deep penetration. Significant nuclear burning that produces radioactive elements will likely affect the light curve
and observability of these events.

1. Introduction

Most main sequence stars will end their life as white dwarfs (WDs) which are the remnant carbon and oxygen cores of
red giants and asymptotic giant branch stars. WDs no longer undergo fusion but are instead supported against collapse
by electron degeneracy pressure. They are therefore extremely dense; a 1M WD would have a radius similar to that
of the Earth.

If a WD passes close enough to a black hole, it can be torn apart by tidal forces in a WD tidal disruption event
(WDTDE). In order to be tidally disrupted, the WD must pass within the tidal radius 7; of the black hole.
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where Rwp is the radius of the WD, Mgy is the mass of the black hole, and Myyp is the mass of the WD.

Because of how the tidal radius scales with the mass of the black hole, only intermediate mass (10 — 10° M) black
holes (IMBHs) are capable of disrupting a WD (Maguire et. al. 2020). This is notable as IMBHs have yet to be directly
detected. A single observation of a WDTDE would serve as a direct detection of an IMBH; several detections would
allow us to probe the population of IMBHs which may give us insight into how black holes evolve in the universe. The
WDTDE:s also differ from stellar tidal disruption events (TDEs) in that they have the potential to ignite thermonuclear
reactions which may give them a unique electromagnetic signal (Maguire et al., 2020).

The strength of a WDTDE is characterized by the impact parameter, 3 defined as
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where r, is the distance of closest approach. A higher 8 corresponds to a deeper penetration. Spaulding and Chang
(2021) found that, for stellar TDEs, the energy spread of the debris scaled as 3'/2 for § values from 2 to 9 and
asymptotes for 5 2 10. This energy spread may manifest itself as different compression ratios and thus may also
affect nuclear burning in WDTDEs. It is also expected that less massive WDs may require deeper penetration into the
tidal radius (higher /3) in order to ignite (Rosswog et al. 2009).
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1.1. Numerical Simulations. WDTDEs combine the physics of gravity, degeneracy pressure, and nuclear burn-
ing in a highly non-linear system making them difficult to study analytically. In order to better understand them we
rely on high resolution, realistic 3-D numerical simulations.

There are two dominant methodologies that are used to numerically solve hydrodynamic equations: smoothed par-
ticle hydrodynamics (SPH) and Eulerian solvers. SPH does well at maintaining conserved quantities, but due to its
smoothing, it is not well suited to discontinuities. Eulerian solvers are much better suited to capturing discontinu-
ities such as shocks, but they do not obey conservation laws well (Springel, 2010). Recently, however, arbitrary
Lagrangian-Eulerian (ALE) schemes have been introduced. These ALE or moving-mesh codes combine the superior
conservation properties of SPH with the shock capturing of Eulerian schemes and are well suited to solving a number
of astrophysical problems including WDTDEs.

2. Methodology

We use the moving-mesh hydrodynamic code, MANGA (Chang et al., 2017; Prust and Chang, 2019; Chang et al.,
2020; Chang and Etienne, 2020), to simulate WDTDEs. MANGA solves the Euler equations with (self-)gravity,
which written in conservative form are:
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where p is density, P is pressure, v is velocity, ® is the gravitational potential, and e is the specific energy. These
equations can be rewritten in a more compact notation by introducing a state vector U = (p, pv, pe):
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where F = (pv, pvv, (pe + P)v) is the flux function and 8 = (0, —pV P, —pv - V) is the source function (Chang
et al. 2017).

2.1. Inclusion of Nuclear Burning. In order to introduce nuclear burning, an additional term to the source
function for energy was added:
—pv - V& = —pv - V& + peyye, @)

where €, is the nuclear energy generation rate.

Additional equations to track the abundance of different isotopes were also added. We used the nuclear reaction
network, approx21 (Timmes et al., 2000), that is implemented in MESA (Paxton et al., 2011, 2013, 2015, 2018;
Paxton, 2019). Approx21 includes 21 species: n, p, 'H, 3He, *He, 12C, 14N, 160, 20Ne, 24Mg, 28Si, 325, 36Ar, 4°Ca,
4474, 48Cr, 56Cr, 52Fe, 54Fe, 56Fe, 55Ni. This involves adding 21 scalar equations to the solver, which are of the

form:

ot

where X are the fractional (by mass) abundance of species 4, and S; is the source function due to nuclear burning for
species 1.
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3. Results

We performed two simulations of WDTDEs in MANGA with the new nuclear burning module at low resolution.
We model a 50-50 carbon-oxygen 0.6M; WD with 25,000 mesh-generating points and include an atmosphere with
density p = 0.01 gcm 3. The total number of mesh generating points in each simulation is 54,758 with 25,000 points
modeling the WD. We model the IMBH as a softened 10* M, dark matter particle.



