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Massive stars die in catastrophic explosions that seed the interstellar medium 
with heavy elements and produce neutron stars and black holes. Predictions 
of the explosion’s character and the remnant mass depend on models of the 
star’s evolutionary history. Models of massive star interiors can be empirically 
constrained by asteroseismic observations of gravity wave oscillations. 
Recent photometric observations reveal a ubiquitous red noise signal on 
massive main sequence stars; a hypothesized source of this noise is gravity 
waves driven by core convection. We present three-dimensional simulations 
of massive star convection extending from the star’s centre to near its surface, 
with realistic stellar luminosities. Using these simulations, we predict the 
photometric variability due to convectively driven gravity waves at the 
surfaces of massive stars, and find that gravity waves produce photometric 
variability of a lower amplitude and lower characteristic frequency than the 
observed red noise. We infer that the photometric signal of gravity waves 
excited by core convection is below the noise limit of current observations, 
and thus the red noise must be generated by an alternative process.

The oxygen we breathe was generated in the cores of massive stars1 
and expelled into the interstellar medium in violent explosions2 before 
mixing with the molecular cloud that formed our solar system3. In 
addition to producing the elements that enable life, massive stars leave 
behind compact remnants, whose subsequent mergers have provided a 
new window into the universe through gravitational wave astronomy4. 
Predictions of the elemental yield of a massive star and the nature of 
its remnant are sensitive to many processes including convection5, 

winds6, nuclear reaction rates7 and numerical algorithms8. Empirical 
constraints upon the interior structures of massive stars9 could reduce 
uncertainties in these processes, which would improve stellar evolution 
calculations and, in turn, models of star formation10, galaxy formation11 
and the reionization of the early universe12.

It was recently shown that photometric light curves of hot, mas-
sive stars contain a ubiquitous red noise signal13–18. Theories for the 
driving mechanism of red noise include gravity waves stochastically 
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zone. We also run a fully self-consistent simulation of convection and 
wave propagation in a truncated stellar model. To test our strategy, 
we apply to our wave recording a filter describing the effects of wave 
propagation in the truncated model. The surface variability of the 
self-consistent simulation matches the filtered wave signal. Having 
verified our strategy, we then apply a different filter associated with 
the real star to determine the stellar photometric variability.

Results
To predict the photometric variability caused by gravity waves in mas-
sive stars, we used Dedalus to run three-dimensional (3D) simulations 
of core convection that simultaneously solve the fully compressible 
equations, produce realistically low-Mach-number flows and include 
the full radial extent of the core convection zone, including radial coor-
dinate r = 0. We study two types of simulations: (1) ‘Wave Generation’ 
simulations where we record the waves28 and (2) a ‘Wave Propagation’ 
simulation where we test our method of applying a filter to the ‘wave 
recording’ to mimic the effects of the environment31. The Wave Genera-
tion simulations span twice the radial extent of the core convection 
zone (55% of the star by radius in our fiducial model) and include a 
damping region in the outer ~10% of the simulation domain by radius 
to prevent wave reflections. The Wave Propagation simulation spans 
93% of the star by radius (99.99925% by mass) and is time-integrated for 
hundreds of convective overturn timescales to allow power in standing 
wave modes to saturate. While both types of simulations include wave 
generation and propagation, these simulation designs allow us to iso-
late and study (1) the wave luminosity generated by the convective core 
and (2) the surface amplitude of gravity waves that have propagated 
through the radiative envelope. Most of our simulations are based on 
a 15 solar mass (M⊙) Modules for Experiments in Stellar Astrophysics 
(MESA) stellar model with Large Magellanic Cloud (LMC) metallicity 
at the zero-age main sequence (ZAMS); this model is representative of 
a star with no near-surface convection42.

In Fig. 1, we display temperature fluctuations for the Wave Propaga-
tion simulation (left panel) and radial velocity for a Wave Generation 
simulation (middle and right panels). Wave excitation can be visibly 
seen as an overdensity of gravity waves near the core convection zone, 

excited by core convection, or turbulence from subsurface convection 
zones14,19,20. Of particular interest is the hypothesis that these signals 
are waves driven by core convection, which could empirically constrain 
interior models of massive stars.

