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FG Virginis is a δ Scuti variable star that was the target of several ground-based

multisite photometric campaigns from 1992 to 2004. Over 75 pulsation

frequencies were detected (Breger et al., Astron. Astrophys., 2005, 435,

955–965), more than for any other δ Sct star before the era of space

photometry. FG Vir was observed for 52 days in 30-minute cadence

photometry by the NASA Kepler spacecraft K2 mission in 2016, and for

23 days in 2-minute cadence photometry by the NASA TESS spacecraft in

2021. We present light curves and amplitude spectra obtained from these

space missions. We find around 30 significant frequencies in the K2 data,

and more than 100 significant frequencies in the TESS data. There is good

correspondence between the first 10 or so highest-amplitude modes found in

the K2 and TESS data and those found from the ground-based multisite

campaigns, although the amplitude order is slightly different, indicating

some stability in mode frequencies and amplitudes spanning 20 years.

However, the 9th highest-amplitude mode of Breger et al. has moved down

considerably in amplitude rank, while the 35th highest-amplitude mode has

moved up to near the top ten as seen in both the K2 and TESS data. We find

several low frequencies between 0.3 and 3 cycles per day in the TESS data that

were not detected using the ground-based data. If low-frequency pulsations

are confirmed, FG Vir would be classified as a δ Sct/γDor hybrid variable star. We

also review stellar model results and some of the challenges for

asteroseismology for this well-studied δ Sct star.

KEYWORDS

stars: pulsations, stars: evolution, asteroseismology, stars: FG Vir, NASA Keplermission,
NASA TESS mission, NASA K2 mission, stars: δ Scuti

1 Introduction

The δ Scuti variables lie at the intersection of the classical Cepheid instability strip

with the main sequence (Aerts et al., 2010; Kurtz 2022). They have spectral types A

through mid F, effective temperatures 6400–8600 K (Uytterhoeven et al., 2011), and

masses 1.4–2.7 M⊙ (Bowman and Kurtz, 2018). Most are in the main-sequence (core

hydrogen burning) or slightly post-main-sequence (burning hydrogen in a shell just

outside the hydrogen-exhausted core) evolutionary phases, but they have also been found

in the pre-main-sequequence phase (see, e.g., Zwintz and Steindl 2022; Murphy et al.,
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2021). δ Scuti stars pulsate with frequencies 5–50 c/d (Balona

et al., 2015) in one or more radial and non-radial low-order

pressure (p) modes, low-order gravity (g) modes, and modes

having a mixture of p- and g-type nodes. Their pulsations are

driven by the “kappa” opacity-valving effect in the 2nd helium

ionization region of the stellar envelope around 50,000 K

(Chevalier 1971); in some δ Sct stars the hydrogen ionization

region and turbulent pressure may also play a role in pulsation

driving (Antoci et al., 2019).

These stars are of interest for asteroseismology, i.e., using the

pulsation properties in conjunction with modeling to derive

stellar interior structure and to test theories of stellar

evolution and pulsation driving (see, e.g., Antoci et al., 2019;

Bowman et al., 2021; Daszynska-Daszkiewicz et al., 2021, 2022).

FG Virginis (HD 106384) is a well-studied bright (V = 6.558)

δ Scuti star of spectral type A8. FG Vir was the object of ground-

based single-site (1982; see Lopez de Coca et al., 1984) and

multisite (1992–2004; see Breger et al., 1995, 1996, 1998, 2004,

2005; Breger and Lenz 2019) photometric campaigns. These

campaigns resulted in detection of 75+ pulsation frequencies

(Breger et al., 2005), more than any other δ Sct star before the era
of long time-series space photometric missions such as CoRoT

(Poretti et al., 2009), Kepler (Borucki et al., 2010; Gilliland et al.,

2010; Koch et al., 2010), and TESS (Ricker et al., 2015). See also

Guzik (2021) and Daszynska-Daszkiewicz et al. (2005, 2021) for

more information about δ Sct stars and results from space

missions.

FG Vir was observed for 52.5 days in 30-minute cadence

photometry by the NASA Kepler spacecraft during Campaign 10

(6 July–20 September 2016) of the extended Kepler mission (K2,

Howell et al., 2014) as part of our request to the Guest Observer

program (Guzik et al., 2019). FG Vir was observed by the NASA

TESS spacecraft for 23 days in December 2021. We present a first

look at the amplitude spectra derived from these data, and

comparisons with the amplitude spectra obtained using the

ground-based multisite data. We also review some of the

findings from asteroseismology and unanswered questions for

this interesting δ Sct star.

