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ABSTRACT
Our aim was to identify the δ Sct-type pulsation modes observed in the RZ Mic binary
system to determine if such binary systems are candidates for identifying pulsation
modes and hence the fundamental parameters of a cohort of single stars with similar
frequency patterns and low rotational velocities (≤ 50 km s−1). We used photometry
from TESS and three ground-based bands (B, V and I) in addition to spectroscopy that
resolved the velocities of the two components. We derived the fundamental parameters
of both stars of the RZ Mic system which was modelled as a semi-detached, Algol-type
binary with a δ Sct star component. The primary star was the pulsator with a mass
of 2.18 ± 0.10 M�, radius of 2.43 ± 0.05 R� and Teff of 7300+200

−100 K. The secondary star
was a sub-giant which had filled its Roche lobe. Its mass was 0.57 ± 0.02 M�, radius =
3.97 R� and Teff = 4373± 100 K. We identified only three significant frequencies in
the δ Sct star, two of which were also seen in the ground-based B and V data. The
dominant peak, f 1, at 13.522 d−1 had an amplitude of 10.863 mmag. We identified the
modes of all three observed frequencies by modelling the evolution of a single star which
matched our dynamically-derived mass, radius and Teff for the pulsator, but only after
enhancing its metallicity to greater than solar values. The highest-amplitude frequency
of 13.522 d−1 was identified as a mixed mode, n = 1, l = 1, m = - 1. Mode identification
was only possible because of the combination of a strong density-constraint afforded
by the binary modelling and tidal-locking in the binary system from which the rotation
rate of the pulsator was known.
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1 INTRODUCTION

Delta Scuti (δ Sct) stars are classified as p mode, pulsating
A- to F- stars found at the base of the instability strip on the
HR diagram. In principle, their internal structure and pa-
rameters, including age, should be discernible from their pul-
sation modes. Despite the vast amounts of exquisite, high-
cadence, continuous data over substantial time periods from
space-based observatories, such as Kepler (Borucki et al.
2010), CoRoT (Auvergne et al. 2009) and the Transiting
Exoplanet Survey Satellite, TESS (Ricker et al. 2015) which
have revolutionised the studies of δ Sct stars, precise stellar
parameters of single stars remain difficult to ascertain and
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rely heavily on evolutionary modelling. It remains uncertain
whether there are significant shortcomings in the physics of
the models, or if the observations are insufficient to explain
these stellar objects. In contrast, asteroseismology has been
very effective for determining the global properties of the sun
and solar-like oscillators (Kjeldsen & Bedding 1995; Bedding
2014).

Two factors significantly contribute to these failures
Firstly, rotation rates of single stars are not easily deter-
mined and are more challenging to model in single δ Sct
stars where equatorial velocities between 100 and 300 km s−1

are often observed (Zorec & Royer 2012). Rotation causes
splitting of the non-radial modes into equally-spaced multi-
plets giving a symmetric spread in frequencies dependent on
the structure of the star (Aerts et al. 2010). This relation-
ship breaks down as the rotation rate increases, leading to a
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complex pattern of pulsation frequencies which are difficult
to analyse without the high quality data only now available
with space-based probes.

Secondly, the fundamental properties, such as mass and
radius and hence density, of any single star are difficult to as-
certain with low uncertainties. However, the density of δ Sct
stars is a crucial parameter for p mode identification.

Both these short-comings are addressed if a δ Sct star is
part of an eclipsing binary system in which all the fundamen-
tal properties of both components are open to analysis. Pre-
cise models of the stars, with masses and radii determined to
3 % uncertainty, become test-beds for stellar structure and
evolutionary models (Torres et al. 2010). If the binary has
a short orbital period, the system is almost certainly tidally
locked. This gives the rotation period for the pulsating com-
ponent to an accuracy unavailable for single stars.

Many studies have identified the observed frequencies
of δ Sct pulsators (Murphy et al. 2014; Kahraman Aliçavuş
et al. 2017; Lee et al. 2019; Yang et al. 2019). However, few
have identified specific modes of pulsation; examples include
short period binaries such as TT Hor (Streamer et al. 2018)
and CoRoT 100866999 (Chen et al. 2019). Others are hybrid
pulsators in eccentric orbits, such as KIC 10080943 (Schmid
& Aerts 2016) and KIC 4142768, (Guo et al. 2019).

Modelling of δ Sct stars in the instability strip has ex-
posed discrepancies between observed and predicted results.
Their masses (1.5 to 2.5 M�) position them in the transi-
tion area of energy transport, having both a tiny convective
core and a shallow convective envelope overlying a radiative
envelope. Cooler δ Sct stars (Teff ≈7000 K) at the red end
of the instability strip have more substantial convective en-
velopes compared to their counterparts at the blue edge. At
the red end, the cooler δ Sct stars overlap with γ Dor stars
(Kaye et al. 1999) where γ Dor - δ Sct hybrids are also found
(Grigahcène et al. 2010). γ Dor stars exhibit non-radial, g
modes, with periods from one to 5 d.

The boundaries of the instability strip are being
widened as more δ Sct stars are detected from space-based
observations (Bowman & Kurtz 2018; Murphy et al. 2019).
These new boundaries lie beyond the theoretical boundaries
determined by Dupret et al. (2009). Additionally, Murphy
et al. (2019) showed that the fraction of pulsators found at
the red edge is less than that at the blue edge, with the frac-
tion peaking at 70% in the middle of the instability strip.
Notably, there are normal A-stars showing no pulsations at
the micro-magnitude detection limit within this region. The
reasons why some stars within the instability strip pulsate
and others don’t remain largely a mystery (Balona & Dziem-
bowski 2011).

A systematic relationship linking seismic properties to
fundamental stellar properties in δ Sct stars has been sought
but with limited success. The long-standing association be-
tween period, luminosity and colour is often used to identify
pulsation modes in these stars (Breger & Bregman 1975).
This has been extended recently to include luminosities de-
rived from Gaia DR2 parallaxes (Ziaali et al. 2019). Gar-
ćıa Hernández et al. (2015, 2017) presented a relationship
between surface gravity and the large frequency separation
of δ Sct pulsations for a small sample of eclipsing binaries
with a δ Sct-type component. This was followed by Forteza
et al. (2018, 2020) providing an empirical relationship be-

tween the frequencies of several hundred δ Sct stars at max-
imum power and their mean Teff .

Significantly, Bedding et al. (2020) detected regular se-
quences of high-frequency pulsations in a sample of 60 young
stars, some from known young stellar associations. The reg-
ular sequences allowed the first definitive mode identifica-
tion for a group of δ Sct stars and is an important identifier
of young stars. This paper highlighted the need for well-
constrained systems with dynamically-derived masses. As
we show in this paper, binary systems are ideal for deriving
not only the masses but all the fundamental properties of
the δ Sct component.

Different excitation mechanisms further complicate
mode identification. The self-excitation of δ Sct pulsations
via the κ mechanism remains the most common and operates
primarily in the Heii partial ionisation zone. In hotter δ Sct
stars, this zone is closer to the surface and more efficient,
yielding higher frequencies compared to cooler stars (Pamy-
atnykh 2000; Bowman et al. 2016; Smalley et al. 2017). Ad-
ditionally, turbulent pressure in the outer, convective enve-
lope contributes to the driving of pulsations at the red end
of the instability strip (Antoci et al. 2014; Aerts 2019; An-
toci et al. 2019). In close binary systems, tidal excitation of
non-radial modes may also occur and is most evident in ec-
centric binaries where the frequencies are at exact multiples
of the orbital period (eg. Hambleton et al. 2017; Fuller 2017).
Oblique pulsators have been confirmed where tidal trapping
of modes occurs in close binary systems where the pulsation
axis coincides with the line of apsides (Handler et al. 2020;
Kurtz et al. 2020).