We present simulations of core convection that include all the 
relevant physics to make an accurate prediction of the stellar photo-
metric variability from convectively generated waves. Our simulations 
build upon pioneering studies which examined the properties of the 
turbulent core convection (for example, refs. 21–25), the characteris-
tics of the gravity waves in the radiative envelope26–33 and the possible 
observational features of those waves31,34–38.

Previous studies focused on the shape of the frequency spectrum 
of gravity waves from convection29,30,36,38, but could not constrain the 
amplitude of the waves because their simulations do not extend to the 
surface and use boosted convective luminosities. Here we present simu-
lations with realistic stellar luminosities which we use to predict both 
the amplitude and shape of the frequency spectrum of photometric 
variability due to gravity waves excited by core convection.

Predicting this frequency spectrum is challenging because of the 
range of length scales, timescales and physical processes important 
in the star39. Waves are generated on fast convective timescales (~14 
days), but as they propagate to the surface they excite resonances 
with much longer lifetimes (≫4 yrs from Kepler data40; ~105 yrs from 
theoretical estimates35). It is unfeasible to simultaneously resolve these 
timescales. To determine the wave signal at the surface, we appeal to 
an acoustic analogy.

The character of music depends both on the sound waves pro-
duced by musicians and on the acoustics of the environment where 
it is played (for example, ref. 41). Music is recorded in special studios 
with walls that absorb or diffuse waves to minimize the influence of 
the environment on the sound and retrieve the ‘pure sound’ of the 
musicians. To experience music in a different environment, it is not 
necessary to physically transport the musicians; instead, one can apply 
a filter to the recording, mimicking the effects of the new environment.

Our strategy for determining the photometric variability from 
gravity waves is analogous. We run short simulations of wave genera-
tion by convection and ‘record’ the waves as they leave the convection 
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Fig. 1 | Visualization of flows in a cut-through of a star’s equator. Snapshots of 
equatorial slices through 3D spherical simulations of our fiducial 15 M⊙ star. Left, 
temperature fluctuations T′ around the mean profile are shown in our Wave 
Propagation simulation; this simulation spans 93% of the stellar radius (R*), and 
the hatched region displays the 0.07 R* that we do not simulate. The gravity waves 
cause perturbations of ±1 K, while the core convective temperature 
perturbations are of order ±30 K. Middle, the radial velocity ur  field in our Wave 
Generation simulation is shown, normalized by the standard deviation of the 

radial velocity σ(ur) at each radius. The Wave Generation simulation radially 
includes 55% of the 15 M⊙ star, and the outer portion of the simulation contains a 
wave damping layer (indicated by the grey shading). Right, a zoomed-in view of 
the radial velocity in the Wave Generation simulation at the same instant. The 
waves are not visible because their velocities are much smaller than the 
convective velocities. An animated version of this figure is available as a video file 
in the Supplementary Information.
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for example, in the bottom right of the middle panel. In the right panel, 
we zoom in on the core convection zone; the root mean square velocity 
of the core convection is 5.8 × 104 cm s−1, similar to the mixing-length 
theory prediction of 6.7 × 104 cm s−1 from the MESA model. The convec-
tion in our simulation is turbulent with an average Reynolds number 
of 9.5 × 103 and Mach number of 9.5 × 10−4. These Wave Propagation 
and Wave Generation simulations use spherical coordinates with, 
respectively, 512 and 1,024 resolution elements across the convective 
core (Supplementary Information section 2.4).