2 Kepler data analysis and results

FG Vir is EPIC 201132898 in the K2 Ecliptic Plane Input

Catalog (Huber et al., 2016). We retrieved the pre-search data

conditioning simple-aperture photometry (PDC_SAP) light-

curve data from the Mikulski Archive for Space Telescopes

(MAST, https://archive.stsci.edu/), K2 pipeline data release 37,

January 2020. Figure 1 shows the K2 light curve and a 1-day

zoom-in on a portion of the light curve. Figure 2 shows the

amplitude spectrum resulting from a Fourier analysis of the

light curve and the amplitude spectrum after pre-whitening all

frequencies with amplitude >1 ppt. To determine the significant

frequencies, the highest-amplitude modes were removed from

the light curve successively until only noise remained, a process

called pre-whitening. For evenly spaced 29.4244-min cadence

data, the Nyquist frequency limit is 24.4695 c/d, so the amplitude

spectrum is truncated at this frequency. In reality, the K2 data are

not exactly evenly spaced because of light travel-time corrections

due to the spacecraft’s orbit around the solar system barycenter

(Murphy et al., 2013).

Table 1 lists the 34 frequencies obtained from the pre-

whitening analysis in order of signal-to-noise (S/N) ratio,

down to S/N = 4.0. Uncertainties on frequencies and

amplitudes were calculated using the process derived by

FIGURE 1
Left: FG Vir K2 30-min cadence light curve from Campaign 10, showing 52.5 days of data, excluding the gap near the beginning of the data set.
Time is measured after barycentric Julian day 2454833.0. Right: Zoom-in on FG Vir K2 light curve on day 2790.
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Montgomery and O’Donoghue (1999). Table 1 also notes

associations of these frequencies with those from Breger et al.

(2005) obtained using multisite observations. Considering the

first 9 modes, all of them are found among the 10 highest-

amplitude modes of Breger et al., although the amplitude

ordering is slightly different. Breger et al.’s 9th highest-

amplitude mode (frequency 19.228 c/d) is only the 14th

highest-amplitude using the K2 data. Many of the remaining

frequencies found in the K2 data can be associated with the

Breger et al. frequencies. It is interesting that the 35th highest-

amplitude mode in the Breger et al. list (frequency 20.511 c/d)

corresponds to the 11th highest in theK2 data. While Breger et al.

(2005) adopted a S/N limit of 4 for a significant detection, this

limit may be too low for space-based data (Baran and Koen 2021;

Bowman and Michielsen 2021) and so the list may contain some

false detections. However, we find frequencies in the K2 data

associated with Breger et al. (2005) frequencies down to a S/N of

4 and lower. Frequencies at 11.69952 and 11.94247 c/d were also

found in the K2 data, corresponding to f33 and f29, respectively,

in the Breger et al. list, but these modes have S/N ratio 3.27 and

3.14, respectively, in theK2 analysis, and were not included in the

table.

To compensate for the loss of a second reaction wheel,

the K2 mission used solar radiation pressure to keep the

spacecraft pointed in the same direction, and in addition

fired thrusters every 5.8849 h (K2 Handbook, Mighell and

Van Cleve 2020). The thruster-firing frequency of 4.0782 c/d

and its harmonic at 8.1564 c/d appear in the K2

frequency list.

We searched for combination frequencies by algorithm with

tolerance of 10% of the inverse of the time series length. For the

K2 data with length 69.121 days, the tolerance is 0.001446 c/d.

We found no combination frequencies among the list in Table 1.

Table 1 lists nine modes with frequencies 0.3 to ~3 c/d, in the

right frequency range to be γ Dor gravity modes (see, e.g., Aerts

et al., 2010; Li et al., 2020). Six of of these are among the lowest-

amplitude modes, with S/N < 4.5, and are likely to be spurious.

However, if low-frequency modes were to be detected, FG Vir

would be considered a hybrid δ Sct/γDor variable-star candidate.
The multisite data is not evenly spaced, so the 24.4695 c/d K2

Nyquist limit does not apply, and Breger et al. (2005) find

frequencies up to 44.2591 c/d. One K2 frequency at

14.36915 c/d was found that could be a Nyquist reflection of

the 34.5737 f23 mode of the Breger et al. list. We also made use of

the TESS data with higher Nyquist limit (see below) to verify that

only this one frequency in the K2 list is a Nyquist alias.

3 TESS data

The Kepler spacecraft was retired in November 2018; the

TESS spacecraft (Ricker et al., 2015) was launched in April

2018 into a 13.7-day elliptical orbit around Earth, maintained

by a 2:1 lunar resonance. TESS data for FG Vir is now available at

MAST, taken during the 27.4 observing days of sector 46

(December 2–30, 2021). Moreover, data were taken at 2-

minute cadence, so the S/N is much larger, and the Nyquist

frequency limit is 360 c/d, much higher than for 30-min cadence

K2 data.

FG Vir is TIC 277227048 in the TESS Input Catalog (Stassun

et al., 2019). Figure 3 (left) shows the TESS FG Vir light curve,

including data from 22.84 days, excluding the gap of about 5 days

in themiddle of the data set. Figure 3 (right) shows a 1-day zoom-

in on the light curve; small features are resolved in the TESS 2-

min cadence light curve that were not resolvable in K2 30-min

cadence light curve.