Evolutionary modelling of stars in the instability strip
has also exposed discrepancies between observed and pre-
dicted results. For example, the mixing processes, such as
convective-core overshooting, are still poorly constrained de-
spite them having a major impact on evolutionary mod-
els. For example, Tkachenko et al. (2020) found that dis-
crepancies between binary star observations and models for
intermediate- to high-mass stars were overcome by increas-
ing the convective core mass and the mixing near the core.
Deal et al. (2020) suggested that current modelling codes,
including mesa (Paxton et al. 2011, 2013, 2015, 2018, 2019),
lack a process to explain chemical element transport for stars
with masses > 1.4 M�. Their results showed that iron was
accumulated at the surface due to radiative acceleration with
or without rotation, a result conflicting with Kepler Legacy
star observations. While not specific to the mass range for
δ Sct stars, both studies highlighted the current theoretical
difficulties for modelling intermediate mass stars with their
conclusions impacting on δ Sct stars in a similar way.

Non-interacting, detached, eclipsing binaries with a
δ Sct component are arguably the ideal systems for de-
termining fundamental stellar parameters as the pulsator’s
properties are most similar to those of isolated stars. How-
ever, they generally have orbital periods in excess of 13 d
(Liakos & Niarchos 2017) which can limit the number of
complete orbital cycles observed. This is particularly rele-
vant for TESS observations when only one month’s data
are available. Ground-based data, subject to short observa-
tion times and weather conditions, are also problematic for
long-period binaries.

Unlike the latter, Algol-type systems typically have or-
bital periods < 4 d allowing multiple, full-orbital sequences
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to be observed. Algol-types are semi-detached systems with
the added dimension of mass transfer occurring during their
evolution. Briefly, the initial, higher-mass star evolves the
fastest, fills its Roche lobe and then donates mass to its
less-evolved component which in turn becomes the higher
mass star.

Our line of study concerns δ Sct stars in Algol-type sys-
tems with low total-mass of ≈ 3 M�. The mass transfer is
generally conservative, that is, no mass is lost from the sys-
tem. In our previous paper, (Streamer et al. (2018), referred
to as MS18 hereafter), we successfully derived the fundamen-
tal parameters of the TT Hor binary system and modelled
the binary evolution with the mesa code. Importantly, we
refined the evolutionary models, within uncertainties of the
binary model, to match and identify the modes of the ob-
served pulsation frequencies. This was achieved because the
system was tidally locked and the rotation rate of the δ Sct
star was known to high precision from the orbital period.

Streamer et al. (2016) first recognised δ Sct pulsations
in the light curve of RZ Mic which was initially categorised
as an eclipsing variable star by Hoffmeister (1956). In this
paper, we combined data for RZ Mic from TESS (Ricker
et al. 2015) with our ground-based photometry and spec-
troscopy to determine the fundamental parameters of the
binary system and analysed the observed oscillations after
subtraction of the binary light curve. From this basis of a
well-characterised pulsating star, including its density and
rotation period, we identified the dominant pulsation fre-
quency as a mixed mode.

We conclude that certain binary systems are ideal for
identifying modes of δ Sct stars and hence the fundamental
parameters of a cohort of single stars with similar frequency
patterns and low rotational velocities (≤ 50 km s−1).

2 OBSERVATIONS AND DATA REDUCTION

2.1 Photometry

Data for RZ Mic (TIC 91369561) from TESS were taken
from 2018, July 25, over 28 days with a 2-min cadence
with Sector 1, camera 1. The light curve data were down-
loaded after systematics removal (cotrending) performed by
the SPOC algorithms.

Time-series photometry was also performed with a
0.35 m Meade Schmidt-Cassegrain telescope situated in
Murrumbateman, NSW, Australia, IAU observatory code
E07. The telescope was equipped with an SBIG ST8XME
camera with Johnson B and V filters, and a Cousins I filter.

We synchronized the computer’s clock to UTC using
the Network Time Protocol.1 A fast cadence ensured good
coverage of the pulsations and accurate determination of the
eclipse times of minima. Typical exposure times were 60 to
120 s with delays between each exposure (for image down-
load and filter change) of about 30 s. RZ Mic was observed
during secondary eclipses and out of eclipse for as long as
possible in any one night to maximise the time span avail-
able for Fourier analysis of the pulsations. We made obser-

1 dimension 4 (Thinking Man Software, 1992–2014, http://www.

thinkman.com/dimension4/)

vations in 2014 and 2015 which are available on the AAVSO
website 2.

RZ Mic (RA: 20 50 16.387, Dec: -42 13 04.598) is in a
sparse field and scrutiny of a high resolution image from the
Digitized Sky Survey catalogue 3, 2MASS (Skrutskie et al.
2006) and TESS showed no background contaminating stars
to affect the photometry.

GSC 7972 0135 was used as the comparison star:
V = 11.251± 0.041 mag, B−V = 0.53 mag. GSC 7972 0230
was used as a check star: V = 13.005, B−V = 0.49 mag, to
assess background changes. Magnitudes are taken from the
AAVSO Photometric All-Sky Survey (APASS). The APASS
i ’ magnitude data were converted to Cousins I filter magni-
tudes using Eqn.1

V − Ic = 0.37450 + 1.09888(V − i′) (1)

The data were reduced with aperture photometry us-
ing MaxImDL 4 and transformed using standard stars from
Landolt fields (Landolt 2007). RZ Mic is outside the Galactic
plane at a latitude of −39◦. We corrected our data for inter-
stellar reddening according to Schlafly & Finkbeiner (2011)

To enhance this data, observations in the B band only
were collected in 2019 August 05-31, using the Las Cumbres
Observatory (LCOGT) 0.4-m telescopes in Australia, South
Africa and Chile. However, the final data were intermittent
and of too poor quality to be useful.

2.2 Spectroscopy

We obtained spectra using the ANU 2.3-m telescope at Sid-
ing Spring Observatory and the Wide-Field Spectrograph,
WiFeS (Dopita et al. 2007, 2010). Observations were taken
over 3 nights in 2016 mid-October, and again over 3 nights
in 2017 early-May. RZ Mic has an orbital period of 3.98 days
and at the time of observations we were limited to phases
near 0.25, 0.75 and the primary eclipse (phase = 0.0 /1.0)
Cloud cover prevented any secondary eclipse observations.
Spectra were obtained using the RT560 beam splitter and
the B7000 and R7000 gratings for radial velocity (RV) de-
termination. Spectra for spectral classification were taken
using the RT560/B3000 combination. The spectra were re-
duced with pyWiFeS, the data reduction pipeline specific for
the WiFeS spectrograph (Childress et al. 2014). To reduce
the effect of pulsations on the RVs, blocks of 4 consecutive
RZ Mic spectra were taken and alternated with Ne-Ar arc
spectra and subsequently co-added in the pipeline. The RVs
were thus sampled every 15 to 20 min.

Spectra were dominated by the primary star at all
orbital phases, including primary eclipse, with the main
absorption features being the Balmer series. The orbit of
RZ Mic is inclined to 79◦ (see Section 3) thus it is not possi-
ble to isolate the spectral features of both components even
during eclipse minima. There was no evidence of Hα or other
emission lines in these spectra.