The purpose of the Wave Propagation simulation is to test our 
method for applying a filter to the waves to mimic how the stellar envi-
ronment modifies the waves31,37. To determine the wave amplitude in a 
star, we need (1) a recording of the waves generated by core convection 
and (2) a transfer function (‘filter’) describing how waves propagate 
through the radiative envelope. The wave luminosity spectrum is 
excited by stochastic, turbulent fluctuations in the convective core. We 
measure (‘record’) the wave luminosity of the travelling waves in Wave 
Generation simulations that have different resolutions and turbulent 
intensities. We find the wave luminosity is similar to theoretical predic-
tions43 and past simulations28,31,32, and is independent of resolution 
provided that there are at least 512 resolution elements across the con-
vection zone (Supplementary Information section 3.2). We separately 
evolve the Wave Propagation simulation for a very long time, and in 
doing so self-consistently evolve the generation and propagation of 
gravity waves in an environment similar to the star. We build a transfer 
function (‘filter’) using the gravity wave eigenvalues and eigenfunctions 
associated with the wave cavity of the Wave Propagation simulation 
(Supplementary Information section 5.2). We synthesize a wave signal 
by convolving the wave luminosity from the Wave Generation simula-
tion with this filter, and find good agreement between wave pertur-
bations measured at the surface of the Wave Propagation simulation 
and our synthesized signal, verifying our method; see Supplementary 
Information section 5.3.

The Wave Propagation simulation is not identical to the star 
because it has different diffusivities and a different wave cavity due to 
only including 93% of the star (Supplementary Information section 2.6).  
Our Wave Propagation simulation has mode lifetimes of ≲10 years, 
allowing us to capture both convection and wave propagation, which 

is not possible for real stars where mode lifetimes are ~105 years. Hav-
ing verified our method using the Wave Propagation simulation, we 
then create a separate ‘full’ transfer function based on the true MESA 
stellar stratification and the gravity waves associated with the star’s 
wave cavity, which we calculate using GYRE; see Supplementary Infor-
mation section 6. We pass the wave luminosity signal from the Wave 
Generation simulation through this ‘full’ transfer function to predict 
the photometric variability due to gravity waves.

In the left panel of Fig. 2, we plot the predicted signal of gravity 
waves generated by core convection in our 15 M⊙ star. We make predic-
tions for both the shape of the wave signal and its amplitude. We find a 
wave signal characterized by a broad peak at a frequency near 0.1 d−1. 
The low-frequency side of the peak is smooth and drops sharply, while 
the high-frequency side of the peak decreases gradually and includes 
high amplitude, narrow peaks associated with resonant gravity modes. 
The peak amplitude of the signal is roughly 0.06 μmag. We also display 
the publicly available red noise observation fits15, which are flat at 
low frequencies, decrease sharply above ~1 d−1 and have amplitudes 
≳10 μmag. We note that these fits underwent a prewhitening procedure 
which iteratively removed the standing modes; the raw observations 
do include some peaks from standing modes. We include these fits 
primarily to provide a direct comparison between the typical ampli-
tude of red noise observations and our simulation-based predictions.

In the middle panel of Fig. 2, we compare the simulated wave sig-
nals of three ZAMS stars of different masses. These signals are similar, 
characterized by a broad peak at low frequency that has a sharp 
decrease on its low-frequency side, due to radiative damping, and a 
gradual decrease at high frequencies, due to less effective convective 
wave excitation and cancellation effects for high spherical harmonic 
degrees (Supplementary Information section 6.2). The high frequency 
portions of the spectra are dominated by resonant wave peaks, and 
lower mass stars have more peaks and peaks of higher quality factor 
(Supplementary Figs. 8 and 9). We find that the overall signal shifts to 
a higher amplitude and lower frequency as the stellar mass increases. 
The stars considered in this work are displayed in a spectroscopic 
Hertzsprung-Russell diagram in the right panel of Fig. 2. Our fiducial 
15 M⊙ LMC star is shown as a purple star, and we also simulate solar 
metallicity ZAMS stars of 3 M⊙ (green star) and 40 M⊙ (orange star). The 
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Fig. 2 | Predicted photometric variability of massive stars from gravity waves. 
Left, we show the predicted amplitude spectrum of gravity waves from our fiducial 
15 M⊙ simulation (purple line) and Lorentzian fits to red noise observations  
of stars with similar spectroscopic luminosity ℒ and effective temperature Teff