FIGURE 2
Left: FG Vir K2 amplitude spectrum from 0 to 24.5 c/d. Right: Amplitude spectrum after pre-whitening modes with amplitude >1 ppt.
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Figure 4 shows the FG Vir amplitude spectrum using TESS

data, truncated at 50 c/d, and the amplitude spectrum after pre-

whitening frequencies with amplitude >1 ppt. Figure 5 shows the
K2 and TESS amplitude spectra overlayed. Table 2 lists the first

100 frequencies pre-whitened in order of amplitude, and notes

associations with Breger et al. (2005) frequencies. Uncertainties

on frequencies and amplitudes were determined using the

process derived by Montgomery and O’Donoghue (1999). The

highest frequency on this list is 42.1 c/d. The 9 highest-amplitude

TESS frequencies are among the 10 highest-amplitude Breger

et al. (2005) frequencies, although the amplitude order is slightly

different. The 9th highest-amplitude frequency in the Breger

et al. list is 28th highest in the TESS list, while f35 in the Breger

et al. list is 11th highest in the TESS list, confirming the significant

amplitude changes in these modes found using the K2 data.

The S/N ratio of the 100th frequency in the list is 31, so it is

likely that many more significant frequencies remain in the

residual. Continued pre-whitening results in 718 additional

frequencies with S/N ratio >4. However, we hesitate to claim

that all of these frequencies are separate intrinsic frequencies.

Handler (2009) points out several reasons why spurious small-

amplitude peaks may be found in pre-whitening analyses. These

TABLE 1. FG Vir K2 frequencies in order of S/N compared with Breger et al. (2005) frequencies. Low frequencies between 0.3 and ~3 c/d are
highlighted using red font. The calculated uncertainties in K2 frequencies and amplitudes, respectively, are 4.22×10−4 c/d and 50.1 ppm.

Freq. # Freq. (c/d) Amplitude (ppt) S/N Notes Breger
et al. freq. (c/d)

Breger
et al. freq. #

Breger et al. S/N

f1 12.71617 15.943 171.48 12.7162 f1 442

f2 12.15361 2.805 30.19 12.1541 f2 85

f3 9.65608 2.667 28.90 9.6563 f5 71

f4 9.19909 2.062 22.16 9.1991 f7 53

f5 24.22769 1.868 19.54 24.2280 f3 74

f6 23.40337 1.676 17.95 23.4034 f4 71

f7 24.19443 1.441 15.34 24.1940 f10 29

f8 21.05045 1.188 12.50 21.0515 f6 55

f9 19.86748 0.959 10.26 19.8679 f8 55

f10 4.07820 0.775 9.96 K2 thruster frequency

f11 20.51103 0.815 8.52 20.5112 f35 6.6

f12 20.28543 0.630 7.00 20.2878 f11 26

f13 0.31527 0.593 6.53 Low frequency

f14 19.22828 0.575 6.16 19.2278 f9 30

f15 11.10514 0.557 5.93 11.1034 f20 11

f16 4.09555 0.525 5.79

f17 0.63921 0.474 5.64 Low frequency

f18 0.52930 0.538 5.50 Low frequency

f19 12.79427 0.492 5.28 12.7944 f17 13

f20 14.36915 0.479 4.94 Nyquist reflection 34.5737a f23 9.3

f21 11.21071 0.479 4.88 11.2098 f38 6.4

f22 23.50894 0.442 4.76

f23 13.23679 0.414 4.53 13.2365 f27 8.3

f24 14.73503 0.412 4.46 14.7354 f49 5.3

f25 1.91184 0.373 4.38 Low frequency

f26 0.67536 0.411 4.34 Low frequency

f27 8.15785 0.402 4.31 2x K2 thruster frequency

f28 1.29143 0.411 4.30 Low frequency

f29 1.12657 0.406 4.25 Low frequency

f30 24.34917 0.384 4.23 24.3485 f18 12

f31 0.49314 0.421 4.13 Low frequency

f32 4.06518 0.386 4.07

f33 21.23122 0.371 4.04 21.2323 f16 14

f34 0.47434 0.371 4.03 Low frequency

aFrequency reflected around Nyquist frequency of 24.4695 c/d.
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reasons include short time-series limit, non-sinusoidal light

curve shape, amplitude and frequency variations, and

modulation from stellar or substellar companions.

Table 2 includes five low frequencies between 0.3 and ~3 c/d,

highlighted in red font. These frequencies are more likely to be

real, as opposed to the low frequencies in theK2 data, as their S/N

ratio is high. These low frequencies do not coincide with any of

the likely spurious low frequencies found in the K2 data. If

confirmed as gravity-mode pulsations, FG Vir would be classified

as a δ Sct/γ Dor hybrid. To confirm these frequencies would

require ruling out spacecraft artifacts, light curve contamination

by nearby or background objects, and rotation (possibly

differential) and starspots as the source of the low frequencies.

Time-series spectroscopy may be useful, e.g., to distinguish

starspots, which may show signatures of chromospheric

activity, or to detect line-profile variations on the expected

timescales, indicating nonradial pulsations. Perhaps it may be

possible to directly image starspots on FG Vir using optical

interferometry (see, e.g., Cunha et al., 2007).

