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Abstract

White dwarfs that pass within the tidal radius of low and intermediate mass black holes can be torn apart by intense
tidal forces. This event could ignite thermonuclear burning in the white dwarf which might lead to a distinct obser-
vational signal. We present the preliminary findings from 13 numerical simulations of white dwarf tidal disruption
events performed using the 3D moving-mesh hydrodynamic code, MANGA, with a new nuclear burning module.

1. Introduction
White dwarfs (WDs) are the extremely dense remnant cores of stars that have exhausted their fuel. They no longer
undergo nuclear fusion and are instead supported against collapse by electron degeneracy pressure. The composition
of the WD depends on its mass: WDs with masses around 0.4M⊙ are composed of mostly helium, 0.5− 1M⊙ WDs
are composed of carbon and oxygen, and WDs with masses above 1.0M⊙ are composed of mostly oxygen and neon.

A white dwarf tidal disruption event (WD TDE) occurs when a WD enters the tidal radius of a black hole (BH) and is
torn apart by tidal forces.

Following the formalism of Guillochon and Ramirez-Ruiz (2013), there are a few parameters we use to define a WD
TDE. The first is the tidal radius, rT, given by

rT =

(
MBH

M∗

)1/3

R∗, (1)

where MBH is the mass of the black hole, M∗ is the mass of the star, and R∗ is the radius of the star.

We then define the impact parameter β to be
β ≡ rT

rp
, (2)

where rp is the periaspe of the orbit assuming Keplerian dynamics. This β characterizes the strength of the event with
a higher β corresponding to a deeper penetration of the WD into the tidal radius of the BH.

Because of how the tidal radius of the BH scales with its mass, only stellar mass to intermediate mass black holes
(IMBHs) are capable of disrupting a WD (Maguire et al., 2020). IMBHs have yet to be directly detected; this makes
WD TDEs particularly interesting as they would serve as probes of the population of IMBHs. Additionally, during
disruption, the WD becomes compressed which may lead to ignition of nuclear burning (Maguire et al., 2020). Ther-
monuclear reactions could give the WD TDE a unique electromagnetic signature that would appear as a transient event
and would be best detected in time domain sky surveys such as the Legacy Survey of Space and Time (LSST) at the
Vera Rubin Observatory.
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Complex systems like WD TDEs cannot be fully understood through analytical methods, so we instead turn to high-
resolution, physically realistic 3D simulations. There are two main methodologies for hydrodynamic simulations:
Lagrangian smoothed-particle hydrodynamic (SPH) codes and Eulerian grid codes. SPH uses a mesh free method that
models a fluid as a collection of particles. This method maintains conserved quantities but has poor shock resolution
due to smoothing. Eulerian grid codes, on the other hand, divide a fluid onto a grid and calculate flux through adjacent
boundaries. Eulerian codes are good at capturing discontinuities such as shocks, but they do not obey conservation
laws well.

Arbitrary Lagragian-Eulerian (ALE) or ”moving-mesh” schemes offer a third option where a mesh is generated from
points that move with the fluid. This method combines the best features of SPH and Eulerian methods i.e. it captures
shocks well while maintaining conserved quantities.

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 WD TDEs. We recently developed a nuclear burning module in MANGA
which uses the nuclear reaction network, approx21 (Timmes et al., 2000), that is implemented in MESA (Paxton
et al., 2011, 2013, 2015, 2018; Paxton, 2019). A detailed discussion of the nuclear burning module can be found in
Humphrey (2023).

We have also included the nuclear burning limiter described in Kushnir et al. (2013). This limits the energy generation
rate to ė < fecs/∆x, where e is the internal energy of the cell, cs is the sound speed of the cell, ∆x is the size of the
cell, and f = 0.1 is an arbitrary constant. This limiter is intended to prevent the nuclear energy generation rate from
changing the local internal energy too rapidly.

3. Results
We present the results of 13 WD TDEs simulated in MANGA. All simulations include an atmosphere with density
ρ = 0.01 g cm−3 and use a 1000M⊙ BH modeled as a softened dark matter particle.

Figure 1 shows four frames, each 1.5 seconds apart, of the projected density of a WD TDE simulated in MANGA.
This simulation corresponds to run 2 on Table 1. It uses 200K particles for the WD, β = 5, and a 0.6M⊙ CO WD.
Moving from frame 1 in the upper left to frame 4 in the lower right, we see that as the WD swings around the BH in
the center of each frame, it becomes completely disrupted.

Table 1 gives a summary of results of a small parameter study varying the impact parameter, β, and the mass of the
WD (MWD). Because the composition of the WD is correlated to its mass, the 0.6M⊙ and 0.9M⊙ WDs are carbon-
oxygen (CO), and the 1.1M⊙ WD is oxygen-neon (ONe). We look at three different results from each simulation: the
energy generated from nuclear burning (Eburn) calculated from the binding energies of the isotopes, the mass burned
(Mburned), and the total mass of iron group elements created (Fe).