15 
(pink lines; the colours of the lines correspond to the colours of the points in the 
right panel). Middle, a comparison of predicted amplitude spectra of gravity 
waves for the three stars that we simulate in this work. Note the different y-axis 
scaling between the left and middle panels. Right, a spectroscopic Hertzsprung-

Russell diagram of the upper main sequence, where the y-axis is normalized by 
the solar spectroscopic luminosity ℒ⊙. The grey lines in the background show the 
main sequence evolution (from lower left to upper right) of non-rotating solar 
metallicity stars of [3, 5, 10, 15, 20, 40] M⊙ from the MESA Isochrones and Stellar 
Tracks grids74,75. The observed stars for which red noise fits are plotted in the left 
panel are shown as pink circles (darkened in colour with distance from the MESA 
Isochrones and Stellar Tracks ZAMS in the log10ℒ− log10Teff  plane). The three 
simulated stars from the middle panel are displayed as star symbols.
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stars emitting the plotted red noise signals are shown as pink circles 
and they have log10(ℒ/ℒ⊙) and log10(Teff/K), which, respectively, differ 
by no more than 0.2 from our fiducial star.

We fit our simulation spectra as a function of frequency ν with 
Lorentzian profiles15 (Supplementary Information section 6.3),

α(ν) = α0

1 + ( ν
νchar

)
γ . (1)

In Fig. 3 we plot the amplitude α0 and characteristic frequency νchar 
of both the gravity wave signals from our simulations and observed 
photometric variability (red noise). The amplitude α0 of the gravity 
wave signal increases in magnitude with increasing stellar luminosity 
and mass, similar to the amplitude of red noise. The characteristic 
frequency νchar of the gravity wave signal decreases with increasing 
stellar luminosity and mass, whereas the characteristic frequency of 
red noise increases with increasing effective temperature but otherwise 
remains roughly constant as luminosity changes.

Discussion
Our models predict surface signals of internal gravity waves generated 
by massive star core convection that are inconsistent with red noise 
observations. The photometric variability due to gravity waves is orders 
of magnitude lower than the observed red noise. Our results suggest 
that a mechanism other than core-driven gravity waves must be respon-
sible for the ubiquitous red noise signal. Our results are corroborated by 
recent two-dimensional simulations with realistic luminosities44, which 
found a wave luminosity spectrum with the same shape as ours, and 
which also found that wave propagation through the stellar envelope 
can be correctly modelled using linear theory.

While our simulations are the most realistic simulations of gravity 
wave generation by core convection to date, they do not include the 
following physical effects: magnetic fields, stellar models beyond the 
ZAMS, near-surface convection zones and rotation.

•	 While the effects of magnetism are unclear, there are no currently 
known theoretical mechanisms by which they would substantially 
enhance wave generation by core convection.

•	 As stars age away from the ZAMS, they develop composition gra-
dients outside of the core. These composition gradients modify 
the wave cavity and would affect the precise shape of the transfer 
function that we use to mimic the waves in the environment of a 
full star. We do not expect composition gradients to have a large 
effect on the generation of waves. Therefore, while compositional 

gradients could affect the shape of the observed spectra, there are 
no currently known theoretical mechanisms by which they would 
increase the amplitude of surface fluctuations.

•	 Our fiducial 15 M⊙ LMC model is not expected to have near-surface 
convection, so our photometric variability predictions for this 
star could be directly compared to LMC data in this regime where 
near-surface convective zones are expected to be absent42. However, 
the observed galactic stars that we compare our results to are all 
expected to have near-surface convection, which could pollute or 
modify the wave signals we predict here. The 3 M⊙ and 40 M⊙ Wave 
Generation simulations we conducted are based on MESA models 
with solar metallicities and are expected to have near-surface con-
vection zones. Recent analyses of near-surface convection20 suggest 
that turbulence driven by subsurface convection could manifest 
as red noise, and future work should further examine the nature of 
turbulence generated by near-surface convection zones.