The temperature of the system was determined from a

2 AAVSO: https://www.aavso.org/
3 Digitized Sky Survey: https://archive.stsci.edu/cgi-bin/

dss_form/
4 MaxImDL: https://diffractionlimited.com/product/

maxim-dl/
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Figure 1. The fit in the Balmer region for the two components resolved by todcor.

B3000 spectrum taken at phase 0.5 when there is minimal
input from the secondary star. The Spectrophotometric Flux
Fitting Method described by Norris et al. (2013) was used5.
The best fits to the spectrum were Teff =7300 K, log g = 4.0,
rms = 0.0336 and Teff =7200 K, log g = 3.75, rms = 0.0423.

Using the same B3000 spectrum as above, we also re-
solved the spectra of the two stars with a custom Python
interpretation of the two-dimensional correlation function,
todcor (Zucker & Mazeh 1994). The code uses template
spectra to match the spectra of the two components of
the binary. Fluxed templates were generated from the syn-
thetic spectra from atlas 9 (Castelli & Kurucz 2004) as
described in MS18 and a grid-based search was used to
determine α, the contrast ratio of the two template spec-
tra. Maximum correlation was found using α= 0.1. We used
fluxed templates with solar metallicity and Teff , log g, v sin i
= [7250 K, 4.0, 50 km s−1] for the primary star and [4250 K,
3.0, 50 km s−1] for the secondary star. Fig. 1 shows the fit in
the Balmer region for the separated components compared
to the observed spectrum. The primary star fits the hotter
template within a flux uncertainty of ± 0.2. There is only a
minor flux contribution from the secondary star.

Based on the results from these two methods we assign
the Teff of the primary star as 7300+200

−100 K, corresponding to
a A9/F0 star.

RVs of both components were extracted from the B7000
data using normalised templates with solar metallicity and
Teff , log g, v sin i = [8000 K, 4.0, 50 km s−1] for the primary
star and [4500 K, 3.0, 50 km s−1] for the secondary star,
α= 0.1. Table 1 gives a list of these RVs. These normalised
templates, with an 8000 K template rather than a 7250 K
template (as for the fluxed spectra) gave the highest corre-
lation.

Given the domination by the Balmer features, RV mea-

5 We thank Professor Mike Bessell at ANU for this analysis.

Table 1. Radial velocities determined from todcor. RV1 and

RV2 are radial velocities for the primary and secondary stars,

respectively

Calendar Date Orbital RV1 RV2

Date HJD phase km s−1 km s−1

20161016 2457677.90127 0.69 -42.1 -210.4

2457677.97118 0.71 -25.4 -197.0
2457677.99453 0.71 -26.7 -205.9

2457678.00585 0.71 -28.8 -205.0

2457678.02775 0.72 -25.1 -205.2
20161017 2457678.95626 0.95 -45.9 -68.3

2457678.97724 0.96 -46.7 -65.7
2457679.00009 0.96 -44.4 -68.1

2457679.02324 0.97 -54.5 -74.5

20161018 2457679.95730 0.20 -97.4 84.3
2457679.99049 0.21 -94.2 88.6

2457680.01346 0.22 -97.7 76.8

2457680.04520 0.23 -95.9 90.8
20170508 2457882.26611 0.99 -56.3 -52.3

20170509 2457883.22765 0.24 -95.6 95.2

2457883.23535 0.24 -94.3 88.3
2457883.25376 0.24 -95.0 86.1

2457883.27694 0.25 -96.9 86.8
20170511 2457885.27635 0.75 -26.1 -205.7

2457885.290631 0.76 -19.2 -199.3

surements for the primary star are more reliable than for
the secondary. Uncertainties at quadrature phases (0.25 and
0.75) are lowest, as the components are at maximum velocity
and Balmer lines are shifted the most. Shot-noise limited RV
uncertainties at these phases for the primary and secondary
components are no more than 1 km s−1 and 4 km s−1, respec-
tively. Standards stars analysed via todcor gave RV un-
certainties less than 4.0 km s−1. To create the initial binary
orbital model, we therefore used uncertainties of 4 km s−1.
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3 BINARY ORBITAL MODEL

For readers unfamiliar with modelling binary systems, we
give a short overview of the data and methodology needed.
For an in-depth coverage we refer the reader to Prša (2018).
To obtain precise parameters for a binary system, photom-
etry and RV data from spectroscopy, covering all orbital
phases are ideal. The temperatures of the component stars
from spectroscopy are also desirable.

For RZ Mic, we had TESS data spanning multiple full
orbits, but by themselves these data were not adequate for
the model precision we desired. However, the colour indices
given by our ground-based photometry in three different
passbands (B, V and I) were maintained in our modelling
procedure (see subsection 3.1 for more details) providing lu-
minosity constraints to the TESS data. The inclination of
an eclipsing system and the radii of both components are
given by the shape of the light curves in units of the semi-
major axis. The relative depths of the eclipses and the colour
changes give the surface temperature ratio. We determined
the temperature of the primary star (see subsection 2.2) and
estimated that of the secondary star from modelling. The lu-
minosity of each star was determined by the following equa-
tion.

L
L� = R2( T

T� )
4 (2)

where R is the radius in solar units, T� is the solar temper-
ature and T is Teff . RVs from spectroscopic measurements
give the mass ratio of the stars and, with the inclination,
the individual masses of both stars are determined. No ad-
ditional inputs are required. A more detailed description of
the methodology follows.

3.1 Binary Modelling Procedure

Light curves for RZ Mic, including the complete TESS data
(18,100 data points, covering 7 complete orbits) and V, B
and I data from 2014 to 2015 are shown in Fig. 2. The de-
tector bandpass for TESS covers a broad region from 6000
to 10000 Å, centred on the Cousins I-band with the mean
at 7972 Å. RZ Mic is brightest in the TESS passband and
dimmest in blue with B−V = 0.39 during uneclipsed phases.
The light curves are typical of a semi-detached binary sys-
tem. The ingress to and egress from the primary eclipse were
deeper compared to those of the secondary eclipse, an effect
most evident in the TESS and I data. The secondary eclipse
is also deeper in these data. These effects are indicative of a
cool secondary star having filled its Roche lobe.

We used the modelling package, phoebe 2.1.4 (Prša
et al. 2016; Horvat et al. 2018) to determine a binary model
fit to both the photometric and RV data. One of the advan-
tages of this phoebe code is the implementation of a trian-
gulated mesh grid to discretise the stellar surface as opposed
to the use of trapezoids in the original Wilson and Devin-
ney code (Wilson & Devinney 1971). Among other things,
more accurate modelling of non-spherical systems such as
those distorted by any Roche-lobe filling star is achieved. A
second advantage of this code is that for RZ Mic, and other
close binaries where surface irradiation is important, the re-
flected and intrinsic light are calculated independently.

We performed a preliminary fit to the data using the
semi-detached constraint in phoebe, setting the secondary

star to fill its Roche lobe and fixing the Teff for the primary
star to 7300 K. To reduce modelling time for the preliminary
fit, TESS data were binned every 20 data points according
to orbital phase. From the RV data, we estimated the mass
ratio and system velocity. An initial, approximate fit by eye
was done using a coarse mesh grid and turning irradiation
off. We varied the system inclination, radius and mass of the
primary star, and temperature of the secondary. We used
blackbody atmosphere models with logarithmic limb dark-
ening as the temperature gradient across the secondary star
was too great for CK2004 atmosphere model tables to be
effective (Castelli & Kurucz 2004). The gravity darkening
coefficients for the primary and secondary star were fixed at
1.0 and 0.32, respectively, for a radiative star or a convective
star (Lucy 1967).