We searched for combination frequencies by algorithm with

tolerance of 10% of the inverse of the time-series length. For the

TESS data set with length 25.008 days, this tolerance is

0.003998 c/d. Because of this high tolerance, many

combinations were found; however, many of these

FIGURE 3
Left: FG Vir TESS 2-min cadence light curve from sector 46, showing 22.84 days of data, excluding the ~5-day gap in the middle of the data set.
Time is measured after barycentric Julian day 2457000. Right: Zoom-in on TESS light curve on day 2560. Small features are resolved that were not
resolved using K2 30-min cadence data.

FIGURE 4
Left: FG Vir amplitude spectrum from TESS 2-min cadence data. Right: Amplitude spectrum after pre-whitening modes with amplitude >1 ppt.
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combinations involve lower-amplitude modes, and are likely to

be fortuitous (see also discussions by Papics 2012; Kurtz et al.,

2015). A longer series of TESS data would help to sort out

intrinsic from combination frequencies.

The Kepler/K2 photometry has a bandpass of 400–850 nm,

while the TESS bandpass is redder, 600–1000 nm. Because of FG

Vir’s late-A spectral type, its mode amplitudes are therefore

generally higher using the K2 data compared to the TESS data.

Although the K2 and TESS data time series discussed in this

paper are relatively short and non-overlapping, it is possible that

phase differences between modes using photometric time-series

data taken at different bandpasses could be exploited for mode

identification in the same way that techniques using multi-color

ground-based data were applied for FG Vir mode identification.

4 Unresolved questions for
asteroseismology

As discussed by, e.g., Guzik (2021), there are many inter-

related unresolved problems for δ Sct stars that make

asteroseismology challenging.

First, there is a mode visibility problem for non-radial

oscillations as seen in δ Sct stars. Temperature variations

described by spherical harmonic patterns average out over the

unresolved stellar disk, making higher degree (ℓ) modes more

difficult to see in photometry. Usually, it is expected to detect

modes of degree 0 (radial), 1 (dipole), and 2 (quadrupole). Is it

possible to measure modes of degree ℓ = 3 or higher, particularly

with the higher precision and longer continuous time series of

space-based photometry? Daszynska-Daszkiewicz et al. (2006)

conclude that modes of degree ℓ = 3 and probably much larger ℓ
should be visible, even using the FG Vir ground-based data, and

that most of the modes discovered for FG Vir below 30 c/d must

have ℓ > 2.

Second is the rotational splitting problem. Stellar rotation

splits modes into a multiplet of 2ℓ + 1 frequencies. Rotation also

shifts frequencies so that the multiplet members are not equally

spaced (Goupil and Dziembowski 2000). Rotation can shift

frequencies even for radial (ℓ = 0) modes (see, e.g., Di

Criscienzo et al., 2008) and the m = 0 multiplet of non-radial

modes (Saio 1981). Rotation also makes a star oblate and changes

its mean density, affecting the accuracy of radial mode

frequencies predicted using non-rotating models (Murphy

et al., 2022). FG Vir’s equatorial rotation velocity is

30–80 km/sec (Mantegazza and Poretti 2002; Zima et al.,

2006), so we should expect a rotational splitting frequency of

around 0.5 c/d for FG Vir stellar radius ~2.2 R⊙. We do not see

obvious rotationally split modes in the FG Vir amplitude

spectrum.

Third is the mode selection problem. Not all of the modes

expected from stellar models for δ Sct stars are seen in the

amplitude spectrum (see, e.g., Bedding et al., 2020; Murphy et al.,

2021). Also, there are modes observed that are not expected from

the best-fit pulsation models.

Then there is the mystery of amplitude and frequency

variations found in many types of variable stars including δ
Sct stars (see, e.g., Bowman et al., 2016). Amplitudes and

frequencies of individual δ Sct modes can be relatively stable

over time. It is possible to associate many of the highest-

amplitude frequencies in the K2 (2016) and TESS (2021) data

sets with frequencies in the Breger et al. (2005) list. However,

the order of the mode amplitudes is somewhat different for the

first dozen or more modes; some modes appear in the K2 and

TESS data that are not in the Breger et al. list, and vice versa;

and the Breger et al. f9 mode has moved down in amplitude

rank, while the f35 mode increased in rank. Nonlinear mode-

coupling effects (see, e.g., Buchler and Regev 1983; Buchler

et al., 1997; Dziembowski 1993) are suspected as the cause of

these variations.

FIGURE 5
FG Vir K2 and TESS amplitude spectra overlayed. The amplitude axis has been truncated at 5 ppt to show the low-amplitude peaks.
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TABLE 2. 100 highest S/N FG Vir TESS frequencies. Low frequencies between 0.3 and ~3 c/d are highlighted using red font. The calculated
uncertainties in TESS frequencies and amplitudes, respectively, are 3.79×10−4 c/d and 9.82 ppm.

