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δ Sct stars lie in the classical instability strip: 6400 ≤ Teff ≤ 8900 K. 

983 δ Sct stars continuously observed by Kepler for 4 yr.

Amplitude modulation in δ Sct stars

The δ Sct stars
Introduction

credit: 
JCD

(Bowman 2016)
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Amplitude modulation in δ Sct stars

The δ Sct stars
Introduction

credit: 
JCD

High-frequency signals in 
LC Kepler data are 
suppressed in amplitude.

(Bowman 2016)
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4-yr time 
span

Amplitude modulation in δ Sct stars

What is amplitude modulation?
Introduction

e.g., KIC 7106205

(Bowman & Kurtz 2014)
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Each δ Sct is defined as being an AMod or a NoMod star.

Defining significant amplitude modulation
Introduction

Amplitude modulation in δ Sct stars

e.g., KIC 7106205

(Bowman et al. 2016)
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AMod: KIC parameter statistics
Results

Amplitude modulation in δ Sct stars

AMod 
NoMod61.3 per cent of 983 δ Sct stars are 

AMod stars, with significant 
amplitude modulation in at least a 
single pulsation mode.

(Bowman et al. 2016)
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Period ratio of ν1 and ν2 is 0.7725, 
associated with fundamental and 
first overtone radial modes

Teff = 7220 ± 270 K 

log g = 3.67 ± 0.19 
(Huber et al. 2014)

NoMod star

Constant amplitude stars
Results

Amplitude modulation in δ Sct stars

e.g., KIC 2304168 
(Balona & Dziembowski 2011)

ν1

ν2

(Bowman et al. 2016)
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AMod star

Period ratio of ν2 and ν3 is 0.7678, 
associated with fundamental 
and first overtone radial modes. 

Teff = 7210 ± 260 K 

log g = 3.50 ± 0.23 
(Huber et al. 2014)

Variable amplitudes
Results

Amplitude modulation in δ Sct stars

e.g., KIC 4733344 ν1ν2

ν3

(Bowman et al. 2016)
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n νi ± m νj

Non-linearity: combination frequencies
Results

Amplitude modulation in δ Sct stars

Non-linear distortion model: 
Higher amplitude pulsation modes have "higher order" combinations:  
(Kurtz et al. 2015; Balona 2016).

c.f. Péter Pápics' talk

Combination terms:

(Bowman 2016)

STARS2016

Dominic Bowman 11/16



A1 = µc (A2 A3)

ν1 = ν2 ± ν3

ϕ1 = ϕ2 ± ϕ3

µc << 1 favours non-linear distortion model

µc ~ 1 favours resonant mode coupling

Theoretical prediction of 
resonant coupling between 
pulsation modes 
(Dziembowski 1982;  
Buchler et al. 1997). 

Q: Coupling or a combination 
frequency?

Non-linearity: models
Results

Amplitude modulation in δ Sct stars

e.g., KIC 4733344 (Bowman et al. 2016)

(Breger & Montgomery 2014)

STARS2016

Dominic Bowman 12/16



HADS stars
Results

Amplitude modulation in δ Sct stars

ν1

ν2

Pulsate in fundamental and/or first 
overtone radial modes  
(McNamara 2000).  

Typically slow rotators with:  
v sin i < 40 km s-1  
(Breger 2000; McNamara 2000; 
Rodríguez et al. 2000). 

Post-main sequence stars? 
(Petersen & Christensen-Dalsgaard 
1996). 

δ Sct stars with peak-to-peak 
light excursions greater than 
0.3 mag (McNamara 2000).

Only 2 of 983 Kepler δ Sct stars are HADS stars!(Bowman et al. 2016)
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HADS stars
Results

Amplitude modulation in δ Sct stars

CHAPTER 8

main sequence and post-main sequence (Percy et al. 1980; Breger 1990a; Rodŕıguez

et al. 1995; Breger & Pamyatnykh 1998).

Most importantly, it was demonstrated in chapters 5, 6 and 7 that the observed

phase modulation in � Sct stars is often much larger than the quadratic change in

phase predicted by stellar evolution models, with fractional changes in pulsation

periods of
�

1

P
dp
dt

�
⇠ 10�8 yr�1 predicted by stellar evolutionary models (Percy et al.

1980; Breger 1990a; Rodŕıguez et al. 1995; Breger & Pamyatnykh 1998). The para-

bolic phase modulation observed in the HADS star KIC 5950759 yielded fractional

period changes,
�

1

P
dP
dt

�
, of 1.18⇥10�6 yr�1 and 1.82⇥10�6 yr�1 for the fundamental

and first overtone radial modes, respectively. Thus, it was concluded that 4 yr is

su�cient to observe period changes in a � Sct star, but these may not necessarily be

caused by stellar evolution, because modulation signals from non-linearity typically

dominate observations on this time-scale. On the other hand, it was clearly demon-

strated that the pulsation periods are increasing in KIC 5950759, and evolutionary

models may underestimate period changes for stars near the TAMS.