Using this preliminary model as a guide and a coarse
grid mesh, we set best guesses for the parameters to be fitted
in an emcee routine (Foreman-Mackey et al. 2013). These
were: orbital inclination; equivalent radius of the primary
star; irradiation fraction of the primary; Teff of the secondary
star; mass ratio (q); semi-major axis of the system; and the
system velocity. Furthermore, we constrained Teff = 7300 K
for the primary star; used the irradiation method according
to Horvat et al. (2019) in which we fixed the reflected irradi-
ation to 1.0 for the primary star and 0.6 for the secondary;
a coarse grid mesh and logarithmic limb darkening function
with blackbody atmosphere tables.

It was obvious that the photometric residuals in this
initial fit were dominated by the pulsations in the primary
star. Rather than attempting a highly complex simultane-
ous fit of the pulsations and the binary, we subtracted this
initial model of the binary and modelled the pulsations (as
described in Sections 3.2 and Section 4). The modelled fre-
quencies were then subtracted from the initial binary model.
This pre-whitening procedure left us with light curves free of
pulsations in order to better characterise our binary model.
Using this pre-whitened data, we computed the mean square
errors (MSE) for each of the 6 data sets (4 light curves and 2
radial velocity curves), and individually scaled their uncer-
tainties to give updated mean square errors of 1.0. When re-
examining the plot of the photometric residuals, they were
clearly correlated over a data length of approximately 25,
especially around the primary eclipse. To account for this
non-diagonal covariance matrix in a simple way, we chose
to scale the uncertainties by this correlation length. This
gave the empirical input uncertainties to our final emcee
run according to the following equations:

Errornew = Errororig

√
MSE for RV data (3)

Errornew = Errororig

√
MSE

√
25 for photometric data. (4)

By scaling the uncertainties on the input appropriately,
the error bars derived from the posterior in emcee are much
more robust and reliable. The re-scaling of the uncertainties
of the RV data gave the adjusted RV uncertainty for the
primary as 6 km s−1 and for as 13 km s−1 for the secondary
for each RV point, as shown in Fig. 3. This results in 5 and
2 km/s uncertainties for the fitted semi-amplitudes. We also
note here that emcee gave us the density of the primary
star with uncertainties which are lower than the uncertain-
ties one would obtain by assuming mass and radius are inde-
pendent. This is because the mass and radius posteriors are
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Figure 2. Magnitude changes of RZ Mic with orbital phase using different filters. From top to bottom: orange = TESS, Red = I filter,
Green = V, Blue = B. The binary models for each filter are indicated by the black solid lines. The residuals after removal of the binary

models for each filter are plotted below. The black points on the residuals plots are those given for each filter after subtraction of the

pulsations and remodelling the binary system. Firstly, we subtracted the binary model from the original data sets, then extracted the
pulsation frequencies from the latter, and finally subtracted these frequencies from the original data. Then we re-modelled the binary
with this data and plot the residuals. The standard deviation for the magnitude of the check star was typically 0.005.

highly correlated: both with uncertainties dominated by the
radial velocity measurements that define the overall scale
of the binary. We calculated the primary star’s mass from
the orbital period, semi-major axis and q values for every
emcee realisation of the posterior. Then, combined with its
radius, determined the density. The final value of density
is 0.213± 0.006 g cm−3 which corresponds to a 2.9 % uncer-
tainty. This is an important value which we shall refer to
later in Section 6.

The values of each parameter given by emcee were then
used in the final binary model with phoebe using a fine mesh
grid of 1500 triangles, Horvat irradiation, and the full TESS
data set in order to compute the finely gridded residuals and
light curves in Fig. 2.

3.2 Binary Model Fit

The model light curves for each passband are indicated in
Fig. 2 by the solid black lines over-plotted on the observed
data. When fitting and plotting, the filter zero points for
the model were left as free parameters. This means that

the fit was distance and reddening-independent. The data
from each filter are represented in different colours. Pulsa-
tions were clearly evident in the V, B and I data but were
impossible to differentiate in the TESS phased data as sev-
eral complete orbits were covered. The residuals for each
passband reflected the small imperfections of the model-fit
around the primary eclipses where pulsations were also evi-
dent. Pulsations were not synchronised with the orbital pe-
riod, thus increasing the spread of residuals around primary
eclipse. The black points in the residual plots represent the
residuals from the pre-whitened binary model.

The binary model fit to our RV data is shown in Fig. 3.
We determined the system velocity as -59.9 ± 1.3 km s−1

which compares favourably with the median value given by
Gaia DR2 of -56.65± 7.57 km s−1. We had insufficient spectra
covering phases either side of the primary eclipse to investi-
gate the Rossiter-McLaughlin effect (Rossiter 1924). Thus,
the alignment of the orbital and spin axes remains unknown.

Table 2 lists the parameters for both stars and the sys-
tem. The phoebe model confirmed the semi-detached na-
ture of RZ Mic, consisting of a 2.18± 0.01 M� primary (here-
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Figure 3. RV variations of the primary (blue dots) and secondary

(red dots) stars with the orbital phase of the binary system. The
solid lines are the binary model fit. The error bars indicate the

uncertainties at quadrature phases.

(a) primary eclipse (b) secondary eclipse

Figure 4. Relationship of the primary, δ Sct star (white) and

the secondary star (brown) at primary and secondary eclipses

after termed the accretor) and a 0.57± 0.02 M� secondary
(hereafter termed the donor). As stated previously, we fixed
Teff = 7300 K (refer to Subsection 2.2) for the accretor for
the modelling which gave Teff = 4373 K for the donor which
was consistent with that from our TODCOR analysis. The
± 25 K error for the donor is a statistical error only for the
fixed temperature of the accretor. We therefore assigned
Teff = 4373 ± 100 K for the donor (taking into account the ef-
fect of the primary star temperature uncertainty). From the
model temperatures and luminosities, the donor was likely
an H-shell burning, K5-giant.

Fig. 4 shows the scaled relationship between the two
components at phases 0.25 and 0.75. The orbital axis was
inclined to our line-of-sight, so each eclipse was partial. The
secondary star was estimated to contribute 13% to the B-
band flux, 22% to the V-band flux and 34% with the TESS
filter at secondary eclipse (refer to subsection 3.3 for further
details).

The temperature and log g profiles across the surface of
the two stars are shown in Fig. 5 and Fig. 6. Note in these
plots that the relative sizes of the two components are not to
scale but they are in their correct orientation. The secondary
star varied in Teff from just below 4500 K to its coolest of
≈ 3800 K at the ‘nose’. The primary star was hottest at the
poles, and coolest at the face away from the secondary star

but the temperature difference was only ≈ 25 K. The log g
profile of the secondary star was fairly uniform, ≈ 3.0 except
at the ‘nose’ where it declined to about 1.8. Similarly the log
g profile of the primary star was lowest on the face towards
the secondary star, but otherwise fairly uniform.

The binary model was consistent with RZ Mic being
an Algol-type binary where the donor had evolved to fill
its Roche lobe with a radius of 3.973 R�. The temperature
and log g variations in both stars were consistent with mass
loss from the secondary star at the ‘nose’ and this mass
impacting the primary star on the face closest to the donor
star. We observed the system when the accretor was the
more massive star having gained considerable mass from the
donor.