Table 1 also includes a small resolution study of one system using a 0.6M⊙ CO WD and β = 5. For this, we varied
the number of mesh generating particles used to make the WD. Because the burning limiter depends on the size of the
cell, we chose to turn off the burning limiter for this study to better directly compare between resolutions.

Figure 2 shows the results of the resolution study and corresponds to runs 11, 12, and 13 in Table 1. Each simulation
uses a 0.6M⊙ CO WD and β = 5. We plot remaining mass of the original elements of WD as well as the masses of the
silicon and nickel formed right after nuclear burning has stopped as a function of N, the number of mesh-generating
points used for the WD.

4. Discussion
The production of nickel is particularly important for understanding the observability of WD TDEs as radioactive
nickel decay results in significant emission in the optical. Understanding the extent of the nuclear burning and nickel
production that might occur in WD TDEs will better help us predict what their observational signals may look like.



Figure 1: The projected density of a WD TDE simulated in MANGA. 200,000 mesh-generating points were used for the WD. We
used a black hole with a mass of 103 M⊙, a WD with a mass of 0.6M⊙, and β = 5. Each frame is 1.5 seconds apart.

Run β N MWD(M⊙) log(Eburn) Mburned (M⊙) Fe (M⊙)
1 2 200k 0.6 - 0 0
2 5 200k 0.6 50.29 0.153 0.005
3 6 200k 0.6 50.61 0.314 0.040
4 7 200k 0.6 50.76 0.428 0.121
5 8 200k 0.6 50.84 0.491 0.220
6 10 200k 0.6 50.91 0.561 0.383
7 2 200k 0.9 51.01 0.767 0.362
8 5 200k 0.9 51.07 0.835 0.620
9 1 200k 1.1 51.15 1.1 1.088
10 2 200k 1.1 51.16 1.1 1.094
11† 5 200k 0.6 50.80 0.473 0.106
12† 5 1M 0.6 50.76 0.424 0.126
13† 5 2M 0.6 50.45 0.212 0.023

Table 1: A summary of simulations of WD TDEs simulated in MANGA. All simulations use a BH mass of 1000M⊙.
N is the number mesh-generating points used for the WD. Eburn is the energy generated from nuclear burning in ergs.
“Fe” gives the total mass of iron group elements. Simulations marked with a † are run without a burning limiter.
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Figure 2: A plot of the remaining original element mass
as well as the mass of silicon and nickel created during
nuclear burning as a function of N, the number of mesh-
generating points used for the WD. Values are taken from
a time right after nuclear burning has ceased.

4.1. Impact Parameter The impact parameter, β, ap-
pears to have a significant effect on the amount of nuclear
burning that occurs. Spaulding and Chang (2021) found that,
in the case of stellar TDEs, systems with higher β values had
earlier fallback of stellar gas onto the BH. They also found
that the energy spread of the gas scaled as β1/2 for β values
from 2 to 9 and asymptotes for β ≳ 10. This energy spread
might appear as different compression ratios which may affect
the amount of nuclear burning in WD TDEs. In Table 1 we
see a trend of higher β interactions undergoing more nuclear
burning. This can be seen in runs 1 through 6 where we ob-
serve increasing values of Eburn, Mburned, and the mass of
iron group elements created as β increases.

Additionally, Rosswog et al. (2009) found that less massive
WDs require a higher β to ignite nuclear burning, which does
appear in our study. Looking at runs 1 and 7, which both have
β = 2 and use an initial CO WD, we see that the 0.6M⊙ WD
undergoes no nuclear burning whereas the 0.9M⊙ WD under-
goes significant nuclear burning converting about 40% of its
mass into iron group elements. Further we can compare to run
10 with a 1.1M⊙ ONe WD and β = 2. This system under-
goes even more nuclear burning, with nearly all of the WD’s
mass being converted into iron group elements. However this
WD has a different initial composition and so is not a direct
comparison to the other two systems.

4.2. Resolution In Figure 2, we can see that as resolu-
tion increases so does the original element mass i.e. the un-
burnt material. Further, as resolution increases the mass of sil-
icon created decreases. Curiously, the mass of nickel created
increases between N = 200k and N = 1M but then decreases
when N = 2M. Tanikawa et al. (2017) performed high resolution 3D SPH simulations of WD TDEs and they observed
that nuclear reactions reduce with increased number of SPH particles. They argue that nuclear reactions occur at low
resolution in SPH simulations due to spurious heating. Further investigation, however, is needed to understand the
resolution requirements for WD TDE simulations on a moving mesh.
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