HADS stars also o↵er the opportunity to study non-linearity in the form of har-

monics and combination frequencies from a non-linear distortion model, typically in

the absence of amplitude modulation and non-linearity in the form of resonant mode

coupling. It remains to be established if HADS stars are demonstrably separate from

their low-amplitude � Sct counterparts. With so few HADS stars available to study

with high-quality observations, further observations and theoretical work on model-

ling non-linearity in the HADS stars and their low-amplitude � Sct counterparts is

needed.

8.2 Future work

Much of the work presented in this thesis has demonstrated that the � Sct stars com-

monly exhibit amplitude modulation on time-scales of order years and longer, but

253

CHAPTER 8

main sequence and post-main sequence (Percy et al. 1980; Breger 1990a; Rodŕıguez
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~ 1Observed:

... pulsational non-linearity.

ν1

ν2

(Bowman et al. 2016; Bowman 2016)
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• The δ Sct stars exhibit diverse 
pulsational behaviour. 

• Amplitude modulation is 
common among δ Sct stars, 
but not ubiquitous. 

• Models can be used to 
quantify the strength of non-
linear mode coupling. 

• The HADS stars are rare and 
exhibit non-linearity, which 
may explain why these stars 
differ to typical δ Sct stars.

Conclusions
Conclusions

Amplitude modulation in δ Sct stars

Asteroseismology 3

Figure 1. Luminosity-effective temperature (or Hertzsprung-Russell) diagram showing the approximate locations of major pulsating variables coloured roughly
by spectral type, the zero-age main sequence and horizontal branch, the Cepheid instability strip, and evolution tracks for model stars of various masses, indicated
by small numbers (M⊙). Shadings represent heat-engine p-modes (\\\), g-modes (///) and strange modes ( | | |) and acoustically-driven stochastic modes (≡).
Approximate spectral types are indicated on the top axis. Based on figures by J. Christensen-Dalsgaard and subsequently by C.S. Jeffery.

environment, musical string instruments can be heard to sound in
resonance with the noise that has the right frequency.

For stars in close binary systems, tidal excitation is another
way to make stars pulsate. This occurs when multiples of the orbital
frequency come into resonance with intrinsic eigenfrequencies of
the binary components. We come back to this in Section 5 with the
new “heartbeat stars”.

2.2 What do stellar pulsation modes look like?

Stars are three-dimensional, so their natural oscillation modes have
nodes in three orthogonal directions. These are described by the
distance r to the centre, co-latitude θ and longitude φ. The nodes
are concentric shells at constant r , cones of constant θ and planes
of constant φ. For spherically symmetric stars the solutions to the
pulsation equations, hence the stellar pulsation modes, are described
by spherical harmonics, functions that are familiar to many readers
from electrodynamics and quantum mechanics. For 3-D stars there
are three quantum numbers to specify these modes: n is the number
of radial nodes and is called the overtone of the mode; l is the degree

of the mode and specifies the number of surface nodes that are
present; m is the azimuthal order of the mode, where |m | specifies
how many of the surface nodes are lines of longitude.

So what do these modes look like?

2.2.1 Radial modes

The simplest modes are the radial modes with l = 0, and the simplest
of those is the fundamental radial mode with n = 0. In this mode the
star swells and contracts, heats and cools, spherically symmetrically
with the core as a node and the surface as a displacement antinode.
It is the 3-D analogy to the organ pipe in its fundamental mode.
This is the usual mode of pulsation for Cepheid variables and for
RR Lyrae stars, amongst others. The first overtone radial mode has
n = 1 with a radial node that is a concentric shell within the star.
As we are thinking in terms of the radial displacement, that shell is
a node that does not move; the motions above and below the node
move in antiphase. The surface of the star is again an antinode. And
so on for higher and higher overtones of the radial modes, with
larger and larger values of n, the number of radial nodes.

2.2.2 Nonradial modes

The simplest nonradial mode is the axisymmetric dipole mode with
l = 1,m = 0. For this mode the equator is a node; the northern
hemisphere swells up while the southern hemisphere contracts, then
vice versa; one hemisphere heats while the other cools, and vice
versa. There is no change to the circular cross-section of the star,
so from the observer’s point of view, the star seems to oscillate up
and down in space. This can only occur for n ≥ 1, so in the case of
the l = 1 dipole mode, there is at least one radial node within the
star. While the outer shell is displaced upwards from the point of

MNRAS 000, 1–9 (2016)

Jeffery & Saio (2016)
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Dominic Bowman

Thank you for your attention
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