3.3 Luminosity

We estimated log(L/L�) for the accretor from its radius de-
termined by binary model and it’s Teff from our spectroscopy.
Similarly, we calculated log(L/L�) for the donor using both
its radius and Teff from the binary model (Table 2). We com-
pared this to the Gaia DR2 published result of log(L/L�) =
1.33 for the system, which used the methodology described
by Andrae et al. (2018). We then used the latter method to
determine the luminosity uncertainties from the distance un-
certainties from Gaia parallax measurements using Eqn. 5,
where MG is the absolute g-band magnitude, G is the mean
magnitude of 11.246± 0.002, AG is the extinction in g band
and r is the Gaia DR2 distance in pc.

MG = G − 5 log10 r − AG (5)

The luminosity (Lb) for the system was then calculated
using the standard equation (Eqn. 6), where BCG = 0.06 is
the bolometric correction for Teff of 7300 K and the bolomet-
ric magnitude of the sun, Mbol� = 4.74.

−2.5 log10 Lb = MG + BCG(Teff) − Mbol� (6)

The total luminosity of the system was thus calculated as
log(L/L�) = 1.33± 0.05.

We used the blackbody lambda function from as-

tropy.modeling.blackbody (Robitaille et al. 2013; Collab-
oration et al. 2018) to estimate the proportion of flux due
to the secondary star at the midpoint of the Gaia g-band
6730Å. This amounted to 34% of the total flux giving the
luminosity for the accretor alone as log(L/L�) = 1.15± 0.05.
Our log(L/L�) = 1.18± 0.03 for the accretor from the binary
model was well within the uncertainties from the Gaia de-
termination. This gave us additional confidence in the ra-
dius of the accretor determined from our binary modelling
and its Teff . Table 2 also tabulates the absolute Gaia DR2
magnitudes of the primary, secondary and system and the
bolometric corrections used from Andrae et al. (2018).
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Table 2. The parameters of RZ Mic as determined by phoebe from combined photometry and spectroscopy. The Gaia Log(L/L�), the

relevant bolometric correction for each star at their given temperatures (BCG(Teff)) and absolute magnitudes (MG) are given here for

comparison. The reader is referred to subsection 3.3 for a discussion of Gaia values.

Parameter Primary Secondary System

(accretor) (donor)

Orbital period (days) - - 3.98305 ± 0.00001

Semi-major axis (R�) - - 14.79 ± 0.22

System velocity (km s−1) - - -59.9 ± 1.3

Semi-amplitudes, K (km s−1) 37 ± 2 145 ± 5

Inclination, (◦) - - 79.45 ± 0.14

M 2/M 1 (q) - - 0.256 ± 0.006
M (M�) 2.18 ± 0.10 0.57 ± 0.02

R (R�) 2.43 ± 0.05 3.973 (fixed)

Teff (K) 7300+200
−100 4373 ± 25a

log g 4.0 ± 0.01 2.6 - 3.0
Log(L/L�) 1.18 ± 0.03 0.72 ± 0.03

Gaia Log(L/L�) 1.15 ± 0.05 0.86 ± 0.05 1.33 ± 0.05

BCG(Teff) 0.06 -0.02 0.06
MG 1.67 ± 0.12 2.39 ± 0.12 1.22 ± 0.12

aAs emcee used a fixed primary temperature, this temperature uncertainty for the secondary star should be viewed as an uncertainty

in the temperature ratio between primary and secondary stars as constrained by the wavelength-dependent eclipse depths. An

additional ∼100 K uncertainty would arise from the uncertainty from primary temperature.

(a) secondary star (b) primary star

Figure 5. Temperature profile of primary and secondary star with respect to the observer on the uv plane-of-sky coordinates.
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(a) secondary star (b) primary star

Figure 6. log g profile of primary and secondary star with respect to the observer on the uv plane-of-sky coordinates.
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We also independently estimated the distance to RZ Mic
using the V magnitude (11.56) at secondary eclipse and
the luminosity of the accretor from the binary model. This
gave a distance of 916 pc, compared to the Gaia DR2 of
959± 56 pc. Thus our calculated distance is within the un-
certainties of the Gaia estimation.

4 PULSATION ANALYSIS

The TESS data have the continuity and time span ideal for
Fourier analysis of the oscillations. The binary model for
RZ Mic was subtracted from the TESS data and the residu-
als were used for a Fourier transform using period04 (Lenz
& Breger 2005). An example of the TESS residuals cover-
ing about 10 h are shown in Fig. 7. Low-power frequencies
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Figure 7. An example of the TESS residuals after subtraction

of the binary model.

from 0 to 8 d−1 were not included in the analysis as they
were harmonics of the orbital frequency of the binary sys-
tem and hence, artefacts from the imperfect binary model
fit. After calculating the linear least-squares fit, a non-linear
least-squares fit improved the true frequency by assessing
the amplitude and phase together with the frequency.

The Fourier transform of the frequencies > 8 d−1 showed
one dominant frequency, f 1, at 13.522 d−1 plus two of lower
amplitudes at 25.617 d−1 (f 2) and 20.279 d−1 (f 3) (Fig. 8 a).
Fig. 8 b shows the frequencies around f 1 after prewhiten-
ing of this. One frequency, f 8, was evident at this stage and
remained after subsequent prewhitening of f 2 and f 3. Ad-
ditional low amplitude frequencies of about 0.3 mmag were
also evident in multiples of the orbital frequency as labelled
in Fig. 8 b as f 1 ± n f orb. None were exact integer values
of the orbital frequency. These frequencies were likely arte-
facts caused by the imperfect binary model fit, plus a slightly
larger scatter of data points in the second half of the TESS
data compared to the first half.

Fig. 9 a and b show the additional frequencies extracted
about f 2 and f 3, respectively, after subsequent prewhiten-
ing. f 4 was an independent frequency at 26.681 d−1, as were
the much lower-amplitude frequencies of f 6 and f 7. The fre-
quencies, f 5, f 8, f 9 and f 10 were all related to f 2 as indicated
in Table 3. Frequencies were extracted until the S/N was <4,
the recommended limit by the authors of period04. The to-
tal of fourteen frequencies are listed in Table 3, together with
their relationship, if any, to the orbital frequency.

There was no evidence that the f 1 frequency was a
result of rotational splitting of high-frequency modes. The
other frequencies were all independent although, as shown
in Table 3, four frequencies were close to being exact mul-
tiples of the orbital frequency. Apart from f 8, the uncer-
tainties associated with these frequencies were too large for
any orbital relationship to be definitive and could simply be
coincidental because of incomplete removal of the binary or-
bit. We could speculate that the relationship was indicative
of tidally-excited oscillations (Fuller 2017) with the driving
mechanism being a small, undetected eccentricity (< 0.01%)
in the system. However, the frequencies were too high to be
g-modes as found in typical eccentric binaries (Hambleton
et al. 2017).

Pulsations were evident in all ground-based data ob-
tained from Murrumbateman. We analysed data from four
consecutive nights with excellent seeing conditions from
2014 August 03 - 06. Only the B and V observations were

MNRAS 000, 1–17 (2020)



The pulsating binary, RZMic 11

10 15 20 25 30
Frequency, d 1

0

2

4

6

8

10

12

Am
pl

itu
de

, m
m

ag

f1 = 13.522

f2 = 25.619
f3 = 20.279

(a) main frequencies

12.0 12.5 13.0 13.5 14.0 14.5 15.0
Frequency, d 1

0.0

0.2

0.4

0.6

0.8

1.0

Am
pl

itu
de

, m
m

ag

f8 = 13.051

f1-forbf1-3forb f1+forb f1+3forb f1+5forb

(b) frequencies after prewhitening f 1

Figure 8. Original frequencies extracted (a) and subsequent frequencies after prewhitening of f 1 (b). The red solid lines indicate the

extracted frequencies. In (b), the black, vertical, dashed line indicates the position of f 1 and the thin, vertical orange lines indicate
multiples of the orbital frequency, 0.251 d−1.
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Figure 9. Frequencies around f 2 and f 3. The vertical lines are as described for Fig. 8.