Freq. # Freq. (c/d) Amplitude (ppt) S/N Potential combinations
and notes

Breger et al.
freq. #

f1 12.7151 13.671 3776.72 — f1

f2 24.2107 2.663 811.51 — f3

f3 12.1553 2.468 702.20 — f2

f4 9.6563 2.295 641.36 — f5

f5 23.4070 2.029 577.76 — f4

f6 19.8684 1.961 528.05 — f8

f7 9.2005 1.793 498.21 — f7

f8 21.0519 1.369 365.23 — f6

f9 24.2427 0.996 253.82 —

f10 24.1747 0.857 227.61 2f9-2f3

f11 20.5121 0.795 226.58 — f35

f12 34.5708 0.769 208.61 — f23

f13 20.2882 0.756 204.74 — f11

f14 25.4343 0.679 191.88 — f15 = 2f1

f15 12.6871 0.580 182.56 —

f16 18.1291 0.611 170.30 —

f17 34.8826 0.570 168.79 —

f18 11.0998 0.537 158.94 — f20

f19 24.3547 0.557 150.51 —

f20 11.2117 0.535 149.78 — f38

f21 14.7344 0.534 148.38 3f8-2f2 f49

f22 13.2389 0.484 139.21 — f27

f23 23.4350 0.363 133.53 — f24

f24 21.2319 0.439 127.39 — f16

f25 19.6445 0.414 116.93 — f65

f26 12.7951 0.411 114.59 — f17

f27 34.1949 0.393 105.00 — f54?

f28 19.2286 0.361 101.11 — f9

f29 11.9434 0.345 92.45 — f29

f30 20.8320 0.329 91.89 — f39

f31 33.5352 0.328 90.38 —

f32 1.2875 0.310 87.64 2f11-2f6,
low frequency

f33 24.8705 0.267 76.71 1f3+1f1 f36 = f1+f2

f34 25.6342 0.273 73.29 3f24-3f15 f68

f35 23.4870 0.251 69.59 2f37-2f4

f36 12.6072 0.199 69.52 —

f37 16.0738 0.259 69.43 2f30-2f26 f13

f38 21.3998 0.257 68.96 1f27-1f26 f46

f39 25.1824 0.240 67.81 1f29+1f22

f40 24.1428 0.288 67.40 —

f41 19.3246 0.235 64.74 — f41

f42 12.7511 0.230 64.23 —

f43 12.1274 0.227 63.85 —

f44 38.4173 0.220 61.63 1f16+1f13

f45 28.1412 0.222 61.30 — f19?

f46 11.6076 0.233 60.52 2f13-3f4 f50

(Continued on following page)
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TABLE 2. (Continued) 100 highest S/N FG Vir TESS frequencies. Low frequencies between 0.3 and ~3 c/d are highlighted using red font. The calculated
uncertainties in TESS frequencies and amplitudes, respectively, are 3.79×10−4 c/d and 9.82 ppm.

Freq. # Freq. (c/d) Amplitude (ppt) S/N Potential combinations
and notes

Breger et al.
freq. #

f47 13.4469 0.216 59.77 —

f48 0.5038 0.210 58.49 2f41-3f1,
low frequency

f49 23.9988 0.216 58.14 — f58

f50 23.3750 0.208 56.87 —

f51 7.9889 0.199 56.34 — f44

f52 34.1189 0.194 55.22 — f72

f53 10.1721 0.190 54.33 — f25

f54 24.5426 0.173 51.91 —

f55 34.7627 0.183 51.33 —

f56 22.3714 0.176 50.03 1f4+1f1 f42 = f1+f5

f57 12.2313 0.180 49.32 2f32+1f4

f58 32.5835 0.171 49.03 1f6+1f1

f59 21.4678 0.166 46.60 —

f60 18.1650 0.161 46.23 —

f61 31.2000 0.163 45.60 — f57

f62 36.1182 0.163 44.93 1f29+1f10 f40 = f1+f4

f63 21.5677 0.155 43.91 2f38-1f24

f64 33.9990 0.155 43.56 2f50-1f42

f65 11.7875 0.180 43.42 —

f66 30.4563 0.159 42.92 —

f67 0.5918 0.152 41.92 1f49-1f5,
low frequency

f68 39.2170 0.151 41.37 — f69

f69 11.7115 0.156 41.15 —

f70 30.5483 0.147 40.86 —

f71 2.6590 0.143 40.19 Low frequency

f72 20.0643 0.144 40.18 2f13-1f11

f73 34.6547 0.145 39.38 —

f74 20.6681 0.138 39.37 —

f75 32.1797 0.137 39.27 —

f76 32.8554 0.143 39.14 —

f77 11.4876 0.134 38.22 — f70? = f3-f1

f78 31.7718 0.137 38.00 1f43+1f25

f79 23.8069 0.134 37.63 2f32+1f24 f48

f80 42.1039 0.133 37.30 2f8 f64 = 2f6

f81 15.8659 0.141 37.02 —

f82 18.6009 0.135 36.95 —

f83 14.5424 0.132 36.81 —

f84 26.9217 0.130 36.41 1f34+1f32 f61?

f85 33.0433 0.131 36.35 — f74

f86 25.9421 0.124 36.04 —

f87 24.6666 0.126 34.99 —

f88 25.3863 0.124 34.32 2f33-1f19

f89 7.1493 0.121 34.31 3f23-3f8

f90 41.1922 0.123 34.23 —

f91 17.8212 0.122 33.98 —

(Continued on following page)
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Breger and Pamyatnykh (2006) investigate the problem

of closely spaced modes in FG Vir, with separations less than

0.1 c/d, too small to be the result of rotational splitting. Are these

separate modes, or are they the result of amplitude variability of a

single frequency? Breger and Pamyatnykh (2006) were able to

rule out amplitude variability for several of the FG Vir closely

spaced modes.