•	 Rotation affects the generation of waves and could enhance the 
surface perturbations45. We performed one 15 M⊙ Wave Genera-
tion simulation with a moderate rotation period Prot = 10 d (Sup-
plementary Information section 7.2). We find that this rotation 
boosts the photometric signal amplitude to α0 = 0.21 μmag, still 
orders of magnitude weaker than the observed red noise. While 
this work cannot rule out the possibility that convection excites 
gravity waves to observable amplitudes in more rapidly rotating 
stars, the red noise signal is ubiquitous in both slow and rapid 
rotators, and there is no correlation between the stellar rotation 
rate and the red noise amplitude (Supplementary Information 
section 7). Thus, the ubiquitous red noise signal cannot be due 
to gravity waves excited by core convection. While rotational 
wave splitting would further modify the shape of the observed 
spectra, it would lower the peak wave amplitude compared to our 
non-rotating predictions.

While we have shown the photometric variability from convec-
tively excited gravity waves is not directly detectable, these waves may 
mix chemicals46 or transport angular momentum26, leading to observ-
able signals in more traditional g-mode asteroseismology9,47,48. Even 
though the red noise signal is not the surface manifestation of gravity 
waves, it still carries valuable information about both the near-surface 
structure of massive stars as well as their masses and ages15,18.

Methods
All of the calculations in this work are based upon stellar models that 
we computed using MESA v.r21.12.1 (refs. 49–54) (Supplementary 
Information section 1).
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Fig. 3 | Comparison between gravity wave predictions and observed red 
noise. Shown are the amplitude α0 (left panel) and characteristic frequency νchar 
(right panel) obtained from fitting equation (1) to our simulated gravity wave 

spectra (star symbols). We also include best-fits of red noise observations 
(circles)15. All points are coloured by log10[Teff(K)] and plotted against 
log10[ℒ(ℒ⊙)].
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The 3D numerical simulations are performed using Dedalus55 v.3; 
the specific version of the code run was obtained from the master 
branch of the Dedalus GitHub repository (https://github.com/dedalu-
sProject/dedalus) at the commit with short-sha 29f3a59. We simulate 
the fully compressible equations and assume the fluid is composed of 
a calorically perfect, uniform composition ideal gas. We use a grid with 
high radial resolution from r = 0 to r = 1.1Rcore, where Rcore is the radius 
of the core convection zone, and we use a lower radial resolution grid 
spanning the radiative envelope (Supplementary Table 3). The angular 
variation of all simulation variables are expanded using a basis of 
spin-weighted spherical harmonics; the radial variation of all simula-
tions variables are expanded using a basis of radially weighted Zernike 
polynomials in the convective core56,57 and Chebyshev polynomials in 
the radiative envelope. See Supplementary Information section 2 for 
full simulation details.

Most of our dynamical simulations are Wave Generation simula-
tions, which extend from r = 0 to 2Rcore. These simulations include a 
damping layer near the outer boundary of the simulation. In these 
simulations, we measure the enthalpy and radial velocity perturbations 
on spherical shells at various radii throughout the simulation radiative 
zone at 30 minute intervals and use these measurements to calculate 
the wave luminosity as a function of the frequency and spherical har-
monic degree. Wave Generation simulations are time-evolved for 
roughly 50 convective overturn timescales to build up sufficient sta-
tistics to measure the wave luminosity. We find that the wave luminosity 
is insensitive to the resolution and Reynolds number of the calculations. 
See Supplementary Information section 3 for details on our measure-
ments of the wave luminosity in the Wave Generation simulations.

To connect the convective driving to observable magnitude fluc-
tuations at the stellar surface, we require a transfer function. We derive 
a transfer function closely following the procedure laid out in Appen-
dices A and B of ref. 37 with a few modifications (Supplementary Infor-
mation section 4). We note that the transfer function includes an 𝒪𝒪(1) 
amplitude correction factor Acorr which must be calibrated using 3D 
numerical simulations before it can be used to precisely predict the 
magnitude fluctuations at the surface of a star. In this work, we use 
Acorr = 0.4.