Table 3. The frequencies with their amplitudes extracted from

the TESS data. M-C is the uncertainty given by a Monte-Carlo
simulation. Freqn/forb indicate the number of forb (= 0.251 d−1)

in the identified frequency.

Freqency M-C Freqn/forb Amplitude S/N

d−1 d−1 mmag

f 1 13.522 0.001 10.863 16.81
f 2 25.619 0.071 102.040 2.846 23.40
f 3 20.279 0.001 1.513 14.26
f 4 26.681 0.002 0.828 6.63

f 5 26.120 1.187 104.036 0.707 6.12
f 6 21.168 7.623 0.552 8.13

f 7 19.907 0.002 0.493 6.29
f 8 13.051 0.003 51.984 0.403 4.39
f 9 25.592 0.421 1.001 0.536 6.15
f 10 26.373 1.204 105.045 0.341 3.39

f 11 18.716 1.533 0.339 5.32
f 13 13.777 0.005 0.340 3.93
f 14 19.645 0.005 0.316 4.36

analysed with period04 as pulsations in the I band were
too low for confident analysis. The orbital effects were first
removed by fitting a simple, low-degree polynomial function
to the short data sets, none of which included either of the
eclipse phases. These data gave similar frequencies as the
TESS data for f 1 and f 2 (Table 4). Additionally, two other
frequencies, (either 21.19 d−1 or 19.65 d−1) were found in the
B and V data. The former is probably equivalent to f 6 and
the latter to f 3 identified in the TESS data, with both hav-
ing much lower amplitudes of 1 to 2 mmag in the B and
V data. Compared to the TESS results, the f 1 pulsations
in the B and V data were of considerably higher magnitude
(145% and 74%, respectively). In contrast, for f 2, the dif-
ference in amplitude was only 77% and 34% in the B and
V data. An intensity change is expected with different fil-
ters, with the blue filter having the largest, because of the
black body curves. Additionally, the pulsation amplitude at
different wavelengths is affected by the relative temperature
changes and the cross-section changes of the star (Aerts et al.
2010; Garrido et al. 1990). Such effects can constrain mode
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identification but as yet there is no generalised method for
doing so. All we could conclude was that our data may indi-
cate that there was a strong depth effect in the atmosphere
for f 1 which was far less for f 2.

5 EVOLUTIONARY MODELLING

Evolutionary modelling of any binary system in which mass
is transferred from one star to its companion requires a con-
siderable number of free parameters. Mass transfer can be
either conservative, with no mass loss from the system, or
non-conservative where mass is lost from the system. In the
latter case, the initial, total pre-main-sequence mass of the
system and the amount of mass lost from the system are un-
known and are therefore additional free parameters in the
evolutionary controls governing each star. With conservative
mass transfer, the task is somewhat easier as the initial and
final masses of the system are the same, so the modelled
parameter space is smaller.

5.1 Evolutionary models of binary system

We modelled the RZ Mic system using the Modules for Ex-
periments in Stellar Astrophysics (mesa) software suite, ver-
sion -r11701. We performed a grid search by fixing the total
mass of the system equal to that from our binary model
to four significant figures (2.742 M�) and varying the initial
masses for the donor from 1.4 to 1.8 M� and for the accretor
from 1.342 to 0.942 M�. The initial orbital period was varied
from 2.8 to 3.3 d. We considered three values of the convec-
tive efficiency parameter, or mixing length, αMLT, either 1.6,
1.8 or 2.

The evolution of low-mass binaries (total mass ≤ 3 M�)
has been successfully modelled with a fully-conservative
mechanism for mass transfer (Kolb & Ritter 1990). As with
the TT Hor system (MS18), the binary modelling gave no
suggestion of an accretion disc or hot spot on the accretor
that could drive an outflow of mass from the system. We
therefore used the ’Kolb’ formalism for conservative mass
transfer in MESA.

Using this mass-transfer scheme, and the initial masses
and periods as described above, many models terminated
because the accretor had expanded in radius to the point
of overflowing its Roche lobe before any significant mass
gain from the donor. This happens when the donor is at the
Hertzsprung Gap. At this point the accretor is unable to
increase its mass and remains at about 0.01 M� above its
initial mass and therefore unable to evolve into an A- or F-
star with the set conditions. Additionally, no suitable models
were found with the initial period > 3 d. Little mass had
been transferred but the accretor remained well inside its
Roche lobe. In these cases, the donor had reached constant
luminosity, leading to a long-lived phase of evolution most
likely leading to a helium white dwarf precursor as described
by Chen et al. (2017).

The only models that successfully evolved to match the
dynamical masses all had an initial period of 3.0 d. The ini-
tial masses ranged from 1.4 to 1.6 M� for the donor and
between 1.342 to 1.142 M� for the accretor. We were able
to match the system orbital periods, and the accretor mass
to those of the binary model, but the temperatures of the

accretor were between 8400 and 9400 K with radii from
2 to 2.18 R�, all of which were outside the uncertainties for
temperature and radius for the accretor (Teff = 7300+200

−100 and
radius = 2.42 ± 0.07 R�.

Nevertheless, we know from our binary evolutionary
models with initial period = 3 d that the time-scale for tidal-
locking was < 200,000 yr, that is, by the time the system
reached the ZAMS and long before any Roche lobe overflow
began at ≈ 2.4 Gyr. This is typical of close binaries such as
RZ Mic, where orbits circularise and co-rotation is achieved
on time-scales much shorter than the evolution of the binary.
Additionally, co-rotation with the orbit is maintained during
conservative mass-transfer (Hurley et al. 2002). Therefore,
we know the rotation rate of the accretor to the same cer-
tainty as the orbital period of the system.

5.2 Evolutionary models of single stars

As our main goal was to identify the pulsation modes of
the accretor, and a considerable number of free parameters
was already used for evolutionary modelling of RZ Mic, we
chose to simplify the modelling procedure. To this end, we
modelled the evolution of the accretor in isolation, as was
successful for TT Hor (MS18). This required a reduction in
Teff and an increase in the radius of the accretor in our evolu-
tionary models. To investigate stellar models, we generated
MIST models (MESA Isochrones & Stellar Tracks) (Dotter
2016; Choi et al. 2016) using the associated web interpola-
tor, for masses from 2 to 2.3 M� with solar metallicity. None
of these models matched the log Teff vs log(L/L�) or the
log R� vs log(L/L�) parameter spaces of the RZ Mic accre-
tor (Fig.10). For clarity, only the MIST models for 2.2 and
2.0 M� are shown. Since no literature values for [Fe/H] for
RZ Mic were available, we experimented with increasing this
parameter to reduce Teff . For [Fe/H] = 0.45 dex, and 2.0 M�,
we lowered the luminosity sufficiently to give a close match
to the accretor (labelled as MIST 2.0, 0.45 in Fig.10). A
2.2M� model with a similar [Fe/H] was not a match, and is
not shown in this Figure.