We performed one simulation with 8 = 2 and one with § = 5. Figures 1 and 2 show four frames that are 1.5 seconds
apart of the WD being tidally disrupted by the IMBH. Moving from frame 1 in the upper left to frame 4 in the lower
right, we see that the WDs are completely disrupted by the end. The simulation with 5 = 5 shows the WD passing
closer to the IMBH causing the gas of the WD to spread out further than in the simulation with g = 2.

1016

110"
"o
3
x 10"
~
g
L
1013 (o)}
=
12}
5
a
10'2 B
3
=
&
TD 1011
3
x
1010
10°

-04 =02 0.0 0.2 0.4 -04 =02 0.0 0.2 0.4
z (Rg) z (Ro)

Figure 1: The projected density of a WD undergoing tidal disruption simulated in MANGA with 25,000 mesh-generating points
used for the WD. We used a black hole with a mass of 10* M, a WD with a mass of 0.6 M, and 3 = 2. Each frame is 1.5 seconds
apart.

The simulation with 5 = 2 experienced negligible nuclear burning. However, the simulation with 8 = 5 underwent
significant nuclear burning. Figure 3 shows the mass fraction of the isotopes 12, 16, 20Ne, 24Mg, 288, and %6Ni.
We can see that, initially, the WD is 50% 12C and 50% 60, but as it becomes disrupted it begins to burn much of
its 12C which leads to an initial increase in 10, 2°Ne, 24Mg, and 23Si at around 5.6 seconds. We see at about 6.25
seconds that 160 also begins to burn shortly before the abundances level off at around 7 seconds.

We calculated the energy created from nuclear burning (Ey,,y) in ergs by using the binding energies of the isotopes
and found that E,,,, = 4 x 10°° ergs. We also found that about 0.3M, of gas burned and 0.002M, of iron group
elements were created.

4. Discussion

In order to see if our results are reasonable we first compare to Rosswog et al. (2009) who performed SPH simulations
of WDTDEs. Compared to run 11 in Rosswog et al. (2009), our initial results seem somewhat consistent. Rosswog
et al. use a 0.60M; WD and a 3 of 5, similar to our simulation, however it is worth noting they use a 1000M,
BH where we have a 10,0000 BH. In run 11, Rosswog et al. found Ep, ~ 2.7 X 10°° ergs which is roughly
comparable to our Eyy., & 4 x 1059 ergs. We can also compare to the gravitational binding energy of a 0.6 M., WD
which is 1.3 x 105° ergs. Because E}y.y, is greater than the gravitational binding energy, nuclear burning likely plays
a significant role in the end point of WDTDEs. Rosswog et al. also found that for run 11, there was 3 x 10~4M, of
iron group elements created, whereas we found 2 x 1073 M.
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Figure 2: The projected density of a WD undergoing tidal disruption simulated in MANGA with 25,000 mesh-generating points
used for the WD. We used a black hole with a mass of 10* M, a WD with a mass of 0.6M¢, and 3 = 5. Each frame is 1.5 seconds
apart.

mass fraction

T
4.5 5.0 5.5 6.0 6.5 7.0 7.5

time (s)

Figure 3: A plot of the mass abundances of various isotopes over time for a simulation of a 50-50 Carbon-Oxygen WD tidally
disrupted by a 10* M BH with § = 5.



There are multiple ways in which a WDTDE may be detected; the first being in the rapid accretion onto the BH after
disruption, and the second being through radioactive nickel decay. Accretion would be mainly in the x-rays, which
might be found by x-ray telescopes like the Neil Gehrels Swift Observatory. However, the Eddington luminosity of
IMBHs is rather small (~ 10*2 ergss—1) and so it is likely not detectable at large distances. This is moderated by the
fact that such rapid accretion can produce a jet, which would make the apparent luminosity much larger.

Radioactive nickel decay would likely result in significant optical emission, which could be found by large transient
surveys such as the Vera Rubin Observatory. A larger parameter study at higher resolution would elucidate the param-
eter space for which these WDTDEs can be observed. Moreover, the detection or non-detection of these WDTDEs
would serve as a major constraint on the population of IMBHs.
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