We run one Wave Propagation simulation, depicted in the left panel 
of Fig. 1. This simulation includes 93% by the radius of the fiducial 15 M⊙ 
stellar model, does not include a damping layer near the outer bound-
ary and is time-evolved for hundreds of convective overturn timescales 
to allow standing mode amplitudes to saturate. We evolve this simula-
tion for 5 years, which is longer than the mode lifetime of almost all 
waves (the longest mode lifetime is ~10 years) (Supplementary Fig. 5). 
We measure the entropy perturbations at the outer boundary of this 
Wave Propagation simulation at 30 minute intervals to determine the 
spectrum of gravity waves in a self-consistent, nonlinear simulation 
which includes most of the star. We verify that our prediction built from 
the transfer function and wave luminosity reproduces the measured 
surface perturbations well. We furthermore ran one more Wave Propa-
gation simulation at a lower resolution (256 resolution elements across 
the convective core) and found that the same amplitude correction 
factor of Acorr = 0.4 was required to align the transfer function predic-
tion and surface perturbations, suggesting this factor is independent 
of the resolution, and thus applicable to stellar parameters. See Sup-
plementary Information section 5 for details on the surface spectrum 
of the Wave Propagation simulation, the verification of the transfer 
function and the calibration of the amplitude correction factor.

We predict the magnitude perturbation at the surface of a 
star from the nonadiabatic gravity wave eigenvalues and eigenvec-
tors calculated using GYRE v.7.0 (refs. 58,59). We retrieve the GYRE 
g-modes with the standard VACUUM boundary conditions, which 
impose a zero-pressure perturbation at the stellar surface; we tested 
other boundary conditions formulations (DZIEM, UNNO, JCD) and 
found that our results were insensitive to this choice. We compute the 

limb-darkened, disk-averaged differential flux functions from equa-
tions 12–14 of ref. 60, accounting for an arbitrary observing angle as in 
equation 8 of ref. 61, using MSG, v.1.1.2 (ref. 62), which synthesizes stel-
lar spectra and convolves those spectra with an instrumental passband 
to account not just for intrinsic luminosity changes but also changes in 
the observed magnitude that a chosen telescope would see. We use the 
OSTAR2002 grid in our 15 M⊙ and 40 M⊙ calculations63 and an extended 
version of the MSG demo grid for the 3 M⊙ star64 and we select for our 
instrumental passband the TESS passband from the SVO Filter Profile 
Service65. After synthesizing the differential flux functions, we calcu-
late the magnitude perturbation eigenfunction associated with each 
eigenvalue using the GYRE solutions and equation 11 of ref. 61. We then 
use these magnitude eigenfunctions to generate a transfer function, 
which we use alongside the wave luminosity from Wave Generation 
simulations to predict the photometric variability of gravity waves. 
The stellar transfer functions, synthesized spectra and red noise fits 
are discussed and shown in Supplementary Information section 6.

We additionally run one Wave Generation simulation with a 
rotation period of Prot = 10 d; we assume uniform, rigid rotation and 
include rotational effects by adding the Coriolis term to the momentum 
equation. We measure the wave luminosity in the same way as in the 
non-rotating simulation, and for simplicity we use the non-rotating 
transfer function. See Supplementary Information section 7 for details 
of this simulation and a discussion of the importance of rotation.

All plots were produced using matplotlib v.3.5.2 (refs. 66,67), 
and the numpy v.1.22.4 (ref. 68), scipy v.1.8.1 (ref. 69) and astropy v.5.1 
(refs. 70–72) packages were used in our simulation preprocessing and 
postprocessing. MESA profiles I/O was handled using https://github.
com/wmwolf/py_mesa_reader.

Data availability
The data used to create all of the figures in this paper, as well as the 
scripts used to generate the simulations and figures, are available 
online in the Zenodo repository of ref. 73.

Code availability
All Python scripts, MESA inlists and GYRE inlists used in this work are 
in the GitHub repository located at https://github.com/evanhanders/
gmode_variability_paper. This repository is additionally backed up in a 
Zenodo repository73. Most of the underlying logic that implements the 
equations in Dedalus and generates transfer functions from Dedalus 
or GYRE outputs is separately located in the pip-installable GitHub 
repository https://github.com/evanhanders/compressible_stars, v.0.1.
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