The 2 M� with [Fe/H] = 0.45 dex was just outside the
lower uncertainty of the accretor dynamical mass (2.08 M�).
To refine this MIST model we returned to mesa-r11701. The
mass of the single star was set to 2.0 M� and the metallicity
adjusted from protosolar values, Z = 0.0134, Y = 0.2704 and
X = 0.7381 (Asplund et al. 2009), to Z = 0.03883, Y = 0.3073
and X = 0.6539. This Z value is equivalent to [Fe/H] of
0.476 dex. This metal-enhanced model (MESA 2.0 0.476) is
also shown in Fig.10.

For these computations we used photosphere tables
from the PHOENIX model atmospheres (Hauschildt et al.
1999a,b), αMLT = 1.82 pressure scale heights (Hp) in the
Henyey implementation of the mixing length formalism
(Henyey et al. 1965) and the Ledoux criterion for convec-
tion (Ledoux 1947). Our overshoot values differed from those
of MIST, and were: overshootα= 0.1, overshoot (f ) above
the hydrogen-burning core = 0.01 Hp and f 0 = 0.008 Hp.
The pressure scale height (Hp) for overshooting is limited
to the radial thickness of the convection zone divided by
overshootα. f 0 is a non-zero value for the edge of the con-
vective zone in terms of Hp and f is the Hp of overshoot
above the convective zone. Similarly, overshoot, f, below the
hydrogen-burning shell = 0.01 and f 0 =0.008. The full in-
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Table 4. Comparison of the frequencies and amplitudes extracted from the TESS data and ground-based data

Bandpass f 1 (d−1) Amp (mmag) % increase f 2 (d−1) Amp (mmag) % increase

TESS 13.522 10.86 - 25.619 2.85 -

B 13.518 26.67 145 25.597 5.05 77
V 13.521 18.93 74 25.589 3.82 34

B-TESS 15.80 2.20

V-TESS 8.07 0.97

(a) HR diagram, log T (b) HR diagram, log R

Figure 10. Comparison of MIST and mesa models for single stars matching binary accretor parameters on the main sequence. MIST
models are dashed lines and mesa models are solid lines. MIST 2.2 and MIST 2.0 are for masses 2.2 and 2.0 M� with solar values for

[Fe/H] and MIST 2.0, 0.45 is for 2.0 M� with [Fe/H] values of 0.45 dex. MESA 2.0, 0.0476 and MESA 2.2, 0.47, are for masses of 2.0 and

2.2 M�, with [Fe/H] of 0.476 and 0.45 dex, respectively. The equivalent parameters, plus error bars, for the RZ Mic accretor from the
binary modelling are shown in red.

lists were uploaded to the MESA repository which includes
the different overshoot values compared to those used in the
MIST models.

Again, we used a lower mass compared to the
dynamically-derived mass and a high-metallicty to match a
single star to the accretor parameters. This suggested that
our current evolutionary modelling was insufficient to ex-
plain this system. Although we were able to find a satis-
factory model for the accretor in the TT Hor binary sys-
tem (MS18), this also was only achieved after increasing
the metallicity. The accretors in both systems have similar
masses (2.22 M�) but TT Hor has a higher Teff (8800 K) and
smaller radius. In other words, mesa was computing similar
models for both systems but a higher metallicity correction
was needed for RZ Mic as it has a lower temperature.

A-type stars are particularly difficult to model because
of their intermediate mass, where they transition from a pre-
dominantly radiative core and deep convective envelopes, as
for low-mass stars, to a convective core and radiative en-
velopes, as for high-mass stars. The convective core in late
A- to early F- stars is very small with the radiative layer
being surrounded by a thin convective envelope which ex-
tends to high optical depth. Increased metallicity increases
the opacity beneath the convective zone directly. Increased
opacity then increases the radiation pressure in the enve-
lope driving expansion, resulting in larger radii and lower
Teff (Iglesias & Rogers 1996).

Metallicity also has a crucial role in determining the
appropriate mixing length parameter for understanding the

stellar structure. Several authors have looked at the degen-
eracy between αMLT and metallicity in the giant branch
(Tayar et al. 2017; Li et al. 2018) and in metal-poor stars
(Joyce & Chaboyer 2018). If the bulk abundance is wrong,
the stellar radius and effective temperature are not likely to
be correct and therefore, the observations are not matched.
3D, hydrodynamic model atmospheres of convection in cool
stars are probably needed to explain the role of metallicity
on these types of stars as indicated for red giants by Li et al.
(2018). However, models for A/F stars were not included in
the Stagger grid (Magic et al. 2013) because the near-surface
structure of these stars is very different in 3D compared to
1D and atomic diffusion and gravitational settling is difficult
to model.

Until there is improvement in theoretical models, suc-
cessful evolutionary modelling of single stars in the tran-
sition zone of the instability strip will remain particularly
difficult. Our minimal solution to match our dynamically-
derived parameters for the accretor was achieved by increas-
ing its opacity via increasing metallicty.

6 MODE IDENTIFICATION

Despite the limitations to our single-star models (Subsec-
tion 5.2), we proceeded to investigate the modes of our ob-
served frequencies. We reiterate that any model may not be
realistic given the difficulty of finding an appropriate mixing
length parameter and the high metallicity required to match
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Table 5. Comparison of the accretor parameters from binary
modelling (Accretor) and single star evolutionary model (Model)

used for mode identification. The uncertainties for the accretor

parameters from binary modelling are listed as ’Error’.

Mass Radius Teff Luminosity Density

M� R� (K) Log(L/L�) g /cm3

Accretor 2.18 2.43 7300 1.18 0.213
Error 0.10 0.05 200 0.03 0.006

Model 2.00 2.34 7363 1.16 0.219

the accretor parameters. We investigated four single-star
masses (1.98, 2.0, 2.02, 2.04 M�) and computed their mod-
els with three different Z and Y values ([]0.03791, 0.30586];
[0.03837, 0.30655]; [0.03883, 0.30725]). We used a cost func-
tion (Eqn. 7) to investigate the age where the density, lu-
minosity, Teff and radius most closely matched that of the
accretor. The ages for the models were between 0.63 and
0.69 Gy.

Cost Function = (LE − LB)2/LBerr
2 + (TE − TB)2/TBerr

2

+(RE − RB)2/RBerr
2 + (ρE − ρB)2/ρBerr 2)

(7)

The following abbreviations are used: L, T, R and ρ stand
for log(L/L�), Teff , R (R�) and density (g cm−3). E is the
evolutionary model and B and Berr are the accretor model
parameters and their uncertainties.

In subsection 3.1, we determined the average density of
RZ Mic as 0.213± 0.006 g cm−3 which gave a 2.9% uncer-
tainty, corresponding to a 1.5% uncertainty in the large sep-
aration, ∆ ν. The mesa model with the closest density (0.219
g cm−3) and lowest cost function, was from a mass of 2.0 M�;
Z= 0.0388; Y =0.3073 ([Fe/H] = 0.476); age = 0.672 Gyr.
This model matched the accretor parameters within uncer-
tainties as shown in Table 5. We used this model to calculate
simple linear adiabatic frequencies with gyre 5.2 , using the
Magnus Multiple Shooting numerical scheme (Townsend &
Teitler 2013; Townsend et al. 2018).

The rotation rate was set equal to the orbital period of
the binary at 1.862 x 10−5 rad s−1, as validated in Sections
3 and 5.1.