These many complications lead to a mode identification

problem. We cannot identify modes by patterns in the

amplitude spectrum and match them directly with modes

expected from theoretical models. However, methods have

been developed to identify the angular degree (ℓ) and

azimuthal order (m) of the highest-amplitude modes using

multi-color photometry, phase information, line profile

variations and radial velocities from spectroscopy (see, e.g.,

Viskum et al., 1998; Breger et al., 1999, Mantegazza and

Poretti 2002, Daszynska-Daszkiewicz et al., 2005; Zima et al.,

2006). Some FG Vir modes have been identified using these

methods, but mode identification has been somewhat uncertain.

For example, Daszynska-Daszkiewicz et al. (2005) identified the

angular degrees for twelve FG Vir modes to 80% probability, but

there are ambiguities for six of these modes. In early studies of FG

Vir, the highest-amplitude mode at 12.7162 c/d was thought to be

the radial fundamental mode (e.g., Mantegazza et al., 1994;

Breger et al., 1995), but later studies (e.g., Viskum et al., 1998;

Mantegazza and Poretti 2002) showed that this mode is most

likely an ℓ = 1 dipole mode, and the radial fundamental mode

actually is the 2nd-highest-amplitude mode at 12.1541 c/d.

Attempts have been successful to find patterns of frequency

spacings in δ Sct stars (e.g., Breger et al., 2009). The spacings

could correspond to the large separations between modes of

successive ℓ values, or a rotational splitting spacing, or a

combination of these two spacings (see also Paparo et al.,

2016a; Paparo et al., 2016b; Suarez et al., 2014; Bedding et al.,

2020). Bedding et al. (2020) found very regular patterns of high-

frequency modes in a sample of young δ Sct stars observed by

TESS and Kepler, enabling definitive mode identification.

Patterns of mode spacings can therefore be useful to identify

modes of common ℓ value, determine the stellar mean density, or

even to measure the stellar interior rotation rate.

5 FG Vir models

The goal of asteroseismology of FG Vir is to use the observed

frequency properties to determine the stellar interior structure

and evolution state. Evolution and pulsation models of FG Vir

have been calculated over the years to attempt to make use of the

observed frequencies. It is helpful to have additional constraints

from multi-color photometry, spectroscopy, and stellar model

grids to provide a starting point for detailed model explorations.

The TESS Input Catalog (TIC, Stassun et al., 2019) lists FG Vir

properties derived from several sources and methods: effective

temperature Teff = 7361 ± 131 K, log surface gravity (log g) =

3.974 ± 0.086, radius R = 2.205 ± 0.082 R⊙, mass M = 1.6 ±

0.282 M⊙, luminosity L = 12.86 ± 0.44 L⊙, and distance 83.02 ±

0.37 pc.

Viskum et al. (1998) use models and frequencies scaled from

a 2.2 M⊙ non-rotating evolution model of Christensen-Dalsgaard

(1993) to derive a mean stellar density (ρ) = 0.1645 ± 0.005 ρ⊙ for
FG Vir. Assuming Teff = 7500 K and metallicity Z = 0.02, they

find M = 1.82 ± 0.03 M⊙, L = 14.1 ± 0.9 L⊙, R = 2.227 ± 0.012 R⊙,

and log g = 4.002 ± 0.003. Their derived luminosity places FG Vir

at a distance of 82 ± 3 pc.

Breger et al. (1999) find a best-fit model to the FG Vir

frequencies with M = 1.95 M⊙, Teff = 7492 K, L = 14.92 L⊙,

R = 2.301 R⊙, and log g = 4.002. This model has metallicity Z =

0.02, initial helium mass fraction Y = 0.28, and mean density

0.1597 ρ⊙. The model uses artificially modified opacities, has

mixing-length parameter α = 1.0, and included core convective

overshooting with overshooting distance 0.2 pressure scale

heights. The models were evolved without rotation, but

TABLE 2. (Continued) 100 highest S/N FG Vir TESS frequencies. Low frequencies between 0.3 and ~3 c/d are highlighted using red font. The calculated
uncertainties in TESS frequencies and amplitudes, respectively, are 3.79×10−4 c/d and 9.82 ppm.

Freq. # Freq. (c/d) Amplitude (ppt) S/N Potential combinations
and notes

Breger et al.
freq. #

f92 29.4927 0.122 33.90 —

f93 16.1058 0.121 33.44 2f33-3f20 f31

f94 11.1317 0.121 33.43 2f14-2f6

f95 8.8966 0.120 33.01 1f8-1f3

f96 10.6839 0.121 32.85 — f79 = f4-f1

f97 3.0588 0.118 32.61 Low frequency

f98 26.5298 0.115 32.39 — f71

f99 8.5767 0.117 32.34 —

f100 4.2424 0.113 31.34 2f29-1f25
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TABLE 3 Unstable low-degree frequencies of 1.82 M⊙ FG Vir model.

Mode degree Freq. (c/d) Linear growth rate per
period

Notes

0 12.1557 2.87E-06 Radial fundamental mode

0 15.7240 3.30E-05

0 19.4744 1.66E-04

0 23.2361 5.67E-04

0 27.0256 1.54E-03

0 30.8235 3.32E-03

0 34.6365 4.67E-03

0 38.5319 3.27E-03

1 9.4303 5.92E-09

1 12.4568 3.87E-06 Nearest frequency to highest-amplitude observed mode

1 16.1672 4.23E-05

1 19.6468 9.23E-05

1 20.7309 1.61E-04

1 24.3940 8.35E-04

1 28.4415 2.24E-03

1 32.3942 4.19E-03

1 36.3191 4.57E-03

1 40.3270 1.55E-03

2 10.0989 5.41E-08

2 11.8952 6.09E-07

2 12.5352 1.72E-06

2 14.3243 8.09E-06

2 16.7172 3.68E-05

2 19.3467 1.17E-04

2 22.5367 4.33E-04

2 26.3052 1.32E-03

2 30.2200 3.06E-03

2 32.6560 2.60E-04

2 34.2273 4.55E-03

2 38.1374 3.61E-03

3 8.8390 4.69E-09

3 9.7564 2.42E-09

3 10.5646 1.52E-07

3 11.9282 1.25E-06

3 13.9073 3.88E-06

3 15.5789 2.23E-05

3 16.8010 2.97E-06

3 18.7368 7.41E-05

3 20.2535 1.23E-04

3 23.6239 6.51E-04

3 27.6333 1.87E-03

3 31.6207 3.86E-03

3 35.5724 4.76E-03

3 39.4859 1.51E-03

3 39.7631 8.63E-04
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rotational splitting was taken into account up to second order in

the pulsation frequency comparisons. The best-fit model had

rotation velocity 32 km/sec.

Templeton et al. (2001) find a best-fit model for FG Vir with

M = 1.9 M⊙, Teff = 7413 K, L = 14.16 L⊙, and age 0.93 Gyr. This

model has Z = 0.03 and hydrogen mass fraction Y = 0.28. The

model was evolved without rotation, used mixing-length

parameter α = 1.92, and includes core convective overshooting

with overshooting distance 0.3 pressure scale heights. First-order

rotational splitting was taken into account in the pulsation

frequency comparisons, assuming rotation velocity 50 km/sec.

Kirbiyik et al. (2004) evolve models with uniform rotation

and conservation of angular momentum, and calculate

pulsation frequencies including first-order rotational

splitting. Their paper does not discuss whether convective

overshooting is included. They find best-fit models for FG Vir

with M = 1.85 M⊙, Teff = 7540–7560 K, L = 15.06–15.12 L⊙
and rotation rate 32–66 km/s.

Table 3 lists the ℓ = 0, 1, 2, and 3 pulsationally unstable

frequencies (positive linear growth rates) for an FG Vir model

calculated by Guzik. The frequencies include p modes, modes

with mixed p-mode and g-mode character, and a few low-order g

modes which have frequencies lower than the radial fundamental

mode. These model frequencies were used by Paparo et al. (2016a),

Paparo et al. (2016b) to illustrate how frequency spacings could be

used to help identifymodes in δ Scuti stars. The physics of themodels

is the same as used in the Guzik et al. (2000) FG Vir models, except

for minor opacity table updates. The evolution models have mixing-

length parameter α = 1.77, and do not include rotation or core

convective overshooting. A model was selected on the 1.82M⊙, Z =

0.02, Y = 0.28 evolutionary track that has radial fundamental mode

frequency near 12.1541 c/d, identified as the FG Vir radial

fundamental mode. For this model, L = 13.92 L⊙, Teff = 7419 K,

R = 2.26 R⊙, log g = 3.9896, and mean density 0.1577 ρ⊙. The model

age is 0.867 Gyr, and core helium mass fraction is 0.708, indicating

that about 2/3 of the core hydrogen has been converted to helium.

The calculated model frequencies in Table 3 do not include

rotational splitting, which will divide non-radial modes

multiplets with 2 ℓ + 1 components, with spacings of around

0.5 c/d, depending on the rotational velocity adopted. Rotation

will cause the multiplet members to be unequally spaced in

frequency. A total of 98 ℓ = 0, 1, and 2 modes are predicted,

taking into account rotational splitting. However, even including

rotational splitting, not all of the observed frequencies of Breger

et al. (2005) can be matched for FG Vir. Considering in addition

the 15 calculated unstable ℓ = 3 modes would increase the total

number of predicted modes by another 105, to 203. These

predictions assume that FG Vir has an inclination such that

all modes of a multiplet are visible. As discussed in Section 4, it is

possible that modes of even higher angular degree are visible in

photometric data.