For these calculations, we used density to four deci-
mal places as the mesa models were extremely sensitive to
age and radius, and hence density. The large separation,
∆ ν, was calculated from the average spacing of theoretical
frequencies for the radial mode, l = 0 from gyre, giving
∆ ν = 4.1 d−1, with a 1.1% uncertainty. We compared our
∆ ν and mean density for the RZ Mic accretor, to the scaling
relation given in Garćıa Hernández et al. (2015, 2017) for
δ Sct stars (Eqn. 8). This is a relationship between the stel-
lar mean density and a frequency pattern, analogous to the
solar-like large separation but offset by a constant of 1.55.

ρ̄

ρ̄�
= 1.50( ∆ν

∆ν�
)2.04, (8)

where ρ̄ is the mean density of the accretor in solar units,
and ∆ ν� = 134.8 µHz.

This relationship, would require a much lower ∆ ν of
≈ 2, to match the mean density for the accretor in RZ Mic.
This is significantly beyond the uncertainty for ∆ ν given by

Table 6. Identification of the observed frequencies from the TESS
data.

Observed Identified difference Mode ID

(d−1) (d−1) % n,l,m

f 1 13.522 13.584 0.46 1,1,-1

f 2 25.619 25.592 0.11 4,2,-2

f 3 20.279 20.262 0.08 3,1,1

our density for the accretor, suggesting that this relationship
does not apply to the RZ Mic accretor.

All predicted modes from gyre indicated in Fig. 11
showed positive growth rates (η), albeit just positive with η

< 0.2. This indicated that the modes were driven and may
reach observable amplitude. Figure 11 shows these theoreti-
cal modes compared to the observed frequencies from TESS
data.

Figure 11 has several striking features. Firstly, the l = 0,
frequencies followed the typical pattern for non-linear pres-
sure modes, where the lower frequencies showed a decrease
in ∆ ν. We investigated a smaller ∆ ν (3.8 d−1) which had
a similar effect. In comparison, the low-order, non-radial
modes were misaligned and had the distinct signature of
mixed modes. The latter exhibit gravity modes in the core
which are able to cross the thin evanescent region, exhibiting
pressure - mode characteristics in the envelope. This occurs
when the p and g modes attain similar, but never exactly the
same frequencies, as the star evolves with the convective core
shrinking and the envelope expanding. Correspondingly, the
g modes increase in frequency and the p modes decrease in
frequency.

The dominant observed frequency, f 1, at 13.522 d−1,
was identified as one of these mixed modes at n = 1, l = 1,
m = - 1, a retrograde mode (refer to Table 6). This dipole
mode originated as a g1 mode, frequency = 12.167 d−1, and
was bumped into the pressure domain. This frequency is de-
pendent on the size of the convective core and the treatment
of convective-core overshooting (Dziembowski & Pamyat-
nykh 1991). The single-star model used for the gyre cal-
culations had a convective-core radius of 0.22 R �. We also
confirmed that f 1 fits the linear relationship between the
frequency at maximum power and effective temperature as
described by Forteza et al. (2018, 2020).

Secondly, f 2, at 25.619 d−1, and f 3, at 20.279 d−1 were
clearly not mixed modes. f 3 was also an l = 1 mode as was
f 1, but of slightly higher radial order, n = 3, and is a pro-
grade mode, m = 1. Both l = 1, m = ± 1 are predicted to
be visible at the inclination of RZ Mic, as is f 2, an n = 4,
l = 2, m = -2 mode (Gizon & Solanki 2003). The observed
frequencies with amplitudes < 0.1 mmag, were not consid-
ered sufficiently reliable for mode identification.

Mode identification for all three frequencies with
< 0.5 % uncertainty strongly suggested that our prescription
for convective-core overshooting in our evolutionary model
was indeed correct. Indeed, modifying each frequency by its
uncertainty does not result in a different identification.

MNRAS 000, 1–17 (2020)



The pulsating binary, RZMic 15

0 1 2 3 4

Frequency modulo ¢À

10

20

30

40

50

Fr
e
q
 (

d
¡
1
)

l2;m¡ 2 l2;m0

l0

l2;m2
l1;m¡ 1 l1;m1

f1

f2

f3

Figure 11. Echelle diagram showing calculated frequencies from gyre compared to the observed frequencies from TESS data (blue

stars). The input model for these calculations were for mass = 2.0 M�; Z= 0.0388; Y =0.3073; age = 0.672 Gyr; density = 0.2193 g cm3.

Positive m values are prograde modes travelling in the direction of rotation. The large separation, ∆ν, was 4.1 d−1. The highest radial
order shown for each plot is n = 10.

7 SUMMARY AND CONCLUSIONS

Our initial aim was to identify the modes of the observed
frequencies in the RZ Mic system. Modelling the combined
photometry and spectroscopy data gave accurate fundamen-
tal parameters for the system and both components, all of
which were crucial for this success. Additionally, TESS data
were critical for definitive characterisation of the observed
frequencies, as our ground data lacked continuity and time-
coverage.

We determined that RZ Mic was a semi-detached, Algol-
type system with a δ Sct primary component with fun-
damental parameters of 2.18± 0.10 M�, 2.43± 0.05 R� and
Teff = 7300+200

−100 K. The companion star was a sub-giant
which had filled its Roche lobe and donated mass to the
δ Sct star. After subtraction of the binary models from the
observed light curves, frequency analysis of the residual pul-
sations indicated one primary frequency (f 1 = 13.522 d−1)
and two of much lower amplitudes. Contrary to our expec-
tations, TESS data revealed a similar number of frequencies
as our ground data, with only four additional frequencies
with amplitudes < 1 mmag.

We investigated evolutionary modelling of both the bi-
nary system and a single star but all resulted in higher tem-
peratures (> 9000 K) and smaller radii (< 1.8 R�) for the
pulsator compared to those given by the binary model. We
investigated several possible causes for this, including over-
shooting of convective zones and the mixing length param-

eter. We only matched the temperature and radius of the
pulsator by increasing the metallicity from solar and reduc-
ing the mass of the stellar model to the lower uncertainty of
the pulsator mass. Our investigations highlighted the need
for improved theoretical methods to explain chemical ele-
ment transport for δ Sct stars.

The dominant frequency, f 1, in RZ Mic was a
rotationally-split, dipole, mixed mode, np = 1, l = 1, m = -
1, from which we determined the convective-core radius as
0.22 R �. The lowest amplitude frequency, f 3 is a prograde
dipole mode. The f 2 frequency, was also rotationally-split
and a retrograde quadrupole mode.

Given the short orbital period (≈ 4 d) and total mass
< 3 M� the RZ Mic system was almost certainly tidally-
locked. This provided the rotation rate for an equivalent
single-star evolutionary model to a certainty not given by
other methods. Additionally, our binary model gave the den-
sity of the pulsator to a 2.9 % uncertainty. These two con-
straints were crucial for successful mode identification for the
pulsator in RZ Mic. Therefore, determining the fundamen-
tal parameters of tidally-locked binary systems to the same
levels of uncertainties is a plausible approach for identifying
the pulsation modes of δ Sct stars.

While the evolution of a single star was quite differ-
ent to that of the pulsator in RZ Mic, because of the mass
gain of the latter, their fundamental parameters were equiv-
alent. The reverse approach is feasible if a suitable number
of close binaries has been modelled. If the frequency pat-
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tern of a single star matches that of a binary pulsator then
the fundamental parameters of the single star together with
its rotation velocity can be deduced. This would only apply
to a cohort of single stars with the low rotational veloci-
ties (≤ 50 km s−1) seen in close binary systems. This future
application would be facilitated using a combination of the
frequency spectrum with Gaia distance and projected rota-
tional velocity.
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Forteza S. B., Moya A., Barrado D., Solano E., Mart́ın-Ruiz S.,
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