Breger and Pamyatnykh (2006) found 18 frequency doublets

with frequency spacing < 0.1 c/d in their FG Vir frequency list. They

concluded that accidental agreement between frequencies of excited

modes can be ruled out because of the large number of doublets. We

examined our ℓ = 0–3 frequency list in Table 3 for close frequency

spacings. Only three pairs with spacing <0.1 c/d are found if

rotational splitting is not taken into account. However, assuming

the nonradial modes are split into 2ℓ + 1 multiplets with 0.5 c/d

spacing between multiplets, we find 88 close frequency pairs. While

this assumption of equally spaced multiplets is not realistic, this

example does show that accidental agreements could explain the

close spacings if modes of high-enough degree are visible.

We do not include in Table 3 high-order g-mode frequencies.

These frequencies are predicted to have negative growth rates in

our pulsation analyses because the envelope convection zone is

too shallow (temperature at the base 54,000 K) to drive γ
Doradus-type gravity modes via the convective blocking

mechanism (Guzik et al., 2000). Nevertheless, many δ Sct

stars show low-frequency modes in the γ Dor frequency range

(Grigahcene et al., 2010; Uytterhoeven et al., 2011; Balona 2014).

The stellar properties derived for FG Vir using asteroseismic

data and stellar models are in good agreement with each other.

However, none of the models provided an exact fit to all of the

observed FG Vir frequencies, and there is much more that could

be learned about FG Vir’s evolution and interior structure using

ground-based data as well as the K2 and TESS data.

The models available in the literature are quite old, having

been calculated in 2004 or earlier, before Gaia parallaxes and

revised lower solar abundance determinations (e.g., Asplund

et al., 2021). FG Vir should be revisited taking into account

modern constraints and using updated modeling tools, for

example, using the MESA evolution code (see Paxton et al.,

2019 and references therein).

It is an interesting question whether FG Vir has a stellar or

planetary companion, and whether these objects might affect pulsation

properties. FGVir is listed as a visual binary in the catalog of Liakos and

Niarchos (2017), who reference catalogs of Abt (1981) andMason et al.

(2001). However, the properties of the binary companion and orbital

period are not given in these catalogs. An angular separation of 0.1 arc

sec is given by Mason et al. (2001), but this separation may be a lower

limit to the resolution of the observations.

Kervella et al. (2019) use Hipparcos (van Leeuwen 2007) and

Gaia Early Data Release 3 (Gaia Collaboration 2016; Gaia

Collaboration 2020; Brown et al., 2021a; 2021b) data to

discover stellar and substellar companions using proper

motion anomalies. For FG Vir they find no low velocity

resolved companions, no bound resolved companions, and no

common proper motion candidate companions. They find a

tangential velocity anomaly of 6.89 m/s with position angle

196.22 deg. Using their assumptions for a potential orbit and

assuming FG Vir mass M1 = 1.85 M⊙, they derive a companion

mass M2 = 2.10 MJup (3 AU orbit), 1.05 MJup (5 AU orbit), or

1.31MJup (10 AU orbit). Therefore, we conclude that FG Vir does

not have a stellar companion that could affect the analysis, but it

may have a substellar one.
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6 Conclusion

We compare the FG Vir frequencies detected using 52.4 days

of 30-min cadence Kepler K2 photometry with those detected

using at least 363 nights (Breger and Lenz 2019) of multisite

ground-based network data. More than 75 significant frequencies

were measured in the ground-based data (Breger et al., 2005),

compared to around 30, depending on S/N limit adopted, using

the K2 data. The K2 frequency detections were limited to

frequencies below the Nyquist frequency limit of ~24.5 c/d for

29.4-min cadence nearly equally spaced data, while frequencies

as high as 44.25 c/d were identified using the ground-based data.

The ground-based multisite data included multi-color

photometry, which turned out to be extremely useful for

mode identifications of the highest-amplitude modes.

The TESS data appear more promising for further FG Vir

discoveries. The time-series length of the TESS data was

22.84 days, shorter than for the K2 series, but the shorter 2-

minute cadence increased greatly the S/N, allowing the detection

of at least 100 modes with S/N > 31. The 2-minute cadence also

increased the Nyquist frequency limit, so that modes up to 45 c/d,

as found in the ground-based data, were detected. The TESS data

should reveal many more modes of even lower amplitude than

found in the ground-based data, requiring consideration of

modes of angular degree ℓ > 3 for asteroseismic models. The

increased number of detected modes will make mode

identification even more challenging.

There is general agreement among the frequencies of the

10 or so highest-amplitude modes between the ground-based,K2,

and TESS data. Two modes of interest are the f9 mode of Breger

et al. (2005), which moved down in amplitude rank, and the

f35 mode of Breger et al., which moved up in amplitude rank

according to both the K2 and TESS data.

The continuity of the K2 and TESS time-series data, and,

possibly, the elimination of day/night aliases, enables detection of

low-frequency modes. Several modes of significant amplitudes

with frequencies between 0.3 and 3 c/d were detected in the TESS

data, which may be high-order γ Dor gravity-mode pulsations. If

confirmed, FG Vir would be a hybrid δ Sct/γ Dor variable star.

FG Vir models in the literature were calculated before 2005.

FG Vir modelling should be revisited using modern codes in light

of new constraints for distance and metallicity, making use of the

K2 and TESS data.
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